Lectures in Mathematics  ETH Zurich

=
\
\
\






Lectures in Mathematics

ETH Ziirich

Department of Mathematics
Research Institute of Mathematics

Managing Editor:
Michael Struwe



Luigi Ambrosio
Nicola Giglh
Giuseppe Savaré

Gradient Flows

in Metric Spaces and in the Space
of Probability Measures

Birkhduser Verlag
Basel - Boston - Berlin



Authors:

Luigi Ambrosio Giuseppe Savaré

Nicola Gigli Dipartimento di Matematica
Scuola Normale Superiore Universita di Pavia

Piazza die Cavalieri 7 Via Ferrata, 1

1-56126 Pisa 1-27100 Pavia
ambrosio@sns.it savare @imati.cnr.it
n.gigli@sns.it

2000 Mathematical Subject Classification 28A33, 28A50, 35K55, 35K90, 47HO5, 47J35, 49140,
65M15

A CIP catalogue record for this book is available from the
Library of Congress, Washington D.C., USA

Bibliographic information published by Die Deutsche Bibliothek
Die Deutsche Bibliothek lists this publication in the Deutsche Nationalbibliografie; detailed
bibliographic data is available in the Internet at <http://dnb.ddb.de>.

ISBN 3-7643-2428-7 Birkhiuser Verlag, Basel — Boston — Berlin

This work is subject to copyright. All rights are reserved, whether the whole or part of the material
is concerned, specifically the rights of translation, reprinting, re-use of illustrations, recitation,
broadcasting, reproduction on microfilms or in other ways, and storage in data banks. For any kind
of use permission of the copyright owner must be obtained.

© 2005 Birkhduser Verlag, P.O. Box 133, CH-4010 Basel, Switzerland
Part of Springer Science+Business Media

Printed on acid-free paper produced from chlorine-free pulp. TCF
Printed in Germany

ISBN-10: 3-7643-2428-7

ISBN-13: 978-3-7643-2428-5

987654321 www.birkhauser.ch



Contents

Introduction 1
Notation 18
I Gradient Flow in Metric Spaces 21
1 Curves and Gradients in Metric Spaces 23
1.1 Absolutely continuous curves and metric derivative . . . . . . . .. 23
1.2 Upper gradients . . . . . . . .. ..o 26
1.3 Curves of maximal slope . . . . . .. .. ... o0 30
1.4 Curves of maximal slope in Hilbert and Banach spaces . . . . . . . 32

2 Existence of Curves of Maximal Slope and their Variational Approximation 39

2.1 Main topological assumptions . . . . . .. ... ... ... 42
2.2 Solvability of the discrete problem and compactness of discrete

trajectories . . . . .. Lo 44

2.3 Generalized minimizing movements and curves of maximal slope . 45

2.4 The (geodesically) convex case . . . . ... ... ... ....... 49

3 Proofs of the Convergence Theorems 59

3.1 Moreau-Yosida approximation . . . . . . . .. ... ... 59

3.2 A priori estimates for the discrete solutions . . . . . .. ... ... 66

3.3 A compactness argument . . . ... ... 69

3.4  Conclusion of the proofs of the convergence theorems . . . . . . . . 71

4 TUniqueness, Generation of Contraction Semigroups, Error Estimates 75

4.1 Cauchy-type estimates for discrete solutions . . . . . . .. ... .. 82

4.1.1 Discrete variational inequalities . . . . . . . . ... ... .. 82

4.1.2 Piecewise affine interpolation and comparison results . . . . 84

4.2 Convergence of discrete solutions . . . . . .. .. ... ... ... . 89

4.2.1 Convergence when the initial datum ug € D(¢) . . . . . . . 89

4.2.2  Convergence when the initial datum ug € D(¢). . . . . . . . 92



vi

Contents

4.3 Regularizing effect, uniqueness and the semigroup property

4.4 Optimal error estimates . . . . . . ... ... ... ... ......
441 Thecase A=0 . . . .. . . ... e
442 Thecase A\F£0 . . . . ..o o

II Gradient Flow in the Space of Probability Measures

5

Preliminary Results on Measure Theory

5.1 Narrow convergence, tightness, and uniform integrability . . . . . .
5.1.1 Unbounded and ls.c. integrands . . . . .. ... ... ...
5.1.2 Hilbert spaces and weak topologies . . . . . . .. ... ...

5.2 Transport of measures . . . . . .. ... L oL

5.3 Measure-valued maps and disintegration theorem . . . . . . . . ..

5.4 Convergence of plans and convergence of maps . . . . ... .. ..

5.5 Approximate differentiability and area formula in Euclidean spaces

The Optimal Transportation Problem

6.1 Optimality conditions . . . . . . . .. ... ... ...

6.2 Optimal transport maps and their regularity . . . . ... ... ..
6.2.1 Approximate differentiability of the optimal transport map
6.2.2 The infinite dimensional case . . . . .. ... ... ... ..
6.2.3 The quadraticcasep=2 .. ... .. ... ... ......

The Wasserstein Distance and its Behaviour along Geodesics

7.1 The Wasserstein distance . . . . . ... .. ... ... ... .. ..
7.2 Interpolation and geodesics . . . . . .. .. ... L
7.3 The curvature properties of Z5(X) . . . . . .. ... L.

A.C. Curves in #,(X) and the Continuity Equation

8.1 The continuity equation in R% . . . . . .. ... ... .. ... ...

8.2 A probabilistic representation of solutions of the continuity
equation . . . . ..o

8.3 Absolutely continuous curves in Z,(X) ... ... ... ... ...

8.4 The tangent bundle to Z2,(X) . ... .. ... ... ... ...

8.5 Tangent space and optimal maps . . . . . .. ... ... ... ...

Convex Functionals in Z7,(X)

9.1 A-geodesically convex functionals in &2,(X) . ... ... ... ...

9.2 Convexity along generalized geodesics . . . . . . . ... ... ...

9.3 Examples of convex functionals in Z,(X) . . ... ... ... ...

9.4 Relative entropy and convex functionals of measures . . . . . . ..
9.4.1 Log-concavity and displacement convexity . . . . . . . . ..

103

105
106
109
113
118
121
124
128

133
135
139
142
146
148

151
151
158
160

167
169

178
182
189
194



Contents vii

10 Metric Slope and Subdifferential Calculus in &7,(X) 227
10.1 Subdifferential calculus in Z25(X): the regular case . . . . . . . .. 229
10.1.1 The case of A-convex functionals along geodesics . . . . . . 231
10.1.2 Regular functionals . . . . . . .. .. ... ... 232
10.2 Differentiability properties of the p-Wasserstein distance . . . . . . 234
10.3 Subdifferential calculus in &7,(X): the general case . . . . . . . .. 240
10.3.1 The case of A-convex functionals along geodesics . . . . . . 244
10.3.2 Regular functionals . . . . . . . . ... ... ... ... ... 246
10.4 Example of subdifferentials . . . . . .. ... .. ... .. ..... 254
10.4.1 Variational integrals: the smooth case . . . . .. ... ... 254
10.4.2 The potential energy . . . . . . . .. .. ... 255
10.4.3 The internal energy . . . . . . . .. ... L. 257
10.4.4 The relative internal energy . . . . . . . .. ... ... 265
10.4.5 The interaction energy . . . . . . . . .. ... .. 267
10.4.6 The opposite Wasserstein distance . . . . . . .. ... ... 269
10.4.7 The sum of internal, potential and interaction energy . . . 272
10.4.8 Relative entropy and Fisher information in infinite

dimensions . . . . .. ..o Lo 276
11 Gradient Flows and Curves of Maximal Slope in &7, (X) 279
11.1 The gradient flow equation and its metric formulations . . . . . . . 280
11.1.1 Gradient flows and curves of maximal slope . . . . . . . .. 283
11.1.2 Gradient flows for A-convex functionals . . . ... ... .. 284
11.1.3 The convergence of the “Minimizing Movement” scheme . . 286

11.2 Gradient flows in &5(X) for A-convex functionals along generalized
geodesics . . ... 295
11.2.1 Applications to Evolution PDE’s . . . . .. ... ... ... 298
11.3 Gradient flows in &2,(X) for regular functionals . . . . . . . .. .. 304
12 Appendix 307
12.1 Carathéodory and normal integrands . . . . . . . .. .. ... ... 307
12.2 Weak convergence of plans and disintegrations . . . . ... . ... 308
12.3 PC metric spaces and their geometric tangent cone . . . . . . . .. 310
12.4 The geometric tangent spaces in P2(X) . . . . . ... ... ... 314
Bibliography 321

Index 331






Introduction

This book is devoted to a theory of gradient flows in spaces which are not neces-
sarily endowed with a natural linear or differentiable structure. It is made of two
parts, the first one concerning gradient flows in metric spaces and the second one
devoted to gradient flows in the L2-Wasserstein space of probability measures! on
a separable Hilbert space X (we consider the LP-Wasserstein distance, p € (1, 00),
as well).

The two parts have some connections, due to the fact that the Wasserstein
space of probability measures provides an important model to which the “metric”
theory applies, but the book is conceived in such a way that the two parts can
be read independently, the first one by the reader more interested to Non-Smooth
Analysis and Analysis in Metric Spaces, and the second one by the reader more
oriented to the applications in Partial Differential Equations, Measure Theory and
Probability.

The occasion for writing this book came with the NachDiplom course taught
by the first author in the ETH in Ziirich in the fall of 2001. The course covered
only part of the material presented here, and then with the contribution of the
second and third author (in particular on the error estimates of Part I and on the
generalized convexity properties of Part II) the project evolved in the form of the
present book. As a result, it should be conceived in part as a textbook, since we
try to present as much as possible the material in a self-contained way, and in part
as a research book, with new results never appeared elsewhere.

Now we pass to a more detailed description of the content of the book,
splitting the presentation in two parts; for the bibliographical notes we mostly
refer to each single chapter.

Part I

In Chapter 1 we introduce some basic tools from Analysis in Metric Spaces. The

IThis distance is also commonly attributed in the literature to Kantorovich-Rubinstein. Actu-
ally Prof. V.Bogachev kindly pointed out to us that the correct spelling of the name Wasserstein
should be “Vasershtein” [124] and that the attribution to Kantorovich and Rubinstein is much
more correct. We kept the attribution to Wassertein and the wrong spelling because this termi-
nology is by now standard in many recent papers on the subject (gradient flows) closely related
to our present work



2 Introduction

first one is the metric derivative: we show, following the simple argument in [7], that
for any metric space (., d) and any absolutely continuous map v : (a,b) C R — .
the limit

exists for Z!-a.e. t € (a,b) and d(v(s),v(t)) < fst [v'|(r) dr for any interval (s, t) C
(@, b). This is a kind of metric version of Rademacher’s theorem, see also [12] and
the references therein for the extension to maps defined on subsets of R?.

In Section 1.2 we introduce the notion of upper gradient, a weak concept for the
modulus of the gradient, following with some minor variants the approach in [81],
[41]. We say that a function g : . — [0,+00] is a strong upper gradient for
¢S — (—o0,+00] if for every absolutely continuous curve v : (a,b) — . the
function g o v is Borel and

|6(0(1)) — B(v(s))] < / g)Y|(r) dr Va<s<t<b. (1)

In particular, if g o v|v’| € L'(a,b) then ¢ o v is absolutely continuous and
[(pov) ()] < glo@)|'|(t) for L -a.e. t e (a,b). (2)

We also introduce the concept of weak upper gradient, where we require only that
(2) holds with the approximate derivative of ¢ o v, whenever ¢ o v is a function of
(essential) bounded variation. Among all possible choices of upper gradients, the
local [52] and global slopes of ¢ are canonical and respectively defined by:

— p(w))" v) — p(w)) "
|0¢|(v) := lim sup M, [4(v) := sup M

w—v d(U7 w) wWH#v d(’l), w)

(3)

In our setting, [4(-) provides the natural “one sided” bounds for difference quo-
tients modeled on the analogous one [41] for Lipschitz functionals, where the pos-
itive part of ¢(v) — ¢(w) is replaced by the modulus.

We prove in Theorem 1.2.5 that the function |0¢| is a weak upper gradient
for ¢ and that, if ¢ is lower semicontinuous, [, is a strong upper gradient for ¢.
In Section 1.3 we introduce our main object of study, the notion of curve of max-
imal slope in a general metric setting. The presentation here follows the one in
[8], on the basis of the ideas introduced in [52] and further developed in [53], [95].
To illustrate the heuristic ideas behind, let us start with the classical setting of a
gradient flow

u'(t) = =V (u(t)) (4)
in a Hilbert space. If we take the modulus in both sides we have the equation
[u'[(t) = |[Vé(u(t))] which makes sense in a metric setting, interpreting the left
hand side as the metric derivative and the right hand side as an upper gradient
of ¢ (for instance the local slope |0¢|, as in [8]). However, in passing from (4) to
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a scalar equation we clearly have a loss of information. This information can be
retained by looking at the derivative of the energy:

d / / 1 /2 1 2
79 (u(®)) = (W), Vo (u(t)) = —['()lIVe (u(t) | = = [u'[*(t) = 5[V (u(t)) .

The second equality holds iff «' and —V¢(u) are parallel and the third equality
holds iff [u/| and |V¢(u)| are equal, so that we can rewrite (4) as

1, 1 _d
S0P (E) + 316 (@) |2 = — 20 (u(®)

Passing to an integral formulation and replacing |Vé(u)| with g(u), where g is an
upper gradient of ¢, we say that u is a curve of maximal slope with respect to g if

%/& <|u/|2(r) +1g (u(r)) |2) dr < ¢ (u(s)) — ¢ (u(t)) (5)

for £1-a.e. s, t with s < t. In the case when ¢ is a strong upper gradient, the
energy is absolutely continuous in time, the inequality above is an equality and it
holds for any s, t > 0 with s < ¢.

This concept of curve of maximal slope is very natural, as we will see, also in
connection with the problem of the convergence of the implicit Euler scheme.
Indeed, we will see that (5) has also a discrete counterpart, see (11) and (3.2.4).
A brief comparison between the notion of curves of maximal slope and the more
usual notion of gradient flows in Banach spaces is addressed in Section 1.4. We
shall see that the metric approach is useful even in a linear framework, e.g. when
the Banach space does not satisfy the Radon-Nikodym property (so that there
exist absolutely continuous curves which are not a.e. differentiable) and therefore
gradient flows cannot be characterized by a differential inclusion.

In Chapter 2 we study the problem of the existence of curves of maximal slope
starting from a given initial datum wuy € . and the convergence of (a variational
formulation of) the implicit Euler scheme. Given a time step 7 > 0 and a discrete
initial datum U? ~ g, we use the classical variational problem

U € argmin {QS(U) + 2ial2(v7 Uurhve Y} (6)
T

to find, given U™, the next value U”. We consider also the case of a variable
time step when 7 depends on n as well (see Remark 2.0.3). Also, we have preferred
to distinguish the role played by the distance d (which, together with ¢, governs
the direction of the flow) by the role played by an auxiliary topology o on ., that
could be weaker than the one induced by d, ensuring compactness of the sublevel
sets of the minimizing functional of (6) (this ensures existence of minimizers in
(6)). In this introductory presentation we consider for simplicity the case of a
uniform step size 7 independent of n and of an energy functional ¢ whose sublevel
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sets {¢ < ¢}, ¢ € R, are compact with respect to the distance topology; we also
suppose that U® = ug, ¢(ug) < +oo. This ensures a compactness property of the
discrete trajectories and therefore the existence of limit trajectories as 7 | 0 (the
so-called generalized minimizing movements in De Giorgi’s terminology, see [51]).
In Section 2.3 we state some general existence results for curves of maximal slope.
The first result is stated in Theorem 2.3.1 and it is the more basic one: we show
that if the relaxed slope

107 61(u) := inf { Timninf [06](u) < 1w — u, sup{d(un, ), d(un)} < +o0} (7)

is a weak upper gradient for ¢, and if ¢ is continuous along bounded sequences in
- on which both ¢ and |0¢| are bounded, then any limit trajectory is a curve of
maximal slope with respect to |07 ¢|(u). If |07 ¢|(u) is a strong upper gradient we
can drop the continuity assumption on ¢ and obtain in Theorem 2.3.3 that any
limit trajectory is a curve of maximal slope with respect to |0~ ¢|(u). In particular
this leads to the energy identity

1

5 [ (0PG)+ 1076wl dr = 6 (u(s) = 6 (ult) (8)

for any interval [s, ] C [0, +00). One can also show strong L? convergence of several
quantities associated to discrete trajectories to their continuous counterpart, see
(2.3.6) and (2.3.7).

In Section 2.4 we consider the case of convex functionals. Here convexity or, more
generally, A\-convexity has to be understood (see [84], [97]) in the following sense:

600) < (1= 06(0) + t9(1) — A1~ O, m) Ve ()

for any constant speed minimal geodesic 7; : [0,1] — & (but more general class
of interpolating curves could also be considered). We show that for A-convex func-
tionals with A > 0 the local and global slopes coincide. Moreover, for any A-convex
functional the local slope |0¢| is a a strong upper gradient and it is lower semicon-
tinuous, therefore the results of the previous section apply and we obtain existence
of curves of maximal slope with respect to |0¢| and the energy identity (8). As-
suming A > 0 we prove some estimates which imply exponential convergence of
u(t) to the minimum point of the energy as ¢ — +oo. At this level of generality
an open problem is the uniqueness of curves of maximal slope: this problem is
open even in the case when .% is a Banach space. We are able to get uniqueness,
together with error estimates for the Euler scheme, only under stronger convexity
assumptions (see Chapter 4 and also Section 11.1.2 in Part II, where uniqueness
is obtained in the Wasserstein space using its differentiable structure). Finally,
we prove in Theorem 2.4.15 a metric counterpart of Brezis’ result [28, Theorem
3.2, page. 57], showing that the right metric derivative of ¢ — u(¢) and the right
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derivative of ¢ — ¢ (u(t)) exist at any ¢ > 0; in addition the equation

- 6(u(t) = 10617 () =~ 2(6) = 1061 (w(t)) 'y 1)
:

holds in a pointwise sense in (0, +00).

Chapter 3 is devoted to some proofs of the convergence and regularity the-
orems stated in the previous chapter. We study in particular the Moreau—Yosida
approximation ¢, of ¢ (a natural object of study in connection with (6)), defined
by

1
o (u) = inf{¢(v)+2d2(v,u) : UGY} ueS, T>0. (10)
T
Notice that since v = u is admissible in the variational problem defining ¢,, we
have the obvious inequality

1
=, ur) < 9lu) — Hlur)

-
for any minimizer u, (here we assume that for 7 > 0 sufficiently small the infimum
is attained). Following an interpolation argument due to De Giorgi this elementary
inequality can be improved (see Theorem 3.1.4), getting

Plon) [ ),
2T 0 27"2

r=ao(u) — o(ur). (11)

Combining this identity with the slope estimate (see Lemma 3.1.3)

96](ur) < Lemt),

T

we obtain the sharper inequality

& (ur,u) (71091 (ur)

s [ ar < o) - o).
If we interpret r — wu, as a kind of “variational” interpolation between u and wu.,,
and if we apply this estimate repeatedly to all pairs (u,u,) = (U*~!,U") arising
in the Euler scheme, we obtain a discrete analogue of (5). This is the argument
underlying the basic convergence Theorem 2.3.1. Notice that this variational in-
terpolation does not coincide (being dependent on ¢), even in a linear framework,
with the standard piecewise linear interpolation.

Chapter 4 addresses the general questions related to the well posedness of
curves of maximal slope, i.e. uniqueness, continuous dependence on the initial
datum, convergence of the approximation scheme and possibly optimal error es-
timates, asymptotic behavior. All these properties have been deeply studied for
l.s.c. convex functionals ¢ in Hilbert spaces, where it is possible to prove that
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the Euler scheme (6) converges (with an optimal rate depending on the regular-
ity of ug) for each choice of initial datum in the closure of the domain of ¢ and
generates a contraction semigroup which exhibits a regularizing effect and can be
characterized by a system of variational inequalities.

We already mentioned the lackness of a corresponding Banach space theory:
if one hopes to reproduce the Hilbertian result in a purely metric framework it is
natural to think that the so called “parallelogram rule”

2 — 2 1 1
|22 222 = Sl + Il (12)
which provides a metric characterization of Hilbertian norms, should play a crucial
role.

It is well known that (12) is strictly related to the uniform modulus of
convexity of the norm: in fact, considering a general convex combination v, =
(1 —t)vo + ty1 instead of the middle point between ~y and 7, and evaluating the
distance d(y¢,v) := ||y — v|| from a generic point v instead of 0, we easily see that
(12) can be rephrased as

d(7t,0)* = (1 = t)d(70,v)* + td(71,0)* = (1 = t)d(r0,71)* Vte[0,1]. (13)

It was one of the main contribution of U. MAYER [96] to show that in a general
geodesically complete metric space the 2-convexity inequality

d(y:,v)? < (1 —t)d(vy0,v)* + td(y1,v)* — t(1 — t)d(y0,71)*> YVt €[0,1]. (14)

(where now ~; is a constant speed minimal geodesic connecting 7o to 71: cf. (9))
is a sufficient condition to prove a well posedness result by mimicking the cele-
brated Crandall-Ligget generation result for contraction semigroups associated to
m-~accretive operators in Banach spaces.

For a Riemannian manifold (14) is equivalent to a global nonpositivity condi-
tion on the sectional curvature: Aleksandrov introduced condition (14) for general
metric spaces, which are now called NPC (Non Positively Curved) spaces.

Unfortunately, the L?-Wasserstein space, which provides one of the main
motivating example of the present theory, satisfies the opposite (generally strict)
inequality, which characterizes Positively Curved space.

Our main result consists in the possibility to choose more freely the family of
connecting curves, which do not have to be geodesics any more: we simply suppose
that for each triple of points 7,1, v there exists a curve -; connecting -y to v1
and satisfying (14) and (9); we shall see in the second Part of this book that this
considerably weaker condition is satisfied by various interesting examples in the
L?-Wasserstein space.
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Even if the Crandall-Ligget technique cannot be applied under these more
general assumptions, we are able to prove a completely analogous generation result
for a regularizing contraction semigroup, together with the optimal error estimate
(here A = 0) at each point ¢ of the discrete mesh

2

@ (u(t), Ur (1) < 7(#(u0) = dr(uo) ) < 1061 (uo)-

Part 11

Chapter 5 contains some preliminary and basic facts about Measure Theory and
Probability in a general separable metric space X. In the first section we introduce
the narrow convergence and discuss its relation with tightness, lower semicontinu-
ity, and p-uniform integrability; a particular attention is devoted in Section 5.1.2
to the case when X is an Hilbert space and the strong or weak topologies are con-
sidered. In the second section we introduce the push-forward operator y — ryu
between measures and discuss its main properties. Section 5.3 is devoted to the
disintegration theorem for measures and to the related and classical concept of
measure-valued map. The relationships between convergence of maps and narrow
convergence of the associated plans, typical in the theory of Young measures (see
for instance [128, 129, 23, 123, 20]), are presented in Section 5.4.

Finally, the last section of the chapter contains a discussion on the area formula
for maps f : A € R — R?% under minimal regularity assumptions on f (in the
same spirit of [77]), so that the classical formula for the change of density

p _
fa (p2£%) = etV /| o f M ) Z?

still makes sense. These results apply in particular to the classical case when f is
the gradient of a convex function (this fact was proved first by a different argument
in [97]). In the same section we introduce the classical concepts of approzimate
continuity and approximate differentiability which will play an important role in
establishing the existence and the differentiability of optimal transport maps.

Chapter 6 is entirely devoted to the general results on optimal transportation
problems between probability measures p, v: in the first section they are studied
in a Polish/Radon space X with a cost function ¢ : X2 — [0, +-00]. We consider
the strong formulation of the problem with transport maps due to Monge, see
(6.0.1), and its weak formulation with transport plans

min{/xz c(z,y)dy: v eT(u, y)} (15)

due to Kantorovich. Here I'(i1,v) denotes the class of all v € £(X?) such that
7y =pand 74y =v (7' : X* — X, i =1, 2 are the canonical projections) and
in the following we shall denote by I',(u, v) the class of optimal plans for (15).
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In Section 6.1 we discuss the duality formula

min (15)zsup{/ @du—l-/ Ydv: o)+ Yy )<c(x,y)}

for the Kantorovich problem and the necessary and sufficient optimality conditions
for transport plans. These can be expressed in two basically equivalent ways (under
suitable a-priori estimates from above on the cost function): a transport plan =y is
optimal if and only if its support is c-monotone, i.e.

n n
Z (i, Yo (1)) Z c(x;,y;) for any permutation o of {1,...,n}
i=1 i=1

for any choice of (x;,y;) € supp~y, 1 <i < n. Alternatively, a transport plan = is
optimal if and only if there exist (¢,%) such that ¢(x) + ¥ (y) < c(z,y) for any
(z,y) and

o(x) +Y(y) = c(x,y) y-a.e.in X x X. (16)
The pair (p,1) can be built in a canonical way, independent of the optimal plan
v, looking for maximizing pairs in the duality formula (6.1.1). In the presentation
of these facts we have been following mostly [14], [71], [112], [126]; see also [61].
Section 6.2 is devoted to the problem of the existence of optimal transport maps
t,, under the assumption that X is an Hilbert space and the initial measure
1 is absolutely continuous (in the infinite dimensional case we assume that the
measure g vanishes on all Gaussian null sets); we consider mostly the case when
the cost function is the p-power, with p > 1, of the distance. We include also (see
Theorem 6.2.10) an existence result in the case when X is a separable Hilbert space
(compare with the results [68, 69, 89] in Wiener spaces, where the cost function
¢(z,y) is finite only when x —y is in the Cameron-Martin space). The proofs follow
the by now standard approach of differentiating with respect to 2 the relation (16)
to obtain that for p-a.e. x there is a unique y such that (16) holds (the relation
x +— y then gives the desired optimal transport map y = tl’:(x))

The Wasserstein distances and their geometric properties are the main sub-

jects of Chapter 7. In Section 7.1 we define the p-Wasserstein distance and we
recall its basic properties, emphasizing the fact that the space &,(X) endowed
with this distance is complete and separable but not locally compact when the
underlying space X is not compact.
The second section of Chapter 7 deals with the characterization of constant speed
geodesics in &2, (X) (here X is an Hilbert space), parametrized on the unit interval
[0,1]. Given the endpoints g, 1 of the geodesic, we show that there exists an
optimal plan < between py and pq such that

pe=(tr® + (1 —-t)r') v Vte[0,1]. (17)
Conversely, given any optimal plan ~y, the formula above defines a constant speed

geodesic. In the case when plans are induced by transport maps, (17) reduces to

pe = (tth + (1—t)i)#u0 vt € [0,1]. (18)

Ho



Introduction 9

We show also in Lemma 7.2.1 that there is a unique transport plan joining a point

in the interior of a geodesic to one of the endpoints; in addition this transport

plan is induced by a transport map (this does not require any absolute continuity

assumption on the endpoints and will provide a useful technical tool to approxi-

mate plans with transports).

In Section 7.3 we focus our attention on the L2-Wasserstein distance: we will prove
1

a semi-concavity inequality for the squared distance function 9(t) := W3 (pu, 1)

from a fixed measure p along a constant speed minimal geodesic p, t € [0,1]

W3 (e, ) = tW3 (1, ) + (1= )W5 (po, ) — t(1 = 6)W5 (o, ) (19)

and we discuss its geometric counterpart; we also provide a precise formula to
evaluate the time derivative of ¥ and we show trough an explicit counterexample
that v does not satisfy any A-convexity property, for any A € R. Conversely, (19)
shows that 1 is semi-concave and that &?2(X) is a Positively curved (PC) metric
space.

Chapter 8 plays an important role in the theory developed in this book. In
the first section we review some classical results about the continuity/transport
equation
%Mt + V- (o) =0 in X x (a,b) (20)
in a finite dimensional euclidean space X and the representation formula for its
solution by the Characteristics method, when the velocity vector field v; satisfies
a p-summability property with respect to the measures p; and a local Lipschitz
condition. When this last space-regularity properties does not hold, one can still
recover a probabilistic representation result, through Young measures in the space
of X-valued time dependent curves: this approach is presented in Section 8.2.
The main result of this chapter, presented in Section 8.3, is that the class of solu-
tions of the transport equation (20) (in the infinite dimensional case the equation
can still be interpreted in a weak sense using cylindrical test functions) coincides
with the class of absolutely continuous curves u; with values in the Wasserstein
space. Specifically, given an absolutely continuous curve u; one can always find
a “velocity field” v, € LP(u; X) such that (20) holds; in addition, by construc-
tion we get that the norm of the velocity field can be estimated by the metric
derivative:

llvell e ey < |1[(2) for Zt-a.e. t € (a,b). (21)

Conversely, any solution (s, vs) of (20) with f; Vel e () dt < +oo induces an
absolutely continuous curve p;, whose metric derivative can be estimated by
el e (y) for Lt-ace. t € (a,b). As a consequence of (8.2.1) we see that among
all velocity fields v; which produce the same flow p;, there is an optimal one with
smallest LP norm, equal to the metric derivative of u;; we view this optimal field
as the “tangent” vector field to the curve u;. To make this statement more precise,
let us consider for instance the case when p = 2 and X is finite dimensional: in this
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case the tangent vector field is characterized, among all possible velocity fields, by
the property

L (pe;X)

v €{Vp: peCr(X)} for Zt-a.e. t € (a,b). (22)
In general one has to consider a duality map j, between L? and L (since gradi-
ents are thought as covectors, and therefore as elements of L?) and gradients of
cylindrical test functions if X is infinite dimensional.

In the next Section 8.4 we investigate the properties of the above defined tangent
vector. A first consequence of the characterization of absolutely continuous curves
is a result, given in Proposition 8.4.6, concerning the infinitesimal behaviour of
the Wasserstein distance along absolutely continuous curves p;: given the tangent
vector field v; to the curve, we show that

lim Wy (presn, (34 hoy) )
h—0 ‘h|

=0 for Zt-a.e. t € (a,b). (23)

Moreover the optimal transport plans between p; and pyyp, rescaled in a suit-
able way, converge to the optimal transport plan (4 x v;)x, associated to vy (see
(8.4.6)). This Proposition shows that the infinitesimal behaviour of the Wasser-
stein distance is governed by transport maps even in the situations when globally
optimal transport maps fail to exist (recall that the existence of optimal transport
maps requires assumptions on the initial measure p).

Another interesting result is a formula for the derivative of the distance from a
fixed measure along any absolutely continuous curve i in &2,(X): one can show
for any p € (1,00) that

d

W@ =p [ (ulen)o - aalloy —waP Py onan)(20)
X

for any optimal plan =, between p; and f; here v, is any admissible velocity
vector field associated to p; through the continuity equation (20). This “generic”
differentiability along absolutely continuous curves is sufficient for our purposes,
see for instance Theorem 11.1.4 where uniqueness of gradient flows is proved.
Another consequence of the characterization of absolutely continuous curves in
P5(X) is the variational representation formula

1
. d
W3 (o, 1) = min {/0 ol Z2 g,y t - St TV (vee) = 0} : (25)

Again, these formulas still hold with the necessary adaptations if either p €
(1,+00) (in this case we have a kind of Finsler metric) or X is infinite dimen-
sional. We also show that optimal transport maps belong to Tan,27,(X) under
quite general conditions.

The characterization (22) of velocity vectors and the additional properties we
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listed above, strongly suggest to consider the following “regular” tangent bundle

to WQ(X)

L2 (1;X)

Tan, P2(X) :={Ve: p e C*(X)} Y e Po(X), (26)
endowed with the natural L? metric. Up to a .Z!-negligible set in (a, b), it contains
and characterizes all the tangent velocity vectors to absolutely continuous curves.
In this way we recover in a general framework the Riemannian interpretation of the
Wasserstein distance developed by Otto in [107] (see also [106], [83] and also [38]):
indeed, the right hand side in (25) is nothing but the minimal length, computed
with respect to the metric tensor, of all absolutely continuous curves connecting
1o to pp. This formula was independently discovered also in [21], and used for
numerical purposes. In the original paper [107], instead, (25) is derived using
formally the concept of Riemannian submersion and the family of maps ¢ — ¢xp
(indexed by p) from Arnold’s space of diffeomorphisms into the Wasserstein space.
In the last Section 8.5 we compare the “regular” tangent space 26 with the tangent
cone obtained by taking the closure in LP(u; X) of all the optimal transport maps
and we will prove the remarkable result that these two notions coincide.

In Chapter 9 we study the convexity properties of functionals ¢ : Z2,(X) —
(—o0, +00]. Here “convexity” refers to convexity along geodesics (as in [97], [107],
where these properties have been first studied), whose characterization has been
given in the previous Section 7.2. More generally, as in the metric part of the
book, we consider A-convex functionals as well, and in Section 9.2 we investigate
some more general convexity properties in 5 (X ). The motivation comes from the
fact, discussed in Part I, that error estimates for the implicit Euler approximation
of gradient flows seem to require joint convexity properties of the functional and
of the squared distance function. As shown by a formal computation in [107],
the function WZ(-, ) is not l-convex along classical geodesics p; and we have
actually the reverse inequality (19) (cf. Corollary 7.3.2). It is then natural to look
for different kind of interpolating curves, along which the distance behaves nicely,
and for functionals which are convex along this new class of curves.

To this aim, given an absolutely continuous measure p, we consider the family of
“generalized geodesics”

i = ((1—t)tﬁj°+ttﬁ1)#u t€[0,1],

among all possible optimal transport maps #/,°, t};'. As usual we get rid of the
absolute continuity assumption on p by considering the family of 3-plans

{7 € gZ(X?’) : (WI’WQ)#’Y € FO(;“’?MO)) (71’71_3)#,)/ € FO(:“H/““)} )
and the corresponding family of generalized geodesics:

e = ((1—t)m* + t7r3)#'7 te0,1].



12 Introduction

We prove in Lemma 9.2.1 the key fact that W2(-, ) is 1-convex along these gen-
eralized geodesics. Thanks to the theory developed in Part I, the convexity of
W3(-,p) along the generalized geodesics leads to error estimates for the Euler
scheme, provided the energy functional ¢ is A\-convex, for some A € R, along any
curve in this family. It turns out that almost all the known examples of convex
functionals along geodesics, which we study in some detail in Section 9.3, sat-
isfy this stronger convexity property; following a terminology introduced by C.
Villani, we will consider functionals which are the sum of three different kinds of
contribution: the potential and the interaction energy, induced by convex functions
V,W: X — (—o0, 4]

- /X V) dux), W = | W —y)dux ua),

X2

and finally the internal energy

F(u) = /R F(dil;d (x)) 424 z), (27)

F :]0,+00) — R being the energy density, which should satisfy an even stronger
condition than convexity.

The last Section 9.4 discusses the link between the geodesic convexity of the Rel-
ative Entropy functional (without any restriction on the dimension of the space;
we also consider a more general class of relative integral functionals, obtained
replacing .#¢ in (27) by a general probability measure v in X)

dlj/ ( ) .
log dy if p <y,
H(uly) : / (28)

otherwise,

and the “log” concavity of the reference measure v, a concept which is strictly
related to various powerful functional analytic inequalities. The main result here
states that H(:|y) is convex along geodesics in Z2,(X) (here the exponent p can
be freely chosen, and also generalized geodesics in %5(X) can be considered) if
and only if v is “log” concave, i.e. for every couple of open sets A, B C X we have

logv((1 —t)A+tB) > (1 —t)logy(A) + tlogv(B) t€10,1].

When X = R? and v < £, this condition is equivalent to the representation
v =eV-.2% for some ls.c. convex potential V : R? — (—o0, +00] whose domain
has not empty interior in R%.

One of the goal of the last two chapters is to establish a theory sufficiently
powerful to reproduce in the Wasserstein framework the nice results valid for
convex functionals and their gradient flows in Hilbert spaces. In this respect an
essential ingredient is the concept of (Fréchet) subdifferential of a l.s.c. functional
¢ Pp(X) — (—00,+00] (see also [37, 38]), which is introduced and systematically
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studied in Chapter 10.

In order to motivate the relevant definitions and to suggest a possible guideline for
the development of the theory, we start by recalling five main properties satisfied
by the Fréchet subdifferential in Hilbert spaces. In Section 10.1 we prove that
a natural transposition of the same definitions in the Wasserstein space &5(X),
when only regular measures belong to the proper domain of ¢ (or even of its metric
slope |09|), is possible and they enjoy completely analogous properties as in the
flat case. Since this exposition is easier to follow than the one of Section 10.3 for
arbitrary measures, here we briefly sketch the main points.

First of all, the subdifferential d¢(p) contains all the vectors & € L?(u; X) such
that

o) — (1) > /X (6,87 — iy dyi+ o (Wa(v, 1) (20)

If p is a minimizer of ¢, then 0 € d¢(u); more generally, if p, € HPo(X) minimizes

i W3 0) + 0(0),

then the corresponding “Euler” equation reads

m

t
Zpr 7 E Od(pr).
T

As in the linear case, when ¢ is convex along geodesics, the subdifferential (29)
can also be characterized by the global system of variational inequalities

o) — (1) > /X (€ —iydp Vv e Py(X), (30)

and it is “monotone”, since

& o), i=12 — /swz — £, (), 82(2) — ) dpn () > O;

the fact that &, is evaluated on ¢;? in the above formula should not be surprising,
since subdifferentials of ¢ in different measures i, ps belong to different vector
(L?(pi; X)) spaces (like in Riemannian geometry), so that they can be added or
subtracted only after a composition with a suitable transport map.

Closure properties like

pn — o in Po(X), &, —E& €, €00(un) = €€ Ip(p), (31)

(here one should intend the weak convergence of the vector fields &, which are
defined in the varying spaces L?(up; X), according to the notion we introduced in
Section 5.4) play a crucial role: they hold for convex functionals and define the
class of “regular” functionals. In this class the minimal norm of the subdifferential
coincides with the metric slope of the functional

961(n) = min {|I€l|z2qux) : € € D60 |
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and we can prove the chain rule
d
0 = | (&vdue VEE (),
X

for #1-a.e. (approximate) differentiability point of ¢ — ¢(u;) along an absolutely
continuous curve u;, whose metric velocity is v;.

Section 10.2 is entirely devoted to study the (sub- and super-) differentiability
properties of the p-Wasserstein distances: here the assumption that the measures
are absolutely continuous w.r.t. the Lebesgue one is too restrictive, and our efforts
are mainly devoted to circumvent the difficulty that optimal transport maps do
not exist in general. Thus we should deal with plans instead of maps and the
results we obtain provide the right way to introduce the concept of subdifferential
in full generality, i.e. without restriction to absolutely continuous measures, in the
next Section 10.3.

To this aim, we need first to define, for given v € Z(X?) and u := 71'3(#7, the class
of 3-plans

Lo(v,v) ={ve 2(X%: (", 7)) g =", (7", 7*)pp € To(n,v)}.

Notice that in the particular case when v = (¢ x &)xp is induced by a transport
map and p is absolutely continuous, then T', (7, ) contains only one element

Po(y,v) = { (i x € x 8) ) (32)

Thus we say that v € 9(X?) is a general plan subdifferential in 8¢(u) if its
first marginal is y, its second marginal has finite g-moment, and the asymptotic
inequality (29) can be rephrased as

60) =0~ [ (oaizs o) dufer,anan) 2 o(Waln)), (33)
X3

for some 3-plan p (depending on v) in T, (7, v).

When ¢ is convex (a similar characterization also holds for A-convexity) along

geodesics, this asymptotic property can be reformulated by means of a system of

variational inequalities, analogous to (30): v € d¢(u) if and only if

Vve Z,(X) Fpely(y,v): o(v) > o(p) + /XS (2,3 —x1)dp.  (34)
If condition (32) holds then conditions (33) and (34) reduce of course to (29) and
(30) respectively.
This general concept of subdifferential, whose elements are transport plans rather
than tangent vectors (or maps) is useful to establish the typical identities of Convex
Analysis: we extend to this more general situation all the main properties we
discussed in the linear case and we also show that in the A-convex case tools of
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I'-convergence theory fit quite well in our approach, by providing flexible closure
and approximation results for subdifferentials.

In particular, we prove in Theorem 10.3.10 that, as in the classical Hilbert setting,
the minimal norm of the subdifferential (in the present case, the g-moment of its
second marginal) coincides with the descending slope:

win{ [ Jaafray s € 000} = o010 (35)

and the above minimum is assumed by a unique plan 8°¢(u), which provides the
so called “minimal selection” in &¢(u) and enjoys many distinguished properties
among all the subdifferentials in d¢(u). Notice that this result is more difficult
than the analogous property in linear spaces, since the g-moment of (the second
marginal of) a plan is linear map, and therefore it is not strictly convex. Besides
its intrinsic interest, this result provides a “bridge” between De Giorgi’s metric
concept of gradient flow, based on the descending slope, and the concepts of gra-
dient flow which use the differentiable structure (we come to this point later on).
The last Section 10.4 collects many examples of subdifferentials for the various
functionals considered in Chapter 9; among the others, here we recall Example
10.4.6, where the geometric investigations of Chapter 7 yield the precise expres-
sion for the subdifferential of the opposite 2-Wasserstein distance, Example 10.4.8,
where we show that even in infinite dimensional Hilbert spaces the Relative Fisher
Information coincides with the squared slope of the Relative Entropy H(+|v), when
v is log-concave, and 10.4.7 where the subdifferential of a general functional re-
sulting from the sum of the potential, interaction, and internal energies

o) = [ Veydu(e)+ [ Wia—y)dux ple.) + /

F(dp/d<?) da,
Rd R2d Rd

is characterized: under quite general assumptions on V, W, F (which allow for
potentials with arbitrary growth and also assuming the value +o00) we will show
that the minimal selection 8°¢(y) is in fact induced by the transport map w =
0°¢p(pn) € L(u; RY) defined by

pw = VLp(p)+pVo+p(VW xp), p=p-2L% Lr(p)=pF'(p)— F(p).

In the last Chapter 11 we define gradient flows in &2,(X), X being a separable
Hilbert space, and we combine the main points presented in this book to study
these flows under many different points of view.

For the sake of simplicity, in this introduction we consider only the more relevant
case p = 2: a locally absolutely continuous curve gy : (0, +00) — HPo(X), with
/| € L?,.(0,4+00) is said to be a gradient flow relative to the functional ¢ :

loc
Po(X) — (—o0, +o0] if its velocity vector v, satisfies

—vg € 0p(pue), for #'-ae. t € (0,+00). (36)
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For functionals ¢ satisfying the regularity property (31), in Theorem 11.1.3 we
show that this “differential” concept of gradient flow is equivalent to the “metric”
concept of curve of maximal slope introduced in Part I, see in particular Section 1.3
in Chapter 1. The equivalence passes through the pointwise identity (35).

When the functional is A-convex along geodesics, in Theorem 11.1.4 we show that
gradient flows are uniquely determined by their initial condition

lim p1¢ = po.
i 1, = po

The proof of this fact depends on the differentiability properties of the squared
Wasserstein distance studied in Section 8.3. When the measures p; are absolutely
continuous and the functional is A-convex along geodesics, this condition reduces
to the system

b+ V(o) =0 in X x (0,400),
00) = 6(u) — [ (onsth, i) du + X0 (37)
X
Vv € Po(X), for PLlae. t>0.

Section 11.1.3 is devoted to a general convergence result (up to extraction of
a suitable subsequence) of the Minimizing Movement scheme, following a direct
approach, which is intrinsically limited to the case when p = 2 and the measures
1y are absolutely continuous. Apart from these restrictions, the functional ¢ could
be quite general, so that only a relaxed version of (36) can be obtained in the
limit. -
Existence of gradient flows is obtained in Theorem 11.2.1 for initial data o € D(¢)
and Ls.c. functionals which are A-convex along generalized geodesics in P25 (X):
this strong result is one of the main applications of the abstract theory developed
in Chapter 4 to the Wasserstein framework and, besides optimal error estimates for
the convergence of the Minimizing Movement scheme, it provides many additional
informations on the regularity the semigroup properties, the asymptotic behaviour
as t — +oo, the pointwise differential properties, the approximations, and the
stability w.r.t. perturbations of the functional of the gradient flows. Applications
are then given in Section 11.2.1 to various evolutionary PDE’s in finite and infinite
dimensions, modeled on the examples discussed in Section 10.4.

In Section 11.3 we consider the wider class of regular functionals in &2,(X) even
for p # 2 and we prove existence of gradient flows when o belongs to the domain
of ¢ and suitable local compactness properties of the sublevel of ¢ are satisfied.
This approach uses basically the compactness/energy arguments of the theory
developed in Chapter 2 and the equivalence between gradient flows and curves of
maximal slope.

The Appendix collects some auxiliary results: the first two sections are de-
voted to lower semicontinuity and convergence results for integral functionals on
product spaces, when the integrand satisfies only a normal or Carathéodory con-
dition, and one of the marginals of the involved sequence of measures is fixed.
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In the last two sections we follow the main ideas of the theory of Positively
curved (PC) metric space and we are able to identify the geometric tangent cone
Tan, Z5(X) to P(X) at a measure p. In a general metric space this tangent
space is obtained by taking the completion in a suitable distance of the abstract
set of all the curve which are minimal constant speed geodesics at least in a small
neighborhood of their starting point .

In our case, by identifying these geodesics with suitable transport plans, we can
give an explicit characterization of the tangent space and we will see that, if
€ P5(X), it coincides with the closure in L?(u; X) of the gradients of smooth
functions and with the closed cone generated by all optimal transport maps, thus
with the tangent space (10.4.1) we introduced in Section 8.4.

Acknowledgements. During the development of this project, that took almost
three years, we had many useful conversations with colleagues and friends on the
topics treated in this book. In particular we wish to thank Y.Brenier, J.A. Carrillo,
L.C. Evans, W. Gangbo, N. Ghoussub, R. Mc Cann, F. Otto, G. Toscani and C.
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Notation

[v'[(t)
ACP(a,b;.7)
B, ()

D(¢)

109](v), ly(v)
Lip(¢, A)
9¢(v)

9°P(j)

10~ 8| (v)
D(7,u;v)
Jr[u]

U.(t)

MM (®;up)
GM M (P; ugp)
(é‘r(u)

Ux(t)

B(X)
Cy(X)
C(RY)

2 (X)
Pp(X)
Ppe(X x X)
LP(p; X)

Notation

Metric derivative of v : (a,b) — ., see Theorem 1.1.2
Absolutely continuous v : (a,b) — . with |[v'| € LP(a,b)
Open ball of radius r centered at x in a metric space
Domain of the functional ¢, see (1.2.1)

Local and global slopes of ¢, see Definition 1.2.4

Lipschitz constant of the function ¢ in the set A

Fréchet subdifferential of ¢ in Banach (1.4.7), Hilbert (10.0.1),
or Wasserstein spaces, see Definition 10.1.1 and (10.3.12)
Minimal selection map in the subdifferential, see Section 1.4
and (10.1.14)

Relaxed slope of ¢, see (2.3.1)

Quadratic perturbation of ¢ by d?(u,-)/27, see (2.0.3b)
Resolvent operator, see (2.0.5)

Piecewise constant interpolation of U, see (2.0.7)
Minimizing movement of ¢, see Definition 2.0.6

Generalized minimizing movement of ¢, see Definition 2.0.6
Moreau—Yosida approximation of ¢, see Definition 3.1.1

De Giorgi’s interpolation of U, see (3.2.1)

Borel sets in a separable metric space X

Space of continuous and bounded real functions defined on X
Space of smooth real functions with compact support in R¢
Probability measures in a separable metric space X
Probability measures with finite p-th moment, see (5.1.22)
Probability measures with finite p, g-th moments, see (10.3.2)
LP space of p-measurable X-valued maps, see (5.4.3)

The Hilbert space X endowed with a weaker (normed) topolo-
gy, see Section 5.1.2

Approximate limit and differential of a function f, see
Definition 5.5.1

Support of u, see (5.0.1)

Linear envelope generated by a subset C' of a vector space
Push-forward of p through r, see (5.2.1)

Projection operators on a product space X, see (5.2.9)
2-plans with given marginals u', 12

Optimal 2-plans with given marginals p', p2

Identity map

Optimal transport map between p and v, see (7.1.4)

p-th Wasserstein distance between p and v
Pseudo-Wasserstein distance induced by p, see (7.3.2)
Pseudo pth-Wasserstein distance induced p, see (10.2.9)
Interpolated projections, see (7.2.2)

Duality map between L? and L?', see (8.3.1)
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a(X)
Cyl(X)

()

Tan,, 7,(X)

I (Nl 27 M3)
P(w)

9°¢(1)

d-dimensional projections on a Hilbert space X, see
Definition 5.1.11

Cylindrical test functions on a Hilbert space X, see
Definition 5.1.11

Barycentric projection of a plan v in Z(X x X), see (5.4.9)
Tangent bundle to &Z,(X), see Definition 8.4.1
3-plans « such that 71'?1%’3’7 € Fo(w#um, u?)
Extended Fréchet subdifferential of ¢ at u, see
Definitions 10.3.1

Minimal selection plan in the subdifferential, see
Theorem 10.3.11
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Part 1

Gradient Flow in Metric Spaces






Chapter 1

Curves and Gradients in Metric
Spaces

As we briefly discussed in the introduction, the notion of gradient flows in a metric
space .7 relies on two elementary but basic concepts: the metric derivative of
an absolutely continuous curve with values in . and the upper gradients of a
functional defined in .#. The related definitions are presented in the next two
sections (a more detailed treatment of this topic can be found for instance in
[15]); the last one deals with curves of maximal slope.

When . is a Banach space and its distance is induced by the norm, one can
expect that curves of maximal slope could also be characterized as solutions of
(doubly, if . is not Hilbertian) nonlinear (sub)differential inclusions: this aspect
is discussed in the last part of this chapter.

Throughout this chapter (and in the following ones of this first part)

(7,d) will be a given complete metric space; (1.0.1)

we will denote by (a,b) a generic open (possibly unbounded) interval of R.

1.1 Absolutely continuous curves and metric derivative

Definition 1.1.1 (Absolutely continuous curves). Let (.7, d) be a complete metric
space and let v : (a,b) — & be a curve; we say that v belongs to ACP(a,b; %), for
€ [1,+o0], if there exists m € LP(a,b) such that

d(v(s),v(t)) < /t m(r) dr Va<s<t<hb. (1.1.1)

In the case p = 1 we are dealing with absolutely continuous curves and we will
denote the corresponding space simply with AC(a,b; 7).
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We recall also that a map ¢ : (a,b) — R is said to have finite pointwise
variation if

n—1
sup {Z lo(tiv) —o(t)|: a <ty <---<t, < b} < +o0. (1.1.2)
=1

It is well known that any bounded monotone function has finite pointwise varia-
tion and that any function with finite pointwise variation can be written as the
difference of two bounded monotone functions.

Any curve in AC?(a,b;.¥) is uniformly continuous; if a > —oo (resp. b <
+00) we will denote by v(a+) (resp. v(b—)) the right (resp. left) limit of v, which
exists since . is complete. The above limit exist even in the case a = —oo (resp.
b= +00) if v € AC(a,b;.7). Among all the possible choices of m in (1.1.1) there
exists a minimal one, which is provided by the following theorem (see [7, 8, 15]).

Theorem 1.1.2 (Metric derivative). Let p € [1,+o00]. Then for any curve v in
ACP(a,b;.7) the limit
d t
P CORIG)
s—t |3 — t|

exists for £*-a.e. t € (a,b). Moreover the function t — [v'|(t) belongs to LP(a,b),
it is an admissible integrand for the right hand side of (1.1.1), and it is minimal
in the following sense:

|V'|(t) < m(t) for L -a.e. t € (a,b),
for each function m satisfying (1.1.1).
Proof. Let (y,) C .7 be dense in v((a,b)) and let d,,(¢t) := d(yn, v(t)). Since all

functions d,, are absolutely continuous in (a,b) the function

d(t) := sup |d, (t)]
neN

(1.1.3)

(1.1.4)

is well defined #!-a.e. in (a,b). Let t € (a,b) be a point where all functions d,, are
differentiable and notice that
d t dn(s) —dp(t
lim inf d(v(s),v(t)) > sup lim inf [dn(s) = dn ()] =d(1).

R I i A ey
This inequality together with (1.1.1) shows that d < m Z!-a.e., therefore d €
L?(a,b). On the other hand the definition of d gives

d(v(s),v(t)) = itég|dn(s) —d,(t)] < / d(r)dr Vs, t € (a,b), s <t,

and therefore p
lim sup 7@(8)’ v(t) <d
s—t ‘S — t|

(t)

at any Lebesgue point ¢ of d. O
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In the next remark we deal with the case when the target space is a dual
Banach space, see for instance [12].

Remark 1.1.3 (Derivative in Banach spaces). Suppose that . = A is a reflex-
we Banach space (respectively: a dual Banach space): then a curve v belongs to
ACP(a,b;.#) if and only if it is differentiable (resp. weakly*-differentiable) at .#!-
a.e. point ¢ € (a,b), its derivative v’ belongs to L?(a, b; ) (resp. to L. (a,b; #))
and

t
v(t) —v(s) = / V(r)dr Ya<s<t<b. (1.1.5)
In this case,
v ()|l = |v'|(t) L*-ae. in (a,b). (1.1.6)
Lemma 1.1.4 (Lipschitz and arc-length reparametrizations). Let v be a curve in
AC(a,b; ”) with length L = f; [v'|(t) dt.
(a) For every e > 0 there exists a strictly increasing absolutely continuous map
se: (a,b) = (0,L.) withs.(a+) =0, sc(b—)=L.:=L+eb—a), (1.1.7)
and a Lipschitz curve ¥. : (0, Le) — 7 such that

!
v=t.0s., |o]os. = Sf”v,' € L%(a,b). (1.1.8)

The map s. admits a Lipschitz continuous inverse te : (0, L;) — (a,b) with Lips-
chitz constant less than e =1, and 9. = v o t..

(b) There exists an increasing absolutely continuous map
s:(a,b) = [0,L] withs(a+) =0, s(b—) =1L, (1.1.9)
and a Lipschitz curve ¥ : [0, L] — .% such that
v=1tos, |i'|=1 ZL'-ae. in|0,L). (1.1.10)

Proof. Let us first consider the case (a) with e > 0; we simply define

se(t) == /t (4 [v'](0)) do, t e (a,b); (1.1.11)

se is strictly increasing with s, > e, ss((a,b)) = (0,L.), its inverse map t. :
(0, L.) — (a,b) satisfies a Lipschitz condition with constant < e~!, and
1
tLos. ZL'ae. in (a,b).

Tt

Setting ©° := v o t., for every choice of t; = t.(s;) with 0 < s1 < s5 < L. we have

(0 (51), 92(52)) = d(v(tr), v(t2)) < / () de

S SE(tQ) — Sg(tl) — E(tg — tl) = S92 — 81 — E(tg — tl),

(1.1.12)
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so that v, is 1-Lipschitz and can be extended to [0, L] since 0. (0+) = v(a+) and
U (Le—) = v; dividing the above inequality by so — s; and passing to the limit as
s — s1 we get the bound

€ [v'|

= FLlae. i b). 1.1.13
er ] ey L omemi@b) (1.1.13)

|0l]os. <1 —

On the other hand,

aMMwmnzﬂmwwwa»s/ﬂ@me
(1.1.14)

=[7%mw»ﬂwwsA2WAwa@+WDw

By (1.1.4) we obtain
W' < (Jol]os.) (e+ V']) £L'-ae. in (a,b),

which, combined with the converse inequality (1.1.13), yields (1.1.8).

(b) We define s := sy for ¢ = 0 by (1.1.11) and we consider the left continuous,
increasing map

t(s) := min {¢ € [a,b] : s(t) = s}, s€[0,L],

which satisfies s(t(s)) = s in [0, L]. Moreover, still denoting by v its continuous
extension to the closed interval [a, b], we observe that

t(s(t)) < . w(t(s(t)) = v(t) Vi€ [a,b], (1.1.15)

since
t

d(v(t(s(2)), v(t)) = / |0'|(6) db = s(t) — s(t) = 0.
t(s(t))

Defining 0 := v ot as above, (1.1.12) (with € = 0) shows that ¢ is 1-Lipschitz and

(1.1.15) yields v = 9 os. Finally, (1.1.14) shows that |¢'|os =1 Z!-a.e. in (a,b).

O

1.2 Upper gradients

In this section we define a kind of “modulus of the gradient” for real valued
functions defined on metric spaces, following essentially the approach of [81, 41].

Let ¢ : .¥ — (—00, +00] be an extended real functional, with proper effective
domain

D(¢) = {ve.Z: p(v) < +00} £ @. (1.2.1)
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If .7 is a vector space and ¢ is differentiable, then |V¢| has the following natural
variational characterization:

[(000)'] < g(0)10' 122)

921Vel
for every regular curve v : (a,b) — 7.

We want to define a notion of “upper gradient” g for ¢ modeled on (1.2.2). A first
possibility is to use an integral formulation of (1.2.2) along absolutely continuous
curves.

Definition 1.2.1 (Strong upper gradients, [81, 41]). A function g : . — [0, 4]
is a strong upper gradient for ¢ if for every absolutely continuous curve v €
AC(a,b;.7) the function gowv is Borel and

|¢(v(t)) - (;S(v(s))} < / gl |(r)dr Ya<s<t<b. (1.2.3)

In particular, if govlv'| € L*(a,b) then ¢ o v is absolutely continuous and
[(pov) (t)] < glo®)|V'|(t) for L -a.e. t € (a,b). (1.2.4)

We also introduce a weaker notion, based on a pointwise formulation:

Definition 1.2.2 (Weak upper gradients). A function g : . — [0, +00| is a weak
upper gradient for ¢ if every curve v € AC(a,b; ) such that

(i) gowp'| € L*(a,b);
(i) ¢powv is L -a.e. equal in (a,b) to a function ¢ with finite pointwise variation
in (a,b);
we have
I’ (1) < gl |(t)  for L -a.e. t € (a,b). (1.2.5)

In this case, if pov € AC(a,b) then p = pov and (1.2.3) holds.
Remark 1.2.3 (Approximate derivative). Condition (ii) of Definition 1.2.2 is equiv-
alent to say that ¢ o v has essential bounded variation in (a,b). Accordingly, con-

dition (1.2.5) could be stated without any reference to ¢ by replacing ¢’(t) with
the approzimate derivative of ¢ ov (see Definition 5.5.1).

Among all the possible choices for an upper gradient of ¢, we recall the
definition of the local and global slopes (see also [41], [52]):

Definition 1.2.4 (Slopes). The local and global slopes of ¢ at v € D(¢) are defined
by

"
0| (v) := limsup #v) , lg(v) := sup M

W d(v, w) wetv d(v,w) (1.2.6)
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Theorem 1.2.5 (Slopes are upper gradients). The function |0¢| is a weak upper
gradient for ¢. If ¢ is d-lower semicontinuous then ly is a strong upper gradient

for ¢.

Proof. In order to show that |0¢| is a weak upper gradient we consider an ab-
solutely continuous curve v : (a,b) — & satisfying the assumptions of Definition
1.2.2; we introduce the set

A= {t € (a,b): ¢(v(t)) = ¢(t), ¢ is differentiable at ¢, I|v'|(¢)}

and we observe that (a,b) \ A is £ -negligible.

If the derivative of ¢ vanishes at ¢ € A then (1.2.5) is surely satisfied, therefore
it is not restrictive to consider points ¢ € A such that ¢’(t) # 0. In order to fix
the ideas, let us suppose that ¢ € A and ¢'(t) > 0; since d(v(s),v(t)) # 0 when
s € A\ {t} belongs to a suitable neighborhood of ¢ we have

/ , . 9(u(t) — o(u(s)) . B((t) = ¢(u(s)) d(v(s), v(t))
PO =¢'(t) = Jm ———— = TG D) t—s

L Bt) = 60(s) | de(s) o)
< timsup ST i | ST < 06l (0(0) 1)

In order to check the second part of the Theorem, we notice first that v +— [4(v) is
lower semicontinuous in .. Indeed, if w # v and v, — v then w # vy, for h large
enough and therefore

liminf l4(vy) > lim inf (¢(Uh) _ ¢(w))+ (d)(v) _ ¢(w))+

h—o00 h—o00 d(Uh, w)

By taking the supremum w.r.t. w the lower semicontinuity follows.

Let now v be a curve in AC (a, b; %) satisfying [4(v)[v’| € L'(a,b) and notice
that [4(v) is lower semicontinuous, therefore Borel. We apply Lemma 1.1.4 with
e = 0, and for the increasing and absolutely continuous map s :=sq : [a, b] — [0, L]
defined by (1.1.11) we set

o(s) == (t(s)),  @(s) = (0(s)), g(s):=1ls(0(s))  s€(0,L)

and we observe that for each couple s1, so € (0, L) we have (¢(s1) — ¢(s2))T <
g(s1)|s2 — s1|, hence

lo(s1) — ¢(s2)] < max[g(s1), g(s2)] [s2 — s1]- (1.2.7)

The 1-dimensional change of variables formula gives

L b
/ g(s)ds:/ s (0(8))]0'| () dt < +oc, (1.2.8)
0 a
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therefore g € L'(0,L) and (1.2.7) shows that ¢ belongs to the metric Sobolev
space WL1(0, L) in the sense of Hajtasz [80]. By a difference quotients argument
this condition implies (see Lemma 1.2.6 below and [15]) that ¢ belongs to the con-
ventional Sobolev space W1(0, L) and we simply have to check that ¢ coincides
with its continuous representative. Since v is a Lipschitz map we immediately see
that ¢ is lower semicontinuous in (0, L): therefore continuity follows if we show
that

1 €
lim sup % o(s+r)dr <¢(s) forallse(0,L). (1.2.9)
ELO —£

Invoking (1.2.7) we get
€ €

1 1
lim sup — ((s+1) —p(s)) dr < limsup — (p(s+1r)— gp(s))+ dr
€l0 2e —e €10 2e —e

1 [ 1 [
glimsup—/ g(s+r)|r|dr < limsupf/ g(s+r)dr=0.
510 28 —€ ElO 2 —€

Since ¢(v(t)) = ¢(0(s(t))) = w(s(t)), we obtain the absolute continuity of ¢ o v;
using the inequality [,(v) > |9¢|(v) and the the fact that |0¢| is an upper gradient
we conclude. O

Lemma 1.2.6. Let ¢, g € L'(a,b) with g > 0 and assume that there exists a £*-
negligible set N C (a,b) such that

o(s) =) < (9(s) +9()) |s —t] Vs, t € (a,b)\ N.
Then ¢ € Wht(a,b) and |¢'| <29 £*-a.e. in (a,b).
Proof. For every ¢ € C¢°(a,b) we have

T(C) : = / o(t) ¢’ dt—hm/ t+h E+h)=C) 4

_ _ b
~ i [ 2= ) 1 < s [ (ot =0+ g0 cCo) e
—VJa h—0 a

b
. / IOt < 2ol e sup C]

We obtain from Riesz representation theorem that T can be represented by a
signed measure A in (a,b) having total variation less that 2||g|/11(4,). Then, the

inequality
b
/ ¢(t) dAa

immediately gives that |\| < 2|g|-Z*. O

b
<2 / COllg(t)di ¢ € C=(a,b)
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1.3 Curves of maximal slope

The notion of curves of maximal slope have been introduced (in a slight different
form) in [52] and further developed in [53, 95]. Our presentation essentially follows
the ideas of [8], combining them with the “upper gradient” point of view.

In order to motivate the main Definition 1.3.2 of this section, let us initially
consider the finite dimensional case of the Euclidean space .# := R? with scalar
product (-, -) and norm |-|. The gradient V¢ of a smooth real functional ¢ : . — R
can be defined taking the derivative of ¢ along regular curves, i.e.

(dov) = (g(v), ")

g=V¢ &
for every regular curve v : (0, +00) — .7,

(1.3.1)

and its modulus |V¢| has the natural variational characterization (1.2.2). In this
case, a steepest descent curve u for ¢, i.e. a solution of the equation

u'(t) = =Vo(u(t)) t>0, (1.3.2)

can be characterized by the following two scalar conditions in (0, +00)

(ou) = —|Ve(u)| v, (1.3.3a)
[u'| = [V (u)l; (1.3.3b)

in fact, (1.3.3a) forces the direction of the velocity u’ to be opposite to the gradi-
ent one, whereas the modulus of v’ is determined by (1.3.3b). (1.3.3a,b) are also
equivalent, via Young inequality, to the single equation

1 1
(pou) = —§|u'|2 - 5|v¢(u)|2 in (0, +00). (1.3.3¢c)
It is interesting to note that we can impose (1.3.3a,b) or (1.3.3c) as a system of
differential inequalities in the couple (u, g), the first one saying that the function
g is an upper bound for the modulus of the gradient (an “upper gradient”, as we
have seen in the previous section)

[(¢0 v)/’ < g(v)|v'| for every regular curve v : (0, +00) — &, (1.3.4a)

the second one imposing that the functional ¢ decreases along u as much as possible
compatibly with (1.3.4a), i.e.

(pou) < —g(w)|u/| in (0,+00), (1.3.4b)

and the last one prescribing the dependence of |u'| on g(u)

u'| = g(u) in (0, +00), (1.3.4¢)
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or even in a single formula
! 1 72 1 2
(pou) < —§|u | — §g(u) in (0, 400). (1.3.4d)

Whereas equations (1.3.1), (1.3.2) make sense only in a Hilbert-Riemannian frame-
work, the formulation (1.3.4a,b,c,d) is of purely metric nature and can be extended
to more general metric spaces (%, d), provided we understand |u/| as the metric
derivative of u. Of course, the concept of upper gradient provides only an up-
per estimate for the modulus of V¢ in the regular case, but it is enough to define
steepest descent curves, i.e. curves which realize the minimal selection of % ¢(u(t))
compatible with (1.2.4).

Remark 1.3.1 (p,q variants). Instead of (1.3.2) we can consider more general
nonlinear coupling between time derivative and gradient, which naturally appears
when a non euclidean distance in . is considered: in the last section of the present
chapter we will briefly discuss the case of a Banach space.

In the easier Euclidean setting, the simplest generalization leads to an equation of
the type

v
|v]
for a continuous, strictly increasing and surjective map « : [0, +00) — [0, 400).
In this case, the velocity v’ still takes the opposite direction of V¢(u) yielding
(1.3.3a), but equation (1.3.3b) for its modulus is substituted by the monotone
condition

G (1) = —Vé(ut)) t>0, with j(v)=a(v|) (1.3.5)

a[u’]) = [Vé(u)]. (1.3.6)

Introducing the strictly convex primitive function ¢ of a and its conjugate 1)*

¥(2) ::/0 a(r)dr, *(z"):= aceI[IOliXoo)Z*x —(x), z,2"€]0,+00), (1.3.7)

(1.3.5) is therefore equivalent to

(¢ou) < —v(|u]) — " (IVo(w)) in (0,+00), (1.3.8)
which, in the metric framework, could be relaxed to
(9ou) < —(lu/l) = ¥*(g((w) in (0,400), (1.3.9)

for an upper gradient g satisfying (1.3.4a).

Even if many results could be extended to this general situation, for the sake of
simplicity in the present book we will consider only a p, g-setting, where p,q €
(1,+00) are conjugate exponent p~! + ¢~ = 1, corresponding to the choices

= Pl > zlzp *F) = Z(2*)
a(z) :=2"", ¢P(z) e Pr(27) q( ),
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and to the equation

[v[P~2v  for v # 0,

1.3.10
0 if v=0. ( )

Gl (1) = ~Vo(u(t). jp(v) := {

Thus the idea is that (1.3.3a) is still imposed and (1.3.3b) is substituted by
[u'[P~1 = |[Vo(u)| or, equivalently, |u| = |V(u)|! (1.3.11)
and therefore, taking into account the strict convexity of |- [P, in the purely metric
framework we end up with the inequality
/ 1, 1 .
(pou) < ——[uIP = —g(u)? in (0,+00). (1.3.12)
p q
Recalling (1.3.4a), (1.3.4d), and (1.3.12), we introduce the following defini-
tion:

Definition 1.3.2 (Curves of maximal slope). We say that a locally absolutely con-
tinuous map u : (a,b) — % is a p-curve of maximal slope, p € (1,+00) (we will
often omit to mention p in the quadratic case), for the functional ¢ with respect
to its upper gradient g, if ¢ ou is L -a.e. equal to a non-increasing map @ and

o'(t) < —%\u’\p(t) - %gq(u(t)) for L -a.e. t € (a,b). (1.3.13)

Remark 1.3.3. Observe that (1.2.5) and (1.3.13) yield
[/ [P(t) = g% (u(t)) = —¢'(t) ZL'-ae. in (a,b), (1.3.14)

in particular u € ACY (a,b;”) and gowu € L{ (a,b). If u is a curve of maximal

slope for ¢ with respect to a strong upper gradient g, then ¢(u(t)) = () is a
locally absolutely continuous map in (a,b) and the energy identity

1 ! /\p 1 ' q — _
o[ ey 2 [ gt dr = otu(s) = oute) (1.3.15)

holds in each interval [s,t] C (a,b).

1.4 Curves of maximal slope in Hilbert and Banach
spaces

We conclude this chapter dedicated to slopes and upper gradients by giving a
closer look to the case when

% = 2 is a Banach space with norm || - |; (1.4.1)
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we denote by (-,-) the duality between % and its dual &’ and by || - ||« the dual
norm in #'.

Let us first consider a C! functional ¢ : 2 — R: the chain rule (1.3.1) characterizes
the Frechet differential D¢ : Z — %', which is defined by

g=Do(w) o lim 2 =W =(gw=v)

W [[w —of

=0 VveA

Since the metric derivative |v| of a regular curve v coincides with the norm of the
velocity vector ||v’||, it is easy to show that upper gradients involve the dual norm
of Dp(v): by (1.2.2) g is an upper gradient for ¢ iff

g > |Dop(v)|l« Vv e B (1.4.2)

In this case, the steepest descent conditions (1.3.3a), (1.3.4b) become
(D(u), o) = ($ou) < [/ g(w) < ~ /||| D(w)]|-. (1.4.3)
whereas (1.3.3b) could take the more general p, ¢ form (1.3.11) (but see also (1.3.6))
[u'[IP~" = [ D (). (1.4.4)

Combining (1.4.3) and (1.4.4) we end up with the doubly nonlinear differential
inclusion

Jp(W'(t)) > —=Do(u(t)) t>0, (1.4.5)
where J, :  — 2% is the p-duality map defined by
§edpv) = (&)= vll” =gl = llvll €]l (1.4.6)
which is single valued if the norm || - || of A is differentiable.

We want now to extend the previous considerations to a non-smooth setting.
Recall that the Fréchet subdifferential d¢(v) C P’ of a functional ¢ : B —
(=00, +00] at a point v € D(¢) is defined by

o(w) = (b(v) +(Gw—-v) _ (1.4.7)

£€0p(v) <= liminf

w— lw = vz

As usual, D(0¢) denotes the subset of # given by all the elements v € D(¢) such
that d¢(v) # &; dp(v) is a (strongly) closed convex set and we will suppose that

0¢(v) is weakly™ closed Vv € D(0¢); (1.4.8)

(1.4.8) is surely satisfied if e.g. A is reflexive or ¢ is convex (see the next Propo-
sition 1.4.4). 9°¢(v) is the subset of elements of minimal (dual) norm in d¢(v),
which reduces to a single point if the dual norm of £ is strictly convex. Notice
that

. o(v) — d(v+w . w

|0¢|(v) = lim sup $v) — dv+w) <limsup(§, —) < ||¢]|l« V& € 9¢(v).

w—0 [[]| w—o ]|
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Therefore, if we extend the function v — [|0°¢(v)]+ to +o0 outside of D(9¢) we
have

00](v) < [[0°¢(v)[l+ Vv e B, (1.4.9)

and we obtain from Theorem 1.2.5 that
the map v — ||0°¢(v)||« is a weak upper gradient for ¢. (1.4.10)

In the next proposition we characterize the (#!-a.e. differentiable) curves of max-
imal slope with respect to the upper gradient (1.4.10) as the solution of a suitable
doubly nonlinear differential inclusion: in the case when .7 is a reflexive Banach
space and ¢ is convex, these kind of evolution equations have been studied in
[43, 42]; we refer to these contributions and to [127] for many examples of partial
differential equations which can be studied by this abstract approach.

Proposition 1.4.1 (Doubly nonlinear differential inclusions). Let us consider a
proper l.s.c. functional ¢ : B — (—o0,+00] satisfying (1.4.8) and a curve u €
ACP(a,b; B) which is differentiable at £'-a.e. point of (a,b) (see Remark 1.1.3).
If w is a p-curve of mazximal slope for ¢ with respect to the weak upper gradient
(1.4.10), then

3 (1) D —0°¢(u(t)) #@ for L*-a.e. t € (a,b); (1.4.11)
in particular, if the norm of A is differentiable, we have
3, (1) = —0°¢(u(t)) for Lt -a.e. t € (a,b). (1.4.12)

Conversely, if u satisfies (1.4.11) and ¢powu is (L*-a.e. equal to) a non increasing
function, then u is a p-curve of maximal slope.

Proof. Let us suppose that u is a p-curve of maximal slope for ¢ with respect to
the upper gradient (1.4.10) and let  be a non increasing map .#*-a.e. equal to
¢ o u satisfying (1.3.13).

Then we can find a #!-negligible subset N C (a, b) such that for every t € (a,b)\ N
u and ¢ are differentiable at t, ¢(u(t)) = ¢(t), the inequality of (1.3.13) holds,
and Definition (1.4.13) yields the chain rule

¢ (t) = (& u'(t)) V&€ P(u(t)). (1.4.13)
It follows that for t € (a,b) \ N

(€ (1) = (1) < —},}nu'(t)np - gnfsnz vE € 0 (u(t)), (1.4.14)

which yields (1.4.11). When the norm of £ is differentiable the duality map J, is
single-valued and the dual norm || - ||« is strictly convex, so that 9°¢ contains at
most one element: therefore (1.4.11) reduces to (1.4.12).

The converse implication follows by the same argument, since (1.4.11) and the
chain rule (1.4.13) yields (1.3.13). O
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Corollary 1.4.2 (Gradient flows in Hilbert spaces). If ¥ = % = A’ is an Hilbert
space, usually identified with its dual through the Risz isomorphism Ja, any 2-curve
of mazimal slope u € AC} (a,b; B) with respect to |0°p(v)|| satisfies the gradient
flow equation

u'(t) = —0°p(u(t)) for L -a.e. t € (a,b). (1.4.15)

Remark 1.4.3 (Non reflexive Banach spaces). The previous Proposition 1.4.1
strongly depends on the .#!-a.e. differentiability of the considered curve and we
have seen in Remark 1.1.3 that absolutely continuous curves enjoy this property
if the underlying Banach space Z satisfies the Radon-Nikodym property, e.g. if
it is reflexive. One of the advantage of the purely metric formulation (1.3.13) is
that it does not require any vector differentiability property of those curves and
therefore it can be stated in any Banach space.

The next section will provide general existence and approximation results for
curves of maximal slope with respect to the upper gradient |0¢|: it is therefore
important to know if ||0°¢(v)|l. = |0¢|(v). In the following Proposition we deal
with the case when ¢ is convex and l.s.c., proving in particular that ||0°¢(v)||. is
a strong upper gradient and coincides with |0¢|(v) and [ (v).

Proposition 1.4.4 (Slope and subdifferential of convex functions). Let % be a
Banach space and let ¢ : B — (—o0,400] be conver and l.s.c. Then

E€edp(v) = o(w)—(o(v)+ {Ew—v)>0 YweR (1.4.16)

for any v € D(¢), the graph of O¢ in B x B’ is strongly-weakly* closed (in par-
ticular (1.4.8) holds), with

én € 8¢(”n)7 Uy — v, §p -7 § = (¢ 8¢(U), ¢(Un) - ¢(U), (1-4-17)

and
19¢|(v) = min {||g||* fe a¢(u)} = |0°6()|. Vve B (1.4.18)

Moreover
[06](v) = [4(v) Yve B, (1.4.19)

so that, by Theorem 1.2.5, |0¢|(v) is a strong upper gradient.

Proof. The equivalence (1.4.16) and the identity (1.4.19) are simple consequence
of the monotonicity of difference quotients of convex functions.

For every w € % the map (v,£) — o¢(w) — ¢(v) — (§,w — v) is upper-
semicontinuous with respect to the strong-weak*-topology in the product & x %4’;
thus by (1.4.16) the graph of 9¢ is closed in this topology; this shows the first
implication of (1.4.17). the second one follows from (1.4.16), which yields

6(v) = d(vn)] < llvn — vl ([l + [1E]]5)-
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The inequality
w§<57%> Vw € B\ {0}

yields that [4(v) can be estimated from above by [|{||z for any ¢ € 0¢. Assuming
that [4(v) is finite, to conclude the proof we need only to show the existence of
& € 0¢(v) such that [|£||z < [4(v). By definition we know that

—lp(v)|w] < o(v+w) —P(v) Ywe A, (1.4.20)
i.e. the convex epigraph
{(w,r) e ZxR:r>¢(v+w)—d(v)}

of the function w — ¢(v + w) — ¢(v) is disjoint from the open convex hypograph
in xR

{(w,r) € BxR:r < —ly(v)|w]|}

Therefore we can apply a geometric version of Hahn-Banach theorem to obtain
e P, acRsuch that

—lg()|lw]| < (€ w) +a < pv+w) —dp(v) Ywe B

Taking w = 0 we get o = 0; the first inequality shows that ||{]|z < l4(v) and the
second one, according to (1.4.16), means that £ € dp(v). O

The above results can be easily extended to C! perturbations of convex
functions.

Corollary 1.4.5 (Cl-perturbations of convex functions). Let us suppose that ¢ :
B — (—00, +00] admits the decomposition ¢ = ¢1+¢2, where ¢y is a proper, Ls.c.,
and convex functional, whereas ¢o : BB — R is of class C*. Then 0¢p = Op1 + Do
satisfies (1.4.17) and (1.4.18), and |0¢|(v) is a strong upper gradient for ¢.

Proof. The sum rule 9¢ = d¢1 + D¢ follows directly from Definition (1.4.7) and
the differentiability of ¢s.

In order to check the closure property (1.4.17), we observe that if &,, € d¢(v,,) and
(U, &n) — (v,€) in the strong-weak* topology of B x %’ then

€n — Da(vy) € 01 (vn), &, — Da(vn) = € — Doo(v) € D2 (v),

since D¢y is continuous and ¢4 is convex: we obtain & € d¢(v) and ¢1(v,) — ¢1(v)
which yield (1.4.17) being ¢ continuous.

Finally, since we can add to ¢; and subtract to ¢o an arbitrary linear and
continuous functional, in order to prove (1.4.18) it is not restrictive to suppose
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that D¢y (v) = 0; it follows that

i
|0¢|(v) = lim sup M

w—v |w = |
> timsup P1O = B @) L 19a(w) = da(w)
w—v ||U}—’UH wW—v ||U}—’UH

= |0¢1[(v) = 18°01 ()|« = [[0°¢(v)][-
Combining this inequality with the opposite one (1.4.9), we conclude. U

Let us rephrase the last conclusion of the previous Corollary, which is quite
interesting in the case 2 does not satisfy the Radon-Nikodym property.

Remark 1.4.6 (“Upper” chain rule for (even non reflexive) Banach spaces).

If ¢ : B — (—00,+00] is lower semicontinuou convex function (or a C! perturba-
tion as in Corollary 1.4.5), v is a curve in AC(a, b; B) with ||0°¢||,* [v'| € L' (a,b),
then ¢ow is absolutely continuous in (a, b); if £ has the Radon-Nikodym property,
then

%d)o o(t) = (°6(u(t)), /(1)) for L-ace. t in (a,b);

for general Banach spaces, one can always write the upper estimate
d o / 1 .

’%¢ov(t)‘ < [0°E)]||v|(t) for L -ae. tin (a,b). (1.4.21)

In the next chapter we will see how the last two proposition can be extended

to a general class of functions defined on metric spaces and satisfying suitable
geometric convexity conditions.






Chapter 2

Existence of Curves of Maximal
Slope and their Variational
Approximation

The main object of our investigation is the solution of the following Cauchy prob-
lem in the complete metric space (.7, d):

Problem 2.0.1. Given a functional ¢ : ¥ — (—o0, +00] and an initial datum uy €
D(¢), find a (p-)curve u of maximal slope in (0, 4+00) for ¢ such that u(0+) = uyg.

