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Abstract

Abstract

In this thesis, results will be presented that pertain to the global regularity of solutions to

boundary value problems having the general form

F[D?u—A(-,u,Du)] =B(-,u,Du), inQ,
T,(Q7)=Q, (1)

where A, B, T, are all prescribed; and 2~ along with Q% are bounded in R”, smooth and
satisfying notions of c-convexity and c*-convexity relative to one another (see [MTWO05]
for definitions). In particular, the case where F is a quotient of symmetric functions of the
eigenvalues of its argument matrix will be investigated. Ultimately, analogies to the global
regularity result presented in [TWO06] for the Optimal Transportation Problem to this new
fully-nonlinear elliptic boundary value problem will be presented and proven. It will also be
shown that the (A3w) condition (first presented in [MTWO05]) is also necessary for global
regularity in the case of (1). The core part of this research lies in proving various a priori
estimates so that a method of continuity argument can be applied to get the existence of
globally smooth solutions. The a priori estimates vary from those presented in [TWO06], due
to the structure of F, introducing some complications that are not present in the Optimal

Transportation case.

In the final chapter of this thesis, the (A3) condition will be reformulated and analysed
on round spheres. The example cost-functions subsequently analysed have already been
studied in the Euclidean case within [MTWO05] and [TWO06]. In this research, a stereographic

projection is utilised to reformulate the (A3) condition on round spheres for a general class
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of cost-functions, which are general functions of the geodesic distance as defined relative to
the underlying round sphere. With this general expression, the (A3) condition can be readily
verified for a large class of cost-functions that depend on the metrics of round spheres,
which is tantamount (combined with some geometric assumptions on the source and target
domains) to the classical regularity for solutions of the Optimal Transportation Problem on
round spheres.
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Preface

Preface

The research presented in this thesis correlates to two different projects which both have
their roots in the Optimal Transportation Problem. The first project, presented in Chapter
6, deals with the regularity of boundary value problems that are related to the Monge-Ampeére
equations emerging from the theory of Optimal Transportation. For these boundary value
problems, regularity results analogous to the ones presented in [TWO06] for the Optimal
Transportation Equation will be proven. These proofs have resemblance to those presented
in [TWO6]; but there are significant differences in the obliqueness and C? solution estimates,
as the newly defined class of boundary value problems do not have some of the structural
benefits present with the analogous Optimal Transportation Equation. In particular, tools
will be used from both [Ger96] and [Urb01] to prove the necessary a priori bounds needed

for the final regularity results.

In the Chapter 7, the research focus changes to the regularity study of Optimal Trans-
portation potential functions on round spheres. These results extend the research presented
in [McCO01], [DL06] and [Loe05], in a sense that regularity results for more general costs
than the ones presented in those papers are proven. The method thus employed centres
around the novel use of stereographic projections to reformulate the expression for the (A3)
condition presented in [TW97, MTWO5]: a condition which is tantamount to potential func-
tion regularity in the Euclidean case. The caveat to this approach is that it is geometrically
non-intrinsic (unlike the methods presented in [McCO01], [DL06] and [Loe05]) and thus, in-
curs some extraneous geometric conditions for the method to be valid. At the end of this

chapter, possibilities for further studies are discussed.
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XI

Given that Optimal Transportation is of central importance to the results presented in this
thesis, Part | focuses on presenting the Optimal Transportation Problem up to the derivation
of the Optimal Transportation Equation, whose solutions correspond to potentials that ulti-
mately yield mappings that solve the original Optimal Transportation Problem as stated by
Monge in the late 1700's [Mon81]. Through that exposition, the necessary definitions and
ideas will be recalled so that the regularity results presented in [TWO06], [MTWO05], [TWar],
and [Loe05] can be stated at the conclusion of Part . These are the results that motivated

the new research subsequently presented in Part |l of this thesis.

| would like to thank Professors Neil Trudinger, Xu-Jia Wang, and Ben Andrews for
supervising my Ph.D. studies. Their guidance, suggestions and discussions proved invaluable
to the development of the research contained in this thesis. | would also like to thank
Professor Phillipe Delanoé and Dr. Huy Nguyen for their insightful discussions on Optimal

Transportation and Riemannian Geometry.

L
e ’ g /a |
Gregory T~von Nessi Jr.

The Australian National University
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2 Chapter 1: The Optimal Transportation Problem

Il T he Optimal Transportation Problem

Contents

1.1 Introduction 2

1.2 Monge's Original Problem 3

1.3 Obstacles to Monge’'s Problem 5

1.1 Introduction

The subject of Optimal Transportation has recently been an area of intense study, which
has subsequently yielded many important results that have been applied to a broad spectrum
of subjects including Ricci flow [Stu06, LV04], fluid dynamics, plasma physics, cosmology
[SF04] and public transportation, just to name a few. Indeed, the Optimal Transportation
Problem is a generalised variational problem whose parameters can be set to replicate a great

number of physical phenomena.

In this chapter, the Optimal Transportation Problem will be introduced as it originally
was by Monge in the late 1700's [Mon81]. Specifically, some of the mathematical difficulties
will be presented that make analysing the Optimal Transportation Problem still interesting,
even after being first stated over 200 years ago. There are many sources that introduce the
theory of Optimal Transportation; and here, many of the ideas and observations presented
in [Urb98a] and [Eva01] are taken to formulate the following exposition, which will introduce

subsequent chapters that relay the new results of this thesis.
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1.2 Monge's Original Problem

In 1781 Monge [Mon81] put forth a problem, loosely stated as follows (see Figure 1.1 below
for a profile visualisation): Given a pile of soil and an excavation or pit, how does one move

the soil from the pile to the pit so as to expend the least amount of energy?

Figure 1.1: A profile view of Monge's transportation problem

Although simply stated, there are a few parameters one has to consider before setting out
to solving the problem. First, the notion of “energy” (in the context of Monge's question)
needs to be somehow quantified. Next, the physical configuration of both the pile and pit will
affect a transportation solution; and so, these too must be quantified. To mathematically
formalise and quantify this problem, the following definition is needed:

Definition 1.2.1: Given two radon measures u=, u™ on R" with Q= := supp(u~) and
Qt :=supp(ut), a Borel measurable map T : Q= — Q7% is called a measure-preserving map
if

™ (T7HE)) = ¥ (E), (1.1)
for any Borel set E C Q. In other words, the change of variables formula:
/ (hoT)du~ :/ hdut, (1.2)
T-1Q+) o+

is valid for all h € C°(R").

The space of all measure-preserving mappings, relative to = and u*, will be denoted by

T=Tk u).
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Remark: The criterion stated in (1.1) is often written as

Tap™ =up";
that is, u™ is said to be the push-forward measure of u~ by the map T. While this notation
is useful in intrinsic calculations, this thesis relies more on the intuition behind the validity of

(1.2) in its exposition and calculations.

Corresponding to the pit and pile having equal volume, it is required that u® satisfy a
mass-balance condition:
p= (R") = p™ (R") < occ.

To analogise the notion of “energy” or “work” associated with moving a particular grain of
soil from the pit to the pile, the cost-function is defined as a continuous mapping, specifically
denoted as

c:Q xQ" =R

Essentially, the cost-function returns the energy required to move a piece of soil between two

points whose positions correspond to the arguments of the cost-function itself.

Upon defining the Monge Cost Functional:

CIT] = /Q c(x, T(x)) du-, (1.3)

the solution of Monge's original problem can be denoted as T*, which is defined as solving

C[T"] = min C[T1. (1.4)

The original cost-function considered by Monge was

c(x,y)=Ix—yl (1.5)

That is, the work to move a grain of soil from pile to pit was simply proportional to the
distance the grain of soil was moved. It turns out that the mathematical formulation em-
bodied in (1.4) of Monge's problem is problematic to work with in a mathematically rigorous
sense. Monge's original cost-function (1.5) is especially difficult to handle when compared
with cost-functions having some notion of strict convexity/concavity. Before moving on to
discussing potential functions, the mathematical difficulties involved with solving (1.4) will

be elaborated upon.
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Remark: It is not necessary to consider Q* to be subsets of R". Indeed, Q* can simple be
taken to be arbitrary open sets in a Hausdorff topological space for the above formulation to
make sense. As this thesis focuses on using methods from partial differential equations to
understand the Optimal Transportation Problem, this level of generality will not be pursued
in the forthcoming exposition. Instead, it is assumed that the underlying topological vector

space (on which the Optimal Transportation Problem will be analysed) is R".

1.3 Mathematical Obstacles to Monge's Problem

As formulated in the previous section, existence and uniqueness of Monge's problem are by
no means mathematically obvious. Indeed, Optimal Transportation is currently the focus of
intense research in the area of partial differential equations, despite being over 200 years old.
In this section various heuristics will be presented that give indications as to why Monge's
formulation is mathematically difficult to handle and why a new formulation is needed to
make mathematical headway in solving this problem.

First, a simple discrete analogue of Monge's problem will be considered. Taking Q~ =
{x1,...,xc} and QT = {y1,..., ¥k} with T denoting all one-to-one maps from Q= to Q,

T* € 7T is map which minimises

k

ClT] = c(x T(x))

=1

among all T € 7. The following example shows that minimisers of this problem are not

unique in general.

Example 1: Let Q~ = {(0,0),(1,1)} and QT = {(0,1),(1,0)} with the original Monge
cost of c(x,y) = |x — y|. In this case, there are only two competing maps

T1:(0,0) — (0,1), T1:(1,1)—(1,0)
T5:(0,0) — (1,0), T :(1,1) — (0,1).

It is clear that C[T1] = C[T2],; and thus, the minimiser is not unique.

From this example in the discrete case, it is demonstrated that the question of uniqueness

of T in Monge's continuous problem is not obvious even in a heuristic sense.

Going back to the continuous version of Monge's problem, T will now be further anal-
ysed. First, for Q* C R” bounded it is an elementary observation that shows 7~ is non-empty.
Indeed, decomposing Q% into cubes and constructing measure-preserving (generally discon-
tinuous) maps using this decomposition, ensures that 7 # (). As T is assumed to be Borel

measurable, analogising from classical real analysis, one can see that maps built off of cu-
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bic decompositions of QF can approximate any element of 7. An elementary estimation

indicates that

/ TP du < um () - sup Ix[P < oo
Q- xeNt

thus (by Lebesgue-dominated convergence applied to the cubic decomposition approxima-
tions of T) it is deduced that 7T is bounded in LP(Q2T, Q™) for 1 < p < co.

Even though 7 is bounded in LP, it is neither convex nor weakly-compact. This is seen

by considering two more simple examples (this time in a continuous formulation).

Example 2: Let QF = [0, 1] with u* standard Lebesgue measures on [0, 1]. Both

T1(x) == x
To(x) := min{2x,2 — 2x}

are both measure-preserving, but (2T1 + T») = 2 min{4x, 2} is not (see Figure 1.2). This
shows that T is not convex in this case.

14 Ti=x 14 T, = min{2x,2 —2x} 14 (2T1 + T2) = 3 min{4x, 2}

Wl

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Figure 1.2: Plot of transport maps for Example 1

Example 3: Taking QF and pu* as in Example 2, the following defines a sequence of maps
T}J

— . ii+1
:Z:(kx—/)x,l, where I; = [k' p ]

Figure 1.3 below shows a plot of T3(x).

It is calculated that

121 1 1=
2;()/( Lt{g(X)}</o g-Txdx < 22()/( r[nLa,)il]{g(x)} (1.6)

Thus, it is seen that the central term is bounded by two Riemann sums converging to the

same Riemann (that is, Lebesgue) integral-value as k — oo. Namely, (1.6) demonstrates
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Figure 1.3: Plot of T3(x) for Example 3

that
1 1 1
/g-dex—>/ gdx, ask — oo,
0 2 Jo

for any g € L*([0,1]) (readily deduced by correction of a Lebesgue integrable function on
set of measure zero to be Riemann integrable). So, each Ty is measure preserving, while
T — % is not.

From this example, one sees that 7 is not closed even under weak limits. These counter
examples are readily analogised to more general Q*. Thus, it is clear that 7 can not be
expected to be convex nor even weakly-compact in the general case.

In addition to the difficulties presented by the space 7T, the structure of the Monge cost-
function (1.3) itself also presents difficulties to analysing Monge's problem. First, there are
no gradient terms in (1.3), which means the Monge cost functional is not coercive in any
Sobolev space. Thus, we are unable to apply the Lax-Milgram theorem to get existence of a
Sobolev solution. Indeed, there are no terms present in (1.3) that give any compactness to
any potential solution subspace of 7. This combined with the weak non-compactness of T
prevents using direct methods in the calculus of variations to solve the Monge Minimisation
Problem. Lastly, the measure-preserving criterion for the Monge variational problem is highly
non-linear. Indeed, when taking du~ = f dx and dut = gdy, the measure-preserving

criterion corresponds to the pointwise constraint
(goT)|Det[DT]|=f, inQ", (1.7)

where [DT];;(x) is a matrix whose elements are given by D;T'(x).
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Given the above issue of T being non-compact, there is no way of ascertaining informa-
tion regarding limits of minimising sequences of the Monge Cost Functional. In addition, the
lack of convexity of 7 and the highly non-linear nature of (1.7) make construction of such

minimising sequences another obstacle to using standard variational methods.

Given these mathematical obstacles to rigorously analysing the original Monge Optimal
Transportation Problem, a new formulation of Monge's original question is needed. Kan-
torovich, in the 1942, came up with such a formulation [Kan42]; although, the link to
Monge's problem was not formally noted until later in 1948 [Kan48]. It is this reformula-
tion of Monge's original transportation problem that enables methods from elliptic partial
differential equation theory to be used to deduce existence and regularity of minimisers of

Monge's original cost functional.
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2.1 Introduction

Heuristically, the Kantorovich formulation of the Monge problem correlates to finding a max-
imiser to a special functional over a class of coupled, potential functions. As these potential
functions play a central role in both Optimal Transportation and the research presented here,
it is helpful to gain some intuition about their geometric structure before relating the full

Kantorovich Dual Formulation.

2.2 Lagrange Multipliers

Remark: From this point forward, it will be assumed that Q* are open and bounded in R"
with du™ = f dx and du™ = gdy.
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The goal of this section is to give an intuitive idea of the structure of potential functions
coming from the Optimal Transportation Problem and how that structure can be heuristically
derived from ideas based in variational calculus with linear constraints. The exposition here
follows the one presented in [Tru07], which subsequently is a generalisation of the heuristics
written in [Eva01].

To proceed, a restatement of Monge’s original problem into the language of variational
calculus is needed. Indeed, Monge's original problem is equivalent to seeking a minimiser of
the functional

C[T] = /Q f-c(x, T(x))dx (2.1)

over T(f, g), whose constituents are elements of LP(Q~, Q™), satisfying the pointwise con-
straint
(goT)|Det[DT]|=f, inQ". (2.2)

As non-linear constraints pose significant obstacles to direct variational methods, it is desir-
able to somehow incorporate the constraint in (2.2) into the functional itself. Thus, (2.1) is

modified into the Augmented Monge Cost Functional:
CalT] = / £ el T(x)) = AN(x) {F — (g o T)| Det[DT]|} dx. (2.3)
o-

Remarks:

(1) (2.3) is not motivated by heuristics alone. Indeed, the idea of augmenting functionals
in the manner depicted in (2.3) comes from linear variational theory. In the case where
the pointwise constraint is linear, there exists a A(x) such that a minimiser of the
original functional (with constraint) is also a minimiser of the linear analogy of the
augmented functional presented in (2.3) (see [GF63, Section 2.12]). Conventionally,
A(x) is called a Lagrange multiplier.

(2) Itisimportant to note that (2.2) correlates to a pointwise constraint and not an integral
constraint. Indeed, (1.2) needs to be valid for any h € C°(Q~). This distinction
manifests itself in (2.3) as \ being a function of x and not just a constant, as in
the case with an integral constraint (see [GF63, Section 2.12], [Eva98, Section 8.4]).
Again, this is following ideas taken from linear variational theory.

Calculating the first variation of (2.3) yields

d
%C)\ [T + ES]

- /Q {F (. T(x)) + M%) - (g o T) - | Det[DT]|} Sk dx
—/ )\,‘(X)'(gOT)-COf[DT],'J"Sj dx
o

- /Q A(){(gk o T)[DT]ix - Cof[DT];;

+ (goT) . D,' COf[DT],’j}Sj dx, (2.4)



1 2 Chapter 2: Potential Functions

where integration by parts along with the assumption that S(x) = 0 for x € 992 have both
been used. In (2.4), Cof[DT];; represents the cofactor matrix of [DT];;. From elementary
linear algebra it is recalled that [DT];x - Cof[DT];j = djx - Det[DT] and D; Cof[DT];; = 0.
Using these relations, (2.4) may be reduced to

d
—<OT +es]

= [ AF 60 T00) + 300 (g0 T) [ DetlDT] } 5 o
e=0 -
—/ X/(X)-(gOT)'COf[DT],‘J"Sj dx
o
- /Q ) {(g 0 T) - 8¢ - Det[DT]} S; dx

= /Q {f ’ CYk(X' T(X)) - >\f(X) : (go T) : COf[DT],’k} Sy dx.

Thus, T is a maximum if
fecy(x, T(x)) = Xi(x) - (goT)- Cof[DT].

Multiplying this by [DT]jx, then summing on k and using the measure-preserving criterion
(2.2) yields

Cy, (X, TO))[DTjk = Nj(x),

which can be written as 5
cy(x, T(x)) = afTA(X), (2.5)

via elementary implicit differentiation. Defining v := Ao T~1, (2.5) becomes
& (x, T(x)) = Drv(T). (2.6)

One may interchange 2~ and Q7 in the above variational calculations to derive (in
analogy to (2.6)) that
cx(x, T(x)) = Dyu(x). (2.7)

Integrating both (2.6) and (2.7) yields
u(x) + v(T(x)) = c(x, T(x)) + Co, (2.8)

for arbitrary constant Cy. It will be assumed from now on that both ¢, (x, -) and ¢, (-, y) are
both invertable for all x € Q~,y € QT respectively. This assumption ensures the mapping
T is uniquely determined from either potential v or v. This condition will be formalised later
in Section 2.4.

Remarks:

(1) In the case of the Monge cost, these derived potentials do not uniquely determine
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the mapping T. Indeed, in this case, (2.6) and (2.7) both become degenerate in the
sense that only the direction of the transport mapping T can be determined and not

its magnitude.

(2) Another way to show the Optimal Transport map is a gradient of some potential is by
using cyclic monotonicity and a theorem of Rockafeller [Roc66] to show that T lies
in the subdifferential of a convex potential. This method is largely due to Brenier in
[Bre91]. Although not reviewed here, the method is summarised nicely in [Eva01].

Even though the above variational calculations give an intuition that a solution of an
Optimal Transportation problem is the gradient of some potential, the existence of that
potential is by no means obvious, as the currently considered variational problem has a non-
linear pointwise constraint. Unfortunately, generalising the analogous existence proof for
A(x) in the case of linear constraints to the current situation is not readily possible. It is
because of this situation that the Kantorovich Dual Formulation is thus needed to prove the

existence of these potentials in the case of strictly convex/concave costs.

2.3  Kantorovich’'s Formulations

As mentioned in Section 1.3, Kantorovich introduced a relaxed variant of and a dual varia-
tional principle corresponding to Monge's original transportation problem in 1942 [Kan42].
The actual correlation of these constructions to Monge's original question was not noted
until 1948 in [Kan48]. These two constructions alleviate the problems stated in Section 1.3
corresponding to Monge's original formulation; that is, these Kantorovich formulations may
be readily analysed by classical direct methods in variational calculus.

2.3.1 Relaxed Formulation

Kantorovich’s “Relaxed” Formulation transforms the problem of minimising (1.3) into a lin-
ear variational problem. The term “relaxed” in name of this construction will be justified

later in this subsection.

Considering two arbitrary Radon probability measures = and p™ on R”, Kantorovich
introduced the class I (u‘,;ﬁ) of Radon probability measures v on R” x R", which have

the following properties:
p(E)=v(ExR") and p*(E)=7(R"xE),

for any Borel set £ C R”. That is, u™ are the projections of y. It is clear that I (uﬁ, ;ﬁ) is
a convex subset of P(R"” x R"): the class of Radon probability measures on R” x R". Given
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this, the Kantorovich Relaxed Functional is defined as
Celrl = [ clxy) dr(xy), (2.9)
RPxRN

One may see how this relates to the original Monge problem by considering T € T (uﬁ, u*),

E C R" x R" Borel and defining a measure 7 as follows:
Yr(E) = p~ ({x : (x, T(x)) € E}).
Taking an arbitrary Borel set F C R”, it is observed that
Y7 (FXR") =p” ({x : (x, T(x)) € F xR"}) = pu(F)

and
YR x F)i=p~ ({x : (x, T(x)) €eR" x F}) =pu~ (TH(F)) = u*(F),

since T € T (u~,ut). Thus, it is clear that

Celirl = [ ctxmarr = [ c(aT00) du =Tl
R"XR" R"
which subsequently indicates the relation

inf Crlv] < inf ClT].
yEr(w.ut) il TeT (k™ .ut) [l
Thus, the problem of minimising (2.9) over I (u™, u™) is justified as being a “relaxed” ver-
sion of Monge's Original Problem.

This relaxed formulation has the benefit of making the existence of a minimiser of (2.9)
a straight-forward application of classical compactness arguments (see [Urb98a]). Indeed,
minimisers for the relaxed functional can be shown to exist for general measures u* on
topologies as general as Hausdorff spaces. The trade-off for this direct existence theory is
that little can be directly gained in the way of higher regularity of transport maps using this
formulation. Thus, while this is a very crucial development in Optimal Transportation, it will
not be elaborated upon further in this thesis.

