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The maxima of many independent, or weakly dependent, random
variables, and their corresponding thresholds for given right tail prob-
abilities are classical and well studied problems. In this paper we focus
on two specific cases of interest related to estimation and hypothe-
sis testing of high dimensional sparse covariance matrices. These are
the distribution of the maximal diagonal entry of a sample covariance
matrix and the largest off-diagonal correlation coefficient, both under
the assumption of an identity population covariance. In both cases, as
sample size and dimension tend to infinity, upon centering and scal-
ing, there is asymptotic convergence to a Gumbel distribution. We
show, however, that this convergence is slow and that finite sample
distributions may be quite far from these asymptotic ones. Applying
a perturbation approach, we identify the leading error terms, and
derive more accurate distributions and corresponding thresholds. For
non-Gaussian data, these depend explicitly on higher order moments
via appropriate Edgeworth expansions. As a side result, we also de-
rive sharp bounds for the left and right tail probabilities of a single
x2 random variable, which may be of independent interest.

1. Introduction. Many contemporary applications require analysis of high dimensional
data, often with a relatively small number of samples, see [15] for a recent review. Prototyp-
ical examples include hypothesis testing, inference on, and estimation of a p x p population
covariance matrix X, or of its leading eigenvectors, given a sample covariance matrix S com-
puted from only n samples [4, 17]. Another example is screening for pairs of highly correlated
variables, see [11]. In the high-dimension small-sample setting (known as the “large p, small
n” scenario), considerable work has been devoted to various models of sparsity, to the develop-
ment of thresholding schemes, and derivation of corresponding minimax rates of convergence,
see for example [1, 5, 8, 18, 20, 25] and references therein. There are also works on estimation
of a sparse inverse covariance matrix, though we shall not consider those in the present paper.

Assuming sparsity of either the population covariance matrix or of its leading eigenvectors,
the two main thresholding schemes that have been proposed are: i) variable selection by
thresholding the diagonal of the sample covariance matrix, and ii) screening highly dependent
pairs of variables by thresholding the off-diagonal entries of sample covariance or correlation
matrices. Similar schemes have been suggested for various hypothesis testing problems and
for detection of sparse signals in noise.

On the theoretical front, for sparse covariance estimation, assuming that the underlying
distribution satisfies appropriate tail conditions, several of the works cited above suggested
thresholds of the form C'/(Inp)/n. Using relatively crude tail bounds, it can be proved that
under various sparsity models such thresholds attain asymptotic consistency and in certain
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cases even achieve the minimax rates as n,p — oo. With respect to the largest off-diagonal
entry of a sample correlation matrix, several works studied its limiting distribution as p,n —
00, assuming independence of all p coordinates, with an identity population covariance matrix,
see [13, 6, 23, 35]. Beyond their theoretical interest, these results can be used to identify highly
correlated pairs in high dimensional data and to reject hypotheses of variable independence.
Indeed, such thresholding schemes have been proposed for detection of sparse signals in several
practical applications. For example, Noh and Solo [28] proposed a thresholding scheme to
detect signals in fMRI data, while Johnson and Potter [14] use a similar approach for outlier
detection in a passive microwave sensing application. For a discussion of the importance of
accurate thresholds in fMRI studies, see for example [24].

Given the above asymptotic results, an interesting practical question is their accuracy and
relevance for typical applications, where the dimension and sample size are of course finite,
with the latter parameter potentially rather small (n = O(10 — 100), with p = O(n) or
even p > n). In this paper we focus on the hypothesis testing aspect of these problems:
the determination of accurate thresholds for given false alarm rates, and in particular their
dependence on the finite sample size and dimension, as well as on the underlying distributions.
To set the corresponding thresholds for detection of sparse structures in data, we consider the
null hypothesis that the observed data X; = (Xj1,. .., Xjy) contains no structure at all, with all
its p coordinates being independent and having the same distribution. Under this assumption,
the diagonal entries of the sample covariance matrix S are all i.i.d. random variables. Similarly,
the off-diagonal entries of the correlation matrix R are also all identically distributed, though
they are weakly dependent. Hence, determination of appropriate thresholds for given type-
I error probabilities amounts to the study of the maxima of many independent, or weakly
dependent, random variables.

As is well known in extreme value theory, the convergence of the maxima to the limit-
ing distribution may be very slow. In this paper we show that this is also the case for our
two random variables of interest, the maxima of the diagonal of S and the largest pairwise
correlation coefficient, albeit in a non-trivial way. The main difference between the classical
theory of extreme values [19] and our setting, is that in the former the distribution of the p
random variables is fired and p — oo, whereas our setting involves two parameters p and n
with the distribution of the underlying variables depending on the sample size n. To study the
maxima of p such random variables, thus requires a careful analysis of various terms involving
both of these parameters. In particular, we first point out that in the “large p — small n” set-
ting, the standard approach of analyzing the relevant distributions in the joint limit as both
p,n — 00 may give quite inaccurate results. The reason is that the leading asymptotic error
terms, as both p,n — oo, typically of order O(Inlnp/Inp), are not the leading cause of error
for finite and small values of n. The key point of our analysis, is that in the non-asymptotic
“large p— small n” setting, the main source of inaccuracy of the limiting extreme value dis-
tributions is in different terms, of order O((Inp)3/2/\/n) or O((Inp)?/n), depending on the
variable of interest. Since these terms are asymptotically negligible compared to Inln p/Inp,
by studying the asymptotic limit p,n — oo with dimension growing at most polynomially
with sample size, these error terms are not considered, even though in practice they can be
O(1). By explicitly taking these higher order terms into account, we derive modified distri-
butions and corresponding thresholds, which are far more accurate for practical sample size
and dimensionality.

In our analysis, we consider both Gaussian and non-Gaussian distributions. In the Gaussian
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case, we perform a delicate analysis of the known y? distribution for the diagonal of the
covariance matrix and of the distribution of Pearson’s correlation coefficient for independent
bi-variate Gaussians. In the course of this analysis we also derive sharp bounds for the left
and right tail probabilities of a x2 random variable, which may be of independent interest.

In the Gaussian case, we identify the correction terms as the leading order terms in the
Edgeworth expansion of these distributions. Hence, in the non-Gaussian case, we study the
corresponding Edgeworth expansions of the relevant distributions. The resulting modified
thresholds thus depend explicitly on the higher order moments of the underlying distributions,
and highlight the importance of Edgeworth expansions in high dimensional settings.

From a statistical perspective, our results allow determination of quite accurate non-
asymptotic thresholds for a variety of hypothesis testing problems, as outlined above. In the
context of high dimensional sparse linear regression [9], they allow to set appropriate thresh-
olds for screening which predictor variables are highly correlated with a response variable.

However, our approach may have a broader applicability, as similar settings involving two
parameters n, p with p > 1, occur frequently in many other high dimensional problems. In the
context of tail inequalities for the maxima of p variables, it is known that behavior may change
from double exponential to exponential, see for example [34]. In cases where accurate distri-
butional results are needed, our perturbation technique, considering the leading order terms
as a function of the finite values of both p and n may thus be applicable. A notable example
is detection of significant bi-clusters or ANOVA-fit submatrices in high dimensional rectan-
gular matrices [33]. Our analysis has also implications to estimation of sparse eigenvectors in
principal component analysis [5], but these will be discussed in a separate publication.

The paper is organized as follows. In section 2 we present the problem formulation, a review
of previous work and our main results. The outline of the proofs appears in sections 3 and
4, with more technical details postponed to the appendix. Section 5 contains simulations
illustrating the accuracy of our modified distributions and thresholds.

2. Problem Setup and Main Results. Fori=1,...,n+1,let X; = (X;1, Xjo,..., Xip)T,
be (n+1) i.i.d. p-dimensional column vectors, with an unknown population covariance matrix
Y. The (unbiased) p x p sample covariance matrix S is given by

1) 5=

where X is the sample mean, whereas the (7, j)-th entry of the sample correlation matrix R is

Sij
As mentioned in the introduction, in several modern applications, thresholding the matrices
S or R are common tasks for covariance estimation, detection of sparse structures and for
testing hypotheses of variable independence. The focus in this paper is on the determination
of non-asymptotic accurate thresholds for these tasks for given false alarm probabilities, which
depend both on the finite sample size n and dimension p, and on the underlying distribution.
Given the assumption that the structure to be discovered is sparse, in our analysis of the
corresponding thresholds we consider the “null hypothesis” of no structure, i.e., we assume
that all X;; are i.i.d. from some underlying distribution p(z) with a sufficient number of finite
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moments. Without loss of generality, we assume that E[X;;] = 0, and IE[X%] = 1, so the
population covariance matrix is the identity matrix, ¥ = I. For future use, we denote the
higher order moments by uj = IE[XZ‘;]

2.1. Diagonal Thresholding. Let us first consider the maxima of the diagonal entries of
the sample covariance matrix, which we denote by Y,,,,
Under the null hypothesis of no structure in the data, the diagonal entries S;; are all indepen-
dent. Furthermore, as n — oo and under suitable moment conditions on p(x), from the CLT,
each S;; converges in distribution to a Gaussian random variable. Due to the independence
of all Sj;, the theory of extreme values then states that as p — oo the maxima, after proper
centering and scaling, converges to a Gumbel distribution [19]. When the underlying data
X; are multivariate Gaussian N (0, 1), each S; follows a x2/n distribution. Approximating
each diagonal entry by a N(1,2/n) random variable, standard results on the maxima of p
independent Gaussians imply that the threshold z(p, o) which satisfies

(4) Pr [an >1+ \/zz(p, a)] =

is asymptotically given by

(5) 22(p,a) =2Inp —Inlnp — Indr — 2In|In(l — a)| + O (hﬁr;p) .