To keep our presentation simpler we focus our attention to the case p = 2;
at the end of each section we will add some comments on the validity of the main
statements in the general case p € (1, +00).

The interest of studying Problem 2.0.1 in such an abstract framework re-
lies also on the approximation scheme which can be used to construct a curve
of maximal slope. In the Euclidean setting one of the simplest ways to solve nu-
merically (1.3.2) is provided by the Implicit Euler Method: for a given sequence
7 := {7, },:2 of (strictly positive) time steps with |7| := sup,, 7,, < +oc associated
to the partition of the time interval (0, +00)

Pr={0=12<tl <. <t <.}, IFi= (2040,

= (2.0.1)
-1 . Ve
Tp =th — 070, nhﬂnolot:f:z:m:—l—oo,
k=1
one should find an approximate solution U &~ u(tZ), n =1,..., by solving itera-

tively the equation in the unknown UP starting from an initial value U2 ~ ug

Un — yn-!

Tn

=-V¢(U') n=1,... (2.0.2)
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Since (2.0.2) is the Euler equation associated to the functional in the variable V/
1
(7, UL 1 V) = ?IV —UM N 4 9(V) Ve, (2.0.3a)

one can restrict the set of solutions of (1.3.14) to the minimum points of (2.0.3a),
which can also be settled in a general metric context, simply replacing the modulus
by the distance

1
(7, U1 V) = 2—d2(V, Urh+e(V) Ve (2.0.3b)

Tn
We thus end up with the recursive scheme

UY is given; whenever UL, ... , U"~! are known,
(2.0.4)
find U? € &/ :  ®(7,,Ur"5UR) < ®(7,,, UP L V) VYV €7

The (multivalued) operator which provides all the solution U? of (2.0.4) for a
given U1 is sometimes called resolvent operator: for a general 7 > 0 and U € ./
it is defined by

J U] := argmin ®(7,U;-), ie.

2.0.5
U, € J.[U] & &(r,U;U,) <d(r,U;V) VYV e.Z (205)

Thus a sequence {UZ},79 solves the recursive scheme (2.0.4) if and only if
UreJ, [UMY Vn>1. (2.0.6)

Definition 2.0.2 (Discrete solution). Let us suppose that for a choice of T and
U € .7 a sequence {Ur} 2 solving (2.0.4) exists, so that we can interpolate the
discrete values by the piecewise constant function U, defined by

U_(0) =U2, U.(t)=U" ifte (™ 1], n>1. (2.0.7)
We call U, a “discrete solution” corresponding to the partition Ps.

Remark 2.0.3 (Uniform partitions). From a theoretical point of view, the simpler
choice of uniform partitions of time step 7 > 0

PT = {0)T7 27-’ e }? 1= nr, Tp =T = |T|’ (208)

T

would be sufficient to state all the following existence results; in this case for
UY := ug we get .
U.(t) € (Ji/n)" [uo] with 7 := t/n. (2.0.9)

On the other hand, we will also address the related issue of deriving optimal error
estimates for this kind of approximation scheme and in this case the possibility to
choose freely the time steps is a crucial feature from the numerical point of view.
The reader which is not interested in such a numerical issue can simply reformulate
all the following theorems in terms of the uniform choice (2.0.8).
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Figure 2.1: Partition of the time interval and piecewise constant interpolant.

We can thus state our main approximation problem:

Problem 2.0.4. Find conditions on (ug, U2, ¢,.7) which ensure that the minimiza-
tion algorithm (2.0.4) is solvable and, up to a possible extraction of a subsequence
(T1) of admissible partitions with |Ti| | 0, the curves U_rk converge to a solution
of Problem 2.0.1 with respect to a suitable topology o on & .

Remark 2.0.5 (The choice of the topology o). Since the simplest choice would be
to study the convergence of the scheme with respect to the topology induced by
the distance d on .¥, one may wonder about the opportunity to introduce another
topology ¢ on .. On the other hand, many examples (e.g. in the framework of
reflexive Banach spaces) show the importance to deal with an auxiliary weaker
topology, which allows for more flexibility to derive compactness properties. The
idea here is to distinguish between the role played by the distance d (which is an
essential ingredient of the approximation scheme through the functional & and
of the definition of gradient flow through the notions of metric derivative (1.1.3)
and upper gradient) and the convergence properties of the approximation scheme
(which a priori can be studied with respect to different topologies).

From now on we adopt the convention to write

o d
Uy, — u for the convergence w.r.t. o, wu, — u for the convergence w.r.t. d.

Besides the natural Hilbertian setting (see e.g. [28, 115] and a more detailed
list of references in [102]), Problem 2.0.4 has been considered by many authors
in various particular contexts [93, 127, 6, 94, 98, 83, 107]; in [51] (see also [8])
E. De Giorgi proposed a general approach to this kind of problems, suggesting
that the iteration scheme itself could be used to define and select an appropriate
notion of “gradient flow” in a non Euclidean setting; similar ideas [45] occur in
the definition of the so called “mild solutions” for nonlinear evolution equations in
Banach spaces. Here we borrow and we adapt from [51] an important definition.
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Definition 2.0.6 (Minimizing movements). For a given functional ® defined as in
(2.0.3b) and an initial datum vy € . we say that a curve u : [0,4+00) — &
is @ mimimizing movement for ® starting from uq if for every partition T (with

sufficiently small |T|) there exists a discrete solution U, defined as in (2.0.4),
(2.0.7) such that

lim ¢(U2) = ¢(ug), limsupd(U2,ug) < +oo,
(it il (2.0.10)
U.(t) > u(t) Ytel0,+o0).

We denote by MM (®P;ug) the collection of all the minimizing movements for ®
starting from ug.

Analogously, we say that a curve u : [0,400) — % is a generalized mimimizing
movement for ® starting from ug if there exists a sequence of partitions T with
|Tk] | 0 and a corresponding sequence of discrete solutions U, —defined as in

(2.0.4), (2.0.7) such that '

lim ¢(U2,) = ¢(ug), limsupd(UL, ,ug) < +o0,
boee k=00 (2.0.11)
U. (t) 2 u(t) Vte][0,+00).

Tk

We denote by GM M (®; ug) the collection of all the generalized minimizing move-
ments for ® starting from ug.

The easiest question introduced by Problem 2.0.4, i.e. the existence of discrete
solutions corresponding to given partitions 7 of (0, 400), can be easily approached
by the direct method of the Calculus of Variations, which ensures the existence
of a minimum for (2.0.3b) under suitable lower semicontinuity, coercivity, and
compactness assumptions: in the next (sub)section we fix the main topological
properties we will deal with.

Remark 2.0.7 (The p-scheme). When we want to approximate p-curves of maximal
slope, we simply change the Definition (2.0.3b) of ® as

B, ViU 1= pTildm/, UP Y+ 6(V) Ve (2.0.12)

2.1 Main topological assumptions

As usual, we are dealing with a complete metric space (., d); in the sequel we are
supposing that

o is an Hausdorff topology on . compatible with d,

in the sense that o is weaker than the topology induced by d and d is sequentially
o-lower semicontinuous:

(tn,vp) 2 (w,0) = liminfd(u,,v,) > d(u,v). (2.1.1)

n—oo
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Here are the various kind of assumptions on the proper (see (1.2.1)) functional
¢ . — (—o0,+0o0] we are dealing with:

2.1a: Lower semicontinuity. We suppose that ¢ is sequentially o-lower semicontin-
uous on d-bounded sets

sup d(tn, Up) < +00, U, >u = liminf ¢(u,) > ¢(u). (2.1.2a)

n,m n—oo
2.1b: Coercivity. There exist 7, > 0 and u, € .¥ such that
¢r, (uy) := inf O(7,, us;v) > —o0. (2.1.2b)
veS
2.1c: Compactness. Every d-bounded set contained in a sublevel of ¢ is relatively
o-sequentially compact: i.e.,

if (up) C & with sup,, ¢(u,) < +00, sup,, ,,, d(Un, Upm) < +00,

then (u,) admits a o-convergent subsequence. (2.1.2¢)
Remark 2.1.1 (The case when o is induced by d). Of course, the choice
“o := the topology induced by the distance d”
is always admissible: in this case Assumption 2.1a simply means that
¢ is d-lower semicontinuous, (2.1.3a)

and 2.1c says that
d-bounded subsets of a sublevel of ¢ are relatively compact in . (2.1.3b)

In particular, if
the sublevels {v €S ¢(v) < c} are (strongly) compact (2.1.3c)

then all the previous assumptions hold: this is the simplest situation which is cov-
ered by this framework.

Weakly lower semicontinuous functionals in reflexive (or dual) Banach spaces pro-
vides another example which fits in this setting.

In the following

we will always assume that ¢ is lower semicontinuous and coercive,
i.e. that the first two properties 2.1a,b hold;

we will see that, in some circumstances, compactness is not necessary, since the
structure of the minimization algorithm and stronger convexity assumptions on d
and ¢ will directly provide convergence estimates with respect to the distance d.

Remark 2.1.2. We did not try to present a minimal set of assumptions: e.g.,
compactness 2.1c implies that o is weaker than d on the sublevels of ¢, (2.1.1)
could be imposed only on the sublevel of ¢,...On the other hand, as we already
said, we will not always assume 2.1c, therefore some redundancy at this initial
level simplifies the exposition in the sequel.
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2.2 Solvability of the discrete problem and compactness
of discrete trajectories

Observe that (2.1.2b) is surely satisfied by all 7. and u, € . if ¢ is bounded from
below, i.e.

igf(b > —o0; in this case ¢, (uy) > igﬂf(ﬁ Vue, €., 7. > 0. (2.2.1)
Taking into account (2.1.2b) it is natural to define
T4(¢) := sup {T* >0: ¢, (uy) > —00 for some u, € 5’} (2.2.2)

Lemma 2.2.1. If ¢, (u,) > —00 as in Assumption 2.1b and 7 < 7. < 7.(@), then

dr(u) > br, (us) — d*(uy,u) > —00 Yu €., (2.2.3)

Te — T

47T,
d2(v,u)§ T

(‘I’(T, w;v) — or, (uy) + d? (us, u)) Vu,ve.S. (2.24)

Ts — T Te — T
In particular, the sublevels of ®(7,u;-) are bounded in ..

Proof. Invoking the Cauchy-type inequality
d*(v,u,) < (1+e)d?(v,u) + (14 e Vd?(uy,u) Ve>0, u,ve.”, (2.2.5)
we get for e := (1. — 7) /(7 + 7)

1
—d*(v,u,) < d?(v,u) +

d2(u*7 U),
2Ty T+ Tw Te — T

so that (2.1.2b) yields for each u,v € .% and 7 < T,

oy kT T o 1 2
(D(T,’LL,U) - 2T(T+T*)d (’U,’U,)+ ’T+T*d (U,U)+¢(U)
Te —T 19 2
> o d=(v,u) + ¢r, (ux) — p— Td (U, ) (2.2.6)
> ¢ (uy) — d (uy, w). (2.2.7)

*

We obtain (2.2.3) by taking the infimum w.r.t. v in (2.2.7); (2.2.4) follows directly
from (2.2.6). O

Corollary 2.2.2 (Existence of the discrete solutions). If the topological assumptions
of Section 2.1 are verified, then for every 7 < T.(¢) and u € . the functional
®(7,u;+) admits a minimum in .; in particular for every choice of UL € . and
of a partition Pr with |T| < 7.(¢), there exists at least one discrete solution U, .
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Proof. (2.2.4) shows that both d(v,u) and ¢(v) remain bounded on the sublevels
of ®(7,u;v). Lower semicontinuity and compactness yield

the sublevels {’U €Y O(r,u;v) < c} are o-sequentially compact.

The existence of a minimum for (2.0.4) then follows by a well known compactness
and lower semicontinuity argument. 0

The following preliminary result provides compactness for the family of dis-
crete solutions:

Proposition 2.2.3 (Compactness). Let us suppose that all the assumptions of Sec-
tion 2.1 hold and let A be a family of partitions with inf,rcp |7| = 0. If the corre-
sponding family of initial data {U%}rca satisfies

sup ¢(U2) < 400, sup d(U2,up) < +00, (2.2.8)
TEA TEA

then there exist a sequence (T) C A with |Tg| | 0 and a limit curve u €
ACE ([0, +00); ) such that

g

U, (t) >u(t)  Vtel[0,+o0). (2.2.9)

In particular, if U2 > ug and ¢(U2 ) — ¢(ug) as k — oo, then u(0+) = ug and
u € GMM (®;ugp), which is therefore a nonempty set.

We prove this proposition in the next Section 3.

Remark 2.2.4 (p-estimates). In the general case p # 2, Lemma 2.2.1 and Proposi-
tion 2.2.3 still hold (with different constants) simply replacing 2 with p: thus the
limiting curve belongs to ACT ([0, +o0);.%).

loc

2.3 Generalized minimizing movements and curves of
maximal slope

In this section we present two different sets of general conditions which provide a
general answer for Problems 2.0.1, 2.0.4, and a direct connection between curves
of maximal slope and generalized minimizing movements. They are both related
to some kind of lower semicontinuity property of the local slope of ¢, which can be
well expressed by its relazed slope, i.e. (a slight modification of) the sequentially
o-lower semicontinuous envelope of |0¢]:

10~ ¢|(u) := inf { lim inf [96| (un) : un > u,
e (2.3.1)
sup{d(tn,u), d(u,)} < —l—oo}.
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This following result holds (up to considering the appropriate p-scheme, cf. Remark
2.0.7) for every p € (1, +00). Notice that the compactness assumption 2.1c (which
was a crucial ingredient in Proposition 2.2.3) is not needed here: Theorems 2.3.1
and 2.3.3 hold whenever one knows that a curve u belongs to GM M (®; ug); besides
Proposition 2.2.3, they can be combined with any convergence results for the
variational Euler scheme (2.0.4), e.g. with the results of Chapter 4.

Theorem 2.3.1 (GM M (¢;up) are curves of maximal slope I). Let us assume that
¢ is lower semicontinuous and coercive according to Assumptions 2.1a.b; if

vE.S — |07¢|(v) isa weak upper gradient for ¢, (2.3.2)

and ¢ satisfies the continuity condition
sup {[09](v2). (v, w0). 6(v) | < 400, v B = G(va) - O(v). (233)
ne

then every curve u € GM M (®;ug) with ug € D(¢) is a curve of mazimal slope
for ¢ w.r.t. |0~ ¢|.

Remark 2.3.2. Observe that, in view of Theorem 1.2.5, (2.3.2) is always satisfied
it |0¢| is o-sequentially lower semicontinuous, i.e. |0~ ¢| = |0¢].

In order to state our strongest result we define a piecewise constant function
|UL] on (0, +00), relative to the partition Pr, by

(Uz, Uz-1)

d
\UL|(t) = T if ¢ € (2t 0. (2.3.4)
T T

Our notation is justified by the fact that |UL| is really the modulus of the derivative
of the piecewise affine interpolant of U when .7 in an Hilbert space and d is
induced by its scalar product.

Theorem 2.3.3 (GM M (®;u) are curves of maximal slope II (energy identity)).
Suppose that the lower semicontinuity and coercivity assumptions 2.1a,b hold; if

v e S — |0 ¢|(v) is a strong upper gradient for ¢,

then every curve uw € GMM (®;ug) with ug € D(¢) is a curve of maximal slope
for ¢ w.r.t. |0~ ¢| and in particular u satisfies the energy identity

T T
%/ ! 2(t) dt+%/ 0= 62 (u(t)) dt + p(u(T)) = dlug) VT >0. (2.3.5)
0 0

Moreover, if {U-,-k}keN is a sequence of discrete solutions satisfying (2.2.8) and
(2.2.9), we have

Jim §(T, (1) = ¢(u(t)) Yt € [0,+00), (2.3.6)
lim [99|(T;,) = (07 ¢l(u) in Li,([0, +00)), (2.3.7)
lim |U. | = /| in L},.([0,400)). (2.3.8)

n—oo
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In the case p # 2 the energy identity reads

T T
%/ |u/|P(t) dt + %/ [0~ |T(u(t)) dt + d(u(T)) = Pp(ug) VT >0, (2.3.9)
0 0
and the limiting relations (2.3.7), (2.3.8) should be intended in Li ([0,+0c0)),
LP ([0,+00)) respectively.

loc

Remark 2.3.4. Whenever the functional ¢ satisfies the topological assumptions of
Section 2.1, the previous theorems 2.3.1 and 2.3.3 can be applied by following at
least two different strategies:

(i) One can try to show that the slope |0¢| is o-lower semicontinuous (i.e.
|0~ ¢ = |0¢]). In the case when .7 is a Banach space and (1.4.18) holds,
as in Section 1.4, this property usually corresponds to a strong-weak™ closure
of the graph of the Fréchet subdifferential of ¢, as we will see in the next
example 2.3.5. Once the o-lower semicontinuity of |0¢| is proved, then one
has to check the continuity property (2.3.3) (for Theorem 2.3.1) or that |0¢|
is a strong upper gradient for ¢ (for Theorem 2.3.3).

(ii) The second possibility, when the slope |0¢| is not lower semicontinuous, is to
prove directly that the relaxed slope is an upper gradient for ¢, i.e. it satisfies
a sort of chain rule. This approach is quite useful to dealing with gradient
flows of non regular perturbations of convex functional in Hilbert spaces
and has been applied to some evolution equations arising in quasi-stationary
phase field problems [114].

We postpone the proofs and more detailed statements of Theorems 2.3.1 and
2.3.3 to the next chapter and we conclude the present section by an important
application to the Banach case.

Example 2.3.5 (Doubly nonlinear evolution equations in Banach spaces). Let us
consider the Banach space setting . = £ introduced in Section 1.4 and let us
suppose that Z satisfies the Radon-Nikodym property, so that absolutely contin-
uous curves in % are .Z!-a.e. differentiable.

We want to apply the previous metric results (following the first strategy of Re-
mark 2.3.4) to find solutions of the doubly nonlinear differential inclusion (1.4.11)
for a functional ¢ : B — (—o0,+o0]. Two properties seem crucial: the first one
establishes a link between the metric slope and the Fréchet subdifferential of ¢

96](v) = min { €]l : € € Do(v) } = 10°0()ll. ¥veB ~ (23.10)

and the second one is o-weak* closure of the graph of ¢ in B x B’

£ € 00(vy), vy 2 v, & =% €, supd(v,) < oo = £ € dp(v). (2.3.10b)

The following result is immediate:
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Lemma 2.3.6 (Lower semicontinuity of [0¢|). Let us suppose that the functional
¢ B — (—o00,+00] satisfies (2.3.10a) and (2.3.10b). Then |0~ ¢| = |0¢].

Proof. 1t (v,) C £ converges to v in the topology ¢ and |0¢|(v,) — p < 400
as n — 00, by (2.3.10a) there exists &, € d¢(vy,) such that ||€,]. = |0¢|(vy,) is
uniformly bounded; up to an extraction of a suitable subsequence, we can suppose
that &, —* £ and, by (2.3.10b), £ € 9¢(v). Since the dual norm is weakly™ lower
semicontinuous, a further application of (2.3.10a) yields

961(v) < €]l < liminf &)l < p O

The following theorem is a variant of a result of [95]: notice that a per-
turbation of class C! of the functional ¢ corresponds to a C° perturbation of
its subdifferential and no general existence results are known for differential equa-
tions associated to C° vector fields in infinite dimensional (even Hilbertian) vector
spaces.

Theorem 2.3.7 (Existence for C' perturbation of convex functionals). Let ¢ :
B — (—00,400] be a lower semicontinuous functional satisfying the coercivity
assumption (2.1.2b) and the (strong) compactness assumption (2.1.3b). If ¢ =
@1+ @2 admits the decomposition of Corollary 1.4.5 with respect to a convex I.s.c.
function ¢1 and a C' function ¢a, then for every ug € D(¢) GMM (®;uq) is
non empty and its elements u are solutions of the doubly nonlinear differential
inclusion

Jp(u' () D =0°p(u(t)) t>0; u(0+) = up, (2.3.11)

that satisfy the enerqgy identity

T
/0 [/ (8)|P dt + (u(T)) = (uo) VT > 0. (2.3.12)

Proof. In this case o is the strong topology of A, as in Remark 2.1.1. We can
combine Proposition 2.2.3 (GM M (®;ug) is non empty), Corollary 1.4.5, Lemma
2.3.6, and Theorem 2.3.3 (every u € GM M (®;up) is a curve of maximal slope
for |0¢| and satisfies the energy identity (2.3.9)), Corollary 1.4.5 and Proposition
1.4.1 (curves of maximal slope for |0¢| solve (2.3.11)). O

In fact, condition (2.3.10b) is almost enough to prove the existence of solu-
tions to (2.3.11):

Theorem 2.3.8 (Existence under the closure condition (2.3.10b)). Let ¢ : # —
(=00, +00] be a functional satisfying all the Assumptions of Section 2.1. If ¢ sat-
isfies (2.3.10b) and (2.3.3), then it also satisfies (2.3.10a). In particular, for every
ug € D(¢) GM M (®;ug) is non empty and its elements u are curves of mazimal
slope which solve the doubly nonlinear differential inclusion (2.3.11).

The proof of this theorem relies on the implication (2.3.10b) = (2.3.10a) for
a functional ¢ which satisfies the assumptions of Section 2.1: we will prove the
above implication in the next chapter.
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We conclude this section by showing an example where the above theorem
can be applied by choosing an auxiliary topology o weaker than the strong one;
the following situation is typical for evolution equations in unbounded domains.

Remark 2.3.9 (An example where o is weaker than the strong topology of %).
Let us consider the Banach space % := LP(R?), 1 < p < 400, and let F' : R —
[0, +00) be a nonnegative C' convex function satisfying F(0) = 0. We consider
the functional

40) S ( IVo(z)|? + F(v(x ))) dz if Vo e L2(RY), F(v) € L'(RY),
v) =
+00 otherwise.
(2.3.13)
Since F’ is increasing, it is not difficult to check that ¢ € LI(R%) belongs to d¢(v)
if and only if
Av e LYRY, F'(v) e LYRY), ¢=—Av+ F'(v); (2.3.14)

the curve u of maximal slope associated to ¢ should be a solution of the Cauchy
problem

{ |OpulP 20w — Au+ F'(u) =0 in R x (0, +00), (2.3.15)

u(-,04) =ug(-) in RY
Moreover, if v satisfies (2.3.14), it enjoys the a priori estimates
IF' ()| Laray < N€llLaay, NV Laray < 2/1€]| Lagray-
Since ¢ is a convex functional in L?(R?), we know that |0¢| is lower semicontinuous
w.r.t. the strong LP(R?) topology, but the sublevel sets
{ve P®Y : lollo ) + 6(0) < ¢}

are not compact in L?(R%).

Let us show that ¢ satisfies (2.3.10b) with respect to the weak LP-topology o. If
& = —Av, + F'(v,) — € in LY(R?) sup,, ¢(v,) < +o0, and v, — v in LP(R?),
the a priori bounds and Rellich compactness theorem yields

5 = —A’U + nv F/('Un) - 77 il’l Lq(Rd)a Up — U IH LlOC(Rd)

Up to extracting a further subsequence, we can assume that v, converges to v
Z?-ae. in R? so that n = F'(v) and therefore £ € d¢(v).

2.4 The (geodesically) convex case

In this section we will consider a notion of convexity along classes of curves in the
metric space .%: a particular attention is devoted to functionals ¢ which are convex
along the geodesics of the metric space .. Let us first introduce the relevant
definitions.
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Definition 2.4.1 (A-convexity along curves). A functional ¢ : & — (—o0, +00] is
called convex on a curve vy :t € [0,1] — v € % if

o) < (1 =)p(y) +to(v)  VE€0,1]. (2.4.1)

More generally, we say that ¢ is A-convex on ~y for some A € R if

o) < (1 —t)d(v0) + td(11) — %At(l —t)d*(yo,m) Ve [0,1].  (24.2)

Notice that we require that the usual convexity inequality holds with respect
to the initial and final point of the curve ; of course, if ¢po~y is a real convex function
in [0,1] then (2.4.1) surely holds. Among all the possible curves connecting points
in ., we are interested to the so called geodesics, i.e. to length minimizing curves.

Definition 2.4.2 (Constant speed geodesics). A curve vy :[0,1] — .7 is a (constant
speed) geodesic if

d(vs,ve) = d(v0,71)(t—s) VO<s<t <1 (2.4.3)

Definition 2.4.3 (\-geodesically convex functionals). We say thatl a functional ¢ :
S — (—00,400] is A-geodesically convex if for any vo,v1 € D(¢) there exists a
constant speed geodesic v with o = vg,y1 = v1 such that ¢ is A-convex on .

Remark 2.4.4 (Euclidean case). In Euclidean spaces, the largest A such that ¢
is A-convex along segments (canonically parametrized on [0,1]) is, for smooth
functions ¢, the infimum w.r.t. z of the smallest eigenvalue of V2¢(z). In this
case ¢ is A-convex if and only if v — ¢(v) — $A|v|? is convex. In particular the
map v — %|v — w|? is 1-convex, as the following elementary identity, depending
on t € R, shows

(1 = t)vg + tvy — w|* = (1 = t)|vg — w|? + tloy — w|* = t(1 — t)|vg — vy |, (2.4.4)

It is not difficult to show that (2.4.4) forces the norm |- | to be induced by a scalar
product: in fact, choosing w = 0, t = 1/2 we see that |- | satisfies the parallelogram
rule (12). It is interesting that the same conclusion holds if (2.4.4) is replaced by
the corresponding 1-convexity inequality for ¢ € [0, 1].

A-convexity along geodesics is the easiest assumption of geometric type, which
allows for a simple application of the theory presented in the previous Section 2.3,
as we shall see in a moment. This property results from the necessity to join
two points vg, v1 € D(¢) by a curve along which both the distance (the curve
should be a geodesic) and the functional (A-convexity) behave nicely. From the
“Minimizing Movement” point of view, its importance is clear, since the distance
and the functional are the two components of the family of variational functionals
v — ®(7,w;v) defined by (2.0.3b).

We can easily check that if ¢ : . — (—o00, +00] is a A-geodesically convex
functional, then for every couple of points vy, v1 € D(¢) the functional v —
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®(7,v9;v) is (771 + X)-convex along a suitable geodesic v connecting vg to vy. In
fact in this case we have
L L ooy
(7, v0; ) = 5.0 (vo, ve) + B(e) = 5 td (vo, v1) + ()

< g% (w0, 01) + (1= 1)9(e0) + 19(0r) — 5 M (1L~ ) (o, 1)

= (1= 1)6(00) + (G (o0, 1) + 6(0)) — 5 (- + A )11~ (v, 1)

= (1= 1)B(7, vo; v0) + tB(r, vo; v1) — %G + A)t(l —)d(vg,v1).  (2.4.5)

On the other hand, one can ask if it is possible to formulate a more general
assumption directly on ®: it is interesting that the results we are presenting in this
section hold even if there exists an arbitrary curve 7 (not necessarily a geodesic)
along which ® is (77! + \)-convex, for every 7 > 0 such that 771 + X > 0 (i.e.
0 <7 <4%, where ;& = 400 if A > 0).

Assumption 2.4.5 (Convexity of ®). For a given A € R we suppose that for any
vo,v1 € D(¢) there exists a curve vy with o = vy, y1 = vy such that

1
v ®(T,v0;v)  ds (771 + N)-convex ony, VO0<T< = (2.4.6)

where (7, v9;v) = 5=d*(vo, v) + ¢(v) is the functional introduced in (2.0.3b).

Any function ¢ satisfying the previous Assumption 2.4.5 for some \ € R
trivially satisfies the same condition for all X < A.
(2.4.6) is equivalent, for every vy, v1 € D(¢), to the existence of points vy, t € [0, 1],
such that

%dQ(vo,vt) + o(vy) (2.4.7a)
< (1 = t)é(vo) + to(vy) + %tdQ(vo,vl) - %(% + A)t(l —t)d*(vo, v1)
= (1 - t)p(vo) + to(vr) + % (t — (1 - t))dz(vo, ) (2.4.7b)

Neglecting the first term in the left-hand side (2.4.7a) and dividing by ¢ we also
get

$(vi) — d(wo)

; < é(vy) — d(vg) + % (t —Ar(1 - t))dQ(vo, v1). (2.4.7¢)

Remark 2.4.6 (v; are independent of 7). For the sake of simplicity we supposed
that that the points v; in (2.4.7a) are independent of 7, even if many of the
following results still hold in the case when v; are allowed to depend on 7 and ¢ is
coercive (2.1.2b). Here we make explicit two useful consequences of the fact that
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vy is independent of 7: first of all, multiplying the inequality (2.4.7a,b) by 7 and
passing to the limit as 7 — 0% we get

d(vo,vt) < td(vg,v1). (2.4.8)

When A > 0, we can pass to the limit as 7 — 400 in (2.4.7a,b) showing that ¢ is
A-convex along the curve v;. Thus in this case (2.4.7¢) becomes

¢(vt) — ¢(vo)

) < 0n) — 6(wo) - %)\(1 — (v, v1). (2.4.9)

Remark 2.4.7 (p-modulus of convexity). In the case of p-curves of maximal slope,
p # 2, one should consider a related notion of modulus of convexity depending on
the p-power of the distance. Here we do not exploit this variant and we will often
assume directly (2.4.7a,b) with A = 0.

A-convexity assumption provides a useful information about the value of 7, (¢)
as defined by (2.2.2) and on the existence of a minimum point for ¢.

Lemma 2.4.8 (Coercivity for convex functionals). Assume that Assumption 2.4.5
holds for some A € R (with A=0 if p #2). If

Juy € D(@), 7 >0: my = inf{qb(v) cv €Y, dvyuy) < r*} > —o00, (2.4.10)

(e.g. if either the coercivity 2.1b or the lower semicontinuity and compactness
2.1a,c assumptions hold), then

Te (@) > )\i_, in particular T,(¢) = 400 if A > 0. (2.4.11)

If A > 0 then ¢ is bounded from below and if it is lower semicontinuous then it
has a unique minimum point u:

Nues: ¢(a) = néiﬂn(b > —o00. (2.4.12)

Proof. Let uy, 1y, my asin (2.4.10),0 < 7 < )\% If v € D(¢) and d(v, us) > 7, we
apply the convexity property (2.4.7¢) with vy := uy, v1 := v and t = r*/d(u4, v)
to find v, := vy € D(¢) satisfying

G(ve) — pluy) — (77" + N1

/r*

A
(]5(’0) - §d2(v,u*) > d)(u*) + C*d(’l}, u*)v Cy 1=
By (2.4.8) dv.u < r, and therefore ¢(v.) > m, by (2.4.10); applying Young
inequality we get

A—e
2

d(v) — d*(v,uy) > ) — 21—503 Yo e D(¢), € > 0. (2.4.13)
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(2.4.13) shows that 7.(¢) > —A~1 if A < 0, and that ¢ is bounded from below if
A > 0. If the lower semicontinuity-compactness Assumptions 2.1a,c hold, then the
existence of a minimum @ for ¢ follows directly from (2.4.13). We can also prove
the existence (and the uniqueness) of the minimum by a completeness argument,
thus assuming the ¢ is simply lower semicontinuous with respect to the distance
d and avoiding compactness: just take a minimizing sequence (v, ) with

d(v,) < i};ﬂfgf) +wp, lim w, =0,

and apply the A-convexity property of ¢ stated by Remark 2.4.6 along a curve
Yn,m connecting v, to v,,. Choosing t = 1/2 we obtain

A 1 1
ng(Umvm) < §¢(vm) + 5(15(“71) — &(Yn,m(1/2))
1 1
< - — — — 00.
< 2wm—|— 2wn 0 asn,m — o0 0

The next result, though simple, provides the crucial estimate for \-convex
functions; the reader could compare (2.4.14) with the classification introduced in
[95, page 293]: following the notation of that paper, it is not difficult to check that
A-convex functions belongs to the class (.;0,2).

Theorem 2.4.9. If the convexity Assumption 2.4.5 holds for some A\ € R, then the
local slope |0¢| admits the representation

o (P —0w) 1y NT
|6¢(v)_§£< (o) —1—2)\(1(7 )> Yo e D(¢). (2.4.14)

In particular, when A > 0 the local slope coincides with the global one, i.e.

.
061(0) = sup (2 =)

ST ) @0 Ve e D). (2.4.15)

Proof. First of all we observe that

v) — p(w)) " v) — d(w *
|0¢|(v) = lim sup M = limsup (M + 1A d(v,w))

w—v d(l}, w) w—v d(U, w)
o(v) —d(w) .
< — 4+ =) .
< 1801;13 ( d(v,w) + 3Ad(v, w)
In order to prove the opposite inequality it is not restrictive to suppose
vED(¢), w#v with ¢(v)—d(w)+ $Ad*(v,w) > 0; (2.4.16)
applying (2.4.7¢) with vg = v and v; = w to get v; satisfying for every 0 < 7 < /\%
o) —d(ve) _ (d(v) —p(w) 1 td(v, w)
> —(Ar(1—1t) — —
d(v,vg)  — d(v,w) + 27 (Ar(L = 1) = t)d(v, w) d(v,vy)
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Since d(v,v;) < td(v,w), the sign inequality of (2.4.16) yields
Bl) — 6(v) _ Hlv) — H(w)

d¢|(v) > limsu + id(v,w) Ywe.Z.
01(0) > timsup 7R > EOED 4 (o, w)
Then (2.4.14) follows easily by taking the supremum with respect to w. O

Recalling the Definition (1.2.6) of global slope [y, from (2.4.14) we easily get

|0¢|(v) < l4(v) < |09|(v) + )\7_ diam.¥ Vv e.”. (2.4.17)

The following corollary is an immediate consequence of the above upper bound.

Corollary 2.4.10. Suppose that ¢ : & — (—o00, +00] satisfies the convezity assump-
tion 2.4.5 for some A € R and it is d-lower semicontinuous. Then |0¢| is a strong
upper gradient for ¢ and it is d-lower semicontinuous.

Proof. In the case when A > 0 or .¥ is bounded, we can simply apply The-
orem 1.2.5. In the case A < 0 and diam.” = +oo, recalling that |0¢| is a
weak upper gradient, we should check that for any curve z € AC(a,b;.¥) with
|0¢](2)|7'| € L(a,b) the function ¢ o z is absolutely continuous.

It is not restrictive to assume that (a,b) is a bounded interval and the curve z is
extended by continuity to [a,b]. We simply introduce the compact metric space
S0 = z([a, b]) with the metric induced by . and we consider the related global
slope of ¢, denoted by [5(-); (2.4.14) yields

G(v) = sup (¢(v) = p(w))™ < |0d|(v) — %)\ diam .74 Vv e A.

wes\ oy d(v,w)

In particular [,(2)|2'| € L'(a,b) and therefore Theorem 1.2.5 yields the desired
absolute continuity of ¢ o z.
In order to prove the lower semicontinuity of |0¢| we argue as in the proof

of Theorem 1.2.5, where we proved that [4 is d-lower semicontinuous, and use
(2.4.14). O

We can now state two existence results for curves of maximal slope, the first
one assuming that there is compactness with respect to the topology induced by
d and the second one assuming that there is compactness with respect to o. Both
of them hold even in the case of p-curves (with A = 0 for p # 2) and combine
Proposition 2.2.3 and Theorem 2.3.3 following the first strategy of Remark 2.3.4.

Corollary 2.4.11 (Existence of curves of maximal slope I). Suppose that ¢ : & —
(—00, +00] satisfies the convexity Assumption 2.4.5 for some X € R (with A = 0
forp #2), and the lower semicontinuity-compactness Assumptions 2.1a,c for the
topology o induced by the distance d, as in (2.1.3a,b) of Remark 2.1.1. Then every
ug € D(¢@) is the initial point of a curve of maximal slope for ¢ with respect to
(the strong upper gradient) |0¢| and the conclusions of Theorem 2.3.3 hold.
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Proof. By Lemma 2.2.1, ¢ also satisfies the coercivity Assumption 2.1b. Proposi-
tion 2.2.3 shows that GM M (®;up) is not empty; moreover, the above corollaries
yield that |0~ ¢| = |0¢] is a strong upper gradient for ¢, since the compactness
assumption of Section 2.1 holds for the topology induced by the distance. Then
we can apply Theorem 2.3.3. 0

Corollary 2.4.12 (Existence of curves of maximal slope II). Suppose that the func-
tional ¢ : ./ — (—o0,+00] satisfies the convexity Assumption 2.4.5 for some
A € R and the lower semicontinuity-compactness Assumptions 2.1a,c. If the map
v = |0¢|(v) is o-sequentially lower semicontinuous on d-bounded subsets of sub-
levels of ¢, then every ug € D(9) is the starting point of a curve of mazimal slope
for ¢ with respect to |0¢| and the conclusions of Theorem 2.3.3 hold.

Proof. Again we observe that Corollary 2.4.10 and our assumption yield that
|0~ ¢ = |0¢| is a strong upper gradient for ¢. Invoking Proposition 2.2.3 and
Theorem 2.3.3 again we conclude. 0

2-curves of maximal slopes of A-convex functionals with A > 0 exhibit expo-
nential convergence to the minimum point of the functional (which exists under
the weak condition (2.4.10) of Lemma 2.4.8), with exponential convergence to 0
of the energy. The crucial estimates are stated in the following lemma:

Lemma 2.4.13. Assume that ¢ : ¥ — (—o00,400] is a d-lower semicontinuous
functional satisfying the convexity Assumption 2.4.5 with X > 0. Then

é(u) — inf ¢ < %|8¢|2(u) Yu € D(¢). (2.4.18)

Moreover, if i € D(¢) is the (unique) minimizer for ¢, then

A

§d2(u7ﬂ) < o(u) = ¢(a) < 5106 (u)  Vu € D(¢). (2.4.19)

S
2
Proof. (2.4.18) is an immediate consequence of Young inequality and (2.4.14),
which for every v € D(¢) with ¢(v) < ¢(u) yields

¢(u) — o(v) < [00|(u) d(u,v) — gd(u,v)g < 55100 (u). (2.4.20)

On the other hand, if @ is a minimum for ¢, we can apply (2.4.9) with vy := @

and vy := u: since ¢(v) > ¢(@) we obtain

A

201 - ) (w,) < o(u) - H(w);

taking the limit as ¢t | 0 we conclude. 0
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Theorem 2.4.14. Assume that ¢ : & — (—00, 4] is a d-lower semicontinuous
functional satisfying the convexity Assumption 2.4.5 with A > 0 and having a
minimum point w. Then any curve of maximal slope u w.r.t. to |0¢| satisfies for
everyt > tg >0

L (u(t), 1) < d(u(t)) — 6(8) < (B(ulty)) — S@)e P (2.4.21)
Proof. Since the time derivative of (the absolutely continuous map, since |9¢| is
a strong upper gradient) A(t) = ¢(u(t)) — ¢(u) is —|0¢|*(u(t)), we obtain the
differential inequality A’(t) < —2AA(¢), whence the second inequality in (2.4.21)
follows; the first one is simply (2.4.19). O

Even in a metric framework, if a curve of maximal slope is a Generalized
Minimizing Movement, it exhibits a sort of regularizing effect allowing for a finer
description of the differential equation at each point of the interval, if we consider
right derivatives. It is interesting to compare the next theorem with Brezis’ result
[28, Theorem 3.2, page. 57].

Theorem 2.4.15. Let us suppose that ¢ : . — (—o0, 00| is d-lower semicontinu-
ous, and it satisfies (2.4.10) and the convexity Assumption 2.4.5 for some X\ € R.
If ug € D(¢) then each element w € GM M (ug; ®) is locally Lipschitz in (0, 4+00)
and satisfies the following properties:

(i) The right metric derivative

[u! | (t) := lim d(u(s), u(®)) (2.4.22)

slt s—t
exists and u(t) € D(|0¢|) for all t > 0.

(i) The map t — e=2* tp(u(t)) is conver; the map t — e|0¢|(u(t)) is non-
increasing, right continuous, and satisfies

100 (u(1) < T (8(u) — r(un), (2.4.23)
TIO6 (u(T)) < (1+23F T)e 7 (G(up) — inf 9, (2.4.24)

where ¢r(ug) is the Moreau- Yosida approximation of ¢ defined as in (2.1.2b)

— i o) — inf L2
or(ug) == Ulg; O(T,up;v) = vlél; 2Td (v,u) + ¢(v). (2.4.25)

(iil) The equation
%éb(u(t)) = 100 (u(t)) = ~[u, [*(t) = ~[06|(u(t)) [u/|(t)  (2.4.26)

is satisfied at every point of (0, +00).
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Remark 2.4.16. The statements of the above Theorem hold up to t = 0 if ug €
D(|09]).
Remark 2.4.17. In the case p # 2 and A = 0 the previous Theorem still holds,

provided (2.4.23), (2.4.24), and (2.4.26) are properly reformulated:
oo (u(T)) < (9(uo) = dr(u0)),  TIOG(w(T)) < (é(uo) —info), (24.27)

%Mﬂ(t)) = —09|*(u(t)) = —|uy [P (t) = —[0¢] (u(t)) |u) |(2)- (2.4.28)






Chapter 3

Proofs of the Convergence
Theorems

We divide the proof of the main convergence theorems in four steps: first of all,
we study a single minimization problem of the scheme (2.0.4); stability estimates
are then derived for discrete solutions which yield Proposition 2.2.3 by a compact-
ness argument. Finally, convergence is obtained by combining the a priori energy
estimates with the gradient properties of the relaxed slope. We will conclude this
section with the proof of Theorem 2.4.15.

3.1 Moreau-Yosida approximation

In this section we will study a single minimization problem (2.0.4), which is strictly
related to the Moreau-Yosida approximation of the functional ¢. The convergence
of the scheme will be addressed in the next subsections.

Definition 3.1.1 (Moreau-Yosida approximation). Let us suppose that ¢ : & —
(=00, +00] is a d-lower semicontinuous and coercive functional; for T > 0 the
Moreau-Yosida approximation ¢, of ¢ is defined as

. . 1 5
or(u) = Ulgf/;@(T, w;v) = vlg; {Ed (v,u) + qb(v)}. (3.1.1)
We also set
Jr[u] :== argmin (7, u;-), i.e. (3.1.2)

ur € Jrjul & ®(r,usur) < O(1,uyv) Yo €.,
and, if J.[u] # 0,
df (u) == sup d(ur,u), d;(u):= inf d(u,,u). (3.1.3)

-
wr €J,[u] ur€J7[u]



60 Chapter 3. Proofs of the Convergence Theorems

For the sake of simplicity, in this section we will often suppose that
Jrul #0 Yue S, 0<1<1(0), (3.1.4)

even if many results hold without this assumption. The following properties are
well known:

Lemma 3.1.2 (Monotonicity and continuity of ¢ (u)). The map (7,u) — ¢, (u) is
continuous in (0, 7.(¢)) X 7.
If0 <10 <711 and u,, € Jr,[u] then
P(u) 2 bry(u) = ¢z, (u),  d(ury, u)
$(u) = ury) = d(ur,), df (u) <
In particular, if ¢ satisfies (3.1.4), it holds

li% ¢r(u) =lim inf @(u,) = é(u), ifue€ D(¢) then li%di(u) =0, (3.1.6)

TI0ured [u

d(tr,,u),

<
Gwsde O

and there exists an (at most) countable set Ay, C (0,7.(¢p)) such that
d; (u) =df(u) V7 e (0,7()\ A (3.1.7)

T

Proof. To prove the continuity of ¢, let us consider sequences (7, u,) C (0, 7« (¢))
x & convergent to (7,u) and a corresponding sequence (v,) C D(¢) such that

lim (@(Tn,un; Un) — Pr,, (un)) =0.

n—oo

We easily obtain

lim sup ®(7,, Uy vy,) =limsup ¢, (uy,) <limsup @(7,,, up;v) =P(7,u;v) VveS.

(3.1.8)

Taking the infimum w.r.t. v we get limsup,, ¢-,, (un) < ¢-(u). By (2.2.4) we deduce
that (vy,) is a bounded sequence in .#’; therefore

1 2
liminf ¢, (u,) = liminf ®(7,, uy; vy,) > liminf — (d(vn, u) — d(ty, u)) + ¢(vn)

n—oo n—oo n—oo Tn

> liminf ——d(vn, 1) — ~d(vn, u)d(n, 1) + $(vn) > b (1),

n—oo 2T, Tn

and this inequality proves the continuity of ¢, .
The first inequality of (3.1.5) follows easily from the analogous monotonicity
property of 7 +— ®(7,u;v) for each u,v € .. The second one follows from

L Py )+ G(uarg) < (1t 1) + (i)

27—0 - 27’0
1 1 1
= \5- — 5 d2 T d2 T T
(2,7_0 27_1) (u 1?u)+27_1 (u 1au)+¢(u 1)
1 1 1
<(z7—-— d2 T d2 T T
< (5 = g )ty ) 5 dP(ury )+ i)
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ie.

The third inequality follows by combining the preceding one with

1 1
_dz(uﬁ’u) + ¢(u7'1) < _dz(um’u) + ¢(u7'0)'
27’1 27’1

The first limit in (3.1.6) is a simple consequence of the monotonicity property
(3.1.5) and of the d-lower semicontinuity of ¢. In order to prove the last one,
observe that

d*(ur,u) < —27¢(ur) + d*(v,u) + 27¢(v) Vv € D(¢), u, € J,[ul.

We take the supremum with respect to u, € J-[u] and we recall (2.2.3); passing
to the limit as 7 | 0 we get

limsup(d; (u))? < d*(v,u) Vv € D(¢).
710

Since u € D(¢) we conclude. O

The second lemma provides a very useful pointwise estimate on the local
slope of ¢.

Lemma 3.1.3 (Slope estimate). If u, € J;[u], then u. € D(|0¢|) and

d(ur,u)
—

|00(ur) < (3.1.9)

In particular D(|0¢]) is d-dense in D(¢).

Proof. Starting from (3.1.2) we easily get

1 1 1
_ < 2 42 <
Blur) = 6(v) < o=d?(v,u) = =d?(ur,u) < o-d(v,ur) (d(v, ) + d(ur, u)
for every v € D(¢). Dividing the equation by d(v, u,) we get

—6(v)" U, U
thUPM < limsup Zi(d(v,u) +d(ur,u)) _ dwur) O

vV—=Ur d(va Ur v—ou, 4T T

The next estimate will play a crucial role in the subsequent convergence
proofs; we observe that for any open interval (79,71) with 0 < 79 < 71 < 7u(9),
(3.1.5) yields (recall (1.1.2))
14+

the maps 7 +— 7~ "d7 (u) have finite pointwise variation in (79, 71).  (3.1.10)
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Theorem 3.1.4 (Derivative of ¢,(u)). Assume that (3.1.4) holds so that for T €
(0,7()) the infimum in (3.1.1) is attained. For every u € % the map T — ¢, (u)
is locally Lipschitz in the open interval (0, 7.(¢)) and

)2
diTgﬁT(u) = 7%, for every T € (0,74(0)) \ N, (3.1.11)

where N, is the (at most countable) set introduced in (3.1.7).
In particular, if ug € D(), for every T € (0, 7.(¢)) we have

2(uy, u T (aF(u 2
%:)Jr/o %W:Mu)—aﬁ(ur) Y, € J,[ul. (3.1.12)

Proof. We simply observe that for every 9,7 € (0,7.(¢)) and u,, € J, [u]

¢To(u) - ¢T1 (u) S (P(T(%u; uﬁ) - (P(Tlau;uﬁ)

1

3.1.13
= o Pury ) — Pt ) = (3113

and, changing sign to each term of the inequality and interchanging 7y with 7

Gy (1) — b7y (u) = %dz(um, u), (3.1.14)

so that, being the map 7 +— ¢, (u) is non increasing,

d+ 2 _ a- 2
0< (47, () < (W) —én () _ CIC)) <T.  (3.1.15)
2’7’17’0 ™ — 70 27’17’0

(3.1.15) shows that 7 — ¢, (u) is locally Lipschitz in (0, 7.(¢)). Passing to the
limit as 71 | 7,79 T 7 we obtain (3.1.11). Integrating (3.1.11) from 0 < 75 to 7 > 79

we obtain )
T (@)
oot + [ Gy
T0 r
if ¢(up) < +00, we can pass to the limit in the previous identity as 7o | 0: recalling
(3.1.6) we get (3.1.12). O

The next result provides a sort of duality characterization of the local slope
(1.2.6) in terms of the Moreau-Yosida approximation of ¢

Lemma 3.1.5 (Duality formula for the local slope). We have
1 - YT
5100/ (u) = limsup o) = ér(w) (3.1.16)
T—0 T

Moreover, if the infimum of (3.1.1) is attained at u, according to (3.1.4), there
erists a sequence T, | 0 such that

o 90— 6(ur,)

n—oo T2 n— o0 Tn

zlimlionf|8¢)\2(u7). (3.1.17)
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Proof. It is not restrictive to suppose |9¢|(u) > 0. We use the elementary identity

1 1
—x? =supay — —y> Va € (0,+00)
2 y>z 2

obtaining for each 0 < a=! < |0¢|(u), € > 0

1 1w = ew) T
5\8¢|2(u) = lim sup 3 (—)

v—U

+

v—u y>a~t d(“? U)
=limsup  sup <(¢ W) = 6(v)" d(u,v) _ Ld(u, ”)>
v—u 0<r<ad(u,v) d(u7 v T 2 72
(p(u) — d(v)) " d(u,v) 1 d*(u,v)
= ve?l&u} 02171'125 ( d(u, U) T B 5 72
B (¢(u) — ¢(v)) d(u,v)  1d*(u,v)
B Oiliga Uei}’l\%u} ( d(u7 U) T - 5 72
o S0 = 00)
0<r<e T

where we used the fact that

s ((6(0) — 60)) "~ L P(w0) = swp (9(u) o) — -d(u,v)

ve S \{u} ve?\{u}
= ¢(u) - (b‘r(u)
Passing to the limit as € | 0 we get
1 - ¥r
510¢]?(u) < limsup o) — ¢r(w), (3.1.18)
2 710 T

On the other hand, supposing that the infimum in (3.1.1) is attained (otherwise,
we argue by approximation), we have

lim sup M = lim sup <¢(U) - ¢(UT) . d%u,u.,.))
10 T 10 T 272
d T d2 s Wr 1
< lirrTllsOup <|8¢|(u) (“;U ) - (QUTQU )) < §|8¢|2(u),
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which proves (3.1.16). Combining (3.1.18) and (3.1.19), we get

d(u,uy) |?
liminf ||0 -~ T <0
im inf |06|(u) . <0,
which yields (3.1.17), via (3.1.9). O
Now we show that convexity Assumption 2.4.5 leads to stronger estimates.

Theorem 3.1.6 (Slope estimates for convex functionals). Let us suppose that ¢
satisfies the convexity Assumption 2.4.5 for some \ € R.

(i) If u € D(|09|), 1 + A7 >0 and u, € J;[u], then

(14 Ar) 00 (ur) < (1 4+ Am Dzt < 00 —0-)
. T T (3.1.20)
2
The last inequality holds even though J;[u] = (.
(ii) Ifu € D(¢), ur € Jr[u], and X\ > 0 then
. 1 .
d(ur) — 1Lr§10f¢ < (ESYSE (qb(u) - 1£1pf (b) (3.1.21)
(iii) If A > 0 then
sup $u) = ér(w) = l|8¢|2(u) Vu € D(¢). (3.1.22)
>0 T 2

Proof. (i) The first inequality has already been proved in (3.1.9); in order to prove
the second one, we apply (2.4.7b) with vy = u, v1 = u, to find a point 74 such
that

o (00 + 6(ur) < 5= (u,70) + 6(30)

t
<5 (t ar(l— t))d?(u, ur) + (1 — D) (u) + td(uy).
-
Since the right hand quadratic function has a minimum for ¢ = 1, taking the left

derivative we obtain
A 1N o
- — — <
(5 + =) 2w, ur) + 6(ur) — 6(w) <0,

or, equivalently,

Lasan Ll o o) = 9lu) _ o) o) =6:()
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The last inequality of (3.1.20) is a simple consequence of Theorem 2.4.9: we write

d*(u,,u)
272

T T 27'2

Ow) = 6o0) _ plu) = 0lur) _ Plurw) _ o)

and we apply the Young inequality, observing that 1 — A7 > 0. If J;[u] = 0 we
repeat the argument above with a minimizing sequence.
(ii) Starting from (3.1.20) we easily get

Pu) — d(ur) > (14 2A7)|09)* (ur)

T

and, recalling (2.4.18) and (3.1.9), we obtain

(¢(u) —inf ¢) — (¢(ur) —inf §) = $(u) = P(ur) = 2Ar(1+ ;A7) (d(ur) — inf 9)
(3.1.23)
which gives (3.1.21).
(iii) follows by (3.1.20) and (3.1.16).

Remark 3.1.7 (p-estimates). It is easy to check that Lemma 3.1.2, 3.1.3, 3.1.5 still
hold in the general p-case, with the estimates

d T . - T
|09 (ur) < y, é|f‘)¢|q(u) = llriljblp M, (3.1.24)
06)7(0) = tim T g S0 = O0n) e 9 (us). (3.1.25)
n—oo T n—o0 Tn 10
(3.1.11) becomes
d o (dE )’
dort =L vreonnn G

and therefore (3.1.12) reads

po(uT,U) n /OT (df(u))? dr = o(u) — $(ur) V7 € (0,7.(9)). (3.1.27)

pTP qrr

Finally, for A = 0 the estimates of Theorem 3.1.6 easily extend to

06| (ur) < dp(z;’u) < 2 _T(Mu) < [0¢]%(u), (3.1.28)
sup o) = ér(w) _ 1|a¢>\q(u). (3.1.29)
>0 T q
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3.2 A priori estimates for the discrete solutions

In order to obtain a sharp energy estimate for discrete solutions giving the differen-
tial inequality (1.3.13) as |7| — 0, we follow a variational interpolation argument
due to De Giorgi, which is based on the identity (3.1.12) in Theorem 3.1.4. As in
the previous section, we will assume (3.1.4), so that at least one solution of the
variational scheme (2.0.4) exists if |7] < 7.(¢).

Definition 3.2.1 (De Giorgi variational interpolation). Let {UZ},}2) be a solution
of the variational scheme (2.0.4); we will denote by Uy : [0,4+00) — . any inter-
polation of the discrete values satisfying

Up(t) = U (4271 4 8) € J5[UPY ift =121 46 e @t en). (3.2.1)
We also introduce the real valued function G, defined by

G-(t) == d;_(U-:T-L_l) > d(U.,.(t%U:_L—l)

3 PR ift =214 0e (@] (3.2.2)

Observe that G- is a Borel map thanks to (3.1.10), and (3.1.9) yields
10| (U (1)) < Go(t) Yt e (0,+). (3.2.3)

Lemma 3.2.2 (A priori estimates). Let |7| € (0,7.), let {U"}20 be a sequence
solving the variational scheme (2.0.4), and let |UL|, G+ be respectwely defined by
(2.34), (3.2.2). Then for each couple of integers 1 <i < j we have

1

t{_ 1 t{, v '
112 2 B ;
3, @ [T @wa o o @24

Moreover, for anyu, € ., S, T > 0, there exists a constant C = C(uy, (), S, T)
such that if

p(UY) < S, d*(U%u,) <S8, tN<T, |r|<71.(0)/8, (3.2.5)

we have for 1 <n < N

s Z U;TU] J <o) - swm < (3.2.6)
d?(U,(t),U.(t)) < Clr| Ytelo,T). (3.2.7)

Proof. Starting from (3.1.12) for u := U~!, u, := U and observing that for
r € (0,7,) up = U (271 4 1), we get

PUz,UrY) 1 (U (), U n—1 "
T+§/nwdt<¢([]r )_¢<UT)
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Recalling the definition of |UL| and G we rewrite the inequality as
1 1
3 [ [ (G 0Pa < oz - oup),
In In

Summing up from n = i+ 1 to n = j we obtain (3.2.4). The same argument,
neglecting the (nonnegative) integral terms gives

?’L

% Z (M> < ¢(UZ) — ¢(U7). (3.2.8)

Now we observe that for every € > 0 and 7, < 7.(¢) we have

n

12 n 120770 2(777 12 1
S (U7 ) d e, ;( FIERT 2d (Ui~ ,u*))
< dUL UL Yd(UL, u.)
Jj=1
~ d*(UL, UL 277
<e z:: o) erd (UL, uy)
<ep(UL) — e, (u) + —dz(Uf,u* —|— — 2:7']d2 (U2, uy).
j 1

Choosing ¢ := 7. /2 we get

dQ(U_’:,u*)§2(d2(U2,u*)+T*¢(UO) Ter. u) ZTJCF (U3, )

2(S + T*S T*djT* u* ZT]dQ UJ u*
(3.2.9)
where we used the obvious bound
H(UM) > ¢, (uy) — dQ(U” .)- (3.2.10)

2Ty

By applying the Gronwall lemma 3.2.4 below with a,, := d?(UZ, u.), A := 2(5 +
7.8 — Todr, (uy)), and o := 4/7,, we get
Q@ 4 . A

< Beortr ' < Bear T = = =
In = D€ = e  &r 1—alr| 7 —A4l7] 1—alr|’

provided «|7| < 1. Applying this estimate to (3.2.9) and choosing, e.g. 7. :=
37.(¢) /4, we obtain the first inequality of (3.2.6). The second inequality follows
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then from (3.2.8) and (3.2.10) for n := N. Finally, (3.2.7) follows by (3.1.5) and

(3.2.6) since for t € I, j < n,
d* (U (1), U, (1)) < 2d*(UL™", UL) + 2d*(U- (1), UL
n J—1 i
<4d*>(Ui~tUi) < Zd (U U)

O

Remark 3.2.3 (Easier estimates when ¢ is bounded from below). Observe that
when ¢ is bounded from below then (3.2.6) and (3.2.7) become considerably easier,
since they are a trivial consequence of (3.2.8):

. 1 (UL UEY |
Lewr v < ﬁ; - < T(¢(UE) - 1§f¢), (3.2.11)
d*(U-(1), U, (1)) < 4| (¢(UD) — inf ¢). (3.2.12)

Lemma 3.2.4 (A discrete version of Gronwall Lemma). Let A, a € [0,4+00) and,
forn > 1, let a,, 1, € [0,+00) be satisfying

an <A+ aZTjaj Vn > 1, m = sup ar, < 1. (3.2.13)

j=1 neN

Then, setting f = a/(1 —m), B:= A/(1 —m) and 79 = 0, we have

B> T
a, < Be i=0 Vn > 1. (3.2.14)
Proof. Let t7 := LI 1 T for j > 1. First of all, we observe that (3.2.13) gives
n—1
an <B+BY ma; Yn>2, a1 <B. (3.2.15)
j=1

We argue by induction: observe that for n = 1 (3.2.14) reduces to a1 < B. Sup-
posing that (3.2.14) holds for 1 < n < k, and observing that e’ " < 8 for any
t e (1 t7], we get

IA

k k k +J
j—1
ki1 B+p> mia; < B+BBY me’ < B+Bﬂj§:1: /tj_l ePtat

=1 j=1

tk‘
S = Beﬂtk.

tk
B+Bﬁ/ P dt = B + BB
0
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Remark 3.2.5. Lemma 3.2.2 still holds for p # 2 with the obvious variants

09|4(Ux (1)) < GE(1), (3.2.16)
1 P 1t j i
P oras s [Caoaowh o, G210
rwrwy <o YU o —swn <o, )
j=1 j
dP(U-(t),U,.(t) < C|r| Vtelo,T]. (3.2.19)

3.3 A compactness argument

The following result combines the ideas of Ascoli-Arzela and Aubin-Lions com-
pactness Theorems: weak compactness (w.r.t. o) and strong equicontinuity (w.r.t.
d) yield pointwise convergence up to subsequences.

Proposition 3.3.1 (A refined version of Ascoli-Arzela theorem). Let T > 0, let
K C .7 be a sequentially compact set w.r.t. o, and let u, : [0,T] — & be curves
such that

up(t) € K VneN, tel0,T], (3.3.1)

lim sup d(un (s), un(t)) < w(s,t) Vs, te[0,T], (3.3.2)

n—oo

for a (symmetric) function w : [0,T] x [0,T] — [0, 400), such that

lim  w(s,t)=0 Vrel0,T]\C, (3.3.3)

(s,8)=(r,r)

where € is an (at most) countable subset of [0,T]. Then there exist an increasing
subsequence k — n(k) and a limit curve u: [0,T] — 7 such that

Uy (t) 2 u(t) Vte0,T], wu isd-continuous in [0,T]\ €. (3.3.4)

Remark 3.3.2 (The case when w is induced by a finite measure). An important
case where the previous theorem can be applied is provided by a (symmetric)
function w of the form

w(s,t) = p(fs,t]) V0<s<t<T, (3.3.5)

where p is a non negative and finite measure on [0, T]; in this case ¢ is set of the
atoms of pu.

Proof. Being K sequentially compact, by a standard diagonal argument we can
find a subsequence k — n(k) and a function u : (QN[0,7]) U% — K such that

Un () (£) 2 u(t),  d(u(s),ut)) <w(s,t) Vs,te (QN[0,T])U%;  (3.3.6)
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the distance inequality in (3.3.6) follows from (2.1.1). Since K is d-complete, thanks
to (3.3.6) we can extend u to [0, T] by continuity. Therefore we can uniquely define
a curve (still denoted by) u : [0,7] — . which is continuous at each point of
0,71\ 7.

In order to prove that w, ) (t) = u(t) also for all t € [0, T]\¢ it is sufficient to
show that every converging subsequence of u, ) (t) converges to u(t): if w, k) (t) =
v is such a subsequence, we have

d(u(s),v) < liminf d(u, gy (5), wn@y (t) <w(s,t) ¥Vse[0,T]NQ.

k—o00

If ¢t ¢ € we can let s T ¢ to obtain that v = u(¢). O

An immediate application of Proposition 3.3.1 and Remark 3.3.2 is a clas-
sical result, due to Helly, on compactness of monotone functions w.r.t. pointwise
convergence.

Lemma 3.3.3 (Helly). Suppose that () are non increasing functions defined in
[0,T] with values in [—oo,+0o0]. Then there exist a subsequence k — n(k) and a
non increasing map ¢ : [0,T] — [—o0, +oo| such that klim Onk)(t) = () for any

te0,T].

Proof. Tt is not restrictive to assume, up to a left composition, that all functions ¢,
have their values in [0, 1]. Denoting by pu, the derivatives in the sense of distribu-
tions of ¢y, it suffices to extract a subsequence such that ji,,(y) narrowly converge
in [0,77] to a finite and non negative measure u in [0, 7. Then the assumptions of
Remark 3.3.2 are fulfilled because

lim sup [on@) () = a) ()] < fim sup tn(i) ([3,2]) < (s, 1))

whenever 0 < s <t <T. O

Corollary 3.3.4. Let us fix p € (1,4+00) and let be given a family A of admissible
partitions of (0,+00) with

inf || =0, sup|7|<7(0),
TEA TEA

and a corresponding family of initial data {US}ren satisfying

UO

Lo, AU — ¢(ug) as |7] 10, supd” (UL, ug) < +oo0. (3.3.7)
TEA

Then there exist a sequence (T,,) C A with lim,, |7,| = 0, a limit curve u which
belongs to ACY ([0, +00);.%), a non-increasing function ¢ : [0,+00) — R, and a

function A € LY, (|0,400)) such that

loc

U, (t) >u(t), Urp,(t) >ut) asn—oo Vt>0, (3.3.8)

n
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p(t) == lim (U, (1) > ¢(u(t)) Vt=0, ¢(u(0)) = d(uo), (3.3.9)

n—oo

UL | = Ain LY ([0,400)), A(t) > [u/|(t) for £ -a.e. t € (0,400), (3.3.10)
liminf G, (t) > 07 ¢|(u(t)) Vt>0. (3.3.11)

Proof. As usual we limit to consider the case p = 2, the modifications to deal
with the general case being obvious. Condition (3.3.7) ensures that for any 7' > 0
the constant C' defined by Lemma 3.2.2 remains uniformly bounded with respect
to 7 € A. Therefore the estimate (3.2.6) and the Assumptions of section 2.1 show
that the curves U, : [0,T] — ., T € A, take their values in a o-sequentially
compact set. We can find a sequence (7,,) C A with |7,[ | 0 such that |U_ |
weakly converge in L?(0,+00) to some function A and, by Lemma 3.3.3, the limit
in (3.3.9) exists.
For fixed 0 < s < t let us define

s(n) :==max {r € Pr, : r <s}, t(n) :==min{r € P, : t <r},
so that
s(n) <s<t<t(n), lim s(n)=s, lim t(n)="=1.
We have
_ _ t(n)
AT, (61T, () < [ UL dr (3:312)
s(n)
and therefore
¢
limsup d(U, (s),U, (t)) < / A(r) dr. (3.3.13)

Applying Proposition 3.3.1 and (3.2.7), possibly extracting one more subsequence,
we can find u € ACE ([0, 400);.%) such that (3.3.8) and (3.3.9) hold true. More-
over, the limit inequality d(u(s), u(t)) < f; A(r) dr immediately gives that |u/| < A
Ll-ae. in (0,+00). Finally, (3.3.11) follows from Fatou’s Lemma and the estimate
(3.2.3), which yields

|07 ¢l(u(t)) < lim inf 10¢|(Us, (t)) < liminf G, (t).

3.4 Conclusion of the proofs of the convergence
theorems

Proof of Theorem 2.3.3. Combining (3.3.10), (3.3.11), (3.3.9) and using eventually
(3.2.4) we easily get
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/ (s ds + 2 / 107 62 (u(s)) ds + Hlult)) (3.4.1)
< / A%(s / hnrggéfG ()ds+nlingo¢(UTn(t))
< hirigéf / U~ s)’ ds+ %/0 G2 (s)ds+ ¢(U,, () < d(uo).

On the other hand, since |0~ ¢| is a strong upper gradient for ¢ we have

d(uo) < $(u / 107 6| (us))|(5) d, (3.4.2)

and therefore

(1) = [0~ l(u(t) for L ae. t € (0,+00),
3.4.3
d(ug) — /\a ol (u(s))er|(5) ds. S

It follows that ¢t — ¢(u(t)) is locally absolutely continuous and

d
%Qﬁ(u(t)) = —07|(u(t))|u/|(t) for L'-ae. t € (0,+00). O
Proof of Theorem 2.3.1. Observe that Corollary 3.3.4 still holds under the assump-

tions of Theorem 2.3.1. Denoting by ¢(¢) the limit in (3.3.9) and arguing as in
(3.4.1) we get

/|u Py dr+ /|a 2 (u(r)) dr < o(s) — (t) (3.4.4)

for 0 < s <t, and

¢
/ liminf G2 (r)dr < 400 VYt > 0. (3.4.5)
0 n—oo
Therefore
1 1
—¢'(t) > §| u'[2(t) + §|8_¢|2(u(t)) for L -a.e. t € (0, +00). (3.4.6)

Moreover, (3.2.3) and (3.4.5) yield
lim inf 10¢|(Ur., (1)) < liminf G, (t) < o0 for ZLlae. t € (0,4+00),
so that (3.3.8) and the continuity assumption (2.3.3) give
o(t) = d(u(t)) for L'-ae. t € (0,+00). (3.4.7)

We can conclude that u is a curve of maximal slope for ¢ with respect to is (weak)
upper gradient |0~ ¢|. O
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Proof of Theorem 2.4.15. We start with a simple consequence of (3.1.20) and
(3.1.21).

Lemma 3.4.1. Let us suppose that ¢ satisfies Assumption 2.4.5 with N\|7| > —1,

and let us set
~log(T+AlT|) wf log(1+ A7y)

|| n>0 Tn

Ar: <A\ (3.4.8)

The sequences

n - ARG (UL), ni el (qﬁ(Uf) - i;f ¢) are non increasing. (3.4.9)

Proof. From (3.1.20) we get for every n > 1

n n 1 _ no_ T n—
Air|ag|(Uy) < eMiTo———80|(Ur ") < eMire ™ 0g| (U
1+ A7y,
n—1 n—
= Mgl (UrTh),
where we used the inequality
1 Y

< 7T 3.4.10

1+ A1, — c ’ ( )

which follows directly from Definition (3.4.8) (whose last inequality is a conse-
quence of the concavity of the map t — log(1l + At)). The second property of
(3.4.9) follows by an analogous argument and from (3.1.21). O

Setting B
G (t) == i |og|(UD), ifte (tn71, 7,

G is a non-increasing function: taking into account the L2 convergence of slopes
given by (2.3.7) and Helly’s Theorem 3.3.3, we can suppose, up to extracting a
suitable subsequence, that for a non-increasing function G' we have

klim Gr.(t)=G(t) Vt>0, G(t) = e*|0d|(u(t)) for Lt-ae. t € (0,+00).

—00

On the other hand, we know that the map ¢ — e*"|0¢|(u(t)) is lower semicontinu-
ous and therefore it coincides with the right continuous representative of G. Since
[W'|(t) = |0¢|(u(t)) for L -ae. t € (0,+00), we deduce that |u’| admits a right
continuous representative and it is essentially bounded in each interval (4,1/6) for
0 < § < 1. From the inequality

t+h
d(u(t—i—h),u(t))g/t 06l(u(r)) dr V>0,

we get
s 44 ) u(0)

P 3 <[0¢[(u(t))  Vt=0. (3.4.11)
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Since for any p, ¢ € R and Z'-a.e. t > 0

%62‘“ (D(u(t)) — §) = =9 (u(t)) + 2ue®* (H(u(t)) — ), (3.4.12)

choosing g := min(\,0) and ¢ < infycjo,77 @(u(t)), we find that the map t —
e (¢(u(t)) — ¢) is convex in [0, 7). It follows that the map ¢ — ¢(u(t)) is right
differentiable at each point ¢ € [0, +00) and

%d)(u(t)) = —|0¢]*(u(t)) ¥Yt>0. (3.4.13)
N

On the other hand, it is easy to check that

d(u(t+ h)7u(t)).

. (3.4.14)

G ult) = —|o0l(u(e) -l inf

Combining (3.4.14) with (3.4.11) and (3.4.13) we get

d(u(t + h),u(t))
h10 h

/

= |0¢|(u(t)) at each point ¢ € (0, +00).

Inequality (2.4.23) follows by the energy inequality, since for A < 0

T T 9 2 (u(T)) < § / A (ult)) dt < d(uo) — H(u(T)) — L / 2 (t) dt
0 0
< 9(u0) — B(u(T)) — g (uo, u(T)) < Blug) — br(uo).

Finally (2.4.24) for A > 0 follows by an integration of (3.4.12), choosing p := A,
¢ = inf & ¢, and taking into account (2.4.21):

T
M (D(u(T)) = @) + T 96 (u(T)) < pluo) — & + 2/\/ M (d(u(t) — ) dt

0

< (14 2XT)(¢(uo) — ). O

We conclude this section with a discrete analogous to Theorem 2.4.14, whose
proof follows directly from (3.4.9) and Lemma 2.4.13.

Corollary 3.4.2. Assume that ¢ : - — (—00,+00] is a d-lower semicontinuous
functional satisfying Assumption 2.4.5 with A > 0 and let U, be a discrete solution.
Then

AP (UR, ) < ¢(UF) — ¢(u) < ($(UT) — ¢(u))e > ' (3.4.15)



Chapter 4

Uniqueness, Generation of
Contraction Semigroups, Error
Estimates

In all this section we consider the “quadratic” approximation scheme (2.0.3b),
(2.0.4) for 2-curves of maximal slope and we identify the “weak” topology o with
the “strong” one induced by the distance d as in Remark 2.1.1: thus we are as-
suming that

p=2, (&, d)is a complete metric space and

4.0.1
¢ . — (—o00,+00] is a proper, coercive (2.4.10), L.s.c. functional, ( )

but we are not imposing any compactness assumptions on the sublevels of ¢.
Existence, uniqueness and semigroup properties for minimizing movement u €
MM (®;up) (and not simply the generalized ones, recall Definition 2.0.6) are well
known in the case of lower semicontinuous convex functionals in Hilbert spaces
[28]. In this framework the resolvent operator in J;[-] (3.1.2) is single valued and
non expansive, i.e.

d(J-[ul], J-[v]) < d(u,v) Yu,ve.S, >0 (4.0.2)

this property is a key ingredient, as in the celebrated CRANDALL-LIGGET gener-
ation Theorem [46], to prove the uniform convergence of the exponential formula

(ct. (2.0.9))

i n n 0| (u
u(t) = lim (Jy/n)" [uo], d(“(t)v(‘]t/n) [uo]) < M\/(ﬁo)t’

n—oo
and therefore to define a contraction semigroup on D(¢). Being generated by a
convex functional, this semigroup exhibits a nice regularizing effect [27], since

(4.0.3)
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u(t) € D(|0¢]) whenever ¢ > 0 even if the starting value ug simply belongs to

D(¢). Moreover the function u can be characterized as the unique solution of the
evolution variational inequality

(Gu), u(t) —v) + o(u(t)) < ¢(v) Vv e D(¢), (4.0.4)

(+,+) being the scalar product in .7.

More recently, optimal a priori and a posteriori error estimates have also
been derived [18, 115, 102]: the original O(7'/2) = O(1//n) order of convergence
established by Crandall and Ligget for ug € D(|0¢|) and a uniform partition
(2.0.8), has been improved to

a(u(t). (Joy)"fo]) < % (4.0.5)

and extended to the general scheme (2.0.4), (2.0.7)

2

P (0, u(t)) < Il (6(uo) —inf 6). (T (1), u(e)) < =2 2L (4 06)
thus establishing an optimal error estimate of the same order O(|7]|) of the Euler
method in a smooth and finite dimensional setting.

Similar results for gradient flows of convex functionals in general (non Hilber-
tian) Banach spaces are still completely open: at least heuristically, this fact sug-
gests that some structural property of the distance should play a crucial role,
besides the convexity of the functional ¢.

A first step in this direction has been obtained by U. MAYER [96] (see also
[85]), who considered gradient flows of geodesically convex functionals on non-
positively curved metric spaces: these are length spaces (i.e. each couple of points
vg, U1 can be connected through a minimal geodesic) where the distance maps

v+ 1d?(v,w) are 1-convex along geodesics Vw € .7. (4.0.7)

This property was introduced by Aleksandrov on the basis of the analogous in-
equality satisfied in Euclidean spaces (2.4.4) and in Riemannian manifolds of non-
positive sectional curvature [84, §2.3]; it allows to prove (4.0.2), and to obtain the
generation formula (4.0.3) by following the same Crandall-Liggett arguments. Ob-
serve that MAYER’S assumptions yield in particular that the variational functional
defined by (2.0.3b)

v B(r,wse) = o d(0,0) + 6(0) (4.0.8)

is (771 4+ \)-convex along geodesics Yw € 7.

These assumptions, though quite general, do not cover the case of the metric
space of probability measures endowed with the L?-Wasserstein distance: we will



7

show in Section 7.3 that, in fact, the distance of this space satisfies the opposite
inequality, thus providing a positively curved space, as formally suggested also by
[107]. Example 7.3.3 will also show that the squared L2-Wasserstein distance does
not satisfy any A-convexity properties, even for negative choice of A € R.

Our idea is to concentrate our attention directly on the functional ®(7,w; )
and to allow more flexibility in the choice of the connecting curves, along which
it has to satisfies the convexity assumption (4.0.8): we formalize this requirement
in the following assumption:

Assumption 4.0.1 ((77! + )\)-convexity of ®(7,u;-)). We suppose that for every
choice of w, vy, and vy in D(P) there exists a curve v = v, t € [0,1], with
Yo = Vo, Y1 = v1 Such that

1 1
v (7, w;v) is (= + N)-convex on 7y for each 0 < 7 < = (4.0.9)
T

i.e. the map ®(1,w;~:) satisfies the inequality

1+ A7

O(7,w; ) < (L —8)D(7, w;vg) + tP(T,w;v1) — t(1 —t)d*(vo,v1). (4.0.10)
Remark 4.0.2. Of course, Assumption 4.0.1 covers the case of a (geodesically)
A-convex functional on a nonpositively curved metric space considered by [96],
in particular the case of a (geodesically) A-convex functional in a Riemannian
manifold of nonpositive sectional curvature or in a Hilbert space.

Remark 4.0.3. Assumption 4.0.1 is stronger than 2.4.5, since this last one is a
particular case of (4.0.1) when the “base point” w coincides with vy.

We collect the main results in this case

Theorem 4.0.4 (Generation and main properties of the evolution semigroup). Let
us assume that (4.0.1) and the convexity Assumption 4.0.1 hold for some X € R.

i) Convergence and exponential formula: for each uy € D(¢) there exists a
unique element u = Slug] in MM (®;ug) which therefore can be expressed
through the exponential formula

u(t) = Slue](t) = lim (Jy,,)" [uo]. (4.0.11)

n—oo

ii) Regularizing effect: u is a locally Lipschitz curve of mazimal slope with u(t) €
D(|0¢|) € D(¢) for t > 0; in particular, if X > 0, the following a priori
bounds hold:

B(u(0) < duluo) < D) + 5 (v,u0) Vo € D),

. (4.0.12)
1061 (u(t)) < 1061 (v) + 27 (v, uo) Vv € D(|0¢]).
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iii) Uniqueness and evolution variational inequalities: u is the unique solution of
the evolution variational inequality

1d 1

§Ed2(u(t),v) + EAdQ(u(t),v) +o(u(t)) < o(v) Ll-ae. t >0, Yo e D(¢),
(4.0.13)

amonyg all the locally absolutely continuous curves such that limy o u(t) = ug

n .
iv) Contraction semigroup: The map t — S[ug|(t) is a A-contracting semigroup
i.€.

d(S[uo)(t), S[vol(t)) < e Md(ug,v0)  Yug,vo € D(9). (4.0.14)

v) Optimal a priori estimate: if ug € D(¢) and A = 0 then

2
 (Slu0)(t), (Jepn)"l0]) < = (8(u0) = bupnu0)) < 55100 (uo). (4.0.15)

n

Remark 4.0.5. Let us collect some comments about this result:

(a) The regularizing effect provided by (4.0.12) is stronger than the analogous
property proved in Theorem 2.4.15 for A-convex function, since in this case we
simply need ug € D(¢) instead of ug € D(¢). Inequality (4.0.12) also implies a
faster decay of |0¢|(u(t)) as t T +oc.

(b) Since for differentiable curves u in a Hilbert space ./ = 7

d 1d 1d
(Eu(t),u(t) —v) = S d% u(t) —vf* = E%dQ(u(t),v) Yo e A,
the variational inequality formulation (4.0.13) is formally equivalent to (4.0.4) (in
the case A = 0), but it does not require neither the existence of the pointwise
derivative of u nor a vectorial structure. A similar idea was introduced by P.
BENILAN [22] for the definition of the integral solutions of evolution equations
governed by m-accretive operators in Banach spaces. The integral formulation
corresponds to condier (4.0.13) in the weaker distributional sense:

S0 — 58wl 0) < [ (600) = o(u(r)) = FE(ulr). o)) dr, - (2.0.16)

for every v € D(¢) and 0 < s < ¢; in this way, one can simply require that u is a
continuous curve with ¢ ou € L}, (0, 400), thus avoiding any a priori regularity
assumption on the evolution curve. It would not be difficult to show that there
exists at most one integral solution with prescribed initial datum and that this

formulation is equivalent to (4.0.13).
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(¢) The semigroup S satisfies the contracting property (4.0.14) (e.g. for A = 0)
even if at the discrete level the resolvent operator does not satisfy in general the
analogous property (4.0.2).

(d) In the case A > 0 (4.0.14) provides another estimates of the exponential decay
of the solution u to the unique minimum point @ of ¢ (cf. (2.4.12)), as already
discussed in Theorem 2.4.14, i.e.

d(u(t),a) < e Md(ug,a) Vt>0. (4.0.17)

(e) The estimates (4.0.15) are exactly the same of the Hilbert framework: in fact
the first one is even slightly better than the previously known results, since it
exhibits an order of convergence o(y/1/n) instead of O(y/1/n) for uy € D(¢)
and it shows that the error is related to the speed of convergence of the Moreau-
Yosida approximation ¢, to ¢ as 7 | 0. Starting from this formula, it would not
be difficult to relate the order of convergence to the regularity of ug, measured in
suitable (nonlinear) interpolation classes between D(¢) and D(]0¢|) (see e.g. [29],
19]).

