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ABSTRACT

In this thesis we treat different aspects of the Optimal Transport theory.

First of all, we present a new class of Optimal Transport costs for non-negative
measures with possibly different masses. These are obtained by a convex relax-
ation procedure of a cost for non-negative Dirac masses. As a byproduct of our
analysis, we show that the classical Optimal Transport cost can be obtained by
the same procedure. A primal-dual formulation of the cost, optimality conditions
and metric-topological properties are also presented.

Secondly, we introduce and investigate a notion of multivalued dissipative op-
erator (called Multivalued Probability Vector Field - MPVF) in the 2-Wasserstein
space of Borel probability measures on a (possibly infinite dimensional) separa-
ble Hilbert space. Taking inspiration from the theories of dissipative operators in
Hilbert spaces and of Wasserstein gradient flows, we study the well-posedness
for evolutions driven by such MPVFs, and we characterize them by a suitable
Evolution Variational Inequality (EVI), following the Bénilan notion of integral
solutions to dissipative evolutions in Banach spaces. Our approach to prove the
existence of such EVI-solutions is twofold: on one side, under an abstract stabil-
ity condition, we build a measure-theoretic version of the Explicit Euler scheme
showing novel convergence results with optimal error estimates; on the other
hand, under a suitable discrete approximation assumption on the MPVE, we
recast the EVI-solution as the evolving law of the solution trajectory of an appro-
priate dissipative evolution in an L? space of random variables.

Finally, we prove a general criterium for the density in energy of subalgebras
of Lipschitz functions in the metric-Sobolev space H'"P(X,d, m) associated with
a Borel positive measure m in a separable and complete metric space (X,d). We
then provide a relevant application to the case of the algebra of cylindrical func-
tions in the space H'?(P;(IM), W5 4,,, m) arising from a probability measure m
on the Kantorivich-Rubinstein-Wasserstein space (?>(IM), W, 4,,) of probability
measures in a complete Riemannian manifold or a separable Hilbert space IM.
We will show that such a Sobolev space is always Hilbertian, independently of
the choice of the reference measure m so that the resulting Cheeger energy is
a Dirichlet form. We will eventually provide an explicit characterization for the
corresponding notion of m-Wasserstein gradient, showing useful calculus rules
and its consistency with the tangent bundle and the '-calculus inherited from
the Dirichlet form.
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INTRODUCTION

The Optimal Transport problem was proposed for the first time by Monge [83]
in 1781 and its current mathematical formulation is mainly due to Kantorovich
[66]. Roughly speaking, it asks to find the best way to move a certain amount
of material from one starting place to a given new configuration. Depending on
the meaning assigned to the terms “best", “move" and “place”, one can get many
different situations: for instance allocation of resources, the physical movement
of masses, evolution of particle systems, etc...

With the modern language of measure theory, we can formulate the problem
as follows: suppose we are given two complete and separable metric spaces X
and Y and two Borel probability measures p on X and v on Y; let us assume that
c: X xY — [0,+00] is a cost function, meaning that the value of c(x,y) tells how
much we pay to move a unit mass in x to the target location y. What we want to
findisamap T : X = Y “moving p to v" and minimizing the cost

J c(x, T(x)) dp(x).
X

The interpretation of the above quantity is straightforward: given T, we move ev-
ery x € X to the assigned location T(x) and we evaluate the cost of this operation
as c(x, T(x)); integrating w.r.t. p gives the total cost associated to T.

With the expression “T moves p to v", we mean that for every subset B of
Y the total mass sent to B (corresponding to w(T~1(B)) must coincide with the
mass assigned to B (which is given by v(B)). In other words, T must satisfy

v(B) = w(T~'(B)) for every Borel set B C V.

This is expressed in mathematical terms saying that v is the push forward of
u through T, denoted by Tyu. The precise formulation of the so called Monge
Optimal Transport problem is then

inf {J cx, T(x))du(x)T: X =Y, Tu = v} .
X

Monge did a fine analysis of many properties of minimizers in case X =Y = R¢
and the cost function is given by the Euclidean distance, in particular carrying
out a deep study of the geometric properties of transport rays; existence of min-
imizers was only addressed later: the main issue is that in some cases the set of
admissible transport maps may be empty (e.g. in case X =Y = [0, 1], p = §o and
v is the Lebesgue measure on Y) and, in general, it doesn’t enjoy good compact-
ness or closure properties.

The question of existence of minimizers was solved only many years later by
Kantorovich; in his formulation, mass is allowed to split: this corresponds to the
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introduction of transport plans, instead of maps; a transport plan vy is a proba-
bility on the product space X x Y having as marginals p and v respectively. This
means that, to each pair of Borel subsets A C X and B C Y, the measure y assigns
the fraction y(A x B) of mass in A that has to be moved to B. The Kantorovich
Optimal Transport problem is thus to find

OTc(y,v):= inf{JX c(x,y)dy(x,y)lve F(p,v)} , (1.0.1)

XY

where I'(, v) is the set of admissible transport plans. It is readily seen that I'(, v)
is always non-empty and it can be proven to enjoy very good properties, in par-
ticular it is compact in the narrow topology. Under a few regularity assumptions
on the objects involved in the problem, the existence of minimizers can be easily
proven (e.g. if the problem is feasible and the cost function is proper and lower
semicontinuous). Moreover the nice linear structure of the problem allows to use
techniques from convex optimization, and thus makes it possible to provide du-
ality formulas, in order to characterize the optimal solutions of the problem.

After the seminal works [66, 67] of Kantorovich, the Optimal Transport prob-
lem received a great boost at the end of the XX century starting with the funda-
mental work of Brenier [23] (see also [52]) where he proved that, under suitable
hypotheses on the measures and on the cost function, there is a unique Opti-
mal Transport plan which moreover is concentrated on a map. Such result also
provides connections with the Monge-Ampere equation (see also [28]) and was
used by Brenier to prove a polar factorization theorem.

Since then, the theory of Optimal Transport has enormously grown in a number
of directions, see for example the works [3, 9, 29, 47, 117] related to the existence
of optimal maps, the fundamental papers [64, 9o] where the connection between
evolution PDEs and optimal transport problems was first noted and the works
[7, 56, 79, 113, 114] linked to analysis in metric spaces.

Moreover, in more recent years, Optimal Transport has been a widely used tool
in image processing or data analysis, so that it has become more and more im-
portant to come up with new ways to compute efficiently the Optimal transport
cost [16-18, 45]: this is linked for example to the Entropic regularization of Opti-
mal Transport [32] which is in turn connected with the Shrodinger problem [73,
74] and it is a fruitful ground for research. For a comprehensive introduction to
the theory of Optimal Transport and for more exhaustive lists of references we
refer to the classic monographs [5, 99, 100, 107, 118, 119], the more recent [4, 49]
and the application-oriented [92].

In the thesis we will deal with three specific research topics related to Optimal
Transport: in particular we will address the generalization of Optimal Transport
to pairs of measures with different masses, the description of evolutions of prob-
ability measures under a suitable notion of velocity field and the definition of
metric Sobolev spaces on the space of probability measures endowed with the
Wasserstein distance. Before entering in the description of the content of this the-
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sis, let us give a few references for these topics.

Unbalaced Optimal Transport. As it can be easily checked, the constraint y €
I'(w,v) in (1.0.1) forces the measures p and v to have the same total mass. It is
thus interesting to consider the situation when the two measures have different
non-negative masses and define the analogue of an Optimal Transport cost in
this case.

The problem of extending Optimal Transport methods to pairs of unbalanced
positive measures has been considered in a large number of works with different
techniques and different aims.

For what concerns dynamical formulations, many models inspired by the fluid
dynamic formulation of [15] for the classical Optimal Transport problem have
been proposed, see for example [69, 77, 80, 95, 96]. In such works, the authors
consider source terms in the continuity equation, thus leading to gain/loss of
mass during the evolution. The models proposed differ in the kind of source
chosen or in the penalization of it. We refer also to [36] where a more detailed
description of these models is given.

Static formulations of the unbalanced Optimal Transport problem were pro-
posed already by Kantorovich and Rubinstein [65] and subsequently extended
by Hanin [60] (see also the dual norm in [59]). These approaches can be thought
as a classical Optimal Transport problem where a fraction of the mass is allowed
to go (or come from) a point at infinity (see also [58]). More recent approaches
are given by the so called optimal partial transport [30, 48], which was previously
related to image retrieval [91, 105].

Optimal partial transport (see [36]) is in turn also related to [95, 96], since this
latter works also provide a dynamic formulation of optimal partial transport. We
also mention that [95, 96] are also connected to [14] where it was proposed to
change the marginal constraints and to add a penalization term.

Let us finally mention the Entropic Transport approach that has been proposed
independently in [37, 76]. The underlying idea is to interpolate the Wasserstein
and the Hellinger metrics in order to produce a new transport cost between mea-
sures with possibly different masses. In this way, many of the above approaches
can be seen as particular instances of this class of Entropy-Transport problems.

In the first part of the thesis, extending some idea already contained in [76],
we define a cost between measures as the convex and lower semicontinuous
relaxation of a cost defined between weighted Dirac masses. Duality formulas,
optimality conditions and metric-topologial properties of this new class of costs
are also presented.

Evolutions in the space of probability measures. Many relevant examples of
evolutionary PDEs (describing transport and diffusion phenomena) and models
for describing the interaction of agents/particles show the great importance to
study the evolution in time of probability measures.

A very important class of such evolutions is provided by (a suitable adapted
notion of) gradient flow in the space of probability measures. The starting point
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of this theory comes from the works of Jordan, Kinderlerer and Otto [64, 90]
where they noted for the first time a gradient flow structure in some PDEs
w.r.t. the Kantorovich-Rubinstein Wasserstein (in brief, Wasserstein) distance on
probability measures (see also [1, 27, 90].

We refer to [5], where the authors develop a whole theory for the notion of
gradient flow in metric spaces: in this context the Euclidean definition must be
carefully adapted since neither the notion of velocity of a curve or the one of sub-
differential of a functional are immediately clear. A crucial tool they employ for
existence and uniqueness results is the one of geodesic convexity of a functional
on a metric space which is is strictly connected to the displacement convexity
introduced and studied by McCann [82].

Besides gradient flows, other kinds of evolutions describing large numbers
of agents have been considered; we mention here two recent works related to
evolutions of probability measures under the action of notions of vector fields.
In [21] the authors aim at developing a Cauchy-Lipschitz theory for non-local
continuity equations where the velocity field can be thought as a map from the
space of probabilities to the space of Lipschitz vector fields on the base space. In
the works of Piccoli [93, 94], which have been in part an inspiration for the second
part of the thesis, it is introduced the notion of Measure Probability Vector Field:
heuristically, this is a vector field on probability measures such that each point
in the support of a probability measure is moved according to a probability
distribution on the space of admissible velocities.

In the second part of the thesis we further generalize the theory proposed by
Piccoli and we connect it to the general theory of Wasserstein gradient flows
and of dissipative evolutions in Hilbert spaces. We provide a notion of evolution
based on a suitable Evolution Variational Inequality and we prove existence of
curves satisfying it employing measure theoretical versions of both implicit and
explicit Euler schemes.

Metric Sobolev spaces and Optimal Transport. Starting with the fundamen-
tal work of Otto [90], the geometry of the Wasserstein space (P2(X), W2 ), where
X is a Riemannain Manifold or an Hilbert space, has been deeply investigated.
Besides the study of gradients for smooths functions, the definition of tangent
spaces [5, 53] and in general the properties of a weak Riemmanian structure [78],
in the last years there have been also proposals to define a canonical Riemannain
measure on (P, (X), W, ): this was done first by Sturm and Von Renesse [101] for
the particular case of X = S' and then generalized by Sturm [115] to the case of
a closed smooth Riemannian manifold.

It is natural to study the Dirichlet energy associated to such measure: for exam-
ple, Dello Schiavo [44] considered measures m that satisfy an integration-by-parts
formula; starting from the regular class of cylindrical functions on (P, (X), W),
in [44] the author proves a Rademacher-type result for Lipschitz functions.

Since (P, (X), W, m) is a particular example of complete metric measure space,
it is natural to compare the approach of Sturm and Dello Schiavo with the one
coming from the general metric theory [19, 57, 62, 108]. This aspect is even more
interesting because of the crucial role that Optimal Transport played in the devel-
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opment of the theory of CD and RCD spaces [7, 8, 54, 79, 113, 114]. In particular
this studies revealed the importance of the notion of infinitesimal Hilbertian-
ity, meaning that the Cheeger energy associated to the metric-Sobolev space is a
quadratic form. In the particular case of (P, (X), W, m) the point is thus to under-
stand if the class of cylindrical functions is dense in energy in the metric-Sobolev
space.

The third part of the thesis is devoted to these kinds of problems; first we
provide a general criterium for sub-algebras of Lipschitz and bounded functions
to be dense in Sobolev metric measure spaces. Then we apply the general result
to the Sobolev space H'%(P,(X), W, m), for a general Borel positive measure
m on P, (X), showing that, in case X is a (possibly infinite dimensional) Hilbert
space or a complete Riemannian manifold, the resulting metric Sobolev space is
indeed Hilbertian. We will eventually provide an explicit characterization for the
corresponding notion of m-Wasserstein gradient, showing useful calculus rules
and its consistency with the tangent bundle and the '-calculus inherited from
the Dirichlet form.

The remaining part of this introduction is devoted to the detailed discussion
of the three parts of the thesis.

1.1 CONTENT OF THE THESIS AND MAIN RESULTS
1.1.1  Part I: Unbalanced Optimal Transport

In order to highlight the analogies between the classical Optimal Transport set-
ting and the results we have obtained in the unbalanced case, we first give a brief
account of some of the fundamental results of the classical theory.

The classical Optimal Transport case. We fix two complete and separable metric
spaces X7 and X, two Borel probability measures p; € P(X;), i = 1,2, and
a proper (i.e. not identically +oc0) and lower semicontinuous cost function c :
X7 x Xz — [0, +00]. As outlined in the first part of the introduction, the primal
formulation of the optimal transport problem is given by

OTe(br, uz) = inf{L c(x1,x2) dy(x1,xa) | v € F(m,uz)} (1.1.1)

1XX2

where I'(11, 12) can be defined as

Mur, u2) = {y € P(Xi x X2) Ixjy = wi, i = 1,2},

with x': X7 x X5 — X; given by x'(x1,%2) = x4, for i = 1,2. This is of course just
an alternative way to say that the marginals of y are n; and p,. If we consider
on P(X; x X2) the narrow topology (the topology induced by the duality with
bounded and continuous functions in X; x X3), the existence of minimizers in
(1.1.1) is a direct consequence of the narrow compactness of I'(11, iz ) and of the
narrow lower semicontinuity of the map y — [ cdy.



INTRODUCTION

The celebrated Kantorovich duality theorem states that

OTc(p1, 12) =sup{D(@1, @2; 11, 12) | (@1, 92) € Y} (1.1.2)

where D is simply the duality pairing

D@1, 92,11, 12) 1=J ©1dw +J @2du (1.1.3)

X1 X2

and the set of admissible pairs V. is defined as

Y= {(@1,@2) € Cp(X1) x Cp(X2)

@1(x1) + @2(x2) < cx1,%2)
for every (x1,x2) € X1 x X2

While the proof of the > inequality in (1.1.2) is immediate, the proof of the con-
verse inequality is generally more involved and, usually, it is first carried out in a
simplified setting (discrete measures, compact spaces, etc...) using some convex
analysis tool ultimately relying on Hahn-Banach theorem, and then extended to
the general setting by exploiting the structure of the problem (see e.g. [68, 72,
118]).

The existence of maximizers for the dual problem (1.1.2) (also called optimal
potentials) in the class V. is not guaranteed in general, unless stronger hypothe-
ses are assumed on the spaces and on the cost. For example if X; and X, are
compact and c is continuous, one can get the existence of a pair (@1, ¢2) € VY.
realizing the equality

J <p1du1+J @2duy =O0Tc(py, u2).
X X2

The proof (see e.g. [107, Proposition 1.11]) of this result is usually based on
the c-transform technique: given an admissible pair (@1, ¢2), the pair (@5, )
defined as

09 (x2) == lfg( {c(x1,x2) —@1(x1)}, x2 € X2,
X1 1

e (x1) izxig( {clx1,x2) — @5 (x2)}, x1 € Xy,
2 2

(1.1.4)

is still admissible, both functions have the same (uniform) modulus of continuity
of c and the new pair (@S°, @) does better than the previous one, meaning that

J <p1du1+J (PzdP-z<J @%"’dqu @5 dus.
X1 X

X4 X

Finally, observing that the “shifted" pair (¢1 —k, 2 + k), k € R, is again admis-
sible and realizes the same value in the dual formulation, it is possible to impose
that min ¢ = 0, so that one gets also uniform boundedness of the potentials and
an application of Ascoli-Arzela theorem leads to the existence of a maximizing
pair in We.
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The existence of a sufficiently regular maximazing pair (@1, @2) can be also
employed to prove the existence of an Optimal Transport map, if the cost ¢ and
the probabilities 1, p, satisfy some additional hypotheses. Let us briefly sketch
the idea in a simple setting: suppose that X; = X; = Q is a smooth bounded
domain in RY, py < £9 o ¢ and @ are Lipschitz continuous and vy is an
Optimal Transport plan in I'(py, n2); we know that @1(x1) + @2(x2) < c(x1,%x2)
for every x1,x2 € Q and that on the support of y this must be an equality. Under
the present assumptions, it is possible to see that the interior of the set

L :={(x1,x2) € supp(y) |y — c(y,x2) — @1(y) is differentiable at y = x1}

has full y-measure. Thus on int (X) we have that V@1(x1) = 01¢(x1,x2); if we
ask to the cost c to satisfy the so called “twist condition", i.e. that z — 91c(x1,z)
is invertible for every x; € Q, we have that there exists a unique x, € Q such
that V1(x1) = 01¢(x1,x2) and thus 7y is concentrated on the graph of a Borel
function T i.e. T is an Optimal Transport map.

In general one cannot hope to get the existence of a maximizing pair in the class
Y., but optimality conditions are (almost) always available in the form of the
following result, which relies on the crucial notion of c-cyclical monotonicity: a
set A C Xy x X3 is said to be c-cyclically monotone if for every n € N, every
family of points {(x% , x})}{‘zl C A and every permutation o of {1,...,n} it holds

n n
Z X],Xz ZC X-I,Xz
i=1 i=1

It is clear that the c-cyclical monotonicity of the support of a plan y € I'(p1, p2)
is equivalent to optimality for y in the discrete setting (i.e. if the measures p;
have a finite support), but it is a remarkable result (see e.g. [5, Theorem 6.1.4])
that this is also the case in general, under a few integrability assumptions on the
cost function.

The last fundamental fact about Optimal Transport we want to recall is related
to metric and topological properties (see e.g. [5, Proposition 7.1.5]); indeed, if
we take as cost ¢ = dP where d is a distance metrizing X and p € [1,+00), then
the resulting optimal transport cost OTgp is the p-th power of a distance (the
p-Wasserstein distance Wp,) on

Pp(X) = {ue P(X) IJ

dP(x,x0) du(x) < +oo for some, hence for all, xg € X} .
X

The topology induced by W, is compatible with the narrow topology, in the
sense that given a sequence (un)n C Pp(X) and p € P, (x), we have that

Jx dP(x,x0)dun (x) = [ dP(x,x0)du(x)
Wy (ln, 1) — 0 if and only if for some, hence for all, xg € X,

ln — W in the narrow topology of P(X).
(1.1.5)



INTRODUCTION

Contributions in Part I. In many of the approaches to generalize the classical
Optimal Transport problem to unbalanced measures [37, 76, 95, 96] the general
idea is to find an equivalent formulation of the standard Optimal Transport prob-
lem which is suitable to be extended to general measures. Let us briefly describe
the idea of [76] which was in part an inspiration for our work: in [76] the au-
thors consider two Polish spaces X; and X3, two nonnegative Radon measures
w € M, (Xq) and uy € M, (X32), two Borel functions Fq,F; : [0, +00) — [0, +0o0],
and a Borel cost function ¢ : X; x X — [0, 4+00]. Given a nonnegative Radon
measure y € M, (X7 x X3), they define the functionals

Filv;Fi) ::J Filoo)dui + (FOLyi (Xi), xy=owmi+vi, i=1,2,

i

where (F;). = lim

o s——+00
w.r.t. yi. They then define their entropy-transport cost as

and (cri,yil) is the Lebesgue decomposition of xéy

Fi(s)
s

ETr pyclin,ua) = inf 7 ;FiHJ cdy. 116
Fq,Fa,c M1, 12 yeﬂ’(X1><Xz); Y X1 %X, Y ( )

The idea is that J; measures the discrepancy between the i-th marginal of y and
the measure 1, and then one adds the standard Optimal Transport cost induced
by c. If F; =17 for i = 1,2, one gets the classical Optimal Transport cost induced
by ¢, where I is the function equal to 0 at T and +oo elsewhere.

The strategy we propose here is in the same spirit: we first notice that the classical
Optimal Transport cost can be expressed as the convex relaxation of a suitable
functional on measures and we use this point of view to define a notion of cost
for non-negative measures with possibly different masses.

The first key observation is the following: the Optimal Transport cost as in (1.1.1)
satisfies

OTc(6x,,0x,) =c(x1,x2) for every (x1,%x2) € X7 x X3 (1.1.7)

so that it is natural to define the singular cost F. : M(X1) x M(X2) — [0, +o0]
given by

. M1 =T10x,, u2 = T10x,,
ric(xq,x2) if
Felpmr, 12) = x1 € Xy,x2 € X2, 11 20, (1.1.8)

+o0 elsewhere,

where M(X;) denotes the vector space of signed and finite Radon measures on
Xi, fori=1,2.

The second remark comes from (1.1.2) which shows that the Optimal Trans-
port cost OT,, being the supremum of a family of linear and narrowly contin-
uous functionals, is a convex and narrowly lower semicontinuous functional in
?(X]) X '.P(Xz).

It is therefore natural to consider the extension EOT. of OT. to M(X7) x M(X3),
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obtained by homogeneity if py(X7) = nu2(Xz) > 0 or set equal to +oo if one of
the measures is negative; in other words, we define EOT. : M(X1) x M(X2) —
[0, +00] as

TC 7 f X — X = 20,
EOT. (11, 112) = aOTc(ur/a,pp/a)  if ui(Xy) =m2(X2) =a (1.1.0)

+00 elsewhere.

The above observations strongly suggest that EOT. can be characterized as the
largest narrowly lower semicontinuous and convex functional below the cost J,
which is precisely the content of [109] where we thus obtained that

EOT. =co (F). (1.1.10)

The nice consequence of the proof of this result is twofold: on one hand it pro-
vides a natural and simple proof of the Kantorovich duality. On the other hand,
it presents a characterization of the Optimal Transport functional that can be
generalized to the unbalanced context. To do that we need to interpret further
the equality (1.1.10); what it seems to suggest is that, in a way, the space of
non-negative measures M (X) is the closed and convex envelope of “weighted
points" in X and that cost functions on X lift to nice cost functions on M (X)
through a convexification procedure, meaning that the resulting cost is the corre-
sponding (extended) Optimal Transport one. The rigorous counterpart is the fact
that actually the convex envelope of the set of weighted Dirac masses is dense in
M(X) (see Proposition 3.1.1). However, there is a representation issue due to the
fact that the null measure can be represented in many (actually infinite) ways as
a weighted Dirac mass i.e.

Ox =0-8x foreveryx € X.

This suggests that the correct space to represent weighted Dirac masses is not
exactly X x R but rather the quotient of this space w.r.t. the equivalence relation
that sends all the points (x, 0) to the same equivalence class. More rigorously, we
define on X x R the equivalence relation

1) ~(ys) & x=yr=s£0 V r=s=0

and the corresponding geometric cone €[X] := (X x R, )/ ~. Points in €[X] are
denoted by equivalence classes [x, 1]; in €[X] one can consider a suitable topology
(weaker than the quotient one) that makes it isomorphic to the set of weighted
Dirac masses endowed with the (restriction of the) narrow topology (see Lemma

3.2.1).

Taken into account the cone construction, the correct way to define, this time,
a cost on weighted Dirac masses is thus to consider a Borel function

H:¢(Xq) x Q:(Xz) — [0, +o0],

which we will assume to be proper, lower semicontinuous and 1-homogeneous,
in the sense that the map

(r1,712) € RZ = H([x1,71], [x2,72])
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is 1-homogeneous for every fixed (x1,x2) € X7 x X;. While the properness and
the lower semicontinuity assumptions are natural, the 1-homogeneity assump-
tion deserves a comment: from a modeling point of view we are saying that mov-
ing mrydy, to mrydy, costs exactly m times moving 118, to 1204,. In analogy
with (1.1.8) we can define the unbalanced singular cost A : M(X7) x M(X2) —
[0, +00] as

=T110x,, =120x,,
Hilxy,milixa,a)) if T 1o B2 m o
ulur, u) = x1 € Xy,%2 € X2, 11,12 20,

+o0 elsewhere.

As a primal formulation for the unbalanced problem, given H : €[X;] x €[X,] —
[0, +o0] as above, let us consider the functional

Un(m, 12) = inf{JHdcxI cxesﬁ‘(m,uz)}, (1.1.11)
with
9 (w1, 12) = {ax € ML (CX] x X)) : b (&) = i},

where 9! (€[X1] x €[X3]) is the subset of measures in M (€[X1] x €[X3]) such
that [(r1 +72) de is finite and h! is the map sending &« € M1 (€[X;] x €[X3]) to
xé(ri o) € M4 (X;). Notice that this coincides precisely with the “homogeneous
perspective marginal costs" considered in [76, Definition 5.1]) (this was indeed
the part of [76] that inspired our work): the authors prove that suitably combin-
ing Fq, F2 and c (see in particular [76, Definition 5.1]) one can obtain a function H
(thus depending on Fy, F, and c) such that the entropy-transport cost as in (1.1.6)
coincides with %4. Notice that, if the cost function H is given by

p ifri =120,
H(lr, 7], B, ) o= | 1 ED¥X2) i =2 (1.1.12)
400 elsewhere,

for some proper and lower semicontinuous function c : X7 x X3 — [0, +00], then
U = EOT. and A = TJ, so that, at least at level of singular costs and primal
formulations, these are truly generalizations of the (extended) Optimal Trans-
port problem. Moreover, in analogy with what happens for EOT,, the primal
formulation-cost %4 enjoys nice properties, we have equality between co (/)
and %y, and we can prove a duality formula (see Proposition 4.1.3 and Theo-
rems 4.1.4 and 4.2.4).

Theorem 1.1.1. Let X;,X; be Polish spaces. Then for every (w1, n2) € My (Xq) X
M (X2), there exists o« € $' (w1, 12) such that

Zha(w, 12) =J Hde.
C[X 1x€[X,]

Moreover %y is a lower semicontinuous convex function such that

Ui (110x,,120x,) < H([x1,11]; [X2,72]) (1.1.13)
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for every (x1,x2) € X3 x X3 and every (v1,72) € R4. If, in addition, H is also convex,
meaning that the map sending (v1,12) € 1R§r to H([x1,71], [x2,72]) is convex for every
fixed (x1,x2) € X1 x Xy, then the above inequality is an equality. Moreover

U1, 12) = o (Fh) (11, u2) =sup{D(@1, @2, 11, 1u2) | (@1, 92) € Dy} (1.1.14)

for every (w1, n2) € My (Xq) x M4 (Xz), where

(1, 92) € Cp(X7) x Cp(X3) s.t.
Qn = @1(x1)m1 + @2(x2)r2 < H([x1,71], [x2,72])
for every (x1,%2) € X1 x X2, 11,12 20

The lower semicontinuity of the cost function %4 follows by two consider-

ations: the first one, which is strongly based on the 1-homogeneity of H, con-
cerns the possibility of carrying out the minimization procedure among those
x € H' (11, 1) with support contained in {([x1,71], [x2,72]) | 71,12 < R} for some
R > 0; the second fact is the nice dependence of the set o € 9 (n1, w2) wort. the
narrow convergence, as it happens for the canonical set of plans I'(uy, u2) (for
the details see Lemma 3.2.6).
The proof of the equality % (w1, n2) = co () (11, H2) can be carried out in two
ways: the first constructive proof (see Theorem 4.1.4) exploits an explicit charac-
terization of co (#4) and the density of discrete measures to show “by hand" the
equality co (#4) = %u. The second approach is the same used for the equality
(1.1.10) in [109], i.e. just a simple application of the Fenchel-Moreau theorem. No-
tice that the duality result is completely analogous to the classical Kantorovich
duality (1.1.2) and reduces to it in case H has the form in (1.1.12).

Adopting a slightly different point of view (that involves sufficiently rich sub-
algebras of continuous and bounded functions, see Lemma 3.1.6) in the proof
of the above result we can show a reinforcement of (1.1.14) (resp. of (1.1.2)): we
can obtain duality formulas with smooth C* functions in finite dimensional Eu-
clidean spaces, Lipschitz functions in metric spaces or smooth cylindrical func-
tions in topological vector spaces. Following the path given by the classical Opti-
mal Transport theory, it is then natural to investigate the existence of potentials
in a sufficiently regular setting; to this aim we present two different situations
where, assuming that the spaces X;,X; are compact and that H is continuous,
1-homogeneous and convex, it is possible to prove such existence:

1. If H is finite on the whole product cone €[X;] x €[X;], it is enough to as-
sume that H satisfies a few integrability conditions w.r.t. uj and p, and to
have some control on the derivatives of H at the boundary of the product
cone. For a detailed discussion see Section 5.1.1.

2. If His finite only on a smaller cone (depending on the ratio p (X1)/u2(Xz2)),
it is sufficient to assume that H diverges to +oco on the boundary of such
smaller cone in a uniform way. For the details see Section 5.1.2.

11



12

INTRODUCTION

In both these situations it is possible to define the analogous of the c-transform
as in (1.1.4) for a pair (@1, @2) € @y as

o'(x2) == inf inf {H([X1,O£],[Xz,”) — QT (X1)}, X2 € X2,
x1EXT =0

HH : . H
= inf inf{H 1 — X
o) i= infinf {Hiber, 1) b o) — aolital i e,
and prove that the transformed potentials enjoy sufficiently nice properties to
use a Ascoli-Arzela argument. The result is the following (see Theorem 5.1.5).

Theorem 1.1.2. Assume that X1, X, are compact, that H is continuous, 1-homogeneous,
convex and that one of the two settings above is satisfied. Then, there exists a pair
(@1, 92) € Oy such that

J <P1du1+J @2 duy = (w1, u2).
X1 X2

As for the classical Optimal Transport theory, the existence of regular potentials
can be a powerful tool to prove the existence of an Optimal Transport map, under
a few additional assumptions on the cost function H, involving its differentiabil-
ity properties. We thus obtain the following result (see Theorem 5.1.6).

Theorem 1.1.3. Let K C RY be a compact and convex set with nonempty interior,
let H : €[K] x €[K] — [0,+00) be a 1-homogeneous and convex function which is
in addition differentiable and Lipschitz continuous on the product cone w.r.t. the cone
distance induced by the Euclidean one (see (3.2.4)). Let py € M4 (K) with supp iy =K,
i=1,2;if uy is absolutely continuous w.r.t. L4 (the d dimensional Lebesgue measure
on K) and

I

for every x1 € int (K) the map

¢[K] 5 [y, q] — (a‘H(’”’”y’q)) e R is invertible,
02H(x1,1;y,q)

then there exists a Borel map T : K — €[K] s.t.

i2 = (0 Ty) (), JKH([XLH,T(M))dM(XHZ@H(M,Hz)-

The proof of this result is in the same spirit of to the one of the classical Opti-
mal Transport theory, but several more complicated technical aspects have to be
taken into account.

As in the classical Optimal Transport case [5, Theorem 6.1.4], we can investigate
general optimality conditions. It is not surprising that also in the unbalanced case
the concept of cyclical monotonicity is crucial. In particular, the 1-homogeneity of
the cost function H and the cone structure allow to lift the cyclical monotonicity
from the support of an admissible plan « € h'(mq, 12) to the convex cone that
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it generates. More precisely, given I' C €[X;] x €[X,] and (x1,x2) € X1 x Xz, we
define the (x1,x2)-section of T as

Mo = {(r1,72) € R% | ([x1,71], [x2,72]) € T}

and the convex cone generated by T as

= U {(x1,71), x2,m2]) | (r1,72) € P 0 b
(x1,x2)€X1 xX3

where f, +, is the convex cone in R? generated by Ty, x,. Analogously, for
(x1,%2) € X1 X X2, we denote by Hy, x, the map (ry,12) — H([x1,11], [x2,712]).
With this notation, we can state the following result (see Proposition 5.2.3 and
Theorem 5.2.5).

Theorem 1.1.4. Let ny € M4 (Xy) fori=1,2, and let x € Y),L(m, ).

If o is optimal and [Hda < +oo, then « is concentrated on a Borel subset T C
C[Xq] x €[X5] s.t. [ is H-cyclically monotone.

On the other hand, let T be a Borel set on which « is concentrated such that '  D(H)
and let us suppose that the effective domain of H is independent of (x1,x2) € X1 x X2,
meaning that D(Hy, x,) = D(Hy, y,) for every (x1,x2), (y1,y2) € Xq x Xa. If we
assume moreover that the following conditions are satisfied:

1. there exists ([x1,T1), [X2,T2]) € [ such that (71,72) € int (D(0Hx, x,)),

2. there exist positive constants ai, by, i =1,2s.t.

0y <{X1 € Xy | J H([x1, a1]; [x2, b1]) dua(x2) < +OO}> >0,
%2 (1.1.15)
15 <{Xz € Xz | Jx H([x1, azl; [x2, b2]) dug (x1) < +OO}> >0,

then, if [ is H-cyclically monotone, o is optimal, [Hda < ~+oo and there exists a
maximizing pair (@1, @2) € L1 (X, u1;R) x LT(Xz, ua; R) for the dual problem i.e.

J <p1du1+J @2duy = %, n2).
X; X5

Finally we treat the case in which H is (the p-th power of) a distance on €[X]: un-
der this condition, we show that the resulting cost %4 is itself (the p-th power of)
a distance on an appropriate subset of M (X) metrizing the weak convergence
of measures, precisely as it is for the standard Optimal Transport problem [5,
Proposition 7.1.5]. The result is the following (see Theorems 5.3.7 and 5.3.8).

Theorem 1.1.5. Let X be a Polish space and let H : €[X] x €[X] — [0, +o00) be a lower
semicontinuous and 1-homogeneous function which is the p-th power of a distance on
C[X] whose induced topology is stronger than the topology of C[X]. Then % is the p-th
power of a distance on the subset My p, (X) of measures with finite p-th moment w.r.t. H
defined as

wmpmwz{ueM+mnj

H([x,1],0) du(x) < +oo}.
X

13
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Moreover, given a sequence (Un)n C My p(X) and u € My (X), we have that

lim Z(un, ) =0 = MM
e Jx H([x, 11;0) dpn (x) = [y H([x, 1];0) du(x).

The first part of the thesis is organized as follows: Chapter 3 is devoted to estab-
lish the general setting and a few technical tools that will be used in the sequel;
Chapter 4 contains the core of our results: the convexification approach is pre-
sented and duality is treated; moreover a last section is devoted to the case of
merely Hausdorff spaces, where a suitable definition of narrow topology has to
be taken into account; finally Chapter 5 treats the optimality conditions and the
dual attainment both in the general case and in the more regular one, together
with a few remarks on the metric and topological properties of %4 in case H is
(the p-th power of) a distance.

Part I is the result of a collaboration with Giuseppe Savaré and part of the mate-
rial presented in Sections 3.1, 4.3 appeared in [109].

1.1.2  Part II: Dissipative evolutions in Wasserstein spaces

The study of gradient flow evolutions has always been a very relevant topic
in analysis with many applications. An important framework for many PDEs
models is the one of a convex', proper and lower semicontinuous function f :
H — (—o0, +-00] in a Hilbert space H with norm |- |. A gradient flow of f starting
from Xy € D(f) is a locally absolutely continuous curve x : [0,4+00) — H such
that

X € —0f(x¢) ae. t>0, (1.1.16)

X0 = Xo,

where —0f(z) is the opposite of the subdifferential of f at a point z € D(f),
defined as

ve of(z) ifandonlyif f(y)—f(z) > (v,y—z) foreveryye H. (1.1.17)

The generalization of gradient flows to general metric spaces has been a very in-
teresting topic that started with the works of De Giorgi and his collaborators [41]
and has attracted a growing interest in the Optimal Transport and PDEs commu-
nities since the works of Jordan, Kinderlerer and Otto [64, 9o] where they noted
a Wasserstein-gradient flows structure in some important evolution equations.
Let us explain here the main ideas when the metric space under consideration
is (P2(H), W;), where H is a (possibly infinite dimensional) separable Hilbert
space, P> (H) is the space of Borel probability measures on H with finite second

A less restrictive notion of convexity, namely A-convexity, A € R, can be used in the Hilbertian and
Wasserstein settings. While this will be considered in the thesis, we prefer to stick to the simpler
convex setting in this introduction
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moment and W, is the 2-Wassertstein distance induced by the norm |- | of H.
In order to formulate (1.1.16) in the Wasserstein setting, we need to find a way
to express (1.1.16) without relying on the Hilbertian structure. The first step is to
notice that, if we fix a point y € H and we compute the derivative of the square
norm |x; —y|? along a solution x of (1.1.16), we get

——|x¢ —yl2 = (%¢, xt —y) < fly) —f(x¢) ae t>0, (1.1.18)

since Xy € —0f(x¢). On the other hand, it is clear that, if a locally absolutely
continuous curve x : [0,400) — H satisfies (1.1.18), then it satisfies (1.1.16).
Conditions like (1.1.18) are usually called Evolution Variation Inequality (EVI);
as it was first noted in [5], the very nice thing is that (1.1.18) is completely
independent from the Hilbertian structure and can be set in general: given
¢ : P2(H) — (—o0,+0], we say that a locally absolutely continuous curve
i:[0,400) = Xis a EVI-gradient flow of ¢ starting from fip € D(¢) if

%%Wﬁ(ut,v) < $(v) —d(ne) foreveryve Pr(H)and ae. t >0,

(1.1.19)

We refer to [5] for the general theory of gradient flows in metric spaces and, in
particular, to the second part of the book, where the authors treat the Wasser-
stein case. Both in the metric and Wasserstein settings, the crucial tool is the
minimizing movement scheme [41] (which in the present Wasserstein setting is
also called JKO-scheme, according to [64]): let us define, for every n € P,(H)
and t > 0, the map @(t1,v;-) : P2(H) — (—o0, +00] as

O(t,w;v) = ;—TWZ(u,v) +¢(v), veP(H).

Starting from the initial point fip, one iteratively defines the sequence

Ho = Ho, (1.1.20)

Hn € argmin, o g P(T, Hn—1;v), n =1,

and the piece-wise constant interpolating curve . : [0, +00) — X. The reason
behind this scheme is the following: in the Hilbertian case, minimizers p, of
O(T, un—1;-) are exactly one step of Implcit Euler scheme for ¢; the correspond-
ing sequence (xn)n C H defined as in (1.1.20) for f : H — (—o0, +-00) would
indeed satisfy

Mn T Xnol o —0f(xn). (1.1.21)

Under suitable hypotheses on ¢, it is possible to prove (see [5, Chapter 11] that
the curves (pc)r>o have at least an accumulation point u as T | 0 in an ap-
propriate topology and that p solves (1.1.19). In addition, exploiting the par-
ticular structure of this space, in [5], the authors give a notion of subdiffer-
ential for a proper, lower semicontinuous and geodesically convex functional
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¢ : P2(H) — (—o0,+00]: we denote by TH := H x H the (flat) tangent bun-
dle to H and, given nu € D(¢), we say that ¥ € P,(TH) belongs to d¢(u), the
subdifferential of ¢ at , if

for every v € P,(H) there exists o € A(¥, V) such that

O(v) — dlp) > LH (Y= dolxyy)

(1.1.22)

where A(Y,v) is the set of o € P(TH x H) such that (x,v);0 =¥ and (x,y)30 €
o (1, v), the set of Optimal Transport plans connecting p to v. It is clear that this
definition is an integrated version of the classical (1.1.17). Notice moreover that
here an element of 9 () is defined as a probability on the product space, which
would correspond to say that in (1.1.17) (x,v) € —0f(x).

The second building block to better characterize solutions to (1.1.16) is a notion
of velocity for an absolutely continuous curve in P, (IH) which has to be some-
how compatible with (1.1.22); this is provided by [5, Theorem 8.3.1, Proposition
8.4.6]:if n: [0, +00) — P> (H) is a locally absolutely continuous curve, then there
exists a (a.e. uniquely determined) Borel vector field v : [0, +00) x H — H such
that the continuity equation

Otpe + V- (Vi) =0
holds in the sense of distributions in [0, +00) x H and

T W2 (il + hve g, Besn)
im
h—0 [h

=0 forae. t>0, (1.1.23)

where iy is the identity map on H.

With the notions of velocity and subdifferential at our disposal, we can finally
characterize a gradient flow evolution in the Wassestein space: we say that a lo-
cally absolutely continuous curve p : [0, +00) — P, (IH) is a Wasserstein-gradient
flow for ¢ starting from fip € D(¢) if

(il —Vvi)gie € 0d(pe) ae. t>0,
(1.1.24)

Lo = fo,

where v, is the vector field associated to the curve u as above evaluated at time t.
The remarkable result [5, Theorem 11.1.3] is that the notion of EVI-gradient flow
in (1.1.19) and the Wasserstein one in (1.1.24) coincide, under suitable hypothe-
ses on the functional ¢.

Since the aim of this second part of the thesis is to study dissipative evolutions in
Wasserstein spaces, let us spend a few words on what is well known: a particular
example of dissipative operator is the (opposite of the) subdifferential of a convex
function f : H — (—o0, +00], meaning that

(v—w,x—y) <0 forevery (x,v), (y,w) € —0f, (1.1.25)

where we are denoting by —9f the graph of the multivalued map x — —0f(x)
(equivalently (x,v) € —0f if and only if v € —0f(x)). It is then natural to consider
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general dissipative multivalued maps F : H — 2" sending a point x € H to a
subset F(x) C H satisfying

(v—w,x—y) <0 forevery (x,v),(y,w) €F, (1.1.26)

where with abuse of notation we are denoting by F both the multivalued operator
and its graph: (x,v) € F if v € F(x). Moreover, it is natural to consider the

component v as a velocity, so that we can identify F as a subset of TH = H x H.

The corresponding dissipative evolution is thus described by a locally absolutely
continuous curve x : [0, +00) — H satisfying

xt € F(x¢) ae.t>0, (1.1.27)
X0 = Xo,

for some %o € D(F). These evolutions have been a widely studied topic and
we refer to the book of Brézis [26] for a discussion of this theory. The strategy
to prove existence of a curve satisfying (1.1.27) in the classical setting relies on
the notion of resolvent operator J. of F which encodes a step of implicit Euler
scheme for F: given x € H and T > 0, we say that y € J.(x) if and only if
y—x
T

€ Fly)

which corresponds exactly to (1.1.21) with F in place of —0f . The crucial point
is that, if F is maximal dissipative (meaning that it is maximal in the sense of
the graph in the class of dissipative operators), then the resolvent operator is an
everywhere defined contraction and it is thus single-valued so that the implicit
Euler scheme is well defined. This allows to develop the theory of dissipative
evolutions in Hilbert spaces and have existence, uniqueness and stability results
for (1.1.27) (see e.g. [26, Theorem 3.1]), thus defining the semigroup operator
S¢ : D(F) — H associated to F: this is the (unique Lipschitz extension to D(F) of
the) map sending Xo € D(F) to the evaluation at time t > 0 of the solution x of

(1.1.27).

Contributions in Part II. The aim of this second part of the thesis is thus to
present a new class of dissipative evolutions in P,(H) in the same spirit of the
generalization of (1.1.16) to (1.1.24).

In analogy with the metric extension of gradient flow evolutions, the first step
is to express a dissipative evolution in a purely metric way (or, at least, in a
suitable way for the space P;(IH)). We start again from a natural characterization
of (1.1.27) in terms of Evolution Variational Inequality: if we take (y,w) € F C
H x H and we compute the derivative of the squared norm [x; —y|* along a
solution x of (1.1.27), we get

1d
iab(t —yl = (ke xe—y) = (e —w,xe —y) — (W, y —xi) (1.1.28)

<—(w,y—x¢) forae.t>0,

since x¢ € F(x¢) and F is dissipative. If F is also maximal dissipative, it is easy to
see that (1.1.28) is also sufficient to get (1.1.27); thus (1.1.28) is an equivalent way
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to express that x is the solution of (1.1.28) and we can observe that, even if it is
not immediately apparent, this is again a (almost) purely metric formulation: if
we consider the exponential map exp® : H x H — H sending (x,Vv) to x 4+ sv, we
can immediately notice that

1d

R s o 2: .

s=0

so that (1.1.28) can be equivalently expressed as

|exp®(y, w) —x¢?  for every (y,w) € Fand a.e. t > 0.
s=0

(1.1.29)

Moreover notice that (1.1.26) can be rewritten in terms of derivatives of the
squared distance as

1d
7 ds |exp®(x,V) —exps(y,w)l2 <0 forevery (x,v), (y,w) € F. (1.1.30)
s=0

The problem of extending (1.1.28) and the notion of dissipativity to P, (H) thus
reduces to find a suitable notion of exp in the space P,(TH) and to study its
differentiability properties. The natural candidate is of course the map exp; :
P2(TH) — P2(H) and the result is the following (see Proposition 7.1.3 and
Theorem 7.1.8).

Theorem 1.1.6. Let ®o, O € P,(TH) be measures with marginals po, w1 € P2 (H).
Then the maps

1 1
S — EW%(expg Do, 1), s— zW%(expE o, exp; @1)

are semi-concave and thus right and left differentiable at s = 0. If we define

W3 (exp§ o, 1) — W3 (1o, 1)

(Do, 1], = 181?& 7S , (1.1.31)
, W%(expﬁ Do, exp; O1) — W3 (1o, 1)
[q)o, (D1]1, = lgigl s B (1.1.32)
we have that
[@o, 1], = min {J (xo —x1,v0)do | o € A(Dg, 1 )} , (1.1.33)
THxH
[®o,®1]r—min{J (Xo—X1,Vo—V1>d@@)E/\(@o,(bl)},
THx TH
(1.1.34)

where the sets A(®o, ©1) and A(Do, w1) are defined as

Al®o, 1) = {o € T(®o, ) | (6, x" )0 € o b0, 1) },

(@0, @1) = {© € I(®o, @1) | (x°,x");@ € Ty (b0, 1) }-
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Notice that the subscript “r" stands for “right" since in the thesis we will also
consider the left derivative, which is however not needed in this introductory
part. We will then call a non-empty set F C P,(TH) “Multivalued Probability
Vector Field" (MPVEF), we say that it is dissipative if

[@p, 1], <O forevery @y, Oy € F (1.1.35)

and that a locally absolutely continuous curve p : [0, +00) — P2(IH) is a EVI-
solution for F starting from fip € D(F) if

%%Wﬁ(pt,xﬂd)) < —[®, ], forevery ® € Fand ae. t >0,
(1.1.36)
Ho = Ho-

The characterizations in (1.1.33) and (1.1.34) are particularly useful to study
semicontinuity properties of the pairings and since, by (1.1.23), every locally
absolutely continuous curve p : J — P,(IH) behaves locally as expg1 O, for
Oy = (iH,vt)glt, it is not surprising that we can characterize the directional
derivatives of the squared Wasserstein distance from a fixed point along abso-
lutely continuous curves (see Theorems 7.2.1 and 7.2.3). This is also important
when studying the stability properties of the notion of EVI solutions: the possi-
bility of expressing derivatives as pairings allows also to show the robustness of
the notion of solution (see e.g. Proposition 8.1.6).

Notice moreover that, thanks to the result above, we can immediately see that
the (opposite of the) subdifferential of a convex and lower semicontinuous func-
tional ¢ : P2 (IH) — (—oo,+00] can be characterized in the following way: given
n e D(¢), ® € P2(TH) belongs to —0¢(n) (meaning that (x, —v);® € dd(n),
where (x, —v)(x,v) = (x, —v) for every (x,v) € H x H) if and only if x;® = p and

d(v) —d(p) = [@, V], for every v € P,(H).

Finally it is not difficult to see that —9¢ is a dissipative operator, so that it is
natural to compare the notions of gradient flow for ¢ with the one of dissipative
evolution for —9¢: the result (see Proposition 9.5.2) is that, if e.g. the domain of
0¢ is geodesically convex, then the two notions coincide.

Of course the framework we are developing here is not the first attempt of
defining evolutions of measures under the action of general notions of velocity
fields: we mention here two approaches that are in a way connected to ours (the
one of Piccoli [94] was partly an inspiration for our work).

The idea of both approaches is to consider maps b : P, (IH) — C(H; H), taking
values in some subset of continuous vector fields in IH. The evolution driven by
b is thus described by t — p € P, (H) such that the continuity equation

Ot +div(vepe) =0, vy =blue], pi-ae forevery t >0, (1.1.37)

holds in the distributional sense. In particular, in [21] the aim of the authors is
to develop a suitable Cauchy-Lipschitz theory in Wasserstein spaces for differ-
ential inclusions which generalizes (1.1.37) to multivalued maps b : Py (H) =
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Lip,,.(IH;H) and requires (1.1.37) to hold for a suitable measurable selection of
b. On the other hand, in [94], the map b is defined in terms of a single valued
MPVF, meaning that, given a map F : P,(H) — P,(TH), b[y] is defined as the
barycenter of F[u]:

bl = | va(Fl(), xeH,
where (F[ul])x is the disintegration of F[u] w.r.t. p at x € IH (see Theorem 2.1.1
and Definition 7.1.1). In other words, the notion of evolution given in [94] can be
expressed in our framework in the following way: if F is a MPVF, we say that a
locally absolutely continuous curve u : [0,4+00) — D(F) satisfies the barycentric
property if for a.e. t > 0 there exists @ € F[u] such that

dJ @(x)due(x) = J (Vo(x),v)dD¢(x,v) forevery ¢ € Cyl(H), (1.1.38)
dt Jig TH

where Cyl(IH) is the set of cylindrical function on H, a generalization of smooth
functions with compact support to the infinite dimensional space IH (see Defini-
tion 2.4.5). The following result, which we state here in a simplified way, com-
pares the two notions of solutions (see Theorems 8.3.4 and 8.3.7 for the more
general statements).

Theorem 1.1.7. Let F be a dissipative MPVF and let p : [0, 4+00) — D(F) be a locally
absolutely continuous curve. Then

1. If D(F) = P,(H), F is sequentially closed in P,(TH), its sections are convex
(meaning that F[v] is convex for every v € P,(H)) and F is locally bounded, in
the sense that for every w € D(F) there exist constants M, ¢ > 0 such that

for every v € Po(H) with Wa (1, v) < ¢

there exists ® € F[v] with J WZdd(x,v) <M,
H

then every EVI solution for F has the barycentric property.

2. If wy is a reqular probability measure ([5, Definitions 6.2.1, 6.2.2]) for a.e. t > 0
and the curve w has the barycentric property, then it is a EVI solution for F.

Let us now come to the question of existence of EVI solutions for a dissipative
MPVE. As we have seen, both in the classical setting of Hilbertian dissipative
evolutions and of gradient flows in P,(H), the main tool is an implicit Euler
scheme. In the first case it is possible to construct it thanks to the maximality
of the operator (which is equivalent to the global definition of the resolvent),
while in the second case it relies on the variational minimizing movements-JKO
interpretation of one step of implicit Euler scheme. Both these strategies are not
immediately clear in the present setting of dissipative evolutions in P,(H) so
that we will first carry out the analysis of an explicit Euler scheme, which has
the advantage of being easily defined, while we leave for the last part of this
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introduction the more involved construction of the implicit Euler scheme.

The explicit Euler method. We fix a finite time horizon T > 0, a time step T > 0
and we divide the interval [0, T] in N(t, T) := [T/t] sub-intervals. Starting from
the initial datum fip we construct the following sequence

MO =iy, MIT!i=expf OF = (x+1v);@F, @O € F]M]] (1.1.39)
and we consider the constant interpolating curve M. : [0, T] — P, (IH) defined as
M. (t) =M™ teo,TI.

Obviously, one wants to study the properties of the family of curves (M<)~o
and hope that, as T | 0, we obtain an EVI solution for F. Differently from the
implicit Euler method, although F is dissipative, at each step of the explicit Euler
scheme we obtain a perturbation of the distance given by

W3 (expf @, expf V) < W3 (1, v) + 2t [@, W], + 72 (|c1>|§ + |\y|§),
where

O3 = J V2 dd(x,v),
TH

which thus depends on the second moments of ® and ¥, and thus of the magni-
tude of F at p and v. However, if we impose to the discrete sequence in (1.1.39)
to satisfy

|0, <L if0<n<N(T,T) (1.1.40)

for some L > 0, then we can immediately obtain a discrete version of EVI for the
family MT (see Proposition 9.1.3)
1 1 1

EW%(MQH/V) - EW%(MZL,V) <Tl0F, vl + ZTZLZ (1.1.41)
for every 0 < n < N(T, 1) and v € P, (H). Heuristically, this tells us that passing
to the limit as T | 0, we will obtain a solution to EVI. Adapting to the P, (IH)-
setting the relaxation approach of [89], based on the doubling variable technique
of Kruzkov [71] and Crandall-Evans [38] (see also [39]), we prove the main con-
vergence result for the explicit Euler scheme (see Theorems 9.1.5, 9.1.6 and 9.1.8).

Theorem 1.1.8. Let F be a dissipative MPVF and let T > 0; let (M) be a family of
constant interpolating curves corresponding to the time steps 0 < T < 1 in the interval
[0, T] and to the initial datum fiy as in (1.1.39). Suppose moreover that there exists some
L > 0 such that all the sequences (M) ;m—o,.. N(T,x) Satisfy (1.1.40). Then (M)
uniformly converges as T | 0 to a Lipschitz continuous curve w : [0, T] — P, (H) which
is the unique EVI solution for F starting from fio. Moreover the following error estimate
holds:

W (ue, M (1)) < CLy/T(t+1) te€[0,T], n €N, (1.1.42)

where C is a universal constant.

21



22

INTRODUCTION

We want to highlight that the estimate in (1.1.42) is sharp [106], does not re-
quire any local compactness assumption on the underlying space, and repro-
duces the celebrated Crandall-Liggett estimate for the generation of dissipative
semigroups in Banach spaces [39] in this Wasserstein-metric framework.

Moreover, if p, v are two limit solutions starting from o, vo we prove that

Wi (e, vi) < Wal(po,vo) forevery t € [0,T],

as it happens in the case of gradient flows of geodesically convex functions.

With the explicit Euler scheme and the notion of EVI solution, it also possible
to prove local and global existence results as it is done in the classical ODEs
theory, see Section 9.2.

The implicit Euler method. As we have seen, in the context of contraction semi-
groups generated by dissipative operators in Hilbert spaces, a fundamental role
is played by the implicit Euler scheme, which, differently from the explicit one,
is unconditionally stable, and thus avoids imposing local boundedness condi-
tions as in (1.1.40). While in the case of gradient flows the construction of the
implicit Euler scheme relies on the variational definition as in (1.1.20), if the dis-
sipative operator F doesn’t come from a functional ¢, it is not possible to use an
analogous construction.
The approach for the implicit Euler scheme we present is as follows:

1. We assume that the domain of F contains a sufficienlty rich set of discrete
measures;

2. We “lift" the structure of P, (IH) to an Hilbert space H parametrizing mea-
sures by random variables defined in an appropriate space;

3. Starting from discrete measures, we define a maximal dissipative operator
F C H x H which is compatible with F in a suitable sense;

4. We prove that the dissipative evolution driven by F in J induces a EVI
evolution for F in P, (H).

In particular, point 4. can also be seen in the following way: we build the implicit
Euler scheme for F in J{ and this induces an implicit Euler scheme for F in P, (H).

We start from a naive guess: we could try to consider
F={X,V) e HxH:(X,V);IP € F}, (1.1.43)

where H is any Hilbert space of random variables parametrizing P, (IH). Unfor-
tunately

and in general the inequality can be strict, so that this definition does not guar-
antee the dissipativity of F, even if F is.
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As stated in the first point, we suppose that the domain D(F) contains a nonempty
set of discrete measures C C D¢(F), where D¢(F) is the subset of D(F) of mea-
sures with finite support. Under this assumption, we can look at the properties
of F when computed on discrete measures; consider ®,¥ € F and suppose that
u:= x;® € C has finite support, meaning that it is concentrated on a set of N
distinct points for some N € IN. If also v := x;¥ € C is concentrated on the same
number N of (non necessarily distinct) points, then there is a unique Optimal
Transport plan y € I'(u, v) and it is concentrated on a map, meaning that there
exists a Borel map T : H — H such that y = (ig, T)yu. For this reason, the set
A(D,V¥) as in Theorem 1.1.6 is a singleton (see also Remark 7.4.2) and thus

for every X,Y,V,W € X, such that (X,V);[P = ® and (Y, W);[P = ¥, where,
again, H is any Hilbert space of random variables parametrizing P, (H).

Let us then address the second point; to lift the structure of P;(IH) to a Hilbert
space, it is enough to consider any standard Borel probability space (Q, B, P):
this means that B is a sigma algebra in Q) such that there exists a Polish topology
T on Q for which B is the Borel sigma algebra generated by T and I is just a
diffuse probability measure on (Q, B), i.e. P({w}) = O for every w € Q. Itis a
classical result, see also Corollary 6.2.3, that, for any choice of standard Borel
probability space (Q, B, [P), the L2 space of random variables in (Q, B,IP) with
values in IH parametrizes P,(IH), in the sense that for every p € P,(IH) there
exists X € L2((Q,B,P);H) such that XyIP = u. For the sake of clarity, in this
introduction we consider only the case in which Q = [0, 1), B is the Borel sigma
algebra in [0, 1) and PP is the 1-dimensional Lebesgue measure restricted to [0, 1),
while in the thesis we deal with a general standard Borel probability space*. We
thus define

H:=L%(([0,1),B,P); H).

In particular, in order to parametrize discrete measures, we define the finite
sigma algebras B,, generated by the partitions3

Pn ={0,1/2™),0/2",2/2™),..., (2" —1)/2™,1)} formne N
and the sub-Hilbert spaces of piecewise constant random variables
n = LZ(([O/ ] )/ ‘Bn/ IP)/ ]I_I)/

together with their subsets O,, of injective maps. In this way, elements of H,,
parametrize discrete measure concentrated on 2™ (non necessarily distinct) points,
while elements of O, parametrize discrete measure concentrated on exactly 2™
distinct points.

The example of standard Borel probability space used here is, in a way, canonical, see Section 6.2
where this and other related matters are addressed in detail.

Also in this case, one can consider more general refining families of partitions. These is indeed
used in the thesis, but we prefer to consider only this example in this explanatory part.
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As outlined in the third point, we can start from the set of discrete measures C
and define F,, C H,y x H,, as

Fp = {(x,nnw € (On D) x Hn : (X, V)P € F} C Hn X K,

where Dy, C H,, is the set of random variables X € J(,, such that XyIP € C and
Iy : H — Hy is the orthogonal projection. The first compatibility result is the
following (see Proposition 9.4.4 and Lemma 9.4.5).

Theorem 1.1.9. Let F be a dissipative MPVF, let n € IN and suppose that F admits a
core C C D(F) which is in addition convex along couplings (in the sense that, if o, W1 €
C, then ((1 —1t)xo +x1)gu € C for every t € [0,1] and every u € T'(uo, w1)) and open
in D¢ (F) with respect to the Wa-topology. Then the maximal dissipative extension
of Fn in Hy x Hy, is compatible with F in the sense that

(V,X=Y)+ [¥,X;P] <0 (1.1.45)
for every (X,V) € F, Y e D(Fn) and every ¥ € F[Y4IP].

The proof of this result is based on a few technical tools developed in Sections
6.4 and 6.5; in particular, in Theorem 6.5.2, we prove that curves induced by
couplings between discrete measures are piece-wise geodesic and, in Proposition
6.4.3, we show that the map x* : X2 5 X sending (xo,x71) — (T —1t)xo +tx7 is
almost injective on the support of discrete couplings, a crucial property in the
computation of the pseudo scalar product [, -], (see Remark 7.4.2).

Finally, the maximal dissipative set F C H x J is defined as the maximal
dissipative extension in J{ x H of F = N Fry, which is proven to be non-empty
and dissipative. Some of the properties of F are summarized in the following
statement (see in particular Theorem 9.3.3 and Proposition 9.4.9).

Theorem 1.1.10. Let F and C be as in Theorem 1.1.9. Then F is law invariant in
the following sense: if Xo € D(F) and Yo € JH is such that (Xo)slP = (Yo)4IP, then
Yo € D(F) and

(X0, JxXo,StXo)sP = (Yo, J< Yo, StYo)sIP  foreveryt>0,t >0, (1.1.46)

where ] and Sy are the the resolvent and the semigroup operators associated to F, respec-
tively. Moreover, if Y € D(Fo) and ¥ € F[YyIP], we have

(V,X=Y)+ [¥,XsP] <0, (1.1.47)

Finally, to address the fourth point, notice that the result above alredy goes in
the correct direction: indeed, the fact that the semigroup generated by F depends
only on the law of the starting point and the compatibilty condition (1.1.47) make
reasonable to hope that the curve t — (5¢X()3IP could be an EVI solution for F
starting from po := (Xo)4IP. To state the last result we need to assume a few
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additional hypotheses on the core C and on the geometry of the domain of F. In
particular we consider the following approximability condition for the core C

for every u €D(F) there exists pu, € C and @, € F[u,] such that
Wi (un, 1) =0, sup|®@nly < +00 (1.1.48)
n

and, for every p’ € D(F), we define the set

Sk (1) = {H” € Dy (F) iy € D(F) for every t € (0,1] }

and every (o) c (0.1 € G(w/, 1)

where G(p/, 1u”’) is the set of generalized geodesics connecting p’ to u”’ (for the pre-
cise definition see [5, Definition 9.2.2]). The result is the following (see Theorem

9.4.18).

Theorem 1.1.11. Let F and C be as in Theoerem 1.1.9 and suppose that, in addition,
C satisfies (1.1.48) Assume that for every ' € D(F) the set Sg (i) is non-empty and
open in D¢(F) with respect to the Wu-topology. Let no € D(F), let (p)e>0 be the
Lipschitz curve defined by w, = S¢uo for every t € [0,+o00) and let (vi)i>o be a

locally absolutely continuous EVI solution for F starting from vo. Then
W (e, vi) < Wal(po, vo)  for every t € [0,+00). (1.1.49)

In particular (i)e>o is the unique locally absolutely continuous 0-EVI solution for F
starting from .

The second part is organized as follows: Chapter 6 collects some preliminary ma-
terial that is used in the subsequent chapters; in particular there is a synthesis of
the theory of dissipative evolutions in Hilbert spaces, a fine treatment of Borel
partitions and parametrization of measures by random variables, together with
a few technical tools related to discrete measures and weak topologies; Chap-
ter 7 contains a throughout study of the notion of dissipativity in Wasserstein
spaces, the treatment of pseudo scalar products and of the interaction between
dissipative operators in Wasserstein spaces and geodesics; Chapter 8 treats the
notion of EVI solutions and its connection with the barycentric property; finally
Chapter 9 introduces the explicit Euler scheme, presents its convergence results
and treats the construction of the Hilbertian dissipative operator F, besides pre-
senting a few results related to general law invariant dissipative operators.

Part IT is the result of a collaboration with Giulia Cavagnari and Giuseppe Savaré,
and part of the material presented in Section 6.3 and Chapters 7, 8, 9 appeared

in [34].
1.1.3 Part I1I: Wasserstein-Sobolev spaces

Before describing the results presented in this third part of the thesis, we briefly
describe the framework of metric Sobolev spaces we deal with. To this aim, let
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us fix a complete and separable metric space (X, d), a Borel positive measure
m on X (the triplet (X,d, m) is called a Polish metric measure space) and an ex-
ponent p € [1,+0c0). We denote by L°(X, m) the space of equivalence classes of
Borel measurable functions f : X — R identified up to m measure. This space is
naturally endowed with the topology of the convergence in m measure.

The first approach to Sobolev functions in metric measures spaces we present,
strictly related to the ideas of Cheeger [35](see also [61, 70]), is contained in the
work of Ambrosio, Gigli and Savaré [7] where they define the following concept
of p-relaxed gradient: if f € Lip, (X, d) the asymptotic Lipschitz constant of f is
defined as

lipgf(x) :== liigLip(f,B(x,r),d) = limsup M, (1.1.50)

y,z2—X, Yy#z d(y,z)
where B(x, 1) denotes the open ball centered at x with radious r and, for A C X,

the quantity Lip(f, A, d) is defined as

Lip(f,A,d):= su
P X,y GAPxfy d (X/ U)

We say that G € LP(X, m) is a p-relaxed gradient of f & LO(X, m) if there exist a
sequence (fn)n C Lip, (X,d) and G € LP(X, m) such that

1. fn — fin L9(X,m) and lipgf — G in LP(X, m),
2. G < Gm-ae. in X.

It is not difficult to check that the set of p-relaxed gradients of f € LO(X, m)
is convex and weakly closed, so that it admits an element of minimal LP (X, m)
norm (which turns out also to be minimal also in the a.e. sense), denoted by
IDfl, € LP(X,m), and called minimal p-relaxed gradient of f. The p-Cheeger
energy of f € L%(X, m) is then defined as

CE, (f) = Jx IDf[Y dm

and can be proved to be the relaxation of the so called pre-p-Cheeger energy
pCE, () :== Jx(lipdf)p dm, fe Lip,(X,d),

in the sense that

CE, (f) = inf {liminprEp(fn) : (fn)n C Lipy (X, d), fn — fin LO(X, m)} .

n—-+oo
(1.1.51)
The Sobolev space a la Cheeger H''P (X, d, m) is thus the vector space of functions

f € LP(X, m) with finite Cheeger energy endowed with the norm

1000 (x ) = L [£[P dm + CE,, ()
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which makes it a Banach space. Before moving to the next approach, let us men-
tion the strong approximation property which states that Lipschitz functions are
dense in H'"P(X,d, m) (see also point (2) in Theorem 10.1.2):

for every f H'"P(X,d, m) there exists a sequence (fn)n C Lipy (X, d) such that
fn — f, lipgfn — [Dfl,  in LP(X,m) as n — +oo.
(1.1.52)

Another approach to metric Sobolev spaces is due to Shanmugalingam [111] and
it is based on the concept of p-modulus of a family of curves. Let us denote by
I'(X) the set of absolutely continuous curves defined in some non-degenerate
interval J C R with values in X. Given y € I'(X), we denote by I(y) the interval
where the curve is defined and by v and yr the evaluations of y at the infimum
and supremum of I(y), respectively. If G : X — [0, 4+00] is a Borel function and
v € I'(X), we set

j G :=j Gly)eladt,
2% I(vy)

where |y¢lq is the metric derivative of y at t € I(y) defined as

. ) d( ,Yt)
Wtlg := lim sup %
h—0

If we consider a family of curves I' C I'(X), its p-modulus is defined as
Mod,, (T) := inf{J pPdm | p: X — [0, +00] Borel,J p > 1 for every vy € F} .
X Y

We say that a property depending on y € I'(X) holds p-a.e. provided it is satisfied
for every y belonging to some set I' C I'(X) with Mod,, (I'"®) = 0. Finally, given
Borel functions (not equivalent classes) f : X =+ R and G : X — [0, +-00], we say
that G is a p-weak upper gradient for f if

[flye) —flv1) < J G for p-ae.v.
Y

Also in this case, given f € L°(X, m) it is possible to prove that it admits a p-
weak upper gradient [Df|sy, € LP (X, m) which is minimal in the following sense:
if f : X — R is a Borel representative of f and G is a p-weak upper gradient of f,
then [Df|sy, < G a.e. in X. Finally the so called Newtonian space N P (X,d, m) is
the vector space of functions f € LP (X, m) which admits a p-weak upper gradient
endowed with the norm
R (xm) = J [fIP dm +J IDf[S,, dm
X X
which makes it a Banach space.

The remarkable result, which can be found in [7, Theorem 6.2] [6, Theorem
7.4], is that the two approaches are in fact equivalent, meaning that the spaces
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H'P(X,d,m) and NP (X,d, m) coincide and the minimal p-gradients are equal,
ie.

|Df|, = [Dflsp, m-a.e. in X and for every f € H'"P(X,d,m). (1.1.53)

Contributions in Part III. Here we will adopt the Cheeger approach (even if
the equivalence of (1.1.53) will be useful, see in particular Section 10.2) with a
slight difference [108]: instead on considering the whole space of Lipschitz and
bounded functions on X, we fix a unital subalgebra ./ C Lipy, (X, d) that separates
the points in X and we work with the concept of (p,.o7)-relaxed gradient (and
thus with the one of minimal (p, &7)-relaxed gradient and Cheeger energy CE,, .,)
simply substituting Lip, (X, d) with &/ in the corresponding constructions above.
This leads of course to a different Sobolev space H'P(X,d, m; <) with the norm

it ey = JX [P dim + CEp, o () = JX [P dm + JX DF?, dm.

Of course every (p, #/)-relaxed gradient is also a p-relaxed gradient and it holds
|Dfl,., > |IDfl, m-a.e. in X for every f € L°(X,m) with a (p, &)-relaxed gradi-
ent, so that the Sobolev space H'P(X,d, m; <) is contained in H'?(X,d, m). The
advantage in considering the subalgebra <7 consists in the fact that its elements
may be more regular and/or computations within the subalgebra may be easier
than in the general case.

It is thus relevant to determine sufficient conditions for the Sobolev space
H'2(X,d, m; /) to coincide with the standard H'%(X,d, m); this would lead also
to the strong approximation property (1.1.52) in terms of the algebra .2/:

for every f € H'P(X,d, m) there exists a sequence (fn)n C o such that
fn—f, lipgfn — [Dfl,  in LP(X,m) as n — +oo.
(1.1.54)

It is not difficult to see that (1.1.54) implies that
IDdyl.,» <1 m-a.e. in X and for every y € X, (1.1.55)

where dy (x) := d(x,y) for x € X. The first result (see Theorem 10.2.1) is to prove
that actually this condition is also sufficient to get (1.1.54).

Theorem 1.1.12. Let (X,d, m) be a Polish metric measure space and let <7 be a unital
separating subalgebra of Lip, (X). If (1.1.55) holds true, then for every f € LP(X, m)
with a p-relaxed gradient there exists a sequence (fn)n C &7 satisfying (1.1.54) i.e. f
has a (p, o )-relaxed gradient and

IDfl, oz = IDfl, m-a.e. in X. (1.1.56)

The proof of this results is obtained employing the regularizing properties of
the Hopf-Lax semigroup

Qulf)(x) = inf {5y +fw) |, xeX
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and a similar argument (although in a different setting) was already contained
in [108] (see in particular [108, Theorem 3.2.7]).

In case p = 2, the subalgebra viewpoint presents another advantage: if the pre-
Cheeger energy pCE, satisfies the parallelogram identity at the level of <, then
the resulting space H'2(X,d, m; &) (and thus H'2(X,d, m) if equality has been
proven) is an Hilbert space. More precisely we have the following result (see
Theorem 10.2.4).

Theorem 1.1.13 (An Hilbertianity condition). Let p = 2 and let ./ be a separating
unital subalgebra of Lip, (X) satisfying (1.1.55). If for every f, g € o/

jx (Rip(t + @) +Ilip(f — g)?) dm = 2 JX (Ripf + ipgl?) dm,  (1.1.57)

then H'%(X,d, m) is an Hilbert space, CE; is a quadratic form, and <7 is strongly dense.

The Wasserstein-Sobolev space. As a remarkable application of Theorem 1.1.13
we consider the case of the Sobolev space on the 2-Wasserstein space on RY.
The metric space is thus P, (IR9), the space of probability measures on R¢ with
finite second moment, with the Wasserstein distance W;; we fix then any Borel
positive measure m on P, (R4).

The unital subalgebra of functions & C Lipb(’Pz(le),Wz) we consider is
the one of cylindrical functions (which has nothing to do with the cylindrical
functions in Cyl(IH) of Definition 2.4.5, and was already considered by Dello
Schiavo [44]): every ¢ € C] (R%) induces the function Lg, on P(IR4)

Ly i — J ddp (1.1.58)
R4

which clearly belongs to Lipb(ﬂ)z(]Rd),Wz). More generally, if we consider a
vector ¢ = (p1,---,Pn) € (C%,(]Rd))N, we denote by Ly := (Lgy, -, Loy)
the corresponding map from P;(R%) to RN. The algebra 7 of C' cylindrical
functions is made of those functions F : ?;(R9) — R of the form

F(p) =(Lg (1) e P2(RY, (1.1.59)

where ¢ € (CL(IRd))N and P € C} (RN) for some N € N.
Every element F € &/ as in (1.1.59) comes with a natural notion of vector
valued gradient DF : P5(R9) x RY — R9 defined as

N
DF(,x) = ) :(Le (W)Veilx), (1x) € P2(RY) x R (1.1.60)
i=1

Since the representation of a cylindrical function F € &/ is never unique, in
principle the gradient DF of F may depend on the particular choice of { and ¢
used to represent F; in Proposition 11.1.10 we show that up to integrating DF
w.r.t. u, we obtain a quantity that depends solely on Fi.e.

J IDF(w, x)? dp(x) = (1ipF(u))2 for every p € P, (RY). (1.1.61)
R4
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In particular the pre-Cheeger energy satisfies the parallelogram identity (1.1.57)
when restricted to the algebra <.

It is then very important to prove that in the present Wasserstein setting the
inequality (1.1.55) holds. Let us present a formal motivation for the proof of
such result. Let us fix an absolutely continuous probability measure v € P, (R4)
and let us consider the continuous function

Fy(p) = %Wﬁ(u,ﬂ, n € P2 (RY). (1.1.62)

Let (1,4, ©2,.) be a pair of Kantorovich potentials for v and p in the sense that

_1! 2 1 2 w2
| ommant | oanav=3] wEavi e | K duto - 3w
so that
Rl = | unduix, e 22RY,

where
T 2 T 2
ue () = o= @) Faw = | (S - e2uy) ) dviy).
IRd

If u,, depends in a continuous way on p and it can be approximated by elements
of 27, we can expect that, by (1.1.61), we would have

DR, (1) S (lpF (1)% ~ | 190,02 duo) (1.1.69
= | X =TGR dute) = WE (), (1.1.69)

since V@1 ,, is the Optimal Transport map from p to v. Of course the assumption
that u,, depends in a continuous way on p and can be approximated by elements
of &7 is not met in general. In the proof of Theorem 11.1.19 and Corollary 11.1.20
we overcome these technical difficulties by a more refined variational argument
and we obtain the following result.