2.3.2 Dual Formulation

The second formulation Kantorovich presented is his dual formulation of the Optimal Trans-
portation problem. In this construction, one seeks to maximise the Kantorovich Dual Func-
tional:

Ju ut] :—/ udu—i—/ vdut, (2.10)
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over the set
K:={(uv):uveC’R"), ux)+v(y)<c(xy) x,y e R"}. (2.11)
This is related to the original Monge Transportation Problem by the fact that

SR = e @12
The first thing to note is that the space K does not have a direct dependence on u*, which
is clearly not the case for T(u‘, pﬁ). Indeed, u® only comes into the formulation via the
definition of dual functional, J. Further insight into why (2.12) holds will be presented in
Subsection 2.6.2 via the proof of existence of potential functions corresponding to maximisers
of the Kantorovich Dual Functional. In this proof, the the linear structure of Kantorovich
Dual Formulation plays the central role; and it is there that this construction’s importance
to Optimal Transportation will become evident.

2.4 Key Conditions on Cost-functions

Before proceeding with the more formal analysis of potential functions, some key conditions
are needed on the cost-function, which are ultimately tantamount to existence and higher
regularity of associated potential functions. The following conditions are presented as they
appeared in [MTWO05] and [TWar], as the presentation and notation therein have become
somewhat standard in current research pertaining to Optimal Transportation.

Unless otherwise noted, for some open set U in R” x R" containing Q~ xQ*, the following

conditions on the cost-function ¢ will be assumed for the rest of this thesis.

(A1) For any x,y € U and (p, q) € Dxc(U) x Dyc(U), there exists a unique Y = Y(x, p),
X = X(q,y), such that ¢(x,Y) =p, ¢,(X,y) =gq.

(A2) For any (x,y) € U,
Det D3, c] #0, (2.13)

¢
Ox;0y;

where nyc is the matrix whose elements at the /" row and j™ column is

(A3) There exists a constant Co > 0 such that for any (x,y) € U, and £, m € R" with £ 1L 7
such that
(¢ CijiqCrst — Cijst) ™ &g mems > Col€P|nl?, (2.14)

&c(x.y)
Ox;0y;

where ¢; j(x,y) = , and [c'V] is the inverse matrix of [c¢; ].

It will be assumed that the convex hulls of the sets ¢ (x, Q") and ¢,(Q7, y) lie in Dyxc(U)
and D, c(U) respectively. This condition is automatic when Q= and QT are both c-convex

relative to each other (this notion of set convexity will be introduced in Section 2.5).
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Conditions (A1) and (A2) are required in the existence proof of potential functions which
maximise the Kantorovich Dual Functional. Condition (A3) was first used in [MTWO05]
as a sufficient condition for classical regularity of the potential function u. In the next
subsection, it will be demonstrated that (2.14) is symmetric, which subsequently dictates

that the analogous condition for v is (again) just (2.14).

2.4.1 Some Properties of the (A3) Condition

Before moving on, several properties of the (A3) condition can be derived from the expression
in (2.14). These properties will be used in calculations presented later in this thesis.

To start of, it will be shown that the (A3) condition is symmetric in x and y. To
demonstrate this, £ is defined as

€k = Cqk€q-

Using this definition to rewriting (2.14) with £ replaced by €, one sees that
(cP9cijpCqrs — Cijrs)C K EEymimy > Col€)PImI?, (2.15)
with a modified orthogonality criterion of
ngc® & = 0. (2.16)

The symmetry of x and y in the (A3) criterion is now evident in the rewritten form embodied
in (2.15) and (2.16).

Next, the expression depicted in (2.14) will be reduced to a less-cumbersome form, that
also gives a better intuition as to what the (A3) condition itself actually means. Calculating,

one see that

Dpy cij(x, Y (x,p)) = Cij.q * Dp,Y?
= C,'quCq’k, (2.17)

where the definition of Y (as stated in (A1)) has been utilised to gain the second equality.
Differentiation of (2.17) subsequently yields

D2, cij(x, Y (x,p)) = (cijqrc®  + cijqc?¥) . (2.18)

To proceed, a reduction of the term cﬂ'k is required. From previous notational definitions,

it is understood that

Ci.qc?k = 6k
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Differentiating this relation immediately produces the following relations:

¢/ (x,y) = Dy, (x,y)
= —C”qcr'jckq,r(x,y),
cJ(x,y) = Dy, c¥(xy)
= —c"9cM cq (X, ¥). (2.19)

Combining (2.18) with (2.19), it is now observed that

Dp/pkcij(xv Y(X, P)) = _(Cq'rcij,qcr,st - Cij,st)Cs'kCt'/-

Thus, the (A3) condition is equivalent to
D,y Cii (X, Y)€i&mim < —Colé[?nf?, (2.20)

for a positive constant Cp.

With (2.20), it is now a straight-forward calculation to verify that the (A3) condition is
also invariant under coordinate transformations. Fixing y, consider an arbitrary change of
coordinates in x given by

g(x) = x"

An elementary calculation shows that

ci(x,y) = [Digcq(x', ")
cij(x,y) = ([Dig?1[D;g" car (X', ¥') + [Dijg®lcs(X', ) (2.21)

From (A1) and (2.21), it is observed that

P = k(X' y')
= [Dkg%] teq(x, ). (2.22)

Using this in (2.21) yields
ciij(x',y") = ([Dig)[D;g"cqr (X', ¥') + [Dijg°] %) - (2.23)
From here, one can use the chain-rule along with the relation in (2.22) to deduce
Dp, = [Dkg" ' Dy, (2.24)

Thus, from (2.23) and (2.24), it has been shown that the left-hand side of (2.20) is trans-

formed to
D,y Cij (%, ¥)[Digl[D; g 1[Dk g1 [D19* 1 € g€ rmsme.
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Redefining &; as [D;g9¢, and m; as [D;g9] tng, finally shows that the (A3) condition is

invariant under any change of coordinates, as the orthogonality criterion £ L 1 is preserved.

The (A3) criterion being invariant under change of coordinates will be of central impor-
tance in Chapter 7, when a stereographic projection is used to change coordinates to analyse
the (A3) condition on round spheres.

2.4.2 The Degenerate (A3) Condition

While the (A3) condition is a requirement for the local regularity of potential functions, it was
shown in [TWO06] that only a degenerate form of the (A3) condition is needed to prove the
global regularity of potential functions in Optimal Transportation problems. In the literature,
the degenerate form of the (A3) condition is typically labelled (A3w) and is stated as follows:

(A3w) For any (x,y) € U, and §,n € R" with £ L n, the following inequality holds:

(c¥"cijqCrst — Cijst)C¥Hct €& memy > 0. (2.25)

(2.25) is associated with the potential function u. It is clear from the calculations in the
previous subsection that the (A3w) condition is symmetric; and hence, (2.25) also represents
the (A3w) criterion for v. One also has from the calculations in Subsection 2.4.1 that the

(A3w) condition is invariant under coordinate transformations and can be represented as
DpypicCij(x, y)€igmem < 0. (2.26)

Recently, Loeper showed in [Loe05] that the (A3w) condition was also necessary for clas-
sical regularity of potential functions. To do this, Loeper derived a geometric reformulation
of the (A3w) condition, and subsequently used this to construct potentials that were not C!
around a point where the (A3w) condition was violated by the corresponding cost-function.
Thus, Loeper completed the demonstration of the (A3w) condition being not only sufficient
but indeed necessary for potential function regularity. These statements will be elaborated
upon in Chapter 7.

At the end of this chapter, the current theorems pertaining to the regularity of maximisers
of the Kantorovich Dual Formulation will be restated from works outside of this thesis. It is
these theorems that have motivated the new research presented in Part |I. In addition to this,

in Chapter 6 the (A3w) condition will be analogised to the Hessian equations considered there.
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2.5 c-convexity

By using cost-functions, one can naturally generalise the classical notions of convexity. This
generalisation is a powerful tool whose related notions and definitions will be used throughout
the rest of this thesis.

The following definitions have become standard in the literature surrounding Optimal
Transportation (see [Caf96, GM95, MTWO05]).

Definition 2.5.1: A c-support function of ¢ at xp Iis a function of the form c(x, yo) + a,

where yo € Q1 and a = a(xo, yo) is a constant, such that

¢(x0) = c(x0. o) + a,
d(x) < c(x,y0)+a VxeQ . (2.27)

Using the above definition, one may also define the notion of c*-support functions in a
similar manner by switching x and y, Q= and Q2. Now, the notion of support functions can

be used to generalise the notion of convexity in the context of cost-functions.

Definition 2.5.2: An upper semi-continuous function ¢ defined on Q= is c-concave if for any
point xg € €27, there exists a c-support function at xg. Similarly, an upper semi-continuous
function i defined on Q% is c*-concave if for any point yo € Q%, there exists a c*-support
function at yp.

From these definitions, one can also easily ascertain the notion of a c-convex function
by simply switching the direction of the inequality shown in (2.27). The definition for a
c*-convex function is also thus obtained by replacing c-support functions with c*-support
functions in Definition 2.5.2 and reversing the inequality in (2.27).

Before proceeding onto other definitions, some properties of c-concave functions can be
readily observed through facts in classical analysis. As it is assumed that the cost-function ¢
is smooth, any c-concave function ¢ is semi-concave; that is, there exists a constant C such
that ¢(x) — C|x|? is concave. It is a classical result that now shows ¢ is twice differentiable
almost everywhere. In addition to this, it is readily demonstrated (via a Perron process) that
if (¢x) is a sequence of c-concave functions and ¢x — @, then ¢ is c-concave. Clearly, there

are analogous results for c-convex and c*-convex/concave functions.

Remark: /t is important to note that the above definitions correspond with the classical
notions of concavity in the special case where c(x,y) = x - y. In this situation, a c-support
function is simply a support hyperplane at a particular point. This special case provides a

good basis of intuition for more general cost-functions.
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In addition to using generalised definitions for concavity of functions, one also needs to
consider analogous generalisations of concavity with respect to sets. In particular, such no-
tions will be of key importance in the construction of barriers for boundary gradient estimates,
in addition to being necessary for making the statements of current regularity theorems in
Optimal Transportation. With that, the notion of c-segments (which generalise the notion

of line-segments in classical convex analysis) is next defined:

Definition 2.5.3: A c-segment in Q™ with respect to a point y is a solution set {x} to
Dyc(x,y) = z for z on a line segment in R". A c*-segment in QF with respect to a point
x Is a solution set {y} to Dxc(x,y) = z for z on a line segment in R"

By conditions (A1) and (A2), it is clear that a c-segment is a smooth curve; and for any
two points xp, x; € R™ and any y € R”, there exists an unique c-segment connecting xp and

x1 relative to y.

Definition 2.5.4: A set E~ is c-convex relative to a set E™ if for any two points xp, X1 € E~
and any y € ET, the c-segment relative to y connecting xo and x1 lie in E™. Analogously,
it is said that E™ is c*-convex relative to E~ if for any two points yo,y1 € ET and any

x € E~, the c*-segment relative to x connecting yo and y1 lies in E™T.

In general the notion of c-convexity, with respect to sets, is stronger than the classical
notion of convexity. This is most readily observed when taking a ball for the set in question.
Indeed, a ball may not be c-convex (relative to another given domain) at an arbitrary location.
However, a sufficiently small ball will be c-convex if ¢ is C3 smooth. In light of this example,

it is insightful to consider an alternate statement of Definition 2.5.4:
E~ is c-convex with respect to E™ if for each y € E™, the image Dy, c(E~,y) is

convex in R".
An analogous statement may be made for a set that is c*-convex relative to another set.

With these definitions, it is now possible to move on to the existence proof of Opti-
mal Transportation potentials and the statements of higher regularity pertaining to such
potentials.

2.6 Existence of Potential Functions

In the Section 2.2, a notion of potential function was deduced from heuristics associated with
Lagrange multipliers in classical linear variational theory. In Section 2.3, the dual formulation
due to Kantorovich and associated potential functions were introduced without derivation.
At this stage, it is evident from (2.8) and (2.11) that the potential functions presented in
both these formulations are one-in-the-same.
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While the Lagrange heuristics provide an intuition for what these potential functions
are, Kantorovich's Dual Formulation is needed to formally prove their existence. With the
definitions from Section 2.5 and conditions from Section 2.4, it is now possible to proceed
with proving the existence of these potential functions. The method of proof employed here
uses the ideas presented in [Gan94, Caf96] and is a slight generalisation of the expositions
in [Eva01, Urb98al.

2.6.1 Construction of Convex Sequences

Kantorovich's Dual Formulation allows one to use standard techniques from direct methods
in the calculus of variations to prove the existence of a pair of functions which maximise
(2.10). Heuristically, it has been indicated in Section 2.2 that taking a gradient of either of
these potentials should produce a solution to the original Optimal Transportation Problem.
That is, it is expected that T = Du a.e., where T is an Optimal Transportation map and
u is one of the aforementioned potential functions. This will now be shown rigorously using

the Kantorovich Dual Formulation introduced in Section 2.3.

From this point onward, it will be assume that
du~ =fdx, and du" =gdy,

where f, g are bounded, non-negative, have compact support in Q—, Q" (which are assumed

both to be bounded and open) respectively and satisfy the mass-balance condition:

/fdx:/QJrgdy. (2.28)

Moreover, it will also be assumed that ¢ : R”xRR"” — R is uniformly convex in both arguments.

Remark: The requirement of ¢ : R" x R™ — R being uniformly convex in both arguments
is not the weakest condition one can have on the cost-function in what is to follow. Indeed,
having a cost-function satisfying (A1) on Q= x Q% is enough to prove the existence of
optimal Kantorovich potentials. [Lev99] and [Lev04] both discuss the existence of optimal
Kantorovich potentials under weaker assumptions than the ones assumed in this thesis. In
the following exposition the stronger convexity condition is placed on the cost-function, as
it allows for a simpler (and more intuitive) existence proof than the ones having weaker
assumptions placed on the cost-function.

With the above assumptions, one has to prove the existence of maximisers to the Kan-
torovich Dual Functional:

Ju,v] = /Q u(x)f(x) dx—i—/Q+ v(y)g(y)dy, (2.29)
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among all pairs (u, v) in the set
K:={(uv):uveC’R"), ux)+v(y)<clxy) x,y eR"}.

To do this, one first needs to show that subsequences of function pairs belonging to K,
which are bounded, Lipschitz and satisfying some notion of convexity (described below) can
be extracted from any sequence of function pairs converging to a maximiser of (2.29). This

idea is embodied in the following lemma.

Lemma 2.6.1: J has a maximising pair (,V) € K. { and V are both bounded and are
uniformly Lipschitz in =, Q% respectively. Moreover, this pair of functions satisfy the dual

relation

a(x) = inf [e(x,y) = V(y)l. xeQ,
yeQt

V(y) = inf [c(x,y)—a(x)], yeQT. (2.30)
xeQ~
That is, 1 and V are said to be dual-convex functions of each other relative to the cost-

function c.

Proof. Taking (u,v) € K,  is defined by

a(x) = inf [c(x,y)—v(y)], xeQ . (2.31)
yeQt
Clearly, i < c(x,y) — v(y) forall (x,y) € Q= x QT and thus, (4, v) € K. Moreover, given
that ¢ and v are both assumed to be continuous, it is known that for every x € 27, there
exists some y € QF such that

0(x) = c(x,y) = vly) = u(x),

where the fact that (v, v) € K has been used to ascertain the right inequality. Now, since
f >0, it is readily observed that J(d,v) > J(u, v). Analogously for v, one can make the
following definition:

0(y) = inf [c(x,y) —a(x)], yeQ". (2.32)
xX€EQ~

Following the same reasoning in the analysis of  above, it is concluded that ¥ > v and
(0,7) € K with
J(a,

<>

) > J(a,v) > J(u, v).

Since ¥ > v, (2.31) indicates that

i(x) > iergj[C(X,y)* vyl
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but since (d, V) € K, it is observed that indeed

a(x) = inf [e(x,y) = 0(y)l, xeQ.
yeQt

Thus, it has been demonstrated that J[u, v] does not decrease when replacing (v, v) by

(0, 7). a dual-convex pair of functions relative to the cost c.

As c is uniformly convex on R” x R”, there exists a constant C such that

C(Xo, — C(X,
wp [[sup 1€00:9) = c(x.9)

<C<oo, Vxo€Q;
yeat Lxeq- Ixo — X|

that is, given x € 27, the Lipschitz constant for ¢ at x for a fixed y is uniformly bounded
for all y € QT. Thus, from (2.31), it is clear that 4 is Lipschitz with a Lipschitz constant
bounded by C.

Finally, it is also observed that (u+ 0, v —6) € K for an arbitrary constant 6. Moreover,
the mass-balance condition (2.28) shows that J[u,v] = J[u+ 0,v — 6]. Thus, one may
transparently consider such renormalisation that add any constant to u provided that constant
is subsequently subtracted from v in the function pair. With that, a 8 can now be chosen such
that for some xp € 7, {(x9) = 0. Relabelling our function pair with this renormalisation
and then using the fact that (4, V) € K, it is seen that

V(y) < c(x.y), VyeQt

that is, ¥ is bounded from above on Q%. Furthermore, since i is locally Lipschitz on R”

(again due to the assumed uniform convexity of ¢ on R” x R"), it is ascertained that

‘0(X)| S R . sup sup |C(X0,y)—C(X,y)‘

<C<oo, WYXxeQ,
yeQt XGBR(XQ) |XO - X|

where R = diam(Q27). From this, it is deduced that || is bounded on Q~, which subse-

quently implies that |0] is also bounded in Q% via (2.32).

With this, it has been demonstrated that any pair (v,v) € K may be replaced by a
bounded, Lipschitz, dual-convex pair ({, V) without decreasing the functional J. Thus, max-
imising sequences may be restricted to those that only contain bounded, uniformly Lipschitz
pairs of functions as elements. As the bounds on values and Lipschitz constants only depend
on ¢, the convergence of a maximising sequence goes uniformly to a bounded, Lipschitz,

dual-convex, maximising pair. ]
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2.6.2 Existence of an Optimal Mass Transfer Plan

(2.32) is now used to define d(x) and v(y) for all x,y € R". From the previous subsection,
it is known that both & and V¥ are c-convex and c*-convex respectively and, thus, are both
semi-convex, as noted in Section 2.5. Subsequently, both these functions are known to be
differentiable a.e. It will now be shown that T;(x), defined by the relation:

Di(x) = cx(x, Tg(x)), ae. xeQ, (2.33)
minimises the Monge Cost Functional, (1.3).
Theorem 2.6.2: If one defines T;(x) as the solution of (2.33), then the following are true:
(i) Ta(x): Q™ — QF is essentially one-to-one and onto.

(i) Tga(x) is such that
u(x)+ v(T(x)) = c(x, T(x)). (2.34)

(iii) Tg(x) satisfies the measure-preserving criterion; that is

/ h(Ta(x)) du™ = / h(y)dut, VYhe C(QM). (2.35)
Q- Qr

(iv) Ta(x) minimises the Monge Cost Functional; that is

sup J[u,v] = inf C[S], 2.36
3 vl = o ls) (2.36)

forall S : Q™ — QF, such that Su(u™) = u™.
Proof.

(i) From the proof of Lemma 2.6.1, it is already known that {(x) is Lipschitz for all x € Q.
By Rademacher's Theorem (see [Fed69, Section 3.1.6]) {(x) is thus differentiable
a.e. in Q7. This fact combined with (A1) ensure the definition of T;(x) in (2.33)
corresponds to a mapping that is one-to-one and onto a.e.

(i) As (a,V) € K represent a maximising pair, one has that
a(x) + v(y) = c(x,y).
Differentiating with respect to x, it is calculated that
Du(x) = cx(x, y)

a.e.; such a differentiation is validated by the proof of item one. The result follows
immediately from the the definition of T;(x) in (2.33).
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(i) Fixing € > 0, one defines the variations

ve(y) == (y) +eh(y), y e Qt,

_ . B (2.37)
Ue(x) = yl€n£+(6(x,y) —0(y)), xeQ .

From this definition, it is clear that
ue(x) +ve(y) < clxy), xeQ ,yeQ’;

and so,
Ie] := J[ue, ve] < J[a, V].

Thus, the mapping € — /[€] has a maximum at € = 0, which subsequently indicates
that

J[U, ‘7] - J[Uey Ve]

_ /Q [“(i)_“e(x)] fdx—/Q+ h(y)g dy. (2.38)

€

Next, the claim that }% < ||h]|;~ needs to be proven. To show this, y. € Q7 is

taken such that

Ue(x) = c(x, ye) — ve(y).

Then it Is calculated that
0(x) = ue(x) = 0(x) — c(x, ye) + V(ye) + €hlye) < eh(ye).
On the other hand, if one selects y € Q% such that
a(x) = c(x,y) = 0(y), (2.39)

then
0(x) — ue(x) > 0(x) — c(x,y) + 0(y) + eh(y) = eh(y),

via the definition of ¢ in (2.37). Thus, it is ascertained that

(x) — ue(x)
€

hy) < & < hiye).

which proves the claim of

U_UG

<Al o (2.40)

Now, if one takes a point x € Q7 where {(x) is differentiable, then (2.39) implies
y = Tg(x). Moreover, it is clear that as € — 0, ye — Ts(x). Thus, from (2.38),
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(2.40) and the Lebesgue dominated convergence theorem, it is ascertained that
| nratyreax < [ hy)g(y) dy.
Q- Q+
Finally, by replacing h by —h, one can conclude that the equality in (2.36) holds.
(iv) If S is taken to be any admissible mapping, then
| osenrdx= [ o)at)dy
Q- Q+
Since {(x) + 7(S(x)) < c(x, S(x)), it is calculated that
| aareax+ [ oty
Q+
/ a(x)f(x) dx —|—/ V(S(x))f(x)dx
o-
< / c(x, S(x))f(x) dx;
o-

Jia, v]

that is,
Jla, v] < C[S]. (2.41)

By the proofs for the second and third item, one ascertains that equality holds in (2.41)
when S(x) = Tz(x). Thus, T is indeed optimal. =

With this proof, the link between Kantorovich's Dual Formulation and Monge's original

minimisation problem has now been rigorously demonstrated.

