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Abstract
We unify Kantorovich and Young’s theory by formulating the
Monge mass transfer problem as a variational problem involv-
ing Young measures. This is done thanks to the disintegration
theorem and a density result on the set of all Borel measures on
R? x R? with fixed marginals. We mention applications, such
as Bernoulli convolution.
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Introduction

We present two main results on existence of optimal maps for the Monge
mass transfer problem. The first one was obtained by Sudakov [27]
and the second one by Evans and Gangbo [14]. We write the Monge-
Kantorovich problem as a relaxation of the Monge problem by using
Young measures generated by measure-preserving maps. This observa-
tion is based on the fact that given two Borel probability measures pu™
and 1~ on R? that have no atoms the set M of all Borel measures on
R? x R? that have p* as their marginals is the closure of the set of all
p in M whose support lies in the graph of a one-to-one map of R? into
R

The original Monge problem consists of finding the optimal way
for rearranging a Borel probability measure u* on R? onto a Borel
probability measure p~ on R? against the cost function c¢(z) = ||z||. The
physical interpretation given by Monge ([24]) is that we are dealing with
a pile of soil with a given mass distribution which we want to transport
to an excavation, with a given distribution. The work involved by a
particle of mass dut(x) moving from a point x to a point r(x) along a
smooth path ¢ — g(t,x) between time 0 and 1 is

[ ittt ).

Hence, the total work involved by all particles is

1
Lgl = [, [ g(t,x)lldtdu* (),
R4 Jo
where r satisfies the mass conservation condition

pr T (A)] = (4], (1)

for all A C R Borel. As observed by Monge for g satisfying (1), if we
define g(t,x) := (1 —t)x+1tr(x) then L[g] < L[g] (Jensen’s inequality).
The Monge problem reduces then to the variational problem

min T[t] (2)

where

1) = [ % = (o) lldpe (),

and A is the set of all Borel maps r : R? — R¢ satisfying (1).
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The set A on which we minimize the convex function I is not convex.
Using the canonical imbedding ¢ defined in (4) we can consider A as a
subset of M, the set of all Borel measures ¢ on R? x RY satisfying

g[Ax RY = pt[A], ¢RI x Al =p[A],
for all A C R? Borel. Define J : M — [0, +00] by

Ja) = [, b= yllda(x,y), (g€ M).

Then
Ir] = Jli(r)], (r € A), (3)
where 7 : A — M is the canonical imbedding defined by
i(n)[E] = " {x € RY: (x,x(x)) € B}, (4)

for E C R¥xR? Borel. Let us observe that M is a subset of P(R¢xR?),
the set of all Borel probability measures on R¢ x R?, which is itself a
subset of the topological dual space to C,(R% x R?). Here C,(R? x R?)
denotes the set of all continuous functions on R? x R? which vanish
at infinity under the sup norm. We say that a sequence (g,), C M
converges weak * to ¢ € M if

Jm [ Feoy)datey) = [ Fly)datey),
for all F' € C,(R? x R%). We prove that the set i(A) is a dense subset
of M endowed with the weak * topology (Proposition A.3).
Monge conjectured that I admits a minimiser s € 4 and there exists
a potential u : R — R with Lipschitz constant less than or equal to 1
such that
u(x) —u(s(x)) = [lx —s(x)||, (xR, ()

provided that the measures p* have compact supports and are abso-
lutely continuous with respect to the Lebesgue measure.

For the reader’s convenience we recall two definitions needed in the
sequel.

Definition 0.1 Let X be a metric space and let p be a positive, finite
Borel measure on X. The support of i is the smallest closed set spt(u) C
X such that p(spt(p)) = u(X).

Definition 0.2 We say that M C R? is a (d — 1)-rectifiable set if
M is a countable union of C* (d — 1)-hypersurfaces and sets of zero
(d — 1)-dimensional Hausdorff measure.
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Young measures and Kantorovich approach. The first rigorous
proof on the existence of a potential u associated to the Monge problem
was given by Kantorovich when he introduced the following variational
problem ([18], [19]) which is referred to as the Monge-Kantorovich prob-
lem: find p € M such that

Tlp] = min Jlg] := dw (1", 17)- (6)
Kantorovich’s formulation is similar to Young’s when he introduced the
generalized functions (or parametrized Young measures [30]), a concept
which is very useful in the Calculus of Variations, Partial Differential
Equations ([28]) etc... For each ¢ € M we may find a family (gx)xcra
of probability measures on R such that

Lo Fda= [ 1] FOxy)day)ldn (), %

for all Borel g-summable functions F' : R¢ x R? — [—o0, +00]. Using
that ¢ € M we deduce that

WAl = [ adlAldit (o) ®)

for all A ¢ R? Borel. Conversely, one can readily check that given a
family (qx)xere of probability measures on R¢ satisfying (8) the mea-
sure ¢ defined by (7) is an element of M.