Theorem 1.1.14. H"2(P,(RY), W,,m) is a Hilbert space and the algebra </ of cylin-
drical functions is dense in energy: for every F € H2(P2(R%), W3, m) there exists a
sequence Fy, € o7, such that

Fn — F, lip(Fn) — |DFl, in L2(X, m). (1.1.65)

Another advantage in using the algebra 7 of cylindrical functions is a conse-
quence of the fact, as already highlighted, that these functions comes already
with a notion of gradient as in (1.1.60), and not only of norm of the gradient as
in the approaches to the Sobolev theory in metric spaces mentioned above. Using
the density in (1.1.65) we hence obtain a notion of gradient for Sobolev functions
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as a relaxation of the differential DF for cylindrical functions: if we denote by m
the measure in P(P>(R4) x R4) defined as

mim | Suendn(y),
P2(R4)

there is a linear continuous Wasserstein-gradient operator
Din : H'2(P2(RY), W2, m) — L?(P2(RY) x RY, m; RY)

representing the bilinear form associated to the Cheeger energy as
CEa(F, ) = | DuFlu,x)- DGy, x) dnfi (1.1.66)

satisfying useful calculus rules which are typical of I'-calculus for Dirichlet form
and allow for an explicit characterization of the tangent bundle L% (TP,(R%)) in
the sense of Gigli [55, 57].

Finally, we remark that it is not difficult to extend the theory developed so far to
(P2(X), W2, m), where X is a Riemmanian manifold (using the Nash embedding
Theorem) or a (possibly infinitely dimensional) separable Hilbert space (using
projections on finite dimensional subspaces whose union is dense in the space).

The third part consists of two Chapters: Chapter 10 contains a few preliminar-
ies on the construction of Sobolev spaces with the adaptation of the Cheeger
approach to the presence of the subalgebra </ and the proof of the general cri-
terium for the density in energy of such subalgebra; Chapter 11 presents the ap-
plications of the results of the previous Chapter to Wasserstein-Sobolev spaces:
in particular, Section 10.2 presents the general setting and the proof of Theo-
rem 1.1.14 while the remaining sections are devoted to the calculus rules for the
Wasserstein gradient and the extension of the results to separable Hilbert spaces
and Riemmanian manifolds.

Part III is the result of a collaboration with Massimo Fornasier and Giuseppe
Savaré.
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In this chapter we discuss the main notation used in the thesis and we describe
the framework in which it is set. Most of the material is basic but we prefer to
state the definitions clearly in order to avoid ambiguities.

2.1 TOPOLOGICAL AND MEASURE-THEORETIC FRAMEWORK

Given a set X, we denote by 2% the set of subset of X. A topological space is a
pair (X, T) where X is a non-empty set and T C 2X is a collection of subsets of X
containing () and X and which is closed under finite intersections and arbitrary
unions. We say that T is a topology on X and its elements are called open sets.
Complements of open sets are called closed sets. When the topology on a set X
is understood, we simply say that X is a topological space. A neighbourhood of
a point x € X in the topological space (X, T) is an open set containing x.

Given two topological spaces (X, T), (Y,0), we denote the space of continu-
ous functions from X to Y as C((X, 1); (Y, 0)) (or simply with C(X;Y)) when the
topologies are clear from the context). If Y = R, we write C(X) (Cy (X) if we are
dealing with continuous and bounded functions).

An extended distance on a non-empty set X is a map d : X x X — [0, +o0] such
that

e d(x,y) =0ifand only if x =y,
* d(x,y) =d(y,x) for every x,y € X,
e d(x,z) <d(x,y) +d(y,z) for every x,y,z € X.

If, in addition, d(x,y) < +oo for every x,y € X, we say that d is a distance on
X. The pair (X, d) is then called an extended metric space (resp. a metric space).
Every extended metric space (X, d) is endowed with a natural topology T4 whose
basis is given by the open balls

B(x,1):={y e X|d(y,x) <7}, xeX, re(0,+0).

We will deal with some different kinds of topological spaces which enjoy spe-
cific properties. A topological space (X, 1) is said to be

¢ Hausdorff, if for every pair of distinct points x,y there exist disjoint neigh-
bourhoods of x and y,

¢ Completely regular, if it is Hausdorff and for every closed set C and point
x € X\ C there exists a function f € Cy (X) such that f(x) = 0and f(C) ={1},

e Polish, if it is homeomorphic to a complete and separable metric space,
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* Lusin, if it Hausdorff and it is the image of a Polish space through a con-
tinuous and injective function,

e Suslin, if it is Hausdorff and it is the image of a Polish space through a
continuous function.

Every (extended) metric space is completely regular, Polish spaces are Lusin and
Lusin spaces are Suslin. These inclusions can be proven to be strict. For a com-
plete account of the theory of Lusin/Suslin spaces we refer to [20, Chapter 6].

A set IL is said to be directed w.r.t. a partial order relation < if for every pair of
elements i,j € L there exists h € IL such that i < h and j < h. A net in a topolog-
ical space (X, T) is a map from a directed set A to X. A subnet of anet f: L — X
is the composition of f with a final monotone function A — IL, where A is some
directed set. We denote nets miming the notation for sequences, e.g. with (x;)ier
and we say that a net (xi)icp converges to x € X if for every neighbourhood U
of x there exists an index j € IL such that x; € U for every i € L, j < i. We refer
e.g. to [50] for a discussion about nets.

A measurable space is a pair (X,F) where X is a non-empty set and F C 2%
is a sigma-algebra on X, meaning that F contains () and X, it is closed under
countable unions and complementation. Given & C 2X, we denote by o (€) the
smallest sigma-algebra on X containing €. In particular, when (X, T) is a topolog-
ical space and € = T, the sigma algebra o(t) is denoted by B((X, T)) (or B(X), if
the topology is understood) and called Borel sigma algebra on (X, T). Given two
topological spaces (X, 1), (Y, 0) we say that a function f : X — Y is Borel (mea-
surable) if it is measurable w.r.t. the Borel sigma algebras of X and Y. When the
target space is IR, we denote by B(X) (resp. By, (X)) the space of Borel (resp. Borel
and bounded) functions from X to IR.

Given a measurable space (X, J), a (finite) measure on (X, J) is a sigma-additive
map p: F — R. We say that p is non-negative if u(A) > 0 for every A € J. The
triplet (X, J, u) is called a measure space. We say that the measure p is carried by
(or it is concentrated on) X’ C X if there exists a set X"/ € F such that u(X”) =0
and X’ C X" If (X, F) and (Y, G) are measurable spaces, t is a measure on (X, ¥)
and f: X — Y is a measurable map, the push forward of the measure u through
f, denoted by fju, is a measure on (Y, §) defined by

fyn(A) = pn(fF'(A), A€,
Given a topological space (X, T), we say that p is a
¢ Borel measure, if it is a measure on (X, B((X, 1)),

¢ Radon measure, if it is a Borel measure and for every A € B((X, 7)) and
every ¢ > 0 there exists a compact set K C A such that [u|(A \ K) < ¢, where
|u| is the total variation measure associated to L.

Every Borel measure in a Suslin space is a Radon measure concentrated on a
sigma-compact set (i.e. the countable union of compact sets), see e.g. [20, Theo-
rem 7.4.3]. The support of a measure p on a topological space (X, 1), denoted by



2.1 TOPOLOGICAL AND MEASURE-THEORETIC FRAMEWORK

supp(p), is the smallest closed set on which p is concentrated. We introduce the
following notation for measures on a topological space (X, T):

e M(X) is the set of Radon measures on X,
* M (X) is the set of non-negative Radon measures on X,

¢ P(X) is the set of probabilities on X, i.e. the elements p € M (X) such that
uXx) =1,

e Discr(X) is the set of discrete measures on X i.e. the elements u € M(X)
such that supp(p) is a finite (possibly empty) set,

e Discr, (X) := Discr(X) N M, (X),

e A(X) is the set of measures u € M, (X) of the form p = 16, for some x € X,
r>0,

e (O is the null measure on X.

Notice that Discr, (X) C Discr(X) € M(X) and A(X) € M(X). Unless otherwise
stated, we will deal with Radon measures on topological spaces and we will just
say "W is a measure on X", meaning that u is a Radon measure on the topological
space X, where the topology is understood. Usually the topological space will
be Polish (or Suslin) so that all Borel measures will be Radon measures. Only in
few cases we will distinguish between Radon measures and Borel measures.

When dealing with a product space X x Y we will often use the notation %
(resp. n¥) or (resp. Y) to denote the projection on X (resp. on Y) i.e. the map
sending (x,y) to x (resp. to y). In this case, if X and Y are topological spaces,
u e M(X) and v € M(Y), we define

M) ={y e MXx V) [y =, My = v}. (2.1.1)

If vy € T(n,v), we say that u and v are the marginals of y and that y is a plan
between p and v.
The following is the well known disintegration theorem.

Theorem 2.1.1. Let X, X be Lusin completely reqular topological spaces, let p € P(X)
and let v : X — X be a Borel map. Denote with u = vy € P(X). Then there exists a
u-a.e. uniquely determined Borel family of probability measures {p, }xex C P(X) such
that p, (X \ 171 (x)) = 0 for p-a.e. x € X, and

| ordutn = | (j cp(x)dux(x)> du(x)
X X \Jr=1(x)

for every bounded Borel map ¢ : X — R.

Remark 2.1.2. When X = X x Y and v = X, we can canonically identify the
disintegration {p, }Jxex C P(X) of p € P(X xY) wrt. p = 7'[;(” with a family of

probability measures {y}xex C P(Y). We write p = J Wy dp(x).
X
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If X is a completely regular topological space, there is a canonical duality map
(-,-) between M(X) and Cy, (X) given by

(1, @) :== J edp forevery u e M(X), ¢ € Cp(X). (2.1.2)
X

The map in (2.1.2) defines a real nondegenerate bilinear form in M(X) x Cy, (X),
for if a Radon measure p € M(X) satisfies Ix @dp = 0 for every ¢ € Cy(X),
then [p|(B) = 0 for every B € B(X) (e.g. by the approximation result [20, Lemma
7.2.8]) so that u is the null measure. Hence we can endow M(X) with the narrow
(sometimes also called weak) topology o(M(X), Cy (X)): the coarsest topology on
M(X) for which the maps p — [y @ dy are continuous for every ¢ € Cp(X).
Notice that, in general, M(X) with the narrow topology is not first-countable
while P(X) and M (X) are metrizable (resp. Polish) if and only if X is metriz-
able (resp. Polish) (see e.g. [20, Theorem 8.9.4]). Unless otherwise stated, we will
endow M(X) (and its subsets M (X) and P(X)) with the narrow topology. For a
net (Ua)aer € M(X) (resp. P(X)) and a point 1 € M(X) (resp. P(X)), we write
px — pin M(X) (resp. P(X)) or limpep, pa = p in M(X) (resp. P(X)) to mean that
ux converges to w in the narrow topology of M(X) (resp. P(X)).

We list here some useful properties related to the narrow topology. see [43,
54, 58,59 Chap. III] for the proofs of the last three claims.

Lemma 2.1.3. Let X,Y be completely regular spaces.

1. If £ : X — Y is continuous then the map fy : M(X) — M(Y) is continuous.

2. If @ : X = (—o0,+00] is lower semicontinuous and bounded from below and
(uA)ner s a net weakly converging to win M (X) then

limian @ duy >J @dup.
A€l X X

3. If v: X — Y is a topological embedding (i.e. a continuous map providing a home-
omorphism between X and (X) with the topology induced by the inclusion in Y),
then v : M(X) — M(Y) is a topological embedding as well, with

s (M(X)) = M(UX),Y) := {u € M(Y) : wis concentrated on L(X)}.

4. If X is compact then for every M > 0 the set {u e M(X) : [u(X) < M} is
compact.

We recall the celebrated Prokhorov theorem ([110, Appendix]) which charac-
terizes compactness in the narrow topology.

Theorem 2.1.4 (Prokhorov). Let X be a completely reqular topological space and let
F C M(X) be a equibounded (i.e. sup |u|(X) < +o0) and tight subset i.e.

forall e >0 there exists K. C X compact s.t. sup |u[(X\ K¢) < e.
ned
Then F is relatively compact in M(X) w.r.t. the narrow topology. If X is Polish, also the
converse implication holds true: if a set I C M(X) is relatively compact in the narrow
topology, then it is equibounded and tight.
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2.2 FUNCTIONS, CONVEXIFICATION, RELAXATION

We briefly fix some notation related to relaxation and convexification of func-
tions. If X is a set and f : R — (—o0, +o0] is a function we denote the effective
domain of f as D(f) which is defined as

D(f) :={x € X | f(x) < +o0}.

If X is also a topological space, we denote by I'f the lower semicontinuous relax-
ation of f i.e.

I'f(x) = inf{lirr}\inff(x;\) | A )aer, € X, xp — x} , XEX (2.2.1)

We have that I'f is the largest lower semicontinuous function below f. If X is
also a topological vector space and A C X, we denote by co (A) (resp. by co (A))
the convex (resp. closed and convex) envelope of A. If g : A — (—o0,+o0] is a
function, we denote its convex envelope and its closed convex envelope by co (g)
and co (g), defined by

co(g) (x) :=inf {Z xig(xi) [{(xi, )=y C Sn(x), n € IN}, x € co(A),
i=1

co(g):=Tco(g), xeco(A),

where

Snl(x) = {{(Xi/ )y | (ki o) €Xx[0,1], Y o =1, ogx; = X} :

i=1 i=1

Clearly co(g) is the largest convex function below g and co (g) is the largest
lower semicontinuous and convex function below g.

2.3 THE OPTIMAL TRANSPORT PROBLEM

We set a few notation related to the Optimal Transport Problem, as presented
in the introduction; given two Polish spaces X,Y, probabilities p € P(X) and
v € P(Y) and a Borel cost function ¢ : X x Y — [0, +00], the Kantorovich version
of the Optimal Transport problem asks to find

inf{JX eboy)dyboy) |y e F(u,V)}- (23.1)

If the cost is proper and lower semicontinuous the infumum above is attained
in a non-empty, compact and convex subset of P(X x Y) denoted by I'S(u, v), the
set of c-optimal plans between p and v. On the other hand, the Monge version
of the Optimal Transport problem asks to find

inf {Jx c(x, T(x))du(x) | T e Tr(u,v)} , (2.3.2)
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where Tr(p, v) is the set of admissible transport maps from p to v defined as
Tr(p, v) := {T €B(X;Y) | Typ = v}.

It is clear that to every map T € Tr(p,v) it can be associated a plan y1 € I'(p, v)
defined as vyt = (ix x T);u satisfying

J cdyr =J ¢l T)(xy) du(x)
XxY X

so that the infimum in (2.3.1) is less than the one in (2.3.2). In case the cost
function is continuous and p is non-atomic (i.e. u({x}) = O for every x € X) it can
be proven that the two infima coincide ([97]) but, even in this case, the infimum
in (2.3.2) may not be attained.

2.4 WASSERSTEIN DISTANCES

We focus now on the case when the cost function c¢ in the Optimal Transport
problem is a distance d, following the approach of [5].
If (X,d) is a complete and separable metric space and p € [1,+00), we define

Pp(X) = {p e P(X) | L( dP(x,x0) du(x) < +oo for some xo € X} .

The p-Wasserstein distance between u,v € P, (X), denoted by W, (i, v), is de-
fined as

1/p
Wp (1, v) = (inf{JX XdpdylyeF(u,v)}> .

The set of optimal transport plans is denoted in this case by I'§ (i, v) C P(X x
X). In case p = 2, we will just talk about Wasserstein distance and optimal
plans, also omitting the index in the symbol denoting the collection of optimal
plans. The metric space (P, (X), W) is complete and separable and its topology
is stronger than the narrow topology (in particular W, convergent sequences are
tight). More precisely, for a sequence (un)n C Pp(X) and a point u € P, (X), we
have

Jx dP (%, x0)dpn (%) = [ dP (x,x0)dp(x)
W, (Un, 1) — 0 if and only if for some xg € X,
U — pin P(X).
(2.4.1)

Moreover, the p-Wasserstein distance is narrowly lower semicontinuous, mean-
1ng that/ lf (I"LTL)TL/(HT/‘L)TL - TP(X)/ IvL// IvL/ € {PP(X) and I"LTL — H/ I"L{'L — H/ bOth
narrowly, then we have

lim inf Wy, (1, 1) = W (1, 1),

The following is a criterion for compactness in (P2 (X), Wp)).
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Lemma 2.4.1. A subset X C Py, (X) is relatively compact w.r.t. the Wy -topology if and
only if
1. K is tight,

2. X is uniformly p-integrable, i.e.

lim sup

J dP (xo,x) du(x) = 0 for some xo € X. (2.4.2)
k=00 1 egc JX\B(xo,k)

Proof. The necessity of (1) is clear; regarding (2.4.2) notice that the functions

Fi : Pp(X) = [0,00), Fi(n):= dP (xo,x) dp(x)

JX\B(xo,k)

are upper semicontinuous, are decreasing w.r.t. k, and converge to 0 for every
n € P, (X). Then, if K is relatively compact, they converge uniformly to 0 thanks
to Dini’s Theorem. This proves the necessity of (2).

To see that (1) and (2) are also sufficient to obtain the relative compactness,
it is enough to check that every sequence (un)nen in X has a convergent sub-
sequence. Applying Theorem 2.1.4, we can find u € P(X) and a subsequence
k — pn, such that pn, — pin P(X). Since [, dP(x,xo)dp(x) is uniformly
bounded, then p € P, (X). Applying [5, Lemma 5.1.7], we also obtain that

lim JX dP (x, xo) ditn (x) = L 4P (x, xo) dn(x)

k—o0

so that, by (2.4.1), we conclude that
lim Wy (un,, 1) = 0.

k—o00

L]
We recall that, given p, q € [1,400) with q < p we have P, (X) C P4(X) and
Wqw,v) < Wp(y,v) forevery pu,v e Pp(X). (2.4.3)

The Kantorovich duality for the p-Wasserstein distance states that, for every
uv € Pp(X), we have

Wik, ) =sup{ | odis [ v (o,0) € Adm, |, (244
where Adm,, is the set of pairs (¢, ) € Cy,(X) x Cy(X) such that

e(x)+P(y) <dP(x,y) foreveryx,ye X

When p =1, (2.4.4) can be strengthened in

Wi (u, v) = sup {JX @d(L—v) | ¢ € Lip, (X)} ,
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where Lipy, (X) is the set of 1-Lipschitz continuous and bounded functions on
X. It is easy to check that for every f € Lip(X)

|, ratu—v < Liptt xowatu, ) (245)
since choosing u € I'p (1, v) and setting L := Lip(f, X),
|, ratu—v = [0 — ) dutx,v)
< I_Jddu
< L(sz du)l/z — LW, (i, V).

As outlined in the introduction, the spaces (P, (X), W}, ) enjoys many interest-
ing properties in case X has more structure i.e. when X is an Hilbert space or a
Riemmanain manifold. For this reason, in the last part of this section, we will
describe the properties of (P2(IH), W>) where H is a (possibily infinite dimen-
sional) separable Hilbert space: many of the results that follow are still valid for
a generic p € [1,400) and also in case X is a Riemannian manifold, but since we
will use them only in case p = 2 and X is a Hilbert space, we prefer to state them
in this simpler context.

We use the notation
xt:H? 5 H, x'(xo,x1):=(1—t)xo+tx1, (xo0,x1)€H? tel0,1]. (2.4.6)

Definition 2.4.2 (Geodesics). A map p : [0,1] — P, (H) is said to be a (constant
speed) geodesic if for every 0 <s <t < 1 we have

W2 (us, 1) = (t—s)Wa(uo, 11),

where we denoted by ¢ the evaluation of p at time t € [0, 1]. We also say that n
is a geodesic from g to py.

Definition 2.4.3 (Convexity). We say that A C P,(H) is a geodesically convex set
if for every pair pp, 11 € A there exists a geodesic p from po to py such that
ue € A for every t € [0, 1].

We say that A C P,(IH) is convex along couplings if for any pair po, 1 € A and
any coupling vy € I'(po, 1), we have that (x*)y;y € A for any t € [0, 1].

The following result gives a useful characterization of geodesics (see [5, Theo-
rem 7.2.1, Theorem 7.2.2] for a proof).

Theorem 2.4.4 (Properties of geodesics). Let po, 1 € P2(H) and p € To(po, p1).
Then w:[0,1] — P2 (H) defined by

ne = (xyn, te0,1], (2.4.7)

is a (constant speed) geodesic from po to wq. Conversely, any (constant speed) geodesic
w from pwo to Wy admits the representation (2.4.7) for a suitable plan p € To (1o, 11).
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Finally, if w: [0, 1] — P, (H) is a geodesic connecting wo to i, then for every t € (0,1)
there exists a unique optimal plan p.y between p and po (resp. pyy between py and
wi) and it is concentrated on a map w.r.t. w, meaning that there exist Borel maps
T, 1 : H — H such that

oo = (ix, Te)se, My = (ix,ré)ﬁut.

The following definition generalizes the notion of smooth function in R4,

Definition 2.4.5 (Cyl(IH)). We denote by IT4(IH) the space of linear maps w: H —
R4 of the form 7t(x) = ((x,e1),--,(x,eq)) for an orthonormal set {e,--- ,eq} of
H. A function ¢ : H — R belongs to the space of cylindrical functions on H,
Cyl(H), if it is of the form

p=1Yom
where 7t € TT4(H) and ¢ € C¥(RRY) for some d € IN.

The following result (see [5, Theorem 8.3.1, Proposition 8.4.5 and Proposition
8.4.6]) characterizes locally absolutely continuous curves in P;(IH) defined on
an open interval J C IR. We use again the notation u; for the evaluation at time
teJofamap u:J — Py(H).

Theorem 2.4.6 (Wasserstein velocity field). Let i : I — P, (IH) be a locally absolutely
continuous curve defined in an open interval I C IR. There exist a Borel vector field
v:IxH — Hand aset A(p) C I with L(I\ A(n)) = O such that the following hold:

L2 (HH)
1. v¢ € Tany, P2(H) :={Ve | ¢ € Cyl(H)} ** , for every t € A(p);

w2 ,
L Z(ch;hut),for every t € A(p);

2| Wil du =l = lim
H h—

3. the continuity equation
Otpe + V- (vipg) =0

holds in the sense of distributions in J x IH.

Moreover, vy is uniquely determined in Lﬁt (H; H) for t € A(p) and

T W2 ((ix +hve)gie, tegn)
im

lim ] =0 foreverytec A(u). (2.4.8)

We conclude this section recalling (see e.g. [5, Proposition 6.1.4]) that, given
w,v € P2(H), vy € I'(y,v) is optimal if and only if its support is cyclically mono-
tone i.e.

for every N € IN and {(Xn,yn)m:] C supp v with x¢ := xn we have
N
(2.4.9)
Z (ynzxn - Xn—1> > 0.

n=1
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Part I

UNBALANCED OPTIMAL TRANSPORT

We present a new class of Optimal Transport costs for non-negative
measures with possibly different masses. These are obtained by a
convex relaxation procedure of a cost for non-negative Dirac masses.
As a byproduct of our analysis, we show that the classical Optimal
Transport cost can be obtained by the same procedure. A primal-dual
formulation of the cost, optimality conditions and metric-topological
properties are also presented.






TECHNICAL TOOLS AND EXAMPLES OF COST FUNCTIONS

The aim of this chapter is to introduce some of the preliminary material used in
the sequel of Part I. In particular, in Section 3.1 we present some approximation
results related to discrete measures and we prove that sufficiently rich subalge-
bras of continuous functions generate the narrow topology; Section 3.2 is com-
pletely devoted to the construction and to the properties of the geometric cone
C[X] on a completely regular space X, besides also listing some definition related
to functions defined on the cone; finally Section 3.3 presents a few examples of
admissible cost functions H for the unbalanced Optimal Transport problem.

This Chapter is the result of a collaboration with Giuseppe Savaré and part of
Section 3.1 appeared in [109].

3.1 APPROXIMATION THROUGH DISCRETE MEASURES AND FUNCTIONS

Proposition 3.1.1. Let X be a completely reqular space. Then
Discr (X) = M (X).

Proof. The null measure is already a discrete measure. Notice moreover that
M4 (X) \ {Ox} is open. Hence the thesis is equivalent to prove that Discr, (X)
intersects every open set contained in M (X) \ {Ox}. Take po € M4 (X) \ {Ox} and
any U open neighbourhood of py in My (X) \ {Ox}. There exist n > 1, ¢ > 0,
{fi}?:1 C Cp(X) s.t.

o € Vi={pn e My (X) [ [u(fi) —po(fi)l<ei=1,...,n}CU

hence it is enough to show that Discr, (X) intersects V i.e. that there exists v €
Discr, (X) s.t.

Iv(fi) —po(fi)l<e forevery i=1,...,n. (3.1.1)
Take simple functions {gi}-_; s.t. sup, .y [fi(x) — gi(x)| < ﬁ. Then, if we can
find v € Discry (X), s.t. v(gi) = po(gi) for every i =1,...,n with v(X) = po(X),

(3.1.1) holds immediately because

V(fi) = o (f)l < [v(fi) = v(g)l+ [v(gi) — molgi)l + o (gi) — mo(fi)] < €/2.

Now, every g; is of the form

my
— i
9i = Z XXk
k=1
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with {7, € R and {EF}H, C #(X) disjoint for every i = 1,...,n. Take the
partition {Py J;* ; obtained as the intersection of all the other partitions, so that

m .
gi =) Bixp,
k=1

for some {B1}™ ; C R for every i = 1,...,n. Hence we have v(gi) = po(gi) for
every i =1,...,nif and only if

m m
Z B}(V(Pk) = Z Bin(Pk) forevery i=1,...,n
k=1 k=1

and then it is enough to have v(Pyx) = po(Px) for every k = 1,..., m. Take
{xxJpt; C Xs.t. xx € Py for every k = 1,..., m. Then we can define

m
Vi= Z HO(Pk)SXk'
k=1

This is the sought v. O

Remark 3.1.2. Observe that in the above proof we have shown that for every
o € M (X) and every U C M(X) open neighbourhood of g there exists v €
Discr, (X) with the same mass of g s.t. v € U. Hence

Discr (X) N{p € My X | u(X) =c} ={p e My X | u(X) =cj,

where c is a nonnegative real number.

Remark 3.1.3. It holds
@0 (A4 (X)) = M (X).

This is an immediate consequence of the fact that co (A, (X)) = Discr; (X) and
Proposition 3.1.1.

The following Lemma is a refinement of Proposition 3.1.1 showing that, given
a Borel function f, we can construct an approximating sequence of discrete mea-
sures for which we have convergence also of the integral of f.

Lemma 3.1.4. Let X be a completely reqular space and let « € M (X). Let f : X —
[0, +00] be a Borel function. Then there exists a net (y,)ycp C Discry (X) N{u €
M4 (X) [ p(X) = x(X)} s.t.

}\1511 Ya =&, ;\1511 L fdy, = L f da.

Proof. By Lusin’s theorem, we can find an increasing sequence of closed sets
Xk C >~<k+] C Xs.t.
1

o X\ Xy) < T f|>~(k is continuous ~ for every k > 1.
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Moreover observe that, since « is a Radon measure, we can find an increasing
sequence of compact sets By C Bxy1 C X s.t.

1
o(X\ By) < K for every k > 1.

Hence we can define
Xy =X NBy forevery k> 1.

Then, this new sequence of compact sets is such that

1
Xk C Xyq1  forevery k> 1, «a(X\Xy) < g f|

Consider now the family of measures {ogcjk>1 C {n € Mo (X) | u(X) = a(X)}
defined as

X

_ alX)
T a0 e

for every k > 1.

We can easily observe that
li =
1]1;11 0,673 x
indeed, if ¢ € Cy(X), we have

o (X)
oc(Xx)

limJ @ day = lim J (prkdoc:J edo
k Jx k X X

by monotone convergence. The same argument shows that we also have

limJ fdockzj fdax. (3.1.2)
ko Jx X

By Proposition 3.1.1 and Remark 3.1.2, for every k > 1, we can find a net
Y5 Iaer, € Disers (i) N{n € M (X) | 1(X) = «(X)), such that

lim ko= Xx.
A €Ly YAk

Moreover, since f Ix is bounded and continuous, it holds
k

li fdyk = Ii dek:de :de.
)\kgﬁij Y Aklgtk % YA, % [0 8% « (0%

This allows us to find, for every k > 1, some m(k) € Ly s.t.

J fdy])fk —J de(k
X X

Hence we can consider, for every k > 1, the directed sets Eyx := {Ax € Ly |
Ax = m(k)} and the corresponding new sequence of nets {y}fk};\keﬂgk on varying
of k > 1. Obviously it holds

1
< X for every Ay > m(k).

1

lim y}fk = oy, Uxfdy}fk —fodak < X

)\k E]Ek

for every Ay € Ex. (3.1.3)

. is bounded and continuous.
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Define now the directed set
N ®Ey :={(k,A) | A € By} with (k,A) < (k/,A)) <= k <k or (k=K AAX <.

By the diagonal principle for nets, we can find a directed set B and a monotone
final function

h:B - N®Eyx, h(B)=(hi(B), h2(B)) with hz(B) € Ey,g) forevery p B

such that the diagonal net {yg}gep = {yﬁlggi}ﬁe]g C Discry (X) Nn{p € M (X) |
n(X) = «(X)} converges to . We only need to prove that also the integral of f
converges:

J deB—J fdoc’ < J deB—J fdochl(ﬁ)‘#—“' fdoch](m—J fda
X X X X X X
= || fay™B) 1| fq fd —| fd
Yh,(B) Ohy ()| T Xhy(B) o
X X X X

@l |
< fda —| fde
) xRy

where we have used (3.1.3). Now it is enough to observe that h; : B — IN is a
final monotone function i.e. it is an increasing monotone sequence converging to
+o00. Passing to limgcp and using (3.1.2), we conclude. O

+

7

The following statement concerns sub-algebras A C Cy(X) which are rich
enough to characterize weak convergence. We first state the relevant definition.

Definition 3.1.5. (Adapted algebra of continuous functions)

Let X be a completely regular space. We say that a unital subalgebra A C Cy,(X)
is adapted if the topology of X coincides with the initial topology induced by A.
Equivalently, for every net (x)); g, in X

li = < limf =f f feA.
)\lgi XA =X )\151 (%) (x) forevery f e

Since X is Hausdorff, it is immediate to check that an adapted algebra A sep-
arates the points of X. It is interesting that the above condition is also sufficient
to recover the weak topology of M(X).

Lemma 3.1.6. Let X be a completely regular space and let A C Cy(X) be an adapted
algebra. Then a net (ux)ycy, in M(X) weakly converges to w if and only if

limJ fduy = J fdu for every f € A. (3.1.4)
A€l Jx X

Equivalently, the weak topology of M(X) coincides with o(M(X), A).

Proof. We consider only the nontrivial implication and we will show that a net
(uA)xer, satisfying (3.1.4) weakly converges in M(X).

Let us set I := [infx f,supy f] C R and let us consider the product space
Y = [ [¢ea If endowed with the product topology; the component of a point in
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y € Y will be denoted as y¢ with f € A. Y is compact by Tychonoff’s Theorem.
Since A is adapted, the map

t: X =Y defined by (x)f:=f(x) foreveryxeX

is a topological embedding. By Lemma 2.1.3(3) it is then sufficient to show that
the net {iy := u) weakly converges to {1 := p in M(Y). Let B be the unital
algebra obtained by functions of the form

orp(Y) =P, Yty oY), Yy EY, F={fy,f2,---,fi} CA, Ppolynomial.

Since B contains the unit and separates the points of Y, by Stone-Weierstrass
theorem B is uniformly dense in Cy (Y), so that in order to check the convergence
of 1, is sufficient to test them against functions of B. We have

fim || orply)dfaly) = lim | Plxlr, (e i) dinl)

= lim L P(f1 (x), F2(x), -+, Fie(x)) dua(x)

= L P(f1(x), f2(x), - - fi(x)) dp(x)
:j orp(y) diy),
Y

where we used (3.1.4) and the fact that the function x — P(f;(x), f2(x), - - fi(x))
belongs to the algebra A as well. O

3.2 THE CONE CONSTRUCTION

It will be natural to state some definitions and results in the context of the so
called geometric cone: we introduce on X x R, the equivalence relation

1) ~ys) & k=yr=s£0 V r=s=0

and the corresponding geometric cone €[X] = (X x R} )/ ~, whose points are de-
noted by gothic letters like n. We denote by p the quotient map p : X x R4 — €[X]
sending a point (x, 1) to its equivalence class [x, r]. Notice that p is just the identity
map except for those points with v = 0, which are all sent to the same equiva-
lence class, the so called vertex of the cone that we denote with o.

On the cone we introduce the projections on R and X simply defined as r([x, 1]) =
rand x([x,1]) = x if r > 0 and x([x,7]) = x if r = 0, where X € X is some fixed
point. We omit the dependence of x on X since in the constructions where x is
involved this will be irrelevant.

We can define a right inverse of p as

q(bx, 7)) = (x(bx, 71), r(lx, 71)). (3.2.1)

Notice that also q depends on the choice of X in the definition of x but, again,
this will be irrelevant.
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On ¢[X] we consider the following topology, weaker than the quotient one: a
local system of neighbourhoods of a point [x, 1] is just the image trough p of the
local system of neighbourhoods given by the product topology at (x,1) € X xR,
if 1 > 0. A local system of neighbourhoods at o is given by

{lx,7leeX]|0<r<e}|e>0}.
If the topology of X is induced by a distance d, then the topology of €[X] is
induced by the distance d¢ : €[X] x €[X] — [0, +00) defined as
1
de(lx, 7], [y, s]) == (rz + 5% —2rscos(d(x,y) Am)?, 1l ly, sl € €X. (3.2.2)

With the above topology, €[X] is completely regular and it is the right object to
consider when one wants to represent elements in A, (X); in particular we have
the following result.

Lemma 3.2.1. Let X be a completely regular space. Then A (X) is homeomorphic to
C[X].

Proof. The map ¢ : €[X] — A, (X) given by

o, if >0,
@(x, 1) =
Ox ifr=0

can be checked to be the sought homeomorphism. O
If R > 0, we define
CrX]:={lx, 11 e ¢[X] |0 <1 <R} (3.2.3)

and we will often identify measures on €[X] with support contained in €g[X]
with elements of M(€g[X]). There is a natural product operation on the cone
given by

Alx, 1] == [x,Ar] for every A, >0, x € X.

For every p > 1, we introduce moreover the set

M (¢[X]) = {cx € M (eX) | |

P do < —1—00} ,
¢[X]

and the map
b - E (C[X]) = M4 (X), P () = (x)g(rPex).

Notice that the map hP does not depend on the point X in the definition of x.

We introduce now the product cone: given X; and X, completely regular spaces,
we define €[Xy, X;] := €[X1] x €[X;] endowed with the product topology. Points
in the product cone are denoted by bold gothich letters like y = (y1,92) =
([x1,71]; [x2,72]). On the product cone we can consider the projections on the
two components %o €Xq, Xa] = €[Xi] sending ([x1,11]; [x2,72]) to [xi, ri] and
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the projections on Ry and X; simply defined as 1; := ro 7% and x; := xo 7% (x;
depends on the choice of a point X; € X;, but this will be irrelevant). In analogy
with (3.2.2), if the topologies of X; and X, are induced by distances d; and d;
respectively, the topology of the product cone is induced by the distance

1
(d1 ®e d2)((91,92), (01,10,)) := (df ¢(n1,101) +d3 ¢ (h2,102))?, (3-2.4)
for every (91,12), (101,1w2) € €[X;y,X;]. Asin (3.2.3), given R > 0, we define
Cr[X7, X2] = CRIXq] x €r[X2] ={p € €[X3,X3] [0 < 1i(y) <R, i=1,2} (3.2.5)

and as in the previous case, we identify measures on €[Xy, X;] with support
contained in €g[X1, X,] with elements of M(€g([Xy,X;]). For every p > 1, we
introduce the set

My (€Xq, X)) = {(X € My (€[Xq,X2]) | J

(Y +rh)da < —I—oo} ,
C[Xq,X2]

and the maps
by MY (€K, Xal) = M (Xi),  bY (@) = (1) (v o).

Notice that the map h! does not depend on the point x; € X; in the definition of
Xi.
Finally we define, for every (u1, n2) € M4 (X7) x M4 (X2) and every p > 1, the
set

9P (1, 12) = {a € MY (CIX, X2)) [ Y () = g, 1 =1,2}. (3.2:6)

If x € $HP(p1,12), we say that iy and p, are the p-homogeneous marginals of «.

The following result comes from [76].

Lemma 3.2.2. Let X; for i = 1,2 be completely regular spaces and let p > 1. Given o €
M (€[Xy,X32]) and ¥ : €[Xq,X3] — (0,400) Borel measurable in 1P (€[Xy, X2], &) we
can define

prdy(h) == (8(n) 'n1,9(n) "n2), v e Xy, Xal,
dily p (&) == (prdy)s (9P ).

Then we have
bi(dilyp(ex)) =bP (), i=1,2.

In particular, if we define

_ 1 Jrim)+r5(y)  ify#(o0)
190(,13(0) o T*((X) {1 lfU: (O/O) 7

where v* () is a normalization constant s.t. fc[xl,xz] ¥a,p da = 1 given by
vla)i= | ) ) dact al(oo)),
C[X1,X2]

we have that dily , () € P(€[Xq,X3]), has the same p-homogeneous marginals of o
and its support is contained in €. ) [X1,X3].
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Theorem 3.2.3. (Compactness from converging marginals)

Let X; for i = 1,2 be completely regular spaces. Let (y))cy, be a net in M (Xq x X3)
with pwy )\ = néy;\ e M4 (Xy),1=1,2, A € L. If (ni,n)aeL weakly converge to some 1
in M(Xy), then there exists a subnet (v ) xca weakly convergent to somey € T'(py, 12)
in M(X1 X Xz).

Proof. We recall that every completely regular space can be topologically embed-
ded in a compact Hausdorff space (e.g. by the construction we used in the proof
of Lemma 3.1.6: this property, in fact, characterizes completely regular spaces).
Up to an identification of X; with its homeomorphic image, we can thus assume
that Xj is a subset of a compact Hausdorff spaces X;; thanks to Lemma 2.1.3(3),
we can also identify the measures i, i in M4 (X;) with corresponding mea-
sures i, fli in My (X, X;) concentrated on X; s.t. fiin — {1y weakly in M(X;).
Similarly, we can identify each v, with a measure ¥, in M, (X7 x X3) concen-
trated on X; x X3. Since X; x X, is compact and the total mass i/)\()Aﬁ x X2)
is converging and thus it is eventually bounded, by Lemma 2.1.3(4) there exist
some ¥ € M (X x X;) and a subnet y/, = Ya(«) (With corresponding subnet
Yo, = YA(«)) induced by a map « +— A(x), € A (see [50, Theorem 4.29]), such
that

V., =¥ weakly in M(X; x X5).

On the other hand, since the marginals of ¥, are {i;, and 1,5 — [1; weakly
in M(X;), we deduce that the marginals of ¥ on X; are fi;. Since {i; are Radon
measures concentrated on two sigma compact subsets D; C X;, we have

(X3 x X2)\ (D1 x D2)) < w1 (X3 \ D7) + p2(X2 \ D2) = 0.

It follows that ¥ is concentrated on X; x X5, and therefore can be written as
Y = v for a measure y € M(X; x Xz). A further application of Lemma 2.1.3(3)
yields that y/, weakly converges to y in M(X; x X;) and Lemma 2.1.3(1) shows
that y € T'(u1, 12). O

Let us state an immediate consequence of the previous result.

Corollary 3.2.4. (Compactness from compact marginals)
Let X; for i = 1,2 be completely regular spaces. Let Ky C M (Xi) be compact in the

weak topology, i = 1,2. Then the set X := {y € My (X9 xXa) | iy € fKi} is compact
in the weak topology of M (X1 x X3).

Proof. Since X is closed in M(X; x X3) thanks to Claim 1 of Lemma 2.1.3, it is
sufficient to prove that every net (y,), ., in X has a converging subnet.

Setting pi := ﬁéy)\, thanks to the compactness of X7 x X, we can find a
subnet (1] o 1) oJaca, By = Hia(r), converging to (i, p2) € Ky x X3 in
M(Xq) x M(X3).

Applying Theorem 3.2.3 we can find a further subnet (vg)pen of (Vo)aea
converging to a measure y in M(X; x X3). O

Remark 3.2.5. In locally compact or Polish spaces Corollary 3.2.4 could also be
proven by using Prokhorov’s characterization of compact subsets of M (X;) in
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terms of uniform tightness (see Theorem 2.1.4). The argument we are presenting
here is more direct (once Radon measures are involved) and works in completely
regular spaces as well. In the case of arbitrary topological spaces, one has to deal
with a more refined definition of the weak topology and Corollary 3.2.4 can
also be extended to this general setting. Since we think that this result is of
independent interest, we added its proof in the Section 4.3.

Lemma 3.2.6. Let X;, i = 1,2 be completely regular spaces, let p > 1 and let (0t\) .,
be a net in P(Cr[Xy,Xz]) for some R > 0 with pi := (hY )yon € M (Xi), 1= 1,2,
A € L. If (pia)aew converge to some i in M(Xy), then there exists a subnet (ocf5 )BeB
of (o\)\cy, convergent to some & € HP (py, 12 ).

Proof. Thanks to Theorem 3.2.3, it is enough to prove that {7{1?1 X\ JaelL converges,
up to a subnet, for every i = 1,2. Then, let X be a completely regular space, let
(U )aer, € M4 (X) be convergent and let (&), cp, € P(Cr[X]) with hP (on) = pa
for every A € IL. Define, for every A € L,

B :=qs(rP o) € M ([0, R] x X). (3.2.7)

Notice that this definition does not depend on the point X w.r.t. which q is
defined. Observe that ﬂéO’R]B)\ € M, ([0,R]) with mass bounded by RP and
NQ(BA = . Then we can apply Theorem 3.2.3 to (B, ),y and obtain that, up to
passing to a subnet, there exists B € M ([0, R] x X) s.t. limycp, B = B. Now we
define

On::{[x,r]EC[X]|O<r<1}, n>l

and, for every n > 1, the nets of real numbers
MAn = (X)\(On).

Observe that 0 < mp, < 1 for every n > 1 and A € L then, up to passing to a
subnet, they converge in A € IL to some m,, € [0, 1]. Define then m := inf >1 mn.
We claim then that

1
1' = — = .
)\1& o rppﬁﬁ +md, = &

Take any Q C €[X] open; if 0 ¢ Q, we have

lig\ré]iLnf o (Q) = lig\ne]iLnf J[O,R]xX(XQ o Cl)("ﬂ)m dpa(x,T)
1
= o 7 R YR d 7
> | X0 = T e 40

= a(Q),

since everything is bounded, staying away from o. If, on the other hand, 0 € Q,
we have that On C Q for some N > 1; calling O, := QO \ O, (which is an open
set), we have, for every n > N, that
liminf o) (Q) > liminf &, (O liminf o) (Q
imin o (Q) imin oA (On) + im in o (Qn)
> a(Qn) +mpy.
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Now we pass to the limit as n — 400 and, using the monotone convergence
theorem and the fact that Q,, T Q \ {0}, we obtain

Iiminf o) (Q) > «(Q\{o}) + m = x(Q),
AL

and this concludes the proof thanks to Portmanteau theorem (see e.g. [20, Corol-
lary 8.2.10]. O

3.2.1 Functions on the product cone

In this subsection X; and X; are completely regular spaces.

Definition 3.2.7. Let H : €[X;,X;] — [0,4+00] be a function. For every (x1,x2) €
X7 x X, we define

Hyyx, : RZ = [0, +00]

(r1,72) = H([x1,71], [x2, 72]).
We say that

* His 1-homogeneous if Hy, x, is 1-homogeneous for every (x1,x2) € X7 x X3
i.e.

Hxyxs (AT1,A12) = AHy, x, (11,72)  for every A > 0, (v1,712) € R%;

* His convex if Hy, x, is convex for every (x1,x2) € X1 x Xj.
Finally we define the functions co (H),cof (H),co (H) : €[X;,Xz] — [0, +00] as
co (H) (1,11, [x2,721) := co (Hx, x,) (11,72),
: )

] H
COf(H)([X],T]],[XZ,TZ]) :F(HX],Xz)(r]/rZ ’
co(H):=Tcof (H) =Tco(H).

Remark 3.2.8. Notice that, in particular, if H is 1-homogeneous, then H(o,0) =0,
since we adopt the convention that 0 - co = 0.

Remark 3.2.9. We will show in Corollary 4.2.6 that, if H is lower semicontinuous,
then cof (H) = co (H) and a useful representation formula will be presented.

Lemma 3.2.10. Let Xi, i = 1,2 be completely reqular spaces, let H : €[Xy,X;] —
[0, +00] be a 1-homogeneous Borel function and let (w1, pn2) € M4 (Xy) x M4 (Xz).
Then

inf{J Hdoclcxesﬁ‘(m,uz)}

C[X1,X;]

= inf {J Hdoo| € 5" (w1, 12) N T(GR(M,M)[Xan])} ,
€X;, X

where

R(py, 12) = w1 (X1) + u2(X2). (3-2.8)
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Proof. It is of course enough to prove the > inequality. If & € $' (ny, u2) we can
assume that «({o,0}) =0, since H(o,0) = 0. By Lemma 3.2.2, we have that

& :=dilg, 1 () €9 (11, 12) NVP(CR(py 100 X1, X2))

and

J Hda = J Hd&.
C[Xy,X2] C[Xy,X2]

This concludes the proof. O

3.3 EXAMPLES OF COST FUNCTIONS

The aim of this section is to present some examples of cost functions H : €[X, X;] —
[0, +o0], where X and X; are completely regular spaces, satisfying (some of) the
hypotheses we will assume throughout the rest of Part I.

3.3.1 Mass-space product costs

We consider cost functions of the form

H([x1,711], [x2,72]) = Hy (r1,72) + H_(r7,12)c(x1,%2),
where H ,H_ : ]R%r — R are convex, 1-homogeneous and continuous and c :
X1 x X3 = [0, +00) is a continuous function satisfying

Hy(rq,m2) > —H_(11,72) sup c(x1,x2) forevery ry,r2 > 0.
(x1,%2)EXy X X3

Possible choices of H, and H_ are given by e.g.

1 P
1 mplr,r2)i= (50T 408)), p e +oo),

2. m‘p (T1/TZ) = _m*‘p (T‘],TZ), pE (_OO/ O) U (011)/
3. Meo(T1,12) =11 VT2, M_oo(ry,12) =11 AT2, Mo =172,

4o =V g/, 0<a <,

3.3.2 Homogeneous marginal perspective functional

Following [76, Section 5] we can build H starting from two entropy functions
Fi : Xi = [0,400],1 = 1,2 and a proper and lower semicontinuous cost function
c: X1 x X3 = [0,4+00]. Assuming that each F;, 1 = 1,2 is convex lower semicon-
tinuous and finite in at least one positive point, we can define, for every number

€ [0, +00], the function H. : ]RfL — [0, +00], as the lower semicontinuous enve-
lope of

_ infg-o{r1F1(0/r79) +1F2(0/r2) +6c}, ifce[0,+o0),
He(ry,r2) =

F1(0)ry +F2(0)r2 if ¢ = +o0,
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forri,7 € ]R%r. The function H : €[X;, X5] = [0, +00] is then defined as
H(lx1,11], [x2,12]) i= Hepxy xp) (T1,12), (X1, 710, [x2, m2]) € €1Xq, X2].

Such function H is convex and T-homogeneous (see [76, Lemma 5.3]. Possible
choices (see e.g. [42, 75]) for F; are given by

1. Power like entropies: for p € R we define

S (P —pls—1) = 1)) ifp#£0,1,
Up(s) := slogs—s+1, ifp=1,
s—1—1logs, ifp=0,
for s > 0, with U, (0) = 1/pif p > 0 and U, (0) = +o0 if p < 0.

2. Indicator functions: for numbers 0 < a < 1 < b < +o0o we define

I[a,b](s) =
+o0o ifs ¢ [a,bl.

3. X~ divergences: for a parameter « > 1 we define

x“(s):=1s—1|% selR.



CONVEXIFICATION AND DUALITY

In this chapter we present the convexification/relaxation procedure that allows
to connect the cost on Dirac masses to the one defined on general non-negative
measures. Section 4.1 presents the general setting and shows the equality be-
tween the relaxation co (#4) and the primal formulation-cost %44; Section 4.2 is
devoted to the duality theorem and the application of the concept of adapted
algebra of continuous functions; Section 4.2 treats the case of merely Hausdorff
spaces, where the notion of narrow topology has to be refined. If not stated oth-
erwise, in this section X; and X; are completely regular spaces.

This Chapter is the result of a collaboration with Giuseppe Savaré and Section
4.3 appeared in [109].

4.1 LOWER SEMICONTINUITY OF THE TRANSPORT COST AND CONVEXIFI-
CATION

Definition 4.1.1. Let H : €[X;,X;] — [0,+00] be a proper Borel function. We
define the singular cost  : M(X1) x M(X2) — [0, 400] as

. 1 ="T18x,, H2 = T20x,,
Hiba,mils ko, rl) if 1o H2 TR0
yH(H],IJ,Z) = X1 EXI/XZGXL T‘]/TZ}O/

400 elsewhere.

and the unbalanced Optimal Transport cost 2 : M(X1) x M(Xz2) — [0, +o0] as

(i1, 12) :—inf{J Hd“|0€€55](ulruz)}

CIX1,X2]
if (py, n2) € My (Xq) x My (X2) and equal to 400 elsewhere.
The aim of this section is to study the relations between .74 and %4; in particu-

lar we are interested in studying the lower semicontinuous and convex relaxation
of #. With this in mind, we have the following remark.

Remark 4.1.2. If H: €[Xy,X3] — [0, +0o0] is a function, then

FyH = yFH- (4.1.1)
Indeed, both are equal to +oo outside the closed set A (X7) x A (X;) and the
equality on A4 (X1) x Ay (X;) follows by Lemma 3.2.1.

For this reason and to exploit Lemma 3.2.10, we will assume for the rest of
this section that

H: €[Xy,X2] — [0,4+00] is a proper, 1-homogeneous and ( )
4.1.2

lower semicontinuous function.
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In the following result we prove that %4 is a lower semicontinuous convex
function.

Proposition 4.1.3. Let H be as in (4.1.2) and let 744 be as in Definition 4.1.1. Then,
for every (p1,un2) € My (Xq) x M4 (Xy), there exists a probability measure & €
9 (w1, 12) N P(CR(uy,uz) X1, X2]), where R(wy, u2) is as in (3.2.8), such that

%H(m,uz)zj Hde.
C[X1,X2]

Moreover % is a lower semicontinuous convex function such that
Un(118%,,128x,) < H(lx1,11]; [x2, 72]) (4.1.3)

for every (x1,%2) € X1 x X3 and every (r1,72) € IR?F. If, in addition, H is also convex,
then (4.1.3) is an equality.

Proof. Let (n1, n2) € M (X7) x M4 (Xz); by Lemma 3.2.10, it holds

U1, 12) = inf“ Hda | o€ o' (1, 12) OT(QR(M,HZ)[XDXZ])}-
¢

[X1,X2]
(4.1.4)

Thanks to Lemma 3.2.6, we have that $' (w1, u2) N PICR(1y 1) X1, X2]) is compact
and the lower semicontinuity of H gives that the functional

o J Hdax (4.1.5)
C[Xq,X2]

is lower semicontinuous. We can thus conclude that a minimizer exists by the
direct method in Calculus of Variations.

The convexity of %4 follows by the convexity of the constraints: if (u} , p.} ), (u}, u%)
are measures in M, (X;) x M (X3) and v, € [0,1] st v+ = 1, we can take
o1 € H' (], 1)) and oz € H'(p?, u3) such that

H(u, 1) :J

Hdog, H(uf,u%)zj Hdao.
C[X1,X3]

C[X1,X;]

It is then enough to observe that o := yot; + Bz € H' (ypl + Bud, yih + Bus).

The lower semicontinuity of % is a consequence of Lemma 3.2.10: if {(1}, p3)}aer
is a net in M (X7) x M4 (Xz) converging to (u1, p2) € My (Xq) x M4 (X32), we
can consider, for every A € IL, some «; € £ (M‘, uﬁ‘) N T(QR(M,MQ) [X1,X3]) such
that

U1}, 13) :J Hdaa.
€[Xq,X2]

Since p{‘ are converging for i = 1,2 and R(p?, uﬁ‘) is bounded from above,
we can use Lemma 3.2.6 to extract a convergent subnet of (o)), with limit
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o € $' (w1, 12). Using again the lower semicontinuity of the functional in (4.1.5),
we can conclude that %4 is lower semicontinuous.

(4.1.3) follows by the fact that
0= By ,ry] © Opxy ]
is an element of ' (14 dx,,T20x,).

If, in addition, H is convex, we can take & € $' (1 dx,,T20x,) such that

U (T10x,,720x,) = Hdox

J C[Xq,X;]
and we observe that « is concentrated on
A, 1, A20x2, 11 Aq, A2 > 0}

with

J T dO(:T‘1, J Tde(:Tz.
€[Xq,Xz] €[Xq,Xz]

Hence, using Jensen’s inequality and the convexity of Hy, x,, we have
Thlribe, ) = [ Ha

CXq,X2]

= J 5 HX],XZ d(rI/TZ)IiO‘
R

+

WV

He e, (J - d(mna(n),j Tzd(rz)n(x(Tz)>
R, R,

= Hx1,xz (T1 ’ TZ)

= H([x1, 1], [x2,712]).

Thanks to Proposition 4.1.3, given n; € M4 (X1) and pp € M (X;), the set

Oh(w, 1) = {txef)](m,uz) IJ Hdcx:%(m,uz)} (4.1.6)

¢[Xq,X2]

is not empty. Elements of $/,(i1,p2) are called Unbalanced Optimal Transport
plans.

In the following result we prove that %} is the lower semicontinuous convex
envelope of .7} in a direct way. Another proof is given in Theorem 4.2.4.

Theorem 4.1.4. Let H be as in (4.1.2) and let A4 and 74 be as in Definition 4.1.1.
Then

o () = Un. (4.1.7)
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Proof. We only need to prove equality on M (X7) x M (X2) being both func-
tions equal to +oco outside it. First of all let us compute co(#4) on the set
co (AL (X7) x AL (X2)) =co (A (Xq7)) xco(AL(X2)). If we take an element (W1, 1)
of co (A4 (X1)) x co (AL (X3)), then we can write

CO(YH)(M,uz)Zinf{ZcxinH(u%,uz (1, 12) Z% uh, ),
i

(X‘l) 0, Z Xij = 1, Uk € A+(Xk)}

ij

Since (w1, 12) € co (A4 (X7)) x co (A4 (X3)) it holds
wy = Z Mpd,n Hy = Z Nd,k
h k

for some mp, ny € R, and some x? € Xy, x’2< € X, distinct points. Then it holds
that

=DMy =)ok = ) _oyTidyy,
h 1j ij
_ _ j J
o= Y midg = Y o = Y sgrks
k ij ij
for some r%,rjz € R, and some 7”(% € Xy, 72)2 € X, not necessarily distinct points.
Clearly it must be
Unfxh = Uidgih, Ui = UL ).
We can then group the r} and the oyj as follows

N o .
My =01 1% =%, {ogpindp = oy [ %) =1

obtaining
th5 h _Z(X'Plhr ) h,
pih
W2 = an6 kK = Z Ocp)hfzég
pih

Analogously we can group the sz and again the o1 as follows

k i 1 <] k ) k
{Tg }q = {TJZ | X)z =x3}, {(quhk}q = {(xpjh | X)z =Xx3}

obtaining

th5 h = Z OcpqhkT'p hk5

pqhk

Wy = anéxli = Z (quhsz 5X12<.
k

pqhk



4.1 LOWER SEMICONTINUITY OF THE TRANSPORT COST AND CONVEXIFICATION

We are then left with the compatibility conditions

h

Mh =) ,qk %pqnkT]  for everyh,

=2 pqh (quhkTgk for every k, (4.1.8)
quhk Xpqhk = 1

The convex envelope of .74 can be then written in two arbitrary points

(M1, 12) = (Z mh5qu,znk5xlz<> € co (A4 (X7)) x co (A4 (X2))
h k

as

co (F) (1, 12) = inf{ > apqneH(E, M, K5, 756 st
pqhk

h K
{atpqnitpanis T pn AT tqx € Ry

and (4.1.8) holds }

This formula tells us that co (.#4) can be written as

co () (11, 12) = inf {J Hda | o€ H' (1, 12) N P-Discr+(€[X1,Xz])},
[

[X1,X2]

where P-Discr, (€[X1, X;]) = Discr (€[X;,X2]) N P(€[X1,X;]). Reasoning as in
the proof of Lemma 3.2.10, we have that

co () (u1,12) = inf{J

Hda | e $H' (11, 12) ﬂP-Discr+(Qi*)} ,
C[X,X2]

where €, = €g(,, 1) X1, X2]. Thus

Wn(w, 12) < co(Au) (1, u2)  forevery (w, m2) € co (A4 (Xq)) x co (A4 (X2)).

Moreover 74 is lower semicontinuous and convex hence, by definition of co (-#4),
it must hold

co () (M1, u2) = Yu(wa,uz)  for every (g, n2) € My (Xq) x My (Xq).

Then, in order to prove equality, we only need to prove the other inequality.
To do so, fixed (p1, pn2) € M4 (X7) x M4 (X2), we prove that there exists a net
(R, K hnek € co (A1 (X1)) x co (A4 (X2)) .t Timy (157, 1) = (1, 12) and a net

{YnheEg C Discry (€,) NP(&,)

st. vy € H'(1], 13) for every 1 € E satisfying

lim J Hdy, = J Hda"
ek Jex;,X,] €[Xq,X;]
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where o* € ﬁh(m ,12) NP(E,). If we are able to do so, we conclude, indeed
0 () (11,2) = in{ liminfco (A0 (1, 43 with
{(1}, 1) el C co (A4 (X7) x Ay (X3)) and

(u1,12) = tim(y, 1)

< liminfco (F) (1], u3)
n

< liminf

J H dyn
n C[Xy,X2]

= liminf J
n C[X;,X;]

= J Hdo*
¢[X1,X2]

= %H(I"L]/I"LZ)‘

H dyn

To do so, we use Lemma 3.1.4 with X := €,, f = H, a0 := o and we find {y,, }neE C
Discr, (€,) NP(C,) s.t.

li =o*, |l H =| Hda".
nlgE Yn =&, nlglE L* dy, J da

*

Finally we can define

uli=bily,), w):=bi(y,) forevery neE.
Obviously v, € H' (1], 13) and p; = limycg 1}, indeed if @; € Cp(X;), then

lim .d U:l'mJ . dp! zlimJ xi)r; d
HIE]EJ'xi Qidy T]IEIE %, (O} b1(yn) it QZ[X1,X2]((pO )T Y1

—limJ ((Pioxi)ridYn_J (pioxi)rida”
nek Je,

*

:J (pioxi)rida* :J @i db] (o)
C[X1,X5] i

X3

= J @idyy,
XA

1

where we have used that (@ ox;)r; € Cy(€,) and the convergence of v, to o™ in
P(€,). Notice that, in general, it is not true that (¢ ox;)r; € Cy (€[Xq, X3]). O

4.2 DUALITY

In this section, we still assume that H is as in (4.1.2) and we study the dual
formulation of the definition of 4.

Definition 4.2.1. We define the following set of continuous functions
(@1,92) € Cp(X7) x Cp(X2) sit.

Oy = ¢ @1(x1)T1 4+ @2(x2)r2 < H([x1, 1], [x2,72]) (4-2.1)
for every (x1,%x2) € X3 x Xz, 11,712 >0
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and, for every (u1, n2) € My (X7) x M4 (X2), the functional D(-; g, p2) : Cp (X7) x
Cp(X2) — R given by

D@1, @2, 11, 12) 1=J @1 dpy +J @2du, (@1, 92) € Cp(Xq) x Cp(X2).

Xy X2

(4.2.2)

Before stating the main duality result, let us briefly recall the Fenchel-Moreau
Theorem in the framework of a pair of vector spaces E,F placed in duality by
a nondegenerate bilinear map (-, -,), see e.g. [46]. We endow E with the weak
topology o(E,F), the coarsest topology for which all the functions e — (e, f),
f € F, are continuous.

Definition 4.2.2. Let .% : E — (—o0, +-00] be not identically +oco and satisfying
F(e) > (e,fy—c forsomefeF, cecRandeveryecE. (4.2.3)

The polar (or conjugate) function of .# is the function .#* : F — (—o0,+00]
defined by

F*(f) =sup(e, f) —F(e) foreveryfeF.
eckE

Theorem 4.2.3 (Fenchel-Moreau). Let E and F be vector spaces placed in duality and
let F : E — (—o0,+00] be satisfying (4.2.3) and not identically +oo. Then the lower
semicontinuous convex envelope of .Z is given by the dual formula

co(F)=F""(e) =suple ) —.F*(f) foreverye e E.
feF

In particular,
if F is convex and lower semicontinuous then F = F**.

Theorem 4.2.4. Let H be as in (4.1.2), let 4 and 7 be as in Definition 4.1.1 and let
A C Cy(Xy) be adapted algebras of continuous functions as in Definition 3.1.5. Then

U, 12) =sup{D(@1, 02,11, 12) | (@1, 92) € PN (AT xA2)}  (4.2.4)
for every (w1, n2) € My (Xq) x My (X2).
Proof. Set E := M(X7) x M(Xz) and F := Ay x A, with the bilinear form

(,) ExF=R, ((n1, 12), (@1, 92)) = D@1, @2; 11, 12).

This is a well defined nondegenerate bilinear form. We endow then E with the
topology o(E,F) which coincides exactly with the product weak topology by
Lemma 3.1.6.

Consider then the function . : E — (—o00, +00] defined as in Definition 4.1.1.
Using Theorem 4.1.4 and Theorem 4.2.3 we have that

Uy =co () = A5
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Moreover
e, 92) = sup  {((n1,12), (@1, 92)) — L, n2)}
(n1,m2)€E

= sup (w1, 12), (@1, 92)) — Fulmr, n2)}
(H1,m2)EAL (X)X AL (X3)

= sup {@i(x1)r1 +@2(x2)r2 —H(x1,71;%2,72)}
X1,T1,X2,72

0 if (@1,92) € PuN (A7 x Ap),
+o0o  elsewhere.

Hence

A7 (1, u2) =sup{D(@1, @2, 11, 12) | (@1, 92) € DuN (A1 x Az)}.
O

Remark 4.2.5. We remark that equality (4.2.4) does not require Theorem 4.1.4.
Indeed, from the proof of Theorem 4.2.4, we immediately have that

€0 (AH) (11, u2) = sup {J @1duy +J @2duz | (@1, 92) € (DH}- (4.2.5)

X4 X2

In Proposition 4.1.3 we have proven that %} is convex and lower semicontinuous
and stays below .#, then %4 < €0 (.#1). The other inequality is immediate: take
any o € §' (11, 12) and any (@1, ¢2) € Qy; then

J @1 dpy +J @2du; =J ((@10%1)11 + (@2 0%2)12) d
X] Xz Q:[X]/XZ]

< Hda.

JQ‘[Xth]

Passing to the supremum in @y and to the infimum in $'(p1,12) and using
(4.2.5), we conclude that 74 > ¢o (A).

We conclude this section showing the equality co (H) = cof (H) as a conse-
quence of the above result.

Corollary 4.2.6. Let H be as in (4.1.2) and let co (H) and cof (H) be as in Definition
3.2.7. Then

@(H) ([X]/T]]/ [XZIrZ]) — COf(H) ([X],T“[], [XZ,TZ])
=sup{e(x1)r1 + @2(x2)12 | (@1, 92) € On}

for every (x1,x2) € X1 x X and every (r1,72) € ]Ri. Moreover
0 (Hh) =0 (Fo(n)) = U = Ues (1)

Proof. We denote by Uy : €[X1, X3] — [0,+00] the restriction of %4 to A (X7) X
AL (Xz) = €[Xq,X;] (see Lemma 3.2.1).
It is clear that co (H) < cof (H) < H so that

Uss(H)y < Ueof(H) < U
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and
E(H) = U@(H) < COf(H) = UCOf(H) < UH < H,

where we used Proposition 4.1.3 and the convexity of co (H) and cof (H). More-
over, since Uy is, lower semicontinuous, convex and stays below H, we have that
Un < co (H). This gives that

€0 (H) = Ugg(n) = cof (H) = UcogHy) = Un
and in particular, using Theorem 4.2.4, that

@(H) ([XJ/T']]/ [XZIrZ]) = COf(H) ([X]IT]:I; [XZIrZ])
=sup{@(x1)r1 + @2(x2)r2 | (@1, 92) € Dy}.

The fact that €6 (H) = Uy gives that %4 < Fn) so that 24 < €O (F(m))-
However, by Proposition 4.1.3, we know that % = ¢o (.#4) so that co (#4) <
0 (Szs(n))- Since, obviously, the other inequality holds, we have ¢o (#4) =
0 (S%s(n))- Applying again Proposition 4.1.3 to o (H) we conclude that

0 (Hh) =0 (Fo(n)) = U = Ues(1)-

4.3 THE CASE OF MERELY HAUSDORFF SPACES

In this last section we show how to generalize Theorem 3.2.3 and Corollary 3.2.4
to arbitrary Hausdorff topological spaces.

Since duality with continuous and bounded functions cannot be used to define
a Hausdorff topology in M (X), a natural topology (called narrow topology) can
be introduced following Topsoe [110, Appendix].

Definition 4.3.1. (Narrow topology)

Let X be a Hausdorff topological space. The narrow topology on M, (X) is the
coarsest topology which makes all the maps p — [y ¢ du lower semicontinuous
for every bounded and lower semicontinuous function ¢ : X — RR.

In order to state a useful criterium for compactness in M, (X) we give the
following definition.

Definition 4.3.2. (Domination of compact sets)

Let X be a Hausdorff topological space and let X(X) (respectively G(X)) be the
collection of the compact (resp. open) subsets of X. We say that a collection
G C G(X) dominates the compact subsets of X, and we write § > K(X), if

for every K € K(X) thereexists Ge G: KcCG.

Theorem 4.3.3. (Topsoe [116])
Let X be a Hausdorff topological space.
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1. Anet (un)xep, € My (X) is compact (i.e. from every subnet it is possible to extract
a narrowly convergent sub-subnet) if and only if lim sup, o ua(X) < +o0 and
for every G > K(X) and for every ¢ > O there exists a finite subset §' C G such
that

lim sup min px (X\ G) < e. (4.3.1)
AeL GEY

2. A narrowly closed set  C M. (X) is narrowly compact if and only if it is bounded
and for every G = K(X) and for every ¢ > O there exists a finite subset G’ C G
such that

i X\G) <e. 3.2
ilé};énelgyu( \G)<e¢ (4.3.2)

Remark 4.3.4. Condition (4.3.2) is really a relaxation of the usual uniform tight-
ness condition: in fact, the latter guarantees the existence of a singleton G’ satis-
tying (4.3.2).

We are now able to state and prove the analogous of Theorem 3.2.3 and Corol-
lary 3.2.4.

Theorem 4.3.5. (Compactness from converging marginals)

Let Xi, i = 1,2 be Hausdorff topological spaces and let (y))cy, be a net in M (Xq x
X2) with i = néy)\ € M4+(Xy),1=1,2, A € L. If (mix)aer narrowly converge
to some pi in M(Xy), then there exists a subnet (y})xen narrowly convergent to some
Y € T, u2) in M(Xqy x X2).

Proof. Let us first recall (see e.g. [84, §26, Exercise 9]) that whenever G C X; x X;
is an open set containing the product K; x K, of two compact subsets K; C X;,
i=1,2, then there exist open sets G; C X; such that

Ki xKy € Gy x Gy C G. (4-3-3)

Let § = X (X7 x X3) and let ¢ > 0 be fixed. Thanks to (4.3.3), in order to check
(4.3.1) it is not restrictive to replace G with the collection of cartesian open sets

G, = {61 % G, | 3G € G such that G; szcG}.

Let us now introduce the disjoint union X := X; U X, endowed with the finest
topology for which the canonical injections t; : X; — X are continuous; we can
thus identify X; with 1;(X;) as (open and closed) subsets of X. Since a set A C X
is open (resp. compact) in X if and only if A NX; is open (resp. compact) in X;
for i = 1,2, it is not difficult to check that the family of open sets in X

Ge:={G1UG2 161 x Gy € Ge

dominates K(X).
We now consider the net uy = (11)gu1n + (12)gu22 in M (X); equivalently,
uA(B) = m1A(BNXy) 4+ p2a(BNXy2) for every Borel set B of X. It is immediate to



4.3 THE CASE OF MERELY HAUSDORFF SPACES

check that p, narrowly converges to w := (11)3u1 + (12)s12. By Theorem 4.3.3(1)
we can find a finite subset §’ = {G1,; UG2; }].]:1 of G, such that

lim sup min p (X\ G) < e. (4-3-4)
Ael Ge§’

On the other hand we observe that, for every A € L and j € {1,---,]}, it holds

YaXs x X2\ G135 % G2;5)) < VA((X1\Gr3) x X2) +va(Xy x (X2\ G2j5))
=mAX1\Gr1j) + 2 (X2\ Go)

I
A X\ G5 U G2j),

so that, setting §' := {G; 5 x Gz,j}jI:1, (4.3.4) yields

lim sup min v, (X1 x X2 \ G) < limsup min p, (X\ G) < e.
AeL GeY’ AeL  Geg

O]

Arguing as in the proof of Corollary 3.2.4 we eventually obtain the correspond-
ing characterization of compactness in M (X7 x X3).

Corollary 4.3.6. (Compactness from compact marginals)
Let Xi, 1 = 1,2 be Hausdorff topological spaces and let X; C My (Xi) be compact in

the narrow topology, i = 1,2. Then the set X = {y e M, (X7 x X2) | ﬂ;y S Ki} is
compact in the narrow topology of M (X1 x X3).

67






DUAL ATTAINMENT, OPTIMALITY CONDITIONS AND
METRIC PROPERTIES

This chapter is devoted to the study of the dual attainment in (4.2.4) i.e. to un-
derstand under which hypotheses one can find a pair of functions (continuous
or not) realizing the maximum in (4.2.4). The first Section 5.1 treats the case in
which the spaces are compact and H is somehow more regular; Section 5.2 deals
with a more general settings and present sufficient and necessary optimality con-
ditions for the primal problem in the definition of %4y; finally in Section 5.3 the
case in which H is a distance on the geometric cone is treated.

This Chapter is the result of a collaboration with Giuseppe Savaré.

5.1 THE REGULAR CASE

In this section we provide sufficent conditions for the existence of a maximizing
pair (@1, @2) € @y such that

J <p1du1+J @2 duy = (s, 12).
X5 X5

5.1.1 The case of H finite everywhere

In the following we assume that (X;,d1), (X2, d;) are compact metric spaces, that
H: €[X,X2] — [0,+00) is a 1-homogeneous, convex and continuous function
and that py € M4 (X;) are such that supp uy = X for i = 1,2 (notice that this
implies pi # Ox, for i =1,2). We define H; : X; — [0, +00) fori=1,2 as

Hy(x1) :== H(lx1,1],0), Ha(x2):=H(o,[x2,1]) x1 €Xy,x2 € Xz (5.1.1)

and we assume that
Ki = J Hidp <400, k2 ::J Hy dp, < +oo. (5.1.2)
X X2

Finally, we assume some control on the derivatives of H at the boundary of the
cone, meaning that we assume the existence of an open set QO C X; x X, such
that

Q)=X;, i=1,2,

H 1) —H
ti BTl o, T —Ha(xa) every (x1,x2) € Q,

140 T (513)
lim H(lx1,1], [x,m2]) =Hi(x1) _ oo for every (x1,x2) € Q.
1240 T2
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Lemma 5.1.1. There exists a finite set {x?,x}‘,rn}l:':] C X3 x Xy x (0, +00) such that

UBG&Nm) =X, i=12  [JBK}, ™) xBxE, ™) C Q.
n

n

Moreover there exists a constant C = C(Xy, Xz, w1, 12, H) > 0 such that, if (@1, @2) €
@y are such that

J @1 dug +J @2duz >0,
X, X,

then for every m € {1,..., N} there exist yi* € B(x]',mn),yy € B(xY, ) such that

e1y1) =2 -C, ¢2(y7) = -C. (5-1.4)

Proof. The first claim follows by the compactness of X; and by the properties of
Q. We claim that

J @rdu; > —(k1 +k2+1), J @2duz > —(k1 +k2+1) (5.1.5)
B(xT,7i) B(x%,7i)

for every n = 1,...,N. Indeed, if there exists i € {1,2} (say i = 1) and n €
{1,...,N} such that

J @rdur < —(k1+x2+1),
B(xT,mn)

then
J @1 duy :J @1 duy +J @1 duy
X4 B(xT,mn) X3\B(xT,mn)
< —(k1+Kk1+1)+kg
— (k2 + 1)
Thus

K2 EJ tpzdliz>—J erduw > k2 +1,
X2

Xq

a contradiction. Let us set

m:= min min C(B(x, T >0
1'.:1,211:1,...,N l“l'l( ( 17 TL)) 7

since the supports of the measures coincide with the whole spaces X; and X;.
By (5.1.5) we have, for every i =1, 2, that

Hi (B(xi*,mn)) sup @i > J eidp; > —(k1 +Kk2+1),
B(xI',rn) B(xT, )

hence
K1+ k2 +1
sup @iz ———.
B(x]',Tn) m

This gives the existence of yi* € B(x[*, T,) such that

Ktk 1
e

eilyiy) = : C.
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Lemma 5.1.2. There exists ¢ = ¢(X1, Xz, u1, u2, H) > 0 such that, for every (@1, @2) €
CDH with

J @1 duy +J @2duz >0,
X X5

it holds
@i(xi) <Hi(xi)—¢ foreveryx; € Xi, i=1,2
Proof. We prove the statement for i = 1, being the other case completely analo-

gous. Suppose by contradiction that there exists ((p1 ,Q 2) C Oy with fx1 @) dpr +
fx ), dpy >0 and (zj); C X; such that

Hi(z5) — @) (z5) = 0
as j — +o0. Up to passing to a subsequence, we can assume that

0< H1(z)-)—cpj] (zj) < ] for every j € N
and the existence of z € X; such that zj — z. By Lemma 5.1.1, we have that
z € B(x}, ) for some n € {1,...,N} and we can thus assume, up to passing
again to a subsequence, that z; € B(x7, ) for every j € IN. By Lemma 5.1.1,
we can find, y; € B(x}, 1) such that (pjz(yj) > —C. By compactness of X;, we
can assume that y; — y € B(x}, ). We have thus proven the existence of
(z5,y;5) € Q such that (zj,y5) = (z,y) € Q with

1

0< H1(z)~)—cpj] (zj) < ]7, (pjz(yj) > —C foreveryje N.

