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Chevet-type inequalities for subexponential Weibull
variables and estimates for norms of random matrices
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Abstract

We prove two-sided Chevet-type inequalities for independent symmetric Weibull
random variables with shape parameter r € [1,2]. We apply them to provide two-sided
estimates for operator norms from ¢; to £;" of random matrices (a:b;Xi ;)i<m,j<n,
in the case when Xj; ;’s are iid symmetric Weibull variables with shape parameter
r € [1,2] or when X is an isotropic log-concave unconditional random matrix. We also
show how these Chevet-type inequalities imply two-sided bounds for maximal norms
from ¢, to £3" of submatrices of X in both Weibull and log-concave settings.
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1 Introduction and main results

1.1 Chevet-type two-sided bounds

The classical Chevet inequality [14] is a two-sided bound for operator norms of
Gaussian random matrices with iid entries. It states that if g; ;, ¢;, 7,7 > 1 are iid
standard Gaussian random variables, then for every pair of nonempty bounded sets
S cR™, T CR"we have

n m
E sup Z i jSit; Nsup||sH2Esungjtj —&—suthHgEsungisi. (1.1)
SES’tET’iS'm,j§7), seS teT e teT s€S T
Here and in the sequel we write f < gor g 2> f, if f < Cg for a universal constant C,
and f ~ gif f S g < f. (We write <., ~k,, etc. if the underlying constant depends
on the parameters given in the subscripts.) The original motivation for Chevet’s result
was convergence of Gaussian random sums in tensor spaces. In this article we use
Chevet-type bounds to provide two-sided bounds for operator norms of several classes of
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Chevet-type inequalities for subexponential Weibull variables

random matrices, including structured log-concave matrices. To this end we need to find
a two-sided counterpart of (1.1) for exponential and, more generally, Weibull random
variables.

Chevet’s inequality was generalised to several settings. A version for iid stable r.v.’s
was provided in [15]. Moreover, it was shown in [1, Theorem 3.1] that the upper bound
in (1.1) holds if one replaces — on both sides of (1.1) - iid Gaussians by iid symmetric
exponential r.v.’s. It is however not hard to see (cf. Remark 3 following Theorem 3.1
in [1]) that such a bound cannot be reversed. This is the reason why the Chevet-type
bound from [1] is not sufficient for obtaining optimal (in the sense that the lower and the
upper bounds coincide up to a universal constant) bounds for a general ¢, — ¢, norm of
random matrices.

The first result of this note is an optimal counterpart of (1.1) for symmetric Weibull
matrices (X; ;) with a fixed (shape) parameter r € [1, 2], i.e., symmetric random variables
X ; such that

P(|X; ;| > t) =exp(—t") foreveryt > 0.

It is natural to consider Weibull r.v.’s since they interpolate between Gaussian and
exponential r.v.’s — the case r = 1 corresponds to exponential r.v.’s, whereas in the case
r =2 the r.v.’s X; ; are comparable to Gaussian r.v.’s with variance 1/2 (see Lemma 3.12
below). In particular, our result in the case » = 1 provides two-sided bounds for iid
exponential r.v.’s, which is therefore a better version of the aforementioned upper bound
obtained in [1]. In this note p* denotes the Holder conjugate of p € [1, x], i.e., the unique
element of [1, oo satisfying § + - = 1.

Theorem 1.1. Let X; ;, X;, X;, 1 <¢<m, 1< j <n beiid symmetric Weibull r.v.’s with
parameter r € [1,2]. Then for every nonempty bounded sets S C R™ and T C R™ we
have

n m
«Esu X,t; + sup ||t||,~Esu X;s;
PR Kt B ) Yo

j=1 €5 =1

E sup g X jsitj ~ sup|s
SsESHET ;f e s€s

+IE sup E 9i,jSit;
SESIET i< j<n

n n
s JE sup X,t; 4+ sup ||s||2]Esup git;
rBsupd Xty +suplslBaup ) ot

~ sup |[|s
SES j=1 J=1

m m
#IEsup Z X;s; + sup ||t||2Esup Z 9iSi-
teT

+sup [t
teT seS ;4 SES ;1

Theorem 1.1 is a two sided version of the Chevet-type bound from [1] and yields
optimal bounds for norms of random matrices in various settings, including the tensor
structured isotropic log-concave unconditional case, in which we are able to loose
logarithmic terms appearing in [31, Theorem 1.1]. Let us note that the main difficulties
in Theorem 1.1 were figuring out the correct upper bound and proving the lower bound;
the proof of the upper bound actually follows the lines of the proof of [1, Theorem 3.1].

Theorem 1.1 generalizes to the case of independent ,- random variables. There are
several equivalent definitions of this notion - in this paper we say that a random variable
Z is v, with constant o if

P(|Z]| >t) <2~/ foreveryt > 0.

One of the reasons to investigate Weibull r.v.’s is that Weibulls with parameter r are
extremal in the class of v, random variables, which appear frequently in probability
theory, statistics, and their applications, e.g., in convex geometry (see, e.g., [11, 13,
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34]). In particular, Theorem 1.1 and a standard estimate (see Lemma 2.1 below) yield
the following result (observe that we do not assume that the r.v.’s Y; ; are identically
distributed).

Corollary 1.2. Let X, X, ... be iid symmetric Weibull r.v.’s with parameter r € [1,2],
andletY; ;, 1 <i<m,1 < j <n beindependent centered 1), random variables with
constant o. Then for every bounded nonempty sets S C R™ and T' C R"™ we have

n n
E sup Z Y jsit; §J<sups||r*EsupZthj+sups|2Esungjtj
s€SET A=, s€S teT i s€S teT

m m
T sup - Esup 3 Xis; + sup ||t2Esungisi).
teT s€S5 T teT s€S T

Let us now focus on the case » = 1. Random vectors with independent symmetric
exponential coordinates are extremal in the class of unconditional isotropic log-concave
random vectors (cf., [9, 20]). Recall that we call a random vector Z in RF log-concave if
for any compact nonempty sets K, L C R¥ and \ € [0,1] we have

P(ZeAK+(1-ANL)>P(Ze K)*P(Ze L)'

Log-concave vectors are a natural generalization of the class of uniform distributions
over convex bodies and they are widely investigated in convex geometry and high
dimensional probability (see the monographs [5, 11]). By the result of Borell [10] we
know that log-concave vectors with nondegenerate covariance matrix are exactly the
vectors with a log-concave density, i.e., with a density whose logarithm is a concave
function with values in [—o0, 00).

