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Preface to Part II

This monograph is the second part in a series of two books which present the
new theory of Asymptotic Geometric Analysis. In the preface to the first part we
provided some historical connections, and described the main goals and research
problems of the field. We explained a change of intuition which led to the creation
of this new area, and is developing alongside the theory. We advise the readers to
read the preface to the first part before reading this preface.

The subject of Asymptotic Geometric Analysis originated in Functional Anal-
ysis, mainly infinite dimensional. After a few transformations it became mostly
a finite dimensional theory, but with the dimension typically very high. It is an
asymptotic theory, asymptotic by the increasing to infinity of the dimensions of
the objects of our study, say normed spaces, convex bodies or convex functions.
The asymptotic approach reveals many very novel phenomena which also influence
other fields in mathematics, especially where a large data set is of main concern,
or a number of parameters which becomes uncontrollably large. One of the impor-
tant features of this new field of mathematics is in developing tools which allow to
study high parametric families. The tools then become immediately also central
for a number of adjacent fields, such as complexity theory in computer science,
“high dimensional” combinatorics, probability theory, analysis of large biological
or medical data, and so on.

In this stage already the connection with infinite dimensional functional analysis
was lost. However, at the same time these connections and the corresponding
results are very beautiful, and profound, and we expect, and hope, that their role
in asymptotic geometric analysis will be found, and their glory, and importance,
will return. This is the reason we chose to devote a significant portion of the second
volume to return to some of these results, the originality and beauty of which we
see as especially high, as beauty in mathematics is never lost and will pay off some
day.

Chapters 1-4 in this volume are thus a continuation and extension of Part I
(but may be read independently), whereas starting from Chapter 5 we describe
some older parts of the theory. Let us therefore give here the description of the
chapters in a non-linear order.

In Chapter 5 we present the beautiful theory of type and cotype, which was
invented and developed by B. Maurey and by G. Pisier, although some initial
definitions appeared earlier and some important results were proved by others. In
the first two sections we introduce the notions of type p and cotype q as well as some
classical operator norms. We discuss absolutely summing operators and nuclear
operators, introduced by Grothendieck, trace duality, the notions of Gaussian type
and cotype, and the �-norm. There are several classical references on the subject,

ix
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and we only discuss the concepts and results that are necessary for some of the
main theorems that we would like to present in this and in the next chapter.

We continue with a discussion of the duality of entropy problem for spaces
with type p and of two classical results for spaces with bounded cotype constant.
The first is a remarkable theorem of Maurey and Pisier, called “the Maurey-Pisier
lemma”, comparing Rademacher and Gaussian averages for spaces with bounded
cotype q constant, and the second is a theorem, originally proved by Bourgain and
V. Milman, answering a question of Pe�lczynski, which asserts that the volume ratio
of the unit ball of an n-dimensional normed space is bounded by a function of the
cotype 2 constant of the space. Then, we briefly discuss Grothendieck’s inequal-
ity. We provide a proof and show that it can also be deduced from Khintchine’s
inequality. We also present a proof of Kwapien’s theorem stating in a quantitative
way that if a Banach space has type 2 and cotype 2 then it is isomorphic to Hilbert
space. We deduce Kwapien’s theorem from a more general extension theorem of
Maurey; its proof is based on a characterization of L2-factorable extensions of op-
erators which is described in the further reading section. We devote a section to
the Lindenstrauss and Tzafriri affirmative answer to the complemented subspace
problem. We also present related finite dimensional results of Figiel, Lindenstrauss
and V. Milman which may be viewed as applications of Kwapien’s theorem.

In the last part of Chapter 5 we first provide a proof of the remarkable theorem
of Krivine which states that, for every basic (or non-degenerate in some sense)
sequence {xn}∞n=1 in a Banach space X, some �p, 1 � p <∞, or c0 is block finitely
representable in {xn}∞n=1. The first part of the proof is based on the work of
Brunel and Sucheston, and shows that the original sequence may be replaced by an
unconditional and invariant under spreading one. For the second part of the proof
we follow Lemberg’s presentation. We also discuss finite dimensional variants of
the results of Brunel and Sucheston. Then, we present the Maurey-Pisier theorem
which complements Krivine’s theorem: if we define pX = sup{p � 2 : has type p}
and qX = inf{q � 2 : has cotype q} then the Maurey-Pisier theorem says that
for every k � 1 and any ε > 0 there exist k-dimensional subspaces of X which
are (1 + ε)-isomorphic to �kpX

and �kqX . For the proof of the cotype part of the
theorem we follow a simplification of the original Maurey-Pisier proof, which is
due to V. Milman and Sharir. We close the chapter with an important theorem of
Pisier which implies the type part of the Maurey-Pisier theorem as well as a result
of Johnson and Schechtman about embedding �mp into �n1 .

In Chapter 6 we investigate geometric properties of the Banach Mazur com-
pactum, the family of all n-dimensional normed spaces equipped with the Banach-
Mazur distance. Of course, in the spirit of Asymptotic Geometric Analysis, we are
interested in the asymptotic behavior of the estimated quantities as the dimension
n tends to infinity. The geometry of the Banach Mazur compactum was of high
interest already in the time of Banach, but the progress in understanding it was
very slow. Every step was difficult, and the accumulated progress small. Only
from the 1970s did the knowledge on this subject start to grow significantly, and
the present theory is very rich. This chapter stands exactly between Functional
Analysis and Asymptotic Geometric Analysis and serves as a nice bridge between
these two related fields.

We discuss the question to compute the diameter of the compactum and present
a proof of Gluskin’s theorem that there exists an absolute constant c > 0 such that,
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for any n ∈ N, one may find two n-dimensional normed spaces Xn, Yn with distance
greater than cn. The proof is probabilistic and establishes only the existence of
such a pair; moreover, it introduces a class of random spaces that later found many
applications in the theory. Then we introduce the method of random orthogonal
factorizations, a fruitful idea, based on an inequality of Chevet, which produces
a class of isomorphisms between two n-dimensional normed spaces for which one
can give reasonable, and sometimes useful, estimates for their norms. We provide
a number of applications in order to illustrate the power of the method; among
them, an estimate of the Banach-Mazur distance between two arbitrary spaces in
terms of the type 2 constants of the spaces or their dual spaces, an estimate of the
distance between a space and its dual, and, in the further reading section, a general
estimate of the volume ratio of an arbitrary pair of n-dimensional convex bodies.
One more application of the method of random orthogonal factorizations is given
for the problem to estimate the diameter of the Banach-Mazur compactum in the
non-symmetric case. We discuss in detail the best known upper bound, which is
due to Rudelson.

Then, we present the circle of ideas that were developed for the study of
Pe�lcynski’s question to determine the asymptotic growth of the radius Rn

∞ of
Banach-Mazur compactum with respect to �n∞. We present a proof of the best
known upper bound O(n5/6), which was obtained by Giannopoulos, following works
of Bourgain, Szarek and Talagrand that combine combinatorial and factorization
arguments related to Grothendieck’s inequality. The problem remains open; one
should mention Tikhomirov’s recent striking lower bound Rn

∞ � n5/9 up to a
power of lnn, which shows that the “exponent” of n in Rn

∞ is strictly between
1/2 and 1. An important result which is related to the above discussion, first ob-
tained by Bourgain and Szarek, is the proportional Dvoretzky-Rogers factorization
theorem. We give here two interesting applications, the strong negative answer of
Bourgain and Szarek to the question of (isomorphic) uniqueness of the center of the
Banach-Mazur compactum and the isomorphic Dvoretzky theorem of V. Milman
and Schechtman.

The last three sections of Chapter 6 present beautiful results from the local
theory of normed spaces, which exploit combinatorial and probabilistic tools and
are in the spirit of our previous discussion. We describe the proof of a theorem
of V. Milman and Wolfson about spaces with maximal Banach-Mazur distance
to Euclidean space, whose proof exploits a beautiful result of Elton. We also
present the Alon-V. Milman theorem, which implies the following dichotomy: given
ε ∈ (0, 1), every n-dimensional normed space X contains a subspace F of dimension

k � exp(c(ε)
√
lnn) such that either d(F, �k2) � 1 + ε or d(F, �k∞) � 1 + ε. Finally,

we discuss a theorem of Schechtman on the dependence on ε of the critical dimen-
sion in Dvoretzky theorem. The proof exploits the proportional Dvoretzky-Rogers
factorization theorem and the Alon-V. Milman theorem.

Chapter 7 plays in some sense a very special role. It gives an application of
the Asymptotic Theory we developed, to old and classical problems of convexity
theory, asking for the minimal number of symmetrization steps needed to get from
an arbitrary convex body to an approximate Euclidean ball. We consider two kinds
of symmetrizations. One is Minkowski symmetrization, averaging the body and a
reflected copy, and the other one is Steiner symmetrization, defined and studied
in [1, Chapter 1], where it was used to derive proofs for classical theorems such
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as the Brunn-Minkowski, Blaschke-Santaló and the isoperimetric inequalities. The
results we present in this chapter are striking, and use a whole range of tools
and achievements of Asymptotic Geometric Analysis. In classical convex geometry
theory it was expected that the number of, say, Steiner symmetrizations needed to
get ε close to a Euclidean ball starting from an arbitrary convex body would be of
the order of (n/ε)n/2 but, surprisingly, the methods of asymptotic convex geometry
show that a linear in the dimension number of steps is enough. First we present
the work of Bourgain, Lindenstrauss and V. Milman, who proved that for every
ε ∈ (0, 1) and every convex body K, if we perform N = Cn lnn+c(ε)n independent
random Minkowski symmetrizations on K, then with probability greater than 1−
exp(−c1(ε)n) we receive a convex body K ′ such that dG(K

′, Bn
2 ) � 1 + ε, where

dG is the geometric distance. We call theorems of this type “almost isometric
symmetrization” results. Bourgain, Lindenstrauss and V. Milman also proved an
“isomorphic symmetrization” theorem about Steiner symmetrization.

The main part of the chapter is devoted to the work of Klartag. Through
his works, and his joint work with V. Milman, we now know that, starting from
an arbitrary convex body, 3n symmetrizations suffice to get a body which is C-
isomorphic to the Euclidean ball, for some absolute constant C and that for every
ε > 0 an ε-approximation is possible using n4(log(1/ε))2 steps only. Klartag’s
results regarding Minkowski symmetrizations are even better (they are linear in
n) and are essentially used in the analysis of the Steiner symmetrizations case. A
remarkable feature of the works that we present in this chapter is that they combine
and use a variety of tools that we developed in [1]. We also emphasize, and the
reader will notice, the fact that in the procedure that we describe every new step
depends in a very essential way to the previous ones.

Chapter 8 is devoted to the method of interlacing families of polynomials,
introduced by Marcus, Spielman and Srivastava. We focus on its applications to
geometric functional analysis and convex geometry. Our starting point is a theorem
of Batson, Spielman and Srivastava motivated by the question of approximating,
in terms of its Laplacian matrix, a given graph by a sparse one: If d > 1 and
v1, . . . , vm ∈ Rn are such that

Idn =
m∑
j=1

vj ⊗ vj

then there exist non-negative reals {sj}mj=1, with |{j : sj �= 0}| � dn, such that

Idn 	
m∑
j=1

sjvj ⊗ vj 	
(√d+ 1√

d− 1

)2
Idn.

