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Abstract. This paper gives a survey of investigations in the last decade
and new results on various recent modifications of the classical Kantorovich
problem of the optimal transportation of measures. We discuss in detail
nonlinear Kantorovich problems, problems with constraints on the densities
of transport plans, and optimal transportation problems with a parame-
ter. In addition, we consider some questions relating to the geometry and
topology of spaces of measures connected with these new formulations.
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1. Introduction

The goal of this survey is to inform the reader about some new directions of
investigation of the Kantorovich problem of the optimal transportation of measures
that arose in the last decade. In addition to the well-known monographs [118]
and [128], in which a detailed exposition covers the main advances made in the
20th century, now there is a whole series of more recent thorough monographic
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presentations of this circle of problems; see [5], [7], [66], [69], [120], [129], [131], and
also the survey [33], dedicated to the centennial of Kantorovich’s birth, where the
principal results obtained after the publication of his foundational short note [84]
were discussed. Nevertheless, the intensive development of this area outpaces its
exposition in books. During the last decade several interesting new modifications of
the classical Kantorovich problem of optimal transportation of measures appeared.
Among many new settings of problems, ideas, and methods connected with Kan-
torovich problems we can single out nonlinear problems of Kantorovich type, in
which one deals with the minimization of integrals of functions which also depend
on measures with respect to which the integration is performed, some versions of
the classical problem with constraints on the densities of transport plans (which
do not fit yet another interesting kind of Kantorovich problem: optimal plans with
additional constraints), and also Kantorovich problems with a parameter. The aim
of this article is to give a systematic presentation of Kantorovich problems with
new formulations. Many results presented below have rather complicated and long
proofs, so we state them with references to the original works. However, in some
important cases the proofs are also included; this concerns especially assertions
that appeared in original works in some special situations, for example, for metric
spaces, but that are also valid for general completely regular spaces. Some infor-
mation about Kantorovich’s life and work can be found in the materials published
for the centennial of his birth (see [85], [124]-[126], and also [9]).

In order to formulate new versions of the Kantorovich problem we recall its clas-
sical version (in the contemporary form, since Kantorovich considered it in a more
special case). Suppose we are given probability spaces (X, Bx, ) and (Y, By, v)
and a non-negative Bx ® By-measurable function h (called a cost function) on
the product X x Y. In Kantorovich’s foundational paper X and Y were metric
compacta with Borel measures, and the cost function (whose value at a pair of
points z, y was interpreted as the work on transportation of a unit mass from x
to y) was continuous; in the most important examples, in particular, in the joint
papers [87] and [88] with Rubinshtein, and also in [86], Chap. VIII, §4, it equals
the distance. However, it was already noted in [84] that “some of the definitions
and results presented can be stated for spaces of more general nature”. Let IT(u, v)
denote the set of all probability measures on the space (X x Y, Bx ® By) having
projections i and v onto the factors, that is, measures ¢ for which

oc(AxY)=p(l), Ae€eBx, and o(X xB)=v(B), BE€By.
Measures in the set II(u,v) are called transport plans or Kantorovich plans. The
fixed measures p and v are called the marginal distributions. Denoting the projec-
tions of a measure o given on (X X Y, Bx ® By) onto the factors by ox and oy,
the above equalities can be written in the form

ox =p and oy =

The Kantorovich problem consists in minimizing the integral

/ Wz, y) o (de dy)
XxXY
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over the measures o € ITI(u, ). Under broad conditions, this Kantorovich problem
has a solution, that is, there exists a measure in II(u,v) at which the minimum
is attained. Such a measure (which is not always unique) is called an optimal
measure or an optimal Kantorovich plan. For example, a solution exists if the
cost function on a product of completely regular spaces with Radon measures is
lower semicontinuous and bounded (see [33]). In place of boundedness it suffices to
have a measure in II(u, v) with respect to which the cost function is integrable. Of
course, if the integrals of the cost function over all plans are infinite, then one can
also assume that the minimum exists and is infinite. In the general case there is
a (possibly infinite) infimum Kp(p,v) of the indicated integrals:

Kp(p,v) = inf / h(z,y) o(dz dy).
o€ll(p,v) XxY

A multi-marginal Kantorovich problem can be stated similarly; in this problem
there are n (or even infinitely many) marginals and the cost function is defined on
the product of the corresponding spaces.

The Kantorovich problem is closely connected with the Monge problem stated
in the 18th century for the same triple (u, v, k) as in the Kantorovich problem and
consisting in minimizing the integral

/ Wz, T(z)) ul(de)
X

over all measurable maps 7: X — Y taking the measure p to v, that is, satisfying
the equality v = o T~!, where the measure o T~ ! is defined by the equality

(noT™1)(B) = u(T~(B))

and is called the image of u under the map 7. As in the Kantorovich problem, in
the general case there is only an infimum

Mi(n.) =gt [ b T (@) (),

where inf is taken over the maps 7" with the indicated property. If the minimum is
attained at some map T, then it is called an optimal Monge map. Unlike the Kan-
torovich problem, a minimum in the Monge problem is attained much more rarely,
even for nice cost functions on an interval. Sufficient conditions for the existence
of a minimum have here a rather special character; moreover, some restrictions are
needed both on the marginals and the cost function. For example, if X =Y = R"
and h(z,y) = |x — y|, then it suffices to assume the absolute continuity of both
marginals. Thus, the Kantorovich problem turns out to be more flexible. Of course,
this is not surprising, since it deals with minimizing a linear functional on a convex
compact set of measures, while the Monge problem is essentially nonlinear. More-
over, as we will see below, even a nonlinear version of the Kantorovich problem
turns out to be closer to its linear version with regard to its properties than to
the Monge problem. Although the conditions for the existence of minima in the
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two problems differ substantially, for a continuous cost function A the infima coin-
cide under quite general conditions, covering the cases that are most important for
applications: the equality

Kh(:uvy) = Mh(:uvy)

was established in [117] (see also [8]) for atomless measures p and v on complete sep-
arable metric spaces, extended to Souslin spaces in [102], and was proved for Radon
measures on completely regular spaces in [32] under the additional condition of the
separability of the measures p and v (that is, the separability of their L'-spaces);
moreover, the condition of separability cannot be omitted as shown in [31]. In the
most general case the inequality

Kh(:u?y) < Mh(:U/7V)

is true. This is obvious from the fact that for every map T taking the measure u to
the measure v, the measure o on the graph of T" in the space X x Y, obtained as the
image of p under the map x — (z,T(x)), belongs to II(y, v), and the integral of h
with respect to it is the integral of h(z,T(z)) against pu. However, transport plans
can exist that are not generated by any maps of the measure p to a measure v.
For example, if X =Y = [0, 1], then every measure on [0, 1]? that has a density
with respect to Lebesgue measure vanishes on the graph of every Borel map (which
is obvious from the Fubini theorem). The set of general transport plans is not
just larger than the set of plans generated by maps, but the former is compact.
This makes one of the most important distinctions between these two problems,
but an even more important feature of the Kantorovich problem is the linearity of
the functional minimized in this problem, which makes this more general problem
simpler. It is possible that for a long period of time this was the reason why there
were no investigations of the problem, quite a natural one from the point of view
of applications, of minimizing the integral of a cost function which depends also on
the transport plan, that is, of minimizing the nonlinear functional

Jh(a)z/X Yh(x,y,o)a(dxdy) (1.1)

with cost function h defined on X x Y x P(X xY'), where P(X xY') is the space of
probability measures on X x Y. In the classical problem h(z,y) has the meaning
of the cost of transportation of a unit mass from z to y and does not depend
on the way of transportation o. It is clear that in practice it is quite natural to
expect that such a dependence can exist. This complicates substantially the search
for optimal transportations but, surprisingly, does not complicate the proof of the
existence of a minimum under the standard assumptions about h. In the first papers
[80], [4], [15], [2], and [16] on the described nonlinear problem the function h had
a more special form:

Mz, y,0) = h(z,0%),

where the o” are the conditional measures on Y representing the plan ¢ in the form

o(dzx dy) = o*(dy) p(dz),
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that is,
/Xxyf(x,y) o(dz dy) :/X/Yf(‘T’y)JgE(dy)/l(dx)

for all bounded measurable functions f on X x Y. Then the functional takes the
form

Jn(o) = /X h(z,0%) u(dz). (1.2)

Formally, this is a particular case of (1.1) but, actually, the functional becomes
more singular because of a possible discontinuity in = of the conditional measure.

A nonlinear problem was also considered on the set of plans II(u, ) with fixed
projections, but it led to one more interesting setting of the Kantorovich problem,
which turned out to be also new in the linear case. This setting arose in the case
where the cost function is not defined on X x Y, but rather on X x P(Y'), where
P(Y) is the space of probability measures on Y. Of course, in the usual problem one
can take an arbitrary space, including P(Y'), for the second space, but the novelty
of the problem is that, in place of the projection of the plan onto the second factor,
now we are given the barycentre of this projection. The plan itself is a measure
on X x P(Y), its projection is a measure on P(Y’), that is, a measure on the
space of measures, and its barycentre is a measure on Y. Remark 3.5 describes
a more general formulation of the transportation problem which covers the case of
fixed projections, as well as the case of fixed barycentres. In this formulation the
restriction on the plan is that we are given the images of the plan under some maps
Ui: X XY — E; and Uy: X XY — FE5. The classical problem corresponds to the
projections onto factors.

Thus, so far we have mentioned some modifications caused by a more complicated
form of the cost function and the replacement of conditions on projections by other
conditions on plans. However, relatively recently McCann with coauthors [90]-[93]
proposed a problem, a very interesting and natural one from the point of view of
applications, in which in the classical linear situation an additional restriction is
imposed on transport plans, namely, that only those plans are admissible that are
absolutely continuous with respect to a fixed measure A on X x Y (in their first
papers this was Lebesgue measure on R™ or a Riemannian manifold) such that
the corresponding Radon—Nikodym density does not exceed a given function ®
on X x Y. In this modification the most suitable topology on the space of measures
turns out to be the weak topology from the space L'()). Investigations of this
problem were continued in [64], [30], [37], and [44], and a survey on this was given
in [29], so here we sum up briefly the results obtained by taking into account the
recent results in [37], where the problem with density constraints was combined with
the modifications mentioned above. Thus, we consider nonlinear transportation
problems of three types: with fixed marginals, with one fixed marginal and a fixed
barycentre of the second marginal, and with constraints on the densities of transport
plans. Some subtypes can also be distinguished here, when a nonlinear cost function
depends on the plans through their conditional measures. In all these types of
Kantorovich problem it is useful to consider parametric problems in which cost
functions and marginals (or other objects) depend on a parameter. Parametric
problems are discussed in a separate section, but a more detailed exposition can
be found in [34]-[36], and [29]. Finally, we touch upon briefly some questions
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connected with the topology of spaces of measures, since they have a direct relation
to all types of problem we discuss. We present results on these questions from the
recent papers [36] and [3], including estimates for the Hausdorff distances between
sets of transport plans.

In § 2 we introduce our principal definitions and notation and also discuss general
nonlinear Kantorovich problems of optimal transportation, in § 3 we consider linear
Kantorovich problems of the classical form, in which the second factor is the space of
probability measures on some space Y and, in place of the second fixed marginal,
that is, in place of a measure on the space of measures P(Y), we are given the
barycentre of the projection of the plan onto the second factor, which is a measure
on Y. The subject of §4 is the problem with conditional measures. In §5 we give
a brief overview on problems with density constraints (this subject was already
presented in the paper [29], also dedicated to an anniversary of Kantorovich’s birth).
In § 6 new problems with many marginals with additional projections are discussed.
Parametric problems are considered in § 7 (to avoid overlaps with [29] this topic is
also presented very briefly), and §8 contains some information about metrics and
topologies on spaces of measures connected with Kantorovich problems.