A random vector Z in R is called unconditional if for every choice of +1 signs 7;, the
vectors Z and (1;Z;);<y, are equally distributed (or, equivalently, that Z and (¢;Z;);<y are
equally distributed, where ¢4, ..., ¢, are iid symmetric Bernoulli variables independent
of Z). A random vector is called isotropic if it is centered and its covariance matrix is
the identity.

[20, Theorem 2] yields that for every bounded nonempty set U in RF (see Lemma 2.2
below for a standard reduction to the case of symmetric index sets) and every k-
dimensional unconditional isotropic log-concave random vector Y,

k k
EsupZuiYi < IE)supX:uiEi7 (1.2)
uelU i—1 uelU i—1
where F1, Fs, ..., E are independent symmetric exponential r.v.’s (i.e., iid Weibull r.v.’s

with shape parameter » = 1). Hence, Theorem 1.1 yields the following Chevet-type
bound for isotropic unconditional log-concave random matrices.

Corollary 1.3. Let F4, Es, ... be iid symmetric exponential random variables, and let
Y = (Yij)i<i<m,i<j<n be a random matrix with isotropic unconditional log-concave
distribution on R™". Then for every bounded nonempty sets S C R™ and T" C R" we
have

n n
E sup Z Y jsit; S Sup||8||ocEsupZEjtj +Sup||s||2Esungjtj
SES’tETigm,,jgn s€S teT ;o s€eS teT ;5

m m

+ sup ||t||cc E sup Z E;s; + sup ||t||2Esup z:glsZ
teT se€S T teT s€5 1
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Let us stress that estimate (1.2) is no longer true for general isotropic log-concave
vectors as [1, Theorem 5.1] shows. We do not know whether there exists a counterpart
of Corollary 1.3 for arbitrary isotropic log-concave random matrices.

The next subsection reveals how our Chevet-type inequalities imply precise bounds
for norms of random matrices.

1.2 Norms of random matrices

Initially motivated by mathematical physics, the theory of random matrices [4, 33]
is now used in many areas of mathematics. A great effort was made to understand the
asymptotic behaviour of the edge of the spectrum of random matrices with independent
entries. In particular, numerous bounds on their spectral norm (i.e., the largest singular
value) were derived. The seminal result of Seginer [30] states that in the iid case the
expectation of the spectral norm is of the same order as the expectation of the maximum
Euclidean norm of rows and columns of a given random matrix. We know from [27]
that the same is true for the structured Gaussian matrices G4 = (4 ;i ;)i<m,j<n, Where
g;,;'s are iid standard Gaussian r.v.’s, and (a; ;); ; is a deterministic matrix encoding the
covariance structure of G 4. Although in the structured Gaussian case we still assume
that the entries are independent, obtaining optimal bounds in this case was much more
challenging than in the non-structured case. Upper bounds for the spectral norm of
some Gaussian random matrices with dependent entries were obtained very recently in
[6].

In this note we are interested in bounding more general operator norms of random
matrices. For p € [1,00) by ||z||, = (3, |2i|?)}/*, we denote the ¢,-norm of a vector .
A similar notation, ||S||, = (IE|S|?)'/* is used for the L,-norm of a random variable S. For
p = oo we write ||z := max; |z;|. By By we denote the unit ball in (R*, | - ||,). For an
m x n matrix X = (X; ;)i<m,j<n We denote by

[ X|[ep e = sup [ Xt[lg = sup sTXt=  sup Z X jsit;
tGB;} tGBg’SGBZ’L‘ tEB;},SGBZJ’L i<m.,j<n
its operator norm from £} to £7". In particular, || X llep ¢z is the spectral norm of X. When
(p,q) # (2,2), the moment method used to upper bound the operator norm cannot be
employed. This is one of the reasons why upper bounds for E|| X || ¢n—¢m are known only in
some special cases, and most of them are optimal only up to logarithmic factors. Before
we move to a brief survey of these results, let us note that bounds for E|[.X||¢n ¢ yield
both tail bounds for || X||¢z ¢ and bounds for (L[ X Z;%e;n)l/ﬂ for every p > 1, provided
that the entries of X satisfy a mild regularity assumption; see [3, Proposition 1.16] for
more details.
Chevet’s inequality together with, say, Remark 3.14 below easily yields the following
two-sided estimate for £ — /7" norms of iid Gaussian matrices for every p, g € [1, 0],

ml/a=1/2p1/v" 4 pl/p"=1/2pp1 /0. P g<2
)V ATognn! /P mt /a2 4 ml/, q<2<p"
Gt nl /P 4 g ATogm mMapt/PT 20 g <2 < g,
Vp* ALognn/?" + /g ALogmm!/1, 2 < q,p*
o \Jp N Togn mMa=1/AVOL " 4 T (<1201 /0

E/(i,5)i<m.j<n (1.3)

where to simplify the notation we define

Logn = max{1,Ilnn}.
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If the entries X; ; are bounded and centered, then it is known that

mM/ a2 l/PT g l/PT 12t e g <2,

1/q—1/2,,1/p" 1/q *

m n'/P +ml/a, q<2<p",

]EH(Xi7j)igmaan|‘Zg~>lgl Spa nl/p” _|_n1/p*71/2m1/q’ pr<2<yq, (1.4)
nt/P" 4 ml/a, 2 <p*,q.

