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CHAPTER 1

Functional analysis and convex geometry

Geometric functional analysis studies high dimensional linear structures.
Some examples of such structures are Euclidean and Banach spaces, convex
sets and linear operators in high dimensions. A central question of geomet-
ric functional analysis is: what do typical n-dimensional structures look like
when n grows to infinity? Omne of the main tools of geometric functional
analysis is the theory of concentration of measure, which offers a geomet-
ric view on the limit theorems of probability theory. Geometric functional
analysis thus bridges three areas — functional analysis, convex geometry and
probability theory. The course is a systematic introduction to the main
techniques and results of geometric functional analysis.

1. Preliminaries on Banach spaces and linear operators

We begin by briefly recalling some basic notions of functional analysis.

A norm defined on a linear vector space X is a function || - || : X — R that
satisfies

(1) nonnegativity: ||z|| > 0 for all z € X and ||z|| =0 iff z = 0;

(2) homogeneity: ||Az|| = |Al||z|| for all A € R and for all x € X;

(3) triangle inequality: ||z +y[| < [[z| + [ly[| for all z,y € X.
A Banach space is a complete normed space. We now recall some examples
of classical Banach spaces.

EXAMPLES 1.1. 1. The space of continuous functions C|0, 1] consists of
the functions f : [0,1] — R that are continuous. It is a Banach space with
respect to the sup-norm

[flloo = sup [f(t)].
t€[0,1]

2. For 1 < p < oo, the space of p-integrable functions Ly[0, 1] consists of
the functions f : [0,1] — R such that | f|P is Lebesgue integrable on [0, 1]. It
is a Banach space with respect to the norm

i1 =( [ wowa)”.

3. The space of essentially bounded functions Ls[0,1] consists of all
Lebesgue measurable functions f : [0, 1] — R such that

[flloc = esssup [f(t)] = inf sup [g(¢)] < oc.
te[0,1] f=gae telo,1]

5



6 1. FUNCTIONAL ANALYSIS AND CONVEX GEOMETRY

It is a Banach space with respect to this norm.

4. For 1 < p < oo, The space of p-summable sequences £, consists of all
sequences of real numbers x = (z;) such that the series ), |2;|P converges.
It is a Banach space with respect to the norm

folly = (3 fa:) ™"
=1

5. The space of bounded sequences £, consists of all sequences of real
numbers z = (x;) such that
[#]loc = sup |-
€N
It is a Banach space with respect to this norm.
6. Every Hilbert space H is a Banach space with the norm |z| =
(x,z), where (-,-) denotes the inner product on H.

Let X,Y be Banach spaces. A linear operator is a map T : X — Y
that satisfies T'(ax + by) = aT'(z) + bT'(y) for all z,y € X and a,b € R. In
particular, if Y = R, then T is called a linear functional. A linear operator
T :X —Y is bounded if there exists some M > 0 such that | Tz| < M|z||
for every x € X. The infimum of such numbers M is called the norm of T

Tx
17 _ up |17z,
zeX\{0} k4] |lz||=1

1T =

A linear operator T is continuous if and only if it is bounded.

A linear operator T : X — Y is called an isomorphism if it is bijective
and both T and T~! are bounded. The Open Mapping Theorem actually
implies that if T is bijective and bounded then so it 7~!. An isomorphism T
is called an isometry if ||T|| = ||T~!|| = 1, or equivalently if || Tz|| = ||z|| for
all x € X. Banach spaces X and Y are called isomorphic (resp. isometric)
if there exists an isomorphism (resp. isometry) 7' : X — Y. Any two finite
dimensional Banach spaces of the same dimension are isomorphic, but not
necessarily isometric.

Many arguments in functional analysis are based on duality. It provides
a convenient tool: when two objects are in dual relation, one can study
one of them and deduce properties of the other one using duality. If X
is a normed space, then its dual space X™* consists of all continuous linear
functionals on X, equipped with the operator norm. The dual space X*
is always a Banach space. The dual spaces of some classical spaces can be
described via the known representation theorems.

ExaMPLES 1.2. 1. (Lp[0,1])* = L4[0,1] for p,q € (1,00) such that
1/p+1/q =1, and also for p = 1, ¢ = co. Specifically, every continuous
linear functional F' € (L,[0,1])* has the form

1
F(f) = /0 f(Dg(t) dt,  f € L[0.1]
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for some function g € Lgy[0, 1].
2. (p)* = £, for the same pairs p, ¢ as in the previous example. Specifi-
cally, every continuous linear functional F' € (¢,)* has the form

oo
F(z) = inyi, x € L,[0,1]
i=1
for some function y € L4[0, 1].

3. Riesz representation theorem states for every Hilbert space H one
has H* = H. Specifically, every continuous linear functional F' € H* has
the form

F(z)=(z,y), z€H
for some vector y € H.

Duality is also defined for linear operators 7' : X — Y. For a linear
operator T : X — Y, the adjoint operator is a linear operator T* : Y* — X*
defined by (T*f)(z) = f(Tx) for all f € Y* and x € X. If T is bounded
then so is 7%, and we have || 77| = ||T||.

There are two natural classes of Banach spaces associated with a Banach
space X: closed linear subspaces E C X (with the norm induced from X)
and quotient spaces X/E. The quotient space is defined using the following
equivalence relation on X: x ~ y iff z —y € E. The quotient space X/FE
then consists of the equivalence classes

z]={yeX:y~z}={r+e:e€E}.
X/FE is a Banach space equipped with the norm
= inf = distx (0, = inf ||z — €]|.
]| nf, lyll = distx (0, [z]) = inf [l —e]

Figure 1 illustrates the concept of quotient space.

[z]

y

160

E

G g

FIGURE 1. Quotient space X/FE

Subspaces and quotient spaces are in duality relation. Recall that the
annihilator of E C X is a subspace in X* defined as B+ = {f € X* :
f(e) =0 Ve € E}. The next proposition says that the dual of a subspace
is isometric to a quotient space (of the dual space), and the dual of a quotient
space is isometric to a subspace (of the dual space).
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PROPOSITION 1.3 (Duality between subspaces and quotients). Let E C
X be a linear subspace. Then

(i) E* is isometric to X*/E*;

(ii) (X/E)* is isometric to E*.

For the proof, see [?, Exercise 9.10.25].

As we said, geometric functional analysis studies finite-dimensional normed
spaces. Such spaces are always complete, and all their linear subspaces are
closed. All n-dimensional Banach spaces are isomorphic to each other (but
not isometric!) All linear operators on such spaces are bounded.

Classical examples of finite dimenisonal spaces are the n-dimensional
versions of the spaces {;, which are denoted by £;. Thus £} is the linear
vector space R™ equipped with the norm

- 1/p
el = (2 o) 1< <oor e = max e,
1=

2. A correspondence between Banach spaces and convex bodies

A set K in R" is called convex if it contains the interval joining any two
points in K. A vector z is called a convexr combination of points x1,...,xm,
in R™ if it has the form

m m

T = Z)‘ixi where A\; > 0, Z)\i =1.
=1 =1

A set K is convex if and only if it contains all convex combinations of any

set of points from K.

Convex sets can be constructed from arbitrary sets by taking convex
hulls. The convexr hull of a set A in R™ is the minimal convex set con-
taining A, denoted conv(A). Equivalently, conv(A) is the set of all convex
combinations of points from A.

Recall that a convex set K in R" is called symmetric if K = —K (i.e.
x € K implies —z € K). A bounded convex set with nonempty interior is
called a convex body.

Let X be an n-dimensional Banach space. Choosing a bijective map
X — R™, we can identify X with the linear vector space R" equipped with
some norm || - ||, thus often writing

X =R 1)

for an arbitrary n-dimensional Banach space X. The following simple propo-
sition establishes a correspondence between finite-dimensional Banach spaces
and symmetric convex bodies in R™.

PROPOSITION 2.1 (Banach spaces and symmetric convex bodies). 1. Let
X = (R™|| - |l) be a Banach space. Then its unit ball Bx is a symmetric
convex body in R"™.
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2. Let K be a symmetric convex body in R™. Then K is the unit ball
of some normed space X = (R™,|| - ||). Indeed, consider the Minkowski
functional of K defined for all x € R™ as

Hx||K:inf{t>0:%eK}.

Then || - ||k defines a norm on R™, and K is the unit ball of the Banach
space (R™, || - || x).

Figure 2 illustrates the definition of Minkowski functional.

=/t

FIGURE 2. Minkowski functional

The correspondence between Banach spaces and convex bodies estab-
lished in Proposition 2.1 is a simple but extremely useful tool. It allows
one to use arguments from convex geometry in functional analysis and vice
versa. This correspondence is especially useful for the classical spaces ().
Their unit balls, denoted by By, are easy to describe geometrically.

ExaAMPLES 2.2. 1. The unit ball of the n-dimensional Euclidean space
5 is the unit Euclidean ball in R".

2. The unit ball of ¢} is the so-called cross-polytope in R"™. The cross-
polytope is the symmetric convex hull of the canonical basis vectors e; in
R™ and their opposites: B} = conv(+e; : i =1,...,n).

3. The unit ball B, of ¢2 is the cube in R" with center at the origin
and side 2.

Figure 2 illustrates the shapes of the balls Bf, B and BY in dimension
n = 2.

The concepts of subspaces and quotient spaces can also be interpreted in
the language of convex geometry. Using Proposition 2.1, one can easily show
that subspaces of Banach spaces correspond to sections of convex bodies, and
quotient spaces correspond to projections of convex bodies.

PROPOSITION 2.3 (Subspaces and quotient spaces). Let X = (R",| - ||)
be a Banach space, and let K = Bx denote is unit ball. Consider a subspace

E of X. Then:

proof?
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F1GURE 3. Unit balls of ég in dimension n = 2

1. The unit ball of E is the section K N E;
2. The unit ball of the quotient space X/E is isometrically equivalent to
the orthogonal projection of K onto E*, denoted Pg1(K).

The concept of dual space corresponds in convex geometry to the concept
of polar set. Given a subset K of R", the polar set K° is defined as

K°={yeR":(z,y) <1forall z € K}.

Consider a Banach space X = (R", || - ||). By Riesz representation theorem,
every linear functional f € X* has the form f(x) = (z,y) = > i, z;y; for
some y € R™. Then the unit ball of X* is

Bx+ = {y eR™: <x,y> <1 Vze Bx} = (Bx)o.

In words, the unit ball of the dual space X* is the polar of the unit ball of
X.

EXAMPLES 2.4. 1. Recall the duality relation (¢/1)* = ¢Z . This is a
finite dimensional version of the duality considered in Example 1.2. The
corresponding polarity relation is (B}')° = B, which says that the polar of
a cross-polytope is a cube.

2. Similarly, (B)° = Bf, i.e. the polar of a Euclidean ball is a Euclidean
ball.

3. If £ is an ellipsoid with semiaxes ai,...,a, > 0 then Then £° is an
ellipsoid with semiaxes 1/ay, ..., 1/ay,.

4. If K is a polytope of k vertices and m faces, then K° is a polytope
with m vertices and k faces.

Polarity goes well along with set theoretic operations.

PROPOSITION 2.5 (Properties of polar sets). Let K and L be convex sets
in R™. Then:
1. (KUL)*=K°nL°.
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2. (KNL)°=conv(K°UL®).
3. If K C L, then L° C K°.
4. (Bipolar theorem) If K is closed then K°° = K.

Finally, we interpret the duality between subspaces and quotient spaces
of Banach spaces described in Proposition 1.3 as a polarity relation between
sections and projections of convex bodies.

PROPOSITION 2.6 (Duality between sections and projections). Let K be
a convex body in R™, and let E C R™ be a subspace. Let Pg denote the
orthogonal projection in R™ onto E. Then:

1. (KNE)° = Pr(K°);

2. (PE(K))°*=K°NE.
In both parts, the operation of taking the polar set in the left hand side is
considered in the subspace E.

PRrROOF. The inclusion Pg(K°) C (K N E)° follows when we note that
vectors x € K N E and y € K° satisty (z, Pgy) = (Pgz,y) = (z,y) < L.
To prove the reverse inclusion, by Proposition 2.5 it suffices to show that
(Pp(K°))° € KNE. Let z € (Pg(K°))°; we have (z, Pgy) < 1 for all
y € K°. Since z € E, we have 1 > (x, Ppy) = (Prx,y) = (z,y). It follows
that x € K°° = K. This shows that x € K N E. This completes the proof
of Part 1.

Part 2 follows from part 1 and the bipolar theorem (Proposition 2.5).
Indeed, we have (K° N E)° = Pr(K°°) = Pr(K). This completes the proof.

[

The following table summarizes the correspondence between functional
analysis and convex geometry that we discussed in this section:

Spaces Unit balls
normed space X, dim X = n symmetric convex body K in R"
subspace £ C X section K N E
quotient space X/FE projection Pp1 (K)
dual space X* polar body K°

3. A first glance at probabilistic methods: an approximate
Caratheodory theorem

Geometric functional analysis heavily relies on probabilistic methods.
In this section we will develop our first and simple probabilistic argument,
which leads to what we might call an approximate Caratheodory’s theorem.

We first recall the classical Caratheodory’s theorem, which is a useful
result in convex geometry.

THEOREM 3.1 (Caratheodory’s theorem). Consider a set A in R™ and a
point x € conv(A). There exists a subset A" C A of cardinality |A'| <n+1
such that x € conv(A’). In other words, every point in the convex hull of A
can be expressed as a convex combination of at most n + 1 points from A.
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The bound n+1 can not be improved; it is clearly attained for a simplex
Ain R™ (a set of n+ 1 points in general position). However, if we only want
to approximate x rather than exactly represent it as a convex combination,
this is possible with much fewer points. Their number does not even depend
on the dimension n, so the result holds in an arbitrary Hilbert space.

Let us fix an appropriate unit for approximation, which is the “radius”
of A defined as

r(A) = sup{|la|]| : a € A}.
THEOREM 3.2 (Approximate Caratheodory’s theorem). Consider a bounded

set A in a Hilbert space and a point x € conv(A). Then, for every N € N,
one can find points x1,...,xn € A such that

1 N
R
N;

REMARKS. 1. Since % Zf\il x; is a convex combination of the points z;,
the conclusion of Theorem 3.2 implies that the point z almost lies in the
convex hull of N points from A:

r
<

(4)
<N

r(A)

N~
2. Theorem 3.2 has two advantages over the classical Caratheodory
theorem. Firstly, Theorem 3.2 is dimension-free. Secondly, the convex com-

bination to represent the arbitrary point is explicit: all the coefficients equal
1/N. Note however that there may be repetitions among the points x;.

dist (=, conv(xi)i]il) <

PROOF. Let us fix a point x € conv(A). We can express it as a convex
combination of some vectors z1, ..., 2z, € A with some coefficients A; > 0,

2t i =1L
i=1

Consider a random vector Z which takes on the value z; with probability \;
for each i =1,...,m. Then

EZ = i )\izi = X.
i=1

Let Z1, Zs, ... be independent copies of Z. By the the law of large numbers
we know that the sum of independent random variables % Zjvz 1 Zj con-
verges to its mean x weakly (and even strongly) as N goes to infinity. The
reason for this, as we may recall from the classical proof of the weak law of
large numbers, is that the second moment of the difference is easily seen to
converge to zero. Indeed, since the random variables Z; — x are independent
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and have mean zero, we obtain (see Exercise 1) that

Len 12 1 S )
Bl - w24l = w5 o = i E -

Now, since the random variable X takes on values in A, we can easily bound
each term of the sum (see Exercise 1):

E|Z; - z|* =E||Z - EZ|* =E||Z|]” - |EZ|* < E||Z]]* < r(A)%.
This shows that

1L 2
oo~ 2554 s
J:

Therefore there is a realization of the random variables Zi,...,Zy (i.e. a
point in the probability space) such that

N
- b3 < 2

Since by construction each Z; takes on values in A, the proof is complete. m

EXERCISE 1. 1. Let Z3,..., Zn be independent mean zero random vec-
tors in a Hilbert space. Show that

oS - Sesre

2. Let Z be a random vector in a Hllbert space. Show that
E|Z -EZ|* = E||Z|* - |EZ|*.

This is a version of the identity Var(X) = E(X — EX)? = E(X?) — (EX)?
that holds for random variables X.






CHAPTER 2

Banach-Mazur distance

The concept of distance usually quantifies how far objects are from each
other. Qualitatively, it can be used to distinguish the objects. For example,
if two points in space have distance zero to each other, they are the same
and thus can be identified with each other. The notion of distance is a
quantitative version of identification; not only it can tell whether the objects
are the same but it also measures how different they are.

How one identifies mathematical objects depends on their nature. For
example, in topology, we identify spaces using homeomorphisms; in alge-
bra, we identify groups using homomorphisms; in classical convex geometry,
we may identify polytopes using rigid motions; in functional analysis, we
identify Banach spaces using isomorphisms. The concept of Banach-Mazur
distance which we shall study in this chapter is a quantitative version of the
concept of isomorphism.

1. Definition and properties of Banach-Mazur distance

We will give two equivalent definitions of Banach-Mazur distance, one
in the context of functional analysis, the other in convex geometry.

DEFINITION 1.1. (Analytic): Let X, Y be two isomorphic normed spaces.
The Banach-Mazur distance between X and Y is defined as

d(X,Y)=inf {||T||T"||: T:X —Y is an isomorphism}.

(Geometric): Let K and L be symmetric convex bodies in R™. The
Banach-Mazur distance between K and L is

1
d(K,L) = inf {ab >0 : EL C TK C aL for some linear operator 7' on R"}.

Figure 1 illustrates the definition of Banach-Mazur distance between a
hexagon and a circle.

The analytic and geometric notions of Banach-Mazur distance are con-
nected through the correspondence between normed spaces and symmetric
convex bodies described in Section 2. This way, the (analytic) Banach-
Mazur distance between the spaces X and Y is the same as the (geometric)
Banach-Mazur distance between their unit balls Bx and By .

REMARKS. 1. Recall that all finite-dimensional Banach spaces of the
same dimension are isomorphic. Hence the notion of Banach-Mazur distance
is well defined for them.

15
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FIGURE 1. Banach-Mazur distance

2. Banach-Mazur distance is invariant under invertible linear transfor-
mations S: it is easily seen that d(K, L) = d(SK,SL).

