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To my past self, who always took the easy way out instead of doing it the hard way.

To my present self, who is doing his best to live his dream amidst the chaos caused by
the loss of an important part of his life.

To my future self, who claimed he has the intention to take the course “Variational
problems and optimal transport” in Paris Dauphine University on his M2 next year.



Abstract

This seminar explores the foundational concepts and central existence results in the
theory of optimal transport. Starting from the intuitive but mathematically restrictive
Monge problem, we transition to the Kantorovich relaxation, leveraging weak topologies
and Prokhorov’s theorem to guarantee the existence of optimal transport plans. By
systematically constructing the dual problem and applying tools from convex analysis—
specifically c-transforms and c-cyclical monotonicity—we rigorously establish strong
duality. Utilizing this primal-dual framework, we demonstrate the existence and unique-
ness of optimal transport maps for strictly convex costs, culminating in Brenier’s Theorem
for the quadratic cost in R?. Finally, we explore the measure-theoretic stability of optimal
plans and resolve the supremal (L) optimal transport problem. To tackle the supremal
case, we consider a secondary variational problem, rigorously proving that its optimal
solution is uniquely induced by a transport map T
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Preface

This seminar discuss the basic notions for the topic of optimal transport and this note
* is meant as a support for my presentation. The reason I would like to take this topic,
even though it looks elementary, is meant to force myself to study something that I have
never done, but it combines all of my previous knowledges, except the part of convex
analysis, for which I have merely ¢ > 0 amount of experience. The depth of the proof
given for each parts of this seminar depends on my belief as well. One may be surprised
I put lots of efforts in the basic notions of convex analysis since it is actually my first
time doing them formally (I regretted not taking the course of Nonlinear Analysis).

I admit this report has plenty of flaws such as inconsistency of notations as this is written
in a really short time' and as in the previous paragraph, it is only a support. I also
view this as my more well-written notes than my handwritten one”, that is the proof of
the things I have learnt. This report will follow the contents from the first chapter of
[San15], but instead of doing the rigorous part (Section 1.6) on the later part, I decided
to complete the rigorous part first along the flow of the exposition in this note. The third
chapter of this report contains a particular case for the Monge-Kantarovich problem
applied to the L* norm which uses modified approach from the approach done in the
second chapter which is meant to fill the last 15 minutes of the presentation.

I am grateful for the supervision of Prof. Elio Marconi and the recommendation of Prof.
Marco Alessandro Cirant to contact him. Without them, I would not be enjoying optimal
transport and my time writing this report. I am really happy to discuss more of this
topic and to do some fixes to the erratas found in this report as well by contacting me
through my contacts in my homepage refrainfr.github.io.

Padova
29 April 2026 Orlando Ferrari
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Padova
29 April 2026 Orlando Ferrari

T recorded my time on making the first draft on Convex Analysis prerequisites on April 5th-6th, and
the rest on April 17th-24th, which is really short. For the study itself, I spent my time from the
middle of March to understand all things written here.

2 also struggled re-reading my handwritten notes since it was too messy. Additionally, I found plenty
of mathematical errors in my self-study notes that I did not realized before and thus desperately fixed
it, but I can assume there are plenty erratas hidden inside here
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Introduction

§1.1 Preliminary Notions

§1.1.1 The Monge-Kantarovich Problem

Before we start on the interesting part, it is convenient for us to familiarize these notions
and notice the facts given that will be use for the subsequent parts of this note.

~

Definition 1.1.1 (Pushforward of a measure)

Let (X,0x) and (Y, 0y) be measurable spaces and 7' : X — Y is a Borel measurable
function. For any measure u € M(X), we define the pushforward of p with respect
to T, denoted by Tyu as

Tyn(A) = f(T7'(4)).  VAeoy

Note that T € M(Y).
. J

The starting point of optimal transport is the classical problem by Monge in [Mong&1]
in which we read it in its most general version with the most common notation as
follows.

Problem 1.1.2 (Monge Problem)

Let X, Y be metric spaces. Given two probability measures p € P(X) and v € P(Y)
and a cost function ¢: X X Y — [0, +0o0], we consider the problem

inf { M(T) = [ e(z,T(2)) dulz) : Tup = v (MP)
= | |

where P(X) and P(Y) denotes the space of probability measure in X and Y,
respectively. We call such function T': X — Y that satisfies Ty = v as a transport
map.

The solution T" to (MP) is referred to as the optimal transport map.

The Monge Problem itself is difficult to solve on its own due to its constraint. In
particular, the constraint of T itself is not closed under weak convergence as shown in
Section 2.4, in particular Example 2.4.1, and so the naive usage of direct methods of
calculus of variations is not feasible. Moreover, there may be no such transport plan as

will be shown in Example 2.4.2. A simple example of non-existence is the case p = d,

Oy + 0y,

and v = . Even if we have an infimum of (MP), we might not be able to have a

solution as what we will have in Example 2.4.4.
Kantarovich in [Kan42] managed to provide an alternative formulation whereas the

Monge Problem is “relaxed” (our precise definition of relaxation will be given accordingly
in Section 2.5) into a less stricter space as follows.
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Problem 1.1.3 (Kantarovich Problem)

Let X, Y be metric spaces. Given two probability measures p € P(X) and v € P(Y)
and a cost function ¢: X X Y — [0, +0o0], we consider the problem

wt {K0) = [ clo)drlan) i T (KP)

where II(p,v) = {y € P(X xY): (nx)4y = p and (my)xy = v} given that 7x and
7y is the projection of elements in X x Y onto X and Y, respectively. We also call
(mx)x7v and (my)x7v as the marginals of v in X and Y, respectively.

The solution 7 to (KP) is referred to as the optimal transport plan.

On contrary to the Monge problem, II(u, /) is non-empty since p ® v € II(u, v). Before
showing explicitly the relation of (MP) and (KP), we first recall the Change of Variable
Formula as follows.

4 N
Theorem 1.1.4 (Change of Variable Formula)

Let (X,o0x) and (Y,0y) be measurable spaces and p € P(X). For any Borel
measurable functions f: X — Y and ¢ : Y — [0, +00] we have

/Y b(y) df () = /X (60 F)() du(z).

It follows that ¢ : Y — [—00, +00] is fxpu-integrable if and only if 1o f is p-integrable.
. 4

Proof. See Proposition 1.7 in Lecture 1 of [ABS24]. The idea is to start with the case
of ¢ being a simple function, then pass by limit to the case of any Borel measurable
function. n

With this result, it suggest us to verify the condition of Typ = v for (MP) when we
view Tup and v a functional over Cy(Y') in the case of Y being a metric space as
follows.

\
Proposition 1.1.5

Let (X, 0x) be a measurable space, (Y, dy) be a metric space, u € P(X), v € P(Y),
and T': X — Y Borel measurable. Then T4 u = v holds if and only if

/ $(u) dv(y) = / (60 T)(@) du(a)
Y X
L J

Proof. See Proposition 1.8 in Lecture 1 of [ABS24]. The idea is to start with the fact
for any measurable set B € oy, where oy is the Borel o-algebra of (Y,dy), we can
approximate it by a sequence of monotone non-decreasing functions in Cy(Y"). |

Moreover, with Theorem 1.1.4, we can have the characterization of T being a transport


https://refrainfr.github.io

Orlando Ferrari A Primer on Optimal Mass Transportation
refrainfr.github.io and the Supremal Monge Problem

plan if and only if (id, T")xp € II(p, v) since for any f € Cp(X x Y) it holds that

/ £, ) d(id, T) ppa(,y) = / f (. T(2)) d(z).
XxXY X

Additionally, applying (id,T")xp to (KP) and Theorem 1.1.4 also gives (MP). Hence, we
obtained a rough sense of (KKP) being a relaxation of (MP). In physical sense, (KP) gives
more freedom in the movement of the mass to “spread” to more than one destination
than (MP) which restricts the spreading of the mass of a particle to just one destination.
Hence, for any v € II(u, v), we can view y(A x B) as the amount of mass moving from A
to B.

The benefit of working in (KP) first is the fact that we will able to assert the compactness
of IT(u, v) and make a notion of weak convergence for our case and thus we can apply
the Direct Methods of Calculus of Variations to find a solution for (KXP) in Section 2.1.
Hence, our next strategy on solving (MP) is to make the solution of (KP), say ~, is
induced by a transport plan T, i.e. v = (id, T")#p in the particular case of Section 2.3
when ¢(z,y) = h(z — y) for a strictly convex function h.

§1.1.2 Convex Analysis Tools

Before going to more specific, the reader is invited to recall the following facts from
convex analysis before moving forward. This part follows the presentation of [ABS24],
but for simplicity, we limit our work on X = R? (and thus X* = R?) as Ambrosio dealt
with the general case of X being a normed space.

Definition 1.1.6 (Convex Functions) b

A function f : R? — (—o0, +00] is convex if and only if for all -, y € R? and ¢ € [0, 1],
we have

fA =tz +ty) < (1 =) f(x) +f(y).

Usually, f may be defined on a (convex) set 2 C X, but we can extend it nonetheless
by defining the value of f to be 400 outside of €2, which still preserves convexity of
f. If the inequality is instead strict for ¢t € (0,1) and = # y, we have f is strictly
convex.

N J

Remark 1.1.7. Notice that we can derive a simple stability property of convex functions
under the notion of supremum. For any family of convex functions {f,}, f = sup f, is
(0%

convex since for any a we have

fa((U =)z +ty) < (1= 1) fa(z) +tfaly) < (1 —1)f(2) +1f(y)

and thus passing to the supremum of « yields
F(A=t)r+ty) < (1 —1)f(z) +1f(y).

Remark 1.1.8. By induction, one extend the the convexity (and strict convexity) of f
that applies in more general case, that is

f <Z>\kxk> < Mef ()
k=1 k=1
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n
for any z;, € R? and \;, € [0,1] such that Z A = 1 since
k=1

n n—1
f (Z Akl‘k) <A =A)f (Z Akfﬂk) + Anf(2n)
k=1 k=1
n—1

< (02 3 2 ) + ()
k=1 "

= Mef(zr).
k=1

4 )
Definition 1.1.9 (Epigraph)
Let X be a set. The epigraph of a function f : X — (—o0, +00] is the set
Epif :={(z,y) € X xR f(z) <y}
which is the set of points in X x R that lies above the graph of f. y

A simple characterization that connects convex function and its epigraph as follows.

Proposition 1.1.10

A function f : R? — (—o0, +00] is convex if and only if Epif is convex.

Proof. Let f be a convex function and (x1,y1), (z2,y2) € Epif. For any t € [0,1] we
have

J(A=t)zy +twg) < (1 — 1) f(z1) +1f(22) < (1 —t)ys + .
Hence, (1 —t)(z1,y1) + t(z2,y2) € Epif.

Conversely, let Epif be convex and to assert that f is convex, it is sufficient to verify
the convexity of f holds for points in {f < 4+o00}. Let x1, 2 € {f < 4+o0}. Then
(z1, f(21)), (z2, f(x2)) € Epif and by convexity of Epif we have the desired inequality
for any t € [0, 1]. [ ]

An interesting property of convex function is regarding the fact it is differentiable almost
everywhere as it is the corollary after applying Theorem 1.1.14 to the result of the
Theorem 1.1.15. We adapt the proof of [ET99] and [AB06] for this fact. In particular,
for the case of R?, we have the following theorem (stated without proof)

( Definition 1.1.11 h
Let C' C R%. The relative interior of C is the set
ri(C):={zx € C|3Ir>0:B.(z)naff(C) C C}
where aff(C) is the affine hull of C, that is the intersection of all hyperplane that
contains C. )
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Throughout this section, the proof will be given as we don’t differentiate between interior
and relative interior of C' as the main difference is we merely restricting the neighborhood
of an element € C to be in a hyperplane of co-dimension 1, rather than on the whole
space. What makes relative interior better than interior is the fact that it is always
non-empty in the case of non-empty closed sets as given by the following theorem, whereas
we may have empty interior for a convex set.

Theorem 1.1.12

If C' is a non-empty convex subset of RY, then the relative interior of C' is non-empty
and is dense in C.

Proof. See Lemma 7.33 of [ABOG] [ |
4 N
Corollary 1.1.13
If f:RY = (—o0, +00] is convex, then ri({f < +oo}) is non-empty.
J
N
Theorem 1.1.14 (Rademacher)
Let U be an open subset of R? where U can be taken as R? itself. If a function
f:U—=R'is (locally) Lipschitz, then f is differentiable almost everywhere with
respect to the standard Lebesgue measure.
. J
Proof. See Theorem 2 in Chapter 3 of [EG92] [ |

Theorem 1.1.15

A convex function f : R? — (—o00, +0o0] is continuous and locally Lipschitz in the
(relative) interior of {f < +oo}.

Proof. For simplicity, we shall only prove for the case of interior of {f < +o0}.
Step 1. f is locally bounded above in the interior of {f < 4o00}.

Let x be an interior point of {f < 4+o00}. There exists a neighborhood B, (x) of = that is
contained in {f < +o00}. By convexity of B,(z) and the fact R? is of finite dimension,
any element y € B,(x) can be expressed as a convex combination of x + e;, where {e} is
the standard basis of R?. Therefore, we can write y as

d d
Yy = Z)\k(a:—i-ek) = .f—i-Z/\kek
k=1 k=1
d
for some A such that Z Ar = 1. Hence, convexity of f implies
k=1

d
Aef (@ +ex) < ;Ak Joax |f(z +ex)l = max |f (@ +ep)| < +oo.

INA
M=
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We have proved f is locally bounded above.
Step 2. f is continuous in the interior of {f < +oo}.

Let x be an interior point of {f < +o00}. As before, we take the neighborhood B, (z) =
x + B, (0) that is contained in {f < 400} and by Step 1, f is bounded by 0 < a < 400

in By(z). Let € € (0,1), we have x + €B,(0) C B,(x). For any y € eB,(0), we have

y, Ye B, (0). Therefore, z + g,x ~_Ye B,(0) and hence
€ €

fa+y) <0 =9f@+ef (2+2) = f@+y) - f(@) < ca— f(@))

f@) € TSty + ) (2= 1) = J+y) - @) 2 —ea— @)

which implies

[fz+y) = f(x)] <ela— f(z)) (1.1)
We have proved f is continuous.
Step 3. f is locally Lipschitz in the interior of {f < 4o00}.

Let = be an interior point of {f < +oo}. By the result of Step 2, there exists ro > 0 such
that By (x) C {f < 400} and —co < m < f < M < oo for some constant M and m in
By, ().

Let r € (0,79) and z1 € B,(z). We set
g(w) = f(w+x1) = f(21) Vw €R

where g(0) = 0, g is convex and bounded above by M —m in B,_,,(0). We can apply
the argument of Step 2 to arrive in (1.1), that is

Ve € [0,1],Vw € €Br 1y (0)  |g(w) —g(0)] = [f(w + x1) — f(z1)] < e(M —m). (1.2)

Let o € By(x), if z9 € By_y (1), we can take w = x93 — x1 € €By_;,(0) for ¢ =
To— T
2 = 1] € [0,1] and we can apply it to inequality (1.2) to have
r—7To

(@) — Fan)] = lg(w)] € Ly — y). (1.3)

T —T0

If instead x2 ¢ By_y,(71), we can split the segment [z, z2] into n + 1 equidistance nodes

vy = X1, ..., Up = To of distance less than r — rg. Therefore, we can apply inequality
(1.3) to get
M—m M—-m |x3—2x1
F(or) = Fp-1)] < o — v 1| = ol chen aa
rT—T0 r—T0 n

and adding all terms to finally get

- M—-—m
|f(w2) = fla)] <D [F(ok) = Flog-1)| < — |22 — 21].
k=1
We have proved f is locally Lipschitz. [ |
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From Theorem 1.1.15, we are ensured of continuity in the interior of { f < +o00}. However,
in the boundary between {f = 400} there could be discontinuities. Hence, it is why we
typically need at least lower semicontinuity instead.

For lower semicontinuity, it is better for us to define it in the general case of a topological
space for practical means, as we shall see the utilization of this property to solve (KP)
later on.

~

Definition 1.1.16 (Lower semicontinuity)

Let X be a topological space. A function f : X — (—o0, +00] is lower semicontinuous
(Ls.c) if and only if for any x € X and any sequence {z,} C X that converges to x
it holds that

f(z) <liminf f(z,)

n—oo

N J

Remark 1.1.17. We extend the usage of X being a topological space in this case. Note
that the notion of lower semicontinuity is closed under suprema since for any family of
lower semicontinuous functions { f,} and any sequence z,, — =, we have

falz) < hnn_lgéf Jalan) < hnn_lgéf Sl;p fa(an)

and we can take the supremum over « to conclude sup(z) < lim inf sup(x,).
o n—oo o4

We also have a characterization of an l.s.c. with respect to its epigraph as follows.

Proposition 1.1.18

Let X be a topological space. A function f: X — (—oo,+0o0] is Ls.c if and only if
Epif is closed.

Proof. Let f be ls.c. and (x,y) € Epif, there exists a sequence {(z,,y,)} C Epif such
that z,, — = and y,, — y whereas f(x,) < y, for all n € N. By lower semicontinuity, by
passing n — oo yields
f(z) <liminf f(z,) < limy, = y.
n—oo

Hence, (z,y) € Epif.

