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Abstract

In this thesis, we investigate the problem of polar factorization of maps on Rieman-
nian manifolds. Our aim is to factorize a Borel map f : M — M that never maps
positive volume into zero volume on a connected, compact C3-smooth Riemannian ma-
nifold (M, g) with a Riemannian distance d(x,y) into the composition of a Borel map
g(x) = exp,[-V¢(z)] and a volume-preserving map h : M — M, where ¢ : M — R is
an infimal convolution ¢ = ¢““ with C(z,y) = @. Here, g(x) is a solution of the
Monge-Kantorovich transportation problem in Riemannian geometry.

For this purpose, we first introduce the notion of the optimal transport problem, which
was first introduced by Monge, in Chapter 1. We state and prove Brenier’s theorem,
which shows the existence and uniqueness of the optimal transport problem in Euclidean
space, in Chapter 2. Then, we address our main result. We recall some basic Riemannian
geometry in Chapter 3, and then we prove Brenier’s theorem on Riemannian manifolds
in Chapter 4. Finally, in Chapter 5, we show that the polar factorization in Euclidean
space can be generalized to polar factorization on Riemannian manifolds.






Zusammenfassung

In dieser Arbeit untersuchen wir das Problem der Polarisierung von Abbildungen auf
Riemannschen Mannigfaltigkeiten. Unser Ziel ist es, eine Borel-Abbildung f : M — M,
die nie ein positives Volumen in ein Nullvolumen auf einer zusammenhéngenden, kom-
pakten C3-glatten Riemannschen Mannigfaltigkeit (M, g) mit einer Riemannschen Di-
stanz d(z,y) abbildet, zu faktorisieren in die Zusammensetzung einer Borel-Abbildung
g(x) = exp,[—V¢é(z)] und einer volumenbewahrenden Abbildung h : M — M. Hier-

bei ist ¢ : M — R eine infimale Faltung ¢ = ¢“C mit C(xz,y) = %. Auflerdem
ist g(z) eine Losung des Monge-Kantorovich-Transportproblems in der Riemannschen
Geometrie.

Hierzu betrachten wir zunéchst den Begriff des optimalen Transportproblems, der von
Monge eingefiihrt wurde. In Kapitel 2 beweisen wir Breniers Theorem, das die Existenz
und Eindeutigkeit des optimalen Transportproblems im euklidischen Raum zeigt. Dann
gehen wir auf unser Hauptergebnis ein. In Kapitel 3 wiederholen wir einige Grundla-
gen der Riemannschen Geometrie, und in Kapitel 4 beweisen wir Breniers Theorem auf
Riemannschen Mannigfaltigkeiten. Schliellich zeigen wir in Kapitel 5, dass die Polarisie-
rung im euklidischen Raum auf Riemannsche Mannigfaltigkeiten verallgemeinert werden
kann.
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1 Introduction

In this chapter, we follow [1], Chapter 1, and [24]. We begin by providing a brief historical
overview of Monge and Kantorovich’s perspectives on optimal transport. Following that,
we revisit fundamental concepts in measure theory that are necessary for the discussion.

1.1 Monge’s approach to optimal transport

In 1781, the French mathematician Gaspard Monge introduced the concept of optimal
transport for the first time.

If we extract a mass of soil from the ground and transfer it from position A to position
B, what might be the cheapest possible way?

To answer this question, one needs to determine the cost of moving a unit of mass from
position A to position B. In other words, it is necessary to identify the transportation
cost. Obviously, Monge considered the space R? and the cost function C(z,y) := |z — ],
which represents the Euclidean distance.

1.2 Kantorovich’s approach to optimal transport

In 1940, the Russian mathematician Leonid Kantorovich revised Monge’s perspective.
Now, I would like to illustrate his approach with an example.

Consider m different cafes at positions (x;)i=1,..m and n different confectioneries at lo-
cations (y;)j=1,..n. Assume that the total amount of Sachertorte each cafe needs to buy

m n

is equal to the total amount each confectionery sells, i.e., Z o = Z Bj and normalize
i=1 j=1

them:

m n
=1 j=1

where a;, 3; > 0.

In Monge’s approach, a unit of mass can be transferred from position A to a unique
position B. In contrast, in Kantorovich’s approach, each cafe has the option to purchase
Sachertorte from different confectioneries, and similarly, each confectionery can sell to
multiple cafes. So Kantorovich introduced a new formulation:

He aimed to minimize the total transportation cost, considering the cost per unit from

x; to y; denoted by C(x;,y;). Kantorovich sought matrices (7;j)i=1,...,m where 7;; > 0.
Jj=1,...,n
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These matrices represent the amount of Sachertorte moving from z; to y;. He introduced

n
constraints to ensure that the total Sachertorte each cafe needed, i.e., a; = Z%j, Vi,
j=1

m
and the total Sachertorte each confectionery sent, i.e., 3; = Z’yij, Vj, were equal for
i=1
k

all ¢ and j. So, he formulated the expression Z 7i;C (x4, y;) with the goal of minimizing
ij=1
the total cost by determining the values of ;.

1.3 Preliminaries in measure theory

In this section, we revisit some fundamental concepts of measure theory in order to
define the transport map.

Definition 1.3.1 (Push-forward measure). Let X and Y be locally compact, separable,
and complete metric spaces. Assume that p is a probability measure on X, i.e., u € P(X),
and let H : X — Y be a map. The push-forward measure Hyp € P(Y) is defined as
follows:

(Hyp)(A) = p(H'(A)) for any A € B(Y),
where B(Y') is the class of Borel measurable sets.
Lemma 1.3.1. The push-forward measure Hypu is a probability measure on Y.
Proof. See [1] (Lemma 1.2.3, page 3). O

Lemma 1.3.2. Assume that X and Y are locally compact, separable, and complete
metric spaces, and let u € P(X) and v € P(Y') be probability measures. Then Hyp = v
if and only if

[ s@)an) = | swiv)

X Y

for any Borel-measurable and bounded function f :Y — R.

Proof. See [1] ( Lemma 1.2.5, page 3). O

Corollary 1.3.1. Let X and Y be as defined in Definition 1.3.1, and consider H : X —
Y. Then, for any bounded and Borel-measurable function g : ¥ — R, we have:

/goHdﬂz/gd(H#u)-
X Y

Lemma 1.3.3 (Relation between composition and push-forward). Let H : X — Y and
P :Y — Z be measurable. Then, for u € P(X):

(P o H)yp = Py(Hyp).



1.4 Transport maps

Proof. By Lemma 1.3.2, it is sufficient to demonstrate that for any Borel-measurable
and bounded function f: Z — R:

/fd(POH)#NZ/fdP#(H#M)-
Z Z

We consider f: Z — R to be a Borel-measurable and bounded function, and then apply
Corollary 1.3.1 and Lemma 1.3.2 to obtain the desired result:

/Zfd(POH)#”:/XfO(POH)dMZ/X(foP)oHdu
- /yf o Pd(Hyn) = /ZfdP#(H#M)-

1.4 Transport maps

Definition 1.4.1 (Transport map). Let X and Y be locally compact, separable, and
complete metric spaces, and let y € P(X) and v € P(Y). If amap H : X — Y satisfies
Hyp = v, then H is called a transport map from p to v.

Definition 1.4.2 (Coupling). Assume that X and Y are locally compact, separable,
and complete metric spaces, and p € P(X) and v € P(Y) are probability measures.
Then v € P(X x Y) is called a coupling if

(Tz)gy = p and  (my)py = v,
where 7, and m, are projections from X x Y onto X and Y/, respectively.

Equivalently, for any Borel-measurable and bounded functions f: X - Randg:Y —
R:

/ F (@) () = / f(@)du(z),
XxY X

/ g(y)dv(:c,y):/g(y)dV(y)
XxXY Y

The set of couplings of p and v is denoted by Coup(u, v).

Remark 1.4.1 (Any transport map induces a coupling). If H : X — Y is a transport
map, consider the map Id x H : X — X x Y;z +— (z, H(x)), and define

vE = (Id x H)yp.

It follows that ~p is a coupling of p and v.
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Proof. Utilizing Lemma 1.3.3 and the definition of v ,we have

(me)wvm = (M) (Id X H)pp = (7o 0 (Id x H))pp = Idyp = p,
(my) gy = (my) g (Id x H)yp = (myo (Id x H))pp = Hyp = v.

By Definition 1.4.2, we conclude that vz € Coup(u, v).



2 Optimal transport

In this chapter, we revisit the formulation of Monge’s optimal transport problem in
terms of transport maps, as well as Kantorovich’s optimal transport problem expressed
in terms of transport plans. Subsequently, we demonstrate the existence of an optimal
transport coupling for the general cost in Kantorovich’s problem, explore the concept of
Kantorovich duality, and establish the existence of a solution for Monge’s problem. This
implies that there exists an optimal transport map for suitable functions. To achieve
these results, we will rely on fundamental tools from measure theory, which will be
introduced in the following section.

2.1 Tools and requirements

In this section, we follow [1], Section 2.1. From now on in this section, X will be assumed
to be a compact, separable, and complete metric space. As a model case, consider X =
R,

Assume that every measure p is a probability measure on X, denoted by p € P(X).
These assumptions are chosen to illustrate the main ideas of optimal transport theory
and to establish that the key theorems, such as the existence of optimal transport plans
and Kantorovich duality, hold for arbitrary separable metric spaces.

My goal is to present the 'Prokhorov theorem’. To achieve this, I will define narrow
convergence, as it is crucial to ensure that the limit of probability measures remains a
probability measure. The following definitions and conditions are necessary:

Remark 2.1.1. If B is a Banach space, B* denotes its dual space. The following equa-
lities hold, thanks to the Riesz representation theorem [3] (Theorem 7.7):

F(X):={p : pis a finite signed measure}
>~ C.(X)* := {continuous functions with compact support}* (2.1)

=~ Oy(X)* := {continuous functions vanishing at co}”*.

The following example illustrates that if X is not compact, then C.(X) is in general not
complete with respect to uniform convergence:

Example 2.1.1. Consider X = R which is not compact, but is locally compact.

We aim to demonstrate that C.(R) is not complete with respect to uniform convergence.
In other words, I will show the existence of a sequence of functions in C.(R) whose limit
is not in C.(R).

Define a continuous function satisfying
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1 z€[-n,n],

fo:R=[0,1]; fal2) = {0 z¢[-n—1n+1].

Now set
1
gn(z) = mfn(x)'
We have:
lim g, (z) = I (2) = —— lim fu(e) = —
am,onl®) = o @ = iy I 0 =y
Thus,
1
gn(z) — o g9()
as n — oQ.

To demonstrate that g, (z) forms a Cauchy sequence, we proceed as follows:
Given € > 0, we choose N € N such that m%ﬂ < ¢ for all |z| > N.

Thus, for all m,n > N, we consider ||gm — gnll.c = SuPser |9m(z) — gn(x)|.
Therefore, for all |z| < N,

’gm(x) - gn(x)‘ = %4_1 ) fm(x) - $2:- 1 fn(‘r)
1
“2il | fm(2) = fo(2)]
<e,
and for all |z| > N,
1 1
() = (@) = | @)~ o a2)
2
= 2 +1
<€

Consequently, (gn)nen constitutes a Cauchy sequence.
Since lim,_,~ g(x) = 0, we conclude that g € Cy(R), but g ¢ C.(R).
Claim: (g,,)nen € Ce(R) converges to g € Cp(R), where g ¢ C.(R):

0, for z € [-n,n],
2

|9n () = g(2)| = {

o <& forx ¢ [-n,n]



2.1 Tools and requirements

Theorem 2.1.1 (Banach-Alaoglu theorem). For any normed space X, the closed unit
ball in X* (dual space of X) is compact with respect to the weak*-topology.
(See [5] , Theorem 5.1 and [6], Theorem 1.)

Now we would like to show why narrow convergence is important. Weak*-convergence
doesn’t guarantee that the limit of probability measures is a probability measure: Con-
sider (un)n>1 a sequence of probability measures on X. By the definition of probability
measure, (uy,)(X) = 1. Therefore, by Jordan’s decomposition theorem (See [11], Theorem
2), the sequence (pn)n>1 is uniformly bounded in F(X). Now, use the Banach-Alaoglu
theorem to conclude that there is a subsequence of probability measures (pp, )r>1 that
weakly*-converges to a measure u € F(X), i.e.,

Hry, i\,uE]:(X).

Equivalently, Vf € C.(X),

lim/fd,unk:/ fdu.
k—o00 X X

Since ji, > 0 and g, — i, we conclude that x> 0 and p € F(X).
In the following example, we demonstrate that u is not necessarily a probability measure.

Example 2.1.2. Consider X = R and the Dirac measure p, = d,, n € Z. As we know,
0, is a probability measure. Now, we will demonstrate that J,, converges to 0, which is
not a probability measure.

For any f € C.(X):

/fd,un:/fdé =f(n) >0 as n— oo,
X X

since f has compact support on X.
*
Hence, p, — 0.
To address this issue, we need to introduce a stronger notion of convergence known as
Narrow convergence.

Definition 2.1.1 (Narrow convergence). If (un)nen is a sequence of measures and p is
a measure on X, then pu, converges narrowly to p if:

/deun—>/deu Vf € Cy(X),

where Cy(X) denotes the set of all bounded continuous functions on X.
We denote the narrow convergence by p, — p.

The following example illustrates the significance of narrow convergence in this context:
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Example 2.1.3. Suppose that X = R? and p,, := (1—%)60+%5In for some z,, € R%, and
let f € Cp(R%). We show that the sequence of probability measures (ui,),>1 converges
narrowly to a probability measure. We have

[ fdnn= [ fd[(1—1)5o+151n]
1—/fd50+ /fdéxn

= (1= )7(0) + - f(an).

Thus
li d 1 1 L 0 !
dim [ fan = i |- 50+ )]
= f(0)
f ddg.
Rd
Hence

/Rdfduw/wfdu,

where p := Jg is a probability measure.

Now, we need to define tightness, which is necessary to ensure that almost all the mass
of the measures remains within a fixed compact set against weak*-convergence.