In the language of convex geometry, this theorem asserts that a given John decom-
position of the identity can be approximated by a John sub-decomposition, with
suitable weights, which involves a linear in the dimension number of terms. Im-
portant applications of this fact to convex geometry are discussed in the further
reading section of the chapter.

Interlacing polynomials are then introduced and used for a new proof of the
restricted invertibility principle. The original version, proved by Bourgain and
Tzafriri, established that any n × n matrix B that has small operator norm and
columns of unit length contains a large column submatrix Bσ, where σ ⊂ [n],
which is well-invertible on its span. Generalizations were obtained by Vershynin and
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Spielman-Srivastava. We present a more recent sharp form of the theorem, obtained
by Marcus, Spielman and Srivastava: If B is a n × m matrix and k � srank(B)
then there exists σ ⊂ [m] with |σ| = k such that

σmin(Bσ)
2 �
(
1−
√
k/srank(B)

)2 ‖B‖2HS

m
,

where srank(B) := ‖B‖2HS/‖B‖2op is the stable rank of B and ‖B‖HS is its Hilbert-
Schmidt norm. We also discuss work of Youssef, who obtained another restricted
invertibility theorem for rectangular matrices and used it to get an alternative
proof of the proportional Dvoretzky-Rogers factorization theorem with the same,
currently best known, estimate as that obtained by Giannopoulos.

Chapter 8 is concluded with the history and the solution to the Kadison-Singer
problem. We start with a brief description of the problem, its equivalence with
Anderson’s paving conjecture which concerns finite dimensional matrices, and re-
ductions to other finite dimensional combinatorial problems. Using the method
of interlacing polynomials, Marcus, Spielman and Srivastava succeeded to confirm
one of these. Their main result states that if ε > 0 and v1, . . . , vm are independent
random vectors in Cn with finite support, such that

m∑
i=1

E(viv
∗
i ) = Idn and E(v∗i vi) � ε

for all 1 � i � m, then with positive probability one has∣∣∣ m∑
i=1

viv
∗
i

∣∣∣ � (1 +
√
ε)2.

This implies Weaver’s conjecture, one of the equivalent formulations of the paving
conjecture, and answers the Kadison-Singer problem in the affirmative.

Let us go back and describe the first four chapters of this volume, which are in
a sense an extension of the first volume but may be read essentially independently.
The material that is presented in these chapters complements and develops the
methods and results of Part I. In Part I we tried not to overload some chapters
with directions that were based on very technical results. Thus we presented only
ideas and techniques which were absolutely necessary for the presentation of the
first line of results. Here we complement and extend this material. We would still
like to emphasize that extremely important, needed and also beautiful results fill
these four chapters.

Chapter 1 may be seen as a continuation of [1, Chapter 3] and focuses on
the functional aspects of the subject. Our first goal is to explain the role of the
Poincaré inequality in concentration of measure. We start with the Gaussian case,
and provide a proof for the Gaussian Poincaré inequality introducing the Ornstein-
Uhlenbeck semigroup. We then discuss the general semigroup method, the spectral
approach to the Poincaré inequality, and its discrete version. We end this first part
with a technical tool which is sometimes useful, the Laplace functional of a measure,
and show how it can be used to get concentration on the discrete cube as well.
Then, we discuss cost-induced transforms, which have their origin in the theorem
of optimal transportation and present various inequalities inducing concentration.
These include a cost-Santaló inequality, a weak cost-Santaló inequality, and an
equivalent inequality connecting entropy with transportation cost. To this end we
define and analyse the concept of entropy and relative entropy. We also discuss the
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logarithmic Sobolev inequality and in particular the relation of hypercontractivity
with concentration. We show a hierarchy between the various inequalities. In the
further reading section and in the notes and remarks the reader may find further
related extensions, in particular Talagrand’s L1 − L2 inequality, a self-contained
proof of the Kantorovich duality theorem which plays a key role in the inequalities
connected to concentration, and a historical overview of tensorizable inequalities,
written by S. G. Bobkov at our request.

Chapter 2 is a direct continuation of [1, Chapter 10], although we present it
in a way suitable for independent reading. Our aim in this chapter is to present
a number of challenging problems and deep results about isotropic log-concave
probability measures. This part of the theory is very quickly developing in recent
years, and many new facts and some breakthroughs were achieved in the short
period between Part I was published and this book was completed. Moreover,
between the acceptance of this manuscript, and the last polish before publication,
a huge step forward in the understanding was obtained by Chen. We present in
this chapter some of these new ideas and results, starting with the Kannan-Lovász-
Simonovits (KLS) conjecture. It concerns the Cheeger constant χμ of an isotropic
log-concave measure μ, defined as the least constant χ � 0 such that

μ+(A) � χ min{μ(A), 1− μ(A)}
for every Borel subset A of Rn, where μ+(A) is the Minkowski content of A. For
notational convenience we set ψμ = 1/χμ. The question is if there exists an absolute
constant C > 0 such that

ψn := sup{ψμ : μ is isotropic log-concave measure on Rn} � C.

We present a first approach to the problem, due to Kannan, Lovász and Simonovits,
which is based on the localization lemma and leads to the estimate ψn � C

√
n. We

also describe a second proof, due to Bobkov, which provides the same general es-
timate. Then, we explain that an equivalent way to formulate the KLS conjecture
is to ask that Poincaré inequality holds for every isotropic log-concave probability
measure μ on Rn with a constant that is independent of the measure or the dimen-
sion n. We also describe important work of E. Milman who introduced a variety
of isoperimetric constants for a Borel probability measure μ on Rn, including the
exponential concentration constant ημ and the first moment concentration constant
ζμ, and showed that for every log-concave probability measure μ on Rn one has

ψμ ≈ ϑμ ≈ ημ ≈ ζμ.

We introduce the central limit problem, that asks if the 1-dimensional marginals
of high-dimensional isotropic log-concave measures μ are approximately Gaussian
with high probability and explain the fact, that goes back to Sudakov, that if μ
is an isotropic probability measure on Rn that the problem can be reduced to the
validity of the “thin shell condition”

μ
(
| |x| −

√
n | � εn

√
n
)
� εn

with ε = εn tending to 0 as n tends to infinity. An affirmative answer to the problem
was given by Klartag who, in a series of breakthrough works, obtained power-type
estimates verifying the thin-shell condition. However, it is an open problem to
decide if there exists an absolute constant C > 0 such that, for any n � 1,

σn := sup{σμ : μ is an isotropic log-concave measure on Rn} � C,
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where

σ2
μ :=

∫
Rn

(
|x| −

√
n
)2
dμ(x).

We present a theorem of Eldan and Klartag showing that a positive answer to this
“variance problem” implies the hyperplane conjecture. Finally, we describe the
currently best known results on the family of problems of this chapter. They are
due to Y. Chen and imply that in the case where μ is isotropic one has

ψμ � nc
√

ln lnn
lnn � nε

for any ε > 0 provided that n is large enough. This also implies that for any
ε > 0 there exists n0 = n0(ε) such that, for all n � n0(ε), σn � nε and Ln � nε.
The approach of Chen, as well as previous work of Lee and Vempala in the same
direction, is based on Eldan’s stochastic localization.

Chapter 3 presents the proofs of some fundamental and very useful isoperimetric
inequalities about the n-dimensional Gaussian measure γn, and extends [1, Chap-
ter 9]. The Gaussian distribution plays a central role in probability theory and our
theory gives a deep and important addition to the understanding of Gaussian ran-
dom variables. The first main result of the chapter is the isoperimetric inequality
in Gauss space stating that if A is a Borel set in Rn and H is a half-space such that
γn(A) = γn(H) then γn(At) � γn(Ht) for every t > 0, where At is the t-extension
of A. This shows that half-spaces are extremal sets for the isoperimetric problem.
We outline a proof due to Sudakov and Tsirelson, and idependently to Borell, which
is based on the Maxwell/Poincaré observation. In the notes and remarks section
we describe a second proof, based on a Gaussian symmetrization, which was given
by Ehrhard. We present in detail Bobkov’s proof which employs a functional in-
equality which in some sense avoids geometry completely, and allows tensorization.
The next topic in this chapter is the Ehrhard-Borell inequality. Originally, using
Gaussian symmetrization, Ehrhard obtained the inequality

Φ−1(γn(λA+ (1− λ)B)) � λΦ−1(γn(A)) + (1− λ)Φ−1(γn(B))

for any pair of convex subsets A,B of Rn and any λ ∈ (0, 1). We describe the
work of Borell who removed the convexity assumption and proved a more general
functional inequality which implies Ehrhard’s inequality for any pair of Borel sets
A and B.

In the next two sections we discuss beautiful results that verify a conjecture of
Shepp on the behavior of the Gaussian measure of dilates of centrally symmetric
convex bodies, the Gaussian correlation conjecture and the B-conjecture. The first
result is due to Lata�la and Oleszkiewicz and states that if A is a centrally symmetric,
closed and convex set in Rn and P is a centrally symmetric strip in Rn such that
γn(A) = γn(P ) then γn(tA) � γn(tP ) for all t � 1 and γn(tA) � γn(tP ) for all
0 � t � 1. The proof employs Ehrhard’s inequality to reduce the problem to a
two-dimensional one. Next, we present Royen’s proof of the Gaussian correlation
conjecture for Gaussian measure: If K,T are two centrally symmetric, closed and
convex sets in Rn then

γn(K ∩ T ) � γn(K) γn(T ).

Finally, the B-theorem of Cordero-Erausquin, Fradelizi and Maurey confirms a
conjecture of Banaszczyk: If K is a centrally symmetric convex body in Rn then
the function t �→ γn(e

tK) is log-concave on R.
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In the final section of Chapter 3 we present applications of geometric inequalities
for the Gaussian measure to discrepancy problems. In particular, we present a proof
of the Spencer/Gluskin theorem as well as the proof of the currently best known
estimate for a well-known question of Komlós, which is due to Banaszczyk.

In [1, Chapter 2 and Chapter 10] we saw very non-trivial volume inequali-
ties related to the classical positions of convex bodies and to the isotropic posi-
tion. We extend and continue the study of different volume-type inequalities in
Chapter 4 of this volume. We present the rearrangement approach, the classi-
cal Brascamp-Lieb-Luttinger inequality, and the multidimensional versions of the
Brascamp-Lieb inequality and Barthe’s inequality. Then we present a sample of ap-
plications of these deep inequalities to classical problems in convex geometry. We
also discuss a geometric inequality of Gluskin and V. Milman and apply it to show
that every n-dimensional normed space has the random cotype-2 property, and
a Brunn-Minkowski-type inequality for restricted Minkowski sums, due to Szarek
and Voiculescu, which is then applied to give an elegant proof of Shannon’s entropy
power inequality.