The function dy in (6), which is a metric on the set of probabil-
ity measures (see [11]) and known as the Wasserstein-Rubinstein dis-
tance has been of great use in various fields such as Partial Differential
Equations ([7]), Material Sciences ([6]), Probability ([25]), Functional
Analysis ([1], ([20]), etc...

Writing (6) as an infinite dimensional linear programming minimiza-
tion problem under the assumption that the measures u* have compact
supports Kantorovich obtained a dual problem

max Kuw], (9)
where,
— +_ -
Kw] .—/Rdwd,u /Rdwdu ,
and,

L:={w:R*—= R: Lip(w) := supM

<1t 10
W ko < (0
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Since pT[RY] = p~[RY the supremum of K over £ coincides with the
supremum of K over the subset of all w € L satisfying w(0) = 0. One
can readily deduce that (9) admits a maximizer u € L. Observe that
the duality relation between (6) and (9) implies

Ix —y|| = u(x) —u(y), forpae (x,y)e R'xR?  (11)

where p is any minimiser of (6). It is a known fact that existence of a
minimiser of (6), a maximizer for (9), the duality between (6) and (9)
still hold even if we don’t impose that the supports of u* are compact
but, assume that the first moments of the measures are bounded i.e.

[ lldi ), [ ixllan () < oo, 12)

(see [21] and [25]). Note that (12) implies that J takes only finite values
on M.

If u* have no atoms then i(A) is dense in M (see Proposition A.3),
and using (3) and (12) we obtain

min I|r] = min J]g]. (13)
The Monge-Kantorovich problem is then obtained as a relaxation of
the Monge problem.

Extreme points of M. Since J is a linear functional its minimum
over M is achieved at an extreme point of the compact (with respect to
the weak * topology) convex set M. If the supports of u* have both n
elements then by the well-known Birkhoff-von Neumann theorem the
set of extreme points of M is i(A) and so, J achieves its minimum at
some point i(s). Clearly, s is a minimiser of the Monge problem. But, if
p* have no atoms i(A) is strictly included in the set of extreme points
of M (see Remark C.2 and Corollary C.3).

Geometry of supports of optimal Young measures. Assume
that the Borel probability measures y* have bounded, disjoint sup-
ports and denote by X := sptu™, Y := spt u~. Assume that X and
Y are smooth. Then a maximizer u for (9) can be chosen to satisfy

u(x) = mf{[lx —yl[ +uly)}, (x€O0x), (14)

u(x) = sup{u(x) — |lx —y[[}, (x€Oy), (15)
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where Ox a neighborhood of X and Oy a neighborhood of Y, and so,
u is semiconcave on X, semiconvex on Y. Thus, u is differentiable at
every point of X UY except may be on a set which is (d — 1)-rectifiable
and X —y
Du(x,) = ——>>— 1

o) =yl 1o
whenever Du(x,) exists and u(x,) = ||X, — Yo|| + u(y,). Let p be a
minimiser of the Monge-Kantorovich problem (6) and let (pyx)xecre the
Young measures associated to p as in (7). If in addition we assume
that p* vanish on (d — 1)-rectifiable sets then (16) implies that spt py
is contained in a line segment through x, parallel to Du(x), i.e.,

sptpx C Ry i={x— ADu(x): X € [A(x), \1(x)]}, (17)

for pt-almost every x € R%. We call Ry the transport ray through x,
which is nothing but, the set {y € R*: |u(x)—u(y)| = ||x—y]||}, and
is a line segment for p*-almost every x € R¢. Conversely, if a family
(px)xere Of probability measures on R¢ satisfies (8) and (17) then p
defined in (7) is a minimiser of the Monge-Kantorovich problem (6).

In [14] when the Borel measures are absolutely continuous with
respect to the d-dimensional Lebesgue measure, u= = f¥dx, f* are
Lipschitz and positive on the interior of their compact supports, an
ODE

{ g(s(t, X) = V(s(t, g(s(t, X)) (18)
g5(0,x) = X,

was identified such that gs(¢,x) belongs to the transport ray Ry, for
pt-almost every x € R?,

95(1,x) pushes (u" + &)dx forward to (1~ + 8)dx, (19)

and the limiting map
= i 1
s(x) 51r(§1+ gs(1,%)

exists. We have s(x) € R, for puT-almost every x € R? and by (19)
pushes ptdx forward to u~dx. Consequently, s is a minimiser of the
Monge problem. To obtain (19) we introduce the following approximate
variational problem:
sup  K,[w], (20)
weW,"?(Br)
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where Bp is an open ball of center 0 and radius R > 0, large enough
to contain the supports of u*, p > 1 and

1
Kplw] := Klw] = ZJ1Dwl[L gy,

Clearly, (20) admits a unique maximizer u,, solution to the p-Laplacian
equation

R e A N
Up = 0 on OBg,

in the weak sense. The sequence (uy),>4+1 is bounded in W4+ (Bg)
and so, we may extract a subsequence (u,, ) converging uniformly to
some u € WL (Bg). Tt is straightforward that v € £ and is a maxi-
mizer for (9). Using that f* are Lipschitz functions, bounded below by
a positive constant on their compact supports a careful analysis yields
the sequence (||Du,||P~2) is bounded in L*(Bg), converges to some
a € L>(Bg) weak *, and letting p go to infinity in (21) yields

