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Introduction

In this thesis it will be shown that many well known geometric and analytic inequalities,
namely the

Brunn-Minkowski inequality,
Prekopa-Leindler inequality,
Minkowski inequality for mixed volumes,
Brascamp-Lieb inequality and the reverse Brascamp-Lieb inequality,
Gagliardo-Nirenberg-Sobolev inequality
can be proven in a similar way using one tool:

The Brenier map. This is a map from R" to R" derived from a convex potential
pushing forward one probability measure to another. It was shown by Brenier that
such a map exists always if the pair of measures satisfies some rather weak regularity
conditions.

The questions that led to the discovery of this map however, are not of the kind that
we are going to present here. Its origin lies in fact in a question by Gaspard Monge in
1781. He asked for the shortest way to displace an amount of soil from one place of the
Euclidean space to a heap of soil at another place.

A modern reformulation of this question known as Monge’s optimal transport prob-
lem can be stated as follows:

Given two probability measures p and v, find a map T pushing forward g to v that
minimises the integral

[ et 1@)dntx)
for some cost function c.

It turns out that the most simple case is the one where c is the square of the Euclidean
distance: In this case there is always a minimising map and it is the Brenier map.

In this thesis optimal transport will mostly be seen as a vehicle to construct the Brenier
map. We will not care that this monotone map minimises the cost of transportation but



will rather make use of its analytic properties.

This work is structured as follows: In the first part, i.e. the Chapters 1 and 2, we will
introduce some basic notions about optimal transport and develop the main tools we
will need later.

In the second part we will give short introductions to the diverse geometric and analytic
inequalities we want to discuss, and we will give proofs for them that are related to
optimal transport.

To be more precise, Chapter 1 will introduce some basic notions about convex analysis
that we will need in later chapters.

Chapter 2 will detail Monge’s optimal transport problem and introduce a relaxed version
of it, called Kantorovich’s optimal transport problem. Limiting ourselves to the case of a
quadratic cost function we will sketch the proof of the Knott-Smith optimality criterion
and obtain Brenier’s theorem as a corollary.

For absolutely continuous measures we will deduce that the very useful Monge-Ampére
equation, a partial differential equation, linking the densities of these measures and the
Brenier map, holds almost everywhere.

This introduction will mostly follow Cedric Villani [17][especially Chapters 2 and 4].

In Chapter 3 we consider the Brunn-Minkowski inequality and its functional version, the
Prekopa-Leindler inequality. We will give two direct proofs (from McCann [13], Barthe
[3] and Ball [2] respectively) using optimal transport for each inequality. This chapter
will also introduce the notions of McCann interpolation and displacement convexity.

In Chapter 4 we will further study the Minkowski sum of convex bodies, introducing the
notion of mixed volumes and giving a proof of the Minkowski inequality, using a method
introduced by S. Alesker, S. Dar and V. Milman [1].

In Chapter 5 the Brascamp-Lieb inequalities and their duals, the reverse Brascamp-Lieb
inequalities, will be considered and proved via the Brenier map. This was originally done
by Barthe [4]. A classification of optimisers by S. I. Valdimarsson [16] will be stated for
the Brascamp-Lieb inequalities.

In Chapter 6 it will be shown how optimal transport does not only allow us to proof
certain Sobolev inequalities, but also to obtain a classification of all their optimisers in
a rather simple way. These proofs closely follow an article by D. Cordero-Erausquin, B.
Nazaret and C. Villani [7].



1 Background

In this first chapter we will introduce some results, which, although they are not directly
linked to optimal transportation, will be important for later proofs.

First we will state the well known arithmetic/geometric mean inequality and some con-
sequences of it for determinants of symmetric nonnegative matrices. These results can
also be found in [17][pages 156-157]. Nonnegativity of a symmetric matrix M here means
that all eigenvalues of M are greater or equal than zero or equivalently that 27 Az > 0
for all z € R™.

Theorem 1.1. The arithmetic/geometric mean inequality

n
(1) Let (zi)1<i<n and (t;)1<i<n be nonnegative real numbers satisfying > t; = 1.
i=1

Then (with the convention that 00 = 1),

(ii) Let A and B be two nonnegative symmetric n X n matrices and t € [0,1]. Then,

3=

t-det(A)w + (1 —t) - (det(B))w
(det(A))(det(B)) .

det(t- A+ (1—t)- B)

>
and det(t-A+(1—t)-B) >

(iii) Let S be a symmetric matriz with all its eigenvalues less or equal than 1. Then
the function
1
t — det(l, —tS)=

is concave for t € [0,1].

Remark 1.1. In the proof of Theorem 1.1 some well known facts about symmetric non-
negative matrices will be needed:

Let A and B be symmetric nonnegative matrices. Then the following statements hold:

(i) There exists a symmetric nonnegative matrix \/(A4) with A =/ (A)Q.



(ii) The matrix ABA is itself symmetric nonnegative.

Proof. As A is symmetric it can be diagonalised by an orthogonal matrix O and a
diagonal matrix D with nonnegative entries:

A=0"Dpo =0"\/(D)0-0"\/(D)o,
where VD = +/(diag(t1, ..., t)) = diag(y/(t1), .-, \/(tn)). Defining 1/(A4) as OT/(D)O

finishes the proof of the first part.

Obviously ABA is symmetric as (ABA)T = AT BT AT = ABA. To prove nonnegativity
it suffices to show that 2”7 ABAzx = (Ax)” B(Az) > 0 for all € R™. This is obvious as
B is nonnegative. U

Proof of the arithmetic/geometric mean inequality. (i) is a simple consequence of the
concavity of the logarithm.
To prove (ii) it will be sufficient to prove

(det(A + B))w > (det A) + (det B)

because of the n-homogeneity of the determinant.
As a first step we will prove this for regular matrices A. As A is symmetric nonnegative
it has an invertible symmetric nonnegative squareroot /(A).

By multiplying the inequality with det( (A))fi from both sides we obtain
(det(I, + D))= > (det I,)# + (det D)n (1.1)

—1 -1
with D = +/(A) -B-y/(A) . By Remark 1.1, D is symmetric nonnegative itself. As D
can be written as diag(ty, ..., t,) with ¢; > 0 with respect to an appropriate orthonormal

base, we can write (1.1) as
1 1
n n n n
i=1

=1

Jun

It follows from (i) that

1 1 1 t 1 \n PN
1:n21+ti+nzl4—ltiz(nl+ti) +(H1—ijti) '

Multiplying this by (J](1 + tl))% finishes the proof for regular A.

If A is a not invertible, we can approximate it by regular matrices. Since det is contin-
uous, (ii) holds.



The proof of (iii) is done by the following simple calculation using (ii):
det(I, — M1S — (1 = Nt2S)n = det(MI, — £1.5) + (1 — N)(I,, — t25))n
> Adet(L, — £1.5) 7 + (1 — ) det(L, — t25) .

Here the nonnegativity of I, —t;5 is a consequence of the assumption that all eigenvalues
of S are less than 1. O

1.1 Lebesgue Density Theorem

In this section we will introduce derivatives of measures and proof a useful density
theorem by Lebesgue. This proof can be found in [15][Chapter 8].

To define the notion of a derivative of a measure we will introduce substantial families
of open sets:

Definition 1.1. A collection = of open sets in R™ will be called a substantial family if
it satisfies the following conditions:

(i) There is some positive constant C' < oo such that for all X € E there exists an
open ball B containing X with vol,[B] < C vol,[X].

(ii) For every ball B C R"™ there is an X € = with X C B.

The first condition means essentially that sets that are small in volume also have to be
small in diameter. The second condition guarantees that there are enough sets.
The collections of all balls or all cubes are simple examples of substantial families.

Now we can define the derivative of a measure:

Definition 1.2. Let u be a Borel measure on R™. For every r >0 and x € R" define

A, (x) = inf {V(/;Ef)](] cx€ X C B(z,r), X € E} ,

A, (z) = sup {Vgl[j[g](] cx € X C B(x,r), X € E} ,

where = is a given substantial family, and define the lower and upper derivative of p by
(Dp)(x) = tm A, (z) and (Dp)(x) = lim A, ()
r—0 r—0
respectively.

We say that p is differentiable at a point x € R™ if the lower is equal to the upper
derivative and than we define its derivative as

(Dp)(z) = (Dp)(x) = (Dp)(=).



Now our aim in this section is to prove the following theorem:

Theorem 1.2. Let p = fdx + o be a Borel measure on R"™, where fdx is the absolute
continuous and o the singular part of pu. We assume further that p is locally finite,
meaning that for every x € R™ there is an open neighborhood N, of x with u[Ny] < oco.

Then b is differentiable almost everywhere and the equation

f(z) = (Dp)(x),
where (D) is defined with respect to some substantial family E, holds for almost all x.
The points satisfying this are called Lebesgue points of p (or f).
For the proof we will need some lemmata. We begin with a covering lemma for substan-
tial families:

Lemma 1.3. Let = be a substantial family in R™ and let ® be a finite subcollection of =.
Then there exists a subcollection ®' of ® consisting of pairwise disjoint sets satisfying

voly [U cb} <C-3" - vol, [U @’} .

Here C is the constant from the definition of substantial families.

Proof. We order the elements X1, Xo, X3, ..., X} of the collection ® by their diameter in
decreasing order.

Let i1 = 1, let i2 be the smallest integer such that X;, is disjoint from X;, and then let
generally i,, be the smallest index such that X;, is disjoint from all X; with 1 <p <m.
Do this as long as it is possible to find such indices and let ®' = {X;,, X,,...}.

By definition, each X;, lies in some ball B, satisfying
voly [By] < Cvoln[X;,].

Now we observe that for each X}, there is some index i, < k such that X, intersects
Xk. As the diameter of Xy is smaller as that of X;, by our construction, X} has to be
included in the ball 3B5,,.

Thus we can calculate

vol, [U @} < vol, [U 334 < 3" vol, [U Bp} <C -3 vol, [U @’}

which completes the proof. O

Lemma 1.4. If ;i is a Borel measure, then Dy is measurable.



Proof. We consider the functions A, as defined in Definition 1.2. As Dy is defined as a
limit of such functions it will be sufficient to show that these are measurable.

To do this we will prove that the sets {z : A(z), > a} are measurable for all C' > 0. If
is such a number and x is some point with A, (x) > a, then there exists an X € Z such
that © € X C B where B is some ball with radius r and p[X] > avol,[X]. It follows
that A,(y) > « for all y € X and so {x : A(x), > a} can be written as a union of open
sets and is as such open and therefore measurable itself. O

Lemma 1.5. Let = be a substantial family. Let u be a positive Borel measure which is
finite on compact sets. Let A be a measurable set with u[A] = 0. Then (Du)(z) =0 for
almost all x € A.

Proof. Let P be the set of all z for which (Du)(x) > 0. By Lemma 1.4, P is measurable
and so is AN P. So it is sufficient to show that vol,[A N P] = 0.

We assume that this is false. Then there is a constant o > 0 and a Borel set X, C ANP
with vol,[Xa] > 0 and (Du)(x) > a. By the regularity of the volume we see that X,
contains a compact subset K with vol,[K] > 0.

