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ABSTRACT. We deal with an optimal matching problem with constraints, that is, we
want to transport two measures with the same total mass in R to a given place (the
target set), where they will match and in which we have constraints on the amount of
matter we can take to points in the target set. This transport has to be done optimally,
minimizing the total transport cost, that in our case is given by the sum of the Euclidean
distances that each measure is transported. Here we show that such a problem has a
solution. First, we solve the problem using mass transport arguments and next we
perform a method to approximate the solution of the problem taking limit as p — oo in
a p—Laplacian type variational problem.

In the particular case in which the target set is contained in a hypersurface, we deal
with an optimal transport problem through a membrane, that is, we want to transport
two measures which are located in different locations separated by a membrane (the
hypersurface) which only let through a predetermined amount of matter.

1. INTRODUCTION

The classical optimal matching problem (see [7], [8]) consists in transporting two com-
modities (say nuts and screws, we assume that we have the same total number of nuts
and screws) to a prescribed location, the target set (say factories where we ensemble the
nuts and the screws) in such a way that they match there (each factory receive the same
number of nuts and of screws) and the total cost of the operation is minimized.

Optimal matching problems for uniformly convex costs where analyzed in [4], [5], [7],
[8] and have implications in economic theory (hedonic markets and equilibria), see [8],
[9], [10], [11], [7] and references therein. We studied the case in which one considers the
Euclidean distance as cost in [19], and in [20] we consider the case of a general Finsler
distace as cost. For numerical approximations of this kind of problems we refer to [2].

Here we are interested in the more realistic case in which we have some constraints on
the amount of matter we can transport to points in the target set. For example, suppose
that the target set consist in some factories where we ensemble the nuts and the screws
and the restriction represents the limit of production of each factory. Another example
can be the optimal transport problem through a membrane in which case the restriction

represents the permeability of the membrane.
1
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Clearly, the optimal transport problem under consideration is related to the classical
Monge-Kantorovich’s mass transport problem. Using tools from this theory, we first prove
the existence of a solution of the optimal transport problem through a membrane. We
remark that, in fact, the existence of solution holds changing the Euclidean norm by any
norm in RY. Next, as one of our main contributions in this paper, we perform a method to
solve the problem by taking limit as p — oo in a p—Laplacian type variational problem. In
this approach we are lead to consider a system of PDE’s of p—Laplacian type, nontrivially
coupled through a measure supported inside the target set. Passing to the limit in this
system (and also in the coupling measure) allows us to give more information about our
original optimal mass transport problem. In particular, we can obtain the measure that
describes the mass that goes to any point in the target set and the Kantorovich potentials
for the involved transport. This procedure to solve mass transport problems (taking limit
as p — oo in a p—Laplacian type equation) was introduced by Evans and Gangbo in [14]
and reveals to be quite fruitful, see [1], [16], [18], [19]. We have to remark that the limit as
p — oo in the problem requires some care since we must handle two variables nontrivially
coupled and therefore the estimates for one component are related to the ones for the
other. The analysis of this limit is interesting by its own.

1.1. The optimal matching problem with constraints. To write the optimal match-
ing problem with constraints in mathematical terms, we fix two non-negative compactly
supported functions f*, f~ € L*®(RY), with supports X,, X_, respectively, satisfying

the mass balance condition
M()I:/ f+:/ f_>0
X4 _

We take a bounded C'*! domain  C RY such that it contains all the relevant sets, the
supports of f. and f_, and the target set I'. We assume that

Xin X_=0, (Xyux_)nI=40
and that I' is compact.

The matching problem we are interested in is to send the measures f* dx and [~ dx
to the target set I' is such a way that they match and the total cost of the transport
operation (measured in terms of the distance that we have to transport f* dz and [~ dx
to the target set) is minimized. We refer to [18] for such kind of transport problems
without constraints.

Ou aim here is to add a restriction on the amount of matter that can be send to a
point in I'. Let © be a nonnegative Radon measure in ) with support included in T,
representing the maximal amount of matter that we can transport to I' punctually. That
is, we assume that the transport is made in such a way that the amount of mass that any
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set £ C T receives does not exceeds [ 5 d0. Of course, we assume that

/d@>M0,
I

since in the case fr d© < M, the transport problem is impossible and when fr d® = M,
the problem trivializes since the only possibility is to send f* dz and f~ dz to ©.

Now we need to introduce some notations. Let B C RY. We denote by M(B) the
set of all Radon measures on B and by M™(B) the non-negative elements of M(B).
Whenever T' is a map from a measure space (X, u) to an arbitrary space Y, we denote by
T# . the pushforward measure of u by T. Explicitly, (T#u)[K] = p[T'(B)]. When we
write T# f = g, where f and g are nonnegative functions, this means that the measure
having density f is pushed-forward to the measure having density g. Given u,v € M™(B)
satisfying the mass balance condition

(1.1) u(B) = v(B)

we denote by Apg(u, ) the set of transport maps pushing p to v, that is, the set of Borel
maps T : B — B such that T#pu = v. In the case p = fLYL B and v = gLV L B, we
write Ag(f,g).

For Borel functions T4 : € — Q such that T, #fT = T_#f~, we consider the functional

FET) = [ o= L@l @+ [ y=T-0)If )y
Q Q
The optimal matching problem with constraints in which we are interestd can be stated

as the minimization problem

1.2 min F(Ty,T2),
( ) (T4, T-)eAr,o(fT,f7) ( " )

where

Are(f™, f7) = {(TJF,T,) : Ty : Q — Q are Borel functions,

0STH[ =T #f <6 }.
By
O0ST #fT=T #f <O
we mean that, for every Borel set £ C I', we have

T(x)dr = “(y)d do.
o< [ sr@a= [ s |

+

Oberve that T4 (Xy) C T
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If (T7,T%) € Aro(f", f~) is a minimizer of the optimal problem (1.2), we shall call the
measure p* = Ti#f* =T #f~ a ©-optimal matching measure. Note that this measure
w* encodes the amount of material that has to be transported to any subset of I' and that
the constraint reads as 0 < p* < ©.

Let us denote by
M(T,0, My) == {p € MT(Q) : pu(Q) = My, 0 < p< O}

the set of all possible ©-optimal matching measures. Observe that supp(u) C I' since
0 < pu <0 and O is supported in T

Given p € M(T', ©, My), we can consider the following minimization problem

inf inf F(Ty,T-),
,LLEM(F,@,Mo) (T+,T,)€A(f+,f77u)

where
A o) = {14, 1)« Ty € Aa(fT, ), T- € Aalf ™, 1)}
We have that this is one possible way to rewrite our original problem, in fact,

inf inf F(I,T.) = inf F(T,,T-).
(1.3) WEM(T.0,Mo) (T4 T )EA(* .~ 1) (T T-) (T T )eAr.o(f+.f-) (T T-)

Indeed, observe that given (7%,7-) € Areo(f™, f7), if we define

A +
uey= [ g

+
we have that u € M(T',0, M) and (T, T-) € A(f*, f~, ).
We will call
whe .= inf F(T.,T-).
1= (T4, T-)€Ar,o(f+.f7) (T4 )

We provide two different proofs of the existence of minimizer to problem (1.2). The first
one is more direct but does not provide a constructive way of getting the optimal matching
measure on I', which is one of the relevant unknowns in this problem; consequently, the
construction of optimal transport maps (that are proved to exist) remains a difficult
task. The main tool in this first proof is the use of ingredients from the classical Monge-
Kantorovich theory. The second proof is by approximation of the associated Kantorovich
potentials by a system of p—Laplacian type problems when p goes to infinity. This
approach provides an approximation of the potentials but also allows us to obtain the
O-optimal matching measure in the limit.

