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Abstract

Tyler’s and Maronna’s M-estimators, as well as their regularized variants, are popular robust methods to estimate the
scatter or covariance matrix of a multivariate distribution. In this work, we study the non-asymptotic behavior of
these estimators, for data sampled from a distribution that satisfies one of the following properties: 1) independent
sub-Gaussian entries, up to a linear transformation; 2) log-concave distributions; 3) distributions satisfying a convex
concentration property. Our main contribution is the derivation of tight non-asymptotic concentration bounds of
these M-estimators around a suitably scaled version of the data sample covariance matrix. Prior to our work, non-
asymptotic bounds were derived only for Elliptical and Gaussian distributions. Our proof uses a variety of tools from
non asymptotic random matrix theory and high dimensional geometry. Finally, we illustrate the utility of our results
on two examples of practical interest: sparse covariance and sparse precision matrix estimation.

1. Introduction

Let xy,...,X, be n i.i.d. samples from a p-dimensional random variable X. The p X p covariance matrix X of X
is a central quantity of interest in multiple applications [5, [59]. In the classical regime with n > p, if the random
variable X is not heavily tailed and there are no outliers, the empirical covariance matrix yields a relatively accurate
estimator for X.

To deal with heavy tails and potential outliers, several robust estimators were proposed and studied theoretically.
Two popular procedures, applicable when p < n, include Maronna’s and Tyler’s M-estimators [S1} [74]]. Regularized
variants, applicable also when p > n, were also proposed and studied [1}, 22} 61, (63]]. These estimators have found use
in multiple applications, ranging from signal processing and radar detection to finance, see for example [24, |61 63].
We remark that in addition to the above, many other robust covariance estimators have been proposed and analyzed,
see for example [[19} 201 28} 30} 38,140} 1521155} 156! [77]] and references therein.

In this work we study the properties of Tyler’s and Maronna’s M-estimators under several families of multivariate
distributions. Our analysis is non-asymptotic and generalizes previous results, which were either asymptotic or limited
to elliptical distributions. Before presenting our results, we first briefly describe these estimators and related prior
work. For simplicity, we describe the estimators assuming X has zero mean, and discuss how to relax this assumption
later on.

Maronna’s M-estimator (ME). One of the first proposals for a robust covariance estimator, introduced by Maronna
[51], is defined as follows. Let u : [0, c0) — (0, o) be a function that is strictly positive, non-increasing, continuous,
and such that the accompanying function ¢(x) = xu(x) is non-decreasing and bounded. Then, for n > p, Maronna’s
M-estimator (if exists) is a solution to the non-linear matrix equation
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Maronna [51]] proved that under certain deterministic conditions on the samples x;, Eq. (I) has a unique solu-
tion. Couillet et al. [25] considered a high dimensional asymptotic framework, wherein n, p — oo with their ra-
tio converging to a constant. Assuming that X has i.i.d. entries with sufficiently many finite moments, and that
$oo := sup, ¢(x) > 1, they proved that Eq. (I)) has a unique solution with probability tending to one.

Maronna’s regularized M-estimator (MRE). For p > n, Ollila and Tyler [61] proposed the following generalization
of Maronna’s M-estimator: For regularization parameter « > 0,

A 1 1+¢ 1
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As proven in [61, Theorem 1], for any xi,...,X, and @ > 0, Eq. has a unique solution.

Tyler’s M-estimator (TE). Introduced by Tyler in [74]], TE is defined as the solution (if exists) of
-1
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While Tyler’s estimator may seem like a special case of Maronna’s with u(x) = 1/x, this is not so since u(-) is singular
at x = 0. Forn > p, Kent and Tyler [42] Theorems 1 and 2] proved existence and uniqueness of TE under the condition
that any linear subspace of R” of dimension 1 < d < p — 1 contains less than nd/p samples. For i.i.d. samples from a
random vector X with a proper density in R”, this condition is satisfied with probability one.

Tyler’s regularized M-estimator (TRE). Similarly to ME, Tyler’s M-estimator does not exist for p > n. In recent
years, several regularized variants were proposed [} 22| |61} 163} [72]]. We focus on the estimator proposed in [63].
Given a regularization parameter « > 0, it is defined by

| -1
- 1 > Z wixx! + Ipx,, , and W= (;XTZTREX,) . 4

By [61} Theorem 2], when @ > p — 1, Eq. @) always admits a unique solution. When o < p — 1, [61, Theorem 3]
gave a deterministic sufficient and almost necessary condition for existence and uniqueness; for Xy, ..., X, in general
position, the condition holds for @ > max {0, E— 1}. When X has a density, this condition appeared earlier in [63].

Prior work. Maronna’s and Tyler’s M-estimators and their variants, have been studied extensively, with a particular
focus under elliptical distributions; see [} 16, 22126} [33] 142} 158 160163, [70L [76} [77,[79]. The present paper extends
several works that studied these estimators in a high-dimensional regime, where the number of samples n and the
dimension p are both large and comparable. Couillet et al. [25] studied the asymptotic behavior of ME in the
joint limit p,n — oo with their ratio tending to a constant. Assuming that X has independent entries with zero
mean, unit variance and sufficiently many finite moments, they proved that after a suitable scaling, ME converges
asymptotically in spectral norm to the sample covariance matrix. In [26], this analysis was extended to X having
an elliptical distribution with a general scatter matrix. A similar asymptotic analysis for MRE appeared in [6]. Two
variants of TRE were studied in [24], assuming X has an elliptical distribution. A key result of their analysis is
that asymptotically, these M-estimators behave similarly to regularized sample covariance matrices with Gaussian
measurements. Zhang et al. [[79], studied TE assuming X is Gaussian distributed with identity covariance. They
showed that as n, p — oo, the limiting the spectral distribution of a properly scaled TE is a Marcenko-Pastur law.
Moreover, similar to our own results in the present paper, they proved a non-asymptotic deviation bound for the
weights , showing that they are concentrated around some particular Valueﬂ Relying on their results, [33] extended
the analysis to cover TRE, assuming X is elliptically distributed. We remark that the proofs in [33] [79] rely on
properties specific to the Gaussian and elliptical distributions, and do not extend easily to other distributions.

!"The proof of [79] Lemma 3.3] contains an error, which we remedy in the present paper; see Lemma and the ensuing discussion.
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Another recent work is [48], which derived nonasymptotic concentration results for the Stieltjes transform of the
spectral distribution of certain regularized M-estimators. In the context of this work, they derived results only for the
regularized variants of Maronna’s M-estimator. Their results apply under rather broad distributional assumptions,
requiring only a concentration of measure property; see also their related papers [47, 49]]. In constrast, our analysis of
Tyler’s M-estimators and the unregularized Maronna’s M-estimator requires an additional anti-concentration property
(the small ball property) for the random vector X. It is an interesting question whether it is possible to derive similar
results without the SBP assumption.

Our contributions. As mentioned above, most of the literature on Maronna’s and Tyler’s M-estimators has focused
on asymptotic results, establishing convergence as n, p — oo without specifying rates. Other works, that derived
non-asymptotic finite-n bounds, mostly considered Gaussian or elliptical distributions. This paper extends and gen-
eralizes these works in several directions. We present a non-asymptotic analysis of both Tyler’s and Marrona’s M-
estimators, and their regularized variants, under three broad families of multivariate data distributions: 1) independent
sub-Gaussian entries, up to a linear transformation; 2) log-concave distributions; 3) distributions satisfying a convex
concentration property (CCP). Our main results are given in terms of non-asymptotic concentration bounds for the
weights of the M-estimators (I)-(@) around some particular deterministic value. They imply that for these three fami-
lies of distributions, Maronna’s and Tyler’s M-estimators behave similarly to a rescaled sample covariance matrix. In
Section [4 we illustrate the utility of these results for two concrete examples of practical interest: sparse covariance
and sparse precision matrix estimation.

2. Main results

Letxy,...,x, € R” be n samples of the form
xi =%/ yi, )
where X, is a strictly positive p-by-p matrix, and yi,...,y, € R” are n i.i.d. realizations of a zero mean isotropic
random vector Y, namely
E[Y]=0, E[YYT]=1,,. (6)
We assume that ¥ = (Y;,...,Y,)" is a continuous random vector, and satisfies one of the following distributional

assumptions, with the precise definitions deferred to Section 3}
1. [SG-IND]: The coordinates of Y are independent, sub-Gaussian (Definition[T)) and have a bounded density. The
constant K > 0 denotes a uniform bound on sub-Gaussian constants, and Cy > 0 a bound on the densities.
2. [CCP-SBP]: Y satisfies the convex concentration property (CCP) with constant K > 0 and also the small-ball
property (SBP) with constant Cy > 0 (Definition 3).
3. [LC]: Y has a log-concave distribution (Definition E])

Remark 1. While the assumption that X has zero mean may not hold in practice, it has been used extensively in
previous studies of Tyler’s and Maronna’s M-estimators, cf. [6}125,1331(79]. In Section@we discuss how this restriction
may be removed for some of our results.

Remark 2. We emphasize that the three families of distributions considered above are all distinct in the sense that
neither one is contained in another. In particular, it is known that an i.i.d. sub-Gaussian vector does not necessarily
satisfy the CCP, see for example [34}[37]]. Furthermore, below (after the statement of Theorem we mention examples
of two distributions that satisfy one of [CCP-SBP], [LC] but not the other.

We consider Maronna’s and Tyler’s M-estimators Sy and ﬁTy,, as well as their regularized variants Sk and S,
all computed from xi,...,x,. The latter two estimators depend on the regularization parameter @ > 0, which we
omit to simplify notation. We study the nonasymptotic properties of these estimators in the high-dimensional regime,
where the number of samples n and the dimension p are both large and comparable. Their ratio is denoted by

y=L¢c0,0. )
n

Similarly to [33.[79], while our results are nonasymptotic in n (in the form of finite-n deviation bounds), they involve
constants that may depend on 7y, often in a complicated manner that we do not keep track of explicitly.
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2.1. Concentration for the weights of Maronna’s and Tyler’s Estimators

Our first two results show concentration for the weights of Maronna’s and Tyler’s M-estimators for y = p/n < 1,
hence n — p = Q(p). Below, ¥, denotes (up to a universal constant) the Cheeger constant of the family of p-
dimensional log-concave distributions; it is known that ¥, > 1/polylog(p) and conjectured that ¥, = ©(1); see
Section 3] Eq. (T9).

We start with Maronna’s estimator. For & > 0, let Ey£(¢) be the event that () has a unique solution whose weights
satisfy

max [ — 1/¢7 (1) < e. )

I<i<n

Theorem 1 (The weights of Maronna’s estimator). Assume y < 1, and that the functions u(x), ¢(x) = xu(x) of
Maronna’s M-estimator further satisfy:

(i) doo := liMyeo H(x) > 1.

(ii) There is a unique dy such that ¢(dy) = 1, namely, ¢ is strictly increasing at ¢~'(1). Moreover, the inverse map
¢~"is locally Lipshitz at 1.

(iii) u(-) is locally Lipschitz at ¢~ (1).

Then, there are constants c,C, &y > 0 that depend on the distribution of Y and on vy, such that for any € < &, the
following holds.

o Assume that Y satisfies [LC]. Then Pr(Eye(€)°) < Cn?e<Yr Ve,
o Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then Pr(Eyg(e)¢) < Cne~cné’,

Remark 3. When saying that a constant C depends on the distribution of Y, we mean that it may depend on the
parameters K, Cy > 0 above, whenever Y is distributed according to [SG-IND] or [CCP-SBP]. Specifically, in the
bound above in Theorem (I} the constants ¢, C can be taken to be monotonic in the parameters K, Cy. The reason is
that as one increases K and decreases Cy, the class of distributions considered ([SG-IND] or [LC]) becomes larger.
However, we do not keep track of this dependence explicitly.

