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Abstract

This article investigates, by probabilistic methods, various geometric questions on
By, the unit ball of ;. We propose realizations in terms of independent random vari-
ables of several distributions on B}, including the normalized volume measure. These
representations allow us to unify and extend the known results of the sub-independence
of coordinate slabs in B}. As another application, we compute moments of linear
functionals on By which gives sharp constants in Khinchine’s inequalities on B, and
determines the 1s-constant of all directions on Bj. We also study the extremal values
of several Gaussian averages on sections of By (including mean width and /-norm), and
derive several monotonicity results as p varies. Applications to balancing vectors in £y
and to covering numbers of polyhedra complete the exposition.

1 Introduction

For p > 0 and a sequence of real numbers x = (;)5°; denote |z|, = (3,2, |xi\p)1/p. For
p = 00 we set ||z||oc = sup;ey |zi|. The space of all infinite sequences x with [|z||, < oo
is denoted ¢,. Similarly, the space R" equipped with the quasi-norm || - ||, is denoted



¢y. Finally, the unit balls of £ and £, are defined as B = {x € R"; |lz|, < 1} and
B, = {z € RY; ||z||, < 1}, respectively.

The geometry of £} spaces in general, and the geometry of the £} balls in particular, has
been intensively investigated in the past decades. A particular topic of interest has been
the evaluation of the extremal volumes of sections and projections of B). Apart from their
intrinsic interest, such questions have applications in several probabilistic and geometric
contexts, some of which will be described below. The purpose of the present article is to
obtain several new results of this flavor. We represent various geometric parameters of By
probabilistically, and apply methods from Probability Theory to estimate them.

In Section 2 we introduce representations in terms of independent random variables of
some distributions on By, including the volume measure on B). Obtaining concrete real-
izations of the (normalized) volume measure on a general convex body K C R" seems to be
a hopeless task. For general bodies one is therefore reduced to hunting for approximations,
and this has been successfully achieved via Markov chain methods by Kannan-Lovasz-
Simonovits [18] (which paper is actually the last in a long list of articles obtaining similar
approximate representations. We refer to [18] and the references therein for an accurate
historic depiction of the subject). The simpler structure of B, allows us to give the fol-
lowing representation of the volume measure, which extends to p > 0 classical results for

p € {1,2} (see e.g. Chapter 2 in [15]).

Theorem 1. Let gy,..., g, be i.i.d. random variables with density 1/(20(1 + 1/p))e~ 1"
(t € R), and let Z be an exponential random variable independent of gi,...,gn (i-e. the
density of Z ise™t, t > 0). Denote G = (g1,...,9,) € R" and consider the random vector

G
(>iey lgil? + Z)l/p

Then V' generates the normalized volume measure on By, i.e. for every measurable A C R",

vol(AN B}
P

Section 2.1 provides a simple probabilistic perspective to the sub-independence of coor-
dinate slabs on By. This remarkable fact was originally proved by Ball-Perissinaki [4] for
the volume measure and in [24] for the cone measure. We establish this property for more
general distributions, combining an extension of Theorem 1 with arguments similar to the
proof of the classical FKG inequality [16].

In Section 2.2, Theorem 1 is applied to the study of the moments of linear functionals
on By for p > 1. Answering a question posed to us by A. Giannopoulos, we estimate the
best constants in the Khinchine inequality on By and describe the so-called ¢9-directions
of By.

Section 3 is devoted to the analysis of the extremal values of several geometric param-
eters of sections of B for p > 0. A classical result of Meyer and Pajor [22] states that
for every k-dimensional subspace E of R", if p < 2 then voli(E N B)) < volk(B}];’), and if
p > 2 then volx(E'N By) > Volk(B!,f). More results on critical sections of B) appear in

the papers [2, 22, 3, 20], which rely on harmonic analysis methods. In Section 3.1 we show
that for every 0 < a < k, every 0 < 3 < p and every k-dimensional subspace E of R", if



0 < p<2then

/ 5 de < / lel;%dz  and / lfdz > / 2 0d,
Sn—InE Sk-1 Sn—InE Sk—1

and if 2 < p < oo then

/ Wﬁ;sz/i |z],“dz  and /‘ Hﬂ@mng/ |2 dz.
Sn—lmE Sk—l Sn—lmE‘ Sk—l

The case o = k in the above inequalities is just a restatement of the Meyer-Pajor theorem.
The case 8 = p follows from the following stronger monotonicity result, proved in Section
3.1, that the mapping
fsnflnE ||$||£d$

Jor—1 lzllpda

p>0—

is increasing in p.

Since Gaussian and spherical averages of homogeneous functions are proportional, these
facts can be restated in terms of moments of Gaussian vectors. Note that the above quanti-
ties encompass useful classical parameters of the geometry of Banach spaces, such as mean
width and ¢-norm (see e.g. [29] page 35).

The proofs appear in Section 3.1 and consist of finding probabilistic expressions of
various expectations of Gaussian vectors on subspaces of R”, and then applying stochastic
orderings to estimate them.

In Section 3.2 we apply the Brascamp-Lieb inequality to obtain estimates in the other
direction.

Section 3.3 deals with the case of the cube BJ,. We derive the following distributional
inequalities, valid for all k-dimensional subspaces £ C R™ and every r > 0

(rBY) < vp(ENrBL) < <7’\/%Bl§o> ,

where 7y, v£ denote the standard Gaussian measure on R* and E, respectively. The right-
hand side of the above inequality follows from the Brascamp-Lieb inequality, and the left-
hand side from the following monotonicity result: for every k-dimensional subspace £ C R",

the function
ve(ENrBY)

r>0— V@ BEY)
is non-increasing.

Sections 3.4 and 3.5 are devoted to applications of the previous results. Section 3.4 deals
with the Komlés conjecture which asks whether there is a universal constant ¢ > 0 such that
for every x1,...,zy, € By, there are signs €1,...,&y, € {—1,1} for which |30, g4 <
c. This challenging problem remains unsolved, and the best upper bound on ¢, due to
Banaszczyk [5], is ¢ = O(\/@). We show that our estimates, together with Banaszczyk’s
theorem, yield an infinite dimensional version of this result, which implies in particular a
better upper bound when m = o(n).

Proposition 1. There is an absolute constant C' > 0 such that for every integer m > 0

and every Ty, ...,Tm € oo, there are signs 1,...,e,m € {—1,1} for which
m
Zsimi < Cy/logd- max ||z;|la < Cy/logm - max |z,
, 1<1<m 1<1<m
i=1 00
where d is the dimension of the linear span of x1,...,ZTy,.



Section 3.5 answers a question posed to us by M. Talagrand, concerning the number of
cubes required to cover a convex hull of a finite number of points in ¢5. Given two convex
sets K,L C {, denote by N(K,L) the minimal number of translates of L required to
cover K (this number may be infinite). Obtaining sharp bounds on this parameter is of
fundamental importance in several problems in convex geometry (see e.g. [29]), probability
(see e.g. [21]) and operator theory (see e.g. [28]). Given A C {o, we denote by absconv(A)
the convex hull of AU (—A). The main result of Section 3.5 is

Proposition 2. There exists an absolute constant C' > 0 such that for every integer m,
e>0and 2 <p<oo, for all z1,...,T,m n the unit ball of o,

logm

log N (absconv{zi,...,zm},eBy) < Cm.