This was proven in [8] in the case p = 2 < ¢ and may be easily extrapolated to the whole
range 1 < p,q < oo (see [7, 12], cf,, [3, Remark 4.2]). Moreover, in the case of matrices
with iid symmetric Bernoulli r.v.’s inequality (1.4) may be reversed. In [28, Lemma 172] it
was shown that in the square case (i.e., when m = n) estimate (1.4) holds with a constant
non depending on p and ¢g. The two-sided estimate for rectangular Bernoulli matrices
is more complicated — we capture the correct dependence of the underlying constants
on p and ¢ in [24]. As for the Gaussian random matrices, the Bernoulli structured case
is much more difficult to deal with, even when p = ¢ = 2. Nevertheless, in this case a
two-sided bound was conjectured in [25], and proven up to logloglog factor in [21].

The case of structured Gaussian matrices in the range p < 2 < ¢ was investigated in
[18]; in this case

BlIGalleg ey ~p.q max (@i )72l + (Logm) "/ (max | (as )y e +B_max i jgis)-
i<n i<m i<m,j<n

Since in the range p < 2 < ¢ we have

[(aij)izille + [1(aij)j=1llp- + E max la;;gi,l
i<m,j<n

~p.q Emax [(ai;gig)illp +Emax|(ai;gi;)illg
i<m jsn

(see [3, Remark 1.1]), it seems natural to expect, that, as in the case p = ¢ =2,

?
ElGalleg—ep ~p.q BEmax |[(ai;gig)illp +E max 1(ai,;9i,5)illq-
However, this bound fails outside the range p < 2 < ¢ (see [3, Remark 1.1]). In order to
present a more reasonable conjecture how E||G A”Egaé’qn behaves in other ranges of p
and ¢ we need some additional notation. Let

. 2 . m m 1/2
D, = H(ai,j)igm,jﬁn' gp/Q - gq/Q” / ) bj = H(aiyj)iSmHQQ/(?—Q)’
Dy = [(a3 )j<ni<m: L3 jg = Lpe 1ol di = [[(ai;)j<nll2p/(—2),

Emaxi<m,j<n |ai,;9i;| if p<2<q,
and  D. — d MaXi<n VIn(G + b5 if p<g <2,
’ max;<m /In(i + 1)df if 2 <p <gq,

0 if ¢ <p,

where (c})¥_, is the nonincreasing rearrangement of (|c;|)%_,.
The following conjecture was posed in [3].

Conjecture 1.4. Is it true that for all 1 < p,q < oo,
EHGAEZ%EZIH ~p.q D1+ Do+ D3 ? (1.5)

It is known by [3, (1.13) and Corollary 1.4] that (1.5) holds up to logarithmic terms.
However, it seems that proving the correct asymptotic bound for the operator norm from
£, to ¢, of a structured Gaussian is a challenge. All the more, there is currently no hope
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of getting two-sided bounds in a general case of the structured matrices (a; ; X; ;)i<m, j<n
for a wider class of iid random variables X, ;. Therefore, in this paper we restrict
ourselves to a special class of variance structures (a; ;)i<m,j<n: the tensor structure. In
other words, we assume that the structure has a tensor form a; ; = a;b; for some a € R™
and b € R"™. In this case Chevet-type bounds stated in Theorem 1.1 allow us to provide
two-sided bounds — with constants independent of p and ¢ — for exponential, Gaussian,
and, more general, Weibull tensor structured random matrices. Since these bounds have
quite complicated forms we postpone the exact formulations to Section 3. Let us only
announce here two corollaries from these bounds. The first one is an affirmative answer
to Conjecture 1.4 in the case when (am-) has a tensor form (see Corollary 3.2 below). In
Section 3 we state also a counterpart of this conjecture for weighted Weibull matrices
and verify it in the tensor case. Moreover, using (1.2) and a bound for E||(a;b; E; ;)|lez e
we provide a two-sided bound for weighted unconditional isotropic log-concave random
matrices (a;;Y; ;) in the tensor case a; ; = a;b; (see Corollary 3.4 below). We do not
know whether a similar bound holds without the unconditionality assumption.

Let us now move to another application of Theorem 1.1. We first formulate it for
Weibull matrices. By I we denote the space {(z;);e: > jes lzj[P < 1} equipped with
the norm ||z|, = (ZjeJ |:cj|p)1/p.

Theorem 1.5. Let r € [1,2] and (X, ;)i<m,j<n be independent, centered, v, random
variables with constant o. Then forany 1 <k <m, 1<l <nandp,q € [1,00],

n 1/r

; ) vV (p* A Logl))

ESII,l})H(Xi,j)iel,jGJHg(pI_mé < U(;ﬁ(l/q—l/r)voll/p* (Log(
4 p(/a=1/2)vop1/p" (Log(?) vV (p* A Logl)>1/2
U1V g (Log(%) V (¢ A Log k)) v
1087129011 (Log (") v (g A Log k) ) 1/2),

where the supremum runs over all sets I C [m], J C [n] such that |I| = k and |J| = .
Moreover, the above bound may be reversed if (X; j)i<m,j<n are iid symmetric Weibull
r.v.’s with parameterr.

Theorem 1.5 applied with » = 1, and (1.2) yield the following corollary.

Corollary 1.6. Let (Y; j)i<m,j<n be isotropic log-concave unconditional matrix. Then for
anyl<k<m,1<[l<nandp,qE€[l,o0],

ESIIE)H(Yi,j)iel,jeJH%H% ,Sll/p* (Log(%) \Vi (p* A Log l)>
+ ka1 /2Vop /et (Log(% V(P A Logl)) "
+ ke (ng(%) V (¢ A Log k))

. 1/2
4 1(1/p"=1/2)VO01/q (Log(%) V (¢ A Log k)) )
where the supremum runs over all sets I C [m], J C [n] such that |I| = k and |J| = .
Moreover, the above bound may be reversed if (Y; ;)i<m,j<n are iid symmetric exponential
rv.’s.

