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Abstract

This paper is concerned with estimating the column space of an unknown low-rank matrix A* €
R¥1%42 given noisy and partial observations of its entries. There is no shortage of scenarios where the
observations — while being too noisy to support faithful recovery of the entire matrix — still convey
sufficient information to enable reliable estimation of the column space of interest. This is particularly
evident and crucial for the highly unbalanced case where the column dimension d» far exceeds the row
dimension d;, which is the focal point of the current paper.

We investigate an efficient spectral method, which operates upon the sample Gram matrix with
diagonal deletion. While this algorithmic idea has been studied before, we establish new statistical
guarantees for this method in terms of both /> and /2 o estimation accuracy, which improve upon
prior results if do is substantially larger than di. To illustrate the effectiveness of our findings, we
derive matching minimax lower bounds with respect to the noise levels, and develop consequences of our
general theory for three applications of practical importance: (1) tensor completion from noisy data, (2)
covariance estimation / principal component analysis with missing data, and (3) community recovery in
bipartite graphs. Our theory leads to improved performance guarantees for all three cases.

Keywords: spectral method, principal component analysis with missing data, tensor completion, covariance
estimation, spectral clustering, leave-one-out analysis
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1 Introduction

Consider the problem of estimating the column space of a low-rank matrix A* = [A} J1<i<d, 1<j<d,, based
on noisy and highly incomplete observations of its entries. To set the stage, suppose that we observe

Aij=Af;+ Ny, V(i,)) €9, (1)

where Q C {1,---,di} x {1,---,d2} is the sampling set, and A;; denotes the observed entry at location
(¢,7), which is corrupted by noise IV; ;. In contrast to the classical matrix completion problem that aims to
fill in all missing entries [CR09,KMO10a, CLC19,CC18b], the current paper focuses solely on estimating the
column space of A*, which is oftentimes a less stringent requirement.

Motivating applications. A problem of this kind arises in numerous applications. We immediately point
out several representative examples as follows, with precise descriptions postponed to Section 4.

e Tensor completion and estimation. Imagine we seek to estimate a low-rank symmetric tensor from
partial observations of its entries [BM16,XYZ17,MS18], a task that spans various applications like visual
data inpainting [LMWY13] and medical imaging [SHKM14|. Consider, for example, an order-3 tensor
T =Y "_ | wiew:ow: € R where {w?} represents a collection of tensor factors.! An alternative
representation of T can be obtained by unfolding the tensor of interest into a low-rank structured matrix
A* € R*?* Consequently, estimation of the subspace spanned by {w*} from partial noisy entries of T
— which serves as a common and crucial step for tensor completion [MS18, CLPC19| — is equivalent to
estimating the column space of A* from incomplete and noisy data; see Section 4.1 for details. Notably,
the unfolded matrix becomes extremely fat as the dimension d grows.

e Covariance estimation /principal component analysis with missing data. Suppose we have available a

sequence of n independent sample vectors {.ﬂr:z € Rd};l, whose covariance matrix exhibits certain low-
dimensional structure. Several statistical models fall in the same vein of this model, e.g. the generalized
spiked model [BY12] and the factor model [FWZZ18]. An important task amounts to estimating the
principal subspace of the covariance matrix of interest, possibly in the presence of missing data (where
we only get to see highly incomplete entries of {x;}). If a substantial amount of data are missing, then
individual sample vectors cannot possibly be recovered, thus enabling privacy protection for individual
data. Fortunately, one might still hope to estimate the principal subspace, provided that a large number

of sample vectors are queried (which might yield a fat data matrix X := [y, - ,®,]). See Section 4.2.

o Community recovery in bipartite graphs. Community recovery is often concerned with clustering a col-
lection of individuals or nodes into different communities, based on similarities between pairs of nodes.
In many complex networks, such pairwise interactions might only occur when the two nodes involved
belong to two disjoint groups (denoted by U and V respectively). This calls for community recovery
in bipartite networks (sometimes referred to as biclustering) [Dhi01,L.CJ14, AHB14,ZA18]. As we shall
detail in Section 4.3, the biclustering problem is tightly connected to subspace estimation; for instance,
the column subspace of some bi-adjacency matrix A € RIUI*IVI (which is a noisy copy of a low-rank
matrix) reveals the community memberships in /. When the size of V is substantially larger than that
of U, one might encounter a situation where only the nodes in & (rather than those in V) can be reliably
clustered. This calls for development of “one-sided” community recovery algorithms, that is, the type of
algorithms that guarantee reliable clustering of i/ without worrying about the clustering accuracy in V.

Contributions. Since we concentrate primarily on estimating the column space of A*, it is natural to
expect a reduced sample complexity as well as a weaker requirement on the signal-to-noise ratio, in com-
parison to the conditions required for reliable reconstruction of the whole matrix — particularly for those
highly unbalanced problems with drastically different dimensions d; and ds. Focusing on a spectral method
applied to the Gram matrix AAT with diagonal deletion (whose variants have been studied in multiple
contexts [Loul4,FP16,LW12,MS18,EvdG19]), we establish new statistical guarantees in terms of the sample
complexity and the estimation accuracy, both of which strengthen prior theory. Our results deliver optimal

LFor any vectors a,b,c € R, we use a @ b ® ¢ to denote a d x d X d array whose (4,7, k)-th entry is given by a;bjcy.



{30 estimation risk bounds with respect to the noise level, which are previously unavailable. All this is
accomplished via a powerful leave-one-out / leave-two-out analysis framework. Further, we develop minimax
lower bounds under Gaussian noise, revealing that the sample complexity and the signal-to-noise ratio (SNR)
required for spectral methods to achieve consistent estimation are both minimax optimal (up to some log-
arithmic factor). Finally, we develop concrete consequences of our general theory for all three applications
mentioned above, leading to optimal performance guarantees that improve upon prior literature.

It is worth noting that low-rank subspace estimation from noisy and incomplete data has been extensively
studied in a large number of prior work (e.g. [Lould, AFWZ17, CKR17,ZCW18,ZWS19]). While many of
these prior results allow d; and dy to differ, they typically fall short of establishing optimal dependency on
di and ds in the highly unbalanced scenarios. The focal point of this paper is thus to characterize the effect
of such unbalancedness (as reflected by the aspect ratio ds/d;) upon consistent subspace estimation.

Paper organization. The rest of this paper is organized as follows. Section 2 formulates the problem and
introduces basic definitions and notations. In Section 3, we present our theoretical guarantees for a spectral
method, as well as minimax lower bounds. Section 4 applies our general theorem to the aforementioned
applications, and corroborate our theory by numerical experiments. Section 5 provides an overview of related
prior works. The proof of our main theory is outlined in Section 6, with the proofs of many auxiliary lemmas
postponed to the appendix. We conclude the paper with a discussion of future directions in Section 7.

2 Problem formulation

2.1 Models

Low-rank matrix. Suppose that the unknown matrix A* € R4 >4 is rank-r, where the row dimension
dy and the column dimension dy are allowed to be drastically different. Assume that the (compact) singular
value decomposition (SVD) of A* is given by

T
A =US VT =) otutor (2)
i=1
Here, 0f > 03 > --- > o} > 0 represent the r nonzero singular values of A*, and 3* € R"*" is a diagonal
matrix whose diagonal entries are given by {o7,---,0%}. The columns of U* = [u},--- ,u}] € RUx"
(resp. V* = [vf,--- ,v*] € R%*") are orthonormal, which are the top-r left (resp. right) singular vectors of
A*. We define and denote the condition number of A* as follows
k= ot /ot (3)
and take
d :=max {dy,ds}. 4)

Incoherence. Further, we impose certain incoherence conditions on the unknown matrix A*, which are
commonly adopted in the matrix completion literature (e.g. [CR09, KMO10a, CLC19]).

Definition 1 (Incoherence parameters). Define the incoherence parameters g, p1 and pe as follows

dldg ~ max |A:j|2
o = 1Sz§d1,1§;2§d2 , ’ (5)
Al
d ) . 2
H1 = 71 12?;1 ||U*Tei||2 and fo = 72 122}52 ||V*Tei||2, o

where €; is the i-th standard basis vector of compatible dimensionality.

Intuitively, when po, p1 and ps are all small, the energies of the matrices A*, U* and V* are (nearly)
evenly spread out across all entries, rows, and columns. For notational simplicity, we shall set

p = max {po, pi1, pi2} - (7)



Random sampling and random noise. Suppose that we have only collected noisy observations of the
entries of A* over a sampling set Q C {1,--- ,d;} x {1,--- ,da}. Specifically, we observe

A:+N’L,3 Zaj €Q7
m:{ i F M ) ©

0, else,

where N; ; denotes the noise at location (i, j). For notational simplicity, we shall write
A =Pq(A) =Pa(A") + Pa(N), (9)

where Pgq represents the Euclidean projection onto the subspace of matrices supported on 2. In addition,
this paper concentrates on random sampling and random noise as follows.

Assumption 1 (Random sampling). Fach (i,7) is included in the sampling set Q independently with prob-
ability p.

Assumption 2 (Random noise). The noise N; ;’s are independent random variables and satisfy the following
conditions: for each 1 <1i <dj,1 <j <ds,

(1) (Zero mean) E [N, ;] = 0;
(2) (Variance) Var (N, ;) < o?;
(8) (Magnitude) Each N, ; satisfies either of the following condition:

(a) INi;j| < R;
(b) N ; has a symmetric distribution satisfying P{|N; ;| > R} < c¢;d™'? for some universal constant
c > 0.

Here, R is some quantity obeying

372 < min {pv/didz, pds }

1
o — log d (10)

for some universal constant C; > 0.

As a remark, Assumption 2 allows the largest possible size R of each noise component to be substantially
larger than its typical size 0. For example, if p < 1, then R can be min {(d1d2)'/*, /dy} times larger than o
(ignoring any logarithmic factor). In addition, the noise N; ;’s do not necessarily have identical variance; in
fact, our formulation allows us to accommodate the heteroscedasticity of noise (i.e. the scenario where the
noise has location-varying variance).

Goal. Given incomplete and noisy observations about A* € R4 %42 (cf. (8)), we seek to estimate U* €
R %" modulo some global rotation. We emphasize once again that the aim here is not to estimate the entire
matrix. In truth, there are many unbalanced cases with dy > d; such that (1) reliable estimation of U* is
feasible, but (2) faithful estimation of the whole matrix A* is information theoretically impossible.

2.2 Notation

We denote [n] := {1,---,n}. For any matrix A € R4*9_ we use o; (A) and \; (A) to represent the i-th
largest singular value and the i-th largest eigenvalue of A, respectively. Let A;. and A. ; denote respectively
the i-th row and the j-th column of A. Let ||A|| (resp. ||A|lz) represent the spectral norm (resp. the
Frobenius norm) of A. We also denote by [|Al|, ., := max;c(,) A |2 and [[A]l := maxie(a,] je[d,] |4: 5]
the {3 o norm and the entrywise £, norm of A, respectively. Similarly, for any tensor T, we use ||T||« to
represent the largest magnitude of the entries of T". Moreover, we denote by Pgi,g the projection onto the
subspace that vanish outside the diagonal, and define Pyfrdiag Such that Pofrdiag(A) := A — Pyiag(A). Let
O"*" gtand for the set of r x r orthonormal matrices. In addition, we use diag (a) to represent a diagonal



matrix whose (4,4)-th entry is equal to a;. Throughout this paper, the notations C,C1,--- ,¢, ¢y, - -+ denote
absolute positive constants whose values may change from line to line.

Furthermore, for any real-valued functions f(dy,ds) and g(dy,ds), f(di,d2) < g(di,d2) or f(dy,ds) =
O (g(d1,dz)) mean that |f(d1,d2)/g(d1,d2)] < Cy for some constant Cy > 0; f(di,d2) 2 g(d1,ds2) means
that |f(d1,d2)/g(d1,d2)| > Co for some universal constant Cy > 0; f(d1,d2) < g(di,d2) means that C; <
|f(d1,d2)/g(d1,d2)| < Cy for some universal constants C1,Co > 0; f(d1,d2) = 0(g(di1,dz2)) means that
f(d1,d2)/g(d1,d2) — 0 as min{dy,da} — oo. In addition, f(di,ds) < g(di,ds) (resp. f(di,d2) > g(di,dz))
means that there exists some sufficiently small (resp. large) constant ¢; > 0 (resp. ¢ > 0) such that
fd1,d2) < c1g9(dy,ds) (resp. f(dy,ds2) > cag(di,da)) holds true for all sufficiently large d; and ds.

3 Main results

3.1 Algorithm: a spectral method with diagonal deletion

Recall that A = [A; j]i<i<d, 1<j<d, is the zero-padded data matrix (see (8)). It is easily seen that, under
our random sampling model (i.e. Assumption 1), p~! A serves as an unbiased estimator of A*. One might
thus expect the left singular subspace of A to form a reasonably good estimator of the subspace spanned by
U*. As it turns out, when A* is a very fat matrix (namely, ds > d;), this approach might fail to work when
the sample complexity is not sufficiently large or when the noise size is not sufficiently small.

This paper adopts an alternative route by resorting to the sample Gram matrix AA" (properly rescaled).
Straightforward calculation reveals that

il ) [AAT} =A*A*T ¢ <1 _ 1) Pdiag (A*A*T —|— dlag<lZVar i ] ), (11)
p 1<i<d,

p

a diagonal matrix

where diag (a) with @ € R% represents a diagonal matrix whose (i,7)-th entry equals a;. The identity (11)
implies that the diagonal components of p—2E [AAT] are significantly inflated, which might need to be
properly suppressed.

In order to remedy the above-mentioned diagonal inflation issue, we adopt a simple strategy that zeros
out all diagonal entries; that is, performing the spectral method on the following matrix

1
G = Fpoff_diag (AAT) (12)

with Posr.diag (M) := M — Pgiag(M) denoting projection onto the set of zero-diagonal matrices. This clearly
satisfies

E [G] = 73off—diag (A*A*T) = Poff—diag (U*E*zU*T> .
If the diagonal entries of A*A*T are not too large, then one has A*A*T ~ Poft-diag (A*A*T) and, as a
result, the rank-r eigen-subspace of G might form a reliable estimate of the subspace spanned by U*. The
procedure is summarized in Algorithm 1.

Algorithm 1 The spectral method on the diagonal-deleted Gram matrix

1: Input: sampling set €, observed entries {4, ; | (¢,7) € Q}, sampling rate p, rank 7.
2. Compute the (truncated) rank-r eigen-decomposition UAU " of G, where U € R4*" A € R™*" and

G = Poft-diag (p%AAT) . (13)

Here, A is defined in (9) and Pofr.diag (M) zeros out the diagonal entries of a matrix M.
3. Output U as the subspace estimate, and X = A!/? as the spectrum estimate.

We remark that this is clearly not a new algorithmic idea. In fact, proper handling of the diagonal entries
(e.g. diagonal deletion, diagonal reweighting) has already been recommended in several different applications,
including bipartite stochastic block models [FP16], covariance estimation [Loul3, Loul4, LW12, EvdG19],
tensor completion [MS18], to name just a few.



3.2 Theoretical guarantees

In general, one can only hope to estimate U* up to global rotation. With this in mind, we introduce the
following rotation matrix
R = argmin |UQ - U"|, (14)
Qeorxr
where O™*" stands for the set of r x r orthonormal matrices. In words, R is the global rotation matrix that
best aligns U and U*. Equipped with this notation, the following theorem delivers upper bounds on the
difference between the obtained estimate U and the ground truth U*. The proof is postponed to Section 6.

Theorem 1. Assume that the following conditions hold

S utrlog?d pkdrlog®d g ) /P 1 D dr< cody

Co max , , — < c¢;min y—= andr < —,

b= NCITE ds or = w/dady Jlogd 3\ dilogd A
(15)

where ¢y > 0 is some sufficiently large constant and c1,co > 0 are some sufficiently small constants. Then

with probability at least 1 — O (dilo), the matrices U and X returned by Algorithm 1 satisfy

”UR - U*H S ggenerala (16&)

* < 2 ur
”UR -U ”2700 ~ KR d71 'ggeneraly (16b)
X -3 <Sor- Egenerals (16¢)

where R is defined in (14), and

2rlogd irlogd 2 \/dydy logd dylogd 2
ggeneral = pRE T 08 + pr o8 + 0*2 71 208 + Lf 1708 + gk 7 . (17)
Vdida p dap oy p oy P dy

missing data effect noise effect diagonal deletion effect

Remark 1. If there is no missing data, namely, p = 1, then Theorem 1 continues to hold if the first two
terms on the right-hand side of (17) are removed.

In a nutshell, Theorem 1 asserts that Algorithm 1 produces reliable estimates of the column subspace
of A* — with respect to both the spectral norm and the |||, ., norm — under certain conditions imposed
on the sample size and the noise size. For instance, consider the settings where p, x < 1 and r < d; < ds.
Then as long as the following condition holds:

rlog®d o? ( p )
2 d — =0 —], 18
P~"aa, MY o2 T\ Vg lond (18)
the proposed spectral method achieves consistent estimation with high probability, namely,
@ -U7| 1UQ -U*, 1= — =
min ——————— =o0(1), min ————>== =90(1) and ————— =o0(1). 19
P U T IR U /2] e = oW 19

Our upper bound (17) on the spectral norm error contains five terms. The first two terms of (17) are
incurred by missing data; the third and the fourth terms of (17) represent the influence of observation noise;
and the last term of (17) arises due to the bias caused by diagonal deletion. In particular, the last term is
expected to be vanishingly small in the low-rank and incoherent case. Interestingly, both the missing data
effect and the noise effect are captured by two different terms, which we shall interpret in what follows. Note
that a primary focus of this paper is to demonstrate the feasibility of obtaining a tight control of the ¢ o
statistical error. This is particularly evident for the low-rank, incoherent, and well-conditioned case with
r, b, & = O(1), in which our theory (cf. (16a) and (16b)) reveals that the ¢ o, error can be a factor of \/1/d;
smaller than the spectral norm error. The discussion below focuses on this case (namely, r, u,x = O(1)),
with all logarithmic factors omitted for simplicity of presentation.



large-noise regime (i.e. o/of > \/p/d2) | small-noise regime (i.e. o/of < +/p/da)

. 2
dominant term 7N did, =z b
a2 p o\ p
o? Vdidy

Table 1: The dominant term of the noise effect in ;dz + % % if do > d; (omitting logarithmic factors

*2
I

and assuming r, K, 1 < 1).

high-missingness regime (i.e. p < 1/dy) | low-missingness regime (i.e. p 2> 1/d;)
T T

Vdida p Vdap

dominant term

. . N . 1 1 . spas . .
Table 2: The dominant term of the missing data effect in Jidp + Ja if do > dy (omitting logarithmic
factors and assuming r, k, =< 1).

e Let us first examine the influence of observation noise, which reads

2 \/did d
S T (20)
ops p (o p

This contains a quadratic term as well as a linear term w.r.t. o/o. To interpret this, consider, for
example, the case without missing data (i.e. p = 1) and decompose

AAT = A*A* T+ ACNT + NA*T + NNT ,
—_— —
linear perturbation quadratic perturbation

which clearly explains why eigenspace perturbation bounds depend both linearly and quadratically on

the noise magnitudes. In general, the quadratic term ;’*22 7vdp“‘l2 is dominant when the signal-to-noise ratio

(SNR) is not large enough; as the noise decreases to a srufﬁciently low level, the linear term starts to enter
the picture. See Table 1 for a more precise summary. As we shall demonstrate momentarily, the terms
(20) match the minimax limits (up to some logarithmic factor), meaning that it is generally impossible
to get rid of either the linear term or the quadratic term.

e Next, we examine the influence of missing data and assume o = 0 to simplify the discussion. If we view
Ninissing = %A — A* as a zero-mean perturbation matrix, then one can write

p%AAT = A*A*T + A*NTissing + ]\rmissing14*—r + ]\rmissing]\r—r

m missing *

linear perturbation quadratic perturbation

Similar to the above noisy case with p = 1, this decomposition explains why the influence of missing data
contains two terms as well (see Table 2)

1 1

_ +
Vdidap Vdap
———

——
quadratic term in 1/,/p  linear term in 1/./p

Comparison with prior results. To demonstrate the effectiveness of our theory, we take a moment
to compare them with several prior results. Once again, the discussion below focuses on the case with
max {u, k, 7} < 1. To be fair, it is worth noting that most papers discussed below either have different
objectives (e.g. aiming at matrix estimation rather than subspace estimation [KMO10a, CT10, CCF*19]),
or work with different (and possibly more general) model assumptions (e.g. square matrices [AFWZ17], or
heteroskedastic noise [ZCW18]). Our purpose here is not to argue that our results are always stronger than
the previous ones, but rather to point out the insufficiency of prior theory when directly applied to some
basic settings.



e To begin with, we compare our spectral norm bound with that required for matrix completion [KMO10a,
CT10,AFWZ17,CLC19,CCF*19] in the noise-free case (i.e. ¢ = 0), in order to show how much saving
can be harvested when we move from matrix estimation to subspace estimation. Suppose that ds > d;.
As is well known, for both spectral and optimization-based methods, the sample complexities required
for faithful matrix completion need to satisfy pdids 2 dopolylogd. In comparison, faithful estimation
of the column subspace becomes feasible under the sample size pdids 2 +/dids polylogd, which can
be much lower than that required for matrix completion (i.e. by a factor of y/da/dy). Further, we
compare our || - ||l2,..o bound with the theory derived in [AFWZ17] when dy > djlog®d. The theory
in [AFWZ17, Theorem 3.4] requires the sample size and the noise level to satisfy p > d;'logd and

2
ofor <, /#;gd, both of which are more stringent requirements than ours (namely, p 2 \l;% and

. Again, this arises primarily because [AFWZ17] seeks to estimate the whole matrix

VP
ofor S Vi ds \/logd)
as opposed to its column subspace.

e We then compare our results with [MS18], which studies a diagonal-rescaling algorithm for the noise-free
case (i.e. ¢ = 0). Combining [MS18, Theorem 6.2] with the standard Davis-Kahan matrix perturbation
theory, we can easily see that their spectral norm bound for subspace estimation reads

polylogd  polylogd
Vdida p Vidp

This coincides with our bound except for the last term of (17) (due to the bias incurred by diagonal
deletion). In comparison, our theory offers additional ¢ o, statistical guarantees and covers the noisy
case, thus strengthening the theory presented in [MS18].