Let us now introduce some notations, concepts and results from the Monge-Kantorovich
Mass Transport Theory (see [1], [13], [22] and [23]) that will be used in the rest of the

paper.
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1.2. Monge-Kantorovich’s Mass Transport Theory.

The Monge problem. Given u,v € M™(B) satisfying the mass balance condition (1.1).
The Monge problem, associated with the measures p and v, is to find a map T* € Ap(u,v)
which minimizes the cost functional

Fo(T) = /B & — T(2)| du(x)

in the set Ag(p,v). A map T* € Ag(p,v) satisfying Fp(T*) = min{Fp(T) : T €
Ap(p,v)}, is called an optimal transport map of pu to v.

In general, the Monge problem is ill-posed. To overcome the difficulties of the Monge
problem, in 1942, L. V. Kantorovich in [17] proposed to study a relaxed version of the
Monge problem and, what is more relevant here, introduced a dual variational principle.
Let us define m(x,y) := (1 —t)z + ty. Given a Radon measure v in B X B, its marginals

are defined by proj, () = mo#y, proj,(v) = mi#y.

The Monge-Kantorovich problem. Fiz u,v € M™*(B) satisfying the mass balance
condition (1.1). The Monge-Kantorovich problem is the minimization problem

[ ey (ep) = min {/ 2 — yldv(zy) : 7 € Tnlu, u>} |
BxB BxB

where Mg (u,v) := {Radon measures v in B X B : mo#y = p, m#y =v}. The elements
v € lp(u,v) are called transport plans between p and v, and a minimizer v* an optimal
transport plan. These minimizers always exist.

The Monge-Kantorovich problem has a dual formulation that can be stated in this case
as follows (see for instance [22, Theorem 1.14]).

Kantorovich-Rubinstein Theorem. Let p,v € M™(B) be two measures satisfying
the mass balance condition (1.1). Then,

(1.4)
[ ettt o) <] [wtnn v ),

where Ki(B) :=={u: B —= R : |u(x)—u(y)| <|z—y| Y,y € B} is the set of 1-Lipschitz
functions in B.

The maximizers u* of the right hand side of (1.4) are called Kantorovich potentials.

We can see the optimal problem (1.3) as a kind of Monge’s problem (recall the results
gathered in the previous section). The corresponding Monge-Kantorovich’s problem is
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the following

inf inf / x—y|d —|—/ x —yl|dy_,
NEM(F7®»M0) (’7+77*)6H(f+7fivu) ﬁxﬁ| y| ,y+ §X§| y| ry

where

T(f* ) = { () € MP@Q x Q)2 yy € Tg(fF, ), v- € Tg(f 7, 1)} -

For this problem, similarly to (1.3), we have that

inf inf / T — yld +/ x — yldy_
pEM(T,0,Mo) (y+,7-)EIL(fT,f~ 1) §x§| y| e ﬁxﬁl ?J| !

= inf x —yldy +/ x —yldvy_,
(v+7-)ellp o (f.f7) /Qxﬂ | s axqQ | |

where

Mre(f* f)= {(%,7—) € MT(Qx Q)% mo#tye = f5, m#ys = m#Y-,
supp(m#y+) CT, 0 <m#7. <O }

For two measures u,v € MT(B) satisfying the mass balance condition (1.1), the
1-Wasserstein distance (also called Kantorovich-Rubinstein distance) between p and v
is defined as

W (p,v) = inf {/BxB [z —yldy(z,y) : 7 € HB(/W)}-

In the case p has no atom, by [1, Theorem 2.1], we have that

(1.5) WE(u,v) = inf {/ |z —T(x)|du(z) : T € Ap(p, 1/)} :
B
Remark 1.1. Observe that, by (1.3) and (1.5), we have:
re . Q/ p+ Q7 p—
Wfi - ,LLEM%II},f@,MQ)[WI (f 7/’L> + Wl (f 7”)]

Let us briefly summarize the contents of this paper: Section 2 is devoted to the first
proof of Theorem 2.1 (using ideas from optimal mass transport theory); in Section 3
we study the limit as p — oo in a p—Laplacian system and give a different proof of
Theorem 2.1; in Section 4 we present, as an example where our existence result applies,
an optimal transport problem with a permeable membrane.
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2. THE EXISTENCE RESULT

We have the following existence theorem.

Theorem 2.1. The optimal problem (1.2) has a solution, that is, there exist Borel func-
tions (T7,T%) € Aro(f*, f~) such that

F(T* , Tj = inf F(T ) T.).
( + ) (T+,T7)6AF,@(f+7f7) ( * )
Proof. We have

re . A 0
Wi = b WP 0+ WET )

Take a minimizing sequence pu, € M(I',0, M), then by the weak compactness of the
convex set M(T', ©, M) there exists a subsequence, denoted equal, that converges weakly
in the sense of measures to a measure ., € M(I',0, My). Hence, by the weakly lower
semi-continuity of the function v +— W (u, v), we have

W™ o) + WS 7 o) < lim <W19(f+wun) + WP(f?;m)) =W
Therefore, 7 7
WE( ) + W™ poe) = WO,
Now, by [1, Theorem 6.2], which states the existence of an optimal transport map 77}
transferring f* to g, and an optimal transport map 7% transferring f~ to fie, we
obtain that
F(Ty,T0) = Wi°.
This finishes the proof. O
Corollary 2.2. There exists u € M(I', 0, My) such that

WO = WR(F*, 1) + W, ).

Remark 2.3. Having in mind the results in [6], let us point out that Theorem 2.1 is also
true in the case that we change in the cost function the Euclidean norm by any norm
in RV,

3. THE LIMIT AS p — 00 IN A p—LAPLACIAN SYSTEM

In this section we show that we can follow the ideas of Evans-Gangbo ([14]) to get at the
same time a ©-optimal matching measure and Kantorovich potentials for the transports
involved. Let us begin with the following result. We will use the following notation for
shortness:

Er=FENT;
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and [ Ep gd® even if not necessary since the support of © is included in I'. We will also
write, for example, {f < g} to denote {x € Q: f(x) < g(z)}.

Theorem 3.1.
Wi = sup {/ vf T - / wf~ +/ (w — v)d@}
(v,w) € K1(Q) x K1(Q) Q Q {w—v<0}p

= sup {/vf+—/wf_+/ (w—v)d@}.
(v,w) € K1(Q) x K1(Q), Q Q {w—v<0}r

Jtw—v<oyr @ < Mo < [ <oy, @O
Proof. For a fixed p € M(T',©, M), it is well known (see for instance [1, 22]) that

min /ISC— )| [T (w)de = maX/U(f+—u),

TeAg(f*.m) weK1(Q) Ja

and

win o= T@If (@ = max | u(r =)

TeAg(f~,1) ueKi(Q)
Therefore,

min F(Ty,T-
(T4 T A+ /1) (T3, T-)

= sup {/vf+ /wf +/ w—v) }
(1} w)€K1 XKl(Q
sup {/vf+ /wf + —v)d@}
(v,w) € K1(Q) x K1(Q {w—v<0}r
sup {/vf+—/wf_+/ (w—v)d@}.
(v,w) € K1(Q) x K1(Q), Q Q {w—v<0}r

f{w7v<0}p de < Mo < f{wfvg()}p de

v

v
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Consequently,
(3.1)

whe = inf min F(T.,T-
T5 T eMTO.My) (T4 T ) A+~ ) (T T-)