We have
1
T <H1 (z;) — ).> —Cr2 < <P}1 (z5)ry + (Pz(y]) < H(lzg, 1], [y, m2])
for every r1,712 > 0. Choosing 11 =1, we get

H(lz;, 1], lyj, r2] — H1(z;) >—C—L for every j € N, 12 > 0.
T2 jr2

Passing first to the limit as j — +oo and then to the limit as r, | 0, we obtain

m
1240 T2

> —C>—o0,

a contradiction with (5.1.3). O
Definition 5.1.3. Let (@1, ¢2) € ©y. We define the Borel functions (p'f X9 = R,
H.X; > Ras

ol(x2) = x1ir€1;f(1 oi(gfo{H([XLOd, [x2,1]) — oy (M)}, X2 € Xz,

x2EX x>0

(pﬁ'H(m) = inf inf{H(bq,H, [xz,cx])—oc(p'#(xz)}, X1 € XJ.
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Proposition 5.1.4. There exist constants R = R(Xy, X2, w1, 12, H) > 1 and M =
M(X1, X2, u1, w2, H) > 0 such that, for every (@1, ¢2) € @y with

Jx @1 dug +J @2duz =0,
1

X2

it holds

H . . .
<P1(Xz)—X]lrg(]Oglfxlng{H([m,oc],[Xz,ﬂ) occm(m)}, o EXs  (51.6)

HH . . . H
O} (X1)—Xigzoglgf@{H([m,ﬂ,[Xz,cx]) Q] (Xz)}, x1 € X1.  (5.1.7)

In particular, ((p'{'H,(p'f') e Oy, cp']"H > 1, (p'f' > @2, both of them are uniformly
continuous with the same (uniform) modulus of continuity of H on €x[Xy,X2] and

H,H
lofllee <M, 05"l < M.

Proof. Let (@1, ;) be as in the statement. By Lemma 5.1.2 we know that there
exists ¢ > 0 (not depending on the couple) such that

@1(x1) < Hj(x1) —¢ for every x1 € Xj.
Then, by uniform continuity of H on €;[X;, X;], we can find 0 < 6 < 1 such that

H(lx1,1], [x2,12]) —Hi(x71)] < for every 0 < 12 < 8.

NI

If we define R:=1+ % + % (maxx, Hy +maxx, Hy + 1), then, for every o > R, we
have

H(x1, a, [x2, 1]) — o (x1)
=H([x1, o, [x2, 1]) = Hi(x1)ox 4+ a (H1(x1) — @1(x1))
= (H([x1,1], [x2,1/a]) = Hi(x1)) + « (H1(x1) — @1(x1))

2,

N ™

> Hy(xo)+ 1.
Thus, for every x; € X;, we get

inf inf {H([x1, o, [x2,1]) — @1 (x1)} = Ha(x2) + 1
x1€X7 x>R
> X11r61£] Oglgng{H([XLOd, [x2,1]) — o1 (x1)}

and this proves (5.1.6). The proof of (5.1.7) is analogous.
The fact that (p'f' > @2, (p']"H > @1 and

oM (x1)m + o (x2)r2 < H(lx1,711], [x2,72])

for every (x1,x2) € X1 x Xz, v1,12 > 0, follow by the definition of (p'{' and
(p'{'H. It is then clear that (p'{' (resp. (p'{'H) is bounded from below by min,,cx, @2
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(resp. miny, ex, ®1) and by above by maxy,ex, Hz (resp. maxy,ex, H1). Let now
x2,x5 € X3, then, recalling (3.2.4), we have

lof(x2) — @Y (x2)] < sup sup |H([x1, o, [x2, 1]) = H([x1, o, [x5,1])]
x1€X1 0<aKR

< wff ((dr @ed2) ((bx1, o, Ix2, 1), (B, o, 06, 11))) - (5.1.8)
= wfj(da,e(lx2,1], [x5,1]))

< wii(da(x2,%5)),

where wﬁ is the (uniform) modulus of continuity of H on € [Xj, X;] and we have
used that dy ¢ ([x2, 1], x5, 1])) < da2(x2,%5) (see formula (7.5) in [76]). The analo-
gous statement for @ follows by the same strategy. This proves that ¢! and
(p'{"" are uniformly continuous with the same (uniform) modulus of continuity
of H on €r[X7,X;] and concludes the proof that (@TH, (p'?) € Oy. If we define
(recalling Lemma 5.1.1)

M:=C+ wﬁ(diamX1 )+ wﬁ(diamxz) + max H; + max Hy,
X1€X] XzEXz

we have that (p'f' < Hz < M and, by (5.1.8), we get
ol(x2) = o' (x5) — wfi(d2(x2,%3)) = —C — wf(diam X3) > —M,

for every x, € X,, where x5 € X; is some point where (p'f' is larger than —C
(whose existence is given by Lemma 5.1.1). The proof for ¢H is the same. O

Theorem 5.1.5. There exists (@1, @2) € Oy such that

J (P1dH1+J @2duy = (w1, 12).
Xq X

Proof. If (w1, 12) = 0, we can take @1 and ¢, to be the null functions. We
thus assume tha_t (11, 1u2) > 0. If this is the case, we can find a maximizing
sequence (¢}, ¢} ); C @y for the dual problem (4.2.4) with

J (pj1 dp —|—J (pj2 duz, >0 for everyj € IN.
X4

X2

By Proposition 5.1.4 we have that ((pj]’HH, (pj]’H)]- C Oy is a maximizing sequence

of equi-uniformly continuous and equi-bounded functions. By Arzela—Ascoli
theorem, we can assume, up to passing to a subsequence, that there exists a
pair (@1, ¢2) € Oy such that ((pj{HH, (pj]’H) — (@1, ¢2) uniformly on the compact
space X1 x X;. By dominated convergence, we have

J @1 dupy +J @2dpy =lim (J @M dyg +J Q)" duz) = Un(m1, 12).
X X5 ) X4 X2
O

In the next statement we assume that (X;,d;) = (X3,d2) = (K,d¢), where
K € R¢ is a compact convex set with non-empty interior and d. is the Euclidean
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distance on K. We say that H : €[K,K] — [0,+00) is partially differentiable if the
limits

H([x1 +hen, 1], [x2,72]) — H([x1,711], [x2,12])

(01H(x1,11;%2,12) )0 = }llim

—0 h !
. 1. H(x1,m1 +h], [xz,2]) —H(lx1,11], [x2,12])
02H(x1,711;%2,12) = }{lg}) n

exist for every n = 1,...,d, x; € int(K), ry > 0 and x; € K, v, > 0, where
(en)d_; is the canonical basis of R4.

Theorem 5.1.6. Let K C RY be a compact and convex set with non-empty interior, let
H: ¢[K, K] — [0, 4+00) be a continuous, 1-homogeneous and convex function which is in
addition partially differentiable and (de ®¢ de)-Lipschitz continuous on €g[K, K], where
R > 1 s as in Proposition 5.1.4. Let uy € M, (K) with suppp; = K, i = 1,2, and

assume that (5.1.2) and (5.1.3) hold true. If wy is absolutely continuous w.r.t. Ld|K (the
d dimensional Lebesgue measure on K) and
for every x1 € int (K) the map
01H(x1,1;y,q) (5.1.9)

¢Kl >y, ql — <
02H(x1,1;y,q)

) € R is invertible,

then there exists a Borel map T : K — €[K] s.t.

w2 = (hoTy)(u1), JK H(ber, 11, Txr)) dir (1) = Zh(ua, 2.

Proof. By Theorem 5.1.5, we know that there exists a pair (@1, ¢2) € Oy of
Lipschitz continuous functions (see also Proposition 5.1.4) such that

JK @1 dug + JK @2duy = Y, u2).

If x € Sﬁ,L(m, w2) (cf. (4.1.6)), then we can find a full ax-measure Borel set I' C
¢[K, K] such that

@1(x1)Tr1 + @2(x2)12 = H([x1,11], [X2,72])  for every ([x1,71], [x2,712]) €T

Notice that, since H(o, 0) = 0, we can assume that (0,0) ¢ I'. Since @1 is Lipschitz
continuous, we can find a full puj-measure Borel set U C int (K) where @1 is
differentiable (since K is convex, its boundary has 0 Lebesgue measure). Let
([x1,71], [X2,T2]) € T'with X1 € U. We have that

the map (x1,11) — H([x1,m1], [R2, T2]) — @1 (x1)77

o (5.1.10)
has a minimum at (xq,71) = (X1, 71).

We claim that 71 # 0: if not, we would have that
H([x1,7m1], [R2,T2]) — @1(x1)11 = H(o,[X2,T2]) for every x; € K, r1 > 0.

By (5.1.3), there exists X1 € K such that (%1,%2) € Q so that, if we chose x; = X1,
we get

H([X1,11], [X2,T2]) — @1(X1)T1 = H(o, [X2,T2]) for every r7 > 0.
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Since T, # 0 (recall that we assumed that (0,0) ¢ T'), we can divide by 7, and
obtain

L

> @1(X7) foreveryr; >0,

which, passing to the limit as r7 | 0, leads to a contradiction with (5.1.3).
Thus from (5.1.10) it follows that

01H(x1,71;%2,72) = Vi (X1)71,
02H(R1,T1;%2,72) = @1(X1)

which, using the 1-homogeneity of H, can be rewritten as

{61H(721,1;7‘<2,T2/f1) =Vei(x1),
02H(X1,1;%2,72/T1) = @1(X1).

Let us denote by Iy, C R4*! the image of the map in (5.1.9) and by fy, : Iy, —
C[X,] the inverse of such map. If we define T : X; — €[X;] as

B (Ver(xa), e1(x1)) if (Vei(x1), @1(x1)) € Ly,
T(x1) =

0 else ,

then T is a Borel map and we have just proven that

[X2,T2/T1] = T(X1),
meaning that
T T(x1) = [x2,m2]  forevery ([x1, 1], [x2, 2] €T, x7 € W

From this and the fact that I ﬁx?1 (U) has full x-measure (recall that {r; =
0}NT = 0) it follows that

o = (lidx,, 1], Tz

which leads to the conclusion. O

5.1.2  The case of H finite on a cone

In this subsection we assume that (X;,d7), (X3,d2) are compact metric spaces,
Hi € My (Xy),1=1,2with py # Ox, fori=1,2and H: €[X;y,X;] — [0,+00] is a
1-homogeneous, convex and continuous function.

We suppose the existence of two nonnegative numbers q7, q2 with

H2(X2) 1 (Xq)
mia) P

q1 < (5.1.11)
such that the open set

Uq,q, = 1{([x1,11], [x2,12]) € €[X3,X2] [ 12 > 1197, T1 > 1242}
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is nonempty and it holds
lim inf H([x1, 1], [x2,1]) = +oo,
T1dq2 (x1,x2)€Xy X X2

lim inf H(x1,1], [x2,72]) = +o0, (5.1.12)
T2491 (x1,x2)€X) XX;

H(p1,m2) < +o0o  for every (v1,12) € Ug, q,-

Notice that this implies that H = +oc0 on €[X7, X3] \ (Ug, 4, U (0, 0)). Moreover, if
q1 =gz =0, then Uq, 4, is simply the open product cone.

Proposition 5.1.7. There exists a constant C = C(Xy,Xz, u1, u2, H) > 0 such that, for
every (@1, @2) € Oy with

J @1du +J @2duz >0,
X X,

it holds
P1(x1) <C, @2(x2) < C  forevery (x1,x2) € X1 x X2
and there exists (X1,%2) € X7 X X such that ¢1(%1) = —C, @2(x2) > —C.

Proof. We start from the last claim for ¢;. Assume by contradiction that there
exists a sequence (@}, ¢)); C @y with Ix, @) dw + Jx, @5 duz > 0 such that
maxy, ex, @) (x1) — —oo. Let (x}); C X; be the sequence of points where the
maxima are attained. We thus have

(p% (x%)m (X1)+J (pjzduz >0 foreveryjeN

X2

so that we can find (sz) 5 C X3 such that

) (4
j @7 (%3 )u1 (Xq)
0y () > -

for every j € IN.

Since ((p]'], (pjz) € Oy, we have

o () (n _ L‘;EQ}:) < @ ()1 + @b () < H(B, 111, b, 72))

for every 11,72 > 0. We can assume, up to passing to a subsequence, that

(x),x5) — (x1,x2) € X; x X. Thanks to (5.1.11) and (5.1.12), we can find

T1,T2 > 0 such that

H([x1, 71, X2, T2]) < +00, T1— &

We thus have that

+oo < H([xq, 71, [x2,T2],
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a contradiction with (5.1.12). Since the proof for ¢, is the same, we have proven
that there exists a constant D > 0 independent of (@1, ¢2) and a point (X1,%2) €
X3 x X5 such that

@1(x1) > —-D, @2(x2) > —D.
Thus, if we set

C=D+ max H(lx1,71], [x2,721),
(x1,x2)€X xX3

where 71 and T, are as above, we get that

1
@100) < T (Hkxr 71l [xa, 1) =Fa@2(%2)) S € forevery xq € X,
and the corresponding statement for ¢. O

Proposition 5.1.8. There exist constants ai, as,bi,bs, M > 0, depending only on
X1,X2, w1, w2, H, such that, for every (@1, @2) € Oy with

L @1 dug +J @2du >0,
1

X2

it holds

o) = inf  inf {H([xl,od,m,m—acm(xn}, ‘2 €%,

x1€X1 ai<akas

(5.1.13)

HH . . o H
o (xn—X;g;zbiégfgbs{Hux],u,[xZ,od) o«m(m}, € Xi.
(5.1.14)

Moreover the sets
¢} = {(n1,92) € €lXy, X,]
€3 :={(n1,n2) € €[X1,Xa]

are compact subsets of Uq,q,, (@77, o) € @, o1 > o1, o' > @2, o4 is

uniformly continuous with the same (uniform) modulus of continuity of H on €3, ot is
uniformly continuous with the same (uniform) modulus of continuity of H on &} and

H,H
oo <M, [l <M.
Proof. Let (@1, @2) be as in the statement. Let us set

_ 1 1-dq192
© 21+4q1+q;2

so that, for every 0 < ¢ < §, we have

+e< .
q2 Q1 +e
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1

, g775) and let us define

Let us fix a point & € (q2 +

m:= max H(lx1, &, [x2,1]) < 400,
(x1,x2)€EXy XX
since ([x1, &, [x2,1]) € Ugq, 4, for every (x1,x2) € X7 x X3.
By (5.1.12), we know that for every L > 0, there exists 1 > 0 such that

H(lx1,711], [x2,1] > for every (x1,x2) € X1 x X2, 0 <11 < q2+¢€1,
P

H([X1/ ”1 [XZI Tz]

NN

L
L forevery (x1,x2) € X3 x X2, 0 <12 < g1 +€L.

Let
L := max{m+ C(&+q2+38),(q1 +8)(m+&C) + C},

where C comes from Proposition 5.1.7, and let us take any a;, as > 0 such that

1 1
<71

. YA P —
g2 < ay < (g2+e€L q1+£L/\6<as @

so that 0 < a; < as, €} C Ug,q, and a; < & < as.
If x > asg, then, for every (x1,x2) € X; x X2, we have

H([x1, o, [x2, 1) — oy (x1) = o (H([x1, 1], [x2, 1/e]) — @1(x1))
o(L—C)

as(L—C)

m+ &C

H([x1, &), [x2, 1] — &e@1(%1),

VAR \VARRA\VARR\V]

where X1 comes from Proposition 5.1.7. If x < aj, then, for every (x1,x2) €
X7 x X5, we have

H([X],(X], [XZI]]) — X1 (X1)

A\YARA\VARA\VARR\V]

Thus, for every x, € X, we get
inf inf H 1) —
Jnf o<a<g‘vo¢>a5{ (x1, &, x2, 1) — o1 (1)}
Z H(b_“/ 5(]/ [XZI ]]) — & (7_(] )
inf inf {H 1) —
> inf aiglggas{ (x1, o, x2, 1) — oy (x1)}
and this proves (5.1.13). The proof of (5.1.14) is analogous.
The remaining part of the proof is identical to the one of Proposition 5.1.4. [

By Proposition 5.1.8 we obtain Theorem 5.1.5 also in this setting with exactly
the same proof. In the next statement we assume that (Xj,d7) = (Xz,dz) =
(K,de), where K € RY is a compact convex set with nonempty interior and d.
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is the Euclidean distance on K. We say that H : €[K,K] — [0,+00] is partially
differentiable if the limits

H([x1 +hen, 1], [x2,72]) — H([x1, 1], [x2, 72])

(01H(x1,11;%2,12) )0 := lim

7

h—0 h
_ — i H(xa,m1 +hl, [xa,m2]) — H(lx1, 1], [x2,12])
02H(x1,11;%2,12) = 1113}) ™

exist for every n = 1,...,d, every ([x1,m1], [x2,72]) € Ug,q, with x; € int(K),
where (e,)4_; is the canonical basis of R9. Notice that, for every xq € X, the
map

01H(x1, 1y,
yal ( Hba by ‘“)
02H(x1,1;y,9)

is well defined for those [y, q] in

Dy, == {1) e CKlqr <r(p < ]}.
qz2

Theorem 5.1.9. Let K C RY be a compact and convex set with non-empty interior, let
H: €[K, K] — [0, +o0] be a continuous, 1-homogeneous and convex function which is in
addition partially differentiable and (de ®¢ de)-Lipschitz continuous on €3 (see Propo-
sition 5.1.8). Let i € M4 (K) and assume that (5.1.12) holds true. If wy is absolutely

continuous w.r.t. Ld|K (the d dimensional Lebesgue measure on K) and

for every x1 € int (K) the map

. 1.1
Dx, 2 ly,ql — <61 H(x1,1,y,q)> e R is invertible, (5.1.15)
aZH(X1/];y/ CI)

then there exists a Borel map T : K — €[K] s.t.

2 = (hoTy)(ur), JK H([x1, 1], T(x1)) dui (x1) = %1, 12).

Proof. By Theorem 5.1.5, we know that there exists a pair (@1, ¢2) € @y with @;
Lipschitz continuous (see also Proposition 5.1.8) such that

JK @1 duy +JK @2 duy = %, n2).

If « € 9},(1t1,12) (cf. (4.1.6)), then we can find a full a-measure Borel set I' C
¢[K, K] such that

@1(x1)r1 + @2(x2)12 = H([x1,711], [x2,72])  for every ([x1,71], [x2,712]) €T.

Notice that, since H(o,0) = 0 and H = +o00 outside Ug,,, we can assume that
I'C Ug,q, and (o,0) ¢ T. Since @1 is Lipschitz continuous, we can find a full
wy-measure Borel set U C int (K) where @ is differentiable (since K is convex,
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its boundary has 0 Lebesgue measure). Let ([X1,71], [X2,T2]) € ' with x; € U. We
have that

the map (x1,11) — H([x1,m1], [X2,T2]) — @1 (x1)™

o (5.1.16)
has a minimum at (xq,71) = (%1, %1).

From (5.1.16) it follows that

01H(x1,T1;%2,72) = Vo1 (X1)T1,
02H(x1,T1;%2,72) = @1(X1)

which, using the 1-homogeneity of H, can be rewritten as

01H(x1,1;%2,72/T1) = Vo1 (1),

02H(x1, 1;%2,72/T1) = @1(X1).
Let us denote by I, C R4*T the image of the map in (5.1.15) and by fy, : Iy, —
C[K] the inverse of such map. If we define T : X; — €[K] as

_ S Vei(x1), e1(x1)) i (Ver(x1), @1(x1) € Ly,
T(x1) =

0 else ,
then T is a Borel map and we have just proven that
(X2, T2/T1] = T(x1),
meaning that
T T(x1) = [x2,12] forevery ([x1,11],[x2, 2] €T, x1 € W.

From this and the fact that I ﬂxf] (U) has full a-measure (recall that {r; =
0}NT = ) it follows that

o = (lidx,, 1], T)gus
which leads to the conclusion. O

Remark 5.1.10. Let us suppose that (Xj,dq), (X2,d2) are non compact metric
spaces, i € My (Xi) fori=1,2and H: €[X;,X;3] = [0, 4+00] is a 1-homogeneous,
convex and continuous function. We assume that the supports Xi = supp Hi,
i = 1,2 are nonempty compact sets and one between the settings described in
(5.1.2), (5.1.3) or (5.1.11), (5.1.12) is satisfied for the restriction H of H to ¢[X;, X;]
and the restrictions fi; of pi to Xi, for i = 1,2. In both situations, using The-
orem 5.1.5, we obtain the existence of two continuous and bounded functions
@i : Xy = R,i=1,2, such that

@1(x1)11 + P2(x2) < H([x1,711], X2, 72]) (5.1.17)
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for every (x1,x2) € Xy x Xz and 11,712 > 0, and

ﬁ ¢)101FL1+J~ @zdﬁzzmin{J o Hd&lﬁéeﬁ](ﬂl,ﬂz)}- (5.1.18)
X] XZ C[XI XZ}

We can thus extend @i to @; : X; — R setting it equal to —oo outside Xi,i=1,2.
Observing that the right hand side of (5.1.18) coincides with Z44(u1, n2) we get
that

@1(x1)11 + @2(x2) < H([x1,71], [x2,72])

for every (x1,x2) € X; x Xz and r1,12 > 0, and

J @1 dug +J @2 duy = Y, 12)
X; X5

so that (@1, @2) is a maximizing pair of (unbounded) upper semicontinuous
functions for the dual problem (4.2.4).

5.2 GENERAL OPTIMALITY CONDITIONS

In this section we provide sufficient and necessary conditions for a plan « €
H' (1, 12) to be optimal. In this section X; and X, are completely regular spaces
and H: €[X;,X;] — [0, 400] is a 1-homogeneous, convex and lower semicontinu-
ous function.

Definition 5.2.1. Let B C R?; we define the convex cone generated by B as

N N
. { (Z oqr%,Zoqr%) v, B, {o € [0, +00), N > 1}.
i=1 i=1
If ' ¢€[Xq,X5] and (x1,%x2) € X7 x X3, we define the (x1,x3)-section of T as

Moo = {(r1,72) € R% | ([x1,71], [x2,12]) € T}

and the convex cone generated by T

= U {(x1,m1), x2,m2) | (r1,72) € Py x0 - (5.2.1)
(x1,x2)€X1 xX3

Definition 5.2.2. Let I' C €[Xy, X;]; we say that I is H-cyclically monotone if for ev-
ery finite family of points {(t)% , niz)}iN:] C I'and every permutation o of {1,..., N}
it holds

N . N
ZH(U%:UZ ZH Ulr‘)z
i=1 i=1
Proposition 5.2.3 (Necessity of cyclical monotonicity). Let p; € M (X;) for i =

1,2, let & € Y),L(u], w2 ) be optimal and suppose that fc[x1,xz] Hda < 4o00. Then « is
concentrated on a Borel subset T C €[X;,X2] s.t. [ is H-cyclically monotone.
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Proof. Let {((p'f, (p‘z‘)}k>1 C @y be a maximizing sequence for the dual problem
(4.2.4) and let us define

Hi([x1,71], [x2,12]) i= H([x1,71); [x2, 72)) — @ (x1)11 — @5 (x2)72.

Then there exist a subsequence m — k(m) and a Borel subset I' C €[Xj,X;] on
which « is concentrated s.t. Hy(;,) — 0 on I'as m — +oo. Since Hy () is a
convex function, this convergence takes place also on the set

F = U {([X1IT1]/ [X2/T2D | (T],TZ) € co (rX1,X2)} C ﬁ
(x1,x2)€Xy xX2

Observe that points of f* are of the form (Ayj,Ap;) for some A > 0 and some
(91,92) € T. Let now {(t)'],nz)}N 1 C T be a finite family of points and let 0 be a
permutation of {1, ..., N}. We can thus find {7\1}N 1 C [0, +00) and {(tv; 2) ‘1\':1 =
{(xt, i, [xiz,riz])}]i\’:1 C I such that (p},p}) = (A}, Airod) for every1 =1,...,N.
Then
N N
. : _— . . _
> HEns )= Y (At ™ b +Aers Vel ™ 3

i=1 i

—_

(herd 05 )+ A ™ ()

I

i=1

(H(n},93) = AiHi(m) (0], 03)) .

I

i=1

Letting m — +o0o, we obtain the sought H-cyclical monotonicity of ", O

In the next statements, given (x1,x2) € X7 x X2, we denote by 0Hy, «,(r1,12)
the subdifferential of Hy, «, at a point (r1,12) € ]R%L of its domain, defined as

HX],X2(81/SZ) - HX],XZ (T]/rZ) =

My, 2, (11,72) = { (a,b) €R? | q(s7 —171) +b(ss —13)

for every (s1,s2) € ]R%r
The domain of the subdifferential is denoted by
D(aHX1,X2) = {(T1/r2) 6 IR%F | aHX],Xz(r1/T2) ;é @}

and its interior part int (D(dHy, x,)) is taken with respect to the topology of R?
so that, in particular, if (r1,72) € int (D(0Hy, x,)), then 1 > 0,12 > 0.

Proposition 5.2.4. Let ' C €[Xy,X3] be such that [ is H-cyclically monotone and
suppose that there exists ([x1,71], [x2,12]) € I such that (r1,12) € int (D(0Hy, x,))-
Then there exists (@7, @7 ) € R? such that

H(b, 71,05 ) —HmY, 03 + Y (Hvi™',05) —H(vi,05)) + @7 r(n9) = @7 v

(5.2.2)

for every v > 0 and every finite family of points {(n}, 95N, < I with (v9,99) €
{(Alx1, 1], Alx2, r2]) [ A = O}
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Proof Let + > 0 and {(y},p})1N, C [ be as in the statement and let us set

H := Hy,x,, q == If > 0 and y}'*! = [x1,7]. For every k € N, we define

r$))* : :
Yk =(q ( —1= ) and we consider the points

n n—I1
et far (2], o [q@q) ] S

Notice that

N-+k+1

"1

=[x, =9, OF 03" = (pxnlx1, T1] pnlx2, m2)) € T

n
foreveryn =1,...,k, where pyn = = (ﬁ) . We define the two quantities

T

N k
Z 1+1,UZ H(Up‘)z Z N+n+1 2’+n)—H(Ul1\l+n,Uy+n))

and we notice that, by H-cyclical monotonicity, we have that A +B > 0. Hence,
in order to bound A from below, it is enough to bound —B from below:

_B=— Z ( (011\I+n+1,02N+n) (011\1+n’02N+n))

) ni_] (H (T <qu>n_] rq (f};)n—]>

n=1
_ T(I)]f (1 . r(U?))
T
= @y (r—r(n})

where ((f)]f, (I)]z‘) € 0H (e ) # () for k sufficiently large, since (f q) ,q)
(0H)).

q’
as k — +oo and 0H(1,q) = OH(ry,m2) with (ry,12) € int(D(dH)). We have

proven that, for k € IN large enough, there exists ((D‘f, (p‘z‘) oH < , q) such
that

A+o5r(n)) = ohr.

Let us define

_+ :1.
94 }1?8 h ’
__ . H(ri+h,2)—H(r,12)
@, = lim

h10 h
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Up to passing to a subsequence, we can assume that ((b’f, (I)lz‘) = (@1, P2) €
dH(r1,12). Observe that, if r(y9) > r, we have @1 = @7, while, if r(y9) <, we
have that $1 = @7 so that

A+ = A+@ir(v)) = ¢1r > ¢y
Il

Theorem 5.2.5 (Sufficiency of cyclical monotonicity). Let py € M4 (Xi) fori=1,2,
let « € ' (w1, 12) be an admissible plan concentrated on a Borel subset " such that fc
D(H) and suppose that the effective domain of H is independent of (x1,x2) € X1 X X2,
meaning that D(Hy, x,) = D(Hy, y,) for every (x1,%2), (y1,Y2) € X3 x X3. Suppose
moreover that the following conditions are satisfied:

1. there exists ([x1,71), [R2, T2]) € [ such that (71,72) € int (D(0Hx, x,));

2. there exist positive constants ai, by, i =1,2s.t.

K <{X1 € Xy |L H([x1, a1]; [x2, b1]) dua(x2) < +00}> >0,

(5.2.3)
15 ({Xz € Xy | L H([x1, az2l; [x2, b2]) dug (x1) < +00}) > 0.

If [ is H-cyclically monotone, then o is optimal, fe‘[x1,x2] Hdo < 400 and there exists
a maximizing pair (@1, @2) € L' (X, u1;R) x L(X2, ua; R) for the dual problem i.e.

J <mdu1+J @2 duy = (w1, u2).
X3 X

Proof. Let us define
S1i=0x (€X2]\{o}), S2:=(€X]\{o}) X 0.

Since the effective domain of H is independent of (x1,x2) € X7 x X; and H is 1-
homogeneous, there are only two possibilities for the value of H on S; fori=1,2:
either H is infinite on the whole S; or it is finite on the whole S;, for every i =1, 2.
There are thus four possible cases, but since the statement does not depend on
the order of X; and X;, we have to deal actually with only three possibilities:

(i) H(p1,0) = H(o,n2) = +oo for every ny € €[X;]\ {0} and every vy, € €[Xz]\
{o},

(i) H(o,92) = +oo for every n, € €[X;]\{o} and H(y,0) < +oo for every
n1 € CXq]

(iii) H(n1,92) < +oo for every (n7,92) € €[X;,X3],

since, by convexity, if H is finite both on S; and S;, it is finite everywhere. We
group these three possibilities in two cases:

(@) H(o,92) = +o0 for every v, € €[X3] \ {0},
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(b) H(n1,n2) < +oo for every (91,92) € €[Xq, X3].

Notice that in case (a) (o,1,) ¢ " if n2 # o.

We will carry out the proof under assumption (a) and point out at the end the
changes that have to be done to deal with case (b).

Step 1 (Definition of @): For every finite family of points {(y},n})}1N, I, we
define

© (n1;{(n}, p5),) = (m,thN)— (n}, 0}

+ Z (07", v3) —H(v},03)) + @7 r(n}),

for every y; € €[X;], where @7 is given by Proposition 5.2.4 with the choice
(Ix1,711], [x2,72]) := ([X1,T1], [X2,72]) and we use the convention that, whenever
N = 0, the summation is equal to 0. Notice that there is no ambiguity in the
definition of ©, since H is finite on I". We define @ : €[X;] — [—o0, +00] as

{UwUz} OCF
®(n71) == inf<{ O (n1;{(n}, 951 ,) )
IRIEON 90 0) € {(Alky, Tl AR2, Tal) | A = O},
N € IN.

for every 1 € €[X;]. For every ny € €[X;], we can choose N = 0 and (y9,19) =

(%b‘q,ﬁ], (m)[xz,rz]) obtaining that

© (91;{(n9,9)})

1{
( Dy (5-2.4)

H([x(91), T1], k2, 72]) — H(v3,99) + @7 r(n9) < +00

since the domain of H is independent of (x1,x;) € X1 x X and H([x1,T1], [X2,T2]) <
+o00, being [x1,T1], [X2,T2] € f. In particular, for every 1 > 0, we can choose
n1 = [X1,711] in (5.2.4) obtaining that

O([x1,71]) < @7
Choosing again N = 0 and (y,99) = (0, 0) we also get

@(n1) < H(y1,0) —H(o,0) =H(y1,0), forevery n; € C[X4]. (5.2.5)
Finally, again by Proposition 5.2.4, we have that

O([x1,711]) = @771 forevery r1 > 0. (5.2.6)
Since for every finite family of points {(t)%, ] ZJ}N 0 C I" we have that
© (Ay1;{(ni,05)10) =20 (ni;{(A"ni, A" T05)HL,)  for every y1 € €Xq], A >0
and " is invariant by dialations, we get that

O(An1) = AD(n7)



86

DUAL ATTAINMENT, OPTIMALITY CONDITIONS AND METRIC PROPERTIES

for every 17 € €[Xj] and A > 0. This shows in particular that ® (o) can be only
equal to 0 or —oo. Arguing as in [5, Step 1 of Therem 6.14] we can see that

D(y1) = liII)nlinrlnli{n O, mi(n1) forevery ny € €[Xq],
where @y, ;,,1 are suitable upper semicontinuous functions so that ® is a Borel
function.

Given nj € €[X4], (91,192) € f* and any finite family of points {(n},p})}Y, cfh
with (99,99) € {(Alx1,T1],Alx2,721) | A > 0}, we have, if we set (U]]\'+],UEI+1) =
(91,92), that the finite family of points {(y},y5)}N 1 is still contained in [ and of

course satisfies (U?,t)g) € {(Alxq,71],A[%2,72]) | A > 0}; thus

®(n}) < H},m2) —Hnr,v2) +0 (n1;:{(n}, 03N, (5.2.7)

If n1 € 7% (M \ {0}, we can find v, € €[X,] such that (y7,1;) € [ and plug it into
(5.2.7) with y7 = [X1,r(n1)]. Passing then to the infimum among the admissible
finite family of points, we get, also using (5.2.6), that

@7 r(n1) < O([X1,r(n1)]) < H([x1,r(91)],92) —H(p1,92) + D (n1).

Thus, noticing that H([X1,r(91)],92) < +oo thanks to the independence of the
effective domain of H from (x1,x2) € Xy x Xz, we get that ®(n7) € R.
Summarizing the first step, we have proven that there exists a Borel function
D : ¢€[X;] = [—o0, +00) such that

O([x1,m]) = ¢7m for every r1 >0, (5.2.8)
®@(n1) < H(yy,o0) for every n1 € €[Xq], (5.2.9)
D(Ay1) =AD(n7) for every n; € €[X4], A >0, (5.2.10)
D) eR for every n7 € ' (" \ {o} (5.2.11)

and for every finite family of points {( U%, ] Z)}N o C f" with
(v9,99) € {(Alx1, T1],AlR2, T2) [ A > 0)
it holds
©(7) < H(v7,92) —Hlv1,02) +© (91;{(n}, 931 o) (52.12)

for every n} € €[Xy] and every (y7,12) € I.
Step 2 (Definition of ¥): We define ¥ : €[X;] — [—o0, +-00] as

Y(y2) ;= inf {H(m,Uz) O(n1)}.
1 EC[Xy

It is clear from the definition that
Y(n2) < H(p1,92) —D(n1) forevery (n1,92) € €[Xy,X;]

and by (5.2.11) we deduce that

Y(p2) +D(n1) < H(n1,92) (5.2.13)
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for every 97 € @ (M) \ {0} and every ny € C€[X,]. By the definition of ¥ and
(5.2.10) it also easily follows that

Y(Ay2) =A¥(y2) for every ny, € €[Xz], A >0

so that W(o) € {—o0,0, +00}. Moreover, if ), € €[X;] \ {0}, we have that

¥(n2) <H ( "(h2) x1,71], Uz> (UZ)n < 400, (5.2.14)
) ™2

where we have used (5.2.8) and the fact that ([X1,71], [X2,72]) € D(H) together
with the independence of the effective domain of H from (x1,x2) € X; x Xz. If
(91,92) € T\ {(0,0)}, it must be that y; # o, since [0,9,] ¢ [ if vy, # 0. We thus
know by (5.2.11) that ®(y1) € R; if ¥(y,) = +oo the inequality

H(p1,92) < ©(n1) +¥Y(n2)

is trivially satisfied. If ¥(1,) < 400 we can write (5.2.12) for those n; € €[X;] and
finite families of points {(t)%,t)z)}N 0 C f with (U]r‘)z) e {(Ax1,T1], Alx2, 72]) | A >
0} such that H(y},92) — ®(y7) < +oo and © (t)],{(th,ljz) 1:0) € R obtaining

H(n1,92) < H(vi,92) — @(v7) +© (91;{(n},93)}{L) -

Passing to the infimum w.r.t.n] and the families of points we get again
H(1,92) < @(91) + ¥(n2).

This, together with (5.2.13), proves that

H(p1,92) = ¥(y2) + @(n1) for every (n1,12) € F\{(0,0)}

and also gives that ¥(1,) € R for every 1, € %2 (1) \ {0}. The Borel measurability
of ¥ can be checked as in [5, Step 2 of Theorem 6.14].

Summarizing the second step, we have proven that there exists a Borel function
Y ¢[X;3] — [—o0, +o0] such that

Y<H-O on €[Xq, Xz, (5.2.15
Y(Ay2) = A¥(n2) for every n, € €[X2], A >0, (5.2.16
Y(n2) < 400 for every n, € C[X3]\ {0}, (5.2.17
H(y1,02) = ¥(n2) + @(v1) for every (y1,92) € "\ {(0,0)}, (5.2.18
Y(no) e R for every 1, € &2 (M) \ {o}. (5.2.19

Step 3 (Definition of @; and ¢;): Let us define ¢@; : €[X;] — [—o0,+00) and
@2 : €[X3] = [~o0, +00] as

@1(x1) = O([x1,1]), @2(x2) =¥(lx2, 1), x1 € Xy, x2 € X3.

Notice that @1, @, are Borel functions and ¢(x,) < +oo for every x, € X, thanks
to (5.2.17). We claim that

Q1 (Xl )T’] + @Z(Xz)rz < H([X],T]], [XZI TZ])/ ([X1IT]:|/ [XZI rZ]) c €[X1/X2]/
(5.2.20)
©1(x1)11 + @2(x2)r2 = H([x1,71], [x2,72]),  ([x1,71), [x2,m2]) € T, (5.2.21)
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where we are adopting again the convention that 0 - co = 0. We start from (5.2.20)
and we distinguish four cases for a general point ([x1,11], [x2,12]) € €[X7, X3]:

(i) if ([x7,71], [x2,72]) = (0, 0), both sides are equal to 0;

@ii) if [xi, i) # o for i = 1,2, then ®([x1,11]) = T1901(x1) and Y([x2,72]) =
T2¢2(x2) by (5.2.10) and (5.2.16). Moreover ¥([x,,12]) < 400 by (5.2.17) so
that (5.2.15) becomes (5.2.20);

(iii) if [x1,71] # 0 and [x2, 2] = 0, (5.2.20) is exactly (5.2.9) since, by (5.2.10), we
have that ®([xy,171]) =T191(x1);

(iv) if [x1,11] = 0 and [x;, 2] # o there is nothing to prove, since H(o, [x2,12]) =
+o00;
To prove (5.2.21) we argue in the same way taking a point ([x1,11], [x2,12]) € i,
distinguishing in three cases (the case (o, [x2,12]) € f with 1o > 0 is impossible
due to (a)):
(i) if ([x1,71], [x2,72]) = (0, 0), both sides are equal to 0;

(ii) if [x{, 7] # o for i = 1,2, then ®([xq,11]) = r191(x7) and Y([xz,12]) =
T2¢92(x2) by (5.2.10) and (5.2.16). Hence (5.2.21) follows by (5.2.18);

(iii) if [x1,m1] # o and [xz,7m2] = o, by (5.2.10), we have that ®([x;,11]) =
T1@1(x1) and r1@1(x1) € R by (5.2.11). Thus, since H is finite on I, (5.2.18)
forces W(o) = 0 and thus gives (5.2.21).

Notice that, if x; € x7(["\ (0 x €[X3])), then there exists r1 > 0 such that [x;,11] €

7€ (1) \ {0} so that by (5.2.10) and (5.2.11), we get that @1(x7) € R. Analogously,
1f x2 € x2(F"\ (€[X1] x 0)), then there exists T2 > 0 such that [x2, 1] € w%2(1) \ {0}
so that by (5.2.16) and (5.2.19), we get that ¢2(x2) € RR. Thus, to prove that
@i(xi) € R for pi-a.e. x; € X; for i = 1,2, it is enough to show that

Hi (Xi\xi (f\{Ulzo})):O/ i=1,2

and this is a consequence of the following chain of inequalities:

me (X \xi (F\{ni = 0})) = b (o) (Xi \ x¢ (F\ {p; = 0}))

= (ria) (x; T (Xi\ x4 (r\{th =0})))
= (rio0) (€[Xy, X\ x7 ' (xi (P\ {yi = 0})))
< (riex) (€Xq, X2\ (M\{ni = 0}))
< (ria) (€0Xq, X\ 1) + (rie0) (M {ni = 0})
< Ti doc+J rida

C[X1,X2I\T {ri=0}
=0.

Summarizing the third step, we have proven that there exist two Borel functions
@i : Xi = [-00,+00),1 = 1,2 such that ¢;(xi) € R for pi-a.e. x; € X, 1 =1,2
and satisfying
@1(x1)r1 4+ @2(x2)r2 <H(Dx1, 7l Ixg,m2l), (B, i, Ixz, m2]) € €1Xq, X3,
@1(x1)T1 + @2(x2)r2 = H(lx1,11], [x2,721),  (Ix1,m1), [xa, 7)) € T
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Step 4 (Conclusion): due to the third step and (5.2.3), we can find some x; € X;
such that @7(x7) € R and fxz H([x1, az], [x2, b2]) dpua(x2) < +oo; then, still by
the third step, we get that

@1(x1)az + @2(x2)bz < H([x1,az], [x2,b2])  for every x, € X,

so that

H([x1, az], [x2,b2]) — @7 (x1)az
ba

where we denoted by u™ and u~ the positive and negative part respectively of

an extended real number u € [—o0, +0o0]. This gives that (pzr € L'(X3, u2;R). The
argument for ¢ is the same. We can thus conclude that

95 (x2) <

for every x; € X3,

@1 duy +J @2 du;

J (@1(x1)m1 + @2(x2)r2) d&([xq,11], [x2,712]) = J
CXq,X2] X5

X4

belongs to R U{—oo} for every & € $'(uy, n2). Choosing & = o we get that
Ic[x1,x2} Hdx < +oco and ¢; € L' (Xi, pi;R) fori = 1,2. Finally, for every & €

' (1, 12), we have

J Hdé > (@1(x1)m1 + @2(x2)r2) dé&([x1,71], [x2,12])
C[X1,X3] JE[Xq,X2]

r
=| @1dm +J ®2dus
Jx, X,

r
= (@1(x1)r1 + @2(x2)r2) dex([x1,711], [X2,12])
Je&[Xq,X;]

.

= Hde«,
JE[Xq,X,]

showing both that « is optimal and that

J <p1du1+J @2duy = i(ur, 12).
X4 X5

We briefly summarize case (b) i.e. when H < +o00. The definition of © is the same
while we take (9,99) = (0, 0) in the definition of ®. By H-cyclical monotonicity
it follows that ®(o) > 0. Choosing N = 0 and (U?,Ug) in the definition of O,
we get (5.2.5) which now shows that ®(y7) < 400 for every y; € €[Xq]. The
positive 1-homogeneity of ® follows by the same argument and shows again
that ®(0) € {—o0,0}. However, in this case, we have shown that ®(o) > 0 so
that we conclude that ®(0) = 0. The measurability of ® follows by the same
argument. (5.2.7) is obtained with the same proof and shows that @ (1) € R for
every y1 € 1 (") (choosing for example n; = o).

The function V¥ is defined in the same way and, choosing )7 = 0 one immediately
sees that W(y,) < +oo for every n, € €[X;] so that ® +¥ < H on the whole

€[X1,X3]. From (5.2.7) we get that ® +¥ > H on [, so that we get equality on .

The measurability of @ is obtained in the same way.
The functions ¢; for i = 1,2 are defined in the same way and (5.2.20) and (5.2.21)
follow immediately. The conclusion is the same. O
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5.3 THE METRIC VIEWPOINT

In this section we study the metric and topological properties of %4 under suit-
able hypotheses on H. We fix a completely regular space X, p € [1,4+00) and we
assume that H : €[X, X] — [0, +o0] is a lower semicontinuous and 1-homogenous
function which is the p-th power of an extended distance on ¢[X] whose induced
topology is stronger than the topology of ¢[X].

Definition 5.3.1. We define Dy, : M, (X) x M4 (X) — [0,+00] and Wy,
P(€X]) x P(€[X]) — [0, +o0] as

1/p
Dip (1, 12) = %P (w1, 12) = (ilﬂf{J’€ Hda| o€ ' (M,Hz)}) ,

[X,X]
1/p
Wip(or,00) = (inf{ | Haylyeria,al})
EIX,X]
where I'(«x1, &) is the set of transport plans from o to &, defined as

Ny, o) = {y e ¢[X, X] | nﬁ‘y =y, Ttﬁcz]/ = ocz} .

Finally we set
P (€IX]) = {cx e PN [ H o) daty) < +oo},
My,p(X) == {u e My (X) | Jx H([x, 1],0) du(x) < +oo} .

Remark 5.3.2. If © € My p(x) then every o € P(€[X]) such that h' () = p is an
element of Py ,, (C[X]).

Remark 5.3.3. Let us consider the map TP : €[X, X] — €[X, X] defined as

TP (b1, 1], b2, 12)) == (D, 7y PL xa, 73/ PD), B, 11, Iz, 72l € €IX, X,

It can be easily checked that, for every ui,pu; € M4 (X), TE 9 (u, n2) —

$HP (11, H2) is a bijection so that

Uhotr (M1, 12) :inf{J

Hda | o € ﬁp(m,uz)}~
€XX]

Thus, if H : €[X, X] — [0, +-00] is a lower semicontinuous p-homogenous function
which is the p-th power of an extended distance on €[X] whose induced topology
is stronger than the topology of €[X], then Ho TP : €[X, X] — [0, +o0] is a lower
semicontinuous 1-homogenous function which is the p-th power of an extended
distance on ¢[X] whose induced topology is stronger than the topology of €[X].
This allows us to treat only the 1-homogenous case also in this metric setting
without loss of generality. For example the case H = d2 fits into this setting (and
induces the Helliger Kantorovich distance on nonnegative measures).
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Of course (P(€[X], Wy p,) is an extended metric space while (Py,, (€[X]), W ;)
is a metric space.
The following two Lemmas are the analogue of [76, Corollary 7.7, Corollary 7.13]
and the proof is identical and thus omitted.

Lemma 5.3.4. For every i, uy € M4 (X), it holds

Dh,p (1, 12) = min { Wiy, (1, &2) | ety € P(EIX]), b (o) =y, i=1,2}.
Remark 5.3.5. In particular we have Dy, (11, 1u2) = WH,p(T[ﬂQ] «, 7'[?2 «) for every
x € 94 (m, u2).
Lemma 5.3.6. If (1)), € M (X) with N > 2, then there exist (i), € P(€[X])
such that

b' (i) =1, Dupl(piot, i) = Whploi_1, )  foreveryie{2,..., N}

The next two theorems are slight generalizations of [76, Corollary 7.14, Theo-
rem 7.15] and, although the proofs are very similar, there are some small modifi-
cations to be taken into account so that we report them.

Theorem 5.3.7. The pair (M (X), Dy p) is an extended metric space. If H finite, then
(Mh,p (X), Dn,p) is a metric space.

Proof. The map T : €[X, X] — €[X, X] defined as

T(v1,92) = (v2,91),  (v1,92) € €[X, X]

is such that, for every i, up € M, (X), the map Ty : 9wy, n2) = HM (1o, ) is
a bijection satisfying

J Hda = J HdT;«x
e[X,X] e[X,X]

by the symmetry of H. This gives that Dy (11, u2) = Dup(u2, 1) for every

M1, 12 € M+(X)
If u € M, (X) and we define

o = ((idex, idex)) o p)i(n®81) € H' (1, 1),

we obtain that

Dfp (10 < |

Hdazj H(n, 1) d(ps (1 ® 51))(y) = O.
¢ [X,X]

C[X,X]

If, on the other hand, py, u; € M (X) ares.t. Dy p (11, H2) =0and & € .VJL(IM, W),
we get that « is concentrated on {(v, 1) | y € €[X]}, so that u; = h} (&) = bl () =
u2. This proves that Dy , (11, uz) = 0 if and only if py = ;.

Finally if py, up, p3 € M4 (X), we can find, thanks to Lemma 5.3.6, &1, &2, &3 €
P(€[X]) such that

b (i) =i, Duplpiot, i) = Whp (o1, &) 1=2,3.
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Then, using Lemma 5.3.4, we have

D,p (1, 13) < Whip(er, a3)

<
< Whp (o, oz) + Wy p (a2, a3)

= Dup (1, 12) + Dup (12, u3)-

This proves that Dy ,, satisfies the triangular inequality and concludes the proof
that (M (X), Dy p) is an extended metric space.
If H is finite, p € My, (X) and o € P(C[X]) is s.t. h'(x) = p, then

J H(mc)d«x(n)=J rH([x,u,o)da([x,mzjH([x,n,o)du(x)<+oo,
¢[X] ¢[X] X

so that € Py, (C[X]). Then, again from Lemma 5.3.4, if wuy, u2 € My p(X) we
can find a7, ax € Php (CIX]) s.t. h' (i) = pi for i = 1,2 so that

D,p(p1,12) < Whp(ag, az) < +oo.

O
Theorem 5.3.8. If (un)n C Mpp(X) and p € My, (X), then
lim Dy () =0 = {”“ -
Jx H(lx, 1;0) du(x) = [ H(lx, 1];0) du(x).
In particular, if X is separable, also (My p(X), Dy ) is separable.
Proof. We claim that
there exists a > 0 such that H([x,1],0) > a for every x € X. (5.3.1)

If not, we could find a sequence (xn)n C X such that
H([XT\./ ]]/0) _> O

which implies, since the topology induced by H is stronger than the topology
of €[X], that [xn, 1] — o in the topology of €[X], which is a contradiction. This

proves (5.3.1).
We first prove the = implication. Notice that

Dyt (v, Ox) = J H(lx, 1],0) dv(x) for every v € Myp(X) (5.3.2)
X
so that, by triangle inequality, we get
L H(lx, 11, 0) ditn () = Ditp (11, 0x) — Dy (1, Ox) = L H(lx, 11, 0) du(x).

We show that p,, — p by contradiction: assume that there exist & € Cy(X) and a
(unrelabeled) subsequence s.t.

inf
mn

JX Edpn — JX Edu' > 0. (5-3-3)



5.3 THE METRIC VIEWPOINT

Observe that

i (X) <1J H([x,1],0)dun(X)—>]J H(Px, 1], 0) du(x) < +oo,
a Jx a Jx

so that R := (sup,, un(X) 4+ u(X)) < 4o00. By Proposition 4.1.3 and Lemma 3.2.10,
we can find (o )n C P(€r[X, X]) such that &, € Sﬁh(un, u) for every n € IN.

Let us define o, := ﬂf‘ O, 02 = 7Tﬁ€2 o, 1 € N. Since h' () = p for every

n € IN, we obtain (see the proof of Lemma 3.2.6) the existence of a subsequence
k — n(k) and oy € P(€r[X]) with h' () = p such that cxi(k) — 3. Moreover

J H(y, 0) docf1 = J H(lx,1],0)du(x) for every n € N,
¢IX] X

giving that (see e.g. [5, Proposition 7.1.5]) Wy ;, (oci(k], o) — 0. Then

WH,p(Cxll(k)/ o) < WH,p(O‘lL(k]/ O‘i(k)) +WH,‘p(0‘121(k)/ o)
= ®H,p(un(k)r w + WH,p(“%u x2) =0,

where we used Remark 5.3.5. Thus WH,p(cx:l(k),ocz) — 0 and, in particular,

|, eding = Lm £x)rdoch i (1,1 - |

£(x)r docz ([x, ) :J Edu, (5.3.4)
¢[X] X

where we used that the map

[x, 1] — 1E(x)

belongs to Cy (€r[X]) and “L(k) is concentrated on €r[X] for every k € IN. Since
(5.3.4) is a contradiction with (5.3.3), this concludes the proof of the = implica-
tion.

Let us prove the « implication. If © = Ox, we have already by (5.3.2) that
DH,p(pn, u) — 0. Let us then assume that m := pu(X) > 0. Up to passing to a
(unrelabeled) subsequence, we can assume that m, = pu,(X) > m/2 > 0 for
every n € IN. Let us define oy, @ € P(€[X]) as

& 1= py (m*]u®5m), Kn = Py (m1:1 Hn@émn) neN.

It is easy to check that h'(on) =pun,n €N, ' (a) = pand &, — a. To conclude
is then enough to show that Wy ,, (at,, &) — 0 and then apply Lemma 5.3.4. Since

j H(n,o)dan([x,rnzj H(lx, 1], 0) it (x)
¢[X] X
ﬁj H(b, 11, 0) du(x)
X

:J H(y, o) da([x,1]),
¢X]

we get that Wy , (o, &) — 0 applying [5, Proposition 7.1.5]. O
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Part I1

DISSIPATIVE EVOLUTIONS IN
KANTOROVICH-WASSERSTEIN SPACES

We introduce and investigate a notion of multivalued dissipative op-
erator (called Multivalued Probability Vector Field - MPVF) in the
2-Wasserstein space of Borel probability measures on a (possibly in-
finite dimensional) separable Hilbert space. Taking inspiration from
the theories of dissipative operators in Hilbert spaces and of Wasser-
stein gradient flows, we study the well-posedness for evolutions driven
by such MPVFs, and we characterize them by a suitable Evolution
Variational Inequality (EVI), following the Bénilan notion of integral
solutions to dissipative evolutions in Banach spaces. Our approach
to prove the existence of such EVI-solutions is twofold: on one side,
under an abstract stability condition, we build a measure-theoretic
version of the Explicit Euler scheme showing novel convergence re-
sults with optimal error estimates; on the other hand, under a suit-
able discrete approximation assumption on the MPVF, we recast the
EVI-solution as the evolving law of the solution trajectory of an ap-
propriate dissipative evolution in an L? space of random variables.






PRELIMINARY MATERIAL

The aim of this chapter is to introduce some of the technical tools that are used
in the rest of Part II. In particular, in Section 6.1 we synthetize the theory of
dissipative evolutions in Hilbert spaces and we present a few results connected
to maximal dissipative extensions; Section 6.2 deals with Borel partitions, the
parametrization of measures through random variables and the approximation
of Optimal Transport plans with maps; Section 6.3 presents a crucial notion of
topology for measures in product spaces that will be applied to the case of
P(TH) = P(H x H); Section 6.4 contains a few results related to triplans (i.e. prob-
abilities in P(IH?)) and the interpolation of measures they generate; finally Sec-
tion 6.5 presents the local optimality of couplings between discrete measures.

This Chapter is the result of a collaboration with Giulia Cavagnari and Giuseppe
Savaré and Section 6.3 appeared in [34].

6.1 DISSIPATIVE EVOLUTIONS IN HILBERT SPACES

Let H be a Hilbert space. Given a set B C H x H we will set Bx] := {v € H :
(x,v) € B}and D(B) :={x € H: B[x] # 0}. A set B C H x H is dissipative if

(v—w,x—y) <0 forevery (x,v), (yw) € B. (6.1.1)

A dissipative set B is maximal if [26, Chap. II, Def. 2.2]

(x,v) eHxH, (v—w,x—y)<0 forevery(yw)eB = (x,v)eB.
(6.1.2)

B is maximal if and only if for every x € H and every T > 0 there exists a unique
xr € D(B) solving [26, Cap. II, Prop. 2.2]

Xt —X € TBx]. (6.1.3)

In particular the resolvent operator J. := (I—7B)~! is an everywhere defined
contraction in H.

Given E C H, we denote by co(E) the convex hull of E and by co (E) its closure.

If B is a dissipative operator, then there exists a maximal extension Bof B
whose domain is included in co (D(B)) [26, Chap. II, Cor. 2.1].

If B is maximal then D(B) is convex and, for every x € D(B), B[x] is a closed
convex subset of H, whose element of minimal norm is denoted by B°(x). The
map B° : D(B) — H is also called minimal selection of B and satisfies the follow-
ing property (see [26, Chap. II, Prop. 2.7])

(x,v) € D(B) xH, (v—B°(y),x—y) <0 foreveryyecD(B) = (x,v)eB.
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(6.1.4)

Moreover, by [26, Chap. II,Prop. 2.6(iii)] we have

B°(x) — lim 220 =X
0 T

The following proposition is a slight generalization of [10, Lemma 2.3] but we
report its proof for the reader’s convenience.

Proposition 6.1.1. Let B C H x H be maximal and let G C B be s.t. D(G) is dense in
D(B). Then for every x € int (D(B)) it holds

Bix] =co({ve H|I(xn,vn) € G s.£. Xn — X, Vv — V}). (6.1.5)
Proof. Let x € int (D(B)) and let us define
Mix]:=co({ve H| I (xn,vn) € Gst. xn = X, Vi —V}).
If (xn,vn) € G C B with x, = x and v, — v, by dissipativity of B, we have that
(vn —W,xn —y) <0 VY(y,w) €B.
Passing to the limit we get
(v—w,x—y) <0 VY(yw)eB,

meaning that v € B[x]. This, together with the closure and convexity of B[x],
proves that M[x] C Blx]. Let us prove the other inclusion by contradiction: sup-
pose that there is some v € B[x] s.t. v ¢ M|[x]. The sets {v} and M[x] are disjoint,
closed, convex and {v} is also compact. By Hahn-Banach theorem we can find
some z € H with |z] =1 s.t.

(v,z) > (u,z) Yue M[x]. (6.1.6)

Since x € int (D(B)), if we define z,, := x + z/n, we have that z,, € int (D(B))
for n sufficiently large. We can thus find x, € D(G) s.t. [xn — zn| < 2. Clearly
Xn — x and it is easy to check that (x,, —x)/|xn —x| — z. Since x, € D(G), we
can find v, € G(xy). Since B is maximal, it is locally bounded ([26, Prop. 2.9])
at x. Being G C B and being x, — x, the sequence (v,,) is bounded so that, up
to an unrelabeled subsequence, it converges weakly to some point u € H. By
dissipativity of B we have

(Vv—vn,x—%xn) <0 Vnel,
so that, dividing by [x,, — x| and passing to the limit, we obtain
(v—u,z) <0,
a contradiction with (6.1.6) since, obviously, u € M[x]. O

The following proposition is an immediate consequence of [98, Theorem 1].



6.1 DISSIPATIVE EVOLUTIONS IN HILBERT SPACES

Proposition 6.1.2. Let B C H x H be dissipative with open non empty convex domain.
Then there exists a unique maximal B D B with D(B) C D(B) and it is characterized

by

B= {(x,v) eEDB)xH|v—w,x—y) <0 V(yw) e B}.

As a consequence of Propositions 6.1.1 and 6.1.2 we can prove the following.

Theorem 6.1.3. Let B C H x H be dissipative with

C := D(B) is convex, int(D(B)) # 0.
Then there exists a unique maximal B > B with D(B) C C and it is characterized by

B={(x,v)eCxH|{v—w,x—y) <0 V(yw)eB}. (6.1.7)

Moreover, for every x € int <D(§)) it holds

Blx] =co({veH|I(xn,vn) €Bs.t. xn =%, vn —V}). (6.1.8)
Finally
int (C) = int (D(f;)) c D(B) c D(B) = C. (6.1.9)

Proof. Let B’ be a maximal extension of B with D(B’) C C; by dissipativity of
B’ and since B C B/, then B’ C B, where B is defined as in (6.1.7). We need to
prove the other inclusion.

Since D(B) € D(B’) C C, we have that D(B’) = C. Moreover, being B’ maximal
and being the interior of its domain nonempty, we have (see [26, Proposition 2.9])
that

int (D(B')) is convex , int (D(B’)) = int (D(B’)) — int (C).

It is then clear that By := B’ N (int (D(B’)) x H) is dissipative with open and
nonempty convex domain so that, by Proposition 6.1.2, there exists a unique

maximal B” > By with D(B”) ¢ D(By) = int (D(B’)) = int(C) = C (Cis
convex) and it is characterized by

B” ={(x,v) e CxH|(v—w,x—1y) <0 V(y,w) € Bo}. (6.1.10)

Since B’ O By, B’ is maximal and D(B’) c C, it must be that B’ = B”.
By (6.1.10), we need to prove that

Bc{x,v)eCxH|v—w,x—y) <0 V(yw)eBy}. (6.1.11)

To this aim we apply Proposition 6.1.1 to the maximal B and its subset B notic-
ing that D(B) is dense in D(B’). In this way, we obtain that

Bolyl =co (ﬁ[y]) , Yy € D(Bo), (6.1.12)

99



100

PRELIMINARY MATERIAL

where
Byl ={uc H|3(yn,un) € Bs.t.yn -y, un — u}.

If (x,v) € B and (y,w) € D(Bg) x H is such that w € B[y], we can find a sequence
(Yn,un) € B s.t. yn — y and u, — w; then, by the very definition of B, we have

(V—un,x—yn) <0 VneN,
so that, passing to the limit, we get
(v—w,x—y) <0.
This proves that, if (x,v) € B, then
v—w,x—y) <0 VweBlyl, YyeD(By). (6.1.13)

Finally, if (x,v) € B and (y,w) € By, we can find a sequence (Nn)n C N,
numbers (oc?).lN:“] C [0,1] and points (w ) ™ C Blyls.

Nn
;oc{‘:1 vn € NN, nl_l}IEOOZoc
By (6.1.13)

v—wlx—y)<0 Vi=1,...,Ny, Vnel,

so that, multiplying by «* and summing up w.r.t. i, we obtain
V—ZO( whx—y) <0 vYnelN.

Passing to the limit as n — +o00, we obtain
(v—w,x—y) <0,
so that (6.1.11) holds. Finally notice that (6.1.8) is already stated in (6.1.12). [

As a consequence of (6.1.10), since we have proven that B” = B, we have the
following corollary:.

Corollary 6.1.4. Let B C H x H be as in Theorem 6.1.3 and let G : int (C) — H be
a single valued selection of the maximal extension B of B. Then the unique maximal
extension G of G coincides with B and in particular

(x,v) EBexeC, (v—Gyl,x—y) <0 WVyeint(C). (6.1.14)

Let us consider a different situation when D(B) does not contain interior
points but B satisfies

there exists D D D(B) s.t. for every x € D, T > 0

) ] (6.1.15)
there exists a unique xr =Jx € D(B): x¢—x € 1B[x.].



6.2 BOREL PARTITIONS

Lemma 6.1.5. If B C H x H is dissipative, satistifies (6.1.15) and C := D(B) is convex,
then B admits a unique maximal extension B with D(B) C C characterized by

B = {(x,v) € CxH] (v—T_1(]Ty—y),x—]Ty> <0 VyeD(B), 1> O}.
(6.1.16)

If moreover D is dense in H we have

B=B:= {(x,v) EHxH:3(xn,va) €B:ixn > %x,vn —Vv asn — oo}. (6.1.17)

Proof. Let B’ be any maximal extension of B with domain included in C and let
J. be the resolvent associated with B’. By dissipativity of B’ and since B C B’,
B’ C B defined as in (6.1.16). We need to prove the other inclusion.
Clearly, the restriction of J. to D D D(B) coincides with J; since J_ is a contrac-
tion, it is the only 1-Lipschitz extension of J; to DoC.

If (x,v) € B, (6.1.16) yields by density that

v—11Jy—y),x—Jly) <0 VYyeD(B'), Vt>0, (6.1.18)
and passing to the limit as T | 0 we obtain that
(v—B"(y),x—y) <0 VyeD(B. (6.1.19)

We can then apply (6.1.4) and conclude that (x,v) € B'.

Let us now prove (6.1.17) in the case D is dense in H: since BcC ]~3, it is sufficient
to prove the opposite inclusion B C B. Let (x,v) € B and set y := x —v. Clearly
Jiy = x; since D is dense in H, there exists a sequence (yn)n C D converging
toy as n — oo. Setting x, = Jiyn and vy, == xn —yn € B(xn) we clearly have
Mmoo Xn = X, iMp oo Vi = V. O

6.2 BOREL PARTITIONS

In this section we list some useful results concerning Borel isomorphisms and
partitions of standard Borel spaces.

Definition 6.2.1. A standard Borel space (), B) is a measurable space that is iso-
morphic (as a measure space) to a Polish space. Equivalently, there exists a Polish
topology T on Q such that the Borel sigma algebra generated by T coincides with
B. We say that a positive finite measure m on (Q, B) is diffuse if m({w}) = 0 for
every w € Q (notice that {w} € B since it is compact in any Polish topology
on Q). In this case, we call the triplet (Q, B, m) a standard Borel measure space
(resp. standard Borel probability space, if m is a probability).

We start with the following fundamental result that follows by e.g. [104, Theo-
rem 9, Chapter 15].

Theorem 6.2.2. Let (Q, B, m) and (Q',B’, m’) be standard Borel measure spaces such
that m(Q) = m'(Q’). Then there exist two measurable functions ¢ : Q — Q' and
P : Q" — Q such that

Yo =igm-aeinQ, @op=ig m-reinQ’, em=m'/, Pm’ =m
(6.2.1)

101



102 PRELIMINARY MATERIAL

Corollary 6.2.3. Let (QQ, B, m) be a standard Borel measure space and (Q',B') be a
standard Borel space. Then for every positive measure pon (Q', B') such that u(Q’) =
m(Q), there exists a measurable map X : QO — Q' such that Xym = .

Definition 6.2.4. If (Q,B) is a standard Borel space and N € NN, a family of
subsets PN = {On klkery C B, where Iy :=1{0,..., N —1}, is called a N-partition
of (QQ, B) if

U Qle:Q, _O_leﬁQN,h:@ifh,kEIN,h#k.
kGIN
If (Q, B, m) and (Q’, B/, m’) are standard Borel measure spaces such that m(Q) =
m’(Q’) and PN = {QOn kIkery and P = {Q{w,k}keIN are N-partitions of (Q, B)
and (Q’, B’) respectively, we say that ‘Pn and By, are m —m’ compatible if
m(Qnk) =m'(Qy ) ke In.

Lemma 6.2.5. Let (Q, B, m) and (Q', B, m’) be standard Borel measure spaces such
that m(Q) = m’(Q') and let Pn = {QAn ety and Py = {Q{\;,k}keIN be two
m —m’ compatible N-partitions of (Q,B) and (Q',B’) respectively, for some N € IN.
Then there exist two functions @ : Q — Q' and P : Q" — Q such that

1. ¢ is B-B' measurable and o(*Pn)-0(PBy,) measurable;
2. ) is B’-B measurable and o(P{,)-0(Pn) measurable;

3. for every k € Iy it holds
e(QNnK) C Ok W(ONK) C ONnis (6.2.2)

4. for every I C Iy it holds
Pro @1 =ig, mr-ae in Qy,
Provr =igy m{-a.e. in Qf,
(@1)gm; = my,
(Wr)ymy =my,
where the subscript 1 denotes the restriction to Uxc1 QN x or UkeIQ{\],k.
Proof. Applying Theorem 6.2.2 to the standard Borel measures spaces (Qqyy, By, myyy)
and (Q{’k},B fk}, m{’k}) for every k € In, we obtain the existence of measurable
functions @y, Py satisfying (6.2.1) for each pair QN k, Qy . It is then enough to
define
o(w) = orlw) ifweOne Bw)=diw) ifaw’ €.

Notice that (6.2.2) is satisfied by construction. O

If (Q,B,m) is a standard Borel measure space, we denote by S(Q, B, m) the
class of B-B-measurable maps g : O — ) which are essentially injective and
measure preserving, meaning that there exists a full m-measure set Oy € B
such that g is injective on Qg and gym = m. If A C B is a sigma algebra on Q
we denote by S(Q, B, m; A) the subset of S(Q), B, m) of A — A measurable maps.
Finally Sym(In) denotes the set of permutations of Iy i.e. bijective maps o :
IN — IN.
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Corollary 6.2.6. Let (QQ,B,m) be a standard Borel measure space and let PN =
{ON xJkery bea N-partition of (QQ, B) for some N € IN such that m(Qn k) = m(Q)/N
for every k € IN. If o € Sym(IN), there exists a measure preserving map g €
S(Q, B, m; o(PN)) such that

(g)imlan, = mlayee YK€ In,
where gy is the restriction of g to QN x.

Proof. It is enough to apply Lemma 6.2.5 to the standard Borel measure spaces
(Q,B,m)and (Q/, B’,m')=(Q, B, m) together with the N-partitions Pn and Py, =
{ON, o (k) kel respectively. O

Corollary 6.2.7. Let (Q, B, m) be a standard Borel measure space and let Qp, Q1 € B
be such that m(Qg) = m(Qq) > 0 and Qo N Q1 = (. Then there exists a measure
preserving map g € S(Q, B, m) such that

(go)imla, =mla,, (g1)imla, =mla,, glw)=win Q\(QoUQ4),
where gy is the restriction of g to Qy, k =0, 1.

Proof. Applying Corollary 6.2.6 to (Qo UQ1, Bla,ua,, Mlo,un,) with the 2-Borel
partition B, = {Qxl}k=o,1 and o sending 0 to 1, we obtain the existence of a
measure preserving map § € S(Qo U Q1,Blo,u0,, mlo,un,) such that

(Go)imla, =mla,, (d1)gmla, =mla,,

where §; is the restriction of § to Qy, k = 0,1. It is then enough to define
g:Q—Qas

Jglw) ifweoUQyq,
w if we Q\(QouUQy).

g(w) =

O]

The next result follows by [112, Theorem 6.1.12], we refer also to [33, Appendix
D] for a partial result. We recall that a filtration on (Q, B) is a sequence (Fn)nenN
of sub-sigma algebras of B such that F,, C F 1.

Theorem 6.2.8. Let (Q, B, m) be a standard Borel measure space, (Fn)neN be a filtra-
tion on (Q, B) such that o ({Fn | n € N}) = B and let H be a separable Hilbert space.
Then, given X € L2((Q, B, m); H), the discrete time martingale

XnZZIEm[X|3~n]r TIEN,
satisfies

Iim X, =X (6.2.3)

n—-+oo

both m-a.e. and in L*((Q, B, m); H).
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We consider the partial order on IN given by
m<n < mj|n, (6.2.4)

where m | n means that n/m € IN. We write m < n if m < nand m # n.

Definition 6.2.9. Let (Q, B, m) be a standard Borel measure space and let 91 C
IN be an unbounded directed set w.rt. <. We say that a collection of parti-
tions (Pn)nem of Q, with corresponding sigma algebras By = o(Bn), is a
M-segmentation of (Q, B, m) if

1. BN = {ON kel 18 @ N-partition of (Q, B) for every N € M,
2. m(Qn k) =m(Q)/N for every k € Iy and every N € 91,
3. if M| N = KM then FZ) Onpmkik = Onmm, M € Iy,
4. 0 ({Bn I N €M) =B.
In this case we call (Q, B, m, (Bn)nen) a N-refined standard Borel measure space.

Remark 6.2.10. It is clear that, if M | N, then Byq C Bn.

Example 6.2.11. The canonical example of l-refined standard Borel measure
space is

([011)13([011))1?\61 (jN)NE‘ﬁ)r

where A€ is the one dimensional Lebesgue measure restricted to [0, 1) and weighted
by a constant ¢ > 0 and In = (Ink)kery With Inx == [k/N, (k+1)/N), k € In
and N € 9.

Lemma 6.2.12. For any standard Borel measure space (Q, B, m) and any unbounded
directed set N C IN w.r.t. <, there exists a N-segmentation of (), B, m).

Proof. Let ([0, 1), B([0,1)),A¢, (In)Nnem) be the MN-refined standard Borel measure
space of Example 6.2.11 with ¢ = m(Q). Since ([0, 1), B([0,1)),A¢) is a standard
Borel measure space such that m(Q) = A°([0, 1)), by Theorem 6.2.2 we can find
measurable maps ¢ : [0,1) = Q, P : Q — [0,1) and two subsets Qy € B,
U € B([0,1)) such that m(Qp) = A°(U) =0, oo = ig\aq, W o @ = ip1)u,
@4A¢ =m and Ppym = A°. We can thus define

Onpo =e(Ino\UW)UQp, Onk=e(Inik\U), keln\{0}, Ne

Setting Pn = {QnN kJkery for every N € M0, it is easy to check that (Pn)nem is
a M-segmentation of (Q, B, m). O

In general, the collection of sigma-algebras given by (Bn)nem is not a fil-
tration since it fails to be ordered by inclusion. However, it is always possible
to extract from (Bn)nem a filtration still satisfying item (4) in Definition 6.2.9.
More precisely we have the following result.
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Lemma 6.2.13. Let 91 C IN be an unbounded directed subset w.r.t. <. Then there exists
a sequence (bn)n C I such that by X by for every n € IN and for every N-refined
standard Borel measure space (Q, B, m, (PN )nem) it holds that

for every N € 0N there exists n € IN such that BN C By,,. (6.2.5)

In particular, (By, )Jnen is a filtration on (Q, B) such that o ({By,, | n € N}) = B, so
that for every separable Hilbert space H we have that

| L2((Q, Bn, m);H) is dense in L*((Q, B, m); H). (6.2.6)
Nen

Proof. Since 91 is unbounded and directed, for every finite subset 9t C 91 the
quantity

succ(M) :=min{N € N | M < NVYM € M}

is well defined. Let (an, ), € IN be an enumeration of 91 and consider the follow-
ing sequence defined by induction

bo =ap, bny1 =succ({ani1,bn}), melN.

Then b, < by 41 for every n € IN and (6.2.5) holds for (b )n, and any 91-refined
standard Borel measure space (Q, B, m, (PN )nem). O

In the next Lemma we show that, given two distinct points w, w” € Q, they
can always be separated by some partition By for N € 91 sufficiently large.

Lemma 6.2.14. Let (Q, B, m, (BN )nen) be a N-refined standard Borel measure space
such that M = (bn )neN, where (bn)neN is a <-increasing sequence. Then there exists
Qo € B with m(Qp) = 0 such that for every w’, w” € Q\ Qp, w’ # w" there exists
M € N such that for every n > M there are k', k" € Iy, k' # k" with w’ € Qp,
and w' € Qp, .

Proof. Let 1 be a Polish topology on Q such that B coincides with the Borel sigma
algebra generated by 1. By [20, Proposition 6.5.4] there exists a countable family
J of t-continuous functions f : O — [0, 1] separating the points of ), meaning
that for every w’, w” € Q, w’ # w” there exists f € F such that f(w’) # f(w”).
Since ¥ ¢ L%((Q, B, m);R), by Theorem 6.2.8 with F,, := By, for every f € F
there exists a m-negligible set (¢ such that

lim Ey[f|o (P, )] (w) =flw) VweQ\Qy.

n—+oo

Let Qp := UsegQy and let w/, w” € O\ Qp, w’ # w’”. We can find f € F such
that f(w’) # f(w”). Thus there exists M € IN such that

Ew [f| 0 (Po,)] (W) # En [f | 0 (Po, )] (@) ¥n =M.