2.7 The Optimal Transportation Equation

At this stage, the relationship between potential functions of the Optimal Transportation
problem and elliptic partial differential equations is ready to be demonstrated. From this
point forward, the hat notation on potentials will be dropped, and it will be assumed that
any potentials represent a maximising pair of the Kantorovich Dual Functional.

Denoting (u,v) € K as a maximising pair of the Kantorovich Dual Functional, it is
recalled from the last section that the transportation map, 7, is defined as the mapping
that solves

Du(x) = cx(x, Tu(x)), (2.42)

for almost every x € Q. Similarly, there is a mapping T, such that for almost all y € QT,
one has that

Dv(y) = ¢,(Tv(y),¥).
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It is clear that T, has analogous results to the ones conveyed in Theorem 2.6.2. Given
(2.34), it is readily deduced that

Tu(x) =y — T (y) = x,

thus, T, and T, are inverse mappings of one another.

Given that

u(x) = c(x, Tu(x)) = v(Tu(x)),
u(x) <clx.y)=vly), ¥y #Tulx), VxeQ,

one observes that if u € C?(Q7), then
D?u(x) < cux(x, Tu(x)), ¥xeQ, (2.43)

where [cxx] is the Hessian matrix with respect to the x-variable. Similarly, if v € C3(Q7),
then

D?v(x) < ¢y (Ty(¥).y), VyeQ'.

Next, differentiating (2.42) yields
D?u(x) = cxx(x, Tu(x)) + D3, c - DTy,
which subsequently leads to

Det [cex(x, Tu(x)) — D2u(x)] = Det [—cxy (x, Ty(x))] Det [DT,(x)]
f(x)

9(Tu(x))’

Given (2.43), one has that the above equation is degenerate elliptic for c-concave functions.

= |Det [cxy (X, Tu(x))]| xeQ . (2.44a)

Moreover, for the Optimal Transportation Problem, one has a natural boundary condition:

T,(Q7) =", (2.44b)

Remark: The boundary condition (2.44b) is also sometimes referred to as a boundary con-
dition of second type for the associated equation (2.44a). This term was originally coined
by Pogorelov in [Pog64].

Analogously, for v it is ascertained that

D*v(y) = ¢y (Tu(y).y) + D3 c - DTy,
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which subsequently yields

9(y)
Det [ny(Tv(y),y) — D2Vj| = |Det [—ny(TV(y>,y)]| m, y € Q+, (2458)
v
with the corresponding boundary condition
T,(QT) =Q". (2.45b)

Equations (2.44a) and (2.45a) are commonly referred to as the Optimal Transportation
Equations. They are Monge-Ampeére-type equations that are degenerate elliptic for u, v
being c-concave, c*-concave respectively. It is a trivial observation that both the Optimal
Transportation Equations are of the exact same structure and type. Thus, the Optimal
Transportation Equations will often be referred to in the singular without loss of clarity.

The Optimal Transportation Equation and its associated natural boundary condition are
the basis for the studies under-taken in this thesis. In Part Il, global regularity results will
be presented for a class of Hessian equations closely related to the Optimal Transportation
Equation. This is then followed by a study on the regularity of solutions to the Optimal
Transportation Equation for various cost-functions that are dependent on the Riemannian
metrics corresponding to round spheres.

Remark: /n Chapter 6, equations related to

Det [D?u — DZc(-, Ty)] = |Det [DZ,c(-, Tu)]| inQ~, (2.46a)

_f
9(Ty)’
T,(Q7)=Q", (2.46b)

will actually be the structures used to analogise the theory of the Optimal Transportation
Equation to a new class of modified-Hessian equations. In the case of (2.46a)—(2.46b), u
being c-convex will ensure that (2.46a) is degenerate elliptic. In reality, such a u corresponds

to a minimiser of the Kantorovich Dual Functional over the set
K ={(uv):uve COMR™, u(x) +v(y) > c(x,y), x,y € R"}.

The theory of such potentials is exactly analogous to what has already been presented. While
considering maximiser to the Kantorovich Dual Functional is more insightful with regard to
solving Monge'’s original problem, it is becoming standardised in the literature to consider
the convention embodied in (2.46a), as it is easier to associate with the classical notions of
elliptic equations, with [D?u] > 0 being a common criterion for ellipticity. As this essentially
amounts to nothing more than a sign change in the analysis surrounding this subject, this

convention of analysing c-convex functions will also be adopted in this thesis.
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In Chapter 7, the notational convention will switch back to the one depicted in (2.44a)—
(2.44b); as most of the literature pertaining to explicit verification of the (A3) condition
already use this convention. This is done with the intention of making comparative studies

between this thesis and other works a less cumbersome endeavour.

2.8 Regularity Results

In this final section of the chapter, theorems that represent the current state-of-the-art in
regularity theory for solutions of the Optimal Transportation Equation will be stated. As
already indicated, these results are tantamount to regularity theories for potentials that
minimise the Kantorovich Dual Functional.

2.8.1 Global Regularity

The first theorem is the global regularity result of Trudinger and Wang published in [TWO06]:

Theorem 2.8.1 (Global Regularity [TW06]): Let c be a cost-function satisfying (A1), (A2)
and (A3w) and let Q= and QF be bounded C> domains which are respectively uniformly
c, c*-convex with respect to one another. If these two assumptions hold and the densities
f.g € C®(Q),C®(QT) respectively are both positive, then there exists an a.e. unique
optimal diffeomorphism T, € [C>®(Q7)]", where u € C>®(Q~) is an elliptic solution of
the Optimal Transportation Equation (2.46a) satisfying the secondary boundary condition
(2.46b).

This is the theorem that will be analogised in Chapter 6 to a new class of modified-Hessian
equations.

Remark: In regards to Theorem 2.8.1, one only needs c € C31, f, g € CL1(Q~), CL1(QF)
respectively and Q~, Qt € C31 to ensure that T, € [C>*(Q7)]", YVa < 1.

2.8.2 Interior Regularity

Finally, the current interior classical and partial regularity results for the Optimal Trans-
portation Equation will be reviewed. The theorem of classical interior regularity was the
main result in [MTWAO05], but the interior estimate used in the proof contained a gap in the
comparison argument used therein. This situation was remedied with the preliminary analysis
recently presented in [TWar|. Thus, as a result of both of these papers, one has the following
theorem:
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Theorem 2.8.2 (Classical Interior Regularity [MTWO05, TWar]): Let c € C* be a cost-
function satisfying (A1), (A2) and (A3). If QF is c*-convex with respect to Q= with
f,g € C®(Q™), C®(QF) respectively both positive, then there exists an a.e. unique opti-
mal mapping T, € [C®(Q7)]", where u € C>®(Q~) is an elliptic solution of the Optimal
Transportation Equation (2.46a).

Remark: Again, the assumptions in Theorem 2.8.1 may be relaxed to only needing ¢ € C31,
f.ge CLL(Q), CLY(QF) respectively to ensure that T, € [C2*(Q7)]", Va < 1.

In addition to classical interior regularity, an interesting partial interior regularity result

was recently proven by Loeper in [Loe05]:

Theorem 2.8.3 (Partial Interior Regularity [Loe05]): Taking the cost-function ¢ and the
domains Q= and Q% under the assumptions of Theorem 2.8.2, if one has that f € LP(Q™)
for p > n andinf g > 0, then there exists an a.e. unique optimal mapping T, € [C%%(Q7)]"
for some a > 0, where u € C1*(Q~) is an elliptic solution of the Optimal Transportation
Equation (2.46a).

The latest in partial regularity is another result of Trudinger and Wang, which was first
presented in [TWar]:

Theorem 2.8.4 (Interior C! Regularity [TWar]): If QF is c-convex with respect to Q~
and the cost-function c satisfies (A1)—(A3), then the potentials u and v are fully c-concave.
Moreover, if the densities f, g, together with their reciprocals are bounded, then g is strictly
c-concave and u is Ct smooth, where u is an elliptic solution of the Optimal Transportation
Equation (2.46a).

Remark: By approximation and the uniqueness of potential functions (when f,g > 0), the
boundedness conditions in Theorem 2.8.4 can be weakened to 0 < gOLT < C. From the C*
smoothness of u, it follows that the optimal mapping T is continuous and is a homeomorphism
if both Q= and QT are c-convex relative to each other. In addition, if f and g are Ct'% then

T is a diffeomorphism by the analysis presented in [MTWO05].

These last three results show the important role played by the (A3) condition in deter-
mining the regularity of Optimal Transportation Maps, and it will be the focus of Chapter 7
to verify this condition for general costs that depend on Riemannian metrics corresponding

to round spheres.
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3.1 Introduction

In this chapter, an analogy of the result stated in Theorem 2.8.1 will be proven for a class
of modified-Hessian equations. These modified-Hessian equations are similar to the Optimal
Transportation Equation presented in (2.46a) and satisfy the same kind of boundary condi-
tion as the one stated in (2.46b). Specifically, it will be shown that solutions to this class
of equations are globally smooth, using the method of continuity. This, in turn, requires
that various a priori estimates be made on admissible solutions of these modified-Hessian
equations. These a priori estimates represent the majority of the new research presented in
this chapter, as the actual application of the method of continuity will follow the procedure
already presented in [TWO06].
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While the general methods used to make the following a priori estimates follow the
classical ideas of Pogorelov (see [Pog64, GTO1]), the forth-coming calculations are a result
of adapting the ideas presented in [TWO06] to the aforementioned modified-Hessian equations.
This adaptation requires new ideas and estimates influenced by those put forth in both [Urb01]
and [SUWO04], with a few key modifications that accommodate the particular nature of the
presently-considered set of non-linear partial differential operators. This will be explained in

more detail within the following sections.

3.2 A Class of Modified-Hessian Equations

To begin, a new class of modified-Hessian equations that are closely related to the Optimal
Transportation Equation will be presented; it is this class of equations that will be the focus
of the research contained in this chapter. The equations thus considered, have the general

form
F[D?u—A(-,u,Du)] =B(-,u), inQ", (3.1a)

where A is a given n X n matrix-valued function and B is a given scalar-valued function,
defined on Q= x R x R” and 2~ x R respectively. Associated with (3.1a) is the boundary

condition
T,(Q7) =QF, (3.1b)

which (as one may recall from Section 2.7) is often called a natural boundary condition. The
exact conditions on A, B, T,, Q= and QT will be stated in the following sections, after some
notational conventions and definitions are presented to convey the specific form of F.

3.2.1 The Structure of F

First, the left-hand side of (3.1a) can be represented as
(A, ..., An) = F [D?u—A(-,u,Du)], inQ", (3.2)

where f is a suitably-defined (detailed below), symmetric function of A;, which are the eigen-
values of the modified-Hessian matrix: [D?u — A( -, u, Du)].

In order to start formulating a regularity theory for solutions solving (3.1a), some condi-
tions need to be placed on f (in addition to being a symmetric function), as it is denoted in

(3.2). To do this, the following set definitions are required:
F=r(f)={n:0<f(N)}, (3.3a)

“=r*(f):={xer(f): f(\)is concave}, (3.3b)
Ny o = Tpn (F) = AN ET(F) 2 1 < F(X) < o}, (3.3¢)
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for any given w1 and wy such that 0 < w1 < wp. The relevance of these sets will now be

made clear.

Given definition (3.3b), it is assumed that f € C2(/*) N CO(I*) is a symmetric function
such that ™ C R” is an open, convex, symmetric domain, with 0 € 0" and having the

property that ™ + [ C I, where [ is the positive cone in R”. It will be assumed that f

satisfies the following hypotheses:

and

f>0inl*, f=0o0nodlr", (3.4a)
f is concave in ¥, (3.4b)
Z fi > 00 on [y u,(F), (3.4¢)
i
D fixi = 01 0n My, (F), (3.4d)
i

where 0g, 01 are positive constants depending on w1 and o, where 0 < 1 < wo.

Before moving on, some relevant remarks based on the ones made in [SUWO04] are now

conveyed.

Remarks 3.2.1:

(1)

(2)

It is clear that (3.4a) and (3.4b) are a trivial consequence from definition of *(f).
These two conditions together imply the degenerate ellipticity condition:
_of

fi_@)\,-zo' inl™ fori=1,..., n.

This combined with the concavity assumption on f subsequently implies that F [D2u
—A(-,u,Du)] is a concave function of D?u — A(-, u, Du), which is required to apply
the C>% estimates of Lieberman and Trudinger presented in [LT86].

*(f) enables the definition of an admissible solution to be made corresponding to
(3.1a). That is, a solution u € C?(27) is admissible if

D?u— A(-,u,Du) € T*(f), in Q. (3.5)

It is clear that (3.5) combined with an assumption that B(x,u) > 0, ensures that
(3.1a) is elliptic with respect to a solution u € C2(27). In this context, ellipticity and
admissibility of functions are indeed equivalent and will be used interchangeably for the
remainder of this thesis. Moreover, a solution to (3.1a) is admissible if and only if
it is a viscosity solution (see [Tru90]). Indeed, one may substitute the term viscosity
solution for admissible solution anywhere in this thesis and vice-versa. It is through
this equivalence that the notion of viscosity solutions will be understood for the rest

of the forth-coming exposition.
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(3)

(4)

Assuming (3.4a) and (3.4b) to be true, conditions (3.4c) and (3.4d) can be shown to
be equivalent to other criterion. For instance, if

f(t,..., t) = o0, ast— oo, (3.6)
then from the concavity of f and the fact that 0 <), fi\;, it is readily calculated that

F(t .. )P+ D fi-(E=X) < F)+ D F. (3.7)

From this, (3.4c) follows on any Iy ,,(f) taking t large enough. Indeed, (3.4c) and
(3.6) are equivalent. Moreover, recalling (3.4a) and 0 € 8", (3.7) indicates that

D X < ) < w2, (3.8)

on o u,(f) when taking t = 0. Similarly, if for any w1 and u> with 0 < u1 < uo, there
is a constant 6 = 6(u1, wo) such that

O+ f(N) < F(2N), VXNE My . (3.9)
then the concavity of f can once again be used to directly show

F2X) < FON) + D fidi.

This subsequently implies (3.4c) with oo = 0. It is clear that (3.9) is satisfied with
0 = (2% — 1)u1 if f is homogeneous of degree o € (0, 1].

The main examples of functions f satisfying (3.4a)—(3.4d) are those corresponding to

= 0= Y (T (3.10)

1<in<--<ik<n \m=p

and the quotients oy, 1 < --- < | < k <--- < n, for which it is denoted that

1/(k=1)
Sk(>\)> _ (3.11)

f()\) =0k, ‘= <5/(>\)

With the specific form of both (3.10) and (3.11), it is readily observed that [*(f) =
[(f) in both these cases. As ['(Sx) C I'(S)) for | < k, '*(f) = I'(f) = '(Sk)
holds when f is either Si/ K or ok fFor these examples, the concavity condition
(3.4¢) is verified in [CNS88, Tru90, Urb01]; and (3.4d) is clear from the argument
presented in Remark 3.2.1(2), as both (3.10) and (3.11) depict functions which are
both homogeneous of degree 1. Lastly, the degenerate ellipticity condition in (3.6) is
strengthened to a strict ellipticity condition of

fi>0, inl, fori=1,..., n, (3.12)
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in the case where f is defined by either (3.10) or (3.11).

(5) Conditions (3.4a)—(3.4d) combined with (3.12) are essentially the ones used in [Urb01]
to prove the existence of smooth solutions to a class of Hessian equations closely related
to (3.1a), satisfying a simpler version of the natural boundary condition depicted in
(3.1b).

At this stage, Si/k and oy represent the two prime candidates for f, for which the
existence of globally-smooth solutions may be able to be proven. Next, the structure from
the Optimal Transportation Problem will be used to ascertain criterion on both A(-, u, Du)
and T, that will subsequently further reduce the possible forms of F.

3.2.2 Conditions from Optimal Transportation

From here, reasonable criterion need to be placed on A(-, u, Du), B(-,u) in (3.1a) and T,
in (3.1b), if any headway is to be made in proving a global regularity result. The regular-
ity theory presented regarding solution to the Optimal Transportation Problem in the last
chapters gives strong indication that A( -, u, Du) and T, need to satisfy certain relations to
guarantee that globally smooth solutions to (3.1a) exist, given the forms of f depicted in
(3.10) and (3.11).

The calculations in [TWO06] that will be analogised here, essentially require that both
A(-,u, Du) and T, satisfy conditions laid down by Optimal Transportation theory in order to
make the necessary obliqueness estimate, which is subsequently required to apply the theory
presented in [LT86] to make a C2 3 priori estimate. The research in this chapter also
requires this structure for the same reasons, in addition to being necessary to make a C°

estimate in Subsection 3.5.2.

As with the Optimal Transportation Problem, associated with the class of modified-
Hessian equations depicted in (3.1a) will be a cost-function:

c: QO xQF >R

assumed to satisfy conditions (A1), (A2) and (A3w) as defined in Section 2.4. With this,
T, is defined as solving
Du = Dyc(-,T,), inQ, (3.13)

with A(-, u, Du) defined as
A(-,u, Du) = D2c(-,T,), inQ". (3.14)

Thus, (2.26) indicates that the (A3w) condition in the current situation can be represented

as
D;%/pkA(Xv u, Du) = Dpp,cij(x, y)&i§mem = 0. (3.15)



3.2 A Class of Modified-Hessian Equations 37

It is important to recall that the notational convention stated in the remark at the end of
Section 2.7 dictates that the inequality in (3.15) be reversed from the one in (2.26). The
structure of T, and A( -, u, Du) embodied in (3.13) and (3.14) respectively, will be assumed
along with c¢ satisfying (A1), (A2) and (A3w) for the rest of this chapter, unless otherwise
indicated.

Remark: Since admissible solutions of (3.22a)—(3.22b) must be c-convex, it is readily ver-
ified that Loeper’s counter-example in [Loe05] is also valid in the case of the Quotient
Transportation Equation. This (combined with the role played by the (A3w) condition in the
C? estimate reduction to the boundary in Subsection 3.5.3) indicates that the (A3w) con-
dition is both necessary and sufficient for the existence of globally smooth solutions solving
the Quotient Transportation Equation.

In the forthcoming obliqueness estimate, the local invertability of the matrix [D%u —
D2c(-,T,)] will be of central importance to the calculations presented therein. As this
invertability is tantamount to

Det [D?u— D2c(-,Ty)] >0, inQ, (3.16)

it is required that *(f) be contained in the cone defined by (3.16). Subsequently, the only
functions in (3.10) or (3.11) that have this property are o, for I < n. In fact, by Remark
3.2.1(3) in Subsection 3.2.1, [*(o,,) is equivalent to the cone defined by (3.16), when
considering (3.13) and (3.14) applied to (3.1a).

Along with specifying the forms of A(-,uDu) and T,, conditions need to be placed
on Q™ and Q% in order to make the forthcoming obliqueness and boundary C? estimates.
Again, the necessity of these conditions mirrors that of the Optimal Transportation Equation.
Specifically, it is required that Q= and QT both be bounded and C#%; with Q—, QF being
uniformly c-convex, c*-convex (respectively) relative to each other (recalling the definitions
in Section 2.5). This notion of Q™ being uniformly c-convex relative to Q% is explicitly stated
as 0Q~ € C? with a positive constant d, such that

[Diy(x) — c/'kc,-jv,(x, V)V(X)]TiTi > 05, Vx€O0QT,y € QF, (3.17)

where T is a unit tangent vector of 02~ at x with the outer unit normal y. An analogous
representation holds for QT being c*-convex relative to Q. This notion of Q~, QT being
c-convex, c*-convex (respectively) relative to one another plays a key role in the forthcoming

obliqueness estimate in Subsection 3.5.1.

3.2.3 Conditions on Inhomogeneity

Next, conditions on the inhomogeneity of (3.1a) will be presented. These conditions mir-

ror those stated in [Urb01] for classes of Hessian equations satisfying a natural boundary
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condition. In order to ensure uniform ellipticity of (3.1a), it is required that
B(x,z) >0, xe€Q ,zeR. (3.18)
In addition, it will also be assumed for all x € 2~ that

B(x,z) — o0, asz— oo,

B(x,z) — 0, asz— —oo0, (3.19)

which will be necessary for making the C° solution estimate in Subsection 3.5.2. Lastly,
in order to apply the method of continuity, unique solvability of the linearised problem is

required, which requires that

B;(x,z) >0, x€Q ,z€R. (3.20)
This condition may be relaxed to the following:

B;(x,z) >0, xe€Q ,zeR, (3.20w)

via the application of the Leray-Schauder theorem [GTO01, Theorem 11.6] (as done in
[Urb95]), at the expense of uniqueness of an admissible solution. This procedure will be
reviewed in Subsection 3.6.1.