As can be verified numerically, Egs. (4) and (5) are quite accurate for the maxima of p > 1
i.i.d. Gaussian r.v.’s. The key difference in our setting is that the distribution of each of the
p r.v. Sy is only approximately Gaussian and depends on a second parameter n. Due to the
slow convergence of the x2/n distribution to a N(1,2/n) Gaussian distribution, Eq. (5) may
thus be a poor approximation to the required threshold. That is, the scaling \/gz(p, a) in
Eq. (4) may not be sufficiently accurate, with the required threshold having a non-negligible
dependence on n, z = z(n, p, «). To illustrate this point, and motivate our work, consider the
plots in Fig. 1. In the three panels from left to right, we compare the empirical density of
Yy to the Gaussian threshold of Eq. (5), for (n,p) = (100, 1000), (1000, 500) and (1000, 100),
respectively. Note that in the left panel with n < p, the distribution of Y,,, is very far from
the limiting Gumbel distribution corresponding to maxima of purely Gaussian r.v.’s. Even in
the other panels, where n = 2p or n = 10p, the fit is not very accurate.

Our first result elucidates on the reason for this discrepancy. We show that for a given
right tail probability «, the Gaussian approximation involves neglecting a higher order term
O(23/+/n) in the relevant equation for setting the threshold z(n,p, ). Since to leading order
z~ (In p)l/ 2 asymptotically as p,n — oo with % = ¢ for example, this term not only vanishes
but is also significantly smaller than the next order correction term not present in Eq.(5), of
O(Inlnp/Inp). However, for this term to be negligible for finite p,n, we need 23/2 /v/n < 1.
Fig. 2(a) shows the slow decay of this term as n — oo with p = ¢ - n, for various values of
c. Even if n = 5p (¢ = 0.2), for this higher order term to be smaller than < 0.01, requires a
sample size n = O(10°). This example illustrates that problems involving asymptotics with
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Fic 1. Empirical density of Ynp (blue circles) compared to the asymptotic Gumbel distribution corresponding
to the mazima of p Gaussians (solid red), and to our suggested correction, Eq. (6) (dashed black curve).

two or more small or large parameters (p,n in our case), need to be studied with extreme
care. This is a well known issue in the applied mathematics literature, see [3].

Based on this observation, we suggest a modified threshold that takes this O(23/y/n) term
into account. In the Gaussian case this modified threshold can be computed explicitly using
the known distribution of a 2 random variable, as follows:

THEOREM 2.1.  Let {S;}t_, be p i.i.d. random variables Si; ~ x2/n, and let Yy, denote

their mazima. Let t = 1 + \/%zH, where zg = z(n,p, «) is given by

B 1 2 z(p,a)?
(6) 21 (n.p, ) = 2(p, @) (1 " 3\/;1+(1m)2>

and z(p, &) is the Gaussian threshold from Eq.(5). Then, for parameter values (n,p) such that

5/2
(Inp)3/? <« n < %

(7) Pr[an<t]:(1—a)<1+0<m(1_0‘))+0<“ﬂ(1—0‘)\2>>_

Inp P

As shown in Figure 1, the modified expression of Eq.(6) yields a much better fit to the
empirical density of Y,,, for several values of (n,p). In particular, the fit is very accurate in
the right tail, the most relevant region for calculation of the threshold zg. The broad range
of values of (n,p) where Eq. (6) is the leading correction term is illustrated in Figure 2(b).

To clarify the origin of the correction term in Eq. (6) we describe the first steps in the
calculation of zp. Since Sj; are i.i.d. we look for a threshold t = t(«) s.t.

PrlY,, <t]=(1—-Pr[S1 >t))  =1—- .

To this end, we should plug into this equation some expression for Pr[Sj; > t]. Since Si; ~
X2 /n we use the following approximation (taken from lemma 3.1 below)

ef%(efln(1+e))

Vn(e+2)

Pr[Si1 > 1+¢ =
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Fic 2. (a) The ratio % as a function of sample size n with o = 0.05 and p = c-n for various values of c.
(b) Following the conditions of Theorem 2.1, the top and bottom solid curves are (Inp)®/(Inlnp)? and (Inp)?,
respectively whereas the diagonal dashed curve is n = p. For sample size n significantly above the top curve
(which in particular implies n. > p for p < 20000), the Gaussian approximation (Eq. (5)) is reasonably accurate
with all correction terms being negligible. Between the two curves finite n corrections are non-negligible. Below
the bottom curve, p is exponential in n, and a different asymptotic approximation is needed.

Replacing In(1 + €) by its Taylor expansion, and making a change of variables € = \/%z gives

I DN CRVEDD

Let us compare this expression with the tail behavior for a Gaussian r.v., whereby for z > 1

Pr[N(0,1) > 2] = ‘3\;2_7:5 (1+o(i)>.

2
Thus approximating X2 by N(1, %), implicitly implies replacing the second term in Eq.(8) by
unity. In particular for this approximation to be accurate, the next order term must be small

(8) Pr {SH >1+ ﬁz} ~

2mz .

\/gz(p, a)? < 1. However, as discussed above (and illustrated in Fig. 2(a)), this term is in
fact O(1) for practical finite values of (n,p) which explains the poor accuracy of Eq. (5) as a
threshold for the maxima of many x2 r.v.’s.

In summary, even though as n — oo each diagonal entry S;; converges to a Gaussian distri-
bution, for finite values of n,p the Gaussian approximation may not be sufficiently accurate
and a more careful analysis is required. When the observed data X;; ~ N(0,1), the leading

correction term follows from an explicit analysis of the tail of a % r.v., and in fact involves
its Edgeworth expansion as n — oo. In the general case, there is no explicit expression for
the distribution of the sample variance. In analogy to the x?2/n case, we propose a modified
threshold that takes into account the first term in the Edgeworth expansion of the sample
variance. This gives the following proposition:
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PROPOSITION 2.1. Let S be the sample covariance matriz of an (n + 1) X p matriz X,
whose entries X;; are all i.i.d. from some density p(x) with zero mean, unit variance, and

finite 8-th moments. Further assume that limsup,_c ‘IE |:6i(t1X11+t2X121)]‘ < 1. Let

- K 1 z(p, a)?;
(9) zgp(n,p, o) = 2(p, @) (1 + M,\/ﬁMW)

where z(p, «) is the Gaussian threshold from Eq.(5), and

(10) o = -1
(11) K o= pg— 3+ 643 + 2.
Then, for parameter values (n,p) such that (Inp)*/? < /n < (111:11;1)15;2 ,
(12) Pr |V, < 14+ ——zp(n,p,a)| ~ 1
r —zp(n,p,a)| ~1— .
np \/ﬁ E\N, D,

Note that for a Gaussian distribution, 0? = 2,k = 8, and we recover Eq. (6) of Theorem
2.1. Figure 3 compares the empirical density of Y, for several underlying distributions, to
the limiting Gumbel density and to the density corresponding to Eq.(12). While our proposed
threshold Eq.(9) is more accurate than the Gaussian threshold, its accuracy varies for different
distributions. In contrast to the Gaussian case where Eq. (7) contained explicit error bounds,
the errors involved in Eq. (12) are related to the accuracy of Edgeworth expansions. Deriving
sharp (non-uniform and location dependent) bounds on the error of Edgeworth expansions is
an interesting research topic beyond the scope of this article.

2.2. Largest Correlation Coefficient. Next, we consider the largest correlation coefficient,
namely the maximal off-diagonal entry, in absolute value, of the sample correlation matrix,

(13) Ln = max | Ryj|.

The random variable L,, was suggested as a statistic for testing independence of p variates
of a population, see [23, 26]. Related random variables, such as the maxima of individual
rows of the correlation matrix R were recently suggested for screening interesting variables in
large-scale correlation studies, see [11, 32]. Similarly, in the context of ultrahigh dimensional
regression, screening variables based on their correlation with a response was studied by Fan
and Lv [9]. Finally, the distribution of L,, plays a role in compressed sensing, since L,, is the
coherence of the design matrix X, see [6].

The limiting distribution of L,, in the joint limit n,p — oo has been studied in several
works. In [13], Jiang showed that if n/p — v € (0,00) and E[X"] < oo for some r > 30, then

(14) nL? —4lnp +Inlnp — exp (—efy/Q/\/ 87r> .