A second part of Chapter 4 is devoted to volume estimates for convex bodies
with few vertices or facets. We describe the proof of Vaaler’s inequality giving
a lower bound for the volume of the intersection of a finite number of centrally
symmetric strips, which introduces a useful partial order on the class of log-concave
probability measures. We also describe another lower bound that was obtained
independently by Carl-Pajor and by Gluskin, and by duality we obtain an upper
bound for the volume of the convex hull of a finite number of points, proved by
Barány and Füredi with a different method. In the further reading section we also
discuss work of Meyer and Pajor who, using ideas from Vaaler’s work, determined
the maximal sections of the �p-balls in the case 1 � p � 2 and their minimal sections
in the case p � 2. We close this part with a discussion of Shephard’s problem and
its negative answer by Petty and Schneider, as well as the strongly negative answer
to the problem which was given, much later, by K. Ball.

In the last part of Chapter 4 we explain the main ideas of a theory developed in
a series of works of Paouris and Pivovarov who, using the Brascamp-Lieb-Luttinger
inequality, stochastic dominance and the notion of “weak” convexity, provided a
unified way of proving well-known inequalities from geometric probability and ob-
tained a variety of randomized isoperimetric inequalities. Finally, we give a brief
account of Blaschke-Petkantschin formulas and their geometric applications, includ-
ing the Busemann-Straus/Grinberg inequality on the dual-affine quermassintegrals
of a convex body, as well as some “correction” to the Busemann-Petty problem, by
Giannopoulos and Koldobsky, which leads to a positive solution.

Finally, let us discuss Chapter 9, on “functionalization of geometry”, the last
chapter of this book and of the project. In some sense, this chapter is an appendix
for our books, but we consider it to be of high importance, as it is in some sense
a “glance to the future”. In this chapter we study some classes of functions on
Rn from a purely geometric point of view. We show that the family of convex
functions, or log-concave functions, or, more generally, α-concave functions and
even quasi-concave functions, may be viewed as an extension of geometric objects,
namely closed convex sets. Because some of these classes often appear as densi-
ties of probability measures, this direction was originally called “geometrization of
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probability”. However, we realized later that this point of view has a much broader
perspective, and changed the name to the present one.

Before describing this direction in a more understandable (and more mathe-
matical) way, let us recall some notation. Consider the class Cvx(Rn) of all lower
semi continuous convex functions ϕ : Rn → R∪{∞} which are not identically +∞.
The Legendre transform is the map

(Lϕ) (y) = sup
x

(〈x, y〉 − ϕ(x)) .

We discuss in Chapter 9 the following theorem: Assume T : Cvx(Rn) → Cvx(Rn)
satisfies that T ◦ T = Id and that (ϕ � ψ) ⇐⇒ (Tϕ � Tψ). Then T is, up
to linear variants, the Legendre transform. So, these two elementary properties,
essentially uniquely define the Legendre transform. Now, consider some funda-
mental constructions of convex geometry which we often met in Part I: Polarity
K �→ K◦, Support functions K �→ hK , Minkowski functional K �→ ‖ · ‖K . It turns
out that these geometric constructions, central to convex geometry, may be essen-
tially uniquely determined by some elementary analytic properties. For example,
the map K �→ K◦ is (essentially, up to linear variants) the unique map on compact
convex sets with 0 in the interior which is an involution, and which reverses the
partial order given by inclusion, (A ⊆ B) ⇐⇒ (TA ⊇ TB). This was proved
by Böröczky-Schneider, and parts traced back to Gruber. The result for the class
of closed convex sets which include the origin is due to Artstein-V. Milman. Simi-
larly, this led to the understanding that the support map K �→ hK is essentially the
unique bijection from convex bodies to 1-homogeneous convex functions which is
order preserving, and the Minkowski gauge map, the only order reversing one. We
then see that these very geometric in nature constructions are characterized in the
purely analytic language of inequalities. This enables us to understand their exten-
sion to the world of functions. It is useful to consider not only Cvx(Rn) but also
its subclass of non-negative functions which vanish at the origin, Cvx0(Rn), which
we call “geometric convex functions”. We shall see in Chapter 9 that the Legendre
transform is the natural (and only, in some sense) analogue of the support map for
bodies, in the worlds of Cvx(Rn), and we have natural extensions of the polarity
transform and of the Minkowski functional (Minkowski functional is actually just
the composition of polarity and support) .

Let us interrupt here the discussion of how far we may bring purely geometric
results from convex geometry to analysis and compare then with another series of
recent deep results in convexity on “characterization type” facts. As an example of
such results we may consider a result of Ludwig and Reitzner on valuations from
[1], Theorem B.6.3. Clearly, the results we mentioned above also have such “char-
acterization type” flavor, although on a very basic and elementary operation. This
allows us to “leaving” geometry and to consider them in analysis instead, namely
“functional extensions”, and this is the main point we would like to emphasize.

Returning back to the contents of Chapter 9, let us note that we did not
yet explain here the deep penetration of geometry into the analytic setting. The
deepest part of convex geometry is in geometric inequalities, in the study of volumes,
relation and inequalities between them. Of course, to be able to discuss inequalities
we must first restrict to a class of integrable functions, which is why we are “re-
norming” the class of convex functions and consider log-concave functions, exp(−ϕ)
where ϕ is convex, or other classes of functions more suitable for integration.
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However, we should also discover the correct summation approach which, like
Minkowski summation applied to volume of linear combinations of convex bodies
(with non-negative coefficients) will create polynomiality for integrals of the cor-
responding linear combinations of the functions. In this way we derve notions of
mixed integrals and quermassintegrals in the functional setting, and this leads the
way to deep geometric inequalities such as Alexandrov-type, Urysohn-type, and
Alexandrov-Fenchel-type. The interested reader may see more general information
on the contents of Chapter 9 in the introduction of the chapter itself.
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Preface to Part I

In this book we present the theory of asymptotic geometric analysis, a theory
which stands at the midpoint between geometry and functional analysis. The the-
ory originated from functional analysis, where one studied Banach spaces, usually
of infinite dimensions. In the first few decades of its development it was called
“local theory of normed spaces”, which stood for investigating infinite dimensional
Banach spaces via their finite dimensional features, for example subspaces or quo-
tients. Soon, geometry started to become central. However, as we shall explain
below in more detail, the study of “isometric” problems, a point of view typical
for geometry, had to be substituted by an “isomorphic” point of view. This be-
came possible with the introduction of an asymptotic approach to the study of high
dimensional spaces (asymptotic with respect to dimensions increasing to infinity).
Finally, these finite but very high dimensional questions and results became inter-
esting in their own right, influential on other mathematical fields of mathematics,
and independent of their original connection with infinite dimensional theory. Thus
the name asymptotic geometric analysis nowadays describes an essentially new field.

Our primary object of study will be a finite dimensional normed space X; we
may assume that X is Rn equipped with a norm ‖ · ‖. Such a space is determined
by its unit ball KX = {x ∈ Rn : ‖x‖ � 1}, which is a compact convex set with
non-empty interior (we call this type of set “a convex body”). Conversely, if K is a
centrally symmetric convex body in Rn, then it is the unit ball of a normed space
XK = (Rn, ‖ · ‖K). Thus, the study of finite dimensional normed spaces is in fact
a study of centrally symmetric convex bodies, but again, the low-dimensional type
questions and the corresponding intuition are very different from what is needed
when the emphasis is on high dimensional asymptotic behaviour. An example that
clarifies this difference is given by the following question: does there exist a universal
constant c > 0 such that every convex body of volume one has a hyperplane section
of volume more than c? In any fixed dimension n, simple compactness arguments
show that the answer is affirmative (although the question to determine the optimal
value of the corresponding constant cn may remain interesting and challenging).
However, this is certainly not enough to conclude that a constant c > 0 exists
which applies to any body of volume one in any dimension. This is already an
asymptotic type question. In fact, it is unresolved to this day and will be discussed
in Chapter 10.

Classical geometry (in a fixed dimension) is usually an isometric theory. In the
field of asymptotic geometric analysis one naturally studies isomorphic geometric
objects and derives isomorphic geometric results. By an “isomorphic” geometric
object we mean a family of objects in different spaces of increasing dimension and
by an “isomorphic” geometric property of such an “isomorphic” object we mean a
property shared by the high-dimensional elements of this family. One is interested

xix
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in the asymptotic behaviour with respect to some parameter (most often it is the
dimension n) and in the control of how the geometric quantities involved depend
on this parameter. The appearance of such an isomorphic geometric object is a
new feature of asymptotic high dimensional theory. Geometry and analysis meet
here in a non-trivial way. We will encounter throughout the book many geometric
inequalities in isomorphic form. Basic examples of such inequalities are the “iso-
morphic isoperimetric inequalities” that led to the discovery of the “concentration
phenomenon”, one of the most powerful tools of the theory, responsible for many
counterintuitive results. Let us briefly describe it here, through the primary exam-
ple of the sphere. A detailed account is given in Chapter 3. Consider the Euclidean
unit sphere in Rn, denoted Sn−1, equipped with the Lebesgue measure, normalized
to have total measure 1. Let A be a subset of the sphere of measure 1/2. Take
an ε-extension of this set, with respect to Euclidean or geodesic distance, for some
fixed but small ε; this is the set of all points which are at distance at most ε from
the original set (usually denoted by Aε). It turns out that the remaining set (that
is, the set Sn−1 \ Aε of all points in the sphere which are at distance more than
ε from A) has, in high dimensions, a very small measure, decreasing to zero expo-
nentially fast as the dimension n grows. This type of statement has meaning only
in asymptotic language, since in fact we are considering a sequence of spheres of
increasing dimensions, and a sequence of subsets of these spheres, each of measure
one half of its corresponding sphere, and the sequence of the measures of the ε-
extensions (where ε is fixed for all n) is a sequence tending to 1 exponentially fast
with dimension. We shall see how the above statement, which is proved very easily
using the isoperimetric inequality on the sphere, plays a key role in some of the
very basic theorems in this field.

We return to the question of changing intuition. The above paragraph shows
that, for example, an ε-neighbourhood of the equator x1 = 0 on Sn−1 already
contains an exponentially close to 1 part of the total measure of the sphere (since
the sets x1 � 0 and x1 � 0 are both of measure 1/2, and this set is the intersection
of their ε-neighbourhoods). While this is again easy to prove (say, by integration)
once it is observed, it does not correspond to our three-dimensional intuition. In
particular, the far reaching consequences of these observations are hard to anticipate
in advance. So, we see that in high dimension some of the intuition which we built
for ourselves from what we know about three-dimensional space fails, and this
“break” in intuition is the source of what one may call “surprising phenomena” in
high dimensions. Of course, the surprise is there until intuition corrects itself, and
the next surprise occurs only with the next break of intuition.

Here is a very simple example: The volume of the Euclidean ball Bn
2 of radius

one seems to be increasing with dimension. Indeed, denote this by κn and compute:

κ1 = 2 < κ2 = π < κ3 =
4π

3
< κ4 < κ5 < κ6.