It is interesting to compare Theorem [I] to the results of [25]. Assuming that the random vector Y has i.i.d. entries
with sufficiently many finite moments, they proved that asymptotically, as n, p — oo with their ratio tending to a
constant, almost surely max;<;<, lw?""“ -1/ q)’l(l)i — 0, see 25, Eq. (6)]. Our analysis extends theirs in two aspects:
(1) It holds also for random vectors Y that do not have independent entries, but instead satisfy certain multivariate
concentration properties; (ii) Our results are non-asymptotic, in the form of concentration inequalities for the weights.

Our next theorem regards Tyler’s M-estimator. To this end, denote by 7, = %TrEp the normalized trace of the
population covariance matrix. For any € > 0, let Erg(e) be the event that Tyler’s estimator exists uniquely, with
weights that satisfy

Tyl
max |, -w,” — 1| < e. 9
1gi5n| P ' ©)

Theorem 2 (The weights of Tyler’s estimator). There are constants c,C, &y > 0, that depend on the distribution of Y
and on y < 1, such that for any € < gy the following hold.

o Assume that Y satisfies [LC]. Then Pr(Erg(e)) < CneYr min{ Vie,n'/*},

2 1/2}

o Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then Pr (Erg(e)°) < Cn’e™® min{ne?, n

We remark that Zhang et. al. [79] provided a proof of Theorem [2|in the specific case where ¥ ~ N(0,1,x,).
They stated a non-asymptotic bound for the Weight Pr(max<i<, Wi — 1| 2 &) < Cne="". This bound should be
compared to Theorem [2] under Assumption [SG-IND]. Importantly, their proof contains a non-trivial gap, which we
correct in the present paper (see Section [5.2).

Next, we illustrate Theorems [I|and [2] by the following numerical experiment. We generated i.i.d. samples accord-
ing to either of the following two distributions for Y:

2Note that their definition of the weights differs from ours by a constant factor, and therefore does not depend on Tp.
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Laplace data Permuted and smoothed data

—8— Maronna's M-estimator; £ deviation
Maronna's M-estimator; RMSE deviation

—8— Tyler's M-estimator; [« deviation 2714
—8— Tyler's M-estimator; RMSE deviation

—@— Maronna's M-estimator; £~ deviation
Maronna's M-estimator; RMSE deviation
—@— Tyler's M-estimator; £ deviation
1 —@— Tyler's M-estimator; RMSE deviation

2'5 2'6 2'7 2'3 2'9 2 1o 2'5 2'5 2'7 2‘5 2'9 2 1o
p p

Fig. 1: The empirical deviation of the weights, plotted in log-log scale. Each point on the graph corresponds to the average of 50 random repetitions.

1. Laplace: All coordinates Y; are i.i.d. Laplace, with density Lap(y) = \/LE exp(— V2|y|). Hence, Y is isotropic,
log-concave, but not sub-Gaussian.
| o P : NP
2. Permuted smoothed: Y = WA + WZ, where A € {£1}” is uniform in the set {a e{xlyP : ¥ ai= O},
Z ~ N(0,1,x,) and o = 0.01 is the smoothing level. The entries of A are clearly dependent; nonetheless, by a

classical result of Maurey [S3], it can be shown to satisfy the CCP. Consequently, Y satisfies the CCP and SBP.

We compute Tyler’s and Maronna’s M-estimators from n = 2p samples, for the latter using u(x) = 2/(1 + x).
Figure[T] shows the deviation of the corresponding weights from their limiting value w* = 1. We present on a log-log

scale both the £, deviation max<;<, |W;—w"|, and the root mean squared error (RMSE) /% b v —w)?, as a function

of the dimension p. The slope of either line is approximately %, consistent with Theorems |1{and

Remark 4. Observe that in Theorem|[T} the weights of Maronna’s estimator do not depend on the population covari-
ance X,. This is because the weights are preserved under an arbitrary linear full-rank transformation of the data. Let
X1,...,X, and consider the transformed measurements X; = Ax;, where A € R”*? is full-rank. Denote the correspond-
ing Marrona’s estimators (I) by £ = 1 ¥ wx;x7 and £ = 1 3" | #%X7. One may verify that £ = ASAT, hence

1/2 Mar

w; = W;; setting A = X,°'%, we deduce that the weights w}™ do not depend on the covariance matrix of X.

In contrast, consistent with Theorem@, the weights of Tyler’s estimator do depend on X,,. The reason is that while
the linearly transformed estimator ASAT does solve the unconstrained Eq. , corresponding to the transformed
measurements (similarly to Maronna’s estimator), one needs to rescale the weights due to the constraint Tr(Z) = p.

2.2. Regularized Estimators

We next consider the regularized variants of Maronna’s and Tyler’s M-estimators. As mentioned in Section [T}
MRE exists uniquely for all ¥, > 0, whereas for any v > 0, TRE is only guaranteed to exist uniquely when
a = a(y) > 0 is sufficiently large.

The regularization term 731, in Egs. and (EI) shrinks the solution towards the identity matrix. As a result,
the weights of MRE and TRE, and our deviation bounds for them, depend on the underlying population matrix Z,.
Accordingly, throughout this section we operate under the following additional constraints on X, so to ensure that it
has the same scale as the identity matrix. Specifically, for constants syx > 7 > 0, we assume:

¢ Bounded operator norm:
IIZpll < Smax - (10)

e Lower bound on total energy:

1
T, = ;Trzp >7. (11)

5



Towards stating our results, given a function ¢(x), we define the following two functions Q, F : R, — R,:

-1

~ 1 n—1 . ~ Q(d)
Q(d) = ;]ETI'ZP ¢(d);xixi + (Ydlpxp , F(d) = (1 + Q)m . (12)

As we shall see below, the functions Q and F play a decisive role in determining the weights of MRE and TRE. A key
quantity is the solution d* > 0 to the following “master equation”:

Fd)=1. 13)

Later, we show that if u(-) is non-increasing and ¢(x) = xu(x) is non-decreasing, then (13)) admits a unique solution.

The theorem below regards Maronna’s regularized M-estimator. For € > 0, let Eyre(€) be the event that MRE
exists uniquely with weights that satisfy

max Wi —u(d™)| < €. (14)

Theorem 3 The weights of MRE.). Let @ > 0 and u be a Lipschitz continuous on any compact sub-interval of [0, ).
Then, Eq. has a unique solution which satisfies d* € |[d, d], where the constants 0 < d < d depend on the
distribution 0f Y, ¥, @, Smax and 7.

Furthermore, there are constants c,C, gy > 0, that depend on the distribution of Y, vy, @, Smax and 1, such that for
all € < g,

o Assume that Y satisfies [LC]. Then Pr(Epprp(e)€) < Cnle=¥r Ve,
o Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then Pr(Eyrp(e)) < Cn’e —cne’?

We note that the weights of MRE were previously studied in [6], assuming Y has i.i.d. entries. They proved that
asymptotically, as n, p — oo at a fixed ratio p/n = v, one has max; <<, [W"™* — u(d)|| = 0 w.p. 1.

Lastly, we consider Tyler’s regularized M-estimator (TRE). TRE is superficially a special case of MRE, corre-
sponding to u(x) = 1/x and ¢(x) = 1; a crucial difference, however, is that u(:) is singular at x = 0. Accordingly, to
carry out our analysis, we require an additional constraint on Z,: there exists a constant 7 > 0 such that

1
I—)TrE;I <. (15)

For & > 0, let E7ge(e) be the event that TRE exists uniquely, and that furthermore its weights satisfy

max Wi —1/d"| < €. (16)

Theorem 4 (The weights of TRE.). Let u(x) = 1/x, ¢(x) = 1 and @ > max{0,y — 1}. Then, Eq. (.) /3) has a unique
solution which satisfies d* € [d, d), where the constants 0 < d< d depend on the distribution of Y, y, @, Smax, T and T.

Furthermore, there are constant ¢, C, gy > 0, that depend on the distribution of Y, vy, @, Smax, T and T, such that for
all € < &,

o Assume that Y satisfies [LC]. Then Pr(Ergp(e)) < Cn?e=<Mr Ve,
e Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then Pr(Erge(e)’) < Cnle ",

For the special case where X follows a Gaussian or an elliptical distribution, similar non-asymptotic concentration
bounds for the weights of TRE were provided in [33]]. Lastly, we remark that as noted in [33]], the dependence on T
can be removed when « is sufficiently large, i.e @ > Csmax Where C is a suitable constant (see Remark [5]in[Appendix|
for further details).

Paper outline. The rest of the manuscript is organized as follows. In Section [3| we provide definitions and technical
background related to the distributional assumptions from Section[2]above. In Section[d]we describe some applications
of our results to robust covariance and precision matrix estimation. Section [5]is devoted to the proofs of Theorems
[T}4} with some technical details deferred to the Appendix. Finally, we offer some concluding remarks in Section [6]
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3. Preliminaries and Technical Background

We provide a brief background and definitions for the distributions considered in Section[2] Recall that Y € R” is
an isotropic random vector. Throughout this text, || - || denotes the Euclidean norm in the suitable dimension p.

Definition 1. Y is a sub-Gaussian vector with constant K > 0 if for any ||u|| = 1,
Pr(juTY —E[u"Y]| > 1) < 2exp [~(t/2K)*] .

Sub-Gaussianity implies that linear functions of ¥ concentrate. For our analysis we shall also need concentration
of some sufficiently well-behaved non-linear functions. Following [3l 54], we consider the following property:

Definition 2. Y satisfies the convex concentration property (CCP) with constant K > 0 if for every 1-Lipschitz
convex f : R” — R, the random variable f(Y) is sub-Gaussian with constant K:

Pr(If(Y) - E[f()]| 2 1) < 2exp [~(t/2K)*] . (17)

The CCP was introduced by Talagrand [73]], who proved that if ¥ has independent, uniformly bounded entries
then it satisfies the CCP. Subsequent works established weaker conditions under which the CCP holds, see [2] 35]]
and references therein. Another family of distributions satisfying the CCP, which has received attention in machine
learning and statistics (e.g. [9}[13}164]), are the distributions satisfying a Log-Sobolev Inequalityﬂ

For parts of our analysis, we shall also need the following:

Definition 3. Y satisfies the small ball property (SBP) with constant C if for any |[u|| = 1 and @ € R,
Pr(juY —a|<t)<Cot forallz20. (18)

The SBP is an anti-concentration property: it states that the law of u™ ¥ cannot put large mass around any particular
value a € R. For our purposes, the SBP will be especially important for bounding the smallest eigenvalue of the sample
covariance matrix, which is a key step in several of our proofs. Note that if the density of u" Y is bounded, then
holds for some appropriate Cy. The following remarkable result, due to Rudelson and Vershynin, states that if ¥ has
independent entries, each with bounded density, then it satisfies the SBP [68, Theorem 1.2]:

Lemmal. LetY = (Yy,...,Y),) have independent entries, with univariate densities all uniformly bounded by C. Then
Y satisfies the SBP with constant 2 \2C.

Log-concave distributions. We next consider the family of log-concave distributions on R”. This rich family has
found multiple applications, for example, in statistics [7], pure mathematics [[14} [71]], computer science [10} 50| and
economics [4]. Particular members in this family include the Gaussian, exponential, uniform over convex bodies,
logistic, Gamma, Laplace, Weibull, Chi and Chi-Squared, Beta distributions and more.

Definition 4. Y is log-concave if it has a density py(y) = e™V®) for V : R? — R U {co} convex.

It is known that log-concave random vectors are sub-exponential with a universal constant, see e.g. [14]. The
following is implied by a recent breakthrough result of Klartag and Lehec [43| Theorem 1.1]:

Lemma 2. There exists a universal ¢ > 0 and some ¥, satisfying
(logp)? <¥, <1 (19)
such that for every isotropic log-concave Y € R? and 1-Lipschitz function f(-),
Pr(If(Y) = ELf(V)]| 2 1) < exp[-c¥pt] . (20)

The quantity ‘¥, is (up to a universal constant) the Cheeger constant corresponding to the family of log-concave
distributions on R”. It is conjectured [39)]] that in fact ¥, = @(1) (the KLS conjecture). For background on the KLS
conjecture and its consequences, see [21146]. Lastly, [S0, Lemma 5.5] implies the following:

Lemma 3. There is a universal 0 < Cy < 2 so that every isotropic log-concave Y satisfies the SBP with constant Cy.