> sup {/vf+ /wf +/ (w —U)d@}
(v,w) € K1(Q) x K1(Q {w—v<0}r
sup {/vf+—/wf_+/ (w—v)d@}.
(v,w) € K1(Q) x K1(Q), Q Q {w—v<0}p

f{w7v<0}r de < Mo < f{wf'ug())p do

Vv

On the other hand, by Fan’s Minimax Theorem (
Wwiie = inf sup {/ vft — /wf +/ )/L}
f pneM(T,0,My) (v,w) € K1(Q) x KI(Q

— sup inf {/ /wf +/ )M}~
(v,w) € K1(Q2) x K1(Q) neM(T,0,Mop)

Now, we observe that there exists a number sy such that

(3.2) / 40 < M, < / ae.
{w71}<80}1‘ {w*USSO}F

Indeed, consider
g(s) :—/ do.
{w—v<s}r

This function is non—decreasing, {s : g(s) < My} # 0 and {s : g(s) > My} # 0. Therefore,
there exists sg such that
g(s) < My Vs < sg

and
g(s) > My Vs > 5.
Now, since
1
—v < sjp = —v<s——¢ |
{w—v < s}r U{w v<s n}F
neN
we get

1
/ dO =limg (30——) < M.
{w—v<so}r n n

On the other hand, using that

{w—vgs}rzﬂ{w—v<5+%}F=

neN
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we obtain X
My <limg (so—l——> :/ do.
n n {w—v<so}r
Therefore (3.2) holds.

Using (3.2) we have that

inf {/ /wf +/ w —v) }
HGM F@MO
_ + B o
—ue/vlllr“lfez\/[o {/ vf / s0)f~ +/( So v),u}
< sup inf {/vf+ /wf +/ W — D) }
(3,w) € K1(Q) x K1(Q), HEM(T,dO,Mp)

f{’tf)71~)<0}1-' d® < Mo < f{mff;go}p de

Consequently,

whe = sup inf {/vf* /wf +/ ),u}
! (v,w) € K1(Q) x K1(Q), pEM(T,0,Mo)

f{w—U<0}r d® < Mo < f{w—USO}F e

= sup {/ /wf + inf /( _U)H}-
(v,w) S Kl(ﬁ) X Kl(ﬁ), ,U«GM F @ Mo)

f{w7v<0}p dO < Mo < f{wfvﬁo}p do

For a fixed choice of v and w as in the above supremum,

inf o < _
. /F (w—v)u < /F (w —v)po
for pp € M(T', ©, My) such that gy = © in {w —v < 0}r and py = 0 in {w —v > O}r.

Now, since
/(w — V) = / (w—v)dO,
T {w—v<0}r
we have
inf w—v)u < w—v)dO.
,U,EM(F,e,MO) /F( )M o /{H)’U<0}F( )
Therefore,

W};@< sup {/vf+—/wf_+/ (w—v)d@}.
(v,w) € K1(Q) x K1(Q), Q Q {w—v<0}r

Jtw—v<0yr 40 < Mo < f1, <0y 4O

Joining this fact with (3.1) we get the conclusion. 0
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By Theorem 3.1, in order to approximate our problem using the Evans-Gangho method,
we need to consider the functional

w) ::%/Q|Vv|”+%/ﬂ|Vw|p—/Qvf++/gwf_+/F(w—v)‘d®

and the variational problem associated with this functional:

(3.3) min U, (v, w).

(v,w)eEWLP(Q)xeWlp(Q)

To study the variational problem (3.3) we need the following inequality of Poincaré
type.

Lemma 3.2. Assume N < p < oo. Then there ezists a constant C' > 0 such that

fo )

for every v € W(Q) and w € WHP(Q) such that {w —v =0} # 0.

uwm®+wwmms00wwm@+wwwmm+

Proof. Suppose the result is not true. Then, there exists v, € W' (Q), w, € W1P(Q)
and z,, € Q such that w,(z,) — v,(z,) = 0 and

(3.4) ||'Un||Lp(Q) + ||wn||Lp(Q) >n (||an||Lp(Q) + ||an||Lp(Q) + ’/ Uy, + / W,
Q Q

for every n € N. By homogeneity we can assume that

[onllzo@) + [[walloo) = 1
for all n € N. Thus, by (3.4), we get

35 (Il + 1Vl + | [ o+ [ v,

Then, we have {v,} is a bounded sequence in W?(Q) and {w,} is a bounded sequence
in Wlp (©). Therefore, we can assume, after taking a subsequence that

v, = w weakly in W'P(Q)

n

1
>_— Vn e N.

and
w, — w weakly in WP(Q).
By Rellich-Kondrakov’s Theorem, we can assume that (for a subsequence, denoted equal)
v, = v uniformly in and w, = w uniformly in Q.

We also get « € Q, a limit of a subsequence of z,, such that

(3.6) w(z) = v(z).
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w ‘

N(v,w) = lim N(v,,w,) = 0.

n—oo

Now,

U+

is continuous in LP(§2) x LP(£2), hence

Moreover, by the weak convergence of Vv, — Vv and Vw, — Vw in L?, by (3.5), we
deduce that v and w are constant Now, since (3.6) holds, we conclude that v = w = c.
On the other hand, since N(v,w) = 0, we have

0—/v+/w—c 1 +1€2)),

and then 0 = ¢ = v = w, but this contradicts the fact that that ||v||r») + ||w]|ze@) =1
must be also true. O

Theorem 3.3. Assume p > N. There exists a minimizer (v,, w,) of (3.3).

Proof. To prove this result we apply the Direct Method of Calculus of Variations. Let
Q C Q be a compact and connected set such that I' C Q. We first observe that

. f v = f v
(3.7) in »(v,w) (lel)legp p(v,w),

(v,w)eEWLP(Q)xeWL.P(Q)
where
B, 1= {(v,w) € W'P(@) x W'P(9) : {w — v = 0} # 0},

Indeed, if (v, w) € WHP(Q)x € WHP(Q) does not satisfy {w —v = 0}g # 0 then, since Q
is connected, we have {w—v > 0} = Q or {w—v < 0}5 = Q. Now in the first case, since

the functions v and w are continuous and I' is compact, there is a constant a > 0 such
that {w—(v+a) < 0}p =T'. Then, since [ (w—v)"dO =0and [(w—(v+a))dO =0,

U,(v+a,w) =V,(v,w) — aMy < ¥,(v,w).

In the second case, there is a constan o > 0 such that {w +a —v < 0}r =TI". Now,

/F(w+a—v)d@ —/F(w—v)d@ :—Oé/rd@,

U, (v,w+a) =V,(v,w) + aMy — « / dO < V,(v,w).

r

and then

Therefore (3.7) holds.
On the other hand, since

U, (v,w) =V, (v—c,w—c) forany constant c,
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“am (e f)

we can minimize W, (v, w) between functions (v, w) with the constraint

[ foms

Let (vy,w,) be a minimizing sequence in B, with [, v, + [, w, = 0. Then

lim V,(v,, w,) = inf W,(v,w),
n—oo

(v,w)eBy

by taking

and we have that there exists a constant Cy > 0 such that U,(v,,w,) < Cy. Then, by
Lemma 3.2, we get that {v,} is bounded in W'?(Q) and {w,} is bounded in W'?(Q).
Therefore, by Rellich-Kondrakov’s Theorem, taking a subsequence if necessary, we have
that

v, — v, weakly in W'?(Q) and w, — w, weakly in W"*(Q),
v, = v, uniformly in Q and w, = w, uniformly in Q,
and
{wp — v, =0}q # 0.
Then, (v,,w,) € B, and
U, (vp, wp) < liminf U, (v, wy,),

n—oo

from where it follows that

U, (v, wp) = min W, (v, w).
(vyw)eBy

Theorem 3.4. Let (vy,w,) be minimizer functions of (3.3) with

/vp—i-/wp:O.
Q Q

lim (vy, wp) = (Vo Weo)  uniformly,
p—r00

Then, up to a subsequence,

where (Voo, Weo) 15 a solution of the variational problem

(3.8) . S {/vf+ /wf / —v)_d@}.
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Proof. Let us take (v,,w,) € B, a minimizer of (3.3). For (v,w) € K;(Q2) x K;(£2), we

have that
[ttt [t [, -0 de
< [ v [vur = [ [ur+ [ w,- o) e
<o frwep s [19ur = [opte [wr s [w—oae
_2?—/Qvf++/ﬂwf_+/r(w—v)_d®.