In the limiting case A = 0 the exponential decay does not occur, in general,
but we can still prove some weaker results on the asymptotic behaviour of u, which
are easy consequences of (4.0.12) and of (4.0.13).

Corollary 4.0.6. Suppose that (4.0.1) and the convexity Assumption 4.0.1 hold with
A =0, and that @ is a minimum point for ¢. Then the solution u = S|ug] provided
by Theorem 4.0.4 satisfies

d(u07 ﬂ) d2 (Uo, Tl‘)

061 (u(t)) < ===, d(u(t) — ¢(u) < —5—, (4.0.18)

the map t — d(u(t),u) is not increasing.

In particular, if the sublevels of ¢ are compact, then u(t) <, Uso ASt — 00 and U
is a minimum point for ¢.

General a priori and a posteriori error estimates. (4.0.15) is a particular case of
the general error estimates which can also be proved for non uniform partitions;
quite surprisingly, they reproduce exactly the same structure of the Hilbertian
setting and can be derived by a preliminary a posteriori error analysis (we refer
to [102] for a detailed account of the various contributions to the subject of the a
priori and a posteriori error estimates in the Hilbert case).

As we have already seen in (4.0.15), for each estimate the order of convergence
depends on the regularity of the initial datum: the best one is obtained if ug €
D(|0¢]), whereas an intermediate order O(y/|7[) can be proved if ug € D(¢);
simple linear examples show that these bounds are optimal.

We first present the most interesting result for A = 0 and then we will show
how the various constants are affected by different values of .
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Theorem 4.0.7 (The case A = 0). Suppose that (4.0.1) and the convezxity Assump-
tion 4.0.1 hold with A = 0, let w € MM (®;up) be the unique solution of the
equation (4.0.13) and let U, be a discrete solution associated to the partition Py
(2.0.1). Ifug € D(¢) and T =t € P,

& (U(T),u(T)) < d*(U7, uo) + ZTZé‘f, (4.0.19)
where o : et o
gp o= W) 007) AL 07 (4.0.20)
Tn Tr
and
N
D T < |T|( (U?) - ¢T(U°)) (4.0.21)
n=1

if UL = ug we have
(T, (T),u(T)) < |7|(9(uo) — dr(uo)) < |7](Bluo) ~inf &) VT >0. (4.0.22)

If UL € D(|0¢]) we have

N
Z |T‘ 106|2(U2); (4.0.23)
if U = ug we have

2
d*(U(T),u(T)) < %|8¢|2(u0) VT > 0. (4.0.24)
Remark 4.0.8. (4.0.21) is slightly worse than (4.0.15), which in the case of a uni-
form mesh and uy € D(¢) provides an o(/|7|) estimates, instead of O(4/|7]): this
fact depends on a finer cancellation effect which seems to be related to the choice

of uniform step sizes.

In the case A\ # 0 the error d(U,
nential factor e T

(T),u(T)) should be affected by an expo-
, corresponding to (4 0.14) or e~ 7T where

log(1+ A|T|)

Ar =
7|

as for the discrete bounds of Lemma 3.4.1; (4.0.25)
the involved constants could also be perturbed by the presence of \: here the
main technical difficulty is to obtain estimates which exhibit the right coefficient
of the exponential grow (or decay) and constants which reduce to the optimal ones
(4.0.22), (4.0.24) when \ = 0.

We limit us to detail the a priori bounds of the error: we adopt the convention
to denote by ¢ = ¢(\,|7|,T) the constants which depend only on the parameters
A, ||, T, exhibit at most a polynomial (in fact linear or quadratic) growth with
respect to 7', and are asymptotic to 1 as A — 0.
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Theorem 4.0.9 (The case A < 0). Suppose that (4.0.1) and the convexity Assump-
tion 4.0.1 holds for A < 0, let u € MM (P;ug) be the unique solution of the
equation (4.0.13) and let U, be the discrete solution associated to the partition Py
in (2.0.1) with |7| < (=\)"L If UL = ug € D(¢) we have

&(U.(T),u(T)) gc|f\(¢(u0)_i§f¢>e*2”, ci= (1+,/§|A| |T|)2. (4.0.26)

If U2 = ug € D(|0¢]), Ar is defined as in (4.0.25), and Tr = min {tk € P, th >
T}, we have
il

d(U(T),u(T)) < c EI%I(%) e M,

We recall that in the case A > 0 the function ¢ is bounded from below.

12N T,

. 4.0.2
1+ A7 (4.0.27)

Theorem 4.0.10 (The case A > 0). Suppose that (4.0.1) and the convezity Assump-
tion 4.0.1 hold for A > 0, let u € MM (®;ug) be the unique solution of the equation
(4.0.13), let U, be a discrete solution associated to the partition P, (2.0.1), and
let A+ be defined as in (4.0.25). If U2 = ug € D(¢) and Ty € P is defined as in
the above Theorem, we have

dQ(UT(T)7 U(T))) <c |7'| (q’)(uo) — lgf qS)e_Q)“"T’

(4.0.28)
c:i=(1+A7)(1+vV2AT,)"
If UL = ug € D(|0¢]) we have
d*(U(T),u(T)) < c ¥|8¢|2(u0) e 2T ci=1+2\T;. (4.0.29)

We split the proof of the previous theorems in many steps:

4.1.1: discrete variational inequalities. First of all we derive the variational evolu-
tion inequalities (4.1.3), which are the discrete counterparts of (4.0.13). They
provide a crucial property satisfied by the discrete solutions and are a simple
consequence of the convexity assumption 4.0.1; all the subsequent estimates
can be deduced from this fundamental point.

4.1.2: Cauchy-type estimates. Here we introduce a general way to pass from a
discrete variational inequality to a continuous one, though affected by a per-
turbation term; the main technical difficulty is the lackness of an underlying
linear structure, which prevents an easy interpolation of the discrete values
in the ambient space .. We circumvent this fact by considering affine inter-
polations of the values of the functions instead of trying to interpolate their
arguments (see also [101] for a similar approach). Once continuous versions
of the evolution variational inequalities are at our disposal, it will not be dif-
ficult to derive Cauchy-type estimates, by also applying a Gronwall lemma
in the case A # 0.



82 Chapter 4. Generation of Contraction Semigroups

4.2: convergence. This section is devoted to control the perturbation terms in the
previously derived estimates, in order to prove the convergence of the scheme.
We first consider the easier case ug € D(¢) and then we extend the results
to a general ug € D(¢).

4.3: regularizing effect and semigroup generation. Here we show that the unique
element u € MM (®P;ug) exhibits the regularizing effect (4.0.12) and then de-
rives the differential characterization (4.0.13) which also yield the A-contract-
ing semigroup property (4.0.14).

4.4: optimal error estimates. Finally, we refine the error estimates which have
been derived in the first section, and we prove Theorems 4.0.7, 4.0.9, 4.0.10,
and the related estimate (4.0.15). For the ease of the reader, the main ideas
are first presented in the case A = 0; the more technical results for A # 0 are
discussed in Section 4.4.2

4.1 Cauchy-type estimates for discrete solutions

4.1.1 Discrete variational inequalities
Let us first state an auxiliary lemma:

Lemma 4.1.1. Let us suppose that (4.0.1) and the convexity Assumption 4.0.1 hold
for some A € R, and let 0 < 7 < s~ . If u € D(¢) and (v,) is a sequence in D(¢)
satisfying

lim sup (7, u;v,) < - (u), (4.1.1)
then (vy,) converges to v € D(¢) and v = u, = J;[u] is the unique element of
I [u].

Proof. Being u € D(¢), we can find a sequence (u,,) C D(¢) converging to u such
that

lim sup ®(7, up; vy,) = limsup (7, u; vp,) < &7 ().
We argue as in the proof of Lemma 2.4.8: observe that, being ¢, continuous (cf.
Lemma 3.1.2) and ¢, (u) < +o0, (4.1.1) yields

(7, vn) = br(un) + (67(w) = 6 (un) ) + (T wnivn) = 6, (u))
= ¢, (up) +w, with  limsupw, <0.

n—oo

We apply the convexity property (4.0.10) with w := up,vg := v,,v1 = Uy at
t =1/2 to find v, 4, such that

W+ w14+ AT

Gr(Un) < O(T, Un; Vnm) < Or(Un) + — d2(’Um’Um).
’ 2 8T
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Since 1+ A7 > 0 this implies that

s e o) < 55 s (en ) =0

therefore (v,) is a Cauchy sequence and the lower semicontinuity of ¢ gives that
O(1,u;v) = ¢r(u), i.e. v € J-[u]. The same argument also shows that v is the
unique element of J; [u]. O

The following result is a significant improvement of Theorem 3.1.6:

Theorem 4.1.2 (Variational inequalities for u.). Let us suppose that (4.0.1) and
the convexity Assumption 4.0.1 holds for some A € R.

(i) If u € D(¢) and At > —1 then the minimum problem (2.0.5) has a unique
solution u, = J[u]. The map v € D(¢) — J[u] is continuous.

(ii) If u € D(¢) and u; = J-[u], for each v € D(¢) we have

L oo L oo Ly o
27_d (ur,v) 27d (u,v) + 2)\d (ur,v) < o(v) — dr(u). (4.1.2)
Proof. (i) In order to show the existence of a minimum point u, € J,[u] we simply
apply the previous Lemma 4.1.1 by choosing an arbitrary minimizing sequence,
thus satisfying (4.1.1).

The continuity of J, follows by the same argument; simply take a sequence
(un) C D(¢) converging to u and observe that v, := J[u,] is bounded in . and
satisfies

lim sup ®(7, w; v,) = limsup O(7, up; v,) = lim ér (uy) = 7 ().

n—o0 n—oo

(ii) Since the map J; is continuous, by a standard approximation argument we
can suppose u € D(¢). We apply (4.0.10) again with w := u, vg := u, and vy := v,
obtaining a family v, € D(¢), t € (0,1), such that

1+ A7

O(r,uyur) < P(ryusvp) < (1=0)P(7, usur) +tP(1, uyv) — t(1—t)d*(u,,v).

Subtracting ®(7, u; u,) by each term of the inequality, dividing by ¢, and passing
to the limit as ¢ | 0 we get

1+ A7

2
- d”(ur,v)

0 < —®(1,u;ur) + O(1,u;v) —

which is equivalent to (4.1.2) since ¢, (u) = O(7, u; ur,). O
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Corollary 4.1.3 (Variational inequalities for discrete solutions). Under the same
assumptions of the previous Lemma, every discrete solution {UZ ;'{i% with U2 €

D(¢) satisfies

i 2 n 2 n—1 1 2 n
5 (PWURV) = PO V)) + AP (7 V)
1

2Ty,

(4.1.3)

< o(V) - o(U}) U U YV eD(@), n>1

4.1.2 Piecewise affine interpolation and comparison results

Now we formalize a general way to write a discrete difference inequality as a con-
tinuous one: first of all, let us introduce the “delayed” piecewise constant function
Ur

Ur(t) =0t ifte (et

and the interpolating functions

t_tﬁil t:l'_t . n—1 4n
Or(t) = —T—, 1—0.(t)= ifte (12t (4.1.4)
Tn Tn
lr
1 _ — —_ — —_— — — — —_— g — — — —y — — — — .
t
T1 T2 73 T4 T5 T6

Figure 4.1: The interpolating functions £r.

If ( : ¥ = (—00,400] is a function which is finite on the discrete solution

{UP}129, we can define its affine interpolation as

Cr(t) :=(1 = £ (1))C(Ux (1)) + £ ()C(UL (1))

s _ » (4.1.5)
—(L— G O)UE) + L (OCUR) ifte (e,

In other words, (- is the continuous piecewise affine function which interpolates
the values ((UZP) at the nodes t? of the partition P,. In this way, for V € .7, we
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can consider the functions

(V) = (1 — L)) (UL V) + L()d*(UR, V) te (P17,  (4.1.6)
pr(t) = (1= L ()p(Ur ™) + L (H)d(U7) te (L] (4.17)

The main idea here is to “interpolate a function” instead of evaluating it on a
(more difficult) interpolation of the arguments (see also [101] for another applica-
tion of this technique); of course, for convex functional in Euclidean space these
two approaches are slightly different but in our metric framework the first one is
particularly convenient.

Finally, to every discrete solution {UZ},7% C D(¢) defined as before we
associate the “squared discrete derivative”

d2 n—1 n
DZ = M) n=1
TTL

(4.1.8)

and the residual function %, defined for t € (t2~1,¢7] by

B (t) =21 — £ (1) (6(UF 1) = 6(UF) = TD}) — Lr(t)ra D} (4.1.99)

=2(1 — L ())& + (1 = 20- (1)) D2 (4.1.9b)

Observe that (3.1.20) yields

(14 Ar)902(UF) < (14 Ar)DE < 2 (6(Uz~) — o(U2) — D7)
Tn 2
) (4.1.10)

1
< B 2Un71 < anl
_1+>\Tn|¢|(f )_l—l—)\Tn T

so that, if U2~ € D(|0¢|) then (4.1.9a) yields

1-— ET(t) 2 -1 —1
< -0\ n . n n ny. 1.
Hrlt) < T OO — (D} te (e (4L

Theorem 4.1.4. Let us suppose that (4.0.1) and the convexity Assumption 4.0.1
hold for X € R, and US € D(¢). The interpolated functions dr, - defined as in
(4.1.6), (4.1.7) starting from the discrete solution {UR}12% satisfy the following
system of variational inequalities almost everywhere in (0, +00):

S L REV) + SO0, V) + orlt) — 0(V) <

20dt' T Z-(t) VYV € D(¢). (4.1.12)

N —
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Proof. If t € (t271,¢7], using (4.1.3) we obtain

L LBV + AP0, V) + orlt) — 6(V)
= o (U2 V) = Rz V)) 4 AU V) + or(t) — 6(V)

< _QLdQ(Ug, UM 4+ ¢(V) = ¢(UL) + or(t) — ¢(V)

Tn
1

= =g R U + (= () (U2 — 6(U))
1 1

(1= ) (6U ) = 6(UF) = 5—d* (U, U2 ) = £ (t) 5~ (U2, UZY),

Recalling the Definition (4.1.9a) of %, (t) we conclude. O

Comparison between discrete solutions for A = 0. In the next Corollary we are
finally able to compare two discrete solutions.

Corollary 4.1.5 (Comparison for A = 0). Under the same assumptions of Theorem
4.1.4, let us suppose that X = 0 and let {U"} 7%, U5 € D(¢), be another discrete

m=0>
solution associated to the admissible partition

Pyi= {0 =t <th <<t} =ty -t (4.1.13)

The continuous and piecewise affine function
@2t 8) 1= (1= L ())d2 (5 Un() + L ()2 (1 T(5)) ts>0  (41.14)

satisfies the differential inequality

%din(t,t) < Bo(t)+ Fnlt) Vi€ (0,400)\ (PrUPy) (4.1.15)

and therefore the integral bound
T
d2,(T,T) < d*(U2,U)) +/O (%’T(t) +%n(t)) dt. (4.1.16)

Proof. Defining the function ¢, (s) as in (4.1.5) by
a(s) = (L= L (8)0(Un(5)) + La(£)8(T, (5)), (4.1.17)
a convex combination of (4.1.12) for V :=Uy(s) and V := Un(s) yields

10

—dZ,(t,5) + o (t) — pn(s) <

3 9% H-(t) Vs>0,te(0,+00)\ Pr.

N =
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Analogously, writing (4.1.12) for the function d, defined as in (4.1.6)
dy (5 V) i= (1= Ll ())d* (Un(5), V) + b (5)d* (T, (5), V),

and reversing the roles of 7 and 7 we obtain

10 1
§gd3].,_(s,t) + on(s) —e-(t) < 5%’,,(5) Vt>0, s € (0,400)\ Py,

where
dy o (s,1) == (1 — L ())dy (s;UR 1) + Lo (t)dy (5;U)  for t € (27", 7] (4.1.18)
Summing up the two contributions we find

3} 0
&din(t, s)+ %d%.,_(s,t) < Ar(t) + Xn(s) Vs, te (0,+00)\ (PrUPy).

Finally, by the symmetry property
A2, (t,s) = d2 (s, 1), (4.1.19)

evaluating the previous inequality for s = ¢ we end up with (4.1.15). O

Comparison between discrete solutions for A\ # 0. If A £ 0 we need to rewrite
(4.1.12) in a more convenient form; let us first observe that the concavity of the
square root provides the inequalities for V € .

(1 — L (1)d(Ur (1), V) + L ()d(U.(t),V) < dr(t,V) VYt >0, (4.1.20)

(1= € (8))dr(t,Un () + ln(8)dr (8, Ty () < drn(t,s) Vt,s>0.  (4.1.21)

Lemma 4.1.6. Under the same assumptions of Theorem 4.1.4, for a discrete solu-
tion {URYF2 with UL € D(¢) let us define

Dr(t) = (1L (1) d(T (1), Ur (1)) = 7 (1L (1) /D, t € (127", 2], (41.22)

Then for every element V. € D(¢) the interpolated functions d,,p, defined by
(4.1.6) and (4.1.7) satisfy the following system of variational inequalities almost
everywhere in (0, 400):

C LBV 4 SRGV) ~ N2 (e (5 V) 0 (0) (V) < 50(0)+ 2 2200,

(4.1.23)

N | =

where A\~ = max(—A\,0).

Proof. Tf A > 0 the inequality (4.1.23) is an immediate consequence of (4.1.12)
and
2 (V) Zn (1) < T, V) - (5 V)
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which, in turn, follows by the triangle inequality. If A < 0 it follows by (4.1.12)
and

AU (t),V) — d2(t; V) < 2d- (V) D (t) + D2(t). (4.1.24)
Let us prove (4.1.24). Suppose t € (271, 7] and d?(U,(t), V) > d2(t; V), otherwise
(4.1.24) is obvious; the elementary identity a? — b* = 2b(a — b) + (a — b)? yields

d* (U,

(0,V) = E(EV) = 20.(6V) (AT, (1), V) — de(t: V)
+ (AT(0),V) = dr(:V)"
On the other hand the concavity inequality (4.1.20) gives
AU (1),V) —d-(t;V) < d(U(t),V) = (1= £ (1)d(U-(1), V)
— L) AU (1), V) < Dr(t).
These two inequalities imply (4.1.24). O

Corollary 4.1.7 (Comparison for \ # 0). Under the same assumption of the previ-

ous Lemma, let Pr, Py be two admissible partitions; the “error” function d,y(t,s)

defined by (4.1.14) satisfies the differential inequality

d

—d2_(t,t) + 2Xd2, (£, ) <2IN(Dr(t) + Dy (t))drn (t,t

2 (0,0) 202, (1,0) 2N (P (0) + T(0)) dn(t,) o)
+ (% (t) + Rn (1) + X~ (Z2(t) + Z2(1)),

and therefore the Gronwall-like estimate

1/2
M d (T, T) < <d2(U£, V) 4+ R-(T) + Ry (T) + / Te‘mx (22(t) + 27(t)) dt)
0

+2 /T NN (2 () + (1)) dt,
0

(4.1.26)
where Ry (and analogously Ry,) are defined by

t T +
R-(T) := sup / eQM%T(r)drg/ 62)""(%).,.(7")) dr YT >0. (41.27)
tefo,7]Jo 0

Proof. Starting from the inequality (4.1.23) we easily obtain (4.1.25) by arguing as
in Corollary 4.1.5 and by using (4.1.21). Inequality (4.1.26) is a direct consequence
of (4.1.25) and of the following version of the Gronwall Lemma [18]. O

Lemma 4.1.8 (A version of Gronwall Lemma). Let x : [0,4+00) — R be a locally ab-
solutely continuous function, let a, b € Li ([0, +00)) be given functions satisfying,
for X e R,

%xQ(t) +2X2%(t) < a(t) + 2b(t)x(t)  for L*-a.e. t > 0. (4.1.28)
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Then for every T > 0 we have

AT((T)] < (22(0) + sup / teQ’\Sa(s)ds)l/2+2 / " oMb de.

tef0,7] Jo 0
Proof. Multiplying (4.1.28) by e?*** we obtain

%(e’\tm(ﬁ))2 < e*Ma(t) 4 2eMb(t) (eMz(t)) for L'-ae. t >0,

therefore it is sufficient to prove (4.1.29) for A = 0.
Introducing the functions

t
X(T):= sup |z(t)], A(T):= sup / a(s)ds,
te(0,T) te(0,7) Jo

T
B(T) ::/ 1b(s)| ds,
0
and integrating the equation we obtain
t
22(t) < 22(0) +/ a(s)ds +2B(t)X(t) Yt > 0.
0
Therefore, taking the supremum w.r.t. ¢t € [0,7] we get
X(T) < 22(0) + A(T) + 2B(T)X(T),

and adding B?(T) to both sides gives

89

(4.1.29)

(4.1.30)

(4.1.31)

(4.1.32)

(4.1.33)

X(T) < B(T) + /B2(T) + 22(0) + A(T) < 2B(T) + /22(0) + A(T).

Recalling (4.1.31) we obtain (4.1.29).

4.2 Convergence of discrete solutions

4.2.1 Convergence when the initial datum v, € D(¢)

The previous Corollaries 4.1.5, 4.1.7 show the importance to obtain a priori bounds
of the integral of %Z,, ?,, and Z2. In this section we mainly focus our attention
on the convergence of the discrete solutions, by quickly deriving rough estimates
of these integrals and we postpone a finer analysis of the error to Section 4.4. It

is not restrictive to assume A < 0.
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Lemma 4.2.1. Let us suppose that the convexity Assumption 4.0.1 holds with A < 0,
let %, P~ be the residual terms associated to a discrete solution {UP},F% defined
as in (4.1.92), (4.1.22), and let us choose T in the interval IY = (tN—1 tN] Then

/0 ' (1,0 = AZ2(1)) dt < || (#(U2) — 6(UY)), (4.2.1)
(/T INeM 2, (1) dt)2 < %/T MM 22 (¢) dt (4.2.2)

0 0
<P swm) —ow)). 29

Proof. First of all we observe that

dQ(Uﬁ,Uﬁ_l))

4.2.4
27, ( )

[ 1] e < (00 - o07) -

which is a direct consequence of (4.1.9a) and

2 n n—1 1
oz —own - HEE s o [ a-na= [ =3,
2Tn n In 2
Since
1
[ -t =gr.
and

[ W20t < gnmd Uz < g (UrURY, (1.2.5)
from (4.2.4) we get
[ @) + W0 @< mlowz ) —own)  (@26)
which yields (4.2.1). Starting from (4.2.5) and recalling (3.2.8) we obtain
T 2
| Wz de < Sl e Pow?) - ou))
0
so that
r 2 I\
([ weranyar)’ < / A dt / M7zt de < PITE (o02) - ou2)),
0

which yields (4.2.2) and (4.2.3). O
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Theorem 4.2.2. Suppose that (4.0.1) and the convezxity Assumption 4.0.1 hold for
AeR and

\hﬁlo (U2, ug) =0, supp(U2) =S < +oc. (4.2.7)
Then the family {U,}+ of the discrete solutions generated by UL is convergent to
a function w as |T| | 0, uniformly in each bounded interval [0,T]; in particular u
is the unique element of M M (®;up).

Proof. We fix a time t € [0,T] and we prove that {U,.(¢)}, is a Cauchy family as
|7] goes to 0. We already know from the a priori estimates of Lemma 3.2.2 that
there exists a constant C' dependent on S, T, A but independent of 7 such that

& (U(1),U-(t)) < Cl7l, o(U7) = o(U) <C 1<n<N, (4.2.8)

for the integer N such that the interval I contains 7. Moreover, choosing two
partitions Pr, Py as in Corollary 4.1.7, by (4.1.14) we have

d* (U (1), U, (1)) < 3dz, (t,t) + 3d* (U (1), Up(t)) + 3d*(Un(t), U, (1))
< 3dz,(t,1) + 3C(| 7] + Inl),
therefore we simply have to show that \-r\l,i|17ﬂ10 dryn(t,t) = 0. By (4.1.26), (4.2.1),
and (4.2.3) we obtain
eMdZ, (t,t) < 2d° (U2, UD) 4+ 2C (|| + |nl) + 2IMC(I7]> + [n[?), (4.2.9)

and this conclude the proof of the convergence; since the constant C' in the bound
(4.2.9) is independent of ¢, the convergence is also uniform in [0, T7].

Finally, it is easy to check that the limit does not depend on the particular family
of initial data (U2) satisfying (4.2.7): if (V,?) is another sequence approximating g,
we can apply the same convergence result to a third family (W2) which coincides
with the previous ones along two different subsequences of step sizes 1,, 7, with
|7nl, 70| | 0 as n — oc. O

Corollary 4.2.3. Under the same assumption of the previous Theorem, let u =
MM (®;ug) and let U, be the discrete solution associated to the partition Po.
Then if T € Pr and A = 0 we have
T
(T (T), u(T)) gd?(UE,u0)+/ B (1) dt, (4.2.10)
0

whereas for X # 0 we have

T 1/2
AU (T), w(T)) < <d2(U37u0)+RT(T)+ /O AMAT22() dt)
(4.2.11)

T
+ 2/ I\ eM2,(t) dt,
0

where Ry is defined by (4.1.27).
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Proof. We simply pass to the limit as || | 0 in (4.1.16) or (4.1.26), observing that
the integrals of (%n)+, D, @3, are infinitesimal by the estimates of Lemma 4.2.1;

on the other hand, by (4.2.8) we have for T € P

limm dey(T,T) = do (T, u(T)), and - de(T,u(T)) = d(T(T), u(T)). O

4.2.2 Convergence when the initial datum u, € D(¢).

Now we conclude the proof of (4.0.11) in the statement of Theorem 4.0.4 when the
starting point belongs to the closure in . of the proper domain of ¢: in this case,
it is more difficult to exhibit an explicit order of convergence for the approximate
solutions and we have to take care of the loss of regularity of the initial datum.

Let us start with a comparison result between two discrete solutions related
to the same partition Pr:

Lemma 4.2.4. Let U,,V, be discrete solutions associated to the same choice of step
size T and to the initial values US € D(¢), VL € D(¢) respectively. If T € IY =
(tN=1 N, and Ay is defined in (4.0.25), then for —1 < A\|7| < 0 we have

A THTD (T (1), V(1)) < et 2 (U, V)

< U2, V2) + 27| (6(V2) - o(V)), (4.2.12)

Proof. Choosing V := V7! in (4.1.3) and multiplying the inequality by 27, we
obtain

dPUF V) = UL VR < 21,0(VETY) = 20,0(UF) — P(UF,UFTY)
— AT d* (U2, VETH).
Analogously, we choose V := U in the discrete inequality (4.1.3) written for the
discrete solution {V* Ii% obtaining
(L M) (VL UR) = (V™ UF) < 2 (U2) — 21 p(V) — (VL VI,
Recalling the elementary inequality (a + b)? < e 1a? + (1 —¢)7 1%, 0 < e < 1,
choosing € := — A7, we get

_ ATh,
1+ A7y,

SAmd(UR, VR < Uz, UpY) P Ve

summing up the previous inequalities we obtain

1
1+ A7y,

(14 A)d>(V2, U2 PR vt < om (s(vr ) — o(v).

Multiplying the inequality by e*=(2 ') < 1 and recalling that ¢(V2—1) >
o(VI), we get by (3.4.10)

AV, UP) < e (VT URT) 4 2 (6(VE T = 6(V)).
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Summing these inequalities from n =1 to N we get (4.2.12). O

The following Corollary extends the previous Theorem 4.2.2 and concludes
the proof of the convergence part of Theorem 4.0.4:

Corollary 4.2.5. Suppose that (4.0.1) and the converity Assumption 4.0.1 hold for
A e R and

U2 e D(¢), lim d(U2,ug) = 0. (4.2.13)
[T]l0
The family {U,}+ of the discrete solutions generated by US is convergent to the
Junction u = Sfug] as |7| | 0 defined by Corollary 4.3.3, uniformly in each bounded
interval [0,T]; in particular u is the unique element of MM (®;ug).

Proof. Tt is not restrictive to assume \ < 0. Let U,_,ﬁn be two discrete solutions
corresponding to the admissible partitions P, Py, let us choose an arbitrary initial
datum vy € D(¢), and let us introduce the correspondent discrete solutions V., Vn
associated to the same partitions P, P, with VY= V,? = 1.

Applying the previous Lemma 4.2.4 we get

AU (1), Uy () < d(T(£), V(1) + d(Vo. (1), Vy (1)) + d(V, (£), Ty (1))

» Un ! !
< e AT @ 0y, U2) + 27 [6(v0) — SV, (1)] -
n e*An(tH"D [dZ(Uo, Ug) + 2|TH¢(U0) - ¢(Vn(t))]:| 1/2 + d(v-r(t)’_n(t)).

Since vy € D(¢), passing to the limit as |7|,|n| | 0 and applying Theorem 4.2.2,
we get

lim sup d(UT(t),Un(t)) < 2¢ Md(ug,vo) Vv € D(o).
I7]Inll0

Since ug € D(¢), taking the infimum with respect to vy we conclude. O

4.3 Regularizing effect, uniqueness and the semigroup
property
The A-contractivity property is an immediate consequence of Lemma 4.2.4:

Proposition 4.3.1. Suppose that (4.0.1) and the convexity Assumption 4.0.1 hold,
A €R. Ifug,vg € D(¢) and u = MM (ug; @), v = MM (vo; P), then

d(u(t),v(t)) < e Md(ug,vo). (4.3.1)

Proof. It vy € D(¢), we can simply pass to the limit as |7| | 0 in (4.2.12), choosing
e.g. U2 = ug, V! = vg.
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When vy € D(¢) \ D(¢), we consider an auxiliary initial datum wg € D(¢)
and the Minimizing Movement w = MM (wy; ®), obtaining by the triangular
inequality

d(u(t), v(t)) < d(ult),w(t)) +d(w(t),v(t)) < e (d(uo, wo) + d(wo, vo)).

(4.3.1) follows now by taking the infimum of the right hand member of the previous
inequality w.r.t. wo € D(¢). O

Theorem 4.3.2. Suppose that (4.0.1) and the convexity Assumption 4.0.1 hold,
A€eR. Ifu e MM (ug; ®) then u satisfies (4.0.13). In particular, setting

T
uT) := /0 eMdt = EATTi 1, (4.3.2)
we have
1 4 At
oT) < o | otue) et < o,y o). (4.3.3)
and, if A >0,

106|(u(T)) < ~d(uo, u(T)),

N

. (4.3.4)
10617 (w(T)) < |06*(V) + =5 d*(V,uo) ¥V € D(10]).

Proof. By a simple approximation argument via the A-contraction property of
Proposition 4.3.1 and the lower semicontinuity of ¢, it is not restrictive to assume
ug € D(¢). In this case, we already know from Theorem 2.4.15 that w is locally
Lipschitz in (0, +00). Keeping the same notation of Section 4.1.2, observe that

lim dr(t,V) = d(u(t), V), Jim, pr(t) =o(ult)) Vt=0, Ve

Integrating (4.1.12) from S to T and passing to the limit as |7| | 0 gives
r A
(#lu(t) + S (), V) dt < (T = $)(V)

(4.3.5)
which easily yields (4.0.13). Moreover, multiplying (4.0.13) by e and integrating
from 0 to T, since ¢t — ¢(u(t)) is decreasing we have

Lo Lo
§d (w(T),V) — §d (u(S),V)—i—/S

T 1 e)\T
UT)OT) < [ otu(e) it < (T)0V) + 4 (V) = G- B (D). V)
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for any V' € D(¢). Taking the infimum w.r.t. V' we get (4.3.3). Finally, if A = 0,
multiplying (2.4.26) by ¢ and integrating in time we get

IN

Loy < [ doortumas - [ o) a

- /¢> ) dt — To(u(T))

< TO(V) + @ (w0, V)~ To(u(T)) ~ L (u(T), V).

Choosing V' := u(T) yields the first estimate of (4.3.4); on the other hand, if
V € D(]0¢|) the right hand side of the last formula can be bounded by

TI06|(V)(V, u(T)) = Sa((T), V) + 58 (o, V) < 08P (V) + 5o, V),

which gives the second inequality of (4.3.4). O

Corollary 4.3.3. The \-contractive map ug — Slug](t), Slug] being the Minimiz-
ing movement MM (ug; @), provides the unique solution of the evolution varia-
tional inequality (4.0.13), and it satisfies the semigroup property Slugl(t + s) =
S[S[uo](t)](s) for every choice of t,s > 0.

Proof. Let us first observe that if u is a continuous solution of the system (4.0.13),
then an integration from ¢t — h to t gives for every v € D(¢)

S0 + 5t =)o)+ [ (G, o)+ o) dr < ho(w).

Dividing by h and passing to the limit as h | 0, the lower semicontinuity of ¢ and
Fatou’s Lemma yield

. -1 1 2(u v 71 2t — v
im sp (2;“ (t).v) — d*(u(t ~ b).v) s,
+ 58 (u(t),v) + ¢(u(t) < é(v) ¥t >0.

By the same argument we also get the analogous pointwise estimate for the right
derivative

imsu _112u U—E2U v
i s (2:1< (t+h)v) = 5d(u(t),v)) .
+ 5@ (ult), v) + d(ult) < 6(v) V> 0.

Let now u,w € AC(0, +00;.%) be two curves valued in D(¢) which satisfy the
system (4.0.13) and take (by continuity as ¢ | 0) the initial values ug, wo € D(¢).
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Choosing v := w(t) in (4.3.6), v := u(t) in the analogous inequality (4.3.7)
written for the function w, and applying the next lemma we find that

%d?( (1), w(t)) + 20> (u(t), w(t)) <0 for Llace. t > 0,

ie.
%e”‘td%u(t),w(t)) <0, d*(u(t),w(t)) <e *Md?(ug,wy) Yt > 0.

In particular, if ug = wqy the functions u,w coincides and therefore the system
(4.0.13) has at most one solution for a given initial datum ug.

Since the curve u(t) := S[up](t), defined as the value at ¢ of u € MM (ug; P)

for ug € D(¢), solves (4.0.13), we obtain that v is the unique solution of (4.0.13).

The semigroup property follows easily be the uniqueness for solutions of (4.0.13).

O

The following elementary lemma is stated just for convenience for functions
in the unit interval (0, 1).

Lemma 4.3.4. Let d(s,t) : (0,1)> — R be a map satisfying

|d(s, ) = d(s", )| < [v(s) —v(s)],  ld(s,t) —d(s,t)] < [o(t) = v(t)]

forany s, t, ', t' € (0,1), for some locally absolutely continuous map v : (0,1) —
R and let 6(t) := d(t,t). Then § is locally absolutely continuous in (0,1) and

%5@) < limsup QA=A | up Wb EFR—d( 1)

Lae in (0,1
h10 h h10 h (0,1)

Proof. Since [0(s) — 6(t)] < 2Jv(s) — v(t)] the function ¢ is locally absolutely
continuous. We fix a nonnegative function ¢ € C2°(0,1) and h > 0 such that
+h +supp¢ C (0,1). We have then

t+h d(t,t) —d(t — h,t — h)
/5 CE+h) =C®) 4 _ /c a dt

¢, —d( —ht) d(t,t + h) — d(t, 1)
/0 cy™ : dt + /0 C(t+ ) ) .

where the last equality follows by adding and subtracting d(t — h,t) and then
making a change of variables in the last integral. Since

“Hd(t,t) —d(t —h,t)| < h 7 u(t) —o(t — h)| — [0/ (t)] in L{.(0,1)ash | 0

and an analogous inequality holds for the other difference quotient, we can apply
(an extended version of) Fatou’s Lemma and pass to the (superior) limit in the
integrals as h | 0; denoting by a and b the two upper derivatives in the statement
of the Lemma we get — f o¢ dt < f (a + b)C dt, whence the inequality between
distributions follows. O
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4.4 Optimal error estimates

4.4.1 The case A\ =0

In this section we mainly focus our attention on the case A = 0 and we postpone
the analysis of the other situation to Section 4.4.2.

Lemma 4.4.1. Let us suppose that the convexity Assumption 4.0.1 holds for A = 0,
let #r, & be defined as in (4.1.92) and (4.0.20), let I? = (271 ¢7], and let us

deﬁnc:r, .
I(T) := /jl Fr(t)dt forT e IN = (N1 N (4.4.1)
Then N
Rr(t)dt = 7267, (4.4.2)

Iy

IoT) < 7o (U ) = 6(UN) — 5 DY) < ZrRIOOPUN ), (44.3)

< 1(|8¢|?<U:*1> 7)< 5 (100PWr Y~ 1062(p), (144)

260 + I (T). (4.4.5)

HMZ

T
[
0
Proof. (4.4.2) follows dlrectly from (4.1.9b) since
1
/ (I—ET(t))dt:/ () dt = 5 / (1—20-(t))dt =0. (4.4.6)

(4.2.4) and (4.1.10) yield (4.4.3) and (4.4.4); finally, (4.4.7) is a direct consequence
of (4.4.2) and (4.4.1). O

Corollary 4.4.2. Under the same assumption of the previous lemma, let us suppose
that A = 0 and U2 € D(¢); then we have

Zﬂgugf (1) < [r{6(UD) = o0 (U} < [r{6(UD) —inf 6}, (4.47)
and, if U7 € D(|0¢]),

ZT2£"+J (T) < %m 06[2(U9). (4.4.8)

Moreover, when the partition P, is uniform (i.e. 7,, = 7 = |7| is independent of
n, cf. Remark 2.0.3) then the following sharper estimate holds, too:

T 2
| ey Zr%fwf < {00 -6, UD} < 7 06P D). (4.4.9)



98 Chapter 4. Generation of Contraction Semigroups

Proof. Since & > 0 by (4.1.10) we easily have
N-1
S r2er <l Z (6= = 6(U2)) = 7uD2)
n=1 n=1
N-1 N-1
(e(vr™) —o(Um) = Ir| >
=1

= [rl{owD) —ow} ™) - |T|Zm 3%

Summing up the contribution of .#-(T") and recalling that

3

N N
d2Ur,urty 1
2=y T T 1> _ g2 ul,uN 4.4.1
DDy =3 e 2 U U, (4.4.10)

we obtain (4.4.7).
Since n — [9¢|?(UR) is decreasing, too, if U2 € D(|0¢|) then (4.4.4) yields
—1

2

2

N
>ty < 5 5 (el — o)
n=1

s i

- (100D — 9o (UX ) < 15

which proves (4.4.8). When 7,, = 7 we can use a different estimate for & which
comes from (4.1.10

sp <7 (03 = 6,(027) - 57D})

<+ (62~ 6, W) — (9U) - 6 (07)) ),

thus obtaining

3

062 (U7) — I+ (T),

~~—

(4.4.11)

which proves (4.4.9). O

Corollary 4.4.3. Suppose that the convexity Assumption 4.0.1 holds with A > 0.
Then the estimate (4.0.15) of Theorem 4.0.4 and all the estimates of Theorem
4.0.7 hold.

Proof. We simply apply (4.2.10) and the results of the previous corollary. Observe
that when T = tI¥ € P, then #+(T) = 0, so that we have (4.0.19) without any
correction term. 0
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4.4.2 The case A\ # 0

First of all, let us observe that the first estimate (4.0.26) of Theorem 4.0.9 follows
directly from Corollary 4.2.3 and (4.2.1), (4.2.3).

In order to get the other error bounds, we need refined estimates of the
integral terms in the right-hand side of (4.2.11). Since A, < A, by replacing A
by A in the left-hand side of the differential inequality (4.1.25), we easily get
bounds analogous to (4.1.26) and (4.2.11) where the coefficient A occours in each
exponential term, thus obtaining for U2 = ug

T 1/2
ATTA(U(T), u(T)) < <R.,(T)+)\ / et P2 (t) dt)
0

(4.4.12)
T
4 2/ N T (¢) dt.
0
Let us observe that if 7' € (t¥ 1 ] for some N € N,
t
R-(T)= sup / AR (1) dr (4.4.13a)
t€[0,T] JO
t]\/[*l
< sup (/ AR (r) dr +/ e2>‘*t[<%’.,.(r)]+ dr) (4.4.13b)
1<M<nN \Jo 2%
M—1
< sup ( Z / At R (r) dr +/ eZATt[%,-(r)]+dr), (4.4.13¢)
LSMSN & o I M
and, recalling (4.1.11), the integral of the positive part of %, can be bounded by
M—1 M
At + o max [ePrlr T e2Arir ] 277 M—1
Ly dr < 0 U . 4.4.14
ﬁye ()] dr < Th S PO . ()

The next two lemmas provide the estimates of the other integral in the right-
hand side of (4.4.13b) and of the integrals involving %, in (4.4.12). Combining
these results with (4.4.12) we complete the proof of Theorems 4.0.9 and 4.0.10.

Proposition 4.4.4. Suppose that A < 0 and U2 € D(0¢); then for T > 0 we have

|72 2(770
RA(T) < 097 (U;), 4.4.15
(T) < g sy 10020 (1.4.15)
and, recalling that Tr := min {t’.f_ € Py th > T},

| /T g2yt < ol T jag2(w0)
0 " T3+ AT v

. T (4.4.16)

9 Art - < e Bl 0 .
|)\|/0 AP (1) dit < |r|1+MT|\0¢I(UT)
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Proof. Let us suppose that T € IY = (t¥=1 t¥] so that T, =t and 1 < M < N.
Since

1 _—
/ 1~ (1)) i < e (4.4.17)

P

1 n—1_,n 1 e
/ MO (t) dt > §Tn6)‘(t‘r ) = §Tne2*tT e, (4.4.18)
recalling (4.1.11) and (3.4.10) we get

22t T e2Arth ! 2(rrn—1 ArT, 271
[ 0 < e [0~ (Lanet ™ a6 7))

T, —1 n
< n 2 2 n—1\ _ _2X,t} 2 ny
< s (€ 100P W) = oo )

Since the map n — e**'7|94|?(UP) is decreasing, we get

Z / 22X+ t(@ |T|2 (|8¢|2(U0) _ eQATty71‘6¢|2(UM71)).
n 21+ A7) T T
Taking into account (4.4.14) we obtain (4.4.15). Finally, we easily have
‘)\| 62)‘Tt92( )dt < |/\|T"l 2)\ t d (Uf,Uﬁil)
Iy
A7 2N, 7 1 |)‘|‘T|2Tn 2770
ST 5C ‘10 2(Uun- ————1006|7(U;),
and
2\)\|/ At D (t) dt < |Nrae i U, U
Iy
AIT2 A 1 |A|\1—\Tn 0
< —"1¢ oo|(U2™ U:).
< e el < P el D)
Summing up all the contribution from n =1 to N we obtain (4.4.16). O

Proposition 4.4.5. Assume that X > 0, info ¢ =0, UL € D(¢), and Ty is defined
as in the above proposition. We have
T +
R.(T) < / At (2n(1)) " dt < 7|1+ NP (LMD, (14.19)
0

/T AP (t)dt < |7 (2T,-(1 + ATf)sb(US))l/Q- (4.4.20)
0
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Moreover, if U2 € D(|0¢|) then

R, (1) < 2|7 (14 ATy) 0g2(U2), (4.4.21)

DN =

T
2/ A DL (t) dt < To|7|00|(U2). (4.4.22)
0
Proof. As before suppose that T € IY = (=1 ¢N]. Since Lemma 2.4.13 yields
DY > [0¢*(U7) = 206(U7),

by (4.1.9a) and recalling (3.4.10) and (3.4.9), we get

/Igezx,t (%T(t)y“ dt < e rtr ((;S(U:'—l) —(1+ )\Tn)qs(Ug))

ATy, 1
(14 A1,)? (14 A7,)2

< |T|(1 + /\|T|)(/\Tn62)\-,-t:*1¢(Uf—1) + 62A7t2*1¢(U2—1) _ 62)\.,-t:¢(U77}))

< e (14 A G + o(Ur) = o(U2))

< 1714+ AT (Arad(U) + €215 g(U 1) = P 6 (U7)).

Summing up for n =1 to N we obtain

/T At () dt < |T|(1+ N7 (1 + AR p(U2).
0

Moreover,

Arguing as before, we find

T 1/2
2/0 2 () dt < |7 (2T (1L AT o)

Finally, if UY € D(|0¢|), we first observe that

/ A1 — 20, (1) dt <0, (4.4.24)
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so that by (4.1.9b) we have

/ et R (t) dt < 2P ED. (4.4.25)

1
267 < T 00U ) — 0 (UF)

)\

< m@@ Uz +

m\aﬂ (U1 —[og*(U})

we obtain
/ eZA.,t%T(t) dt < %Tﬁ <e2>\7t2—1 |3¢,|2(U.,7f*1) _ Aty |a¢|2(U,’f)>

A ne
b D agP ),
Summing up from n =1 to M — 1 and adding the contribution of the integral in
the last interval I as in (4.4.14), by a repeated application of (4.1.10) we find

M—1

+
> / et (t) dt + / 62>"'t(%.,.(t)> dt
n=1 7 I—f—u
M-1 A 27,‘]\/1_1
< L (jawe) - e o) + A asp )
€2>\ M-t AT 62,\,t¥ B
+ T ——— 06U + 1y 5 (08 (UM )

(1 + )\-,-TM)

m 2/770 M
< TR100P 91 + M),
which yields (4.4.21). Analogously,
T
2/ et (t) dt < Tr|0¢|(U2),
0

which concludes the proof. O
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Chapter 5

Preliminary Results on Measure
Theory

In this chapter we introduce, mostly without proofs, some basic measure-theoretic
tools needed in the next chapters. We decided to present the most significant
result in the quite general framework of separable metric spaces in view of possible
applications to infinite dimensional Hilbert (or Banach) spaces, thus avoiding any
local compactness assumption (we refer to the treatises [109, 59, 60, 117, 55] for
comprehensive presentations of this subject).

At this preliminary level, the existence of an equivalent complete metric (Pol-
ish spaces) only enters in the compact inner regularity (5.1.9) or tightness (5.1.8) of
every Borel measure (it is a consequence of Ulam’s Theorem [60, 7.1.4], a particular
case of the converse implication in Prokhorov Theorem 5.1.3), which in particular
appears in the so called disintegration theorem 5.3.1 and its consequences; this
inner approximation condition is satisfied by a wider class of even non complete
metric spaces (the so called Radon spaces [117, page 117]) and it will be sufficient
for our aims. Since weak topologies in Hilbert-Banach spaces are not metrizable, it
will also be useful (see Lemma 5.1.12) to deal with auxiliary non complete metrics,
still satistying (5.1.9).

Even if the presentation looks more abstract and the assumptions very weak
with respect to the more usual finite dimensional Euclidean setting of the standard
theory for evolutionary PDE’s, this approach is sufficiently powerful to provide all
the crucial results and allows for a great flexibility.

Let X be a separable metric space. We denote by Z(X) the family of the
Borel subsets of X, by &Z(X) the family of all Borel probability measures on X.
The support suppu C X of p € Z(X) is the closed set defined by

Supp p := {x € X :u(U) >0 for each neighborhood U of J;} (5.0.1)
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When X = X; x ... x X} is a product space, we will often use bold letters
to indicate Borel measures p € Z?(X). Recall that for separable metric spaces
X1,..., X} the Borel o-algebra coincides with the product one

B(X) = B(X1) x B(X2) % - x B(Xp). (5.0.2)

5.1 Narrow convergence, tightness, and uniform
integrability

Conformally to the probabilistic terminology, we say that a sequence (p,,) C Z(X)
is narrowly convergent to u € Z(X) as n — oo if

lim f ) dpn (z / f(x) du(x (5.1.1)

n—0o0

for every function f € CP(X), the space of continuous and bounded real functions
defined on X.

Of course, it is sufficient to check (5.1.1) on any subset ¢ of bounded con-
tinuous functions whose linear envelope span % is uniformly dense (i.e. dense in
the uniform topology induced by the “sup” norm) in CP(X). Even better, let us
suppose that 6y C Cp(X) satisfies the approximation properties

/ f(x)du(x) = sup {/ h(z)du(z): h € %, h < f} (5.1.2a)
X b's
:inf{/Xh(a:) du(z) . he G, h> f}, (5.1.2b)

for every f € €; then if (5.1.1) holds for every f € %, then it holds for every
continuous and bounded function f. In fact for every f € € we easily have

liminf/Xf(x) dpy(x) > sup hrnlnf/ h(z) dpn ()

n—oo he%07h<f n—o0

= sup /h ) dp(x /f ) dp(x
he%o,h<f

and the opposite inequality for the “limsup” can be obtained in a similar way
starting from (5.1.2b). Thus every f € € satisfies (5.1.1), and we get the same
property for every f € CP(X) since span% is uniformly dense in Cp(X).

If d is any metric for X, the subset of d-uniformly (or d-Lipschitz) continuous
and bounded real functions provides an important example [119, Th. 3.1.5] sat-
isfying (5.1.2a,b). For, we can pointwise approximate a continuous and bounded
function f from below with an increasing sequence of bounded Lipschitz functions
fx (they are particular examples of the Moreau-Yosida approximations for the

(5.1.3)
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exponent p = 1, see Section 3.1)

inf f < fi(z) < f(z) < sup f,
k—o0 keN

thus obtaining (5.1.2a) by Fatou’s lemma; changing f to —f we obtain (5.1.2b).

A slight refinement of this argument provides a countable set of d-Lipschitz
functions satisfying (5.1.2a,b) for every function f € CP(X): we simply choose
a countable dense set D C X and we consider the countable family of functions
h: X — R of the type

h(z) = (¢ + qed(z,y)) Nk

(5.1.5a)
for some QIaQQ7kEQa QQ7]€E(O,1), yED

We denote by %) the collection generated from this set by taking the infimum of
a finite number of functions, thus satisfying

sup |h(x)] <1, Lip(h,X)<1 Vhe %; (5.1.5b)
reX

finally we set
o = {)\h:he%l,)\e@}. (515(3)

As showed by the next remark, the above constructions are useful, since in
general CP(X) (endowed with the uniform topology) is not separable, unless X is
compact.

Remark 5.1.1 (Narrow convergence is induced by a distance). It is well known
that narrow convergence is induced by a distance on &?(X): an admissible choice
is obtained by ordinating each element of 4} in a sequence (f;) and setting

o, v) ::gZ_k‘/kad,u—/kadu‘. (5.1.6)

If d is a complete bounded metric for X we could also choose any p-Wasserstein
distance on & (X) (see Chap. 7 and Remark 7.1.7). In particular, the family of all
converging sequences is sufficient to characterize the narrow topology and we do
not have to distinguish between compact and sequentially compact subsets.

Remark 5.1.2 (Narrow topology coincides with the weak™ topology of (CS(X ))/)
Z(X) can be identified with a convex subset of the unitary ball of the dual space

(Cl? (X ))/: by definition, narrow convergence is induced by the weak* topology of

(CZ?(X ))/ This identification is useful to characterize the closed convex hull in
P(X) of a given set K C Z(X): Hahn-Banach theorem shows that

€ Conv (K) <«— fdu < sup/ fdv VfeC)X). (5.1.7)
X vekJXx
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For instance we can prove the separability of &2(X) by choosing K := {533 txT €
D}, where D is a countable dense subset of X: by (5.1.7) we easily check that
P(X) = ConvK and therefore the subset of all the convex combinations with
rational coefficients of d-measures concentrated in D is narrowly dense in Z(X).

The following theorem provides a useful characterization of relatively com-
pact sets with respect to the narrow topology.

Theorem 5.1.3 (Prokhorov, [55, ITI-59]). If a set K C &(X) is tight, i.e.
Ve >0 3JK. compactin X such that p(X\K.)<e Vpek, (51.8)

then IC is relatively compact in P (X). Conversely, if there exists an equivalent
complete metric for X, i.e. X is a so called Polish space, then every relatively
compact subset of P(X) is tight.

Observe in particular that in a Polish space X each measure p € Z(X) is
tight; moreover, compact inner approximation holds for every Borel set:

VBe B(X),e>0 IdK.€B: puB\K.) <e. (5.1.9)
In fact, this approximation property holds for a more general class of spaces, the
so-called Radon spaces [117].

Definition 5.1.4 (Radon spaces). A separable metric space X is a Radon space if
every Borel probability measure p € P (X) satisfies (5.1.9).

When the elements of X C X are ordinated in a sequence (u,) of tight
measures (which is always the case if X is a Radon space), then the tightness
condition (5.1.8) can also be reformulated as

inf i X\K)= d1.1
Jnf limsup un(X\ K) =0, (5.1.10a)

n—oo
or, equivalently since u,(X) =1,

sup liminf u, (K) = 1. (5.1.10b)

An interesting result by LE Cawm [91], [60, 11.5.3], shows that

in a (metric, separable) Radon space X, (5.1.11)
every narrowly converging sequence (u,) C P(X) is tight. o

Remark 5.1.5 (An integral condition for tightness). It is easy to check that (5.1.8)
is equivalent to the following condition: there exists a function ¢ : X — [0, +00],
whose sublevels {x € X : p(z) < ¢} are compact in X, such that

ZIGIE/XQO(I) du(z) < +o0. (5.1.12)
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For, if {e,}52 is a sequence with Zn 0En < 00 and K, := K. is an (increas-
mg) sequence of compact sets satisfying (5.1.8), the function

400
o(x) = inf{nZO:xeKn} :ZXX\Kn(x), (5.1.13)
n=0

satisfies (5.1.12). Conversely, if K satisfies (5.1.12), Chebichev inequality shows
that (5.1.8) is satisfied by the family of sublevels of (.

We conclude this part by a well known result comparing narrow convergence
with convergence in the sense of distributions when X = R<.

Remark 5.1.6 (Narrow and distributional convergence in X = R?). For n € N let
Lin, it be Borel probability measures in the euclidean space X = R¢ such that

lim [ f(z)dup.(x /f Ydu(z) Y f e CP(RY). (5.1.14)

n—oo [pd

Then the sequence () is tight and it narrowly converges to p as n — oo.
For, if ¢ € C°(RY) satisfies

0<¢<1, ((x)y=1 if|z]<1/2, ((xz)=0 if|z|>1,

and (i (z) := ((x/k), we have

lim inf p1,, (Bg(0)) > lim Cr () dpn (2 / Cr(z) dp(z
n—oo Rd

n—oo

since Lebesgue dominated convergence theorem yields

lim / Gula) duta) =

choosing k sufficiently big we can verify the tightness condition (5.1.10b). By
Prokhorov theorem the sequence (1) has at least one narrowly convergence sub-
sequence: a standard approximation result by convolution shows that any narrow
limit point of the sequence (p,,) should coincide with p, which is therefore the
narrow limit of the whole sequence (recall that the narrow topology is metrizable,
see Remark 5.1.1).

5.1.1 Unbounded and l.s.c. integrands

When one needs to pass to the limit in expressions like (5.1.1) w.r.t. unbounded or
lower semicontinuous functions f, the following two properties are quite useful.
The first one is a lower semicontinuity property:

liminf/xg(x) dun(x)Z/Xg(x) dp(x) (5.1.15)

n—oo



110 Chapter 5. Preliminary Results on Measure Theory

for every sequence (i) C Z(X) narrowly convergent to p and any l.s.c. function
g: X — (—00,400] bounded from below: it follows by the same approximation
argument of (5.1.3), by truncating the Moreau-Yosida approximations (5.1.4); in
this case l.s.c. functions satisfy only the approximation property (5.1.2a), where
e.g. 6o is given by (5.1.5a,b,c).

Changing g in —g one gets the corresponding “lim sup” inequality for upper semi-
continuous functions bounded from above. In particular, choosing as g the char-
acteristic functions of open and closed subset of X, we obtain

liminf p,, (G) > (G) VG open in X, (5.1.16)
lim sup p,, (F) < pu(F) VF closed in X. (5.1.17)
n—oo

The statement of the second property requires the following definitions: we say
that a Borel function g : X — [0, +00] is uniformly integrable w.r.t. a given set
Kc2(X)if

lim g(x)dp(z) =0 uniformly w.r.t. 4 € K. (5.1.18)
ko0 Hawg(a)2k)

If d is a given metric for X, in the particular case of g(z) := d(z,z)P, for some
(and thus any) z € X and a given p > 0, i.e. if

lim dP(Z,z) du(x) =0 uniformly w.r.t. p e K, (5.1.19)
k—oo X\Bk(i)

we say that the set K C H(X) has uniformly integrable p-moments. Notice that
if

0<p<p: and sup/ d(z, )P du(x) < 400, (5.1.20)

nek JXx

then K has uniformly integrable p-moments. In the case when X = R? with the
usual Euclidean distance, any family K ¢ 2 (R%) satisfying (5.1.20) is tight. The
following lemma provides a characterization of p-uniformly integrable families,
extending the validity of (5.1.1) to unbounded but with p-growth functions, i.e.
functions f : X — R such that

|f(z)| < A+ BdP(z,z) VzelX, (5.1.21)

for some A, B > 0 and z € X. We denote by Z2,(X) the subset

D(X) = {u e P(X): / d(z, %) du(z) < +0o for some T € X}. (5.1.22)

X

Lemma 5.1.7. Let (uy,) be a sequence in P (X) narrowly convergent to p € 2 (X).
If f : X — R is continuous, g : X — (—o0,+00] is lower semicontinuous, and



5.1. Narrow convergence, tightness, and uniform integrability 111

|f|, g~ are uniformly integrable w.r.t. the set {i, }nen, then

liminf/X () dpn (x )_/ g(z) du(z) > —o0, (5.1.23a)

n—oo

lim f ) dpn (x / f(z) du(x (5.1.23b)

n—oo

Conversely, if f: X — [0,+00) is continuous, p,-integrable, and

limsup/ f(z) dpn(x / f(z)du(x) < +oo, (5.1.24)
n—oo

then f is uniformly integrable w.r.t. { i, }nen.

In particular, o family {fntneny C P(X) has uniformly integrable p-moments iff
(5.1.1) holds for every continuous function f: X — R with p-growth.

Proof. If u, narrowly converges to p as n — oo and ¢ is lower semicontinuous,
(5.1.15) yields

n—oo

1iminf/ gkdunz/ gr di Vk € N,
b'e X

where g := gV (—k), k > 0. On the other hand, since g~ is uniformly integrable
w.r.t. {tn}nen and g > g, (5.1.18) gives

SUP(/ deﬂn—/gdun><sup/ g du, — 0
neN X X neNJ{z:g— (z)>k}

as k — oo. Using these two facts we obtain (5.1.23a). As usual, (5.1.23b) follows
by applying (5.1.23a) to g := f and g := —f.
Conversely, let f: X — [0,4+00) be a continuous function satisfying (5.1.24)
and let
ff2)=f@) Nk, Ve X, Fri={zeX:f(z)>k};

since f* is continuous and bounded and F* is a closed subset of X, recalling
(5.1.17) and (5.1.15) we have for any € > 0

limsup/ f dpy, = limsup (/ (f — fk) dpn + k,un(Fk))
{@:f (z)>k} X

< [ 7=y dur i) = [ fdu<e

X FF

for k sufficiently large. Since f is uniformly integrable for finite subsets of { i, }nen,
this easily leads to the uniform integrability of f. O

There exists an interesting link between narrow convergence of probability
measures and Kuratowski convergence of their supports:
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Proposition 5.1.8. If (u,) C P(X) is a sequence narrowly converging to p €
P(X) then supp p C K—liminf supp puy,, i.e.

Vo €suppp Iz, €Supp iy, :  lim z, = x. (5.1.25)
n—oo

Proof. Let x € supp p and let By () be the open ball of center = and radius 1/k
with respect to the distance d on X. By (5.1.16) we obtain

liminf 1, (By k() = p(By k() > 0;
thus the strictly increasing sequence
jo:=0, jg:=min {n EN:n>jr 1, supppm NByplx)#3 Vm> n}

is well defined. For jj. < n < ji11 pick a point x,, € supp i, N By i (x): clearly the
sequence (x,,) satisfies (5.1.25). O

Corollary 5.1.9 (Convergence of Dirac masses). A sequence (x,) C X is convergent
in X iff the sequence (8., is narrowly convergent in 2(X); in this case, the limit
measure i is 0., T being the limit of the sequence (x,,).

Proposition 5.1.10. Let (p,) C P(X) be a sequence narrowly converging to p €
P(X) and let f,g : X — (—o0,+00] be Borel functions such that |f|,g~ are
uniformly integrable with respect to {pn tnen. If for any e > 0 there exists a closed
set A C X such that

f|, is continuous, g|, is ls.c., and limsup (X \A) <e, (5.1.26)

then (5.1.1) and (5.1.15) hold.

Proof. As usual we can limit us to consider the ls.c. case; using the uniform
integrability of g~ with respect to {un }nen, a truncation argument, and arguing
as in the first part of the proof of Lemma 5.1.7, we reduce immediately ourselves
to the case when g is bounded from below by a constant —M < 0. Let e > 0,k € N
be fixed and let A C X be a closed set such that (5.1.26) holds. We consider the
truncated functions g*(z) := g(x) Ak for z € X, and the lower semicontinuous §*

~ Fz) ifxe€ A,
k(:L') g() '
k ifxe X\A,

which extends gk| 4 o X. We obtain

liminf/ gdp, > liminf/ g" dp,, > liminf (/ " dun+/ (¢ — ") dun)

> lim inf/ G" dpn, — (M + k) limsup p,, (X \ A)
X

n—oo n—00

> [ F@dn- 002 [ o) du- o2
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Passing to the limit, first as € | 0 and then as k | co we obtain (5.1.15). O

5.1.2 Hilbert spaces and weak topologies

Let X be a separable, infinite dimensional, Hilbert space, with norm | -| and
scalar product (-,-); in many circumstances it would be useful to rephrase the
results of the previous section with respect to the weak topology (X, X') of X.
Unfortunately, the weak topology is not induced by a distance on X, thus the
previous statements are not immediately applicable.

We can circumvent this difficulty by the following simple trick: we introduce a
new continuous norm || - ||», inducing a topology w globally weaker than o (X, X’),
but coinciding with o (X, X') on bounded sets (with respect to the original stronger
norm | - |). In particular bounded sets of X are relatively compact w.r.t. w and
Borel sets with respect to the three topologies coincide.
For instance, if {e,,},;/>] is an orthonormal basis of X, an admissible choice
is

[E=SY —{wen)”. (5.1.27)
n=1

In fact, if (zx) C X is a bounded sequence, we can extract a subsequence, still
denoted by xj, weakly converging to x in X; since (z; — x,e,) — 0 as k — oo for
each n > 1, Lebesgue dominated convergence theorem yields

(o]
1
. 2 2 _
khﬂngo lep — |2, = klirrgo Z_:l p@k —z,e,)” =0.
We denote by X, the new pre-Hilbertian topological vector space. We will also
introduce the space of smooth cylindrical functions Cyl(X): observe that for finite
dimensional spaces, X, is homeomorphic to X and Cyl(X) = C(X).

Definition 5.1.11 (Finite dimensional projection and smooth cylindrical functions).
We denote by I14(X) the space of all maps m: X — R? of the form

m(z) = ((z,e1), (z,e2),...,{(x,eq)) reX, (5.1.28)
where {e1,...,eq} is any orthonormal family of vectors in X. The adjoint map
d
™y eR — Zykek € span(ey,...,e;) C X (5.1.29)
k=1
is a linear isometry of R? onto span(ey, ..., eq) so that

wom* s the identity in RY and
. (5.1.30)

=7 om is the orthogonal projection of X onto span(ey,...,eq).

We denote by Cyl(X) the functions ¢ =1 o with m € Il4(X) and 1) € CF(R?).
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Notice that any ¢ = ¢ om € Cyl(X) is a Lipschitz function, everywhere
differentiable in the Fréchet sense, and that ¢ is also continuous with respect
to the weak topology of X and to X, (if the corresponding orthogonal systems
coincide). Moreover Vi = * o Vi) o 7.

The following properties are immediate:

Lemma 5.1.12. Let X be a separable Hilbert space and let X, be the pre-Hilbertian
vector space whose norm is defined by (5.1.27).
(a) If K is weakly compact in X then K is strongly compact in X .

(b) If
g: X — (=00, +00] is weakly l.s.c. and lim g(z) = +o0, (5.1.31)

|z]—o00
then it is lower semicontinuous in X with compact sublevels.

(c) Let us denote by Br := {z € X : |x| < R} the centered closed balls w.r.t. the
strong norm; if K C P(X) satisfies the weak tightness condition

Ve>0 3R. >0 such that (X \ Bg.) <e Vwuek, (5.1.32)

then IC is tight in P (X) and therefore relatively compact in P (X ).

(d) If the sequence (p,) C P(X) is narrowly converging to u in P(X) and it
is weakly tight according to (5.1.32), then for every Borel functions f,g : X —
(—o0, +00] such that g—,|f| are uniformly integrable and f (resp. g) is weakly
continuous (resp. l.s.c.) on bounded sets of X, we have

n—oo

liminf/X () djin (@ )_/ o(z) du(z), (5.1.33a)
nILrI;O f ) dpn (z / f(z) du(x (5.1.33b)

(e) K C P(X) is weakly tight according to (5.1.32) iff there exists a Borel function
h: X — [0,+00] such that h(z) — 400 as |x] — co and

sup/ h(z) du(z) < +oo. (5.1.34)
nek JXx

(f) If the sequence (pu,) C P(X) is weakly tight according to (5.1.32), then it
narrowly converges to p in P(Xy) iff

lim o(x) dpy(x) = /X p(x)du(z) Ve e Cyl(X). (5.1.35)

n—oo X

Proof. (a) and (b) are trivial and (c) is a direct consequence of the fact that
bounded and closed convex sets are compact in X,. Since on bounded subsets
of X the topology of X, coincides with the weak one, (d) follows from Proposi-
tion 5.1.10.
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One implication in (e) follows directly from Chebichev inequality. The other one
can be proved arguing as in Remark 5.1.5.

Finally, one implication in (f) is a consequence of (5.1.33b) of (d), since (smooth)
cylindrical functions are bounded and weakly continuous. In order to prove the
converse implication, we can simply check that any two narrow limit point ut, 12
of the sequence (u,,) in Z(X) should coincide. For, let f € CP(X) and w4 be the
map (5.1.28), so that &y := 7} o m4 is the orthogonal projection of X onto X, =
span(ei, - ,eq). Weset ¢ := for € Cg(Rd), pa:=gomg = foiy € Cyl(X);
by (5.1.35) we know

[ o@ani@ = [ s@ i) voe ) (5.1.36)
X X

a standard approximation argument for bounded continuous functions defined in
R? by smooth functions in C2°(R%) as in Remark 5.1.6 yields (5.1.36) for ¢ := ¢q4
and d € N; therefore

[ 1yt @) = [ fae)dit@) vaen,

Passing to the limit as d — oo, since 7g(x) — = for every z € X, Lebesgue
dominated convergence theorem yields

| i@t = [ s e

Since f is an arbitrary function in Cy(X) we obtain u! = p?. O

In the following theorem we will show that narrow convergence in & (X,)
and convergence of the p-moment [ |#|” dup, () (but more general integrands are
allowed) yields convergence in &2(X), thus obtaining the measure-theoretic version
of the fact that weak convergence and convergence of the norms in X imply strong
convergence. We will show a different proof of this fact at the end of Section 7.1.

Theorem 5.1.13. Let j : [0,+00) — [0,+00) be a continuous, strictly increasing
and surjective map, and let p,, p € P(X) be satisfying

o= p i Pl [ i(el) den(o) = [ el du < oc. (5.137)

J
n—oo X
Then p, converge to p in P(X).

Proof. Observe that the family {u,}nen is weakly tight, according to (5.1.32).
We consider the vector space ¢ of continuous functions h : X — R satisfying the
growth condition (compare with (5.1.21))

3A,B>0: |h(z)] <A+ Bj(jz]) VzeX, (5.1.38)
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and
lim h(x) dun(m):/xh(x)d,u(x). (5.1.39)

n—oo X

Observe that 7 is closed with respect to uniform convergence of functions and
contains the constants and the function j(] - |).

By the monotonicity argument outlined at the beginning of Section 5.1 we need
only to check that the infimum of a finite number of functions of the form

:E»—>(q1—|—q2|a:—y|)/\k, g €R, ¢,k>0, yeX, (5.1.40)

belongs to 7. To this aim, let us consider the convex cone &7 C 7 of strongly
continuous functions which satisfy (5.1.38), (5.1.39), and are weakly lower semi-
continuous. Notice that, truncated affine functions of the type

z— (=)V(at(z,y)) Am, forl,m=>0,a€cR, yeX belongsto«, (5.1.41)

since they are bounded, weakly continuous, and condition (5.1.39) follows by (d)
of Lemma 5.1.12.
Let us first prove that o/ is a lattice.

Claim 1. If f, g € C°(X) satisfy (5.1.38), are weakly lower semicontinuous,
and f 4 g € o/, then both f, g € <.

Indeed, by (5.1.33a) we have

n—oo

E/dequ/ngu:/X(erg)du,

/(f+g)du: 1im/(f+g)dunzlimsup/ fdun+liminf/ gdin

which yields

limsup/ fdun—i-liminf/ gdun:/ fdu+/ g du; (5.1.42)
X n—oe JXx X X

n—oo

since by (5.1.33a)

limsup/ fdunZ/ fdu, liminf/ gdunz/ gdu,
s 00 X x n—oo [y X

(5.1.42) yields

limsup/ fdﬂn:/ fdu, liminf/ gdun:/ gdu;
n—oo JX X n—ee Jx X

inverting the role of f and g we obtain f,g € &/
Claim 1 immediately implies that <7 is a lattice, as

fged = f+g=(frg+(fVvged = [fArg fVvged.



5.1. Narrow convergence, tightness, and uniform integrability 117

Since
(q1 + 2|z — yl) Nk = (q1 + (g2l —yl) A (k — ql)) Nk,

it remains to show that

all functions z — |x —y| Ak, for y € X, k > 0, belong to . (5.1.43)

To this aim, we need a further claim.
Claim 2. If f € o and 0 : R — R is a uniformly continuous, bounded,
increasing function, then 6o f € o .

Indeed, since 6 can be uniformly approximated by a sequence of Lipschitz
continuous increasing maps, it is not restrictive to assume that 6 is Lipschitz,
bounded, and its Lipschitz constant is less than 1; in this case also z — x —6(x) is
Lipschitz and increasing, thus fo f and f— fo# are still weakly lower semicontinuous
they satisfies the growth condition (5.1.38) and and their sum is f € &7: we can
apply Claim 1.

Let us consider (5.1.43) in the case y = 0 first: we fix R > 0 and we consider
the continuous increasing function 6 which vanishes in (—o0,0) and satisfies

Or(s) = (j_l(s))2 AR? s>0, sothat r*AR?>=0r(j(r)) Yr>0.
By Claim 2, we deduce that the map fr defined by fr(z) := |z|*> A R? belongs to

.
Now, for fixed k,l,m > 0 and y € X, we set

/
gl,m(l') = (—l) V (— 2<l’,y> + ‘y|2) A m, 9R,l.m .k ‘= ((fR +gl,M) \ 0)1 i A ka

and we know by the lattice property, the previous claim, and (5.1.41) that gr j.m,x €
. Choosing now R > [+ k? and m > k the expression of gr; m x simplifies to

grtms(@) = n(e) = (I + (= 26z, + W) v (D) v0) 7 Ak
which belongs to 7, is decreasing with respect to [, and satisfies
llinologl’k(x) = liélﬁflgl’k(x) =lr—ylAk VzelX.
It follows that

fimsup [ (=3l AR) dpa o) < s [ o)) = [ alo) )

n—oo n—00

passing to the limit as [ — +o00, and recalling that the corresponding “lim inf”
inequality is provided by (5.1.33a) of Lemma 5.1.12, we obtain (5.1.43). O
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5.2 Transport of measures

If Xy, X, are separable metric spaces, p € &(X1), and r : X; — X5 is a Borel (or,
more generally, y-measurable) map, we denote by rup € 22(Xs) the push-forward
of u through r, defined by

ryuu(B) = p(r 1(B)) VB e B(Xs). (5.2.1)

More generally we have
flr(x) du(x) = [ fly) drypuly) (5.2.2)
X4 X2

for every bounded (or r4pu-integrable) Borel function f : Xo — R. It is easy to
check that
v = Tyl K Tyl Yy, ve P(Xy). (5.2.3)

In the following we will extensively use the following composition rule
(ros)up=ru(sgu) wheres: X7 — Xo, 7: Xo — X3, p€ Z(X1). (5.2.4)
Furthermore, if r : X7 — X5 is a continuous map, then
ry: P(X1) — P(Xs) is continuous w.r.t. the narrow convergence  (5.2.5)
and _
r(supp u) C supprap = r(supp,u). (5.2.6)
Lemma 5.2.1. Let r, : X1 — X5 be Borel maps uniformly converging to r on com-

pact subsets of X1 and let (1) C P(X1) be a tight sequence narrowly converging
to w. If r is continuous, then (r,)xfi, narrowly converge to T4 .

Proof. Let f be a bounded continuous function in X5. We will prove the lim inf
inequality

n—oo

iminf [ fdira)pn > [ faren,
X2 XZ

as the lim sup simply follows replacing f by — f. To this aim, possibly adding to f
a constant, we can assume that f > 0. For any compact set K C X; the uniform
convergence of r, to r on K gives the uniform convergence of for, to for on
K, therefore (5.1.15) gives

lim inf forydu, > liminf/ for,du, = liminf/ fordu,
K n—oo K

n—oo Xl n—oo

> (—supf)sup,un(Xl\K)+liminf/ forduy
n n—0o0 Xl

> (—sup f)sup (X1 \ K) + fordpu.
n X,

Since {fin }nen is tight, we can find an increasing sequence of compact set K,
such that lim,, sup,, ptn (X1 \ K;n) = 0. Putting K = K,,, in the inequality above
and letting m T 400 the proof is achieved. O
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Lemma 5.2.2 (Tightness criterion). Let X, X1, Xo,..., Xy be separable metric
spaces and let r* : X — X; be continuous maps such that the product map

ro=rlxrix...xrVN:X = X x...x Xy is proper. (5.2.7)

Let K € 2(X) be such that K; := r%,(K) is tight in P(X;) fori =1,...,N.
Then also K is tight in 2(X).

Proof. For every p € Z(X) we denote by p; the measure y; := r%u. By definition,
for each € > 0 there exist compact sets K; C X; such that u;(X; \ K;) <e/N for
any u € K; it follows that u(X \ (r*)~(K;)) < &/N and

I (X\ ﬂ("'i)_l(Ki)> < Zu (X\(r)"NK;)) <e Vpek. (5.28)

On the other hand NY, (r*)~}(K;) = r~1(K; x K3 x ... x Ky), which is compact
by (5.2.7). O

For an integer N > 2 and i, j = 1,..., N, we denote by 7/, 7% the projection
operators defined on the product space X := X; X ... X Xy respectively defined
by

i (zy, . oy) e a € X, (1, an) = (T, 75) € X x X (5.2.9)
If p € 2(X), the marginals of p are the probability measures
pl=mhp e P(X), ptli=alpe 2(X; x X;). (5.2.10)

If pt € 2(X;), i = 1,...,N, the class of multiple plans with marginals u’ is
defined by

T(ul,... 1Y) = {ue P(X) % ... x XN) = il izl,...,N}. (5.2.11)

In the case N = 2 a measure pu € I'(u', pu?) is also called transport plan between
p' and 2. Notice also that

D(p', p?) = {u' x p?} if either p' or p? is a Dirac mass. (5.2.12)

We will mostly consider multiple plans with N = 2 or N = 3. To each couple
of measures p! € P2(X1),p? = ryp' € P(Xz) linked by a Borel transport map
r: X7 — X5 we can associate the transport plan

pi= (i x r)gp' € T(u', p?), i being the identity map on X;. (5.2.13)

If p is representable as in (5.2.13) then we say that p is induced by r. Each
transport plan p concentrated on a p-measurable graph in X; x Xs admits the
representation (5.2.13) for some u!-measurable map r, which therefore transports
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pt to p? (see, e.g., [9]; the same result holds for Borel graphs and maps if X, X
are Polish spaces [117, p. 107])

We define also the inverse p=! € 2(Xy x X;) of a transport plan p €
P (X1 x Xa) by ixp, where i(z1,x2) = (22, 21).

Remark 5.2.3. By Lemma 5.2.2, if X, X5,---, Xy are Radon spaces (i.e. each
measure u' € 2(X;) is tight), I'(u', ..., V) is compact in Z(X) and not empty,
since it contains at least p' x...x pu!V. If for some Borel functions g; : X; — [0, +0o0]

/ gi(x;) dp'(z;) < 400 i=1,...,N, (5.2.14)
X

i

then it is easy to check that g(z) := Zfil gi(z;) defined in the product space
X = X; x Xo x -+ x Xy is uniformly integrable with respect to T'(u?, ..., V).

When X is a separable Hilbert space as in Section 5.1.2, the following result
provides a sufficient condition for the convergence of the integrals [ 2 (T1,21) dp
even in the case when the measures p; do not converge narrowly with respect to
the strong topology.

Lemma 5.2.4. Let (pn,,) C P(X x X) be a sequence narrowly converging to p in
P (X x Xg), with

sup/ |21 [P + |22|? dpay, (21, 72) < +00, p, g€ (1,00), p~ ' +q t =1. (5.2.15)
n X2

If either 71'71%[.1% have uniformly integrable p-moments or Wi&un have uniformly in-
tegrable g-moments, then

lim (x1,x2) dps,, :/ (21, x2) dpa.
T JXxX XxX

Proof. We assume to fix the ideas that wi ., have uniformly integrable ¢g-moments
and we show that the function (z1,22) — g(x1,22) := |x1] - |x2| is uniformly
integrable. For any k,m € N we have

g(@1,22) >k, 22| <m = |z > k/m

and therefore

1/q
[ adu,<m il +O( [ el )
{9>k} {lz1|>k/m} {lz2|>m}

where C? := sup,, [ |#1|” dp,,. Taking the supremum w.r.t. n and the limsup as
k — oo, since w#un has uniformly integrable 1-moments by (5.1.20) we have

k—o0 n

1/q
lim sup Sup/ gdp,, < supC’(/ || dwiun)
{g=k} n {lz2|>m}
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Letting m — oo we conclude.

In the finite dimensional case (or even if p,, — @ in Z(X x X)) we conclude
immediately, since the map (x1,x2) — (x1,x2) is continuous in X x X.

In the infinite dimensional case, let Br be the centered closed ball of radius
R in X which is compact in X. The map (z1,22) — (21, 22) is continuous in
each closed set X x Bg with respect to the X x X topology and (5.2.15) yields

limsupun(X2 \ (X x Bg)) = 0.

n,R—oo

Therefore we conclude by invoking Proposition 5.1.10. O

5.3 Measure-valued maps and disintegration theorem

Let X, Y be separable metric spaces and let x € X +— p, € Z(Y) be a measure-
valued map. We say that u, is a Borel map if x — pu,(B) is a Borel map for any
Borel set B C Y, or equivalently if this property holds for any open set A C Y.
By the monotone class theorem we have also that

reX |—>/ f(x,y) dus(y) is Borel (5.3.1)
v

for every bounded (or nonnegative) Borel function f: X x Y — R.
By (5.3.1) the formula

win) = [ ( [ s dux<y>) v ()

defines for any v € #Z(X) a unique measure g € £ (X x Y'), that will be denoted
by [y pte dv(z). Actually any p € P (X x Y) whose first marginal is v can be
represented in this way. This is implied by the so-called disintegration theorem
(related to the existence of conditional probability measures in Probability), see
for instance [55, ITI-70].

Theorem 5.3.1 (Disintegration). Let X, X be Radon separable metric spaces, p €
P(X), let m: X — X be a Borel map and let v = myup € P(X). Then there
exists a v-a.e. uniquely determined Borel family of probability measures { iz } e x C
P(X) such that

pe( X\ 7 Hz)) =0 forv-a.e xe€X (5.3.2)

and

| r@an@ = [ ([ o, @ et dvte) (5.33)

for every Borel map f: X — [0, +00].
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In particular, when X := X; x X5, X 1= X;, p € P(X; x Xo), v =pt =
W?l%/,l,, we can canonically identify each fiber (7!)~!(x1) with X5 and find a Borel
family of probability measures {f;, }zex, € Z£(X2) (which is pl-a.e. uniquely
determined) such that p:= [y g, dp' (z1).

As an application of the disintegration theorem we can prove existence, and
in some cases uniqueness, of multiple plans with given marginals.

