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Principal component analysis (PCA) is a classical method for dimension-
ality reduction based on extracting the dominant eigenvectors of the sam-
ple covariance matrix. However, PCA is well known to behave poorly in
the “large p, small n” setting, in which the problem dimension p is com-
parable to or larger than the sample size n. This paper studies PCA in this
high-dimensional regime, but under the additional assumption that the max-
imal eigenvector is sparse, say, with at most £ nonzero components. We
consider a spiked covariance model in which a base matrix is perturbed
by adding a k-sparse maximal eigenvector, and we analyze two computa-
tionally tractable methods for recovering the support set of this maximal
eigenvector, as follows: (a) a simple diagonal thresholding method, which
transitions from success to failure as a function of the rescaled sample size
Ogia(n, p. k) =n/ (k2 log(p — k)]; and (b) a more sophisticated semidefinite
programming (SDP) relaxation, which succeeds once the rescaled sample
size Osqp(nn, p, k) = n/lklog(p — k)] is larger than a critical threshold. In
addition, we prove that no method, including the best method which has
exponential-time complexity, can succeed in recovering the support if the or-
der parameter 6sqp(n, p, k) is below a threshold. Our results thus highlight
an interesting trade-off between computational and statistical efficiency in
high-dimensional inference.

1. Introduction. Principal component analysis (PCA) is a classical method
[1, 22] for reducing the dimension of data, say, from some high-dimensional sub-
set of R” down to some subset of RY, with d < p. Principal component analysis
operates by projecting the data onto the d directions of maximal variance, as cap-
tured by eigenvectors of the p x p population covariance matrix X. Of course, in
practice, one does not have access to the population covariance, but instead must
rely on a “noisy” version of the form
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where A = A, denotes a random noise matrix, typically arising from having only
a finite number n of samples. A natural question in assessing the performance of
PCA is under what conditions the sample eigenvectors (i.e., based on ) are con-
sistent estimators of their population analogues. In the classical theory of PCA, the
model dimension p is viewed as fixed, and asymptotic statements are established
as the number of observations n tends to infinity. With this scaling, the influence of
the noise matrix A dies off, so that sample eigenvectors and eigenvalues are consis-
tent estimators of their population analogues [1]. However, such “fixed p, large n”
scaling may be inappropriate for many contemporary applications in science and
engineering (e.g., financial time series, astronomical imaging, sensor networks), in
which the model dimension p is comparable or even larger than the number of ob-
servations n. This type of high-dimensional scaling causes dramatic breakdowns in
standard PCA and related eigenvector methods, as shown by classical and ongoing
work in random matrix theory [13, 20, 21].

Without further restrictions, there is little hope of performing high-dimensional
inference with very limited data. However, many data sets exhibit additional struc-
ture, which can partially mitigate the curse of dimensionality. One natural struc-
tural assumption is that of sparsity, and various types of sparse models have been
studied in past statistical work. There is a substantial and on-going line of work
on subset selection and sparse regression models (e.g., [6, 11, 28, 35, 36]), focus-
ing in particular on the behavior of various £1-based relaxation methods. Other
work has tackled the problem of estimating sparse covariance matrices in the
high-dimensional setting, using thresholding methods [3, 12] as well as ¢ -regular-
ization methods [8, 39].

A related problem—and the primary focus of this paper—is recovering sparse
eigenvectors from high-dimensional data. While related to sparse covariance es-
timation, the sparse eigenvector problem presents a different set of challenges;
indeed, a covariance matrix may have a sparse eigenvector with neither it nor
its inverse being a sparse matrix. Various researchers have proposed methods
for extracting sparse eigenvectors, a problem often referred to as sparse princi-
pal component analysis (SPCA). Some of these methods are based on greedy or
nonconvex optimization procedures (e.g., [23, 29, 40]), whereas others are based
on various types of £-regularization [9, 41]. Zou, Hastie and Tibshirani [41] de-
velop a method based on transforming the PCA problem to a regression problem
and then applying the Lasso (£1-regularization). Johnstone and Lu [21] proposed
a two-step method, using an initial pre-processing step to select relevant variables
followed by ordinary PCA in the reduced space. Under a particular £,-ball sparsity
model, they proved £>-consistency of their procedure as long as p/n converges to
a constant. In recent work, d’ Asprémont et al. [9] have formulated a direct semi-
definite programming (SDP) relaxation of the sparse eigenvector problem, and
developed fast algorithms for solving it, but have not provided high-dimensional
consistency results. The elegant work of Paul and Johnstone [30, 32], brought to
our attention after initial submission, studies estimation of eigenvectors satisfying
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weak £,-ball sparsity assumptions for g € (0, 2). We discuss connections to this
work at more length below.

In this paper, we study the model selection problem for sparse eigenvectors.
More precisely, we consider a spiked covariance model [20], in which the maxi-
mal eigenvector z* of the population covariance X, € RP*? is k-sparse, meaning
that it has nonzero entries on a subset S(z*) with cardinality k, and our goal is to
recover this support set exactly. In order to do so, we have access to a matrix s,
representing a noisy version of the population covariance, as in (1). Although our
theory is somewhat more generally applicable, the most natural instantiation of by
is as a sample covariance matrix based on n i.i.d. samples drawn from the pop-
ulation. We analyze this setup in the high-dimensional regime, in which all three
parameters—the number of observations 7, the ambient dimension p and the spar-
sity index k—are allowed to tend to infinity simultaneously. Our primary interest
is in the following question: using a given inference procedure, under what condi-
tions on the scaling of triplet (n, p, k) is it possible, or conversely impossible, to
recover the support set of the maximal eigenvector z* with probability one?

We provide a detailed analysis of two procedures for recovering sparse eigen-
vectors, as follows: (a) a simple diagonal thresholding method, used as a pre-
processing step by Johnstone and Lu [21], and (b) a semidefinite programming
(SDP) relaxation for sparse PCA, recently developed by d’Aspremont et al. [9].
Under the k-sparsity assumption on the maximal eigenvector, we prove that the
success or failure probabilities of these two methods have qualitatively different
scaling in terms of the triplet (n, p, k). For the diagonal thresholding method, we
prove that its success or failure is governed by the rescaled sample size

n
k2log(p — k)’

meaning that it succeeds with probability one for scalings of the triplet (n, p, k)
such that 6g4;; is above some critical value and, conversely, fails with probabil-
ity one when this ratio falls below some critical value. We then establish perfor-
mance guarantees for the SDP relaxation [9]. In particular, for the same class of
models, we show that it always has a unique rank-one solution that specifies the
correct signed support once Ogia (7, p, k) is sufficiently large, moreover, that for
sufficiently large values of the rescaled sample size

3) Osap(n, p. k) =

() Bdia(n, p, k) ==

n
klog(p — k)’

if there exists a rank-one solution, then it specifies the correct signed support.
The proof of this result is based on random matrix theory, concentration of
measure and Gaussian comparison inequalities. Our final contribution is to use
information-theoretic arguments to show that no method can succeed in recover-
ing the signed support for the spiked identity covariance model if the order pa-
rameter Osdp(n, p, k) lies below some critical value. One consequence is that the
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given scaling (3) for the SDP relaxation is sharp, meaning the SDP relaxation also
fails once 6yqp drops below a critical threshold. Moreover, it shows that under the
rank-one condition, the SDP is in fact statistically optimal, that is, it requires only
the necessary number of samples (up to a constant factor) to succeed.

The results reported here are complementary to those of Paul and Johnstone
[30, 32], who propose and analyze the augmented SPCA algorithm for estimating
eigenvectors. In comparison to the models analyzed here, their analysis applies to
spiked models using the identity base covariance, but it allows for m > 1 eigen-
vectors in the spiking. In addition, they consider the class of weak £,-ball sparsity
models, as opposed to the hard £y-sparsity model considered here. Another differ-
ence is that their results provide guarantees in terms of the £;-norm between the
eigenvector and its estimate, whereas our results guarantee exact support recovery.
We note that an estimate can be close in £2-norm while having a very different sup-
port set. Consequently, the results given here, which provide conditions for exact
support recovery, provide complementary insight.

Our results highlight some interesting trade-offs between computational and
statistical costs in high-dimensional inference. On one hand, the statistical effi-
ciency of SDP relaxation is substantially greater than the diagonal thresholding
method, requiring @ (1/k) fewer observations to succeed. However, the computa-
tional complexity of SDP is also larger by roughly a factor @(p?). An implemen-
tation due to d’ Asprémont et al. [9] has complexity @ (np + p*log p) as opposed
to the O (np + plog p) complexity of the diagonal thresholding method. More-
over, our information-theoretic analysis shows that the best possible method—
namely, one based on an exhaustive search over all (}) subsets, with exponential
complexity—does not have substantially greater statistical efficiency than the SDP
relaxation.

The remainder of this paper is organized as follows. In Section 2, we provide
precise statements of our main results, discuss some of their implications and pro-
vide simulation results to illustrate the sharpness of their predictions. Sections 3,
4 and 5 are devoted to proofs of these results, with some of the more technical
aspects deferred to appendices. We conclude in Section 6.

1.1. Notation. For the reader’s convenience, we state here some notation used
1
throughout the paper. For a vector x € R”, we use [|x]l, = Q7 [x;]”) /P to de-
note its £,-norm. For a matrix A € R™*", we use [|Al], 4 to denote the matrix
operator norm induced by vector norms £, and £,; more precisely, we have

4 Allp.g := max [|Ax]p.
lxllg=1

A few cases of particular interest in this paper are (a) the spectral norm given by

lAll2,2 ;== max {o;(A)},
i=1,....m
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where {0;(A)} are the singular values of A, and the {~,-operator norm, given by

n
I Alloo,00 ;== max Y |Ajl.
i=1,....m =l

Given two square matrices X,Y € R"*", we define the matrix inner product
(x,v) :=tr(xy?") = >i,j XijYij. Note that this inner product induces the
Hilbert—Schmidt norm || X ||lgs = +/{(X, X)).

We use the following standard asymptotic notation: for functions f, g, the no-
tation f(n) = O (g(n)) means that there exists a fixed constant 0 < C < 400 such
that f(n) < Cg(n); the notation f(n) = 2(g(n)) means that f(n) > Cg(n), and
f(n) =0O(g(n)) means that f(n) = O(g(n)) and f(n) = Q2 (g(n)). Note in partic-
ular that when used without a subscript “p,” these symbols are to be interpreted in
a deterministic sense, that is, the constants involved are assumed to be nonrandom.

We use A(A) to denote a generic eigenvalue of a square matrix A, as well as
Amin(+) and Apax(-) for the minimal and the maximal eigenvalues, respectively.
Any member of the set of eigenvectors of A associated with an eigenvalue is de-
noted as V(A). Thus, Vi (), for example, represents the eigenvectors associated
with the maximal eigenvalue (occasionally referred to as “maximal eigenvectors™).
We always assume that eigenvectors are normalized to unit £,-norm and have
a nonnegative first component. The sign convention guarantees uniqueness of the
eigenvector associated with an eigenvalue with geometric multiplicity one.

Finally, some probabilistic notation: we say a sequence of events {E} ;> hap-
pens with asymptotic probability one (w.a.p. one) if lim; , , .o P[E ;] = 1, whereas
it holds asymptotically almost surely (a.a.s.) as j — +o0 if P(liminf E;) = 1.