Let z, €  be such that v,(z,) = wy(x,). Note that we can also assume that there exists
Zoo € €2 such that v,(ze) = 0 for all p > N.

(3.9)

Let us see now that

(3.10) p] o) < CLlIVUpl|Lee)
and
(3.11) Jwpllzoe) < C1 ([VwpllLe) + VUpllr) »

with C] not depending on p. Indeed, first note that since 2 is bounded, in Morrey’s
inequality (see, e.g., [12] or [3]) we can take the constant independent of p > N. Then,
given z € (), we have

()] = |vp() = vp(200)| < CLl[ V[ o)
being C; independent of p. On the other hand,

|wp(17)| = |wp(x) - wp(xp” + |Up(xp)| < Ol||va||LP(Q) + |Up(xp)|-

From (3.9), using Holder’s inequality and having in mind (3.10) and (3.11), we get

1 1
1 / Vol + » / Vwyl? < Colllupllzoey + lwpllme + 1)
P Ja P Ja
< C5(IV 0yl riey + [Vl ey + 1),
with C; independent of p. Hence,
(3-12) vapuip vapHL:D(Q < p04 VP > Na

with Cy independent of p.
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Therefore, ||v,|lw1r@) and [|w,|lwir@) are bounded uniformly in p, and, by Morrey’s
inequality (e.g. [3] or [12])

vp(2) — vp(y)| < Cslz —y|' 77,

|w,(z) — wy(y)| < Cslz —y|" 7,

for some constant Cs not depending on p. Then, by Arzela-Ascoli’s compactness criterion
we can extract a sequence p; — oo such that

Uy, =X Voo uniformly in Q,

Wy, = Ws uniformly in

and, so,
{Weo — Voo = 0} # 0.
Moreover, by (3.12), we have

||VUOO||L°°(Q)a ||Vwoo||Loo(Q) <1

Finally, passing to the limit in (3.9), we get

/QvoofJ“—/Qwoof_—/F(woo—voo)_d@
- s = foer = [ orae.

This ends the proof. O

Theorem 3.5. Let (Voo, Woo) as in Theorem 3.4. If p* is a O-optimal matching measure
for problem (1.2), then:

1. The measure p* satisifies that

(3.13) supp(p*) C {woe — Voo < 0}r,
and
(3.14) L AWoo — Voo < 0}pr = OL{we — Voo < O}p.

2. vs is Kantorovich potential for the optimal mass transport problem of fT¥LN1_Q to

*

W, and ws 18 Kantorovich potential for the optimal mass transport problem of pu* to
LN L.
3. The following relation holds:

(3.15) / 4O < M, < / de.
{woo—’Uoo<0}F {woo_voogo}r‘
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Proof. By Corollary 2.2, (3.8) and having in mind that p* < ©, we obtain that

Wi = WR(F, 1) + W~ 1)

(3.16) ) (v’w)EI(Sllg-g)XKl(Q) {/Qvf+_/ﬂwf_+/r(w—v)u*}
. Z/ﬂvmﬁ_/ﬂwoof_ﬂL/F(woo—vm)u*

Z/voof+—/woof_+/ (woo—voo)de):W;f.
Q Q {Woo —V0o <0}

Consequently, all the inequalities in (3.16) are equalities. From where it follows that
(3.13) and (3.14) holds, and also that v, is Kantorovich potential for the optimal mass
transport problem of f* to u*, and ws, is Kantorovich potential for the optimal mass
transport problem of p* to f~. Finally, (3.15) is an easy consequence of 1. O

Let us now see that, taking limits in the variational problem (3.3), we also obtain a
O-optimal matching measure.

Theorem 3.6.

1. Let (vy, w,) be a minimizer of (3.3). SetV, := [Vu,[P2Vu, and W, := |Vw,[P~?Vw,.
Define the distributions Vi, W) in RY as

VI o) rz—/QVpVWr/Qf*so Vo € D(RY),

W), ) = / Wy - Vo + / 7o Vo e DRY).
Q Q
Then, VI = W)l; and this distribution is given by a positive Radon measure supported on
{wp — v, < O}y
2. There exist Radon measures V, W in  and X in T", and a sequence p; — +00, such

that
Vy, =V weakly™ in the sense of measures in (2,

W,, = W weakly™ in the sense of measures in €2,

VI — X weakly™ in the sense of measures in T'.

3. X 1s a ©-optimal matching measure.

Proof. Let (v,,w,) be a minimizer of (3.3). Given ¢ € D(RY), we have that the function
I(t) == Wp(vp + L, wy + L)
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has a minimum at ¢ = 0. Thus, I’(0) = 0, from where it follows that

/|va|p_2VUpVg0+/|pr|p_2prV<p=/f+cp—/f_ap.
Q Q Q Q

Therefore, we have
VI =W] as distributions in R".
Given ¢ € D(RY) such that supp(y) N {w, — v, < 0}r = 0, we have

W (vp, wp) < Wy(v, + L, wy).
Then

1 1
/f+(vp—|—tg0)dm—/f+vpda:§ —/ |va+th0|pd$——/ |V, |P dz
Q Q D Ja D Ja
+/F ((wp — v, —tp)” — (w, _Up)_) o,

Now, if we divide by t > 0 we get

P _ P
/f+g0dx§1/ [Vup + V| — [V, du
Q pJa ¢

(3.17)

(3.18) X

—l—;/r ((wp — vy — t0)™ — (wp — vp)7) dO.
Hence, since

1 _ _ 1
2 [ (o= te) — w,—u))do = [ (1= (1, = )
T {0<wp—vp<tp}r

§/ pd® — 0 ast—0,

{0<wp—vp<te}r

taking limits in (3.18) we get

(3.19) / frodr < / V, - Vedz.
) Q

Now, if we divide by t < 0 in (3.17)

P __ p
Q P Ja 13

(3.20) X

"’?/F ((wp —vp —tp)” — (wp — Up)_) do.
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Since

1 1
t

/1‘ ((wp —vp —tp)” — (w0, — Up)_) de = 7 /{0<wpvp<t<p}p (tp — (wp —v,)) dO

> / 2d >0,
{0<wp—vp<te}r

taking limits in (3.20) we get

(3.21) / frode > / V, Vo dz.
Q Q
Therefore, putting together (3.19) and (3.21), we get
VI, e) =0,

which implies
(3.22) supp(V)) C {wp — v, < O}r.
Given ¢ € D(RY), ¢ > 0, and ¢t > 0, we have
Uy (vp, wp) < Wp(vp — b, wp).
Now, we have that (w, —v, +tp)” — (w, —v,)” <0, then
1 1
0< t/ fTode + —/ Vv, —tVo|P do — —/ |Vv,|? dx.
Q P Ja P Ja

Dividing by ¢ and taking limit as ¢t — 0, we get
—/Vp . Vgoda:+/f+g0dx >0,
Q )

from where it follows that )]/ is a positive Radon measure.