Fix § > 0. For each x € K there is a set S € = such that diam(S) < ¢ and p[S] >
avoly[S]. Since K is compact, there is a finite subcollection of these sets S covering K
and, by Lemma 1.3, there is a subcollection {S1, Sa, ..., Sk} with the following properties:

1. All the S; are pairwise disjoint.

2. pu[Si] > avol,[Si].
k

3. Y vol,[Si] > C71- 37" - vol, [K].
=1

Let K5 be the set of all points whose distance from K is less than §. As S; C K for all
i, we can calculate

k k k
w|Ks) > p [U si] = ZM[SZ-] > aZvoln[Si] >a-C7 37 voly[K]. (1.2)

i=1

Taking 0 to be % for n > 1 we obtain u[K| = li_I>n K1 as K is the intersection of the

m—0o0 m

decreasing sequence {Kj, K%,K%, ...} and p[K,] is finite.
Therefore, (1.2) implies that
0=p[A] > pu[K]>a-C71-37" vol,[K] > 0.

This contradiction shows that (Dp)(z) < 0 almost everywhere and, as p was positive,
(Dp)(x) = 0 almost everywhere, finishing the proof. O



Lemma 1.6. If p is a singular Borel measure then (Dp)(x) = 0 almost everywhere.

Proof. Without loss of generality we can assume that p is positive. Since p L vol, there
is a Borel set A such that p[A] = 0 and vol,[A°] = 0. Applying Lemma 1.5 finishes the
proof. ]

Now we are in a position to prove Lebesgue’s density theorem.

Proof of Theorem 1.2. By Lemma 6.7 and the Lebesgue decomposition theorem we need
only consider absolutely continuous measures p. By the Radon-Nikodym theorem there
is a density f € Ly with

WiE) = [ fa)da
E

for all measurable sets E. It is therefore sufficient to prove that the equality

(Dp)(x) = f(x)
holds almost everywhere. Let r be a rational number and define sets A and B by

A={z: f(zx)<r} and B=A{xz: f(z)>r}.

Let A[E] = [ (f(z)— r)dz for all Borel sets E. For every E € Z we obtain
ENB

wlE] —rvoly[E] = /(f(:z) —r)dx < A[F]
E

or, calculating the upper derivatives of both sides of these inequalities,
(Dp) (@) —r < (DX)(2).

Since (DX)(z) = 0 almost everywhere on A, we can conclude (using Lemma 1.5) that

(Dp)(x) <

almost everywhere.
Therefore, if E, = {z: f(x) <r < (Du)(x)}, we have shown that E, is a null set. Since

{x: f(z) < (Dp)(z)} = LEJQ E, we obtain

almost everywhere.
On the other hand, if we replace p with —u we can in the same way obtain that f(x) <
(Dp)(x) almost everywhere. Combining these results finishes the proof. O

10



1.2 Some Facts About Convex Functions

In this section we will state without proof some results about convex functions, most of
them concerning (twice) differentiability of convex functions. These results can be found
in [14].

Convex Functions

Definition 1.3. A convex function ¢ on R™ is a function ¢ : R™ — R satisfying
Ptz + (1 - t)y) < to(z) + (1 — 1)o(y)
for allxz,y € R" and t € [0,1]. If ¢ : R"™ — R is a function, such that
Y(tr + (1 —t)y) > t(x) + (1 — )Y (y)
for all z,y € R" and t € [0, 1], then it is called concave.
A convex function ¢ is automatically continuous and locally Lipschitz. Therefore, by
Rademacher’s theorem, its gradient V¢ exists almost everywhere.

In order to deal with nondifferentiable points one defines the subdifferential 9¢ : R" —
P(R™) ={X C R"} of a convex function ¢ by

y € 00(x) = ¢(2) > p(x) +y- (2 —x) Vz e R™.
If ¢ is differentiable in x, the subdifferential coincides with the gradient, d¢(z) =
{Vo(x)}.

Legendre Duality

Definition 1.4. For a convex function ¢ one defines its convex conjugate function, or
Legendre transformation ¢* by

¢*(y) = sup x -y — o(x).

zeR™

Obviously, for all z,y € R",
z-y < ¢(x) + ¢ (y)- (1.3)

If ¢ is lower semicontinuous then ¢* is also lower semicontinuous and ¢** = ¢. (Legendre
duality).

11



Theorem 1.7. Convex conjugate functions give us a characterisation of subdifferentials:

y € 0¢(x) & x € 09*(y).

Proof. The subgradient inequality ¢(z) > ¢(z) + y - (z — x), which defines y € d¢(x),
can be rewritten as
xoy—o(x)>z-y—d(2) Vz e R".

Taking the supremum in z we get
x -y —¢(x) = ¢*(y) and thus by (1.3), z -y — ¢(x) = ¢*(y).

Using the Legendere duality this is the same as x - y — ¢*(y) = ¢™*(x) and therefore we
obtain
ry—¢*(y) >z 2—9¢(2) VzeR",

which can be rewritten as z € 9¢*(y). O

Second Differentiability
A convex function is twice differentiable almost everywhere in the interior of its domain.

This fact is known as Alexandrov’s theorem.

If 2o is a point where ¢ is twice differentiable then D?(¢(z¢)) is invertible if and only if
¢* is twice differentiable in V¢(xp) and the following formula holds

D3¢"(Vé(x)) = (Dag(x)) ™.
The second derivative D%¢ of the convex function ¢ can be interpreted as a rate of
volume distortion. More precisely:

Theorem 1.8. Let ¢ be a convexr function which is twice differentiable at x,. Then

vol, [06( By (z0))]
r=0  voly[B,(x0)]

= det D% ¢p(x0).

If D,24¢($0) is invertible, then there is a sequence rp, — 0 and there exist sequences of
balls (By)ren and (Bj,)ren and a fized constant C > 0 with

VOln(Bk)

YoulZk) S o s,
ol (B,) ~ © 7

By C 9¢(B,,) C B;, and

12



2 Optimal Transport

2.1 Monge’s Optimal Transportation Problem

This introduction to Monge’s problem will mostly follow [17].

Assume that we are given some goods we want to redistribute in a certain way. For
example we may have a pile of sand which we want to use to fill a hole.

Obviously such a process is not going to change the mass of our goods. Without loss of
generality we will normalize this mass to 1.

We shall model both the original configuration and the distribution we want to achieve
with probability measures on R". For any measurable subset A of R", u[A] will give a
measure of how much of our goods is located in A, while v[A] will measure the amount
that shall be in A.

For any given instance of this problem there may be many ways to achieve such a
redistribution. Each of these needs some effort, which will be modeled using a measurable
cost function c.

The question is now the following:
How to realize the redistribution with minimal effort.

In more technical terms, given two probability measures p and v and a measurable cost
function ¢ : R" x R®™ — R we want to minimize

IT] = /c(w,T(x))d,u
X
over all T : R" — R™ with v = T#u, where T#pu denotes the push-forward measure
defined by T#u[X] = p[T~1(X)].

This question can be ill-posed as there may be no maps T satisfying v = T#pu.
Consider for example the case that p is a Dirac measure, while v is not.

On the other hand, even if such maps T" do exist, there may not be a unique minimizer
for I[T], as shown by the following example.
Let 11 = (61 + 62) and v = $(J2 + J3) where &, denotes the Dirac measure concentrated

13



in a.
Obviously, there are two T satisfying the conditions of our problem.

2 x=1, 3 z=1,
Tl(x)z{z), z =2 TQ(x):{ 2 r=2

Let the cost function ¢ be defined by ¢(x,y) = |z — y|. Then a simple calculation shows
that I[Tl] = I[TQ] =1.

In the following we will only consider measures p and v that do not give measure to small
sets, where “small sets” shall be sets with Hausdorff measure zero, and the quadratic
cost function c(z,y) = |z — y|%.

As we will see in the following sections, these assumptions will guarantee the existence
of a unique solution to Monge’s problem.

2.2 Kantorovich’s Reformulation of Monge’s Problem

As mentioned before, Monge’s problem may not always have a solution, for example
there may not even be a map T with VI'#u = v.

Therefore we will loosen the restrictions on solutions of our optimal transport problem:
We will allow mass from a point € Supp(u) to be split up while being transported to

Supp(v).

To achieve this a way of transportation will now be modelled by a probability measure
7, a so called admissible transference plan, on the product space R"™ x R". Informally,
m(z,y) measures the amount of mass that is transported from x to y. Obviously for this
to make sense, the mass taken from a location  must coincide with u(x) and the mass
transported to a location y must coincide with v(y).

More precisely:

Definition 2.1. Given two probability measures p and v on R™ an admissible trans-
ference plan is a probability measure on R™ x R™ satisfying

7[A x R"] = plA] and n[R" xB] = v[B]

for all measurable subsets A and B.
Let TI(u,v) be the set of all such probability measures.

The set II(u, v) is always nonempty since it contains at least the product measure p X v.

Given two probability measures p and v and a measurable cost function ¢, Kantorovich’s

14



optimal transportation problem is now to minimize
A= [ copiney)
R™ x R™
for m € I(p, v).

Remark 2.1. Let T be a map pushing u forward to v. If we define 7 = (Id xT')#p,
then 7 is an admissible transference plan as

7[A X R"] = p[(Id xT) "' (A x B")] = u[A]

and
7[R xB] = [(1d xT) " (R" x B)] = p[T~(B)] = T4u[B] = v|B].

Using the push-forward formula we can also calculate
11) = [ el Ta)duta) = [leo AT @)duta) = [ cla,y)dd xT )b = 1)
R™ R™ R™ x R™

Thus, Kantorovich’s problem is indeed a relaxed version of Monge’s problem.

For this more general problem a solution always exists in the case of the quadratic cost
function. To prove this we will need Prokhorov’s theorem:

Theorem 2.1. Prokhorov Let (X,T) be a topological space and let M be a set of
probability measures defined on the Borel o-algebra of X. Then the following statements
are equivalent:

1. M is tight, that means for every e > 0 there is a compact set K such that m[ X\ K] <
€ for all me M.

2. M 1is sequentially compact in the space of probability measures equipped with the
topology of weak convergence.

A proof of this theorem can be found in [8][Chapter §].

Theorem 2.2. For c = |z —y|? the Kantorovich optimal transportation problem admits
a Minimaizer.

Proof. As a first step we will show that II(u,v) is sequentially compact. Let € > 0 be
given, and let K, L C R™ be such that

uR"\K] <e and p[R"\L]<e.
Then

7[(R™ x R\ (K x L)] < 7[R" x(R"\L)] + 7[(R" \K) x R"] = v[R" \ L] + p[R" \K] < 2e.

15



So II(u,v) is tight and therefore sequentially compact.

Let (7 )ken be a minimizing sequence and let 7 be a cluster point of this sequence. Then
7 is also an element of I1(1, ). We write the cost function ¢ = |z — y|? as the supremum
of a nondecreasing sequence of continuous bounded functions ¢;. Then we obtain, using
the monotone convergence theorem,

[le=sPar(ey) =t [ateyine)

< lim limsup/cl(x,y)dﬂk(%y)

l=00 koo

IN

limsup/|$—y|2d7rk($,y) = inf [I[p].
k—00 pell(p,v)

So 7 is a minimizer. O

2.3 The Brenier Map

As we have seen above there is always a solution to Kantorovich’s optimal transportation
problem for a quadratic cost function.

