The isotropic constant in the theory of
high-dimensional convex bodies

Apostolos Giannopoulos, Minas Pafis and Natalia Tziotziou

Abstract

The investigation of geometric properties of log-concave probability measures, in parallel with the
study of volume distribution in high-dimensional convex bodies, has produced a sequence of profound
results in asymptotic convex geometry. These developments have culminated in a definitive affirmative
solution to Bourgain’s slicing problem, established in recent works of Q. Guan and of B. Klartag and
J. Lehec. In this survey, we present the principal tools and methods underlying these breakthroughs
and review several of their main consequences for the asymptotic theory of convex bodies.
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1 Introduction
Bourgain’s slicing problem asks whether there exists an absolute constant ¢ > 0 such that
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for every convex body K C R"™ of volume 1 whose barycenter is at the origin. A natural framework for

studying this problem is provided by the isotropic position of a convex body.



A convex body K C R” is called isotropic if vol,,(K) = 1, its barycenter is at the origin, and its inertia
matrix is a multiple of the identity. Equivalently, there exists a constant Lx > 0 such that

/K (z,8)%dx = L

for every £ € S"~1. The constant Ly is called the isotropic constant of K. Every convex body admits an
affine image that is isotropic, which is unique up to orthogonal transformations; this affine image is called
the isotropic position of K.

It is known that an affirmative answer to the slicing problem is equivalent to the following statement:

There exists an absolute constant C > 0 such that

(1.1) L, := max{Lg : K is an isotropic convex body in R"} < C.

In view of this equivalence, we shall use the terms isotropic constant conjecture, Bourgain’s slicing problem,
and hyperplane conjecture interchangeably throughout this article.

The notion of the isotropic constant extends naturally to the setting of finite log-concave measures. A
finite log-concave measure p on R™ is called isotropic if it is a probability measure, its barycenter is at
the origin, and its covariance matrix Cov(u) equals the identity I,,. The isotropic constant L, is defined
appropriately so that uniform measures on isotropic convex bodies are recovered as a special case. A theorem
of K. Ball shows that, in fact, for some absolute constant ¢ > 1,

L, < L, :=sup{L, : p is an isotropic log-concave measure on R"} < cL,,.

Around 1985-6 (published in 1990), Bourgain [28] obtained the upper bound L,, < ¢y/nInn and, in 2006, this
estimate was improved by Klartag [72] to L,, < ¢/n. Actually, Klartag obtained a solution to the “isomorphic
slicing problem”, by showing that, for every convex body K in R™ and any ¢ € (0,1), one can find a convex
body T C R" with barycenter at the origin and a point x € R™ such that (1+¢)"'T C K +x C (1 +¢)T
and Ly < C/+/e for some absolute constant C' > 0. Later, Dafnis and Paouris [40] developed a different
approach based on small-ball probability estimates, obtaining the slightly weaker bound L,, < c¢{¢/n(lnn)?2.

A second main question in this area is the Kannan-Lovdsz-Simonovits conjecture about the isoperimetric
constant x, of an isotropic log-concave probability measure p, defined as the largest constant x > 0 such
that

p(A) = x min{u(A),1 - u(A)}

for every Borel subset A of R", where p+(A) is the Minkowski content of A. We shall consistently refer to
the Kannan-Lovasz-Simonovits conjecture as the KLS conjecture.

If we set ¥, = 1/x,, then the KLS conjecture becomes the question if there exists an absolute constant
C > 0 such that

¥y = sup{t, : p is an isotropic log-concave measure on R"} < C.
”w

An equivalent way to formulate the KLS conjecture is to ask that the Poincaré inequality holds for every
isotropic log-concave probability measure p on R™ with a constant that does not depend on the measure or
the dimension n.

It is now known that Bourgain’s slicing problem has an affirmative answer, and it is also known that
¥y, < ev/Inn. Moreover, an affirmative answer has been given for the thin-shell conjecture, which concerns the
concentration of an isotropic log-concave random vector X around the sphere of radius v/n. More precisely,
the thin-shell conjecture asks if there exists an absolute constant C' > 0 such that, for any n > 1 and any
isotropic log-concave probability measure p on R™, one has

/R (] — VY du(a) < €.



This statement implies that most of the mass of u is concentrated on a thin spherical cell whose width ¢
is much smaller than the central radius +/n. It also implies that high-dimensional log-concave distributions

2
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with respect to u, then the thin-shell conjecture is equivalent to the question if

1
have approximately Gaussian marginals. If we define 02 = —Var,(|z|*), where Var,(f) is the variance of f
n

on :=sup{o, : p is an isotropic log-concave measure on R"} < C.

Note that o, < C, for every Borel probability measure 1 on R”, and hence o,, < C),,. On the other hand,
Eldan and Klartag [46] showed that there exists an absolute constant C' > 0 such that, for every n > 1,

L, < Coy,

therefore the KLS conjecture implies that L,, is bounded; in fact, any upper bound for v, is an upper bound
for L, up to an absolute constant.

A key tool underlying the recent progress on these conjectures is stochastic localization, introduced by
Eldan in his PhD thesis. This method allows one to decompose a high-dimensional probability measure
into a mixture of simpler, randomly localized measures, and to study their evolution via stochastic analysis.
Using this approach, Eldan [45] proved that

no 9
2< Clan %,
V2 ; .

showing that the thin-shell conjecture implies the KLS conjecture up to polylogarithmic factors. Combining
this result with work of Guédon and E. Milman [66], one obtains the bound 1, < C¥/nlnn. Later, Lee
and Vempala [93] developed a variant of Eldan’s stochastic localization and obtained the bound ), < ¢i/n.
In a breakthrough work, Chen [37] proved that one has 1, < exp(C+/Inn(lnlnn)), and hence ), < n® for
any € > 0 and all large enough n. This development was the starting point for a series of important works,
that led to the estimate ¥, < ¢vInn by Klartag [78]. This is currently the best known result on the KLS
conjecture.

A recent technical breakthrough by Guan [65], who also obtained o, = O(Inlnn), was used by Klartag
and Lehec [82] to prove the isotropic constant conjecture (1.1]). Soon thereafter, Bizeul [16] gave an alternative
proof. More recently, Klartag and Lehec [83] confirmed the thin-shell conjecture.

The resolution of these three conjectures shows that the isotropic position provides a canonical regular
position for convex bodies. There are several other well-known positions of a convex body in R"™, such as
the John position, the ¢-position, and the M-position. As we explain in Section [3] the solution of the slicing
problem implies that the isotropic position is an M-position. Moreover, as shown in [70], if K is isotropic

then
n+2 _. n
By C K C /n(n+2) By,
n

so the geometric distance to the Euclidean ball is at most n, as in John’s position. This naturally leads to
the question of whether the isotropic position is as effective as the f-position for bounding the parameter
MM*. Defining the Minkowski functional px(z) = inf{t > 0 : 2 € tK} and the support function hx(y) =
max{(z,y) : x € K} of K, we set

M(K) = /S () do(r) and () = /S e () do(x),

n—1

where o is the rotationally invariant probability measure on S"~1. It is always true that M (K)M*(K) > 1.
A classical result due to Figiel-Tomczak-Jaegermann [48], Lewis [95], and Pisier [I21I] asserts that for
any symmetric convex body K C R"™ there exists T' € GL,, such that

M(TRK)M*(TK) < clnn,



where ¢ > 0 is an absolute constant. Without assuming symmetry, it is natural to consider the parameter
E(K)=inf M(TK)M*(TK),

where the infimum runs over all invertible affine transformations T of R™ satisfying 0 € int(TK). It turns
out that the isotropic position yields a sharp upper bound for E(K).
E. Milman proved in [I08] that if K is isotropic in R™, then

(1.2) M*(K) < Cy/n(lnn)?Li < e;yv/n(lnn)?,

where the second inequality follows from the boundedness of L,,. The dependence on n is optimal up to the
logarithmic factor. The dual estimate for M (K) in the isotropic position was obtained recently by Bizeul
and Klartag [I7], who showed that

Inn

(1.3) M(K) < SV

Combining and (|1.3]), we obtain
(1.4) E(K) < c3(lnn)3

for every convex body K C R™, which is optimal up to logarithmic factors. Thus, the isotropic position may
be viewed as a natural /-position, up to polylogarithmic losses.

We present the main ideas behind these results in Section and illustrate the significance of
through several applications to fundamental problems in asymptotic convex geometry.

We conclude this introduction with an overview of the article’s structure.

e Section [2| introduces isotropic position, the slicing problem, Bourgain’s isotropic constant conjecture,
and their connections with asymptotic versions of other classical questions in convex geometry.

e Sections |3| and [5| discuss consequences of the slicing theorem in the asymptotic theory of high-
dimensional convex bodies.

e Sections [A}6] develop tools from asymptotic convex geometry and log-concave measures, leading to a
reduction of the isotropic constant conjecture to a suitable small-ball estimate.

e Sections present stochastic localization method, Klartag’s estimate towards the KLS conjecture,
the proof of the slicing theorem and some of the key ideas underlying the proof of the thin-shell
conjecture.

e Section [10]is devoted to the M M*-estimate for isotropic convex bodies and some of its applications.

e Section [T1] provides a detailed discussion of the technical covariance estimates that play a crucial role
in the developments described above.

We refer to Schneider [127] for classical convex geometry, to [2] B] for asymptotic theory, and to [32] for
isotropic convex bodies and log-concave measures.

2 Isotropic position and the slicing problem

We start with basic notation and definitions from convex geometry. We work in R™, which is equipped with
the standard inner product (-,-). We denote the corresponding Euclidean norm by | - |, and write B} for
the Euclidean unit ball, and S™~! for the unit sphere. Volume in R” is denoted by vol,. We write w,, for
the volume of BY and o for the rotationally invariant probability measure on S™"~!. We also denote the
Haar measure on O(n) by v. The Grassmann manifold G,, ;, of k-dimensional subspaces of R™ is equipped
with the Haar probability measure v, . For any integer 1 < k < n — 1 and any F € G, we denote the
orthogonal projection from R™ onto F by Pp. We also define Br = By N F and Sp = S"" 1 N F.



The letters ¢, ¢/, c1, ca etc. denote absolute positive constants whose value may change from line to line.
Whenever we write a ~ b, we mean that there exist absolute constants c¢1,co > 0 such that cia < b < cqa.
Also if K,C C R"™ we will write K ~ C' if there exist absolute constants c¢1, ¢y > 0 such that c; K C C C o K.

A convex body in R” is a compact convex subset K of R™ with non-empty interior. We say that K is
symmetric if K = —K, and that K is centered if its barycenter bar(K) is at the origin, i.e. if

/K<x,§>dx:0

for every £ € S"~1. If K is a centered convex body in R™ then {T'(K) : T € GL,} is the family of positions
of K.

The radial function px : R™ \ {0} — R of a convex body K with 0 € int(K) is the function pg(z) =
max{t > 0 : tz € K}, and the support function of K is defined for every y € R™ by hx(y) = max{(z,y) :
x € K}. The mean width of K is the expectation

of hx over the sphere. The radius of K is
R(K) =max{|z| :x € K}
and the volume radius of K is the quantity

a0 (20080

The polar body K° of a convex body K with 0 € int(K) is the convex body
K°={x eR":(z,y) < 1lforally € K}.

For every convex body K C R™ we write K for the multiple of K that has volume 1; in other words,
K := vol,(K)"Y/"K.

A closed bounded set K # {0} in R™ is called a star body if for every x € K \ {0} we have that the
interval [0, z) is contained in the interior of K (thus, every straight line passing through the origin crosses the
boundary of K at exactly two points different from the origin), and the Minkowski functional of K defined
by px(z) =inf{t > 0: x € tK} is a continuous function on R™.

§ 2.1. Isotropic convex bodies. A convex body K in R™ is called isotropic if it has volume vol,, (K) = 1,
it is centered, and there is a constant a > 0 such that

(2.1) /K (2,92 = 02|y [?

for all y € R™. It is useful to note that the isotropic condition (2.1]) is equivalent to the fact that

(22) / xixjd:c = Ol2(5ij

K
for every ¢,j = 1,...,n, where z; = (z,e;) are the coordinates of = with respect to any given orthonormal
basis {e1,...,e,} of R™. This is in turn equivalent to the fact that for every linear map T : R™ — R™ (we

write T € L(R™)),
(2.3) /}((x,Tx)dx = o*tr(T).

5



Another consequence of the isotropic condition (2.1)) is that

z|?dx = /x,ei 2dx = na?.
J > [ e

Note that if K is an isotropic convex body in R™ then U(K) is also isotropic for every U € O(n).
The next proposition shows that every centered convex body has a linear image which satisfies the
isotropic condition. Moreover, this isotropic position of K is unique up to an orthogonal transformation.

Proposition 2.1. Let K be a centered convez body in R™. There exists T € GL,, such that T(K) is isotropic.

To see this, note that the operator My € L(R") defined by Mg (y) = [, (=, y)zdz is symmetric and
positive definite; therefore, it has a symmetric and positive definite square root S. Consider the linear image
K = S71(K) of K. Then, for every y € R" we have

x,y) dr = |det S| TTx,y)fdr = |det S| x,S "y)dx
) 2d det S|7* st 2d det S|7* S~1y)2d
K K K

= \det5|—1</ <J:,S_1y>xdx,5_1y> = |det S| (Mg S~ 'y, S~ y) = |det S| Hy|*
K

Normalizing the volume of K we obtain an isotropic convex body.

We can now show that the isotropic position of a convex body is uniquely determined up to orthogonal
transformations, and arises as a solution of a minimization problem. Let K be a centered convex body of
volume 1 in R™. Define

(2.4) A(K) = inf {/ |z|?dx : T € SLH}.
TK
We shall show that a position K; of K, of volume 1, is isotropic if and only if
(2.5) / lz|?de = A(K).
Ky
Fix an isotropic position K; of K. We know that there exists a > 0 such that
/ (x,Tz)dr = o*tr(T)
K1
for every T € L(R™). Then, for every T € SL,, we have

(2.6) / |z|?dx :/ |Tx|*de = / (x, T*Tx)dx = *tr(T*T) > na® =/ |z|?de,
TK, K K Ky

where we have used the arithmetic-geometric means inequality in the form tr(7*T) > n(det(T*T))*/™. This
shows that K satisfies . In particular, the infimum in is a minimum.

Note also that if we have equality in then T*T = I,,, the identity operator, and hence T € O(n).
This shows that any other position K of K which satisfies is an orthogonal image of K7, therefore it is
isotropic. Finally, if K5 is some other isotropic position of K then the first part of the proof shows that Ky
satisfies (2.5). By the previous step, we must have Ky = U(K;) for some U € O(n).

Based on the above we may define the isotropic constant of any convex body K in R™ by

1 1
n vol, (TK)% Jri



where K = K — bar(K) is the centered translate of K. Note that Lx depends only on the affine class of K.
Note also that if K is isotropic then for all £ € S"~! we have

| (w.gde =

The isotropic constant conjecture, which is now a theorem, is the following statement.

Theorem 2.2 (isotropic constant problem). There exists an absolute constant C > 0 such that for any
n =1 and any convex body K in R™ we have

Lg <C.
A strong formulation of the isotropic constant problem asks whether equality in
(2.7) L, := max{Lk : K is an isotropic convex body in R"}

is attained when the convex body K C R" is a simplex. An affirmative answer to this question, together with
the equality sup,, L, = 1/e, would have far-reaching consequences. In particular, it would imply Mahler’s
conjecture concerning the product of the volume of a convex body and the volume of its polar body; see [77].

There is an analogous strong version of the slicing problem in the class of centrally symmetric convex
bodies. In this setting, one asks whether the supremum in , when restricted to centrally symmetric
convex bodies (that is, the ones satisfying K = —K), is attained by the cube. If this conjecture were true,
it would imply the Minkowski lattice conjecture; see, for instance, Magazinov [103].

As we will see, the isotropic constant problem is equivalent to Bourgain’s slicing problem.

§ 2.2. Bourgain’s slicing problem. The isotropic constant problem was stated explicitly as a question
in the article of V. Milman and Pajor [I11] and in the PhD Thesis of K. Ball [6]. The question appears for
the first time in the work of Bourgain [25] on high-dimensional maximal functions associated with arbitrary
convex bodies. Bourgain was interested in bounds for the L,-norm of the maximal function

NWﬂm—mm{mQ@QL;f@+mdy»>o}

of f € L{, .(R™), where K is a symmetric convex body in R™. Let C,(K) denote the best constant such that

loc
Mk fllp < Cp(K) [ £l

and C1 1(K) the best constant so that the weak type inequality

Mg fll100 < Cri(K)| f]l1

is satisfied (recall that ||g||1,00 1= sup;so tg*(t), where g* is the decreasing rearrangement of g, is the Lorentz
norm of g with indices 1 and oo). Stein proved in [I30] that if K = B is the Euclidean unit ball then
Cp(By) is bounded independently of the dimension for all p > 1. Bourgain showed that there exists an
absolute constant C' > 0 (independent of n and K) such that

[MEkllL2®n)—r2rn) < C.

Around the same time, the result for | Mg||z2mn)—12(mn) Was generalized to all p > 3/2 by Bourgain [26]
and, independently, by Carbery [35]. By the definition of M it is clear that in order to obtain a uniform
bound on ||Mgkl|2—2 one can start with any suitable position T(K) of K. Bourgain used the isotropic
position; the property that played an important role in his argument was that when K is isotropic then
Lg|KNé&H| a1 for all € € "1, We shall explain this fact in this subsection. Bourgain [25] mentions the
fact that Ly > ¢ and asks whether a reverse inequality might hold true.

The slicing problem, which is now a theorem, can be formulated as follows.



Theorem 2.3 (slicing problem). There exists an absolute constant ¢ > 0 such that
(2.8) max{vol, ((KNét): e S 1 >¢
for every centered convex body K of volume 1 in R™.

To see the connection of Bourgain’s slicing problem with the isotropic constant problem, we shall exploit
the fact that the moments of inertia of a centered convex body are closely related with the volume of its
hyperplane sections that pass through the origin. In the isotropic case this relation takes the following form.

Theorem 2.4. Let K be a centered convex body of volume 1 in R™. For every £ € S™~ we have

2.9 401 < 2d 12 < C2
(29) vol,_1(K nen) S (/K<“”5> x> S Sol,_1 (K N €LY’

where c1,c2 > 0 are absolute constants. In particular, if K is isotropic then for every € € S"~1 we have

C2
Ly’

(2.10) L <ol (K NE) <
Lk

For the proof, given £ € S"~! we consider the function f(t) = fx¢(t) = vol,—1(K N{z : (z,£) = t}),
t € R. Tt is a consequence of the Brunn-Minkowski inequality (see [2 Section 1.2]) that In f is a concave
function on its support.

We restrict our attention to the symmetric case. Then, f is even and || f||oc = f(0). For the proof in the
general case, which is more or less the same, we need an additional fact (that can be found in Fradelizi [50])
which shows that hyperplane sections through the center of mass are, up to an absolute constant, maximal:
If K is a centered convex body of volume 1 in R™ then, for every & € "1,

I £lloo < € f(0) = evolo_1 (K NED).

Proof of Theorem (symmetric case). Let f := fx¢. To prove the left-hand side of (2.9) we set b =

f0+°o f(t)dt = § and define

g() = 1 flloc 0,6/ fl100] (£)-

Since g > f on the support of g, we have
/ F(t)dt < / o)t
0 0

for every 0 < s < b/||f|loo- The integrals of f and g on [0, +00) are both equal to b. It follows that

| atwar< [ s
for every s > 0. Then,

/OOO t2f(t)dt = /OOO /Ot 2sf(t)dsdt = /OOO 25 (/OO f(t)dt) ds
> /OOO 25 (/Do g(t)dt) ds = /OOO t2g(t)dt

blflle b
- 2 Flloadt = ———.
/o 17 llsott = 3777

This shows that
253 1

2 _ o 2 _
/K“C’€> o = 2/0 PI0 2 g5 = 1250




To prove the right-hand side inequality of (2.9) we distinguish two cases. Assume first that there exists
5 > 0 such that f(s) = 1 f(0). Then,

1 > s 1
5= | e [ pwis s = sf00)
because, since In f is even and concave, we have that f(¢) > f(s) on [0, s]. On the other hand, if ¢t > s, then

Fls) = (FO)' T (f)) 7,

which implies that f(t) < £(0)27*/5. We now write

< o _ o > o o > o —t/s
/0 2 F(1)dt / tf(t)dt+/ ¢ f(t)dt<f(o)/0 ¢ dt+/s £2F(0)2*dt

0 s

3 >
= f(0) (3 + 33/1 u22“du> < cof(0)s® < co/(f(O))2.

Now, assume that, for every s > 0 on the support of f, we have f(s) > %f(O) Then, the role of s is played
by so = sup{s > 0: f(s) > 0}. We have § > 3 f(0)so and

o) [e%s) S0 2 3 2
/ t2f(t)dt = 2/ t2f(t)dt = 2/ t2f(t)dt < O < .
—o0 0 0 3 3(£(0)
Thus, we get the same estimate as before, without using the fact that In f is concave. O

Theorem reveals a close connection between the isotropic constant problem and the slicing problem.
In fact, one direction is very simple by the previous discussion; assume that the slicing problem has an
affirmative answer. If K is isotropic then Theorem shows that all sections K N &L have volume bounded
from above by c¢a/Lk. Since must be true for at least one & € S" !, we get Lx < ca/c.

Conversely, we will show in § 2.5 that if there exists an absolute bound C for the isotropic constant,
then the slicing problem has an affirmative answer. We shall first discuss the connection of the isotropic
constant problem and of the slicing problem with two other classical problems from convex geometry and
then establish the equivalence of all four of them.

§ 2.3. Busemann-Petty problem. The Busemann-Petty problem was posed in [34], first in a list of
ten problems concerning central sections of symmetric convex bodies in R™ and coming from questions in
Minkowski geometry. It was originally formulated as follows:

Assume that K1 and Ko are symmetric convex bodies in R™ that satisfy
vol,_1 (K1 NéL) < vol, 1 (KyNed)

for all £ € S"~ 1. Does it follow that vol, (K1) < vol,(K2)?

The first breakthrough on the Busemann-Petty problem came in 1975. Larman and Rogers [89] chose
Ky = B% and proved that if n > 12 then there exist symmetric convex bodies K; which are arbitrarily small
perturbations of BY such that the pair (K7, BY) provides a negative answer to the problem. The proof is
probabilistic in nature.

Ball [7] proved that if Q,, = [~1/2,1/2]" is the cube of volume 1 in R™ then vol,,_1(Q, N&Y) < V/2 for
all ¢ € S"~1. Then, he observed in [9] that, if n > 10, and if K; = @, and K is the Euclidean ball of
volume 1, then

n—1

VOln—l(Qn N fl) < \/5 < Wn—lwg ro= VOln—l(K2 N fl)

for all ¢ € S"~1. Ball’s counterexample is essentially different from the one of Larman and Rogers: the cube
is far from being a perturbation of a ball. After Ball’s example, counterexamples to the Busemann-Petty



problem were given independently by Giannopoulos [57] and Bourgain [27] for n > 7, and by Papadimitrakis
[120] in dimensions n =6 and n = 5.

The key notion that led to the final solution to the Busemann-Petty problem is Lutwak’s definition of an
intersection body. The intersection body I K of a symmetric convex body K in R" is the symmetric convex
body whose radial function is defined by

PIK(&) = VOlnfl(K N gL)a 5 € Sn_l'

Lutwak observed in [I00] that intersection bodies are closely connected with the Busemann-Petty problem.
Using simple facts from the theory of dual mixed volumes one can see that if K is an intersection body
then the answer to the Busemann-Petty problem is affirmative for K; and any symmetric convex body Ko.
However, if K is a symmetric convex body that is not an intersection body, then K; and a perturbation Ko
of K provide a counterexample to the question. Therefore, the Busemann-Petty problem has an affirmative
answer in R” if and only if every symmetric convex body in R” is an intersection body. Using this reduction
of the problem, Gardner [52], [53] and Zhang [I39] gave a negative answer to the problem for n > 5 by
providing examples of non-intersection bodies in R®. Around the same time, Gardner [54] proved that
every symmetric convex body in R? is an intersection body, and hence the Busemann-Petty problem has
an affirmative answer in dimension n = 3. For a few years it was believed that the problem has a negative
answer in the remaining case n = 4. Through the work of Koldobsky who established a Fourier analytic
characterization of intersection bodies in [86] it was understood that the case n = 4 was still open. Zhang [141]
proved that the answer in R* is affirmative, and around the same time, using the Fourier analytic approach,
Gardner, Koldobsky and Schlumprecht [56] gave a unified solution to the problem in all dimensions. Thus,
the answer to the Busemann-Petty problem is positive if n < 4 and negative for all higher dimensions (see
the books of Gardner [55] and Koldobsky [87] for a complete discussion of the problem and its history).

The asymptotic version of the Busemann-Petty problem, which is now a theorem, can be formulated as
follows.