Such a statement is already known for p = 2 by the results of Carl-Pajor [14]. From
Schiitt’s results [34] on the entropy of the identity operator between ¢4 and Kg, if the points
r1,...,T, are assumed to be in an ambient Ego then such an inequality is valid with the
term log m replaced by log max(m,d). Proposition 2 bounds the covering number of the
polyhedron absconv{zy,...,z,} C Bg in terms of the number of its vertices, independently
of the ambient dimension.

2 Representation of Measures on B}

We begin by stating a probabilistic representation of the cone measure on 9B} which is
due to Schechtman-Zinn [32] and independently to Rachev-Riischendorf [31]. This repre-
sentation has applications of probabilistic and geometric nature [25, 9, 24, 33].

Let K be convex symmetric body in R™. Recall that the cone measure on 0K, denoted
Wi, is defined for A C 9K by

vol(ta; a € A,0 <t <1)
A) =
ui(A) vol(K)

Thus, uxi(A) is the volume of the cone with base A and cusp 0, normalized by the volume of
K. Alternately, px is the unique measure for which the following polar integration formula
holds: for every f € Li(R"™),

f(x)dx =n - vol(K) / el flrz)dug (z)dr.
R™ 0 oK
Schechtman-Zinn and Rachev-Riischendorf proved the following

Theorem 2 ([32, 31]). Let g1,. .., g, be i.i.d. random variables with density e~ 1" /(21 (14
1/p)), t € R. Consider the random vector G = (g1, ...,9n) € R", and denote

IGl, (3, Jgilp) "

Then Y is independent of ||G||,. Moreover, Y generates the measure pupy, i.e. for every
measurable A C OB}, ppn(A) = P(Y € A).

Y

We propose the following extension:



Theorem 3. Let G = (g1,...,9n) be a random vector as in Theorem 2. Let W be a
nonnegative random variable with distribution h, and independent of G. Then the random
vector

&
1
(el +w)?

generates the measure h({0})upp + W Apy, where Apn stands for Lebesgue’s measure re-

stricted to By, and for v € B, W(x) = (||z|,), where for r € [0,1]

[F(l + %)}nd)(r) = (1_7“# /(0’00) w”/pe_%dh(w). (1)

Proof. Note that the density of |g;|P is

13
2ur 1 1 11 4

—Uu

. e =———ur e " u>0.
p  2I'(1+1/p) I'(1/p)

d
—P(lg;| < 1/py —
—P(lgi < ul/?)

In other words, |g;|? has a gamma(1/p,1) distribution. By the additivity property of the
gamma semigroup, the random variable ||G|5 = Y7, |g;|P has a gamma(n/p,1) distribu-

tion, i.e. its density is l/F(n/p)u%_le_u (u>0).
For any f € L;(R"), and conditioning on W,

G G
E — | = E — | dh(w).
f(we%+wm”) =4w>f<waﬁ+wf”> ()

Since G/||G||, and ||G||, are independent, then for every w > 0:

G Gl \"" G
Nacrzar) = e -
(IG5 4 w) P Gl +w/ Gl
1 /°° n_1 _y ( u >1/p G
= ur e "Ef du
T/p) Jo ( wrw) e,
1 1( rPw >%_1 _ rPw < G ) prP~lw
= —F — e =7 .Ef(r dr,
iy (i I\'en,) =y
where we have made the change of variable =t = rP. Hence,
G G
5 () - nttones (5 )
(mm%+w¥”> 1&s
1 n—1
_ p / n/p/ r _1Tfu;7 < G >
= w — ¢ P oEf(r dr dh(w
T0i) oo Jo (1 reyi EPARR

n 1 rn—l / Py G
n/PeT 1= dh E f( ) d
T w (& w r .
T (g i 1) /0 (1 —rp)rtt < (0,00) ( )) Gl

On the other hand, let M be a probability measure on B} with {,-radial density ¢(|=||,)
(x € Bg). By the polar coordinate integration formula for u Br, the representation from

5



ar(141)]"
Theorem 2 and the fact that vol(B}) = M (see e.g. page 11 in [29]),

r(z+1)
1
fx)dM(z) = nvol(Bg)/O " lo(r)Ef (r”g”p>dr

) n [or <%+1>]n/01r”—1¢(r)lﬁlf <r G )dr’

Rn

n G
r(z+1) ST,
from which the result easily follows. U
Since (1) holds true for dh(w) = e~ 1~0y dw and P(r) = ‘1/([)(1’(1}5,(:;, we have established
p
Theorem 1. We now study more general distributions. By making the change of variable

§ = lf;p in (1) we obtain the following representation theorem. We refer to the book [36]

for completely monotone functions and the Laplace transform.

Theorem 4. Let v be a probability measure on R"™ with density 1 (||z[|,) 10 1([|x]|p). Assume

that the function
1 s 1/p
- n .71 9 0
sr—>(1+s)5+1¢ <1—|—S> s>

is completely monotone. Then there is a positive random variable W such that for every
measurable A C R",

G
=r <<uauz Ty S A) |

and the density of W is given by

or (L+1)]" s A\
Mﬁ_l SH(1+i)Z+1¢<<1+s>l )](w)’ v

w"/l’
where L is the Laplace transform.

Next, we single out an interesting case for which the above theorem may be applied:
when W is a gamma(a, 1) random variable, the density of W is h(w) = 1/T(a)w® te™®

and thus
1 " 1 ° Dioa—1 —- ¥
2 {=+1)] ¥(r) = g wp e -7 dw
D I(a)(1 —rp)» 0

1-— p)p T X nl
= (L—r?)> _ / wr T e gy
T(a)(1—r?)»tt Jo

(1=r7)eIr (2 +a)
I(e)

)

G

Corollary 3. Let W be a gamma(c, 1) random variable. Then the random vector W
+
p

generates the measure on By with density

r(z+a)

() [zr (% +1

fz) = )]n(l =z 10 1y (llllp)- (2)



Finally let us give a geometric interpretation of some of our representations. Fix two
integers m,n and consider the orthogonal projection of the cone measure on 8B;}+m onto
the first n coordinates. By the Schechtman-Zinn Theorem, this measure is generated by

the random vector
(917 .. agn)

1/p°
(i lgilP + 0000 LgilP)

The random variable Z?;Tjil |gi|P is independent of ¢1, ..., g, and has a gamma(m/p,1)
distribution. Hence, the above discussion leads to the following extension of classical obser-
vations about BY' and Bj (for these sets the cone measure coincides with the better studied
normalized surface measure).

Corollary 4. When p is an integer, the orthogonal projection of the cone measure on OBy tp
onto the first n coordinates is the (normalized) volume measure on Bj. More generally, for
arbitrary p > 0, the orthogonal projection of the cone measure on 8B;}+m onto the first n
coordinates has density

flz) = F<H+Tm) (L= l25) 101 (ll2],)
JOIEICD)

2.1 An application: sub-independence of coordinate slabs

The sub-independence of coordinate slabs in B is helpful in the study of the Central Limit
Problem [1, 25] and of various deviation inequalities [24, 8]. More precisely, this property
is enjoyed by the normalized volume measure on B}, as proved analytically in [4] and
geometrically in [1]. It was established probabilistically in [24] for the cone measure on B;.
In this section we combine our representation results with an argument of [24] in order to
derive sub-independence of coordinate slabs for a wider class of distributions. We require
the following result:

Theorem 5 ([7]). Let Xi,...,X, be independent symmetric random variables. Assume
that X; has density 1; = e~"i, where V; is locally integrable. For X = (X1,...,X,), the
random vector ﬁ is independent of the random variable | X ||, if and only if there are

bi,....,bp > —1 and a,c1,...,cn > 0 such that for every 1 < i < n, ¥;(x) = ¢;|x|Pie eI,

Remark: As a consequence of this characterization, setting for k < n, X* := (X1,...,Xk)

(where we write for simplicity X for X™), it follows that the independence of ﬁ from

| X ||, guarantees for every k < n the independence of ﬁ from || X*||,.
p

The following lemma was essentially proved in [24]. It was stated there for the cone
measure on B}, but the proof carries through to the more general setting. We sketch
the argument for the sake of completeness. Our geometric interest lead us to consider
symmetric variables, but it is clear that the result concerns nonnegative variables.

