OPTIMAL MASS TRANSPORTATION FOR COSTS GIVEN
BY FINSLER DISTANCES VIA p-LAPLACIAN
APPROXIMATIONS
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ABSTRACT. In this paper we find a Kantorovich potential for the mass
transport problem of two measures with transport cost given by a Finsler
distance. To obtain such a potential we take the limit as p goes to infinity
of a family of variational problems of p—Laplacian type. This procedure
yields not only a Kantorovich potential but also a transport density.
We also obtain a characterization of the Kantorovich potentials and a
Benamou-Brenier formula for the problem.

1. INTRODUCTION AND PRELIMINARIES

1.1. Introduction. This paper deals with an optimal mass transport prob-
lem when the cost of moving one unit of mass from one point x to another
y is given by a Finsler distance in a bounded domain © in RV,

Our approach to this problem is based on an idea by Evans and Gangbo,
[17], that approximates a Kantorovich potential for a transport problem
with cost given by the Euclidean distance using the limit as p goes to infin-
ity of a family of p—Laplacian type problems. This limit procedure turns
out to be quite flexible and allowed us to deal with different transport prob-
lems in which the cost is given by the Euclidean distance or variants of
it. For example, optimal matching problems (here one deals with systems
of p—Laplacian type), optimal import/export problems (here one considers
Dirichlet or Neumann boundary conditions), and optimal transport with
the help of a courier (this is related to the double obstacle problem for the
p—Laplacian). We refer to [10], [21], [22], [23], [24], [25]. Here we extend
the previous results considering a more delicate structure, that is given in
terms of a Finsler metric that may change from one point to another in the
domain (this is what is called a Finsler structure in the literature). Our
ideas can also be extended to manifolds, but, to simplify the presentation,
we prefer to state and prove our results just in a bounded domain € in RV,
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On the other hand, at the end of the paper we present how the obtained
results read on a Riemannian manifold.

Now, let us introduce some terminology and general results from optimal
mass transportation theory. The Monge transportation problem consists
in moving one distribution of mass into another one minimizing a given
transportation cost. In mathematical terms, the problem can be stated as
follows: let © a open bounded subset of RY, given f*, f~ € LY(Q), two
nonnegative compactly supported functions with the same total mass, find
a measurable map T : Q — Q such that T#f* = f~, i.e.,

/ fH(z)dz = / [ (x)dx VA CQ measurable,
T-1(A) A

and in such a way that 7" minimizes the total transport cost, that is,

/ c(z,T(x))fT(z)dr = min / c(z,S(z)) f(x)de,
Q Q

S S#fr=f-

where ¢ : 2 x  — R is a given cost function. The map T is called an
optimal transport map. The difficulties in solving such problem motivated
Kantorovich to introduce a relaxed formulation, called the Monge-Kanto-
rovich problem, that consists in looking for plans instead of transport maps,
that is, we look for nonnegative Radon measures p in  x € such that
proj, (1) = f*(x)dx and proj,(u) = f~(y)dy. Denoting by II(f*, f~) the
set of plans, the Monge-Kantorovich problem consists in minimizing the
total cost functional

Ke(p) == /QXQc(x,y) du(z,y)

in II(fT, f7). If u is a minimizer of the above problem we say that it is an
optimal plan. When c is lower-semicontinuous, it is well known that

inf /C:U,T:U T(x)der = min  K.(p).
L (@, T(x))f " (x) periin (1)

For notation and general results on Mass Transport Theory we refer to
[1, 4, 16, 17, 31] and [32], below we summarize our main concern in this
paper.

Here we will deal with a cost ¢ given by a Finsler distance (see Subsec-
tion 1.2 for a precise definition) that can be non-symmetric. However, since
the cost satisfies the triangular inequality, the following duality result holds
(see [31]):

(1.1) min {ICC(,u) RS H(f+,f_)} = sup {/Qv(f_ —fHve KC(Q)} ,
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where K (Q) := {u: Q— R : u(y) —u(z) < c(x,y)}. Moreover, there ex-
ists u € K.() such that

/Qu(f_ - :sup{/gv(f_ —fM) v GKC(Q)}.

Such maximizers are called Kantorovich potentials.

When c is symmetric, it holds that

(1.2) min{Kc(p) : p € TU(fT, f7)} =sup {/Qv(f+ —f7):ve KC(Q)},

since v € K (Q) iff —v € K.(2). For ¢(z,y) = |z — y|, the Euclidean
distance, Evans and Gangbo found in [17] a maximizer in (1.2) taking limits
as p — oo of the solutions of certain p—Laplacian problems. As we have
already mentioned, our main goal here is the same, we aim to find the
Kantorovich potentials taking limits of some kind of p-Laplacian problems
as p — oo.

Now, we state precisely what is our cost function. In order to do this
we introduce briefly the definition of Finsler structures (see Section 2 for
details and properties). Finsler functions are grosso modo extensions of
norms. Basic references in Finsler geometry are [6, 29].

From now on, 2 will be a bounded domain in R, and f*, f~ € L%(Q)
are non-negative, compactly supported functions with the same total mass.
We also assume that supp(f™) Usupp(f~) CcC €.

1.2. The cost function. We will denote by (£; 1) the Euclidean inner prod-
uct between ¢ and 1 in RY and by |¢] = 1/(£, €) the Euclidean norm in R,

A Finsler function ® in RY is a function that is non-negative, continuous,
convex, positively homogeneous of degree 1,

d(tE) =td(€) for any t >0, £ € RY,

and vanishes only at 0. The dual function (or polar function) of a Finsler
function @ is defined as

O (¢") = sup{(¢;€) : #(¢) < 1} for & € RV,
It is immediate to verify that ®* is also a Finsler function.

A Finsler structure F on € is a measurable function F : Q x RN — R
such that for any z € Q, F(x,-) a Finsler function in RY. For a Finsler
structure F on €, we define the dual structure F* : Q x RN — R, by

F*(x,&) := sup{(n; ) : F(x,n) < 1}.

Important examples of Finsler structures on ) are those of the form
®(B(z)E), being ® a Finsler function and B(x) a symmetric N x N matrix,
positive definite. Such type of Finsler structures are known as deformations
of Minkowski norms.
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Let us now introduce the cost function. Given a Finsler structure F' on
), we define the following cost function c:

1
(1.3) cr(z,y) == inf /OF(J(t),U'(t))dt,

OGF%y
where, for z,y € €2, the set ng is given by,
F;?,y = {U € Cl([oa 1]7Q)a U(O) =Z, 0(1) = y}

We have that cp is a Finsler distance. We make emphasis on the fact
that c¢p is not necessary symmetric (i.e., cp(x,y) # cp(y,z) may happen)
because F' is merely positively homogeneous.

Remark 1.1. In the particular case of F(z,£) = ®(£) and Q convex, we
have that
cp(z,y) = 2y — o).

£ since ® is convex, applying Jensen’s inequality, we

Y’

By — 2) = (/01 o/ (1) dt) < /01 (o' (1)) dt.

Therefore, taking infimum, we get ®(y — z) < cp(z,y). On the other hand,
if o(t) = v + t(y — x), we have

In fact, given 0 € T’
get

1
ep(,y) < / (o (1)) dt = D(y — ).