Theorem 2.5 (asymptotic Busemann-Petty problem). There exists an absolute constant ¢ > 0 such that if
K1 and Ky are centered convex bodies in R™ that satisfy vol, 1 (K;NEL) < vol, 1 (KaNEL) for all € € S71

n—1

then voln(Kl)% < evol, (Ky) .

In Section 2.5, assuming that the isotropic constant problem has an affirmative answer, we shall give
a proof of Theorem [2.5] restricted to the class of symmetric convex bodies, with the help of Busemann’s
formula. Later on we shall discuss an alternative approach which works for the class of centered convex
bodies and also settles the lower-dimensional asymptotic Busemann-Petty problem.

§ 2.4. Sylvester problem. Let K be a convex body of volume 1 in R™ and let x4, ...,2,41 be random
points which are independently and uniformly distributed in K. Their convex hull conv{zy,..., 2,11} is a
random simplex contained in K. For every p > 0 we define

1/p
my(K) = (/K e /Kvoln(conv{xl, ey T P)PdEp g dxl) .

If we drop the assumption that vol, (K) = 1 then we normalize as follows:

1 1/p
mp(K) = <Voln([()n+p+1 /I{ s /I( VOln(COHV{fL’l, . ,$n+1})pd$n+1 s dxl) .

Then, m,(K) is invariant under non-degenerate affine transformations: If T € GL,, and u € R", then
my(K) = myu(TK + u) for all p > 0. The quantity m4 (K) is the expectation of the normalized volume of a
random simplex inside K.

Sylvester’s problem asks for the affine classes of convex bodies for which m,(K) is minimized or maxi-
mized. It is known that, for every p > 0,

my(K) = my(By)

10



with equality if and only if K is an ellipsoid (see e.g. Groemer [63] and [64] for the case p > 1 and
Giannopoulos and Tsolomitis [59] for an extension to all p > 0). The problem of the maximum is completely
open in dimensions n > 3. The simplex conjecture asserts that for every convex body K in R",

m1(K) < mi(An)

where A, is a simplex in R™. This has been verified only in the planar case (see [I8] and [19]).
Sylvester’s problem is related to the isotropic constant problem: in fact, one can check that the simplex
conjecture implies that L,, < C. To see this, we consider the variant of m,,(K)

1/p
SP(K):(Vol n+P/ /VOI (conv{0, 21, ..., 2n}) day - - dx ) .

It is not hard to compare the quantities m,(K) and S,(K).
Proposition 2.6. Let K be a centered convex body of volume 1 in R™. Then, for every p > 1 we have
Sp(K) < my(K) < (n+ 1)5,(K).

Now, note that vol,(conv{0,z1,...,z,}) = Z|det(z;...,2,)|]. The function f; : K — R defined by
x; — |det(zq, ..., xy)| for fixed x; in K, j # 4, is a seminorm, as is the function g; : K — R defined by

xw—)/ / |det(z1,...,z,)|deiyq - - day
K K

for fixed x; in K when j < i. It is a well-known fact, following from Borell’s lemma (see Section {4] below)
that

cq
(2.11) lgllacxy < > llgllze )

for any seminorm g and any 1 < p < ¢q. With successive applications of Fubini’s theorem, using each time
(2.11) with p =1 and ¢ = 2, we obtain the following.

Proposition 2.7. Let K be a centered convex body of volume 1 in R™. Then,
SQ(K) < c"Sl(K),
where ¢ > 0 is an absolute constant.

Consider the matrix of inertia (Mg); ; = / z;xjdx of K with respect to some fixed orthonormal basis

K
of R”. The connection of m,(K) and S,(K) with the isotropic constant of K becomes clear by the next
identity, which is known as Blaschke formula.

Proposition 2.8 (Blaschke formula). Let K be a centered convex body of volume 1 in R™. Then,

det(MK)
n!

= / .. / vol,, (conv{0, 21, ..., 2z, })dx, - - - dx
K K

We write z; = (z;),7 = 1,...,n. Then,

S3(K) =

Proof. By definition,

(n)2S3(K / / |det (21, ..., 2n) 2 day, - - - dry,

11



and expanding the determinant we get
n n
(n!)ZSS(K) = / / ( Z €o H xi,a(i)) ( Z Er H xi}T(i)> dxy, - - dxy
K K i=1 T =1
cotr | | Tio(@)Tir(i) | AT -+ - dx
/K /K <Z 1;[ (@)L, ( )> 1
€ xzazxz o(1) dxndl
[ [ (S o

(/ zixw(i)da:)
K

which completes the proof. O

It is not hard to check that if K is a centered convex body of volume 1 in R™ then for every T" € SL,
we have that Mpxy = TMgT™*, and hence det(Mg) = det(Mpky). If we choose T' so that T'(K) will
be isotropic, then Mpx) = L21,, and hence det(Mg) = det(Mp(k)) = L37. Therefore, we get the next
theorem.

Theorem 2.9. Let K be a centered convexr body in R™. Then,
L3 =n! S3(K).

Remark 2.10. Theorem already gives the simple bound L,, < v/n. Indeed, if K is an isotropic convex
body in R™ then, noting that Sa(K) is obviously bounded by 1, we get

L < ¥/n! <+/n.
What is more interesting is the next observation.

Fact 2.11. If the simplex conjecture is true, then Lx < C for every n > 1 and any convex body K in R™,
where C' > 0 is an absolute constant.

Proof. Consider the simplex A, = {x € R": 77%5-1 S < s i T <

has volume 1 and barycenter at the origin. A simple computation shows that

2 (”')H%
/, sdr < (2

n+1 . Then, A/, = (n)'/"A,,

and since M is symmetric and positive definite, Hadamard’s inequality gives

det(Ma, n+z\"
sia)) = i) A")<1<("’ ) <

n! Sl (n+2)! n!

Now, if K is an isotropic convex body in R™ we have assumed that mq(K) < my(Al), and combining
Propositions [2.6] and 2.8 with Theorem [2.9] we obtain

no=Vn! Sy(K) < vVl ¢"S1(K) < Valcdmy(K) < Valc®my(A)
<Vnld(n+1)S1(AL) < Vnlc™(n+1)S2(A)) < (n+1)c"

This shows that Lg < 2c. O
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Fact has probably been, at least for some people, the strongest evidence that Bourgain’s slicing
problem should have an affirmative answer. Now that this has been confirmed, we can reverse the argument
to obtain an affirmative answer to the so-called asymptotic Sylvester problem.

Theorem 2.12 (asymptotic Sylvester problem). Let K be a convezr body in R™. Then,

1/n - L

In fact, Blaschke formula shows that Theorem [2.12] is equivalent with an affirmative answer to the

isotropic constant problem.

§ 2.5. Equivalence of the four problems. We have already seen that Theorem [2.3] implies Theorem [2.2
and that Theorem [2.12]is equivalent to Theorem [2.2

Next, we show that Theorem implies Theorem Let K be a centered convex body of volume 1 in
R™. Consider the ellipsoid £5(K) defined by

1112, ) = (Micy, y) = /K (2, y)*dx

where M is the matrix of inertia of K. The ellipsoid £5(K) is the Binet ellipsoid of K. Note that K
is in isotropic position if and only if Ep(K) = L' BY. It is not hard to see that the volume of £p(K) is
invariant under the action of SL,,. From the definition of the Binet ellipsoid we check that if T € SL,, then
||y||gB(T(K)) = HT*yHgB(K) for all y € R™, therefore

Ep(T(K)) = (") (Ep(K)).

It follows that
vol, (Ep(T(K))) = vol, (Ep(K))

for every T € SL,,. Now, we use the fact that To(K) is isotropic for some Ty € SL,, and this implies that
vol, (E5(T(K))) = vol,,(Ep(To(K))) = vol,, (L' BY) = w, L™

Assume that the isotropic constant conjecture has an affirmative answer and let K be a centered convex
body of volume 1 in R™. Integration in spherical coordinates shows that

vol, (Ep(K))

—n
Ly =
Wn

— [ el do )
S’nfl

and hence there exists a direction £ € S"~! such that

/K (2,€)2de = [[€llep ) < L < C*.

Then, from ([2.9) we see that vol,_1(K N&L) > ¢1/C and this proves the slicing conjecture.
It remains to show the equivalence of Theorem 2.2 with Theorem 2.5 In the symmetric case, one way
to do this is using the Busemann formula.

Theorem 2.13 (Busemann formula). If K is a convex body in R™ with 0 € int(K), then

vol, (K)"~1 = ”'2“"/5 Vol (K NEY)"S1 (K Ne)do(s).
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Theorem [2.13] is an example of the so-called Blaschke-Petkantschin formulas which, roughly speaking,
allow us to compute the integral of a function of k-tuples (x1,...,2%) of points in R™ by first integrating
over all such k-tuples in some F' € G, ;; and then averaging with respect to the Haar measure v, , on Gy, k.

Let K be a symmetric convex body in R™. Since all central hyperplane sections K N &+ are symmetric,
and hence centered, from Theorem 2.9 we know that

1 LKﬁfL

(Si(ENgh))™ ~ (52(Kﬂfl))”%1 ~ BV

Therefore, Theorem has the following immediate consequence.

Corollary 2.14. Let K be a symmetric convexr body in R™. Then,

L 1/n
vol, (K)™ 5 ~ (/ L;L(_mlgLvoln_l(K ﬂ{ﬂ"dc(f)) :
Snfl

Given that the isotropic constant of any convex body is bounded from above and from below by an
absolute positive constant, we get:

Corollary 2.15. Let K be a symmetric convez body in R™. Then,

. 1/n
vol, (K)" ~ ( / vol,_1 (K N gl)"da(g)) .
Sn—l

Now, let K7 and K5 be two symmetric convex bodies in R" that satisfy
vol,_1 (K1 NéL) < vol,_ 1 (KyNeEd)

for all ¢ € S”~!. Corollary shows that

vol,, (K1)" ! < c?/
Sn—1

< egvol, (Ky)" 1,

vol,_1 (K1 N&H)"do(€) < cf /Snil vol,_1(Ka N &) "do(€)

which gives
n—1 n—1
VOln(Kl)T < C3V01n([(2)T
for an absolute constant ¢ > 0. This shows that Theorem [2.2] implies Theorem [2.5]in the symmetric case.
Conversely, assuming Theorem we can give a direct proof of Theorem Let K be an isotropic
convex body in R™. Choose & € S"~! so that

vol, 1(K N&y) = max vol, (K NEL)
gesn—1

and 7 > 0 so that w,_17""! = vol,_1 (K N&F). Then,
vol,_1 (K NéY) < wp_1r™ ™t =vol,_1 (rBY) N &)
for all £ € S"~!, therefore

n, n—1
C Wy,

n
n—1

vol,, (K)" ™ < ¢"vol, (rBy)" ! = vol,—1(K N fol)" < c?voln_l(Kﬁfol)",

for some absolute constant ¢; > 0. Since vol, (K) = 1, we see that
vol,_1 (K N&y) = 1/cy.
On the other hand, K is isotropic and hence we have vol,, (K N¢L) ~ 1/ Ly for every € € S"~L. It follows

that L < C for some absolute constant C' > 0.

14



3 The isotropic position is an M-position

Let K and C be two convex bodies in R™. The covering number N (K, C) of K by C is the least integer N
for which there exist IV translates of C' whose union covers K:

N(K,C) :min{N €N: Jz1,...,zn € R" such that K C (acj—l—C)}.

=

1

J
The next theorem of V. Milman [I10] establishes the existence of the so-called M-position of a convex body.

Theorem 3.1. There exists an absolute constant 8 > 0 such that every centered conver body K in R™ has
a linear image K which satisfies vol,,(K) = vol, (BY) and

(3.1) max{N(K,BY),N(By,K),N(K°,B}),N(By,K°)} < exp(Bn).

We say that a convex body K which has volume vol,, (K) = vol, (BY) and satisfies is in M-position
with constant 3.

Pisier [122] (see also [123]) has proposed a different approach to this result in the symmetric case, which
allows one to find a whole family of M-positions and to give more detailed information on the behavior of
the corresponding covering numbers. The precise statement is as follows.

Theorem 3.2. For every 0 < a < 2 and every symmetric convezx body K in R™ there exists a linear image
K, of K such that

max{ N (Ka,tBE), N(BY, tKa), N(K3,tB}), N(B}, tK3)} < exp (C(;?”)

1/«

for every t > c(a)¥/®, where ¢(a) depends only on a, and c(a) = O((2 — a)™%/2) as a — 2.

As we will see in this section, the fact that L, < C implies that the isotropic position of any convex
body is an M-position with an absolute constant 8. This in turn shows that isotropic convex bodies satisfy
the reverse Brunn-Minkowski inequality. It also leads to a simple proof of the reverse Santalé inequality of
Bourgain and V. Milman [29].

§ 3.1. Covering estimates. We assume that L,, < C. Our goal is to show that every isotropic convex
body is in M-position with an absolute constant 3.

Theorem 3.3. Let K be an isotropic convex body in R™. Then,
max{lnN(K, Dn),lnN(Dn,K),lnN(Ko,D;),lnN(DfiL,KO)} < fBn,
where Dy, is the centered Euclidean ball of volume 1 in R™ and 5 > 0 is an absolute constant.

The proof is based on an observation of V. Milman and Pajor in [IT1]; they gave an estimate for the
covering numbers N (K, tBY), t > 0, where K is a convex body in R”, in terms of the quantity

1
h(K):‘VOIn(K)H;L /K\xldx.

Lemma 3.4. Let K be a convex body of volume 1 in R™ such that 0 € int(K). For any t > 0 we have that

cindi (K)

(3.2) In N(K,tB%) < +1n2,

where ¢; > 0 is an absolute constant.
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Proof. Consider the Borel probability measure p on R™ defined by

n(A) = L / e PE @)y,
CK JA

where pg(z) = inf{t > 0 : x € tK} is the Minkowski functional of K and cx = [, exp(—pk(z))dz. A
simple computation, based on the fact that {x € R™ : px(z) < t} = tK for any t > 0, shows that cx = nl.

Let {x1,...,2n} be a subset of K which is maximal with respect to the condition |z; — ;| > t for i # j.
Then K C U, ¢;<n(xi +tB3), and hence N(K,tBjy) < N. Let a > 0. Note that if we set y; = (2a/t)z;, by
the subadditivity and positive homogeneity of px and the fact that px(z;) < 1, we have

1
w(y; + aBY) > a/ e PE (@) e=PK(Yi) gy > 672a/tu(ozB§).
aBY

The bodies y; + aBj have disjoint interiors, therefore Ne=2%/*y(aBy) < 1. This shows that
N(K,tB5) < e/ (u(aBg)) ™.

Now, we choose a > 0 so that u(aBY) > 1/2. A simple computation shows that

vim [ laldu@) = 00+ DR(K).
By Markov’s inequality, u(2yB%) > 1/2, so if we choose o = 2, we get
N(K,tB3) < 2eXp(4(n + 1)]1(K)/t)
for every t > 0. O

If K is an isotropic convex body then I (K) < /nLk. Let D, = E; be the centered Euclidean ball of
volume 1. Since D,, = /nBY, Lemma shows that

conLy < c3n

t t
for any t > 0 (note that if ¢ is large then this estimate is trivially true, since every isotropic body K satisfies
the inclusion K C (n + 1)Lg BY; see [32, Theorem 3.2.1]).

Knowing that, for any set S,

(3-3) In N(K,tD,) <

N(S - 8,2D,) = N(S - 8S,D, — D,) < N(S,D,)?,

we can use (3.3)) to also get an upper bound for the covering numbers of the difference body of an isotropic

convex body K by D,:

2
InN(K — K,tDy) < C;".

The next lemma allows us to bound the dual covering numbers N (BY,tK°).

Lemma 3.5. Let K be a convex body in R™ which contains 0 in its interior. For every t > 0 we set
A(t) :==tIn N(K,tBY) and B(t) :== tln N(BY,tK®). Then, one has

sup B(t) < 16sup A(t).
>0 >0

In particular, if K is isotropic (or a translate of an isotropic convex body which still contains 0 in its interior),
then

con3/? Ly

(3.4) In N(B, tK°) < In N (B #(K — K)°) < ==,

where co > 0 is an absolute constant.
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Proof. We use a well-known idea from [134] (see also [92] Section 3.3]). For any ¢ > 0 we have (t2?K°)N(4K) C
2tBy. Passing to the polar bodies we see that

t 2 t 2
B3 C “K°, -K|C_-K°+-K.
2_(:onv(2 '3 )_2 +t
We write
t 2 2 .t 2 .1 1 t
n o < _ o - o < - _ o < - - n - n - (o}
N(B3,tK )\N<2K + tK’tK ) \N<tK’2K > \N(tK,4Bz>N(4BQ,2K)
t

=N (K, 83;) N(Bp,2tK°).

Taking logarithms we get B(t) < 8A(t/8) + 3 B(2t) for all ¢t > 0. This implies that B := sup,-, B(t) < 164,

and the result follows. O
Since DY =~ (1/4/n)BY, (3.3) and (3.4) immediately imply the following.

Proposition 3.6. Let K be an isotropic convex body in R™. Then,

max{In N(K,tD,),In N(D3,tK°)} < %

for all t > 0, where ¢ > 0 is an absolute constant.

We shall also use the next covering lemma, which provides some standard entropy estimates that are
valid for arbitrary convex bodies in R™.

Lemma 3.7. Let K and L be convex bodies in R™. If L is symmetric, then

volo (K + L/2) _,,voln(K + L)

(3.5) NEL < = mm - S22 L)

If L is arbitrary, then
Vol (K + L)

. <
(3.6) N(K,L)<4 Vol (L)
Moreover,
vol,, (K + L)
. — 2 < 2"N(K, L).
(3.7) vol, (L) ( )

Proof. The proof of (3.7)) is an immediate consequence of the definitions. To prove (3.5)), note that if N is
a maximal subset of K with respect to the property

zyyeENandz £y = |lz—yllL =1,

then K C (J, (7 + L), while every two sets  + L/2,y + L/2 (z,y € N) have disjoint interiors when x # y.

Finally, when L is not necessarily symmetric, we recall that N(K + z,L +y) = N(K,L) for every
x,y € R™, and also that the ratio vol,, (K + L)/vol, (L) obviously remains unaltered if we translate K or L.
Hence, we can assume that L is centered, in which case it follows from [I12], Corollary 3] that

vol, (LN (=L)) = 27 "vol,(L).
But then, from (3.5) we get that

volu(K + (LN (=L)) _ . vol,(K+L)
vol,(LN (=L))  ~  volo(L)

and this implies (3.6). O

N(K,L) < N(K,LNn(-L)) <2
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Let K be a convex body in R™. The function z — vol,, (K) vol,, ((K — z)°), defined on int(K), is strictly
convex and has a unique point of minimum, the Santal6 point s(K) of K. The Blaschke-Santalé inequality
states that vol, (K ) vol, ((K — s(K))°) < w2. One can also prove that if bar(K) = 0 then s(K°) = 0. Since
(K°)° = K, we see that if bar(K) = 0 then

vol,, (K) vol,,(K°) = vol,, ((K° — s(K°))°) vol,, (K°) < w?.
Therefore, we get:
Theorem 3.8. Let K be a convex body in R™ with either bar(K) =0 or s(K) =0. Then,
vol,, (K) vol,,(K°) < w? = vol,(BY)2.

Combining Proposition with the Blaschke-Santalé inequality and Lemma [3.7] we can now prove
Theorem [3.31

Proof of Theorem[3.3] From Proposition [3.6 we already know that
max { N(K, D,),N(D;,K°)} < exp(cn).

For the other two covering numbers we note that N(D,,K) < 8"N(K,D,,) by Lemma which means
that In N(D,,, K) < (¢ + In8)n. Similarly,

wvolu(K° 4+ D3) _, volu(K° + D3)

N(K°, D7) <2 <
(K", Dy) vol, (D3) vol, (K°)

<4"N(D,,K°),

which means that In N(K°, Dg) < (¢ + In4)n, where we have also used the fact that vol, (K) = vol,, (D)
and hence vol,, (K°) < vol, (Dg) from the Blaschke-Santalé inequality. This completes the proof. O

§ 3.2. Bourgain-Milman inequality. The Bourgain-Milman inequality [29], also known as reverse Santal6
inequality, states that there exists an absolute constant 0 < ¢ < 1 with the following property: for every
n > 1 and any convex body K in R™ with 0 € int(K),
(3.8) 5(K) = vol, (K)vol,(K°) > ¢"w? = c¢"vol, (BY)?,
where ¢ > 0 is an absolute constant. The existence of an M-position for any convex body and the asymptotic
form of the Santalé inequality and its inverse are interconnected results. We illustrate this by giving a very
simple proof of the Bourgain-Milman inequality starting from the fact that every isotropic convex body is
in M-position.

The discussion about the Blaschke-Santalé inequality in the previous subsection shows that if 0 € int(K)
then

vol, (K) vol, (K°) = vol, (K — s(K)) vol,,((K — s(K))°)

therefore we may replace K by K; := K — s(K). Then, we know that bar(K7) = 0. It is also easily checked
that
vol, (K) vol, (K°) = vol, (T(K)) vol, ((T'(K))®)

for every T € GL,,, and hence we may assume that K7 is in isotropic position. Then, from Theorem [3.3] we
know that
max { In N(K7Y, D,,),In N(D,, K7),In N (K1, D), In N (D5, K1)} < cn,

where D,, is the centered Euclidean ball of volume 1 in R™ and ¢ > 0 is an absolute constant. It follows that
vol, (D) < N(Dy, K7) vol,(K7) < e“"vol, (K7),
vol,(D;) < N(Dy, K1) vol,(K7) < e vol, (K1),

n
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and hence
w2 = vol,(D,) vol, (D¢

n n

) < e*“™vol, (K1) vol,, (K7Y)
which proves ((3.8)).

§ 3.3. Reverse Brunn—Minkowski inequality. As a consequence of Theorem and Lemma we
get the “reverse” Brunn-Minkowski inequality.

Theorem 3.9. Let K1, ..., K,, be isotropic convexr bodies in R™. Then, for any Ai,..., Ay >0,

(3.9) vol, (M KL + -+ + A Kn)? clmz Ajvol,, ( 1/”

where ¢y > 0 is an absolute constant. Moreover, if K1 and Ko are isotropic convexr bodies in R™ then, for
any A1, A2 >0,

(3.10) vol, (MK + M K5)Y™ < ea(Avol, (K2)Y™ 4 Agvol, (KS)1/™).

where co > 0 is an absolute constant.

Proof. From Proposition [3.6] we know that
NMK 4+ 4+ A Ky t(A + - H (K;,tDy,) < exp(cmn/t),

and hence
Vol (MK 4 -+ 4+ A K )Y/™ < e™ (M + -+ Am))

for every t > 0. Choosing t = cm we see that
vol, (M Ky + -+ A Kp) Y™ < eym i \j=cam i Ajvol,, (K;)Y/™
j=1 j=1
with ¢; = ec. For the second claim, note that Theorem implies that
N(MET 4+ MK, t(M + A2)D;) < exp(2¢n/t)
for every t > 0, and apply the same reasoning as before to write
vol, (M KP4+ X K$)Y™ < 2¢(A; 4 Ag)vol, (D2)Y/™.

Since K3 and K are isotropic, the argument of the previous subsection shows that vol,, (D5) < e“"vol, (K?)
for ¢ = 1,2. In this way we obtain with cg = 2ce®. O
4 Log-concave probability measures
A Borel measure p on R™ is called log-concave if u(H) < 1 for every hyperplane H in R™ and

pAA+ (1= N)B) = p(A) u(B)

for any pair of compact sets A, B in R™ and any A € (0,1). Borell [23] has proved that, under these
assumptions, p has a log-concave density f,. Recall that a function f: R"™ — [0,00) is called log-concave if
its support {f > 0} is a convex set in R™ and the restriction of In f to it is concave. The Brunn-Minkowski
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inequality implies that if K is a convex body in R"™ then the indicator function 1 of K is the density of a
log-concave measure, the Lebesgue measure on K.

We say that u is symmetric if p(—B) = u(B) for every Borel subset B of R™ and that p is centered if
the barycenter bar(u) = [;. z du(z) of p is at the origin, i.e.

/n@vf)du(x) = /R (z,&) fu(r)dr =0

for all £ € S"~1. If y is symmetric then f, is even and it follows that || f,|/cc = f.(0). On the other hand,
Fradelizi [50] has shown that if 4 is a centered log-concave probability measure then

(4.1) [ fulloo < €™ £,.(0).

Let f: R™ — R be a measurable function. For any a > 1 we define the 1,-norm of f as follows:

Il = {05 [ exp U1/ dn <2},

provided that the set on the right-hand side is non-empty. Note that the 1,-norm is exactly the Orlicz norm
corresponding to the function t € R — ell® — 1. An equivalent expression for the t),-norm in terms of the
L,-norms is that

I £11 2 (1)

~ su

up to some absolute constants.