In this section our aim will be to show that such a solution 7 has to have a special kind
of structure, namely its support has to be included in the graph of the subdifferential of
a convex function ¢ on R".

As such a convex function is in fact differentiable outside a small set, we will in fact
be able to show that such a solution is also a solution in the stronger sense of Monge’s
transportation problem if the measure p does not give mass to such sets.

The tool we will use to connect optimal transport with convexity is the notion of cyclical
monotonicity:

Definition 2.2. Cyclical monotonicity. A subset I' C R" x R™ is cyclically mono-
tone if it satisfies the following condition: For allm € N and for all (x1,y1), s (T, Ym) €
T,

m m
Doz =yl <Dl — i
i=1 =1

where Yo = Ym.-

In the following we will prove that the support of an optimal transference plan has to be
cyclically monotone and that a cyclically monotone set has to be included in the graph
of the subdifferential of a convex function.

Theorem 2.3. Let o and v be two probability measures on R™ and let m € T (p,v) be
optimal in the Kantorovich problem of mass transference between i and v with quadratic
cost function c(x,y) = |z — y|*>. Then the support of  is cyclically monotone.

16



Sketch of proof. Let m be optimal. Assume that the support of 7 is not cyclically mono-
tone, that is, there are points (z1,41), ..., (Tm, Ym) in the support of = with

m m
Z i — yil® > Z i — yia .
i=1 i=1

Consider balls B; centered at (z;,y;) respectively, each carrying a small mass € of the

measure m. Let the translated balls B; be defined by B;+ (0,y;—1 — ;). Define a measure
7 in the following way:

AX] = aX] = Y al(X N B+ Y wl(X N Bi) — (0,yi-1 — yi)]-

This means we shifted the mass carried by the B; along the second axis.

Let 1 and 7 be the marginals of 7. Obviously [ is equal to u as there was no change
concerning the first axis. 7 on the other hand is approximately equal to v, because the
measure removed at each y; by the removal of the measure carried by B; is compensated
by the measure of B;;i. On the other hand calculating

o~ yl2d(7 —7) = —Z/rw—yr%mz/\x— (5= i + yor) 2

R™ X R™ =15, =1,
m m
~o- Z/ i — il *dm + Z/ i — (yi — yi + yi1)|Pdm
=1 =1

m m
= € <— Yol —wilfi+ ) |wi - y1-1|2> <0
=1 i=1

shows that 7 is in fact a better transference plan than m, which we assumed to be
optimal.
Of course this proof is not rigorous, because 7 is only nearly a member of I[u, v]. O

Theorem 2.4. Rockafellar’s theorem A nonempty subset I' C R™ x R" is cyclically
monotone if and only if it is included in the (graph of the) subdifferential of a proper
convex lower semicontinuous function ¢ on R™. Maximal cyclically monotone subsets
with respect to inclusion are exactly the subdifferentials of such functions.

Proof. Let ¢ be a convex function and let (z;,vy;) € Graph(V¢) for 1 < i < m, where
m € N. By definition, this means that

¢(2) = o) +yi - (2 — ;)
for all z € R", and therefore

¢(x2) > d(w1) +y1- (w2 —21)
P(z3) > ¢(x2) +y2 - (z3 — 22)
d(x1) > P(xm) + Ym - (®1 — Tm).
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Summing up these inequalities, we find that

Yodla) =D blxi) + Y yi- (wivr — @)

with the convention that x,,+1 = x1. This is of course equivalent to

0 > 2) gi-mip1—2) yi-wi=— (Zﬂﬁiﬂ it —QZyi'IiH-f—Zyi'yi)
m m
+ <in‘xi_2zyi'$i+zyi'yi> == |wi— g1+ ) lmi — il

i=1 i=1

and so Graph(V¢) and all of its subsets are cyclically monotone.

Now let I' € R™ x R"™ be cyclically monotone and let (zg,y9) € I'. Define a function ¢
by

(;5(.%‘) = Sup{ym : (SU - xm) + Ym—1- ('Tm - xmfl) + ...+ Yo (331 - 1'0)
:m €N and (x;,y;) € T'}.

As a supremum of affine functions, ¢ is a convex function. Also, ¢(z¢) < 0 by cyclical
monotonicity and so, ¢ is proper.

Now we only have to prove that v is indeed included in the subdifferential Graph(d¢):
For (z,y) € I' we have to check that

¢(z) 2 o(x) +y- (2 — )

for all z € R™. It suffices to check that

(=) > aty-(z—2) (2.1)
for all a < ¢(z). If a < ¢(x), then there exist m and (x;,y;) such that

& < Ym (&= T) + Ym—1 - (@ — Tp—1) + . + 90 - (21 — 20)
or equivalently
at+y- z—2)<y- (z—2)+Ym- (& —2m) + Ynm-1- (Tm — Tm-1) + ... + Y0 - (£1 — 0).
By setting = 2,41 and y = y;m+1 and applying the definition of ¢, we obtain (2.1).
U

Combining these two last results we get as a corollary the Knott-Smith optimality
criterion: If 7 € II(u, v) is optimal, then there exists a convex function ¢ such that

Supp(m) C Graph(d¢)

or equivalently:
y € 0¢(x) for m-almost all (x,y)

Finally we can now prove Brenier’s theorem:

18



Theorem 2.5. Let u and v be probability measures and consider the optimal transporta-
tion problem with the quadratic cost function c(z,y) = |v — y|?. If u does not give mass
to small sets, then there is an optimal ™ given by

7= (Idx V) #p,
where V¢ is the gradient of a convex function which pushes p forward to v: Vo#u = v.

We shall refer to this mapping V¢ as the Brenier map pushing p forward to v.

Proof. We already know that an optimal 7 exists and that its support is included in
the graph of the subdifferential of a function ¢, or in other words that y € d¢(x) for
m-almost all (x,y). Outside of a Lebesgue null set this means that y = V¢(z) and as p
does not give mass to such a set this equation holds p-almost everywhere and as such
also 7 almost everywhere. O

2.4 The Monge-Ampere Equation

Let p and v be two probability measures with densities f and g. As we know from the
last section there exists a convex function ¢ with V¢#u = v. This means that we can
use the push-forward formula to obtain

/ C(y)g(y)dy = / C(Vo(x))f(z)dz.
for all bounded continuous functions (.

From now on we will assume that V¢ is a differentiable function that is also one-to-one.
Then we can use the change of variable formula to obtain

/ CW)g(y)dy = / C(V(2))g(V(x)) det DA((x))da.

Combining the last two equations we get

/C(V¢(fv))f($)dw = /C(Wﬁ(w))g(vcfﬁ(w))det D*(¢(x))dz.
Since ¢ was arbitrary, we obtain the Monge- Ampeére equation

f(z) = g(V(x)) det D*(¢())dx

This formulation of measure transportation will be very useful for the geometric appli-
cations in the remaining chapters.

Our goal in this section is to obtain this equation without assuming smoothness of the
transportation map V.
Before stating the main result we need one more definition:
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Definition 2.3. Hessian measure The Hessian measure associated with ¢, denoted by
dety D@, is defined by

det sy D*¢[E] = vol, [0¢(E)] = vol, [{0¢(x)|x € E}]
for any Borel measurable set E C R"™.

Theorem 2.6. The Monge-Ampeére equation Let p and v be absolutely continuous

measures with densities f and g respectively, and let ¢ be a convex function with Vo#Hu =
v

Let det D% ¢ be the determinant of the Hessian of ¢ in the Aleksandrov sense, i.e. defined
almost everywhere, and let det Digf)dx denote the measure with density det Digf).
Let M be the set of points where D124 is defined and invertible.

Then the following statements hold:
(i) M is of full measure for p and 0d(M) is of full measure for v.

(ii) The measure with density det D?(¢) is the absolute continuous part of the Hes-
sian measure dety D?(¢). It is concentrated on M and satisfies the push-forward
formula

Vo#(det D3 ¢dx] = Xpp(ar)da.
(i4i) For almost all x € R™ the Monge-Ampére equation
det D3 (2)g(Vo(x)) = f(x) (22)
holds.

(iv) For all nonnegative measurable functions U on Ry with U(0) = 0,

/ U(g(y))dy = / U <(M§%> det D46 (z)da. (2.3)
s

R?’L

The main tool in the proof of this theorem will be the density theorem of Lebesgue.

The next result will allow us to identify the absolute continuous part of the Hessian
measure dety Dag(x).

Theorem 2.7. Let ¢ be a convex function. Let dety D?¢(x) denote the Hessian measure
associated with ¢ and let det D% ¢(z) denote the determinant of the Hessian.

Then det D% ¢(z)dz is the absolute continuous part of dety D?¢(x) and dety D?¢(x) is
locally finite.

Proof. 1t is a consequence of the convexity of ¢ that for any compact set K,

dety D?¢[K] = vol,[06(K)] < oo,
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and, therefore, the Hessian measure is locally finite and we may apply Lebesgue’s density
theorem. Applying Theorem 1.8 we obtain

. dety D*¢[By(z)] _ . volu[04(B,(x))] 2
P T VoL [Br(x)] r0 voln[By(2)] et Dao(a)
for almost all z. An application of Lebesgue’s density theorem finishes the proof. O

Another tool in the proof will be the following lemma, which expresses the push-forward
measure Vo in terms of the subdifferential d¢.

Lemma 2.8. Let ¢ be a convex function and let u and v = Vo#Hu be absolutely contin-
uous probability measures. Denote by f and g the respective densities of u and v. Then
for all Borel sets A C R",

VosulA] = u0g*(4)]  and /g<y>dy: / f(x)d. (2.4)
86(A) A

Proof. Since Vo#ul[A] = u[(V¢)~1(A)] by the definition of the push-forward, the first
equation is equivalent to u[(Ve)~1(A)] = u[de*(A)].
Its a general property of convex functions that = € 9¢*(y) is equivalent to y € dp(x) (=
{V¢(z)} if Vé(x) exists). Therefore x € (Vo)1 (y) = Vo(z) = y = z € d¢*(y) and so
(Vo) 1(A) C 09" (A).
It will suffice to prove that the difference

Z =[0¢*(A)] - (Vo)1 (4)]

is a set with zero Lebesgue measure, because then,

06" (A)] = pl(Vo)H(A)] + plZ] = ul(Ve) ™ (A)]

as u[Z] = 0 because p is absolutely continuous.

Let x € 0¢*(A). Obviously there is a y € A with z € 9¢*(y) or equivalently y € dp(x).
If x is a differentiability point of ¢ then 0¢(x) = {V¢(z)} and so y = Vé(z). Therefore

z € (Vo) H(y) C (Vo) H(A).

Hence Z is included in the set of points where ¢ is not differentiable. As this set has
zero Lebesgue measure, Z has zero Lebesgue measure and the proof of the first equation
is complete.

To prove the second equation, recall that y = V¢*#v. Therefore, by applying the first
equation on ¢* instead of ¢ and using the push-forward formula

/1d,u: / ldv = / ldv,

A V(¢*)~1(A) 99(A)

finishing the proof of the second equation as f and g are the densities of y and v. [
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With these tools at hand we can finally give the proof of the Monge-Ampere equation.