The following easy properties of Banach-Mazur distance follow from the
corresponding properties of linear operators on normed spaces. We leave it
to the reader to check them.

PrOPOSITION 1.1 (Properties of Banach-Mazur distance). Let X,Y,Z
be n-dimensional normed spaces. Then:

1. d(X,Y) > 1. Furthermore, d(X,Y) =1 if and only if X and Y are
1sometric;

2.d(X,Y)=d(Y,X);

3. d(X,Y) <d(X,Z2)d(Z,Y);

4. d(X,Y) =d(X*,Y¥).

The first three properties remind us of the conditions for a metric: non-
negativity, symmetry, and triangle inequality. The only difference is that we
have the above properties in multiplicative form. To get the additive form,
we can simply take the logarithm:

COROLLARY 1.2 (Banach-Mazur Metric). logd(X,Y) defines a metric
on the set of all n-dimensional Banach spaces. FEquivalently, logd(K, L)
defines a metric on the set of all symmetric convex bodies in R™.

Since logd(X,Y) = 0 for isometric spaces X and Y, we feel that all
isometric (but not isomorphic!) spaces should be identified with each other
in geometric functional analysis. Geometrically this means, for example,
that in R™ all ellipsoids are regarded the same, the cubes and paralleletopes
are regarded the same, but an ellipsoid and a cube is not regarded the same.

One can check that the set of all n-dimensional Banach spaces equipped
with the Banach-Mazur metric is a compact metric space. For this reason,
this space is called the Banach-Mazur compactum. Very few properties of
Banach-Mazur compactum are known, since it is usually hard to compute
the Banach-Mazur distance between a given pair of normed spaces. However,
when one of the spaces is ¢, it is possible to give a tight upper bound /n
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on the distance. We will now prove this remarkable result known as John’s
theorem.

2. John’s Theorem

THEOREM 2.1 (John’s theorem). Let K be a symmetric convex body in
R™, and let D be the ellipsoid of maximal volume contained in K. Then

D C K C+/nD.
Consequently, for arbitrary n-dimensional normed space one has
(X, 03) < V/n.

PROOF. The second part of the theorem easily follows from the first part
using the correspondence between normed spaces and convex bodies.

We are now set to prove the first part of the theorem. Since, as we
know, Banach-Mazur distance is invariant under invertible linear transfor-
mations, we can assume that D = BJ by applying an appropriate linear
transformation to K and D.

We will proceed by contradiction. Assume that K ¢ /nD. Then we
can find x¢ € K such that

(1) s = ||zoll2 > Vn.

By applying a rotation in R™ we can assume without loss of generality that
the vector zy has the form z¢p = (s,0,...,0). By symmetry and convexity
of K, we have

conv{+xy, D} C K.

We are going to find inside the convex body conv{+tzg, D} an ellipsoid
& of volume larger than D, which will contradict the maximality of D. We
will construct £ by significantly elongating the ball D in the direction of the
s and slightly suppressing D in the orthogonal directions, see Figure 2.

FI1GURE 2. John’s Theorem

To this end, let us consider the ellipsoid £ centered at the origin, and
whose semi-axes aligned in the coordinate directions have lengths (a, b, b, ..., b).
Here a,b > 0 are parameters that we are going to determine.
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Firstly, we would like to have vol(£) > vol(D). Since D is a unit ball,
we have vol(€) = ab™ ! vol(D), which gives our first restriction

ab” !t > 1.

Secondly, we would like to have & C conv{txzg, D}, which we shall
reformulate as a second constraint on a,b. Since both sides of this con-
tainment are bodies of revolution around the axis xg, the problem becomes
two-dimensional. At this point, the reader is encouraged to complete the
proof independently using only planar geometry. For completeness, we pro-
ceed with the argument. Consider the quarter of any cross-section of these
bodies orthogonal to xg, see Figure 2.

t

1

b

FIGURE 3. Proof of John’s Theorem

We can clearly assume that both the ball D and the ellipsoid £ are
tangent to the boundary of conv{+xzg, D}. Let t be the y-intercept of the line
passing through =y (on z-axis with length s) and tangent to D. Similarity
of triangles gives

s s2—1
2 _—= —
(2) ; 1

Next, we are going to use the tangency of conv{p, D} and £. To this end,

we first shrink the picture along the z-axis by the factor b/a, see Figure 2.

This transforms & into the Euclidean ball £ of radius b, and it transforms s
into § = (b/a) s. Similarity of triangles gives here

b t

5 Vet



3. DISTANCE BETWEEN {3 AND £¢ 19

FIGURE 4. Proof of John’s Theorem

This is equivalent to s*t?> = b?s? + a*t2. Dividing both sides by t? and using
(2) we conclude that a®> = s2(1 — b?) + b%. Let us choose b* = 1 — ¢ for
sufficiently small € > 0; then a®> = 1 + (s> — 1)e. Since by our assumption

s > +/n, we conclude that (1) holds:
a?p? ) > (14 (n—1)e)?(1 — (n—1)e) > 1.

John’s Theorem is proved. [ |

3. Distance between ﬁg and 8(’;

John’s theorem is sharp. We will now show that a cube in n dimensions
has the largest possible distance y/n to the ball.

PROPOSITION 3.1 (Sharpness of John’s theorem). For everyn =1,2,. ..
we have

a(en,. 03) = V.

REMARKS. 1. By duality (Proposition 1.1), we also have d(¢7, ¢5) = \/n.

2. The geometric meaning of Proposition 3.1 is that among all ellipsoids,
the round ball approximates the cube the best. While intuitively simple,
this result is not entirely trivial, and it will be proved by a probabilistic
argument.

PRrROOF. The upper bound d(¢%, ¢5) < \/n follows easily from the norm
comparison [|z|leo < ||z]l2 < v/1|Z|loo, Which in turn is a consequence of
Hoélder’s inequality.

We are now going to prove the lower bound d(¢Z%, (%) > \/n. Note that
in the geometric definition of Banach-Mazur distance we can require that
b = 1 by rescaling. So it suffices to show that for every linear operator

T : R* — R" satisfying BY C T(BL), we have T(BL) ¢ sB% for any
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s < 4/n. The latter simply means that the radius of the parallelopiped
T(BL) is large:

3 T > .
) xrgg{éll zl2 > vn

—

We are going to prove this by showing that a random vertex of the paral-
lelopiped T'(BZ) has length larger than \/n with positive probability.

The vertices of the cube B!, have the form x = Z?:1 g;ei, where g; €
{—1,1} and e; denote the canonical basis vectors. Denote f; = Te;. Then
the vertices of the parallelopiped T'(BZ)) have the form

n n
Tx = E eile; = 5 €ifis
i=1 =1

see Figure 3. Since Bf C T'(BL), we must have || f;||2 > 1 for all i (why?).

TED)

FIGURE 5. Banach-Mazur distance between a cube and a ball

Now we choose a random vertex Tz of the parallelepiped. Formally,
choose the signs ¢; at random, so we let ¢; be independent symmetric
{—1,1}-valued random variables: P(¢; = 1) = P(g; = —1) = 1/2. By
Exercise 1 and using the lower bound || f;||2 > 1, we can estimate the expec-

tation
2 n
=Dz
i=1

It follows that there exists choice of signs e; for which the random vertex
Tz satisfies | Tx|l2 > y/n. This establishes (3) and completes the proof. m

E|Tz|3 = E| e
i=1

As an application of Proposition 3.1, we now compute the distance be-
tween the spaces £} and £y in the case when the exponents p and ¢ lie on
the same side of 2.

COROLLARY 3.2 (Distance between ¢, and fg). Let 1 <p<qg<2or
2<p<qg<oo. Then for everyn =1,2,... we have

d(er, ey = nl/r=1/a,
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PrOOF. By duality (Proposition 1.1) we may assume that 2 < p <
q < 0o. Then the upper bound d(ﬁg,ﬁg) < nl/P=1/4 follows from the norm
comparison

lzllq < llz]l, < /P92,
which in turn is a consequence of Holder’s inequality.

We will now deduce the lower bound d(£y, ;) > n/P=1/4 from the lower
bound d(¢%, 0% ) > \/n given by Proposition 3.1. One can do this simply by
comparing the corresponding spaces in the two distance estimates. Indeed,
the two special cases of the upper bound proved above are

d(ly,0n) < /2P0 q(en en) < /i

Therefore, using the submultiplicativity of the Banach-Mazur distance (Propo-
sition 1.1) we have

Vi < (8, 00) < d(63,67) - d(L3, 67) - (63, 0

25 %00 prq g’ oo
1/2—-1 n gm 1
< nt/ /p.d(gp’gq) .nl/a
It follows that d(£}, (7)) > n/P=1/4 as required. [ ]

It is a bit more difficult to compute the distance in the case when the
exponents p and ¢ lie on different sides of 2, that is for 1 < p <2 < ¢ < 0.
The identity map no longer realizes the distance between such spaces. For
example, in the extreme case p = 1 and ¢ = oo Holder’s inequality would
give the upper bound on the distance d(¢7, ¢ ) < n, which is far from being
optimal. This distance is actually /n up to an absolute constant; it is
achieved by some rotation of the octahedron B} inside B[, that maps the
vertices of the octahedron to some vertices of the cube. The general optimal
bound for such range of p and q is

en® < d(4y,6y) < Cn®,  where a = max(1/p —1/2, 1/2 - 1/q)

and where C, ¢ > 0 are absolute constants, see [?, Proposition 37.6].

As an immediate application of John’s theorem, we obtain a bound on
the distance between any pair of n-dimensional normed spaces.

COROLLARY 3.3. Let X and Y be n-dimensional normed spaces. Then
d(X,Y) <n.

PRrROOF. The estimate follows from John’s Theorem 2.1 and the submul-
tiplicativity property of Banach-Mazur distance (Proposition 1.1): d(X,Y) <
A(X, )d(E3, Y) < V- v =n. .

Corollary 3.3 is sharp up to a constant. This highly nontrivial result was
proved by E. Gluskin in 1981. He constructed n-dimensional spaces X and
Y for which d(X,Y) > en. Gluskin’s construction is randomized. He defines
the unit ball of X = (R™, || - ||) as the convex hull of 2n random points (and
their opposites) on the unit Euclidean sphere of R", taken independently
and uniformly with respect to the Lebesgue measure. The second space
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Y is constructed in the same way, independently from X. Heuristically,
Banach-Mazur distance between such spaces X and Y should be large with
high probability. This is because the vertices of Bx and By are typically
totally “mismatched”. The nontrivial part of Gluskin’s argument is to show
that the vertices can not be sufficiently matched by any linear operator 7" on
R™, which leads to the large Banach-Mazur distance. A detailed exposition
of Gluskin’s construction, as well as many other results on Banach-Mazur
distance, are in the monograph [?].



Part 1

Concentration of Measure and

Euclidean Sections of Convex
Bodies



The phenomenon of concentration of measure is the driving force of the
early development of our subject — geometric functional analysis. It tells us
that anti-intuitive phenomena occur in high dimensions. For example, we
will see that the mass of a high dimensional ball is concentrated only on a
thin band around any equator. This reflects the philosophy that metric and
measure should be treated very differently: a set can have a large diameter
but carries little mass. As we will see later on in this course, concentration
of measure plays an important role in the cornerstone theorems such as the
Dvoretzky’s theorem and other theorems on sections or projections of convex
bodies. In this lecture, we will study two cases of concentration of measure,
each with a geometric form and a functional form:

e on the sphere
e in the Gauss space

4. Concentration of Measure

4.1. Concentration of measure on the sphere: geometric form.
Consider the unit sphere S”~! with normalized Lebesgue measure o = o,,_1.
Denote by E the equator and E. the e-neighbourhood of the equator,

E.={recS" ! :dx E)<e}.

First, we show that E. contains almost all the mass on the sphere when
n is large.

PRrROPOSITION 4.1 (Neighborhood of spherical caps).
o(E)>1-— 27 /2
We will give an easy geometric proof for e small.

Proor. Let C¢ denote the complement set of E. on the upper sphere.
When e is small, the “ice-cream” cone generated by C. is contained in a ball
of radius v'1 — €2 (See Figure 6):

cone(Ce) C B (O/, V1-— 62) .
Then,

_vol (cone(Ce)) - vol (B(0, m))
VO](BS) - vol (BQ)

— (\/ 1-— 62)n < e e /2,

EXERCISE 2. Make the treatment of € rigorous: prove Proposition 4.1
for all € > 0.
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FIGURE 6. “ice-cream cone”

REMARKS. (1) The proposition implies that a band around the
equator of width ~ 1/4/n has constant measure. Hence, as the
dimension n gets larger and larger, the band that contains a fixed
amount of mass becomes thinner and thinner.

(2) For any hemisphere A, we have o(A.) > 1 —e¢ In fact,
this holds for any subset of measure 1/2 (not necessarily the hemi-
spheres). This follows from the classic isoperimetric inequality on
the sphere.

—ne2/2

THEOREM 4.2 (Isoperimetric inequality on the sphere: geometric form.
[?], [?]). Among all measurable sets A C S~ with a given measure, spher-
ical caps minimize the measure of the e-neighborhood o(A.).

Consequently, we have the following theorem of concentration on the
sphere.

THEOREM 4.3 (Concentration of measure on the sphere). For an arbi-
trary measurable set A C S with o(A) > %,

o(Ae) >1— e /2

REMARKS. (1) The number 1/2 is not essential. We have the same
concentration phenomenon (up to some constant adjustment) as
long as the given measure is an absolute constant.

(2) The reason why Theorem 4.2 is called ”isoperimetric inequality” is
that, if we consider the measure of the boundary of A,

A) —o(A
Tn_a(DA) = lim M7
e—0 €
then the isoperimetric inequality implies that among all sets of a

given volume, spherical caps have the minimal boundary measure.
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FiGURE 7. Concentration on the Sphere

(3) The sphere S™~! locally looks like the Euclidean space R”, so we can get
the isoperimetric inequality in R™ from that on the sphere.

COROLLARY 4.4. (Isoperimetric inequality in R™) Among all sets of a
given volume in R™, Euclidean balls minimize the surface area.

Later in this course when we talk about geometric inequalities, we will
come back to these isoperimetric inequalities and concentration of measure
inequalities, and see alternative proofs.

4.2. Concentration of measure on the sphere: functional form.
Concentration of measure is closely related to a special type of functions
called Lipschitz functions. A general idea is that a Lipschitz function de-
pending on many variables is almost a constant. A natural choice for con-
stant is the median of the function. Let us recall some definitions first.

DEFINITION 4.1. Let X, Y be metric spaces. A map f: X — Y is called
L-Lipschitz if

d(f(x), f(y)) < L-d(z,y)
for all z,y € X.

DEFINITION 4.2. Let X be a random variable. Then its median is a
number M that satisfies

1 1
Pr( X <M)> 3 and Pr(X > M) > 3

Consider a 1-Lipschitz function defined on the sphere
f:8" 1 SR
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Let M be a median of f. That is,
1 1
O'{J,‘ e st flx) > M} > 3 and U{xe sl > M} > 3

Let A= {x € S": f(z) < M}. Then o(A) > 3. By the concentration of
measure on the sphere, we get
o(A) >1— e /2,

It is easy to check that f(z) < M+e for all x € A, by the Lipschitz condition.
Hence,

o(f<M+e)>1—e/
Similarly,
o(f<M—-¢€)>1 —ene/2,
Take intersection of the two sets, and we get
o(|f — M| <e) >1—2e /2,
Thus, we have proved the following;:

THEOREM 4.5. (Concentration of measure on the sphere: functional
form) Let f: S"1 — R be 1-Lipschitz with median M. Then,

o(|f — M| <) >1—2e /2,

REMARKS. Roughly speaking, this theorem says that a smooth function
is almost constant on almost the entire sphere.

4.3. Concentration of measure in Gauss space: geometric form.
We should note that in the formulation of the concentration of measure
on the sphere, we did not quite use the geometry of the sphere. So it is
not surprising that the same phenomenon happen in many other metric
probability spaces. A classic example is the Gauss space.

DEFINITION 4.3. Gauss space is R™ equipped with the standard Gauss-
ian measure v = 7, with density

1 2 | 2
dyy = ——ellel3/2 _ a2
T eyt 11 5

Just as in the case of the sphere, we have an isoperimetric inequality in
the Gauss space.

THEOREM 4.6 (Isoperimetric inequality in Gauss space). Among all
measurable sets A C R™ with a given Gaussian measure, half-spaces mini-
mize y(Ae).

Let H denote a half space. Then He = {z € R" : 1 < €}. A simple
computation shows that

1 €
v(He) = \/ﬂ/ e 1 2dxy > 1— e /2,
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Hence, we have the following concentration of measure theorem in the
Gauss space.

THEOREM 4.7 (Concentration of measure in Gauss space: geometric
form). Let A C R™ be an arbitrary measurable set with v(A) > 3. Then

v(A) >1—e /2.

4.4. Concentration of measure in Gauss space: functional form.
Just as in the case of the sphere, there is a functional form of concentra-
tion for Lipschitz functions in Gauss space. It can be established from the
geometric form in the same way as above.

THEOREM 4.8 (Concentration of measure in Gauss space: functional
form). Let f:R™ — R be 1-Lipschitz with median M. Then for any t > 0,

Y(If =M <t)>1-2e7"72

EXERCISE 3. Generalize the above concentration theorems (including
functional forms) to L-Lipschitz functions.

A trouble here is that median is usually hard to compute. We would like
to replace it by the mean for computational purposes. Fortunately, these
two notions of average value are not far apart when the function has certain
concentration properties.

LEMMA 4.9. Let X be a random wvarible with mean EX and median M.
Then M < 2EX.

Proor. By Markov inequaluty,

Pr(X > 2EX) < - < Pr(X > M).

N | =

If M > 2EX, then
1
Pr(X > M) <Pr(X >2EX) < 7
This contradicts the median definition. [ |
LEMMA 4.10 (Mean ~ Median under concentration hypothesis). Let X
be a random variable with mean EX and median M. Suppose that
Pr(|X — M| >t) < Ce™ "’
for any t > 0. Then
M —EX| < (.
Consequently,
Pr(|X —EX| > t) < Cye "

for allt > 0, where Cy, Csy, co are constants that depend only on the absolute
constants C, c.
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ProoF.
M —EX|=|E(M — X)| <E|M — X| by Jensen’s inequality
= /OO Pr(|X — M| > t)dt < /Oo Ce Udt = Cy.
0 0 .
REMARKS. Any type of concentration with tail bound that makes the

last integral converge will give the same “mean =~ median” result up to some
constant.