Since Ey, [f | 0 (P, )] is constant on every Qy,_ i, k € Iy, , we conclude that for
every n > M the points w’ and w” belong to different elements of Py, . O
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Proposition 6.2.15. Let (Q, B, m, (PN )nem) and (Q7, B, m/, (P )nen) be N-refined
standard Borel measure spaces such that m(Q) = m'(Q’). Then there exist two measur-
able functions @ : Q — Q' and P : Q" — Q such that for every N € N and every

I C Iy it holds

Pro @ =ig, m-ae. in Q, prodr = igy m{-a.e. in Qf,
(@r)gmy = my, ($1)gmy = my,
where the subscript 1 denotes the restriction to Uyc1 QN x or UkeIQ{w,k-

Proof. By Lemma 6.2.13, it is enough to prove the statement in case 91 = (bn)n,
where (bn)n C N is a strictly <-increasing sequence and (Q', B/, m’, (P Inemn)
is given by ([0,1),B([0,1)),A¢, (In)nem) as in Example 6.2.11 with ¢ = m(Q). By
Lemma 6.2.5, we can find for every n € IN two measurable maps ¢ : Q — [0,1)
and ,, satisfying the thesis of Lemma 6.2.5 for the standard Borel measure
spaces (QQ,B,m) and ([0, 1), B([0, 1)), A°) and the m — A€ compatible b,,-partitions
of (Q,B) and ([0,1),B([0,1))) given by Py, and Jp,, where we recall from
Example 6.2.11 that Jy,, = (Iv, k)xer,, With Iy« = [k/byn, (k+1)/byn). Since
>on b, < +oo, for every w € Q the sequence (¢n(w))n C [0,1) is Cauchy,
hence converges. We thus have the existence of a measurable map ¢ : Q — [0,1)
such that

e(w)=lime,(w) Yw e Q.
n

IfneN, kelp, and ¢ € Cp(Ip, k) then

| edom=| elo@dne) ~tim|  olpn(w) dn(w)
Ton x QOpnx

m
Opx

= limJ @ dA® :J @ dAS,
™ JTpnk Lok

since for m sufficiently large (¢m)ym|a,, , = A°l1,, , by Lemma 6.2.5. This shows
that oym|q, , = A°|1, , for every k € I, and every n € IN. To conclude it is
enough to show that ¢ is m-essentially injective. Let Oy C Q be the m-negligible
subset of Q given by Lemma 6.2.14 and let Q7 := ¢~ (J), where

Ji={k/bn|kelp,neN}CIO1).

Since A¢(J) = 0, then m(Q7) = 0; let w/, w” € Q\ (Qo U Q7). Then there exists
M € N such that w’ and w” belong to different elements of Py, for every n >
M. By (6.2.2) and Lemma 6.2.14, we can find k’, k" € Iy, with k # k’ such that,
Pn(w’) € Iy, k and @n(w”) € Iy, k~ for every n > M. Thus ¢(w’) € Iy,, k/
and @(w’) € Iy, k»; however, since

Topk N oy ke €T,
it must be that ¢(w’) # e(w”). O

The following result is an application of [24, Theorem 1.1].
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Theorem 6.2.16. Let (Q, B, IP, (PN )Nnem) be a N-refined standard Borel probability
space such that M = (bn)nen, where (bn)neN is a strictly <-increasing sequence.
Then for every 'y € T'(IP,IP) there exist a strictly increasing sequence (Nn)n C IN and
maps gn € S(Q, B, P; By, ) such that, for every separable Hilbert space H and every
X,Y € L2((Q, B,IP);H), it holds

(X, V)i(ia, gn)sP — (X, Y)yy in P2 (H?). (6.2.7)

Proof. We divide the proof in several steps.
(1) Let ([0,1),B([0,1)),A, (In)nem) be the N-refined standard Borel probability space

of Example 6.2.11 with ¢ = 1. Then for every vy € T(A!,A1), there exist a strictly
increasing sequence (N )n C IN and maps gn € S([0, 1), B([0, 1 ), A o(Joy,, ) such
that

(i10,1), gn)iA! — v in P([0,1) x [0,1)).

Let £ be the one dimensional Lebesgue measure restricted to [0, 1] and let y €
I'(AT,AT). Let u € P([0,1] x [0,1]) be an extension of y to [0,1] x [0, 1] such that
u e I'(L,L). In [24, Theorem 1.1] it is proven that it is possible to find a strictly

increasing sequence (Ny, ) C IN and maps (fn)n C S([0, 1], B([0, 1]), £) such that
for every n € IN there exists o, € Sym(I,~,, ) such that

fr(X) =X —XNpk TXNpon (k) X € Ionng, K€ g (6.2.8)
satisfying
(i0,17, fn)gl — win P[0, 1] x [0, 1]). (6.2.9)

If we call gr, the restriction of f,, to [0,1), n € N, we get that g, is an element of
S([O,1),3([0,1)),7\1;0(’3an)) for every n € IN and

(ijo,17, gn)gA! — v in P([0,1) x [0, 1))

This proves the first step only in case b,, = 2™. However, it can be easily checked
that the proof of [24, Theorem 1.1] does not depend on the specific choice of the
sequence b, but it is enough that b, < by, 11 for every n € N so that the length
of the interval [k/bn, (k+ 1)/bn] goes to O faster than 27 ™ as n — +o0. This
concludes the proof of the first claim.

(2) Let ([0,1),B([0,1)),A", (In)nem) be the MN-refined standard Borel probability space

of Example 6.2.11 with ¢ = 1. Then for every vy € T(A',\1), there exist a strictly
increasing sequence (Nn)n C IN and maps gn € S([0,1), B([0, 1 )),7\1;0(3an)) such
that, for every separable Hilbert space IH and every X,Y € L2(([0,1),B([0,1)),A1); H),
it holds

(X, V)i(ifo,1), gn )N — (X, Y)yy in P2 (H?).

Lety € T(A',A1) and let (g, )n be the sequence given by (1) for y. Let H be any
separable Hilbert space and let X,Y & L2(([0,1),B([0,1)),A1); H). Observe that
for every € > 0 there exists a compact set K¢ C [0, 1) such that the restrictions of
X and Y to K, are continuous in K. and A'([0, 1)\ K;) < ¢, so that, setting yn, :=
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(ir0,1), gn)ﬁ)ﬂ, n € N, we have that vy ([0,1)?\ K%) < 2¢ for every n € IN. By [5,
Proposition 5.1.10] and (1), (X, Y)4(io,1), gn)ﬁ?ﬂ — (X, Y)py in P(H?); moreover

[/ (52 12) 40 Vst 10, 9m)sA = B IX2 -+ 1¥E] = [ (12 +2) dX, Vg,

hence the conclusion by (2.4.1).

(3) Conclusion. Let y € T(IP,IP) and let @ : Q — [0,1) and V¥ : [0,1) — Q be the
maps given by Proposition 6.2.15 for the 91-refined standard Borel probability
spaces (Q,B, P, (Pn)nem) and ([0,1),B([0,1)),A", (In)Nem), Where the latter
is as in Example 6.2.11 with ¢ = 1. If we define v’ := (¢, @)y, we have that
v’ € T(A1,A1) so that we can find a strictly increasing sequence (N ), C IN and
maps g;, € S([0,1), B([0, 1 )),7\1;0(ij“)) as in step (2). Let us define

gn:=Vvogroe, mneN.

Then, up to change each g, on a P-negligible set of points, we can assume
that gn € S(Q,B,IP; By, ). Let H be a separable Hilbert space and let X,Y €
12(Q,B,P);H). If we define X’ := Xo{ and Y’ := Y o1, we get that X', Y’ €
L2([0,1),B(0,1)),A"); H). By step (2) we thus get

(X", Y41y, gn)iN — (X, Y)yy” in P2 (H?)
which is equivalent to (6.2.7). O

Corollary 6.2.17. Let (Q, B, P, (Bn)nemn) be a N-refined standard Borel probability
space such that M = (bn)neN, where (bn)neN is a striclty <-increasing sequence.
Then for every y € T'(IP,IP) there exist a strictly increasing sequence (Nn)n C IN and
maps gn € S(Q, B, P; By, ) such that, for every Polish topology T on Q generating B,
it holds

(la,gn )P = vin P(QAx Q,T®1),
where T ® T is the product topology on Q x Q.

Proof. By Theorem 6.2.16 we have the existence of a strictly increasing sequence
(Nn)n € N and maps gn € S(Q, B, IP; By, ) such that, choosing the separable
Hilbert space IR, we get

(@1, 02)1(i0, gn)sP — (@1, 92)4y in P2 (IR?)
for every @1, 92 € Cp(Q,T) C L2((Q,B,P);R). By the P, (R?) convergence we
get (see e.g.[5, Proposition 7.1.5, Lemma 5.1.7]) that

J h((m(wl)l(Pz(wz))dYn(whwz)—>J h(@1(w1), 92(w2)) dy(wr, ws)
aOxQ aOxQ

for every continuous function h : R> — R with less than 2-growth, where y,, =
(in,gn)#lP, n € N. Choosing h(x,y) := xy, we get that

J e1(wr)e2(wz)dy,(wr, w2) —>J e1(w1)e2(wz)dy(ws, wy).
OxQ OxQ
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(6.2.10)

for every ¢1,¢92 € Cp(Q,T). Let A C Cp(Q,T) be a unital subalgebra whose
induced initial topology on Q coincides with T (e.g. the subset of d-Lipschitz
continuous and bounded functions for a complete distance d inducing 7). It is
easy to check that

n
ADA = {Z @5 © @5 | (@i, (@3)1y CA ne N} CCp(QxQ,T®T)
i=1

is a unital subalgebra whose induced initial topology on QO x Q coincides with
T® 1. By (6.2.10) we thus have that

J (pdyn—>J edy Veoe ARA.
axQ axQ

We conclude by Lemma 3.1.6. O

The following result is a consequence of [97, Theorem B] (see also [3, Theorem
2.1, Theorem 9.3]).

Proposition 6.2.18. Let (Q,B,IP) be a standard Borel probability space, let H be a
separable Hilbert space and let us denote H := L2((Q,B,P);H). If w,v € P2(H) and
X € His s.t. XyIP =y, then, for every e > 0, there exists Y € H s.t. Y;IP = v and

IX—Ylse < Wa(p,v) +e.

Proof. Let y € T (1, v); we split p into its atomless and atomic parts, p. and pg
respectively. Hence, there exists a sequence (xn)n C H s.t.

Ha= D Hn, Hni=andy, ani=pu({xn))
nelN

and p is atomless (i.e. pc({x}) = O for every x € H). Let

Qn=X"{xn}), neN, Qc:=0\]JQn.

We define the Borel functions
Xn=Xlg,, neN, X::=X|q,

and the nonnegative Borel measures
P, :=Plg,, neN, P.:=Plg,.

It is clear that (X,)sP, = p, for every n € N and that (Xc)ylPc = pc. Let
{YxJ}xen C P(H) be the disintegration of y w.r.t. u, we define the nonnegative
Borel measures

Yn = Un ®Yxn/ ne N/ Yo = J Yx duc (X)
H
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with second marginals v, = anyx,, n € N and v, respectively. By Corollary
6.2.3, we can find functions Y, € L?(Qn,Py;H) s.t. (Yn)gPn = vn so that
(Xn, Yn )P =y, for every n € N. This gives

J Xy — Yn|2dP,, = J [x —yl2 dy.(x,y). (6.2.11)
Qn HxH

On the other hand, we can apply [97, Theorem B] to the Polish space H, the
atomless measure (1., the measure v, and the plan y. € I'(pc, V) so that, for
any ¢ >0, wecan find t :=t¢ : H — H s.t. typu. = vc and

J x — 00 dite (x) <J x—yP dye(oy) + 2.
H HxH

If we define Y. € L?(Q¢,Pe;H) as Ye :=to X, we get

J X — Y2 dP, < LH ]Hlx—ylz dy.(x,y) + €2 (6.2.12)
c X

with (Y¢)3IPc = vc. Finally we define Y € L2(Q,P;H) as

Yn(w) fwe,, neN,
Ye(w) ifweQe.

Y(w) :=
By (6.2.11) and (6.2.12) we have that
X—VB = | X-YPAP= 3 | o YaldPut | e VoD
Q Q.

<§:J

Ix—ylzdyn(x,y)JrJ x —yi? dye (x,y) + €2

n JHxH HxH
| kP avioy) et =W+ e
HxH
Hence the conclusion, noting that Y;IP = v. O

63 A STRONG-WEAK TOPOLOGY FOR PROBABILITIES IN PRODUCT SPACES

In this short section we denote by X, Y two separable Hilbert spaces. On the prod-
uct space X x Y we consider the product Hilbert norm and P, (X x Y) with the
2-Wasserstein distance. We will endow P, (X x Y) with a weaker topology which
is connected to the strong-weak topology on X x Y, i.e. the product topology of
X® x YW, where the superscript s (resp. w) means that we are considering the
strong (resp. weak) topology on the corresponding Hilbert space. The proof of
the results presented here can be found in [86].
Let us consider the space C5"(X x Y) of functions ¢ : X x Y — R such that

( is sequentially continuous in X*® x Y, (6.3.1)
Ve>03A, > 0:|0xy)l <A(T+XZ) +elyd Yixy)eXxY. (6.3.2)
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Notice that, if ¢ € C5"(X x Y), then it has quadratic growth. On C5"(X) we
consider the norm

IC(x,y)I
IClesmix) = sup — oo
B T+ KB 1y

Lemma 6.3.1. (C5™(X X Y), |- [[csv(xxy)) is a Banach space.

Definition 6.3.2 (Topology of P5" (X x Y), [86]). We denote by P5" (X x Y) the
space P, (X x Y) endowed with the coarsest topology which makes the following
functions continuous

wes [ vy dutxy), e CEUXxY).

The topology of P> (X x Y) is finer than the topology of P5" (X x Y), and the
latter is finer than the topology of P(X® x Y"). Notice that, if B : X xY — R
is a bounded bilinear form, then it belongs to C5" (X x Y), hence for every net
(Mo)aen C P(X xY) indexed by a directed set A, we have

limp, =p inPSYXxY) = Ilim JB du, = JB du. (6.3.3)
x€A xEA

The following result presents many useful properties of the P5" (X x Y)-topology.
Proposition 6.3.3.

1. Assume that (Mo)aen C P2(X X Y) is a net indexed by the directed set A,
u € Po(X xY) and they satisfy

a) py — pin P(XS x YW),

b) lim J IXIg dig(x,y) = J X% dr(x,y),

c) sup leli du,(x,y) < oo,
x€EA

then p, — win P5W (X x Y). The converse property holds for sequences: if A =
N and n,, — pin P5W(X xY) as n — oo then properties (a), (b), (c) hold.

2. For every compact set X C P,(X®) and every constant ¢ < oo the sets

K = {p € Pr(XxY) :ﬂﬁ(u c X, J|y|\2(dM(X,U) < C}

are compact and metrizable in P5$Y (X x Y) (in particular they are sequentially
compact).

Notice that the topology P (X x Y) is strictly weaker than P,(X x Y) also in
case Y has finite dimension. Indeed, the function (x,y) — |y|$ is not an element
of C5W (X x Y), so that the convergence of the quadratic moment w.r.t. y is not
guaranteed.
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64 TRIPLANS AND INJECTIVITY OF INTERPOLATION MAPS

In this section, we state and prove the following preliminary results of indepen-
dent interest. Their importance for our study will be clear when proving Lemma
7.8.2 and more specifically in Section 9.4, since they will be involved in the proof
of one of the main results of the Section: Theorem 9.4.16. In this section H is a
separable Hilbert space and we define x*° as

x"0(x1,%x2,%3) = (1—0) [(1 —t)x7 +tx2] +0x3, t,0¢0,1]. (6.4.1)

Proposition 6.4.1. Let y € P(IH?3) be such that 7[1’2)/ and 7[2’3 vy are optimal. Then, for

every t,0 € (0,1), (x*9, )w is the unique element of T, ( y, Trti v) and it is induced
by a map, i.e. there exists a Borel map g : H — H such that

(x40, 7?) gy = (in, 9)s (¢ °¥).

Proof. Let t,0 € (0,1) be fixed. By Theorem 2.4.4, to prove the statement it is
enough to show that

(x"0, )y = (x9,x1 )y (6.4.2)

for some optimal plan « € P(H?) and q € (0,1). Indeed, this implies that
(x40, 7% )4y induces the restriction of a constant speed geodesic to [q, 1] and thus
it is optimal, unique and concentrated on a map. It is easy to check that (6.4.2)
holds with q := (1 —0)t and & := (xP o 711'3,7t2)ﬁy, where p := #.—G)t‘ We are
left to show that « is optimal and, thanks to (2.4.9), it is enough to show that it
is concentrated on a monotone set. This immediately follows if we show that

(y1 =y, x1—x}) =0 V(yum),(y?nc{) € (xP o', ) (suppy).

Let (y1,%x2), (y},x5) € (xP om'3, %) (supp v); we can find x1,%3,%],%x5 € H such

that y; = xP(x1,x3), yj =xP (x1,x3) and (x1,x2,x3), (x7,%x5,%x%) € suppy. Then

(Y =y, —=x7) = (1=p)(x1 —x3,x2 = x2) +p{x3 —x3,x2 = %) >0,

where we have used the monotonicity of the supports of ﬁ; 2y and ﬂ§’3y coming
from their optimality, thanks again to (2.4.9). O

Given two pairs of points (a’,b’) and (a”,b”) in H? it is easy to check that
(1—t)a"+tb" # (1 —t)a”+tb"” forevery t € (0,1)

< (6.4.3)
ng{ s(a” —a)s>0}.

In particular, given a set A C H we consider the set of directions

dir(A) = {s(a’— a’y:seR, a’,a” € A} = U s(A—A) (6.4.4)
seR

If B ¢ H satisfies
(B—B)Ndir(A) ={0} (6.4.5)

then for every t € (0,1) the map x* : H?> — H is injective on A x B.
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Proposition 6.4.2. Let y € P(IH3) be such that 7[; ’Zy and ﬂ§’3y are optimal. Set

Ay:i=m (suppv), Asz:= 7r3(suppy)

and suppose that (A3 — A3) Ndir(Ay) = {0}. Then, for every t,0 € (0,1), x*© is
injective on suppy.

Proof. Let 1,6 € (0,1) and let (x1,x2,%x3),(x],%5,%3) € suppy be such that
(

x40 (x1,%x2,%3) = x"O(x],x5,x}). Setting y := (1 —t)x1 +tx2, yi := (1 —t)x] +

tx5, we obtain
(1—0)y +6x3 = (1—0)y; + 0x}

so that

0
Yt —yi = —m(xz» —x3). (6.4.6)

Since 71; 2y and ﬁ§’3y are optimal, their supports are monotone by (2.4.9), thus
(x1—=x7,%2—x3) 20, (x3—x3,x2—%x3) >0

which gives
(Ye —yi,x2 —x3) > tha — x5

Then

0
1-0

0>— (x3 —x5,%2 —x5) > thxa —xél2

so that x, = x5. Inserting this in (6.4.6), we obtain

X3 — X} = _”_eg]_t)(m —x!).
Since by assumption (A3 —A3) Ndir(A;) = {0}, then we conclude that x; = x]
and x3 = x}, proving the sought injectivity. ]

In the discrete setting, we can prove the following result which gives the possi-
bility to displace the elements of a finite set B in order to satisfy condition (6.4.5)
with respect to a fixed finite set A.

Proposition 6.4.3. Assume that dimH > 2 and A C H is a finite set. For every finite
set of distinct points B = {bn}N_; C H there exists a finite set B’ := {b/}N_; of
distinct points with |b], — by | < 1 such that, setting

bn(s) = (1—s)by +sbl, B(s):={bn(s)N_;, (6.4.7)

we have that #B(s) = N forall s € [0, 1] and
(B(s) —B(s))Ndir(A) ={0} for every s € (0,1]. (6.4.8)

In particular, for every t € (0,1) the restriction of the map x* to A x B(s) is injective
for every s € (0,1].
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Proof. We split the proof of the Proposition in two steps.
Claim 1: there exists a finite set of distinct points B” := {b//}N_, with [bf —bn| < 1
satisfying

(B” —B”)ndir(A) ={0}. (6.4.9)

We can argue by induction with respect to the cardinality N of the set B. The
statement is obvious in the case N =1 (it is sufficient to choose b}’ := by).

Let us assume that the property holds for all the sets of cardinality N —1 >
1. We can thus find a finite set of distinct points Bf}, ; = {b//}N_] satisfying
(B{_; —B{_;)Ndir(A) = {0}. We look for a point b{; € U\ B{,_;, where U :=
{x € H: [x —bnl| < 1}, such that B, := B{,_; U{b{|} satisfies (6.4.9). by; should
therefore satisfy

bl eU, b —bj £dir(A) foreveryne{l,---,N—1}

Such a point surely exists, since dir(A) is a closed set with empty interior (here
we use the fact that the dimension of H is at least 2) and the union J)_ (bl +
dir(A)) has empty interior as well, so that it cannot contain the open set U.

Claim 2: If B” satisfies the properties of the previous claim, then there exists & € (0, 1]
such that setting

b/ = (1—-238)b, +8bl, (6.4.10)

the set B/ = {b/,}N_, satisfies the thesis.
We denote by a the cardinality #A of A and we first make a simple remark: for
every z,z" € H

#sc(0,1]:2(s):=(1—s)z+sz" edir(A)} >a? = zz" edir(A). (6.4.11)

Indeed, the set A — A contains at most a? distinct elements, so that if the left hand
side of (6.4.11) is true, then there are at least two distinct values s1,s2 € [0,1],
T1,72 € R and a vector w € A — A such that (1 —s7)z+s1z"” =riw, (1 —s3)z+
s2z"" = row. We then get

S— 38§

(Z(SZ) _Z(S])) =TiW+ (5_51)(1‘2—1'])
$2—§1 S

z(s) = z(s7) +

w € dir(A)

for every s € [0, 1],hence (6.4.11). As a particular consequence of (6.4.11) we get
that if z"/ does not belong to dir(A), then the set {s € (0,1] : z(s) := (1 —s)z+
sz’ € dir(A)} is finite, so that

Vz,z" e H: 2" ¢dir(A) = 36>0: (1—s)z+sz” €dir(A) Vse(0,8].
(6.4.12)

Let us now apply property (6.4.12) to all the pairs (z,z”) of the form z = b, —
bm, 2/ =b—=bll,n,me{1,---,N}, with n # m. Since b/] — b/ & dir(A) we
deduce that there exists 8, ,m > 0 such that

(1—5s)(bn —bm) +s(bly —bl) & dir(A) foreverys e (0,8nml. (6.4.13)
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Setting
§ :=min{|br, —bm| :n,me{l,...,N, n#m} >0

and choosing 6 := minn m{dn,m, 5/3} > 0, then it is not difficult to check that B’
satisfies the thesis, with b}, as in (6.4.10). Indeed, |b,, — b/,| = 8/b, —b)/| < 1, and
for every s € [0, 1] and n we get

bn(s) = (1—s)bn +sbl, = (1 —5s)by +s(1—8)byy +s8b;, = (1 —8s)by, +sb!
so that
bn(s) —bm(s) = (1 —8s)(bn —bm) +8s(bl] —br) & dir(A)

thanks to (6.4.13) and the fact that s& < &n m. O

65 LOCAL OPTIMALITY OF DISCRETE COUPLINGS

We want to study the behaviour of the Wasserstein distance along couplings
between discrete measures. The main quantitative information is contained in
the following lemma.

Lemma 6.5.1. Let po,u1 € P2(H), v € T'(po, n1). If wo has finite support S =
(X1, , &My with & :=min {|x; — %3/ : 1,j €{1,--- ,M}, i1 #j} > 0and
sup {Iy —x|: (x,y) € suppy} <6/2 (6.5.1)

then y € To (1o, w1) and W3 (o, 1) = [ Iy —x2 dy.

Proof. 1t is sufficient to prove that the support of vy satisfies the cyclical mono-
tonicity condition (2.4.9).
If {(xn,yn)}l\fz] are points in supp y with x¢ := xn and x,, # x—7 then

(Yn, Xn —Xn—1) = (Yn —Xn, Xn —Xn—1) + (Xn, Xn —Xn_1)

WV

) 1 1 1

—=Xn —Xn_1l+ 3 Xn —Xn_1 |2 + *‘Xn|2 — =xn_1 |2
2 2 2 2
1 1

P E|Xn|2 - E|an1 |2

since [yn —xn| < 8/2 and [xn —xn—1| = 8. If xnn = xn_1 we trivially have
(Yn, Xn —Xn—1) = Slxnl? — Txn_1/%, so that

1

= Ay 1 1
D (nxn—xn1) 2 ) shal’ = bl = Sl = 3ol =0.

As a consequence we obtain the following result.

Theorem 6.5.2. Let o, w1 € P2 (IH) be two measures with finite support, y € T (1o, 1)
and py == (xY)yy, t € [0, 1]. Then the following properties hold.
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1. Forevery s € [0,1] there exists & > O such that for every t € [0, 1] with [t —s| <
Vs o= (x5, xY)yy is an optimal plan between g and (i, so that

W2 (1, pe) = J y—xPdye, = [t—sP J y—2dyioy).  (6:52)

2. There exist a finite number of points to =0 < t; < t2 < --- < tx = 1 such that
foreveryk =1,---,K, uly, ;.. is a minimal constant speed geodesic and

W3 (e, ) = [t —t')? J ly—x?dy(x,y) forevery t’,t" € [ti_1,tyl.
(65.3)

1/2
3. The length of the curve (W¢)ie(o,1) coincides with (f y —x|? dy)

Proof. The first statement follows by Lemma 6.5.1, since every measure s has
finite support and for every t € [0, 1]

sup {ly —x|: (x,y) € supp s} = [t—slsup {ly —x|: (x,y) € suppv}
< |t —s|max{ly — x| : x € supp po, y € supp p1 }.

In order to prove the second claim, we define an increasing sequence (t,)%_, C
[0, 1] by induction as follows:

e t5:=0;

o if t, < 1 then tn g = sup {t € (tn, 1] : W2 (ke ) = ft—tal2 [y —
Xlzdv};

o ift, =Tthent, 1 =1.

The sequence is well defined thanks to the first claim. It is easy to see that there
exists K € IN such that tx = 1. If not, t,, would be strictly increasing with limit
too < 1 as n — oo. By the first claim, there exists r > 0 such that the restriction of
1 to [teo — T, teo] is @ minimal geodesic, so that whenever t,, > to, —r we should
get tn41 = too, a contradiction.

Claim (3) follows immediately by (2). O



DISSIPATIVITY IN WASSERSTEIN SPACES

In this chapter we present the notion of dissipativity in P, (IH) and we study dis-
sipative operators on the Wasserstein space. In particular Section 7.1 introduces
the pseudo scalar products/duality pairings between probability measures; Sec-
tion 7.2 presents a few results concerning the differentiability of the Wasserstein
distance along absolutely continuous curves; in Sections 7.3 and 7.4 we study the
properties of duality pairings and how they interact with geodesics in P;(H);
in Sections 7.5, 7.6 and 7.7 we introduce the notion of dissipative operator on
P2(H), called Multivalued Probability Vector Field, we study its behaviour along
geodesics and notions of extensions; finally Section 7.8 deals with a refined no-
tion of dissipativity related to discrete measures.

In this whole Chapter, H is a fixed, possibly infinite dimensional, separable
Hilbert space with dim(IH) > 2.

This Chapter is the result of a collaboration with Giulia Cavagnari and Giuseppe
Savaré and, except for Section 7.8, it appeared in [34].

7.1 DIRECTIONAL DERIVATIVES OF THE WASSERSTEIN DISTANCE AND DU-
ALITY PAIRINGS

We start from a concavity property of

f(s,t) == %W%(expg Do, expy 1), s, teR, (7.1.1)
with @y, ®7 € P,>(TH) and exp' : TH — H is defined as

expt(x,v) :=x+1tv, (x,v) e TH. (7.1.2)
We also use the notation

|D|, := Jm vZ2do(x,v) @ e P(TH). (7.1.3)

Moreover, recalling Theorem 2.1.1 and Remark 2.1.2, we give the following defi-
nition.

Definition 7.1.1. Given ® € P,(TH]|u), the barycenter of @ is the function bg €
Lﬁ(II—I;]I—I) defined by

bo(x):= J vd®,(v) for u-a.e.x € H,
H

where {Oy}xepn C P2(H) is the disintegration of ® w.r.t. u.

The proof of the following result comes from [5, Proposition 7.3.1].
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118 DISSIPATIVITY IN WASSERSTEIN SPACES

Lemma 7.1.2. Let @y, &7 € P2(TH), s,t € R, and let 95 ¢ F(exp§ ®0,exp§ Dq).
Then there exists @5t € T'(®o, @) such that (exps,expt)ﬁ@S’t =95t

Proof. Define, for every 1,s,t € R,

IT:TH — TH, X'(x,v):= (exp"(x,v),v),
AU TH x TH — TH x TH,  ASt = (25,54,

Consider the probabilities (Z%);®o, (X');®@; and 9%'. They are constructed in
such a way that there exists ¥*' € P(TH x TH) s.t.

(O V0wt = (2%);D0,  (x!,v1 )Wt = (2901, (O, x1) Wt = 9%,

where we adopted the notation x'(x0,vo,X1,Vv1) := xi and vi(xo, Vo, X1,V1) i= Vi,
i=0,1. We conclude by taking @%" := (A7S 1),y O
Proposition 7.1.3. Let ®g, ©1 € P, (TH) with puy = x; @4 and @? = |®0|§ + |<D1|%,
let f: R? — R be the function defined by (7.1.1) and let h,g: R — R be defined by

1
h(s) = f(s,5) = W3 (exp} o, exp} 1),

1, (7.1.4)
g(s) = f(s,0) = S Wj (exp; @o, u1)-

1. The function (s,t) — f(s,t) — %(pz(s2 + t2) is concave, i.e. it holds

f((1—a)so+asy, (1 —a)to+ aty) > (1 —)f(sp, to) + af(sy,t1)
— Jall—a(s1 502 + (11— t0)?] 2
(7.1.5)
for every so, s1,to,t1 € R and every o € [0, 1].
2. The function s — h(s) — @?s? is concave.

3. the function s — g(s) — 3s2|®ol3 is concave.

Proof. Let us first prove (7.1.5). We set s := (1 —o)spo + s, t := (1 — a)to + oty
and we apply Lemma 7.1.2 to find ® € TI'(®p, @) such that (exp®,exp');©® €
o (exp§ Do, expj; ®1). Then, recalling the Hilbertian identity

I(1—«)a+abl?> = (1 —a)af* + ab]> — (1 —«)]a—bl>, a,beH,
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we have
W3 (exp§ @, expf @1)

= Jlxo +svo — (x1 +tv1)[?dO®

JIU —a)(x0 + sovo) + x(xo + s1vo)—
(1— &) (x7 +tovi) — ax(x7 + t1v7)> dO
e oc)JIxo+SoVo(X1 +tovy)]? d©
+ (XJ|X0 +s1vo — (X] +tivq )|2 doe
(1 cx)jus] “sovo + (11 — tovi 2 d®
> (1— 0)W3 (exp]® @0, exp;® @1) + aW3 (exp}' o, expy’ @1)

~ a1 = a) (1= 50+ (11— t0)?) (| ol d0g + [ 2 dey ).

which is the thesis. Claims (2) and (3) follow as particular cases when t = s or
t=0. O

Semi-concavity guarantees the existence of right and left derivatives at (0, 0):
given «, 3 € IR, we have (see e.g. [63, Ch. VI, Prop. 1.1.2]) that

B 2
£/ (o, B) = sup flap, Bp) —f(0,0)  po (o + p2),
p>0 Y 2
2
(o, B) = inf f(0,0) — f(—ap, —Bp) P (o + p2).

p>0 P 2

f; (resp. f{) is a concave (resp. convex) and positively 1-homogeneous function.
We have

fl(—o, —B) = —f{(e, B) forevery «, B € R, (7.1.6)

fi(x, B) > fr(, B) forevery o, B € R, (7.1.7)

(o, B) = ofy(1,0) + Bf.(0,1) for every o, B >0, (7.1.8)
2

f(s,t) < f(0,0) + fl(s,t) — %( 24 t%) foreverys,tcRR.

In addition

/ o T g(p) —g(0)
f:(1,0) = g;(0) = lplfolip

where g is as in (7.1.4); an analogous result holds for f{(1,0). We will use the
following notation for f/, f{, g, and g, setting also

P2(THIp) == {® € P2(TH) |x;® = p}, € Pa(H). (7.1.9)
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Definition 7.1.4. Let no, 11 € P2(H), ®p € P2(TH|up) and @ € P (TH|u;). We
define

W3 (exp§ o, 1) — W3 (1o, 1)

) =1
[ OI u1]r SI\IL’I(-)I 23 7
D ] i W3 (1o, m1) — W3 (exp, * Do, 1)
’ = 1m ,
oKl = 0% 2s

and analogously

W3 (exp} @o, expl @ 1) — W3 (o, 1)
Do, D], = li ¢ ¢

[ (% 1]1‘ tlf{)l 21:

W3 (1o, 1) — W3 (exp, * @, exp; © ©1)

7

Oy, D], =l
(@, Dq]; lim ot

Recalling the definitions of f and g given by (7.1.1) and (7.1.4), with ® and ®;
as above, we notice that

(@0, w1l = g,(0) = f1(1,0),
(@, ]y = {(0):1‘{(1, ,
(@0, @1, =11(1,1),
(@, Dq], = 1 (1,1).

Remark 7.1.5. Notice that [@y, Ml]r = [(DO'(DML and (D, u]]l = [(DO/(DM]V
where

O, = (g, 0)zur € P2(TH).
Moreover, given ® € P(TH) and using the notation

—O0 = J;®, with J(x,v) = (x,—V), (7.1.10)
we have

[—Dp, —D1], = —[Do,Dq];, and [-Dp, ], =—[DPo, u1];.

In particular, the properties of [-,-]; (in P2(TH) x P>(TH) or P,(TH) x P,(H))
and the ones of [, -], in P, (TH) x iPz( ) can be easily derived by the correspond-
ing ones of [-,-]. in P>(TH) x P,(TH).

Recalling (7.1.8) and (7.1.6) we obtain the following result.

Corollary 7.1.6. For every uo, w1 € P2(H) and for every ©o € P2(THpp), @1 €
P> (TH|wq), it holds

(Do, 1], + D1, pol, < [@o, @1, and  [@o, w1l + [D1, pol; = [@p, O1]; .

Our aim is now to show a useful characterization of the above pairings. We
denote by x0 :TH xH — H the projection maps of a point (xo,Vvo,x1) in
TH x H (and sumlarly for TH x TH with x%,v°,x',v").

Let us introduce the following sets.
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Definition 7.1.7. For every ®y € P(TH) with pp = x;®o and p; € P,(H) we set

Al®o, 1) = {o € T(®o, 1) | (x50 € o 1o, 1) }.

Analogously, for every @y, @ € P(TH) with pp = x;®o and py = x; @4 in P, (H)
we set

(@0, @1) = {© € I(®o, @1) | (x°,x");© € To (b0, 1) }-

Similar results to what follows (with analogous proofs) can be found also
in [53, Theorem 4.2] and [44, Corollary 3.18] where H is a smooth compact
Riemannian manifold.

Theorem 7.1.8. For every @y, ®1 € P2(TH) and yuy € P2(H) we have

[®o, 1], = min {j (xo —x1,v0) do | & € Al@o, 1y )}, (7.1.11)
THxH

[d)o,(Dﬂr:min{J (xo—x1,vo—v1>d®|®€/\(d)o,<l)1)}.
THx TH
(7.1.12)

We denote by Ao (Do, 1) (resp. Ao (Po, ©1)) the subset of A(Do, 1) (resp. A(Dp, D1))
where the minimum in (7.1.11) (resp. (7.1.12)) is attained.

Proof. First, we recall that the minima in the right hand side are attained since
A(Do, 1) and A(Dp, @1) are compact subsets of P, (TH x H) and P, (TH x TH)
respectively by Lemma 2.4.1 and the integrands are continuous functions with
quadratic growth. Thanks to Remark 7.1.5, we only need to prove the equality
(7.1.12). For every ® € A(®p, ®1) and setting o = x3 Do, 1 = x3 @1, we have

W3 (exps (Do), exps (©1))

<J (0 —x1) + 5(vo —v1)2 d©®

TH x TH

= |X0—X]|2d(xo,x1)n® +2SJ (x0 —x1,vo—V1)dO®
H2 TH x TH

+32J 2|v0—v1|2d®
H

=W§(uo,u1)+25J

<Xo—X1,Vo—V1>d@+SZJ |Vo—\)]|2d@
THx TH H?

and this immediately implies

[CDO,Q)]]Témin{J <X0—X1,V0—V1>d®|@€/\((Do,q)])}.
TH

x TH

In order to prove the converse inequality, thanks to Lemma 7.1.2, for every s > 0
we can find @ € I'(Dy, Dq) s.t.

(exp®, exp® )y @ € T (exp; Do, exp; D).
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Then

W%(GXP,? Do, expy @) — W3 (o, 11) - 1J
ZS = ZS TH x TH

)
25 JTHxTH

l(xo —x1) +5(vo —Vv1)[* dO5
xo —x11* d@j

> (x0 —x1,vo —V1)dOs.

LJHx'nH
(7.1.13)

Since T'(®p, ®1) is compact in P, (TH x TH), there exists a vanishing sequence
k= s and @ € I'(@p, D7) s.t. @5, — O in P, (TH x TH). Moreover it holds
(exp®*, exp )y Og, — (xo,x1)ﬁ® in P(TH x TH) so that (xo,x1)ﬁ® € Toluo, 11),
and therefore ® € A(®y, O1). The convergence in P, (TH x TH) yields

lim

J (xo —x1,vo —V1)dO®s, :J (xo —x1,vo—Vv1)d0O,
k JTHxTH

THxTH

so that, passing to the limit in (7.1.13) along the sequence sy, we obtain

[®o,®1]r>J (xo —x1,v0 —V1)dO®
THx TH

for some @ € A(Dy, D). O

Corollary 7.1.9. Let @y, @1 € Po(TH) and py € P2 (H), then
[@, p1]; = max {J (xo —x1,v0)do | o € A(Dy, 1y )} , (7.1.14)
TH xH

[CDo,(Dﬂl:maX{J <X0—X],V0—V1>d@@E/\((Do,q)ﬂ}.
THx TH

7.2 DIRECTIONAL DERIVATIVES OF THE WASSERSTEIN DISTANCE ALONG
A.C. CURVES

We present now the differentiability properties of the map J 3 t — W3 (i, V)
along a locally absolutely continuous curve p : J — P,(IH), with J an open
interval of R and v € P, (H).

Theorem 7.2.1. Let n: J — P,(IH) be a locally absolutely continuous curve and let
v:JxH — Hand A(u) be as in Theorem 2.4.6. Then, for every v € P, (IH) and every
t € A(w), it holds

W%(Ht+h/ V) - W%(Ht/ V)

%{?S Zh - [(i]H,Vt)ﬁHt/ V]TI (7'2'1)
- Wi(n, v) — W3 (1, V) )
]]:1’1]:]:(} 2h = [(1]H/vt)jjut/ y]l’

so that the map s — W3 (s, V) is left and right differentiable at every t € A(y). In
particular,



7.2 DIRECTIONAL DERIVATIVES OF THE WASSERSTEIN DISTANCE ALONG A.C. CURVES

1. ift € A(u) and v € P,(IH) are s.t. there exists a unique optimal transport plan
between ¢ and v, then the map s — W%(us,v) is differentiable at t;

2. there exists a subset A(w,v) C A(u) of full Lebesgue measure such that s —
W3(us,v) is differentiable in A(p,v) and

1d . .
EEW%(H’U‘V) = [(IIH/Vt)thzVL = [(IH/vt)]th/ V]l

= J(Vt(xl ), x1 —x2) dp(x,x2)
forevery p € To (e, v), t € A(n,v).

Proof. Let v € P>(H) and for every t € J we set O := (ipg, v )yt € P2(TH). By
Theorem 7.1.8, we have

W% (eXP? (Dtl V) - W%(Ht; V)

1&?8 Zh, - [(iHlvt)ﬁl"Lt/ V]T"
h10 oh - H,Vt)gHt, e

Since expjgL ®¢ = (ig + hvi)gue, then thanks to Theorem 2.4.6 we have that the
above limits coincide respectively with the limits in the statement, for all t €
A(p).

Claim (1) comes by the characterizations given in Theorem 7.1.8 and Corollary
7.1.9. Indeed, if there exists a unique optimal transport plan between p; and v,
then [(iIH/Vt)tilet/ V] T = [(ilH/Vt)th, V] N

Claim (2) is a simple consequence of the fact that s — W%(ps,v) is differen-
tiable a.e. in J. O

Remark 77.2.2. In Theorem 7.2.1 we can actually replace v with any Borel velocity

field w solving the continuity equation for u and s.t. Hwt”Lﬁt € L{,.(9). Indeed,

we notice that by [5, Lemma 5.3.2],
A((”H/ Vt)jiut/\/) = {(Xolvt © XO/X‘l )ﬂy | Y€ FO(IVL’UV)}/
/\((i]H/Wt)jth/V) = {(Xolwt © XO/X1 )jﬂ’ | Y € I—‘O(Htlv)}l
so that, by [5, Proposition 8.5.4], we get
[(i]H,Vt)ﬁHt/ V:| r = [(iJH/Wt)ﬁHt; .V} it
[(ilHrvt)ij't/ V:| 1= [(1H/ Wt)ﬁut/ V} 1

Theorem 7.2.3. Let 1!, u? : J — P, (H) be locally absolutely continuous curves and let
v!,v2 : 9 x H — H be the corresponding Wasserstein velocity fields satisfying (2.4.8)
in A(u') and A(u?) respectively. Then, for every t € A(n') N A(un?), it holds

i W3 (! 02) — W3, u?)
im

hl0 2h

lim W%(Hl...h/ u%+h) - W%(HJ]U H%)
h10 2h

- [(1H1v‘1)ﬁp“1/ (1]H;V%)ﬁuﬂr ’

= [(m, vi)anl, (i, V)] -
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In particular, there exists a subset A C A(n') N A(u?) of full Lebesgue measure such
that s — W3 (ul, u2) is differentiable in A and

Td
24t

W3l u?) = [(im, v, (i, vE)erd] L = [, vl (i, v e?]

(7.2.2)
J<Vl —v{,x1 —x2) dp(xi, x2)

for every p € To(pl,uf), t € A.

The proof of Theorem 7.2.3 follows by the same argument of the proof of
Theorem 7.2.1.

Remark 7.2.4. In general, if u : I — P, (H) is a locally absolutely continuous curve
and v € P;(H), then the map J > s — W%(us, v) is locally absolutely continuous
and thus differentiable in a set of full measure A(u,v) C J which, in principle,
depends both on p and v. What Theorem 7.2.1 shows is that, independently of
v, there is a full measure set A(u), depending only on p, where this map is left
and right differentiable. If moreover v and t € A(u) are such that there is a
unique optimal transport plan between them, we can actually conclude that the
above map is differentiable at t. The next Example 7.2.5 shows how the result in
Theorem 7.2.1 is optimal, proving the existence of a locally absolutely continuous
curve p: [0,4+00) — P2(IR?) s.t. the full measure set of differentiability points of
the map [0, +00) 2 s — W%(us,v) depends also on v € P> (RR?).

Example 7.2.5. It is enough to show that

for every to € A(u) there exist vp € P, (R?)
and vq,v2 € To(kty, Vo) st L{vy) # L{v2),

where A(p) is as in Theorem 2.4.6 and, for y € P>(R? x R?) s.t. xgy = W, We
define

L) = | iy dviey)

Indeed this will imply that [(ig, Vi, )gtee, Vo), # [(iH, Vo )iHte, Vo], hence the
non differentiability at to.

Let us consider two regular functions u : [0, +00) — R? and r : [0, +00) — R
s.t. [ug| = 1 for every t > 0. Let w : [0, +00) — R? be defined as the orthogonal
direction to u:

Wi = 0 — Uy, t>0.
1T 0

Being the norm of u constant in time, there exists some regular A : (0, +00) = R
s.t. iy = Arw; for every t > 0. Finally we define

x7 : [0, +00) = R?, x1(t) = Treuy,
x2:[0,400) > R?,  xa(t):

1
u: [0, +00) — P, (R?), Mt = 5 (6x1(t) +5xz(t)) .
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Observe that x1(t) = Tyue + ¢ty = —%2(t) for every t > 0. Moreover, for every
NS Czo(lRZ) and t > 0, we have

4 odn =& (Somatn + oter)
= 2Vl 1) %1 (0 + 3V elxa (1)) %a(1)
_J (ve(x), Vo (x)) du,
]RZ
where

ve(x) = x1(t)  if x =x1(t), £ 0.
x2(t) if x =x2(t),

Hence, the above defined vector field v¢ solves the continuity equation with pi.
Let tg € A(p) and let us define wg := w(ty), vo := %6% + %5—% and the plans
Yi1,Y2 € ro(lito/vo) by

1

1
Y1 = 26X1 (to) @ dw,y + Eéxz(to) ® d—wy,

1

1
Y2 = §6X2(to) ®duw, + §6X1 (to) @ O—wy-

Notice that they are optimal since any plan in I'(i¢,, Vo) has the same cost, being
the points wo, x1(to0), x2(to), —wo the vertexes of a rhombus. Finally, we compute

L(yvq) and L(v,):

L) = | ey vl dviixy)

1. 1.

= 5 (i (to), x1(to) — wo) + 5 (¥2(to), x2(to) + wo)

= <X] (to),X] (tO) - wO) = <f‘t0uto +Ttoutolrtout0 - w0>
= rtof‘to - Tto}\tol

L) = | | ey v dvaixy)

= 2 (xalto), xa(to) — o) + 5 (1 (t0), 1 to) + wo)

= (x1(to), x1(to) + wo)
= <T.‘t0uto + rtoutolrtouto + w0>

= T‘tOT"tO + Tto)\to.

In this way, if ¢, # 0 and A, # 0 we have L(y;) # L(v;). A possible choice for
u and r satisfying the assumptions is

ut := (cos(t),sin(t)), e =1, t>0,

so that Ay =1 for every t > 0.
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We conclude this section with the following property of the upper derivative
of a distance (we state it for the Wasserstein distance, but a general distance
could be considered).

Lemma 7.2.6. Let n:J — ‘PZ(X), v E ZPZ(X), t €7, o € To(ut,Vv), and consider
the constant speed geodesic v* : [0,1] — P,(X) defined by v§ = (x*)40% for every
s € [0, 1. The upper right and left Dini derivatives b* : (0,11 — R defined by

Wz(“t—»—h/ s) WZ(Ht, s)

b™(s) := — limsu ,
25 ot h
W v —w? ,V

are respectively decreasing and increasing in (0, 1].

Proof. Take 0 <'s’ < s < 1. Since v* : [0, 1] — P,(X) is a constant speed geodesic
from pt to v, we have

W (}'Ltl ) WZ(}‘Lt/ )+WZ(V YV )/
then, by triangular inequality
WZ(Ht+h/V£)_W2(Ht/VS) WZ(p't-O-hr S )+W2(V 1,V J;) WZ(Mt/VE)
=W (tein, Vi) — Walpe, ver).

Dividing by h > 0 and passing to the limit as h | 0 we obtain that the function
a:[0,1] = R defined by

Wi (esn, vE) — Wa (g, vE
a*(s) = lim sup 2(Migh, V) 2 (Kt vs)
hl0 h

is decreasing. It is then sufficient to observe that for s > 0

t
b (s) = at () V2D g wa v,
The monotonicity property of b~ follows by the same argument. O

7.3 CONVEXITY AND SEMICONTINUITY OF DUALITY PAIRINGS

We present a few results about the semicontinuity and convexity properties of
['/ ']T and ['/ ’]1~
We use the notation for u € P(H)

m (1) = LH xPdulx), ue P(H). (7.31)

Lemma 7.3.1. Let (Pn)nen C P2(TH) be converging to @ in P5™(TH), and let
(Vi )nen C P2(H) be converging to v in P, (IH). Then

liminf [®y, vn], > [@,Vv], and limsup [Dn, vn]| < [O,V]). (7.3.2)
n n
Finally, if (O )nen, i = 0,1, are sequences converging to @ in P (TH) then

lim inf [(I) o! } [dDO,d) L, lim sup [CDn, d)ll]l > [CDO,(D]L. (7.3.3)

n—oo n—oo
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Proof. We just consider the proof of the first inequality (7.3.2); the other state-
ments follow by similar arguments and by Remark 7.1.5.

We can extract a subsequence of (®n)nen (not relabeled) s.t. the liminf is
achieved as a limit. We have to prove that

Hm [y, V], > [@, V], . (7.34)

For every n € N take 05, € Ao(®n,vn) and O, = (xo,x1)ﬂ(rn. Since the

marginals of 9,, are converging w.r.t. W5, the family (8, )nen is relatively com-
pact in P,(H?). Hence, (0n)nen is relatively compact in P5"*(TH x H) by
Proposition 6.3.3, since the moments | ol? domn (X0, Vo, x1) = \(Dnlé are uniformly
bounded by assumption. Thus, possibly passing to a further subsequence, we
have that (o )nen converges to some o in P§™S(TH x H). In particular o €
A(®,v) since optimality of the H? marginals is preserved by narrow conver-
gence. Indeed, it sufficies to use [5, Proposition 7.1.3] noting that

jm —x1Pdon < 2m3(xs ) + 2mI(v) < K,

for some K > 0.
The relation in (6.3.3) then yields

T

Iim [@,,Vvnl]. = lim J<V01Xo —x71)ydoyn = J<VO/XO —x1)do
n—oo n—oo

which yields (7.3.4) since the rh.s. is larger than [®, v], by Theorem 7.1.8. O

Remark 7.3.2. Notice that in the special case in which A(®, v) is a singleton, then
the limit exists and it holds

lim (D, Vn]r =[O, V]r/ lim [Dy, Vn][ =[O, V]1 .

n—oo n—oo

Lemma 7.3.3. For every u,v € P2(H) the maps ® — [®,v], and (O,V¥) — [D, V],
(resp. @ — [©, V]| and (O, V) — [©,V],) are convex (resp. concave) in P,(TH|u) and
P, (TH|u) x P> (TH|v).

Proof. We prove the convexity of (®,¥) — [©, V], in P,(TH|u) x P2(TH]v); the
argument of the proofs of the other statements are completely analogous.

Let (Dk S sz(TJI—I”l), \yk € ?z(Tﬂ—H‘V), and let Bk = O, with Zk Bk = 1, k =
1,---,K. We set ® = Z]'f:1 B Dy, ¥ = Ztﬁ BiWk. For every k let us select
O € A(Dy, ¥y ) such that

[y, Wi, = J(W — Vo, X1 —X0) d®x.
It is not difficult to check that ® := ) , Bx®x € A(D,V¥) so that
[@,V¥], < J(W —Vo,X1 —X0)d®
=) B J(W —Vo,X1 —x0) d@®x
k

= Z B [Dy, Wi, .
K
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7.4 BEHAVIOUR OF DUALITY PAIRINGS ALONG GEODESICS

We know that the quantities [, -], and [-, -], may be different when T (o, pt1) is
not a singleton. We thus expect a nice behaviour along geodesics. In the follow-
ing definition, we use the notation

x4 (x0,x1) == (1 —t)xo +tx1, v®(x0,Vvo,X1) = Vo
for every (xo,vo,x1) € TH xH, t € [0,1].

Definition 7.4.1. For 8 € P,(Hx H), t € [0,1], 8¢ = x;;ﬂ and ®; € P,(THP:),
we set

Me(@¢,9) = {0 € Po(THxH) | (x°,x')y0 =9 and (x' o (x°,x"),v%)y0 = D},
(7-4.1)

which is not empty since 9 = xa‘ﬁ =x3®¢. We set
D48l i= [ (o= 31, b (< (xo, 1)) ) dOlxo, x1),
[(Dt/‘(-ﬂT,t = min {J<XO _X1lv0> d()'(XO,VO,X]) | (NS rt(q)t/ ‘9)} s

(D¢, 9]+ == max {J(Xo —x1,vo) do(xo,vo,x1) | 0 € rt(CDt,\‘})} :

If moreover @y € P, (TH|9y), @1 € P2(TH|Y1), 8 € I'(¥p,¥1), we define

[(DO/ q)]]‘r,ﬂ = [(DO/G]T,O - [(1)1/‘9]1,1/
[@o, D110 = [Do, 810 — [D1,8]r1.

If (D) is the disintegration of ® with respect to 9; = x;®¢, we can consider
the barycentric coupling o := J‘HXH((Dt)Xt do e I (D, 9), ie.

[ wixarva ) dow = [ [ [0, v0,x1) A1 eyt an, (v0)] oo, x)

so that [@¢, 8], , = [(vo,x0 —x1) do and
(@, 8y < [y, 8], < (D4, Ol
If we set
s:H? = H?, s(xo,x1) = (x1,%0), (7.4.2)

with an analogous definition in TH x H, given by s(xo,vo,x1) = (x1,Vo,X0), it
is easy to check that

O € Ft((Dt,G) =4 SO € ﬁ_t(CDt,sﬁG)
so that
[(Dtl ‘9]T,t = _[(Dt/ sﬁs]l,lft/ [(Dt/ a]l,t = _[(Dt/ s]je]r,]ft- (743)

(7.1.11) and (7.1.14) can be simplified in some situations, as the following remark
clarifies.
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Remark 7.4.2 (Particular cases). Suppose that & € P>(H2), t € [0,1], ¥ = x§19,
@y € P2(TH:) and xt : H2 — H is 9-essentially injective so that § is concen-
trated on a Borel map

X),X!):H - HxH, ie &= (X{,X{)0:.

In this case I (D¢, ¥) contains a unique element given by (Xg oX,V, X,l o x);Dy
and

(@4, O]yt =[O, O, = [Py, O]y, 4

When t = 0 and 9 is the unique element of T, (do,d1) then X?(x) = x and we
obtain

(@, D1], = [@, V1] = [P, Or0 = [Py, O10
= J(v,x— X{(x)) dDy(x,v) = J(b@t,x—Xl (x)) ddo (x).
Another simple case is when
O = (i, W)pdt

for some vector field w € Lét (H; H) (i.e. its disintegration @ w.r.t. 9 takes the
form 8,,,(x) and w = bg,). We have

[y, 8]r = [D, 1t = J <W((1 —t)xo +tx1), %0 — X1 > dd(xo,x1).

In particular we get

(@, 9], = min { J(W(X)/Xo —x1)dd(x0,x1) | ® € Fo(80,81)}.

The following is a simple property of the brackets under restriction.

Lemma 7.4.3. For every & € 332(11—12), every 0 < s < t < 1 and every @ €
P2(THIx), ¥ € sz(TlHlxﬁﬂ) we have

1
;[(D/ (Xslxt)ﬂ‘g]r,()/ [‘yl ‘9]1,‘( = ;[‘1}/ (XS/Xt)ﬁS}lﬂ . (745)

Proof. 1f we define T: THxH — TH x Hand £ : P>(TH x H) — R as

[(Dl ‘9]1”,8 =

T(XOIVOIX1 ) = (XS (XOIX1 )IVO/Xt (XO/X1 ))/
L(o):= J (vo,x0 —x1) do(xo,vo,%x1),
THxH

it is clear that

(@, plys =inf{L(0) | 0 € Ts(D, n)},
[@, (x*,x")ulr0 = inf {£(0) | 0 € To (D, (x*,x)3u) } .
The first equality in the statement follows by Ty (s (®, n)) = To(®, (x*,x");u) and

L(Tyo) = (t —s)L(o) for every o € P,(TH x H). The second equality follows
from the first one and (7.4.2). O
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The above Remark 7.4.2 applies to the case of geodesics in P;(IH).

Lemma 7.4.4. Let po, 1 € P2(H), w: [0,1] — P2(H) be a constant speed geodesic
induced by an optimal plan n € T, (1o, 11) by the relation

It :x;j‘u, te (0,11, where x%(xo,x7)=(1—1)xo+tx].

Ift € (0,1), @y € Pr(TH[ue), 1 = syu € To(p1, Ho), with s the reversion map in
(7.4.2), then
1 1

1t (D¢, Ile]r = 11 Dy, P'I]L
[q)t/ u]T,t
[(Dt/ u]l,t

1
= — (@4, pol, (7.4.6)

1
- _¥ [(Dt/ Hoh

= _[(D‘t/ ﬁ]T‘,] —t
= —[Dy, (1,1 —¢.

Proof. The crucial fact is that x* : H? — H is injective on supp(u) and thus a
bijection on its image supp(i¢). Indeed, take (xo,x1), (x5, x7) € supp(p), then
It (x0,x1) —xt (x4, %> = (1= 1)2xo — x4 + t2x1 — x4
+2t(1 = t)(xo — X, x1 —x})
> (1=1)%Ixo — xpI* + t2hxr —x{I?
thanks to the cyclical monotonicity of supp(p).
Then, for every x € supp(u), there exists a unique couple

(x0,x1) = (X} (x),X{ (x)) € supp(p)

s.t. x = (1 —1t)xp + tx;, where we refer to Remark 7.4.2 for the definitions of
X¢,X! (cf. also [107, Theorem 5.29]). Hence, in Figure 1 all maps are bijections,

x%) (xt,x")
supp(pio) ¢ supp(n) ¥ supp (K1)

(ix, X{)

supp ()

Figure 1: Interpolation of plans and maps.

where puy; = (xt,x1)ﬁu = (ip, Xl)ﬂut is the unique element of 'y (¢, 1) and



7.5 MULTIVALUED PROBABILITY VECTOR FIELDS AND DISSIPATIVITY

o = (x5, x0)yp = (g, X)gpe = (x' 74, x1 )4t is the unique element of T (1, po)
(see Theorem 2.4.4). Since
x—Xl(x)  x—x X — X0 _x—X(t)(x)

T—t T—t 07 t t

7

and A(D¢, 1) = {(i1H, X,l ox)y®¢} thanks to Theorem 2.4.4, by Theorem 7.1.8
and Corollary 7.1.9 we have

D, ], = (O, 1], = j (v, % — X! (x)) dDy (x, V).
TH
Analogously, A(Dy, pup) = {(i—nH,X‘t) ox)3®¢}. Hence
@4, o], = [@r, ol = j (v, x — XO(x)) dDy (x, V).
TH

Also recalling (7.4.3) and (7.4.4) we conclude. O

7.5 MULTIVALUED PROBABILITY VECTOR FIELDS AND DISSIPATIVITY

Definition 7.5.1. A multivalued probability vector field F is a nonempty subset of
P2(TH) with domain D(F) := x;(F) = {x4® : ® € F}. Given p € P;(IH), we define
the section F[u] of F as

Flu == (x4) ' (WNF={® €F|x® =} .

A selection ' of F is a subset of F such that D(F’) = D(F). We call F a probability
vector field (PVF) if x; is injective in F, i.e. F[u] contains a unique element for
every p € D(F). A MPVF F is a vector field if for every p € D(F), the section F[u]
contains a unique element @ concentrated on a map, i.e. ® = (ig, bo ).

Remark 77.5.2. We can equivalently formulate Definition 7.5.1 by considering F as
a multifunction, as in the case, e.g., of the Wasserstein subdifferential 9F of a
function F : P,(H) — (—o0, 4], see [5, Ch. 10] and Section 9.5.1. According to
this viewpoint, a MPVF is a set-valued map F : P,(IH) D D(F) = P,(TH) such
that x;@ = u for all ® € F[u]. In this way, each section F[u] is nothing but the
image of u € D(F) through F. In this case, probability vector fields correspond to
single valued maps: this notion has been used in [94] with the aim of describ-
ing a sort of velocity field on P(IH), and later in [93] dealing with Multivalued
Probability Vector Fields (called Probability Multifunctions).

Definition 7.5.3 (Metrically A-dissipative MPVF). A MPVF F C P,(TH) is (met-
rically) A-dissipative, with A € R, if

(g, ®1], <AWZ(po, 1) for every Do, @1 € F, i = x; . (7.5.1)

We say that F is (metrically) A-accretive if —F = {—® : @ € F} (recall (7.1.10)) is
—A-dissipative, i.e.

[@o, D1y > AW (1o, 1) for every @, Dg € F, py = x; D;.
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In Section 9.5 we present a few examples of A-dissipative MPVFs.

Remark 7.5.4. Notice that (7.5.1) is equivalent to asking for the existence of a
coupling ® € A(®y, @1) (thus (xo,x1)ﬁ® is optimal between py = x;®o and
u1 = x3®@1) such that

J(W —v0,%1 —x0) d® < AW3 (ho, 1) = 7\J|X1 —x0*d®.

The A-dissipativity condition (7.5.1) has a natural metric interpretation: if @y, @7 €
F with po = x3®p, u1 = x3 @1, performing a first order Taylor expansion of the
map

1
t— iW%(expt Dg,expt @)

at t = 0, recalling Definition 7.1.4, we have
W3 (expt @g, expt @) < (14 2A)W3 (1o, u1) +o(t) ast | O.
Remark 77.5.5. Thanks to Corollary 7.1.6, (7.5.1) implies the weaker condition
[@o, 1], + [D1, pol, < AW3 (1o, 1t1)  for every @o, @1 € F, 1 = x; @y (7.5.2)

It is clear that the inequality of (7.5.2) implies the inequality of (7.5.1) whenever
o (Ko, 1) contains only one element. More generally, we will see in Corollary
7.6.6 that (7.5.2) is in fact equivalent to (7.5.1) when D(F) is geodesically convex
(according to Definition 2.4.2).

Analogously to the Hilbertian setting, A-dissipativity can be reduced to dissi-
pativity (meaning O-dissipativity) as shown in Lemma 7.5.6. Let us introduce the
map

M TH - TH, LMx,v):=(x,v—Ax).

Lemma 7.5.6. F is a A-dissipative MPVF (resp. satisfies (7.5.2)) if and only if F* =
Lg‘(F) = {Lg‘d) | © € F} is dissipative (resp. satisfies (7.5.2) with A = 0).

Proof. Let us first check the case of (7.5.2). If o € P>(TH x H) with (x')jo = p;,
i=0,1, the transformed plan o) = (L, ip)y 0 satisfies

J<VO,X0 —X1>d(f)\ = J(\)O —}\Xo,XO —X1>d0‘

= J(VOIXO —x1)do— % J xo —x11* do (7.5.3)
2 (m3tun) — mdo)). 759

Since o € Ao (Do, 1) if and only if o e /\O(LQ(DO, 11), (7.5.3) yields

J(vo,xo —X1) do = J(vo,xo —x1)do

A
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and therefore

A
(L2 0o, 1] = [@o, 1], — E(mﬁ(uo) —m3 (1) + W3 (1o, 1y ))- (7.5.5)

Using the corresponding identity for [Lﬁ‘(lh , uo} we obtain that F? is dissipative.
T

Similarly, if @ € P,(TH x TH) with x& = py, the plan et = (L)‘,LA)ﬁG
satisfies

J<V0 —V1,X0 —X1>d®>\ = J<Vo — V] —)\(Xo —X]),Xo —X1>d@

(; * S‘E)

Reasoning with a similar argument as for the case of assumption (7.5.2), using
the identity (7.5.6), we get the equivalence between the A-dissipativity of F and
the dissipativity of F*. O

We conclude the section showing that a Lipschitz like condition similar to the
one considered in [94] (see Section 9.5.5) implies A-dissipativity.

Lemma 7.5.7. Suppose that the MPVF F satisfies
Ws (F[v], Flv') < LW;(v,v')  for every v,v' € D(F),

where W : P2 (TH) x P2(TH) — [0, +00) is defined by

W3(Dg, @1) = inf{J vo — V112 d@(xo,Vvo,x1,v1) : © € /\((DO/(D1)} ,
TH

x TH
with A(-,-) as in Definition 7.1.7. Then F is A-dissipative according to (7.5.1), for A :=
1 2
5(1+L7%)

Proof. Let v/,v" € D(F), then by Theorem 7.1.8 and Young’s inequality, we have

[F[v'), Fiv"]] . = min {J (x'=x"v'=v")d® : © € /\(F[V’],F[v"])}
T™H

< 5 (WA, V) + WA(ELY), By )

x TH

2
<L+1
2

W%(v’,v”).

76 BEHAVIOUR OF DISSIPATIVE MPVFS ALONG GEODESICS

We want to study the interaction between MPVFs and geodesic. In the classical
Hilbert setting, given a map F: H — H in a Hilbert space H, it is easy to see that
the function

f(t) == (F(x¢),x0 —x1), xt=(1—t)xo+tx;, te€l0,1] (7.6.1)
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is monotone increasing.

Let F C P2(TH), po, i1 € D(F), p € To(po, u1). In order to compute the
measure-theoretic analogue of the scalar product in (7.6.1), we need to define
the set

I(u[F) == {t €0,1]:xipe D(F)}, (7.6.2)

since we can evaluate the MPVF F along geodesics only for time instants t € [0, 1]
at which they lie inside the domain.

Definition 7.6.1. Let F C P,(TH) be a MPVF. Let po, u1 € D(F), u € T (o, 1)
and let p = x§u, t € [0,1]. For every t € I(u|F) we define

F, vt i=sup { [0, Wlre | @1 € Fludl },

[F, wlue = inf { [@¢, Wy | ¢ € Fludl J.

Theorem 7.6.2. Let us suppose that the MPVF F satisfies (7.5.2), let po, u1 € D(F),
and let u € Ty (uo, w1). Then the following properties hold

1. [F, uli¢ < [F, ulrq for every t € (0, 1) NI(u[F);
2. [F s < [F, ulue +A(t—s) W2 (4o, 1) for every s, t € I(u]F), s < t;
3. the maps
t [Fulee FAtWE(po, 1) and  t e [F, ulye + At W3 (o, 1)
are increasing respectively in I(w|F) \ {1} and in I(u|F) \ {0};
4. if to is a right accumulation point of I(u[F), then

&rtr; [F, uly ¢ = grtr; (F, uly¢ (7.6.3)

and these right limits exist. If, instead, to is a left accumulation point of I(u|F),
the same holds with the right limits in (7.6.3) replaced by the left limits at to;

(5) [F, ulyt = [F, uly ¢ at every interior point t of I(u|F) where one of them is contin-
Uous.

Proof. Throughout all the proof we set
fr (t) = [F/ U] T,t and fl(t) = [F/ U] 1Lt (7'6'4)

Thanks to Lemma 7.5.6 and in particular to (7.5.5), it is easy to check that it is
sufficient to consider the dissipative case A = 0.

1. It is a direct consequence of Lemma 7.4.4 and the definitions of f, and fj.
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2. We prove that for every @ € F[us] and @ € Fu] it holds

(@, plrs < [@F, pe. (7.6.5)

The thesis will follow immediately passing to the sup over @ € F[u,] in
the Lh.s. and to the inf over ®; € F[u] in the rhus.. It is enough to prove
(7.6.5) in case at least one between s, t belongs to (0, 1). Let us define the
map L: P>(TH xH) — R as

L(y) = J (vo,xo —x1) dy(xo,vo,x1) v € P2(TH x H).
THxH

Observe that, since it never happens that s = 0 and t = 1 at the same time,
the map T : s (Ds, ) = A(Ds, i), with I (-, -) as in (7.4.1) and A(-,-) as
in Definition 7.1.7, defined as

Tor(o) = (0 (0, x1), v, xt 0 (x,x1), 0

is a bijection s.t. (t —s)L(o) = L(Ts(0)) for every o € T(®Dg, n). This
immediately gives that

(t—8)[Ds, plr,s = [Ds, el
In the same way we can deduce that
(s =)@, e = [P, 1] Ny
Thanks to the dissipativity assumption (7.5.2) of F, we get

(t—s)[@s, ulys — (t— )DL, ulie = [Q, wi, + [OF, us ], <O.

3. Combining (1) and (2) we have that for every s, t € I(u|[F) with0 < s <t <1
it holds

fils) < fr(s) < fi(t) < (), (7.6.6)

with f;,fi as in (7.6.4). This implies that both f; and f, are increasing in
I(u[F) N (0,1). Observe that, again combining (1) and (2), it also holds

+(0)
fi(t)

fr (1),

fi(t)
f f

NN
3

=
NN

—
—

—_—
—

for every t € I(u[F) \ {0, 1}, and then f, is increasing in I(u|F) \ {1} and fy is
increasing in I(u[F) \ {0}.

4. It is an immediate consequence of (7.6.6).

5. It is a straightforward consequence of (4). O
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Thanks to Theorem 7.6.2(4), we have
lim[F, = lim[F, ,
tlg)l[ T tlg)l[ T

lim[F, = lim[F, ,

t%l [F, ulv 1 tlgl[ ul Lt

and those limits exist whenever the starting time to = 0 and the final time
t; = 1 are accumulation points of I(u[F), respectively. Due to the importance
played by these objects in Section 8.1, we give the following definitions. These
are intended to weaken the requirement for the operator’s domain D(F) to be
open or geodesically convex.

Definition 7.6.3. Let F C P,(TH), po, 1 € D(F), u € To(po, n1). We define the
sets

F(i,(uo, wi|F) := {p. € I (po, 1) : iis an acc. point of I(plF)},i =0,1
(7.6.7)

FOY (wo, w1 [F) := T (o, 1 [F) N T (1o, 11 [F), (7.6.8)
M(po, mlF) == {u € T(uo, 1) | xju € D(F) for every t € 0,11} (7.6.9)

Notice that these sets depend on F just through D(F). In particular, if po, n1 €
D(F) and D(F) is open or geodesically convex according to Definition 2.4.2 then

T (wo, w1 [F) # 0.

By the previous discussion, the next definition is well posed.

Definition 7.6.4. Let us suppose that the MPVF F satisfies (7.5.2), let po, 1 €
D(F).

Ifue Fg(uo, w1|F) we set [F, ulo4 := lim[F, ul; ¢ = lim[F, ply ¢.
0 10

If u € TY (o, mIF) we set [F,ply_ = ltiﬁ‘[F’ ule = lti%‘[F’ e
In the following statements, we make use of the objects introduced in Defini-
tion 7.6.3 in order to get refined dissipativity conditions involving the limiting
pseudo-scalar products of Definition 7.6.4. These results will be useful in the se-
quel: in Proposition 7.7.3 they allow to get a dissipativity property of a suitable
notion of extension F of F; in Section 8.1 (see in particular Lemma 8.1.3) they are

relevant to study the properties of so-called A-EVI solutions for a A-dissipative
MPVF F.

Corollary 7.6.5. Let us keep the same notation of Theorem 7.6.2 and let s € I(u|F) N
(0,1) with ® € Flug].

1. If p € T (o, w1|F), we have that
[F, ulo+ < [@, plys +AsW? = [@, plr s + AsW; (7.6.10)
if moreover @y € Fluo] then

(@, 1], < [Do, ulro < [F, o (7.6.11)



76 BEHAVIOUR OF DISSIPATIVE MPVFS ALONG GEODESICS

2. If u € T} (o, w1|F), we have that
(@, ulys —A(1—s)W? = [@, ply s —A(1 —s)W? < [F,uly;
if moreover @1 € Fluq] then

(F,uli— <[@1, 1)1 < —[D1, pol, (7.6.12)

3. In particular, for every ®o € Fluol, @1 € Fluy] and p € T (1o, u1|F) we obtain

[, D11y < [F,wlos — [F, uly— < AW2 (1o, ). (7.6.13)

(7.6.13) immediately yields the following property.

Corollary 7.6.6. Suppose that a MPVF F satisfies

for every no, w1 € D(F) the set Ff)” (1o, w1 |F) of (7.6.8) is not empty (7.6.14)

(e.g. if D(F) is open or geodesically convex), then F is A-dissipative according to (7.5.1)
if and only if it satisfies (7.5.2).

Proposition 7.6.7. Let F C P>(TH) be a MPVF satisfying (7.5.2), let po € D(F) and
let ® € P, (TH|uo). Consider the following statements

(P1) [@, ], + [¥, tol, < AW3 (1o, 1) for every ¥ € F with u = x4V,
(P2) for every n € D(F) there exists ¥ € Flu] s.t. [D, u],. + [¥, pol, < AW%(uo, n);
(P3) (@, ulyo < [F, wloy for every py € D(F), u € T (po, 11 [F);
(P4) (@, ulro < [F, ulog for every py € D(F), u € T3 (o, w1 |F);
(P5) (@, ulro < AWZ (o, 1) + [F, uly— for every py € D(F), u € T (o, i [F);
(P6) [@, uly0 < AW3 (1o, 1) + [F, uli— for every wy € D(F), p € T (o, w1 [F).
Then the following hold

1. (P1) = (P2) = (P3) = (P4);

2. (P1) = (P2) = (P5) = (P6);

3. if for every wy € D(F) TO(po, w1|F) # 0, then (P4) = (P1) (in particular, (P1),
(P2), (P3), (P4) are equivalent);

4. if for every w1 € D(F) I (1o, w1|F) # 0, then (P6) = (P1) (in particular, (P1),
(P2), (P5), (P6) are equivalent).
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Proof. We first prove that (P2) = (P3),(P5). Let us choose an arbitrary pu; € D(F);
by the definition of [F, pu];+ and arguing as in the proof of Theorem 7.6.2(2), for
all u € Iy (o, 1) and t € I(u|F) there exists W € F[u] such that

—_

[(DI Ht]r

1
< Wo ol + tAW3 (Ko, 1)

[(D/ M]T‘,O - {

= (W, ulrt 4+ tAWS (1o, 1t1)
< [F, wlp e + 1AW (1o, 1),

where we also used (7.4.6). If u € T9 (o, 11 [F), by passing to the limitas t | 0 we
get (P3).

In the second case, assuming that u € ! (1o, w1|F), we can pass to the limit as
t 11 and we get (P5).

We now prove item (3). Let u; € D(F), ¥ € Flu], p € IO (wo, u1lF), s €
I(WF)N (0,1), ®s € Flugl, with ug = X§H- Assuming (P4) and using (7.6.11),
(7.6.10), (7.4.6) and (7.5.2), we have

(@, w1, <[@,ul0 < [Fulor < I[@g,ulrs +AsW3 (1o, u1)

1
= m [(Ds/ H]]T + }\SW%(PLO/ 28] )

1
<~ W AT+ W3 (o, ).

By Lemma 7.3.1, letting s | 0 we get (P1). Item (4) follows by (7.6.11), (7.6.12). O

7.7 EXTENSIONS OF DISSIPATIVE MPVEFS

Let us describe a few properties of extensions of A-dissipative MPVFs. The first
one is about the sequential closure in P5"(TH): given A C P,(TH), we denote
by cl(A) its sequential closure defined by

c(A) == {cp € P>(TH) : 3(Op)nen C A : Oy — @ in fP;WmH)}.

Proposition 7.7.1. If F is a A-dissipative MPVF according to (7.5.1), then its sequential
closure cl(F) is A-dissipative as well according to (7.5.1).

Proof. 1f ot i=0,1, belong to cl(F), we can find sequences (®Y)nen C Fsuch
that d)}1 — ®tin PSW(TH) as n — oo, i =0, 1. It is then sufficient to pass to the
limit in the inequality

(0%, DL], <AWS (1), 1y, uh =x@F
using the lower semicontinuity property (7.3.3) and the fact that convergence in
P$W(TH) yields pl, — x; @' in P2 (H) as n — oo. O
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A second result concerns the convexification of the sections of F. For every
i € D(F) we set

co(F)[y : = the convex hull of F[u]

7.1
—{Z“kq)k:q)kEF[H]r“k?QZOCk—]}/ 7:72)
K

k
co(F)[u] := cl(co(F)[u]). (7.7.2)

Notice that if F[u] is bounded in P, (TH) then co(F)[u] coincides with the closed
convex hull of F[u].

Proposition 7.7.2. If F is A-dissipative according to (7.5.1), then co(F) and co(F) are
A-dissipative as well according to (7.5.1).