Proof of Theorem 2.6 . Recall from Section 1.2 that D% ¢(x) is invertible if and only if
D2%¢*(y := V(z)) is defined.

This implies that if D4¢(z) is not invertible, then z is included in d¢*(y), where y is
included in the set of points where D> 4¢* does not exist. We denote this set by C. By
Alexandrov’s theorem C' has zero Lebesgue measure.

Using Lemma 2.8 we see that

UIME] < pl06"(C)] = Vo#ulC] = vIC] = 0
as we assumed that v is absolutely continuous.

Obviously this means that u[M] = 1 and v[0p(M)] = Vo*#v[M]| = u[M] = 1 by
another application of Lemma 2.8. This finishes the proof of (i).

The first part of (ii) has already been proven in Theorem 2.7. As det D%¢(z) is zero
outside of M it is clear that det D}¢(z)dx is concentrated on M.

To complete the proof of (ii) we will show first that Ve (det D% ¢(x)dz) is absolutely
continuous. Consider a subset A of 9¢(M) with zero Lebesgue measure. Then

Vé#(det D ¢(x)dx)[A] = det D3¢(x)dz[(Ve) ' (A)]
< dety D*¢(x )dx[(Vcb) 1(A)]—vol [6¢(<V¢> H(A)]
voln[Vé((Ve) ™ (A)] = vol, [A] =

To finish the proof of (ii) we have to show that the density of Vo#(det D% ¢(x)dz) is
equal to one almost everywhere on d¢(M ). To do this we use Lebesgue’s density theorem
again:

Let y € 0¢(M). Then there is an x € M with V¢(x) = y. Recall from Section 1.2 that

i YOlal00" (B
P50 vol,[B,(y)

1
det D% ¢ ()’

?}J))] = det D%¢*(y) = det D4 ¢* (V(z)) =

Using the second part of Theorem 1.8 we see that there is a sequence r; — 0 such that
we can apply Lebesgue’s density theorem on the measure det D? 20(x)dr and the sets
Cr = 09" (By(y)). Doing this,

o et D30 (2)da(00" (B, (1))
k—o0 VOln [a¢*(Br (y))]

Multiplying these two limits and using Lemma 2.8 again, we find

- det D3¢ (x)d[0¢* (B, (y))] _ -~ Vo#(det D4 ¢(x)dx)[B,(y)]
k—00 voly[Byr(y)] k—r00 volu[B;(y)]

= det D% ¢().

=1.
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Using Lebesgue’s density theorem finishes the proof.
Let A C R" be a Borel set. Using (ii) and the push-forward formula, we obtain
| swids= [ oo @y = [ xasa(Vo(a))g(To(a)) det Do(a)da.
96(A) (M) M

For the integrand to be non zero, V¢(x) has to be an element of d¢(A). This means
there is a y € A with y € 9¢*(V¢(x)). As z is an element of M, the second derivative
Digb(:p) is invertible, and so ¢* is actually twice differentiable at V¢ (z) and therefore

y € 9¢"(Vo(x)) = {Ve"(Vo(2))} = {x}.

So we find that x = y and « € A. If, on the other hand, we assume that x € A, then
clearly

{Vo(x)} = 0(x) C 06(A).
)

Thus, we see that z € A and V¢(z) € dp(A) are equivalent and, therefore, we can write

[ 9wy = [xa@(Tota) det Do o)
M

Using the fact that det D% ¢(z)dx is concentrated on M we deduce
[ swis= [ 9(vo(w) det Do)
Op(A) A

By Lemma 2.8 part (ii), we find that

/f(x)dgc: /g(Vgﬁ(x))detDicb(m)dw.
A A

Since A is an arbitrary measurable set, this concludes the proof of (iii).
From (ii) we know that
| vtat)is = [Ui(vo@) det Do)z
d(M) M

and by (iii) we can write

9(Vo(x)) = (mg%

for almost all x € M. Combining these two statements we find that

/ U(g(y))dy = /U (%) det D% ¢(x)dz.
M

dp(M)
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Since det D% ¢(x)dz is concentrated on M, we can extend the integral on the right-hand
side to R™. Since v = g(x)dx is concentrated on d¢(M), we know that g(z) = 0 for
almost all z € (9¢(M))¢. Therefore U(g(z)) = 0 almost everywhere outside of d¢p(M)
and we can also extend the left—-hand side integral. O
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3 The Brunn-Minkowski and
Prekopa-Leindler Inequality

3.1 The Brunn-Minkowski Inequality

Let A and B be subsets of R®. Then the Minkowski sum A + B is defined as the
set {a +bla € A,b € B}. The Brunn-Minkowski inequality gives a lower bound for the
volume of the Minkowski sum of two sets.

Theorem 3.1. The Brunn-Minkowski Inequality Let A and B be non-empty com-
pact sets in R™. Then the following inequality holds

vola[(1—1) - A+t Blw > (1 —t) - volu[A]# +t - voln[B]
for all t € [0,1].

Remark 3.1. The compactness of A and B implies that A+ B is also a compact set and
therefore a Borel set.

An eloborate introduction to this topic is given in [10].

First we will give an equivalent, dimension free formulation of the Brunn-Minkowski
inequality. Although this inequality is formally weaker than the Brunn-Minkowski in-
equality for fixed A, B and t, it is equivalent to Theorem 3.1 if it holds for all A, B and
t.

Theorem 3.2. The Multiplicative Version of the Brunn-Minkowski Inequality
Let A and B be non-empty compact Sets in R™. Then the following inequality holds

volu[(1 —t) - A+t - B] > vol,[A]' " - vol, [B]! (3.1)
for all t € [0,1].
Lemma 3.3. The Brunn-Minkowski inequality holds if and only if Theorem 3.2 holds.

Proof of Lemma 3.3. We can show that the Brunn-Minkowski inequality implies its mul-
tiplicative form by a simple application of the arithmetic/geometric mean inequality:

voln[(1— 1) A+t Blx > (1 —t) - voly[A] + t - volu[B]n > voln[A] = - vol,[B]=
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which is obviously equivalent to inequality (3.1)

To proof the other implication let A" = vol, [A]_% - A and B’ = vol, [B]_% - B. Then by
(3.1)
volu[(1 — t)A’ +tB'] > vol,[A]' " vol,[B']f = 1 (3.2)

for every t € [0,1] as the volume of A’ and B is 1. Let ¢ € [0, 1] and let
t- VOln[B]%

t = :
(1—1¢) - voly[A]n +t - voly[B]»

Then we get
(1—t)-A+t-B

1-t) - A+t.-B = - -
(1 —1t)-volp[A]n +t - voly[B]»

If we take the volume of both sides of this equation and use (3.2) we see that

1
1 < wvol, (1_t)'f1+t.B i
(1 —1t)-voly[A]» +t - voly[B]»

and finally the n-homogeneity of the n-dimensional volume implies the Brunn-Minkowski
inequality. O

An important implication of the Brunn-Minkowski inequality is the isoperimetric in-
equality.
Theorem 3.4. Let X be a compact set and let By, denote the n-dimensional unit Ball.
Then ) )

<voln_1[8X] >nl S (voln[X] >n

voly1[0By] ~ \voly[Bn]/)

In other words, among all compact sets the sphere has the highest volume to surface area
ratio.

Proof. Let B, denote a Ball with radius € > 0 centered at 0. Then we can calculate

voly [X + B¢] — voly[X]

voly.1[0X] = lim inf (3.3)
e—0 €
Applying the Brunn-Minkowski inequality with Y = B,, we find
1 1 1 1
voly [X + Be|n — voly [X]» > vol, [Be]» = evoly[By]n. (3.4)

Dividing this by € and passing to the liminf on the left hand side we obtain
voln[X + B]w — voly[X]n

vol, [Bn]% < liminf
e—0 €
o Vol[X £ Be]» — voln[X]n po e vol[X 4 Bl — voly[X]
0 volu[X + B.] — voly[X] 0 € '
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Using now the fact that the left factor is a differential quotient and (3.3) we further get
vol, [Bn}% < %Voln [X]%_l voly.1[0X].
With vol,[B,] = %voln_l[aBn] we finally see that
voly [By] nl voly1[0B] < vol, [ X] 1 voly1[0X].

thus finishing the proof. O

There are many known proofs of the Brunn-Minkowski inequality. In the following
sections we will give two proofs using optimal transport, the first one can be found in
[2], the second one in [17][Chapter 5].

3.1.1 A First Proof Using Optimal Transport

Using the Brenier map we can give a first proof of the Brunn-Minkowski inequality. It
is noteworthy that the proof does not depend on the optimality of the Brenier map in
the sense of the Monge-Kantorovich problem, but only on its analytic properties.

A first proof of the Brunn-Minkowski inequality. Without loss of generality we may as-
sume that both A and B have finite non-zero measure. Let g and v be the uniform
probability measures on A and B, respectively. Let T be the Brenier map transporting
u to v and let T be the map given by

z— (1 —t)xr +tT(x).

This map transports the measure u to a probability measure supported on (1—t)A+tB.
Let f; be the density of this measure.

If we could prove that f; is bounded from above almost everywhere, say by a constant
C, than C - vol,((1 —t)A 4 tB) would have to be greater or equal than 1 because f; is a
probability measure. Of course we can also write this as

voly((1 — ) A+ ¢B) > % (3.5)

In particular, to prove the multiplicative version of the Brunn-Minkowski inequality it

is now sufficient to show that we can choose C to be Vol A)l,lt (B

By Theorem 2.6, the densities m, m, f+ satisfy the Monge-Ampere equations
1
= T, . T/ .
o = @) de(T](e)), (36)
1 1
= - det (T’ 3.7
vol, (A) o (@) eI (@) (37)
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almost everywhere.

Using these, the inequality (3.5) with C =

ol A)l,lt ol (B will follow from

(@) = (245 ) = @err (@)

which, simply by the definition of f, is equivalent to
det((1 —t)I +tT'(x)) > (det(T'(x))". (3.8)

As T'(z) is the Hessian of a convex function by Brenier’s Theorem 2.5, and therefore
symmetric and nonnegative, it is a diagonal matrix with respect to an appropriate or-
thonormal basis, say diag(ti,ta,...,t,) with ¢; > 0. Therefore we can rewrite the last

inequality as
n

n
[[a-t+t-t) =]
=1

i=1
But this follows directly from the arithmetic/geometric mean inequality, because we can
obtain 1 —t+¢-t; > t§ for each t;. O

3.1.2 A Second Proof by Displacement Convexity
Displacement Convexity

Our formulation of the Monge problem depends only on the starting and the end point
of the transportation process. One can also take the whole history of the transportation
process into account:

To each point = € R"™ we will associate a trajectory (Tyx) for t € [0,1] and a correspond-
ing cost C(Tyx). This leads to the following time dependent reformulation of Monge’s
problem:

Time Dependent Version of Monge’s Problem

We want to minimize

b'e
where Ty = Id and T1#up = v.