Definition 2.1.2 (Tight set). A family of probability measures 7 C P(X) is said to be
tight if for any € > 0, there exists a compact subset K. C X such that:

WX\ K.)<e VYpeT.

Goal: We aim to establish the equivalence between the tightness of a family of proba-
bility measures and its compactness concerning the narrow topology.

Theorem 2.1.2 (Prokhorov). A family K C P(X) is tight if and only if C is relatively
compact with respect to the narrow topology (refer to Theorem 2.1.11 in [1] and Theorem
1.3 in [2]).

Conclusion. The Prokhorov theorem shows that tightness is a necessary and sufficient
condition for compactness with respect to narrow convergence.

Now, by the following lemma, we show that if f is a non-negative function and lower semi-
continuous, then the map g+ [ f dp is lower semicontinuous under weak*-convergence.
Since the narrow topology is stronger than the weak*-topology, it can be concluded that
the same result is true under narrow convergence.



2.2 Monge formulation of the optimal transport problem

Definition 2.1.3 (Lower semicontinuous function). For a given function f : X —
[0, +00], if for any z € X,

liminf f(z,) > f(x)

n—o0

as T, — x, then f is called a lower semicontinuous function.

Lemma 2.1.1 (Lower semicontinuity of integrals). Assume that f: X — [0,+o0] is a
lower semicontinuous function, and i, — p. Then

liminf/ fdun>/ fdpu.

Proof. See [1], Lemma 2.1.12. O

2.2 Monge formulation of the optimal transport problem

In this section, we follow [2], Section 1. Let X and Y be compact, separable, and complete
metric spaces. We consider probability measures p and v on X and Y, respectively,
denoted by p € P(X) and v € P(Y). Additionally, we have a lower semicontinuous cost
function C': X x Y — [0,+00]. If H : X — Y is a transport map which transfers p to
v, i.e., Hyp = v; then the Monge optimal transport problem is minimizing

H—)/XC(SC,H(JJ))d,u(l‘)

among all transport maps H.

The existence of solutions of Monge’s problem depends on the choice of cost function.
Furthermore, the problem may not be well-posed. Indeed :

(1) acceptable H may not exist: If we consider y = 6, where 29 € X and H : X — Y/;
then

/ F(y) d(Hppt) (y) = / foHdu(x) = f(H(ro)  Vf:Y R
Y X

So, we conclude that Hyp = g (yy)-

Hence, if v := dp(4,); then an acceptable H exists, otherwise H does not exist.

(i4) Hyp = v is not sequentially closed with respect to any reasonable weak topology:
For example, let T': R — R be defined by

T(z) = {1 xE[O,%)

-1 xe€ [%, ),

be a 1—periodic function and define T,,(x) := T'(nz). Assume that p is the Lebesgue
: _ . 0_1+6
measure on [0,1], i.e., u = Ljg ) and v := =5

Through straightforward computations, Ty, 4 = v for any n € Nand T, — T = 0
weakly, but Tiup = 6 # v.
To address this issue, I will revisit the Kantorovich problem in the next section.
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2.3 Kantorovich formulation of the optimal transportation
problem

In this section, we follow [1], Chapter 1 and [2], Section 1. Assume that X and Y are
compact, separable, and complete metric spaces. Let u € P(X) and v € P(Y), and let
C:X xY — [0,+00] be a lower semicontinuous function.

Kantorovich formulated the transport problem by minimizing

v C(z,y) dvy(z,y),
XxY

where v € Coup(p, v).

This formulation offers several advantages:

(i) Coup(p,v) is always nonempty:

Let v = u ® v be the product measure defined by

/ F(z,y) dy(z,y) = / F(z,y) dp(z) du(y),

for every F': X x Y — R. Then v €Coup(u, v):

/Xxyf(x) dp(x) du(y)Z/Ydy(y)/Xf(x) du(z)
—1. /X Flz) dp(x)
- [ 1) duta).

/X XYg(y) du(x) dv(y) = /X du(z) /Y 9(y) dv(y)
= -/g(y)dV(y)
Y
=/amw@.
Y

(¢4) The infimum of { [y, C(x,y) dy(x,y) | v € Coup(u,v)} over v € Coup(u, v) always
exists under suitable assumptions, cf. Theorem 1.5 of [2].
(#4i) Any transport map H induces a coupling v := (Id x H)ypu. [See [1], Remark 1.4.5 ]

Remark 2.3.1. A coupling given by a graph induces a transport map:
Assume that v € Coup(u,v) and suppose there exists G : X — Y such that v =
(Id x G)yp. Then

v=(my)uy = (my)4(Id x G)pp = (my o (Id x G))pep = G pu.

Hence G is a transport map from u to v.

10



2.4 Existence of an optimal coupling

2.4 Existence of an optimal coupling

In this section, we follow [1], Section 2.3 and [2], Section 1.4. We want to show that
the solution of the Kantorovich problem exists. For this purpose, the following lemma is

required:

Lemma 2.4.1. Assume that X and Y are compact, separable, and complete metric
spaces. Let p € P(X) and v € P(Y). The set of couplings from p to v in P(X x Y) is
tight and closed under narrow convergence.

Proof. We prove this lemma separately in two steps:
Step 1. Coup(p, v) is tight: 3 .
We need to show that Ve > 0, 3K, C X x Y such that y(X x Y \ K,) <e:
By using Lemma 2.1.9 of [1], we have

Ve>0, JK.CX st pX\K.)< g
Ve>0, IK.CY st w(Y\K.)< g
Now by defining the compact set K. := K. X K! c X xY,Vy € Coup(p,v), we
have

VX XY\ Ee) =7 ((X\K:) x Y)U (X x (Y K))))
SAUXNE) xY) +9 (X x (Y\KD))

= / Ix\k. (7) dy(z,y) + / Iy (y) dy(z,y)
XxY XxY

- [ e @) dute) + [ v vty
X Y

= p(X \ K2) +v(Y \ K)
e 3

272

g.

IN

= (X xY\K.) <e.

Hence, Coup(u,v) is tight.

Step 2. Coup(u, v) is closed under narrow convergence:
Let (yn)n>1 C Coup(p,v) and assume that v, — v € P(X x Y). We show that

v € Coup(p, v), i.e., (my)4y = p and (my)py = v:
Since v, — 7, for any f € Cy(X), we have

/ f () dpu(z) = / f@) dm(ay) > [ F@) dy(z,y).
X XxY

XxY

11



2 Optimal transport

Hence, (7;)47 = p.
Similarly, (7,)xvy = v.

O]

Now, we aim to state and prove the main theorem of this section, demonstrating the
existence of an optimal coupling under general assumptions on the cost function.

Theorem 2.4.1 (Existence of an optimal Coupling). For a lower semicontinuous func-
tion C : X x Y — [0, +00] and probability measures p € P(X) and v € P(Y), there
exists a coupling ¥ € Coup(y, ) that minimizes the Kantorovich problem.

Proof. We show that for

C(p,v):= inf {/XXyC(:c,y) dy(z,y)|y € Coup(u, V)}

y€Coup(p,v)

the minimizer v exists:
If inf, [, Cdy = +oo, then it is clear that every v € Coup(u,v) is a minimizer.
Without loss of generality, assume inf, [ xxy Cdy < +00, and define

a:=  inf C(z,y)dy(x,y).
y€Coup(p,v) J X xy

Assume that (v,,)n>1 is a minimizing sequence in Coup(u, v), where

lim C(z,y) dyn(z,y) = a. (2.2)

n—oo XxY

Since by Lemma 2.4.1, Coup(u,v) is tight, and (y,)n>1 € Coup(p,v), by Prokhorov’s
theorem, there exists a subsequence (yy,)¢>1 and ¥ € P(X x Y) such that v, converges
narrowly to 4 (and hence 7, = 7).

By assumption, C is lower semicontinuous, i.e.,

lim inf Cdy,, > Cdy. (2.3)
=00 Jxxy XxY

inf/ C’dvza:liminf/ Cdynp, 2/ Cd7,
7 JXxxy =00 Jxxy XxY

where (2.2) is used in the first equation and (2.3) is used in the last inequality.

So
inf/ C’d’yz/ Cdy. (2.4)
T JXXY XxY

Claim: 4 € Coup(u, v): By Lemma 2.4.1, Coup(u, v) is closed under narrow convergence
and since 7,, — 4 we have 4 € Coup(u, ). Since 4 € Coup(u,v), ¥ is a coupling that
satisfies

Hence:

Cdy > a. (2.5)
XxY

12



2.4 Existence of an optimal coupling

Now the conclusion follows from (2.4) and (2.5), so [y C'd¥ = a. Thus 74 is a minimizer.
O

The previous theorem holds for cost function C' bounded from below.
Two important questions are:

1. Is the minimizer v unique?

2. Is v induced by a transport map?
To answer these two questions, we consider the following examples.
Example 2.4.1. The minimizer of the Kantorovich problem is unique.

Proof. Consider pi = d,, and v = %5% + %(53/1. Then v := %6(360’1,0) + %5(107%) is unique,

but it is not induced by a transport map. [See [1], Example 2.3.4.] O
Example 2.4.2. Consider X =Y =R? and C(x,y) := |z — y|?. Let

zo = (0,0), 21 := (1,1),y0 := (1,0),y1 := (0, 1),
be points in R2. Define

1 1 1 1
W= 55950 + 5511 and v := 553,0 + §6y1'

The set of all couplings that send p to v is obtained by
1 1 1
Ve 1= (o o) + (5 - t) Ozoyn) + (5 - t)5<x1,yo) t 80y, 1€ [0> 5]'

Hence, if ¢ € [0, %], v are optimal:

Cdy = / & — yl? du
XxXY XxY

1 1
= t|wo — yo|> + (5 - t)!l“o —y)? + <§ - t)|931 —yol® + tlar — i ]?
=1.

[See [1], Example 2.3.5.]

Consequently, for proving uniqueness, additional assumptions are necessary.
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2 Optimal transport

2.5 Necessary and sufficient optimal conditions

In this section, we follow [2], Section 1.2 and [1], Section 2.4. In order to understand
the structure of optimal plans, we begin by considering the support of a measure. The
properties of the support of an optimal coupling are then explored. Subsequently, we
define C-cyclical monotonicity and subdifferentiability of convex functions and superdif-
ferentiability of concave functions. Following this, the Rockafellar theorem is presented,
illustrating the relationship between cyclically monotone sets and the subdifferential of
a function.

Definition 2.5.1 (Support of a measure). Let (X, 7) be a topological space and u be a
measure on (X, B(7)). Then its support can be defined by:

supp(p) = {x € X|u(B(z,e)) >0 for any e > 0}.

Definition 2.5.2 (Support of an Optimal Plan). Consider an optimal coupling 5 €
Coup(u, v) with finite cost, i.e.,

C(z,y)dy(z,y) =  inf C(x,y) dy(z,y) < +oo0.
XxY y€Coup(p,v) J X xY

We define its support by:
supp(¥) :={(z,y) € X x Y |¥(B(x,¢) x B(y,e)) >0 Ve > 0}.

Now, for a better understanding of the structure of optimal couplings, consider the case
where X = Y = R?% and (z,y%) € supp(¥) for k& € N. This implies that these pairs
(zk,yr) can be sent from x to y through the optimal coupling 4. By considering another
transport map that redistributes mass from x5 to y1, 3 to y2, up to zxi1 to yx (where
ZTp+1 = 1), we observe that since 4 is an optimal coupling, the cost must increase.
Formally, this is expressed as:

M=

> Claw,u) <

k=1

d
C(Tht1,Yk)-

£
Il

1
This property hols for any pair in supp(%). So now we need to define the following:

Definition 2.5.3 (C-cyclical monotonicity). Let M C X x Y be a set. M is called
C-cyclically monotone whenever for a finite sequence (x4, yi)k=1,.. m in M we have:

C@ryr) < ) CTrg1,Yk)

NE
NE

e
Il
—
e
Il
—

with z,, 11 = 21.

As a conclusion to the discussion above, the following theorem demonstrates that opti-
mality implies C-cyclical monotonicity.

14



2.5 Necessary and sufficient optimal conditions

Theorem 2.5.1. Assume that 4 is an optimal coupling, and C' : X xY — R is a
continuous cost function. Then supp(7) is C-cyclically monotone. For a proof of this
theorem, we refer to [1], Theorem 2.4.3.

Now, we would like to state the Rockafellar theorem. For this purpose, we need to define
the concepts of subdifferential and superdifferential. For understanding how this concept
is defined, we will consider the following special case:

Suppose that X =Y = R? and O(x,y) := % Let:

2 2
/ |x2 du(z) + / |y2| dv(y) < +o0.
Rd Rd

For a coupling v € Coup(u, v), we have:

2 2 2
T —y x y
/Rd Rd' 5 | dv(fv,y)z/m Rd('; —w'y+’2| )dv(:v,y)
X X

|z|? ly|? .
/]Rd 2 dnlw) + /Rd 2 dv(y) /Rd xRd vy dy(@,y).
(2.6)

The coupling ~ is optimal for Iz_zyP if and only if v is optimal for the cost function
C(z,y) = —x -y, since by assumption:

2 2
/@du—i—/ ‘?gdu<—|—oo.
Rd Rd

Therefore, if C(z,y) = —x -y, the C-cyclical monotonicity condition is equivalent to:
m
Z<yka Tp1 — k) <0, (2.7)
k=1

where (-,-) denotes the scalar product on R?, and ,,, 11 = 2.

Goal. Characterize cyclical monotonicity by the subdifferential of convex functions. We
will recall the definition of the subdifferential of a convex function and then discuss the
relation between the gradient of a differentiable function and its subdifferential.

Definition 2.5.4 (Subdifferential and Superdifferential). Assume that ¢ : R — R U
{+00} is a convex function. Its subdifferential is defined by:
0~ ¢(z) = {y €RYo(2) > ¢(x) + (y,z —x) Vz R}

Define
0~ ¢ = U {z} x 9~ ¢(x) C RY x R

rERY

Similarly, for ¢ : xRY — R U {—oc} a concave function, its superdifferential is defined
by:

8 ¢(z) == {y € RY¢(2) < ¢(x) + (y,z —x) Vze R

15



2 Optimal transport

Lemma 2.5.1. Assume that ¢ : R — RU {400} is a convex function with a subdiffe-
rential at  in R?. Then:

9" ¢(x) = {Vo(2)}.
To prove this, refer to [1], Lemma 2.5.2.