Theorem 1.5 and Corollary 1.6 give estimates on the largest operator norm among
all submatrices of X of fixed size. Let us remark that quantities of this type were
investigated before in [3] and, for p = ¢ = 2, in [1] as a tool in the study of the restricted
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isometry property, and in [2, 29] in the analysis of entropic uncertainty principles for
random quantum measurements.

Applying Theorem 1.5 with £k = m and [ = n we derive the following bound which
extends (1.3) to the case of Weibull matrices (this also follows from Theorem 3.3 from
Section 3 applied with a; = b; = 1).

Corollary 1.7. Let (X, ;)i<m,i<n be iid symmetric Weibull r.v.’s with parameter r € [1,2].
Then for every 1 < p,q < o0,

EH(Xi7j)i§7”»j§”|’6g~>fgl
m/a=1/2p1/P" L p/p =121/ p*,q < 2,
(p* A Log n)l/Tnl/p*m(l/q—l/r)VO 4 \/mnl/p*ml/q—lﬂ +ml/1 g <2< p*,
n'/?" 4 (g A Logm)Y/"m/an (/" =1/mV0 LS A Togm mY/ ant/P" =12 pr <2 < ¢,
(p* ALogn)™n'/P" 4 (¢ A Logm)Y/™m!/4, 2 < p*.q
~ (p* A Togn)Y/Tm(/a=1/mVORL/p S T e (/4= 1/2V0p 1 /v
+ (g A Logm)Y/rp/P =1/mVOm/a o\ g A Togm n /P —1/2V0p 1/,

In particular, if n = m, then

Bl (e g g~ Pas?,
7] ZJ 1 on—en (p* /\q/\Logn)l/'rnl/(p*/\q)7 p* Vg > 2.

Lemma 3.8 below and the bound || X; ;|, = (D(p/r + 1))1/p

that the estimates in Corollary 1.7 are equivalent to

~ (p/r)l/r ~ pl/r lmply

E||( ~m' su t; X + 0P gu ;X
H i,j z<mj<’ﬂH€n_>gm teBg’ Z Lj gALogm sEBI’)” Z &l p*ALogn
(1.6)
and, in the square case, to
nt/aHPT=12) X |, P59 <2,
EH ii=1lgn_pn ™~ 1/(p* Aq) ’ . (1.7)
n ||X1,1 p*AgALogn, P \/q Z 2.

In the upcoming work [24] we show that (1.6) and (1.7) hold for a wider class of centered
iid random matrices satisfying the following mild regularity assumption: there exists
a > 1 such that for every p > 1,

[ X4

2p < a”Xi:j”p?

this class contains, e.g., all log-concave random matrices with iid entries and iid Weibull
random variables with shape parameter r € (0, co].

The rest of this paper is organized as follows. Section 2 contains the proof of
Theorem 1.1, Corollary 1.2, and inequality (1.2). In Section 3 we formulate and prove
bounds for norms of random matrices in the tensor structured case. Finally, Section 4
contains the proof of Theorem 1.5.

2 Proofs of Chevet-type bounds

In this section we show how to derive Chevet-type bounds. Then we move to the
proofs of Corollary 1.2 and inequality (1.2).
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Proof of Theorem 1.1. The second estimate follows by Chevet’s inequality. The proof of
the first upper bound is a modification of the proof of [1, Theorem 3.1].
Let us briefly recall the notation from [1]. For a metric space (U, d) and p > 0 let

= lp
0= s 22
where the infimum is taken over all admissible sequences of sets, i.e., all sequences
(U1)i2,, of subsets of U, such that |Uy| =1, and |U;| < 22 for 1 > 1. Let d, be the {,-metric
in the appropriate dimension. Since r € [1, 2], by the result of Talagrand [32] (one may
also use the more general [26, Theorem 2.4] to see more explicitely that two-sided
bounds hold with constants independent of parameter r) for every nonempty U C RF,

k

IE sup Zuigi ~2(U,d2) and Esup Z i Xg ~ (U, dp=) +72(U, da). (2.1)
uelU i<k uelU im1

For nonempty sets S C R™ and 7' C R" let
ST ={s®t:seS,teT},

where s®@t := (s;t;)i<m,j<n belongs to the space of real m x n matrices, which we identify
with R™”. Now we will prove that

(S ®T,dp) ~ sup ||t Y (T dps ). (2.2)
teT

=Y (S, dr*) =+ sup ”S
sES

Let S, c Sand7; C T, 1 = 0,1,... be admissible sequences of sets. Set T_; := Ty,

S_1 := Sy and define U, := S;_1 ® T;_1. Then (U;);>¢ is an admissible sequence of subsets
of S®T.

Note that for all s’,s” € S, and t,#” € T we have

dr* (S/ ®t/781/ ®t//) — ||S/ ®t/ _ S// ®t// - S HS/ ® (t/ _ t//)

= 18"l = "+ ¢

< sup [|s|p-dp- (¢, ") + sup ||t

ses teT

- + ||(S/ _ S//) ®t//

r*

/ "
S — S

r*

* dr* (8/, S//).

r* r*

Therefore

o0

Y (S®T,d~) < sup Z 2, . (s®t,Up)
ses,teT =0

oo oo
< sup ||s[ly sup > 27 dp (8, Ty—1) + sup [[t]|« sup > 2"/7d, (s, S1-1).
s€S teT 12, teT s€5 1

Taking the infimum over all admissible sequences (5;);>0 and (1;);>0 we get the upper
bound (2.2).
To establish the lower bound in (2.2) it is enough to observe that

'YT(S ® T7 dr*) > max{sup Vr (S ® {t}v dr*>7 Sup ¥r ({S} & T7 dr*)}
teT sES
— max{sup []},- 7, (S, dr-), sup |[s]l+7 (T dy-) }.
teT seS
Bounds (2.1) and (2.2) imply

E sup Z Xijsit; ~y2(S®@T,do) + v (S®T,d,-)
seS,teT

i<m,j<n
~E sup Z Gi.;Sitj +sup ||t|lp=vr (S, dpe) + sup |8y (T, dre ). (2.3)
seS,teT i<mj<n teT ses
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Moreover, Chevet’s inequality and (2.1) yield

sup Y gigsity R sup [£ll272(S, d2) + sup [|s]l272(T', d2) (2.4)
s€S teTz<mj<n eT ses
> sup [|¢[[+72(5, d2) 8|[r+y2 (T, d2).
teT
The first asserted inequality follows by applying (2.3), (2.4) and (2.1). O

Corollary 1.2 immediately follows by a symmetrization, Theorem 1.1 and the following
standard lemma.