Let us remark that when cp is not symmetric, then (1.2) is not true in
general. For example, if ®(£) := a&~ + bET, with 0 < a < b, then for
J+ = X(,1) and f- = X(12), we have that an optimal transport map is
T(x)=x+1,so0

win{Ke (1) € ()} = [ el 7)1 (o)
~ [ 2@ - o) fewde =b= [ @)/ @) - fo(@)d
where u(z) = bz is the Kantorovich potential. On the other hand, an

optimal transport map for the transport of f_ to fi is S(z) = z — 1, and
consequently

sup{/gv(ﬁ ) ive KCF(Q)} _ /cF(x,S(:c))f(x)dm
— [ @(50) s @)ds =a= [ o(@)(f1 (o) - S (@)

where u(x) = —ax is a Kantorovich potential.
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1.3. Main results. We will denote by M(Q,RY) the set of all RV-valued
Radon measures in €2, which, by the Riesz representation Theorem, can be
identify with the dual of the space C(€Q,R") endowed with the supremum
norm.

Our main result reads as follows:
Theorem 1.2. Let F' a continuous Finsler structure such that
al¢] < F*(x,€) < Bl¢| for any € € RV and z € Q

(here o, B are positive constants), and F*(z,-) € CH(RN\ {0}). Forp > N,
let uy, be a solution to the variational problem

min/ [ (z, Du)]P / uf.
u€Sy
where f = f~ — f* and S, :{UGWLP ) Jou =0}

Then, there exists a uniform limit as p — oo of u, (extracting a sequence
pj — 00 if necessary), us, that is a Kantorovich potential for the mass
transport problem of fi to f— with cost given by the Finsler distance given

n (1.3). Moreover, there exists Xoo € M(Q,RY) such that

/(f — = /DvdXoo Vv e Cl(Q),
Q Q
and
el = [ a7 = 1) = min{Kep ) €T £7))
where |Xoo|F is defined by

| Xoo| 7 ::sup{/(I)dXoo : @ e O, RY), F*(m,@(m))ﬁleGQ}.
Q

If in addition we assume that
F*(z,Dyu(x)) <1 p—ae. inQ,

then

/(f‘—f+)v— 7@(-,Duum)-Dvdu Vo e CH(Q),
Q o 08

F*(z,Dyu(z)) =1 p—ae inQ,

where D, uy 15 the tangential gradient of us respect to the transport density
= F({L‘, Xoo)'

For the particular case of quadratic cost ¢(x,y) = |z — y|?, Benamou and
Brenier in [9] introduced the Eulerian point of view of the mass transport
problem and obtained what is usually known as Benamou-Brenier formula.
This point of view has been generalized in different directions (see for in-
stance, [1], [14], [3]). Following Brenier, see [14], we consider the paths
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6 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

f:[0,1] = M(Q,R)* and the vector fields E : [0,1] — M(Q,RY) satisfy-

ing

y —0 D 16
(14) { dt /Qd)df(t) * /deE(t) =0 i D(0,1), VYéeC @),
f0)=f", and f(1)=f".

Given a solution (f, E') of (1.4), we define its energy as
1
Jr(f, E) ::/ |E(t)|p dt.
0

We have the following relation between the Monge-Kantorovich problem
and the equation (1.4), that provides a Benamou-Brenier formula for this
kind of transport problems.

Theorem 1.3. Assume that F is continuous and that F*(z,-) € C1(RN \
{0}) and consider Xy the flux given in Theorem 1.2. Then, given f(t) :=
fr+t(f~—f") and E(t) := X fort € [0,1], (f, E) is a solution of problem
(1.4). Moreover,

min{Jp(f, E) : (f,E) is a solution of (1.4)}
= min{Ke, () : p € I(f*, f7)}.

The paper is organized as follows: in the next section we give some pre-
liminaries on Finsler structures; in Section 3 we introduce the p—Laplacian
problems that we use to approximate a Kantorovich potential of our mass
transport problem, and we prove that we can take limits as p — oo along
subsequences of the solutions obtaining in the limit a Lipschitz function; in
Section 4 we show that this limit is in fact a Kantorovich potential for our
problem and moreover, we find a PDE that is verified by the limit, this PDE
involves a transport density. In Section 5 we see that the results obtained in
Section 4 characterize the Kantorovich potentials for the transport problem
we study. Section 6 is devoted to get a Benamou-Brenier formula for the
problem. Finally, in Section 7 we briefly comment on the extension of our
results to a general Riemannian manifold.

2. PRELIMINARIES ON FINSLER STRUCTURES

In this section we collect some properties of Finsler functions in RY that
will be used in the sequel. Recall from the introduction that a Finsler func-
tion @ is a non-negative continuous convex function, positively homogeneous
of degree 1,

(&) = t®(¢) for any t >0, £ € RV,
that vanishes only at 0. Observe that ® satisfies

alé] < @(¢) < Bl¢| for any £ € RY,
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 7

for some positive constants «, 3.

Note that Finsler functions are extensions of norms. In fact, any norm
in RY is a Finsler function, and any symmetric Finsler function is a norm.
Moreover, for any Finsler function, convexity is equivalent to the triangular
inequality.

Let

By = {€ € RN : ®(¢) < 1}.
This set Bg is a closed bounded convex set with 0 € int(B). It is symmetric
around the origin if ® is a norm. Conversely, for any closed bounded convex
set K with 0 € int(K), ¢x(§) := inf{av > 0: { € aK} is a Finsler function
with By, = K; when K is centrally symmetric, we have a norm. In the
literature the Finsler functions are also denominated as Minkowski norms.

The dual function (or polar function) of a Finsler function @ is defined as
®*(¢") = sup{(§7;€) : £ € Ba} for £ € RY.

It is immediate to verify that ®* is also a Finsler function; and a norm when
® is a norm. We also have

wf ok (€58
®*(£") = sup .
() e20 P(§)
Therefore, the following inequality of Cauchy-Schwarz type holds,
(2.1) (€58 < 2P (£).
If & is a norm, we have
(22) (€556 < 2(§)D(E7)-

Now, for general Finsler functions the inequality (2.2) is not true. An exam-
ple of a Finsler function that is not a norm in R is given by ®(§) := a&~+b&™,
with 0 < a < b.

It is not difficult to see that
P(8) = @(8), Ve RN,

Hence,

— o (&)
(2.3) B(O)= p ey

If we assume that the Finsler function ® is differentiable at &, then by
Euler’s Theorem,

(2.4) (&) = (DO(£); €)-

Moreover, if we assume & is differentiable in K C RY, since ® is convex and
satisfies the triangle inequality, we have

(2.5) (D®(&);m) < @(n) VEneK,
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8 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

and consequently
(2.6) [(D®(E); m)] < sup{®(n), (=n)} < Bln| VE,n € K.

If we assume @ is differentiable in RV \ {0}, by Lagrange multipliers, from
D*(£") = supg(g)=1(£; "), we get that

if ®(¢)=1 and @&*(¢") = (£E7)
then there exists A € R such that £ = AD®(¢).

Therefore, by (2.4), we get that
(27) i B€) =1 and @*(¢") = (&€°), then £ = (%) DB(E).

From (2.4) and (2.5), we also have
(2.8) O (DP(E)) =1 VE#NO.

A Finsler structure F on € is a measurable function F : Q x RN — R,

such that for any z € Q, F(x,-) a Finsler function in RY. For a Finsler
structure F on €, we define the dual structure F* : Q x RN — R, by

F*(.’L‘,f) = Sllp{<77;f> 2F($,7]) < 1}

Finally, besides Finsler structures, let us remark that we will identify the
elements n € L'(Q,RY) as elements of M(Q, RY) by means of

(0, ®) = / (®(z), () de.

Q
where

o (x) ifze
”(”““)'_{g ifz €0\ Q.