Proof. By Proposition 7.7.1 and noting that co(F) C cl(co(F)), it is sufficient to
prove that co(F) is A-dissipative. By Lemma 7.5.6 it is not restrictive to assume
A =0.Let ®' € co(F)[ui], i =0, 1; there exist positive coefficients oc}(, k=1,---,K,
with 3" ot =1, and elements @}, € Flu'], i = 0,1, such that @' = ZE:1 ok @t

Setting By x = o &}, we can apply Lemma 7.3.3 and we obtain

(0%, 0'] = [Z Bh,k(D?uZ Bh,k(DHT < Z Bri [@F, Dy, <O. O
K K K

We recall that in the Hilbertian case (cf. e.g. [26]), a fundamental role is played
by the notion of maximality for a dissipative operator F C H x H. Indeed, this
notion enables to extablish the existence and uniqueness of solutions of the cor-
responding evolution equation and to get crucial properties of the resolvent op-
erator. Moreover, if F is maximal, in order to prove that an element (x,v) € H x H
belongs to F it is enough to verify that it satisfies the dissipativity inequality

(v—w,x—y) <0 forevery (y,w) € E (7.7.3)

For these reasons, if F is not maximal it is important to study its maximal exten-
sion, whose elements (x,v) must satisfy (7.7.3).

By analogy with the Hilbertian framework, it is interesting to study the prop-
erties of the extended MPVF defined by

LL:XﬁCD € D(F),
(@, V], + ¥, 1], <AWZ(,v) VY EF, v=xs¥

>
i

This notion of extension F of a MPVF F will be involved later in Section 8.1 deal-
ing with differential inclusions in Wasserstein spaces, in particular in Theorem
8.1.4 and in Subsection 8.3.

It is obvious that F C F; if the domain of F satisfies the geometric condition
(7.7.6), the following result shows that F provides the maximal A-dissipative ex-
tension of F.

Proposition 7.7.3. Let F be a A-dissipative MPVF according to (7.5.1).
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(a) If F' O F is A-dissipative according to (7.5.1), with D(F') C D(F), then F' C F.
In particular co(cl(F)) C F.

(b) Cl(F) = F and co(F) = F.

(c) ¥ is sequentially closed and F[u] is convex for every p € D(F).

(d) IfD(F) satisfies (7.6.14), then the restriction of F to D(F) is A-dissipative according
to (7.5.1) and for every uo, w1 € D(F) it holds

A A

[Fulor = [Fuloy, [Fuli_=[Fui_ forevery pe T (wo, w1lF).

(7.7.5)
(e) If up € D(F), w € D(F) and T} (1o, 11|F) # 0 then
O; € Flw] = [@o, 1], < AW3(po, u1)-
" I
for every wo, w1 € D(F) the set F((,” (1o, w1 |F) is not empty, (7.7.6)

then F is A-dissipative as well according to (7.5.1) and for every wo, w1 € D(F)
(7.7.5) holds.

Proof. Claim (a) is obvious since every A-dissipative extension F’ of F in D(F)
satisfies F C F. -

(b) Let us prove that if @ € F then ® € cl(F). If ¥ € cl(F) we can find a
sequence (Y )nen C F converging to ¥ in P5"(TH) as n — oco. We can then
pass to the limit in the inequalities

[(D/ .VT‘Jr + [(DTI/ }J‘]T < )\W%(p'/ VTI)I l‘L = Xﬁ(D/ Vn = Xﬁwn/

using the lower semicontinuity results of Lemma 7.3.1. We conclude since D(F) =
D(cl(F)).

In order to prove that ® € F = @ ¢ CF\(F) we take ¥ = ) oWy € co(F); for
some ¥y € F[v], v = x;¥ € D(F), and positive coefficients oy, k = 1,--- , K, with
> &k = 1. Taking a convex combination of the inequalities

(@, V], + Wi, ul, < AW%(u,v), forevery k=1,---,K,

and using Lemma 7.3.3 we obtain

(@, ], + M, < 3 (10,9, + Wi ul, ) < AWR (V).
k

The proof of claim (c) follows by a similar argument.

(d) Let u; € D(F), ®; € Flw],i=0,1,and u € T (uo, u1|F). The implication
(P1)=(P4) of Proposition 7.6.7 applied to u and to s;u, with s the reversion map
in (7.4.2), yields

[(DO/ H}T‘,O < [F/ H]O—i—, [q)]/SﬁU]'r,O < [F/Sﬁu]O—O— - _[F/ U]]—
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so that (7.6.13) yields
(Do, @11, < [@o, Wy o+ [@1,s31]10 < [F, oy — [F, - < AW (o, 1)

In order to prove (7.7.5) we observe that F C F so that, for every u € TO' (uo, 1t1|F)
and every t € I(u|F), we have [F, ul;+ < [F, ulrt and [F, ply e > [F, uly ¢, hence
(7.7.5) is a consequence of Definition 7.6.4 and Theorem 7.6.2.

The proof of claim (f) follows by the same argument.

In the case of claim (e), we use the implication (P1)=-(P6) of Proposition 7.6.7
applied to u and the implication (P1)=-(P3) applied to syu, obtaining

[q)Or N]T,O < AW%(HO/ I’L1) + [F/ H]]—, [(D1/Sﬂu]T,O < [F/ Sﬁu]OJr = _[F/ H]]—
and then
(@0, D1], < [@o, ulv0 + [D1,551]50 < AWE (o, 111). m

78 DISSIPATIVITY IN THE DISCRETE SETTING

We want to show that, in case we restrict our attention to discrete measures,
the properties shown in Theorem 7.6.2 holds also for non necessarely optimal
couplings. To this aim, let us consider the space of probability measures with
finite and with compact support

Pe(H) := {p € P(H) : supp(p) is finite},

(7.8.1)

P.(H) = {u € P(H) : supp(n) is compact}
and the set

Pn(H) = {u € Pe(H): Np(A) € N VA C 1H}, (7.8.2)
with N € IN.

If F is a MPVF, we correspondingly set

D¢ (F) := D(F) N P;(H). (7.83)
For every o, u1 € Pc(IH) we define the L>-Wasserstein distance by

Woo (o, 1) := min { % =" [ Lo () £ 1 € T(po, 11 )}- (7.8.4)

In the following, we investigate the results recalled in Theorem 7.6.2 in the case
of marginals o, n1 with finite support, but removing the optimality requirement
over the coupling p.

Lemma 7.8.1. Let F be a MPVF satisfying (7.5.2). If po,u1 € D¢(F) and p €
I"(wo, w1 |F) is such that x* is u-essentially injective for every t € (0,1), then

[F,ulys — [Fulie <At—s)W2, W2 .= JIXo —x11%dp, forevery0<s<t<1.

(7.8.5)

In particular, t — [F, uly +AW?tand t — [F, uly « + AW?t are increasing respectively
in [0,1) and in (0,1], [F,ulyx = [F, ulrr at every t € (0,1) where one of them is
continuous, hence they coincide outside a countable set of discontinuities.
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Proof. By Theorem 7.6.2 it is not restrictive to assume A = 0; we can also assume
s = 0 and t = 1 thanks to (7.4.5). We set p := xg‘u and we select arbitrarily
(OMNS F[Ht]

Applying Theorem 6.5.2, we can find points to =0 < t; < --- < tx = 1 such
that

k= (X, x4 € Tpgy, b [F) NTo (1, 1e,)  forevery k=1, K.
In particular, from (7.4.5) and Theorem 7.6.2(2), we get

1

[q)tk_1 7 u]T‘,tk_] = 7[®tk—1 s uk]T,O < 7[(Dtkl uk][,1 = [(Dtk/ N]L,tk-
te —t—r te —t—1

(7.8.6)

Since x' is p-essentially injective, Remark 7.4.2 yields [@,, pl Lt = (@, v,

so that

(Do, ulr0 < [@1, 11

Taking the supremum w.r.t. ®y € Fluo] and the infimum w.rt. @7 € Flu;] we
obtain (7.8.5). The last part of the statement follows as in the proof of Theorem
7.6.2. O

Lemma 7.8.2. Let F be a MPVF satisfying (7.5.2), let po, 1 € D¢(F), € T'(po, w1 |F)
(see Definition 7.6.3) and let py = xgu, t € [0,1]. Assume that one of the following
conditions is satisfied:

1. for every t € (0,1) py belongs to the interior of D¢(F) in P¢(IH) with respect to
the Weo-topology;

2. there exists N € IN such that p € PN (IH x H) and for every t € (0,1) pt belongs
to the interior of D(F) N PN (IH) in Pn (IH) with respect to the Ws-topology.

Then

[F,uls —[F,ulie < At—s)W?, W2 = JIXo —x1*dy, forevery0<s<t<1.
(7.8.7)

Proof. We prove the Lemma only in case 1., being the proof in case 2. analogous.
By Theorem 7.6.2 it is not restrictive to assume A = 0; we can also assume s = 0
and t = 1 thanks to (7.4.5). By Theorem 6.5.2 we can find 0 < 6 < 1/2and 7 €
(5,1—138) s.t. x°,xT and x' % are u-essentially injective and (xo,xé)ﬂu, (x'9%, x! il
are optimal. In this way, since by Theorem 7.6.2 the relation (7.8.7) is true both
for the case s =0,t =dand s =1—5,t = 1, we only need to prove it for s =
andt=1-4.

We set A = supp(ps) Usupp(pi—s) and B = supp(pc). By compactness, we can
find ¢ > 0 such that every measure with finite support in the W,,-neighborhood
of radious € > 0 around p is contained in D(F) for every 6 <t < 1—23.
Applying Proposition 6.4.3 we can find a map b : B — H with values in the
open ball of radious ¢ centered at 0 such that setting b®(x) := x + sb(x) for every
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s € [0,1] and x € B, the set B® := b®(B) satisfies (B® — B%) Nndir(A) = {0} and
#B® = #supp(u.) for every s € (0, 1]. Considering the measures v, := b§ (ue) we
can pick ¥ € F[v,] with barycenter vs : BS — H.

Now for every (xo,x1) € supp((xé,x]_é)ﬁu) we set

Xa ‘= XQ(XO/X] )/ bS,T = bs(xa)/ Vo= vs(bS,T)/

where a = = Let us consider @5 € Flus], ®1_5 € Flu;_5] and o € P(TH x

TH) s.t. (xo,x1)ﬁ(r = (xf’,x]_‘s)ﬁu, (xo,vo)ﬁ(r = @5 and (x1,v])ﬁ0 = O®;_s5. For
every (xo,Vo,x1,v1) € supp(o) we have

(vo—Vv1,x0 —x1) = (vo —V*

1
= a<vo -V, X0 —Xq) +

Txo —x1) + (vi — v, x1 —X0)

TV VX xa)

= E<VO —v¥T,xo —b%T) + (vi =v¥T,x1 —b*7)

1—a

1 1
+ —(vo — V¥, 0% —xq) + (vi =v¥5, 0% —xq)
a 1—a
1
= E<VO —VS’T,XO —bS’T> + 1_ a<V] —VS’T,X1 —bS’T>
1
+ a(] — a) <v1,1 —VS’T,bS’T o Xa>
1
+ i ((1—a)vo+ avq —v! T psT —Xq)
1 1
= E<VO —v¥T,xo —b%T) + T a<v1 —v¥T,x1 —b*")
S
+ (] — S)a(] — a) <v1,"r _VS,T’b],T _bS,T>
+ ﬁm —a)vo +avy —vIT, b1 —x,).

We have that
J<vO v xo,x1),%0 — b5 (x0,x1)) Ao = [, 15Ty 0 — [We, 1S,

J(W —v¥"(x0,x1),%x1 —b¥"(x0,x1)) do = [@1_5, 1> ] 0 — Vs, 05 11

and

J<V1’T(XO,X1 ) = V¥ (x0,%1),b"F(x0,%1) = b (x0,x1)) do

— [\P] 7 SS/T]T,O - [\PSIGS’T] 1,1,

where us" = (xo,bS’T)ﬁ(r, st = (x],bs’T)ﬂ(r, 95T = (b"7T, b%" )40 and the equal-
ities with the pseudo scalar products come from the fact that all those plans
are concentrated on a map w.r.t. their first marginal (here we are using the p-
essential injectivity of x®,xT, x' =% and the fact that the cardinality of B® is con-
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stant w.r.t. s). By construction, these plans satisfy the hypotheses of Lemma 7.8.1
so that we end up with

S 1,t 1,t
_ _ < _ _vh T .
J(Vo v1,x0 —x1)do < o —a) J(H a)vo +avy —v''%, b Xq) do

Passing to the limit as s | 0 we obtain
J(vo —v1,%x0 —x1)do < 0.

Passing to the supremum w.r.t. ®5 € Flus] and to the infimum wrt. ®7_5 €
Flp 5], we get

[F, (X%, x" =)yl 0 — [F, (x%,x" %)yl 1 <O,

which is (7.8.7) with s = § and t = 1 — 0 thanks to (7.4.5). O



MEASURE DIFFERENTIAL INCLUSIONS AND EVI

In this chapter we treat the notion of EVI evolution, its properties and its relation
to a weaker notion of solution, called barycentric property. In particular Section
8.1 is devoted to the definition of EVI solution and its properties; in Section 8.2
we present a few consequences of the definition in terms of properties of solu-
tions to the evolution problem; finally in Section 8.3 we compare the notion of
EVI solution with the barycentric one.

This Chapter is the result of a collaboration with Giulia Cavagnari and Giuseppe
Savaré and it appeared in [34].

For the whole chapter, H denotes a separable Hilbert space.

8.1 METRIC CHARACTERIZATION

In this section we study a suitable notion of solution to the (formal) problem
(e € Fluyl, teld, (8.1.1)

where F is a MPVF as in Definition 7.5.1 and J is a connected subset of R.

Reasoning in analogy with the theory of gradient flows in P (IH), the naive
way to interpret (8.1.1) is to ask for a locally absolutely continuous curve p:J —
P2 (H) to satisty

(i, vi)sue € Flu] forae tel, (8.1.2)

where v is the velocity vector of u (see Theorem 2.4.6).

However, there is no reason why a given F[u] should contain vectors of the
tangent space Tan,, P, (IH). We thus introduce a different notion of solution to
(8.1.2), inspired by the EVI formulation for gradient flows, and we will eventually
obtain the inclusion (8.1.2) for the extended MPVF F introduced in (7.7.4).

It is not difficult to see that, if F is A-dissipative according to (7.5.1), also us-
ing Theorem 7.2.1 and Remark 7.5.5, every locally absolutely continuous curve
satisfying (8.1.2) also satisfies the Evolution Variational Inequality (A-EVI)

1d . .
WA ke V) AW (e, v) — (@, e, in 7' (int(9)), (EVD
for every v € D(F) and every ® € F[v], where [, ], is the functional pairing in
Definition 7.1.4 and the writing 2’ ( int (J) ) means that the expression has to be
understood in the distributional sense over int (J). Starting from this heuristic
remark, we give the following definition.
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Definition 8.1.1 (A-EVI solution). Let F be a MPVF and let A € R. We say that
a continuous curve u : J — D(F) is a A-EVI solution to (8.1.1) for the MPVF F if
(A-EVI) holds for every v € D(F) and every @ € F[v].

A A-EVI solution u is said to be a strict solution if py € D(F) for every t € J,
t > infJ.

A A-EVI solution u is said to be a global solution if sup J = +oo.

See Example 9.5.5 for a justification of the mere continuity assumption on p.
We recall that, given a function ¢ : J — R, the right upper and lower Dini
derivatives of C at a point t € J, t < sup J are defined as

cl+ ((t+h)—¢(t)

- C(t) = limsup ——— ——— ct+h)—ct)
hi0 h ’ dt+

m . (8.1.3)

¢(t) .= liminf

hl0
Remark 8.1.2. Arguing as in [85, Lemma A.1] and using the lower semiconti-
nuity of the map t — [®, u¢l,, the distributional inequality of (A-EVI) can be
equivalently reformulated in terms of the right upper or lower Dini derivatives
of the squared distance function and requiring the condition to hold for every
t € int (J):

1d"

Tt Wz(ut,Xﬂd)) ?\W%(ut,xtid)) —[@, ui], foreveryteint(J), ® €F
(A-EVIL)

1d

S— Wi (pe, ;@) < AWZ (1, ;@) — [@, 1], for every t € int(J), ® € F.
+
(\-EVI)

A further equivalent formulation [85, Theorem 3.3] involves the difference quo-
tients: for every s,t € J,s <t

e727\(t*3) W%(Htrxjiq)) —W%(HS/Xﬁq))

t (\-EVI3)
< —ZJ e 2A—s) [, trl, dr for every ® € F.
S

Finally, if p is also locally absolutely continuous, then (A-EVI;) and (A-EVI,) are
also equivalent to

1d
2dt
The following lemma discusses further properties of A-EVI solutions. We refer
respectively to (7.6.2), (7.6.7) and Definition 7.6.4 for the definitions of I(u[F),
(-, -|F), with i = 0,1, and for the definitions of [F, ulo, and [F, u];_.

Wz (L, xg @) < AW%(ut,xﬁ(D) —[®, pi], fora.e. t € Jand every @ € F.

Lemma 8.1.3. Let F be a A-dissipative MPVF according to (7.5.1) and let pu: J — D(F)
be a continuous A-EVI solution to (8.1.1). We have

T dqt (e, v s Hilo+ (8.1.4a)
for every v € D(F), t € int (J), uy € IO (1, V[F),

1d* 2 2

S q W35 (e, v) < AWS (e, v) + [F, peli— (8.1.4b)

for every v € D(F), teint(J), u, € F; (e, VIF).
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If moreover W is locally absolutely continuous with Wasserstein velocity field v satisfying
(2.4.8) for every t in the subset A(n) C J of full Lebesgue measure, then

(i, Vi) gy, V] < AWS (11, V) — [@, pl,

(8.1.5a)
foreveryt cA(n) ® € F, v =x;0,
(i, ve)gie, Bedro < [F, pdos
_ o (8.1.5b)
for every t € A(n), v €D(F), puy € Ty (1, VIF),
(i1, Ve)she, Belro < AW (e, v) + [F s -
(8.1.5¢)

forevery t € A(n), ve D(F), p; € F; (ue, v|F).

Proof. In order to check (8.1.5a) it is sufficient to combine (7.2.1) of Theorem

7.2.1 with (A-EVIy). (8.1.5b) and (8.1.5¢) then follow applying Proposition 7.6.7.

Let us now prove (8.1.4a): fix v € D(F) and t € int (J). Take p; € Th (e, v) and
define the constant speed geodesic v* : [0,1] — P,(H) by v{ := (x®)4u,, thus in
particular v§ = p and v} = v. Then by Lemma 7.2.6, for every s € I(u|F) N (0, 1)
and @ € F(v!) we have
1d*. 14"
_ = <
2ar Va2V s oo
1 A
< _g [(DS/ Ht]T + gW%("‘Lt/ V:)

W%(lit/ VE)

< [F, tylrs +AsW3 (e, v),

where the second inequality comes from (A-EVI;). Taking p, € T'9(w, v|F) and
passing to the limit as s | 0 we get (8.1.4a). Analogously for (8.1.4b). O

The following result presents the relation between the notion of A-EVI solution
and of differential inclusion (8.1.2).

Theorem 8.1.4. Let F be a A-dissipative MPVF according to (7.5.1) and let n : J —
D(F) be a locally absolutely continuous curve.

1. If w satisfies the differential inclusion (8.1.2) driven by any A-dissipative extension
of F in D(F), then w is also a A-EVI solution to (8.1.1) for F.

2. wis a A-EVI solution of (8.1.1) for F if and only if

(i, vi)gue € Flud forae tel. (8.1.6)

3. If D(F) satisfies (7.6.14) and py € D(F) for a.e. t € J, then the following properties
are equivalent:

- wis a A-EVI solution to (8.1.1) for F.
- W satisfies (8.1.5b).
- wis a A-EVI solution to (8.1.1) for the restriction of F to D(F).

4. If F satisfies (7.7.6) then wis a A-EVI solution to (8.1.1) for F if and only if it is a
A-EVI solution to (8.1.1) for F.
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Proof. (1) It is sufficient to apply Theorem 7.2.1 and the definition of A-dissipativity.
The left-to-right implication = of (2) follows by (8.1.5a) of Lemma 8.1.3 and
the definition of F.
Conversely, if p satisfies (8.1.6), v € D(F), ® € F[v], then Theorem 7.2.1 and
the definition of F yield

1 d

2.dt

Claim (3) is an immediate consequence of Lemma 8.1.3, Proposition 7.7.3(d) and
Proposition 7.6.7.

Claim (4) is a consequence of Proposition 7.7.3(f) and the A-dissipativity of

F. O

W3 (e, v) = [(im, ve)gie, V], S AW (e, v) — [@, 1], ae.in J.

The result stated in Theorem 8.1.4 suggests a compatibility between the notion
of EVI solution for a dissipative MPVF and the notion of gradient flow for a
convex functional in P, (IH). This correspondence is analysed in Subsection 9.5.1,
where we consider the particular case where the MPVF is the opposite of the
Fréchet subdifferential of a proper, lower semicontinuous and convex functional
F:P2(H) — (—o0,+00] (see Proposition 9.5.2).

We derive a further useful a priori bound for A-EVI solutions.

Proposition 8.1.5. Let F be a A-dissipative MPVF according to (7.5.1) and let T €
(0, +00l. Every A-EVI solution w : [0, T) — D(F) with initial datum wo € D(F) satisfies
the a priori bound

t
W (e, o) < 2IFl2 (1) JO e ds (8.1.7)
forall t € [0, T), where
[Fla (1) := inf {|@> : @ € Flu]}

for every u € D(F).

Proof. Let @ € F(pp). Then (A-EVI) with v := g yields

+

d
7p W3 (e 10) — 2AW3 (1, o) < =210, el < 21012 Wa (e, o)

for every t € [0, T). We can then apply the estimate of Lemma [5, Lemma 4.1.8]

to obtain

t

e MW; (1, po) < 2100, L e Mds

for all t € [0, T), which in turn yields (8.1.7). O

We conclude this section with a stability result w.r.t. uniform convergence.

Proposition 8.1.6. If u,, : I — D(F) is a sequence of »-EVI solutions locally uniformly
converging to pas n — oo, then W is a A-EVI solution.

Proof. p is a continuous curve defined in J with values in D(F). Using pointwise
convergence, the lower semicontinuity of pu — [®, u], of Lemma 7.3.1, and Fa-
tou’s Lemma, it is easy to pass to the limit in the equivalent characterization
(A-EVI3) of A-EVI solutions, written for p,. O
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8.2 STABILITY AND UNIQUENESS

The following results provide stability properties of A-EVI. In the first theorem
we assume absolute continuity.

Theorem 8.2.1 (Stability for absolutely continuous solutions). Let F be a A-dissipative
MPVF according to (7.5.1) and let !, u?:00,T) = D(F), T € (0,+00], be locally ab-
solutely continuous A-EVI solutions to (8.1.1). If TO(wl, uZ|F) # 0 for a.e. t € (0,T),
then

W (!, 1) < Wa(ud, u3) et forevery t € [0,T). (8.2.1)
In particular, if u} = 3 then u' = p? in [0, T).

Proof. Since u!', u? are locally absolutely continuous curves, we can apply The-
orem 7.2.3 and find a subset A C A(u') N A(u?) of full Lebesgue measure
such that (7.2.2) holds and 'O (u}, uZ|F) # 0 for every t € A. Selecting p; €
ro(u!, u¢|F), we have

1d
anf(ul, uy) = J(vl(m ), x1 —x2) dpe(x1,%2) +J<Vf(><z),><z —x1)due(x1,%2).

Note that

o (i vDpud i) = A (i, vDgud, 1) = {001 0x®,xgne },

Fo (i, vE)gmd, spmy) = A (i, vgud, ud) = { (<!, vEox! xgm, }
by [5, Lemma 5.3.2], where Iy(+,-) is the set defined in (7.4.1) with t = 0 and
A(+,-) is defined in Definition 7.1.7. Hence, using (8.1.5b), (8.1.5¢) and recalling
the definition of reversion map s in (7.4.2), for every t € A we get

1d . .
EEW%(”L uf) = [, vi e, tdro + (G, Vi) sud, sittedro

<[ pndoy +AWS (ud, ud) + [F, syl
= AW3 (!, ud),

where we also used the property

[F/ Sﬂpt]l— = _[F/ Ht]0+ D

The next Theorem considers the situation when one curve is absolutely contin-
uous and the other merely continuous. The argument presents some technicali-
ties and comes by [89, Theorem 1.1]. Before stating and proving it, we present a
simple lemma that allows us to pass from a differential inequality for the right
upper Dini derivative to the corresponding distributional inequality (see also [85,
Lemma A.1] and [51]).

Lemma 8.2.2. Let (a,b) C R be an open interval (bounded or unbounded) and let
¢ : (a,b) = R be s.t. ¢ is continuous in (a,b) and 1 is measurable and locally
bounded from above in (a,b). If

d+

3¢ cW<n(v)
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for every t € (a,b), then the above inequality holds also in the sense of distributions,
meaning that

b b
—J Lo’ (1) dt < J n(Ve(t) dt

a a

for every @ € CX(a,b) with ¢ > 0.

Proof. Let ¢ € CX(a,b) with ¢ > 0, then there exist a < x < y < b s.t. the
support of ¢ is contained in [x,y] ; since 1 is locally bounded from above, there
exists a positive constant C > 0s.t. n)(t) < C for every t € [x,y]. Then the function
t — ((t) — Ct is such that

d+

g (B —CY <0

for every t € [x,yl, so that it is decreasing in [x,y] and hence a function of
bounded variation in [x,y]. Its distributional derivative is hence a non positive
measure T on [x,y] whose absolutely continuous part (w.r.t. the 1-dimensional
Lebesgue measure on [x,y]) coincides a.e. with the right upper Dini derivative.
Then we have

b b d+
- | - coe'mde=Tee) = | 5 (@t~ Cop(t)dt+ Tole)

b
< J (n— Cle(t)dt,

where T; is the singular part of T. This immediately gives the thesis. O

Theorem 8.2.3 (Refined stability). Let T > 0 and F be a A-dissipative MPVF accord-
ing to (7.5.1). Let

(i) u' : [0, T] — D(F) be an absolutely continuous A-EVI solution for F, with u(]) €
D(F);

(i) w?:[0,T] — D(F) be A-EVI solution for F.
If at least one of the following properties hold:

1. TO(w!, u2|F) # 0 for every s € (0, T) and v € [0, T)\Nwith N C (0,T), L(N) =
0;

2. w! satisfies (8.1.2),
then

W (ul, u?) < eMWo(ud, ud)  for every t € [0, TI.
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Proof. We extend i! in (—oo,0) with the constant value pé, denote by v the
Wasserstein velocity field associated to 1! (and extended to 0 outside A(p'))
and define the functions w, f, h: (—oo, T] x [0, T = R by

W(Tl S) = WZ(}’LJ'/ Hg),

f(r,s) == 2[Flz(nd)w(0,s) ifr <0,
0 ifr>0,

0 ifr<o,
h(r,s) :=
2 (i, ve)gu), wd] . ifr>0.

Theorem 7.2.1 yields

%wz(r,s) =h(r,s) in 2'(—oo,T), for every s € [0, T]. (8.2.2)

In case (1) holds, writing (8.1.4b) for u? with v = pu! and r € (—co, TI\ N, then
for every p, € T9(n!, u2|F) we obtain
d+

I w?(r,s) < 2W?(r,s) —2[F, u,4Jo. fors e (0,T)and r € (—oo, T) \ N.

(8.2.3)
On the other hand (8.1.5b) yields

—2[(im, Vi )iy, Brslro < —2 [(ir, Vi) gy, Hﬁ]r forr € A(n')\N,
2|F|2 (1d)w(0,s) = f(r,s) for every r < 0.

_Z[F/ urs}OJr
_Z[F/ urs}0+

NN

(8.2.4)
Combining (8.2.3) and (8.2.4) we obtain
ar , 2 1
s we(r,s) < 2AwW(r,s) +f(r,s)—h(r,s) forse (0,T), re€ (—oo,0JUA(n')\N.

Since, recalling Theorem 2.4.6, we have |h(r,s)| < 2|ul|w(r,s), then applying
Lemma 8.2.2 we get

2(r,s8) < 2AwW?(1,8) + f(r,8) —h(r,s) in 2'(0,T), for a.e. T € (—oo, T].
(8.2.5)

aw

The expression in (8.2.5) can also be deduced in case (2) using (8.1.2).
By multiplying both inequalities (8.2.2) and (8.2.5) by e 2*% we get

9
or
in 2'(—o0,T) and every s € [0,T],

(e_nswz(r, s)) = e 2Mh(r,s)

0

&(e_z}‘swz(r,sv < e 2 (f(r,s) —h(r,s))

in 2’(0,T) and a.e. T € (—oo, T].
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We fix t € [0, T] and ¢ > 0 and we apply the Divergence theorem in [89, Lemma
6.15] on the two-dimensional strip Qf , as in Figure 2,

Qo ¢ ={(r,s) eR?*|0<s<t,s—e<r<sl, (8.2.6)

and we get

Figure 2: Strip Qg , corresponding to penalization about the diagonal {r = s}.

¢ 0
J e *Mw?(r,t)dr < J w?(r,0)dr + ” e #*f(r,s) drds.
t—e —E& QS,t

Using
t t
witt) < [ idldurwint < | lldutw(ng ftoe<r<t
T t—e
then, for every 8,0, > 1 conjugate coefficients (5, = 6/(6 — 1)), we get
t 2
w2 (t, 1) < dw(r, t) + 5, <J il | du> . (8.2.7)
t—e

Integrating (8.2.7) w.r.t. v in the interval (t — ¢, t), we obtain

5 t
e My (t,1) < J e MW (r,t) dr

€ )i
e , (8.2.8)
+ 04 <J |pL| du> max{1, e2MT}.
t—e
Finally, we have the following inequality
€
e} ” e 275 f(r,s)drds < 2|F|2(u(1)) J e 2 w(0,s) ds. (8.2.9)
Q5 0

Summing up (8.2.8) and (8.2.9) we obtain
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€

e w2 (t) <6 <w2(0) + 2|F|2 (1) J e 2w (0,s) ds)
0

N 2
+ 5, (J Iullldu) max{1, e},
t—e
where we have used the notation w(s) = w(s,s). Taking the limit as ¢ | 0 and
5 | 1, we obtain the thesis. O

83 BARYCENTRIC PROPERTY

If the MPVF F satisfies additional properties, we are able to show that EVI so-
lutions satisfy the so called barycentric property which is strongly related to the
notion of evolution treated in [31, 93, 94].

We introduce the following closure of F along cylindrical functions. We set

exp®(x) :=x+ Vo(x)

for every ¢ € Cyl(H), and

Fly] == {CD € P2 (H)

El (p € Cyl(H)/ (TTL)TIEN C [O/ +OO), T‘TL \l/ OI
. (8.3.1)
d, € F[expg“"’u] : Oy — @ in PSV(TH)

Definition 8.3.1 (Barycentric property). Let F be a MPVF. We say that a lo-
cally absolutely continuous curve p : J — D(F) satisfies the barycentric property
(resp. the relaxed barycentric property) if for a.e. t € J there exists @y € Fluy]
(resp. @y € co(F[ut])) such that

d
J ©(x) dpe(x) :J (Vo(x),v)dD¢(x,v) for every ¢ € Cyl(H). (8.3.2)

Notice that F C F C cl(F) and F = F if F is sequentially closed in P5"(TH).
From Proposition 7.7.3(a) we also get

co(F) C F,

so that the relaxed barycentric property implies the corresponding property for
the extended MPVF F defined in (7.7.4). In particular, considering the directional
closure F in place of the sequential closure cl(F) not only allows us to obtain
a finer result, but it could be easier to compute when one considers specific
examples, being F the closure of F along regular directions.

Remark 8.3.2. If H = RY, the property stated in Definition 8.3.1 coincides with
the weak definition of solution to (8.1.1) given in [93].

The aim is to prove that the A-EVI solution of (8.1.1) enjoys the barycentric
property of Definition 8.3.1, under suitable mild conditions on F. This is strictly
related to the behaviour of F along the family of smooth deformations induced by
cylindrical functions. Let us denote by pr,, the orthogonal projection in L2 (H; H)
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onto the tangent space Tan, P, (IH) and by bg the barycenter of ® as in Defini-
tion 7.1.1.

Before stating the next Theorem, we recall the following characterization of the
closed convex hull co(C) of a set C (i.e. the intersection of all the closed convex
sets containing C) in a Banach space.

Lemma 8.3.3. Let Z be a Banach space and let C C Z be nonempty. Then v € co(C) if
and only if

(z*,v) <sup (z*,c) (8.3.3)
ceC

forall z* € Z*. Moreover if C is bounded, it is enough to have (8.3.3) holding for every
z* € W, with W a dense subset of Z*.

Proof. The result is a direct consequence of Hahn-Banach theorem.
Concerning the last assertion, observe that the function

Z* > z" —sup (z%,¢)
ceC

is Lipschitz continuous if C is bounded. Hence, if (8.3.3) holds only for some
W C Z* dense, then it holds for the whole Z*. O

Theorem 8.3.4. Let F be a A-dissipative MPVF according to (7.5.1). Assume that for
every w € D(F) there exist constants M, e > 0 such that

expf’ € D(F) and [Fl2(expfu) <M (8.3.4)

for every @ € Cyl(H) such that sup V| < e. If u: I — D(F) is a locally absolutely
H

continuous A\-EVI solution of (8.1.1) with Wasserstein velocity field v satisfying (2.4.8)
for every t in the subset A(n) C J of full Lebesgue measure, then

for every t € A(u) there exists ®y € co(F)[u] such that v = pr, obo,. (83.5)

In particular, y satisfies the relaxed barycentric property.
If moreover ¥ = F and, for every v € D(F), the section F[v] is a convex subset of
P2(TH), ie.

Elv] = co(F)[v],
then . satisfies the barycentric property (8.3.2).

Proof. We divide the proof of (8.3.5) into two steps.

Claim 1. Let t € A(u) and M = My be the constant associated to the measure | in
(8.3.4). Then vy € co(K¢), where

Ky = {prut(bq)) . @ € Flug, |0 < Mt} C Tany, P> (H). (8.3.6)

Proof of Claim 1. For every ¢ € Cyl(IH) there exists & = 8(¢) > 0 such that
VG = expﬁ_écut € D(F) and ¢ = (igg, exp °%)spe € T (g, vE[F) is the unique
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optimal transport plan between 1y and v¢.
Thanks to Theorem 7.2.1, the map s — W%(us,vc) is differentiable at s = t,
moreover by employing also (8.1.5b), it holds

d1

= 303 WAk Y < [F 0%, =lim [F, 06 (837)

5], (), V20 dis )
We can choose a decreasing vanishing sequence (sx)ken C (0, 1), measures vli =
xﬁskcc and CD]C( € F[v]i] such that supkld)ﬁlz < M; and CD]C( — ®%in PSW(TH).
Then, by (8.3.1), we get ®¢ € Flu] with |®¢|, < My and by (8.3.7) and the upper
semicontinuity of [, ], (see Lemma 7.3.1) we get

SJ (vi(x), VI(x)) dpe (x) < [@C,vc]l = 6J (v, V{(x))dD(x,v). (8.3.8)
H TH
Indeed, notice that, by [5, Lemma 5.3.2], we have A(®¢,v¢) = {O¢ ® v¢} with
(x%,x1)y(@¢ @ vE) = of.

The expression in (8.3.8) can be written as follows

<vter>Lﬁt (HH) S <b<DCrVC>L§Lt (H;H) = <Prpt(b®C)IVC>Lﬁt(H;H)
so that

Ve, VO12 ) < sup (b, V2
beKy
for all ¢ € Cyl(H), with K¢ as in (8.3.6). Applying Lemma 8.3.3 in Tan,, P2 (H) C
Lﬁt (H; H) we obtain that v¢ € co(K¢).

Claim 2. For every w € co(Ky) there exists W € co(F)[u¢] such that w = pr,, ©° by.

Proof of Claim 2. Notice that an element w € Tan, P,(IH) coincides with
pl‘u(b\y) for ¥ € P,(TH]p) if and only if

J(w, V) dp = J(v, V) dW(x,v) (83.9)

for every ¢ € Cyl(H). It is easy to check that any element w € co(K); can
be represented as pr, (by) (and thus as in (8.3.9)) for some ¥ € co(Flul). If
w € @o(K¢) we can find a sequence (Wn)nen C co(Flu]) such that [Wn|x <
M and w,, = prut(b\yn) — win Lﬁt(lH;IH). Since the sequence (Wn)nen is
relatively compact in P5"(TH) by Proposition 6.3.3(2), we can extract a (not
relabeled) subsequence converging to a limit ¥ in P5"(TH), as n — +oo. By
definition ¥ € co(Flu]) with [W]; < M. We can eventually pass to the limit
in (8.3.9) written for wy, and ¥, thanks to P5"(TIH) convergence, obtaining the

corresponding identity for w and ¥ in the limit.

The thesis (8.3.5) follows by Claim 1 and Claim 2.

Finally, being u locally absolutely continuous, it satisfies the continuity equa-
tion driven by v in the sense of distributions (see Theorem 2.4.6), so that by (8.3.5)
we have

d
dt
for every ¢ € Cyl(H) and every t € A(p). O

J C(x) dpe(x) :J (VE(x),ve(x)) dpe(x) :J (V(x),v) dD(x,v),
H H TH
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Remark 8.3.5. Using a standard approximation argument (see for example the
proof of Lemma 5.1.12(f) in [5]) it is possible to show that actually the barycentric
property (8.3.2) holds for every ¢ € C!"'(H;R) (indeed, in this case, Vo €
Tan,, P, (IH) for every u € P, (H)).

Remark 8.3.6. We point out that the result stated in Theorem 8.3.4 is still valid
if we replace the convex hull of F defined in (7.7.1) using the “flat” structure of
P2(TH), with the following one which makes use of plan interpolations

N (ORS T(HN_'_] )/ (lek)ﬁq) = Dy, Oy € F[V]/
(EE)(F)(V) = <X, Z ockvk> (O]
ki #

e =0,k=1,....N, YN . =1,NeN
for any v € D(F), where
x(x,v1,...,vn) =x and vi(x,vi,...,yn) =V, k=1,...,N.

Indeed, co(F)(v) and co(F)(v) share the same barycentric projection. However,
while co(F) preserves dissipativity as proved in Proposition 7.7.2, co(F)(v) does
not satisfy this property in general, as highlighted in the following example: let
H = R and consider the PVF F, with domain D(F) = {80, 361 + 380}, defined
by

1 1 1 1 1 1
F[éo] = Eé(o/g) + 26(0,,3), F |:26] + 260:| = 26(],2) + 56(0’])‘

Then F is dissipative, indeed

1

1
87+ = <-1<0.
[F[éo],F [261+260”r\ 1<0

However, co(F) is not dissipative, indeed, if we take (o o) € co(F)[do], we have

1 1
|:6(O,O)/F |:25] + 260:|:| =2>0.
T

As a complement to the studies investigated in this section, we prove the con-
verse characterization of Theorem 8.3.4 in the particular case of reqular measures
or regular vector fields. We refer to [5, Definitions 6.2.1, 6.2.2] for the definition of
PY(H), that is the space of regular measures on H. When H = R¢ has finite
dimension, P}(H) is just the subset of measures in P, (IH) which are absolutely
continuous w.r.t. the d-dimensional Lebesgue measure £9.

Theorem 8.3.7. Let F be a A-dissipative MPVF according to (7.5.1). Let w: J — D(F)
be a locally absolutely continuous curve satisfying the relaxed barycentric property of
Definition 8.3.1. If for a.e. t € J at least one of the following properties holds:

1. pe € P(H),
2. Flui contains a unique element ®y concentrated on a map, i.e. ®y = (i, bo, )ikt

then w is A-EVI solution of (8.1.1).



83 BARYCENTRIC PROPERTY

Proof. Take @ € Cyl(IH) and observe that, since p has the relaxed barycentric

property, then for a.e. t € J (recall Theorem 7.2.1) there exists @y € co(F[])
such that

d
S| emdu =| (v, v do,
H JTH
=| (Vo,pr, oboe,)dut
JH
=| (v, Vo)duy,
JH

hence p solves the continuity equation 0¢p + div(vep) = 0, with vy = pr, ©
be, € Tan,, P>(H). By Theorem 7.2.1, we also know that

SeaWAu) = [ o) xo =) dva (o, x) (8:3.10)
]I_IZ

forany t € A(w,v), v¢ € To(pt,v), v € P2(IH). Possibly disregarding a Lebesgue
negligible set, we can decompose the set A(,v) in the union A7 U A, where
Aq,A; correspond to the times t for which the properties (1) and (2) hold.

If t € Ay and v € D(F), then by [5, Theorem 6.2.10], since u; € P5(H), there
exists a unique v € I'o (1, v) and vy = (ip, Te)s 1 for some map ¢ s.t. ig —1¢ €
Tan,, P>(H) C Lﬁt (H;H) (recall [5, Proposition 8.5.2]), so that

J, tvrtxol xo =x0) dvato,xi) = || (welxa) xo = rilxol) die(xo)

_ :]H(bqnt,xo rbe)duo)

= n <V,X*Tt(X)>d(Dt(X/V)
JTH

- [(Dt/ V]r ’

where we also applied Theorem 7.1.8 and Remark 7.4.2, recalling that in this case
A(®Dy, V) is a singleton.
If t € A, we can select the optimal plan y, € I'; (1, v) along which

(@, V], =[O, Vilro = LHﬂ)qnt(Xo),Xo —x1) dy(xo,%1).

If r¢ is the barycenter of y; with respect to its first marginal i, recalling that
ig —1¢ € Tany, P2(H) (see also the proof of [5, Thm. 12.4.4]) we also get

j (ve(x0),x0 —x1) dye(xoxa) = | (velxo),xo — re(x0)) dite (xo)
H?2 u"H

— UH<b(Dt (x0),x0 —Tt(x0)) dpt(xo0) (8.3.12)

= H<bq>t(xo),xo —x1) dy¢(xo,%1)
- [(Dt/ ‘V}r ’

where we still applied Theorem 7.1.8 and Remark 7.4.2.
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Combining (8.3.10) with (8.3.11) and (8.3.12) we eventually get

d1
aiwﬁ(m,w = [D, V], < —[¥, uel, +7\W%(Mt,\’)

for every ¥ € F[v], by definition of F and the fact that ¢o(F)[e] C Flul.



EXPLICIT AND IMPLICIT EULER SCHEMES, EXAMPLES

The aim of this chapter is to present two tools to prove existence of EVI solutions:
the Explicit Euler scheme and the Implicit one. In particular Section 9.1 presents
the Explicit Euler scheme and the conditions under which we can prove its con-
vergence; in Section 9.2 we presents the main consequence of the solvability of
the Explicit Euler scheme in terms of stability and uniqueness of EVI solutions;
Section 9.3 deals with law invariant dissipative operators in a space of random
variables J{ and presents their main properties; Section 9.4 contains the proce-
dure that allows to construct a dissipative operator on H starting from a MPVF
on P,(H); finally in Section 9.5 are listed a few examples of MPVFs and EVI
solutions.

This Chapter is the result of a collaboration with Giulia Cavagnari and Giuseppe
Savaré and Sections 9.1, 9.2 and 9.5 appeared in [34].

In this whole chapter, H is a separable Hilbert space with dim(H) > 2.

9.1 EXPLICIT EULER SCHEME

Our first strategy to prove the existence of a A-EVI solution to (8.1.1), is to define
an Explicit Euler scheme.

In the following |- ] and [-] denote the floor and the ceiling functions respectively,
ie.

|[t] ==max{meZ|m<t} and [t]:=min{meZ|m>t}, (9.1.1)
for any t € R.

Definition 9.1.1 (Explicit Euler Scheme). Let F be a MPVF and suppose we are
given a step size T > 0, an initial datum pp € D(F), a bounded interval [0, T],
corresponding to the final step N(T,T) := [T/7], and a stability bound L > 0.
A sequence (M, @ )ocn<n(Tt,r) C D(F) x Fis a L-stable solution to the Explicit
Euler Scheme in [0, T] starting from uo € D(F) if

MO = Ho,
oM € FIMY, @7, <L 0<n<N(T,1), (EE)
MDY = (exp™)y @1 1 <n <N(T,7)

We define the following two different interpolations of the sequence (M, ®T):

¢ the affine interpolation:

Mc(t) := (exp" "™)y@F if t € [T, (n+1)7] for somen € N, 0 <n < N(T, 1),
(9.1.2)
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¢ the piecewise constant interpolation:

M- (t) == M/ ™, telo,T), (9.1.3)
Fo(t) = 0t/", teo,Tl. (9.1.4)

We define the following (possibly empty) sets
E(ug,t, T, L) = {(MT, F:) | My, Fy are as in (9.1.2),(9.1.4) respectively},
(9-1.5)
M (W, T, T,L) = {MT | M is the curve given by (9.1.2)}.

Remark 9.1.2. We immediately notice that, if (M, Fr) € &(po, T, T,L) and M (:)
is as in (9.1.3), then the following holds forany 0 <s <t < T:

1. the affine interpolation can be trivially written as
Melt) = (e 1V/7I7) (Fe(t);
2. M satisfies the uniform Lipschitz bound
W2(Me(t), Mc(s)) < Lit —sf; (9-1.6)

3. we have the following estimate
Wl (0, Me0) =W (Me ([ 1] ) Mol ) <t 0a)

The estimate (9.1.7) shows that the stability and convergence results stated for
the affine interpolation can be easily adapted to the piecewise constant one.

Notice that, in general, F[u] is not reduced to a singleton, so that & (uo, T, T,L)
and .# (o, T, T,L) may contain more than one element.

9.1.1 The Explicit Euler Scheme: preliminary estimates

We first prove a simple estimate and a discrete version of (A-EVI).

Proposition 9.1.3. Every solution (M, F¢) € &(no, T, T,L) of (EE) satisfies

WL (M (t), mo) < Lt, [Fe(t)l2 <L foreverytel0,T], (9.1.8)

W2 (M (1), M<(s)) < LIt—s| foreverys,t e [0,T], (9.1.9)
and

L IWAMe(t) ) < [Felt), ), + R0 < [Fe(t), ], + 72 (IEV])
forevery t € [0, T] and v € P,(H), with possibly countable exceptions. In particular

;W%(M?H/V) - %W%(M?,v) < T[OF, V], + %Tzl_z (9.1.10)

forevery 0 < < N(T,7) and v € P,(H).
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Proof. The second inequality of (9.1.8) is a trivial consequence of the definition
of &(po, T, T,L), the first inequality is a particular case of (9.1.9). The estimate
(9.1.9) is immediate if nT < s <t < (n+ 1)1 since

W2 (Mc(s), Mc(t)) = Wa((exp® ™) @7, (exp' ™7); @7)

< \/J (t—shv)2 don
TH

—(t=)y/] pizdor
™

< (t—s)L.

This implies that the metric velocity of M. is bounded by L in [0, T] and therefore
M is L-Lipschitz.

Let us recall that for every v € P>(H) and ® € P,(TH) the function g(t) :=
%W%(exp§ ®,v) satisfies

1
tHg(t)—EtZI(DI%isconcave, gl(0)=1[®,v]., ¢'(t) <[D®,V], +t®5 (9.1.11)

for t > 0, by Definition 7.1.4 and Proposition 7.1.3. In particular, the concavity
yields the differentiability of g with at most countable exceptions. Thus, taking
anyn € IN,0 <n < N(T,1),t € [n1t,(n+1)1) and ® = O so that exp;i‘q) =
M (1), (9.1.11) yields (IEVI). The inequality in (9.1.10) follows by integration in
each interval [nt, (n+ 1)1]. O

We conclude this subsection with a stability estimate. We introduce the nota-
tion

t
I(t) ::J e“Tdr = 1E(eKt—]) if k£0;, Ip(t):=1t.
0

Notice that for every t > 0
Ic(t) <te*t ifk>0. (9.1.12)

Proposition 9.1.4. Let My € # (po, 7, T,L) and M, € . (u), T, T,L). If A 1< 2
then

W2 (M (£), ME (1)) < Wa(uo, 1 )e™ + 8LVET(1+ NVET) et
for every t € [0, T].

Proof. Let us set w(t) = W>(M«(t), M.(t)). Since by Proposition 7.1.3(2), in
every interval [nt, (n + 1)1] the function t — w2(t) —4L2(t — n1)? is concave,
with

d

TV =2 [Fo(t), FL(t)] . < 2AW3 (M (t), M4 (1)),

t=nt+
we obtain

d

awz(t) < 2AW3Z (M (t), ML(1)) + 812t
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for every t € [0, T], with possibly countable exceptions. Using the identity
a’?—b% =2b(a—b) +|a—b|?

with a = W5 (M« (t), ML(t)) and b = W>2(M<(t), MZ(t)) and observing that
la—bl < W2(M<(t), M<(t)) + W2 (M%(t), ML(t)) < 2L,

we eventually get

awz(t) < 202 (t) + 8L + 8AILTw(t) + A, 8L 12
< 202 (1) + 8AILTw(t) + 24127,
since AL T < 2 by assumption. The Gronwall estimate in [5, Lemma 4.1.8] and
(9.1.12) yield
(w2 eM 2412115, (t)) V2 S (1)
<w(0 M+8L\ﬁ( +|A|m)eA+t. d

9.1.2 Error estimates for the Explicit Euler scheme

In this subsection we prove that the family of affine interpolants is Cauchy, pro-
viding estimates under different step sizes and a uniform (optimal, see [106])
error estimate between the affine interpolant and the A-EVI solution for F.

Theorem 9.1.5. Let F be a A-dissipative MPVF as in (7.5.1). If My € .4 (MS,1,T,L),
My € # (MO, T,L) with A\/T(t+n) < 1, then for every & > 1 there exists a
constant C(d) such that

W2(Me(t), My (£)) < (VBW2 (M2, MS) + C(8)Ly/ T+t T+m) )

for every t € [0, T].

Proof. We argue as in the proof of Theorem 8.2.3. Since A-dissipativity implies
A'-dissipativity for A’ > A, it is not restrictive to assume A > 0. We set o := T+ n.
We will extensively use the a priori bounds (9.1.8) and (9.1.9); in particular,

W (Mc(t), MT(t)) < L, WZ(MT](t)/ Mn (1)) < Ln.
We will also extend M, and M- for negative times by setting
M(t) =M. (t) =M, F(t)=M2®38, ift<DO. (9.1.13)

The proof is divided into several steps.
1. Doubling variables.

We fix a final time t € [0, T] and two variables r,s € [0,t] together with the
functions
W2 (Me(1), My (s)),
W2 (M (1), My(s)),

3
»
=
N
A
=
Ay

w
N
li

(9.1.14)

3
»
=
N
a
3
—
3
3
(72}
Z
i
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observing that

max {{w —we/, |Wn — W I} <Lt,

max {{w —wy|, [Wwr —we [} < In. (9.1.15)
By Proposition 9.1.3, we can write (IEVI) for M. and get

01
ﬁEWﬁMT(r)m) < T (1)[3 + [Fe(r),v1],  for every vi € P2(H), (IEVL)
and for M;, obtaining

01
5532 (My(s),v2)

< T]|Fn(5)|% + [Fn(s),vzh
< nlFa(5)3 +AW3 (M (5), v2) = [@, My s)],  for @ € Fiva), v2 € D(F).

(IEVL,)
Apart from possible countable exceptions, (IEVI;) holds for r € (—oo,t] and
(IEVIL,) for s € [0,t]. Taking vi = My(s), v2 = M«(r), ® = F(max{r,0}) €
F[M<(r)], summing the two inequalities (IEVI. ), setting

frs) i {ZLWz(Mn(s),MT(o)) o) <0,
0

ifr>0,
using (9.1.8) and the A-dissipativity of F, we obtain

0

awﬁ (r,s)+ a—swi(r, s) < ZAW%,n (r,s) + 2120 + f(r, s)

in (—oo, t] x [0, t] (see also [89, Lemma 6.15]). By multiplying both sides by e~%*
we have

s
0 _
e 2As.,,2

0 _ _
o wy +5.e Asw2 < (27\ (W2, —w2)+f +2L20)e 2As - (9.1.16)
Using (9.1.15), the inequalities

Wrn +We =Wen —We +2(We —w) + 2w < 2Lo + 2w,
w(r,s) —w(s,s)| < Lir—s

and the elementary inequality a? —b? < |la—blla+ b, we get
2(w2, (r,s) —wi(r,8)) <Ry, ifr,s<t,

where R, s := 4L%0(0 + [r — s|) +4Low(s, s). Thus (9.1.16) becomes
gefzxswz 4 ie*ZASWZ <Z. (9.1.17)
or n o 0s Tt 7

where Z, ¢ == (R?\ + 42172 0') e 2As,

2. Penalization.
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We fix any ¢ > 0 and apply the Divergence Theorem to the inequality (9.1.17)
in the two-dimensional strip Qg ; as in (8.2.6) and we get

t 0
J e Mw2(r,t)dr < J w2(r,0)dr+
t—e —&

rt

4| 22 (w%(s,S) —wﬁ(s,s)) ds
Jo
o (9.1.18)
| e (Wﬁ(s_gls)—wi(s—e,s)) ds
Jo
N J Z,. s drds.
Q5

3. Estimates of the r.h.s..
We want to estimate the integrals (say I, I1,12,13) of the right hand side of
(9.1.18) in terms of

As

w(s) =w(s,s) and W(t):= sup e “*w(s).

0<s<t

We easily get
0
Ip = J w%(r,O) dr = ew?(0).
—&

(9.1.15) yields
we(s,s) —wy(s,s)| < L(t+n) =Lo

and

Iw%(s,s) —w2

H(s,8)] < LG(L(H— 2w(s)>;

after an integration,

t
I < L202t+2L0J e ?Mw(s)ds < L?0%t + 2LotW(t).
0

Performing the same computations for the third integral term at the rh.s. of
(9.1.18) we end up with

t
L = J e NS (w%(s —¢,8) —Wi(s—¢g8)) ds
0

t
< L%to? + ZLGJ e Mw(s—eg,s)ds
0
t

< L?0%t 4+ 2L%0et + ZLO'J e 2 Mw(s)ds
0

< L?0%t + 2L%0et 4+ 2LotW(t).

Eventually, using the elementary inequalities,

t

JJ Ae 22 drds < E, ” e (s, s)drds = EJ e ?Mw(s)ds,
Qs 27 Jas, 0
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and f(r,s) < 2L%(n+s) 4+ 2Lw(s) for r < 0 and f(r,s) =0 for r > 0, we get

t
= || Zoodrds <2L0e(o+ e+ 4roe | e Powls) s+ 220t
Qs 0

+z” (L2 +s) + Lw(s))e 2* drds
Qg,min{e,t}

< 2L%0¢(0 4 €) + 2L%e? (0 + €) + 2L% 0et + 4LAoetW(t) + 2Le?W/(min{t, €}).

We eventually get

3
Z I < ew?(0) +2L%0%t
k=0
+4L%0¢et + 2L%e(0 + €)% + 4Lo(1 + Ae)tW(t) + 2Le?W(min{t, ¢}).

(9.1.19)

4. L.h.s. and penalization

We want to use the first integral term in (9.1.18) to derive a pointwise estimate
for w(t);

(9.1.9) and (9.1.14) yield

w(t) =w(t,t) <Lt —1)+w(rt) < LT+t —7]) +we(r, t). (9.1.20)

. . . 2 2
We then square (9.1.20), use the Young inequality (1.ee7.2A2tab < & +9b” for any

a,b > 0,9 > 0), multiply the resulting inequality by “—— and integrate over the
interval (t —¢,t). So that, for every 6,5, > 1 conjugate coefficients, we get

6 t
e PMwA(t) < - J e MW (1, t)dr + 8, L% (T +¢)?
t—e

5
< E(IO + 4 4+ +13) + 8, L2 (t+¢)?,
with Iy, Iy, 12, I3 as in step 3. Using (9.1.19) yields

e Mw2(1) (26 4 6,) 12 (0 + ) + 6<w2(0) 21262t e +4L26t>

4L(1 4+ Ae)od
L AL +Ae)os,

. W(t) 4+ 2LedW (min{t, }).

5. Conclusion.
Choosing ¢ := /0 max{o, t} and assuming Av/To < 1, we obtain

e M2 () < 5w (0) + (148 + 46, )12 0 max{o, t} + 1056Ly/o max{o, t}W(t).
(9.1.21)

Since the right hand side of (9.1.21) is an increasing function of t, (9.1.21) holds
even if we substitute the left hand side with e 2*sw?2(s) for every s € [0,t]; we
thus obtain the inequality

W2(t) < 5w2(0) + (148 +46,)L? 0 max{o, t} + 106Ly/o max{o, ttW(t).
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Using the elementary property for positive a, b

W2 <a+2bW = W<b+vVb2+a<2b+a, (9.1.22)

we eventually obtain

1/2
e Mw(t) < <5W2(0) + (148 +46,)L? 0 max{o, t}) + 106L+/0 max{o, t}
< Vow(0) + C(8)Ly/o max{o, t},
with C(8) := (145 +45,)"/24+106. O

9.1.3 Error estimates between discrete and EVI solutions

Theorem 9.1.6. Let F be a A-dissipative MPVF according to (7.5.1). If w: [0, T] — D(F)
is a A-EVI solution and M, € A (Mg, T,T,L), then for every & > 1 there exists a
constant C(8) such that

W2 (11t Me (1)) < (VEWa (1o, M) + C(8)Ly/T(t+7) )t
for every t € [0, T].

Remark 9.1.7. When pp = M2 and A < 0 we obtain the optimal error estimate

W (e, M (t)) < 13Ly/T(t+1).

Proof. We repeat the same argument of the previous proof, still assuming A > 0,
extending M, M, F; as in (9.1.13) and setting

w(r,s) == Wo(M<(1), 1us), we(r,s) := Wo(M(1), 1s).
We use (A-EVI) for pus with v = M(r) and ® = F(max{r,0}) and (IEVI) for
M (r) with v = p obtaining

) e—ZAs
or 2

W3 (M (1), 15) < &2 (tlFe (1) + [Fe (1), ), )

for every s € [0, T],r € (—o0, T)
d e—2As

W3 (1s, Me(1)) < —e 2 [Fr(max{r, 0}), ],
in 2'(0,T), r € (—oo,T).

ds 2

Using [89, Lemma 6.15] we can sum the two contributions obtaining

jze—ZAs 2(

0
3 w(r,s) + —e_”‘sw%(r, s) < Zyy,
T

0s
where Z, ¢ := (2121 + 2f(r,s))e 2*$, and

I—WZ(MT(O)/ }‘LS) = I—W(O/S) ifr <o,
f(T,S) =
0 ifr>0.
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Let t € [0, T] and € > 0. Applying the Divergence Theorem in Qg , (see (8.2.6)
and Figure 2), we get

t 0
J e M2 (1, t)dr < J w2(r,0)dr
t—e —E&
rt
+| e s (w%(s,s) —wz(s,s)) ds
“(i (9.1.23)

+| e (wz(s—e,s) —w%(s—s,s)) ds

Jo
+ J Z, ¢ drds.
Q

0,t

Using
w(t,t) <wr,t)+Lt—1) <we(r,t)+L(t+e) ift—e<<r<t,
we get for every §,5, > 1 conjugate coefficients (6, = 6/(6 —1))
t
e M (t) < ° J e A2 (r,t) dr 4 8, L2 (T +¢)?. (9.1.24)

€ Jt—e
Similarly to (9.1.15) we have

[we(s,s) —w(s,s)| <L, Iw%(s,s) —w?(s,s)| < LT(LT+2W(S)>

and, after an integration,

t t
J e 2 (wi(s,s) —w?(s,s)) ds < LAtt? +2LTJ e M w(s)ds.  (9.1.25)
0 0

Performing the same computations for the third integral term at the r.h.s. of
(9.1.23) we end up with
t

t
J e 2 (WP (s —e,5) —wi(s—g,s)) ds < LPtr* + ZLTJ e w(s—¢g, s)ds
o 0

t
< L2tr(t+2¢) + ZLTJ e 2 MSw(s) ds.

0
(9.1.26)
Finally, since if v < 0 we have f(r,s) = Lw(0,s) < L2s +Lw(s,s), then
g ! ” Z, sdrds < 2%t + ¢! ” 2f(r,s)e 2 drds
Q(E),t Q(E),min{s,t}

2Lt +1%e? +2le sup e MSw(s). (9.1.27)
0<s<min{¢,t}

Using (9.1.25), (9.1.26), (9.1.27) in (9.1.23), we can rewrite the bound in (9.1.24) as
e MW (1) < 8, L2 (t+¢)%+

+5 (WZ(O) 212472 Je + 212t + L 22

+2Le sup e”‘sw(s)>

0<s<min{e¢,t}

+ e 2™ w(s) ds.

481t Jt

€ 0
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Choosing ¢ := /T max{T, t} we get
e 2 Mw2(t) < 46,L% T max{t, t}+ 5 (WZ(O) + 512 T max{T, t})

+668L/T max{t,t} sup e Mw(s).

0<s<t

A further application of (9.1.22) yields

1/2
e Mw(t) < <6w2(0) + (58 +468,)L% T max{r, t}) + 66L+y/T max{T, t}
< Vow(0) + C(8)LVE+ /T,
with C(8) := (56 +48,)'/2 + 68. O

We show now that the limit curve as T | 0 of the family (M<)r~0o as in (9.1.2)
is a A-EVI solution of (8.1.1).

Theorem 9.1.8. Let F be a A-dissipative MPVF according to (7.5.1) and let n — t(n)
be a vanishing sequence of time steps, let (1o )neN be a sequence in D(F) converging
to wo € D(F) in P>(H) and let My, € M (Won,T(n), T,L). Then My, is uniformly
converging to a Lipschitz continuous limit curve w : [0, T| — D(F) which is a A-EVI

solution starting from .

Proof. Theorem 9.1.5 shows that M,, is a Cauchy sequence in C([0, T]; D(F)), so
that there exists a unique limit curve pas n — oco. Moreover, 1 is also L-Lipschitz
and, recalling (9.1.7), we have that p is also the uniform limit of M. (y,).
Let us fix a reference measure v € D(F) and ® € F[v]. The (IEVI) and the A-
dissipativity of F yield
— W3 (M (t),v) < T()[Fre(n) (115 + [Fr(n), V],
<) L2+ AWE (M) (1), V) — [©, M) (1]

for a.e. t € [0, T]. Integrating the above inequality in (t,t+h) C [0, T] we get

W3 (Mn(t+h),v) — W3(Mn(t),V)
2h

<

: i (9.1.28)

2 1 t+h S -
T+ | (AWZ(MT(TL)(S),V) [(D,MT(n)(s)]T)ds.

Notice that as n — 400, by (9.1.7), we have
liminf [®, MT(n)(s)]T > [©, g,

n—-+oo

for every s € [0, T], together with the uniform bound given by
_ 1 _ 1
[0, Wy ()], | < SWE (R (5), ) + 5108

for every s € [0, T]. Thanks to Fatou’s Lemma and the uniform convergence given
by Theorem 9.1.5, we can pass to the limit as n — +o00 in (9.1.28) obtaining

W% (Mesh, V) — W% (K1t v)
2h

<

==

JHh (Awg(us,v) — [, ps]r> ds.

t
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A further limit as h | 0 yields

1dr
2dt
which provides (A-EVI). O

W%(Ht,'\/) < AW%(H’UV) - [q)l ut]r

9.2 CONSEQUENCES OF THE SOLVABILITY OF THE EXPLICIT EULER SCHEME

In the following Theorem we collect the results obtained in Subsection 9.1. We
stress that in the next statement A(8) solely depend on & (in particular, it is
independent of A, L, T, T,1, M.t, My).

Theorem 9.2.1. Let F be a A-dissipative MPVF according to (7.5.1).

1. For every po, u) € D(F), every M € 4 (uo, T, T,L), M € A (ny, T, T,L) with
TAL < 2 we have

W2 (M (£), ME (1)) < eMWalho, 1h) + 8LV (14 NVET) et (9.2.1)

for every t € [0, T].

2. For every & > 1 there exists a constant A(8) such that if M. € .4 (M$, T, T,1)
and My, € ///(Mﬂ,n,T,L) with AL (T+1n) < 1 then

W2(Me(t), My (1)) < (§W2(M$, M)+ A@LY/ [T+ m)(t+7+m) )

for every t € [0, T].

3. For every & > 1 there exists a constant A(d) such that if w: [0, T] — D(F) isa
A-EVI solution and M € .4 (M2, 1, T,L) then

Walke, M) < (5 Walito, M) +ABILVA(E+T) )e™t (9:22)
for every t € [0, T].

4. If n — t(n) is a vanishing sequence of time steps, (Lo n)neN IS a sequence in
D(F) converging to wo € D(F) in P2(H) and Myn € A (non,t(n), T, L), then
M, is uniformly converging to a Lipschitz continuous limit curve p : [0, T] —
D(F) which is a A-EVI solution starting from u.

Definition 9.2.2 (Local and global solvability of (EE)). We say that the Explicit
Euler Scheme (EE) associated to a MPVEF F is locally solvable at j1y € D(F) if there
exist strictly positive constants T, T,L such that &(po, T, T,L) is not empty for
every T € (0, 7).

We say that (EE) is globally solvable at o € D(F) if for every T > 0 there exist
strictly positive constants T, L such that &(po, T, T,L) is not empty for every T
(0, T).
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If we work under the assumption that the Explicit Euler scheme is locally
solvable, then Theorem 9.2.1 is very useful to treat local existence and uniqueness
of A-EVI solutions.

Given T € (0, +o0] and p: [0,T) — P, (IH) we denote by |fi¢|; the right upper
metric derivative

L Wo (Hein, bt
l{Le]4 := lim sup —
hlo

Theorem 9.2.3 (Local existence and uniqueness). Let F be a A-dissipative MPVF
according to (7.5.1).
(a) If the Explicit Euler Scheme is locally solvable at wo € D(F), then there exists

T > 0 and a unique Lipschitz continuous A-EVI solution w : [0, T] — D(F)
starting from o, satisfying

t s e M, s decreasing in [0,T). (9.2.3)

If W : [0, T'] — D(F) is any other A-EVI solution starting from wo then py = pg
if 0 <t<min{T, T’}

(b) If the Explicit Euler Scheme is locally solvable in D(F) and

for any local »-EVI solution w starting from o € D(F) ( )
9.2.4

there exists 8 >0: t€[0,8] = u € D(F),
then for every po € D(F) there exist a unique maximal time T € (0, co] and
a unique strict locally Lipschitz continuous A-EVI solution p : [0, T) — D(F)
starting from o, which satisfies (9.2.3) and

T<oo = £1Tr¥ ue € D(F). (9.2.5)

Any other \-EVI solution n' : [0, T’) — D(F) starting from o coincides with p
in [0, min{T, T'}).

Proof.

(a) Let 7, T, L positive constants such that & (po, T, T, L) is not empty for every
T € (0, 7). Thanks to Theorem 9.2.1(2), the family M. € & (uo, T, T, L) satisfies the
Cauchy condition in C([0, T]; P2(H)) so that there exists a unique limit curve

=1limM
H Tlﬁ)l T

which is also Lipschitz in time, thanks to the a-priori bound (9.1.6). Theorem
9.2.1(4) shows that p is a A-EVI solution starting from iy and the estimate (9.2.2)
of Theorem 9.2.1(3) shows that any other A-EVI solution in an interval [0, T']
starting from o should coincide with p in the interval [0, min{T’, T}].

Let us now check (9.2.3): we fix s,t suchthat 0 < s <t< Tand h € (0, T —1t),
and we set

st:=71|s/t] and h{:=7|h/T].
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The curves
T Mc(st+71) and 1+ My(s¢+he+71)

belong to .#(Mx«(s<),T,t —s,L) and .# (M« (st + h<),T,t —s,L), so that (9.2.1)
yields

WZ(MT(5T+t_S)/ Mr(st+he+(t—s))) < e}\(tis)WZ(MT(ST)z MT(ST+hT)) +B\/:C/
for B=B(A,L, 7, T). Passing to the limit as T | 0 we get

Wa (e ten) < eMTIWa (g, pgin).
Dividing by h and passing to the limit as h | 0 we get (9.2.3).

(b) Let us call § the collection of A-EVI solutions p : [0,S) — D(F) starting from
1o with values in D(F) and defined in some interval [0,S), S = S(u). Thanks to
(9.2.4) and the previous claim the set 8 is not empty.

It is also easy to check that two curves p/,u” € 8 coincide in the common
domain [0, S) with

S :=min {S(n'),S(n")}.
Indeed, the set
{te [O,S):pizpi’ifOérgt}

contains t = 0, is closed since p’, " are continuous, and it is also open since,
if W’ = pn” in [0,t], then the previous claim and the fact that u{ = py’ € D(F)
show that p’ = p” also in a right neighborhood of t. Since [0, S) is connected, we
conclude that ’ = u” in [0, S).

We can thus define

T:=sup {S(p) TS S},

obtaining that there exists a unique A-EVI solution p starting from o and de-
fined in [0, T) with values in D(F).
If T < oo, since p is Lipschitz in [0, T) thanks to (9.2.3), we know that there
exists the limit
1o 1
L= lim
in P>(H). If o € D(F) we can extend p to a A-EVI solution with values in D(F)

and defined in an interval [0, T') with T’ > T, which contradicts the maximality
of T. O

A set A in a metric space X is locally closed if every point of A has a neighbor-
hood U such that ANU = AN U. Equivalently, A is the intersection of an open
and a closed subset of X. In particular, open or closed sets are locally closed.

We refer to Definition 8.1.1 for the notion of strict EVI solutions, used in the
following.
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Corollary 9.2.4. Let F be a A-dissipative MPVF according to (7.5.1) for which the
Explicit Euler Scheme is locally solvable in D(F). If D(F) is locally closed then for every
wo € D(F) there exists a unique maximal strict and locally Lipschitz continuous A-EVI
solution p: [0, T) — D(F), T € (0, 4o0l, satisfying (9.2.5).

We now present a few situation where the Explicit Euler scheme is locally
solvable. The constraints in the construction of the explicit Euler scheme are
feasible if at each measure M7, 0 < n < N(T, 1), the set Adm 1 (M) defined by

Adm.p(p) == {CD e FlyW:|® <L and exp&t (ONS D(F)}, ue Pr(H),

is not empty. If D(F) is open and F is locally bounded, then it is easy to check that
the Explicit Euler scheme is locally solvable (see Lemma 9.2.5). We will adopt the
following notation:

IFly (1) == inf{|(D|2 D e F[u]} for every € D(F), (9.2.6)

and we will also introduce the upper semicontinuous envelope |F|;, of the func-
tion |F|»: i.e.

[Fl2. () == inf sup {IFl2(v) : v € D(E), Wa(v, 1) < 8}

= sup { lim sup [Fl2(u) : uk € D(F), p — pin ?z(]H)}-

k—o00

Lemma 9.2.5. If F is a A-dissipative MPVF according to (7.5.1), uo € Int(D(F)) and
F is bounded in a neighborhood of W, i.e. there exists p > 0 such that |F|, is bounded in
B(wo, p), then the Explicit Euler scheme is locally solvable at ywy and the locally Lipschitz
continuous solution pw given by Theorem 9.2.3(a) satisfies

il < El(uo) forall te [0,T). (92.7)

In particular, if D(F) is open and F is locally bounded, for every wy € D(F) there exists
a unique maximal locally Lipschitz continuous A-EVI solution w : [0,T) — P(H)

satisfying (9.2.5) and (9.2.7).

Proof. Let pp € Int(D(F)) and let p,L > 0 so that [F[2(pn) < L for every u €
B(uo, p). We set

T:=p/(2L) and =T :=min{T,1}
and we perform a simple induction argument to prove that
W2 (MZ, 1) < Int<p

if n < N(T, 1), so that we can always find an element @7 € Adm.; (MZ?). In fact,
if W2 (MZ, o) < Int and n < N(T, T) then

Wo (M, o) < Wa(MPEHT, M) + W (ME, o) < Lin+ 1)T.

The property in (9.2.3) shows that [j1¢|; < LeM for every L > [F|2,.(1o), so that
we obtain (9.2.7). O
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Another example is related to measures with bounded support.

Proposition 9.2.6. Let F be a A-dissipative MPVF according to (7.5.1). Assume that
D(F) C Pp(H) and for every no € D(F) there exist p > 0, L > 0 such that, for every
u € Pp(H) with supp(p) C supp(po) + B(0, p), there exists @ € Flu] such that

supp(vy®) C B(0,L).

Then for every po € D(F) there exists T € (0,+oo] and a unique maximal strict and
locally Lipschitz continuous A-EV1I solution w: [0, T) — D(F) satisfying (9.2.5).

Proof. Arguing as in the proof of Lemma 9.2.5, it is easy to check that setting
T:=p/4L, T = min{T, 1}, we can find a discrete solution (M, F.) € &(uo, T, T,L)
satisfying the more restrictive condition

supp(MZT) C supp(po) +B(0, Lnt) C supp(uo) +B(0, p/2), supp(v;®@T) C B(0,L).

So that the Explicit Euler scheme is locally solvable and M satisfies the uniform
bound

supp(M<(t)) C supp(po) + B(0, p/2) (9.2.8)

for every t € [0, T]. Theorem 9.2.3 then yields the existence of a local solution, and
Theorem 9.2.1(3) shows that the local solution satisfies the same bound (9.2.8) on
the support, so that (9.2.4) holds. O

9.2.1 Stability and unigueness

The following stability result assumes that the Explicit Euler scheme is locally
solvable in D(F).

Theorem 9.2.7 (Uniqueness and Stability). Let F be a A-dissipative MPVF according
to (7.5.1) such that the Explicit Euler scheme is locally solvable in D(F), and let TLRTEE
[0,T) = D(F), T € (0, +00], be A-EVI solutions to (8.1.1). If u! is strict, then

W (i, uf) < Wa(uy, ug) et for every t € [0,T). (9-2.9)
In particular, if u} = 3 then u' = p? in [0, T).
If W', u? are both strict, then

W (ul, 1) S Wa(ud, u3) et forevery t € [0,T). (9.2.10)

Proof. In order to prove (9.2.9), let us fix t € (0, T). Since the Explicit Euler scheme
is locally solvable and pl € D(F), there exist T, §, L such that .# (p,]c, T,6,L) is not
empty for every T € (0, 7). If Ml € //l(u][,’r, d,L), then (9.2.2) yields
Wa (il 1 n) < Wo(ME(h), uf ) + Wa(My(h), 1y y)
<SW,(ul, ud)eM M +ByT if0<h <),

for B = B(A, L, 7,9) Passing to the limit as T | 0 we obtain

Wa (il 12 0) < OWo(ud, u2)eth
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and a further limit as | 1 yields

Wi, b2 n) < Wa(ud, ug)e

for every h € [0, 8], which implies that the map t — e_)‘+tW2(pl, p%) is decreas-
ing in [t, t 4 8]. Since t is arbitrary, we obtain (9.2.9).

In order to prove the estimate (9.2.10) (which is better than (9.2.9) when A < 0),
we argue in a similar way, using (9.2.1).