Conversely, let Epif be closed and let x € X and y < f(z) so that (z,y) ¢ Epif. Hence,
there exists a neighborhood of (z,y), say U X (y — €,y + €) such that all points in such
neighborhood is not contained in Epif. Moreover, the structure of epigraph gives us
(U x (—o0,y +€)) NEpif = @. Therefore, we have f(u) > y+ € for any u € U. Let
{z,} € X converges to x, For n sufficiently large, x,, € U and therefore,

y+ e <liminf f(z,).
n—oo

We can take ¢ — 07 and then y — f(z)” to conclude lower semicontinuity of f. |
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Definition 1.1.19
We denote

L(RY) := {f : R? = (=00, +00] : f is convex and Ls.c., f # +oo}.

We shall define the Legendre-Flenchel transformation for any function as follows.

~

Definition 1.1.20 (Legendre-Flenchel Transformation)

Given f : R? — (—o0,400], we define the Legendre-Flenchel transformation (or
Legendre-Flenchel conjugate)

fH(x) = sup {(y,) - f(y)}  VzeR%

Note that the supremum may also be taken with respect to y € {f < 400} since
elements in {f = +o00} do not contribute the supremum unless f = +oo which gives
ff=—o0.

N J
~N

Definition 1.1.21 (Affine Function)

A function f : R — R is affine if and only if there exists a € R? and b € R such
\that f(x) = (a,z) + b for all € R%. Moreover, if b= 0, f is linear.

J

Notice that our definition of affine function is sufficient since R? with the Euclidean norm
is a Hilbert space and thus Riesz Representation Theorem applies. Moreover, by the fact
that affine functions are convex and lower semicontinuous, f* is also convex and lower
semicontinuous and hence f* € T'(R%).

We shall characterize function in I'(R?) by affine functions.

Theorem 1.1.22 (Fenchel-Moreau)
For all f € T(R%), one has f** = (f*)* = f, namely

f(x) = sup {(y,z) — f*(y)}  Vax €R%L
y€ERd

Proof. Notice that,

f* (@) = sup{(y,z) — f*(y)} VoeR™
yER4

We shall prove f > f** (the easy part) and f < f** (the harder part) as follows.
Step 1. f > f**.
Let € R, By the definition of f*, for any y € R? we have

) 2 (@y) = fz) = f@) = (y,2) = [ (y)

Taking the supremum of all y gives f(x) > f**(z).
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Step 2. f < f*.

This theorem will utilize the Separation Theorem of as the corollary of Hahn-Banach
theorem. For more details, see Chapter 5 of [ABOG].

Suppose on the contrary that there exists 29 € R? such that f(xzo) > f**(x¢). There
exists ro € R such that f(zg) > ro > f*™(x9). Notice that by Proposition 1.1.10 and
Proposition 1.1.18 makes Epif a closed convex set and (zg,rg) ¢ Epif whereas {(zo,70)}
itself is a closed convex set. The separation theorem of Hahn-Banach implies the existence
of a real hyperplane H that stricly separates Epif and {(xo,79)}, that is

(a,z) + bt > o > (a,xz0) + bro (1.5)

for any (z,t) € Epif. Notice that if (z,t) € Epif, then (x,t+ s) € Epif for any s > 0 as
well. Therefore, setting b < 0 is impossible since passing ¢ — oo breaks (1.5). We have
b > 0 and we shall inspect the two possible cases.

e Case 1. b > 0. For any (z, f(z)) which is on Epif, (1.5) implies
« a « a
f@) >+ (—pr) = 5> () @),

Taking the supremum over z € {f < 400} gives —% > f* (—%). Therefore,

a a a a
*k > (2 B e R et “
f (l’o)_< ,SL'(]> f ( b> —< b7$0>+ b
which implies (a, zo) + bf**(z9) > «. However, since 19 > f**(z9), we wil arrive at
a contradiciton to (1.5).

e Case 2. b =0.

Inequality (1.5) becomes
(a,x) > a> (a,xg) = —a > (—a,x) (1.6)

for any € {f < 4+o00}. Since f # 400, {f < 400} is non-empty and we can
invoke Theorem 1.1.27 (proof below) to assert existence of 3y € R? such that for
some z € ri({f < +o00}) we have

fly) > f(@) + (yo,y —x) VyeR

and thus
(Wo,y) — fy) < (vo,x) — f(z) < 0.

Taking the supremum over y € R? yields f*(yo) < oo.

For A > 0, let yx = yo — A\a, we can utilize (1.6) to have

Fyn) = sup o {{yo,z) = f(z) + Aa,2)} < f*(y0) — Aa
ze{f<+oo}

and thus

[ (w0) = (yxn, zo) — 7 (yr) = (yo, zo) — f*(yo) + AMa — (a, o))

From (1.6), we have o — (a,xg) > 0. We can pass A — oo to get f**(zg) = +o0.
However, this contradicts the fact that f*(xz¢) < r < 400 which is a contradiction.

From both cases, it is impossible to have such point 2o € R?. Therefore, f < f**. |
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\
Corollary 1.1.23 (Characterization of Convex and Lower Semicontinuous)

The following statements are equivalent for a function f : R? — (—00, +00]:
1. f e T(RY)

2. f is the supremum of affine functions;

3. there exists g : R? — [—00, 4-00) such that f = g*.
- J

Proof. 1. = 2. is immediate by Theorem 1.1.22.

2. = 1. notice that affine functions are also convex and continuous by definition. Since
convexity and lower semicontinuity is closed under supremum, the implication holds true.

1. = 3. is immediate by Theorem 1.1.22.

3. = 1. is immediate since g* € I'(RY). [

Definition 1.1.24 (Subdifferential)
For all f € I'(R%), the subdifferential df(z) is defined as

0f(x) :={p €R?: f(y) > f(x) + (p,y — z) Vy € RY}

A simple property that we got from the definition of subdifferential is that for any
p1 € Of(x1) and py € Of (x2) we have

f(x1) > f(z2) + (p2, 21 — x2) > (f(x1) + (p1, 22 — 1)) + (P2, 21 — 22)
which implies
(p1 — p2, 21 — x2) > 0.

As what we owe in the proof of 1.1.22, we shall the theorem that we will also use in the
subsequent chapter for an important result of existence of solution to (MP).

Proposition 1.1.25
For all f € T'(R?) and any p € R, the following characterization holds:

pedf(x) < f(z)+ f*(p) = (z,p) <= z€If(p).

Proof. Notice that by the definition of f*, for any z, p € R? we have

) = p,x) = fe) = f(z)+ [ (p) = (z,p)

and thus, to prove equality is sufficient to prove the reverse inequality. Moreover, Theorem
1.1.22 gives (f*)* = f which make it sufficient for us to only prove

pedf(x) < f(x)+f(p) = (z,p).

Let p € 8f(x), for any y € R? we have

fly) > f(x) +(p,y —2) = (p,2) — f(z) > (P, y) — (V)

10
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Taking the supremum of all y € RY gives us
(p,x) — f(z) = f*(p) = (z,p) = f(z) + f*(p).

Conversely, suppose we have f(z) + f*(p) = (z,p). For any y € R? we have

fy) = f@) = f(y) = (@, p) + [ (p) = f(y) — (2, p) + ({y,p) — f())
Therefore, p € 0f(x). [ ]
Remark 1.1.26. In general, the characterization p € 0f(z) < f(z) + f*(p) = (z,p)

holds for any function f since we didn’t use the characterization of functions in I'(R?)
unless in the part of using f** = f to prove the whole assertion holds true.

Theorem 1.1.27

Let f € T(RY). For z € ri({f < oo}), df(z) # @. Furthermore, at every point
where f is differentiable, then 9f = {V f}.

Proof. Part 1. For z € ri({f < o0}), 0f(x) # @.

From Theorem 1.1.15, f is continuous and locally Lipschitz on the ri({f < oco}). Because
it is continuous at z, the point (z, f(x)) lies on the boundary of the epigraph, and
the epigraph has a non-empty interior and also convex. We can utilize the Supporting
Hyperplane Theorem (See [AB06] for more details) to have a non-zero element (a,b) €
R? x R such that

(a,y —x) +b(t — f(z)) >0  V(y,t) € Epif (1.7)
As what we did in Step 2 of Theorem 1.1.22, b < 0 is impossible since we can pass t — 0o
and the inequality will break.
If b = 0, then we have
(a,y—2) 20 = (a,y) > (a,x)  Vye{f <+oo}.

A point strictly inside the interior of a convex set cannot be separated from the rest
of the set by a hyperplane, unless a = 0. Hence, it contradicts the fact that (a,b) is a
non-zero element.

Therefore, b > 0 and thus we can divide (1.7) by b. Rearranging the terms, we have
—% € 0f(x).

Part 2. 0f(z) = {Vf(z)} when f is differentiable at z. Let p € f(z). Let t > 0 and
w € R%. By subgradient inequality we have

[z +tw) — f(z)

f@+tw) = f(z) = {p, (z + tw) —z) =t (p,w) = ; > (p,w).
Taking the limit ¢ — 0T gives us
(Vf(z),w) = (pw) = (Vf(z)—p,w)=0.
Since w is taken arbitrary, we have p = V f(z) and thus df(z) = {V f(z)}. |

11
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Theorem 1.1.28

Let f € F(Rd). If f is strictly convex, then any element p € R? cannot be contained
in more than one subdifferential set 0f(z).

Proof. Suppose p € 0f(x1) NOf(x2) for 1 # x2. It follows that
f(z2) > f(x1) + (p, 22 — 71)

f(z1) = f(a2) = (p, w2 — 21)
which implies
f(2) = fz1) = (p, w2 — @1).
Let t € (0,1), set y = (1 —t)x1 + twa < t(xe — 1) = y — x1. By strict convexity, we have

fly) <@ =t)f(z1) +tf(z2) = (1 =) f(z1) +t(f(z1) + (p, 22 — 71))
= f(z1) +(p,y — 71)

which contradicts the fact p € df(x1) where we should have the reverse inequality
instead. |

Theorem 1.1.29
Let f € T(RY). Then f is C' if and only if f* is strictly convex.

Proof. See Chapter 7 of [ABO6]. [ |

§1.2 c-Concavity and c-Cyclical Monotonicity

After the hassle of preliminaries, we shall move to the technical parts of Optimal
Transport. In here, we adapt the contents of Section 1.6 from [San15] as our reference.
Before continuing, recall (KKP) as the problem of minimizing

/ c(, y)dy(z, y)

XxY

over all v € II(u, v) given p € P(X), v € P(Y), and the cost function ¢ : X xY — [0, oo].
This section will develop the needed tools to solve (MP) and (KP).

In this part, we relaxed the range of the cost function ¢ to be [—o0, 4+00] or (—o0, +00).
We shall generalize some result from Convex Analysis by the fact that (-,-) can be realized
as the cost ¢(+,-) = — (-, ) in our relaxed definition.

§1.2.1 c-Transformation and c-Concavity

We start by providing a definition of c-transformation and c-concavity as follows

12
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~

Definition 1.2.1 (c-Transformation)
Given a function ¢ : X — [—o00, +00], the c-transform (or c-conjugate) is ¢ : Y —
[—00, +00] defined by

©°(y) = nf c(z,y) — ().

Notice it has similarity with the Legendre-Flenchel transformation in Definition
1.1.20.

We also define the ¢-transform of ¢ : Y — [—o0, +00] by

¢“(y) = inf c(z,y) — ¢(x).

zeX
- J
s . )

Definition 1.2.2 (c-Concavity)
Moreover, we say a function v defined on Y is ¢-concave if there exists £ such that
¥ = x°. Analogously, a function ¢ defined on X is c-concave if there exists ¢ such
that ¢ = (°.
We denote by ¢ — conc(X) and ¢ — conc(Y') the sets of ¢- and ¢-concave functions,
respectively.
When X =Y and c is symmetric, the distinction between ¢ and ¢ will be of no use
and will be ignored. )

Notice from the definition of c-transform that ¢ < 1 implies ¥ < ©°. In most part, we
restrict our cost function ¢ to be reail valued. We will have a similar characterization as
in Theorem 1.1.22 on the case of ©* = c.

o )
Proposition 1.2.3

Suppose c is real valued. For any ¢ : X = RU {—o0} we have fpcz > ¢. Moreover,
we have ¢ = ¢ if and only if ¢ is c-concave (and analogously ¢“ = ¢ if and only if
¢ is ¢-concave). In general, ¢ is the smallest c-concave function larget than ¢ (and

analogously ¢ is the smallest ¢-concave function larget than ¢).
. J

Proof. For all x € X and y € Y, by the definition of c-transform we have
c(@,y) — ¢°(y) = c(z,y) — (c(z,y) — ¢(@)) = ¢().
Taking the infimum over all y € Y yields ¢“(z) > ¢(x).

The fact that o = ¢ implies ¢ is c-concave is obvious. Conversely, if ¢ is c-concave,
there exists ¢ such that ¢ = (°. We only need to prove ¢ < ¢ immediately by

p=C = ¢°=(">2( = p*<(=c
Now, let 1) = x° be any c-concave function larger than ¢, then
<t = P <"
Notice that ¢¢ = x* > x. Hence,

X <9 = pC <=1

13
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Notice that from the definition of subdifferential of a convex function, in the set

Graph(0f) := {(z,p) : p € 9f (x)} = {(z,p) : f(x) + [*(p) = (2,1},

we have the monotonicity property

(1 —2,p1 —p2) >0

for any (x1,p1), (x2,p2) € Graph(df). With this property, we are intrigued to prove
the converse, that is monotone set is contained in a subdifferential of a convex function.
Unfortunately, this is not true. One counterexample is the image of the function x — Rz
where R is the 90° rotation in R2.

Fortunately, a stronger monotonicity helps us on achieving our goal as follows.

( )
Definition 1.2.4 (Cyclical Monotonicity)
Aset AC R xR?is cyclically monotone if for any £ € N, any permutation o € Sy,
and any finite elements (z1,p1), ..., (zk, px) € A, we have
k k
Z (i, pi) > Z (i, Do(i)) -
i=1 i=1
- J

Notes 1.2.5. To verify cyclical monotonicity, it is enough to verify it in the case of cyclical
permutation of elements (and hence it is the origin of the naming ”cyclical”). This happens
by the fact that any permutation can be decomposed into disjoint components of cyclical
permutation.

With this definition, a remarkable result from Rockafellar gives our desired result as
follows.

Theorem 1.2.6 (Rockafellar)

Every cyclically monotone set is contained in the graph of subdifferential of a convex
function.

Instead of proving them here, we shall prove it in a more general case in the next part
since (-, -) can be realized as the cost c(-,-) = — (-, -).

§1.2.2 c-Cyclical Monotonicity

We shall start from the translation of cyclical monotonicity used by Rockafellar to c-
cyclical monotonicity. In this part, we still consider the relaxed range for cost.

14
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( Definition 1.2.7 b
Let X and Y be metric spaces. Let ¢: X xY — RU{4o00}. Aset ' C X XY is
c-cyclically monotone (c-CM) if for all or any k € N, any permutation o € Sk, and
any finite elements (r1,p1), ..., (zk,pr) € I', we have
k k
ZC sz,yz ZC Lis Yo (i)
i=1 i=1
\ J
Notes 1.2.8. As per the former cyclical monotonicity, it is enough to verify it in the case of
cyclical permutation of elements as well to assert c-cyclical monotonicity. Moreover, the
c-cyclical inequality is also equivalent to the condition
k k
Z C\ T, yz S Z C(l'a(i)a yz>
=il i=1
We shall begin our work on generalizing the result of Theorem 1.2.6.
4 )
Theorem 1.2.9
Let X and Y be metric spaces. If I' # @ is ¢-<CM, ¢: X x Y — R. Then there exists
a c-concave function ¢ : X — RU {—o00} where ¢ # —oo such that
L I'c{(z,y) € X XY :p(x) + ¢(y) = c(z,y)}- )

Proof. The main idea of this proof is use the ¢-CM property of I, that is the fact we have

k
Z c(@iv1, yi) — (i, yi)

provided that zp+; = x;. We shall construct explicitly ¢ using this idea. We fix
(zo,y0) € T and we define

k—1
p(x) = inf {C(aﬁ,yk) — el yk) + > @i, yi) — (i, vi)
=0
: kEN,(:ci,yi) el'\Vi= 1,...,k}

Note that ¢ < 400 since I' # @. We shall make the candidate of ¢ such that ¢° = ¢ by
considering

k—1
906(2/) = C(.%'k,y) - SD( ) >c xkv Zc wz-‘rlvyl - C([B’Layl)
=0

It is reasonable to define v as

k—1
- 1/’(3/) = inf { .’L'k, + Z C\Ti+1, yl (xia yl)
=0

sk eN, (z,y) e, Vi=1,...k,yx = y}.

15
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Notice that if y & my (I"), then ¢(y) = —oo and if y € 7y (I"), then ¥ (y) > —oco. With
this definition of 1, for all z € R? we have

o) = ylenﬂg c(z,y) —P(y) = yejgf(r) clz,y) —¥(y) = o(z).