2. Nonlinear Kantorovich problems

Principal versions of various problems of optimal transportation involve measures
on topological spaces (although, as we will see below, there is also a version in terms
of general spaces with measures). So we recall here the basic concepts and introduce
the notation used below. A thorough exposition of these questions can be found
in the books [25] and [26].

Let X be a topological space (throughout, we deal with completely regular or
metric spaces). We let B(X) denote its Borel o-algebra, which is the smallest
o-algebra containing all open sets. A non-negative Borel measure p on X (that is,
a measure on B(X)) is said to be Radon if for every Borel set B in X and every
€ > 0 there exists a compact set K. C B such that u(B\ K.) < . A signed Borel
measure /1 is said to be Radon if so is its total variation |u|, defined by |u| = T +p~,
where p+ and p~ are the positive and negative parts of the measure u in the
Jordan—-Hahn decomposition p = u™ — p~. The total variation norm is defined by

el = [l (X)-

A family M of Borel measures on X is called uniformly tight if for every ¢ > 0
there exists a compact set K. C X such that

(X \K.) <e VpeM.

The space of all Radon signed measures on the space X is denoted by M(X),
the subset of non-negative measures is denoted by M*(X), and the subset of
probability measures is denoted by P(X).

If X is a complete separable metric space, then all Borel measures on it are
Radon. The same is true for Souslin spaces, that is, the images of complete sepa-
rable metric spaces under continuous maps.

The image of a Borel measure p under a Borel map f from the topological
space X to another topological space Y (that is, a map with Borel preimages of



The Kantorovich problem 775

Borel sets) is defined as the Borel measure po f~! on Y given by the equality

(wo f7(B)=p(f~1(B),  BeB(Y).

The space of measures M(X) is equipped with the weak topology by means of
seminorms of the form

i

pr(p) = ‘/deu

where f is a bounded continuous function on X. Weak convergence of measures is
convergence of the integrals of such functions against these measures.

In the circle of questions under consideration an important role is played by
Prohorov’s theorem, according to which a bounded in variation, uniformly tight
set of measures in M(X) is contained in a weakly compact set; moreover, in the
case of a complete separable metric space X the converse is also true (see [25]
and [26]). A typical example of a weakly compact set is the set of plans II(u,v)
with Radon marginals p and v. Here uniform tightness is obvious from the estimate

(X x Y)\ (K x 5)) <o((X xY)\ (K xY))+o((X xY)\ (X x5))
=0(X\K)xY)+o(X x(Y\S5))
WX\ K) (Y 5)

for all o € TI(u,v). The right-hand side is estimated by ¢ if we take the compact
sets K C X and S C Y such that (X \ K)+v(Y\ S) <e.

If (X,d) is a metric space, then we denote by Lip,(d) the set of 1-Lipschitz
functions, which are functions f on X such that

|f(x) — fly)] <d(z,y) Vz,ye X.

The Kantorovich-Rubinshtein norm on the space M(X) is defined by the formula

luher = sup{ [ faus 1 € Lipyfa), 171 <1},
b's
This norm gives rise to the Kantorovich-Rubinshtein metric

dxr (i, v) = [|p — v[|kr-

The Kantorovich-Rubinshtein metric generates the weak topology on the set of
non-negative measures. However, on the whole space of measures the topology
generated by the Kantorovich—-Rubinshtein norm differs from the weak topology in
non-trivial cases; moreover, these two topologies are uncomparable. Indeed, sup-
pose that X contains an infinite Cauchy sequence {z,}. Then the Kantorovich—
Rubinshtein norm cannot be continuous in the weak topology, since in that case it
would be estimated in terms of the sum of several seminorms of the form py, that is,
of the sum of the absolute values of several linear functionals on the space M(X). In
our situation this space is infinite-dimensional, hence the intersection of the kernels
of a finite system of linear functionals is non-trivial, but the sum of the seminorms
under consideration vanishes on it. Thus, it is not true that the weak topology is
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stronger than the topology of the Kantorovich-Rubinshtein norm. On the other
hand, the latter is not stronger than the weak topology. This is seen from the
fact that the sequence of measures d(x,,z)~"/?(d,, — 0z, ), where d, is the Dirac
measure at the point x, converges to zero in the Kantorovich-Rubinshtein norm in
view of the readily verified equality

dKR(5a, 51,) = d(a, b)

for d(a,b) < 1. However, this sequence of measures cannot converge weakly, since
it is not bounded in variation, while any weakly convergent sequence of measures
must be bounded in variation, which follows from the Banach—Steinhaus theorem
and the fact that the norm ||p|| coincides with the supremum of the integrals against
the measure p of the continuous functions not exceeding 1 in absolute value.

On the subspace M!(X) of all measures p such that for some (and therefore
every) xog € X the function d(x,x) is integrable with respect to the total variation
of u, we can define the Kantorovich norm

e =sup{ | 7 dus 1 € Lipy (@), 7(an) =0} + 140).
X
which generates the Kantorovich metric

dic(p,v) = llp = vk

If X is bounded, then these norms are equivalent, and if the diameter of X is not
greater than 1, then the Kantorovich-Rubinshtein and Kantorovich metrics coincide
on the set of probability measures. Analogues of the Kantorovich-Rubinshtein and
Kantorovich norms and metrics on spaces of measures on general completely regular
spaces are discussed in § 8.

Given p > 1, the set PP(X) C P(X) of all measures with respect to which the
function x — d(z,zo)P is integrable is equipped with the p-Kantorovich metric W,
defined by

Wh(u,v)= inf d(z,y)? o(dz dy).
o€ell(p,v) Jx2

It was an important observation of Kantorovich that the Kantorovich distance
between two probability measures p and v coincides with the infimum in the trans-
port problem with marginals p and v and cost function equal to the metric, that
is, with the minimum of the integrals of the metric against the measures in II(u, v).
Subsequently, this equality, called Kantorovich’s duality formula, was extended to
a very general situation of lower semicontinuous cost functions h on the product of
completely regular spaces X and Y. Here for measures u € P(X) and v € P(Y)
the quantity Kj(u,v) coincides with the supremum of the sums

/fw+/gw
X Y

taken over the bounded continuous functions f: X — R and g: ¥ — R satisfying
the condition
f@)+9(y) <h(z,y) VeeX, yeY.
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Of course, in place of the sum of f and g we can take their difference, which
better shows the connection with the case of the metric h = d, where X =Y and
f = g, and the estimate on the function becomes the condition that f is 1-Lipschitz:
f(z) — f(y) < d(z,y). Some analoguess of the duality formula also appear in the
modifications of the Kantorovich problem that we discuss.

The existence of a minimum in the nonlinear Kantorovich problem with fixed
marginals or with one fixed marginal and a fixed barycentre is proved very similarly
to the case of the linear problem, on the basis of the following readily verifiable fact.
However, the problem with conditional measures is an exception: it is not covered
by this approach and is considered separately.

Proposition 2.1. Let X be a completely regular space, 11 be a uniformly tight
compact subset of the space P(X) with weak topology, and let h: X x II — [0, +00)
be a lower semicontinuous function on all sets of the form K x II, where K is
compact in X. Then the function

JuiTl = (0,400,  Ja(o) = /X Wz, o) o (dz)

is lower semicontinuous. If h is bounded and continuous on the whole of X x P(X),
then Jy, is continuous on P(X), and if h is lower semicontinuous on X x P(X),
then Jy, is also lower semicontinuous.

Proof. The quantities Jmm(hyn)(a) increase to J,(0) as m — oo. Hence the assertion
reduces to the case of a bounded function h. We can assume that A < 1.

First assume that the function A is lower semicontinuous on the whole of X x II.
Suppose that a net of measures o, converges weakly in II to a measure 0. Then
the Dirac measures J,, on II converge weakly to the Dirac measure §,. Hence the
products o, ® §,., on II x P(IT) converge weakly to the product o ® d, (see [26],
Theorem 4.3.18). Therefore, by the lower semicontinuity of h we have (see [25],
Corollary 8.2.5, or [26], Corollary 4.3.5)

1imainf/n/Xh(x,p)oa(d;z:)(;aa(dp)2/11/)(h(x,p)o(dzz:)5a(dp);

in other words,

lim inf/ h(z,04)00(dz) > / h(z,o0)o(dx),
« X X
which is equivalent to the lower semicontinuity of Jj,.

Now we turn to the general case, still assuming that h < 1. Fix ¢ > 0. By
assumption there exists a compact set K C X such that o(K) > 1—¢ for all o € II.
It is known (see [65], 1.7.15(c)) that one can find a family of continuous functions
heo = 0 on K x II for which

h(z,0) =suphy(z,0) Ve K, o eIl

(0%

Each h, extends to a continuous function g, : X XIT — [0, 1]. The function g(x,0) =
Sup,, go(z,0) is lower semicontinuous on the whole of X x II and coincides with h



778 V. 1. Bogachev

on K x II; moreover, the corresponding function J, is also lower semicontinuous as
shown above. It remains to observe that

[Jg(0) = Ju(0)] <26 Vo €Tl

because ¢ = h on K X II and the integrals of the functions h(z,o) and g(z,0)
over the complement of K against every measure o € Il are not greater than e.
Thus, the function Jj, is uniformly approximated by lower semicontinuous functions,
and therefore it also possesses this property.

The last assertion of the proposition is clear from the reasoning above. [J

The additional condition of uniform tightness of the weakly compact set II is
automatically fulfilled for complete separable metrizable spaces, but need not hold
for Souslin spaces (for instance, it can be violated even for the set of rational
numbers: see the result of Preiss in [26], Theorem 4.8.6). So it is interesting to
clarify whether ot not it can be dropped in this proposition. One can consider
a bounded continuous cost function h, because any lower semicontinuous bounded
function & is the limit of an increasing net of bounded continuous functions h,,
hence

/X ho (2, 0) o(dz) 1 /X h(z, o) o (dz)

for every measure o € II (see [25], Lemma 7.2.6). For an unbounded function h
a further step is needed, involving the truncated functions min(h, n). The additional
condition of uniform tightness is not needed if the function h is continuous and the
continuity in the second variable at every point o is uniform with respect to the first
variable, that is, for every € > 0 there exists a neighborhood U of o such that

|h(z,0) — h(z,00)] <e VoeU xe€X.

Under this condition, for every net of measures o, € II that converges weakly to
a measure og there exists an index «; such that

/ |h(z,04) — h(z,00)| 0a(dr) <e Va2 a.
p's

The same estimate also holds for og. Since the integrals of h(x,00) against the
measures o, tend to its integral against oj, we obtain that Jj is continuous at
the point oy.

Theorem 2.2. Assume that the cost function h is lower semicontinuous on all sets
of the form K xII(u,v), where K is compact in X XY . Then there exists an optimal
plan.

Proof. Since the set of plans II(u,v) is uniformly tight and weakly compact, by
Proposition 2.1 the function Jj is lower semicontinuous on II(p, v). Now the exis-
tence of an optimal plan follows from the fact that any lower semicontinuous func-
tion on a compact set attains its minimum. [
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3. Problems with fixed barycentres

There is a general concept of the barycentre or mean of a Radon measure p
on a locally convex space X such that every continuous linear functional on X is
integrable with respect to p: this is a vector b € X such that

f(b):/deu Vfe Xt

A barycentre exists if X is complete (or at least quasi-complete) and all continuous
seminorms are integrable with respect to u, that is, this measure has a strong first
moment (see [41], Corollary 5.6.8). However, in problems of optimal transportation
a more special situation arises, when we consider a Radon probability measure () on
the space P(FE) of Radon probability measures on a completely regular topological
space E, where the space of measures is equipped with the weak topology. Here
the barycentre of @) is the Borel measure 3g on E given by

= d
Ba /p(E)pQ( p),

where the vector integral is understood in the sense of the equality

Ba(A) = /p L, PAaE)

for all Borel sets A C E. It is known that the function p — p(A) is Borel on P(E)
and the measure obtained is 7-additive (see [25|, Proposition 8.9.8 and Corol-
lary 8.9.9). However, we are interested in Radon barycentres, so the question about
conditions ensuring that the measure g is Radon on E arises here.

