On the Expectation of Operator Norms
of Random Matrices
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Abstract We prove estimates for the expected value of operator norms of Gaussian
random matrices with independent (but not necessarily identically distributed) and
centered entries, acting as operators from El”,* to EZ’, l1<p*<2<g<oc.

1 Introduction and Main Results

Random matrices and their spectra are under intensive study in Statistics since the
work of Wishart [28] on sample covariance matrices, in Numerical Analysis since
their introduction by von Neumann and Goldstine [25] in the 1940s, and in Physics
as a consequence of Wigner’s work [26, 27] since the 1950s. His Semicircle Law,
a fundamental theorem in the spectral theory of large random matrices describing
the limit of the empirical spectral measure for what is nowadays known as Wigner
matrices, is among the most celebrated results of the theory.

In Banach Space Theory and Asymptotic Geometric Analysis, random matrices
appeared already in the 70s (see e.g. [2, 3, 9]). In [2], the authors obtained asymptotic
bounds for the expected value of the operator norm of a random matrix B = (by);;Z,
with independent mean-zero entries with |b;| < 1 from £} to EZ’, 2 < g < o0.Tobe
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more precise, they proved that
E|B: € — | < C,-max (m"9, /n),

where C; depends only on g. This was then successfully used to characterize
(p, g)-absolutely summing operators on Hilbert spaces. Ever since, random matrices
are extensively studied and methods of Banach spaces have produced numerous
deep and new results. In particular, in many applications the spectral properties
of a Gaussian matrix, whose entries are independent identically distributed (i.i.d.)
standard Gaussian random variables, were used. Seginer proved in [22] that for
an m x n random matrix with i.i.d. symmetric random variables the expectation
of its spectral norm (that is, the operator norm from ¢} to £}') is of the order
of the expectation of the largest Euclidean norm of its rows and columns. He
also obtained an optimal result in the case of random matrices with entries
gjja;;, where g; are independent Rademacher random variables and a; are fixed
numbers. We refer the interested reader to the surveys [6, 7] and references
therein.

It is natural to ask similar questions about general random matrices, in particular
about Gaussian matrices whose entries are still independent centered Gaussian
random variables, but with different variances. In this structured case, where we
drop the assumption of identical distributions, very little is known. It is conjectured
that the expected spectral norm of such a Gaussian matrix is as in Seginer’s result,
that is, of the order of the expectation of the largest Euclidean norm of its rows and
columns. A big step toward the solution was made by Latata in [15], who proved
a bound involving fourth moments, which is of the right order max(./m, \/n) in
the i.i.d. setting, but does not capture the right behavior in the case of, for instance,
diagonal matrices. On one hand, as is mentioned in [15], in view of the classical
Bai-Yin theorem, the presence of fourth moments is not surprising, on the other
hand they are not needed if the conjecture is true.

Later in [20], Riemer and Schiitt proved the conjecture up to a log n factor. The
two results are incomparable—depending on the choice of variances, one or another
gives a better bound. The Riemer-Schiitt estimate was used recently in [21].

We would also like to mention that the non-commutative Khintchine inequality
can be used to show that the expected spectral norm is bounded from above by the
largest Euclidean norm of its rows and columns times a factor/log n (see e.g. (4.9)
in [23]).

Another big step toward the solution was made a short while ago by Bandeira
and Van Handel [1]. In particular, they proved that

E | (aygp) : 85— 5] < C(IAll + Viog minn.m) - max Jay]). (M

where [|A[|| denotes the largest Euclidean norm of the rows and columns of (a;),
C > 0 is a universal constant, and g;; are independent standard Gaussian random
variables (see [1, Theorem 3.1]). Under mild structural assumptions, the bound (1)
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is already optimal. Further progress was made by Van Handel [24] who verified the
conjecture up to a +/log log n factor. In fact, more was proved in [24]. He computed
precisely the expectation of the largest Euclidean norm of the rows and columns
using Gaussian concentration. And, while the moment method is at the heart of the
proofs in [22] and [1], he proposed a very nice approach based on the comparison of
Gaussian processes to improve the result of Latata. His approach can be also used
for our setting. We comment on this in Sect. 4.

The purpose of this work is to provide bounds for operator norms of such
structured Gaussian random matrices considered as operators from £7, to £'.