3Such distributions in fact satisfy a stronger Lipschitz concentration property: the function f(-) in Deﬁnitiondoes not need to be convex.
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4. Applications to Robust Sparse Covariance and Inverse Covariance Estimation

As mentioned in the introduction, robust estimation of the covariance and inverse covariance matrices, given pos-
sibly heavy tailed data are important tasks in statistics. In high dimensional settings, these matrices are often assumed
to be sparse, allowing their estimation from a limited number of samples. A common model for multivariate heavy
tailed data, under which various estimators were derived and analyzed is to assume that the samples are elliptically
distributed [[18] [31) 32, [41]]. Specifically, a random vector X follows an elliptical distribution with mean g and shape
matrix £, € S7, if it has the form

X=p+Z)°Y, (1)

where Y ~ Unif(SP~"), and z is a strictly positive random variable which is independent of ¥ (but otherwise arbitrary).
To make the model lb identifiable, the scaling p™'TrZ, = 1 is assumed.

The authors of [33] considered the problem of shape matrix estimation under a sparsity constraint. They showed
that given (possibly heavy tailed) elliptical samples, a sparse X, may nonetheless be estimated at the same rate as if one
had sub-Gaussian samples with covariance X,. Their estimator is remarkably simple: compute Tyler’s M-estimator
corresponding to the n samples, and then threshold its entries as proposed by [12].

In this section, building upon the theorems of Section[2} we show that the above approach yields accurate estimates
for heavy tailed distributions beyond the elliptical model (2I)). Specifically, the vector Y in may be replaced by any
isotropic random vector satisfying the assumptions of Section[2} Furthermore, we show a similar result for estimating
the inverse shape matrix E;l assuming it is sparse. For simplicity, we assume that X is zero mean with g = 0 whereas
in Section [6] we discuss how this restriction may be overcome.

4.1. Sparse shape matrix estimation

Observe that Tyler’s M-estimator, Eq. (3), is invariant to an arbitrary scaling of the samples. Consequently,
Tyler’s estimator computed from the elliptically-distributed samples X; = z,-Z;,/ 2y,-, call it im, is exactly the same as the
estimator computed from the rescaled samples x; = Z;,/ zyi. We emphasize that the rescaled vectors X, ..., X, are not

available to the estimator. Denote S = n~' 37, x;x], and 2y, = n~' 37, wi'x;x;". For a matrix M, denote the norms,

1Mllmax = max [Mjl, Ml = )" 1My
L] l,]
We start with the following important lemma, which asserts that flm is close to X, entrywise:

Lemma 4. Assume the setting of Theorem@] recalling the normalization T, = 1. There is C > 0, that depends on the
distribution of Y and on vy, such that w.p. 1 — o(1), the following holds.

1. Assume that Y satisfies [LC]. Then |Iﬁ',ﬂ = Zpllmax < CIIE,,II\Il,Og‘pf.
p N

2. Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then ||y, — = llmax < ClIZ, |l / loip.

Proof. By the triangle inequality, ||ﬁ)Tyl =2 llmax < ||f)Tyl —=S lImax + 1S =X |lmax- We bound the second term, by Lemma
in the Appendix, which bounds the deviations of the entries of S about their expectation X,. For the first term,

1 n
- Z(W?l - Dxix!
i=1

By Lemmain the Appendix, [IS]| < IIZ,|l w.h.p., whereas max <<, [w;”" — 1| may be bounded by Theorem O

X = Sllmax <IZxy = Sl = < max [w = 1] |IS|.
1<i<n

i

Following Bickel and Levina [[12]], consider the class of approximately sparse covariance matrices, g € [0, 1),

j
Uy(g, s4(p)) =X € Sh, Z 17 < s4(p), 1 <i<py. (22)

J=1
Let 7; be the entry-wise hard-thresholding operator 7;(M);; = M;;1 (10,121} The authors of [12] showed that to

accurately estimate a matrix X, € U, (g, s,(p)) with respect to operator norm, it suffices to construct a matrix A which
is close to X, entrywise, and then threshold it. We cite the following form of their result, as stated in [33, Lemma 6]:
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Lemma 5. Let X, € U,(q, s,(p)) and A such that ||A — Zpllnax < & There is a threshold t = c\& so that for some
2 = c2(g), IT:(A) = Z,ll < cas4(p)e' ™.

Combining Lemmas [ and 5] yields the following generalization of [33, Theorem 1], which proved a similar result
under the more restrictive assumption that ¥ has an elliptical distribution:

Corollary 1. There are c,C > 0, that may depend on the distribution of Y and on vy, such that the following holds.
For an appropriately chosen threshold t, if X, € U,(q, s4(p)), then w.p. 1 — o(1),

~ 2\(1-9)/2
1. Assume that Y satisfies [LC]. Then |[Z, — T:(E)ll < Cs (p)IIZ, |1 (“‘3#) )

A > 1-9)/2
2. Assume that ¥ satisfies either [SG-IND] or [CCP-SBP]. Then £, - Ti(E,)ll < Cs (I, I~ (222) ™",
Under [SG-IND] and [CCP-SBP], the attained rate is minimax optimal in n, p [L7].

4.2. Sparse inverse shape matrix estimation

We now consider the problem of estimating 2;1, assuming that it is sparse: 2;1 € Uy(q, s4(p)). Caiet. al

proposed the CLIME estimator [[15], which solves a linear program of the form:

min [Q; subject o ISQ = Tppllmax < A, (23)

where A is a tuning parameter and S is a proxy for 2, ([13] propose to use the data sample covariance matrix). Having
solved (23), a symmetrization step is applied to get the final estimator. [I5, Theorem 6] states that if $ is close
entrywise to X, then the estimator Q = (§) is close in operator norm to E,‘,l:

Lemma 6. Suppose that 21‘,1 € Upy(q, s4(p)) and S satisfies ||, — Slmax < €. For any 1 > IIZ;lllls, the estimator
obtained by solving and applying symmetrization satisfies ||f2 - 2;1 || < qu(p)||2;1 ||}_q/ll_‘1.

Setting § = ﬁ)m in 1) and using Lemma yields:
Corollary 2. There are c,C > 0, that may depend on the distribution of Y and on vy, such that the following holds.
For an appropriately chosen A, if 2;1 € Up(q, 54(p)), then w.p. 1 —o(1),

)( 1-¢)/2

1. Assume that Y satisfies [LC]. Then ||Z;,1 - Q(i»,},)n < Cs,,(p)HE;l||f_q||2p||1’q (%

N _ 1-9)/2
2. Assume that Y satisfies either [SG-IND] or [CCP-SBP]. Then IIZ;'—Q(ZE.,)|| < qu(p)||Z;] ||% q||2p||‘—f1 (l"ﬂ)( 9/ .

n

Lastly, we remark that CLIME is known to have a sub-optimal rate for i.i.d. sub-Gaussian data. In [16]], the
minimax rate is computed and a rate-optimal adaptive estimator ACLIME is proposed. While beyond the scope of the
present paper, we conjecture that a similar result, as Corollary 2] may be derived for ACLIME as well.

5. Proofs

Recall that the input data consists of n samples x; = 2[1,/ 2y,- with y; isotropic. Denote by S (resp. T) the sample
covariance corresponding to the x;-s (resp. y;-s),

1 v 1 <
S =- Zx,-xiT =313l?, T = - Zy,-yj.
i=1

n
i=1

For 1 < j < n, denote by S _; (similarly 7T_;) the sample covariance of (n — 1) samples excluding x,

n

1 1
S_;j=8—-—-xx{ =— E XiX; .
i=1,i#j

The following lemma, proven in|Appendix B} is key to the analysis of Maronna’s and Tyler’s estimators.
9



Lemma 7. Assume y < 1. There are ¢, C, gy > 0, that depend on the distribution of Y and on vy, so that for all € < &:
1. Assume [LC]. Then Pr(max i<, [p~'x7 S7'x; = 1] 2 &) < Cn?e~¥r Ve,
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(max <<, |p’1XlTS’1X,~ -1>e< Cnlecne’,

Note that x; S 'x; = yiTE},/Z(E},/ZTE;/z)‘lE}U/zyi =y Ty, so the quadratic form p~'x] S ~'x; does not depend
on X,. Assuming that x;-s are Gaussian, a similar result was derived in [79]. Their proof relies on the orthogonal
invariance of the isotropic Gaussian distribution, and does not generalize to other distributions. Lemma[7]implies that
maxj <<y le.TS"x,- — 1| — 1 w.p. 1 in the asymptotic limit n, p — oo with L—’ — . Assuming Y has independent entries
with finite fourth moment, this asymptotic result was proven in [23].

5.1. Proof of Theorem[I|(Maronna’s M-Estimator)

Existence. We first prove that a solution to the fixed point equation (1)) indeed exists. This proof follows that of [25]].
We briefly describe it, for the sake of completeness. Denote d = (dj, .. ., d,). Consider the function /2 : R} — R’

" -1
1 (1 )
hj(d) = Ex]T (; ; u(di)xixj] xj, l<j<n. (24)

Since by assumption X has a density and n > p, h is well-defined w.p. 1. Moreover, a vector d yields a Maronna’s
estimator with weights w; = u(d;) if and only if d; = h;(d) for all j. Hence, to establish the existence of Maronna’s
estimator, we need to show that 4 has a fixed point. To this end, as proven in [25], the function A(-) satisfies the
following three properties. 1) Positivity: 4(d) > 0 for any vector d > 0, namely with d; > 0 for all j; 2) Monotonicity:
ifd > d’ > 0, then A(d) > h(d’); 3) Scalability: for any @ > 1, ah(d) > h(ad). A function A(-) satisfying these
properties is (almost) a standard interference function, in the sense of [78]. By [78, Theorem 1], if there exists some
d with d > A(d), then A(-) has a fixed point. The following lemma shows that w.h.p., such a vector d exists, which in
turn implies the existence of Maronna’s estimator.

Lemma 8. There are ¢, C > 0, that depend on the distribution of Y and on vy, such that
1. Assume [LC].Pr(3d >0 : d > h(d)) > 1 — Cn?e<(¥» V),
2. Assume [SG-IND] or [CCP-SBP]. ThenPr(3d >0 : d > h(d)) > 1 — Cn*e™".

Proof. By assumption (i) of Theoremm ¢ > 1. Hence, we may take some dy > 0O such that ¢(dp) > 1. Setti
7}

dy = dol = (do, ... do) in (24) and using u(d) = ¢(d)/d, one may verify that h(do) = 7= 1xTS~'x;. By Lemmal[]

w.h.p., max; <<, %X}—S_lxj‘ < ¢(dy), and so h(dy) < d. O

Uniqueness and concentration. Letd = (dy,...,d,) be a vector satisfying i(d) = d, which yields a valid Maronna’s
estimator. Next, we prove that only one such d exists. To this end, denote jmin = argmin, _;., d;, jmax = argmax, ., d;.
Since h(-) is non-decreasing, d; = h;(d) < hj(d;,, 1) = (u(d 'mx))‘lp‘liTS‘lxj. Setting j = jmax and multiplying by
u(d;,,) gives ¢(d;,,) < p~'xj S7'x; . Similarly, h(d) > h(d),, 1), and thus ¢(d;,,) = p~'x] S~'x;, . Finally,

Jmin Jm
since ¢ is non-decreasing, we deduce that for all j, p"xJT.m,nS"x jun S 0(d)) < p7'x} S7'x;, . Consequently,

max |¢(d;) - 1] < max |p~'x] S 7'x; - 1]. (25)
1<j<n 1<j<n

The next lemma shows that w.h.p., A(-) cannot have any fixed points whose entries are far from the constant ¢~!(1):

Lemma 9. For & > 0, let Fpaa() the set of “bad” fixed points of h(-), namely, such that ||d — ¢~' (1)1l > &. There
¢,C, gy > 0, that depend on the distribution of Y and on vy, such that for all € < &,

1. Assume [LC]. Then Pr(Foaa(e) £ 0) < Cnle=¥r Ve,
2. Assume [SG-IND] or [CCP-SBP]. Then Pr (Fpaa(e) # 0) < Cnlene’,
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Proof. Follows immediately by Lemmal[7] Eq. and Assumption (ii) of Theorem[I] which states that ¢ is invertible
in a neighborhood of ¢~!(1) and that the inverse ¢! is locally Lipshitz at 1. O

Lastly, we prove that Maronna’s estimator exists uniquely w.h.p:

Lemma 10. There are c¢,C > 0, that depend on the distribution of Y and on vy, such that
1. Assume [LC]. Then Pr (ME exists uniquely) > 1 — Cn?e“Y» Vi)
2. Assume [SG-IND] or [CCP-SBP]. Then Pr (ME exists uniquely) > 1 — Cne™ ",

Proof. Existence, w.h.p., is guaranteed by Lemma 8| Assume by contradiction that 4 has two different fixed points,
d # d'. Take @ = max;(d; /d}), and let / be a coordinate where the maximum is attained. Assume w.l.o.g. that @ > 1
(otherwise replace d with d”), and note that by its definition, d < ad’.