3. A p—LAPLACIAN PROBLEM

From now on, we will assume that F' is Finsler structure on {2, continuous
in Q x RV, satisfying

(3.1) alé| < F*(x,€) < Bl¢| for any € € RY and = € Q,

being a and [ positive constants. Condition (3.1) is satisfied, for example,
if we impose that F?(x,-) is twice differentiable (for ¢ # 0) and the matrix

% (1 _,
FEE, <2F (“))

is uniformly elliptic (see [6]). Let us remark that due to the fact that f*
and f~ are compactly supported inside €2, condition (3.1) can be relaxed.
For example, for the Poincaré disk, that is, the unit disc with the Finsler

structure ’ |
2/¢
F =

Jun 12 2014 10:59: 00 BST
Version 1 - Submtted to PLMS



OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 9

for which the distance cp is given by

2z — y/?
cr(x,y) = argcosh (1 + ;
(1= [z)(1 = [yl?)

our results can be applied.
For p > N, we consider the variational problem
F*(x, Du)lP
(3.2) min/ (@, Du)l? / uf.
u€Sp JQ p Q
where f € L*(Q), [ f =0, and S, = {u e WP (Q): [,u=0}.

Lemma 3.1. For p > N, there exists a continuous solution u, to the vari-
ational problem (3.2).

Proof. Note that under the conditions on F*, we have
(3.3) a|Du| < F*(-, Du) < B|Dul.
Hence, for every u € Wi (Q),

/]Du\p / F*(w Du)]P <5/ |Dul”

and therefore the functional
* P

(3.4) 0, /(u) = / [E"(z, D)) / uf,

Q p Q
is well defined in the set S, which is convex, weakly closed and non empty.
On the other hand, ©,  is coercive, bounded below and lower semicontin-
uous in Sp. Then, there is a minimizing sequence u,, € S, C WHP () such
that u, — v € S, and

inf ©y, 5 = liminf O, (un) > O (w).

Hence the minimum of ©,, ; in S, is attained. O

Remark 3.2. When F*(z,-) is strictly convex, we get uniqueness of w,.
Observe that we have fQ up = 0. As usually happens for homogeneous
Neumann problems there are infinitely many solutions to (3.2) but any two
of them differ by an additive constant.

Assuming that [*(z,-) € CY(RV \ {0}), then, via standard arguments
like the ones used in [7], we have that w, is a weak solution of the following
problem of p—Laplacian type

: « p—1 OF _ :
—div <[F (z, Du(z))]P~! o€ (x,Du(a:))) =f inQ,
OF*
23

Here n is the exterior normal vector on 0f2, an

(3.5)

[F*(x, Du(:v))}p_l ( (z, Du(z));n) =0 on Of).

d % is the gradient of

F*(z,&) with respect the second variable &.
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In the particular case F(z,§) = ®(A(z)¢), with ® a Finsler function and,
A(zx) a symmetric N x N matrix, positive definite, that depends smoothly
on z, equation (3.5) becomes

—div ([@*(A*Du)]p*l A*1D<I>*(A*1Du)) = f inQ
(3.6) -
[@*(A~'Du)]"™ (A"'D®*(A™'Du);n) =0 on 0f.

Note that in the particular case of the Euclidan norm ®(§) = |¢], equation
(3.6) reads as

{ —div (}A‘lDu’p_Q A_2Du) =f inQ,
}A’lDu‘]%2 (A™2Du;n) =0 on 0f2.
Finally, if A = I, equation (3.6) is given by
—Aporu=f in Q,
{ [@*(Du)P~! (D®*(Du);n) =0 on 09,
being

N9 L 90
Ap ot = Zl o7, <[¢*(Du)}p 1 5. (Du)) .

In particular, for ®* an ¢9-norm, that is,

1
N q
(&) = [i€lly = (Z !é‘k\q> :
k=1
the operator A, ¢+ becomes
N p=g
0 -
Aporu = ; B ]

and consequently, if ¢ = 2, we get the classical p—Laplacian operator

Apu = div (|Du|p_2Du) .

p—q 9
7% du
8.%'i ’

u
8.%'k

ou
8.7}1'

>

k=1

Now, let us see that we can extract a sequence of solutions to (3.2), {up, },
with p; — oo, that converges uniformly as j — oo.

Lemma 3.3. Let u, be a solution to (3.2) indexed by p with p > N. Then,
there exists a subsequence p; — oo such that

Up, = Uoo

uniformly in Q. Moreover, the limit us is Lipschitz continuous.

Proof. Along this proof we will denote by C' a constant independent of p
that may change from one line to another.
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Our first aim is to prove that the LP-norm of the gradient of u, is bounded
independently of p.

Let v a fixed Lipschitz function with F*(x, Dv(z)) < 1 for a.e. z € Q and
fQ v = 0, then we have that v € S,. Hence, since u, is a minimizer of the
functional ©, ; in S, we have

/Q [F*(z, Dup / fu, < / [F*(x, Dv(z / fo

S/—/fv.
Qb Q
Consequently,

/Q[F*(x,l;up(:c))]p S;!Q\ _/vaJr/qup,

Now, thanks to the fact that f u, = 0 and that the constant in the inequal-
ity ||upHLp < C||Dup||zr(q) can be chosen independent of p (see [23]) we
get

/Q Fup < Cllugllioey < Cll Dyl ooy

and then we obtain

F*(z, Duy(x P
/Q[ ( pp( )l < C +C| Duy|| oo

Then, by (3.3), we get

1
P

[ 17 Duop <5045 ([ 170 Do)

From this inequality we can obtain that there exists C, independent of p,
such that

(3.7) ( /Q [F*(x,Dupm)V’)‘l“ < (Cp)7T

Then, from (3.3) we obtain that there exists C, independent of p, such that

(/ \Dupyp>p <C.
Q

Now, using this uniform bound, we prove uniform convergence of a se-
quence up,. In fact, we take m such that N < m < p and obtain the
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12 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

following bound

Dyl ey =(/Q'D“p'm'12 I
< [(/wap)p </91> p ]

< Q7 < Oy,

3|

the constant Cy being independent of p. We have proved that {u,}y>n
is bounded in W'™((2), and we know that [,u, = 0, so we can obtain
a subsequence u,, — Us € WH™(Q) with p; — +oo. Since WHP(Q) —
C%(€) and uy, — us € WHP(Q), we obtain u,, — s in C**(€2), and in
particular u,, = e uniformly in Q. As up;, € C(Q), then us € C(Q).

Finally, let us show that the limit function u, is Lipschitz. In fact, we
proved that,

1

1
</|DUWW)nISlmﬁnf</muhwﬁm>m5501Qphg(b.
Q pi=tee \Jo

Now, we take m — oo to obtain [[Duccl|ec(y < C2. So, we have proved
Uso € WH°(Q), that is, us is a Lipschitz function. O

Remark 3.4. All the results of this section remains true if we assume that
f=fpand
fp = f weakly in L*(Q).

4. MASS TRANSPORT INTERPRETATION OF THE LIMIT

4.1. Kantorovich potentials. The goal of this section is to show that the
limit us of u, that we proved to exist in the previous section, for f =
f~ — fT, is a Kantorovich potential for the mass transport problem of f*
to f~ with the cost given by the Finsler distance

1
crwy) = inf | Flo(t).o't)dr
g z,y

The key idea is contained in the following result.
Lemma 4.1. u € Wh(Q) if and only if Lip(u,cr) < oo, where

u(y) — u(z)

Lip(u,cp) :== sup{ r@1)

:%yéﬁx#y}

and

esssup,coF ™ (z, Du(z)) = Lip(u, cp).
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Proof. The first assertion is an easy consequence of (3.1).