With this lemma, we have that, under appropriate concentration as-
sumptions,

X —EX| < |X — M|+ Ch.

Assume t > 2C7. This can always be done by choosing C5 sufficiently large.
Then,

Pr(|X —EX|>t) < Pr(|X — M| >t—Cy)
t
<Pr(|X-M|>g)< Cle—2t?

Hence, concentration of measure results on the sphere and in the Gauss
space still hold when median is replaced by the mean.

EXERCISE 4. Show that the concentration results actually hold when the

median is replaced by any p-th moment of f, (E fp)l/ P for any 0 < p < o0
and f > 0.

As a point x in Gauss space is a random vector with independent stan-
dard Gaussian coordinates, we can derive a deviation inequality for certain
functions of i.i.d Gaussian random variables. For a more detailed treatment
on this topic, see [?].

COROLLARY 4.11 (Deviation Inequality). Let g1, -, gn be independent
standard Gaussian random variables. Let f : R™ — R be 1-Lipschitz. Then
the random vector X = f(g1,- - , gn) satisfies the deviation inequality

Pr(|X —EX|>¢t) <27/ vt >o0.

EXAMPLE 4.12. Consider the random variable
n
X = Z a;g;,
i=1

where Y ", a? = 1. It is easy to see that the linear functional

f(x) =) aiz;
=1
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is 1-Lipschitz. By Corollary 4.11, the normalized sum X satisfies the devi-
ation inequality
Pr(|X|>t) <2 /2 vt >o0.

This is a well-known fact, since normalized sum of standard Gaussians is
standard Gaussian.

REMARKS. (1) The significance in this corollary is that the func-
tion f only needs to be “smooth”: it does not have to be linear.
Roughly speaking, this corollary says that a random variable that
is a smooth function of many independent Gaussians strongly con-
centrates around its mean.

(2) Talagrand [?] proved a version of Corollary 4.11 for bounded ran-
dom variales [£;] < c.

(3) Other versions of Corollary 4.11 still remain open, even for subgaus-
sians. A possible reason is that Lipschitz functions deal with Fu-
clidean distances, and we lack a version of isoperimetry for subgaus-
sian spaces. Another reason is that in Gauss space, there is usually
heavy dependence on the rotation invariance of the Gaussian mea-
sure. However, for subgaussians, the group of symmetry is too
small (usually only reflections, permutation of coordiantes). There
may be hope if one can bypass the rotation invariance property
to obtain concentration properties, for example, via log Sobolev
ienqualities, etc.

5. Johnson-Lindenstrauss Flattening Lemma

Johnson-Lindenstrauss Flattening Lemma was motivated by data com-
pression, or “dimension reduction.” A lot of times, we need to store a large
set of data in a complicated metric space. This would require a huge amount
of space. For example, if we have n vectors in R”, we would need n? bits for
exact storage. To reduce the complexity while still preserve the essential in-
formation of the original data set, we would love to embed the metric space
into a simpler metric space almost isometrically. Here, “simpler” means
smaller dimension. The question is, how far can we push the dimension
down without losing the essential information? Johnson-Lindenstrauss flat-
tening lemma tells us that to preserve the pairwise distance between the
data points, the dimension can go down to the log level.

As a preliminary, we introduce a notion called “Lipschitz embedding” in
metric spaces.

DEFINITION 5.1 (Lipschitz Embedding). Let X,Y be metric spaces. A
map T : X — Y is called a Lipschitz embedding of X into Y if there exists
L > 0 such that

1
7 dl@y) <d(Tw,Ty) < L-d(z,y)  Ve.yecX.
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In other words, both T' and T~! (restricted on the image of T) are L-
Lipschitz. Sometimes, such 1" is called bi-Lipschitz.

For example, all isometries are 1-embedding, for d(T'z, Ty) = d(x,y) for
all z,y € X. An “almost isometric embeddings” means a (1 + €)-embedding
for small € > 0.

Now we are ready to state the flattening lemma.

THEOREM 5.1 (Johnson-Lindenstrauss Flattening Lemma). Let X be an
n-point set in a Hilbert space. For any e > 0, there exists a (1+¢)-embedding
of X into €5, where k > Ce~2logn.

REMARKS. Here, we consider the dimension reduction in #o. We want to
preserve the pairwise Euclidean distances among all the data points. Note
that we can always embed X in span(X) whose dimension < n. To store

all pairwise distances in X, we would need (g) ~ n? numbers. Moreover,

to store X itself, we would need n - n = n? numbers (assuming each vector

is n-dimensional). However, after embedding into 5, we only need to store

nlogn numbers while still preserving all pairwise distances within e-error.
However, mo similar result holds in ¢1: one cannot do dimension reduc-

tion in ¢;. See [7].

We will use a linear operator G (in general, emeddings do not have to
be linear), and our construction will be non-adaptive: it is independent of
the geometry of X. This non-adaptivity is the radical idea of this proof.
Note that in general, a good embedding should be adaptive. For example, if
X consists of n co-linear points, then we do not want this line contained in
ker(G): it would be perfect isometric embedding if this line is perpendicular
to the kernel.

ProoF. Without loss of generality, assume that X C /5. We need a
map G : £§ — (& which is a (1 + ¢)-embedding when restricted to X. In this
proof, we will use an k£ x n random Gaussian matrix G. Here is the plan of
the proof. We first fix a pair x,y € X and check that

1G(z = y)ll2 = [z = yll2.
Then, we take union bound over all n? pairwise distances.

Step 1: Fized vector.
Let € S"~1. Then

k
E|Gz|3 = E Z('yi, z)? where v;’s are the row vectors of G
i=1
= kE(y, z)? where 7 is a standard Gaussian vector in R",

=k.
Now, consider the function defined on the Gauss space R¥":
fiRE S R,G = (gij)nxn = [|Grllo.
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We claim that f is 1-Lipschitz. In fact,
IF(G) = f(H)] < [|Gz|le — [|Ha|la| < (G — H)x|
<|G-H| < |G- Hlns =d(G, H),
where d(G, H) is the Euclidean distance of G and H when they are treated

as elements of RF".
Then, by Corollary 4.8, we have that, for every z € S"71,

Pr ((HG:CHQ - MIEHG:UHQ‘ > t) <272 w0,

where we have used the p-th moment replacement of the median in the
concentration. That is,

Pr(IGalls = V> t) <2702 ve o,

Let t = ek and replace G by T := G/\/% We get

Pr (|||Tz]s — 1] > €) < 2eF/2,
Therefore, for arbitrary « # 0, we have
(4) Pr (|[T|l; — [[«]l2] > el|z]l2) < 22,

Step 2: Union bound.
Apply (4) to all z := u — v, where u,v € X. We get

(5) Pr(3u,v € X : |[|T(u—2)|2 — ||u—2v|a] > €|u—v|2) <n?- 90— €k/2

As long as the RHS is less than 1, that is, as long as k > Ce 2 logn, there
exists a desired almost isometric embedding. [ |

REMARKS. (1) G can also be a random Bernoulli +1 matrix, as
well as a sparse 0/1-matrix.
(2) Not much is know on derandomization of this argument.

Next, we introduce an alternative proof based on concentration of mea-
sure on the sphere. See section 15.2 in [?]. In this method, 7" will be an
orthogonal projection in R™ onto a random k-dimensional subspace. First,
let us be more explicit in what it means by a “random subspace.”

DEFINITION 5.2 (Grassmannian). The Grassmannian G, is the collec-
tion of all k-dimensional subspaces of R™.

We will equip Gy, with a probability measure. For this purpose, we
need the concept of Haar measure defined on a compact metric space.

Let (M,d) be a compact metric space, and let G be a group whose mem-
bers act isometrically on M, ie. d(gz,gy) = d(z,y) for all z,y € M
and g € G. For example, M = G, equipped with Hausdorff distance
(“angle” between the “orientations” of subspaces). Then G = O(n) =
{rotations and reflections}, or one can take G = SO(n) = {rotations}.
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THEOREM 5.2 (Haar measure). (1) (Ezistence) There exists a Borel
probability measure p on M called Haar measure which is invariant
under the action of G:

n(gA) = u(A) Vge G,AC M.

(2) (Uniqueness) If the G-action is transitive, i.e. for any x,y € M
there exists g € G such that y = gx, then the probability Haar
measure 18 unique.

EXAMPLE 5.3. M = S""! G = O(n). Then the Haar measure on M is
the normalized Lebesgue measure.

EXAMPLE 5.4. M = O(n) = G. Then the Haar measure on M defines
what we call “random rotations.”

EXAMPLE 5.5. M = Gy 1, G = O(n). The Haar measure defines what
we call “random subspaces.”

EXERCISE 5. Let U be a uniformly random rotation in O(n) (i.e. pick
a matrix from O(n) uniformly at random).

(1) Let z € S™ ! be fixed. Show that Uz is a a random vector uni-
formly distributed on S,
Hint: Use the uniqueness of Haar measure on the sphere and show
that Ux is rotation-invariant.

(2) Let E € G, . Show that U(FE) is a random subspace uniformly
distributed in G, .

Now we are ready to show the alternative proof of the Johnson-Lindenstrauss
lemma. Let T" be a projection onto a random k-dimensional subspace. By
the exercise above, this projection is equivalent to a random rotation of an
orthogonal projection onto any fixed k-dimensional subspace. Hence, T' can
be realized as U* P,U, where U is uniformly random in O(n), and Py is the
orthogonal projection onto R¥. Moreover, for any fixed z € S*~!, Uz is
uniformly random on S™~!. Therefore,

E|Tz||3 = E|U*PUz||3 = E||Prz||3 = E(z, Ppz) = tr(Py,) = k.

This recovers the fixed vector step in the Gaussian proof above. The rest of
the proof will be very similar to the Gaussian proof. That is, we apply the
functional form of the concentration result on the sphere to the 1-Lipschitz
function f : S"~1 — R defined by f(z) = ||Tz||2, and then take union bound
over all z := u — v. We leave the details to the reader.

6. Dvoretzky Theorem

6.1. Introduction. In the effort to understand the geometry of Banach
spaces, it was noticed that not every Banach space has Hilbert subspaces
(up to isomorphism). In particular, any subspace of £, has a further sub-
space isomorphic to £,, so £, has no Hilbert subspaces for p # 2, as every
subspace of a Hilbert space is Hilbert.
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Grothendieck’s problem then asks, does every infinite dimensional Banach

space have a finite dimensional subspace whose distance from a Hilbert space

is at most of constant order, and whose dimension can be arbitrarily large?
In the early 1960’s, Dvoretzky gave a positive answer to this question.

THEOREM 6.1 (Dvoretzky’s theorem). Let X be an n-dimensional Ba-
nach space. Given any € > 0, there exists a subspace E of X of dimension
k= k(n,e) — 0o as n — oo such that d(E,5) <1 +e.

REMARKS. We will see in the proof that k can be as large as C(¢€) logn.
Moreover, we will show that this is optimal for X = /7.

One can interpret Dvoretzky’s theorem geometrically as follows:

THEOREM 6.2 (Geometric version of Dvoretzky’s theorem). Let K be a
symmetric convex body in R™. Given any € > 0, there exists a section KNE
of K by a subspace E of R™ of dimension k = k(n,e) — oo as n — oo such
that € C K C (14 €)& for some ellipsoid E.

REMARKS. One can also insist that £ is a round ball. See Lemma 14.4.1
in [?].

By using the duality between sections and projections (See the Prelimi-
naries part of this course), we get a dual version of the Dvoretzky’s theorem.
This is obtained by interpreting the above theorem in the dual space.

THEOREM 6.3 (Dual version of Dvoretzky’s theorem). Let X be an n-

dimensional Banach space. Given any e > 0, there exists a quotient space
X/F of dimension k = k(n,e) — oo asn — oo such that d(X/F,5) < 1+e.

The rest of this section will be organized as follows. We will first prove
an intermediate result called the General Dvoretzky Theorem. It is a direct
result of the concentration of measure on the sphere. This result gives the
critical dimension of an almost Euclidean subspace in terms of the “average
norm,” the average value of the norm over the unit sphere. This is an intrin-
sic geometric attribute of the given normed space. Then, we will estimate
the average norm in £}, and apply this General Dvoretzky Theorem to ob-
tain some results regarding Euclidean subspaces of £). In particular, we will
show that an n-dimensional cube has Euclidean sections of dimension up to
clogn. To show that a general finite dimensional normed space admits an
almost Euclidean subspace of large dimesion, all left to do is show that the
average norm cannot be too small. To this end, we introduce the Dvoretzky-
Rogers Lemma, which allows us to get a cube section of dimension up to
n/2. Finally, by using the known result for ¢, we will obtain Dvoretzky
Theorem.

6.2. General Dvoretzky Theorem. In our first attempt to prove
Dvoretzky’s theorem, we will introduce an extra parameter called the “av-
erage norm” in the expression of the subspace dimension. This becomes
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very natural when we apply the concentration of measure on the sphere.

Without loss of generality, assume X = (R™, | - ||) and ||z|| < ||z||2 Yz € R™.
In other words, we assume that the unit Euclidean ball is contained in the
unit ball of X. Then, consider the function f : S"~! — R defined by
f(x) = ||z||. Then f is 1-Lipschitz by our assumptions. By concentra-
tion of measure on the sphere, f(x) concentrates closely around its average
Jsn-1 llz||do. This is what we refer to as the “average norm.” Let us give
the statement of the General Dvoretzky Theorem now.

THEOREM 6.4 (General Dvoretzky’s theorem). Let X = (R", |- ||) be a
normed space such that ||x|| < ||z||2 for all x € R™. Consider the average
norm M = [g._1 ||z||do(x). Then there exists a subspace E of dimension
k = c(e)nM? such that

(1 —e)Mjzlls < [lz]| < (1 + €)Mzl

for all x € R™. Consequently,

1
d(E,05) < 1f .

@)

M

The proof uses an important discretization argument. We will discretize
the sphere using what we call “e-net,” and use this net to approximate the
entire sphere. The advantage of discretization by nets is that if we have good
control over the size of the net, then we can use union bound to get from
a fixed vector case to the general case. We have seen this line of thoughts
before in the proof of Johnson-Lindenstrauss lemma.

Let us first pick up all the parts we will use later in the proof.

DEFINITION 6.1. Let (M, d) be a metric space, and let € > 0. A subset
N of M is an e-net if for all x € M, there exists some y € N such that
d(z,y) <.

REMARKS. (1) Equivalently, A is an e-net of .# if M can be cov-
ered by e-balls centered at N.
(2) M is compact if and only if it has a finite e-net.

Now we have the question: when M is compact, what is the minimal
cardinality of an e-net? In particular, here we are interested in the case
where M is the unit ball Bf or the unit sphere S™~1.

LEMMA 6.5 (cardinality of e-net of the ball). Let € > 0. Then there
exists an e-net N of BY of cardinality

V] < <1+2> |
€
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REMARKS. Just by comparing the volume, we can get a matching lower
bound on the cardinality of an e-net, which is also exponential in the dimen-
sion. Hence, the cardinality of a good e-net of the unit ball is exponential
in the dimension.

The proof of this lemma uses the correspondence between minimal cov-
ering and maximal packing.

PROOF. Let A be a maximal e-separated subset of By. That is,
d(z,y) > € Vr,ye N

We claim that NV is an e-net of BY. This can be easily justified by contra-
diction (otherwise, the maximality of the separated subset would be contra-
dicted). Note that the balls with centers in N and radius €/2 are disjoint.
Moreover, all these balls are contained (1 +¢/2)B%. Hence, by volume com-
parison, we have

vl (S35) < vt (145 33).
This gives the desired upper bound on |A]. [ ]
REMARKS. The same argument works for any unit ball K (instead of
BY) covered by its homothetic copy eK.
EXERCISE 6. Show that the same result holds for the unit sphere S™~1.

Next, we want to approximate the operator norm using only the vectors
in the net.

LEMMA 6.6 (Computing operator norms on nets). Let T : X — Y be a

linear operator between mormed spaces X and Y. Let N be a §-net of the
“sphere” Sx :={x € X :|z|| =1}. Then,

1
1T < sup || Tz|].
1- 5 zeN

PRrROOF. For every y € Sx, there exist z € N, 0 < p < d and u € Sy
such that y = = + du. Then,
7] = sup [Tyl
YESx

< sup ||Tz| + p sup ||Tull
zeN u€Sx

< sup [[Tz| + 4 T7|-
zeN

The lemma easily follows. [ |

As a corollary of the lemma, we can also approximate inf,cg, ||7y|| using
nets:

6 inf | Ty| > inf || Tl - 6|T].
(6) Jof Tyl = inf [Tl = o||T|
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REMARKS. Since [T = 1/ infses, [|Tz|, we see that nets are useful
when we try to bound the condition number of 7' (which is defined as ||| -

I7=H).

The next corollary shows that if we get good control of vector norms
on a net of the unit sphere, then we also have good control of vector norms
over the entire unit sphere.

COROLLARY 6.7 (From nets to the sphere). Let ||-|| be a norm on R™, and
let N be a 6-net of the unit sphere S*~1. Suppose that for some 0 < € < 1
and some M >0, (1 —e)M < ||z|| < (1+ €)M for all x € N'. Then,

-9

We leave it to the reader to work out the details of the proof. (Hint:
The right hand side follows from Lemma 6.6, where we take T to be the
identity operator from (R™, || - [|2) to (R™, || - ||). For the left hand side, use

(6).)

EXERCISE 7. We see that the upper bound is multiplicative while the

lower bound is additive. Why can’t we get a multiplicative lower bound
such as ¢(6) - (1 —e)M?

(1—e—20)M < |lz] < G“)M

Now we are ready to assemble all the parts in the proof of the General
Dvoretzky Theorem.