Lemma 2.1. Let X ;’s be iid symmetric Weibull r.v.’s with parameterr € [1,2], and Y, ;’s
be independent symmetric 1, random variables with constant o. Then for every bounded
nonempty sets S C R™ and T' C R™ we have

sup Y; jsit; < 20E  sup X jsitj.
By 2 Y SIE ap, 2 Ku

i<m,j<n i<m,j<n

Proof. The 1, assumption gives P(|Y; ;| > t) < 2P(|oX; ;| > t). Let (6;)i<m,j<n be
iid r.v.’s independent of all the others, such that P(§;, = 1) = 1/2 = P(; = 0). Then

P(|6; ;Y: ;| > t) < P(loX; ;| > t) for every t > 0, so we may find such a representation
of (X ;,Yi;.0i)i<m,j<n, that o|X; ;| > 10; ;Y; ;| a.s. Let (€; j)i<m,j<n be a matrix with iid
symmetric +1 entries (Rademachers) independent of all the others. Then the contraction
principle and Jensen’s inequality imply

oclE su Xijsit; =1 su €ijl0X; j]sit; > E  su gi.410; Y5 st
seStpeTZ i, aeSt%TZ 0,10 X4 sESsz)ETZ 0,013 Yi,5]sit

=FE su 0; :Y;:8;t: >E su Y; jIE6; jsit;
S, 2 0uYosits 2B sup D Vi Bh

fE sup Y s O
i BN

Lemma 2.2. Estimate (1.2) holds for every bounded nonempty set U C R* and every
k-dimensional unconditional isotropic log-concave random vectorY .

Proof. [20, Theorem 2] states that for every norm | - || on R, , where
E = (E,...,Eg). In other words, (1.2) holds for bounded symmetric sets U.

Now, let U be arbitrary. Take any point v € U. Since E Zle v;Y; = 0 we have

b

E ,U/Z 7

uelU—v i—1

IE sup w;Y; = sup u;Y; <TE sup u;Y;
uEUZ o uelU— v; ’ uelU— ’UZ: o

where the last inequality follows by (1.2) applied to the symmetric set (U —v) U (v — U).
On the other hand, the distribution of E is symmetric, 0 € U — v, and E Zle vy =0, so

k
E sup u; F ( Uy )\/0+IE sup (— u'E)\/O
uelU—v Z; ’ uelU—v Z o uelU—v Z e
k
=2IE sup ( Us; ) V0=2E sup u; F; = 2IE sup u; ;. O
uelU—v Z o uelU—v Z: uel 7 Z
EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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3 Matrices (aiijij)

In this section we shall consider matrices of the form (a;0;X; ;)i<m, j<n. Before
presenting our results we need to introduce some notation.

By (cf)*_, we will denote the nonincreasing rearrangement of (|c;|)¥_,. For p > 1 we
set

exp(2 — 2t *), t>0.
t) =
2ot {0, t=0,

and define
k
l(exdisille, = inf{e > 0: 3" (leil/e) <1}.
i=1

The function ¢, is not convex on R;. However, it is increasing and convex on [0, 1] and
¢,(1) = 1. So we may find a convex function ¢, on [0,00) such that ¢, = ¢, on [0,1].
Then clearly || - ||, = || - [|3,- Thus || - ||, is an Orlicz norm.

Let us first present the bound in the Gaussian case.

Theorem 3.1. For every 1 < p,q < oo and deterministic sequences (a;)i<m, (b;)j<m.

E||(aibjgi;)i<m.j<n

ey
lall 2o [16llp+ + llallq /1o 2z, p*q<2,
lall 20 (103 j<er llga + VPO j5er o) + llallgllbllos, g <2 <p7,
~ lallsollbllps + (Iai<esllg + Vall (a7 )iseallg) DIl 22, pr<2<q,
lalloo (I185) < oz + VPN (BF) jser lp+)
+(ll(af)izerllgs +v/all(@} )iseallq) [1D]loos 2<phq.

Before we move to the Weibull case, let us see how Theorem 3.1 implies Conjecture 1.4
for the tensor structured Gaussian matrices.

Corollary 3.2. Assume that there exists a € R™ and b € R" such that a;; = a;b; for
every i < m,j < n. Then Conjecture 1.4 holds.

Proof. If p* = oo or ¢ = oo, then (1.5) is satisfied for an arbitrary matrix (a; ;); ; by [18,
Remark 1.4], [3, Proposition 1.8 and Corollary 1.11]
In the case p*, ¢ < oo we shall show that

D1+ D; S EH(aibjgi,j)igm,jgnsz,_)gzn < VaDy +V/p*Ds. (3.1)

The lower bound follows by [3, Proposition 5.1 and Corollary 5.2].
To establish the upper bound let us first compute D; and D, in the case a; ; = a;b;. If
p > 2, then 2(p/2)* =2p/(p — 2), so for every p € [1, 0],

m n ) a/2 1/q n ) 1/2
D= s (Llad[Sn]") =l sup |32
=1 teB,, i1

teBy,, \im1

= ||a]| [1bll2p/(p-2) P <2,
bl P22

and, dually,

HGHQ * *_9 q < 2,
Dy = [[pllpe §, 24
HaHoo qz2.

EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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Moreover,

H(@)jgw* ||w2 + \/EH(b;)P

and similarly

pr < 2VP0T + VDH((0]) 5 e Ilpe < 3V (B5) 1+

I(@i)icealles + Vall(a7)isealla S vall(a7)illg-

Hence, Theorem 3.1 yields the upper bound in (3.1). O

In the Weibull case we get the following bound.