Lemma 5.3.2. Let X1, Xy, X3 be Radon separable metric spaces and let v'2 €
P (X1 x Xa), v'? € P(X1 x X3) such that wlyy'? = wly'® = p'. Then there
exists p € P (X1 x Xo x X3) such that

2 3 :
w; w=~'2 w; =3 (5.3.4)

Moreover, if ¥y'2 = [~y 2dp', '3 = [~ 3 dp' and p = [, dp' are the disin-
tegrations of ¥'2, 13 and p with respect to ut, (5.3.4) is equivalent to

Bo, €ET(122,782) C P (X2 x X3)  for pt-a.e. 1 € X, (5.3.5)

In particular (5.2.12) implies that the measure p is unique if either v12 or 413
are induced by a transport. We denote by T(y12,~413) the subset of plans p €
P (X1 x Xo x X3) satisfying (5.3.4).

Proof. With the notation introduced in the statement of the theorem, the measure
p whose disintegration w.r.t. z; is

JEEEE
X1

has the required properties.

Now we prove the equivalence between (5.3.4) and (5.3.5). If p satisfies
: 1,3
7y =% and 7" p = 4%, then

V== / Ty, dp* (1)

X1

and the uniqueness of the disintegration gives 7% p, =12 for p'-a.e. 21 € X;.

3 for pl-a.e. x1 € X;.

A similar argument gives that W%[l,xl = '73101

Conversely, let us suppose that p satisfies (5.3.5) and let f: X7 x X5 - R
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be a bounded Borel function; the computation
/ flay, zo) dry’p =/ f(@1,22) dp(z1, x2, 23)
X1><X2 X1><X2><X3

/ / f(@1,22) duxl(@’m:a)) dp* (1)
X1 X2><X3
| [ S ma) s, () e (o)

X

= [ ([, s ki) dute)
X1

:/ f(w1,332)d’712(331,$2)
X1 XX2

shows that 77;’2;1 = ~!'2. A similar argument proves that 7771%’3;; =~13 O

Remark 5.3.3 (Composition of plans). An analogous situation occurs when ~!?2
P (X1 x Xo) and v23 € P(X3 x X3). In this case we say that

peT?(v'2, %) if mlp=A"2 wln=~%" (5.3.6)

Of course, I'?(412,423) is not empty iff 7'('3#’71 2 = ﬂ#’f 3. In this case, the measure
w#‘su, with g € T?(~412,4%3) constructed as in the proof of Lemma 5.3.2, belongs

by construction to I'(u!, ®); it will be called composition of ¥?3 and ~!'2 and
denoted by 423 o 4'2. We have then

[ tenmyaetor = [ (/ f<m1,x3>d%2mz>du2<x2)
X1 xX3 X X1 xX3 (5 3.7)

for any bounded Borel function f : X7 x X3 — R. The name is justified since in the
case v'2,423 are induced by the transports 72,723, then the plan 4?3 o y!2 is
induced by the composition map 723 or!2: this fact can be easily checked starting

from (5.3.7)

/ S o) - /. 2 ( 3 f(xl,r”(xz))dv;f(xo) a2 ()
- / F(w1,723(2)) dy 2 (21, 32)
X1 X X2
— [ flan, 3 2 (@) di ().

X1

Notice that by (5.2.12) this construction is canonical only if either (y!2)~! or 423
are induced by a transport.
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In the proof of the completeness of the Wasserstein distance we will also need
the following useful extensions of Lemma 5.3.2 to a countable product of Radon
spaces.

Lemma 5.3.4. Let X;, i € N, be a sequence of Rac_lon separable metric spaces,
pt e P(X;) and o't e D(pf, 1), B € D(pt, p?). Let X o := ien Xy, with
the canonical product topology. Then there exist p,v € P (X ) such that

i =atTY aty =8 VieN. (5.3.8)

Proof. Let X, :=1I"_X; = X,,_1 x X,, and let 7" : X,,, — X,,, m > n, be
the projection onto the first n coordinates. In order to show the existence of p,
we set u? := a'? and we apply recursively Lemma 5.3.2 and Remark 5.3.3 with
pr e P (X1 x Xn),a"(”“) € P(X, X Xnt1), n > 2, to obtain a sequence
pntl e P(X,, 1) satisfying
W;ﬂn+1 _ un’ ,n_:;’fﬂrlunJrl _ an(nJrl).

Kolmogorov’s Theorem [55, §51] provides a measure p € (X o) such that 7 p =
p™ and therefore

n—1,n n—1,n n—ln n _ a(n—l)n'

my me=my N (nhp) =Ty e
The existence of v can be proved by a similar argument, by setting v2 := g'?
and by applying recursively Lemma 5.3.2 to 1" € 2(X; x X,_1),8'") ¢
P (X1 %X Xp41), n > 2: we can find a sequence v+ € 2(X,,,1) satisfying

AR

W#n+1Vn+l _ I@l(n+1).
Kolmogorov’s Theorem [55, §51] provides a measure v € & (X ) such that 7 =
v" and therefore

1,n 1,n

T =1y (W;V):ﬂ;g"ynzﬁln a

5.4 Convergence of plans and convergence of maps

In this section we investigate the relation between the convergence of maps and
the convergence of the associated plans.

Let us first recall that if X, Y7,...,Y}, are separable metric spaces with Y :=
Yix...xY,pePX),andr;: X —»Y;,i=1,---  k, then the product map

r:=(ry,re, - ,7%): X =Y is Borel (u-measurable) iff (5.4.1)
each map r; : X — Y is Borel (resp. y-measurable). o

In particular, if r,s : X — Y are p-measurable, then their distance dy (r(-), s(+))
is a p-measurable real map.
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We can thus define the convergence in measure of a sequence of y-measurable
maps 7, : X — Y to a u-measurable map r by asking that

Jim p({z € X :dy(rp(z),r(z)) >e}) =0 Ve>0. (5.4.2)

We can also introduce the LP spaces (see e.g. [7])

LP(11;Y) := {r : X =Y p-measurable : [ d¥-(r(z),y) du(z) < 400
x (5.4.3)
for some (and thus any) 7 € Y}.

with the distance

1/1).

d(r, 8) Loy == ( /X d@(r(z),s(y))du(x)) : (5.4.4)

it is easy to check that LP(u;Y’) is complete iff Y is complete. When Y is a
(separable) Hilbert space and p > 1, then the above distance is induced by the

norm
1/p

P ML ) I (5.45)

for r € L' (11;Y) the (vector valued) integral [ r(z) du(z) € Y of r is well defined
and satisfies

[ @)t =, [ r@du@) Vyey, (5:40)

X

o /X r(@) du(x) ) < /X o(r(x)) du(z) (5.4.7)

for every proper, convex and l.s.c. function ¢ : Y — (—o0, +00] (Jensen’s inequal-
ity).

In the following lemma we consider first the case when the reference measure
1 is fixed, and show the equivalence between narrow convergence of the plans
(% X r,)xp and convergence in measure and in LP(u;Y') of r,,, when the limiting
plan is induced by a transport 7.

Lemma 5.4.1 (Narrow convergence of plans and convergence in measure). Let
we P(X) and let v, v : X — Y be Borel maps. Then the plans (i X 7,)4
narrowly convergence to (¢ X r)upu in (X xY) as n — oo if and only if v,
converge in measure to r.

Moreover, the measures (ry)xp have uniformly integrable p-moments iff r,, con-
verges to r in LP(u;Y).

Proof. Since for every Borel map s: X — Y

/ () d(i X 8) it = / oz, s(x)) du(z) V€ COX xY)
XxY X
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and convergence in measure is stable by composition with continuous functions,
it is immediate to check that convergence in measure of the maps implies narrow
convergence of the plans.

The converse implication can be obtained as follows: fix € > 0, a continuous
function . with 0 < . < 1, ¢.(0) = 0 and 9.(t) = 1 whenever |t| > ¢ and a
continuous function 7 such that u({r # 7}) < e. Then, using the test function

ve(x,y) = Ye(dy (y,7(x))) we obtain

limsup p({dy (7, 7) > €}) < limsup/ ©ed(T X Ty) :/ Ve d(T X T)pp
XxY

n—oo n—oo XxY
- /X eldy (r(z), 7(2))) du(z) < e.

Taking into account our choice of 7 we obtain limsup u({dy (r,,r) > €}) < 2e.

n—oo
The second part of the lemma follows easily by Vitali dominated convergence
theorem and the identities

lim [ df (r(2). 5) du(x) = lim /Y & (3, ) d((rn) 411) ()

n—oo X

- | o@D = [ Bupaem)w.

Y

(5.4.8)

which hold either if 7,, converges to r in L”(u;Y) or if the family (7,)4xp, n € N,
has uniformly integrable p-moments. U

In the rest of this section we assume that X is a separable Hilbert space as
in Section 5.1.2.

Definition 5.4.2 (Barycentric projection). The barycentric projection v : X — X
of a plan v € (X x X), which admits the disintegration v = [y v, dp(x1) with
respect to its first marginal p = wal#'y, is defined as

¥(x1) = / o dyg, (x2)  for p-a.e. x1 € X (5.4.9)
X

provided v, has finite first moment for p-a.e. .

Assume that we are given maps v,, € LP(i,; X): here we have to be careful in
the meaning of the convergence of vectors v,,, which belong to different LP-spaces.
Two approaches seem natural:

(i) we can consider the narrow limit in &(X ) of the X-valued measures v,, :=
Up i, (component by component);

(ii) we can consider the limit v of the associated plans =, := (% X v,,)%p, In
P9 (X o X X)), recovering a limit vector v by taking the barycenter of .

In fact, these two approaches yields equivalent notions: we formalize the point (i)
in the following definition, and then we see that it coincides with (ii).
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Definition 5.4.3. Let (e;) be an orthonormal basis of X, let (pu,) C Z(X) be
narrowly converging to p in P(Xy) and let v, € L'(u,; X). We say that v,
weakly converge to v € LY (u; X) if

lim [ C(@)les0al)) dien(e) = [ C@)les. @) dita) (5.4.10)

n—oo X

for every ¢ € Cyl(X) and any j € N. We say that v,, converges strongly to v in
L?, p>1, if (5.4.10) holds and

limsup [[vn || e (u, %) < 10l 2r (i) (5.4.11)

n—oo
It is easy to check that the limit v, if it exists, is unique.

Theorem 5.4.4. Let p > 1, let () C P(X) be narrowly converging to u in
P(Xy) and let v, € LP(u,; X) be such that

sup/ [V ()P dpn () < +00. (5.4.12)
neNJ X
Then the following statements hold:

(1) The family of plans ~,, := (& X V)4 ln has limit points in (X x X)) as
n — oo and the sequence (v,) has weak limit points as n — oo.

(ii) v, weakly converge to v € LP(u;X) according to Definition 5.4.3 if and
only if v is the barycenter of any limit point of the sequence of plans ~y,, in
P(Xp X Xi); in this case

lim inf m%mmez/mwmwm, (5.4.13)
X X

for every convex and l.s.c. function g : X — (—o0, +00].

(iil) If v, strongly converge to v in LP then =, narrowly converge to (i X v)up
in P( Xy x X) and

nh—rr{olo H’Un”:ll),p(”n;x) = nhigo /);‘2 |1.2‘p dﬁ)"n = ||UH§,:D(N;X)' (5414)

If, in addition, p, narrowly converge to p in P(X) then ~,, narrowly con-
verge to (¢ X v)gp in P (X x X). Finally, if pn has uniformly integrable
p-moments, then

lim flx, v, (x)) dpn(x / flz,v(z)) du(x), (5.4.15)

n—oo X

for every continuous function f : X x X — R with p-growth according to
(5.1.21).
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Proof. (i) Observe that Lemma 5.2.2 ensures that the sequence (v,,) is relatively
compact in (X5 x X)), since (see also Lemma 5.1.12) w#'yn = fyp, — pin
P(X,) and ﬂi'yn is relatively compact in £(X,) by (5.4.12).

(ii) For every j € N and any ¢ € Cyl(X) we have

/X<P($><ejavn($)>dl~tn($)=/ o(z1)(e;, z2) dvy, (x1, x2).

XxX

Since |z2| is uniformly integrable w.r.t. (v,,), Proposition 5.1.10 yields

im [ p(@)(e; o) dyn, (21, 02) = / (1) e, z2) (1, 22)
k—oo Jxyx XxX

:/ p(x1)(e;, ¥(@1)) dp(z1)
X

for every subsequence (7, ) converging to v in #(Xx x X ). Therefore, (5.4.10)
holds if and only if v = 4 for every limit point ~.
(5.4.13) follows by Jensen’s inequality and (5.1.33a), being g weakly lower semi-
continuous.

(iii) If  is a limit point of ,, as in (ii), taking into account that v = 4 we

have
/ |z2|? dy < lim inf/ |x2l? dv,, = / |¥|? dp.
XxX = JXx X X

Hence, by disintegrating ~ with respect to x1 we get

/X</X|x2|1”d’)’zl>p|’Y($1)|pdu(x1)0

and so Jensen’s inequality gives that v, = dy(z,) for p-a.e. 1, ie. v = (i x v)xu.
This proves the narrow convergence of 7, to v in Z(X5 x X5) and (5.4.14).
By applying Theorem 5.1.13 we obtain that the second marginals of ~,, are also
converging in the stronger narrow topology of &(X). Lemma 5.2.2 yields that the
sequence ,, is tight in (X, x X) and therefore converges to vy in (X, x X).
The last part of the statement follows again by Lemma 5.2.2 and Lemma 5.1.7. O

5.5 Approximate differentiability and area formula in
Euclidean spaces

Let f : R? — R? be a function. Then, denoting by ¥ = D(V f) the Borel set where
f is differentiable, there is a sequence of sets ¥,, T ¥ such that f|x, is a Lipschitz
function for any n (see [65, 3.1.8]). Therefore the well-known area formula for
Lipschitz maps (see for instance [64, 65]) extends to this general class of maps and
reads as follows:

/Eh(x)|detVf|(x) dx:/R S h(z)dy (5.5.1)

d
zeXNf~1(y)
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for any Borel function h : RY — [0, +00]. Actually, these results hold more gener-
ally for the approzimately differentiable maps, whose definition and main proper-
ties are recalled below.

Definition 5.5.1 (Approximate limit and approximate differential). Let 2 C R? be
an open set and f :  — R™. We say that f has an approzimate limit (respectively,
approzimate differential) at x € S if there exists a function g : Q@ — R™ continuous
(resp. differentiable) at x such that the set {f # g} has density 0 at x. In this case
the approzimate limit (resp. approzimate differential) will be denoted by f(:z:) (resp.
V().

It is immediate to check that the definition above is well posed, i.e. it does not
depend on the choice of g. An equivalent and more traditional (see [65]) definition
of approximate limit goes as follows: we say that z € R™ is the approximate limit
of f at x if all sets

{y: [fly) — 2] >¢€} e>0

have density 0 at z. Analogously, a linear map L : R? — R™ is said to be the
approximate differential of f at x if f has an approximate limit at  and all sets

{y:|f<y>—f<w>—L<y—x>|>e} -

ly — x|

have density 0 at x.

The latter definitions have the advantage of being more intrinsic and do not rely
on an auxiliary function g. We have chosen the former definitions because they
are more practical, as we will see, for our purposes. For instance, a property that
immediately follows by the definition, and that will be used very often in the
sequel, is the locality principle: if f has approximate limit f (z) (resp. approximate
differential Vf(z)) for any = € B, with B Borel, then g has approximate limit
(resp. approximate differential) equal to f(z) (resp. Vf(z)) for ZL%a.e. z € B,
and precisely at all points  where the coincidence set BN {f = g} has density 1.

Remark 5.5.2. Recall that if f: Q — R™ is & d:measurable, then it has approx-
imate limit f(z) at Z%a.e. z € Q and f(z) = f(x) ZL%a.e.. In particular every
Lebesgue measurable set B has density 1 at .Z%a.e. point of B.

Denoting by 3, the Borel set (see for instance [7]) of points where f is ap-
proximately differentiable, it is still true by [65, 3.1.8] that there exists a sequence
of sets X, T X such that f |z, is a Lipschitz function for any n. By Mc Shane
theorem we can extend f |z, to Lipschitz functions g, defined on the whole of R.
In the case m = d, by applying the area formula to g, on X, and noticing that
(by definition) Vg, = Vf Z%a.e. on ¥, we obtain

/th(x)detVﬂ(a:)dx:/d > hx)dy (5.5.2)

zeTFNf~1(y)
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for any Borel function h : R? — [0, +00].
This formula leads to a simple rule for computing the density of the push-
forward of measures absolutely continuous w.r.t. Z<.

Lemma 5.5.3 (Density of the push-forward). Let p € L*(R?) be a nonnegative
function and assume that there exists a Borel set ¥ C Xy such that flx is injective
and the difference {p > 0}\ X is L -negligible. Then fu (pfd) < L% if and only

if |detVf| > 0 Z%-a.e. on' ¥ and in this case

p -
fu(p2?) = 2ot o [ w2

Proof. If |[detV f| > 0 Z%-a.e. on X we can put h = pr_l(B)mE/|det@f\ in (5.5.2),
with B € #(R%), to obtain

e e pF'w)
/fwB)p ! /fl<B>mzp ’ /Bmf@) [detVf(f~(y))l Y

Conversely, if there is a Borel set B C ¥ with £%(B) > 0 and |detVf| =0 on B
the area formula gives .Z(f(B)) = 0. On the other hand

o2 FB) = [ pde>o
f=H(f(B))

because at .Z%a.c. x € B we have f(x) = f(x) and p(z) > 0. Hence fu(p.L%) is
not absolutely continuous with respect to £%. 0

By applying the area formula again we obtain the rule for computing integrals
of the densities:

f#(ﬁ-i”d)) _ ( p > -
/RdF< i dm—/]RdF et | |detV f| dx (5.5.3)

for any Borel function F': R — [0, +o00] with F'(0) = 0. Notice that in this formula
the set ¥ does not appear anymore (due to the fact that F(0) = 0 and p = 0
out of X), so it holds provided f is approximately differentiable ,g,i”d-a.e., it is
p-ZL%-essentially injective (i.e. there exists a Borel set ¥ such that f|x is injective
and p =0 Z%a.e. out of ¥) and |detV f| > 0 p.L%a.e.

We will apply mostly these formulas when f is the gradient of a convex func-
tion g (corresponding to optimal transport map for the quadratic cost function),
or is an optimal transport map. In the former case actually approximate differ-
entiability is not needed thanks to the following result (see for instance [4, 64]).

Theorem 5.5.4 (Aleksandrov). Let g : R? — R be a convex function. Then Vg is
differentiable £ -a.e. in its domain, its gradient V2g(x) is a symmetric matriz
for L%-a.e. x € R, and g has second order Taylor expansion

9(y) = g(x) +(Vg(z),y — ) + %<V2g(x), y—z)+o(ly—=*) asy—z. (5.5.4)
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Notice that Vg is also monotone
(Vg(z1) — Vg(x),21 —x2) >0 x1, 2 € D(Vyg),

and that the above inequality is strict if g is strictly convex: in this case, it is
immediate to check that Vg is injective on D(Vg), and that |[detV?g| > 0 on the
differentiability set of Vg if g is uniformly convex.






Chapter 6

The Optimal Transportation
Problem

Let X, Y be separable metric spaces such that any Borel probability measure
in X,Y is tight (5.1.9), i.e. Radon spaces, according to Definition 5.1.4, and let
c¢: X xY — [0,400] be a Borel cost function. Given p € Z(X), v € Z(Y) the
optimal transport problem, in Monge’s formulation, is given by

inf{/Xc(a:,t(x))du(x) b= y}. (6.0.1)

This problem can be ill posed because sometimes there is no transport map t such
that txp = v (this happens for instance when p is a Dirac mass and v is not a
Dirac mass). Kantorovich’s formulation

min {/XXY oz, y) dy(z.y) : v € T(u, y)} (6.0.2)

circumvents this problem (as pu x v € T'(u1, v)). The existence of an optimal trans-
port plan, when c¢ is Ls.c., is provided by (5.1.15) and by the tightness of T'(u, v)
(this property is equivalent to the tightness of u, v, a property always guaranteed
in Radon spaces).

The problem (6.0.2) is truly a weak formulation of (6.0.1) in the following
sense: if ¢ is bounded and continuous, and if g has no atom, then the “min” in
(6.0.2) is equal to the “inf” in (6.0.1), see [70], [9]. This result can also be extended
to unbounded cost functions, under the assumption (6.1.8), see [111].

In some special situations one can directly show the existence of optimal
transport maps without any assumption on the cost function (besides positivity
and lower semicontinuity).
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Theorem 6.0.1 (Birkhoff theorem). Let C' be the convex set of all doubly stochastic
N x N matrices, i.e. those matrices M whose entries M;; satisfy

N
S My= Vi=lL..N, Y My=_ Vi=l..N

i=1 j=1

Then, the extreme points of C' are permutation matrices, i.e. those matrices of the
form

1
Mij = <50i0(j)
In particular, if p (resp. v) can be represented as the sum of N Dirac masses in
distinct points x; (resp. distinct points y; ) with weight 1/N, then the minimum in
(6.0.2) is always provided by a transport map.

for some permutation o of {1,...,N}.

Proof. For a proof the first statement see, for instance, the simple argument at
the end of the introduction of [126].

The convex set I'(p1, ) can be canonically identified with C, writing p;; = p({z;} x
{y,}), and transport maps correspond to permutation matrices. Since the energy
functional is linear on I'(y, ), the minimum is surely attained on a extreme point
of T'(, v) and therefore on a transport map. O

Another special occasion occurs when X =Y = R. In this case we can use
the distribution function

Fut):=u((~o0,1) t€R

to characterize optimal transport maps and to give a simple formula for the min-
imum value in (6.0.2). We need to define also an inverse of F),, by the formula
(notice that a priori F, need not be continuous or strictly increasing)

Fu_l(s) =sup{z € R: F,(x) < s} s €0,1].

Theorem 6.0.2 (Optimal transportation in R). Let i, v € Z,(R) and let c(z,y) =
h(x —y), with h > 0 convex and with p growth.

(i) If u has no atom, i.e. F, is continuous, then F1 oF,, is an optimal transport
map. It is the unique optimal transport map if h is strictly convez.

(ii) We have

rnin{/]Rz c(zyy)dy: v € F(u,u)} = /01 c(F;1(3)7F;1(s)) ds. (6.0.3)

Proof. For the proof of the first statement see for instance [126], [71].

(ii) In this proof we use the following two elementary properties of the distri-
bution function when g has no atom: first, Fjxu = x(o,l).i”l (this fact can be
checked in an elementary way on intervals and we omit the argument), second
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F Lo F,(x) =« for p-a.e. x. The second property simply follows by the observa-
tion that the (maximal) open intervals in which F), is constant correspond, by the
very definition of F),, to intervals where p has no mass. Using statement (i) we
have then

[e@r o R) dute) = [ e(Bto Bylo) Bt o Fyla) dula)
R R
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in the case when p has no atom. The general case can be achieved through a simple
approximation. O

6.1 Optimality conditions

In this section we discuss the optimality conditions in the variational problem
(6.0.2), assuming always that ¢: X x Y — [0, +0o0] is a proper l.s.c. function.

Theorem 6.1.1 (Duality formula). The minimum of the Kantorovich problem
(6.0.2) is equal to

sup{ [ et@)duto) + [ wiani | (6.1.1)

where the supremum runs among all pairs (p,) € CP(X) x CY(Y) such that
p(@) +9(y) < c(x,y).

Proof. This identity is well-known if ¢ is bounded and continuous, see for instance
[92, 112, 126]. A possible strategy is to show first that the support of any optimal
plan is a c-monotone set, according to Definition 6.1.3 below, and than use this
fact to build a maximizing pair (we will give this construction in Theorem 6.1.4
below, under more general assumptions on c¢).

In the general case it suffices to approximate ¢ from below by an increasing

sequence of bounded continuous functions ¢, defined for instance by (compare
with (5.1.4))

cn(z,y) == inf {c(@',y") N+ hdx (z,2") + hdy (y,y")},
(2", y")EX XY

noticing that a simple compactness argument gives

min{/X Ychd'y:'yef(,uy)} 1 min{/X ch'y:'yel"(u,u)}

and that any pair (¢, ) such that ¢ + 1 < ¢, is admissible in (6.1.1). O
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We recall briefly the definitions of c-transform, c-concavity and c-cyclical
monotonicity, referring to the papers [56], [71] and to the book [112] for a more
detailed analysis.

Definition 6.1.2 (c-transform, c-concavity). (1) For u : X — R, the c-transform
u®:Y — R is defined by

c(y) ‘= inf _

u(y) = if cz,y) —u(@)
with the convention that the sum is +oo whenever c(z,y) = +00 and u(r) = +00.
Analogously, forv:Y — R, the c-transform v°: X — R is defined by

v'(2) = inf cla,y) — v(y)

with the same convention when an indetermination of the sum is present.

(2) We say that u : X — R is c-concave if u = v° for some v; equivalently, u is
c-concave if there is some family {(y;,t;)tier CY X R such that

u(w) = infe(e,yi) +t;  VreX. (6.1.2)
1€

An analogous definition can be given for functions v :Y — R.

It is not hard to show that u“® > u and that equality holds if and only if u
is c-concave. Analogously, v“* > v and equality holds if and only if v is c-concave.
Let us also introduce the concept of c-monotonicity.

Definition 6.1.3 (c-monotonicity). We say that T' C X X Y is c-monotone if

n

Z iy Yo (i) = Z (s, ys)

i=1 1=1
whenever (x1,y1), -, (Tn,yn) € T and o is a permutation of {1,...,n}.

With these definitions we can prove the following result concerning necessary
and sufficient optimality conditions and the existence of maximizing pairs (¢, )
in (6.1.1). The proof is taken from [14], see also [126], [71], [112] for similar earlier
results (note however that conditions (6.1.3) and (6.1.4) do not apply to the cost
functions considered in [68, 69, 89], in a infinite-dimensional framework).

Theorem 6.1.4 (Necessary and sufficient optimality conditions).

(Necessity) If v € T'(p, v) is optimal and [y, cdy < 400, then =y is concentrated
on a c-monotone Borel subset of X XY . Moreover, if ¢ is continuous, then supp -~y
s c-monotone.

(Sufficiency) Assume that c is real-valued, v € T'(u,v) is concentrated on a c-
monotone Borel subset of X x Y, and

i ({x €X: /Yc(:c,y) dv(y) < —|—oo}> >0, (6.1.3)
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v <{y ey : /X o, y) du(z) < +oo}> > 0. (6.1.4)

Then ~ is optimal, [y cdy < 400 and there exists a mazimizing pair (p,V) in
(6.1.1) with ¢ c-concave and P = p°.

Proof. Let (n,1,) be a maximizing sequence in (6.1.1) and let ¢, = ¢ — ., — Py,

Since
/ cnd'y:/ cd’y—/ @ndu—/wndv—>0
XxY XxY X Y

and ¢, > 0 we can find a subsequence ¢, ) and a Borel set I' on which ~ is
concentrated and c is finite, such that ¢, ) — 0 on T'. If {(z4,¥i) }1<i<p C T and
o is a permutation of {1,...,p} we get

P

P
ZC mzaya( > Z n(k) zz +¢n(k (yo( ))
=1

p

P
= Z n(k) xz +wn(k yz ZC xzayz - k)(mzayz)
i=1

for any k. Letting k — oo the c-monotonicity of I' follows.

Now we show the converse implication, assuming that (6.1.3) and (6.1.4)
hold. We denote by I' a Borel and c-monotone set on which ~ is concentrated;
without loss of generality we can assume that I' = Uiy, with 'y compact and
¢|r, continuous. We choose continuous functions ¢; such that ¢; 7 ¢ and split the
proof in several steps.

Step 1. There exists a c-concave Borel function ¢ : X — [—00,4+00) such that
p(x) > —oo for p-a.e. x € X and

o) < p(z) +c(2,y) —c(z,y) V'€ X, (v,y) €l (6.1.5)

To this aim, we use the explicit construction given in the generalized Rockafellar
theorem in [116], setting

o(x) ::inf{c($7yp) - C($p7yp) + c(aﬁmyp,l) - C(xpfla ypfl)
+ -+ c(z1,90) — c(zo,%0) }

where (29, yo) € 'y is fixed and the infimum runs among all integers p and collec-

tions {(xi, vi) hi<i<p C T
It can be easily checked that

p=lim lim lim @, m,
P—00 M—00 |—00

where

pmi(x) =mt{e(e,yp) = c(@p, yp) + i(@p, yp-1) = c(Tp-1,Yp-1)
+ e+ Cl(xlayo) - C(QUO, yO)}
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and the infimum is made among all collections {(x;, yi) }1<i<p C I'yp. As all func-
tions ¢, m,; are upper semicontinuous we obtain that ¢ is a Borel function.

Arguing as in [116] it is straightforward to check that ¢(xo) = 0 and that
(6.1.5) holds. Choosing =’ = xy we obtain that ¢ > —oo on mx(I") (here we use
the assumption that ¢ is real-valued). But since = is concentrated on I' the Borel
set mx (I') has full measure with respect to p = mx47, hence ¢ € R p-a.e.

Step 2. Now we show that ¥ := ¢ is v-measurable, real-valued v-a.e. and that
po+v=c onTl. (6.1.6)

It suffices to study ¢ on my (I'): indeed, as « is concentrated on I', the Borel set
my (I') has full measure with respect to v = my 7. For y € my (I') we notice that
(6.1.5) gives

Y(y) = clz,y) — p(x) €R Veel, :={z: (z,y) €T}

In order to show that i is v-measurable we use the disintegration v = 7, x v of
~ with respect to y and notice that the probability measure v, is concentrated on
I, for v-a.e. y, therefore

v = [ cam) = p@)di@)  forvacy.

Since y — 7y, is a Borel measure-valued map we obtain that ¢ is v-measurable.

Step 3. We show that o+ and ¢+ are integrable with respect to u and v respectively
(here we use (6.1.3) and (6.1.4)). By (6.1.3) we can choose z in such a way that
fY c(z,y) dv(y) is finite and ¢(x) € R, so that by integrating on Y the inequality
T < c(x,-) + ¢~ (z) we obtain that ¥+ € L'(Y,v). The argument for p* uses
(6.1.4) and is similar.

Step 4. Conclusion. The semi-integrability of ¢ and v gives the null-Lagrangian
identity
| wrwds= [ edut [viverui-o)  vier)
XY X Y

so that choosing 4 = v we obtain from (6.1.6) that fXXYCd’y < 400 and ¢ €
LY(X, ), v € LY(Y,v). Moreover, for any 7 € I'(u, v) we get

/X><YCd:Y S /)(xy(¢+¢)d&:/)(¢dﬂ+/y¢dy
_ /Xxy(<p+¢)d7:/FQHWMZ/XXYCW

This chain of inequalities gives that « is optimal and, at the same time, that (¢, )
is optimal in (6.1.1). O
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We say that a Borel function ¢ € L*(X, u) is a mazimal Kantorovich potential
if (p, ¢°) is a maximizing pair in (6.1.1). In many applications it is useful to write
the optimality conditions using a maximal Kantorovich potential, instead of the
cyclical monotonicity.

Theorem 6.1.5. Let € P(X), v e P(Y), assume that (6.1.3) and (6.1.4) hold,
that ¢ is real-valued and that the sup in (6.1.1) is finite. Then there exists a max-
imizing pair (o, ¢°) in (6.1.1) and if v € T'(u,v) is optimal then

o(x) + ¢ (y) = c(x,y) Y-a.e. in X X Y. (6.1.7)
Moreover, if there exists a Borel potential ¢ € L'(X, ) such that (6.1.7) holds,
then ~ is optimal.

Proof. The existence of a maximizing pair is a direct consequence of the sufficiency
part of the previous theorem, choosing an optimal v and (by the necessity part of
the statement) a c-monotone set on which ~ is concentrated.

If ~ is optimal then

/ (C*@@*@oc)dvz/ ch*/sﬁdu*/sﬁchZO-
XxY XxXY X Y

As the integrand is nonnegative, it must vanish «y-a.e. The converse implication is
analogous. O

Remark 6.1.6. The assumptions (6.1.3), (6.1.4) are implied by

/ c(z,y) du x viz,y) < +oo. (6.1.8)
XXY

In turn, (6.1.8) is implied by the condition
c(x,y) < alx)+bly) with a€ L'(u), be L*(v).

6.2 Optimal transport maps and their regularity

In this section we go back to the original Monge problem (6.0.1), finding natural
conditions on ¢ and p ensuring the existence of optimal transport maps.

Definition 6.2.1 (Gaussian measures and Gaussian null sets). Let X be a separable
Banach space with dual X', and let p € P(X). We say that ju is a nondegenerate
Gaussian (probability) measure in X if for any L € X' the image measure Ly €
P(R) has a Gaussian distribution, i.e. there existm = m(L) € R and 0 = (L) >
0 such that

1
V2mo?

We say that B € #(X) is a Gaussian null set if w(B) = 0 for any nondegenerate
Gaussian measure [t in X.

p{reX: a<L(z)<b}) =

b
/e“t_m|2/2"2dt Y (a,b) C R.



140 Chapter 6. The Optimal Transportation Problem

We refer to [25] for the general theory of Gaussian measures. Here we use
Gaussian measures only to define the o-ideal of Gaussian null sets. Starting from
Definition 6.2.1 and recalling (5.2.4), it is easy to check that if p is a (nonde-
generate) Gaussian measure in X and Y is another (separable) Banach space,
then

mxft  is a (nondegenerate) Gaussian measure in Y (6.2.1)
for every continuous (surjective) linear map m:X — Y. -

One can also check that in the case X = R nondegenerate Gaussian measures
are absolutely continuous with respect to £%, with density given by

L AT e o)
(2m)ddet A

for some m € R? and some positive definite symmetric matrix A. Therefore Gaus-
sian null sets coincide with .Z%-negligible sets. See also [47] for the equivalence
between Gaussian null sets and null sets in the sense of Aronszajn, a concept that
involves only the Lebesgue measure on the real line.

Definition 6.2.2 (Regular measures). We say that u € P(X) is reqular if u(B) = 0
for any Gaussian null set B. We denote by 2" (X) the class of reqular measures.

By definition of Gaussian null sets, all Gaussian measures are regular. By
the above remarks on Gaussian null sets, in the finite dimensional case X = R?
the class &7 (X) reduces to the standard family of measures absolutely continuous
with respect to £

We recall the following classical infinite-dimensional version of Rademacher’s
theorem (see for instance Theorem 5.11.1 in [25]).

Theorem 6.2.3 (Differentiability of Lipschitz functions). Let X be a separable Hil-
bert space and let ¢ : X — R be a locally Lipschitz function. Then the set of points
where ¢ is not Gateauz differentiable is a Gaussian null set.

Theorem 6.2.4 (Optimal transport maps in RY). Assume that u, v € 2(R?),
c(r,y) = h(z —y) with h : RT — [0,4+00) strictly conver, and the minimum in
(6.0.2) finite.

If u, v satisfy (6.1.3), (6.1.4), and p € 2" (RY), then the Kantorovich problem
(6.0.2) has a unique solution p and this solution is induced by an optimal trans-
port, i.e. there exists a Borel map r : R* — R? such that the representation
(5.2.13) holds. We have also

r(zr) =2 — (0h)™* (@gp(x)) for p-a.e. x, (6.2.2)

for any c-concave and mazximal Kantorovich potential ¢ (recall that V stands for
the approximate differential).
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Proof. By the necessity part in Theorem 6.1.4 we have the existence of an opti-
mal plan, concentrated on a c-monotone subset of R x R%. By the sufficiency part
we obtain the existence of a c-concave maximal Kantorovich potential ¢. Theo-
rem 6.1.5 gives that for p-a.e. x there exists y such that ¢(x) + ¢°(y) = c(z,y).
We have to show that y is unique and given by (6.2.2). To this aim, for any R > 0
we define
— 3 c d
or(x) = Ze}gan(O) c(x, z) — ¢°(2) z € R%.

Notice that all functions ¢ are locally Lipschitz in R? for R large enough (as
soon as there is some z with |z| < R and ¢°(z) > —o0) and therefore differentiable
Z?-a.e. Moreover, the above mentioned existence of 3 for p-a.e. 2 implies that
the decreasing family of sets {¢ < ¢r} has a p-negligible intersection, i.e. p-a.e.
x belongs to {¢ = g} for R large enough.

It follows that for p-a.e. x the following two conditions are satisfied: z is
a point of density 1 of {¢ = ¢g} for some R (recall Remark 5.5.2 and ¢p is
differentiable at x. By the very definition of approximate differential, ¢ is approx-
imately differentiable at  and V(z) = Vog(z). If () +¢°(y) = h(z —1y), since
' — h(z' —y) —p(x’) attains its minimum (equal to ¢°(y)) at z, by differentiation
of both sides we get

Ve(z) € Oh(z —y).

This immediately gives that y is unique and given by (6.2.2). O

In the following remark we point out some extensions of the previous exis-
tence result and we recall some cases when the approximate differential in (6.2.2)
is indeed a classical differential.

Remark 6.2.5. a) Classical differential. As the proof shows, the approximate dif-
ferential is actually a classical differential if v has a bounded support. Under a
technical condition on the level sets of h at infinity (this condition includes the
model case h(z) = |z|?, p > 1) the differential is still classical even when v has an
unbounded support, see [71].

b) More general initial measures. It has been shown in [71] that for h € Cllo’g (R9)
and v with bounded support the same properties hold if x4 satisfies the more general

condition
w(B) =0 whenever B € B(R?) and #7971 (B) < 4o0. (6.2.3)

The proof is based on a refinement of Rademacher theorem, valid for convex or
semi-convex functions, see for instance [4].

c) The case when h is not strictly convex. Here the difficulty arises from the fact
that (Oh)~! is not single-valued in general, so the first variation argument of the
previous proofs does not produce anymore a unique y, for given x. This problem,
even when h(z) = ||z|| for some norm || - || in R%, is not yet completely understood,
see the discussions in [13]. Only the case when || - || is the Euclidean norm (or,
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more generally, a C? and uniformly convex norm) has been settled (see [121], [62],
[33], [122], [9], [14]). See also [13] for an existence result in the case when the norm
| -] is crystalline (i.e. its unit sphere is contained in finitely many hyperplanes).

6.2.1 Approximate differentiability of the optimal transport map

In many applications it is useful to know that the optimal transport map is dif-
ferentiable, at least in the approximate sense. The following theorem answers to
this question and shows, adapting to a non-smooth setting an argument in [103],
that the differential of the optimal transport map is diagonalizable and has non-
negative eigenvalues. Notice that our assumption on the cost includes the model
case ¢(x,y) = | — y|P, p > 1. In the proof of the theorem we will use a weak ver-
sion of the second order Taylor expansion, but still sufficient to have a maximum
principle.

Definition 6.2.6 (Approximate second order expansion). Let 2 C R? be an open
set and ¢ : Q@ — R. We say that ¢ has an approximate second order expansion at
e Qif

i PW —a—(by—z) - (Aly—2) (y—2)) _, (6.2.4)

y—z,yek ly — x|?

for some a € R, b € R? and some symmetric matriz A, with E having density 1
at x.

It is immediate to check that a = @(x), b = V(z) and that A is uniquely
determined: we will denote it by VZp(z). Moreover, if ¢ has a minimum at z then
b=0and A>0.

Theorem 6.2.7 (Approximate differentiability of the transport map). Assume that
pe P"RY, ve 2R and let c(x,y) = h(z —y) with h : R — [0, 4+00) strictly
convex with superlinear growth, h € C*(R%) N C2(R?\ {0}), and V2h is positive
definite in R%\ {0}. If the minimum in (6.0.2) is finite, then for y-a.e. v € RY
the optimal transport map r is approzimately differentiable at x and @r(x) 18
diagonalizable with nonnegative eigenvalues.

Proof. Let ¢ be a maximal Kantorovich potential and let N = {r(x) # x}. Clearly
it suffices to show that the claimed properties are true p-a.e. on N (as outside of N
the approximate differential of 7 is the identity). We consider the countable family
of triplets of balls (B, B’, B") centered at a rational point of R?, with B C B,

B ¢ B” and with rational radii, the family of sets
NB,B’,B” = {33 €B: 'I"(LL‘) e B” \ B/},
and the family of functions

s pr(z) = min h(zx —y) — ¢° z e B.
¢B,B,B"(T) Jomn (z—y) —¢“(y)
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Notice that ¢ g/ g7 = ¢ p-a.e. on Np g/ g, as the minimum of y — h(z —y) —
©°(y) is achieved at y = r(z) € B” \ B’ for p-a.e. x.

Let C = C(B, B’, B") be the Lipschitz constant Lip(Vh, B — (B"” \ B’)) of
Vh in the set B — (B” \ B’); it follows that all maps

. C
= h(z—y)—¢ (y)—glffIQ, yeB"\ B,

are concave in B, and therefore pp g/ pr — C|z|?/2 is concave in B as well. By
Alexandrov’s differentiability theorem (see 5.5.4) we obtain that ¢ 5 g g~ are twice
differentiable and have a classical second order Taylor expansion for #%-a.e. z € B.
Clearly the set N is contained in the union of all sets Np g’ g, therefore, by
Remark 5.5.2, Z%a.e. z € N is a point of density 1 for one of the sets Np p/ g
and ¢ p/ pr is twice differentiable at x. By Definition 6.2.6 we obtain that ¢ is
twice differentiable in the approximate sense at = and (6.2.4) holds with a = (),
b=Vo(z)=Vepp g and A =V?p(z) = V3pp p /2. Since

r(z) =2 — (0h) " (Ve(z)) = = — VA* (V(2)),

we obtain that r is approximately differentiable p-a.e. on V.

Since h has a superlinear growth at infinity, the gradient map Vh : R — R?
is a bijection and its inverse is VA™, where h* is the conjugate of h. Therefore VAi*
is differentiable on R?\ {Vh(0)}.

Fix now a point & where the above properties hold and set y = r(x). Since
' — h(z' —y) — p(a’) achieves its minimum, equal to —¢°(y), at z, we get

Vih(z —y) > Vie(x).

On the other hand, the identity VA(Vh*(p)) = p gives

V2h (Vh*(p) = [V2h*(p)] .

Using the identity above with p = Vi (x) # Vh(0) we obtain
~ -1 ~
(V2 (Ve(@)] = V().

By Lemma 6.2.8 below with A := V?h* (Vp(z)) and B := —V?p(z) we obtain
that Vr(xz) = ¢ + AB is diagonalizable and it has nonnegative eigenvalues. O

Again, under more restrictive assumptions (e.g. the supports of the two mea-
sures are compact and dist (supp p, supp ) > 0) one can show that the optimal
transport map 7 is p-a.e. differentiable in a classical sense. As discussed in Sec-
tion 5.5, approximate differentiability is however sufficient to establish an area
formula and the rule for the computation of the density of r4(p£%).

The following elementary lemma is also taken from [103].
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Lemma 6.2.8. Let A, B be symmetric matrices with A positive definite. If —B <
A~ then i + AB is diagonalizable and has nonnegative eigenvalues.

Proof. Let C be a positive definite symmetric matrix such that C? = A. Since
i+ AB=C(i+CBC)C™*

and since ¢ 4+ CBC' is symmetric we obtain that ¢ + AB is diagonalizable. In order
to show that the eigenvalues are nonnegative we estimate:

(i+CBO)E, &) = € +(C¢ BCE) > [¢* - (C¢, A7 C¢)

= |-, cATlce =0 O -

In the following theorem we establish, under more restrictive assumptions on

T or h, some properties of the distributional derivative of r and the nonnegativity

of the distributional divergence of r (or, better, of a canonical extension of 7 to
the whole of R%: recall that = is a priori defined only p-a.e.).

Theorem 6.2.9 (Distributional derivative of 7). Let u, v € 2" (R?), with suppv
bounded, let c(x,y) = h(z —y) with h : R? — [0, 400) strictly convex and with
superlinear growth and assume that the minimum in (6.0.2) is finite. Let v be the
optimal transport map between p and v. Then

(i) If h € C*(RY) is locally uniformly convex then r has a canonical BVi,. ex-
tension to RY satisfying D - r > 0.

(ii) If h € C?*(R?\ {0}) and Vh(0) = 0 we can find equi-bounded maps 7y €
BViee(RY) satisfying D - v, > 0 such that u({ry #r}) — 0 as k — oc.

Proof. (i) By the argument used in the proof of Theorem 6.2.4 we know that there
exists a c-concave potential ¢ of the form

pl)= inf h(z—y)—Y(y) (6.2.5a)

YyEsupp v
with ¢ = —oc on R? \ supp v, such that
r(z) =z — (Vh) " (Vy) p-ae. in R (6.2.5b)

We take as an extension of 7 the right hand side in the previous identity (6.2.5b),
for ¢ given by (6.2.5a). Notice that, on any ball B, all functions

x> h(z—y) —¢(y) — Clz|* fory €suppr, P(y) > —o0,

are concave for C' large enough (depending on B and suppv), so that ¢ — C|z|?
is concave in B as well. This proves that ¢ is locally Lipschitz and locally BV in
R? and therefore, since the inverse of Vh is locally Lipschitz in R? as well (by the
local uniform convexity assumption on h and the superlinear growth condition),
also r is locally BV.
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Let us show that r(x) € suppr and that ' — p(z') — h(z’ — y) attains
its maximum at x when y = r(z) for £%a.e. z € R Indeed, fix  where ¢ is
differentiable and let § € supp v be a minimizer of y — h(z—y)—1(y) (without loss
of generality we can assume that 1 is upper semicontinuous: being supp v compact
and 1(y) < 4o for every y € X, a minimizer exists). Then p(z')—h(2'—§) attains
its maximum at z since (6.2.5a) yields

p(a') = h(z' —g) < h(a" —g) —P(y) — h(z’" —§) = =¢(@) = ¢(z) — h(z - 7),

and a differentiation yields y = r(x).
It remains to show that D -7 > 0. Since maxgypp » h(x — ) is locally bounded
we can find a strictly positive function p € L'(R?) such that

/ max h(z —y)p(r) dr < +oo. (6.2.6)
Rd YESUPP ¥

Let i = p.Z?, and notice that the minimality property above shows that the
graph of 7 is (essentially, excluding points x where ¢ is not differentiable) c-
monotone: indeed for any choice of differentiability points z1,...,x, of and for
any permutation o of {1,...,n} we have

Z O(To(y) — Moy — r(24)) < Z o(xi) — h(z; — r(x:)).

Removing from both sides } . ¢(x;) we obtain the c-monotonicity inequality.

Therefore, since by (6.2.6) the cost associated to r is finite, Theorem 6.1.4
gives that r is an optimal map between i and rxf.

This optimality property of the extended map r shows that it suffices to
prove that D-r > 0 only when supp v is made by finitely many points: the general
case can be achieved by approximation, using the fact that optimality relative to
is stable in the limit and yields L?(f1) convergence of the maps (see Lemma 5.4.1)
and then, up to subsequences, .#%-a.e. convergence, due to the fact that p > 0 .Z-
a.e. Under the assumption that supp v is finite the function r takes only finitely
many values {y1,...,ym} and the distributional divergence is given by

D-r={rt —r" n)ys#",

where r* are the approximate one sided limits on the approximate jump set S of

r and n is the approximate normal to the jump set. For a given Borel choice of
n, let us consider the sets

Sij = {1‘65:1"7(1‘):%, ’I"+(Z‘):yj} 1<i,j<m, i#j S= US”
i#]

Since each neighborhood of z € S;; contains points #* such that r(z*) = r*(z)
is the unique minimizer of y — h(z* —y) — ¥ (y) in {y1,- -+ ,ym}, Si; is contained
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in 8Eij, with

Ej={x eR": h(z—y;) —¥(y:) < h(z —y;) —(y;)} 1<i#j<m

and the classical inner normal to E;; is parallel (with the same direction) to the
nonvanishing vector Vh(z — y;) — Vh(xz — y;). Therefore it suffices to check the
inequality

(yi —yj, Vh(xz — y;) — Vh(z —y;)) > 0.

This is a direct consequence of the monotonicity of Vh:
((—y;) — (x =), Vh(z — y;) — Vh(z —y;)) > 0.

(ii) Let hy > h be in C2(R?) and locally uniformly convex, with the property that
for any z € R? we have hi(2) = h(z) and (Vhy)"1(2) = (Vh)"L(2) for k large
enough (the proof of the existence of this approximation, a regularization of h near
the origin, is left to the reader) and let ¢, ¢ as in the proof of (i). We define

er(r) == inf hy(z—y)—Y(y)

yeEsupp v

so that ¢ > ¢. Since the infimum in the problem defining ¢ is attained (by
y = r(x)) for p-a.e. x, it follows that ¢ (z) = ¢(x) for p-a.e. x for k large enough
(precisely, such that hy(x — r(z)) = h(z — r(x)), so that u({pr # ¢}) — 0 as
k — oo. Setting

rEi=1— (vhk)_l(ﬁwk)

we know, by the c-monotonicity argument seen in the proof of statement (i), that
ry are optimal transport maps relative to the costs hy(z — y), that r, € suppv
p-a.e. and that D - ry > 0. Since the approximate differentials coincide at points
of density 1 of the coincidence set we have u({Viyr # Vo}) — 0 as k — oo and
therefore pu({ry # r}) — 0 as h — cc. O

6.2.2 The infinite dimensional case

In the infinite dimensional case we consider for simplicity only the case when
c(x,y) = |z —y|?/p, p > 1; when v has a bounded support we are still able to
recover, by the same argument used in the finite dimensional case, a differential
characterization of the optimal transport map.

We denote by &) (X) the intersection of &2,(X) (see (5.1.22)) with 2"(X).

Theorem 6.2.10 (Optimal transport maps in Hilbert spaces). Assume that X is a
separable Hilbert space, let p € Z)(X), v € Zp(X) and let c(z,y) = |z —y[P /p for
p € (1,400), ¢t +p~t = 1. Then the Kantorovich problem (6.0.2) has a unique
solution p and this solution is induced by an optimal transport, i.e. there exists
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a Borel map v € LP(X, u; X) such that the representation (5.2.13) holds. If v has
a bounded support we have also

r(z) =z — |[Vo(z)|72Vp(z) for p-a.e. x, (6.2.7)

for some locally Lipschitz, c-concave and mazximal Kantorovich potential ¢ (here
Vi denotes the Gateauz differential of ).

Proof. Let us assume first that supp v is bounded. We first define a canonical
Kantorovich potential, taking into account the boundedness assumption on supp v,
as follows. Let ¢ be any maximal Kantorovich potential and define

p(z):= inf c(z,y) - ¢°(y) r e X. (6.2.8)
yEsupp v

Notice that the optimality conditions on ¢ ensure that for p-a.e. x the infimum
above is attained. By construction ¢ is a locally Lipschitz function and it is still
a maximal Kantorovich potential. Indeed, ¢ = ¢ p-a.e. and since ¢ is the c-
transform of the function ¥ equal to ¢ on supp v and equal to —oo otherwise we
have ¢ = (¢°)¢ > ¢ = ¢° on supp v.

As in the proof of Theorem 6.2.4 it can be shown that for u-a.e. x there is
only one y such that o(z) + ¢°(y) = c(z,y), and that y is given by (6.2.7); the
only difference is that we have to consider Theorem 6.2.3 instead of the classical
Rademacher theorem.

In the general case when supp v is possibly unbounded we can still prove
existence and uniqueness of an optimal transport map as follows. Let v € T',(u, ),
let v,, = xB, (y)y where B,, :== B,(0) is the centered open ball of radius n, and
let iy, vy, be the marginals of -, (in particular v,, = xp, v and u, is absolutely
continuous with respect to u, therefore still regular). By Theorem 6.1.5 we know
that supp~y is | - [P-monotone, and therefore supp-y,, is | - |[’-monotone as well. By
applying Theorem 6.1.5 again and the first part of the present proof, we obtain
that ~y,, is an optimal plan, induced by a unique transport map r,. The inequality

(8 X Pp)ghtn =V < Y = (8 X Trm) e fim
immediately gives (for instance by disintegration of both sides with respect to z)
Tn =Tm [n-a.€. Whenever n < m.

Therefore the map r such that r = r,, u,-a.e. for any n is well defined, and passing
to the limit as n — oo in the identity v, = (¢ X 7)xpu, we obtain v = (¢ X r)xpu.
This proves that r is an optimal transport map, and that any optimal plan is
induced by an optimal transport map.

If there were two different optimal transport maps 7, 7/, then we could build
an optimal transport plan

1
v = 5/ Op(z) + Opr(2) dp()
X

which is not induced by any transport map. This contradiction proves the unique-
ness of r. O
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Remark 6.2.11 (Essential injectivity of the transport map). Notice also that if
v is regular as well, under the assumption of Theorem 6.2.4 or Theorem 6.2.10,
then the optimal transport map r between p and v is p-essentially injective (i.e.
its restriction to a set with full p-measure is injective). This follows by the fact
that, denoting by s the optimal transport map between v and u, the uniqueness
of optimal plans gives (¢ x 7)xu = [(s X 4)xv]~!, which leads to sor = ¢ p-a.e.
and to the essential injectivity of 7.

In the case when p = 2 and u, v € 25(R?) we can actually prove strict
monotonicity of the optimal transport map.

Proposition 6.2.12 (Strict monotonicity of 7). Let u, v € Z225(RY), and let r be
the unique optimal transport map relative to the cost c(x,y) = |x — y|*>/2. Then
Vr >0 p-a.e. and there exists a p-negligible set N C R% such that

(r(z1) —r(ze), 1 —x2) >0 Vi, o € RT\ N. (6.2.9)

Proof. Let ¢ be a c-concave maximal Kantorovich potential. The c-concavity of ¢
and its construction ensure that ¢ < +o0o globally, that ¢ > —oco p-a.e. and that
© — |x|?/2 is concave. In particular, denoting by C the interior of the convex hull
of {y € R}, we have that ¢ is finite on C' and p is concentrated on C'. We have also
that the optimal transport map r can be represented as V¢ with ¢ = [2]?/2 — ¢
convex. Recalling that, by Alexandrov’s theorem 5.5.4 convex functions are twice
differentiable .#?-a.e. in the classical sense, we can apply Lemma 5.5.3 to obtain
that Vr > 0 p-a.e. in C, due to the fact that ryp < £

Let now N be the p-negligible set of points € C' where either ¢ is not twice
differentiable or V2¢ has some zero eigenvalue. The monotonicity inequality then
gives (with z; = (1 — t)z + ty)

(Vo(y) — Vo(z),y —x) > lim t%w(;s(xt) —V(a),zp — ) >0

for any x, y € C'\ N. O

6.2.3 The quadratic case p = 2

In the case of ¢(z,y) := %|x — y|? in a Hilbert space X, the theory developed in
the previous sections presents some more interesting features and stronger links
with classical convex analysis.
Here we quote the most relevant aspects.
e A function v : X — R is c-concave iff u — 3| - |?
u(x) := 3|x|? — u(x) is Ls.c. and conver.
For, from the representation of (6.1.2) we get

is u.s.c. and concave, i.e.

1 , 1
u(z) = glaf® = inf t; + Slyil* = (@, i),
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This means that u(z) — |2|?/2 is the infimum of a family of linear continuous
functional on X.

o Ifv =u’ is the c-transform of u then v = u*, the Legendre-Fenchel-Moreau
conjugate functional defined as

" (y) = sup (z,y) — a(z).
reX

We simply have

1 1
sup o [y|* = 51z =yl + u(z)

o .
o(y) = 5yl = u(y) up o

L = sup {z,y) — u(x
:ig)g <x7y>—(§|1'| —u(l')) 7:ce)g< S Y) ().

o A subsetT of X? is c-monotone according to Definition 6.1.3 iff it is cyclically
monotone, i.e. for every cyclical choice of points (x¥,25) € T, k=0,...,N,
with (29,29) = (zV, 2L), we have

D (et - ah) > 0. (6.2.10)
k=1

In particular, by Rockafellar theorem, c-monotone sets are always contained
in the graph of the subdifferential

{(z,y): yedp(x)}

of a convex l.s.c function ¢. Conversely, any subset of such a graph is c-
monotone.

o Suppose that p, v € Po(X) and v € T'(u,v). Then the following properties
are equivalent:

— ~ is optimal;
— supp“y s cyclically monotone;

— there exists a convez, l.s.c. potential p € L*(X, ) such that

(x,y) = ¢(x) + ¢*(y) ~-a.e. in X>. (6.2.11)

Equivalently, we can also state (6.2.11) by saying that y € dp(z) for
~-a.e. (z,y) € X2 In particular, if v = (¢ X 7)u then there exists a Ls.c.
convex functional ¢ such that r(z) € dp(z) for p-a.e. v € X.

o Suppose that X = R? and p € 25(RY), v € Po(R?). Then there exists a
unique optimal transport plan and this plan is induced by a transport map r.
If v e Z5(RY) as well, then r is p-essentially injective and fulfills (6.2.9).






Chapter 7

The Wasserstein Distance and
its Behaviour along Geodesics

In this chapter we will introduce the p-th Wasserstein distance W),(u, ) between
two measures u,v € &,(X). The first section is devoted to its preliminary prop-
erties, in connection with the optimal transportation problems studied in the pre-
vious chapter and with narrow convergence: the main topological results are valid
in general metric spaces.

In the last two sections we will focus our attention to the case when X is an
Hilbert space: we will characterize the (minimal, constant speed) geodesics with
respect to the Wasserstein distance and, for p = 2 and a given v € P5(X), we will
study the behaviour of the map u — W (u,v) along geodesics: in particular, we
will give a precise formula for its derivative along geodesics and and we will prove
its semi-concavity, an important geometric property which is related to a metric
version of suitable curvature inequalities.

7.1 The Wasserstein distance

Let X be a separable metric space satisfying the Radon property (5.1.9) and
p > 1. The (p-th) Wasserstein distance between two probability measures p!, p? €
Pp(X) is defined by

Wyt ) i i {

Ay, w2)” dp(ar, @) s p € TGt ) |
X2

(7.1.1)
= min {d(an,xg)’zp(u;x) D pE F(u17M2)}.
Using Remark 5.3.3 we can show that the function defined above is indeed a

distance. Indeed, if u* € 2,(X) for i = 1,2,3, v'? is optimal between p' and
p? and %3 is optimal between p? and p?® we can find v € 2(X3) such that
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7r-3¢2'y = ~'? and 73%y = 4?3, The plan v'? := 7}3 belongs to T'(u', 4*) and
since

Wp(ﬂla :u2) =d(z1, x2>LP(’7;X)7 Wp(,u27 M3) =d(x1, -732)LP('7;X)
and
d(z1,23)Lr(13,x) = d(21,3) Lr (v:X)

we immediately get W,(u*, pu?) < Wy(ut, p?) + W, (p?, %) from the standard
triangle inequality of the LP distance.

In the particular case when p = 1 and p and v have a bounded support we
can use the duality formula (6.1.1) and the fact that c-concavity coincides with
1-Lipschitz continuity and ¢¢ = —¢ for the cost ¢(z,y) = d(x,y) to obtain

Wi(u,v) = sup {/ pdlp—v): p: X =R 1—Lipschitz} . (7.1.2)

We denote by T,(pt, u?) C T'(ut, u?) (which also depends on p, even if we
omit to indicate explicitly this dependence) the convex and narrowly compact set
of optimal plans where the minimum is attained, i.e.

vE FO(Mlnuz) — d(xth)p d’)’(%’l,@) = W;(Z))(M17N2)' (713)
X2
When T', (!, 4?) contains a unique plan v = (4 >< )t 1nduced by a transport

map 7 as in (5.2.13), we will also denote r by t“ i therefore t" . 1s characterized
by

tZ? X — X, (tiﬁ)#ul =p, Tolp',p®) = {(ix tﬁi)#,ul}, (7.1.4)

it is the unique (strict) minimizer of the optimal transportation problem in the
original Monge’s formulation (6.0.1), and satisfies

/X d(m,tzl( )’ dpt (z) = WE(u', pn?). (7.1.5)

Given p-measurable maps r, s : X — X, a very useful inequality giving an
estimate from above of the Wasserstein distance is

WP(T#IUHS#N) S d(ras)LP(u;X)~ (716)

It holds because y=(r, 8)gpu €' (rup, spp) and [ d(xq1,z2)P dy=d(r, s)LP(“ x)-
From Theorem 6.1.4 we derive that p is optimal iff its support is d(-,-)P-
monotone according to Definition 6.1.3, i.e.

N

Zd xl,x2 Z ;El,xg(k) (7.1.7)

k=1
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for every choice of (x%,25) € suppp, k = 1,..., N, and for every permutation
o:{1,...,N} —{1,..., N} (actually Theorem 6.1.4 shows only that p has to be
concentrated on a c-monotone set, but since in this case the cost is continuous the
c-monotonicity holds, by a density argument, for the whole support of ).

Remark 7.1.1. It is not difficult to check that supports of optimal plans satisfy
the slightly stronger property

U supp~y is d(+,-)? — monotone. (7.1.8)
YET o (1t p?)

For, we take a sequence (v,,) narrowly dense in I',(u!, u?) and we consider the
new plan 4 := " 27", . The plan ¥ is optimal, too, and its support coincides
with (7.1.8).

Remark 7.1.2 (Cyclical monotonicity in the case when X is Hilbert). When p = 2
and X is a (pre-)Hilbert space, condition (7.1.7) is equivalent to the classical
cyclical monotonicity of supp p, i.e. for every cyclical choice of points (z%,25) €

suppp, k=0,..., N, with (29, 29) = (2}, 2Y), we have

Z(az’f —zh1 2k > 0. (7.1.9)
k=1

In particular, if » = V¢ for some convex C' function ¢ then r is a 2-optimal
transport map for every measure u € %5(X) such that [ |r|? du < +oc.

A useful application of the necessary and sufficient optimality conditions is
given by the following stability of optimality with respect to narrow convergence.

Proposition 7.1.3 (Stability of optimality and narrow lower semicontinuity). Let
(pn), (u2) C P,(X) be two sequences narrowly converging to u', u? respectively,
and let p, € To(ph, 1) be a sequence of optimal plans with [y, d(z1,x2)? dp,,
bounded.

Then (w,,) is narrowly relatively compact in 2(X?) and any narrow limit point
w belongs to To(ut, pu?), with

Wy (', 1) =/ d(z1, 2)P dp(z1, 22)

X (7.1.10)
< liminf/ d(z1,72)P dp,, (21, 72) = liminf W, (s, u2).

n—oo  [x2 n— oo

Proof. The relative compactness of the sequence (u,,) is a consequence of Lemma
5.2.2 and the “liminf” inequality in (7.1.10) is a direct consequence of (5.1.15),
which in particular yields [y, d(x1,22)? dp < +o0.
Using proposition 5.1.8 it is immediate to check by approximation that the support
of w is d(-, -)P-monotone. O
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When X is a Hilbert space, the Wasserstein distance is lower semicontinuous
w.r.t. the weaker narrow convergence in & (Xy):

Lemma 7.1.4 (Weak narrow lower semicontinuity of W, in Hilbert spaces). Let
X be a (separable) Hilbert space and let (ul), (n2) C P,(X) be two weakly tight
sequences (according to (5.1.32)) narrowly converging to p*, p* in P(Xy). Then

Wy (', p?) < lim inf Wy (g, p27)- (7.1.11)

Proof. The map (z1,x2) — |z — 22/? is weakly Ls.c. in X x X: we simply argue
as in the previous proof and we apply Lemma 5.1.12(c). Notice that in this case
the first line of (7.1.10) is an inequality “<”, since we do not know that the limit
plan g is optimal any more; nevertheless, the inequality is sufficient to obtain
(7.1.11). O

Proposition 7.1.5 (Convergence, compactness and completeness). &,(X) endowed
with the p-Wasserstein distance is a separable metric space which is complete if X
is complete. A set I C (X)) is relatively compact iff it is p-uniformly integrable
and tight. In particular, for a given sequence (u,) C Z»(X) we have

Wn narrowly converge to pu,

lim Wy (pin, p) =0 <= { (7.1.12)

() has uniformly integrable p-moments.

Proof. Let us first prove the completeness of &2,(X), by assuming that X is
complete. It suffices to show that any sequence {u, }nen C &,(X) such that

> W (u, u ) < 400
n=1

is converging. We choose o™ "*1) ¢ T',(u™, u"*1) and use Lemma 5.3.4 to find
p € P(X), with X = XN satisfying (5.3.8). It follows that

Z d(m", 7" ) Lo (i x) < o0,
n=1

Therefore, (7™) is a Cauchy sequence in LP(u; X), which is a complete metric
space, and admits a limit map 7°° € LP(u; X). Setting poc 1= 137 p € Z,(X), we
easily find

limsup W, (1", ) < limsupd(7", 7°°) 1p (u;x)

n—oo n—0o0

lim sup Z d(mt 7)Y Lo (ixy = 0.

n—oo

IA

Jj=n

We will prove now the equivalence (7.1.12) (a different argument in locally compact
spaces, based on the duality formula (7.1.2), is available for instance in [126]).
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First we suppose that Wy(u,, ) — 0. Arguing as before, we can choose
optimal plans B'" € T'o(, ftn,) and use Lemma 5.3.4 (with g1 := p) to find
p € Z(X) satisfying (5.3.8). It follows that

. n 1 _
Jim d(7", 7)) Lo (x uix) = 0,

and therefore, for every continuous real function f with p-growth the Vitali dom-
inated convergence theorem gives

lim [ f(z)dun(z) = lim f(?r"(w))du(w)Z/ f(r! (@) dp()
X X

n—oo n—0oo

/X f(:;)(du(w)-

By lemma 5.1.7 we obtain the narrow convergence and the uniform p-integrability
of the sequence (pt,).

Conversely, let us suppose that the sequence (f,,) has uniformly integrable
p-moments and it is narrowly converging to w; in particular, by (5.4.7), the set
{1, ptr, = m € N} is tight. As before, let us choose a'™ € T', (i1, i1, ): it easy to check
that the sequence (a!™) is p-uniformly integrable and tight in Z(X x X) (see
Lemma 5.2.2): a subsequence k +— ny, exists such that '™ — a narrowly, with
a € Ty(u, p) by Proposition 7.1.3. Applying Lemma 5.1.7 we get

1nk(

m |l‘1 —ac2|p do 1‘1,.132)

=1
k—oo Jxxx

= / |z — 29|P da(xy, 22) = 0.
XxX

Jm W2 (s pny,)

Since the limit is independent of the subsequence n; we get the convergence of (i,
with respect to the Wasserstein distance. Using (7.1.12) it is now immediate to
check that convex combinations of Dirac masses with centers in a countable dense
subset of X and with rational coefficients are dense in &,(X), therefore &7,(X)
is separable. O

It is interesting to note that in the previous proof of the equivalence between
narrow and Wasserstein topology (on sets with uniformly integrable p-moments),
one implication (the topology induced by the Wasserstein distance is stronger than
the narrow one) could be directly deduced from (7.1.2) via the approximation
arguments discussed in Section 5.1, thus avoiding Lemma 5.3.4; this implication
is therefore considerably easier than the converse one, which relies on the stability
property 7.1.3 and therefore on the main characterization results of Chapter 6 for
optimal transportation problems. However the argument via Lemma 5.3.2 seems
to be necessary to get completeness, at least in infinite dimensions.

Remark 7.1.6 (Limit of the optimal plan). As a byproduct of the previous proof,
we obtain that if 1, — p in Z2,(X) and p,, € To(p, i), then

oy, — (i x 8)pp in Z(X x X). (7.1.13)
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Remark 7.1.7 (#(X) is a Polish space if X is Polish). By taking an equivalent
bounded metric on X, all the Wasserstein distances induce the topology of narrow
convergence between probability measures: as we already noticed in Remark 5.1.1,
the narrow topology &?(X) is metrizable; moreover, if X is a Polish space, then
P (X) is a Polish space, too.

Remark 7.1.8 (Relative compactness of &7, (X )-bounded sets). When X is infinite
dimensional Hilbert space, bounded subset in Z7,(X) are not relatively compact
in Z(X) any more, but they are relatively compact in Z(X,).

Remark 7.1.9 (#,(X) is locally compact only if X is compact). If X is not com-
pact, the space &7,(X) is not locally compact, not even in the case when X = R¢
is finite dimensional. Indeed, assume that for some € > 0 and xy € X the closed
ball in &2,(X)

B. = {u € Py(X) : Wyl 0ay) < s} - {u € P,(X): /

d(x,z0)P du(z) < €p}
b's

is compact and let us prove that an arbitrary sequence (x,,) € X admits a conver-
gent subsequence. It is not restrictive to assume liminf,, . d(z,,29) > 0 (other-
wise (z,,) admits a subsequence converging to z), and therefore inf,, ey d(x,,, o) =
0 > 0. We consider the real numbers

dNe)P
n = dgxn,xz))l’ <1, sothat mud(x,,z9)’ = (6 ANe)P;
the sequence of measures i, = (1 — my)dy, + Mmydy, belongs to B. since

W (s 0z0) = € A § and therefore admits a subsequence (i) converging to some
W F# 0z In P (X).

Since (m,,) is bounded, too, it is not restrictive to assume that m,, — m € [0, 1]
which should be strictly positive, being p # d,,. By Proposition 5.1.8 (see also
Corollary 5.1.9) it follows that u takes the form (1 —m)d,, +md, for some = € X,
and therefore z,, — x.

Lemma 7.1.10 (Approximation by convolution). Let u € Z,(R%) and let (p.) C
C>(R%) be a family of nonnegative mollifiers such that

pe(@) == e p(a/e), /

p(z)dr =1, mP(p) ::/ |z|Pp(x) dr < +o00. (7.1.14)
Rd R4

Then if pe == p * pe
W (1, pie) < emyp(p), (7.1.15)

and therefore ji. converges to p in Z,(R%) ase | 0.
Proof. We introduce the family of plans v, := [ p.(- — z). £ du(z) defined by

//Rded o(x,y) dvy (v, y) = /Rd /Rd oz, y)pe(y — x) dy dp(x)
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which obviously satisfy v, € I'(u, p1c). Therefore

WE(u, pie) < //(Rd)2 |z —ylP dv. (z,y) = /Rd (/Rd |z —y[Ppe(y — @) dy) dp(x)
= [ (L Rreas)due) = [ espordz =< [ 1pate) &z

Remark 7.1.11. Combining Proposition 5.1.13 with j(r) :=rP, 1 < p < 400, and
Lemma 5.1.7 we get the following useful characterization of the convergence in
Zp(X), which is particularly interesting when X is infinite dimensional Hilbert
space:

i, narrowly converge to g in Z(Xy),
Iim W, (i, ) =0 <— . 7.1.16
nho p(tn 1) lim / ||P dpin () :/ ||P dp(x). ( )
X X

n—oo

Since we have at our disposal new powerful results (which are consequences of
the theory presented in Chapter 6) we conclude this section by showing a simpler
proof of (7.1.16), which could be extended to the case of uniformly convex Banach
spaces.

Proof. Let us consider the (Radon, separable) metric space X, with the distance
induced by the norm || - ||o; since || - |2, < |- |P, (7.1.16) and Lemma 5.1.7 show
that || - |2, is uniformly integrable w.r.t. the sequence (p,,). Applying (7.1.12) of
Proposition 7.1.5 in X, (this characterization does not require the completeness of
the metric space), we obtain that p, converges to p in the p-Wasserstein distance
of #,(Xz). It follows by Remark 7.1.6 that any sequence of plans p,, € I'(pn, 1),
optimal in Z,(X5), satisfies

By, — (EX8)pp in Pp(Xeo x Xg) asn— oco. (7.1.17)

We suppose p > 2 and we integrate with respect to w,, the inequality (¢, is a
strictly positive constant, j,(z1) = |21[P~?21)

1 .
cplrr — wa2fP < ];|$2|p - 5|ﬂ31|p = {p(z1), 22 —21) Vi, m3 € X,
which we will prove in Lemma 10.2.1; we obtain

pW (1, pin) S/ cplzr = wo|P dpay, (21, 22) (7.1.18a)
XxX
<[ Gl =l = Gyl =) dp (o,
XxX P

/ (@2f? djin (22) ——/ 21 ]P dya(z1)

(7.1.18b)
_/ <y17y2>dlln(y17y2)a
XxX
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where
P 1.2 1
Ky = (ijﬂ' I )#p’n
Since the first marginal of fi,, is fixed in &,(X), it is easy to check by Lemma

5.2.1 that
By, — ((jp)#ﬂ) X 0p in (X xXg) asn— oo,

and that (u,) satisfies the assumptions of Lemma 5.2.4; therefore, passing to
the limit as n — oo in (7.1.18a,b), the convergence of the moments (7.1.16) and
Lemma 5.2.4 yield Wp,(p, pn) — 0.

The case p < 2 follows by the same argument and inequality (10.2.5). O

7.2 Interpolation and geodesics

In this section we are assuming that X is a separable Hilbert space and p > 1,
and we show that constant speed geodesics in &7,(X) coincide with a suitable
class of interpolations obtained from optimal transport plans. Recall that a curve
e € Pp(X), t €[0,1], is a constant speed geodesic (see also (2.4.3)) if

Wy (s, pi) = (t — 8)Wp(po, 1) V0 <s<t <1 (7.2.1)

Ifpue 2(XN),N>21<ij,k<N,andt€[0,1] we set
=1 -t it XY - X, (7.2.2)

Wz_‘j’k =(1- t)wi’k + ik XN X2 (7.2.3)

= () g € 2(X), (7.2.4)

p = (T e 2(X), (7.2.5)

It is well known that I',(u!, 4?) can contain in general more than one element.

In the following lemma we show that along a geodesic the optimal plans to the
extreme points pio, p1 are unique if we consider y;, t € (0, 1), as the initial measure.

Lemma 7.2.1. Let (jt)seo,1] be a constant speed geodesic in &2,(X) and let t €
(0,1). Then Ty(pe, 1) (resp. To(pto, p1e)) contains a unique plan p'l (resp. pu°t)
and this plan (resp. (u°%)~1) is induced by a transport. Moreover, p = p'lou®t €
Lo(po, 1) and

pOt = (m T, Bt = () (7.2.6)
Proof. For t € (0,1) let v (resp. i) be optimal transport plans between o and
e (resp. iy and pq). In order to clarify the structure of the proof it is convenient
to view pig, pt, p1 as measures in Z(X;), P (Xq), #(X3), where X; are distinct
copies of X. Then, we can define

A= / Yy X Naoy A (x2) € (1o, tit, f41)
X2



7.2. Interpolation and geodesics 159

where v = sz Yoo dppy and m = IXZ Nz, dpe are the disintegrations of v and n with
respect to the common variable z5. Then, since (recall the composition of plans
in Remark 5.3.3)

p=mnoy=m"X€T (o, )

we get

IN

lz1 — 23l e (uix) < 21 — 22llze(asx) + 122 — 23l e (2 x)

1 = @2l Lo (vix) + (|22 = 23] Lo (nsx) = W (1o, 12)-

Wp(ﬂm Ml)

This proves that p is optimal; moreover, since all inequalities are equalities and
the LP-norm is strictly convex, we get that there exists a > 0 such that x5 —
z1 = afxz — x1) for A-a.e. triple (21,22, 23). Using the fact that W, (u, o) =
tW, (o, pp1) we obtain o = ¢ and therefore

Ty —T1 = t(.Tg — 1‘1) A-a.e. in X1 X X2 X X3.

Denoting by z(x2) the barycenter of +,,, the linearity of this relation w.r.t. z;
yields
o — z(x2) = t(xz — z(x2)) m-ae. in Xy X X3.

Hence m is induced by the transport r¢(x2) = x5/t —2(x2)(1—t)/t. Since z depends
on « and ~« and 1 have been chosen independently, this proves that 7 is unique,
so that 7 = !, the measure defined in (7.2.6). Inverting the order of uo and u;,
we obtain the other identity. O

Theorem 7.2.2 (Characterization of constant speed geodesics). If u € T',(ut, u?)
then the curve t v« puy := pui 2 is a constant speed geodesic connecting p* to p>.
Conversely, any constant speed geodesic p : [0,1] — 2,(X) connecting u' to p?
has this representation for a suitable p € To(u*, u?), which can be constructed
from any point py, 0 <t <1, as in the previous Lemma.

Proof. By (7.1.6) we get
Wp(ﬂhﬂs) < (t - S)Wp(:u’la ,LL2) VS7 te (07 1)7 s<t. (727)

If there is a strict inequality for some s < ¢t we immediately derive a contradiction
by applying the triangle inequality with the points g, s, ¢ and pq. Therefore
equality holds and pu; is a constant speed geodesic.

Let 1y be a constant speed geodesic and for a fixed t € (0,1) let p := ptlop®t
be as in Lemma 7.2.1. Since p°f = (71'251’1*)2)#[14 is the unique element of T', (10, pit)
and the curve s — pu5, s € [0, 1] is a constant speed geodesic, we get

1—2

Nl = (a2 om T = (rl ) pme.

Hst = (ﬂ-s )#l’l’ = s O Ty

Inverting po with @1 we conclude. d
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Figure 7.2: Another example of geodesic: the trajectories may intersect

In the case X = R, using the explicit representation (6.0.3) for the Wasser-
stein distance in terms of the inverses of distribution functions, we get

Fol,=(1—-0F ' +tF, Z'-ae in(0,1). (7.2.8)

for any geodesic u}—? induced by p € Tp(ut, 1?).

7.3 The curvature properties of Z5(X)

In this section we consider the particular case p = 2 and we establish some finer
geometric properties of P5(X).

In particular we will prove in Theorem 7.3.2 the semiconcavity inequality
of the Wasserstein distance from a fixed measure p? along the constant speed

geodesics p —? connecting p! to p?:

Wi (e =2, 1%) > (L= )W3 (', 1®) + W5 (1, 1) = t(1 = )W3(pt, 4?). (7.3.1)

According to Aleksandrov’s metric notion of curvature (see [5] and Section
12.3 in the Appendix), this inequality can be interpreted by saying that the Wasser-
stein space is a positively curved metric space (in short, a PC-space). This was
already pointed out by a formal computation in [107], showing also that generically
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the inequality is strict (see Example 7.3.3). See also Section 12.3 in the Appendix,
where we recall some basic facts of the theory of positively curved metric spaces.
For p € T'(pt, p?, p13) € P2(X3) and i, j, k € {1,2,3}, t € [0, 1] we set

Wi(uiﬁj, pk) = / . (1 —t)x; +to; — zx|* du(zy, 22, 73). (7.3.2)
X
By (7.1.6) we get o o
W3 (e 1" < Wiy ). (7.3.3)
Moreover, the Hilbertian identity
(1 —ta+th—c*>=(1—t)|a—c|> +tb—c/*—t(1—1t)b—al?
gives
Wi ™% 1%) = (=)W (uh, 1) + tWa (%, 1°) — t(1 = )W (u', p?), (7.3.4)
and the related differential identities

d —
Wi 2, 0%) = W2, 1) = W', 1®) + (2t = YW (u', 1) (7.3.5)

atH
1 . -
- 1—t(W3(u2,u3)—Wﬁ(ui %) = Wi 2,u3)) (7.3.6)

1 - -
= (W22 )+ WG ) = W), (73.7)

Proposition 7.3.1. Let pu'? € T'(ut, p?), t € (0,1) and p'3 € Tp(ui=2%, u). Then
there exists a plan

T3 =t (7.3.8)

and this plan is unique if u*? € To(ut, u?). For each plan p, satisfying (7.3.8) we
have

w, € T(u'2 %) such that (w0}

W3 (72, 0%) = A=t)WS (u', 1) +tWE (02, 1%) —t(L =)W (', p?). (7.3.9)

Proof. Let ¥, : X? — X2 and A; : X® — X3 be the homeomorphisms defined by
Yi(z1,22) == (1 —t)x1 +tag, 22), Ai(z1,22,23) = (1 — t)21 + tw2, 2, 73)
and notice that p has the required properties if and only if v := A, satisfies
77;’21/ = Sup'?, 7@’31/ = pu'3. (7.3.10)

Then, Lemma 5.3.2 says that there exists a plan v fulfilling (7.3.10) and, since A;
is invertible, this proves the existence of p. When p!? is optimal, since Xz xp'? €
To(pi™2, %), we infer from Lemma 7.2.1 that ¥z p'? is unique and induced by
a transport map and therefore v and p are uniquely determined. O



162 Chapter 7. The Wasserstein Distance and its Behaviour along Geodesics

Figure 7.3: p'? and p'® are given optimal plans; p?® and p'® are not optimal, in
general

Theorem 7.3.2 (#,(X) is a PC-space). For each choice of ut, p?, u® € P5(X)
and pt? € T'(ut, u?) we have

Wi (e =%, 1) > (L= t)W3 (' 1) +tW5 (4, 1%) =t (L= t)W 22 (', %) (7.3.11)

and the map t — W3 (ut=2, u3) —tQWﬁm(,ul, u?) is concave in [0,1]. In particular,
choosing ut? € Ty(ut, u?) (see Figure 7.3) we have

Wi (g% 1) > (1= )W (', 1) + W5 (6, %) — t(1 = W3 (uh, i) (7.3.12)
and therefore P5(X) is a PC-space.