Lemma 5. Let Xq,...,X,, be independent symmetric random variables. Fori=1,...,n—
1, assume that X; has density ; = exp(=V;), where V; is locally integrable. We write
tn for the law of | X,|. Denote X = (X1,...,X,), X" ! = (X1,...,Xn_1) and assume
that ﬁ is independent of || X" ||,. Let fi,..., fn : [0,00) — [0,00) be nonnegative



non-decreasing functions. Then

E[}jfi<|||§ﬁ‘p>] [T (j7)-

=1

Proof. The proof is by induction on n. Assume that n > 1 and that the required inequality
holds for n — 1. Conditioning on |X,|,

(i, -

1Xi| ;
/ { Hf ( (Ix"=ip + p)l/pﬂ 'f”<<||Xn—1||z+rp>1/p>}d“"(”'

Note that by the remark after Theorem 5, ﬁ and || X"~2||, are independent, so that

E

we may apply the inductive hypothesis. Denote by ¢ the density of || X"~ 1|, and by the
Xn— 1

independence of W and || X" 1|, it follows that for every r > 0

{ H‘f ( (I1x- 1|||)§|+ p)“p>] 'f”<<||X"—1||;+rp>”p>} )

- n—1 .
- e () [T (s o)
< [ e (Grmm) Les (G ) @

For u > 0 let hy(r) = fn (m) and

| X
- [Tes (st oy,

Thus h, is non-decreasing and k, is non-increasing and if X/ is an independent copy of
Xy, then [hy (| X5|) — hu (| X D] - [ku (| Xn|) — Eu (] X]])] < 0 point-wise. Taking expectation of
this inequality,

[ ratatrldna < ([ i)} ([ matrddna).

implying that

E[ﬁfi<|r‘§ﬁ|p>] < [ o) dutin)
/0 o) /R o )dunm) ([, 5yt ) o

- H B (H‘;HD

IN



The main result of this section is contained in the following theorem.

Theorem 6. Let G = (g1,...,9n) be a random vector with independent coordinates with
distribution e~ 11" /(20'(14+1/p)), t € R. Let W be a nonnegative random variable, indepen-
dent from G. Let v be the distribution (supported on Bg) of the vector

G
—
(IGIlp +W)»
Then for every si,...,8, >0,
v <ﬂ{\$i\ > Sz‘}> <[Iv{lzil = s:}).
i=1 i=1

Proof. Assume that ¢ is a random variable independent of G and W which takes the Values
+1,—1 with probability 1/2. We set X = (g1, ... ,gn,EWI/p) € R*"*1. By Theorem 2

IIGllp
and [|G||, are independent, so we can apply Lemma 5 to X, with fi(z) = 1(,, o) (7) for
i=1,...,nand f,+1 = 1. Hence,

~ lgil } - ({ lgil })
P _— ; —_— >, .
(m{(llGllp+W)1/p - l;I IG|[p +W)i/e =
O

Remarks:

1) By the very same proof, one can see that the conclusion of Lemma 5 holds for
nonnegative, non-increasing functions. Thus Theorem 6 also holds for symmetric slabs
{lai| < si}.

2) We have obtained subindependence of coordinate slabs for a class of measures on By,
described in Theorem 3. This unifies the previously known occurrences of such subinde-
pendence, since the cone measure p,; and the normalized volume measure on By belong to
this class. We obtain new concrete examples, as the measures v, with density

r (% + a)
fa(z) = 1
ING) [zr (5 +
Since these measures v, are isotropic, an immediate consequence of Theorem 6 is that they

enjoy the Central Limit Property in the sense that Theorem 5 of [25] holds for them. We
refer to that paper for details.

m (1= [l l)* 10,11 ([l lp)-
)

2.2  An application: moment inequalities on B} for p > 1

In what follows, given two sequences of positive real numbers (a;)icr, (b;)ic; the notation
a; ~ b; refers to the fact that there are constants ¢ and C such that for all i € I, ca; < b; <
Ca;. We emphasize that such ¢, C' are always absolute numerical constants.

We can relate moments of linear functionals on Bj to moments of linear functionals
of the random vector G = (g1,...,9,) with independent coordinates with distribution

e /(20 (1 + 1/p)):



Lemma 6. For every integer n > 1, every p,q > 1 and every a € R"™ one has

q 1/q 1/q

Proof. Denote a = (ay,...,ay). By the probabilistic representation of the volume measure

on By established in Theorem 1,
G
) E MNP . N/
v01 / B; Z” '<<||G||§+Z>l/p >

< el )q/p < G >

Gl + Z IGllp’
(jorez) | [El( )

Gl + Z Gl

E( IGI )q/p "E|(G,a)|
IGlE+2z) | "EIGI

where we have used the independence of ”G” and ||G||,. Applying this identity to a =

n

>

i=1

;T

q

(1,0,...,0) yields
1 bellls a/p 1
- E( I p”p > — n—/ |21 |%dzz.
ElGlp Gl + 2 vol(Bp)E|g1]? Jpn
()
Now, E|g1]? = m, and for every p,q > 1
1 / 2V01(Bg_1) 1
_— x1|%dxr = 7/ wI(1 = u?) "7 du
vol(B7) By 21l vol(BY)  Jo ( )

r(ste) for(5+0)] 7
F(%Jrl) 'F<q+1+1)r(%+1)
r("leH)r(%H) (q+1)r(”TT‘1+1)

where we have used vol(B}) = (T'(1 +1/p))" /T(1 + n/p). Therefore,

ol ] )
/0 "1—v)7 dv

oo )" - RGN
E|Gl3 IGllz + 2 P("Tf”“rl)’
and by Stirling’s formula, there are constants ¢, C' > 0 such that for all n,q,p > 1,
) r(z+1) v )
< b <C——rnwu—.
(max{n,q})'/? ~ \ p (nT-j-q N 1) ~  (max{n,¢})'/r

10



For independent symmetric random variable with log-concave cumulated distribution
function, Kwapien and Gluskin [17] obtained an almost exact expression of moments of
linear functionals. We apply their result to obtain:

Proposition 7. Let n > 1 be an integer. Let p,q > 1 and ay > ag > --- > a, > 0. Then

where p’ € [1,+00] is the dual exponent of p, defined by %D + ﬁ =1.