Theorem 3.3. Let (X, ;)i<m, j<n be iid symmetric Weibull r.v.’s with parameter r € [1,2].
Then for every 1 < p,q < oo and deterministic sequences a = (a;)i<m and b = (b;)<n,

E| (aibj Xij)i<m,j<n

e
-+ llallgllbll 22, P <2,
<||(b*)§ Nl + VPN (B]) 5 er 1p7)
+||a|| w_ (105 <er o + @)Y NOF) jere llp) + llallgllblloc, g <2 < p*,
(Il(b*) <ol + VPN B])j5erm llp-)

+||a||oo(\|(b*»)j<ep*Hgar VN s er ) + llallglblloo, 7 <q<2<pr,
+ (1@ i<es o, + vall(@f)iseallg) [1BI] 22,

+(ll(a )z<eq||gar + ¢ [[(a} )iz eall) 1] p s pr<r2<q,
| + (I(af)i<es . + vall(a; )z>eq|| 1B 22,
+(ll(a )z<eq||gar +a"7]1(a7)i>eallq) 1Blloo, r<p" <2<y,

lalloe (105) <o o, + @) NO5) 50 1)
+((@f)izealle, +a/7lI(a5)iseallq) blloo, 2<pq.

Corollary 3.4. Suppose that r € [1,2], a € R™, b € R", and (X, j)i<m,j<n iS @ random
matrix with independent v, entries with constant o such that E|X;;| > ~. Then

’}/(D1 + Dz) 5 EH(aiijivj)iSm»jSHHN—)Zm ~ ( l/rDl + ( )I/TDQ). (32)

Moreover, if (X; j)i<m,j<n is an isotropic log-concave unconditional random matrix, then
two-sided estimate (3.2) holds withr =0 =~ = 1.

Remark 3.5. In the range p < 2 < ¢ we have

Dy =max|[(ai;)iZill,  and  Dp =max||(a; ;)7
i<n i<m

(see [3, Lemma 2.1]). Therefore, Corollary 3.4 in the setting of isotropic log-concave
unconditional matrices with a tensor structure provides a bound of a better order than
the one obtained in [31], where additional logarithmic terms appear. On the other hand,
[31, Theorem 1.1] gives upper bounds also in the non-tensor structured case, so it cannot
be recovered from Corollary 3.4.

Proof of Corollary 3.4. The lower bound follows by the proof of [3, Proposition 5.1]
(which in fact shows that the assertion of [3, Proposition 5.1] holds for unconditional
random matrices whose entries satisfy IE|X;;| > ¢). To derive the upper bound we proceed
similarly as in the proof of Corollary 3.2 using Theorem 3.3 (instead of Theorem 3.1) and
then apply Lemma 2.1 - or inequality (1.2) in the log-concave case. O

Corollary 3.4 suggests, that in a non-tensor case it makes sense to pose the following
counterpart of Conjecture 1.4.

EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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Conjecture 3.6. Assume thatr € [1,2], (a; j)i<m,j<n IS @ deterministic m x n matrix, and

(Xi,j)i<m,j<n are iid symmetric Weibull r.v.’s with parameter r € [1,2]. Let

Emax;<m,j<n|ai; X ;| if p<2<yg,
max;<p b "G +1) if p<qg<2,
max;<m d; lnl/r(i +1) if2<p<gq,
0 if g <p.

DB,T -

Is it true that
EH(ai,in’j)i’j: ZZ — f;nH ~p.q D1 + DQ + Dg,r ?

Remark 3.7. Using similar methods as in the proofs of [3, Propositions 1.8 and 1.10],
one may show that Conjecture 3.6 holds whenever p € {1,000} or ¢ € {1, c0}. Moreover,
it follows by [27, Theorem 4.4] and a counterpart of [3, equation (1.11)] for iid Weibull

r.v.’s that Conjecture 3.6 holds in the case p =2 = q.

Now we provide the following lemma yielding the equivalence between (1.6) and the

assertion of Corollary 1.7.

Lemma 3.8. Let X1, Xs, ..., Xi be iid symmetric Weibull r.v.’s with parameter r € [1,2]

and let pq, p2 € [1,00). Then
1/r

P2’ s <p1 <
sup LXG|| o~ pé/r + /pzkt/2= e 2<p1 <r
tEB"fl 1 p2

py TR G ekt py >
VO

/Gy ()

Proof. The Gluskin—-Kwapien inequality [16]

k
1 1/2
| IRy [T R [P (33)
=1
easily implies that
k
1 1/2
||~ ool + o3l (3.4)
i=1
Indeed, we have
1/2H || 1/2H ,1/r +1/2 1/rH
Z<p2 9 = z<p2 o P2 ’L<p2
and, by the inequality of arithmetic and geometric means
1 1 2/r* 1-2/r"
o N )iz pa e < 03 (1) 15 (165 a1
1/TH - HZ/r H 5 1- 2/T*p71/r*(172/r*)
z P2 l <p2 2
1/2 2/r" o 1)r 1-2/r"
( [E)izpall2)™" (02" (E)ia].)
1 2 1
Nl + 02 N Wi,
so (3.3) implies (3.4).
Therefore, in order to prove the assertion it is enough to observe that
11 1 < Py
su t|, = O
2 1= L, 50
EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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Before proving Theorems 3.1 and 3.3 we need to formulate several technical results.
Holder’s inequality yields the following simple lemma.

Lemma 3.9. Let 1 < p;,p2 < 0o and ¢ = (¢;) € RF. Then

||CHoo; P1 < P25
SU-I? H(citi)sz = ||CHP1P2/(P1—02)7 p2 < p1 < 00,
n llell 2 p1 = 0.

The next result is a two-sided bound for the /,-norms of a weighted sequence of
independent Weibull r.v.’s. Much more general two-sided estimates for the Orlicz norms
of weighted vectors with iid coordinates were obtained in [17]. However, the formula
stated therein is quite involved and not easy to decrypt in the case of /,-norms. Therefore,
we give an alternative proof in our special setting, providing a form of the two-sided
estimate which is more handy for the purpose of proving Theorems 3.1 and 3.3.