Proof. (7.3.11) is a direct consequence of (7.3.9) and (7.3.3). In order to prove the
concavity property we choose A, t1, t2 € [0,1], ¢t := (1 — A\)t; + Ate, and we have
only to develop the obvious calculations:

W3 (7%, 1%) — Wi ('t pu?) = Wa (u %2, 1) — 2 Whie (u', 4°)
> (1= N)Ws (u, 1) + AW3 (', 1) — (A(l = At —t1)* + t2) Wie(p', 1)
(=) [W3 (g2, 1) = W 5ea (uh, 1?) |+ A[W5 (g2, 1) — 85W e (', 1?)]

In the case p'? € To(p', 1) is sufficient to note that W2, (u', u?) = W3 (u', p?).
g

Example 7.3.3 (Strict positivity of the sectional curvature). The following example
shows that in general the inequality (7.3.1) is strict. Let

1

W= (5(0’0) + 5(07*4)) :

N =

(5(7171) + 5(75,3)) . =

1
(5(171) + 5(5,3)) . = 3

N =
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1—2
M

T

Figure 7.4: 1® is the sum of deltas on black dots, ui

2 is moving along the dotted lines

Then, it is immediate to check that W3 (u!, u?) = 40, W (u!, u3) = 30, and
W3(u?, u®) = 30. On the other hand, the unique constant speed geodesic joining
ut to p? is given by

1
= 3 (5(1—6t,1+2t) + 5(5—6t,3—2t))

and a simple computation gives

30 30 40
24 = W3 (1o, 1) > st T

Formula (7.3.11) is useful to evaluate the directional derivative of the Wasser-
stein distance. If p'2 € I'(u!, u2), general properties of concave maps ensures that
for each point ¢ € [0, 1) there exists the right derivative

d 1H2 3\ .1 Wz(ﬂ%ﬁaﬂ) WQ( 1H2,H3)
drg Vel ) =l 1

and, for t € (0,1], the left derivative

dtd W (ui=2, 1) - ,lmt W3 (1 1H2aM3t)_—tI:Vz (%, 11?)
satisfying
d 1-2 3 d 1-2 3
W) < LW ) vie o)
and, for a (at most) countable subset .4 C (0, 1)
dd W3 (%, 1) = dj W3 (uti =2, 1) Yte (0,1)\ 4. (7.3.13)
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Corollary 7.3.4. Let ', p?, p® € Po(X), put? e T(uh, p?), t €[0,1], and

pe € D(p'2, 1) such that (7} %% 4 € To(ui™2, 1%) as in Proposition 7.3.1.
Then
d B f
EVV%(N% ) SWE (6P 0®) = Wi (' 1®) + 2t = DWW (u', 17
1 — —
= (W2 (a2 %) = W2t ) = WE (=2, 1%))

1 - -
(W2 (=2 0h) + WR G2 ) = W2, (%))

d End
— W3 (g 7%, 1),

<
T odt-

(7.3.14)
In particular, equality holds in the previous formula whenever t belongs to the set
of differentiability of the distance, i.e. t € (0,1)\ A",

Proof. We simply observe that
W3 (g2 u®) S Wi (g2 u®) it # 6 Wa(uy 2 u®) = W (2, 1),

and we apply (7.3.9) and (7.3.5), (7.3.6), (7.3.7) to evaluate the right and left
derivatives. 0

We conclude this section by a precise characterization of the right derivative
(7.3.14) at time t = 0; we need to introduce some more definitions.

Definition 7.3.5 (A new class of multiple plans). Let u'? € 925(X?) and p? €
P5(X). We say that p € T(pt?2, 143) belongs to To(pt?, 1) ifﬂ;gﬂ € To(ut, ).

Proposition 7.3.6. Let u'? eT(ut, p?), p3 € Po(X). Then for every peTo(ul?, u?)
such that

/ |x2—x3|2du:min{/ |zo — 232 dv v EFO(M127M3)} (7.3.15)
X3 X3
we have

d —
i Ve )]y = (Wa2, %) = WE( %) = WE (', ) )
= —2/ (2 — x1,23 — 1) dpt. (7.3.16)
X3
Proof. We already know by (7.3.14) that

d e
o V) < (WE2, %) = WE( %) = WE (', ) )
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so that we simply have to prove the opposite inequality. Let .4 be the negligible
set defined by (7.3.13); thanks to (7.3.14) and to the semiconcavity of the squared

distance map, we have

d e d
— W3 (w2, 1)

2 1—2 3
dt+ ( )

= 1' -
tlongy dit 2\t
= 1 —(W2 27 3 _W212 1—>27 2 _W2 1_>27 3 )
uo,lgzlm 1—¢ o, (175 127) 2 (k7 p0) S 7% 1)
> (W ) = Wit ) = WG %)),

where p is any narrow accumulation point of p, as t | 0. By Proposition 7.1.3
Ty = p' %, mPpg € To(p!, ). Invoking (7.3.14) again, we conclude. O

Since the integrals of |11 —22|? and of |21 — 23|? do not depend on the choice
of v € Ty(put?, 1), we can reformulate (7.3.16) as

d 27,152 3 _ :
EWQ (7% 1 )|t:0 = VGFor?;le,lﬁ) -2 - (x9 — w1, 23 — 1) dv.  (7.3.17)






Chapter 8

Absolutely Continuous Curves
in &,(X) and the Continuity
Equation

In this chapter we endow Z7,(X), when X is a separable Hilbert space, with a
kind of differential structure, consistent with the metric structure introduced in
the previous chapter. Our starting point is the analysis of absolutely continuous
curves fi; : (a,b) — Z,(X) and of their metric derivative |p'|(¢): recall that these
concepts depend only on the metric structure of 2,(X), by Definition 1.1.1 and
(1.1.3). We show in Theorem 8.3.1 that for p > 1 this class of curves coincides with
(distributional, in the duality with smooth cylindrical test functions) solutions of
the continuity equation

%utJrV«(vtut) =0 in X x (a,b).
More precisely, given an absolutely continuous curve i, one can find a Borel time-
dependent velocity field v : X — X such that |[v¢| pro(,,) < |1/|(t) for L1-ace.
t € (a,b) and the continuity equation holds. Conversely, if u; solve the continuity
equation for some Borel velocity field vy with f: Vel e () dt < 400, then puy is
an absolutely continuous curve and [[v¢| 1p(,,) > [1/|(t) for L -a.e. t € (a,b).

As a consequence of Theorem 8.3.1 we see that among all velocity fields
v; which produce the same flow pi;, there is a unique optimal one with smallest
LP(p4; X)-norm, equal to the metric derivative of p;; we view this optimal field as
the “tangent” vector field to the curve u;. To make this statement more precise,
one can show that the minimality of the L” norm of v; is characterized by the

property

ve € {Jg(Vp) 1 o € Cyl(X))}

0 for #'-ae. t € (a,b), (8.0.1)
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where ¢ is the conjugate exponent of p and j, : L (p; X) — LP(u; X) is the duality
map, i.e. j,(v) = |v|?72v (here gradients are thought as covectors, and therefore
as elements of L9).

The characterization (8.0.1) of tangent vectors strongly suggests, in the case
p = 2, to consider the following tangent to P5(X)

L2 (X
Tan, Z5(X) :={Ve: ¢ e Cyl(X)} (i)

Yu e P5(X), (8.0.2)
endowed with the natural L? metric. Moreover, as a consequence of the charac-
terization of absolutely continuous curves in Z(X), we recover the BENAMOU—
BRENIER (see [21], where the formula was introduced for numerical purposes)
formula for the Wasserstein distance:

1
. d
W3 (1o, p1) = min {/ 0172 (0 x) - pTiadn V(i) = 0} : (8.0.3)
0

Indeed, for any admissible curve we use the inequality between L? norm of v; and
metric derivative to obtain:

1 1
gyt = [P0 bt = WG )

Conversely, since we know that &?5(X) is a length space, we can use a geodesic
uy and its tangent vector field v; to obtain equality in (8.0.3). Similar arguments
work in the case p > 1 as well, with the only drawback that a priori the L? closure
of j,(V¢) is not a vector space in general, so we are able only to define a tangent
cone. We also show that optimal transport maps belong to Tan,%,(X) under
quite general conditions.

In this way we recover in a more general framework the Riemannian inter-
pretation of the Wasserstein distance developed by OTTO in [107] (see also [106],
[83]) and used to study the long time behaviour of the porous medium equation.
In the original paper [107], (8.0.3) is derived in the case X = R? using formally
the concept of Riemannian submersion and the family of maps ¢ — ¢xp (indexed
by p < £?) from ARNOLD’s space of diffeomorphisms into the Wasserstein space.
In OTTO’S formalism tangent vectors are rather thought as s = d% 1y and these
vectors are identified, via the continuity equation, with —D - (vsp:). Moreover vg
is chosen to be the gradient of a function g, so that D - (Visu,) = —s. Then the
metric tensor is induced by the identification s — V¢, as follows:

(5.8, = [ (Vo Vi) i

As noticed in [107], both the identification between tangent vectors and gradients
and the scalar product depend on p¢, and these facts lead to a non trivial geometry



8.1. The continuity equation in R? 169

of the Wasserstein space. We prefer instead to consider directly v; as the tangent
vectors, allowing them to be not necessarily gradients: this leads to (8.0.2).

Another consequence of the characterization of absolutely continuous curves
is a result, given in Proposition 8.4.6, concerning the infinitesimal behaviour of
the Wasserstein distance along absolutely continuous curves p;: given the tangent
vector field vy to the curve, we show that

lim W (ktyns (84 hog) g pat)

= f La.e. .
Lim 7 0 or L -a.e. t € (a,b)

Moreover the optimal transport plans between p; and 45, rescaled in a suitable
way, converge to the transport plan (¢ X v;)xp, associated to v, (see (8.4.6)). This
proposition shows that the infinitesimal behaviour of the Wasserstein distance is
governed by transport maps even in the situations when globally optimal transport
maps fail to exist (recall that the existence of optimal transport maps requires
regularity assumptions on the initial measure p). As a consequence, we will obtain
in Theorem 8.4.7 a formula for the derivative of the map ¢ — WP (i, v).

8.1 The continuity equation in R?

In this section we collect some results on the continuity equation
Orpe + V- (vgps) =0 in R x (0,7), (8.1.1)

which we will need in the sequel. Here p; is a Borel family of probability measures

on R? defined for ¢ in the open interval I := (0,7), v : (x,t) — vs(7) € R is a
Borel velocity field such that

T
/ / lvg ()| dp () dt < 400, (8.1.2)
0o Jrd

and we suppose that (8.1.1) holds in the sense of distributions, i.e.

/0 -/Rd (6t<p(l',t) + <Ut(1'), Vx@(x,t») dut(x) dt =0,
Vi € CXRY x (0,T)).

(8.1.3)

Remark 8.1.1 (More general test functions). By a simple regularization argument
via convolution, it is easy to show that (8.1.3) holds if p € C} (R? x (0,T’)) as well.
Moreover, under condition (8.1.2), we can also consider bounded test functions ¢,
with bounded gradient, whose support has a compact projection in (0,7") (that is,
the support in z need not be compact): it suffices to approximate ¢ by @xr where
Xr € CX(R?),0< xgr <1, |Vxgr| <2 and xYg = 1 on Bg(0). This more general
choice of the test functions is consistent with the infinite-dimensional case, where
cylindrical test functions will be considered, see Definition 5.1.11 and (8.3.8).
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First of all we recall some (technical) preliminaries.

Lemma 8.1.2 (Continuous representative). Let u: be a Borel family of probability
measures satisfying (8.1.3) for a Borel vector field vy satisfying (8.1.2). Then there
ezists a narrowly continuous curve t € [0,T] — fi; € P(R?) such that y; = fi; for
Lra.e. t € (0,T). Moreover, if o € CL(R? x [0,T]) and t; <ty € [0,T] we have

/ (s 12) dfigy (2) — / (@, tr) dfig, ()

R . (8.1.4)

= /(3t¢+<vs0,vt>)dut($)dt-
t1 R4

Proof. Let us take ¢(z,t) = n(t)((z), n € C(0,T) and ¢ € C(RY); we have

[0 [ cwan@)a= [ o [ @) anw) .
so that the map
0 @) = [ cle) duuta)

belongs to W11(0,T) with distributional derivative

1:(¢) = /]Rd (V¢(x),ve(2)) dpg () for Lr-ace. t € (0,T) (8.1.5)
with
(O < V(#) s]gf\vd, V(t) = /R v ()| dpe(x), V€ LY0,T).  (8.1.6)

If L is the set of its Lebesgue points, we know that #1((0,7) \ L¢) = 0. Let us
now take a countable set Z which is dense in C!(R?) with respect the usual C!
norm ||(||¢r = supgra(|¢],|V(]) and let us set Ly := N¢ezLc. The restriction of
the curve p to Ly provides a uniformly continuous family of bounded functionals
on C}(RY), since (8.1.6) shows

1£(0) — 1a(O)] < ¢l / VO)dA ¥st€ Ly

Therefore, it can be extended in a unique way to a continuous curve {i }+c[o,7]
in [CHRY)). If we show that {ju}ser, is also tight, the extension provides a
continuous curve in Z(R%).

For, let us consider nonnegative, smooth functions ¢, : R — [0,1], k € N,
such that

Ce(x)=1 if || <k, CG(x)=0 if|z|>k+1, |Vi(x)|<2.
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It is not restrictive to suppose that ¢, € Z. Applying the previous formula (8.1.5),
for t, s € Lz we have

T
@) = ol Sac=2 [ [ @)l du(o) i
0 k<|z|<k+1
with Zﬁ: ap, < 4oo. For a fixed s € Lz and € > 0, being p, tight, we can find
k € N such that ps(¢x) > 1 —¢/2 and ax < /2. It follows that
pe(Br+1(0)) = pu(C) =21 —€e Vi€ Ly.

Now we show (8.1.4). Let us choose ¢ € CL(R? x [0,7]) and set @.(z,t) =
Ne(t)(x,t), where n. € C°(ty1,t2) such that

0< Ws(t) <1, laif{)lne(t) = X(tl,tz)(t) Vte [O?T], 1&-:1{87]; = 6t1 - 6t2

in the duality with continuous functions in [0, 7]. We get
T
= / a (at(ﬂggO) + <Vz(n€go),yt>) dp () dt
o Jr

= /OT ne(t) /Rd (31:%0(%75) + <Ut(1‘)7vx<ﬂ($at)>) dp () dt

" /OT e (1) /R (1) diig () dt.

Passing to the limit as ¢ vanishes and invoking the continuity of i, we get (8.1.4).
O

Lemma 8.1.3 (Time rescaling). Let t : s € [0,7'] — t(s) € [0,T] be a strictly
increasing absolutely continuous map with absolutely continuous inverse s .=t~ 1.
Then (g, vy) is a distributional solution of (8.1.1) if and only if

pi=pot, v:=tvot, is a distributional solution of (8.1.1) on (0,T").

Proof. By an elementary smoothing argument we can assume that s is continuously
differentiable and s’ > 0. We choose ¢ € C}(R? x (0,7")) and let us set ¢(z,t) :=
&(z,s(t)); since ¢ € CHR? x (0,T)) we have

! _/ /Rd (5'()0sp(x,5(1) + (V(w,8(1)), () dpe () dt
/ / )+ (Vad(z,s(t)), Z’jgf)) >) dpe () dt
/ / ( P (x (Vap(z,5),t(s )Ut(s)($)>> dfis(x) ds .



172 Chapter 8. A.C. Curves in &,(X) and the Continuity Equation

When the velocity field v; is more regular, the classical method of character-
istics provides an explicit solution of (8.1.1).

First we recall an elementary result of the theory of ordinary differential
equations.

Lemma 8.1.4 (The characteristic system of ODE). Let v; be a Borel vector field
such that for every compact set B C R?

T
/ (sup |os| + Lip(vs, B)) dt < +oc. (8.1.7)
0 B
Then, for every x € R and s € [0,T] the ODE

iXt(x,s) = v (Xe(x, 9)), (8.1.8)

Xs(z,8) =z,
(z,s) =x p

admits a unique mazimal solution defined in an interval I(x,s) relatively open in
[0,T] and containing s as (relatively) internal point.

Furthermore, if t — |X¢(z,s)| is bounded in the interior of I(x,s) then I(x,s) =
[0,T7]; finally, if v satisfies the global bounds analogous to (8.1.7)

T
S = / (sup vy | + Lip(vt,Rd)) dt < 400, (8.1.9)
0 Rd
then the flow map X satisfies
T
/ sup |0: X¢(x, s)| dt < S, sup  Lip(X(-,s),R%) < e”. (8.1.10)
0 zeR4 t,s€[0,T]

For simplicity, we set X¢(z) := X(x,0) in the particular case s = 0 and
we denote by 7(x) := sup I(z,0) the length of the maximal time domain of the
characteristics leaving from = at ¢t = 0.

Remark 8.1.5 (The characteristics method for backward first order linear PDE’s).
Characteristics provide a useful representation formula for classical solutions of the
backward equation (formally adjoint to (8.1.1))

oo+ (v, Vo) =9 inRYx (0,T), o(x,T)=pr(z) zeR? (8.1.11)

when, e.g., 1 € CLH(R? x (0,7)),pr € C}H(R?) and v satisfies the global bounds
(8.1.9), so that maximal solutions are always defined in [0,7]. A direct calculation
shows that

T
o(z,t) == or(Xr(z,t)) —/t P(Xs(x,t),s)ds (8.1.12)

solve (8.1.11). For X (X(z,0),t) = X,(x,0) yields

T
P(X0(,0), 1) = pr(Xr(,0)) - / $(X,(x,0), 5) ds,
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and differentiating both sides with respect to ¢t we obtain

192 00,9 | (X4020).0) = 0, 0,0

Since x (and then Xy(z,0)) is arbitrary we conclude that (8.1.18) is fulfilled.

Now we use characteristics to prove the existence, the uniqueness, and a
representation formula of the solution of the continuity equation, under suitable
assumption on v.

Lemma 8.1.6. Let v; be a Borel velocity field satisfying (8.1.7), (8.1.2), let po €
P(RY), and let X, be the mazimal solution of the ODE (8.1.8) (corresponding to
s =0). Suppose that for some t € (0,T)

m(x) >t for uo-a.e. x € RY. (8.1.13)

Then t v py == (X¢)ppo is a continuous solution of (8.1.1) in [0,1].

Proof. The continuity of p; follows easily since lim,_+ Xs(z) = X¢(x) for pop-a.e.
x € R%: thus for every continuous and bounded function ¢ : R? — R the dominated
convergence theorem yields

lim Cdue—hm/é )) dpo( /cxf ) djiol) = /Rdcdut.

s—t

For any ¢ € C®(R? x (0,7)) and for pg-a.e. € R? the maps t — ¢(z) =
©(X¢(z),t) are absolutely continuous in (0,), with

Gi() = Bip(Xi(w), 1) + (Voo Xo (), 1), 0 (Xo(2))) = A( 1) 0 Xy,
where A(z,t) = Opp(z,t) + (V(z,t),v(z)). We thus have

//|¢t )| dito () dt = /T IA(X,(2), )] disol) dt
/ [ G0l dpo)
< Lip(y) T+/0 /R (o ()| dje () dt) < +00

and therefore

0= [ eleDduto) = | o0 du@) = [ (o(Xi@).0) = 0(2.0)) duo(2)

/ / du(a) dt) dpo(a / (00 + (Vio, 00)) dpy dt,
R4 Rd

by a simple application of Fubini’s theorem. O
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We want to prove that, under reasonable assumptions, in fact any solution
of (8.1.1) can be represented as in Lemma 8.1.6. The first step is a uniqueness
theorem for the continuity equation under minimal regularity assumptions on the
velocity field. Notice that the only global information on v; is (8.1.14). The proof,
based on a classical duality argument (see for instance [57, 9]), could be much
simplified by the assumption that the velocity field is globally bounded, but we
prefer to keep here a version of the lemma stronger than the one actually needed
in the proof of Theorem 8.3.1.

Proposition 8.1.7 (Uniqueness and comparison for the continuity equation). Let
ot be a narrowly continuous family of signed measures solving Oror+V - (vioy) = 0
in R x (0,T), with o9 <0,

T
/0 /R loe| djore|dt < +o0, (8.1.14)

and

T
/ (|at|(B) + sup |v¢| + Lip(vy, B)> dt < 400
0 B

for any bounded closed set B C R, Then a; <0 for any t € [0,T].
Proof. Fix ¢ € C*(R? x (0,T)) with 0 < ¢ < 1, R > 0, and a smooth cut-off
function

Xr(-) = X(-/R) € C>(R?) such that 0 < Xp < 1, [VXg| < 2/R,

y (8.1.15)
Xr =1 on Br(0), and Xg =0 on R*\ Byr(0).
We define w; so that w; = vy on Bag(0) x (0,7T), wy =0 if ¢t ¢ [0,T] and

sup |wy| + Lip(wy, RY) < sup |v¢| + Lip(vy, Bog(0)) YVt € [0,7).  (8.1.16)
R4 Bar(0)

Let w§ be obtained from w; by a double mollification with respect to the space
and time variables: notice that wi satisfy

T
sup / (sup |wg| + Lip(wf,Rd)) dt < +o0. (8.1.17)
cc0,1)Jo N Rd

We now build, by the method of characteristics described in Remark 8.1.5, a
smooth solution ¢° : R? x [0,T] — R of the PDE

0p®

ot

+ (w§, V) =9 inRIx (0,T), ¢°(2,T)=0 zecR™L (8.1.18)

Combining the representation formula (8.1.12), the uniform bound (8.1.17), and
the estimate (8.1.10), it is easy to check that 0 > ¢° > —T and |V¢°| is uniformly
bounded with respect to ¢, t and =x.
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We insert now the test function ¢°Xg in the continuity equation and take
into account that oy < 0 and ¢° < 0 to obtain

T
6 (>
0 > —/ (PEXRCZO'O:/ / XR Ld + (v, XgV¢© + "V XR) dodt
Rd o Jrd ot
T T
= [ [ xato o= i Ve dowdi [ o (T v dov
0 JRd 0 JRd
>

T T
/ / XR(z/J+(vt—w§,V<p5>)datdt—/ / VX al[vr] o dt.
0 Rd 0 Rd

Letting € | 0 and using the uniform bound on |V¢®| and the fact that w; = v; on
supp Xg X [0, 7], we get

T T 2 T
/ / XRz/Jdatdtg/ / |VXR||vt|d|at|dt§—/ / (v dlor | dt.
0 Jre 0o Jre R Jo Jr<|z|<2r

Eventually letting R — oo we obtain that fOT Jga ¥ doydt < 0. Since 1 is arbitrary
the proof is achieved. O

Proposition 8.1.8 (Representation formula for the continuity equation). Let pi,
t € [0,T], be a narrowly continuous family of Borel probability measures solving
the continuity equation (8.1.1) w.r.t. a Borel vector field v, satisfying (8.1.7) and
(8.1.2). Then for pg-a.e. x € RY the characteristic system (8.1.8) admits a globally
defined solution X(x) in [0,T] and

= (Xo)ppo Vtel0,T). (8.1.19)

Moreover, if
T
/ / lvg (@) |P dpe () dt < +o00  for some p > 1, (8.1.20)
o Jrd
then the velocity field v, is the time derivative of X; in the LP-sense

T—h
lim
hi0 Jo Rd

X t) —
}lLin%) W =w(x) in LP(u;RY)  for Ll-ae. t € (0,T). (8.1.22)

Xt+h($ Xt(l') P

— v (Xe(x))| dpo(z)dt =0, (8.1.21)

) —
h

Proof. Let Es = {7 > s} and let us use the fact that, proved in Lemma 8.1.6,
that ¢ — Xy, (Xg, o) is the solution of (8.1.1) in [0, s]. By Proposition 8.1.7 we
get also

Xy (Xp, o) < pt whenever 0 < t < s.
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Using the previous inequality with s =t we can estimate:
m(z)
[, sw i) sl < [ [ 1) duole)
RY (0,7(z)) re Jo
()
= [ [ @)l duola)
rd Jo

- / ' [E X))

T
/ / |Ut| d,ut dt.
0 R4

It follows that X,(x) is bounded on (0, 7(z)) for pug-a.e. z € R% and therefore X;
is globally defined in [0, T for ug-a.e. in R%. Applying Lemma 8.1.6 and Proposi-
tion 8.1.7 we obtain (8.1.19).

Now we observe that the differential quotient Dy (z,t) := h™Y(Xyin(x) —
X¢()) can be bounded in LP(ug x £*) by

/OTh/Rd Xt+h(x)h— Xi(x)
T—h
L

T—h 1 h
<[ [ [ e K@) dsduo(e)di
0 R4 0

</ [ R P ity < 4o

IN

p
dpo(x) dt

p

1 h
i [ e (X @) ds| duo(o)
0

Since we already know that Dj, is pointwise converging to v; o X; g x Z1-a.e. in
R? x (0,T), we obtain the strong convergence in LP(up x £1), i.e. (8.1.21).

Finally, we can consider ¢ — X;(-) and ¢ +— v;(X;(-) as maps from (0,7") to
LP(po; RY); (8.1.21) is then equivalent to

p

- Ut(Xt) dt = 0)

lim

T Xon — Xy
R0 Jo h

LP (po;RY)

and it shows that ¢ — X;(-) belongs to ACP(0,T; L?(up; RY)). General results for
absolutely continuous maps in reflexive Banach spaces (see 1.1.3) yield that X is
differentiable .#!-a.e. in (0,7), so that

P

Xiin(@) = Xi(x) dug(z) =0 for Ll-ae. t € (0,7).

h

— v (X ()

lim
h—0 Jrd

Since Xyin(x) = Xp(Xe(x),t), we obtain (8.1.22). O
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Now we state an approximation result for general solution of (8.1.1) with
more regular ones, satisfying the conditions of the previous Proposition 8.1.8.

Lemma 8.1.9 (Approximation by regular curves). Let p > 1 and let p; be a time-
continuous solution of (8.1.1) w.r.t. a velocity field satisfying the p-integrability
condition

/T/ oo ()P djaa() dt < +oo. (8.1.23)
0 Rd

Let (p.) € C®(RY) be a family of strictly positive mollifiers in the x variable,
(e.g. pe(x) = (2me) Y2 exp(—|x|?/2¢)), and set

_ Bt

=t (8.1.24)
M

pg = pex pe,  Ef = (vgpe) % pe, v

Then p§ is a continuous solution of (8.1.1) w.r.t. v, which satisfy the local regu-
larity assumptions (8.1.7) and the uniform integrability bounds

[ li@p i) < [ ju@P duts) vYee 0.7) (8.1.25)
R R
Moreover, Ef — vy narrowly and

s 051 oy = 0l ¥ € (0.7) (8.1.26)

Proof. With a slight abuse of notation, we are denoting the measure p7 and its
density w.r.t. .Z? by the same symbol. Notice first that |E%|(t,-) and its spatial
gradient are uniformly bounded in space by the product of ||vs||1(,,) with a con-
stant depending on e, and the first quantity is integrable in time. Analogously,
|5 ](t, ) and its spatial gradient are uniformly bounded in space by a constant de-
pending on e. Therefore, as v§ = Ef/uf, the local regularity assumptions (8.1.7)
is fulfilled if
\z|§Ri,I}:fe[0,T] pi(x) >0 for any € > 0, R > 0.

This property is immediate, since p; are continuous w.r.t. ¢ and equi-continuous
w.r.t. z, and therefore continuous in both variables.

Lemma 8.1.10 shows that (8.1.25) holds. Notice also that u§ solve the conti-
nuity equation

oS +V - (vips) =0 inR?x(0,7), (8.1.27)

because, by construction, V - (v§ uf) = V- ((vepir) * pe) = (V- (vepir)) * pe. Finally,
general lower semicontinuity results on integral functionals defined on measures of

the form
p

dp

Re | M
(see for instance Theorem 2.34 and Example 2.36 in [11]) provide (8.1.26). O

(B, p) —
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Lemma 8.1.10. Let p > 1, u € P(R?) and let E be a R™-valued measure in R?
with finite total variation and absolutely continuous with respect to p. Then

J.

for any convolution kernel p.

p

E
%P du

W p

p / E
wx pdr <
Rd | K

Proof. We use Jensen inequality in the following form: if ® : R™*! — [0, +00] is
convex, l.s.c. and positively 1-homogeneous, then

o[ voas) < [ o) o)

for any Borel map 1 : RY — R™*! and any positive and finite measure 6 in R?
(by rescaling 6 to be a probability measure and looking at the image measure 40
the formula reduces to the standard Jensen inequality). Fix z € R? and apply the
inequality above with ¢ := (E/u, 1), 0 := p(x — ) and

p
2 ift>0
tp—1
®(z,1) == {0 if (2,t) = (0,0)
400 if either t <0 ort =0,z # 0,

to obtain
Exp(x)|? </ E
— xplx) = @ —(y x—ydy,/ x —y)du(y
B o) [ E Wit auty). [ e = s)auty)
E
< / O(—(y), Dp(z —y) du(y)
Re M
E p
= / —|W)p(x = y) du(y).
Re | M
An integration with respect to x leads to the desired inequality. O

8.2 A probabilistic representation of solutions of the
continuity equation

In this section we extend Proposition 8.1.8 to the case when the vector field fails to
satisfy (8.1.7) and is in particular not Lipschitz w.r.t. z. Of course in this situation
we have to take into account that characteristics are not unique, and we do that
by considering suitable probability measures in the space 't of continuous maps
from [0, 7] into R, endowed with the sup norm. The results presented here are not
used in the rest of the book, but we believe that they can have an independent
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interest. Indeed, this kind of notion plays an important role in the uniqueness
and stability of Lagrangian flows in [10] and provides an alternative way to the
approach of [57].

Our basic representation formula for solutions p; of the continuity equation
(8.1.1) is given by

/@dul’:: / oyt dn(z,y)  Vpe CORY, te[0,T]  (821)
Rd RedxTp

where 7 is a probability measure in R? x I'z. In the case when 7 is the push
forward under z — (z, X.(z)) of po (here we are considering X as a function
mapping * € R? into the solution curve ¢ — X;(z) in I'r) we see that the measures
g implicitly defined by (8.2.1) simply reduce to the standard ones considered in
Proposition 8.1.8, i.e. uy’ = X¢(+)4p0.

By introducing the evaluation maps

e : (r,7) ERYx Ty ~(t) €RY, for t €[0,T], (8.2.2)
(8.2.1) can also be written as

pi = (ee)wm. (8.2.3)

Theorem 8.2.1 (Probabilistic representation). Let p; : [0,7] — Z(R?) be a nar-
rowly continuous solution of the continuity equation (8.1.1) for a suitable Borel
vector field v(t,z) = vi(x) satisfying (8.1.20) for some p > 1. Then there exists a
probability measure 1 in R x T'p such that

(i) m is concentrated on the set of pairs (x,7) such that v € ACP(0,T;R?) is a
solution of the ODE #(t) = vy(y(t)) for Lt -a.e. t € (0,T), with v(0) = x;

(i) we = py for any t € [0,T), with py! defined as in (8.2.1).

Conversely, any n satisfying (i) and

T
/ / loe(v(2))] dn(x, ) dt < 400, (8.2.4)
0 JRixTs

induces via (8.2.1) a solution of the continuity equation, with fio = (0)xn.

Proof. We first prove the converse implication, since its proof is much simpler.
Indeed, notice that due to assumption (i) the set F of all (¢,z,) such that ei-
ther 4(t) does not exist or it is different from v;(y(t)) is £ x n-negligible. As a
consequence, we have

A(t) = v (y(t)) m-ace., for L'-ae. t € (0,T).

It is immediate to check using (8.2.1) that ¢ — uj' is narrowly continuous. Now
we check that ¢ — [ (dpy is absolutely continuous for ¢ € C'(R?) bounded and
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with a bounded gradient. Indeed, for s < ¢ in I we have

<[] MT|<v<<v<f>>,v<f>>\dndr

nwm// o (7(7)| d di.
RdxTp

By (8.2.4) this inequality immediately gives the absolute continuity of the map.
We have also

%/Rdgdu? = %/Rdxmdv(t))dn
[ e aondn = [ (6w du?
RdxTr R4

‘ [ canr— [ cant

IN

for #t-a.e. t € (0,T). Since this pointwise derivative is also a distributional one,
this proves that (8.1.4) holds for test function ¢ of the form {(x)(t) and therefore
for all test functions.

Conversely, let s, v; be given as in the statement of the theorem and let
us apply the regularization Lemma 8.1.9, finding approximations uj, vi satisfying
the continuity equation, the uniform integrability condition (8.1.2) and the local
regularity assumptions (8.1.7). Therefore, we can apply Proposition 8.1.8, obtain-
ing the representation formula pf = (X7)xp§, where X5 is the maximal solution
of the ODE Xf = v§(X§) with the initial condition X§ = x (see Lemma 8.1.4).
Thinking X¢ as a map from R? to 'y, we thus define

n® = (i x X7)yus € PR x T'p).

Now we claim that the family n° is tight as € | 0 and that any limit point n fulfills
(i) and (ii). The tightness of the family can be obtained from Lemma 5.2.2, by
choosing the maps 7!, r? defined in R? x I'y

2

rl:(z,y)— xR r2:i(2,9) >y -z €Ty, (8.2.5)

and noticing that r : r! x 72 : R x 'y — R? x I'p is proper, the family r;m‘f is
given by the first marginals p§ which are tight (indeed, they narrowly converge to
1%), while 8% := r%n° satisfy

/rT /OT |5[P dt dB° /Rd /T | X5 () P dt dyes ()
/Rd/ 0f (XE)|P dt du (« / / ) i (o)
/0 /R [ve(2)[” dpe () dt

IN
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Since for p > 1 the functional v — fOT |%|P dt (set to +oo if v ¢ ACP((0,T); R?) or
~(0) # 0) has compact sublevel sets in I'r, also 3° is tight, due to Remark 5.1.5.

Let now 1 be a narrow limit point of n°, along some infinitesimal sequence
€;. Since

/ il = / oy () dn = / P(XE) dugt = / oy
Rd RdxIp R4 R4

for any ¢ € CP(R?), we can pass to the limit as i — oo to obtain that puy = i, so
that condition (ii) holds.

Finally we check condition (i). Let w(t, z) = wi(x) be a bounded uniformly
continuous function, and let us prove the estimate

[ o= [y ano < e | R

p

(8.2.6)
Indeed, we have
AerT V(t) — X — /0 w.,.('y(q-)) dr dna(x,y)
B /]Rd Xi(@) /0 (X5 (7)) d du” (z)

Ll

<P~ 1// v: —w,|Pdpg dr

< 2tp1// |vs — wi|P dus dr + 2tp1// |ws — w, P dus dr
Rd
< (2T)P~ 1/ / r — we [P dp, dr + (27)P~ 1/ sup |we(z) — wy(2)|P dr,
R4 0 zcRd
where in the last two inequalities we have added and subtracted w: := w; * p.

and then used Lemma 8.1.10. Setting ¢ = ¢; and passing to the limit as i —
oo we recover (8.2.6), since the function under the integral is a continuous and
nonnegative test function in R x I'r.

Now let p := fOT we dL1(t) the Borel measure on R? x (0,7) whose disin-
tegration with respect to £ is {ju}ie(o,r) and let w™ € CY(R? x (0,7); RY) be
continuous functions with compact support converging to v in LP(u; R?). Using
the fact that u; = p; we have

T T
/ / [0 (4 (7)) — e (4 ()P dr diy = / / ! — 0, P dpy dr — 0,
RdxIy JO 0 R4

as n — oo so that, using the triangular inequality in LP(n), we can pass to the
limit as n — oo in (8.2.6) with w = w™ to obtain

/Rder V) - = /Ot v ((7)) dr

’ dn(z,v)=0 Vte|0,T], (8.2.7)
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and therefore

y(t) —x — /0/ vr(y(r))dr =0 for n-a.e. (x,7)

for any t € [0, T]. Choosing all ¢’s in (0, 7)NQ we obtain an exceptional n-negligible
set that does not depend on ¢t and use the continuity of v to show that the identity
is fulfilled for any ¢ € [0, T7. O

Notice that due to condition (i) the measure 7 in the previous theorem can
also be identified with a measure o in 'y whose projection on R via the map
ep : v — ¥(0) is o and whose corresponding disintegration o = fRd o, dug(x) is
made by probability measures o, concentrated on solutions of the ODE starting
from z at ¢ = 0. In this case (8.2.1) takes the simpler equivalent form

/Liwdu?:=t/ p(r(D)do()  Vpe CYRY, te[0,T]. (328

I'r

Finally we notice that the results of this section could be easily be extended
to the case when R is replaced by a separable Hilbert space, using a finite dimen-
sional projection argument (see in particular the last part of the proof of Theorem
8.3.1).

8.3 Absolutely continuous curves in &,(X)

In this section we show that the continuity equation characterizes the class of
absolutely continuous curves in Z2,(X), with p > 1 and X separable Hilbert space
(see [9] for a discussion of the degenerate case p = 1 when X = R%).

Let us first recall that the map j, : L(u; X) — L9(p; X) defined by (here
g = p' is the conjugate exponent of p)

. [v[P~2v  if v #£ 0,
v jp(v) = {0 PO (8.3.1)

provides the differential of the convex functional
1
veLP(u;X)— 5/ [v(2)|P dp(z), (8.3.2)
X

for every measure p € Z(X); in particular it satisfies

HMMthW%Wm=Lm@MM@, (8.3.3)

w=jy(v) <= v=jg(w), (8.3.4)
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1 1 .
Z_)”’UHZL),P(M;X) - EHwHZ[),P(H,X) 2 <jp('LU)7'U - w> V’U,w € LP(M7X) (835)

Recall that the space of smooth cylindrical functions Cyl(X') has been introduced
in Definition 5.1.11; the space Cyl(X x I), I = (a,b) being an open interval, is
defined analogously considering functions ¢ € C°(R% x I) and functions ¢(z,t) =
P(m(z),t).

Theorem 8.3.1 (Absolutely continuous curves and the continuity equation). Let T
be an open interval in R, let py : I — P2,(X) be an absolutely continuous curve
and let |@'| € LY(I) be its metric derivative, given by Theorem 1.1.2. Then there
exists a Borel vector field v : (z,t) — vi(x) such that

vy € LP(py; X)), vl 2o (e x) < |1[(2) for Lt-ae tel, (8.3.6)
and the continuity equation
875 ot + V- (Ut/,ét) =0 m X x 1 (837)

holds in the sense of distributions, i.e.

/I/X (atga(cc,t) + (ve(x), Vep(x, t))) du(x)dt =0 Ve e Cyl(X xI). (8.3.8)

Moreover, for £'-a.e. t € I j,(vi) belongs to the closure in L%(ui, X) of the
subspace generated by the gradients Vo with ¢ € Cyl(X).

Conversely, if a narrowly continuous curve p, : I — P,(X) satisfies the continuity
equation for some Borel velocity field vy with ||ve|| e (u,;x) € L' (1) then puy : T —
Py(X) is absolutely continuous and |p'|(t) < [|ve|| Loy x) for L -ae. t € 1.

Proof. Taking into account Lemma 1.1.4 and Lemma 8.1.3, we will assume with
no loss of generality that || € L>(I) in the proof of the first statement. To fix
the ideas, we also assume that I = (0, 1).

First of all we show that for every ¢ € Cyl(X) the function t — pu:(p) is
absolutely continuous, and its derivative can be estimated with the metric deriva-
tive of y;. Indeed, for s, t € I we have, for p , € T'o(1s, i¢) and using the Holder
inequality,

() — 1a()] = ] [ o0 = 0)) dia| < i)Wy ),

whence the absolute continuity follows. In order to estimate more precisely the
derivative of p;(p) we introduce the upper semicontinuous and bounded map

V()| ifz =y,

H(z,y) = @ =Wl 4, 2y
|z — gy ,
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and notice that, setting p), = p(;1 )5, we have

sn(p) —ps(e)l 1 |
|| ~[hl Jxxx

1/
i) ([ ey
|h| XxX

where ¢ is the conjugate exponent of p. If ¢ is a point where s +— g is metri-
cally differentiable, using the fact that p;, — (x,2)xp: narrowly (because their
marginals are narrowly converging, any limit point belongs to T'y(p, 1) and is
concentrated on the diagonal of X x X) we obtain

1/q
. H ©) — Ht(P
limsup Hern () = 1@ ) ( / IHI"(M)dut) WOl g -

h—0 Ih‘
(8.3.9)
Set @ =X x I and let p = fut dt € Z(Q) be the measure whose disintegration
is {t trer. For any ¢ € Cyl(Q) we have

T — y|H(x7y) d/“h

IN

/&@xsdua:s_hm/ wlz,5) S_h)d,u(x,s)
—tim [ ([ e dite) = [ o5 dnanta)) ds

Taking into account (8.3.9), Fatou’s Lemma yields

< [Wio( [ [wotw it dua) " as

< ([ wrwa)” ([ weapane.)”

(8.3.10)
where J C [ is any interval such that suppp C J x X. If ¥ denotes the closure

] /Q Dup(,5) du(z, )

in LY(u; X) of the subspace V' := {Vgp, pE CyI(Q)}, the previous formula says
that the linear functional L : V' — R defined by

L(Vy) : / Dup(w,5) du(, 5)

can be uniquely extended to a bounded functional on ¥". Therefore the minimum
problem

min {$/Q|w(x,s)qdp(x,s) —L(w): we ”//} (8.3.11)

admits a unique solution w € ¥ such that v := j,(w) satisfies

/Q<v(x,s), V(x,s))du(x,s) = (L, V) Yo € Cyl(Q). (8.3.12)
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Setting v, (z) = v(x,t) and using the definition of L we obtain (8.3.8). Moreover,
choosing a sequence (V¢,,) C V converging to w in L9(u; X), it is easy to show
that for #!-a.e. t € I there exists a subsequence n(i) (possibly depending on t)
such that Vi, (-, t) € Cyl(X) converge in L9(p; X) to w(-,t) = jp(v(-,1)).

Finally, choosing an interval J C I and n € C°(J) with 0 <n <1, (8.3.12)
and (8.3.10) yield

/ 0(s)[o(z, 8)[P dyu(z, s) = / (o, wydp = lim | n(v, Vo) dp
Q

n—oo Q

/p 1/q
= lim (L, V(nen)) /Iu P(s) ds lim (/ IV%I“du)

oo

/p /p 1/q
/ w(syas) " ( / wf?dn)’ / (s as) / ol du) .
XxJ XxJ

Taking a sequence of smooth approximations of the characteristic function of J
we obtain
| [ @ dn@as < [ e s (.3.13)
JJX J

vell 2o, x) < [1/|(t) for L -ae. t €l

and therefore

Now we show the converse implication, assuming first that X = R%. We apply the
regularization Lemma 8.1.9, finding approximations py, vy satisfying the continu-
ity equation, the uniform integrability condition (8.1.2) and the local regularity
assumptions (8.1.7). Therefore, we can apply Proposition 8.1.8, obtaining the rep-
resentation formula pf = (T7)xpu§, where T7 is the maximal solution of the ODE
Tf = o5 (Tf) with the initial condition T§ = z (see Lemma 8.1.4).

Now, taking into account Lemma 8.1.10, we estimate

to .
/Rd |T5, (z) — T, (z)[P dpg - < (tg—tl)”*l/ﬂgd/f T8 ()P dt dpg(8.3.14)
b1

to
= (-t [ pi@r i ar
t1 Rd
ta
(tz—tl)Vl/ / [ve|P dpedt,
t1 Rd

therefore the transport plan v° := (T, x Ty, )4 pug satisfies

IN

to
Wyioni) < [ o= aldy <(a— ™ [ jul? dun e
R2d 2 Rd

Since for every t € I uj converges narrowly to p; as € — 0, Lemma 7.1.3 shows
that for any limit point v of 4 we have

to
Wz‘?(luhwu‘b) < / |'T - y|p d’Y < (t2 - tl)pil / / ‘vtlp dﬂtdt'
R2d t1 R4
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Since t; and ty are arbitrary this implies that p, is absolutely continuous and that
its metric derivative is less than [Jvy|| sy, x) for Zt-a.e. t € I.

We conclude the proof considering the general infinite-dimensional case and
following a typical reduction argument, by projecting measures on finite dimen-
sional subspaces. Let 7 : X — R? be the canonical maps, given by (5.1.28) for an
orthonormal basis (e,,) of X, let uf := Wi&,ut € Z(R?), and let {14y} cra be the
disintegration of ju; with respect to uf asin Theorem 5.3.1. Notice that considering
test functions ¢ = 1 o ¥ in (8.1.3), with Vi = (79)* o Vi o 7?, gives

G [ o) = [ (7). 9% 07 da(z)

= / ([, 0. Vo rt) duwy(a) duity)
R4 (7d)=1(y)
— [ ) duay (@), T i) = [ (), Vol) dufo)
RS (x4)=1(y) R
with v(y) == Jimay-10) ™ 7 (v (2)) dpey (@), and therefore

O pd + V- (wiudy =0 in RY x I.

Notice also that, by similar calculations,

[ et x| = | [ o) @) du

< ”thLP(Nt;X)HXHLq ;L?;Rd)
for any X € L>(uf; R?), hence vaHLp(ug;Rd) < |Jvell Lo (usx)- Therefore t — pf is
an absolutely continuous curve in &,(R%) and

tg t2
Wl ) < / o oty it < / lotliouy dE Vo, ta € I, 1 < to.
t1

ty
Let now
i = (deﬂg = ﬁiﬂm

be the image of the measures ¢ under the isometries (74)* : y Zf y;e;. Passing
to the limit as d — oo and using the narrow convergence of i to p; and (7.1.11)
we obtain

to
Wp(utl,%)g/ lotll ooy dt Vit € 1, 1y < o,
t1

This proves that u; is absolutely continuous and that its metric derivative can be
estimated with [[v¢||Le(u,;x)- O
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In the case when the measures are constant in time, by combining the previ-
ous finite dimensional projection argument and the smoothing technique of Lemma
8.1.9, one obtains an important approximation property. Let us first collect some
preliminary useful properties of orthogonal projections of measures and vector
fields, some of which we already proved in the last part of the above proof.

Lemma 8.3.2 (Finite dimensional projection of vector fields). Let y € Z2,(X),
v € LP(u; X), and let {e,}22, be a complete orthonormal system of X, with the
associated canonical maps 72, (r%)*, 7% given by (5.1.28), (5.1.29), and (5.1.30).

We consider the finite dimensional subspaces X% := span(ey, ..., eq), the measures

ad = friu, the disintegration {piz}zexa of p w.r.t. p¢ given by Theorem 5.3.1,

and the vector field
o(x) = / 7 (v(y)) due(y) for i*-a.e. x € X (8.3.15)
(74) =1 (z)

The following properties hold:

(i) suppa? c X4, 4% — pin Z,(X) as d — oo. If p is regular then also ﬂd|Xd
is reqular;

(ii) o4 € LP (% X4) with
||ﬁd||LP(;1d;Xd) < vl Le(usx)s (8.3.16)

(iii) ©¢ is characterized by the following identity

/(C(w),@d(w»dﬂd(»@):/ (79¢(7(x)), v(@)) du(x), (8.3.17)
X X

for every bounded Borel vector field ¢ : X — X;

(iv) If V - (vu) = 0 (in the duality with smooth cylindrical maps), then also
V- (Odﬂd) =0;

(v) for every continuous function f : X x X — R with p-growth according to
(5.1.21) we have

lim f(z, 9% (z)) dp(z) = /XXXf(x,v(x))du(x). (8.3.18)

d—oo XxX
In particular, 9% — v in the duality with CY(X; X) and

T (0% 2oty = ol o) (8.3.19)

Proof. (i) is immediate and we have seen in the previous proof that (ii) is a direct
consequence of (iii); in order to check this point we simply use the Definition
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(8.3.15) of 94 obtaining

x), 04(x)) dip? T 7 du(y)) djr
| (€)oo i) = /<<<>/(7,d)(> o) dpe () di (2)

/ /d —1( ) Ad )) T U( )>dﬂm( )d/i ( )
= [ (@@ atu@) dute) = [ (#¢(a),v(w) duto)
X X

(iv) follows by (iii) simply choosing ¢ 1= V(Xhe), for ¢ € Cyl(X) and X§ :=

Xgom? as in (8.1.15), and observing that

AU (VR (EFDp(7D)) = V((Kge) 0 7),  (Xge) 07 € Cyl(X).

Therefore we get

~ ~ . ~d ~ ~ . ~d ~
[ Vet dit= Jim [ (V(Ge). 0% di'= im [ (9(() o 7)) du=0.
Finally, (8.3.17) easily yields
Jm [ (¢otdit= [ (o Ve e o (5.3.20)
—ooJX X

taking into account of (8.3.16), of Definition 5.4.3, and of Theorem 5.4.4, we
conclude. 0

Proposition 8.3.3 (Approximation by regular measures). For any p € Z,(X),
any v € LP(p; X) such that V - (vp) = 0 (in the duality with smooth cylindrical
functions), and any complete orthonormal system {ey}n>1, there exist measures
wn € (X)) and vectors vy, € LP(up; X), h € N, such that

i. supp pup, C Xj := span(es,...,ep) (in the finite dimensional case we simply
set Xp, =X),

ii. /J,h|Xh € f@;(Xh),
ili. vp(x) € Xp(x) VaelX, V - (vppn) =0,
iv. pp, — poin Zp(X) as h — oo,

v. for every continuous function f : X x X — R with p-growth according to
(5.1.21) we have

lim @, on(2)) dun(z) = /X @) da. (8.3.21)

h—oo Jxxx

In particular, vpun, — vp in the duality with CY(X; X) and

0 {[on [z g x) = (0]l e i x) -
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Proof. To each finite dimensional measure and vector field provided by Lemma
8.3.2 we apply the smoothing argument of Lemma 8.1.9; the proof is achieved by
a simple diagonal argument. O

8.4 The tangent bundle to &7,(X)

Notice that the continuity equation (8.3.7) involves only the action of v; on Vi
with ¢ € Cyl(X). Moreover, Theorem 8.3.1 shows that the minimal norm among
all possible velocity fields v is the metric derivative and that j,(v;) belongs to the
L7 closure of gradients of functions in Cyl(X). These facts suggest a “canonical”
choice of v; and the following definition of tangent bundle to &7, (X).

Definition 8.4.1 (Tangent bundle). Let p € &,(X). We define

- LP(1;X)
Tan, 2,(X) == (j,(Vy) : ¢ € CyI(X)} "7,

where jq + L9(pu; X) — LP(p; X)) is the duality map defined in (8.3.1) .

Notice also that Tan, Z2,(X) can be equivalently defined as the image under
Jq of the L4 closure of gradients of smooth cylindrical functions in X. The choice of
Tan, #,(X) is motivated by the following variational selection principle (nonlinear
in the case p # 2):

Lemma 8.4.2 (Variational selection of the tangent vectors). A vector v € LP(u; X)
belongs to the tangent cone Tan, Z,(X) iff

lv+wlpeux) > vllrux)y Yw e LP(u; X) such that V - (wp) = 0. (8.4.1)
In particular, for every v € LP(u; X) there exists a unique I1(v) € Tan, Z,(X) in

the equivalence class of v modulo divergence-free vector fields, IL(v) is the element
of minimal LP-norm in this class, and

/X (Jp(v),w —I(w))du(z) =0 Vv € Tan, Zp(X), we LP(u; X). (8.4.2)

Proof. By the convexity of the LP norm, (8.4.1) holds iff
/ (Jp(v),w)ydpu =0 for any w € LP(p; X) s.t. V- (wp) =0 (8.4.3)
X

(here the divergence is understood making the duality with smooth cylindrical test
functions) and this is true iff j,(v) belongs to the L closure of {V¢ : ¢ € Cyl(X)}.
Therefore v = j4(j,(v)) belongs to Tan, 22, (X). (8.4.2) follows from (8.4.3) since
w — II(w) is divergence free. O
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Observe that the projection II is linear and Tan, #,(X) is a vector space
only in the Hilbertian case p = ¢ = 2.

The remarks above lead also to the following characterization of divergence-
free vector fields:

Proposition 8.4.3. Let w € LP(y; X). Then V - (wp) = 0 iff v — w||pr(ux) >
V]| Lo (s x) for any v € Tan, P2, (X ). Moreover equality holds for some v iff w = 0.
Proof. We already proved that V- (wu) = 0 implies ||v —w||ze(ux) > |Vl e (s x)
for any v € Tan, Z?,(X). Let us prove now the opposite implication. Indeed, being
Tan,, Z,(X) a cone, a differentiation yields

/X (Jp(v),w)dp =0 Vv € Tan, Z,(X),

and choosing v = j,(V), with ¢ € Cyl(X), we obtain [, (Ve,w)dp = 0 for any
¢ € Cyl(X).

We give now an elementary proof of the fact that if equality holds for some
v, then w = 0. If equality holds for some v the convexity of the LP norm gives
lv+twl Le(u;x) = V]| Lr(ux) for any ¢ € [0,1], and differentiation with respect to
t gives

/ [v + tw|P~2 (v + tw,wydp =0 YVt € (0,1).
X

Differentiating once more (and using the monotone convergence theorem and the
convexity of the map ¢ +— |a + tb|P) we eventually obtain

({(v + tw, w))?

tw[P—2 2 -2
[ o tup? [l + -2

Since the integrand is nonnegative it immediately follows that w = 0. O

dp=0 Vte(0,1).

In the particular case p = 2 the map js is the identity and (8.4.3) gives
Tany, P5(X) = {v e L*(u, X): V- (vpu) =0}. (8.4.4)

Remark 8.4.4 (Cotangent space, duality, and quotients). Since tangent vectors
acts naturally only on gradient vector fields, one could also define the cotangent
space as

CoTan, Z,(X):={Vy: ¢ € Cyl(X)}Iﬂ(u;X)7 (8.4.5)

and therefore the tangent space by duality. If ~ denotes the equivalence relation
which identifies two vector fields in LP(u; X) if their difference is divergence free,
the tangent space could be identified with the quotient space LP(u; X )/ ~. Def-
inition 8.4.1 and the related lemma 8.4.2 simply operates a canonical (though
nonlinear) selection of an element II(v) in the class of v by using the duality map
between the Cotangent and the Tangent space. This distinction becomes super-
fluous in the Hilbertian case p = ¢ = 2, since in that case the tangent and the
cotangent spaces turn out to be the same, by the usual identification via the Riesz
isomorphism.
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The following two propositions show that the notion of tangent space is con-
sistent with the metric structure, with the continuity equation, and with optimal
transport maps (if any).

Proposition 8.4.5 (Tangent vector to a.c. curves). Let py : I — Z,(X) be an
absolutely continuous curve and let vy € LP(us; X) be such that (8.3.7) holds.
Then v, satisfies (8.3.6) as well if and only if v, = H(vy) € Tan,, Zp(X) for
Lla.e. t € I. The vector v; is uniquely determined £*-a.e. in I by (8.3.6) and
(8.3.7).

Proof. The uniqueness of v; is a straightforward consequence of the linearity with
respect to the velocity field of the continuity equation and of the strict convexity
of the LP norm.

In the proof of Theorem 8.3.1 we built vector fields v; € Tan,, Z,(X) sat-
isfying (8.3.6) and (8.3.7). By uniqueness, it follows that conditions (8.3.6) and
(8.3.7) imply v € Tan,, Z,(X) for L'-ae. t. O

In the following proposition we recover the tangent vector field to a curve
through the infinitesimal behaviour of optimal transport maps, or plans, along the
curve. Notice that in the limit we recover a plan (%X v;)xp; associated to a classical
transport even in the situation when u; are not necessarily absolutely continuous.
It is for this reason that we don’t need, at least for differential calculus along
absolutely continuous curves, the more general notions of tangent space, made by
plans instead of maps, discussed in the Appendix.

(Id + tv)gpus

Do(h)
K

Proposition 8.4.6 (Optimal plans along a.c. curves). Let p; : I — Z2,(X) be an
absolutely continuous curve and let v, € Tan,, 2,(X) be characterized by Propo-
sition 8.4.5. Then, for L'-a.e. t € I the following property holds: for any choice
of uy, € U'o(pe, esn) we have

1
}llirrb(wl, E(WQ - wl))#uh = (¢ X vg) gt in Zp(X x X) (8.4.6)

and ]
lim Wi (s (84 hog) g pie)
h—0 |h]

= 0. (8.4.7)
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In particular, for £*-a.e. t € I such that i, € 2(X) we have

1 , .
}lllir(l) E(tﬁ:” —1) =1 in LP (g X), (8.4.8)
where t),"™" is the unique optimal transport map between p; and fiip,.

Proof. Let 24 C C>(RY) be a countable set with the following property: for any
integer R > 0 and any v € C2°(R%) with supp ¢ C Bp there exist (¢,,) C %4 with
supp ¢, C Br and ¢,, — ¢ in C*(R%). Let also II; C II4(X) be a a countable
set with the following property: for any 7 € I14(X) there exist m, € II; such that
T, — m uniformly on bounded sets of X (the existence of 11, follows easily by the
separability of X).

We fix t € I such that Wy (psin, pe)/|R| — |p'|(t) = [|[vell Lo () and

limw:/ (V,ve) dpy Yo=1om, )€ Yy, melly.
Rd

h—0 h
(8.4.9)
Since 24 and Il are countable, the metric differentiation theorem implies that
both conditions are fulfilled for Z!-a.e. t € I. Let wy, € Tolpe, prern), set

1
Vp = <7T17 E(WQ _771)) Feps
#

and fix ¢ as in (8.4.9) and a limit point vg = [ vo, dpe(x) of vy, as h — 0 (w.r.t.
the narrow convergence). We use the identity

peanle) —iule) _ W[ e et dm

— %/x X@(x+h(y—$))—w(x)duh=/ (Vo(z),y — x) + way(h) dvp

XxX

with w, ,(h) bounded and infinitesimal as h — 0, to obtain

| Ve = [ [ Vel dvoc(s) dus(a).

Denoting by v¢(x) = [y y dvo.(y) the first moment of vg,, by a density argument
it follows that

We now claim that

//Iy\pduw(y)dut(x)é[Iu’l(t)]”. (8.4.11)
X JX
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Indeed

N

/ / P dvoe(p)dpe(z) < liminf [ [ylP duy
xJx h—=0  Jxxx

1
— lim; _ P
= llmhjgf . ly — x|Pdp,,

W (presns pt)
_ . . p . ! p
= hhm l(I)lf = [P ().

From (8.4.11) we obtain that

19ellZ05x) < /X /X lylP dvowdps(z) < (1010 = 0ell%0 0, x0)-

Therefore Proposition 8.4.3 entails that v; = v;. Moreover, the first inequality
above is strict if vy, is not a Dirac mass in a set of p;-positive measure. Therefore
Vog 1s a Dirac mass for p-a.e. x and vg = (4 X vy)»pe. This proves the narrow
convergence of the measures in (8.4.6). Together with convergence of moments,
this gives convergence in the Wasserstein metric.

Now we show (8.4.7). Let p;, = [ ftha dpe () and let us estimate the distance

between g4y, and (¢ + hvy)gpy with ﬂig (f Oxthvy X Vha d,ut(a:)). We have then

WP (i + ho 1
5 (Htths ( t)#14t) < / —|x + hv(z) — y|* dpy,
X

hP - «X hP

/ loe () — y? iy = o(1)
XxX

because of (8.4.6).
In the case when p; € 2)(X), the identity

1 1
(Wl, E(WQ - Wl)) By = (2 X E(tﬁfrh - i)) e
# #

and the weak convergence at the level of plans give that %(t,’ﬁ*h — 1)y narrowly

converge to viuy. On the other hand our choice of ¢ ensures that the LP norms
converge to the LP norm of the limit, therefore the convergence of the densities of
these measures w.r.t. p; is strong in LP. 0

As an application of (8.4.7) we are now able to show the Z!-a.e. differen-
tiability of ¢ +— W, (1, o) along absolutely continuous curves p,;. Recall that for
constant speed geodesics more precise results hold, see Chapter 7.

Theorem 8.4.7 (Generic differentiability of W, (1, 0)). Let py : I — Z2,(X) be
an absolutely continuous curve, let o € Z,(X) and let v, € Tan,, Z,(X) be its
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tangent vector field, characterized by Proposition 8.4.5. Then

d
CWE(per0) = / plat — 2oP 2 (21 — wayvi(a1)) dy VA € Ty, o) (8.4.12)
X2

for Lt-a.e. tel.

Proof. We show that the stated property is true at any ¢ where (8.4.7) holds
and the derivative of ¢ — W, (1, 0) exists (recall that this map is absolutely
continuous). Due to (8.4.7), we know that the limit

I }llil% Wr((i+ hvt)#u]i,o) - Wh(ut,0)

exists and coincides with %Wf (1t,0), and we have to show that it is equal to
the left hand side in (8.4.12). Choosing any v € T',(us,0) we can use the plan
1= (7' + hvy o', w?)uy € T((4 4 hvg) g, o) to estimate from above W2 ((4 +
hvg) g, o) as follows:

Wg((z—i—hvt)#ut,a) S /2|.’E1—x2|pd’r]:/2|£L’1+h'l)t(il'1)—x2|pd"}/
X X

L1 — X2

W2 (us, o) +h ve(x1)) dy + o(h).

x2 o |ry — @a|?7P]

Dividing both sides by h and taking limits as & | 0 or & T 0 we obtain
L< / plry — 2Py — 29, v4(x1)) dy < L. O
X2

The argument in the previous proof leads to the so-called superdifferentia-
bility property of the Wasserstein distance, a theme that we will explore more in
detail in Chapter 10 (see in particular Theorem 10.2.2).

Remark 8.4.8 (Derivative formula with an arbitrary velocity vector field). In fact,
Proposition 8.5.4 will show that formula (8.4.12) holds for every Borel velocity
vector field v, satisfying the continuity equation in the distribution sense (8.3.8)
and the LP-estimate [|v¢||po(u,,x) € L*(1).

8.5 Tangent space and optimal maps

In this section we compare the tangent space arising from the closure of gradients
of smooth cylindrical function with the tangent space built using optimal maps;
the latter one is also compared in the Appendix with the geometric tangent space
made with plans (see Theorem 12.4.4).

Proposition 8.4.6 suggests another possible definition of tangent cone to a
measure in &,(X) (see also Section 12.4 in the Appendix): for any p € Z2,(X)
we define

. ; ; LP (p;.X)
Tan), Z,(X) := {Ar — i) : (i x P)pp € Do, mp), A >0} . (8.5.1)
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The main result of this section shows that the two notions in fact coincide.

Theorem 8.5.1. For any p € (1,4+00) and any p € Z,(X) we have
Tan, &,(X) = Tan;, 7, (X).

We split the (not elementary) proof of this result in various steps, which are
of independent interest.

The first step provides an inclusion between the tangent cones when the base
measure g is regular.

Proposition 8.5.2 (Optimal displacement maps are tangent). If p € (1,+00) and
p € Zy(X), then Tan), Z,(X) C Tan, P, (X), i.e. for every measure o € Z,(X),
if ty, is the unique optimal transport map between p and o given by Theorem 6.2.4

and Theorem 6.2.10, we have t, — i € Tan, Z,(X).

Proof. Assume first that supp o is contained in Bg(0) for some R > 0. Theo-
rem 6.2.4 ensures the representation t7, —¢ = Jq(V), where ¢ is a locally Lips-
chitz and | - [P-concave map whose gradient V¢ = j,(t;, — ) has (p — 1)-growth
(according to (5.1.21)), since ¢}, takes its values in a bounded set.

We consider the Euclidean case X = R? first and the mollified functions
pe. A truncation argument enabling an approximation by gradients with compact
support gives that j,(Ve.) belong to Tan, %7,(X) (notice also that V. have still
(p — 1)-growth, uniformly with respect to €). Due to the absolute continuity of u
it is immediate to check using the dominated convergence theorem that j, (V)
converge to j,(Ve) in LP(u; R?), therefore j, (V) € Tan, 2,(X) as well.

In the case when X is an infinite dimensional, separable Hilbert case we argue
as follows. Let 7, (79)*, #¢ be the canonical maps given by (5.1.28), (5.1.29), and
(5.1.30) for an orthonormal basis {e,, },>1 of X. We set

pd = Wi/h v = W%V € 2(RY), = friu, o= ﬁ%u € Z(X),
observing that, by (6.2.1) and (5.2.3), u? is absolutely continuous with respect to
the d-dimensional Lebesgue measure. Therefore there exists an optimal transporta-
tion map r? € LP(u?; R?) defined on R? such that ribud =véand ri—i = j,(Vy?)
in R for some locally Lipschitz and |-|P-concave map ¢ : R? — R. By the previous
approximation argument, setting p? := % o 7% and

M i=(x)" o (19 0 7%) = (%) o (4, (Ve 0 7) + %)
:jq((ﬂ'd)* o Viylo 7Td) + (@) on? = j, (VSDd) + 7
(here we used the commutation property j, o (79)* = (7)* 0 j,), we get 7l e
Tan, Z,(X); moreover, being (7%)* an isometry, it is immediate to check that 7

is an optimal map pushing 4% on »%.
Letting d — 400, since

. ~d . .
A I =l ex) =0,
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we conclude by applying the following Lemma.

Finally, when o has not a bounded support, we can approximate ¢ in &, (X)
by measures o, with bounded support and we can apply again the following
lemma. The details are left to the reader. (]

Lemma 8.5.3. Let u, v € Z,(X) such that To(p, v) = {(¢ x7)xp} contains only an
optimal transportation map r € LP(u; X), let t, € LP(u; X) be a family of maps
converging to the identity in LP(pu; X) with p, = (tn)xp, and let v, € Pp(X) be
converging to v as n — oo. Suppose that v, € LP(u,; X) is an optimal transport
map from p, to v,. Then

lim (7 0t — 7| o) = 0. (8.5.2)
n—oo

Proof. Let ¢ : X x X — R any continuous function with p-growth. Since
WP (n, ) — 0, WP(vp,v) — 0 as n — oo, by applying Proposition 7.1.3 and
Lemma 5.1.7 we get

lim [ p(t,(2), rn(tn(2))) du(z) = lim [ @(y,7n(y)) din(y)

n—00 X n—oo X

(8.5.3)
/ ey, r(y)) du(y).
X

Choosing ¢(x1,z2) = |z2|P we get that 7, ot, is bounded in LP(u; X) and its
norm converges to the norm of r; therefore we can assume that r, o t,, is weakly
convergent to some map s € LP(u; X) and we should prove that s = r. Thus
we choose ¢(x1,23) := ((21)(x2,2) with ¢ continuous and bounded and z € X:
(8.5.3) yields

lim C(tn(ﬂf))%"“n(tn(x)))du(fﬂ)Z/XC(J«“)@J“(J«“)MM(%),

n—00 X

whereas weak convergence provides

m [ C(n(2))(z, 70 (tn(2))) du(x) = lim [ ((z)(z, 70 (tn(2))) du(z)

n—oo [y n—oo Jx
- / C() e, 5(2)) du(z).
X

It follows that (z,s(z)) = (z,7(x)) for p-a.e. z € X, Vz € X, and therefore being
X separable s = r p-a.e. in X. (]

Proposition 8.5.4. Let u, v € Z,(X) and let v € T'y(u,v). For every divergence-
free vector field w € LP(u; X) we have

[ Ul =) wte) (o) = 0 (8.5.4)
XxX
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In particular, if v is an optimal transport map between p and v = ryu we have

/X (Jp(r(z) — x),w(@))dp(z) =0 Yw e LP(u; X) s.t. V- (wp) =0.  (8.5.5)

Recalling (8.4.3) we get that r — i € Tan, Z,(X).

Proof. We can assume (possibly replacing « by (71'751’1_’2)#'7 with ¢ close to 1) that

~ is the unique optimal transport plan between p and v (see Lemma 7.2.1).

By the approximation result stated in Proposition 8.3.3 we can find finite
dimensional subspaces X},, measures pj, € &2,(X) with support in X}, and regular
restriction to X}, converging to p in Z2,(X), and vectors wy, € LP(up; Xp,) such
that V - (wpup) = 0, (2 x wp)gpn — (3 X w)gp in P,(X?). Denoting by
the unique optimal transport map between up and v, = ﬁ'%u (as usual, 7" is
the orthogonal projection of X onto Xj; and we identify p; and v, with their
restriction to X3,), we know by Proposition 8.5.2 that ¢, —¢ € Tan), &,(X},), and
therefore

/ (jp(tn — 1), wp)dpp, =0 Vh € N.
X

Moreover, the uniqueness of - yields that the transport plans (2 X tp) sl narrowly
converge in Z(X x X) to . Since the marginals of the plans converge in &2, (X)
we have also that the plans are uniformly p-integrable, therefore

lim [ (jp(ty, — 1), w)du, = lim (Jp(2 —21),w0(21)) d(E X th) ypon

h—o00 X h—o00 XxX
- / Uz — 21), @(a1)) dy
XxX

for any continuous function w with linear growth. By Proposition 8.3.3 again (with
f(x1,22) = |xo — W(x1)|P) we know that

lim lim su wr — WP dur = 0. 56
WeCY(X), w—w in LP(pu;X) h—>oop/X| h | U ( )

Since

0= [ Galtn =i hdu+ [ Gp(ts i) = @) for any 0 € CYX),
passing to the limit as h — oo and using Holder inequality we obtain

[ Glian =)o) ar] < sup e = 1345, s s, s

Taking into account (8.5.6) we conclude that [ (j,(z2 — x1),w(z1))dy =0. O
The above proposition shows that for general measures u € &,(X)

Tan;, ,(X) C Tan, Z(X). (8.5.7)
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Now we want to prove the opposite inclusion: let us first mention that the case
p = 2 is particularly simple.

Corollary 8.5.5. For any j1 € P5(X) we have Tan, P3(X) = Tan;, #5(X).

Proof. We should only check the inclusion C: if ¢ € Cyl(X) it is always possible to
choose A > 0 such that z — £|z|? + A~'¢(z) is convex. Therefore r := i+ A"1Vyp
is cyclically monotone, thus an optimal map between p and rupu; by (8.5.1) we
obtain that V¢ = A(r — ) belongs to Tan;, #5(X). O

In the general case p € (1,400) the desired inclusion follows by the following
characterization:

Proposition 8.5.6. Let € Z,(X), v € LP(p; X), and p. == (i +ev)pp fore > 0.
If v € Tan, Z,(X) then

lim

WP(M) /J/S) _
10 c - ”v”Lp(u;X)a (858)

and denoting by v. € To(p, pte) a family of optimal plans, we have

e P
lim vz zev@) Py =0, (8.5.9)
el0 Jxxx €

Proof. Let us consider the rescaled plans

po = (vt e N (r? = 71'1))#75 for v, € To(pt, e ), (8.5.10)
observing that
Wl pe)
ﬂ.;lﬁtua = M, |x2|p dl"'e(xlwrQ) == < HUHLP X)’ (8511)
X2 cb (3

29 — a1 —ev(ay)|”
€

feox

For every vanishing sequence €, — 0 we can find a subsequence (still denoted by
ex) and a limit plan p such that u., is narrowly converging to p in 2(X x X).
In particular, for every smooth cylindrical function ¢ € Cyl(X) we have

e /X (¢ +2v(@)) = ¢(2)) dul / C(w2) dpie (w2) / () dp(an))

_ ((x2) — ¢(71) - ((21 +exa) — ((21) -
—/XXX o dye(za) = /Xxx dp (21, 22)

3

dr.(ores) = [ o= o) dpcfon, ).
XxX

1
2/ / (V((z1 + etae), xa) dp (21, x2) dt (8.5.12)
XxX

and
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1
et /X (C(:v +ev(z)) — C(m)) du(z) = / /X (V(x+ tev(x)), v(z)) du(x) dt.
0
(8.5.13)
Choosing € = ¢, in (8.5.12) and in (8.5.13) and passing to the limit as k — oo, a
repeated application of Lebesgue dominated convergence theorem yields

[ (veta) vt dunto) (8.5.14)
= hm// (V{(x + tegu(x)), v(z)) dp(x) dt

= lim// (VC(21 + tegwa), x2) dp,, (21, 72) dt
XxX

k—oo Jq
:/ (VC(x1), x2) dp(y, o). (8.5.15)
XxX

It follows that the limit plan p satisfies
/ (VC(1), a2 — v(21)) dpsar,22) = 0 V¢ € Cyl(X), (8.5.16)
XxX

and the same relation holds if V( is replaced by any element & of the “cotangent
space” CoTan,Z,(X) (i.e. the closure in L(u; X) of the gradient vector fields)
introduced by (8.4.5).

If v € Tan, Z,(X) and p > 2, by the p-inequality (10.2.4), we can find a
suitable vanishing subsequence €5, — 0 and a limit plan g such that

0<¢, 1imsup/ |z — v(x1) [P dp (21, 22)
XxX

e—0

SlimSUP/XXX 2| = [v(z1)[” = p(ip(v(21)), 22 — v(21)) dp (21, 22)

e—0

— W (14, /j’Ek)
m ——
k—oo Ek

<- /X Pl (v(@)).a2 — v(e)) dp(er,a) =0

ol oy = [ pUieGon))a = v(e) die, Gor. )

by (8.5.11) and (8.5.16), since v € Tan,Z)(X) is equivalent to j,(v) €
CoTan, Z,(X). The case p < 2 is completely analogous. O

When p is regular, the opposite inclusion
Tan, Z,(X) C Tan;, Z,(X),

which completes the proof of Theorem 8.5.1, follows easily from the previous propo-
sition: keeping the same notation, we know that -, is induced by an optimal
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transport map 7. so that e~'(r. — 4) € Tan, #,(X) and (8.5.9) yields

re(x) —x

lim —v(z)| du(z) =0. (8.5.17)
e—0 Jx e

Therefore v belongs to Tan;, &,(X).
In the general case, by disintegrating «, with respect to the first variable z,
a measurable selection theorem [39] allows us to select r.(z1) such that r.(x1) €

supp (v, )z, and
p
<2 /
X

Then, since the graph of r. is contained in the support of v, we obtain that r.
is | - [P-monotone (so that e~*(r. — ) € Tan], #,(X)) and (8.5.17) still holds.

P

re(y) —y d(v2)e: (y)-

3

Tg(xl) — T
1S

—v(z1) —o(y)




Chapter 9

Convex Functionals in &7,(X)

The importance of geodesically convex functionals in Wasserstein spaces was firstly
pointed out by McCANN [97], who introduced the three basic examples we will
discuss in detail in 9.3.1, 9.3.4, 9.3.6. His original motivation was to prove the
uniqueness of the minimizer of an energy functional which results from the sum
of the above three contributions.

Applications of this idea have been given to (im)prove many deep functional
(Brunn-Minkowski, Gaussian, (logarithmic) Sobolev, Isoperimetric, etc.) inequal-
ities: we refer to VILLANI'S book [126, Chap. 6] (see also the survey [72]) for a
detailed account on this topic. Connections with evolution equations have also
been exploited [103, 107, 108, 1, 38], mainly to study the asymptotic decay of the
solution to the equilibrium.

From our point of view, convexity is a crucial tool to study the well posedness
and the basic regularity properties of gradient flows, as we showed in Chapters 2
and 4. Thus in this chapter we discuss the basic notions and properties related to
this concept: the first part of Section 9.1 is devoted to fixing the notion of con-
vexity along geodesics in &2, (X), avoiding any unnecessary restriction to regular
measures; a useful tool for the subsequent developments is the stability of convex-
ity with respect to I'-convergence, a well known property in the more usual linear
theory.

Unfortunately, Example 9.1.5 shows that the squared 2-Wasserstein distance
is not convex along geodesics in %5(X): this fact and the theory of Chapter 4
motivate the investigation (of convexity properties) along different interpolating
curves, along which the squared 2-Wasserstein distance exhibits a nicer behavior;
the second part of Section 9.1 discusses this question and introduces the notion
of generalized geodesics. Lemma 9.2.7, though simple, provides a crucial link with
the metric theory of Chapter 4.

Section 9.3 discusses in great generality the main examples of geodesically
convex functionals, showing that they all satisfy also the stronger convexity along
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generalized geodesics. The last example is related to the semiconcavity properties
of the squared 2-Wasserstein distance, discussed in Theorem 7.3.2.

In the last section we give a closer look to the convexity properties of general
Relative Entropy functionals, showing that they are strictly related to the log-
concavity of the reference measures. Here we use the full generality of the theory,
proving all the significant results even in infinite dimensional Hilbert spaces.

9.1 \-geodesically convex functionals in &Z,(X)

In McCann’s approach, functionals are naturally defined on Z25(R?) so that for

each couple of measures ', p? € 25(R?) a unique optimal transport map t =
2

t:jl (see (7.1.4)) always exists: in his terminology, a functional ¢ : 25 (R%) —

(=00, +00] is displacement convex if

setting gy % o= (i +t(t — i))#,ul, t= tfﬁ,

(9.1.1)
the map ¢ € [0,1] — ¢(u;~?) is convex, Vpu', p* € Z5(RY).

In Section 7.2 we have seen that the curve u}—?2 is the constant speed geodesic

connecting p' to u?; therefore the following definition seems natural, when we
consider functionals whose domain contains general probability measures.

Definition 9.1.1 (\-convexity along geodesics). Let X be a separable Hilbert space
and let ¢ : Pp(X) — (—o0,4+00]. Given A € R, we say that ¢ is A\-geodesically
convex in P,(X) if for every couple u', u* € P,(X) there exists an optimal
transfer plan p € To(ut, u?) such that

Bt) < (1= D6 +16(1%) — 2(1 - OWE(' %) Yie0,1], (9.12)

where pi=? = (7} 72 pp = ((1 — t)7! —|—t7r2)#u is defined as in (7.2.2), 7!, 72
being the projections onto the first and the second coordinate in X2, respectively.

Notice that this notion of convexity depends on the summability exponent p.

Remark 9.1.2 (The map t — ¢(u};—?) is A-convex). Actually this definition of
A-convexity expressed through (9.1.2) implies that

the map t € [0,1] = ¢(up —?) is /\Wg(ul,uz)—convex, (9.1.3)

thus recovering an (apparently) stronger and more traditional form.
This equivalence follows easily by the fact, proved in Section 7.2, that for ¢; < t5
in [0, 1] with {t1,¢2} # {0,1} the plan (7}, 7% x 7rt1;2)#p, is the unique element of

FO(M%;}Za IU‘%;Q)
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Notice that in Definition 9.1.1 we do not require (9.1.2) along all the optimal
plans of T',(u!, u?). One of the advantage of this technical point is provided by the
following proposition, which will be useful to check convexity in many examples.

Proposition 9.1.3 (Convexity criterion). Let ¢ : Z2,(X) — (—o0,+0o0] be a l.s.c.
map such that for any p € D(¢) there exists (un) C P} (X) converging to i in
Pp(X) with ¢(pn) — ¢().
Then ¢ is A-geodesically convex iff for each p € D(¢p) N Z;(X) and for each -
essentially injective map r € LP(u; X) whose graph is | - |P-cyclically monotone the
map t — ¢ ((1 — )i +tr)gp) is A-convez in [0, 1].
Proof. If p' € 2;(X) and r € LP(p';X) is | - [P-cyclically monotone, then
((1 — )i+ tr)#,ul is the unique geodesic joining p' to p? := rypu'. This shows
the necessity of the condition.

In order to show its sufficiency, we notice that if u', u? € Z](X) then
a unique optimal map £ exists, it belongs to LP(u!; X) and it is pl-essentially
injective (by Remark 6.2.11). Therefore the convexity inequality (9.1.2) holds when
the initial and final measure are regular. The general case can be recovered through

a standard approximation and compactness argument, as in the proof of the next
lemma. O

The following natural I'-convergence result is well known for convex func-
tionals in linear spaces, see for instance Chapter 11 in [50].