PrROOF OF GENERAL DVORETZKY THEOREM. The proof will be com-
pleted in three steps.
Step 1: Control of a fixed vector norm by concentration.
The function f : S""! — R defined by f(z) = ||=|| is 1-Lipschitz by the
assumption that ||z|| < ||z||2. By the functional concentration of measure
on S" !, we have

t2
o ([l — M| > 1) < 2exp (—”2) |

where M = Mx = [g¢.-1 ||z||do(x) is the average norm over the unit sphere.
Choose t = eM to get

M2 2
a<|||a:|r—Mr>eM><zexp(—” )

2

In other words, the two sided estimate (1—¢e)M < ||z|| < (1+ €)M holds for
a random point uniformly distributed over S"~! with probability at least
1—2exp (—nM262/2). Step 2: Union bound over a §-net.

Let N be a é-net of S¥~1 with cardinality

s (353
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Let U € O(n) be uniformly random. Then for any fixed z € S"~ !, Uz is
uniformly random on the unit sphere S"~!. In particular, Uz is uniformly
random for any z € N. Step 1 gives that

(1—eM < ||Uz|| < (14+¢)M

with probability at least 1 — 2exp (—nM 2¢2/ 2). Take union bound over N,
and we obtain

1—eM<||Uz||<(1+e)M  forallz e N
with probability at least 1—|A|-2exp (—nM?€?/2). By the bound of AV, this
probability > 1 — (3/6)" - 2exp (—nM?€*/2). This is at least 1/2 provided

that § = € and

062

7 k=—— " nM* = M?.

@) log(3/e) "M = <l

Step 3: Approximation of the sphere by the §-net.

Take the subspace E to be the image U(R¥) (so E is a random subspace).
It is easy to check that U(N) is an e-net of S"7!1 N E (recall that § = € is

our choice from Step 2). By Cor 6.7,

1
(1-36M < 2] < ; M forallze S"INE.
—€
Thus,
1+4e€
dE &) < ———— <1410
(Bb) S goga—sqg S0
for our choice of k as in (7). This finishes the proof of the general Dvoretzky
theorem. -
REMARKS. (1) Later we will show that
M > logn
n

for any symmetric convex body so that k ~ logn.

(2) Notice that if M < 1/y/n, then the theorem is meaningless because
k would be a constant. Thanks to John’s theorem, we need not
worry about this. By John’s theorem, we always have

1 < <
ﬁllwlb < ol < flll
, so that M > 1/4/n.

(3) Dvoretzky’s theorem actually holds for “most” subspaces E in the
sense that, if F' is random from G, i, then the theorem holds with
probability at least 1 — exp (—c(€)k).

(4) The optimal dependence on ¢ is still open. The proof provides the
dependence

62

c(e) ~ Tog (%)
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(5) The "average norm” can actually be replaced by any p-th moment

of the norm ( [g,-. Hx||pd0(:r))1/p.
(6) If we slightly relax the assumption to ||z| < bl|z||2 for all x € R,
then Dvoretzk’s theorem holds with

<o (M)

(7) Given € > 0, the best k-value is called the Dvoretzky dimension of
the space X, denoted by k(X). It is the dimension of the largest
Euclidean subspace that is (1 + €)-close to a subspace of X.

EXERCISE 8. We can also obtain Dvoretzky’s theorem by working with
Gauss space instead of the unit sphere. Consider £y := (g [|2]|*dyn(z)) 1/2

(E||g||2)1/2, where g is the standard Gaussian vector in R". Prove that

lx =+/n (/Sn_1 quzda(m)>l/2 ~/nMx.

In fact, show that we can take {x = (EHng)l/p for any p > 1, since
1/2
(ElgI?)'"* ~ (Ellgl")*/” for any p > 1.

COROLLARY 6.8 (General Dvoretzky Theorem: Gaussian formulation).
Let X = (R™, || - ||) be a normed space such that ||x|| < b||x|2 for some b > 0

and for all x € R™. Let {x = (EHgH2)1/2, where g is the standard Gaussian

vector in R™. Then there exists a subspace E of dimension k = c(e) ({x /b)?
such that

(I —e)lx|lzll2 < llzf] < (1 +e)lx||z]2
for all x € R™.

6.3. Euclidean subspaces of {j;. As we mentioned earlier, to get from
General Dvoretzky Theorem to Dvoretzky Theorem, we only need to esti-
mate the average norm. In this section, we will compute the average norm in
¢, spaces and find the corresponding Dvoretzky dimensions. Note that we
use the Gaussian formulation (Corollary 6.8) for computational purposes.
We start from ¢7, a widely used structure in optimization problems.

COROLLARY 6.9 (Almost Euclidean subspace of 7). There exists an al-
most Buclidean subspace of {1 of dimension proportional ton. To be precise,
there exists a subspace E of R™ of dimension k > c(e)n such that

[E4F!

N

(1 =)zl <

< (1+€)|x||2 forallx € E.

PRroOOF. Note that
lz|l1 < v/nllz]|s  for all x € R™,
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so b =+/n in Corollary 6.8. Moreover,
n
T
Ix =Ellgly = > Elgi| = P
i=1

Hence, the Dvoretzky dimension for ¢} is

BE) = (e <£§) — c(e)n.

By duality, we immediately get the following;:

COROLLARY 6.10 (Almost Euclidean quotient space of £ ). There exists
an almost Euclidean quotient space of {3, of dimension proportional to n.
Equivalently, there exists an orthogonal projection of the unit cube [—1,1]"
onto a k-dimensional subspace which is (1+ ¢€)-close to the Euclidean ball of

radius \/n, where k = c(e)n.
EXERCISE 9. Show that k(£;) = cn for any 1 < p < 2.
Next, we will find the Dvoretzky dimension of {7 for ¢ > 2.
COROLLARY 6.11 (Almost Euclidean subspaces of £y, ¢ > 2). There

exists an almost Buclidean subspace of £y (q > 2) of dimension k = c(e)n?/4.

PRrooF. Note that
n l/q
1
tx = (Elg9)"" = <ZElgi\q> = mgn'/1,
i=1

where my = (E|g \q)l/ % is the ¢'" moment of the standard Gaussian random
variable, which is about ,/q. Hence, by Corollary 6.8,
E(X) = c(e)q - n?/1.
|

As a summary of Euclidean subspaces of £} spaces, we have the following.

COROLLARY 6.12 (Almost Euclidean Subspaces of £}}). Let X be a finite
dimensional normed space. Denote by k(X) the dimension of the largest
Euclidean space that is (1 4 €)-isomorphic to a subspace of X. Then,

o k(£y) > c(e)n, 1<p<2
o k({7) > c(e)g-n?1,  2<q<oo.
REMARKS. Both inequalities are sharp. See Section 5.4 in [?].

Next, we will obtain some results on the Dvoretzky dimension when we
pair up a normed space with its dual space.

PROPOSITION 6.13 (M M* — estimate). Let X = (R",|| - ||) be a finite
dimensional normed space, and X* = (R™, |- ||«) be the dual space of X. Let
M = Mx = [gu1 ||z||do(z) and M* = Mx~. Then MM* > 1.
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PrRoOOF. By Holder’s inequality,

1/2 1/2
(MM*)l/Q — </ Hx||d0> </ ||x”*dg>
Sn—1 gn—1
> [ el 2o > [ ) o =1,
Sn—1 xn—1

Here, we have used the fact that x| can be recognized as the operator
norm of the linear functional f(z) = (z,z) for all z € R". ]

COROLLARY 6.14. Let k(X) and k(X™*) denote the Dvoretzky dimensions
of X and its dual space X*, respectively. Then

an

FOOMX®) 2 g

PRroOOF. Assume that
allzll2 < ||lz]| < bllzll2
for some a,b > 0 such that
b
d( X, 00) = —.
( ) 2) a
Then, by duality,
izl < [lall. < *al
—||x zlle < =||lz|ls.
p ez < < Sl

By General Dvoretzky Theorem,

M2
kE(X) > c(e)n <b)
and )
* M*
E(X™) > c(e)n (1/a> :
Hence,
. MM*\? cn’?
149
by Proposition 6.13. [ |

REMARKS. By John’s theorem, we always have d(X, ¢5) < /n. Hence,
E(X)kE(X™) > cn

for some absolute constant ¢ > 0. Consequently, for any finite dimensional
normed space X, either

k(X)>cyn

k(X*) > ev/n.
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Moreover, this conclusion is sharp: there exists an n-dimensional Banach
space X such that both k(X) and k(X*) are no less than ¢\/n. See Section
3in [?].

Finally, let us examine the Dvoretzky dimension of ¢7 . This will show
the sharpness of Dvoretzky’s Theorem. As a first step, we give a lower bound
on k({%).

PROPOSITION 6.15. k(¢) > clogn, where ¢ > 0 is an absolute constant.

Proor. Note that
] < [|]l2
for all x € R. So b =1 in Corollary 6.8. We claim that

(8) EX:IEm<aX\gi| > cy/logn.
i<n
To show that the expectation is large, it suffices to show the quantity is
small only on a small portion of the space. Note that
Pr(max|g;| < t) = Pr(|g;| <t for all 7)
=Pr(jg:| <t)"

—2/27"
< [1—\/56 ] .
- T ot

By taking t = ¢’v/logn we may obtain (8). Then, apply Corollary 6.8, and
we get the desired lower bound on k(¢Z). ]

Let us close this section with a summary for the Dvoretzky dimensions
of £ for all 1 < p < cc.
o k(ly) ~nif1<p< 2
. k(ﬁg)~q~n2/q it 2 < g < o0;
o k(lx) ~ logn.

REMARKS. We have shown that k(¢) > clogn. We will establish the
other direction k(¢Z) < clogn in the next section.

6.4. Many faces of symmetric polytopes. In this section, we will
show that for a convex symmetric polytope to well-approximate the Eu-
clidean ball, it must have exponentially (in dimension) many faces. As a
result, any symmetric convex polytope must have either ~ eV™ vertices or
~ 3" faces.

We start with two classic embedding theorems.

PROPOSITION 6.16 (Embedding into /). (1) Ewvery separable Ba-
nach space X is isometric to a subspace of {o (possibly infinite di-
mensional).

(2) Ewver Banach space X of dimension k ~ c(¢€) logn is (14¢€)-isomorphic
to a subspace of L2 .
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PROOF. (1) We need to find a linear isometric embedding 7" : X —
loo.
Let Sx = {z € X : ||z|| = 1} denote the unit sphere of X. Since
X is separable, there exists a countable, dense subset (z;)7°; of
Sx. By Hahn-Banach theorem, there exist (u;)i2; in Sy« such
that u;(z;) =1 for all 4.
Define Tx = >7°, (x, u;)e;, where (e;) is the standard basis vectors
in . Then, for every x € Sx, one can easily check that

[Tz ||oo = sup [(z, u;)| = sup [{zg, u;) = 1,
A 7

where z;, approximates x. Hence, T is an isometry, as desired.
(2) The proof is similar to the first. Here, we take

/\/:{xi,i:1,...,n}

to be an e-net of Sy of cardinality

k
w_ng<3> .
€

We leave the details to the reader.
]

REMARKS. It is well-known that every k-dimensional convex symmetric
polytope with 2n faces is equivalent to a k-dimensional section of an n-
dimensional cube. Hence, the second part of the proposition is equivalent
to the following:

Every symmetric convex body of dimension k = c(¢)logn is
(1 + €)-isomorphic to a symmetric polytope with 2n faces.

A key ingredient in proving Dvoretzky’s theorem is to reduce the general
problem to the special case of the cube (i.e. £). We have obtained a lower
bound on the Dvoretzky dimension in Proposition 6.15. Now we will derive
a matching upper bound in order to conclude that k({2) = clogn.

PROPOSITION 6.17. k(¢2) < clogn.

PROOF. We want to find the right dimension k so that a k-section of the
n-cube is (1 4 €)-isomorphic to the k-dimensional Euclidean ball. Assume
that P is a convex symmetric polytope in R¥ such that

BYc PcCBS

for some constant C' > 0. There exist u; € R¥ (normal vectors to the faces)
such that
P={zcR": |[(z,u)|<1,i=1,---,n}.
Since Bé“ C P, we have
[uill2 <1
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for every 7. On the other hand, as P C C’Bg, there exists some 7 such that
|(@, ui)| > 1

for every ||z||2 > C. Equivalently, for every x € S*~1, there exists i such
that

(@, ui)| =

— Ql =

Without loss of generality, assume ||u;||2 = 1 for all i. Consider the 1/C-caps

C; = {x e §k1. (x,u;) > %}

~

I( \ .0 \ |
\\

\
FIGURE 8. Many Faces of Symmetric Polytopes

e e

Note that the unit sphere can be covered by n such caps, each corre-
sponding to a face of the polytope P:

Sk=1 ¢ UC’Z».

It is not hard to check that
U(Cz) < €Ck7

where ¢ depends on C only. By comparing the volume, we will need n > e
caps, and equivalently, this many faces. [ |

REMARKS. Consequently, the Euclidean ball By can be well approxi-
mated by a convex symmetric polytope with e* faces and no fewer. If we
combine this fact and Corollary 6.14, we obtain the following result, which
says that, given any n-dimensional convex symmetric polytope, either itself
or its polar polytope has many faces.
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COROLLARY 6.18 (Many faces of convex symmetric polytopes; [?]). Let
P be a conver symmetric polytope in R™. Suppose that P has v vertices
and f faces (that is, (n — 1)-dimensional faces). Then there is an abosolute
constant ¢ > 0 such that
logv -log f > cn.

ProOOF. By the duality between vertices and faces, we know that the
polar polytope P° has v faces and f vertices. By Proposition 6.17, we have
that

k(P) = k(tL) < clog f,
and
kE(P°) = k(£2,) < clogw.
Hence,
log f - logv > ck(P)k(P°) > cn.
[

6.5. Dvoretzky-Rogers Lemma. The last ingredient we need in the
proof of Dvoretzky Theorem is Dvoretzky-Rogers Lemma. It helps to reduce
the general problem to the case of /7. It tries to “squeeze” an arbitrary
Banach space between a cube from the outside and a Euclidean ball from
the inside. In some sense, these two bodies are the two extremes in terms of
Dvoretzky’s dimension, ¢5 being the best, and ¢7 the worst. Unfortunately,
we cannot always ”squeeze” the entire(meaning full-dimension) convex body
like this. The factorization

ly — X — 0,

with T : 05 — X, S : X — (2 and ||T| - ||S|| = O(1) does not always
happen. See [?]. However, if we replace X with some subspace, we do have
such factorization. Moreover, the subspace can have dimension up to 2.

2
This is done in Dvoretzky-Rogers Lemma.

LEMMA 6.19 (Dvoretzky-Rogers Lemma). Let X = (R", [ - ||) be a
normed space. Assume that By is the ellipsoid of maximum volume in the
unit ball Bx. Then there exists an orthonormal system {u; : 1 =1,--- ;n/2}
in X such that

il =

>~ =

foralli=1,--- ,n/2.

REMARKS. Note that ||u;|| > 1/4 means that u; € S"! cannot be too
“deep” inside K: the deepest it can go is 1/4 of the radius of K along this
direction. In other words, the boundary point of K along the direction of
u; has Euclidean length at most 4. Therefore, the conclusion of Dvoretzky-
Rogers lemma means that the section K Nspan{u;,i =1,...,n/2} must be
contained in the cube [—4uy, du] x - -+ X [~duy o, 41y, /9]
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cube with sides [—4u;, 4u;]

F1GURE 9. Dvoretzky-Rogers

Proor. We will first construct the orthonormal system inductively. Let
u; € S"! be any vector with the maximum norm in X. Clearly, ||u1|| = 1,
meaning that it is a contact point of Bx and BJ. Subsequently, for any
k> 2 let u, € S" ' Nspan{u;,i = 1,...,k — 1}* be any vector with the
maximum norm in X. Hence,

L= Jlurl = fluzll = - = [lun]-

The rest of the proof resembles the proof of John’s theorem. The idea is that
if ||u;]| is too small for some 4, then ||u;|| would be too small for all j > i,
which makes B3 too “deep” inside By in the directions of u; for j > i.
This would contradict the assumption that Bj is the ellipsoid of maximum
volume: we could extend it in these directions and get an ellipsoid still
contained in Bx but of larger volume.

Consider the following ellipsoid:

9

S gy Zz02 | Do

L £aj<n/2 %] j>n/2 7
8 = ajuj . CL2 + b2 S 1
J=1

where a = 1/2 and b = 1/(2||u,/2|). We claim that & C By. Then, since
B3 has the maximal volume as an ellipsoid contained in By, we have
vol(€) = a™ ™2 vol(BY) < vol(BY).

This gives our desired lower bound on ||u;||’s by plugging in the prescribed
values for a and b.
It remains to prove the claim that & C Bx. Let Z;”:l aju; € €. Then,

Z a;ju; € Bg C Bx
j<n/2

and

Z aju; € ng

j>n/2
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It follows that

| 5wl <=3

j<n/2

| 3 aju]| < bl

j>n/2

and

since u,/, was chosen to maximize the norm in X in span{u;,j > 2/n} N
S™~1. Then the claim follows directly from the triangle inequality. [ |

6.6. Dvoretzky Theorem. Now we have all the ingredients in the
proof of Dvoretzky Theorem. Just for recap: First, we proved the General
Dvoretzky Theorem. It gives the Dvoretzky dimension of any n-dimensional
Banach space in terms of an average norm:

k(X) = c(e)n(Mx /b)?,

or equivalently,
k(X) = e(e)(Cx /),

where My is the average norm over S”!, and £y is the expected norm of a
standard Gaussian vector. Then we showed that the Dvoretzky dimension
of £ is c(e)logn. Later, we proved the Dvoretzky-Rogers Lemma, which
allows us to embed an n/2-dimensional subspace of X into ¢,. Hence,
we can transfer our knowledge about ¢ to X. In this section, we will
complete this transfer and prove Dvoretzky Theorem. As we did before, it
only remains to come up with the right estimate on /x.

LEMMA 6.20 (¢x from Dvor-Rogers lemma). Let X = (R", ]| - ||) be a
normed space. Assume that By is the ellipsoid of maximum volume in the

unit ball Bx. Then
lx > cy/logn,
where {x = E||g||.