Let 7 > 0 be so that ¢(-) is strictly increasing in [¢~'(1) — 1,¢~'(1) + n]. By Lemma [9] w.h.p. both d,d’ €
[¢~'(1) = n/2,¢7' (1) + n/2]". In addition, since @ > 1, then ¢(a/d;.) > ¢(d}) for all j. This, in turn, implies that

L_ded) od)
M) = o 7 Taar T M

Plugging this into gives h(ad’) < ah(d’). Since d < ad’ and h is non-decreasing, we deduce h(d) < ah(d’). But,
since d,d’ are fixed points of A(-), this yields a contradiction: d; = hy(d) < ah(d’) = ad] = d,. U

Proof of Theorem[I] Existence and uniqueness follow from Lemma By Lemma [9] the coordinates of the fixed
point d concentrate around ¢~'(1). Hence, the weights of Maronna’s estimator, W = u(d;), concentrate around

i

u(@™ (1) = ¢(¢~' (1)/¢~' (1) = 1/¢7' (D). O

5.2. Proof of Theorem2)(Tyler’s M-Estimator)

Our proof combines the strategy of Zhang ez. al. [79] with Lemma(7} Since X has a density, by [42 Theorems 1
and 2] Tyler’s estimator exists uniquely w.p. 1. By [79, Lemma 2.1], its weights are

Tyl P wi

wi = , (26)
Tr(% > Wixixl.T)
where W = (W1, ..., w,) is the unique minimizer of
F(w)=- Z logw; + r log det [Z wix,-xiT] , subjecttow > 0 and Z W; =n. 227)
. p £ ;
i=1 i=1 i=1

As in [[79]], the proof proceeds in two steps: (I) Show that wy, ..., w, all concentrate around 1; (IT) Using , deduce

concentration for the weights w", ..., w,".

We start with the weights W. The argument of [[79] Section 3.2] starts with the following observation:

Lemma 11. Let 3 > 0 be arbitrary. Then W is the unique stationary point of the following function Gg : R" — R:

n 2 n n n 2
Gg(w) = F(w) + g (Z w; — n] =— Z logw; + IE? log det (Z w;x;x?) + 'g [Z w; — n] . (28)
i=1 i=1 i=1 i=1

Next, note that w =1 = (1,..., 1) is “almost” a zero of gg(-) = VGg(-) (for any B), in the sense that w.h.p. gz(1) is
small. Indeed, a straightforward calculation, Appendix Eq. (C.I), gives

n -1
1 1 1
(gﬁ(l))f =-1+ l—)x; [; inxT) X, =-1+ ;x;S’lx[ foralll <€ <n. (29)

i=1
By Lemmal[7] the right-hand-side of (29) concentrates tightly around 0. That is, the following deviation bound holds:
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Lemma 12. There are c,C, gy > 0, that depend on the distribution of Y and on vy, so that for all € < &y and all B

1. Assume [LC]. Then Pr (||g,5(1)||oo > 8) < Cnle~<(¥r Ve,

2. Assume either [SG-IND] or [CCP-SBP]. Then Pr(”gﬁ(l)”w > 8) < Cn?e e,

Next, we carry out a perturbation argument: we show that [|gg(1)|l. being small implies that the unique root
gﬂ(W) = 0 is close to 1. To this end, we use the following result, [79, Lemma 3.1]. Below, for a matrix M € R™", we
denote by [[M|le.co = MaXi<j<n 2ipoq 1M jel its £o-to-Ls Operator norm.

Lemma 13. Let h : R? — RP be differentiable, wy € RP. Suppose that for some L,R > 0 and 0 < & < min{R, L™'}:
(1) (wo is “almost” a zero). ||h(Wo)|leo < %s.
(Il) (Non-degeneracy at wo). Vi(Wq) = 15, namely (Vh) ;, = Z_‘Z =0jg¢.

(1I1) (Smoothness around wy). ||[VR(W) — VA(W0)||co,.c0 < LIIW — Wol|co for all w in ||W — Wollee < R.

Then h(-) has a zero W close to wq such that |[W — Wo|l. < &.

-1
To prove that gz has a zero near wo = 1 via Lemma we consider hg(w) = (Vgﬁ(l)) gp(w). Clearly, gz and
hg have the same zeros. Also, by its definition, Az satisfies condition (II) above. We next show that w.h.p. hg satisfies

-1 _
condition (I). Since [lhg(D)]le < H(Vgﬁ(l)) H llgs(Dllo, it suffices to bound the matrix norm H(Vgﬁ(l)) IH :
Lemma 14. There are c,C, B, By > 0, that depend the distribution of Y and on vy, so that setting 3 = Bo/n,

1. Assume [LC]. Then Pr (Il (Vgﬁ(l))_l lloo.co = B) < Cn2e—c¥m'™.

2. Assume [SG-IND] or [CCP-SBP]. Then Pr(ll (Vg,g(l))i1 lloo,00 = B) < Cn2e=n'?,

We prove Lemma (14| in Our proof follows Zhang et. al. [79, Lemma 3.3]. Their argument,
however, contains a mathematical error that we correct.

Lastly, we address condition (IIT) of Lemma[I3] We prove the following in[Appendix C.2}

Lemma 15. Let L, be the L, Lipschitz constant of Vgg on an €« ball of radius % around 1:

IVgs(W) — Vgg(1)lleo,e0
W Iw-1]lo<) W — 1]l

L, =

There are c,C, L > 0, that depend on the distribution of Y and on vy, so that

1. Assume [LC]. Then Pr(L, > L) < Cn2e<¥» VI,

2. Assume [SG-IND] or [CCP-SBP]. Then Pr(L, > L) < Cn2e~",

Equipped with the preceding lemmas, we are ready to prove our concentration result for w:

Lemma 16. Let W = (wy,...,w,) > 0 be the unique minimizer of (@ There are c,C, &g > 0, that depend on the
distribution of Y and on v, such that for all € < &,

1/4}

1. Assume [LC]. Then Pr (maxls,-gn |W,~ - 1| > s) < Cnle~c¥pmin{ Vae.n'}

2 1/2}

2. Assume [SG-IND] or [CCP-SBP]. Then Pr (maxls,-gn |Wi - 1| > 8) < Cn2e—cmin{ne’.n'?}
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Proof. Choose B = By/n per Lemma |14} such that || (Vgﬁ(l))_1 o0 < B holds w.h.p. By Lemma for some
L >0, wh.p. [[Vgs(W) = Vgs(Dllco0 < £IIW — 1| holds uniformly inside the £, ball ||w 1)l < 1. By Lemma

llgg(llo < 55 holds w.h.p. Under the intersection of these events, ig(w) = (Vgﬂ(1)> gp(w) satisfies the conditions

of Lemma , with constants R = % and L. Assuming € < g := min{i, L7}, by Lemman hg(-) has a zero w*,
equivalently a stationary point of Gg(-), with [[w* — 1|l < &. By Lemma L wW* = W.

O

Of Theorem[2] Recall that the weights w;" are related to w; via . Denote 7, = p~'Tr(Z,). Under the high-
probability event maxi<;<, [w; — 1| < &, we have
1-¢ T W l+e¢

<Tt,w.’' = < . (30)
(L+e)-pTS)/r) ~ 7 i Te(Ly xxy) - (L= 2) p I THS)/T,

We next show that the denominator of (30) concentrates tightly around 1, namely, that w.h.p. [p™'Tr(S) — 7,| < &7),.
To this end, let uy, ..., u, be an orthonormal basis of eigenvectors of X, so that X,u; = A;u;. Since § = EL/ZTZL/Z,

p
Pt ) A Tuy = 1)

i=1

Ip~'Tr(S) - 7,| = <7, {Lli);;lu;Tu,v— 1.

By Lemma [23|(and a union bound over 1 < i < p), under [LLC], Pr (|p"Tr(S) - Tp| > e‘rp) < Cpe=¥r \/ﬁ)s’ whereas
under [SG-IND] or [CCP-SBP], Pr(|p’1Tr(S) - T,,| > ST,,) <C pe’c”gz. Combining with l) yields that w.h.p.
max<i<p [7,w;" — 1| < Ce, and the theorem follows.

O
5.3. Proof of Theorem[3|(MRE)
By [61, Theorem 1], MRE exists uniquely w.p. 1. We proceed similarly to the proof of Theorem [T} Define
l+a 1< -
7 - RN no. 7 — @ T T .
h:R' SR :  hd) = % ; u(d)xix! + aIpo] xj, l<j<n. (31)

By the definition of MRE, Eq. , its weights are wi™* = u(d;) where h(d) = d is a fixed point. Accordingly, we
study the fixed points of &. Let d > 0 be a fixed point, and jmin = argmin, ., d j» Jmax = argmax; ., d ;. Since u(-) is
non-increasing, A(-) is non- decreasmg, and so h(d 1< 71(3) < 71(5? i 1). Considering coordinates j € {jmin, jmax}s

and bearing in mind that d; = i;(d),

min

dj, 2 M+ @)p™'x]((d;,,)S +alpy) X . dj, < +a)p”'x] (w(d;,)S +al,)'x] . (32)

Define the following n functions F; : R, — R,, 1 < j < n, by
Fi(d) = (1 +a)d” p'x] (u(d)S + alpp)”'xj = (1 + a)p”' X (J()S + adl ) 'X; . (33)

B assumptlon ¢(d) = du(d) is non- decreasmg hence F 1s decreasmg Dividing the left and right inequalities in
by d and d; respectlvely, gives F mm(d ;m.n) (d;.) > 1. Since F is decreasing, we deduce that

‘min Jmax ./max ‘max

d imin 2 1 (D), d,. <F 1 _ (1) provided that 1 is mdeed in the range of F min ()5 F . (-). Since d; imin d imae ar€ the
smallest and largest coordmates of d respectively, we deduce that for all 1 < j < n,
min £7'(1) < d; < max £71(1), (34)

1<i<n 1<i<n

provided that 1 is in the range of all £;-s. We shall soon see that this is indeed the case, and moreover, that the
(data-dependent) quantities F i’l(l) all concentrate around a particular deterministic quantity.
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We now analyze F;, defined in . Decomposing S =S_; + n"xixiT, by the Sherman-Morrison formula,

- 0i(d) ; it o
F,‘d =1 +a)————————, where l‘d = X; dS_i+adI X; . 35
(d) =( )1+y¢(d)Q,»(d) Qi(d) = p~x; (¢(d) pxp) (35)
Next we consider a deterministic analog of £;, where Q; is replaced by its expectation Q. Define
) = BEQ(d) = p ' ETHS, (@S + adlp) ™', F(d) = (1 + 0)—2) (36)
1 +y¢(d)Q(d)

Lemma 17. Let dy > 0 be given. There are c,C, gy > 0, that depend on the distribution of Y, vy, Smax, @ and dy, such
that the following holds. For all d > dy and € < &y,

1. Assume [LC]. Then Pr(max<i<, |0i(d) — Q(d)| > €) < Cne~¥» Ve
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(max<;<, |0:i(d) — Q(d)| > &) < Cne="¢’.