As before, for a given t € (0, T), since the Explicit Euler scheme is locally solv-
able and u}, u? € D(F), there exist T, §, L such that .# (i}, 7,8,L) and .# (u?,7,5,1)
are not empty for every t € (0, 7). If ML e ///(p.j;,’r, 5,L), fori=1,2,(9.2.1) and
(9.2.2) then yield

Wa (o, ML) + Wa (ML (h), M2(h)) + W, (2, M2(h))
MW, (uf, 1) + BV

if 0 < h <, with B=B(A, L, 7,5). Passing to the limit as T | 0 we obtain

WZ(HLL}V Hiuh) <
<

W2y, i) < e Wa(ug, i)
which implies that the map t — e_MWZ(u}[, u%) is decreasing in (0, T). O

Corollary 9.2.8 (Local Lipschitz estimate). Let F be a A-dissipative MPVF according
to (7.5.1) and let w: (0,T) — D(F), T € (0,+o0], be a \-EVI solution to (8.1.1). If at
least one of the following two conditions holds

(a) wis strict and (EE) is locally solvable in D(F),
(b) wis locally absolutely continuous and (7.7.6) holds,
then w is locally Lipschitz and
t— e*}‘tlptu is decreasing in (0, T). (9.2.11)

Proof. Since for every h > 0 the curve t — ;1 is a A-EVI solution, (9.2.10)
yields

e MW, (g, ) < Walkegn, 1)
for every 0 < s < t. Dividing by h and taking the limsup as h | 0, we get (9.2.11),

which in turn shows the local Lipschitz character of p. O

9.2.2  Global existence and generation of A-flows

Here we treat the existence of global solutions and the generation of A-flows.

Theorem 9.2.9 (Global existence). Let F be a A-dissipative MPVF according to (7.5.1).
If the Explicit Euler Scheme is globally solvable at po € D(F), then there exists a unique
global and locally Lipschitz continuous A-EV1I solution  : [0, co) — D(F) starting from

Ho.
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Proof. We can argue as in the proof of Theorem 9.2.3(a), observing that the global
solvability of (EE) allows for the construction of a limit solution on every interval
[0,T], T>0. O

Let us provide a simple condition ensuring global solvability; we will use the
following discrete Gronwall estimate.

Lemma 9.2.10 (Discrete Gronwall inequality). Let « > 0,y > 0, T > 0and N € N
with N > 0. If a sequence (xn )neN of positive real numbers satisfies

Xn+1 —Xn < TY + ToXn, (9-2.12)
forany 0 <n < N, then

xn < (xo +tny)e*™”"

7

forany 0 <n < N+1.

Proof. We treat only the non trivial case n > 1 and « > 0; we will repeatedly use
the elementary inequality

T+x<e” (9.2.13)

for every x € R. Multiplying (9.2.12) written for n = k € {0,..., N} by e~ *T(k+1),
we obtain

efocr(k+1)xk+1 <TyefocT(kJH)_i_xk(]_i_To()efocT(kJr]) <Tyefcx'r(k+1)+xkefoc"rk’

where the last inequality comes from (9.2.13) with x = «t. Let n € {0, ..., N +1};
we sum the previous inequality written for k € {0,...,n — 1} obtaining

n—1

K 1 —e—xtn
efcx"cnxn —xp < Tyef(x’r Z (efour) — Tyefoc”t —
k=0
Then we get
eXTn _
xn < xp0e*™ + Y et 7
e*™m —1 «at
=x0e*™ +1Yyn o o
< XOeCXTTL + TyneCXTn’
where we used again (9.2.13) in the last step. O

Proposition 9.2.11. Let F be a A-dissipative MPVF according to (7.5.1). Assume that
for every R > 0O there exist M = M(R) > 0 and T = T(R) > 0 such that, for every
u € D(F) with ma(pn) < Rand every 0 < T < 7,

there exists ® € Flu] s.t. |®|; < M(R) and exp; @ € D(F). (9.2.14)

Then the Explicit Euler scheme is globally solvable in D(F). More precisely, if for a given
o € D(F) with Wy € Flupl, mo := my (o), and we set

1
R:=mo+ (I‘Po|2 + 1)\/2Te“+27‘+)T, L:=M(R), T =min {LZ,T(R),T} ,

(9.2.15)
then for every T € (0, 7] the set &(uo, T, T,L) is not empty.
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Proof. We want to prove by induction that for every integer N < N(T, 1), (EE)
has a solution up to the index N satisfying the upper bound

ma(MY) <R, (9.2.16)

corresponding to the constants R, L given by (9.2.15). For N = 0 the statement
is trivially satisfied. Assuming that 0 < N < N(T, 1) and elements (M}, ®T),
0<n< N, MN, are given satisfying (EE) and (9.2.16), we want to show that we
can perform a further step of the Euler Scheme so that (EE) is solvable up to the
index N +1 and my(MN+1) < R.

Notice that by the induction hypothesis, forn =0,...,N —1, we have |07, <
L; since ma(MN) < R, by (9.2.14) we can select ®Y € FIMN] with |©0Y[, < L such
that MN+1 = expy ®N € D(F). Using (9.1.10) with v = o, the A-dissipativity
with ¥y € Fluo]

[, pol, < AWZ(MZ, o) — [Wo, MY

Tir/

and the bound

1
— Yo, MZ], < W3 (M, 1) + 5ol

N —

we end up with

1 1 T2 1
FWRMET o) — SWEIME, o) € T2 (5 420 ) WROME, o
T
Z W,
+ 2| O|Z/
for every n < N. Using the Gronwall estimate of Lemma 9.2.10 we get

W2 (M, o) < VT +77([Wolz + V7L )3+ (T
< ﬁ(‘\yo|2+])e(1+zx+)T

for every n < N + 1, so that
ma (MNF1) <o + va(l‘Polz + 1)e“+“+)T <R. O

Let us consider now the generation of A-flows.

Definition 9.2.12. We say that the A-dissipative MPVF F, according to (7.5.1),
generates a A-flow if for every po € D(F) there exists a unique A-EVI solution
pn = S[up] starting from po and the maps po — Si¢lpol = (Slpol)t induce a
semigroup of Lipschitz transformations (S¢)¢>0 of D(F) satisfying

W3 (Selpol, Stlur]) < eMWa(po, 1) for every t > 0. (9.2.17)

Theorem 9.2.13 (Generation of a A-flow). Let F be a A-dissipative MPVF according
to (7.5.1). If at least one of the following properties is satisfied:

(a) the Explicit Euler Scheme is globally solvable for every wo in a dense subset of
D(F);
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(b) the Explicit Euler Scheme is locally solvable in D(F) and, for every o in a dense
subset of D(F), there exists a strict global \-EVI solution starting from po;

(c) the Explicit Euler Scheme is locally solvable in D(F) and D(F) is closed;

(d) for every wo € D(F), w1 € D(F) we have T (o, w1|F) # 0 and, for every uo
in a dense subset of D(F), there exists a locally absolutely continuous strict global
A-EVI solution starting from wo;

(e) for every wo in a dense subset of D(F), there exists a locally absolutely continuous
solution of (8.1.2) starting from o,

then F generates a A-flow.

Proof. (a) Let D be the dense subset of D(F) for which (EE) is globally solvable.
For every po € D we define Si[uo], t > 0, as the value at time t of the unique
A-EVI solution starting from pp, whose existence is guaranteed by Theorem 9.2.9.

If uo, w1 € D, T > 0, we can find T, L such that .# (uo, T, T,L) and .# (uq,7,T,L)
are not empty for every T € (0, T). We can then pass to the limit in the uniform
estimate (9.2.1) for every choice of Mt € #(ui,1,T,1),i=0,1, obtaining (9.2.17)
for every po, 1 € D.

We can then extend the map S; to D = D(F) still preserving the same property.
Proposition 8.1.6 shows that for every py € D(F) the continuous curve t — St [uo]
is a A-EVI solution starting from .

Finally, if n : [0,T’) — D(F) is any A-EVI solution starting from pp, we can
apply (9.2.2) to get

W2 (e, ML) < (2Waluo, ) + Clr, L TV et (9.218)

forevery t € [0,T], T < T" and 7 < 7, where C(7,L, T) > 0 is a suitable constant.
Passing to the limit as T | 0 in (9.2.18) we obtain

W (e, Selwr]) < 2Wa(po, et for every t € [0, T]. (9-2.19)

Choosing now a sequence L1 , in D converging to wo and observing that we can
choose arbitrary T < T’, we eventually get wy = S¢lpo] for every t € [0, T').

(b) Let D be the dense subset of D(F) such that there exists a global strict A-EVI
solution starting from D. By Theorem 9.2.7 such a solution is unique and the
corresponding family of solution maps S : D — D(F) satisfies (9.2.17). Arguing
as in the previous claim, we can extend S; to D(F) still preserving (9.2.17) and
the fact that t — S¢[uo] is a A-EVI solution.

If wis A-EVI solution starting from 1y, Theorem 9.2.7 shows that (9.2.19) holds

for every ny € D. By approximation we conclude that p1y = S¢[po].

(c) Corollary 9.2.4 shows that for every initial datum py € D(F) there exists a
global A-EVI solution. We can then apply Claim (b).

(d) Let D be the dense subset of D(F) such that there exists a locally absolutely
continuous strict global A-EVI solution starting from D. By Theorem 8.2.1 such
a solution is the unique locally absolutely continuous solution starting from g

177



EXPLICIT AND IMPLICIT EULER SCHEMES, EXAMPLES

and the corresponding family of solution maps S; : D — D(F) satisfies (9.2.17).
Arguing as in the previous claim (b), we can extend S; to D(F) still preserving
(9.2.17) (again thanks to Theorem 8.2.1) and the fact that t — S[uo] is a A-EVI
solution.

If pis a A-EVI solution starting from po € D(F) and (13 )Jnen C Disasequence

converging to o, we can apply Theorem 8.2.3(1) and conclude that py = S¢[po].

(e) The proof follows by the same argument of the previous claim, eventually
applying Theorem 8.2.3(2). O

By Lemma 9.2.5 we immediately get the following result.

Corollary 9.2.14. If F is locally bounded A-dissipative MPVF according to (7.5.1), with
D(F) = P2(H), then for every no € P2(H) there exists a unique global A»-EVI solution
starting from .

We show now that our notion of solution is consistent with the Hilbertian
theory.

Corollary 9.2.15 (Consistency with the theory of contraction semigroups in Hilbert
spaces). Let F C H x H be a dissipative maximal subset generating the semigroup
(R¢)t>0 of nonlinear contractions [26, Theorem 3.1]. Let F be the dissipative MPVF
according to (7.5.1), defined by

F:= {(D € P,(TH) | ® is concentrated on F}.

The semigroup o — Stluol == (Ri)gro, t = 0, is the O-flow generated by F in D(F).

Proof. Let D be the set of discrete measures % 2?21 dx; with x; € D(F). Since

every po € D(F) is supported in D(F), D is dense in D(F). Our thesis follows

by applying Theorem 9.2.13(e) if we show that for every pg = 1 218, €D
there exists a locally absolutely continuous solution pu™ : [0,00) — D of (8.1.2)
starting from pg-.

It can be directly checked that
.] n
M= RO:E = — ) 8y %= Relxio)
j=1

satisfies the continuity equation with Wasserstein velocity vector v; (defined on
the finite support of ui') satisfying

Vi(x,0) = %0 = F2(x50) and  [ve(xj,0)l < [FO(x5,0)

for every j =1,---,n, and a.e. t > 0, where F° is the minimal selection of F. It
follows that

(im, vi)guy € Fluyl  forae. t >0,

so that u™ is a Lipschitz EVI solution for F starting from pjy. We can thus con-
clude observing that the map po — (R¢)s1o is a contraction in P, (H) and the
curve uf = (R¢)yug is continuous with values in D(F). O
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We conclude this sections with a result which is the natural refinement of
Proposition 9.2.6

Theorem 9.2.16 (Generation of A-flow). Let F be a A-dissipative MPVF according to
(7.5.1). Assume that Py, (IH) C D(F) and for every no € Py (IH) there exist p > 0 and
L > 0 such that, for every p with supp(p) C supp(po) + B(0, p),

there exists ® € F[u] s.t. supp(vy®@) C B(0,L). (9.2.20)

Let Fy, := F N Py, (TH). If there exists a > 0 such that for every ® € Fy,
supp(®) C {(x,v) e TH: (v,x) < a(l+ lez)}, (9.2.21)

then F generates a A-flow.

Proof. 1t is enough to prove that Fy, generates a A-flow. Applying Proposition
9.2.6 to the MPVF Fy, we know that for every po € D(Fy) there exists a unique
maximal strict and locally Lipschitz continuous A-EVI solution p : [0,T) —
Py (H) driven by Fy, and satisfying (9.2.5). We argue by contradiction, and we as-
sume that T < +o0. Notice that by (9.2.20) F satisfies (8.3.4), so that p is a relaxed
barycentric solution for Fy,. Since o € Py, (IH), we know that supp(po) C B(0,19)
for some to > 1.

It is easy to check that (9.2.21) holds also for every @ € co(Fp ). Moreover,
setting b := 2a, condition (9.2.21) yields

(v,x) < blx|> for every (x,v) € supp® € Fyp, |x| > 1. (9.2.22)

Let ¢(r) : R — R be any smooth increasing function such that ¢(r) = 0 if
T <19 and ¢(r) = Tif 7 = 19+ 1, and let @(t,x) := P(]xle~°t). Clearly ¢ <
C"1(H x [0, +00)), with

Volt,x) = 10 (e e ™" if x £0,

Vo(t,0) =0,

At @(t,x) = —bd’(Ixle ) xle "

We thus have for a.e. t € [0, T)
E _ ,—bt o / —bt
S ottrdu=et | (<bo/(xe
+ (T (1xle ™) ) d (v, %)
<] (~belxe i
TH

+ bl ([Xle ")) d: (v, x)
=0

where in the last inequality we used (9.2.22) and the fact that the integrand
vanishes if [x| < 1. We get

J e(t,x)duy =0 in[0,T);
H
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this implies that supp(u¢) C B(0, (ro + 1)e®t) so that the limit measure put be-
longs to Py, (IH) as well, leading to a contradiction with (9.2.5) for Fy,.
We deduce that p is a global strict A-EVI solution for Fy,. We can then apply

Theorem 9.2.13(b) to Fy. O

9.3 LAW INVARIANT DISSIPATIVE OPERATORS IN HILBERT SPACES

The aim of this section is to study the properties of a dissipative operator de-
fined on a Hilbert space of random variables, that is invariant w.r.t. measure
preserving maps. The results obtained in this section will be applied to Section

9.4.

In this section, (Q, B, P) is an arbitrary fixed standard Borel probability space
(see Definition 6.2.1). We denote by S(Q) the class of B-measurable maps g : Q —
Q which are essentially injective and measure preserving, meaning that there
exists a full IP-measure set Oy € B such that g is injective on Qy and g;IP = IP.
Every g € S(Q) has an inverse g~ € S(Q) (defined up to a P-negligible set)
such that g7 o g =gog™' =i P-a.e. in Q. Finally, we set

H = L*((Q,B,P); H). (9.3.1)

Definition 9.3.1. We say that a set L C 3 x H is invariant if for every g € S(Q) it
holds

(X,V)eL= (Xog,Vog) € L.

We refer to Section 6.1 for a review on maximal dissipative operators L on
Hilbert spaces, in particular for the definitions of J. and L°, denoting respec-
tively the resolvent operator and the minimal selection of L.

Lemma 9.3.2. Let L C J x J be an invariant maximal dissipative operator and let
g € S(Q). Then

1. if X € H and T > 0 it holds
J:(Xog)=(J<X)og;
2. if X € D(L) we have

L°[Xogl =L°X]og.

In particular
[JXog—TJXlg < |X09_X|g{/ (9.3-2)
for every T > 0 and X € H.

Proof. The identities J(X o g) = (J«X) o g and L°[X o g] = L°[X] 0 g come from
the invariance of L and the uniqueness property of the resolvent operator while
(9.3.2) follows from the contractivity of the resolvent operator and (1). O
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Since L is a maximal operator, there exists (see [26, Thm. 3.1]) a semigroup of
contractions (S¢)¢>o with S¢ : D(L) — D(L) s.t. the curve t — S{Xo is the unique
Lipschitz continuous solution of the evolution equation

X¢ € L[X¢] ae. t>0,

(9:3-3)
Xtlt=0 = Xo.
By [26, Thm. 3.1], we have
cft (S¢Xo) = L°[S¢Xp], fora.e.t>0. (9-3-4)

Theorem 9.3.3. Let L C JH x H be an invariant maximal dissipative operator, Xo €
D(L) and Yo € 3 be such that (Xo)yIP = (Yo)sIP. Then Yo € D(L) and

(Xo,JxXo0, L°[Xol, StX0)sIP = (Yo, J< Yo, L°[Yol, St Yo)sP VT >0, t > 0. (9.3.5)
Moreover

(a) for every X € H and © > O, there exists a 1-Lipschitz map fx . : H — H such
that J-X = fx o Xin H;

(b) for every X € D(L), there exists a Borel function hx € L?(H, XyIP; H) such that
L°[X] = hx o X in K.

Proof. Let M :={2™ | n € IN} and let (PN )nem be a N-segmentation of (Q, B, IP)
as in Definition 6.2.9, whose existence is granted by Lemma 6.2.12. Let us define

Hn =L2((Q,0(Bn),P;H), NeN, Hyp=UnenHn.

We divide the proof in several steps.
(1) If T > 0 and X € HN for some N € N, then (there exists a unique representative of)

J <X (that) belongs to Hy and
J-X(w") =T X(w")] < X(w") = X(w™)|  for every w’, w” € Q. (9.3.6)

Let Q' C Q be a full IP-measure subset of Q where both (6.2.3) and Lemma
6.2.14 hold for the increasing sequence b,, = 2™, n € N and the L2((Q,B,P);H)
function JX. Let us fix k € Iy :=1{0,...,N — 1} and show that (a representative
of) J-X is almost everywhere constant on Q{\,/k = QN NQ/, where Pn =
{ONxJkery for every N € 9. Let w/,w” € Q{wrk with w’ # w”. For every
n € N there exist k(n;w’), k(n;w"”) € Iy, such that w’ € Qp x(n,w) and
w” € Qp, x(n;w”)- By Lemma 6.2.14 we know that for n € IN sufficiently large
an,k(n;w/)/an,k(n;w”) C Onk and an,k(n;w’) N an,k(n;w”) = (). Thus, since
P(Qp, x(n;w)) = P(Qp, x(m;wr)) = 27" for every n € IN (see Definition 6.2.9),
by Corollary 6.2.7 we can find a measure preserving map gn € S(Q) such that

(gn)ﬂﬂjlﬂbn,k(n;w/] = IP|-O-bn,k(n;w”)
and gy, is the identity outside Qi (n;w/) U Qb k(n;w”)- By (9.3.2) we have

[J<Xogn—JXlg < Xogn—Xlge =0, Vn € N sufficiently large
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since X is constant on the whole Qy k. This implies that

2|
Q

By definition of conditional expectation, this means that

J.XdP = 2_“J JXdP Vvn € N sufficiently large.

bn k(nw’) Qpn kniw’

Ep J-X| 0 (PBp, )] (w') =Ep [J«X |0 (Pp, )] (w”) Vn e N sufficiently large.

Passing to the limit as n — 400 we get by (6.2.3) that Jr(w’) = J(w"”). This
proves that J X is P-almost everywhere constant on Qy i; being k € Iy arbitrary,
we can find a representative of J.X belonging to Hn. If w’/,w” € Q and w’ €
Oni, w” € Ong, 1,j € In we choose as g € S(Q) a measure preserving map
induced by the permutation o € Sym(Iy ) that swaps i and j (see Corollary 6.2.6),
so that we get

2 ¥ (@) — X(w")P

2 / 11\12
X (@) =T X (@) < 5

which yields (9.3.6).
(2) If X € D(L), there exists a sequence (Xn)n C D(L) N Ho such that X, — X

as 1 — +oo. By Theorem 6.2.8 we can find a sequence (Yn)n C Hs such that
Y — X. Define

Xp = I]/nYTL/ nelN;
since Y € Hy, we have by (1) that X, € D(L) N H. Moreover
X = Xlae < J1/mYn —J1mXloe +1J1,/mX —Xlge < [Yn —Xlge +1J1 /X —Xlge = 0,

where we used that the resolvent operator is a contraction.
(3) For every T > 0 it holds

(Xo, J<X0)glP = (Yo, J<Yo)4IP. (9:3.7)

By (2) we can find (X;,)n C Ho ND(L) such that X;, — Xo. By Proposition 6.2.18
we can find (Yn)n C 3 such that (Xy, )P = (Y )4IP for every n € IN and Y, — Y.
Having X, and Y, the same discrete law, there exist measure preserving maps
gn € S(Q) such that Y, = Xy, 0 gn, so that by Lemma 9.3.2 we get

(Yn, ITYn) = (Xn/ ITXﬂ.) odn
which implies

Passing to the limit as n — 400 we obtain (9.3.7), by the continuity of the resol-
vent operator.
(4) Yo € D(L) and (9.3.5) holds. By (9.3.7) we have in particular that

J<Yo —Yo
T

JXo —Xo
T

VT >0

H

H
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so that
Yo —Y,
im | JYe = Yo _ IL°[Xollsc < +o0.

This gives that Yo € D(L) by e.g. [26, Proposition 2.6(iv)]. By Lemma 9.3.2 we
have that, for every 1,0 >0, t > 0 and m,n € IN, it holds

Xn—X Yn—Y
<Xn/ITan Icrnfn, (It/m)mxn> = <YTLIITYTLI Lyno_n/(lt/m)mYn> °gn
so that
Xn—X Yn—Y
<Xn/ JXn, ](rnfn, (It/m)mxn) P = (Yn/ J<Yn, Icrnin, (]t/m)mYn> .
i #

Using the continuity of the resolvent operator, we can first pass to the limit as
n — +oo and then as o | 0 and m — +o00, obtaining (9.3.5).
(4)Claim (a). Let X € H and let T > 0; by Theorem 6.2.8 we can find (Xn)n C Hy

s.t. X, = X. By (9.3.6) we have
|ITXTL((-U/) —JXn(w)| < |Xn(wl) — Xn(w)] for every w, w'eQ,neN.

Let us consider two representatives of J.X and X, a full measures set Q¢ C ) and
a subsequence (Xn, )k s.t. Xn, (W) = X(w) and JXn, (w) = JX(w) for every
w € Qo. Passing to the limit in the above inequality for every pair (w, w’) € Q3,
we obtain that

T X(w") = T X(w)] < [X(w') — X(w)] for every w, w’ € Q.

This gives the existence of a 1-Lipschitz function fx  : X(Qp) = Hs.t. (JX)(w) =
fx «(X(w)) for every w € Qp. By Kirszbraum theorem we can extend it to the
whole H and it is easy to check that fx . does not depend on the chosen repre-
sentative of X.

(5)Claim (b). Since 7' (J:X —X) — L°[X] as T | 0, we can find a vanishing sub-
sequence (Ty)y, representatives X and L°[X] and a full measure set Qp C Q
s.t.

X, (X(w)) — X(w)

lim UriX)(w) = X{w) _ lim = L°[X](w) for every w € Q.
k Tk k Tk

This means that the Borel set

f —
Ex i= {x € H | Ilim XX =X X}
k Tk

contains X(Qg). We can thus define hx : H — H as®
limy (I ey By,

hx(x) = Tk (9.3.8)
0 if x € H\ Ex.

One can alternatively notice that X(Qg) is tx-measurable since it is a Souslin set (see [20, Theorem
7.4.1]); this means that we can find Eq,E; € B(H) s.t. By C X(Qp) C E; and tx(E2 \ Ey) = 0. Then
hx can be defined as in (9.3.8) with E; in place of Ex. The equality in (9.3.9) holds then in the full
P-measure set X' (Eq).
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Of course hy satisfies
L°[X](w) = hx(X(w)) for every w € Qg (9.3.9)

and it is easy to check that hx does not depend on the choice of the representative
X and that hx € L2(H, X;P; H). O

Let us conclude this section with the following simple remark: if L C JH x ¥
is a maximal dissipative operator we can define the associated MPVF

FL:= {(X, V);P | (X,V) € L} C P,(TH).

It is clear that Fy is dissipative: if ®,¥ € Fr, we can find (X, V), (Y, W) € L such
that (X, V)3IP = ® and (Y, W);IP = V¥ so that

[, W], < (V—W,X—Y) <0

by dissipativity of L.
9.4 DISSIPATIVE OPERATORS: FROM WASSERSTEIN TO HILBERT

In this section we will work under the following assumptions.
Hypothesis 9.4.1. We assume that:

(@) 91 is a fixed unbounded directed subset of the integers w.r.t. the order
relation < as in (6.2.4).

(b) (Q/ B/ ]P/ (mN )Ne‘ﬁ)/ Wlth ;BN = {QN,TL}TLEIN and IN = {O/ ey N - ]}/ iS a
fixed 91-refined standard Borel probability space as in Definition 6.2.9.

(c) Fis a fixed dissipative MPVF as in Definition 7.5.3 with A = 0.

(d) C c D(F)NPx(H) is a fixed nonempty set such that CNPn(H) is W-
relatively open in P (IH) and convex along couplings in Pn(IH x H) for
every N € 91, where we recall that

P (H) = {pE‘Pf(]I—I):Np(A) EJNVAC]H} (9.4.1)

and we define

Px(H) == U Pn(IH). (9-4.2)
Nex

We call such a set C a 91-core for F.
We denote by By := o (Bn), N € 9N, and set
H:=17((Q,B,P;H), Hn:=L1*((Q BN P);H), Ne, Hy:=UnenHn
(9-4-3)

and we recall that 3., is dense in J{ by Theorem 6.2.8.
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Thanks to Corollary 6.2.3 we can parametrize measures in P(IH) by random
variables in (Q, B,P). On the other hand, every element X € 3 induces a mea-
sure 1y := X3P € P2(H): the map 1 : H{ — P2(H), X — 1x is 1-Lipschitz, since

Wi(ix, ty) < [X—=Yls for every X,Y € H. (9-4-4)

Similarly, to every pair (X,V) € H x H we can associate the measure Lirv =
(X, V)P € P>(TH). We can identify H with the space Hy of maps x : Iy — H
such that X(w) = x(n) whenever w € Qn n. In this case we set X = In(x).
Clearly ((Hn) = Pn(H).

The isomorphism % preserves the scalar product on Hy

N-—1
oy =N Y (x(n),y(m) = E[(An(x), An ()] = (An(x), I (y))s
n=0

(94.5)

for every x,y € Hy. The conditional expectation Ty = E[-|Bn] provides the
orthogonal projection of an arbitrary map X € J onto Hn:

X (w) = NJ XdP if w e Onn. (9.4.6)
QN,n

Notice that
if M | N then By € By and Ty = TTpg o TN, (9-4.7)

For every X = #N(x) € H(n the probability measure tx = X;IP takes the form
tx = N1 ZE:_& dx(n) € Pn(H) and we have

Woo(tx, ty) < max x(n) —ym)] < NIX =Y. (94.8)
We denote by On C Hy the subset of the injective maps and by On = N (On) C
Hn . Since the complement of Oy is the union of a finite number of proper closed
subspaces with empty interior Si; := {x € Hn : x(i) = x(j)}, i # j, of Hy, then
On is open and dense in Hy.

Every permutation o € Sym(In) acts on Hy via ox(n) :=x(o(n)) and can be
thus extended to Hy via o( N (x)) := AN (0(x)). It is not difficult to see that, for
every X,Y € Hy, lx = Ly is equivalent to Y = oX for some o € Sym(In).

As in Section 9.3, we denote by S(Q) the class of B-B-measurable maps g :
Q — Q which are essentially injective and measure preserving, meaning that
there exists a full P-measure set Oy € B such that g is injective on Q( and
gsIP = IP. Moreover, for every N € 91, we denote by Sn(Q) := S(Q, B, IP; Bn),
i.e. the subset of S(Q) of Bn-Bn measurable maps.

Remark 9.4.2. Clearly, if X = #n(x) € Hn and g € SN(Q) then Xo g € Hy and
there exists a unique permutation 0 = o4 € Sym(In) such that Xog = 04X =
IN(xo0g). Conversely, if o € Sym(In) there exists g € Sn(Q) such that o = oy,
as shown in Corollary 6.2.6.
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We set

DOO::{XEJ{OO:LXEC},

(9-4.9)
DN =D NHN = {X € Hn :x ECQ“PN(H)}.

Lemma 9.4.3. Under Hypothesis 9.4.1, we have that for every N € 9 it holds:

1. DN and On N Dy are relatively open subsets of Hn, invariant with respect to
the action of permutations of Sym(In).

2. ONNDy isdense in Dy, and D = co(On N DN ).

3. OnNDn = Dy is convex and its relative interior in Hy coincides with Dy =
co(On NDN).

4. IfME‘ﬁai’ldNHN then Dy = DN NHM =TTm (DN), Dm :ﬁﬂg{M.

Proof. (1) Dy is open in Hy since C N P (H) is relatively open in Py (H) with
respect to Wo,, and the map X — 1x is Lipschitz from Hy to Pn(IH), thanks to
(9.4.8). ON N Dy is also open, since On is open in Hy and On = N(OnN) is
relatively open in Hy.

(2) On NDy is dense in Dy since Oy is dense in Hy and Dy is relatively
open.

On the other hand Dy is convex, since C NPy (H) is convex along couplings of
Pn(H x H) and for every X, Y € Hy the coupling u = L§<,Y belongs to Pn (H x
H). Clearly the displacement interpolation pt = x;p corresponds to ((1 —t)X +
tY);IP and belongs to C N Px (H).

Let us now show that Dy coincides with co(On NDnN). If z : In — H is an
arbitrary injective map with |z(n)| < 1 for every n € Iy, it is easy to see that
for every x € Hy there exists a sufficiently small ¢ > 0 such that x +tz € Oy
whenever [t| < e. It follows that for every X = .#n(x) € Dy we can find t > 0
such that /N (x +t2), In(x —tz) € On N Dy and therefore X € co(On N D).

(3) On N DN = Dy is the closure of a convex set and therefore it is convex. By
convexity, its relative interior coincides with Dy.

(4) The identity Dy = DN N Hw is trivial. Since Dy C Dy, in order to prove
that Dy = Tim Dy it is sufficient to prove the inclusion TTyDn C Dm. Let
X € Dn, K:=N/M, and let 0 : Iy — In be the cyclic permutation defined by

mK+k+1 if n=mK+k melpm, 0<k<K-1;
o(n):=

mK fn=mK+K-1, melmu

and let us consider its powers oF, p € Ik. It is not difficult to check that ok =
00 = Id;, and for every Y € H{pm we have oPY =Y for every p € Ix. Therefore
for every X € Hn we obtain the representation

K—1
1
Mwm(X) = X Z oPX. (9-4.10)
p=0
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Since Dy is invariant with respect to permutations and convex, we get TTp (X) €
Dn for every X € Dy, so that TTap (X) € Dy NHm = Dm.

Concerning the last property, it is obvious that Dm C Dn N Hm. On the other
hand, if X € Dy then TTmX € D so that Dy NHam € D O

Let us now study the Lagrangian representations of ® € P,(TH). We can
consider the (not empty) set of all the maps (X, V) € H? such that (X, V)P = ©.
A particular case arises when the first marginal p = x; @ of ® belongs to P (IH).
In this case, X has the form X = N (x) € Hn, so that p = XyIP = % ZkeIN Ox (k)
and we can construct V from the representation of ® given by

1
O = N Z Oy, x3@x = Ox (k). (9-4.11)
keln

for a family (@y)ker,, € P(TH), by setting V(w) = Vi (w) if w € QN x, where
Vi € LZ(QN,k,]PL()N’k,' H) are maps such that (Vi )sPla,, = % vy Dy.

In the general case, when ® € P,(TH), it is easy to check that if (X, V);IP = @
and Y € H then

[@, % yIro < (V,X=Y)sc. (9-4.12)

A particular important case arises when X € On and Y € Hy: in this case @y
is uniquely determined by the disintegration of ® w.r.t. u, and V]| Oni coincides
with Vi, with Vi as above, and

(V,.X=Y)gc = (TINV, X=Y)g, TInV(w) =bo(x(k)) ifwe€ Qnk. (9-4.13)

It is easy to check that
[@, % ylro = (V,X=Y)5 = (TINV,X=Y)g if (X, V)P =D, X € On, Y € Hn,
(9-4.14)

since Lily is concentrated on a map. We thus set
Fr = {(X,I'INV) € (ONNDN) x Hn t (X, V)P € F}. (9.4.15)

We will also adopt the notation V € Fn[X] if (X,V) € Fn. It is easy to check
that for every o € Sym(N) and (X, V) € Fny we have (0X,0V) € Fn. Indeed, if
(X, V) € Fn then there exists W € H such that (X, W);IP € F and V = TIyW. By
Corollary 6.2.6, we can write X = Xog € On NDn and (Xog,Wog)ylP € F. To
conclude, it suffices to notice that Iy (Wo g) = oV.

Moreover (9.4.14) and the dissipativity of F along couplings in Py (IH x H)
given by Lemma 7.8.2 yields

so that Fy is a dissipative set in Hn x Hn with open domain D(Fn) = On N Dn.
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Proposition 9.4.4. Let us assume Hypothesis 9.4.1. For every N € 2 the dissipative set
Fn admits a unique maximal extension Fr in Hn x Hn with Dy € D(Fn) € Dy,
Fn can be equivalently characterized by

X, V)efn & XeDn, VeHn, (V=W,X—=Y)3 <0 Y(Y,W)€Fn,

(9-4.17)
and, whenever X € D, Fn[X] = co (Fn([X]), where
FnX = {v € Hn I (X, Va) € Fu i Xn — X, Vi — v}. (9.4.18)
Fn is invariant with respect to permutations
(X,V) eFn, 0 € Sym(In) = (oX,0V)e Fn (9-4.19)
and for every X,Y € Dy, we have
VeFnX, YeFlyl = (V,X=Y)+ ¥, ]o <O (9.4.20)

Finally, if M| N = KM, X € D, and (X, V) € Fn then TV € Fap[X]. Conversely,
ifXe€Dmand W e FamIX] then there exists V € H such that

(X, V)eFn, W=TIpmV. (9.4.21)

Proof. (9.4.17) and (9.4.18) follow by the fact that Dy is convex and open and the
domain of Fy is dense in Dy, see Lemma 9.4.3 and Theorem 6.1.3.

Using (9.4.17) it is immediate to check that Fy satisfies (9.4.19), since for every
(X,V) € Fn and (Y, W) € Fn

(6V—W,oX=Y)g=(V—0"TW,X—0""Y)g <0,

since Fn and the scalar product in H{y are invariant by the action of permuta-
tions in Sym(In).

If (X,V) € Fn, (9.4.20) follows immediately since there exists W € I such that
O = (X,W);P € F, V =TInW, and (9.4.14) yields (V,X —=Y)q = [O, Lf(,y]no SO
that

(V,X=Y)gc+ ¥, % xIr0 = [@, X ylr0 + [¥, 1§ x]r0 < O (9-4-22)

by (7.8.7).

If X € DN and V € Fn(X] according to (9.4.18), then there exist (Xn, Vi) € Fy,
Xn € OnN Dy, such that X, — X and V,; — V. We can pass to the limit in
(9.4.22) written for (Xy, V) and using Lemma 7.3.1 we obtain that (X, V) satisfies
(9.4.22) as well. Finally, since (9.4.22) holds for every V € FyI[X], it also holds for
every V € co (Fn[X]), hence (9.4.20).

Let us now suppose that M | N, (X,V) € Fn and X € Dym. We want to
show that W := TTpmV belongs to FmiX] by using (9.4.17). If (Y,U) € Fpm with
Y € Om N D, we have U = TTp U with (Y, U');P = @ € F, so that (9.4.20)
yields

(V,X=Y)3+ @, 5 xJr0 < O. (9.4.23)
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Since Y € Opm and X € Hp we have [©, L%,X]T,O = (U, Y —X)g¢ by (9.4.14); since
X—Y € Hm we also have (V,X—=Y)q = (TTmV, X—Y)g¢ and we get

(W, X =Y)g¢ + (WY = X)g¢ = (V, X = Y)gc + [@, 13 ]1,0 < 0. (9.4.24)

Hence, by (9.4.17) (X,W) € Fym. In particular, the above property shows that
if G : DNy — Hy is an arbitrary single valued selection of Fn, the restriction
of TTm 0 G to Dy is a selection of Fy. To conclude we need to prove that the
property holds also if X € Dp. Recall that by Lemma 9.4.3(3), D(Fm) = D.
Then if X € Dpq, by Corollary 6.1.4 we have that W belongs to Fym [X] if and only
if

(W—=(TTm o G)|p, [Y,X=Y)3 <O forevery Y e Dy, (9-4.25)
i.e., if and only if

(W—GI[Y],X—=Y)5 <0 foreveryY e Dp. (9.4.26)
If V € FnIX], then using Corollary 6.1.4 we have

(V=GIY],X=Y)5 <0 foreveryY e Dy D Dpm,

hence by (9.4.26) we get TTpmV € Fm X
Let us now show the converse implication. If X € Dy and W € FamIX], we

need to prove that W € Ty (f:N [X]). Since D(G) = D, by Corollary 6.1.4

and Theorem 6.1.3 applied to B := G, we get T (IA:N [X]) = TIm (GIX]) =
TTam (@(G[X])), where

GIX = {z € Hn :IXn € D : Xn = X, G(Xy) Az}.

Similarly, denoting by G := (TTm o G) |p,,, by Corollary 6.1.4 and Theorem 6.1.3
we get

N

FmlX! = §IX] = (SIX)
=0 ({Z € Hm :3IXn € D i Xn — X, G(Xn) = Z))
=TT (0 (GIX])),

where the proof of the last equality can be pursued as follows. We first observe
that

(Z€Hm:3IXn € Dm : Xn — X, G(Xn) — Z}
=TTMIW € Hn : 3Xn € DN Xn = X, G(Xn) — W)) =TTm(GIX)),

by using the local boundedness of G as a selection of G (see [26, Prop. 2.9]) and
the fact that 1Ty, is a linear and continuous operator. Then we notice that

@ (Mw(GIX])) = M (co(GIX])) = My (o (GIX])),

where the first equality follows by linearity of TTypq and, for the second, we ex-
ploit again the local boundedness of G as a selection of G and the linearity and
continuity of TTy. Hence the conclusion. O
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We can improve (9.4.20) with the following result.

Lemma 9.4.5. Let us assume Hypothesis 9.4.1 and let N € N. Then
(V,X=Y)+ ¥, 1§ x]r0 <O (9.4.27)
for every (X,V) € Fn, Y € D(FN) and every ¥ € Fluy].
Proof. We start by proving (9.4.27) in case X € Dy . Let
Ys:=(1=5)Y+sX € Dy
for every s € (0, 1]; then, by (9.4.20), we have
(V,X=Ys) +[F, 3, xIro0 <O.
Using (7.4.5) we can rewrite the above equation as
(V,X = Ys) + (1=3)[F, 1§ xlr,s <O,
which, together with (7.8.7), gives
(V,X=Ys) + (1=3)[F, 1§ xJro0 <O.
Passing to the limit as s | 0, we obtain
(V,X=Y)+[¥, 15 xJro <O YX€Dn,VeFnX],YeDFN),Y € Flyl. (9.4.28)

We come now to the general case; let (X,V) € Fn, Y € D(Fn) and ¥ € Fluyl.
We define Z = (X+Y)/2 € DN and, given T € Dy and V7 € FnIT), we set
Zy == (1—1t)Z+ Tt € Dy for every t € (0,1]; we take, for every t € (0, 1], some
V, € FnlZ4). Clearly

(X, V), (Ze, Vi), (T, V1) € By V€ (0,1].
We compute

(V,X=Y)+[¥, & x]ro =
=(V—=Ve, X=Y) = (Ve, Y= X) + [¥, 1§ xr0
=2(V—Vy, X—Z) = 2(Vy, Y = Z) + 2[¥, § 7]+0
=2(V—=Vy{, X—=Z¢) = 2(Ve, Y= Z¢) + 2[¥, 5 2, )0
V=V, Z —Z) = 2(Vy, Zy — Z) = 2[¥, 5 7 Jv0 + 20¥, 5 2)r0
=2(V =V, X—Z¢) —2(Ve, Y= Z¢) + 2[¥, § 2, )0
FAVT =V, Ze = Z) + 2(V = 2V7, Zy — Z) = 2[¥, 1§ 7 Jv0 + 2%, 3 71v0
=2(V—Vy, X—Z¢) +2(Ve, Ze = V) + 2[¥, 5 7 0

4t
+ 1—_t<vT — Vi, T=Z) +26(V—2V1, T—Z) —2[¥,§ 7 Jr0
+ Z[W/ L%/Z]T‘,O

<24V =2Vy, T—Z) = 2I¥, 1§ 7 Jv0 + 2[¥, § 7]v0,
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where we have used again (7.4.5), the dissipativity of Fy and (9.4.28) applied to
Zi € DN, Vi € BN[Z4). Passing to the limsup as t | 0, we get

N

<V,X - Y> + [\y/ L%/X]T,O < 2[‘{]/ L%]Z} T',O - Zqulénf[w’ L%,Zt]T,O ~ O

by Lemma 7.3.1. O

Proposition 9.4.6. Let us assume Hypothesis 9.4.1. Then for every X € Ho, and every
T > 0 there exists a unique X € Hy, such that

X e Hn = X € D(FN) € Hn and Xe — X € tFn XAl (9-4.29)
Moreover
Xe(w’) — X () < X(w') = X(w™)|  for every w’,w” € Q. (9.4.30)

Proof. Since X € H, there exits N € 91 such that X € Hy. Since Fn is maximal,
recalling (6.1.3), there exists a unique solution X N € D(Fy) of

XT,N —Xe T]A:N [XT,N]-

The invariance of Fy by permutations shows that (0X)n = o(X¢n) for every
o € Sym(In). In particular, by dissipativity of Fny we have

<UXT,N —0oX— (XT,N — X)/ GXT,N - XT,N>J{ < 0
so that
|oXt N — XeNlse < |oX —X|g¢  for every o € Sym(In).

If w' € On,i, w” € QOny, 1,7 € In, and we choose as o the transposition which
shifts i with j, we get

2
SXen (@) = Xen(w)? < SIX(@) = X(w")2

2
N
which yields (9.4.30).

Let us now suppose that X € Hy with M | N. X1 N belongs to Hn by (9.4.30),
so that X;n € DnNHm = Dm by Lemma 9.4.3(4). By Proposition 9.4.4, for
every Y € Dy and W € FamlY] we can find V € Fn Y] such that W =TTV, so
that by dissipativity of Fr we have

(Xen — X =TV, Xen — Vg < 0. (9.4.31)

Since X¢Nn —Y € Hm, we can replace V with W = TIpV in (9.4.31), thus ob-
taining that X n — X € T]A:M[XT,N] by Corollary 6.1.4, i.e. Xe{n = X¢m. If M, N
are arbitrary and X € Hny N Hy, then setting R := MN the previous argument
shows that X: m = X¢r = XN O

Corollary 9.4.7. Let us assume Hypothesis 9.4.1, let M € M and let X € D(Fpm). Then

1. X € D(FN) for every N € M s.t. M| N.
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2. F°[X] := limq o XTT_X e FmIX]. In particular F°[X] € FnIX for every N € N
s.t. M| N.

3. [F°[Xllsc < [Vlg for every V € Fn X and for every N € 9ts.t. M| N.
4. Xz —Xlge < T[F°[Xllg¢ for every T > 0.
Moreover, for every X,Y € Uneq D(FN), we have
(F°IX] —F°[Y],X=Y)q < 0. (9-4.32)
Proof. By e.g. [26, Prop. 2.6(iii)] there exists the limit

Xe—X N
lim =~ =F°[X] € Fm[X]
Tl0 T

and (4) holds. If N € 9t is s.t. M | N, then X € D(Fpm) € Dy € Dy, by Lemma
9.4.3. Moreover by Proposition 9.4.6, we have that

X:—X
i e FnIXe VT >0.

T

In particular

<XT_X

T
so that, passing to the limit as T | 0, we get

—W,X:—=Y)<0 VY, W)eFn VT>0,

(FPIX|—W,X—Y) <0 Y(Y,W)€Fy,

since X — X as T | 0 by [26, Theorem 2.2]. This proves that (X,F°[X]) € Fn
and, in particular, that X D(Fn). This proves (1) and (2), while (3) immediately
follows, also using [26, Prop. 2.6(iii)].

Finally, if X,Y € Unem D(Fn), then there exist N,M € 9 s.t. X € D(Fn) and
Y € D(Fam) so that, taking R := MIN, we have

(X, F°IXD), (Y, F°IY]) € Fr
by (3) and the dissipativity of Fr gives (9.4.32). O
We can therefore define the operator Fo, C H x ¥
Foo = {(X,V) € Hoo X Hoo : IM €M (X, V) € En YN €9, M | N}. (94-33)

By the previous results, F, is well defined and dissipative with domain D(F) =
Unen D(FN), F° provides the minimal selection and, by Proposition 9.4.6, for
every X € Hy, there exists a unique X; € D(Fy) such that X — X € tF,[X].
We can then apply Lemma 6.1.5 and find the unique maximal extension F with

domain D(F) C D(Fs) and characterized by

X, V)eF & XeD(Fx), (V-W,X-Y)<0 forevery (Y,W) € Fu.
(9-4-34)
Moreover, since H, is dense in H, we have by Lemma 6.1.5 that

—HxH
F=Fo . (9-4.35)
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Remark 9.4.8. Notice that the notation F° used in Corollary 9.4.7 and in the above
discussion is coherent with the one used in Section 6.1 since, as highlighted in
the proof of Lemma 6.1.5, the minimal selection of F, when restricted to D(Fy),
coincides with F° defined as in Corollary 9.4.7. Moreover, if X € H,, the resol-
vent operator J. of F applied to X coincides with X as in Proposition 9.4.6.

Proposition 9.4.9. Let us assume Hypothesis 9.4.1, let (X,V) € Fand let g € S(Q).
Then (Xog,Vog) € F; in particular, we have that F is an invariant maximal dissipative
operator. Moreover, if Y € D(Fo,) and ¥ € Fluy], we have

(VX Y) + ¥, o < 0. (0.436)

Finally, if X € Dm for some M € M and ® € Flux], then

IF°[X]|3; < J}H b |* dix. (9-4.37)

Proof. To show that (Xog,Vog) €F, by (9.4.35), it is enough to prove that there
exist ((Zn, Wn))n C Fx s.t. Zn — Xog and Wy, — Vo g. By (9.4.35), we can
find a sequence ((Xn, Vn))n C Fo and an increasing sequence (N )n C IN s.t.
Xn = X, Vo = Vand (Xn, Va) € Fn for every N € 91 such that N,, < N.
Let (bn)n C 91 be the sequence given by Lemma 6.2.13; by Theorem 6.2.16 ap-
plied to (Q, B, P, (P, Jnen) and v := (iq, g)4IP, we can find a strictly increasing
sequence (M;); C IN and maps g; € Sij (Q) such that

(W, W)(ia, gj)sP — (U, W)4(ia, g)3P in P, (H?)

for every U, V € . Since M; is increasing and (6.2.5) holds, then for every n € IN
there exists j = j(n) € IN such that gj,,) € SN, (Q). Thus setting g;, = gjmn),
n € N, by Remark 9.4.2 and (9.4.19) we get that (X, 0 g}, Vnogy) € Fn YN et
s.t. Nn < N, for every n € IN. In particular, (Xn 0 gy, Vnog;,) € Fy for any
n € N and

(W, W)i(ia, gn)iP — (U, W)4(iq, g)sP in P2 (H?) (9-4.38)

for every U,V € H. We are left to show that X, o g, — Xo g in H (the case of V
is completely analogous). Since [X o gj, — Xy 0 g/ l5c = [X — Xqlg¢ it is enough to
show that X o g/, — X o g which, on the other hand, is implied by Xo g}, — Xog,
since [X o g/ lsc = [X|se = [Xogly. Let Y € H and let us take U = Y,V = X in
(9-4.38) so that

(Xo g Vo= | (xu)dl(Y,X)0 (ia, gh);P
S| v xe a0

= <X °g, Y>3{I

since @(x,y) := (x,y) is a real valued function on H? with less than quadratic
growth (see e.g.[5, Proposition 7.1.5, Lemma 5.1.7]). This shows that Xo g}, —
X o g. We conclude that (Xog,Vog) € F.
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We now prove (9.4.36). Let ((Xn, Vn))n as before. If Y € D(Fy,) and ¥ € Fliy],
for every n € IN we can find M, € 91 such that

(Xn, Vn) € Fn, Y €D(FN) VN ENR, M, <N,
By Lemma 9.4.5, we have
(Vi, Xn = Y) + ¥, 1§ x 10 <O YneNN.

Passing to the liminf as n — 400 and using Lemma 7.3.1 we obtain (9.4.36).

Let now X € Dy for some M € 91, and observe that, since Dy is open by
Proposition 9.4.3, JX € Dp for T > 0 sufficiently small, since J.X — X as T ] 0.
We can thus apply (9.4.20) and get

1
—JX =X T X = X)oe + (@, 5y xro < 0.

Since we have shown that F is an invariant maximal dissipative operator, by
Theorem 9.3.3, there exists a Lipschitz function fx . such that J.X = Xo fx;
thus Li J.x 18 concentrated on a map so that, by Remark 7.4.2, we have

[@, % 5. x)r0 = (ba, X —JX)s.

We hence get
1
L IX = XE < ool = J bol dix
T H

and passing to the limit as T | 0 we obtain (9.4.37).
O

Thanks to Proposition 9.4.9 and Theorem 9.3.3, for every X € D(F), the law
of (X,F°[X]) only depends on the law of X so that we can give the following
definition.

Definition 9.4.10. For every p € ((D(F)), we define F°[] as
Fou] .= (X, F°[X])4IP,

where X € D(F) is such that tx = .

9.4.1 Lagrangian EVI solutions

In this section we show that the curve t — S¢Xp solving (9.3.3) for the maximal
dissipative operator F constructed starting from F induces a 0-EVI solution for F.
We recall that by Theorem 9.3.3 the curve t — S¢Xp only depends on the law of
Xo.

In addition to Hypothesis 9.4.1, we adopt the following additional compatibil-
ity property for the core C.

Hypothesis 9.4.11. We assume that

for every u €D(F) there exists p,, € C and @, € F[u,,] such that
W (un, 1) =0, sup|@nl; < +o0. (9.4.39)
n
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Lemma 9.4.12. Under Hypotheses 9.4.1 and 9.4.11, it holds

D(F) C (D(F)) c D(F).

Proof. Let u € D(F). By (9.4.39), we can find a sequence (un)n C C C D(F) N
Pn(H) s.t. up — p and a sequence O, € Flu,] with sup_ [@r[2 < +00. We can
assume without loss of generality that

+00

Z W) (un, HTL—H) < +00

n=1

and find a sequence (Xy)n C I s.t. (Xn, Xng1)4P € To(n, Hn1) for every n €
IN (see [5, Lemma 5.3.4] and Corollary 6.2.3). Then (Xy ), is a Cauchy sequence
in H and thus there exists some X € J s.t. X, — X and XyIP = p. Moreover,
since pn € CNPyn, (H) for some Ny, € IN, we can find Z,, € Dy, s.t. 1z, = pn
for every n € IN and, by (9.4.37), we also have

sup [F°[Zn]l5 < +o0.
n

Having X,, and Z,, the same law, Proposition 9.4.9 and Theorem 9.3.3 give that
(Xn, F°IXnl) € F with

sup [F°[Xnll5 < +o00.
n

We can thus find an (unrelabeled) subsequence s.t. F°[X,,] — V € H. By (9.4.34)
we get that (X, V) € F and, in particular, that X € D(F). This proves that D(F) C
t(D(F)). Let us come to the other inclusion: if X € D(F), we can find a sequence
(Xn)n C D(Fs) s.t. X5, — X. This means that X, € TNH for some N, € IN and
we can thus find some X}, € Dy, s.t. [Xn — X[ |5c < 1/n for every n € N. It is
clear that vx; € D(F) and that tx; — ux in P2 (H). O

Corollary 9.4.13. Let us assume Hypotheses 9.4.1 and 9.4.11 and let

G = {We P, (TH) : 3W, € F: Wy — Win P5(TH), x¥y € C} < cl(F),
(9-4-40)

where cl(F) is as in Proposition 7.7.1. Then for every (X,V) e F, ¥ € Gand Y ¢ H
such that Y;IP = x4V, we have

(V,X=Y)+[Y, L%/X]T,O <0. (9-4.41)

Proof. Let X,V,¥,Y be as in the statement and set v := x4¥ = Y;IP. Then, there
exists (Wn)nen C F such that ¥, — ¥ in P5W(TH) and v, = x3¥n € C. By
Proposition 6.2.18, there exists (Yn )nen C H such that (Y, )4P = v, and Y, = Y
in (. Moreover, since v, € CNPn,, (H) for some N,, € IN, we can find Y. € U\
sty =Vn for every n € IN. Thus, having Y, and Y, the same discrete law,
there exists some gn € S(Q) s.t. Yo = Yy 0 gn. In particular we get by (9.4.19)
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that Y, o gn € D(F&) and, by Proposition 9.4.9, (Xo gn,Vogn) € Fforalln € IN.
By (9.4.36), we get

<V ogn,Xogn—Yno 9n> + [Wn, L%nogn,xogn]ﬁo <0 vn € IN.

Being g, measure preserving maps, the above relation is equivalent to
(V,X=Yn)+¥n, iy xlro<0 VYnel.

Taking the liminf as n — +o0 and using Lemma 7.3.1, we conclude. O

Corollary 9.4.14. Let us assume Hypotheses 9.4.1 and 9.4.11 and let G be as in (9.4.40).
Then for every v € UD(F)), ¥ € G and y € T(v,x;V) it holds

F°[v], Ylro < ¥, vIu1, (9-4-42)
where ¥°[v] is as in Definition 9.4.10.

Proof. Let X,Y € J be such that (X, Y);IP = y. By Proposition 9.4.9 and Theorem
9.3.3 we have that X € D(F). By Corollary 9.4.13, we have that

[F°V], Ylro = (X, FPIXDP, vlio < (FPIXL X = Y) < ¥, (% vl = ¥, V1.
O]

We recall that, given p, v € P, (IH), a generalized geodesic ([5, Definition 9.2.2])
connecting p to v is a curve (it )efo,1) C P2(IH) such that there exists y € P(H3)
with n; ’Zy and T[§’3Y optimal and

mo=u, =V, w=xf(m?’y), tel,

We denote by G(u, v) the set of generalized geodesic connecting p to v.

Definition 9.4.15. For every v € D(F) we define the set of measures that see v,
denoted by 8 (v), as

S (v) = {u € D¢ (F)

e € D(F) for every t € (0,1] }
and every (Kt)iepo,1] € G(v, 1)

Theorem 9.4.16. Let us assume Hypotheses 9.4.1 and 9.4.11, let p € D(F) and let
® € P, (TH|w) be such that

(@, Y] +[¥,ul, <0 VYEG, (9-4-43)

where G is as in (9.4.40). If for every p’ € D(F) the set Sg (1) is non-empty and open
in P¢(IH) with respect to the Wuo-topology, then for any v € ((D(F)) we have

[F°[v], @], < 0. (9-4-44)
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v

Figure 3: The plans used in the proof of Theorem 9.4.16.

Proof. We start by proving the theorem in case v € (D(Fy)). By the geodesic
convexity of D(F) (given by (9.4.39) and the convexity of C along any discrete
plan coming from Hypothesis 9.4.1(d)), we can find y € ', (v, u) such that x§y €
D(F) for every t € [0,1]; in particular vy, := X; /zy € D(F). Since Sg (V]/z) is
open in P¢(H) with respect to the W,-topology and supp(v) is a finite set, we
can use Proposition 6.4.3 to find v/ € 8g (vy2) such that

(supp v’ —supp v') Ndir(supp v) = {0}. (9.4.45)

Let v/ € Ty(u,v’') and let A € P(IH3) be such that 7'[;’27\ = vy and n§’37\ =y

By Proposition 6.4.2, we get that x'/2/°

For every 6 € (0, 1) we define

1/2,06
V]/Z’e = Xti/ A,

o= (x'/? on]'z,ﬁ3)ﬁ7\,
Og = (x”z’e,ﬂz)ﬁ?\,
po = (x'/20, )\

and we take Wg € G[v;,, ] and Zg € P(TH x H) with n;’zze =Yg,
such that

1°Zo = pg

J (x2,x1 —x3)dZg(x1,%x2,%3) = Yo, Polro0-
THxH

Observe that, by Proposition 6.4.1, 0 (resp. s;0) is the unique optimal transport
plan from vy ,; g to 1 (resp. from p to vy, ), so that by (9.4.43) we get

(@, s400lr,0 + Yo, 00lr0 = [<D, V1/2,9] L+ e, ul, <O. (9.4.46)
By construction, we can find Ag € P(H?) such that

7'[;'2'37\9 = Ze, 7'[;'3'4'57\9 = (X1/2’e,i]H3)ﬁ7\.

is injective on supp A for every 6 € (0,1).
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Let us define hg : H> — H as

(x7 —0x3) —x2, (x1,x2,%x3) € H3

Mo (x1,x2,%3) = 7—5

and Zg € P(H*) as
Ee = (7'[2’3,]'19 o 7'[1’3’5,7'[5)11)\9.

It can be easily checked that

(x1/20 o 234, 112),Zg = T, (9-4-47)
(x'/2om??, 7!, x1/20 o m®34), 2 € Ty (We, (x°,x°); ), (9-4-48)
(x"/20 0234 m13),2q € Th(Ye, o). (9-4-49)

By (9.4.42), we have
[F[v], sgpolro < —[Wo, polr,o- (9-4.50)

Using (9.4.47) we can thus compute

[FO [V]/Sﬁ pG]T‘,O < —[Wel pe]r,O

= (x2,x3 —x1)dZg
TH xH
[ 1/2
- 4<X1/X2_X / ,e(XZ/X3/X4)> dE@
JH
[ X2 +X3,
= (x1,x2— ) dZe
JIH4 2
X2 +X3 1/2,0 —_
+ 4<X1/T_X ’ (X2/X3/X4)>d‘:9
H
X2 +X3 -
= ]H4<X1, > —x3)d=g
J
X2 +X3 1/2,0 _
+ 4<X"T_X (x2,%3,%4)) dZg
H
X2+X3 1/2,0 —_
=2 4<X1,T—X P (x2,%x3,%4)) dZg
H

+1 (xa,x"20(x2,x3,%4) — x3) dZe
JH4

1/20 o 1234y, 2

1/2 .23 _1
:2J (x2,%x1 —x3)d(x /2 o3 x 10
TH xH

r

+ (x2,%1 —x3) d(x!/20 0 >34 7! 2) =g
THxH

< 2[\1}6/ (Xorxe)ﬁ“]lﬂ + [\yel O-G]T‘,O/

where we have used (9.4.48), (9.4.49) and the fact that I'H(Wp, 0g) contains a
unique element, being o induced by a map w.r.t. v /; g, as previously remarked.
By (9.4.46) we get

[F°[V], s4p0lr0 < —[®@, 530010 +2[Wo, (x°,x°)yad11 = —[@,s400]r0 +20[Wo, &y 0,
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(9-4.51)

thanks to (7.4.5), Remark 7.4.2 and the a-essential injectivity of x* for every t €
(0,1) given by Proposition 6.4.2. From (9.4.42) with vy = (x!,x%);&, ¥ = ¥ and
v =v’/, we get

Fov'), (<!, x)gadro < [Wo, (x',x)pedy
which gives, using (7.4.3) and (7.4.5), that

Wo, oy 0 < [FO[v'], ey 1. (9-4.52)
Using (9.4.52) in (9.4.51) we finally get

[F°[v], sgpolr,0 + [@,5500]r,0 < 20[F°[v'], axly 1.
Passing to the liminf as 0 | 0 and using Lemma 7.3.1 we get that

FoIv], 0, x ! 2)¥l0 + (@, (<, x!/2)pv]0 <O,

Thus

% [Fo[v], @], < W], (0, X' 2)yyleo + (@, (X', x'/2)yylro < 0.
This proves the Theorem in case v € ((D(Fy)). Let us prove the general case; let
X € D(F) be such that tx = v. By (9.4.35), we can find (X1, Vn)n C Fs such that
Xn — Xand V, — F°[X]. Since (Vi )n is bounded, also (F°[Xy])n is bounded and
thus weakly converges, up to an unrelabeled subsequence, to V' € F[X], where
we used (9.4.34) to conclude that (X, V') € F. By the weak lower semicontinuity
of the norm, we have that

[Vl3¢ < Himinf[F° Xnllac < lim sup [F°[Xnllye < limsup [Viloe = [F°[X]lz,
n

n

and then V/ = F°[X] and F°[Xy,] — F°[X]. Writing (9.4.44) for tx, and observing
that F°[ux, ] — F°[v] in P,(TH), we conclude using Lemma 7.3.1. O

Remark 9.4.17. Notice that if

for every n’ € D(F) there exists xo € H s.t. dx, € S (1),

then, in order to prove Theorem 9.4.16, there is no need to assume that Sg (p’)
is open in P¢(IH) with respect to the W-topology. Indeed, condition (9.4.45) is
automatically satisfied for v/ = 84, so that the use of Proposition 6.4.3 is not
necessary.

In the following Theorem, given py € D(F), we denote
Stuo == (S¢Xo)ylP fort >0, (9.4.53)

where Xo € I is such that 1x, = po. Notice that this definition is well posed
since, by Theorem 9.3.3, S¢p only depends on py.
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Theorem 9.4.18. Let us assume Hypotheses 9.4.1 and 9.4.11 and let no,vo € D(F).
Assume that for every ' € D(F) the set 8g (1') is non-empty and open in P¢(H) with
respect to the W-topology. Let (¢)t>o be the Lipschitz curve defined by ¢ = S¢po
for every t € [0,+00) and let (v¢)t>0 be a locally absolutely continuous 0-EVI solution
for F starting from v¢. Then

W2 (e, vi) < Wa(po,vo) YVt € [0, +00), (9-4-54)

In particular (p)e>o is the unique locally absolutely continuous 0-EVI solution for F
starting from .

Proof. Let Xo € H be such that tx, = po. By Proposition 9.4.9, Theorem 9.3.3 and
Lemma 9.4.12, we have that Xo € D(F) and (us)s>0 is independent of Xy. By
Lemma 9.4.12, since ((D(F)) € D(F) and SsXo € D(F), we have that (Ms)s>0 €
Lip([0,+00); D(F)). Let us define for every s > 0, v¢ : H — H as vs(x) =
hs_x,(x) (see Theorem 9.3.3(b)); by (9.3.4) we get

Osps + V- (usvs) =0 foreverys >0

in the sense of distributions.

(1) (Ks)s>0 is a 0-EVI solution for F. Let ® € Fand t € A((us)s>0,x;P) be fixed,
where A((Ws)s>0,x3 @) is the subset of A((s)s>0) coming from in Theorem 7.2.1.
Observe that, since G C cl(F) (cf. (9.4.40)) and the latter is dissipative by Propo-
sition 7.7.1, we have that

(@, Y] + [¥,x®@] <0 VYeG. (9.4.55)
By Theorem 7.2.1,

1 d

2ds Wz Hs,XnCD [1]H,Vt ﬁlvtt,Xu(D}

s=t

=[(s Xo, °[SXol)4P, x; @]

[ 1 @],

- [q)/ I"Lt]r 7

where, thanks to (9.4.55), we applied Theorem 9.4.16 to get the last inequality.
This proves that (ps)s>0 is a 0-EVI solution (cf. Definition 8.1.1) for F starting
from py € D(F).

(2) (Ks)s>o0 is the unique absolutely continuous 0-EVI solution for F starting from po.
Let (vs)s>0 be a locally absolutely continuous 0-EVI solution for F starting from
vo € D(F) and let w be its Wasserstein velocity field coming from Theorem 2.4.6.
Let t € A((1s)s>0, (Vs)s>o0) be fixed, where A((ps)s>0, (Vs)s>0) is the subset of
A((ts)s>0) NA((Vs)s>0) coming from in Theorem 7.2.3. By definition of 0-EVI
solution for F we have that

1d .
za W%(VS,Xﬁ\yl) = [(1H,Wt)ﬁ'\/t,Xﬂlyl]T < — [\lj,’vt]T W/ cF. (9456)
s=t

If ¥ € G (cf. (9.4.40)), we can take a sequence (V] )n C F converging to ¥ in
P5W(TH) obtaining by Lemma 7.3.1 that (9.4.56) holds also for ¥ so that

[(iIH,Wt)th,XnW]T <[, v, WeG. (9-4.57)
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We thus have by Theorem 7.2.3 that

1d
7| Wz (s, vs) = [, ve)gre, (i, Wi)gve]

[ tXOIFO [S¢Xo])sIP, (11H1Wt)u\/t}

[ t], (i, We)gve ]

//\

/

where we were allowed to use (9.4.44) with ® = (i, W)y v¢ thanks to (9.4.57).
Thus

Wi (e, vi) < Walpo,vo) Vit € [0,+00)

so that we obtain the sought uniqueness. O

9.4.2 JKO scheme and Hilbertian resolvent

The aim of this section is to show that, under suitable assumptions, the JKO/Min-
imizing movement scheme for ¢ : P> (IH) — (—o0, +00] and the (law of the) Im-
plicit Euler Hilbertian scheme constructed starting from the MPVF —0¢ coincide.
We will work under the following assumptions.

Hypothesis 9.4.19. We assume that:

(@) 91 is a fixed unbounded directed subset of the integers w.r.t. the order
relation < as in (6.2.4).

(b) (Q/ 3/ ]P/ (mN)NE‘ﬁ)/ with SBN = {QN,TI}TLGIN and IN = {O/ oo /N - ]}/ is a
fixed N-refined standard Borel probability space as in Definition 6.2.9.

() ¢ : P2(H) — (—o0,+00] is a proper, lower semicontinuous and geodesi-
cally convex functional.

(d) C C D(¢p)NPn(H) is a fixed nonempty set such that CN Py (H) is W-
relatively open in Pn(IH) and convex along couplings in Pn(IH x H) for
every N € 91, where Py (H) and Py (H) are as in (9.4.1) and (9.4.2) respec-
tively.

(e) Cisdensein energy, meaning that for every u € D(¢) there exists (in)n C C
such that

tn = and  G(pn) = G(W).

We consider the MPVF F := —0¢ C P,(TH), the (opposite of the) Wasserstein
subdifferential of ¢ defined as

Ye-od(n iff peD(d), ¢(v)—d(p) =M, vl. foreveryve D(d).
(9-4.58)
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It is easy to check that F is a dissipative MPVF. We will use the notations
H, Hn, v, D, Fn, F, Foo, F precisely as in the first part of Section 9.4 with F =
—0¢. Finally we denote by 1 : H{ — (—o0, +-00] the functional on I defined as

V(X):=d(x) XeXH

Proposition 9.4.20. The functional \p is proper, convex and lower semicontinuous. In
particular, ¢ is convex along any coupling and the opposite of the subdifferential of 1\,
—0p C I x X, is a maximal dissipative operator.

Proof. We only check the convexity of 1\ since the other properties are trivially
inherited by the functional ¢. We proceed in two steps.

(1) ¢ is convex in C, meaning that for every po, w1 € C, every u € I'(uo, w1) and every
t € [0,1] it holds

dxr) < (1—t)d(ro) + td (k).

The thesis follows if we prove that f(t) := ¢(pu), t € [0,1] is convex, where
WUy = x§ u. By Theorem 6.5.2 there exists a natural number K € IN and times
0=ty <t;] < - <tk_q < tg =1 such that X;H’tju is optimal for every j =
1,...,K. Setting sp; :=1t;,j =0,...,Kand szj41 = (t; +tj11)/2,j =0,...,K—1,
we get a partition 0 = sp < 57 < --- < sy—1 < sy = 1 with N = 2K of [0, 1]
such that xgj”’sj w,j=1,...,N,is the unique optimal transport plan connecting
its marginals. Hence, f is convex in each interval [s;_1,s;] for j = 1,...,N by
definition of geodesic convexity. In particular, f is continuous in [0, 1], the right
(resp. left) derivative of f, denoted by f/ (resp. f}), exists at every point of [0, 1)
(resp. (0,1]) and it is increasing in each subinterval [s;_1,s;j) (resp. (sj—1,s;l);
moreover f] and f| coincide in a dense set I C U]K:] (sj—1,5sj). Letnow t € [0, 1)
and letj € 1,...,N be such that t € [sj_1,s;); let h > 0 be such that t + h <'s;.
By definition of subdifferential at py and using the fact that x§’t+hu is the unique
element of ' (1, Letn), we get that

f(t + h) - f(t) > [Dy, H-t+h]r = [q)t,Xg't—FhH]r,o = h[Dy, u}r,t

for every @y € —9¢(p). Dividing by h and passing to the limit as h | 0 shows
that f/.(t) > [0, ulr,¢. The same argument shows that f{(t) < [-9¢, uly ¢ for
every t € (0, 1]. This, together with Theorem 7.6.2 also implies that, if u € I, then

fr(u) = f(w) = [0, ulru = [0, uliu.

To conclude that f is convex it is enough to show that f{(s;) < f;(s;) for every
j=1,...,N—1.Letusfixj € {1,...,N —1}and let us consider any s € (sj_1, s;)
and t € (sj,sj+1). Then we can find two points u; € (s,sj)NIand u; € (sj,t) N1
so that

fi(s) < fl(ur) = [-0d, vy <[00, pliu, = fr(ua) < (1),

where we have used (7.8.7) for the second inequality. Passing to the limit as
s 1 sj and t | s; and using the right (resp. left) continuity of the right (resp. left)



9.4 DISSIPATIVE OPERATORS: FROM WASSERSTEIN TO HILBERT

derivative (see e.g. [102, Theorem 24.1]), we conclude. This proves the convexity
of f and concludes the first step.
(2) b is convex.

Let X,Y € D(\) and let t € [0,1]; then x, 1y € D(¢) and we can thus find
by Hypothesis 9.4.19(e) sequences (iin)n, (vn) C C such that W5 (pun,1x) = 0,
Wo(vn, ty) = 0, d(pn) — d(1x) and ¢(vn) = $(1y) as 1 — +oo. By Proposition
6.2.18 we can find sequences (Xn)n, (Yn)n C H such that tx, = pn, vy, = Vn,
Xn — Xand Y, — Y. In particular by step (1) with p = Lg(n,Yn we have that

(1= Xn +tYVn) = ik vy,
< (T—=t)d(un) +tdp(vn)
= (] _t)w(xn) +t¢(Yn)-

Passing to the lim inf,, and using the lower semicontinuity of \ yield the sought
convexity. m

Proposition 9.4.21. Under Hypothesis 9.4.19, it holds
F=—-0y.

Proof. Since both operators are maximal dissipative it is enough to prove that
F C —01. We do it in several steps.
(D IfFNeN, (X, V) eFn, Y €Dy, then p(Y) —p(X) = (V, X =Y)s.

By the very definition of Fy, there exists W € H such that V = TInW and
(X, W)IP € —0¢ ie.

YY) =(X) = diy) = dix) = [(X, WhP, iv], = (V, X =Y)y,

where we used (9.4.14) for the last equality.
@ IFNeN X, Ye Dy, VeFnX], then v(Y) —P(X) = (V, X —Y)g.

This follows by step (1) arguing as in the proof of (9.4.20), first approximat-
ing V € FnIX] with elements of Fy and then by using the equality FN[X] =
o (FnIX]).

() N €M, (X, V) € Fn, Y € D(FN), then $(Y) —h(X) = (V, X —Y)y.

This follows by step (2) arguing as in the proof of Lemma 9.4.5 replacing
¥, & o with $(X) — (V).

(4) I (X, V) € Fu, Y € D(), then $(Y) —(X) > (V, X — V).

If (X, V) € Fy there exists M € 9t such that (X, V) € Fy for every N € 91 such
that M < N. By Hypotesis 9.4.19(e) we can find a sequence (vn,) C C such that
W3 (vn, ty) = 0 and ¢(vn) — $(1y) as n — 4o0. By Proposition 6.2.18, we can
find a sequence (Yn)n C H such that ty, = vy and Y, — Y. We can thus find a
sequence (Ny) C 9 such that (X,V) € Fn, and Y, € Dy, C D(?Nn) for every
n € IN. By step (3) written for (X, V) and Y, and passing to the limit as n — +oo,
we conclude.

(5) If (X, V) € F, then (X, V) € —0.

By (9.4.35), we can find a sequence (Xn,Vn) C Fy such that X, — X and
Vi — V. Let Y € D(y); by step (4) written for (X, V) and Y and passing to the
limit as n — 400, we conclude. O
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Proposition 9.4.22. Under Hypothesis 9.4.19 the the Implicit Euler scheme provides a
step of JKO scheme. In particular, let w € P, (H) and let T > 0. If X € H is such that
tx = W, then the law pr of X1 := J X satisfies

. [ 1
W € argmin {2W§(H,V) + d)(v)} , (9-4-59)

vePy(x) LT
i.e. pe is a step of JKO for ¢ starting from p.

Proof. By Proposition 9.4.9 and Theorem 9.3.3, we have that pi doesn’t depend
on the choice of X € H such that x = y; if v € P>(H), we can thus find
(X’,Y) € H? such that Li,ly € T (1, v). By the properties of the resolvent operator
J+, we have that

1 1
Plite) + 5 W3 (1, 1) S WIX) + 5 [JX = XI5

:
<W(Y) 4+ —Y = X'|?
1|)()+2T| |5¢

1
= (V) + - Wil v),

which yields the conclusion. O

In this last lemma we remark that the hypotheses we assumed on ¢ in this
section are implied by the one assumed on —0¢ in the previous section.

Lemma 9.4.23. Hypothesis 9.4.19(e) for ¢ is weaker than Hypothesis 9.4.11 for —.
Proof. In particular we show that
there exists C C D(9¢) s.t. for every u € D(9¢)
there exists (pn) C C, @ € —0dp(pn) s.t. pp = pand sup [Py < +o0
n
(9-4.60)

implies

there exists D C D(¢) s.t. for every p € D(¢) there exists (pn)n C D s.t.

tn — pand ¢(un) — G(p).
(9-4.61)

If we take D := C, we see that D € D(0¢) C D(¢p). If 0 € D(0¢) and (pn) C
D, ®,, € —0d(un) are such that pp — p and sup,, [Pnl2 < +oo, by lower
semicontinuity of ¢ we have that liminf,, ¢(pun) > ¢(p). Moreover

d(1) = d(pn) = [On, ul, = —Onl2W2(un, 1)

so that

G(un) < o) + 1@ aW2 (p1n, 1)

and passing to the limsup,, shows that ¢(un) — ¢(p). This shows that D is
dense in energy in D(9¢). Since this is dense in energy in D(¢$) we can conclude
by a diagonal argument. O
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9.5 EXAMPLES OF DISSIPATIVE MPVFS AND FLOWS

In this section we give some examples of MPVFs that fit our framework. The first
subsection 9.5.1 is devoted to subdifferentials of functionals. In Subsection 9.5.4,
we give some examples of MPVFs generating A-flows with particular properties.
We then conclude with Subsection 9.5.5, where we compare our framework with
that developed in [94].