2. Main results and consequences. The primary focus of this paper is the
spiked covariance model, in which some base covariance matrix is perturbed by
the addition of a sparse eigenvector z* € R”. In particular, we study sequences of
covariance matrices of the form

Iy 0

_ *_xT
5) Xp,=B7"z +[O -

] — ,3 Z* Z*T +T,

where I, € Si_k is a symmetric PSD matrix with Apmax(I'p—) < 1. Note that we
have assumed (without loss of generality, by re-ordering the indices as necessary)
that the nonzero entries of z* are indexed by {1, ..., k}, so that (5) is the form of
the covariance after any re-ordering. We also assume that the nonzero part of z*
has entries z} € ﬁ{—l, +1}, so that [|z¥]|]2 = 1.

The spiked covariance model (5) was first proposed by Johnstone [20], who fo-
cused on the spiked identity covariance matrix [i.e., model (5) with '), = I, _¢].
Johnstone and Lu [21] established that the sample eigenvectors for the spiked
identity model, based on a set of n ii.d. samples with distribution N (0, )
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from the spiked identity ensemble, are inconsistent as estimators of z} whenever
p/n — ¢ > 0. These asymptotic results were refined by later work [2, 31].

In this paper, we study a slightly more general family of spiked covariance mod-
els, in which the matrix I';,_ is required to satisfy the following conditions:

(62) Al [lYTptllco =©O(1) and
p

(6b) A2. Amax(I'p—k) < min{ L, Amin(T'p—) + rag

Here /T ,_i denotes the symmetric square root. These conditions are trivially sat-
isfied by the identity matrix [, _, but also can hold for more general nondiagonal
matrices. Thus, under the model (5), the population covariance matrix ¥ itself need
not be sparse, since (at least generically) it has k% 4 ( p— k)? = 0( pz) nonzero
entries. Assumption (A2) on the eigenspectrum of the matrix I, _; ensures that
as long as B > 0, then the vector z* is the unique maximal eigenvector of X, with
associated eigenvalue (1 + §). Since the remaining eigenvalues are bounded above
by 1, the parameter 8 > O represents a signal-to-noise ratio, characterizing the sep-
aration between the maximal eigenvalue and the remainder of the eigenspectrum.
Assumption (A1) is related to the fact that recovering the correct signed support
means that the estimate Z must satisfy [|Z7 — z*|lco < 1/ Vk. As will be clarified
by our analysis (see Section 4.4), controlling this £,,-norm requires bounds on
terms of the form ||,/T",_iu|l o0, Which requires control of the £.-operator norm
/Tt llsc.c-

In this paper, we study the model selection problem for eigenvectors: that is, we
assume that the maximal eigenvector z* is k-sparse, meaning that it has exactly &
nonzero entries, and our goal is to recover this support, along with the sign of z*
on its support. We let S(z*) = {i | zj* # 0} denote the support set of the maximal

eigenvector; recall that S(z*) = {1, ..., k} by our assumed ordering of the indices.
Moreover, we define the function St : R? — {—1,0, +1}” by

. | sign(uy), ifu; #0,
@ [l := {0, otherwise,

so that St (z*) encodes the signed support of the maximal eigenvector.

Given some estimate Sy of the true signed support S4(z*), we assess it based
on the 0-1 loss ]I[gj: # S1(z*)], so that the associated risk is simply the proba-
bility of incorrect decision P[S+ # S1+(z*)]. Our goal is to specify conditions on
the scaling of the triplet (n, p, k) such that this error probability vanishes, or con-
versely, fails to vanish asymptotically. We consider methods that operate based on
a set of n samples x!, ..., x", drawn i.i.d. with distribution N (0, Xp). Under the
spiked covariance model (5), each sample can be written as

(8) xl=/Bvi*+Tg,
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where /T is the symmetric matrix square root. Here vl ~ N(0,1) is standard
Gaussian, and g' ~ N(0, I, p) is a standard Gaussian p-vector, independent of v’,

so that /Tg! ~ N (0, T"). The data {x’ }i_, defines the sample covariance matrix
~ 1 . .
©) == ehHEhT,
2

which follows a p-variate Wishart distribution [1]. In this paper, we analyze the
high-dimensional scaling of two methods for recovering the signed support of the
maximal eigenvector. It will be assumed throughout that the size k of the support
of z* is available to the methods a priori, that is, we do not make any attempt at
estimating k.

2.1. Diagonal thresholding method. Under the spiked covariance model (5),
note that the diagonal elements of the population covariance satisfy 3y =1 +
B/k forall £ € S, and Xy <1 for all £ ¢ S. (This latter bound follows since for
all £ ¢ S, we have Zyy < |IT'p—kll2,2 < 1.) This observation motivates a natural
approach to recovering information about the support set S, previously used as
a pre-processing step by Johnstone and Lu [21].

Let Dy, =1,..., p, be the diagonal elements of the sample covariance
matrix—namely,

1 <& . -~
m=;2wfﬂmm
i=1

Form the associated order statistics
Dy < D@y =---= Dp-1) = D(p),

and output the random subset S(D) of cardinality k specified by the indices of the
largest k elements {D(,—k+1), - - ., D(p)}. The chief appeal of this method is its low
computational complexity. Apart from the order @ (np) of computing the diagonal
elements of &, it requires only performing a sorting operation, with complexity
O(plogp).

Note that this method provides only an estimate of the support S(z*), as opposed
to the signed support S+ (z*). One could imagine extending the method to extract
sign information as well, but our main interest in studying this method is to provide
a simple benchmark by which to calibrate our later results on the performance
of the more complex SDP relaxation. In particular, the following result provides
a precise characterization of the statistical behavior of the diagonal thresholding
method.

PROPOSITION 1 (Performance of diagonal thresholding). For k = O(pl_‘s)
for any § € (0, 1), the probability of successful recovery using diagonal threshold-
ing undergoes a phase transition as a function of the rescaled sample size

n
10 Ogia(n, p k) = ———.
(10) dia(n, p, k) ) log(p — k)
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More precisely, there exists a constant 0, such that if n > 6,k*log(p — k), then
(11) P[S(D) = S(z*)] > 1 — exp(—O (k*log(p — k))) — 1,

so that the method succeeds w.a.p. one and a constant 68y > 0 such that if n <
0ek*log(p — k), then

(12) P[S(D) = S(z*)] < exp(—O(log(p — k))) — 0,

so that the method fails w.a.p. one.

REMARKS. The proof of Proposition 1, provided in Section 3, is based on
large deviations bounds on x2-variates. The achievability assertion (11) uses
known upper bounds on the tails of X2—Variates (e.g., [4, 21]). The converse re-
sult (12) requires an exponentially tight lower bound on the tails of x2-variates,
which we derive in Appendix C.

To illustrate the prediction of Proposition 1, we provide some results on the
diagonal thresholding method. For all experiments reported here, we generated n
samples {x!, ..., x"} in an i.i.d. manner from the spiked covariance ensemble (5),
with I' = I and 8 = 3. Figure 1 illustrates the behavior predicted by Proposition 1.
Each panel plots the success probability P[S(D) = S(z*)] versus the rescaled sam-
ple size O4ia(n, p,n) =n/ [k2 log(p —k)]. Each panel shows five model dimensions
(p € {100, 200, 300, 600, 1200}), with panel (a) showing the logarithmic sparsity
index k = O(log p) and panel (b) showing the case k = O(,/p). Each point on

Diagonal thresholding: k = O(log(p)) Diagonal thresholding (k = O(sqrt(p))
1 T - etttk 1 — ek
/3
0_8_ 08_ e A
@ a
8 0_6_ ........................... 8 06 .......................................
E] E
2} (2]
50_4 .4 604 .......................................
& ——p =100 & ——p =100
: |—e—p =200 3 : : —e—p =200
02 {-w-p =300 0.2 o - 300
p = 600 & : : p = 600
, , o [~ p=1200 / , ¢ [~ p=1200
G0 5 10 15 00 5 10 15
Control parameter Control parameter

(a) (b)

FiG. 1. Plot of the success probability IP’[E(D) = S(z*)] versus the rescaled sample size
Odia(n, p, k) =n/ [k2 log(p — k)]. The five curves in each panel correspond to model dimensions
p € {100, 200, 300, 600, 1200}, SNR parameter B = 3 and sparsity indices k = O (log p) in panel (a)
and k = O(/p) in panel (b). As predicted by Proposition 1, the success probability undergoes
a phase transition, with the curves for different model sizes and different sparsity indices all lying on
top of one another.
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each curve corresponds to the average of 100 independent trials. As predicted by
Proposition 1, the curves all coincide, even though they correspond to very differ-
ent regimes of (p, k).

2.2. Semidefinite-programming relaxation. We now describe the approach to
sparse PCA developed by d’Asprémont et al. [9]. Let Sﬁ ={ZeRP*P | Z=
ZT, Z > 0} denote the cone of symmetric, positive semidefinite (PSD) matrices.
Given n i.i.d. observations from the model N(0, X)), let ¥ be the sample co-
variance matrix (9), and let p, > 0 be a user-defined regularization parameter.
d’Asprémont et al. [9] propose estimating z* by solving the optimization problem

(13) 7= argmax[tr(iZ) — Pn Z |Z,~j|] s.t.tr(Z) =1,
ZeSk i,j

and computing the maximal eigenvector 7 = Vmax(Z). The optimization prob-
lem (13) is a semidefinite program (SDP), a class of convex conic programs that
can be solved exactly in polynomial time. Indeed, d’ Asprémont et al. [9] describe
an O (p*log p) algorithm, with an implementation posted online, that we use for
all simulations reported in this paper.

To gain some intuition for the SDP relaxation (13), recall the following
Courant-Fischer variational representation [18] of the maximal eigenvalue and
eigenvector:

(14) Vmax (2) = argmaxz’ Sz.

lzll2=1
A lesser known but equivalent variational representation is in terms of the semi-
definite program (SDP)

(15) Z*= argmax tr(EZ).
ZeSE uw(2)=1

For this problem, if the maximal eigenvalue is simple, the optimum is always
achieved at a rank-one matrix Z* = z*(z*)7, where z* = Vmax(2) is the maxi-
mal eigenvector; otherwise, there exist optimal solutions of higher rank, but the
optimum is always achieved by at least some rank-one matrix. If we were given a
priori information that the maximal eigenvector were sparse, then it might be nat-
ural to solve the same semidefinite program with the addition of an £( constraint.
Given the intractability of such an £gp-optimization problem, the SDP program (13)
is a natural relaxation.

In particular, the following result provides sufficient conditions for the SDP
relaxation (13) to succeed in recovering the correct signed support of the maximal
eigenvector.

THEOREM 2 (SDP performance guarantees). Impose conditions (6a) and (6b)
on the sequence of population covariance matrices {¥,}, and suppose moreover
that p, = B/(2k) and k = O (log p). Then:
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(a) Rank guarantee: there exists a constant Oy, = Oy (L', B) such that for all se-
quences (n, p, k) satisfying 6qia(n, p, k) > Oy, the semidefinite program (13)
has a rank-one solution with high probability.

(b) Critical scaling: there exists a constant Ocriy = Ocrit(U, B) such that if the se-
quence (n, p, k) satisfies

n
16 Osagp(, p, k) := —————— > Oy
(16) sdp( p.k) klog(p — k) crit
and if there exists a rank-one solution, then it specifies the correct signed sup-
port with probability converging to one.

REMARKS. Part (a) of the theorem shows that rank-one solutions of the
SDP (13) are not uncommon; in particular, they are guaranteed to exist with high
probability at least under the weaker scaling of the diagonal thresholding method.
The main contribution of Theorem 2 is its part (b), which provides sufficient con-
ditions for signed support recovery using the SDP, when a rank-one solution exists.
The bulk of our technical effort is devoted to part (b); indeed, the proof of part (a)
is straightforward once all the pieces of the proof of part (b) have been introduced,
and so will be deferred to Appendix G. For technical reasons, our current proof(s)
require the condition k = @ (log p); however, it should be possible to remove this
restriction, and indeed, the empirical results do not appear to require it.