Indeed, ¢ is c-concave.
Using the ¢-CM property of I', by defining x511 = xg, we have

k
o(w0) >z, yk) — @ yk) + > (i1, yi) — (@i, yi) = > cl@wiyr,yi) — clai, yi) > 0.
1=0

i

e
—_

Il
o

Hence, ¢ #Z —oc.

We shall prove for any (z,y) € I' we have ¢(x) + ¢°(y) = c¢(z,y) to conclude our proof.
Note that in general we already have p(z) + ¢°(y) < c(z,y) and we only need to prove
the converse inequality. We use the idea ¢° = ¢ > 1) which make it sufficient to prove

p(r) +(y) > c(z,y).

Let (z,y) € I and € > 0, there exists 7 € Y (in particular, § € 7y (I')) such that

c(@,y) —¢(@) <plz)+e = clz,9) — @) + ) <) +P(y) +e (1.8)

Since (x,y) € T', for any k € N, if we take any finite family (x1,41),... (Zg+1,Yk+1) €T
such that (zx41,Yk+1) = (z,y) and yx = ¥ in the definition of —1), we have

k—1
—(y) < —cl@,y) + cla, ) + (—c 209) + 3 i, v) — c(xi,ya)
=0

< —c(z,y) + c(z,9) — (7).

We apply this inequality to (1.8) to obtain

c(z,y) < (@,7) = (@) + ¥(y) < o(@) +9(y) +e
By passing € — 0" and we can conclude our proof. |
Remark 1.2.10. Notice that in our proof, we did not assert the measurability and

integrability of ¢. In the practice of the subsequent chapter, this issue will not trouble
our discussion as ¢ is measurable and integrable for our case.

16
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2 Solving the Monge-Kantarovich
Problem

After finishing the technical preliminaries, we can solve the Monge-Kantarovich Problem
comfortably. Along the argument, we will also recall additional notions needed to solve
the proof for which the reader is assumed to be already familiar with it.

§2.1 Solving the Kantarovich Problem

§2.1.1 Setup for Direct Method of Calculus of Variations

To make our setup on solving (KP), we should recall the Direct Method of Calculus of
Variations as follows.

4 N
Theorem 2.1.1 (Direct Method of Calculus of Variations)

Let X be a topological space, f: X — R U {+o0} such that
1. f is bounded below
2. fis Ls.c.
3. fis coercive, i.e., {f < ¢} is (sequentially) compact for any ¢ € R.

Then there exists Z € X such that f(z) = mi)r(l f(z).
TE
- J

Proof. By the fact that f is bounded below from 1., inf f > —oco. Take a minimizing
1

sequence {z,} such that f(z,) < inf f + — for any n € N. Hence, {f(z,)} is bounded
n

and by 3., up to a subsequence, x, converges to an element ¥ € X. Without the change
of notation, from 2. we obtained

inf f < f(z) < lirginff(xn) = inf f.
]

We also have another variation of the direct method which we refer to as the Weierstrass
criterion as given below.

Theorem 2.1.2 (Weierstrass Critetion)

Let X be a compact topological space and f : X — RU {400} be Ls.c., then there
exists z € X such that f(z) = mi}r{l f(x).
BAS

Proof. Define | = in}f{ f(z) € [—00,+00]. Note that [ = 400 if and only if f = +o0o0 which
Te

means any element can be a minimizer. Suppose | < 400, there exists a minimizing

17
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sequence {z,} such that f(x,) — [. By compactness of X, there exists Z € X such that
Zn — T up to subsequence. By l.s.c, we obtained [ < f(Z) < liminf f(x,) = [. This also
n—o0

proves that [ € R and thus f attained the minimum at Z. |

For ease of notion, we shall define K. : II(p, v) — [0, +00] by

Kc(vy) = /ny c(x,y) dy(w,y)

for any 7 € II(u, v), and so, solving (KP) is the same as minimizing K.. Our setup for
Theorem 2.1.2 is only in providing a compact topology for II(u, ) where K, is lower
semicontinuous.

Since II(p,v) C P(X xY) C M(X xY) where M(X xY) is the set of finite signed
measures of X x Y, it is natural to make the weak topology of M(X xY) as our candidate
topology. For our next setup, we shall recall the property of M(X xY') with some results
of functional analysis as follows. We will omit the proofs, but the reader may consult the
needed proofs in [AB0G].

Theorem 2.1.3 (Banach-Alaoglu)

If X is a normed space, {£,} is bounded in X’ (X’ is the (topological) dual of X),
then up to a subseqeunce &, converges to an element & € X'.

In practice, we will work in the case of X being a metric space. In particular, throughout
this chapter, we work either on X = R or X = Q c R? where Q is also compact.
Additionally, we also have R? is separable and locally compact which make us able to
apply the Riesz Representation Theorem as follows.

~

Definition 2.1.4 (Space of Continuous Functions)
Let X be a metric space (X can also be topological). We denote the set

C(X)={f:X — R: fis continuous}

to be the set of continuous function in X. Moreover, we denote Cy(X) as the set of
bounded continuous function in X. If the space X is locally compact, we also define
Co(X) as the set of continuous function vanishing at infinity, that is for any € > 0,
the set {|f| > €} is compact.

Note that if X is compact, we have C(X) = Cp(X) = Cp(X). In general, we have

the fact that Cy(X) is a closed subspace of Cy(X) with the topology induced by the

norm || f|| = sup |f(x)|. Moreover, Cy(X) (and also Cy(X)) is a Banach space.
reX

N J

With the space of continuous functions already recalled, we can employ the result of the
Riesz Representation Theorem. For more details, the reader is invited to consult Chapter
1 of [EG92].
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\
Theorem 2.1.5 (Riesz Representation Theorem)

Let X be separable and locally compact metric space. Then for any & € (Co(X))/,
there exists a unique A € M(X) such that

<§,¢>:/ bdh Vo e Co(X).
X
L J

Moreover, we can induce a norm on M(X) by
A= IAI(X) < o0

where |\| is a positive finite measure defined as

IA|(A) := sup {Z IMA)| - A= | A; with A;NA; = o for i ;éj}
=1

=1

With the Riesz Representation Theorem and our defined norm on M(X), we have
M(X) = (Co(X))". We can also invoke another topology with respect to the duality of
Cy(X) as follows.

( Definition 2.1.6 (Convergences on M (X)) b

Let X be separable and locally compact metric space. We define the weak™ topology
of M(X) with respect to convergence of M(X) in the duality of Cy(X) with the
convergence denoted by p, —* p. We also define the weak topology of M(X)
with respect to convergence of M(X) in the duality of Cy(X) with the convergence
denoted by p, — p.

Since Cy(X) C Cp(X) in general, the weak convergence is stronger. However, in the
case of X being a compact space, both convergences coincide.

We also give the following assertion for closedness of P(X)

Proposition 2.1.7

Let X be separable and locally compact metric space. The space of probability
measure P(X) is a closed subspace of M(X) with respect to the weak topology.

We shall show an important compactness in the weak topology by the following result by
Prokhorov which we will utilize for the search of an optimal plan as follows.

Definition 2.1.8

Let X be a metric space. A sequence p, € P(X) is tight if for any € > 0, there
exists a compact subset K C X such that u(X\K) < € for all n € N.
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4 N
Theorem 2.1.9 (Prokhorov)

Let X be a Polish space, i.e. X is a separable and complete metric space and
tn C P(X) be a tight sequence. Then there exists u € P(X) such that up to
subsequence, pu, — p. Conversely, if p, — u for some p,, € P(X), then {u,} is

necessarily tight.
- J

Proof. See Theorem 2.8 of [ABS24]. [ |

§2.1.2 Existence of Solution to the Kantarovich Problem

With the results we recalled in Subsection 2.1.1, we can start solving the Kantarovich
Problem starting from the simplest case of strong restriction on cost and ambient space
in the subsequent theorem. We will improve this result to less stricter space as we move
through this subsection.

Theorem 2.1.10 (Existence of Solution, ¢ Continuous)

Let X and Y be compact metric spaces, p € P(X), v € P(Y),andc: X xY - R
be a continuous function. Then (KP) admits a solution.

Proof. We shall prove the weak topology as given in Definition 2.1.6 on II(u,v) is our
desired topology to invoke Theorem 2.1.2.

Step 1. K, is continuous. It is immediate by the fact that c € C(X xY) = Cy(X x Y)
and the definition of weak convergence.

Step 2. II(u,v) is compact.

Let {v,} be a sequence in II(u,v) C P(X x Y). Obviously, |y.] = [m|(X xY) =
v(X xY) =1 for any n € N. Hence, it is bounded. By Banach-Alaoglu (c.f. Theorem
2.1.3), there exists v € M(X x Y) such that 7, —* 7. Since X X Y is compact,
Cyp(X xY) =Cp(X xY) and thus ~y, — v which implies v € P(X x Y) by the fact that
P(X xY) is closed under weak convergence.

We shall show that v € II(u, v) by duality. By weak convergence, we can prove (mx )47y, —
(mx)x7 in general. Let ¢ € Cy(X) C Cp(X x Y'), we have

/¢ WX#vn()Z/)(Xy¢(x)dvn(w,y)—> o(x) dy(z,y) = /¢ d(mx) ().

XXY

In particular, we infer that (7x)xy = p. Analogously, (my)gyn — (7y)x7y and thus
(my )4y = v. Hence, v € II(u, v). [

We shall improve the result of Theorem 2.1.10 by relaxing the requirement of ¢ to be l.s.c
(with some adjustments). Before that, we will recall a result on Ls.c. that will aid us.

Theorem 2.1.11

Let X be a metric space and f : X — RU {400} be bounded below. Then f is Ls.c.
if and only if there exists a sequence { fi} of k-Lipschitz functions such that f 1 f
pointwise.
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Proof. Since the notion is l.s.c. is closed in suprema, if we have a sequence {fx} of

k-Lipschitz function (and thus continuous) such that fi 1 f, we have f = sup fi is lower
keN
semicontinuous.

Conversely, let f be l.s.c., we define
fulo) = min {k, nf (1) + k(@) } Vo€ X
y

Note that if gx(x) := in)f((f(y) + kd(x,y)) is k-Lipschitz, we have fi k-Lipschitz as well.
ye
It is sufficient to prove gi(x) is k-Lipschitz.

Let x1, zo € X, we have for any y € X that

gr(x1) = (f(y) + kd(z2,y)) < (f(y) + kd(z1,y)) — (f(y) + kd(22,y)) < kd(z1, 2).

Taking the infimum over all y € X, we have

gr(x1) — gr(z2) < d(x1,22).

Swapping x; and z2 yields |gi(z1) — gr(z2)| < kd(z1,x2) as desired. Hence, g and thus
fx is k-Lipschitz.

Let x € X, we shall prove fi(x) 1 f(x). By definition of fi, we have fi(z) < fri1(x) and

fu(@) < f(2) + kd(z, 2) = f(x)
and thus sup fi(z) < f(z). Let s = sup fx(z). Suppose that s < f(z), for any k € N, we

keN keN
take yr € X such that

fyk) + kd(z, yx) < fr(z) + %

which implies f(yx) < f(z) + 1 and also

- fu(@) = flye) + % fu(@) = flye) + %

d(z,yr) = limsupd(z,yx) < limsup =0.
k k—o0 k—o0 k
1
Hence, yr — x. From ls.c. of f and the fact f(yx) < fr(x) + i
.. . 1
f(z) <liminf f(ye) < lim fi(z) + - =s
k—o00 k—00 k
which contradicts the assumption of s < f(z). Therefore, fi 1 f pointwise. |

Remark 2.1.12. Actually, the seemingly tedious definition of f, instead of g that is
simpler and does not interfere with the proof above, is for further use as need the improved
desired sequence of k-Lipschitz functions being bounded.

With Theorem 2.1.11, we can improve Theorem 2.1.10 as follows.

Theorem 2.1.13 (Existence of Solution, ¢ |.s.c. and bounded below)

Let X and Y be compact metric spaces, p € P(X), v € P(Y),and ¢: X XY —
R U {+o0} be Ls.c. and bounded below. Then (KP) admits a solution.
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Proof. We still use the topology of weak convergence. Borrowing the Step 2 argument
of Theorem 2.1.13, we still have II(u,v) to be compact. We shall show K. is lower
semicontinuous to allow us invoke Theorem 2.1.2.

From Theorem 2.1.11, there exists a sequence of (bounded) k-Lipschitz functions {cg}
such that ¢ T ¢ pointwise. Therefore, the Monotone Convergence Theorem ensures
K, (v) T Kc(v) for any v € II(p,v). Borrowing Step 1 argument of Theorem 2.1.13,
each of K., is continuous and thus Ls.c., by closedness of l.s.c. under suprema, we have

K. = sup K., to be lower semicontinuous. |
keN

Now, we shall go back to the actual (KP) for which the cost function ¢ has range in
[0, +00], we shall tweak the assumption of the ambient space for Theorem 2.1.13 to be
milder.

Theorem 2.1.14 (Existence of Solution to (KP), X, Y Polish)

Let X and Y be Polish spaces, p € P(X), v € P(Y),and ¢: X xY — [0, +0o0] be
lower semicontinuous. Then (KP) admits a solution.

Proof. We still use the weak topology on IT(u,v). In this topology, K. is still Ls.c.
borrowing the arguments given in Theorem 2.1.13. We shall prove II(u, v) is still compact
by utilizing Prokhorov Theorem (c.f. Theorem 2.1.9), which means we shall prove II(u, v)
is tight and thus we can invoke Theorem 2.1.2.

Since p € P(X) and v € P(Y), the converse of Prokhorov Theorem applied to a
constant measure implies the existence of compact sets KX € X and KY C Y such that

1 1
w(X\KX) < 3 and v(Y\KY) < 5 for any € > 0. Thus, for any sequence {7y, } C II(u,v)
(and still any € > 0) we have

(X x YV)\ES x KY)) < m((X\EF) x V) + 9 (X x (Y\K[))

= (¢x) 4 (X\KX) + (¢y) (Y \KY)
= p(X\KX) + v(Y\KY)

cELE
—4+ - =e

2 2

Therefore, II(u, v) is tight and hence compactness in II(u, v) is obtained. |

We conclude this section with a miscellaneous result that we can use in the case the
cost functions are not continuous (not really used in this notes), which is the following
Lemma. Beforehand, it is encouraged to recall the Lusin Theorems.
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4 N
Theorem 2.1.15 (Lusin Theorems)

Let X and Y be topological spaces such that Y is second countable (i.e., Y admits
a countable family of basis), and p be a finite regular positive measure (i.e., for any
Borel set A C X, u(A) = sup{u(K) : K C A compact} = inf{u(B) : A C B open}).

(Weak Lusin) If f : X — Y is measurable, then for every e > 0, there exists a
compact set K. C X such that u(X\K) < € and f|g, is continuous.

(Strong Lusin) If f : X — R is measurable, then for every ¢ > 0, there exists a
compact set K. C X and continuous function g : X — R such that u(X\K) < €
and f =g on K..

J

\
Lemma 2.1.16

Let vn, v € Il(p,v) and a : X — XJ b:Y — }7 be measurable maps valued in
two separable metric spaces X and Y. Let ¢: X x Y — [0,+00) be a continuous

function with ¢(a,b) < f(a) + g(b) with f, g continuous, and / (foa)(x)du(z),
X

/Y (g ob)(y)dv(y) < +oo. Then

Yo =y = c(a(r),b(y)) dyn(z,y) — c(a(z),b(z)) dy(x,y).
XxXY XxXY
\ Y,

Proof. Suppose cis bounded, say 0 < ¢ < M, and fix § > 0. Since a, b is measurable, Weak
Lusin Theorem ensures the existence of compact sets K3 ¢ X and K} C Y such that

J
p(X\KF), v(X\K)) < = and a]Kgc, b]ng is continuous. Set K5 = K& x KY ¢ X xY
and it can be shown that v, ((X x Y)\Ks), 7((X x Y)\Ks) < §. Thus,

/ c(a,b) dy, :/ c(a,b) dy, —I—/ c(a,b) dy,
XxY K(g (XXY)\K5
< / c(a,b) dryy, + M.
Ks

Note that c(a,b)|k, € Cp(Ks) and by v, — v we have

lim sup/ c(a,b) dy, < / c(a,b)ydy+ Mé
XxXY

n—o0 XxXY

=y limsup/ c(a, b) dvy, S/ c(a,b) dy
XxY

n—00 XxXY

Hence, the function v +— ¢(a,b) dv is upper semicontinous. We can apply analogous
XxY
argument to M — ¢ to obtain lower semicontinuity for the same function. Hence,

v / ¢(a,b) dvy is continuous under the weak topology.
XxY

If instead ¢ is unbounded, we truncate ¢ into cy = ¢ A N := min{N, ¢} where ¢y 1 c.
Lower semicontinuity is still preserved by the closedness of the notion under supremum.
For upper semicontinuity, we instead work with the function X xY 3 (z,9) — f(z) +

9(y) — c(Z,7) > 0. By truncation argument as before, we have v — (foa)+(go
XxY
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b) — ¢(a,b) dv is lower semicontinuous and thus we obtained upper semicontinuity for

v / c(a,b) dy. [ |
XxY

§2.2 Primal and Dual Problems

§2.2.1 Rough Formulation of the Dual Problem

In the previous section, Theorem 2.1.14 ensures the existence of a solution for (KKP) under
the mild assumption of X, Y being Polish space (X =Y = R? is included in this case!)
and the cost function ¢ being lower semicontinuous. Now, we are in our way to solve (MP)
where we are suggested to prove our optimal v for (KP) is indeed generated by a transport
map. Indeed, if such v is generated by a transport map, min(A/ P) = min(/X P), Later
in Section 2.5, under some assumptions, it is always the case that inf()/ P) = min(X P)
which formalized the meaning of (KKP) being a relaxation of (MP.)