9.5.1 Subdifferentials of A-convex functionals

Recall that a functional ¢ : P>(H) — (—oo, +00] is A-(geodesically) convex on
P2(H) (see [5, Definition 9.1.1]) if for any po, iy in the proper domain D(¢) :=
{ne Pr(H) | ¢(un) < +oo} there exists u € Ty (1o, w1) such that

Be) < (1 blato) + t{iar) — ST W3 (1o, 1)

for every t € [0,1], where pu : [0,1] — P,(H) is the constant speed geodesic
induced by p, i.e. py = x;j‘ L.

The Fréchet subdifferential 9¢ of ¢ [5, Definition 10.3.1] is a MPVF which can
be characterized [5, Theorem 10.3.6] by

O 00l = we D), biv)—d(k) > — @,V + WiV
for every v € D(¢). According to the notation introduced in (7.1.10), we set
—0p[u] =Jz0dlul, with J(x,v) := (x,—v), (9.5.1)
and we have the following result.

Theorem 9.5.1. If ¢ : P2(H) — (—o0,+00] is a proper, lower semicontinuous and
A-convex functional, then —9¢ is a (—A)-dissipative MPVF according to (7.5.1).

In the following proposition, we prove a correspondence between gradient
flows for ¢ and (—A)-EVI solutions for the MPVF —0¢. We refer respectively
to (7.6.2), (7.6.7) and Definition 7.6.4 for the definitions of I(u[F), T(,-|F) and

[F, u]o+.

Proposition 9.5.2. Let ¢ : P2(IH) — (—oo,+00] be a proper, lower semicontinuous
and A-convex functional and let i : I — D(0¢) be a locally absolutely continuous curve,
with I a (bounded or unbounded) interval in R. Then

1. if wis a Gradient Flow for ¢ i.e.
(il vi)gpe € —0d(pe) ae ted,
then wis a (—A)-EVI solution of (8.1.1) for the MPVF —9¢ as in (9.5.1);

2. if wis a (—A)-EVI solution of (8.1.1) for the MPVF —0¢ and the domain of 0
satisfies

forae tel, Fg(ut,vmd)) #0  for every v € D(0¢),
then w is a Gradient Flow for ¢.
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Proof. The first assertion is a consequence Theorem 8.1.4(1). We prove the second
claim; by (8.1.5b) we have that for a.e. t € J it holds

[(im, vo)sue, V] < il voiie medvo < =00, ndoy

for every v € D(¢) and p, € IO, vI9d). We show that for every vo, Vi €
D(d¢) and every v € T9(vo, v1|F)

00, Vios < 6(vi) — b(vo) — SWA(vo, V1) (9:5:2)

To prove that, we take s € I(v|0dp) N (0,1) and @5 € —0P(vs), where we have set
Vg 1= xgv. By definition of subdifferential we have

A
(@5, 1], < (Vi) = dlvs) = FW3(vs, 1),
Dividing by (1 —s), using (7.4.6) and passing to the infimum w.r.t. ®5 € —0d(vs)
we obtain

1 A1 —5s)

— (V) = b(vs)) - =

[_ad)IV]T,S < W%(VO/Vl)-
Passing to the limit as s | 0 and using the lower semicontinuity of ¢ lead to the
result. Once that (9.5.2) is established we have that for a.e. t € J it holds

(i ve) s V], < O(v) — dluy) — %Wﬂm,v) for every v € D(9¢). (9.5.3)

To conclude it is enough to use the lower semicontinuity of the L.h.s. (see Lemma
7.3.1) and the fact that D(9¢) is dense in D(¢) in energy: indeed we can apply
[86, Corollary 4.5] and [5, Lemma 3.1.2] to the proper, lower semicontinuous and
convex functional ¢? : P, (H) — (—oo, +00] defined as

to get the existence, for every v € D(¢), of a family (v¥)r=o C D(¢?) = D() s.t.
Vi v, MVE) = dMv) asTlO.

Of course ¢(v') — ¢(v) as T | 0 and, applying [5, Lemma 10.3.4], we see that
vT € D(3¢?). However 0 = Lg‘bcb (see (7.5.5)) so that v® € D(9¢). We can
thus write (9.5.3) for v* in place of v and pass to the limit as T | 0, obtaining
that, by definition of subdifferential, (ig, vi)sut € =0 () forae. t € J. O

Referring to [5], here we list interesting and explicit examples of (—A)-dissipative
MPVFs, according to (7.5.1), induced by proper, lower semicontinuous and A-
convex functionals, focusing on the cases when D(0¢) = P, (H).

1. Potential energy. Let P : H — R be a Ls.c. and A-convex functional satisfying

|0°P(x)| < C(1+[x|) forevery x € H,
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for some constant C > 0, where 0°P(x) is the element of minimal norm in
oP(x). By [5, Proposition 10.4.2] the PVF

Flu] := (i, —0°P)yu, w € P2(H),

is a (—A)-dissipative selection of —0Jp for the potential energy functional
Folw) = | P we D)
H

2. Interaction energy. If W : H — [0,400) is an even, differentiable, and A-
convex function for some A € R, whose differential has a linear growth,
then, by [5, Theorem 10.4.11], the PVF

Flp) == (i, (=VW=xp))yn, ne P2(H),

is a (—A)-dissipative selection of —9Fy,, the opposite of the Wasserstein
subdifferential of the interaction energy functional

1

bl =3 | Wix-y)drenxy), we ).
H2

3. Opposite Wasserstein distance. Let i € P, (IH) be fixed and consider the func-
tional pwags : P2(H) — R defined as

1

Pwass (1) = —5W3 (1 1), we Pa(H),

which is geodesically (—1)-convex [5, Proposition 9.3.12]. Setting
b(n) = argmin {J b(x) = x2du : b =by € LA(H;H), v € oy, a)},
H
the PVF

Flu] == (ip, ig —b(w)sn, we P2(H)

is a selection of —9dpwass(1) and it is therefore 1-dissipative according to
(7.5.1).

9.5.2  MPVF concentrated on the graph of a multifunction

The previous example of Section 9.5.1 has a natural generalization in terms of
dissipative graphs in H x H [12, 13, 26]. We consider a (non-empty) A-dissipative
set F C IH x H, i.e. satisfying

(vo —V1,%0 —X1) < Alxo — X1 |2 for every (xo, Vo), (x1,v1) € F
The corresponding MPVF defined as

F .= {(D € P,(TH) | @ is concentrated on F}
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is A-dissipative as well, according to (7.5.1). In fact, if @y, @1 € F with vi = x; @3,
1=0,1,and ® € A(Dy, D7) then (xg,vo,x1,v1) € F x F @®-a.e., so that

(vo —Vv1,%x0 —x1) dO(x0, V0, X1,V1) <7\J xo —x1/°d®
TH x TH

= AW3(vo, V7).

J'HHX'HH

since (xo,x])ﬁ@ € I(vo,v1). Taking the supremum w.rt. @ € A(Dp, Dq) we
obtain [®, 1], < )\W%(vo,w) which is even stronger than A-dissipativity. If
D(F) = H then D(F) contains P.(IH), the set of Borel probability measures with
compact support. If F has also a linear growth, then it is easy to check that
D(F) = P,(H) as well.

Despite the analogy just shown with dissipative operators in Hilbert spaces,
there are important differences with the Wasserstein framework, as highlighted
in the following examples. In particular, in Subsection 6.2 we showed how dissi-
pativity allows to deduce relevant properties when the MPVEF F is tested against
optimal directions. On the contrary, whenever v4F[u] is orthogonal to Tan,, P, (H),
we are not able to deduce information through the dissipativity assumption, as
shown in Example 9.5.3 and Example 9.5.4.

Example 9.5.3. Let H = R?, let B := {x € R? | [x| < 1} be the closed unit ball, let
Lg be the (normalized) Lebesgue measure on B, and let r : RZ — R2, v(x1,x2) =
(x2,—x1) be the anti-clockwise rotation of 71/2 degrees. We define the MPVF

(ir2,0)gv, if v.e P2(R*)\{Ls},
{(i]Rz,aT)ﬁLB |(1€IR}, if v=U_g.

Flv] =

Observe that D(F) = P,(IR?) and F is obviously unbounded at v = (g, i.e.
sup{|®[; : © € F[Lg]} = +o0.

The MPVF F is also dissipative with A = 0 according to (7.5.1): indeed, thanks to
Remark 7.1.5 it is enough to check that

[(igz, ar)yLp, V], =0 forevery v € P2(R?), a € R. (9.5.4)

To prove (9.5.4), we notice that the optimal transport plan from £g to v is concen-
trated on a map which belongs to the tangent space Tang, P2 (IR?) [5, Prop. 8.5.2];
by Remark 7.4.2 we have just to check that

J (r(x),Ve(x))dLg(x) =0 forevery ¢ € C?(IRZ),
R2

that is a consequence of the Divergence Theorem on B. This example is in con-
trast with the Hilbertian theory of dissipative operators according to which an
everywhere defined dissipative operator is locally bounded (see [26, Proposition
2.9)).

Example 9.5.4. In the same setting of the previous example, let us define the
MPVF

Flv] = (i]Rz,r)ﬁV, r(x1,x2) = (x2,—x1), VE [Pz(]Rz).
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It is easy to check that F is dissipative according to (7.5.1) and Lipschitz continu-
ous (as a map from P, (R?) to P, (TRR?)). Moreover, arguing as in Example 9.5.3,
we can show that (ige,0)3Lp € F[Lg], where F is defined in (7.7.4). This is again
in contrast with the Hilbertian theory of dissipative operators, stating that a sin-
gle valued, everywhere defined, and continuous dissipative operator coincides
with its maximal extension (see [26, Proposition 2.4]).

9.5.3 Interaction field induced by a dissipative map

Let us consider the Hilbert space Y = H™, n € IN, endowed with the scalar
product (x,y) := % > i {xi,y1), for every X = (xi)y, Yy = (Y1), € H™ We
identify TY with (TH)™ and we denote by x',v* the i-th coordinate maps. Every
permutation o : {1,--- ,n} — {1,--- ,n}in Sym(n) operates on Y by the obvious
formula o(x); = xg(1), i=1,---,n,x €Y.

Let G : Y — Y be a Borel A-dissipative map bounded on bounded sets (this
property is always true if Y has finite dimension) and satisfying

x € D(G) = o(x) € D(G), G(o(x)) =0(G(x)) for every permutation o.
(9.5:5)

Denoting by (G',---,G™) the components of G, by x* the projections from Y to
H and by p®™" = @' ; u, we have that the MPVF

Fly := (x',G")yu®"  with domain D(F) := Py (H)

is A-dissipative as well according to (7.5.1). Indeed, let u,v € D(F), vy € o (1, v)
and let

DO = (x],G1)ﬁp.®“ and Y= (x‘,G1)ﬁv®”.
We can consider the plan B := Pyy®™ € I'(u®™, v®™), where

P((Xlrl.ﬂ)/”' /(men)) = ((X]/' t /Xn)/ (1.:”/'" /Un))'

Considering the map H'(x,y) = (x1,G'(x),y1,G'(y)) we have ® := H;B €
A(D, V), so that

(@, V], < J(W —wi,x1 —Yy1)dO(x1,v1,Yy1,W1)

G'(x)—G'(y),x1 —y1)dB(x,y)

—~

j<<s‘<(x> —GM(y), e — v dB(x,Y)

=
I

I
2=
M=

1

(X) - G(U)IX—WCIB(X/U),

I
%

©

209
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where we used (9.5.5) and the invariance of 3 with respect to permutations. The
A-dissipativity of G then yields

j<G(x)—G(y),x—y>drs(x,y) <Ak yRdBixy)

M=

A

Sl= —

Jm—ykﬁ dB(x,y)

k=1

S|=
hE

A

Jb«k—yué dy (xe, Y

1
b, V).

NN &

AW

—

A typical example when n = 2 is provided by
G(x1,%x2) == (Alx1 —x2), Alx2 —x1))

where A : H — H is a Borel, locally bounded, dissipative and antisymmetric
map satisfying A(—z) = —A(z). We easily get

(G(x) —G(y),x—y)
= %((A(m —x2) —A(y1 —y2),x1 —y1) — (Alx1 —x2) —A(y1 —y2),x2 —yz>>
1

= §<A(X1 —x2) —A(y1 —y2),x1 —x2 — (Y1 —y2)) <O0.

In this case

Flu] = (ig, alul)gp,  alpl(x) = LH A(x—y)du(y) for every x € H.

9.5.4 A few borderline examples

In this subsection, we collect a few examples which reveal the importance of
some of the technical tools we developed in Section 8.1. First of all we exhibit an
example of dissipative MPVF generating a 0-flow, for which solutions starting
from given initial data are merely continuous. In particular, the nice regularizing
effect of gradient flows (see [25] for the Hilbert case and [5, Theorem 4.0.4, Theo-
rem 11.2.1] for the general metric and Wasserstein settings), according to which
a solution belongs to the domain of the functional for any t > 0 even if the initial
datum merely belongs to its closure, does not hold for general dissipative evolu-
tions. This also clarifies the interest in a definition of continuous, not necessarily
absolutely continuous, solution given in Definition 8.1.1.

Example 9.5.5 (Lifting of dissipative evolutions and lack of regularizing effect).
Let us consider the situation of Corollary 9.2.15, choosing the Hilbert space H =
?(IN). Following [106, Example 3] we can easily find a maximal linear dissipative
operator A : D(A) C ¢*(N) — €*(IN) whose semigroup does not provide a
regularizing effect. We define A as

A(X1,%2, .00, X2k—1, X2k, -+ - ) = (—X2,%1, ..., —kX2k, KX2k—1,...), x € D(A),
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with domain

D(A) == {x € *(N): i K2l < oo},

k=1

so that there is no regularizing effect for the semigroup (R¢)¢>0 generated by
(the graph of) A: evolutions starting outside the domain D(A) stay outside the
domain and do not give raise to locally Lipschitz or a.e. differentiable curves.
Corollary 9.2.15 shows that the 0-flow (S¢)¢>0 generated by F on P;,(X) is given
by

Stluol = (Re)gpo  for every po € D(F) = P2 (H)

so that there is the same lack of regularizing effect on probability measures.

In the next example we show that a constant MPVF generates a barycentric
solution.

Example 9.5.6 (Constant PVF and barycentric evolutions). Given 6 € P,(H), we
consider the constant PVF

Flul :=pn®6.

F is dissipative according to (7.5.1): in fact, if @3 = p; ®6,1=0,1, u € T (1o, H1),
and r: H x H x X — TH x TH is defined by r(xo, x1,V) := (x0,V;x1,V), then

O =1(n®0) € A(Do, Dq)

so that (7.1.12) yields
[(DO/ (D]]T < J<X0 — X1,V —V> d(u’® e)(XO,X],V) =0.

Applying Proposition 9.2.11 and Theorem 9.2.9 we immediately see that F gener-
ates a 0-flow (S¢)¢>0 in P(IH), obtained as a limit of the Explicit Euler scheme.
It is also straightforward to notice that we can apply Theorem 8.3.4 to F so that
for every pp € P,(IH) the unique EVI solution py = Sy satisfies the continuity
equation

Ottt + V- (buy) =0, b:J vdo(v).
H

Since b is constant, we deduce that S; acts as a translation with constant velocity
b, ie.

ne = (i + tb)ypo,

so that Sy coincides with the semigroup generated by the PVF F'[p] := (ip, b)sp.

We conclude this subsection with a 1-dimensional example of a curve which
satisfies the barycentric property but it is not an EVI solution.
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Example 9.5.7. Let H = RR. It is well known (see e.g. [88]) that P, (IR) is isometric
to the closed convex subset X C L?(0,1) of the (essentially) increasing maps
under the action of the isometry J : P2(IR) — X which maps each measure
u € P2(R) into the pseudo inverse of its cumulative distribution function.
It follows that for every v € P, (R) the functional ¢ : P> (R) — R defined as
1

d(w) = 53W3 V)

is 1-convex, since it satisfies ¢(n) = G(J(p)) where G: 12(0,1) — R is defined as

400 otherwise.

5(u) = {zu I e,

Thus ¢ generates a gradient flow (S¢)¢>0 which is a semigroup of contractions
in P, (IR); for every po € P2(R), the map S¢[po] is the unique (—1)-EVI solution
for the MPVF —0¢ starting from py € P2(IR) (see Proposition 9.5.2). Since the
notion of gradient flow is purely metric, the gradient flow of § starting from
J(np) is just the image through J of the gradient flow of ¢ starting from g €
P2(R). Indeed: let p be the gradient flow for ¢ starting from py € P> (IR), then
by e.g. [5, Theorem 11.1.4] we have that p satisfies

d1

e 1W§(ut,v) fora.e. t >0, for ve P> (R),

SW (e, V) < 6() — dlue) —

so that we get

d1
dt2

which, recalling the characterization of gradient flows in Hilbert spaces, gives
that u(t) := J(p¢) is the gradient flow of G starting from J(uo).
It is easy to check that

u(t):=e J(po) +(1—e H3(¥)

is the gradient flow of G starting from up = J(uo). Note that u(t) is the L2(0,1)
geodesic from J(v) to J(po) evaluated at the rescaled time e™*, so that S¢[po]
must coincide with the evaluation at time e~ ' of the (unique) geodesic connect-
ing v to yo i.e.

1
13(10) = 3)1* < S(3(v)) — §((me)) — 5113 (we) — IV,

Stluol =xiy, s=e ' €(0,1],

where vy € T, (¥, 1wo).
Let us now consider the particular case v = 38_q + 704, where a > O is a
fixed parameter and po = 9. It is straightforward to see that

1 1
ut:St[éo]:Eé (1— 26 e~t—1)/ t>0

so that

. 1 1
(1]I-I/Vt)ﬁut = 26((1—e*t)a,e*ta) + 26((e*t—1)a,—e*ta) € —0d(nt), ae.t>0,
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where v is the Wasserstein velocity field of . On the other hand, [5, Lemma
10.3.8] shows that

1 1
0 (25_a + 25a> €~ (50)

so that the constant curve fi; := 8¢ for t > 0 has the barycentric property for the
MPVEF —0¢ but it is not a EVI solution for —0¢, being different from 1y = S¢[do].

9.5.5 Comparison with [94]

In this section, we provide a brief comparison between the assumptions we re-
quired in order to develop a strong concept of solution to (8.1.1) and the hypothe-
ses assumed in [94]. We remind that the relation between our solution and the
weaker notion studied in [94] was exploited in Section 8.3. Here, we conclude
with a further remark coming from the connections between our approximating
scheme proposed in (EE) and the schemes proposed in [31] and [94].

We consider a finite time horizon [0, T] with T > 0, the space H = R4 and we
deal with measures in P,(RY) and in Py, (TRY), i.e. compactly supported. We
also deal with single-valued probability vector fields (PVF) for simplicity, which
can be considered as everywhere defined maps F : Py, (RY) — P (TRY) such
that x;F[v] = v. This is indeed the framework examined in [94].

We start by recalling the assumptions required in [94] for a PVF F : Py, (R¢) —
Pp(TRY).

(H1) there exists a constant M > 0 such that for all v € Py, (R9Y),

sup M<M |14+ sup [x||;
(x,v)€esupp(F[v]) x€esupp(v)

(H2) F satisfies the following Lipschitz condition: there exists a constant L >
0 such that for every ® = F[v], ®' = F[v'] there exists ®@ € A(D, D’)
satisfying

| o—viPd®lxo, vo,xi,m) < LW, V),
TR4XTR

with A(-,-) as in Definition 7.1.7.

Remark 9.5.8. Condition (Hz1) is (H:bound) in [94], while (H1) corresponds to
(H:lip) in [94] in case p = 2 (see also Remark 5 in [94]).

We stress that actually in [94] condition (Hz2) is local, meaning that L is allowed
to depend on the radius R of a ball centered at 0 and containing the supports of
v and v’. Thanks to assumption (Hz1), it is easy to show that for every final time
T all the discrete solutions of the Explicit Euler scheme and of the scheme of [94]
starting from an initial measure with support in B(0, R) are supported in a ball
B(0,R’) where R’ solely depends on R and T. We can thus restrict the PVF F to
the (geodesically convex) set of measures with support in B(0,R’) and act as L
does not depend on the support of the measures.
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Proposition 9.5.9. If F : P,(RY) — P, (TRY) is a PVF satisfying (H2), then F is
A-dissipative according to (7.5.1) for A = LZ—H, the Explicit Euler scheme is globally
solvable in D(F), and F generates a A-flow, whose trajectories are the limit of the Explicit

Euler scheme in each finite interval [0, T].

Proof. The A-dissipativity comes from Lemma 7.5.7. We prove that (9.2.14) holds.
Let v € D(F) and take ® € A(F[v],F[8o]) such that

JTW e —v"17d® < L*W3(v,80) = L?m3(v).
X

Since F[§o] € P.(TIRY) by assumption, there exists D > 0 such that supp(v4F[do]) C
Bp (0). Hence, we have

r

L2m3(v) > v —v"?de

JTRAx TR4

r
> [v'|—D]; d®
.JT]RdXT]Rd

r
> Iv/lzdF[v]—ZDJ v/ dE[v],
JTR4 TR

72
where [.]; denotes the positive part. By the trivial estimate [v'| < D + lXé , We

conclude

[F[vl5 < 2 (2D? + L?m3(v)).

Hence (9.2.14) and thus the global solvability of the Explicit Euler scheme in
D(F) by Proposition 9.2.11. To conclude it is enough to apply Theorem 9.2.13(a)
and Theorem 9.1.8. O

It is immediate to notice that the semi-discrete Lagrangian scheme proposed
in [31] coincides with the Explicit Euler Scheme given in Definition 9.1.1. In
particular, we can state the following comparison between the limit obtained by
the Explicit Euler scheme (EE) (leading to the A-EVI solution of (8.1.1)) and that
of the approximating LASs scheme proposed in [94] (leading to a barycentric
solution to (8.1.1) in the sense of Definition 8.3.1).

Corollary 9.5.10. Let F be a PVF satisfying (H1)-(H2), o € Pp(RY) and let T €
(0,400). Let (nk)xen be a sequence such that the LASs scheme (W™ )xen of [94,
Definition 3.1] converges uniformly-in-time and let (M, )xen be the affine interpolants
of the Explicit Euler Scheme defined in (9.1.2), with Ty, = nlk Then (W™ )xeN and
(Mo, Jxen converge to the same limit curve w: [0, T] — Py (RY), which is the unique
A-EVI solution of (8.1.1) in [0, T].

Proof. By Proposition 9.5.9, F is a (%)-dissipative MPVF according to (7.5.1)
s.t. M(po, T, T,L) # 0 for every T > 0, where L > 0 is a suitable constant de-

pending on o and F. Thus by Theorem 9.1.8, (M, Jxen uniformly converges
to a A\-EVI solution p : [0, T] — P,(R%) which is unique since F generates a

<L22—+1) -flow. Since we start from a compactly supported Lo, the semi-discrete La-

grangian scheme of [31] and our Euler Scheme actually coincide. To conclude we
apply [31, Theorem 4.1] obtaining that p is also the limit of the LASs scheme. [
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We conclude that among the possibly not-unique (see [31]) barycentric solu-
tions to (8.1.1) - i.e. the solutions in the sense of [94]/Definition 8.3.1 - we are
selecting only one (the A-EVI solution), which turns out to be the one associated
with the LASs approximating scheme.

In light of this observation, we revisit an interesting example studied in [94,
Section 7.1] and [31, Section 6].

Example 9.5.11 (Splitting particle). For every v € Py, (R) define:

B(v) :=sup {x:v(] —00,x]) < ;}, n(v) = v(l — oo, B(v)]) *%,

so that v({B(v)}) =n(v) + % —v(] — oo, B(v)[). We define the PVF

by
5 if x < B(v)
Ev—d s, if x > B(v)
l_\/ —0Q, v -
ULSE: v(({]B(vl)]}?)( Do) gy — B(v), v({B(v)}) > 0.

By [94, Proposition 7.2], F satisfies assumptions (H1)-(Hz2) with L = 0 and the
LASs scheme admits a unique limit. Moreover, the solution p : [0, T] — Py (R)
obtained as limit of LASs, is given by

we (A) =po((AN] — oo, B(po) —tl) +t) + wo ((ANIB(Ko) + t, +ool) — t)

(185101412 (5 bl = 00, B1io) i 1 (A) ).
(9.5.6)

T o (B(o))

By Corollary 9.5.10, (9.5.6) is the (unique) A-EVI solution of (8.1.1). In particular:

i) if uo = bl—a&_[a,b}, i.e. the normalized Lebesgue measure restricted to

_ 1 1 .
[a, b, we get pe = gogLipq q et gtpaliest p by

ii) if pp = dx,, we get py = %SXOH + %6,%%.

Notice that, in case (i), since py < £ forall t € (0,T), i.e. pe € P5(R), we can
also apply Theorem 8.3.7 to conclude that p is the A-EVI solution of (8.1.1) with
Lo = bliaf"_[a,b]' Moreover, take ¢ > 0, and consider case (i) where we denote by
ug the initial datum and by pu® the corresponding A-EVI solution to (8.1.1) with
a=x9—¢,b=xp+e. We can apply (9.2.17) with po = p§ and g = 85, in order
to give another proof that, for all t € [0, T], the W>-limit of S¢[u§] as € | 0, that
is S¢[dx,] = %6X0+t + %6xoft, is a A-EVI solution starting from 8,. Thus we end
up with (ii).

Dealing with case (ii), we recall that, if 1o = 8, then also the stationary curve
fiy = dx,, for all t € [0, T], satisfies the barycentric property of Definition 8.3.1
(see [31, Example 6.1]), thus it is a solution in the sense of [94]. However, fi is not
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a A-EVI solution since it does not coincide with the curve given by (ii). This fact
can also be checked by a direct calculation as follows: we find v € P (R) such
that

7*W2 (Fl.t, V) > 7\W§(I1t, V) - [F[V]/ at]r te (O, T), (957)

where A = 1 is the dissipativity constant of the PVF F coming from the proof of
Proposition 9.5.9. Notice that the L.h.s. of (9.5.7) is always zero since t — fiy = do
is constant. Take v = L g 1) so that we get F[v] = [ Fx[vldv(x), with Fy[v] = &;
if x > %, Fylvl=6_7if x < % Noting that A(F[v], 80) = {F[v] ® 8¢}, by using the
characterization in Theorem 7.1.8 we compute

[E[v], 80, = Jm (x,v) dF[V]

1/2 1
(x,v) dFx[v](v) dx + J (x,v) dFx[Vv](v) dx

1/2

o

A=

Since W%(éo,v) = m%(v) = %, we have

11
}\W%(FL’CI‘V) - [F[V], FLt]T = g — Z < O,

and thus we obtain the desired inequality (9.5.7) with v = Lip 1;.



Part II1

KANTOROVICH-WASSERSTEIN-SOBOLEV SPACES

We prove a general criterium for the density in energy of subalgebras
of Lipschitz functions in the metric-Sobolev space H'P(X,d, m) asso-
ciated with a positive Borel measure m in a separable and complete
metric space (X, d).

We then provide a relevant application to the case of the algebra of
cylindrical functions in the space H'-2(P, (M), W) 4y, M) arising from
a positive measure m on the Kantorivich-Rubinstein-Wasserstein space
(P2(M), W, 4,,) of probability measures in a complete Riemannian
manifold or a separable Hilbert space M. We will show that such a
Sobolev space is always Hilbertian, independently of the choice of
the reference measure m so that the resulting Cheeger energy is a
Dirichlet form.

We will eventually provide an explicit characterization for the corre-
sponding notion of m-Wasserstein gradient, showing useful calculus
rules and its consistency with the tangent bundle and the '-calculus
inherited from the Dirichlet form.






DENSITY OF SUBALGEBRAS OF LIPSCHITZ FUNCTIONS IN
METRIC SOBOLEV SPACES

In this Chapter, we treat the case of general metric Sobolev spaces and we show
that sufficiently rich subalgebras of Lipschitz functions characterize the space. In
Section 10.1 we recap the construction of metric Sobolev spaces with the relax-
ation approach of Cheeger; in Section 10.2 we present our main density result,
while in Section 10.3 we briefly treat the case of intrinsic distances.

This Chapter is the result of a collaboration with Massimo Fornasier and Giuseppe
Savaré.

10.1 SOBOLEV FUNCTIONS AND MINIMAL RELAXED GRADIENTS

In this section we will briefly recap the construction of metric Sobolev spaces
adapting the relaxation viewpoint of the Cheeger energy to the presence of a
distinguished algebra of Lipschitz functions [6, 7, 108]. Let (X, d) be a complete
and separable metric space. We will denote by Lip (X, d) the space of bounded
and Lipschitz real functions f : X — IR. The asymptotic Lipschitz constant of
f € Lip, (X, d) is defined as

lipgf(x) :== liﬁ)lLip(f,B(x,r),d) = limsup w (10.1.1)

Yy,z—X, Yy#z d (y/ Z) ’
where B(x, 1) denotes the open ball centered at x with radious r and, for A C X,
the quantity Lip(f, A, d) is defined as

Lip(f,A,d):= sup M (10.1.2)

X, YEA, x#Y d(x,y)
We will simply write Lip (X),lipf, Lip(f, A), omitting to explicitly mention d,
when the choice of the metric d is clear from the context.
We will also deal with a unital algebra ./ C Lip,, (X) separating the points of
X, i.e.

1€ 4/, foreveryxo,x1 € X there exists f € &7 f(xo) # f(x1). (10.1.3)

The initial Haudorff topology T, induced on X by &7 is clearly coarser than the
metric topology of X. Let m be a finite and positive Borel measure on X (being
X a Polish space, m is also a Radon measure). We will denote by LO(X, m) the
set of m-measurable real functions defined in X; L°(X, m) is the usual quotient
of £°(X,m) obtained by identifying two functions which coincide m-a.e. in X.
In a similar way, £P(X,m) and LP(X,m) are the usual Lebesgue spaces of p-
summable m-measurable (equivalence classes of) real functions, p € [1,4o00]. It
is worth noticing that by [108, Lemma 2.1.27] we have that

</ is dense in LP (X, m) for every p € [1,00). (10.1.4)
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We will endow L°(X, m) with the topology of the convergence in measure, which
is induced by the metric

dLo (ﬁ,fz) = J;(ﬁﬂﬁ - f2|) dm (10.1.5)

where 9 : [0, +00) — [0, +00) is any increasing, concave, bounded function with
‘3(0) = limrw 19(1') =0.
In the following we fix an exponent p € (1, 400).

Definition 10.1.1 ((p, &/)-relaxed gradients). We say that G € LP (X, m)isa (p, &/)-
relaxed gradient of a m-measurable function f € LO(X, m) if there exists a se-
quence (fn)nen € & such that:

1. f, — f in m-measure and lipf,, — G weakly in LP (X, m);
2. G < G m-ae. in X.

The minimal (p, &7 )-relaxed gradient of f (denoted by |Df|, /) is the element of
minimal LP-norm among all the (p, <7)-relaxed gradients of f. We will just write
IDfl, if &7 = Lip (X).

We collect in the following Theorem the main properties of |Dfl, ., we will
extensively use.

Theorem 10.1.2.

(1) The set
S:= {(f, G) € L9(X,m) x LP(X,m) : G is a (p, & )-relaxed gradient off}

is convex and it is closed with respect to to the product topology of the convergence
in m-measure and the weak convergence in LP (X, m). In particular, the restriction
Sq = SNLI(X, m) x LP (X, m) is weakly closed in L9(X, m) x LP (X, m) for every
q € (1,400).

(2) (Strong approximation) If f € L°(X, m) has a (p, <) relaxed gradient then |Df|, .,
is well defined. If f takes values in a closed (possibly unbounded) interval I C R
then there exists a sequence fr, € o/ with values in 1 such that

fn — fm-ae in X, lipfy, — [Dfl|, o strongly in LP (X, m). (10.1.6)

If moreover f € L9(X, m) for some q € [1,400) then we can also find a sequence
as in (10.1.6) converging strongly to f in L9(X, m).

(3) (Pointwise minimality) If G is a (p, o/ )-relaxed gradient of f € 1°(X,m) then
IDfly v < G m-a.e. in X.

(4) (Leibniz rule) If f,g € L>°(X, m) have (p, o/ )-relaxed gradient, then h := fg has
(p, o )-relaxed gradient and

ID(fg)ls, s < IflIDgly,or + 19l IDfly oy m-a.e. in X. (10.1.7)
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(5) (Sublinearity) If f,g € LO(X, m) have (p, o )-relaxed gradient then

ID(af + B9l < [l [Dflycr 4+ [BIDgly,er  m-ae. in X. (10.1.8)

(6) (Locality) If f € L°(X,m) has a (p, /) relaxed gradient, then for any £'-
negligible Borel subset N C R we have

IDfl,, oy =0 m-a.e. on f~T(N). (10.1.9)

(7) (Chain rule) If f € 1°(X,m) has a (p, &) relaxed gradient and ¢ € Lip(R) then
& o f has (p, o/ )-relaxed gradient and

ID(¢ o fly,r < |'(F)|[DFl,, oy m-ze. in X, (10.1.10)
and equality holds in (10.1.10) if ¢ is monotone or C'.

(8) (Truncations) If f; € LO(X, m) has (p, <) relaxed gradient, j = 1,---,], then
also the functions f  := max(fy,---,fy) and f_ := min(fy,--- ,f}) have (p, o)
relaxed gradient and

IDf |4, = IDfjly, oy m-ae.on{x € X:f, =1j}, (10.1.11)
IDf |, = IDfjly, s m-ae.on{x € X:f_ =1j}. (10.1.12)

Proof. We give a few references for the proofs. The case when p = 2, & =
Lip, (X) and the local slope of f is used to define relaxed gradients have been
considered in [7, Sec. 4], whose proof generalizes easily to the case p € (1, 0)
and the asymptotic Lipschitz constant (10.1.1), see also [6].

The definition and the properties involving a general unital subalgebra o/
have been discussed in [108, Sec. 3]: points (1,2) correspond to Lemma 3.1.6 and
Corollary 3.1.9, (3) has been stated in Lemma 3.1.11, (4) refers to Corollary 3.1.10,
(5,6,7,8) are proved in Theorem 3.1.12 and its Corollary 3.1.13.

Let us make three further technical comments:

* both [7, 108] involve an auxiliary topology T: in the present case, being X
complete and separable and d a canonical metric (thus d only take finite
values), we can select T as the (Polish) topology induced by d.

¢ In order to deal with extended distances, in [108] has also been assumed
that the unital algebra .7 satisfies the stronger compatibility condition

d(x,y) =sup {f(x) —f(y): f € &, Lip(f, X) < 1}, (10.1.13)

which clearly implies that &7 separates the points of X as in (10.1.3). How-
ever, such a property is not needed in the construction and the proofs of
Section 3.1.1 of [108]. The only point where (10.1.13) explicitely occurs is in
the proof of Locality [108, Lemma 3.1.11], to ensure that the restriction of
4/ to each compact set K C X is uniformly dense in C(K), a property which
is guaranteed by (10.1.3) thanks to Stone-Weierstrass Theorem.
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¢ The standard approach of [7, 108] considers first functions f belonging to
LP (X, m) instead of general m-measurable functions. However, the compat-
ibility with truncations showing that for every k > 0

IDfly,er(x) if [F(x)] <k,
0 if [f(x)] > k,

ID T () s,7 (x) = { Tie(f) :=—kVIAK,

(10.1.14)

and the possibility to find strong approximations of Ty (f) satisfying (10.1.6)
and taking values in [k, k] (see [108, Cor. 3.1.9]) allow for a standard exten-
sion of the theory from LP (X, m) to LO(X, m), see also the discussion related
to (4.16) of [7]. O

Starting from Definition 10.1.1 and using the properties of Theorem 10.1.2 it is
natural to introduce the following notions.

Definition 10.1.3 (Cheeger energy and Sobolev space). We call D' (X,d, m; <)
the set of functions in L°(X, m) with a (p, & )-relaxed gradient and we set

CEp, o (f) ::J IDﬂf s(x)dm(x) forevery f € D'"P(X,d, m; &), (10.1.15)
x g

with CE,, o (f) == +ooif f & D'P(X,d, m;.«7). The Sobolev space H'"?(X,d, m; <)
is defined as LP(X,m) N D'P(X,d, m; <) and it is a Banach space with the norm

”ﬂmw(x,d,m;ﬁ) = ||f||7p + CEp, o (f). As usual, we will write D'P (X, d, m), CE,, (f),

H'P(X,d, m) and ||f|[;y1, when &/ = Lip, (X).

Remark 10.1.4 (Cheeger energy as relaxation of the pre-Cheeger energy). We can
equivalently define the Cheeger energy CE, ., as the L°-lower semicontinuous
relaxation of the restriction to &/ of the pre-Cheeger energy pCE,, the latter being
defined as

pCE, (f) == Jx(lipf)p dm, f e Lip,(X). (10.1.16)

In other words, for every f € L°(X, m) it holds ([108, Corollary 3.1.7])

CEp, v (f) = inf {lim inf pCEp(fn) fhed, fy = fin LO(X,m)} . (10.1.17)

n——+o0o
In particular the functional CE,, ., is lower semicontinuous in LO(X, m). Here the
choice of the L°-topology does not play a crucial role, since, by Theorem 10.1.2(2),

the restriction of CE, ., to L9(X,m), q € [1, 00}, can be equivalently obtained as
L9-relaxation:

CEp, o (f) = inf{liminf pCE, (fn): fn € &, fr — fin Lq(X,m)} , feld(X,m).

n—+oo

(10.1.18)
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It is clear that we have the obvious implication for f € LO(X, m):

) f has a (p, Lip, (X))-relaxed gradient and
f has a (p, &/)-relaxed gradient = )
IDfl. < |Dfl, s m-a.e. in X.

(10.1.19)

The converse implication together with the identity |Df|, = |Df|, ., is an impor-
tant density property for an algebra /: by Theorem 10.1.2(2), it is equivalent to
the following property.

Definition 10.1.5 (Density in energy of a subalgebra of Lipschitz functions). We
say that a subalgebra &/ C Lip, (X) is dense in p-energy if for every f € L(X, m)
with a p-relaxed gradient there exists a sequence (fy,)necn satisfying

fn €4, fn— fm-ae inX, lipfy, — [Df|, strongly in LP(X, m). (10.1.20)

When ¢/ is unital and separating, this is equivalent to the fact that f has a (p, &/)-
relaxed gradient and

IDfl,,r = IDflx  m-a.e. in X. (10.1.21)
In particular D'"P(X,d,m; «7) = D"P(X,d, m).

Remark 10.1.6. As we already mentioned in Remark 10.1.4, the choice of ar-
bitrary measurable maps f € L°(X,m) in Definition 10.1.5 and of the point-
wise m-a.e. convergence in (10.1.20) is not restrictive: a simple truncation argu-
ment (which can be implemented by using odd polynomials, see [108, Corollary
2.1.24]) shows that &/ is dense in p-energy if and only if for every f € LP(X, m)
with a p-relaxed gradient there exists a sequence (f,,)necn satisfying

fn €, fn—finlP(X,m), lipf, — |Df], strongly in LP (X, m). (10.1.22)

If &7 is unital and separating this is equivalent to H'P(X,d, m;</) = H'"P(X,d, m)
with equal norms.

A first sufficient condition, in the more general framework of extended topo-
logical metric measure spaces, is provided by the compatibility condition (10.1.13)
[108, Theorems 3.2.7, 5.3.1].

In the present Polish setting, we notice that (10.1.20) (and, a fortiori, (10.1.13))
implies the weaker condition

for every y € X the function dy, : x — d(x,y) has (p, &/)-relaxed gradient 1

(10.1.23)
which is equivalent, thanks to Theorem 10.1.2(2), to
IDdyly,sr <1 m-ae. in X. (10.1.24)

In fact, using the truncations (10.1.14), each function dy, can be approximated by
the increasing sequence fy := Ty dy of 1-Lipschitz maps, so that

IDdyl, <1 m-ae. in X for every y € X, (10.1.25)

and therefore (10.1.20) yields (10.1.24).
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Remark 10.1.7 (The effect of truncations). The (p, .o )-relaxed gradient is not af-
fected by truncations of the distance functions, in particular it is not restrictive to
assume d bounded above by a constant, e.g. 1. In fact, if we introduce a parameter
a > 0 and the truncated distance

da(x1,%x2) :=d(x7,x2) ANa forevery x1,x; € X, (10.1.26)

(X,dq) is still a complete and separable metric space, the sets Lip, (X,d) and
Lip, (X,dq) coincide, and it is easy to check that

lipygf =lipgq,f for every bounded and Lipschitz function f. (10.1.27)

We deduce that d and d, induce the same (p, /)-relaxed gradient. Notice more-
over that using (10.1.26) we can also easily cover the case of extended distances
(i.e. possibly assuming the value +o00), provided (X,dq) is a separable metric space.
The case when (X, dq) is not separable requires a more refined setting involving
an auxiliary topology T [108].

Remark 10.1.8. Using the above truncation argument, one can easily see that if
d,d” are two metrics satisfying

d(x1,x2) =d’(x1,x2) whenever d(x1,x2) Ad’(x7,%2) < a (10.1.28)
then the sets Lip, (X,d) and Lip, (X,d’) coincide,
lipyf =lipg/f for every bounded and Lipschitz function f. (10.1.29)

and d and d’ induce the same (p, o7 )-relaxed gradient.

It is possible to express (10.1.24) in a more flexible way, by using suitable
nonlinear functions of d,. We state a general result.

Lemma 10.1.9. Let I = (a, b) be an interval (possibly unbounded) of R and let ¢ : R —
IR be a Lipschitz and nondecreasing map satisfying

the restriction of C to 1 is of class C" with {'(s) > 0 ifsel (10.1.30)
If f : X — L is a Borel function, then the condition

fe D" (X, o), IDfl, or <1 (10.1.31)
is equivalent to

Cofe D (X, &), |D(Cof), ,(x) < (f(x) formae xeX. (10.1.32)

Proof. It is clear that if [Df], . < 1 then (10.1.32) holds, thanks to (10.1.10). In or-
der to prove the converse implication, we consider a strictly decreasing sequence
an | a, a strictly increasing sequence b, 1T b and nondecreasing and bounded
Lipschitz functions VP, : R — R such that

Yn(z) = anif z < ((an), Yn(l(s)) =s for every s € [an, bnl,
Pn(z) =by if z > ((byn).
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The restriction of Py, to the interval [{(an ), {(bn )] is of class C'.
Setting h(x) := ((f(x)), the Chain rule (10.1.10) yields

ID(Wn o hly,(x) < (b, 0 M) [Dhly, o (x) < (b, 0 C(F(x)))E (F(x)).

Since Pn (h(x)) = an V f(x) /A by the locality property (10.1.9), the truncation
property 10.1.2(8), and the fact that P’({(s))’(s) = 1if s € [an, byn] yield

Dbnoh)ls <1 m-ae. (10.1.33)

Since P, oh — f pointwise in X as n — oo, passing to the limit in (10.1.33) we
get [Df|, o < 1. O

Remark 10.1.10. Thanks to Lemma 10.1.9, if d is a bounded metric and q > 1,
(10.1.24) is equivalent to

IDdljl*,_Qy(x) <q dgq (x) form-a.e.x €X. (10.1.34)

In particular, if (10.1.34) holds for some q > 1, it holds for any q > 1.

10.2 A DENSITY RESULT

We have seen that in the present setting of Polish spaces, condition (10.1.24) (or,
equivalently, (10.1.32) for some admissible truncation satisfying (10.1.30)) is a
necessary condition for the validity of the approximation property (10.1.20) and
of the identification |Df|, = |Df|, ,». We want to show that (10.1.24) or (10.1.32)
are also sufficient conditions.

Theorem 10.2.1. Let (X,d, m) be a Polish metric measure space, let Y C X be a dense
subset, and let o/ be a unital separating subalgebra of Lip (X) as in (10.1.3). If

for everyy € Yit holds dy € D'(X,/), |Ddy|, , <1 (10.2.1)
then < is dense in p-energy according to Definition 10.1.5.

Proof. We split the proof in various steps. Notice that by (10.1.19) it is sufficient
to prove that

IDfly,» < [Dfl,  m-a.e.in X. (10.2.2)

(1) It is not restrictive to assume d bounded above by 1: see Remark 10.1.7.

By Remark 10.1.10 we know that (10.1.34) holds for every y € Y and every
qz=1.

(2) It is sufficient to prove that
CEp, o (f) < J (lipf)P dm = pCE, (f) for every f € Lipy, (X). (10.2.3)
X

In fact, if f has (p, Lip, (X))-relaxed gradient, by (10.1.6) we can find a sequence
fn € Lip, (X) such that f;, — f m-a.e. and lipf,, — [Df|, strongly in LP (X, m) as
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n — co. By the L°-lower semicontinuity of the CE,, .,-energy, passing to the limit
in (10.2.3) written for f,, we get

CEpld(f) = J IDfll9 o dm < J |IDfIP dm = CEp(f) < oo.
X - X

We deduce that f has a (p,.#7) relaxed gradient and that (10.1.21) holds, since
IDfl, < [Dfly o m-a.e.

(3) For every f € Lip, (X) and t > 0 we introduce the Hopf-Lax regularization
Q¢f : X = R defined by

1
Qif(x) = inf —d?(x,y) +f(y), xeX. (10.2.4)
yex 2t

It is clear that Qf is bounded (it takes values in the interval [infx f, sup, f] and
Lipschitz, being the infimum of a family of t~'-Lipschitz functions. We consider
the upper semicontinuous function [7, (3.4) and Prop. 3.2]

D{ f(x) :=sup limsupd(x,yn), (10.2.5)

(yn) n—oo

where the (yn)n’s vary among all the minimizing sequences of (10.2.4). D{ f is
also uniformly bounded and satisfies (see e.g. [108, Lemma 3.2.1])

th+ (X)

< 2Lip(f, X). (10.2.6)

In fact, if y,, is a minimizing sequence of (10.2.4), for every ¢ > 0 we eventually
have

20200 yn) + lyn) < Quflx) e < 1)+ ¢

i.e., setting L := Lip(f, X),
1

1
Zdz(x,yn) <e+f(x) = flyn) < e+ Ld(x,yn) < e+ Hd(x,yn)z +tL2.

We thus get
1
lim sup Idz(x,yn) < e+tL?
nooo 4t

which yields (10.2.6) since ¢ > 0 is arbitrary.
(4) For every f € Lip, (X) and for every t > 0

IDQ:fly(x) <t D f(x) for mae x € X. (10.2.7)

Let Y/ = {yn}nen be a countable set dense in Y; since f € Lip, (X) it is easy to
check that

Qif(x) = inf 1 dz(x,y) +f(y) = lim Qi f(x),
yey 2t n—oo
(10.2.8)

1
n o . 2
Qff(x) == ,min thd (x,yi) + flyk).
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We can now use (10.1.34) with q = 2 and, also using Theorem 10.1.2 (8), we
obtain that the upper semi-continuous (see[108, Lemma 3.2.2 (b)]) function

1 1
DY (x) := 1 max {d(x,yk) 1 <k<n, QP ) = ed? (o) +f(yk)}, (10.2.9)
is a (p, o/ )-relaxed gradient of Q{*f. It is then clear that for every x there ex-
ists a sequence n — y'(n;x) with y’(n;x) € {y1,---,yn} such that D} (x) =
%d(x,y’(n;x)) and Q{'f(x) = %dz(x,y’(n;x)) +f(y’(n;x)) = Qif(x) as n — oo,
i.e. y’(n;x) is a minimizing sequence of (10.2.4). We deduce that
lim sup DY (x) = limsup d(x,y’(n;x)) < Dy f(x) for every x € X.  (10.2.10)
n—oo n—oo
Since D{* are uniformly bounded, up to extracting a suitable subsequence we can
suppose that ] DY = Gin LP(X,m), Gis a (p, «/)-relaxed gradient of Qf, and
G < t'D{ thanks to Fatou’s Lemma.
(5) For every x € X, t > 0, and f € Lip (X) we have

f(x) —Qef(x) 1 (1 /Dff(x)\2
= ZJO <7rt ) dr, (10.2.11)
lim sup fix) = Quflx) < 1(liqaf(x))z. (10.2.12)

This follows by [108, Thm. 3.2.4] (see also [5, Thm. 3.1.4, Lemma 3.1.5]).
(5) Conclusion. We argue as [108, Theorem 3.2.7]: (10.2.11) and (10.2.6) yield the

uniform bound

f(x) — Qef(x)

. < Z(Lip(f,X))2 for every x € X, t > 0. (10.2.13)

Integrating (10.2.12) in X and applying Fatou’s Lemma we get

J ) = Quf(x) dm(x) < ]J (lipf(x))zdm(x). (10.2.14)
X X

i
im sup " 2

tJ0

On the other hand, (10.2.11) and Fubini’s Theorem yield

f(x) — 1 D} 2
L w dm(x) = > L JX (Tt:[(x)) dm(x) dr. (10.2.15)

A turther application of Fatou’s Lemma yields

J fx) — Quflx) dm(x) > 1limian (W)zdm(x), (10.2.16)
X X t

liminf
imin " 7 limd

t}0
Using the fact that t~'D; f is uniformly bounded by (10.2.6), we can find a de-
creasing and vanishing sequence n — t(n) and a limit function G € L*(X, m)
such that

t(n)~! D{m)f =" G weakly” in L*(X,m) asn — oo,

lim Jx (W)zdm(x) = limianX (Dr:(x)>zdm(x). (10.2.17)

n—oo tl0
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Since t~'D{ f it is a (p, «)-relaxed gradient of Q.f by claim (4) and Q.f — f
pointwise everywhere, using Theorem 10.1.2(1) we get that G is a (p, &/ )-relaxed
gradient of f.

Using the lower semicontinuity of the L2-norm w.r.t. the weak* L*(X, m) conver-
gence, we get that

D+ f
lim_ JX (”t‘a)l)(x))z dm(x) > L G2dm(x) > JX IDf12 ,(x) dm(x), (10.2.18)

where we also used the pointwise minimality of IDfIi (x) given by Theorem
10.1.2(3). Combining (10.2.18), (10.2.17), (10.2.16) and (10.2.14) we deduce that

J IDfIf,ﬂ«(x) dm(x) < J (lipf(x))2 dm(x)
X X

so that (10.2.3) holds. O

Corollary 10.2.2 (Density in energy of <7). If </ is a separating unital subalgebra of
Lipy, (X) satisfying (10.2.1) then

CEp, (f) = CEp(f)  for every m-measurable function f : X — R. (10.2.19)
In particular, H'P (X,d, m) = H'"?(X,d, m; «7).

As we have already said, (10.2.19) can be interpreted as a density result in
H'P(X,d, m): for every f € H'P(X,d, m) there exists a sequence f, € &/, n € N,
such that

fn — f, lipfn, — |Dfl.  strongly in LP (X, m). (10.2.20)

The next result shows that we can always consider the algebra generated by
(suitable compositions/truncations of) the distance functions.

Corollary 10.2.3. Let Y be a dense subset of X and let ¢ : [0,+00) — [0,400) be a
nondecreasing and bounded Lipschitz function for which there exists a constant a > 0
such that the restriction of C to the interval [0, a] is of class C' with {'(s) > 0 for every
s € [0,al.

Then the unital algebra o/ generated by the functions x — ((d(x,y)) satisfies (10.1.21).

Proof. It is not difficult to check that </ separates the points of X, so that in
order to apply Theorem 10.2.1, it is enough to check that (10.2.1) holds. Recalling
Remark 10.1.7, it will be sufficient to prove that

ID(dy ANa)ly,s <1 m-ae., foreveryy €Y. (10.2.21)

Let : [0,400) — [0, +00) a nondecreasing and bounded Lipschitz function such
that P(¢(r)) = r for every r € [0, a]. The restriction of \ to the interval [0, {(a)] is
of class C'.

If y € Y and f(x) := ((dy(x)) (recall the notation (10.1.23)), a direct computa-
tion shows that

lipf(x) < ¢'(dy(x)) for every x € B(y, a).



10.2 A DENSITY RESULT

Since f € <7, the Chain rule (10.1.10) yields

Do fle < (W' of)[Dfly o < (b o f)lipf.
Since P(f(x)) = dy(x) in B(y, a) and P (f(x)) > P(f(a)) = aif x € X\ B(y, a), the
locality property (10.1.9) and the truncation property 10.1.2(8) yield

ID(dy A a)!nd =[D((Wof)Aa) ‘*’W < (W' o f) lipf Xp(y,a)- (10.2.22)
On the other hand, since \J/(¢(r))'(r) =1ifr € [0,a),

V' (f(x)) lipf(x) < P'(C(dy(x)) ¢/ (dy(x)) =1 for every x € B(y, a)
so that we obtain (10.2.21). O

We conclude this section with a simple application to the case when p = 2 and
lipf has good properties for functions of .o7.

Theorem 10.2.4 (An Hilbertianity condition). Let p = 2 and let ./ be a separating
unital subalgebra of Lip, (X) satisfying (10.2.1). If for every f, g € &/

J (Ilip(f—i— g)1? + lip(f — g)|2> dm =2 J (Ilipflz + IIipglz) dm, (10.2.23)
X X

then H12(X,d, m) is an Hilbert space, CE; is a quadratic form, and </ is strongly dense.

Proof. It is sufficient to prove that the Cheeger energy is a quadratic form in its
domain. Thanks to [40, Prop. 11.9] and the 2-homogeneity of CE;, this property
is equivalent to

CEx(f+g)+ CE2(f —g) < 2CE,(f) +2CEz(g) forevery f,g € H'"P(X,d, m).

(10.2.24)

We can find two sequences f,,, gn € &/ such that f,, = f, gn — g in m-measure
as n — oo and lipf, — |Df|,, lipgn — [Dgl, in L2(X, m). Clearly we have f,, +
gn — f+9, fn —gn — f — g in m-measure and (10.2.23) shows that lip(f,, + gn)
and lip(f, — gn) are uniformly bounded in L2(X, m). Up to extracting a suitable
sequence, it is not restrictive to assume that lip(f, +gn) = G4+ > [D(f + g)|« and
lip(fn — gn) = G > ID(f — g)|« m-a.e. in X. (10.2.23) then yields

CE(f+g) + CEa(f— g) =J D(f+ g)idm+J D(f — g)? dm
X X

< limian lip(fn + gn)lf dm
X

n—oo

+J Lip(fr — gn)I2 dm
X

- limianJ lipfn|?dm
X

n—oo
+zj lipgn 2 dm
X
— 2CE,(f) + CE(g).

Since H'4(X,d, m) is Banach space, we deduce that H"2(X,d, m) is an Hilbert
space, so it is reflexive. This also shows that %7 is strongly dense. O

229



230

DENSITY OF SUBALGEBRAS OF LIPSCHITZ FUNCTIONS IN METRIC SOBOLEV SPACES

Remark 10.2.5. In the framework of Theorem 10.2.4, there exists a scalar product
(-, Y12 on H'2(X,d, m) inducing the norm || - ||;;12 and satisfying

(f, @)1z = J fgdm + CE,(f, g) for every f,g € H'"P(X,d, m), (10.2.25)
X
where CE; (-, -) denotes the quadratic form associated to CE;(-).

10.3 INTRINSIC DISTANCES

By using the general properties of metric Sobolev spaces and the equivalence
with the Newtonian viewpoint based on the notion of upper gradient [19, 62], it
is possible to improve considerably the density result of Corollary 10.2.2. Let us
tirst recall the notion of metric velocity

¥la(t) = lim sup 2YEE 1 ¥ ()
h—0 [h

(10.3.1)

and length

(10.3.2)

of a d-Lipschitz curve vy : [a,b] — X; here [«, ] C [a, b] and we just write {4(y)
for £4(v, [a, b]).

If Y C Xis a given set, we can introduce the length (or intrinsic) extended distance
dy, induced by d on Y, as the infimum of the length of Y-valued Lipschitz curves
connecting two given points Yo,y € Y:

dv,e(yo,y1) : = inf {&4(v) 1y € Lip(10,1]; (Y, d)), ¥(0) =yo, ¥(1) =1 }

(10.3.3)
o { (> 0:v e Lip([0,0; (Y,d)) s.t. } | (105
Y(0) =yo, Y(&) =y1, Yla < T ae.
Clearly we have
d(yo,y1) < dxe(yo,y1) < dve(yo,y1) forevery yo,y1 €Y. (10.3.5)

If g: X — [0,4+00] is a Borel function, the integral of g along v is defined by

b
[ o= stviopmviaoae (103.6)
v a
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It is well known that length and integral are invariant with respect to arc-length
reparametrization of vy and it is always possible to find a 1-Lipschitz curve R, :
[0,£4(v)] — X such that

Ry (La(y, [a,t]) = y(t) for t € [a,b], [Ryl(s) =T a.e. in [0,L(y)],

J’Ry g— J’Y g (10.3.7)

for every nonnegative Borel function g (see e.g. [108, Section 3.3]). A Borel func-
tion g : X — [0,400] is an upper gradient of f: X — R if

[f(y(b)) —f(y(a))] < J g for every vy € Lip(la,b]; (X,d)) (10.3.8)
%

Functions in £P (X, m) wich admits an upper gradient in £P (X, m) characterize
the Newtonian-Sobolev space NP (X,d, m) [19, 62]. We state here a useful conse-
quence of the main equivalence results [7, Theorem 6.2] [6, Theorem 7.4].

Theorem 10.3.1. Let Y be a Borel subset of X of full m measure (i.e. m(X\Y) = 0)

satisfying
v € Lip([a,bl; (X,d)), Ry(s) €Yfor £'-ae.s<c[0,44(y)] = v(ab)cCy,
(10.3.9)

let f : X — R be a m measurable function and let g : Y — [0, +o00] be a Borel function
satisfying

If(y(b)) — f(y(a))l < J g foreveryy € Lip([a, bl; (Y,d)). (10.3.10)
Y

If J |gIP dm < oo then f has a p-relaxed gradient and
Y

IDfl, <g m-ae. inY. (10.3.11)

Notice that condition (10.3.10) is weaker than (10.3.8), since the upper gradient
condition is imposed only along curves taking values in Y; however, starting from
any function g € LP (Y, m) satisfying (10.3.10) we can define a new Borel function
g : X — [0, +o0] whose restriction to Y coincides with g such that Q|X\Y = +o0.

Clearly
J gPdm = J gPdm < 400 since m(X\Y)=0.
X Y

Moreover § is an upper gradient for f according to (10.3.8): in fact it is sufficient
to check (10.3.8) for those curves y with y = R, and J g < 4o0; since §(y(s)) =

+oo if y(s) € Y, we deduce that y(s) € Y for m-a.e.ys € 10,44(v)] so that y €
Lip([0, L4(v)]; (Y, d)) by (10.3.9), and (10.3.8) then follows by (10.3.10).

It is also immediate to check that (10.3.9) holds if Y is closed.

We consider the situation where

(A) Y C X is a Borel set with full m-measure satisfying (10.3.9);
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(B) a metric 6:Y xY — [0, +00) is given on Y such that (Y, ) is complete and
separable and (recall Remark 10.1.7)

di(y1,y2) < 8(y1,y2) <dve(yr,y2) foreveryyi,yz €Y. (10.3.12)

Remark 10.3.2 (Y-intrinsic distance). § is intrinsically equivalent to d on Y, i.e. ev-
ery d-Lipschitz curve y : [0,1] — Y is also 0-Lipschitz, its d-length coincides
with the corresponding d-length, and integration along y does not depend on
the choice of the distance. In particular condition (10.3.10) can be equivalently
stated in terms of d.

To see that these conditions are implied by (10.3.12), let us fix a d-Lipschitz curve
v : [0, 1] = Y with Lipschitz constant bounded by L > 0; then

t
dv.e(v(s),Y(0) < b4 (Vist) =j Ve dr<Lit—s| 0<s<t<,

S

so that vy is dy¢-Lipschitz continuous and thus, by (10.3.12), also 6-Lipschitz
continuous. To see that the 6 and the d-lengths of y coincide, it is enough to show
that €5(y) < {4(v), since (10.3.12) and the trivial equality £y, (v) = {4(y) already
give the other inequality; by (10.3.12) we immediately have {5(y) < {4, ,(v) and
by the very definition of dy , we see that {4, ,(v) < £4(v). Finally, to see that the
integral along vy does not depend on the choice of the distance, it is enough to
see that |y|lg = V|5 a.e. in [0, 1]. The < inequality is an immediate consequence of
(10.3.12) and (10.3.1), while the > follows by

3(v(s),v(t) _ te(lisu) _ tal¥lis) _ 1 r Wla(r)dr 0<s<t<1

t—s S ot—s t—s  t—s s
and passing to the limit as s — t for every Lebesgue point t of [y|q.

Since m(X\ Y) = 0 we can identify LP (Y, m) with LP (X, m). In general, the topol-
ogy induced by ¢ is finer than the d topology on Y, and they coincide if ¢ is
continuous w.r.t. d. It is also clear from property (B) that the restriction to Y of
every bounded d-Lipschitz function f : X — R is also &-Lipschitz. Thanks to
(10.3.12) (which in particular implies that &-balls of radious r < 1 centered at
some point y € Y are included in d-balls of the same radious and with the same
center) it is also clear that

lipsf(y) <lipgf(y) foreveryycY, f € Lip,(X,d). (10.3.13)

Since lipsf is bounded and §-u.s.c. in Y, it is m-measurable and we can define
the & pre-Cheeger energy

PCEps(f)i= | Mipsty)P” dinly) (103.14)
and we can still consider its l.s.c. envelope in LO(Y, m)
CEyp 5,7 (f) :=inf { lﬂig,f pCE, 5(fn) : fn € &, fn — fin LO(X,m)}. (10.3.15)

When &7 = Lipy (X, d) we simply write CE, 5(f).
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Theorem 10.3.3. If <7 is a separating unital subalgebra of Lip (X, d) satisfying (10.2.1)
and (Y, ) satisfies the conditions (A), (B) above, we have

CEp 5(f) = CEp 5,00 (f) = CEp oy (f) = CE, (f)  for every f € LO(X, m). (10.3.16)

In particular, the minimal p-relaxed gradients of f € LO(X, m) computed w.r.t. (5, 47),
(8, Lipy (Y)), (d, &) or (d, Lipy, (X)) coincide and we have

D'P(Y,5,m) =D"P(Y,5,m; /) =D"P(X,d,m) =D'"P(X,d,m; «).

Proof. Since pCE, 5(f) < [y (lipaf(x))” dm for every f € Lip, (X,d), we clearly
have

CEp5(f) < CEp 5, (f) < CEp, o (f) = CEp(f) forevery f € L°(X, m),

where the last equality follows from Corollary 10.2.2. It is then sufficient to prove
that CE,, 5(f) > CE, (f) in order to get (10.3.16). Using (10.3.15) and the LO(X, m)-
lower semicontinuity of CE,, (see Remark 10.1.4), the latter inequality will be a
consequence of

J llipsf(y)IP dm(y) > CE,(f) for every f € Lipy (X, d). (10.3.17)
%

In order to prove (10.3.17) it is sufficient to apply Theorem 10.3.1 and prove
that the Borel function g := lipsf satisfies (10.3.10). Now we use the fact that
the restriction to Y of a function f € Lip, (X) belongs to Lip, (Y, 6) and every
d-Lipschitz curve y with values in Y is also &-Lipschitz, the respective length
coincide and therefore also the arc-length reparametrizations are the same. Since
lips is an upper gradient we thus obtain

If(y(b)) — v ()] <J lipsf. 0
Y
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THE WASSERSTEIN-SOBOLEV SPACE

In this chapter, we apply the results of Chapter 10 to the Sobolev-Wasserstein
space H'2 (P, (M), W 4,,, m) arising from a measure m on the Wasserstein space
(P2(M), W3 4,,) of probability measures in a complete Riemannian manifold or a
separable Hilbert space M. In particular in Section 11.1 we give the main defini-
tions, we study the space of cylindrical functions and we prove the main density
result; in Section 11.2 we provide an explicit characterization for the notion of
m-Wasserstein gradient, showing useful calculus rules; finally in Section 11.3 we
treat the case where the underlying space is not R¢ but it is a complete Rieman-
nian manifold or a separable Hilbert space.

This Chapter is the result of a collaboration with Massimo Fornasier and Giuseppe
Savaré.

11.1 CONSTRUCTION AND PROPERTIES OF THE WASSERSTEIN-SOBOLEV SPACE

In this section we consider the metric space P,(R4), endowed with the L?-
Wasserstein distance d = W, and a finite positive Borel measure m. We will
denote by W, = W; (R4, m) the metric-measure space (P;(R%), W,,m) and we
want to study the Wasserstein-Sobolev space H'2(W).

Let us start with the following useful results about optimal potentials for the
optimal transport problem in R¢.

Theorem 11.1.1. Let w,v € iPE(]Rd) with suppv = B(0,R) for some R > 0. Then
there exists a unique pair of lower semicontinuous and convex functions

@ :B(0,R) = (—00,4+00], @*:RY = (—o00, +0]
such that

i) o*(y)= sup {(x,y)— @(x)}for everyy € RY,
x€B(0,R)

(i) ¢*(0) =0,

1 1 1
(iii) J (pdv~|—J e du = fm%(v)~|——m%(u)—fW§(v, .
B(O,R) Rd 2 2 2

Moreover the pair (@, @*) satisfies
1. @ and @™ are real valued,

2. inf =0,
B(0,R) ¢

x — Ve x) 2 dvix) = J y— Ve (y)P duly),

3. W2 () =J
]Rd

B(O,R)
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4. @* is R-Lipschitz continuous.

Proof. Let c:RY x R — [0, +00) be defined as
1
C(X/U) = E|X_y|2 XY € ]Rd'

Since the cost function c is continuous, finite and it is in L'(R9 x R4,y) for
every vy € I'(v,u), it is a classical result (see e.g. [5, Theorem 6.4.1]) that, given
Yo € To(v, 1) we can find a c-concave (see [5, Definition 6.1.2]) function ¢ : R —
[—00,400) such that ¢ € L' (R4, v), ¢ € L' (R9Y, u) and

d(x)+ ¢ (y) =c(x,y) forevery (x,y) € supp Yo, (11.1.1)

where ¢¢ : R4 — [—00, +00) is the c-transform of ¢ defined as

$(y) == inf {c(x,y)—dp(x)}, yeR™L
x€R4
We thus get that the function x — %lez — ¢(x) is lower semicontinuous, convex
and it is not identically equal to +-co on the ball B(0, R) since

[ telav=] eldv= | 10lay = 9l ey <+
B(O,R) R4

B(O,R)

due to the fact that v(0B(0,R)) = 0, being v absolutely continuous w.r.t. the d-
dimensional Lebesgue measure on R9.
Thus m = infg(o r) ¢ € R; let us define ¢ : RY — (—o00,400] as

o0 = 3~ () —m, xRY

it is clear that ¢ is convex, lower semicontinuous and infg(p gy @ = 0. Let us now
prove that @(x) € R for every x € B(0, R). First of all we observe that

D= {x € BO,R) | p(x) € JR}

is a convex nonempty set with v(D) = 1 and v(0D) = 0, so that v(int(D)) =1
and in particular int(D) # (. Since the first projection P of suppy on RY is
dense in suppv = B(0,R) and @ is finite on P, we get that D = B(0,R). Then
D > int (D) = int (D) = int (B0, R]) = B(0,R) so that B(0,R) C D.

Let us define ¢*, * : R4 — (—o0,400] as

@*(y) == sup {(x,y) — @(x)}, yeRY,
x€R4

e*(y):= sup {(xy) —ox)}, yeR™L
x€B(0,R)

It is clear that @* and ¢* are convex and lower semicontinuous functions with
©*(0) = —infg(g r) @ = 0. Moreover from (11.1.1) it follows that

P(x)+@*(y) = (x,y) forevery (x,y) € supp vo- (11.1.2)
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By their definition, it is clear that @*(y) > ¢*(y) for every y € R¢. Since
suppv = B(0,R) and v(3B(0,R)) = 0, we get by (11.1.2) that for p-a.e. y € R¢,
there exists x € B(0, R) such that @(x) + *(y) = (x,y). This gives that ¢* = ¢*
p-a.e. so that, still by (11.1.2) one gets

. ok . 1 1 1
J <Pdv+J *du = J cpdV+J @*dp = Sm3(v) +5m3 () — s W3 (v, 1),
R¢ R¢ B(O,R) Rd 2 2 2
where we have defined ¢ as the restriction of @ to B(0,R). We have already
noticed that infg(g ) @ = 0 while the R-Lipschitz continuity of ¢* immediately
follows by its definition. The equality

W3 (1, v) =J

x — V(o) dv(x) =J ly— Ve (y) du(y)
B(O,R) R4

is classical and can be obtained starting from (iii) with a standard argument (see
e.g. the third step in the proof of Theorem 2.12 in [118]). This shows the existence
of a pair (¢, ¢*) as in the statement satisfying points (i) — (iii) and (1) — (4).

Let us show that points (i) — (iii) are also sufficient to get uniqueness. If (@0, @)
is another pair as in the statement satisfying points (i) — (iii), then, again arguing
e.g. as in the third step in the proof of Theorem 2.12 in [118], one gets by (iii)
that both Vo and V¢ are optimal transport maps from v to p, implying that
Vo = Vo L%-a.e. in B(0, R) by the a.e. uniqueness of the optimal transport map
(see e.g. [118, Theorem 2.12]). Since infg (o r) @ = infg(o r) o = O by (ii), we get
that @ = o in B(0, R) which gives by (i) that also ¢* = ¢ in R4, O

11.1.1  The algebra of cylindrical functions

We denote by C{ (R9) the space of bounded and Lipschitz C' functions ¢ : R¢ —
R. Every ¢ € ij (R4) induces the function Ly on P(RY)

Ly :pu— J ddu (11.1.3)
R4

which clearly belongs to Lip, (P2(IR%), W;) thanks to (2.4.5). More generally, if
¢ =(d1,---,dn) € (CL(]Rd))N, we denote by

Ly = (Lpy oo L) (11.1.4)

the corresponding map from P,(R¢) to RN.

Our construction is based on the algebra of C' cylindrical functions generated
by (11.1.3) and it is quite similar to the one of [44, Section 2]. Working in the
flat space IR¢ allows for a further simplification in the structure of the tangent
bundle and of corresponding vector fields.

Definition 11.1.2 (C'-Cylindrical functions). We say that a function F : P, (R¢) —
R is a C1-cylindrical function if there exist N € IN, P € C,L(IRN) and ¢ =
(p1,...,0N) € (C%,(le))N such that

F(b) = W(Le (1) =W (Lo, (1), Loy (1)) forevery p e P2(RY). (11.1.5)
We denote the set of such functions by Cyl (P, (R%)).
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Remark 11.1.3. Notice that Cyl (iPz(]Rd)) C Lip,, (P2 (R4), W,) is a unital subalge-
bra.

Remark 11.1.4. Since for every ¢ € (CL(IRd))N the range of Ly is always con-
tained in the bounded set [-M, M]N where M := maxi—1...q ||®i]lc0, also func-
tions F = o L with p € C'(RV) belong to Cyl (P2(IR%)). Indeed it is enough
to consider a function p € C] (RM) coinciding with ¥ on [-M, M]™ and equal
to 0 outside [-M —1,M + 1]N so that F = { o L. In particular every function of
the form Ly, ¢ € C} (R9), belongs to Cyl (P2(RY)).

Let us consider the set
D= {(p,x) e P(RY) xRY:x e supp(p)}. (11.1.6)

The set D is a Borel set (in fact it is a Gp): if (1 )n = QN (0,+00) we have that
D =NnDy, where

Dn = {(p,x) € Po(RY) x R : u(B(x, ™)) > O} ,

and each Dy, is open in P;(R%) x RY, being the inverse image of (0, +c0) through
the lower semicontinuous map (i, x) — p(B(x,mm)).

Definition 11.1.5. f F = oLy € Cyl (P,(R?Y)) as in (11.1.5) for some N € N,
P € C}(RN) and ¢ € (C}(R9))N, then the Wasserstein differential of F, DF :
D — RY, is defined by

N
DF(i,x) == > 3n (Le(w) Von(x), (1,x) € D. (11.1.7)
n=1
We will also denote by DF[u] the function x — DF(p, x) and we will set

IDF (|2 = | | IDF(PdR(), € 2R (11.1.8)

Remark 11.1.6. It is not difficult to check that
DF is continuous in P(R¢) x R¢ (11.1.9)

with respect to the natural product (narrow and euclidean) topology.

In principle DF (and thus [[DF [ul[|,,) may depend on the choice of N € N,
P € CL(RN) and ¢ € (C] (R9))N used to represent F. In Proposition 11.1.10 we
show that for every u € P,(R%) the function DF[y] is uniquely characterized in
supp(p) and [|DF [p]], is well defined, so that DF is uniquely characterized by F
in D. By (11.1.9), DF is also uniquely characterized by F on D.

We have seen that the Wasserstein differential DF can be considered as a map
from D with values in R¢. It is natural to introduce the measure m = [§, ®
wdm(p) € P(P2(RY) x RY) obtained integrating the measures p w.r.t. m: for
every bounded Borel function H : ?;(R%) x R¢ — R we have

JH(u,x) dm(p,x) = L - <de H(u,x) du(x)) dm(u). (11.1.10)
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Since supp(m) C D, it is then clear that DF belongs to L%(P;(R4) x R, m;RY)
and

[, IDFIIE dmw) = | 1DF( 02 ) (11.1.11)
P, (R4) D

Lemma 11.1.7. Let Y be a Polish space and let G : P(Y) x Y — [0, 400) be a bounded
and continuous function. If (pn)nen is a sequence in P(Y) narrowly converging to
as n — +oo, then

lim J G4t y)diin (y) = JY Glu, y)dp(y).

n—oo Y

Proof. We set gn(x) := G(pn,x), g(x) := G(u,x). Since G is continuous, g con-
verge uniformly to g on compact subsets of Y as n — oco. Thanks to [5, Lemma
5.2.1] (gn)Hn converge narrowly to gz in P(IR). On the other hand, the support
of (gn)su is uniformly bounded so that

n—oo

lim LG(un,y)dun(y) — lim L{rd((gn)ﬁun)(r)
=J rd(gsm)(r)
R

—J Gl y) duly). O
Y

Lemma 11.1.8. Let F = oLy € Cyl (P2(RY)) as in (11.1.5) and let (1) ie(o,1) be
an absolutely continuous curve in P2 (R%). Then

1
F(p1) —Flpo) = L J]Rd (DF[ie] (x), v (x))dpe (x) dt, (11.1.12)

where vy € 12(RY, w;RY) is the Wasserstein velocity field (cf. Theorem 2.4.6) of
(Kt)tefo1 at time t and DF is as in (11.1.7).
Proof. Observe that, since F is Lipschitz continuous and t —  is absolutely
continuous, the map t — F(j) is absolutely continuous and thus it holds
'd

F —F = | —F(pe)dt.