Since then, several works showed that Eq.(14) continues to hold both with weaker moment
conditions, as well as when the dimension is allowed to increase polynomially with sample
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Fic 3. Comparison of the empirical density of Ynp (blue circles) to the asymptotic Gumbel density of the
mazima of p i.i.d. Gaussians, Eq. (5) (solid red), and to our suggested correction, Eq. (6) (dashed black curve).

size, see [6, 22] and additional references therein. When dimension increases exponentially
with sample size, there is a phase transition in the limiting distribution, see [7].

As in the case of the maxima of the diagonal entries of S, a key question is the accuracy
of Eq.(14) for finite p,n, and in particular when n < p. Moreover, the parameter p has a
different role here, as we now consider the maxima of p(p — 1)/2 weakly dependent random
variables, instead of only p variables as in the previous section. That is, even a modest value
of p leads to the maxima of many random variables. In general, as already mentioned above,
the convergence to limiting extreme value distributions is known to be slow. Indeed, in [23],
the authors showed that the convergence rate in Eq. (14) is very slow, of O(Inlnn/Inn).
Then, assuming that p,n — oo with ¢;n® < p < cn® for some f > 0, and assuming
some appropriate regularity conditions on the underlying distribution, Liu et. al. derived
the following improved approximation (Thm. 1.2 in [23]), with a universal correction term
independent of the underlying distribution,

—1
(15) Pr {nLi—4lnp+lnlnp< y} A exp (_29(2?2)Pr {x%> 4lnp—lnlnp—|—yD.
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FIG 4. Empirical density of U = nL% — 4Inp 4 Inlnp (blue circles) in comparison to the asymptotic Gumbel
density, Eq. (14), (solid red curve), the correction by Liu, Lin and Shao (LLS) [23], Eq. (15), (dashed-dot
black), and to our suggested correction, Eq. (17) (dashed purple curve). The left panel is for (p,n) = (64,256),
the center panel is a zoom into the right tail region, whereas the right panel is for (p,n) = (256, 64).

Liu et. al. further showed that asymptotically, Eq. (15) has a smaller error, O ((ln n)>/2/ \/ﬁ)

In this paper we are interested in accurate approximations to the right tail probabilities of
L,,. To motivate our work, consider the plots in Figure 4, which compare the empirical density
of nL2 —4Inp+Inlnp to the limiting distribution (14) and to its correction (15) as suggested
by [23], both for (n,p) = (256,64) as well as for (n,p) = (64,256), with underlying N(0,1)
observations. As seen from these plots, neither (14) nor (15) provide accurate approximations
to the required distributions, even though the latter is slightly better.

As we show below, and similar to the analysis of the random variable Y,,,,, the source for this
non-negligible error is in a term of asymptotically smaller order O((Inp)?/n), which was not
considered in these previous works. In the Gaussian case, this term can be computed explicitly,
using the known distribution of a single Pearson’s correlation coefficient for independent bi-
variate Gaussian observations. Taking this term into account yields the following result:

THEOREM 2.2. Let R be the correlation matriz of an (n+ 1) x p matriz X, whose entries
Xij are all i.i.d. N(0,1). Let

(16) w(y) =2In(p(p—1)) —Inln(p(p — 1)) + In2 + y.
Then, as p,n — oo, with p/n — ¢
(17)

w(y)] _ e ¥/2 1 1 . i
pe 1< 20 e (=22 Atwtnn)) [140 (i ) 2] 0
where
(18) Afwyn,p) = 02 (12 2220 2D D)

As illustrated in Fig. 4, Eq. (17) provides a much better fit to the empirical density of L,
than the asymptotic Gumbel distribution of Eq. (14), in particular at the right tail, which is
the most relevant part for threshold calculation.
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It is instructive to compare the difference between Eq. (17) and the limiting expression (14).
Note that the latter follows from the former under the approximation A(w,n,p) = 1. For the
limiting expression to be accurate, a necessary condition is thus that w?/4n < 1. Since for
large p, to leading order w = 4Inp(1 + o(1)), for this term to be negligible in practice, say
w?/4n = 0.1, the required condition is n > 40(In p)2. Even at a moderately small dimension of
p = 10, for the asymptotic distribution to be accurate requires n 2 200 samples. Our analysis
thus illustrates that even with Gaussian observations, for practical values of (n, p) the limiting
formula (14) may be quite far from the empirical one for the largest correlation coefficient,
and as far as testing is concerned, may lead to rather inaccurate thresholds.

Let us provide a different point of view on the expression A(w,n,p). As n — oo, each indi-
vidual correlation coefficient R;; converges in distribution to a Gaussian N (0,1/y/n) random
variable. The term exp(—w?/4(n—2)) appearing in A(w,n,p) is nothing but the leading order
correction term in the Edgeworth expansion of the sample correlation coefficient, correspond-
ing to independent bi-variate Gaussian observations. When the underlying random variables
X;; are non-Gaussian, an explicit expression for the density of the sample correlation coeffi-
cient is in general unknown. In analogy to the Gaussian case, we thus propose to approximate
the probability Pr[|R;;| > t] by its leading Edgeworth expansion.

PROPOSITION 2.2. Let R be the correlation matriz of an (n + 1) x p matriz X, whose
entries X;j are all i.i.d. from some density p(x) with zero mean, unit variance, finite 8-th
moments. Then,

(19) Pr [nLi < w} A exp (_p(p;ﬂ\/j\/lwe_w/g (1 + iE(w)))

where
2
— Bo(w? — M (w —
(20) E(w) = 72w(w 10w + 15) + 24w(w 3)
and the coefficients ag and a4 are given by
(21) az = 3
(22) ayg = —6+ (,u,4 — 3)2.

As discussed above, F(w)/n is the leading term in the Edgeworth expansion of a single
correlation coefficient. It depends on both the third and fourth moments of the underlying
distribution. In fact, for a non-symmetric distribution with ps # 0, the correction involves not
only a O((Inp)?/n) term, but also a term O((In p)3/n), which asymptotically is even larger.

The top left panel of Fig. 5 shows the empirical density of L, with Gaussian, uniform or
X2 distributions, for (n,p) = (128,128). Each of the remaining panels compares the right tail
region to Eq. (19). At these parameter values, the Edgeworth expansion is quite accurate for
the Gaussian and uniform distribution, but not for the x2 distribution which is asymmetric
around its mean and has slower tail decay.

This example illustrates that the two-term Edgeworth expansion has limited applicability,
in particular for p > n. The reason is that the Edgeworth expansion may not be accurate for
values of the correlation coefficient several standard deviations away from zero, which are the
relevant ones when p > n. Furthermore, the Edgeworth expansion may even give negative
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densities for small sample sizes. While beyond the scope of this paper, one option to remedy
this may be to apply some monotonic transformation that prevents negative densities without
losing the asymptotic accuracy of the Edgeworth expansion, see for example [30].

Finally, the following proposition provides approximate expressions for the threshold of the
largest correlation coefficient. Its proof, based on algebraic manipulations of Eqgs. (17) and
(19), is similar to that made in deriving the thresholds for the maximal diagonal entry of the
sample variance, and is hence omitted.

PROPOSITION 2.3. Let R be the correlation matriz of an (n + 1) X p matriz X, whose
entries X;; are all i.i.d. from some density p(x) with zero mean, unit variance, finite 8-th
moments. Let

(23) ’LU(?”L,p,Oé) = wO(nap7a)(1 +5)
where
(24) wo(n,p,a) =2In(p(p— 1)) —Inln(p(p — 1)) — In4r — 21n|In(1 — «)|
and
. Wi x AN

ZnEiff) (1 + wo — %) otherwise
Then for parameter values (n,p) such that (Inp)? < n < (llr?lﬁ);
(26) Pr [(n —2)L2 < w(n,p, a)} ~1l-a

For the case of Gaussian observations, similar to the analysis in Theorem 2.1, the error in

Eq. (26) can be bounded explicitly. This error is O(In(1 — a)hﬁ—np”) + O(In%*(1 — a)).

3. Largest Diagonal Entry of the Sample Covariance Matrix. In this section we
prove Theorem 2.1 and Proposition 2.1. Recall that under the null hypothesis of no structure
the variables X;; are assumed to be all i.i.d. Hence their sample variances S;; are also i.i.d.
and the exact equation for the threshold ¢ as a function of the false alarm rate « is

(27) l—a= PI"[an < t] = (1 — PI“[SH > t])p .

To simplify notation we denote A; = Pr[S1; > t]. Note that in fact A; depends also on n since
the distribution of S;; depends on n. Taking logarithms on both sides of Eq. (27) gives

(28) In(1 —a) =pln(1 — Ay).

Since our interest is in right tail probabilities of the maxima Y,,, where p is also large, we may
assume that A; < 1 and use the Taylor approximation In(1 — A;) = A; + O(A?). Thus,

(29) In(1 — @) = —p(A; + O(A?)) ~ —pA;.