As we considered only the quadratic cost function c(z,y) = |z — y|? in the original

1 .
formulation, we will only consider the quadratic cost C'(Tyz) = [ |Tiz|?dt in this problem.
0
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These two problems are then equivalent in the sense that a solution 73 for the time
dependent problem gives rise to a solution 1" of the original problem T, via T' = T7.

Proof. Jensen’s inequality implies that
1
C(Tix) = / | Ty |2dt > / Tyxdt| = |Ty(z) — Ti(2)|* = |z — Ty (2)|* = c(x, Ty (x))
0 0

and for Ti(x) = tx + (1 — t)y we get C(Ti(x f |z — y|?dx = c(z, ).

Therefore an optimizer T; of the time dependent problem has to be of the form ¢ Id +(1—
t)T for some T with T#p = v and for such an optimizer I*[T;] = I[T] holds.

Assume that 77 = T is not an optimizer of the original problem. This would imply
the existence of a map 7" with I*[Id +(1 — ¢t)T"] = I[T"] < I[T] = I[T}]. As T; was an
optimizer this is a contradiction. ]

These arguments together with the existence of the Brenier map imply that McCann’s
interpolation as defined below is the solution of our time dependent problem.

Definition 3.1. McCann’s Interpolation Let y and v be two probability measures
that do not give mass to small sets. Let V¢ be the transportation map with Vo#pu = v.
Define

pr = [p,v]e = ((1 = t) Id +tV @) #p.

This family of probability measures interpolates between p and v and [u,v]p = p and

[, v =v.
If F is a functional on the space of probability measures P then we can study its behavior
on [u,v]¢ as t varies in [0, 1]. Is, for example, F'([u,v];) convex as a function of ¢?

Definition 3.2. A functional F' on P is called displacement convex if for all pg, p1 in
P, t — F(pt) is convex on [0,1] where pr = [po, p1].

The following Lemma will show the displacement convexity of a class of functionals.
Lemma 3.5. Let U(p) = [ U(p(z))dz for U measurable Ry — RU {+oco}. Let U be
defined by U : 1 r™ - U(r[%tl).

Then U is displacement convex if U(0) = 0 and ¥ is convex nonincreasing on (0, 4+00).

Before we give the proof of this lemma, we will prove a result about the convexity of
composite functions.
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Lemma 3.6. Let [ be concave function and let g be a convexr nonincreasing function.
Then g o f is also convex.

Proof. As f is concave the following inequality holds for all A € [0, 1]:

JAz+ (1 =Ay)) 2 Af(x) + (1= Af(y))

Using that g is nonincreasing and convex we obtain that

g(fQz + (1= Ay))) <gAf(@) + (1= Af(y) < Ag(f(x)) + (1 = Ag(f(y)))

which completes the proof. O

Proof of Lemma 3.5. Let p and v be probability densities. We consider the interpolant
pr = [p,v] = [(1 = 1) Id +tV @] #p.

As a consequence of 2.6(iv), we can write

_ p(z) e . — D2b(x -
o0 = | U (Gt —it oy ) et — tn ~ Diole))ds.

The integrand can be written as a composition of the two following maps.

t s 7 = det(I, — tS)n
re—=r"-Ulr "p(zx))
where S = I,, — D%¢.

As the first mapping is concave by Theorem 1.1(iii) and the second nonincreasing convex
by our assumptions, their composition is — by Lemma (3.6) — convex and so U(p) is
displacement convex.

O

Remark 3.2. In the following proof of the Brunn-Minkowski Inequality we will use the
following functional

Rn
This is of course a special case of the functionals we were looking at in Lemn%a, 3.5 with
U(r) = —r'~n. Tt is therefore displacement convex as U(r) = r™ . —p~"17%) = —p ig
obviously convex and nonincreasing.

Another property of this functional which we will use in the proof is the following:
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Let 4 be the uniform probability measure on X. Then

) =~ [ be = = [ 130 ()" e = ol (0.

R™ X

Proof of the Brunn-Minkowski inequality. Let u = pg and v = p; be the uniform prob-
ability measures on A and B, respectively. Then the interpolant p; = [u,v]; has its
support included in the set (1 —t)A +tB for all t € [0, 1].

Let A € (0,1) and let Sy be the support of the interpolant p;. Obviously, % is the
density of a probability measure. Therefore, using Jensen’s inequality:

ue = | Ulpod = volo(S) / | U)oy = vol(SOU <V01 En / mdw)

volo(S)U <v01 1( St)) — vola(Si)h.

S\H

Y

As S; is a subset of (1 —t)A +tB, the inequality — voln(St)% > —volh((1 —t)A+ tB)%
holds.

Finally the displacement convexity of &/ and Remark 3.2 imply that
—vol, (St) <U(pt) < (1 —1t)-Ulpo)+t-U(p1) =—(1—1) -VOln(A)% —t- Voln(B)%.

If we put the last two statements together we finally get

:\H

voly((1 — )A + tB)n > (1 —t) - voly(A)n + t - vol, (B) .

3.2 The Prekopa-Leindler Inequality

Another important inequality, functional in nature, that can be proved using the tools
optimal transport provides, is the Prekopa-Leindler inequality. As shown below, it can
be seen as a more flexible variant of the Brunn-Minkowski inequality.

Theorem 3.7. Let f,g, and h be nonnegative integrable functions on R™ and let t €
[0,1]. Assume that for all z,y € R™,

h((L—t)z +ty) > fl)' " g(y)". (3.9)

Then the Prekopa-Leindler inequality holds:

/n hdz > </ fdx)l_t~ </ngd:£)t. (3.10)
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Remark 3.3. Of course, given f,g one can choose

h(z)= sup  f(2)"g(y)’
z=(1—t)z+ty

to fullfill the assumption (3.9).

Remark 3.4. The Prekopa-Leindler inequality is a functional version of the Brunn-
Minkowski inequality. In fact, we can regain the Brunn-Minkowski inequality if we
use the Prekopa-Leindler inequality for the characteristic functions of A and B.

Proof. Let f and g be the characteristic functions of A and B, respectively. Let h be
the characteristic function of (1 —¢)- A+t- B.

Since f and g are characteristic functions, the right hand side of inequality (3.9) only
takes two values, zero and one.

If it is equal to zero the inequality obviously holds.

On the other hand, if both f(x) and g(y) are equal to one, in other words if z € A and
y € B, then, clearly, (1 — t)z + ty is an element of their Minkowski sum, and therefore
the left hand side of (3.9) is also equal to one.

Therefore we can use the Prekopa-Leindler inequality to obtain

volu[(1 —t) - A+t - B] > vol,[A]'™" - vol,[B]!
which is exaxtly the multiplicative Brunn-Minkowski inequality. O
There are many classical proofs of the Prekopa-Leindler inequality, in the following, two

proofs using optimal transport will be given. The first one can be found in [13], the
second one in [3].

First proof of the Prékopa-Leindler inequality. Without loss of generality we may as-

sume that [ f = [ ¢ =1 and then proof that [h > 1.

Let p and v be the probability measures with densities f and g, respectively. We consider
the displacement interpolants p; = [p,v];. Since [ p; = 1, it will be sufficient to show
that p; < h almost everywhere for all ¢ € [0, 1].

Let ¢ be a convex function with Vé¢#u = v. Then p, = [(1 —t) - Id+t - V| #u and,
with Theorem 2.6, the Monge-Ampere equation

f(@) = pe((1 =ty + tV(x)) det((L — t)Ln + tD3 () (3.11)

holds almost everywhere.
As a special case of (3.11), f(z) = g(Vé(x)) det(D%¢(x)). Since f is the density of p,

32



it is obviously positive p-almost everywhere and therefore u-almost everywhere we can

write fa)
x
det(D%¢(z)) = -2
(D0l = 4 a(e))
When we consider the Jacobi determinant in equation (3.11), we see, using the arith-
metic/geometric inequality, that

3=

det((1—) I +tD%(x))7 > (1—t)(det L) +t(det(D3g))7 = (1—1)+t- (M)

Using equation (3.11) again, we see that
f(z)
det((1 —t)I,, + tD%¢(x))
f(z)

((1—t)+t. <g(é%))>i>n
= [0 0r@ 7+ g(To)r]"
= f@)'7" g(Vo(x))

pi((1 =)z +tVo(z)) =

IN

for p-almost all x.

As both sides are equal to zero for all z with f(z) = 0 this inequality in fact holds even
for A-almost all x.

Since we assumed that h((1 — t)x + ty) > f(z)!7t - g(y)! for all z,y, the inequality
pe((L —t)x +tVeo(z)) < h((1 —t)x 4+ tV¢(x)) obviously holds almost everywhere.

As the displacement interpolants p; are supported in [(1 —¢)z + tVe¢(z)] (R™), we have
finally shown that p; < h almost everywhere. O

Now we will look at yet another proof of this inequality. The main difference is the
following: While we were interpolating between the measures defined by f and g in the
first proof, we will now introduce a third (arbitrary) measure and interpolate between
this new measure, and the two measures defined by f and g.

Second proof of the Préekopa-Leindler inequality. Without loss of generality we may as-
sume that [ f = [ ¢ =1 and then proof that [h > 1.

Let p and v be the probabibity measures with densities f and g, respectively.
Let p be the uniform probability measure on the unit cube [0, 1] and let ¢; and ¢2 be
the respective Brenier maps transporting p to p and v.
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Define ¢ = (1 — t)¢1 + t¢p2. Then

[

v

/ h = / h(Vo(x)) det( D3 6(x))da
Ve([0,1]") [0,1]
= /[ o M= DV61(2) + 1V 62(2)) det(1 =) D (x) + LD (a)

- /[0 1n h((1 = 1)Vé1(x) + tVa(x)) det(DGo1(x)) '~ det(Dhda () da

v

[ (T DR ) (T (@) det (D)
0,1]"
Since the following two Monge-Ampere equations hold

F(Voi(z))det(Dio1(x)) =1, g(Va()) det(Diga(x)) = 1,

/ h > / ldz = 1.
" [0,1]"

we finally see that
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4 The Minkowski Inequality

In this chapter we will further study the volume vol,, [K + AT for convex bodies K and
T. More precisely, we will show how optimal transport can be used to describe the
linear combination K + AT in a different way, using a diffeomorphism which was first
introduced by S. Alesker, S. Dar and V. Milman in [1].

We will then use this method to introduce the notion of mixed volumes, and to give a
proof, also originally found in [1], for the famous Minkowski inequality, which gives a
lower bound for these mixed volumes.

4.1 The Alesker-Dar-Milman Diffeomorphism

When studying the Minkowski sum, the following question arises: Which geometrical
and topological properties of X and Y are inherited by their sum X + Y7

Simple examples show, that, in fact, this question is very complicated. For example, the
sum of two simply connected sets is not necessarily simply connected. (Consider in R?
the unit ball and the broken annulus {(z,y) € R* |9 < 22 +y* < 10,y < 0 or |z| > 1}.
While both are clearly simply connected, their Minkowski sum is not.)

The following theorem by S. Alesker et al [1] shows that, when X and Y are bounded,
convex and open, such problems are avoided, and X + Y is in fact diffeomorph to both
X and Y.