Proposition 3.1. The measure B¢g is Radon precisely when the measure Q) is con-
centrated on a countable union of uniformly tight compact sets in P(E). In partic-
ular, this is true if E is a Souslin completely regular space.

Proof. Assume that there are increasing uniformly tight compact sets S, in P(FE)
for which Q(E \ S,,) — 0. Let € > 0. Fix n such that
Q(E\ Sp) <e.
By uniform tightness there exists a compact set K C E for which
p(K)>21—¢ VpeS,.

Hence
Ba(K) = / p(K) Qdp) > / p(K)Qdp) > (1 — 2%,
P(E) Sn

so the measure B¢ is tight. Since it is 7-additive, it is Radon (see [25], Proposi-
tion 7.2.2).

Conversely, suppose that the measure 3¢ is Radon. Then for every € > 0 there
exists a compact set K. C E such that Bg(K.) > 1 — €2, that is,

/ () Qdp) > 1 — 2.
P(E)
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The set of measures
Se={pePE):pK:)>21—-¢} (3.1)

is closed in the weak topology on P(E). Indeed, if a net of measures p, in Sc
converges weakly to a measure p € P(E), then by the criterion of weak convergence
due to A.D. Aleksandrov (see [25], Theorem 8.2.3) the following inequality holds:

p(K:) > limsuppo(K.) > 1 —e.

For this set we obtain the estimate
Q(S:)=21—¢,

since by Chebyshev’s inequality

Qp: 1 —p(Kc) =€)

/N

/ 1 - p(K.)] QUdp) < ' = <.
P(E)

Now, for a fixed number ¢ € (0, 1) we can take sets Sso-» such that their intersection
(o)
H§ = m 55 2—n
n=1

is also closed in P(F). For this intersection the inequality
Q) >1-94

is true, because Q(P(E) \ Ssa-») < 627" for all n. By construction and (3.1)
the set Ils is uniformly tight. By Prohorov’s theorem (see [25], Theorem 8.6.7)
it is weakly compact. Thus, the measure () is concentrated on the union of the
uniformly tight weakly compact sets Il ,,. [

If the space E is Souslin, then the space of measures P(E) with weak topology
is also Souslin, hence every Borel measure on P(E) is automatically Radon and is
concentrated on a countable union of compact sets. Moreover, these compacta
are metrizable (even if E itself is not). However, for rather simple spaces E (for
example, the set of rational numbers) compacta in P(E) need not be uniformly
tight. Nevertheless, every measure in P(P(E)) is concentrated on a countable
union of uniformly tight compact sets (see [25], Theorem 8.10.6). This is also true
in the more general case of a completely regular space E such that all 7-additive
measures on F are Radon. It would be interesting to find an example of a Radon
measure on the space of Radon probability measures that vanishes on all uniformly
tight compact sets.

Since the sets I1s in the above proof were constructed on the basis of the sets K,
selected in accordance with the values of the barycentre at them, the completely
analogous reasoning proves the following assertion.

Proposition 3.2. Suppose that a set of measures M C P(P(Y)) possesses uni-
formly tight barycentres in P(Y'). Then this set is uniformly tight in P(P(Y)) and
concentrated on a countable union of uniformly tight weakly compact sets in P(Y).
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Corollary 3.3. Suppose that a set of measures M C P(X x P(Y)) possesses uni-
formly tight projections onto X and uniformly tight barycentres of the projections
onto P(Y'). Then this set is uniformly tight and concentrated on a countable union
of sets of the form K x S, where K is a compact set in X and the set S in P(Y)
is weakly compact and uniformly tight.

In particular, this is true if these measures have equal projections onto X and
their projections onto P(Y) have equal barycentres.

Proof. Set Z = X x P(Y). We observe that for every measure P in P(Z) with
projections P; and P, onto the factors and for any Borel sets A C X and B C P(Y)
the inequality

P(Z\(AxB)) < P(Z\(AxP(Y)))+P(Z\ (X x B)) = PI(X\ A) + P,(P(Y)\ B)

holds. Hence it suffices to consider the projections onto P(Y") and apply the previous
proposition. [J

Note that if P is a Radon measure on the product X x P(Y'), where X and Y are
completely regular spaces, p is its projection onto X, and there exist conditional
measures P* on P(Y) with respect to u, then the barycentre Pp of the projection
of the measure P onto P(Y') is given by the formula

)= [ [ ) )

Indeed, for every Borel set B C Y we have

// B) P*(dp) p (dx):/X 7D(y)p(B)P(dxdp)
:/ p(B) Pp(dp) = Bpp(B).
P(Y)

We go over to setting the nonlinear Kantorovich transportation problem with
fixed barycentre. As the space we take here the product X x P(Y), where X and
Y are completely regular spaces. On this product we are given a lower semicontin-
uous cost function

h: X x P(Y) = [0, +00).

In addition, we are given a marginal o € P(X), but in place of the second marginal
we are given a barycentre 8 € P(Y) of the projections of admissible plans onto P(Y);
these projections are elements of P(P(Y)), so that the barycentre is understood in
the sense explained above. Thus, on the set of plans

7(p) := {m € P(X x P(Y)): 7x = 1, Brp = B},

where 7y is the projection of the measure m onto X, we consider the problem

/ h(z,p) m(dx dp) — min, 7€ 1P (). (3.2)
XXP(Y)
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The difference from the usual nonlinear Kantorovich problem is that the second
marginal is not prescribed. Instead, we are given the barycentre of the projection
onto the second factor.

We recall that in the general situation, given a function A on the product X x Z,
aset I' C X x Z is called h-cyclically monotone if for all n the inequality

Z h(x;, z;) < Z h(zit1,2i)

i=1 i=1

n
is true for all pairs (z1,21),. .., (Tn, 2,) € T, where z,41 := 21.

It is known (see [20]) that in the classical problem, where X and Z are Souslin
spaces, u € P(X), v € P(Z), and the Borel cost function h is such that there
exists an optimal measure o € II(u, /), this measure is concentrated on some Borel
h-cyclically monotone set. Applying this reasoning to Z = P(Y) we prove the
following result.

Proposition 3.4. Let h be a bounded lower semicontinuous function on X x P(Y').
Then for any measures p € P(X) and 8 € P(Y) Kantorovich problem (3.2) with
a prescribed barycentre is solvable.

Any optimal measure P for this problem is also optimal for the classical linear
problem with the same cost function and marginals p and Pp, where Pp is the
projection of P onto P(Y).

Finally, if X and Y are Souslin spaces, then the measure P is concentrated on
an h-cyclically monotone set.

The proof can be found in [37]; it coincides with the standard proof for the linear
problem.

In the Kantorovich problem for a triple (i1, Pp, h) we can use the duality theorem,
which shows that the minimum in problem (3.2) is equal to the quantity

Sup</ fd/Hr/ gde>,
X P(Y)

where the supremum is taken over the bounded continuous functions f on X and g
on P(Y) satisfying the inequality

f(z) +9(p) < h(z,p), weX, peP(Y).

Remark 3.5. The problem with a fixed marginal is a particular case of the following
more general problem with fixed images of plans. Let

\Ifll’P(XXY)*)El and \IIQI'P(XXY)*)EQ

be measurable maps to measurable spaces (E1, ;) and (B9, £). In addition, let two
probability measures 77; and 7 on & and &, respectively, be given. For example,
assume that we have completely regular spaces X, Y, E;, F5 and Borel maps V¥,
and ¥,. Consider the set

), ={c € P(X xY): (o) =m;, 1 =1,2}.
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Then we can formulate the problem of minimizing the functional J;,, that is, the
integral of h, over the set IL,), ,,,. Here h can be a function on X xY xP(X xY), or a
function on X xY x P(Y) when we consider the problem with conditional measures.
If the maps ¥, and W5 are continuous and the preimages of points under the map
(Uy,Wy) are compact, while the cost function & is lower semicontinuous, then the
set 11, », is compact in the weak topology. Hence the standard reasoning yields
the existence of a minimum of the lower semicontinuous functional Jp, on II,, ..
The ordinary problem corresponds to the projections of measures onto X and Y.
A problem with a fixed barycentre is obtained if as ¥, we take the projecting of
measures onto X, that is, U1(0) = ox, in place of Y we take P(Y'), and as Uy we
take the map

‘112 (0) = BO’p(y) )

where op(y) is the projection of the measure o onto P(Y’). In place of fixing
the first marginal we can state the transportation problem for a cost function on
P(X)xP(Y) with given barycentres of the projections onto both factors. Of course,
these settings are also meaningful in the case of many marginals. A problem with
additional constraints on the densities of plans in II,, ,, also arises here. In this case,
in place of the weak topology on the space of measures it is natural to consider the
weak topology on L' with respect to the corresponding measure . Of course,
the condition of lower semicontinuity should also refer to this topology. However,
now some other conditions on the maps ¥; are required if we wish the set IL,, ., to
be compact. Clearly, the transportation problem with fixed images of plans is also
meaningful in the case of a larger number of maps ¥; for which the corresponding
class of plans is not empty.

Note also that in the problem with a fixed barycentre the specific features of the
space of measures, which is taken as the second factor, play an important role. If
we take an abstract locally convex space E for the second factor, then, given a cost
function h on X x E, a fixed measure p on X, and a fixed vector § € FE, one can
introduce the set of Radon probability measures on X x E with projection p onto X
and with barycentre of the projection onto F equal to 5. It is possible to minimize
the integral of h over this set. In the particular case E = P(Y') under consideration
this set is compact. However, in the general case there is no compactness because
the set of Radon probability measures on E with barycentre S is not necessarily
compact. For example, if § = 0, then the indicated set contains all measures
(0 +0—4)/2, where a € E.

The Monge problem also has a modification with a fixed barycentre. We mention
it in the next section in connection with nonlinear problems involving conditional
measures.

4. Problems with conditional measures

In [80], [4], [15], [2], and [16] the existence of a minimum in a problem with
conditional measures was proved under the additional assumption of the convexity
of the cost function with respect to the measure-valued argument. The following
generalization of these results to completely regular spaces was obtained in [38]. In
place of Borel o-algebras it employs the Baire o-algebras Ba(X) and Ba(P(Y)),
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which are generated by all continuous functions on the corresponding spaces. For
a general completely regular space the Baire o-algebra is smaller than the Borel
one, but for Souslin completely regular spaces they coincide. In particular, if Y is
a Souslin completely regular space, then Ba(P(Y)) = B(P(Y)).

Theorem 4.1. Assume that the cost function H: X x P(Y) — [0, 4+00) is measur-
able with respect to Ba(X)@Ba(P(Y)), lower semicontinuous on all sets of the form
K x S, where K is compact in X and S C P(Y) is uniformly tight, and convez in
the second argument. Then the infimum

inf H(xz,0%) pu(dx
nt [ HGo) )

is attained, that is, an optimal plan exists.

The proof reduces to the verification of the lower semicontinuity of the inte-
gral functional to be minimized. Since the sum of lower semicontinuous functions
is also lower semicontinuous, we can combine the assertions of Theorem 2.2 and
Theorem 4.1.

Corollary 4.2. Consider a cost function of the form
H(xv Y, U) = Hl(‘rv Y, J) + HQ(:E) Uw)?

where the function Hy: X XY X P(X xY) — [0,400) satisfies the hypotheses of
Theorem 2.2 and the function Hy: X x P(Y) — [0,+00) satisfies the hypotheses
of Theorem 4.1. Then the minimum is attained in the nonlinear Kantorovich prob-
lem with function H, that is, an optimal plan exists.

Note that according to [2], Theorem 3.9, for a continuous bounded cost function
H(z,p)on X xP(Y), where X and Y are complete separable metric space, the infi-
mum in the nonlinear problem with conditional measures and an atomless marginal
u € P(X) equals the minimum in the same problem with cost function H**(z,p)
defined as the maximum function majorized by H(z,p), among the functions that
are convex in the second argument and lower semicontinuous.