An approximate threshold ¢t = ¢(«) can be found by inverting Eq.(29), namely t(a) =
A7 (In(1 - a)%). The proof proceeds as follows: First we derive an explicit expression for
A; as function of n and t. Next, we plug this expression into Eq. (29) and solve for ¢, care-
fully analyzing the different error terms for finite p,n. We finish with an analysis of the error
incurred by the approximations performed in the various steps of the derivation.
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p=128, N =128 Gaussian
! 0.06

0.06 -

Uniform

0.06 T T 0.06
O sim

— Gumbel |

0.05¢ —EW 0.05

0.041 1 0.04f

0.03F 1 0.03f

0.021 1 0.02F

0.01 1 0.01f

OO 2 4 6 8 00

U

FiG 5. Empirical density of U = nL2 —41np +1Inlnp for various underlying distributions (Gaussian, uniform,
and x2), and comparison to the corresponding Edgeworth expansion (EW).

3.1. Gaussian case. In the multivariate Gaussian case, where X; = (Xil,...,XZ-p)T ~
N(0,1,), each S;; follows a x?2/n distribution. The following lemma gives non asymptotic
bounds for the left and right tails of the x2 distribution. This lemma may be of independent
interest, as x2 random variables appear in many statistical applications. In our case it provides
an approximate yet accurate explicit expression for A; = Pr[S1; > t].

LEMMA 3.1. Let W, be a random variable with a x> distribution. The following bounds
hold for all n > 2 and for all € > 0,

(30) Pr [MZL > 1+6:| < \/%6132 exp (—5 (e —In(1+¢€)))
— 6_%(6_%)
(31) Pr [VZ" <1- e} < \/% ! 2 exp (5(e+1n(1 —e)))

n

In addition, if € > \/%z for some z > 1 then the following lower bound also holds

(32)  Pr {VZ">1+6} > \/%e_i_liexp(—g(e—ln(l—i—e))) <1—;—i>.

Remark 1: For € < % it might seem that Eq. (31) gives a negative bound. However, this is

_n 5,%
not the case since the numerator and the denominator in the term 1_6:# have equal
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sign for all e. Additionally, there is no singularity at ¢ = %

and the denominator vanish and the limit is well defined.
Remark 2: Several works derived x2 bounds via various approximations to the exponential
terms exp(—%(e—In(1+¢€)) and exp (5 (e +1n(1 —€))). For example, [17] and [21] proved that

since as € — % both the numerator

(33) Pr {VZH > 1+ e} < exp (_%(m _ 1)2)
(34) Pr [M;” <1- e} < exp <_"462> .

Such bounds were mostly used to analyze minimax rates or prove consistency results. They
are not sharp enough to determine accurate thresholds, which is the goal of this paper.
Remark 3: Lemma 3.1 slightly improves on the results in [16] as follows. Let € = s1/2/n,

and o, = v2n. For 0 < s < \/% combining Eq. (47) of [16],

—e2/2

In(1 —e< —F—
n(l+e) 6_1+2€/3

0<e

VAN
Do =

with our Eq. (30) gives that

(35) Pr Wy — 1 > s0m] < e 5/2
r[Wy,—n>sop| < ———F—=exp| ——"—+—
Var g1 2 P\ T+ 45730,
which is slightly sharper than Eq. (43) in [16] as it has a smaller pre-exponential factor.

Furthermore, from Eq.(35) it follows that Eq. (44) in [16], namely that for 0 < s < n!/6

g2
65/2

®w | = —

(36) Pr (W, —n > so,| <

holds for any n > 2, and not only for n > 16, as stated in [16].
We now return to our goal of deriving an explicit expression for the threshold ¢. We note

that Eq.(30) and (32) imply that as n — oo with t =1+ ¢, and € = \/%z with z > 29 > 1,

(37) Ay =Pr {W;” >14 e] i (_jﬂ_i(_e T%Jr ) (1 +0 (Zlg ;)) .

0

Plugging Eq.(37) into Eq.(29) gives

(38) - pexp (_\;2:5—;(_6 :I_l(?;l)—i_ 9)) <1 +0 (12, 1)) =In(1 - ).

25 n
As described in section A.2 of the appendix, algebraic manipulations of Eq.(38) yield the

following equation for z = \/ge

2 /2 2401 11
(39) 22 — \[z?’ +I2?+0 (=, —,—,— | =2lnp—In2r — 2In|In(1 — a)|.

3Vn n’\/nz' z5'n
Eq. (39) is an approximate transcendental equation for the required z. We look for the asymp-
totic solution for z(a, p,n), under the assumption that n,p > 1. It is common in extreme value
theory to take only the first three terms in an asymptotic expansion. These are given by:
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LEMMA 3.2. As p,n — oo, with (lnp)g/2 < +/n, the first three terms in the asymptotic
solution of Eq. (39) are

(40) zi(a,p) =2lnp—Inlnp —Indr —2In|In(1 — )| + o(1)

Remark: Note that the condition (In p)*? < /n holds for p = O(n) as well as for p = O(n?)
for any finite § > 0. However the condition does not hold if p = O(e").

Lemma 3.2 shows that the first terms in the asymptotic expansion for the threshold z for
the 2 case are identical to those of Eq.(5), which corresponds to the Gaussian case. As shown
in Figure 1 this might be quite inaccurate for finite values of p,n which hints that the o(1)
terms in Eq. (40) may be non-negligible. To elucidate the source of this inaccuracy we plug
the value of z, back into the original equation (39) and obtain that the residual is:

2 2, 11
41 —\/— O(—,— |-
(41) 3 nzx+ (z%’n)
Note that for a fixed 0 < o < 1 (and bounded away from 1), asp—>oo Zy ~+/2Inp and 2y =

; (Inp)®/ (Inp)®/2 11
vIn p. Therefore, the assumption /n < - > implies that £ \F =0 ( Vi ) >0 ( )

Hence the first term in Eq. (41) is the leading residual error. Moreover, it is significantly larger

than the errors incurred in the derivation of Eq.(39). Additionally, while & \}/ is negligible

in the limit n,p — oo its convergence to zero is very slow. As shown in Figure 2(a), for the

(Inp)3/2
n

condition < 0.1 to hold requires n > 10° for a wide range of values of p/n. Hence we

should not neglect this term for practical finite values of n, p.

To derive a more accurate threshold for finite values of n and p we return once more to
Eq. (39). This time, we view the term g\/%zg as a perturbation and look for a solution of the
form z = 2, (14 ) where z, is the asymptotic solution from Eq. (40) and v = v(n,p) = o(1).
Plugging this expansion into Eq. (39) gives the following leading order equation for -y

2 /2
2922 +2In(1 +9) — 2/ 22 4 In (1 - ieptinigs2ll o)) g,

Since v = o(1) we approximate In(1 + ) = v + O(y?) to get

2 /2
2 3 Inlnp+In47+21In|In(1—a)]
271+ 2) =31/ % ~In (1- SThp )

The first term in the r.h.s. is of order O (%) while the second term is O (lnér;p ) Hence,

. In(p)>/2 . . . .
if vn < T R the leading term in the r.h.s. is the first one and the leading solution for = is

1\/7 23
42 Y e
(42) 7 3 nl—i—z)?(

This value of  gives the threshold zy of Eq. (6). If we plug 2z back into Eq.(39) we get that

the leading error term is now O (Z%) =0 (W) which also appears in the original equation.
0
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To finish the proof of Theorem 2.1 we analyze the errors incurred by using the threshold
zp. This analysis is done by going ”backward” in the derivation of zz and collecting the error

terms in the various steps. Since ey = \/%ZH is the solution of Eq.(38) and zy > v/Inp,

Recall that by our assumption Inp < n. Thus, the error term in the last equation is O( ﬁ)
By Eq.(37) we have that

(4) Ay (1+0()) - 22 (E‘Hlfj; 1)),

Thus from the last two equations we have that

5 oy = -a (140 (1))

Inp

We use once more the Taylor approximation pln(1 — Ay, ) = —pA, + O(pA7,,) to get

(46) pln(l — A;,) =In(1 — a) (1 +0 (lnlp>> + O(pA},,).

Exponentiating this equation and approximating e* = 1 + z + O(z?) gives

Y, < 14 \/EZH] (= AP =(1—a) (1 +0 <ln(1_0‘)) + O(pAfH))

P
' Inp

Using the approximation pA ~ |In(1 — «)| (see Eq. (45)) gives Eq. (7).
U

3.2. Non-Gaussian case. To prove Proposition 2.1, which considers non-Gaussian obser-
vations, we first derive an explicit approximate expression for Pr[S;; > t], that depends on
the higher order moments of the underlying distribution p(x) of the observations.