Theorem 2.5.2 (Rockafellar). Assume that M C R? x R? is a set. M is cyclically
monotone if and only if there is a convex function ¢ : R — R U {400} such that

M C O ¢.

Proof. <) If a convex function ¢ : R? — RU {+o0} exists such that M C 9~ ¢, then we
show that M is cyclically monotone, i.e., for any finite family of points (x, ¥;)i=1,..m C

M:

m

Z@i,xiﬂ —x;) <0 with 241 =21,
=1

Assume that M C 07 ¢ and consider (x;,y;)i=1,...m in M. Hence, y; € 0~ ¢(x;) for any

i.
Therefore, by the definition of 9~ ¢, we have:

o(2) > o(x;) + (yi, 2 — x4) Vz € R%
By setting z = x;41, we get:
d(@it1) = (i) + (Yis Tigr — T4).

Taking the sum over ¢ implies:

m m

D b)) =Y b)) + Y (yi wipr — ),
=1

i=1 =1

and since Y 'y d(Tip1) = Yooy d(x;) and Tpmq1 = @1, We get

m
0> (yi,wiy1 — 1),
i=1

as desired.

=) Let M C R?xR? be cyclically monotone, i.e., for any family of points (z;, Yi)i=1,...m;
Yoy, g1 — xi) < 0 with 2,11 = 21,

We want to show the existence of a convex function ¢ : R? — R U {4+oc0} such that
M C 07 ¢.

To prove this, we construct the function ¢ as follows:

Let (z0,y0) € M be fixed. Considering ¢ as a convex function such that M C 9~ ¢ and
¢(xg) = 0, we have:

(z0,y0) € 0~ ¢, ie., ¢(2) > B(w0) + (Yo, 2 — x0) Vz € R?

16



2.5 Necessary and sufficient optimal conditions

= ¢(2) > (yo,z2 —x0) VzE€E R,
m C M,

Now, setting z = x and using induction on m > 1 for any sequence (z;,¥;)i—1,...,
we obtain:

&(x) 2 (Yms T — Tm) + Ym—1, Tm — Tm—1) + - + (Yo, 1 — X0)- (2.8)

Now, we can define the minimum function satisfying property (2.8) as:

¢($) = SUP{@m, $_35m>+<ym—1, $m_l‘m—1>+’ : '+<3/07 $1_$0>‘($i7 yi)i:l,...,m CM,me N}
The function ¢ possesses the following properties:

1. ¢ is convex:
Since ¢ is the supremum of affine functions.

2. ¢(x0) > 0:
By choosing m = 1, we have (x1,y1) = (x0,yo). Therefore:

(25(.%') > <y07$ - CC()>,

and since x = xo we have:

d(z0) > (Yo, zo — T0)-

Hence
od(xg) > 0. (2.9)

3. ¢(x) # +oo:
We know that M is cyclically monotone. For any (z;,¥;)i=1,...m C M we have

m

D i wiin —ai) 0.

=1

Thus
(Yms Tmg1 — Tm) + -+ + (Y1, 22 — x1) <0,

hence

<ym,l‘o —ﬂfm) +-+ (yo,ﬂfl —930> <0.
Therefore

¢(x0) = sup{(Ym,To — Tm) + -+ + (Yo, 21 — w0)} < 0.

meN

Thus:

¢(z0) < 0. (2.10)

By (2.9) and (2.10), we conclude that ¢(xz¢) = 0, thus ¢(x) # +oo. Therefore we
have constructed a convex function ¢ : R — R U {+o0}.

17



2 Optimal transport

Claim. M C 0~ ¢:
To demonstrate this, we will establish that for any (z,y) € M, it holds that (z,y) € 0~ ¢,

which implies ¢(z) > ¢(z) + (y, z — x).
Assume that (z,y) € M and ¢(z) > a. Now by using the definition of ¢, there is a
natural number m and a sequence (x;, y;)i=1,.. m such that

(Yms T — Ti) + -+ + (Yo, 21 — x0) > a. (2.11)
(Since

P(x) := Sup {Ym,x — zm) + - + (Yo, 21 — z0)| (T4, Yi)i=1,...m C M}

and a < ¢(x), and since

a < sup {(Ym, & — xm) + - + (yo, x1 — zo)|(Ts, ¥i)i=1,....m C M},
m>1
thus
a < <ym,x _$m> +-+ <y07$1 _x0>~)
Set (Zm+1,Ym+1) = (x,y) and consider the sequence (z, ¥;)i=1,....m+1. This new sequence
satisfies the definition of ¢. So by using (2.11), we conclude that for any z € R%:

d(2) > (Ym+1,2 — Zm+1) + Ymy Tmg1 — Tm) + - + (Yo, 1 — 20)-

Since y = Yymy1 and © = Ty, 41; then

(;5(2:) > (y,z—x>+<ym,x—xm>+--'+<yo,x1 _5730>7

and since
(Yms T — Tm) + -+ (Yo, 21 — o) > a

by (2.11) we get ¢(2) > (y,z — z) + a.
If a — ¢(z), then ¢(z) > (y,z — ) + ¢(z) for all z € RY, ie., y € O~ ¢(x) or (z,y) €
9~ ¢. O

2.6 Kantorovich Duality

In this section, we follow [1], subsection 2.5.2, and [2], section 1.3. Our objective is to
derive a dual problem for the Kantorovich Problem using the Legendre transform. We be-
gin by defining the Legendre transform and subsequently review its essential properties.
Finally, we state and prove the Kantorovich duality theorem.

Having previously established the existence of an optimal coupling for nonnegative cost
functions, we now need to introduce additional assumptions to demonstrate the existence
of an optimal coupling for the cost function C'(x,y) = —z - .

The cost function C(z,y) = —x - y is equivalent to C(z,y) := F54- if

18



2.6 Kantorovich Duality

2 2
/|x2|du+/|y2|dy<+oo.

Since v := p ® v € Coup(u,v) and

/ Clx,y) d(p @ v)(z,y)
R xR4

2
r—Y
= [ dpe ey
Rd xR

.%'2 y2
=/ <‘2’—x-y+|2’> d(p@v)(z,y)
RIx R4

g/ (2] + [9[) d(1 ® v)(z, y)

R x R4

= [ ol dut)+ [ Iy av(y) < +oc,
R4 Rd

so we conclude that inf.ecoup(uw) [xxy Cdy < +00.

Therefore, Theorem 2.4.1. holds for the cost function C; i.e., an optimal coupling for C
exists, and this coupling is also optimal for C.

Definition 2.6.1 (Legendre Transform). Assume that ¢ : R? — R U {400} is convex
and ¢ #Z +o0o. Then its Legendre transform is defined by:

¢* : R — RU {+00};
¢"(y) == sup{z -y — d(2)}.

rER4

Proposition 2.6.1. For a given convex function ¢ : R? — R U {400}, the following
properties hold:

(i) o(x) +¢*(y) > a-y Yo,y e RY
(i) ¢(z) + ¢*(y) = x -y if and only if y € ™ ¢(x).
Proof. (i) For x € RY, by definition ¢*(y) = sup,ega{z - y — ¢(z)}, we have:
" (y) Zx -y — o).
Hence ¢(z) + ¢*(y) > z -y for all 2,y € R,

(i) =) If ¢(x) + ¢*(y) = x - y, then y € 0~ ¢(x):
We show that
B(2) > ¢(x) + (y,z —x) for all z € R

By assumption: ¢(z) + ¢*(y) = x - y. Thus,

z-y—o(x) =9 (y) (2.12)
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2 Optimal transport

By (i), we have
o(2) + ¢*(y) > z-y for all z € RL (2.13)

Thus,
*(y) = 2y — ¢(2).
Now, by (2.12) and (2.13):
zoy—or) =2y —o(2).

Thus,
$(2) > ¢(x) + (y,z —x) for all z € R

<) Assume that y € 0~ ¢(z). We show
o)+ ') =2 -u.
Since y € 0~ ¢(x), we have:
()
& o(2)
= Ty

o(x) + (y,z —z) for all z € R?
¢(@)+z-y—x-y
O(z) > 2y — ¢(2).

IRAVARLY,

By taking the supremum over z € R%:

sup{z -y — ¢(x)} > sup{z-y — ¢(2)}.

z€R4 z€R4
Thus:
z-y—o¢(x) > sup{z-y—¢(2)}
z€R4
= x-y—é(x) > ¢"(y)
= o) +¢"(y) <z-y. (2.14)
By (i),
o(x) +¢"(y) = - y. (2.15)
By (2.14) and (2.15), we obtain:
() +¢*(y) =z -y ifye€d ¢(x).
J

Theorem 2.6.1 (Kantorovich Duality). Let

[ el du@)+ [ 1o dvty) < +oc
R4 R4
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2.6 Kantorovich Duality

If the functions ®, ¥ : RY — R U {+o0} are measurable and vy € Coup(y,v), then

min —z-ydy(r,y) = max /—Cbxd x—l—/ —U(y) dv }
'YGCOUp(u,V) /RdXRd y 7( y) ‘I)(m)+\11(y)>m-y{ RA ( ) IU/( ) R (y) (y)

Furthermore, if we set ¥ = ®*, then

min / —x-ydy(z,y) = max {/ —®(z) du(x) +/ —d*(y) dl/(y)}.
~v€Coup(p,v) JRd xR ® convex | JRd R

Proof. Consider ®, ¥ : R — R U {+o0} with ®(z) + ¥(y) > z -y for all z,y € R%.
Now, we integrate ®(z) + ¥U(y) > x - y with respect to an arbitrary coupling v €
Coup(u, v). Hence:

—z-y > =0(x) + (=¥(y))

= —z-ydy(z,y)
R4 xR4

> /[Rded —®(x) dy(x,y) + /Rded —U(y) dy(z,y)

_ /R (@) du(x) + /R W) du(y),

where we will prove the last equality later, namely in (,).
Therefore,

/Rded = ydiny) 2 /Rd — (@) dulz) + /Rd ~U(y) dv(y). (2.16)

As we see in (2.16), [pi, g —% -y dy(x,y) is independent of ® and ¥, and
fRd —®du + f]Rd —W dr is independent of +. Hence, by utilizing Proposition 2.6.1, we
have:

[ eynenz  sw { [ ~vwduo + | —w<y>du<y>}
v€Coup(p,v) JRd x R4 ®(2)+V(y)>zy LJRE R4
> s { [ ewa + [ —emam).
$ convex Rd Rd

Thus,

mt [ iz s [ —ewa s [ —ewan).
v€Coup(u,v) JRd xR ® convex (JRd R4
(2.

If we consider an optimal coupling 4 € Coup(u, v), by using Theorem 2.5.1, supp(ﬁ
cyclically monotone.
Now, by Rockafellar’s theorem, there exists a convex map ® : R — RU{+o0} such that

supp(y) C 0~ @, ie., y € 0~ ®(z) V(z,y) € supp(F).

17)
) is
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2 Optimal transport

So, by Proposition 2.6.1, for §-a.e. (x,y):
D(x) + ®*(y) = -y,
Hence,

/Rded —z-ydi(z,y) = /Rd —®(z) dy(z,y) + /Rd —®*(y) dy(z,y)
/ —®(x) du(z) +/ —®*(y) dv(y).
R4 R4

Thus,
[, —ewdiy = [ @)+ [ -2 @)avty)
Re xR R? R?
Since 4 is optimal, in inequality (2.16) we have equality.
Now we prove (4):
® is measurable. To show that ® is integrable, we want to use Fubini’s theorem. Also,
we will show
[ e ey = [ o du).
Re xRd R
Claim: @ is integrable.
We have z -y < ®(x) + ¥(y) and also, by the fact that (z +y)? > 0, we have

2 2

z]® [yl
IS bl N L4 B
TY=TT Ty,
therefore
=* |yl
O(z) +V(y) 22y > -7 = -
Thus,
N O a
(a;)—i—T—i- (y)+720 Vr,y € R

Now we choose 79 € R? such that ®(z¢) < +oc and also yy € R? with ¥(yo) < +oo. If
® = VU = +o0, then (2.16) is true.

Thus,
2 2
¢() = ®(x) + ’2‘ > —C:=—¥(y) - |y;] Ve,
W2 S o e — 0l
V(y) = W(y) + - = =C" = =B(w) = -V

We conclude
¢(x)+C >0 and P(y)+C' >0.

Hence, they can be monotonically approximated with Borel and bounded functions:

én = max{p+ C,n} and b, :=min{y) +C’,n} VneN.
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2.6 Kantorovich Duality

Apply the definition of coupling to ¢, and v, and let n — oco. By the monotone conver-
gence theorem, we have:

[ 6@+ drwy) = [ (66)+C)duto),
RIx R4

R4

/ (6(y) + C') dr(z ) = / () + C") dv(y).
R x R4

Rd

Since [|z[*dy = [ |z|*dp < +oo and [ |y|?>dy = [ |y|? dv < +o0, we obtain:

/Rded(ﬂﬁ(:v) + C)dy(z,y) — /Rded ('962’2 + C) dy(z,y)
|z[?

:/Rd(gb(aj) +C)dp(z) — /Rd <2 - C> dp(z).

o)~ ) aey = [ (6@~ LY dute).
/Rdx]Rd < 2 R4 2

Therefore, by the definition of ¢(x), we get:

Hence,

/Rded(I)(x) (@) :/ ®(z) du(z);

R4

as desired.
Similarly,

/Rded U(y) dvy(x,y) :/ U(y) dv(z).

R4
O

Remark 2.6.1. Given ¢ : R — R U {+00} convex and 7 € Coup(u,v). If supp(7) C
0~ ¢, then 4 is optimal.