More precisely, the following statement holds:

Theorem 4.1 (Alesker-Dar-Milman theorem). Let K and T be open convex bounded
subsets of R™ of volume 1. Then there exists a C'-diffeomorphism W, preserving the
Lebesgue measure, such that

{4+ ANV (z)|z e K} =K+ \T

holds for any A > 0.

Before the proof we state — without proof — two results which will be needed.

The first result, by Cafarelli, shows that for a certain class of measures p and v the
Brenier map V¢ transporting u to v is in fact not only differentiable allmost everywhere,
but a Cl-smooth function. This and other regularity results can be found in [5] and [6].
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Theorem 4.2 (Cafarrelli’s regularity theorem for optimal transportation). Let Y be a
bounded convex open set. Let f and g be locally Hélder continuous probability densities
defined on R™ and Y, respectively. Assume that

1. f is locally bounded and bounded away from zero on compact sets, i.e. there are
constants ¢, and C, with

0<e < f(z)<C, for |x| < r
for each r > 0.
2. g s bounded.

Let ¢ be the unique Brenier solution of the Monge-Ampére equation

2 _ f(z)
At D700) = S50

Then ¢ is C?-smooth.

The second tool we will need in the proof is the following result about the images of
smooth convex functions, a proof for which can be found in [11].

Theorem 4.3. Let f,g : R" — R be C?-smooth convex functions with strictly positive
Hessian. Then the following statements hold:

1. The image of V f is open and convex.
2. (Vf+Vg) (R") =Vf(R") + Vg(R").
Proof of Theorem (4.1). Let p be the standard Gaussian measure and denote by p and v
the uniform probability measures on K and T, respectively. Consider the Brenier maps
V¢1 : R" — K, transporting p to u, and
Voo : R" — T, transporting p to v.
Note that these are C''-smooth by Theorem 4.2. By Theorem 4.3
(Vo1 + AVe) (R") = K + AT.
Setting ¥ = Vg o (V1) ™! finishes the proof. O

4.2 Mixed Volumes

A classical result of convex geometry states that the volume of a linear combination
of convex bodies — in the sense of the Minkowski sum— is in fact a polynomial in the
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coefficients of the linear combination. These coefficients are called mixed volumes. We
will prove this fact using the above method. A more elementary proof as well as much
more about this topic can be found in [12].

Theorem 4.4 (Minkowski’s theorem on mixed volumes). Let K1, ..., K, be convez bodies
and let A1, ..., A, be nonnegative real numbers. Then there are coefficients V (K, ..., Ki,,),
1 <41,y tm < m, symmetric in their arguments, such that

VOln [i )\sz] = i V(Kily"'aKim))\h“')\in'
i=1

i1, ig=1

Proof. Let p; be the uniform probability measure on K; and let p denote the standard
Gaussian measure. Consider the Brenier maps ¢; : R" — K, transporting p to p;.
By Theorem 4.2 and Theorem 4.3 we obtain

m

(fj AN@) (R™) =Y NE;,
=1

=1

and using the change of variable formula we find:

voly, [Z /\K] = / 1det (Z )\Z-D2qﬁi> dvol,, .
=1

R™ i=1

Obviously this determinant is a polynomial in the \; and, by the linearity of the integral,
so is the left hand side. O

Using again methods similiar to those above, we will prove Minkowski’s inequality.

Theorem 4.5 (Minkowski’s inequality). Let Ky and Ky be compact convex bodies and
let Vi,(K1, K2) denote the mized volume of K taken k times and Ko taken n — k times.
Then the inequality

k—n

Vi(K1, K3) > voly[Ky] - voly[Ks] = (4.1)
holds.

Before giving the proof we need a lemma concerning simultaneous diagonalisation of
symmetric positive matrices:

Lemma 4.6. Let N and M be symmetric positive matrices. Then there exists a matric
T with determinant 1 such that TT MT and TTNT are diagonal matrices.

Proof. Let QTQ be the Cholesky decomposition of N~!. Then QMQ" is a symmetric
matrix and can therefore be diagonalised using an orthogonal matrix O. Hence we can
calculate

37



L (QTO)TM(QT0) = 0OT"QMQTO = D for some diagonal matrix D.
2. (QT0)"N(QT0) = (@T0)"(QTQ)(Q70) = 0T(QQ~)(QTQT)O = I,

Hence, setting T' = %QTO completes the proof. O

/det(QTO

Proof of Theorem 4.5. By homogeneity we can normalise the volumes of K; and K» to
1. Let p and v be the uniform probability measures on K; and Ks respectively, and let
p denote both the standard Gaussian measure on R" and its density.

Consider the Brenier maps V¢, transporting p to u, and Vs, transporting p to v. By
(4.2) these maps are C'l-smooth, and, by Theorem 4.3

(/\1V¢1 + )\QV(Z)Q) (Rn) = MK1+ MKy
holds.

Minkowski’s theorem on mixed volumes implies that

n

Y\ i i
VOln[)\lKl +)\2K2] = E (Z)AZI)\S Vk(Kl,KQ) (4.2)
=0

and on the other hand, using the change of variable formula,

voly M K+ Ao KGy] = / 1det (A D%y + \aD?bs) dvol, (4.3)
Rn
holds. Hence, to calculate the mixed volumes Vi (K7, K2) it is sufficient to determine the

coefficient of )\’f)\gfk in the polynomial (4.3). Applying Lemma 4.6 to the integrand, we
find that

n

det (M D%*¢1 + A2 D?¢) = det (M A+ AoB) = [ [(Mai + Aabs)
=1

for two diagonal matrices A = diag(ay,...,a,) and B = diag(b,...b,). Expanding the

last term we obtain

n n

H()\lai + )\sz‘) = E Z H a; H bj )\zl/\g—z
i—1 i=0 1c\{1|,.“,n} jel jele
I|=1

Therefore, we can estimate the relevant coefficient using the arithmetic-geometric in-
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equality

B, 2 () (1= (), 11 () {1 oo

IC{1,..n} \Jel jele 1c{1,..n} \jel jere
[ I=k 1=k
=1
NN e\ O\
" n
= <k> Haj b; = <k> Haj Hbj (4.5)
=t J=1 j=1 =1
- <Z> det(A)n det(B)" . (46)

Using (4.2) and (4.3), we find that

Vi(K1, K3) > /det (D?¢1) - det (D*¢o) dvoly,
R’?’L
and using the Monge-Ampere equations for V¢, and Vo, i.e. D?¢; = p fori = 1,2, we
obtain
/det (D*¢1) - det (D?¢s) dvol, = /pdvoln =1,
R™ R™

completing the proof. O

Remark 4.1. Analyzing this proof further, it is also possible to settle the equality cases
of the Minkowski inequality: Equality in (4.4) implies that

[Tes | | 110

jel jele

amounts to the same value for any index set I with |I| = k. Equivalently, a1 /b1 = a;/b;
for all indices j (Consider two index sets I’ U1 and I’ U j, where |I'| = k — 1 and I
contains neither 1 nor j.), in other words A is a positive multiple of B. Hence, V¢, is a
positive multiple of Vo and therefore K; and K have to be positive homothetic.

Remark 4.2. Using a similar argument it is also possible to obtain a more general result,
namely some of the famous Aleksandrov-Fenchel inequalities for mixed volumes. More
precisely, it is possible to proof the following statement: Let K1, ..., K,, be convex bodies.
Then the following inequality holds:

V(K1 ..., Kn) > (f[voh[&])
i=1

This proof can be found in [1].

n
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5 Brascamp-Lieb Inequalities

5.1 The Brascamp-Lieb Inequalities and the Reverse
Brascamp-Lieb Inequalities

In this section the multidimensional Brascamp-Lieb inequalities and their duals, the
reverse Brascamp-Lieb inequalities, are proved. This proof we present, using optimal
transport, is extracted from an article by Barthe [4].

It will be shown that optimal constants in these inequalities can be calculated by con-
sidering centered Gaussian functions, that is functions of the form v(z) = exp(—zT Az),
where A is a positive symmetric matrix.

Theorem 5.1. Let N and (n;)i1<i<m be integers satisfying n; < N and let (¢;)1<i<m be
positive real numbers such that

m

Z Cin; = N.

i=1

Let B; : RV — R™ be surjective linear mappings such that
ﬂ ker B; = {0}.
i
For integrable nonnegative functions f; define the two functions

I o) = [ TL5(Bae

J(f1, fas s fm) = /RN sup {H fi(@i) = ZCiBiT(xi)} dx.

Then the optimal constants E and F' in the inequalities

I(f1, for o fm) < E] | </R fi) and J(fr, f2, 0 fm) 2 F </R fi> Z (5.1)

)
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can be computed by considering only centered Gaussian functions, that is:

I )
E = sup M . 7y; centered Gaussian on R™ 3

H(fan Vi)

J(Pyla 7'7771)

F = inf
[T fams 70)°

1 y; centered Gaussian on R™

Moreover, E and F are given by E = —= and F = /D, where D is defined by

vD
D= inf det(> ", ¢;B; AiB;)
[1;(det A;)c

: A; positive n-dimensional symmetric matrix } .

The inequalities in (5.1) are called the Brascamp-Lieb and the reverse Brascamp-Lieb
inequalities, respectively.

Before we start with the proof, two special cases of these inequalities are given in the
next two remarks.

Remark 5.1. Young’s Inequality Let m = 3 and N = 2n and n; = no = n3 = n and
let ¢ = %, cy = é and c3 = % =2- % — L in the Brascamp-Lieb inequality. Then with
Bi(x,y) = x,Ba(x,y) = v — y and Bs(x, ygs =y we find Young’s inequality

/R”an f(x)%g(x*y)%h(y)flfd:vdy < E( 5 f(x)dx); </ng($)dx>}z </n h(gﬁ)dx):/

Remark 5.2. Prékopa Leindler Inequality The Préekopa-Leindler inequality is a spe-
cial case of the reverse Brascamp-Lieb inequality for m = 2,n1 =ne = N, By = By =1,
and ¢; + co = 1. Indeed

det(01A1 + CQAQ)

D =it e Ay (det A

as the numerator is always greater or equal the denominator by the arithmetic-geometric
inequality.
So the reverse Brascamp-Lieb inequality becomes

fo bz, roomae= (L) (L)

In the proof of Theorem 5.1 the following short lemma about gaussian integrals is needed:
Lemma 5.2. Let M be a positive symmetric n-dimensional matriz. Then

7TTL

det M~

/ exp(—z! Mz)dx =
Rn
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Proof. Recall that a positive symmetric matrix M has a positive symmetric square root
v M. Therefore, with the change of variable formula,

/ exp(—aT Ma)de = / exp(— (VM) (vMz))de = |/ deth / exp(—yTy)dy
)

R™ R™

n

o
1 2 T
= “Yidy =
detM,l_I / ¢ Yi det M
z:l_oo

Proof of Theorem 3.1. We set

(715, Ym) . .
E, =sup{ — = :; centered Gaussian on R™ 3 |
! H(f]R"z yi)er
(2
J(y1yeeey . .
F, = inf M : y; centered Gaussian on R™

H(IRM %’)Ci

7

As a first step we will prove that E, = % and Fy; = V'D. For positive definite n;-
dimensional matrices A; we define the quadratic form @ on R" by

Qy) =y" (Z ciBzTAiBZ) y.
=1

We also introduce a function R on RY by

m m

R(z) = inf {Z ClIzTA;lq;l = ZQBITCCZ, T € an} .
i=1 i=1

The first step is to show that R is the dual quadratic Form Q* of (), that is, the quadratic

form defined by Q*(z) =sup {|z - y|* : Q(y) < 1}.