In what follows, by g;, g, i > 1,j > 1 we always denote independent standard
Gaussian random variables. Let n,m € N and A = (ay)];Z;, € R™". We write
G = Ga = (aygy);;Z,. For r > 1, we denote by y, ~ +/r the L,-norm of a
standard Gaussian random variable. The notation f &~ h means that there are two
absolute positive constants ¢ and C (that is, independent of any parameters) such
that ¢f < h < Cf and f ~,, h means that there are two positive constants c(p, q)
and C(p, q), which depend only on the parameters p and ¢, such that c(p, g)f < h <
Cp.q)f

Our main result is the following theorem.

Theorem 1.1 Forevery 1 < p* <2 < q < o0 one has
7\ /4
E[G: 4. — e = (E|G: 6.~ er]")

< Cpttogm |y, max e by + 7, Emax ey |

Jj=n

+ 24y, max || (@), 4.
j<n

where C is a positive absolute constant.
We conjecture the following bound.

Conjecture 1.2 Forevery 1 < p* <2 < g < oo one has

E|G: 4. — )] ~ max @i ll, + max @)z llg + EI&%} |ajgil-

j=n

Here, as usual, p is defined via the relation 1/p + 1/p* = 1. This con-
jecture extends the corresponding conjecture for the case p = g = 2 and
m = n. In this case, Bandeira and Van Handel proved in [1] an estimate with
\/log min(m, n) max |a;| instead of E max |a;g;| (see Eq. (1)), while in [24] the
corresponding bound is proved with /loglog n in front of the right hand side.

Remark 1.3 The lower bound in the conjecture is almost immediate and follows
from standard estimates. Thus the upper bound is the only difficulty.
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Remark 1.4 In the case p* = 1 and ¢ > 2, a direct computation following along
the lines of Lemma 3.2 below, shows that

E|G: 6] - €' <, max I(ag)itillg + Emax|agg;l.

Jj=n

Remark 1.5 Note that if 1 < p* < 2 < g < o0, in the case of matrices of tensor
structure, that is, (a;);;—; = x®y = (x; - yi with x,y € R", Chevet’s theorem
[3, 4] and a direct computation show that

n
ij=1°

E|G: &y — ] ~pq I¥lllixlloo + I¥lloo lx1l,-

If the matrix is diagonal, that is, (a,;j)l'.“j: , = diag(aiy, . .., am), then we immediately
obtain

E|G: €. — €] = El(aigi)i=illoc ~ max VinG +3) -af ~ |l(@), lu,

where (a)i<n is the decreasing rearrangement of (|a;i|)i<, and M, is the Orlicz

function given by
2 (% _
M,y(s) = \/ / e » dt
T Jo

(see Lemma 2.2 below and [11, Lemma 5.2] for the Orlicz norm expression).
Slightly different estimates, but of the same flavour, can also be obtained in the
case ] <g<2<p*<oo.

2 Notation and Preliminaries

By ¢,C, Cy,... we always denote positive absolute constants, whose values may
change from line to line, and we write ¢,, C,p, . .. if the constants depend on some
parameter p.

Given p € [1,00], p* denotes its conjugate and is given by the relation
I/p + 1/p* = 1. For x = (x)i<n € R", |lx]|, denotes its £,-norm, that is
[x]loo = max;<, |x;| and, for p < oo,

n 1/p
Il = (3 bat)
i=1

The corresponding space (R", || - [|,) is denoted by £7, its unit ball by By.

P’
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If E is a normed space, then E* denotes its dual space and Bg its closed unit ball.
The modulus of convexity of E is defined for any ¢ € (0, 2) by

Se(e) := inf{l — Hx;

Yy

| elle =1 Iylle = 1, k=l > ).
We say that E has modulus of convexity of power type 2 if there exists a positive
constant ¢ such that for all & € (0,2), 8z(g) > ce?. Itis well known that this property
(see e.g. [8] or [18, Proposition 2.4]) is equivalent to the fact that

Hx+yH2 ”_2Hx_yH2 - Ixl1Z + [IyllZ
2 lE 2 lE 2

holds for all x,y € E, where A > 0 is a constant depending only on c. In that case,
we say that E has modulus of convexity of power type 2 with constant 1. We clearly
have 8z (¢) > &2/(2A2).

Recall that a Banach space E is of Rademacher type r for some 1 < r < 2 if
there is C > 0 such that for all » € N and for all xq,...,x, € E,

n o 1/2 n 1/r
(& ] sc(Zuxiuf) ,
i=1 i=1
where (&)

2, is a sequence of independent random variables defined on some
probability space (2, P) such that P(s; = 1) = P(g; = —1) = é for every i € N.
The smallest C is called type-r constant of E, denoted by 7,(E). This concept was
introduced into Banach space theory by Hoffmann-Jgrgensen [14] in the early 1970s
and the basic theory was developed by Maurey and Pisier [17].