(0) = Floto) = | 5Fa0)
It is then enough to prove that

d

aF(pt) = LRd (DF (e, x), ve(x)) due(x) forae. te (0,1). (11.1.13)

We have, for every t € A((1t)teqo,17) C (0,1) (cf. Theorem 2.4.6), that

d = d
af =2 (Lo (u) 5 | | didu
N
=3 dublLa () | (Vs vi(0) diulx)
i=1

= LRd <DF(Mt,X),Vt (X)> dut (X)/

where we used Theorem 2.4.6. O
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Remark 11.1.9. In case the curve (W¢)¢c[o,1] has the simple form
He = (iga +tu)ypn, te[0,1]

for some map u € L2(R¢, w;RY), (11.1.13) holds for every t € [0, 1] and takes the
simpler form

d

a]:(ut) = JIRd (DF (e, x), w(x)) dpe(x)

and, in particular, we get

tg T DRG0, () (11.1.14)

Proposition 11.1.10. Let F =1 oLy € Cyl (P2(RY)) as in (11.1.5). Then
IDF [u]||,, =lipF(u) for every p € P5(RY).

In particular ||DF [ul[[ , does not depend on the choice of the representation of F and DF
just depends on F on D.

Proof. Let u € P2(R%) and let (n/, ul!) € P, (R4)*
(H';U P-g) - (p'/ H») in WZ and

Flu' ) —F(uw”
hm\ (pn) : (ttln)l
n WZ(p'n/Hn)

with p/, # p! be such that

= lipF(p).

Let us define, for every t € [0, 1], the map x' : RY x R4 — R¢ as
xt(xo,%x1) = (1 —t)xo +tx1, (x0,%x1) € RY x RY.

Using (11.1.12) along pt = x§ u, for plans p,, € To(n,, 1) (it is easy to check
that (W¢)eqo,1) is Lipschitz continuous), we get

1
[Flu) = Fd] < || | (DRt ), w1 ) s (x)

1
1
< (J J IDF(y, %),
0 JR4
1

? dpt,(x) dt)
1 2
(j J VE(OR dut (x) dt)
0 JR4

1
— W (1, 1)) (H DF(us, x| duL(X)dt> ,
0 JRd

1

where we used Theorem 2.4.6. Dividing both sides by W (u,, i), we obtain

W2 (), uil) 0

, " 1 :
|F(un)—F(un)|<(H IDF(t, )| d»;(x)dt> -
Rd
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Observe that p, — (ige,iga)spt in P(RY x RY) so that pf, — pin P(RY) for
every t € [0, 1]. We can pass to the limit as n — +oo the above inequality using
the dominated convergence Theorem and Lemma 11.1.7 with

G(u,x) == DF(w,x)]*, neP(RY), x € RY.

We hence get

1

1 2
lipF(u) < (J J IDF(w,x)[* du(x) dt) = ||DF [ul]],, -
0 JRdxRR4

This proves one inequality. Let us now consider the map T : RY — RY defined
as

T(x) :== DF[u](x), x e R<.

By definition of Tan,, (P, (R%)), we have that T € Tan,, (P2(IR¢)) so that, by Prop-
sition 8.5.6 in [5], we have

lim W2 (W, (iga +€T)zu)

el0 £

= [Tl 2(re,;ra) = |IDF W], -

Moreover, if we apply (11.1.14) to the curve p, := (iga + €Tz, € € [0, 1], we get

. F —F
i 4= [ (DF, 0, T00)) () = [IDF 2,
el0 £ R4
thus
. . F(He) _ F(H)
lipF >lim —————= = ||IDF[d]]|,, .
PP > lim e — DF ],
This shows the other inequality and concludes the proof. O

11.1.2  The density result

Recall that for a bounded Lipschitz function F : P;(R¢) — R the pre-Cheeger
energy (cf. (10.1.16)) associated to m is defined by

pCE, (F) = L o (lipF(w))? dm(p). (11.1.15)

Thanks to Proposition 11.1.10, if F is a cylindrical function in Cyl (P2(R%)) we
have a nice equivalent expression

oCE ) = |

g, PP dmi) = JIDF(u,X)Ide(u,X), (11.1.16)

which shows that the restriction of pCE, to Cyl (?Z(IRd)) is a quadratic form
(thus satisfying (10.2.23)) induced by the bilinear form

pCE, (F, G) := JDF(H,X) -DG(w,x)dm(p,x), F,GeCyl (?z(le)) . (11.1.17)

It is therefore important to prove that Cyl (P2(R%)) is dense in energy and there-
fore H'2(W,) is an Hilbert space: this is precisely the object of our main result.
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Theorem 11.1.11. The algebra Cyl (P2(RY)) is dense in energy in D'2(W3): for
every F € D'2(W,) there exists a sequence F, € Cyl (P2(RY)), n € N, such that

Fn — F m-ze., lip(Fn) — |DF|, in L?(X, m); (11.1.18)

if moreover F € LP(X,m), p € [1,400), then we can find a sequence Fr, € Cyl (P,(R%))
as in (11.1.18) and converging to F in LP (X, m).

Corollary 11.1.12. H'"2(W,) is a separable Hilbert space and Cyl (P2 (IR%)) is strongly
dense in H'2(W;).

According to the terminology introduced in [54] (see also [7]) we can say that
(P2(R%), W3, m) is infinitesimally Hilbertian for every Borel probability measure
m.

We devote the remaining part of this subsection to the proof of the Theorem
above. We start with a Lemma from convex analysis which will be useful in the
proof of Proposition 11.1.19.

Lemma 11.1.13. Let R > 0 and let (@n)n and (P )n be sequences of functions such
that

(@) @n : RY — R is convex and R-Lipschitz continuous with @ (0) = 0 for every
n € N;

(b) Pn :B(0,R) — R is convex and lower semicontinuous for every n € IN;

(c) it holds

on(x) = sup {(x,y)—WUn(y)} foreveryx € RY,
y€B(0,R)

for every n € IN.

Then there exist a subsequence j — m.(j) and two convex and lower semicontinuous
functions @ : RY — R and P : B(0,R) — (—o0, +00] such that

(i) @n(j) — @ locally uniformly on RY;
(ii) liminfj P, 5y (y) = P(y) > 0 for every y € B(O,R);
(iii) it holds

e(x)= sup {(xy)—U(y)} foreveryx € RY;
y€B(O,R)

(iv) Von ) = Vo L3%a.e on R

Proof. We start the proof with the following trivial remark: if u : B(0,R) —
[—00,+00) is a concave function, then

sup u= sup u. (11.1.19)
B(0O,R) B(O,R)
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In fact, if we take yo € 9B(0, R), by concavity of u we have that
li t >
lim u(tyo) = u(yo)

and, since typ € B(0,R) for every t € [0, 1), we get that

sup u(y) > sup uy)
y€B(O,R) y€EOB(O,R)

thus giving (11.1.19).

By (a) and Arzela-Ascoli Theorem, we can find a subsequence j — n(j) and
a convex and R-Lipschitz function ¢ : RY — R such that ©n(j) — @ locally
uniformly on R¢ and ¢(0) = 0; this proves (i). In particular, ®n(j) Mosco con-
verges (see e.g. [11, Definition 3.17, Proposition 3.19]) to ¢. If we denote by 1;
the convex and lower semicontinuous envelope of the extension of {,,(j) to R4
(set equal to +oo outside B(0, R)), we have that ¢,,(j) coincides with the Legendre
transform L(II))-) of II))' ; indeed, for every x € RY, we have

= sup  {(xy)—;(y)}

y€B(O,R)

= sup {{xy) -y}

y€B(O,R)

= sup {(x,y>—ll)n(j)(y)}
y€B(O,R)

= Pn()x),

where the second equality comes from the fact that (; = +oo outside B(0,R),
the second follows by (11.1.19) and (b), the third is a consequence of the equality
1T)]- =P (n(j) in B(0, R), following from (b), and the last one is (c).

Thus (by e.g. [11, Theorem 3.18]) we get that 1\); Mosco converges to a proper,
lower semicontinuous and convex function \ : RY — (—o0, +0o0] such that ¢
is the Legendre transform of 1. By Mosco convergence we have that { = +o0
outside B(0, R) so that, if we denote by 1 the restriction of P to B(0,R), we get
that, for every x € RY, it holds

e(x) = L) (x)
= sup {{(xy) —D(y)}

yeR4

= sup {(xy) by}
y€B(0,R)

= sup {(x,y)—V(y)},
y€B(0O,R)

where the last inequality follows again by (11.1.19); this proves (iii). By Mosco
convergence and by ¢(0) = infg o r) b we also get that lim infj 5 (y) = b(y) >
0 for every y € B(0, R); this proves (ii). Finally, by [11, Theorem 3.66], the Mosco
convergence of @, (j) to @, implies the graph convergence (see [11, Definition
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3.58]) of the subdifferentials d¢(j) to the subdifferential d¢. Being the func-
tions ¢, (j) and ¢ differentiable L4-a.e., we obtain that Vonig — Vo Ld-ae. in
RY; this proves (iv) and concludes the proof of the Lemma. ]

The following preliminary lemma provides a simple gradient estimate for the
distance from the Dirac mass at 0, i.e. the quadratic moment of a measure.

Lemma 11.1.14. Let 9 € Lip(R%) be a L-Lipschitz function which is continuously
differentiable in the open set Qg := {x € R : ¥(x) # 0}. Then the map

Fiu— (Lﬁz)v2 = (J]Rd ¥ (x) du(x)) 'z (11.1.20)

is L-Lipschitz and belongs to D12(W,, o7 ), in particular its (2, o/ )-relaxed gradient is
bounded above by L and satisfies

1
F2 ()

IDFI2 (1) < J 2|VIPdu  for m-ae ue Po(RY) with F(u) > 0.
]Rd

(11.1.21)
Proof. Let T € C*(IR) be an odd, nondecreasing truncation function satisfying
Tx)=x iflx|<1/2, T =1 iflx|>2 |T'x)<]1, (11.1.22)

and let us set T, (x) := nT(x/n), ¥, = T oY, so that ¥, is L-Lipschitz and is
continuously differentiable in Qy, so that 92 € CL (R9).

We define Pn (1) == (r+n"2)"2 and F,, := Py 0 L,S%. By construction F,, € &
with

DFn (1, x) = F (H)Sn(X)VSn(X)/
(lpFr (1))* = |DFn [u]||? = le(u) LRd 92 (%) VO () du(x) < L2 (11.1.23)

Since (P2(R%),W;) is a length space we deduce that F,, is L-Lipschitz. On the
other hand limy,_,« Fn (1) = F(u) pointwise everywhere, so that F is L-Lipschitz
as well, it belongs to D'2(W;, /) and IDFl,» < L. Passing eventually to the
limit as n — oo in (11.1.23) for W in the open set {1 € P,(R%) : F(u) > 0} we get
(11.1.21). O

Given p € P;(RR4), we denote by

m3(w) = | P ) (11.1.24)
R4

its squared moment. Selecting 9(x) := [x| in the Lemma above, we immediately
get the following result.

Corollary 11.1.15. The function my(-) belongs to D'?(W,, o) with

Dmzleos (1) <1 form-ae pe P, (RY). (11.1.25)
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We now use m; for localizing gradient estimates in P;(RY).

Lemma 11.1.16. Let Ty, be a sequence of functions in DV2(W, o) such that F, and
IDFn s s are uniformly bounded in every bounded set of P> (R9) and let F, G be Borel
function in L2(P;(RY),m), G nonnegative. If

lim F(u) =F(n), limsup|DFnl,» (1) < G(p) m-ae. in P(RY) (11.1.26)

n—oo n—oo

then F € H'?(W,, &) and |DF|, ., < G.

Proof. Let us consider a smooth nonincreasing function 8 € C*[0, +o00) such that

B(r)=1 ifo<r<1, O(r)=0 ifr>2 |08/(v)<2 (11.1.27)
and set
Xn (1) :=0(mz(n)/n) (11.1.28)

By Corollary 11.1.15 we have

Xn € H'2(Wo, &), [DXnleo <2/n,

11.1.2
IDXnls,or (1) = 0 if ma(p) <nor my(p) > 2n. ( 9)

Thanks to the Leibniz rule, setting Fi, m (1) == Fn(u)X%l(u) and Gy, = |DFnl.,o,
we have

Frm € DV (Wa, ),  IDFnmlse (1) < G (X2 (1) +4/mFp (1)Xm (1)
(11.1.30)

Since for every m € IN the sequence n — G,X2, is uniformly bounded, we can
find an increasing subsequence k — n(k) such that k — Gy (1)X3, is weakly*
convergent in L®(P,(R4),m) and we denote by G is weak* limit. By Faotu’s

lemma, for every Borel set B C P;(IR%) we get

k—o0

| Gmdm = tim | G (1 (1) o)
B B

< JB lim sup <Gn(k)(u)Xﬁl(u)> dm(p)

k—o0
< J G%x2, dm
B
so that we deduce
Gm < G?X2, m-a.e. in P2(RY), for every m € IN. (11.1.31)

On the other hand, passing to the limit in (11.1.30) along the subsequence n(k)
and recalling that limy o0 F (), m = FX2, m-a.e. we get

DI (1) < Gon(h)+ - F0Xon (1) < GO () + - F(1 X (1) (11.1.32)

for m-a.e. 1 € P2(R%). We eventually pass to the limit as m — oo concluding the
proof of the Lemma. O
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We now derive a natural estimate, extending (11.1.7) to the case of quadrati-
cally coercive functions whose gradient has a linear growth.

Lemma 11.1.17. Let ¢ € C'(IR9) be satisfying the growth conditions
$(x) = AlxI* =B, |Vo(x)| < C(lx|+1) for every x € RY (11.1.33)

for given positive constants A,B,C > 0 and let ¢ : R — R be a C' nondecreasing
function whose derivative has compact support. Then the function F(u) := Colgy is
Lipschitz in P(R®), it belongs to H'? (W, o), and

IDFl.r (1) < Lol (| Vo) dutv) (11.1.34)

Proof. We set (q(z) == (z+a)'/? and 94 := (q o b, with a := A + B, so that

Vo (x)|
2(¢p(x) +a)/2 =

9, € CN(RY), B> (A(X2+1))"?%, 1V9a(x)| =

where L := A~1/2(, for every x € R4.
We can then apply Lemma 11.1.14, observing that

(Loz (W) = CalLo();

we deduce that Fq = (q 0 Ly is L-Lipschitz, it belongs to D'2(W,, o) and satis-
fies (recall (11.1.21))

1

1/2
2Fq (1) '

[IDFals,or (1) <

(], woran)” = citatun (| | worax)
(11.1.35)

We eventually observe that F = 14 o Fq where ) (z) = {(z%2 — a) which is still
C! with derivative with compact support. Then (11.1.35) yields (11.1.34). O

Let k € C®(RRY) be such that supp k = B(0, 1), k(x) > 0 for every x € R¢ and
k(x) > 0 for every x € B(0, 1), fRd kdL4 =1 and k(—x) = k(x) for every x € R<.
Let us define, for every 0 < ¢ < 1 the standard mollifiers

Ke (x) := ;—dk(x/e) x € R4

Given 0 € P;(R49) and 0 < ¢ < 1, we define

O := 0% Kg, (11.1.36)
5. o O LB(0,1/¢) +ed4t3LdLB(0,1/¢)
©7 0e(B(0,1/¢)) +€d+3L£4(B(0,1/¢))

(11.1.37)

Notice that o, 6 € ?E(]Rd), supp 6. = B(0,1/¢) and W>(o,,0) — 0, W2 (6¢,0) —
0 as ¢ | 0. Moreover, if 0,0’ € P,(R4), we have

W, (0¢,0.) < W3(0,0") forevery 0 <e<1 (11.1.38)
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and it is easy to check that, if we set

Ce :=ma(keL9), (11.1.39)
then we have

ma(pe) < ma(pn) +Ce  foreveryO<e<1. (11.1.40)

Definition 11.1.18. Let v € P>(R49),0 < ¢ < 1, {: R — R be a C' nondecreas-
ing function whose derivative has compact support. We define the continuous
functions W¢,FE, W, : P> (RY) — R as

vrlvrs

Fo() = aWale vl WoG = ¢(F ), Walw) == Walu,v).

Proposition 11.1.19. Let v € P2(RY), € € (0,1) and let o7 = Cyl (P2(RY)). We
have

) 1/2
DWs.,. () < (78 |

R
(11.1.41)

where @ = O*(V¢, K ).

Proof. Let G :== {1 hen be a dense and countable set in P, (IR4) and let us set,

for every h € N, @p := O (e, p?), @y = O*(Ve, p?) (see Theorem 11.1.1),

1 1 .
an = | <2|y|2 - cph(y)) d9e(y), unlx) = g2 Rl fan, x€R®
B(0,1/¢)
and

. d
G(u) = 12‘f§kJRd updpe, p€ P2(RY).

We first observe that @7, (x) is 1/e-Lipschitz, so that |}, (x)| < [x|/e and

1

1 1 1
up(x) > §|X|2 — EM +an > Z|X|2 —ztan (11.1.42)

1
up(x) < xI* + 2 +an. (11.1.43)

Claim 1. It holds

lim Gy(p) =F,(n) forevery pe P,(RY).
k——+o0

Proof of claim 1. Since Gy41 (1) > Gy (p) for every p € P2(IR9), we have that

lim Gy (p) =sup Gk(n) = supJ updpe  for every p € P, (RY).
k—+4o0 k h R4

x= V(e ek XPdux)) T formae e P2RY),
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By the definition of ¢y and ¢}, we have, for every u € P,(RY) and h € N, that

1 1
J wndpe — J <|x|2—<p7;(x)) dus+J <|y|2—<ph(y)> d¥. (y)
Rd Rd \ 2 B(0,1/¢) \2

W%(HE/{/IE)

This proves that sup, Gy (u) < FS (u) for every p € P2 (RY). Clearly, if p € G, this
is an equality. Let now p, 1’ € P2(IR%) and h € N and observe that

] *
[ undie— | undng = Sm3te0 = 3m3wi — | ondln—ud)
Rd R4 R4

1
< S ((ma(pe) + ma(pl))Wa(pe, 1l) + EWZ(FH:/ ()
1
< 5 (ma(p) +ma(p') +2CWa(p, n') + ng(u, n')

<

N =N = N =

1
ma (1) & ma (1) + 2C. + 5) Wi, 1),

where we used (11.1.38), (11.1.40), the fact that 7 is 1/e-Lipschitz continuous
and (2.4.5). We hence deduce that for every k € N

1
|Gi(p) — G ()| < <mz(u) +my (1) + - +2C£> W (u, 1) (11.1.44)

for every u, n’ € P2(R?). Choosing p’ € § and passing to the limit as k — 400
we get from (11.1.44)

lim Gy () —F5 (')

k——+o0

< (mali+ malw) 426+ ) Walpw)

for every p € P2(R4), u’ € G. Using the density of § and the continuity of
u' — FE(u') we deduce that

lim Gy(p) =F,(n) foreverype P,(RY)

k—+o0

proving the first claim.

Claim 2. If Hy := (o Gy and up ¢ := up * K it holds
DH2 (1) < (c'(Gk(u)))ZLRd Ve 2 dp(x)

= (600D | b= Viop * k)00 du),
for m-a.e. u € BX, where Bh ={n e Pr(RY) | Gy(p) = .f]Rd updu}, he{l,..., kL
Proof of claim 2. For every h € IN, (11.1.42) yields

CZ

1 1
Upe(x) > lel2 + 22 +an, [Vupex)| <Ix[+ - +e; (11.1.45)
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Since the map {y, : P, (RY) — R defined as &, (1) := J]Rd undy, satisfies

00 = | (un s k)i = L, (0, wE P2(RY),

Lemma 11.1.17 and the above estimates yield

/
D(ce b)) < ) ( | | IVuncPdu) for mae we Da(RY)

R

Since Hy can be written as

Hi(p) = 1r<n}gék(<:o (1), peP(RY,

we can apply Theorem 10.1.2 (8) and conclude the proof of the second claim.

Claim 3. For every R > 0 there exists a constant C > 0 independent of h such that

1/2
(J IVuhIE(x)I2 dp(x)) < C whenever my(u) < R. (11.1.46)
IRd

Proof of Claim 3. 1t is sufficient to use (11.1.45) obtaining C:=R+1/e+¢ .

Claim 4. Let (hn)n C IN be an increasing sequence and let p € P, (RY). If
limy [ga un, dpe = F5(p), then

tim [ x= Vi, <0 Fdlx) = | k= V) 0P dulx)

where @F = O*(V, pe).
Proof of claim 4. Let us set for every n € N

bn = 0n,, =05, .

We will show that from any (non relabeled) increasing sequence it is possible to
extract a further subsequence j — n(j) such that

limJ
i JRa

By Theorem 11.1.1, we have that, for every n € IN, ¢}, : RY — R is convex
and 1/e-Lipschitz continuous with ¢, (0) =0, ¢ : B(0,1/¢) — R is convex and
lower semicontinuous and

2
X @ )] dulx) = |

x — V(@F * ke)(x)1* du(x).
R4

bnp(x) = sup {(x,y)—dn(y)} foreveryxe R¢.
y€eB(0,1/¢)

Thus by Lemma 11.1.13, we get the existence of a subsequence j — n(j) and two
convex and lower semicontinuous functions ¢* : RY — R and ¢ : B(0,1/¢) —
(—00, +00] such that points (i), (ii), (iii) and (iv) of Lemma 11.1.13 hold. By points
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(i) and (ii) we can use Fatou Lemma and the dominated convergence Theorem
to conclude that

1imian d)n(j)d\?e}J’ ¢dv,, limJ d)fl(j)duezj b due.
j B(0,1/¢) B(0,1/¢) i Jra R4

We thus deduce that

1 2 4% 1 2_ > J
Joo G = et + | (G = 0ty) ) dvety)

> lim supJ LLhn(j)du5
j R4

=F
proving that

1 1

. " N 1 N
j ¢dva+J 0 die = Sm2(%e) + sm3(1e) — SWA (9, o).
B(0,1/¢) Rd 2 2 2

By the uniqueness part of Theorem 11.1.1 and point (iii) in Lemma 11.1.13, we
deduce that ¢ = @ (Y., ) and ¢* = ®*(V¢, . ). Finally, the a.e. convergence of
the gradient of ¢, to the gradient of ¢* given by point (iv) in Lemma 11.1.13
gives that V(cb;( ) * K ¢) = V(™ * k¢ ) pointwise everywhere. Moreover, since for

every x € R4 we have

2
= V(@) + kX <2 e? 41762 42 € LT RY, W),

we can use the dominated convergence Theorem to conclude that

limJ
i JRa

This concludes the proof of the fourth claim.

K= Vg + k)09 dulx) = [ = V07 )0 dulx)

Claim 5. It holds

timsup [DH.,o (1) < /(P () ( | | Iv= V(o7 k)02 dui))
k R4

for m-a.e. p € P(RY), where @F = O* (¥, 1 ).
Proof of claim 5. Let B C P2(IR%) be defined as

k
B::ﬂ U Ak,
k h=1

where AF is the full m-measure subset of BX where claim 2 holds. Notice that B
has full m-measure. Let p € B be fixed and let us pick an increasing sequence
k +— hy such that

Grlw) = | wnydue.
R4
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By claim 1 we know that G, (pn) — F5(u) so that we can apply claim 4 and
conclude that

CIR ) | =907 4 k) (0Pl
—lm (64(0) | | e ViR, o)) duty).
Rd

By claim 2, the right hand side is greater than limsup, [DHx|? , (u); this con-
cludes the proof of the fifth claim.

Eventually, we observe that by Claim 1
We(n) = lim ¢(Gy(p)) = lim Hy(w). (11.1.47)
k—o00 k—o00

Moreover, passing to the limit the estimate in Claim 3, we see that

SR | Ix =Tt + k) (0 )

is uniformly bounded. We can then combine the expression of Claim 2, the
uniform estimate of Claim 3, the limit of Claim 5 with Lemma 11.1.16 to get
(11.1.41). O

Corollary 11.1.20. Let v € P5(IRY). Then
IDWy e (1) <1 form-ae pe P, (RY). (11.1.48)

Proof. First of all we prove that
[, =02 s k)P dul) < Wh, 90) - for mae. € Pa(RY). (11.149)
Since
Ix — V (gt * |<£)(x)|2 < Ix— V(p’g(x)l2 *Ke(x) for every x € R¢,

we get, also using Proposition 11.1.19, that
j x = V(@F * k) ()I* dunlx) < J (= Vor(x)P + ke(x)) dualx)
R4 R4
= | e Vet dicty
Rd
= W3 (e, Ve),

for m-a.e. u € P,(IRY), where the last equality comes from Theorem 11.1.1. This
proves (11.1.49). It then follows that

ID (CoF§ )l () < C'(F5 (W) v/2FE (1)

Setting 9(r) = C(%TZ) so that 9/(r) = TC/(%TZ) and CoF§ =d¥(W5) we get

ID (8 0 Wi )l (1) < (5 (W52 ()IW5 (1) = 3" (W5) (). (11.1.50)

N —
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Let now (n : R — R be a sequence of C' functions having derivatives with
compact support such that

Cn(t) —ult), ¢ (t)—=u/(t), 0< ) (t)<2foreveryte R,

where u : R — R is equal to arctan(t) if t > 0 and equal to 0 if t < 0. Then,
setting 0, (t) := Cn(%tz), we get by (11.1.50) that

ID (9 0 WE 1y (1) < 9 (WE) (1), (11.1.51)
Passing to the limit as n — 400 (11.1.51) using Theorem 10.1.2(1)-(3), we obtain
D (vo Wy )l (1) < V(W) (1),

where v: R — R is equal to arctan(%tz) if t > 0 and equal to 0 if t < 0. We thus
conclude that

IDWS o <1 (11.1.52)
by Lemma 10.1.9. Choosing ¢ = 1/k, we have limy_, | Wl,/k(u) = W, (u) for
every p € P,(R4); using Theorem 10.1.2 (1)-(3), we obtain (11.1.48). O

The proof of Theorem 11.1.11 then easily follows by Corollary 11.1.20 and
Theorem 10.2.1.

We conclude this section with a simple but useful density property, which
shows the possibility to use smaller algebras of cylindrical functions to operate
in H'2(W,).

Proposition 11.1.21. Let .F be a subset of C (R®) satisfying the following property:
for every f € C} (R®) there exists a sequence fn, € F,n € N, such that

sup |fn|+[Dfn| < oo, lim J fn— 1+ |V(fa—1)dp =0 m-aze pe Pr(RY).
Rd n—oo IRd

(11.1.53)
Then the algebra o/ C Cyl (P2(IRY)) generated by the set of cylindrical functions
{L¢ : f € F} is dense in H'2(W>) and satisfies the strong approximation property
of Theorem 11.1.11.
In particular the algebra Cyl™ (P, (RY)) generated by {L¢ : f € CX(R?)} is strongly
dense in H1"2(W,) and satisfies the approximation property of Theorem 11.1.11.

Proof. Thanks to Theorem 11.1.11 and a simple diagonal argument, it is suffi-
cient to prove that for every cylindrical function F € Cyl (P,(IR%)) there exists a
sequence F,, € ./ such that

Fn — Fin L?(P2(RY), m) and pCE,(Fh, —F) -0 asn —oco. (11.1.54)

In the case F = Ly with f € C] (R¢%), (11.1.53) and Lebesgue Dominated Con-
vergence Theorem show that we can find a sequence f,, € .# such that, setting
Fn = L¢,, we have

J |Fn — F*dm = J
P2 (RY) P, (R4)

BCEs (Fn — F) = J
P, (R4)

[, t#n0) =) ] i) 0,

J IV (x) = VE(x)]? dp(x) dm(x) = 0
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as n — 4o0o. Let us now consider a general F = 1o L¢ as in (11.1.5), where
f = (fy,---,fn) is a vector of functions in CL(IRd) and ) € CL(IRN)‘ If we
consider f:= (1,fy,...,fn) and P € C] (RNT1) defined as

ﬂ)(XO,X],. . '/XTL) = w(O)XO —ll)(O) +¢(X11X2/ . -/XN)/ (X0/X1/ . -/XN) € RN+]/

we have that p(0) = 0and P o Lz = F. For this reason we can always suppose that
f1 =1 and P(0) = 0. It is also not restrictive to assume that 1 is a polynomial

with P(0) = 0: in fact, setting R := SUPRa 1<k<N (Ifk\ + IkaI), we can find a

sequence of polyonomials (Py,)y, in RN such that

P1(0) =0, sup [Ph(z) —U(z)|+|VPr(z) = V(z)| = 0 ash — oo. (11.1.55)
[z|<R

It follows that Fy, := Py, o L¢ satisfies

lim sup (th(u) — F(w)| + || DFn[u] —DF[u]HH) =0. (11.1.56)

h—o0 (PZ (]Rd)

Applying (11.1.53) we can find sequences (fxn)nen, k = 1,---, N, approximat-
ing fy as in (11.1.53). In particular, there exists R > 0 such that supya (Ifk,nl +

IDfy nl + [fil + IkaI) < Rfor every n € N, k € {1,---,N} If { is a polyno-

mial in RN with 1(0) = 0 then the function F,, := 1 o L¢, belongs to &7, where
frn = (fin,f2n, ..., fnn). Denoting by L the maximum of the Lipschitz constants
of P and 0y in the cube [—R,RIN with respect to the co-norm, it is easy to see
that

[Frn(w) —F(u)l = ‘ll)(Lfn(P-))lp(l—fn(H))) < leipll-fk,n(u) —Le (Wl —=0,

IDFuli) —DFlyll = || 3= (2t (Le, (1) Vi —dablLe(w)) Vi) |
k
< X [orwlis, (1) Vin — dib(Le, (W) VE|
k

£ 3 || (2wlLr, (1) —dub(Le(u) ) V|
k
<Ly (Hka,n - kaHH +R|(fion — i u)D .
k

Both terms are uniformly bounded w.r.t. u and n, and converge to 0 as n — oo.
We deduce that (11.1.54) holds. O

11.2 CALCULUS RULES AND EXAMPLES

Let us now show how we can give a more precise description of CE; and to
establish useful calculus rules.

Theorem 11.2.1 (m-Wasserstein differential). For every F € D'2(W,) there exists
a unique vector field D F € L2(P2(RY) x R4, m;RY) (the m-Wassesrstein differential

253



254

THE WASSERSTEIN-SOBOLEV SPACE

of F) such that for every sequence Fr, € Cyl (P2(R%)), n € N, satisfying (11.1.18) we
have

DF,, — DnF strongly in L2(P2(RY) x RY, m; RY). (11.2.1)
Moreover:

(a) The map F + DyF from DV2(W;) to L?(P2(RY) x R4, m; RY) is linear and
for every F,G € D2(W;) we have

CE1(F,G) = J DuF(i,x) - DG, x) dm(py,x), CEx(F) = j|DmF(u,x)|2dm(u,x),

(11.2.2)

where CEy(-,-) denotes the quadratic form associated to CE;(-) as in Remark
10.2.5.

(b) The map F +— (F,DwF) is a linear isometric (thus continuous) immersion of
H'2(W;) into L2(P(R9), m) x L2(P2(RY) x R4, m; RY).

(c) The graph of Dy, in L2(P2(R9), m) x L?(P2(RY) x RY, m; RY) is (weakly) closed:
for every sequence Fr, € H!"2(W)

Fn — Fin L?(P2(RY), m)

= FeH"?(W32), G=DyF.
DiFn — G in 12(P5(RY) x ]Rd,m;]Rd)} 2 "

(11.2.3)

Proof. The proof uses well known arguments of the theory of quadratic forms. If
Fn, n € N, is a sequence in Cyl (P2 (R%)) for every m,n € N we have

!

1 1
7PCE(Fmn — Fu) = 3 (pCEs (Fn) -+ pCE(Fn) ) — pCEs (5

(Fm + Fn)>. (11.2.4)

If (11.1.18) holds, observing that limm n—oo %(Fm +Fn) = F, we can pass to the
limit as m, n — oo and therefore by (10.1.17) lim infy,, n 00 pPCE; (%(Fm + Fn)) >
CE; (F); we thus obtain

1 1
lim sup ZPCEZ(Fm —Fn) =limsup 1 J IDF (1, x) — DFp (1, %)% dm(p, x) <0

m,n—oo m,n—o0

(11.2.5)

which shows that n — DF,;, is a Cauchy sequence in L2(P2(RY) x RY, m;R9)
and therefore converges to some element V.
If F,, is another sequence satisfying (11.1.18), we can use the identity

1

TPCE(Fa—Fu) = 2 (pCE(Fu) + pCE(Fw)) —pCE (3 (Fu +Fu))  (11.26)

and the same argument to conclude that lim,,_, pCE; (F, — Fn) = 0, so that the
limit V is independent of the approximating sequence and we are authorized to
call it D, F.
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Concering claim (a), the linearity of Dy, follows immediately from the linearity
of D as a map from Cyl (P, (R?)) to L?(P,(R4) x R4, m; R9).

IfF,G € D'2(W,) and (Fn)n, (Gn)n C Cyl (P2(R9Y)) are sequences satisfying
(11.1.18) for F and G respectively, we can see that pCE,(Fn, Gn) — CEz(F,G);
indeed

1 1 1
pCE;(Fn, Gn) = ZPCEZ(FTL +Gn) — EPCEZ(Fn) - EpCEZ(GTL)/
1 1 1
= _EPCEZ(Fn —Gn) + ipCEZ(Fn) + EPCEZ(Gn)~

Passing the first equality to the liminf,, the second one to the limsup,, and
using (10.1.17), we get that pCE;,(Fn, Gr,) = CE2(F, G). Passing then to the limit
in (11.2.2) we immediately see that

CE;(F,G) = JDmF(p.,x) D G, x) dm(u, x) (11.2.7)

which, together with (10.2.25), shows that F — (F,D,F) is an isometry from
H'2(W,) into L2(P2(R4),m) x L2(P>(RY) x R4, m; RY) (claim (b)).

Claim (c) then follows by claim (b) and the fact that H'-2(W,) is an Hilbert
space. O

Let us now collect a few properties of D, F, which follow by the corresponding
metric versions of Theorem 10.1.2 and the approximation property of Theorem
11.2.1.

Proposition 11.2.2 (Calculus properties of D, F). The m-Wasserstein differential
satisfies the following properties:

(1) (Relaxed gradient and asymptotic Lipschitz constant) For every F € D'2(W;)
we have

D Flul |7 = J [DwF(1,x)1? dp(x) = IDFZ () for m-ge. p € P2(RY).
(11.2.8)

In particular, for every F € Lipy (P2(R9))

IDw P2 = | IDwFl xR dulx) < lipFl - for meae. € 92(R9)
(11.2.9)
and if F € Cyl (P2(R9Y))

JIDmF(u,x)2 du(x) < JIDF(u, x)|? dp(x) for m-a.e. p € P, (RY). (11.2.10)

(2) (Leibniz rule) IfF, G € L®(P,(R%),m)ND"2(W,), then H := FG € D"?(W;)
and

DmH(p, x) = F(W)Dm G(1, x) + G(1) D F(p, x)  for m-a.e. (u,x) € P>(RY) x RY.

(11.2.11)
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(3) (Locality) If F € DV2(W,) then for any £ -negligible Borel subset N C R we
have

DnFlu] =0 in L*(RY, i, RY)  m-a.e. on F~'(N). (11.2.12)

(4) (Truncations) If F; € DV*(W3),j =1,--- ], then also the functions
Fy :=max(Fy,---,Fy) and F_ ;= min(Fy,--- ,Fj)
belong to D'2(W,) and

DiFi =DnFj m-ae on{(1,x) € P2(RY) x RY: Fy (1) = F(w)},
(11.2.13)

DwF_ =DnF; m-ae on{(p,x) € P2(RY) x RY: F_() = Fj ()}
(11.2.14)

(5) (Chain rule) If F € D'2(W;) and ¢ € Lip(R) then ¢ oF € DV2(W;) and
Du(doF) =¢/(F)DnF m-ge on P2(RY) x R4 (11.2.15)
Remark 11.2.3. Notice that the product in (11.2.15) is well defined since there

exists a .#'-negligible Borel set N C R such that ¢ is differentiable in R \ N and
D, F vanishes m-a.e. in F~'(N) thanks to the locality property (11.2.12).

Proof. Claim (a) is an immediate consequence of the fact that (11.1.18) yields
lipF, — |DF|, strongly in L%(P2(R9), m); up to extracting a suitable (not rela-
beled) subsequence we get fIDFnI2 du — |[DF?(n) for m-a.e. u. On the other
hand (11.2.1) yields

J ’IDFn(u,x)lz — D F(1, )| dm(,x) = 0 asn — oo (11.2.16)
so that Fubini’s Theorem yields, up to extracting a suitable subsequence,
JlDFn(p., x)|>dp — J D F(, x)|>dp for m-a.e.p € P> (RY). (11.2.17)

(11.2.9) and (11.2.10) then follows by the general properties of the minimal re-
laxed gradients.

Claim (c) follows by (10.1.9) and (11.2.8).

Claim (d) is just a consequence of the locality property (11.2.12).

Claim (e) is true if ¢ € Cl]) (R) just by passing to the limit in the corresponding
formula for a cylindrical function. In fact if F,, € Cyl (P,(IR?)) is a sequence as
in (11.1.18) and (11.2.1) we have

D(¢poFn) = (¢p'oFy)DF,  in D. (11.2.18)

Since ¢’ is bounded and continuous we get

D(¢poFn) — G = (¢p'oF)DyF  strongly in L2(P2(RY) x RY, m; RY)  asn — oo.
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(11.2.19)

Integrating w.r.t. m and recalling (11.2.8) and Theorem 10.1.2(7) we get

J|c-:|2 dm — JIdJ’(F(u))IZIDmF(u,X)IZ dm(p, %)

~ [ 16 (Ft) DFE
=CEx(poF)
so that
nlgréo pCE,(poFn) =CEx(poF).

We conclude by Theorem 11.2.1 that G = (¢’ o F)Dy, F coincides with Dy, (¢ o F).

Let us now consider the case of a general Lipschitz function ¢; by truncation
and Claim (d) it is not restrictive to assume that ¢ is also bounded. We can find
a sequence ¢, € CL(]R) such that supg [dn| +[d}| < L < 00, dry = ¢ uniformly,
and &/ (x) — ¢'(x) for every x € R\ N for a Borel set N with .Z'(N) = 0. We
have

D ($pn oF) = ¢/ (F)IDRF  m-ae. in Po(RY). (11.2.20)

Setting N := {(1,x) € D : F(n) € N}, Fubini’s Theorem and the locality prop-
erty (11.2.12) yields DnF(p,x) = 0 for m-a.e. (1,x) € N. On the other hand
¢L(F(p) — ¢/ (F(p)) for every (n,x) € D\ N; since ¢/, is uniformly bounded,
we deduce that

O (F)DpF — ¢/ (f)DF  strongly in L#(P2(RY) x RY, m;RY).  (11.2.21)

We conclude by Theorem 11.2.1(b) that Dy, (¢ o F) = ¢/(F)Dy, F.
Claim (b) follows by claim (e); indeed, since F, G € L*°(P, (R4), m), we can find
a constant M > 0 such that

Fl(w) <M, IGl(p) <M, [F+Gl(w) <M form-ae. pe Pr(RY).

Let ¢ € Lip(R) be such that ¢(x) = x? for every x € [-M —1,M + 1]; then we
have

Dy FG = lDm((F+ G)?)— 1Dm(FZ) — lD(GZ)

2 2 2

1 1 1
= JDal®o (F+G))— 1Du(d o)~ 1D(00G)
= J0'(F+ G)D(F+G) — 3¢/ (ADwF — 56'(G)DG
= (F+ G)Dn(F+ G) — FDF— GDG

— FD1n G + GDyF

for m-a.e. (1, x) € Po(R9) x R4,
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Corollary 11.2.4. CE; is a local Dirichlet form in L*(P2(R%), m) [22, p. 3.1.1] enjoying
I-calculus with Carré du champs T" given by

I'(F,G)ul = JDmF(u,x) ‘D G(p, x)dp(x) for m-a.e. pe P> (RY). (11.2.22)

In particular, for every F, G € H12(W) we have

CE:(F,G) = L o, TG Ay = ijF(u,x) DG, x) dm(y, x),
GEa(F) = [ TOEFdm() = | IDuFi 0 dmii ).

(11.2.23)

Proof. The fact that CE; is a Dirichlet form follows by the truncation property
(11.2.15) with ¢(r) :=r /1. Since CE;(1) = 0, the same property with ¢(r) = [
also shows that CE; is local (see [22, Corollary 5.1.4]).

Using the Leibniz rule (11.2.11) one can also easily show that the I'-operator
(11.2.22) is the Carré du champ associated to %CEZ [22, Definition 4.1.2]. O

11.2.1  Tangent bundle, residual differentials and relaxation

In general CE;(F) doesn’t coincide with pCE,(F) if F € Cyl (P2(IR?)), or, equiv-
alently, D,y F is not equal to DF: this equality corresponds to the closability of
pCE,. We can however investigate the relations between DF and D, F: two useful
tools are represented by the closure of the graph of D and by the collection of all
the weak limits of Wasserstein differentials along vanishing sequences.

Definition 11.2.5 (Multivaled gradient). We denote by G C L2(P2(RY), m) x
L?(P2(RY) x R4, m;IRY) the closure of the space {(F,DF) : F € Cyl (P,(R%)) }.
The multivalued gradient Dy, : H'2(W;) = L2(P2(RY) x RY, m; RY) is the op-
erator whose graph is G.

It is clear that G is a closed vector space of L?(P2(IR%),m) x L2(P,(R%) x
R4, m;R9), which can also be obtained as the weak closure of {(F, DF) : F €
Cyl (P2(R%)) }. Thus V € DyF if and only if there exists a sequence F,, €
Cyl (P2(R%)) such that

Fn — Fin L2(P2(R%),m), DF, — Vin L?(P2(RY) x RY, m; RY). (11.2.24)
The set D,0 plays a crucial role.
Definition 11.2.6 (Residual gradients). The set of residual gradients
Go C L*(P2(R?) x RY, m;RY)
is defined as
Go = {V € L?(P2(RY) x RY, m;RY) : there exists (Fr)nen C Cyl (iPz(]Rd)) :

Fn — 0in L2(P2(RY), m), DF,, — V in L?(P2(RY) x ]Rd,m;le)}.

(11.2.25)
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Notice that pCE, is closable if and only if Go is trivial. A third important
space is the L? tangent bundle of P,(RR%). In the following, given a Borel map
G € L%(P2(RY) x R4, m;RY), we denote, for every p € P2(R4), by G[ul the
map x — G(u,x).

Definition 11.2.7. We denote by Tan(P,(IR9),m) the subspace of L2(P,(RY) x
R4, m;RY) of vector fields V satisfying

V[u] € Tan, P> (RY) for m-a.e. p € P,(RY). (11.2.26)

Lemma 11.2.8. Tan(P;(R%), m) is a closed subspace of 12(P2(R4) x RY, m;RY)
which is a L®(P,(RY), m) module:

for every V € Tan(P2(RY), m), H € L®(P2(R%),m): HV € Tan(P2(RY), m).

(11.2.27)

For every function H € H'2(W3) (resp. F € Cyl(P2(R?))) we have that DyF €
Tan(P;(R%), m) (resp. DF € Tan(P,(R?), m)). Finally, if € ¢ CX(RY) is a countable
set dense in CX(IRY) with respect to the Lipschitz norm [CllLip := supga IC|+ V| and
L is a countable set dense in 12(P,(RY), m) then the set

J = span {HVC :He?, Ce ‘5} is dense in Tan(P,(R%), m).  (11.2.28)

Proof. Let (Vn)nen be a sequence in Tan(P;(RR%), m) strongly converging to V
in L%; it is not restrictive to assume that V, are Borel maps satisfying Vy,[u] €
Tan,, P, (R4) for every U € Po (R \ N for a m-negligible set of P, (R9). Up to
extracting a suitable subsequence, we can also assume that > = ||[Vn — V||%2 <
oo. Applying Fubini’s Theorem it follows that

(o.¢]

L> (R4) ( Z J}Rd IV lul(x) = VIl (x)? du(x)) dm < 400

n=1
so that there exists a m-negligible set N’ D N such that

o0

3 | Vil = VxR diix) < o0 for every & Pa(R)\ N’

n=1
and this implies that Vy,[u] — V[y] strongly in L2(P,(IR9),u), so that V[u] €
Tan, P>(RY) for every p € P2(R4) \ N'.

(11.2.27) is obvious. Since forevery F =Ly, ¢ € CE, DF[u] = V¢ € Tan, P;(R9)
for every p € P,(RY), it is immediate to check that DF € Tan, P;(RR%) for ev-
ery cylindrical function. The closure property of Tan(P;(R?), m) then yields the
analogous conclusion for the Wasserstein differential of D, F of a Sobolef func-
tion F € H'2(W,).

Let us eventually consider (11.2.28): it is sufficient to prove that any V € 7+
belongs to (Tan(iPz(]Rd),m))L. If Ve 7+ is a Borel vector field, then

L’z(le) (J<VC’V(”’X)> dMX)) H(p) dm(p) =0
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for every ( € €, H € Z. Since .Z is dense in L2(P,(RY), m) we have for every
Ces

J<VC/V(H/X)> du(x) =0 for m-a.e. n € P2(RY)
Since ¢ is countable, we can find a m-negligible set N C P (IR¢) such that

J<VC/V(H/X)> du(x) =0 for every ¢ € ¢ and every p € P>(RY\N

i
which shows that V[y] € (Tanu sz(]Rd)) for every p € P, (RY)\ N, so that for
every W € Tan(P,(R4), m)

J<V(u,x),wm, X)) dm = (j (VI (x), Wi (x)) du(x) ) dm()
P,(R4) \JRa

0.

Let us collect a few simple properties of Go.
Lemma 11.2.9. Let Gg be as in (11.2.25).

(1) Gy is a closed subspace of L*(P2(R%) x R4, m; RY) and coincides with the set

D0 = {V € L*(P2(R%) x R, m; RY) : (0, V) € G} (11.2.29)

(2) Forevery V € G there exists a sequence F,, € Cyl (Tz(]Rd)) , n € N, such that

Fn — 0in L?(P2(RY), m), DF,, — V strongly in L2(P2(RY) x RY, m; RY).

(11.2.30)
Every element V' € Gy is therefore characterized by the property
for every & > 0 there exists F € Cyl (P2(RY)) s.t.
(11.2.31)
IFllz(p, (Ra)m) < & IDF=V|12(9,(Rd)xRa,mRre) < E-
(3) Go satisfies the locality property
forevery V € Go, H € L®(P2(RY),m): HV e Go. (11.2.32)

Proof. We have already observed that G is a closed vector space, coinciding with
the weak closure of {(F,DF) : F € Cyl (P2(R%)) }; in view of (11.2.24), (11.2.25)
precisely characterizes the elements V for which (0, V) € G. Therefore the first
two claims are obvious.

Let us eventually prove the last claim. We first consider the case when H €
Cyl (P2(RY)). If V € Gy we can find a sequence Fn, € Cyl (P2(IR%)) such that
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(11.2.30) holds. Setting G, := HFy,, since H is bounded we clearly have G,, — 0
strongly in L%(P;(IR4), m); moreover, by the Leibnitz rule we get

DG, = HDF4 + FyDH — HV (11.2.33)

since DH € L®(P,(R4) x R, m;R4) and F, — 0 strongly in L2(P,(RY), m). We
deduce that HV € Gg as well.

If now H is a function in L®(P;(R%), m) we can find by (10.1.4) a uniformly
bounded sequence H,, € Cyl(P,(R%)) converging to H m-a.e. in P,(R%), so
that H,V — HV in L?(P2(R%) x R4, m;R4). Being Gy a closed subspace and
H.V € Gp by the previous step, we deduce that HV € Go. O

We now define

T := Tan(P2(R%), m) NGy

q (11.2.34)
= {V € Tan(P2(R%), m) : (V,W);2 =0 for every W € Go}
We can now obtain our main structure result.

Theorem 11.2.10. For every F € H'2(W;) we have Dy F € T and for every V € Go
we have the pointwise orthogonality property

J D F(p, x) - V(w, x)dp(x) =0  for m-a.e p e P, (RY). (11.2.35)
R4

If V € DuF then V—DwF € Go. In particular for every F € Cyl (P2(R%)) DF —
D F € Go and for every G € H'2(W,)

LRd DinF1, x) - Dm G (1, x) du(x) = de DF(u, x) - DmG(1, x) dp(x)  (11.2.36)
for m-a.e. 1 € P2(RY). Finally, Dy F is the element of minimal L%-norm in Dy, F.

Proof. Let us first observe that if F,, € Cyl (sz(]Rd)) satisfies (11.2.30) and F,, €
Cyl (P2(RY)) satisfies (11.2.1), we have F, +F, — F strongly in L?(P;(R4), m),
with D(Fp + Fn) = D F +V, so that by (10.1.17) we get

CE,(F) = J D FI2 dm < JleF +V|? dm. (11.2.37)
Since V is arbitrary in Gy we deduce that
JDmF -Vdm =0 forevery V e Go.

Replacing V with HV, H € L®(P;(R%), m) we get

J (J DmF-Vdu(x))H(u) dm() =0 for V € Go, H € L®(P;(R%), m),
P, (R4) R4

(11.2.38)

which yields (11.2.35).

If now Fp, € Cyl (P2(R%)) converges strongly to F with DF — V, selecting Fy,
as above, we have F,, —F,, — 0 strongly in L?(P(R%),m) and D(F, — F,) —
G — D F weakly in L?(P2(R9) x R4, m; R¢), so that G — Dy, F € Go. By (11.2.37)
we conclude that D, F is the element of minimal norm in D, F = D F+ Go. O
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We can give a “pointwise” interpretation of the orthogonality properties of
the previous Theorem. Let us select an orthonormal set Oy :={V, : n € N} C
L2(P2(RY) x RY, m;RY) dense in Gy (we are thus assuming that V,, are Borel
vector fields everywhere defined). Since

[ (] valxR dpo) dmi) =1

P, (RY) R4

we deduce that there exists a m-negligible set N C P,(R¢) such that
[ Vol P duo <oo forevery n €N, we P2RINN.  (1239)
R4

We thus define for every p € P;(R4)\ N

Golp] :=span{Vn[u]l : n € N} C L2(RY, 1; RY), (11.2.40)
Tyl := (Go [p])L NTan,, P,(RY) (11.2.41)
Theorem 11.2.11. Let F € H'"2(W,) and V € L2(P>(R9) x R4, m; R9).
(1) 'V belongs to Gy if and only if for m-a.e. u V[u] € Golul.
(2) V belongs to T if and only if for m-a.e. u V[u] € T[u].
(3) DmFlul € Tlul for m-a.e. p.

(4) If F € Cyl(P2(RY)) then DyFlul is the L*(RY, p)-orthogonal projection of
DF[u] on Tyl for m-a.e. u € Po(RY).

Proof. If V. € Go we can write V = limyn_0 V™ in [2(P2(R%) x R, m;R9Y)
where VN = 2221 un Vy, is the orthogonal projection of V on the space gen-
erated by {Vy,---,Vn}, with u, = (V, Vy). Clearly VN[ € Golpl for every
N € N and p € P2(IR%) \ N. Moreover we can find a subsequence, not relabeled,
and a m-negligible set N’ O N such that VN [u] — V[u] in L?(RY, ; R9) for every
e Pr(RY)\ N/, so that V[u] € Golu] for every pu € Po(IRY) \ N'.

Let now V € L2(P,(R9) x R4, m;RY) be a vector field such that V[u] € Go[u]
for m-a.e. p € P(RY). Since Gy is a closed subspace, in order to show that
V € Gy, it is sufficient to prove that the scalar product with every element
W e Gé vanishes.

IfWe Gé then for every H € L®(P,(R4), m) and every n € IN we get

przURd) <J]Rd WV, dH(X))H(H) dm(w) =0,

since HV,, € Gg by (11.2.32). Being H arbitrary, we find that there exists a m-
negligible set N” C P,(R¢) such that

J Wiy - Valdu =0 foreveryn € N, ue Po(RY)\N”,
Rd
so that W/(y] € (Go[u])L for m-a.e.u € P> (RRY). We then deduce that

J Wl - VW du =0 for m-ae. pe Pr(RY),
Rd
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and therefore

W, V)= |

P (R4) (J]Rd W'Vdp,(x)) dm(u) =0.

The previous argument also shows that a vector field V belongs to Gy if and
only if V([u] € (Go (W) for m-a.e. u € P,(RY). This fact, together with the very
definition of Tan(P,(R4), m) (11.2.26), yields claim (2).

Claim (3) just follows by Theorem 11.2.10, since (11.2.35) shows that, for every
F e H"2(W;), D Flul € Tyl for m-a.e. p € P,(R9).

If F € Cyl (P2(IRY)) we also have DF[p] — Dy Flu] € Golp] = (9[;@)L m-a.e., SO
that D, F[u] is the L?(RY, w; R9)-orthogonal projection of DF[u] on G[u], as stated
in Claim (4). O

We can now interpret the above results in terms of the nonsmooth tangent and
cotangent structures introduced and developed by Gigli in [55]. Since we are in
the Hilbertian case, we can identify the cotangent module L2(T*P,(R4)) and
dual tangent module L2(TP,(RY)) with the Hilbert space T defined by (11.2.34).
Let us report a useful characterization of the cotangent module L2(T*X) [57,
Theorem 4.1.1] for a general metric measure space (X,d, m).

Theorem 11.2.12. Let (X,d, m) be a metric measure space. Then there exists a unique
pair (M, || - lave, a | - Ive), diff) such that (M, || - lae, e, |- Iae) is @ L2(X, m)-normed
L°(X, m) module (cf. [57, Definition 3.1.1]) and diff : DV2(X,d, m) — M is a linear
operator such that

(i) |diff (f)ly = [Dflx m-a.e. in X for every f € D'2(X,d, m).
(ii) M is generated by {diff(f) : f € D'*(X,d, m)}.

Uniqueness is intended in the following sense: if (M, || - 5 5| - Im),dfff) is another
pair with the above properties, then there exists a module isomorphism g : M — M such
that diff = J o diff.

We thus have the following result.

~

Theorem 11.2.13. There exists a module isomorphism J : T — L?(T*P,(R9)) =
L2(TP,(RY)) such that I o Dy, coincides with the abstract differential operator taking
values in L2(T*P2(R%)) as in [55, Defintion 2.2.2].

Proof. It is enough to show that T (with an appropriate module structure) and
the map Dy, satisfy the properties listed in Theorem 11.2.12.

If as || - |7 we take the L?(P2(R%) x R4, m;R¢) norm, it is clear that (T, || - ||1)
is a Banach space, being closed by Lemma 11.2.8. The pointwise product -t :
L*®(P2(R4),m) x T — T is well defined by (11.2.27) and (11.2.32), bilinear and
associative in L®(P,(R4), m) by definition. Defining the pointwise norm |- |t
as the map sending V € T to ||VIul||., we immediately have that ||V =
[IVIt|| 2 (9, (Ra)m) and [H -1 Vir = [H|[V|r m-a.e. in P;(IR?) for every V € T and
every H € L®(P,(R?4), m). This shows that (T, || - ||, -1, |- 1) is a L2(P2(R4), m)-
normed L% (P, (RR4), m) module.
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Taking as diff the map Dy, : D'2(P,(RY), W,,m) — T, we see that it is well
defined and linear by Theorem 11.2.1 and Theorem 11.2.10. Property (i) of Theo-
rem 11.2.12 follows by (11.2.8). Finally property (ii) of Theorem 11.2.12, meaning
that ([57, Definition 3.1.13]) T coincides with the || - || r-closure of

span {HDwF : H € L®(P,(RY), m), F € D'2(P(RY), W,,m)},

follows by (11.2.28) and the definition of T. This shows the existence of the mod-
ule isomorphism J: T — L2(T*P,(RY)).

Finally, notice that L?(T*P,(R¢%)) = L?(TP2(R%)) since (P,(R%), W3, m) is in-
finitesimally Hilbertian by Corollary 11.1.12 (see also [57, Theorem 4.3]). O

11.2.2  Examples

Isometric embedding of Euclidean Sobolev spaces

Let Q be a Lipschitz bounded open set in R4. For every w € Q let us consider
the Dirac mass 8, concentrated at w. The map t : w — 8y is an isometry
between R¢ and ((R4) C P,(RY). Setting m := Lﬁde_O_ we easily see that
H12(P,(R%), W,, m) is isomorphic to H'2(Q).

In this case only Dirac masses are involved and cylindrical functions are of the
form F(8y) = P(Pp(w)), so that the Wasserstein gradient reduces to the usual
gradient of \ o .

Another isometric embedding is also possible: we fix a reference measure A €
P2(R%) symmetric w.r.t. the origin and we consider the map 1 : Q — P,(R%)
given by

H{w) =A—w) = (to)d, to(X) =x+w, weQ. (11.2.42)
Every function F: P;(R%) — R corresponds to a map
Flw) = F((tw)sA). (11.2.43)

In the case of a cylindrical function as in (11.1.5) we get

Flao) =0 ( [rx+ @) drx), -+ | ol ) dr(x)

(11.2.44)
=P (01 ¥A(w), -, b x Alw) ).
In this case (identifying t(w) with w) we have
N
DF(w,x) = Y j(d1 xA(w), -+, dn * Aw)) Vs (x) (11.2.45)

j=1

and

N 2
IDFIlI = | [ 3 a1 M), - o M) T x+ w)| dCx),
=1

(11.2.46)
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Moreover,  is an isometry of R4 into P, (R4), so that H'2(P,(R4), W, m) is still
isomorphic to H'"2(Q). It follows that the m-Wasserstein gradient of F is

N

DinF(w,x) =Y 3h;j(1 ¥ A(w), -+, dn # AMw)) Vs * AMw) (11.2.47)
j=1

independent of x and the minimal relaxed gradient is

N 2
DuF2(w) = | 3~ (@1 M), -, bn = A@)) Vs #Aw)| . (11.248)
j=1

Gaussian distributions

Let now k = N(w, X) := (det(ZnZ))_]/Ze_%b"zfl’qiﬂd be a Gaussian measure
with mean w and covariance matrix £ € Sym™ (d), the space of symmetric and
positive definite d x d-matrices; we consider the set

Nd .= {N(w,Z) cweRY, Le Sym*(d)}, (11.2.49)

endowed with the Wasserstein distance and a Borel probability measure m con-
centrated on N4. Since

1/2
W2 (N(w1,Z1), N(wz, £3)) = w1 — w22 + 1 + L, —2tr(z}/zzzz}/2) ,

(11.2.50)

H'2(P,(R4), W,, m) is isometric to H'2(P,(R9),d, ) where P,(R4) = RY x
Sym*(d) € R4 x R4*4 endowed with the distance d induced by the formula
(11.2.50) and ti is the measure induced by m.

Closable case

Following [44], we assume the following integration by parts formula: for every
G € Cyl®(P2(R%)) and w € C®(R%;R?) there exists D5,G € L?(P2(RY), m)
such that for every F € Cyl™(P,(R%)) it holds

| (J DF(u,X)-W(X)du(X)>G(u)dm(u)ZJ DZ, G (F (1) dm(y).
P2 (R4) R4 P, (R4)

This equality implies that Gy = {0} i.e. that pCE, is closable. We notice that
the measure m induced by the immersion in the space of delta measure consid-
ered at the beginning of this section satisfies the integration by parts formula
above (see also Example 5.4 in [44]). In [44], in case the base space is a com-
pact Riemannian manifold, are reported a few example of measures m satisfying
the (Riemannian analogue of the) integration by parts formula: the normalized
mixed Poisson measure (Example 5.11 in [44] and [2, 103]), the entropic measure
over S! (Example 5.15 in [44] and [101]) and the Malliavin-Shavgulidze image
measure (Example 5.18 in [44] and [81]).
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11.3 EXTENSION TO RIEMANNIAN MANIFOLDS AND HILBERT SPACES

The aim of this Section is to extend the density result stated in Theorem 11.1.11
from the finite dimensional and flat space R to Riemannian manifolds and
(possibly infinite dimensional) separable Hilbert spaces. Our first step deals with
manifolds embedded in some Euclidean space RY and in fact we will consider
more general closed subsets of RY.

11.3.1 Intrinsic Wasserstein spaces on closed subsets of R4

In this subsection we denote by p the Euclidean distance on R4, P,(RY) still
denotes the subset of Borel probability measure on R¢ with finite second p-
moment and W, is the Wasserstein distance on P, (R¢) induced by p.

We assume that C ¢ RY is a closed set and that o is a distance on C such that
(C, o) is a complete and separable metric space and

p(x1,%x2) < o(x1,%2) < pcelx1,x2) forevery x1,x2 € C, (11.3.1)

where pc is defined as in (10.3.3) with respect to the distance d := p. Since
the topology induced by o is stronger than the Euclidean topology and they are
both Polish topologies, the Borel sets of (C, o) coincide with the Borel sets of C
as a subset of the Euclidean space RY. This means that every Borel probability
measure on R¢ with support contained in C can be identified with a Borel prob-
ability measure in (C, o). Conversely any probability measure on (C, o) extends
to a probability measure on R¢. We can thus denote unambiguously by P(C) the
set of Borel probability measures on C and by P, -(C) the elements of P(C) with
finite second o-moment.
P5 5(C) can be identified with the subset of P(R¢)

{u e P>(RY) :supp(p) C C, J 02 (xg,x) dp(x) < +oo for some xg € C} .
C

We will denote by 1 : C — RY the inclusion map; t : P, -(C) — P2(RY) is the
corresponding continuous injection given by t(u) := 131, which may be identified
with the inclusion map of P, (C) into P2 o(RY).

Since (P2 (C), W3, ) is a complete and separable metric space and the topology
induced by W, ; is stronger than the topology induced by W,, we deduce that
P2,0(C) is a Lusin (and therefore Borel) subset of P (IR¢).

If m is a Borel probability measure on P, (C), yym is the Borel measure in
P> (R4) which is concentrated on P ,(C) and satisfies ym(Z) =m(ZNP3,(C))
for every Borel set Z C P,(R%).

In a similar way, if F : P,(RY) — R is a Borel (or lym- measurable) map, we
will set 1*F:=Fo1: P, -(C) — R.

Theorem 11.3.1. We have H'?(P; 5(C), W o, m) = H'2(P,(RY), W,, ym) with
equal minimal relaxed gradient, meaning that

ID(V*F)|,. = «* (IDFl,) for every F € H'2(P,(RY), Ws, ym). (11.3.2)
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In particular H'2(P;,5(C), Wa,, m) is an Hilbert space and the algebra of cylindri-
cal functions v*(Cyl (P2(IR9))) is dense in H'?(P;,5(C), Wa,q,m) in the sense of
(11.1.18).

Proof. We want to apply Theorem 10.3.3 where X := Pr(RY), d = W,, Y :=
P2,6(C), and & := W, . The first assumption of Condition (A), Lﬁm(?z(Rd) \
P2,6(C)) =0, is clearly satisfied by construction.

In order to prove (10.3.9) we consider a W,-Lipschitz curve p: [0, {] — P, (RY)
parametrized by the W5-arclength such that u(s) € P, -(C) for £ Tae se0,4.
Since the map p is continuous in P,(R%), C is a closed set, and (R4 \ C) =0
for £'-a.e. s € [0,4], we conclude that pus(R4\ C) =0 for every s € [0,{].

By [5, Theorem 8.2.1, Theorem 8.3.1]) there exists a measure n € P(C([0, ¢J; R%))
concentrated on absolutely continuous curves such that (e¢)4(n) = p(t) for every
t e [0,{] and

[vwranm) = [Hwdniy) =1 forae e (1133)

Let us also consider the function ¢(x) := dist(x, C) A1, x € R4, where dist(x, C) :=
min,cc p(x,z). ¢is a bounded Lipschitz function which vanishes precisely on C.
Fubini’s Theorem yields

J (Jj ly(t)) dt) dn(y) = Jj J Clec(y))dn(y)dt = J: J}Rd Cdyg dt =0

since [ ¢(x)dpt _Ofor,,f] -a.e. t € (0,0).

It follows that fo t))dt = 0 for n-a.e. vy, so that the set of t € [0,{] for
which y(t) € Cis dense in [0, {]. Being C closed, we conclude that y takes values
in C for n-a.e. vy.

We can now estimate the W, , distance between the two measures ¢, and
it,, where 0 < to <t < (:

W (g ) < | @2 lvtto) vie) dniw < [ ( |

to

J(J ol ds) dn(v)g(u—to)”: vIZ2 dsdn(v)

= (ty —to)J

to

t

2
Vlo(s)ds) " dn(y)

JMZ dn(y)ds = (t1 — to)?,

where we have used (11.3.1) and Remark 10.3.2 to say that [V[,(s) = [Y|s(s).
Choosing to € [0,¢] such that u¢, € P,,5(C) we deduce that u¢, € P,,5(C) as
well for every t; € [0, {]. This concludes the proof of property (A).
Condition (B) corresponds to

W2 (1o, 1) < W o(po, 1) < (W2)ye(uo, m1)  for every po, g € Y =P25(C),
(11.3.4)

where (W3 )y ¢(1o, 11) is defined as in (10.3.3) with W5 in place of d. The first in-
equality immediately follows by (11.3.1); to prove the second one, we use (10.3.4)
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and the above estimate with to = 0 and t; = { for a a W,-Lipshitz curve
u: [0,8] = Y such that [}y, = 1 a.e. in [0, ] with u(0) = pp and p(l) = py.
Taking the infimum w.r.t. £ we obtain (11.3.4). O

11.3.2 Wasserstein-Sobolev space on complete Riemannian manifolds

In this subsection, we discuss the case of the Sobolev space H'"2(P, (M), W2 4y, M)
where (M, dp) is a smooth and complete Riemannian manifold endowed with
the canonical Riemannian distance dp (inducing the Wasserstein distance W) 4,,)
and m is a Borel probability measure on P, (IM). We will denote by </ the unital
algebra generated by {L;: f € CI(M)}.

Theorem 11.3.2. H'2(P;(IM), W5 4,,,m) is an Hilbert space and the algebra o/ is
(strongly) dense: for every F € H12(P, (M), W) 4y, ) there exists a sequence F, € <7,
n € IN such that

Fn —F,  lip(Fn) — IDF|. strongly in L2(P5(M), m). (11.3.5)

Proof. By Nash isometric embedding Theorem [87] we can find a dimension d,
and an isometric embedding ) : M — j(M) C R% On M := j(M) we can
define the (Riemannian) metric dp inherited by dy: dm()(x),7(y)) = dm(x,y)
so that j is an isometry and (M, dn) is a complete and separable metric space.
We denote by ) :=); the corresponding isometry between (P>(M), W 4,,) and
(P2(M), W3 4,,) and we also set i := jym € P(P2(M)).

It is clear that the map j* : F — Fo) induces a linear isometric isomorphism
between H]'Z(TZ(M),Wz,dM,Iﬁ) and H]'Z(TZ(M),WzldM,m).

Since M is complete and j is an embedding, M is a closed subset of RY and
dpm induces on M the relative topology of IRY. Since ) is isometric, we also have

P(y1,Y2) <dm(y1,y2) =pme(yr,y2) forevery yi,yz € M, (11.3.6)

where ppq ¢ is as in (10.3.3) and p denotes the Euclidean distance on R¢.

As in Section 11.3.1, we can introduce the inclusion map ¢ : M — R% and
the corresponding 1 = 13 : P24, (M) — P, (R4Y). By Theorem 11.3.1 we have
that the map * : F — Fo provides a linear isometric isomorphism between
H'2(P,(RY), W,, yh) and HLZ(TzldM(M),WLdM,m) satisfying (11.3.2); we con-
clude that the map x* :=)* o t* = (10))* is a isometric isomorphism between
H1’2(:])2(]Rd),W2, Kﬁm) (notice that Ky = Uy O]ﬁ) and HLZ(‘Pz/dM(M),WZ,dJM,m)
satisfying

ID(k*F)l. = k™ ([DFL,) for every F € H'?(P;(R?), W2, kym). (11.3.7)

This property in particular yields the Hilbertianity of H'%(P;(IM), W 4,,, m).

In order to prove that &/ is dense in H‘fZ(TZ(M),WzrdM,m) we consider the
algebra 7 generated by {L;: f € C*(R%)}; Proposition 11.1.21 shows that &/ is
strongly dense in H'2(P,(RY), W5, ), so that o7/ == «k* (&) is strongly dense in
H2 (P340, (M), Wo 4y, m).

</’ is generated by functions of the form k*L;, fe C‘g"(]Rd). Since

<Le() = Le(k()) = de fk(x)) du(x) for every p € P2 (M),
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where k = 10}, we see that &/ is generated by functions of the form L, so that
/' C o/ and a fortiori &7 is strongly dense in HLZ(?z,dM (M), W3 4,,, m) as well.

To prove (11.3.5) (involving the asymptotic Lipschitz constants of functions in
o/ with respect to the Riemannian metric) we observe that for every F € a [108,

Lemma 3.1.14]

K'Feo' co, «x*(lipw,F)=> lipw, . "F. (11.3.8)

Let now F = k*F € H'2(P3(M), W, 4,,, m) with F € H'2(P,(IRY), W,,1); there
exists a sequence F,, € &/ such that

Fo = F, lipw,Fn — IDF,  in L*(P2(RY), @),

Applying the linear isometric isomorphism k*, we deduce that the sequence
k*Fn € &/’ satisfies

KFn = F,  k*(lipw,Fn) — «*(DF,) = IDF,  in L?(P2 4y, (M), m). (11.3.9)

Up to extracting a suitable (not relabelled) subsequence and using (11.3.8), we
can suppose that lipw, it k*Fn converges weakly in LZ(TZ(]M),WzldM) to some
G € L?(P2(M), W, 4,,) relaxed gradient of F. (11.3.8) and (11.3.9) also yield

J G2 dm < limsup J(HPWz,dM K*Fn)* dm

n—oo

N2
< lim supj (K*(lipWZFn)) dm

n—oo

= J IDF|? dm,

showing that G = [DF|, and hsz,dM k*Fn — [DF[, strongly in LZ((Pz,dM (M), m).
O

11.3.3 Wasserstein-Sobolev space on Hilbert spaces

In this last section we will consider the case of a separable Hilbert space (H, |- |);
as usual, the space P;(H) will be endowed with the Wasserstein distance W,
induced by the Hilbertian norm of H and we will assume that m is a Borel
probability measure on P, (H).

We select a complete orthonormal system E := (e )nen and the collection of
maps 74 : H — R4, d € N, given by

md(x) = ((x,e1), -, (x eq)). (11.3.10)

The adjoint map 7¢* : RY — H is given by

d
(Y1, ,ya) = Zyj €j. (11.3.11)
j=1

The map A% := % o ¢ is the orthogonal projection of H onto span{ey,--- ,eq}.

We say that a function ¢ : H — R belongs to CL (H, E) if it can be written as

¢:=pomn? forsomedeN, ¢ ¢ C{,(IRd). (11.3.12)
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Clearly ¢ € Cg, (H) and its gradient V¢ can be written as
d
Vp =t oVeond, Vdx):= Z a]-(p(nd(x))ej. (11.3.13)
j=1

We then consider the algebra Cyl (P, (H)) generated by {Lg, : ¢ € C{ (H,E)}. For
every F € Cyl(P2(H)) we can find N € N, a polynomial ¥} : RN — R and
functions ¢, € CL(H,E), n=1,---,N, such that

Flu) = (Yolg)(w), (11.3.14)

where ¢ = (b1,...,dNn). Asin (11.1.7) we can set

N
DF(i, %) := ) dnb(Le (1) VPn(x). (11.3.15)
n=1

It is also easy to check that a function F belongs to Cyl (P2(H)) if and only if
there exists d € N and F € Cyl (P, (RY)) such that

Fp) = T:(T[éi(}i)) for every p € P1(H), (11.3.16)
so that

DF(i,x) = 7% (DF(mn, 74 (x))),  IDFlly = IDF(e Wl g, (113.17)
By Proposition 11.1.10 and using (11.3.17) it is not difficult to check that

|IDF[ul||. = lipF(p) for every p € P, (H). (11.3.18)

Adapting in an obvious way the definitions in (11.1.16) and (11.1.17) to the
Hilbertian framework, we have the following result.

Theorem 11.3.3. H'"2(P;(H), W,, m) is an Hilbert space and the algebra Cyl (P2 (H))
is (strongly) dense: for every F € H'2(P,(H), W2, m) there exists a sequence Fr, €
Cyl(P2(H)), n € IN such that

Fn — F, lip(Fn) — IDF|,  strongly in L2(P2(H), m). (11.3.19)

Proof. Let us set o7 := Cyl (P2(H)); we use Theorem 10.2.1 and we want to prove
that for every v € P,(H) the function

F(u) := W3 (v, ) satisfies |DF, <1 m-ae. (11.3.20)

We split the proof in two steps.
Step 1: it is sufficient to prove that, for every h € IN, the function Fy, : P2(H) —
R

Fr(u) = Wz(ﬁglv, ﬁ;‘u) satisfies |DFpl,» <1 m-ae. (11.3.21)

In fact, using the continuity property of the Wasserstein distance, it is clear that
for every p € P,(H)

Iim Fp(u) = F(w), (11.3.22)

n—oo



11.3 EXTENSION TO RIEMANNIAN MANIFOLDS AND HILBERT SPACES

so that it is enough to apply Theorem 10.1.2(1)-(3) to obtain (11.3.20).
Step 2: Let h € N be fixed and let us denote by W, , the Wasserstein distance
on P, (RM); it is easy to check that

Won (o, Ty ) = Wa(Af io, Af'wy)  for every o,y € P2(H).
Thus, if we define the function F}, : P2(R") — R as
Fr(n) == Won(mv, w)

we get that

We also introduce the measure my, € P(P,(R")) which is the push-forward of
m through the (1-Lipschitz) map P™: P, (H) — P,(R") defined as P™(u) := Ttglp..
By Theorem 11.1.11 applied to H'?(P,(R"), W, , mp), we can find a sequence
of cylindrical functions Fr,n € Cyl (P2(R")), n € N, such that

T:h,n — T:h in Lz(fPZURh)/ mh)l (1]"3'23)

lipgsz(]Rh)?h,n — gn in L2(P5(RM), my)  with gh < 1 mp-ae. (11.3.24)

We thus consider the functions Fy, ;, € Cyl (P,(H)) defined as in (11.3.16) by

Fron (1) == Fron (7') = Fron (P (1)) for every € P (H). (11.3.25)

We immediately have that Fy, , — Fy, in L?(P2(H), m); on the other hand, (11.3.17)
and (11.3.18) yield

lipFhn (1) = Lipg, (ri)Frn (P™ (1)
so that
lipFrn — gn o P in L2(P2(H), m)

and gp o P" < 1 m-a.e. in Py(H). By Theorem 10.1.2(1)-(3), we obtain (11.3.21),
concluding the proof. O

Remark 11.3.4. We remark that the results in Sections 11.1.2 and 11.2.1 can be
extended to P, (M) and P, (H) in an analogous way.
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