{—div(aDu) = ff—f in Bp

u = 0 on 0Bpg, (22)

We may interpret the density function a as a Lagrange multiplier for
(9). Note that (22) is a continuity equation of the form

) .
yn + div(pv) =0, (23)

where
p(t,z) = (L —t)f"(z) +tf (2)

and
—a(z)Du(z)

(1 —1)f*(2) +tf(2)

is defined for y-almost every (¢,z) € [0,1] x R%, « being the measure
on [0,1] x R? defined by

v(t,z) = (24)

11B] = [ plt,2)dtdz,

for all Borel sets B C [0, 1] x R% We approximate v by velocities v;,
(0 >0)
—a(z)Du(z)

(1 —=t)f*(z) +tf (2) + 6

V(s(t, Z) =
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and p by densities

ps(t,z) = (1 —t)f"(z) +tf (z) +0.
Note that the following continuity equation holds:

% + div(psvs) = 0.

If aDu is smooth then the flow g5 defined in (18) is such that ss; :=
g(1,-) pushes (ut + d)dx forward to (u~ + 0)dx. Also, for any point x
where v is differentiable Du is constant along the ray Ry and so, the
solution in (18) is unique once we impose that g(¢,z) € Ry. Observe
that a > 0 implies (85(x))o<s<1 is monotonically rearranged along Ry
and s(x) := lims o+ Ss(x) exists. It is straightforward to check that s
pushes ptdx forward to p~dx, and s(x) € Ry i.e.

u(x) —u(s(x)) = ||x — s(x)|| for ut —ae. xR (25)

Using (25) and the fact that (2) and (6) are dual we obtain that s is a
minimiser of the Monge problem (2). Unfortunately, aDu is not known
to be smooth and we must approximate aDu, f*, and f~ by smooth
functions (aDu)., f, and f- such that

—div(aDu). = f — f.
Accordingly, we introduce the velocities

(aDu)(z)
1—t)fH(z) + tf(z) + 0

V(576 (t, Z) = (
and the flow

gé,e(tax) = Vé,e(t’ gé,e(t? X)), gg,e(O,X) =X

which satisfies s5. := g5.(1, -) pushes (f +d)dx forward to (f- +9)dx.
Proving that s; .(x) converges for u-almost every x to ss(x) as € goes to
0 requires that we know fine properties of the restriction of the functions
a and u to the neighborhood of transport rays. By (14) and (15) u is
semiconcave in a neighborhood of X, semiconvex in a neighborhood of
Y and so D?u is a Radon measure on X UY. Using (22) we obtain that
for almost every x € X the restriction of a to the transport ray Ry is
locally Lipstchitz and satisfies

—(an +alAule) = fT— f~ H'ae on X (26)
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—(an + a[Aulee) = fF— f~ H'ae onY (27)

where n = Du(x), H' stands for the one-dimensional Hausdorff mea-
sure, and [Au],. for the trace of the absolutely continuous part of D?u
(see [14]). We may interpret (26) and (27) as —(Da - Du + a[Au],.) =
fT — f~ which is a formal way of writing (22). Both (26) and (27) are
used to prove that a vanishes at the endpoints of transport rays Ry for
pt-almost every x € RY.

The remainder of the paper is organized as follows. In section 1
we describe how the dual problem (9) is obtained via the p-Laplacian
and recall properties of the density function a occuring as a Lagrange
multiplier for (9) and the potential function w maximizer in (9). In
section 2 we state Sudakov’s result ([27]) and construct a minimiser
of (2) as done in [14]. In section 3 we use the Wasserstein-Rubinstein
distance to study Bernoulli’s convolution. In this paper we include an
appendix consisting of three parts. In Appendix A we prove that if X
and Y are two uncountable complete metric spaces, ™, is a finite Borel
measure on X, 4~ is a finite Borel measure on Y, % have no atoms and
T [X] = p~[Y] > 0 then every Borel measure vy on X x Y having p* as
their marginals can be obtained as the weak * limit of a sequence of the
form {i(r,)} where r, : X — Y are Borel maps that push u* forward
to u~ and are one-to-one. Here i(r)[E] := ut{x € R¢: (x,r(x)) € E},
for E C X x Y Borel set. In Appendix B we obtain a generalization of
Fubini’s theorem as a straightforward application of the disintegration
of measures, a very useful tool in ergodic theory which goes back to
von Neumann. In the last Appendix C we prove that in general the
extreme points of the set of all Borel measures that have u* as their
marginal is wider than i(A) where A is the set of all Borel maps that
push p* forward to p~.