Now, we have that (w, —v, +t¢)” — (w, —v,)” <0, then

P_ P
/ frods — l/ [Vvp + V| — [V, dr
Q pJa t
1 _ —
SZ/F((wp_Up_t‘P) — (W, —vy)") dO

< / pd® + / wdO ,
{wp—vp<0}r {0<wp—vp<tp}r

for, as before, ¢ € D(RY), ¢ > 0, and ¢ > 0.
Taking limit as t — 0, we get that
VI <OL{w, — v, < O}r.
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Hence,
(3.23) 0< V! <OL{w, —v, <O}r.
Observe that we have
(3.24) / V, Vo = / fro— / edV] Ve WP(Q).
Q Q r
and
(3.25) / W, Vo = / fp— /FgodW]’j Ve Whe(Q).
Taking ¢ = Xgq in (3.24), we get
(3.26) /FdVZ’] = /Fde = M,.

If we take ¢ = v, in (3.24), we have

(3.27) /QIWpV’ = /Qpr—/vade-n S I @ llpllr) + loplle Mo < ©

with C independent of p > N. As consequence of (3.27), we have {V, : p > N} is
bounded in L'(€2). Therefore, we can assume there exists a subsequence p; — +o0o such
that

(3.28) Vp, =V weakly” as measures in ().
Similarly, we get that

(3.29) W,, =W weakly” as measures in ().
Moreover, by (3.26), we have that

(3.30) VI — X weakly” as measures in I".

Hence, by (3.26), we obtain

I

For the above sequence {p;}, Theorem 3.4 states
Uy, =% Voo uniformly in Q, with | VUso|| Loe) <1

and
Wy, = Woo uniformly in Q,  with ||[Vwes|| @) < 1.
Hence, by (3.22), we get

supp(X) C {woo — Voo < O}r.
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Moreover, by (3.23),
(3.31) 0 <X <OL{ws — v < 0}r.

Since [£|P — |nP < pl€[P72€ - (€ —n) for any &, n € RY, we have

~ v [ =+ [ (90 -V

(3.32)

for every ¢ € W'?(Q). Now, by (3.24), we have

[ (0= 90 = [+ = avpie - ) =0,

and using this in (3.32) we arrive to

—/Q(f —dV])(p —vp) < - /IW!”/ Ay

1
5/Q|va|1f’—/Q —dV])v /|Vg0|p / T —dV])e Vo e WHP(Q).

Therefore, for any v € W'*°(Q) with ||Vol| @) < 1,

- [ =, <o [ 1vur— [ Gt -aps

/|Vv|p / +_dym §%|Q|—/Q(f+

Taking p = p; and taking limit as ¢ — oo in the last inequality, we get

/<f+ _dX) < /(f* X,
Q Q
from where it follows that

/(f*—d)()voo: sup /v(f*—dX).
Q veEWL®(Q) JQ
[Vuloo <1

Similarly we get

/(dX — [T we = sup /w(d?( —f).
Q we WheQ) JQ

[Vw|eo <1

—dV]v.
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Adding up this two last expressions we get

/f+voo /fwoo_/(woo ’Uoo)idX
sup /f*v—/f w — / — ) dX
(’U w)€(v,w)EK (Q)x K1 (Q
> sup /f*v—/f w — / —v)~dO
(v,w)e(v,w)eK1(Q) X K1(Q2

/f*voo /f woo—/ o — Uoo) " dO.

From where it follows, by (3.31), that
XL{’UJOO — Voo < O}F = 9I_{woo — Voo < O}r
and that A" is a ©-optimal matching measure. O

Remark 3.7. As consequence of the proof of the above theorem we have that if (v,, w,)

be a minimizer of (3.3), then (v,, w,, V) is a weak solution of the following problem:

—Ayu=fr—Z with homogeneous Neumann B.C.
(3.33) —Ajw==—f~ with  homogeneous Neumann B.C.
EeMTRY), Z<OoL{w—-v<0}, Z(I)=M,.
Let us see now that if (v, w, =) is a solution of (3.33) and satifies
(3.34) /(w —v) d= = /(w — ) doe,
then

(v,w) is a minimizer of (3.3).

In fact, working as in the proof of the previous theorem, for any 0,w € W1P(§), we have

/'W'p /”f+ /”d” /IWI” /vf+ /vdH
z%/glvw|p+/gwf /WF /\W!” /wa_—/rw—da

and
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Adding these inequalities we get

g Jower ey fver = [orts fwr = fw-ve
%/ V6|p+1—)/§2|Vw|p_/Q@f++/wa__/F(w_ﬂ)da

Now, since 0 < = < OL{w —v < 0}r < © and —r < r~, from the last inequality, we
obtain that

1 1
—/|Vv|p+—/|Vw|p—/vf+—|—/wf_+/(w—v)_d5
P Ja D Ja Q Q r
1 1
g—/|V@|p+—/|vw|p—/@f++/wf—+/(w—@)—d@.
P Ja D Jo Q Q r
Finally, having in mind (3.34),
/|wp /\wp /vﬁ /wf +/ v)=d6
g—/]V@\P+—/\Vw|f’—/z7f++/wf+/(zb—f&)d@,
P Ja PJa Q Q r

from where it follows that (v, w) is a minimizer of (3.3).

Remark 3.8. Given ¢ € C'(Q) and ¢ € C'(Q) taking limits in (3.24) and (3.25) for
p = pi, on account of (3.28), (3.29) and (3.30), we get

/QVstVZ/Qf+s0—/Fs0dX,
/QVv,de:—/Qf‘@H/Fde.

and

Therefore, we have

—div(V)=fT—-X inQ

VV.-n=0 on 0f)
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and
—diviW)=—-f"4+4& inQ

VW.-n=0 on 02

Observe also that we can also get

lim [V, - Ve = / Fuse —/vood)(,
Q Q r

1—00

lim [ W, - Vs, = —/ [ wee + / WoodX .
71— 00 0 0 T

/VvoodV:/f+voo—/voodX,
Q Q r
/VwoodW:—/f_woo+/woodX.
Q Q r

Let us finish this section going back to the variational problem that defines the approx-
imations and discuss uniqueness of minimizers (v,, w,) of (3.3). Remark that we can pass
to the limit as p — oo as we did in Theorem 3.4, without any assumption concerning
uniqueness of the minimizers.

That is, formally,

and

In fact, it is immediate to see that if (v, w) is a minimizer then (v, @) = (v, +k, w, + k)
is also a minimizer for every constant k, therefore uniqueness does not hold in general.
However, one may ask if uniqueness of minimizers hold under the additional constraint

(3.35) /Qwr/ﬂw:o.

In the next result we show that this is not necessarily the case and moreover we charac-
terize when this uniqueness hold.

Theorem 3.9. Let (v,w) be a minimizer of (3.3) satisfying (3.35). Then

/ d® > M.
{w—v<0}r
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Moreover, (3.3) has another minimizer satisfying (3.35) if and only if there exists ¢ # 0

such that
/ d@:/ d0 =M, ifc>0,
{w—v<0}r {w—v<c}r

/ d@:/ 40 = My  ife <0,
{w—v<c}r {w—v<0}r

Proof. Let V! be defined as in Theorem 3.6 for the pair (v, w). Remember that by (3.23)
and (3.26) we have
OSV;]S@I_{U)—USO}F

T

/ d® > M.
{w—v<0}r

Suppose that (0,w) is another minimizer of (3.3) satisfying (3.35). Then, since VU, is
convex, and || - || r(q) is strictly convex, there exists constants ¢y, ¢, such that

(0,0) = (v+cr, w4+ c).

and

Consequently, also

Now, since (v, w) and (9, W) satisfy (3.35), we get
€1 = —Cg;
that is, every possible minimizer satisfying (3.35) is of the form

(0,0) = (v+ ¢, w — ¢q).