Proposition 3.10. Let (X;);<) be iid symmetric Weibull r.v.’s with parameterr € [1,2].
Then for every 1 < p < oo and every sequence c = (c;)¥_, we have

El|(ciX)izall, ~ 1(eizerllo, + 017 I(e )iz erllp, (3.5)

where ¢, (x) = exp(2 — 2z~ ") and (c});<k is the nonincreasing rearrangement of (|c;|)i<x.

Remark 3.11. For p < 2 we have E|(¢;X;)||, ~ [/c[|,. It is not hard to deduce this
from (3.5). Alternatively, one may use the Khintchine-Kahane-type inequality
El|(ciX)llp ~ (]l (e X3)lI5)"/*.

Proof of Proposition 3.10. First we show that for every 1 <[ <k,
E||(ciXi)i<t|| . ~ l(ci)i<ille, - (3.6)

Let t = 2/7||(¢;)i<i||,,- Then

l l

ZIPOC?;Xi‘ >t) = Z e 2, (21/r|ci|/t) =e 2

i=1 i=1
This and the independence of X;’s imply

E|(ciXi)i—|, > tP(max|e; X;| > t) 2 t.
o i<l

Moreover, for u > 1,

l
X > < X > — —2 /ra.
P(I?glx leiXa| > ut) <Y P(leiXi| > ut) = > e 200 (2" |eil/(tu))

=1 =1
1
<3 e, (27 il ft) = e
=1

where the second inequality follows since (zu)” > z" + «" — 1 for z,u > 1. Thus,
integration by parts yields E||(¢; X;)i<i|lcc < ¢ and (3.6) follows.

To establish (3.5) for p € [1,00) we may and will assume that ¢; > ¢y > ... > ¢; > 0.
Then ¢, = c;.

We have by (3.6) applied with | = |e”] Ak,

Ell(ciXi)i<er lp ~ Ell(ciXi)i<er loo ~ [[(ci)i<er|

or

EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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Moreover,

1/
Efl(ciXi)iserllo < (Bll(ciXi)iser[18) " = IX1lloll(ci)iserllp ~ o7l (€i)iser o

Therefore, the upper bound in (3.5) easily follows.
Now we will show the lower bound. By (3.6) we have

El|(ciX)i=llp 2 Ell(eiXi)izer oo ~ ll(i)izer . 3.7
so it is enough to show that
Ell(ciX)izillp 2 27 (ci)iser - (3.8)
Observe that
Ell(ciXa)i=llo = Ell(esl Xil iz o 2 IGEIXDiZ ll,, = ElXalllell, 2 llelo-

In particular, (3.8) holds for p < 2.
Let C be a suitably chosen constant (to be fixed later). In the case when the inequality
P \(¢i)imer I, < C1l/(¢i)i<er]| . holds, (3.7) yields (3.8). Thus, we may assume that p > 2

and p/"[|(ci)isee [l > Cull(ci)izer | -
The variables X; have log-concave tails, hence [19, Theorem 1] yields

Ztcz

i>eP

1
E||(CiXi)i>€"||P = 6(EH(C’L z)z>ep|| = Sl;p
teBT,

We have y
(Bl (ciX)iser 5) "7 ~ o[ (c)iser |-
Inequality (3.4) and Lemma 3.9 (applied with p; = p* < 2 and p, € {2,7*}) yield

r r r _ 1
sup ticiXil| S (pM7 + p!?) max|es| < 2pMTepen) < 29" H(Ci)iﬁe"”wﬁprl(i)
teB™ i>ef le”]

p*i>er 4
S ||(Cz‘)igep||w~
Therefore,

1 1 C
Y. > Ve iwonll — A > — BN o ]
Bl(eXly 2 g Iediserll, — Colleizerlon = (g — 22) o el

So to get (3.8) and conclude the proof it is enough to choose C| = 2C5C5. O

We shall also use the following lemma which is standard, but we prove it for the sake
of completeness.

Lemma 3.12. Let (X;)*_, be iid Weibull r.v.’s with parameter 2. Then for any norm || - ||
on R* we have

El(X:) [ ~ Bl (g0)i -

Moreover, if (Y;)E_, are iid Weibull r.v.’s with parameter r € [1,2], then for any norm || - ||
on R* we have
El(Y)ial 2 Bl (g: )izl 3.9

Proof. We have P(|g;| > t) < e™*'/2 = P(|\/2X,| > t). Thus we may find such a represen-
tation of X;’s and g;’s that |g;| < [v/2X;| a.s. Let (£;)%_, be a sequence of iid symmetric +1
r.v.’s (Rademachers) independent of (X;)*_; and (g;)%_,. Then the contraction principle
implies

El|(g:)izall = Ell(eilgah) iy | < Ell(ealvV2Xi))ina |l = V2B (Xa)iy .
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To justify the opposite inequality observe that there exists ¢ > 0 (one may take
c=1/ v/2) such that for all ¢ > 0, P(lgi| > t) > ce~*" and proceed similarly as in the proof
of Lemma 2.1.

Using the inequality e=t'/2 < Ce /2 fort > 0 (one may take C' = \/€) and proceeding
in a similar way as above we may prove (3.9). O

Proposition 3.10, Remark 3.11 and Lemma 3.12 yield the following bound for ¢,-norms
of a Gaussian sequence.