The author would like to thank M. Milman and the organisers of the
CBM-NSF conference The Monge-Ampere Equation: Application to
Geometry and Optimisation for their hospitality and financial support.
He thanks the referee for stylistic improvement of the manuscript. He
would like also to thank C. Heil, C. Houdré for references, and A. Swiech
for comments on the paper.

1 Duality

In this section we study a linear maximization problem dual to the
Monge problem. A detailed proof of the results stated in this section
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can be found in [14]. Given f € L>®(R?)

f compactly supported (28)
find v € £ solving
Klu] = max Kw], (29)

where,
Klw] := /Rd fwdx,

and L is the subset of Lipschitz functions defined in (10). To ensure
that the supremum in (29) is finite we impose that

/R fdx=o. (30)
Since (30) implies
Klw + ¢] = K[w], (31)

for all w € £ and all ¢ € R, we deduce that if we choose S > 0, such
that

B(0,S) contains the support of f, (32)
then
max K[w| = max Kw], (33)
weLl weWy*°(B(0,R))

for all R > 25. We next consider a family of variational problems related
to (29): find u, € W}P(B(0, R)) such that

Kopluy] = max Kplw], (34)
weWy?(B(0,R))
where Dulle
Ko = K] — 122
p
Note that Klu] if ’
. w| I we
i Kplw] = { oo if wdL (35)
u,, is the unique solution to the PDE
(DI 00 = o BOR)
Up = 0 on 0B(0,R),

in the weak sense. In addition u, € C**(B(0, R)) for some o = a(p),
according to [23] and [29]. Since

—div(||Duy|[P?Du,) =0 in B(0, R) \ B(0,95) (37)



WG/The Original Monge Mass Transfer Problem/Dec 1997 11

we deduce that there exists x, € 90B(0, S) such that
up(%,) = 0. (38)

Multiplying (36) by u, — m JB(0,5) updx, integrating by parts, using
(30) and Poincaré-Wirtinger’s inequality on B(0,S) we deduce that
(]| Duyl|P) is bounded in L'(B(0, R)) by a constant which depends only
on ||f|le and S. This, together with (38) and Sobolev’s Imbedding
Theorem implies

<
max |up| < C1, (39)

where C is a constant depending only on ||f||« and S. Thanks to
the maximum principle (37) and (39) imply C; is a bound for u, over
B(0, R). To have a better estimate on ||Du,|| useful for the Monge
problem we assume in addition that

f is a Lipschitz function (40)

to obtain the following conclusions.

Lemma 1.1 Assume (28), (30) and (40) hold. Then there exist a
constant C' > 0 and a large radius R > 0 such that

max |u,| < C
B(0,R)

and
max ||Du,||? < C
B(0,R)

ford+1<p < 4o0.

In light of Lemma 1.1 we can extract a subsequence pr — 400 so that

up, — uw uniformly in B(0, R), (41)
Du,, — Du weak * in B(0,R), (42)
||[Du,, ||P*% — a weak x in B(0, R), (43)

where u € W°(B(0,R)) N L, a € L>°(B(0, R)) and a > 0. The first
main result of this section is obtained using (41)—(43).
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Theorem 1.2 Assume (28), (30) and (40) hold. Then there exists a
radius R > 0 large enough such that

(i)

—div(aDu) = f in B(0,R)
i the weak sense,
fora.ex € B(0,R) a(x)>0 implies ||Du(x)|| =1.
(i)
Ku| = max K[w].

weL

For technical reasons we assume henceforth that R > 0 is large enough

and
XxXny = 0
0X,0Y are smooth (44)
f#0 in the interior of its support,

where X is the support of f* := max{0, f} and Y is the support of
f~ := max{0, — f}. We introduce the transport set which is a compact
set containing X UY.

T:={z € B(0,R) : u.(z) = u(z) =u*(2)},

where

us(2) := max{u(x) - [lz —x[[} (z <€ B(0,R))

and
u'(2) == min{u(y) +[lz —yl[} (2 € B(0,R)).

Since ||Dul|s < 1 we have u, < u < u* on B(0,R). Using that u is
a maximizer for (29), f* > 0 on X° f~ > 0 on Y°, we deduce that
uy, = u = u* on X UY. The transport set T is made of transport rays

R, :={z€ BO,R) : |u(z,) —u(@)| = llz,—all}.  (45)

These transport rays R, are line segments with endpoints a,(z,) € X,
bo(2z,) € Y (see (14)—(17)) whenever Du(z,) exists and z, € T

Proposition 1.3 Assume (28), (30), (40) and (44) hold. Then, a =0
on B(0,R)\ T.
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For z, € T such that R,, is a line segment with endpoints a,(z,), b,(2,)
we define

Ry, = Ry, \ [B(ao(20),0) U B(bo(20),0)], (0> 0).

The restriction of the function u to such a transport ray grows with
rate one and so Du is constant along the ray. The following theorem
improves the smoothness property of Du is a neighborhood of R .