The case of a cost function of the form H(z,y,0%), defining the functional

H(z,y,0%) o(dz dy),
XxY
has not been studied yet.

There are examples (see [4], Examples 3.2 and 3.3) when there exists no mini-
mum in a problem with conditional measures. In [37] examples of this kind have
some additional properties, in particular, both marginal distributions coincide with
Lebesgue measure on an interval and the cost function is Lipschitz. Let us describe
here these examples, referring to [37] for justifications, which are not very short.

Example 4.3. Let X =Y = [0,1] and let © = v = X be Lebesgue measure
on [0,1]. Then there exists a bounded Lipschitz function h on X x P(Y) (where
P(Y) is equipped with the Kantorovich metric) for which the nonlinear problem
with conditional measures

/X h(z,o") p(dx) — inf, o€ (u,v), o(dedy)=oc"(dy)p(dx)
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has no minimum. The function A is given by the formula

h(z,p) = min(|lp - v, |p - v2llx),
where for every x € [0, 1] two probability measures v} and /2 on [0, 1] are defined
by
Ve (dy) = 210 (142 /a10(3 o) /0,2] Y5 Vi (dy) = 2114 /4,34 /4] Y-

This function is 1-Lipschitz in every variable separately, hence it is Lipschitz on
the product space. Here the set II(u, ) consists of all probability measures on the
square whose projections are equal to Lebesgue measure. It includes the set of mea-
sures given by biprobability densities with respect to Lebesgue measure on [0, 1]2
(that is, densities that are probability densities in every variable separately).

The next example from [37] is interesting in that the cost function splits into
a product of functions of one variable.

Example 4.4. As above, let X =Y = [0,1], and let 4 = v = X be Lebesgue
measure on the interval [0,1].  There is a bounded continuous function
g: P(Y) — R, where P(Y) is equipped with the weak topology, such that there is
no minimum in the nonlinear Kantorovich problem

1
J(o) :/ V1+2xg(c”)dx — inf, o € I(p,v).
0

Setting f(x) = v/1 4 22/2, one can take the following function for g:

9(p) = min(min{go(t) + M|lp — v/ : t € [£(0), F(1)]},
min{go(t) + M|lp — v|x: t € [£(0), F(]}),

where

got)=1—t, v/ =C+npa1uy ¥ =C+ N1
G =1 21119 3/0 dy + (1 —1%) - 21134 1) dy,
0 = 200, 0e) 8082 Ay, T = 2jars s erm dy, s €[0,1],

and the number M is sufficiently large.

Now we discuss an interesting modification of the Monge problem with a fixed
barycentre. This modification arises in the case where as the second space we take
the space of Radon probability measures P(Y") on a Souslin space Y and the cost
function h is defined on X x P(Y), where X is also a Souslin space. Also let
a Radon probability measure § be given on Y. Then for the triple (u,S,h) the
Monge problem on X x P(Y') with fixed barycentre 3 is stated as follows:

/ h(z,T(x)) p(dx) — inf, T: X - PY), / ppoT Y(dp)=pB. (4.1)
X PY)

Thus, we minimize the same integral as in the classical Monge problem, but now
the minimum is taken over the measurable maps T from X to P(Y") such that the
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barycentre of the image measure o7~ ! is 3, but the image itself is not fixed. The
last equality can be written as

/ T(x) u(dr) = B.
X

The Monge problem with fixed barycentre is connected in an interesting way with
the nonlinear Kantorovich problem with conditional measures. As we saw in the
previous section, the above Kantorovich problem can fail to have solutions. Never-
theless, it turns out that if the nonlinear Kantorovich problem

/X h(zx,c”) pu(dz) — inf, o €l(p,B), o(dxdy)=oc"(dy)pu(dr), (4.2)

with conditional measures and fixed marginals p and 8 has a solution, then there
also exists a solution to the Monge problem for the triple (u,,h) with fixed
barycentre 5. In order to obtain a solution of this problem from a solution o
of the Kantorovich problem, we make the following observation. Assuming first
that o is an arbitrary plan in II(y, 8) with conditional measures o® on Y, we set

T: X ->PY), T(x)=o".

The barycentre of the image measure o T~ on P(Y) equals (3, since for every set
B € B(Y) we have

/ p(B) o T (dp) = / o%(B) p(dx) = o(X x B) = A(B).
P(Y) X

In addition,
/ Wz, T(2)) p(der) = / Wz, 0®) p(de) = / Wz, 0®) o(de dy) > Kl B),
X X XxXY

and for an optimal plan (if it exists) one has equality. It follows from this equality
that there are no measurable transformations F': X — P(Y) of the measure y into
a measure in P(P(Y")) with barycentre 5 and a smaller integral of h(z, F(z)) with
respect to p than that for the map generated by an optimal plan. Indeed, given
such a transformation F', we can take the measure

n(dz dy) := n*(dy) p(dz), 0" = F(z).

Then for every set B € B(Y') we obtain

/ 7 (B) p(de) = / F(2)(B) p(de) = / p(B) jro F~Y(dp) = A(B).
X X

PY)

This means that the projection of the measure n onto Y equals 3: the value n(X x B)
equals the left-hand side of the previous equality. Therefore,

/ Wz, F(x) p(dz) = / W) u(de) = Ju(n) > Julo).
X

X
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Thus, any transformation F' of the measure p into the measure with barycentre 3
generates a plan 7 in II(y, 8) for which the integral of the function h(z,n*) against u
equals the integral of h(z, F(z)).

Hence, if there is a minimizing map T: X — P(Y) in our modified Monge
problem, then the measure

n(dz dy) = n*(dy) p(dz), 0" =T(z),

belongs to IT(y, §) and is minimizing in the Kantorovich problem.
Thus we arrive at the following assertion.

Theorem 4.5. Let X and Y be Souslin spaces and let two measures p € P(X)
and $ € P(Y) and a Borel function

h: X x P(Y) = [0,400)
be fixed. Then for every plan o € T(u, B) there exists a Borel map
T: X - PY)

for which the measure po T~ has barycentre B and

/Xh(:moi) w(dz) :/ h(z,T(x)) p(dx).

X

Conversely, for every Borel map T': X — P(Y') with B,op-1 = B there exists a plan
o € (u, B) satisfying the above equality.

Thus, the Kantorovich infimum Kp(u, ) equals the infimum in the Monge prob-
lem with fived barycentre for the triple (u, B, h), and the existence of a solution in
one of these two problems is equivalent to the solvability of the other.

We see from the above reasoning that this assertion also remains valid in the
more general case where every measure o in II(u, 8) possesses conditional measures
on Y which depend Borel measurably on z.

Now assume that we consider the usual Monge problem with measures p and v on
completely regular Souslin spaces X and Y and with Borel cost function h on X xY".
The space Y is canonically embedded in the space of probability measures P(Y)
by the map y — J,, where §, is the Dirac measure at the point y. The image of ¥’
under this embedding is closed in P(Y): see [25], Lemma 8.9.2. Let us extend the
function h from X X Y to a Borel function on X x P(Y') such that if the original
function is continuous or lower semicontinuous, then the extension has the same
property. This is possible, since completely regular Souslin spaces are perfectly
normal (see [25], Theorem 6.7.7) and the space of measures P(Y) is also Souslin.
To extend a continuous function h we can use Urysohn’s theorem and in the case of
a lower semicontinuous function h we employ the fact that there exist continuous
functions h, on X xY such that h(z,y) = sup,, ha(z,y) for allz € X,y € Y, which
enables us to find continuous extensions H, of these functions to X x P(Y) and
obtain the lower semicontinuous function H = sup,, H, on the space X xP(Y"). This
function coincides with the original function on X x Y. If Monge problem (4.1) on
X x P(Y) with fixed barycentre v possesses a minimizing map 7: X — P(Y), then
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we can call it a relaxed solution of the original Monge problem, and the new problem
can be called a relaxation of the original one. Even when the original problem has
a solution, the minimum in it need not be the minimum in the relaxed problem.
This occurs if h(x,y) = 1, but v is not a Dirac measure, and the extension H of h
satisfies H(xz,v) = 0. Then the minimum in the relaxed problem is zero, and the
optimal map is identically equal to v. Hence some restrictions on extensions are
required in order to make the relaxed problem meaningful. The infimum in it is
not greater than the infimum in the original problem, since if a map S: X — Y
takes 1 to v, then for the map T':  +— d0g(,) the barycentre of the measure o 71
equals v, because for every Borel set B C Y the relation v = p o S~ yields the
equality

[ oot dp) = [ S5 (BYaido) = [ 8,(B)viay) =v(B).
P(Y) X y

In addition, H(z,0g(z)) = h(z,S(x)). Hence the integral of H(x,T(x)) against p
coincides with the integral of h(x,S(z)). As we know from the above discussion,
Monge problem (4.1) need not have a solution even for a continuous cost function
(the corresponding Kantorovich problem with conditional measures can fail to have
a minimum). So it is of interest to have additional conditions under which there
exists a relaxed solution. One such condition is the convexity on X x P(Y) of the
function H obtained as an extension of the original cost function from X x Y to
X x P(Y). There exists an extension that is linear in the second argument. It is
given by the explicit formula

Hmmzﬂﬁwwmwy

For this extension the minimum in the relaxed Monge problem equals the minimum
in the classical Kantorovich problem with function h and marginals y and v. If o is
an optimal Kantorovich plan and o(dz dy) = 0% (dy) u(dz), then the map T'(x) = o
is optimal in the relaxed Monge problem, since the barycentre of the measure
uoT~1 equals v, which is readily verified, and the integral of H(z,T'(z)) = H(z,0%)
against y equals

/X/Yh(x,y)aw(dy),u(dx):/xxy h(z,y) o(dz dy).

On the other hand, if T: X — P(Y) is an optimal map in the relaxed Monge
problem, then the measure o(dxdy) = o%(dy) pu(dz), o = T(z), is optimal in
the Kantorovich problem for the function A and marginals g and v. Indeed, its
projection onto Y equals v and the integral of h against this measure is as above
equal to the integral of H(x,T(x)) against p. Other continuous functions H can
exist on X x P(Y) that are convex in the second argument and for which

H(z,6y) = h(z,y) VeeX, yeY.

The question about the connection between the minimum in the relaxed Monge
problem and the infimum in the original one arises for such functions.
Nonlinear problems were also considered in the recent paper [17].
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5. Optimal transportation with density constraints

A further new modification of the Kantorovich problem mentioned above was
introduced in [90]-[93]; it is connected with constraints on the densities of transport
plans. First we formulate it in the case of two marginals. Assume that, as in
the classical Kantorovich problem, we are given probability spaces (X, Bx, ) and
(Y, By, v) and also a Bx ® By-measurable cost function h > 0. Assume in addition
that we are given a probability measure A on the o-algebra Bx ® By of the space
X XY and a function ® that is integrable with respect to A\. For example, we can
take the product p ® v as A.

Consider the class IIg (u, v) of all probability measures o on Bx ® By that belong
to II(u, v), are absolutely continuous with respect to A, and have a Radon—Nikodym
density satisfying the estimate

do

dA <2
We assume that I1g (1, ) is not empty. A necessary condition for this is the absolute
continuity of the measures p and v with respect to the projections of the measure A
onto X and Y, respectively. For example, if A = y ® v, then as 8 we can take
a constant C' > 1, but not C' < 1. In the case when C' = 1 the set IIg(u, v) consists
of a unique measure \.

Consider the problem

/ hdo — min, o€ Ilg(p,v).
XxXY

A sufficient condition for the existence of a minimum in this problem turns out to
be substantially simpler and broader than in the classical problems of Kantorovich
and Monge.

Theorem 5.1. If there exists a measure o € Ig(u,v) with finite integral of the
function h, then a minimum is attained in the above problem.