LemMmA 3.3. Let Xi,...,Xn41 be n+ 1 i.i.d. scalar random variables with some den-
sity p(x) that has zero mean, unit variance, and finite 8-th moments. Further assume that

Lim sup 4o ’E {e"(tlxlﬁmxfl)” < 1. Then, as n — oo, the Edgeworth expansion of the dis-

tribution of the unbiased sample variance estimator S = %Z(% — )% is

(47) Pr {S>1+\;%Z] =1—<I>(Z)+qi§%)£3(22—1)+0(i>

.2
where ®(z2) is the c.d.f. of a N(0,1) Gaussian r.v., ¢(z) = e\/2—7:2 is its density, and

(48) o = -1
(49) K o= g6 — 3+ 643 + 2.
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Lemma 3.3 is proven in appendix A.4. Plugging Eq.(47) into Eq.(29) and approximating
P(z)~1-— ¢(z) yields the following approximate equation for the threshold z(n,p, )

z

e=#/2 Kk z
(50) v, (1 - @%(zﬂ — 1)) =1In(1 - a).

Taking logarithms and approximating In(1 + cz(z% — 1)) ~ ¢z gives the following equation:

(51) z2—6,;3;ﬁz?’—i—lnzZ:2lnp—ln27r—21n\ln(1—a)\.
The only difference between Eq. (51) and Eq.(39) for the Gaussian case, is in the coefficient
of the \Z/—Bﬁ term. Solving Eq. (51) in the same way as we solved Eq. (39) gives Eq. (9).

4. Largest Correlation Coefficient. In this section we prove Theorem 2.2 and Propo-
sition 2.2, regarding the distribution of the largest off-diagonal correlation coefficient. The
first step is to derive an approximate relation between Pr[max;<; |R;;| < t] and the much
simpler event Pr[|Ri2| < t]. In contrast to the largest diagonal entry of S, where under the
null hypothesis all p variables S;; are independent, here the situation is a bit more complicated
as the entries of R are weakly dependent.

One option to derive such a result is to employ the powerful Chen-Stein method, see [23].
Here, however, we show that for right tail probabilities, one may obtain similar results by
simpler and more direct moment bounding methods. To this end, let p,(t) denote the density
of a single correlation coefficient, computed from n samples, and let

(52) A= An,t) = Pr(|Ry| > 1 = [

t 1
()t + / (1)t
—1 t

A key quantity that captures the dependence between some of these correlation coefficients is
Ay = PI“HRZ'J" >t N |Rzk‘ > t] .

This quantity is related to a similar measure of dependence between correlation coefficients,
recently analyzed in [11, 32], and also appears in the error bounds of the Chen-Stein method
[23]. In terms of these quantities, we have the following claim.

CrLAmM 4.1.  Let s = p(p—1)/2 be the total number of distinct correlation coefficients. Under
the null hypothesis that all p variables are independent, the following inequalities between
Pr[L,, < t] and A(n,t) hold for any p,n,t,

(53) L= SASPIL, <] S 1= s+ (s4) — 2sA% 4 s(p — 2)(Ar — A7)

Note that for a Gaussian distribution, Ay = A2?. While for general underlying distributions
Ay # A% as n — oo any two pairs of correlation coefficients each converges to a Gaussian
distribution and they become asymptotically independent. Hence, as n — oo for any fixed
t we have that As — A%. Some bounds on a quantity similar to Ay appear in [23]. A more
detailed study of the rate of this convergence is beyond the scope of this paper.
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Next, using the Taylor expansion exp(—sA) = 1 — sA + O ((sA)?), we may approximate
Eq. (53) as

p(p—1)

(54) Pr {%x IRi;| < t] + O((sA)?) = exp(—sA) = exp <_ .

Pr([Ry| > 1)).

Eq. (54) is nothing but the Poisson approximation arising from the Chen-Stein method. Claim
4.1 gives somewhat different (typically larger but in some cases smaller) error bounds on the
quality of this approximation, compared to those obtained by the Chen-Stein method. As we
shall see below, the key to accurate thresholds is an accurate expression for A = Pr[|R;;| > t,
rather than controlling the error in Eq. (54) above.

4.1. Gaussian Case. Given the analysis above, we now derive an approximate expression
for Pr[|R;;| > t]. We first consider the Gaussian case, in which the distribution of a single
Pearson’s correlation coefficient is known explicitly (see [27], p. 147, Eq. 5)

(55) pa(r) = Ca(l =722
with -
F L=
Cn = 1/2( 2722 :
m2L(57)
Performing integration by parts
(n 2)/2)
PI"HRU‘ >t] = 2/ 2/ dr
W (1 —tQ)(" 2)/2 1(1 —t2) ( 1 1>
= 1 _—— — —
(56) n—2 t n  t? +0 n?t3
Next, for t = \/w/(n — 2) we have that
(57) (1 3)n=D/2 = emw/2mw? An=2)(1 4 o(1/n)).

Furthermore, from the asymptotics of the Gamma function,

(58) Cn = 2 (1+0(1/n))

NG
Combining Egs. (56), (57) and (58) gives
(59)

w 21 2 -21
g | =L e w/2-w?/A(n=2) -
Pr| IRyl > /- | \/;\/Ee (-0 (3)+ (\/_w3/2>)

Plugging Eq. (59) into the r.h.s. of Eq. (54) and choosing w as in Theorem 2.2 gives the
first term in the r.h.s. of Eq.(17). The source of the additional error term in Eq. (17) is in the
error term of Eq. (54). Plugging the definition of w into this error term gives:

_ 2 /7_ 2
(60) (SA)2:<p<p2 1)> <p(p1—1) p\(/% : x/lﬁe 2+O(1)> =0,
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4.2. Non-Gaussian case. 'To prove Proposition 2.2, we first derive an approximate expres-
sion for Pr[|Ri2| > t] when the (n+1) x p variables X;; are i.i.d. but not necessarily Gaussian.

LEMMA 4.2. Let X1, X9 be two i.i.d. random wvariables with the same distribution as a
random variable X. Assume that E[X] = 0,E[X?] = 1 and that X has finite S-th moments.
Then, as n — oo, the Edgeworth expansion of the sample correlation coefficient Rio from
n+ 1 samples is

(61)
2 2
Pr {|R12| > fﬁ} =2(1—-®(2)) + ‘br(f) (%”x(# — 1022 +15) + %x(wQ — 3)) +o(1/n)
where ®(z) and ¢(z) are the distribution and density functions of a N(0,1) r.v., and
(63) a; = —6+ (us—3)%

The proof of the lemma appears in appendix A.6. Combining the lemma with the relation
(54) proves Proposition 2.2.

5. Simulation Results. We study the accuracy of our modified threshold for the sample
variance in a series of simulations with several values of p, n and «. For Gaussian observations,
we compare the accuracy of the threshold of the limiting Gumbel distribution, t¢ = 1 +

\/%z(p, «), and our proposed threshold, tg = 1+ \/ng(n,p, «), where z(p, ) and zg(n, p, a)
are given by (5) and (6), to empirical results based on 10® simulations. As Table 1 shows, the
threshold ¢y is much more accurate than the asymptotic Gumbel threshold tg.

Similarly, for non-Gaussian distributions, we compare the accuracy of the asymptotic Gum-
bel threshold tg = 1+ ﬁz(p, a), with o given by Eq. (10), to the proposed Edgeworth-based
threshold tp =1+ %ZE(n,p, «), where zg is given in Eq. (9). Table 2 shows that indeed the
Edgeworth threshold is more accurate. However, its accuracy is not as good as that of the ¢
threshold for the Gaussian case, due to higher order error terms in the Edgeworth expansion,
that depend on the specific distribution.

n = 100, p = 1000 n = 1000, p = 500 n = 1000, p = 100
a Pr[Yop > ta] | Pr[Vap > tu] || Pr[Yap > ta] | Pr[Vap > tu] || Pr[Yap > ta] [ Pr[Ya, > ta]
5% 27.9% 4.7% 8.5% 4.4% 6.5% 4.3%
2% 14.9% 1.8% 3.4% 1.7% 2.5% 1.6%
1% 9.0% 0.9% 1.6% 0.8% 1.1% 0.8%
0.1% 1.47% 0.09% 0.11% 0.07% 0.07% 0.07%
TABLE 1

For each value of o in the left column, we compare the accuracy of the Gaussian and X2 high order thresholds.

Acknowledgments. We thank Alfred Hero, Bala Rajaratnam, Tiefeng Jiang, Tony Cai and
Haruhiko Ogasawara for interesting discussions regarding various aspects of this work.