Remarks:

(1) If (3.18) is relaxed to merely requiring that B( -, u) be non-negative rather than posi-
tive, the eigenvalues of the modified-Hessian matrix may not lie in a compact subset of
[*(f), even if D?u is bounded. Thus, it is not possible to deduce the uniform ellipticity
of (3.1a) in this scenario.

(2) (3.20w) is also required in the boundary C? estimate.

(3) In general, B(x,z) can not be allowed to have a dependence on Du for the case
where f = o, . In [Urb95, Section 6], Urbas constructs an example where a solution
corresponding to o, with B having a Du dependence has its second derivatives blowing
up at the boundary in the two dimensional case; this example can be readily adapted
to the current class of modified-Hessian equations with f = o, . Theoretically, in the
general case, such a dependence prohibits the existence of barriers which are required
for boundary gradients estimates subsequently used in the forth-coming obliqueness
and boundary C? estimates. This restriction is again reflected in [Urb01] for a class of
Hessian equations for the same reason. However, it is possible to have B dependent
on Du if the minimum eigenvalue of the second fundamental form of 02~ is large
enough for all x € 0S2~. In this scenario, it is possible to construct barriers for the
subsequent boundary gradient estimates; this is remarked upon in Subsection 3.5.1. In

addition to this, B also needs to be convex in its gradient argument in order for the C?
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estimate in Subsection 3.5.3 to be applied; this will also be remarked upon further in
that subsection. As B having any dependence on Du introduces a dependence between

B and Q2—, it is not a valid criterion for a general result.

3.2.4 A Barrier Condition

If Ais only assumed to satisfy the weak (A3w) condition, then a technical barrier condition
is also needed to make the global C2 a priori estimates in Subsection 3.5.3. Indeed, if A is
such that the strong (A3) criterion holds, then no such extraneous condition will be needed;
this is discussed in Remark 3.5.5 at the end of Subsection 3.5.3.

Taking A as in (3.1a), it will be assumed that there exists a function ¢ € C2(Q-)
satisfying
[Dij(x) — Dp, Ajj(x, z, p) - Dkd(x))&&; = 6[¢[? (3.21)

for some positive § > 0 and for all € € R”, (x, z, p) € U € Q= xRxR", with projo-(U) = Q.

This condition places a relatively minor restriction on 2~ when A is assumed to satisfy
the (A3w) condition. In [MTWO05], this condition was needed in order to make the global
C? estimates for the Optimal Transportation Equation; but it was stated in that paper that
this condition was removable via a duality argument. For the currently considered class of
modified-Hessian equations, no such duality exists; thus, (3.21) must be kept as a separate

condition in order to make the following calculations go through.

3.2.5 The Quotient Transportation Equation

With the preceding justification regarding the form of F, A(-, u, Du) and T, along with the
hypotheses placed on B( -, u), attention will now be focused on the following set of boundary

value problems:

<?>nl [D2u— Dic(.,Tu)] =B(-,u), in%, (3.222)
/

T.(Q7)=Q", (3.22b)
where T, is defined by (3.13); ¢ satisfies conditions (A1), (A2) and (A3w); B( -, u) satisfies
(3.18)—(3.20); and both Q= and Q* are bounded and C* with Q~, QF c-convex, c*-convex

(respectively) relative to each other. (3.22a)—(3.22b) will be referred to as the Quotient
Transportation Equation for the rest of this thesis.

3.3 Main Results

We now are able to state the main results of this thesis.
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Theorem 3.3.1: Let c be a cost-function satisfying hypotheses (A1) and (A2) with two
bounded C* domains Q~, Q" C R" both uniformly c-convex, c*-convex (respectively) with

respect to each other, in addition to either

e the barrier condition stated in Subsection 3.2.4 holding for ¢ and Q~, with c satisfying
the weak (A3w) condition or

e C satisfying the strong (A3) condition.

If B is a strictly positive function in C>(Q~ x R) satisfying (3.19) and (3.20w) with T,
defined by (3.13), then any elliptic solution u € C3(Q~) of the second boundary value
problem (3.22a)—(3.22b) satisfies the a priori estimate

|D?u| < C, (3.23)
where C depends on ¢, B,2~, Q% and supq- |ul.

From the theory of linear elliptic equations, higher regularity automatically follows from
better regularity on ¢, 2~, Q1 and B. For example, if ¢, Q~, QT and B are all C*, then
one has that u € C®(Q™).

Remark: The dependence of the estimate (3.23) on supq- |u| may be removed if B is

independent of u.

As a consequence of Theorem 3.3.1, the method of continuity of continuity will be applied

in Section 3.6 to prove the existence of classical solutions of (3.22a)—(3.22b).

Theorem 3.3.2: /fthe hypotheses in Theorem 3.3.1 hold, then there exists an elliptic solution
u € C3(Q~) of the second boundary value problem (3.22a), (3.22b). If, in addition, (3.20)

is satisfied, then the elliptic solution is unique.

The plan for the proof of Theorem 3.3.2 is as follows. First, some technical results and
inequalities from other works will be reviewed in Section 3.4. From there, various solution
estimates will be proven in Section 3.5. The first such estimate will be the obliqueness es-
timate proven in Subsection 3.5.1. This calculation will show that the boundary condition
(3.22b) with T, defined by (3.13), where the cost-function is assumed to satisfy (Al) and
(A2), is strictly oblique for functions u where [DT,] is non-singular. In this obliqueness es-
timate, the convexity assumptions on both Q= and QT, play a critical role. This particular
estimates differs from the one in [TW06], as calculations are made without the use of a dual
formulation of (3.22a)—(3.22b). Instead, the property of T, being a local diffeomorphism is

exploited to make the argument go through.
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Following the obliqueness estimate, C® bounds for solutions to (3.22a) are then derived in
Subsection 3.5.2. This calculation mimics the corresponding estimate in [Urb01] but with a
new analogy of a parabolic subsolution discovered in [TWO06]. Without this newly-discovered

function, it would not be possible to prove the CO estimate using the current methods.

In Subsection 3.5.3, it is proven that second derivatives of solutions of (3.1a) can be es-
timated in terms of their boundary values, if A(-, u, Du) obeys the (A3w) condition (3.15).
Again, this estimation deviates from the corresponding calculation in [TWO06], as the case
when f = o, requires the use of specific technical inequalities in order to bound the second
derivatives in terms of boundary values. This particular argument is carried out for general,
symmetric A(-, u, Du) satisfying the (A3w) condition and not necessarily having the spe-
cific form dictated by (3.14). Finally, in Subsection 3.5.4, the boundary estimate for second
derivatives is proven in a similar manner to [TWO06]; but a key lemma from [Urb01] is needed
to make the estimation go through. This directly leads to the global second derivative bounds
stated in Theorem 3.3.1.

Following these a priori estimates, the method of continuity is applied in Section 3.6 to
ascertain the first part of the result in Theorem 3.3.1, regarding the existence of globally
smooth solutions uniquely solving (3.22a)—(3.22b). The application of the method of con-
tinuity follows the procedure in [TWO06]; but instead of simply integrating the equation to
get solution bounds, the CO estimate from Subsection 3.5.2 is used instead. From there,
the Leray-Schauder fixed point theorem is then applied to prove existence of globally smooth

(albeit not necessarily unique) solutions when one only has B, (-, u) > 0in Q.

The final section of the chapter discusses possible directions in research under which to

proceed from the current set of results.

3.4 Preliminary Lemmas

In this section, some technical relations and inequalities will be recalled from other works

that will be subsequently used in the a priori estimates presented in the next section.

To gain the scope of generality of these lemmas, the following notation will be assumed.
Given an arbitrary F : R™" — R, f : R" — R will be defined by

f(X1, ..., An) == F[M],

where M is an arbitrary nx n matrix having Ay, ..., An as its eigenvalues. In addition to this,
derivatives on F will be denoted by

and  FUK .= O°F

Fi -— = —
8/\/’,‘] BM,jaMk/’
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with derivatives on f correspondingly written as

of 0%f
d fi;.=5 = —.
O\ an " Ain; ONON;

fii=1, =
Lastly, in the literature, the trace of the operator F is frequently denoted by

T=T(F)=F"=>f.

With this notation and that from Section 3.2, it is now possible to state the supporting
lemmas that will be used in the forthcoming a priori estimates.

This first lemma states a technical relation that will be used in the calculations of the C2
estimate reduction to the boundary. This lemma is proven in [Ger96]; but this proof will not
be recalled here as it does not aid in the understanding of the a priori estimates in Section
3.5.

Lemma 3.4.1: For any n x n symmetric matrix = = [=;;], one has that that

—ij=kl = Ay . —ii—jj + VA
. O\ oIy

(3.24)

The second term on the right-hand side is non-positive if f is concave, and is interpreted as
a limit if \j = \;.

Remark: Lemma 3.4.1 was also used in [SUW04] to make a C? a priori estimate similar to
the one presented in Subsection 3.5.3.

The following lemma is due to Urbas (see [UrbO1]); and while the statement of this
lemma will be used in the boundary C? estimate of Subsection 3.5.4, the proof itself contains
some valuable technical relations that will subsequently be used in various locations within

the forthcoming a priori estimates.

Lemma 3.4.2 [Urb01]: /f f = o with | € {1,..., n — 1}, then there exists a positive
constant C(€) such that

DA < (Cle)+eA)D fin on Muyu(F), (3.25)
i i
for any € > 0 and 0 < u1 < wo, with C(€) depending only on 1,2 and €.

Proof. Denoting

OS5k (X
Sk-1i(A) 1= SN _ = 8k>\(' ),
i— i
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it is calculated that

1
1 Sn e Snfl;i Snslfl;i
am(s) ). (29

Next, it is readily observed that

> Ski(N) = (1= k)Sk(N), (327)
i
fork=0,..., n. Summing (3.26) across i and applying (3.27) yields
1
1 S\ (ShaS — (n—14+1)S,51
i (3)T (et e
Next, using the fact that

Sk(A) = Sk—1.;(MN; + Sk:i(X) foreach i =1, ..., n, (3.29)

along with (3.27), it is deduced that
D SkeniA =0 Se(A) = 3 Ski(V)
| = k- Sk(N). | (3.30)
On the other hand, (3.29) can also be used to show that
DSk niAT =D Sk = Y Sk
i i i
= 51(N)Sk(A) = (k+ 1) Sk (N),

where Sk 1(\) is defined to be zero if k = n and (3.30) has subsequently been used to
produce the second equality. Using this with (3.27) and summing, it is next calculated that

LSy S ()
2= () e 531

In the special case where /| = n—1, (3.31) reduces to

_ (S N

which completes the proof for the case when / = n — 1.

To proceed further, the Newton inequality is next recalled:

Sk(A) Si—1(A) _ Sk—1(A) Si(N)

R Vi) B VY I I
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which is valid for any 1 </ < k < n and any X € [} (see [Mit70, Section 2.15]). Taking

k = n, Newton’'s inequality yields
/
(n =1+ 1)5a(A)S-1(A) < —Sp-1(A)Si(A);

and therefore, from (3.28) it is ascertained that

1 /Sa(M)\ 77 Sa1(N) 1 /ST Spa(N)
n <5/(>\)> Sn(N) - Zfi < n—| (5/0\)) SO (3.32)

Given (3.31), (3.32) and the fact that S,(X\)/S;(\) is bounded between two positive
constants, the following inequality now follows:

Si+1(N) < > fixz <c Sit1(N)

o5, S f SCs, 00

(3.33)

for some positive constants C; and Co. The ratio S;41(X)/Sp—1(X) is trivially bounded if
| = n— 2, so the lemma holds in this case as well.

Now, the remaining cases are considered, which (in light of (3.33)) entail bounding
the quantity S;+1(M\)/Sp—1(X) from above. Without loss of generality, it is assumed that
A=A, ..., An) with A; > --- > X,,. Since all \; are positive, it is seen that

K K
TN <s) <a ]
=1 i=1

forj=1,..., n and some positive constants C;. Therefore, one now has the following:
SN [T Si(N)
< Co== <C MNtidn < Codjp1hp. 3.34

Next, it is calculated that

n
S
+1 o 2n }
Gattsa [ nsgo<c
i=I+1
and hence,
A < C. (3.35)

Now, an arbitrary € > 0 is chosen. If A\j;1 < €\q, then by (3.34) and (3.35)

Siy1(N)
Sp—1(N)

< Chiy1 < Cerr. (3.36)
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If \jr1 > €A1, two cases require consideration. First, if A, < €, then by (3.34), it is

ascertained that
Si+1(N)

< Cex < CeNq, 3.37
S5 < Cedr < Cen (3.37)

while if A, > €, then

n
S

Coe™"In < C i< 22N < G
0€ 1 < 1'H>\_5l()\)_C2

i=l+1

Thus, one has the following relation:
C
M S ST

Since S,(A\)/S;(N) is assumed to be bounded between two positive constants, and S,/S; = 0
on Oy, a positive lower bound is now implied:

C(e) < .

It then follows that
Sir1(N)

Sn—1(>\)
By applying (3.36),(3.37) and (3.38) to (3.33) and replacing € by €/C for a suitably large
constant C, it is finally derived that

< C(e). (3.38)

DA S (Cle) +elA) )

for any € > 0 as required. O

Remark: The proof of Lemma 3.4.2 comes straight from [Urb01]. As mentioned before,
this particular exposition of proof has been recalled here, as it depicts key calculations and
technical relations that will subsequently be of use in the forthcoming a priori estimates.

3.5 Solution Estimates

In this section, various a priori estimates to elliptic solutions of (3.22a), (3.22b) will be
presented. These estimates will subsequently be used to prove (via the method of continuity)

the existence of globally smooth solutions to the Quotient Transportation Equation.

3.5.1 Obliqueness Estimate

In this section, it will be proven that the boundary condition (3.22b) implies a strict oblique
boundary condition. This estimate will subsequently be used in the continuity estimate in
Subsection 3.5.2, the boundary C? estimate in Subsection 3.5.4, in addition to justifying the
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use of the results from [LT86] that yield C>% estimates from the forthcoming C? a priori
bound.

To begin, a boundary condition of the form
G(-,u,Du)y=0, on 00, (3.39)
for a second order partial differential equation in a domain 27 is called oblique if
Gp-v>0

for all (x,z,p) € 02~ x R x R", where <y denotes the unit outer normal to 02~

Next, it is assumed that ¢~ and ¢ are C? defining functions for Q~ and Q7 respectively;
with ¢—, ¢+t < 0 near 8Q~,0Q" respectively; ¢~ = 0 on 8Q~, ¢T = 0 on 8QT; and
Vo, Vo™ # 0 near 9Q~,00QT respectively. A possible case for these assumptions is depicted
in Figure 3.1 below. Ifu € CQ(F) is an elliptic solution of the second boundary value problem
(3.22a)—(3.22b), then the following relations hold:

¢pToT,=00nQ", ¢"oT, <0 near 0Q".
By tangential differentiation, it is ascertained that

¢ (DT =0, (3.40)

Rn

Figure 3.1: Visualisation of obliqueness estimate setup

for all unit tangent vectors 7. Note that the subscript on T, has been dropped without loss
of clarity. From (3.40), it follows that

o5 (DiTH) = xvi,
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for some x > 0 and «y is again an outer, unit normal of 9Q~. Consequently, one has that

o wir = xvi, (3.41)

where

Wij = Ujj — Cjj.

The relation in (3.41) is geometrically depicted in Figure 3.1.

At this point, it is observed that x > 0 on 8~ since [V¢™| # 0 on 8Q~ and det DT # 0,
which is subsequently implied by the ellipticity of v and the (A2) condition. Moreover, since

u is assumed to be an elliptic solution to (3.22a), it is observed that
oy = xw oy, (3.42)
where [w”] denotes the inverse matrix of [w;;]. Upon writing
G(x,p):=¢ToY(x,p), (3.43)
one has from the (A1) condition that

Bk == Gp (-, Du) = ¢+Dpkyi

which subsequently indicates that

B -y = xwyy
>0 (3.44)

on 0Q~. On the other hand, from (3.42), it is calculated that

» L
o " wikd, " = x¢ 'y

=x(B ). (3.45)
Eliminating x from (3.44) and (3.45), yields
(B = Wy (wic® ot dl). (3.46)

(3.46) is referred to as a formula of Urbas type, as it was proven in [Urb97] for the Monge-

Ampere equation with a natural boundary condition.

Remark: /n the above calculations, the fact that wj; is invertable has been used, and this is

a consequence of u being an elliptic solution of (3.22a) and c satisfying the (A2) condition.
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It is this invertability that requires the equations under consideration to have an Optimal
Transportation structure combined with a structure that automatically implies that elliptic

solutions are c-convex.

Now, -y needs to be estimated from below. This calculation mimics the one in [TW06]
and [Urb97] for the Monge-Ampére equation, but with a modification to avoid the use of
a dual formulation to (3.22a). These calculations start with estimating the double normal
derivatives of a solution to a Dirichlet problem related to (3.22a); this follows the key idea
from [Tru95]. Specifically, a point xg € 02~ is fixed, where 3 - vy is minimised for an elliptic
solution u € C3(Q~). From there a comparison argument is used to estimate vy - D((3 - 7y)
from above. Given that 3 - v does not have any assumed concavity criterion in the gradient
argument, the quantity itself needs to be modified so that a workable differential inequality

can be derived. Thus, the following auxiliary function is defined:

vi=B-v—k(¢pToT),

with a point xg on 8Q~ fixed, where 3 -« is minimised for an elliptic solution u € C3(Q")
for sufficiently large &, with the function ¢ now chosen so that

[Dyj(¢T o T) = ey y(+. T) - Di(@t o T)] &i&j > 64 1417 (3.47)

near 00—, V¢ € R” and some positive constant 68’. Inequality (3.47) is possible via the
uniform c*-convexity of Q% with respect to 2~ and taking ¢ to be of the form

¢ = a(d")? — bd™, (3.48)

where
d*(yo) = inf |y — 3.49
(vo) P ly — yol (3.49)

with a and b taken to be positive constants, [GT01, TWO06].

Remark: (3.48) represents only one particular example of ¢ that may be chosen that satisfy
(3.49). Indeed, there are several alternative barrier functions listed for convex domains in
[GTO1, Section 14.2]. (3.48) is a generalised construction of a barrier, in that only derivatives
up to second order of a barrier work into the subsequent boundary gradient estimates. As
a bound on the gradient is only needed at it's maximum point on the boundary, only a
neighbourhood of such a point is considered. In this neighbourhood, a diffeomorphic mapping
can be applied to straighten the boundary, to see that (3.48) indeed represents a second-
order Taylor expansion about the extremal point xp, along the inner-normal of the boundary
(see [Eva98] for examples of such calculations).

For clarity in the forthcoming calculations, the following definition is made:

H(x, p) := Gp(x, p) - v(x) — KG(x, p), (3.50)
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where G(x, p) is defined by (3.43); that is,
v(x) = H(x, Du(x)).
Calculating, it is seen that

D,‘V = D,‘H + (DpkH)Uk,'
Dijv = DjjH + (D; p, H)ukj + (Dj p H) tki + (Dp, H) Dy
+ (Dpep H) ki (3.51)

Next, taking F := o0,,, equation (3.22a) in the general form (3.1a) is differentiated to
ascertain that
F’J[Dku,-j — DkA,'j — (DP/A,‘J')U/k] == Bk + BZDkLI.

Introducing the linearised operator L:
Lv = FUID;v — (Dp, Aij) Div)]; (3.52)
and using (3.51) and (3.52) with some simple estimation, it is calculated that

Lv = FU[DUH + 2(Di,pkH)Ukj + (Dpkp/H)UkiUU - (DPkA’j)DkH]
+ (Dp,H)(Bx, + B;Dxu+ FYDyAj)
< FUuictj[DppH + k1] + FU1(Dip H)(Dj.p, H)Ski — (Dp, Aij) DicH]
+ (Dp, H)(Bx, + BzDyu + FIDA))
< FYuicujy[DpypyH + k] + C(F" +1). (3.53)

In the above estimation, the gradient bound on the solution u (which is implied by (3.13); the
boundedness of 2T, Q7; and the continuity of ¢) has been used. Now, using the formulaze

in (2.19), along with condition (A1) applied to (3.43), one now has the following:

_ + ki
Dpip,G = Dp, () c™")
= @ Rl — g sk

= ki), — ¢ " coul
Utilising the criterion for ¢ in (3.47), it is subsequently calculated that
[Dp,p, G(x, Du)IEi&; > 68 Y |cHg|?
i
> 6/ 1€ (3.54)

for a further positive constant 5{. Thus, by choosing k sufficiently large, one has

Dy H(x, Du)léity < — o rl€P
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holding true near 02~. Substituting this into (3.53) yields
1 y N
Lv < —ZK(S;(/FUU,';(UJ'/ +C(F"+1) (3.55)

where C is a constant depending on ¢, B, Q2—, Q" and k.

Before proceeding, a technicality in the above argument must be addressed. The calcu-
lations that lead to the inequality in (3.54) depend on the explicit structure of ¢*. Indeed,
unless ¢ extends to all of QT such that (3.47) holds for all T € QF, there is no control
near 0~ to validate (3.54) and thus (3.55). To get around this, one can simply modify the
definition of G in (3.50) by a function satisfying (3.54) in all of Q™ and agreeing with (3.43)
near 02~. One example of such a G (suggested in [TWO06]) is given by:

G(x,p) := pe (max{¢™ o Y(x,p), Co(lp]* = CD)})

where Cqo and C; are positive constants with Cqy sufficiently small and C; > max|Du| and
with € being sufficiently small with p. being a standard mollification.