PRrROOF. Let E = span{u; : i < n/2}, where u;’s are from Dvoretzky-
Rogers Lemma. Then, since g;’s are identically distributed as ¢;g;, where
€;’s are independent +1 equal probability Bernoulli random variables, we
have

n/2
g =E| > egiuill
n=1
9 >E U
9) > lg,lgg/?llgzuzll
1
10 > _F| ;
(10) > lgnilgﬂlgzl

> cy/logn.
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Inequality (9) comes from conditioning on the g;’s and applications of
Fubini and Jensen’s inequality. Note that

n/2
El,...,n/2 H Z €;U;
=1

n/2
= ElEz,...,n/zH Z €;V;
i—1

n/2

> Eijlavi +Eg /0 Z €iV;
=2

= Ei[[ervr ]| = [Joa]]-

This works for any v;, so we get (9). The second inequality (10) is a result
of Dvoretzky-Rogers lemma. Hence, the proof is complete. [ |

Now, Dvoretzky’s theorem is immediate. The theorem asserts that the
Dvoretzky dimension of an arbitrary n-dimensional normed space X is at
least c(e) logn.

PrROOF OF THEOREM 6.2. By Lemma 6.20,

lx > cy/logn.

Then, General Dvoretzky’s theorem gives

E(X) > c(e)f’k > c(e)logn.

7. Volume Ratio Theorem

In Dvoretzky’s theorem, we see that every n-dimensional Banach space
has an almost Euclidean subspace of logarithmic dimension. There we sacri-
fice on the dimension in order to get the subspace 1+ e-close to Euclidean for
any prescribed value of €. In this section, we will explore the other direction
of the same picture: what if we would like to sacrifice on the distance to
Euclidean in order to make the subspace almost full-dimension? This was
first examined by Kashin in 1977, then simplified and generalized by Szarek
in 1979. We will present an exposition inspired by [?] based on covering
numbers.

7.1. Covering numbers.

DEFINITION 7.1 (Covering number). Let K, D be two sets in R™. The
covering number N (K, D) is the minimum number of traslates of D needed
to cover K.

Note that covering number is closely related to the notion of an e-net.

EXAMPLE 7.1. N(K,eB%) = minimum cardinality of an e-net of K in
Euclidean metric.
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ProOPOSITION 7.2 (Covering number estimate). Let K C R", and let

D C R" be a conver symmetric set. Then
vol(K)
vol(D)

vol(K + 3D)
vol(3D)

<N(K,D) <

PRrOOF. The lower bound follows directly from a volume comparison.
K can be covered by N(K, D) translates of D, so

vol(K) < N(K, D) vol(D).

The upper bound can be obtained in a similar way to the estimate on the
cardinality of e-nets. See the proof of Lemma 6.5. [

As an immediate consequence, we can get an estimate on the covering
number of a convex body covered by its homothetic copies.

COROLLARY 7.3. For any symmetric convex set K C R"™ and every

e >0,
1\" 1\"
() < N(K,eK) < <2+> .
€ €

7.2. Volume ratio theorem via entropy: local version. As we
mentioned in the introduction part of this section, we want the dimension
of the subspace arbitrarily close to full dimension, and find out how much
we need to sacrifice on the “Euclideanness” of that subspace. It turns out
that our sacrifice depends on a geometric quantity of the space called the
“volume ratio.”

THEOREM 7.4 (Volume ratio theorem (VRT for short)). Let K be a
conver symmetric body in R™. Suppose that By C K. Define the volume

ratio by 1

Then, for every ¢ € (0,1), there exists a subspace E of dimension (1 — d)n
such that )
diam(K N E) < (cv(K))? .
Equivalently,
BINECKNE C (co(K))s By NE.

REMARKS. (1) It is easy to see that the volume ratio is the same
for all homothetic copies of a convex body.

(2) It implies that the section K N FE is within distance (cv(K ))% from
Euclidean.

(3) Note that the conclusion only depends on the volume ratio v(K)
and J, not on the dimension n.

(4) The proof will show that VRT actually holds for a random subspace
E € Gy, (1—5), with high probability (exponential in n).
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(5) It is still open whether we can achieve a polynomial dependence on
¢ if K is first put in a nice position. For example, is it true if K is
in John’s position, meaning that the ellipsoid of maximum volume
is BY? In general, this is not true: one can check that e will get
exponential dependence when K is an ellipsoid with a degenerated
direction (i.e. K looks like a “sausage”).

The following corollary is simply a re-interpretation of VRT.

COROLLARY 7.5 (Almost Euclidean subspaces of finite-dimensional normed
spaces). Let X be an n-dimensional Banach space. Consider the volume ra-

tio
(B
v(X) = inf {\m : £ C Bx is an ellipsoid} .

Then, for every § € (0,1), there exists a subspace E C X of dimension
(1= 8)n such that d(E, 8™) < (cv(X))5.

As we announced earlier, we will derive VRT from the view of covering
numbers (sometimes referred to as “entropy”). The following theorem on
entropy is the main step toward VRT.

THEOREM 7.6 (Entropy). Let K be a symmetric convex body in R™. Let
v be the number such that
v = N(K, BY).

Then for any § € (0,1), there exists a subspace E of dimension (1 — §)n
such that
1
diam(K N E) < (cv)s.
REMARKS. The proof will show that, in fact, a random subspace E
satisfies this with high probability.

First, let us see how this theorem immediately implies V.R.T.

PrROOF FROM ENTROPY TO VRT. By Theorem 7.6, it suffices to show
v < Cv(K). That is,
vol(CK)
N(K,Bj) < ———.
(K, Bf) < vol(BY)
This follows easily from Proposition 7.2and the fact that By C K.
(K + $BY
N(K,BY) < M
VOI(§B§L)
vol(3K)
~ vol(3BY)
3" vol(K)
vol(BY)
= (u(K))".

In other words, we have v < 3v(K). ]
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REMARKS. The other side of Proposition 7.2 gives that v(K) < v. So
we actually have
v(K) <wv < 3u(K).
Hence, the two notions v and v(K) are equivalent.

Before we go on to the proof of the entropy theorem, let us first picture
the ideas. From the volume distribution in convex bodies (which decays
exponentially away from the center), we can safely think of a high dimen-
sional convex body as a ball with a few “tentacles” — points in the convex
body that have large Euclidean norm. See Figure 10. The conclusion of the
entropy theorem guarantees that there is a subspace that does not intersect
any of these tentacles. In fact, by the remark following Theorem 7.6, most
subspaces avoid these tentacles.

FIGURE 10. Central Ball and Tentacles

Here is the plan of the proof: First, we cover the tantacles by “not too
many” unit balls, using the assumption that N (K, B) = v™; then we show
that a random subspace F is disjoint from any given covering ball with high
probability; lastly, we use union bound over all covering balls to get that a
random subspace F is disjoint from all the covering balls with positive (in
fact, high) probability.

We have everything ready to realize this plan except the second step. In-
formally, it says that a random subspace is, with high probability, not too
close to a fixed point.

ProPOSITION 7.7 (Distance of a Random Subspace to a Fixed Point).
Let E € Gy pn— be a random subspace (codimE = k). Let x € SE=1 be
arbitrary (but fized). Then,

(1) (Edist(x,E)2)% _ \/g;
(2) Pr (dist(x,E) < 6\/%> < (co)* for any € > 0.
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We will present the proof of the first part, and leave the second as an
exercise.

Proor. We will use an equivalent model: by the uniqueness of Haar
measure, consider E as a fixed subspace, say F = R* % and z € S"! a
random uniform vector.

(1) Let = (x;)", € S"~!. Note that all coordinates of x are identi-
cally distributed (but not independent). Then,

1= ||} = Ellz[|3 = nEa?,

so that Ex? = % Hence,

k
. k
Edist(z, E) = E| Pyz|l, =E > 2} = kEaf = .
i=1
where Py is the orthogonal projection onto the k-dimensional sub-
space Et.
(2) Consider the k-dimensional "band” around the (n — k)-dimensional
equator ™% on S~

Pr (dist(:c,E) <e ﬁ) = 0{ dist(z, R" % < ¢ E}

n n

EXERCISE 10. Show that o(A) ~ (ce)*, where

A={zxe s dist(z,F) < e\/E}
n

(Hint: Use polar coordinate.) For sharp estimate of o(A), see [?].
Now, we are ready to realize our plan for the proof of VRT.

Proor oF VRT. Let € > 0 be fixed. Later, we will choose € such that
1

- = (cv)%.

€

We want to show

1
KnNnEC-Bj.
€
Equivalently,
1
KNn=8""'nE=0.
€

We will prove this in three steps.
Step 1: Discretize tentacles.
Let N be a 1-net of K N 15"~! in the Euclidean metric. Then,

IN| < N(K,BY) = o™
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Step 2: Fized vector.
Given any z € K N %S”‘l, we show that a random subspace E is far from
x with high probability. By Prop 7.7

Pr ((:r Y BIYNE # (ZJ) ~ Pr (dist(x,E) < 1) — Pr (dist <”;’2E> < e)
< () = ()"
Step 3: Union bound.

C on
Pr(vxeN,(a:+Bg)mE:®) >1 - |\ (\%)

(%)
V6
0
provided that v (Ce/\/g) < 1/6. Choose € = 1/(Cv)'/?, and this completes
the proof. [ |

n

>1-— >1—e "

)

ExXAMPLE 7.8 (Euclidean sections of ¢7). First, we show that ¢} has

uniformly bounded volume ratio. To this end, we need to compute vol(B})
and vol(BY).

2n
vol(By') =2, vol(T,) = —,
n!
where T, denotes the standard n-dimensional simplex conv{0,e1,...,e,}.

Next,

vol(B}) > vol (%B&) - <\fﬁ>n

Let K = \/nB7 so that BY is the ellipsoid of maximum volume. Then

2npn/2 c \"
VOI(K) = n' ~ <\/ﬁ> 5

and thus

vol(K) \ /™
= < .
v(K) (vol(Bg" )> < constant

Hence, by VRT, for any 0 < § < 1, there exists a subspace E of ¢} whose
dimension is (1 — d)n such that

d(E, 551_6)n> < constant.

This was observed by Kashin in 1977.
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COROLLARY 7.9 (Kashin). For every ¢ € (0,1), a random subspace E C
R™ of codimension dn satisfies the following with probability at least 1 —e™™:
BINE CaB'NECCiBINE.
REMARKS. (1) Equivalently,

[

NG

O3 |lall < T < fallz
for all x € E.

(2) Similar result holds for all £;,1 < p < 2.

(3) We only used the bounded volume ratio property of /7 to get
Kashin’s result (geometry of ¢ is never used), so the same result
holds for any space with good volume ratio property.

Another important consequence of VRT is the following splitting theo-
rem due to Kashin.

COROLLARY 7.10 (Kashin’s Splitting). There exists an orthogonal de-
composition R" = E; @ Es into n/2-dimensional subspaces such that both
Ey and Es, as subspaces of I, are within constant distance from Euclidean.

SKETCH OF PROOF. Note that if a subspace E of dimension 7 is uni-
formly distributed over the Grassmannian G, /2, then so is its orthogonal
complement E1. Hence, both E and E* satisfies VRT with high prob-
ability, meaning that they are simultaneously almost Euclidean with high

probability. [ |

7.3. Volume ratio theorem: global version. There are two branches
of study in Banach spaces: local theory and global theory. “Local” usually
refers to sections (subspaces) or projections (quotients), while “global” usu-
ally refers to the study of the entire space or intersections of different spaces.
We have just presented the VRT in its local version. In this section, we will
establish the global version.

THEOREM 7.11 (Global VRT). Let K be a symmetric convex body in
R™. Suppose that By C K. Let v(K) be the volume ratio. Then there exists
U € O(n) such that

diam(K NUK) < (¢-v(K))

D=

Equivalently,

max {|l2llxc, [ellux} > (e v(K)) ™2 [|zs.

PROOF. (See Chapter 6 in [?]) Consider a Kashin’s splitting R" = E; &

FEy with
n
dimE1 = dlmE2 = 5

such that VRT holds for both F; and E5. Then,
||l > (c-v(K))"2 for all o € By U Es.
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Let P, and P, be orthogonal projections onto Fq and Es, respectively. Let
U= P — P,. It is easy to see that U € O(n). Then,

1
max {[lz|x, [Uz]x} = 5 (lzx + llzllux)

1
3 ([P + Pl + [|[Pir — Pl i)

AV

max {||P1z||k, | Pex||x} (by triangle inequality)
_1
(co(K)) 2 max {[| Pyz|j2, || Pox||2}

v

v

_1 _1
co(K) 7> \/IIPMH% +[[Pox3 = ev(K) ™2 |zl2.

REMARKS. Note that max {||z| x, ||z|lvx} = |=|| knvK-






Part 2

Metric Entropy and Applications



8. Diameters of Projections of Convex Sets

Let K be a convex body in R™, and let P be a random projection onto
a subspace of dimension k, that is, a projection onto a random subspace of
dimension k. How does this projection change the shape of K7 It is easy
to see that a projection only catches the ”extremal points” of K. Hence, a
quantity affected by projections is the diameter of the body. In this section,
we will examine how diam(PK) looks.

“_projection Py

projection /%

FiGURE 11. Diameters under Projections

EXAMPLE 8.1. (1) K =[-1/2,1/2]. Then, by the estimate on the
distance from a random vector to a random subspace,

diam(PK) ~ \/E ~ \/E diam(K).

(2) K = B%. As any projection of a Euclidean ball is still Euclidean
and does not change the diameter,

diam(PK) = diam(K).

JFrom these two examples, we see two kinds of behavior of the diameter
under projections: it “shrinks” by a factor of /n/k in the first example,
while it does not “shrink” at all in the second example. Surprisingly, those
are essentially the only two possible types of projection effect on the diameter
of a high-dimensional convex body. In order to explain this phenomenon,
we first introduce the following notion called the “mean width” of a convex
body.
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DEFINITION 8.1. The mean width M*(K) of a symmetric convex body
K in R™ is the expected value of the dual norm over the unit sphere (with
respect to the normalized Haar measure). That is,

M*(K) = /Snl ||| = do () :/ max(x, y)do(z).

n—1 yEK

REMARKS. (1) We can think of he mean width as the average
”thickness” measured from the center of the convex body.
(2) The mean width of a symmetric convex body is the mean norm of
its polar:
M*(K) = M(K°).

(3) Recall that

where ((K) = E||g||x, and ¢ is a standard Gaussian vector in R".
Hence,

(K°) _ (K)

N
where 0*(K) = E||g|| ke = Emaxyci (g, y). The duality often makes
the computation easier. We will see this in the following examples.

M*(K) = M(K°) =

EXAMPLE 8.2 (Mean width of B)). (1) Mean width of the cube.

((BY)

M*(BL) = M(BY) ~ 221 o 1o =/ diam(BLL).

B
Si®

(2) Mean width of the crosspolytope.

M (B = M (B) ~ ) [

Hence, the mean width of BY is only logarithmically larger than
the diameter of the inscribed ball, whereas the mean width of the
cube is polynomially larger (1/n) than its inscribed ball (as shown
in the first example) . This is due to the contribution of very few
vertices (2n vertices instead of 2" vertices as in the cube).

(3) For any 1 < p < oo, let g be such that 1/p+1/q = 1. Then,

* n n B‘SL 1_1 1_
M (Bp):M(Bq)Nﬁqu 2=n2
{ diam(inscribed ball), 1<p<2;

diam(circumscribed ball), p > 2.

3=

Now, if we apply the General Dvoretzky Theorem in the dual space, we
get the following:
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THEOREM 8.3 (Dual Version of General Dvoretzky Theorem). Let K be
a (symmetric) convez body in R™ with diam(K) < 1. Let

E* = c(e)M*(K)*n.

Then a random projection P in R™ onto a k*-dimensional subspace satisfies
the following with exponentially high probability:

(1 —e)M*(K) - P(By) € P(K) C (1+¢)M"(K) - P(By).

Hence, the projection of K onto a k*-dimensional subspace looks like a
Euclidean ball of radius M*(K). Since the Euclidean ball is preserved by
projections, any further projection will not change the diameter: PK will
remain Euclidean for projections P onto subspaces of dimension k < k*. But
what happens for projections onto subspaces of dimension k& > k*? It turns
out that diam(PK) will shrink by y/n/k, just as in the case K = [-1/2,1/2].

THEOREM 8.4 (Diameters under Random Projections, [?]). Let K be a
symmetric convex body in R™, and let P be a projection in R™ onto a random

subspace of dimension k. Then, with probability at least 1 — e~ ",

diam(PK) < C(M*(K) + \/E diam(K)).

PrROOF. Without loss of generality, we may assume that diam(K) = 2,
ie. K C By. Let E € Gy, be a random subspace. Then, E can be viewed
as the image of R¥ under a random orthogonal transformation U € O(n).
Therefore, the orthogonal projection P onto E can be viewed as the first &
rows of U, and let us call it Q. Then diam(PK) is distributed identically
with diam(QK). Note that

diam(QK) = 2 max ||Qz||2,
zeK

and that for any u € R¥,

Julls = max (u,2) < 2ma(u, 2),

where N is a %—net of S¥~1. Choose N such that |N| < e* Then we have

. < '
diam(QK) <4 max I;l&}(((@ﬂ:, z)

Note that for fixed z and x,
<Q$,Z> = <$,Q*Z> = <.’L',U>,

where u is uniform random on S”~!. This is because the adjoint Q* is a
random embedding of R¥ into R”, which puts any fixed z € ¥~ uniformly
distributed on S™~!. Thus,

Erfgleal){(@c,u) = M*(K).
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It is easy to see the function u — max,ef (z,u) is 1-Lipschitz on S"~!. By
concentration of measure on the sphere,

Pr (mz?(((x,u) > M*(K) + t> <e P20,
e

Take union bound over N, and we get

Pr (max max(z,u) > M*(K) + t> < \N|6_t2”/2 < ehtPn/2 < ok
zeN zeK

provided that t = ¢y/k/n. Hence,

Pr<dmankﬁgzc(Aﬁ(K)+- k)) <e k.
||

REMARKS. (1) If we let diam(K) = 1 and k* := M*(K)?n, then,
with probability at least 1 — e ™",

CV%, k> b

diam(PK) <
M*(K), k<k*.

We see a “phase transition” at £*: when k > k*, the diameter of K
shrinks by y/n/k under projection (as if K were an interval); when
k < k*, the diameter stabilizes since PK is already Euclidean.