APPENDIX A: PROOFS

A.1. Bounds on X?@ Tail Probabilities. To prove lemma 3.1 we recall that the density

of a x2 random variable is
fn(fE) =C, - 6hn(ac)
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Uniform Exponential

a Pr[Yop > ta] | Pr[Vap > tu] [ Pr[Ya, > ta] [ Pr[Yap > ts]
5% 71% 4.8% 62.8% 8.7%
2% 3.0% 1.8% 50.2% 4.5%

1% 1.5% 0.9% 42.1% 2.8%
0.1% 0.18% 0.08% 23.23% 0.68%

tr X7

a Pr[Yop > tc] | Pr[Yap > tg] || Pr[Yap > tc] | Pr[Yap > tg]
5% 60.4% 8.4% 42.5% 6.9%
2% 49.7% 5.6% 29.6% 3.2%

1% 43.0% 4.3% 22.4% 1.8%
0.1% 27.63% 2.09% 9.07% 0.32%

TABLE 2
For each value of o in the left column we compare the accuracy of the Gaussian and Edgeworth thresholds for
different distributions with n = 100 and p = 200.

where C), = and hy(r) = =5 + (§ — 1) Inz. For simplicity from now on we omit the

1
2n/21(5)
subscript n and write h(x) = h,(x).We wish to bound integrals of the form

b
Ch / ") dy

where the endpoints (a,b) depend on whether our interest is in left tail or right tail probabil-
ities. Note that h/(z) = $(%=2 — 1) and that for all n > 2

&h I

dx2 = _(% - 1):1:2

Hence, for any zg > 0

o

To simplify our notation we denote hg = h(zg), hyy = h'(x¢) and h{j = h”(x). For any a,b

b b h b
(64) c / ID g = O, o / chb(a—w0) g _ %e%(ﬂf—xo)
a a O a

In our proof we will use the above equation with zg = n(1 + €). Plugging this value into the
different terms in the right hand side of (64) gives that

Mo — ¢~ ME (51 mOEH (5 Imn _ N2 g(1keIn(1£0)
n(l+e)
and
eho n3 e~ 5 (Ee=In(1xe)) 5  —5(1xe-In(1xe))
7,: . — _
T I R
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Recall that for any z € R, InI'(z) > (z — §)Inz — « + Inv/27. Thus,

Cneho (%)% efg(liefln(lie))
Py TG (3e-2)
)g—l e~ 5 (1£e—In(1%e)) e~ 5 (Fe—In(1+e))
(65) <

(3 _
V2T (%)%_% e 2 (:Fe - %) NZZD (:FG - %) .
Combining equations (64) and (65) gives that
e—%(:ﬁ:e—ln(l:ﬁ:e))
2, ¢

Vrn(Fe — 5)

With these preparations, Eq. (30) directly follows from Eq. (66) with o = n(1 + €),

b
R (n(1£e))(z—n(lte))

b
(66) C’n/ 9@ dy <

a

. P Wn . o 0o o )d e—%(e—ln(l—l-e))
Ths1tel <G f Dz <
( ) g |: n 6] n(1l4e) c . \/ﬂ'n(é + %)

Similarly, Eq. (31) follows from Eq. (66) with xg = n(1 — ¢)

n(l—e) 2 (e+1n(1—¢)) o
B
n 0 (e — =)

The last step is to prove the lower bound (32). To this end, note that for n > 2 and = > 0

d3h .

Therefore for any zg > 0 and = > xg
)2
h(z) > g(x) = ho + h6($ —x9) + hg(xzmo)
Next, using the inequality e** > 1 + bz and the identity [ e*z%dz = e (a?z? — 2ax + 2)/a’
gives that

oo o0 / " (T*10)2
Pr[W,, > ] > C’n/ @ gy = Cneho/ eho(@—zo)+hi —="— 1.
zo x

0

o0 )2
Cneho/ eho(z—z0) (1 + hg(xzxo)> dr
o

1 hg Cyeho |hg]
(69) = Cpel ( T ,°3> =0 (1 -9
| O| ho | 0‘ h()

To conclude the proof we need an upper bound on I'(z), which appears in the denominator
of C),. The following auxiliary lemma, proven below, provides such a bound:

v

LEMMA A.l.  Let I'(z) = [°t*"te~tdt be the Gamma function. Then for z € R,

(70) T(2) < Vares 12 (1 + 21) .
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Choosing z¢g = n(1 + ¢) and using the bound (70) on I'(zg) we get
h(n(1l+4e)) n\% —Z(1+e—In(1+e€)) n)5—1 —2(14e—In(1+e€))
C/ne _ 752)2 e > (2)2 1 e 11
|7/ (n(1 + €))] 51(3) (e+2) Var(2)3 53 (e+2) 1+a
—2(e—In(1+¢€))
(71) > ¢ 0 C <1 _ 1) .
van (e +2) n

Assuming that € > \/%z for some z > 1 we get that

|hg|_(%—1)m_ 2n—4 _ 1
2 (2+ne)? ~ 2 2 = 2"
ho 4nZ(1+e¢)? (24 ne) :
Inserting this inequality into (69) proves Eq. (32). O

A.1.1. Proof of Lemma A.1. We start from the following upper bound on the Gamma
function given by [2].

F(z)<\/ﬁ<z_é>Z2 Y = [(z_%>Z2\/E

(& z

To prove the proposition we bound the right term in the last equation. Using the fact that
In(1—€) < —e and that 1/4/1 — 5= <1+ 5 for all z > & gives that

_ 1 Z_% 1 Z*% 1
73 = <]_ — > = ezln(l—i) < e
z 2z 11 =
2z

Combining the above two equations proves (70).

N |=
g
+

| —
~——

2z

A.2. Derivation of Eq. (39). Taking logarithms on both sides of Eq. (38) and making
a change of variable € = \/%z yields

11
Inp—3% (\/gz —1In (1 + ﬁz))—% In27—In z—In (1 + \/gi>+ln <1 -0 (ZQ’ n)> =In|In(1—a)|.
0

Replacing \/%z —In(1+ \/%z) with its Taylor expansion gives Eq. (39), up to a factor of —2,

2 3 4

z 2z z 1 11 1

PR Cmevo | S = —p+ - In2r 4+ In|ln(l — a)|.
7 V3 AT (n’ﬁz’z&’n) np+2n7r+n]n( @)

A.3. Proof of Lemma 3.2. The leading order term in the r.h.s of (39) is 2Inp, so the
solution has the form of 22 = 2Inp - (1 + §) where § = o(1). Plugging this solution into the
Eq. (39) and dividing by In p gives

8 /1 Inl In(14 9 —Ind4r —2In|In(1 —
95 8 y(1+5)3/2+nnp+n( +96) _ —Indrx n | In( a)\.
3V n Inp Inp Inp
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The assumption of the lemma that (In p)3/ 2« v/n, implies that the leading order term now

is —1;111::;’. Thus § = —glll—nn]f + d9 where 6 =0 (1311:115). The equation for dy is
8 /In In(1+9 —Indr —2In|In(1l — «
5, & W2 s OO In(1 — )]
3V n Inp Inp
This gives do = —In 47r_§ iﬁl}ln(l_a)l and the expression for 22 is:
22 = 2lnp—Inlnp — Indr — 2In|In(1 — )|
which proves the lemma. O

A.4. Edgeworth Expansion for the Sample Variance. Our proof of lemma 3.3 is
based on the work of [12] on the Edgeworth expansion for the sample variance. Let Z denote

some random variable with zero mean, unit variance, and finite 8-th moments. Further assume

ez’(tlZ—i-thQ)

that lim sup |~ ‘IE [ } ‘ < 1. Let S denote the unbiased sample variance computed

from n + 1 i.i.d. samples of Z. Define the random variable

(72) y=+/n(S—1).
The asymptotic variance o2 and skewness & of y are defined as

(73) El(ly—Ey)’] =Ely*] = o*+0(n™")
(74) El(y —EW)’] =E[y®] = n 2 k+0(mn%?).

From Eq.(3.3) of [12] we have that asymptotically in n:

_ 9 £
Vv/n 603

where ®(z) and ¢(x) are the distribution and density functions of a N(0,1) r.v.. The Edge-

worth expansion for a specific distribution follows from the following claim, proven below:

(75) pr[<2] e 140 (n)

CLAM A.2.  For any distribution with zero mean and unit variance it holds that

(76) 0 = py—1
(77) ko= e — 3+ 2u3) + 2
Lemma 3.3 follows from Eq.(75) together with claim A.2. O

Remark: A similar derivation for the Edgeworth expansion of the biased sample variance
can be found in [10].
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A.4.1. Proof of Claim A.2. To compute the explicit value of ¢ we first calculate the ex-
pected value of S2. It can be easily verified that

(78)
n+1 2 1 n+1 2 n+1
( (Zaj —(n+ 1)z >> <Zx> 2(n+ 1)z Zw+n+1)
i=1
The first term in Eq.(78) is ( 23312)2 = > @} + 3,45 v7a; and its expected value is

(79)

n 2
(f&? ) ] (n+ 1)E[ } (n+1)nE [mﬂ E [:L‘Q} =(n+1)(pus +n).