A suitable barrier is now provided by the uniform c-convexity of 2~ which implies analo-

gously to the case of QT above, that there exists a defining function ¢~ for Q~ satisfying
[Di¢™ — " cijy(+, T)Drd™1€i&; > b4 €12, (3.56)
near Q. Specifically, ¢~ is defined in a similar manner to ¢* in (3.48):
¢ :=a(d™)? - bd", (3.57)

for some positive constants a and b. Given the elementary fact that D(d~) = —, the
definition above can be combined with (3.17) and the definition of £ in (3.52) to yield

- . 2a
~>F"6(b—2ad” )+ F!'——=D;¢p D;¢p", :
Lo~ = Foo(b—2ad") + F 20550167 Do (3.58)
in a sufficiently small neighbourhood of 827 ; that is,
Lo (x0) > F'6gb+ FP2ayy;. (3.59)

Now the fact that F'’ is bounded from below on [0, is recalled from (3.4c) and Remark
3.2.1(3). With this, (3.55) and (3.59) indicate that one can pick a and b in (3.57) such that

L™ > Lv,

in a small enough, fixed neighbourhood of 82~. From this, it is inferred by the standard
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barrier argument (see [GTO1, Chapter 14]) that
v-Dv(xo) <C,

where again C is a constant depending on ¢, 27, Q" and B. From (3.56) and since xp is a
minimum point of v on 827, it can be written that

Dv(xp) = Ty(x0) (3.60)
where 7 < C. Next, it is calculated that

Di(B - ) = Di[¢} ¥
= ¢, Di(T" My + ¢ M Dy + ¢ (/) + /DT
= ¢ M (Diyj — ¢ cijsve) + (91 — ¢ " cs ki) Uy DT

Multiplying by quct"' and summing over i, one subsequently has the inequality

¢/ Dj(B ) = i ¢f et (D — ¢ eijsr)
+ o Iy Twig (0 — dF ¢ cs k)

> 60 > |7 P, (3.61)
J

by virtue of the uniform c-convexity of Q™ the c*-convexity of Q* and (3.42). From (3.50)
and (3.60), it is derived that at xp that the following relation holds:

—KWk/Ci'ij'/Ci)frd?jr < C(B-v)— o,

for positive constants C and 7p. Hence if 8-y < 79/2C, one has the lower bound

wcHkcil gt gt > % (3.62)
At this point in the argument, a Legendre transform (or in the case of Optimal Trans-
portation a c-transform) would usually be invoked to derive a dual equation to (3.22a), with
the intention to bound W'j’Y,"YJ' at xp from below. In the current situation, such a dual for-
malism can not be explicitly constructed; indeed, the transformed Quotient Transportation
Equation would not have the same form as (3.22a)—(3.22b). Instead of doing this, (3.60) is
manipulated another way via the fact that T, is a local diffeomorphism (In fact, it's a global
diffeomorphism.).

At xp, (3.60) indicates that

ij ij
wYyiDjv = Twi;

< Cwiiyy. (3.63)
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Using (3.41) and following the same vein as the calculation done in (3.61), one calculates
that

wiyiDi(B - ) = X ¢f ' Di(¢f cyy)
= x"'of o) M (Diry — e ayse)
+ X Wiy (o — B o es )
> x 105 Y It P+ yic KL, — ¢ o)
J
> X705 D 10T P 485 Y e kP
j /
> 65 ) e <P, (3.64)
/

where ¢, and (55{ are the constants associated with he uniform c-convexity of 2= and the

c*-convexity of Q7 respectively.

Combining (3.63) with (3.64) and using the definition for v along with (3.45), it is

ascertained that

1 k.12 —1 Ik J,1
wiyiDjv > 68> ™! — xRy ¢ <R wg
/

=06 > Imc P = k(B 7).
I
at xp. Setting 7 =83 >,/ |7kc*'|? at xo, the above reduces to
+
. K
w7y = < B

T

Thus, if (8- 7) < 2, then it follows that

o

T

+
Uy > 0 )
W= 2 5C (3.65)

Remark: /n order to estimate cbfqﬁfc"'kcf"wk/, only the positivity of the second term of
the right-hand side of (3.61) (due to c*-convexity) was used. That is, the estimate for
¢7r¢fc"kcf"wk/ only depends on the value of 6, and not-necessarily uniform c*-convexity
of Q7. On the other hand, the estimate for WU’Y,"')’J' depends on 68“ and the not-necessarily

uniform c-convexity of Q.

Combining (3.46), (3.62) and (3.65), the uniform obliqueness estimate is thus derived:

Gp-y >4, (3.66)
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for some positive constant § which depends on ©2—, Q*, ¢ and B. This estimate is now

stated formally in the following result.

Theorem 3.5.1: Let ¢ € C3(R x R") be a cost-function satisfying conditions (A1) and
(A2) with respect to bounded C3 domains Q~, Q" € R”, which are respectively, uniformly c-
convex, c*-convex with respect to each other. In this case, if B(x, z) is a positive, bounded
function in C1(Q= x R") and T, a mapping satisfying (3.13), then any elliptic solution
u € C3(Q~) of the second boundary value problem (3.22a)—(3.22b) satisfies the obliqueness
estimate (3.66).

Remarks 3.5.2:

(1) The key difference in this obliqueness proof is that a dual formulation to (3.22a) is not
used anywhere in the estimate. Instead, the fact that T, is a local diffeomorphism is
exploited to make the estimate (3.62) and (3.65) go through.

(2) As mentioned earlier, the restriction that B be independent of the gradient in the
general case is unattractive. However, a similar criterion was required by Urbas in
[Urb01] in the case where equations involved the operator o, applied to Hessian
matrices. The reason for this restriction is due to (3.58) holding for general barriers
and the fact that F'" can remain bounded even as |D?u| — oco. This observation is
clear, recalling the relation (3.28) derived in Section 3.4 and applying MaclLauren’s

Inequality.

(3) This estimate can be derived in special cases where B has a Du dependence provided
that the second fundamental form of 02~ has a large enough minimum eigenvalue.
Specifically, it is required that

2F'" [Gi,pkps'Yk - “G/,ps] + (Gpp Yk — KGp, ) Bp, < _2F/rGPkP5Df’Yk‘ (3.67)

This can be realized by examining (3.53) and noting the appearance of a Hp, Bp, urs
term when B has a Du dependence. If (3.67) holds, this new term can be removed
immediately from the calculation; and thus, it would not affect the subsequent barrier
construction. As (3.67) implies a dependence between B and Q~, this situation can
not be assumed for the general case.

3.5.2 (Y Estimate

In [MTWO5], C° solution estimates are naturally handled as the Optimal Transportation
problem corresponds to a Monge-Ampere equation, which subsequently correlates to the de-
terminant of a Jacobian corresponding to a measure-preserving coordinate transform. Thus,
simply integrating the equation will lead directly to uniform integral bounds that, in turn,
directly lead to CO estimates of the solution. In the case of the Quotient Transportation

Equation, there are no such simplification given that o, has no direct correspondence to a



5 4 Chapter 3: The Second B.V.P. for modified-Hessian Equations

Jacobian of a non-singular coordinate transform. Instead, the estimate set forth by Urbas in
[Urb01] will be adapted to the current situation, with the use of a special auxiliary function
first introduced in [TWO06].

3.5.2.1 Supremum Solution Bound

First, an upper-bound for an elliptic solution u of (3.22a)—(3.22b) will be proven. The
argument for this part of the estimate is the same as the one [Urb01] and needs a trivial

modification for the current scenario. Recalling (3.7), the concavity of f implies
FO) <AL D)+ (L. 1)\ —1);
and thus,

Flul < Ci +0Ax(u—c), (3.68)

where o = > fi(1,..., 1). Integrating (3.68) and applying the divergence theorem, it is
readily calculated that

/ B(x,u)dx < C1Vol(Q7) + a/ Ax(u—c)dx
Q- Q-
< G Vol(Q7) + U/ (v- Du) dx
Blo

< G, (3.69)

where <y is the unit outer-normal vectorfield relative to 0Q2~. The last inequality comes from
the gradient solution bound implied by (3.13); the continuity of ¢; and the boundedness
of both Q= and QF. From (3.69) and (3.19), it is clear that v is bounded from above

somewhere in 27; thus, by the aforementioned bound on Du, it is ascertained that

supu < C,
o

where C depends on B, ¢, Q~, and Q.
3.5.2.2 Infimum Solution Bound
Before proceeding to the infimum estimate, the following definition is needed.

Definition 3.5.3: A c-convex function ¢ on an arbitrary domain U is said to be uniformly

c-convex on U, if ¢ satisfies the following inequality
(¢ — cij(-. TW)] >0, inU, (3.70)

where T, is defined by (3.13).

Remark: [t is clear that in the case where f = o,,, (3.70) corresponds to the ellipticity

criterion (3.5).
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To get the lower bound for u, a specific type of auxiliary function ug(x) is considered,
which is uniformly c-convex. This auxiliary function was first used as the basis for an alternate
proof of Lemma 5.1 in [TW06]. Let yp be a point in Q1 and ug be the c*-transform of the
function

Y(y) = —Vr2—1ly -yl

given by

to(x) = GSBUF(D )[C(X,)/) — YWl (3.71)

for sufficiently small r > 0. wg is a locally uniformly c-convex function defined in some ball

Br(0), with R — oo as r — 0; and the image of its c-normal mapping satisfies

TLlo (Q_) - Br(YO)v

where Ty, is a diffeomorphism between 2~ and T,,(27). The reader is referred to [TWO06,

TWar] for the derivation and discussion of these properties of ug.

With the above construction, it is clear that for given xp € Q2= and yg € QT, r > 0 can

be fixed small enough so that one has ug is uniformly c-convex on 2~ € Bg(0) and
Tuo(Q_) C Br(yO) C Q+- (3-72)

Since, Br(0) € Q™ (by the smoothness of both tp and ¢ combined with (3.70)), it is clear
that
S\ 7
<S’/’> [D?ug — D3c( -, Tyy)] = C(r), inQ,

for some positive constant C(r). Next, it is supposed that

B(-,u)<C(r), inQ". (3.73)
From this, one has that
1 1
$) (Dm0 D2 T > B ) = (F) " (D% Dle(- T

SO Up — u obtains its maximum on 92~ ; this maximal point is denoted xg. With that, it is
calculated that
Dy(up — u)(x0) >0 and d(ug — u)(x0) =0,

where § denotes the tangential part of the gradient; that is, § := D —y(y- D). By a suitable
rotation of coordinate axes, it is assumed that v = e; at xp; so one now has the following:

D1U0(X0) Z D1 LI(X()),

Dquo(x0) = Dou(xg), fora=2,..., n. (3.74)
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From here, the obliqueness estimate from Subsection 3.5.1 is now used. Specifically, it is
observed that since v is an elliptic solution to (3.22a)—(3.22b), with ¢ being convex in both
arguments and satisfying condition (A2), one has that [DT,] > 0. Using this fact and the
obliqueness estimate (3.66) to analyse the result when (3.41) is multiplied by ¢ yields

Y(x) -y (Tu(x)) >0, xe€dQ,

where <y and T are the outward pointing unit normal vectorfields to 8Q2~ and 0Q™" respec-
tively. From this, it is observed that py = T,(xg) must lie in the set 8Q" := {p € aQT :
v (p) > 0}. Since Q% is c-convex (hence convex), it follows from (3.74) that T, (xo) lies
outside T, which contradicts (3.72). Therefore, (3.73) is false, and so it must be that
B(x,u) > o(r) somewhere in 7. Thus, the bound on the gradient of u implies a lower
bound on the solution:
C <infu.
o

With this, the following result is thus proven:

Theorem 3.5.4: Let ¢ € C3(R x R") be a cost-function satisfying conditions (A1) and
(A2) with respect to bounded C3 domains Q~, Qt € R”, which are respectively, uniformly c-
convex, c*-convex with respect to each other. In this case, if B(x, z) is a positive function in
CL(Q~ x R") satisfying (3.19) and T, a mapping satisfying (3.13), then any elliptic solution
u € C3(Q~) of the second boundary value problem (3.22a)—(3.22b) satisfies the solution
bound:

Sg;]p lul < C, (3.75)

where C depends on ¢, B, 2~ and Q.

Remarks:

(1) In the infimum estimate the obliqueness estimate was used, which subsequently utilised
the fact that ), f; is bounded away from zero on [ ,,. It is important to note that
the obliqueness estimate does not depend on w1 as defined in (3.3c). Obviously, if
this were the case then the infimum estimate above would fall victim to circular logical
argument.

(2) Applying (3.75) to the condition (3.19), indicates that B is bounded from above and
away from zero. Thus, the forthcoming calculations pertaining to (3.22a)—(3.22b) will
be carried out on Iy, u,(0n), where 0 < w1 < uo without loss of generality.

3.5.3 Global Second Derivative Estimates

In this section, global bounds for second derivatives of elliptic solutions of equation (3.22a)

will be shown to be estimated in terms of their boundary values. The following arguments
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mimic those presented in [TWO06] and [MTWO05], which are subsequent modification of the
arguments presented in [GTO1, Section 17.6].

For this estimate, it suffices to consider the more general form of the Quotient Trans-
portation Equation depicted in (3.1a), under the assumption that the matrix valued function
A€ CHQ™ x R x R") satisfies condition (A3w); that is

D2, Aij(x, z, p)éi&mems = 0,

forall (x,z,p) € Q™ xRxR", &, neR"and £ L n. Itisalso assumed that is A is symmetric,
hence diagonalisable. Lastly, the barrier condition from Subsection 3.2.4 is also assumed to
hold for A. This condition is recalled here for convenience: it is assumed that there exists a
function ¢ € C2(Q) satisfying

[Dijd(x) — Dp, Ajj(x. 2, p) - Dkd(x)1€:€; > b1€J7, (3.76)

for some positive § > 0 and for all ¢ € R”, (x, z, p) € U C Q™ xRxR", with projo- (U) = Q™.
Remark 3.5.5, at the end of this section, will discuss how this barrier condition can be re-
moved if A satisfies the strong (A3) criterion.

To begin, u € C*(Q27) is assumed to be an elliptic solution of (3.1a) with (x, u(x), Du(x))
€ U for x € Q™ and £ € S". The auxiliary function v is now defined as

v = log(w;i&i€)) + k@,
where wj; := u;; — A;;. Differentiation (3.1a) yields
FU[Deuj — DeAjj — (D2 A;j)Deu — (D, Aij)ug] = Be + B, Deu.
Another differention subsequently produces

FUM Dew;jDewy + FY [Deeui; — DeeAjj — (D22 A7) (Deu)? — (D Aij) Uk g
—(DzAjj)uge — (Dp,Aij) Deurg — 2(DezAjj) Deu — 2(Dep, Aij) gk
—2(Dp, Aij) gk Deu] = DeeB + (D,,B)(Dgu)? + 2(De, B)Deu + (D, B) uge.

Recalling that a gradient bound for an elliptic solution solution u exists (implied by the
boundary condition (3.22b) and (3.13)), one can write the above as

FUX DewijDewiy + FY [ Deguy — (Dpyp, Ay) ek gt — (Dp, Aij) Dic e |
> —C [14 (1 + wy)F"]
—C[(1+wy)F"], (3.77)

Y]

where the last inequality comes from the fact that 0 < o < F' on lo,u,. To further reduce
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this, the (A3w) condition is now used. Specifically, a point xo € Q7 is fixed and coordinates
are rotated such that [w;;] (and thus F”) is diagonal. With such a rotation, it can also be
enforced that the eigenvalues of [w;;] are ordered as 0 < A; < --- < X,. Estimating, one

sees that
FY Dp, o AijDrguDigt = FY Ajj ki (wig + Are) (i + Are)
> FYA; kiwkgwie — C(1 + wy)F"!
> Z foArr ki (M€ )ONES) — C(1 + w)F"

k or I=r
> —C(F" + wjiF" + |w|fi)\))
> —C(F" + |w| + |w|F), (3.78)

where |w| =Y. wj;; and the fact that f;\; is bounded on [, ., (as shown in (3.8)) has been
used to ascertain the last inequality. Using this, (3.77) can now be rewritten as

FU [Djjuge — (Dp,Aij) Ditige] > —FU ' DewjiDewyy — C(F" + wii + w F). (3.79)
(3.79) is used to guide the definition of the linear operator that will be used to analyse v:
Luge := F” [Dyjuge — (Dp Aij) Dictige]
From (3.78), it is calculated that (recalling wj; = uj; — Ajj)
Lwee > —FU* Dewy;Dewyy — C(F + wij + wiiF'),
for a further constant C. Next, (3.76) is differentiated to get

D; ~
Div="""¢ 1 xD,$

Wee
D;;w, D;wee Diw, ~

D,'J'V: ijWeg _ ! ££2J (33 +/{Dud) (380)
Wee Wee

Given (3.76), it is clear that £ > F'/§. Using this fact along with (3.80), the following

inequality emerges:

L - Diwee D; -
Lv = WES _ FIJ IWE€2JWS£ 4 K,ﬁd)
Wee Wie
1 .. . D: D: C - B
> —7Fu’kID£W,‘jD£Wk/ — Fl /WEE2JW5€ . 7(,_—11 + wj + WiiF”)
Wee Wee Wee
+ kOF. (3.81)

Next, it is supposed that v takes its maximum point at xg € €2~ in a direction corresponding
to the vector £. Coordinates are then relabelled so that £ = e;. To proceed, the first two
terms on the final line of (3.81) need to be estimated at this maximum point. Specifically,
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it is claimed that

1 Djwi1D;
_ 7F’Jrk/D1 W,-J'Dlwk/ — Fljilwnz J >0, (382)
W11 W.
11
that is,
— W11F’j'kID1W,jD1 Wi 2> FUD,'WHDJ'WH. (3.83)

To show (3.82), Lemma 3.4.1 and the concavity of f are first used to estimate the left-hand
side of (3.83) from below:

’ —f
— Wi FI Dywy i Dywgy > X 8>\2 |91W11| + 22 ;r |DrW11|2] : (3.84)
Using this, it is observed that (3.83) is true if
0*f 2 2
-1 2\91W11| +22 |D w11 >Zf|D w11
r=1

holds, where coordinates have been rotated so that F¥ is diagonal. By breaking this inequality
up term-by-term and dividing each resulting inequality by |D,W11|2, one sees that if

o°f

“AMas e = > f, (3.85a)
h—f

—2X\1 >f, forre{2, ..., n} (3.85b)
AL — A

are shown to be true, then (3.84) and hence (3.81) will be proven. For the following cal-
culations, coordinates are relabelled so that Ay > Ao > --- > X,, keeping in mind that
An > w1 >0 for X € [, 4. (3.85a) will first be verified. To begin, (3.26) is differentiated
to ascertain

o°f _ (1 L\ (S 72 5,50 1 — S11.50\ 2
N2 n—1)\n—1I S, S2
+ < 2 ) <S”) ﬁ_l SI271;/'S”—1;I' - S/5/—1;/$n—1;/
n—1 5/ 513 .

Using this with (3.26) along with (3.27), it is calculated that

A o*f _2MS5ra (1 1 SiSn-1;1 — SnSi—11 N
i OA2 S| 5nS) '

_ 2)\15/_1;1 B 1 1 i
5/ n—1 S/

S,
=14+ = <>\15/_1;1 - n”) . (3.86)
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Next, the observation is made that
S/;l < (n — /))\25/_1;1, | e {1 ..... n— ]_},

with equality holding when all X\; equal and / = n— 1. Thus, it is seen from (3.86) that

A\ O%f 1 (n—NXaSi—11
_Al > — R S il 1
L OX2 = Lty <A15’1'1 n—1
Si-11
=1 A1 — A
+ S, (A1 = X2)
>1

which directly implies (3.85a) as f; > 0 on [, u,-

Next, (3.85b) is proven for arbitrary r € {2, ..., n}. Again, using (3.26) and (3.27), one
finds the following:

Afi - A1(Sn—11S5) — SnpSi-1;1)

Ajf; B AJ'(Snfl;jSl - Snslfl;j)
. (Sn - Sn;l)sl - (Sl - S/;1)Sn
B (Sn - Sn;j)sl - (Sl - 5/;1')5,7
51150 — SnaSy
- S51;Sn — 5njSi
_ Si
B SI:J'
_ ASI—11j T+ S
 MSii1a+ Sy

(3.87)

where the fact that S,,.; = 0 for any / has been used to gain the fourth equality. From the
current selection of coordinates, it is clear that the following inequalities hold:

2AF < AT+ A1),
2>\j <A+ >\J'.

This combined with (3.87) yields

( 2); > Af < 2)\%5/_1;1,14-2)\]5/;1,]
AN NG T T+ XN)S 1+ A+ A) S
<1,

which subsequently implies (3.85b) via an elementary algebraic manipulation, using the fact
that f; > 0on My -

In light of the above calculation, the claim in (3.82) has been proven. With this, (3.81)
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is further reduced to find that

c . ) )
Lv > —7(F” + w; + W,','F”) + kF"

W11
i B .
>-C [1+ +F”} +KF"
W11
Fii .
> —C— + (k- C)F", (3.88)
W11

where the fact from Remark 3.2.1(2) that F” > ¢ > 0 on ['o,u, for any us has been used to

gain the last inequality. On the other hand, since xp is a maximum of v, one has that

Lv(xo) = FY[D;jv(x0) — (Dp,Aij) Dkv(x0)]
= FUDUV(X())
<0.

This, combined with (3.88) yields

¢ = wulo),

provided k > C, where C depends on sup |u|, sup |Du|, A, sup|B|, Q= and QT.

If v does not take a maximum at an interior point, then it must take a maximum on
0Q~. Thus completes the reduction of the C? estimate to the boundary.