1/q
q
) ~ aPl(@)i<olly + v ll@:)iqll2

The proof of Proposition 7 requires some preparation.

fe'e) » e—tp
e du < —,
t ptr—1

00 e—tp
/ e Wdy > —.
¢ 2ptP—1

In addition, the function t — ftoo e~ du is log-concave.

o0 o) up—l e—tp
/ e Wdu < / —le_updu = 7
t ¢ P P~

To prove the reverse inequality assume that ¢ > 1. Integrating by parts,

o0 [oe) —tP oo _—uP —tP 00
/ o= du — / WP P ey = e - 1 / e U du e _/ = du
¢ ¢ ptp~1 p Jy uP — ptrt ¢

which implies the assertion.
Finally, set f(t) = ftoo e " du. In order to show that f is log-concave it suffices show
that f”f — (f)? < 0 point-wise. Now,

Lemma 8. For everyt > 0

and for everyt > 1,

Proof. For every t >0

\%

FIR ) - 1) = (ptp_l / e du e—t"> <0,
t
by the first assertion we proved. O

Proof of Proposition 7. In what follows g denotes a random variable with density 1/(2I'(1+
1/p))e 1", Let 6, > 0 be such that P(6,|g| > 1) = 1/e. Denote N(t) = —log P(6,|g| > t)
and let N*(t) be the Legendre transform of N, i.e. N*(t) = sup{ts — N(s); s > 0}. By
Lemma 8, N is convex, and a result of Gluskin and Kwapien [17] states that in this case,

q\ 1/q qa 1/2
. . * 7 2

n
E a;gi
i=1 i<q 1>q

where a1 > as > ... > a, > 0. When p = 1, all the above quantities are easily computed
(in particular N(t) = t) and the proposition follows. For p > 1, we shall prove below that
there exists universal constants ¢, ¢, C, C’ > 0 such that for all p > 1,

¢ <0,<C VE>0,(N*)P VP <Ot and VE> 2, (N*(¢)P VP >t (3)

11



First we explain how these inequalities allow us to conclude. Let

to=inf{ ¢t > 0; ZN(%) <q

1<q

ap/(p—l))(p—l)/p then

i<q i

« [ 4% /(p—1) p/(p—1)
N <UO> < (Cafug)?/ P DY a2/ P < g

i<q 1<q

The above upper bound on N* gives that if ug = qu/p( >

which yields
1/ Z p/(p—1) =0/
to < Cq p( a,"" ) .
1<q
Moreover, if ig is the biggest integer in {1,...,q + 1} such that ga;,—1/to > 2 then for all

i <19 —1, qa;/to > 2, in which case we can use the lower bound of N* and for all i > i,
a; < 2tog/q. By definition of gy, we get

. (qa; Cqa; p/(p—1)
> N — | >
1= Z (to > N Z < to >

i<q i<ig—1

ap/(p—l))(p—l)

which shows that ¢y > cq!/ PSS /P 1t is now clear that

1<ip—1 "%
(v-1)/ (r-1)/ (v-1)/
ql/p<za§/<p—1>> T ql/p< 3 ag’/@—”) o ql/p<z af/@—n) I
i<q 1<ig—1 1210
i1\ D/
< %0 + <%> 2to < (24 1/c)to.

Now we establish Inequalities (3). To prove the bounds on 6, note that since |g| has
uniformly bounded density in p, there is an absolute constant ¢ > 0 such that for every
§>0,P(lgl >s)>1—cs. If s=c1(1—e ') then P(lg] > s) > P(|g| > 1/6,), which
shows that 0, < s < C. On the other hand, Lemma 8 implies that there is an absolute
constant ¢ for which P(|g| > ¢) < 1/e = P(|g| > 1/6p), and thus 6, > 1/c’.

Finally, we address the above mentioned bounds on N*. Lemma 8 states that N convex.
In particular N is bounded from below by its tangent function at zero, that is N(s) >
sN'(0). Soift <1/6,I'(1+1/p) = N'(0) then

0 < N*(t) = igg(ts —N(s)) < Sslilo)s(t — N'(0)) =0,

and the claimed upper bound on N* is obvious. We may restrict attention to ¢t > 1/6,I'(1+
1/p). Denoting by S = s/6,, Lemma 8 shows that for every S > 1,

N(s) = N(S0,) > SP + (p—1)log S + log[pI'(1 + 1/p)] > SP.
Hence, for every S > 1

ts— N(s) = t56,— N(S0,) <tS0,— S

0.\ P/(P=1)
sup {tS0, — SP} = (p—1) <_p> < (Ctyp/=1),
5>0 p

IN
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For 0 < S < lie. 0<s <8, st—N(s)<0,t<(Ct)?/P=1) since t is bounded from below,
and the upper bound for N* follows.

The lower bound in Lemma 8 shows that there are absolute constants ¢,C' > 1 such
that if S > ¢, N(s) = N(S6,) < (CS)P. Therefore N*(t) > sup{tS6, — (CS)P;S > ¢} and
if t0, > P~1CPp, this supremum is attained at S = (tep/pcp)l/@—l) > ¢ so that

. tH p/(p—1) 1
N ( ) 1—- ~ 1/ (o—1)°
p) \C P/ T)

and we are done. We may therefore assume that t6, < pcP~1CP. By our choice of Op,
N(1) =1, which implies that for all ¢ > 2,

N*(t) >t = N(1) > 5 > (Cty”/ P~

N

with a new constant C. This completes the proof.
O

The results of this sections may be combined to obtain the following exact expression,
up to universal constants: for a; > as > --- > a, >0

n

(v

i=1

Qi

q 1/q
dm) N a7 |(ai)i<qlly + \/ﬁH(az‘)»qHz’ (4)

(max{n, q})"/”

which virtually allows one to solve any question related to moment estimates on By

2.2.1 Khinchine inequalities

A well known variant of Khinchine’s inequality (see [23]) states that for every 1 < p,q < oo
and every integer n there are A(p,q,n), B(p,q,n) > 0 such that for every (ai,...,a,) € R™

s () (i e ) e ()

and we assume that A(p,q,n), B(p,q,n) are the best constants for which the above inequal-
ity holds for all (ai,...,a,) € R". We determine A(p,q,n) and B(p,q,n), up to absolute
multiplicative constants.

i L

Theorem 7. For every integer n and for every 1 < g < oo and 1 <p < 2,

Apacn) ~ Nmin {1\ 24 and B ~win {1, (4)"7

while for 2 < p < oo,

1/
A(p,q,n>~min{1,(%) ”} and B(p,q,n>~nl—@mm{1,\/§}.

This is a consequence of (4) and of the following:

13



Lemma 9. For every a = (a1,...,a,) € S 1, if 1 < p <2 then
4 e 1/ p/(p—1) =/ 2 2 1/
= < p AP - < . P
\/gmax 1,<n> <gq (Zaz ) +\/§<Zal> <2 q'P.
i<q 1>q
If 2 < p < oo then
(p=1)/p 1/2 11
q'/ éql/p<2a§’/(p‘”> +\/21<Za3> < 2qmin{1, <ﬁ> p}.
i<q i>q 4
Furthermore, these inequalities are optimal, up to universal constants.
Proof. Assume that 1 < p < 2. Since y/a + Vb < V2va + b,
Jo-1) (p=1)/p 1/2 1/2 1/2
ql/p<zaf P > +\/5<Z“?> Sql/p<za§> +\/§<Za?> < V2. g\,
i<q i>q i<q i>q
Similarly, if ¢ > n then

NN 1/2 .
ql/p<zalf/(lﬂ >> +\/§<Za?> :ql/p<zaf/(10 )

i<q 1>q i<n

>(p—l)/p ql/p

and if g < n,
1) (r-1)/p 1/2
dr(Sao ) e va(Ta) 2 va
1<q i>q

The fact that these inequalities are best possible up to universal constants follows by consid-

ering in each case the vectors (1,0,...,0), (1/y/n,...,1/y/n) or (1/\/q,...,1/1/4,0,...,0)
when g < n. The proof of the case p > 2 is equally simple. U

2.2.2 o-directions

We start with a few definitions. Let v € [1,2] and set p to be a probability measure on R”.
For a measurable function f:R"™ — R, define the following Orlicz norm associated with «
and p by

10y = int {2 > 05 [ gy < 2},

1
It is well known that ||f|ly,(u) ~ SuPg>1 q_é (f |f19 d,u) * (this follows from the Taylor
expansion of the exponential). Given a vector # in the unit sphere S"~! of R™, one says

that 0 defines a 1), direction for p with a constant C' > 0 if the function fy(z) = (x,0)
satisfies

lolatn < ([ 1o an) "

In other words the moment of fy of order g is bounded from above by a constant times
Cq¢"* times the second moment of fp.