An idea for tweaking our optimal v for (KP) is to consider another problem by noticing
the fact that (KXP) is actually a linear optimization under convex constrains, given by
linear equalities or inequalities. Hence, we shall find a dual problem for (KP) and exploit
the relations between the two.

First, we shall view of another way to see the criterion for v € II(u, v) as follows.
If v € II(, v), then for any ¢ € Cy(X), ¥ € Cp(Y) we have

LM@@@szwﬂmﬁﬂwz/ () dy(z. ).

XxXY

/w@wwz/wwmwwwz b(y) dr(z,y).
Y Y

XxY

which implies

/¢w+/ww—/ (o) () dy = 0. Vo Cy(X), 1 € Cy(Y).
X Y XxY

On the other hand, if v ¢ TI(u, v), without loss of generality, there exists g € Cp(X)
such that

Am@@@#ém@%@w@—é eol) dr(z, ).

XY

By fixing ¢ € Cp(Y), we can take the scalar multiples of ¢( that is still bounded to
conclude

m>/¢w+/ww—/ (p(x) + () dy = +oo.
peCp(X)J X Y XXY
PeCL(Y)

Hence, in II(u, v), (KP) is equivalent to

[ cdns sw [ pdu [ wdv- [ plo) 1)y
YEI(p,v) J X XY 0eCH(X) J X Y XxY
peCy(Y)
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and considering the interchange of sup and inf (it is not always possible!') to have (KP)
as
swp [ pdut [ nt [ e (o) + v dn

X Y XxY

PECH(X) YE(p,v)
YEC,(Y)

If we come back to the maximization problem over (¢, ), for fixed p € Cy(X), b € Cp(Y),

we have
. 0 fodyy<con X xY
inf / c—(p@Y)dy= Py :
720 XxY —00 otherwise

YEM(X XY)
where (¢ @ V) (z,y) := ¢(x) + 1 (y). One can prove the cases for ¢ @1 > ¢ on at least a
point (xo, yo) by taking the Dirac delta measure v = d(2o,y0) @nd its scalar multiple to have
integral tends to —oo. This leads to the formulation of the dual problem.

Problem 2.2.1 (Dual Problem)

Let X and Y be metric spaces. Given u € P(X), v € P(Y), and the cost function
c: X xY —[0,+00) we consider the problem

sup{/ngd,u—l—/Yi/}du:goGCb(X),ipeC’b(Y) such that go@wgc}. (DP)

In the formulation of (DP), for any v € II(u,v), the condition ¢ @ ¢ < ¢ (and also
assumptions from Theorem 2.1.14) implies

/ gbd,u—i—/ de:/ (p®Y) d7</ cdy = sup(DP) < min(K P).
X Y XxY XxY

However, (DP) does not admit a straightforward existence result since the class of
admissible functions lack compactness. Nonetheless, we have obtained a satisfactory dual
problem.

§2.2.2 Solving the Dual Problem

In this part, we shall find the solution of (DP) in a particular case. We shall recall some
result of compactness in the space of continuous functions as follows.

4 )
Theorem 2.2.2 (Ascoli-Arzela)

Let X be a compact metric space and H C C(X) with the supnorm in Definition
2.1.4. Then H is relatively compact with respect to the uniform convergence (induced
by the supnorm) in C'(X) if and only if H satisfies:

1. equiboundedness: there exists M > 0 such that for all f € H, || f]] < M.

2. equicontinuity: for any e > 0, zo € X, there exists § > 0 such that for any

r e X and f € H, d(x,x9) < 0 implies |f(z) — f(zo)| < €.
\- J

Proof. See Section 10.1 of [RF10]. [ |

'Under additional assumptions requiring concavity in one variable, convexity in the other, and some
compactness, it is possible to interchange it with the so-called mini-max theorem
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Proposition 2.2.3
Let X be a metric space, w : [0, +00) — [0, +00]. If {fo} € R satisfies the following
estimate
|fa(@) = fa(2')| < w(d(z,2’)) Va2’ € X
Then f :=inf f, and g := sup f, also satisfies the same estimate.
@ «
. J

Proof. Let z, ' € X and take any «, then

f@) < fal@) < fa@)) +wld(z,2)) = f(z) - f(2) < w(d(z,2)).
Interchanging the role of x and 2’ yields |f(z) — f(2')] < w(d(x,2")). For the case of
supremum,

Jal@) < Jal@') + wld(z,2) < g(2) + w(d(x,2')) = g(z) — g(&) < wld(z,2")).

Interchanging the role of z and 2’ yields |g(x) — g(z')| < w(d(z, ")) as well. [ |

In particular, if the function w in Proposition 2.2.3 satisfies lim+ w(t) = 0 (which means
t—0

w is a modulus of continuity and thus {f,} is equicontinuous), then f and g has the
same modulus continuity as the family {f,}. We should also recall the following result
for modulus of continuity and uniform continuity.

4 N\
Theorem 2.2.4

Let X be a metric space and f : X — R. Then f is uniformly continuous if and
only if there exists an increasing continuous function w : [0, +00) — [0, +00) with
w(0) = 0 such that

|fa(z) — fa(2")] < w(d(z,2')). Vz,2' € X

Such w is referred to as the modulus of continuity of f.
. J

Let us first restrict the space X and Y to be compact metric spaces and ¢ continuous
which implies ¢ is uniformly continuous (and bounded) which implies the existence of a
modulus of continuity w : [0, +00) — [0, +-00) such that

le(@,y) — c(@’,y)] < wldx (z,2") +dy (y,9))
and take any x : X — R and let g, (y) := c¢(x,y) — x(z) for all x, y € X. By the definition
of c-transformation, y¢ = in)f( g, and notice that
Te
192 (Y1) — g2 (y2)| = le(@,y1) — c(@,92)| S w(dy (y1,32))  Va,y1,y2 € X.

Thus, by Proposition 2.2.3 x¢ to also be continuous and has the same modulus of
continuity as c.

Going back to (DP), note that for any function ¢, ¢ @ ¢° < ¢ by definition. If ¢ € Cp(X),
the pair (@, ¢°) is admissible to (DP). If (¢,%) is a solution to (DP), then (¢, ¢°) is also
a solution since for all y € Y

Y(y) <clz,y) —p(x) (Vo e X) = ¢(y) < ¢°(y).
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We can also do the same reasoning to have (¢, ¢) to also be a solution to (DP) (notice in
our case, the integrals for (DP) of the three pairs are increasing in each c-transformation
while the constraint is still maintained). However, Proposition 1.2.3 implies ¢ = ¢
and (°, ©°) is our best increment. The reason (¢, ¢°) itself is better than (¢, 1)) is the
fact that the former pair are c-conjugate of each others and both have the same modulus
of continuity while the latter is not necessarily that way.

This consideration yields the following exsistence result

4 )
Theorem 2.2.5 (Existence of Solution to (DP))
Let X and Y be compact metric spaces and ¢ is continuous (hence uniformly
continuous). Then there exists a solution (¢,) to the problem (DP) and it has the
form ¢ € ¢ — conc(X), 1 € € — conc(Y), and ¥ = ¢°. In particular,
max(DP) = max / wdu +/ Y dv.
pec—conc(X) Jx Y
- J

Proof. Note that by Theorem 2.1.10, sup(DP) < min(K P) < 4+00. Let w be the modulus
of continuity of c¢. Take a maximizing sequence {(¢n, 1)} and turn it into {(p%, %)}
which is still a maximizing sequence as well. For ease of notation, we take our maximizing
sequence as {(yn, ¢;,)} where ¢, € ¢ — conc(X) for all n € N.

Note that all ¢, ¢;, shares the same modulus of continuity as w. Hence, we have
equicontinuity and we will be aiming to invoke Ascoli-Arzela Theorem (c.f. Theorem
2.2.2) where we only lack equiboundedness.

Let C,, = min ¢,. Note that {(¢, — Cn, ¢;, + Cp)} is still a maximizing sequence and
still equicontinuous, but now if we go back to our notation of {(¢n, ¢ )} (for the sake of
ease of notation) we will have min ¢,, = 0 for all n € N. Moreover, since the maximum
and minimum of continuous function is always realized in X, we have

max @, = max @, — minp, < w(diamX) < +oo Vn eN

since X is compact (note that diam X is the diameter of X). Hence, we have equibound-
edness and we can invoke Ascoli-Arzela Theorem. Up to subsequence, ¢, — ¢ € Cp(X).
On the other hand, {¢{} is also equibounded since for any y € Y we have

min ¢ — w(diam X) < ¢(z,y) — ¢p(z) < maxc — min p,(x) = maxe (Vo € X)

which implies —0o < min ¢ — w(diam X) < ¢!, < maxc < 4+o0o0. Hence, Ascoli-Arzela also
implies ¢;, — 1 € Cp(X) (up to subsequence). By the Uniform Convergence Theorem,

we have
/gpnd,u—i-/cpfldué/ @du%—/@bduzsup(DP).
X Y X Y

By uniform convergence as well, ¢ @ 1 < c. With this result, we have (¢, 1) solves (DP)
and (¢, ¢°) be the pair of c-concave and ¢-concave functions that solves (DP). [ |

Definition 2.2.6 (Kantorovich Potential)

The functions ¢ that solve (DP) are called Kantorovich potentials for the transport
from p to v.
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Remark 2.2.7. Note that the Kantorovich potential ¢ is not necessarily c-concave, but
coincides with the c-concave function ¢ p-a.e. However, it is always possible to choose
a c-concave Kantarovich potential as what we did in our previous consideration, and we
will do this often.

§2.2.3 Equality Between the Primal and Dual Problems

Now, we have found a realization of (DP), but we merely have max(DFP) < min(K P).
We shall prove that they are equal with the tools we have prepared in Section 1.2. Before
starting, we shall recall the notion of support for a measure.

( Definition 2.2.8 h

Let X be a separable metric space X, the support of a measure ~ is defined as the
smallest closed set on which v is concentrated, i.e.,

supp(y) = ﬂA : A is closed and y(X\A) = 0.

This is well defined since the intersection may be taken countable by the separability
assumption. Moreover, there exists also a characterization:

L supp(y) = {x € X : y(B(z,7)) > 0 Vr > 0}. )

The main idea of this part is fairly straightforward. We will prove an optimal plan v is a
c-CM set in the case of ¢ continuous, and thus

supp(7) C {(z,y) : o(x) + ¢(y) = c(z, )}
for some ¢ € ¢ — conc(X). Then, we prove such ¢ is a Kantorovich potential to conclude
sup(DP) = min(K P). Afterwards, we improve this result by approximation to have
sup(DP) = min(A P) holds in the assumption for Theorem 2.1.14, that is the cost ¢
being l.s.c. and bounded below.

Theorem 2.2.9

Let X and Y be a separable metric space, if 7y is an optimal transport plan for the
cost ¢ in (KP) and c¢ is continuous, then supp(y) is a ¢-CM set.

Proof. Suppose on the contrary that there exists k € N, a permutation o € Si, and finite

family (z1,v1), ..., (Tk, yx) € supp(7y) such that
k k
D cl@iyi) > Y (@i, Yorr)-
i=1 i=1
We shall prove an existence of another minimizer that is more optimal. Take € > 0 such
that
1 k k
¢<5r (Z (@i, yi) — Zc(xhya(i))) -
i=1 i=1
By continuity of ¢, there exists r > 0 such that for any ¢ =1, ..., k we have
V(.%',y) € B(.’L’i,T) X B(yhr)v C(miayi) —€< C(.CL‘, y)E (21)
V(ZL’, y) € B(xh T) X B(ya(i)> T)v C(:Ua y) < C(xi’ ya(i)) t€ (22)
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Set V; = B(zi,r) x B(y;,r) and W; = B(x;,r) x B(y, 7“). Since (x;,y;) € supp(y),
LV

(Vi)
and v; = (my)x7; where p; and v; are concentrated in B(z;,7) and B(y;, ), respectively.

v(V;) > 0foralli =1, ..., k. We construct v; = € P(XXY) and set p1; = (7x )4V

1
h that — mi ).
Now, we take ey > 0 suc at eg < k‘ @%y(m)
Continuing forward, for any i = 1, ..., k, we take any 4; € II(ui, Vy(;)) at will (for

instance, ¥; = (i ® Vy(;)). We have ; is concentrated in V; and ¥; is concentrated in W;.
We construct the a candidate for the new optimal plan 7 as

k k
Fi=y—c vty Y
i=1 i=1

which is a signed measure. ¥ is positive since for any borel set A C X x Y we have from
our choice of ¢y that

k k ‘
)= e mi(4) > () - 3 20 =

i=1

Moreover, 4 € II(u,v) by definition:

k k
(bx) ¥ =p—ed _(mx)pvi+ €Y _(mx)p7(i) = p— GZM + ezm 1,
i1 i1
k k
(¢Y)#'~Y:V_€Z(7TY)#%+€Z(7T)/)#’Y —V—GZVZ—FEZI/
i1 i—1

Finally, we shall show K(y) — K(5) > 0 to arrive at the contradiction where = is
supposedly to be optimal. From (2.1), (2.2), and choice of €, we have

k k
/ cd’y—/ cd’y:eoZ/ cd'yi—q)Z/ cdy;
XxY XxXY i=1 Vi i=1 f
>EQZ (i, yi) —EQZ (i, Yo,) +€)

k k
(Z:carrz,yZ Zcxl,yal —2ke>>0
i=1 i=1

Theorem 2.2.10

Let X and Y be Polish spaces. Suppose ¢ : X x Y is uniformly continuous and
bounded, then (DP) admits a solution (¢, ¢°) and we have max(DP) = min(K P).

Proof. From Theorem 2.1.14, there exists an optimal plan « for (KP). From Theorem
2.2.9, T' := supp(y) is ¢-CM. Since c is real valued, by Theorem 1.2.9, there exists a
c-concave function ¢ : X — R U {—o0o} such that

I {(z,y) € X xY 1 p(x) + ¢°(y) = c(z,y)}.
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Let w be a modulus of continuity of ¢ and —M < ¢ < M. Recall the definition of our
chosen ¢ as

k—1
¢(x) = inf {C(iv,yk) = c(zp,yr) + > c(@ip1, vi) — c(ai, vi)
=0

: kEN,(xi,yi) GF,V’izl,...,k}

for a fixed (zo,y0) € I' where ¢(zp) > 0 and thus ¢° < ¢(zg, ) — @(z9) < M < +o0.
However, this implies ¢ > —2M > —oo. On the other hand, by the definition of ¢, we
have ¢ < ¢(-,y0) — c(zo,y0) < 2M < +oo and it implies ¢© > —3M > —oo. Hence,
@ and ¢° is real valued and furthermore bounded. Since @ is c-concave, ¢ and € is
(uniformly) continuous since they have the same modulus of continuity as c¢. The pair
(i, ¢°) is admissible to (DP) and we have

sup(DP) < min(K P) :/ cdy = / oD dy = / gpd,u—{—/ ¢Cdv < sup(DP).
XxY supp(7) X Y

Therefore, (¢, ¢°) is a solution to (DP) and we have max(DF) = min(/K P). [ |

Notice that so far we have not settled in the case of Theorem 2.1.14 where the minimizer
of (KP) can still be realized for the case of the cost function being lower semicontinuous
and bounded from below. We shall use the result of Theorem 2.1.11 where any l.s.c. and
bounded from below cost ¢ is a limit of a sequence {cy} of bounded k-Lipschitz functions.
Beforehand, we need the following lemma.

4 N\
Lemma 2.2.11

Let X and Y be Polish spaces. Suppose that c; and ¢ are l.s.c. and bounded from
below for any k € N and ¢ 1 ¢. Then

lim min{/ cde:VEH(,u,V)}:min{/ cd*y:’yGH(,u,u)}.
k—o0 XxY XxY

Proof. For any k € N, from Theorem 2.1.14, there exists 7, € II(u, ) as the minimizer.
Borrowing a fact from the argument of Theorem 2.1.14, TI(u, v/) is tight and thus compact.
Then up to subsequence, v — 4 € II(u, v). Notice by the fact ¢ is increasing to ¢, we

have min { / crdy vy € I(p, y)} is increasing as well and the supremum is bounded
XxY

above by min{/ cdy vy e (u, V)} Fix j € N. For any k > j, we have
XxY

lim min {/ cpdy vy € (u, I/)} = lim c dryg > lim inf/ ¢ dyg
k—o00 XxY k—o00 XxY k—o00 XxY

Z/ c; dy
XxY

where the last inequality holds by the lower semicontinuity of the integral cost ¢; by
arguments we borrowed from Theorem 2.1.13. By Monotone Convergence Theorem, we
can pass j — oo to get

lim min{/ ckd'y:VGH(,u,u)}:/ cdﬁZmin{/ cd'y:’yEH(,u,u)}.
k—o0 XxY XxY XxY

Hence, we obtained our claim, and as the byproduct, 7 is optimal for the limit cost c. W
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We can establish the desired validity and conclude the duality formula

Theorem 2.2.12

Let X and Y be Polish spaces and ¢: X XY — RU {400} is Ls.c. and bounded
below. Then the duality formula min(/ P) = sup(DP) holds.