Now,
U, (v,w) =V, (v+ ¢, w —¢q)
1 1 _
z—/\Vv]p+—/]Vw\p—/vf++/wf
P Ja P Ja Q Q
—2c1 My + /(w —c—(v+c1)) dO
r
=V, (v,w) — 2¢1 My + /(w —v—2¢) dO — /(w — ) dO.
r r
Hence

/F<w — v —2¢,)7dO — /(w — v)7dO = 2¢, M.
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Note that (v + ¢1,w — ¢1) + (c1,¢1) = (v + 2¢1,w) is also a minimizer of (3.3) and, by
convexity, using that (v, w) and (v 4 2¢;, w) are minimizers, we get that every pair of the
form (v + ¢, w), with ¢ between 0 and 2¢y, is also a minimizer of (3.3). From our previous
arguments we obtain that

/F(w —v—2¢) dO — /(w — )" dO = cMy,

r
for every c between 0 and 2¢;.

Now, if ¢; > 0 then we have

MO:/(w—v—2cl)_—(w—v)_d@
r 2¢¢

:/ d@+/ (w—v—2¢) 16
{w—-v<0} {0<w—v<2c1} 2¢q

> / 46 > / V7 = M,
{w—v<0} {w—v<0}r

from where it follows that

(3.36) / d® = M,, and / d® = M,.
{w—v<0}r {w—v<2c1 }r

Remark that, since

M, < / do < / de,
{w—v<0}r {w—v<2c1 }r

we have that (3.36) is equivalent to

[ wsm
{w—v<2c1 }r

On the other hand, if ¢; < 0 then, for 2¢; < ¢ < 0, we have

e

C

:/ d@+/ Md@
{w—v<c}r {ec<w—v<0} ¢

> / de.
{w—v<c}r
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Taking ¢ — 0 we obtain

/ de < M.
{w—v<0}r

Let us see that

(3.37) / d6 = M, and / e = M,.
{w—v<0}r {w—v<2c; }r

Indeed,

Moz/ (w—v—QCl)_—(w—v)_d@
T 201

{w—v<2e1}r {2¢1 <w—v<0} 2¢1
< / do + / do
{w—v<2e1}r {2¢1 <w—v<0}

{w—v<0}r

Then, since ==~ < 1 on {2¢; < w — v < 0}, the integrals

2c1

/ d®  and / —w=-v" e
{2¢1 <w—v<0} {2c1 <w—v<0} 2¢,

vanish, and consequently

/ de = MO and / de = M().
{w—v<0}r {w—v<L2¢1}r

Let us see that the reciprocal also holds. Let (v,w) be a minimizer of (3.3) and let
c1 > 0 satisfying (3.36). Then we have

1 1
\I/p(v+cl,w—cl):—/|Vv|p+—/|Vw|p—/vf++/wf_
P Ja P Ja Q Q
—201M0—|—/(w—v—201)_d®
r

1 1
:—/|Vv|p+—/|Vw|p—/vf+—l—/wf_
P Ja P Ja Q Q

—201M0+/ (w—v—ZCl)_d@—l—/ (w—v—2¢) dO.
{w—v<0} {0<w—v<2ec1}
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Now, from (3.36) we deduce that

—2c1 My + / (w—v—2¢)dO = / (w—v)"dO.
{w—v<0} {w—v<0}

Also from (3.36), we have

[ s
{0<w—v<2c1}r

/ (w—v—2¢)"dO =0,
{0<w—v<2c1}

U,(v+c,w—c) =Y,(v,w).

Therefore,

and hence,

Now, let (v, w) be a minimizer of (3.3) and ¢; < 0 satisfying (3.37). Then we have

U, (v +cp,w—cp) /|Vv|p /|Vw]p /fufJr /wf_

—2¢1 My + /( —v—2¢1)"dO

— [wors [rwur— [ore [ wr
—261M0+/ ( —0—201) do.
{w—v<2¢1}

Now, from (3.37) we obtain that

—2c1 My + / (w—v—2¢)dO = / —(w —v)dO,
{w—v<2e1} {w—v<2¢1}

and also that
/ 46 — 0.
{2c1 <w—v<0}r

Therefore,

/ —(w —v)dO = —(w—v)dO = (w—v)"dO.
{w—v<2¢1} {w—v<0} {w—v<0}
Hence, also in this case we conclude that
U, (v+c,w—cp) =V, (v, w),
and the proof is finished. O



28 J. M. MAZON, J. D. ROSSI, AND J. TOLEDO

Example 3.10. Let Q be an open bounded subset of RY. We take f,, f_ € L>(Q) with
disjoint supports, X, and X _, respectively, such that

/X+ £ = X_ =

Let zp € Q\ (XL UX_). Consider I' = {z(} and © = kd,,, with k& > M. For these data,
let (v, w) be a minimizer of (3.3) satisfying (3.35). By Theorem 3.9, we have

/ de > M.
{w—v<0}r

Then, since O is concentrated on {x}, we have
zo € {w—v < 0}r.
Therefore, if k = Mj, we have

/ d@:/ d© = M, Ve > 0.
{w—v<0}r {w—v<ec}r

Hence, by Theorem 3.9, for any ¢ > 0, (v+¢, w—c) is a minimizer of (3.3) satisfying (3.35)
and consequently, in this case, there is no uniqueness of minimizers.

On te other hand, if £ > M, then we have uniqueness. In fact, in this case
/ dO =k > M, Ve > 0.
{w—v<c}r

Moreover, if xy € {w —v < O}r, then

/ 40 = & > My,
{w—v<0}r

and if xy & {w —v < O}r, then
/ dO =0 # M, Ve < 0.
{w—v<c}r

Therefore, by Theorem 3.9, we have uniqueness a minimizer of (3.3) satisfying (3.35) in
this case.

4. AN EXAMPLE. AN OPTIMAL TRANSPORT PROBLEM WITH A PERMEABLE
MEMBRANE

4.1. Optimal mass transport problem through a partially permeable mem-
brane.
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In this section we are interested in the optimal mass transport problem in which the
mass transported must cross a partially permeable membrane, that is, we want to trans-
port one measure into another that are located in different places separated by a membrane
which only let through a point in the membrane a predetermined amount of matter. We
can see that this problem fits into our general optimal matching with constraints. In
fact, the membrane can be seen as the target set and the permeability of the membrane
is understood as the amount of mass that each point on the membrane can receive. Of
course, note that we need that the total amount of mass that the membrane can aloud
must be bigger than the mass that we have to transport (otherwise the transport problem
is impossible). Using our previous results we have that there exists a solution to this
problem, that is, there is a way of transporting the two involved measures to the mem-
brane (a hypersurface that separates the two measures) in such a way that they match,
the total amount of mass that can be located at a point on the membrane is bounded
by a given measure (the permeability of the membrane) and the total cost (measured in
terms of the distance that the measures have to be transported) is minimized.

Note that if we assume that the membrane separates the domain into two subdomains
Q, (where f* is supported) and 2_ (where f~ is supported) our p—Laplacian approxi-
mation reads as look for (v,,w,, Z), a weak solution of the following problem:

Ay =ft—E in Q, with Neumann B.C.
—Ayw=E— f~ in 2_ with Neumann B.C.

Ee MTRY), E<O0L{w—v <0}, Z()=M,.

Here we have two p—Laplacian equations in two different domains (2, and _) that
have some part of their boundaries in common (the membrane I') and the coupling in the
system is given by the existence of the measure = supported on the common boundary I'.
Remark that we can formally write

0 0

D _ —|va|p_2& == onT,

an on

where 7 is the normal vector field to I' pointing to the exterior of €2, , and homogeneous
Neumann boundary condition on the rest of the boundary of €2, and that of €2_.

|va |p_2

Next, we will see that in a particular case (a membrane with only two holes) we can
give a geometrical characterization of an optimal transport.