Proposition 1 and Theorem 2 apply to the performance of specific (polynomial-
time) methods. It is natural then to ask whether there exists any algorithm, possibly
with super-polynomial complexity, that has greater statistical efficiency. The fol-
lowing result is information-theoretic in nature, and characterizes the fundamental
limitations of any algorithm regardless of its computational complexity.

THEOREM 3 (Information-theoretic limitations). Consider the problem of re-
covering the eigenvector support in the spiked covariance model (5) with T = I,.
For any sequence (n, p, k) — +00 such that

n 14+ 8
< )
klog(p—k) — p?
the probability of error of any method is at least 1/2.

(7) Osap(n, p, k) :=

REMARKS. Together with Theorem 2, this result establishes the sharpness of
the threshold (16) in characterizing the behavior of SDP relaxation, and moreover,
it guarantees optimality of the SDP scaling (16), up to constant factors, for the
spiked identity ensemble.

To illustrate the predictions of Theorem 2 and 3, we applied the SDP relax-
ation to the spiked identity covariance ensemble, again generating n i.i.d. sam-
ples. We solved the SDP relaxation using publically available code provided by
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SDP relaxation (k = O(log p)) SDP relaxation (k= 0.1 p)
1 ; A—A—t—t— 1 ot
0_8. 08 vvvvvvvvvvvvvvvvvvvv
2 2
80_6_ ...................... 806 ,,,,,,,,,,,,, £ Y
o o
=3 >
2} (2]
50_4 604_ .............
* ——-p=100 & ¢ |=—p=100
02 —e—p =200 0.0 e _i.|—*p=200] |
-=-p=2300 + |-w-p=300
G0 5 10 15 G0 5 10 15
Control parameter Control parameter

(a) (b)

FI1G. 2. Performance of the SDP relaxation for the spiked identity ensemble, plotting the success
probability P[S+(Z) = S+ (z*)] versus the rescaled sample size Osdp(n, p, k) = n/lklog(p — k).
The three curves in each panel correspond to model dimensions p € {100, 200, 300}, SNR parameter
B = 3 and sparsity indices k = O(log p) in panel (a) and k = 0.1p in panel (b). As predicted by
Theorem 2, the curves in panel (a) all lie on top of one another, and transition to success once the
order parameter Oyqp, is sufficiently large.

d’ Asprémont et al. [9]. Figure 2 shows the corresponding plots for the SDP relax-
ation [9]. Here we plot the probability P[S1(Z) = S+ (z*)] that the SDP relaxation
correctly recovers the signed support of the unknown eigenvector z*, where the
signs are chosen uniformly in {—1, 41} at random. Following Theorem 2, the
horizontal axis plots the rescaled sample size Osqp(n, p, k) = n/[klog(p — k)].
Each panel shows plots for three different problem sizes, p € {100, 200, 300},
with panel (a) corresponding to logarithmic sparsity [k = @ (log p)], and panel (b)
to linear sparsity (k = 0.1p). Consistent with the prediction of Theorem 2, the
success probability rapidly approaches one once the rescaled sample size exceeds
some critical threshold. [Strictly speaking, Theorem 2 only covers the case of loga-
rithmic sparsity shown in panel (a), but the linear sparsity curves in panel (b) show
the same qualitative behavior.] Note that this empirical behavior is consistent with
our conclusion that the order parameter 0qp(n, p, k) =n/[klog(p — k)] is a sharp
description of the SDP threshold.

3. Proof of Proposition 1. We begin by proving the achievability result (11).
We provide a detailed proof for the case I',_x = I, and discuss necessary mod-
ifications for the general case at the end. For £ =1, ..., p, we have

1A 1 . .
4o De= 2w = ) S IVA + il

i=1 i=l
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Since (ﬁzz‘vi + gé) ~ N(O, ,B(zz‘)2 + 1) for each i, the rescaled variate
Dy is central X,% with n degrees of freedom. Consequently, we have

1, forall £ € S¢,
E[Del= 1, % forall £ € S,

where we have used the fact that (zg)2 = 1/k for £ € S, by assumption.

A sufficient condition for success of the diagonal thresholding decoder is
a threshold t; such that Dy > (1 4+ ) for all £ € S, and Dy < (1 + 1) for all
£ € S¢. Using the union bound and the tail bound (61) on central Xz’ we have

_n_
B2+l

2
Xn 3n
]P’[rgré%)ciDg >(1+ rk)] <(p-— k)P|:7 >1+4+ Tk:| <(p-— k)“P(‘E k2>’

so that the probability of false inclusion vanishes as long as n > 13—6(rk)_2 X

log(p — k).
On the other hand, using the union bound and the tail bound (60b), we have
2
: [ X I+ 7 }
P D 1 <kP —1 —1
[mip De < (14 70| = n 1Bk
-2 _
— kP Xn _ 1 < M}
L n 14+ B/k
-2
< kP X—"—1<rk—é].
L n k

As long as 1 < 8/k, we may choose x = g—’(g — )% in (60D), thereby obtaining
the upper bound

. n(p 2
P[IZIIEI?Dg <n(l+ ‘L'k)] < kexp(—z<; — rk> >,

so that the probability of false exclusion vanishes as long as n > logk

(B/k—11)? k
Overall, choosing 7 = % ensures that the probability of both types of error vanish

asymptotically as long as

64
n> max{ﬁkzlog(p k), ﬁkzlogk}.
Since k = o(p), the log(p — k) term is the dominant requirement. The mod-
ifications required for the case of general I'j_; are straightforward. Since
Var(\/ng)g = (Tp_i)ee <1 for all £ € S and samples i = 1,...,n, we need
to adjust the scaling of the X,% variates. For general I, _, the variates {Dy, £ € §¢}
need no longer be independent, but our proof used only union bound, and so is
valid regardless of the dependence structure.
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We now prove the converse claim (12) for the spiked identity ensemble. At a
high level, this portion of the proof consists of the following steps. For a positive
real ¢, define the events

At = {max Dy >1 —|—t] and A7) := {mian <1 +t}.
LeS¢ leS

Noting that the event A(z) N A (¢) implies failure of the diagonal cutoff de-
coder, it suffices to show the existence of some ¢ > 0 such that P[A;(#)] — 1
and P[Ay(1)] — 1.

Analysis of event A1(t). Central to the analysis of event A is the following
large-deviations lower bound on yx2-variates.

LEMMA 4. For a central x,f variable with n degrees of freedom, there exists
a constant C > 0 such that

2
Xon c 2

Pl >1+1t|>— —nt“/2
1] g
forallt e (0,1).

See Appendix C for the proof.
We exploit this lemma as follows. First, define the integer-valued random vari-
able

Z(t):= ) I[Dg>1+1]
LeS¢

corresponding to the number of indices £ € S¢ for which the diagonal entry D,
exceeds 1 + ¢, and note that P[A(¢)] = P[Z(¢) > 0]. By a one-sided Chebyshev
inequality [15], we have

E[Zn)?
(E[Z(1)])? + var(Z (1))
Note that Z(¢) is a sum of (p — k) independent Bernoulli indicators, each with
the same parameter g (¢) := P[D; > 1 4 ¢]. Computing the mean E[Z(¢)] = (p —
k)q (t) and variance var(Z(t)) = (p — k)q(t)(1 — g(t)), and then substituting into
the Chebyshev bound (19), we obtain

— 12,42 _
PlAL ()] > . (p—k)=q~ (1) . (p—k)q (1)
(p—k)#qg=®)+(p—k)gt)(1 —q@) ~ (p—kq@) +1
S
- (p—k)q(1)
Consequently, the condition (p — k)g(¢) — oo implies that P[A ()] — 1.

19) PIAI(O]=P[Z(1) > 0] =
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Letussett =,/ w. [Here 6 € (0, 1) is the parameter from the assumption
k= (9(p1_3).] From Lemma 4, we have g(t) > % exp(—nt2/2), so that

S1 —k C(p—k )
<p—k)q(,/ Og(f; )>z (”ﬁ )exp(—ilog(p—k))

_Cp—k)' 2
Sy

Since n < Lk*log(p — k) for some L < +oo by assumption, we have

o[ [FREP =0\ € 0= (p -k
P n VL k Joep-B

1—5)'

which diverges to infinity, since k = Q@ (p

Analysis of event Ap. In order to analyze this event, we first need to condi-
tion on the random vector v := (v!, ..., v"), so as to decouple the random vari-
ables { Dy, £ € S}. After conditioning on v, each variate n Dy, £ € S, is a noncentral
Xiv*, with n degrees of freedom and noncentrality parameter v* = %ll v ||%, so that
each Dy has mean (v* + n). )

Since v is a standard Gaussian n-vector, we have ||v||% ~ x, - Therefore, if we

2
define the event B(v) := {% > %}, the large deviations bound (60a) implies that
P[B] < exp(—n/16). Therefore, by conditioning on B and its complement, we
obtain
PAS] < ]P’[rlpi? D¢ >1+1|B| +P[B]
S
(20) i .
< (Plx,;,+ > n(141) | B])" 4 exp(—n/16),

where we have used the conditional independence of {Dy, £ € S}. Finally, since

2
II1;||2 < % on the event B¢, we have v* < 3—’21@ and thus

3
PLx2 e > n(l+1) | B < P[x,%,v* > (n+ %) —l—n{t - %} | BC]

Since t = /51log(p — k)/n and n < Lk*log(p — k), we have t > \/%% so that

the quantity € := min{%, t— %} is positive for the pre-factor L > 0 chosen suffi-
ciently small. Thus, we have

H:D[X’%’v* > n(l +l’) | Bc] S P[X}%’V* > {n _|_ v*} +n€]
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using the x? tail bound (63). Substituting this upper bound into (20), we obtain

2

P[AS] < exp(—k’g—i) + exp(—n/16),

which certainly vanishes if € = % Otherwise, we have € =t — % with ¢t =

w’ and we need the quantity
38 3p
[knlt — == Skl k) — P
n( 2k ) celp = 2Vk

to diverge to +o0. This divergence is guaranteed by choosing n < Lk*log(p — k)
for L sufficiently small.

4. Proof of Theorem 2(b). The proof of our main result is constructive in
nature, based on the notion of a primal-dual certificate, that is, a primal feasible
solution and a dual feasible solution that together satisfy the optimality conditions
associated with the SDP (13).

4.1. High-level proof outline. 'We first provide a high-level outline of the main
steps in our proof. Under the stated assumptlons of Theorem 2, it suffices to
construct a rank-one optimal solution Z =777, constructed from a vector with
IIZll> = 1, as well as the following properties:

(21a) Correct sign: sign(z;) = sign(z}) foralli e § and

(21b) Correct exclusion: 7, =0 for all j € S¢.

Note that our objective function f(Z) = tr(f Z) — py Zi’j |Z;j| is concave but
not differentiable. However, it still possesses a subdifferential (see the books [17,

33] for more details), so that it may be shown that the following conditions are
sufficient to verify the optimality of Z =7 27 .

LEMMA 5. Suppose that, for each x € RP with || x|, = 1, there exists a sign
matrix U = U (x) such that:

(a) the matrix U satisfies

- [sienG)sienE),  if7iE; £0,
22 Uij = { €[-1,+1], otherwise;

(b) the vector 7 satisfies ofxT(f — pnﬁ(x))x < ZT(E an(x))z.