From now on consider a convex body K C R", with the center of mass at the origin.
Such a body is said to be a 1, body with constant C' if all directions # € S"~! are 1), with
a constant C, with respect to the uniform probability measure on K. It follows from the

14



Brunn-Minkowski inequality that convex bodies are 1, with a uniform constant, and any
improvement on this estimate would be very useful. Note that the notion of 1s-bodies is
crucial in Bourgain’s bound on the isotropy constant [13] of convex bodies. This motivated
recent works on the o-directions of convex bodies. In fact, it is not even clear that there
exists a universal constant C' such that any convex body (of any dimension) admits at least
one o-direction with constant C. This question of V. Milman was solved in special cases
such as zonoids (Paouris [27]) and unconditional bodies (Bobkov and Nazarov [12] show
that the main diagonal is ¥2). Thanks to equation (4) we are able to study these questions
for B).

Proposition 10. There exists C' > 0 such that
1. For everyn > 1 and every p > 2, By is a ya-body with constant C'.
2. For everyn > 1 and every p € [1,2], B} is a ip-body with constant C'.

The first point was actually a consequence of results in [8], where subindependence was
also used.

Proof. Without loss of generality we consider a direction § € S"~! with ; > 0y > --- >
0, > 0. Fix ¢ > 1. Equation (4) gives, with obvious notation

1

(EB;‘|<X7 9>|q)5

(EB§|<X’9>|2)%

~ ( X >; : <q% ”(Qi)iﬁq”p’ + \/au(‘gi)qu?) ) (5)

max{n, ¢}

where p' =p/(p — 1).

The result now follows from obvious estimates. Indeed, since n/max{n,q} < 1, for
p > 2, Holder’s inequality implies that ||(6;)i<gl,y < min{n, ¢}'/2=17|[(8;)i<4lla < ¢*/2>71/P.
Hence, the right-hand side in (5) is less than 2,/g. For p € [L1,2], it is evident that
|(6:)i<qllyy < 11(fi)i<qll2 < 1 and thus the ratio of moments is bounded by a constant
times ¢'/P. O

Next, we describe the 12 constant on By of every direction for 1 < p < 2.

Proposition 11. Let p € [1,2]. For any integer n > 1 and 0 € S™ 1, 0 is a 1o-direction of
By and the best constant for which it is 1y is, up to an absolute multiplicative constants,
nt P12 6]),.

Observe that from the above result, the direction of the main diagonal is o. For
p = 1 we recover a result of Bobkov and Nazarov [11] (let us note that in that paper, the
authors give another moment estimate for B, which can be recovered by our method, and
which implies that most directions are _.. Moreover Bobkov and Nazarov show that
these moment upper estimates for B} can be transferred to isotropic unconditional convex
bodies).

Proof. Assume, as we may, that 81 > 6y > --- > 6,, > 0. For ¢ < n the right-hand side of
(5) is equal to

1

1 1_1 1_1
01 )i<ally + ValO)isalls < VA (1321 Odisnlly +1) < 2030520zl

15



1 1
where we used Holder’s inequality in the form 1 = ||(6;)i<nll2 < e 2{[(0;)i<nllp-

1 1 1
If ¢ > n the right-hand side of (5) is n7 |0,y < \/gn? 2{|(0;)i<nlly- For ¢ = n, it is
easy to see that the estimate cannot be improved by more than a universal factor. O

3 Extremal Geometric Parameters of Sections of B, p > (

In what follows we will denote by G a standard Gaussian vector. If F C R" is a k-
dimensional subspace then G will still stand for a standard Gaussian vector on E (which
is well defined due to rotational invariance).

3.1 Bounds via stochastic ordering

In this section, we present monotonicity properties for sections of B) as p > 0 varies. We
follow the approach of Meyer and Pajor [22]. They proved that for a fixed vector subspace
of dimension k in R", the ratio Voly(ENB})/ Volk(B}],f) is non-decreasing in p > 1. This was
later extended to p > 0 and to £,-sums of arbitrary spaces of finite dimension (see [6] and
the reference therein). We are interested in Gaussian averages of the £,-norm on sections.
Our results will recover in several ways the latter result on the volume.

We will use the notion of peaked ordering on measures. Given two absolutely continuous
measures 1 and v on R?, one says that v is more peaked than p and writes u < v if for
every symmetric bounded convex set C'

u(C) < v(C).

In the following statement, we put together the properties that we need. They follow from
more general results by Kanter [19].

Proposition 12. Let u,v be probability measures on R, with even densities which are
non-increasing on [0,00). If p < v then for every n > 1 one has p®" < v®".

The aim of the next two lemmas is to relate Gaussian averages of the £,-norm on sub-
spaces to the values of some product measures. Let E C R" be a subspace with dim(E) = k.
We denote by Pg the orthogonal projection from R™ onto E and let wgiq,...,u, be an
orthonormal basis of E+. Set

1
Boo(EY) =32z € EY  sup  [(mu)] <
i=k+t1,...,n 2
and for € > 0,
E(e) = {:13 eR";z— Pg(x) € eBoo(El)} .
We denote by v, the standard Gaussian measure on R", and by vyg the standard Gaussian
distribution on a vector subspace E.

Lemma 13. Let E be a k-dimensional subspace of R™ and set h to be a continuous function
in L1(R™,~y,), with the following property: there exist K,n > 0 such that for every x € R"
one has |h(z)| < Kell2/@tn) - Then

n—k

[ @ = (5) 7 [ ).

16



Proof. Fix some € > 0. In the following we recall the dimension of the variable of integration
by writing [}, f(a)d*a when dim(E) = k,

ey [  hENnE) = /e

_llal3 _1iel3 ko m—k
:/ e 25 a4 b)dEa d R
ExeBoo(EL)

=13

2 1E(E)(m)h(m)dm

_llalid ol

= e”_k/ e” 2 e 2 ha+ec)d®ad e
ExBoo(EL)

By continuity and dominated convergence, the latter integral converges when e goes to zero
to

llali3
ol (Buo(E) [ e F hia)aa
E

which gives the claimed result. O

Fix 0 < p,A < o0, let a(p,\) = 2fO°O e M= gt and set tpx to be the probability
measure on R defined by

242

dpp A (t) = e AP AP —alp, A gy

Lemma 14. Let E be a k-dimensional subspace of R™ and 0 < p, A < co. Then

. N P
L

= lim ek_"uf?’?\(E(e)).