Proof. By our assumptions, for some N > 0 we have a nonempty set Il n (1, ) of
measures in IIg(u, v) such that the integral of h against them does not exceed N.
This set of measures can be identified with the set of their densities with respect to
the measure A. Such densities p satisfy tp < ®, and the integral of hp against A does
not exceed N. Hence the set of densities under consideration is weakly compact
in L*(\); see [25], Theorem 4.7.18. The functional

D hp d\
XxXY
is lower semicontinuous on Il n(p,r) with weak topology, since in the case of
a bounded function h it is continuous and in the general case it is the pointwise
limit of the sequence of functionals increasing on Il n (1, ) and generated by the
bounded functions min(h,n). Therefore, this functional attains its minimum on
our compact set. [

Now we can introduce a nonlinear version of the problem with constraints on the
densities of plans. Here we need some additional properties of topological nature
for the cost function.
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Let Py be the set of all probability densities in L!()). It has two natural topolo-
gies, the norm topology and the weak topology of the Banach space L'()\). We
denote by B(P») the Borel o-algebra with respect to the norm. If L!()) is separa-
ble (which holds for Borel measures on Souslin spaces), then B(P)) coincides with
the Borel o-algebra with respect to the weak topology.

For problems with density constraints it is useful to note straight away that if
a set M C P(X) consists of measures which are absolutely continuous with respect
to some probability measure \g, then (after the indentification of measures with
their densities with respect to \g) the weak topology of the space L!'()\g) arises
on M, competing with the weak topology of the space of measures. The former
is usually strictly stronger, since it is generated by the duality with the space of
all bounded Borel functions on X in place of the space of all bounded continuous
functions. However, the Borel structures induced on M by these two different
topologies, and by the even stronger norm topology, coincide in the case where
X is a Souslin space. This follows from the fact that any sequence of continuous
functions separating points on a Souslin space generates its Borel o-algebra (see [25],
Theorem 6.8.9), while the set of probability densities in L*(\g) is a Souslin subset
in the norm topology since it is closed and L!(\g) is separable. Note also that
if the set of densities of measures in M is uniformly integrable (this is equivalent
to the property that its closure in the weak topology in L!()\g) is weakly compact
and is also equivalent to its uniform countable additivity; see [25], Chap. 4), then
the weak topology of the space of measures on M coincides with the weak topology
inherited from L'()\g). Indeed, every functional of the form

H'—>/ fdp,
X

where f is a bounded Borel function on X, is continuous on M with the weak
topology of the space of measures, because for every € > 0 one can find § > 0 such
that u(B) < ¢ for all p € M whenever A\g(B) < ¢. Then by Luzin’s theorem we
can take a continuous function g on X such that

suplg(x)| < sup|f(z)] and Ao(z: f(z) # g(2)) <4

Then for all p € M we obtain

\/}((f—@ du‘ < 22 sup @)

Let us present a result from the recent paper [37]. Suppose that we are given
a function

h: X XY x Py — [0,400)

that is measurable with respect to Bx ® By ® B(P,) and such that for A-almost all
(z,y) € X x Y the function

p > h(z,y,p)

is lower semicontinuous on Ilg(u, ) with respect to the norm of L()).
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On the set ITg (11, p2), which is embedded in L'(\) by means of the identification
of measures with their densities with respect to A, we consider the functional

Jn(p) =/Xxy h(z,y,p)p(z,y) Mdz dy)

with values in [0, +o00].

Theorem 5.2. Under the above assumptions, if the functional Jy, is convex, then
it attains its minimum on the set Il (u1, p2).

The condition of lower semicontinuity of the function h in p with respect to
the norm, which is used in this theorem, is much weaker than a similar condi-
tion with respect to the weak topology. However, if the function h itself (rather
than the integral) is convex in p, then these conditions are equivalent. Neverthe-
less, the convexity of h in the last argument does not imply the convexity of Jp,
so the hypotheses of the previous theorem can hardly be regarded as constructive.
If the cost function has the form

h(z,y,p) = h(z,p")

for some nonnegative function h on X x P(Y') and the conditional measures p* for p
with respect to p, then the convexity of h in the last argument obviously implies
the convexity of Jj,.

In what follows we deal with Souslin completely regular spaces X and Y. Then,
as above, every measure p on X XY with projection p onto X possesses conditional
measures p” on Y with respect to u, that is,

p(dx dy) = p*(dy) p(dz).

If A = p® v and measures p € IIg(u, v) are identified with their densities p(z,y)
with respect to the measure A, then

In other words, the conditional density corresponding to a fixed point x is merely
y = p(z,y).

Since we deal with conditional measures on B(Y), it is reasonable to equip the
space M(Y") of all bounded measures on B(Y) with the o-algebra E(M(Y")) gener-
ated by all functions v — v(B), B € B(Y). Note that, since Y is a completely reg-
ular Souslin space, this o-algebra is countably generated. Indeed, there is a count-
able family of Borel sets separating points of Y and generating the Borel o-algebra
(see [25], Theorems 6.7.7 and 6.8.9). Hence there is also a countable algebra of
sets A with this property. Consider the o-algebra &, generated by the countable
family of functions v — v(A4), A € A. Let By denote the class of all Borel sets
B C Y for which the function v — v(B) is measurable with respect to &. This
class contains the algebra A and is monotone, that is, it contains the unions of
increasing sequences and the intersections of decreasing sequences of its elements.
By the classical monotone class theorem it contains the o-algebra generated by
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the algebra A (see [25], Theorem 1.9.3), hence it coincides with the whole Borel
o-algebra.
In the next theorem we assume that the function h is measurable with respect

to the o-algebra B(X) @ £(M(Y)). Then the function
x > h(z,p")

is Borel measurable if the map x — p® from X to P(Y) is (B(X),E(M(Y)))-mea-
surable, because the map x +— (x,p®) is measurable with respect to the pair of
o-algebras B(X) and B(X) @ E(M(Y)).

Transport problems of this kind can be written in the form

tAh@mﬂuM@—Hmm pella(uy), pldedy) = p*(dy) u(dz).  (5.1)

The following theorem from [37] is analogous to the previous one, but is not
a corollary to it, because the cost function depends on conditional measures rather
than on the whole plan.

Theorem 5.3. If for u-almost all x the function p — h(x,p) is lower semicontin-
uous with respect to the total variation norm on M(Y') and the function

D(w) = [ bl ()
X
is convex, then it attains its minimum on g (p, v). In particular, this is true if the

function h is convex in the last argument.

The following example of a nonlinear Kantorovich problem with conditional mea-
sures and constraints on the densities of plans, in which there is no solution, was
constructed in [37].

Example 5.4. As in the above examples, let X =Y =[0,1] and let p =v = X be
Lebesgue measure on [0, 1]. Then there exists a bounded continuous cost function
h: X x L'[0,1] — R (the space L'[0,1] is equipped with the weak topology) for
which the nonlinear problem with constraints on the densities of plans

Jn(o) = /h(:c, o(z, -))dx — inf,

1 1
o(z,y) <4 Va,y, / o(z,y)dy =1 Ve, / o(z,y)de =1 Vy,
0 0
has no minimum. Let {g,} be the set of rational numbers in [0, 1]. Set

h(z, 0) = min(hi(z, 0), ha(, 0)),

where

hi(ZE,p) = Zmln< 71> 27”7 (S {172}7
n=1

01(,y) = 210, (1 4a) /a)0[3+2)/4,1)(y)  and  02(2,Y) = 21[(142)/4,(3+2) /4] (Y)-

A%mw—w@w»@
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The continuity of the function A follows from the continuity of the functions

n
p»—>/ y)dy and a:|—>/ 0i(x,y) dy.

It was verified in [37] that there exists no biprobability density o(x,y) with the
property

/ Wz, ofx, -)) da = 0,
0

but the infimum in this problem is zero.

6. Multimarginal and multistochastic problems

Transport problems with many marginals differ from the classical ones in that
transport plans are given on a product of more than two (possibly, infinitely
many) spaces the projections onto which are fixed. Multimarginal problems were
studied by many authors; see the recent papers [19], [22], [51], [62], [67], [71],
[74], [77], [81], [110], and [113]-[115], where the reader can find additional refer-
ences. All the new problems mentioned above can be also set in this situation.
However, in the last years so-called multistochastic transport problems have gained
popularity, in which plans are given on products of many factors, but there are
additional constraints that not only the projections onto separate factors are fixed,
but also the ones onto the finite products of some of the factors. For example, for
measures on three-dimensional space we are given not only the projections onto
coordinate axes, but also the projections onto two-dimensional coordinate sub-
spaces. Of course, in this case the set of admissible plans can be empty, so that the
question about conditions ensuring that this set is non-empty arises.

Assume that we are given n completely regular spaces X1, ..., X, and a natural
number £ < n. Let p and ¢ be non-negative integers such that ¢ < p. Denote by 7,
the family of all subsets of the set {1,2,...,p} of size ¢, and let Z, Uq 0Lpq
denote the family of all subsets of the collection {1,2,...,p}.

For any o € I, set Xo = [[;c, Xi- Let X = [[;", X;. For every a € Z, we
denote the projection map onto X, by Pr,. Assume that for every a € Z,;, we have
a Radon probability measure p, on X,. Denote by II({1}) the (possibly empty)
set of Radon probability measures with the property p o Pr;1 = po for all a €
Tk Measures in IT({x4}) are called joining. The direct (n, k)-Monge-Kantorovich
problem is stated as follows.

Definition 6.1. Fix a Borel cost function h: X — R, Then the (n,k)-Monge—
Kantorovich problem consists in finding the quantity

inf / hdm.
m€l({pa}) Jx

This (n, k)-Monge-Kantorovich problem (also called the multistochastic trans-
port problem) was studied in [75] and [76]. The interest in it is motivated by the
following particular case, which turns out to be rather typical for this problem.
Recall that bitwise addition of two numbers z,y € [0, 1] is the following operation:
if

r=0.2122... and y=0.y192...
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are their binary representations, then the number z = xz @ y has the form
z=0.2122..., where z; =x; +y; € Zs.

The set
S={(z,y,2): Dy ®z=0}

is a self-similar fractal of dimension 2, known as the Sierpinski tetrahedron.

Theorem 6.2. Letn =3,k =2, and X; = [0,1], 7 =1,2,3, let pyy = Apy, oz =
Az, and iy, = Ay be copies of two-dimensional Lebesque measure on [0, 1]%, and let
h(x,y,2) = zyz. Let the space II({a}) consist of the probability measures on [0,1]3
whose projections onto the coordinate hyperplanes are Lebesgue measures on [0,1]2.
Then there exists a unique solution of the (3,2)-problem

inf zyz w(dx dydz).
WEH({M})/[O,I]B veml ydz)

It is concentrated on the Sierpinski tetrahedron S'.

The idea of the proof of the fact that a measure on S is a solution indeed comes
from the following observation. Let T} (z,y,2) = (1 — z,y, z). We define T, and T3
similarly. For every measure m € II(Azy, Azz, Ay>) we have the equality

K(roTyt) = /]Rs wyzmo Ty Hdx dydz) = /]1@3(1 —z)yzm(dedydz)

1
= / yzdAy. —/ xyzm(dedydz) = = — K(m).
- s 4

Therefore, the maps T} o Ty, T} o T3, and T o T3 preserve the value of the func-
tional K (7). Since they preserve the set II(Azy, Agz, Ayz), there exists a solution 7
that is invariant with respect to the maps 77 o1y, T} o T3, and T o T5. We partition
[0,1]3 into two sets S and So, where

e bl o o)

and
Sy =1[0,1]%\ 5.