Then Z =7z is an optimal rank-one solution.
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PROOF. The subdiffe/r\ential of (2 ) of our objective function at Z = Z consists
of matrices of the form X — p,U, where U satisfies the condition (22). By the
concavity of f, for any such U and for all x € R? with ||x|2 = 1, we have

fex"y < f(Z) +t((Z = puU) (xxT = Z)).

Theref0£e, it suffices to de/rzlonstrqt\e, for each x € R? with ||x||2 = 1, a valid sign
matrix U (x) such that tr((E — p,U(x))(xxT — Z)) < 0. Since we have

tr((Z — pa U 0))xxT) <tr((Z = puU (1)) Z)

by assumption (b), the stated conditions are sufficient. [

REMARKS. Note that if there is a U independent of x such that Z satisfies
condition (b) of Lemma 5, that is, if Z is a maximal eigenvector of > — ,o,lﬁ , then
the above argument shows that Z Z7 is in fact “the” optimal solution (i.e., among
all matrices in the constraint space, not necessarily rank one).

The condition (22), when combined with the condition (21a), implies that we
must have

(23) Uss = sign(z%) sign(z%)” .

The remainder of the proof consists in choosing appropriately the remaining dual
blocks Ugse and Ugege, and verifying that the primal-dual optimality conditions
are satisfied. To describe the remaining steps, it is convenient to define the matrix

(24) ®:=3% — p,U-T =T — p, U+ A,

where A := £ — ¥ is the effective noise in the sample covariance matrix. We
divide our proof into three main steps, based on the block structure

Dss q’ssc} _ [ﬂzf&z?T — pnUss + Ass  —pnUsse + Asse ]

25 b =
5) |:CDS"S Dgy —pnUses + Ages —pnUsese + Agege

(A) In step A, we analyze the upper-left block ®gg, using the fixed choice
USS = sign(z%) sign(z S)T We establish conditions on the regularization pa-
rameter p, and the noise matrix Agg under which the maximal eigenvector of
® g has the same sign pattern as z. This maximal eigenvector specifies the
k-dimensional subvector Zg of our optimal primal solution.

(B) In step B, we analyze the off-diagonal block ®gcg, in particular establishing
conditions on the noise matrix Agcg under thch a valid sign matrix U scs
can be chosen such that the p-vector 7 := (Zs, Osc) is an eigenvector of the
full matrix &.

(C) In step C, we focus on the lower right block ®gcgc, in particular analyzing
conditions on Agecge such that a valid sign matrix ﬁscsc- can be chosen such
that 7 defined in step B satisfies condition (b) of Lemma 5.
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Our primary interest in this paper is the effective noise matrix A = T — % in-
duced by the usual i.i.d. sampling model. However, our results are actually some-
what more general, in that we can provide conditions on arbitrary noise matrices
(which need not be of the Wishart type) under which it is possible to construct
z,U) as in steps A through C. Accordingly, in order to make the proof as clear
as possible, we divide our analysis into two parts: in Section 4.2, we specify suf-
ficient properties on arbitrary noise matrices A, and in Section 4.3, we analyze
the Wishart ensemble induced by the i.i.d. sampling model and establish sufficient
conditions on the sample size n. In Section 4.3, we focus exclusively on the spe-
cial case of the spiked identity covariance, whereas Section 4.4 describes how our
results extend to the more general spiked covariance ensembles covered by Theo-
rem 2.

4.2. Sufficient conditions for general noise matrices. We now state a series of
sufficient conditions, applicable to general noise matrices. So as to clarify the flow
of the main proof, we defer the proofs of these technical lemmas to Appendix D.

4.2.1. Sufficient conditions for step A. We begin with sufficient condition
for the block (S, S). In particular, with the choice (23) of Ugs and noting that
sign(z§) = \/I;z"g by assumption, we have

Dss = (B — puk) 25z’ + Ass = az§zy + Ags,

where the quantity « := 8 — p,k < B represents a “post-regularization” signal-to-
noise ratio. Throughout the remainder of the development, we enforce the con-
straint

p

26 =L
(26) pn= 50
so that « = /2. The following lemma guarantees correct sign recovery [see (21a)],

assuming that Agg is “small” in a suitable sense.

LEMMA 6 (Correct sign recovery). Suppose that the upper-left noise matrix
Ags satisfies

o
27) 1Asslloc.c0 = 75 and ||Assll2,2 — 0

with probability 1 as p — +00. Then w.a.p. one, the following occurs:

(a) The maximal eigenvalue y| ‘= Amax(Pss) converges to o, and its second
largest eigenvalue y» converges to zero.

(b) The upper-left block ®ss has a unique maximal eigenvector Zs with the correct
sign property [i.e., sign(Zs) = sign(z§)]. More specifically, we have

. 1
(28) IZs — Z5lloo < —=-

2Vk
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4.2.2. Sufficient conditions for step B.  With the subvector Zs specified, we can
now specify the (p — k) x k submatrix Ugcg so that the vector

(29) Z:= (5. 05) € RV

is an eigenvector of the full matrix ®. In particular, if we define the renormalized
quantity Zs =Zs/|Zsll1, and choose

~ 1 ~ .~
(30) Uses = p—(AsstS) sign(@s)”,
n
then some straightforward algebra shows that (Ascs — Pn Uscs)zs =0, so that 7
is an eigenvector of the matrix ® = Bz*(z*)7 — onU + A. It remains to verify
that the choice (30) is a valid sign matrix (meaning that its entries are bounded in
absolute value by one).

LEMMA 7. Suppose that w.a.p. one, the matrix A satisfies conditions (27),
and in addition, for sufficiently small 6 > 0, we have

)
(31) ASCS 2 < —.
Il lloo N
Then the specified Uses is a valid sign matrix w.a.p. one.

4.2.3. Sufficient conditions in step C. Up to this point, we have established
that 7 := (2, Ss 0 sc) 18 an eigenvector of > - ,onU Thus far, we have specified the
sub-blocks USS and USSc of the sign matrix. To complete the proof, it suffices
to show that condition (b) in Lemma 5 can be satisfied—namely, that for each
x € P~ there exists an extension U sese(x) to our sign matrix such that

Fa (E - an(x))z > X (E — ,onU(x))x.

Note that it is sufficient to establish the above inequality with ®(x) in place of
o ,onﬁ (x).! Given any vector x € S” —1 recall the definition (24) of the matrix
® = & (x), and observe that (2)” ®(x)Z = y; for any choice of Usese (x). Consider
the partition x = (u, v) € SP=1 with u € R* and v € R™, where m = p — k. We
have

(32) xTCIDx:uTCIDSSM+2de>ScSu+vTCI>Scch.

Let us decompose u = uZs + 2y, where || < 1 and Z¢ is an element of the or-
thogonal complement of the span of Zg. With this decomposition, we have

ul Oggu = p* 2L D525 + 22k dssze + CH) Dgsie
2 ~I\T ~1
=uy1+ @y) Psszy,

'In particular, we have x” T'x < [ITl2,2llx 13 = max{L, IT —ll2.2} x|} = 1, while 27 T2 =
||ES||% =1; that is, we have x T T'x <zTT'Z.
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using the fact that Zg is an eigenvector of ®gg with eigenvalue y; by definition.
Note that ||z§‘ ||2 < 1—pu*,sothat ('Z%)T CIDSS’z% is bounded by (1 — i?)y», where >
is the second largest elgenvalue of ® g5, which tends to zero according to Lemma 6.
We thus conclude that

(33) ul dgsu < 1Py + (1 — )y,

The following lemma addresses the remaining two terms in the decomposi-
tion (32).

LEMMA 8. Letm = p —k and let S ={(n;, £;)}i be a set of cardinality |S| =
O (m). Suppose that in addition to conditions (27) and (31), the noise matrix A
satisfies, w.p. 1,

)
34 max v (Agege +T v<n+—=~L+¢ Y(n,0) €S,
(34) HUHMJ (Asese +Tmv <+ (1. 0)
[lv]l1<¢

for sufficiently small §, € > 0 as m — +00. Then w.p. 1, for all x € sp—l , there ex-
ists a valid sign matrix Ugesge (x) such that the matrix ® (x) := Bz*z*T — p, U(x) +
A satisfies

(35) T (@0)x < pla+(1— )3 <a.
where || = [xTZ] < 1.

4.3. Noise in a sample covariance. Having established general sufficient con-
ditions on the effective noise matrix, we now turn to the case of i.i.d. samples
x!, ..., x" from the population covariance, and let the effective noise matrix cor-
respond to the difference between the sample and population covariances. Our
interest is in providing specific scalings of the triplet (n, p, k) that ensure that the
constructions in steps A through C can be carried out. So as to clarify the steps
involved, we begin with the proof for the spiked identity ensemble (I' = I). In
Section 4.4, we provide the extension to nonidentity spiked ensembles.

Recalhng our sampling model x' = /B v’z + g', define the vector h =

1 T 21— v'g". The effective noise matrix A = $ — % can be decomposed as fol-

lows
1 <& .
— ﬁ<_ (vl)2 _ I)Z*Z*T
=

P

INe T
+\/E(z*hT+hz*T2+(n IZg’g’ —Ip>.
; i=1

R

(36)

w
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We have named each of the three terms that appear in (36), so that we can deal
with each one separately in our analysis. The decomposition can be summarized
as

A=BP+/BR+W.

The last term W is a centered Wishart random matrix, whereas the other two
are cross terms from the sampling model, involving both random vectors and
the unknown eigenvector z*. Defining the standard Gaussian random matrix G =
(g})ﬁ’le,l € R"™P we can express W concisely as

1 T
37) W=-G"G~1,.

Our strategy is to examine each of the terms B8P, /BR and W separately. For
sub-block Agg, the corresponding sub-blocks of all the three terms are present,
while for sub-block Agcg, only o/BRscs and Wseg have contributions. Since the
conditions to be satisfied by these two sub-blocks are expressed in terms of their
(operator) norms, the triangle inequality immediately yields the results for the
whole sub-block, once we have established them separately for each of the con-
tributing terms. On the other hand, although the conditions on Agcge (given in
Lemma 8) do not have this (sub)additive property, only the Wishart term con-
tributes to this sub-block, and it has a natural decomposition of the form required.

Regarding the Wishart term, the spectral norm (|| W|||2.2) of such a random ma-
trix is well characterized [10, 13]; for instance, see claim (38a) in Lemma 10 for
one precise statement. The following lemma, concerning the mixed (oo, 2) norms
of submatrices of centered Wishart matrices, is perhaps of independent interest,
and plays a key role in our analysis.

LEMMA 9. Let W € RP*P be a centered Wishart matrix as defined in (37).
Let 4,3 C {1,..., p} be sets of indices, with cardinalities |1|,|$| — oo as
n, p — o0, and let Wy g denote the corresponding submatrix. Then, as long as
max{|Z|,log|d|}/n = o(1), we have

x/m+\/10glil>

w =0
IWe.glls0.2 ( x

as n, p — 400 with probability 1.
See Appendix E for the proof of this claim.
4.3.1. Verifying steps A and B. First, let us look at the Wishart random matrix.

The conditions on the upper-left sub-block Wgg and lower-left sub-block Wgcg are
addressed in the following lemma.
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LEMMA 10. As (n, p, k) —> 400, we have w.a.p. one

k
(38a) IWssll22 = 0O (\/;>

k2
(38b) IWsslloo,00 = (9( ;),

ﬁ+m>
T :

In particular, under the scaling n > Lklog(p — k) and k = O(log p), the condi-
tions of Lemmas 6 and 7 are satisfied for Wss and Wsceg for sufficiently large L.