Proposition 1.4 Assume (28), (30), (40) and (44) hold. Then, for
each transport ray R,, such that u is differentiable at z, € T and o > 0
there erists a constant C, > 0 and a tubular neighborhood N of Rg
such that

||1Du(z) — Du(z)|| < Co|z — 2|
for eachz € NNT at which Du(z) exists. Here, z denotes the projection
of z onto R,,.

Proposition 1.4 is also used to obtain the following result.

Proposition 1.5 Assume (28), (30), (40) and (44) hold. Then, for
a.ez, €T

(i) a r, 18 locally Lipschitz along Ry,

(it) ajp, xo and ajy, ., are both strictly positive and vanish at the
endpoints of R,,.

Let E be the set of all z € X UY such that z is an endpoint for some
transport ray.

Proposition 1.6 Assume (28), and (40) hold. Then, |E| =0 i.e. the

d-dimensional Lebesque measure of E is zero.
2 Existence of Optimal Maps
Throughout this section we assume that u* are Borel probability mea-

sures on R?
spt (1) C B(0,5), (46)



WG/The Original Monge Mass Transfer Problem/Dec 1997 14

p* are absolutely continuous with respect to the d-dimensional Lebesgue
measure

it = frdx, (47)

and we define
f=f—r.

We recall that X is the support of 4™ and Y is the support of p~. The
first main result of this section is the existence of an optimal map for
the Monge problem under (46) and (47). The second main result is the
identification of an ODE to construct an optimal solution when (46),
(47) hold and f* are smooth. Using the same notations as in section
1 we recall that S > 0 is chosen so that (32) holds and R > 25 is large
enough.

Theorem 2.1 [Sudakov] Take u* so that (46) and (47) hold. Then

there exists an optimal solution to the Monge problem (2).

Sketch of proof We refer the reader to [27] for details.
Clearly, the dual problem (9) admits a maximizer v € L. For each
x € R recall that the transport ray through x is

Ry ={y € B(0,R) : |u(x) —u(y)| = |[x = ¥l[}.

If u is differentiable at x, then Ry is either a single point or a line
segment. Except for x € M where M is a set of d-dimensional Lebesgue
measure zero, Ry is a convex set, and is contained in a level set of
Du. Thus (Rx)xeB(o,r) is an affine decomposition of B(0, R), and so,
the conditional measures on R, of u* are absolutely continuous with
respect to the 1-dimensional Lebesgue measure on R,. This reduces
the Monge problem to a transport problem on a straight line where
the measures involved are absolutely continuous with respect to the 1-
dimensional Lebesgue measure. The one-dimensional problem is known
to admit a solution. QED.

An alternative method to Sudakov’s is next presented. Let us re-
call that the transport set T introduced in section 1 is a compact set
and is the union of the transport rays Rx. A PDE is identified to
first reduce the Monge problem to one-dimensional transport problem
analogously to Sudakov’s decomposition of measures theory. Then an
ODE is identified to solve the one-dimensional transport problems. To
avoid technical difficulties we assume that f* are Lipschitz, X, 9Y are
smooth, X and Y don’t intersect. We also assume f does not vanish in
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the interior of its compact support X UY (see (44)). The first propo-
sition asserts that the conditional measures on R, of u* are absolutely
continuous with respect to the one-dimensional Hausdorff measure H'!
for almost every x € B(0, R).

Proposition 2.2 Take pu* so that f* are Lipschitz functions and as-
sume that (44) holds. Let N C B(0,R) be a set of d-dimensional
Lebesgue measure zero. Then HY(Ry N N) = 0 for H- almost every
x € B(0,R).

Proof: see [14] QED.

Theorem 2.3 [Evans € Gangbo] Take u* so that (46), (47) hold and
f* are Lipschitz functions. Assume furthermore that (44) holds. Let

a and u be two functions as obtained in Theorem 1.2. Define the flow
(gs5) solution of the ODE

{ g(t,x) = bs(t,8s(t x))
g5(0,x) = X
where bs(t,z) = (1—t)f+?z()zj—rtlf*(z)+6 and n := —Du(x). Define ss(x) :=

gs(1,x). Then lims_,o+ s5(x) := s(x) exists for H%-almost every x € X.
Futhermore s is an optimal solution to the Monge problem (2).

Sketch of proof We refer the reader to [14] for details.

1. If x € T is such that Du(x) then wu is differentiable at every point
in the relative interior of the ray Ry and Du is constant along Ry (see
(14), (16)). By Proposition 1.6 we may as well assume that x is not
an endpoint and so, thanks to Proposition 1.5 a and bg(t,) restricted
to Ry are Lipschitz functions in a neighborhood of x. Hence, the ODE
(22) is well-defined and gs(t,x) is uniquely determined. Using Propo-
sition 1.5 again we obtain that a vanishes at the endpoint of R, and
s0, g5(t,x) remains in 7.