We prove Lemma in{Appendix D.1} By Lemma the functions F; concentrate pointwise around the deter-

ministic function F. To proceed, we show that 1 € Range(F) and study the local behavior of F' around this point.
Before stating our next result, we remark that up to this point, the analysis in this section applies both to MRE and
TRE, the latter corresponding to u(x) = x ', The proof of the next lemma, however, relies on the boundedness of the
function u, which is always assumed for MRE, but does not hold for TRE.

Lemma 18. There is a unique root F(d*) = 1. Moreover, there exist constants 0 < d < d, and n > 0, depending on
the distributions of Y, Y, Smax, T and a, so that: 1) d* € (d, d); 2) For every dy, d, € (d,d), |F(d,) — F(dy)| = nld, - ds|.

We prove Lemma [1§]in We are ready to conclude the proof of Theorem [3} Fix a small eno

g >0sothatd, = d* — ¢, dy = d* + e satisfy [d),d»] € (d,d). Let n > 0 be the constant from Lemma

By Lemma w.h.p. |Ei(dy) — F(dy)| < nef2 forall 1 < i < nand ¢ = 1,2. Under this event, in particular,
F,-(dz) < F(dy) + ne/2 < F(d*) —ne + ne/2 = 1 — ne/2. Similarly, F,-(dl) > 1 + ne/2. Since the functions F; are
decreasing and continuous, it follows that F,."(l) € (d),dp) = (d"—¢,d" +¢&) for all i. Thus, by , c?j €(d —¢e,d +¢)
for all 1 < j < n. Finally, recalling that the weights of MRE are w?‘“ = u(cz j), we conclude that [W™** — u(d*)| < Le

where L is the Lipschitz constant of u.
0

5.4. Proof of Theorem{d|(TRE)

Since the samples x; are assumed to have a density, they are in general position w.p. 1. Consequently, since by
assumption @ > max{0, y — 1}, [61, Theorem 3] implies that TRE exists uniquely w.p. 1.

Recall that TRE has the same form as MRE, with a crucial difference that the function u(x) = 1/x is not bounded.
We follow the proof of Theorem [3|from Section above. The argument carries over, verbatim, with the exception

of Lemma[I8] Thus, Theorem @] follows from Lemma[T9] stated below and proven in[Appendix D. O

Lemma 19. Let F, Q be as in (@) with u(x) = 1/x, and suppose that @ > max{0, p/n — 1}. There is a unique root
F(d*) = 1. Moreover, there exist constants 0 < d < d, and > 0, depending on the distributions of Y, ¥, Smax, T, T and

a, so that: 1) d* € (d, d); 2) For every dy,d> € (d,d), |F(d) — F(dy)| > nld, — da|.

6. Conclusion and Further Discussion

This paper presented a non-asymptotic analysis of Tyler’s and Maronna’s M-estimators, as well as their regularized
variants, under a substantially broader class of distributions than those considered in previous works. Specifically,
we assumed a data distribution of the form X = 211,/ 2 Y, where Y is isotropic and satisfies one of several abstract
concentration properties. Some of these distributions allow for the coordinates of Y to be statistically dependent.
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Results for non-centered distributions. In our analysis, we assumed that X has zero mean. This is often not the case
in real-world applications. A more reasonable model is X = u + 211,/ %Y, where E[X] = M is in general not zero. Note
that the standard method of coping with a non-zero mean, namely subtracting the sample mean, creates a statistical
inter-dependency between the modified samples, so that the results of Section [2]do not immediately apply.

To overcome this difficulty, [29] suggested the following “symmetrization” procedure. Given a data set of 2n
samples X, ..., Xp,, construct a symmetrized set of n samples:

X" =271 = X)) = 27 PR P - Vi), 1<is<n

Clearly, E[x""] = 0 and Cov(x;"™) = £,.. To apply our main results, the isotropic random vector Y™ = 271/2(y —Y"),
where Y’ is an independent copy of Y, has to satisfy the same properties as Y. Indeed:

1. under [SG-IND], Y®™ has independent entries, with sub-Gaussian constants < K. In addition, by Lemma
the density of each entry is bounded by < Cy;

2. under [LC], Y™ is a log-concave random vector, since the log-concave family is closed under convolution of
the densities (e.g. [69]);

3. under [CCP-SBP]: By separately conditioning on Y, Y’, one may verify that Y*Y™ satisfies both the CCP and
and the SBP, possibly with a larger constant.

In[Appendix E.3|we discuss some further details regarding the symmetrization procedure under the model (21)).

Projection Pursuit in high dimension. Both [11] and recently [S7] (who extended the results of [[L1]) studied some
fundamental limitations on the ability to detect structure by projection pursuit in the high-dimensional setting, assum-
ing multivariate Gaussian observations. Specifically, asymptotically as p/n — y € (1, 00), they proved that with high
probability, for any i.i.d. observations Xi, ..., X, ~ N(0,1,x,) and a given distribution G with mean zero and variance
bounded by y — 1, one can find a sequence of (data-dependent) projections u, g € SP=! such that the sequence of em-
pirical distributions F,, := >}%, 1 x;-u,)_G(f) converges to G in Kolmogorov-Smirnov distance: lim,_, ||F},, — Glle = 0.
Informally speaking, this result implies that in the high dimensional regime, one can find structure in the data that
does not exist in its underlying distribution, as all its marginals are N'(0, 1). This is in contrast to the results of [27],
whereby in the classical regime where p/n — 0, all the empirical marginals converge to their population counterparts
N(0, 1), namely lim,, p_,co SUP,egp-1 1Fpnu = N (O, Dlleo = 0.

The mathematical analysis in the present paper can be used to generalize the results of [11]. Specifically, most
of its results on projection pursuit continue to hold for any X = (Xj,...,X,) where each entry is a zero mean and
variance one independent sub-Gaussian with a uniform constant K (these entries need not be identically distributed).
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Appendix A. Auxiliary Technical Lemmas

Letyi,...,y, bei.i.d. realizations of an isotropic random vector Y € R”, with sample covariance T = % Y Yy -
Recall that y = £.

Appendix A.l. Eigenvalue bounds for sample covariance matrices
The next two lemmas present well-known bounds on the largest and smallest eigenvalues of 7

Lemma 20. There are cy,c; > 0, that depend on the distribution of Y and on vy, such that:

1. Assume [LC]. Then Pr(|T|| > ¢;) < e V1,
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2. Assume [SG-IND] or [CCP-SBPJ] Then Pr(|T|| > ¢|) < e™".

Under [SG-IND] and [CCP-SBP], Lemma 20| follows from [[75, Theorem 5.39]. Under [LC], it follows from [3]
Theorem 1].

Lemma 21. Suppose thaty < 1. There are cy,c, > 0, that depend on the distribution of Y and on vy, such that:
1. Assume [LC]. Then Pr(Apnin(T) < ¢1) < €7 \2
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(Ay,in(T) < c1) < e™9",

For Y with 1.i.d. sub-Gaussian entries, Lemmafollows from the work of Rudelson and Vershynin [66], see also
[[75) Theorem 5.38]. Their non-asymptotic bound remarkably captures the exact “true” location of Ay (T); to wit, ¢
may be taken up to the Marcenko-Pastur lower edge (1 — \ﬁ)z. To our knowledge, for Y € R” with dependent (but
uncorrelated) entries, similarly strong results are not currently available. Moreover, existing results which bound the
two-sided deviation || — I,,x,|| typically fail (barring the i.i.d. case) to produce a positive bound on Ay (7) in the
entire range y € (0,1). As observed by [44], if Y satisfies the SBP then this difficulty can be overcome, albeit with

non-sharp c;; this will suffice for our purposes. For completeness, we give a proof of Lemma 21]in
Appendix A.2. Concentration of quadratic forms
Note that for any fixed matrix A € R”*P, E[YTAY] = Tr(A). We cite a tail bound for the deviation |[YTAY — Tr(A)|:

Lemma 22. There is ¢ > 0 that depends on the distribution of Y, and universal C > 0, such that for any fixed matrix
A eRP*? and g € (0, 1):

1. Assume [SG-IND] or [CCP-SBP]. Then Pr(|p’1YTAY - p’lTr(A)| > s||A||) < Ceere,

2. Assume [LC]. Then Pr(ip‘lYTAY - p‘lTr(A)| > s||A||) < Ce P2,

Under [SG-IND], Lemma 22] follows from [67]. Under [CCP-SBP], it follows from [2]]. Both of these are
extensions of the Hanson-Wright bound [36]. A proof under [LC], appears in We remark that for
large &, a tighter tail bound can be derived in the log-concave case (without ¥}), see for example [45]. However, to
the best of our knowledge, for small £ no sharper bound is currently known.

Appendix A.3. Entrywise concentration for the sample covariance
Lemma 23. There are C, ¢ > 0, that depend on the distribution of Y, such that for all unit vectors u,v and € € (0, 1),

1. Assume [SG-IND] or [CCP-SBP]. Then Px([u"Tv - u"v| > &) < Ce™"".
2. Assume [LC]. Then Pr(ju"Tv — u™v| > &) < Ce~<a Vi,

Proof. Since u' Tv = %[(u + W) T+ v)— (u—v)"T(u—v)], it suffices to prove the lemma for u = v. Consider the
random vector W € R" with entries W; = yu. Observe that W is centered, isotropic, and: 1) under [SG-IND] or
[CCP-SBP], W has i.i.d. sub-Gaussian entries; 2) under [LC], W is log-concave. Since u" Tu = %WT W, the result
follows from Lemma2with A = I. O

“In fact, this bound does not require the small-ball property.
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Appendix A.4. Additional lemmas

The following is well-known, see for example [25, Lemma 4]:

Lemma 24. Ler A, B, C > 0 be non-negative matrices and z > 0 a positive number. Then

C
|TrC (2l + A)™' = TrC (2 + B)™'| < rank(A — sl (A.1)
Z
The following is a standard concentration inequality for “resolvent-like” expressions:
Lemma 25. Let C > 0 and A > 0 be fixed matrices, and let X1, ..., X,, be independent, non-negative random matrices,

such that for all i, rank(X;) = 1 with probability 1. Denote S, = Y.}, X;j and R, = TrC (A + Sn)fl. There is universal
¢ > 0 such that for all t > 0,

2
Pr (R, — ER,)| > 1) < 2exp [—ct—z] . (A2)
nflea]

Proof. Consider the filtration ¥ = o(X{, ..., Xi) and the martingale M; = E[R,|F;]. We have M,, = R,, My = ER,,
and by Lemma [Mys1 — M| < 2||CA™"||. The lemma follows from the Azuma-Hoeffding inequality for martingales
with bounded increments. O

Appendix B. Proof of Lemma|7]

Proving Lemma (7| by a direct analysis of the quadratic form xS ~Ix; is difficult, since the sample covariance S
depends on x;. To disentangle this dependency, as in [25]], we apply the Sherman-Morrison formula,

-1
lo-lgy.oTo-1
1 < 1 ~STUxx! ST
-1 _ _E xT 4 Zxx’ —q-l _n o7 T
S = XX, + —X/X; =57 o
n & n 1+ -x'S7:x;
J#FI noiT =i

Importantly, x; and S _; are statistically independent. Furthermore,

1 1 lg-lgxT§1 leTS:ilxi
—x]S7x = —x] |ST) - oL = — : (B.1)
1+ ;X;S:}X, 1+ v ;XITS:IIX,
and so,
1 To-1

1 =y % S5xi— 1 1 1
—x;S7'x; - 1} = ' ”l ' <A -y |=x/S7/x;— —| . (B.2)
p l+y~;xiTS:i1x,- p 1-y

The following lemma, proven below, shows that the r.h.s. of (B.2) is small w.h.p.