(38¢) IWseslloo2 = (9(

PROOF. Assertion (38a) about the spectral norm of Wgg follows directly from
known results on singular values of Gaussian random matrices (e.g., see [10, 13]).
To bound the mixed norm || Wses|loo,2, we apply Lemma 9 with the choices 4 = S¢
and § = S, noting that |{| = p — k and |J| = k. Finally, to obtain a bound on
IWsslloo,00, We first bound |[|Wss|lloo,2- Again using Lemma 9, this time with the
choices 4 = ¢ = §, we obtain

k logk k
(39) |||WSS|||oo,2=(9(L vioe ):0( )

N n

as n, k — oo. Now, using the fact that for any x € R¥, |lx|l2 < vk |x || oo, We Obtain

IWsslloo,co = max [[Wssxlloo < max [|Wssxlloo = VKl Wssllso,2-
Ixlloo=1 Ixll2<vk

Combined with the inequality (39), we obtain the stated claim (38b). [J
We now turn to the cross-term R, and establish the following result.

LEMMA 11. The matrix R = z*h™ + hz*T, as defined in (36), satisfies the
conditions of Lemmas 6 and 7.

PROOF. First observe that 7 may be viewed as a vector consisting of the off-
diagonal elements of the first column of a (p + 1) x (p + 1) Wishart matrix,
say W'. This representation follows since A ; = % e v g; where the Gaussian
variable v’ is independent of g; for all 1 < j < p. For ease of reference, let us in-
dex rows and columns of Wby 1',1,..., p,let S’ ={1'}US, and let h = W’/’SUSC.
(Recall that S U S¢ is simply {1, ..., p}.)

Since the spectral norm of a matrix is an upper bound on the £;-norm of any
column, we have

k+1
(40) Ihsll2 < Wggllz2 =0 <,/ T)
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where we used known bounds [10] on singular values of Gaussian random ma-
trices. Under the scaling n > Lklog(p — k), we thus have |hg]2 LN 0. By
Lemma 15, we have }P’[lW{jl >1] < Cexp(—cntz) for t > O sufficiently small,
which implies (via union bound) that

_ log(p)\ _ (1
(41) ||h||oo—<9< . >_(o(ﬁ),

under our assumed scaling. Note also that ||||cc = max{||is|lcc, [|Asc]lco}, that
is, the co-norm of each of these subvectors are also @ (k~!/2). Assume for the
following that L is chosen large enough so that ||/ o <&/ Vk.

Now, to complete the proof, let us first examine the spectral norm of Rgs =
Z ShT +hszy I The two (possibly) nonzero eigenvalues of this matrix are z§ The+
IIZS||2||hS||2, whence we have

«T
IRssll2.2 < |25 hsl + lIzsll2llAsll2 < 2)lAsll2 Lo
As for the (matrix) co-norm of Rgg, let us exploit the “maximum row sum” in-

terpretation, that is, [| Rss|loo,co = maxjes 3 jes |Rij| (cf. Appendix A) to deduce

T T
IR sslloc,00 < Nlzshs lloc,00 + Aszs " lloc,00

< (max|z;"|)||h§||1 + (max i) 15" I

W4 g lloo.co 4 725 lloov/k.

[

From the argument of Lemma 10, we have W, ¢ [loo,co = O (/ kn—z), so that

L Wo g oo = © \/; 20
S ssiliee.ce = "

and moreover, the norm || Rss|llco.co can be made smaller than 28, by choosing L
sufficiently large in the relation n > Lklog(p — k).

Finally, to establish the additional condition required by Lemma 7—namely
(31)—mnotice that

lIRseslloo,2 = ”HﬁaX | Rsesylloo
o

= “rrﬁax Isez%" oo
o

(,,;ﬁ}i‘f |z25T |>||hS‘

||w_f

where the last line uses max|jy|,=1 |z§ vl = llz§ll2 = 1, thereby completing the
proof. [
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Finally, we examine the first term in (36), that is, P. As this term only con-
tributes to the upper-left block, we only need to establish that it satisfies Lemma 6.

LEMMA 12. The matrix Psgs satisfies condition (27) of Lemma 6.

PROOF. Note that for any matrix norm, we have || Pss|| = In—! ;-’:l(vi)2 —
UlIz%zET Il Now, notice that [|z5zE [l2,2 = 1257 z%] = 1. Also, using the “max-
imum row sum” characterization of matrix co-norm, we have |||z"§z>§T loo,c0 =
Z];:l |(iﬁ)(iﬁ)| = 1. Now by the strong law of large numbers, [n~! x

’ (WHZ2—1] 230 as n — oo. It follows that with probability 1
ll Pssll2,2 = Nl Psslloo,co = O,
which clearly implies condition (27). [J
4.3.2. Verifying step C. For this step, we only need to consider the lower-
right block of W; that is, we only need to verify condition (34) of Lemma 8 for
Agege = Wsese. Recall that W =n~'GTG — I p Where G is a n x p (canonical)

Gaussian matrix [see (37)]. With a slight abuse of notation, let Ggc = (G;;) for
1 <i<nandje S° Note that Ggc € R"*" where m = p — k and

AS"S" + Im = WSCSC —|— I = n_ngchc.

Now, we can simplify the quadratic form in (34) as

YT (Asese + Iw =/ In=12Gsevl3 = 0~ G sevlls
for which we have the following lemma.
LEMMA 13. For any M > 0 and ¢ > 0, there exists a constant B > 0 such

that for any set S = {(n;, £;)}; with elements in (0, M) x R™ and cardinality |S| =
O(m), we have

lo
@) max o~ Gyvla<n+ B %He V(1,0 €S,
2=n,
|l <€

as p — 00, with probability 1. In particular, under the scaling n > Lklogm, con-
dition (34) of Lemma 8 is satisfied for L large enough.

PROOF. Without loss of generality, assume M = 1. We begin by controlling
the expectation of the left-hand side, using an argument based on the Gordon—
Slepian theorem [26], similar to that used for establishing bounds on spectral
norms of random Gaussian matrices (e.g., [10]). First, we require some nota-
tion: for a zero-mean random variable Z, define its standard deviation o(Z) =



2900 A. A. AMINI AND M. J. WAINWRIGHT

(E|Z|*)Y2. For vectors x, y of the same dimension, define the Euclidean inner
product (x,y) = xTy. For matrices X,Y of the same dimension (although not
necessarily symmetric), recall the Hilbert—Schmidt norm

12
X s == (X, X)/> = (Zx) .

Given some (possibly uncountable) index set {t € T'}, let (X;);er and (Y;);eT be a
pair of centered Gaussian processes. One version of the Gordon—Slepian theorem
(see [26]) asserts that if 0 (X; — X;) <o (Y, — Y;) forall s,t € T, then we have

43) E[sup Xt] < E[sup Y,].
teT teT
For simplicity in notation, define H:= Ggc e R"™" H = nil/ng, and fix
some 7, £ > 0. We wish to bound
S(H;n, €)= max |Hvllz= max (Hv,u),

lvll2< lvlla=n,
||v||15£’ vl <€,

llul2=1
where v € R™, u € R". Note that (I-?v,u) =uTHv=t(Hou") = ((H,uvT)).
Consider H to be a (canonical) Gaussian vector in R™" take
(44) T:={t=(u,v)eR"xR" [[lvll2 <n, vl < [lul2=1}

and define X; = ((ﬁ ,uvT)) for r € T. Observe that (X;);er is a (centered) canon-
ical Gaussian process generated by H ,and f (ﬁ ; 1, £) = maxser X;. We com-
pare this to the maximum of another Gaussian process (Y;):e7, defined as Y; =
((g, h), (u,v)) where g € R" and h € R™ are Gaussian vectors with E[ggT] =
nzln and E[hhT] = I,,. Note that, for example,

o((g,u)) = EBlg, u))'* = u Elgg 1u)'/* = nllull,

in which the left-hand size is the norm of a process ({(g, u)), expressed in terms of
the norm of a vector (i.e., its index).

Lett = (u,v) € T and t' = (u’, V") € T. Assume, without loss of generality, that
lv'll2 < ||v]l2. Then, we have

o* (X = Xp) = luv” — u'vT |l
= fluv” —u'vT +u'vT —u'v7 s
= [lol3llu —uI3 + ' I31lv = v'II3
+ 2@ — w13 I3 — v" V)

2 2 2_ 2
<nllu—u'lz+llv=0'l; =0"(¥; — Yi),
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where we have used Cauchy—Schwarz inequality to deduce lulu'| <1 =||u ||§

and [vT V'] < |[v|]2||V 2 < ||v||%. Thus, the Gordon—Slepian lemma is applicable,
and we obtain

Ef(H:;n,¢) <EmaxY,
teT

=FE max (g,u)+E max (h,v)
llull2=1 lvll2=<n,
lvlli<¢

<Elgll2+ Elhls)t

< Vi + (,/3logm)t.

where we have used (]Ellgllz)2 < E(llgll%) = Etr(ggT) = trIE(ggT) = nnz; the
bound used for E||/|» follows from standard Gaussian tail bounds [26]. Noting
that H = n~'2H, we obtain Ef(H;n,£)<n+, 31(;“”"15.

The final step is to argue that f(H; n, £) is sufficiently close to its mean. For
this, we will use concentration of Gaussian measure [25, 26] for Lipschitz func-
tions in R™". To see that A — f(A; n, £) is in fact 1-Lipschitz, note that it satisfies
the triangle inequality and it is bounded above by the spectral norm. Thus,

\f(H;n,0) — f(F;n, 0| < f(H—F;n, 0)<||H— Fll2.2 < |1H — Fllus,

where we have used the assumption n < 1. Noting that H = n~'2H and
f(H;n,0)= n=1/2 f(H; n, ), Gaussian concentration of measure for 1-Lipschitz
functions [25] implies that

P[f(H;n,€) —E[f(H;n,0)] > t] < exp(—nt?/2).

Finally, we use union bound to establish the result uniformly over S. By assump-
tion, there exists some K > 0 such that |S| < Km. Thus,

P[(%QS(]C(H; n.0) — (n+/Blogm)/n - £)) > z] < K exp(—nt%/2 +logm).

6logm
n

Now, fix some ¢ > 0, take t =
conclude that

/31 /61
max |:f(H;17,€)—<n+ ogm‘g):|§ Ogmfs,
(,£)eS n n

eventually (w.p. 1). O

and apply the Borell-Cantelli lemma to

4.4. Nonidentity noise covariance. In this section, we specify how the proof is
extended to (population) covariance matrices having a more general base covari-

ance tem [p—k in (5). Le.t l",l)/_2 « denote the (symmetric) square root of ", ;. We
can write samples from this model as

(45) F=BviF+ 3, i=1,...,n,
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where

i _ g5
(46) &=\ 2,
p—k8se

with g ~ N (0, I p) and vl ~ N(0, 1) standard independent Gaussian random vari-
ables. _

Denoting the resulting sample covariance as ¥, we can obtain an expression for
the noise matrix A = ¥ — 3. The result will be similar to expansion (36) with A
and W appropriately modified; more specifically, we have

47)  hs=hs, ﬁsc_r” e

~ ~ 2 2
(48)  Wss = Wss, Wses = Fp/,kWSES, Wsege =T, V2 WeseT /k

Note that the P-term is unaffected.

Re-examining the proof presented for the case I',_x = I,,_x, we can identify
conditions imposed on # and W to guarantee optimality. By imposing sufficient
constraints on I',_j, we can make h and W satisfy the same conditions. The rest
of the proof will then be exactly the same as the case I'j,_x = I),_. As before, we
proceed by verifying steps A through C in sequence.