¢ Additionally, we compare our spectral norm bound with the results derived in [ZCW18|. Consider the
noiseless case where o = 0. It is proven in [ZCW18, Theorem 6] (see also the remark that follows)
that: if the sample size satisfies pdidy = max{d}/‘gd;/s,dl}poly logd, then the HeteroPCA estimator
is consistent in estimating the column subspace (namely, achieving a relative fo estimation error not
exceeding o(1)). In comparison, our theory claims that Algorithm 1 is guaranteed to yield consistent
column subspace estimation as long as the sample size obeys pdids 2 +/dids poly logd. Consequently,
if we omit logarithmic terms, then our sample complexity improves upon the theoretical support of
HeteroPCA by a factor of (dg/dl)l/6 if do > di. Once again, the comparison here focuses on the effect of
the aspect ratio dy/d;, without accounting for the influence of other parameters like p, k, 7.

SVD applied directly to A? Finally, another natural spectral method that comes immediately into
mind is to compute the rank-r SVD of A, and return the matrix containing the r left singular vectors as
the column subspace estimate. The ¢y risk analysis of this approach is typically based on classical matrix
perturbation theory like Wedin’s theorem [Wed73]. We caution, however, that this approach becomes highly
sub-optimal when the aspect ratio do/d; grows. Take the case with Gaussian noise and no missing data
(i.e. p = 1) for example: in order for Wedin’s theorem to be applicable, a basic requirement is ||N|| < o7,
which translates to the condition

o b
U:N\/dz

since |[N| < 0v/d2. In comparison, our theory covers the range

(21)

= < W (modulo some log factor),
which allows the noise level to be (dy/d1)'/* times larger than the upper bound (21) derived for the above
SVD approach. The sub-optimality of this approach can also be easily seen from numerical experiments as

well; see Section 4 for details.

3.3 Minimax lower bounds

It is natural to wonder whether our theoretical guarantees are tight, and whether there are other estimators
that can potentially improve the performance of Algorithm 1. To answer these questions, we develop the
following minimax lower bounds under Gaussian noise; the proof is deferred to Appendix D.1.



Theorem 2. Suppose 1 <r <d;/2, and N; ; L N(0,0%). Define

M* = {B € R"*% | rank(B) =1, 0,.(B) € [0.90},1.10}]} .

Denote by U(B) € RUX" the matriz containing the r left singular vectors of B. Then there exists some

universal constant cp > 0 such that
~ 2 /did d
OR-U (4] qumin{a ;Mi\/;,l}, (22a)
O-T

ox?
Vdidy o Jdi (1 (22b)
p or\l p Vdy

where the infimum is taken over all estimators for U(A*) based on the observation Po(A* + N).

inf sup IE[ min
U AeMm* LReOT™r

g

2

inf sup E[ min
O ox2
o

U A eM~* ReOm™xr

ﬁR — U(A*)’|27OO] 2 Clb min {

If we again consider the case where 7, k, u < 1, then the above lower bounds (22) match the noise effect
terms in Theorem 1 (or equivalently, (20)) up to logarithmic factors. This unveils a fundamental reason why
the linear and the quadratic terms in (20) are both essential in determining the estimation risk.

Another information-theoretic limit that concerns only the influence of subsampling is supplied as follows;
the proof is postponed to Appendix D.2.

Theorem 3. Suppose d; < ds andp < \;ﬁ for any small constant 0 < e < 1. With probability approaching

one, there exist unit vectors u*,u* € R4 and v*,v* € R% such that

o min [|u* £ @y = 1 and |[u v T — @ ||p = 1;

e one cannot distinguish w*v*T and w*o* " from the entries in Q, i.e. Po(u*v*") = Po(u*v*").

In words, Theorem 3 asserts that one cannot hope to achieve consistent subspace estimation (in the sense
of (19)) at all, as soon as the sampling rate p falls below the threshold 1/v/d1ds. Putting Theorem 2-3
together reveals that: consistent estimation can by no means be guaranteed unless

2
D= L and o < P ,
~ \/dldg 0':2 ~ \/dldg
which agrees with our theoretical guarantees (18) (up to some logarithmic term). As a result, our minimax
lower bounds confirm the near optimality of Algorithm 1 in enabling consistent estimation.

On the other hand, it is widely recognized that spectral methods are typically unable to achieve exact
recovery or optimal estimation accuracy in the presence of missing data, even in the balanced case with
d; = ds. For instance, if there is no noise, namely ¢ = 0, the spectral methods fail to achieve perfect
recovery as long as p < 1 (basically the first two terms of (17) do not vanish) [KMO10b], whereas exact
recovery might sometimes be feasible with the aid of optimization-based approaches [CR09]. More often
than not, spectral methods are employed to produce a rough initial estimate that outperforms the random
guess, which can then be refined via other algorithms (e.g. nonconvex optimization algorithms like gradient
descent and alternating minimization [KMO10b, SL16, MWCC17, CLPC19)]).

(23)

4 Consequences for concrete applications

We showcase the consequence of Theorem 1 in three concrete applications previously introduced in Section
1 in relatively simple settings. Rather than striving for full generality, our purpose is to highlight the broad
applicability of our main results.

4.1 Noisy tensor completion

Problem settings. We begin by considering the problem of symmetric tensor completion. Consider an

unknown order-3 tensor
i

T =) wiow ow! =Y (w)eR>

s=1 s=1

10



with canonical polyadic (CP) rank r. The goal is to estimate the subspace spanned by {w?}._,, on the basis
of the noisy tensor T' = [T} j ]1<i,jk<a Obeying

T = TF ik + Nij, (i,5,k) € 8, o
id, 0, (i,4,k) & Q.

Here, T; ;1 is the observed entry in location (i,j,k), N;;k is the associated independent random noise
satisfying Assumption 2, and Q C [al]d stands for a sampling set obtained via uniform random sampling with
sampling rate p (namely, each entry is observed independently with probability p).

Algorithm. Observe that the mode-1 matricization of T* is given by?
T 2
A=) wl (wiew)) e R (25)
s=1
indicating that the column subspace of A* is essentially the subspace spanned by the tensor factors {w?}%_,.

Therefore, if we denote by A € R4*4” the mode-1 matricization of T, then we can invoke our general spectral
method to estimate the column subspace of A* given A. This procedure is summarized in Algorithm 2.

Algorithm 2 The spectral method for tensor completion

1: Input: sampling set 2, observed entries {T; ; « | (¢, j, k) € Q}, sampling rate p, CP-rank r.

2: Let A € R7?’ be the mode-1 matricization of the observed tensor T (see (24)), namely, set Ai (j—1ya+k =
T; ;x for each (i,7,k) € [d]g, and employ A as the input of Algorithm 1.

3: Output U € R?" returned by Algorithm 1 as the subspace estimate.

Theoretical guarantees. In order to provide theoretical support for Algorithm 2, we introduce a few
more notation. First, we introduce the following quantities

Fite 1= Anax / Al hin = min [lwfl, A

3
min> min 1<i<r max - Hax ||’UJ:||2 . (26)

1<i<r

Note that ||wﬂ|g is precisely the Frobenius norm of the rank-1 tensor w;®3 — the i-th tensor compo-
nent. Informally, k. captures the condition number of the unknown tensor. Additionally, similar to matrix
completion, we introduce the following incoherence definitions that enable efficient tensor completion:

Definition 2 (Incoherence). Define the incoherence parameters s, pa, ps for the tensor T* and its tensor
factors {w}}._, as follows:

2
&3 ||| d ||wy|? d{w?, w
p3 = I !oo’ 4= e 7”112 HQ‘X’, {5 = max 7& 2 j*> (27a)
I3 tsisr w3 rsizisr [[willy [|wj ],
For notational convenience, we also set
fire 1= max {p3 pi3 } . (28)

Given that the tensor factors {w}}1<s<, are in general not orthogonal to each other, we introduce the
following orthonormal matrix U* € R4*" to represent the subspace spanned by {w}}1<s<,:

Ut =W W W) W= [wl, - w)] € RO (29)

Note that the particular choice of U* in (29) is not pivotal, and can be replaced by any d; x r orthonormal
matrix that spans the same column space as W*. With these in place, we are now ready to quantify the
estimation error of this spectral algorithm. The proof is deferred to Appendix A.1.

a1b

2We let a @ b := |: :| represent a d?-dimensional vector.

agb
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Corollary 1 (Symmetric tensor completion). Consider the above tensor completion model. There exist some
universal constants ¢y, c1,co > 0 such that if

4 2 8 2
ek log” d  pckgrlog™d o , /P 1 D
> < i
b= max{ B & DN s U e/ logd K\ dlogd

) d 1 d
and 1T <cominq ——,—4/— ¢,
KtcHa  Kic || M5

then with probability exceeding 1 — O(d~1°), Algorithm 2 yields

[UR—-U"| < &k, (30a)

JUR = Ul S riy[F5 - £ (30b)

where R := argmin [|[UQ — U* ||, and
QeOrxr

2rlogd 4100 d 2 3/2100 d dloed )
8tc = Fachicl" 108 + ,Utc"ftc;‘ ) + (ZQ 0g + O KRtc og + M4HtcT. (31)
d3/2p d p )\min p )\:nin p d

As discussed in several related work (e.g. [XYZ17,J014,MS18,XY17, CLPC19]), once we obtain reliable
estimates of the subspace spanned by the tensor factors, we can further exploit the tensor structure to
estimate the unknown tensor. Indeed, in many tensor completion algorithms, subspace estimation serves as
a crucial initial step for tensor completion. Moreover, while prior works only provide {5 estimation error
bounds, Corollary 1 further delivers ¢; o, statistical guarantees, which reflect a stronger sense of statistical
accuracy. We note that [XZ19, Theorem 4] derived an appealing {5 o, statistical error bound for an algorithm
called HOSVD, under the tensor de-noising setting. In comparison to the Gaussian noise considered therein,
our results accommodate the case with missing data and possibly spiky noise.

Implications. In what follows, we discuss the sample size and the signal-to-noise (SNR) required for
achieving consistent tensor estimation (namely, obtaining an o (1) relative estimation error). For convenience
of presentation, we again focus on the low-rank, incoherent, and well-conditioned case with 7, 4, kic < 1. In
this case, our results in Corollary 1 indicate that

in [UQ-U*||=0(1 d in |lUQ-U* =0 (1/Vd 32
QIER QU =0()  and iy UQ = Uy =0 (1/Vd) (32

with high probability, provided that the sample size and the noise satisfy

log® d o D
> = __r
PR 57 and o 0 (1 / B logd) . (33)

Several remarks are in order.

o Sample complexity. It is widely conjectured that the sample complexity pd® required to reconstruct

a order-3 tensor in polynomial time — even in the noiseless case — is at least d*/2 (or equivalently,
p21/ d3/ 2) IBM16,XYZ17,MS18]. Therefore, our theory reveals that spectral methods achieve consistent
estimation (w.r.t. both || - || and || - [|2,00), as long as the sample size is slightly above the (conjectured)

computational limit. Moreover, it is easily seen that the bias incurred by deleting the diagonal is much
smaller than the error due to missing data, which justifies the rationale that diagonal deletion does not
harm the performance by much.

e Noise size. We now comment on the noise size requirement. It is easily seen that the maximum magnitude
of the entries of T* in this case is ||T*]|oo =X Miax/d?/?. As a result, the noise size condition in (33) is

equivalent to
T SVl
1T
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2
Taken together with our sample size requirement p 2> 12% /2d, this condition allows the noise magnitude in

each observed entry to significantly exceed the size of the corresponding entry, which covers a broad range
of scenarios of practical interest. In addition, in the fully-observed case (i.e. p = 1) with i.i.d. Gaussian
noise, the authors in [ZX18] showed that the noise size condition (33) — up to some log factor — is
necessary for any polynomial-time algorithm to achieve consistent estimation, provided that a certain
hypergraphic planted clique conjecture holds.

Finally, we remark that in the fully-observed case (i.e. p = 1) with i.i.d. Gaussian noise, it can be seen
from [ZX18, Theorem 1] that (30a) is suboptimal; in fact, the minimax risk consists only of the linear term
in o (namely, )\*L\/g7 if we omit log factors and assume r, yic, 5, £ =< 1). This is a typical drawback of the
spectral method for tensor estimation, since it falls short of exploiting the low-complexity structure in the
row subspace. However, the spectral estimate offers a reasonably good initial estimate for this problem, and
one can often employ optimization-based iterative refinement paradigms (like gradient descent [CLPC19])
to obtain minimax optimal estimates.

4.2 Covariance estimation / principal component analysis with missing data

Model and algorithm. Next, we study covariance estimation with missing data, as previously introduced
in Section 1. For concreteness, imagine a set of independent sample vectors obeying

z, =B ff+m eR? £ N(01),  1<i<n

Here B* € R¥" encodes the r-dimensional principal subspace underlying the data (sometimes referred to
as the factor loading matrix in factor models [LM62, FWZZ18|), f ~ N(0,I,) represents some random
coeflicients, and the noise vector n; = [Ui,j}lgjgd consists of independent Gaussian components® obeying

E[n:.;]=0 and Var [n; ;] < 2.

What we observe is a partial set of entries of &; = [z; ;]1<;j<q4, namely, we only observe z; ; for any (i, j) € Q,
where €2 is obtained by random sampling with rate p. The goal is to estimate the subspace spanned by B*,
or even B*B*T.

If we write F* = [fl* oL frX] € R and N = [y, -+ , 1] € R¥™ then it boils down to estimating the
column space of A* := B*F* from the data Po(X) = Po(B*F*+ N). Our spectral method for covariance
estimation is summarized in Algorithm 3.

Algorithm 3 The spectral method for covariance estimation

1: Input: sampling set €, observed entries {X; ; | (¢,j) € 1}, sampling rate p, rank r.
2: Let A = Pq(X) € R" with X = [z1,--- ,x,], and use A as the input of Algorithm 1. Let U € R?*"
and X € R™ " be the estimates returned by Algorithm 1, and set B := ﬁUE.

3: Output U as the subspace estimate and S := BB as the covariance estimate.

Theoretical guarantees. In order to present our theory, we make a few more definitions. Without loss
of generality, we shall define

S* .= B*B*T =U*A*U*T  and B* = U*A*Y2 (34)

where U* € R?*" consists of orthonormal columns, and A* = diag(\f,--- ,\%) € R™*" is a diagonal matrix
with AT > -+ > AX > 0. We also define the condition number and the incoherence parameter as

d
Kee == A1 / AT and Hee == = ||U*||g,oo' (35)

We are now positioned to derive statistical estimation guarantees using our general theorem. The following
result is a consequence of Theorem 1; the proof is postponed to Appendix A.2.

3Here, we assume f7 and m; to be Gaussian for simplicity of presentation. The results in this subsection continue to hold if

they are sub-Gaussian random vectors.
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Corollary 2 (Covariance estimation). Consider the above covariance estimation model with missing data.
There exist universal constants cg,c1 > 0 such that if r < ¢q Mciz and

ce

> ¢ max p2 kS r 2log® (n + d) 7 eekosT log® (n+d) 7 ot f<afecllog2 (n+d) 0% kddlog(n+d) (36)
dp? P A2 p? E p
then with probability exceeding 1 — O((n + d)~10), Algorithm 3 yields

[UR-U"| < &, (37a)

1 d
[UR -, < il P00 g (37h)
”S - S*H 5 K/ce>‘{ 'gce7 (37(3)

cefce 1 d *
1§~ 57l 5 Mol OB D g (37d)

Here, R := argmin [|[UQ — U*||; and
QGOTXT‘

peekZerlog? (n+d) | peerrlog? (n + d) 02\/3 log(n+d) o \/3 beelog (n+ d) | jicekicer
Eee = + 3\ = + — + .
Vinp np AVno e AV P d

Remark 2. In the full observation case (i.e. p = 1), the first two terms on the right-hand side of (38) can
be removed.

Remark 3. We make note of a scaling issue that one shall bear in mind when comparing this result with
our main theorem. In the settings of Theorem 1, the singular values {o}/_; of the truth A* do not change
as the column dimension do grows. In contrast, in the settings of Corollary 2, the singular values of the
sample covariance matrix keep growing as we collect more sample vectors, which is equivalent to saying that
these singular values scale with the column dimension.

Discussion. To facilitate interpretation, let us again focus on the case where pice, ke < 1. Corollary 2
demonstrates that for any given sampling rate p, we can achieve consistent estimation? as long as the
number n of samples satisfies

r2 r otd o%d

nz max{dp?’ P AP A

} poly log d. (39)

Throughout this subsection, the sample size refers to n — the number of sample vectors {x;}, ., ., available.