However, a simple computation which is usually performed in Calculus III classes
shows that

Voln(B
n
2 ) = κn =

πn/2

Γ(n2 + 1)
=
(
cn/
√
n
)n

where cn →
√
2πe. We thus see that in fact the volume of the Euclidean unit

ball decreases like n−n/2 with dimension (and one has the recursion formula κn =
2π
n κn−2). So, for example, if one throws a point into the cube circumscribing the
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ball, at random, the chance that it will fall inside the ball, even in dimension 20,
say, is practically zero. One cannot find this ball inside the cube.

Let us try to develop an intuition of high dimensional spaces. We illustrate,
with another example, how changing the intuition can help us understand, and
anticipate, results. To begin, we should understand how to draw “high dimensional”
pictures, or, in other words, to try and imagine what do high dimensional convex
bodies “look like”. The first non intuitive fact is that the volume of parallel hyper-
sections of a convex body decays exponentially after passing the median level (this
is a consequence of the Brunn-Minkowski inequality, see Section 3.5). If we want to
capture this property, it means that our two or three dimensional pictures of a high
dimensional convex body should have a “hyperbolic” form! Thus, K is a convex
set but, as the rate of volume decay has a crucial influence on the geometry, we
should find a way to visualize it in our pictures. For example, one may draw the
convex set K as follows:

The convexity is no longer seen in the picture, but the volumetric properties
are apparent. Next, with such a picture in mind, we may intuitively understand
the following fact (it is a special case of Theorem 5.5.4 in Section 5.5): Consider the
convex body K =

√
nBn

1 := conv(±√nei) (also called the unit ball of Ln
1 ). Take a

random rotation UK of K and intersect it with the original body.

The resulting body, K∩UK is, with high probability over the choice of the ran-
dom rotation U , contained in a Euclidean ball of radius C, where C is a universal
constant independent of the dimension. Note that the original body, which con-
tains a Euclidean ball of radius 1 (as does the intersection), has points in distance√
n from the origin. That is, the smallest Euclidean ball containing K is

√
nBn

2 .
However, the simple (random) procedure of rotation and intersection, with high
probability cuts out all these “remote regions” and regularizes the body completely
so that it becomes an isomorphic Euclidean ball.
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This was an example of a very concrete body, but it turns out the same property
holds for a large class of bodies (called “finite volume ratio” bodies, see Section 5.5).
Actually, if one allows slightly more rotations, log n of them in dimension n, one may
always regularize any body by the same process to become an isomorphic Euclidean
ball. This last claim needs a small correction to be completely true: we have not
explained how one chooses a random rotation. To this end one considers the Haar
probability measure on the space of orthogonal rotations. To consider orthogonal
rotations one must first fix a Euclidean structure, and the above statement is true
after fixing the “right” structure corresponding to the body in question. The story
of choosing a Euclidean structure, which is the same as choosing a “position” for
the body, is an important topic, and for different goals different structures should
be chosen. This topic is covered in Chapter 2.

Let us emphasize that while the geometric picture is what helps us understand
which phenomena may occur, the picture is of course not a proof, and in each case
a proof should be developed and is usually non trivial.

This last example brings us to another important point which will be a cen-
tral theme in this book, and this is the way in which, in this theory, randomness
and patterns appear together. A perceived random nature of high dimensions is
at the root of the reasons for the patterns produced and the unusual phenomena
observed in high dimensions. In the dictionary, “randomness” is the exact opposite
of “pattern”. Randomness means “no pattern”. But, in fact, objects created by
independent identically distributed random processes, while being different from
one another, are many times indistinguishable and similar in the statistical sense.
Consider for example the unit cube, [0, 1]n. Choosing a random point inside it with
respect to the uniform distribution means simply picking the n coordinates inde-
pendently and uniformly at random in [0, 1]. We know that such a point has some
very special statistical properties (the simplest of which is the law of large numbers
and the central limit theorem regarding the behaviour of the sum of these coordi-
nates). It turns out that similar phenomena occur when the unit cube is replaced
by a general convex body (again, a position should be specified). It is a challenge
to uncover these similarities, a pattern, in very different looking objects. When
we discover very similar patterns in arbitrary, and apparently very diverse convex
bodies or normed spaces, we interpret them as a manifestation of the randomness
principle mentioned above.

On the one hand, high dimension means many variables and many “possibili-
ties”, so one may expect an increase in the diversity and complexity as dimension
increases. However, the concentration of measure and similar effects caused by the
convexity assumption imply in fact a reduction of the diversity with increasing di-
mension, and the collapse of many different possibilities into one, or, in some cases,
a few possibilities only. We quote yet another simple example which is a version of
the “global Dvoretzky-type theorem”. For details see Section 5.6. (The Minkowski
sum of two sets is defined by A+B = {a+ b : a ∈ A, b ∈ B}.)

Let n ∈ N and let K ⊂ Rn be a convex body such that the
Euclidean ball Bn

2 is the ellipsoid of maximal volume inside K.
Then, for N = Cn/ logn random orthogonal transformations
Ui ∈ O(n), with probability at least 1− e−cn we have that

Bn
2 ⊂

1

N

(
U1K + U2K + · · ·+ UNK

)
⊂ C ′Bn

2 ,
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where 0 < c,C,C ′ < ∞ are universal constants (independent
of K and of n).

One way in which diversity is compensated and order is created in the mixture
caused by high dimensionality, is the concentration of measure phenomenon. As
the dimension n increases, the covering numbers of a generic body of the same
volume as the unit Euclidean ball, say, by the Euclidean ball itself (this means the
number of translates of the ball needed to cover the body, see Sections 4.1 and
4.2) become large, usually exponentially so, meaning ecn for some constant c > 0,
and so seem impossible to handle. The concentration of measure is, however, of
exponential order too (this time e−c′n for some constant c′ > 0), so that in the
end proofs become a matter of comparison of different constants in the various
exponents (this is, of course, a very simplistic description of what is going on).

Let us quote from the preface of P. Lévy to the second edition of his book
“Problèmes Concrets d’Analyse Fonctionelle” of 1951:

“It is quite paradoxical, that an increase in the number of
variables might cause simplifications. In reality, any law of
large numbers presupposes the existence of some rule governing
the influence of sequential variables; starting with such a rule,
we often obtain simple asymptotic results. Without such a rule,
complete chaos ensues, and since we are unable to describe, for
instance, an infinite sequence of numbers, without resorting to
an exact rule, we are unable to find order in the chaos, where, as
we know, one can find mysterious non measurable sets, which
we can never truly comprehend, but which nevertheless will
not cease to exist.”

As we shall see below, the above facts reflect the probabilistic nature of high
dimensions. We mean by this more than just the fact that we are using probabilistic
techniques in many steps of the proofs. Let us mention one more very concrete
example to illustrate this “probabilistic nature”: Assume you are given a body
K ⊂ Rn, and you know that there exist 3 orthogonal transformations U1, U2, U3 ∈
O(n) such that the intersection of U1K, U2K and U3K is, up to constant 2, say, a
Euclidean ball. Then, for a random choice of 10 rotations, {Vi}10i=1 ⊂ O(n), with
high probability on their choice, one has that ∩10

i=1ViK is up to constant C (which
depends on the numbers 3 and 10, not on the dimension n, and may be computed)
a Euclidean ball. This is a manifestation of a principle which is sometimes called
“random is the best”, namely that in various situations the results obtained by a
random method cannot be substantially improved if the random choice is replaced
by the best choice for the specific goal.

There are a number of reasons for this observed ordered behaviour. One may
mention “repetition”, which creates order, as statistics demonstrates. What we
explain here and shall see throughout the book is that very high dimensions, or
more generally, high parametric families, are another source of order.

We mention at this point that historically we observe the study of finite, but
very high dimensional spaces and their asymptotic properties as dimension increases
already in Minkowski’s work, who for the purposes of analytic number theory con-
sidered n-dimensional space from a geometric point of view. Before him, as well as
long after him, geometry had to be two or three dimensional, see, e.g., the works of
Blaschke. A paper of von Neumann from 1942 also portrays the same asymptotic
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point of view. We quote below from Sections 4 and 5 of the introduction of his ar-
ticle “Approximative properties of matrices of high finite order”. Here En denotes
n dimensional Euclidean space and Mn denotes the space of all n × n matrices.
Whatever is in brackets is the present authors’ addition.

“Our interest will be concentrated in this note on the condi-
tions in En and Mn - mainly Mn - when n is finite, but very
great. This is an approach to the study of the infinite dimen-
sional, which differs essentially from the usual one. The usual
approach consists in studying an actually infinite dimensional
unitary space, i.e. the Hilbert space E∞. We wish to investi-
gate instead the asymptotic behaviour of En and Mn for finite
n, when n→∞.

We think that the latter approach has been unjustifiably
neglected, as compared with the former one. It is certainly
not contained in it, since it permits the use of the notions ‖A‖
and t(A) (normalized Hilbert Schmidt norm, and trace) which,
owing to the factors 1/n appearing in (their definitions) possess
no analogues in E∞.

Since Hilbert space E∞ was conceived as a limiting case
of the En for n → ∞, we feel that such a study is necessary
in order to clarify to what extent E∞ is or is not the only
possible limiting case. Indeed we think that it is not, and that
investigations on operator rings by F. J. Murray and the author
show that other limiting cases exist, which under many aspects
are more natural ones.

Our present investigations originated in fact mainly from
the desire to solve certain questions... We hope, however, that
the reader will find that they also have an interest of their
own, mainly in the sense indicated above: as a study of the
asymptotic behaviour of En and Mn for finite n, when n→∞.

From the point of view described (above) it seems natu-
ral to ask this question: How much does the character of En

and Mn change when n increases - especially if n has already
assumed very great values?”

Let us turn to a short description of the various chapters of the book; this will
give us the opportunity to comment on additional fundamental ideas of the theory.

In Chapter 1 we recall basic notions from classical convexity. In fact, a rel-
atively large portion of this book is dedicated to convexity theory, since a large
part of the development of asymptotic geometric analysis is connected strongly
with the classical theory. We present several proofs of the Brunn-Minkowski in-
equality and some of its fundamental applications. We have chosen to discuss in
detail those proofs as they allow us to introduce fruitful ideas which that we shall
revisit throughtout the book. In the appendices we provide a more detailed expo-
sition of basic facts from elementary convexity, convex analysis and the theory of
mixed volumes. In particular, we describe the proof of Minkowski’s theorem on
the polynomiality of the volume of the sum of compact convex sets, and of the
Alexandrov-Fenchel inequality, one of the most beautiful, non-trivial and profound
theorems in convexity, which is linked with algebraic geometry and number theory.
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We emphasize the functional analytic point of view into classical convexity. This
point of view opened a new field which is sometimes called “functionalization of
geometry” or “geometrization of probability”: It turns out that almost any notion
or inequality connected with convex bodies has an analogous notion or inequality
in the world of convex functions. This analogy between bodies and functions is
fruitful in many different ways. On the one hand, it allows to predict functional
inequalities which then are interesting in their own right. On the other hand, the
generalization into the larger world of convex functions enables one to see the bigger
picture and better understand what is going on. Finally, the results for functions
may sometimes have implications back in the convex bodies world. This general
idea is considered in parallel with the classical theory throughout the book.