Proof. From Theorem 2.1.11, we can take a sequence {cy} of bounded k-Lipschitz
functions that converges increasingly to c¢. Employing Theorem 2.2.12 on each cost ¢,
we have

min{/X Yckd'y:'yEH(u,u)}:max{/xgpdu+/ywdu:cp@¢§ck}
Ssup{/ wdu+/¢dﬂrtp@¢§c}
X Y

By Lemma 2.2.3, we can pass k — oo to conclude

min(/A P) = lim min {/ crdy vy € I(p, 1/)} <sup(DP).
XXY

k—o0

Combining with the general result of sup(D ) < min(/ P), the duality formula min(/< P) =
sup(DP) is concluded. [

As our last result for this section, we improve the result of Theorem 2.2.9 for the case of
c l.s.c. and bounded below.

Theorem 2.2.13

Let X and Y be Polish spaces, ¢: X x Y — RU {+o0} is Ls.c. and bounded below,
and ~ is an optimal transport plan for ¢. Then ~ is concentrated on a ¢-CM set I’
(which will not be closed in general).

Proof. From Theorem 2.2.12, the duality formula holds. We can take a sequence of
maximizing pairs {(¢n,¥,)} for (DP). We have

/ On O Y dy — cdy.

XxY XxY

We also have ¢, ® 1, < ¢ which implies the function f,(x,y) := c(x,y) — on(x) — Yn(x, y)
satisfies f, > 0 and from our convergence, we have f, — 0 in L'(X x Y,~). Therefore,
up to subsequence, f, — 0 for vy-a.e. Let I" a set with 7(I") = 1 where the convergence
fn — 0 holds and we also have supp(y) C I'. For any k € N, permutation o € S, and
finite family (z1,v1), ..., (zk,yx) € I' we have

k k

Zc(xlvyl) = hm ZQO z) +P(yi) = hm ZQD ;) + P( Yo (i) ZC T ya(z

i=1 i=1

which proves I' is ¢-CM. |
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Remark 2.2.14. The duality formula that we proved for the case ¢ l.s.c. bounded below
in Theorem 2.2.12 differs from the continuous cost that we proved in Theorem 2.2.10
in that there is no guarantee of existence for the dual problem (DP). Actually, we can
tweak the condition of admissible functions for (DP) being in L! instead of C}, and we
have such solution (¢, ) by first applying Theorem 2.2.13 and then build a potential ¢
through Theorem 1.2.9. This works under the assumption that c is real valued and does
not depend on its continuity.

The variation of (DP) by tweaking the admissible functions being L' will be discussed
more in Section 2.3, in particular Subsection 2.3.2.

§2.3 Solving the Monge Problem in the Case c¢(z,y) = h(x — y)
for h strictly convex

In this section, we will be able to solve (MP) in some case of ¢ and the restriction of our
domain being X =Y = R? or its compact domain. A natural reason to consider h to be
strict since in practice we still consider the case when c(z,y) = |z — y|P for p € (1, 4+00)
where h in that case is strictly convex. For the case p = 400 we shall consider the
approach in Chapter 3 where we our approach cannot be applied. However, the case
p = 1, in particular, the initial (MP) formulation, unfortunately will not be discussed
in this version of note. The reader is invited to refer to Chapter 3 of [Sanl5] for the
solution of this case.

§2.3.1 General Case of ¢(z,y) = h(z — y)

We start with the consideration from Theorem 2.2.10 with an additional assumption that
our cost ¢ is C' (here we have not assumed ¢(z,y) = h(x — y)). Considering our optimal
plan v and Kantorovich potential ¢, for a fixed (xg,yo) € supp(y) we have the function

R?> 2 — c(x,yo) — p(x)

achieve its minimum at x = xg and thus V,c(zo,y) = V() provided that ¢ is
differentiable at xg. This consideration proved the following proposition

4 N
Proposition 2.3.1

If ¢ is C*, © is a Kantorovich potential for the cost ¢, and v is an optimal transport
plan in the transport from yu to v, and (xg,yo) € supp(7), then Vo(xg) = Vie(xo, o)
provided that ¢ is differentiable at xg.

In particular, the gradients of two Kantorovich potentials coincide on every point
o € supp(p) (for which (29, o) € supp(y) for some yo € R?) where both potentials

are differentiable.
\§ J

Proof. See above consideration. [ |

Moreover, the condition Vi = V¢ is particularly useful when x satisfies the “twist”
condition in the following definition.

32


https://refrainfr.github.io

Orlando Ferrari A Primer on Optimal Mass Transportation
refrainfr.github.io and the Supremal Monge Problem

~

( Definition 2.3.2

Let © C RY, we say that ¢ : Q x Q — R satisfies the twist condition whenever c(x,y)
is differentiable with respect to x at every point and the map 2 > y — V e(xo,y) is
injective for every xg.

Note that for more regular domain 2 and smoother ¢, this condition corresponds to

9%
det <8yi3x]~> #0
N\ J

The goal on having the twist condition is to deduce from (xq,yo) € supp(7y), we have yq
is uniquely defined from xy which shows that « is concentrated on a graph of a mapping
and this map will be the optimal transport. Since the map is constructed using ¢ and ¢
only, and not ~, this also proves that our optimal  is unique.

On our case of h is strictly convex and thus it is differentiable almost everywhere with
respect to the Lebesgue measure from Theorem 1.1.14, it suggests that in differentiable
points of ¢ at xg, the equality from Theorem 2.3.1 gives us

{Veo(zo)} = Oh(zo — yo) = {Vh(zo — y0)} = yo = x0 — (V) (Ve(0))

where the relation (VA)™! is justified from Theorem 1.1.28 even if h is not differentiable
at zo — yo which gives us the suggestion = — z — (Vh) 1 (Vip(z)) as our transport map.

We shall formulate this result formally in the following Theorem

4 )
Theorem 2.3.3 (Existence of solution for (MP))

Given p and v € P(Q) for a compact domain © C R% There exists an optimal
transport plan 7 for the cost c¢(x,y) = h(z — y) with h is strictly convex and real
valued. It is unique and of the form (id, T") 4, provided p is absolutely continuous to
the Lebesgue measure and 0f) is p-negligible. Moreover, there exists a Kantorovich
potential y, and T" and the potentials p are linked by

T(z) =z~ (VA) " (Ve(2)).
. J

Proof. For ease of readability, we split the proof into three steps.

Step 1. Existence and Regularity of the Kantorovich Potential.

From our assumption, h : R — R is strictly convex, so its effective domain is the entire
space: 1i({h < +o0}) = R%. By Theorem 1.1.15, h is locally Lipschitz. Because € is a
compact domain, the cost function ¢(z,y) = h(x — y) is Lipschitz continuous (and thus
uniformly continuous) and bounded on Q x Q.

By Theorem 2.1.10 and Theorem 2.2.10, there exists an optimal transport plan v € TI(u, v)
and a corresponding Kantorovich potential ¢ € c-conc(2). By Proposition 2.2.3, because
 is c-concave, it shares the exact same modulus of continuity as ¢, meaning ¢ is also
Lipschitz continuous.

Since ¢ is Lipschitz on an open set containing {2, Rademacher Theorem (c.f. Theorem
1.1.14) guarantees that ¢ is differentiable almost everywhere with respect to the Lebesgue
measure. Because we assumed p is absolutely continuous with respect to the Lebesgue
measure and 0f) is u-negligible, the set A C €2 where ¢ is differentiable is a set of full
measure for u (i.e., u(A4) =1).
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Step 2. Uniqueness of the Target Point.
Let I' = supp(y). We consider the points strictly inside our full-measure set: let
x9 € ANmx(T) and suppose (xg,yo) € T

By Proposition 2.3.1, because ¢ is differentiable at xg, the gradients must match:
VC,O(JJ()) = Vh(x() - yo)
where equality is in the sense of Vi (z¢) € Oh(zg — yo).

Because h is strictly convex, Theorem 1.1.28 guarantees that a single subgradient vector
cannot belong to the subdifferential of more than one point. Therefore, the vector V()
uniquely identifies the pre-image z = xg — yo. This allows us to rigorously invert the
gradient and define a unique target point yg for every xg € A:

yo = x0 — (VR) " (Vp(0)) := T (o)
This proves that for p-almost every xg, there is exactly one yg such that (zg,yo) € T

Step 3. Concentration on the graph.

We have established that the support of 7 (intersected with A x ) consists exclusively
of pairs in the form (z,T(x)) in Step 2. Let Graph(T") := {(x,T(z)) : * € A}. Because
uw(A) =1 and v € II(p, v) has marginal u, we are guaranteed that y(A x Q) = 1.

Therefore, v is entirely concentrated on the graph of T

+(Graph(T)) = 1

To prove that v = (id, T') 411, we test it against any measurable set £ C 2 x Q. Since
is concentrated on the graph, the measure of F is simply the measure of its intersection
with the graph:

A(E) = (E 1 Graph(T))

A point (z,y) belongs to E N Graph(T) if and only if y = T(z) and z € {2’ € A :
(', T(2")) € E}. Let Ex denote this set of z-coordinates. By the definition of the
marginal (7x)4y = p, projecting this graph-restricted set down to X gives:

A(E N Graph(T)) = p(Ex) = p({a : (2, T(x)) € B})

By the definition for pushforward of a measure, this right-hand side is exactly the
definition of the pushforward (id, T")gu(E). Thus, v = (id, T') gp.

Finally, because the transport map T'(z) was constructed entirely using the given cost ¢
and the potential ¢ (without any dependence on the specific choice of optimal ), any
optimal plan must be concentrated on this exact same graph. Therefore, the optimal
transport plan + is absolutely unique. |

A direct corollary of the theorem is the existence of solution of (MP) for the case
h(z) = |zP.

Corollary 2.3.4

Under the standing assumptions on Q € R? and p, v € P(Q) as given in Theorem
2.3.3. We have a solution of (MP) for ¢(x,y) = |z — y|? for p € (1,+00).
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Notes 2.3.5. From now, if a transport plan v is induced by a transport map T, i.e.
v = (id, T)gp = 7, then we denote vy as yr.

Remark 2.3.6. An additional result can be obtained if we also add the assumption for v
being absolutely continuous to the Lebesgue measure. Then Theorem 2.3.3 also say that
there is an optimal map S for the other way around, i.e. v = (5,id)4v. In particular,
for v-a.e point (z,y). we have y = T'(z) and x = T'(y), which means S(T'(x)) = = p-a.e.,
i.e. x p-a.e. point x Hence, T is invertible on a set of full measure and its inverse is the
optimal map from v to u.

§2.3.2 The Quadratic Case in R?’: Brenier’s Theorem

In this subsection, we shall consider the special case of

I o e

C(l‘,y) - 9 9 _<$7y>'

Actually, this case was the result of Brenier in [Bre87] which was independent from
our previous approach and it also uses different approach from this note. This form of
c suggest connections between our notion of c-concavity and the notion of convexity.
Indeed, we have a relation as follows.

4 N\
Proposition 2.3.7
Given a function y : RY — R U {—o0}, define u, : R? = R U {400} through
2
ur(@) = - u(a)
Then, uye = (uy)". In particular, a function ( is c-concave if and only if uc is convex
and ls.c. )

Proof. For any z € R%, we have

jz/?

UXC(QZ') = 7 - yERd

nt, (L5 3w = swp o~ (1) = o)

2 yERd 2

For the the second passage, if ( = ¥ for some 9, we have u¢ = uye = (uy)* hence u¢ is

convex and l.s.c. by Corollary 1.1.23. Conversely, we can also work by Theorem 1.1.22 to

have us = ((u¢)*)" = (u¢e)” = u¢ee which implies ¢ = (““ and by Proposition 1.2.3 we

have ¢ c-concave. |
. |2 |?

As a consequence ot the proposition and the fact that for h(z) = o we have Vh(z) = x

for every 2 € R?, we have a better-looking closed formula of Theorem 2.3.3 as

J2®

T() = o — (Vh) " (Vg(x) = 2 — Ve(2) = V ( . so(x)) = Vuy(2)

where u,, is a convex since ¢ is c-concave. This suggest the converse of Theorem 2.3.3 to
hold, that is, ' = Vu for some convex function (with additional assumptions) implies
optimality on II(u,v) where v = Typ. This claim is true and will be discussed in
Subsection 2.3.3.
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Let us try to broaden our approach on solving the quadratic case by letting the domain
Q be unbounded (in this case, we take Q = R?). We should first investigate the problem
(KP) the quadratic case. Notice that for any v € II(u, v) we have

2 2 2
-y T Y
/ lz =yl dv(af,y)—/ = du($)+/ " dV(w)—/ (z,y) dy(z,y).
RdX]Rd 2 Rd 2 Rd 2 RdXRd

2 2
Since the term / ’3:2‘ du(x)+ / |y2’ dv(x) is independent of «, our minimization prob-
R4 R

lem turns into maximizing (x,y) dvy(x,y). Naturally, we also need the assumptions
Rd xR

L/‘Lrpdu(mlt/)ldeV@D < 4o
R4 R4

Notice that for the quadratic cost also satisfies the assumption of Theorem 2.3.3, hence
an optimal plan v exists and in particular it is optimal for the cost ¢/ (x,y) = — (7).
Theorem 2.2.13 gives us the fact that + is concentrated in a ¢-CM set I'. In particular,
our ¢-CM set is actually CM in the sense of convexity. By Rockafellar Theorem (c.f.
Theorem 1.2.6) which is a particular case of Theorem 1.2.9, we have

I'C {(z,y) e R xR : p(z) + ¢*(y) = (z,y)}.

for some convex function . This ease our analysis to the case of Legendre transformation
and it also suggest us a candidate of another duality formula

/F<x,y> dv(x,y)zLX(F) p(z) du(w)Jr/ " (y) dv(y)

7wy (T)

(assuming integrability for ¢ and ¢*) in particular, if we go back to our original problem
we have

Awmm&waLm%mwm+Lm%wmm>

Since our domain is unbounded, we cannot have boundedness for u, and u,.. However,
we can make a variance on the restriction of u, and u,. to be integrable instead. The
consideration gives us the naturality of the following variant of (DP).

Problem 2.3.8 (Dual Problem Variation)
Let X =Y = R%. Given p, v € P(R?) such that / |z|? du(z), / ly|* dv(y) < +oo,
R4 R4

a2
and the cost function c¢(z,y) = [ 2y| . Consider the following variant of (DP):

sup{/Rdfﬁdu-i-/Rdwdv c @ € LY(u), € LY(v) such that o @ ¢ < c}. (DP-var)

Following similar argument for Theorem 2.2.10, we have the following result.

Theorem 2.3.9

Under the standing assumptions of (DP-var), then (DP-var) admits a solution (¢, )
where u,, u, are convex and conjugate with respect to the Legendre transformation.
Moreover, we have max(D P — var) = min(K P).
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Proof. Theorem 2.1.14 ensures the existence of an optimal transport plan v and by
Theorem 2.2.9, there exists a c-concave function ¢ such that

supp(7) C {(z,y) € R x R?: p(z) + ¢°(y) = c(z,y)}

Since ¢ and ¢ = ¢° are proper c-concave functions, u, and w,, are proper, convex, and
conjugate to each other (in particular, u, € I'(R?) [sorry for redundant notations!]).
Recalling our definition of as given in Theorem 2.2.9, we have ¢ is an infimum of
continuous function (since the quadratic cost is continuous, thankfully) which is an upper
semicontinuous function and thus measurable. Analogously, ¢ is measurable as well.

From our considerations, for fixed (q,p) € supp(y) we have u,(q) + upe(p) = uy(q) +
(up)*(p) = ¢(q,p) and by Proposition 1.1.25 we have p € Ju,(q). Therefore, for any
z € R? and letting b = (uy(q) — (p,q) ER :

Up(7) —up(q) > (p,x — q) = uy(x) > (p,2) + (up(q) — (p,q))

.T2

= ’2|—90(95) > (p,x) +b.
$2

= b2 )

and by the Cauchy-Schwarz inequality we have an upper bound for ¢ as

+ |22 |z |z
¢ () = max{p(2),0} < max ¢ == — (p,2) 6,00 < |\ = — (p,x) —b| < T—+[p||z|-+]0].
By our assumption of / |z|? du(x) < oo, we also have / |z| du(x) < oo by Hoélder
R4 R4

Inequality. Hence,

x|

et @duta) < [ 5=+ lpllal + b duta) <+

and thus ¢ € L'(x) Analogously, we also have (¢°)* € L'(v). Now we can safely
integrate ¢ @ ¢¢ with respect to 7 since the case co — 0o, obtaining

/ (pdﬂ-}-/ cpCdV:/ go@cpcd’y:/ c(z,y)dy > 0.
R4 R4 R4 x R4 RY xRd

This forces ¢~ and (¢°)~ being integrable and hence ¢ € L'(y) and ¢¢ € L' (v) (with
© @ ¢° < ¢). The conclusion of max(D P — var) = min(/ P) follows analogously as we
did in Theorem 2.2.10. [ |

With the validity of (DP-var), we can use our obtained ¢ safely to solve Theorem 2.3.3
in the case of unbounded domain following the works of Brenier.