Next, we compare our /3 o, bounds with several prior work for the case with » < 1. We emphasize again
that the foci and model assumptions of these prior papers might be quite different from ours (e.g. [ZWS19] is
able to accommodate inhomogeneous sampling patterns), and the advantages of our results discussed below
are restricted to the settings considered in this paper. For simplicity, we ignore all log factors.

e Suppose that o = 1. In this setting, [ZWS19, Theorem 4| demonstrates that if

n Z maX{ 12, )\ff PR )\* }p01y10gd7

then with high probability one has

min ||U U~
QGOTXT || Q

(\/1; + /\*> (1—|— \)C) poly logd

In comparison, our sample size requirement for consistent estimation improves upon [ZWS19, Theorem
4] by a factor of min {d, p‘l}. Moreover, our estimation error bound improves upon [ZWS19, Theorem

4] by a factor of min {w/)\*, \%} if vd < \* < d, by a factor of ‘C Ar < 1, and by a factor of

min{)\;/\af \/:}1f1<<)\*<\f

“4Here, consistent estimation is declared if mingeprxr [UQ —U*|| = 0(1) and ||S — §*|| = 0 (A}).
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e In the absence of missing data, the {2 o, error bound presented in [CTP19b, Theorem 1.1] reads (ignoring

logarithmic terms)
W 2 for 2 < L
nd’ *x N
min |UQ - U~ VARV

||200 ~ 2
QecOrxr o’ /d 1 <
A:\/: for Vi < )\: S 1.

Consequently, our result improves upon the above error bound by a factor of % if % < = ,S 1

)

while being able to handle the case with larger noise (namely, ﬁ > 1).

4.3 Community recovery in bipartite stochastic block models

As it turns out, if we denote by A € RU/*IVI the bi-adjacency matrix of the observed random bipartite graph
or its centered version, then A* := E[A] exhibits a low-rank structure (as we shall elaborate momentarily).
Perhaps more importantly, the column subspace of A* reveals the community memberships of all nodes in
U. As aresult, this biclustering problem is tightly connected to subspace estimation given noisy observations
of a low-rank matrix. In particular, when the size of V is substantially larger than that of I/, one might
encounter a situation where only the nodes in U (rather than those in V) can be reliably clustered. This
calls for development of “one-sided” community recovery algorithms, that is, the type of algorithms that
guarantee reliable clustering of &/ without worrying about the clustering accuracy in V.

Model. This subsection investigates the problem of biclustering, by considering a bipartite stochastic block
model (BSBM) with two disjoint groups of nodes & and V. Suppose that the nodes in U (resp. V) form two
clusters. For each pair of nodes (i,5) € (U, V), there is an edge connecting them with probability depending
only on the community memberships of ¢ and j. To be more specific:

e Biclustering structure. Consider two disjoint collections of nodes U and V, which are of size n,, and n,,
respectively. Suppose that each collection of nodes can be clustered into two communities. To be more
precise, let 7y C U and Zy = U\Z; (resp. J1 €V and Jo = V\J1) be two non-overlapping communities
in U (resp. V) that contain n, /2 (resp. n,/2) nodes each. Without loss of generality, we assume that Z;
contains the first n,, /2 nodes of U, and J; contains the first n,/2 nodes of V; these are of course a priori
unknown.

o Measurement model. What we observe is a random bipartite graph generated based on the community
memberships of the nodes. In the simplest version of BSBMs, a pair of nodes (i, j) € (U, V) is connected
by an edge independently with probability g, if either (i, j) (Z1, 1) or (i,j) € (T2, J2) holds, and
with probability gou otherwise. Here, 0 < gout < ¢in < 1 represent the edge densities. If we denote by
C €{0,1}™*™ the bi-adjacency matrix of this random bipartite graph, then one has

P{Ci,j — 1} ind. {Qim if (17]) € (Ilajl) or (’L,j) € (I2aj2>7

Qout, Otherwise.

Our goal is to recover the community memberships of the nodes in U/, based on the above random bipartite
graph. In what follows, we define
N = Ny + Ny, (40)

and declare exact community recovery of U if the partition of the nodes returned by our algorithm coincides
precisely with the true partition (Z;,Z,).

While our theory covers a broad range of n,, and n,, we emphasize the case where n, > n,, (namely, V
contains far more nodes than /). In such a case, it is not uncommon to encounter a situation where one can
only hope to recover the community memberships of the nodes in I/ but not those in V.
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Algorithm. To attempt community recovery, we look at a centered version of the bi-adjacency matrix”

A= - Intlouy 7 (41)

2 Ny “MNy

Recognizing that

T T
* Qin — Gout Li2la, o0 —lou2ly g gin — out { 1,,/2 ] [ T T
A" =FE[A] = ———— v v = — “ 1 ,—1 , (42
[ } 2 _1nu/217—’bru/2’ 17111,/217—72,/2 2 _1nu/2 /2 /2 ( )

we see that the leading singular vectors of A* reveals the community memberships of all nodes. Motivated
by this observation, our algorithm for recovering the community memberships in U proceeds as follows:

Algorithm 4 The spectral method for BSBM
1: Input: observed bi-adjacency matrix C', edge probabilities gin, Gout-
2: Employ A (cf. (41)) as the input of Algorithm 1, and let w = [u;] € R™ be the output returned by
Algorithm 1 (which serves as the estimate of the leading left singular subspace of A*.
3: Output: for any ¢ € U, we claim that ¢ belongs to the first community if u; > 0, and the second
community otherwise.

Theoretical guarantees and implications. We are now ready to invoke our general theory to demon-
strate the effectiveness of the above algorithm, as asserted by the following result.

Corollary 3 (Bipartite stochastic block model). Consider the above bipartite stochastic block model. There
exists some universal constant c¢g > 0 such that if

(Qin - (]out)2

logn logn
> 43
Gin = comax { V Ty ’ Ny } ’ ( )

then Algorithm J achieves exact community recovery of U with probability exceeding 1 — O(n~10).
We then take a moment to discuss the implications of Corollary 3. For simplicity of presentation, we
shall focus on the scenario with gin < gour = 0 (1) and n,, < n,.

o FEzxact recovery via the spectral method alone. Consider the following sparse regime, where

alogn blogn

for some absolute positive constants a > b. Corollary 3 demonstrates that we can achieve exact recovery
when @ 2> 1. This improves upon prior results presented in [FP16]. More specifically, the results
in [FP16] only guaranteed almost exact recovery of community memberships (namely, obtaining correct
community memberships for a fraction 1 — o(1) of the nodes). In comparison, our results assert that the
spectral estimates alone are sufficient to reveal exact community memberships for all nodes in U; there

is no need to invoke further refinement procedures to clean up the remaining errors.

and Qout =

Qin =

2
e Near optimality. In the balanced case where n, =< n,, the condition @ 2 1 above is known to be

information-theoretically optimal up to a constant factor. In the unbalanced case with n, > n,, prior
work has identified a sharp threshold for detection — the problem of recovering a fraction 1/2 + € of
the community memberships for an arbitrarily small fixed constant ¢ > 0. Specifically, such results

reveal a fundamental lower limit that requires (‘Iin—q_qoutf > —L_ [FPV15,FP16|, thus implying the

~ /My
information-theoretic optimality of the spectral method (up to a logarithmic factor).

GintJout

5Here, we assume prior knowledge about gi, and gout. Otherwise, the quantity 5

can also be easily estimated.
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Figure 1: Relative estimation errors of the subspace estimate U for both Algorithm 1 and the vanilla spectral

method. The results are reported for (a) relative error vs. sampling rate p (where d; = 100, ds = 1000,

r =4, 0 = 1), (b) relative error vs. column dimension ds (where d; = 100, r =4, 0 =1, p = %\/%dz)),
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and (c) relative error vs. noise standard deviation o (where d; = 100, dy = 1000, » = 4, p = 0.1).
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Figure 2: Absolute estimation errors of the subspace estimate U for both Algorithm 1 and the vanilla spectral

method. The results are reported for (a) absolute error vs. sampling rate p (where d; = 100, da = 1000,

r =4, 0 = 1), (b) absolute error vs. column dimension ds (where dy =100, r = 4,0 =1, p = %\/%dz)),
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and (c) absolute error vs. noise standard deviation o (where d; = 100, d2 = 1000, r = 4, p = 0.1).

4.4 Numerical experiments

To confirm the applicability of our algorithm and the theoretical findings, we conduct a series of numerical
experiments. All results reported in this subsection are averaged over 100 independent Monte Carlo trials.
For the sake of comparisons, we also report the numerical performance of the vanilla spectral method (namely,
returning the r-dimensional principal column subspace of A directly without proper diagonal deletion).

Subspace estimation for random low-rank data matrices. We start with subspace estimation for a
randomly generated matrix A*. Specifically, generate A* = Z, Z, , where Z; € R4*" Z, € R%*" consist of

i.i.d. standard Gaussian entries. The noise matrix contains i.i.d. Gaussian entries, namely, N; ; B (O, 02)
for each (7, j) € [d1] x [dz]. Figures 1 and 2 plot respectively the numerical estimation errors of the estimate
U vs. the sampling rate p, the column dimension dy, and the standard deviation o of noise. Two types of
estimation errors are reported: (1) the absolute spectral norm error |[UR — U*| and the relative spectral
norm error [|[UR—U™|/[[U*|; (2) the absolute £ « norm error |[UR —U*||, ., and the relative £3
norm error [|[UR—U*|l, . /[|[U* |l ., where R := argmingeo,,, [UQ — U*|r. As can be seen from the
plots, Algorithm 1 yields reasonably good estimates in terms of both the spectral norm and the ¢ o, norm,
outperforming the vanilla spectral method in all experiments.

Tensor completion from noise data. Next, we consider numerically the problem of tensor completion
from noisy observations of its entries. Recall the notations in Section 4.1. We generate W* € R4*" with
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Figure 3: Relative estimation errors of the subspace U spanned by tensor components in tensor completion.
The results are plotted for (a) relative error vs. sampling rate p (where d = 100, r = 4, o = 2), and (b)
relative error vs. noise standard deviation o (where d = 100, r = 4, p = 0.1).
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Figure 3(a) and Figure 3(b) illustrate the relative estimation errors of the subspace estimate U vs. the
sampling rate p and noise standard deviation o, respectively. Encouragingly, Figure 3 shows that Algorithm 2
accurately recovers the subspace spanned by the tensor factors of interest (with respect to both the spectral
norm and the ¢ o norm); in particular, it is capable of producing faithful subspace estimates even when the
vanilla spectral method fails.

Covariance estimation with missing data. The next series of experiments is concerned with covariance
estimation with missing data. Recall the notations in Section 4.2. We draw x; ~ A (0, X*) independently
with £* = U*U*", where U* € R?*" is a i.i.d. standard Gaussian random matrix in R?", and g; b
N (0,02Id) for each 1 < i < n. We first consider the estimation error of the subspace. The numerical
estimation errors of the estimate U vs. the sampling rate p, the sample size n and the noise standard
deviation o are plotted in Figure 4(a) — Figure 4(c), respectively. We then turn to the estimation accuracy
of the covariance matrix. The numerical estimation errors of the estimate S of Algorithm 3 and the vanilla
spectral method vs. the sampling rate p, the sample size n and the noise standard deviation ¢ are plotted
in Figure 5, respectively. Similar to previous experiments, Algorithm 3 produces reliable estimates both in
terms of the spectral norm, the {5 oo norm and the /., norm accuracy.

Community recovery in bipartite stochastic block model. Finally, we conduct numerical exper-
iments for community recovery in bipartite stochastic block models. The parameters are chosen to be

Gin = %\/%n) and oyt = %\/%"“) for some constants a > b > 0. Figure 6(a) reveals a phase transition
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Figure 5: Relative error of the estimate S of Algorithm 3 (top row) and the vanilla spectral method (bottom
row) for covariance estimation with missing data. The results are shown for (a,d) relative error vs. sampling
rate p (where d = 100, n = 5000, r = 4, 0 = 1), (b,e) relative error vs. sample size n (where d = 100, r = 4,
o =1, p=0.05), and (c,f) relative error vs. noise standard deviation o (where d = 100, n = 5000, r = 4,
p = 0.1). Tt is worthnoting the different scales of the y-axis when plotting the errors of the two algorithms.

phenomenon concerned with exact community recovery. As can be seen, Algorithm 4 always succeeds in
achieving exact recovery once a — or equivalently ¢, — exceeds a certain threshold, which outperforms the
vanilla spectral method. In Figure 6(b), we vary the number n, nodes in V and plot the empirical success
rates for exact recovery. The advantage of Algorithm 4 compared to the vanilla spectral method can be
clearly seen from the plot.

5 Further related work

A natural class of spectral algorithms to estimate the leading singular subspace of a matrix — when given
a noisy and sub-sampled copy of the true matrix — is to compute the leading left singular subspace of
the observed data matrix. Despite the simplicity of this idea, this type of spectral methods provably
achieves appealing performances for multiple statistical problems when the true matrix is (nearly) square.
A partial list of examples includes low-rank matrix estimation and completion [KMO10a, JNS13, Chal5,
CW15, MWCC17], community detection [RCY11, YP14, AFWZ17, Leil9], and synchronization and align-
ment [Sinll, AFWZ17,CC18a,SHSS16]. The /5 statistical analysis of such algorithms relies heavily on the
matrix perturbation theory such as the Davis-Kahan sin ® theorem [DK70], the Wedin theorem [Wed72],
and their extensions [Vull, YWS14,OVW18,CZ18,CLC19,ZCW18].

However, the above-mentioned approach might lead to sub-optimal performance when the row dimen-
sion and the column dimension of the matrix differ dramatically. This issue has already been recognized
in multiple contexts, including but not limited to unfolding-based spectral methods for tensor estima-
tion [HSSS16,XY17,MS18,XZ19,ZX18] and spectral methods for biclustering [FP16]. Motivated by this
sub-optimality issue, an alternative is to look at the “sample Gram matrix” which, as one expects, shares the
same leading left singular space as the original observed data matrix. However, in the highly noisy or highly
subsampled regime, the diagonal entries of the sample Gram matrix are highly biased, thus requiring special
care. Several different treatments of diagonal components have been adopted for different contexts, includ-
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Figure 6: Empirical success rates for exact community recovery in bipartite stochastic block models, where
Gin = %\/L;”“) and gout = %\/%"“). The results are shown for (a) empirical success rate vs. the number
n, of nodes in V (where n,, = 100, a = 0.8, b = 0.01), and (b) empirical exact recovery rate vs. a (where

nu = 100, n, = 10000, b = 0.01).

ing proper rescaling [MS18,Loul4, GRESS16], deletion [FP16], and iterative updates [ZCW18|. The deletion
strategy is perhaps the simplest of this kind, as it does not require estimation of noise parameters. We note,
however, that performing more careful iterative updates might be beneficial for certain heteroskedastic noise
scenarios; see [ZCW18] for detailed discussions.

An important application of our work is the problem of tensor completion and estimation [GRY11,
LMWY13,RPP13,KOKC13, MHWG14,RM14, GSSB17,SRK09,YZ16,YZ17,HZC18]. Despite its similarity
to matrix completion, tensor completion is considerably more challenging; for concreteness and simplicity, we
shall only discuss order-3 symmetric rank-r tensors in R% . Motivated by the success of matrix completion, a
simple strategy for tensor completion / denoising is to unfold the observed tensor into a d x d? matrix and to
apply standard matrix completion methods for completion. However, existing statistical guarantees derived
in the matrix completion literature [CR09, KMO10a, Grol1] do not lead to useful bounds unless the sample
size exceeds the order of rd?, which far exceeds the requirement for other methods such as the sum-of-squares
(SOS) hierarchy [BM16,PS17]. The work by [MS18] demonstrates that unfolding-based spectral algorithms
can also lead to useful estimates under minimal sample complexity, as long as we look at the “Gram matrix”
instead. In addition, such spectral algorithms also play an important role in initializing other nonconvex
optimization methods [XY17,XYZ17, CLPC19, CPC20].

In addition, there is an enormous literature on covariance estimation and principal component analysis
(PCA). For instance, the classical spiked covariance model [JohO1| has been extensively studied; in par-
ticular, the high-dimensional setting has inspired much investigation from both algorithmic and analysis
perspectives [JL09, Pau07, BL08, Nad08, CY12,Mal3, CMW13, CMW15]. More recently, a computationally
efficient algorithm called HeteroPCA has been proposed by [ZCW18] to achieve rate-optimal statistical guar-
antees for PCA in the presence of heteroskedastic noise. When it comes to incomplete data, a variety of
methods have been introduced [Kie97, EvdG19, JH12|. For instance, Lounici considered estimating the top
eigenvector in the setting of sparse PCA in [Loul3|, and further proposed an estimator for the covariance
matrix in [Loul4]. In [CZ16], bandable and sparse covariance matrices are considered. In addition, most
of the prior work considered uniform random subsampling, and the recent work [ZWS19,PO19] began to
account for heterogeneous missingness patterns.

Turning to the problem of community recovery or graph clustering, we note that extensive research
has been carried out on stochastic block models or censored block models, which can be viewed as special
cases of uni-partite networks [MNS14, Masl4, ABH15, MNS15, HWX16, CJSX14, CKST16, CRV15, GV16,
CSG16,JMRT16, CLX18,CL15, GMZZ17]. The algorithms that enable exact community recovery in these
block models include two-stage approaches [ABH15, MNS14| and semidefinite programming [HWX16, AL18,
ABKK17,Banl18, GV16]. In addition, spectral clustering algorithms have been extensively studied as well
[CO06,CO10,RCY11,YP14,LR15, YP16, AFWZ17, GMZZ17,Vul8, OVW18, STFP12, LMX15|. While this
class of algorithms was originally developed to yield almost exact recovery (e.g. [ABH15]), the recent work
by [AFWZ17,Leil9] uncovered that spectral methods alone are sufficient to achieve optimal exact community
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recovery (a.k.a. achieving strong consistency) for stochastic block models. The interested reader is referred
to [Abb18] for an in-depth overview. Various extensions of the SBMs have been introduced and studied in
the last few years. Our work contributes to this growing literature by justifying the optimality of spectral
methods in bipartite stochastic block models [FPV15, FP16, GLMZ16].

Further, entrywise statistical analysis has recently received significant attention for various statistical
problems [FWZ16, AFWZ17, MSC17, CFMW19, CCF18, ZB18, ASSS19, Leil9, EBW17, CTP19b, CTP19a,
XZ19,RV15,PW19]. For instance, entrywise guarantees for spectral methods are obtained in [CCF18, EBW17]
based on an algebraic Neumann trick, while the results in [ZB18, AFWZ17,CFMW19] were established based
on a leave-one-out analysis. The work by [KL16, KX16, CCF18] went one step further by controlling an ar-
bitrary linear form of the eigenvectors or singular vectors of interest. These results, however, typically lead
to suboptimal performance guarantees when the row dimension and the column dimension of the matrix are
substantially different.

Finally, we recently became aware of an unpublished work by Abbe, Fan and Wang [AFW19], which
also considers statistical guarantees of PCA beyond the usual #5 analysis; in particular, they develop an
analysis framework that delivers tight ¢, perturbation bounds. Note, however, that their results are very
different from the ones presented here. For instance, the results presented herein emphasize the scenarios
with drastically different d; and dy, which are not the main focus of [AFW19).

6 Analysis

In this section, we discuss in detail the analysis techniques employed to establish Theorem 1. This is built
upon a leave-one-out (as well as a leave-two-out) analysis strategy that is particularly effective in control-
ling entrywise and (2 o estimation errors [EKBB*13, EK15, ZB18, CFMW19, AFWZ17, SCC17, CCFM19,
CFMY19,CLL19,LBEK18,PW19].

6.1 Leave-one-out and leave-two-out estimates

In order to facilitate the analysis when bounding [UR — U*||, ,, we introduce a set of auxiliary leave-one-
out matrices — a powerful analysis technique that has been employed to decouple complicated statistical
dependency. It is worth emphasizing that these procedures are never executed in practice. Specifically, for
each 1 < m < d;, we introduce an auxiliary matrix

A™ =P (A)+pPp.. (AY), y

where P_,, . (resp. P,,.) represents the projection onto the subspace of matrices supported on the index
subset {[d1]\ {m}} x [da] (vesp. {m} x [ds]). In other words, A("™ is obtained by replacing all entries in
the m-th row by their expected values (taking into account the sampling rate). By construction, (1) A(™ is
statistically independent of the data in the m-th row of A, and (2) A(™) is expected to be quite close to A,
as we only discard a small fraction of data when constructing A(™). These two observations taken together
allow for optimal control of the estimation error in the m-th row of U.