A well-known lemma of Borell (see [32], Lemma 2.4.5] for a proof) asserts that if p is a log-concave
probability measure on R™ then, for any symmetric convex set A in R” with u(A) = a € (0,1) and any ¢t > 1
we have

t+1

(4.2) 1—,u(tA)<a<1_a> o

«

Using Borell’s lemma one can show that there exists an absolute constant ¢y > 0 such that for every log-
concave probability measure p on R™, for any seminorm f : R®™ — R and any ¢ > p > 1, we have

1/p 1/q 1/p
p q g p
(13) ([oasrae) < ([ ) <ol ([ 1)

(a proof is given in [32], Theorem 2.4.6]). In particular, || ||y, < c1]|f|l1, where ¢; > 0 is an absolute constant.

§ 4.1. Isotropic log-concave probability measures. For any log-concave probability measure p on R™
with density f,., we define the isotropic constant of 1 by

sy fu(@)\ " =
b= ( fRnefu(x;dx ) (det COV(M)) 7

where Cov(p) is the covariance matrix of p with entries

COV(,u)‘ - f]R" mimjf#t(x) dx _ fRn xzfu(x) dx fRn xjfu(x) dx
o Jon fu(@) dz Jon ful@)dz [o, fu(x)de

A log-concave probability measure p on R™ is called isotropic if it is centered and Cov(u) = I,,, where I,, is

the identity n x n matrix. By the definition of the isotropic constant, if p is isotropic then L, = Hf#||ién
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Note that a convex body K of volume 1 is isotropic if and only if the log-concave probability measure pg
with density L1k, is isotropic.

Let p and v be two log-concave probability measures on R™. Let T : R®™ — R™ be a measurable function
which is defined p-almost everywhere and satisfies

v(B) = u(T~\(B))

for every Borel subset B of R™. We then say that T pushes forward p to v and write Ty = v. It is
not hard to check that for every log-concave probability measure p on R™ there exists an invertible affine
transformation 7" such that the log-concave probability measure T u is isotropic, and Ly, ,, = L.

One can prove that the isotropic constants of all log-concave measures are uniformly bounded from
below by a constant ¢ > 0 which is independent of the dimension. If i is an isotropic log-concave probability
measure, then

(4.4) Ly = [ full L7 = (£u(0) " > ¢,

where ¢ > 0 is an absolute constant (see [32, Proposition 2.3.12]). The isotropic constant problem for
log-concave measures, which is now a theorem, can be stated as follows:

Let 1 be an isotropic log-concave probability measure on R™. Then, L, = ||f“||1/n < C, where
C > 0 is an absolute constant.

We can define L,, := = max{L, : pis an isotropic log-concave probablhty measure on R"}. Since Lg = L, <

L,, for every centered convex body K in R, it is clear that L, < L.

§ 4.2. K. Ball’s bodies. Let ;1 be a centered log-concave probability measure on R”. Note that f,(0) > 0,
where f,, is the density of p. An important family of convex bodies associated with p was introduced by
K. Ball, who also established their convexity in [8]: for every p > 0, we define

K (1) = {x CR": /Ooo L ) dr > %0)} .

From the definition it follows that the radial function of K,(u) is given by

(45) orc () = ol o () dr)w

for x # 0. It is easily checked that if K is a convex body in R™ with 0 € K then K,(1x) = K for all p > 0.
A very useful observation is that

fu(0)vol, (Kn(p)) = 1.

To see this, we write

PE () (8)
vol, (K, (1)) :/ ldx—nwn/ 1/ r"tdrdo(€)
Sn—

NWy,

_ PR 1 — 1
= 7.0 /s / fulr&)drdo (£) = fu() o @) A= 5

using (4.5) and integration in spherical coordinates.
Another important observation is that, for every 0 < p < ¢ we have that

(4.6)
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A proof is given in [32) Proposition 2.5.7]. As a consequence we obtain an approximate formula for the
volume of K,4,(¢). When p > 0, we have

14 141 n+p
(4.7) < fu(0)r pVOln(Kn+p(/~L))"+” <e et
while for —n < p < 0 we have
- a1 a1
(4.8) e’ < fu(0) =27 voly (Kpip(p) =7~ <e
If 11 is an even log-concave probability measure on R™ then T' = K,,12(p) is a symmetric convex body

that satisfies
C1 L LT C2 LH s

where ¢1,co > 0 are absolute constants (see [32] Proposition 2.5.9]). Furthermore, if y is isotropic, then
T = voln(T)*l/ ™' is an isotropic convex body. In the case where the measure p is centered, but not
necessarily symmetric, we prefer to work with the convex body K,,11(u) instead of K,,42(r). The reason is
that T = K, 1(u) is a centered convex body in R™ and we still have that

c1L, < Lt < oLy,

where ¢y, co > 0 are absolute constants.
We briefly sketch the proof (for more details see [32, Proposition 2.5.12]). First we check that T is

centered and satisfies )
Jle 8= 5 [ 16w 0lfutw) de

for all £ € S™~1. Borell’s lemma implies that for every y € R"

(s Joe7ae) =~ gy o= gy [ o

~ e L @ )/

which, combined with the fact that 7" and f, are both centered, implies that there exist absolute constants
c1,c2 > 0 such that as positive definite matrices

c1Cov(17) < (vol,(T) £,(0)) 2Cov(u) < c2Cov(Lyr).

Therefore,

(4.9) (det Cov(17))""™ & (vol,(T) £,,(0)) 2 (det Cov()) /™.

From the definition of the isotropic constant it follows that

1
vol, (T)/n
1
~ (fu(0)vol, (T)) "' "7 Ly,
where we have also used the fact that || fu”l/ "~ f,(0)}/™ by Fradelizi’s inequality (d.I). Finally, applying
(4.7) with p =1 we get that

L
2

Ly — (det Cov(L7)) ™ A vol,(T) ™™ (£,,(0)vol, (T)) ™} (det Cov()) >

n+1
n

(4.10) e~ < (fu(0)vol, (T)) 7 < e < 2e,

and this completes the proof. This discussion shows that
En ~ L,.

In particular, knowing now that L, < C, we get:
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Theorem 4.1. There exists an absolute constant C' > 0 such that L, < C for every isotropic log-concave
probability measure on R™.

§ 4.3. L,-centroid bodies. Let ;1 be a centered log-concave probability measure on R™. For any p > 1 we
define the L,-centroid body Z,(u) of u as the convex body whose support function is

1/p
hw® = ([ el h) . yer

The convex bodies Z,(ut) are always symmetric, and Z,(Twu) = T(Z,(p)) for every T € GL,, and p > 1.
Note that if p is isotropic then Z5(u) = BY. Also, from (4.3) it follows that, for every 1 < p < g,

(4.11) Zy(1) € Zyg(p) € %pr),

where ¢ > 0 is an absolute constant.
If 4 = Ak is the Lebesgue measure on a centered convex body K of volume 1 in R™ then we denote
Zy(K) := Zp(Ak). In this case we have some additional results. For every p > n we have that

(4.12) Zy(K) 2 c2Z(K)
where ¢g > 0 is an absolute constant and Z.(K) = conv{K, —K}. This is a consequence of the inequality

L(p+ 1)I'(n)

Bt e ) M (), W00},

[ lwgpac>
K
which holds true for all £ € S*~! and p > 1. Therefore, if p > n we see that

1O, ) = max{hg (§), hr (=€)},

and hence Z,(K) D ¢Zoo(K). In particular, the Rogers-Shephard inequality vol, (K — K) < (**)vol,(K) for
the difference body K — K of K (see [2l Theorem 1.5.2]) implies that

(4.13) ¢ < Vol (Zu(K)Y™ < vol, (K — K)Y/™ < 4

for some absolute constant ¢ > 0.
A nonsymmetric variant of the L,-centroid bodies of i is defined as follows. For every p > 1 we consider
the convex body Z (u) with support function

1/p
b = ([ i) L yer

where a; = max{a,0}. When f, is even, we have that Z(u) = 27YPZ, (). In any case, it is clear that
Z (1) € Zp(p). One can also check that if 1 < p < ¢ then

(4.14) (4> o Z¥(u) C ZH () C et (4(:—1)) o

. Zy (n)-

4
p
(for a proof see [66], where the family of bodies Zz‘f (1) =27 ZF () is considered).

The L,-centroid bodies were introduced, under a different normalization, by Lutwak and Zhang in [101],
while in [II7] for the first time, and in [IT8] later on, Paouris used geometric properties of them to acquire
detailed information about the distribution of the Euclidean norm with respect to . A basic observation of
Paouris is the next asymptotic formula that appears in [I18].
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Theorem 4.2. Let p be a centered log-concave probability measure on R™. Then,

(4.15) e1 < (£(0) vola(Zi () "

where c1,co > 0 are absolute constants.

< Ca2,

Proof. Direct computation shows that, for every p > 1,

P 1
vl (Kop)E [ jwolde= [ j@grde= o [ P fuodo
Knyp(p) Knyp(p) f'“'( ) "
for all £ € S"~1, or equivalently
(4.16) Zp(Kn+p(M))V01n(Kn+p(:u)>;+;fu(O)E = Zp(p).
Now, let 1 < p < n. Using also (4.7) we see that
L, n nAp, —
(4.17) gZp(Kn+p(H)) C fu(0) /" Zy(p) Ce n Zp(Knip(p)) S 2eZp(Knyp(p)-

On the other hand, using (4.6)) we can check that
h R0 (&) ™ Pz, (750 (6
for every £ € S"~!. This shows that Z,(K,+p(1)) ~ Z,(Kn+1(p)). Therefore, for all 1 < p < n we get

(4.18) clfM(O)l/an(M) C Zp(Kni1(p) € Cqu(O)l/an(M)

where ¢y, co > 0 are absolute constants.
Now recall that, since p is centered, the body K,,1+1(p) is also centered. Applying (4.13)) for the body
K, 11(p) we see that

VOln(Zn(m(N)))l/n ~1
and hence, by ,
(£4(0) VOl (Zy (1)) " 22 ¥Ol (Zn (o1 (1)) /" = 1.
This completes the proof. O

§ 4.4. Marginals and projections. Let u be a log-concave probability measure on R™. For any 1 < k <
n—1and F € G, ; we define the marginal of ;¢ with respect to F' setting

() (A) = u(Pp' (4))

for every Borel subset A of F'. One can check that 7p (1) is a log-concave probability measure on F', whose
log-concave density fr, () agrees almost everywhere with the function 7x(f,,) defined by

(4.19) rp(f,) (@) = / o

rz+F-L

Then, for every measurable function g : F — R we have

| atPea)fu@yde = [ a@pme(s)(e) de

It follows that if f, is centered then, for every F' € G, we have that mr(f,) is also centered, and if f is
isotropic then mp(f,) is also isotropic.

A basic observation of Paouris from [117] is that any projection of the L,-centroid body of p coincides
with the L,-centroid body of the corresponding marginal of f.
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Theorem 4.3. Let p be a centered log-concave probability measure on R™. For every 1 < k < n and any
FeG,y and p > 1, we have that

(4.20) Pr(Zy (1)) = Zp(mr(p))-

The proof is a direct application of Fubini’s theorem.
Applying Theorem to mr(p) and taking into account (4.20) we obtain the following result.

Theorem 4.4. Let i be a centered log-concave probability measure on R™. Then, for every 1 <k <n—1
and any F € G, ) we have

(4.21) e1 < (mp(£,)(0) vole (Pr(Zi(1)) " < e,

where c1,co > 0 are absolute constants.

5 Geometry of isotropic convex bodies

In this section we still assume that L, < C. We shall discuss a few additional important consequences of
this fact on the geometry of high-dimensional isotropic convex bodies.

§ 5.1. The ellipsoid intersection conjecture. We start with the positive answer to the following
conjecture.

Theorem 5.1 (ellipsoid intersection conjecture). For every centered conver body K of volume 1 in R™ there
exists a centered ellipsoid £ of volume vol, () = vol,,(K) =1 such that

1
vol,(KNeil€) > ivoln(K)
where ¢1 > 0 is an absolute constant.

For the proof we may assume that K is isotropic. Then, / |z|?dz = nL3% < Cn for some absolute

K
constant C' > 0. From Markov’s inequality we immediately see that

1
vol, (K \ v2CnBY) = vol,({z € K : |z| > vV2Cn}) < 26’771/ |lz|?dx <
K

| —

It follows that vol, (K Nv2C\/nBY) > ivol,(K) and since D,, ~ \/nBj it is simple to check that

1
vol, (K Ne1Dy) 2 Evoln(K)

for some absolute constant ¢; > 0.
Let us note that the ellipsoid intersection conjecture is in fact equivalent to the isotropic constant
conjecture.

§ 5.2. Volume of sections and projections. The next theorem gives a very useful estimate for the
volume of sections of an isotropic convex body through its barycenter.

Theorem 5.2. Let K be an isotropic convex body in R™. Then, for every 1 <k <n—1 and any F € Gy, 1,

(5.1) vol,_p(K N FH)YF x~ 1,
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Proof. We denote by px the isotropic log-concave probability measure with density L7 1 e and write fg
K

for the density of ux. Fix 1 <k <n—1and F € G, 5. We know that mp(px) is isotropic. Using (4.18)

with p = 2 we get:

1/k

- (o retu))

o voli(Z(mp () \ -
Kit1(mr(pk)) — VOlk(BF)

~ mp(fix)(0)/* < vol,(Br)

vo , 1/k
o) o) (L)) )

where we have also used the identity Zs(wp(pk)) = Pr(Z2(px)) from Theorem Since K is isotropic,
we get

)

Zo(px) = Ly Zo(K) = BY and hence Pr(Zs(pur)) = Bp.

Moreover, we have
WF(fK)(O) = /FJ_ fK(y) dy = L?{Voln_k (ﬁK n FJ‘> = Ll%voln_k(K N FJ—).

Combining the above we conclude that Lm(ﬁp(m()) ~ Lgvol,_ (K N F'L)l/k7 which is assertion of the

theorem. O

The next inequality, due to Rogers-Shephard and Spingarn, estimates the product of the volumes of a
projection of a convex body K in R™ and of the section of K with the orthogonal subspace (see [124] for the
first and [129)] for the second claim).

Theorem 5.3. Let K be a convex body in R™ with 0 € int(K). Then, for any 1 < k < n —1 and any
F € G, 1, we have that

voly (Pr(K)) vol,_y (K N FL) < (Z) vol, (K).
If bar(K) = 0 then we also have that
vol,, (K) < vol(Pg(K))vol, (K N FL).
In the case where K is isotropic, these estimates lead to the next fact.

Theorem 5.4. Let K be an isotropic convex body in R™. Then, for any 1 <k <n—1and any F € G, 1,

we have that
n

1 < vol(Pp(K)YF < ey

where c1,co > 0 are absolute constants.

This follows from Theorem and from the fact that if K is isotropic then vol, (K N F+)/k ~ 1 by
Theorem

§ 5.3. Volume of the centroid bodies. A lower bound for the volume of the L,-centroid bodies Z,(K)
of a star body K in R™ has been given by Lutwak, Yang and Zhang in [I02], and later Haberl and Schuster
in [67] obtained a similar lower bound for the nonsymmetric L,-centroid bodies Z,f (K) of K. If K is a star
body, with respect to the origin, in R™ then, for every 1 < p < oo, the body M; (K) is defined through its
support function

1/p
Pt a0y (W) = (Cn’p(ner)/K@yﬂdx) :

where




The normalization of M, (K) is chosen so that M, (B3) = By for every p. Haberl and Schuster [67,
Theorem 6.4] proved that if K is a star body, with respect to the origin, in R™ then, for every p > 1,

vol, (K) ™% ~'vol, (M, (K)) > vol,(By) ™ »

with equality if and only if K is a centered ellipsoid in R". Since M, (K) = (cnp(n + p))l/pZ;'(K), we
conclude that if vol, (K) =1 then

1 1/p
L(Z} ()™ = (cn “ryol, (MF (KN > ( ——— ) .
VOl (23 (K)) = (enpn )7 Pvola (M () > (e
Taking into account the value of the constant ¢, , we can formulate this result as follows.

Proposition 5.5. Let K be a convexr body of volume 1 in R™. Then,

VOln(Zp(K))l/n Z VOI?L(ZP(ES))l/n > c\/p/n

and
voln(Z;'(K))l/" > Voln(Z;(Eg))l/" > c/p/n

for every 1 < p < n, where ¢ > 0 is an absolute constant.

Paouris [117] showed that a reverse inequality holds true (up to the isotropic constant). Although the
next theorem is stated for p € [2,n] in [I17], in view of (4.11)) it is clear that the result remains true for all
p € [1,n].

Theorem 5.6. If i is an isotropic log-concave measure on R™, then for every 1 < p < n we have that

(5.2) vol, (Z,(u))Y™ < ey/p/n.

Moreover, if K is a centered convex body of volume 1 in R™, then for every 1 < p < n we have that

(5.3) voln(Zp(K))l/” <ceyp/nLig <cin/p/n,
where ¢,c1 > 0 are absolute constants.

For the proof we shall use a number of classical facts from the Brunn-Minkowski theory (see [127] for a

complete exposition). Steiner’s formula asserts that for every convex body C in R™ we have
" /n
L, tBy) = tF
vol, (C+tBY) =Y <k>Wk(C)
k=0

for all ¢ > 0, where Wi (C) = V,,_x(C) = V(C;n — k, BY; k) is the k-th quermassintegral of C. Also,
the Aleksandrov-Fenchel inequality implies the log-concavity of the sequence (Wy(C),...,W,(C)), and in
particular we have that

' 1/i _ 1/j
(5.4) (W"’(C)> > (W’” (C)> :
Wn, Wn,
for all 1 < i < j < n. We shall also use Kubota’s integral formula:

Wn

Wm

(5.5) Wh_m(C) = /G Vol (Pr(C)) dvpm(F), 1<m<n-—1L1
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Proof of Theorem[5.6] It is enough to prove (5.2) for integer values of 1 < p < n — 1. Observe that for any
F € G, we have

& <c
- 1 X (2,
(Frr((@)"”

where we have used Theorem Theorem and (4.4) for the isotropic density fr,. (. = 7r(f.). Applying
B3) we get

voly (Pr (Zp(1))!/? = vol,(Zy(mp (1)) VP <

Wn
—cb
o

Wp

Now, we apply (5.4) for the convex body C = Z,(u) with j = n and i = p; this gives

Wa—p(Zp(1)) <

WalP (Zy(1)) = voly(Zy(u) Y "wk/P=1/m,

n—p

Combining the above, we get

Voln(Zp(u))l/” <

Since w,i/ Pl / Vk, we obtain (5.2). For the second assertion of the theorem we may assume that K is

isotropic (because the volume of Z,(T'(K)) is the same for all T € SL,,). Consider the measure px with

density L1 x . Then, pux is isotropic and we easily check that Zy(px) = L' Z,(K). Thus, the result
K

follows immediately from (5.2]) and the fact that the isotropic constant conjecture is true. O

§ 5.4. Lower dimensional Busemann-Petty problem. In this subsection we discuss a natural gener-
alization of the Busemann-Petty problem, for lower dimensional sections. Let 1 <k < n —1 and let 3, be
the smallest constant 8 > 0 with the property that for every pair of centered convex bodies K and C' in R™
that satisfy

VOln,k(K n F) < VOln,k(C N F)
for all F' € Gy, r,—, one has
n—k

vol, (K)"% < BF vol,(C)

It is known that 8, > 1 if kK < n — 3, while for Kk = n — 2 and k¥ = n — 3 (two- and three-dimensional
sections) it is not known whether 3, 5 has to be strictly greater than 1. The asymptotic lower dimensional
Busemann-Petty problem asks if the constants /3, ; are uniformly bounded. The next theorem provides an
affirmative answer.

Theorem 5.7. There exists an absolute constant C > 0 such that B, < C for alln and k.

For the proof we introduce the dual affine quermassintegrals of a convex body. Let 1 < k < n —
1. For every convex body K, or more generally for any bounded Borel set, in R™, the k-th dual affine
quermassintegral of K is defined by

L
kn

U, (K) = vol, (K)o </ volnk(KmFl)"dun,k(F)>
Gn,k

Grinberg proved in [62] that this is an affinely invariant quantity and that
(5.6) W, (K) < U(BY) < Ve

for every bounded Borel set K of positive volume in R™.
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Now, let K be a centered convex body in R™. Since ¥y (K) = Uy(T
assume that K is isotropic. From Theorem . we know that vol,,_(
and hence

(K)) for every T' € GL,,, we may
N FH)Yk x~ 1 for every F € Gn i,

(K
1
kn
U (K) = / vol, (K N FX)"dy,, 1 (F
Gn k
In other words, for every centered convex body K in R™ and any 1 < k < n — 1 we have that
(5.7) < W(K) < e
where c1,co > 0 are absolute constants.

Proof of Theorem[5.7. Let K,C be two centered convex bodies in R". Assume that for some 1 <k <n—1
we have that
vol,, _ k(KﬂF) vol,, _ k(CﬂF)

for all F' € G, r,—i. Then,
1
e kn
\Ilk(K) Voln(K)W = </ VOlnk(KOFl)ndynyk(F)>
Gnk

1
T
< (/ vol,—,(C'N Fl)"dz/n,k(F)> = U, (0) Vo1n(c)”k%’“,
Gn k
Taking into account (5.7) we get

n—k \IJ k n—k k n—k
vol, (K) " < ( ’“(C)) vol, (O) " < <C2> vol, (C) ="

and the result follows. O

Note. In particular, the case k = 1 of Theorem [5.7] shows that the isotropic constant conjecture implies
the asymptotic Busemann-Petty conjecture for the class of centered convex bodies, thus completing the
discussion in §2.5.

The affine quermassintegrals of a convex body K in R™ were introduced by Lutwak in [99]. We shall
discuss an appropriately normalized variant that was considered by Dafnis and Paouris in [41]. For every
convex body K in R™ and every 1 < k < n, we define the normalized k-th affine quermassintegral of K by

L
kn
1

&1 (K) := vol, (K) ™= ( /G volg (Pp(K))™" an,k(F)>

Grinberg proved in [62] that these quantities are invariant under volume preserving affine transformations.
In this language, Lutwak conjectured in [I00] that the affine quermassintegrals satisfy the inequalities

(5.8) O, (By) < @(K).

Dafnis and Paouris studied in [4I] an isomorphic variant of Lutwak’s conjecture, which asks if there exist
absolute constants ¢, co > 0 such that for every convex body K in R" and any 1 < k< n —1,

(5.9) arV/n/k < ®(K) < cay/nfk.

Note that in the case k = 1, (5.9)) follows by the Blaschke-Santal6 and the Bourgain-Milman inequality, while
in the case Kk = n — 1 the conjectured rate of growth for ®,,_;(K) is again true, by the Petty projection
inequality and its reverse, proved by Zhang [140].
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The left-hand side of was proved by Paouris and Pivovarov in [119]; it confirms Lutwak’s conjecture
in an isomorphic sense. The proof relies on a duality argument, that employs the Blaschke Santal6 inequality
and the Bourgain-Milman inequality, combined with Grinberg’s inequality . Subsequently, E. Milman
and Yehudayoff [109] established the sharp lower bound ®;(B%) < ®4(K) and verified Lutwak’s conjecture,
including a characterization of the equality cases, for all 1 < k < n—1: ellipsoids are the only local minimizers
with respect to the Hausdorff metric.

Regarding the upper bound in , an almost optimal estimate (up to a Inn-term) was given by Dafnis
and Paouris in [41]. Let us briefly recall their argument: The Aleksandrov inequalities (see [I27, Section
6.4]) imply that if K is a convex body in R™ then the sequence

W

1/k

is decreasing in k. In particular, for any 1 < k < n — 1 we have Qr(K) < Q1(K), which may be written in
the equivalent form

1

(5.11) <1 /G volk(PF(K))dyn,k(F)> < w(K),

Wi

where w(K) is the mean width of K. Then, by Holder’s inequality,

k

</ volk(PF(K))—”dun,k(F)> <</ volk(PF(K))dun,k(F)> < wMw(K).
Gk Gk

Since the term on the left-hand side of this inequality is invariant under volume preserving affine trans-
formations, we may assume that K has minimal mean width, and it is known that in this case we have
w(K) < cy/nlnnvol, (K)Y/™ for some absolute constant ¢ > 0 (see [2, Chapter 6]). Combining the above we
get

(5.12) Or(K) < co/n/klnn.

It was also shown in [41] that
O (K) < es(n/k)®?\/In (en/k).

In other words, if k is proportional to n then the upper bound for ®4(K) is of the order of 1. The main
question that remains open is whether the Inn-term in (5.12)) can actually be dropped.

§ 5.5. The deviation inequality of Paouris. Our goal in this subsection is to briefly explain the proof
of a very useful deviation inequality of Paouris from [I17].

Theorem 5.8. Let p be an isotropic log-concave probability measure in R™. Then,
(5.13) p({z € R™ : |z] = cty/n}) < exp (—tv/n)
for every t > 1, where ¢ > 0 is an absolute constant.