Remark 3.5.5: In the case where A satisfies the strong (A3) condition, the above estimate
is much simpler; and does not require the barrier condition (3.76). Specifically, one only
needs to consider the simpler auxiliary function v := wge in this case, with the definition of
L remaining unaltered. Upon noting that the (A3) condition directly implies that

FYDp,pAijDkeuDjgu > CF"|D?u)?,
for some positive constant C, it is a straight-forward calculation that shows
Lv > F'(C1|D?ul? — Co(|D?u| + 1)).
From this, the second derivative estimate immediately falls out as Lv < 0.

With this remark, the following has now been proven:

Theorem 3.5.6: Let u be an elliptic solution to (3.1a) in Q~, with x, u(x), Du(x) € U for
all x € Q= and U bounded. If (3.76) is true, with B(x, u) a positive, bounded function in
C2(Q~ x R), with either

e A satisfying the weak (A3w) condition plus A and Q2= satisfying the barrier condition
stated in Subsection 3.2.4 or
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e A satisfying the strong (A3) condition;

then one has the following estimate:
sup |D?u| < C <1 + sup |D2u|> , (3.89)
Q- Q-

where C depends on sup |ul, sup |Dul|, A, sup|B|, Q= and Q.

From these calculations, it is seen that the (A3w) criterion for A on the set U is indeed
sufficient to make the argument go through. Also, it is clear that the calculation holds for the
Quotient Transportation Equation (3.22a); thus, the calculations of this subsection provide
a crucial step to the proof of Theorem 3.3.1.

Remark: [t is possible to generalise Theorem 3.5.6 to the case where B(x, z, p) > 0 with

Bpkp,(X, Z, p)gkf/ > 0, (390)

for all (x,z, p) € U. To do this generalisation, (3.76) needs to be strengthened. Specifically,
it is required that A and B be such that there exists a d~> satisfying

[Dijd(x) — Dy, (Aij(x. 2, p) + B(x, 2, p)) - Dkd(x)]€i€; = Sl€],

for all (x,z,p) € U. With that, the calculations proceed precisely as above with the linear
operator L now being defined as

Lu = FY [Djju ~ (Dp,Ayj) Diu] = (Dp, B) Du.

This combined with Remark 3.5.2(3), indicates that the only way for B to have a dependence
on the gradient of u and still allow for the existence of globally smooth solutions to the
Quotient Transportation Equation, is if B satisfies (3.90) with Q~ of sufficiently high normal
curvature so that (3.67) holds.

3.5.4 Boundary estimates for second derivatives

In this subsection, the C? a priori bound is completed by proving second derivative bounds
for solutions of the Quotient Transportation Equation on 0Q2~. This treatment is similar to
the one presented in [MTWO05, LTU86, Urb98b], but requires some modification to accom-
modate the particular situation where f = o, ;. Specifically, Lemma 3.4.2 is required in order
to derive differential inequalities from which barriers can be constructed. A key point to the
following argument is that for oblique boundary conditions of the form (3.39), where the
function G is uniformly convex in the gradient, the twice tangential differentiation of (3.39)
yields quadratic terms in second derivatives which compensate for the deviation of 8 = G,

from the geometric normal.
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First, non-tangential second derivatives are treated. Taking W € C%(Q~ x R), the
following definition is made:
v :=V(x, Du).

Defining the linear operator £ by (3.52) and calculating as was done for (3.53), one observes
that

|Lv| < CLFY8kupuy + Co(F + 1),

<C <1 + zn: fi(A2 + 1)) : (3.91)

i=1

In the last inequality coordinates have been rotated so that F” is diagonal, without loss of

generality. Using Lemma 3.4.2 and defining
M := sup |D2(u — ¢)|,
o
(3.91) is further reduced to

|Lv] < (C(e) + eMF"y +C(1+ F'),
< C(C(€) + eMF™
< (C(e) 4+ eM)F",

where the fact that F'’ is bounded away from zero has been used along with a rescaling of
€ by a factor of C, again without a loss of generality.

Using the construction of ¢ from Subsection 3.5.4, W is now set in the following manner:
V(x, Du) = G(x, Du) = ¢ o T,(x, Du). (3.92)

(3.57) can be used to construct both an upper and lower barriers (using different choices of
a and b), as (3.92) indicates v = 0 on 092~. By using the same barrier argument from the
obliqueness estimate, the following boundary estimate is derived:

IDG| < (C(e) +eM), on o2,
for any € > 0. This, in turn, implies that
ID(B - Du)| < C(e) + €M, on o,

where it is recalled that 8§ := G, . With this, ugg is thus estimated on the boundary, which
is equivalent to
weg < C(e) +eM, on Q. (3.93)
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Remark: By the strict obliqueness estimate (3.66), it is clear that
Wy < CWg, (3.94)

where 7y Is the outer unit normal to 02~ .

To proceed, an explicit representation of any given vector £ is written in terms of a

tangential component, 7(£), and G:

_ £
E=1O)+ 5P (3.95)
where ¢
— (¢, S YT
(&) =& (&) 5P
and

BT =6-B-7)r

From this, it is calculated that

2 4 ﬁTg . B o |5T|2 . 2
r@F =1-25 "2 ) (1 (ﬁ.,y)z)@ 7)

T
b E(E-W)**C(ﬁ-w)?

<1-2
G-

It is now assumed that the maximal tangential second derivative of w over 02~ occurs at a
point at xp € 82~ in the direction which is taken to be e;. Denoting 7 = 7(e1) and utilising
(3.95), it is calculated that

21 Vi
Wi1 = Wer + WWTB + WWﬁ@. (3.96)
Next, the boundary condition
G(x,Du) =0, onoQ~,
is differentiated in the tangential direction to find that
0= GXT + T,'kau,'k
= Gy, + Ugr; (3.97)

that s,

wWar < *GX-,-+C
<C.
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Subsequently, this combined with (3.96) and (3.93) yields

wir < |7Pwai(x0) + Cé_,’: (Cle) + eM)yi
T, .
< (1-25 S+ o6 v?) wato) + €5
+ (C(€) + eM)v3. (3.98)

Now the term Dgwi1(xp) will be estimated. To do this, (3.1a) is differentiated twice to find
that

FUDjwi1 = —F"K Dyw;iD1wy + Bi1 + 2(Boui1 + B1,D1u) + B, (D1u)?
> C,

where the concavity of F has been used along with the assumed condition of B, > 0. Using

this and the barrier construction in [GT01, Corollary 14.5], with a linear operator defined by
Lu = F'Dju,

it is surmised that
— DﬁWll(Xo) < C. (399)

Next, (3.97) is differentiated again in the tangential direction to get
Gpyp Ukt Uir + Gp, Urr + Gy xr + 2Gx p, Ukr = 0.
This combined with (3.99) and (3.54) indicates that at xg one has that
Coud; (x0) — Crun1(xo) < Cs,
for positive constants Cp, C; and C,. That is,
mi(xo) < C
Using this relation in (3.98) thus yields
wip < C(e) +eM, ondQ2,

for new constant C(¢) and a rescaling of €.

Combining this last relation with (3.93) and (3.94) allows one to bound the second

derivatives of u on the boundary of 27 in the following manner:

sup |D?u| < C(€) + eM.
o0~
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Now utilising (3.89) to eliminate M from the above inequality finally yields

C(e)
D2yl < —2
s 10% < T

for a new C, C(¢€) and € scaling. Fixing 0 < € < % the following has been proven:

Theorem 3.5.7: Let ¢ be a cost-function satisfying hypotheses (Al), (A2), (A3w) with
respect to bounded C* domains Q~, Q" € R” which are respectively uniformly c-convex,c*-
convex with respect to each other. Let B be a strictly positive function in C2(Q~ x R x R")
satisfying (3.19) and (3.20w). Then any elliptic solution u € C3(Q~) of the second boundary
value problem (3.22a), (3.22b) satisfies the a priori estimate

sup |D?u| < C, (3.100)
o0~

where C depends on ¢, B,2~, Q" and supq- |ul.

This combined with Theorem 3.5.6 proves the main result Theorem 3.3.1. Once the
second derivatives are bound, (3.22a) is effectively uniformly elliptic. This combined with
the obliqueness estimate yields global C2® estimates for solution of (3.22a)—(3.22b), from
the theory of oblique boundary value problems for uniformly elliptic equations presented in
[LT86]. Moreover, by the theory of linear elliptic equations with oblique boundary conditions
(see [GTO01]) and the assumed smoothness of data, one also has C3%(Q~) bounds for elliptic
solutions, for any a < 1.

3.6  Method of Continuity

To complete the proof of Theorem 3.3.2, the standard method of continuity for nonlinear
oblique boundary value problems is used, which is presented in [GT01, Section 17.9] and sub-
sequently applied in [Urb97] and [Urb01]. This procedure was modified in [TWO06] in order to
be applied to the Optimal Transportation Equation; and it is this method that is recalled here
with trivial modification. Specifically, two procedures for applying the method of continuity
were used in [TWO06]. The first method discussed there utilised foliations of both €2~ and
QT to construct a family of suitable boundary value problems; this procedure will not be
used here. The second method proved the existence of a function approximately satisfying
the associated boundary condition, which subsequently allowed for the method of continuity
to be applied without a domain variation construction. This is the procedure that will be
recalled here (for the sake of completeness) with only trivial modification, as the Quotient
Transportation Equation is constructed off the archetype of Optimal Transportation (see
Subsection 3.2.2).

To start off, a key lemma from [TWO06] is recalled without proof:
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Lemma 3.6.1 [TWO06]: Let the domains 2~ and Q% and cost-function c satisfy the hypoth-
esis of Theorem 3.3.1. Then for any € > 0, there exists a uniformly c*-convex approximating
domain, QF, lying within distance € of Q*, and satisfying the corresponding condition (3.17)
for fixed &g, together with a function ug € C*(Q) satisfying the ellipticity condition (3.5),
for f = o, and the boundary condition (3.22b) for Q7.

Remark: As *(S,) = *(0,,), the above lemma carries over trivially to the case of the

Quotient Transportation Equation.

With this in mind and making the denotation

Flu] = (?;)nl [D?u—DZc(-,T)]. (3.101)

the following family of boundary value problems are now defined:

Flug) = tB(-, ur) + (1 — t)e"  “Flu], in Qy (3.102a)
T (Q27) = Qf, (3.102b)

for t € [0, 1] with up taken as the function indicated in Lemma 3.6.1. It is clear that up is
the unique elliptic solution of (3.102a)—(3.102b) at t = 0. In this family of equations, Q;
is such that QO+ = QF (corresponding to ug as depicted in Lemma 3.6.1) and Qf =Qf.
Given the assumed smoothness of ¢ and the definition of T, depicted in (3.13), an € > 0
can be chosen in Lemma 3.6.1 small enough to guarantee that €2, and Qf are uniformly
c-convex and c*-convex (respectively) relative to one another with corresponding uniform
convexity constants independent of t, as 2~ and QT are assumed to be uniformly c-convex

and c*-convex (respectively) relative to one another.

From Subsection 3.5.1, it is understood that the boundary condition (3.102b) is equivalent
to the oblique condition

Ge(-,Du) == ¢ (Tu(-)) =0, ondQ;,

where ¢ are defined for Q] analogous to the construction of ¢ for QT in Subsection 3.5.1.
From the observations in the previous paragraph, it is clear that the family of boundary value
problems correlate to uniformly oblique boundary value problems with a uniform constant of

obliqueness independent of t.

To adapt the method of continuity from [GTO01, Section 17.9], an a € (0, 1) is fixed with
Y set to denote the subset of [0, 1] for which t € ¥ implies the problem (3.102a)—(3.102b)
is solvable for an elliptic solution u; € CQ'O‘(ST;), with T,, invertable. It is clear that the
boundary condition (3.102b) implies a uniform bound for Duy with respect to t. Upon noting
that the inhomogeneity of (3.102a) is uniformly bounded in t and satisfies (3.18), (3.19) and
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(3.20), uniform estimates in C21(QF) immediately follow, as all the solution estimates of
Section 3.5 are clearly independent of t € [0, 1]. By compactness, it is then inferred that
is closed via the Heine-Borel Theorem. To show X is open, the implicit function theorem is
used along with the linear theory of oblique boundary value problems, as in [GT01, Chapter
17]. As ¥ is open, closed and non-trivial, it is known that ¥~ = [0, 1]; that is, there exists a

unique elliptic solution u € C3(F) of the boundary value problem

Flul=B(-,u), inQ" (3.103a)
T,(Q7)=Q . (3.103b)

Thus, the part of Theorem 3.3.2 corresponding to unique solutions is proven.

Remark: (3.20) guarantees uniqueness of the linearised boundary value problem via a straight-
forward application of the Hopf boundary point lemma (see [GT01, Lemma 3.4]). Without
the (3.20) condition, one can not apply the method of continuity directly, as solutions will

not be unique in general in this scenario. This will be discussed further in the next subsection.

3.6.1 Application of the Leray-Schauder Fixed Point Theorem

To conclude this section, the Leray-Schauder fixed point theorem (see [GTO01, Theorem
11.6]) will be used to relax the monotonicity criterion on the inhomogeneity required by the
method of continuity. The Leray-Schauder theorem has been used to similar ends in [LT86],
[Urb95] and [Urb01].

Using the notation in (3.101), ug is defined to be the unique admissible solution of

Flupl = e*, in Q~,
Tu(Q7)=Q".

Theorem 3.3.2 indicates that such a unique ug exists. Moreover, by elliptic regularity theory,

g € C®(Q). For t € [0,1] and ¥ € C3(Q~), the following family of problems are
considered:

Flus) = t(B(-, up + %) + e“ "~ % — 1) 4 (1 — t)e, in Q~ (3.105a)
Ty (7)) =QF, (3.105b)

where B is only assumed to satisfy (3.18), (3.19) and (3.20w). By Theorem 3.3.2 and
elliptic regularity theory, for each ¢ and t (3.105a)—(3.105b) has a unique admissible solution
uy € C3*(Q~) for any a < 1. Consequently, the map 7 : C3(Q~) x [0, 1] — C3(Q~) defined
by T(w,t) = us — up is continuous and compact; and 7(-,0) = 0 for all ¢ € C3(Q~). If it
can also be shown for t € [0, 1], that for all the fixed points of 7( -, t) — that is, for any
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admissible solution vy of

Flugl = tB(-, us) + (1 — t)e", inQ~ (3.106a)
T, (Q7)=QFf (3.106b)

— the estimate
||UtHC3(F) S C: (3.107)

is satisfied with C independent of t, then by the Leray-Schauder fixed point theorem, 7(-,1)
has a fixed point. Subsequently, this is equivalent to

Flu] = B(-,u), inQ, (3.108a)
T,(Q7)=Q", (3.108b)

having an admissible solution u belonging to C3(F). As the solution estimates from Section
3.5 clearly apply to (3.106a)—(3.106b) independent of t, results from [LT86] and linear theory
for oblique elliptic boundary value problems can be applied to deduce (3.107). Subsequently,
the monotonicity criterion on B may be relaxed to B, > 0 relative to the previous existence
criterion, thus finishing the proof of Theorem 3.3.2.

Remarks:

(1) As mentioned before, the admissible solution to (3.108a)—(3.108b) may not be unique
as B, > 0 is needed for the application of the Hopf Boundary point lemma.

(2) It is recalled that the condition of B, > 0 is used in the boundary C? estimate in
Subsection 3.5.4, and thus, is still a required criterion, as estimates on solution of
(3.106a)—(3.106b) need to hold independent of t.

3.7 Conclusions

While (3.22a)—(3.22b) differ significantly form the Monge-Ampere equations coming from
Optimal Transportation, the theory regarding their regularity is very similar. Specifically, the
(A3w) represents both a necessary and sufficient condition for higher regularity of (3.22a)—
(3.22b). The calculations in Subsection 3.5.3 indicate that the (A3w) condition is sufficient
for Theorem 3.3.2. Given that the ellipticity criterion for (3.22a)—(3.22b) corresponds to
solutions being c-convex, the counter-example that Loeper presented in [Loe05] still applies
in the current situation; and thus, (A3w) is also a necessary criterion for our higher regularity
theory.

Unfortunately the Quotient Transportation Equation differs from the Optimal Transporta-

tion significantly, in that the restrictions on the inhomogeneity, B, prevent a formulation of
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a generalised solution of (3.22a)—(3.22b) from being readily derived. Moreover, the Quo-
tient Transportation Equation is not the direct result of either a variational or change of
variable principle; and so, it is difficult to gain even a heuristic idea as to how to formulate a
generalised solution for this equation. It may possible that a generalised solution to (3.22a)—
(3.22b) will be realized via T, satisfying some geometric criterion, beyond that of it being

simply a local diffeomorphism; but this is unclear as of the writing of this thesis.

From these observations, it seems that the only three possible courses for further study
of (3.22a)—(3.22b) will either come from verifying the (A3w) condition for various cost
functions, searching for ways to articulate the notion of a generalised solution, or finding a

way to remove the technical barrier condition stated in Subsection 3.2.4.
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4.1 Introduction

As stated earlier in Section 2.8, the (A3) condition introduced in [MTWO05] is needed in order
to prove the classical interior regularity of the potential functions corresponding to solutions
of the Optimal Transportation Problem. Subsequently, in [TWO06] the degenerate form of
the (A3) condition, (A3w), was proven to be tantamount to the existence of globally smooth

potentials solving the Optimal Transportation Equation.

The (A3w) condition was recently realized to be more fundamental to the regularity of
potential functions, as Loeper showed in [Loe05] that the (A3w) condition was not only
sufficient but also necessary for global regularity of Optimal Transportation potentials. In
that paper, Loeper showed that if (A3w) is violated, one can build a pair of C*, strictly
positive measures, supported on sets with the usual smoothness and convexity assumptions,
so that the optimal potential is not even C!; and thus, the corresponding optimal map is

discontinuous. Before this work, it was not known whether the (A3w) condition was truly
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fundamental for potential function regularity or if it was simply a technical condition to make
the a priori estimates in [MTWO05] and [TWO06] work.

In addition to showing the (A3w) condition to be sharp, in [Loe05] Loeper also studied
the correlation between curvature and the Optimal Transportation Problem on Riemannian
manifolds when the cost-function was of the form

d?(x, y)

. (4.1)

c(x,y) =

where d(x,y) represents the geodesic distance between points x,y € M”"”. One of the
interesting aspects of this research was that Loeper verified the theory therein (in the case
where M was taken to be a round sphere) by explicitly calculating that the cost-function
depicted by (4.1) satisfies the non-degenerate form of the (A3) condition on round spheres.

Specifically, it was shown that
2 _
Dglpkc,j(x,y)g,{jnkn/ — —5, as x — Yy, (X,y) €eQ xQt cs" (4.2)

This is particularly interesting as the cost-function in (4.1) only satisfies the (A3w) condition
in the Euclidean case but not the stronger (A3) condition (see [MTWO05, TWO06]).

The disadvantage of Loeper's calculation in [Loe05] is that it relies heavily upon the
specific geometric properties of the specific cost-function c(x, y) = %d2(x,y). In this chap-
ter, this calculation will be generalised on S” to include cost-functions which are arbitrary

functions of the geodesic distance with respect to the constant curvature metric on S”.

Remark: As mentioned in Section 2.7, the notational convention embodied in (2.44a)—
(2.44b) will be used in this chapter, as it correlates to the current literature that pertain to
the verification of the (A3) condition in various scenarios. Hence, the left-hand side of (4.2)

being less than zero corresponds to the (A3w) being satisfied in this last part of the thesis.

4.2 Main Results

The main results of this chapter centre around the verification of the (A3) criterion for
various cost-functions (on round spheres) having the general form depicted in (4.3) below.
The most important example thus considered is when c(x,y) = %dz(x,y). In this particular

case, the following theorem (originally proven by Loeper in [Loe05]) is verified:

Theorem 4.2.1 [Loe05]: Given S" be an embedded sphere in R"*Y with arbitrary ra-
dius, equipped with the round metric with an associated Riemannian geodesic distance

d, if c(x,y) = %d2(x,y), then one has that c satisfies the strong (A3) condition on
S x SMHL\ {(x, x) : x € S"}.
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The results in this chapter extend the calculations in [Loe05]. Indeed, the precise con-
stant for which the (A3) condition is satisfied, for the situation where c(x,y) = %dQ(x,y),
will be calculated for round spheres of arbitrary radius. Loeper calculated this constant for

the case where R = 1; and the results in this chapter indeed verify this.

Closely related to c(x, y) = 2d?(x, y), is the cost-function of c(x, y) = 2R? sin? (%).
This scenario corresponds to the situation where d is taken to be the chordal distance be-
tween two points in S"*! relative to the ambient Euclidean space, into which the round
sphere is embedded. For this case, the following analogous result to Theorem 4.2.1 will be

proven:

Theorem 4.2.2: Given S" an embedded sphere in R™ 1 with arbitrary radius, equipped
with the round metric with an associated Riemannian geodesic distance d, if c(x,y) =
2R?sin? (%), then one has that c satisfies the strong (A3) condition on S" x S"\
{(x,x)| x €8S"}.

In addition to the two above situations, a few other examples of cost-functions are stud-

ied later in this chapter.

It should be noted at this point that a cost-function satisfying the (A3) condition is
not generally enough to guarantee higher regularity for Optimal Transportation potentials.
Indeed, the Optimal Transportation Equation becomes singular for y € cut(x), for any cost-
function depending on the geodesic distance between points x and y (specifically, | Det[Diyc]l
blows up). Thus, in order to have potential function regularity, bounds on transport vectors,
that prevent optimal transport maps from mapping points to their cut-locus, are also needed
in addition to the (A3) verification. This geometric criterion will have implications in the
forthcoming analysis, which will be discussed in Section 4.3.