Observe that S; and S5 are invariant with respect to the operators T} o Ty, T 0 T3,
and Ty o T3, and the equality So = T1(S1) = Ta(S1) = T5(S5;) is fulfilled. Next,
consider the measures T = 71" S, and 7 = 7o Ty . Tt follows from the symmetry
of 7 that these measures have equal projections onto the coordinate planes Oy, O

and O,,. Now it is readily proved that
/ zyzm(dedydz) > / xyz (dz dy dz).
S2 Sl

This yields that the support of 7 is contained in S; (otherwise the functional K
would attain a smaller value at the measure 7 — 7 + 7). Applying this reasoning
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to every cube of the four constituting S7, we obtain that there exists a solution
with support in the set S(k) (where S(1) = S;) that is the union of 4* cubes of
volume 1/8%. Passing to the limit as k — oo we obtain that there exists a solution
with support S = (N;—; S(k). The set S is exactly the Sierpinski tetrahedron.
Modifying the above reasoning we can prove the uniqueness of a solution.

The following duality theorem was proved in [75] (see a more general result
in [76]).

Theorem 6.3. Let X1,...,X, be compact metric spaces, and let h > 0 be a con-
tinuous cost function on X. Assume that the set I1({a}) is not empty. Then

min hdmr = sup / fadpg,
ﬂEH({ua})/ f<h Z Xo a

a€lny

where the supremum is taken over all functions fo € L'(ua) and

F@) = 3 falwa):

a€lk

A solution to the problem dual to the problem in Theorem 6.2 is described in
the next theorem. The uniqueness of this solution is an open question.

Theorem 6.4. Let iy = Apy, faz = Aaz, and [y, = Ay, be copies of two-
dimensional Lebesque measure on [0,1]> and let h(z,y,z) = xyz. Then the triple
of functions f(z,y), f(z,2), f(y,2), where

f(ac,y):/ / t@sdtdsff/ / t@sdtdsff/ / t® sdtds,
o Jo 4 Jo Jo 4 Jo Jo

is a solution of the dual problem.

The solution of the dual problem given in Theorem 6.4 is connected with the
solution 7 of the linear problem in the following way: the measure 7 is concentrated
on the graph of the map (z,y) — fzy(x,y), that is, m-almost everywhere

z = fay(@,y); (6.1)

moreover, f possesses a non-negative mixed derivative f,, almost everywhere, but
the derivatives f;, and fy, do not exist (in the classical sense).

Note that in the multistochastic problem the question of whether the set II({1q})
is non-empty is non-trivial. It is clear that for this the system of measures p, must
have the obvious consistency property: for all a, 8 € Z,;, the equality

fhe © Pr;éﬁ = pgo Pr;%ﬁ

must be valid. This property is not sufficient for II({y,}) to be non-empty, but it is
sufficient for the existence of a signed measure P with the property P o Pr;1 = lq-
There are ‘dual’ sufficient conditions for the non-emptiness of this set, which are
difficult to verify explicitly. One constructive sufficient condition is given in the
following theorem.
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Theorem 6.5. Let v; € P(X;), 1 <i<n. For any o € Ly, set vo = [[;c, Vi Let

e be a consistent collection of probability measures on the spaces X,. Assume that
the measure o s absolutely continuous with respect to v, for all o € Tpy. Let pq
be the density of po with respect to v,. Assume that there exist positive constants m
and M = m such that m < po, < M vq-almost everywhere for all a € I, Then
there exists a constant \p > 1 such that if M/m < Api, then the set TI({pqa}) is
not empty.

Example 6.6. Let v,, v,, and v, be some probability measures on the one-
dimensional axes O, Oy, and O, and let

Vgy = Vg QUy, Vg =V @V, and v, =v, Q..

Assume that the measures figy, fiz2, and p,. satisfy the consistency condition, the
conditions

HPzy = PryVey, Hzz = PzzVrz, and Hyz = PyzVyz

and the condition
1 < PzysPxzyPyz g C.

Then the set II( gy, fyz, Haz) 1S Dot empty. In particular, if ¢ = 3/2, then it contains
the measure

4 2
u:Wum@@uy@uz—M(uzé@uy@uz+um®uy®uz+uw®uy®%)

+ Z(Majy RV, + gz @ Vy + Hoyz (29 Va:)

1
- M(Mmy Q Pz + faz @ fy + [y @ fa)s

where
M = ppy(X XY) = g (X X Z) = py. (Y x Z).

For ¢ > 2 the set II(gy, fbyz, f4z2) can be empty.

Definition 6.7. A consistent collection of probability measures o, o € Lk, is
called decomposable if there exists a collection of probability measures v; on the
spaces X; and a joining measure u € I({gq}) given by a bounded and separated
from zero density with respect to the measure 1) @ Vo ® - - Q@ vy,

Let us give simple sufficient conditions for the existence of a dual solution.

Theorem 6.8. Let X; be compact metric spaces and h > 0 be a continuous cost
function on X. Let {us} be a decomposable collection of probability measures on
the spaces X, o € Iyi. Then

min hdr = max fadpa,
Wen({ﬂa}) w/}{ aezl:"k Xa H

where the mazimum is taken over all the systems of functions fo € L'(ua) with

values in the set [—oo,+00) for which ) .7 fo(Ta) < h(x) for allz € X.
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Note that without the condition of decomposability the dual problem can fail to
have a solution even in the discrete case.

Finally, for a bounded cost function, in some situations it becomes possible to
prove that solutions are bounded.

Theorem 6.9. Let X =Y =7 =N and let py, 1y, and . be probability measures
on X,Y, and Z, respectively. Consider the (3,2)-problem for

Bay = Mo @ Ly, Moz = Ha @ Lz, Hyz = by @ Kz,

and a cost function h with values in [0,1]. Assume that the function

F(z,y,2) = f(z,y) + 9(x, 2) + h(y, 2)

is a solution of the dual problem. Then F > —12.

7. Optimal transportation with parameters

It is of interest to consider transport problems with a parameter on which the
marginals and cost function, as well as other data in the problem, can depend.
Such problems were studied in [63], [129], [134], [96], and [34]-[36]. The first ques-
tions arising here are the measurability and continuity of solutions and minima
with respect to the parameter. Measurability holds under very general conditions.
For a simplification of technical details we consider the case where X and Y are
completely regular Souslin spaces, for example, complete separable metric spaces.

In problems without constraints on the densities of plans the spaces of measures
are equipped with their weak topologies and the corresponding Borel o-algebras
B(P(X)), B(P(Y)), and B(P(X x Y)). In the case of density constraints it is
natural, as mentioned above, to use topologies connected with the space L'.

Assume that (7,7) is a measurable space, the map ¢t — p;, T — P(X), is
(T,B(P(X)))-measurable, and the map ¢ — v, T — P(Y), is (T,B(P(Y)))-mea-
surable. In our situation such measurability reduces to the T-measurability of real
functions

t’-},U/t(A)7 tHVt(B)

for all Borel sets A C X, BCY.

In most important examples (T, 7T) is a metric space with its Borel o-algebra,
so we are speaking of the Borel measurability of the indicated maps.

The cost function h > 0 on T x X x Y is assumed to be measurable with respect
to B(T) @ B(X) @ B(Y).

First we consider the case where X and Y are complete separable metric spaces,
but (7,7) is a general measurable space.

Theorem 7.1. Assume that X and Y are complete separable metric spaces, the
cost functions hy: (z,y) — h(t,x,y) are continuous for allt € T, and the quantities
K(t) := Ky, (e, 1) are finite. Then the function K is T-measurable.

In addition, there exist optimal measures oy € (g, vt) for hy such that the map
t — oy is measurable with respect to T and B(P(X x Y)).
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Note that the formulation of Theorem 4.2 in [4], where this result was proved,
contains a typo, which only concerns the last assertion of the theorem: in place
of the T-measurability of K its (T, B(P(X x Y)))-measurability the is mentioned.
Note also that, in view of continuity in (z,y) in this theorem, joint measurability
in all variables follows from measurability in ¢ for all fixed x and y.

In the next theorem the assumption of continuity of the cost function is relaxed,
but T" must be a Souslin space.

Theorem 7.2. Assume that X and Y are complete separable metric spaces, T is
a Souslin space, t — py and t — vy are Borel maps with values in the spaces P(X)
and P(Y), respectively, the function h > 0 is B(T) @ B(X) ® B(Y)-measurable, the
functions hy are lower semicontinuous, and the corresponding values Kp, (pe, vt)
are finite. Then the function t — Kp,(ue, vi) is Borel measurable and there exist
optimal measures oy € (g, vy) for hy such that the map t — oy is measurable with
respect to B(T) and B(P(X xY)).

Theorem 7.3. Assume that X and Y are completely regular Souslin spaces, T is
a Souslin space, and h: T x X xY — [0,400) is a Borel function such that the
function hy is continuous for every t. Let t — u; and t — vy be Borel maps with
values in P(X) and P(Y), respectively, such that Kp,(put,v) < oo for all t. Then
the function t — K(t) is Borel, and there exist optimal measures oy € II(pg, vy)
for hy such that the map t — o; is Borel measurable.

Moreover, there exists a sequence of Borel maps ®,,: T — P(X xY) such that
for every t € T the sequence {®,,(t)} is dense in the convex compact set My of all
hi-optimal measures in the set TI(ug, vy).

Although these theorems cover the spaces necessary for applications, it would
be interesting to know whether or not Theorem 7.1 is true for Souslin spaces X
and Y and lower semicontinuous cost functions (such a result would imply all the
three theorems as particular cases). In [34], in the case of Souslin spaces and
lower semicontinuous cost functions some results were obtained about the weaker
measurability with respect to the o-algebra generated by Souslin sets. the

The next theorems about the dependence of solutions of the nonlinear problem on
a parameter were proved in [35]. Recall that Luzin spaces are the images of complete
separable metric spaces under continuous injective maps (they form a subclass of
Souslin spaces).

Theorem 7.4. Let X and Y be Luzin completely reqular spaces (for example, com-
plete separable metric spaces). Assume that Borel maps

t'-)/,bt, T—>P(X)7
and

t— Vi, T — P(Y),
and a Borel function

h:TxXXYXxP(XxY)—[0,+00)



The Kantorovich problem 799

are given such that for every t € T the function
ht : (xv Y, U) = h(t, z,y, J)

is lower semicontinuous on all sets of the form K x (us, v4), where K C X XY is
compact, and the quantities Kp,(ut,v4) are finite for all t € T. Then the function
t — Kp, (e, vp) is Borel and there exists a Borel map t — oy from T to P(X xY)
such that the measure oy is optimal for the triple (g, vi, hy) for every t.

Moreover, there exists a sequence of Borel maps &, from T to P(X xY) such
that for every t the sequence of measures &,(t) is everywhere dense in the set of
optimal plans for the triple (pug, Vi, hy).

Theorem 7.5. Assume that in the previous theorem the cost function h has the
form
h(t,z,y,0) = H(t,z,0"),

where the function H is defined on T x X x P(Y'), the functions
H;: (z,p) — H(t,z,p)

are lower semicontinuous, and the functions p — H(t,x,p) are convex for all t
and x. Then the conclusion of the previous theorem remains valid.

Finally, a parametric version of the transport problem with constraints on the
densities of plans was considered in [30], where the following result was obtained.

Given a sequence of measurable spaces (X,,8,) and a probability measure A
on the product X =[], X,, equipped with the product B of the o-algebras B,,,
denote the projection of A onto X,, by A\,,. Assume that the measure \ is separable,
that is, the space L'()\) is separable. Then the measures )\, are also separable. For
every n fix a sequence of bounded B,-measurable functions ¢, ; that is everywhere
dense in L'(\,). In addition, fix a countable system of sets 4; € B with the
following property: for any € > 0 any set in B coincides with some A; up to a set
of A-measure less that . Such a system exists because \ is separable.

Assume that (7,7) is a measurable space and for every ¢t € T we are given
probability measures ji,, + on B,, which are absolutely continuous with respect to A,
a non-negative B-measurable function h; on X, and a non-negative A-integrable
function ®; on X such that the functions

(z,t) = h(z) and (z,t) — Di(x)

are B® T-measurable and the maps ¢ — fi,, + are measurable in the following sense:
the functions

tor [ (@) nelie)

are T-measurable for all n and j. If X,, and T are separable metric spaces and 7 =
B(T), then it suffices to assume that the measure p, ; depends Borel measurably
on t, that is, the functions ¢ — pu, (B) are Borel for Borel sets B.