Armed with the leave-one-out matrices, we are ready to introduce auxiliary leave-one-out procedures for
subspace estimation. Similar to the matrix G in Algorithm 1 (whose eigenspace serves as an estimate of the
column space of U*), we define an auxiliary matrix G(™ € R% > ag follows:

G(m) = 7Doff—diag(l%*A(m)14(m)—r)7 (45)
where Posr.diag (+) (as already defined in Section 2.2) extracts out all off-diagonal entries from a matrix. The
auxiliary procedure, which is summarized in Algorithm 5, is very similar to Algorithm 1 except that it
operates upon G(™.

Given that A (resp. G(™)) is very close to A (resp. G), one would naturally expect U™ — the
r-dimensional principal eigenspace of G(™ — to stay extremely close to the original estimate U. This fact
will be formalized shortly.

As it turns out, given that the spectral method is applied to the Gram matrix (which is a quadratic
form of the original data matrix), introducing the leave-one-out sequences alone is not yet sufficient for our
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Algorithm 5 The m-th leave-one-out sequence

1: Input: sampling set €2, observed entries {4, ; | (i, j) € 2}, true entries {Ay, ;| j € [d2]}, sampling rate
p, rank r.

2: Let UM A U™T be the (truncated) rank-r eigen-decomposition of G(™). Here, G™ and A(™) are
defined respectively in (45) and (44).

3: Qutput U™ as the subspace estimate and (") = (A(m))l/2

as the spectrum estimate.

purpose; we still need to introduce an additional set of “leave-two-out” matrices, in the hope of simultaneously
handling the row-wise and the column-wise statistical dependency. Specifically, for each 1 < m < d; and
each 1 < < dj, define the following auxiliary matrices:

A =Py 1 (A) + PP (A), (46a)
G = Petr.iag (ﬁA(mJ)A(m’lW) ; (46b)

where P_,,, _; (resp. Pp,,;) denotes the projection onto the subspace of matrices supported on {[d1] \ {m}} x
{[d2] \ {1}} (resp. {m} x {I}). Similar to A(™ A is generated by replacing all data lying on the m-
th row and the I-th column of A by their expected values (taking into account the sampling rate). The
precise procedure is summarized in Algorithm 6. Similar to the leave-one-out estimates, one expects the new
leave-two-out estimates U (™! to be extremely close to U™ (and hence U).

Algorithm 6 The (m,[)-th leave-two-out sequence
1: Input: sampling set €2, observed entries {A; ; | (i,5) € Q}, true entries {Ay, , | j € [d2]JU{A], | i € [di]},
sampling rate p, rank 7.
2: Let UMDAmDU(mDT he the (truncated) rank-r eigen-decomposition of G Here, G™Y and
A are defined respectively in (46b) and (46a).

3: Qutput U™ as the subspace estimate and (™ = (A(m0)

1/2 .
as the spectrum estimate.

6.2 Key lemmas

In this subsection, we provide several lemmas that play a crucial role in establishing our main theorem.
These lemmas are primarily concerned with the proximity between the original estimate, the leave-one-out
estimates, and the ground truth. Throughout this section, we let

G* = A*AT =UrZUTT. (47)

To begin with, we demonstrate that G is sufficiently close to G* when the difference is measured by
the spectral norm. In view of standard matrix perturbation theory (which we shall make precise later), the
proximity of G and G* is crucial in bounding the difference between U and U*. The proof is deferred to
Appendix B.2.

Lemma 1. Instate the assumptions of Theorem 1. With probability at least 1 — O (d’lo), one has

uror?logd urortlogd  o2v/did; log d dylogd
IG-CI s g + T . tooiy = A (49)

:¢C0p

In order to get a better sense of the term (,, appearing above, we make note of a straightforward yet
useful fact, which reveals that (o, is much smaller than any nonzero eigenvalue of G*.

Fact 1. Instate the assumptions of Theorem 1. Then the quantity (op as defined in (48) obeys

ro*?logd ro* logc d 2 Jdido log d d 1o d e
oo 472, < Proiilogd | Juroilogd | 0" Vilids log HU{\/?MI ot

vV dldgp dzp 0';52 p d1
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where | A*||3 , < % (cf. Lemma 11).

Further, the following lemma upper bounds the difference between G and G* in the m-th row, when
projected onto the subspace represented by U*; the proof is postponed to Appendix B.3. This result gives
a more refined control of the difference between G and G*.

Lemma 2. Instate the assumptions of Theorem 1. With probability at least 1 —O (d_lo), the following holds
simultaneously for all 1 < m < dy:

(G =G Ul % (Con + 1A% 300 )3/ 2
where Cop is defined in (48).

The next step, which is also the most challenging and crucial step, lies in showing that: every row of U,
under certain global linear transformation, serves as a good approximation of the corresponding row of U*.
Towards this end, we begin with the following preparations:

e We first introduce the following matrix H to represent the linear transformation we have in mind:
H=U"U". (49)
While this is not a rotation matrix, it is quite close to the rotation matrix R defined in (14).

e In addition, we find it convenient to express
U*=GU* (%) 2.
Combining this with Lemma 2, one would expect U* and GU™* (2*)72 to be reasonably close, namely,
U*~GU* (=) 2. (50)
With these in hand, the following lemma (together with Lemma 2) asserts that
UH ~ GU* (") >~ U*
in an #3 o sense.

Lemma 3. Instate the assumptions of Theorem 1, and recall the definition of (op in (48). With probability
at least 1 — O(d=19), one has

2 A*||?
o v )7, 8 T ) gy, ),
’ 1

*2
Or

The proof of this lemma, however, goes far beyond conventional matrix perturbation theory, and requires
delicate decoupling of statistical dependencies. This is accomplished via leave-one-out and leave-two-out
analysis arguments. In what follows, we take a moment to explain the high-level idea.

To establish Lemma 3, we first learn from standard matrix perturbation theory [AFWZ17, Lemma 1]
that: for each 1 <m <d,
|G (UH ~U%)|l,  (51)

— 1 * *
|vH -cU(z)7) 2 1G ~ G| G U™l + 5

s e
mells ~ 3 (G (G
holds, provided that G and G* are sufficiently close.

e The first term on the right-hand side of (51) can already be controlled by Lemma 1 and Lemma 2.
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e The second term on the right-hand side of (51), however, is considerably more difficult to analyze,
due to the complicated statistical dependence between G, . and UH. In order to decouple statistical
dependency, we resort to the leave-one-out sequence U (™) introduced in Algorithm 5 and use the triangle
inequality to bound

|G, (UH —U*)|, < ||G;(UH = U™ H™)||, + |Gy . (U™ H™ —UY)|

(52)

27

where H(™) := U™ TU*. As mentioned before, the leave-one-out estimate U™ enjoys two nice prop-
erties.

(1) The true estimate U and the leave-one-out estimate U™ are exceedingly close, as asserted by the
following lemma (to be established in Appendix B.5).

Lemma 4. Instate the assumptions of Theorem 1, and recall the definition of H in (49). With
probability at least 1 — O (d‘lo), the following holds simultaneously for all 1 < m < d:

" G ur
[UmU™T —uuT||, S U;r; (||UH||2’OO + ’/dl> ;

where Cop is defined in (48).

This result in turn allows us to control the first term on the right-hand side of (52).

(2) Due to the statistical independence between A,, . and U(m), the matrices G, . and U™) turn out
to be nearly independent. This allows one to invoke simple concentration inequalities to develop
tight bounds for the second term on the right-hand side of (52). The detailed proof can be found in
Appendix B.4.

Finally, we make a remark on a technical issue encountered in the proof of Lemma 4. Recall that U™ is
obtained by simply replacing the m-th row of A with its population version, which indicates the statistical
dependency between U (™) and the m-th row of A. However, there is still some delicate statistical dependency
between U™ and the columns of A that need to be carefully coped with. Fortunately, the leave-two-out
estimate U (™! — which is obtained by dropping not only the m-th row of A but also the I-th of its columns
— allows us to decouple the dependency between U (") (and hence U and U (m)) and the [-th column of
A. This is precisely the main reason why we introduce additional leave-two-out estimates.

6.3 Proof of Theorem 1

We are now positioned to establish our main theorem. The proof is split into two parts.

6.3.1 Statistical accuracy measured by |||

We begin by establishing the spectral norm bound (16¢). Let A; and Af be the i-th largest eigenvalue of A
and A*, respectively. From Lemma 1 and Weyl’s inequality, one finds that

12 (X = X = A = A% £ G = G| S ep + [ A% B . < 072 Egemer (53)
where (op and Egeneral are defined in (48) and (17), respectively. Here, the last inequality arises from the

*2
simple fact that |A*[3 . < #77 (cf. Lemma 11). By virtue of Fact 1, we know that A — A*| < 072,
Given that A* = ¥*2 and A = X2, this implies that for each 1 < i < r,

1 1
10;2 = ZA; SN = N = A SN S A+ N = A < AN = 4o
thus indicating that

1
50? < o0; <207, (54)
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In conclusion,

joF ot @ A-A Y

I -3 = max |o; — oF| = max S 07 Egeneral

1<i< 1<i<r oy +of T 1<i<r %U;

as claimed. Here, (a) comes from (54), whereas (b) follows from (53).
Next, we turn attention to (16a). First, it is seen that

[UR-U*| <V2|UUT —U*U*"|| = |sin®(U,U")| (55)

where R is defined in (14), and @(U,U*) denotes a diagonal matrix whose i-th diagonal entry is the i-th
principal angle between the two subspaces represented by U and U*. Here, the first inequality follows from
a well-known inequality connecting two different subspace distance metrics [SS90, Chapter II], while the last
identity follows from [SS90, Chapter II|. In addition, Lemma 1 and Fact 1 tell us that

IG = G*[| S Gop + A3 00 < 07 (56)
with probability at least 1 — O(d~!?), which together with Weyl’s inequality gives
Ai1(G) S A1 (GF) + |G = GF|| = |G = G*|| < 07?2 (57)

Therefore, [SS90, Chapter V, Theorem 3.6] (which is a version of the celebrated Davis-Kahan sin @ Theorem
[DK70]) reveals that

o lG-al__G-c| _2|G-¢|
SN (G =AM (G) T o or2)2 o2

|sin ®(U,U*)

where we have used the fact \,.(G*) = 0*2. The above bounds taken collectively imply that, with probability
at least 1 — O(d—19),

IUR-U"|| <

2V2||G — G*
HJ:QH ,S ggeneral- (58)

6.3.2 Statistical accuracy measured by |-, .,

Before continuing to the proof, we find it convenient to introduce a few more notations. In addition to the
rotation matrix R defined in (14) and the linear transformation H defined in (49), we define

sgn (H) :=UV " e Rhx%, (59)

where the columns of U € R4 %% (resp. V € R4 X1 are the left (resp. right) singular vectors of H. It is
well-known that [TB77, Theorem 2]
R =sgn(H). (60)
We now move on to establishing the advertised bound (16b).

1. To begin with, we claim that UH is extremely close to UR, provided that |G — G*|| is sufficiently
small. To this end, recognizing that |G — G*|| < (op < 02 (according to Lemma 1 and Fact 1), we can
apply [AFWZ17, Lemma 3] to show that

[H|<1 and  /|[H—sgn(H)| < ||[UUT —-UU"T| S Cop

*27
or

where the last inequality follows from (58). Thus, invoke the identity (60) to arrive at
|[UH -~ UR)|,,, = |UH — Usgn (H)|,,, = |[UHH"'(H — sgn (H))
<UH|, . [[H| | H — sgn (H)|

G ) G
S (52) Wl <

ox2
This in turn allows us to focus attention on bounding [UH — U*||, . (instead of |[UR — U*||, ).

HQ,OO

|UH||27OC . (61)

T

25



2. Next, recall that G* = U*S*2U*" and hence G*U*(X*)~2 = U*. Invoke the triangle inequality to

reach

[UH -0, ., = [UH - GU* (=) + qU* (3" — a0 (277,

<|(G-GU* (=)~ +|UH -GU* (=9)7*|,

o

<G =GOy [ (=77 |+ |UH - GU* (=) 7,
1 _
< G G- G U o + [UH - GU (=), .

Regarding the first term of (62), Lemma 2 reveals that with probability at least 1 — O (d_lo),

1 Cop + (147

w12
(G- G*)U*| <& Hr
ox? 2,00 ~v ox? dy

With regards to the second term of (62), Lemma 3 demonstrates that

Cop + 14713
or - v s 2, < ) (o, )

with probability at least 1 — O (d~'°). Combine (63) and (64) to arrive at

K2 (Cop + 147115 0 ) pir
e H — .
2= (Ul + )

IUH -U"|; <

3. As a byproduct of (65) and Fact 1, we see that

r
||UH_U*H2,00 < HUH||2,OO+ dil
It then follows from the triangle inequality that
* * MT‘
WU H 5 00 < NUH = Ullly,o0 + U o 00 S 0 (D NUHl o + 4/ 7

thus indicating that

UH <21/
|| ||200 — dl

Substitution into (61) and (65) gives

2 *|2
op + [ A5 oo
|UH —UR], <<<°p L and [UH-U*||,.. < (Cop + 14" . ) il
o d1 0 0':2 d1

T

Combining the above results yields

[UR-U"|y, <|UH -U"|ly, + |[UH - UR],

||2,oo —

2
< Hz(COp + HA*HZOO) ﬂ
~ 0’:2 dl ’

Substituting the value of (o, into the above inequality and using the upper bound [|A*[|5 <

(cf. Lemma 11), we conclude the proof.
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7 Discussion

This paper has explored spectral methods tailored to subspace estimation for low-rank matrices with missing
entries. In comparison to prior literature, our findings are particularly interesting when the column dimension
do far exceeds the row dimension d;. In many scenarios, even though the observed data are either too noisy
or too incomplete to support reliable recovery of the entire matrix (so that prior matrix completion results
often become inapplicable), they might still be informative enough if the purpose is merely to estimate the
column subspace of the unknown matrix. In fact, this suggests a potentially useful paradigm for privacy-
preserving estimation or learning: the inability to recover the entire matrix facilitates the protection of
personal data, yet it is still possible to retrieve useful subspace information for inference and learning. Our
main contribution lies in establishing /5 ., statistical guarantees for subspace estimation, therefore providing
a stronger form of performance guarantees compared to the usual /5 perturbation bounds.

Moving forward, there are many directions that are worth pursuing. For example, our current theory is
likely suboptimal with respect to the dependence on the rank r and the condition number . For instance,
the conditions (15) and the risk bound (17) involve high-order polynomials of x in multiple places, and
the rank r in our current theory cannot exceed the order of dj/k?*; all of these might be improvable via
more refined analysis. In addition, it is natural to wonder whether we can extend our algorithm and theory
to accommodate more general sampling patterns. Going beyond estimation, an important direction lies in
statistical inference and uncertainty quantification for subspace estimation, namely, how to construct valid
and hopefully optimal confidence regions that are likely to contain the unknown column subspace? It would
also be interesting to investigate how to incorporate other structural prior (e.g. sparsity) to further reduce the
sample complexity and/or improve the estimation accuracy. Finally, another interesting avenue for future
exploration is the extension to distributed or decentralized settings.
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A Proofs for corollaries

A.1 Proof of Corollary 1

Recall that the spectral algorithm considered herein (cf. Section 4.1) operates upon the noisy copy of the
mode-1 matricization of the tensor T, namely,

A=) wl (wiew!)' . (67)
s=1

Consequently, in order to apply Theorem 1, the main step boils down to estimating the spectrum and the
incoherence parameters of A*. Specifically, we need to upper bound the condition number «, as well as the
incoherence parameters pig, 41 and ps as introduced in Definition 1.

Before proceeding, we introduce a few notations that simplify the presentation. Define

A= iy, 1<i<,
and let A\(;) denote the i-th largest value in {Ar}._,. We also recall that

*

. 3 3
minszlg_lgrllwi*llg and A = magrllw2||2-

max ISZ
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In addition, we define two matrices of interest

W=, W] R W*=[w ew, -, w ow]ecR "
a1b
where wj = w}/||w}],, and a ® b := : |. In addition, let D* € R™*" be a diagonal matrix with
agb

diagonal entries
D;S = |lwill,, 1<s<r.

These allow us to express
G = A"AT =W DWW DHW"
In the sequel, we begin by quantifying the spectrum of G*, which in turn allows us to understand the
spectrum of A*.

o We first look at the eigenvalues of the matrices W W and W*TW*. Towards this, let us write
w W= I.+C, and W W*=1,+C (68)
for some matrices C, C € R™". Tt follows immediately from the incoherence assumption (27) that
ICl < Vis/d — and  [|6]|, < s/
thus leading to the simple bounds

ICl <€l < rasd, €] < r||C]. < usr/d. (69)

These taken collectively with (68) and Weyl’s inequality yield

max
i€(r]

)\Z(WH—W) - 1’ <|IC|| < r/us/d and max

i€[r]

N(WTW*) = 1| < | €| < psr/d,
which essentially tell us that

W7 = \/Al(W*TW*) < \/1 +r/us/d  and W] = (M (WHTWH) < /1 psr/d. (70)

e Returning to G*, one invokes the definition (68) to deduce that

G =W 'D*W' + W' D?*CD*W"'.

Observe that the eigenvalues of W' D*3 (W*D*?’)—r are identical to those of (W*D*?’)TW*D*?’, where
the latter can be further decomposed as follows (in view of (68))

(W*D*S)TW*D*S _ D*?’W*TW*D*?’ — D* + DS CD*.

This taken together with Weyl’s inequality, (69) and (70) shows that

)\Z—(W*D*GW*T) . )\Z(D*G)‘ < HD*?)CD*?)H < ||D*||6 ||CH <r )% )\:n2ax

for each 1 < i < r. In addition,

7M@) - M (W D W )| < [ W' D2 ED W || < [W'| | |6 < 1 (1 Ty /‘j;) N2

As a result, invoke the triangle inequality to see that

A (@)~ (D) <

XN (G) = N(W D W) | 4 [\ (W D W) — (D)
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<0 (v B ) it B k<o B2,

for each 1 < i < r, where the last inequality holds under the assumption that r1/us/d < 1. This means
M5 | 42

A=A
d max’

and the rank assumption r < ky2/d/ s, we find

Xi (G7) —

where A7) denotes the i-th largest value in A},

e Recalling that p. := max {,ug,u4} Fte i = Aax/ AL
that

min

MG =N2+0 (r\/;> N2, and oy (AY) =X (L+o(1). (71)

As a result, we immediately arrive at

01 (A*) < K.