We will need the following theorem.

o]

Theorem 2.1 Let E be a Banach space with modulus of convexity of power type 2
with constant A. Let X, ..., X, € E* be independent random vectors, g > 2 and
define

1 1/2
B:= CA4T2(E*)\/ O’gnm (JEm<ax IIXiIIfé*) :

and

YEBE

Lo 1/q
o = sup (mZEI(X,-,yH") :
i=1

Then

m

S~ Bl e

i=1

E sup < B>+ B-072

YEBE
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Its proof is done following the argument “proof of condition (H)” of [13] in com-
bination with the improvement on covering numbers established in [12, Lemma 2].
Indeed, in [12], the argument is only made in the simpler case ¢ = 2, but it can be
extended verbatim to the case g > 2.

We also recall known facts about Gaussian random variables. The next lemma is
well-known (see e.g. Lemmas 2.3, 2.4 in [24]).

Lemma 2.2 Let a = (a;)i<, € R" and (a})i<n be the decreasing rearrangement of
(lail)izn- Then

E max |a;g;| ~ max v/In(i + 3) - a}.
i<n i<n

Note that in general the maximum of i.i.d. random variables weighted by coordinates
of a vector a is equivalent to a certain Orlicz norm ||a||s, where the function M
depends only on the distribution of random variables (see [10, Corollary 2] and
Lemma 5.2 in [11]).

The following theorem is the classical Gaussian concentration inequality (see
e.g. [5] or inequality (2.35) and Proposition 2.18 in [16]).

Theorem 2.3 Let n € Nand (Y, ||-||y) be a Banach space. Let yi,...,y, € Y and
X = Y"I_, &i- Then, for every t > 0,

t2
(|11, - By 2 1) <20 (=, "), @

/
where oy (X) = sup|g|,.=1 (er‘l=1 IE(Y!’)IZ)I 2-

Remark 2.4 Letp > 2. Leta = (aj)j<» € R" and X = (a;gj)j<n. Then we clearly
have

op(X) = max |aj.
Thus, Theorem 2.3 implies for X = (a;g))j<n
2
P(JIX1l, — ENXI,| > 1) =2 exp( — . 3
Wl = £, > 1) <2exp( =, ") G

Note also that

n

1/p
Bl < (Ll Blst) =yl @

j=1
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3 Proof of the Main Result

We will apply Theorem 2.1 with E = EZ*, 1 <p* <2and X,...,X, being the
rows of the matrix G = (aijgij)z]l!il. We start with two lemmas in which we estimate
the quantity o and the expectation, appearing in that theorem.

Lemma 3.1 Letm,ne N, 1 <p* <2 <gq,andfori <mletX; = (aijgij);‘=l. Then

1 m p 1/q Ya
o= sup (m;ﬂz\(x,-,y)\) = T ma )

yEB;‘}*

Proof For every i < m, (X;,y) = 27:1 a;jy;gij» 1s a Gaussian random variable with
variance [|(a;y;)j— |l.- Hence,

yq q/2
o? = sup Z]El X y)7= "7 sup Z(Zla,]y] ) .

m
yGB” yeBn*L 1 =1

Since p* < 2 < g, the function

¢(2) = Z (Z || |Z/|2/p )

i=1 j=1

/2

is a convex function on the simplex § = {z € R"| Z};l <L Vj: gz >0}
Therefore, it attains its maximum on extreme points, that is, on vectors of the
canonical unit basis of R", ey, ..., e,. Thus,

q/2
sup Z(Zlam ) = Sup(2) = sup(er) = max )

}EBH*L 1 ~j=1

which completes the proof. O

Now we estimate the expectation in Theorem 2.1. The proof is based on the
Gaussian concentration, Theorem 2.3, and is similar to Theorem 2.1 and Remark 2.2
in [24].