Indeed, with z = Y ¢;B'z; ,we find that
i=1
-y = Z(CiBiTxi)Ty = Z Ve Ai_l\/ AiBi\/ciy
i=1 i=1
m 2
~1

= > (vava w) - (Ve ABy)
i=1

<

=1

=1 =1

S vava sl ) (S ivavast)

NE

7
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using the Cauchy-Schwarz inequality. Taking the infimum over all decompositions of x

m
of the form z = cZ-BiTafi we get
i=1

7 y> < R(2)Q(y)

and so Q*(x) < R(x).

On the other hand, if y = (Z c,;BiTAZ-Bi)_1 x, then clearly x; = A;B;y constitute such
a decomposition of x. With these we easily find equality in the calculations above, and
so |z -y > R(z)Q(y) holds also. It follows that R = Q*.

Calculating I(y(A1), .., v(Am)) and J(y(ATY), .., v(A;1)) ;where y(4;) (z) = exp(—aT A;x)
with a positive symmetric matrix A; we get, using Lemma 5.2,

I (4w = [ T[4 (Bia)da

— / exp [—xT (Z CZBZTAle> X
RN P

Nsup{H’y 4 ):x:ZciBiTxi}dx
= /RNsup{eXp< ZCZ“T A xz>:x:ZCiB?a¢i}daﬁ

[ N
= / exp(— ))dx = .
RN det R

[[[Z;(det 4;)5 1

N

dr = det )

JOATY, (A7) = /

=

In particular,

Bo = s\ akg T VD
[T~ (det A;) det @ =
F = f \/ = = = D
g = I det R T, (det Ay)e

by another application of Lemma 5.2 and using the fact that det Q* det Q) = 1.

By now, we know that VD = Fy > F and that DE > DE,; = V'D. So if we knew that
F > DF the proof would be finished, as we would have VD=F =DE =+/D.

So, in fact, it will be sufficient to prove that for all nonnegative integrable functions f;
and g; with [ fi = [¢; = 1,

191, 9m) < 5 T (f1, - )
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because taking the infimum over the g; and the supremum over the f; will yield that
F > DE.

Without loss of generality we assume that D > 0. Let p; be the probability measures
with densities f; and let v; be those with densities g;. Let ¢; be the Brenier map
transporting u; to v;.

Then for almost all z the following Monge-Ampere equations hold

fi(z) = det(D%0(x))gi(Vo(x)). (5.2)
We define a function © : RN — RY by

=" Bl (Vé(Biy)).
=1

Its differential >, ¢; BT D% (B;y)B; is obviously symmetric and nonnegative, but in
fact even positive on

S={yeRY: fi(B/'(y)) > 0forallic{l,..,m}}

by the following argument.
On S, obviously, det D (B;y))% is non zero by the Monge-Ampére equation (5.2). Thus
using the definition of D we find

detZCzBTDA(Bzy B; > H det DA(Bzy))CZ > 0.
=1

So, in particular © is injective.

Now we can finally calculate

m

e fn) = [ 1Ly = [ ]2 Baay

=1 S =1

- / T [det(DA0(Ba))au(VoBa)))” dy
i=1

< 35 / <H gi(Vo(B ) (dethiB? Di(Bw)Bz-) dy
5 \i=1 i=1
1 N .
S (ng«xm) det(DO (y))dy
5 OW=Y Bl \i=1
< 1/ su ﬁ ()¢ dar:—l J( )
= DJ s iy ~p b
R™ (el 1=
which completes the proof. O
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5.2 Optimisers for the Brascamp-Lieb Inequality

The goal of this section is to describe functions for which there is equality in

Awﬂffi<3ix)dm < EH (/R f>

The statements made in this section will not be proven. Originally these results, along
with proofs, can be found in [16].

Obviously such optimizers will depend on the tuples (B;,¢;). (For a given Brascamp-
Lieb inequality we will refer to the vector (B, ¢;) as its Brascamp-Lieb datum.) In fact
there are such tuples were no extremisers exist. To answer the question which data are
extremisable we will need the following definitions.

Definition 5.1. A Brascamp-Lieb datum is geometric if B;Bl = Idgn; for each i and

m

> Bl B =ldgw .

i=1
Definition 5.2. We say that two Brascamp-Lieb data (B;,c;) and (B}, ¢;) are equivalent
if there are invertible matrices C and C; such that B} = C'j_lBjC’ for all j.

With these definitions we can state

Theorem 5.3. Every extremisable Brascamp-Lieb datum is equivalent to a geometric
datum.

To be able to state the results on the form of optimizers some knowledge about the
structure of the Bsascamp-Lieb inequality is needed.

In the following discussion we shall assume that ¢; > 0 for all j and concentrate on the
case of geometric data. We can then generalize our findings using Theorem 5.3.

We will begin by defining some decompositions of the Fuclidean space:

Definition 5.3. A subspace V of RN is said to be critical for (B;,¢;) if V is neither {0}
nor RN and
dimV = " ¢; dim(B;V).
i

It is possible to get a so called mazimal critical decomposition, where we write R as a
sum of pairwise orthogonal spaces, each of which is critical and has no critical subspaces.

Definition 5.4. A subspace V of RY is said to be independent if it is not {0} and can

be written as
m

vV =([R™]*,

=1
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where [R™] is either R™ or [R™]:. An independent decomposition of RY is a decom-
position of the form

ko
RN = Kind @ Kdep = (@ Kk:) b Kd€p7
k=0
where K, are independent subspaces of R and K g4ep 1s the orthogonal complement of

their sum.

With these definitions we can state the main theorem of this section:

Theorem 5.4. Let (B;, ¢;) be a geometric Brascamp-Lieb datum and let <é§ Kk;> DK gep
be the independent decomposition of RN . Then the tuple (f;) is an extrem?s:e(;’ if and only
if there are

(i) integrable functions uy : K — R for k=1, ..., ko,

(it) a critical decomposition Ky,11 @ ... & Ky, of Kgep,

(iii) positive constants o fori=1,....m and Py for k =ko+1,...,k1

() and an element b from K 4ep such that almost everywhere

ko kl
fi(x) = ei [[we(Pir BT 2) ] e~ Pr(PurBi o) (Puu(Bio+tb)),
k=1 k=ko+1

where P}, is the orthogonal projection from RN to R™ NKj,.

For example we can use this to characterize cases of equality in Holder’s inequality.

Remark 5.3. Holder’s inequality. Let m = 2 and N = ny; = no = n and let ¢; = %
and co =1 — % = % in the Brascamp-Lieb inequality. Then with B; = By = 1, we find

[ fod@aze([ aw) ([ pww)

Obviously ((Id, %), (1d, %)) is of geometric type and the independent decomposition is
very simple:
R" = Kind-

Therefore we find that f; = aju and fo = asu almost everywhere for some integrable u
and positive constants ¢; and co. By then it is obvious that £ = 1.

Using Theorem 5.3 we get the following corollary:
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Corollary 5.5. Let (B;, ¢;) be an extremisable Brascamp-Lieb datum. Let (B}, c;) be the
1
geometric datum equivalent to (Bj,c;) and let M and S; be such that B] = S? BiM%.

ko

Furthermore let (@ Kk> ® Kyep be the independent decomposition of RN. Then the
k=0

tuple (f;) is an extremiser if and only if there are

(i) integrable functions uy : K — R for k=1, ..., ko,
(it) a critical decomposition Ky,11 @ ... & Ky, of Kgep,
(iii) positive constants o for i =1,....m and By for k=ko+1,....k

() and an element b from K je, such almost everywhere

ko k1 1 1

1 EY EY

T o3 —Br(P, 1 B'T S2x)-(P; . (B'TSEx+b

fi(z) = o | I up(Pp B’} S2x), | | e Pe(PipB'i S7 2)-(Pik(B'i S7 z4D))
k=1 k=ko+1

where Py, is the orthogonal projection from RN to R NKj,.
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6 Sobolev Inequalities

Dealing with partial differential equations one often finds that Sobolev spaces are the
right setting to work in. One of the main results concerning these spaces are Sobolev
embeddings and inequalities. An introduction to this theory can be found in [9][Chapter
5].

In this chapter we will consider only a certain kind of Sobolev inequality, the Gagliardo-
Nirenberg-Sobolev inequality:

f o < Sn)IVSIlLe, (6.1)

Wher61§p<nandp*:n”—_pp.

Using optimal transport, we will be able to explicitly state optimal values for the con-
stants Sy (p) and functions h, for which equality holds in this inequality. This aproach
is originally due to D. Cordero-Erausquin, B. Nazaret, and C. Villani and can be found
in [7].

6.1 Sobolev Spaces

In this section some basic definitions and results concerning Sobolev spaces will be
recalled. For Sobolev spaces to be a suitable setting for partial differential equations,
they have to contain quite non-smooth functions.

In fact they comprise of functions that only have derivatives in a weak sense.

Definition 6.1. (Weak partial derivatives) Suppose f and g are locally integrable
functions on R™ . We say that g is the weak partial derivative of f with respect to x; if

/fgaidx: —/ng:n

for all test functions ¢ € C°(R™).

If we are given a locally integrable function f and there exists such a function g that
satifies the formula above, f is said to have a weak partial derivative with respect to x;.
If there is no such g then f does not.

V[ is defined accordingly.
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This definition is of course motivated by the integration by parts formula.

Definition 6.2. The Sobolev space
Wl’p(]R{")

consists of all locally integrable functions f for which all weak partial derivatives exist
and both ||f||, and ||V f||, are finite.

As for L, spaces we will identify functions in WP which are equal almost everywhere.

With the norm ||f|lw1s = ||f|[p + ||V f||p these Sobolev spaces are Banach spaces and
WLHP(R™) N C°(R™) is a dense subset of W1HP(R™).

In a very similar way we define the homogeneous Sobolev space
Wl,p(Rn)

as the set of all locally integrable functions f for which all weak partial derivatives exist

and both || f|[,+ and ||V f||, are finite where p* = n”—_ﬁ).

6.2 Sobolev Inequalities

As already mentioned in the introduction we will only consider the Sobolev spaces

WLHP(R™) for p € [1,n). For such p we define its Sobolev conjugate by p* = n"—_p;.

For notational reasons we will separate the case p = 1 from the rest. Let us start with
p> 1.

Theorem 6.1. Let p € (1,n) and let ¢ = 1% be the dual exponent. Define the function
hy by

hp(x) = !

n—p )

(o +lal) 7"
where oy s chosen such that ||hp||+ = 1.
Whenever f,g € LP"(R™) are two functions satisfying ||f|| o+ = ||gl|0+, and if Vf €
LP(R™), then
* 1
g(@)P"=de p(n—1

(f lalalg(@)fpr)s — = p)

with equality if f =g = h,.