2. We approximate aDu, f*, and f~ by smooth functions (aDu).,
f, and f7 such that

—div(aDu). = fF — f .
Define
—(aDu)(z)
(L=t)fF(z) +tf (z)+0

V(576 (t, Z) =
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and let gs . solve the ODE

{g5,e(t7X) = Vst 8se(t,x))
g5.(0,x) = X

Clearly, ss := gs(1, ) pushes (f.F +9)dx forward to (f. +J)dx. Using
Proposition 1.3, 1.4 and the fact that (aDu)., f., and f converge to
aDu, f*, and f~ almost everywhere as € tends to 0 we deduce that
lim, o+ s5¢(x) exists and coincides with ss(x) for almost every x € T
and so, ss pushes (f*+§)dx forward to (f~+d)dx. Since a, f, f~ >0
we obtain that (ss(x))o<s<i is monotonically arranged along Ry and
s(x) := lims ,o+ s5(x) exists and belongs to Ry. Hence s pushes f*dx

forward to f~dx. Since in addition

u(x) —u(s(x)) =[x = s(x)||

and (2) and (9) are dual we deduce that s is a minimiser of the Monge
problem. QED.

3 Bernoulli’s convolution

Given a probability measure v on [0, 1], a Borel map m : [0,1] x R? —
R? satisfying
sup ||m(¢,0)|] := K < 400 (48)
tespt (v)

and the Lipschitz condition
lm(t,x) —m(t,y)l| < Bllx—yll, (x,yeR? vae tec[0,1]) (49)

for some 3 € (0, 1), we prove existence and uniqueness of a Borel prob-
ability measure ;. on R? of compact support such that

plA] = [ o () (1) (50)

for all bounded Borel sets A C R Here m; := m(t,-). A similar
statement can be found in [4] (page 356) and [17], where the measure
v is a linear combination of dirac masses.

Let P; be the set of all Borel probability measures on R? having
bounded first moments. Define k from P; into P; by

B[] = [ g (A)]an()
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for all Borel sets A C R¢. Note that p satisfies (50) if and only if y is a
fixed point of k. Our plan is to prove that k is a contraction map with
respect to the Wasserstein-Rubinstein distance dy introduced in (6).

Theorem 3.1 Under (48) and (49), k is a contraction map on Py with
respect to the metric dy, and the equation k(p) = p admits a unique
solution p, € Py. Furthermore, the support of u, is contained in the

closed ball of center 0 and radius R, := %

Proof: 1. We prove that k is a contraction. Using (49) and that (2)
and (9) are dual we obtain that if py, us € Py and p is a measure on
R? x R? having p; and ps as its marginals then

i (k(y12), k(12)
= [ pl0n( ) = futn(e,y)dplox, )l

< —y|ld .
< B n X YlldP(Y)

and so,
dw (k(p1), k(p2)) < Bdw (pa, p2)- (51)

Thus, k is a contraction map.
2. Ezxistence of an invariant measure. Assume p; € P; is of compact
support, say spt (1) C B(0, R), and define recursively

Hn :k(:u’n—l)7 (n:2737"')'

Combining (48) and (49) we obtain inductively that the support of u,

is contained in the ball of center 0 and radius R,, := " 'R+ 1_123_1 K.
Hence,

spt (pn) CB(O,R—I—%), (n=2,3,--). (52)

Let (pn,) be a subsequence of (u,) converging weak * to u, € P1. The

sequence (dy (fin;, tto)) converges to 0 (see [11]) and by (51) and (52)
we deduce that in fact

Hm  dy (pen, pto) = 0. (53)

n—-+o0o

Combining (51) and (53) we have

dw (k(to); Ho) < Timinf[Gdy (pto, fin—1) + dw (bin; to)] = 0.
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Hence,

k(1o) = to-
3. Since by (51) k is a contraction map, u, is the unique solution of the
equation k(u) = u. Using that in (52) R > 0 is any arbitrary positive
number we deduce that the support of y, is contained in the closed ball
of center 0 and radius R, := % QED.

Remark 3.2 If u, is the invariant measure of Theorem 3.1 then Ay,
is also an invariant measure in the sense that it satisfies (50) for all
A > 0.

Example[Bernoulli’s convolution] Bernoulli’s convolution arises in spline
theory, in constructing wavelets of compact support, in constructing
fractals (see [4], [9], [10]). Assume we are given 2N + 1 real numbers
c1, ey >0, By,---, By and a > 1 satisfying the compatibility con-
dition Zfil ¢; = a. The problem is to determine whether or not there
exists a nonnegative function f € L'(R) with compact support such

that
N

f(z) = Zcif(oza: —06;) (xeR). (54)

i=1
Note that solving (54) is equivalent to proving that there exists a mea-
sure 4, € Pp, which absolutely continuous with respect to the Lebesgue
measure and which is invariant in the sense that

ol Al = 3= = profmi ()] (55)

i=1
for all Borel sets A C R. Here, m; : R — R are defined by

m;(z) = L Zﬁl

Problem (54) is unsolved in general even in cases which appear simple
at a first glance. For instance, it is not known whether or not the

equation
3.3z 3,3 1

fl@) =G + 3G —3) eR), (56)

admits a solution f € L*(R) which is a nonnegative function with com-
pact support (see [12], [13]). Although we cannot answer that question,
using the Wasserstein-Rubinstein distance dy, we can recover many re-
sults obtained by various authors (e.g. [12], [13]) which we next de-
scribe. Existence of a solution to (55) is given by Theorem 3.1. We
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next argue that the unique probability measure p, solution to (55) is
either absolutely continuous with respect to the Lebesgue measure or is
singular to the Lebesgue measure. Indeed, by Lebesgue decomposition
theorem