1A = N (L+0(1)s o (A) =N (Lto(1),  and k=2 S

Next, we turn attention to bounding the incoherence parameters of A*. Let A* = U*X*V*T be the
(compact) SVD of A*. It is seen from (67) that the column space of U* (resp. V*) coincides with the

column space of w” (resp. W*) Therefore, there exist orthonormal matrices H; and Hs such that

—1/2 —1/2

* * Ev 7d T —1/2 Har 1 M r 2,u r
10 = 10" Hilly oo < W7, (W™ W) < ﬁ%r TaET %\/ i<V a

* = 1/2 pir NQT < )2
IVl = IV il o [ 7 T) %) < 2 V W*TW* i‘z\/ v

UH, =W (W W) and  V*Hy, = W*(W*TW*)

These allow us to bound

Z/\

/\

which follow from (70) and the assumption that r < \/d/us. Moreover, the incoherence assumption (27)
gives that

A @ T
- * 2 - % 2
[ATH |T+|%

To conclude, the above analysis reveals that

po<ps, g Spa, peSpi o pSmax{us il = and kS ke
where p = max {uo, 1, p2} and & = o1 (A*) /o, (A*). With these estimates in place, Corollary 1 follows
immediately from Theorem 1.
A.2 Proof of Corollary 2

In the problem of covariance estimation with missing data, the ground truth A* is effectively given by B* F*,
which obeys
A*:B*F*:U*A*1/2F*€Rdxn, F*:[.fl*,"' ,f;:] c Rrxn

with f i N (0, I,.).We note that by our assumption on the sample size, one has n > k2, (r + log d), where
Kee = AT/A5. In addition, we note that under the assumption of Corollary 2, one has

e < kgt <1, (72)

where € and ke are defined in (38) and (35), respectively.
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A.2.1 Estimation error of the principle subspace

In this section, we will prove (37a) and (37b). To begin the proof, we verify the condition of the random
noise (cf. (10)). From standard Gaussian concentration results, one is allowed to choose R < o+/log(n + d),
so that |n; ;| < R for all i and j with probability 1 — O((n + d)~'?). Under our sample size condition that

6 3
n > max { log d(pn;rd), g (pmrd) }, the requirement (10) is satisfied, namely,

R? { pVidn pn }

— =<1 d) < mi
o2 og(n +d) 5 min log (n + d)’ log (n + d)

Next, we turn to the properties of B*F* and start by looking at its spectrum. Define
C:=FF T —nI,,
which allows us to write

G* = B*F* (B*F*)T — U*A*I/QF*F*TA*I/QU*T _ nU*A*U*T +U*A*1/20A*1/2U*T ) (73)
=8* = A

Using standard results on Gaussian random matrices [Verl2], one obtains

IC| 5max{ﬂ(ﬁ+ Vlog(n—kd)),r—klog(n—i—d)} = v/n (Vr++/log (n+d)),
o3 (F*) = v/n| < V/r+ /log (n + d) (74)

with probability at least 1 — O( (n+ d)flo), provided that n > r + log(n + d). It then follows from Weyl’s
inequality that

X (G*) = Ai (n8%)| = X (G*) = Ain| < [|A[| < [IC] [U*|” A" S MV (Vi + Viog (n+d)). (75)

Under the sample size assumption n > k2 (r + log (n + d)), we conclude that

MG =Nn(l+0(1)  and oy (B*F*) = /A (L+o(1)), (76)
and hence
K (GF) = ilggi “ ke and  K(B'F*) = m < i (77)

Further, we look at the entrywise infinity norm of B*F*. From standard Gaussian concentration in-
equalities,

[ B F*[| , = max; ;

<(U*A*1/2)i . f]*>
AT 1 +d
< Uy A2 o T ) < At 08 (4D

holds with probability at least 1 — O( (n + d)fw ). Meanwhile, one has

< uran, Viegn+d)

By > |B g 0r (F7) = |A*2]| o (F*) 2 V/Nrm = |- Xirn,
I e > B[l o (F*) = || pOr(F7) 2 VAT i

Kce

where the last step follows from (76) and (77). As a result,

1 d
|wwwm<¢%%f§”*’3wwp (78)

Recalling the definition of g in (5), one obtains

to < peekice log (n + d) . (79)
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When it comes to the incoherence parameters pq and pg (cf. (6)), it can be easily verified that

2
H1 = - ||U*||2,oo = Hce-

In addition, recognizing the existence of an orthonormal matrix Hy such that V*Hy, = F*T (F*F*T)~1/2,
we can bound

IVl = IV Eally o < [ F<T, . || ()2 € YtV I8t )

o (F)
(2) VT + +/log (n + d) (‘“) \/'rlog n+d
~ n—r—+/log (n+d) Vn
where (i) follows from the standard Gaussian concentration result that | | F*T H2 VT | < V/log (n + d) with

probability 1 — O( (n + d)~? ), (ii) arises from (74), and (iii) holds true under our sample size assumption.
Consequently, we obtain

Slog(n+d).

~

n 2
Ho = - HV*”z,oo
Thus far, we have shown that

oy < VA, o S feekice log (n+d), 1 =fice, p2Slog(n+d), p3peekicelog(n+d) and K< \/kee,

where of = o} (B*F*), u = max {uo, p1,p2} and k = k (B*F*). Under the sample size assumption (36)

and the rank condition r < R it is straightforward to verify the condition (15) is satisfied, i.e.

P> maX{MceIiger log3 (n4d) ficekdr 10g3 (n+ d)} S max{”“4r10g2 (n+d) px rlog n+ d) }
Vin ’ ~ vdn ’
o o . . P
— XX <
oy Arn mm{,/ Vdn log (n+d)’ dlog (n+d) }len{m Ydidy \/logd’ ,%3 logd}
d d
r < =

2 4"
nu‘Ce‘%ce MlKJ

Applying Theorem 1 immediately establishes the claims (37a) and (37b) in Corollary 2. Along the way, we
have also established the following upper bound (see Lemma 1), which will be useful in the sequel:

G =G| S A (GF) - Ece < AT - Ece. (80)

Here, we recall that G = p%’Pofr-diag (Pa(X)Po(X)T).

A.2.2 Estimation error of the covariance matrix

It remains to prove (37c) and (37d). Before proceeding, we first recall that UAU " is the top-r eigendecom-
position of G,

1
S =AY2 B= TUZ, B* =U*A*Y? and R=argmin||UQ —U*|;. (81)
n Qecorxr

Let us also define

K :=argmin ||BQ — B*||p .
QeOrxr

It is well known that the minimizer K is given by [TB77]
K = sgn (BTB*) ,
where the sgn(-) function is defined in (59). Since K is an orthonormal matrix, one can express

S-S8*=(BK)(BK)' - B*'B*" = (BK — B*)(BK)' + B* (BK — B*)". (82)
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As a result, everything boils down to controlling || BK — B*|| and | BK — B*||, . To this end, we use (81)
to reach the following useful decomposition

1 1
BK — B* = TUA”Q (K-R)+U (fAl/QR — RA*W) +(UR-U*) A2, (83)
n

n

Given that U%AUT is the top-r eigendecomposition of %G, an important step lies in controlling the
difference between LG and S*. Recalling the matrix A as defined in (73), one can use (75), (80) as well as
the definition of & (cf. (38)) to obtain

1 * 1 * 1 * * 1 * 1
la-s an—G”+HG s =tie-as Lya
1
S A (G Ece+f(f+\/logn+d) A% Eces

where the last inequality makes use of the identity A,.(G*) =< n\*. Hence, apply [MWCC17, Lemma 46,
Lemma 47| (with slight modification on ) and Weyl’s inequality to show that

£(S*) |1
~ VA (S%)

/K S*
1K — R||< H G- 8"

H\}EAWR — RA*/? S e VS - Eces (84)

\/@ : 5ce~ (85)

In addition, it follows from Weyl’s inequality that

1
gA—A* S Y- Eces

which combined with (72) gives

1 1 * * * * *
LIV EY Y PN PR (56)

under our assumptions.

We are ready to upper bound the difference between BK — B*. Plugging (37a), (84) (85) and (86) into
(83) shows that

IBK B < A

Hce)\f Ece + Kee V )\7’: “Ece + V )\I < Eece
5 Rce/ )\T “Eee- (87)
Since K € O™*", this also implies that
Bl = |BK| < [[BK = B*|| + [[B*[| < fice VAT * €ce + /AT < VAT, (88)

where the last step results from (72). In addition, (37b), (72) and the fact that R € O"*" guarantees that

V2K~ R| + H}AWR— RA|| 1 [UR - U A2
n

/ 1 d / e 1 d
HU||27OO — ||U1?,||2700 S HUR— U*|‘2,OO+||U*||200 < /423/25 HeeT Og 77z+ ,queT \/Hc HeeT Og 7’L+ )

Consequently, it follows from the decomposition (83) that

|BK — B” +IIUR = Ul o 1A%/

oo < A K R||+||U2WH AVZR _ RAL?

7
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< \/’{ge/‘ceTAf;Og(n +d) St \/’fgeﬂcer)‘qtcll()g(n +d) Eo + \/ﬁgeﬂcer)‘fcl;g (n+d) Eee

L ficer N | d
= \/ L e, (89)

Combining (89) and (72) gives that

N N K3 e A} log (n + d) e AT
||B||200*||BKH200§”BK B ||200+||B ||200~\/ ld Sce+ Tl

e AT 1 d
g\/u rAY odg(n—l- )7 (90)

where we use the fact that [|B*|, ,, = [|[U*A*/2|, < [[U*],. IA* M2 < \V/lieerAt/d and Ece < ).
To finish up, we substitute (87) and (88) into (82) to find that
IS -8 < |BK - B*||([|B*[| + |BK||) < |[BK — B*| (|B*|| + [ BI))
< KeeA] * Ece.

Combining (89) and (90) reveals that
IS = 8"l < IBK = B*[l, o (I1BEK|ly o + 1B*lly,0c) < IBK = By o (1Blly,oc + 1B*ll2,0)

Keellce A1 log (n + d)
~ d

We have therefore established all claims.

- Ece-

A.3 Proof of Corollary 3

Recall from our calculation (42) that

AF = ]E[A] — (Qin - QOLg) \/mu*/v*-r

is a rank-1 matrix, where
1 1 1 1
u = —— /2 and v’ = —— /2 } .
V Lz |: 1nu/2 :| V Ty |: 1"'U/2

Let u € R™ be the leading eigenvector of G (cf. (12) and Algorithm 4). To establish Corollary 3, the main
step boils down to showing that, under the conditions of Corollary 3,

min {flu — u”f|, ;s [lu+u Ebsbrm, (91)

Ve

holds with probability exceeding 1 — O (n’lo), where

; logn Nt logn 1
Ebsbm = fin 3 5 fin A . (92)
(qin — qout) V Ty Gin — Gout Ny van
If this claim (91) holds, then under our condition (43) one has Epspm < 1, and hence
. 1
min { |u —u*|| . lu+u*]} < Sbsbm<—nu.
In other words, one has either sign(u;) = sign(u}) for all 1 < ¢ < n,, or sign(u;) = —sign(u}) for all

1 < i < n,. This tells us that the entrywise rounding operation applied to u is sufficient to recover exactly
the community memberships of all nodes in U.

The rest of the proof is devoted to establishing the claim (91). In order to apply Theorem 1, it suffices to
estimate the spectrum and the incoherence parameters of A*, as well as some simple statistical properties
of N:=A— A"
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e We begin by looking at A*, which has rank 1 and satisfies

Qin — q Ty T in — 1 1
oy (A7) = Un Ztow) Tty gy e o L L
2 2 /Moy A/ Moy
Recalling the definition of pg, p1, 2 in (5) and (6), we obtain
Ny 1 2 2 2
a IIX*|T2 (AL =1,  m=n.u =1 p=nlv,=1 &=L
F

e Next, we consider the maximum magnitude R and the maximum variance o2 of all entries of IN (see
Assumption 2). Clearly, one has

R = max |Ni,j| S ].,
2¥)

U2 = H%E}XVBI’(NL]‘) = mmax {Qin(l - Qin), C]out(1 - QOut)} < max {QimQOut} = (in,

which follows since N; ; is a centered Bernoulli random variable with parameter either g, or gout. From
the assumption (43) and the fact ¢2 > (gin — gout)?, we know that
2
in — logn logn
(Gin — Gout) s Jogn  logn

Gin VT Ny

Putting the above estimates together, we can straightforwardly verify the random noise requirement (10),

Gin Z

namely,
R72 < 1 < min{./nunq,,nv}'
o2 ™~ gn ™ logn

With the preceding bounds in place, Corollary 3 is an immediate consequence of Theorem 1.

B Proofs for key lemmas

This section aims to establish the key lemmas listed in Section 6.2.

B.1 Auxiliary quantities, notation, and preliminary facts

To simplify our treatment, the proofs shall consider the influence of missing data and that of noise altogether.
Specifically, throughout this section, we shall define a rescaled version of A as follows

A :=1A= A"+ EcRM*®, (93)
where the matrix F represents the aggregate perturbation

E:=1Pg(A%) - A" + 1Po (N). (94)

o
Clearly, E € R%*% is a random matrix with independent zero-mean entries and E[A%] = A*. In addition,
we define the corresponding leave-one-out and leave-two-out versions

AR = LA™, (95)
A (D) %A(m,l), (96)

foreach 1 <m <d;,1 <1 <ds.
As we shall see momentarily, it is convenient to introduce the following quantities regarding the above per-

; (2) maxie(a,) jeran) \/E [E7;]5 (3) maxie(a,) /2 eian E [E25]5

(4) max;e(qg,] Zie[dl] E [EZQ j}. In our settings, it is easy to verify — using the definition of incoherence

turbation matrix E: (1) max;c(a,] je[d,] | Pi,j
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parameters (cf. Definition 1), the assumptions of the random noise (cf. Assumption 2), and Lemma 11 —
that the quantities defined above admit the following upper bounds

_ A+ R _ i N omin { Vdidz, Vd2 }

max E; il < < =: B, 97a

i€[d:],j€lds] 1By p Vdida p Vplogd (87e)
1Al [r o

max E |E: — < oy — = 0co, 97b

i€[d1],j€[d2] [ ’j] f dldgp \[ ( )

A* OoJrcr\/ m /
Zrél[%i{] Z [ ] ” ”2 dl =! Orow) (970)
JEldz]
HA*THQ +ovd T dq
E[E2] < .00 <oty /—+ oy — = 0cal, 97d
selic iez[:dl] =5 Vb =Wap T T o

with probability exceeding 1—O(d~1?). Further, the following lemma singles out a few other useful properties
about these quantities (to be established in Appendix B.6), which will be useful throughout the proof.

Lemma 5. Instate the assumptions of Theorem 1. Then with probability at least 1 — O (d_lz), we have

min {\/ OrowOcols Jrow}
B< (98a)
Vlogd

'S T
@SH%MMW%ﬁ%MMMNﬂiﬁ (98b)

Blog®? d | A*
\/ﬂ e ”2 ”°°; (98c)
dy | A]]
*2 2 2 * 2 * 112 di 10g d *T *
o> max{fi OcolOrow 10g d, K~ 0col\/log d || A, K [|A™]]5 o s Orow |A H2 - Blogd|[A"| }
(98d)
B.2 Proof of Lemma 1
The main component of the proof is to demonstrate that
G — G*| < (0row + Ocol) (Ucol + HA*THQ’OO ) logd + ocoi/log d || A™|| + ||A*||§,oo' (99)
=:00p
By substituting the values of o0y and oeo (cf. (97)) into the above expression, one derives
bop S Gop + 14" B (100

where (,p is defined in (48). Therefore, Lemma 1 is an immediate consequence of (99) and (100). The
remainder of the proof amounts to justifying (99).

Recall the definitions of G and G* in (13) and (47), respectively. Given that A° = A* + E, we can
expand

G_-G* = offdiag (AsAsT) o A*A*T _ Poff-diag (AsAsT o A*A*T) o Pdiag (A*A*T)
= Foff-diag (EET) + Poff—diag (A*ET + EA*T) - Pdiag (A*A*T) 5 (101)

where Pofr_diag and Pgiag are defined in Section 2.2. In what follows, we control these three terms separately.
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B.2.1 Step 1: bounding the term Pg_diag (EET)

We first consider the term Pof_diag (EET) Since {E; ;} are independent zero-mean random vari-

i€ldy],j€ld2]
ables, we can express

Potiog (EE') =) (B E] — D) (102)

as a sum of independent zero-mean random matrices, where D; is a random diagonal matrix in R%*% with
entries

(Dl)m' = E} (103)

R

We intend to invoke the truncated matrix Bernstein inequality [HSSS16, Proposition A.7] to control the
spectral norm of (102). To this end, we need to look at a few quantities.

e We first bound the spectral norm of the following covariance matrix

2
Sne =3, 1o, B [(E:JE:] - D) } ¢ RéXd

Straightforward computation reveals that X, is a diagonal matrix with entries

(Ens)i,’i = Zl§l§d2 E [E?,l] me?ﬁzE [E727L,l] S U?OWO—EOI

for each 1 < i < d;. This immediately reveals that

Vis 1= ||2ns|| < U (104)

2
row% col*

e Next, we turn to upper bounding the spectral norm of each summand E:JE:TI — D;. As shown in the
proof of Lemma 12, one has

2 3 2t
IP’{‘HE:JHZfMl’Zt}SZeXp — min A t>0,

where M7, L1 and V;j are given respectively by

M, :=E [HE il ]

Ly:= max |E?, —E[E}|]| <2B?,

— 2 2 2
Vi = Zlgigdl Var (E?)) < B%02,
In addition, with probability exceeding 1 — O (d_QO),

|E.||3 < My + Lilogd + /Vilogd < 02 + B*logd + / B202, log d

= B?logd + o2, (105)

= col’

where the last line comes from the AM-GM inequality 21/B202,logd < B?logd + 02,. This together
with the definition D, := diag(EZl, e Eﬁhl) gives

|ELE], - Di|| < |B.ll; + 1D]| < 2| Bl S B*logd + o,

col*

Therefore, if we set
Ly = C (B*logd + 02,) (106)

for some sufficiently large constant C' > 0, then the above argument reveals that
C C
Lns > 3 (Ml + Lylogd + /W1 10gd> > 3 max{\/Vl logd, Ly logd} .
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e In addition, one can easily bound that

E (IB.A31 {113 > Lus}| < LooP {IB.0ll} 2 Los } +/ P{IE.I} > t}at
LnS

<0 (d) Lns+/ IP{HE;JHg zt}dt.

ns

Moreover, we know that min {tz/Vl, t/Ll} >t/ max {\/Vl/ log d, Ll} for any t > Lns/2. As a result, for
sufficiently large d, we have

* 2 o 2 t
IP’{||E:,[||2 > t} < | P )||E;,l||2 - M1’ >3t
LI’!S LI’!S
o0 3 2t })
<4 exp | ——= min dt
- /;Lns p< {Vl Ly

*° 3
<4 dt
o /;LHSCXP< Smax{«/Vl/log L1}>

<maX{\/V1/TgL1}eXp< 16maX{\/Vf/Tng}>

< max{\/Vl/log Ll} exp (Clogd>

L
<z

provided that C' > 0 is sufficiently large. Consequently, we have
R = E[|[B.0B] ~ Di[[ 1 {|[B.1E], - Dy > L))
Lo

2 2
<E[2|B31 {20E.03 > Ln}] < 7. (107)

With estimates (104), (106) and (107) in place, we are ready to apply the truncated matrix Bernstein
inequality [HSSS16, Proposition A.7] to obtain that, with probability at least 1 — O (d~1°),

||Poff—diag (EET) H = H Zlglgdg E:,ZE;TZ - DZH 5 d2 Rys + Lis 10gd+ V Vs 1Ogd

= Lpslogd + v/ Vislogd
< B%log?d + 02, logd + 0row0col\/ log d
S, Ocol (Urow + Ucol) IOg d, (108)

where the last line results from the identity B?logd < 0ron0col (See (982)).

B.2.2 Step 2: bounding the term Pg_diag (A*ET + EA*T)

Next, we turn attention to Pofr_diag (A*E—r + EA*T). By symmetry, it suffices to control to the spectral
norm of Pofr-diag (A*ET). To this end, we first express

Ty _ T_ 9N
Poftdiog (A*E ") = Zlggdz (A%E], - Dy) (109)
as a sum of independent zero-mean random matrices, where ﬁl is a diagonal matrix obeying

(ﬁl)i,i = A:,lEi,% (110)
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To control (109), we need to first look at two matrices defined as follows

f)crs = ZlglgdzE[(AilEjl )( *ZET )T};
~ T

Sas =, 10, B[ (ALEL - D)) T (43,E] - D).