The proof of Theorem is reduced to the behavior of the moments of the function = — |z|. For every

p > 1 we define
1/p
b0 = ([ lapaua))

If K is an isotropic convex body in R" then we set I,,(K) := I (ux). From (4.3) we see that for all y € R”
and p,q > 1 we have

Ipg(1) < e1ply(p).-
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In particular, we have
Ip(p) < copla(p)
for all p > 2. Paouris proved the following.

Theorem 5.9. There exist absolute constants c1,co > 0 such that if p is an isotropic log-concave probability
measure on R™ then

(5.14) 1(1) < era(p)
for all p < ca/n.

Assuming that we have proved Theorem [5.9] we obtain Theorem [5.8] as follows. We consider an isotropic
log-concave probability measure p in R™. From Markov’s inequality, for every p > 2 we have

n({J2] > L)) < .

Then, Borell’s lemma gives

5 5 6731) (S+1)/2
ullel > L < 0= (15 25) <
for every s > 1. Choosing p = ¢24/n, and using (5.14)), we see that
u({lz] > e1e* Iy (n)s}) < exp(—cay/s)
for all s > 1. Since p is isotropic, we have Iy(u) = y/n. This proves Theorem
We pass to the proof of Theorem We will actually prove a stronger statement.

Theorem 5.10. Let p be a centered log-concave probability measure on R™. For every p > 1,

(5.15) Ip(p) < C(I2(p) + R(Zp(1))) »
where R(Z, (1)) = max{|z|: x € Z,()} is the radius of Z,(u).

Note that if p is isotropic then R(Z,(n)) < cp, and hence the right-hand side of (5.15) is bounded by
c1 max{Ia(p),p}. Since Ia(n) = +/n, for all p < /n we get

Iy(p) < cxmax{ly(p), p} = c1la(p),

which is exactly the statement of Theorem [5.9]
The proof of Theorem [5.10| requires a number of basic results from the asymptotic theory of convex
bodies. We write k. (C) for the largest integer k < n which satisfies

Vi <{F €G- Mm < he(z) < 20(C)|z], = € F}) >

2 T n4k

In the terminology of [2] this is the so-called Dvoretzky dimension of C°, i.e. the largest k for which the
majority of k-dimensional sections of C° are 4-Euclidean. The next theorem of V. Milman and Schechtman
from [114] shows that the dimension k., (C) is determined by the parameters w(C') and R(C') up to an absolute
constant.

Theorem 5.11. There exist absolute constants c1,co > 0 such that

w(C)? w(C)?
k* (C) < CQnR(C)Q,

N

for every symmetric convex body C' in R™.
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For every p # 0 we define
1/p
w,(C) = ( / hc(e)pda(e)> .
Sn—l

Note that wq (C) = w(C'). The parameters w,,, p > 1 were studied by Litvak, V. Milman and Schechtman in
[97].

Theorem 5.12. Let C' be a symmetric conver body in R™. Then,

max {w(C), 01W} < wy(C) < max {2w<c), C2W}

for all 1 < p < n, where c1,ca > 0 are absolute constants.

Note that the behavior of w,(C) changes when p ~ n(w(C)/R(C))?. This value of p is roughly equal
to the “dual Dvoretzky dimension” k.(C) of C. One also has w, (C) =~ R(C), and since w,(C) < R(C) for
every p > 1 we conclude that w,(C) = R(C) for all p > n.

Concerning w,(C) for negative values of p, Klartag and Vershynin [85] established the next important
result.

Theorem 5.13. Let C be a symmetric convex body in R™. Then, w,(C) = w_,(C) for all 1 < p < ck.(C),
where ¢ > 0 is an absolute constant.

We start with the next lemma, which relates the p-moment of the Euclidean norm with respect to u
with the parameters w, and the L,-centroid bodies of p.

Lemma 5.14. Let p be a log-concave probability measure in R™. For every p > 1 we have
Wp(Zy(11)) = A |~ Iy (1)
“Vptn

Proof. Direct computation shows that for every x € R™ we have

([ 1w ora©) " = a2

where ay,, = 1.

where a,, , ~ 1. Since

w0 = ([ [ 1weraw o)

the lemma follows. O

Proof of Theorem[5.10, We start with the formula I,,(1) = ¢, pwp(Z, (1)) from Lemma [5.14] where ¢, , ~
max{1,\/n/p}. Therefore, we need to show that

wp(Zp(p)) < € min{l, \/p/n} (I2 (1) + R(Zp(1))) -

Since wy(Z, (1)) < R(Z,(1)), we clearly have the result when p > n, and hence in the sequel we may assume
that p is an integer and 1 < p < n.
From Theorem [5.12] we have that

(5.16) wp(Zy(1)) < exmax{w(Zy(w)), Vp/nR(Zy(1))}-
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Therefore, the theorem will follow if we show that, for all 1 < p < n,

(5.17) w(Zp(p)) < CVp/n(Ia(p) + R(Zp(1))-
If p > k. (Z, (1)) then we have

(5.18) w(Zy()) < c2v/p/nR(Zy (1))

by Theorem If p < ko(Z,(1)) then by the definition of k.(Z,(n)) we can find some F € G,,, that
satisfies both

[ 1Pe(a) duo) < calo/m) )
(this is justified by averaging over all F' € G, ,, and then applying Markov’s inequality) and
(5.19) W(Zy(1))Br € e1Pr(Zy(1).

Since Pr(Zy(1)) = Zp(mr(p)) and wp(p) is a p-dimensional centered log-concave probability measure, we
get

N

(det Cov(mp(n)))
L

(5.20 wad(Zy(m () = —— =
el

Using the fact that L., = c for an absolute constant ¢ > 0, we see that

(J |=[*drpp())
L

mr (1)

1/2

<o (/ |Pp(z)? du($)>1/2 < erv/p/nlz(p).

(5.21) vrad(Z,(mr(p))) < cs

mr (1)

Combining (5.19)) and (5.21]) we see that
(5.22) W(Zy()) < es\/pInDa(p)

This completes the proof. O
In the case where u = pug for an isotropic convex body K in R"™, the inequality (|5.13) takes the form

(5.23) vol,({z € K : |z| > ct\/nLg}) < exp (—tv/n)

for all t > 1. Taking also into account the fact that Lx = 1, we obtain a much stronger statement than that
of the ellipsoid intersection theorem of § 5.1.

6 A reduction of the slicing problem

In this section we do not assume the affirmative answer to the isotropic constant conjecture. We discuss
small-ball probability estimates for isotropic log-concave probability measures, starting with the work of
Paouris in [I18]. In particular, we describe a reduction of the isotropic constant conjecture to such small-ball
estimates. An optimal result of this type turns out to be the key fact in the affirmative answer to the problem
given by Bizeul in [T6].

First we introduce two parameters that are essential for the study of these questions.

§ 6.1. The parameter ¢.(u). A parameter which was originally central in the work of Paouris is g.(u),
which is defined for every centered log-concave probability measure p in R™, as follows:

g« (p) = max{p € [2,n] : k. (Z,(n)) = p}.

The next proposition provides a lower bound for g. ().

33



Proposition 6.1. There exists an absolute constant ¢ > 0 with the following property: if u is a centered
log-concave probability measure on R™ then

ax(p) = eVk(Z2(p))-

Proof. We set gx := ¢(p). From Theorem Lemma Hélder’s inequality, and the simple observation
that In(p) = V/nwa(Za(p)), we get

w(Zy. (1) = crwg, (Zy, (1)) = c2v/ @ /1y, (1) = car/qe/nl2(p) = c2v/ G/ vV/nwa(Za()).

In other words,

(6.1) w(Zy. (1) 2 cav/qew(Z2(p))-

Since R(Zy, (1)) < ¢3¢« R(Z2(w)), using the definition of ¢, and Theorem we write

w(Zg. (1)) \? Cncgq*wQ(Zz(u)) o R (Z2())
) PR R D) -

This shows that q.(u) > ¢/ k«(Z2(p)) for some absolute constant ¢ > 0. O

(62) 20> Ko (2,.(0) > can

Note that if p is isotropic then k.(Z2(u)) = n. Therefore, in the isotropic case we have:

Corollary 6.2. There exists an absolute constant ¢ > 0 with the following property: for every isotropic
log-concave probability measure p on R™,

q«(p) > cv/n.
We close this subsection with the following observation.
Theorem 6.3. Let p be an isotropic log-concave probability measure in R™. If 1 < p < ¢y/n, then
(6.3) W(Zy (1)) = .

For the proof we write w(Z, (1)) = wy(Z, (1)) = \/p/nl,(1n) = /b, where the first equality holds because
ev/n < g (p) by Corollary the second comes from Lemma and the third follows from Theorem

§ 6.2. Small ball probability estimates. Let u be a centered log-concave probability measure on R”.
We extend the definition of I,(1), allowing negative values of p, in the obvious way: for every p € (—n, c0),

p # 0, we define
1/p
0 = ([ lapaut))

Also, given any ¢ > 1, we define the parameter

(6.4) Gc(p, Q) = max{p > 1: I(p) < CLp(p)}-
The first main result of this section is the next theorem of Paouris from [I18].

Theorem 6.4. Let i be a centered log-concave probability measure on R™. For every integer 1 < k < g«(p)
we have

I (p) = I (1)

In particular, Theorem shows that for every 1 < k < ¢.(p) we have I (u) < cla(u), where ¢ > 0 is
an absolute constant. Assuming that p is isotropic and taking into account Corollary we immediately
obtain the assertion of Theorem [5.9l

The proof of Theorem is based on two identities.
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Claim 6.5. If u is a centered log-concave probability measure on R™ and 1 < k < n—1 is a positive integer,
then

—1/k
(6.5) I (1) = cn i (/G WF(fu)(O)an,k(F)> ;

where

Proof. Let 1 < k <n — 1. Then, we have

/G O () = /G e U0 () - /

Grnn—k

- %nwn /Sn—l /OOO T L (r) dr do(€)

/ fu (y) dy an,n—k(E)
E

(n — k)wn_k /S /0 ke fu(r€) dr dop(&) dvy n—k(E)

n
(n — k)wn—k / K (n—k)wnk
= d = ] .
Dt [l ) do = P
It follows that "
n—k)w,_ 1/k -
Fag) = (D) ( JRRA dun,kw))
WWn, Gn,k
1/k
Finally, we check that ¢, ; = (%) ~ /N O

Claim 6.6. If C' is a symmetric convex body in R™ and 1 < k < n —1 is a positive integer, then

(6.6) w_k(C)z\/%< /G vo1k(PF(0))1dun,k.(F)> .

Proof. Using the Blaschke-Santalé and the Bourgain-Milman inequality, we write

1 1/k
wrtor= ([ fﬂgl@)d"(ﬁ)) " </G L |s|’;;c)od”(f)d”’“’“(F)>
k

Y 1/k
~ () i g, S eEh |,
B (/Gnk VOlk(Bé) d n,k(F)> ~ (‘/C;n,k: VOlk(PF(C))d n,k(F)> )

and the result follows. O

Now, consider a centered log-concave probability measure g on R™ and an integer 1 < k < n — 1. Recall
that from Theorem [£.4] we also have

1
ol (P (Zauy /e~ "0
for every subspace F' € G,, ;. Combining Claim [6.5] and Claim [6.6] we get
(6.7) VeI k(1) =~ w_(Z(p)).
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Proof of Theorem[6.4 Let 1 <k < n— 1. We know that wi(Z(n)) ~ \/k/nIx(p) and (6.7) shows that we
also have w_g(Zk(p)) =~ /k/nI_(u)
We set ko = | ¢« ], where ¢. = g«(u). Then,

(6.8) ke (Zro (1)) = ki (Zg. (1) = 16 = crko.

From Theorem [5.13] we have

(6.9) Wi (Zko (1)) = Wi (Zio (1))

for every 1 < k < coki(Zk, (1)), and shows that holds for every k < c3q.(p). Setting k; =
lesgs ()] = ko, and using the fact that Zy,(u) = Zk, (1), we get

(610) Wk, (Zkl (:u)) ~ Wiy (Zkl (:u))

It is now clear that J_g, (1) = I, (1) and since k1 =~ g.(u) we see that g — I,(p) is “constant” in the range
1< q| < cqi (). O

Suppose that p is isotropic. Then, g.(u) > ci1y/n, and since Io(p) < Ip(p) < col_p(p) for all 1 < p <
g« (1), we obtain the following,.

Corollary 6.7. Let i be an isotropic log-concave probability measure on R™. Then, q_.(u, (o) = cy/n, where
¢,Co > 0 are absolute constants.

Another consequence of Theorem is the next small-ball probability estimate:

Theorem 6.8. Let u be an isotropic log-concave probability measure on R™. Then, for every 0 < e < gy we
have

(6.11) p({z e R™ : |z| <ev/n}) < eV7,
where g, ¢ > 0 are absolute constants.

Proof. We know that Io(u) < c11_p(p) for all 1 < p < ca/n. It follows that

p{z e R : o] <ela(p)}) < p({z : fz] < crelp(p)})

<
< (e1e)P < eP/?,

for every 0 < e < 6;2 and p < ca4/n. This gives the result with g9 = cfz and ¢ = ¢a/2. O

The next theorem of Dafnis and Paouris [40] shows that if the hyperplane conjecture is correct then there
are absolute constants 7, (p > 0 such that, for every isotropic convex body K in R™, one has q_.(ux, o) = n.

Theorem 6.9. There exists an absolute constant ¢ > O such that, for every n and every isotropic convex
body K in R",
Q—c(MK, CLn) zn—1

Proof. Using Theorem for every 1 < s <n — 1 we write

I_y(K) ~ v/ ( /G
.

Li S
~\n / TRenrrlw)) ) - gy (F) > Vrli
Gn,s LK ’ Ls
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VOln_S(K n FL) an,s(F)>
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This shows that
I_S(K) > Cl\/ﬁLK > Cg\/’rlLK
L, L,
because it is known that Ls < ¢3L,, for all integers 1 < s <n — 1 (see [30]). Since Ir(K) = /nLg, we get

q—c(K, cgan) :=max{p >1: I(K) < cganI,p(K)} >n-—1.

This is the claim of the theorem. O

§ 6.3. A reduction of the isotropic constant problem. In the previous subsection we introduced the
parameter
q—c(K,¢) :=max{p > 1: L(K) < ¢(I_,(K)}.

We shall show that the hyperplane conjecture is equivalent to the following statement:

There exist absolute constants ¢,y > 0 such that q_.(K,{y) = cn for every isotropic convex
body K in R™.

We already know that there exists a parameter ¢, := ¢.(K), related to the L,-centroid bodies of K, with
the following properties:

() 4.(K) > ey,
(i) q—c(K, o) = ¢«(K) for some absolute constant (p > 1, and hence, I3(K) < (ol_q, (K).

What is not clear is the behavior of I_,(K) when p lies in the interval [g., n].

The main idea of Dafnis and Paouris in [40] is to start with an “extremal” isotropic convex body K in
R™ with maximal isotropic constant Ly = L, which is at the same time in a-regular M-position. Their
starting point, which has a rather technical proof, is the following precise statement.

Theorem 6.10. There exist absolute constants k,7 > 1 and § > 0 such that, for every a € [1,2), we can
find an isotropic convex body K, in R™ with the following properties:

(i) Lx, = dL,,

(ii) for everyt > (2 —a)~3/2

KN
12 I N(K,,tv/nB?) < ——— .
(6 ) n ( \/ﬁ 2) (2—04)2at0‘

Sketch of the proof. We shall give a very rough sketch of the proof of Theorem for the case a = 1. We
should note here that the idea of considering convex bodies with “maximal” isotropic constant and their
M-ellipsoids had been previously used by Bourgain, Klartag and V. Milman in [30].

We may assume that n = 2m is even, and we start with an isotropic convex body Kj that has isotropic
constant Lx, > 6oLam, where §y € (0,1). Then, for every k-codimensional subspace F' of R?™ we have

Li
VOl (K N FH)YE ~ w < ¢1(do),
K

where ¢1(dg) is a constant depending only on . If &£ is a 1-regular M-ellipsoid for Ky then we see that for
every F' € Gap,,m we have
Vol (Pr(Ko))"/™ < 1 vol,, (Pp(£1))Y™.

From Theorem [5.3] we know that

(volyn (Ko N F)voly (Ppo (Ko))) '™ & (vol (€1 N F)voly (Pps (£1))) ™ & 1.
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Combining the above with the fact that, for any 1 < k < n— 1, the maximal/minimal volume k-dimensional
section and projection of an ellipsoid coincide, we conclude that

62(50) g VOlm(K n FJ_)l/m § 61(50)

for every F' € Gy, . Using this fact we can check that if A\; > --- > Ay, > 0 are the semi-axes of £ then
Am =5 v/n. Now, we use the standard fact that there exists Fy € Gap, m such that Pg, (1) = A\ Br,, and
hence

c3(00)Br, C Pr,(&1) C ca(d0)Br,-
Then, we define W = K, 11(7r, (1x,))) and K; = W x U(W), where U € O(2m) satisfies U(Fy) = F5-.
The convex body K; satisfies the assertion of the theorem for o = 1. O

Then, Dafnis and Paouris try taking advantage of the fact that small-ball estimates are closely related
to estimates for covering numbers. The key lemma is the following.

Lemma 6.11. Let K be a centered convex body of volume 1 in R™. Assume that, for some s > 0,
(6.13) rs :=In N(K,sBjy) < n.

Then,
I, (K) < 3es.

Proof. Let zy € R™ be such that vol, (K N (—zg 4+ sBY)) > vol,,(K N (z 4 sBY)) for every z € R™. It follows
that

(6.14) vol, ((K + 2z9) NsBy) N(K, sBy) > vol,(K) = 1.

Let ¢ = rs. Then, using Markov’s inequality, the definition of I_,(K + zp) and (6.13), we get
_ n — - —ry 1
volu (K +20) N37H (K +20)B) <377 < e = ™" < g
and hence
vol, (K + 20) N 371 _ (K + 20) BY) < vol, (K + z9) N sBY),
which implies that
37 (K + 20) < s.

Finally, we can check that I_x(K + 2) > e '1_,(K) for any 1 < k < n—1 and 2 € R". Indeed, using
Claim and the fact that K is centered (more precisely, Fradelizi’s inequality (4.1]) for the centered log-
concave function 7. (1g) where F' € G, i) we write

“1/k
I_k(K + Z) = Cnk (/ VOln_k(K + Z) N FL)an,k(F)>
Gn,k

—1/k
n 1
> b (/ volu_x(K N FL)dz/mk(F)) — 2T W(K).
e Gn,k e

This proves the lemma. O

We can now prove the main theorem.

Theorem 6.12. Assume that g_.(K,() > Bn for some ¢ = 1, some 8 € (0,1) and every isotropic convex

body K in R™. Then,
Ln < CC 11’12(6/6)7
VB

where C > 0 is an absolute constant.
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Proof. We set o := 2 — In(e/B)~! and, for this value of «, we apply Theorem to find an isotropic
convex body K, which satisfies its conclusion: for some absolute constants x,7 > 1 and ¢ > 0 it holds that

Lk, > 6L, and
Kn

for all t > 71n%2(e/B).

We may clearly assume that 72 < ex as well. We choose

= (ek e 1 n?(e/pB).
t1 = (er) \/Bl (e/B)

Note that 7 < /er < (es)Y?, and hence t; > Tﬁ In%(e/B) > 71n*?(e/B). Therefore, (6.12) is valid for
t = t1, and this shows that

1
r1 = In N(K,,t1v/nBYy) < Hinma < =(v/B)n < fBn.
(2— )ty e

Then, from Lemma we get
I,»,‘l (Ka) < 3€t1\/’ﬁ.

On the other hand, since q_.(K,,¢) > fn and r; < Bn, we have that

\/ELKQ = IZ(Ka) < lerl (Ka)~

It follows that

Lk, < 3eCt; = 36@'(6/4:)1/“%1112(6/5) < 36;%" In?(e/B).

Since Lk, > dL,, the result follows. O

Remark 6.13. Since q_.(K, (o) > ¢.(K) = ¢y/n for some absolute constants (o > 1 and ¢ > 0, we may
apply Theorem with ¢ = (o and 8 = ¢//n to get

L, < %\“/ﬁan(efﬁ) < e v/n(inn)?,

where ¢; > 0 is an absolute constant. This is a non-trivial estimate for L,,, slightly weaker but close to the
estimate L, = O(¥/nlnn) of Bourgain [28] and the estimate L,, = O(/n) of Klartag [72)].

We close this section with a much more direct reduction of the problem but with a much stronger
assumption. We shall use the following corollary of Theorem [6.10)

Proposition 6.14. For every n > 1 there exists an isotropic convex body K in R™ such that L > c1L,
and

vol, (K N \/eanBy) > cj

where ¢; > 0 are absolute constants.

Proof. We apply Theorem with @ = 1 to find an isotropic convex body K in R™ such that Lx > ¢ L,

and
Cc3n

In N (K, tv/nBy) < =2
for all t > c3. Then, if we set c3 = \/c3 it is clear that
1 =vol,(K) < e"N(K, \/canBy) vol,, (K N \/canBY) < e*"vol,, (K N \/canBY),

and the result follows. O
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From Proposition [6.14] we deduce the following direct reduction of the isotropic constant conjecture to
small-ball estimates.

Theorem 6.15. Assume that there exist eg,co > 0 such that for every isotropic convex body K in R™ and
any 0 < e < g9 we have that
vol,({x € K : |z| < ev/nLk}) < &%™.

Then, L, < C for alln > 1, where C = C(ep, co) depends only on g and cy.

Proof. Proposition shows that there exists an isotropic convex body K in R™ with L,, < C;Lg and
vol,, (K N+/CanBY) > ¢4 for some absolute constants Cy, Ca, co > 0.
On the other hand, applying the hypothesis we see that for any 0 < ¢ < &g,

vol, (K Ney/nLg BY) < &%,

1
Choosing €1 = min {so, ¢y’ }, and comparing the above inequalities, we get

ey

2 272
Ly, < C{L%
€1

7 Eldan’s stochastic localization

Eldan’s stochastic localization has been the key for the recent developments in Bourgain’s slicing problem
and other well-known isoperimetric problems about high-dimensional log-concave probability measures and
convex bodies, such as the Kannan-Lovasz-Simonovits conjecture that we shall discuss in the next section.
In this section we briefly introduce the stochastic localization scheme that we shall use.

First we recall some preliminaries from stochastic calculus. We refer to [116], [125] and [44] for definitions
and background on semimartingales and stochastic integration.

Let x; and y; be real-valued stochastic processes. The quadratic variations [z]; and [z, y]; are real-valued
stochastic processes defined by

oo oo

— ] _ 2 d , = 1 — — R
(2] |P1\1302;(I“ r,_,)° and [z,y); lpl‘rg();(xm Tro ) (Yry = Yros)
where P = {0 = 79 < 11 < 72 < --- 1 t} is a random partition of the non-negative real line, |P| =

maxy, (7, — Tn—1) is the mesh of P, and the limits are taken in probability. Note that [z]; is non-decreasing
in ¢t and [z, y]; satisfies the equation

e, = 32+l — o~ 9l0).

Assume that the processes x; and y; satisfy the differential equations dz; = a(x;)dt + o(z:)dW; and dy; =
b(y:)dt + n(y.)dW; where (W)¢>0 is a standard Brownian motion. Then we have

[x]t:/o 02(:cs)ds and [amy}t:/O o(xs)n(ys)ds.

Also, d[z,y]: = o(x)n(y:)dt.
Analogously, for vector valued differential equations dx; = a(z:)dt + X(x¢)dWe and dy; = b(y:)dt +
H(y;)dW; we have that

[évi,:vj]tZ/o (B(2)27 (25))izds  and  dla’,y’]e = (B(xe) H (ye))idt.
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We shall use It6’s formula: If (2¢);>0 is an R?-valued semimartingale and f : R? — R is twice continuously
differentiable, then

2
(7.1) df(z) = dj;(;t) da’ + % > ix{fg dz*, 27];.

A %]

§ 7.1. Eldan’s stochastic localization. A variant of the stochastic localization scheme that we shall use
was introduced by Eldan in [45]. Then, his idea was used in a number of subsequent works [94], [37], [80].
Given a probability measure p = ug on R™ with density ¢ = gg, the starting idea of localization is to
restrict the distribution to a random half-space and then repeat this process. The discrete version of this
procedure is to define
or41(x) = 0¢(2) (1 + Vhi{z — az, w))

where a; is the barycenter of the measure p;, the parameter h > 0 is sufficiently small and w is a standard
Gaussian random vector. So, each step is a renormalization of the measure with a linear function in a random
direction. Using the approximation 1+ y ~ eV=3Y" as y — 0 we see that this process introduces a Gaussian
factor in the exponent, which is more and more concentrated as t — oo. Eventually, p; becomes a Dirac
measure, and then any set has measure 0 or 1. The idea is to stop at a large enough time ¢ so that the
density would include a strong Gaussian factor but at the same time we would still be able to compare the
original measure p with ;.