Lemma 26. Assumey < 1. There are c, C, &y > 0, that depend on the distribution of Y and ony, so that for all € < gy:
1. Assume [LC]. Then Pr(maxi<is, |p™'x] S 7}xi = 15| 2 &) < Cn?e™™r Ve,
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(max <<, |p’1xiTS :ilxi - 1+7| >e) < Cn2e~re’,

Proof of Lemma(/] Immediate from Lemma [26]combined with Eq. (B.2). O
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Appendix B.1. Proof of Lemma|26]

As previously mentioned, xS :} X =Y/ T_‘l.1 yi does not depend on the population covariance X,. Hence we bound
the deviations of y; T:ilyi from 1/(1 — y). Lemma then follows by a union bound over 1 < i < n. The analysis
proceeds as follows. First, we show that p~'y T~y; concentrates around E[p~'y] T~y,|T_;] = p~'Te(T~}). Next, we
prove that p“Tr(T:l.l) concentrates around 1/(1 — y). Proving this directly is difficult, since the smallest eigenvalue
of T_; can take very small value, though with overwhelming small probability. To circumvent this, we consider a
regularized variant fi(g) = p’lTr(T_,- + sI,,X,,)’l. We then show that |/m(e) — p’lTr(T:il)I < &, and finally that /fi(¢)
concentrates around 1/(1 — ).

Note that mi(¢) is the Stieltjes transform of the empirical spectral distribution (ESD) of 7_;, evaluated at —¢. Since
T_; is a sample covariance matrix of i.i.d. isotropic samples, its ESD converges to a Marcenko-Pastur law with shape
parameter y. This reveals the reason for the value (1 —y)~!: it is the value of the Stieltjes transform of the Marcenko-
Pastur law, evaluated at O, cf. 18] 25].

In light of the above roadmap, write p‘lyiT:ilyi — (1= = A, + Ay + A3, where

Ay =p 'y Ty — p ' TH(TT)), Ay = p ' Te(TT)) —7i(e), Az =ni(e) — (1 —y)7,

. O O (B.3)
m(e) = p~ Te(T_; + €l %) .

It suffices to show that w.h.p., |A/| < & for € = 1,2, 3. We start with a high-probability bound on Aj, A:

Lemma 27. Assume the conditions of Lemma @ There are cy,¢3,C1, 9 > 0, that may depend on the distribution of
Y and on vy, such that for all € € (0, &),

1. Assume [LC]. Then Pr(|A;| = &) < c1e~2Y» VP2 and Pr(|Ay| > Cr€) < cre”2Tr VP2,
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(|A1| = &) < c1e=*P%" and Pr(|Ay] > C&) < c1e 2%,

Proof. Let C > 0 be such that the event & = {A1,in(T-;) > C} holds w.h.p., per Lemma@ Of course, Pr(|A/] > &) <
Pr(|A;| > €|&) + Pr(&E°). Starting with £ = 1, since y; and T:l.' are independent, Pr(|A;| > £|&) may be bounded
using Lemma a concentration inequality for the quadratic form y; — p‘ly,-T:l.1 yi, applied conditionally on T:l.l.
Importantly, note that under &, we have ||T:l.1|| =1/Amin(T-;) < 1/C. As for € = 2, under &,

&
Aol = p7 T [T = (T + elpy) | = & p ' Tr (T + 6lp) ' T} | <« ———— < C 7%,
2 [ 12894 ] [ pxp ] (/lmin(T—i))2

and so the claimed result follows. O

Finally, Lemma [28] proven in[Appendix B.2| provides a high-probability bound for |As]:

Lemma 28. Assume the conditions of Lemma @ There are cy,c3,C1, &9 > 0, that may depend on the distribution of
Y and on vy, such that for all € € (0, &),

1. Assume [LC]. Then Pr(|A3] > C1&) < cine™>¥r VP2,

2. Assume [SG-IND] or [CCP-SBP]. Then Pr(|A3] > C &) < Clne_cﬂ’gz_
Proof. (Of Lemma . Recall that [p~'y,T~'y; = (1 = ¥)™'| < |A1] + |A2] + |As], and so the result follows from
Lemma[27] Lemma|28] and a union bound over 1 <i < n. O

Appendix B.2. Proof of Lemma 28]

To simplify notation, assume w.l.o.g. that i = n. Set 7 = n — 1, and let K € R™?” be the matrix whose rows are
wl,...,w., with w; = n~'?y;. Note that 7_, = K"K and so m(s) = p~'Tr(K"K + &l,x,)"". For 1 < j <, let
K; € RD*P be obtained by removing the j-th row from K.

The proof relies on several algebraic “tricks” which are classical in random matrix theory, see [8]. Recall that for
any matrix A € R%*% the spectra of AAT and ATA are identical up to |d; — d| zeros. Thus,

m(e) = p ' Tr(K K + elpe,) " = p ' THKK" + li) ™ +&7'(1 - p 7). (B.4)
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Note that KK is the Gram matrix of the vectors w;. We write the j-th diagonal entry of (KK™ + elisi) ! as:

G -1 -1
(KKT + 8Irz><h)jj] = (8 +[lwjl* - W]T-K,T' (K/'KJT + 5I(ﬁ—1)x(h—1)) Kjwj)

i -1 -1
@ (s W] [Ipx,, — (KTK; + el K}Kj] w j)

-1

it -1
@ (s+sw]T (KIK; + £l,,) w_,«) : (B.5)

where: (i) follows from the block matrix inversion formula; (ii) follows since for any f(-) and matrix A, Af(ATA)AT =
J(AAT)AAT, where for a symmetric matrix P, f(P) is the matrix obtained by applying f(-) on the eigenvalues of P
(the spectral calculus for symmetric matrices); this may be verified readily by considering the SVD of A; and (iii)
Follows by straightforward algebraic manipulation.
Consider the quadratic form w] (KT K; +l,x,)"'w; = yp~'y [ (KTK; + &l ,x,) "'y ;. We claim that p~'y [ (KTK; +
lx,) 'y} is very close (w.h.p.) to m(e), the quantity of interest. To wit, define the residual
nj=p Y] KK + el "y, —m(e), (B.6)

so that reads

. -1
(KK + &)} = &7 (1+ i) + ;) (B.7)

Lemma 29. Assume the conditions of Lemma @ There are cy,¢3,C1, 9 > 0, that may depend on the distribution of
Y and on vy, such that for all € € (0, &),

1. Assume [LC]. Then Pr(max; << In,| > C1& + (pe)™!) < cine>¥r VP2,
2. Assume [SG-IND] or [CCP-SBP]. Then Pr(max<;<; Injl = Cie + (pe)™) < cine=cPe,
Proof. Decompose n7; = 111 + 1,2 where
i = p Y] KK+ elpg,) 'y — p ' THKTK + el )™, 70 = p ' THK K + £l) ™ = p7 ' TrHKTK + £l) 7"
Since K; and y; are independent, we can bound |r7;;| similarly to Lemma[27} we omit the details. As for 75, note that
K"K - K/K; = w;w] is rank 1. Thus, by Lemma njal < (pe)™' wp. 1. O
Now, considering , |(1 + ym(e) + yn j)_l -1+ yﬁ(s))_'| < 2yIn;| holds whenever y|n;| < % Accordingly,

_ . -1 . _ .
% Z;Ll (1 + ym(e) + 717]-) — (1 +vym(e)) 1' < maxi<j<i 2yIn;| holds whenever max << yln;l < % Using Egs. ||
(B.7), also p~'n=p'n—-pl =y = p7!, write

m(e) = p~! Z ! (1 + ym(e) + yr]j)_l +el(l-pln) = s_l(p_lﬁ)% Z (1 + ym(e) + yr]j)_l +e'(1-p ')
J=1 J=1

= [y +yme) "t +1-yT 4],

where |£] < 2p7" + max,< i< 2yInj| whenever max, << yln;| < 1/2. Rearranging terms, we deduce that mi(e) satisfies
the quadratic equation
vem(e) + (e+1—y—vEm(e) —(1+ &) =0. (B.8)

Now, assume w.l.o.g. that & > p~!/2; we can do this since the bound of Lemmais vacuous for & < p~!/2, provided

that ¢y, ¢, are chosen appropriately. Under the high-probability event of Lemma |€] < Cie. Thus, under this
event, m(g) satisfies a quadratic equation, whose coefficients are O(g)-close to the coefficients of the linear equation
(1 —y)m — 1 = 0; note that the unique root of the linear equation is m = (1 + v)~'. Let m; < my be the two roots of
(B-8). One may readily verify the following: there are C,, &y > 0, that depend on C}, such that for all £ < &, and ¢
satisfying |£| < Ce, we have |m; —(1 —)7!| < Cre whereas my > 1/(C,¢). It remains to argue that, w.h.p., necessarily
m(g) = my. Indeed, recall that 7(g) < 1/Amin(T-;). By Lemma[21] we can find some C; > 0 such that m(e) < Cs
holds w.h.p. Consequently, for all £ < min{gg, 1/(C,C3)}, the high-probability event {|£| < Ci&} N {m(e) < C3} implies
that necessarily 7i(g) = my, and so [7(e) — (1 —y)~!| < Cae. Thus, the proof of Lemmais concluded. O
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Appendix C. Proof of Lemmas for Theorem [2(TE)

Appendix C.1. Proof of Lemma
Starting from the definition of Gg, Eq. (28)), one may readily calculate,

(gg(W))e = (VGB(W))[ = VF(w), +ﬁ[z wi — n] - + Xg [Z WiX;X ] X/ +,8(Z w; — n) ) (C.1)

i=1 i=1
Taking the second derivative,

N
(Vesw) , = 11;,[ ( ( Zw,x, ] ]+ﬁ. (C2)

We

In particular, setting w = 1,
Vgp(1) =1, — (A=p11T),  where Ajp =y (p~'y]T" yf) : (C.3)

Following [[79, Lemma 3.3], (Vgﬁ(l)) ( pxp — (A — ,811T)) = DA — B117)* provided that the sum con-

verges. Since || (A — ,811T) llooco < lA = B11T|%, ., the sum clearly converges when ||A — 8117 ||o,.«o < 1, and then

00,007

1
— 1A =1 o0

|(vs0))” H <Z||A ~A e <

Thus, to prove Lemrna it suffices to show that w.h.p., [[A — 8117 || e < 1 — ¢ for some constant ¢ > 0.
By definition,

— T — L —
1A = B11 e o = max ; A =Bl (C4)
It is instructive to consider |i with 8 = 0. Observe that }7_ A/ = Z =1 yTT yey, [T ly; = ;yTT Yjs

and recall that by Lemma [7] This quantity concentrates tightly around 1. Accordmgly, when S = 0, the norm (C.4))
concentrates around 1. Our goal, then, is to find some § so to consistently bias away from 1. To this end, we
proceed along the argument of Zhang et. al. [/9, Lemma 3.3]. Parameterize 5 = fy/n, for constant Sy, so that 8
has the same scale as the off-diagonal entries A, in @) Let N;[Bo] be the number of entries A, in the j-th row
(1 <¢<n),suchthatAj, > Bo/n. For Aj, > Bo/n we have |Aj, — Bo/nl = Aj¢ — Bo/n whereas if Aj, < Bo/n, we may
bound |A;, — Bo/n| < A, + Bo/n. Hence,

n 2
(C5)

1A = B o < max 4 > A0 = 22N 1801+ (1= NtBoDE2 | < max py Ty, ~ 260 min
1<j<n yy n n

1<j<n 1<j<n

(Nj[,BO] l)

Thus, to conclude the proof of the lemma, we need to find some constant Sy so that w.h.p., min;<;<, N;[Bo]/n > % +c
(say, ¢ = 0.1); that is, such that at least ( % +c)n of the entries of A in every row are consistently larger than . Observe
that for any row 1 < j < n, the off-diagonal entries A ;,, ¢ # j, are identically distributed. A source of difficulty is that
they are not independent, and this dependence is manifested in two ways: 1) They all depend on y;; 2) The sample
covariance T depends on all y,-s. The first dependence is easy to overcome (by conditioning on y;), but the second
one is more involved. To deal with the latter, we shall lower bound A, by a different set of random variables, which
are easier to analyze.