Lemma3.2 Letm,neN, 1 <p* <2 <g,andfori <mletX; = (a,;jg,;j)]’.‘zl. Then

1/q
(Emax Ixi5) " < maxEIX;ll, + Cy, Emax|a;g;l
i<m i<m i<m

Jj=n

= yp max |[(ay)i—y |l + Cyy Emaxa;gyl.

j=n

where C is a positive absolute constant.
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Proof We have

1/q
(Emax 1x02) < | max |1Xll,  BIXil, | + max ENXil, |,

1/q
< (Emax |11, — EIXil,|*) " + maxE|X],.
For alli < m and ¢t > 0 by (3) we have

tz
P(|||Xi||,, —EIX:,| > r) <2exp ( - ) (5)

2 manSn |a,;,~|2

By permuting the rows of (a;))

m,n
i

"_» We can assume that
max |agj| > -+ > max |a;|.
Jj=<n Jj=n
For each i < m, choose j(i) < n such that |a;;)| = max;<, |aj|. Clearly,

max |a;ig;| > max|a;i)| - |y
i=m i<m

Jj=n

and hence, by independence of g;’s and Lemma 2.2,

b := Emax |a;g;| > Emax |azq) - 18] = ¢ max /log(i + 3) - |ag|,
i<m i<m i<m

j=n
where the latter inequality follows since |ayji)| > -+ > |ayjcn)|. Thus, for i < m,

b2

2 =d2. < :
I}lSanX |aj] Qijiy = clog(i + 3)

By (5) we observe for every ¢ > 0,

. ct*log(i + 3)
]P)(rge},f“lxl”p ~ElIXil,| > f) <2 Zexp ( — o2 )

i=1

m 1 ct2/2172 00 B t2/2b2
=2 Z <2 XTI gy
—\i+3 -7 5

< 6 . 3—Ct2/2b2

whenever ct?/b* > 4. Integrating the tail inequality proves that

1/q
q
(Eij (11, — EIX1, | ) < Ci/gb < Cy v, Emax|azgy.
i<m i=m
Jj=n
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By the triangle inequality, we obtain the first desired inequality, the second one
follows by (4). O

We are now ready to present the proof of the main theorem.

Proof of Theorem 1.1 First observe that

N\ V4 - q Va
E|G: €. — ] < (Ee: g - e2])) " = (E sup 31, ) .

YEB x =1

We have

E sup Y [(X;y)|" <E sup [Z\(Xi,y>|"—E|<X,-,y>|‘1] + sup Y E[(X;. )"

yEB;’}* i=1 yEBp* i=1 YEB « =]

=m-E sup |:; Z |(Xi,y>i‘1 _ ]Ei(Xi,y)i‘i:| +m-o4.

veB . | T i=1
Hence, Theorem 2.1 applied with E = El’;* implies
E|G:t — " <m-[B*+ Bo"?| + m-0 < 2m (B> + o),
where B and o are defined in that theorem. Therefore,
(BlG: . — )" <2Vomt/s (589 + o).

Now, recall that 7>(£}) ~ /p and that BZ* has modulus of convexity of power type
2 with A=2 &~ 1/p (see, e.g., [19, Theorem 5.3]). Therefore,

10 1/q 1/q
o = crminrie () (2ma )
m i<m
2/q,,5/4 Vay,=1/4 7))
= 214 (log m)/m/+ (Emax |ig)
Applying Lemma 3.1, we obtain
1/q
. pn m|q
(ElG: 6. — €]
21/q . 5/q 1/q 0)"
< (2C*)71. p’9. (logm) (]Emax ||Xi||p)
i<m
+ 2"y, - max || (az)i, |-
Jj=n

The desired bound follows now from Lemma 3.2. O
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Remark 3.3 This proof can be extended to the case of random matrices whose rows
are centered independent vectors with multivariate Gaussian distributions. We leave
the details to the interested reader.

4 Concluding Remarks

In this section, we briefly outline what can be obtained using the approach of [24].
We use a standard trick to pass to a symmetric matrix. The matrix G4 being given,

define S as
S=1 0 GI .
2\Gy4 O

Then, S is a random symmetric matrix and

sup{Sw,w) = sup sup (Gau,v) = HGA e — Z;”H,

w u€B", veB™,
p* a*

where the supremum in w is taken over all vectors of the form (u, v)” with u € BZ*
andv € BZ’*. Repeating verbatim the proof of Theorem 4.1 in [24] one gets

n 1/p
B160 6~ 1 B (S latlast )

j=1
m l/q

+ E max (Zl |g,-|‘f|a,;,~|g) +Emax ¥,
=

where Y ~ N(0,A™) and A~ is a positive definite matrix whose diagonal elements

are bounded by
4 4
J i

However, the bounds obtained here and in Theorem 1.1 are incomparable. Depend-
ing on the situation one may be better than the other.
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