Now let 0 € ng, then, by (2.1),

1
u(y) —u(z) = /0 (Duo (#)): o' (t))dt
1
< [ F(o0). Dulol) Flo(t).o ()
0

< esssup,eaF ™ (z, Du(z)) /01 F(o(t),o'(t))dt.
Taking the infimun in o € F%y we get
u(y) — u(z) < esssup e ™ (z, Du(x))cr(z,y)
from where it follows that
Lip(u, ¢) < esssup,cqF™(z, Du(x)).
Let us now consider u € W1°°(€), then, for a.e. z € ,
(Du(z); §) u(z + h§) — u(x)

Flo6)  am T P hd)
< Lip(u,cr) llniérif w

< Lip(u, cF)llrgéEf F, h§

/ F (z + th&, hE) dt
= Lip(u,cp).
Consequently, by (2.3), we get the reverse inequality:
esssup,coF™ (z, Du(z)) < Lip(u, cp).

This ends the proof. U

Observe that if F*(z,-) is a norm then, as usual,

Lip(u, cr) :sup{W:x,yGQ, x#y}

Therefore, we have the following corollary:

Corollary 4.2. Assume F*(z,-) is a norm. Then, for u € WH>(Q), we
have

F*(z,Du(z)) <1 a.e. in Q <= |u(z) —u(y)| < cp(z,y).

As consequence of Lemma 4.1, we have that the set of functions
Kop(@) = {u € WH(Q) ¢ uly) - u(a) < ep(e,y))}
coincides with the set
Kp(Q):={ue W (Q) : esssup,eqF* (x, Du(z)) < 1}.
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14 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

Hence, we have that (1.1) can be written as

(41) min{Kep () s € T SO} =sup{ [ o™ =720 € i)

Theorem 4.3. Any limit ux, of a sequence uy,;, is a Kantorovich potential
for the optimal transport problem of f+ to f~ with the cost given by

1
crwy) = it [ F(aw).c0)a

oerg,

that is, the supremum in (4.1) is attained at U .

Moreover, if F*(x,-) € CYRN \ {0}), then there exists Xo € M(Q,RY)
such that

(4.2) /(Z(f_—f+)v:/§2DvdXoo Vo e CH(Q).

In particular,

(4.3) —div(X) = f~ — fT in the sense of distributions,

Proof. From the proof of Lemma 3.3, for every v € K;(Q2), we have

ot < [ PR [y

p
[F* (2, v(2))? .
§/Qp—/9v(f s
[
<L /Q(f ).

Taking limits as p; — 0o we obtain

[t =1 zsw{ [ o= 10 verz@f,

Then, it only remains to prove that us € K5(€2). Now, using again (3.7)
from the previous computations, we have that

([ 1@ Dur) < @pr,
Q
Then, as above, if take N < m < p, we get
1
[1F™* (2, Dup(x)) || Lm(e) < (C1p) 7T,
the constant C'; being independent of p. Hence, having in mind that

Up; = Uso  uniformly in €2,
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 15

we can assume that Du,, — Dug in (L™(2))". Then, by Mazur’s Theorem
[15, Corollary 3.8], there exists )\g > 0, with Zfi1 /\g =1 such that

kj

Z )\gDupi — D, stronly in (L™(Q))Y and a.e. in Q.

i=1

Then, by the continuity of F*, we have
kj
F 1., Z N Duy, | = F* (-, Duso) stronly in L™(€2) and a.e. in €.
i=1
Therefore,

kj
HF*(.,DUOO)\|Lm(Q)glijrggolf * .7;AgDupi
1=

Lm(Q)
k; kj

, : 1
< lim inf MNAF* (- Dup)l| ey < 1bxg£fZAg(clpi>pH -
i=1 =1

Taking limit as m — oo, we get that
[E™(; Dtioo ) || oo () < 1,

and we conclude that us, € Kj(€2).

Finally, if F*(x,-) € CY(RY \ {0}), since u,, is a weak solution of problem
(3.5), if we define

b1 OF

Xp := [F™ (2, Dup(x))] Tg(waDup(w)),
then
(4.4) /Q<Xp;Dv) = /Q(f‘ — v Yoe wr(Q).
Let us see that
{X : p=N}

is bounded in L'(Q,RY). In fact, first, taking u, as test function in (4.4)
and having in mind (2.4),we have

/ [F*(x, Duy(x))|P dz < Ch, Vp > N.
Q
Then, by Holder’s inequality, we get

(4.5) /Q [F* (2, Duy(2))P ' dz < Co,  Wp> N.
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16 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

On the other hand, given ¢ € L>®(Q,R"Y), from (2.6), (3.1) and (4.5), we
have

)| = [ F G D) [ o D)) 0) )| o
fwsa] <, (%

< Bllellz=ca /Q F* (2, Duy ()] dae

< CoM|lpllpee ()

from where it follows that {X, : p > N} is bounded in L'(Q,RY). There-
fore, there exists X, € M(Q,RY) such that

Ay, = X weakly™ as measures in (2.

Thus, for any v € C*(Q), having in mind (4.4), we get

/Q(f_—f+)’U——/QdiV(Xpi)v—/Q<Xpi;Dv) —>/QDvdXoo.

Hence we have proved (4.2). O

For the next theorem we need to introduce, given a measure, two new
measures using the Finsler structure. First, given a measure X € M(£2, RN ),
we define its total variation respect the Finsler structure F' as follows: for
an open set A C Q, we define

[ X|p(A) =
sup {/(I)dX :®d e C(QRY), supp(®) C A, ®(z) € Bp+(y,) Yz € Q} .
Q
Lemma 4.4. The extension of |X|r to every Borel set B C Q given by
|X|p(B) :=inf{|X|p(A) : A open, B C A}

is a Radon measure in Q.
Proof. By the De Giorgi-Letta Theorem [2, Theorem 1.53], it is enough to
show that [X[r is subadditive, superadditive and inner regular. In fact,
given open sets A,B C Q and ® € C(Q,RY), supp(®) C AU B, ®(x) €
Bz, Vo € Q, let {n; 1 i = 1,2,3} a partition of unity such that supp(m) C
A, supp(n2) C B and supp(n3) C Q \ supp(®). Then,

/fI)dX - /m@dX + /Wm + /ngcm < |X]p(A) + |X]p(B).
Q Q Q Q
Hence, taking supremum in ®, we obtain that

|X|p(AU B) < |X[p(A) +|X[r(B).

The other two properties are easy to prove. O
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 17

Since F' is non-negative, positively 1-homogenous and convex in the sec-
ond variable, given X € M(Q,RY), we can also define (see for instance
[5], [2]) the measure F(z, X) as

Lﬂwn:émwwmmwépeﬁ£W0mm

:LF<m$;@OﬂM,

for all Borel set B C Q, being X = X* + X* the Lebesgue decomposition of
X, and dc‘g' the Radon-Nikodym derivative of X respect to |X|. Since |X] is
absolutely continuous respect to the measure |X|r, by [2, Proposition 2.37],

we have

ax —
(4.6) / F(z,X) = / F (:U, (x)) d|X|r for all Borel set B C €.
B B d|X|r

Having in mind (4.6) and following the proof of the continuity Reshetnyak
Theorem given in [30], we get the following result.

Lemma 4.5. Let X,, X € M(Q,RY) such that

X, = X in M(QL,RY) and |X,|p(Q) — |X|p(Q).
Then
lim F (x, X,) /F x, X).

n—o0

We will also use the following approximation result. For this result, and
from now on, we will assume that F' is a continuous Finsler structure in a
larger domain, I : Q' x RNV — [0, 00[ with Q@ cC €/, which is not a loss of
generality since we are assuming that supp(f™) Usupp(f~) CC .