4.4.1. Verifying steps A and B. Examining the proof of Lemma 11, we ob-
serve that we need bounds on ||h5||2, ||h5||1 and ||h||OO = max{||h5||oo, ||h5c||oo}
Since A s = hg, we should only be concerned with ||h s¢|loo, for which we simply
have

1/2
lhselloo < IIT, 2 elloo,ool1725¢ llo-

Thus, assumption (6a)—that is, [|T'!/?[o.0c0 = @ (1)—guarantees that Lemma 11
also holds for (nonidentity) I'. N

Similarly, for Lemma 10 to hold, we need to investigate || Wscs|l|oo,2, since this
is the only norm (among those considered in the lemma) affected by a noniden-
tity I'. Using sub-multiplicative property of operator norms [see relation (58) in
Appendix A], we have

i 1/2
IWseslloo,2 < IIIF,,/,kllloo,oolllWscsllloo,z,
so that the same boundedness assumption (6a) is sufficient.
4.4.2. Verifying step C. For the lower-right block We e, we first have to verify

Lemma 13. We also need to examine the proof of Lemma 8 where the result of
Lemma 13—namely relation (42)—was used. Let G = (g ])l =11 and let Ggc =

(éij) for 1 <i <n and j € $¢. Note that éTC e R(P=0*7 and we have

=~ ~ ~ 1/2 1/2
Gl = (k... 88 =T (ghe. ... g%) =T 2, GL.
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Using this notation, we can write Wgcgv =n"! ésc —Ipk= 1/2 (if1 G G se —

Ip_k)l"ll,/_zk, consistent with (48).
Now to establish a version of (42), we have to consider the maximum of

In~12Gsevlla = In~"2GseT %ol

over the set where ||v]2 <7 and |v||; <£. Let v = r, 1/2 v and note that for any

/2

consistent pair of vector—matrix norms we have ||v]| < |||F1 «Illv]l. Thus, for ex-

ample, ||[v]2 < n implies ||D]2 < |||I‘ 1/2 _#ll2,2m, and similarly for the £1-norm. Now,
if we assume that Lemma 13 holds for G sc, we obtain, for all (n, £) € S, the in-
equality

max In=Y2Gsev|r < max In~ 2G|
220, ol2=<T ) ll2,2m,
ol <t Pk

(IR LAY

1/2 logm
<0, % llo.2n + BT, |||11,/7z+e.

Thus, one observes that the boundedness condition (6a) guarantees that

1/2
I, 21 = 1T, oo, 00 < A1,
thereby taking care of the second term in (49). More specifically, the constant A
is simply absorbed into some B’ = BA|. In addition, we also require a bound on

|||F 1/2 12,2, which follows from our assumption ||, [ll2,2 < 1. However, the fact
that the factor multiplying 5 in (49) is no longer unity has to be addressed more
carefully.

Recall that inequality (42) was used in the proof of Lemma 8 to establish a
bound on

U*TASCSCU* = U*TWScch* = U*T(HTH — p_k)v* = ||HU*||% — ||U*||%,

where H = n~1/2G gc. The bound obtained on this term is given by (76). We fo-
cus on the core idea, omitting some technical details such as the discretization
argument. 2 Replacing Wgege with Wscsc we need to establish a similar bound on

_ _ 1/2
v Weeger* =v*T (n ‘GSCGSC— p—V* = 012G sev* 1 — T 20

-1/2 —1/2

(49)

v¥|13.
Note that [[v*|, < I,
||I“1/2 v*||2. Thus, using (49) one obtains

i M2, 2||F 2v*[l2 or, equivalently, T, 2 Mo, D P

1/2 —-1/2

_ 1/2
ln="2G sev* 13 — 1T, 20" 13 < (I,

2
32 =T, 5 ) ™13

+ (terms of lower order in ||[v™||2).

’In particular, we will assume that v* saturates (49), so that ||[v*||» = 5. For a more careful argu-
ment see the proof of Lemma 8.
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Note that unlike the case I'j,_ = I,,_, the term quadratic in [|v*||> does not van-
ish in general. Thus, we have to assume that its coefficient is eventually small
compared to 8. More specifically, we assume

~12 a p

12 Pli<===<
2253 =%

(50) T, 53 = 1T,

eventually.
The boundedness assumptions on |||Fp/_ k|||1,1 and |||F 172 2,2 now allows for the
rest of the terms to be made less than «/4, using arguments similar to the proof of
Lemma 8, so that the overall objective is less than «/2, eventually. This concludes
the proof.
12

Noting that JIT,% 113 , = Amax(Tp—) and IIT, %1153 = Amin(Tp—x), we can
summarize the COHdlthIlS sufficient for Lemma 8 to extend to general covariance
structure as follows:

—1/2

(51a) 21 = 1T, 2 lo.00 = O(1):
(Slb) )\-max(r‘pfk) <1
(S1c) Amax (U p—k) — Amin(Fp—) < g

as stated previously.

5. Proof of Theorem 3. Our proof is based on the standard approach of ap-
plying Fano’s inequality (e.g., [7, 16, 37, 38]). Let S denote the collection of all
possible support sets, that is, the collection of k-subsets of {1,..., p} with car-
dinality |S| = (¥); we view S as a random variable distributed uniformly over S.
Let Py denote the distribution of a sample X ~ N (0, X,(S)) from a spiked co-
variance model, conditioned on the maximal eigenvector having support set S,
and let X" = (x!,...,x") be a set of n i.i.d. samples. In information-theoretic
terms, we view any method of support recovery as a decoder that operates on the
data X" and outputs an estimate of the support S= ¢ (X")—in short, a (possi-
bly random) map ¢ : (R”)* — S. Using the 0-1 loss to compare an estimate S
and the true support set S, the associated risk is simply the probability of error
Plerror] = ) ges é)Pgﬁ # S1]. Due to symmetry of the ensemble, in fact we have

Plerror] = Pg[S # S], where S is some fixed but arbitrary support set, a property
that we refer to as risk flatness.

In order to generate suitably tight lower bounds, we restrict attention to the
following sub-collection S of support sets:

S:={SeS|{l,....k—1}cC S},

consisting of those k-element subsets that contain {1, ...,k — 1} and one element
from {k, ..., p}. By risk flatness, the probability of error with S chosen uniformly
at random from the original ensemble S is the same as the probability of error
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with § chosen uniformly from S. Letting U denote a subset chosen uniformly at
random from S, using Fano’s inequality, we have the lower bound

I(U; X") +log?2
log|S|
where I (U; X") is the mutual information between the data X" and the randomly
chosen support set U, and |S| = p — k + 1 is the cardinality of S.
It remains to obtain an upper bound on /(U; X"*) = H(X") — H(X"|U). By
chain rule for entropy, we have H(X") < nH (x). Next, using the maximum en-
tropy property of the Gaussian distribution [7], we have

Plerror] > 1 —

(52)  HX")<nH(x) < n{ g[l + log(2m)] + % logdetE[xxT]},

where E[xx”] is the covariance matrix of x. On the other hand, given U = U, the
vector X" is a collection of n Gaussian p-vectors with covariance matrix X ,(U).
The determinant of this matrix is 1 4+ 8, independent of U, so that we have

(53) H((X"|U) = %[1 +log(27)] + %log(l +B).
Combining (52) and (53), we obtain
(54) [(U; X™) < %{logdetE[xxT] “log(1 + B)}.

The following lemma, proved in Appendix F, specifies the form of the log deter-
minant of the covariance matrix ¥ := E[xx”].

LEMMA 14. The log determinant has the exact expression
B p—k )
1+Bkip—k+1)

logdet X3 =log(1+ B) + 10g<1
(55)

B

Substituting (55) into (54) and using the inequality log(1 4+ «) < &, we obtain

I({U; X"
n —k
=3 log(l_ 1fﬂk(pp—k+1))+(”_k)1°g(1+k(p—ﬁk+1))}
N[ B p—k . _Bp=k }
2l 1+Bk(p—k+D " k(p—k+1)
n ,82 p—k
—2 1+,Bk(p—k—|—1)}

B
=20+ Pk
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From the Fano bound (52), the error probability is greater than % if % <

=S

log(p — k) < log S|, which completes the proof.

6. Discussion. In this paper, we studied the problem of recovering the sup-
port of a sparse eigenvector in a spiked covariance model. Our analysis allowed for
high-dimensional scaling, where the problem size p and sparsity index k increase
as functions of the sample size n. We analyzed two computationally tractable meth-
ods for sparse eigenvector recovery—diagonal thresholding and a semidefinite
programming (SDP) relaxation [9]—and provided precise conditions on the scal-
ing of the triplet (n, p, k) under which they succeed (or fail) in correctly recovering
the support. The probability of success using diagonal thresholding undergoes a
phase transition in terms of the rescaled sample size 6gia(n, p, k) = n/(k* log(p —
k)), whereas the more complex SDP relaxation, when it has a rank-one solution,
succeeds once the rescaled sample size 0sqp(n, p, k) = n/(klog(p — k)) is suffi-
ciently large. Thus, the SDP relaxation has greater statistical efficiency, by a factor
of k relative to the simple diagonal thresholding method, but also a substantially
larger computational complexity. Finally, using information-theoretic methods, we
showed that no method, regardless of its computational complexity, can recover the
support set with vanishing error probability if Osq4p (7, p, k) is smaller than a crit-
ical constant. Our results thus provide some insight into the trade-offs between
statistical and computational efficiency in high-dimensional eigenanalysis.

There are various open questions associated with this work. Although we have
focused on a Gaussian sampling distribution, parts of our analysis provide suf-
ficient conditions for general noise matrices. While qualitatively similar results
should hold for sub-Gaussian distributions [5], it would be interesting to charac-
terize how these conditions change as the tail behavior of the noise is varied away
from sub-Gaussian. For instance, under bounded moment conditions, one would
expect to obtain rates polynomial (as opposed to logarithmic) in the dimension p.
It is also interesting to consider extensions of our support recovery analysis to re-
covery of higher rank “spiked” matrices, in the spirit of Paul and Johnstone’s [32]
work on £;-approximation, as opposed to the rank-one eigenvector outer product
considered here.

APPENDIX A: MATRIX NORMS

In this appendix, we review some of the properties of matrix norms, with an
emphasis on induced operator norms. Recall from (4) that for a matrix A € R™*",
the operator norm induced by the vector norms £, and £, (on R™ and R", resp.) is
defined by

(56) Al p.q = max [[Ax|,
llxllg=1

for integers 1 < p, g < co. As particular examples, we have the £|-operator norm
given by [|A[l1,1 = maxi<j<m Z:’:l |A;jl, the £xo-operator norm by [|A[lleo,00 =
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maxj<;<n Z’]'?:l |A;j| and the spectral or {z-operator norm by [|Afl22 =
max{o;(A)}, where o;(A) are the singular values of A.
As a consequence of the definition (56), for any vector x € R", we have

7 [Ax]p < 1Al p.gllxllg,

a property referred to as || - [| »,4 being consistent with vector norms || - ||, and || - ||4
(on R™ and R”, resp.). It also follows from the definition, using (57) twice, that
operator norms are consistent with themselves, in the following sense: if A € R™*"
and B € R"™*¥_then

(58) WABIlp,g < WAl .-l Blllrqg

forall 1 < p,q,r <oo.
We can also apply any vector norm to matrices, treating them as vectors, by con-
catenating their columns together. For example, we will use the following mixed-

norm inequality
(59) [ABlloo < | Allco,00ll Blloo-

where || Bl := max; ;| B;j| is the elementwise £x-norm, and A and B are as
defined above. For the proof, let by, ..., by denote the columns of B. Then,

|AB|looc = [I[Ab1, ..., Abi]llcc = max [[Ab;l|lco
1<i<k
< lAlllco,c0 max ||b;lco = I Allloc,c0ll B lloo-
I<i<p
For more details, see the standard books [18, 34].