The mathematical error in [[79)]. In their attempt to lower bound A, in the proof of their Lemma 3.4, [79]] used the

following inequality (top of page 122 in their paper),

1 ¥jye)
(T2

They next analyzed the simpler expressions for the numerator and denominator above. Unfortunately, is false,
as [uT B~ > |u"v|/Amax(B) is not generally true for positive matrices B.
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A corrected argument.. Let k = o(n) be an integer, to be chosen later. Partition [n] = {1,...,n} into M = [n/k]
subsets J11,..., ) of size k/2 < |I;| < k each. The idea is to approximate {y}—T_ly(}[¢j by a different set of random
variables, so that variables within the same class ¢ € 7; are independent of one another (conditioned on y;). For an
index ¢, denote by J({) the unique class such that £ € 7({).
For a set 7 C [n], denote by Y; € RHIXP the matrix whose rows are {y, : ¢ € I}. Given indices j # {, we

decompose T = T_; + I’l_l}’[y; =T_,;+ n‘lygy[ +nly ij By the Sherman-Morrison formula,

Lo SY T ve SYIT7) e e

—Y ye = = .

! Ly ygT_ng (l+y yfoé,yg)(1+y yTT 1 yj)

We next simplify Tj{}ﬁj. Decompose T_¢_; = T_; _7(¢) + n’lY}w)\U’{,}Y 1o\~ Recall that by the Woodbury formula,

for invertible matrices A, C, one has (A + UCV)™' = A~ — A’IU(C’1 + VA’IU)_] VA~'. Applying this with A =

-1 - .
T, ,C=1LU= VT =n /Yf(t,)\m,glves

- - 11 -1 -1 -1 -1
T =T 10 =7 T2 o Yionn [+ 77 Yrowia T2 1o Yiowa) YiounT )z - (C.8)
Let Q be the following upper bound on the denominator of (C.7):
| 1 : i
Q=max{(l+7y- I;yg T ye|[l+y- py ¥l el tem\ g (C.9)
Similarly, define
Q = max {(np)_l "YI([)\{j,flT:]{_]([)y[” "YI(K)\[j,l}T:},_I(g)yjH t jEnlteln]\ {j}} : (C.10)

Observe that per (C |1yTT:£, Y yel > | oY; T_, I((,)Ygl -Q. Finally, denote
T2 1Y
Eip=p ' <¢,y€> and v = rrjngn ”T h I({,)y]H (C.11)
HT i m)y]H

Importantly, observe that the random variables £;, within the same class £ € I; are statistically independent of one
another, conditioned on y;. Combining -@) yields the following lower bound,

1 Q
‘py,T vz g - 5 (C.12)

Next we derive high-probability bounds on Q, Q, v.

Lemma 30. For a number Cy, let Epemo be the event that: 1) Q < Cy; 2)v > 1/Cy; 3) Q< le.
Assume k < %n — 1. There are c,C,Cy > 0, that depend on the distribution of Y and on v, so that

1. Assume [LC]. Then Pr(E[, 5)) < Cn2e—<¥rVk

Lem.3

2. Assume [SG-IND] or [CCP-SBP]. Then Pr(& ,, 4)) < Cn2e=,

Proof. We start by bounding © and v. Considering their definitions, in (C.9) and (C.11), it suffices to show that the fol-
lowing are all high-probability events (for some constant C > 0): (I) max ;¢ Amax(T-;7(¢)) < C; (ID) minjr Amax (T- 7)) =
1/C; (I0) man Ip~! ||yg||2 -1 < 1 . Observe that 7_; 7, is, up to the normalization, the sample covariance of at least

n—-k—1> —yn = 77 + 14 1.i.d. measurements Thus, conditions (I) and (II) can be verified using Lemmasand
respectively. Condmon (IIT) can be verified using Lemma[22] We omit the details.
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_ 2
We next consider Q, defined in (C.10). Let us bound, w;, := (np)™! HY roviaTZ)_ I([)y[” , so that a high-
probability bound on Q may be attained by union bound over ¢, j. Denote u;, = T:j{_ 10Y6 fje = uje/llujell so
wje =% p N l-aT (kYI(t’)\ljf Y](g)\{j’[}) @t;¢. The terms p~'||u;/|[* may be treated upper-bounded similarly to the

previous paragraph. As for the term & ;() (%Y}( f)\{jf]Y TOM j,é’}) itj¢, observe that kY TN Y 7o\(j,¢) 18 a sample covari-

ance matrix consisting of (at most) k samples, and i, is a unit vector which is statlstlcally independent of Y 7)\(j¢)-
By Lemma 23] this quadratic form is bounded by a constant w.h.p.
O

Next, we show that w.h.p., there are many large |&;|-s. For a number «, let N ila] be the number of variables &,
(1 £¢ < n)inrow j, such that |£;,] > a.

Lemma 31. There are c,C,a. > 0, that depend on the distribution of Y, so that Pr(min <<, N jla.] £0.6n) < C ek,

Proof. For1 <i < M, let N’ la] = Xrer, ]1 (i€;¢l2a}> SO that N [a] = Zl 1Nl [a]. Let ¥;; be the o-algebra generated

by {y;} U {ye}er,. Condltloned on ¥, {€e}eer,\jy are i.i.d. Since Y satlsﬁes the SBP, Deﬁmtlonl 3} there is some «.
such that Pr(|¢;¢| > @.|F;;) > 0.8. By Hoeffding’s inequality, Pr(N’[a 1 <0717\ M |Fj0) < 2\l < 2emerk,

Taking a union bound over i € [M], w.p. > 1 — 2ne~ it holds that N;[a*] > 0.7|1Z; \ {j}| simultaneously for all 7, and
in particular Z?;’l N;[a*] > 0.7(n — 1). To finish the proof of the Lemma, take a union bound overall 1 < j<n. O

We are ready to conclude the proof of Lemma Set k = cxn'/?, for a small constant cx > 0, to be chosen
momentarily. By Lemma[30]and Eq. (C.12)), there are C|, C,, . such that w.h.p.,

p Uy, T yel = nV2(Chléj | — Cack) forall jle[n], € # j

and
Njla,]1 > 0.6n forall j € [n].

2
Accordingly, choose cg so that Cacx < 0.5C;a.. Recall, by Eq. li that A;, = y(p‘llij‘lygI) . Taking By =
¥(0.5C;a.)?, observe that the high-probability event above implies that min;< j<n NjlBo] = 0.6n, that is, each row j

of A contains at least 0.6n entries A, satisfying A;, > Bo/n. As explained in the beginning of this section, this
establishes the proof of the Lemma. O

Appendix C.2. Proof of LemmalI3)
Denote S(w) = 1 37 wixix;, T(w) = L 3% wiyiy], so that X}—S_I(W)Xg = y]TT‘l(w)yg. By ll

1
|(Vasw) ~ VesD), | = —- 1|11<, f}+—|<y,T (x0T (wyye)| -

=|& WL[ [1 = w¢| <6]lw—1||. And so, forall 1 < j < n,

If []w — 1]l < 1/2 then ng

> |(Vsm - Vg,g<1>)j,,3| < 6llw — 1l + % DlaTr Wy - 6] Wiy -
— =1

Write

VT Wy)* = (] T wyo)* = (6] T (Dye) + (y] T~ (w)y»)((y,T My = (y] T (wyyo)
=y (17" + T W)y y] (T = T7' (W) yi.
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By Cauchy-Schwartz, # > ‘(y]TT‘l(l)yg)2 - (yJTT"(w)yg)z‘ < (I1 )%, where

1= o ST o)) = (e )y,
1 n

h=— > (y (T =T w)y) = p 'y (T =T T = T W)y,

np =
Iw—=1]lo < 1/2implies |T~'+T~'(w)|| < 3|IT~"||, and |7~ =T~ (W)l = IT~" T wW)-T)XT~ (W)l < G/DITIPITIIlIw—
1/|co. Thus, for numerical ¢ > 0, (I;12)"? < cp™Hly, IPITPITIPIW - 1]l We get

_ _ =132 e 112 _
I95(8) = V5Dl = max 3 |(Ts(w) Vgﬁ(1>)ﬂ|s(3+cuT IFITIP max p ||y,||)||w 1.

For conclude the proof, recall that w.h.p.: 1) [|T]| < C; (by Lemma ; 2) IT7Y £ C, (by Lemma ; and 3)
maxj<j<p p_ lyjII* < Cs (by Lemmaand a union bound over 1 < j < n). O

Appendix D. Proof of Lemmas for Theorems 3| (MRE) and 4| (TRE)

Appendix D.l. Proof of Lemma
Write 0;(d) — O(d) = A; + A, where

Ay = p X[ (W(D)S =i + adlyy,) ' X — pT TEE(B(A)S = + adl )
Ay = pITEZ((d)S —; + adlyy,) ™ = p'ETIE,((d)S i + adl,) ™"

To bound |A], use Lemma applied to the quadratic form p’lyiTByi, where B = 2/ 2(gb(d)S _i +adl,y ,,)’12;,/ 2,
Since ||IZ,|| £ Smax and d > dj then ||B]| < Smax(@do)~!. To bound |A|, use Lemma 25| with S, = S_;, C = 2,
A = adl,y,.

O

Appendix D.2. Proof of Lemmal[l§|

We first show that d* indeed exists. By , the functions Q, F are continuous and strictly decreasing. Since
¢(d) = du(d) and u is bounded, then limy— ¢(d) = 0. This, in turn, implies lim,_,o Q(d) = oo and limy_o F(d) = oo.
Moreover, limy—,. O(d) = 0, and so lim,_,, F(d) = 0. Consequently, d* = F ~1(1) exists uniquely.

Next, we bound d*. To this end, we first upper bound F. By Eq. , 0@) < p‘II['ETrE,,(a/deX,,)‘1 = 7,/(ad),
where 7, = p‘lTer < Smax- Since Q(d) > 0, clearly F(d) < (1 + @)Q(d) < (smax”T“)d‘l. Setting d = d*, F(d*) =1,
we conclude d* < d = I:rTC’smax.

To lower bound d*, we need a lower bound on Q. Clearly, S_; < [IS _i[|Ix,, sO

1

-1
> p\Tes, B il Lpxp) 27 B
O 2 p TS B (S il + adlp) 27+ B

(D.1)
By Lemma there is some Cyp > 0 such that ||S ;|| < smaxCo holds w.p. > % Moreover, ¢(d) = u(d)d < u(0)d,
since u is decreasing. Combining this with li yields Q(d) > %m = C;/d. Plugging this bound and the
previously derived upper bound Q(d) < C,/d into yields F(d) > (1 + Q)W >(1+ a)%, from
which a lower bound on d* follows. _

Finally, it remains to show that for some 7, |F(d,) — F(d>)| > n|d, —d,| inside the interval [d, d]. Letd; < d,. Then,

_ 0(dy) 0(d>) 0(d1) — Qd2) + y(¢(da) — ¢(d1)Q(d1)Q(dr)
1 YF(d)) - F(dy)) = - -
(L) (Fd) = Fd) = 3 yo(d)Od) 1 +y¢(dr)Q(dr) (1 +y¢(d)Q(d)(1 + y(d2)Q(da))
@ 0(d)) - Q(dr)

T (4 yed)QAN)1 +y(d2)Q(da))
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where in (x) we used ¢(dz) — ¢(d;) > 0, since ¢ is non-decreasing. The denominator is upper bounded by a constant
inside the interval, and the numerator is non-negative. Thus, it suffices to show that Q(d) — Q(d») > no(d; — d,) for
some 7 > 0. Since ¢ is non-decreasing, Q(d) = p~'ETrE ,(¢(d1)S —i+adL,x,) "' = p'ETrE,(#(da)S —i +adi1 k)",
and so

Q(dy) = Q(dy) = p~'ETrE,(¢(da)S i + adal )™ )(dy = d2)pp)(@(d2)S i + ardi T )™

Consider the matrix A = (¢(d2)S _; + ad>1 )« ,,)‘1)(¢(d2)S _itad1,y ,,)‘1. It is positive, being the product of commuting
positive matrices. Consequently, Q(d;) — O(d») > (d, — dz)p‘lETrZ,,A > (dy — d2)TpEAnin(A). Lastly, Edpin(A) > 170
for some 17 since, by Lemma@ for some C, ||S _|| < Cspax holds w.h.p.