Ee—ﬁucuglg e—0
Proof. By Lemma 13,
n—k z||P =12
Ee_zl’%”G“%mB}; = lim (2_7T> 2 / e AQHP/HQP_H 2“2 dx
e—0 \ €2 E(e)
n—k
= lim (2—7;) ’ 2"/2a(p, )x)”/ e @M llzllp—a(pN)? (|23 7,
=\ ()
V2a(p,\)
_ or\ 2z
= 1 2%a(p. 1) (—2> o)
Thus, applied to E = {z € R"; x4 = -+ = x, = 0} with u; = e; for i > k, this identity
yields
n—k . n—k
ge @1 _ 2#/2q(p, \)* (22 ) 8 e AP —alp A gy
€—0 7 €2 —€/2
= 2Ma(p, e
from which the required result follows. U

In the forthcoming lemmas and propositions, we look for comparison results in the sense
of the peaked ordering, between measures of the form p, x. We start with useful facts about
the constants a(p, A) which appear in the definition of py .

17



Lemma 15. Let A >0 and 0 < p < ¢ < oc. Thena<p,r(p—ﬁl)> <a<q,ﬁ>.
2 2

Proof. By its definition,

— RN S . _)\|g|p
a(p,)\)—Q/o e dt = /7 Eexp( 5oz |

where g is a standard Gaussian random variable. Recall that

2
Elg|P = ﬂr <7i1> 7
m

vr 2
and thus
A Algl”
— | = -E e
() v exp< Vr Elglp
Therefore, Lemma 15 follows from the following result: O

Lemma 16. Fiz 0 < p < g < o0 and let X be a non-negative random variable with
EXY? < co. Then for every convex function f : [0, 00] — [0, 00),

XP X1
Ef (EXP> =Ef <EXq>'

Proof. Let t; be defined by ti/P(EX?)!/P = tY/9(EX 1)1/, Clearly,

E [f <E)§;> —y (E)_i;q)] _ " ponma+ [T ronwa, (6)

0 to

where h(t) = P(XP > tEXP) — P(X? > tEX?). Since h > 0 on [0,%y] and A < 0 on [tg, o0)
and [~ h(t)dt = 0, then

0 " Fon(tyde + tw Pttt = /0 ") — F o)) + / “1®) - Fohbdt <o,

where we have used the fact that f is non-decreasing. Combined with (6), this completes
the proof. O

Proposition 17. Let 0 < p < q, and A1, A3 > 0. Then:

a) If ¢ > 2 and a(p, \1) > a(q, A2) then fip x, < g r,-

b) If ¢ <2 and a(p, A1) < a(gq, X2) then pp n, < figx,-

c) If p <2 and q > 2 then without any restriction on Ay and Az, fipx; < fhgx,-
d) If 0 <p <2 and A1 < Ay then i, x, < fip ), -

e) If p>2 and A\ < Ay then iy x, =< fipr,-

18



Proof. Define h : [0,00) — R by

h(a) _ /a |:6—)\1a(p,)\1)ptp—a(p,)\l)QtQ . e—Aga(q,Ag)qtq—a(q,)\g)QtQ] dt.
0

In order to prove that pp x, < ftg,1, one has to show that h(a) <0 for all @ > 0. Note that
h(0) = limg_,o0 h(x) = 0, and if

b(t) = =dia(p, M)PPP 2 — alp, M) + Agalg, A) T + a(g, A2)?

then sign(h') = sign ().

In case a), lim, g% (a) < 0 and lim, .~ 1(a) > 0. Hence ' < 0 in a neighborhood of
0 and A/(a) > 0 for a large enough. If there were some ag > 0 such that h(agp) > 0 then it
would follow that A’ must have at least 3 zeros. Thus ¥ would also have 3 zeros, implying
that v’ has at least 2 zeros. This is impossible since

Y () = =Mi(p — 2)ap, \ )PP 3 + Xa(q — 2)a(g, Ag)7t973

clearly has at most one zero.
Cases b) and c) are just as simple. To prove case d) one must show that the function

v(t) = (Aea(p, 22)” = Nalp, M) )72 + alp, 20)* = alp, M)

is first positive and then negative. Since it changes signs only once, it is enough to check
this at zero and infinity. Observe that

* g 1 0 2
Oé(p, >\) - 2/ e - dt and A /pa(p, )\) = 2/ e A\2/p dt,
0 0
so that a(p, ) is decreasing in A and Aa(p, A\)P is increasing in A. Since p < 2 then

lim, 0 ¢ (x) = 400 and lim,_,o ¥ (z) < 0. The proof of the last case is almost identical. [

Proposition 18. Let E be a k-dimensional subspace of R™ and set A > 0. For p > 0, let
MG, By
G

T
SR | T

F(p) =

Then F' is non-decreasing on (0,2]. Moreover for p > 2 one has F(p) > F(2) = 1.

Proof. Let r < 2, fix some A > 0, let p > r, and define
A

By Lemma 15 and cases b and c of Proposition 17, u, x, < pp r,. Tensorizing and applying

Proposition 12, it follows that “?;11 < uf??\?. In particular, for every e > 0,

A1 = and Mg =

poo, (E(€)) < 13, (B(e)).
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By Lemma 14
E MG znpn MG gnpp
i G ) D I 2 )

MG, - AlGE, 17
Eexp [—ﬁ} Eexp [ _ By

gz

hence F(r) < F(p) holds when r < 2 and r < p. O
Theorem 8. Let E be a k-dimensional subspace of R™. Then the function
E|G |l
P =
ElGpx

P
s non-increasing in p > 0.

Proof. Assume that p < ¢ < 2. Both sides of (7) equal 1 for A = 0, so the same inequality
must hold between the derivatives at 0 of both sides, that is

E|GlEnpn E(|G|1%: E|G||% g E||G|%,
— p + P < _ q + q )
] G N CO N CONETE G

Note that

k P
2k > 22 95+1 p+ 1>
E||G|P :EE P = — 2Pe 2 dx = kT )
I HB;f — 9 Vor Jo VT < 2

Hence, the above inequality translates to
ok ElGIEnsy L2k 2% |G Ensy L2
vr o ElGlg VT Vmo ElGIE VA

so that » q
EC5s  EICI%ns

>
EIGI, ~ EICIY,

It remains to deal with the case 2 < p < ¢, which is slightly more complicated because
the last proposition does not give much in this case for a fixed value of the parameter .
However, something remains true when A tends to zero, and thus one can pass to the limit.