Mo:fdx+,um

where p; is singular with respect to the Lebesgue measure. Since m; are
affine maps fdz satisfies (55) i.e., f is a solution to (54). Consequently,
Ws = lo — fdx satisfies (55) too and so, fdz and ps must be colinear.
Thus, one of them must be the null measure.

A Density of the set of measure-preserving
mappings

The main result in this appendix is Proposition A.3. Its proof might
already exist in the literature but we could not find it. If X is a topo-
logical space we denote by B(X) the set of all Borel subsets of X.

Definition A.1 Assume that pt is a Borel measure on a topologi-
cal space X and p~ s a Borel measure on a topological space Y. We
say that (X, B(X), u*) is isomorphic to (Y,B(Y), ™) if there exists a
one-to-one map T of X onto Y such that for all A € B(X) we have
T(A) € B(Y) and u[A] = p~[T(A)], and for all B € B(Y') we have
T-Y(B) € B(X) and p*[T~Y(B)] = p~[B]. For brevity we say that p*
1s isomorphic to p~.

Theorem A.2 Let u* be a finite Borel measure on a complete separa-
ble metric space X. Assume that u* has no atoms and p*[X] = 1. Then
(X, B(X), u") is isomorphic to ([0,1], B([0,1]), A1), where Ay stands for
the one-dimensional Lebesgue measure on [0, 1].

Proof: We refer the reader to [26], Theorem 16. QED.

Define A(X,Y) to be the set of all Borel maps r : X — Y that
push p* forward to p~ and define M(X,Y’) to be the set of all Borel
measures on X X Y that have p and p~ as marginals. Let 7 be the
canonical imbedding i : A(X,Y) — M(X,Y) defined by

i(r)[E] :=pH{xe X: (x,r(x)) € E}, (57)

for E C X xY.
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Proposition A.3 Assume that X andY are two complete, separable,
metric spaces. Assume that u* is a Borel measure on X with no atoms,
= is a Borel measure on'Y with no atoms, and p*[X| = p~[Y] = 1.
Then every v € A(X,Y) can be approximated in the weak * topology
by a sequence {i(r,)} where r, € A is one-to-one, i.e.

Fdy = li F(x,1,(x))du’ (x),
L Fdy = lm | F(x 1 (x))du” (x)

for all bounded F' € C(X xY).
Proof: Denote by s the 2-dimensional Lebesgue measure and set
Z = [0,1]"

Since by Theorem A.2 u* and p~ are isomorphic to Ay we may assume
without loss of generality that

pt=pm =g,

and
X =Y =[0,17

Note that v has no atoms and so, using Theorem A.2 again we find
an isomorphism 7' = (T3, Ty) of ([0, 1]%, B([0,1]*), A2) onto (Z,B(Z),~).
Note that T1,T5 : [0,1]2 — [0, 1]* push A, forward to Mo, i.e.

Mo[TTHA)] = Nol4], (i=1,2) (58)
for all Borel A C [0, 1]?. Thanks to (58) we may find (see [5]) sequences
TP (0,1 - [0, 11

of smooth, one-to-one measure measure-preserving diffeomorphisms such
that
lim T'(x) =Ti(x) (i=1,2) (59)

n—-+00

for Ap-almost every x € [0,1]?. The maps
r, =Ty o (T]) !
are one-to-one, push Ay forward to As and satisfy

Fdy = li F(x,1,(x))dpt (x),
L Fdy = lm f F(x e (x))du” (x)

for all bounded F' € C(X xY). QED.
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Remark A.4 Note that there are only two smooth one-to-one maps T :
[0,1] — [0, 1] that push Ay the 1-dimensional Lebesque measure forward
to A1. Consequently, we may not find smooth, one-to-one sequences
TP, Ty 2 [0,1] — [0,1] satisfying (59) if we substitute [0,1] to [0,1]? in
the proof of Theorem A.3.

B Disintegration theorem

Proposition B.1 [Fubini’s theorem for doubly stochastic measures/
Assume that u is a finite Borel measure on R?, u~ is a finite Borel
measure on RN and v is a Borel measure on R? x RY having u* and
= as its marginals. Then there exists a family (pix)xere of probability
measures on RY such that for each S C RYx RN Borel set x — pix[Sx]
is ut-measurable and

118 = [ el (30,
where Sy == {y € RV : (x,y) € S}.
Proof: 1. Define the projection p : R x RY — R? by
p(x,y) =x ((x,y) € R xRY).
Then, v is a o-finite Borel measure on R¢ x RY and

Yp 1 (B)] =0

for all B € R such that p"[B] = 0. In light of the disintegration
of measures theorem ([16]) we deduce that there exists a collection
(Yx)xcre of Borel measures on R? x RY such that for every Borel set

SCRIx RN
(1) x — 7x[S] is a Borel map
.. . +
@) A= [, slSldut (),

and
(1ii) [R? x RV \ {x} x R"] =0.