(2) The result is sharp. See [?].

COROLLARY 8.5. Let T be a linear operator on {3, and let P be the
orthogonal projection onto a random subspace in the Grassmanian Gy .
Then, with probability at least 1 — e™*,

1 k
IPT) < C( Tl + \/; 7).

ProOF. We apply Theorem 8.4 for the ellipsoid K := T'BY. It is an
exercise to check that M*(K) ~ ﬁ”THHS and diam(K) = ||T||. [ ]

REMARKS. There is a version of this corollary for projections onto ran-
dom coordinate subspaces, see [M. Rudelson, R. Vershynin, Sampling from
large matrices: an approach through geometric functional analysis, Journal
of the ACM (2007), Art. 21, 19 pp].

EXERCISE 11. Get an estimate on the diameter under a random projec-
tion for
(1) K:BPZ,l <p<2
(2) K=B,,2<p<oo.
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9. Metric Entropy. Sudakov and Dual Sudakov Inequalities

One of the big open problems in geometric functional analysis is the
duality conjecture. Recall that, given two convex bodies K and L, the
covering number of K by L, denoted N(K, L), is the minimum number
of copies of L needed to cover K. The duality problem asks whether the
covering number of K by L is equivalent to the covering number of L° by
K°. Note that just for the dimension effect on the volume, we should expect
a generic covering number exponential in the dimension. Hence, sometimes
it is easier to work with log N (K, L), which we refer to as the metric entropy
of K with respect to L. Now, we may phrase the duality problem as follows.

CONJECTURE 9.1 (Entropy duality). There exist absolute constants C,c >
0 such that for every symmetric convex sets K, L C R™,

clog N(L°,C - K°) <log N(K,L) <ClogN(L° c-K°).

REMARKS. (1) Clearly, for all K, L, the left hand side follows from
the right hand side, and vice versa.
(2) It was recently solved for L being an ellipsoid. See [?].

There are two common ways to compute metric entropy:
(1) By volume ratio estimate
vol (K + 3D)
vol (%D)
However, this estimate can be very insensitive. One can see this
through the example where K is a “lean sausage” and D a Eu-

clidean ball.
(2) By the mean width. We will focus on this approach here.

Recall that ¢*(K) = E||g||xe = Emax,cx(g,z). It turns out that the
metric entropy and this Gaussian mean width are closely related.

N(K,D) <

THEOREM 9.2 (Sudakov Inequalities). For every symmetric convex set
K in R™,
(1) Sudakov inequality: /log N(K,BY) < C - {*(K);
(2) Dual Sudakov inequality: \/log N(BY,K°) < C - *(K).

REMARKS. (1) Note that the two inequalities are equivalent by the

solved case of the duality conjecture. That is, when L is a Euclidean
ball. See [?].
(2) More generally,

\/log N(K,eBY) = \/logN<1K,Bg> <C- ¢ (K),
€ €

and

(K)

€

Vog N(By. ek°) < C-
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As the two inequalities implies each other, it suffices to prove only one
of them. We will prove the dual Sudakov inequality. For reference, see
Section 3.3 in [?]. We will imitate the proof of the volumetric bound for
covering numbers. Recall that minimal covering is equivalent to maximal
packing. Let {z;,7 = 1,..., N} be a maximal 1-separated set in BY in the
norm induced by K°, then {x; + K°} is a covering of Bf by maximality.
Thus

N(By,K°) < N.
Moreover, the sets x; + K°/2 are disjoint (also from maximality), so they
form a packing in the Gauss space (R", 7, ). Hence,

N
1 (0] 1 (o]
=B 2 0 (854 5K7) 2 3o (w1 5.
1=
The difficulty here is that the Gaussian measure is NOT translation invari-
ant: the summand measures are not all the same. Fortunately, we have

the following nice estimates for the Gaussian measure under translation and
dilation.

LEMMA 9.3 (Gaussian Measure of Translates). For every symmetric set
T C R"™ and every z € R,

lz +T) > e*IIZH%/%n(T).

PRrOOF. First, note that =, /v,(T) defines a probability measure on 7.
Hence,

e+ T) = m 2 [
z+T

— (2m) "/ / e~ l+213/24,
T
_ I3/ /T =0 dy (y)

— o l=8/2 (1) /T e~ = dy, (y) /1 (T)

> €*||ZH§/2%1(T)e*E<Zvy>d7n(y) by Jensen’s inequality
= e I#l3/2 (T)e= B0 gy, ()
— e—IIZ\@/?%(T)

LEMMA 9.4 (Gaussian Measure of Dilations). For any t > 1,

1
o (0 (K) - K°) = 1= =
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PrOOF. Note that ¢*(K) = E||g||x-. By Markov inequality,

Pr(lglle > (K)) < Q00 =
Then,
o (10°(K) - K°) = Pr(g € 10°(K) - K°) = Pr ([glle < t0°(K)) <1~ .
Let t = 1/2. Then we have
(11) W20 () K%)= 1
]

Now we are in a position to prove dual Sudakov inequality.
PROOF OF DUAL SUDAKOV. Let a = ¢*(K)/4. Note that
N := N(By,K°) = N(aBjy,aK").

Then there exists {x;,s = 1,..., N} such that z; + (a/2)K° are pairwise
disjoint. Then, by Lemma 9.3 and inequality (11),

N N
a0 N 112 a .o
123 i+ 5K = Y eIl ()
1 i=1

-
Il

—a?/2

> e /2 N,

N | —
N | —

NE

e
1

Hence, N < 2¢%*/2, and thus vIog N < C*(K). ]

-.
Il

Next, we will prove a weak form of the duality of metric entropy, which
is sufficient for the equivalence of Sudakov and dual Sudakov inequalities.

LEMMA 9.5 (Weak Entropy Duality). For any symmetric convex set K

in R,
supey/log N(K,eBY) < 8supe\/logN(B§,eK°).

e>0 >0

We will need a couple of easy facts in the proof of this lemma.

PROPOSITION 9.6. For any t,s > 0 and any symmetric convex body K
in R™,
tK N sK° C \/tsBY.

PROOF. For any x € tK NsK°, ||z]|3 = (z,2) < ||lz| kl|z|| ke < ts. ]

PROPOSITION 9.7. Let K, L C R™. Suppose that K is symmetric (i.e. K =
—K). Then, N(K,L) > N(K,2KNL).
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PROOF. Let N = N(K, L). Then, there exist {z;}¥, C K such that
N
Kc|Jzi+L
i=1

Then, for any y € K, there exists some ¢ < N such that y — z; € L. Note
that by symmetry of K, y —x; € K + K = 2K. Hence,

N

K C (Ux) +(2KNL),
=1

and thus N(K,2KNL)<N. ]

PROOF OF DUAL SUDAKOV INEQUALITY. By Proposition 9.6 and Propo-
sition 9.7,

2
N (K,eBy) < N (K 2K N ZK)

62
<N(K <
<x(w5)

62

< N (K,2¢B}) - N (2633, 2KO>
= N (K,2B})- N (Bg, iK) .

Taking log, square root, and multiplying both sides by €, with the fact that

Va+b < a+ Vb, we get

e/log N(K,eB2) < €, /log N(K, %Bg) + sup ey /log N(BE, i).
>0
Let f(€) = ey/log N(K, eBY) and M = sup,.€\/log N(BF,eK°). Then,
1
fle) < §f(2€) +4M.

We leave it as an exercise to check that sup,.q f(€) < 8M. |

EXERCISE 12. If a function satisfies
(1) fle) < 5.f(2€) +4M;
(2) lime oo f(€) =0,
then sup,.q f(e) < 8M.
ExXAMPLE 9.8. K = B}. Clearly, N(K,eB%) > 2n for all € < 1 just to
cover the vertices. By Sudakov inequalities,
N(B}, eBY) < e/ < pe/e

as 0*(K) ~ y/logn. The significance is this upper bound is polynomial in n,
which matches the lower bound.
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EXERCISE 13. Prove that for any polytope K in R? with n vertices can
be covered by poly.(n) Euclidean balls of diameter < e - diam(K). (Hint:
Realize K as some projection of B from R" to R%)

REMARKS. See Section 3.3 in [?] for a different proof under a reformu-
lation for Gaussian processes.

10. Low M*-estimate. /-position

In the previous section, we saw how diameter behaves under a random
orthogonal projection. In this section, we will look at the dual case. We will
see how diameter behaves in a random section.

THEOREM 10.1 (Low M *-estimate; Theorem 18.2 in [?]; [?]; [?]). Let K
be a symmetric convex body in R", and let E € Gy, ,—1, be a random subspace

of codimension k. Then, with probability at least 1 — e,

diam(K N E) < C\/ZM*(K)

REMARKS. (1) The diameter estimate was first given by Milman
with linear dependence on n, and later improved by Pajor and
Tomczak ([?]).

(2) As (*(K) ~ /nM*(K), we have a dimension-free version

C *
< JElE),

Proor. We will follow a standard discretization argument.
Step 1:Discretizing K using Sudakov inequality.

Let
t= C\/ZM*(K)

For computational purposes, we will take ¢ = v/10. By Sudakov inequality,
there exists a t-net AV of K in Euclidean metric of cardinality

* 2 * 2
IV| < exp (C’f (K) > ~ exp <nM (K) > = h/10,

diam(K N E)

12 12

Step 2: Fized vector: diameter of random projection.
Let z € K N E. Then there exists y € N with ||z — y||2 < ¢t. Consider the
orthogonal projection P onto E+ € Gy k- Then x € ker P, and thus

1Pyll2 = 1P(z —y)l2-
Moreover, since K is convex and symmetric,
z—y € 2K.

Hence,
x—y E€tBy N2K.
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By Theorem 8.4, we have that, with probability at least 1 — e ™",

diam (P(tB} N 2K)) < C <M*(K) n t\/§> < CM*(K),

using our prescribed value for ¢ in the beginning of Step 1. Choose a real-
ization of P that satisfies this. Then, for all z € K N E, there exists y € N/
such that

(12) [Pyl < [IP(x — y)ll» < diam (P(tBE N K)) < CM*(K).

Step 8: Norm under random projection and union bound.
Recall that for any fixed y € R™ and for a random projection onto a k-

dimensional subspace,
k
1Pyll2 = C\/;Hy!h

with probability at least 1 —e~*. Hence, by taking union bound over N, we
get,

k
(13 1Pl > /Kyl

for all y € N with probability at least 1 — |[NV]-2e™% > 1 — e~°*, using the
bound on [N in the first step.

Step 4: Approrimation.

Combine the upper and lower bounds from (12) and (13), and we get that
for all y € NV, |lylle < Cy/nkM*(K). Hence, for all z € K,

]2 < C’\/ZM*(K) ri< C’\/ZM*(K)

by our choice of t. [ |

As an example, we now apply this low M *-estimate to examine Euclidean
subspaces of £ of arbitrary dimensions.

ExampPLE 10.2. B}, 1 <p <2
Note that

1
P,

N

M*(By) =~ diameter of its inscribed ball ~ n

Consider K = n%_%Bg so that B3 is the inscribed ball. Then
M*(K) ~ constant.
By low M*-estimate, for a random F € G, 5,2,
diam(K N E) ~ constant.

So the random section K N E is Euclidean.
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COROLLARY 10.3. (Euclidean subspaces of ly, 1 <p< 2) A random
subspace B € Gp i of £, 1 < p <2 satisfies

d(E, ;) < Cp\/Z

with probability at least 1 — e F.

REMARKS. (1) This is not sharp for k¥ = 1 (small codimensional
subspaces):

(B, (271 m d(08, ) ~ 3% < Cpi/i.
(2) A similar result follows from the volume ratio theorem since

v(€,) ~ constant
for 1 < p < 2. However, the volume ratio theorem gives an expo-

nential dependence of d(E, £37%) on the aspect ratio:
d(E,057%) < CF,

whereas the low M *-estimate gives a polynomial dependence.

(3) For new developments on this, see [?] and [?], where asymptotic
formula for Ediam(K N E) are given in terms of M*(K N rBy),
where r = r(k/n).

ExampLE 10.4. BY.
Consider K = /nB}'. We have seen before that

M*(K) ~ +/logn.

Hence, the low M*-estimate implies

d(E, 657 < C\/%logn.

REMARKS. A more accurate estimate, with log 7 factor instead of logn,
was obtained in [?]. We will quote it here without proof.

THEOREM 10.5 (Diameter of Euclidean sections of BY; [?]). A random
subspace E € Gy -1 of £ satisfies the following with probability at least

1—eck.
diam(E N v/nBY) < O /% log %

A position of a convex body is a linear transformation of the body.
For example, John’s position of a convex body K is the linear image T K
such that the ellipsoid of maximal volume in K is By. It is the position that
minimizes the volume ratio of K. In general, choice of a position of a convex
body corresponds to choice of a coordinate system to work with. That is,
we are choosing a Euclidean structure on the linear space that contains K.
This is extremely convenient especially when the initial setup is in some
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abstract linear space without a coordinate system. In this section, we will
discuss an important position of convex bodies called the £-position.

DEFINITION 10.1 (¢-position; [?]). An ¢-position of a convex body K
minimizes the product M (T K)M*(TK) over all positions TK of K.

Recall that M(K)M*(K) > 1 for any convex body K. However, the
converse does not hold: M(K)M*(K) can be arbitrarily large.

EXERCISE 14. Show that M (K)M*(K) can be arbitrarily large in R™.

The good news is that if we are allowed position K, then we have an
upper bound for M M*. The following result is given without proof. See [?]
and Chapter 15 in [?].

THEOREM 10.6 (Upper Bound for M M*). For every symmetric convex
body K in R™, there exists a position T K such that

M(TK)M*(TK) < Clog2d(K, BY) < Clogn,
where the last inequality is immediate from John’s theorem.

REMARKS. (1) The result would fail if the convex body is non-
symmetric. It is still an open problem when K is non-symmetric.

The best known bound is O*(n*/3) by Rudelson [?].
(2) The result of the theorem is sharp. We leave this as an exercise.
Hence, we also call the position in the theorem an £-position of K.

EXERCISE 15. Prove sharpness of this theorem. That is, find some K
such that M (K)M*(K) ~ logn.
Hint: For K = BT, we have

1
M(K) ~ v and M*(K) ~ | —2"

n

so that MM* ~ \/logn. If there could be a \/logn factor in both M(K) and
M*(K), then we would be done. Is there a way to modify B} so this can
happen?

11. Quotient of Subspace Theorem

In this section, we will see that every symmetric convex body in a finite
dimensional normed space contains a Euclidean structure. We have already
seen that convex bodies such as B} has large Euclidean sections, while
convex bodies such as B[ has large Euclidean projections. It is then natural
to think that, given any symmetric convex body, we could end up with some
large Euclidean structure if we compose these two operations. This idea is
confirmed by the Quotient of Subspace Theorem (QS Theorem for short).
We will follow [?].
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THEOREM 11.1 (Quotient of Subspace theorem). Let K be a symmetric
convex body in R™, and let 6 € (0,1). Then there exist subspaces F C E C
R™ with k = dim F' > (1 — §)n such that

C 1
d (PF(K N E),£'§> < < log .

Equivalently, let X be an n-dimensional normed space. Let § € (0,1). Then
there exist subspaces H C E C X with k = dim(E/H) > (1 — §)n such that
C 1
d(E H,€k> < Zlog .
/ 2) =7 0g 5
Let us sketch the idea of the proof first. Recall that a quotient of a
subspace and a subspace of a quotient are related by duality, and that
M*(K°) = M(K). Then,
1
KNECM*K)-B} iff Pp(K) D ———— - BY.
= ( ) 2 1 E( )— M*(K) 2
Similarly, if we take a further section of the projection,
Pp(K)NF C M(K) - By.

Hence,

d(Pg(K)N F,05) < M(K)M*(K) < logd(K, BY).
This means that the distance from Euclidean drops logarithmetically after
we take a composition of quotient and subspace operation. We then may
hope that the distance can drop to constant order after a few iterations.

Proor. We will proceed by steps.
Step 1: Double application of low M*-estimate.
By low M*-estimate, there exists a subspace E with dim E' = (1 — é)n such
that o
KNEC —=M*K)-BYNE.

= \/g ( ) 2

By duality,
1
Pp(K°) D eVd—— By NE.

Now, apply low M*-estimate again, and we get a further subspace F' C F
with dim F' = (1 — §)dim E = (1 — §)?n such that

o C * (¢} n
Pu(K*) 0 F € =M (P(K*)) - BYOF.
Note that by duality, M*(Pr(K°)) = M(KNE), and we leave it an exercise
to show that M(K N E) < M(K). Thus,

1 C
Vé—— .B"NFC Pp(K°YNF C —M(K)-BYNF.
C M*(K) 2 = E( ) _\/g ( ) 2

Hence,

Q

d(Pp(K°) N F,05) < 5 (K)M*(K) < %log 24(K, (%)
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by M M*-estimate. Recall that d(X,Y) = d(X™*,Y™*) for any Banach spaces
X and Y. Hence, we have shown that

d(Pr(KNE), %) <

%log 2d(K, 13).

Step 2: Iteration.
Consider
QS(K) := { projections of sections of K}.
Define f: (0,1) — R* by
f(a) =inf{d(L,65 : L € QS(K),k = dim L > an}.

We have shown in the first step that f satisfies the following recursive rela-
tion:

F(1=6%) < S log(2f(a), Va € (0,1) Vi € (0,1).
It can then be shown that functions satisfying this must satisfy
C 1
fle) <

log
See Section 5.9 in [?] for details. |

11—« 1—a’

EXERCISE 16. Prove that M(KNE) < M(K) for any symmetric convex
body K in R™ and any subspace F.






Part 3

Geometric Inequalities



In the last part of this course, we will see a series of geometric inequal-
ities involving volumes and their applications in geometric functional anal-
ysis. For example, isoperimetric inequalities and concentration of measure
inequalities can be recovered from Brunn-Minkowski inequality. Moreover,
we will learn a new position of convex bodies called the notion in establish-
ing the inverse inequalities to the classic ones such as Brunn-Minkowski and
Santalo inequalities. We will also revisit the entropy duality problem and
the quotient of subspace theorem, as a result of these geometric inequalities.