4.2. A membrane with two holes.

Here we face the following situation, we have a quantity of resources that has to be
delivered to the consumers, but between both there is a frontier (or a river) with only
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two frontier passes (or only two bridges) that allow a maximum amount of mass to pass
through each one of them (each bridge has a limited amount of weight that can support).
Our goal in this situation is to distribute the resources determining which part of them
has to be delivered to which consumer (and also we need to specify through which pass
(or bridge) has to be send). This distribution is to be optimized in the sense that we want
to minimize the total cost of the operation (measured in terms of the distance that me
have to move the mass). Note that in this setting it may perfectly happen that sending
al the resources through one frontier point is more convenient (since the distances to that
point are shorter than the distances to the other point) but this strategy is impossible
since we have more resources than the ones that this frontier point allows. Therefore, in
this case, we have to select which mass has to be send to the second frontier point (and
doing so in such a way that we minimize the total cost).

Now, we put this problem into mathematical terms. Assume that we have two uniform
measures given by

= XA and V= XB

for two disjoint sets A and B with the same measure |A| = |B| = Mj. The set A encodes
the resources and B the consumers. Separating these two sets we have a membrane I"
and furthermore assume that we only have two bridges on I', that is, we have two points
x1, 22 € I' and the restriction measure is

e = k:15x1 + k’g(sm, k’l > O, k’g > 0.

(to simplify the exposition, we do not care too much about geometric restrictions, but we
suppose that the membrane is such that for going from A to each z; it must be crossed
only once, the same about B). Note that we need to assume

M0<k‘1+k‘2:/d@.
r

Now, we have to determine which points in A and B has to be send to x; and s, or
equivalently, which points in A has to be send to z; and x5, and which points in B must
receive mass from x; and x5, for an optimal transport.

Now, for an optimal transport map pair (7%,7-) € Are(f*, f7), set
Ay :={a € T:"({z1}) : a is a point of density 1 of A}

and
Ay :={a € T"'({x3}) : a is a point of density 1 of A}.
If |[A;| > 0 and |A| > 0, for a; € A; and as € Ay we must have

lay — 1| + |ag — z2| < |ag — x1] + |ay — xa].
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In fact, if we have

|(11 — l'1| + |a2 — ZL‘2| > |CL2 — {L‘1| + |CL1 — l‘2|,
for some a; € Ay and ay € Ay, we argue as follows: by continuity of the distance we have
that the same relation

‘&1 —1’1’ + |EL2 —$2| > |5L2 —1’1’ + ’&1 —.1'2‘,

holds for every a; € By, (a1) and for every as € Bs,(as). We can choose 41, Jy (decreasing
one of them if necessary) in such a way that |Bs, (a1) N A| = |Bs,(a2) N A| > 0. Now we
redefine T’ as

T, if a € Bs,(a1) N A
Ti(a) =< if a € Bs,(ag) N A
T.(a),  ifa€ A\ (Bs(a)U Bs(a).

Note that since we have [Bs, (a1) N A| = [Bs,(az2) N A| > 0 then the total mass that we
are sending to 1 (and to xz3) with 7', is the same that we are sending with 7', .

Now, when we compute the cost we have that
'F(T—HT—) > ”F(T-HT—)
due to the inequality
‘&1 — 33'1’ + |&2 — $2| > |5LQ — .%’1| + ’(~I1 — .1’2‘,
that holds for every a; € By, (a1) and for every as € Bs,(az). Therefore we arrive to a
contradiction with we the assumption that (7°.,7") is optimal.
Therefore, we need to consider the function A, ,, : A — R given by
Agywy(a) = o — 21| — |a — zs].
This function encodes which part of A has to be send to x; and which part to z,. Indeed,
from
a1 — 21| = Jar — 2| < ag — 21| — az — 23
we get
A$17$2 (al) < Axl,xz (a2)
for almost any pair of pair of points aj,as such that a; is send to x; and as to xo. We
also have the same relation in the case that |A;| = 0 or |As| = 0.

Let 0 < 8 < Mj be the amount of material that is transported to z; (and therefore we
transport My — (B to x3). From our constraint on the permeability of the membrane we
have the following constraints for (3,

B <k and My — B < ks,
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that is
maX{O, MO — kg} S ﬁ S min{kl, Mo}

Let us define
Aa(0) = |[{z € A: Ay, 4 (2)
which is non-decreasing as a function of 6.
We have that there exists a value (/) such that

Aa(0(8)) =8

and
\a(0) > 3 Y0 > 0(B).
Then the set
{z € A Ay () <0(8)}
has to be sent to z;, and
{r e A: Ay 2, () > 0(5)}
has to be sent to xs.

In an analogous way we have, for B, that the set

{7z € B: Ay 2(z) <v(B)}
has to be sent to z;, and the set
{r € A Ay () > 7(B)}
has to be sent to zs, if we choose v() in such a way that
and
Ap(7) =B Yy >(B),
where

Ap(7) =z € B : Ay (2) <7}
The total cost of this transport is given by

Wern(8) = [ Aopn(@)de +0(3) (8 — 1a(6(8)))
(2€ A Az, oy (2)<0O(A)}

(4.1) /{ o oy Mm@ () (8- 25018

/\x—xﬂdw—l—/\x—xﬂdw
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in dimension N = 1; and, for N > 2, by

Wern() = |

(42) {2€A: Ay 2o (

/|x—x2|dx—|—/ | — xo|dx.

|x — z1|dx

Aa:1,a:2( )dx—i—/ Amhmz(x)dx

{2€B:Asy 2o (x)<v(8)}

Indeed:
WI:[ L2 (/B

~—

leA Azl »’82( x)<0(8)}

+/ |$—x1|d:r+/ |z — xo|dx
{2€A:Ag oy (2)=0(B), = 18 sent to =} {2€A AL, 2y (2)>0(8)}

|z — x1|dx

+

/ | — zo|dx + /

{2€A:Agy oy (2)=0(B), = 18 sent to o} {2€B: Ay, oy (2)<¥(8)}

+/ ' |:z:—:1:1\da:+/ |z — x5]dx
{2€B:Ag; oy (x)=7(B), = 18 sent to z;} {2€B:Agy oy (2)>7(8)}

+/ |z — xo|dz.
{2€B:Asy .z (2)=7(8), = 1 sent to z»}

)

Now, we replace
/ |z — x9|dx
{z€A: Ay oy (2)>0(8)}
by the equivalent expression

/|x—x2|dx—/ |© — xa|dx
A {z€A: Az 0y (2)<0(B)}

_/ . |x—$2|—/ . |z — ],
{2€A:As, 2, (2)=0(8) z 1S sent to =1} {2€A: NG, 2, (2)=0(8) z 1S sent to z2}

and the similar one for
|z — x9|dx
{Z‘GB:AII,IQ (I)>’Y(/8)}
to get,

Wzl,22 (5) = A:vl,xz ($)d$ + /B ’13 — xgldx

/{xeA:Aml,zQ (x)<0(8)}

+/ . Ay oy (x)da +/ |z — xo|dx
{2€A: Az, 2y (2)=0(8), = 1S Sent tO z1} A

Agy 2y (2)d + / Ay, 2y (2)da.

g
{2€B:Azy 2z (2)<v(B)} {z€B:Azy 2z ()=7(B), = is sent to z;}
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But now, in the above expression we use that