Lemma 4.6. For any u € W'*°(Q), such that Du(z) € Bp+(y,.y a.e. x € €,
there exists uc € C*(Q), such that uec — u uniformly in any compact subset
K of Q, and

lim sup sup F*(x, Duc(zx)) < 1.
e—0 Q

Proof. Since Du(x) € Bp«(,.) a.e. x € {2, we can take the McShane-Whitney
extension

u(z) == inf {u(y) + cp(y,z)}, =€,
yeN

and then we have that u(z) — u(y) < cp(y, ). Let uc =u * p. € C1(Q) (we
can extend u as zero outside ). Then u, — u uniformly in any compact
subset K of Q. On the other hand, by continuity, there exists . € Q, such
that

sup F*(x, Duc(x)) = F*(ze, Duc(ze)).

Q
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18 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

By Lemma 4.1, esssup,cq/F™*(x, Du(x)) < 1. Then, by Jensen’s inequal-
ity, we have, for € small,

F*(ee Dued) < [ | F* (e Dalw)peec — )dy

- / F* (e, Dy pe(e — y)dy — / F*(y, Du(y))p(ze — y)dy
RN RN

+ [ F Du)pelwe —y)dy

< /RN (F(w Du(y)) — F*(y, Dﬁ(y)))pe(xe —y)dy +1.

Now, there exists a subsequence such that x., — z¢, and, for this subse-
quence,

/RN (F*(:cen, Du(y)) — F*(y, Dﬂ(y)))pen (Te, —y)dy — 0

as n — +oo. O

Theorem 4.7. Let uy and Xo be as in Theorem 4.3. Then,

(47) Xl @ = [ Floi2) = [ s = 1)
Q Q
Proof. Let ve be the approximation given in Lemma 4.6 for « = ., then

/(f— — [uedr =1im [ (f~ — fHvede = lim [ Dv.dXs
Q e—0 Q e—0 ﬁ

(4.8)

< lim sup sup F* (2, Dvc(2) [ Xoc () < [ Xoo] ().
e—0 9]

Let now ® € C(Q,RY) with ®(z) € Bpe(s, for all z € Q. By (2.1), we
have

(4.9) /Q BX, dr < /Q F* (a0, ®(2)) (2, X, () d < /Q Fla, X, («))da.
Therefore

/<I>dXoo :lim/ X, < limsup/ F(z, X, (z))dx,
Q i Ja i Q

and, taking supremum in @,

(4.10) | XYoo | F(2) < limsup/{)F(x,Xpi(aﬁ))daﬁ.

)
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 19
Now, applying Holder’s inequality, (2.8), (2.4) and (4.4),we get

limsup/ F(z, Xy, (z))dz
Q

— li?i}ilolp /Q [F*(x, Duy, (z))]"" ' F (x aaF;(x,Dupi(a:))> dx
< lim sup </ [F*(x, Duy, (x))]" daz) "
1—00 Q
L OF N
= li?i}ilolp (/Q [F*(x, Duy, (x))]" 1< o€ (astupi(x));Dupi(az)>dx)
= limsup (/ (Xpi;Dup)) - lim [ (Xp,; Duy,)
1—00 Q =00 J
= tim [ (= = [ =
1= JO [¢)
that is,
(4.11) fimsup | Fla, 2, @)ds < [ (17 = s
Then, by (4.8), (4.10) and (4.11),
4.12 Xoo — [Hused
(4.12) el (@ = [ (17 = et

Let us see now that
(4.13) | X, | P () = [Xoo| ().
By (4.9), taking supremum in @,
‘sz‘F(ﬁ) < /QF(QU’XI%‘)'

Then, by (4.11) and (4.12), we get

lim sup |A), IF(Q) < hmsup/ F(z, X)) /(f_ —f'*')uoO = |X00]F(ﬁ)

1—00 1—00

On the other hand, given ® € C(Q, RY) with ®(z) € Bps(, for all z € €,

[ o2 < 12,00 @),
then
/ PX, < limiinf X, | (€2),
and from here, we get thgt
|Xoo | P (D2 )<hm1nf|X |F(Q),

and the proof of (4.13) is finished.

Jun 12 2014 10:59: 00 BST
Version 1 - Submtted to PLMS



20 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

Finally, since X,, — X in M(€, RY) and we have (4.13), by Lemma 4.5,
we get,

/F(x,Xoo): lim F(x,)(pi):/g(f—f*)uoo. 0

Q n—oo ﬁ

Let us see now that F(z, Xx) is the transport density of the transport
problem we are dealing with. To do that we need to recall the concept of
tangential derivative respect a Radon measure (see for instance, [12], [13] or
[11]). Given u € M(Q)T, we define

N e Lzo(ﬁ, RY) : Ju, € C*°(Q), u, — 0 uniformly,
Duyp, — & in o(L;°, L))
The orthogonal of N in L/,(Q, RY) is characterized in [13] as
N+t ={oe€ L}L(ﬁ) : o(z) € Ty(x) p—ael,

where T}, is a closed valued p-measurable multifunction, that is called the
tangent space to the measure p. For a function v € C1(Q), its tangential
gradient D,u(z) is defined as the projection P,(x)Du(x) on T, (x). In [13]
it is proved that the linear operator u € C1(Q2) — D,u € Le(Q, RY) can
be extended in a unique way as a linear continuous operator

Dy : Lip(Q) — L?(Q,RY),

where Lip(Q) is equipped with the uniform convergence and Ly (Q,RY)
with the weak topology. Consequently, there exists ve € C(Q) such that

Ve = Uoo uniformly
(4.14)
D,ve = Dyuss U(L;’f, L}L)

Following [28], given u € Wh%°(Q), we define the u-tangential gradient
of u respect to F' in the following form: for z € € such that there exists
D,u(x), we define

Du(x) -0 D,u(x) v
Opu(z) = £ "5 . p e argmaxﬂi
. ( ) F(l’,’l})2 vle‘Tu(ac) F(I‘,’U)
vl=1

In case F(x,-) is strictly convex, then there is a unique maximum
Dyu(x) - v
W:UET/J(J?), ‘U‘:l N

and consequently O ,u(z) has a unique element that we denote by Vg ,u(z)
that is called the u-tangential gradient of u at = respect to F, that is,

Dyu(x) -0
— 9.
F(x,0)?

U E argmax{

VEuu(z) =
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 21

Observe that

Orpu(z) = (Dyu(z) -0)0 : 0 € argmax Dju(x)-v
v € Ty(z)
F(z,v)=1

Theorem 4.8. Let uy and Xo be as in Theorem 4.3. If we set p :=
F(x,X), then

_ [ dX 15
/Q(f —f+)v—/du-Dvdu Vv e cHQ),

Q

dX

dXse
dp

() € OFpuosc(x) and F(x, 0

(CL‘)) =1 p—ae in Q.
Moreover, if F(x,.) is strictly convez, then
/(f_ — M= /Vp,uuoo -Dvdp Vv e CHQ),
Q Q

F(z,Vpus(z)) =1 p—ae inQ

Proof. Since X is absolutely continuos respect to p, we have the Radon-
Nikodym derivative fﬁj‘—f € LL(Q,RY). On the other hand, by (4.3),

dX _ NP
—div (u) = f~ — fT in the sense of distributions.

dp
Then, from [13, Proposition 3.5], it follows that
dX,
(4.15) T/jo(:n) €Tu(x) p—ae.
We claim now that
(4.16) Dyuss(x) - v(z) < F(z,v(x)) p—ae.

for any v(x) € T,(xz) p—ae..