4 )
Theorem 2.3.10 (Brenier)

Let X =Y = R% Given p, v € P(R?) such that / 2|2 dp(z), / ly|? dv(y) < +oo,
R4 Rd

|z — y|?

and p < L%, For the cost function clz,y) = , there exists an unique optimal

transport map 7" that solves (MP) and it is of the form 7" = Vu for a convex function

U.
- J
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Proof. We simply replace Step 1 on Theorem 2.3.3 and then continuing an analogous
result of Step 2 and Step 3 to have our result.

Theorem 2.1.14 ensures the existence of an optimal transport plan . Following the
strategy on Theorem 2.3.3), our c-concave Kantarovich potential ¢ € L' (u) for (2.3.9)
whose existence is guaranteed by Theorem DP-var and in supp(7y) we have the equality

o(x) + ¢ =clz,y)  Va,y € supp(y).

Since ¢ € L'(u) , we have ¢ finite p-a.e. and thus uy, is also finite p-a.e. Hence,
Proposition 1.1.10 implies {u, < +o0o} is a convex set and pu({u, < +00}) = 1. Using
the fact that the boundary of a convex set is £%negligible. By our assumption on
TR £%, the interior of {uy, < +oo} is full measure with respect to p. Following the
result of Theorem 1.1.15, we have w,, is locally Lipschitz in the interior of {u, < +oo}
and thus by Theorem 1.1.14 u,, is differentiable L%a.e. Let the terminating set of this
process as A where p(A) and u, (and thus ¢ as well) is differentiable in A. Therefore,
we have successfully replaced Step 1 of Theorem 2.3.3 and the rest of argument follows
analogously. |

Remark 2.3.11. Actually, we can make the sharpest assumption on p to just neglect the
points where differentiability fails for u convex. As mentioned in p.17 of [San15], this
set is (d — 1)-rectifiable, in particular, it is contained H% !-a.e. in a countable union of
(d — 1) surfaces of class C? where # is the Hausdorff measure. Hence, we can replace
p < £ with the property that u neglect such set.

We shall try to see for an example of an optimal transport map in the following exam-
ple.

Example 2.3.12 (Exercise 3 of [Sanl5])

Find the optimal transport map for the quadratic cost ¢(z,y) = |z — y|> between

L4 eP?).

1
p=f-L*and v=g-L%in 2D, where f(z) = —XB(0,1)(z) and g(z) = 5
v s

Solution. By the definition of p, we have u < £% (and also v < £?, analogously).
First, we must implicitly identify the support of the target measure v. For g(x) to be a
valid non-negative probability density, we must restrict its support to the region where
4 — |z|* > 0, which is B(0,2). We can verify this integrates to 1:

2ro 21 ) 1[,, 1% 1
g(x da::/ /4—r rdrd&z[Qr—] =—-8-4)=1
/B(o,z) (@) 0 0 87T( ) 4 4] 4( )

1
Thus, g(z) = — (4 — [2[*)xp(0.2)(2).

8T
By Brenier’s Theorem, since p < £? and the cost is quadratic, the unique optimal
transport map takes the form T = Vu for some (strictly) convex scalar potential

u. Because both p and v are radially symmetric, the uniqueness of the Brenier map
guarantees that T must also be radially symmetric. We can try to search for a map of
the form: .
T(x) = R(jel)
|z
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where r = |z| and R : [0,1] — [0,2] is a strictly increasing radial mapping satisfying
R(0) =0 and R(1) = 2. The idea of this map is to make a ”stretching” map by a factor
of R(|x]).

For radially symmetric measures and a strictly increasing radial map, the pushforward
condition Ty = v reduces to matching the cumulative mass of balls centered at the
origin. For any r € [0, 1], we must have p(B(0,r)) = v(B(0, R(r))).

We shall compute the volume of our initial ball B(0,r) as follows.

(B(0 7’))_/2ﬂ/rlsdsd9—2 1[s r_rz
Iu ’ _O 07T _7T7T 20_

Next, we compute the mass of the target ball B(0, R(r)):
ok 1 (B 1 R\ R* R!
B - —(4—s? == | @s—s¥)ds=- (2R2 - )=
v(B(0, R)) /0 /0 o (4=s%)s ds do 4/0(5 $3) ds 4<R 4) ST

R?> R*
Equating the two masses yields 2 = > "1 which gives us a solution for the equation
as

R*=4+4/1—1r2
Since we want R(0) = 0, we choose R? = 4 —41/1 — r2 and thus R(r) = 2\/1 — /1 —r2.

Indeed, this choice of R ensures Tup = v.

||
To ensure there are no gaps, we verify T'(z) = Vu(z). Define u(x) = / R(s)ds. Since
0

R(s) >0 and R/(s) > 0 for s € (0,1), u(z) is a strictly convex, radially symmetric scalar
potential, and Vu(z) = R(]a:|)i = T'(z), completely satisfying Brenier’s theorem.

kd

Therefore, the unique optimal transport map 7'(x) is given by:

T@Q:2w1—vf—mp(é0.

Remark 2.3.13. Within this example, we established T' = Vu where u is strictly convex,
whereas Theorem 2.3.10 only guarantees that u is convex. We can deduce this strict
convexity because we have v < £2. If u were not strictly convex, it would contain flat
affine regions, causing its gradient T' = Vu to be constant over a set of strictly positive
Lebesgue measure. This would force T' to map a region of positive mass to a single point,
creating an atom in the target measure v. Because v < £2, it cannot contain atoms,
which completely exclude flat regions for u. Therefore, v must be strictly convex, making
T invertible almost everywhere as noted in Remark 2.3.6.

§2.3.3 Sufficient Conditions for Optimality of Transport Maps

In this subsection, we shall consider the “converse” of (MP), that is, if we have a transport
map on certain case—in our case, the case of ¢ satisfying the twist condition in Definition
2.3.2 that is more general than the case we considered in Subsection 2.3.1—can we have
optimality for such map? The answer is “positive” (we still need additional assumptions)
and will be considered under general case following the assumptions we have made
beforehand.
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4 N
Theorem 2.3.14 (Sufficient Condition, € Compact)

Let ©  R? be compact and ¢ be a C! cost function satisfying the twist condition
(c.f. Definition 2.3.2) on  x . Suppose that u € P(Q2) and ¢ € ¢ — conc(Q2) are
given, that ¢ is differentiable p-a.e. and that p(9€2) = 0. Suppose that the map T’
satisfies Vc(z, T(x)) = Vp(x). Then T is optimal for the transport cost ¢ between

the measures p and v := Ty p.
. J

Proof. As what we did in Theorem 2.2.10, we have the functions ¢ and ¢ := ¢ are
uniformly continuous and bounded since ¢ and v shares the same modulus of continuity
as c.

Let A be a u-full measure set such that ¢ is differentiable in A, we can neglect 92 from
our assumption. Fix xg € A, since ¢ and ¢ are continuous on a compact set, there exists
1o € €2 such that

o(z0) = éggfz c(wo,y) — ¥(y) = c(xo,y0) — ¥ (yo)-

and

¢%m%=/df@ww¢@ﬁ§d%m)ﬂ@ e Q

where the minimum is realized at z = xy. Therefore,  — ¢(x,y9) — ¢(z) is minimal at
z = xo and thus
Vac(zo,y0) = V(o).

The twist condition allows us to define yo := T'(xg). Note that T is well-defined in A and
thus T is defined p-a.e. This proves the equality

¢(wo) + (T (w0)) = c(xo, T'(0))

p-a.e. Taking v = Thuu, we can integrate with respect to p and with the Change of
Variable formula (c.f. Theorem 1.1.4) to get

| ctaT@)aute) = [ pdu [(@oTydu= [ gdn+ [ vav

Since pair (¢, 1)) is admissible for (DP) and the first integral equals to the cost of T in
(MP) (and thus (KP)), we have

(KP) < / c(x,T(x))dp(z) = / wdpu +/ Ydv < (DP) < (KP).
Q Q Q
Hence, we have proved the optimality of T'. |
A proof of similar spirit on the quadratic case concerned the optimality of 7" when it is
the gradient of a convex function, instead of linking T" to the Kantorovich potential as

what we did in Theorem 2.3.14 by exploiting the characterization of Proposition 1.1.25 to
u, although it is similar to that of the property for the Kantorovich potential.
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4 N
Theorem 2.3.15 (Sufficient Condition, Quadratic Case)

Let u € P(R?) such that / |22 du(z) < +oo and that u : R? — R U {400} is
R4

convex and differentiable p-a.e. Set T'= Vu and suppose / |T()|? dp(z) < +oo.
Rd
|z —y|?

Then T is optimal for the transport cost ¢(x,y) := ——=— between the measures y

and v := Ty p.
- J

Proof. Recall from Proposition 1.1.25 in general case that for any z, y € R? we have
w(z) +u'(y) = (z,y) <= yedu(x) u@)+ux(y) = (zy)
On the set A of u-full measure where « is differentiable, Theorem 1.1.27 gives

u(z) +u*(y) = (z,y) <= y= Vo(z).

Hence, for any = € A, we can define T'(x) = Vu(z) and by our assumption |T'| € L?(p).
Consider the measure v = (id, T")xp. For any v € II(u, v) we have

/ (2,5} dr(z,y) < / u(®) + u*(y) dy(z,y) = / u(@) +u* (T(x)) dyu(z)
R xRd R xRd A

- / (1) drr(z, )
RdxRd

Hence by the considerations we did in the early part of Subsection 2.3.2, we have

/ c(x,y) dy(z,y) > / c(x,y) dyr(z,y).
R4 xR4

Rd xR
We have obtained the optimality of 7. |

We conclude this section by passing to a more general criterion that is more satisfactory.
The main idea of this result is that we proved that optimal plans are necessarily concen-
trated on a c-CM set as what we did in Theorem 2.2.13, but the converse is also true: a
plan which is concentrated on a ¢-CM set is optimal, at least in reasonable case such as
the cost ¢ is uniformly continuous and bounded. The reason we take this approach is not
to concern the measurability (¢ continuous is enough for measurability) and integrability
(in this case, as what we did in Theorem 2.2.9, our functions in the subsequent proof are
measurable and bounded) and we will use this result to consider the stability of solutions
in the last part of this chapter.

\
Theorem 2.3.16 (Sufficient Condition, Polish Domains, Uniformly Continuous and

Bounded Cost)

Suppose that v € P(X x Y) is given, X and Y are Polish spaces, ¢ : X x YR is
uniformly continuous and bounded, and that supp(y) is ¢-CM. Then + is an optimal

plan between p = (7x )47y and v = (my )y for the cost c.
. 4

Proof. Since supp(7y) is ¢-CM. By Theorem 1.2.9, there exists a c-concave function ¢, for
which ¢ and ¢° are uniformly continuous and bounded from our assumption in ¢, such
that

supp(7) C {(z,y) € X XY : o(x) + ¢°(y) = c(z,y)}.
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Thus, (@, ¢°) is admissible to (DP) and we have

(KP) S/XxyC(x,y)dv(w,y)=/Xsodu+/ysocd1/§ (DP) < (KP).

We have obtained optimality for ~. |

§2.4 Interesting Counterexamples to the Monge-Kantarovich
Problem

In the start of this note, we claimed that the constraint is not closed under (weak) conver-
gence which makes us unable to use Theorem 2.1.2 to find a minimizer.

Example 2.4.1 (Monge Constraint is not Closed, Exercise 1 of [Sanl5])
Define f, : [0,1] — [0,1] by periodizing x — nx — [nz| = {nz} in [0,1]. One can
prove that (f,)xLL [0,1] = £L_[0,1] for all n € N using the Change of Variables

1 1
formula in Theorem 1.1.4 and f, — 5 where (2> LL[0,1] = 5% L [0,1] # L]0, 1].
#

Another particular issue with Monge problem is the fact that we may not have a transport
map which makes the problem unreasonable to solve. Even though we have mentioned an
example in the start of Chapter 1, we can generalize it slightly more However, in Section
2.5, we have a sufficient condition where this issue will not happen.

Example 2.4.2 (Transport Map May Not Exist)

Let X and Y be metric spaces and consider u = 65, € P(X) for some zyp € X
and v € P(Y) is not a Dirac delta measure, then no transport exist since for any
map 7' since Tz, = dp(y,)- In particular, one can prove that if p = d,,, then
II(p, v) = {0z, ® v}. Generalizing this result, if 4 has atoms and v has none, for any
map 7', Ty has atoms and thus Tiup # v.

This consideration leads to our assumption that our starting mass p need to be
atomless in solving (MP).

In Section 2.3, we are sure that for ¢(z,y) = h(z — y) strictly convex, we have an unique
optimal plan and map. However, what happens if ¢ does not have such property, for
example, if A(x) = |x| which is not strictly convex? Uniqueness can be negative as in our
following consideration

Example 2.4.3 (Uniqueness May Not Occur for (KP) and (MP) in General)

Let X, Y C R where sup X < infY. Consider the cost ¢(x,y) = |x —y| = y — x. For
any u € P(X), v € P(Y), and v € II(p, v) we have

/ch(x’y) H(@y) :/)(ny—wdv(w,y) :/de’/(y)—/xxd,u(a?).

Therefore, any transport plan « is optimal. Moreover, if a transport map exists—in
particular in the case p atomless as we will show in Section 2.5—then any transport
map is also optimal.
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Lastly, we shall consider a case that we may have a solution for (KP), but not (MP), as
shown in the following example.

Example 2.4.4 (Solution of (KP) exists, but not (MP))

Let c(z,y) = |z — y|? (or also ¢(x,y) = |z — y|) and consider u = H'L A and
1 1

u:?WLB+§H%lem

A={[0,y]:y€[0,1]}, B={[-Lyl:ye€[0,1]}, C={[l,y]:y€][0,1]}.

Then (KP) admits a solution, but (MP) does not even though we have transport
maps.

Solution. Before we start, notice that even though c¢ is induced by a strictly convex
function, p does not neglect the boundary of our domain and hence Theorem 2.3.3 cannot
be used. One may also argue that our domain and codomain is different, however this
problem can be troubleshooted by enlarging the domain €2 to contain A and B U C where
p and v does not make any issue here.

For the sake of visualization and intuition, this problem is the same as distributing
mass from a center into two different locations. Intuitively, we want to say that the cost
is minimized when we split the mass evenly into two locations. Indeed, this claim is
true and by the optimal transport plan must follow this rule. Hence, we cannot have a
transport map that realizes this strategy.

Figure 2.1: visualization of T,, for n = 4.

Notice that for any (z,y) € A x (BUC') we have ¢(x,y) > 1 and thus for any v € II(u, v)
we have

/ c(z,y) dy(z,y) > 1.
Ax(BUC)
Let e = (1,0). By defining the map T%(z) = z + ¢, we have ¢(z, T*(z)) = 1 and thus for

_ o+ T

5 , i.e. we split the mass evenly, we have

/ c(z,y)dy(z,y) = 1.
Ax(BUC)
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Hence, such 7 is a solution to (KP). For any n € N, consider the map T,, : A - BUC
by first splitting A into 2n equal parts {Aj}o<k<2n and also splitting B and C' into n
equal parts each {Bj}o<k<n, {Ckto<k<n. Then, T}, is defined as a piecewise affine map
which sends Ag;_; to B; and Ay; to C; (we don’t really care about the boundaries since
it is neglectible). One can verify that such T,, is admissible to (MP). Because we are

1
alternating at a scale of o the maximum vertical displacement any particle experiences
n

1
is strictly bounded by —. Therefore, the cost for the map 7,, is bounded by:
n

1 1
[ e Tutndn = [ 02+ @< [ @+ =1+

As n — oo, M(T,) — 1. Thus, inf(MP) = 1.

Unfortunately, no optimal plan v can be induced by a map T'. Suppose such T exists.
Then

[ el T dua) =1 = cle.T@) =1 on supp(n).
A
Therefore, for any (0,y) € supp(p) =: X, we have T'(0,y) = (£1,y), i.e. T(0,y) = (£1,y)
for a.e. y € [0,1]. Let By = T-Y(B) and Cr = T~ !(C) where pu(Br U Cr) = 1 which
implies
1 1

v = §H1 L B+ 57{1 L C(T(Br) UT(Cr)) = Tuu(T(Br) UT(Cr)) = 1.

Since T'(By) C B and T(Cr) C C, this implies H' L B(T(Br)) = H' L C(T(Cr)) = 1.

Let I C [0,1] be any open interval, and define the target segment on the left as By =
{=1} x I C B. By the definition of the target measure v, we have:

1 1
v(By) = sHL(Br) = 5|1

By the definition of the pushforward measure, we must also have

v(B) = w(T~(By)) = W' (Br 1) = /I X2 ()dy

Equating the two measure evaluations gives:
1 1 1
xBr(W)dy = S| = — | xB(y)dy = 5
I 2 1] Jr 2

Since this holds for any interval I C [0, 1], we can apply the Lebesgue Differentiation
Theorem. By taking a sequence of intervals shrinking to a point yp € [0, 1], the theorem
guarantees that:

. 1
lim / X5 (¥)dy = XBr(y0) for ae. yo € [0,1]
1110 1| Jr

1
This forces x B, (yo) = = for almost every yo € [0, 1]. However, by definition, an indicator

function can only take values in {0, 1} which is a contradiction. Thus, no such measurable
map T can exist, and the we have proved (MP) admits no solution. |
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§2.5 Why Kantarovich is a relaxation of Monge?