Proof. Assume that supp(y) C 0~ ¢ where ¢ is convex. Take (z,y) € supp(7), i.e.,

y € 0" ¢(x). Thus, ¢(2) = ¢(2) + (y,z — x), and then ¢(2) — ¢(x) = y - (2 — ).
Hence, by Proposition 2.6.1, (ii), we have:

px)+¢"(y)=x-y if yed o

Then:

/ —x-ydy = / —pdp+ / —¢* dv. (2.18)
Ré xRd R R4
Since by (2.16), we have:

/—¢<x>du<x>+ W dv(y) < inf / —e-ydy(my),
Rd R4 R xR4

~ y€Coup(,v)
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2 Optimal transport

together with (2.18), we get:

/ —m-yd'?:/ —¢du+/ —(b*duginf/ —x - ydy.
R4 xRd R4 R4 7 JRIxRA

/ —x-ydy < inf / —x-ydy.
Rd x R4 v€Coup(p,v) JRA xRI

Therefore, 4 is optimal. O

Thus

Now, by Remark 2.6.1 and Theorem 2.5.1 and Theorem 2.5.2, we conclude:

Corollary 2.6.1. For the given cost function C(z,y) or equivalently C'(z,y) =

—x -y, the following statements are equivalent:

_ lz—yl?
=3

(i) 4 is optimal;
(ii) there exists a convex function ¢ : R — R U {400} such that supp(¥) C 9~ ¢;
(iii) supp(7) is cyclically monotone.
Remark 2.6.2. If a certain transport map is optimal, then statements (i)-(iii) from the
previous corollary are useful [See [1], Remark 2.5.9].

Now, we want to state the Kantorovich duality in the general case, i.e., for general cost
functions. For this purpose, we need a suitable definition for the notion of convexity.
Therefore, proofs follow the same structure as before.

Now we define C-convexity and C-concavity.

We can define a convex function as the supremum of affine functions:

¢:RY = RU {400}
is convex if it is defined by

¢(x) := sup{z -y + a(y)}
y€ERd

for some values {a(y)},cge Where a(y) € RU {—o0}.
To define C-convex functions and C-subdifferentiability, we recall that we had C(z,y) =
—z-y. Hence x -y = —C(z,y).

Definition 2.6.2 (C-convex and C-concave function). Assume that X and Y are metric
spaces and C' : X xY — R is a cost function. If ¢ : X — R U {400}, then it is called
C-convex if:

P(z) :== 31615{—0(% y) +a(y)},

for some {a(y)}yey C RU{—00}.
If:Y — RU{—o0}, then it is called C-concave if:

Y(y) = xig)f{{C(x,y) - B(2)},

for some {f(x)}zex C RU{+00}.
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2.6 Kantorovich Duality

Definition 2.6.3 (C-subdifferential and C-superdifferential). Let X and Y be metric
spaces and C' : X x Y — R be the cost function. Assume that ¢ : X — RU {+o0} is a
C-convex function. Its C-subdifferential is defined by:

dep(z) :=={y € Y|9(2) > =C(z,y) + C(z,y) + d(z) Vze€ X}.
0c¢ = | J {2} x 0eip(z) C X x Y.

zeX

Also for any C-concave function ¢ : X — R U {—oo}, its C-superdifferential is defined
by:

IY(x) ={y € Y[(2) < =C(z,y) + C(z,y) + ¥(x) Vze X}
0 == | J {2} x 0%(z) C X x Y.

zeX

Theorem 2.6.2. Assume that X and Y are metric spaces. Consider a subset M of
X xY. Then M is C-cyclically monotone if and only if there is a C-convex function ¢
such that M C 0.¢.

Proof. The proof of this theorem is similar to the proof of the Rockafellar theorem,
except we replace —z -y with C(z,y).

=) If M is C-cyclically monotone, then there exists a C-convex function ¢ such that
M C 0.¢:

Since M is C-cyclically monotone in X x Y, for any finite family of pairs (z;, ¥;)i=1,...m C
M, we have:

_C(xm—i-la ym) +o T+ C(.’IJ(), ?JO) < 0.
It suffices to define:

qb(x) = S%%{*C(l‘, ym) =+ C(‘Trm ym) - C($m, ymfl) + .-

+ C(x0, yo)| (@i, Yi)i=1,...m C M}.

Now, by applying the proof of the Rockafellar theorem [See [4], 77-78|, we obtain the
result.

<) Assume that ¢ is a C-convex function such that M C 0.¢.We show that M is C-
cyclically monotone.

Consider a finite family of points (x;, yi)i=1,...m C M C O.¢, meaning y; € O.¢(x;) for
any ¢ = 1,...,m. By the definition of d.¢(z):

Set z = x;41 and X411 = x71; then:

d(wiv1) = o(wi) — C(wiv1,9i) + Clw4, i)
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2 Optimal transport

Summing over ¢ = 1,...,m, we get:
D b@inn) =Y b))+ (—Clwipr,vi) + Claiyi)) -
i=1 i=1 i=1

Since Ty, 1 = x1 and @(xm41) = ¢(21), we have:
Z(—C(%H, yi) + C(zi,4i)) <0,
i=1

hence

Z C(ws,y:) < Z C(wiy1,%i)
i—1

i=1

Therefore, M is C-cyclically monotone. O

Now, we would like to present a general Kantorovich duality. First, we will define the
C-Legendre transform.

Definition 2.6.4 (C-Legendre transform). Assume that X and Y are locally compact,
separable, and complete metric spaces. Let ¢ : X — RU {400} be a C-convex function.
Its C-Legendre transform is defined by:

dc:Y = RU {+oo},
dc(y) == sup{—C(z,y) — ¢(z)}.

zeX

If : X - RU{—o0} is a C-concave function, then its C-transform is defined by:

¢ Y - RU{—o0},
0°(y) = Wl {C(,y) — d(x)}-

Proposition 2.6.2 (Relation between ¢ and ¢¢). For any given C-convex function
¢: X - RU{+o0}, the following statements hold:

(i) ¢(x) + ¢c(y) + C(x,y) >0 forall z € X and y € Y,
(il) ¢(z) + dc(y) + C(z,y) =0 if and only if y € Deg(z).
Proof. See [1], Proposition 2.6.4. O

Theorem 2.6.3 (General case of Kantorovich duality). Assume that X and Y are
locally compact, separable, and complete metric spaces, and consider a continuous cost
function C' € C(X x Y') which is bounded from below. If

inf / Cdy < 400,
v€Coup(p,v) J X xY
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2.6 Kantorovich Duality

then:

min Cdvy= max /—d+/— du}.
’YECOUP(H:V)/XXY 7 ¢(x)+w(y)+0(w,y)>0{ X bau Y v

If we replace ¥ by ¢¢, then we have:

min Cdy=  max / —¢d +/ — dl/}.
VGCOUP(IMV)/XXY T s C-COHVeX{ X o Y ve
Proof. Same as the proof of Theorem 2.6.3. [See [1], Theorem 2.6.5 and [4], 78-79]. O

Now, we demonstrate the applicability of this theory to a special case where the cost
function is the distance function in a metric space X.

Proposition 2.6.3. Assume that (X, d) is a metric space and Y = X. If C(z,y) =
d(z,y), then

(i) ¢ : X — RU{+o0} is a C-convex function if and only if it is 1-Lipschitz continuous,
ie.,

lp(x) — od(y)| < d(xz,y) Vx,ye X.

(ii) For a C-convex function ¢ : X — RU {400}, if y € 0.¢(x), then
¢(y) — ¢(z) = d(z,y).
(iii) For a C-convex function ¢, it holds that ¢c = —¢.

(iv) If p and v are probability measures in X with finite cost function, i.e.,

in / d(z,y) dy(,y) < +oo,
~v€Coup(p,v) J X xY

then
min d(x,y)dy(x,y) = max / du—/ d}.
WGCOUP(IMV)/XXY (.9) dr(z.) ¢1-Lip{ Xqﬁ X¢ a
Proof. Proof. See [1], Proposition 2.6.6, 49-51. O

As a conclusion of this section, we state the following corollary:

Corollary 2.6.2. Assume that X and Y are locally compact, separable, and complete
metric spaces. Let C be a continuous function in X xY and bounded from below such that
inf. e coup () Jx«y Cdy < 40c0. Then for any coupling 7 € Coup(u,v), the following
statements are equivalent:

(i) 4 is optimal;
(ii) supp(¥) is C-cyclically monotone;
(iii) There is a C-convex function ¢ : X — R U {400} such that

supp(7) C Oc0.
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2 Optimal transport

2.7 Existence and uniqueness of optimal transport maps

In this section, we state and prove Brenier’s theorem in a special case where X =
Y = R? and the cost function C(z,y) = % We aim to establish the existence and
uniqueness of the optimal transport map under these conditions. Then, utilizing the proof
of Brenier’s theorem, we extend our analysis to the general case. We will demonstrate
the existence of an optimal transport map that is unique, even in this broader context.
Theorem 2.7.1 (Brenier’s theorem). Assume that X =Y = R? and C(z,y) = |m_2y|2
(or equivalently C(z,y) = —x - y). Let

/ 2l du(z) + / yI? du(y) < +oo,
Rd R4

and suppose that p is absolutely continuous with respect to the Lebesgue measure (i.e.,
i < dx). Then there exists an optimal coupling 4 which is unique.
Furthermore, for some convex function ¢, we have

= {Idx H)up and H =Vg¢.

Proof. Step 1. Existence of optimal couping 7:

12
C(x,y) = % is a continuous and nonnegative cost function, and the product measure
1 ® v is a coupling. Furthermore, we observe that

lz—y?  z? |y? El
L. R ol I L1 o G AL I L
2 o Ty TTUS ST

=z —y|* < |z)* +y* < 2(|=* + [y*). (2.19)

Hence, we get
/ Iw—yl2d(u®V)=/ (e + [yl - 22 - y) d(u ® v)
Rd xRd Rd xRd
< / (2 + yf?) d( & v)
R4 x R4
<9 / (2l + [y[2) d(u © v)
R x R4

—2 / ja? dp(a) + 2 / [ du(y)
R4 Rd
< +o0,

where in the second inequality, we used (2.19) and the last inequality is true by our
assumption.
Therefore, we get

L Je=sPdwey) <+
X
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2.7 Existence and uniqueness of optimal transport maps

Hence, by Theorem 2.4.1, there exists a nontrivial optimal transport plan 7.
Step 2. ¢ is differentiable u-a.e.
Since 4 is optimal, by using Corollary 2.6.1, we conclude that

supp(3) C 9~ ¢ for some convex function ¢ : R? — R U {+oc}.

By Proposition 2.6.1, we have:

¢(@)+¢"(y) =z-y on 07¢

where

¢*(y) == sup{z -y — ¢(2)}.

z€R4

Since supp(y) C 0~ ¢, thus:

¢(z) +¢*(y) =x-y on supp(y). (2.20)

Now we state that (¢(z), ¢*(y)) is finite for J-almost everywhere (z,y), i.e., since [pq |z|* du+
Jga [y|? dv < +00. Thus,

/ x-ydy(z,y) < o0.
Rd xRd

By (2.20), we have:
/ (¢(x) + ¢"(y)) d¥(x, y) < +o0.
Rd xRd

Then,
/é(:v)du(x)Jr/ ¢*(y) dv(y) < +oo.
R4 R4

Hence, we conclude that ¢(z) is finite at g — a.e. point x.

Since u < dz and by Alexandrov’s theorem (see [8], Theorem 14.25), we know that
convex functions are differentiable almost everywhere on the region where they are finite.
Thus, since ¢(x) is finite at © — a.e. point x , ¢ is differentiable p — a.e.

Step 3. ¥ = (Id x H)yp and H = V.

We want to show that for any f € Cy(R? x R?),

/ f(y) di(z,y) = / F(,y) d((Td x V) 1) (2 ).

Assume that A C R is a subset with p(A) = 0 and that ¢ is differentiable at € R%\ A.
Consider # € R%\ A and assume that (#,7) € supp(7) C 9~ ¢. Thus, § € 9~ ¢(Z).
Since § € 0~ ¢(Z) and ¢ is differentiable at Z, by Lemma 2.5.1, which states that
0~ ¢(x) = {Vo(x)}, we get:
y=Vo(z),
and therefore
H = V.
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2 Optimal transport

Thus,
supp() N [(R*\ A) x R] C graph(V¢).

Since 7(A x R?) = pu(A) = 0, we have
(z,y) = (z,Vo(x)) ¥ —a.e. (2.21)
Then for any f € Cp(R? x R?):
[, tewdiey= [ feTow)diy)
Rd x R4 R4 xRd
— [ Vo) du(x)
Rd
— [, fe)ddx Vo)),
R4 x R4

where we used (2.21) in the first equality.

Therefore, we get ¥ = (Id x V¢)xp as desired.

Step 4. 7 is unique. o

Assume that 41 and 42 are optimal couplings. We show that &2” is an optimal coupling.
We know that the problem is linear with convex constraints. Thus,

Y1 + Yo 1 - 1 .
/ !l‘—y!2d< 5 >=2/ !w—y!2d71+2/ |z — y|? ds.
R4 xR4 R4 xR4 R4 x R4

Now consider g € Cp(R%). Then

7+ ’Y2 1 1 -
/ g(x')d( 5 )@y 2/ 9(@) dyn(x y)+2/ 9(x) dy2(z,y)
R4 xRd R4 R4
-3/ +3 [ 9@ duto)
2 Rdg 2 Rdg M
— [ ot
R4
Thus,
T+ 72)
( ””)#( 2
Similarly,
1+ 2
(ﬂ'y)#< 2 ) =V
Therefore, &2% is an optimal coupling.

Now we apply step 2 and step 3 to 71; therefore, there exists a convex function ¢; such
that by step 2, it is differentiable 1 — a.e., and by step 3, 41 = (Id x V¢1)4pu. Hence, by
(2.21), we have:

(z,y) = (z,Voi1(z)) 41 — a.e. (2.22)
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2.7 Existence and uniqueness of optimal transport maps

By repeating the process above for 7o and @, we obtain convex functions ¢o and ¢~>
such that:

Y2 = (Id x V2 )4 p.
Then by (2.21):

(z,y) = (x,Voa(z)) 72 — a.e. (2.23)
and .
! 272 = (Id x V&) up,
we use (2.21) to get:
() = (@,V9) LI _qe (2.24)
Therefore by (2.24),
(z,y) = (=, Vg?)) for 41-almost every (z,y). (2.25)

Now, by the fact that (2.22), (2.23), (2.24), and (2.25) don’t depend on y, by using (2.22)
and (2.25), we obtain:

(z,y) = (z,Vo(zx))  p—ae.
(z,y) = (2, Vo1(x)) U—a.e.