Let u, be the functions given in Lemma 4.6. Then, by (2.1), if v(z) €
T,(x) p— ae., we have

Dyue(x) - v(x) = Due(z) - v(z) < F* (2, Due(z)) F (2, v(z)),
for p-almost all . By contradiction, if (4.16) does not hold, then the set
A:={eQ : Dyus(z) v(z) > F(x,v(x))} has positive y-measure. Now,
integrating in the above inequality and taking limits as € — 0, we get
| Do) - @) duta) < [ P (o.0(a) duto),

which is a contradiction, and therefore (4.16) holds.

From (4.16) and (4.15), we can write
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22 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

(4.17) Djuso(x) - At (x) < F <a;, A

o du(:c)) - ae.

dXo
F (w,d,u(flf)) =1 n— a.e.,

inequality (4.17) reads as

Now, since

X
(4.18) Dyuss - T;o <1 p—ae.

Now, taking v. as in (4.14) and having in mind (4.15), we get

/Duved)(ood,u«: / DvedXs = /(f_ _f+)ve'
Q dp Q Q

Therefore, taking limits as € — 0, we obtain that

/QDuuoo‘ii"’du - /Q (= = f*)too = /Q au,

where the last equality is a consequence of (4.7). Then, by (4.18),

dX
— =1 p—ae

(4.19) Dyuss - i

On account of (4.16) and (4.19), we have

dXse
dp

and consequently

() € argmax {Djuse(x) - v : v € Ty(x), F(x,v) =1},

ax
d—i(m) € OF oo ().
Assuming that F'(z,-) is strictly convex, then we have
dX.
@) = Vi),
and the proof concludes. ([l

Corollary 4.9. Let us and X be as in Theorem 4.3. If in addition we
assume that

(4.20) F*(z,Dyuce(z)) <1 p—ae. inQ,

then
OF™

— oy, [OF
(4.21) ~LU) ) a 08

F*(z,Dyuse(z)) =1 p—ae inQ,

(-, Dyting) - Dvdp Vv € CH(Q),
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Proof. Since
dXso
1=Djuc - v < F*(z,Dyuss(x)) p— ae.,

by (4.20), we have that in fact,

(4.22) F*(z,Dyu(z)) =1 p—ae.
On the other hand,
Xoo Xoo
(4.23) Dy - ddu =1=F (1:, %(m)) U — a.e.

Now, having in mind (4.23) and (4.22), applying (2.7), we deduce that

dXy , | dXy, , \ OF*
G =F ()

= 88};*(3:, Dyus(x)) p—ae.

Then, by the above theorem we get (4.21). O

5 (#: Duti(2))

Remark 4.10. If F(z,¢) = |A(z)¢| with A(z) a symmetric matrix, positive
definite, then B
Dytuoo(x) € Bpe(z,.), p— a.e. in Q.

In fact, we have F*(z,&) = |A(z)~'¢|, then, since A(x)~! preserves the
orthogonality, by the Pythagoras Theorem, we have

| A(2) ™ Duoo(2)* = | A(z) ™' Dytioo (2)* + [A(2) ™ (Duco(2) — Dyuico ().

Therefore,
F*(z, Dyuso(z)) < F*(z, Duss(x)) < 1.

Let us remark that in this case, it is known that, in fact, p is abso-
lutely continuous w.r.t. the Lebesgue measure (see [28] and [18]), and then
Dyt = Ducg.

In the case F(-, Xso(-)) € L1(2), we can write the following result.

Corollary 4.11. Let ux and X be as in Theorem 4.3. If F(-, Xso(")) €
LY(Q), then

(4.24)  for almost every x, F(x, Xoo(x)) > 0 implies F*(x, Duso(x)) = 1,
and

/QF(x,XOO(:U)) <8;?(x,Duoo(:L‘));Dv(x)>dx
= [ @ = @) da

for all v € CY(Q); in particular,

(4.25) ~div (F(-, xoo<->>%f<-,Duoo>) — (- )
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24 N. IGBIDA, J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

holds in the sense of distributions. And

(4.26) /Q Fla, Xoo(2)) da = /Q oo () (f~ () — [+ () da

Remark 4.12. Let us give an interpretation of equation (4.25) in terms
of the Finsler manifold (€2, F'). For that we need to recall the concept of
gradient vector in a Finsler manifold (see, for example, [27]). Let us suppose
that $F%(z,-) is differentiable for £ # 0. Let J : @ x RNV — R be the
transfer map of the Finsler structure F defined in o € RN as the unique
maximizer of the function & — (o, &) — F%(z,€). The vector J(z,a) can
be given by

*

J(z,a) = F*(w,a)%i(x,a).

The gradient vector in the Finsler manifold (€2, F') of a smooth function
u: 2 — R is defined as
N oF™
Vu(zx) := J(z,Du(x)) = F (x,Du(w))a—E(x,Du(:r))

Let us remark that the gradient vector Vu coincides with Vg ,u when p is
absolutely continuous with respect to the Lebesgue measure.

Then, by (4.24), let us call a(x) = F(z, Xx), we have

a(x)Vues(z) = a(z) (2, Duso(x)).

9

Therefore, we can write equation (4.25) as

—div (aVueo) = f~ — fT in the sense of distributions,
with esssup,cqF(z, Vuso(z)) < 1. Moreover,

for almost every z, a(x) > 0 implies F'(z, Vus(z)) = 1.
Indeed, by (2.8),

F(x,Vux(z)) =F (a:,F*(:L‘, Duoo(:v))g(x, Duoo(:n))>
= F*(z, Dux(2))F <x, 8;;‘(% Duoo(a:))> = F*(z, Dux(2)),
and, by (4.24), we have that F(z, Vus(x)) = F*(x, Dus(x)) = 1 for almost
every x such that a(x) > 0.

We have been dealing with a mass transport problem in the Finsler metric
space (2, F,dx), with a quite general Finsler structure F, for the distance
induced by such structure. This general structure includes the case F(x,§) =
D(A(x)), with & a Finsler function and A(x) a symmetric N x N matrix,
positive definite, that depends smoothly on z, in particular the Riemannian
structures F'(z,&) = |A(x)§| with |- | the Euclidean norm. Let us see how
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OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 25

these results can be interpreted in the context of optimal transportation on
Riemannian manifolds.

4.2. Example. In the particular case in which F(z,&) = |A(x)¢| with | - |
the Euclidean norm and with A(z) a symmetric N x N matrix, positive
definite, that depends smoothly on x € 2, we have

1
crp(z,y) = inf /0 VI{A(a(t)o!(t); A(o(t)o!(t))dt

oer,

1
= inf / VI(A2(o(t))o (t); o' (t))dL.
0

UEF%y

Therefore, writing A%(2) = (g:.;(2))i; =: g(z), the cost function c is given

by
crto) = dyoles) = i [ \/Zgi,j<a<t>>a;<t>a;<t>dt.

That is, in this case the cost function c is the distance induced by the metric
tensor g.

When A(z) = b(z)Iy (here Iy denotes the N x N identity matrix), we
have that the cost is given by

cp(x,y) = inf /b(z)ds.

GEF%y

This case has been studied in [25].

The results obtained can be interpreted in the context of optimal trans-
portation on Riemannian manifolds with cost function the distance induced
by the metric tensor. Let us illustrate this with the following example.