In this section, let us set again K(v) := / c(z,y)dy(z,y) and now set M(T) =
XxY

/ c(z, T(x))du(x) = / c(z,y) dyr(z,y) = K(yr). Therefore, (MP) can be rewritten
X

XxY
as

min{J(y) : v € II(p, v)},

where

Jm:{ () = M(T) if 5=+
+o00 otherwise

our definition of J restricts the minimization problem to the class of plan induced by
a transport map. This is useful in order to consider (MP) and (KP) as two problems
on the same set of admissible objects, where the only difference is the functional to be
minimized, that is J or K.

With our background established, we shall see why Kantorovich decided to replace J
with K. In this section, we shall prove inf J = inf K for which this case is actually easy
if the minimizer v for K is of the form ~7 since we will arrive at equality. However, as
Example 2.4 shows, this is not always the case, even though we still retain inf J = inf K.

To make this justification possible, we shall finally define the notion of relazation.

( Definition 2.5.1 h

Let F: X — RU{+o0} be a given functional on a metric space X, and suppose
that it is bounded from below. We define the relaxation of F' as the functional
F:X - RU{+o0} as

F(x) =sup{G(z) : G : X = RU {400}, Ls.c. with G < F}

which is the maximal functional among all those G : X — R U {400}, which exists
since the notion of l.s.c. is closed under suprema.

As a consequence of this definition, we have F' < F which implies inf F' < inf F' and
the constant function [ := inf F < F implies | < inf F. Therefore, inf F = inf F.

J
~N
Proposition 2.5.2
There exists a representation formula of F as
F(z) = inf{liminf F(x,) : £, — z}.
n—oo
. J

Proof. Define H(z) = inf{lirgian(xn) : ,, — x}. We shall prove FF < H and H < F.

Let x € X and take any converging sequence x,, — x, for any G < F' l.s.c. we have

G(z) < liminf G(x,) < liminf F(x,) = F(z) < H(x).
n—o0

n—oo

Conversely, we already have H < F' since we can take a constant sequence z, = x. We
will show H is Ls.c. Let 2™ — x. For each m € N, there exists z;' — 2. We define
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1 1
Yg = fo(k) where n(k) is taken such that d(xk,xfl(k)) <z and F(xﬁ(k)) < H(z*) + T

Hence, y; — = and we have

H(z) < liminf F(y) < liminf H(z").
k—oo k—o0
Hence H is l.s.c. and H < F. ]

In this section, we claim that under some assumptions, K is actually the relaxation of J
in the sense of Definition 2.5.1. In our case, by chance, this relaxation is also continuous,
instead of only semi-continuous, and that it coincides with J on {J < 4o00}.

The assumptions are the following: the domain Q C R? is taken compact, ¢ continuous, u
atomless (i.e. for every x € Q, u({z}) = 0) to avoid Example 2.4.2. We use compactness
for the domain for simplicity.

We start to prove our claim by some preliminary results as follows. The proof follows the
content of Section 1.5 in [Sanl15] faithfully.

Lemma 2.5.3

Let pu, v € P(R). If p is atomless, then there exists at least a transport map 7' such
that Typ = v.

Proof. As a consequence of the consideration in Subsection 2.3.2. By the fact that every
convex function 1 in R has at most countable non-differentiability points as a consequence
of the fact that if 1 is convex, then the intervals (¢;(z), .. (x)), where v, and .. denote
the left and right derivatives (it is always defined, but there may be jumps), are all
non-empty and disjoint when z ranges among non-differentiability points,i.e., ¢); and /.
are monotonely increasing. Therefore, any such v is differentiable p-a.e. since p has no
atoms.

Moreover, the non-differentiable points on Theorem 2.3.10 can be neglected (again, the
assumption p < £ is actually too strong) and we can safely use the theorem to have a
T =)’ (it is defined p-a.e. and actually optimal for the quadratic cost) for some convex
function ¥ where such 7' is monotonely increasing by our consideration and such 7' is a
transport map between u to v. |

Lemma 2.5.4

There exists a Borel map o4 : R? — R which is injective, its image is a Borel subset
of R, and its inverse map is Borel measurable as well.

Proof. First, note that it is sufficient to prove it for d = 2, since then we can proceed by
induction o4(x1,...,x4) = o2(z1,04-1(x2,...,24)).

Then, note also it is enough to define such a map on (0,1)? since we have the measurable
1 arctanz 1 arctany

bijection (0,1)? 3 (z,y) — | = + ———, = + ——2 ).
jection (0.1)% 3 () (5 + T £y 2
Then, consider the map which associates to the pair (z,y) where x = 0.x12923 ... and
y = 0.y192y3 . .. (in decimal) to the point 0.z1y1z2y223Yys3 . ... To avoid ambiguities, we
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decide that no decimal notation is allowed to end with a periodic 9 (i.e., 0.3472999. .. has
to be wirtten as 0.3473). This is also why the image of this map will not be the whole
interval, since the points like 0.39393939 ... are not obtained through this map. But this
set of points is actually Borel measurable.

To check that our map is Borel measurable, as well as its inverse, since the pre-image
of every interval defined by prescribing the first 2k digits of a number in R is justra
recultangle in R?, that is the product of two intervals defined by prescribing the first k
digits of every component. These particular intervals being a base for the Borel tribe
proves the needed measurability. |

Corollary 2.5.5

If ju, v are two probability measures on R? and p is atomless, then there exists at
least a transport map 7' such that Ty = v.

Proof. This is simply obtained by using Lemma 2.5.3 to obtain a transport map T’
from (oq)4p to (04)4v which are probability measures in R and then composing 7" into
ogqoT o (og) L. |

One more lemma for our setup

4 N\
Lemma 2.5.6

Consider on a compact metric space X, endowed with a probability p € P(X), a
sequence of partitions G,,, each G,, being a family of disjoint subsets Cj' such that
U C' = X for every n € N. Suppose that size(Gy,) := max diam(C}") tends to 0

(]
icly,
as n — oo and consider a sequence of probability measures p, on X such that, for
every n and i € I,,, we have p,(C}") = p(C'). Then, p, — p.
. J

Proof. Let mj' := p,,(C}") = p(C}"). For any ¢ € C(X) with w as its modulus of continuity,

we note that
[ odon—[ ods
cr cr

’/prn—/xwp’sz |

i€ln

< Z w(diam C}") - mj’
i€ln
< size(Gr) — 0.

The inequality is justified by the fact that

Cmin * m? < ¢dpn < Cmaz - m? and  Cpin - m? < ¢dp < Cmaz * m?
cr cr

‘/anpn—/mwp

7

implies

< |Cmaz — Cmin| - M} < w(diam C7*) - m'.

where ¢pqz and cpip are the maximum and minimum value of ¢ at C}*, respectively. This

proves / odp, — / ¢ dp and thus p, — p. |
X X
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We can now prove the following theorem for which the proof is borrowed from Theorem
1.32 of [Sanl5].

Theorem 2.5.7

On a compact subset Q C R?, the set of plans ~r induced by a transport is dense in
the set of plans II(u, v) whenever p is atomless.

1
Proof. Fix n and consider any partition of €2 into sets K;' of diameter smaller than on

n
(for instance, small cubes). The sets C7'; := K" x Kj' make a partition of 2 x  with

1
size smaller than —.
n

Let us now take any measure v € II(u, ). Thanks to Lemma 2.5.6, we only need to
build a transport 1" sending u to v, such that v gives the same mass as v to each one
of the sets C}';. To do this, define the columns Col" := K;" x {2 and denote by ;" the
restriction of v on Col}'. Its marginal will be denoted by u;' and v;".

Consider now, for each 4, a transport map 7;" sending u;' to v;'. It exists thanks to
Corollary ??, since for each (i,n), we have p;' < p, which makes these measures atomless.
Since the p;'’s are concentrated on disjoint sets, by “gluing” the transports 7}", we get a

transport T sending p to v (using Z wi = and Z v =v).

i i
It is enough to check that yp gives the same mass as v to every C’Z:”j to conclude by
Lemma 2.5.6, but it is easy to prove. Indeed, this mass equals that of vy~ and Y (C’Z”]) =

(e w € KT (@) € KY) = i ({o: TP (2) € KJ'}) = vl (Kj) = (K x Kj).

Therefore, the relaxation result is just a consequence.

Theorem 2.5.8

On a compact subset @ c R? and ¢: Q x Q — R is continuous, K is the relaxation
of J. In particular, inf J = min K, and hence Monge and Kantorovich problems
have the same infimum.

Proof. Notice that K is continuous borrowing our argument from Theorem 2.1.10 and
thus Ls.c. By the definition of J itself, K < .J. Hence, K < J. To prove K = J, for
any v, Theorem 2.5.8 ensures existence of a sequence of transport plans 7T, such that
yr, — 7. Therefore, J(T,,) = K(v7,) — K(v) by the characterization in Proposition
2.5.2. Therefore, J = K.

Moreover, min K is realized at some 7 and since K is the relaxation of J, we have
min K = inf J. |

§2.6 Stability of Solutions

To close this chapter, we offer some simple stability results that we only consider in the
compact domain case. For more general case, it is out of the scope of this note (and also
[San15]). Beforehand, we shall mention results of Hausdorff convergence in a compact
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metric space. Note that these facts will be needed only for few passages in our first
stability result.

( Definition 2.6.1 (Hausdorff Distance) b

Let X be a compact metric space. We define the Hausdorff distance on pair of
compact subsets of X by setting

dp(A, B) := max{maxd(z,A) : x € B,max{d(z,B) : v € A}}.

This metric is equivalent to the other two metrics:
1. dg(A, B) = max{|d(z,A) — d(z,B)| : z € X},

2. dg(A,B) = inf{e >0: A C B,B C A}, where A, and B, stand for the
e-neighborhodd of A and B, respectively. That is, the “enlargement” of A and
B with “scale” 1+ e.

J

4 N\
Theorem 2.6.2 (Blaschke)
The function dy as defined in Definition 2.6.1 is indeed a metric: it is positive and
symmetric, it only vanishes if the two sets coincide, and it satisfies the triangle
inequality. With this metric, the set of compact subsets of X becomes a compact

metric space itself.
. J

Proof. See [ATO03]. [ ]

Proposition 2.6.3

If dgp(An, A) — 0 and p, is a sequence of positive measures such that supp(u,) C A,
with g, — u, then supp(u) C A.

Proof. For any n € N, the function X > x — dy(z, A,) is uniformly continuous and
bounded. Moreover, by the fact u, is concentrated in A,, we have

/ d(x, Ay) dpn(x) = 0.
X

For any z € X,
|d(x, Ap) —d(z, A)| < Cdg(An, A)

where ¢ > 0 is a constant since we use the equivalences between dpys in Definition
2.6.1. Therefore, d(-, Ay) — d(-, A) uniformly. Let e > 0, for large enough n we have
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|d(x, Ay) — d(z, A)| < € and by the fact p, — u, we have
\/aa%mMm—/ﬂxmmu

‘/d:xA dpn (x /d:r:Ad,un ‘/dl’Ad/Ln /da:Ad,u

< [ o)~ o ] (o) + | [ e, A) dialo) ~ [ do 4) dute)

§6+‘/Xd(x,A)d,un(a:)—/Xd(a;,A)du(x) 40,

Hence, 0 = / d(z, Ay) dun(z) — / d(xz, A) du(x). Therefore, / d(z,A)du(x) = 0
X X X
which implies supp(u) C A. [ |

With this result we can work on the stability of solution as follows.

4 N\
Theorem 2.6.4 (Stability of Optimal Transport Plans)

Suppose that X and Y are compact metric spaces and ¢ : X x Y — R is continuous.
Suppose that v, € P(X x Y) is a sequence of transport plan which are optimal for
the cost ¢ between their own marginals p, 1= (7x)%7 and vy, := (Ty)4Vn, and
suppose v, — 7; then p, = p = (7x)47y, vn — v := (1y)x7, and 7 is optimal in

the transport between p and v.
N J

Proof. Let T}, := supp(yn). Then, up to subsequence I';, — I" by Theorem 2.6.2. By
Theorem 2.2.9, each Iy, is c-CM. By Hausdorff convergence, for any finite family (z1,y1),

oy (Tk, yx), there exists (z7,y7), ..., (2}, yy) € 'y such that, for each i =1, ..., k, we
have (z',y") — (zi,y;). Hence, by the fact I',, is c-CM we have

k k
Zc(:z:?,yz ZC z7yo z)

=1 =1
and since c is continuous we can pass n — 0o to get

k

k
g szvyz § cxuyaz
i=1

i=1
Therefore, T' is also ¢-CM. By Proposition 2.6.3, we have supp(y) C I' and by Theorem
2.3.16 we concluded the optimality of ~. |

As as result of the Theorem 2.6.4, we can have stability between the masses as well. For
simplicity of notation, for a given cost ¢: X x Y — R and p € P(X), v € P(Y), we
define

Je(p, v) := min {/ny c(z,y) dy(z,y) v € Uk, V)} :
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Theorem 2.6.5 (Stability of Optimal Transport Masses)

Suppose that X and Y are compact metric spaces and that ¢ : X xY — R is
continuous. Suppose that u, € P(X) and v, € P(Y) are two sequences of probability
measures, with g, — p and v, — v. Then we have J.(un, vn) — JTe(p, v).

Proof. By Theorem 2.1.10, there exsits v, optimal from u, to v,. Since X xY is compact,
P(X xY) is necessarily compact. Thus, up to subsequence, v, — v € P(X x Y). In
particular, (mx)xy = p and (7y )4y = v. Hence, Theorem 2.6.6 implies v is optimal for
cost ¢. Since ¢ continuous, from weak convergence we have

Te(tins vn) =/ c(x,y) dyn(x,y) — c(x,y) dy(z,y) = Te(p, v).

XxY XxY
|
Finally, we conclude the result of stability within the Kantorovich potentials.
( e . . \
Theorem 2.6.6 (Stability of Kantorovich Potentials)
Suppose that X and Y are compact metric spaces and that ¢ : X xY — R
is continuous. Suppose that p, € P(X) and v, € P(Y) are two sequences of
probability measures, with p,, — p and v, — v. Let (uy,1,) be a pair of c-concave
Kantorovich potentials for the cost ¢ in the transport from pu,, to v, for any n € N.
Then, up to subsequences, we have ¢, — ¢, 1, — 1, where the convergence is
uniform and (¢, 1) is a pair of Kantorovich potentials for p and v.
. J

Proof. Since X x Y is compact, ¢ is uniformly bounded and continuous and thus any
c-concave and ¢-concave functions are bounded and have the same modulus of continuity
as ¢. By the same argument as what we did in Theorem 2.2.5, up to translating by a
constant, we can apply Ascoli-Arzela (c.f. Theorem 2.2.2) to get ¢, — @ and ¢y, — ¢ up
to subsequence uniformly. We also have ¢ @& ¥ < ¢ which implies the pair (UCL’I"ph’L psz) is
admissible to (DP). Moreover, we have

/X on(@) dn(z) — /X 5(x) du(z) and /Y bn(y) dvn(y) — /Y B(y) dv(y)

by applying same estimate method as what we did in the proof of Proposition 2.6.3.
Therefore, by duality result in Theorem 2.2.10 we have

Telpmo) = [ onl@)din(o) + [ bul) = [ ole) dute) + [ S vty

However, Theorem 2.6.5 gives Je(tn,vn) — Je(u,v). Therefore (p,1) is a pair of
Kantorovich potentials for p and v.

Note that the convergence J.(pin, vn) — / o(x) du(x) +/ ¥ (y) dv(y) is true in the full

X Y
sequence if we have uniqueness of the Kantorovich potentials at the limit. |
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3 Solving the Supremal Case, L™

We dedicate this chapter to consider a case for which the approach given in Chapter 2 is
not possible. Instead of minimizing

Ky(y) = / l — ylP dy

we want to minimize the maximal displacement, i.e., its L norm. This problem has
been first adressed in [CDPJ08] and we will present a proof taken from Section 3.2 of
[San15] which in essence is highly geometrical and measure theoretic.

Let us define

Koo(7) = |z = Yl poo(yy = inf{m € R: |z — y| < m for y-ace. (2,9)}
= max{|z —y| : (z,y) € supp(7)}-

where the last equality between L>° and a maximum on the support is justified by the
continuity of the function |z — yl.

In this chapter, we limit our domain Q C R? to be compact. We start our consideration
problem by recalling the general result of || f{|;s(,) = [ fllf(,) to imply the existence of
a minimizer.

4 ™\
Lemma 3.0.1

Let Q C R? be a compact domain. For every 4 € P(Qx ), we have Kp(’y)% 1t Koo ().

1
In particular, K (y) = sup Kp(y)? and K is Ls.c. for the weak convergence in
p>1

P(Q x Q). Thus, it admits a minimizer over II(p, v), which is compact.
. 4

Proof. Let ¢ : Q x Q — [0, +00] defined as ¢(x,y) = |x — y|. For non-triviality, we assume
Ko () > 0 since the case equal 0 implies K,(y) = 0 and it is trivial.