To compute the mean value of the second term in Eq.(78) we first calculate

1
(80) $2:(n+1)2(zxi)2 n—|—1 (Zx +Zm])

i i#]

Hence, the second term is equal to

(81) 2233 n+1 (Zm +ZJE ~+22x§’x]~+ Z xf:c]xk)

i#] i#] i#j#k

and its expected value is

(82) E {j2 Zwﬂ _ (n+ 1)(/;4—:-1()721 +1)n _ /;4:171

The following formula will be helpful for evaluation of the last term in (78)

2
(83) (Z%Ig) :22951255?4_4 Z x?xjxk—k Z ;LT

i#j i#j ik i j Ak

For the last term in (78), we have

(84)
(n+1)%zt = Z$ +Zl’1l’] Z:L’ +Zm x;+202) a4+ > a:?mja:k)+(2xia:j)2
J i#] i#j#k i#]
= ZIL‘ —|—3Zm —|—4Zx :L'j—|—6 Z :El'jl'k—F Z TiT TR
i#] i#] i#jF#k i#JERFEL
Hence its mean is
(85) E[71) = ——— ((n + Djua + 3(n + 1)n) = L4+ 32
(n+1)* (n+1)3
Combining (79) with (82) and (85) yields
1 M4 + 30
2] L _ L e
E{S} = 3 ((n+1)(u4+n) 2(pg +n) + —— >
”_1+n+1 ”_1+n+1

(56) = s

n2 n
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We now compute the explicit expression for o

(87)

— 1+ -1+
E[y?] = (n+1) (B[S - 25 +1]) = (n+1) (nnﬂ g+ noltan 1) = u4—1+%

n? n

therefore, Eq.(48) follows. Next, to compute x we also need the explicit expression for E[S?].

(88)
13((2?963) —3<Z:c> (n+1)z +3<Z:{;>(n+1)f2)2_(n+1)3j.6)

We analyze each term in the r.h.s. separately. The mean of the first term is
(89)

3
E [(Zﬁ) ] =E {Zw +3) aiat+ Y :c?:c?a:i} = (n+1)pe+3(n+1)nug+(n+1)n(n—1).
i i# i#itk

The second term in Eq. (88) is

(;ﬁ)zﬁ o (Zx £ )(thzmj)

@ i#] @ i#]

= n—|—1 (Zx —|—ZCC —I—Zx?ijxk—i—Zfox?—}— Z x?a:?xz

i#j i j#k i#] i#j#k

i i#i#k i#i#hA

+ 2256?33? + Z (xf’a:?:zk —}—ﬁ:c?azk) + Z xfx?a:kxl> .

Its expected value is
(90)

2
E [(Z 95?) 5'32] = (n_|_11)2 ((n + 1)pg + 3(n + Dnpa + 2(n + D)ng3 + (n + 1)n(n — 1))

For the third term in Eq.(88) we use Eq.(84), and obtain that

)

i#] i#] i# ik i jEkAL

= n+1 (Zm +Zl‘ -+62x?m?+3 Z m?m?w%

i#j i#j ik

+ 42(1:?% + x m )+ 4 Z a: xk + 6 Z x?m?mkxl + Z w?xjxkxla:m)
i£j i£j#k i,k i,jFkAElEmM

Its expected value is

(91)

E [(; xf) <x2)2] = (n+11)4 ((” + Dpe + 7(n + Dnpg + 4(n + Dnpi + 3(n + Dn(n — 1))
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Finally, the last term in (88) involves 5.
(92)
3
= n+1>6 (a2 + iy wim;)

e (( i) +3(X22)° (Zi;ﬁj xiiﬁj) +3 (3 27) (Ei;ﬁj xif’fj>2 + (Zi;«éj ffifﬂj)g)

The mean of the first term in Eq.(92) is given by Eq. (89). The second term is
(93)

( ix?)2<zi7ﬁjxix1> = (Zm +Zf’3 )(le%)
= QZ:U x]—l— Z T :L'j:nk+22x ~—|—4 Z xf’m?%%— Z xfz?mm

it ik i#] itk ik A

Its expected value is

(94) E {(Zaj (> wizy) ] =2(n + 1)ny3.

i#]
The third term in Eq.(92) is

() ()

<Zx?> (2233?36]24—2 Z xfa;jxk+ Z xixjmka;l>
i

7] i#jF#k i#jFRFL

= 421:?3:?—1—2 Z mf:c?w%—i— (Z:cf) (2 Z w?aﬁjxk—i- Z xixjxkxl)
i

i#] i#j#k i#j#k i#j#kF
and its mean is equal to
2
(95) E (Z x?) (Z l’il'j) =4(n+ Dnus+2(n+ )n(n —1).
i i#j

The last term in Eq.(92) is

(96)
3
(Z :ci:z:j> = Z :cf‘w:; +3 Z (xf’x?:ck + xf:x?xk) +38 Z a:?x?x% +3 Z :cfwj?kal +...
i#i iZi - i#iZk i#i7kAl

The dots in the last equation represent additional terms that are not of our interest since
their expected value is zero. Hence,

(97) [( Z:mw]) ] (n + D)nu 4+ 8(n+ 1)n(n — 1)
i#j

and the expected value of the last term in (92) is

(98) E[z] = ( ! ((n+ D +15(n + Vnpua + 7(n + nggd + 15(n + Dn(n — 1))

n+1)6
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Finally we have that

n—2+-3% - Lo 3n+1)—9+4 2% — A5
(99)  E[$?] = R gt
n n
12 7 6 15
+ D) - u3 + D) .
n n
Now we are ready to compute the explicit expression for x:
B = (n+)Va+1-E[$°-352+35—1]=(n+1)Vn+1-E|5*-35%+2|
(n+1)2/n+1 3n+1)v/n+1 6(n+1)vn+1 o 2n+1)yn+1 3
= 3 He — 3 Ha — 5 -3+ 5 +O0(n"2)
n n n n
Therefore Eq.(49) follows. 0

A.5. Proof of claim 4.1. Our proof of Eq. (53), is similar to [26], which considered only
Gaussian observations. We introduce the following s = p(p — 1)/2 random variables,

oy )1 R >t
(100) wi; (t) { 0 otherwise
and define

1<J
Then by definition we have that
Pr[L,, < t] =Pr[T = 0] = po.

The main idea is thus deriving bounds on the r.h.s. of the last equation using the first and
second moments of T', which is equivalent to an inclusion-exclusion principle. Our starting
point is the definition of the mean of T,

E[T) =Y jPr[T =j]=pi+2p2+...
j=0

from which it immediately follows that
E[T)>p1+p2+...=1—po.

On the other hand, E[T] = sE[w;;] = sA. Hence

(102) po > 1 —sA.

Next, we wish to find an upper bound on py = Pr[L, < t]. To this end, we consider the
random variable T2. By definition, we have that
(103)

E[T? =E +E +E

> wiwg

i<j k<l i<j disjoint 1,7k, i, k#(1,5)

> wz‘jwik]

Z wj ; Z wk’l] =E [Z ng
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The total number of disjoint indexes with i # j # k # [ is s(p — 2)(p — 3)/2. Note that under
the null hypothesis, when the indexes 4, j, k, [ are all disjoint, the random variables w;; and
wy; are independent. Hence, simple calculations show that

RE[T? = sA+ s—(p — 2)2(p — 3)A2 +s (s — =2p=3) 2)2(p —3) — 1) Ag
(104) = sA+s(s—1)A% 4+ 2s(p — 2)(Ay — A?)

where Ay = Ew;jw;x] = Pr{|R; ;| >t N |R; x| > t]. Next, note that there exist positive coef-
ficients c; such that

1 o0
3 [3E[T] —E[TQ]} =pr+p2—Y ¢pj<pi+p2tps+...=1-pg
=3

Inserting the expressions for E[T] and E[T?] gives

(105) po<1—sA+ %SQAQ — %SAQ + s(p — 2)(Ay — A?).

g

A.6. Edgeworth Expansion for the correlation coefficient. To prove lemma 4.2
we follow closely the notation and results of Ogasawara [29]. It is worth mentioning that in
fact [29] considered the more general case where X; and X may have different distributions,
as well as a non-zero population correlation p;s. In our analysis, we consider the case where
X1 and X5 are equally distributed and independent, which in particular implies that they are
uncorrelated, pi2 = 0. Furthermore, w.l.g. we may assume that X; has zero mean and unit
variance, as these do not affect the sample correlation coefficient. This leads to a considerable
simplification in the expression for the Edgeworth expansion of the correlation coefficient.

The starting point is Eq. 2.5 in [29], which gives the asymptotic expansion for the distri-
bution of a single correlation coefficient, in terms of coefficients «aq,9, ag, oy and Acas, which
are all rather complicated expressions of the moments of the underlying distribution of X.

b

et L SR e
Pr[¢a—2<\/ﬁ1 = ®(1) \/ﬁ{1+6(t 1)}¢(t)

to(t) 9 1 as ooz t2—3 a% 4 9
——2 (A —_ — t* — 10t 1
n {( aztai)y oot —5) 2 +72a§( 06" +15)
(106) +o(1/n).

First, note that since we are interested in Pr[|Ri2| > ¢/y/n |, the leading correction term, of
the form f(t)/+/n, has no contribution, as f(t) is an even function of t. Next, as discussed near
Eq. (5.6) in [29], and following the results of Pitman [31], when X; and X5 are independent,
the bias and variance of R1o are asymptotically robust. Namely, the values of oy, as, Aas are
equal to those in the Gaussian case,

a9 = 04276’ = 1, a] = a1.G = 0, Aag =0.