In Chapter 2 we introduce the most basic and classical positions of convex
bodies: Given a convex body K in Rn, the family of its positions is the family
of its affine images {x0 + T (K)} where x0 ∈ Rn and T ∈ GLn. In the context
of functional analysis, one is given a norm (whose unit ball is K) and the choice
of a position reflects a choice of a Euclidean structure for the linear space Rn.
Note that the choice of a Euclidean structure specifies a unit ball of the Euclidean
norm, which is an ellipsoid. Thus, we may equivalently see a “position” as a choice
of a special ellipsoid. The different ellipsoids connected with a convex body (or
the different positions, corresponding to different choices of a Euclidean structure)
that we consider in this chapter reflect different traces of symmetries which the
convex body has. We introduce John position (also called maximal volume ellipsoid
position), minimal surface area position and minimal mean width position. It turns
out that when a position is extremal then some differential must vanish, and its
vanishing is connected with isotropicity of some connected measure.

We also discuss some applications, mainly of John position, and introduce a
main tool, which is useful in many other results in the theory, called the Brascamp-
Lieb inequality. We state and prove one of its most useful forms, which is the
so-called “normalized form” put forward by K. Ball, together with its reverse form,
using F. Barthe’s transportation of measure argument. In the second volume of
this book we shall discuss the general form of the Brascamp-Lieb inequality, its
various versions, proofs, and reverse form, as well as further applications to convex
geometric analysis.

In Chapter 3 we discuss the concentration of measure phenomenon, first put
forward in V. Milman’s version of Dvoretzky theorem. Concentration is the central
phenomenon that is responsible for the main results in this book. We present a
number of approaches, all leading to the same type of behaviour: in high parametric
families, under very weak assumptions of various types, a function tends to con-
centrate around its mean or median. Classical isoperimetric inequalities for metric
probability spaces, such as the sphere, Gauss space and the discrete cube, are at the
origin of measure concentration, and we start our exposition with these examples.
Once the extremal sets (the solutions of the isoperimetric problem) are known, con-
centration inequalities come as a consequence of a simple computation. However,
in very few examples are the exteremal sets known. We therefore do not focus on
extremal sets but mainly on different ways to get concentration inequalities. We
explore various such ways, and determine the different sources for concentration.
In the second volume of this book we shall come back to this subject and study
its functional aspects: Sobolev and logarithmic Sobolev inequalities, tensorization
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techniques, semi-group approaches, Laplace transform and infimum convolutions,
and more on transportation of measure.

In Chapter 4 we introduce the covering numbers N(A,B) and the entropy
numbers ek(A,B) as a way of measuring the “size” of a set A in terms of another
set B. As we will see in the next chapters, they are a very useful tool and play
an important role in the theory. Here, we explain some of their properties, derive
relations and duality between these numbers, and estimate them in terms of other
parameters of the sets involved - estimates which shall be useful in the sequel.

Chapter 5 is the starting point for our exposition of the asymptotic theory of
convex bodies. It is devoted to the Dvoretzky-Milman theorem and to the main
developments around it. In geometric language the theorem states that every high-
dimensional centrally symmetric convex body has central sections of high dimension
which are almost ellipsoidal. The dependence of the dimension k of these sections
on the dimension n of the body is as follows: for every n-dimensional normed space
X = (Rn, ‖ · ‖) and every ε ∈ (0, 1) there exist an integer k � cε2 log n and a k-
dimensional subspace F ofX which satisfies dBM (F, �k2) � 1+ε, where dBM denotes
Banach-Mazur distance, a natural geometric distance between two normed spaces,
and c is some absolute constant. The proof of the Dvoretzky-Milman theorem
exploits the concentration of measure phenomenon for the Euclidean sphere Sn−1,
in the form of a deviation inequality for Lipschitz functions f : Sn−1 → R, which
implies that the values of ‖ · ‖ on Sn−1 concentrate near their average

M =

∫
Sn−1

‖x‖ dσ(x).

A remarkable fact is that in Milman’s proof, a formula for such a k is given in
terms of n, M and the Lipschitz constant (usually called b) of the norm, and that
this formula turns out to be sharp (up to a universal constant) in full generality.
This gives us the opportunity to introduce one more new idea of the theory, which
is universality. In different fields, and also in the origins of asymptotic geometric
analysis, for a long time one knew how to write very precise estimates reflecting
different asymptotic behaviour of certain specific high dimensional (or high para-
metric) objects (say, for the spaces �np ). Usually, one could show that these estimates
are sharp, in an isomorphic sense at least. However, an accumulation of results in-
dicates that, in fact, available estimates are exact for every sequence of spaces in
increasing dimension (and thus one is tempted to say “for every space”). These
kinds of estimates are called “asymptotic formulae”. Let us demonstrate another
such formula, concerning the diameter of a random projection of a convex body.
All constants appearing in the statement below (C, c1, C2, c

′) are universal and do
not depend on the body or the dimension. Let K ⊂ Rn be a centrally symmetric
convex body. One denotes by hK(u) the support function of K in direction u,
defined as half the width of the minimal slab orthogonal to u which includes K,
that is,

hK(u) = max{〈x, u〉 : x ∈ K}.
Denote by d = d(K) the smallest constant such that K ⊂ dBn

2 , that is, half of the
diameter of K, and actually d = maxu∈Sn−1 hK(u). Denote by M∗ = M∗(K) the
average of hK over Sn−1, that is,

M∗(K) =

∫
Sn−1

hK(u)dσ(u)
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where σ is the Haar probability measure on Sn−1. It turns out that for dimensions
larger than k∗ = C(M∗/d)2n, the diameter of the projection of K onto a random

k-dimensional subspace is, with high probability, approximately d
√
k/n. That is,

between c1d
√

k/n and C2d
√

k/n. Around the critical dimension k∗ = k∗(K), the
projection becomes already (with high probability on the choice of a subspace) a
Euclidean ball of radius approximately M∗(K), and this will be, again up to con-
stants, the diameter (and the inner-radius) of a random projection onto dimension
c′k∗ and less. In this result the isomorphic nature of the result is very apparent.
Indeed, the diameter need not be ε-isometrically close to d

√
k/n for k in the range

between k∗ and n, but only isomorphically. Isometric results are known in the
regime k � c′k∗ when the projection is already with high probability a Euclidean
ball (this is actually the Dvoretzky-Milman theorem). We describe this result in de-
tail in Section 5.7.1. Another property of this last example is a threshold behaviour
of the function f(t) giving the average diameter of a projection into dimension tn.
The function, which is monotone, attains its maximum, d, at t = 1, behaves like
d
√
t in the range [C(M∗/d)2, 1], and like a constant, close to M∗, in the range

[0, c′(M∗/d)2]. Threshold phenomena have been known for a long time in many
areas of mathematics, for example in mathematical physics. Here we see that these
occur in complete generality (for any convex body, the same type of threshold).
More examples of threshold behaviour in asymptotic geometric analysis shall be
demonstrated in the book.

Before moving to the description of Chapters 6–10 we mention another point of
view one should keep in mind when reading the book: the comparison between local
and global type results. The careful readers may have already noted the similarity
of two of the statements given so far in this preface: a part of the statement about
decrease of diameter in fact said that after some critical dimension, a random
projection of a convex body is with high probability close to a Euclidean ball
(this also follows from the Dvoretzky-Milman theorem by duality of prjections and
sections). This is called a “local” statement. Two other theorems quoted above
regarded what happens when one intersects random rotations of a convex body (for
example, Bn

1 ), or when one takes the Minkowski sum (average) of random rotations
of a convex body(for example, the cube). Again the results were that after a suitable
(and not very large) number of such rotations, the resulting body is an isomorphic
Euclidean ball. These type of results, pertaining to the body as a whole and not its
sections or projections, are called “global” results. At the heart of the global results
presented in this book, which have convex geometric flavor, stand methods which
come from functional analysis (considering norms, their averages, etc). Again, by
global properties we refer to properties of the original body or norm in question,
while the local properties pertain to the structure of lower dimensional sections
and projections of the body or normed space. From the beginning of the 1970’s
the needs of geometric functional analysis led to a deep investigation of the linear
structure of finite dimensional normed spaces (starting with Dvoretzky theorem).
However, it had to develop a long way before this structure was understood well
enough to be used for the study of the global properties of a space. The culmination
of this study was an understanding of the fact that subspaces (and quotient spaces)
of proportional dimension behave very predictably. An example is the theorem
quoted above regarding the decay of diameter. This understanding formed a bridge
between the problems of functional analysis and the global asymptotic properties of
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convex sets, and is the reason the two fields of convexity and of functional analysis
work together nowadays.

In Chapter 6 we discuss upper bounds for the parameter M(K)M∗(K), or
equivalently, the product of the mean width of K and the mean width of its polar,
the main goal being to minimize this parameter over all positions of the convex
body. (The polar of a convex body K is the closedconvex set generating the norm
given by hK , and is denoted K◦.) We will see that the quantity MM∗ can be
bounded from above by a parameter of the space (X, ‖ · ‖K) which is called its
K-convexity constant, and which in turn can be bounded from above, for X of
dimension n, by c[log(dBM (X, �n2 )) + 1] � c′ log n for universal c, c′. This estimate
for the K-convexity constant is due to G. Pisier and as we will see it is one of
the fundamental facts in the asymptotic theory. The estimate for M(K)M∗(K)
brings us to one more main point, which concerns duality, or polarity. In many
situations two dual operations performed one after the other already imply complete
regularization. That is, one operation cancels a certain type of “bad behaviour”,
and the dual operation cancels the “opposite” bad behaviour. Other examples
include the quotient of a subspace theorem (see Chapter 7) or its corresponding
global theorem: if one takes the sum of a body and a random (in the right coordinate
system) rotation of it, then considers the polar of this set, to which again one
applies a random rotation and takes the sum, the resulting body will be with high
probability on the choice of rotations, an isomorphic Euclidean ball. If one uses
just one of these two operations, there may be a need for n/ log n such operations.

Chapter 7 is devoted to results about proportional subspaces and quotients
of an n-dimensional normed space, i.e. of dimension λn, where the “proportion”
λ ∈ (0, 1) can sometimes be very close to 1. The first step in this direction is
Milman’s M∗-estimate. In a geometric language, it says that there exists a function
f : (0, 1)→ R+ such that, for every centrally symmetric convex body K in Rn and
every λ ∈ (0, 1), a random �λn�-dimensional section K ∩ F of K satisfies the
inclusion

K ∩ F ⊆ M∗(K)

f(λ)
Bn

2 ∩ F.

In other words, the diameter of a random “proportional section” of a high dimen-
sional centrally symmetric convex body K is controlled by the mean width M∗(K)
of the body. We present several proofs of the M∗-estimate; based on these, we will
be able to say more about the best possible function f for which the theorem holds
true and about the corresponding estimate for the probability of subspaces in which
this occurs. As an application of the M∗ estimate we obtain Milman’s quotient of
a subspace theorem. We also complement the M∗ estimate by a lower bound for
the outer-radius of sections of K, which holds for all subspaces, we compare “best”
sections with “random” ones of slightly lower dimension, and we provide a linear
relation between the outer-radius of a section of K and the outer-radius of a section
of K◦.