Straightforward computation shows that

$ * 2 .
(Ben)ss = 2o,y ATE 1B - B, i€l

3 2 . .
(Sew)iy = Do pey, AVALE [|Blls — B2~ B2, i)

and e € RO X1 g g diagonal matrix with entries

(icrs)i;i = Zlglgdg (HA*JHE - A;:%) ]E [Efyl] ’ [ € [dl] :

Hence we have

T
< I L Vo
HZ:C"SH lgi}é crs),L b~ "OW A 2,00

To control the spectral norm of f]crs, we further decompose it as f]crs = f]lcrs — 3" where

Ccrs?
~, 5 _
(Bes)is = Do cre, ATE[IBAE] . i € ),
S * * 2 . .
(Zch)i,j = Zlglng Ai,lAj,lE [”E:,IHQ] , L# 7,

and

~1

(Bew)is = Dy yey, AIE[EL] i€ i),
(Be)is = Drercg, AALE [EL T BL] L i 4

e The spectral norm of S _can be easily upper bounded by

crs

IZl < s B [1003] 4747 < 2 ")

C'S‘ 1<1<ds

e Regarding s

(111)

(112)

s, We first decompose f]'c',s + Pdiag( as) = B1 + Ba, where the diagonal entries of By and

B, are identical and equal to >, ., & AZ*%IE[EE l], 1 <4 < ds) while their off-diagonal parts are given

)

by

(Bl)i,j = Zlgl§d2 A;,Z]E [Ezl] A;J and (Bg)iﬂ' = Zl§l§d2 A;JA;J]E [EJQJ] ’

Let C be a matrix in R4*% with entries C;; = A7 E [Efj] One can easily check that B; =

Zlglng C’;,ZA:*jr = CA*" and develop an upper bound
1B < [CIHA*[| < [Cllg [ A*]] < o5 [IA*[| [ A}

Note that the same bound also holds for B,. Therefore, we arrive at

~ 1/ ~1 ~ 1/ ’ ~ 1/

"Pd'ag( crs) H + de'ag( cr5> + EchH < ‘Pd'ag( ch) H + [1B1l + | Bzl
0% 1A 15,00 + 02 A% 1 A7)

< 0% A5 00 + 0% VT [ AT

< 202,V | A*)7,

H crs
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where we have used the facts that |A*, < [[A*[| and [[A*[|z < /7 [|A*||. Consequently, the above
bounds taken collectively yield

[Besl| < [[Zersll + [[Besll S (0% + 0% vr) AN = o2 A2, (113)
where the last step uses (97b) and (97d).
Putting (111), (112) and (113) together yields
Vars 1= maX{Hg}crsHa HECFSH} ’S o-gol ||A*H2 + 0'r20w HA*TH;OO . (114)

Second, we turn to the spectral norm of each summand A*IETZ — ﬁl. Recalling the definition that
ﬁl = diag(A’ilElJ, ceey Agl,lEdlxl)’ we can obtain

Az E] - Di|| < [|AL |, 1Bl + | Dl < 2| A%, 1B, < 2[|AT]], o 1 Ell,
Set
Lers := C\/Lins ||A*T||2’OO = (0col + By/log d) |}A*T||2’oo, (115)

where Ly is defined in (106) and C > 0 is some sufficiently large universal constant. Then with probability
at least 1 — O (d’zo), one has

HA*,lETl - ﬁl” <2 HA*THQ,OO HEIJHQ S Lerss

where the last inequality comes from (105).
Third, we need to control

Rew = E || A3, E], - Di| 1{]| 43 - Dy > Lew).

From Jensen’s inequality and (107), we know that

2 2 VL
E I, 1{ IE.il, = vIw}] < \/JE B3 L 1Bal > Los}| < 2.

By the definition of L in (115) and the fact that

{I1Azl, 1Bl = La} € {14 T |y o0 IE-illy = Lars | = {I1Btlly = CV/Tns |

one has

Res <E[2 ][ A%, 1Ball, 12 A%, 1 Bl = Le}]

c
STy o B[ 1Bl 1{ I Betlly = 5 VT

< é A", o V/Lns = %. (116)

With (114), (115) and (116) in place, we can apply the truncated matrix Bernstein inequality to obtain
that, with with probability at least 1 — O (d_lo),

Hpoff—diag (A*ET)H S || ZISZSdQ (A*JET[ - ﬁl)“ ,S dQRcrs + Lcrs 10gd+ V V::rs IOgd

= Laslogd + / Vs logd
< (oco| logd + B log‘q’/2 d) ||A*T||2,oo + ovow/log d HA*THZOO + oo/ log d || A%]|
< (Orow + 0co) logd || A*T 5,00 + TcolV/I0g d || A" (117)

under the condition (98a) that By/logd < \/Trow0col < max {Trow, Ocol }-
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B.2.3 Step 3: combining Step 1 and Step 2
Taking together (108), (117) and (101), we conclude that
||G - G*H S (O'row + Ucol) (Ucol + ||A*T||2’oo ) logd + ool V log d ||A*|| + ||7Ddiag (A*A*T) ||
,S (Urow + Ucol) (Ucol + ||44*T||27Oo ) 10gd+ Ocol V/ IOgd ||A*|| + ||A*||§,oo ’

where we have used the basic property deiag (A*A*T) H = ||A*||;Oo.

B.3 Proof of Lemma 2

We first claim that, for any fixed matrix W, with probability at least 1 — O(d~'°), the following holds for
any 1 <m <dj:

(G = G, Wl S (0co (010w + 1471500 ) VVIog d + Blogd | A", + [ A*]15 0 ) Wl o
+U,OW\/1ogd||A*TH27OO W] . (118)
In particular, taking W = U™* gives

ur
16 =6 U], S Sy

where

dilogd
Brow = 0ot (0w + |47 ) Viog d + Blogd | A%l g + 4/ =2 oo AT, o + 147 3 - (119)

Using the values of B, 0, 0row and o, specified in (97), one can easily verify that
Brow S Gop + 14113 oc - (120)

where (o is defined in (48). This leads to the advertised bound.
The rest of the proof is thus devoted to proving the claim (118). Recall the definitions of G and G* in
(13) and (47). For any m,i € [d1], we can expand
(G - G*)mﬂ' = <Afn,:’ A§,> - <A:n,:7 A:,> = <Em,17 Ei,1> + <A;1,:7Ei,:> + <Em,i7 A;:>7 { 7é m;
* * 2
(G_G*)mm’LZ_G :_HA ||2

m,m m,:

This allows us to derive

|G -6, Wi, <X, (Bn. Bi) Wi,

‘ 2

|+ G W], - (121)

’2 + H lesém <A:n,:’ Ei,:> Wiﬁ
Zi:i#»m <Em7:’ A;:>Wi,:

We shall control each of these four terms separately.

|

e For the first term on the right-hand side of (121), we know that

Zi:i;&m (B, Bis) Wi: = Z(z‘,j):i;ém B i Ei jWi:

is a sum of independent zero-mean random vectors conditional on {E,, ; }j €lda]’ In view of the matrix
Bernstein inequality, it suffices to control the following two quantities

L= max ||Ep ;B ;jW;.|, < H}E}X|Ei,j|2 W]

2
(i.3)i#m 200 S BT IWIl; o s
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Vii= D i BB LB Wil < IW o0 > ED 5 >0 B [EL) < IW a0 Y En s

where B and o, are defined in (97). According to Lemma 12, the following holds with probability at
least 1 — O (d_lz)7

2 2
‘/1 ~ col ( r20w + B2 log d) ||W||2,oo = o-golo'?ow ||W||27ooa

where we use the condition (98a) (namely, B < orow/v10gd). Apply the matrix Bernstein inequality to
demonstrate that with probability exceeding 1= O(d=12),

H D i B Bi ) Wi, ‘2 < Lilogd+/Vilogd < (B>logd + 0co0rouy/10g d) [W |, .
=< ocol0rowV/ 10g d[[W ][, o (122)
where the last line follows from (98a) (i.e. B < \/0row0col/ logd).

e Regarding the second term on the right-hand side of (121), apply the same argument as above to show

that
|3, (A B Wi S (00| A" o + Blogd [ A" ) [Waoo  (123)

holds with probability at least 1 — O (d_12).

e Turning to the third term on the right-hand side of (121), we have

H Zz‘n‘;ﬁm (B, A ) Wi, ‘2 = H Zl§j§d2 Ermj (A*TW>J‘,: ‘

where the summands are independent zero-mean random vectors. Let us compute that

9

2

Ly = max [ By (ATW), || < B AW, < B AT, IW:

V=3 B (W), <o

2 AT <o, AT WP

o |

Then the matrix Bernstein inequality reveals that with probability exceeding 1 — O (d*u) ,

H N By (AW, H2 < Lylogd+/Valogd S (Blogd + oouy/logd) [ A*T||, _ [ W]
J % :
= o/ Togd [ 47T |, . W], (124)
where the last line follows from the condition (98a) (i.e. B < grow/V10gd).

e The last term on the right-hand side of (121) can simply be upper bounded by

HGmm m, || < HA*

(125)
Putting (122), (123), (124) and (125) together yields

(G = G"), W,y S (vcor(0rom + 47 .00 ) Viog d 4 Blog d | A" |, + A3 0 ) I1W o
+oow/logd AT, W]

as claimed.
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B.4 Proof of Lemma 3
We claim for the moment that

* * 50 +6oo
|UH - GU* (=) 1|200N% <|UH||27OO+ ’CZ) (126)

where o is defined in (99), and djo, is defined as follows:

Oloo := TcolOrow 108 d + 0ol || A*]| v/10g d. (127)

Using the values of o,y and o specified in (97), one can easily see that 00 < Cop, Where (op is defined
n (48). In addition, recall that we have already shown that dop < Cop + [|A*||3 .. Putting these together
establishes the lemma.

We now start to prove the claim (126). To this end, consider an arbitrary m € [d;]. In view of [AFWZ17,
Lemma 1], we can decompose

*\—2 1
(wvH-6Uu (=)7?), | S =516 -G GnU |, + —5 |G UH-U",.  (128)
e To bound the first term of (128), we apply Lemma 2, (120) and Fact 1 to reach
* * * NT
||(G G )U HQooN row << 2 d
\/ "V
The triangle inequality then gives
wr
IGU* [l o < (G = G Uy oo + G U]l 0 S 077y @ (129)
This taken collectively with the upper bound on |G — G*|| (cf. (99)) gives
* * * * 60PK2 ur
p— IG = G*[| |G, U, < o Lle-a|eU ll2,00 < o\ (130)

e Turning to the second term of (128), we start with the following bound
|G (UH = U, < [|Gr.(UH U™ H™) ||, + |G (U™ H™ = U,
Lemma 2 tells us that

[Gm.olly < (G =G [y + G g0 S 0T Ul 00 < 07 U] = 07

which makes use of the fact that ||G*|, 12U || = 072||U*||2.00- This combined with
(133) (to be established shortly in the proof of Lemma 4) and the definitions of H and H(™) gives

|G (UH U H™) |, < |G [, |U H™ UHII
= ||Gn. LU T™T —vU U
< HGm,:||2||U(““U“")T -uu'|

o*2 ur
< U—;éuoo (IIUH|2}OO + \/dT)
T
< o (U] o+ [5). (131)

In addition, Lemma 10 shows that with probability at least 1 — O (d_n),

[Gon (DO —0*) |, S b1 [UH U, 480”2
’ 1
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< Bioo [UTH™||, + Gioo [U* 5,00 + dopi?, /’;{

.
< o [UH | o + (B0 + 3ep”) /7 (132)

where the inequality (132) results from (143) (also established shortly in the proof of Lemma 4).

Then claim immediately follows from (130), (131), (132) and the union bound.

B.5 Proof of Lemma 4
To begin with, recalling the definition of doo (cf. (127)), we claim that

HU(m)U(m) UUTHF 1 (Ucolarow logd + ool || A™ | \/10?) ( \UH]||, ,00 \/ Z) : (133)

=0loo

As mentioned before, one has djo0 S (op, from which the lemma follows immediately. The rest of the proof
thus boils down to proving the claim (133).
We shall apply the Davis-Kahan sin ©® theorem [DK70]| to derive

— GMm\y(m) — GmN\m)

134
A (GM) =X\ (G) — or? (134)
Here, the last inequality follows since, by Weyl’s inequality,
A (G) = \i1(G) >\, — |G — G*|| = M\41 (G*) - |G - G|
=o0;" = ||G(m) -&-e-¢
> 0122, (135)

where the last line follows since HG(m) - G*H < bop < 022 — an immediate consequence of Lemma 6 and
Condition (98d). As a side note, the fact HG(m) —G*|| < o}? also implies (according to [AFWZ17, Lemma 3])
| (E) ) <0, (136)

~

which will be useful later.
It remains to control the term H (G — G(m))U(m) HF in (134). Recall the definitions of G and G(™) in

(13) and (45), respectively. It is straightforward to see that G — G(™) is a rank-2 symmetric matrix with
nonzero entries located only in the m-th row and the m-th column. Simple calculation reveals that

(G-G"™), = (Bn, AL, i#m (137)
(G-G"™), =0 (138)
We can then derive
[(G-cmyut|, = (@ - o ae () < |6 - emutm | [E)

<G -],
<[P (G = GO H™ [ + [P (G = GO H (139)
where the second line arises due to (136), and Py, . (resp. P. ) is the projection onto the subspace of matrix

supported on {m} x [dz] (resp. [d1] x {m}).
To bound the first term of (139), we make the observation (using (137) and (138)) that

[P (G = GO H| = | (A2 =A%), [P (4] U H,
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Controlling this quantity requires the assistance of leave-two-out matrices. Here, we only state our bound:
with probability at least 1 — O (d_ll), one has

[P (G = G U H™
< Ocol (Trow log d + || A*|| v/log d) (HU HM, +,/Z:>. (140)

This bound will be restated in Lemma 7 and established in Appendix C. Turning to the second term of
(139), we apply Lemma 6 (also established in Appendix C) to obtain

PG = GO H, = (X, (@6 ) @), |
<6 -G |[lue ), .
S (0ea (1w + [ A% ) /o) [T 'l oc (141)
with probability at least 1 — O (d~'!). Hence, we can combine (140), (141) and (134) to yield
[ueue T —poT|,

5(Ucolvrowlogdmo.nA*nwog)(IIU“” "z o0 ZT)
’ 1

5|oo

(m) r(m) Hur
= i3 (||U .00 4/ d1>7 (142)

where §jo0 is defined in (127). As a result, the proof is complete as long as we can show that

[UH™|, < |UH]|,. + /Z—j. (143)

To finish up, it remains to justify this inequality (143). To this end, from the definitions of H("™) and H
we have

o, < (O U], U, .

=[mu™T —vu U,  + |UH]|,,
< umueT — gy o
=[[umUu™T —UU ||, + |UH|,,, - (144)

Under the condition (98d), it is easily seen that 10, < 02, This together with (142) gives
|[umu T — Ul < 05Ut H|, 405, /5 (145)
’ 1
which combined with (144) yields

[omH™|,  <2|UH]|,. + Z—: (146)

as claimed.

B.6 Proof of Lemma 5

We start with (98a). In view of the definitions of B, 0, 0w and oe in (97), we have with probability at
least 1 — O (cl_12)7

uror? N o2 min {\/dldg, d2}

B* =
d1dgp? plogd

)
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*2 2
9 uroi o°dy
= +

oY dwp p’
o — pra? N 2007 /T N o?/didy _ prot? N o2\/dids
T Vdidap 2 p Vdidzp P
where we have used the AM-GM inequality (i.e. 2007 /pr < i‘/% + 02y/d1dy) in the last line. Therefore,

B?logd < 0ron0cl  and  B?logd < o2,

hold as long as p 2 (dldg)_1/2 logd and p > dy ' logd.
The next step is to establish (98b). Let us consider the first inequality. By (97), it is easily seen that

2 _ HTO f2 2

g
o 9
> didap p
d

*2
N pr _ proi~logd . urlogd
Blogd||A = + { dida, \/d } .
ogd ||A%]| b Vi oot min § \/dida, \/da Do

As a consequence, the first inequality holds as long as % < min {\4/d1d2, Vds } W/Llogd which is satisfied
1

O e NP
by our noise assumption that 2 s < cwads Josd" To show the second inequality, we note that

32 logd d
N R .

d1

Recognizing that o || A*|| = 072, /%—i—ao{ , we prove the second inequality provided that p > d; * log d.

When it comes to (98¢): by virtue of Lemma 11 and (97), one has

Blog®?d |A || _ pr log®/? d oy/prlogd
2 S * 4 .
A dydap ot v/dids /D

3/2
Consequently, (98¢) holds provided p > 7%%2(1 and % < ¢ d2 ‘f , which holds under our assumptions
1

UK rlog d o NP
that p > Vads and 7% < BV, Viosd
Finally, using the deﬁmtlons in (97) and Lemma 11, one obtains the following bounds:

MT012IOgd 2\/d1d2 logd

Orow0 col IOg d =

Vdidy p
oeor/logd | A*|| = o7 “Ogd dllogd
A2 <W’01 .
- dy logd HA*THQOO < urlogd d; logd

uroy logd oo} urlog

hdep | Vhd b

Therefore, it is easy to verify (98d) under the assumptions of Theorem 1.

B||A*|| logd <
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C Proofs for auxiliary lemmas

This section establishes several useful technical lemmas useful for proving our main theorems. Throughout
this section, we shall frequently use the quantities B, 0o, Trow and oo defined in (97). In fact, it suffices to
bear in mind the following bounds

B > max; ; |Ei l; Ooo > max; j y/E[E? ];
g ! J (147)

Orow > Max; Zj ]E[Ezj], Ocol > Max; ,/ZlE[Efﬂ]

C.1 Auxiliary technical lemmas

We first gather all technical lemmas to be established in this section, and begin with the following lemma,
which shows that the leave-one-out sequence G(™ is close to G and G* when measured by the spectral
norm.

Lemma 6. Instate the assumptions of Theorem 1. With probability at least 1 — O (d’u), one has

|G™ = G| < orow(0ca + [|A*T]], . ) V1og d, (148)
|GT™ — G*|| < dop = (Grow + Tcol) (0ol + HA*THZm )logd + ocory/log d || A*|| + |\A*||§7OO , (149)

where oy and oo are defined in (97).
Proof. See Appendix C.2. O
Similar to H (defined in (49)), we also introduce the following matrices for each (m,1) € [d1] X [da]:

H™ .—ymTy*, (150a)
HOD .— g T, (150b)

where U™ and U are defined in Algorithm 5 and Algorithm 6, respectively.
Lemma 7 serves a crucial step towards proving Lemma 4.

Lemma 7. Instate the assumptions of Theorem 1. For any fixed 1 < m < di, with probability at least
1 —0O(d='), one has

A A%, P (A9 U],
r
< Ocol (O'row logd + || Al \/logd) (HU(”’)H("L)HQ’OO + 4/ Zl> ,
where A® is defined in (93), and o,on and oco are both defined in (97).

Proof. See Appendix C.3. O

The proof of Lemma 7 relies on an upper bound on the ¢3 o, norm of P_,, . (AS)—r U™ H(™)  which is
formalized below in Lemma 8. This is built upon a leave-two-out argument.

Lemma 8. Instate the assumptions of Theorem 1. With probability at least 1 — O(d_lo), the following holds
simultaneously for all m € [d4],

[P (AT OB, S (Blogd+ on/lsd) [0 H, 4 [
’ ? 2

where A® is defined in (93), and B and oo are defined in (97).
Proof. See Appendix C.4. O
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The proof of Lemma 8 requires the proximity between U™ and U™ which is demonstrated below in
Lemma 9.

Lemma 9. Instate the assumptions of Theorem 1. With probability at least 1 —O (d*w), the following holds
simultaneously for any m € [d1] and 1 € [dg],

[ompmT gyt < L (logd + oy/logd) U E,
2 1
+ Z°3 + o (Blogd + oeon/logd) AT, . (151)
where B, 0o and oo are defined in (97).
Proof. See Appendix C.5. O

Finally, Lemma 10 stated below constitutes the main part of Lemma 3 (recalling the decomposition in
(51) and (52)).