N-dimensional parameterized manifolds in RM. Let S be a N-dimen-
sional parameterized manifold in RM (M > N), that is S = 1(f2), where
is an open bounded set of RY and 1 : © — RM is a smooth map such that
for each z € Q, the M x N Jacobian matrix Jy(z) has rank N. We denote
by g the metric tensor g := Jfﬁ -Jy and by |g| the determinant of g. Consider

in S the Riemaniann distance induced by the the Euclidean distance in RM
i.e,
dry,.s(&mn) = inf / o’ ()] dt,
oel
en
where I is the M x M identity matrix.

One can think for example on S the sphere of radius R in R?, parameter-
ized by 1 :]0, 27[x]0, 7[— R? given by

¥(0, ) = (Rcosfsin ¢, Rsinfsin ¢, R cos ¢),
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which is a non Euclidean Riemann manifold with metric g defined by
R2%sin’¢ 0
w00 = (N0 )
Suppose we have two functions f* € L'(S,dvol) both with equal mass

/ () dvol(z) = / V@ F (b(x))da

S Q

_ / F(2) dvol(z) = / V@7 ((2))da,
S Q

and we want to transport f+ to f‘ on S with cost function the distance
dry,s- If we take

(@) = Vigl@) f* (¥ (),

we have

/Q £ (2)dz = /Q £ (2)da.

A simple calculation shows that

(427)  diys(En) = dya(6 1€, 07 () forall £7eRM.
Moreover, if T#f+ = f~ and T := ¢t oT o1, then T#fT = f~ and
/S Ay (6 T(€) 7 (€) dvol(€)

- /Q V1o @)dg 0, v (P (@) FF () de

:/ng,g(a:,T(x))fﬂx)dx.
Similarly, if T#ft = f~ and T := ¢ o T o1, then T#f+ = f~ and

[ duoe TN £ @) = [ dry, s(€. 7€) (@) dvolle).
Q S

Therefore, for the Monge problems, we have
nin{ [, s T (@ avotte)}
T#fr=f~ \JS

= min dgo(z, T(z))f(z)dx ¢ .
7 |

T#f+=f"

Jun 12 2014 10:59: 00 BST
Version 1 - Submtted to PLMS



OPTIMAL MASS TRANSPORTATION FOR FINSLER COSTS 27

Consider now the Kantorovich potential 1., obtained in Theorem 4.3 for
F*(z,&) = |A71(2)€|, A an square root of g and the masses f*. Then,

sup{ [ o@) (@) = @ v € Ko@)}
= [ sl @) = Fr@)do
— [ el (VT ()~ VIl ()i
= [ @) = Fre) dvole).
On the other hand, by (4.27), it is easy to see that

vE Ky o) <= v (2) €Ky, 5(S).

Thus,
sup { [ o)~ ()~ 1 @)de v € Ko, o)
—sup{ [0l () = PN vl v e Ka, 00}
Consequently, for s () = e (b=1(2)),
L)) = @) avol(z
—sup{ [0 () = Fre)avolle) s u e K, o)}

and s is a Kantorovich potential for the transport of f* to f~ on the
manifold S with respect to the Riemaniann distance dj,, s.

When N = M we are considering a change of variables. In this case,
lg(x)| = |Jy(x)]. Now a square root A of g can be Jy, between others.

Corollary 4.11 reads now as follows. Let us call the transport density
F(z,Xx(x)) as a(z). Then

(4.28) —div(ag ' Dus) = f~ — fT in Q,
and

(4.29) for a.e. x, a(x) > 0 implies (¢~ () Duoo(2); Duso(z)) = 1.

If we define
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from (4.26), we have
/S oo (2) (~(2) — [ (2))dS
- /Q 9@ e (@) (F~ (@) — F+ ((a)))da
= U (2 (F (1) — FH(2)dx = a(z)dr = a(z)dvol(z).
_/Q @) (@) — fF(x)d /Q<>d /S”d I(2)

Recall that w € WH>(8S) if woy € WH*®(Q). For w € Wh>(S), the
gradient of w at z € S is denoted by Vw(z) € T.S and is defined, for
veT,S, as

(Vw(z),v)

= %(w © a)\t:Oa

where « ;] — €, ¢[— S is a smooth path such that «(0) = z and &/(0) = v.
Then, we have

(4.30)  (Vw(@(x)), Jy(z)u) = (D(wop)(z),u) forall z € Q, uecRY.

(
In fact, if we defined a(t) := ¥ (x + tu) = (¢ o r)(t), applying the change
rule, we have

(Vu((@), Jy(ahu) = T (woa)g = T ((wor)or) g = (Dlwow)(x), u).

Given ¢ € W1*(S), multiplying in (4.28) by ¢ o ¢ and integrating by
parts, we get

/ a(z) (g™ (£) Duoe (2); D0 0 ) () = / o) (f~ () — f*(2)da
Q Q
- /S o(2)(F () - FF(2)) dvol(z).

On the other hand, applying two times (4.30), we get
| at@)a™ @)D (a)s Dl o v)a)da
= [ a@) () (Tula)' To(w)” Dus(o): Viplw(a)da
= [ a@) Iy (50 Du ) Vipla)))da
= [ VIal@)a(w () Vit (6(2)): V()
- /S i@(2) (Vo (2); Vio(2)) dvol(2).

Consequently,

—div(aVie,) = f~ — f*  in the weak sense.
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Moreover, by (4.29), if a(z) > 0 then (Vi (2); Viieo(2)) = 1. Observe that
this is the formulation given in [18].

4.3. Optimal mass transport maps. Let us point out that Feldman and
McCann in [18], by using Kantorovich potentials, find an optimal transport
map Ty : S — S which solves the Monge’s problem

i {6 T@)7 € avoe)}.
TH#fr=f~ UJs

Here we have presented a way to obtain Kantorovich potentials taking limit

of p—Laplacian type problems by using the idea of Evans and Gangbo in [17].

On existence of optimal transport maps see also [8] and [19] for Tonelli La-
grangians with superlinear growth. Existence of an optimal transport map
in Finsler manifolds is obtained in [26] in the case that the Finsler struc-
ture is independent of x and for quadratic cost functions. The Lagrangian
F(z,&) treated here has not superlinear growth.

5. CHARACTERIZATION OF THE KANTOROVICH POTENTIALS

In this section we shall see that the results obtained in Section 4 charac-
terize the Kantorovich potentials for the transport problem we are dealing
here. Similar results have been obtained by A. Pratelli in [28], with different
methods, in the context of Riemannian manifold, and for symmetric Finsler
structures.

Remark 5.1. Thanks to Remark 3.4, the results of Theorems 4.3 and 4.7
remain true if we assume that f* = f; and

fpi — f* weakly in L3(Q).
Lemma 5.2. Let v, be the solution of

épﬁg(vp) = Helgi ép,g(”%

~ [ [F*(z,Dv)]P 1
S LE Y

and g € L*(Q) is a given function with ng = 0. Then, there exists a
subsequence p; — oo such that

where

Up; = Voo = P2 (9), wuniformly in Q,

where Pk x(q) is the projection in L%(Q) on the convex set K}:(Q).

Proof. 1t is easy to see that v, is bounded in L?*(f2), so that there exists a
subsequence p; — oo, such that v, — vy in weakly in L?(2). Note that
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vp is a minimizer of the functional ©, r , defined by (3.4)), for f, = g — vp.
Then, applying Theorem 4.3 (see Remark 5.1), we have

(5.31) Voo € K7 (Q),

and also that, there exists X € M(ﬁ, RN ) such that

(5.32) /(g — Voo )V = /Dv dXs Vwve Cl(ﬁ).
Q Q

On the other hand, by Theorem 4.7 (see Remark 5.1),

|2 = [ (0= v

From (5.32), for v € K} (), we obtain that (after a regularization ap-
proach using Lemma 4.6):

(5.33) /Q(g — Voo )U < /QF(JJ,XOO) = /Q(g — Voo ) Voo-
Now, (5.31) and (5.33) gives

Voo = Pk 2 ()9,
as we wanted to show. O

Theorem 5.3. The following assertions are equivalent:

1. u is a Kantorovich potential for the mass transport problem of f+ to f~
with cost given by the Finsler distance given in (1.3).