In stochastic localization, the discrete steps described above are replaced by infinitesimal steps. Given a
probability measure p on R™ and a standard Brownian motion (W;):>0, we consider the stochastic differential
equation, indexed by z € R™,

d@t(ﬂU) = Qt(l“) (3? - at;th>; 90(33) =1,

where a; is the barycenter of the probability measure with density o¢(x) du(z). Note that (Wy)e>o is the same
Brownian motion for every x, so that all the processes g;(x) are driven by the same noise. This simplified
version of Eldan’s process was introduced by Lee and Vempala in [94].

We may assume that g:(z) > 0 for all ¢, almost surely. We have

d ( [ e du(fv)) — [ do@)du@) = [ (@~ apeto) duto). ) =0

by the definition of a;, which shows that the total mass of g;du remains constant. So, y; := g¢ di is a random
probability measure for every ¢t > 0. We can also check that g;(z) is a martingale for all z. In particular,

E(ot(z)) = oo(z) =1

for all x. This shows that the random measure p; is equal to p on average:

E(ue) = p.

Finally, we can solve the equation
dot(z) = oe(x){x — a¢, dWY)

explicitly: Applying It&’s formula to In g;(z) we get

d(In o, (z)) = doi(x) 1 d[oi(x)l: = (x — az,dW;) — %\x — a* dt,

0t() 2 0f(x)

which gives

t t
o) =exp ([ o= anaw g [l - aPas) —ewp o+ 0.6) - SleP).
0 0
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where (¢;) and (&) are random processes that do not depend on x. This shows that p; is obtained from
1 by a random Gaussian tilt with random linear term and normalization, but deterministic quadratic term
tlz|?/2.

This means that if the original measure p is log-concave then the measure p; is ¢t-uniformly log-concave
(i.e. the function Qt(x)et‘z‘z/ 2 is log-concave) almost surely, and the process becomes more and more peaked
as t grows. In summary, starting with a log-concave probability measure p, this construction yields a family
(4t)t>0 of random probability measures such that

e for every t > 0, u; is t-uniformly log-concave.

e the original measure p is recovered as the mixture of the random measures p;, in the sense that
= E(pe).

Moreover, the process (p)¢>0 is constructed as a solution of a stochastic differential equation, and using
1t6’s formula enables a quantitative analysis of its evolution in time.

§ 7.3. Construction of the process. A rigorous construction of this stochastic localization process is

provided in [81] (see also [84]). Consider a standard n-dimensional Brownian motion (&;) defined on some
probability space (€2,.4, P) equipped with a filtration (A;). For every x € R™ the process (E;) defined by

B = exp ({2.6) — glal?)

is a martingale. Then, for any test function g, the process

Ni= [ atores (te.60 - 1) aute)

is also a martingale, and in particular we have that E(N;) = Ny = E,(g).
We define the random probability measure p; on R™ with

(72) i) = o0 ({260 = J1ef?) dute)

where

zi= [ e (60— el dute)

is a suitable normalization constant. Then,

Ny = 2, /n g(x) dps(x).

We fix T' > 0. Since (Z;)i<r is a positive martingale with expectation equal to 1, if @ is the probability
measure on (2, A) with density Zp with respect to P we have that the process (M;) defined by

M= [ gla)du(a)

is a martingale with respect to . Using Girsanov’s change of measure formula we check that the Itd
derivative of M; is given by the formula

dM; = </L g(z)(x — ay) dut(m),th>

where q; = fR" x du(x) is the barycenter of ;.
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One can also obtain a concrete description of the law of (&;). It is proved in [84] that (§;) has the same
law as the process (tX 4+ W,) where (W});>0 is a standard Brownian motion and X is a random vector which
is independent from (W});>¢ and is distributed according to u.

§ 7.4. Time reversal. Let o denote the density of p with respect to the Lebesgue measure. Then, we can
reformulate the definition (7.2)) of y; as follows:

 Jge 9(@)o(x) exp (&, ) — |af?) da
(7.3) gdp = T2
n Jon 0(@) exp (&, ) — §la]?) dx
for any test function g. We introduce the heat semi-group

Pif(z) =E(f(x +Wy)) = f*v

is the density of the Gaussian measure with mean 0 and covariance matrix

/ gdps = P/ (g0) (515)
t=—"—""1| 1.
n Pl/t@ t

Now set s = 1/t. Since the process (&;) has the same law as the process (tX + W;) we have

& X+ W,
t t

where v, (z) = (2mt)~"/2e~lel*/2t

tI,,. Then (7.3 takes the form

:X+SW1/5

in law. Since W, := sW, /s 18 again a standard Brownian motion we conclude that up to the time reversal
t = 1/s, the process ([ gdut)e>o has the same distribution as (Qsg(X + Ws))s>0, where Q) is the operator
defined by
Py(g0)

Pso -~

Since the heat semigroup is self-adjoint in L?(dz) we may also check that

Qsg(X +W,) =E(g(X) | X + W,).

ng =

Combining the above we see that, up to the time-reversal t = 1/s, the stochastic localization process (pt)t=0
initiated from p can be viewed as the evolution of the conditional law of X given X + W, where (Wj)s>0
is an independent Brownian motion. In particular, for every test function g the variable fRn g dus has the
same law as E(g(X) | X + +/sG) where G is a standard Gaussian random vector independent of X.

8 Kannan-Lovasz-Simonovits conjecture

Let p be a Borel probability measure on R™. For every Borel set A C R™ we define the Minkowski content
uT(A) as follows:
Ay) — (A
put(A) = liminf 7N( t) = i ),
t—0+ t
where A; = {x € R™ : dist(x, A) < t} is the t-extension of A. The isoperimetric ratio of A is defined by

Xu(A) = pT(A)/min{pu(A),1 — p(A)}. Then, the (reciprocal) Cheeger constant v, of p is the quantity
i A),1—p(A
— sup min{( i 1( )}7
A pt(A)
where the supremum is over all open sets A C R"™ with smooth boundary and 0 < u(A) < 1. It follows from

results of Rothaus, Cheeger, Maz’ya (see [21]) that if ¢, is the smallest constant with the property that for
every integrable, locally Lipschitz function f : R™ — R one has

[ 1@ =Bl duta) < [ 197 duto),

’lpll« = Sip XM(A)
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then o, /2 < ¥, < 20y,.

§ 8.1. Isoperimetric profile. The isoperimetric profile I, : [0, 1] — [0, +o0] of p is the function
I,(t) = inf{u"(A) : A Borel, u(A) = t}.

Note that
Yy = sup !
M o<i<iye min{I, (), I,(1 — )}

The next important result of E. Milman, whose proof employs deep tools from geometric measure theory, is
very useful.

Theorem 8.1. Let i be a log-concave probability measure on R™. Then, the isoperimetric profile I,, of j is
concave on (0,1), and for every t € (0,1) we have I,(t) =I,(1 —t). As a consequence,

" sup t 1
= u = .
. 0<t<1/2 Iu<t) QIM(l/Z)

The concavity of the isoperimetric profile on a convex domain was first obtained by Sternberg and
Zumbrun in [I31]. They showed that if n > 2 and K is a convex body in R™, then I, is concave on [0, 1],

where Ak is the uniform probability measure on K. Kuwert later noted in [88] that I;LI/{ (=1) i5 also concave
on [0,1]. This is precisely the correct power to use. Kuwert’s result was extended to convex domains in
Riemannian manifolds with non-negative Ricci curvature by Bayle and Rosales [14]. E. Milman showed in
[106] that the concavity of I,, remains valid for log-concave measures on R”.

Theorem asserts that we can calculate the Cheeger constant of a log-concave probability measure p
by looking only at Borel sets A with u(A) = 1/2. In fact, E. Milman proved in [106] that one can determine

the order of the constant v, just by testing 1-Lipschitz functions of the form z — d(x, A).

Theorem 8.2. Let p be a log-concave probability measure on R™. Then,

(8.1) Py R sup{ - d(z, A)dp(z) : p(A) = ;} .

§ 8.2. Kannan-Lovasz-Simonovits conjecture. Kannan, Lovdsz and Simonovits conjectured in [70]
that the isoperimetric ratio of any Borel set A with respect to the uniform measure Ax on a convex body
K in R" should be, up to an absolute constant, at least as large as the minimal isoperimetric ratio over all
half-spaces. Recall that when K is an isotropic convex body in R™ then 1/L is approximately equal to the
(n — 1)-dimensional volume of the section of K with any hyperplane passing through the origin: we know
that vol,,_1(K N &) a0 1/Lk for every € € S"~1. On the other hand, vol,_1(K N ¢&1) is the Minkowski
content of the intersection of K with the half-space Hg‘ ={z:(2,§) 20} or Hy :={z € K:(z,§) <0}.
Therefore, the KLS conjecture amounts to asking whether 9, < cLg. Taking into account the isotropic
constant conjecture and the different normalization that we have chosen in the definition of isotropic log-
concave measures, we can restate the KLS conjecture in the more general setting of isotropic log-concave
probability measures as follows:

Conjecture 8.3 (KLS conjecture). If p is an isotropic log-concave probability measure on R™ then the
reciprocal Cheeger constant of p satisfies 1, < C for some absolute constant C > 0. In other words,

y, :=sup{t),, : p is an isotropic log-concave measure on R"} < C.

Kannan, Lovdsz and Simonovits [70] gave an upper bound for v, in terms of the quantity

J1(K) = #(K)/K |z — bar(K)| dz,

where bar(K) is the barycenter of K.
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Theorem 8.4. For every convex body K in R™ one has

(8.2) Y < i (K).

The proof of Theorem exploited the localization lemma of Lovdsz and Simonovits from [08], a
very useful tool that allows one to reduce inequalities for log-concave functions in R™ to one-dimensional
inequalities. Note that, if K is an isotropic convex body in R” then

1/2
J(K) < (/ |x\2dz) — VnLk,
K
and hence (8.2)) implies that

(8.3) Uae < ev/nlg,

where ¢ > 0 is an absolute constant.

The KLS conjecture is stronger than the isotropic constant conjecture. Ball and Nguyen [I0] showed
that L,, < exp(ctb2) for an absolute constant ¢ > 0. In fact, from their work one can conclude that for each
individual isotropic log-concave probability measure p, a bound for the KLS constant implies a bound for the
isotropic constant: one has that L, < exp(cwi). An important result of Eldan and Klartag [46] establishes
a linear dependence of L,, on ,.

Theorem 8.5. There exists an absolute constant C' > 0 such that, for everyn > 1,
L, < Cty,.

Theorem [8.5] shows that any upper bound for v, implies an equivalent, up to an absolute constant,
upper bound for L,,. In fact, as we will see in this section, Klartag has established in [78] the upper bound

P, < cvinn.

§ 8.3. Poincaré constant and KLS constant. The Cheeger constant is closely related to another
isoperimetric constant associated to u, the Poincaré constant, defined to be the best, i.e. the smallest,
constant 1, with the property that

2
Ve () = [ Pan— ([ gan) <2 [ wiran

for all locally Lipschitz functions f: R — R with [ |V f|*du < co. We shall use the fact that the Poincaré
constant is subadditive: if u, v are probability measures then ﬂiw < ﬁi + 92, where p * v is the convolution
measure of p and v; this follows by a classical variance decomposition and the convexity of ¢ + t2 (see

e.g. [24]).
A theorem of Maz’ya [104], [105] and Cheeger [39] shows that the Poincaré constant ¥, of x is bounded
by the reciprocal Cheeger constant 1,,.

Theorem 8.6. Let pv be a Borel probability measure with reciprocal Cheeger constant 1. Then its Poincaré
constant U,, satisfies

(8.4) Dy < 2.

On the other hand, the assumption that p is log-concave implies a reverse inequality with a constant
that does not depend on the dimension. The next theorem is due to Buser [33] (see also Ledoux [90]).

Theorem 8.7. Let i be a log-concave probability measure on R™. Then, v, < c¥,, where ¢ > 0 is an
absolute constant.
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§ 8.4. Improved log-concave Lichnerowicz inequality. One of the crucial ingredients in Klartag’s
estimate for 1, is an improved log-concave Lichnerowicz inequality which we now describe.

In what follows we assume that u is a log-concave probability measure with a density ¢ = e™%, where
@ is a convex function on R™. There are some issues that we shall ignore in our discussion. What we will
do requires that p is regular. We assume that the density o of p is smooth and positive on R”, and there
exists 6 > 0 such that 61, < V2p < §7 11, where V¢ denotes the Hessian of ¢. Also, we assume that ¢
and all its partial derivatives grow at most polynomially at infinity. One can obtain a reduction to this case,
because of the following lemma: For every u and € > 0 we may find a regular v that satisfies 92 > 19/% —¢€
and ||Cov(v) — Cov(p)|lop < €. A proof of this fact is given in [78, Lemma 2.1].

We consider the class F,, of all functions u on R"™ which are smooth and have subexponential decay
relative to g, i.e. there exist C,a > 0 such that

C
o(z)

—alz|
)

u(z)] < e

where o is the density of pu. We also require that the same is true for the partial derivatives of u. The
Laplace-Beltrami operator is defined for v € F,, by

Lyu=Au— (Vp,Vu).

The Laplace-Beltrami operator satisfies the basic identity

(8.5) / (L) vdu = / (Y, Vo) dy

for all u,v € F,,. We will also use Bochner’s formula

(5.6) | @ du= [ Il duc+ [ (900700 d

which holds true for every u € F,,. Note that —L, is essentially self-adjoint and positive semi-definite in
Fu C L? (1), and has a discrete spectrum A\g < A; < -+ < Aj < ---. The minimal eigenvalue Ag of L, is 0, a
simple eigenvalue with constant eigenfunctions. Let A, = A; denote the smallest positive eigenvalue of L,,.
If —L,,9 = \,g with [ gdp =0, then

M/R gzdu:/ (—Lug)gdu:/]R Vg|? dp.

This shows that 1/\, < 192. In fact, we have equality by the next lemma.
Lemma 8.8. For every log-concave probability measure p on R™ we have that
1/ A, =9,
Proof. Define the energy functional
E(f,9)= / (Vf,Vg)du

for f,g € F,. Note that £(-,-) is linear in each of its arguments and E(f, f) > 0 for all f € F,. We can
write any f € F, as

f=(f,wo)wo + Z(ﬂ w;j)w;,

j=1
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where —L,w; = A\jw; and w; form an orthonormal sequence in L?(u). Note that wy = 1, and hence
(f,wo) = [ fdu. For every s > 1 we have that

O<5 ffz<f,WJ>w],f*Z<f,Wk>wk
j=1 k=1

S

=E&(f,f) - 2Z<f,wj>€(wj7f) + ) (frwp) (fwe) € (wy, wy).-

jyk=1
On observing that
E(wj7w;€) = )\j/ W Wk d,u = )\jéj,k

and
E(wj, f) :/ (Vw;, Vf)dp = / (=Lyw;) fdp = Aj/ w; fdp = A (f, w;)
n RTL RTL
for all 1 < j,k < s, we conclude that

S

Ef. 1) =D Nlfwy),

j=1
and this shows that

A Var,(f) = A < . 2dp — (/”fdu) ) ;A] fowi)? <E(f, ) =/ IV f1? dp.

n

It follows that 19% < 1/Xq, and this completes the proof. O

Definition 8.9. We say that a Borel probability measure p on R™ with density ¢ = e~ % is t-uniformly

t|z|?/2 tz|?

log-concave if the function g(x)e is log-concave. Then, ¢(x) — =5 is convex, that is V2p(z) > ¢I,, for

all z € R"™.

A theorem of Bakry and Ledoux [4] asserts that if p is t-uniformly log-concave then

2
(8.7) v, = <

(‘F\H

1
M

This inequality is known as the log-concave Lichnerowicz inequality, because it is analogous to some inves-
tigations of Lichnerowicz [96] in Riemannian geometry (see [5] and [91]). The following stronger “improved
log-concave Lichnerowicz inequality” was proved by Klartag in [78].

Theorem 8.10. Lett > 0 and let p be a t-uniformly log-concave probability measure on R™. Then,
1 [[Cov (1)l
8.8 92 = — <\ ———2.
(88) D t
Note that (8.8) is stronger than |-i since ||Cov(u)||0p < 1/A, (see Remark below), and hence
Ic V( 1) [lop 1 1 S .
ov (4 < N So, from we get - \//\TW which in turn gives (8.7). On the other hand, the

Kannan-Lovasz Simonovits conjecture asks for the estimate

1
< ellCov(0)loy
n
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for an absolute constant ¢ > 0. Therefore, in the context of t-uniformly log-concave measures, stands
between the Bakry-Ledoux theorem and the Kannan-Lévasz-Simonovits conjecture.

Equality in Theorem [8.10] is attained when p is a Gaussian measure, with any covariance matrix. In
this case we have that 97 and ||Cov(u)llep coincide, and they also coincide with the inverse lower bound

on the Hessian of the potential. If 77(15) is the distribution of a Gaussian random vector of mean zero
and covariance matrix sl, in R™ then %(f) satisfies the assumptions of Theorem m for ¢ = 1/s while
Py = 1Cov (1) lop = 5.

The proof of Theorem [8.10]is based on the next lemma.

Lemma 8.11. Let p be a regular log-concave probability measure on R™ with density o = e~ %, where ¢ is a
convex function. If wy is an eigenfunction corresponding to Ay = N, with ||w1|[z2(,) = 1, then

/ (V20)Vawn, V) djt < A3]|Cov(12) -

Proof. Applying Bochner’s formula for wy we get

n

%= [ unda= [ (Fo)er Vet [V d

Note that
[ IVl =" [ Vot d
n ) n ) 2
2 (3 [ P -S| [ o
i=1 /R i=1 I/R"
2
R™ R™
2
>A§/ w? dp — A Vw; du
n Rn
2
=\ -\ Vw; du
]R'n.
Therefore,
2
A >/ ((V2p)Vwy, V) dp+ A3 — A Vwy dp|
n R‘n,
which implies that
2
(8.9) / (V2)Vwy, Vwy ) dp < A Vw; du
n Rn

Now, let £ € S"~! and consider the function g¢(z) = (z,&). Set E¢ = [ g dp. We may write

2

2 2
([ vomans) - ) yE—
R™ R™

/ (Vwi, Vge) du
]R'n.

2
/ w1 ge dp / w1(ge — Ee) dp

=\
<N 2dp - — Ee)?dp = N\3(C
SAL [ widp IRn(gs ¢)” dp = AT (Cov(p)§,€),

2
_ 2
=]
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taking into account the fact that [w du = 0. It follows that

2 2
(8.10) Vwidu| = sup < Vwy du,§>‘ < A2 sup (Cov(p)E,€)
Rn 568"71 Rn 565”71
= M [Cov(1) op-
Combining (8.9) and (8.10)) we obtain the assertion of the lemma. O
g

Remark 8.12. For every £ € S"~! we have Vge = &, and hence

1 1
(Cov()€, &) = Varu(ge) < — / Vel — L.
A1 R A

This shows that

1

(3.11) I Cov(p)lop < 1
1

Proof of Theorem[8.10} By Lemma [8.11] using also the assumption that V¢ > tI,,, we have that

o=t [ (VP du< [ (T V01, Tu) die < A Cov () o
RTL n

which implies that

1 €Vl

(8.12) S ;

2
m

This is the claim of the theorem. O

§ 8.5. Stochastic localization. Let p be an isotropic log-concave probability measure on R™ with a
regular log-concave density o = e~ %. Set pg = o, o = p, ap = bar(p), Ag = Cov(u) = I, and \g = A,. In
particular, since p is isotropic, we have ||Ag|lop = 1, and we aim to show that

Cc

N> —S —e
~ N Aollop

for an absolute constant ¢ > 0. For ¢t > 0 and £ € R"™ consider the measure ;¢ with density

1 ey tal?
Qt,&(x) = de< €)=t /2Q0($)7

where Z; ¢ is a suitable normalizing constant. Note that u ¢ is t-uniformly log-concave and if we set A\, ¢ =

Muger Are = Cov(pe) ete., then
t
Me> | —0 >t
7V TAeellop

by Theorem As in Section [7} we choose & in a random way, by the stochastic differential equation
fo = 0, dft = th + at@tdt,

where (W,;):>0 is a standard Brownian motion in R™ with Wy = 0. One can check that (&);>0 coincides in
law with the process (tX + Wi)i>0, where X ~ p is independent from W;. We set

Mt = Htg,5 Ot = Ot &y, At = bar(,ut),At = COV(Mt)7 At = )‘m-
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From Itd’s formula we see that
doi(z) = g¢(x){x — ay, dWy), r e R™.

The process (0:())¢>0 is a martingale with respect to the filtration induced by the Brownian motion, and
in particular

(8.13) E(o:(z)) = 0o(z) = o(x)

for all ¢ > 0 and « € R”. Recall that Ay = I,, because p is isotropic, therefore ||Ag|lop = 1. One of the
crucial properties of the covariance process (A¢):>o is the following fact.

Theorem 8.13. For every 0 < t < ¢/(¥2Inn) we have
(8.14) E |l A¢flop < C,
where C > 0 is an absolute constant.

In Section [} this estimate will be combined with the small-ball reduction from Section [6] to yield the
slicing bound. A sketch of the proof of Theorem will be presented in the Appendix (Section . We
also need the next lemma.

Lemma 8.14. Let f € L*(p). For every t > 0 we have that

E (Vary (1)) < Varg (1) < (24 - ) E (Vary, ().

0

Proof. For f € L%(u) we set
Mye(f) = . f(@)ore(x) da.

This is a smooth function of £, and differentiation under the integral sign shows that

n

815 V(D)= [ (- wdi@ec@)ds = [ (0= a.0(7(a) - Mee(Herelo) do.

From and Fubini’s theorem we see that
(8.16) Varg, (f) = [ (= MoPon —E ( |- Mo>29t)
=E </ (f = Mt)29t> +E(M,; — M0)2~

Note that
B ([ 7= M%) = (Vary, (1) < Vry (1)

Next, we observe that
E(M; — My)? = Var(M,) = Var(M, ¢,(f)).

Recall that & ~ t X +W;, where X has distribution p and W; is a Gaussian random vector in R™, independent
from X, with mean zero and covariance matrix tI,,. From the subadditivity property of the Poincaré constant
we get

2

t
(8.17) V7, = Uixow, < Vix + 0%, = PR
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From (8.15) and the Cauchy-Schwarz inequality we see that

VeMie(f) = sw [ (o= aneu(f@) - Mee()orelz) da

ueS™—1t
<y H4selop y/Vary, o (£)

for any £ € R™. Using the Poincaré inequality for the random vector & and (8.17)), we get

(8.18) vamU»<@+;)mwwwaﬁF

<Q+;>mwmmw%u»
0

< <1 + /\t> E (Vary, (f)),

0

where we have also used the fact that ||A¢|lop < 1/t. Combining (8.16) and (8.18)) we see that

Var,, (f) <E (Vargt(f)) + <1 + Ato) E (Vargt (f)) = (2 + /\to> E (Vargt (f)),

as claimed. O
A consequence of Lemma [8.14]is the next proposition.

Proposition 8.15. For any a >0 and 0 <t < aly,

(8.19) %O <e(a+2)E(1/N\) < CI(QH)W,

where ¢; > 0 is an absolute constant.
Proof. Recall E. Milman’s Theorem [8.2] which states that

(8.20) eAy ' < sup Var,(f),
©

where the supremum is over all 1-Lipschitz functions f : R® — R and ¢ > 0 is an absolute constant.
Therefore, we may choose a 1-Lipschitz function f : R™ — R such that

(8.21) Var,(f) = ey /2.

Lemma and the Poincaré inequality imply that

1
(8.22) Var,(f) = Var,, (f) < 2+ o)E (Vargt (f)) <24 a)E (}\t / |Vf|2gt>
]R'n.
<24+ )EW).
Now, the left-hand side inequality in (8.19) is a consequence of (8.21]) and , while the right-hand side
inequality follows from ({8.8]). O

§ 8.6. Upper bound for the KLS constant. We are now ready to prove Klartag’s upper bound for .
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Theorem 8.16. For any n > 2 we have that
vy, < CVlinn,
where C' > 0 is an absolute constant.

Proof. We may choose an isotropic log-concave probability measure p on R™ so that

(8.23) T

From (8.14) we know that, for ¢t = ¢, 2/ Inn,

(8.24) E (\/ ||At||op) < ElAdlon < €1,

where C; > 0 is an absolute constant. By the definition of ¢ and the fact that 1, ~ v, =~ 7, and Ay = 19;2
we get

(8.25) t < Cl¢_2 g CQ¢;2 g 03)\0.

n

Then, we can apply Proposition with a = ¢3. Combining (8.19)) with (8.24) and the choice of ¢ gives
_ E(V[[Atllop) _ Cs

8.26 Aot < Co———P0 < — < CypVInn.

(8.26) 0 2 i i 4t

Then, from (8:23), (8.26) and the equivalence A\, ' = V%~ qn we get

Ur <42 < C5Ag 't < CotpnVinm,

n

which shows that v, < CvInn for an absolute constant C' > 0. O

9 The slicing theorem

Our aim in this section is to describe the affirmative answer to the slicing problem. More precisely, we shall
show that the equivalent isotropic constant conjecture is true.