In Chapter 8 we present one of the deepest results in asymptotic geometric
analysis: the existence of an M -position for every convex body K. This position
can be described “isometrically” (if, say, K has volume 1) as minimizing the vol-
ume of T (K) + Bn

2 over all T ∈ SLn. However, such a characterization hides its
main properties and advantages that are in fact of an “isomorphic” nature. The
isomorphic formulation of the result states that there exists an ellipsoid of the same
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volume as the body K, which can replace K, in many computations, up to universal
constants. This result, which was discovered by V. Milman, leads to the reverse
Santaló inequality and the reverse Brunn-Minkowski inequality. The reverse San-
taló inequality concerns the volume product, sometimes called the Mahler product,
of K which is defined by

s(K) := Voln(K)Voln(K
◦).

The classical Blaschke-Santaló inequality states that, given a centrally symmetric
convex body K in Rn, the volume product s(K) is less than or equal to the volume
product s(Bn

2 ) = κ2
n, and that equality holds if and only if K is an ellipsoid. In

the opposite direction, a well-known conjecture of Mahler states that s(K) � 4n/n!
for every centrally symmetric convex body K (i.e., the cube is a minimizer for
s(K) among centrally symmetric convex bodies) and that s(K) � (n+1)n+1/(n!)2

in the not necessarily symmetric case, meaning that in this case the simplex is a
minimizer. The reverse Santaló inequality of Bourgain and Milman verifies this
conjecture in the asymptotic sense: there exists an absolute constant c > 0 such
that (

s(K)

s(Bn
2 )

)1/n

� c

for every centrally symmetric convex body K in Rn. Milman’s reverse Brunn-
Minkowski inequality states that for any pair of convex bodies K and T that are
in M -position, one has

Voln(K + T )1/n � C
[
Voln(K)1/n +Voln(T )

1/n
]
.

(The reverse inequality, with constant 1, is simply the Brunn-Minkowski inequality
of Chapter 1.)

Another way to define the M -position of a convex body is through covering
numbers, as was presented in Milman’s proof. Pisier has proposed a different ap-
proach to these results, which allows one to find a whole family of special M -
ellipsoids satisfying stronger entropy estimates. We describe his approach in the
last part of Chapter 8.

In Chapter 9 we introduce a “Gaussian approach” to some of the main re-
sults which were presented in previous chapters, including sharp versions of the
Dvoretzky-Milman theorem and of the M∗-estimate. The proof of these results is
based on comparison principles for Gaussian processes, due to Gordon, which ex-
tend a theorem of Slepian. The geometric study of random processes, and especially
of Gaussian processes, has strong connections with asymptotic geometric analysis.
The tools presented in this chapter will appear again in the second volume of the
book.

In the last Chapter of this volume, Chapter 10, we discuss more recent discov-
eries on the distribution of volume in high dimensional convex bodies, together with
the unresolved “slicing problem” which was mentioned briefly at the beginning of
this preface, with some of its equivalemt formulations. A natural framework for this
study is the isotropic position of a convex body: a convex body K ⊂ Rn is called
isotropic if Voln(K) = 1, its barycenter (center of mass) is at the origin and its
inertia matrix is a multiple of the identity, that is, there exists a constant LK > 0
such that ∫

K

〈x, θ〉2dx = L2
K
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for every θ in the Euclidean unit sphere Sn−1. The number LK is then called the
isotropic constant of K. The isotropic position arose from classical mechanics back
in the 19th century. It has a useful characterization as a solution of an extremal
problem: the isotropic position K̃ = T (K) of K minimizes the quantity∫

K̃

|x|2dx

over all T ∈ GLn such that Voln(K̃) = 1 and
∫
K̃
xdx = 0.

The central theme in Chapter 10 is the hyperplane conjecture (or slicing prob-
lem): it asks whether there exists an absolute constant c > 0 such that

max
θ∈Sn−1

Voln−1(K ∩ θ⊥) � c

for every n and every convex body K of volume 1 in Rn with barycenter at the
origin. We will see that an affirmative answer to this question is equivalent to the
fact that there exists an absolute constant C > 0 such that

Ln := max{LK : K is an isotropic convex body in Rn} � C.

We shall work in the more general setting of a finite log-concave measure μ, where
a corresponding notion of isortopicity is defined via the covariance matrix Cov(μ)
of μ. We present the best known upper bounds for Ln. Around 1985-6, Bourgain
obtained the upper bound Ln � c 4

√
n log n and, in 2006, this estimate was improved

by Klartag to Ln � c 4
√
n. In fact, Klartag obtained a solution to an isomorphic

version of the hyperplane conjecture, the “isomoprphic slicing problem”, by showing
that, for every convex body K in Rn and any ε ∈ (0, 1), one can find a centered
convex body T ⊂ Rn and a point x ∈ Rn such that (1 + ε)−1T ⊆ K + x ⊆
(1+ε)T and LT � C/

√
ε for some absolute constant C > 0. An additional essential

ingredient in Klartag’s proof of the bound Ln � c 4
√
n, which is a beautiful and

important result on its own right, is the following very useful deviation inequality
of Paouris: if μ is an isotropic log-concave probability measure on Rn then

μ({x ∈ Rn : |x| � ct
√
n}) � exp

(
−t
√
n
)

for every t � 1, where c > 0 is an absolute constant. The proof is presented in
Section 10.4 along with the basic theory of the Lq-centroid bodies of an isotropic
log-concave measure. Another important result regarding isotropic log-concave
measures is the central limit theorem of Klartag, which states that the 1-dimensional
marginals of high-dimensional isotropic log-concave measures μ are approximately
Gaussian with high probability. We will come back to this result and related ones
in the second volume of the book and we will see that precise quantitative relations
exist between the hyperplane conjecture, the optimal answer to the central limit
problem, and other conjectures regarding volume distribution in high dimensions.
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Notation and background from asymptotic
geometric analysis

For the reader’s convenience in this short section we recall basic notation and
terminology that was introduced in the first volume of this book. We also recall
some important results that were discussed in detail in the first volume, and will
be often encountered and used in this second volume.

A set K ⊆ Rn is called convex if (1− λ)x+ λy ∈ K for any x, y ∈ K and any
λ ∈ [0, 1]. A function ϕ : Rn → (−∞,+∞] is called convex if ϕ((1− λ)x + λy) �
(1− λ)ϕ(x) + ϕ(y) for any x, y ∈ Rn and any λ ∈ [0, 1]. We say that ϕ is concave
if −ϕ is convex.

A convex body in Rn is a compact convex subset K of Rn with non-empty
interior. We say that K is centrally symmetric if K = −K, and that K has
barycenter at the origin if

bar(K) :=

∫
K

x dx = 0.

The radial function ρK : Rn \ {0} → R+ of a convex body K with 0 ∈ int(K) is
defined by ρK(x) = max{t > 0 : tx ∈ K}. The support function of K is defined for
every y ∈ Rn by

hK(y) = max{〈x, y〉 : x ∈ K}.
The mean width of K is the quantity

w(K) =

∫
Sn−1

hK(θ) dσ(θ)

where σ is the rotationally invariant probability measure on the Euclidean unit
sphere Sn−1.

The Minkowski sum of two sets A,B ⊆ Rn is the set A+B := {a+b : a ∈ A, b ∈
B}. We denote the n-dimensional Lebesgue measure of a measurable set A ⊆ Rn

by Voln(A). A fundamental theorem of Minkowski establishes polynomiality of
volume with respect to Minkowski addition. If K1, . . . ,Km are non-empty compact
convex subsets of Rn then there exist non-negative coefficients V (Ki1 , . . . ,Kin),
1 � i1, . . . , in � m, that are symmetric with respect to the indices i1, . . . , in, such
that

Voln(t1K1 + · · ·+ tmKm) =

m∑
i1,...,in=1

V (Ki1 , . . . ,Kin) ti1 · · · tin

for all t1, . . . , tn � 0. The coefficient V (Ki1 , . . . ,Kin) is the mixed volume of
Ki1 , . . . ,Kin and depends only on these bodies. As a consequence of Minkowski’s
theorem we see that for any non-empty compact convex setsK,D ⊆ Rn, the volume
of K+sD is a polynomial of degree n in s > 0. The particular case where D = Bn

2 ,
the Euclidean unit ball, is called Steiner’s formula.

xxxiii
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The Brunn-Minkowski inequality provides a fundamental relation between vol-
ume and Minkowski addition. If K and D are two non-empty compact subsets of
Rn then

Voln(K +D)1/n � Voln(K)1/n +Voln(D)1/n.

A functional form of the Brunn-Minkowski inequality is the integral inequality of
Prékopa and Leindler. If f, g, h : Rn → R+ are measurable functions and, for some
λ ∈ (0, 1), we have that h((1− λ)x+ λy) � f(x)1−λg(y)λ for all x, y ∈ Rn, then∫

Rn

h �
(∫

Rn

f
)1−λ(∫

Rn

g
)λ

.

The Prékopa-Leindler inequality reduces to the Brunn-Minkowski inequality by
appropriate choice of the functions involved.

We will often use a number of basic geometric inequalities for convex bod-
ies, that are consequences of the Brunn-Minkowski inequality. Urysohn inequality
asserts that if K is a convex body in Rn then

w(K) � vrad(K),

where vrad(K) = (Voln(K)/Voln(B
n
2 ))

1/n is the volume radius of K.
The polar body K◦ of a convex body K with 0 ∈ int(K) is defined as follows:

K◦ = {x ∈ Rn : 〈x, y〉 � 1 for all y ∈ K}.
The Blaschke-Santaló inequality states that if K is a centrally symmetric convex
body in Rn, and more generally if bar(K) = 0, then

Voln(K) Voln(K
◦) � Voln(B

n
2 )

2.

Conversely, the Bourgain-Milman inequality (also called “reverse Santaló inequal-
ity”), a central and very useful result in asymptotic geometric analysis, shows that
there exists an absolute constant 0 < c < 1 with the following property: for every
n � 1 and any convex body K in Rn with 0 ∈ int(K),

Voln(K) Voln(K
◦) � cnVoln(B

n
2 )

2.

The Rogers-Shephard inequality compares the volume of a convex body K in Rn

to the volume of its difference body K −K := {x− y : x, y ∈ K}. One has

Voln(K −K) �
(
2n

n

)
Voln(K).

In particular, every convex body has a translate contained in a centrally symmetric
convex body of the same more or less volume radius.

For every convex body K in Rn there is a unique ellipsoid E of maximal volume
that is contained in K. John’s theorem states that the Euclidean unit ball Bn

2 is
the ellipsoid of maximal volume of K if and only if Bn

2 ⊆ K and there exist contact
points x1, . . . , xm of Bn

2 and bd(K) and positive numbers c1, . . . , cm such that

m∑
j=1

cjxj = 0 and Idn =

m∑
j=1

cjxj ⊗ xj .