12. Brunn-Minkowski Inequality

12.1. Brunn-Minkowski inequality. Brunn-Minkowski inequality is
one of the most fundamental results in convex geometry. As we have seen all
along this course, the correspondence between convex geometry and func-
tional analysis produces better understanding of the whole picture. Hence,
we should expect that Brunn-Minkowski inequality has influential conse-
quences in geometric functional analysis. It turns out that the results on
concentration of measure in various spaces we saw in the beginning of the
course can actually be derived from Brunn-Minkowski inequality. Although
it has profound consequences, the form of the inequality is extremely simple.

THEOREM 12.1 (Brunn-Minkowski inequality). For any measurable sets
A, B C R", we have:

(1) (additive form) vol(A + B)'/™ > vol(A)Y/™ 4 vol(B)'/™;
(2) (multiplicative form) vol(AA + (1 — \)B) > vol(A)* vol(B)! .
Moreover, equality holds iff A and B are homothetic.

REMARKS. (1) The two versions are equivalent. (1) implies (2)
by replacing A by AA and B by (1 — AB) and then applying the
geometric-arithmetic inequality. For the other direction, we may
apply (2) with

oA p__ B \ vol(A)w
vol(A)n vol(B)w vol(A)w + vol(B)w

(2) Recall that a log-concave measure p is a measure that satisfies
A+ (1= N)B) > p(A) u(B) ™

By the equivalence of these the versions of Brunn-Minkowski in-
equality, we see that any log-concave measure, not just the Lebesgue
measure on R, satisfies Brunn-Minkowski inequality.

12.2. Prekopa-Leindler inequality. Brunn-Minkowski inequality is
a special case of Prekopa-Leindler inequality, which can be viewed as a
reverse Holder inequality.
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LEMMA 12.2 (Prekopa-Leindler inequality). Let f,g,h: R™ — [0,00) be
measurable functions, and let A € (0,1). Assume that

(14) h(Az + (1= A)y) > f(2)g(y)' " Va,y e R .

T ey

REMARKS. Prekopa-Leindler inequality immdiately implies Brunn-Minkowski
inequality by taking indicator functions f =14, 9 = 1p,and h = 1\ 41 (1-))B-
Hence, all we need to do is to prove this functional form of Brunn-Minkowski
inequality.

PROOF OF PREKOPA-LEINDLER. We first use the one-dimensional Brunn-
Minkowski inequality to prove the one-dimensional Prekopa-Leindler in-
equality. Then we will proceed by induction on the dimension.

Step 1: One-dimensional Brunn-Minkowski.
We will show that |A+ B| > |A| + |B|, where |- | denotes the Lebesgue mea-
sure on the real line. Without loss of generality, assume A, B are compact.
As the Lebesgue measure is translation invariant, we can also assume that
sup A =0 =inf B.
Then,
ACA+Band BC A+ B.
Hence |A+ B| > |A| + | B|.
Step 2:0ne-dimensional Prekopa-Leindler.
We will reduce the integral to level sets. Note that

(15) /fZ/OOO{fza}\da.

It is easy to check that
{hza} 2 Mf=a}+(1-A){g=a}.
By one-dimensional Brunn-Minkowski, we have
{h=a}l 2 A{f = a}[+ (1 = N{g = a}].
Integrate both sides over all a > 0. By (15), we have

/hz)\/f—i—(l—)\)/g.

Then, apply arithmetic-geometric mean inequality, and we get

A 1-X
fr=(f) (o)
Step 3: Induction on dimension.

Assume that the lemma holds in R”~!. For ¢t € R, consider the functions

ftagtaht : Rn_l — R
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defined as
fi(z) = f(t, z)
and similarly for g; and h;. Suppose that
t =M1+ (1= Mt
Then by (14),
Az + (1= Ny) = f (2) g1, (9)'
for all z,5 € R"~!. By induction hypothesis,

[ (L) (L)

Now, apply the one-dimensional Prekopa-Leindler, and we get

LU= (L) (L)

This completes the proof. [ |

As we said earlier, Brunn-Minkowski inequality can be obtained as soon
as the Prekopa-Leindler inequality is proved. In the next section, we will
see various consequences of Brunn-Minkowski inequality in not only convex
geometry, but also Banach spaces.

13. Applications of Brunn-Minkowski Inequality
13.1. Brunn’s Principle.

THEOREM 13.1. Let K be a convex body in R™ and u € R™. Consider
the hyperplanes

Hy ={z e R": (z,u) =t}.
Then the function
t — vol(K N Ht)ﬁ

18 concave on its support.

REMARKS. It is easy to check that if K is a cone, then this function will
be linear.

Proor. Consider the sections K; = K N H;. Convexity implies that for
any r,s € R and for any A € (0, 1),

Kyrp(1-x)s 2 MK + (1 = M) K.
By Brunn-Minkowski inequality, we have
VOL(K y g (1)) ™ = Avol(K, )T 4 (1 — A) vol(Ky) 7,

which is exacly what we want. [ |
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FIGURE 12. Brunn’s Principle

REMARKS. (1) One can deduce Brunn-Minkowski inequality for
conver bodies from Brunn’s principle. Note that we state it for
all measurable sets in Theorem 12.1.
We can embed A and B in R"*! so that A is at position ¢ = 0 and
B at position ¢t = 1 for the additional dimension ¢. See Figure 12.
Then the section of the convex hull of AUB at t = 1—\ corresponds
to the sets AA + (1 — A\)B. Then Brunn-Minkowski inequality is
a direct consequence of Brunn’s principle. We leave the details to
the reader.
(2) Brunn’s principle can also be derived from a direct geometric ar-
gument through Steiner’s symmetrization. See Theorem 3.1 in [?].

13.2. Isoperimetric inequality in R". Brunn-Minkowski inequality
also implies the isoperimetric inequality in a very simple way.

Let A be a set in R™. Recall that the surface area vol(0A) of A is defined
by

1(A + eBY) — vol(A
(16) vol(94) = lim (A+ eBy) —vol(4)
€e— €
THEOREM 13.2 (Isoperimetric inequality in R™). Among all bodies of a
given volume in R™, Euclidean balls have the least surface area.

PRrROOF. Consider A C R" and a Euclidean ball B with vol(A) = vol(B).
We want to show that
vol(0A) > vol(0B).

By Brunn-Minkowski inequality, for any € > 0,
vol(A + eB})n > vol(A)n + vol(eBY)
= vol(B ) + vol(eBy)
=vol(B + eBy)n, :

since B and eBj are homothetic. Then use surface area formula (16) and
take limit as € — 0. |

S=

3=
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REMARKS. It is still not known how to apply Brunn-Minkowski to get
isoperimetric inquality on the sphere, which is more general situation as
spheres locally look like R™. The difficulty on the sphere is that subsets may
“curve back” to wrap itself. Recall that in the proof of the one-dimensional
Brunn-Minkowski, we first process the two sets A, B so that they are apart
from each other. This causes a problem on the sphere: it is not always
possible to separate two sets.

13.3. Concentration of measure in the ball, sphere and Gauss
space. We know that isoperimetry on the sphere implies concentration of
measure on the sphere early in this course, but we do not know how to get
isoperimetry on the sphere from Brunn-Minkowski. Hence, in an effort to
go from Brunn-Minkowski inequality to the concentration of measure on the
sphere, we will bypass isoperimetry and take a direct path. Sometimes this
is called “approzimate isoperimetry.”

13.3.1. Concentration of measure in the ball. Consider B equipped with
the normalized Lebesgue measure

_ vol(A)
wA) = vol(Bg)
Let
Ac :={x € By :d(z,A) < ¢}

denote the e-extension of the set A.

THEOREM 13.3 (Concentration in the Ball). Let A C BY be a measurable
set. Then

C 2
L A)>1— e—cen
(4 p(A)
for any € > 0, where C,c are absolute constants. In particular, if u(A) >
1/2, then

(A >1— 2Ce ™",
Proor. Consider
B=(A)={x € By :d(x,A) > €}.
Our goal is to show that
p(A)u(B) < Ce*™.

One can check that p is a log-concave measure. By Brunn-Minkowski in-
equality for log-concave measures, we have

MAmunsM(A+B).

2
Hence, it suffices to show that

u (A—IZ-B) < CG_CEQn.

This will be immediate from the following claim.
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Claim: 458 /1 - £ By.
Let z € A and y € B. Then d(z,y) > e. We need to estimate ||L—53/|]
By the parallelogram law,

T+y 1
11 = 5 v2(02 P + lyl?) = [l — i
2
€
<1/1-=—
— 4’
as ||lz]| < 1,|lyll <1, and ||z — y|| > e. This finishes the proof of the claim.
Hence,
A+ B / €2
< 1——BYy
M< B > = M( 402
2\ /2
) s
This completes the proof. [ |

13.3.2. Concentration of measure on the sphere. Concentration on the
sphere follows from concentration of measure in the ball. We will leave the
proof to the reader.

COROLLARY 13.4 (Concentration on the Sphere). Let A C S™~! be mea-
surable, and let o denote the canonical probability measure over S*~'. Then

O'(AE) >1 - 0-64) efce2n

EXERCISE 17. Prove this corollary.

13.3.3. Concentration of measure in Gauss space. Recall that Gauss
space is just R™ equipped with the standard n-dimensional Gaussian mea-
sure v. We will deduce concentration of measure in Gauss space directly
from Prekopa-Leindler inequality.

THEOREM 13.5 (Concentration of Measure in Gauss Space; [?]). Let
A C R"™ be a measurable set. Let g € R™ be a standard Gaussian vector.

Then ,
d(g, A) ) 1
Eex < .
p< i)~ @

—t2/4

In particular,
e

v(A4)
PRrROOF. The “in particular” part follows from Markov inequality:

(A > 1 -

1
Y(A) =y{x:d(z, A) >t} < S et/
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For the main result, we apply Prekopa-Leindler inequality for with

A=—
2

h(z) = ()2 lel/2
() = exp <d($f)2> - (@m)-2elel/2

It only remains to check that they satisfy the assumption of Prekopa-Leindler:

p(55Y) 2 1@k st

for all z,y. This can be easily checked, where the parallelogram law is used.
(without loss of generality, we may assume y € A.) [ |

N

REMARKS. The proof works for any log-concave density (not just Gauss-
ian density).

13.4. Borell’s inequality. Let us first recall that a measure y : A — R
is log-concave if the function

Ae A logu(A)
is concave. That is,
A + (1= N)B) = (AP u(B)'
for all A, B € A and for any X € (0, 1).

EXAMPLE 13.6 (log-concave measures). (1) Lebesgue measure in R"™.
This follows from Brunn-Minkowski.
(2) Normalized volume on any convex set. u(A) = vol(AN K) is log-
concave. This follows from Prekopa-Leindler with

J=1lank,9 = 1pnk and h = 1ya41-x)BrK-
(3) Log-concave densities. By a result of C.Borell in 1975 ([?]), any

measure with log-concave density is log-concave.

THEOREM 13.7 (Borell’s inequality). Let pu be a log-concave probability
measure on R"™, and let A C R™ be symmetric and conver with p(A) > %
Then,

p(tA) >1—e
for every t > 0.

We will prove a special case where the log-concave measure is the nor-
malized volume on a convex body.
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THEOREM 13.8 (Volume Distribution in Convex Sets). Let K C R"™ be
a convez body (not necessarily symmetric). Consider the normalized volume
measure

_ vol(ANK)
W) = =)
Let A be the Euclidean ball with u(A) =

Then

FIGURE 13. Volume Distribution of Convex Bodies

REMARKS. (1) One can also use this argument for A = the slab
between two hyperplanes with p(A) = % and get the same result.
(2) Note that p((tA)€) describes the proportion of volume taken by

the “tentacles” of the convex body.

ProOOF OoF THEOREM 13.8. Without loss of generality, assume that ¢ >
1. We will find some convex combination of A and (tA)¢ that is disjoint from
A. That is, we will find some A € (0,1) such that

A+ (1= N)(tA)° C A°.
It can be easily checked that

o~
—_

A=
t+1

works. Then, by Brunn-Minkowski,
1 C C C -
£ 2 (A 2 pA+ (1= N)(EAF) 2 (A u((14))
Solve for p((tA)°), and we get the desired bound. |
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FIGURE 14. Volume Distribution between Hyperplanes

13.5. Urysohn’s inequality. Recall that we discussed the two direc-
tions in considering Euclidean sections or projections of high dimensional
convex bodies. One direction is Dvoretzky-type theorems, which are closely
related to the mean width M*. The other direction is VRT, which is closely
related to the notion of volume ratio of a convex body. How do these two di-
rections compare? Urysohn’s inequality tells that the volume ratio is always
dominated by the mean width.

THEOREM 13.9 (Urysohn’s inequality; Chapter 1 in [?]). Let K C R™ be
a compact set. Then

<;’;’11(%?)>’11 < /Sn1 |z[| o do ().

As a preliminary to the proof, the following exercise gives alternative
meaning of the mean width.
EXERCISE 18. Let U € O(n) be random. Then fO(n) U(K)du(U) =

Now we are ready to prove Urysohn’s inequality.

ProOOF. First, it is not hard to see that Brunn-Minkowski inequality
holds for more than two sets:

1
m n m
vol (Z VOl(Ki)> > Zvol(Ki)%.
i=1 i=1

In the limit, we see that Brunn-Minkowski holds in integral form:

vol </O(n) U(K)du(U)) > /O(n) vol (U(K))» du(U).
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Then, by the exercise preceding this proof, we have
1 1
M*(K) - vol(B3)n > vol(K)n.
| |

13.6. Santalo inequality. In this application of Brunn-Minkowski in-
equality, we want to consider the “dual volume.” We will discuss how the
volume of a convex body is related to the volume of its polar body. We can
easily picture that the polar set is “small” when the original set is “large”
in terms of the volume, since they are sort of ”inversely” related. One can
see this through the fact that

1
K)° = ~K°.
(akK)° = -

Hence, we might expect that the product of the two volumes behaves like a
constant. We introduce the notion of Mahler volume for a better formulation
of the problem.

DEFINITION 13.1 (Malher volume). The Mahler volume of a convex body
K is defined as
s(K) = vol(K) - vol(K°).

EXERCISE 19. Check that the Mahler volume is invariant under any
linear transformation. For example, it is easy to see that it is invariant
under scaling.

Hence, we may expect that there is an upper and a lower bound for
s(K), regardless of K. As we will see in this and next sections, finding
these bounds are nontrivial. Different symmetrization technieques will be
used in the two directions. The upper estimate uses the classic Steiner’s
symmetrization. For the lower estimate, things get more involved. We will
use Milman’s “isomorphic symmetrization.”

THEOREM 13.10 (Santalo inequality: upper estimate for Mahler vol-
ume). Let K be a symmetric convezr body in R™. Then s(K) < s(B%).

REMARKS. (1) In other words, the Mahler volume is maximized by
Euclidean balls. Moreover, by invariance under linear transforma-
tions, it is also maximized by any ellipsoid.

(2) s(BY) = vol(By)? = [(2me + o(1))n] ™.

We will present the proof due to Meyer and Pajor [?] using Steiner
symmetrization. The idea is that these symmetrizations can only increase
the Mahler volume, and they bring any symmetric convex body K closer
and closer to the Euclidean ball.

DEFINITION 13.2 (Steiner symmetrization). Let H be a hyperplane in
R™ and K C R™. Then, the Steiner symmetrization of K with respect to H
is

I([{:{xl;x2 Z$1,.’B2€K,CB1—$2J_H}.
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FIGURE 15. Steiner Symmetrization

Two main properties of Steiner symmetrizations are listed below. The
reader is encouraged to check them as an exercise.

PRrROPOSITION 13.11 (Basic Properties of Steiner symmetrization). (1)
Steiner symmetrization is volume-preserving.
(2) There exists a sequence of Steiner symmetrizations of any symmet-
ric convex body K that converges to an Euclidean ball in Hausdorff
metric (also in Banach-Mazur distance).

Now, we will use Steiner symmetrization to prove Santalo inequality.
PROOF OF SANTALO INEQUALITY. It suffices to show that
(17) vol((Kg)°) > vol(K°).
Indeed, if this holds, then
vol(Kg) - vol((Kg)°) > vol(K) - vol(K°),

as vol(Kf) = vol(K). Now, by the second property of Steiner symmetriza-
tion, we get that in the limit,

vol(BY) - vol(BY) > vol(K) - vol(K°®),

which is exactly what we want to show.
Now, to prove (17), we may assume H = R"~!. Consider the slices

K(s)={zeR"!:(2,5) € K}.
It suffices to show that
vol(K 7 (s)) > vol(K°(s))
for all s, as
vol(K°) = /Vol(Ko(y))dy.
It is easy to verify the following:
K° ={(y,s) : (z,y) +ts < 1 V(z,t) € K}
i — 12

KH:{(:J:,t):t 5 ,(m,ti)eK}
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(Kg)° = {(y,s) Sz, y) + b ;tQ -5 < 1V(x,t;) EK}.

Then we claim that

K°(s)+ K°(—s)
5 :
In fact, let y € K°(s) and z € K°(—s). That is,
(x,y) +t1s <1V(x,t1) € K
(x,z) —tas < 1V(x,t2) € K.
Easy arithmetic operations give
Yy+z
(z,
2

K2 D

t1 —1©
)+ 12 2.s< 1.

This means
Y+ z

2
Hence, by Brunn-Minkowski inequality,

vol(K§y) = vol (K °(s) LK °<—s)>

> \/vol(K°(s)) - vol(K°(—s))
= vol(K*°(s)),
as K°(—s) = —K°(s) by symmetry. [ ]

€ Ky

14. Isomorphic Symmetrizations. Inverse Santalo Inequality

14.1. Inverse Santalo inequality. We have showed in Santalo in-
equality that Euclidean balls maximize the Mahler volume. A natural ques-
tion is, which convex bodies minimize the Mahler volume?

CONJECTURE 14.1 (Mahler conjecture). Cubes (or octahedra) are min-
imizers of the Mahler volume.

Intuitively, this makes a lot of sense, as cubes and octahedra are the
“farthest” from the Euclidean ball: they are the “pointiest” convex bodies.
It is easy to check that

s(BY) = s(BL,) = vol(BYT) - vol(BLY) = (4de + o(1))"n™ ",

and
s(By) = vol(Bgy) - vol(B3) = (2me 4+ o(1))"n~".