O

Appendix D.3. Proof of Lemma

We focus on Item 1), namely showing the existence and boundedness of d*. The proof of Item 2) is identical to
the corresponding part in Lemma[I8|(MRE). Using ¢(d) = 1 in (36), F(d*) = 1 is equivalent to

1
o) = Tva Ty where  Q(d) = pT'ETrE, (S - + adl )" . (D.2)

Since @ > max{0,y — 1} then ﬁ > 0. The function Q is positive, continuous and strictly decreasing, with

limy_,., Q(d) = 0. We have Q(d) < Smax/(ad), and therefor if a solution Q(d*) = (1 + & —y)~! exists, then necessarily
d*<d< S“%(l +a—y). As for establishing existence, by continuity it suffices to show that limy_,o Q(d) > (1+a—y)~";
in other words, we need to study the behavior of Q(d) near d = 0. To this end, we consider separately the regimes
v < 1l and y > 1, noting that S _; is only invertible (w.p. 1) in the regime p/n =y < 1.

The casey < 1. Note that (1 +x)~' > 1—x for all x > 0. Thus, for any non-negative matrix P, (I+P)~! > I - P. Write
22 it adl,) 2P = (T +adSy ) = TPy, +@dT 7S TV T7)? and s0 £/2(S i+ adl ) '2) >
T} —adT'S)' T2} = T7) — adZ,! | Amin(T—;)*. For an event &, denote for brevity E°[-] = E[-1;g)]. By Lemmas
and 21] assuming large enough n, there is C, = C.(y, Y, @) such that for the event & = {A,in(T_;) > C.}, we have
]Es[p‘lTrTjil] > %(1%/ ——). Thus,

1- ‘y+w

1 1 1 a
A& 172 —151/2 “Ip&p—1 “Ip&ps—1/, 2o b _ )
Od=p 'E Ter (S _i+adl,yp) Zp >p E°T. —adp™ E Ter [Amin(T-)" > 5 (1 - + =yt a) _C,%I d

This implies that limy_0 O(d) > (1 —y + @)~'; moreover, setting d = d*, yields an explicit lower bound on d*.

Remark 5. When « is sufﬁciently large we can obtain a lower bound d which does not depend on p‘lTrZ‘ similarly

to the analysis of [33]]. They use ( recalhng that by Lemmam there is C = C(y, Y) such that Pr(||S _;|| < C smdx) =
1—o0(1). Thus, Q(d) > (1 - 0(1))‘1'11,(Csmax +ad)™', which yields a positive lower bound on d* whenever : +1

Cﬁmax
that is, @ > ¥ — 1 + Csmax /7. The resulting lower bound may be arbitrarily better (larger) than the previously derived
lower bound (which depends on 7), since p‘lTrZI;l may be very large when X, has only one eigenvalue close to 0.

The case y > 1. We analyze this case essentially by reduction to the case y < 1. Making explicit the dependence of
Q on n, denote Q,(d) = p~'ETrZ(S (j? + adl,,)"", where S@ = p~! X-1 X;x] is the sample covariance of n i.i.d.

measurements. For an integer m > 0, let X,,41, . . . , Xp1,y b€ m new i.i.d. samples from X. W.p. 1,
-1
1 n+m—1 | ( +m) n -1
— — — n
TrE,(S " + adl,x,) ! = p'TrZ, - DL xx] +adly| = n—p Trs (s +an+md1,,x,,) :
=1

Consequently, Qn(d) > #Qmm (ﬁd) Forn+m—-p = Q(p), Lemma implies, assuming 7 is large, that

Qnm(0) > 0. 99 ——, hence —- +m ——0,m(0) > 0. 99n Ty = 099 /n > Clearly, we may set m = con for some
co = coly, @) such that 0.99—— 1s larger than ;—— y — by a constant. We can then lower bound Q,,.,,(d) following the
same argument as in the case y < 1, noting that S ™*™ is invertible w.p. 1; we omit the details. O
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Appendix E. Proof of Additional Technical Lemmas and Symmetrization Properties

Appendix E.1. Proof of LemmaZ1]

Recall that under either assumption on Y, [SG-IND], [CCP-SBP] or [LC], it satisfies the SBP with some constant
Cy (for [SG-IND] and [LC], see Lemmas [I| and [3| respectively). Let Y € R™? be the matrix whowse rows are
¥.....¥,. Since T = n~'YTY, our goal is to show that w.h.p., o"in(Y) = min,esr1 [[YV]| = Q(Vn).

The following proof is based on [63, Corollary 4.6]. We first show that for any fixed v € SP~!, ||Yv]| is large
w.h.p.; the desired result will then follow by a standard net argument. Let # > 0 and s € (0, 1); observe that whenever
[IYV|[> < tn, then there are at most sn entries of Yv for which [(Yv);[> > t/s; equivalently, there are (at least) (1 — s)n
entries for which |(Yv);|> < t/s. Note that all n rows of Yv are i.i.d., with the same law as v" Y. Taking a union bound
over all possible subsets S of [n] with size (1 — s)n, corresponding to “small” coordinates in Yv,

(1-s)n
n (1-s)n t e
Pr (Vv < n) < ( (- S)n) (Pr(vYP <1/s)) T < (co \E = s)) . (E.1)

Above, we used (Z) < (en/k)* and the small-ball property for Y, Deﬁnition

Let gy € (0, 1), to be chosen later, and let V be an g-net of SP~! of minimal size. By a standard packing argument
[[75, Lemma 5.2], IN| < (1 + %)P < (3/eg)? = (3/&9)”". Now,

omin(Y) = min [[YV|| > min min {[YV']| = [[Y(v = v)II} = min [[YV]] = 0max(Y)eo - (E.2)
vesSr-1 veSP-l vieN vFeN

By Lemma there is C; such that w.p. > 1 —e™® \/ﬁ, omax(Y) < Ci v/n. Thus, it suffices to show that for some fixed
£0, w.h.p., min,.ep [[YV*]| > 2C18 . Using (E-I) with ¢ = (2C; &),

. 2eCoC, \'T" "
Pr(mln YV <2Cie n)SN —=¢ < (C3(Vs( =) g, 7). (E.3)

min [YV']| < 2C1e0 V| < | |(\/§(1_S) 0) (C3(Vs(1 = )™ "gy™7)
Recall that y < 1, and fix any s € (0,1 — ). As g — 0, the RHS of tends to zero. Thus, for all small enough
(but constant) &y, the RHS of 1@) is < e"®"_ As discussed above, this concludes the proof of the Lemma. O

Appendix E.2. Proof of Lemma[22]

We prove Lemmaassuming Y is an isotropic log-concave random vector. Denote the ball 8 = {y eRP : |yl <2 \/ﬁ}
and let Yg be a random vector distributed according to the law of Y, conditioned on Y € B. Clearly,

Pr(|p™' YTAY - p7'Tr(A)| 2 &l|All) < Pr(Y ¢ B) + Pr(|p~' YAYs — p~' Tr(A)| 2 &]lAl))

<Pr(Y ¢ B)+ Pr(‘p’lY;AYB ~E[p ' vpAYs|| 2 (e - 80)||A||) ,

where gy = |A"!p~! |[EYAYg — EYTAY]. Since E||Y|| < /p. Lemmaimplies that Pr(Y ¢ B) < ¢ ¥» VP Observe
that Yg is a log-concave random vector, being the restriction of Y onto a convex set. Moreover, for any u € SP~!,

Ew™Y)?

T Ty \2
Var(u' Yg) <E(u Yg)~ < —PI‘(Y cB)

=1+ 0@ VP) = 0(1),
hence [|Cov(Yg)|| = O(1). Since the function y — p~'yTAyis L = O(||A||p~/?)-Lipschitz on B, Lemma [2|implies
p p
Pr(| P YEAYs —E[p YA 2 (e - so)IIAII) < oW ¢ ey VPea)

so that
Pr(ip‘lYTAY - p_lTr(A)| > 8||A||) < e VP gy VPE—e) < 0 pmesWr VPlem0)
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It remains to show that &y = O((¥, y/p)™"). Decompose E[YTAY] = E [YgAYB] Pr(Y € B) + E[YTAY - Liygg], sO

o < A p! ’]E |YzAYs]

Pr(Y ¢ B) + JAIT o [E[YTAY Lyes || < 0¥ VP) + p [ IVIP Lyypiesyy]

It remains to bound the second term above. Use
E[I1YIPL (-4 | = fo Pr (VI Lyypsayy > 1) dr

= 4pPr(|Y|* > 4p) +f Pr(|[YI* > dt = O(pe™*»VP) +f Pr(|Y|| > Vrydt.
4p 4p

By Lemma Pr(|Y]l > Vi) < e ¥ (V=¥ Moreover, when Vi > 2 /p, we have Vi — p > 1 Vt. Thus,

f Pe(|Y|| > Vydr < f ¥ Vi gy < (el Vip f e @I NGy = O(emes Vo VP,
4 4 4p

p p

and we are done.

Appendix E.3. Relaxing the zero mean assumption

As described in Section[6] we considered the symmetrization procedure of [29] to relax the zero mean assumption.
We note that under the elliptical model, with Y uniform on the sphere, this procedure is especially appealing, as the
scaled difference (z¥ — z’Y’)/R with R = Vz2 + 7’2 is also uniformly distributed on the sphere.

Here we show that our main results continue to hold under a data distribution of the form X = E,],/ 2y °, where
Yo =Y+ 'Y and ¢ = z/R, {’ = —7'/R. By construction, the random vector Y° is isotropic; however, since z, 7’
are arbitrary, Y° in general does not inherit the favorable distributional properties of Y. Fortunately, our analysis does
not require these properties in their full detail. In fact, to carry out the proofs, it suffices to verify that Y° satisfies the
following:

o Small-ball property: Y° satisfies the SBP. To see this, observe that w.p. 1, either |[{| > 1/ V2 or [’ = 1/ V2
(because 2 + £’* = 1). Condition on ¢, and assume w.l.o.g. that [/| > 1/ V2. Then |Y° — g| < t implies that
[Y—(a—2'Y")/{] < t]|¢] < V2t Since (a—{'Y")/ is independent of Y, Pr(|Y°—a| < #|{, ") < Pr(|Y—('Y'+a) /L] <
\/§t|§’ L) < \/§C0t, where Cj is the small-ball constant of Y.

e Eigenvalue bounds for the sample covariance: Let $° = n™! Y, ¥iy; " be the sample covariance matrix of n

Y°-distributed measurements. Also denote S =n~' Y7, yiy!, S  =n' T vyl

First, we need a high-probability bound on A,,(S °). Observe that for any u, by Cauchy-Schwartz, (u"Y°)? =
(CuTY+LUTYY? < (AT +@TY)?) = T Y) +(u"Y')2. Consequently, Amax(S°) < Amax(S)+Amax(S7),
which may be bounded w.h.p. using Lemma[20} Next, when y < 1 we need a high-probability lower bound on
Amin(S °). To this end, one can follow the proof of Lemma To carry it out, we needed two components: the
SBP, and a high-probability upper bound on A, (S °); as explained, both hold.

e Concentration for quadratic forms: While complicated functions of Y° should not be expected to concentrate,
since £, are arbitrary, concentration of quadratic forms is maintained due to their bilinear nature. We need
to prove an analog of Lemma [22] Note that for fixed {,{’, the random vector {Y + {’Y inherits the favorable
concentration properties of Y. Since the conditional expectation of a quadratic form does not depend on £, ’,
E[Y°TAY°|Z,¢’] = Tr(A), we may simply apply Lemmapointwise conditioned on £, {’.

e Entrywise concentration for the sample covariance: We need an analog of Lemma [23] We may carry out the
proof of Lemma essentially verbatim, conditioned on {(j, {/}1<i<, and noting that Elu"S°v{s:, & "h<i<n]l =
u"v does not depend on {;, {7 }1<i<n-
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