We then say that K is in John position. We say that K is in Löwner position if Bn
2

is the ellipsoid of minimal volume that contains K. By duality, Löwner position
is also characterized by the fact that K ⊆ Bn

2 and the above decomposition of the
identity using contact points.
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Let K and D be two convex bodies in Rn. The covering number N(K,D) of
K by D is the least integer N for which there exist N translates of D whose union
covers K. Two basic inequalities for covering numbers are Sudakov’s inequality
and its dual. Sudakov’s inequality asserts that if K is a convex body in Rn then
for every t > 0 one has

N(K, tBn
2 ) � 2 exp

(
cn (w(K)/t)

2 )
where c > 0 is an absolute constant. Pajor and Tomczak-Jaegermann proved the
dual Sudakov inequality, which provides an upper bound for the covering numbers
N(Bn

2 , tK). If K is a centrally symmetric convex body in Rn then, for every t > 0,

N(Bn
2 , tK) � 2 exp

(
cn (w(K◦)/t)2

)
where c > 0 is an absolute constant. The duality of entropy theorem is due to
Artstein-Avidan, V. Milman and Szarek: There exist absolute positive constants α
and β such that, for any n � 1 and any centrally symmetric convex body K in Rn,

N(Bn
2 , α

−1K◦)
1
β � N(K,Bn

2 ) � N(Bn
2 , αK

◦)
β
.

We will also need some basic definitions and facts from the theory of finite
dimensional normed spaces. For any centrally symmetric convex body K in Rn the
function

‖x‖K = inf{t > 0 : x ∈ tK}
is a norm on Rn. We denote the space (Rn, ‖ · ‖K) by XK . Conversely, if X =
(Rn, ‖ · ‖) is a normed space, then the unit ball KX = {x ∈ Rn : ‖x‖ � 1} of X is a
centrally symmetric convex body. Note that K◦

X is the unit ball of the dual space
X∗

K of XK .
Let X,Y be two n-dimensional normed spaces. The Banach-Mazur distance

from X to Y is the quantity

d(X,Y ) = inf{‖T‖ · ‖T−1‖ | T : X → Y linear isomorphism}.
In a geometric language, the Banach-Mazur distance has the following description:
if X = XK and Y = XD (i.e. the unit balls of X,Y are the convex bodies K,D
respectively) then the distance d(X,Y ) is the smallest d > 0 such that K ⊆ T (D) ⊆
dK for some T ∈ GLn. A consequence of John’s theorem is that d(X, �n2 ) �

√
n for

every n-dimensional normed space. Besides the Banach-Mazur distance, we often
use the geometric distance dG(K,D) of two centrally symmetric convex bodies K
and D in Rn, or more generally two convex bodies having the origin as an interior
point, which is the smallest d > 0 for which there exist a, b > 0 with ab � d such
that (1/a)K ⊆ D ⊆ bK.

We define

M(K) :=

∫
Sn−1

‖θ‖Kdσ(θ) and M∗(K) :=

∫
Sn−1

‖θ‖K◦dσ(θ).

Note that M∗(K) = w(K), M(K) = w(K◦), and that

M(K)−1 � vrad(K) � w(K) = M∗(K).

The left hand side inequality is easily checked if we express the volume of K as an
integral in polar coordinates and use the inequalities of Hölder and Jensen, while
the right hand side inequality is an immediate consequence of Urysohn inequality.

The Dvoretzky-Milman theorem on the dimension of almost Euclidean sub-
spaces of finite dimensional normed spaces states that if X = (Rn, ‖ · ‖) is an
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n-dimensional normed space and b is the least positive constant with the property
that ‖x‖ � b|x| for all x ∈ Rn, where |·| is the Euclidean norm, then for any ε ∈ (0, 1)
there exists a subspace F of Rn with dimension dim(F ) = k � c(ε)n(M(KX)/b)2

such that

(1 + ε)−1M(KX) |x| � ‖x‖ � (1 + ε)M(KX) |x|
for all x ∈ F (i.e. d(F, �k2) � (1 + ε)2), where c(ε) ≈ ε−2. We write k(K) for the
largest integer k � n which satisfies

μn,k

({
F ∈ Gn,k :

1

2
M(K)|x| � ‖x‖ � 2M(K)|x|, x ∈ F

})
� 1

2
,

where μn,k is the Haar probability measure on the Grassmann manifold Gn,k of
k-dimensional subspaces of Rn. The parameter k(K) is the “critical dimension” of
K and the following asymptotic formula holds true: for every centrally symmetric
convex body K in Rn one has k(K) ≈ n(M(K)/b)2.

The MM∗-estimate is a deep result that follows from work of Lewis, Figiel
and Tomczak-Jaegermann combined with a crucial inequality of Pisier: If K is a
centrally symmetric convex body in Rn then there exists a symmetric and positive
definite T ∈ GLn such that

M(TK)M∗(TK) � c1 ln(1 + d(XK , �n2 )) � c ln(1 + n)

where c > 0 is an absolute constant. One of the applications of the MM∗-estimate
is the reverse Urysohn inequality: Every convex body K in Rn with bar(K) = 0

has a position K̃ = T (K), where T ∈ GLn, that satisfies

w(K̃) � c
√
n lnnVoln(K̃)1/n

for an absolute constant c > 0.
Another fundamental result, the proof of which employs the MM∗-estimate, is

V. Milman’s M∗-estimate: If K is a centrally symmetric convex body in Rn then,
for every 1 � k � n, a random subspace F ∈ Gn,k satisfies

R(K ∩ F ) � c

√
n

n− k
w(K)

with probability greater than 1−exp(−c2(n−k)), where R(K) = max{|x| : x ∈ K}
is the circum-radius of K and c1, c2 > 0 are absolute constants.

We close this introductory section with two other important positions of convex
bodies. V. Milman proved that there exists an absolute constant β > 0 such that
every convex body K in Rn with bar(K) = 0 has a linear image K̃ which satisfies

Voln(K̃) = Voln(B
n
2 ) and

max
{
N(K̃, Bn

2 ), N(Bn
2 , K̃), N(K̃◦, Bn

2 ), N(Bn
2 , K̃

◦)
}
� exp(βn).

We say that a convex body K which satisfies this estimate is in M -position with
constant β. In the centrally symmetric case, Pisier has proposed a different ap-
proach to this result, 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: For every 0 < α < 2 and every
centrally symmetric convex body K in Rn there exists a linear image K̃ of K such
that

max
{
N(K̃, tBn

2 ), N(Bn
2 , tK̃), N(K̃◦, tBn

2 ), N(Bn
2 , tK̃

◦)
}
� exp

(
c(α)n

tα

)
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for every t � 1, where c(α) depends only on α, and c(α) = O
(
(2 − α)−α/2

)
as

α→ 2. Then we say that K̃ is an α-regular M -position of K.
A convex body K ⊆ Rn is called isotropic if Voln(K) = 1, bar(K) = 0 and

the inertia matrix of K is a multiple of the identity, that is, there exists a constant
LK > 0 such that ∫

K

〈x, θ〉2dx = L2
K

for every θ ∈ Sn−1. The number LK is then called the isotropic constant of K.
One can check that the affine class of any convex body K contains a unique, up to
orthogonal transformations, isotropic convex body; this is the isotropic position of
K. The isotropic position arises as a solution of a minimization problem. Given a
convex body K of volume 1 in Rn with bar(K) = 0, define

p(K) = inf
{∫

TK

|x|2dx : T ∈ SLn

}
.

Then, a position K1 of K, of volume 1, is isotropic if and only if∫
K1

|x|2dx = p(K).

The slicing problem asks if there exists an absolute constant c > 0 such that
maxθ∈Sn−1 Voln−1(K ∩ θ⊥) � c for every convex body K of volume 1 in Rn with
bar(K) = 0. An affirmative answer to this question is equivalent to the following
statement, known as the hyperplane conjecture: There exists an absolute constant
C > 0 such that for all n it holds that

Ln := max{LK : K is an isotropic convex body in Rn} � C.
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2000. MR1845806

[26] M. Anttila, K. Ball, and I. Perissinaki, The central limit problem for convex bodies, Trans.
Amer. Math. Soc. 355 (2003), no. 12, 4723–4735, DOI 10.1090/S0002-9947-03-03085-X.
MR1997580

[27] J. Arias-de-Reyna, K. Ball, and R. Villa, Concentration of the distance in finite-dimensional
normed spaces, Mathematika 45 (1998), no. 2, 245–252, DOI 10.1112/S0025579300014182.
MR1695717

[28] S. Artstein-Avidan and V. D. Milman, A characterization of the concept of duality, Electron.
Res. Announc. Math. Sci. 14 (2007), 42–59. MR2342714

[29] S. Artstein-Avidan and V. D. Milman, Using Rademacher permutations to reduce random-
ness, Algebra i Analiz 19 (2007), no. 1, 23–45, DOI 10.1090/S1061-0022-07-00983-1; English
transl., St. Petersburg Math. J. 19 (2008), no. 1, 15–31. MR2319508

[30] S. Artstein-Avidan and V. D. Milman, A new duality transform (English, with English and

French summaries), C. R. Math. Acad. Sci. Paris 346 (2008), no. 21-22, 1143–1148, DOI
10.1016/j.crma.2008.09.031. MR2464254

[31] S. Artstein-Avidan and V. D. Milman, The concept of duality for measure projections of
convex bodies, J. Funct. Anal. 254 (2008), no. 10, 2648–2666, DOI 10.1016/j.jfa.2007.11.008.
MR2406688

[32] S. Artstein-Avidan and V. D. Milman, The concept of duality in convex analysis, and the
characterization of the Legendre transform, Ann. of Math. (2) 169 (2009), no. 2, 661–674,
DOI 10.4007/annals.2009.169.661. MR2480615

[33] S. Artstein-Avidan and V. D. Milman, Hidden structures in the class of convex functions
and a new duality transform, J. Eur. Math. Soc. (JEMS) 13 (2011), no. 4, 975–1004, DOI
10.4171/JEMS/273. MR2800482

[34] S. Artstein-Avidan and V. D. Milman, Stability results for some classical convexity opera-
tions, Adv. Geom. 13 (2013), no. 1, 51–70, DOI 10.1515/advgeom-2012-0011. MR3011534

[35] S. Artstein-Avidan and O. Raz, Weighted covering numbers of convex sets, Adv. Math. 227
(2011), no. 1, 730–744, DOI 10.1016/j.aim.2011.02.009. MR2782207

[36] S. Artstein-Avidan and B. A. Slomka, Order isomorphisms in cones and a characterization
of duality for ellipsoids, Selecta Math. (N.S.) 18 (2012), no. 2, 391–415, DOI 10.1007/s00029-
011-0069-8. MR2927238

[37] S. Artstein-Avidan and B. A. Slomka,A note on Santaló inequality for the polarity transform
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and generalized Prékopa-Leindler inequalities, Manuscripta Math. 143 (2014), no. 1-2, 131–
169, DOI 10.1007/s00229-013-0619-9. MR3147446