Theorem 9.1. There exists an absolute constant C > 0 such that L, < C for alln > 1.

We shall present the proof of P. Bizeul [I6] which makes use of the reduction to small-ball estimates that
we presented in Section [6] In what follows, we say that a random vector X in R™ is b-subgaussian if for
every p > 1 and any £ € S"~1

(E|(X —E(X),6)")"" < byp.

The small-ball estimate of Theorem can be also stated for a not necessarily isotropic log-concave random
vector. Then, it takes the following form (see Paouris [118]).

Theorem 9.2. Let X be a b-subgaussian log-concave random vector in R™ with covariance matriz A. For
any 0 < e < cg and any y € R”,

cotr(A)

—_cor\A) 0
P(|X —y|? < etr(A)) < e lalopla o

where cg > 0 is an absolute constant.
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One can check that the theorem is tight, up to absolute constants, by considering the case where X is
a standard Gaussian random vector. However, for general isotropic log-concave random vectors, it provides
a suboptimal exponent of order y/n. Lee and Vempala [94] obtained an improved estimate using stochastic
localization.

Theorem 9.3. Let X be an isotropic log-concave random vector in R™. For any y € R™ and any 0 < € < c¢g,

con

0
P (X — yf? < en) < e b
where cg > 0 is an absolute constant.

In the previous section we discussed the best known bound for the KLS constant, due to Klartag [78]:

we saw that
Y2 < Clnn

for some absolute constant C' > 0. Inserting this estimate into Theorem we get an exponent which is of
the order of n up to a factor (Inn)?. However, even if we knew that the KLS conjecture has an affirmative
answer, the estimate of Lee and Vempala would still include a suboptimal factor Inn.

§ 9.1. The slicing theorem. Following Bizeul [16] we shall see how one can remove the extra logarithmic
factor that appears in Theorem and establish an optimal small-ball estimate.

Theorem 9.4. Let X be an isotropic log-concave random vector in R™. For any 0 < € < ¢y and any y € R",
P (|X — y|2 < sn) L goom
where cog > 0 is an absolute constant.

Then, we will show that Theorem [9.4]implies the isotropic constant conjecture. In Section [ we described
in detail the work of Dafnis and Paouris and the reduction of the isotropic constant conjecture to the optimal
small-ball estimate. Theorem is actually equivalent to Theorem For the inverse direction note that
if L,, is bounded above by some constant C; > 0 then we have seen that the same holds true for f/n This
means that for any isotropic log-concave random vector X with density f and any ¢ > 0 and y € R", we
have that

P(IX —y|*<en) = / f(x)dz < Cyvol, (VenBy) < (CQE)"/2 ,
B(y,Ven)
which implies Theorem

Before entering the details, we briefly outline the main steps of the proof.

e By the reduction of Section [6] it suffices to establish the small-ball estimate stated in Theorem [9.4}

e To this end, we introduce Eldan’s stochastic localization scheme and its associated covariance process,
whose behavior is controlled using the results of Appendix [T1}

e These estimates are then combined with Guan’s results to derive the required small-ball bound.
e Finally, the slicing estimate follows from the small-ball bound via Theorem [6.15

We start with some preliminary facts that will be used in the proof. The first one is a variant of
Theorem [9.21

Lemma 9.5. Let X be a b-subgaussian log-concave random vector with covariance matriz A. Then, for any
y € R™ and any 0 < € < ¢g we have that

cotr(A)3

4n]|Allop ) SRR TATE,

P(|1X —y? <etr(A)) < ( te(A)

where ¢y > 0 is the constant from Theorem [0.2]
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Proof. Let Ay > ... > A\, be the eigenvalues of the matrix A. For any 2 < k < n we have that

k—1
(9.1) n\p = Z A =tr(A) = Y A > tr(A) — kAy

=1
We choose A

t
k max{ { ;g\l)J,l}
If k > 2 then (9.1) implies that
\ tr(A)
k = m )

which remains true when £ = 1. Let E be the k-dimensional subspace associated to the eigenvalues A1, ..., g,

and let Xg = PgX be the projection of X onto E, and Ap = P APg the covariance matrix of Xg. Then,
X is b-subgaussian and its covariance matrix satisfies :
2n k tr(A)?

> — > —
way e > o) > e

1AEop < 1 Allop, A" llop <

Let y € R™ and define yp = Pry. If 0 < € < ¢g then
P(IX —y|* <etr(A) <P (|Xg —yr|* < etr(4))

cotr(Ag)
o etr(A)\ 2iagloplag lop
= tI‘(AE)

cotr(A)3
< 477‘5”‘4”013 81’2212”‘4”‘2)?
= tr(A)

where the second inequality follows by applying Theorem to Xg. O

We shall also use some classical facts about log-concave vectors. The next lemma is a special case of

[E3).

Lemma 9.6. There exists an absolute constant kg > 1 such that for any log-concave real random variable
Y and any p > 2
(E[YP)"/? < wop (E[Y )2
Recall also that a random vector, or its density, is called t-uniformly log-concave for some ¢ > 0 if it is
log-concave with respect to a Gaussian of variance % The next lemma follows from a log-concave/convex
correlation inequality of Hargé [68].

Lemma 9.7. Let X be a t-uniformly log-concave random vector. Then, X is %—subgaussian.

Proof. Without loss of generality we may assume that ¢ = 1 so that X is log-concave with respect to the
standard Gaussian measure denoted by ~,. We may also assume that E(X) = 0. Hargé’s result states that
if f is log-concave and g is convex then

(9.2) Covy, (f,9) <0
Let f be the relative density of X with respect to v,. Applying (9.2) with g(x) = |{z,£)[? for all p > 1 and
all ¢ € S~ ! we obtain the result. O

§ 9.2. Reduction to small diameter. A first observation, which has been also used in previous approaches
to the problem, is that in order to prove Theorem [9.4] we may assume that X is supported in a ball of radius
of the order of \/n and that y = 0. In this subsection we explain this reduction.
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Lemma 9.8. Let X be an isotropic log-concave random vector in R™. There exists an isotropic log-concave
random vector Y which has support inside the ball B(0, /cin), where ¢; > 0 is an absolute constant, and
satisfies

P (X -yl <evn)’ <P (Y] < 2ev/n)
for every 0 < e <1 and any y € R™.

X-X
V2
X, is an isotropic symmetric log-concave random vector with the property that, for any r» > 0,

Proof. We consider the symmetrized version X; = of X, where X is an independent copy of X. Then,

_ 1/2
(9.3) POX—yl<r) = [P(IX -yl <r X -yl <r)]
) 5 1/2
<[ (e} <5
1/2
= [P (X <var)]
We set K = B(0,8k%y/n) = {z € R" : |z| < 8x%\/n}, where ko > 1 is the constant from Lemma and

define the random vector
Xo=X; 1Ix k.

If f1 is the density of X7, then X5 has density

(9.4) fo= <2filk,

where the inequality above holds because [ wf12 % To see this, we first use the fact that X; is isotropic
and Markov’s inequality to write

1 1
9.5 P(X; € K% =P(|X1|? > 64kin) < ——E|X?| = —
(9.5) (X1 € K°) = P(X[* > 64x5m) < rr

and this implies that
1

/ f1:1—]P’(X1€KC)>1—f=f.
K 2

We know that X» is symmetric, and hence, from (9.4) we get
Cov(X3) < 2I,.

In fact, we claim that
1
(9.6) §In < Cov(Xs) < 21,,.
To see the left-hand side inequality, for any £ € S"~! we write
| e h) o> [ 060 i
~1- [ e d
1/2
>1-P(X; € K92 (/ (z,6)* f1 () dx)
R’n
1 ) ) 1
21— = (2r0)” | (2,8)"f1(x) dz =7,

Q2
8K
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where we have used the Cauchy-Schwarz inequality, Lemma and (9.5)). Finally, we set
= COV(XQ)_l/QXQ.

Note that X3 is an isotropic log-concave random vector by construction. Furthermore, using , we see
that it has support inside the ball B(0, 8\@%\/5). For any 0 < € < 1, setting r = e1/n we get

(9.7) P(X € B(y,r)> <P (X1 e B(0, \/ir))

<P (X2 e B(0 fr))
P (X3 € Cov(X2)"Y2B(0, \/Er))
P (X5 € B(0,2r))

N

where we used successively (9.3), the fact that B(0,v/2r) C K = B(0,8x2y/n) and in the last line the
inequality . O

It is now clear from that in order to prove Theorem we may assume X has support inside a
ball of diameter c;+/n, where ¢; > 0 is an absolute constant.

§ 9.3. Bounds for the shrinkage of sets. The main idea for the proof of Theorem is again to
use stochastic localization as in the previous section. We recall some basic facts from Section [7} If 4 is a
log-concave probability measure with density o with respect to the Lebesgue measure, for ¢t € R and £ € R™
we define a density

1 t
(9.8) ore(r) = —e PO~ (), 2 e R™

where Z; ¢ is a normalizing factor. Note that o; ¢ is t-uniformly log-concave. We also define

ate :/ rop¢(z) dv

and

Ape = / (x — ate)®?0r¢(z) da,

the barycenter and covariance matrix of g; ¢ respectively. The tilt process (&;)¢>0 is defined as the solution
of the stochastic differential equation:

(99) dft = G¢.¢, dt + th

where (IW;)¢>0 is a standard Brownian motion. The process g ¢, is the stochastic localization process starting
at 0. We abbreviate ¢; = g ¢, and similarly for the barycenter and covariance, a; and A;. We also define
1+ to be the random measure with density g;. For any x € R", g; is an Itd process satisfying the stochastic
differential equation

(9.10) doi(z) = (x — ar, dWy) o).

Integrating (9.10) we see that for any integrable function ¢, the process ( fRn edpig)i>o is a martingale. In
particular, for any ¢t > 0

(9.11) Eu(p) = E(EL, (¢))-

Therefore, for any ¢ > 0 we have decomposed the original log-concave probability measure p into a mixture
of measures p; which are t-uniformly log-concave.
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By the log-concave Lichnerowicz inequality (8.7)) we have that
(9.12) Ay < <1y

almost surely, in the sense of symmetric matrices. Using Klartag’s improved log-concave Lichnerowicz
inequality of Theorem |8.10] Guan [65] obtained a lower-bound on the trace of A; up to a time of order 1:

Theorem 9.9. Assume that the starting measure u is an isotropic log-concave probability measure. Then,
E(tr(A(;l)) > 0n,
where 61 > 0 is an absolute constant.

A sketch of the proof of Theorem will be presented in the Appendix (Section .

Our goal in this subsection is to obtain estimates for the evolution of the measure of sets along the
stochastic localization process under the additional assumption that p has bounded support of diameter D.

Proposition 9.10. Let i be an isotropic log-concave probability measure with bounded support of diameter
D. For any measurable set S and any A > 1 we have that

D2t

u(S) < e pug(S)X

L where (j1¢)10 is the stochastic localization process starting at ju.

with probability at least 1 — 5,

Proof. Let S C R™ be a set of positive measure and let g; = p¢(S). Using (9.10)), we can check that

dg; = </S(x — at)dut(a:),th>.

Then,
2

[ o= edi(@)

Note that u; is supported in the same set as u, which has diameter D, and hence

2 2
< sup )|x — ay|? (/ dut(x)) < D*py(S)? = D?g?.
s

zEsupp(pe

[ = edin(x)

It follows that

(9.13) dlg]: < D*g2dt.
d 1d D?t
Using It6’s formula (7.1 we compute d(In(g; ")) = —% t3 ng}ta which implies that dE(In(g; ")) < -
t t
and hence
D?*t
(9.14) E(In(g; ") <M (g5") + =
Now, let A > 1. From (9.14]), using Markov’s inequality, we see that with probability at least 1 — %
D%t
In(g; ") <A (m(gol) + 2) :
Equivalently,
Ingg < l Ing: + D72t
9o X b\ gt 9
and the result follows. O
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§ 9.4. Proof of the slicing theorem. We start with the proof of the optimal small-ball estimate of
Theorem [0.41

Proof of Theorem[9.]} Lemma[0.8shows that it is enough to consider an isotropic log-concave random vector
X distributed according to an isotropic log-concave probability measure p with support of diameter ¢14/n,
where ¢; > 0 is an absolute constant. Let ():>0 be the stochastic localization process starting at p and let
X be the random vector with law p;. Let d; be the constant in Guan’s Theorem @ ‘We consider the event

EO = {tr(Agl) 2 (5171/2}
Lemma 9.11. We have P(Ey) > 67/2.

Proof. We set pg = P(Ep). From (9.12) we know that As, < i[n almost surely, and hence
Sin < E (tr(As,)) = E (tr(As,)1g,) + E (tr(As, ) 1) < — + —,

which implies that pg > 62 /2. O

Let ¢o > 0 be the constant from Lemma For every 0 < e < ¢y we set S. = B(0,+/en). We also fix
A= %. Proposition shows that the probability p; of the event
2

§
P(EOmE1)>po+p1—1>Zl>o.

On the event EgNE; we have tr(4s,) = §1n/2, and also || 45, |lop < 1/ 1. Moreover, X, is 1/4/81-subgaussian
by Lemma Inserting all these estimates into Lemma we get that

c2s51n

B = {u(sa < e s (5

M=

2
satisfies p1 > 1 — %, therefore

605§n
ioin 4 2o 16\ 256 c058n
H(Ss) e 2 g, (SE){S% <e 2 <5%> L g5z
if we assume that
b 8 256¢3
g < ¢gp:=min —7—1exp — ! .
2 7256 0]
_ 6 2 _ 8
This establishes Theorem with ¢y = min { 60251 , % exp (7722)65?> , 650%} O

Proof of Theorem[9.1 Basically, we repeat the proof of Theorem[6.15] From Proposition [6.14] we know that
there exists an isotropic convex body K in R™ with L, < CiLk and vol,(K N +/ConBY) > ¢§ for some
absolute constants C7, Ca, co > 0.

Theorem shows that there exists an absolute constant ¢y > 0 such that for any 0 < € < ¢,

vol, (K Ney/nLyg BY) < &%,

1
Choosing €1 = min {co, ¢y’ }, and comparing the above inequalities, we get Lx < +/C3/e1, and hence

C2C,

2 212
L2 < C2L% < =

This shows that L,, is bounded by an absolute constant. O

58



§ 9.5. The thin-shell conjecture. A third well-known conjecture about isotropic log-concave probability
measures is the thin-shell conjecture which has its origin in the central limit problem, the question to identify
those high-dimensional distributions that have approximately Gaussian marginals. A typical example is given
by the random vector X = (X1, ..., X,,) which is distributed uniformly in the cube Q(n) = [—v/3,v/3]" (the
normalization is so that Var(XJZ) =1forall 1 < j < n). Itis well-known that, if the &;’s satisfy e.g.
Lindeberg’s condition, then the distribution of

(X,8) =D &X;
j=1

is approximately Gaussian. A second example is given by the ball D(n) = v/n + 2B%. Let X be a random
vector which is uniformly distributed in D(n). From Maxwell’s observation that, if n is large enough, then

sices g <m it [ oot

for all t € [—1,1], as well as the symmetry of D(n), one can check that the distribution of (X&) is close to
the standard normal distribution for any & € S™~1.
Assume now that p is an isotropic Borel probability measure on R™, i.e. normalized so that

E.(z;) =0 and E,(z;z;) = 0;j, ,j=1,...,n.

It has been observed that if u satisfies a “thin-shell bound” then the central limit problem has an affirmative
answer for pu. More precisely, if

p({zeR": ||z|—vn|>evn}) <e

for some € € (0,1/2), then, for all directions ¢ in a subset A of S"~! of measure 0(A) > 1 — exp(—c1y/n),
we have

P(X,8) <t)—P()| <cale+n"%) for all t € R,

where ®(t) is the standard Gaussian distribution function and c¢1, ¢z, @ > 0 are absolute constants.

Note that in the statement above we have assumed that the dimension is large enough but we have not
assumed independence of the coordinate functions x — z; and we have not made any symmetry assumptions
about p. Sudakov’s work [I32] is probably the first place where it is observed that a thin-shell condition
implies that most marginals of a high-dimensional distribution are approximately Gaussian. Related early
works are the ones by Diaconis and Freedman [43], and by von Weizsiker [I37]. The case where p = uk is
the measure with density L1 . for an isotropic symmetric convex body K in R™ was studied by Anttila,

Ball and Perissinaki in [I] who showed that a thin-shell estimate implies an affirmative answer to the central
limit problem for . This work made the central limit problem widely known among people working in
convex geometry. A clear exposition of both the general and the log-concave case can be found in Bobkov’s
article [20].

As Klartag notes in [76], it is not hard to construct simple examples of isotropic distributions for which
a thin-shell estimate is not possible. If we write o; for the uniform probability measure on the sphere ¢S ~!
then, for t; = \/n/2 and ty = v/Tn/2, the isotropic probability measure y = (o4, + 04,) does not have
Gaussian marginals, and hence it does not satisfy a thin-shell bound. However, it was conjectured that
the assumption of log-concavity guarantees a thin-shell bound. Bobkov and Koldobsky [22] defined the
parameter

1
cri = EVaru(|z|2)

and asked if

on = sup{oy : p is an isotropic log-concave probability measure on R"} < C
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for some absolute constant C' > 0. It is easily checked that this is equivalent to the question if there exists
an absolute constant C' > 0 such that, for any n > 1 and any isotropic log-concave probability measure p on
R™, one has

E,.(ja| — v/n)? < C2.

Moreover, applying the Poincaré inequality for the function f(x) = |z|?> we see that
Var,(|2[?) < 402 /R (a2du(x) = 4021,
which shows that o, < 29,, and hence

on < Cty

for all n, where C > 0 is an absolute constant. In other words, the KLS conjecture implies the thin-shell
conjecture. An important fact is that the thin-shell conjecture is also related to the isotropic constant
conjecture. Eldan and Klartag [46] proved that there exists an absolute constant C' > 0 such that

L, <Coy,

for every n > 1.
The first non-trivial upper bound for o, was given by Klartag in [73] in his proof of the central limit
theorem for convex bodies. He proved that

on < Cyn/lnn.

This estimate was then improved to o, < Cn?/°+°() by Klartag [74], to o, < Cn?/® by Fleury 9], to
o, < Cn'/? by Guédon and E. Milman [66], and to o, < Cn'/* by Lee and Vempala [03]. A consequence
of the more recent developments on the KLS conjecture is that o,, < CvInn by the corresponding bound
¥, = O(v/Inn) of Klartag in [78]. An even more recent breakthrough of Guan [65] showed that

o, <Clnlnn.
Finally, Klartag and Lehec [83] announced an affirmative answer to the thin-shell conjecture.
Theorem 9.12. There exists an absolute constant C' > 0 such that
Var,(|z|*) < Cn
for every n > 1 and every isotropic log-concave probability measure p on R™. Equivalently, sup,, 0, < C.

Using reverse Holder inequalities for polynomials of a random vector distributed uniformly in a convex
body (see [28], [I15]) one can deduce from Theorem that, for any isotropic log-concave probability
measure g on R™ and for any ¢ > 0,

u({z € R" < |[a] — Vi | > 1)) < ex exp(—eaVh).

This is a thin-shell estimate because it shows that if 1 < ¢ < y/n then most of the mass of p is concentrated
on a thin spherical cell {x € R"™ : \/n — ¢ < |z| < v/n + ¢} whose width ¢ is much smaller than the central
radius /n.

The proof of Theorem starts from ideas that Klartag used in [75], where he established an opti-
mal thin-shell bound for unconditional log-concave measures. This approach was extended by Barthe and
Cordero-Erausquin in [I2] who adapted Klartag’s techniques to provide spectral gap estimates for log-concave
measures with many symmetries, and by Barthe and Klartag in [I3]. Given a log-concave probability mea-
sure u on R, let H'(u) be the space of all functions f € L?(u) with weak partial derivatives in L2(u),

equipped with the norm
1/2
g = ([ 158+ [ 19sPa)
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Barthe and Klartag showed in [13] that C2°(R") is dense in H'(u). Now, for every f € L?(u) with [ fdu =0,
define

[ flr-1(u) = sup {/ fodu:ge H' (), / Vg|*du < 1}
R R7

= sup{ fgdu:ge CZR), / [Vg[?dp < 1} .
]Rn ]R’VL

In [I3] and [75] it is shown, by using Bochner’s formula, that
(9.15) 117200 S IV = D031
i=1

for every smooth function f € H'(u) that satisfies [ fdu = 0 and [V fdu = 0. Applying (9.15) for an
isotropic log-concave probability measure p and the function f(x) = |z|?> — n, we see that

n
Var,(|2*) <4 l|zill3-1(,)-
i=1

Klartag and Lehec prove the next inequality, which immediately implies Theorem

Theorem 9.13. There exists an absolute constant C' > 0 such that

n
D lzillE -1 < Cn
=1

for every n > 1 and every isotropic log-concave probability measure p on R™.

The proof is based again on stochastic localization. Klartag and Lehec consider the family of exponential
tilts of log-affine perturbations of the original measure p and construct suitable couplings between these tilts.
Then, they use these couplings to bound the H~'(u)-norm by the growth of the covariance process (A¢)i>o0
using a variant of Guan’s technique from [65].

10 The M M*-estimate for isotropic convex bodies

Let K be a convex body in R”™ with 0 € int(K). In this section we discuss the parameters

M) = [ pe©da() and M) = [ bl do(e)

n—1

where pg is the Minkowski functional and hx is the support function of K.
Recall that vrad(K) = (vol, (K) /Voln(Bg))l/ " denotes the volume radius of K. It is known that

M(K)™!' < vrad(K) < M*(K) = M(K®),

where K° = {y € R" : (z,y) < 1for allz € K} is the polar body of K. The right-hand side inequality
is a classical inequality of Urysohn, while the left-hand side inequality follows by integration in spherical
coordinates and an application of Holder’s inequality. Therefore,

M(K)M*(K) > 1.

As mentioned in the introduction, a fundamental fact in the other direction, following from results of Figiel-
Tomczak-Jaegermann [48], Lewis [05] and Pisier’s estimate [I2I] on the norm of the Rademacher projection,
states that for any symmetric convex body K in R"™ there exists T' € GL,, such that

M(T(K)) M*(T(K)) < clnn,
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where ¢ > 0 is an absolute constant. In the general case, without the symmetry assumption for K, one
considers the parameter
E(K)=inf M(T(K)) M*(T(K))

where the infimum is taken over all invertible affine transformations of R™ for which 0 € int(7'(K)). The
study of the question to obtain a sharp upper bound for max E(K) started with a work of Banaszczyk,
Litvak, Pajor and Szarek, who showed in [IT] that if K is a convex body in R™ which is in John’s position
(i.e. the ellipsoid of maximal volume inscribed in K is the Euclidean unit ball) then

M*(K) < evnlnn.

When K is in John’s position, from the inclusion K O B we also obtain the trivial upper bound M (K) <
M(B%) =1, and this implies that E(K) < ¢vnlnn. This estimate was improved by Rudelson in [126]: he
showed that if K is a convex body in R™ then

E(K) < c¥/n(lnn)®

where ¢, b > 0 are absolute constants.

Our goal in this section is to present the known upper bounds for the parameters M*(K) and M(K),
when K is in the isotropic position. E. Milman proved in [108] that if K is a symmetric isotropic convex
body in R™ then

M*(K) < eiv/n(Inn)?Li < cav/n(lnn)?

where the second inequality takes into account the fact that now we know that L,, < C. Urysohn’s inequality
shows that the dependence on n is optimal up to the logarithmic term. Some first non-trivial results about
the dual problem, to estimate M (K) in the isotropic position, were obtained in [60] and later in [58], where
it was shown that M(K) < C(nlnn)'/3/\/n (see also [128]). Very recently, Bizeul and Klartag [I7] obtained
the optimal (up to the Inn-term) upper bound

Clnn
T

M(K) <

In the next subsections we present these developments.

§ 10.1. A general approach. A starting point for the question to bound M*(K) is Dudley’s entropy
estimate (see e.g. [123, Theorem 5.5]):

(10.1) VnM*(K) <Clz%ek(K,B§‘)

where ey (A, B) is the k-th entropy number of A and B, defined for k > 1 as
ex(A,B) =inf{t >0: N(A,tB) < 2"}

We set e, (K) := ep(K,BY). Although (10.1) is usually stated for symmetric convex bodies, it should
be noted that the same estimate holds true for nonsymmetric convex bodies too. This follows from the
observation that M*(K) = 1 M*(K — K) and

)
(10.2) ex—1(K — K, By) < 2ey,/2(K, By)
for every even integer k, as a consequence of the simple estimate

N(K — K, 2tyBY) < N(K,toBy)N(-K, toBy) < 22

if to = ek/Q(K7 Bg)
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The M M*-estimates that were obtained in [TI08] and [58] depend on the following volumetric parameters
that can be defined for any convex body K in R™ with 0 € int(K):

wi(K) :==sup{vrad(KNE): E € Gni}, vp(K):=sup{vrad(Pg(K)):E € Gy},

and
wy (K) :=inf {vrad(KNE): EcGni}, v, (K):=inf{vrad(Pg(K)):E¢cGy}.