2. v € Kp~ and there exists X € M(Q,RYN), satisfying
/(f_ — M= / DvdX VYuveCHQ),
Q Q
[ = u= [ P,
Q Q
3. u € Kp« and there exist v € M(Q)" and A € LL(Q,RY) such that

/(f‘ — = /A -Dvdv Vv e C\(Q),
Q Q
A(z) € Oppu(z) and F(z,A(x))=1 v—a.e. inQ.

(C1)

(€2)

Proof. First of all observe that
(5.34) u is a Kantorovich potential <= u = Pk (f + u).

2 = 1|From (C1), using Lemma 4.6, it is not difficult to see that

L =res [ Faa = [t = we k.

Q
then v is a Kantorovich potential.
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m Take v, a weak solution of the following problem of p—Laplacian
type

*

vp — div <[F*(az, Duy(z))P~" aa};

(x, Dvp(z));n) =0 on 0f2.

(x,Dvp(:z:))> —f+u inQ,

OF*
29
Then, by Lemma 5.2 and (5.34), we have that

[F* (@, Dvy(@)"~ {

plLrgo vp(r) = Pg,. (u+ f) =u  uniformly in Q.
Finally, taking into account Remark 5.1, we can also get X € M(Q,RY)
satisfying (C'1).
If we set X := Av, it is enough to show that

/F(x,X)_/F(:U,A)dy_/(f_—f+)u.

Q Q
By (4.14), there exist smooth functions v, such that

Ve — u uniformly

Dyve = Dyu o(LyY, L}L)
Then, taking v = v¢ in (C2),

/Q(f—f+)’Ue:/QA-Dvedv:/QA~DVvedV7

and taking limits, we get

(5.35) /(f —f+)u:/A-D,,udV.
Q Q
Now, working as in the proof of (4.16) we get
Dyu(x)-v(z) < F(x,v(x)) v—ae.
for any v(z) € T,(z) v — a.e. This implies that
F(x,A(x)) = A(x) - Dyu(z) v —a.e. in Q.
Going back to (5.35) and using again (C2), we get

/Q(f ~ = /F(a:,A) .

Q
2= 3|Take v = F(z,X) and A = %. We only need to show that
A(z) € Oppu(z) and F(z,A(z))=1 v—ae. inQ.

Now, this can be prove as in Theorem 4.8 changing u, by u. U
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6. THE BENAMOU-BRENIER APPROACH

Proof of Theorem 1.3. By (4.3), we have that for f(¢) := f* +¢(f~ — f1),
and E(t) := X for ¢t € [0,1], (f, E) is a solution of problem (1.4). Then,
from (4.7), it follows that

min{Jr(f, E) : (f,E) is a solution of (1.4)}
< |Xoolp = min{Kep (1) = p € I(f7, f7)}

To prove the reverse inequality, take v, the approximation given in Lemma 4.6
for u = us. Then, given (f, F) a solution of (1.4), we have

min{Ko(u) : p€ I F)} = /%o -

—/Q/Oluoog];:—li_r}(l)/g/o vegzli_%/o /QvadE(t)
< [ 1Bl < 1r(1.),
and consequently
min{Ke, (1) : p € I(fT, f7)}
<min{Jp(f, E) : (f,E) is a solution of (1.4)}.
This ends the proof. ([

We say that the Finsler strucrure F' is geodesically complete if for any
x,y € Q there exists 0,4 € FQ such that

1
CF = inf /F () dt = /()F((ax7y(t)),ag7y(t))dt.

UGF

Theorem 6.1. Assume F*(x,-) € CY (RN \ {0}) and also that F is geodesi-
cally complete. For any transport plany € TI(fT, f~) we define the measures
f(t) =m#y,  E(t):=m# (05,(t)),
with m(x,y) := 024(t). Then (f, E) is a solution of (1.4). Moreover, if ~

18 an optimal transport plan, then
(6.36) Jr(f, B) = min{Ke, (n) : p € I(f*, f7)}-
Proof. Let v € TI(f*, f7) a transport plan. Given ¢ € C1(€Q),

/¢f (0 (8))dry ()

Qx0

= | V(0uy ()0, (B)dy(m,y) = /ww>

axQ
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hence (f, E) is a solution of (1.4). Suppose now that «y is an optimal trans-
port plan. Then,

[E()|r
= sup {/(PdE(t) . d e C(Q,RY), with () € Bps(z,), VT € Q}
)

s [ (9, (0.0, (O)d () - @ e C@RY),
with (z) € Bp.(y,), Vo€ Q}.
Now, by (2.1), we have
(272 (1)), 71, (1)
< F (00 (0), 0% (1)) F* (02, (£), B0, (1)

< F(00y (1), 0%, (1).

Thus,
B < [ Flos, .0, 0)dy(w0),
QxQ
and then
/|E wﬁ</ / F(0ay(t), ol (6))dy(z. )
OxQ
—/ e, y)dy(, y) = min{Kep (1) + p € T(FF, 1)}
QXQ
Therefore, by Theorem 1.3, we get (6.36). O

7. EXTENSIONS TO RIEMANNIAN MANIFOLDS

In this section we briefly comment on the extension of our results to the
case in which the optimal transport problem takes place on a Riemannian
manifold. For such extension we use ingredients of the general theory of
Sobolev spaces on Riemannian manifolds and we refer to [20] for details.

We deal with a Riemannian manifold M of dimension N with a metric
tensor g;; and a compatible measure p (that is, a measure such that the
measure of a geodesic ball of radius r is comparable with V). The manifold
M is assumed to be compact but we let that it may have boundary or not.
We also have that Vol,( = a p is finite.

On this manifold we have a Finsler structure, that is, a function F(x,&)
that for each x € M is a Finsler function on ¢ € T, M. Using the Riemannian
inner product in the tangent plane we can define the dual Finsler structure
F*(z,£) (that gives also a Finsler function on T,M for every x € M).
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Associated to this Finsler structure we can define the cost ¢ exactly as we
did before. Given z,y € M, let

rY, = {ocec'([0,1,M), 0(0) ==, (1) =y},

and define
1
(7.1) cr(x,y) == inf F((o(t)),a’(t))dt.
oer, Jo
Now, our mass transport problem reads as follows: given fi and f_ with

the same total mass, find T" an optimal transport map, that is, a minimizer
of

Lin [ er@ T@)rt @) du

In this setting we can consider the following variational problem: for

p > N, minimize
F*(x, Du)P
/ Mdﬂ_/ uf dp.
M p M
in the set S, = {u € WP (M) : [,, udp = 0}. Here, as before, f = f~— .

For minimizers of this functional (that can be proved to exists as in
Lemma 3.1) one can show with the same computations of Lemma 3.3 that
there exists a subsequence p; — oo such that

Up, = Uso
uniformly in M. Moreover, the limit u, is Lipschitz continuous.

In addition, it can be proved as in Section 4 that us is a Kantorovich
potential for the mass transport problem of f* to f~ with cost given by the
Finsler distance given in (7.1), that is, us maximizes

[ ot =y,
in the set K., (M) :={u: M — R : u(y) —u(x) < cp(z,y)}.
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