Indeed, fix two numbers ¢, ¢, > 0 such that

cp < ——— and ¢4 >

()

1

+1Y)’
r(+)
and for every A > 0 define

TN = ap,epA) —alg,cgA) = 2/ T 2/ ocaMI—t2 gy
0 0

Then
1 (0) = —QCp/ eV dt + ZCq/ tle P dt = 2. [cqf (%) —cpl <]%>} > 0.
0 0
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Since f(0) = 0, it follows that there is some 6 = J, , > 0 such that for every 0 < A < 4,
J(A) >0, ie a(p,cpA) > alg,cg)). Part a) of Proposition 17 now implies that ju, . x <
Hq,cor- As before, tensorization and an application of Lemma 14 give that for every A <4,

AepllGllgnpn AeqllGll G pn
2 2

<
MapllGIT, NeqlGll
Eexp oz Eexp T a2

and the required inequality follows by taking derivatives at 0 and letting ¢, and ¢4 tend to
1/T (p—;l) and 1/T (%), respectively. O

Remark: Assume that 0 < p < 2. By Proposition 17, for every A > 0, pp\ < po ) = 7,
where 4 has density e~ on R. Hence, by rotation invariance of this Gaussian density,
one has that for every A > 0

Ll —AIIGH;}@

p
Ee BENBE < Fe

Thus, for any (reasonable) measure 7 on [0, c0),
oo 2 oo _\G p
IE/ . >\||G||EmBng()\)§E/ . [ IIBng(A)’
0 0

which by Bernstein’s Theorem (see, e.g., the book [36]) implies that for every f : [0,00) — R
which is completely monotonic,

B/ (G ) < EF(IGIE).

provided these expectations are finite.
Two particular cases which should be singled out are f(t) = e for 0 < 6 < 1 and
A >0, and f(t) =t~ for n > 0. The first case implies that for every A > 0,

2
-AlG|% —MGI
€ p

E ENBp § Ee

9

which, by differentiation at 0 yields
0 0
EIIGI %5 > EIGI,
From the second case it is evident that for 0 < o < k,

E|Gl5a5; <EICI5-

The condition « < k is imposed to ensure that these expectations would be finite.
When 2 < p < 00, ¥ < pip,x, and all the above inequalities are reversed. Summarizing,
we obtain

Corollary 19. Let E be a k dimensional subspace of R™. Then for 0 < p < 2 and every
O<a<kandO<p<p,

E|Gl5s; <EICI5 and E|GIqpg > EIGIg,.
If 2 < p < oo then for every 0 < a < k and 0 < B < p,

E|Gl5; = EICI5 and  E|GIzqp, <EIGIg.
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The following proposition is a corollary of parts d) and e) in Proposition 17.
Proposition 20. Let E be a k-dimensional subspace of R™. Then the function

NGl

=AllGl®
By

E
A> 00 rp(\) = —
Ee

18 non-increasing when p < 2 and non-decreasing when p > 2.

Remark: Since r,(0) = 1 we have an alternative proof to Corollary 19. Additionally the
limit of r,(A) when X tends to infinity is

Jre lelenmy g, volg(E N BY)

Jrre

—|lz || N volg(BE)
The above equality can be proved by polar integration. The comparison between r,(0) and
rp(400) yields an alternative proof of the Meyer-Pajor Theorem [22] which uses a different
interpolation between exp(—t2) and exp(—|t[P).

3.2 Bounds via convolution inequalities

In this section we derive upper bounds on the Laplace transform of ||G|/% 5. for p > 2. The
p

main tool is Ball’s version of the Brascamp-Lieb inequality [10, 3]. We follow the method
of [3] where the main focus was on the volume of sections.

Let E be a k-dimensional subspace of R™ and let P be the orthogonal projection onto E.
The canonical basis of R” provides a decomposition of the identity map as Y ;- | e;®e; = Id,,
where (v ® v)(z) = (x,v)v. Projecting this relation onto E yields a decomposition of the
identity on F

n
ZP@Z‘ ®P6i = IdE‘.
i=1
Setting ¢; = |Pe;|? and u; = Pe;/|Pe;| (or any unit vector if the norm of Pe; is 0), this
rewrites as y ;- ; ¢;u;Qu; = Idg. Let A > 0, and note that for any z € E the i-th coordinate
in the canonical basis is z; = (z,e;) = (Px,€;) = (z, Pe;) = \/¢i(z,u;). Hence,

n

/ o AlelB—lz13/2g, / [ ettt 2y
E Ez‘:l
n

B
= /ﬁ(e p/2 4 mui>\p—<m,ui)2/2)ci de
E

n [}
([ w-oma)
. R

i=1
" 1
e[S ()]
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where we have set 1(s) = 2 fooo e~ A" P =2/2t - First, observe that for p > 2 the function
defined on (0,00) x [0,00) by (s,t) — —A\s*Pt? —¢2/2 is concave (indeed, on this set the
function (s,t) — s27PtP is convex, as follows from a direct calculation of its Hessian matrix).
Therefore, by a well known result of Borell, Prékopa and Rinott (see e.g. [30]), log ¢ (s) is a
concave function of s > 0 (because it is the integral in ¢ of a log-concave function of (s, t)).
Lemma 22 below ensures that the map

§>0— slogz/}(%)

is concave. This property can be combined with the relation ) ;" ; ¢; = k (which follows by
taking traces in the decomposition of the identity). It yields that for p > 2

p—2 k
/ o MelE=llel3/2 g < < / A(VETR) =22 dt)
E R
Returning to our previous setting, it implies that for every A > 0

A(VER)" Gl

Al
e

P
E ENBp § Ee

Integrating this inequality against positive measures on [0,00) and applying Bernstein’s
Theorem [36], it follows that for every completely monotonic function f : [0, 00) — [0, 00)

p—2
B (MGlnsy) < (3 (V)" Iy, ).
In particular, the following corollary is evident.

Corollary 21. For any p > 2, every 0 < 6 <1 and every A > 0:

6(p—2)
e[l A(VER) G

E ENBY S Ee

In particular, by differentiation at 0 it follows that for every 0 < (6 < p,

1

K\(3)
B ney 2 (5) 7 EIGI,

Also, for every 0 < a < k

afl_1
EGI 58, < (3) < ")EHGHTB;

Remark. Assume that k divides n, and write n = mk. Consider the subspace F' C R"
which is the “main diagonal” with respect to the decomposition R” = R* x ... x R¥, (i.e.
F={(z1,...,2m); v; €RF, 1 =...=2,,}). Then

p_q
EIGI s =m (—=) Bz, = (5)" Bl
FnBy Jm =\ B}

which shows that when k divides n, the case 8 = p in Corollary 21, is optimal.
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Lemma 22. Let ¢ : [0,00) — [0,00) be a non-decreasing concave function. Then the

function f(t) :=tc (=), defined fort > 0 is concave.
NG

Proof. We may assume that c is twice continuously differentiable. Clearly

o) (3)

which is non-increasing provided the function g(u) = c(u) — §¢/(u) is non-decreasing on

[0,00). Now, ¢'(u) = c/(—zu) — 5c”(u) is non-negative by our assumptions on c.

O

3.3 Gaussian measures of sections of the cube

In view of the previous results, one is tempted to conjecture that the following distributional
inequality holds for Gaussian measures of sections of dilates of the £}-ball, that is, for every
k-dimensional subspace E and every r > 0, 7k (TB}’;) <7e(ENrBy})if p > 2 and the reverse
inequality for p < 2. If such a statement were true, some of the previous results would follow
by integration. Unfortunately, it seems that the known techniques are insufficient for this
purpose. The product structure of the cube will, however, allow us to prove this conjecture
for p = co.

By Lemma 13, for every k-dimensional subspace £ C R™ and r > 0

2

n—k n
ny 1 m 2 1 _% )
(BBl <im (55) T oo [ e e

Let 6(r) = 6 be such that

r/0 6242
/ e 2 dt =1,
—r/0

T t2
0(7“):/ e 2 dt.

-

Clearly 6 is increasing and the function r — @ is decreasing.

Denote by p, the probability measure on R defined by

ie.,

9(T)2t2

dp(t) = €= 2 1y 00r),r/0(r) (£)dE.