Lemma 9.1.4 (Convexity and I'-convergence). Let ¢, : P,(X) — (—o0,+0o0| be
A-geodesically convex functionals which F(@p(X))—com)erge to ¢ asn — o0, i.e.

pn— poin Zp(X) = liminf ép(un) = ¢(n), (9.1.4)
Ve Zp(X) Bup — pin Zp(X) 0 lim gn(pn) = ¢(p)- (9.1.5)

Then ¢ is A\-geodesically conver.

The same result holds for the F(@(X))-convergence if A >0, i.e. if we replace
convergence in &,(X) with narrow convergence in & (X) (thus without assuming
the convergence of the p-moments of ) in (9.1.4), (9.1.5).

Proof. Let us fix p', u? € D(¢); by (9.1.5) we can find sequences pj,, 7 converging
to ', p? in Z,(X) such that
Jim on () = o(p'),  lim gn (i) = o(u?).

Let p;, € To(pp,p2) be an optimal plan such that (5.1.19) holds for ¢; by
Lemma 5.2.2 the sequence (p;,) is tight (resp. uniformly p-integrable), because
the sequences of their marginals are tight (resp. uniformly p-integrable). There-
fore, by Proposition 7.1.5 we can extract a suitable subsequence (still denoted by
Wy, converging to p in &2,(X x X): we want to show that ¢ is A-convex along the

interpolation ! —2 induced by p.
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Since (up)i 2 — pi~% in Z,(X) as h — oo, (9.1.4) yields easily

o(ui %) < limint én (1)} ~2)

< timinf (1= 000s) + t6(3) — 510~ W2 (b))

h—o0
= (1= 0)6(n") + 16(x) — JH1 ~ W2 (", 4. (9.1.6)

In the case of narrow convergence, we can follow the same argument; (9.1.6) be-
comes an inequality, thanks to (7.1.11), if A > 0. O

A-convexity of functionals along geodesics is the simplest condition which
allows us to apply the theory developed in Section 2.4. The semigroup generation
results of Chapter 4 involve the stronger 1-convexity property of the distance
function W3 (u!,-) from an arbitrary base point pu'.

In the 1-dimensional case we already know by Theorem 6.0.2 and (7.2.8) that
P5(RY) is isometrically isomorphic to a closed convex subset of an Hilbert space:
precisely the space of nondecreasing functions in (0, 1) (the inverses of distribution
functions), viewed as a subset of L?(0,1). Thus the 2-Wasserstein distance in R
satisfies the generalized parallelogram rule

W3 ('t 5 7%) = (L= )W (' 1) + tW5 (u, 1%) — (1 = W5 (1, 1)

9.1.7
Vie[0,1], p'p?p’ e 2HRY. (810

If the space X has dimension > 2 the following example shows that there is no
constant A such that W3 (-, u!) is A-convex along geodesics. We will see in the next
subsection how to circumvent this difficulty.

Example 9.1.5 (The distance function is not A-convex along geodesics). Let

) 1
wi=5 (B +oen), 1 =5 (000 +02) -

Using for instance Theorem 6.0.1 it is easy to check that the unique optimal map
r pushing p? to p? maps (0,0) in (—2,1) and (2,1) in (0,0), therefore there is a
unique constant speed geodesic joining the two measures, given by

2—>3

i (6(72t,t) + 5(2721:,171:)) t€[0,1].
Choosing ' := 3 (8(0,0) + 6(0,—2)), there are two maps ry, s; pushing p' to 73
given by
r:(0,0) = (=2t,t), 7:(0,—-2) = (2 —2t,1—1),
5:(0,0) = (2= 26,1 — 1), s,(0,—2) = (—21,1).
Therefore
23 1 . 2 13 _, 9
W (u?—3, u*) = min { 5¢ —7t+7,5t —3t—|—§
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has a concave cusp at t = 1/2 and therefore is not A-convex along the geodesic
u2=3 for any A € R.

9.2 Convexity along generalized geodesics

In dimension greater than 1, Example 9.1.5 shows that the squared Wasserstein
distance functional p +— W2 (ut, i) is not 1-convex along geodesics (in fact, The-
orem 7.3.2 shows that it satisfies the opposite inequality).

On the other hand, the theory developed in Chapter 4 indicates that 1-
convexity of the squared distance is a quite essential property and that we can
exploit the flexibilty in the choice of the connecting curve, along which 1-convexity
should be checked. Therefore, here we are looking for such kind of curves (in the
case of the “Hilbertian-like” 2-Wasserstein distance) and for the related concept
of convexity for functionals.

Let us first suppose that the reference measure p' is regular, i.e. u' € 225 (X)
and let p2, 4 be given in P5(X); we can find two optimal transport maps t* =

tiﬁ, t* = tiﬁ as in (7.1.4) such that

Wi(ut, p') = / [t'(x) — z|? dpt(z), =2, 3. (9.2.1)
X
Equation (9.2.1) reduces the evaluation of the Wasserstein distance to an integral
with respect to the fixed measure p': it is therefore quite natural to interpolate
between 1% and p® by using t2 and 3, i.e. setting
pi7? = (77 ppt where # = (1—-t)t2 +tt3, te€[0,1]. (9.2.2)
Since t?73 is obviously cyclically monotone, we have

W2 (! ﬁ*)—/xufﬁu of? dp (o /| (1— )82 (z) +183(x) — 2] du (),

and therefore an easy calculation shows
Wi i) = (=0 [ @) el dit @)+t [ 8@ - af it a)
X

t(1—t / [t?(z) — t3(2)|? dp* (2) (9.2.3)
(1= t)W3 (", %) + W5 (', ) — t(1 = W3 (1%, 1),

IA

since
/|t2 3(@) 2yt (2) > W22, 7).

This calculation shows that £WZ(u',-) is 1-convex along the new interpolating

curve p23 given by (9.2.2).
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3
When ! is not regular, we have to substitute the optimal maps t"z7 t" with
"o

optimal plans p'? € T, (ut, u?), p'? € I'y(pt, p?): in order to interpolate between
them, we shall also introduce a 3-plan

1< Py(X3) such that 7T?1¢2/1, =pu'? ﬂ';f’,u =p'?  and we set

9.24
pi7d = (rE) 4, where w78 = (1— )72 + trd. ( )
Recalling that in (7.3.2) we set
W, 5’ = / . |23 — zo|* dp(y, 2, 23) > Wi (12, 1i°), (9.2.5)
s

we have

Lemma 9.2.1. Let pt, p?, p® € P5(X) and let

pwel(pt,p? 1) such that p*' = 71'71‘;[,!, el,(ut,ph), i=2,3. (9.2.6)

Then, defining p2=2 as in (9.2.4), we get

W2 ('t pu?=3) = /){3 |(1 = t)xg + tws — o1 > du(z1, 22, 23) (9.2.7a)

= (1 =W (', p?) + W3 (uh, 1) =t = OWE(p? 1®)  (9.2.7b)
< (=)W (u', p?) + W3 ('t 1) —t(1 =)W (2, 1), (9.2.7¢)

The inequality (9.2.7c) implies that W3 (u',-) is 1-convex along the curve 3.
Proof. We argue as for (9.2.3), by introducing the transfer plan

pt 7= (U= )7 ) e Tt P);

by the definition of the Wasserstein distance and the Hilbertian identity (12.3.3)
it is immediate to see that

WE ) < [ = P dnd ) (9.2.8)
XxX
— / |(1 = t)zo + tos — 21|? du(zy, T2, 23)
X3

_ / (0= Bls = 1l +tls — al? 61 = Dles — 25 dps(a, 72, 75).
X
(9.2.9)
(9.2.9) yields (9.2.7b) since by (9.2.6) we have

/ |$2—$1|2du($17$2,$3)=/ vy — a1 [P dpt (21, m0) = W3 (', 1),
X3 X2

/ |23 —$1|2du($17$2,$3) = / |z3 — $1|2 dH13($179€3) = WQZ(HIMS);
X3 X2
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(9.2.7¢) follows directly from the inequality (9.2.5).

Moreover, it is possible to see that (9.2.8) is in fact an equality, i.e. u% 278 ¢
To(pt, u272), by checking that the support of [,Ltl 273 g cyclically monotone; by
the density property (5.2.6), we can simply check that 7Tt1 ’2é3(supp u) is cycli-
cally monotone. We choose points (a;, b;) € ﬂ'tl’ZHg(supp u), i=1,...,N and set

(a0, bo) := (an,bn); we thus find points b}, b} such that
(a5, bf) € supp p'?, (a5, bf) € supp %, by = (1 — )b} + tby.

Therefore the cyclical monotonicity of supp /Ll’i gives

N N
Z(ai — aj—1, bl> = Z<a1 — Ai—1, (1 — t)b; -+ tb{/>
i=1 i=1
N
1—tz _ai—h +tz i — Gj— 132 >O U
i=1

Taking account of Lemma 9.2.1, we introduce the following definitions.

Definition 9.2.2 (Generalized geodesics). A “generalized geodesic” joining u? to
w? (with base pt) is a curve of the type

/’6?_)3 (7rt2_>3)#/1’ le [07 1]7

where
pel(ph 12 1®) and 7w 2peTo(u',p®), mlpelo(p' p®).  (9.2.10)

Remark 9.2.3. Remember that if u! € 25(X) then by Lemma 5.3.2 and Theorem
6.2.10 there exists a unique generalized geodesic connecting u? to u? with base
u', since there exists a unique plan pu € I'(u!, 2, u?) satisfying the optimality

condition W#iu € To(pt, 1), i = 2, 3. In fact, denoting by t' the optimal maps
tgl pushing ! to uf, i = 2,3, p is given by
o= (i x 2 x %) ypt. (9.2.11)

We thus recover the expression p? 3 = ((1—t)t* + t¢%) ,pu' given by (9.2.2).

#H

Definition 9.2.4 (Convexity along generalized geodesics). Given A € R, we say
that ¢ is A\-convex along generalized geodesics if for any u', u?, u € D(¢) there
exists a generalized geodesic ji7~3 induced by a plan p € T(ut, u?, u®) satisfying
(9.2.10) such that

P(u; ) < (L= 1) (4®) + (1) — %t(l — W2, p®) VEe[0,1], (9.2.12)

where WA(-,-) is defined in (9.2.5).
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generalized geodesic induced by p

geodesic induced by T', (2, p?)

Figure 9.1: Generalized geodesics

Remark 9.2.5 (The case of optimal transport maps). If ¢ is convex along any

interpolating curve pu?—3 induced by p € T'(u?, u3), then ¢ is trivially convex

along generalized geodesics.

Remark 9.2.6. When A # 0 Definition 9.2.4 slightly differs from the analogous
metric Definition 2.4.1 in the modulus of convexity, since

W2 (2, 1% > W3 (1?, 1) (9.2.13)

In particular, when A > 0 this condition is stronger than 2.4.1, whereas for A < 0
(9.2.12) is weaker. The next lemma motivates this choice.

Lemma 9.2.7 ((77! + \)-convexity of ®(7,u';-)). Suppose that ¢ : Po(X) —
(—00, +00] is a proper functional which is A-convez along generalized geodesics for
some A € R. Then for each p* € D(¢) and 0 < 7 < 5& the functional

1
O(r, 1t p) = ZWg(ul,u) + ¢(u) satisfies the convexity Assumption 4.0.1.

Proof. We consider a plan p satisfying (9.2.10) and we combine (9.2.7b) and
(9.2.12) and use (9.2.13) to obtain

(7, pts 1 %) < (1= 0)®(7, p's p?) + t@(7, ' 1) — +N)WE (2, 1°)

< (1 - t)(I)(Tv ,Ufl;ﬂz) +t(I)(7-7/~L1;/~L3) -

N =D =
—

—~

Nl

+ W3 (1, 1)

whenever 771 > —\. O
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Remark 9.2.8 (Comparison between the two notions of convexity). If ¢ is A-con-
vex on generalized geodesics then it is also A-geodesically convex according to
Definition 9.1.1: it is sufficient to notice if we choose pu! = u3, then any p €
T'(pt, p2, ) such that 71';3/1 € Ty (ut, ) is of the form of the form

p= [ aen)dut?ara) where pl? € Tl i),
X2

Therefore, if we impose also that pu'? = 71';’2# € To(pt, p?), then p?=3 is the
canonical geodesic interpolation (t! + (1 — t)772)# 2

We already know by Example 9.1.5 that $Wa (-, u!) is not A-convez along geo-
desics, and therefore is not A-convex along generalized geodesics. On the other
hand, if we choose generalized geodesics with base point u' as in (9.2.10), then
%Wf(-,,ul) is indeed 1—convex along these curves by Lemma 9.2.1. As Lemma
9.2.7 shows, this property is the key point to apply the theory of Chapter 4.

For A-convex functionals on generalized geodesics we present now two proper-
ties which are analogous to the ones stated in Lemma 9.1.4 and Proposition 9.1.3.
We omit the proofs, which are similar to the previous ones.

Lemma 9.2.9 (Convexity along generalized geodesics and I'-convergence). Let
¢n : P2(X) — (—00,+00] be A-convez on generalized geodesics. If ¢, T'(P2(X))-
converge to ¢ as h — oo as in (9.1.4), (9.1.5), then ¢ is A-convexr on gener-
alized geodesics. If X > 0 the same result holds for F(,@(X))-convergence, i.e.
T-convergence with respect to the narrow topology of Z(X).

Proposition 9.2.10 (A criterion for convexity along generalized geodesics). Let
@ Po(X) — (—00,+00] be a l.s.c. map such that for any pu € D(¢) there exist
(1n) € P5(X) converging to pu with ¢(pn) — G(1).

Then ¢ is A-convex on generalized geodesics iff for every p € 25(X) and
for every couple of p-essentially injective maps r°, r* € L?(u; X) whose graph is
cyclically monotone we have

gzb(((l —t)r + trl)#,u) < (1=1)p(rp) + to(rhp)

(9.2.14)
- %t(l —t) /X [70(x) — vl (z)* du(z) Vte0,1].

9.3 Examples of convex functionals in &7,(X)

In this section we introduce the main classes of geodesically convex functionals.

Example 9.3.1 (Potential energy). Let V : X — (—o0,+0c| be a proper, lower
semicontinuous function whose negative part has a p-growth, i.e.

V(z) > —A—Blz|’ VxeX forsome A BeR. (9.3.1)
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In Z,(X) we define
V(p) = /X V() du(). 9.3.2)

Evaluating V on Dirac’s masses we check that V is proper; since V'~ is uniformly
integrable w.r.t. any sequence (u,) converging in &,(X) (see Proposition 7.1.5),
Lemma 5.1.7 shows that V is lower semicontinuous in &2,(X). If V is bounded
from below we have even, thanks to (5.1.15), lower semicontinuity w.r.t. narrow
convergence.

Recall that for functionals defined on a Hilbert space, A-convexity means

V(1 —=t)axy +tae) < (1 =)V (z1) +tV(x2) — %t(l — )|z — 22 YV, w € X,
(9.3.3)

Proposition 9.3.2 (Convexity of V). If V is A-convex then for every u, u?> € D(V)
and p € T'(ut, 4u?) we have

V(=) < (L V() + 1V(2) — S11— 1) /

|z — :cg\z dp(zy,z2). (9.3.4)
X‘Z

In particular:

(i) If p = 2 then the functional V is \-convex on generalized geodesics, according
to Definition 9.2.4 (in fact it is A-convex along any interpolating curve, cf.
Remark 9.2.5).

(i) If (p <2, A>0) or (p > 2, A < 0) then V is A\-geodesically convex in
Zp(X).

Proof. Since V' is bounded from below by a continuous affine functional (if A > 0)
or by a quadratic function (if A < 0) its negative part satisfies (9.3.1) for the
corresponding values of p considered in this lemma; therefore Definition (9.3.2)
makes sense.

Integrating (9.3.3) along any admissible transport plan p € I'(ut, u?) with
ut, 1u? € D(V) we obtain (9.3.4), since

V(i —?%) = - V((1—t)zy + tzs) du(zy, x2)
A

< /X2 ((1 — )V (x1) +tV(x2) — §t(1 —t)|zy — $2|2) dpu(z1, )

= (L= V) + ) - S - o) [

, |l’1 — I2‘2 d/ll(l’l, .Z‘Q).
X

When p = 2 we obtain (9.2.12). When p # 2 we choose p € T'p(ut, p?): for p > 2
we use the inequality

2/p
[ b= (s < ([ for = sl duson ) = W),
X X
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whereas, for p < 2, we use the reverse one

2/p
/ |21 — @0 dp(ay, 22) > (/ |71 — @2|” du(iﬂhxz)) = Wy (', 1?).
X2 X2

O

Remark 9.3.3. Since V(d,) = V(x), it is easy to check that the conditions on V
are also necessary for the validity of the previous proposition.

Example 9.3.4 (Interaction energy). Let us fix an integer k£ > 1 and let us con-
sider a lower semicontinuous function W : X* — (—oo0, +00], whose negative part
satisfies the usual p-growth condition. Denoting by p** the measure g x g x - -+ X 1
on X*, we set

Wi(u) == kW(xhacQ,...,xk)duXk(:rl,a:g,...7xk). (9.3.5)
X

If
Jr e X :W(x,z,...,z) < 400, (9.3.6)

then Wy, is proper; its lower semicontinuity follows from the fact that

fn — g in Zp(X) = -k in 2,(XP). (9.3.7)
Here the typical example is k& = 2 and W (z1,72) := W (1 — x3) for some W :
X — (=00, +oo] with W (0) < +o0.

Proposition 9.3.5 (Convexity of W). If W is convex then the functional Wy is
convez along any interpolating curve u} 2%, p € T'(ut, p?), in P,(X) (cf. Remark
9.2.5).

Proof. Observe that W is the restriction to the subset
P (XF) = {Mxk e @p(X)}

of the potential energy functional W on 22,(X*) given by
W(iu’) = kW(l’l,...7Ik)d[.lz($17...,irk)-
P

We consider the linear permutation of coordinates P : (X?2)¥ — (X*)?2 defined by

P(($1,y1)7($27y2)7~-w(xkayk)) = ((fﬂhu-ﬂik%(yhmyk))'

If p € T(p1, p2) then it is easy to check that Pyp** € D(u*, ui*) ¢ 2((X*)?)

and
Xk

(m12) 4 Py () = Py ((m1 %) ens)

Therefore all the convexity properties for Wj, follow from the corresponding ones
of W. a
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In the next example we limit us to consider the finite dimensional case X :=
R?, since the Lebesgue measure .Z¢ will play a distinguished role.

Example 9.3.6 (Internal energy). Let F : [0, +00) — (—00, +00] be a proper, lower

semicontinuous convex function such that

F d
F(0)=0, liminf (5) > —oo for some aw > ——. (9.3.8)
SUNEES d+p

We consider the functional F : Z,(R%) — (—o0, +oc] defined by

F dze if p=p- ¢ (R4
Fl) = {fw (p(@))dLUa) if p=p- 2 € ZRY), 9.3.9)
400 otherwise,
and its relaxed envelope F* defined as
F*(u) := inf { ET&EHW) S — o in ,@p(Rd)}. (9.3.10)

Remark 9.3.7 (The meaning of condition (9.3.8)). Condition (9.3.8) simply guar-
antees that the negative part of F(u) is integrable in R%. For, let us observe that
there exist nonnegative constants ci, co such that the negative part of F' satisfies

F~(s) <ecis+ces® Vse0,+0),

and it is not restrictive to suppose a < 1. Since u = p £?% € Z,(R?) and & > d
we have

/ o () AL (x) = / (@) (1+ )P (1 + |a]) P d.2 ()
R4 R4

< (/Rd p(z)(1 + |z])P dzd(x)>a(/Rd(1 - |a]) e/ (1o dgd(m))lfa e

and therefore F'~(p) € L'(R?).

Remark 9.3.8 (Lower semicontinuity of 7). General results on integral functionals
[11] show that [79, 31] F* = F on 27} (R?) and that 7* = F on the whole of

2,(R?) if F has a superlinear growth at infinity.
Proposition 9.3.9 (Convexity of F). If

the map s — s F(s™%) s convex and non increasing in (0,400), (9.3.11)

then the functionals F, F* are convex along (generalized, if p = 2) geodesics in

Py(RY).

Proof. By Proposition 9.1.3 we can limit us to check the geodesic convexity of F:
thus we consider two regular measures p' = p'.2? € D(F) ¢ Z}(RY), i = 1, 2,
and the optimal transport map r for the p-Wasserstein distance W, such that
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rypt = p?. Setting v, := (1 — )i + tr, by Theorem 7.2.2 we know that r; is

an optimal transport map between pu' and pu; = rt#,ul for any ¢t € [0,1], and
Lemma 7.2.1 (for ¢ € [0,1)) and the assumption p? € 227(R?) (for t = 1) show
that (¢ x 7¢)gp' = (84 X ¢)xu for some optimal transport map s;, therefore

s;ory = i pl-a.e. in RY. This proves that r; is p'-essentially injective for any
te0,1].

By Theorem 6.2.7 we know that r is approximately differentiable p'-a.e. and
Vr is diagonalizable with nonnegative eigenvalues; since p? is regular, by Lemma
5.5.3 det @r(w) > 0 for p'-a.e. € R Therefore Vr, is diagonalizable, too,
with strictly positive eigenvalues: applying Lemma 5.5.3 again we get u; 2 :=
(re)up' € 27 (R?) and

p*(x)

1—=2 = gd ith Tl =
ey Pt w p(re()) det Ve (2)

for pt-a.e. x € RY.
By (5.5.3) it follows that

Flue) = /Rd F(pi(y)) dy = /Rd F(#ﬁi(m‘)) det Vry(z) da.

Since for a diagonalizable map D with nonnegative eigenvalues
t— det((1 —t)I +tD)*? s concave in [0, 1], (9.3.12)

the integrand above may be seen as the composition of the convex and non-
increasing map s — s?F(p(z)/s%) and of the concave map in (9.3.12), so that
the resulting map is convex in [0, 1] for u'-a.e. z € R%. Thus we have

F( p'(x)

m) det Vo (x) < (1 — ) F(p*(x)) + tF(p*(x))

and the thesis follows by integrating this inequality in R

In order to check the convexity along generalized geodesics in the case p = 2,
we apply Proposition 9.2.10: we have to choose p € 225 (X) and two optimal
transport maps 7%, rt € L?(u; X), setting ! := (1—t)r%+trl. We know that 70, r?
are approximately differentiable, p-essentially injective, and that V0, Vrl are
symmetric (since p = 2) and strictly positive definite for y-a.e. z € R?; moreover,
by applying (6.2.9) to 7 and r! we get

(r'(z) —r'(y),z —y) = A= t)(r°x) —r°(y),z —y) + t{r'(z) — ' (y),z —y) > 0

for z, y € RY\ N, for a suitable p-negligible subset N of R, It follows that r?
are pi-essentially injective as well and we can argue as before by exploiting the
symmetry of Vr°, Vr!, obtaining

F(p') < (1 —t)F(uo) + tF(u1) for p' = (r')yp. O
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In order to express (9.3.11) in a different way, we introduce the function

Lp(z) :=2F'(2) — F(z) which satisfies — Lr(e™?)e* = diF(e_z)ez; (9.3.13)
2

denoting by F the modified function F (e ?)e* we have the simple relation

A d - == d - d? .
__a 20, % -
Lp(z) = dZF(z), L7.(2) dzLF(Z) e F(z), where (9.3.14)
L3(2) == Lp,.(2) = 2L’x(2) — Lp(2).
The nonincreasing part of condition (9.3.11) is equivalent to say that
Lp(z) >0 Vze(0,+00), (9.3.15)

and it is in fact implied by the convexity of F'. A simple computation in the case
F € C?(0,400) shows

2

2 i , 2o d
F(d-logs) = LF(d~logs)s—2 + LF(d~10gs)s—2,

2
O pe—dyd 47
ds? F(s™)s ds?

and therefore

1
(9.3.11) is equivalent to L% (z) > _ELF(Z) Vz e (0,400), (9.3.16)

ie.
1
2Lp(z) > (1- E)LF(Z)7 the map z +— 291 Lp(2) is non increasing. (9.3.17)

Observe that the bigger is the dimension d, the stronger are the above conditions,
which always imply the convexity of F'.

Remark 9.3.10 (A “dimension free” condition). The weakest condition on F' yield-
ing the geodesic convexity of F in any dimension is therefore

Li(2) = 2L (2) — Lp(2) >0 Yz € (0, +00). (9.3.18)
Taking into account (9.3.14), this is also equivalent to ask that
the map s +— F(e *)e® is convex and non increasing in (0,+00).  (9.3.19)
Among the functionals F satisfying (9.3.11) we quote:

the entropy functional: F(s) = slog s, (9.3.20)

1 1
the power functional: F(s) = 1sm form >1— 7 (9.3.21)
m—
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Observe that (9.3.20) and (9.3.21) with m > 1 also satisfy (9.3.19) and F = F*,
by Remark 9.3.8; on the other hands, if m < 1, F* is given by [79, 31]

Fr(p) == =1 o F(p(2))dL%x) with pu=p- L+ ps, ps L L% (9.3.22)

In this case the functional takes only account of the density of the absolutely
continuous part of g w.r.t. ¢ and the domain of F* is the whole 2, (R%), which
strictly contains 277 (R?).

Example 9.3.11 (The opposite Wasserstein distance). In the separable Hilbert
space X let us fix a base measure u! € 95(X) and let us consider the functional

Blu) 1= — W 1), (9.3.23)

Proposition 9.3.12. For each couple p?, > € P2(X) and each transfer plan u?3 €
T'(p2, 4?) we have

W3 ('t 17 %) = (1= )W3 (', ) + tW3 (u, 1°)

9.3.24
—t(l—t)/ lzo — 232 dp?3(ze,23) Vit €[0,1]. ( )
X2

In particular, by Remark 9.2.5, the map ¢ : p — —%Wf(ul,u) is (—1)-convex
along generalized geodesics.

Proof. We argue as in Theorem 7.3.2: by Proposition 7.3.1, for u?, u® € 2,(X)
and p?3 € T'(u?, 43) we can find a plan pu € T'(ut, u?, 43) such that
(0?7 g € Dot 7 7%), (7% g = 12, (9.3.25)

Therefore
W3 (u* %) = / (1= t)zy + tag — 21 |* dp(z, 3, 23)
X3
— / ((1 —t)|xs — x1\2 + tlas — J;l\z —t(1 —t)|ze — x3|2) dp(xy, 9, 23)
XS

> (1= OW2(t, 1) + W2 (b, %) — (1 — 1) / o2 sl A (e, ).
X ]

9.4 Relative entropy and convex functionals of
measures
In this section we study in detail the case of relative entropies, which extend even

to infinite dimensional spaces the example (9.3.20) discussed in 9.3.6: for more
details and developments we refer to [67].
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Definition 9.4.1 (Relative entropy). Let ~y,u be Borel probability measures on a
separable Hilbert space X ; the relative entropy of p w.r.t. v is

du ( > .
log dy if p <y,
H(ply) - / (9.4.1)
otherwise.

As in Example 9.3.6 we introduce the nonnegative, ls.c., (extended) real,
(strictly) convex function

s(logs —1)+1 if s >0,

H(s): =11 if s =0, (9.4.2)
+00 if s <0,
and we observe that
d
H(ply) =/ H(ZE) dy =00 M) =0 & p=7. (9.4.3)
X dy

Remark 9.4.2 (Changing 7). Let v be a Borel measure on X and let V : X —
(=00, +00] a Borel map such that

VT has p-growth (5.1.21), 5:=e~" -~ is a probability measure. (9.4.4)

Then for measures in &,(X) the relative entropy w.r.t. v is well defined by the
formula

H(uly) == H(ply) - /XV(w) du(z) € (=00, +00] Ve Z,(X).  (9.4.5)

In particular, when X = R? and ~ is the d-dimensional Lebesgue measure, we find
the standard entropy functional introduced in (9.3.20).

More generally, we can consider a

proper, l.s.c., convex function F : [0, +00) — [0, +00] (9.4.6)
with superlinear growth o

and the related functional
dp
F(—) dy if < 7,
Fuly) = /x dy (9.4.7)
+00 otherwise.

Lemma 9.4.3 (Joint lower semicontinuity). Let v", " € Z(X) be two sequences
narrowly converging to v, i in P (Xx). Then

lim inf H(p"|y") = H(ply),  lminf F(u"[y") = F(uly). (9.4.8)
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The proof of this lemma follows easily from the next representation formula;
before stating it, we need to introduce the conjugate function of F

F*(s*) :=sups-s* — F(s) < +oo Vs" €R, (9.4.9)
s>0
so that
F(s) = sup s" - s — F*(s"); (9.4.10)
s*eR

if sg > 0 is a minimizer of F' then

F*(s*) > s"sg— F(sp), s>sy = F(s)=sups*-s—F(s"). (9.4.11)
s*>0

In the case of the entropy functional, we have H*(s*) = e® — 1.

Lemma 9.4.4 (Duality formula). For any v, p € P(X) we have

Fluby) = sup { /X S* () dp(x) — /X F*(S*(2)) dy(x) : S* € Cf(Xx) b (9.4.12)

Proof. This lemma is a particular case of more general results on convex integrals
of measures, well known in the case of a finite dimensional space X, see for instance
§2.6 of [11]. We present here a brief sketch of the proof for a general Hilbert space;
up to an addition of a constant, we can always assume F*(0) = —ming> F(s) =

Let us denote by F'(u|y) the right hand side of (9.4.12). It is obvious that
F'(u|y) < H(ul|y), so that we have to prove only the converse inequality.

First of all we show that F'(u|y) < +oo yields that p < . For let us fix
s*, e > 0 and a Borel set A with v(A4) < /2. Since p, v are tight measures (recall
that B(X) = #(X»), compact subset of X are compact in X, too, and X is
a separable metric space) we can find a compact set K C A, an open set (in X,)
G D A and a continuous function ¢ : X — [0, s*] such that

wWG\K)<e, ~(G)<e ((x)=s" onK, ((x)=0 onX\G.

Since F* is increasing (by Definition (9.4.9)) and F*(0) = 0, we have
S ulK) = P < [ @) [ (el v
< [ @ane)~ [ Fre@) i) < # )
Taking the supremum w.r.t. K C A and s* > 0, and using (9.4.11) we get

eF (u(A)/e) < F'(uly) if p(A) > eso.

Since F'(s) has a superlinear growth as s — 400, we conclude that u(A) — 0 as
el 0.
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Now we can suppose that 4 = p -~ for some Borel function p € L'(v), so
that

Py = sup{ [ (5" @hnte) = F*(5" (@) dr(w) : 5" € CP(X)

and, for a suitable dense countable set C' = {s},eny C R

Fluly) = /X sup (s p(x) — F*(s")) dy(z)

s*eC

= lim sup (s*p(z) — F*(s*)) dy(z)

k—oo [x g* €Oy

where Cj, = {s7, -+, s}}. Our thesis follows if we show that for every k
/ max (s*p(x) — F*(s)) dy(z) < F'(uly)- (9.4.13)
x s*€C
For we call

Aj= {x € X :sip(z) — F*(s) = sip(x) — F*(s]) Vie {17...,19}},
and

J
A=Ay, Al = A0\ ( U Ai>.
=1

Since v is Radon, we find compact sets K; C A;, Xo-open sets G; D A; with
G;NK; =@ ifi# j, and X -continuous functions (; such that

k
Z’y(Gj \Kj) +u(Gj\ Kj) <e, ¢(j=s;onkK; (=0o0nX\G;
j=1

Denoting by ¢ := Z?Zl G, M = Z?Zl |s7], since the negative part of F*(s*) is
bounded above by |s*|sp we have

k
/Xsrneac)i s p(x F*(s*)) dy(x) = Zl_/A/_ (Sjp(z) *F*(s;‘)) dr()
k
: Z_: /K (s7p(w) = F(s7)) d(w) + (M + Mso)

- Z / — F*(C(«))) dr(e) + £(M + Mso)

< /X (C@)plx) — F*(((x))) dy(@) + (M + Mso + M + F*(M)).

Passing to the limit as € | 0 we get (9.4.13). O
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Lemma 9.4.5 (Entropy and marginals). Let 7 : X — X be a Borel map. For every
couple of probability measures v, u € P (X) we have

H(myplryy) < H(uly),  Flrgulmyy) < Fluly). (9.4.14)

Proof. Tt is not restrictive to assume that p < v: we denote by p a Borel map
~v-a.e. equal to the density %; applying the disintegration theorem we can find a
Borel family of probability measures 7, in X such that v = [ Yz dmyy(z) and
Yo (X \ 77 1(x)) = 0 for Tyv-a.e. z.

It follows that ;¢ and mxp admit the representation

u=/Xp%d7T#7(x) and mgp=p-myy with plz) = /1( )p(y)d%:(y)

since for each Borel set A C X one has

L Ly ) = /A ( / . (@) dmp (@)

Jensen inequality yields

and therefore

Flrpplmy) = /X F(p(x)) drar(z) < /

X

(/ﬂl(m) F(p(y))d%(y)) dmyy(z)

< /X F(p(x)) dy(x) = F(uly).

O
Corollary 9.4.6. Let 7* : X — X be Borel maps such that
lim 7F(z) =z VzeX.
k—o0
For every vy, u € 2(X), setting v* = w’;ﬂ, pk = W;IZ,:M, we have
Jim H(pM ") =Hluly),  Jim ") = Fuly). (9.4.15)
—00 k—o0

Proof. Lebesgue’s dominated convergence theorem shows that v*, u* narrowly
converge to 7, u respectively. Combining Lemma 9.4.3 and 9.4.5 we conclude. [
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9.4.1 Log-concavity and displacement convexity

We want to characterize the probability measures + inducing a geodesically con-
vex relative entropy functional H(-|]y) in #2,(X). The following lemma provides
the first crucial property; the argument is strictly related to the proof of the
Brunn-Minkowski inequality for the Lebesgue measure, obtained via optimal trans-
portation inequalities [126]. See also [25] for the link between log-concavity and
representation formulae like (9.4.23).

Lemma 9.4.7 (v is log-concave if H(:|y) is displacement convex). Suppose that
for each couple of probability measures pu',u? € P2(X) with bounded support,
there exists pu € T'(ut, u?) such that H(-|y) is convex along the interpolating curve
ui? = ((1—t)7r1+t7r2)#u, t € [0,1]. Then for each couple of open sets A, B C X
and t € [0,1] we have

logy((1 —t)A+tB) > (1 —t)logv(A) + tlogy(B). (9.4.16)
Proof. We can obviously assume that y(A4) > 0, y(B) > 0 in (9.4.16); we consider
1 1
1 2
=7(A) = ——=Xa -7, =7(|B) = —=XB "7,
observing that

H(p'ly) = —logy(A), H(u’|y) = —log~(B). (9-4.17)

1

If i —2 is induced by a transfer plan g € T'(ut, pi?) along which the relative entropy

is displacement convex, we have

H(ps?|y) < (L= tyH(p' ) + tH(p|y) = —(1 — t)logy(A) — tlogy(B).

On the other hand the measure p; —2 is concentrated on (1—t)A+tB = 7w} 7%(A x
B) and the next lemma shows that

—logY((1 = t)A+tB) < H(uy?). O

Lemma 9.4.8 (Relative entropy of concentrated measures). Let v, u € P (X); if
w is concentrated on a Borel set A, i.e. (X \ A) =0, then

H(ply) > —logy(A). (9.4.18)

Proof. It is not restrictive to assume u < 7 and y(A) > 0; denoting by v4 the
probability measure v(-|A) := v(A) "X 4 - 7, we have

) = [ s (55) dn= [ 1ow (3 55)
= [ 10w (=) du— [ 108 ((4)) doe = H(u10) —1og (+(4)

—log( (A)) 0
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The previous results justifies the following definition:

Definition 9.4.9 (log-concavity of a measure). We say that a Borel probability
measure y € P(X) on X is log-concave if for every couple of open sets A, B C X
we have

logv((1 —t)A+1tB) > (1 —t)logy(A) + tlog~v(B). (9.4.19)

In Definition 9.4.9 and also in the previous theorem we confined ourselves to
pairs of open sets, to avoid the non trivial issue of the measurability of (1—¢)A+tB
when A and B are only Borel (in fact, it is an open set whenever A and B are
open). Observe that a log-concave measure v in particular satisfies

log Y(By((1 = t)ao + tz1)) = (1 — t)log Y(By(20)) + tlog y(B. (1)), (9.4.20)

for every couple of points xg,z1 € X, r >0, t € [0,1].

We want to show that in fact log concavity is equivalent to the geodesic
convexity of the Relative Entropy functional H(-|7).

Let us first recall some elementary properties of convex sets in R?. Let C' C R¢
be a convex set; the affine dimension dim C' of C' is the linear dimension of its
affine envelope

aff ¢ = {(1 —t)xg +txy t g, 21 €C, t € R}, (9.4.21)

which is an affine subspace of R?. We denote by int C' the relative interior of C' as
a subset of aff C': it is possible to show that

intC+#o, MmC=C, #%C\intC)=0 ifk=dimC. (9.4.22)

Theorem 9.4.10. Let us suppose that X = R is finite dimensional and v € 2(X)
satisfies the log-concavity assumptions on balls (9.4.20). Then supp~ is convex
and there exists a convez l.s.c. function V : X — (00, +00] such that

-V

y=e ,  where k = dim(supp~y). (9.4.23)

ok
|aff(SUPp 20)
Conversely, if v admits the representation (9.4.23) then 7y is log-concave and the

relative entropy functional H(-|y) is conver along any (generalized, if p = 2)
geodesic of P, (X).

Proof. Let us suppose that ~ satisfies the log-concave inequality on balls and
let k be the dimension of aff(supp~y). Observe that the measure v satisfies the
same inequality (9.4.20) for the balls of aff(supp~): up to an isometric change of
coordinates it is not restrictive to assume that k = d and aff (supp~y) = R%.

Let us now introduce the set

. d. g e V(Br(2))
D := {x e R*: hr%nf . > 0}. (9.4.24)
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Since (9.4.20) yields

V(Br (1)) (W(Br}(fo)))l_t (7(&(331))

t
te(0,1), 9.4.25
) > (1 ) e, 4
it is immediate to check that D is a convex subset of R? with D C supp 7.
General results on derivation of Radon measures in R? (see for instance
Theorem 2.56 in [11]) show that

B,
lim sup Ld(x)) < +oo for L%ae. xeR? (9.4.26)
rl0 r
and p
r
limsup ———— < 400 for y-a.e. v € R% (9.4.27)
rio - V(Br(z))

Using (9.4.27) we see that actually ~ is concentrated on D (so that supp~y C D)
and therefore, being d the dimension of aff (supp~), it follows that d is also the
dimension of aff(D).

If a point Z € R? exists such that

V(B (7))

lim sup ] = 400,

rl0 r

then (9.4.25) forces every point of int(D) to verify the same property, but this
would be in contradiction with (9.4.26), since we know that int(D) has strictly
positive .Z?-measure. Therefore

V(B (x))

d < 400 for all z € R? (9.4.28)

lim sup
r|0
and we obtain that v < 2%, again by the theory of derivation of Radon measures
in R?. In the sequel we denote by p the density of v w.r.t. £ and notice that by
Lebesgue differentiation theorem p > 0 Z%-a.e. in D and p = 0 .Z%-a.e. in R4\ D.
By (9.4.20) the maps

V(Br(x)))

wqrd

Ve(z) = —log(

are convex on RY, and (9.4.28) gives that the family V,.(z) is bounded as r | 0 for
any x € D. Using the pointwise boundedness of V. on D and the convexity of V,.
it is easy to show that V. are locally equi-bounded (hence locally equi-continuous)
on int(D) as r | 0. Let W be a limit point of V,., with respect to the local uniform
convergence, as r | 0: W is convex on int(D) and Lebegue differentiation theorem
shows that

Elli%l Vi(z) = —logp(x) = W(z) for L%ae. z € int(D), (9.4.29)
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so that v = p.£% = e*WXint(D)fd. In order to get a globally defined convex and
Ls.c function V' we extend W with the +oo value out of int(D) and define V' to
be its convex and l.s.c. envelope. It turns out that V' coincides with W on int(D),
so that still the representation v = e~".#? holds.

Conversely, let us suppose that v admits the representation (9.4.23) for a
given convex ls.c. function V and let u!, p? € 2,(X); if their relative entropies
are finite then they are absolutely continuous w.r.t. v and therefore their sup-
ports are contained in aff (supp ). It follows that the support of any optimal plan
p € To(pt, 1?) in 2,(X) is contained in aff (suppy) x aff(supp~): up to a linear
isometric change of coordinates, it is not restrictive to suppose aff (suppy) = R4,
ply p? € Zo(RY), y=eV . 2% PRY).

In this case we introduce the density p* of '’ w.r.t. £? observing that

du' iV

= i =1,2
d")/ pe g ) <

where we adopted the convention 0 - (+00) = 0 (recall that p(x) = 0 for .Z%-a.e.
x € R4\ D(V)). Therefore the entropy functional can be written as

') = [ Ao ) et [ Vi di@),  (0430)
i.e. the sum of two geodesically convex functionals, as we proved discussing Ex-
amples 9.3.1 and Examples 9.3.6. Lemma 9.4.7 yields the log-concavity of v; the
case of generalized geodesics in P5(X) is completely analogous. g

The previous theorem shows that in finite dimensions log-concavity of ~y is
equivalent to the convexity of H(u|y) along (even generalized, if p = 2) geodesics
of anyone of the Wasserstein spaces &,(X): the link between these two concepts
is provided by the representation formula (9.4.23).

When X is an infinite dimensional Hilbert space, (9.4.23) is no more true in
general, but the equivalence between log-concavity and geodesic convexity of the
relative entropy still holds. In particular all Gaussian measures, defined in Defini-
tion 6.2.1, induce a geodesically convex relative entropy functional (see condition
(5) in the statement below).

Theorem 9.4.11. Let X be a separable Hilbert space and let v € P(X). The fol-
lowing properties are equivalent:

(1) H(:-|y) is geodesically convex in Z,(X) for every p € (1, +00).
(2) H(:|y) is convex along generalized geodesics in Po(X).

(3) For every couple of measures p', u?> € P(X) with bounded support there
exists a connecting plan p € T'(ut, p?) along with H(-|y) is displacement
convez.

(4) ~ is log-concave.
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(5) For every finite dimensional orthogonal projection m : X — X, my7y is rep-
resentable as in (9.4.23) for a suitable convex and l.s.c. function V.

Proof. The implications (1) = (3) and (2) = (3) are trivial, and (3) = (4) follows
by Lemma 9.4.7.

Now we show that (4) = (5), using Theorem 9.4.10: if A, B are (relatively) open
subsets of 7(X) and t € [0, 1] we should prove that

log (7‘(‘#7((1 —1)A+ tB)) > (1—1t)log (w#'y(A)) +tlog (w#’y(B)). (9.4.31)

By definition muy(A) = v(77'A), mxy(B) = y(7~'B), and it is immediate to
check that
Tuy((1—t)A+tB) =y(1—t)r ' A+ tr~'B)

since 771 ((1 —t)A+tB) = (1 —t)m'A + tx~'B. Thus (9.4.31) follows by the
log-concavity of v applied to the open sets 71 A, 7' B.

(5) = (1): we choose a sequence 7" of finite dimensional orthogonal projections
on X such that 7"(z) — x for any x € X as h — oo, set 4" := ﬂ?};’y and

¢" () = H(ph"),  (p) :==H(uly) Yue 2(X).

Since each functional ¢" is geodesically convex in #,(X), by Theorem 9.4.10, the
thesis follows by Lemma 9.1.4 if we show that ¢ is the I-limit of ¢" as h — oo:
thus we have to check conditions (9.1.4) and (9.1.5).

(9.1.4) follows immediately by Lemma 9.4.3; in order to check (9.1.5) we
simply choose p" := w;;,u and we apply Corollary 9.4.6.
The implications (5) = (2) follows by the same approximation argument, invoking
Lemma 9.2.9. O

If 7 is log-concave and F satisfies (9.3.19), then all the integral functionals
F(-]v) introduced in (9.4.7) are geodesically convex in &,(X) and convex along
generalized geodesics in P5(X).

Theorem 9.4.12 (Geodesical convexity for relative integral functionals). Suppose
that ~y is log-concave and F : [0,+00) — [0,400] satisfies conditions (9.4.6) and
(9.3.19). Then the integral functional F(-|7y) is geodesically convezr in Zy(X) and
convex along generalized geodesics in Pa(X).

Proof. The same approximation argument of the proof of the previous theorem
shows that it is sufficient to consider the final dimensional case X := R%. Arguing
as in the final part of the proof of Theorem 9.4.10 we can assume that v := e~V .24
for a convex Ls.c. function V : R? — (—o0,4+0oc] whose domain has not empty
interior. For every couple of measure u', % € D(F(-|y)) we have

pt=pleV -y, Fluily) = / F(p'(z)eV e V@ dg i =1,2. (9.4.32)
Rd
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As in Proposition 9.3.9, we denote by r the optimal transport map for the p-
Wasserstein distance pushing p' to p? and we set 7 := (1—t)i+tr, py = (r')pzp';
arguing as in that proposition, we get

o)V @) N V(@)
Fluly) = [ F(EZE ) det v T P
() /Rd ( e ) ) et Vrt(x)e T, ( )

and the integrand above may be seen as the composition of the convex and non-
increasing map s — F(p(z)e*)e® with the concave curve

ts —V(ri(x)) + log(det Vry(z)),
since D(z) := Vr(z) is a diagonalizable map with nonnegative eigenvalues and
t+— logdet ((1 —t)I +tD(x)) is concave in [0,1].

The case of convexity along generalized geodesics in %25 (R?) follows by the same
argument, recalling the final part of the proof of Proposition 9.3.9 once again.
O






Chapter 10

Metric Slope and Subdifferential
Calculus in &7,(X)

As we have seen in Section 1.4, in the classical theory of subdifferential calculus for
proper, lower semicontinuous functionals ¢ : X — (—o00, +00] defined in a Hilbert
space X, the Fréchet Subdifferential 0¢ : X — 2% of ¢ is a multivalued operator
defined as

£€dgp(v) <= wveD@), liminf¢(w)_¢(v)—<§,w—v>20

W w — ]

. (10.0.1)

which we will also write in the equivalent form for v € D(¢)
£€Opr) < Sw)> W) +{Ew—1v) to(w—1]) asw—v (100.2)

As usual in multivalued analysis, the proper domain D(9¢) C D(¢) is defined as
the set of all v € X such that d¢(v) # &; we will use this convention for all the
multivalued operators we will introduce.

The Fréchet subdifferential occurs quite naturally in the Euler equations for
minima of (smooth perturbation of) ¢:

A. Euler equation for quadratic perturbations. If v is a minimizer of
1
wi— D(1,v;w) 1= d(w) + 2—\w —v|? forsome 7>0,veX (10.0.3)
T

then
)

vy € D(0¢) and —

€ 9 (v, ). (10.0.4)

For A-convex functionals (recall Definition 2.4.1 and Remark 2.4.4) the Fréchet
subdifferential enjoys at least two other simple but fundamental properties, which
play a crucial role in the corresponding variational theory of evolution equations:
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B. Characterization by variational inequalities and monotonicity. If ¢ is \-
convex, then

ECO0) = o) 2 o)+ (Ew ) + hw— o Ywe D)
(10.0.5)
in particular,

&iedp(vi) = (& —E&, v —v2) = Aoy —va? Vur,va € D(99).
(10.0.6)

C. Convexity and strong-weak closure. [28, Chap. II, Ex. 2.3.4, Prop. 2.5] If
¢ is A-convex, then d¢(v) is closed and convex, and for every sequences
(vn), (&n) € X we have

&n € a(b(vn)» v, = v, §p—§ = §¢€ 8¢(U)7 ¢(Un) - ¢(U)
(10.0.7)

Modeled on the last property C and following a terminology introduced by F.H.
CLARKE, see e.g. [113, Chap. 8], we say that a functional ¢ is regular if

§n € 8(25(’071,), Pn = ¢('Un)

Un — U, §7L - fa Pn — P

} = € dp(v), ¢=¢v). (10.0.8)

D. Minimal selection and slope. (cf. Proposition 1.4.4) If ¢ is regular (in partic-
ular if ¢ is A-convex) for every v € D(¢) the metric slope

(¢(v) — $(w)) "

001(0) = timsup <=0 (10.0.9)
is finite if and only if d¢(v) # 0 and
16| (v) = min{|£| fe 8(;5(1})}. (10.0.10)
E. Chain rule. If v : (a,b) — D(¢) is a curve in X then
%fb(v(t)) = (&,V/ (1)) VE€dp(u(t)), (10.0.11)

at each point ¢ where v and ¢ o v are differentiable and d¢(v(t)) # 0. In
particular (see [28, Chap. III, Lemma 3.3] and Remark 1.4.6) if ¢ is also
A-convex, v € AC(a, b; X) (see Remark 1.1.3), and

/ 06| (v(t) v/ ()] dt < +oo, (10.0.12)

then ¢ o v is absolutely continuous in (a,b) and (10.0.11) holds for .#!-a.e.
t € (a,b).
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The aim of this chapter is to extend the notion of Fréchet subdifferentiability and
these properties to the Wasserstein framework (see also [38] for related results). In
the next section we shall consider the simpler case of regular measures in P(X),
where the theory exhibit an evident formal analogy with the Euclidean one.
After a detailed analysis of the differentiability properties of the Wasserstein
distance map W, (-, 1) from a fixed reference measure p € Z,(X) that we will
carry out in Section 10.2, in the third section we will attack the case of general
measures in #,(X). Examples are provided in the last section of this chapter.

10.1 Subdifferential calculus in &75(X): the regular case

In this section we focus our attention to functionals ¢ defined on &?3(X) (i.e. here
p = 2) and we present the main definitions and results on subdifferentiability in
the (considerably) simplifying assumption that each measure p in D(|0¢|) can be
pushed on every v € D(¢) by a unique optimal transport map, which we denoted
by ¢, in (7.1.4). To ensure this property we are supposing that

@ Py(X) — (—00,400] is proper and lower semicontinuous,

with D(|8¢|) € 225(X); (10.1.1a)

we further simplify some technical point by assuming that for some 7, > 0 the
functional

1
O(r, psv) = W3 its at 1
v ®(r, s v) 5 Wi (1, v) + ¢(v) admits at least (10.1.1b)

a minimum point p,, for all 7 € (0, 7,) and p € Po(X).

Notice that D(¢) C £25(X) is a sufficient but not necessary condition for (10.1.1a),
see the example of the internal energy functional discussed in Theorem 10.4.13.

The formal mechanism for translating statements from the euclidean frame-
work to the Wasserstein formalism is simple: if g < v is the reference point,
scalar products (-,-) have to be intended in the reference Hilbert space L?(u; X)
(which contains the tangent space Tan, (X)) and displacement vectors w — v
corresponds to transport maps t;; — 4. According to these two natural rules, the
transposition of (10.0.1) yields

Definition 10.1.1 (Fréchet subdifferential). Let ¢ : P5(X) — (—o0,+c] be a
functional satisfying (10.1.1a) and let p € D(|0¢|). We say that & € L?(u; X)
belongs to the Fréchet subdifferential o (p) if

g 20 = 80) = [ (€)1 () — 2) di)
V—L WQ(/J,, V)

>0, (10.1.2)
or, with equivalent simpler notation,

P(v) — o(p) = / (&(x),t(x) — x) du(x) + o(Wa(p,v)). (10.1.3)

X
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When & € 0p(1) also satisfies

O(tn) — () > /X (@), t(x) — 2) du(z) + o([It — il o)), (10.1.4)

then we will say that € is a strong subdifferential.

It is obvious that d¢(u) is a closed convex subset of L?(u; X); in fact, we can
also impose that it is contained in the tangent space Tan, % (X), since the vector
& in (10.1.3) acts only on tangent vectors (see (8.5.1) and Theorem 8.5.1).

A. Euler equation for quadratic perturbations. When we want to minimize the
perturbed functional (10.1.1b) we get a result completely analogous to the eu-
clidean one (10.0.4):

Lemma 10.1.2. Let ¢ be satisfying (10.1.1a,b) and let p, be a minimizer of
(10.1.1b); then pr € D(|0¢|) and
1
—(th_ —1i) € 0¢(ur) is a strong subdifferential. (10.1.5)
-

Proof. The minimality of u, gives
1
O(v) = $lur) = (7, ) = &7, i pir) + o (sz(unu) - Wiy, u))

> L (Waue )~ Wi ) o € 25(X).

Now we observe that if v = tup,
Harp) = [ 185 @) =aPduc (o). Wi < [ [e() ~ @) dier (o)

and therefore the elementary identity 3|a|> — $|b[> = (a,a — b) — 1|a — b|? yields

Bw) — Blur) > 5 (1 @) = o = 18 (@) = 6@ dyr ()

= /X (1<tﬁf (x) —z,t(x) — z) — %\t(m) _ :c|2> dpir ()
- /x (8 (2) — . t(2) — ) dpr () — %Ht =il Z20u, %)

.
We deduce £ (#: —i) € d¢(j-) and the strong subdifferentiability condition. [

The above result, though simple, is very useful and usually provides the
first crucial information when one looks for the differential properties of discrete
solutions of the variational scheme (2.0.4). The nice argument which combine the
minimality of p, and the possibility to use any “test” transport map ¢ to estimate
W3 (t4v, 1) was originally introduced by F. OTTO.
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10.1.1 The case of A-convex functionals along geodesics

Let us now focus our attention to the case of a A-convex functional:

¢ is A-convex on geodesics, according to Definition 9.1.1. (10.1.6)

B. Characterization by Variational inequalities and monotonicity. Suppose that ¢
satisfies (10.1.1a) and (10.1.6). Then a vector € € L?(u; X) belongs to the Fréchet
subdifferential of ¢ at p iff

o(v) — é(1) = /

. (&(2),t,(z) — ) du(x) + %Wg(u, v) VYveD(¢). (10.1.7)

In particular if §; € 0p(pi), i = 1,2, and t = 11,2 is the optimal transport map,
then

[ (ealt@) — €1(0), ) ) din () 2 AW g, o). (10.1.8)

Proof. One implication is trivial. To prove the other one, suppose that & € d¢(p)
and v € D(¢); for t € [0,1] we set py; := (i +t(t;, —1))4p and we recall that the
A-convexity yields

d(pe) — o)

—) < o) — o) — 51— OWE ().

On the other hand, since Wa(pu, pe) = tWo(u, ), Fréchet differentiability yields

ingint =2 > i+ [ (g(0). (@) = o) duta)
> /X (€ (@), 8 (x) — o) dyu(a),
since ¢ (z) = x + t(t},(x) — ). O

C. Convexity and strong-weak closure. The next step is to show the closure of
the graph of d¢: here one has to be careful in the meaning of the convergence of
vectors &, € L?(pn; X), which belongs to different L2-spaces, and we will adopt
Definition 5.4.3, see also Theorem 5.4.4 for the main properties of this convergence.

Lemma 10.1.3 (Closure of the subdifferential). Let ¢ be a \-convex functional
satisfying (10.1.1a), let (u,) be converging to pu € D(¢) in P2(X) and let &, €
Od(un) be satisfying

sup/X €,,(2)|? dpn () < +o0, (10.1.9)

and converging to € according to Definition 5.4.3. Then & € 0¢(u).
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Proof. Let us fix v € D(¢) and the related optimal transport map t* | and let

Hn?

My, = (2% &, Xt )yup,. Observe that the sequence p,, is relatively compact in
P (X x X x X), by Lemma 5.2.2 (the tightness of second marginals follows by
(10.1.9) and Lemma 5.1.12) and

71'71#&73[,1,” €lo(tn,v), ~,= 71'#2“” is as in Theorem 5.4.4. (10.1.10)

By (10.1.7) we know that

d(v) > d(pn) +/ (x2, w3 — 1) dp, (1, T2, T3) + %sz(un,y). (10.1.11)

XXX xX

If p is any limit point of p, in Z(X x X5 x X), applying Lemma 5.2.4 and
the lower semicontinuity of ¢ (recall that |z1|> and |x3|? are uniformly integrable
w.r.t. u,,, by the convergence of y1,, in P5(X) and the fact that the third marginal
of w,, is v) we get

o(v) = o(p) +/ (w2, w3 — 1) dpa(w1, T2, 23) + %Wﬁ(u, v).  (10.1.12)

XXXxX

On the other hand, 773#’311 € To(p,v) and (10.1.12) easily yields u € D(|0¢]|); by

(10.1.1a) we know that 7@’3 p is induced by the unique optimal transport map ¢;,.
Invoking Lemma 5.3.2 we get

00) 2 0(0) + [ {oasti(on) o) dyan,22) + 5 WE ()

XxX

=00+ [ (3lan) i) o) dutar) + 5 WE 1),

with v = W;fu. Since Theorem 5.4.4 yields & = 4, we conclude. O

10.1.2 Regular functionals
Definition 10.1.4. A functional ¢ : P2(X) — (—o00,+00] satisfying (10.1.1a) is
regular if whenever the strong subdifferential &, € 0d(n), on = ¢(un) satisfy

fin = pin Po(X),  en =@, sup €, llL2(u;x) < 400
n (10.1.13)
&, — & weakly, according to Definition 5.4.3,

then & € 0¢(n) and p = ¢(p).

We just proved that A-convex functionals are indeed regular.
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D. Minimal selection and slope.

Lemma 10.1.5. Let ¢ be a reqular functional satisfying (10.1.1a,b). u € D(|0¢]) if
and only if Op(u) is not empty and

106]() = min { €]l 2ux) : & € Db(n) }. (10.1.14)
By the convexity of 0¢(u) there exists a unique vector & € Op(u) which attains the
minimum in (10.1.14): we will denote it by 9°P(j).
Proof. 1t is clear from the very definition of Fréchet subdifferential that

1001(1) < [[€llL2(usx) V€ € Op(p);

thus we should prove that if |0¢|(u) < +oo there exists & € Jdp(p) such that
€11 2 (1 x) < [06](p). We argue by approximation: for u € D(|0¢|) and 7 € (0, ),
let z1; be a minimizer of (10.1.1b); by Lemma 10.1.2 and 3.1.5 we know that

W3 (s pr)
.

& = (et i) <00 [ 6@ dus(a)

T

)

&, is a strong subdifferential, and for a suitable vanishing subsequence 7,, — 0

tim [, (@) di, () = 06 (1) (10.1.15)

n—oo

By Theorem 5.4.4(c) we know that & has some limit point & € L?(u; X) as 7 | 0,
according to Definition 5.4.3. By (10.1.13) we conclude. O

E. Chain rule. Let ¢ : P5(X) — (—o0,400| be a reqular functional satisfying
(10.1.1a,b), and let p : (a,b) — py € D(p) C Po(X) be an absolutely continuous
curve with tangent velocity vector vy. Let A C (a,b) be the set of points t € (a,b)
such that

(a) [0|(1e) < +o0;

(b) ¢ o p is approzimately differentiable at t (recall Definition 5.5.1);
(¢c) condition (8.4.6) of Proposition 8.4.6 holds.
Then

%d)(ﬂt):/X<€t($)7vt(x)>d,ut($) Ve, € 0p(1s), VteEA. (10.1.16)

Moreover, if ¢ is A-convex (10.1.6) and

b
/ 06| (ue) 1] (1) dt < +o0, (10.1.17)
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then the map t — ¢ () is absolutely continuous, and (a,b) \ A is L1 -negligible.
Proof. Let t € A; observing that

vy = %(tﬁ:}h —i) —v; in L2 (ugp; X), (10.1.18)
we have
Optzen) — Sue) > h /X (0n (), &(2)) dpiz(z) + o(R). (10.1.19)

Dividing by h and taking the right and left limits as » — 0 we obtain that the left
and right approximate derivatives d/dt1¢(u) satisfy

0], > [ () ) o), G0t < [ (o), o)) dsto)

and therefore we find (10.1.16).

In the A-convex case, since |0¢| is a strong upper gradient (see Definition 1.2.1
and Corollary 2.4.10), we already know that ¢ — ¢(u;) is absolutely continuous in
(a,b) and thus the conditions (a,b,c) hold Z*-a.e. in (a,b). O

10.2 Differentiability properties of the p-Wasserstein
distance

In this section we present a careful analysis of the differentiability properties of the
Wasserstein distance function v +— W2 (u,v) from a fixed measure p € Z2,(X).

This important example, which is a basic ingredient of the Minimizing Move-
ment approach developed in Chapter 2, will provide some basic tools for dealing
with more general functionals (as in step A of the previous section) and will suggest
the right way to define their Fréchet subdifferential in terms of plans.

The main ingredient, a super-differentiability result which is essential to the
developments of the next Section 10.3, is provided by Theorem 10.2.2. The remain-
ing part is devoted to study the (more delicate) sub-differentiability properties of
W, which are interesting by themselves, even if they do not play a crucial role in
the sequel.

First of all, we recall a useful property of the differential j,(z) = |z|P~2z of
the function p~!|z|P in X, p € (1,00); we first introduce the strictly positive and
continuous function

1 P p—1
_ 1 —to)P —t5 +pt
oy (t ::/ 1—tt—tp2dt:( 0 0 10.2.1
plio) = [ (@ =ni=to T (102.1)
and the positive constants
cpi= min hy(te), Cp:= max hy(to), (10.2.2)

to€(0,1] to€[0,1]
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observing that

2 o, <2
cp > —— forp>2 <
" plp-1) TP Tl
Lemma 10.2.1. If p > 2 then for each couple of points x1, xo in the Hilbert space
X we have

for p < 2. (10.2.3)

1 1 .
Cplrr — wafP < §|$2|p - ];|561|p — (Jp(w1), 22 — 71)

( 3 (10.2.4)
- -2
< p2 |a:279:1|2max(|x2|,|x1|)p
Analogously, if p < 2 we have
-1 . -2
P 9 |z — 21[* min (|$2|a |$1|)p
(10.2.5)

1 1 .
< —lzaf? — ];|»’U1|p — (Jp(w1), 22 — 1) < Cplra — 217

Proof. Let us denote by xz, t € (0,1), the segment z; := (1 — t)z1 + txg; it is
not restrictive to suppose that x; # 0 for each value of t. Therefore the convex
map ¢ — p~tay|? is of class C? and denoting by g(t) its (nonnegative) second
derivative we have

1 1 , !
Lol = Ljaor = (G (21), 20 — 1) = / (1 t)g(t) dt. (10.2.6)
p p 0
A direct calculation shows
%p‘l\xlp = |z [P (@, w2 — 11),
d? —1|..1p p—2 2 p—4 2
g(t) = 2P |z|P = |z P e — z1|* 4+ (p — 2)|2¢| (<$t7$2—9€1>) ;

and therefore

2P 2|2 — 21]® < g(t) < (p— D]w|P 3wy — 21* ifp>2,
(p— D" ?|we — 21> < g(t) < |we|P P og —aa|* ifp< 2.

The second inequality of (10.2.4) and the first one of (10.2.5) follow easily by
(10.2.6). In order to prove the other inequalities, let us denote by to € [0,1] the
value corresponding to the point of minimal norm along the segment z;. It is easy
to check that

o] 2 [s = 20| = |22 — 21| [t = tol;

taking into account of (10.2.2) we conclude. O
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We can apply the above result to establishing a sort of super-differentiability
property of the Wasserstein distance; to clarify our notation, we will call p? the
reference measure, and we are studying the map

1
i (p) = ;Wg’(u,uz) near a given measure ' € 2,(X).  (10.2.7)

Some other notation will be useful: for a given plan p'? € I'(u!, 4?) € Z,(X x X)
and p3 € 2,(X) we set

T(u'2, 18) = {u € Py(X x X x X) 7l = p'2 whp— ;ﬁ}, (10.2.8)

which is a subset of I'(uu!, 112, 143); a “3-plan” p € T'(u*, 2, 43) induces the “pseudo-
distances”

Wz;:),u(uz7uj) = /}(3 |I7 - x]|p d/.l;(l’hl’g,l’g) 7:7 .] S {17273}7 (1029)

some of which reduce to the Wasserstein ones, if ﬂ;’éj € Ty(pt, 7). In particular,
we will often consider

o2, ) = {pne 2,(X) i riPm = w2, wfueTo(ut i)}, (10.2.10)
observing that for p'2 € T, (u', u?) and p € Tp(p'2, u?) we have
Wp,u(ulvuz) =Wy (p',1?) and Wp,u(ﬂlaﬂ3) = Wy(u', ). (10.2.11)

Theorem 10.2.2 (Super-differentiability of W),). Let us fiz u', u* € 2,(X), u'? €
Lo(pt, 1?), and let ¢ be defined as in (10.2.7). Then for every p* € 2,(X) and
p e T(pt?2 13) we have

(p®) —p(u') + /XS (p(@2 — 1), 25 — 21) dpp < o(Wp u(p', 1)) (10.2.12)

where for p > 2
-2

o(Wpulp', 1)) = (p— W (1, u3)(Wp(u1, 12) + Wy (i, ;ﬁ))p (10.2.13)

and forp <2
13 22r
O(WP’H(/‘ s )) = p*].

WP (1, 1) (10.2.14)
In particular

1irnsup ¢(M3) - w(ﬂl) + fxa <jp(5132 — 331),1‘3 — gj1> du

Wi (%11 —0 W (1, p1t)
el (p' 2, 1%)

<0. (10.2.15)

If we restrict p to belong to T'o(pu'?, u3), then we can replace W, ,,(pt, 1) with
W, (b, 1) in (10.2.12), (10.2.13), (10.2.14), (10.2.15).
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Proof. Let us check (10.2.12) for p > 2, the other case being even easier: since
€ T(pt? 13) and p'? is optimal, we have by (10.2.4)

1 1 .
W)~ S W) + [ (ylas = 1) — ) dp
p p X3
1 1 )
S/ <—|$3 — x2|? — —|xe — 21|P — (Jp(a2 — 1), 23 — x1>) dp
X3 \P p

-2
DAY FR R
X3

2/p (p—2)/p
S(p— 1) <A3|$3 — J,‘1|pdp,) (/}(3“1‘2 — 561|—|—|$3 — ;U1|)p du)

p—2
<(p - 1)W§,u(u1,u3)(Wp(u1,u2) +W, ,u(ul,/f’)) -

Remark 10.2.3 (Super-differentiability). Recalling that, at least in the case p = 2,
the function — is (—1)-convex along geodesics, it is not surprising that we proved
a super-differentiability result for 1, i.e. a sub-differentiability property for —1.
The converse property requires a more refined argument and it does not hold in
general: we will discuss this property in the next theorem.

Remark 10.2.4 (The regular case). Let us suppose that p! € Z,(X) in the previ-
ous statement; then T',(u!, 4?) contains the unique plan p'? = (z X t:ﬁ)#ul and
Io(p'?, 1i®) contains the unique plan p = (% x tﬁf X tﬁ?)#ul; therefore (10.2.12)
becomes (up to a change of sign)

Y(u®) — () + /X G (81 (1) — 1), 821 (21) — 1) dpe (1) < o(Wy(uh, ).

(10.2.16)
Recalling Definition 10.1.1 we could say that
2 .
Jp(thy — ) € A=) (1), (10.2.17)
which is formally analogous to the euclidean formula
. 1
Jp(a — 1) € (=) (21) where (1) := Z—)|x1 — xofP. (10.2.18)

In the case of a general measure p', (10.2.17) suggests an extended notion
for the subdifferential of —t: anticipating the definition of the next section, we
will say that the rescaled plans

2

v = (@1, jp(w2 — xl))#ul for p'? € Ty(ut, p?) (10.2.19)

will belong to the extended subdifferential 8(—1)(ut).
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Remark 10.2.5. One may wonder about the use of general plans g € T'(u'?2, %)
instead of p € Tp(p!?, 43) in (10.2.12),---,(10.2.15): this choice corresponds to
consider more general perturbation of x' than those obtained by optimal trans-
ports: this is the reason why these perturbations have to be measured in the
pseudo-distance W), ,, (-, ) instead of W, (-,").

This choice will reveal more flexible and useful when one considers the Euler
equation for minima of the Yosida approximation of a given functional, as we
will discuss in the point A of the next section and in some of the examples of
Section 10.4.

When T',(u!, 4?) contains a unique element induced by a transport, then we
can prove a corresponding sub-differentiability (and therefore differentiability) of
the Wasserstein distance.

Theorem 10.2.6 (Sub-differentiability of W,). Let us fiz u*, u> € 2,(X) and let

us suppose that T'p(ut, u?) contains a unique element p'? = (z X r)#ul. Then the
1

distance function p— ¢(p) = EWI?(M’ u?) satisfies

lim inf V() = Y(pt) + [yo Up(r(z1) —x1), 23 — 21) dpt

Wy (it 1u®) =0 Wy (p3, put)
e, (u',p®)

>0. (10.2.20)

Proof. Being pu'? induced by a transport r, any element p € T'(u!?2, 1i3) is of the
form p = (Il,T(Il),Iz)#ulg for some p'3 € T\y(u!, ). In particular we can
rewrite (10.2.20) in the form

.. V() —h(pt) + [ys Up(@e — 1), 23 — 21) dpe
lim inf 1

Wi (! ) —0 Wy (3, pt)

e (p'?,1%)

>0.  (10.2.21)

converging to u! in #,(X) and a corresponding
,113) such that

Let us choose a sequence (u
sequence of plans p,, € T\ (p
V() —(pt) + sz (Jp(z2 — 1), 23 — 1) dp

lim inf =
pu3—pl Wp(,LLS,M1>

peTo(pn ?,u®)

lim V(i) — p(ph) + [s Upl@e — 1), 23 — 21) dps,
n—o0 W (3, 1) '

n)
12

Choosing 3,, such that

1,3 1,3 2,3
ﬂ'# Bn = ﬂ-# Ky, € Fo(ﬂl’ﬂi)7 7T'# ,Bn € Fo(HZ#i),

we observe that 71;22,@” € T'(ut, u?), so that

Wy o) =W 1) 2 [ (o = aal? = o = al?) dB,.

X3
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Now we denote by A, := W, (u3, u') and we rescale p,,, 3,, so that

p’n = (,/Tlv 7T27 7T1 + Anﬂ-3)#p’nv ﬁn = (7(-13 71—27 7T1 + >‘n7r3)#/6n
obtaining

1 : 1 1 .
S s ) = Wyt 2 o [ (joa = Awl? oz - 21) dB,
p p pJxs

> A, /XJ (p(x2 — 21), 23) dB,,,

/ . (Jp(xe — 1), 23 — 1) dpt,, = )‘n/ (Jp(x2 — 1), 23) dfs,,.
X

X3
It follows that the “liminf” of (10.2.21) is bounded from below by

lim sup /X3 (Jp(x2 — 1), x3) dft,, — / (p(x2 — 1), T3) g,

n—00 X3

Let us extract subsequences (still denoted by fi,, 3,) narrowly converging in
P(X x X x Xg) to f1, B € P,(X?): by construction 77;;3[1 = 7r;1¢’3,8 and, applying
the next Lemma 10.2.8, we get

WP, =B, in Py % X),

so that 71'71[#’2;1 = 71'71[#’2,3 = p'?; therefore, since p'? is induced by a transport map,

Lemma 5.3.2 gives that fr = 3. By Lemma 5.2.4 we conclude that

imsup [ Gyl = 1)) dit, = [ Glan =) ) dB,

n—o0 X3

= / (Jp(w2 — 1), 23) dft — / (jp(a2 — 1), 73) dB = 0.
X3 X3 -

As a corollary of the super-differentiability property (10.2.16) and of the
sub-differentiability property (10.2.20) we obtain a differentiability property of
the Wasserstein distance at regular measures.

Corollary 10.2.7 (Differentiability of 1, at regular measures). If u' € 27 (X)
then for every u* € 2,(X) the distance function 1 : %W;(M/ﬂ) satisfies

L) =9+ [ Ut (@) — ). () — ) die )

- =0. 10.2.22
p3—pt Wy (p?, ) ( )

We prove now a result we used in the proof of Proposition 10.2.6.
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Lemma 10.2.8 (Continuity of optimal plans). Let u', u* € 2,(X) and assume that
Lo(pt, p?) = {pu*2}. Then, for any choice of B € T(pt, u?, 1) C P,(X3) with
7'(';23,6 € Ty(u?, 1?) we have

77;’2,8 —p'? in Zy(X x X)) as W, g(ut, 1®) — 0.
Proof. Notice that the triangular inequality yields

Wys(p', 1%) < Wy g(ph, 1) + Wy (1?, 1%
< Wpg(ph, 1) + Wy (uh, p1?) + Wy(p', 1)
< 2Wyp(uts 11%) + Wy (uh, 1?)

therefore any limit point of 7T;;2,8 (belonging to the £, (X )-compact set I'(u', %))
as Wy g(ut, u®) — 0 belongs to I'y(u', u?). Since T'y(u!, p?) = {pu'?} this proves
the convergence of 7r;g26 to pt2. O

10.3 Subdifferential calculus in &7,(X): the general case

When one tries to extend the results of the previous Section 10.1 to functionals
which should be “differentiable” on general (thus possibly not regular) probabil-
ity measures, one realizes immediately that vector transport fields are no more
sufficient to describe a satisfactory notion of subdifferential, even for convex func-
tionals. There are at least two main reasons for that:

o Minima p, of quadratic perturbations (10.1.1b) cannot be pushed to the ref-
erence measure (1 by a transport map: thus the starting point (10.1.5) of point
A is no more valid, in general. Notice that this property is essential to prove
the existence of a minimal selection in d¢(u) when the metric slope |0¢|()
is finite (point D).

e The reference measure p cannot be pushed to general “testing” measures v by
a transport t;: thus the formal identification of the Euclidean difference vector
w — v with the displacement map ¢, — ¢ is no longer available. Notice that
this was an essential ingredient in Definition (10.1.2) and in the subsequent
points B, C, E.

The above remarks suggest that rescaled plans with assigned first marginal pu
should be used instead of vector fields to describe a useful notion of subdifferential.
Of course, dealing with plans is less intuitive and notation becomes more complex;
moreover, if for vector fields ¢, s € L?*(u; X) the scalar product (¢, )12 (ux) 18
unambiguously defined, things become subtler when one tries to find an analogous
coupling for two plans v, o whose first marginals is u.

Nevertheless, reasoning in terms of plans allow to recover all the main prop-
erties for a subdifferential theory, which we detailed at the beginning of the present
chapter both in the Euclidean and in the 225 (X)-case.
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In this section we are thus considering a functional

¢ Pp(X) — (—o0,400], proper and lower semicontinuous (10.3.1a)

such that

v B, i) =

WP(u,v)+ ¢(v) admits at least
prP1 pv) + o) (10.3.1b)

a minimum point ., for all 7 € (0,7,) and p € Z,(X).

This condition is surely satisfied if ¢ is bounded below and lower semicontinu-
ous w.r.t. narrow convergence of Z(X,) on Wy-bounded sets. If p = 2 and ¢
is A-convex along generalized geodesics, then lower semicontinuity w.r.t. Wy is
sufficient, thanks to Theorem 4.1.2.

In order to deal with the case p # 2 we introduce the set

Do X x X) = {u € P(X x X): |ply + |ty < +oo} (10.3.2)

where, for p € Z(X x X), we defined
|15 ;:/ ;| (1, 22), §=1,2, p> 1. (10.3.3)
XxX

Recalling (7.1.12), we will say that a sequence (u,,) C Ppe(X x X) converges to
pin P, (X x X) asn — oo if

w,, narrowly converge to p in Z(X x X) and

(10.3.4)
ol = (Bl1p,  [Bpl2g — |pl2g asn— oo

By applying Theorem 5.1.13 it is easy to check that we can replace the first
condition in (10.3.4) by the weaker one

w,, narrowly converge to p in P(X, x Xg). (10.3.5)

The above notion of convergence (10.3.4) is induced by a distance: e.g. we can
take the sum of a distance inducing the narrow convergence in (X x X) and the
p,q Wasserstein distances between the first and the second marginals of a given
couple of plans p, v € Z,,(X x X). When p = ¢ this distance is equivalent to the
p-Wasserstein distance in 2,(X?).

Definition 10.3.1 (Extended Fréchet subdifferential). Let ¢ = p’ = z%’ let ¢ :
Py(X) — (—o0,+00] be a functional satisfying (10.3.1a) and let u' € D(¢). We
say that v € Ppy(X x X)), belongs to the (extended) Fréchet subdifferential dp(p')

if
(i) mhy = pt;
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(i) o) —g(u') > inf / (w2, w3 — @) dp + o(Wy(u', u3)) (10.3.6)
HED G (v,13) J x3

We say that v € 8¢(ut) is also a strong Fréchet subdifferential if for every p €
T(v, ) it satisfies the stronger condition

o(1’) — o(n') = /X3 (w2, 23 — 1) dp+ o (W (', 1)) (10.3.7)
Remark 10.3.2 (First variation along vector fields). If v € 9¢(u') is a strong
subdifferential, we can choose 2 and p of the type

P = (w1 +er(an))ppts  p= (21,20, 1 +er(r)) gy (10.3.8)

for an arbitrary vector field r € LP(u'; X).
In this case W, (1, ) = €[|7||Lr(u;x), and therefore we get a lower bound
for the directional derivative of ¢ along r:

liminf ¢((z + ST)#'MI) — ¢(/‘1)
€l0 £

> /X (w2 r(@n) da(an, 22) (10.3.9)

_ /X @), r(@)) dul(@).  (10.3.10)

Observe that this property is stronger than the corresponding one (10.3.6) satisfied
by a generic element of the Fréchet subdifferential of ¢, since we are free to take
variations along arbitrary vector fields, whereas (10.3.6) forces us to use only p-
optimal transports. We will see that each minimizer of (10.3.1b) is a point of strong
subdifferentiability: this is particularly useful in the case of functionals which are
not geodesically convex (see e.g. [75]).

On the other hand, requiring (10.3.7) for general subdifferentials would induce a
too strong notion, which would not satisfy in general the closure property of the
next Lemma 10.3.8 even for A-convex functionals. (10.3.9) will be related to extra
properties of x!, and an important example will be provided by minimizers of
(10.3.1b), as we will discuss in Lemma 10.3.4.

Remark 10.3.3 (Consistency). Suppose that p = 2 and that u! € 25(X); then
€ € L?(pu!; X) belongs to the Fréchet subdifferential d¢(u'), according to Defini-
tion 10.1.1, if and only if

v =(ix&),n €de(u'). (10.3.11)

In fact, I'y(7, u?) contains the unique element p = (i x & x tﬁ)#ul, so that the
integral in (10.3.6) becomes

inf /X3 (a:g,xg—J;1>du:/x<£(x),tzl(x)—g;)dul(x),

HET, (v,13)

as in (10.1.3).
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Moreover, if v € 8¢ (u') according to Definition 10.3.1, then its barycentric projec-
tion 4 € L?(u'; X) according to (5.4.9) belongs to d¢(u'). This property follows

easily from the relation for g € T, (7, u?)

3
/ (z2, x5 — 21) dp(z1, 22, 23) :/ (2, (1) — 1) dy(21,22)
X3

X2
= u? 1
= <7($1)7tﬂl(l’1)—1'1>dp, (1’1)
X
Motivated by the above remark, we will introduce the shorter notation

Ecooul) — €cLUphX), (ix€un'€do(ut),  (103.12)
observing that, by Lemma 5.3.2, £ € L9(u'; X) belongs to dé(u') if
00) = o) = _int (€)= ) ot oWyl 1), (10:313)
pel,(nt,p?) Jx2
and, also for general p € (1, +00),
if pe Z)(X), v€ Pp(X xX), (v€8d(n) <= 7€09gp(u)). (10.3.14)

With the notion introduced in Definition 10.3.1 we can now revisit the five prop-
erties A,B,C,D,E discussed at the beginning of this chapter. The starting point is
an easy consequence of Theorem 10.2.2.

A. Euler equation for the Moreau-Yosida approximations.

Lemma 10.3.4. Let ¢ : Z,(X) — (—o0,+00] be satisfying (10.3.1a) and let p, be
a minimizer of (10.3.1b); if 4, € T'y(pir, i), then the rescaled plans

. 4 Ty — T
Vo= (P4, with p (v1,22) = (xl,yp( — 1)) (10.3.15)

and the associated plans p,. € T'(~y,, u®) satisfy
o) = 0lir) = [ laza =) i, = oWy (). (10.316)

In particular, restricting (10.3.16) to plans p. € To(v.,, 1), we get
v, € 8¢ (1r) (10.3.17)

and 7, is also a strong subdifferential, according to (10.3.7).