Since € is bounded, ¢ is bounded and thus ¢ € LP for 1 < p < +o0o. We shall prove
1

(Kp(7)? T Koo(7)-

Notice that for any p € [1, +00], Kp(y)% < Koo(y) < 00. Then, by Holder Inequality, for

any q > p we have

/cpd7< </ch7>§ </1qudv>l_§ = (/chv>5 = Ky(7)r < Kq(v)e.

1
This implies K, () converges increasingly to a number M < +o00. Let L = K(y) =
[€ll ooy > 0 from our initial assumption. For any small € > 0, there exists a set A with
v(A) > 0 such that ¢(x,y) > L — €. Therefore, for any p € [1, +00) we have

B =
Q=

(L—e)P.y(A):/A(L—e)pdw/cpdfy:K,,(y) e (L= ) y(A)F < K, ()7
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Taking p — +o0 implies L—e < M and thus L = M and we have proved Kp(v)%ﬂ T Koo (7).

1
Since c is continuous, we can use the argument of Theorem 2.1.10 to say K is continuous

and thus K is l.s.c. Therefore, Theorem 2.1.2 ensures the existence of a minimizer over
I, v). [ |

Now, we shall analyze the set of minimizers of K, denoted as

Ooo(p, v) = argmin, e,y K(7)

which is a set. Then, we will prove that we can take a particular (v) € Os(u,v) that
can be induced by a transport map.

Let L= min K(vy). Then we can deduce
Y (1)

7 € Oco(p,v) <= supp(7y) C{(z,y) : [z —y[ < L}.
Note that, if L = 0, supp(7) is concentrated on the graph of the identity function and

therefore v = (id, id),, which also implies u = v. Hence, throughout this chapter we shall
assume L > 0 and p # v.

Note that, by the lower semicontinuity of K., we have O (p, V) is compact. Thus, we
can consider the secondary problem

min{K2(7) : v € Ooo(p,v)}

which admits a minimizer ¥ € Oy (i, v) by Theorem 2.1.2 and we will prove 7 is induced
by a map T which would solve

min{||T —id|| pec () : Tep = v}

Since ¥ also enjoys the property supp(y) C {(z,y) : |x — y| < L}, we can say that 7 also
solves

min {/ c(z,y) dy(z,y) : v € (x, V)}
Qx0
where ¢ : Q@ — [0, +0o0] is defined as
o —y* if |z —y| < L,
c(z,y) = :
+00 otherwise

where c is l.s.c. and bounded below. Thus, with Theorem 2.2.13, we have the fact that ¥
is concentrated on a ¢-CM set I' C © x Q. We can intersect I" with supp(7) to have a
c-CM set I' C {(z,y) : |z — y| < L}. In particular, by ¢-CM, T" has the property

(V(z1,y1), (x2,y2) €T) o1 —wo|, [r2 —yi| L L = (z1 — 22,51 —y2) > 0. (3.1)

We should recall the notion of Lebesgue points as follows.

( Definition 3.0.2 h

Let E C R? be measurable, we define the set of lebesgue points of E, denoted by
Leb(E), as the set of z € R? such that

1= L ENB@r)|
r—0t  |B(z,7)]
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Notice that by the Lebesgue-Besicovich Differentiation Theorem (c.f. Theorem 1 in
Section 1.7 of [EG92]), we have

/ xe(y)dy = xe(z)
B(z,r)

for a.e. x. Therefore, |E'\ Leb(E)| + | Leb(E)\E| = 0. Moreover, if Leb(E) is non-empty,
we necessarily have |E| > 0 since |E| = 0 will contradict the definition of x € Leb(E).

Going back to our next (and last) refinement, we shall neglect non-Lebesgue points in
I' and canonically we will add the assumption p < £ which also implies we will have
maps T that transport p to v by Corollary 2.5.5.

4 )\
Lemma 3.0.3

The plan 7 is concentrated on a c-CM set I' such that for any pair (zo, o) € ', any
errors €, > 0, any unit vector £ (as a direction), and every sufficiently small r > 0,
there are points

z € (B(xo,7)\B(z0,7/2)) N C(x0,£,0), y € B(yo,€)

such that (z,y) € T, where C(z,¢,6) is the convex cone
C(x0,&,9) := {x c < — ,§> > 1—5}.
|z — o

Proof. The visualization of the property of the desired (x,y) € ' as follows.

B(yo,€)

Figure 3.1: Visualization of the property of chosen (z,y) € I.

Let {B;} be a countable topological basis of R? (we can take it as collection of balls of
center in Q¢ and of rational length). For all i € N, define

A; ::Wx(Fﬂ(QXBi))CQ

that is the set of all z € 2 such that there exists y € B; such that (z,y) € I'. Furthermore,
set V; = A;\(Leb(4;)) and we have |V;| = 0 which implies N; is p-neglectible. Moreover,
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“ <U Ni) = (. Hence, we can now consider

T=T1\ ((UN) X Q)

that is the set of all (z,y) € T such that x is a Lebesgue point of some A;, and u(T) = 1.
We shall prove I satisfies the property as suggested by Figure 3.1.

Let (zo,0) € T, €, § > 0, and any unit vector £. Using the back {B;} is a basis, there
exists some ¢ € N such that yo € B; C B (Yo, €). Therefore, xg € A;, and by the definition
of T', zy € Leb(A;), and as an implication |4;| > 0.

For all » > 0 define S, := (B(xzg,r)\B(zo,7/2)) N C(x0,&,d). Note that by the fact S, is
a sector of B(xg,r) and the volume scale appropriately with the volume of B(xg,r), we
have |S,| = C - |B(z,r)| where 0 < C' < 1 and C = C(9).

We claim there exists g > 0 such that for any 0 < r < rg, A; NS, # . Suppose on the
contrary that we have a sequence r,, — 0" such that 4;N S, = @, then A, N B (zo,7) C
B(xzg,7)\S; where we will have

|4 0 B(o, )| < [B(20, 7 )\Sr, | = [B(20, )| = |Sr, | = (1 = C)[B(o, )]

|Al N B(x[),'l“n)‘ S 1— C _— limsup ’Al N B(x[),'l“nﬂ

<1-C«1
|B(wo,7n)| nooo  |B(®o,mn)| T

which contradicts the fact that zo € Leb(A4;). Hence, our claim is true.

In particular, we can also deduce (A;\N;) NS, # @ for small enough r > 0. Notice that
|A; NSy| > 0 since

|4 0.Sp| = [Ai 0 B(wo, 7)| — |Ai N (B(xo, )\Sy)| = [Ai 0 B(zo, r)| = (1 = C)|B(xo, 7))

|AiﬂS,n\ > |AiﬂB(SUQ,’I”)| 14C — liminf ‘AzﬂS’r"

> ——>1-14+C=0C>0.
| B(zo,7)| | B(zo,7)] r—0+ |B(xg,7)|

Then, by the fact [(4;\N;)NS,| = |A;NS;| > 0, we obtained Leb(A;)NS, # & and we can
take x € (A;\N;) N S, C A;. Due to the definition of A;, we also have y € B; C B(yo, €)
such that (z,y) € T. [ |

Now, with this property we can assert the “concentration” of I' with this last lemma.

Lemma 3.0.4

For any (x9,%0), (o, 20) € I we have yg = 2.

Proof. Suppose yo # zp. Without loss of generality, |z¢g — zo| < |20 — yo|. We can assume
o # Yo since equality will imply yg = zo.

We shall take a pair (z,%) € ' that from an appropriate direction of unit vector ¢ that
satisfies the property of Lemma 3.0.3 with respect to the point (zg, yo) such that |x — 2|,
|zo — y| < L as suggested by Figure 3.2. The reason we would like to consider this result
is by property of T' that satisfies 3.1 (since I' C I') to deduce

(x — 20,y — 20) 2 0 (3.2)

and we can use this to arrive at a contradiction, by means of a suitable choice of &.
Indeed, the direction of & — g is almost that of & (up to an error of O(v/4)) and the
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Yo — 20
[0 — 20l
¢ such that (£, yo — 29) < 0, this means that for small enough § and ¢, we would get a
contradiction which is what Figure 3.2 means to us.

direction of y — zp is almost that of ¢ := (up to an error O(e)). If we choose

Figure 3.2: Visualization of the taken (z,y) € T from direction &.

We will create a pathway to a formal proof from our idea in the previous paragraphs. We
first determine the precise error term of inner product with respect to € and ¢ as sharp
as we can.

e For the direction ¢, since y € B(yo,€), we can write y = yo + €., where |e.| < e.
Substituting this into our vector:

y—ZOZ(yoJree)—Zo:(yo—Zo)—Fee-

Since yo — 20 = |yo — 20|(, we get y — z0 = |yo — 20/¢ + .. Whenever we take an
inner product of any element v with respect to e, we have

| {ec,v) | < [vle. (3.3)
Therefore, (ec,v) = O(e).

e For the direction &, we can write v := x — zp and so v = |v|{ + e5. Whenever we
take an inner product of es with any w, we have

(es,w) = (v,w) = |v[({§, w)) = ((v = [v]§), w) .

By Cauchy-Schwarz inequality, we have

| (v = [vl§), w) | < |v = [vfg]|w].
We shall compute |v — |v[{| by expanding the square norm

v = Jule]* = 2Jv|* — 2[v] (v, ) (3.4)
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Now, we shall finally use the definition of our cone C(z9,¢&, d), which states (v, &) >
(1 —6)|v| and thus |v| — (v,&) < d|v|. We can substitute this upper bound into (3.4)
to get

o — [vlef* < 2[v](8]v]) = 26[v]?

Taking the square root of both sides and plugging to the upper bound of | (es, w) |
gives

| (e5, w) | < |w|rv/26. (3.5)

Therefore, (e, w) = O(V/4) for fixed .

Let us first go back to our idea of contradiction. First, we have (3.2). However, if we
choose £ such £ such that (§,yp — 20) < 0 < (£,() < 0, we have

( — w0,y — 20) = (§]x — 20| + €5, [yo — 20[C + €c)
- ’LIT - fEOHZ/O - ZO| <€7C> + ’yD - ZO’ <657<> + |ﬂ§' - '1"0| <€7€6> + <65)6€>

By letting o = |yo — 20| (§,¢) < 0, from approximations (3.3) and (3.5) and the fact
|x — 2| < r, we can take an upper bound

(x — 20,y — 20) < |z — 2ol + |yo — 20| - |2 — 20| V26 + | — 20| - € + [T — 20|€V20
<r(a+|yo — 20| V20 + € + €V29).

We can take € and ¢ small enough such that the term o + |yo — 20| V2 + € + V26 is still
negative. Hence, (x — xo,y — 2z0) < 0 which contradicts the fact that (x — zg,y — 29) >0
if our assumption is satisfied.

We only need to guarantee |z — zg|, |xo — y| < L to settle our proof. As a precaution to
the reader, we will do a seemingly intimidating expansions to later use approximations

(3.5) and (3.3).
First, we compute |z¢ — y|:
|20 — y|? = |wo — 2> + |z —y|* + 2 (wo — z, 2 — y) .
Within this sum, we have
2o — xf* <72,
o —y* < L2,
2(zo —z,x —y) =2 (| — z0l{ — 5, (xo — yo) + (z — o) — (¥ — Y0)) -
Analogously, for what concerns |z — zg|, we have
|z — 20)% = |zo — 202 + |z — x0|* + 2 (z — 0, 20 — 20),
and the three terms satisfy
o — 20> < L7,
|z — o < 72,
2 (x — xo, 20 — 20) = 2({|x — wo|&, w0 — 20) + (€5, 70 — 20))-

We shall consider three cases that depends on |z¢ — yo| and |xg — 2o|, starting from the
easiest to the hardest case to assert what we need to guarantee and then the proof is
done.
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Case 1. |z — yo| < L (which implies |zg — 29| < L from assumption of yo and zp).

We have from approximations (3.3) and (3.5) that

|z — mo|® + 2 (z — 20, 20 — 20) < %+ 2(r|€||z0 — 20| + |0 — 20|rV20)
= L2 + 72 + 2|z — 20|(1 + V20)r.

and actually can fix any 0 and set  small enough such that r? + 2|zg — 2o|(1 + V20)r <
L? — |z — 20| to have |z — 2| < L.

On the other hand, we can choose r (can be smaller than previously chosen r) and e
small enough (e.g. such that r + € < L — |zg — yol|), to obtain |x — y| < L and thus we
can simply use Cauchy-Schwarz in the two other terms to get

lzo —z)> +2(xg —z,x —y) <r’+2(xg—z,x —y) <12+ 2Lr

We can choose a possibly even smaller r such that r? + 2Lr < L? — |z — y|? to have
|zo —y| < L.

Thus, we can have our contradiction by taking ¢ such that (£,yp — 20) < 0 (e.g. £ = —()
after all of our determined 7, €, .

Case 2. |zg — yo| = L and |xg — 29| < L.

Notice that we can choose r dan ¢ small enough as in Case 1 to have |x — z9| < L. First,
we shall take any £ such that (£,yo — o) < 0 instead (this can be adjusted later on) We
shall consider on first two subcases for the case of |zy — y| for our choice of &.

e We cannot have any direction & that also satisfies (£, z9 — z9) < 0. This only occurs
when yo € (xg,20), i.e., zp is in the segment connecting xy and zo. We abort
our choice of £ such that. Hence, we can immediately have any choise of £ that

Yo — Zo

lyo — ol

e We can have a direction & that satisfy (£, xo — z9) < 0. With this choice of £, we
have (&, y0 — z0) < 0.

immediately imply (£, yo — 20) < 0. One can take £ = — for example.

Regardless from the choice of &, we are ensured we can have £ that satisfies (£, yo — z0) < 0
and <£a Yo — $0> <0.

Fix o = (£, 29 — yo) > 0. We shall consider the term 2 (zg — 2,z — y) from |zg —y|>. We
expand 2 (xg — z,z — y) and use the fact |z — xo| > g to have an upper bound by (3.5)

and Cauchy-Schwarz in-between

2(xg —x,x —y) = =2|lz — x0|(§, v0 — Yyo) — 2|z — 0| (£, (x — 20) — (¥ — ¥0))
—2(es, (o — yo) + (z — z0) — (¥ — ¥0))
< —2ar +2r(r + €) + 2r(|zo — yo| + 7 + €)V24.

Therefore,
2o — x> + 2 (xo — 2,z — y) < (3+ 2V20)r% + (2e(1 + V'20) + 2|0 — yo| V26 — a)r

We can take € and § small enough such that the coefficient of r is negative. Hence, for
small enough r, we have |zg — z|* + 2 (zo — z,2 — y) < 0 and thus |zg — y| < L.

In conclusion, we can take an appropriate & first, and then taking r, §, € small enough to
have our contradiction of this case.
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Case 3. |zg — yo| = |z — 20| = L.

Since we assumed g # 2g, the three points cannot be colinear. Therefore, there exists &
such that (£, yo — xo) < 0 and (&, 29 — 20) < 0. With a small enough choice of r, , € as
in Case 2, we have |zg — y| < L.

Now, we shall check for |z — z|? instead. Let 8 = — (£, 29 — 20) > 0. Using the fact

|l — x0| > % and approximate (3.5), we have

|z — 20?4+ 2 (x — 0, 20 — 20) < 72 — 1B + 2r|xo — 20|V20 = 1% + (2|m0 — 20|V20 — B)7.

As we did beforehand, we can possible choose even smaller § such that 2|zo — zo|\/% <p
to have negative coefficient on the term r and an even smaller r to finally ensured of
|z — z0|? + 2 (x — 20,20 — 20) < 0. Therefore, |x — z| < L which implies the same
contradiction as the other two cases.

We conclude we always have a contradiction regarding the property of I to the assumption
Yo # zo. Hence, yo = 29. [ |

With Lemma 3.0.4, it is now easy to conclude this chapter.

-
Theorem 3.0.5

The secondary variational problem

min{Ka(7y) : 7 € Oco(,v)}

admits a unique solution 7, it is induced by a transport map 7', and such a map is
an optimal transport for the problem

min{|| T — id||pec(,,y : Tep = v}
. J

Proof. From our considerations until Lemma 3.0.4, the optimal 7 is concentrated on a
set I such that T is contained in a graph since for any xg € 7x ('), there is no more than
one possible point yg such that (zg,%0) € I'. Let us consider such a point g as T'(xg).
Therefore, 4 = 7. Note that this choice of T that is defined on 7x(I') is measurable
since Graph(T) = I is measurable from our construction.

To prove uniqueness, we first mark the fact that any solution « to the secondary problem

is then generated by a map 7. Suppose there exists two solutions 7, and vz,. Consider

Y1, + VT

another optimal plan 7/ = From our fact, 4/ = ~p for some T'. Let

7 = graph(T"), we have +/(I'rv) and thus v, (I'zv) = 47, (') = 1. By this fact,
Ty =T and Ty, = T' p-a.e. since yp, and ~yr, is concentrated in a graph as well and we
just proved uniqueness. |

Remark 3.0.6. We can also apply our more general approach in proving uniqueness to
the proof of Theorem 2.3.3 following the same argument we used in this theorem.
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