Hence, the conjectured lower bound of Mahler volume matches the known
upper bound: s(B}) = s(BY) ~ ¢"s(BY) for some absolute constant ¢ > 0.
For more discussion, See Terry Tao’s blog entry on this topic. Here, we will
give a proof of a joint statement of both Santalo and inverse Santalo inequal-
ities due to Bourgain and Milman. This proof provides some evidence that
cubes and octahedra are good candidates for the minimizer of the Malher
volume.
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THEOREM 14.2 (Inverse Santalo inequality; [?]). There exists an absolute
constant ¢ € (0,1) such that for every symmetric conver body K in R™,

s(K)
= 5Bg) ="

n

In other words,

o= (M) o

The righthand side inequality is just Santalo inequality. Recall that
in proving Santalo inequality, we used Steiner symmetrization, which is
volume-preserving and can only increase the Mahler volume (i.e. increase
the volume of the polar body). Moreover, there exists a sequence of Steiner
symmetrizations that bring a symmetric convex body to a Euclidean ball.
Hence, we cannot expect “exact” symmetrizations (meaning converging to
the exact Euclidean ball) to get the inverse Santalo. Instead, we will have
a sequence of symmetrizations that bring the convex body to C-isomorphic
(instead of “isometric”) to the Euclidean ball: we hope that in the end, we
have

rBy C Ky C C-rBy

for some r > 0. This way, we will also have

1 o 1
@B’g C Ky C ;Bg,
so that
1
(18) ——vol(B3)* < vol(Ky) vol(K7) < C™ vol(By)?.

C

This is already very close to what we want: the only thing left to do is
to make sure the Mahler volume is well controlled during symmetrization:

s(Kt)% = s(K )% in the sense that there exist constants ¢; and ¢y such that
(19) s(K) < s(Ky) < c5s(K).
In summary, we need to control two things in the proof of the inverse

Santalo inequality:

(1) Distance from the Euclidean ball.
We will borrow the idea in the proof of the Quotient of Subspace
Theorem. At each step, if

d(K;, By) S M(K;—1)M*(K;_1),

then the M M*-estimate promises logarithmetically dropping dis-
tance.

(2) Volume control.
We will show

e s(K;) < s(Kij—1) < e“"s(K;)
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for some properly chosen constant ¢;. After iterations, we will get
e~ (Zeng(K) < s(K;) < e(Zci)nS(K),
where our choice of ¢; guarantees the convergence of the series.

Let us break down the proof into its main pieces, and then assemble
them to form the complete proof. The first and most important piece is the
symmetrization technique called “isomorphic symmetrization” or “convex
surgery,” as first called by Milman.

14.2. Isomorphic symmetrization. We transform K into

1
K = conv {K N Aup By, )\Bg} .
down

Two operations are involved here to regularize K:
e Cut “tentacles” by intersecting K with a large Euclidean ball A, B,
and

e Fill out the interior by taking convex hull with a small Euclidean
ball (1/Adown)B%. See Figure 16.

FIGURE 16. Isomorphic Symmetrization

Observe that )

By C K1 C AypB3.
)\down

Hence,

(20) d(Kla Bg) < )\up : )\down
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Moreover,
K? = (K N ApB3)° N Ndown By

1
= COTLU{KO, —Bg} N Xdown BY
Nap
1
= conv {K N Adown BY, 733}.
Nap

For notation convenience, let T = conv {K ° N Adown B3, ﬁBg} We

leave the last step above as an exercise.

EXERCISE 20. Show that there exists some C > 1 such that
1
C

The second piece of the proof of the inverse Santalo inequality is how
to control the volume of our convex bodies during symmetrizations. In par-
ticular, we want to control the volume of intersections and convex hulls of
different convex bodies.

TC K] CCT.

14.3. Volume control lemmas. First, we need to control the volume
of intersections of two convex symmetric bodies.

LEMMA 14.3 (Volume of intersections). Let K, D be symmetric convex
bodies in R™. Then

vol(K) < N(K, D) - vol(K N D).

Proor. Consider the covering of K by translates of D. Suppose that

N
=1

where x; € K. The reader should check that for any centrally symmetric
convex bodies K and D, and for any z € R"”,

vol ((z + D)NK) < vol(DNK).
Then, by symmetry and convexity, we have

(x+D)NK+(—z+D)NK
2
Apply Brunn-Minkowski inequality, and we get

CDNK.

vol(DNK) > vol ((z+D)NK)"*.vol (—z+D)NK)"/* = vol ((x+D)NK).
Hence, vol(K) < N(K, D) vol(K N D). ]
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We also need to control the volume of convex hulls. We would like to
have the following:

LEMMA 14.4 (Volume of Convex Hulls). Let K, D be symmetric convex
bodies in R™. Then

vol(conv{K,D}) < N(D,K) - vol(K).
In Milman’s paper [?], he proved a weaker result.

LEMMA 14.5 (Volume of convex hulls: weaker version). Let K,D be
convex sets in R™ such that D C bK for some b > 1. Then,

vol(conv{K,D}) < enb- N(D,K) - vol(K).

We will prove an intermediate result, and leave it as an exercise to get
to Milman’s weaker version from there.

ProposiTIiON 14.6. Let K, D C R" be convex bodies. Then, for any
A€ (0,1),
vol(AK + (1 —\)D) < N(D, K) - vol(K).

ProoF. Cover D by N = N(K, D) translates of K such that

N
Dc | @i+ K)
i=1
for some {x;}¥.; C D. Multiply by (1 — ) and add AK to get
N N
AK + (1 =MD CAK + (1 = Nai + (1= VK) = [ (1 = N + K,
i=1 i=1

where the convexity of K is used in the last equality. Then, compare the
volume. m

EXERCISE 21. Finish the proof for Lemma 14.5.
Hint: Note that
conv{K,D} = | ) AK+(1-M\D

A€[0,1]

N
c |J Ja=-Nai+K

A€(0,1] i=1

[0,.%'7;} + K.

-

Il
—

)

Then one can discretize the interval [0, z;] using ~ n points and use union

bound.
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14.4. Proof of inverse Santalo inequality. Now we are in a position
to put everything together to prove the inverse Santalo inequality (Theorem
14.2).

PROOF OF INVERSE SANTALO INEQUALITY. We will follow two steps:
isomorphic symmetrization and iterations.
Step 1: First isomorphic symmetrization.
Since the Mahler volume is invariant under linear transformations, we may
assume that K is in an ¢-position. So we have

M(K)M*(K) < Clog2d(K, BY) < C'logn.
Choose
)\up = M*(K)al )‘down = M(K)al,

where a1 > 1 is to be determined later.
Consider the isomorphic symmetrization K; defined as

1
K = conv {K N Aup B3, TB;}

down

We claim that

e—Cn/a% < VOl(Kl) < eCn/a%.
~ vol(K) —

In fact, by Lemma 14.3 and Sudakov inequality,

vol(K1) > vol (K N AypB3)
__vollK)
~ N (K, \ypBY)

> e~/ yol(K).

This is the lower bound. For the upper bound, we use Lemma 14.4 and the
dual Sudakov inequality.

1
vol(K1) < vol (COHV {K, 733})
Adown

< N( ! B;,K) -vol(K)

down

< eCOnfat - vol(K).
The same computation can be done for K°, and we have

e—C’n/a% < VOI(Kf) < eC’n/a%'

~ vol(K°) —
Hence,
s(K1)
s(K)

e—Cn/a% < < eCn/zz%‘
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At the same time, by (20) and M M*-estimate,
d(K1, By) < AupAdown
< M*(K)M(K) - a?
< Ca?log2d(K, BY)
< Ca?logn.
Choose a; = logn, so that
d(K1, BY) < C(logn)3.
Step 2: Iteration
We first put K3 in its ¢-position. Then choose
Aup = M*(K1)as Adown = M (K1)ag,
where as > 1 is to be determined later.
Define K5 in a similar way as above, and we get
s(K2)
(K1)

e—C’n/a% < < eCn/ag,

v

and
d(K2, BY) < Auphdown < M*(K1)M (K1) - a3

< Ca3log2d(K, BY) < Ca2loglogn.
Choose as = loglogn, so that

d(Ks, BY) < C(loglogn)?.
After t iterations, we get
~on(Gprt ) _ s(K)

— s(K)

On( s )

e <e

and 5
d(K, B3) < C (10g®n)",
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where log(t) = loglog - - -log denotes n iterations of log. Choose t to be the

smallest integer such that
log(t) n < 2.
Then
d(Ky, By) < C

for some absolute constant C; > 0. Moreover, since with our choice of the
a;’s, the series Y"(1/a?) is uniformly convergent, we obtain that for some

absolute constant Cy > 0,
eszn < @ < €C2n.
= SE) S

Then, by (18) and (19), the proof is complete.
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An immediate corollary says that the Mahler volume of any symmetric
convex bodies in R™ are equivalent.

COROLLARY 14.7 (Malher volume of arbitrary symmetric convex bod-
ies). For any symmetric convex bodies K,L C R"™, there exists an absolute
constant ¢ € (0,1) such that

<L
s(L) = ¢

15. Applications of Isomorphic Symmetrizations

15.1. Milman’s ellipsoids. The method of isomorphic symmetriza-
tion turns out to be quite flexible. Instead of controlling vol(K') and vol(K°)
throughout symmetrizations, one can control vol(K + L) for an arbitrary
symmetric convex body L. This idea leads to the existence of so-called
M-ellipsoids.

THEOREM 15.1 (M-ellipsoids). For every symmetric conver K C R,
there exists an ellipsoid Ex called an M-ellipsoid with the following proper-
ties:

(1) vol(€k) = vol(K);
(2) There exists an absolute constant C > 1 such that
1
on vol(€x + L) < vol(K + L) < C"vol(éx + L)
for every symmetric convex body L C R™.

REMARKS. The existence of M-ellipsoids means that a symmetric con-
vex body “behaves” like an ellipsoid.

The proof is similar to the proof of the inverse Santalo inequality in the
previous section. So we will only sketch the proof and leave the details as
an exercise. Before starting the proof, we will have to modify our volume
control lemmas. We encourage the reader to verify them in a similar way to
their original versions.

LEMMA 15.2 (Modified volume of intersection).
vol(K + L) < N(K,D)vol(K N D + L).
LEMMA 15.3 (Modified Volume of Convex Hull).
vol(conv{K, D} + L) < 2enb- N(K, D) - vol(K + L).

PrOOF OF THEOREM 15.1. Define the isomorphic symmetrizations K;
the same way as before. At each step, we have

_ I(K' + L) 2
21 Cn/a? < Vo v < oCn/a;
(21) ¢ ~ vol(K;—1+ L) — €
and

d(Ky, BY) < Ca?logd(K;_1, B —2"),
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where a; = log(i) n. Hence, we conclude that
e—Cln < VOI(Kt +L) < eC1n
~ vol(K+ L) —

while d(Ky, BY) < Co, which means that K; is C-isomorphic to some ellip-
soid €. Therefore,

v L,

(22) vol(K)# ~ vol(Ky)w ~ vol(&),

where the first ~ follows from (21) and the second ~ follows from the C-
isomorphism. Now, let £x = p€ such that vol(K) = vol(p€). By (22), we
see that

p ~ constant.

Since K is still O(1)-isomorphic to £, we can replace Ky by £k in (21). m

REMARKS. (1) Uniqueness of M -ellipsoids. M-ellipsoid is not unique,
as the constant C' is not specified. We leave it an exercise to check
that one can dilate one axis of an M-ellipsoid by 2, and it still
remains an M-ellipsoid.

(2) Duality. Similar with the proof of the inverse Santalo inequality,
one can run isomorphic symmetrizations for K and K° in parallel.
This way, one gets

Exo =p- (k)°

in the end, where p ~ constant. Note that one can define M-
ellipsoids in an isomorphic way as

vol(€k) ~ vol(K),

that is,
1
cn vol(K') < vol(€x) < C" vol(K),
rather than exact equality. Adopting this definition, we have

Exo = (Ex)°.

(3) M-position. By Theorem 15.1, we can define a position of a convex
body called an M -position.

DEFINITION 15.1 (M-position). Let K be a convex body in R"™. Then,
K is said to be in an M -position if its M-ellipsoid is an Eucdliean ball.

15.2. Inverse Brunn-Minkowski inequality. Without putting on
extra conditions on the convex bodies, the reader is encouraged to find
examples that fail the inverse Brunn-Minkowski inequality (this is not hard).
However, if we assume in addition that the convex bodies are in M-positions,
then the inverse Brunn-Minkowski is a quick consequence of Theorem 15.1.
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COROLLARY 15.4 (Inverse Brunn-Minkowski inequality). Let K, L C R"
be symmetric convex bodies whose M -ellipsoids are homothetic. Then

vol(K + L)7 < C (vol(K)7 + vol(L)7 ).
Proor. We will use Theorem 15.1 twice.
vol(K + L) < Cvol(Ex + L)n
< C2vol(Ex + EL)n
=C? (vol(é’K)% + Vol(é'L))%> (by homothety).
|
REMARKS. By this corollary, we see that here is always a position of K
such that the reverse Brunn-Minkowski inequality holds.

The following is a consequence of inverse Brunn-Minkowski inequality.

COROLLARY 15.5. Let K,L C R" be symmetric convex bodies with ho-
mothetic M -ellipsoids. Then

vol(K N L)% > ¢-min {VOI(K)%,VOI(L)%} .

PROOF. Let v(K) denote the volume ratio (vol(K)/ vol(BY)) n Then,
by Santalo and inverse Santalo inequalities, we have v(K°) ~ 1/v(K). Then,

1

——— ~v((KNL)°

v(KNL) ol )
~v(K°+L°) (as (KNL)°=conv{K° L°} < K°+ L°)
~v(K°) +v(L°) (by BM and reverse BM)

1
. o(K) + o(@) (by Santalo and reverse Santalo).
This completes the proof. [ |

Another consequence of inverse Brunn-Minkowski inequality is that the
covering number and the volume ratio of two convex bodies with homothetic
M-ellipsoids are equivalent.

COROLLARY 15.6 (Covering number and volume ratio). Let K, L C R"
be symmetric convex bodies with homothetic M -ellipsoids. Then
vol(K) , VOI(K)
vol(L) vol(L)’

<N(K,L)<C

provided that 1',(;11((}2)) > 1.
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PRrROOF.
_ vol(K + 3L)
~ vol(3L)
1 1
(K)n 1(i0)w
Vo (K)» + Vol(Q ) (by reverse Brunn-Minkowski)
vol(3L)x

<c()

When we consider the covering of a symmetric convex body by its M-
ellipsoid (or vice versa), we have the following result as a direct consequence
of the above corollary.

3=

N(K,L) (by covering number estimate)

<C

COROLLARY 15.7 (Covering number by M-ellipsoids). There exist abso-
lute constants c1,ca > 0 such that for every symmetric convex body K C R™,

N(K,Ex) < e N(Ex, K) < ™,

15.3. Duality of entropy: on the exponential scale. In this sub-
section, we will present a weak result on the duality of metric entropy. First,
let us see what we have on the duality of volume ratios.

COROLLARY 15.8 (Volume ratio duality). Let K and L be symmetric
and convex bodies in R™. Consider the volume ratio defined by

1
vol(K)\ »
K, L)= .
0= ()
Then, there exists an absolute constant C' > 1 such that

év(LO,KO) < o(K, L) < Co(L°, K°).

SKETCH OF PROOF. Note that by Theorem 14.2,
K, L
1)1()20,7[()0) = (s(K)s(L)) ~ constant.

Now, we present a result on the duality of metric entropy due to Konig
and Milman.

COROLLARY 15.9 (Entropy duality; [?]). Let K,L C R™ be symmetric
and convex. Then there exists an absolute constant C' > 1 such that

%N(LO,KO) < N(K,L) < C"N(L°, K°).

PROOF. By Lemma 14.3 and the inverse Santalo inequality,

vol(K) vol(K N L)°
N(K,L) > > o
K L) 2 knD) 2 ol (k)




96

Note that Ko Lo
(K NL)° = conv{K° L°} D TJ“
Then,
1(K° + L° 1(K°/2 + L°
N(K,L) > (o VOUE® +L7) o vol(K°/2 + )) > "N (L°.K°),

vol(k°/2 = wol(K°j2 '~
where the last step follows from the covering number estimate
1(K + 3L
N(K,L) < M_
vol (QL)
|

REMARKS. This corollary solves a weak form of the duality conjecture
N(L°,CK®°)¢ < N(K,L) < N(L°,cK°)“
when the covering number N (K, L) ~ e, where an exponential coefficient

does not ruin the order.

15.4. An alternative proof of Quotient of Subspace Theorem.
Our last application is a quotient of subspace theorem where the subspaces
are random. Recall that the QS-theorem we proved in only gives existence
of such subspaces. In this subsection, we will see that it actually holds with
high probability under some M-position assumptions.

COROLLARY 15.10. (Random Quotient of Subspace theorem) Let K C
R™ be a symmetric convex body in an M -position, let 6 € (0,1), and let E be

a random (1—6)n-dimensional subspace and F C E a random k = (1—3)?n-

dimensional subspace. Then with probability at least 1 — e~

d (PF(E nK), B§> < (),
where C'(9) is a constant that depends only on §.

PrOOF. As K is in an M-position, we may assume that its M-ellipsoid
Ex = By, and Eko = By. By Corollary 15.7,

N(K,Bp) < e“™  N(K° BY) < ",

Moreover, by Theorem 7.6, a random subspace E of dimension (1 — d)n
satisfies that, with high probability,

diam(K N E) < C(9).
That is, KN E C C(0) - BY N E. By duality, we get

PE<KO) D) PE(BSL)

1
C(9)
Hence, we found a Euclidean ball inside a projection of K°. Clearly,

N(PE(KO), PE(B§)> < N(K°, B}) < e°2n,
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Apply entropy theorem again, for Pz (K°) and a random (1—6)?n-dimensional
subspace F,
diam(Pg(K°)NF) < C(9).
Consequently,
1
C—((S)-BgﬁFcPE(KO)mFC C(6)- By NF.
Hence, by duality,

d(Pr(K N E), BY) = d(Pg(K°) N F, BY) < C(8)2.