Therefore,

Vo(z) =Vei(z) p—ae, VYreR (2.26)

Similarly,

Vo(z) = Vo(z) p—ae, VYreRL (2.27)
Hence, (2.26) and (2.27) imply:
Voi(z) = Voa(r) p—ae.
Thus, 41 = Ao, i.e., ¥ is unique. O

Now we demonstrate the existence of an optimal transport map in a special case that is
a consequence of Brenier’s theorem.

Corollary 2.7.1. Assume that X =¥ = R* and C(r,y) = 55 Let fyu |oPdu(x) +
Jpa [y12dv(y) < +oo. If 4 < da, then

(i) There exists a unique optimal transport map H : X — Y such that Hyp = v.
Furthermore, there exists a convex function ¢ : X — RU {400}, H = V¢.

(ii) If for some convex function ¢ : X — RU {+o0}, H = V¢ and Hyp = v, then H
is the unique optimal transport map.
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2 Optimal transport

Proof. (i) By Brenier’s theorem, there exists an optimal coupling 4 given by (Id x H)xp
where H : X — Y is a transport map, i.e., Hyu = v. Now we show that H = V¢, where
¢ : X — Y is a convex function.

By using Cas(u,v) > Cx(p,v) (See [1], Remark 2.2.1), we have

inf / x—H d inf / z — y2dy(z,y).

Hyp=v | | uz) 2 vE€Coup(p,v) X><Y| (e, y)

Assume that ¢ is a convex function such that H = V¢ and ¥ = (Id x H)xp. Thus
= (Id x V¢)yp. Therefore

/ﬁxH@W@mwszxva@ﬁmw>
X X

— [ o uPdzax Vo)
XxXY

=/ - yPdi(z,y)
XxY

= _ min / @ — y[Pdy(z,y),
v€Coup () J X xY

where we used H = V¢ in the first equality and optimality of ¥ in the last equality.

Therefore we get:

/ﬁx— 2)Pdu(z) =  min ‘/ = — y2dy(z,y).
~v€Coup(u,v) J X <Y

Hence H = V¢ is optimal.
Now we show that the solution of the Monge problem is unique:
For this purpose assume that H; and Hs are optimal. Then by the previous part, we
have
= (Id X HI)#,u and Yo = (Id X HQ)#/,L

that are optimal for the Kantorovich problem.

To get the conclusion, by using the uniqueness of the optimal plan from Brenier’s theo-
rem, we get Hy = Hy p-a.e. (Since v = 72).

(ii) By using Remark 2.6.2, we get the optimality and uniqueness follows from (i) (See
[1], Corollary 2.5.12, pp. 38-39). O

Now the following question arises: what happens if v < dz under the assumptions of
Brenier’s theorem?
To answer this, we establish the following corollary:

Corollary 2.7.2. Assume that X = Y = R? and C(z,y) = lz—y y' . Let u,v € P(RY)
and [y |z[2dp+ [y |y|*dv < +o00. Suppose that p < dz and v < dx If V¢ is an optimal

transport map from p to v and V4 is an optimal transport map from v to u, then
V¢poViy =1d v-a.e. and Vip o Vo = 1d p-a.e.
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2.7 Existence and uniqueness of optimal transport maps

Proof. By Brenier’s theorem, ¢ and 1 are convex functions such that V¢ is an optimal
map from p to v, and V¢ is an optimal map from v to pu.
Now we show that V¢ o V¢ = 1d p-a.e.

/ & — V(@) dulx) = / & — y2d(Id x Vo) 4
X XxXY

= it [ ey,
~vyeCoup(u,v) J X xY

where we used the optimality of V¢ in the last equality.
We know that the cost function C' is symmetric in z and y. Hence

/ V(y) — yf? duly) = / & — y[2 (V) x Td) 4)
Y XxY

—  f / = — g2 dy(z, y),
~v€Coup(p,v) J X xY

where we used the optimality of V4 in the last equality. Therefore, we get that (Id x
V¢)up and (Vip x Id)yv are optimal. Thus,

(Id x V)up = (Vi x Id)4v. (2.28)

Consider a test function f: X x Y — R. Hence
— [ 1@ Vo) dut) = [ o= Vo(To@)P duta) = (40),
X X
where we used f(z,Vé(z)) = |z — Vi)(Ve(x))|? here, and

/ F(V(y / V() — Vo) du(y) = (++),

where we used (2.28) in the first equality.
Therefore,

[l = uvo@)Pdute) = | [96) - Vo) =0,
and since Vi (Vé(z)) = &, we get
VioVe—=Id p-ae.
Similarly, Vo Viy = Id  v-a.e. 0

Now we show the existence and uniqueness of the optimal transport map for general cost
functions. We use the proof of Brenier’s theorem that includes the derivative of a convex
function. Hence, we consider X with a differentiable structure. For simplicity, assume
X =Y =R% As we will show in Chapter 4, the same argument can be generalized for
any arbitrary Riemannian manifold M.

In this case, Y does not need to be differentiable. For more general statements, refer to
[6], Chapters 9-10.
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2 Optimal transport

Theorem 2.7.2. Assume that X = YV = R? and u < dz and supp(v) is com-
pact. Let C € C(X x Y) be a continuous and bounded from below cost function with

infsecoup(up) Jxxy Cdy < +oo. If
(i) For all y € supp(v), x — C(z,y) is a differentiable map for x € X
(ii) For all z € X, y — V,C(z,y) is an injective map from supp(v) to Y,

(iii) For all y € supp(v) and r > 0, |V,C(z,y)| < M, for any x € B, (where M,
depends only on 7 and not on y).

Then there is a unique optimal plan 4 such that ¥ = (Id x H)xp and H satisfies
VaC(2,y)ly=n() + Vo(2) = Vo C(x, H(z)) + Vé(z) =0,
for some ¢ : X - RU {+o0}, a C-convex function.

Proof. See [1], Theorem 2.7.1, pp. 52-54. O

Remark 2.7.1. Theorem 2.7.2 covers Theorem 2.7.1 with one more assumption on the
support of v, which is compact. (See [1], Remark 2.7.2, pp. 52-53.)

Example 2.7.1. If C(z,y) = | — y|™ with n > 1, then Theorem 2.7.2 applies. See [1],
Example 2.7.3.

Remark 2.7.2. Theorem 2.7.2 is not true for the cost function C(z,y) = |z — y|. (See
[1], Remark 2.7.4 and [9], Proposition 2.7., and [10], Remark 2-19 (iii).)
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3 Riemannian geometry

3.1 Riemannian geometry

In this chapter, we follow [1], Section 1.3, [12], Chapters 1 and 2, [13], Chapters 1 and
2, [14], Chapter 2, and [15], Section 1. Here, we aim to introduce some fundamental
concepts of Riemannian geometry.

First, we construct the essential algebraic framework.

Definition 3.1.1 (Bilinear Forms). Assume that V' is a finite-dimensional vector space.
We define a bilinear form on V by an R-bilinear mapping B : V x V — R, i.e.,

(i) B(u+v,w) = B(u,w) + B(v,w) and B(Au,v) = AB(u,v).

(ii) B(u,v + w) = B(u,v) + B(u,w) and B(u, \v) = AB(u,v) for all u,v,w € V and
AeR.

Definition 3.1.2 (Symmetric bilinear form). A bilinear form B : V. xV — R on a
finite-dimensional vector space V is called symmetric if

B(u,v) = B(v,u) for all u,v € V.

Definition 3.1.3 (Definite bilinear form). Let V' be a finite-dimensional vector space
and B :V x V — R be a symmetric bilinear form.

(i) If B(v,v) > 0 for all v € V, B is called positive definite.

(ii) If B(v,v) <0 for all v € V, B is called negative definite.

We say B is definite if B is positive definite or negative definite. Alternatively, if not, B
is called indefinite.

Definition 3.1.4 (Semidefinite bilinear form). Let B : V x V' — R be a symmetric
bilinear form on a finite-dimensional vector space V. B is called positive (or negative)
semidefinite if for all v € V: B(v,v) > 0 (or B(v,v) < 0).

Definition 3.1.5 (Nondegenerate bilinear form). A symmetric bilinear form B : V x
V — R on a finite-dimensional vector space V is called nondegenerate if for all v € V
B(u,v) = 0 implies u = 0.

If B is not nondegenerate, we say B is degenerate.

Definition 3.1.6 (Scalar product and inner product). A nondegenerate symmetric bi-
linear form ¢ on a finite-dimensional vector space V is called a scalar product.
A positive definite scalar product is called an inner product.
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3 Riemannian geometry

Definition 3.1.7 (Tangent space). Let M be an n-dimensional C* differentiable mani-
fold, and assume that p € M is a point.
We define the tangent space T, M of M at p by

T,M :={C'(0) | C': (-1,1) = M, C(0) = p},
where C is a smooth curve.

Definition 3.1.8 (Tangent bundle). Given an n-dimensional smooth manifold M. A
tangent bundle consists of all tangent spaces for every point on the manifold M, organized
in such a way that it itself forms a separate manifold.

TM = | ) ({p} x T,M).
peEM

Definition 3.1.9 (Riemannian metric and Riemannian manifold). Let M be an n-
dimensional smooth manifold. A Riemannian metric is a symmetric positive definite
scalar product g, : T, M x T, M — R, defined on each tangent space which depends on
x € M. g = (9gz)zem is called a Riemannian metric, and (M, g) is called a Riemannian
manifold.

Note. A Riemannian metric defines a scalar product and a norm on each tangent space:

(u,v)z = gz(u,v) , |v[z :=+/gz(v,v) Yu,ve M.

Now we would like to construct a basis of T, M:

Assume that U is an open subset of R” and ¢ : U — ¢(U) =V C M is a chart. For a

given = ¢(z!,...,2") € V, the vectors

o 09
oxt " Ox;

form a basis of T, M:
Let v € T, M.v can be written as

(z,...,2") for i=1,...,n

U:Z;’Uaxi.

By using this chart, we can express the metric g in coordinates inside V:

- o 0N ;i
gx('U"U) = Z g:l,‘ <8xl78a’-]> v ’U] = Z gzj(x)v 'Uj’

i,j=1 i,j=1

1o} 0
gz‘j(x) =gz 92t 0zt |

Note that g/ denotes the coordinates of the inverse of g; i.e., g = (g;;) 7.

where
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More precisely,
Z g”gjk = 5]2:7
J

where 5}; denotes Kronecker’s delta, i.e.,

5 1 ifi=k;
6]4? = P
0 ifi#k.
Definition 3.1.10 (Length). Assume that M is a Riemannian manifold, and let C' :

[a,b] — M be a smooth curve from z to y with C'(a) = x and C(b) = y. Then C'(¢) €
TeyM. The length of C' with respect to the Riemannian structure is given by

b
L(C) = / C'(t)| dt. (3.1)

Note. The length of a curve remains invariant under reparametrization (see [12], Lemma
2.3.2), and for its definition, we only need to compute the g-norm of vectors tangent to
M.

Note. In formula (3.1),
C(0)] = 9(C'(1). C'(0)) 2.
Definition 3.1.11 (Riemannian distance). Let (M, g) be a Riemannian manifold and

x,y € M. We define the Riemannian distance by using the notion of norm of a tangent
vector, given by

d(z,y) = inf {/b (1)) dt ‘ C:lab = M, Cla) = 2, C(b) = y} .

Definition 3.1.12 (Riemannian volume). A Riemannian manifold (M, g) possesses an
inherent reference measure known as the Riemannian volume:

vol(dz) := y/det(g;;) dx’ ... dx".

This definition allows us to write a change of variable formula, exactly as in R™ (see [8],
Chapter 1).

Definition 3.1.13 (Differential and gradients). Let (M, g) be a Riemannian manifold
and ¢ : M — R be a smooth map. Its differential d¢ : TM — R is defined by
d

do(z) v = 5| o).
where C': (—a,a) — M is any smooth curve such that C(0) =z and C’'(0) = v.
Note that this definition is independent of the choice of C.
Now, by using the Riemannian metric, we can define the gradient of ¢, denoted by V¢,
at any point x € M by

(Vo(x),0)y := dd(z) - v.

By using coordinates induced by a chart, we obtain

9ij(Vo)'v! = (dg)iv’ = (Vo) = g (dg);.
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Definition 3.1.14 (Minimizing geodesic). Let (M, g) be a Riemannian manifold. Assu-
me that C': [a,b] = M is a smooth curve with constant speed, i.e., |C'| is constant, and
C(a) =z, C(b) =y with L(C) = d(z,y). C is called a minimizing geodesic.

Definition 3.1.15 (Geodesic). Assume that (M, g) is a Riemannian manifold. We say
that a curve C : [a,b] — M is a geodesic if its tangent vector C” is parallel along C'.
Equivalently, C” = 0, i.e., C has constant speed.

Lemma 3.1.1 (Uniqueness of geodesics). Let I be an interval and C,C:1— M be
geodesics. If there exists ¢ € I such that C(t) = C(t) and C'(t) = C'(t), then C = C.

Proof. See [13], Lemma 2.1.5. O

Definition 3.1.16 (Exponential map). Assume that (M, ¢) is a Riemannian manifold.
For any p € M, let the set D(p) be an open subset of T,M defined by

D(p) :={v e T,M | Cy(1) is defined},

where C,, is the unique maximal geodesic with initial condition C,(0) = p and C/,(0) = v.
We define the exponential map by

exp, : D(p) — M;
exp,(v) 1= Cy(1).
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4 Optimal transport on Riemannian
manifolds

In this chapter, we follow [15], Section 2 and [17], Section 1, and [16], Chapter 3. Here,
we introduce optimal transport on Riemannian manifolds. Next, we seek a solution to
the Monge problem and ultimately characterize it.

Throughout this chapter, (M, g) denotes a smooth connected compact Riemannian ma-
nifold without boundary of class C3, i.e., g € C?, where the metric tensor components
gij(x) are twice continuously differentiable functions of local coordinates.