Before the proof we state a corollary:
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Corollary 6.2. The following statement is an immediate consequence of Theorem 6.1.

Let f and hy, be defined as in Theorem 6.1. If f # 0 then the Sharp Sobolev
inequality
V£llre
IVAlzr V|1
1] 2o

holds.

Proof of Theorem 6.1. As |V|f|| = |V f| holds almost everywhere, it obviously follows
that ||V f||ze = ||V|f]||z» and therefore we only need to consider nonnegative functions
f. Moreover, by homogeneity, we can without loss of generality assume that ||f||;,» =

gl g = 1.

Because of the density of smooth functions with compact support in Sobolev spaces, we
need only consider such functions f and g.

Let F and G be the two probability densities
F(z)=f", G)=g",
and let u and v be the corresponding probability measures.

Consider the Brenier map V¢ transporting p to v. Then the Monge-Ampére equality
holds
F(z) = G(V¢(z)) det D5 ¢()

for p-almost all z. Using the arithmetic/geometric mean inequality and the fact that
the determinant of a matrix is the product of its eigenvalues and its trace their sum, we

get
GH (Vo)) = A (o)(det Do)t < ) 244

n

By integrating both sides with respect to u, we further obtain

/ G (Vo(z))F(z)dx < / Fl—i(x)Af“;m)dx.

Since fG_%(th(x))F(m)dx = fG_%(x)G(x)d:c by the definition of the pushforward
measure we find that

/Glrlt(w)dx < /Fli(x)wdx. (6.3)

n

Considering the right hand side of this inequality, and using the fact that A 4¢ is bounded
from above by the distributional Laplacian Ap/¢ we can write

1 1 1 1 1 1
n/Fl_nAAqu n/Fl_nAD/gf): —n/V(Fl_")'v¢. (64)
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Putting together (6.3) and (6.4) and the definitions of F' and G, we get

[eros < L [vgros =—/Vfw Vo

_ _7) np*p) _ /
- = PR /f” Vo,

Using Holder’s inequality on the last integral, we obtain

~ [0 5 T0 < 195l 17 el = 19l ([ 5719000) " 09

Again by the definition of the pushforward measure we obtain

[ 1wl = [ voltan = [ falrav = [ jaitgr

Combining the last three results, we see that

(1) pln=1) (e x)
0= < B9 e ([ lelvad

which completes the proof of inequality (6.2).

To show the equality in (6.2) for f = g = h, we only have to verify equality in the
inequalities (6.3), (6.4), and (6.5):

If f = g, then obviously the measures p and v are equal, and therefore V¢ is the identity
map, and so we have equality in (6.3) as A¢ = n.

Equality in (6.4) follows from integration by parts.

Finally, as there is equality in Holders inequality ||f - g||z1 < |[fllze - ||gllza if fP is
proportional to g9 almost everywhere, we only have to show that there is a ¢ € R

*

q
with (Vh,(2))P = c- (xhp(a;)pq) for almost all x. This is easily done by an explicit

calculation. O

For p =1 a very similar statement can be proved:

Theorem 6.3. If f £ 0 is a smooth compactly supported function, then

IV f]] 1
£l =)

S|=

> nvoly[By)

This inequality extends to functions with bounded variation, with equality if f = h1 where
h1, is defined by
o XBa(2)
P

volu[By] ™

o1



This variant for p = 1 can be proved in a way that is very similar, but will depend on
the coarea formula for the equality case hi. Before starting with the proof we will state
this important formula.

Theorem 6.4. Let u: R™ — R be Lipschitz continuous and assume that for almost all
r € R the level set
{zr eR":u(z) =r}

is a smooth hypersurface. Suppose also that f : R™ — R is continuous and integrable.

Then -
/ fIVuldx = / (/ fdvoln_1> dr.
R™ - {u=r}

Proof of the Sobolev inequality for p = 1. Without loss of generality we will only con-
sider nonnegative functions f with ||f||n/m-1) = 1.
Introduce the two probability densities

F(z) = f/D _ ) XBa ().
(x) f 9 G(x) 1 Voln [Bn] 9
and let p and v be the corresponding probability measures.
As in the proof for p > 1 we obtain
_1 _1 1 1, Ape(x
GH(Vola) = F~H (@)(det D3o(e))F < F— () 2420,

n

where V¢ is the Brenier map transporting p to v, and again by integration and appli-
cation of the push-forward formula we find

/Gl—i < :L/Fl_vllAAqﬁ.

Using the definitions of F' and G and the integration by parts formula (justified as in
the last proof) we arrive at

voln[B,]% < i/fAAqb < —;/Vf V.

As hy is supported in B,, we see that |Vé(z)| < 1 for almost all = in the support of f.
Therefore =V f(z) - Vo(x) < |V f(z)||Vo(x)| < |V f(x)| and thus

nvolu[Bu]% < /\Vf(x)|dx IVl (6.6)

Using the coarea formula we get

(e 9]

1Vl = /Voln_l[{:v  f(2) = r)]dr.

0
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Thus, approximating h; with smooth functions, we find
nvola[Bn]® < voly1[0Bn] - voln[Ba] 7 7.
But nvol,[By,] is of course equal to vol,.1[0B"] and inequality (6.6) has to be sharp. O

Theorem 6.5. A function f € WL is optimal in the Sobolev inequality

IV £llzr
A1 e

if and only if there exist C € R, A # 0 and zg € R"™ such that
f(z) = Chp(A(z — z0)),

where hy is defined as in Theorem 6.1.

> [[Vhp||rr

To prove this theorem we will consider the proof of Theorem 6.1. In this proof we
assumed that f and g were smooth functions with compact support, because we were
then able to extend our results with a density argument.

Thus we were able to simply apply the integration by parts formula in inequality (6.4).
But this kind of reasoning will not be sufficient to proof the characterization of equality
cases.

Therefore our first step will be to generalise the proof to all admissible functions f and
g without assuming smoothness or compact support.

Lemma 6.6. Let f € WYP(R") and g € LP"(R"™) be two nonnegative functions such
that ||fl|0* = llgller = 1 and [ g” (y)|y|9dy < oo. Let V¢ denote the Brenier map
pushing the measure with density P forward to the measure with density ¢° . Then

PV ¢ € LIY(R™) and

1 w11 1 w11
~ a2 [ugreeh).ve.

Sketch of proof. We have [ |fP"/1V¢|? = [ g?" (y)|y|?%dy and so fP"/9V¢ € LI(R™).

Let € be the convex set, where ¢ < co. Without loss of generality we assume that 0 € €.
For € > 0 we define the function f. by

x

fela) =min |1 (12 ) S|

where x : R™ — [0, 1] is a smooth function mapping all z with |z| < % to 1 and all x
with |z| > 1 to 0. The support of f, is compact and contained in €2 since 2 is convex.

Both functions on the right-hand side of the definition of f. are bounded in W'P(R"),
uniformly in e. This is obvious for the first one, as it is just a dilation of f. For the
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second one this can be seen by using the product rule for differentiation and then using
the following calculation based on Hélders inequality:

/ fP(@)Vix(ex)|lPde - = ep/ fP(@)[Vx(ex)Pd
R™ R™ .

([rwrs) " (] n[eﬁWx(ewnp]?)z

n—p

(L) (L \Vx(w)\”)z .

Using the identity min(f,g) = % — |f7§g\7 we therefore find that f. lies in WP (R")

and ||V f]|r» is bounded as € — 0.

IN

IN

We now fix € > 0. Let €. be a bounded open set whose closure is contained in €2 and
which contains the support of f.. Let ff be a sequence of smooth nonnegative functions
with compact support satisfying Supp(f?) C Q¢ and f0 — f. in WHP(R™).

Then we can calculate

1 . 1 . 1 .
s s [@Ertbape = - [y o)
With some care one can now use the Lemma of Fatou to show that this inequality

remains true as § — 0 and ¢ — 0. O

Proof of Theorem 6.5. Without loss of generality we may assume that f is nonnegative
as |f| will be also optimal for all optimal functions f and then the conclusion of our
theorem will force f to be either |f| or —|f].

Our goal is to prove that V¢ is a dilation-translation map, that is, it satisfies the equation
V¢ = A(Id —z¢) with some positive A and zp € R™. To do this we will trace back the
equality cases in the proof of Theorem 6.1.

Let Q be the convex set, where ¢ < oo and let us first show that f is not only nonnegative
but that there is a positive constant oy for each compact subset K of €2 such that
f(z) > ax >0 for almost all z € K.

In order to do this, we will consider the use of Holders inequality in

_/fp*/qu-Wﬁ <|IV e - 1f7/*V | a-

For equality to hold it is necessary here that for some positive constant k, |Vf|P =
kfP"|V@|? for almost every € Q. Define functions fy, by fim(2) = max(f(z), ). Then
Vfm =V X{z:f(x)>1/m} and so V f, € LP. Thus

IV fml? < [VFP =kfP V|7 < kfE [Vl
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As a consequence
p
\VM#WPMW=<npp>f£HVfP<k< ) Fi 51Vl

Since |V¢| is locally bounded on €, it follows that the functions f,,” /(n=P) are uniformly
in m locally Lipschitz and so locally bounded on €2. So f is locally bounded away from
0 on €.

As a second step we prove that D%,gb is absolutely continuous. Since this is a nonnegative
matrix valued measure, it will be enough to proof that Aps¢ is absolutely continuous,
as the only nonnegative matrix with trace zero is the zero matrix.

Let Ag¢ be the singular part of Aps¢. Since we assume that there is equality in

1 1
/Fl—iAmg /Fl_rleD,gb
n n

and Ap¢p = Asp + A ¢, we see that

p(n—1)
[ 80=0

From the proof of (6.6) we deduce that

p(n—1)
lim lim [ (f%) Ay = 0, (6.7)

e—05—0

where ff is defined as in the proof above. Without loss of generality we assume that
0 € Q. Let K be an arbitrary convex compact subset of Q with 0 in its interior. If we
choose € and § small enough, we can find a positive constant « such that

10> axk

using the first part of the proof. As a consequence we see that

p(n—1) p(n—1) p(n—1)
1) K
/(fe) nor AS¢Z/ a P Asp=a As(b[ }
K

Combining this with (6.7) we find that As¢[K] = 0 and as K was arbitrary this means
that the singular part of Ap/¢ vanishes and so D%,d) is absolutely continuous.

Now we can finally prove that V¢ is indeed a dilation-translation map. In order to do
this we consider the last inequality we used in the proof of Theorem 6.1. For equality to

hold in
Ayp(x )

F=w(z)(det Dé(z))n < F~n(z) =222 -

for almost all x € Q, all the eigenvalues of D4 = D2D, have to be the same for almost all
x € Q. This obviously means that Di is a multiple of the identity almost everywhere in
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Q.

To prove that its actually a multiple of the identity we consider a regularizing kernel x
supported on a small ball B.. As D% (¢ ) = D% ¢ r we find that the smooth function
D? (¢ * k) is proportional to the identity matrix on {z € Q : d(x,9Q)}. By making k go
to a dirac mass, we see that D124(¢) is a multiple of the identity on the whole of €2 and
so V¢ and has to be of the form A(Id —zp). O
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