The Radon—Nikodym density of the measure p,, ; with respect to the measure A,
is denoted by g, +, so that

Hnt = On,t A
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For any fixed t € T we denote by £; the set of probability densities 1 € L!()\) such
that 1) < ®; almost everywhere with respect to A and the projection of the measure
¥ - A onto X,, equals fi,, ¢+ for all n. This condition on projections can be expressed
as

On,t = E(¢ | Bn)7

where E(v) | B,,) is the conditional expectation of the function ¢ with respect to
the measure A and the o-algebra B,, that is, a B,-measurable function that is
integrable with respect to A and such that

[ en= [ Ewis)m

for all £ € B,,, where Y,, = H X;. Under our assumptions this is equivalent to the
i#En
equalities
/ On Y dA = / ©On,jOntdX VjneN, (7.1)
X X

The estimate ¢ < ®; in L'()\) is equivalent to the countable system of scalar
inequalities

/ wd)\</ d,dN VjeN (7.2)

Aj Aj

Thus, we are concerned with the existence of probability densities f; satisfying
the countable system of linear constraints (7.1) and (7.2) and minimizing the inte-
grals of the functions f;h; against the measure A for every ¢; moreover, the joint
measurability of f;(z) on X x T is also required.

Each set £; is compact in the weak topology since it is obviously weakly closed
and lies in the set of non-negative functions not exceeding ®;, while the latter is
weakly compact because of uniform integrability (see [25], §4.7(iv)).

If the densities g, ; are bounded by a number C, then in order that L; be
non-empty it suffices to have the estimate ®; > C. If there are only two factors
and A = A1 ® Ao, then it suffices to have g1 (21)02,+(22) < Be(x1,22). If L is not
empty and there is a function v; € £; such that hyv; € L()), then the functional

v n—>/ hiv d
X

has a finite minimum M (h:, ®;) on the set
Ki = {U € L;:vhy € L1(>\)},

which is convex and compact in the weak topology. Hence we obtain the non-empty
convex weakly compact sets of optimal measures

Mt = {U S /Ct: M(ht,q)t) = / ’Uht d)\}
X

For a o-algebra T we denote by S(7) the class of sets obtained from 7 by the
Souslin operation (see [25]), and we denote the o-algebra generated by this class
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by o(S(T)). Let T be the class of universally measurable sets generated by T, that
is, the intersection of the completions of 7" with respect to all probability measures
on 7. It is known (see [25], Theorem 1.10.5) that o(S(7T)) C T.

Theorem 7.6. Let T be a non-empty Souslin space with Borel o-algebra T = B(T).
Assume that the set Kt is not empty for any t. Then there exist functions f; € Ky
such that the measures fi - X are optimal for the functions hy, that is, f; € My, and
the function (z,t) — fi(x) is measurable with respect to B ® T. Moreover, there
exists a sequence of functions f, ; with the same properties that is dense in M; for
every t. In addition, the function

tHM(htaﬁt):/ he fe dX
X

is T -measurable.
In the case of a general measurable space (T,T) the functions f; € My can

be chosen so that the function (z,t) — fi(x) is B ® o(S(T))-measurable and the
function t — M (hy, B:) is T -measurable.

Results concerning continuity with respect to the parameter in optimal trans-
portation problems were obtained in [23], [72], [121], [79], and [36]. The last of
these papers contains the most general results. However, for simpler formulations
we present them in a less general form.

Let X and Y be complete separable metric spaces and let T' be a metric space.
Assume that for every t € T we have measures p; € P(X) and vy € P(Y) such that
the maps t — p¢ and ¢t — v, are continuous in the weak topology. In addition, let
h: T x X xY —[0,400) be a continuous function. Set

hi(z,y) := h(t,z,y).

Theorem 7.7. If the function h is bounded, then the function t — Ky, (e, ve) is
continuous on T'.

Corollary 7.8. If, in the situation of the previous theorem, there is a unique opti-
mal plan oy for every t, then this plan is continuous in t.

However, without uniqueness it can be impossible to choose optimal plans depen-
ding continuously on the parameter ¢. Simple examples of this sort were constructed
in [36]. In particular, one can take all measures p; and v to be equal to Lebesgue
measure on [0,1] (so that they do not depend on t) and can take the cost function

h(, 1) min(je —yl, v +y—1]+¢), t=0,
x7 = .
Y min(|lz —y| — ¢, |z +y—1|), t<O.

Thus, we can say that the situation with the continuity of the optimal cost is similar
to the case of measurability, but the continuous choice of an optimal plan brings in
some difference. Some compensation is provided by the use of approximate optimal
plans. Given € > 0, a measure o € II(u,r) will be called e-optimal for the cost
function h if

/ hdo < Kp(u,v) +e.
XXY
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Theorem 7.9. For every fized € > 0 there exist e-optimal measures o5 € (g, V)
for the cost functions hy which depend continuously on t in the weak topology.

For Monge optimal maps one can also pose the question about measurable or
continuous dependence on a parameter. For example, the following result from [36]
claims the continuity of the Monge map with respect to the parameter in the metric
of convergence in probability.

Proposition 7.10. Let X be a metric space, let p, € P(X) forn € Zy, and let
o — po tn variation. Let T, : X — X be Borel maps such that the measures oy,
that are the images of the measures p, under the maps x — (x,T,(x)) converge
weakly to a measure og. Then the maps T,, converge to a map Ty in measure L.

Corollary 7.11. Assume that X = Y is a complete separable metric space, the
measures pu, € P(X) converge to a measure pg in variation, the measures v, €
P(X) converge weakly to a measure vy, and the continuous cost functions h, > 0
on X2 are uniformly bounded and converge uniformly on compact subsets to a func-
tion hg. Also assume that for all m > 0 optimal Kantorovich plans for the triples
(ons Vn, hy) are unique and are generated by the unique optimal Monge maps T,.
Then the maps T, converge to Ty in the measure L.

In [8], [61], and [105] close results were previously obtained for some special cases
connected with the investigation of conditions for the existence and uniqueness of
Monge maps.

8. Metrics and topologies of Kantorovich type

Recall (see [65]) that the topology of any completely regular topological space X
is generated by a family of pseudometrics II (a pseudometric differs from a metric
in that it can vanish on a pair of different elements). Given a pseudometric d on X,
we denote by Lip;(d) the set of 1-Lipschitz functions with respect to d, that is, of
functions f on X such that

lf(z) = fy)] <d(z,y) Va,yeX.

A straightforward analogue of the Kantorovich-Rubinshtein norm is provided by
the Kantorovich-Rubinshtein seminorm on the space of Radon measures M(X)
on X, which are defined by

allrd = sup{ [ raw: 5 € vipya), 151 < 1}.

On the subspace MJ(X) of measures p such that for some (hence all) zo € X the
function d(x, z¢) is integrable with respect to the total variation of u we introduce
the Kantorovich seminorm

il = sup{ [ 7w £ € Lipy(a), o) = o} ()]

which is completely analogous to the Kantorovich norm in the case of a metric
space. The topologies generated by these families of seminorms will be called the
Kantorovich-Rubinshtein and Kantorovich topologies and denoted by 7xg and 7k,
respectively.
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Theorem 8.1. Assume that the topology in X is generated by a family of pseudo-
metrics 1. Then the weak topology on the set of non-negative measures M™(X) is
generated by the family of seminorms || - ||krp, p € I

In addition, these seminorms also generate the weak topology on every uniformly
tight set in M(X) that is bounded in variation.

Theorem 8.2. Assume that a completely reqular space X is separable or possesses
a countable system of continuous functions separating points. Then the weak topol-
ogy coincides with the topology Tkr on weakly compact sets in M(X).

Note a simple sufficient condition for convergence in the topology 7. Given
a family of pseudometrics II generating the topology of the space X, we denote by
MU(X) the class of measures p € M(X) for which the function = — p(z, 7¢) with
p € II is integrable with respect to |u| for a fixed point xy € X (the choice of xq
does not influence the definition of this class).

Theorem 8.3. Assume that a net {po} C MM(X) converges to a measure p €
MI(X) in the topology Tkr (for non-negative measures or measures in a bounded
uniformly tight family this is equivalent to weak convergence). If every pseudomet-
ric p from 11 satisfies the condition of uniform integrability

tim sup [ e, 20) [nal () = 0
Ao o JipzRy
then {1a} converges in the topology Tk. In the case of probability measures this
condition is also mecessary.
Finally, in the case of a countable sequence of measures, in place of convergence
in the topology Tkr it suffices to have weak convergence.

In Example 8.6 below we will see that for nets of signed measures it is not enough
to have weak convergence in place of convergence in the topology TR .

An analogous result is true for the topology 7k 4 with ¢ > 1, which is introduced
on the subclass M™M9(X) of MM(X) consisting of the measures u for which all
functions x — p(x,x0)?, where p € II, are integrable with respect to |u|. This
topology is generated by all seminorms

Ky q(p) = [[(L+p(-, 20)")pllkR,p»
where p € IT and z( is a fixed point.

Theorem 8.4. Assume that a net of measures o, € M%9(X), where ¢ > 1, con-
verges to a measure p € M(X) in the topology Tkr (for non-negative measures or
measures in a bounded uniformly tight family this is equivalent to weak convergence).
If the equality

fim sup [ pla,a0)? ol (d2) = O

f=eo o J{pzR}

holds for every pseudometric p in 11, then p € M™W4(X) and {po} converges to u
in the topology Tk 4.
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If some measures z, € M on a locally convex space X have barycentres b, and
converge in the topology Tk to a measure u € M! with barycentre b, then we have
the convergence of barycentres b, — b. Indeed, for every continuous seminorm p
on X we have the estimate

P(ba — ) < [ltta — pllK p

since for every continuous linear functional [ on X such that [ < p we have

(b — b) = /X V(e — 1) < e — il

because [ € Lip; (p). By the Hahn—Banach theorem the supremum of (b, — b) over
the functionals satisfying the estimate I < p is p(b, — b).
Applying to the convergence of barycentres we obtain the following.

Corollary 8.5. If a sequence of Radon measures p, on a locally convex space X
converges weakly to a Radon measure p,, each measure u, has a barycentre by,
the measure p has a barycentre b, and every continuous seminorm is uniformly
integrable with respect to the sequence {u,} in the sense described in Theorem 8.3,
then b,, — b.

In the case of probability measures the same is true for nets.

The next example shows that the last assertion of the corollary can fail to hold
for nets of signed measures, which, according to what we said above, also gives
a counterexample to the last assertion of Theorem 8.3 in the case of nets.

Example 8.6. In the Banach space X = [' there exists a bounded in variation
net of signed discrete measures on the unit ball that converge weakly to the zero
measure and have barycentres of unit norm.

For the construction we fix a finite set of bounded continuous functions fi,..., f,
on X. Consider the following vectors in R™:

vi = (filej),-- -, fales)),  j=1,...,n+1,

where {e;} is the standard basis in I'. The vectors v; are linearly dependent, hence
there exist numbers ¢y, ..., c,4+1 not all equal to zero such that

n+1

E c;vj = 05
j=1

in other words,
n+1

Ziji(ej):O, i:l,...,n.

Jj=1

We can assume that 3 [c;| = 1. For every basic neighborhood of zero in the weak
topology

UZUfhm’fmg = {MGM(X): ‘/ fid,u‘ <e 1= 1,...,7’L}
X
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consider the discrete measure

n+1

Ly = Z Cjle,; -
j=1

By construction py € U and this measure is concentrated on the unit sphere. The
set of basic neighborhoods is directed by reverse inclusion: a neighborhood V is
greater than a neighborhood U if V' C U. By definition the net of measures uy
constructed in his way converges weakly to zero. The barycentre of a measureuy is
1

3; cjej, hence [Imy, || = 35770 [ej] = 1.