Corollary 3.13. For every 1 < p < co and every sequence ¢ = (¢;);<; we have
E|[(cigi)izill, ~ I(€})izer llpz + VoI iser -
In particular, for p < 2 we have
El|(cig)io |, ~ el
Remark 3.14. In the case ¢; = 1 Corollary 3.13 yields the well known bound

pY2kYP, 1< p<Logk,

~ (p A Log k)'/2k/».
(Logk)'/2, p > Logk (o Logh)

Efj(g)a ], ~ {

Proof of Theorem 3.1. Chevet’s inequality (1.1), appplied with S = {(a;s;): s € B;'} and
T ={(bjt;): t € By}, yields

E[[(aibsgi)izmisnllyg e ~ sup ass) Bl (439)ll + sup 1155t 2Bl aige) o
s e ;}

Lemma 3.9 and Corollary 3.13 yield the assertion. O

Proof of Theorem 3.3. Theorem 1.1, appplied with S = {(a;s;)/;: s € Bgi} and T =
{(bjt;)7—,: t € By}, yields

| (b; X;)

E||(aibj Xi j)i<mj<nllnpm ~El|(@ibjgig)i<m,j<nl| pn_ypm + sup [[(aiss) p*
P q p"Yaq SEB;Z

+ sup [[(bjt;) [l Bl (@i Xi)lg-
tEB;}

To get the assertion we use Theorem 3.1, Lemma 3.9, Proposition 3.10, and Remark 3.11
together with the following observations:

* for ¢ < r <2 we have ||alag+/(g+—2) > |la
Hb||2p/(p—2) > [|b r*p/(p—r*)’

* Ell(aiX)iZillq 2 Ell(aigi)iZillq and B[ (b; X;)7—; llp= Z Ell(bjg;)j=1lp, which follows
by inequality (3.9). O

req* /(¢ —r+), and for p* < r < 2 we have

4 Operator norms of submatrices

In this section we prove Theorem 1.5 about the norms of submatrices. To prove it we
shall use Theorem 1.1 and Corollary 1.2. Thus, we need to estimate

k
1/q /4
B sup (37109 =m(3ox)r)
=k et i=1
where (X7, X3,...,X},) denotes the non-increasing rearrangement of (| X1],..., | Xm|)-
This is done in the next two technical lemmas.
EJP 29 (2024), paper 97. https://www.imstat.org/ejp
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Lemma 4.1. Let X,,...,X,, be iid symmetric Weibull r.v.’s with shape parameter
r € [1,2]. Then for every ¢ > 1 and 1 < k < m we have

(30 os(2) o)

Proof. By, say, [23, Theorem 3.2], we get

k
k
> (X1~ =i : a aopy <t— b
E» (X))~ kt., where ¢, mf{t>0 E[X 1|7 x| >t}*tm}

=1

Let t; := (2¢ + ln(%))q/r. Then

e e 7617‘ r/
BIX1 [ josny < 9 eTVIHP(X] > elty/?) =t ) elFhaee"0
=0 =0

< tye Zelqe (A+r)(2e+In(F)) < ¢ gm0 2 Ze @r—Dal tl—.
1=0

Thus, t+/? < t%/q ~ (Log(Z) v @)/
Let to := log?/"(m/k) and t3 = 1E[X;|9 = 10'(Z + 1). We have

e/ k
E|X1[1I{x, 05107 > t2P(|X1] > t5/9) = toe " = o,
and ) .
E[X0 [ xasi5p = BIX0 T = BIX0 | {xjacigy > SEX|T 2 8.

Therefore, /7 > (5 V t3)1/7 ~ (Log(™) V ¢)!/". O
Lemma 4.2. Let X;,...,X,, be iid symmetric Weibull r.v.’s with shape parameter
r € [1,2]. Then forq > 1, 1 < k <m we have

k /¢ [Log'"m q>Logk | m 1/r
]E(Z(Xl*)q) ~ e ~ Kt/ (Log(—) V(g A Logk;)) .

pt k'/?(Log (™) V q) g < Logk k

Proof. If ¢ > Logk, then
. *\q a 1/r
E(E (X7) ) NEI%%EHXA ~ Log/"m

where the last (standard) bound follows e.g. by Lemma 4.1 applied with &k = ¢ = 1.
If ¢ € [1,2] then Khinchine-Kahane-type inequality (cf., [22, Corollary 1.4]) and
Lemma 4.1 yield

k

b 1/q 1/q m
E(Z(X;)Q) ~<]EZ(X;‘)q) ~ kM7 Log" ().

1= =1

From now on assume that 2 < ¢ < Logk. By Lemma 4.1

k 1/q k 1/q m 1/r
B30 < (B e) () vo)

= =1
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Variables X; have log-concave tails, so by [19, Theorem 1],

1/q
IE( X7 q) = sup sup ;. X;
;( ) | I|l=k seBI* 1621

Hsup Sup 5z
|7|=k seBL.

— sup sup
4 |I|=kseBl,

> s
i€l
Since ¢* <2 < r*, (3.4) implies that for any I C [m] and any s € Bé* we have,
o
i€l

This together with Lemma 4.1 yields

B(307) > () va) e

i=1

i, = ¢ lslle- + "2 |Isll2 < 7+ q? < 217

Thus if k > (2C,C2C5)? we get B(Y_ (X7)9) (Log(™) v ¢)/". Otherwise
k < (20105C3)%, 50 kY9 ~ 1 and B(YF_ (X7))Y4 > (B(X7)1)Y7 ~ (Logm V ¢)*/7. O

Proof of Theorem 1.5. We use Theorem 1.1 and Corollary 1.2 with
S = U B, T=JB]
J

where Bé* is the unit ball in the space EZ;*' and the sums run over, respectively, all sets
I C [m] and J C [n] such that |I| = k and |J| = [. We only need to estimate the quantities
on the right-hand side of the two-sided bounds from Theorem 1.1 and Corollary 1.2. We
have for p € {2,7*},

sup HS”p — k-(l/qfl/p*)\/o7 sup ||t||p _ l(l/p*fl/P*)VO.
seSs teT

Lemmas 4.2 and 3.12 yield

m

By S5 = B( 7)) v 0 1)
g3 = 5(30007) () v anoe)

—

Similarily,

n

EsupZtX E(zl:(Xj)P*)l/p ~ P (Log(%) \/(p*/\Logl))l/T,

tET

i=1
IEsupz:tlgZ — (zl:(gl) >1/p* L/ (Log(?) v /\Logl))l/Q. -

tET
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