If K is symmetric then we have that
0<ce<w, (K)ug(K°) <1 and 0<c <y, (K)w(K°) <1

where ¢ > 0 is an absolute constant, by the Blaschke-Santalé inequality and the Bourgain-Milman inequality.
Note that, for every F' € G, 1,

(10.3) volg(Pr(K)) < N(Pr(K), e (K)Pr(B%))volg(ex(K)Br) < N(K, ek(K)Bg)ek(K)kvolk(Bp)
< (Zek(K))kvolk(BF),

and hence,

(10.4) g (K) < 2e,(K).

In view of ((10.4)), the next theorem of V. Milman and Pisier [IT3] is an alternative, and sometimes stronger,
version of Dudley’s bound.

Theorem 10.1. For every symmetric convex body K in R™ one has
(10.5) JIM*(K) < ¢z f: L Rad(K)ox (K),
= vk

where Radg (K) := sup{Rad(Xp, (k)) : F' € Gp}, and Rad(Y) < c3In(d(Y, Egim(y)) +1) is the Rademacher
constant of Y.

We refer to [2] Chapter 6] for more information on the Rademacher constant; what we really use here is
that Radi(K) = O(Inn) for all 1 < k < n. When K is assumed isotropic, Theorem is the basis for the
M*-estimate of E. Milman [I08], which is essentially optimal and, as we will see, can be easily transferred
to nonsymmetric convex bodies.

For the M-estimate we need to introduce the so-called Gelfand numbers. Given any pair of convex bodies
K, L in R"™ with 0 € int(K) Nint(L), the Gelfand numbers ¢, (K, L), 0 < k < n — 1 are defined as follows:

e, (K, L) = inf{diampnp(KNF): F € Gnn-i},

where diam4 (B) :=inf{R > 0: B C RA}. We set ¢;(K) := ¢ (K, BY).

In the symmetric case, Carl’s theorem [36] relates any reasonable Lorentz norm of the sequence of entropy
numbers {e,, (K, L)} with that of the Gelfand numbers {¢,, (K, L)}. In particular, for any « > 0, there exist
constants ¢(a), ¢’ () > 0 such that, for any n > 1

(10.6) sup k%p(K,L) <c(a) sup k%(K,L),
k=1,....,n k=1,...,n

and

(10.7) D kT e (K, L) < (@) Y kT (K, L),
k=1 k=1
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In fact, Pisier deduces the covering estimates of Theorem from an application of Carl’s theorem, after
establishing the following estimates:

1/«
(10.8) max{cy (K, &), c,(K°,E°)} < e1(a) (%) forall k € {1,...,n},

where ¢;(a) = O((2 —a) " /?) as a — 27
The next theorem from [58] can serve as a basis for the M-estimate.

Theorem 10.2. Let K be a symmetric convez body in R™. Then for any k=1,...,n/2,

(10.9) car(K) < c% In (e + %)wk(K).

In other words, there exists F' € Gy, p—a2r, such that

n n
(10.10) KNFCepln (e + E)wk(K)BF,
and dually, there exists F' € Gy, p_2, such that

1
10.11 Pr(K) D ———v; (K)BpF.
(10.11) al )_C%ln(eJr%)’Uk( )Bp
Proof. Given k=1,...,n/2, let £ be an a-regular M-ellipsoid for K, for some « € [1,2) to be determined.
By the second estimate in (10.8)), we know that there exists £ € G, ,—j so that:

/o
(10.12) Po(K) D> — (’“)1 Pu(€).

c1(a) \n

Consider the ellipsoid & = Pg(£), let H be the subspace spanned by the k shortest axes of &', and set F to
be its orthogonal complement into E. Then, F' € Gy, ,,—2k and

(10.13) Pr(&') D vrad(Pg(£)) Br.

On the other hand, we can give a lower bound for vrad(Py(K)): From Theorem we know that N, =
N(K,t€) < exp(c(a)n/t*) for every t > c(a)'/®, where c¢(a) = [c¢1(a)]*. Let x1,...,zy, be points in R"
such that K C N, (z; + t&). Then, Py (K) C UM, (Pu(z:) + tPu(€)), and hence

vol (P (K)) < Nyvoly,(tPy (E)) < exp(c(a)n/t®)t*voly (P (E)).

Choosing t = (o) (n/k)& = c1(a)(n/k)s we see that

(10.14) vrad(Py(€)) > Cfa) (i)l/a vrad(Py (K)) > —22 (’f>1/a vy (K.

From ([10.13) and ((10.14]) we get

and then (10.12) shows that

2/a
Co k _
10.15 Pr(K)D ———— | — K) Bp.
(1015) o) 2 s () ) B
Choosing a = 2 — m we obtain (10.11]). The estimate ((10.10|) then follows by duality. O
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Corollary 10.3. Let K be a symmetric convez body in R™. For every k=1,...,n and o > 0,

ex(K,BY) < c¢(a) sup . (%)a % In (e + %)wm(K),

m=1,...,
where c(a)) > 0 is a constant depending only on «.

Proof. The claim follows from Theorem and Carl’s theorem (see (10.6)). Since k — ¢ (K, BY) is non-
increasing, there is no difference whether we take the supremum on the right-hand-side just on the even
integers. O

Corollary 10.4. Let K be a symmetric convex body in R™ such that K C RBy. Then,

VAN () < 3 T min (R (e (50

Dually, for every symmetric convex body K in R™ with K O rBY we have that

Vo \czfmm{l 1n(+Z)vk2K)}.

Proof. We explain the first claim, and then the second follows by duality. For the proof it is enough to
combine Dudley’s entropy estimate (10.1)) with Carl’s theorem (see ((10.7)): we have

fM* Clz ]-k )gCQZ%Ck(K

k=1 k=1

Since ¢ (K) < R for all k, the assertion follows from the estimate (10.9) of Theorem O

§ 10.2. M M*-estimate for isotropic symmetric convex bodies. Let K be an isotropic symmetric
convex body in R™. First we describe a simplified version of E. Milman’s proof of the next almost sharp
estimate for the mean width of K.

Theorem 10.5. Let K be an isotropic symmetric convex body in R™. Then,
(10.16) M*(K) < cy/n(lnn)?
where ¢ > 0 is an absolute constant.

Proof. A direct consequence of Theorem is the inequality
= L
(10.17) VnM*(K) < e1(Inn) Z
k:l

We shall apply (10.17) for an isotropic convex body K in R™. Let F' € G, . From Theorem [5.4 - we know
that voly(Pr(K))'/% < ¢1 % where ¢; > 0 is an absolute constant, and hence

n

Vi
Therefore, v (K) < con/Vk for all 1 < k < n — 1. Going back to (10.17) we get

vrad(Pp(K)) ~ VEkvoly(Pp(K))Y* < co—

n

VnM*(K) < e3(lnn)

k=1

n

= T =c3n(lnn) Z S < eyn(lnn)?,

aw

and the theorem follows. O



Next, we prove the upper bound for M (K).

Theorem 10.6. Let K be an isotropic symmetric convex body in R™. Then,
c(nlnn)/3

(10.18) M(K) < =

where ¢ > 0 is an absolute constant.
Proof. From Corollary [10.4] we know that

n

1 . (1n 1
(10.19) ﬁM(K)éa;\/Emm{rakln(@Jrk)U;(K)}

where v, (K) := inf{vrad(Pp(K)) : F € G,} and r is the “inradius” of K. Since K is isotropic and
symmetric, we know that

hie(€) = 1 ey Z 1 Mar) = L = 1,

and hence K D c¢;BY. Therefore, we may use (10.19) with » ~ 1. From Theorem [5.4] we also know that
vol, (Pr(K))/* > ¢y for every F € Gk, and hence vrad(Pp(K)) > csVk, which gives

v, (K) > csVEk.
Set k,, = (n Inn)?/3. Inserting the above estimates into (10.19) we get

VM (K) < Qi\}Emin{l, ”Ig;g”)}

k=1
k n
~ 1 1
<6 —+ pon ~ (n Inn)t/3.
k k?
k=1 k=Fk.,
This proves the theorem. O

§ 10.3. The nonsymmetric case. In the nonsymmetric case the upper bound for M*(K) remains
the same. In fact, the proof does not present any difficulties. Let K be an isotropic convex body in
R™ and consider the difference body K — K of K. Since 0 € K we have that K C K — K and hence
M*(K) < M*(K — K). In fact, M*(K) = $M*(K — K). We apply Theoremfor K — K to get

(10.20) JAM* (K = K) < e1(Inn) Zn: %vk(K _K).

k=1 k
Given 1 < k < n —1, for every F € G,,, we have
volg(Pr(K — K))/* = vol,(Pp(K) — Pp(K))Y* < 4voly,(Pp(K))Y*,

by the Rogers-Shephard inequality volg(C' — C) < (Qkk)volk(C) where C' is a k-dimensional convex body.
Then, as in the proof of Theorem we see that v, (K — K) < can/vk, and inserting these bounds into
(10.17) we get /nM*(K) < c3n(lnn)?.

An upper bound for M (K), when K is isotropic but not necessarily symmetric, was given by Vritsiou in
[138]. For every isotropic convex body K in R™ one has that

n10/22(In p)5/22

(10.21) M(K) < NG

66



where ¢ > 0 is an absolute constant. The proof is based on the existence of S-regular M-ellipsoids for
nonsymmetric convex bodies. It is proved in [I38] that for every 8 € (O, %) there exists a constant d(8) > 1
such that the following holds: For every convex body K in R™ with either bar(K) = 0 or s(K) = 0 there
exists a linear image K of K such that

(10.22) max{N (K, tBy), N(K3,tBy), N(By,tKg), N(By ,tKg)} < exp(d(S) n/tﬁ)

2—-38
for every t > d(8)Y/#. Moreover, the constants d(j3) satisfy d(8) ~ (c( 45 )

2-383 ) = O((2_5ﬁ)_ﬁ) as

8 — %_, where ¢(a) with a = 735 are the constants appearing in Theorem

§ 10.4. The optimal M-estimate of Bizeul and Klartag. Very recently, Bizeul and Klartag [17]
established an (almost) optimal upper bound for the M-functional of isotropic convex bodies.

Theorem 10.7. Let K be an isotropic convex body in R™. Then,

clnn

M(K) < =

where ¢ > 0 is an absolute constant.

The purpose of this subsection is to outline the main ideas underlying this result and to explain its
connection with recent advances in comparison inequalities between log-concave measures and Gaussian
measures, going back to an inequality due to Eldan and Lehec [47], which quantifies how expectations of
norms under isotropic log-concave measures compare to their Gaussian counterparts.

Eldan and Lehec considered the parameter

72 =sup sup Z E,(z;z(z,£))?

BeogesnTt iy

where the first supremum is over all isotropic log-concave probability measures g on R™, and proved the
following result.

Theorem 10.8. Let p be an isotropic log-concave probability measure on R™. For any symmetric convex
body K in R™ we have that

/ el x dyu(z) < exvinm / el x dyn(2)
R™ Rn

where v, is the standard Gaussian measure on R™ and c¢; > 0 is an absolute constant.

A fundamental result of Eldan [45] asserts that 7,, can be controlled in terms of the thin-shell constant

o, = sup 4/ Var,(|z|)
"

where the supremum is over all isotropic log-concave probability measures ¢ on R™. Eldan proved that

where ¢ > 0 is an absolute constant. Consequently, progress on the thin-shell conjecture has direct impli-
cations for comparison inequalities between log-concave measures and Gaussian measures.

Bizeul and Klartag observed in [I7] that these comparison results extend naturally from norms to gauge
functions, that is, non-negative, convex, 1-homogeneous functions on R™. Moreover, they obtained two-sided
estimates in this broader setting.
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Theorem 10.9. Let X be an isotropic, log-concave random vector in R™ and let G be a standard Gaussian
random vector in R™. Then for any gauge function || - || on R™,

(10.23) U E|G| < E|X]| < cxton VInnE||G]],
nn

YnV1
where c1,co > 0 are absolute constants.

Theorem shows that any isotropic log-concave measure is sandwiched, in the gauge order, between
two centered Gaussian measures whose covariances differ by logarithmic factors. In particular, such a measure
may be compared to Gaussian measures with covariance matrices of order (Inn)?I, and (Inn)~2I,. The
right-hand inequality in is essentially due to Eldan and Lehec, while the left-hand inequality relies
on new ideas.

The proof of Theorem [10.9] once again exploits Eldan’s stochastic localization scheme. A key step is
to truncate the spectrum of the covariance process A; by introducing a bounded matrix-valued process
¥ = f(Ay), where f acts on eigenvalues and satisfies

1
§In <X <21, almost surely.

The associated martingale
t
(0 :/ Zs dWS
0

(where (Wi)i>o is a standard Brownian motion in R™ with Wy = 0) has quadratic variation uniformly
comparable to t1,,, which allows for robust Gaussian comparison estimates.
An observation attributed to Maurey, and made explicit by Eldan and Lehec, asserts that if a continuous
martingale (M) satisfies
My <r-1I, almost surely,

then its terminal value can be represented as

Z1+ Z
MT:\/,F 1;— 2,

where Z; and Z, are (possibly dependent) standard Gaussian vectors. As a consequence, for any convex
function F,
E (F(Mr)) <E(F(V/rGQ)),

yielding sharp upper bounds in terms of Gaussian expectations.
Conversely, it is shown in [I7] that if a martingale admits a stochastic integral representation

t
Mt:/ Y,dW, with $,5% >r-1,,
0

then the quadratic variation dominates that of \/r W;. In this regime, a convexity argument combined with
the heat semigroup and It6 calculus shows that for any convex function F' with at most polynomial growth,

E (F(Mr)) > E (F(v7 Wr)),

Taken together, these two comparison principles allow one to sandwich the localized martingale between
Gaussians at appropriate time scales, provided the covariance process is controlled.

A further essential ingredient is a reverse Holder inequality for norms and, more generally, gauge functions
of Gaussian random vectors. A version of Kahane’s inequality asserts that for a standard Gaussian vector
G ~ v, and any p > 2,

(E|G|P)? < ey/pE|G].
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In the present context, Kahane-type inequalities serve two purposes. First, they allow one to control second
moments of gauge functions in terms of their first moments, which is crucial when estimating error terms
arising from exceptional events in the stochastic localization process. Second, they ensure that expectations
of gauge functions behave regularly under Gaussian scaling, making it possible to compare E||v¢|| and E||W||
uniformly in the dimension.

Once Theorem [10.9] is established, the proof of Theorem follows readily. Applying the two-sided
comparison to the gauge function z — px(z) and to the uniform measure on a convex body K in
isotropic position, we obtain

VnM(K) =+/n i 1]oK(a:) do(z) ~ E (px(G)) < cpnvVInnE (rr (X)) < cnVinn,
since pi(z) < 1 for all z € K. Under the KLS conjecture, the logarithmic factors in this estimate would
improve to their conjecturally optimal order.

In summary, the optimal M-estimate of Bizeul and Klartag emerges from a synthesis of Gaussian com-
parison inequalities, stochastic localization, martingale bounds on quadratic variation, and refined moment
inequalities for gauge functions. Beyond yielding sharp bounds for M (K), this framework provides a unified
perspective on the geometry of isotropic log-concave measures that is likely to find further applications.

§ 10.5. Diameter of the Minkowski compactum. The definition of the Banach—-Mazur distance can
be extended to the setting of not necessarily symmetric convex bodies as follows. If K and D are convex
bodies in R", their Banach—Mazur distance is defined by

dpm(K,D) =min{t >0: T(K)+yC D+x Ct(T(K)+y)}

where the minimum is taken over all z,y € R™ and all linear isomorphisms 1" € GL,,.
A fundamental open problem for many years was to determine a sharp upper bound for the diameter

of the Minkowski compactum with respect to the Banach—Mazur distance. This question was finally resolved
in the recent work [I7] of Bizeul and Klartag.

The connection between the diameter problem and M M *-estimates has been known for a long time.
Recall that for any convex body K C R™ we define

E(K) := min M(TK)M*(TK),

where the minimum is taken over all invertible affine transformations 7' of R™ such that 0 € int(T'K). The
following theorem reduces the problem of bounding the diameter of the Minkowski compactum to that of
minimizing the product M M* in the nonsymmetric setting.

Theorem 10.10. Let K and D be two convex bodies in R™. Then,
dpm(K, D) < enVInn(E(K) + E(D)),
where ¢ > 0 is an absolute constant.

A proof of Theorem [10.10| may be found in [3, Theorem 6.3.1]. It relies on the method of random
orthogonal factorizations, introduced by Benyamini and Gordon [I5]; see also the related works of Tomczak—
Jaegermann [133] and Davis, V. Milman, and Tomczak—Jaegermann [42].

In view of Theorem [10.10} obtaining sharp upper bounds for d,, reduces to finding a position of a convex
body K for which the quantity M (K)M™*(K) is as small as possible. Recall that in the centrally symmetric
case one always has

(10.24) E(K) := Tléncl:% M(T(K))M*(T(K)) < Clan,

69



where C' > 0 is an absolute constant. A position T(K) satisfying is called an £-position of K. The
almost optimal M*- and M-estimates obtained by E. Milman and by Bizeul-Klartag show that the isotropic
position already provides a canonical ¢-position for arbitrary convex bodies. Indeed, if K is an isotropic
convex body in R", then

M(K)M*(K) < ¢(Inn)?

for an absolute constant. Combining this estimate with Theorem [10.10]yields the following essentially optimal
bound for the diameter of the Minkowski compactum.
Theorem 10.11. Let K and D be two convex bodies in R™. Then,
dpm (K, D) < en(In n)7/2,
where ¢ > 0 is an absolute constant. In particular, d,, = O(n(Inn)7/2).

Theorem [10.11] reveals the striking fact that the diameters of the symmetric and nonsymmetric Banach—
Mazur compacta are of essentially the same order.

§ 10.6. Isotropic position is a regular M-position. Another important consequence of the M M™*-
estimate for isotropic convex bodies is an almost optimal nonsymmetric analogue of Pisier’s Theorem on
the existence of a-regular M-positions for centrally symmetric convex bodies.

In addition to Theorems and the proof relies crucially on the Sudakov and dual Sudakov
inequalities (see [2, Chapter 4]). These inequalities assert that if K is a symmetric convex body in R"™, then
for every t > 0,

N(K,tBY) < exp(enM*(K)?/t?) and N(BY,tK) < exp(cnM(K)?/t?),

where ¢ > 0 is an absolute constant.
In what follows, for every convex body K in R™ with 0 € int(K) we define the outer and inner regular-
izations of K by
Koyt = conv(K,—K) and K, =KnN(-K).

It is clear that K;, C€ K C Ky, and both Ky, and K;, are origin-symmetric. Using the identities

(conv(AUB))° = A°N B° and (AN B)° = conv(A° U B°), valid for convex bodies A, B with 0 € int(AN B),
we obtain the duality relations

(10.25) (Kow)® = (K% and  (Kin)® = (K*)ous,

The third named author observed in [136] that the M*-estimate of Theorem together with the M-
estimate of Theorem implies that every isotropic convex body K C R™ is (almost) in a 2-regular
M-position.

In the next theorem we set r,, = wy 1 " recall that r,, ~ /n.

Theorem 10.12. Let K be an isotropic convex body in R™. Then, for everyt > 0,

(10.26) max{N(K, tr BY), N(Bg,trnKO)} < exp(ﬁ”)
(10.27) max{N(rnt,tK), N(rnK°,th)} < exp((st—Qn),

where 7, < c1(Inn)? and 6, < caInn.
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Proof. Let K;, and Ky, denote the inner and outer regularizations of K. Observe that

(10.28) M(K;y,) = M*((K")Out) < M*(K° - K°) =2M*(K°) =2M(K)
and
(10.29) M*(Kouw) < M*(K — K) =2M*(K).

Since Kin € K C Koy, it is clear that M (Kout) < M(K) and M*(Ki,) < M*(K).
Combining the Sudakov inequality with ((10.29)), we get
(10.30) N(K,tr,By) < N(Kout, trnBY) < eXp(ch (Kout)z/(rnt)Q)
< exp(4enM*(K)?/(rot)?) < exp(vin/t?).

Similarly, using (|10.28]) we obtain

(10.31) N(roK°,tB3) < N(ry(Ki)®, tBy) < exp(cnry M*((Kin)®)?/t*)
= exp(cnri M (Kin)? /t?) < exp(denri M(K)?/t?) < exp(62n/t?).

Applying the dual Sudakov inequality and ((10.28]) yields

(10.32) N(roBy,tK) < N(rp,BY,tKiy) < exp(cnry M(Ki,)?/t?)
< exp(denri M(K)?/t?) < exp(d2n/t?),

and, using (|10.29)), we similarly have

(10.33) N(Bg,tr,K°) < N(BY, trp,(Kout)® eXp(ch((Kout)o)Q/(rnt)Q)

< ) <
< exp(enM*(Kou)?/(1nt)?) = exp(denM*(K)? /(rat)?) < exp(vin/t?).

Combining ((10.30)—(10.33|) completes the proof. ]

Some first geometric applications of Theorem were obtained in [I36], including new inequalities
comparing the volumes of sections and projections of a convex body whose barycenter or Santalé point lies
at the origin with those of its inner and outer regularizations. These results highlight the role of isotropic
normalization as a unifying framework bridging the geometry of symmetric and general convex bodies.

§ 10.7. A multi-integral norm. Let K be a symmetric convex body in R™. For any s-tuple C =
(Cy,...,C;) of symmetric convex bodies C; of volume 1 in R™, consider the norm on R?, defined by

S
HtHC,K:/ / H b

where t = (t1,...,t5). If C = (C,...,C) then we write ||t||cs x instead of ||t|jc x. A question posed by
V. Milman is to determine if, in the case C = K, one has that || - ||+ x is equivalent to the standard
Euclidean norm up to a term which is logarithmic in the dimension, and in particular, if under some cotype
condition on the norm induced by K to R™ one has equivalence between || - || k=, x and the Euclidean norm.

This question was studied by Bourgain, Meyer, V. Milman and Pajor. For simplicity let us assume that
vol,, (K) = 1 (this is only a matter of normalization). It was proved in [31] that

Il > cf(H 1)

drg---dry
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where ¢ > 0 is an absolute constant. Later, Gluskin and V. Milman obtained a better lower bound in [61],
in fact working in a more general context: Let A = (A44,...,A;) be an s-tuple of measurable sets of volume
1in R™ and let K be a star body of volume 1 in R™ with 0 € int(K). Then,

(10.34) [[t]].a,5 > elt]

for all t = (¢1,...,ts) € R®. Their argument was based on the Brascamp-Lieb-Luttinger inequality (see also
[3, Chapter 4]).
In this subsection we shall see that the original question of V. Milman has an affirmative answer. Since
tll &+, = Itll(rk)s, 7 for any T' € SL,,, we may restrict our attention to the case where K is isotropic.
For any centered log-concave probability measure p on R™ and any symmetric convex body K in R",
consider the parameter

(10.35) LK) = / ldn(e).

Let C be an isotropic symmetric convex body in R™ and let X;,..., X, be independent random vectors,
uniformly distributed in C. For any t = (¢1...,%s) € R® we write v for the distribution of the random
vector t1 X7 + -+ - + tsX;. Since ||t||cs x is a norm, we may always assume that |[t| = 1. Note that v is an
even log-concave probability measure on R™ (this is a consequence of the Prékopa-Leindler inequality; see
[2]). We write g¢ for the density of 1. Our starting point is the next observation from [38§].

Lemma 10.13. For any t = (t1...,ts) € R®, we write vy for the distribution of the random vector t1 X1 +
-+t Xs. Then,

It s = [ lellxdn o)
It is easily verified that the covariance matrix Cov (1) of v is a multiple of the identity: more precisely,
Cov(vg) = L& I,,.

It follows that the function fi(z) = LEg¢(Lox) is the density of an isotropic log-concave probability measure
py on R™. Indeed, we have

fe(@)ziz; de = LZ/ gt(Lox)x;xjde = LEQ/ 9t (V) yiy; dy = 6; 5
R‘n, R'n

n

forall 1 <4,5 <n.

One may easily check that if x4 is an isotropic log-concave probability measure on R™ and K is a symmetric
convex body in R™ then

| n@u@ya@) = [ [ ellound(0) dut)
O(n) n JO(n)
= 2(K) [ faldu(e) = VM (E)
Rn
where v, 0 denote the Haar probability measures on O(n) and S™~! respectively. It follows that
(10.36) L Tl dv(0) = (LM (K) 6}
O(n

Therefore, one might hope to obtain a quantity of the order of Loy/nM(K)|t| as an upper estimate for
[lt]lcs,x. The next theorem of Skarmogiannis [I28] provides a logarithmic in n, and independent from s,
upper bound for ||t||cs k.
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Theorem 10.14. Let C' be an isotropic symmetric convex body in R™ and K be a symmetric convex body
in R™. Then,
[tllcs x < erv/n(lnn) M(K)[t]

for every t = (t1,...,ts) € R®, where ¢; > 0 is an absolute constant.