There are simple sufficient conditions for the compactness of sets in M(X) in
the topology Tkr and sets in M™(X) in the topology Ti.

Theorem 8.7. Assume that a set S C M(X) is bounded in variation and uni-
formly tight. Then S has a compact closure in the topology TKR -

If S ¢ M(X) and every pseudometric p in 11 satisfies the condition of uniform
integrability

fim sup [ pla,o) lul(dz) =0
R—00 1eS J{p>R}

for some xg € X, then S is contained in a compact set in the topology Tk .

The next result from [3] shows that a uniformly tight set of Radon measures
on a Banach space with uniformly integrable norm remains uniformly tight with
respect to some stronger norm, which is also uniformly integrable (so that, under the
condition of boundedness in variation, this family is contained in a compact set with
respect to the Kantorovich norm). Moreover, this family is uniformly tight in some
compactly embedded separable reflexive Banach space with uniformly integrable
norm.

Theorem 8.8. Let X be a Fréchet space, and let M be a uniformly tight family of
Radon measures on X such that all seminorms p, in some sequence generating the
topology in X are uniformly integrable with respect to the measures in M, that is,

lim sup / (@) |ul(dz) =0,  neN.
{z: pp(z)>m}

m— oo [LGM

Then there exists a linear subspace EE C X with the following properties:

(i) the space E with some norm || - ||g is a separable reflexive Banach space with
closed unit ball which is compact in the original space X ;

(ii) the family M is concentrated on E and uniformly tight on E with norm || - || g;
moreover, this norm is uniformly integrable with respect to the measures in M.

Kantorovich and Kantorovich-Rubinshtein type metrics enable us to introduce
convenient Hausdorff distances on sets of measures.

We recall that the Hausdorff distance between two non-empty bounded closed
subsets A and B of a metric space (M, d) is defined by the formula

H(A,B) = max( 51612 d(x, B), sgg d(y, A))
@ y
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For our purposes this distance is of interest when we consider the space of prob-
ability measures on a metric space (X,d) and the set of transport plans in the
space P(X xY) with Kantorovich—-Rubinshtein metric dxgr generated by the natu-
ral metric dx (z1,22) + dy (y1,y2) on X x Y, where dx is a metric on X and dy is
a metric on Y. The Hausdorff distances generated by the Kantorovich—-Rubinshtein
metrics on spaces of measures will be denoted by Hkg. Similarly, Hx will denote
the Hausdorfl distances generated by the Kantorovich metrics on spaces of mea-
sures with finite first moment. From the topological point of view there is no
principal difference between two such distances, since any metric can be replaced
by a bounded metric generating the same topology. The topology on the space of
measures does not change either.

In the case of the set PP(X x Y) with metric W), the Hausdorff distance HY, is
defined on the space of closed subsets of PP(X x Y).

For general completely regular spaces X and Y similar constructions arise.
The topologies in these spaces can be generated by families of pseudometrics ¥ x
and Wy. The topology in the product X x Y is generated by the pseudometrics

((z1,91), (v2,92)) = d1 © do((71,91), (22, ¥2)) = di (1, 22) + d2(y1,92),
d1 S \Ifx, dg S \I’y.

On the spaces of probability measures on X, Y, and X x Y, in the way described
above we obtain the Kantorovich-Rubinshtein pseudometrics diR.4,, dkr,d,, and
dKR,d, @ds, the Kantorovich pseudometrics dk 4, and so on. For example, for a com-
pletely regular space X with a fixed family of pseudometrics Uy generating the
topology, the set P¥(X) of Radon probability measures on X with respect to
which the functions z +— d(x,z() are integrable for all d € Ux is equipped with
the Kantorovich pseudometrics dk 4. On the space of closed subsets of the space
of measures P(X x Y), in the way described above we obtain the Hausdorff pseu-
dometrics of the form Hk 4,44, generated by the pseudometrics d; on X and ds
onY.

Theorem 8.9. Let py, e € P(X) and vi,vs € P(Y), and let a and B be con-
tinuous pseudometrics on X and Y, respectively. Then, for every measure o1 €
II(p1, 1) there exists a measure oo € I(ug, o) such that

dx aep(01,02) < d o(p1, p2) + di g(v1, v2). (8.1)

Hence for the corresponding Kantorovich and Hausdorff pseudometrics the inequal-
ity
Hy awp(H(p1,v1), I (p2, v2)) < di o (p1, p2) + dic g(v1,v2) (8.2)

holds. The analogous assertion is valid for n marginals: if p;,v; € P(X;), i =
1,...,n, a; are continuous pseudometrics on the spaces X;, then for each measure
o € M(p1, ..., un) there exists a measure w € (vy,...,vy,) such that

dK,al@-nEBan (7(-7 0) < dK,al (,U/h Vl) + -+ dK,ozn (Nna Vn)'

Estimates connecting the Kantorovich distance with Sobolev norms were studied
in [39], [42], [43], and [40].
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In [27] some properties of sequential continuity were considered for the space of
measures M (X) with weak topology. This space is not metrizable if X is infinite,
but in the case where X is a complete separable metric space, every linear func-
tional [ on M(X) that is sequentially continuous in the weak topology (so that
I(my) — 0 if a sequence m,, converges weakly to zero) is continuous in the usual
topological sense. Theorem 1 in [27] contains a more general result. However, for
nonlinear functions sequential continuity does not imply usual continuity.

Results on approximation of measures on infinite-dimensional Banach or locally
convex spaces by finite-dimensional images of these measures, that is, images under
continuous linear maps with finite-dimensional ranges, can be useful in problems of
optimal transportation. Such approximations are obviously possible in spaces with
Schauder bases, but in the general case the question is open (see the discussion
in [28]).

The smoothing of Kantorovich metrics (erroneously called ‘Wasserstein
distances’) was studied in [53].

Various problems connected with transport distances, the topological properties
of spaces of measures, and related questions in the theory of metric measure spaces
were discussed in [6], [LO]-[13], [18], [24], [52], [78], [83], [89], [L01], [104], [116], [122],
and [123].

9. Other directions of research

Let us mention some other lines of investigation pursued in the area of optimal
transportation in recent years.

Martingale optimal transportation has been developing actively: see [17], [21],
[47], [58], [73], [82], [95], [103], [112], and [130]. In its simplest form this problem is
stated for n Borel probability measures p, ..., i, on the real line and a bounded
Borel cost function A on R™. It deals with minimizing the integral

hdu
R”

over the Borel probability measures p on R™ with the following restrictions: the
projection of p onto the kth factor is g and the coordinate functions z1,...,x,
form a martingale with respect to the measure p and the o-algebras o1,...,0,,
where o, is generated by the coordinate functions 1, ..., z;. The problem is sim-
ilarly formulated for infinitely many coordinates. In [17], [47], and [130] the reader
can find interesting recent results on the continuity of solutions to the martingale
transport problem. Questions close to martingale optimal transportation problems
were studied in [1], [14], and [97].

This modification of the Kantorovich problem fits the general framework of prob-
lems of Kantorovich type with additional linear constraints, connected, for instance,
with various symmetries of solutions, was considered in [132] and [133]. However,
it possesses a number of important special features. Let us present a precise for-
mulation of a problem with linear constraints. Given completely regular spaces X;
with Radon probability measures p;, ¢ = 1,...,n, let II(u1,. .., uy,) denote the set
of measures in P(X; X --- x X,,) with projections p; onto the factors. The function
spaces

Cp ={f e L' () NC(Xy)}
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of continuous integrable functions are equipped with the standard norms from
L' (u;) (more precisely, these are seminorms if the measures p; do not have full
support), and the space

Cr = {h e C(X): |h(x)| < Zfz(xz), where f; € Ll(ui)}

is equipped with the seminorm

Il = sup /\h|d7r.
mE€I(p1,e.sin) /X

Set .
F=@c; ccy.

i=1
Given a linear subspace W C Cp, and a cost function h € Cp, the modification of
the Kantorovich problem under consideration consists in finding the quantity

wellw

inf /hdw, sz{weﬂ(lul,...,un):/wdﬂ':OVwEW}.
X X

It was shown in [132] that a minimum is attained in this problem if the set ITy is
not empty. In addition,

n

inf /X hdr = supz Fr(xr) pr(dzy), f= Zfi, fi € Co(Xy),
i—1

mellw f<h 3 I X0

where Cj,(X;) is the space of bounded continuous functions on Xj;.

Let us also mention the Schrédinger problem, which was posed by him in connec-
tion with some questions in statistical physics. It turned out that a particular case
of the Monge—Kantorovich problem can be obtained as the limit of a sequence of
Schrodinger problems after a suitable normalization. The works [55], [56], [70], [99],
and [98] are concerned with this line of research. In the Schrédinger problem one
considers the measure R on some space of continuous trajectories on the interval
[0,1] (for instance, on C([0, 1], R™)) that is the distribution of the Brownian motion
for which the distribution of the initial point is given by Lebesgue measure (R can
be an unbounded measure). The problem is to minimize the entropy

H(P|R)= /m(j}i) ap

on the set of measures P absolutely continuous with respect to R for which the
distributions pg = Py and p1 = Py on X at the initial and final points of the interval
are given. The corresponding Kantorovich problem has the form

[e@ P smin, Po=po =,

where C(w) = ||&y||32/2 for absolutely continuous trajectories and C(w) = 400
otherwise. The recent monograph [108] is concerned with related questions.
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Transport problems connected with Gaussian measures and their nonlinear trans-
formations were studied in [48]-[50].

Optimal transportation of vector (for instance, matrix) measures was considered
in [45], [54], [57], [60], and [106]. Another kind of vector optimal transportation
was studied in [131], where for non-negative measures puq,...,uq on a space X,
non-negative measures vy, ...,y on a space Y, and a cost function h on X x Y the
author considered the problem of minimizing the integral

/ hdo
XxY

over the non-negative measures o on X x Y satisfying the conditions
dp; _ L
7((13)0’(d$dy)*1/](3), ]*17"'7d7
xxB dp

for all measurable sets B C Y, where p = %Zj’:l i;. Note that one can also
consider the following vector analogue of the Monge problem: given atomless Borel
probability measures 1, ..., g on a Souslin space X, a Borel probability measure v
on a Souslin space Y, and sufficiently nice cost functions hy,...,hg on X X Y,
minimize the quantity

d
> /X hi(w, T(x)) i (d)

over the Borel maps T: X — Y that take all measures p; simultaneously to the
measure v. The existence of such maps is ensured by Lyapunov’s theorem (see [25],
Corollary 9.12.37). The indicated sum can be written in the form

= dMZ €T i\ L
| ne @) u), w3 P ).

i=1

However, the difference from the usual Monge problem is that not only the mea-
sure p is transformed into v, but also each measure p;. The book [131] contains
results for the ‘semidiscrete case’, where the measure v is discrete. It would be
interesting to study the general case.

For metric barycentres generated by metrics of Kantorovich type, see [68].

Applications of the Kantorovich problem to the Plateau problem of minimal
surfaces with prescribed boundary were discussed in [46].

Connections of optimal transportation with the problem of small divisors were
considered in [94].

The regularization of transport problems was studied in [61] and [105].

Dynamical aspects of optimal transportation were considered in the papers [59]
and [107].

In the results presented above continuous or lower semicontinuous cost functions
were considered. However, in many problems, in particular, in ones connected with
duality, discontinuous cost functions are considered: see, for example, [20] and [100].
The paper [127] deals with an interesting concept of a virtually continuous function



810 V. 1. Bogachev

in the spirit of a certain refinement of the Luzin property. In a number of problems
such a property can replace the usual continuity of cost functions.

For characterizations of optimal plans, uniqueness problems, and duality, see
[109], [111], and [119].

I thank K. A. Afonin, A. V. Kolesnikov, E. D. Kosov, S. N. Popova, and A. V. Rez-
baev for useful discussions.
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