Lemma 10. Instate the assumptions of Theorem 1. For each fixed m € [d1], the following holds with
probability exceeding 1 — O (d_ll),

HGmﬁaﬂmUﬂm%—Uﬂ

‘2 < dioo HU(m)H(m) a U*H2,oo T 6°p,€2 V /C%’

where dop and dioo are defined in (48) and (127), respectively.
Proof. See Appendix C.6. O

C.2 Proof of Lemma 6

Recall the definitions of G and G(™ in (13) and (45). As shown in (137) in the proof of Lemma 4 in
Appendix B.5, we know that G — G™) is a rank-2 symmetric matrix with nonzero entries located only in
the m-th row and the m-th column. In particular, one has

(G-G™), = (Bn.AL).  itm
(G-G™) =,

thus indicating that
(G - G(”n))rn7 = Emv: [P—m,: (As) ] T'
This allows us to upper bound
_am —_aqm <H _am H
|6 -] <|¢-c"| s|(G-G"), |,

- HE’"“ [P*m»: (As)]THQ

/S Orow (Ucol + ||A*T HQ,oo ) vV log d.
Here, the last line follows the following. First, notice A®* = A* + E and

T
Em,: [,me,: (A* + E)] = Z <Em7:; Ei,:> e;l' + Zi:i;ﬁm <Em,:a Az> 637

where e; is the i-th standard basis in R%. It follows from (122) and (124) shown in the proof of Lemma 2
(cf. Appendix B.3) that with probability at least 1 — O(d~!!),

.
HEm [P-m: (A" + E)] Hz = H Zi:i;ﬁm (B, Bi:) el 2 * H Zi:i;ﬁm (Binir A7) el

N Ucolarow\/@ + Urow\/@ HA*THZ,OO :

In addition, the above bound combined with Lemma 1 immediately yields (149). The proof is complete by
taking the union bound over 1 < m < dj.

iFEmM

2
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C.3 Proof of Lemma 7
By construction, the m-th row of A — A* is independent of [P_, . (A®)] TUM H™ | As a result,

(AS _ A*)m,: [P—m,: (AS)]TU(m)H(m) — Z Em,j ([P—m,: (AS)]TU(m)H(m))

) Jst
J€lde]

can be viewed as a sum of independent zero-mean random vectors (where the randomness comes from
{Em.it; el d2]). It is straightforward to calculate that

= Tum gm $\T 7 (m) grm)

L= max By ([P (49)] U H )j ngHP_m,:(A) U H |

= 2 (45 ] Tum™ g 2 H a9 T <m>H2
v j;(b]E[EmJ} ([P-m: (4] U™ H )] <k |[Pome ()] U H

In view of the matrix Bernstein inequality, it boils down to controlling L and V. To this end, let us first
bound L. From Lemma 8, one has that with probability at least 1 — O (d~'1),

L S B(Blogd + oca\/log d)|[U™H™ |, _+ B|A*| %. (152)
’ 2

Regarding V', Lemma 13 guarantees the following upper bound with probability exceeding 1 — O (d*n),
[P (a9 T H | < P ) H)
< Ve A% U H™,

< ﬁ(BlOgd+ (Urow + Ucol V 10gd+ ||A*||)||U(m)H(m)H27oo

< Vi (0rowy/logd + | A*])) |[U™ H™ HQW (153)

where the last inequality follows from the condition (98d) that Blogd + ocov/logd < of. Applying the
matrix Bernstein inequality yields that with probability at least 1 — O (d~'!): one has

H(AS — A%, [P (AS)]TU(m)H(m)HQ < Llogd++/Viegd
S (B*log® d+ Boco log™? d) [U™ H ™|, + Blogd || A*|
+Vdi 00 (010w log d + | A*|| /log d) [U™ H™ |,
< ol ogd + |A°| VDU HO |+ o |47 Viosd, 5

< 0ol (0row log d + || A*[| v/log d) (HU(m)H(M)H //(Z) , (154)

where (i) uses (97) that o2, =< dio2, as well as the conditions (98a), (98d) and (98b) (namely, B <

vV OrowOcol/ logd, Blogd < ||A*|| and Blogd\/ur/ds < ocoiv/logdy/pr/dy).

C.4 Proof of Lemma 8
For notational convenience, we denote
ASM0 =P (Af).
Fix an arbitrary [ € [dz], and we would like to upper bound HA:S”l(m)’OTU(m)H(m)HQ. The main difficulty

here lies in the complicated statistical dependence between Ai’l(m)’o and U™ H(™)_ Recall the definitions of
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the auxiliary matrices U™ and H™ in Algorithm 6 and (150b), respectively. By construction, AS /(m),0
is independent of U and H(™! . Moreover, Lemma 9 guarantees that U H(™) is extremely close to
U (™) H(mD  Thus, invoke the triangle inequality to upper bound

|asim Ty E™|| < H (azm0 —k [a3(™0)) "y grom

+ HE 4z ] Ly grim
) ,

2

=iy

n “A§7l(m),o” HU(m)H(m) _ U(m,z)H(m,z)H _
> 2

=2

=3

Before moving on, we make note of the following two useful upper bounds on HU(m)U(m)T —yumhym.hT ||
based on Lemma 9. On the one hand, one has with probability at least 1 — O (d 13)

||U(m)U(m)T U(ml U(ml )T H < =

’I‘

(B log d + Ocol \/@)2 ||U(m)H(m) ||2,oo

0.2

1
+ J;; + U—ﬁ(Blogd—i—Ucon/logd) A", o
1 1

50;2 (32 log®d + o2, logd—i-BlogdHA*THzm +Uco|\/@||A*H)

Jop
Som <l (155)
where (i) follows from the facts that o < 0ol HU(m)H(m)H HU("L)H(””)H < 1 and HA*TH2 o <
[[A*]]; (155) is due to the definition of oo in (97d), the definition of 6Op (cf. (48)) as well as conditions (98a)
and (98d). On the other hand, we can also bound

i 1
[Tttt — DU IT | S = (Blogd + 0cr/log d)’ ot H ™|,

1
+ —3 (Blogd + ocol \/@) A

T

1) HU(m)H(m)HQOO + %(Blogd—i—acd /log )HA*H mr (156)
) * do

where (i) arises from (98b) and the inequality that HA*TH2 o SHA VA g 00 < 1A /a7 /d2, and (156)
is due to conditions (98a) and (98d). In the sequel, we control the «;’s separately.

e For o, it is easy to see that

(Af,l(m),o _E [A:s,l(m),o})T U grim) — Z Ei’l(U(m,l)H(m,l))

i,
iFEmM

is a sum of independent zero-mean random vectors conditional on {E; ; }

ieldu\{m} Jelda]\ {1} Straightfor-
ward calculation gives that

bim Bt | < plgmomno),

_ Z E [E2,] H (U(m,l)H(m,l))L:Hz <02, HU(m,l)H(m,l)Hz
©iFEmM

Then we apply the matrix Bernstein inequality to obtain that with probability at least 1 — O(d 13)

H m) 0 |:As’l(m):0:| ) T U(m,l)H(m,l)

S Llogd++/Vegd
2
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< (B logd + el \/@) HU(m’l)H(ml) HQ,oo
< (Blogd-+ oery/Togd) (U HOV|, _ + UpeT —gmdgymT|

), (157)

where the last line results from the following observation:

[ot "D, < U HM, Uttt - hu T,
< UmHE|, +umumT - grhg T (158)

e Turning to a, we obtain the simple upper bound

HE [Ai’l(m)’o} T U (mD grim.h)

= A, [t H] < AT, (159)

e With regards to a3, Lemma 12 reveals that with probability at least 1 — O (d_13),
||As:l(m);0||2HU(m)H(m) _ U(m,l)H(m,l) || S HA:,ZHQ HU(m)U(m)T _ U(m,l)U(m,l)TH
S (AT + BVIOR 4 00) [T gDy

5 HA*THZOO + (B\/@‘i‘acol)HU(m)U(m)T _ U(m,l)U(m,l)TH’
(160)

where we use (155) in the last step.

Combining (157), (159), (160) implies that with probability greater than 1 — O (d~'%),

HA?’}m)’OTUWH(m)

2
S (Blogd+ oeay/logd) ([[U H™, + [UTT gy T| ) 4 (|7,

0 L

N (B logd + Ucol\/@)HU(m)H(m)HQ,oo + o*2 (B logd + UC°'\/@)2 1A% % 1A% %
i)

< (Blogd + ocor/logd) [UMH™ ||, + [ 4% /5

=

where (i) is by (156) and HA*TH2 « S |NA*|| \/pr/dz, and (i) follows from conditions (98a) and (98d). The
proof is complete by taking the union bound over 1 <[ < d,.

C.5 Proof of Lemma 9

Fix arbitrary m € [d;] and [ € [d2]. Recalling the definitions of G(™) and G(™ in (45) and (46b), we see
that G(™) — G is symmetric with entries

(G(m) — G(m’l))iJ = i,lEj,l + A;:lEj,l + Ei,lA;‘:b { 7é m7j 7& m,i 7é j7
(G(m) _ G(m,l))i’m = A:n,lEi,l7 i #m,
(G —Ggmh). =0, 1<i<d.
Note that G™) — G("™) depends only on {Eivl}ie[dl]\{m} and is hence statistically independent of U ("™}

and H (™Y In particular, we can express

P_m(G(m) - G(m’l)) = Pofr-diag P—m (ElETz + E:,lA:*JT + A:*,lE:,Tl)’
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where P_,, is the projection onto the subspace of matrices supported on {(i, j) € [d1] X [d2] : i #m and j # m}
and Pofr_diag extracts the off-diagonal part. In addition,

(G(m) — G(m-,l)) — A*

ml

A Em le

m?

where e,,, stands for the m-th standard basis in R,
In the sequel, we shall apply the Davis-Kahan sin ® theorem to prove the claim. Towards this end, we
need to control |G — G| and ||(G™) — GmD)U™D]|.

C.5.1 Step 1: controlling HG’(m) — G(mvl)H

Recall that we have already dealt with P_,, (G(m) — G(m’l)) in the proof of Lemma 1 in Appendix B.2.
Straightforward computation gives

[P (G = G O) || S NEwally + 1 Bually A ||y o < NBLll5 + I Bual, A7)

[P (G — D) 5 | (G = m0), | < 1Bl A7

m, ’

where P, is the projection onto the subspace of matrices supported on {(,7) € [d1] x [d2] : i =m or j =m}.
In view of (105) (shown in the proof of Lemma 1 in Appendix B.2), we know that

67~ G £ [P (6~ GO 4 [Pu(G) - G|
SIE 5 + Bl |A*]|
< B?logd + 02, + (By/logd + oca) || A
<o,

where the last step results from the conditions (98a) and (98d). Since ||G™ —G*|| < dop < 072 by Lemma 6
and the condition (98d), this also implies

G G <o ana [(EOD) 51 as1)

~

according to [AFWZ17, Lemma 2|. Moreover, it follows from Weyl’s inequality that

M(GU) = Aa (@) G0 = GO 2 A (67) < A (@) 260 G~ [ - q)|
> o2, (162)

C.5.2 Step 2: controlling H(G(m) — G(mvl))U(mvl)H
In view of (161), we can obtain
(6 = G )u | < (&0 — @m0 )u o pn )|
< H (G(m) _ G(myl))U(myl)H(m»l)H
<[P (G(m) _ G(Wl))U(mJ)H(mJ) HF + P (G(m) _ G(mJ))U(mJ)H(mJ) |-

ESTe%) =ilag

(163)
Therefore, it suffices to control a; and as separately.
e Regarding a;, Lemma 12 reveals that, with probability at least 1 — O(d~13),
Hpm (G(m) — G(mJ))U(mJ)H(m,l) ||F

SH(GW)—G(’"*”) U(mJ)H<m,l>H +H(G<m)—G<ml ’ (e - el
m,: 2

m ‘

<A (BT U HTD|, | A B, U HD,

S (Blogd + oca/logd) | A*|| . [[UTVH™O, . (164)
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e When it comes to as, since the spectral norm of a submatrix is always less than that of its original
matrix, we can further upper bound

[P (GO — GmD) T ) FHOmD | < H(E:JE:,Tz - D) U(mJ)H<m,l>H

=:61
+ H (A:*JEaTl +E AN - Qﬁl) U(m,nH(m,l)H,

=:B2

where D; and D, are defined in (103) and (110) in Appendix B.2. In what follows, let us bound $; and
Ba.

— To bound Bi, we have
| (BBl = DY U HOD|| < B, | (B.) " U HE |, + [ U0 HD].
By Lemma 12, one has with probability at least 1 — O(d~13),
1B, || (B..)" UV H™ |, S (Bylogd + 0car) (Blog d + ocor/log ) [[U™ D H™D]|,
< (Blogd + oco/logd)*|[U™V H™D ||
As for the second term | DU ™D H (™D ||| we first observe that

|E[DJU™DH™D|| < |[E[D]|||[U™YH™D|| < max E [EZ)] |[U™DH™D|| < 0.
ildy] il (%)

Additionally, the deviation (D; — E[D;) U™V H™D =37, (E?, — E[E})])e;e] UMD H™D s
a sum of independent zero-mean random matrices. By the matrix Bernstein inequality, we have with
probability at least 1 — O(d~13),

H (D, —E[D))U™D H™Y H

S (gg%gf |51 = E[E7][ log d + \/Z 1o ELEL] logd) ma [|ece UMD HI,
< (f&?fwm E}, ‘logd—k\/z [d] 10gd)HU(m l)H(ml)H
< (B*logd + W)HUWDH(MH
(i)
< (Bond s (8 4 o) Viowd) [0 H

(B log d + ocol \/@) || U("L,I)H(m’l) H2,o<>’

where we have used the AM-GM inequality in (i). Combining the estimates above yields
b = (BB~ DYy U D HOD| S (Blogd + ocar/log d)*|[U D HO™|, 0% (165)
— Turning to B2, we see from Lemma 12 that with probability at least 1 — O (d_l?’), one has
| Az ELU I H|| < AT, [ ELU I H |

S (Blogd +0ca/logd) [|A™T |, [TV H™ OV,

and

AT < AT )|
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S (BVlogd + oca) |47, -

In addition, ﬁlU(m’l)H(m’l) = Zie[dl] AzlEiJeieiTU(m’l)H(m’l) is a sum of independent zero-mean
random matrices. It then follows from the matrix Bernstein inequality that with probability at least

—0(d19),

| DU H || < (3&3’1‘] |A? Eq | log d + \/Z A;%IE [E2)] log d) [utmDEmD]|,
< (Blogd + ocov/logd) | A*]| ., HU mal) grm l>HQm.
Hence, we know that
B = (AL E] + Bz - 2D)UCH)|

< (Blogd + eon/logd) A" |, [TV HD,  + (Blogd+ o) [| 47T, .
< (Blogd + oco/logd) [[A*T |, (166)

which results from the facts that ||A*|| < HA*THZOO and HU(’”’Z)H(’”J)HZOO < ||utmHHEMD|| <1.
Putting (165) and (166) together yields that
[P (G = GO U D H| < (Blogd + ocay/log d) “|[UVH™ |,
+ 02 + (Blogd—%—ocou/lo@) ||A*T||2,oo. (167)

This combined with (164) and (163) implies

(G — GMOYU D | < (Blogd + oeay/log d) [ UTDH™|[, 40,
+ (Blogd + oca\/log d) [|A*T|,  + (Blogd + ocor/log d) | A*|, [U™ P H™ Y],
< (Blogd + oes/logd) U HD |, 4 o2,
+ (Blogd + oca/logd) [ A*T|, ., + (Blogd + oea/logd) |47 L
Y (Blogd + /D) JUOH |, o,
+ (Blogd + owa/logd) [ 4T .. e

where (i) is due to the facts that ||U(m’l)H(m’l)||2m < HU(m’l)H(m’l)H < 1, and (168) arises from the
inequality [|A*| < HA*THZOO.

C.5.3 Step 3: combining Step 1 and Step 2

From (162) and (168), we apply the Davis-Kahan sin ® theorem to obtain that with probability exceeding
1—0(d™13),

||U(M)U(m)T _ U(m’l)U(m’l)TH < H(G G(myl))U(mJ)H
A (G(m)) — Arp1 (G(m)) — HG(m) _ G(m,l)H

S Lall @ —ar U]
O—T'
(i)
< 01*2 (Blogd + 0coy/l0g d)” (||U<m>H<m> Iy + JUMTT —p Oy DT ||)
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o2

1
+ 0:(2) + F(B logd‘i’gcol\/@) ||A*T||2,oo

T

)
< 1 5 (Blogd + ocoy/log d)°|U™ H™ Iy +o () JUMTT —ptmiy O T
2 1
+ ZE + ox2 (Blogd + ocory/10g d) HA*THz,oo :
T T

Here, we have used (158) in (i), and the condition (98d) (i.e. max { Blogd, ocoiv/Iogd} < o7) in (ii). Rear-
range the inequalities and taking the union bound over m € [d;] and [ € [dy] complete the proof.

C.6 Proof of Lemma 10
Recall the definition of G in (12). We can express

G, (U™MH™ —U*) = A3, [P (A%)] (U H™ —U™).
Consequently, one can upper bound

HGm,:(U(m)H(m) _ U*)

2 < HA:m: [P—m,: (AS) ] T (U(m)H(m) B U*)

2

+||as = an) [P (49)) T @ H — U

In what follows, we shall control 5, and By separately.

e To upper bound 7, we have

|45, [P (48] @ EHO — T

< i P 0| )
It is straightforward to derive
[ [P (AT < A2 AT, < A2 AT + A2 BT
whose first term can be bounded by
A7, AT, < [|A7 |, 147 < of A%, -
In addition, Lemma 14 indicates that
2
|45 BT =3, (30, A iBis) S (02 + 0% 0% d) | A*[ o + B | A*|1% log d
< (0% + B log?d) | A" o + B?[| A%, log® d

holds with probability at least 1 — O (d_n). Hence, we have

| A [P (4] < (|45, AT, + (|45, BT,

S 01 | A% ||y o0 + (0col + Blogd) | A*]|, o, + Blog®?d || A

wr
S 07147y + ot [ S0 [ (169

using conditions (98a), (98¢) and (98d). Moreover, from Lemma 1 and Lemma 6, we know that

HU(’m)H(m) _ U*H 5 HU(m)U(m)T _ U*U*TH < HG(m) — G*H
)\T (G*) _ Ar—i—l (G(Tn))
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le™ - 6|
A (G) = A (G) — |G — @7

N

e - s (170)

where dop is defined in (48). Combining (169) and (170) yields

m m ur
‘2 5 ||A:n,:'P7m’: (AS)T H2HU( )H( ) - U*H S 5op/€2\/2.

(171)

P

Next, we look at 85. Before we start, we pause to note that by (156), one has

|lomu T — U<ml>U<m”H< (Blogd—i—acon/logd)Q(HU(m)H(m)—U*HQ’OO—FHU*HZOO)

1 r
— (Blog d + oc\/log d) || A %2. (172)

T

We now ready to control (A% — A*)  [P_., (AS)]T(U(m)H(m) — U*), which can be accomplished in
the same way as in the proof of Lemma 7 in Appendix C.3. We omit the proof details for conciseness here
and only give the proof sketch. First, we can use U("!) H(™! —U* as the surrogate for U™ H(™) —U*

to deal with the statistical dependence issue, and apply the Bernstein inequality to show that with
probability at least 1 — O (d™'1),

.
P (4] @O 0],
< (Blogd + ocoiy/log d) HU(m)H(m) — U*Hz,oo
+[arT, U H™ — U
e

i)
< (B logd + ool \/@) HU(m)H(m) - U*Hz,oo

5 1A%l

_ (Blogd+0’co| /ﬁogd)S(HU(m)H(m) _ U*HZOO + HU*H2,oo)

1
+ *
g,

T

1
) (B log d—+ Ocol \/@)2 ||A*||

S (Blogd + oca/logd) [U™H™ —U*|, _ + @ (lU*|27OO + Ky /‘(Z) , (173)

where (i) follows from (155), (170) and (172) and the inquality HA*TH2 o S A*[| \/pr/d2; (173) arises
from the definition of dop in (99) and conditions (98a) and (98d) (namely, Blogd + ocoiv/logd < o} /k

and (B logd + ocov/log d)2 < bop < 072%). Applying the matrix Bernstein inequality yields that with
probability at least 1 — O (d_ll),
.