2. Define the measures

pix[ B := 7 [{x} x B]
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for B ¢ RY Borel. Let S € R% x RY be a Borel set. Since
S =[({x} x Sy) NSJU[({x}*x RM)N Y]
using (iii) we obtain that

’YX[S] < 'VX[{X} X SX] < 'VX[S]-

Thus, V«[S] = ux[Sx], which, together with (i) and (ii) yields x —
Ux[Sx] is a Borel map and

918 = [ ]S (). (60)

3. Writing (60) for S = A x RY where A C R? is an arbitrary Borel
set we deduce that u,[R? = 1 for p*-almost every x € R%. QED.

Corollary B.2 Take u* and v as in Proposition B.1. Then there ex-
ists a family (pix)xere of probability measures on RN such that for all
Borel maps F : R x RN — [—o0, +00] that are y-summable we have
X — Jan F(X,¥)dux(y) is u*-integrable and

Lo Fay= [ 1] POy)dudy)ldi (0.

Remark B.3 If ut = xqdx where Q C R? is an open bounded set
then (lix)xerd coincides with the usual Young measures introduced in

[30] and used in [28], etc...

C Extremal measures

Recall that A\; stands for the one-dimensional Lebesgue measure on
[0, 1]. Assume that

p" s a finite Borel measure on R, (61)

g~ is a finite Borel measure on RY. (62)

Let Mgy be the set of all Borel measures on R? x RY that have p* and
p~ as marginals. Denote by M, the set of all Borel measures on [0, 1]2
that have \; and \; as marginals. For a Borel map L : R¢xRY — [0, 1]?
and a Borel measure v on R? x RY we denote the push forward of ~y
through L by Lty defined by

Lyy[B] = 9[L71(B)].
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Proposition C.1 Take u* so that (61) and (62) hold. Let T be an
isomorphism of u* onto A\; and let T be an isomorphism of p~ onto
M. Define L := (T, T), and let j be the map from the set of all finite
Borel measures on R* x RY to the set of all finite Borel measures on
(0,1]2 defined by v — Lty. Then the following hold:

(i) the restriction j : Mgy — My is one-to-one.

(i) If v is an extreme point of the conver set Mgy then j(v) is an
extreme point of the convexr set M.

(iii) The support of v € Mgy lies in the graph of a Borel map
r: RY — RY if and only if the support of j(vy) lies in the graph of the
Borel map ToroT~1:[0,1] — [0, 1].

Proof: The first assertion is trivial and the inverse of j is ¥ — L™'#7.
Note that

Jty + (1 =t)y2) =tj(v) + (1 —1)j(r2), (63)

forallt € (0,1) and all ;1,72 € Mgn. Combining (63) and (i) we obtain
(ii). Assume next that v € My has its support contained in the graph
of a Borel map r : R — R”. By Proposition B.1

V8] = pt{x e R?: (x,r(x)) € S},
and so,
J[El = M{s€[0,1]: (5,ToroT '(s)) € E}, (64)

for all E C [0,1]? Borel sets. Thus, the support of j(7) lies in the graph
of the Borel map T or o T~L. Similarly, if the support j(7) lies in the
graph of the Borel map r’ : [0, 1] — [0, 1] then the support of 7 lies in
the graph of r :==T"'or' o T. QED.

Remark C.2 Take u* so that (61) and (62) hold. If the support of
v € Mgy lies in the graph of a Borel map r : R* — R then v is an
extreme point of Mgy

Proof: Assume that v = t7y; + (1 — )2 where 71,72 € Mgn. Then the
supports of v; and v, must be contained in the support of v which is a
subset of the graph of r. Thus, By Proposition B.1

Nl =pH{x e R: (x,x(x)) € S} =nlS],

for all Borel S C R? x RM. Consequently, 71 = 7. QED.
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Corollary C.3 Take pu* and v as in Proposition B.1. Then there ex-
ists an extreme point of Mgy whose support does not lie in the graph
of a Borel map.

Proof: In light of Proposition C.1 we may assume without loss of
generality that X := [—1,1] x {0}, pu* is the restriction of A\; to X,
YV = ([-1,1] x {-1}) U([-1,1] x {1}), and " is the restriction of £\
to Y. As observed in [27] one can readily check that the Monge problem
admits a unique minimiser p € M,y whose support is concentrated on
the segments {(¢,0,¢,1) : ¢ € [-1,1]} and {(¢,0,t,—1) : t € [-1,1]}.
Clearly, p is not in i(.A). More examples are provided in [15]
QED.
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