APPENDIX B: LARGE DEVIATIONS FOR CHI-SQUARED VARIATES

The following large-deviations bounds for centralized x? are taken from Lau-
rent and Massart [24]. Given a centralized x 2_variate X with d degrees of freedom,
then for all x > 0,

(60a) P[X —d> 2Vdx + 2x] <exp(—x) and

(60b) P[X —d < —2v/dx] < exp(—x).

We also use the following slightly different version of the bound (60a),
(61) P[X —d > dx] <exp(—dx?), 0<x<},

due to Johnstone [19]. More generally, the analogous tail bounds for noncen-
tral Xz, taken from Birgé [4], can be established via the Chernoff bound. Let X be
a noncentral x 2 variable with d degrees of freedom and noncentrality parameter
v > 0. Then, for all x > 0,

(62a) P[X > (d +v) +2y/(d 4+ 2v)x +2x] <exp(—x) and
(62b) P[X < (d 4+ v) —2V/(d +2v)x] < exp(—x).
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We derive here a slightly weakened but useful form of the bound (62a), valid
when v satisfies v < Cd for a positive constant C. Under this assumption, then
for any § € (0, 1), we have

63 P(X > 4d~ 8| < — d).
(63) [X >(d+v)+ f]_exp( 1+2c>
To establish this bound, let x = dd+—2§v for some § € (0, 1). From (62a), we have

d? d*s
p*:zIP’|:Xz(d+v)+2d\/g+2 8]§exp<— )

d+2v d+2v
)
< exp(—1 +2Cd>'

Moreover, we have

p*=P[X > (d +v) +2dv/5 4+ 2d8] = P[X > (d + v) + 4d/35],

since /6 > § for § € (0, 1).

APPENDIX C: PROOF OF LEMMA 4

Using the form of the X,% PDF, we have, for even n and any ¢ > 0,

2
IP’[X—">1—H}

n
1

_ n/2—1 _
© 2121 (n/2) (1+t)nx exp(—x/2)dx

1 (n/2—1)! n(1+0\"S 1 A+

_2”/2F(n/2){(1/2)(”/2_1)+1 eXp<_ 2 ) ; E( 2 ) }
exp(—n/2) (”/2)n/2_1 nj2—1

> exp(—nt/2)[ n/2— 1) }(1 +1) ,

where the second line uses standard integral formula (cf. Section 3.35 in the refer-
ence book [14]). Using Stirling’s approximation for (n/2 — 1)!, the term within
square brackets is lower bounded by 2C/\/n. Also, over t € (0,1), we have
A+ > 1/2, so we conclude that
2

Xn c
64 Pl=>14+t|>—
(64) 2]z e
Defining the function f(r) = log(l + 7), we calculate f(0) =0, f/(0) =1 and
f"(t) = —=1/(1 4+ 1)>. Note that f”(t) > —1, for all r € R. Consequently, via

" —1og(l
(‘5“‘ og( +z)1>.
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a second-order Taylor series expansion, we have f(f) —t > —t?/2. Substituting
this bound into (64) yields

2
X C ( )
Pl 2% S 141> —exp( -
[n> —I—:|_\/ﬁexp 2

as claimed.

APPENDIX D: PROOFS FOR SECTION 4.2

D.1. Proof of Lemma 6. The argument we present here has a deterministic
nature. In other words, we will show that if the conditions of the lemma hold
for a nonrandom sequence of matrices Agg, the conclusions will follow. Thus,
for example, all the references to limits may be regarded as deterministic. Then,
since the conditions of the lemma are assumed to hold for a random Agg a.a.s., it
immediately follows that the conclusions hold a.a.s. To simplify the argument let
us assume that o' IAssllloo,co < € for sufficiently small & > 0; it turns out that
&= % is enough.

We prove the lemma in steps. First, by Weyl’s theorem [18, 34], eigenval-
ues of the perturbed matrix ozzf;zzT + Ags are contained in intervals of length
2|| Asslll2.2 centered at eigenvalues of az’;z"gT. Since the matrix zgzﬁT is rank one,
one eigenvalue of the perturbed matrix is in the interval [« % [|Ass||2,2], and the
remaining k — 1 eigenvalues are in the interval [0 & ||| Ags|l2,2]. Since by assump-
tion 2[|Agsll2.2 < « eventually, the two intervals are disjoint, and the first one
contains the maximal eigenvalue y; while the second contains the second largest
eigenvalue y». In other words, |y; — a| < [|Assll2.2 and |y2| < [|Assll2.2. Since
llAsslll2,2 = 0 by assumption, we conclude that y; — o and y» — 0. For the rest

of the proof, take n large enough so
(65) e —1] <e,

where ¢ > 0 is a small number to be determined.
Now, let Zg € R* with IZsll2 = 1 be the eigenvector associated with y, that is,

T ~ —~
(66) (0z5z§ + Ass)Zs = yiZs.
Taking inner products with Zg, one obtains a(z*gT?S)z +’Z§ASS'ZS = y1. Noting

that Ing sszs| is upper-bounded by [|Ass|l2.2, we have by triangle inequality

T~ \2 T>.\2
lo — (25 28)°| =l — y1 + y1 — a(zs 25)°]

<lo—yil + ly1 — (2% 25)% < 2l|Assll2.2,

which implies Z§T?S — 1 (taking into account our sign convention). Take n large
enough so that

(67) 125 Zs — 1] <e
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and let u be the solution of
(68) OlZ§ + Agsu =ou,

which is an approximation of (66) satisfied by Zg. Using triangle inequality, one
has [|ulco < lIz§llco + 'l Asslloc.colulloo, Which implies that

(69) lulloo < (1 — @ M| Asslloo.0o)  IzElloo < (1 — &) izl o
We also have
(70) i — Z5lloo <@ I Asslloo.colltlloo < e(1 — &) I2Elso-

Subtracting (68) from (66), we obtain az?(zszs — 1D+ Ass(@Ts—u) =y12s — .
Adding and subtracting y1u on the right-hand side and dividing by «, we have

@ s — D+ o Ass@s —u) =y @s —u) + (yie”! = D,
which implies
IZs — ulloo < (v~ — o™ I Assllloo,00) ™"

T~
x {lz5 Zs — 11 - 1Z5lloc + |10t

<=2 e +e(—e) - 2% oo,

where the last inequality follows from (65), (67) and (69). Combining with the
bound (70) on [lu — z§loc yields

1) o)

IZs —z5llo _ & N ) L€
lzilloc — 1—2¢ (1—=20)(1—-¢) 1-—
3e
<7.
(1 —-2¢)2

. 1 ~ 1 1
Finally, we take & = 15 to conclude [|Zs — Z§lloo < 5/125llc0 = Sk s, as
claimed.

D.2. Proof of Lemma 7. Recall that by definition, Zg = Zg/|[Zs|l1. Using the
identity sign(Zs)"Zs = IIZsll1 yields UgesZs = p, ' AsesZs, which is the desired
equation. It only remains to prove that U Sc s 1s 1ndeed a valid sign matrix.

First note that from (28) we have |Z;| € [ 3 f 3 f] for i € S, which implies that

IZs 1 €[f 3‘F] Thus, (|Zsll2 =1/(Zsll) < T.Now we can write

max |Ulj|<10n | AsesZslloo
ieSe,j

<0, NAseslloo2lIZsll2
2k 5§ 2

A
|

=& o
S
4

(%)
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so that taking 6 < % completes the proof.

D.3. Proof of Lemma 8. Here we provide the proof for the case I')_; =
I, ; necessary modifications for the general case are discussed in Section 4.4.
First, let us bound the cross-term in (32). Recall that Zg = Zs5/||Zs||1. Also, by our
choice (30) of U scs, we have

Dges = Ases — ppUses = Ages — AsesZs sign(Zs)” .

Now, using sub-multiplicative property of operator norms [see relation (58) in Ap-
pendix A], we can write

@ seslloo2 = ||Ases(Ip—k — Zs signZs)T) lloo.2

< Aseslloo2 - [|(Ip—x —Zssign@s)") 5.,

(71) S
<l Aseslloo,2 - (14 |Zs, sign(Zs) ' Zsl)
<3|l Aseslloo,2;
where we have also used the fact that [[|ab”[|22 = |lall2]|b]l2, and [|Zs]2 =

1/(IZslh) < % using the bound (28). Recall the decomposition x = (u, v), where

u = pZs + zv with u? + |IZ¢ |5 < 1. Also, by our choice (30) of Uses, we have
Dgesu = ¢SCS’Z\§_. Thus,

max |2v7 ®gegul| < max 1207 ®gegit]
u ~
lilla</1—p2,
ulzg

</1—p? max [2v7 ®gegiil.

lall2<1

(72)

Using Holder’s inequality, we have

max 207 ®gegit] <2[vll1 max [[Dsesitloo

lall2<1 lall2a=
(73) =21l Pseslloo,2
1)
56 Vil1—F=>
llvll NG

where we have used bound (71) and applied condition (31). We now turn to the last
term in the decomposition (32), namely vl ®gegev = v Agegev — panﬁ sesev.
In order to minimize this term, we use our freedom to choose U sese(x) =
sign(v) sign(v)T, so that —panﬁchL-v simply becomes — p, ||v||%.

Define the objective function f* := max,x! ®x. Also let H = n~/?Gge,
where Gge = (G;j) for 1 <i <n and j € §°. Noting that Agege = HTH -1,
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(with m = p — k) and using the bounds (33), (72) and (73), we obtain the follow-
ing bound on the objective:

fr< maqu<I>S5u + ma})x2vT<I>5cSu +m51x vTCDScch
u u,
74 =P+ -y

)
+ (1 - 2|:max{6v -+ HU2— U2— Uz}]‘
(1= 122 max {6+ 1013 = o1 =

g*
In obtaining the last inequality, we have used the change of variable v —

(/1 — u?)v, with some abuse of notation, and exploited the inequality |v|, <

1 —u?. (Note that this bound follows from the identity ||x||% =1=pu’+
IZ5115 + 1lvli3.)

Let v* be the optimal solution to problem g* in (74); note that it is random
due to the presence of H. Also, set S = {(n;j,¥¢;;)} where i and j range over
{1,2,...,[«/m]} and

i i
Note that S satisfies the condition of the lemma, namely [S| = [/m]* = O (m).

Since [[v*[l2 < 1, and [[v*]l2 < [v*]l} < /mllv* |2, there exists® (n*,€%) € S
such that

1
*_ < U* < *’
n —ﬂ v ll2 <n
=3 < |v*| <"

Thus, using condition (34), we have

h)
|Hv*[2 < max [|Hvl2<n"+ —=£"+¢
vl <n*, vk

vl <

* 1 $ *
< w2+ —=+—=Uv"I1 +3) +e.
m k

NZIING

3Let i* = [m|v*|l2] and n* = \l/—% Using the fact that, for any x € R, [x] — 1 < x < [x], we
have n* — 1//m < ||[v*|» < n* or, equivalently, ||[v*|| = n* + & where —1//m < & <0. Now let
J* = T5fL1. One has (j* = DI[v* [l < Ilv*]ly < j*[lv*||, which, using the fact that [|v*||; < 1,
implies j*||v*|l; — 1 < [[v*|l; < j*|lv*|l2. This in turn implies

Jt e =< vl < i 0"
Take ¢* = j*n* and note that j*& — 1 > —3, since j* is at most [/m].
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To simplify notation, let

(75) A=A(e,8,m, k) :=1/vm+38/Vk +e,

so that the bound in the above display may be written as [|v*||> + &[lv*|l1 /vk + A.
Now, we have

11 - 1 =200 (500 a) 4 (510 4
Vk vk

lv*lh > ( lv* Il >2

=< 2(8 +A)+ 14 +A).
vk Vi

Using this in (74) and recalling from (26) that p, = 8/(2k), we obtain the follow-

ing bound:

vl lv* 1 lv*[l1 20 B/IviIny?
* <68 +2(5 +A>+(8 +A) ——( ) )
8 vk vk vk 2\ Vk

Note that this is quadratic in ||v*||;/+/k, that is,
||v*||1)2 o1
* < a( + b< ) +c,
¢ vk Vk

a=82—§, b=85+28A and c=2A+ A%

By choosing 8 sufficiently small, say §*> < 8/4, we can make a negative. This
makes the quadratic form ax?+ bx + ¢ achieve a maximum of ¢ + b? /4(—a), at the
point x* = b/2(—a). Note that we have b/2(—a) — 0 and c > 0 as ¢,§ — 0 and
m, k — o0o. Consequently, we can make this maximum (and hence g*) arbitrarily
small eventually, say less than /2, by choosing é and ¢ sufficiently small.