Proof. If pu, is a minimizer of (10.3.1b), Theorem 10.2.2 yields for pu' = pu,,
u? == p, and for every p® € Z,(X) and fr, € I'(¥,, u?)

o) = o) = = (W) WE (e, 1)

_W

. /Lo — X1 N
> / U ). — 1) dity — oW, (4%, 1)),
X3 T

which is exactly (10.3.16), after the appropriate rescaling (10.3.15). O
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Observe that in the previous corollary -« belongs to the set of all the rescaled
optimal plans, whose first marginal is p,; moreover

/ |$2|qd%=/
X2 X2

Remark 10.3.5 (0¢(p,) is not empty). We shall see at the end of Section 10.4.6
that, at least for p = 2, there exists a rescaled plan v2 = (p,)47, for some
47 € To(pr, ) whose barycenter 42 is a strong subdifferential in d¢(u,): it is
characterized by the minimum condition

X9 — I

? WP (pir, 1)
L, p
d’YT - ( P

) < +o0. (10.3.18)
-

THS’:”L?(#T;X) = min{H’?T - iHLz(MT;X) Y, € FO(H’T?M)}' (10'3'19)

In particular d¢(p,) is not empty.

10.3.1 The case of \-convex functionals along geodesics

As in Section 10.1, we turn now our attention to A-(geodesically) convex function-
als. We already recalled in Section 9.1 what “convexity” here means.

B. Characterization by Variational inequalities and monotonicity

Theorem 10.3.6. Let ¢ : (X)) — (—o0, +00| be a proper, lower semicontinuous
and A-convex functional. A plan v € Ppe(X x X) belongs to dp(u') if and only

if
(i) myy = pt
(ii) for any p® € P,(X) there exists p € To(7y, u?) satisfying

o) — p(u') = / (9,23 — 1) dp + %Wﬁ(ul,;ﬁ). (10.3.20)

X3

Moreover, (10.3.20) holds for every plan p € To(~y, u3) such that ¢ is A-convex
along W;Z/,t. For every couple of subdifferentials v* € 8¢ (ut), i = 1,2, there exists

a plan p € T(y1,v?%) € P(X? x X?) such that w#?"y € Ty(ut, u?) and

/X4 (9 — xg, 21 — x3) dp > )\sz(ul,u3). (10.3.21)

Proof. (10.3.20) directly yields (10.3.6); conversely, if (10.3.6) holds, we fix 13 €
D(¢) and we apply (10.3.6) to the measures p; 3 induced by some plan p'? €
T,(pt, pu?) along which ¢ is A-convex. Thus we find plans f1, € T'o(7, i —3) such

that

™) — b)) > / (2,23 — 21) dfiy + o(t) = t / (22,25 — 1) dpte + o(2),
X3 X3
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where p, € T(7, t®) is defined by the relation fi, := (7, > ~%)4u,. On the other

hand, the \-convexity of ¢ yields for

1=3y _ 1 A1 _ 2/,1 ,3
d)(/ig) _(b(,ul) > ¢(:ut ) d)(lu‘ )+t2t(]- t)Wp (,U s U )

A ;
> [ (omm— ) dps + 5 (1 OWEG )+ o(1),
X3

Passing to the limit as ¢t | 0 we get (10.3.20) from Lemma 5.2.4, where p is any
limit point of p, in P(X x X, x X) as t | 0 (recall Lemma 5.2.2).

(10.3.21) follows by the same argument, simply inverting the role of 3 (which
now is called p?) and p' : notice that for a given optimal plan p'? € T',(ut, u?)
along which ¢ is A-convex, we can always find a 4-plan p such that

12 34 1,3
o=y, mpip=~% mSlp=pt O

Remark 10.3.7. The proof shows that if u'3 € T',(u!, 4?) is an optimal plan along
which ¢ is A-convex, we can always choose p € T'o(7, %) in (10.3.20) such that

1,3
Ty = uh3.

C. Convexity, strong-weak closure, and I'-convergence. The following lemma ex-
tends Lemma 10.1.3 to the more general setting of subdifferential plans; we also
take account of a varying family of functionals ¢y, which are I'(Z2,(X))-convergent
to ¢ as n — oo, as in (9.1.4), (9.1.5).

Lemma 10.3.8 (Closure of the subdifferential). Let ¢), : &2,(X) — (—o0,+0] be
A-geodesically functionals which T'(2,(X))-converge to ¢ as h — oco. If

Y € Obn(pn),  pn — p o in Zp(X), pe< D()

sup [vple,g < +00, v, — v in (X x Xg), (10.3.22)
h

then v € Op(1).

Proof. By (9.1.5) for a given u® € D(¢) we can find a sequence u converging to
p? in Z,(X) such that ¢p(u;) — ¢(u?) as h — oo. Theorem 10.3.6 yields plans
i, € To(vp, p1f,) such that

A
onlu) = o) = [ {wases = 0) dys + 52 ).

X
Let p € T'o(, #?) be a limit point in 2(X x X x X) of u,, (its existence follows
by Lemma 5.2.2 together with Lemma 5.1.12). We wish to pass to the limit in this

inequality. To this aim, notice that the upper limit of the first side is less than
d(p?) — ¢(ut), thanks to (9.1.4), therefore it suffices to show that

lim (xo, w3 — x1) dpy, = / (x2, x5 — x1) dps. (10.3.23)
h—oo [x3 X3
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Since

/ <x2,x3—x1>duh=/ (rg,x3>d7r§£3uh—/ (T2, 1) dpy,

and the same decomposition can be done for g, we may apply Lemma 5.2.4 first
to 7@’3;% (whose second marginal is p3) and then to the bounded sequence g,
(whose first marginals is uj): since the these marginals are converging in 2, (X)
and therefore have uniformly integrable p-moments, we obtain (10.3.23). O

As a consequence one obtains also that for lower semicontinuous functionals
the graph of d¢(u) is closed w.r.t. narrow convergence in Z(X x X) along
pg-bounded sequences.

10.3.2 Regular functionals

We can introduce a property analogous to 10.1.4 even in the case of the extended
subdifferential.

Definition 10.3.9 (Regular functionals). A functional ¢ : P,(X) — (—o00,+00]
satisfying (10.3.1a) is regular if whenever the strong subdifferentials vy,, € 0¢(uy),

©n = ¢(ln) satisfy

on > P ER, p, —p in Py(X),

SUD [V lag < £00, Yn = in P(X x Xa), (10.3.24)

then v € 8¢ (u) and ¢ = ¢(u).

D. Minimal selection and slope

Theorem 10.3.10 (Metric slope and subdifferential). Let ¢ : &2,(X) — (—o0, +0]
be a regular functional satisfying (10.3.1ab). Then u € D(|0¢|) if and only if
9o(u) is not empty and we have

06](1) = min {|7log : ¥ € D)} V€ D(96]) = D(89).  (10.3.25)

Moreover, if . is a minimizer of (10.3.1b) and .. is defined as in Lemma 10.3.4,
then there exists a vanishing sequence 1, — 0 such that

Wp ) T, - T,
106]9(1) = lim M i 2W =0 v, 18, (10.3.26)
n—oo T’n, n—oo Tn n—oo )
Finally if T, is a vanishing sequence satisfying (10.3.26), then any limit point v of
the (relatively compact) family (v, ) in (X x Xg) is a minimizer of (10.3.25)
and it is also a limit point in the topology of Ppq(X x X). When p = 2 the same

result holds for the sequence of strong subdifferentials 43 € 0p(ur, ), provided by
Remark 10.3.5.
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Proof. Let us first prove that

00](1) < Yl2,g Vv € 89(1). (10.3.27)

This follows directly from (10.3.6), since if v € @¢(u) for each p® € D(¢) and
€ Ty, 1) satisfying (10.3.6) we get the estimate

00— o) < ( [lattan) " ( [les =l an) " + o, 1)
= [V]2.qWp (1, %) + 0o(Wy (11, 127)),

which is independent on the choice of p. Dividing by W,,(u, ) and passing to the
limit as pu® — p we get (10.3.27).

Conversely, let u € D(|0¢]) and let us denote by ., a minimizer of (10.3.1b).
If v, € 8¢(iu;) is defined as in Lemma 10.3.4, we know by Remark 3.1.7 and
(10.3.18) that =, is a strong subdifferential and (10.3.26) holds for a suitable
vanishing subsequence 7,, — 0. Since p, — p in &Z,(X) as 7 | 0, the regularity
of ¢ ensures that any limit point v in #(X x Xg) of the family v, asn — oo
belongs to 0¢(u). By the lower semicontinuity of the map ~ — |72, with respect
to narrow convergence in (X x X, ), we obtain |y|2,4 < [0¢|(x) which, combined
with (10.3.27) yields that - is a minimizer of (10.3.25). Applying Theorem 5.1.13
to the second marginal of v, we conclude.
The argument for 47 is completely analogous. O

When one considers vectors instead of plans, it is easy to show that there
exists a unique selection of minimal norm in d¢(u) by an argument of strict con-
vexity of the norm. In the case of plans, this result is no more obvious, since the
map v — |y|2,4 is linear along convex combination. One can try to circumvent this
difficulty by considering convex interpolation of plans, but it is not clear if d¢(u)
is stable under this kind of interpolation. On the other hand, strong subdifferen-
tials are closed under interpolation, so that suitably combining interpolation and
approximation, we can prove that the minimal selection is unique even for plan
subdifferentials.

Theorem 10.3.11 (Minimal selection). Let ¢ be reqular functional satisfying
(10.3.1a,b), and let p € D(8¢). There exists a unique plan vy, € OP(u) which
attains the minimum

olzg = min {7l : 7 € Do) } = 106](1). (10.3.28)

Consequently 7y, is the unique narrow limit point in P (X x X ) and in Ppqe(X x
X) of any family (of strong subdifferentials, according to (10.3.7)) v, (when
p =2 we can also choose the barycenters 57 —as in Remark 10.3.5) satisfying the
asymptotic property (10.3.26) of the previous theorem, and we will denote it by the
symbol 8°d(1).



248 Chapter 10. Metric Slope and Subdifferential Calculus in Z,(X)

Proof. Let v € 8¢() be attaining the minimum in (10.3.25) (the existence of min-
imizers is a direct consequence of the regularity of ¢ and a compactness argument
in Z(X x X) based on Lemma 5.2.2 and Lemma 5.1.12), let p; be a minimizer
of (10.3.1b); by the definition of subdifferential, we can find plans fi. € To(7, i)
such that

O11r) — o) > /X w2, — 1) dfi + 0(Wy (1, 1r))- (10.3.29)

We rescale fi. as

e = (7T177T27T_1(7T1 - 7T3))#ﬂ,,_

and we consider a limit point p € Z2,(X?) of p, in P(X x X x X), 7, — 0
being a vanishing sequence satisfying (10.3.26).
By the previous theorem we know that

o(p) — ¢(pr,)

n

lim
n—oo

= 106]%(n) = I3, = / |7 dpp = / l2slP dps,
X3 X3

and by (10.3.29) and Lemma 5.2.4

lim (p) = d(pr,) < / (z2,z3) dps,
n— 00 Tn X3
so that
1 1
/ (—Iwzlq + —fasl” — <$27$3>) dp <0, (10.3.30)
X3 \q p

Le. wy = jp(as) for p-a.e. (z1,22,23) € X>. It follows that all the sequence p..
is converging to p and (7', j, o 773)#uTn is converging to v in Z(X x X). We
observe that

v, = (7r1—7'7r3,jpo7r3)#,uT € 0¢(u,) is a rescaled optimal plan as in (10.3.15),

and v, has the same limit points in &7, (X x X) of (7r17 Jpo 773)#uTn by Lemma
5.2.1; therefore v, converges to v in Z(X x X).

Let us now suppose that v;,7v, € ¢(u) attain the minimum in (10.2.13).
We thus find two families v, . € 9¢(u,) such that

Yirn — Yis |7i,7’n 2.4 = [Vil2.q = [00](1) asn — oo.

Being =, , strong subdifferentials, the next lemma shows that for every 3-plan v,
such that 7T;E’2V7.n =Y W#BVTH =5, the interpolated plan

. 1,2—3
Y1/2,7, T (7T1/2 )#V-r71
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still is a strong subdifferential in 8¢(p). Being {v;, nen a tight family, possibly
extracting a vanishing subsequence 7,,» so that v, , — v in P(X x X x X)),
we know that
1,2 1,3 1,2—3
Ty V="791, Ty V="79 (7T1/2 )#V € 8¢(,U,)
The uniform convexity of the LP-norm and the minimality of 7, yield v; = v5. O

Lemma 10.3.12 (Interpolation of strong subdifferentials). If v'2,~13 € 22,,(X x
X) belong to the strong subdifferential of a functional ¢ at p € Pp(X), then for
every v € P,(X?) and t € [0,1] we have

mily =t =23 = =@ty € 00(n).  (10331)

'y%’QH?’ being also a strong subdifferential.

Proof. For p* € D(¢) and p, € T'(v272, u), arguing as in Proposition 7.3.1, it
is not difficult to construct a new plan p € 2(X*) such that

1,2,3 =
7T# H=", (7T157Tt2 3771-4)#/"’:’1'1&'
Since
2,4 1,3,4 ,2—3,4 ;20
Tt e (v 2 uh), w2 e T2 ut), (w272 € Ty 272 ut),

applying (10.3.7) we get

o) — Blu) > /X (o — ) dpa-+ oWy ).

d(u') — p(u) > /X4 (x5, 4 — 21) dpp + o(Wp 1 (11, 1))
so that

¢(M4) — o) > /X4 (1 =)z + twg,xq — 1) dp + O(Wp#(,u’wl))

= / (y, 22 — x1) dpy (21,9, 2) + 0(W p, (11, 1))
X3 O
Remark 10.3.13 (The distinguished role of the minimal selection 8°¢(y)). The
above theorem is particularly useful in combination with Remark 10.3.2: in many
examples it shows that the minimal selection 8°¢(p) enjoys both the variational
inequalities characterization (10.3.20) along optimal transports and a directional
derivative inequality like (10.3.9) along general smooth vector fields.
This last property is not a consequence of general abstract conditions (like con-
vexity for (10.3.20)), but it can directly checked by approximating 8°¢(u) as in
Theorem 10.3.11 and showing that the differential properties provided by (10.3.9)
on the approximating sequence pass to the limit if the vector field » is sufficiently
regular.
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Remark 10.3.14 (A refined convergence result for A-convex functionals). If the
regular functional ¢ is A-geodesically convex in &#,(X) according to Definition
9.1.1,and satisfies (10.3.1a,b), the whole rescaled family (v, )o<r<1/r~ considered
in Theorem 10.3.10 and 10.3.11 satisfies

Wi, pe) _ . $) — dlps)

q —1i =1 4 10.3.32
1001 (1) = lim ——— lim . limn [, 2,4 (10.3.32)
and therefore is converging to v = 8°¢(u) in Z,(X x X) as 7 | 0: it is sufficient

to apply the estimates of Theorem 3.1.6 and Remark 3.1.7.

Combining Theorem 10.3.11 with (10.3.14) we show that for measures p €
Z5(X)ND(|0¢|) the minimal selection d°¢(x) is induced by a (unique) transport
map in the cotangent space of p, that we call 9°¢(u).

Corollary 10.3.15 (8°¢ () = 0°¢(p) if p is regular). If ¢ is a regular functional
and p € Z;(X) N D(|0¢|) then

{(i x E)pu} =0%9(n) (10.3.33)

for some map & with j,(§) € Tan, Z,(X) = Tan, Z,(X). We denote this vector
by 0°d(w).

Proof. If v € 8°¢(p) then by (10.3.14) the plan (i x 7)xp belongs to d¢(p) and
therefore

/Xz '“'qu(ﬁ“h@):/X(/Xlle"del(:cz)) du(ﬁﬂl)Z/Xl’y(Il)Pdu(azl).

The minimality of 4 and the usual strict convexity argument yield v, = 05(,)
for prae. 1 € X, ie. v = (¢ X ) pp.

To show that j,(¥) belongs to Tan;, &,(X) we observe that by the regularity
of 1 the rescaled plans v, introduced in Lemma 10.3.4 and Theorem 10.3.10 are
given by

gl

. 7: L
7= (8 X () e

Since, by Theorem 10.3.11, «, narrowly converge in Z(X x X ) to vy as 7 | 0,
choosing test functions of the form ¢(z)xo with ¢ Lipschitz, we easily get

7 — tHT

T

jp( ) — 4 in the duality with Lipschitz functions.

On the other hand, since |y, |2, — |7|2,4 We have also

)

and therefore the two informations together give that j, (T_l(i — tﬁf)) — & in
L4(p; X). By applying the duality map j, we obtain that 77" (i — #7) — j,(¥) in
LP(p; X), so that j, () € Tan), &, (X). O

i — i
t—t,

T

17_1?01 = ”'_YHL‘I(M;X)

La(p;X)

jp(
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Let us now consider a sequence of functionals (¢p) which is I'(Z,(X))-
converging to ¢; if ¢, are A-geodesically convex, Lemma 10.3.8 shows that limits of
Fréchet subdifferentials of ¢, are Fréchet subdifferentials of ¢. In many situations
a converse approximation results would be useful, too; in other words, it would
interesting to know if a given plan v € 8¢ () can be approximated by a sequence
of plans v, € 0¢n(un).

If ~ is the minimal selection 8°¢(u) and we reinforce a little bit the con-
vergence assumption on ¢y, this approximation can always be performed, and we
can also find an approximating sequence 7, of strong subdifferentials. We can
thus reproduce in the Wasserstein setting the same result which in the Euclidean
case follows from the convergence of (¢,) in the sense of Mosco (i.e. with different
topologies in the liminf inequality (9.1.4) and the lim sup inequality (9.1.5)).

Lemma 10.3.16. Suppose that ¢y, : P,(X) — (—00, +x] is a sequence of function-
als which satisfy (10.3.1b) (for some . > 0 independent of h) and the equicoerci-
vity-like condition

1
. - )
VE;%EX) {¢h(y) o (/w)} > —00 (10.3.34)

for some i € P,(X). Assume that ¢ is a proper regular functional which is the
limit of ¢y, in the sense that

= pin P (Xg),

—  liminf > 10.3.35

SUP/ |z[P dpy, < +o00 im inf ¢ (1n) = o (1), ( )
heNJ X

ViEPX) S pin Zp(X): - lig onlin) = Gl (10.3.36)

Then ¢ satisfies (10.3.1a,b) and for every p € D(8¢) there exist a sequence (jip,)
converging to p in Z,(X) and strong subdifferentials v, € 8¢n(uy) such that

v, — 0°P(p)  in Ppy(X x X) as h — . (10.3.37)

The proof is based on the next typical I'-convergence lemma, ensuring con-
vergence of minimizers to minimizers and convergence of the extremal values.

Lemma 10.3.17. Under the same assumptions of Lemma 10.3.16, for a given se-
quence (u") C P,(X) converging to p in P,(X) and 7 € (0,7.) such that
(10.3.34) holds, let us consider sequences pu*, 4" such that

WP (", v), (10.3.38)

pr—l p

u}; is a minimum for v ¢p(v)+

and v € 8p(ul) is obtained by rescaling an optimal plan 4" € To(ul, u) as in
Lemma 10.3.4:

Yei= (p)ade with po(wr,ws) = (21,5, (2=2)). (10.3.39)

T
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Then the families {p"}nhen, {¥*} nen, and {’ﬁ}heN are relatively compact in
Pp(X), Zp(X x X), and in Ppy(X x X) respectively, Furthermore, for any
~, = lim; ¥, the measure pi, := 7T?1¢")/T minimizes (10.3.1b) and

Jim én, (7)) = Slur), Jim Wit i) = Wi (e, ). (10.3.40)

Proof. (10.3.34) and the estimate (2.2.4) (see also Remark 2.2.4) yield that pu” is
bounded in &, (X) and therefore the sequence ﬁ/? is narrowly relatively compact in
P (X5 xX). Let 4, be a limit point of ‘yﬁ as i — oo and let p, = W%fyT = 71'?1%")/7;
we choose v € D(¢) and a sequence (v") converging to v in Z,(X) such that
én (V") — ¢(v) as in (10.3.36). Passing to the limit in the inequality

1
Onlpz) + g Wy G, 1) < on (") + W2, i)

prP!

with n = h;, using (10.3.35) and the lower semicontinuity of the Wasserstein
distance w.r.t. narrow convergence in #,(X) (see Lemma 7.1.4), we get

1 ) 1
O(pr) + g Wy (e, 1) < lim sup on(ul) + — WE(ult, ")
(10.3.41)
<o)+ prp—1 Wzg)(yv 1)

This shows that g, minimizes (10.3.1b). Choosing v = p,, the same argument
provides convergence in energy, i.e.

WP (uli, 1)
. hi P T
Am o (pr') + — 5

Wh(pr, 1)
pTPt

= ¢(IJ’T) +

But since the two terms are separately lower semicontinuous we obtain (10.3.40).
By applying (7.1.16), we obtain that the second marginals of the plans
(7r2, ml —7r2) #'?T" are narrowly converging in #(X) and have uniformly integrable
p-moments; since the first marginals (i.e. u") are also converging in Z,(X), we
obtain
(n?, 7 — 7r2)#'3/§i — (2, 7! = 7T2>#':)/T in Z,(X x X).

It follows that ’yﬁ — 4, in Z,(X x X) and, as a consequence, and v — ~_ in
Ppe(X x X) and pli — p; in 2,(X). O

Proof of Lemma 10.3.16. Let d be a distance in &, (X x X) inducing the con-
vergence (10.3.4); by the same construction of Proposition 5.1.8, Lemma 10.3.16
is equivalent to check that any open ball centered at 4 = 8°$(1) contains strong
subdifferentials ~, € 8¢(u") for sufficiently large h.

We argue by contradiction: thus we suppose that ¢ > 0 and a sequence
h; — oo exist such that

Y, is a strong subdifferential in @y, (un,) == d(vy,,7) > (10.3.42)
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We perform a diagonal argument (first keep 7 fixed and let h; — oo, then let
7 1 0): by the previous lemma we know that for any 7 € (0, 7..) the family {~7" };en
(defined as in (10.3.38) and (10.3.39)) has a limit point v, in Z2,4(X x X). We
take a sequence 7, — 0 such that (10.3.26) is fulfilled by pu,, = ﬁ?lifyTn and by
Theorem 10.3.11 we can find 7 € N such that d(~,_,7) < /2. Since ~,_ is a limit
point of (1) in Z,4(X x X) as i — oo, we get a contradiction with (10.3.42). [

E. Chain rule. We conclude this section by proving a chain rule for functionals
along absolutely continuous curves.

Proposition 10.3.18 (Chain rule). Let ¢ : Z,(X) — (—o0, +o0| be a regular func-
tional satisfying (10.3.1a,b), and let p : (a,b) — w, € D(¢) C P,(X) be an
absolutely continuous curve with tangent velocity vector vy. Let A C (a,b) be the
set of points t € (a,b) such that

(a) [0|(pe) < +o0;

(b) ¢ o p is approximately differentiable at t;
(¢c) condition (8.4.6) of Proposition 8.4.6 holds.
Then

%qﬁ(m) :/<$2»’Ut($1)>d’)’t(x17x2) VA, € 0d(ut), YVt €A, (10.3.43)

Moreover, if ¢ is A-convex and (10.1.17) holds, then the map t — ¢(ut) is abso-
lutely continuous and (a,b) \ A is L -negligible.

Proof. We have simply to evaluate the time derivative of ¢ o y at a point £ € A.
We take v; € 0¢(uz) and fry, € Uo(Vz, pi1s) so that

O(pirn) — oluy) > /X3 (o, x3 — x1) dfay, + o(h) (10.3.44)

h/ (v2,23) dpy, + o(h),

X3

with py, := (7!, 7%, A= (73 — wl))#ﬂh. We know by (8.4.6) that
hm 71'# n, = ('L X 'vt)#,ut, in Z,(X x X)

and therefore, since 7r#’ ny, = g, we infer from Lemma 5.3.2 that
}ILILH My = (.131,$2,vt($1))#’)’5 in 9p<X3).

Therefore, dividing by h and passing to the limit in (10.3.44) we obtain that the
approximate derivatives d/dt L ¢(p) satisfy

gtz [tete) i o,

< /<$2,vf($1)>d’75
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and therefore we find (10.3.43).
In the convex case, since |0¢| is a strong upper gradient, we already know
that ¢(p,) is absolutely continuous and thus (a,b) \ A is Z*-negligible. O

10.4 Example of subdifferentials

In this section we consider in the detail the subdifferential of the convex function-
als presented in Chapter 9 (potential energy, interaction energy, internal energy,
negative Wasserstein distance), with a particular attention to the characterization
of the elements with minimal norm.

We start by considering a general, but smooth, situation.

10.4.1 Variational integrals: the smooth case

In order to clarify the underlying structure of many examples and the link between
the notion of Wasserstein subdifferential and the standard variational calculus for
integral functionals, we first consider the case of a variational integral of the type

Fu) = /Rd F(z,p(z),Vp(z))dz if p=p- £ with p e C1(RY) (10.4.1)

+o0 otherwise.

Since we are not claiming any generality and we are only interested in the form of
the subdifferential, we will assume enough regularity to justify all the computa-
tions; therefore, we suppose that F : R% x [0, +-00) x R? — [0, +-00) is a C? function
with F(x,0,p) = 0 for every x, p € R? and we consider the case of a smooth and
strictly positive density p: as usual, we denote by (z,z,p) € R? x R x R? the
variables of F' and by 0.% /dp the first variation density

0F
57(:6) = F.(z,p(2), Vp(2)) = V - Fp(z, p(x), V(). (10.4.2)
Lemma 10.4.1. If p = p- 2% € 25 (RY) with p € CH(R?) satisfies F () < 400
and w € L9(u;R?) belongs to the strong subdifferential of . at u, then

0F

w(z) = VE(.%) for p-a.e. v € RY, (10.4.3)

and for every vector field & € C°(R% R?) we have

w(z) &) du(x) = — [ °F

R oy DY (p(2)€(2)) da. (10.4.4)

The same result holds if p =2, p € C2(R?) and w € 0. (n) N Tan, P5(RY).
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Proof. We take a smooth vector field ¢ € C°(R%R?) and we set for e € R
sufficiently small p. := (¢ + €€)xp. If w is a strong subdifferential, by (10.3.10)
we know that

F (o) = F(w) F(pe) — F ()

lim sup < w(x) - &(z) du(z) < liminf —————=;
70 £ R4 el0 €
(10.4.5)
on the other hand, by Lemma 5.5.3 we know that p. = p.. 2% with
14 . —1 d
e A R®. 10.4.6
p=(y) Tl 1 ovE) ° (i+e€) (y) Vye (10.4.6)

The map (z,¢) — p(x) is of class C? with p.(x) = p(z) outside a compact set

and
by =r). LoV (p@e@). (04)

Standard variational formulae (see e.g. [76, Vol.I, 1.2.1]) yield

T -7 0F
;i_r% M =— g 6—p(x) V- (p(x)€(z)) da, (10.4.8)
which shows (10.4.4).

Let us now suppose that p =2 and w € 8.7 (u) N Tan, Z5(R%); then (10.4.8)
holds whenever ¢ 4 €€ is, an optimal transport map for |¢| small enough, and in
particular for gradient vector fields &€ = V¢ with ¢ € C2°(R). Since Tan, 2 (R%)
is the closure in L2?(u;R?) of the space of such gradients, we have

0F

/ w(z)-&(x) du(x) = —/ Vé—(x)ﬁ(z) du(x) V&€ Tan, P5(R?). (10.4.9)
R4 R4 P

We obtain (10.4.3) noticing that 8.7 /§p € Tan, Z>(R?), by the assumption that

p € C2(RY). O

10.4.2 The potential energy

Let V : X — (—o00,+00] be a proper, l.s.c. and A-convex functional (here it is
sufficient to consider the case A < 0) and let V be the functional defined by (9.3.2)
on #Zp(X) (here p > 2 if A < 0). We denote by graph OV the graph of the Fréchet
subdifferential of V in X x X, i.e. the subset of the couples (x1,22) € X x X
satisfying

A
V(xg) > V(x1) + (w2, 23 — 1) + §|x1 — 29?2 Vaz € X. (10.4.10)

As usual, 9°V(z) denotes the element of minimal norm in 9V ().
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Proposition 10.4.2. Let v € Ppq(X x X)) with p= w#’y,

(i) v is a strong subdifferential of V at p if and only if it satisfies supp~y C
graph V.

(ii) v = 8°V(u) if and only if v is induced by the transport &€ = 9°V, i.e.
v = (i X &)xp where £(x) = O°V () for p-a.e. x € X; in particular

0070) = [ 1oVI(a)dute) = [ @V@[duta). (1041

Proof. We suppose A = 0 and p = 2: the proof of the general case can be obtained
by obvious modifications.

(i) If v € Ppy(X x X) with suppy C graph 9V then for every p* € D(V)
and p € (v, #®) (10.4.10) holds p-a.e. in X3 and therefore

V-V - [

- (o, x3—21) dp = /X3 (V(l‘g)—V(.’L‘g)— (xg,arg—x1>) dp > 0.

Conversely, suppose that (10.3.7) holds: then choosing u3 € D(V), p € T'(~, u3),
py o= (21,22, (1 — )y + tog)pp, pi =3 = wiut, and recalling that V is convex
along any interpolating plan, we have

o V(TP -
3y _ 1y > t
V(p?) —V(u) > hrgll%)nf "

Vi) /X (z2,23 — x1)dp.  (10.4.12)

If supp~y is not a subset of graph dV, by the lower semicontinuity of V' we can
find 21, &2, 3 € X and p > 0 such that

V(.’ig) < V(IL’l) + <£L'2,i’3 — 1'1> V(:L‘l,IL'Q) cR:= Bp(i'l) X Bp(ii'g)
and y(R) > 0; thus, integrating the above relation in R with respect to v yields

/R (V(#) = V(1) — (a2, — 1)) dy(an,2) < 0. (10.4.13)

We introduce the map r equal to x; on X2\ R and equal to 3 on R and we set

1P =Ty, poi= (w1, w2, 7(21,22)) 4y € T(7, 4%). Applying (10.4.12) we get

0<V(E®) = V(') - / (z2, 73 — 21) dp(1, T2, T3)
X3
= /Xz (V(r(wl,:rg)) —V(x1) — (xa,r(x1,22) — x1>> dy(z1,x2)
= / (V@s) = Vi) = (o, — 21) ) dy(wr, 22),
R

which contradicts (10.4.13).
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(ii) We now show (10.4.11), which in particular characterizes 8°V(u). For
7 > 0 we call 7, the resolvent map which provides for any x the unique solution
of the strictly convex minimization problem

ey — |2
min o Ly o V().

We set 1 := () and we check that 1, is the minimizer of (10.3.1b): for every
v e D(V) and v € T',(u, v) we have

1 1
V)4 5 W) = [ Vi)t 5ofea = iy
T X2 2T
1
> [ Virde) + 5ol o) o e
x T
1
2 V(MT) + 27W22(/-L7,u‘r)'
T
Recalling that [0V|*(p) = lim, o W (i, g, ) /7 and that

_ 2 _ 2
‘37 ’I"-,—(.’L‘)| < |8°V(m)|2, lim |.’IJ TT(x)|

T2 - 10 72

0V () = lim / lz=r- (@) / 0V (@) du(x). O

Remark 10.4.3. It would not be difficult to show that if V'€ C''(X) is a functional
with bounded Fréchet derivatives, then V is regular and & = 0°V(p) iff £(z) =
VV(x).

=0°V ()P,

we obtain

10.4.3 The internal energy
Let F be the functional

| Fee)dzia) itp=p 2t e Zyme)

F(u) = (10.4.14)
400 otherwise,
for a convex differentiable function satisfying
F d
F(0)=0, liminf Fls) > —oo for some v > —— (10.4.15)

s|0 s« d +

as in Example 9.3.6. Recall that if F' has superlinear growth at infinity then the
functional F is Ls.c. with respect to the narrow convergence (indeed, under this
growth condition the lower semicontinuity can be checked w.r.t. to the stronger



258 Chapter 10. Metric Slope and Subdifferential Calculus in Z,(X)

weak L' convergence, by Dunford-Pettis theorem, and lower semicontinuity w.r.t.
weak L! convergence is a direct consequence of the convexity on F). More gener-
ally, in the case when F' has a (sub-)linear growth, i.e.

lim @ = sup M

z—too  Z z>0 <

=6 < 400, (10.4.16)
we consider the lower semicontinuous envelope of F, given by
F*(pu) = / F(p)dz +0ps(RY), pu=p- L+ ps, ps L 2% (10.4.17)
Rd

We set Lp(z) = zF'(z) — F(z) : [0,+00) — [0,+00) and we observe that Lp is
strictly related to the conver function

G(z,8) :=sF(z/s), z¢€][0,+0), s€ (0,+00), (10.4.18)

%G(z,s) = —EF’(z/s) + F(z/s) = —Lp(z/s). (10.4.19)
In particular (recall that F'(0) = 0, by (10.4.15))
F(z) — G(z,s)

G(z,s) < F(z) fors>1, 1 Lp(z) ass| L (10.4.20)

s—1
We will also suppose that F' satisfies condition (9.3.11), i.e.
the map s+ s?F(s7%) is convex and non increasing in (0, 4+00), (10.4.21)

yielding the geodesic convexity of F, F*.
The following lemma shows the existence of the directional derivative of F
(or F*) along a suitable class of directions including all optimal transport maps.

Lemma 10.4.4 (Directional derivative of F*). Suppose that F : [0,+c0) — R
is a conver differentiable function satisfying (10.4.21) and (10.4.15). Let p =
pLY+ us € D(F*), r € LP(u;RY) and t > 0 be such that

(i) 7 is approzimately differentiable p£*-a.e. and v, := (1 — t)i + tr is p2*-
injective with | det Vry(z)| > 0 pL-a.e., for any t € [0,1];

(ii) Vri is diagonalizable with positive eigenvalues;

(iil) ps L 24 and (ry)pps L L for any t € [0,1);

(1v) F*((re)n) < +oo.

Then the map t — t =1 (F*((ry)xp) — F*(n)) is nondecreasing in [0, and

+00 > lim Frllroem) = F (1) _ —/Rd Lp(p)trV(r —i)de.  (10.4.22)

t

The identity above still holds when assumptions (i) on 7 is replaced by
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(i) ||V(r — i) || poc (pzaraxay < 400 (in particular if r — i € C°(R%RY)),
and F satisfies in addition the “doubling” condition
3C>0: F(z4w)<C(l+F(2)+F(w)) Yz, w. (10.4.23)

Proof. By assumptions (i) and (ii), taking into account Lemma 5.5.3 and the
representation (10.4.17) of F* we have

F((ro)gp) — F(p) = /Rd F (#ﬁ(ﬂt)) det@’rt(ﬂc) dx — i F(p(z)) dz

/Rd (Glp(), det Tri(2)) = F(p(x))) de

for any ¢t € (0,7]. By the argument given in Proposition 9.3.9, (iii), assumption
(10.4.21) together with (9.3.12) imply that the function

Gplx), det Vi) = Flp(a)
t

te (0,4 (10.4.24)

is nondecreasing w.r.t. ¢ and bounded above by an integrable function (take t = ¢
and apply (iv)). Therefore the monotone convergence theorem gives

- f*«m#/;) —F(p) _ / d %c:(p(z» det Vry(2))|,_, da

and the expansion det Vr; = 1+ ttr V(r — 4) + o(t) together with (10.4.19) give
the result.

In the case when (ii’) holds, the argument is analogous but, since condition
(ii) fails, we cannot rely anymore on the monotonicity of the function in (10.4.24).
However, using the inequalities

F(w) — F(0) < wF'(w) < F(2w) — F(w)

and the doubling condition we easily see that the derivative w.r.t. s of the function
G(z, s) can be bounded by C(1+ F*(z)) for |s — 1| < 1/2. Therefore we can use
the dominated convergence theorem instead of the monotone convergence theorem
to pass to the limit. O

The next technical lemma shows that we can “integrate by parts” in (10.4.22)
preserving the inequality, if Lz (p) is locally in W11,

Lemma 10.4.5 (A “weak” integration by parts formula). Under the same assump-
tions of Lemma 10.4.4, let us suppose that

(i) supp pu C Q, Q being a convex open subset of R (not necessarily bounded);
(i) Lr(p) € Wig, ()
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(iii) K = supp(ry)xp is a compact subset of Q for some t € (0,1];

(iv) r satisfies the property (ii) of Theorem 6.2.9, i.e. there exists a sequence T},
of functions in BViee(R%RY) such that ry,(z) € K for p.&%-a.e. x € R? and
li =0.
Jm el #r3) =0

Then we can find an increasing family of nonnegative Lipschitz functions Xy :

R? — [0, 1] with compact support in Q such that Xi, T xq and

k—o0

f/ Lr(p(z)trV(r — i) de > limsup/ (VLp(p),r — )Xpdz.  (10.4.25)
R4 Rd

Proof. Possibly replacing r» by 77, we can assume that ¢ = 1 in (iii). Let us
first recall that by Calderon-Zygmund theorem (see for instance [11]) for every
vector field s € BVioe(R% RY) the approximate divergence tr (Vs) is the absolutely
continuous part of the distributional divergence D - s; therefore we have

/ vtr (Vs)de < —/ (Vv, s) dx, (10.4.26)
Rd Rd

provided D-s > 0 and v € C°(RY) is nonnegative. If s is bounded, by approxima-
tion the same inequality remains true for every nonnegative function v € W*(R%).
For every Lipschitz function 7 : R? — [0, 1] with compact support in € and each
function s = r,, choosing v := nLr(p) € WHH(R?) we get

/ (nLr(p)) tr (Vrn) dx < — / (V (0L (0)), r) de; (10.4.27)
Rd Rd

taking into account that u({Vr # Vr,}) — 0 (because the approximate differ-
entials coincide at points of density one of the coincidence set) and that Lg(p)
vanishes where p vanishes, we recover the inequality

/ (0L (p)) tr (Fr) de < — / (V(nLr(p)),r) da. (10.4.28)
R4 Rd

On the other hand, a standard integration by parts yields

[ GLeo)) e (Vi) do == [ (V(aLr(p). ) do (10.4.29)

summing up with (10.4.28) and inverting the sign we find
— /d (nLr(p)) tr (V(r —1))dz > /d<V(nLF(p))7r — 1) dx. (10.4.30)
R R

Now we choose carefully the test function 7. We consider an increasing family
bounded open convex sets € such that

Q.cc, Q= UQk
k=1
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and for each convex set 25, we consider the function
Xi(x) == kd(z, RT\ Q) AL (10.4.31)

Xk is an increasing family of nonnegative Lipschitz functions which take their
values in [0, 1] and satisfy Xx(z) = 1 if d(z,R?\ €) > +; in particular, X = 1 in
K for k sufficiently large. Moreover Xy, is concave in £, since the distance function
d(-,R4\ Q) is concave. Choosing 1 := X}, in (10.4.30) we get

—/ (kaF(p))tr(@(r—i))dxz/ (VLp(p), ™ — i) X dz:
Rd

Rd

+/ (VXp, 7 —14) Lr(p)dz  (10.4.32)
Qp,
> /RdWLF(P),'I’*i) Xy, da

since the integrand of (10.4.32) is nonnegative: in fact, for #%-a.e. = € Q, where
Lp(p(x)) is strictly positive, the concavity of X and r(z) € K yields

(VXu(@), m(2) — i(@)) > Xa(r(@)) - Xi(@) = 1 — Xu(z) > 0.

Passing to the limit as & — oo in the previous integral inequality, we obtain
(10.4.25) (recall that the function in the left hand side of (10.4.25) is semiintegrable
by (10.4.22)). O

In the following two theorems we characterize 0°F*(u) and give (under the
doubling condition, but see Remark 10.4.7) a formula for the slope of the func-
tional, showing that VLg(p)/p is the minimal selection in the subdifferential. Since
F* = F in the superlinear case, we consider the functional F* only.

Theorem 10.4.6 (Slope and subdifferential of F*). Suppose that F : [0,4+00) — R
is a convex differentiable function satisfying (10.4.15), (10.4.21) and (10.4.23).
Assume that F* has finite slope at j1 € P,(RY) with p = p- L+ s and ps L L2,
Then the following statements hold:

(a) Lr(p) € WHH(R?) and VLg(p) = wp for some function w € LI(pL%RY).
Moreover

(/Rd |w(z)|"p(x) dx)l/q < JOF|(p) < +o0. (10.4.33)

(b) If p € Z5(RY) then equality holds in (10.4.33) and w = 0°F*(u).

Conversely, if Lr(p) € WU (RY) and VLr(p) = wp for some w € LI(u; RY),

loc

then F* has a finite slope at p = p L% and w = 9°F* ().
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Proof. (a) We apply first (10.4.22) with » = 0 p.%%a.e. and r = i on a £
negligible set on which p©® is concentrated and take into account that

Wy (s (1= 1)+ tr) 1) < till ooz
to obtain

d [ Lr(o)do < PF (il oz vmey.

so that Lr(p) € LY(R?). Next, we apply (10.4.22) with »—i equal to a C>°(R%; R?)
function ¢ p.#%-a.e. (notice that condition (i) holds with £ < sup |V¢|) and equal to
0 on a .Z%-negligible set on which i, is concentrated, and use again the inequality
Wi (g, (L= 8)3 +tr)pp) < t||r — || Lo(ppa) to obtain

[ Lot (92 do < 10F )l ) < 1071 0) supl,

having used also the fact that the approximate differential V(7 —4) (by definition)
coincides with the classical differential Vt p.#%-a.e. As t is arbitrary, Riesz theorem
gives that Lg(p) is a function of bounded variation (i.e. its distributional derivative
DLF(p) is a finite R%-valued measure in R?), so that we can rewrite the inequality

as 4
> [ tiDiLr(e)
i=1 /R

By LP duality theory there exists w € Li(p£%RY) with ||wl|, < |0F|(u) such
that

< [OFIW It o ozt imay-

d
Z/ tidDiLF(p):/ (w,t)dpL? vt e C°(RERY).
=1 R4 Rd

Therefore Lr(p) € WH(RY) and VLr(p) = wp. This leads to the inequality <
in (10.4.33).

(b) Assume now that 1 € 27 (R?). In order to show that equality holds in (10.4.33
we will prove that (¢ X w)xp belongs to 8F* (). We have to show that (10.1.7
holds for any v € Z2,(R?) and, by approximation, we can assume that v € z, (R%)
and that F*(v) is finite. Using the doubling condition it is also easy to find a
sequence of measures v, with compact support converging to v in &,(X) and such
that F*(vy,) converges to F*(v), hence we can also assume that supp v is compact.
Setting r = t},, by Theorem 6.2.7 and the argument in the beginning of Proposition
9.3.9, we know that all the conditions of Lemma 10.4.4 are fulfilled. Theorem 6.2.9
shows that also Lemma 10.4.5 holds; therefore, by applying (10.4.22), the geodesic
convexity of F*, and (10.4.25) we obtain

~— —

F (v) — F(u) > 1imsup/Rd (VLEr(p), (r —1i))Xp dx

h— o0

= limsup/ (w, (r —4))Xppde = / (w,r —1)dpu,
R R4

h— o0
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proving that w € 0F*(u).

Finally, we notice that our proof that w = VLp(p)/p € 0F*(1) does not
use the finiteness of slope, but only the assumption w € L9(u;R%), therefore
these conditions imply that the subdifferential is not empty and that the slope is
finite. 0

Remark 10.4.7 (The non-doubling case). The doubling assumption seems to play
an essential role in the previous proof, as it allows to differentiate the energy func-
tionals along smooth and compactly supported directions. Notice also that the
proof that the assumptions Lr(p) € WHL(RY) and VLEr(p) = wp with w € L9
imply that w is in the subdifferential does not use the doubling condition. In
the non-doubling case the characterization of the minimal subdifferential could
still be obtained through a monotone approximation argument of /' by doubling
functions F), (which yields indeed the I'-convergence of the corresponding energy
functionals) based on Lemma 10.3.16. This argument is explained in detail in a
more relevant case for the applications, the entropy functional in infinite dimen-
sions (see Theorem 10.4.17: in this case the approximating functionals are the
entropies with respect to finite dimensional projections of the reference measure).

Let us now consider a particular class of functions F' with sublinear growth:
assuming that 0—F(z)/z — 0 sufficiently slowly as z — oo, we prove that finiteness
of slope implies absolute continuity of the measure. This assumptions covers all
power functions —t™ with m > 1 —1/d (leaving open only the case m =1 —1/d,
where still (10.4.21) holds).

Theorem 10.4.8 (Finiteness of slope implies regularity). Let us suppose that F is
a convex differentiable function in [0,400) satisfying (10.4.15), (10.4.21), and

lim 21/ (9 - @) = oo (10.4.34)

z——400
If the metric slope |0F*|(u) is finite at p € Zp(X) then p € Z;(X).

Proof. Let p € D(F*) be fixed, assume that |[0F*|(u) < oo, and write p =
p L% + pif, with p® singular with respect to .Z%. We call E a Borel .Z%negligible
set on which p® is concentrated, i.e.

EcZRY), pRYI\E)=0 ZLYE)=0.

We now claim that p is absolutely continuous. If not, let @ = [0,1]% and let r
be the optimal transport map between pg := XQfd and p. By Theorem 6.2.7
we know that r is approximately differentiable and that Vr is diagonalizable with
nonnegative eigenvalues pip-a.e.; the argument in the beginning of Proposition 9.3.9
shows that (1 — t)i + tr is pp-essentially injective for any ¢ € [0, 1).

We define Q; := r~1(F) and Q2 = Q\ Q. Since E is .Z%-negligible the area
formula (5.5.2) gives det Ve = 0 Z%-a.e. on Q. Notice also that .Z%(Q;) is the
total mass of u°.
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We define ry :=ti+ (1 —t)r, = (r4)xpo and J; := det Vr,. The concavity
of the map ¢ — Jtl/d and the fact that Jo(z) >0, Ji(z) = 1 ZL%ae. in Q yield

Ji(x) >t for Lae. x € Q. (10.4.35)
Therefore from (5.5.3) we get p; = (pr + p?).L? with

o= ——|
LT, or 1 r+(Qq)-
Moreover, the jig-essential injectivity of r, and the fact that p, < Z¢ imply that
r:(Q1) N7T(Q2) is L%-negligible, so that we have the decomposition

f*(m):f(m)z/Q F(ﬁ)Jt(y)der/r(Q )F(m)dm (10.4.36)

On the other hand, r|g, is the optimal transport map between yq,-£? and p.#?
and p? is the value of the unique constant speed geodesic at time ¢, see Chapter 7
(here we apply the interpolation theory to pairs of measures whose common total
mass is not necessarily 1).

Since p.Z? is regular as well we can find the optimal transport map s between
pL4 and xq, ¢ and setting s, = ((1 — t)i + ts), the uniqueness of geodesic
interpolation gives p7 Z% = (s;)4 (p-£?), hence

‘/7't(Q2) F(m> o= ]:(pg) B ]:*((St)#(pgd)) - /]Rd F( {)(x) )jt(x) dx,
with J; := det V3, and

w :tl(/RdF(p(x))da?—/RdF(p(x) )Ji(w) de)

+t’1/ (97 F(Jt}yQJt(y)) dy.

From Lemma 10.4.5 and (10.4.22) we get

oo < A= — /R (VLp(p(z)), 5(z) — ) do

< ltiirgtfl(/Rd F(p(z)) do — /R F(E((i)))jt(x) dx).

Passing to the limit as ¢ | 0 and using the identity W, (s, o) = tWp (10, 1)
we get

lirrtllsoup/1 t*1(0 - F(Jiw)Jt(y)) dy < [0F[(1)Wp(po, p) — A < +o0.
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We observe that if det V7 (y) = 0 we have lim; o J;(y) = 0 and by (10.4.35) we get
1 oL o—1/d

>
@))Jt(y)) = liminf ey )(9 F(Jt( ))Jt( )>

BT 1/d(y _
1121%1+1Oréfz (9 F(z)/z) +00

hmlnft 1(9 F(

Since det Vr(y) = 0 for Z%a.e. y € Q1, Fatou’s Lemma yields

. . 1 1 —
hrﬁ%)nf/Qlt (9 F<Jt( )> t(y)) dy = 400
whenever .24(Q1) = p*(RY) > 0. O

10.4.4 The relative internal energy

In this section we briefly discuss the modifications which should be apported to the
previous results, when one consider a relative energy functional as in Section 9.4.

We thus consider a log-concave probability measure vy = e~V - £ € 2(R?)
induced by a convex l.s.c. potential

V:R? = (—o0,400], with Q=int D(V) # 0. (10.4.37)
We are also assuming that the energy density
F:[0,400) — [0,4+00] is convex and ls.c.,
it satisfies the doubling property (10.4.23), (10.4.38)
and the geodesic convexity condition (9.3.19),

which yield that the map s — F(s) := F(e *)e® is convex and non increasing in
R. The functional

Fluly) = /Rd F(o)dy = /Q F(p/efv)efv dz, p=o-vy=pL (10.4.39)

is therefore geodesically convex in Z2,(R?), by Theorem 9.4.12. It is easy to check
that whenever F is not constant (case which corresponds to a linear F' and a
constant functional F), F' has a superlinear growth and therefore F is lower semi-
continuous in Z,(X).

As already observed in Remark 10.4.7, the doubling property (10.4.38) could
be avoided; here we are assuming it for the sake of simplicity.

Theorem 10.4.9 (Subdifferential of F(-|v)). The functional F(-|y) has finite slope
at p =0 -y € D(F) if and only if Lr(c) € W, (Q) and VLr(0) = ow for some
function w € Li(u; RY). In this case

(/Rd |“’(f”)|qdﬂ(m))l/q = |0F|(n), (10.4.40)

and w = 0°F ().
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Proof. We argue as in Theorem 10.4.6: in the present case the directional derivative
formula (10.4.22) becomes

PN hj%l f((rt)#ulvt) — F(uly)
t

= —/ Lr(p/e™V) (e*Vtr V(r—14)—e V(VV,r - z>> dx (10.4.41)
R

= _/]Rd LF(J)tr@(e_V(r - z)) dx

for every vector field r satisfying the assumptions of Lemma 10.4.4 and F (r4pu|vy) <
+00. Choosing as before r =i + eV, t € C2°(;RY), since V is bounded in each
compact subset of €2, we get

/ Lp(o)tr Vtde < |0F|(u)sup eV t|,
Q R

so that Lp(0) € BViee(£2). Choosing now r = i + t with t € C2°(Q; R?) we get

d
> / t; dD; Ly (o) dy
=17

so that there exists w € LP(u; R?) such that

< IOF ()1l o sy

d
Z/tidDiLF(a)d'y:/ <w,t>du:/ (pw,t)e "V dx Vtec CZ(RY),
=179 R R

thus showing that Lp (o) € W, (Q) and VLp(0) = pe Vw = ow.

loc

Conversely, if Lr(o) € W21 (Q) with VLr(0) = ow and w € L9(p; R?),
arguing as in Lemma 10.4.5 we have for every measure v = r4p with compact

support in €

F(v|y) — F(uly) > limsup — /Q LF(U)tr@(e*V(r — z))Xk dx

k—o0

> limsup/ (XgVLp(0) + Lp(o)VXg, 7 — 1) dy
Q

k—o0

Zlimsup/ (VLp(o),r — )Xy dy
Q

k—o0

zlimsup/ (w,'r—i)Xkdu:/(w,r—i)du,
Q Q

k—o0

which shows through a density argument that w € 9F (). O
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10.4.5 The interaction energy

In this section we consider the interaction energy functional W : &Z,(X) — [0, +oq]
defined by

Wn) = 5 o Wz —y)du x p(z,y).

Without loss of generality we shall assume that W : X — [0, +00) is an even func-
tion; our main assumption, besides the convexity of W, is the doubling condition

ICw >0: W+y) <Cw(l+W()+W(y)) V,yeX.  (10.4.42)

Let us first state a preliminary result: we are denoting by fi the barycenter of the
measure

/?L::/Xxdu(x). (10.4.43)

Lemma 10.4.10. Assume that W : X — [0, +00) is convez, Gateauz differentiable,
even, and satisfies the doubling condition (10.4.42). Then for any p € D(W) we
have

/X W(z) du(z) < Cw (1 +W(p) + W(R)) < +oo, (10.4.44)

/ VW (z — y)| dp x p(z,y) < Cw (1 + Sw +W(n)) < oo,  (10.4.45)
XxX

where Sy = sup|,<; W(y). In particular w := (VW )xp is well defined for yi-a.e.
x € X, it belongs to L*(u; X), and it satisfies

/ (VW (21 —22),y1 — x1) dy(21,y1) dp(2)
XX (10.4.46)

:/ (w(z1),y1 — 1) dy(1,91),
X2

for every plan v € I'(p, v) with v € D(W). In particular, choosing v := (& X 7)xf,
we have

[ W @)t = [ ). r@) @) (10447)
XxX X

for every vector field r € L (u; X) and for r := M, A € R.

Proof. By Jensen inequality we have
W(x—p) < / W(r—y)duly) VzeX, (10.4.48)
X
so that a further integration yields

[ W= duta) < W (10.4.49)
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(10.4.44) follows directly from (10.4.49) and the doubling condition (10.4.42), since
W(z) < Cw(l+W(z—p)+W(n).
Combining the doubling condition and the convexity of W we also get

VW ()| = ‘81|1<P1 (VW (z),y) < |STI<pl Wz +y) - W(x)

< Cw (1 + W(x) + sup W(y)),
ly|<1

(10.4.50)

which yields (10.4.45).
If now v € D(OW) and v € T'(u,v), then the positive part of the map
(71,y1,72) — (VW (21 — 22),y1 — x1) belongs to L (v x p) since convexity yields

(VW (21 —22), 51 — 21) < W(y1 — x2) — W(x1 — 72),

and the right hand side of this inequality is integrable:

W(yr—z2) dyxp = / Wy —xa) dvxp < C(I4+W W) +W(p)+W (v — 1)),
X3 X2

W(xy —xo)dy X p = / Wz — o) dp X o= W().
X3 X2

Therefore we can apply Fubini-Tonelli theorem to obtain
/ (VW (21 —22), 51 — 1) dy X pu(21, 91, T2)
X3

— [ ([ oW = w20~ ) o) ()
x2 VJx

:/ <</ VW (21 —$2)dl~t(9€2)),y1 — 1) dy(z1,91)
X2 X

:/ (w(z1),y1 — 21) dy(T1,91),
X2

which yields (10.4.46). O

Theorem 10.4.11 (Minimal subdifferential of W). Assume that W : X — [0, 4+00)
is convex, Gateauz differentiable, even, and satisfies the doubling condition
(10.4.42). Then p € Z,(X) belongs to D(|OW)|) if and only if w = (VW) xp €
L(p; X). In this case w = 0°W ().

Proof. As we did for the internal energy functional, we start by computing the
directional derivative of W along a direction induced by a transport map r = 1 +t,
with ¢ bounded and with a compact support (by the growth condition on W, this
ensures that W(r4xpu) < +00). Since the map

Wz —y) +t(E(x) — ty))) = Wz —y)
t
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is nondecreasing w.r.t. ¢, the monotone convergence theorem and (10.4.47) give
(taking into account that VW is an odd function)

too > fim WVEH g = W(n)

t10 n
B %/XXX<VW(x*y)v(t($)*t(y))>du><u:/X<w,t>dﬂ,

On the other hand, since [OW|(p1) < +00, using the inequality W, ((¢+tt)xpu, p) <
HtHLP(u;X) we get

/X (w, ) dp > —|OW| ()1t (0

changing the sign of ¢ we obtain

’ /X (w, t) dﬂ\ < W)t 2o -

and this proves that w € L%(u; X) and that ||w||re < [OW|(u).

Now we prove that if w = (VW) % u € LI(u; X), then it belongs to OW ().
Let us consider a test measure v € D(W), a plan v € T'(u, v), and the directional
derivative of W along the direction induced by ~. Since the map

W((1=t)(z1 —22) +t(y1 — y2)) — W(z1 — 72)
t

t—

is nondecreasing w.r.t. ¢, the monotone convergence theorem, the fact that VIV is
an odd function, and (10.4.47) give

WL = )+ )y — W)
W) =W > lim e

= % /)(2><X2 (VW (z1 — 22),(y1 — 1) — (y2 — x2)) dy X 7y

/ (w (1)1 — 21) dy(z1,91),
X2

and this proves that (¢ x w)zp € OW(1). O

10.4.6 The opposite Wasserstein distance

In this section we compute the (metric) slope of the function ¢(-) := —3W3 (-, u?),
i.e. the limit W20 i) — W2 (0 2)
. v, =) — 2\l [
— limsu 2 = |0 ; 10.4.51
T o o) (10.451)

observe that the triangle inequality shows that the “limsup” above is always less
than Wo(u, 4?); however this inequality is always strict when optimal plans are not
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induced by transports, as the following theorem shows; the right formula for the
slope involves the minimal L? norm of the barycentric projection of the optimal
plans and gives that the minimal selection is always induced by a map.

Theorem 10.4.12 (Minimal subdifferential of the opposite Wasserstein distance).
Let ¢(n) = =5 W3 (u, %) Then

oul ) —min{ [ i veTut))  Wne AN, (10452

and 0°¢(u) = — 1 is a strong subdifferential, where v is the unique minimizing
plan above.

Moreover p— |0¢|(1) is lower semicontinuous with respect to narrow convergence
in Z(X), along sequences bounded in Po(X).

Proof. Notice first that the minimum is uniquely attained because of the convexity
of T',(p, p#2), the linearity of the barycentric projection, and the strict convexity
of the L? norm.

We show first that for any v € Iy(u, p?) the plan n = (i x (§ — %)) zp
belongs to 9 (u), i.e. ¥ — 1 € 9 (), proving the inequality < in (10.4.52). For
every v € P2(X) and v € I'(u, v) it would be sufficient to show that (recall that
1 is —1 convex)

Y(v) > () +/ (Y(x1) — 21,20 — 1) dv (21, T2) — %Wf(u,u). (10.4.53)

X2
Let B € I'(u, u%,v) be the 3-plan determined by the condition
Bay = VYo, X Vg, for p-ae. xy.

Since 7T71¥ B=~ve€ Ty (p, p?) and ﬂ';&’ B=ve ['(u,v), we have the inequalities

1 1
PY(v) — () + %Wﬁ(uw) = —§W22(v7 ©?) + %sz(u,lf) + §W3(M,V)

1 9 1 9 1 )
Z _5”1;2 - I-?)HLZ(ﬁ;X) + 5”.’1}2 - x1||L2(B;X) + in3 - z1||L2(ﬁ;X)
= / (ro — 1,23 — 21) dB(21, T2, T3)

X3

/ (/ (X9 — 21,23 — 1) drys, (22) X duxl(x;;)) du(xy)

X \Jxe
— [ ([ ) = w15 = 21} do 2)) dsan)

x MJx
= / (Y(x1) — 21, 20 — 1) dV (21, 2),

X2

proving (10.4.53).
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In order to show that equality holds in (10.4.52) we notice that

1/2
</X2 |.1322d")’) > ||:7||L2(M;X) > ||PM(’7)||L2(/J,;X) v,), € F(Muuz)a

where P, : L*(u; X) — Tan, #5(X) is the orthogonal projection. Therefore, tak-
ing into account that the slope is equal to the minimal norm in the subdifferential,
it would be sufficient to show that any v € 8 (u) satisfies P, () = i — ¢ for
some 1 € I'y(11, 4?). Denoting by (-, -) the scalar product in L?(u; X), by applying
Hahn-Banach theorem in Tan, %% (X) it suffices to show the inequality

(Pu(7),v) < max (w,v) Vv € Tan, P9 (X), (10.4.54)

where K C L?(u; X) is the bounded, closed, and convex set defined by

K = {ﬁ—i: ’I’]EFO(/L,/J,2)}.

Notice indeed that K C Tan, %»(X) by Theorem 12.4.4 and Theorem 8.5.5.

By a density argument it suffices to check (10.4.54) when v has the property
that ¢ + ev is an optimal map, and the unique one, for some ¢ > 0: indeed,
it suffices to recall that for any optimal transport map r the interpolated maps
ry = (1 — t)t + tr are the unique optimal transport maps (see Lemma 7.2.1) for
any t € [0,1), so that the property above is fulfilled with ¢ = ¢ and v = r — 4.
Then we use the fact that the positive cone induced by these vectors is dense in
Tan, #5(X), by Theorem 8.5.5. By homogeneity, we assume that ¢ = 1. Under
these assumptions on v, for t € [0, 1] we set

pe = (i +tv)gp and ay = (7', 72 (i +tv) o ) w7,
noticing that Lemma 5.3.2 gives that «a; is the unique 3-plan such that 7T91,¢’ 2oy = ~

and W;g Ja; = py. As a consequence, since vy € 91 (p), the inequality

$lue) > (u) + /

1 _ 1
. (w2, w3 — 1) doy — §W22(uuuft) = t/X (¥, v) dp — §W22(H7Mt)

must hold. Since W (u, 1) = t>W3(p, 11), dividing both sides by ¢ and passing
to the limit as ¢ | 0 we obtain

2 2y 172 2
Jimm inf V2 U 1) = W (s 7). 2/ (7, v) du = 2/ (P.(7),v) dp.
t10 t X X

On the other hand, Proposition 7.3.6 and (7.3.17) give that the derivative on the
left is equal to

max 2/}(2 (v(x1),29 —x1)dn = max 2/X2 (v(x1),n(z1) — 21) dp,

n€l, (p,p1?) n€l (p,12)
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so that, recalling the definition of K, (10.4.53) holds.

Now we show the stated lower semicontinuity of the slope. Let (u,) C
P5(X) be a bounded sequence narrowly converging in %5(X) to p and let ,, €
Lo (pin, p?). We assume that |0v|(u,,) converges to L and we have to show that
L > |0¢|(p). Since the marginals of ~,, are converging in %»(X) (and there-
fore tight), we can assume, possibly extracting a subsequence, that =, narrowly
converge in Z(X x X) to some plan . By Proposition 7.1.3 we obtain that
v € Ty (p, p?). Using test functions of the form (za—z1, p(x1)), with p € CP(X; X),
we immediately obtain that (4, — %)u, narrowly converge in the duality with
CO(X: X) to (3 — .

Now we claim that || — é[|12(,) < L. Indeed, for any ¢ € CP(X; X) we can
pass to the limit as n — oo in the inequality

< H:Yn - i”LQ(ﬂn;X)||90HL2(;L7,,;X)

X

to obtain

‘ /X (0.7 — iy du| < Llol 2,

whence the stated inequality follows. Using the inequality [0|(1) < |5 — 4] 12
we obtain that |0vy|(u) < L. O

We conclude this section by proving Remark 10.3.5: setting now (-) :=
—3W3(-, ), we simply observe that if . is a minimizer of (10.3.1b), then

Y- €0Y(pr) = v, € 00(usr), (10.4.55)

since

W) = d(ur) Z (v) = ¢(ur) Vv € Pa(X).

10.4.7 The sum of internal, potential and interaction energy

In this section we consider, as in [38], the functional ¢ : &2,(X) — (—o0,+0o0]
given by the sum of internal, potential and interaction energy:

1
o(p) == / F(p)dx +/ Vdu+ —/ Wdpx p if p=p2?% (10.4.56)
R Rd 2 JrixRa

setting ¢(p) = +oo if p € P,(RY)\ 25 (R?). Recalling the “doubling condition”
stated in (10.4.23), we make the following assumptions on F, V and W:

(F) F:[0,+00) — R is a doubling, convex differentiable function with superlin-
ear growth satisfying (10.4.15) (i.e. the bounds on F~) and (10.4.21) (yielding
the geodesic convexity of the internal energy).

(V) V:R? — (—o0,+00] is a Ls.c. A\-convex function with proper domain D(V)
with nonempty interior Q C R
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(W) W : R4 — [0,+00) is a convex, differentiable, even function satisfying the
doubling condition (10.4.42).

Notice that we have assumed that F' has a superlinear growth only for sim-
plicity: also the case of (sub-)linear growth could be considered, proving along the
lines of Theorem 10.4.8 that finiteness of the slope implies regularity of the mea-
sure. Also the doubling assumptions could be relaxed, see Remark 10.4.7. Finally,
the finiteness of ¢ yields

supppu C Q= D(V), u(99) =0, (10.4.57)

so that its density p w.r.t. £ can be considered as a function of L'(f2).
The same monotonicity argument used in the proof of Lemma 10.4.4 gives

oo > Tim Joa Vd((1 —t)i+tr))pp — [pa Vdu N
t10 t

/ (VV,r —i)du, (10.4.58)
Rd

whenever both [, V dp < +oo and [, V dryp < +oo.
Analogously, denoting by W the interaction energy functional induced by
W/2, arguing as in the first part of Theorem 10.4.11 we have

WL = )i+ tr)yp) — W(p)

+00 > lim = / (VW) * p),r — i) dp, (10.4.59)
t10 t R

whenever W(u) + W(ruu) < +oo. The growth condition on W ensures that
w € D(W) implies rxu € D(W) if either r — 4 is bounded or r = 2¢ (here we use
the doubling condition).

We have the following characterization of the minimal selection in the subd-
ifferential 9°¢(u):

Theorem 10.4.13 (Minimal subdifferential of ¢). A measure u = p£% € D(¢) C
P, (R%) belongs to D(|0¢|) if and only if Lr(p) € WLH(Q) and

pw = VLp(p)+pVV +p(VW)xp for some w € L(u;R?). (10.4.60)
In this case the vector w defined p-a.e. by (10.4.60) is the minimal selection in
Ip(p), i-e. w = 0°G(p).

Proof. We argue exactly as in the proof of Theorem 10.4.6, computing the Gateaux

derivative of ¢ in several directions r, using Lemma 10.4.4 for the internal energy

and (10.4.58), (10.4.59) respectively for the potential and interaction energy.
Choosing r = i + t, with t € C2°(€; R?), we obtain

[ LotV tdos [ (WYt [ (W) p8)du = 10610l
R4 R4 Rd
(10.4.61)



274 Chapter 10. Metric Slope and Subdifferential Calculus in Z,(X)

Since V is locally Lipschitz in Q and VW x p is locally bounded, following the
same argument of Theorem 10.4.6, we obtain from (10.4.61) first that Lp(p) €
BVioc(R?) and then that Lr(p) € Wb (RY), with

loc

VLp(p)+pVV +p(VW) * p=wp for some w € L7(u; R?) (10.4.62)

with [lwl|ze < [00](p).

In order to show that the vector w is in the subdifferential (and then, by the
previous estimate, it is the minimal selection) we choose eventually a test mea-
sure v € D(¢) with compact support contained in € and the associated optimal
transport map r = t;/; Lemma 10.4.4, (10.4.58), (10.4.59), and Lemma 10.4.5 yield

6) — 0) = T (1= 1)+ 1)),y

:—/QLF(p)@~(r—i)d:ﬂJr/Q(VV,r—i)dunL/(z((VW)*p,r—i>du

Zlimsup/ <VLp(p)7r—i>thx+/ (VV + (VW) xp,r — i) du
h—oo JQ Q

= lim sup/ (VLp(p) + pVV 4+ p(VYW) % p, 7 — ) Xp dx
Q

h— o0

:/ (pw,r — i) dx :/ (w,r — 1) dp.

Q Q

Finally, we notice that the proof that w belongs to the subdifferential did not
use the finiteness of slope, but only the assumption (previously derived by the
finiteness of slope) that Lr(p) € W, (), (10.4.60), and ¢(u) < +oo; therefore

these conditions imply that the subdifferential is not empty, hence the slope is
finite and the vector w is the minimal selection in d¢(u). O

We know that for general A-convex functionals the metric slope is 1.s.c. with
respect to convergence in Z,(R%). In the case of the functional ¢ of (10.4.56) the
slope is also lower semicontinuous w.r.t. the narrow convergence.

Proposition 10.4.14 (Narrow lower semicontinuity of |0¢|). Let us suppose that
assumptions (F,V,W) are satisfied; if (j1,) C 2,(R?) is a bounded sequence nar-
rowly converging to u in P(R?) with sup,, ¢(tn) < +00, w, € 9°¢(u,) have
bounded L9(ji,; R?) norms and are weakly converging to w € Li(u;RY) in the
sense of Definition 5.4.3, then w € 9°¢(u). We have also

lim inf [06](1n) > 06| (). (10.4.63)

Proof. Observe that thanks to Theorem 5.4.4

+oo > liminf |06]? (pn) = liminf/ |wy, (z)|? dpy (z) > / |w(x)|? dp(x).
n— o0 n—oo  Jx X



10.4. Example of subdifferentials 275

Let now p,, be such that p, = p,.£%; since the p-moment of y,, is bounded and
the negative part of V' has a linear growth, we know that

sup /Rd F(pn(x))dr < 400, sup /Rd (V+(a:) + |m|p) pn(2) de < +00.

Thanks to the superlinear growth of F', we deduce that p,, weakly converge to p
in L'(R%), p being the Lebesgue density of .

Since Lp(p) < F(2p) — 2F(p), the doubling condition shows that Lg(py,) is
bounded in L(9); since VV is locally bounded, we know that

pnVV — pVV, weakly in Li (Q); (10.4.64)
(10.4.50) and Lemma 5.1.7 show that

/m (VW (x —y),t(y))pn(z)pn(y) dz dy — . (VW (x —y), t(y))p(x)p(y) dz dy

for every vector field t € L>°(2), so that p, (VW )xp,, weakly converge to p(VIW)xp
in LY(9).

We thus deduce that Lg(p,,) is bounded in BV, (€2); we can extract a further
subsequence such that

Lr(pn) — L in L%OC(Rd) and pointwise .Z%-a.e. (10.4.65)

A standard truncation argument and the fact that Lg is a monotone function
yield L(z) = Lr(p(z)) for Z%-a.e. x € Q, and therefore VLr(p,) — VLr(p) in
the sense of distributions.

Combining all the above results, we get

pw =V Lp(p)+pVV + p(VW)xp for w € L(1; R?), (10.4.66)
so that w = 9°¢(u). O

An interesting particular case of the above result is provided by the relative

entropy functional: let us choose p =2, W =0 and

%e—\/ _gd _ e—(V(m)+logZ) . gd’

with Z > 0 chosen so that v(RY) = 1. Recalling Remark 9.4.2, the functional ¢
can also be written as

F(s) :=slogs, ~:=

6(11) = H(ply) —log Z. (10.4.67)

Since in this case Lr(p) = p, a vector w € L?*(u;R?) is the minimal selection
0°¢(u) if and only if

f/ V-C(I)du(x):/ <w(x),C(z)>du(I)*/ (VV(z),¢(x)) du(z),
Rd Rd Rd
(10.4.68)
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for every test function ¢ € C2°(R%R9); (10.4.68) can also be written in terms of

— du
devas

— / oV - (e7V®¢(x)) de = / (ow(z),e” V@ ¢(2)) da, (10.4.69)
]Rd ]Rd

which shows that cw = Vo.

10.4.8 Relative entropy and Fisher information in infinite
dimensions

Let X be an infinite dimensional (separable) Hilbert space, and let @ : X — X
be a bounded, positive definite, symmetric linear operator of trace class.
We introduce the orthonormal system (e,,) of eigenvectors of ), i.e. satisfying

oo
Qen =Anen, Ay >0, Y Ay =trQ < +oc. (10.4.70)

n=1

We denote by X, the finite dimensional subspace generated by the first d eigen-
vectors, by 74 the orthogonal projection of X onto Xy, and by Q4 : X — Xy the
linear operator defined by Qg := g0 Q, Qg = Z?:l iz, ej)e;.

Let v be the centered Gaussian measure with covariance operator Q~': v is
determined by its finite dimensional projections v4 := (7q)47, which are given by

1 10-1
L —3(Q, "z,x) d
e ———— - - H . 10.4.71
v (2m)9 det Qq X ( )
Notice that

d d
det Qq := H A, and (Qyl'z,z) = Z)\j_1<x, ej>2. (10.4.72)

j=1 j=1

In Section 9.4 we studied the properties of the relative entropy functional

P(p) == H(ulv), (10.4.73)

which is a geodesically convex functional in &5 (X).
Let us recall the standard definition of generalized partial derivatives for
functions in L'(7y) [25, Def. 5.2.7]:

Definition 10.4.15 (Partial and logarithmic derivatives). Let p: X — R be a Borel
Junction with [ |z||p|dy < +oc. The function p has generalized partial derivative
0j = Oe,p € L*(v) along ej if for any smooth cylindrical function ¢ € Cyl(X)
one has the “integration by parts” formula

7/ p(x)0e; ¢ () dy(x) = / oj(x)¢(x) dvy(x) — Aj’l/ (z,e5)¢(2)p(x) dy(@).
X X X
(10.4.74)
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We say that = p-v € P35(X) has w; as logarithmic partial derivative along e;
Oe ; .
if Oe,p € L' (v) and w; = TJP € L3(u), i.e.

- [ Ge@dnt) = [ @@ @) =X [ (e duta). (10.475)

By a standard smoothing argument, as in the finite dimensional case, one can
check that the integral identities above holds for any cylindrical bounded function
¢ of class C'! with a bounded gradient.

Definition 10.4.16 (Logarithmic gradient and Fisher information functional). If u

Oe..
has logarithmic partial derivatives w; = ep]p € L%(pn) for every j € N and

Z/ lw; (x)|? du(x) < +o0, (10.4.76)
j=1"%
we define the “logarithmic gradient” of p as follows:
Vp - 2
w(z) = rila > wi(z)e; € L (s X). (10.4.77)
J=1

The Fisher information functional .7 (u|y) is defined as ||w||%2(M.X).

The following theorem shows that the Fisher information functional is indeed
the minimal slope of the entropy functional even in the infinite-dimensional case.
The proof requires the validity of the statement in the finite dimensional case and
an approximation based on the I'-convergence of the finite-dimensional entropy
functionals.

Theorem 10.4.17. A measure p = p-~v € Z5(X) with finite relative entropy
o(p) = H(uly) belongs to D(|0¢|) if and only if u has a logarithmic gradient
w = % € L%(u; X) according to Definition 10.4.16. In this case w = 0°¢(u) and

> [Vp(a)[? [Vp(a)[?
o0k = [ SRS aue) = [ FEEL dy(w) = o). (10479
Proof. Let us suppose that all the components w; of w € L?(u; X) satisfy
(10.4.75). We fix an integer d and we consider the orthogonal projection 74 of
X onto X4. We consider cylindrical functions of the form {(z) = ¥ (7q(x)) for
1 : X4 — X bounded, of class C' and with a bounded gradient. If we introduce
the measure g = (%), we can disintegrate p w.r.t. pg as p = fXd e dpng(x),

with 1, € 2(X) concentrated on 7' (z) and we can define the vector field

wq () ::/Xw(y) g (y), (10.4.79)
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which satisfies
| ) plata)) duta) = [ {waly)b(w) duato) (10.4.80)
X Xa

Choosing v of the form 25:1 1je;, using (10.4.75) and the previous identity, we
obtain

d
_/xd;%(x) dpa(x) :/Xd <wd(x)71/:(m)>dpd(x)_/Xd (O, () dpra(x).

(10.4.81)
Since (by Jensen inequality) wy € L?(ug; RY) and

[ @R dpata) < [ uole)? aua) (10.4.82)
Xa

from (10.4.68) (stated for R? but still true for X4) we obtain that wg € 0°da(iq)
where ¢q(p) = H(u|lvq). Lemma 9.4.3 and Lemma 9.4.5 show that ¢g4 is
['(P5(X)) converging to ¢ as d — +o0. Since pg — p in Zp(X) and wqy are
easily seen to be converging to w according to Definition 5.4.3 (by compactness,
see Theorem 5.4.4(a), one needs only to check condition (10.4.47) on cylindrical
test functions ¢), we can apply Lemma 10.3.8 which shows that w € d¢(u) and
therefore

10612 (1) < F (uly).

In order to prove the opposite implication, let us now suppose that w = 9°¢(u):
applying Lemma 10.3.16 to the sequence of functionals ¢4(u) = H(p|vq), we find
two sequences vy — p in Po(X) and wy € 0°¢4(vq) converging to w according
to Definition 5.4.3, i.e. the plans (¢ x wg)gvqy € 8°¢q(vq) narrowly converge in
P (X x Xg) to (i x w)yp € 0°¢(p) (actually the lemma provides the stronger
convergence in P (X x X), not needed here). By the finite dimensional result, we
know that

—/ e, (x) dva(x) =/ (wa(z), €;)¢(2) dvd(x)—/\fl/ (z,€;)C(x) dva(x)
b's X X
for every j = 1,...,d and ¢ € Cyl(X). Keeping j and ( fixed, we can pass to

the limit as d — oo to obtain (10.4.75) (the convergence of the rightmost integral
follows by Lemma 5.1.7). O



Chapter 11

Gradient Flows and Curves of
Maximal Slope in &7,(X)

In this chapter we state some of the main results of the paper, concerning exis-
tence, uniqueness, approximation, and qualitative properties of gradient flows g
generated by a proper, l.s.c. functional ¢ in &2,(X), X being a separable Hilbert
space. Taking into account the first part of this book and the (sub)differential the-
ory developed in the previous chapter, there are at least four possible approaches
to gradient flows which can be adapted to the framework of Wasserstein spaces:

1. The “Minimizing Movement” approximation. We can simply consider any li-
mit curve of the variational approximation scheme we introduced at the be-
ginning of Chapter 2 (see Definition 2.0.6), i.e. a “Generalized minimizing
movement” GM M (®; up) in the terminology suggested by E. DE GIORGI.
In the context of Z,(R?) this procedure has been first used in [83, 104, 105,
103, 106] and subsequently it has been applied in many different contexts,
e.g. by [82, 99, 107, 73, 74, 78, 66, 35, 36, 1, 75, 63].

2. Curves of Maximal Slope. We can look for absolutely continuous curves p; €

ACP ((0,+00); Z,(X)) which satisfy the differential form of the Energy in-
equality

d [T T ,

g PW) = Dl P () = 21001 () < —1001 () - [W](2) (11.0.1)

for #1-a.e. t € (0,+00). Notice that in the present case of Z,(X), we estab-
lished in Chapter 8 a precise description of absolutely continuous curve (in
terms of the continuity equation) and of the metric velocity (in terms of the
L?(ug; X)-norm of the related velocity vector field); moreover, in Chapter 10
we have shown an equivalent differential characterization of the slope |9¢| in
terms of the L7(u:; X )-norm of the Fréchet subdifferential of ¢.
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3. The pointwise differential formulation. Since we have at our disposal a notion
of tangent space and the related concepts of velocity vector field v; and
(sub)differential d¢ (), we can reproduce the simple definition of gradient
flow modeled on smooth Riemannian manifold, i.e.

vVt € —a(b(/lt), (1102)
trying to adapt it to the case p # 2 and to extended plan subdifferentials.

4. Systems of Evolution Variational Inequalities (E.V.I.). When p = 2, in the
case of A-convex functionals along geodesics in &5(X), we can try to find
solutions of the family of “metric” variational inequalities

1d A

gawgz(/it,’/) < o(v) — dlpe) — §W22(/~Lt, v) VYve D(9). (11.0.3)
This formulation provides the best kind of solutions, for which in particular
one can prove not only uniqueness, but also error estimates. On the other
hand it imposes severe restrictions on the space (p = 2) and on the functional

(A-convexity along generalized geodesics).

In any case, the variational approximation scheme is the basic tool for proving
existence of gradient flows: at the highest level of generality, when the functional
¢ does not satisfy any convexity or regularity assumption, one can only hope to
prove the existence of a limit curve which will satisfy a sort of “relaxed” differential
equation: we will present the basic steps of the convergence argument at the end
of the next section, in a simplified situation.

As we will see in the next section, when ¢ satisfies more restrictive regularity
assumptions, one can show that the first three notions essentially coincide; if ¢ is
also A-convex and p = 2, they are also equivalent to the most restrictive fourth
one.

It is then possible to prove the convergence of the discrete solutions to a
curve of maximal slope (or to a solution of the E.V.I. system) by applying the
general theorems of Chapter 2 (respectively, of Chapter 4): we will devote the last
two sections to present a brief account of these metric approaches.