Therefore, Eq. (61) readily follows. To conclude the proof of the lemma, it remains to deter-
mine the values of the two coefficients o3 and oy.
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Expressions for as, ay appear in [29], and depend on various quantities which we analyze
below. As we consider a single correlation coefficient, we study the expressions in [29] with a
dimension p = 2, so in the formulas below, all indices a, b, c, ... take values in {1,2}.

To study the values of s, ay, we first introduce the following notation. Let ¥ = (og4) be
the 2 x 2 population covariance matrix of the two random variables X7, X9, and denote by
0 = p12 = o012/ \/011022 their population correlation coefficient. Further, denote by 0 = 7192
their sample correlation coefficient. As in [29], we introduce the following additional notation:
o = (011,012, 092), with higher order moments defined as follows,

Oab...f = E[XoXp - Xy].

We also denote by €2 a 3 x 3 matrix with entries Qup cqa = Tabed — Tap0cd- The expressions for
a3 and a4 also depend on cumulants of various orders. The first few are given by

Rab = Oaby  Kabc = Oabcs Kabed = Oabed — OabOcd — OacObd — TadObc-

where a,b,c,d € {1,2}. However, since p = 2, many of these cumulants vanish. For example,
K1212 = 01212 — 011022 = 0. The only potentially non-zero 4th order cumulants are

(107) K111 = Koaze = E[X] - 3.

Similarly, other than k11111 and k22992 which do not appear in our expressions, Kgpege = 0 for
all other values of abede. The relevant 6th order cumulant is

(108) K112220 = 0112222 — 01102222 — 609201122 + 2 - 3011055 = 0.
Similarly, the only relevant 8-th order cumulant also vanishes,

k12121212 = 012121212 — 120110112222 — 0111102222 — 180112201122
+2(30’11110’%2 + 3022220’%1 + 360’11220’110’22) —6- 90’%10%2
(109) = E[X')? - 12E[X?] - E[X"]? — 18 + 12E[X "] + 72 — 54 = 0.

The formula below for a4 also depends on M-functions defined as follows: For pairs of
indices, we have M (ab, c¢d) = Kaped + Kackbd + Kadkbe- Therefore,

M(11,12) =0,  M(11,22) =0,

(110) M(12,12) =1,  M(11,11) = E[X] - 1.

Eq. 3.13 in [29] contains the expression for M (ab, cd, ef). Below are those relevant to us,

M(12,12,12) = oy91212 = E[X]?
(111) M(11,12, 12) = 0111122 — 01212011 :E[X4] —1.
With the above auxiliary results at hand, we now consider the expression for as, Eq. 3.2 in [29].

This formula depends on §2 and on first and second order derivatives 90/90 4, and %0 /00 440 cq.
However, when the two random variables X; and X5 are independent and equally distributed,
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many terms vanish and the resulting expression simplifies considerably. In particular, at a
correlation coefficient pij2 = 0, or equivalently 019 = 0, we have that (see Eq. 4.1 in [29])

0 B .
(112) o = (0,1,0)
012=0
0 -1/2 0
020
(113) = = | -12 0o -1p2
00d0’| =0 0 -1/2 0

Thus, inserting Eq. (112) and Eq. (113) into Eq. 3.2 in [29] simplifies to

3 2
(114) ag—(89> E[X3}2+3809 00 o2

do1y Jo’' 0O0odo’ Oo
Note that
00 T
Qa— = (1,12, 11,22, Q22,12)
o

However, when X7 and X5 are independent, all of these entries vanish, since

Qe = E[X{X3]—o0i05=0
Q12 = EX{Xy]-E
Qo212 = E[X3Xi]-E

Therefore, the second term in Eq. (114) vanishes, and we obtain Eq. (62).

Next, we consider the formula for ay, given by Eq. (3.11) in [29]. First, recall that for a # b,
00/004 = 1, whereas 00/00,, = 00/0oy, = 0. Hence, in the outer summation for the first
four lines in Eq. (3.1) only the single term with a > b,c > d,e > f,g > h remains. That is,

24 32
Q4 = K12121212 + Z KacKbdefgh T Z RaceRbdf gh
8 24 96 48
+ Z Raceghbdfh + Z RabegRcdfh + Z RacRbeRdf gh + Z RacKegRbdfh

96 48 6
+ Z KacKbegRdfh + Z KbcKdeR fgRha — Z /iabch(efa gh)

YT Y Y Y 002 00 00 00 X

> M(ab,cd)M(ef, gh, jk)
a>be>de>f g>hj>k

3 0% 062 2 0936 06
+ Z Z Z Z Z (2 80'ab0'cd BO'efaO'gh + 3 80‘abaacd80’ef 60'gh> x

a>bc>de>f g>h j>k,I>m

15
96 _99 > M(ab,cd)M (ef, gh)M (jk,lm)

004400 cq 00cf O0gp, OO ji;

aO'jk 80'lm

(115) - (40&1&3 + 6 Aag + 60420[%) .

We now separately analyze each of the terms in the equation above. First, according to Eq.
(109), k12121212 = 0. Next, consider the first sum, A Kackbdefgh- 1t contains 24 terms, which
account for the 8 choices for the index a multiplied by 6 choices for ¢ and divided by 2 as
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the order does not matter. Given a choice of an index a, for k4. not to vanish, we must have
¢ = a. Suppose a = 1, then the multiplying factor is k12222, which according to Eq. (108)
vanishes. Hence, all terms in the first sum are zero.

We proceed to the second sum, 232 KaceKbdfgh- For a term to be non-zero, we must have
ace = 111 or ace = 222, but then the multiplying term is either 12299 or k21111 both of which
vanish. Hence, the second sum also yields no contribution. In the third sum with 8 terms, we
finally encounter a non-zero term, s1111k2222, hence this sum equals (E[X*] — 3)2. Both the
4th and 5th sums vanish, as all their terms contain 4th order cumulants of the form ki,
which are all zero. In the 6th sum with 48 terms, all but six terms vanish, three terms of the
form k1111 and another three of the form rgag2, so overall this sum contributes 6(E[X*] — 3).

The 7th sum vanishes, since the only potentially non-zero contribution is from terms of
the form ki111K9222, but then the remaining factor is k12 = 0. Next, consider the 8th sum,
248 KbeRdek fgkha- For each of the 8 possible choices for b, only 3 choices for ¢ give a non-zero
K11 Or Koo. Then, there are two valid choices for e = d. This has to be divided by 23, to
account for the order in the first three pairs, so overall we have 6 terms each contributing a
value of 1. The 9th sum vanishes as all its 6 terms contain the factor xi219.

Next we consider sum on the 4th row in Eq. (115). Here for the first order derivatives such
as 00/0oc¢ not to vanish, we must have e # f,g # h,j # k. For second derivatives to be
non-zero, either a = b,c # d, or a # b,c = d, which gives an overall of 4 choices. For each
such choice, out of the 10 arrangements for M (ab, cd)M (ef, gh, jk), a non-zero contribution
is obtained only when the equal pair is in the triplet M (-, -, ), which occurs in 6 out of the 10
terms, and gives E[X*] — 1. So the overall contribution of this sum is 2(—1/2) - 6(E[X*] — 1),
multiplied by the 4 choices for (ab, cd), that is —24(E[X*] — 1).

Next, we open the parenthesis on the 5th row of Eq. (115), and analyze each term separately.
The first one is

2 2 15
008 O8O0 005 Mi(ab.cd)M (e, gh)M (k. Im)

004 00cq 00 ;00 gp 00 i, Doy,

Here we must have j # k,l # m. As in the previous case either a = b,c # d or a # b,c = d,
for an overall of 4 choices. Suppose (ab, cd) = (11,12). To obtain a nonzero contribution from
the M (-,-) terms, we must have either (ef = 11) or (gh = 11), so 2 choices. Furthermore, the
equal pair must be in the same M-group as (ab). There are 3 = 15/5 such configurations. So,
the overall contribution from this sum is 3/2(—1/2)% - 4-2 - 3(E[X*] — 1) = 9(E[X*] — 1).

Finally we consider the second term in this sum,

2 3 15
06 00 00 09 P \p(ab, cd)M(ef, gh)M(jk, Im)

3 00004005 Do gp, 00 . 001,
At a correlation coefficient p1o = 0, the cases where the third derivative does not vanish are

%0 %0
7 —3, T —1/4
Do gp002, 001900110099
However, in the second case we will have only terms of the form M (11,12) or M(11,22) both
of which vanish. We thus focus now on the first case. There are 3 choices for which pair, out of
(ab, cd, ef) will have different indices, and 2 choices for the equal indices (11 or 22). Suppose
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ab = 11,¢cd = 11. Then, there are 3 = 15/5 cases where both belong to the same M-group.
Overall, 2/3-3-2-3(E[X%] — 1) -3/4 or 9(E[X?] —1).
To conclude, we use all of the above in Eq. (115) for ay:

ar = (E[XY =32 +6(E[XY —3)+6—24(FE[XY —1)+9E[XY —1)+9E[XY-1)
(116) = —6+ (E[X*] —3)2
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