Combining this bound on g* with our bound (74) on f*, and recalling that
y1 — « and y» — 0 by Lemma 6, we conclude that

(76)

where

fr<pla+o()+1 - Mz)[% +0(1)} <a+o(l)

as claimed.

APPENDIX E: PROOF OF LEMMA 9

In this appendix, we prove Lemma 9, a general result on || - [|co,2-norm of
Wishart matrices. Some of the intermediate results are of independent interest and
are stated as separate lemmas. Two sets of large deviation inequalities will be used,
one for chi-squared RVs X,% and one for “sums of Gaussian product” random vari-
ates. To define the latter precisely, let Z; and Z, be independent Gaussian RVs,
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ii d

and consider the sum ) 7, X; where X; Z1Z,, for 1 <i < n. The following

tail bounds are known [4, 21]:
n
(77) IP’( n'Y X
i=1

(78) P(n~'x2 — 1| > 1) <2exp(=3nt?/16),  0<t<1/2,

> t) < Cexp(—3nt2/2) ast — 0;

where C is some positive constant.
Let W be a p x p centered Wishart matrix as defined in (37). Consider the
following linear combination of off-diagonal entries of the first row:

Z‘UWU—” 1281281%
i=1 j=2

Let &' = ||a||2—12§.’:2g;a,~, where a = (az, ..., a,) € RP~1. Note that {£'}7_, is
a collection of independent standard Gaussian RVs. Moreover, {£ };’:1 is indepen-
dent of {g’i "_;- Now we have

p n
B o
Y aiWij=n""]al2)_git'
j:2 i=1

which is a (scaled) sum of Gaussian products (as defined above). Using (77), we
obtain

(79) P(

Combining the bounds in (79) and (78), we can bound a full linear combina-
tion of first-row entries. More specifically, let x = (x1, ..., x,) € R?, with x; #0
and Zfﬂ xj # 0, and consider the linear combination ij.zl xjWi;. Noting that

>t>
P

Y xiWi,

j=2

- ( 3nt? >+C < 3nt? )
<2exp| ——— expl —————
16 - 4x? 2-4%0 %7

3nt?
§2maX{2, C}exp W .
j=1%j

p

Y aiWwi,

j=2

> t) < Cexp(=3nt?/2||all3).

Wi=n"! > (g’l')2 — 1 is a centered X,f, we obtain

P p
IP’[ > xWij

Yo xiWi,
j=1 j=2

>t} §P<|X1W11I+

< P[lxiWi1| > t/2] —HP’|:

>t/2i|
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Note that the last inequality holds, in general, for x # 0. Since there is nothing
special about the “first” row, we can conclude the following.

LEMMA 15. For t > 0 small enough, there are (numerical constants) ¢ > 0
and C > 0 such that for all x € R? \ {0},

p
ijWij

j=1

(80) IP’(

> t) < Cexp(—cnt*/|x|3)

forl1<i<p.

Now, let 4,9 C {1,..., p} be index sets,* both allowed to depend on p
(though we have omitted the dependence for brevity). Choose x such that x; =0
for j ¢ § and |xgll2 = 1. Note that [[Wy gxgllec = maxey |3 ;eq Wijx;| =
max;ey | Zf:] Wijxj|, suggesting the following lemma.

LEMMA 16. Consider some index set 4 such that | 4] — oo and n~'log 4| —

0 as n, p — 00, and some xg € § \#1=1 Then, there exists an absolute constant
B > 0 such that

log 4]

(1) [Wi,gxglloc < B
as n, p — oo, with probability 1.

PROOF. Applying the union bound in conjunction with the bound (80) yields

(82) P(max > Wijx;
=

ied
J

> r) < |4|C exp(—cnt?).

Letting + = B,/n—'log|4|, the right-hand side simplifies to Cexp(—(cB? —

1)log|4]). Taking B > v/2c¢~! and applying Borel-Cantelli lemma completes the
proof. [J

Note that as a corollary, setting xg = (1, 0, ..., 0) yields bounds on the co-norm
of columns (or, equivalently, rows) of Wishart matrices.

Lemma 16 may be used to obtain the desired bound on [|Wy gllcc,2. For sim-
plicity, let y € R/ represent a generic |J|-vector. Recall that [[Wy gleo,2 =
max, c¢lg/-1 [Wi,9¥llco. We use a standard discretization argument, covering the

unit ¢2-ball of RI%! using an e-net, say M. It can be shown [27] that there exists

We always assume that these index sets form an increasing sequence of sets. More precisely, with
d=Jp, weassume L1 C Iy C---. We also assume |{ | — 00 as p — o0.
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such a net with cardinality | V| < (3/8)|g|. Forevery y € SIF=T Tet uy € N be the
point such that ||y — uy|l2 < &. Then

IWe,gyllco < Wy glloc2lly —uyll2 + 11Wy, guylloo
< IWy,gllco,26 + Wy, gty o-
Taking the maximum over y € S'#I=1 and rearranging yields the inequality

(83) Wy glloo2 < (1 — &)~ max | Wy, guloo-
ueN

Using this bound (83), we can now provide the proof of Lemma 9 as follows.
Let NV = {u1, ..., upn} be a 3-net of the ball SI#=!, with cardinality |¥| < 6/7..
Then, from our bound (83), we have

P(IW1.glloo2 > 1) < P(2max | Wy, gulloc > 1)
< N[ P(IWy,guills > 1/2)
<6l71. C|4|exp(—cnt?/4).

In the last line, we used (82). Taking r = D" «/W% anogll\ with D” large enough
and using Borel-Cantelli lemma completes the proof.

APPENDIX F: PROOF OF LEMMA 14

The mixture covariance can be expressed as

Yy =Exx’ 1 =E[E[xxT |U]]

1
= Z —E[xx"|U =]
% IS

_Z |S| (I, + Bz*(S)z*($HT)

SeS

B

=1, +—Zz (S5 T E

ISI ¢

v

where

Yij _Z[fz ()], [Vkz*($HT] Z]l{z € S}1{j € S}

seS seS

=Y 1{{i.j} c §}.

seS
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Let R:={l,...,k—1}and R := {k, ..., p}. Note that we always have R C § for
S € S. In general, we have

IS|,  ifbothi,j€R,

Yij=11, if exactly one of i or j € R,
0, if both i, j ¢ R.
Consequently, Y takes the form

SIS T

S| - St 1o 1 O
ISHr1%z  1rlge

Y=11 ... 111 0 or Y:<TRCTTR I RC>’
1 110 1 0 R X
1 - 110 0o --- 1

where 1, for example, denotes the vector of all ones over the index set R. We
conjecture an eigenvector of the form

=(,18)
~ \blge

and let us denote the associated eigenvalue as A. Thus, we assume Yv = Av, or, in
more detail,

ISIIRITg +bIRC|Tg = Alg,
|R|IRC +biRc =)\biRC,

where we have used, for example, T%TR = |R|. Note that |R¢| = |§| =p—k+1.
Rewriting in terms of [S|, we get

SI(RI+b) =2,
[R|+b=Ab
from which we conclude, assuming A # 0, that b = -+ This, in turn, implies A =

~ IS
IS||R| + 1.

Thus far, we have determined an eigenpair. We can now subtract A(v/|v|2)(v/
lvl)? =@/|v ||%)va and search for the rest of the eigenvalues in the remainder.
Note that

o A _ISIRI+1
lvll3  [RI+b2%RS|  |R|+]S|!

IS|.

Thus, we have
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w0 0
BT :(0 1_71,{01;)-

The nonzero block of the remainder has one eigenvalue equal to 1 — llR Il =0 and

the rest of |R¢| — 1 of its eigenvalues equal to 1. Thus, the remainder has |R| + 1
of its eigenvalues equal to zero and |R¢| — 1 of them equal to one.
Overall, we conclude that eigenvalues of Y are as follows:

implying

ISIIR|+1, 1 time,
1, |R¢| — 1 times,
0, |R| times

or

1, p — k times,

=(P—k+1)(k—1)+1, 1 time,
0, k — 1 times.

The eigenvalues of Y are mapped to those of X, by the affine map x — 1+ kl\gSI

so that X, has eigenvalues
k—1
A ) + P , 1+—'B )
k k(p—k+1) k(p—k+1)

with multiplicities 1, p — k and k — 1, respectively. The log determinant stated in
the lemma then follows by straightforward calculation.

(84) 1+

APPENDIX G: PROOF OF THEOREM 2(a)

Since in part (a) of the theorem we are using the weaker scahng n >
Owrk*log(p — k), we have more freedom in choosing the sign matrix U. We
choose the upper-left block Uss as in part (b) so that Lemma 6 applies. Also
let 7 := (g, 0 s¢) as in (29), where Zg is the (unique) maximal eigenvector of the
k x k block ®gg; it has the correct sign by Lemma 6. We set the off-diagonal and
lower-right blocks of the sign matrix to

(85) Uses = LASCS, Usese = LAS“SC»

Pn Pn
so that ®gcg = 0 and dgege = 0. With these blocks of ® being zero, 7 is the
maximal eigenvector of ®, hence an optimal solution of (13), if and only if Zg
is the maximal eigenvector of ®gg; the latter is true by definition. Note that this
argument is based on the remark following Lemma 5. It only remains to show that
the choices of (85) lead to valid sign matrices.
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Recalling that vector oco- norm of a matrix A is ||A||OO :=max; j |A; | (see Ap-
pendix A), we need to show ||U5cS||OO <1 and ||U5e5c||Oo < 1. Using the notation
of Section 4.4 and the mixed-norm inequality (59), we have

~ NI - NI
1Useslloo = ~—Nhsezs lloo < S llselloo.collzE oo
n Pn
VB -
= —|lhselloollz5 oo
n
VB, 12
< —|||F / oo, oo ll75¢ oo 125 Ml oo

_ &(9(1)(9( M)L _(9(1)L -0
VB V' oo vk N/

where the last line follows under the scaling assumed and assumption (6a) on

|||F1/ 2 [loo,c0- For the lower-right block, we use the mixed-norm inequality (59)
tw1ce together with symmetry to obtain

1/2 1/2
||Uscsc||oo=—||Wsesc||oo——||r/ WseseT )2 lloo
n

172
|||F |||Oo collWseselloo

_ %(90)(9(‘/41%(’) — k)>,
B n

which can be made less than one by choosing 6y, large enough. The bound on
[|Wsese|loo used in the last line can be obtained using arguments similar to those
of Lemma 9. The proof is complete.
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