[144] S. G. Bobkov, I. Gentil, and M. Ledoux, Hypercontractivity of Hamilton-Jacobi equations,

J. Math. Pures Appl. (9) 80 (2001), no. 7, 669–696, DOI 10.1016/S0021-7824(01)01208-9.
MR1846020

[145] S. G. Bobkov, F. Götze, and H. Sambale, Higher order concentration of measure, Com-
mun. Contemp. Math. 21 (2019), no. 3, 1850043, 36 pp., DOI 10.1142/S0219199718500438.
MR3947067

[146] S. G. Bobkov, N. Gozlan, C. Roberto, and P.-M. Samson, Bounds on the deficit in
the logarithmic Sobolev inequality, J. Funct. Anal. 267 (2014), no. 11, 4110–4138, DOI
10.1016/j.jfa.2014.09.016. MR3269872

[147] V. I. Bogachev, Gaussian measures, Mathematical Surveys and Monographs, vol. 62, Amer-
ican Mathematical Society, Providence, RI, 1998, DOI 10.1090/surv/062. MR1642391

[148] J. Bokowski and E. Heil, Integral representations of quermassintegrals and Bonnesen-
style inequalities, Arch. Math. (Basel) 47 (1986), no. 1, 79–89, DOI 10.1007/BF01202503.
MR855141

[149] B. Bollobás and A. Thomason, Projections of bodies and hereditary properties of hyper-
graphs, Bull. London Math. Soc. 27 (1995), no. 5, 417–424, DOI 10.1112/blms/27.5.417.
MR1338683

[150] L. Boltzmann, Lectures on gas theory, University of California Press, Berkeley-Los Angeles,
Calif., 1964. Translated by Stephen G. Brush. MR0158708

[151] A. Bonami, Étude des coefficients de Fourier des fonctions de Lp(G) (French, with English
summary), Ann. Inst. Fourier (Grenoble) 20 (1970), no. fasc. 2, 335–402 (1971). MR283496
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Applications, vol. 16, Birkhäuser Verlag, Basel, 1986, DOI 10.1007/978-3-0348-6278-3.
MR889455

[431] H. König, On the complex Grothendieck constant in the n-dimensional case, Geometry of
Banach spaces (Strobl, 1989), London Math. Soc. Lecture Note Ser., vol. 158, Cambridge
Univ. Press, Cambridge, 1990, pp. 181–198. MR1110195

[432] H. König, Isometric imbeddings of Euclidean spaces into finite-dimensional lp-spaces,
Panoramas of mathematics (Warsaw, 1992/1994), Banach Center Publ., vol. 34, Polish Acad.
Sci. Inst. Math., Warsaw, 1995, pp. 79–87. MR1374341

[433] H. König, On an extremal problem originating in questions of unconditional convergence,
Recent progress in multivariate approximation (Witten-Bommerholz, 2000), Internat. Ser.
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représentation de lp dans un espace de Banach (French, with English summary), Israel
J. Math. 39 (1981), no. 4, 341–348, DOI 10.1007/BF02761678. MR636901

[469] R. LePage, M. Woodroofe, and J. Zinn, Convergence to a stable distribution via order
statistics, Ann. Probab. 9 (1981), no. 4, 624–632. MR624688

[470] A.-J. Li and Q. Huang, The dual Loomis-Whitney inequality, Bull. Lond. Math. Soc. 48
(2016), no. 4, 676–690, DOI 10.1112/blms/bdw031. MR3532142

[471] P. Li and S. T. Yau, Estimates of eigenvalues of a compact Riemannian manifold, Geometry
of the Laplace operator (Proc. Sympos. Pure Math., Univ. Hawaii, Honolulu, Hawaii, 1979),
Proc. Sympos. Pure Math., XXXVI, Amer. Math. Soc., Providence, R.I., 1980, pp. 205–239.
MR573435
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[518] B. Maurey, Un théorème de prolongement (French), C. R. Acad. Sci. Paris Sér. A 279
(1974), 329–332. MR355539
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priétés géométriques des espaces de Banach (French), Studia Math. 58 (1976), no. 1, 45–90,
DOI 10.4064/sm-58-1-45-90. MR443015

[524] V. G. Maz′ja, Classes of domains and imbedding theorems for function spaces, Soviet Math.
Dokl. 1 (1960), 882–885. MR0126152

[525] V. G. Maz′ja, The negative spectrum of the higher-dimensional Schrödinger operator
(Russian), Dokl. Akad. Nauk SSSR 144 (1962), 721–722. MR0138880

[526] V. G. Maz′ja, On the solvability of the Neumann problem (Russian), Dokl. Akad. Nauk
SSSR 147 (1962), 294–296. MR0144058

[527] R. J. McCann, A convexity theory for interacting gases and equilibrium crystals, ProQuest
LLC, Ann Arbor, MI, 1994. Thesis (Ph.D.)–Princeton University. MR2691540

[528] R. J. McCann, Existence and uniqueness of monotone measure-preserving maps, Duke
Math. J. 80 (1995), no. 2, 309–323, DOI 10.1215/S0012-7094-95-08013-2. MR1369395

[529] E. S. Meckes and M. W. Meckes, The central limit problem for random vectors with sym-
metries, J. Theoret. Probab. 20 (2007), no. 4, 697–720, DOI 10.1007/s10959-007-0119-5.
MR2359052

[530] M. W. Meckes, Gaussian marginals of convex bodies with symmetries, Beiträge Algebra
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[598] A. Pe�lczyński, Structural theory of Banach spaces and its interplay with analysis and prob-

ability, Proceedings of the International Congress of Mathematicians, Vol. 1, 2 (Warsaw,
1983), PWN, Warsaw, 1984, pp. 237–269. MR804684

[599] A. Persson and A. Pietsch, p-nukleare une p-integrale Abbildungen in Banachräumen
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euclidien [d’après V. D. Milman et H. Wolfson] (French), Séminaire d’Analyse Fonctionnelle
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[611] G. Pisier, De nouvelles caractérisations des ensembles de Sidon (French, with English sum-

mary), Mathematical analysis and applications, Part B, Adv. in Math. Suppl. Stud., vol. 7,
Academic Press, New York-London, 1981, pp. 685–726. MR634264

[612] G. Pisier, On the dimension of the lnp -subspaces of Banach spaces, for 1 ≤ p < 2, Trans.

Amer. Math. Soc. 276 (1983), no. 1, 201–211, DOI 10.2307/1999427. MR684503
[613] G. Pisier, Factorization of linear operators and geometry of Banach spaces, CBMS Regional

Conference Series in Mathematics, vol. 60, Published for the Conference Board of the Math-
ematical Sciences, Washington, DC; by the American Mathematical Society, Providence, RI,
1986, DOI 10.1090/cbms/060. MR829919

[614] G. Pisier, Probabilistic methods in the geometry of Banach spaces, Probability and analysis
(Varenna, 1985), Lecture Notes in Math., vol. 1206, Springer, Berlin, 1986, pp. 167–241,
DOI 10.1007/BFb0076302. MR864714

[615] G. Pisier, The volume of convex bodies and Banach space geometry, Cambridge
Tracts in Mathematics, vol. 94, Cambridge University Press, Cambridge, 1989, DOI
10.1017/CBO9780511662454. MR1036275

[616] G. Pisier, Grothendieck’s theorem, past and present, Bull. Amer. Math. Soc. (N.S.) 49
(2012), no. 2, 237–323, DOI 10.1090/S0273-0979-2011-01348-9. MR2888168

[617] L. D. Pitt, A Gaussian correlation inequality for symmetric convex sets, Ann. Probability

5 (1977), no. 3, 470–474, DOI 10.1214/aop/1176995808. MR448705
[618] P. Pivovarov, On determinants and the volume of random polytopes in isotropic convex

bodies, Geom. Dedicata 149 (2010), 45–58, DOI 10.1007/s10711-010-9462-2. MR2737677
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Blaschke-Santaló inequality, 567
Brunn-Minkowski inequality, 546
covering numbers, 576
duality, 552
Euclidean ball, 565
homothety, 546
König-Milman theorem, 578
M -position, 574
Mahler conjecture, 572
mean width, 550
Minkowski-sum, 545
mixed volume, 586
projection, 549
reverse Blaschke-Santaló
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Santaló product, 571
Sauer-Shelah lemma, 384
Schechtman theorem, 408
self-dual function, 565, 591
separation measure, 576
separation number
convexified, 283

sequence
basic, 305
block, 306
spreading, 307
unconditional, 307

Shannon entropy, 592
Shannon inequality, 240
Shephard problem, 222
Sherman-Morrison formula, 484
slicing conjecture
entropic form, 593

slicing problem of Bourgain, xxxvii
Sobolev inequality, 44
spectral gap, 83
Spencer/Gluskin theorem, 157
spherical harmonic, 465
stable rank, 493
stable type, 333
state, 509
pure, 509

Steiner
formula, 551
polynomial, 551
symmetral, 429
symmetrization, 429

stochastic dominance, 227
stochastic localization, 103
sub-Gaussian random variable, 47
subinterlacing, 516
Sudakov inequality, xxxv
Sudakov theorem, 91
Sudakov-Tsirelson/Borell theorem,

123
sup-λ-average, 546
sup-convolution, 545
support function
of a function, 550

symmetric decreasing
rearrangement, 187

symmetrization
Gaussian, 180
Minkowski, 429
Steiner, 429

Szarek-Talagrand lemma, 384
Szarek-Voiculescu theorem, 212

Talagrand variance inequality, 51
theorem
Alexandrov Fenchel, 100
Alexandrov uniqueness, 223, 224,
250

Alon-Milman, 19, 401, 406
Alonso-Artstein-González-
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González Merino, B., 253, 584, 585,
592

Goodman, V., 408
Gordon, Y., xxix, 270, 358, 374, 422,

425, 537
Götze, F., 37, 59–61, 64
Gowers, W. T., 363
Gozlan, N., 58, 62
Grinberg, E. L., 187, 233, 235, 252,

254
Grinberg, V. S., 183
Groemer, H., 186, 251, 465
Gromov, M., 2, 3, 58, 61, 73, 425,

428
Gronchi, P., 478, 479
Gross, L., 48, 58, 59, 62, 63
Gross, W., 478
Grothendieck, A., ix, 258, 291,

357–359
Gruber, P. M., xvii, 536, 589
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Asymptotic geometric analysis studies properties of geometric objects, such as 

normed spaces, convex bodies, or convex functions, when the dimensions of these 

objects increase to infinity. The asymptotic approach reveals many very novel 

phenomena which influence other fields in mathematics, especially where a large 

data set is of main concern, or a number of parameters which becomes uncontrol-

lably large. One of the important features of this new theory is in developing tools 

which allow studying high parametric families.

Among the topics covered in the book are measure concentration, isoperimetric 

constants of log-concave measures, thin-shell estimates, stochastic localiza-

tion, the geometry of Gaussian measures, volume inequalities for convex bodies, 

local theory of Banach spaces, type and cotype, the Banach-Mazur compactum, 

symmetrizations, restricted invertibility, and functional versions of geometric 

notions and inequalities.
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