/ Ay oy (x)de
{2€A:Nay 2y (2)=0(8), = 1 sent to z;}

=0(B)|{r € A: Ay up(x) =0(B), xis sent to z1}|

=0(8)(8 — Aa(0(B))),
which is null if N > 2, and

/ | Rer (&) = 7(3)(8 - s 1(5)).
{x€B:Azy 2 (x)=7(B), = 18 sent to z;}

which is also null for N > 2; from where we obtain the expression (4.1), or (4.2), for
Way 25 (B)-

Now our task is to search for £ solving

(4.3) min W, 20 (5).

max{0,Mo—k2}<B<min{kq1,Mo}

This problem has the following simple geometric interpretation for N > 2: consider
that the points x; and x5 are located at (—h,0) and (h,0), for some h > 0, and 0 € RN 1,
There is no loss of generality in localizing the two points in this way since the transport
problem under consideration is invariant under translations and rotations. Then from our
previous arguments the problem reduces to make an hyperbolic foliation of the sets A and
B to obtain,

Ag={x € A: N, 1,(x) <8}, B,={x€B:A,; () <7}

Now, for sets of equal measure 5 = [Agp)| = |Byp)| between max{0, My — k;} and
min{ky, My}, we have to compute the sum of the integrals of A,, ,,, that is,

w$17$2(ﬁ> :/ A$1,$2(m> +/ A$1,$2<x>’
Ag(p) By

and we have to select § such that w,, ,,(8) is minimized. Note that in doing this we also
obtain the subsets of A and B that have to be connected to each point z;.

4.2.1. Monotonicity: 6(5) and (/) are increasing. Of course, —h < 6(f) < h and —h <
7(B) < h.

Let us call

ﬁi = maX{O, MO - l{fz}, 55 = min{k‘l, Mo}



AN OPTIMAL MATCHING PROBLEM WITH RESTRICTIONS 35

4.2.2. Continuity of wy, 4,(B): Let B € | max{0, Mo—k2}, min{k;, Mo}}[. Now, fort >0
such that 8 + ¢ € | max{0, My — ko }, min{k;, Mo}}| we have

0(B)|{x € 4:6(8) < Auya(w) < 05+ 1)}

<

/ Ay o () do
{z€A:0(B)<Agy g (2)<O(B+1)}

<0(8 +t)’{:v €EA:0(B) < Apyay(x) <O(B +t)}‘

and

{2€4:0(8) < Mayoal@) < 0B+ 1)} | =B+ - 5=t
Hence, using a similar property for B and ~(8) we get

(4.4) (0(8) +7(B))t < Way 0y (B + 1) = Waya(B) < (08 +8) +7(B + 1))t
Also, for t > 0 such that 5 —t € ] max{0, My — ko }, min{ky, My}} [,

(Q(ﬁ - t) + 7(5 - t))t S Wy o (6) - w:c1,m2(6 - t) S (‘9(6> + V(ﬁ))t

Observe that for 5; and for ¢ > 0 such that §; + ¢ € | max{0, My — ko}, min{k;, Mo}}|
we also have,

(4.5) (008) +7(B))t < Wy 2y (Bi 1) = Wy 2y (Bi) < (008 + 1) + (B +1))1;

ando for B, and t > 0 such that 5, —t € } max{0, My — ko }, min{ky, Mo}} [,

(4‘6) (8(53 - t) + 7(65: - t))t < Wy 2y (53) — Wgy,zo (Bs - t) < (0(65) + 7(58))t'
Then, from the boundedness of 6(5) and v(5), we get the continuity of w,, ,,(5) in

[ max{0, Mo — k»}, min{k;, Mo}}].

4.2.3. Minimaizers:
1. Observe that

if 0(5;) + ~v(B;) > 0 then, from (4.5), 5; is a minimizer of (4.3).

This is the case, for example, when A and B are located in [0, +oo[ xRN ~1.
2. And

if 0(8s) + v(Bs) < 0 then, from (4.6), fs is a minimizer of (4.3).
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This is the case, for example, when A and B are located in | — 0o, 0] x RV,

3. On the other hand, if 0(5;) + v(8;)) < 0 and 0(8s) + v(Bs) > 0, we have that, if
0(8) +~(B) is continuous then there exists fy € | max{0, My — ko}, min{ky, Mo}} [ such
that

0(Bo) +v(Bo) =0,

and this is a critical point of w,, ,,(3) as can be seen in Section 4.2.4.

Nevertheless, without using continuity of 6(3)+~(8), if there exists Gy € } max{0, My—
]{32}, min{kl, M()}}[ such that

0(5o) + v(Bo) = 0 then Sy is a a minimizer of (4.3).

This follows directly from (4.5) and (4.6). However, the existence of such a f, can
not be guaranteed, but what can be assured is the existence of 5, € ]maX{O,MO —

k2}, min{k;, Mo} }[ such that
6(b) +~v(b) <0< 60(c) +(c) for all b < fy < ¢,
and this implies, by (4.5) and (4.6), that
Bo is a a minimizer of (4.3).

4.2.4. Continuous differentiability of wy, »,(8) for 0(8) + v(5) continuous. Note that, if
A and B are domains then () and (/) are continuous.

For 8 € | max{0, Mo — k»}, min{ks, Mo} }[, we have

(47) Q%)1%MN%=W®+7w)

In fact, from (4.4), we obtain, for ¢ > 0 small enough,
1
08) +7(8) < 7 (Waraa (B+1) = w2,22(8)) S OB+ ) +7(8+1)
Then, from the continuity of 6(3) + (), we get (4.7). In an analogous way we get
) e ma(8) = 008) +1(8)
dﬁ wm,xz - Y .

Therefore,

Way 2’ (B) = 0(8) +7(8),

which moreover is continuous.

The next simple example shows how formula (4.8) can be used in one dimension.
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Example 4.1. Let f* = xp1 and [~ = Xpaat1) With @ > 1, and © = ki1, + ka0y,,
k1>0,ky >0,k +ky>1, withz; <0and 1 < zy < a.
We are interested in getting
(4.8) Bo := argumin{ F'(3) : max{0, My — ko} < < min{ky, Mo}},
being

F(p) = Aoy az (2)d + 6(8) (5 = a(6(8)))

AxeA:Awl,wz (z)<0(8)}

Axl To d -\ ]
" /{xeB:Azl,zz @< B} (w)de +(5) (ﬁ 3(y(8 >>)

Bp represent the optimal amount of mass that we must sent to x;.
We have
Apyoy(2) =22 — (1 4+ 29) forze A and A, u,(x)=22—2; forze B.
Then,

0 if s < —(x;+ x2)
Aa(s) = % if —(x14+22) <s<2— (21 + x9)
1 if8>2—(l‘1—|—$2)
and c
] 0 it r<xyg—m
AB(”_{I if r>x9—x;.
Now,
0
a0y = L2208 o @) > 8 v 0(8),

2
implies that 0(8) = 28 — (z1 + x2). Moreover, ¥(8) = x3 — z;. Then, F(8) = 32 — 28z,
and

By = argmin{3* — 2Bz; : max{0,1 — ko} < B < min{k;,1}} = max{0, 1 — ky}.
Therefore, if ks > 1, then Sy = 0, which means that the optimal transport consists in
tranport all the masses to 5. Now if 0 < ky < 1, then Sy = 1 — ko, which means that the

optimal transport in this case is the following: transport the masses from A and B to -
to saturate, and send the rest to z;.

Remark 4.2. In this example, when k; > 1 and ky > 1 we have uniqueness of our
approximations for p finite, that is, there is a unique minimizer of (3.3) verifying

/U+/w:0.
Q Q
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In fact, in this case, since we always have

/ de > 1= My,
{wp—vp<0}r

we can apply Theorem 3.9 to get uniqueness.
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