4.3  Analysis of the (A3) Condition on S”

The following formulation relies on several key observations and simplifications that are
unique in the specific case of analysing the (A3) condition on round spheres. First, Chapter
4 indicates that the derivation of the Optimal Transportation Problem (and hence the Opti-
mal Transportation Equation) only depends on the measure-space structure associated with
Q™ and QT. Indeed, the only way geometry can come into the formulation of the Optimal
Transportation Problem is if the cost-function is defined as having some explicit geometric
dependence. The cost-functions analysed in this chapter all depend on the geodesic distance
between points on S”, equipped with a round Riemannian metric. Thus, the underlying goal
of the following calculation is to derive an explicit expression for the geodesic distance be-
tween two arbitrary, fixed points x and y lying on a round sphere. As will be discussed later,

the round sphere is one of the very few manifolds (to the author's knowledge) where the
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geodesic distance between two arbitrary points can be explicitly represented. The rest of the

simplifying observations will be stated as needed in the following formulation.

Ultimately, the analysis of the (A3) condition will be carried out in R” (that is, in a local
chart) with an associated, modified cost-function that yields an equivalent Optimal Trans-
portation Problem, as compared to the one originally defined on S”. As mentioned earlier,
it can not be assumed that Optimal Transportation maps do not move points to their cut-
locus. Thus, in order to analyse the Optimal Transportation Problem on a manifold, via a
single local chart, requires another geometric criterion or observation. If bounds on transport
vectors exists such that optimal maps stay away from the cut-locus of particular points, then
no additional criterion need be placed on the problem. As a broad class of cost-functions
will be analysed in this chapter, no such bounds have been proven for all the examples thus
contained. Therefore, it will be assumed that cut(27)N Q' = 0, in addition to the standard
Optimal Transportation hypotheses placed on Q= and Q7 (see Chapter 5), unless stated
otherwise.

Since only cost-functions will be considered that have the form

c(x,y) = f(d(x,y)), (4.3)

where d(x, y) represents the geodesic distance between x and y on the round sphere, it is
possible to analyse the Optimal Transportation Problem in a local chart with a modified cost-
function whose associated Optimal Transportation Problem in Euclidean space is equivalent
to that of (4.3) on S”. Such a local chart and modified cost-function are formulated via a
stereographic projection of S” embedded in R”*! onto the some arbitrary tangent space of
S”. With this projection, an explicit expression for d(x, y) can be derived in terms of X and

y: the projected coordinates on an arbitrary tangent space of S”.

4.3.1 Stereographic Projection

Given that it is assumed that cut(Q ™) N Q" =, there will be no geometric issues with the
forthcoming calculations being carried out in a single chart of S”. The possibility of relaxing
this criterion will be discussed at the end of this chapter, in Section 4.5. As the following
stereographic formulation is tantamount to analysing the (A3) condition through a specific
coordinate transformation, it is recalled that the (A3) condition is invariant under coordinate
transformation according to the calculations in Subsection 2.4.1; and thus, the result of the

following calculations will hold in general.

4.3.1.1 The Half-Sphere Stereographic Projection

To begin, the modified form of (4.3) is first derived using the stereographic projection on

the half-sphere depicted in Figure 4.1. Following this derivation, it will then be described
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how half-sphere formulation is equivalent to the full-sphere projection with the underlying
assumption that cut(Q~) N QT = 0.

R" _ .
y 10 B

Figure 4.1: Stereographic projection for the half-sphere

Utilising the ambient Euclidean geometry of R™*!, it is an elementary calculation that
yields

dix,y)=R-0

RZ4+X%-y
= R - arccos ( +Xy ) . (4.4)

VRZ+RRVRE+ 9P

where the origin of R™! is set to coincide with the centre of the sphere without any loss of
generality.

From this calculation, the analysis of (4.3) on S” is reduced to studying the Optimal
Transportation Problem associated with the cost-function

B RZ+X%-y
c(x9)="r (R arccos <\/R2 + X2V/R? + Iy”|2>> )

between Q and QF on our local chart; and thus, (4.5) will now be analysed in the Euclidean

setting.

Remark: Even though the ambient Euclidean geometry of R™ 1 js used to derive (4.4), hav-
ing the sphere embedded in R"*1 is not technically required nor is the association of the local
chart with a particular tanget plane of S”. Indeed, these notions are intuitive conveniences,
in the sense that the equivalence of the Euclidean formulation of the Optimal Transportation

Problem, to the original problem on S", is immediate by this explicit stereographic projection.
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A key point to the above calculation is that there is a simple relationship between 8 and
the geodesic distance between two arbitrary points on S”. If one were to project rays from
a point on S” instead of its centre (as in the case of a full-sphere stereographic projection),
there would be no simple relation between the angle of the projected rays and the associated
geodesic distance between two arbitrary points. The strength of (4.4) is that it independent

of the particular choice of tangent plane on which the stereographic projection is performed.

To get an explicit representation corresponding to a full-sphere stereographic projection,
one would need to specify a particular tangent plane to project onto (specifically, either
T«(S") or T,(S")). However, in this situation the result corresponding to (4.4) can not
be differentiated as the relation will vary for perturbations of x or y. This is the central
obstruction that prohibits this method from being applied to the full-sphere case; but as
cut(Q7) N QT = () is already assumed, any two points x and y can be contained in a half-
sphere. This combined with the fact that the above calculation is independent of which half-
sphere is actually projected, shows that the current situation with the half-sphere projection

is equivalent to the full-sphere case with cut(Q2~) N QT = 0.

4.3.1.2 Stereographic Reformulation of the (A3) Condition

With the relation (4.5), it is now possible to formulate a new expression for the (A3) criterion
in the current scenario. To do this, the geodesic distance on S" is first differentiated with

respect to the projected Euclidean coordinate:

dg(x,y)ZiA [R.arccos< RR+%y >]
l ds; VR +R2V/R2+ [y
—-R o (RR+x-9)%
VR +RP) (R +[9?) — (R + % - 9)? (y,-— R? + %2 )

Without loss of generality, X is defined to be the origin of the local chart which reduces the
above to

_J’/\l.

Differentiating again with respect to the projected, Euclidean coordinates yields

 (RR+R9%
T TR RI

>

R(R?+191)% — (R + % 7))
[(R2 + R12)(R2 + 92) — (R2 + % - )2]*2
N R

(R2 + 1812/ (R + [RP)(RZ + [72) — (RE+ R - )2
(R?+ % Y)%%‘)
R? + |%[?

> S

dz5(x,y) =

: <>“<,yj +(RP+%-9)5;; — 2
Again, choosing X to coincide with the origin of the local chart reduces the above to

vivi b
—=d g (4.7)
vl 19l

dzz, (X, y) =
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At this point, it has been shown that,

Vi¥i < " f/(d)) f/(d)
Crz = = (d) — — +0jj——", 4.8

w5 = pp T T ) o (48)
where X = 0 has been assumed without loss of generality (since the choice was made after
differentiation).

To proceed, both y and d need to be represented in terms of the transportation vec-
tor, p, which is recalled from Chapter 5 to be defined in the formulation of the Optimal
Transportation Problem by

p:=Vszc(X,9),

where c(X, y) is recalled from (4.5). Note that the vector notation on p will be suppressed
from this point forward without loss of clarity. From this expression and (4.6), is is ascertained
that

Vi
pi =—f'(d)=;
j ( )Iyl
that is, ~
Pi Yi
lpl=f(d)l, and —=—=" (4.9)
P 71
On the other hand, it is clear from Figure 4.1 that
Rtan LA |7 (4.10)
R) W '
Using both (4.9) and (4.10), one may rewrite (4.7) as
PiPj 1" f’(d) f/(d)
.o = f -7 ——————. 4.11
(P d) =72 ( (@)~ Ran(r7a) ) T 9 Rtan (R1d) (4.11)

Defining the origin of the local chart to coincide with X effectively shifts all p dependence
onto the y; and thus, differentiations with respect to p variables may subsequently be applied
directly to (4.11) with the understanding X = 0. From (4.9) it is seen that d does indeed
have p dependence; the differentiation of the d variable with respect to p will now be elabo-

rated upon.

To differentiate d, the first expression in (4.9) is rewritten as
d = "1 (sgn(")|pl) .
Differentiating implicitly, it is readily calculated that

_sgn(f')p,

pPi T f//|p| (412)
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where the argument on f has been suppressed without loss of clarity.

Using (4.12), (4.11) is now differentiated twice with respect to p to yield

2
Dy, p, a5, (p. d) = <5ik5j/ -2

dikpjpi OjkpPiPI 0i1Pj Pk 8j1PiPk
+5‘/5'k—2J -2 J — 2
|p|? ™ |p|? p|? EE

_25k/Pin +8PinPkPI> (f” cos (R™1d) ) <6,‘kpjp/ N 8ikPiP

|p|2 |p[* 2 Rf’sin (R~1d) |p[2 |p|2

+5//Pjpk N 81PiPk +%_5PinPkP/ e cos (R™1d)
|pI? P2 |pl? p|* fIf"  Rf’sin (R=1d)
N 1 ) PiP;PkPI Frm f///2 ) f! cos (Rfl d)
R2f"sin* (R=1d) pl4 \ 2 B TR3f25in? (R-1d)
1 fre 8ijPkP >
+2 - + {650k — 2
R2f" sin” (R~1d) R2f”3sin2(R—1d)> (” PP

Rf'sin(R=1d)  R2f"sin? (R-1d) |p|? R3f"2sin® (R~1d)

1 f/f/”
-2 + : 4.13
R2f"sin? (R-1d) = R2f"3sin? (R—ld)> (4-13)

_ ( cos (R™*d) 1 > N 8iiPkpi (2 f'cos (R™1d)

Remarks:

(1)

(2)

(3)

It is readily observed that all terms involving sgn(f’) have been cancelled out in (4.13).
Thus, the singularities in (4.13) corresponding to (4.12) being undefined where f'(d) =
0 are removable as it is an underlying assumption of this thesis that our cost-function is
C*. Nonetheless, the situation where f'(d) = 0 can not happen, as the (A1) condition

is assumed on c.

(4.13) gives the explicit, radial-scale dependency of the (A3) term in the current sce-
nario. This has the interesting implication that it is possible to design cost-functions
of the geodesic distance corresponding to the round sphere, so that for certain radii,
the cost is strictly (A3) and for radii, it is not (A3) at all. This radial scale dependence

is demonstrated explicitly in some of the forthcoming examples in Section 4.4.

The implicit differentiation in (4.12) is the key to gaining an explicit representation of
the (A3) term for the general cost-function f(d(x,y)). Avoiding the use of (4.12)
in favour of an expression that is well defined everywhere forces the (A3) term being
expressed in terms of f'=1, which clearly will not have an explicit form for general f.

Now, the final form of the (A3) condition (associated with the general cost-function

f(d(x,y))) is able to be written. Taking two arbitrary, unit vectors £ and 7 such that £ 1 7,
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one has that

) N [ cos(R7'd) 1 (p-€)2 [ " i
Dp/pkc}?f%(d)glgjnkm N (Rf’sin (R™1d)  R2fN sin2 (R—1d) + Ip|2 fren 2@
L _cos (R™1d) N 1 N (p-m)? cos (R™1d)
Rf’sin(R=1d) = R2f"sin® (R—1d) p|? Rf’sin (R~1d)
1 o f' cos (R™1d) N e
R2f"sin? (R=1d) =~ R3f"sin® (R-1d) R2f"3sin’> (R—1d)
CE2(p-m)2 [ £ Fr112 £ 2
+ w - - — -5 + 8—
|P‘4 12 R2f"3 Sln2 (Rfld) Fr12 fren 2
f’ cos (R™1d) cos (R™1d) 1 (4.14)
R3f2sin3(R-1d) ~Rf’sin(R7'd) ~R2f”sin’> (R-1d) )’ '

For convenience, (4.14) is used to define four functions of d: Pi(d), P(d), Ps(d) and
P4(d), such that one may write

(p-m)?
|p|?

(p-€)?
|p|?

(p-€)32(p-n)?

D%/Pk C)?,%(d)g,'éjnkn, =P (d) + il

P(d) +

Ps(d) + Pi(d).

(4.15)
To analyse (4.15), various orientations of the vector p relative to £ and 1 must now be
considered. These calculations can effectively be reduced down to analysing four cases.

Case I: If p L span&, n, then

D3 o G ()Eiimem = Pi(d) =: O1(d). (4.16a)

Case llI: If p|| &, then
D3 . o, ()i miems = Pi(d) + Po(d) =: O2(d). (4.16b)

Case lll: If p||m, then
D3 o, G, ()€ imiems = Pi(d) + Ps(d) =: O3(d) (4.16¢)

Case IV: If pespané, nand p-& = p-m, then

D3 o G ()& miemy = Pi(d) + P2§d) + Paéd) + P4§d) =: O4(d). (4.16d)

Here, four new functions of d are again defined for clarity. Subsequently, the combined
negativity of Oy, Op, O3 and O, is tantamount to the (A3) condition being satisfied. This

is formally stated in the following lemma:
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Lemma 4.3.1: Given a cost-function of the form c(x,y) = f(d(x,y)) and S" an embedded
sphere in Rt with arbitrary radius R, equipped with the round Riemannian metric with an

associated geodesic distance d, then the following statements are true:

(i) IfO;(d)<C<O0forie{23,4} foralld € (0, Rm) and n > 2, then the strong (A3)
condition is satisfied with constant C, for the cost-function.

(i) IfO;(d) <0 forie {2,3,4} for all d € (0, Rm) and n > 2, then the (A3w) condition

is satisfied for the cost-function.

(i) IfOj(d) < C <0 fori € {1,2,3,4} for all d € (0, Rm) and n > 2, then the strong
(A3) condition is satisfied with constant C for the cost-function.

(iv) IfOj(d) <O fori € {1,2,3,4} foralld € (0, Rm) and n > 2, then the (A3w) condition

is satisfied for the cost-function for n > 2.

With the above calculations, verification of the (A3w) condition is now reduced to verify-
ing that (4.16a)—(4.16d) are non-positive for d € (0, %) Correspondingly, (4.16a)—(4.16d)
being strictly negative indicate that the strong (A3) condition is satisfied. The primary ben-
efit gained by the use of (4.16a)—(4.16d), is that one may uses these relations to easily
generate explicit, analytic expressions that allow for straight-forward verification of the (A3)

criterion for a general class of f. Such calculations will be the focus of the next section.

4.4  Examples

In this section, various examples of cost-functions will be analysed using (4.16a)—(4.16d) to
see if they do indeed satisfy the (A3w) or the (A3) condition. These examples include the
some of the cost-functions analysed in [TWO06] and [MTWO05] for the Euclidean case and are

encompassed by the general cost-function

c(x,y) = f(d(x,y)), (4.17)

where d(x, y) represents the geodesic distance between x and y with respect to the underlying

Riemannian manifold.

Remark: The forthcoming results will be conveyed with the understanding that they hold

for all d € (0, %) unless otherwise indicated.

4.4.1 c(x,y)=2d*(x,y)

The first example consider is the cost-function that has been the most studied out of all
the possibilities encompassed by (4.17): c(x,y) = %d2(x,y). Indeed, this is the only cost-
function for which the stereographic formulation may be applied without any extraneous

geometric conditions, that serve to validate analysing the Optimal Transportation Problem
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in only one chart. This is due to the gradient estimate first proved in [McC01] for compact
Riemannian manifolds, which was then improved upon in the case of round sphere in [DL06].
To the author’s knowledge, there exists no such gradient bounds for the general cost-function
depicted in (4.17). This estimate will now be briefly reviewed, as it will also motivate points

of the discussion at the end of this chapter.

As was stated above, the scenario where c(x, y) = $d?(x, y) has been studied previously
in [McCO01] in the context of Optimal Transportation on general Riemannian manifolds; and
it has been specifically analysed on the round sphere in both [Loe05] and [DL06]. In [McCO01],
McCann studies gradient mappings defined on Riemannian manifolds, which are mappings
of the form

Gd)(m) = eXpm(vm¢),

where ¢ is the associated gradient-potential of the mapping. McCann shows that such
maps are indeed optimal in the transportation of measures on Riemannian manifolds for
the cost-function c(x,y) = %dQ(x,y). In addition to this, McCann also shows that if ¢
is c-convex, then the length of it's gradient can not exceed the diameter of the manifold.
Translating into the context of stereographic projections of round spheres, this means that
the transport vector defined in (4.8) is not necessarily bounded in the projected local chart,
but it is well-defined there. Delanoé and Loeper improved this result on S” by proving the
following gradient bound in [DLO06]:

Theorem 4.4.1 [DL06]: Given ¢ : S" — R a c-convex function, such that
/ (ho Gg) dVol = / (h-p) dVol (4.18)
G, 1(sm) s

for some p € L°°(S", dVol) with any h € C°(S"), where dVol stands for the canonical
Lebesgue measure on S", then the following estimate holds a.e.

1/n
1 1 nVol(S") 12
|dp| < m — o { HpHLOO(S”) [2 VoI(S”_l)} } : (4.19)

Remark: Recalling that the notation remarked upon in Section 1.2, the expression in (4.18)
Is often denoted as
G, dVol = pdVol.

Theorem 4.4.1 correlates to the transportation vector p, as defined in (4.8), being
strictly bounded in the stereographically projected local chart. Thus, the assumption that
cut(Q7) N QT =0 is not needed in the case where c(x,y) = %d2(x,y). The possibility of
extending (4.19) to the general case of c(x,y) = f(d(x, y)), will be discussed at the end of
this chapter. The (A3) condition will now be analysed for the case when c(x, y) = %d2(x,y),
using the results of Section 4.3.
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Using (4.14), it is calculated that

dcos (R™1d)

R3sin® (R—1d)

Pu(d) = cos (R™1d) 1
BT Rdsin (R71d)  R2sin? (R-1d)
2 cos (R™1d)

()=~ T Rdsin (R1d) " R2sin? (R1d)
Pu(d) cos (R™1d) 1
ST T Rdsin(R71d) - R2sin? (R—1d)
P4(d):i—2 dCC.)S (R71d) B cos.(R_ld)

d?> " R3sin®(R-'d) ~Rdsin(R71d)

1
-3
R2sin? (R—1d)

As stated in Subsection 4.3.1, (4.20a)—(4.20d) are considered for d € (0,

limits as d — O are calculated to be

lim Pu(d) = ~ 3Rz

Jm, P = 0.l P& =0

&),

im P4(d) = 0.

Using these limits to analyse O1(d), O2(d), Os(d) and O4(d), it follows that

2

' 2
C'/'Lno DP/pk Cﬁf%(d)gifjnkn/ = ——

33

(4.20a)
(4.20Db)

(4.20c)

(4.20d)

rst, the

This confirms the result of Loeper presented at the end of [Loe05] for the case where R = 1.

Using (4.20a)—(4.20d), it is also calculated that

R
Oi(d) <0, Vde <o, 2”) VR >0,

where / € {1,2,3,4}. Figure 4.2 below contains plots of both sets of functions P;j(d) and

O;(d), in the case when R = 1.

| Py(d) 0
,,x-'/”PQ(d)
0 = el y
3
Ps(d)
T PO,
_17 \\\ _27

Figure 4.2: P;(d) and O;(d) corresponding to c(x,y) = %dQ(x,y) with R =1
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With the above calculations, it has been shown that the (A3) condition is indeed satisfied
on the round sphere of any radius, for the cost of c(x,y) = %dQ(X, y). As noted earlier, this
is in contrast to the Euclidean case where the cost-function c(x, y) = %|x—y|2 only satisfies
the (A3w) condition, as the (A3) term goes to 0 as y — x (see [MTWO05, TWO06]). This
contrast between the Euclidean and spherical cases indicates that the underlying geometry
(manifested through the cost-function) does indeed affect the local regularity of the Optimal

Transportation Problem.

2 dx,
442 c(x,y) =2R?sin’ (%)

If one were to consider the round sphere embedded in R™! equipped with a Euclidean metric,
the cost-function of 2R?sin? (55d(x, ¥)) is equivalent to the example studied in Subsection
4.4.1 with d(x, y) taken to being the geodesic distance of the Euclidean space into which
the sphere is embedded. This situation is depicted in Figure 4.3 on the next page.

Sn
E:
|
l
|
o
X y
RO = d(x,y)
2Rsin (%)

Figure 4.3: Chordal distance between points

Adgain, using the results of Subsubsection 4.3.1.2, it is calculated that

1
Ald) = - 2cos (%)} (4.21a)
_ 4sin® (5%) cos” (s%)
Pald) = R2[1 — 8 cos® (iR) + 12 cos* (%) — 6 cos? (%)] (4.21b)
Py(d) = 0 (4.21¢)
:D4(d) _ 25in (26,{?) COS2 (27?) (4.21d)

R2 [8cos® (5%) — 12 cos* (5%) + 6 cos? (5&) — 1]
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From these relations, the following limits are calculated:

| 1 | | _
I, A0 =~ P =0, P9 =0 i) =0
thus, )
. 2 .
CLILHO Dy, p, Sz, (d)Ei€mum = g2 Vp e R" (4.22)

Finally, an elementary calculation using (4.21a)—(4.21d) in the definitions of O,(d) yields

R
O/(d) <0 Vde (0, 2”) VR > 0. (4.23)
Given the properties depicted in (4.22) and (4.23), it follows that this cost-function does
indeed satisfy the strong (A3) condition on the half-sphere. This is readily confirmed by the

plots of Pj(d) and O;(d) in the case where R = 1, shown in Figure 4.4 below.