In the case C = K, Theorem [10.14] and ([10.34)) show that, for any isotropic symmetric convex body K
of volume 1 in R",

for every s > 1 and every t = (t1,...,ts) € R, where ¢; > 0 are absolute constants and. Thus, we have
a reduction of V. Milman’s question to the problem of estimating the parameter M (K) for an isotropic
symmetric convex body K in R™. Now, combining the boundedness of L, with Theorem and taking
into account, we obtain an affirmative answer.

Theorem 10.15. Let K be a symmetric convexr body in R™. Then,
crlt] bl e,k < e2(lnn)?[t]
for every t = (t1,...,ts) € R®, where c1,¢co > 0 are absolute constants.
The estimate of Theorem [[0.14] is based on the next result.

Theorem 10.16. Let p be an isotropic log-concave probability measure on R™. For any symmetric convex
body K in R™ we have that
I(, K) < cav/(lnn) M(K)

where co > 0 is an absolute constant.

Proof. Let pu be an isotropic log-concave probability measure on R™. We shall use Theorem [10.8] Recall
that

Therefore, Theorem [[0.8] immediately implies that

thw:/anwmsmmn/\meww

n

where c4 > 0 is an absolute constant. Finally, integration in spherical coordinates shows that

/wmwmwwﬁ €l do(€) ~ VM (K)
R™ Sn—1

and hence the proof of Theorem is complete. O

We can now complete the proof of Theorem and hence of Theorem [10.15| too. We combine the
approach of [38] with Theorem [10.16
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Proof of Theorem[10.14, We compute

t]

ok = / lellx do(z) = L5 / lellx fe(e/Lo) dz = Lo / ol die(y)
R’Vl Rn ]Rn

and hence we get

(1037) ||t||CS,K = LCIl(/j,t, K)

for all t € R® with |[t| = 1. Now, we use Theorem [10.16| to estimate I3 (u¢, K). As a result, we obtain the
upper bound
ltllcs .k < ciLe vn(lnn) M(K) ~ /n(lnn) M(K),

which is the assertion of Theorem [[0.14] O

11 Appendix: Covariance estimates

In this appendix we study the covariance process (A;);>0 associated with the stochastic localization of an
isotropic log-concave measure and sketch the proofs of the two main technical covariance estimates that were
used for the bound v,, = O(v/Inn) and the bound L,, = O(1). We first derive stochastic differential equations
for the barycenter and covariance (Lemma , then use a matrix-valued It6 argument combined with the
improved log-concave Lichnerowicz inequality to control the operator norm of A; (Theorem |11.7)). Finally,
we adapt Guan’s argument to obtain a dimension-independent bound on E(tr(Af)) (Theore

Out first main goal is to prove Theorem which we state again below for the convenience of the
reader.

Theorem 11.1. For every 0 < t < ¢/(¢2Inn) we have
(11.1) E || A¢llop < C,
where C' > 0 is an absolute constant.

In fact, using the improved log-concave Lichnerowicz inequality (Theorem [8.10) we can show that the
statement of Theorem is true for all 0 < t < ¢/(Inn)%.

As in Section [0} if p is a log-concave probability measure with density o with respect to the Lebesgue
measure, we consider the stochastic localization process starting at p. The tilt process (&;):>0 is defined as
the solution of the stochastic differential equation d&; = ay ¢, dt+dW; where (W});>0 is a standard Brownian

motion. For ¢ > 0 we denote by iy := 11 ¢, the measure with density g; ¢, (z) = ﬁe@’ff%ﬂﬂzg(x), and we
'St

write a; := ar¢, and Ay := Ay ¢, = Cov(puee,) for the barycenter and covariance matrix of p ¢, respectively.

§ 11.1. Preliminary observations. In Section [7] we saw that, for any test function f, the martingale
My = [g, fdpy satisfies

dM; = < . fl@)(x —ay) dut,th>,

where (W});>0 is some standard Brownian motion. This extends to vector valued functions as follows. If
F :R" — R” is a vector valued function that grows mildly at infinity, then the process (M;);>0 given by

M, = Fduy
RTL

is a martingale, and

M, = </ Fla) ® (z — a) dpe, AW, ).
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To see this, writing x; for the i-th coordinate of a vector x € R™ we get

n

(11.2) dMy =y (/ F(z)(z — ar); d,ut) AW, ;.

i=1

Applying (11.2)) to the tensors F'(z) = x and F(xz) = = ® x and then rearranging the terms appropriately,
we obtain the next lemma.

Lemma 11.2. If a; = [xdp(z) and Ay = [(x — a)®2dpe(z) are the barycenter and covariance matriz of
e, introduced in Section 7, then day = AydWy and

n

dAy = Z (/ (z— at)®2 (r —ag); dﬂt) AWy — A? dt.

i=1

As Lemma shows, the derivative of the barycenter is expressed in terms of the covariance, and the
derivative of the covariance depends on 3-tensors.

§ 11.2. Auxiliary results. We start with an inequality about the Hessian of the function ¢(A) = tr(e?)
where A is a symmetric matrix.

Lemma 11.3. Let ¢ be the function defined on the space S, (R) of symmetric nxn matrices by ¢p(A) = tr(e?).
For every pair of symmetric matrices A, H we have that

VEG(A)(H, H) < (V(A), H?) = tr(e" H?),
where V2¢(A) is the Hessian matriz of ¢ at A, viewed as a bilinear form on S, (R).

Proof. Assume first that the matrix A is positive. We use the following fact (see [81] for a simple proof): If
K and H are symmetric matrices, and K is positive semi-definite, then for any s,m € N we have

tr(KSHK™H) < tr(K5T H?).

Applying this inequality we get

I
—

V2¢p(A)(H, H) HAM*=1H)

tr(A* 1 H?) = tr(e* H?).

?vw ?vw
W
I
(=)

“Eis
ot

For the case where A has some negative eigenvalues, we observe that ¢ satisfies the identity

P(A+tL,) = e'p(A)

and differentiating this equality with respect to A we see that V¢ and V?2¢ also satisfy the same equation,
which means that adding a multiple of the identity to A leads to an equivalent inequality. This reduces the
proof of the lemma to the case of positive A. O

Recall the equation for A;
dAy = Hy;dWe; — A dt,
i=1
where
Ht,i = / (l’ — at)®2(w — at)l- d,ut

and a; is the barycenter of y;. Therefore, the matrix H; ; is of the form E(X;X ®2) for some random vector
with mean 0. In what follows, for any u € S"~! we define H,, = E((X, u) X ®?).
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Lemma 11.4. Let X be a centered log-concave random vector. Then,

sup [ Hullop < c1|Cov (X) 342

ueS"—
where ¢1 > 0 is an absolute constant.

Proof. Let u,v € S"~!. Using the Cauchy-Schwarz inequality we get
(H,(v),0) = E((X,u) (X,0)2) < (B(X,u)?) 2 (B(X, 0)) 2.

Since the random variable (X, v) is centered and log-concave, its fourth moment and the square of its second
moment are of the same order. It follows that

1/2
(Hy(v),v) € 1 (IEI(X7 u>2) / (E(X, v>2) < 01||COV(X)H3{)2
for some absolute constant ¢; > 0. Taking the supremum over all u and v in $”~! we conclude the proof. [J

Lemma 11.5. Let X be a centered random vector with finite Poincaré constant 9(X). Then,

n

3 (E(xX:X#2))

i=1

< 40%(X) [|Cov(X)

[

op
Proof. For every coordinate vector e; we set H; := H,,. In this notation the lemma asserts that

Z(Hfu,u) < 49%(X) ||Cov(X)

i=1

[

for every u € S"~'. We check that . (H?u,u) = tr(H?2) and, using the assumption that X is centered,
from the Cauchy-Schwarz inequality and the Poincaré inequality we get

tr(H;) = E((X,u) (H, X, X))
< (E(X,u))?)"? (Var((H, X, X))
< (E(X, u))?) "% (492 (X)E| H, X]?)
= (Cov (X )u, u)'/? (49*(X) tr(H2Cov(X)))
< [|Cov(X)lop (40%(X) tr(H2)) 2.

This shows that tr(H;) < 49%(X)|[Cov(X)||Z,, which is exactly the assertion of the lemma. O

1/2

1/2
w /

u)
u))
)

1/2

The last result that we need is a deviation inequality for martingales (see Freedman [51]).

Lemma 11.6. Let (M;)i>0 be a continuous local martingale with My = 0. For every u > 0 and o # 0 we
have o
P(3t > 0: M; >uand [M]; < 0%) < e /(20%)

The argument for Lemma follows the usual proof of Freedman’s inequality for martingales with
bounded quadratic variation. We first check that if (Z;) is a square integrable martingale such that [Z]; < o2
for all ¢ > 0 and almost surely, then Z,, = . ligl Z; exists and satisfies

— 400

P(Zy 2 u) < e~ w/(20%)
for all w > 0. Then, we consider the stopping time
7 =inf{t > 0: [M]; > 0?}
and apply the previous claim to the martingale (M;) stopped at time 7.

§ 11.3. Proof of Theorem The basic step is to prove the next theorem.
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Theorem 11.7. Let p be an isotropic log-concave probability measure on R™ and let (Ay)i>o be the covariance

process of the stochastic localization starting from . Then
1

: ||As||op > 2) < CXp | ———

Cot

P(3s<t
forall0 <t < (TR where c¢g > 0 is an absolute constant
Proof. We consider the function hg(M) := %1 (tr (M) on S, (R). Then, hg is a smooth function and
1 BM Inn
Amax (M) < = In(tr (e”)) < Apax (M) + —.
B p
We choose /3 of the order of Inn so that hg(A;) tracks the largest eigenvalue Amax(A:) of A; uniformly in n
From Ité’s formula we see that
dhs(A) = <Vh5(A),ZH1-dBZ-> - <Vhﬁ( ), A2 dt> Zv%ﬁ )(H;, H) dt.
The matrix
M = Vhs(A) =
- ﬁ( ) = tr(eﬂA)
is positive semi-definite and has trace 1. Using Lemma we see that the second derivative of hg satisfies
V2hs(A)(H;, Hi) < Bte(MH?).
This implies that
dhg( i) dB; M H? | dt.

We concentrate on the absolutely continuous part. Since M is positive and has trace 1, from Lemma

we see that
tr (MZH?) <> H?
i=1 i=1

2 2
< 419;“ ||At||op'
Since p; is t-uniformly log-concave almost surely, from the improved log-concave Lichnerowicz inequality

op

(Theorem [8.10) we get
1/2
2 [ Atllop
o< (M)

dhs(A) < 3 tr(MH;)dB; + 7 ||At||5/2dt.

and hence

Next, we give an upper bound for the quadratic variation of the martingale part. For any u € S"~! we set

H, = > H;u;. Then, Lemma shows that

2": tr(MH;) u; = tr(MH,)

i=1

It follows that N
> tr(MH;)
i=1

< [ Hullop < el 41352

2 < AN A,
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The above calculations show that
t
(113 4o < ho(A0) < hol(Ao) + 22428 |+ /24,52 dr
1 t
Ly 25/ r V2| A |32 dr
g 0
where (Z;) is a continuous martingale starting from 0 with quadratic variation that satisfies
(11.4) 2] <o | A, dr.
0

We choose § = 2lnn, and assume that there exists s < ¢ such that | Aslop = 2. If s is the smallest such
time, then before time s the operator norm of A is less than 2, and then (11.3) shows that

3 3
2 = || Asllop < 5 + Zy+c35?Inn < 5 + Zg + cst/%Inn,

where c3 > 0 is an absolute constant. If ¢ is a sufficiently small multiple of (Inn)~2 then this last inequality
implies that Z, > %. Moreover, (11.4) shows that [Z]s < c4s < cqt. Therefore,

1
P3s<t:||Asllop =22) <P <E|s >0:%Z5 > 1 and [Z]s < c4t> .

Applying Lemma we conclude the proof. O
Theorem implies the upper bound for the expectation of A;.

Proof of Theorem [IT1]. Since ji; is t-uniformly log-concave, we have A; < +1,,, and in particular || A[|op <
1/t, almost surely. Therefore,

1
El|Adlop < 2+ TP(14dllop > 2)

1

co

Since z exp (— ac) is a bounded function of z, Theorem |11.7] shows that

El[A¢flop < C

700

on the time interval [O W} O

Note. Instead of the improved log-concave Lichnerowicz inequality, we could have bounded ¥, by the KLS
constant ¥,,. It is not hard to see that for any log-concave random vector X

9*(X) < ¥ [1Cov(X)llop,

so we can use the inequality
2 2
ﬂ;tt < wnHAt”OP'

Using this estimate instead of Theorem we would get Theorem in the (weaker) form that we have
stated it.

The second main estimate, which played a key role in the proof of the isotropic constant conjecture, is
Guan’s theorem [65], which we state again below for the convenience of the reader.

Theorem 11.8. Let p be an isotropic log-concave probability measure on R™. Then,
E(tr(As,)) > éin,

where 61 > 0 is an absolute constant.
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§ 11.4. Auxiliary results. For i,j,k =1,...,n we denote

Riy(t) = Rig(t.6) = [ (o= 0o~ (o — a0)j0re (o) do

and

Rusult) i= Rin(t,6) = [ (0 = anilo = 00)s(o — aung, (a) d

where z; are the coordinates of x with respect to an orthonormal basis {u;(t,&:)}", of eigenvectors cor-
responding to the eigenvalues 0 < Ai(¢,&) < -+ < Ay (t, &) < 1/t of Are,. We set Ai(t) == Ai(¢, &) for
1=1,....n
For any r > 0 let
d(r;t) =max{i > 1: \;(t) < r}.

Lemma 11.9. Letr >0 andt > 0. For any 1 < k < n we have

Z R, (1) < 4t712r%2 ().

1,5=1

Proof. Fix t and let E be the subspace of R” spanned by the first d(r;t) eigenvectors of A; ¢,. The measure
v = (Pg)«pit¢, is t-uniformly log-concave and Cov(vg) < rPg. We set

d(r;t)
gk( ) *gk x; t Z Rzyk xfat) (xfat)J

,j=1

Using the Cauchy-Schwarz inequality and Theorem [8.10] we write

d(rst) 1/2

> Bult) = [ gule)a = audvi(o) < v Var (0] ( [ o= aidu <x>)
i,j=1
Cov(vg)le 1/4 1/2
= VD Vot ) < VD (”(f)”) ([ 1vanPave )
E
1/2 1/2
Ay 1/4 d(r;t) ” 3/4 (r;t)
(1) <¥> >N BRE( <20/ \e(t) t Z R%, (1)
i,j=1 1,j=1
and the lemma follows. O

The starting point of Guan’s work is the next lemma.

Lemma 11.10. For any smooth function f :[0,00) — R with bounded second derivative we have

ey ’
YoR ‘E(ZA >

where the quotient in the above formula is interpreted as f"”(Xi(t)) if Ai(t) = A;(¢).

d f'a(t) —
%E(tr(f( Z |R 3.7 )\1(t)

1,j=1

Lemma (11.10|is applied for a function f(A) which is quadratic when X is relatively large and exponential
when A is small. In this way, the analysis of A; is restricted on the large eigenvalues. The precise construction
of such an f is given in [65, Lemma 2.2].
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Lemma 11.11. Let Dy > 4 and % <rp < %, There exists b € [20, 5] and an increasing twice differentiable
positive function f on [0,00) such that f(r) = ePo("=70) if 0 < r < rg—1/Dy and f(r) = br? if r > rq, which
satisfies | f"(r)| < DEf(r) for all r > 0.

A direct consequence of Lemma [I1.9) and of the fact that A;(t) < 1/t is that if i > d(ro;¢) + 1 then

(11.5) b Z RZ,.(8) < 4bt 7120 (8)%2 0 (1) < 4bt I N\i(1) = 4t F(N(2)).
7,k=1

Instead of estimating E(tr(A;)) directly, Guan is using the above in order to estimate E(F}), where

Zf tr(f(Ar)-

To this end, we apply the formula of Lemma[11.10] The first step is the next lemma (see [79]) which exploits
(11.5) and the fact that, for any z,

Z Rz]k 3 Z Z Rl]k

i,,k=1 i=d(z;t) j,k=1
Aj(t)>z

This last inequality holds true because Rfj & (t) is symmetric in 4, j, k, therefore we may sum over those triples
that satisfy i > max{j, k} and then multiply by 3.

Lemma 11.12. For anyt > 0,

d 300 400D3
—E(F,) < [ = 9) EB(F).
dt (Fy) < ( 7 + \/i > (Fy)

Proof. Since the second summand in Lemma is negative, we have

d zf( i(1) — (A (1)
(11.6) 2 B(tr(f(A) ;1 [R5 (2)] Ait) — A (t)
Consider the sum
F @) — f1(\ @)
(11.7) Z i Wy v

We split this quantity into four sums, according to whether ¢, j < d(ro;t) or not. From (11.5) we see that
(11.8)

n

b Z |RZ7](t)|2 =b Z ZRz]k 3b Z Z Rz]k 12t—1 Z f()‘z(t))

4,j=d(ro;t)+1 i,j=d(ro;t)+1 k=1 i=d(ro;t)+1 j,k=1 i=d(ro;t)+1

Recall that 7 < 3. Using again (I1.5)) and the fact that z/(z —y) < 3 (ro + %) when z > 7o+ 5 and y < ro,
we see that the indices with ¢ < d(ro;t) and j > d(rg+1/3;¢) or i > d(ro+1/3;t) and j < d(rp;t) contribute
to the sum ([11.7) at most

d(rost) d(ro;t)

(11.9) Z Z ZRM m (A)() 2b-3(rg +1/3:t) > Z ZR”k

j=d(ro+1/3;t)+1 k=1 i=1 j=d(ro+1/3;t)+1 k=1

< 54b Z ZRM < 216t7! En: FO().

i=d(ro+1/3;t)+1 j,k=1 i=d(ro;t)+1
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Since |f”(r)| < DZf(r) for all r > 0, the indices with 4, < d(ro + 1/3;t) contribute to the sum (11.7) at
most

d(ro+1/3;t) n

())
(1.10) 5 > ZRM YO

4,j=1

o d(ro+1/3;t) n

iij\)](t)) < % Z ZRU’C f(max{X;(t), \;(t)}).

4,j=1

/

We split the last sum into two parts. From Lemma we see that the terms with k < d(ro + 1/3;¢)
contribute at most

3D2 d(ro+1/3;t) d(ro+1/3;t)
(11.11) TO Z f Z RZ(t) < 6Dgt~'/? Z Xi(1)¥2 X (8) F(Ni(1))
i=1 k=1 i=1
d(ro+1/3;t) d(ro+1/3t)

S6D3t 2 (rg +1/3)°2 N f(N() <6-372DtE N f(N(1).
i=1 =

Using Lemma again, and taking into account that b € [2%, %], f(3) < 2 and 6—703: < ba? = f(x) for

x> 3§, we see that the terms with k > d(ro + 1/3;t) contribute at most

(11.12)
n d(T0+1/3;t) d(’l‘o+1/3 t) n
Dy ) Yo fw) Z RE(6) ADZF@IE 2o+ 1/3)%2 3 (@)
k=d(ro+1/3;t)+1 =1 k=d(ro+1/3;t)+1

60 ., _ -
<8-33/2-7D§t 1/2 > FOw(1)).
k=d(ro+1/3;t)+1

From (11.8), (11.9)), (11.10) and (11.11)) we finally get

%]E(Ft) < (127;216 + 3(2 maX{G -3%/%,8.3%/2. }) (Zf )

300 400Dg>
<=+ E(F,),
(3 + 2522 ) e

and the proof is complete. O

A consequence of Lemma [11.12]is that
700
(11.13) E(F) < (3) ER)

forall 0 <t < s < Dg*. Tt is known (see [80, Lemma 5.2]) that this implies the bound
(11.14) P(|| A¢llop = 2) < c1 exp(—ca/t)

for all 0 < t < c3/(Inn)?. In particular, if 0 <t < t; = ¢/(Inn)?, where ¢ > 0 is an absolute constant, then

1
(11.15) P(|4dlop > 2) < -

§ 11.5. Proof of Theorem We set s; = 7/3 and consider the function f1 = fp, ., from Lemma|l11.11
with rg = s; and Dy = (lntl) If we assume that n > ng, where ng is a large enough absolute constant,
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then we know that Dy > 3. We define Fy ; = tr(f1(A:)) and using (11.15) and the fact that A; < %In we
see that

(11.16) E(Fy4,) < <1 - 1) n f1(2) + —nfl(l/tl) = (n—1)e Imnl'/3 4 p2

For k > 2 we define

te = [Inty_q| 7',

CO\\I

k
Z It |72, fo = fanetens  Fer = tr(fi(Ae)).
=2

We denote by by the constant in [210, 5] from the construction of the function fi = fane,)s,s,. We set
ko = max{k > 1 : ¢ < 6*100}. Since the summands in the sum of the definition of s decay very fast,
if we assume that n > ng for a large enough absolute constant ng > 0 then we see that s € [7 ] and

373
0<ty <tg<- - <ty <e 190 Also, for every 2 < k < ko we have
1 < 1
— s ————.
V] Inty] (Inty)?

Lemma 11.13. Let n > ng, where ng is a large enough absolute constant. For all 1 < k < kg and

(1117) Sk—1 — Sk —

t € [tr, thta],
(11.18) E(Fj.) < nexp(— (lntk)z).
Proof. We shall show that for every k > 2 and r > si_1,
(11.19) fre(r) <5fk—1(r).
If » > s, then ,
r
e <

If 5,1 < r < s, then

Fe(r) < fu(sk) = besi < 4bg_15% < Bbg_17° =5 fr—1(r)
So, (I1.19) is true. We shall prove by induction on k. For the case k = 1, recall that ¢; = ¢/(Inn)?.
Using ((11.13)), (11.16) and the fact that b < 1/5 we see that

to

E(Fi,) < <

700
; ) E(Fie,) <877 (0= 1)e 012 1472 /5) <nemon)?
1

for every ¢ € [t1,t2], provided that n > ng. Now, let k& > 2 and assume that ((11.18]) holds true for k& — 1.
From ([11.17) and (11.19) we have

d(sk—15tk) n
E(Fy.,) (Z fre(A ) =E | Y fantoss Nilte) + S Alte)
i=1

i=d(sp—1;tk)+1

n

< E | d(sk—1;tk) en i) (sk1=sx) | 5 Z Fe—1(Ai(tx))
i=d(sk_1;tk)+1

‘7/2

<ne It + 5E(Fr_14,)-

From (11.13)) and the induction hypothesis we see that if ¢ € [tg, t511] then

tet1 700 tet1 700 —|nty|7/2 —(Intg_1)?

. t) X te) X

(11.20) E(Fr) < (= E(Fy.,) < [ne el 4 B e (ntes ]
k

_ _ 7/2 _ L —1/8 1 2 1 _ 2
<n {tkmoe [t/ 4 5700 o=t } <n {28 In t| +§e [In ¢ }’
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using also the fact that ¢, < exp(—100) and t; = |Intz_1|~*¢. Now, (11.20) gives (11.18)) and the proof is
complete. O

We can proceed now with Guan’s main estimate in [65].

Theorem 11.14. Let p be an isotropic log-concave probability measure on R™. If (As)i>o is the covariance
process associated with the stochastic localization starting from p, then

E(tr(A2)) < en
for all t > 0, where ¢ > 0 is an absolute constant.

Proof. We first assume that n > ng where ng is a large enough absolute constant. Let ¢; > 0 be an absolute
constant such that ¢; < tx,41. If t € [t1,c1] then there exists 1 < k < ko such that ¢, < ¢t < f541. From
Lemma [[T.13] we know that

E(tr(A2)) (Z,\z ) ()2n+E PP
{i:Xi(t)>8/3}
< %n + 20E(Fy ) <n (694 + e_(lnt’“)2> < 8n.
On the other hand, if 0 < ¢t < t; then and the fact that A4; < l] show that
B(tx(43)) < 4nP(| Aulop < 2)+ 5P(1 Aulop > 2) < 4n+ B exp(—cs/1) < 8n

where we have taken into account that ¢t < ¢/(Inn)? and n > ng. Note also that if ¢ > ¢; then

—

1

because A; < é[n. Finally, the case n < ng is covered e.g. by [80, Corollary 5.4] which provides a bound
for E||A¢||2, and hence for E(tr(A47)). O

It is not hard now to prove Theorem [11.8

Proof of Theorem[I1.8 Using the formula
dA; = / (x — ar)®*(x — a, dW,) dpg (x) — AZdt

and taking into account that Ag = I,,, from the estimate E(tr(A?)) < cn for every t > 0 we see that
E(tr(As)) > tr(Ag) —ctn = (1 — ct)n

and hence

E(tr(At)) 2 5171

for all 0 < ¢t < 41, where ¢; is a suitably small positive absolute constant (one may choose §; = H%l) O

Theorem and Theorem play an important role in the derivation of the main results v, =
O(VInn) and L, = O(1) that we discussed in Sections |8 and @
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