Thus,
n—k n 2 2
. T 2 H(T)n / _6(7‘) Yy
EnrBY) = 1 — 1_,..1(0 i )d
BB = i (55) G [y Tt
2\ e,
- iy (;) - M)
Observe that N i
1 T2 0(r)
kY _ _
Ye(rBs) = (271_)14;/2 </_Te ? dt) - (271.)143/2’
hence (& BY) )
TE nr go n
= — - PP (E(e)) (8)



Lemma 23. For everyr > s >0, pr < ps.
Proof. As usual, define h : [0,00) — R by

9(T)2t2 9(5)2t2

h(a):/o [6_ 2 L) r/ee(B) — €7 2 L_gn(s),s/0(s) (1) | dt,

and our goal is to show that h(a) < 0 for all @ > 0. The above mentioned properties

of 0 yield 505 = iy, so that h(a) = 0 for @ > 575. Moreover, for 525 < a < g7,

)7
h(a) = pr([0,a]) —1 < 0. Finally, for 0 < a < oL

1242 0(s5)%42

h(a) :/ [e_e(r2 —e 2z | dt<0,
0

since 0(r) > 0(s). O
By (8), tensorizing the above lemma yields
Theorem 9. For every k-dimensional subspace E C R™ the function:

ve(E NrBY,)
Y (rBE,)

18 mon-increasing. In particular, by passing to the limit r — oo it follows that for every
r >0,

r >0,

vye(ENrBL) > yk(rBlgo).

By arguments analogous to those in Section 3.2 one can also obtain the following upper
bound on the Gaussian measure of sections of dilates of the cube, which is a Gaussian
analog of Ball’s slicing theorem in [3]. As noted in Section 3.2, these bounds are optimal
when k divides n.

Theorem 10. For every k-dimensional subspace E C R™ and every r > 0

YE(ENrBL) < <r\/gB§o> .

3.4 An application: a remark on the Komlés conjecture

In this section we apply the results of the previous section to prove the following proposition,
which was stated in the introduction:

Proposition 24. There is an absolute constant C' > 0 such that for every integer m > 0
and every ri,...,Tm € lso, if we denote by d the dimension of the linear span of x1,...,xmy
then there are signs e1,...,em € {—1,1} such that

m
g i
i=1

< Cylogd- max |z;]2 < Cy/logm - max ||z
1<1<m 1<1<m

e}
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Proof. We may assume that zi,...,z,, € {2, in which case, we may write x; = y; + 2,
where y; € £ for some (large) N, and ||zi||coc < 1/m. Denote E = span{yi,...,yn} and
let d’ be the dimension of E. There is a constant ¢ > 0 such that for r = ¢\/log d’ < ¢v/logd,
v (rBE) > 5. By Theorem 9, if we set K = ENrBY then yg(K) > 1. By Banaszczyk’s
theorem [5], there are signs €1,...,&, € {—1,1} such that Y ", &y; € cK, where ¢ is an
absolute constant. Hence

m
g €14
i=1

<

m
E €ilYi
i=1

+ Z |zilloo < (¢4 1)4/logd.
i=1

o0 oo

It is equally simple to deduce the following ¢, version of this result for p > 2:

Proposition 25. There is an absolute constant C' > 0 such that for every 2 < p < oo,
every integer m > 0 and every xi,...,Ty, € £y, if we denote by d the dimension of the
linear span of x1, ...,y then there are signs e1,...,e, € {—1,1} such that

m
g iy
i=1

< . ql/p. N, < .ml/p. Al
<Cyp-d lgéggnllwzlh_cx/ﬁ m lglggnllwzlh

P
Proof. As before, we may assume that 21, ..., 2, € £ for some large N. By Corollary 19,
if we set E = span{z1,..., 2} then

E|G|py < EICI}, = dElg:” = O (dp"/?)

Hence, for every r > 0,

v

(ENTBY) =1 =P (|Gl = -

E|GII; p/2
rp)zl—iEmByzl—OGp )
Setting K = E N rBév, then for some r = O (\/1_7 . dl/p), ve(K) > %, which concludes the
proof by Banaszczyk’s theorem [5]. O

Remark: The above estimate can actually be improved to give tail estimates as follows.
Let E be an m-dimensional subspace of R". Since for p > 2 the function z — ||z, is
Lipschitz with constant 1 on R™ and the Gaussian isoperimetric inequality shows that for

every € > 0,

&2

VE (E N (El|G) sy + e)B;;) >1-e 7.
Since E||G||gnpnr < EHGHB’; < ¢,/p - m*/? for some absolute constant ¢, then

&2

YE (Eﬂ (c\/ﬁ-ml/p —I—G)B;L) >1—e 2.
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3.5 An application: covering numbers of convex hulls of points in /; by
B, balls

In this section, which is similar in spirit to the previous one, we use our results to give an
infinite dimensional extension of a classical inequality which bounds the minimal number of
cubes B4 required to cover a convex hull of a finite number of points in ¢4 (this classical
result depends on the maximum of d and the number of points). Here, we are interested
in finding upper bounds of the minimal number of cubes B, required to cover a convex
hull of a finite number of points in £ depending only on € and the number of taken points.
Since the structure of £, depends deeply of the chosen basis in £, a simple approximation
argument is not enough to obtain our result.
The main result of this section, as described in the introduction, is re-stated below:

Proposition 26. There exists an absolute constant C > 0 such that for every integer m,
e>0and 2 <p<oo, for all z1,...,T,m n the unit ball of o,

logm

log N (absconv{z1,...,zp},eBy) < Cm.

Proof. We first prove the Proposition in the case when p = co. Since all z;’s are in By we
can find an integer d so that we can write z; = y; + z; with y; € BY and ||2;]|o0 < € for all
i =1,...,m. If the absolute convex hull of y1,...,y,, can be covered by N translates of
eBZ then the absolute convex hull of z1,...,z,, can be covered by N translates of 2¢B..
So, it is enough to prove the result for the y;’s.

Let T : ¢7* — (% defined by Te; = y; for all i = 1,...,m, E = span{y1,...,%n} and G
is a Gaussian vector in E. Since ||z;||2 < 1, then by Sudakov’s inequality [35],

sups\/log N(T(BM),e(BINE)) <E sup |(G,y;)| < Cy/logm.

e>0 i=1,....m

Moreover, by the dual Sudakov inequality due to Pajor and Tomczak-Jaegermann [26],

sups\/log N(BY¢NE,eBL) <E|G|pa g
e>0 o

and by Corollary 19, E||G|\sa np < E[|Glgime < Cy/log m. Therefore,

sup s\/log N(B{NE,eBd) < Cy/logm.
e>0

Since the covering numbers are sub-additive,

1
log N(I(B"),£BY,) < log N(T(B}"), VE(BS N E)) +log N(VE(BY N B),eB%,) < 0 2.

For a general p > 2, the proof follows by interpolation. Recall that for Banach spaces X, Y
and a compact operator u : X — Y, the entropy numbers of u are defined for every integer
k by

ex(u: X —Y) =inf{e; N(u(Bx),eBy) < 2F}.

Let T be defined as before on ¢{* by Te; = z; for all i = 1,...,m. It is well known (see
Lemma 12.1.11 in [28]) that for every integer k,

a1 (T : 07 — £,) < e (T : 07 — Lo)Pep(T : 17 — loo)1 =P,
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The above result for p = oo, stated in terms of entropy numbers, is

T ) < € 8T
and Sudakov’s inequality [35] is just
en(T 07 — £) < C - 10im
Therefore,
eop1(T : 07 — £,) < C - <1Oim>l_l/p,
as claimed. ]

Acknowledgements: We thank A. Giannopoulos and M. Talagrand for their stimulating
questions.
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