‘2,00

+Vdi 0o (010w log d + | A*[| /og d) [U™ H™ —U*||,

40— a9, [P (49)] (@ H —U)

< Blogd H [P (4%)] (U™ H™ U

()
< Blogd (Blogd + ocoiy/logd) |[U™H™ — U

Blogd T
iy (0 4y )

H2,oo
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+ 0col (010w log d + [|A*[| V/og d) [U™ H™ — U™,

(ii)
S Ocol (Trowlog d + || A*[| /log d) U™ H™ — U™,

Blogd r
e (CAINCy

T

(i) kowoV/logd [ur
< e (0w ogd + | 4% Viogd) [UVH™ T[4 0/(1)dop [ U+ 8op 225 1

(iv)
S Ocol (O'row logd + [|A*|| \/@) HU(m)H(m) B U*H2’°° Tol) 5op\/z-

Here, (i) follows from (97) and (173); (ii) is due to conditions (98a) and (98d) that B?logd < 0colTrows
Blogd < o and Blogd (B log d + oco1v/log d) < Blog?d + o2, logd < dop; (iii) holds true because of

col

(98b) and (98d) that Blogd < oy; and (iv) arises from (98d) that ocov/logd < ¢} /k. Recalling the
definition of Jj50 in (127), we obtain that

H(As — AN [P,m,: (As)]T(U(m)H(m) _ U*) ‘2 < Sioo HU(m)H(m) _ U*H%m +0(1) dop Z—: (174)

5t

Putting (171) and (174) together, we arrive at the advertised bound.

D Proofs for lower bounds

D.1 Proof of Theorem 2

Without loss of generality, it suffices to focus on the set of matrices with o,.(A*) € [0.9,1.1]; otherwise one
can always rescale the matrices A* and IN by the same factor 1/0,.(A*) simultaneously.
Let us start with the minimax spectral norm bound (22a). Recognizing the elementary fact that

lvuT —UurUrT|| < Luin [UR-U*|,
e X7

we have

inf sup ]E{ min

~ . * N AAT_ * * T
af suwp Blpmn, |UR UAY)|| =inf swp B[00 -U(A)(UAY)]].

U A*eM*

In light of this, we shall focus attention on bounding |[UU T — U(A*)(U(A*))TH in the remainder of the
proof. In addition, it can be easily seen (which we omit for brevity) that it is sufficient to establish the lower
bounds for the rank-1 case (i.e. r = 1).% In what follows, we assume that

A =Po(u v’ +N),
—A*

ii.d.

where v* ~ N(0, chzIdz) and N; ; '~ N(0,0?). Without loss of generality, we assume throughout that d; /2

is an integer.

Step 1: constructing a collection of hypotheses. Let us begin by constructing a family of well-
separated unit vectors {ui}lgig v C R4 In view of the celebrated Varshamov-Gilbert bound [Mas07,

Lemma 4.7], one can find a set of vectors {wi}]\il C {-1, 1}d1/2 obeying

%

logM >di/32  and  min{|w’ £w’|,} >\di/2, Vi#j, (175)

0

Q* € R%4/2x(r=1) consists of orthonormal columns. If there is an oracle informing us of Q*, then the problem of estimating
U™ is reduced to the rank-1 case. This suggests that we can focus on the rank-1 case to derive the lower bound.

*
6Suppose we wish to estimate U* € R%1 X" where U* takes the form U* = {u QO*:|7 u* € R4/2 [lu*|lz = 1 and
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where we denote min ||@ £ b||> = min{||a —b||2, ||la+bl|2}. For some § € (0,1) to be chosen later, we generate
the dq-dimensional vectors

. 5 'LUi 1—(52 |:0:| d .
ul= +—— | eRY, 1<i<M, 176
Wl/z{‘)] /2 (1 (76)

where 0 (resp. 1) denotes the all-zero (resp. all-one) vector. By construction, it is easily seen that ||u’l]; = 1
for all 1 <4< M, and that

HuiuiT _ ujujTH > % HuzuzT _ ujujTHF — \%\/tr(uiuﬁ _ ujujT) (uiuiT _ ujujT)

1 — 1 —
= —/2—-2(ut,ui)2 > —/2 - 2|{ut, u’
N LCRECITIEE ERE T
1 : _ — 1 . .
= —/||u)|3 + ||ui]|? — 2|(uf, u)| = —= min ||Ju’ £ o’
T\ T — 20 wh)] = 5 i £ w
1 1) . ) )
= —  ———min{||w' £w|,} > -, 177

where the last inequality arises from (175). We shall then associate each vector u' (1 < i < M) with a
hypothesis as follows: 4
Hi: A=Pouv" +N), 1<i<M.

In the sequel, for each 1 < i < M and 1 < k < d5, we denote
e P?: the distribution of A under the hypothesis H,;
e Pi: the distribution of A under the hypothesis H;, conditional on €;
. IP’?Z’ . the distribution of the k-th column of A under the hypothesis H;, conditional on €.

Additionally, standard Gaussian concentration inequalities imply that: with high probability, one has
T .
[wio T = [|w’||, 0", = 1+ o(1),
and hence u'v*" € M* for all 1 <i < M.

Step 2: bounding the KL divergence between each pair of hypotheses. Fixany 1 <i #j < M.
The next step lies in upper bounding the KL divergence of P/ from P?. Towards this, we observe that

KL(P' | P) = KL(Eq [Pp] | Ea [P)]) < Eo[KL(PG [IPF)]

—Eo| Y KL(Ph.IPL,)]- (178)
1<k<ds

Here, the penultimate inequality arises from the convexity of KL divergence and Jensen’s inequality, whereas
the last line follows since the noise components are independently generated and KL divergence is additive
for independent distributions.

Before moving on, we find it convenient to introduce additional notation to simplify presentation. For
any vector u := [u;]1<;<q, and any index set A C [dq], we define

Uy = [ui]ieA S RlA‘,

which is obtained by maintaining only those entries of w lying within A. In addition, define
Qi :={m € [d1]: (m, k) € Q};
Q== {m € [d1/2]: (m, k) € Q};
Q= {d1/2 <m <dy : (m, k) € Q};
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ﬁ,gi’j)’diff = {m € [d1/2]: (m, k) € Q and ui’ £ ul T
ﬁ,(j’j)’same = {m € [d/2]: (m,k) € Q and u}, = ul }.
By construction, one clearly has ; = ﬁk U ﬁk = ﬁ,&i’j)’diff U ﬁg’j)’same U ﬁk, and

1—-6%) ~
+¥}Qk7 1<i< M. (180)
1

2
7 2
\\Uﬂk\\z = 71|Qk|

With these in place, we are in a position to control the KL divergence. We first make the observation
that: conditional on the sampling set 2, and under the hypothesis H;, the entries of A. ; within Q;, follow
a multivariate Gaussian distribution N (0, 2@), where

iT

i 1
EQ =0 Ile‘ + d ququ

k

As a result, invoking the KL divergence for multivariate Gaussians, we can deduce that
i j i j 1 i\~ lyni
KL (b | P2 ) = KL(N'(0, =, ||/\f(072g2 ) = g(tr((E] ISk ) - |Qk|>.
L A } 1
= 9 ((Imk\ + = d ug uglk) (I\le + 02dsy “Qkuﬂj;)) - 7|Qk|

@1 (( 1 A iT 1
= —tr((Ijg,| — ———————>ul, u ) I, |+ ——ub ul) )—7|Qk|
9 12| 02d2+||u§2k||; Q. Q% ( [ 2d k Sk) 9

1 i 2 1 <uélk’u‘glk>2

[ u _ T .
A T 2oy + | )

(“) ||qu||2 <u§2k7ug2k>2 _ <u§2k7u§2k + uék><u6k7u6k - uglk>

) s Iz -

: , (181)
202d3 (02 + [[uh, | 3) 202d5(0%d; + [|uy, )
\A;he.rehiif) follozvs ffonll E.he qul(fibury matrix identity, (ii) arises since HuZQk H2 = ||u§2k||2 (cf. (180)). Next,
straightforward calculations yie
o 452 :
<u’§2k’uz7k U‘Qk> - 7|Q(Z7]) dfF}’
; (1-6%)~
(ub b, + ) = (0= 4 D

Substituting the above identities and the identity (180) into (181) gives

| (o, ) )
- 202dy - 02d,

_ 1602 (82D + (1 - 62)| )

KL(Po . [ Py

- otd3d?
1657 (A 1 3
- otd3d? ’

where we have used the fact that 6 € (0,1). In addition, the elementary inequality 2 ||uf,, ||; > (uh, ,uh, +
u6k> together with the preceding identities yields

KL( i ||IP’j ) _ <u6k’u§2k +u‘ék><u6k’u§2k B uglk> < <u6k’u§)k B ’u’gh>
RISk 20%ds||ug,, [I3 - o?ds

462‘§§€i,j),diff‘
T 02dyd,
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Putting the above bounds and the inequality (178) together leads to

o d2 1652 |Q\HI)-diff) (| y(id).same +10 52p2
k=1

do 21 (4,7),diff
i S
L(P* || P7) < Z o S = (182b)

Step 3: invoking Fano’s inequality. Fano’s inequality [Tsy08, Corollary 2.6] asserts that if

log M
ZKL (P || PY) < Og (183)

then the minimax probability of testing error necessarily obeys

::. ] Y > .
Pe, 13f1£nj£g§wﬂ”{w #J1H;} =02,

where the infimum is taken over all tests. In view of (175) and the upper bounds (182), we observe that the

bound (183) would hold by taking
2
o cmin { VBT [0 (st

for some sufficiently small constant ¢; > 0. Therefore, adopting the standard reduction scheme as introduced
in [Tsy08, Chapter 2.2], we arrive at

inf sup ]E{HUUT (A*)(U(A*))TM Z/H;éln”u’u”— —ujujTH P
i3

U AreM*
. {0'2\/(116[2 d1 }
<min¢ — + o4/ —, 17,
p \/ p

where the penultimate inequality comes from (177), and the last line makes use of our choice (184). Combined
with the high-probability fact that [|u‘v* T || € [0.9,1.1], we establish the minimax spectral norm bound (22a).
Given that || Z||2,00 > ﬁHZH holds for any Z € RU*", the advertised £3 o lower bound (22b) follows

immediately from the spectral norm lower bound (22a).

D.2 Proof of Theorem 3

To begin with, the sampling set {2 can be equivalently viewed as the edge set of a random bipartite graph
G(dy,da,p). Here, we recall that G(dy, da, p) is generated by (i) taking the complete bipartite graph connecting
two disjoint vertex sets U and V, where |U| = d; and |V| = da, and (11) removing each edge independently
with probability 1 — p. As shown in [Joh12, Theorem 6], if p < \/7 for some constant 0 < € < 1 and if

dy < da, then with probability 1 — o(1), there is no connected component in G(dy,ds,p) containing more
than O(logd;) (resp. O(v/didslogdy)) vertices in U (resp. V). In what follows, we let Cy,--- ,Cx denote
the collection of connected components in G(di,ds, p), and denote by U; (resp. V;) the set of vertices in U
(resp. V) that reside within C;.

Generate u* and v* such that

N 1/4/dy, with prob. 0.5 N 1/4/da, with prob. 0.5
;= and Vi =
—1//dy, else J —1/+/ds, else

foreach 1 <i<dj and 1 < j < ds. Letting us € RIS represent a vector comprising the entries of u whose
indices come from S, we generate

Sk K vt SRS
us, = ziug, and Ve, = 2005
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here, z; is a set of independent Bernoulli variables with z; = 1 with probability 0.5 and z; = —1 otherwise.
As one can easily verify (which we omit for brevity),

° us ’UET = ug, ,UCT for each 4, and hence Po(u*v*") = Po(u*v*");
e with probability 1 — o(1), one has min ||u* £ u*| < 1 and [|[u*v* " — @*v* " ||p <

This concludes the proof.

E A few more auxiliary lemmas

In this section, we establish a few auxiliary facts that are useful throughout the proof of the main theorem.
We begin with some basic properties about the truth A* and G*.

Lemma 11. Recall the definition of the incoherence parameters in Definition 1. Then one has

[ pirox? [ paro?
”A*”Q,oo < 1T11’ HA*THQ,OO < 2T21’

fia pror?

*4
P A =
142

||G*||200 — dl )

oo < min

» 0T U Nlg00 5 01 1V 2,00

Next, we summarize several facts related to the matrix E defined in (94), which contains independent
zero-mean entries.

Lemma 12. Fix any matrices W1 and Wy. With probability greater than 1 — O (d’QO), the following holds

max E? < B%*logd+ o2,
16 d1 Z 2,7 g row

max ||Ei,:wlu2 S (Blogd + orou/10g d) [Willy o,
i€[d2

< B%logd + o2,
]rg[fg] E}; S B?logd + ¢
max ](Ezq W2H2 S (Blogd + oeoy/log d) |Wall,...
J 2

where Orow; Ocol, and B are respectively upper bounds on max;e[q,] Zje[dQ] E [Efj] , MAXj[d,] Zie[dl] E [Efj] ,

and maxX;e[q,],je[ds] | Pij]; see (97) for precise definitions. As a result, one has

1B o < BVlogd + orou,
200 S 1A% 2,00 + BVlog d + 01w,

IET]], ., < BVIogd+ oca,

45T, o S 14T, 0 + BVIog d + oco,
where A®> = A* + E is defined in (93).
Lemma 13. With probability greater than 1 — O (d*20), one has

IE|| £ Blogd + (0row + 0cat) VIog d,

where B, oy and oo are defined in (97).

Lemma 14. Fiz any vector w € R%. With probability at least 1 — O (d_2o), one has

2
> ( > wE) < wlfs (02 + 02 log?d) + ||lw|%, B*log® d,

i€[d1] \j€[dz]

where B, 000 and oe are defined in (97).
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E.1 Proof of Lemma 11
Given the SVD of A* = U*X*V*", one has G* = A*A*T = U*X*2U*". Using the definition of the

incoherence parameters, one can derive

*2
1A%l 00 = max [U7, VT, < max [[UZ ], IV < oF 107,00 < “f{f %
A*T * VAT TR < * * * < * M

I Hzoo = Inax |vir=ru*T, max [V IZ T < 07 [Vl 00 < dy
prott
163,00 = max U=, < max TN, 1= U] < 072 U]y, < 1d11

Moreover, the Cauchy-Schwartz inequality allows one to upper bound

* T *
UL (Vi)' | S 10 IE NIV

7’7

< oL U 00 1V 9,00 -

[A* = = max 2,00 <

(4,5)€[d1]x [da2]
In view of the simple bounds |[U*||, ., < [[U*|| < 1 and [|[V*|, < [[V*]| <1, we conclude that

[A o €TI0l and A7 <07 [V7ly 00 -

E.2 Proof of Lemma 12

We shall only prove the results concerning oo ; the results concerning o,,, follow immediately via nearly
identical arguments.
In view of the Bernstein inequality, we have

3 2t
E >tb < e
]P’{‘ reld] ” Ml’ t} 2exp < mm{v1 I }) t>0,

where M;, Ly and S; are given respectively by

My = Zie[d ]E [E’LQ,I:I < Ucolv

L1 = m[%x] |E I:EZQ,Z:H S B2 +Uc2>o S 2327
1€

Vi = Zie[dﬂ Var (B})) < ZZ_GW E[E}] < B2,

Here, we have made use of the fact that o, < B. As a result, one has
Z'G[d ]Ezzj NMl +L110gd+ Vllogd< Jcol +B210gd+BUcol\/@
g 1
= Uzo| + B%logd

with probability exceeding 1 — O (d_QO), where the last line arises from the AM-GM inequality (namely,
2Bocov/logd < afol + B?%logd). As an immediate consequence, with probability at least 1 — O (d_20)7

A = 2
1B ;ll, = Zie[d ]Ei,j S 0cot + By/logd,

1431, < |42, + 1B 5ll, S 1A ||, o + 0ot + BV/logd,

Next, we turn to the claim concerning a fixed matrix Ws. Observe that (E:,Z)T W, = Zie[dl] Ei 1(W3);..
is a sum of independent zero-mean random vectors. In order to invoke standard concentration inequalities,
we compute

illa =

Ly := max ||E; |(Wa); .||, < B||[Wally . »
i€[dq] ’
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. 2 2 2 2
Vo = Zie[dl] E [Ei,l] ||(W2)17||2 < Ocol ||W2H2,oo .
Invoking the matrix Bernstein inequality yields that with probability exceeding 1 — O (d_zo),
T
[(E..) Wal|, S Lalogd + v/Valogd < (Blogd + oco/logd) [|Wall,, o -

E.3 Proof of Lemma 13

First, we can write

i€[d1],j€[d2]

as a sum of independent zero-mean random matrices (since E[E; ;] = 0). We make the observation that

— Ce.el .
L= ield] e lda] |1Bsseief | < B
V = max Z E [Ef]] eie] ||, Z E [Ef]] eje;-r <ol +oi,.

i€[d1],j€[d2] i€[d1],j€[d2]

It then follows from the matrix Bernstein inequality that, with probability at least 1 — O (d19),

|E| < Llogd+ v/Vlogd < Blogd + (0row + 0col) v/ 10g d.

E.4 Proof of Lemma 14
Let us define a sequence of independent zero-mean random variables {X;}, <i<d, as follows
Xi = Z iji,j-
j€lda]
It is easily seen that

2
jnel[%x] |w;E; ;| < |w|, B; E [Xﬂ = E w]chij < |Jwl; 0%

2
Jj€ldz]

We can therefore apply the Bernstein inequality to show that, with probability at least 1 — O (dill),

1X;] < (lwllo, B)logd+ 1/ (|lw]30%)logd =: R. (185)

Next, let us introduce a sequence of independent random variables {Y;},_, . 4,» Obtained by truncating
X; o
Y; £ X; 1{|X;| < CR}

for some sufficiently large absolute constant C' > 0. From (185) and the union bound, we know that ¥; = X;
holds simultaneously for all 1 < i < d; with probability at least 1 — O (d_lo).
Further, it is straightforward to compute that

My:= Y EY< Y EX]< Y wied; <lwliok;

i€[d1] i€[d1] i€[d1],j€[d2]

Ly i= max |V —E[Y7]| S B S w|%, B*log” d + w05 log d
1€(dy

Voim D Var(V) < D EV]< Y E[X]S Y Y wiE[E ]+ > > wiwiE B ]E[E,]
i1€[dq] 1€[d] 1€[d1] i€[d1] j€[d2] i€ld1] J1#72

2 2 4
< lwli lwlly BAoZ + w02 0c-
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We then apply the Bernstein inequality to conclude that with probability at least 1 — O (d_lo):
> Y2 S M+ Lylogd + /Valogd
ie[dl]

2 2 2 2
< w2 0% + 2, B log® d + w3 02 log? d + ([l [aell, Boeo + ]2 000 ) v/I02d

where the last line arises from the AM-GM inequality (namely, 2 [|w||  ||w||y Bocoiv/logd < ||'w||io B?logd+
lwl3 o2 and 2 [[w]3 ococovI0gd < [lw][3 0% log d + [|wll3 02y)-
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