4.1 The Monge Problem

Assume that C : M x M — [0,+00) is a cost function and p,v are two probability
measures on M, i.e., u(M)=v(M) =1 for all u,v € P(M). Consider measurable maps
H : M — M pushing forward p to v, i.e., Hup = v, satisfying

Hyn(A) = u(H'(4)) = v(A), VA € B(M). (4.1)

Alternatively, the Monge optimal transport problem from g to v with respect to the cost
C' involves minimizing the transportation cost among all H:

inf /M C(z,H(x))du(z). (4.2)

Hyp=v

Such maps H : M — M with Hyp = v are called transport maps from p to v.
We set

Carl(p,v) = inf{/M Oz, H(z)) du(:r)‘H#u - y}. (4.3)

Remark 4.1.1. Property (4.1) is equivalent to

/ﬂmmmwz/ﬂwww
M M

for all f: M — R v-integrable.

Due to the highly nonlinear constraint Hxp = v, the Monge optimal transport problem
poses significant difficulty from an optimization viewpoint. Therefore, we will explore a
concept of weak solution for this problem.
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4.2 The Kantorovich relaxation

Given two probability measures u,v € P(M), let v € P(M x M) be a probability
measure on the product space M x M such that

Tepy =p and my,y=v, (4.4)

where 7,7, : M x M — M denote the projections on the first and second variables,
respectively.

Consider the cost function C': M x M — [0, 00).

The Kantorovich optimal transport problem with respect to C' involves minimizing

/ Clz,y) dy(z,y), (4.5)
MxM

among all v € P(M x M).
Any measure v € P(M x M) is called a transport plan between p and v, denoted by

P(p,v).
We set

Cxu)i=ut{ [ clep i)y e P, (46)

MxM

Remark 4.2.1. For any measurable set A in M, the property (4.4) is equivalent to
wA)=~v(Ax M) and v(A)=~(M x A).

Equivalently,

l/ uw+mmw@w=/ﬂwwm+/g@ww,
MxM M M

for all u-integrable functions f and v-integrable functions g.

Remark 4.2.2. Any transport map H : M — M from p to v induces a transport plan
between p and v given by
V= dx H)yp,

where p, v € P(M).

4.3 Optimal plans and Kantorovich potentials

4.3.1 Optimal plans

In this section, our aim is to demonstrate the existence of a solution to the Kantorovich
optimal transport problem and establish specific properties of the optimal transport
plans.
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Theorem 4.3.1. Assume that p and v are two probability measures on M. Let C :
M x M — [0,400) be a continuous cost function and supp(u) and supp(v) be compact.
Then there exists at least one optimal transport plan 4 € P(u,v) such that

coy=ut{[  capiiy ‘ ve P},

i.e., 7 is a solution of the Kantorovich optimal transport problem.
Proof. Refer to [16], Theorem 3.2.1. O

Now, we recall the concept of C-cyclically monotone sets, which represents a specific
property of the support of measures.

Definition 4.3.1 (C-Cyclically Monotone Set). A subset A C M x M is called C-
cyclically monotone if, for every finite collection of points (x;,y;) € A, i = 1,...,n, the
following condition is satisfied:

D Claiy) < Claivi,vi),
=1 =1

with xp 11 = x1.

Now, we demonstrate that optimal transport plans always possess C-cyclically monotone
supports.

Theorem 4.3.2. Given two probability measures u and v on M with compact supports,
and assuming the cost function C': M x M — [0, +00) is continuous, then there exists
a C-cyclically monotone compact set A such that the support of any optimal transport
plan between p and v is contained in A.

Proof. See [16], Theorem 3.2.5. O

4.3.2 Kantorovich potentials

The purpose of this section is to offer a more analytical description of C-cyclically mo-
notone sets.

Definition 4.3.2 (C-transform). Let ¢ : M — R U {Zoo}. Its C-transform is the
function ¢¢ : M — RU {400} defined by

o (y) = inf (Clay) — (@)},

Definition 4.3.3 (C-concave function). A function ¢ : M — R U {—o0} is called C-
concave if 1) Z —o0o and there exists ¢ : M — R U {—o0} such that ¢ = ¢°, i.e.,

Y(y) == zi&%{c(a;, y) — ¢(x)}.
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Note 4.3.1. Observe that ¢ : M — RU {—o0} is C-concave if and only if 4¢¢ = 4.
This is the consequence of the fact that for any function ¢ : M — R U {£oo}, it holds
that ¢¢ = ¢
69 (a) = (¢°°)° (@) = it (Ca.5) — 6°°(7)
— inf 7Y — {inf ~ =N O
inf {C(e.5) ~ { inf {C(@.5) - @)
= inf {C(z,5) — {inf {C(Z,7) — inf {C(Z,y) —
Inf {C(z,9) = { inf {C(z,9) — nf {C(Z,y) — o)}

= gig]fw sup yigAg{C(m §) —C(Z,9) +C(Z,y) — o(y)}-

If z = &, then we obtain ¢¢CC > ¢ and by setting y = 7, we get p¢C < ¢, Therefore,
we conclude that ¢¢C¢ = ¢, and consequently ¢ = 1.

The pair (¢, ¢%) is called a C-pair of potentials.
The following result indicates that the reverse of a C-concave function equals the C-
transform of the reverse of its C-transform.

Proposition 4.3.1. Let ¢ : M — RU {—o00} with ¢ #Z —oo be a C-concave function.
Then the function —¢® is C-concave, and

by) = nf{¢°(x) — Cla,y) |« € M} Vye M.
Proof. See [16], Proposition 3.2.8. O

The C-cyclically monotone sets are those sets that lie within the C-superdifferential of
C-concave functions.
Now, let’s define the C-superdifferential of C-concave functions.

Definition 4.3.4 (C-superdifferential). Let ¢ : M — RU{—o0} be a C-concave function.
For every x € M, its C-superdifferential at x is defined by

O p(x) = {y € M | ¢°(y) = é(x) + C(x,y)}.
The contact set of the pair (¢, ¢¢) is defined by
99(¢) = {(w,y) € M x M | y € 9°¢(x)}.
The C-subdifferential of a C-convex function can be defined analogously.

It is obvious that differentiability implies both C-subdifferentiability and C-superdifferen-
tiability. Similarly, the converse holds true, as demonstrated by the following statement.

Proposition 4.3.2 (C-subdifferentiability and C-superdifferentiability imply differen-
tiability). Assume that O is an open subset of a smooth Riemannian manifold M, and
let ¢ : O — R be a function. Then ¢ is differentiable at x if and only if it is both
C-subdifferentiable and C-superdifferentiable there for C : M x M — [0,00); and then

0“¢(x) = dcd(x) = {0¢(x)}.
Proof. See [4], Proposition 10.7. O

42



4.4 Kantorovich duality problem

4.4 Kantorovich duality problem

In this section, we want to prove the existence and uniqueness of the solution to Mon-
ge’s transportation problem and characterize it geometrically. For this purpose, we first
define the infimal convolution of some C-concave function with C', and then state a dual
problem of Kantorovich type on M.

Assume that (M, g) is a connected, compact, and C3-smooth Riemannian manifold wi-
thout boundary. Let d(x,y) denote the geodesic distance between z,y € M, and let
dvol(x) denote the volume element. Set C(x,y) = @.

Definition 4.4.1 (Infimal convolution). Let ¢ : M — R U {£oo} be a function. Its
infimal convolution ¢¢ with C is defined by

¢ (y) = inf {C(z,y) - ¢(2)}- (4.7)

Note that the infimal convolution, i.e., ¢©, acts as an involution ¢€¢ := (¢)¢ = ¢ if
and only if ¢ is itself an infimal convolution of some function with C' (¢ is C-concave).

Now we aim to state the dual problem of Kantorovich.

Let p and v be finite and nonnegative measures on M with the same total mass, i.e.,
w(M) = v(M). Without loss of generality, normalize them so that pu(M) = v(M) = 1,
i.e., p and v are Borel probability measures on M.

The dual problem of Kantorovich is given by

sup  I(¢,¢) = Hinf_ C(z, H(x))dp(x) (4.8)
(¢,¥)€Lipc #H=VIM
where
16:0) = [ o duto) + [ v aviy) (19)

is a linear functional defined on a convex subset

Lipc == {(¢,v) : M — R continuous | ¢(z) + ¢ (y) < C(z,y)} (4.10)

of continuous functions.

Now, we aim to demonstrate that the supremum in the Kantorovich duality formula is
achieved by a function ¢ = ¢“C (with ¢ = ¢¢), which constructs a map minimizing
Monge’s cost. To proceed, we first require some preliminaries.

Definition 4.4.2 (Lipschitz continuity). Let X and Y be two metric spaces with metrics
dx and dy, respectively. A function f : X — Y is called Lipschitz continuous if there
exists a real constant L > 0 such that for all 1,29 € X:

dy (f(z1), f(z2)) < Ldx (71, z2).

L is called the Lipschitz constant.
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Lemma 4.4.1 (Lipschitz cost). Assume that (M, d) is a metric space with diameter
diam(M) := sup{d(z, z) | x,z € M }.

Let diam(M) < +oo. Then the function ¢(z) = @ for any y € M is Lipschitz
continuous, namely,

6(2) — 6(2)] < diam(M)d(z, 2). (4.11)
Proof. Set ¢(z) := d(z,y). By the triangle inequality, we have:
[Y(x) = ¥(2)| = |d(z,y) — d(z,9)| < d(z,2z) Vr,z€ M,

i.e., ¥ (x) has Lipschitz constant 1.
Also, ¢¥(x) = d(x,y) is bounded:

P(z) = d(z,y) <sup{d(z,y) | z,y € M} = diam(M) < +o0.

Set ¢(z) = L2 Thus,

Vi) P*(2)

206@) - ()] = 2| 142 - LD i) g2
= |(¥(z) = 9(2))(b(z) + ¥(2))|
= [(2)(P(z) = P(2)) + P(2)(Y(x) = P(2))]
< [P@)|le(@) =9 (2)] + [¢(2)][¢(x) — (=)
< diam(M)d(z, z) + diam(M)d(x, z)

= 2diam(M)d(z, z).
Therefore,
[¢(z) — ¢(2)| < diam(M)d(z, z).
O

Lemma 4.4.2 (Infimal convolutions are Lipschitz). Let (M, d) be a metric space with
finite diameter, i.e., diam(M) < +oo Then any infimal convolution ¢ : M — RU {£o0}

given by ¢ = ¢¢C with C(z,y) = (2 29) is either identically infinite, i.e., ¢ = +o00, or
Lipschitz continuous throughout M, and (4.11) is satisfied.

Proof. First consider the case ¢ = f+oo.
Consider 1 : M — R U {£o0} such that ¢ = ¢, i.e

¢(x) = inf {C(z,y) —¥(y)}- (4.12)
ye

Since C(z,y) = w, hence 0 < C(z,y) < diame(M) is bounded.
If ) is unbounded from above, then since C(z,y) is bounded, we get ¢ = —oo in (4.12).
If not, ¢ is bounded from below.
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Fix z € M. If ¢ := —o0 everywhere, then ¢(z) = +o0 in (4.12). Therefore, ¢ = +oc.
Now we assume that ¢ is finite everywhere. We show that ¢ is Lipschitz continuous.
Given € > 0, there exists y € M such that

¢(2) +¢ 2 Clzy) —¥(y) (4.13)
By (4.12), we have
o(z) < Clz,y) —d(y). (4.14)
By subtracting (4.13) and (4.14), we obtain

¢(x) = ¢(2) < C(z,y) = Clz,y) +e
< diam(M)d(zx, z) + €,

where we used Lemma 4.4.1 in the last inequality. Therefore,
6(z) — 6(2) < diam(M)d(w, =) + ¢
holds for arbitrary e > 0, thus ¢ is Lipschitz and (4.11) is satisfied. O

Now we demonstrate that the supremum in the Kantorovich duality problem (4.8) is
achieved by a function ¢ : M — R, ¢ = ¢¢C (with ) = ¢©).

Proposition 4.4.1 (Dual potentials). Let (M, d) be a separable metric space with finite
diameter. Assume that p and v are Borel probability measures on M and C(z,y) =

%. Then the supremum in (4.8) is attained by some ¢ : M — R satisfying ¢ = ¢©¢
and its infimal convolution ¢ = ¢ with C.

Proof. Claim: If (f,g) € Lipg, then (¢¢,g) € Lipe and I(f,g) < I(¢9,g). Moreover,
(9“,99C) € Lipc and I(f,9) < I(¢%,9°°):

Proof of claim: Fix (f,g) € Lipg, i.e., f,g: M — R are continuous and f(x) + g(y) <
C(z,y). Therefore,

Clz,y) — f(z) = g(y) > —o0.
Hence the infimal convolution f€(y) = infaen{C(z,y) — f(2)} = g(y) must be finite:
F9y) = Cla,y) - fz) > g(y).

Therefore,
) = 9), (4.15)

hence by Lemma 4.4.2, Lipschitz continuous.
Now by (4.15) and (4.10), we have
(4.15): f(y) = infrep{C(x,y) — f(z)} Lipschitz continuous.
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(4.10): (f, f¢) : M — R continuous and f(z) + f¢(y) < C(x,y). Therefore (f, f¢) €
Lipc. We have f€ > g. Hence

0= [ f@du@)+ [ atw)dvi)
/ f(@) dy(z / 7E () dv(y

=1I(f, f°).

Therefore, if g < f¢, then I(f, g) < I(f, f¢). Symmetry under f <+ g demonstrates that
the first part of the claim is proved. Now we apply the first part of the claim to (gc, 9)
and obtain (g, ¢“%) € Lips and (g%, g) < I(g%, g¢“), and the claim is proved.

Now we complete the proof of the proposition.