1 —

[N .

‘,""v"th(d)

—2

Figure 4.4: P,(d) and O;(d) corresponding to c(x, y) = 2R?sin? (d(;,l\,y)) with R =1

443 c(x,y)=+/1-d*(x,y)

This example gives a demonstration as to just how important R scaling can be in affecting
the (A3) condition. This radial scaling dependence manifests itself through the limiting
behaviour of the orientation terms as d — 0. Using the general expression for O;(d), one
readily calculates that

: 2 .
J@O Oi(d) = 3R2 1 forie{1,2,3,4}.
Further calculation shows that for R > 1/2/3, and diam(2~ U Q%) < 1, the (A3) con-
dition is satisfied. For R = 4/2/3, the (A3) condition is satisfied if dist(2~, ") > 0 and
diam(2~ U Q1) < 1. If one only has that dist(Q27, Q") > 0 and diam(Q2~ U Q") <1, then
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only the (A3w) condition is satisfied. In other cases where R > /2/3, the (A3) condition
will be violated.

If R < +/2/3 and diam(Q2~ U Q") < 1 with dist(Q~, Q") > h*, where h* > 0 solves
Pi(h*) =0, then c(x,y) = V1 — d? satisfies the strong (A3) condition. This cost-function
will violate the (A3) condition in all other cases where R < /2/3.

444 c(x,y)=—/1-d?(x,y)

This example is closely related to the previous example, in that it also has a dependence on

the radial scaling of the round sphere. In particular, one has that

lim Oj(d) =1— for i € {1,2,3,4}.
d—0

2
3R?
From this, it is observed that for R > 1/2/3, the (A3) condition will be violated at least for
some small values of d. Indeed, further calculation indicates that

Oi(d) >0 forie{1,2,3}, Vde[0,1],

for any R > +/2/3, thus proving the (A3) condition will be violated in this case.

If R < /2/3 and diam(2~ U Q") < min{h*, R, 1}, where h* > 0 solves P>(h*) = 0,
then the strong (A3) condition will be satisfied. In all other cases where R < /2/3, the
(A3) condition will be violated.

445 c(x,y)=+1+d?x,y)
This example bears some resemblance to the previous one; but in this scenario, there is no

sign-symmetry broken by a variance in the radial scaling. Indeed, it is calculated that

, 2 .
CIITOO/(d) =—3p2 1, foried{l,2,3,4},

along with
Oi(d) <0, ie€{l1,23,4}

In this scenario, the (A3) condition will be strongly satisfied for all values of R > 0.

446 c(x,y)=—/1+d%(x,y)

In this example, it is calculated that
Oi(d) >0, i€e{1,234},

for any R > 0. Thus, the (A3) condition will always be violated for this cost-function.
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447 c(x,y)==x~d"(x,y)

In this subsection, a generalisation of the example in Subsection 4.4.1 is considered:

m

d
c(x,y) = j:F(x,y) m#0, c(x,y)==xlog(d(x,y)) m=0. (4.24)
Calculating as before, one finds the following:

(m—1)Rsin (R71d) cos (R7'd) — d

Orld) =+ (m —1)R2dm1sin? (R—1d) (4.252)
FURBLLL ISR Ll (4.250)
Ox(e) = =R d) - R R ) (4250
1 -1
Oald) = i2(m — 1);;2§5—3Zi)n3 (R—1d) 4Rd?fl(§n (Z’)‘ld)
i 4(m — 1)2Rilz;’m_—fsin2 (R~1d) + r;(zr;fT)j!_”? B (m42122)2' (4.25d)

From (4.25a)—(4.25d), the following series of observations can be made for various values

of m and sign on the cost-function depicted in (4.24).

4.47.1 (+), m<O0;

In this scenario, the R scaling has no effect on the (A3) results. From (4.25a)—(4.25d), the

following is calculated:

Pi(d) >0, forie{1,2},
Pi(d) <0, forje {3 4},
|PL(d)| > [Ps(d)], (4.26)

for d € (0, %) Analysing limits as y — x, it is observed that

lim P(d) =0, for ke {1,2 3},
d—0

J'To Pi(d) = —o0. (4.27)
From (4.26) and (4.27), it is thus concluded
Oi(d) >0, foried{l,2 3},

for d € (0, %); that is, the (A3) condition does not hold in this scenario.
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4.47.2 (=), m<O0;

Although this case bears many similarities to the scenario depicted in Subsubsection 4.4.7.1,
it also has some notable differences. In particular, the radial scaling of the sphere does affect
whether or not the (A3) condition is satisfied. However, results that are true for all R > 0
will first be conveyed. Analysing the P;(d) expressions, it is calculated that

Pi(d) <0, forie{l,2},
P3(d) > 0,
|PL(d)| = [Ps(d)], (4.28)

for d € (0, %) and VR > 0. To proceed, the limits as y — x are calculated:

lim Pc(d) =0, forke{1,2 3},
d—0

lim Ps(d) = —o0. (4.29)
d—0
From (4.28) and (4.29), one has the following:
Oi(d) <0, forie{l,2,3},

for d € (0, %) So far, no mention has been made of the O4(d) expression in the current
analysis. This is due to the fact that this term can switch signs on the interval d € (O, %)
which is a result of P4(d) becoming positive for some d > 0. (4.29) already shows that
O4(d) — —o0 as y — x; and thus, it is known that there exists some constant M such
that d < M implies O4(d) < 0 by the continuity of O4(d). Thus, the analysis of the O4(d)

expression is reduced to analysing the equation

d d d d
_ _ 5 g _ b (DN 1228002 (9 a
0=-2d cos<R>+(6m 5)Rd sm(R) (m—1)"R“d’sin <R> cos<R>

—2(m—1)(m? —2m + 2)R3d? sin® <Z>>

—(m—=1)2(m—2)?R3d™sin® (g) ; (4.30)

the right-hand side is simply the numerator of (4.25d). For m < 0 and d € (O, %) the
fourth term on the right-hand side of (4.30) is the only positive term. If we consider d € (0, 1]
and m < 0, it is observed that

d d
2(m —1)(m? = 2m + 2)R3d?sin® (R) ‘ < ‘(m —1)%(m—2)2R3d™sin3 <R> ‘ , (4.31)
as (m—1)?(m—2)2 > 2(m — 1)(m? — 2m + 2) for all values of m. Thus, by (4.29) and

(4.30) it is seen that O4(d) < 0 for d € [0,1]. The actual value d* where O4(d*) = 0 can

not be explicitly represented as (4.30) is a transcendental equation. This value of d* depends
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on both R and m. Even though an analytic representation of d* does not exist, it can be
calculated from (4.30) that
lim d*=1, VR>O. (4.32)

m——0o0
This can be seen from (4.30) by noticing the fourth term on the right-hand side dominates
all terms for large negative values of m and d > 1 and some R > 0 fixed. However, (4.31)
holds for all m < 0, R > 0 and d < 1; thus, one can intuitively reconcile (4.32) from (4.31)
without resorting to a limit calculation. (4.32) represents the manifestation of the R scaling
dependency for this specific scenario. In particular, if R < % the (A3w) condition will be
satisfied. This is true in the full-sphere case if R < % Of course, this is not a sharp estimate;
but such restrictions on the radius of the sphere will ensure the (A3w) condition is satisfied
for any m < —2. Instead of restricting the radius of the sphere, an analogous restriction may
be employed on the source and target domains: diam(Q2~ U Q™) < 1. This will also ensure
that the (A3w) criterion is satisfied. In order for the strong (A3) condition to be satisfied,
one of the aforementioned restrictions is required plus the criterion that dist(Q~, Q) > 0,
as
Clligwo Oi(d) =0, forie{1,2,3},

which is a straight-forward consequence of (4.29).

As was already mentioned, the limit (4.32) only corresponds to a sufficient condition
on R for the (A3w) condition to be satisfied. The corresponding necessary condition on R
can indeed be calculated numerically for given values of m; but such a condition can not
be explicitly stated due to the transcendental nature of (4.30). However for a fixed R, this
scenario undergoes a bifurcation in the m parameter whereupon the (A3) condition will be
at least weakly satisfied for all R > 0. The value for m, that corresponds to this bifurcation,
depends on R and is again only able to be calculated numerically. One may analyse this
bifurcation point as R — oo. Assuming R > 0 and d > 1 is such that % << 1, the
right-hand side of (4.30) is approximated by

(—2m® +5m* —4)d°> + o (d').

By this approximation, it is seen that if m* < m < 0, where m* is defined as the the negative
root of the polynomial —2m® + 5m? — 4, then for an arbitrary fixed d € (0, &F)

d d
- Oy g _ 4 (9
O>RI|m [ 2d cos<R> + (6m —5)Rd sm(R)

— 00
d d
(r 1V2P2 A3 2
(m—1)"R“d>sin <R>COS<R>

—2(m—1)(m? = 2m + 2)R3d?sin3 (g)] .

[t can be calculated that
m* ~ —.7807764064, (4.33)
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which is a numerical limit for the (A3), m-parameter bifurcation as R tends to infinity. This
is shown using elementary methods of calculus to conclude that for m > m™*, the first three

terms of (4.30) dominate the single positive fourth term on the right-hand side of (4.30).

Remark: /t indeed does require the sum of all three of these terms to dominate this one
positive term in the O4(d) expression; thus, there is no simple asymptotic statement to
Justify this behaviour outside of analysing the sign of the right-hand side of (4.30) and it's
derivatives.

Again, (4.33) correlates to a limit of R tending to infinity. As R decreases, this bifurcation
will happen for a value of m < m*. If R falls below the previously discussed bifurcation point
dependent on m (we recall this has to be greater than %), then the (A3) condition is at
least weakly satisfied. This combined with the previous statements regarding the bifurcation
point in the R parameter fills out the current spectrum of results regarding this scenario.

The results for this particular case are summarised as follows:

o IfR> % and m > m*, the (A3w) condition is satisfied for any 2~ and QT such that
caut(Q)NQT = 0.

e If R > 2 and m < m*, one must numerically check to see if (4.30) has real zeros
for d € (0, BX). If this is the case, the smallest positive root of (4.30) represents an
upper bound for the diameter of Q= U Q™ for the (A3w) condition to hold.

e If R < 2 the (A3w) condition will hold for any 2~ and Q* such that cut(Q2~)NQ* = 0.

All these conclusions can be strengthened to having the (A3) condition satisfied, provided
dist(Q~, Q) > 0.

4.47.3 (+), m=0;

This, scenario is exactly the same as the case studied in Subsubsection 4.4.7.1, except that
lim P (d)=2, VR>0,
d—0

which is calculated from (4.25a). Thus, the (A3) condition will not be satisfied in this case.

4.47.4 (-), m=0:

Straight-forward calculations from (4.25a)—(4.25d) indicate that

Oi(d) <0, forie{l1,4},
Oj(d) <0, forje {2 3},
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for d € (0, %) Indeed, analysing limits, it can be ascertained that that

lim O;(d) = -2, forie{l,23},
d—0

fm, Outd) = =
and

lim O;(d)=0, forie {23}

Rm
d—=

lim Oj(d) <0, forie{l, 4}
d—EBr

These results are true for all values of R > 0. Thus the (A3w) condition is satisfied inde-
pendent of the radial scaling of the round sphere. To have the (A3) condition be satisfied,
it is required that dist(cut 2=, Q") > 0.

4475 (+), 0<m<1

As with the cases where m < 0, the scenarios for when m > 0 also have a complex struc-
ture in that both the varying of R and m have bifurcations in all of the terms O;(d) for
i € {1,2,3,4}. The following exposition will be less explicit as compared to the m < 0
cases, as the analysis is extremely similar to examples already presented in this section.

In this case the (A3) condition will be violated for all values of R > 0, except in a very
special situation. First, one can easily verify that O;(d) > 0 for d € [0, %); but there are
values of 0 < m < 1, R > 0 and d such that O;(d) < 0. Specifically, for m > m* and any
value of R > 0, one has the (A3) condition being satisfied on S? provided dist(Q~, Q) > h*,
where h* represents the second positive root of the equation O4(d) = 0. m* is the root of
the equation

. Rm
and is approximately .806. If R < .071, then h* is determined by the smallest positive root
of Oz(d) = 0 which is equivalent to the equation O3(d) = 0.

Remarks:

(1) It should be noted that O4(d) has a parameter dependence on m for cost-functions of
the form c(x,y) = i%dm(x, y). With this, it is clear what is meant by m* being the
root of (4.35).

(2) This is one of the special cases where the dimensionality of S" has an affect on the
(A3) condition. Indeed, for n > 2, one must have O1(d) less than zero, which is not
the case in the current scenario. However, for n = 2 the O1(d) is not considered, as it
Is clearly not possible to have a transport vector orthogonal to both arbitrary vectors

n and £ withm L € in a two dimensional space.
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4476 (+), 1<m<2

In this case,
Oi(d) <0, forie{l,4};

and O»(d) and O3(d) are monotone decreasing with

C|]|LnOOj(d) =00, forje{2,3}.

It can be calculated that for this scenario there exists h* € (O, %) such that Ox(h*) =
O3(h*) = 0. Thus, h* represents the minimal distance separation between Q~ and Q7 for
the strong (A3) condition to be satisfied in this particular case. This conclusion is independent

of radial scaling.

4.4.7.7 (—I—) 2<m< oo
In this case, one has that
Oi(d) <0, forie€{2 3},

and O»(d) and O3(d) are monotone decreasing with
li ; = for j 1,4}
dlinOOj(d) oo, forje{l,4}

The strong (A3) condition will be satisfied in this case if dist(Q2~, Q") > h*, where h* is
defined by the equation O4(h*) = 0 (there is only one root of this equation in the interval
(0, BT)). It is a straight-forward calculation to see that h* € (0, BT). The results of this

scenario are invariant under radial scaling.

4478 (-), 0<m<1

Unlike the case for m < 0, a change in sign is not necessarily tantamount to violation of the
(A3) condition. Here one has that

Oi(d) <0, forie{l,4}

and
0;(0) <0, Oj(d) >0, forje {23}

It is calculated that there exists a h* € (0, %) such that Ox(h*) = O3(h*) = 0. Thus, if
diam(Q~ U Q1) < h*, then the (A3) condition holds.
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4479 (-), 1<m<?2

In this case, it is calculated that

Ol(d) > 0,
0;(0) <0, Oj(d) >0, forje{23,4},

for all d € (0, £X) and R > 0. Thus, the (A3) condition will not hold for this cost-function
on S” for n > 2. On S? however, there exists h* € (0, BZ) such that O4(h*) = 0. Moreover,
if diam(Q~ U Q) < h*, then the (A3) condition will be strongly satisfied on S2.

4.4.7.10 (-), 2<m<oo

Here the (A3) condition can not be satisfied for any R > 0 with 2 < m < oo, as it is
calculated that
Oi(d) >0, forie {23},

for all d € (0, BF).

4.4.7.11 Remarks on the c(x,y) = £-d™(x,y) Example

This concludes a particularly long example that demonstrates the use of Lemma 4.3.1. The
complex structure that correlates to the above set of scenarios is due to the fact that one
must analyse four different expressions for various orientations of & L m relative to the
transport vector p, while varying two different parameters: the exponent m and the radius
of the round sphere R. It has been demonstrated in this example that bifurcations in the
(A3) behaviour happen relative to both these parameters for different orientation vectors,
thus resulting in a large group of scenarios and corresponding results.

4.4.8 Final Remarks on Examples

Through the presented examples, it has been shown that the tie between regularity of Optimal
Transportation potentials and geometry is complex indeed. Loeper showed in [Loe05] how
the (A3) condition related to cross-sectional curvatures on a manifold; specifically, curvature
can have implications toward the (A3) criterion in the limit as d — 0. In the examples of
this section, it has been shown that curvature can also affect the result of the (A3) criterion
as d — diam(S") in a very explicit, albeit non-intrinsic way. It has also been shown that
the underlying topology can also affect the outcome of the (A3) criterion of cost-functions;
that is, some costs satisfy the (A3) condition on S? but not on spheres of higher dimension.
This link between geometry and regularity in Optimal Transportation is becoming the focus
of intense research efforts by many researchers in both geometry and partial differential

equations.
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45 Conclusions

4.5.1 Geometric Implications

In this chapter, results have been presented correlating to the verification of the (A3) con-
dition on round spheres with cost-functions of the form

c(x,y) =f(d(x,y)). (4.36)

The full generality of (4.36) has been able to be studied at the expense of utilising an in-
herently non-intrinsic approach in the current set of calculations. However, the use of the
stereographic projection as the centrepiece of the analysis presented in this chapter is uniquely
powerful in the context of round spheres for two main reasons. First, the stereographic for-
mulation is rotationally invariant on S”; indeed, the analysis in this chapter was carried out
on a arbitrary fixed x € S" against a variable Optimal Transportation target y. The second
(and most important) simplification the stereographic formulation affords is the ability to
explicitly represent the geodesic distance between two points on a sphere in terms of our
projected coordinates; that is, (4.4) is valid as a representation of the geodesic distance be-
tween points x, y € S” in terms of our projected coordinates X, y € R". Such an explicit and
technically manageable representation of geodesic distance on a general Riemannian manifold
is rare in any coordinate system on may choose for a chart on that manifold. Indeed, to the
author’s knowledge, representations of geodesic distances on even an ellipsoid result in the

necessity to use highly esoteric special functions based on implicit or integral representations.

As the (A3) analysis in this chapter reduces to the analysis of covariant derivatives of
f(d(%x,y)), nothing can be calculated without an explicit representation of geodesic distance.
Thus, given the above comments, it is computationally difficult to extend the methods in
this chapter to other Riemannian manifolds beyond that of the round sphere.

As eluded to in Section 4.1 and Subsection 4.4.1, verification of the (A3) criterion is only
one part to proving the regularity of potential functions associated with certain costs. The
other part of proving regularity lies in the existence of gradient estimates analogous to those
presented in Theorem 4.4.1, for cost-functions other than %dQ(X,y). To circumvent this,
the assumption that cut(Q~)NQT = () has been made throughout the chapter. Without this
assumption or a gradient estimate, the stereographic formulation becomes invalid as a point
may be mapped to it's cut-locus on the sphere; and thus, move outside of the chart where
the analysis was performed. In the case where f/(d) < 0, one can not escape the assumption
that cut(27) N QT = @ in the stereographic formulation. In this situation, one only need to
consider a case where cut(Q~) = QT to observe that the optimal mapping correlates to a
mapping that takes every point in x € Q~ and maps it to that point's particular cut-locus.
Thus, to analyse cases where '(d) < 0 free from the assumption that cut(Q2~) N QT =0,

requires the use of geometrically intrinsic methods. As for the cases where f'(d) > 0, it is
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possible that analogies to Theorem 4.4.1 exist given the variational nature of the Optimal
Transportation Problem. Indeed, the author suspects that such gradient bounds exist, given

the close representation of optimal solutions presented in [McCO01] for costs of the form

d(x.y)
c(x,y) = /0 A(t) dt,

to the gradient maps discussed earlier in this chapter. It may be possible to modify the
intrinsic arguments presented in [DLO6] to these slight generalisations of gradient mappings
under the restriction that f’(d) > 0. This research is one possibility to further the results
presented here.

452 Further Studies

Outside of the remarks of the previous subsection, there are other avenues of research that

are possible to pursue stemming from this thesis.

First, there is the possibility of analogising the stereographic analysis of this chapter to
other manifolds beyond the construction of a round sphere. The application of the calcu-
lations in this chapter to a completely general classes of manifolds will not be possible, as
the stereographic analysis presented is dependent on the explicit representation of geodesic
distance on the sphere. However, going off the importance that symmetry and the explicit
geodesic distance representation both played in these calculations, it seems that Lie Groups
would the next place to look in efforts to extend the stereographic formulation of the (A3)
condition. Not only do Lie Groups have strong symmetry properties, they also have the
right curvature conditions to indicate that the (A3) condition should be at least satisfied for

c(x,y) = %dQ(X,y). Indeed, the sectional curvature of a Lie Group can be represented as
1 2
RIX.Y) = 2 IX YT, (4.37)

where [X, Y] is the Lie Bracket of left-invariant vector fields X and Y on the Lie Group (see
[dC92, Ch. 4, Exercise 1]). This combined with the theory presented by Loeper in [Loe05],
makes it reasonable to think that at least the (A3w) condition will be satisfied (in at least
some bounded domain) given the results known for c(x,y) = %d2(x,y) on both the round

sphere and the Euclidean case. If attention is further restricted to Lie Groups where
C < |[X.Y]|I* < 4C, (4.38)

holds everywhere for some arbitrary constant C, it is then ascertained, via the Sphere The-
orem (see [dC92, Chapter 13]), that the Lie Group is then homeomorphic to a sphere and
thus compact. Thus, the gradient estimates of McCann presented in [McCO01] can be ap-
plied in this scenario. Of course, strong gradient bounds can possibly be proven for certain

Lie Groups; but this argument gives a strong indication that Lie Group structures would
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be a good place to look to apply the non-intrinsic techniques presented here. Beyond Lie
Groups, it difficult to see applying the current techniques outside the context of very specific
manifolds due to few explicit representations of geodesic distances corresponding to arbitrary

metrics.

Lastly, the variation of parameters for certain classes of cost-functions lead to com-
plex behaviour through bifurcations of the orientation terms defined earlier in Subsubsection
4.3.1.2. Given the transcendental nature of these bifurcation points, it would be interesting
to run numerical analyses on various families of costs using the stereographic formulation to

ascertain visualisations of the various parameter bifurcations that occur.
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