Choose a sequence (¢n, 1) € Lipo such that I(¢p,¥n) — sup{I(¢,¥)|(¢,v) € Lipc}.
By the claim, we conclude that the sequence (¢, 9S) also maximizes I on Lip.
Fix z € M. Define a sequence

(far gn) = (WE — an, S + a) € Lipe

which maximizes I:
We have (¢, 1C) € Lip, maximizes I on Lipg, i.e.,

I(¢n, ) < 1(45, 07 ©)
Since (M) = v(M) = 1; then for (fn,gn) := (VS — an, S + o) we have:

I(wg_amwgc"’_an):/ (wg_an)dlu’"’_/( +an)d
M
_/ wgdy—oanu /wccdl/—i—any( )
M

~ [ wan [ o an
M M
= (5,5 ).

Here the normalization constants o, := ¥ (2) are chosen to make f,(z) = 0.
Since f, = ¢¥¢ — a, and g, = ¢¥¢ + «,, are infimal convolutions, by Lemma 4.4.2, they
are Lipschitz continuous and uniformly bounded:

[fa(@)| = |fal2) = fa(2)] < diam(M)d(z, ) < diam*(M). (4.16)

190(0)| = |15 ()] < |C(x,y) — fu(2)]
< C(z,y) + [ fu(2)]
< diam? (M)
= 2

3diam? (M)

—

+ diam?(M)
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where we used (4.16) in the last inequality.

Hence, since (fn,gn) is a uniformly bounded Lipschitz continuous sequence that con-
verges to (f,g), by the Arzela-Ascoli theorem (see below), there exists a subsequence
(frns 9ny) == (fn, gn) that converges pointwise to (f, g). Since p and v are finite measures,
by the Dominated Convergence Theorem, we have

/M fulz) du(z) + /M gn(y) di(y) = /M f(z) dpu(z) + /M o(y) dv(y).

Therefore, I(fn,gn) — I(f,9), i.e., lim, o0 I(fn,gn) = I(f,g). Thus, the supremum is
obtained at (f,g) and therefore by the claim, at (¢,v) = (¢¢,¢%®). By using Note
4.3.1, ie., g°¢C = ¢©, we conclude that ¢¢C = ¢. O

Theorem 4.4.1 (Arzela-Ascoli). If f, : [a,b] — R is a sequence of uniformly bounded
functions such that each f,, is Lipschitz continuous with the same Lipschitz constant L,
ie.,

|fn(x) - fn(y)| < L‘x - y‘ V‘T’y € [a,b],

then there exists a subsequence that converges uniformly on [a, b].
Proof. See [18], Theorem 2. O

Theorem 4.4.2 (Dominated Convergence Theorem). Assume that (f,,)nen is a sequence
of complex-valued measurable functions on a measure space (S, X, ). Let the sequence
converge pointwise to a function f, and for some integrable function g, we have |f,(z)| <
g(x) for all z € R with g : R — [0,00]. Then f is integrable as is f,, for each n, and

lim [ fodu= / lim f,dy = / fdu.
Proof. See [19], Theorem 3.3.1. O

Lemma 4.4.3 (Rademacher’s Theorem). Let M be a connected, C!-smooth Riemannian
manifold and let d(z,y) denote the geodesic distance on M. Then any function ¢ : M —
R locally Lipschitz with respect to d(z,y) is differentiable outside a set N C M of zero
volume. Its gradient, denoted by V¢, is a Borel map from dom(V¢) := M \ N into the
tangent bundle T'M.

Proof. See [16], Lemma 4 and [4], Theorem 10.8, (ii). O

Now we define superdifferentiability of a function on Riemannian manifolds. For this
purpose, first we define the supergradient.

Definition 4.4.3 (Supergradient). Let U C R"™ be a convex open subset and f : U — R
be a concave function. Its supergradient at zq € U is defined as a vector ¢ if for all
zeU:

f(x) = f(x0) < U (z — 20).

Such pairs (7, z) form a subset of the tangent bundle, i.e., 0~ f C TU.
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We define the subgradient of a convex function f at zg € U as a vector « if for all x € U:

f(@) = f(xo) = @+ (x — o).

Definition 4.4.4 (Superdifferential and Subdifferential). Let (M,g) be a C3-smooth
Riemannian manifold. Fix x € M. A function f : M — R is said to be superdifferentiable
at x with supergradient v € T, M if

flexp, @) < f(x) + g(0, @) + of|tl2) (4.17)

a—0
—_—

holds for small @ € T, M, where % 0.
f is said to be subdifferentiable with subgradient @ € 0_ f, C T, M, if

flexp, @) = f(x) + (W, )z + of|il). (4.18)
If (4.17) and (4.18) hold, then f is differentiable at x and we have ¥ = @ = V f(x).

This important observation inspires the chain rule for supergradients, helping to link
minimal geodesics with the superdifferentiability of the cost.

Lemma 4.4.4 (Chain Rule). Let M be a smooth Riemannian manifold. Assume that
Y : M — R and f: R — R have supergradients v € 0"t (x) and t € 0~ fy(,) at some
x € M. If f is non-decreasing, then t0 € 9~ (f 0 9),.

Proof. We show that
(f ov)(exp, @) < (f o) (@) + g(tv, @)a + o(|i]s)-
We apply Definition 4.4.3, (4.17) to f. Hence
flexpy()(€)) = f(ib(x) +€) < f(¥(x)) +te + ofe). (4.19)
Also, 7 € 8~ t,.. Hence
P(exp, @) < ¥(x) + g(V, @)y + o(|dl2). (4.20)
Since f is non-decreasing, set € = (7, @), + o(||,) in (4.19) and (4.20) to get

f((exp, @) = f(¥(2) + g(0, t)z + of|tlz))
f(x) + tg(¥, @)e + t o (|tlz) + 0(9(V, @)z + of|tl]z)))
f((x)) +tg(v, @)z + o(|tl2).

IN

O

Proposition 4.4.2 (Superdifferentiability of Geodesic Distance Squared). Assume that
(M, g) is a C3-smooth Riemannian manifold with boundary. Let C : [0,1] — M have
minimal length among all piecewise C!-curves connecting = = C(0) to y = C(1) ¢ OM,
parametrized with constant speed. Then the function ¢(-) = @ has supergradient
C'(1) € 0~ ¢, at x.
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Proof. See [16], Proposition 6. O

The next lemma introduces a Young-like inequality and conditions for equality. These
conditions help determine the optimal map’s shape and are essential for a uniqueness
argument based on Brenier’s original idea. First, let’s state the Young inequality.

Proposition 4.4.3 (Young Inequality). Let U =V = R" and C(u,v) = (u,v). Assume
that f : U — R. Then for all w € U and v € V, we have:

(i) f(u)+ f9(v) > Clu,v);
(i) f(v) + F9u) = Clu,v).

Proof. See [17], Proposition 3.3.3. O
Lemma 4.4.5 (Tangency). Assume that (M,g) is a connected, compact, C3-smooth

Riemannian manifold without boundary. Let ¢ : M — R be an infimal convolution, i.e.,
2
¢ = ¢°C with C(z,y) = %. Then

Cla,y) — ¢(z) — ¢ (y) > 0 (4.21)

for all x,y € M.
If z € M is chosen where ¢ is differentiable, then in equation (4.21), equality occurs if
and only if y = exp,[—V¢(x)].

Proof. By the definition of infimal convolution of ¢ : M — R U {+o0}
(& e .
6(w) = inf (Cle.y) - o(z)).

we conclude
C(z,y) — ¢la) > ¢“(y).
Therefore
Cla,y) = ¢lz) — ¢ (y) > 0.

(See [16], Proposition 3.3.7).

Now fix z € M such that ¢ is differentiable at x.

=) Assume y € M satisfies C(z,y) — ¢(z) — ¢“(y) = 0.
We show that y = exp,[—V¢(x)]:

Consider z € M. Hence

Clz,y) — ¢(2) — ¢ (y) > 0= C(z,y) — () — ¢ (y).

Therefore,
C(z,y) — ¢(2) > C(z,y) — (). (4.22)
Define ¢(z) := C(z,y) and z := exp, 4, and we know ¢ is differentiable at z, i.e.,
d(2) = ¢(x) + g(Vd(2), ©)a + o(|dl). (4.23)
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Thus

P(2) = Plexp, i) = C(z,y)
> C(z,y) — o(x) + ¢(2)
= ¢(x) — o(z) + ¢(z) + g(Vo(x), t)a + of|tl),

where we used (4.22) in the first inequality and (4.23) in the last equality. Hence we
obtain

P(2) = ¢(x) + 9(Ve(x), 4)e + ol|il);

i.e., 1(z) has subgradient Vo(z) € -1, at x.

Now, by using Proposition 4.4.2, we want to show that v has a supergradient.

By the Hopf-Rinow theorem (see below), there exists a minimal geodesic C' : [0,1] — M
such that C'(0) = y and C(1) = z given by: C(1 —t) = (t) where y(t) := exp,(—tC’(1))
is a geodesic from x to y. Therefore

C(1 —1t) = exp,(—tC'(1)).

As the manifold M, C is C3-smooth, by Proposition 4.4.2, we have C’(1) € 0~ ;. Thus,
we conclude that i is both subdifferentiable and superdifferentiable at . Hence v is
differentiable with
C'(1) = Vo(x). (4.24)
Therefore
y = C(0) = (1) = exp,(~C'(1)) = exp,(~Vo(z)),
where we used (4.24) in the last equality. Thus we obtain

y = exp,[=Vo(z)].

<) We show that if y = exp,[~V¢(z)], then C(z,y) — é(z) — ¢ (y) = 0.

Since ¢ = ¢¢C is real-valued, by Lemma 4.4.2, we have ¢¢ : M — R is Lipschitz
continuous.

M is compact, therefore we define for y € M:

¢ (x) = yiélj\f/[{o('xv y) — ()} (4.25)

By (4.21), we have:
Cla,y) = d(x) =6 (y) > 0 (4.26)
and by (4.25):
¢(z) = ¢“(x) = C(a,y) — ¢ (y).
Thus
Cla,y) — d(x) — ¢ (y) 0. (4.27)

By (4.26) and (4.27), we conclude C(z,y) — ¢(x) — ¢%(y) = 0.
Therefore, we have shown that for fixed x € M, at most one y € M satisfies inequality
(4.21). O
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Theorem 4.4.3 (Hopf-Rinow). Let M be a geodesically complete connected Rieman-
nian manifold. Then any two points x,y € M can be connected by a minimal geodesic.

Proof. See [17], Theorem 10.9. O

Theorem 4.4.4 (Unique Optimal Maps). Let (M, g) be a connected, compact Rieman-
nian manifold, C3-smooth, and without boundary. Assume that y is a Borel probability

measure on (M, g) such that pu < vol. If ¢ : M — R is an infimal convolution, ¢ = ¢¢
2
with C(z,y) = %, then T'(z) = exp,[—V¢(x)] minimizes the Monge’s transportation

cost [y, C(z,T(x))du(x) on the class of push-forward measures Ty, and T is unique
p-almost everywhere.

Before we prove this theorem, we state the change of variables formula for push-forward
measures Ty = v:

Change of Variables Formula. Let (M, g) be a connected, compact, and C3-smooth
Riemannian manifold without boundary, and T": M — M be a Borel map and h : M —
R U {+oc0} a Borel map. Assume that p and v are probability measures on M such that
Tyup = v. Then

[ i@ = [ nr@) du). (4.28)
M M

where, as in the case of R™, by the Riesz representation theorem, we can take (4.28) as
the definition of Tl p.

Proof of Theorem 4.4.4. Assume that ¢ : M — R is an infimal convolution, ¢ = ¢,
and T'(x) = exp,[—V¢(z)]. By Lemma 4.4.2, ¢ is Lipschitz continuous and by Lemma
4.4.3 (Rademacher’s theorem), ¢ is differentiable p-a.e., where V¢ is Borel, and conse-
quently T'(x) is Borel.

Now, we consider the push-forward measure T and (0,0) € Lipc such that S(u, T p) #
(), where S(u,v) consists of equivalence classes of maps which agree up to sets on which
i vanishes, and Lipc # ().

Assume (f,g) € Lipc and S € S(p, Ty ). Thus,

1(f.g) = /M f(@) dpx) + / () d(Sp)(v) (4.29)

Mg
_ / £() du(z) + / 9(S(z)) dpu(z)
M M
< [ (@) duta) (4.30)
M
= C(9) (4.31)

where we used the change of variables formula in the second equality, and (4.10) in
the inequality, and C(S) = [,, C(z,S(x)) du(z) from the Monge’s transportation cost.
Hence, we obtain

I(f,9) < C(9),
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where both sides are finite. Therefore, for some r € R,

sup  I(f,g) <r< inf / C(x,S(x))du(z). (4.32)
(fvg)eLipC SES(M,T#,U,) M

Then by Lemma 4.4.5 for y = exp,[—V¢(x)], we have equality. Therefore (¢, ¢€) € Lipc
implies

¢(x) +¢°(T(z)) = Cz,T(x))  (pae).
Choose (f,g) = (¢,¢%) and S = T. Hence, we get

1(6,6°) = /M Oz, T(z)) dp(z)
and therefore

sup  I($,6%) = inf /CCE,TQC dulz)
(¢,¢¢)€Lipc ( ) TeS(uTup) J s (z,T(x)) dp(z)

which proves the optimality of the map T

Conversely, any optimal map S € S(u, Tip) must also satisfy C(S) = r = I(¢,¢°),
ensuring that equality remains in (4.30).

From (4.21), i.e., C(z,y) — ¢(x) — ¢%(y) > 0, we must have

¢(z) + ¢ (S(x)) = C(z, S(x))

pointwise pu-a.e., i.e.,
1(6,¢°) = /M<¢<x> +6°(8(2))) d(z) = /M O, 5(x)) dpu(z),

where we used (4.29) in the first and (4.30) in the last equality.
By Lemma 4.4.5, since ¢ is differentiable on the set of full measure, we conclude that

S(x) = exp,[=Vo(z)] = T(x).
0

Note that the Kantorovich duality (4.8) was proven for v = Tizp in the previous proof.
Thus, it must continue to hold under the hypothesis of Theorem 4.4.5.

Theorem 4.4.5 (Existence and Characterization of Optimal Maps). Assume that (M, g)
is a C3-smooth, connected, compact Riemannian manifold without boundary. Let x4 and v
be two probability measures such that p < vol and v arbitrary on M, and fix C(z,y) =

@. Then for some potential ¢ : M — R satisfying ¢ = ¢“C, the map T(z) =
exp,[—Vo(x)] satisfies Tyup = v.
Apart from differences in sets of p-measure zero, only one map 7' € S(u, ) can result

in this manner.
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4.4 Kantorovich duality problem

Proof. Choose (¢,¢) = (¢°C, ¢*). This maximizes

I(p,) = /M o) dpu(z) + /M (y) dv(y)

on Lipc, which is obtained by Proposition 4.4.1. By Lemma 4.4.2, since infimal convolu-
tions are Lipschitz, hence ¢ and v are Lipschitz. Therefore by Lemma 4.4.3, Vo : M —
TM and hence T : M — M are Borel maps defined almost everywhere with respect to
measure fi.

To show that the map T'(z) = exp,[—V¢(z)] pushes p forward to v, we can integrate
each continuous function f € C(M) against both measures p and Ty p, confirming that
the two integrals are equal.

We define the perturbation 1. (y) := ¢ (y) + ef(y) and ¢. := ()¢ for z,y € M and
le| <1, by

(@) = 6.(0) s= inf (Coy) = wly) — S (1))
= in]&{C’(a:,y) —¢%(y) —ef(y)}
=
= inf {C(xy) - (¢°(y) +ef(W)}
= yig]&{c(w, y) — Ye(y)}
Thus,
(%)C(x) = ¢e(2) == yiélja{c(x? y) —ve(y)} (4.33)

Fix x € M such that ¢ is differentiable at z.
Since M is compact and continuous, then (4.33) is well-defined:
If e =0, then

do(z) = inf {C(@,y) —¥(y)} = inf {C,y) - ¢ ()}
Hence by Lemma 4.4.5 and (4.21), we have:
y =T(x) = exp,[-V(x)].

Now for some small ¢ > 0, we get the infimum at y. = T'(z) 4 o(1):

Define F; : [0,1] x M — R; (e,y) — F-(y) where yp is the unique minimum of Fj and y.
is the unique minimum of F.

We claim: y. — yo =y as € — 0.

We show this by contradiction: Let there exist a subsequence v, such that y., — ¥ # yo
as n — oo and Fg, (ye,) = min F;, (y). Therefore, F., (y.,) < Fr,(yo). Then Fy(y) <
Fo(yo) as n — o0, i.e., § # yo is minimal of Fy, which contradicts yg being minimal of
Fy. Therefore, y. = yo =y as € — 0.

Thus, since the infimum in (4.33) is attained for ¢ = 0 at y = T'(x) and for ¢ > 0 at
ye = T'(z) + o(1), we have

Pe(t) = C(x,ye) — P(ye) — ef(ye)- (4.34)
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4 Optimal transport on Riemannian manifolds

If e =0, then

¢o(x) = C(z, T(x)) — (T (x))
< C(z,y:) —¥(ye)
= ¢e() +ef(ye),

where we used y. = T'(z) + o(1) in the first inequality and (4.34) in the last equality.
Therefore

Clz, T(z)) = v(T(2) —ef(ye) < de(z) < Clz,y) —¥(y) —ef(y),

for all y € M, where we used (4.33) in the second inequality.
Choose y = T'(x). Then

po(z) —ef (ye) < Clz,y) —¥(y) —f (ve)
< ¢e(x) < Cx,y) — 9(y) —ef(y).

Thus

do(x) —ef (y=) < ¢=(z) < ¢o(z) —ef(y)

= ¢o(x) —ef (Ye) < ¢e(x) < o(z) — e f(T(x))

= —ef (ye) < ¢e(x) — ¢o(x) < —ef(T'()) (4.35)
= ef(T(x)) —ef (y:) < ¢(x) — do(x) +ef(T'(x)) <0

= e (f(T(@)) = f (ye)) < ¢=(x) — do(x) +ef(T(x)) <0
= ¢=(x) = do(x) — e f(T(x)) + O(e(f(T(x)) — f(ye)))
= ¢=(z) = do(x) — ef(T'(x)) + o(e),

where since f € C(M) and the infimum is obtained at y., we have o(¢) < 2||f||s that
vanishes as ¢ — 0.

Hence, we obtained ¢.(z) = ¢o(z) —ef(T(x))+o(e). Since (¢, 1)) = (¢°C, $¢) maximizes
(4.9) and I(¢e,?:) at € = 0 obtains its maximum, therefore

(d’a ¢a) — (¢0 ¢0)

0 = lim
e—0

R e B 0
Zii%{/ P /f )ty }

- [, /f )ty

—/Mde#,u /Mfdl/’
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4.4 Kantorovich duality problem

where we used the definition of ¢. in the third equality and (4.35), and the Dominated
Convergence Theorem in the fourth equality, and the change of variables formula in the
last equality.

Thus

u@fwumzﬁym%

and by the Riesz-Markov theorem (see below), we conclude Typ = v, for arbitrary
fec(M).

Now we show that T'(z) = exp,[-Vé(x)] with Ty = v, is unique:

Let ® = (@) be another potential map on M for which the map S(z) := exp,[-V®(z)]
satisfies Sy = v. By Theorem 4.4.4, T and S both minimize the Monge problem
satisfying Ty = v and Sypu = v. Therefore T'= S p-a.e. g

Theorem 4.4.6 (Riesz - Markov). Let M be a locally compact Hausdorff space and
¢ a positive linear functional on C.(M). Then there exists a o-algebra & on M which
contains all Borel sets in M, and there exists a unique positive measure p on &/ such
that

o= [ s
for every f € C.(M).

Proof. See [20], Theorem 4.4. O
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5 Polar factorization

In this chapter, we follow [21], [16], [22], Subsection 1.7.2, and [23] Section 2. Here, we first
state the polar decomposition in Euclidean space and then generalize it to Riemannian
manifolds.

5.1 Polar decomposition in Euclidean space

In this section, we follow [21]. We state the polar decomposition of a linear transformation
on a finite-dimensional Euclidean space. For this purpose, we recall some basic notions.

Polar factorization. We know that from the transportation problem in certain situati-
ons, especially when dealing with a cost function C(z,y) = |x—y|?, it may be proven that
the optimal coupling v does not allow for splitting masses. Brenier shows that particles
at x are sent to a unique destination 7T'(x), solving Monge’s problem, and also shows
that this optimal map has a simple form 7'(x) := Vu(x) where u is a convex function.
Brenier also states a theorem for an original polar factorization of vector maps: Vector
fields can be written as the composition of the gradient of a convex function and of a
measure-preserving map.

For this purpose, we introduce the notion of measure-preserving map, and then we state
the polar factorization theorem.

Definition 5.1.1 (Measure-preserving map). Let (X, ) and (Y,v) be two probability
spaces and f : X — Y a measurable map. Then we say that f is measure-preserving if
and only if fup =v.

Theorem 5.1.1 (Polar Factorization). Let €2 be a convex subset of R™. Consider a
map f : Q@ — R™ and a measure p on € which is absolutely continuous. Assume that
fup is absolutely continuous. Then there exists a convex function ¢ : £ — R and a
measure-preserving map S : Q —  (i.e., Sygp = p) such that f = (Veg)o S.

Moreover, V¢ and S are almost everywhere uniquely determined.

Proof. See [22], Theorem 1.53, and [23], Theorem 2.1. O

In the next section, we will focus on the main result.

5.2 Polar factorization of maps on Riemannian manifolds

In this section, we follow [16], Section 3. We aim to state and prove that a Borel map,
which never maps a positive volume into a zero volume, can be uniquely factorized almost
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5 Polar factorization

everywhere into an exponential map and a measure-preserving map. First, we show that
the exponential map achieved by Theorem 4.4.5 is invertible under more assumptions.

Corollary 5.2.1 (Invertibility). Let (M, g) be a C3-smooth connected compact Rie-

mannian manifold without boundary and C(z,y) = @. Assume that p,v € P(M)
are both absolutely continuous with respect to the volume, i.e., y < vol and v < vol.
If for some potential ¢ : M — R with ¢ = ¢“C, g(z) = exp,[~V(z)], then ¢g*(y) :=
exp, [~V¢© (y)] € S(v, p), which is the inverse map and satisfies g*(g(z)) = « (p-almost
everywhere) and g(¢*(y)) = y (v-almost everywhere).

Proof. First, we show that g*(y) = exp,[-V¢“ (y)]:
We use the symmetry u < v and (¢, %) < (¢,¢) and the fact that ¢ := ¢© is the
infimal convolution of ¢ with C(z,y), so that

vO=0¢"=9¢ (5.1)
and
¢ = 6% =4 (5.2)

We define the set where ¢ is differentiable as dom(V) C M. Since v is the infimal
convolution, by Lemma 4.4.2, v is Lipschitz continuous. By using Rademacher’s theorem
(Lemma 4.4.3), v must be differentiable outside a set of zero volume, and Vi gives a
Borel map on dom(V1)). Therefore, we have v(dom(V)) = 1, and since gxp = v (by
Theorem 4.4.5), this implies that U := dom(V¢) N g~!(dom(V1)), which is a Borel set
of full measure, i.e., u(U) = 1.

Now consider x € U. By Lemma 4.4.5, we have:

0= C(x,9(x)) — ¢ (g(x)) — ¢()
= C(g(z),x) — P(g(x)) — v (),

where we used (5.2) and symmetry in the last equality. Thus, we get
Clg(x),2) —(g(x)) = (x) = 0.
Since g(x) € dom(V1)), by Lemma 4.4.5, we conclude that
T = expy(y) [=Vi(g(2))].

Since 1) = ¢, thus z = expg(x)[—VqSC(g(a:))]. We conclude that z = ¢g*(g(z)) on U and
hence p-a.e.:

We arrive at x = expg(x)[—v¢c(g(ac))].

Let g(z) = y, hence = = ¢g*(y). Therefore, g*(y) = expy[—quC(y)], and y = g(z). Thus

9% (9(x)) = exp, [~ V¢ ()] = expy(,) [~V (g(z))] = =

on U (since x € U). Therefore, g*(g(z)) =  on U, and hence p-almost everywhere.
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5.2 Polar factorization of maps on Riemannian manifolds

Now we show g* € S(v, u), i.e., Gyv = i
Let f € C(M) be any continuous function. Then:

/ f(z) d(gyw)(@) = / F(g* () dvly)
M M
=/ f(g" () d(gxp)(y)
M
— [ 76" (9(a)) duta)
M
- / f(2) du(o),
M

where we used the change of variables formula in the first equality, v = g4 in the second
equality, and ¢g*(g(z)) = x p-a.e. in the last equality. Therefore,

/M f(2) d(gyw) () = /M f(x)du(z) Vf e C(M).

Since f is arbitrary, we conclude that g;;éu = p. Thus ¢g* € S(v, p).
Now, by symmetry, we can conclude that

V :=dom(Ve) N (g") ' (dom(V¢))
is a Borel set with v(V) = 1, while g(¢*(y)) = y holds for each y € V. O
Now we state and prove the main result.

Theorem 5.2.1 (Polar factorization of maps). Assume that (M,g) is a C3-smooth

connected compact Riemannian manifold without boundary. Fix C(z,y) = @ and
let f: M — M be a Borel map and p < vol be a Radon measure on M. If fuu < vol,
i.e., if f does not map any set with positive measure to a set with zero volume, then
f = goh (u-ae.) for some map g(z) = exp,[—Veo(x)] with ¢ = ¢“C and a measure-

preserving map hupu = p. These two factors g, h : M — M are unique p-a.e. and Borel.

Proof. First, we show that f can be factorized to g and h by f = g o h, where g(z) =
exp, [~ Vo(z)] with ¢ = ¢°C and h: M — M such that hyp = p.

Since by (4.1) we have v(A) = p(f~1(A)) for all A € B(M), and f : M — M a
measurable map, we define v := fuu as the push-forward of the measure ;1 through the
map f: M — M.

We know that M is compact and the Radon measure y is locally finite, so we can define a
normalization constant n~! := (M) = v(M) < oo such that nu and nv are probability
measures, i.e., nu(M) = nv(M) = 1. Since by our hypothesis u and v are absolutely
continuous, nu and nv are also absolutely continuous with respect to volume. Now, by
using Theorem 4.4.5, for some potential ¢ : M — R satisfying ¢ = ¢, the Borel map
g(x) = exp,[—V¢(z)] pushes nu forward to nv, ie., g € S(u,v).
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5 Polar factorization

Now we construct h and show that hyp = p:

By Corollary 5.2.1, since nv < vol, then the Borel inverse map g* belongs to S(v, )
and satisfies g(¢*(y)) = y v-a.e. (and g*(g(z)) = = p-a.e.) for a Borel set A C M of full
v-measure nv(A) = 1. Now we set h := g* o f. Therefore f(x) = g(h(x)) on f~1(A),
hence p-almost everywhere.

Since f € S(u,v) and g* € S(v, u), therefore g* o f € S(u, ). Hence h € S(p, ).

Now we show that hyp = p:

For every F' € C(M), we have:

| Pty = [ Fag e pan)
M M
~ [ P o s du
M
:/ Fog d(fup)
M

Hence we get:
/ Fd(hyp) :/ Fdp YFeC(M).
M M

Thus hyp = p, ie., h is a measure-preserving map.

Now we show that these factors are unique:

Let f = ¢’ ok’ hold on U" € M of full y-measure, i.e., nu(U’) = 1, where ¢'(z) =
exp, [~ Vo(x)] with ¢ = ¢¢C and b’ € S(p, p), i.e., Ryp = p.

Claim: ¢ € S(u, fup):

gyt = gy (hiyp) = (g o ') yp = fup.

Therefore, we get gyp = fyp. Thus g’ € S(u, fgp). Hence, by Theorem 4.4.5, ¢ = g on
aset U C M of full y-measure, i.e., nu(U) = 1.

Consider z € f~1(A)NK'~HU)NU', i.e., for p-a.e. z, we have f(z) = ¢' (W' (z)) = g(W (z)),
where we used ¢’ = g in the last equality.

Thus, f(xz) = g(h/(z)) and also we have

Therefore,
hz) = g"(f(2)) = g"(9(I'(2))) = I ().

So we conclude that h = b’ u-almost everywhere. O
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