11.1 The gradient flow equation and its metric
formulations

Definition 11.1.1 (Gradient flows). We say that a map p, € ACE ((0,+00); Zp(X))
s a solution of the gradient flow equation

Jp(ve) € =0¢(pe) ¢ >0, (11.1.1)

if denoting by v, € Tan,, 22,(X) its velocity vector field, its dual vector field j,(v;)
belongs to the (reduced) subdifferential (10.3.12) of ¢ at py for Lt-a.e. t > 0.
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The above definition is equivalent to the requirement that there exists a
Borel vector field v, such that v, € Tan, 2, (X) for L1-ae. t > 0, |[villre(u,) €
LY (0,+0c0), the continuity equation

loc

Bt,ut + V- (vt,ut) =0 in X x (O, —|—OO) (1112)
holds in the sense of distributions according to (8.3.8), and finally
Jp(ve) € —0¢(py) for Lt-ae. t > 0. (11.1.3)

The last inclusion is also equivalent (see (10.3.12) and Definition 10.3.1 for the
definition of d¢) to

(i x jp(fvt))#ut € 86(uy) for L'-ae. t > 0. (11.1.4)
Observe that in the case p =2 (11.1.1) simplifies to
vy € —0¢(1), or, equivalently, (@ x (—vt))#ut € 0¢(ue), (11.1.5)

for #'-a.e. t > 0. Before studying the question of existence of solutions to (11.1.1),
which we will postpone to the next sections, we want to discuss some preliminary
issues.

First of all we mention the basic (but formal, at this level) example, which
provides one of the main motivations to study this kind of gradient flows.

Example 11.1.2 (Gradient flows and evolutionary PDE’s of diffusion type). In
the space-time open cylinder R? x (0, +00) we look for nonnegative solutions p :
R? x (0, 4+00) of a parabolic equation of the type

0.7 .4
3tpfv'(pV($)>—O in RY x (0, +00), (11.1.6)
where 57 (o)
F

is the first variation of a typical integral functional as in (10.4.1)

F(p) = /]Rd F(z,p(x),Vp(x))dx (11.1.7)

associated to a (smooth) Lagrangian F = F(x, z,p) : R? x [0, +00) x RY — R.
Observe that (11.1.6) has the following structure:

Op+V-(pv)=0 (continuity equation), (11.1.8a)
pv = pVp (gradient condition), (11.1.8b)

0F
P =— () (nonlinear relation). (11.1.8¢)

op
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Observe that in the case when F' depends only on z = p then we have

5«95‘;/)) =F.(p), pVF.(x,p)=VLr(p), Lp(z):=2zF'(z)—F(z). (11.1.9)

Since we look for nonnegative solutions having (constant, by (11.1.8a), normalized)
finite mass

px,t) >0, / ple,t)yde =1 Vit >0, (11.1.10)
Rd

and finite quadratic momentum
/ |z[?p(w,t) dv < +o0 Yt >0, (11.1.11)
Rd

recalling Example 10.4.1, we can
identify p with the measures 1, := p(-,t) - £<, (11.1.12)

and we consider . as a functional defined in 2, (R?). Then any smooth positive
function p is a solution of the system (11.1.8a,b,c) if and only if u is a solution in
P5(RY) of the Gradient Flow equation (11.1.1) for the functional .%.

Observe that (11.1.8a) coincides with (11.1.2), the gradient constraint
(11.1.8b) corresponds to the tangent condition vy € Tan,, Z5(R?) of (11.1.3), and
the nonlinear coupling ¥ = —6.% (p)/dp is equivalent to the differential inclusion
vy € —0F () of (11.1.3).

At this level of generality the equivalence between the system (11.1.8a,b,c)
and the evolution equation (11.1.1) is known only for smooth solution (which, by
the way, may not exist); nevertheless, the point of view of gradient flow in the
Wasserstein spaces, which was introduced by F. OTTO in a series of pioneering
and enlightening papers [104, 83, 106, 107], still presents some interesting features,
whose role should be discussed in each concrete case:

a) The gradient flow formulation (11.1.1) suggests a general variational scheme
(the Minimizing Movement approach, which we discussed in the first part of
this book and which we will apply in the next sections) to approximate the
solution of (11.1.8a,b,c): proving its convergence is interesting both from the
theoretical (cf. the papers quoted at the beginning of the chapter) and the
numerical point of view [88].

b) The variational scheme exhibits solutions which are a priori nonnegative,
even if the equation does not satisfies any maximum principle as in the fourth
order case [105, 75].

c) Working in Wasserstein spaces allows for weak assumptions on the data:
initial values which are general measures (as for fundamental solutions, in
the linear cases) fit quite naturally in this framework.
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d) The gradient flow structure suggests new contraction and energy estimates,
which may be useful to study the asymptotic behaviour of solutions to
(11.1.8a,b,c) [107, 17, 34, 38, 2, 118, 58], or to prove uniqueness under weak
assumptions on the data.

e) The interplay with the theory of Optimal Transportation provides a novel
point of view to get new functional inequalities with sharp constants [108,
125, 3, 44, 16, 54].

f) The variational structure provides an important tool in the study of the
dependence of solutions from perturbation of the functional.

g) The setting in space of measures is particularly well suited when one considers
evolution equations in infinite dimensions and tries to “pass to the limit” as
the dimension d goes to co.

11.1.1 Gradient flows and curves of maximal slope

Our first step is to compare solutions to (11.1.1) with the curves of Maximal Slope
we introduced in 1.3.2: we are thus discussing the equivalence of the second and
of the third formulation introduced at the beginning of this chapter.

As usual, we are at least assuming that

¢ Pp(X) — (—00,+00], proper and lower semicontinuous, (11.1.13a)

is such that

1
prP1

vis O, pyv) = Wh(p,v) +¢(v) admits at least

(11.1.13b)
a minimum point ., for all 7 € (0,7,) and p € Z,(X).

Theorem 11.1.3 (Curves of maximal slope coincide with gradient flows). Let
¢ Pp(X) — (—00,+00] be a regular functional, according to Definition 10.3.9
satisfying (11.1.13a,b). Then u; : (0, +00) — P2, (X) is a p-curve of mazimal slope
w.r.t. |0¢| (according to Definition 1.3.2) iff p: is a gradient flow and t — ¢(pt) is
L'-a.e. equal to a function of bounded variation. In this case the tangent vector
field vy to py satisfies the minimal selection principle

v = —0°¢(uy) for L'-a.e. t > 0. (11.1.14)

Proof. Assume first that p; is a p-curve of maximal slope w.r.t. |0¢|. We know
that there exists a function of (locally) bounded variation ¢ : (0, +00) — R such
that ¢(u:) = ¢(t) L -a.e. in (0,+00) and

%gp(t) = —%|u'|p(t) - é|8¢|p(t) ZLha.e. in (0, +00). (11.1.15)
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Indeed, the inequality < follows by the definition of curve of maximal slope, while
the opposite inequality follows by the fact, proved in Theorem 1.2.5, that |0¢| is
a weak upper gradient of ¢.

Being ¢ regular, 8¢(u;) # 0 for £1-a.e. t > 0; thus the chain rule 10.3.18
shows that

%gp(t) z/ (xo,vi(x1))dy, Y, € 0p(us) for Ll-ae. t>0. (11.1.16)
X2

Choosing in particular v, = 8°¢(u), since the equalities

PO = [ P v, 0o = [ e,
X2 X
hold for #'-a.e. t > 0, we get

/XQ (%'”t(xlﬂp * $|$2|q + (22, Ut($1)>) dryy(a1,22) = 0. (11.1.17)

It follows that
9 = —jp(ve(x1)) for v, ae. (x1,z2),
Le. (4 x jp(—vi))gpe = 0°@(pt) or, equivalently, j,(ve) = —9°¢(u).
Conversely, if p; is a gradient flow in the sense of (11.1.1) and ¢ o p is a

function of (essential) bounded variation, by applying the chain rule once more,
we easily get that u; is a p-curve of maximal slope w.r.t. |99]. O

One of the most interesting aspects of the previous characterization is to
force 8°¢(put) to be concentrated on the graph of the transport map —j,(v;) for
Z'-a.e. t > 0, even if the measures y; do not satisfy any regularity assumption.

11.1.2 Gradient flows for \-convex functionals

If the functional ¢ is A-convex along geodesics, for flows s : (0, +00) — Z/(X)
with ||th’L’p(#t) locally integrable, Definition (11.1.1) reduces to the system

Orpe + V- (ugvy)) =0 in X x (0, +00),

\ (11.1.18)
- /X (Jp(ve), t5, — i) duy < ¢(0) — dpe) — §Wp2(‘77 we) Vo € D(¢),

where the first equation is understood in a weak sense, in the duality with cylin-
drical functions in X x (0, +0oc), and the second one holds for .Z!-a.e. t > 0.
Notice that in the case p = 2 it is not necessary to assume that v; is tangent
in (11.1.18): indeed, projecting the velocity field onto the tangent space leaves the
continuity equation unchanged (by (8.4.4)) and does not affect the subdifferential
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inequality (by Proposition 8.5.2). However, whenever the norm of the velocity field
has to be minimized, it is natural to assume that the vector field is tangent.

The case p = 2 is particularly distinguished, since the left hand side of
(11.1.18) is also equal to the time derivative of 1W$ (i, v); this simple fact is
the crucial ingredient of the following uniqueness result, which is known in the
case p = 2 only. This is not very surprising, as even in the “flat” LP spaces,
p € (1,400) \ {2}, uniqueness of gradient flows is not known.

Theorem 11.1.4 (Uniqueness of gradient flows in the case p = 2 and E.V.1.). Let
p=2andlet p: P2(X) — (—00,+00] be a l.s.c. A\-geodesically convex functional.
If i 2 (0,400) — Po(X), i = 1,2, are gradient flows satisfying ut — p' ast | 0
in P5(X), then

Wa(pi, p2) < e MWo(ut, p?) Vit > 0. (11.1.19)

In particular, for any pg € P2(X) there is at most one gradient flow p: satisfying
the initial Cauchy condition puy — pg ast | 0 and it is also characterized by the
system of “Fvolution Variational Inequalities”

1d A
§EW22(IH,U) + §W22(Mtao') < ¢(0) = ¢(ps)  for L' -a.e. t >0, Yo € D(¢).

(11.1.20)

Proof. Let o € D(¢) and let p; be a gradient flow satisfying u; — po as t | 0. De-
noting by v; the velocity vector of u;, and applying the definition of subdifferential
we obtain the existence of v, € I',(p1, o) such that

o(o) > d(pe) + / (vi(xa), x1 — w2) dryy + %Wgz(ut,a). (11.1.21)

XQ
On the other hand the differentiability of W3 stated in Lemma 8.4.7 gives

1d
——Wg(ut,a) = / (ve(x1), 21 — x2) dvy, for FLlae te (0, +00),
2 dt X2

and therefore (11.1.20).

Conversely, if u; is an absolutely continuous curve satisfying (11.1.20), it is
immediate to check that for every countable subset ¥ C D(¢) we can find a £1-
negligible set .4 C (0,400) such that the velocity vector v; satisfies (11.1.21)
for every o € ¥ and t € (0,400) \ 4. We can choose now a countable set ¥
which is dense in D(¢) with respect to the distance Wa(p, v) + [¢p(u) — ¢p(v)| (see
Proposition 7.1.5): by a density argument based on Proposition 7.1.3 we conclude
that —v; € 9¢(ue) for t € (0, +00) \ A

Finally, if u}, u? are two gradient flows satisfying the initial Cauchy condition
i — ptast | 0,4i=1,2, it is easy to check that we can apply Lemma 4.3.4 with
the choices d(s,t) := Wi (ul, pu?), 6(t) := d(t,t), thus obtaining §’ < —2\4. Since
§(04) = Wi (u', u?) we obtain (11.1.19). O
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11.1.3 The convergence of the “Minimizing Movement” scheme

The existence of solutions to (11.1.1) will be obtained as limit of the metric vari-
ational scheme we discussed in Chapter 2: let us briefly recall some notation we
will extensively use.

The discrete equation Here we consider (for simplicity: see Remark (2.0.1)) a
uniform partition P, of (0, +00) by intervals I” of size 7 > 0

T

Pr={0<ti=r<t=2r<--<tl'=nr<--}, I":=(n-1rn;
for a given family of initial values M? such that
MO = g in Py(X), G(MO) = bo) as 7 |0, (11.1.22)

assuming that (11.1.13b) is satisfied, for every 7 € (0,7.) a corresponding family
of sequences (M), en recursively defined as

M  minimizes p+— ®(7, M* Y 1) (11.1.23)

always exists. We call “discrete solution” the piecewise constant interpolant
M, (t) :=M" ifte ((n—1)1,n7], (11.1.24)

and we say that a curve p is a Generalized Minimizing Movement of GM M (®; ug)
if there exists a sequence (73) | 0 such that

M, (t) — pt+ narrowly in (X)) for every t > 0, as k — oc. (11.1.25)

It follows from Proposition 2.2.3 that if py € D(¢) then a generalized Min-
imizing Movement always exists and it is an absolutely continuous curve p €
AC{;C([O, +00); @p(X)).

The main problem is to characterize the equation satisfied by its tangent
velocity vector vy, or, equivalently, to pass to the limit in the “discrete gradient
flow” equation satisfied by the discrete solution M.

In order to clarify this point, let us first suppose for simplicity, as we did in
Section 10.1, that

D(|9¢]) C Z5(X). (11.1.26)

If t” is the optimal transport map pushing M" to M"~! it is natural to define the
discrete velocity vector V" as (¢ — tI)/7. By Lemma 10.1.2 and Theorem 10.4.12

no s
t7 —1

—jp (V") = jp( ) € dp(M™), (11.1.27)

which can be considered as an Euler implicit discretization of (11.1.1). By intro-
ducing the piecewise constant interpolant

Vi(t) =V ifte ((n—1)r a7, (11.1.28)
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the identity (11.1.27) reads
—ip(V; (1)) € 9¢(M (1)) for t > 0. (11.1.29)

It is not difficult to show that, up to subsequences, V; — v in the distribution
sense in X X (0, +00), for some vector field v satisfying

Oepe + V- (vy) =0 in X x (0,400), |[ve|loe(u,x) € Li,o(0,4+00). (11.1.30)

loc

A we already said, the main difficulty is to show that the (doubly, if p # 2)
nonlinear equation (11.1.29) is preserved in the limit.

We shall see three different kinds of arguments which give some insights for
this problem and reflect different properties of the functional.

1. The first one is a direct development of the compactness method: passing to
the limit in the discrete equation satisfied at each step by the approximating
sequence M, one tries to write a relaxed form of the limit differential equa-
tion, assuming only narrow convergences of weak type. It may happen that
under suitable closure and convexity assumptions on the sections of the sub-
differential, which should be checked in each particular situation, this relaxed
version coincides with the stronger one, and therefore one gets an effective
solution to (11.1.1).

In general, however, even under some simplifying assumptions (p = 2,
all the measures are regular), the results of this direct approach are not
completely satisfactory: it could be considered as a first basic step, which
should be common to each attempt to apply the Wasserstein formalism for
studying a gradient flow.

In order to clarify the basic arguments of this preliminary strategy, we
will try to explain it at the end of this section (in a simplified setting, to keep
the presentation easier) without invoking all the abstract results of the first
part of this book.

2. The second approach (see Section 11.3) involves the reqularity of the func-
tional according to Definition 10.3.9, and works for every p > 1; in particular
it can applied to A-convex functionals.

In this case, thanks to Theorem 11.1.3, the gradient flow equation is
equivalent to the maximal slope condition, which is of purely metric nature.
We can then apply the abstract theory we presented in Chapter 2 and there-
fore we can prove that any limit curve p of (11.1.28) is a solution to (11.1.1).

The key ingredient, which allows to pass to the limit in the “doubly non-
linear” differential inclusion (without any restrictions on the regularity of y;)
and to gain a better insight on the limit than the previous simpler method,
is the refined discrete energy estimate (3.2.4) (related to DE GIORGI's varia-
tional interpolation (3.2.1)) and the lower semicontinuity of the slope, which
follows from the regularity of the functional.
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3. The last approach, presented in Section 11.2, is based on the general esti-
mates of Theorem 4.0.4 of Chapter 4: it can be performed only in Z2(X)
and imposes on the functionals the strongest condition of A-convexity along
generalized geodesics.

Despite the strong convexity requirements on ¢, which are nevertheless
satisfied by all the examples of Section 10.4 in P5(X), this approach has
many nice features:

e it does not require compactness assumptions of the sublevels of ¢ in
P5(X): the convergence of the “Minimizing movement” scheme is
proved by a Cauchy-type estimate.

e The gradient flow equation (11.1.1) is satisfied in the limit, since Theo-
rem 4.0.4 provides directly the system of evolution variational inequal-
ities (11.1.20).

e [t provides our strongest results in terms of regularity, asymptotic be-
haviour, and error estimates for the continuous solution, which can be
directly derived from the general metric setting.

e It allows for general initial data gy which belong to the closure of the
domain of ¢: in particular, one can often directly consider a sort of “non-
linear fundamental solution” for initial values which are concentrated
in one point.

e The I'-convergence of functionals, in the sense of Lemma 10.3.16, in-
duces the uniform convergence of the corresponding gradient flows.

Let us now present a brief sketch of the first approach: as in Section 10.1 we
are assuming p = 2 and (11.1.26). We also introduce a limiting version of the
subdifferential, modeled on the analogous one introduced by [90, 100] in linear
spaces (see also the monograph [113] and [114] for applications to gradient flows
in Hilbert spaces).

Definition 11.1.5 (Limiting subdifferentials). For u € D(¢), we say that a vector
&€ € L?(u; X) belongs to the limiting subdifferential dy¢(p) of ¢ at u if there exist
two sequences p, € D(99), &, € 0é(ur), &, being strong subdifferentials, such
that

pur — 1 narrowly in P (X)), &, — & weakly, as in Definition 5.4.3,

sup (600). [ (1 + @) din(@)) < +oc.
(11.1.31)

The following result has a simpler counterpart in the flat framework of Hilbert
spaces:

Theorem 11.1.6 (Relaxed gradient flow). Let us suppose that p = 2, the proper and
coercive functional ¢ : Po(X) — (—o00,+00] is Ls.c. with respect to the narrow
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convergence of P(X), and it satisfies D(|0¢|) C 25 (X).

If po € D(¢), then each sequence of discrete solutions (M, ) with vanishing time
steps admits a converging subsequence (still denoted by M, ) such that:

() M., (t) — pe in P (X)) Vte|0,+00);

(ii) for any T > 0 we have V,, — v € L*(u; X) weakly in X x (0,T), as in Defi-
nition 5.4.3, where T~y € P(X x (0,T)) is the measure T~! fOT e dLL(t).

The map t — p; belongs to ACE ([0, 400); P2(X)), it satisfies the continuity
equation

Op+ V- (nv) =0, (11.1.32)

and v satisfies the relaxed gradient flow
—v; € Conv Opd(pe)  for L -ace. t > 0. (11.1.33)

In other words, the limit vector field —v; belongs to the closed convex hull in
L?(p4; X) of the limiting subdifferential 9,¢(11¢). Before presenting the proof of this
theorem, let us show two easy corollaries and two related motivating applications:
the proof of the first statement follows from Lemma 10.1.3, providing the inclusion
of the limiting subdifferential into the standard subdifferential for coercive and -
convex functionals.

Corollary 11.1.7 (A-convex functionals in &5 (X)). Under the same assumptions of
the previous theorem, suppose that ¢ is a A-geodesically convex functional satisfying
(11.1.26), whose sublevels are locally compact in Po(X); then py is a solution of
the gradient flow equation (11.1.5).

Corollary 11.1.8 (Single—valued limiting subdifferential). Under the same assump-
tions of the above theorem, suppose that dpp(u) contains at most one vector. Then
1t s a solution of

Oip+V - (u) =0, —vy=0p(us) for L -a.e. t>0. (11.1.34)

Example 11.1.9 (Diffusion equations without geodesic convexity). Let F' : [0, +00)
— R be a convex, doubling, differentiable functional with superlinear growth sat-
isfying (9.3.8) and let V : R — (—00, +00] be a Ls.c. potential. which is bounded
from below and locally Lipschitz in the (nonempty) interior € of its proper domain
D(V), with £(02) = 0. Even if the related functional

b(u) = / (Fo) + @)V (@) dz, p=p- 2", (11.1.35)

is not A-geodesically convex in %5(R?) (since we do not ask for (10.4.21) and
V' could not satisfy any A-convexity property), it is not difficult to check that ¢
satisfies the assumptions of Theorem 11.1.6 and

we dho(n) = Lplp) e W), VLp(p) = plw—VV).  (11.1.36)

loc
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For, taking directional derivatives of ¢ along smooth transport vector fields t €
C>(Q;R?) as in Section 10.4.1 (see also Lemma 10.4.4), we easily find that any
strong subdifferential w,, € 0¢(uy,) satisfies (11.1.36) and the same argument of
Proposition 10.4.14 shows that this relation holds for the limit w € 9y (p).

Therefore, for every o = po-L?* € D(¢) there exists a solution p; = ps.L? of
the equation

{atpt +V - (pw) =0 in Z'(R? x (0, +00)), (11.1.37)

— pvy =V Lp(p) +pVV  in Q,  for ZLae t>0.

satisfying the initial condition p; — po as t | 0 weakly in L'(R?) and having
(locally) finite energy

T T 2
/ /|vt(:r)|2dut(x)dt:/ /‘VLFW”NV‘ da dt < +00.  (11.1.38)
0 JQ 0 JQ Pt

Notice that, even if 2 is bounded, the first equation of (11.1.37) is still imposed
in R? (in the distribution sense), and therefore it provides a weak formulation of
the Neumann boundary condition

On(Lr(pe) + p:V) =0 on 9Q x (0,+00). (11.1.39)

The main difference with the results we are going to show in the case of \-
geodesically convex functionals is that we do not know if a solution of (11.1.38),
(11.1.39) is indeed a gradient flow in the variational sense or the differential sense.

Example 11.1.10 (The Quantum drift-diffusion equation as gradient flow of the
Fisher information). Let us consider the Fisher information functional (relative
to the Lebesgue measure), introduced in 10.4.16

sy =gty = [ FEOL oo [ vl as

re  p(T)
if u=p- 2% with \/p € WH3(R?), 400 otherwise.

(11.1.40)

It is an integral functional as in (11.1.7) corresponding to the (non smooth) La-
grangian

2 A A
F(x,z,p) = ﬂ, with 0 (p) = —4_\/5 = —4M. (11.1.41)
z dp N P

It is not known if . enjoys some A-convexity or regularity property, but it is still
possible to prove [75] that if w € L2(u;RY), p = p- L% € P5(R?), then

VPEWRARY),  pAYpEWH(RY),
pw = ~4(V (VP AVD) ~ 2VVBAVR),

we I () = (11.1.42)
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which is an indirect way to write as in (10.2.1)

A
w=v(-12) o (),

Thanks to (11.1.42) and to Corollary 11.1.8, for every pg = po-L? € D(F) there
exists a solution py = pe L% of the Quantum drift-diffusion equation

AV o
Bupy + 4V - (ptv NG ) =0 inR?x (0, +00) (11.1.43)

in the sense of (11.1.34) and (11.1.42), and satisfying the initial condition p; — po
as t | 0 weakly in L'(R?).

We refer to [24, 86] for a different approach to the above equation, and to [32, 87,
75] for further investigations and results.

Proof of Theorem 11.1.6. For the sake of simplicity, here we present the proof of
Corollary 11.1.8 for a nonnegative functional ¢. The estimates for the general case
can be obtained as in Lemma 3.2.2 by means of the discrete Gronwall Lemma
3.2.4, whereas the relaxed inclusion (11.1.33) will follow from Lemma 12.2.2 in the
Appendix.

Step 1: a priori estimates. We easily have

%(wf +(M™) < p(MP1), (11.1.44)

T

which yields
d(M™) < ¢p(M?) V¥n €N, Z (M) < G(MO);  (11.1.45)

in terms of M, it means that

sup (M, (1)) < ¢(M?) VY71 >0. (11.1.46)
t>0

From the last inequality of (11.1.45) we get for 0 <m <mn

z": Wa(My, MEY)

Wa(M2, M) <
.

k=m+1

(5 ) )

< (2¢(M0)> v ((m - 77,)7') 2 (11.1.47)

T
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Step 2: compactness and limit trajectory p. (11.1.47) and (11.1.22) show that in
each bounded interval (0,7 the values {M,(t)},>0 are bounded in %5(X), thus
belong to a fixed compact set for the narrow topology of Z(X,,).

By connecting every pair of consecutive discrete values M1, M™ with a con-
stant speed geodesic parametrized in the interval [t?~1, t"], we obtain by (11.1.47)
a family of Lipschitz curves M. satisfying

Wa (M, (t), M (s)) < C(t — )2,

N (11.1.48)
Wa(NE(8), T (1) < CV7 Vi, s € [0,T],

where C'is a constant independent of 7. Since the curves M., are uniformly equicon-
tinuous w.r.t. the 2-Wasserstein distance, which induces a stronger convergence
than the narrow one of (X)), Ascoli-Arzela Theorem yields the relative com-
pactness of the family {M,, }nen in CO([0,T]; (X)) for each bounded interval
[0, T7; we can therefore extract a vanishing subsequence (still denoted by 73,) such
that statement (i) holds.

Step 3: space-time measures and construction of v. Recall that £? is the optimal
transport map pushing M to M"~ !, and that the discrete velocity vector V"* is
defined by (¢ — t')/7. Let us introduce the discrete rescaled optimal plans

A= (4 % V) MP (11.1.49)

and the piecewise constant interpolants

F.(t) :==~2, t-(t) =t ifte((n—1)r,nr]. (11.1.50)

For every bounded time interval It := (0,7], denoting by Xt := X x I, we

can canonically identify 7='*M,, T~'u to elements of Z(X7) and T~'%_ to an

element in (X1 x X), simply by integrating with respect to the (normalized)

Lebesgue measure T~'.#1 in Ir. Therefore V; is a vector field in L2(M,; X) and

7., is related to M, by

.= (ir x V;)xM,, ir(x,t):=z being the projection of X onto X.

(11.1.51)

Then (11.1.45) yields

T
|| W@ @)@ it = [ V0P i a0
0 JX Xr (11.1.52)

- / a2 4, < 26(M2).
XrxX

Hence, by Lemma 5.1.12(e), the family 7. is tight w.r.t. the narrow convergence
of (X5 x It x X ). Denoting by ~ the narrow limit (up to the extraction of a
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further subsequence, not relabeled) of v, in Z(Xg x It x X), passing to the
limit as h — oo in the identity 7r# ")/T} = M,, we obtain

7r#’ Y =i (11.1.53)
Therefore, we define

v(x,t) ::/Xxfymht(xg) (11.1.54)

where 7, ; is the disintegration of v w.r.t. y. Then, Theorem 5.4.4 and (11.1.52)
give

/ |v(x,t)|2du(:c,t)§lihminf/ V.., (z,0)|>dM ,, (z,1) < 2¢(po).  (11.1.55)
Xr L — OO Xr

Step 4: the limits p, v satisfy the continuity equation (11.1.32).
The following argument was introduced, in a simpler setting, in [83]. Let us first
observe that for every smooth cylindrical function ¢ € Cyl(X) we have

[ #) T, @)@~ [ 0() (T 0~ 7)) )

- /X (6(2) — 0 (E, (2, £))) d(V. (1)) ()
- /X (V(a), 2 — & (2, 1)) d(F (1)) () + (7,6, 1)

—7 / (Vp(ar), 22) A (T, (6)) (21, 22) + (. ),
XxX

where, for a suitable constant Cy depending only on the second derivatives of v

mm—] [ (#@) = v w.0) = Vi) <x—a<x,t>>)d(m<t>)<x>

SC’w/X|a:—fT(x,t)|2 (M~(t)) =Cyt? /|V xt d(M-(t))(z).

Choosing now ¢ € Cyl(Xr), applying the estimate above with () = ¢(¢,+) and
taking into account (11.1.52), we have

- Od(x,t) du(x, t) = lim — Oy, t)dM,, (,t) =
Xp h—oo Jxn

= hm -7, / (¢($,t+rh) —(Z)(x,t)) dM,, (z,t)

h— o0 X7

T
lim <V¢>(x1,t),xg> d’Ym (xlat7x2) +Th_1 / e(ThaQS(tv')at) dt
h—oo Jxrxx ' 0

:/ (V¢(x1,t),x2>d'y(x1,t,x2):/ (Vo(x1,t),v(x1,t)) du(z, t).
XrxX Xr
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Step 5: the limits u, v satisfy the relaxed equation —v; € 9pé(p). By (11.1.55)
and Fatou’s Lemma, there exists a Borel set Iy C (0,7") with £ ((0,7)\ Ip) =0
such that

lihminf/ ’Vm(%t)f d(M., (1)) (z) < +oo0 Vi€ I.
— 00 X

Since —V;, (t,-) is a strong subdifferential for every h € N, t > 0, the definition of
limiting differential and the compactness Theorem 5.4.4 show that for any ¢ € I
1t belongs to the domain of the limiting subdifferential; since 9y¢(u;) contains at
most one vector, there exists a unique vector —o(t) € 84(/)( (t)) for any ¢ € Iy. We
have to show that ©(t) = v(t) ZL!-a.e. in (0,7).

The basic point here is that if t € Iy, ¢ > 0, ¢ € Cyl(X), and e € X, then

timinf [ (c(o)(e, Vi (0.1) + €l¥, 0.0 d(W () 0)
2/}(C(x)<e,6(x,t)>du,g(a:).

For, if the left hand side is finite, by extracting a further subsequence we can
assume thanks to Theorem 5.4.4 that V;, (t,-) is weakly converging in the sense
of Definition 5.4.3 and its limit is ©(¢, -), since this vector is the unique element of
e (pae)-

Integrating (11.1.56) in time, against a test function n € C§°(0,7) with
values in [0, 1], and choosing e among the vectors {e; } jen of an orthonormal basis
of X we have

timint [ o0)( [ c@)tes, Vo) d(V, (0)(@)) di + 2200)

(11.1.56)

n—00

> liminf / ' ol / C()es, Vin) + €[V, (M, (1) () )

n—oo

2/ 77() hmlnf ( ej,VTh>+€|VTh| d( Th())(x)) dt

0
/ /C (ej,0) dpe(x ))dt /n(t)C(x)<ej7’l~)>du.

On the other hand, the narrow convergence of 7, to =, Lemma 5.1.7 and the
definition of v yield

lim [ n(t)¢(@)(e;. V) d, (2,1) = lim n(t)C(r) (e, a2) A,

h—o00 X h— o0 XrxX
- / n()C(x1) (e, w9) dF = / n(t)C(2) €5, 0) dpla, b).
XrxX X7

Letting € | 0 and changing ¢ with —( we eventually get

/ n(t)C() e, v) dp = / n(t)C(x) e, 5) dp
X Xr
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Since 7, ¢ and j are arbitrary this proves that v = v. O

11.2 Gradient flows in &7 (X) for A-convex functionals
along generalized geodesics

In this section we are considering the case of a

proper, l.s.c. and coercive functional ¢ : Z5(X) — (—o0, 0],
L _ ) (11.2.1)
which is A-convex along generalized geodesics,

according to Definition 9.2.4; as usual, X is a separable Hilbert space. Thus we
are assuming that for every choice of u',u? u3 € D(¢) there exists a 3-plan
€ T(pt, p?, 1) such that

1,2 1,3
my el (ut, i), my e To(p', 1),

o) < (1= 000%) +19(x*) ~ 5101 1) [

X

11.2.1a
|.’E2 —£C3‘2d}l/, ( )
3

where ;1773 is the interpolation between p? and p3 induced by p. By Lemma 2.4.8,

for A-convex functionals the coercivity assumption can equivalently formulated as
Ir.>0: inf {(b(,u) tp € Pa(X), / 22 du(z) < T*} > —oco. (11.2.1b)
X

We already observed in Lemma 9.2.7 that (11.2.1a,b) entails the main convexity
assumption 4.0.1 of Chapter 4, whereas (4.0.1) corresponds to (11.2.1). By The-
orem 4.1.2 the above conditions imply (11.1.13a,b), which are also the minimal
assumptions we adopted to develop the subdifferential theory of Chapter 10.

The following theorem reproduces in the Wasserstein setting the metric re-
sults of Chapters 2 and 4.

Theorem 11.2.1 (Existence and main properties of gradient flows). Let us suppose
that ¢ : P5(X) — (—o0, +0o0] satisfies (11.2.1) and let pg € D().

Convergence. The discrete solution M, of (11.1.24) converges locally uniformly
to a locally Lipschitz curve p:= Slug] in P2(X) which is the unique gradient

flow of ¢ with p(0+) = po.

A-contractive semigroup. The map t — S[uo|(t) is a A-contracting semigroup on

D(¢), i.e.

W (S0l (t), S[vo] (1)) < e Wa(puo, vo).- (11.2.2)
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Regularizing effect. 1, € D(8¢) C D(¢) for every t > 0 and the map t —
e M|O|(1e) is mon increasing. For A > 0 it satisfies the reqularization es-
timates

Bli) < 5 W30, v) +0(v) Vv € D(9),

) (11.2.3)
06| (1e) < 106]* (v) + t—ngz(uow) Vv e D(|0¢]).

Steepest descent and Evolution variational inequalities. 1 = S[uo] is a curve of
mazximal slope, it satisfies the system of evolution variational inequalities
(11.1.20), and the energy identity

b
/ /X lus () |2 dpe () dt + () = d(pa) VO <a<b<4oo. (11.2.4)

Asymptotic behaviour. If A > 0 then ¢ admits a unigue minimum point fi and
Wa(pu(t), 11) < Wa(p(to), e 1),
o(u(t)) - o(7) < (Dlulto)) — o) ) e~ (11.2.5)
1061(u(1)) < 09| (p(to))e 1),
If A =0 and & is a minimum point of ¢ then we have

WQ( a_) 7 W2( 7_)
0al(u(t) < ZHE o(u(n) —om) < SR

the map t — Wa(u(t), ) is not increasing.

Right limits and precise pointwise formulation of the equation. For every t,h >
0 and ., € Uo(pae, pie4n) the right limit

R e S W
Ky = lhl?g <7r T >#ut’h exists in P2(X x X) (11.2.7)
and satisfies
foo =) V>0, (11.2.8)
d
- 0n() = = [ Joaf dayg = ~|00P (u(0) =~ P(0) ¥t >0,
+ X2

(11.2.9)

Moreover, (11.2.7), (11.2.8), and (11.2.9) hold at t = 0 iff po € D(0¢) =
D(|9¢]).

Optimal error estimate. If A > 0 and o € D(¢), for every t = kT € P, we have

7_2

2

W3 (u(t), M (t)) < 7(6(pt0) — b7 (110)) < 1001 (0)- (11.2.10)
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Stability. Suppose that ¢p,, ¢ are A\-convex functionals along generalized geodesics
and satisfy the assumption of Lemmal10.3.16, and let pp, p : (0,4+00) —
P5(X) be the corresponding gradient flows satisfying the initial Cauchy con-
ditions lim pa(t) = fih,0, lim w(t) = po in Po(X). If

Hro — Ho in Po(X) as h — oo, sup ¢p(pno) < 00 (11.2.11)
heN

then pp(t) converge to u(t) in Po(X), locally uniformly in [0, 400).

Proof. We already observed that we can apply Theorem 4.0.4; the convergence of
the variational scheme, the \-contraction property of the induced semigroup, the
regularizing estimates (11.1.47), the formulation by evolution variational inequal-
ities (11.1.20), and the optimal error estimates (11.2.10) follow directly from that
statement.

Theorem 11.1.4 shows that the limit curve p satisfies the gradient flow equa-
tion (11.1.3) and it is therefore a curve of maximal slope, by Theorem 11.1.3.

The energy identity (11.2.4) is then a direct consequence of the metric The-
orem 2.3.3 or of the Chain Rule 10.3.18.

Theorem 2.4.15 shows that the map ¢ — e*|9¢|(14(t)) is not increasing; this
proves the third formula of (11.2.5). The first one is a simple consequence of
(11.2.2), since a minimum point provides a constant solution to the gradient flow
equation. The second formula in (11.2.5) follows from Theorem 2.4.14, whereas
(11.2.6) corresponds to Corollary 4.0.6.

Let us consider now the right limit properties (11.2.7), (11.2.8), and (11.2.9).
We already know that d¢(u(t)) is not empty for ¢t > 0: we set v, = 8°d(u(t));
Theorem 2.4.15 and Theorem 10.3.11 yield

d B 9 _,1 9 an
o) = [ ey =tmos [ e Pl (1212

As in Proposition 10.3.18 we consider 3-plans «, j, such that

(771’2)#'3’t,h =Y (7‘—1’3)#;7126,}1 =y s

and we define v, , := (7!, 7% h~ (! — 773))#’3’15,% arguing as in (10.3.44) we get

d R
—wmmzmmw—/<mmmnm
dty h10 X3

while (11.2.12) gives

d _ 2 1 2
S 0u(0) = [ o v =t [ mal v
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Combining these inequalities we get

S ——
nlo Jxs ’

< limsup (/ |x2\2d'yt7h —2/ <x27x3>d'7t’h +/ |302|2 d'yt’h> =0,
h10O X3 X3 X3

which shows that
7T?1$’3’7t’h = (r',n (" - 7T2))#[fl,t’h —, in P(X xX) ash]0. (11.2.13)

(11.2.9) then follows from (11.2.12).

Finally, we are proving the last stability property in a fixed time interval
[0,T]. If M}, is the piecewise constant discrete solution of the gradient flow of
¢y, associated to a fixed time step 7 > 0, Lemma 10.3.17, the uniqueness of the
minimizers M given by Lemma 4.1.1, and a simple induction argument show that

My, (t) = M.(t) in P5(X) uniformly in [0,7], V7 € (0,1/A7) (11.2.14)

for the discrete solution M, (t) relative to ¢. On the other hand, the optimal a
priori error estimates and the bound on the initial energy show that

sup Wo(Mp ,(t), un(t)) < CV7,  sup Wa(M, (1), u(t)) < CV/T
te[0,T] te[0,T]

for a constant C' independent of 7. The triangle inequality then proves the uniform
convergence of pp, to p in [0, T7. O

11.2.1 Applications to Evolution PDE’s

Here we illustrate some Evolution PDE’s arising from the examples of A-convex
functionals given in Chapter 9, whose (minimal) subdifferential has been computed
in Chapter 10.

Example 11.2.2 (The linear transport equation for A-convex potentials). Let V :
X — (—o00,+00] be a proper, l.s.c. and A-convex potential. We are looking for
curves t — py € Po(X) which solve the evolution equation

%ut + V- (uvy) =0, with —vi(z) € OV () for pr-ae. x € X,  (11.2.15)

which is the gradient flow in &5(X) of the potential energy functional discussed
in Example 9.3.1:

V(p) = /X V() du(z). (11.2.16)
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If V is differentiable, (11.2.15) can also be written as

%,ut(x) =V (u(x)VV(z)) in the distribution sense. (11.2.17)

In the statement of the following theorem we denote by T the A-contractive semi-
group on D(V) C X induced by the differential inclusion

d -

ﬁTt(x) € —0V(Ty(z)), To(z)=x Vae D). (11.2.18)
Recall also that, according to Brezis theorem, 47,(z) equals —9°V (Ty(z)) for
Llae t>0.

Theorem 11.2.3. For every g € P2(X) with supp o C D(V) there exists a unique
solution (ug,v) of (11.2.15) satisfying

tim s = o [ for(a) P dp(o) € (0. 400), (11.2.19)
X

and this solution satisfies all the properties stated in Theorem 11.2.1. In particular,
for every t > 0 we have the representation formulas py = (T¢)xpo and
vi(z) = —=0°V(x) for pi-a.e. x € X. (11.2.20)

Proof. Proposition 9.3.2 shows that the functional V satisfies (11.2.1). In order
to show that puo € D(V) we observe that, being supp ug C D(V), we can find a
sequence (vp,) C D(V) of convex combination of Dirac masses

Kn Kn
Vn =3 0nibe, 0 Qnk >0, Y anr=1 z.x€DV),  (11.221)
k=1 k=1

such that v, — o in Po(X).

Therefore, we can apply Theorem 11.2.1 and the subdifferential characteri-
zation in Proposition 10.4.2 to get (11.2.15) and more precisely (11.2.20).

It is then immediate to check directly that if we choose py = v, then

K

Vit = 0 k07, (2, ) = (T1) #¥n (11.2.22)
k=1

solves (11.2.15) (see also Section 8.1, where the connection between characteristics
and solutions of the continuity equation is studied in detail), whereas (11.2.19)
follows by the energy identity

b
/ OV (Ty(@) 2 dt + 6(Ti(x)) = d(Ta(x)) Y € DIV,

We thus have puy = vp, = (T})#po for every initial datum which is a convex
combination of Dirac masses in D(V). A standard approximation argument via
(11.2.2) yields the representation formula p; = (T})4 4o for every admissible initial
measure . 0
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Example 11.2.4 (Nonlinear diffusion equations). Let us consider a convex differen-
tiable function F' : [0, +00) — R which satisfies (10.4.15) with p = 2, (10.4.21) and
(10.4.23): F is the density of the internal energy functional F defined in (10.4.14).

Setting Lp(z) := 2F"'(z) — F(z), we are looking for nonnegative solution of
the evolution equation

%pt —A(Lp(p)) =0 inR%x (0, +00), (11.2.23)

satisfying the (normalized) mass conservation
pi € L*(RY), / pi(r)de =1 Vt>0, (11.2.24)
R4
the finiteness of the quadratic moment

sup |z|?p () do < +00 VT >0, (11.2.25)
te(0,T7) JRd

the integrability condition Lr(p) € Li _(R? x (0,+00)), and the initial Cauchy
condition
131%1 pr- L% = po in Py(RY). (11.2.26)

Therefore (11.2.23) has the usual distributional meaning

+oo
[ (~n6 O ) + L) A, 1)) dodr = 0
R4

for any ¢ € 2(R? x (0, +00)).

Theorem 11.2.5. Suppose that either F' has a superlinear growth or I satisfies
(10.4.34). Then for every o € Po(R?) there exists a unique solution

p e ACE.((0,+00); Z25(RY))

of the above equation among those satisfying

1 bl d IVLE(p)P? 1
Lr(p) € Ly ((0,400); W, (RY)), ; dx € Liyo(0,+00). (11.2.27)
Rd

It is the unique gradient flow in P5(RY) of the (relazed) functional F* defined in
(10.4.17), which is convex along generalized geodesics. In particular it satisfies all
the properties of Theorem 11.2.1 for A = 0.

Proof. The proof is a simple combination of Theorem 11.2.1 and of the results of
Section 10.4.3 for the functional F*, noticing that the domain of F is dense in
Py (RY).



11.2. Gradient flows for \-convex functionals along generalized geodesics 301

Observe that, even if F' has a sublinear growth and p is not regular (e.g.
a Dirac mass), the regularizing effect of the Wasserstein semigroup and Theo-
rem 10.4.8 show that, because of (10.4.34), p; := S{uo](t) is absolutely continuous
w.r.t. the Lebesgue measure .Z¢ for all ¢ > 0: its density p; w.r.t. Z? is therefore
well defined and provides a solution of (11.2.23) in the above precised meaning. [

Remark 11.2.6. Equation (11.2.23) is a very classical problem: it has been studied
by many authors from different points of view, which is impossibile to recall in
detail here.

We only mention that in the case of homogeneous Dirichlet boundary conditions
in a bounded domain, H. BREzIS showed that the equation is the gradient flow
(see [28]) of the convex functional (since Lp is monotone)

P(p) = Gr(p)dx, where Gp(p):= /P Lp(r)dr,
R 0

in the space H (). We refer to the paper of OTTO [107] for a detailed comparison
of the two notions of solutions and for a physical justification of the interest of the
Wasserstein approach. Notice that here we allow for more general initial data (an
arbitrary probability measure), whereas in the H~! formulation Dirac masses are
not allowed (but see [110, 40]).

Example 11.2.7 (Drift diffusion equations with non local terms). Let us consider,
as in [37, 38], a functional ¢ which is the sum of internal, potential and interaction
energy:

1
o(p) ::/ F(p)dm—F/ Vdu—|——/ Wdp x p if p=pL?.
R Rd 2 Jraxgd

Here F, V, W satisfy the assumptions considered in Section 10.4.7; as usual we set
() = 400 if p € Po(RY)\ 25 (RY). The gradient flow of ¢ in P, (R?) leads to
the equation

Bips — V- (VLF(pt) + YV + p (VW) *pt) —0, (11.2.28)

coupled with conditions (11.2.24), (11.2.25), (11.2.26).

Theorem 11.2.8. For every jg € P2(RY) there erxists a unique distributional so-
lution p; = peL% of (11.2.28) among those satisfying psL% — po as t | 0,
Lp(p) € Lo ((0,+00); Wi (RY)), and

) oy

LIV (VW)
t

€ L3 .(0,+00). (11.2.29)
L2(pe;RT)

Furthermore, this solution is the gradient flow in P5(RY) of the functional ¢ and
therefore satisfies all the properties stated in Theorem 11.2.1.
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Proof. The existence of p; follows by Theorem 11.2.1 and by the characterization,
given in Section 10.4.7, of the (minimal) subdifferential of ¢. The same character-
ization proves that any p; as in the statement of the theorem is a gradient flow;
therefore the uniqueness Theorem 11.1.4 can be applied. O

When F, V = 0 we find a model equation for the evolution of granular flows
(see e.g. [34]); when W = 0 and F is the entropy functional, we find the Fokker—
Planck equation with an arbitrary A-convex potential: it is interesting to compare
our result with [26, 48]. Notice that we can also consider evolution equations in
convex (bounded or unbounded) domains  C R% with homogeneous Neumann
boundary conditions, simply by setting V(z) = +oo for z € R?\ Q.

Example 11.2.9 (Gradient flow of —1¥?/2 and geodesics). For a fixed reference
measure 0 € P9(X), X being a separable Hilbert space, let us now consider the
functional ¢(u) := —$W3F(u, o), as in Theorem 10.4.12. Being ¢ (—1)-convex along
generalized geodesics, we can apply Theorem 11.2.1 to show that ¢ generates an
evolution semigroup on 5 (X).

When T, (0, p1o) contains a plan « such that

(', 7wt + T(n* — wl))#'y is optimal for some T > 1, (11.2.30)

then the semigroup moves 1 along the geodesics induced by «. Lemma 7.2.1 shows
that in this case v admits the representation v = (7 x )0 for some transport
map 7 and 4 is the unique element of T', (o, o).

Theorem 11.2.10. Let be given two measures o, g € Po(X) and suppose that
v € Ty(o, po) satisfies (11.2.30), i.e. the constant speed geodesic

v(s) == ((1—s)m' + 57r2)#'y
can be extended to an interval [0,T], with T > 1. Then the formula
t— u(t) :== (e, for 0 <t <log(T), (11.2.31)
gives the gradient flow of f%WQQ(u, o) starting from pg.

Proof. Lemma 7.2.1 shows that ((1 —e’)x! + et7r2,7r1)#'y is the unique optimal
plan in T'y(p(t), 0); therefore

W2(u(t), 4(D) = " — P WE (0, 0), WE(u(t), 0) = A WE (o, ), (11.2.32)
so that p
L (1)) =~ W3 (10,0) =~ P (1), (11.2.33)
On the other hand, the characterization of |0¢| given in (10.4.52) gives
061 (1u(t)) = €' W3 (o, 0).

This shows that p(t) is a curve of maximal slope; combining Theorem 11.1.3 with
the uniqueness Theorem 11.1.4, we conclude. O
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Example 11.2.11 (Fokker—Planck equation in infinite dimension). Let X be a sep-
arable Hilbert space and let 7 be a reference probability measure which satisfies
the log-concavity assumption (9.4.19). The relative entropy functional defined as
in (9.4.1)

o(11) = H(ul) (11.2.34)

is then convex along generalized geodesics, according to Theorem 9.4.11; since

it is nonnegative and l.s.c. in P(X), its gradient flow generates a contraction

semigroup on D(¢), which satisfies all the properties stated in Theorem 11.2.1.
Is is not difficult to check that

D(¢) = {u € Py(X) : supp p C supp'}/}. (11.2.35)

For, D(¢) contains all the measures of the type

Top = o WX ‘ with x¢ € supp~y, p > 0,
Hazxo,p ’Y(Bp(ﬂfo)) By(zo) 7 0 Y P

and their convex combinations, so that

Zaié‘“ € D(¢) ifx; €suppy, o« >0, Za,; =1.

Then, Remark 5.1.2 shows (11.2.35).

Let us now consider the particular case of a Gaussian measure v induced
by a bounded, positive definite, symmetric operator @ of trace class, which was
considered in Section 10.4.4. Keeping the same notation, from the characterization
given in that section of the minimal subdifferential of the relative entropy in terms
of the Fisher information functional we obtain the following result (we refer to [49]
and to the references therein for a more detailed analysis of this kind of equations).

Theorem 11.2.12. For every ug € Po(X) there exists a unique solution py = py -7y,
t > 0, of the equation

Ope =V - (7Vpe) =0, limue = o, (11.2.36)

in the distributional sense according to (8.3.8), among those satisfying the local
integrability of the Fisher information

\v4 2
/ Nod® 4 e 12 (0, 400). (11.2.37)
X Pt
Here

Vp o
Vpr = Pt(#) = p:0°¢(1)
is defined in terms of the “logarithmic gradient” of p according to Definition

10.4.16. py is the gradient flow of the Relative Entropy functional (11.2.34) and
satisfies all the properties stated in Theorem 11.2.1.
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11.3 Gradient flows in &7,(X) for regular functionals
In this section we are considering the case of a

proper, coercive (2.1.2b), and Ls.c. functional ¢ : Z,(X) — (—o0, +00],
(11.3.1)
which will satisfy a suitable regularity assumption like in Definition 10.3.9.

Our main examples will still concern A-geodesically convex functionals: the
main difference with respect to the previous section is thus provided by the Wasser-
stein distance in &2,(X), p # 2, which does not exhibit a sufficiently nice behaviour
along generalized geodesics. Thus, even if the functionals would be convex along
these more general interpolating curves, the abstract machinery of Chapter 4 could
not be applied.

Here we refer instead to the metric theory developed in Chapter 2; that more
general convergence proof uses the identity between curves of maximal slopes and
gradient flows, we established in Theorem 11.1.3. The crucial assumptions of that
approach result from a combination of the lower semicontinuity of the metric slope
|0¢|(+) and the local compactness of the sublevels of ¢. It follows that the choice
of the right topology becomes crucial.

For m € (0,400) let us denote by %,, the sets

Sy = {u € Py(X): d(p) <m, / 2| du(z) < m}. (11.3.2)
bl
The sets X,, are bounded in &7,(X) and therefore relatively compact in Z(X),
by Lemma 5.1.12(e): we are assuming that

Assumption 11.3.1 (Weak lower semicontinuity). ¢ and |0¢| are lower semicontin-
uous on L, w.r.t. the narrow convergence of P (Xy). Moreover, if piy, 1t € X,
fin = pin P(Xg) and sup,, [09|(pn) < +00, then ¢(pn) — ¢(1).

Observe that Assumption 11.3.1 is surely satisfied if

¢ is a regular functional according to Definition 10.3.9

11.3.3
and X,, are compact in &Z,(X). ( )

In particular, the assumption is satisfied if
¢ is a A-convex functional and ¥, are compact in &7,(X), (11.3.4)

due to the fact that for A-convex functionals |0¢| is always lower semicontinuous
w.r.t. the narrow convergence of Z(X).

When ¢ is A-convex but ¥, are not compact, then one has to check directly
on the particular form of |9¢| the lower semicontinuity property with respect to
the narrow convergence in Z(X).
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Theorem 11.3.2 (Existence of gradient flows). Let ¢ : &,(X) — (—o0,+o0] be
a proper and l.s.c. functional satisfying Assumption 11.3.1. For every initial da-
tum o € D(¢) each sequence of discrete solutions M,, of the variational scheme
admits a (not relabeled) subsequence such that:

(i) M., (t) narrowly converges in P (Xq) to ug locally uniformly in [0, +00),
with p € ACY ([0, +00); Z,(X)).

loc
(ii) p is a solution of the gradient flow equation
Jp(ve) = =0°0(ue),  NvellLruexy = [11(1),  for L1-a.e. t>0, (11.3.5)

with py — po as t | 0, where vy is the tangent vector to the curve py.

(iii) The energy inequality

b
/ /X e (2)|P djae (2) dt + $(un) < H(jua), (11.3.6)

holds for every b € [0,+00) and a € [0,b) \ A, A being a L -negligible
subset of (0, +00).

Moreover, if ¢ is also A\-convex along geodesics, then we have:

Energy identity.
b
/ / [ve ()P dpe () dt + o) = d(pa) V0 <a <b< +oo. (11.3.7)
a JX

Regularizing effect. p, is locally Lipschitz in (0, +00) (in [0,400) if po € D(|09])),
pe € D(09) for everyt > 0, t s e |0¢|(s) is right continuous, and satisfies
the bounds (2.4.27), (2.4.28).

Right limits and pointwise formulation of the equation. For every t, h > 0 and
iy p, € Uo(pit, prern) the right limit

1_ q2

. — N . .
Ky = lﬁrol (Wl,jp( - )>#Ht,h exists in Ppq(X x X) (11.3.8)

and it satisfies
o = 0°d(1e) (11.3.9)

and

d

Eqﬁ(ut) =— /X2 |zo|T dpy o = —[00] (1) = —| /[P (1) (11.3.10)

for any t > 0. Finally, (11.3.8), (11.3.9), and (11.3.10) hold at t = 0 iff
o € D(86) = D(94]).
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Proof. The first part of the statement is a simple transposition of Theorem 2.3.1:
o is the topology of narrow convergence in Z(X).

The second part follows from Theorems 2.3.3, 2.4.12, and 2.4.15; the finer
pointwise properties can be proved by the same argument of Theorem 11.2.1. [

Example 11.3.3. Let us consider a functional ¢ which is the sum of internal, po-
tential and interaction energy

1
o(p) = F(p)dx + Vdquf/ Wdpx p if p=p2e,
R4 R4 2 JrixRra

where F, V, W satisfy the assumptions considered in Section 10.4.7; as usual we
set ¢(p) = 400 if p € ZH(R)\ 25 (R?). The gradient flow of ¢ in 2, (R?) leads
to the equation

dip— V- (qu(%(p)

+VV+(VW)*p)> =0, (11.3.11)
coupled with conditions analogous to (11.2.24), (11.2.25), (11.2.26) for arbitrary
p € (1,400). Arguing as in the proof of Theorem 11.2.8, but replacing 2 by a
general exponent p € (1,400), we obtain the following existence result.

Theorem 11.3.4. For every puo € D(¢) C P,(RY) there exists a distributional
solution ji; = p 2% of (11.3.11) with Lr(p;) € L. ((0,+00); Wh1 (RD)), pr2? —
po ast | 0 and

=

STV (VW)
t

€ Ls.(0,400). (11.3.12)
La(pug3X)

Moreover, t — ¢(u;) satisfies the energy identity and all the other properties stated
in Theorem 11.3.2.
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Appendix

12.1 Carathéodory and normal integrands

In this section we recall some standard facts about integrands depending on two
variables, measurable w.r.t. the first one, and more regular w.r.t. the second one.

Definition 12.1.1 (Carathéodory and normal integrands). Let X7, Xy be Polish
spaces, let p € P (X1) and let £ be the Y-algebra of p-measurable subsets of X;.
We say that a £ x B(X2)-measurable function f : X1 x X — R is a Carathéodory
integrand if xo — f(x1,x39) is continuous for p-a.e. r1 € X;y.

We say that a £ x B(Xs)-measurable function f : X1 x Xo — [0, +00] is a normal
integrand if xo — f(x1,22) is lower semicontinuous for p-a.e. x1 € Xj.

In order to check that a given function f is a Carathéodory integrand the
following remark will often be useful.

Remark 12.1.2. Suppose that a function f : X7 x X9 — R satisfies

29+ f(x1,22) is continuous for p-a.e. z1 € X7, (12.1.1)
21— f(z1,22) is Z-measurable for each zo € Xs. o

Then f is a Carathéodory integrand. Indeed we can approximate f by the £ x
P (X5)-measurable functions

felwr,xz) =) felwr, yi)Xve (22),

where {V°} is a partition of X, into (at most) countably many Borel sets with
diameter less than ¢ and y; € V. By the first condition in (12.1.1) the functions
f= pointwise converge to u out of a set N x X with p(N) = 0. Therefore f is
£ x B(Xs)-measurable.
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For the proof of the following theorem, we refer to [23, Thm. 1, Cor. 1, Thm.
2((d) = (a))].
Theorem 12.1.3 (Scorza—Dragoni). Let X1, X be Polish spaces and let € 2 (X1);
if [ is defined in X7 x Xy with values in R (resp. in [0, +00]) is a Carathéodory
(resp. normal) integrand, then for every € > 0 there exists a continuous (resp.
l.s.c. and bounded above by f) function f. such that

w({z € X1: f(xr,22) # fo(x1,22)  for some x4 € Xa}) < e. (12.1.2)

12.2 Weak convergence of plans and disintegrations

In this section we examine more closely the relation between narrow convergence
and disintegration for families of plans 4" € Z(X; x X2) whose first marginal is
independent of n.

In the sequel we assume that X7 and X are Polish spaces, and p; € Z2(X1).
We start by stating natural continuity and lower semicontinuity properties with
respect to narrow convergence of Carathéodory and normal integrands.

Theorem 12.2.1. Let 4" € P (X1 x X3) narrowly converging to v and such that
W};gy” = py. Then for every normal integrand f we have

liminf/ fxy, @a) dy" (21, 22) Z/ flxy, @o) dy(xy,22),  (12.2.1)
X1><X2

n—oo X1X X

and for every bounded Carathéodory integrand we have

lim flar, @) dy™ (21, 2) =/ f(z1,20) dy(z1,22).  (12.2.2)
=0 J X xXq X1 xXo

Proof. We simply apply Lemma 5.1.10 and the Scorza—Dragoni approximation
theorem of the previous section. O

If 4™ narrowly converge to 7 in Z(X; x X») and w?l#’y" is independent of n,
the following result provides a finer description of the limit ~.

Lemma 12.2.2. Let Xy, X5 be Polish spaces and let ¥ € (X, x X3) narrowly
converging to v and such that W;l#'yn = 1 is independent of n. If {V} }eiex,,
{Vay torex, are the disintegrations of ™, v w.r.t. py and G, C P(Xs) is the
subset of all the narrow accumulation points of (Vy, Jnen, then we have

Yo, C conv Gy, for pi-a.e. x1 € X;. (12.2.3)

In particular

SUpp Yu, C U suppy for pi-a.e. x1 € X;. (12.2.4)
v€Ga,
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Proof. Taking into account Remark 5.1.5 we can find a function ¢ : X — [0, +00]
with compact sublevels, such that

/ o(xo) dy(z1,22) < sup/ p(xe) dy" (21,22) = S < 400.  (12.2.5)
X1 xXo neNJ X x Xy

In particular, for any open set A C X; and any continuous and bounded function
f: X9 — R we have

/ f(x2) dy(z1,22) S > lim (f(x2) +ep(x2)) dy" (21, 22)
AxXo n—+00 J Ay x,

> /A (gr;%linrggf/xz (f(2) + ep(x2)) dy™. (ffz)) i (1) s

Passing to the limit as € | 0 and observing that A is arbitrary, we get

f(z2) dyg, (z2) > inf lim inf/ (f(x2) +ep(x2)) dvy (w2) for p-a.e. zq
X2

X e>0 n—oo

and it is not difficult to show using Prokhorov theorem that

lim inf (f(x2) +ep(x2)) dvy (v2) > inf f(z2) dy(z2) (12.2.7)
n—oo Jx, 7€Gay J X,

and

f(@2) dya, (x2) = inf f(w2) dvy(z2) (12.2.8)

X VEG J X,
for pl-a.e. 21 € X;. Choosing f in a countable set %y satisfying (5.1.2a,b) we can
find a p'-negligible subset N C X; such that (12.2.8) holds for each f € % and
1 € X7 \ N. In fact the approximation property (5.1.2a,b) shows that (12.2.8)
holds for each function f € CP(X5) and therefore Hahn-Banach theorem yields
Yz, € CONV G, for 1 € X7 \ N. O

We conclude this section with an useful convergence result:

Lemma 12.2.3. Let X; be a Polish space, let Xo be a separable Hilbert space, and
let f: Xo — [0,400] be a l.s.c. strictly convex function. Suppose that (vy,,) C
P (X1 x Xs) narrowly converges to v = fX1 Yo, Qi (1), with py = W%ﬂ; if the
barycenter of v y(x1) = fX2 xodry,, (w2) exists and satisfies

lim lnf/ f(lL'Q) dﬁ}/n(mlv‘xQ) - f(’?xl) dlLLl(xl) ER (1229)
X1 xXo

n—o0 Xl

then v = (¢ X 4)xp1. The same result holds if 77#'7" =pup and f: X7 X Xg —
[0, +00] is a normal integrand such that f(x1,-) is strictly convex for pq-a.e. x1 €
Xy, in this case the barycenters ,, converge to 7 in p1-measure.
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Proof. Equality (12.2.9) yields

/Xl ( M f(IQ)d7zl(l'2)> dpg (x1) :/ flx) dy(z1, 22)

X1 X X2

n—-—+o0o

< lim inf/ f(z2) dy,, (1, 22)
X1 XX2

< | (1)) dn(z),
X1
so that Jensen inequality yields

f(x2)dv,, (v2) = f(F(x1)) for pr-ae. z1 € Xy
X2
and the strict convexity of f yields v, = d5(,,)- The second part of the statement
can be proved in an analogous way. O

12.3 PC metric spaces and their geometric tangent cone

In this section we review some basic general facts about positively curved (in short

PC) spaces in the sense of Aleksandrov [5, 30, 120], and we recall the related

notion of tangent cone; in the last section we will discuss its relationships with the

tangent space we introduced in Section 8.4 for the Wasserstein space Z5(X).
Let (7, d) be a metric space; a constant speed geodesic '72 1t € [0,T]

x¢ € . connecting x! to z? is a curve satisfying

t—s 1

Td(a: ,2%) VO<s<t<T. (12.3.1)

Zo = Il? T = .’,U2, d('rtazs) =

In particular we are dealing with geodesics of minimal length whose metric deriva-
tive |x’|(t) is constant on [0, 7] and equal to T~ 1d(z!, 2?).

We say that . is geodesically complete (or length space) if each couple of
points can be connected by a constant speed geodesic.

Definition 12.3.1 (PC-spaces). A geodesically complete metric space (., d) is pos-
itively curved (a PC-space) if for every x° € . and every constant speed geodesic
2172t €[0,1] — 272 connecting x' to x? it holds

d*(x; 72, 2%) > (1 = t)d? (2, 2%) + td* (22, 2°) — t(1 — t)d*(2*, 2?).  (12.3.2)

Observe that in an Hilbert space X (12.3.2) is in fact an identity, since for
2172 = (1 —t)a' + ta? we have

2?2 202 = (1= 0|zt — 2P+ te? — 202 — (1 = )|zt — 2?2 12.3.3
t

Therefore condition (12.3.2) can be considered as a sort of comparison property
for triangles: let us exploit this fact.
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Definition 12.3.2 (Triangles). A triangle = in .7 is a triple x = (2172, 2273, 2371)
of constant speed geodesics connecting (with obvious notation) three points x', 22,

23 in . We denote by A\ = A(x) C .7 the image of the curves ©' 2 2?73 23~1.

To each triangle x in . we can consider a corresponding reference triangle

(unique, up to isometric transformation) & = (&' 2, 7%, #°~') in R? connecting
the points &', 22, #% € R? such that
|2t — 27| = d(z*,27) 0,5 =1,2,3. (12.3.4)

Two points x € A, & € A are correspondent if

i) N atl—] ..
z=z; ), =&, for some t € [0,1], 4,5 € {1,2,3}.
22
wQ—)3 $1—>2
—_
3?3 J)l £3 :%3*)1 jl
3—1

xr

Figure 12.1: on the left the triangle on the PC-space and on the right its euclidean
reference.

Proposition 12.3.3 (Triangle comparison). If .7 is a PC-space and A\ C .7, A c
R? are two corresponding triangles, then for each couples of correspondent points
T,y € N &,y €N we have

d(z,y) > 3 — 3. (12.3.5)
Proof. When z or y is a vertex of the triangle, then (12.3.5) is just (12.3.2): thus we
have to examine the case (up to permutation of the indexes) x = x} ~2, y = 2173

t,s € (0,1). Denoting by x'~* the rescaled geodesic connecting z' to x = z; 2

and by introducing a new geodesic x'~3 connecting x to 23, we can consider
the new triangle ' = ('~ '3 x37!) connecting x', z, 3. The corresponding
euclidean reference &' can be constructed keeping fixed #! and 43 (and therefore
§ = 2173) and introducing a new point #’, which in general will be different from
#, such that |&' — 2! = d(z,2'), |2’ — 23| = d(z, ). Applying (12.3.2) we obtain

@ — 3% = d(w,2%) > |¢ — 7]
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and applying the identity (12.3.3) we get

@ — g2 = (1— s)[&' — &' + sld’ — 2% - s(1 - 9)|a® — &2
> (1= s)|d — &' + sl — 2 — s(1 - s)| — &'[? = | —

therefore, applying (12.3.2) again to the triangles ', 2" we obtain
d(z,y) = &' = §'| = &' — 9| = |2 - g D

In a Hilbert space X the angle /(& 72,87 € [0,7] between the two
segments joining #! to 22 and ' to 23 can be easily computed by the formula

o 1L <£2 _ :i'l 5:3 _ £1> oo
cos(Z(&' 7% &%) = 72 a1 = ) =a(zh; 2%, 2%), (12.3.6)
where
S2 112 4 (A3 A112 _ (43 _ 422
A1, 42 ~3 |22 — & ° 4|27 — 27| — |27 — &7
;xT,17) = =13 12.3.7
RCRERLD 2|x2—x1\|x3—x1| ( )
In particular, if 2;72 := (1 — t)2! + 22 and 2173 := (1 — s)&! + 523, we have
a(@ ;72 27 = a(@h 22, 2%) Vi, s € (0,1]. (12.3.8)

Taking into account of (12.3.7), in the case of a general PC-space, it is natural to

introduce the function

d(z?,21)? + d(23, 21)? — d(23, 22)?
2d(x2, x1) d(23, z1) ’

a(ztz? 2?) =

ot #£ 2% 2 (12.3.9)

and we have the following monotonicity result.

Lemma 12.3.4 (Angle between geodesics). Let (5’ d) be a PC-space and let &'~
x'73 be constant speed geodesics starting from x'; then the function

t,s € (0,1] — a(z; 272, 2173)  is nondecreasing in s, t. (12.3.10)

The angle Z(z'72,2'73) € [0, 7] between ' 2 and =3 is thus defined by the
formula

cos(Z(x' 72, 2! 73)) == mfa(x ;72 273 = lim a(zt 272, 2170,

st s,t]0
(12.3.11)
Proof. 1t is sufficient to prove that a(z!;z? %) > a(zt;zf—2,2173) for s,t €
(0,1]; if & is a corresponding reference triangle with vertexes il 2, 3, we easily
have by Proposition 12.3.3 and (12.3.8)
alzb 7% 27 <a(@h 272 2078 = a(@'; 22, 2°) = a(ah; 22, 2?) O
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Remark 12.3.5. Notice that the separate limit as ¢ | 0 is given by

lima(xl x1~>2 xl%?)) = lim t2d2($1,1’2) + dQ(xl 3) - dQ(x%*a?les)
: =

S
t10 e t10 2tsd(zt, 22) d(xt,

—(2sd(z*,2?) d(z", 2%))” di(dQ( 17 x};_'?)))\tzw

1—
L
2

and therefore

1 a 2(,.1—=2 1—3
e CAC ) [

For a fixed z € % let us denote by G(x) the set of all constant speed geodesics
@ starting from z and parametrized in some interval [0, T,]; recall that the metric
velocity of x is |2'| = d(x(t),z)/t, t € (0,T]. We set

cos (£(z' 7% &' %)) = —(2d(a', 2?) d(z', 2%))

]l == |2, (), = 2] [yllz cos(£(, y)),

Bl@y) = ol + Il - 20, 9),. S
If x € G(z) and A > 0 we denote by Ax the geodesic
(Ae); = axr, Tra = AT, (12.3.13)
and we observe that for each x,y € G(x), A > 0, it holds
Az|lz = A|z]|z,  (Ax,y), = (z, \y), = Nz, y), (12.3.14)

Observe that the restriction of a geodesic is still a geodesic; we say that « ~ y if
] - y|[0,€]'

Theorem 12.3.6 (An abstract notion of Tangent cone). If x, y : [0,T] — . are
two geodesics starting from x we have

d d
dy(x,y) = lim Az y,) = sup M (12.3.15)

t10 t te(o,r] t

In particular, the function d, defined by (12.3.12) is a distance on the quotient
space G(x)/ ~. The completion of G(x)/ ~ is called the tangent cone Tan,.” at
the point x.

Proof. (12.3.15) follows by a simple computation since for each s > 0 (12.3.11)
yields

dz(wts 95) + dQ(?Jt x) - dz(fct Y, )

4 — 1 ) S ER} S

cos (£(,)) 10 2d(z1s, 2)d(y,., 7)

dQ(wsvx)—’_dz(ysvx) — lim d2<mt57yts)
2d(xs, v)d(yg, v) t10 2t2d(x,, x)d(y,, )
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and therefore from (12.3.12) we have

dQ(wS,a:) +d2(ysvx) d(ms,ac)d(ys,x)

dft ((E, y) = 52 -2 $2 COS(A(ZI?, y))
= lim 7d2(wt87 ytS).
10 21252 0

Remark 12.3.7 (The tangent cone as Gromov-Hausdorff blow up of pointed
spaces). In the finite dimensional case Tan,.” can also be characterized as the
Gromov-Hasudorff limit of the sequence of pointed metric spaces (., z,n - d) as
n — oo. [30, 7.8.1]

12.4 The geometric tangent spaces in ,(X)

Taking into account of the abstract definition of Tangent cone 12.3.6 for PC-
spaces and the fact proved in Section 7.3 that %25(X) is a PC-space, we want an
explicit representation of the abstract tangent space Tan, (X)) induced by the
2-Wasserstein distance.

First of all we want to determine a precise expression for the angle between
two geodesics. Observe that an optimal plan p € T',(ut, u?) is associated to the
geodesic p'~?2 with pu}=? = (7} 7?),p whose velocity is equal to the distance
between the end points [¢/|*> = [|ze — 21|*dp. If we want to represent each

constant speed geodesics, it is convenient to introduce the new “velocity” plans
vy = (7', A(r? —wl))#u, (12.4.1)

that can be used to provide a natural parametrizations for the rescaled geodesic
(A~ pt=2), = pl7? as follows:

pie = (1= M)rt + Atﬂz)#u = (' +tr?) vy te[0,ATY]. (12.4.2)

Therefore we can identify constant speed geodesics parametrized in some interval
[0, \~1] with transport plans v of the type

v = (71'1,)\(%2 — Wl))#u for some optimal plan pu € P5(X),
and therefore we set

G(p) = {’7 € Py(X?): (n', 7! +57r2)#'y is optimal, for some € > 0}. (12.4.3)

It easy to check that there is a one-to-one correspondence between G(u) and the
quotient G(p)/ ~ introduced in the previous section: for, to each plan v € G(u)
we associate the (equivalence class of the) geodesic

pe = (Tt gy, 0<t<e, (12.4.4)
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where € > 0 is chosen as in (12.4.3). Conversely, if u, t € [0,T], is a curve such
that io.q1 is a (minimal, constant speed) geodesic, then for every A=! € (0,¢]

there exists a unique optimal plan py € T',(10, ty-1) such that
pe = (7' + At(r? — wl))#u)\ te 0,271
by Theorem 7.2.2
0<AT <N <e = py, = (Th /M = ah)) Ly,
so that
v = (r! A(n® — wl))#,uA is independent of A, belongs to G(u), (12.4.5)

and represents p; through (12.4.4).
Motivated by the above discussion, we introduce the following definition:

Definition 12.4.1 (Exponential map in %5 (X)). For p € Z(X) and v € G(u) we
define
Aoy i= (7r1,)\7r2)#'y, exp, (v) == (' + 7T2)#‘7. (12.4.6)

The notation is justified by the fact that the curve
texp,(t-v) isa constant speed geodesic in some interval [0,e]  (12.4.7)

whenever v € G(p).
For 412,412 € 25(X?) with myy'" = p, i = 2,3, we set

21 = [ Jaal? 2o, w0), (12.4.5)
X
(At = maX{/XS (w2, w3) dy v € T (v 2,919 |, (12.4.9)
Wi(’)’u,"/lg) = min {/ |zy — $3|2d'7 iy € 1"1("/12,'713)}, (12.4.10)
X3

where Tl (412, ~413) is the family of all 3-plans in v € £(X?) such that W;&’Q'y =
~'2 and 7r;’3'y =~13.

Proposition 12.4.2. Suppose that v'2,4'3 belongs to G(u) so that they can be
identified with the constant speed geodesics u'—2, pu'=3 through (12.4.4). Then
the previous definitions coincide with the corresponding quantities introduced in
(12.3.12) for general PC-metric spaces.

Proof. The first identity of (12.4.8) is immediate. In order to prove the second
one we apply Proposition 7.3.6, by taking into account Remark 12.3.5: thus we
have

<7127713>;A:1i$2871/ <l’2*l’1,1’371’1>d/,l,5,
s X3



316 Chapter 12. Appendix

where p} 73 = exp, (sy'?) and p, € Tp(p' 2, ul7?) is chosen among the minimiz-

ers of (7.3.15). It is easy to check that we can choose
n, = (ﬂ'l,ﬂ'l + 71'2,7r1 + s7r2)#'y,

where v € T(y2,413) realizes the maximum in (12.4.9) (or equivalently the
minumum of (12.4.10)) and therefore

1ims_1/ (9 — 1,23 — 1) dpg, = lims_l/ (X9, 1 + swg — 21) dy
S,LO X3 SLO Xg

— [ twaayay.
X3
The last formula of (12.4.8) follows now directly by the definition (12.3.12). O

If either 4'2 or 4 are induced by a transport map ¢, e.g. v*? = (i x t)#u,
then the previous formulae are considerably simpler, since

V212 = | [t du(w) = (8132 (12.4.11)
X2
<7127713>H - / 2 <t($1),$3> d713(x1’x3)’ (12412)
X
Wiyt = / @) = @l dyt (@, @), (12.4.13)
X

Finally, if also y'% = (i x s)#u, then (12.4.12) and (12.4.13) become
(At = /X (t(x1), 8(x1)) dpu(w) = (E, 8) L2 (uix), (12.4.14)

W2 (72, 419) = /X [t(a1) — s(an)|? daler) = |t = slaunye  (12:4.15)

These results lead to the following definition.

Definition 12.4.3 (Geometric tangent cone). The geometric tangent cone
Tan, P5(X) to P2(X) at p is the closure of G(p) in P2(X?) with respect to the
distance W, (-, -).

In Section 8.4 we already introduced a notion of tangent space Tan, %5(X)

and we showed in Theorem 8.5.1 its equivalent characterization in terms of optimal
transport maps

. . L2 (1;X)
Tan, Z5(X) = {A(r—1i): (i x7)gp € To(p,rp), A >0} . (12.4.16)

In order to compare these two notions, let us recall the Definition 5.4.2 of barycen-
tric projection 7 of a plan vy € P»(X?) with 7,y =

t=q & to)= [y, (o). te LX) (12.4.17)
X
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which is a nonexpansive map from Tan, %5(X) to L?(u; X). Indeed choosing
~ € I''(«4',4?) and denoting by 'yil and ')’.2“ the disintegrations of 4' and ~?
w.r.t. u we have

/‘,71_,72|2d;¢:/ ’/ (w2 — x3) d,,
X X |Jx2

so that

2
dp < / |zo — a3|% dv,
X3

17 =2 (uixy < W' 7). (12.4.18)
We have the following result:

Theorem 12.4.4. For every p € P5(X) the reduced tangent space is the image
of Tan, P (X) through the barycentric projection. Moreover, if p € 25(X),
then the barycentric projection is an isometric one-to-one correpondence between
Tan, P (X) and Tan, P»(X).

Proof. Let us first prove that 4 € Tan, % (X) for any v € Tan, #(X). By the
continuity of the barycentric projection and the identity (7!, 7! + en?) vy = i+e7,
it suffices to show that (@i — %) € Tan, %5 (X) for any optimal plan p whose first
marginal is g. We know that supp p is contained in the graph of the subdifferential
of a convex and Ls.c. function ¢ : X — (—o00,400], i.e.

y € 0Y(x) for any (x,y) € supp~y.

Since 0Y(z) is a closed convex subset of X for every x € D(0v), we obtain that
p(z) = [yydp,, (y) € 07 ¢(x) for p-a.e. x; therefore fi is an optimal transport
map and (fr — %) € Tan, Z»(X).

In order to show that the barycentric projection is onto it suffices to prove
that the map I : Tan, %5 (X) — Z(X x X) defined by I(v) := (i x v),p takes

its values in Tan, %,(X) and to notice that it satisfies I(v) = v. Since the unique
plan in I't (I(v), I(v")) is (i x v x v') 411, we have

W (1), 1(0) = [ o =o/Fdp.

so that our thesis follows if I(v) € G(u) for every v in the dense subset of
Tan,, Z»(X) introduced in (12.4.16): this last property follows trivially by the
definition of G(1) (12.4.3). Finally in the case when p is regular all optimal trans-
port plans in G(p) are induced by transports: therefore I is onto and it is the
inverse of the barycentric projection. O

Remark 12.4.5 (The exponential map and its inverse). Observe that the exponen-
tial map is a contraction since

Wa(exp,, (1), exp,, () < W (1,), (12.4.19)
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but in general, it is not injective, even if it is restricted to the tangent space.
Nevertheless it admits a natural (multivalued) right inverse defined by

expyl(v) == {u € G : (', 7' 4+ 7%) € T, 1/)}. (12.4.20)

We conclude this section with an explicit representation of the distance W,
defined by (12.4.10).

Proposition 12.4.6. Let v'2, 413 be two plans in Po(X?) with the same first
marginal . Then v € TH(y*2,413) realizes the minimum in (12.4.8) if and only
if its disintegration w.r.t. p satisfies

Y, € I‘O('yilz,'yif’) for p-a.e. v, € X. (12.4.21)

Moreover
Wit = [ WRGE2 ) dun). (12.4.22)
X

Proof. For any v € T} (2, 413) we clearly have

[ wamaPay= [ [ o i, duten) 2 [ WG ) duton)
X3 X JXx2 X

Equality and the necessary and sufficient condition for optimality follows imme-
diately by Lemma 5.3.2 and by the next measurable selection result. O

Lemma 12.4.7. Suppose that (,ufﬁ1 )Xy s (uzl)mlexl are Borel families of measures
in Pp(X) defined in a Polish space X;.
The map
x> W;,’(,uil,,uil) is Borel (12.4.23)

and there exists a Borel family v, € P,(X x X) such that v,, € To(pu2 ,p3).

Proof. We show first that = — o, is a Borel map between X; and &2,(X) whenever
x +— 0, is Borel in the sense used in Section 5.3. Indeed by assumption z — o, (A)
is a Borel map for any open set A C X and since

/deax:/oooam({f>t})dt—/o ou({f < 1)) dt

— 00

and the integral can be approximated by Riemann sums, we have also that x —
[x [ dog is Borel for any f € CJ(X).

Let 0 be the distance inducing the narrow convergence on #(X) introduced
in (5.1.6). It follows that x + d(0,, o) is Borel for any o € Z(X). By (7.1.12) it
follows that the distance W defined by

WP (1, 0) 1= 7 (1,0) + \ R
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induces the p-Wasserstein topology on 2,(X); we deduce that = +— W (o,,0) is
Borel for any 0 € &7,(X), therefore  — o, is Borel, seen as a function with values
in Z,(X).

In order to prove the second part of the statement, let us observe that the
multivalued map p?, pu® € 2, (X) — Ty(p?, 4?) C P,(X x X) is upper semicontin-
uous thanks to Proposition 7.1.3. In particular for each open set G C &2,(X x X)
the set

{(/f,/f’) (Do(p®, p*) NG # ®}

is open in &Z,(X) x &2, (X). Therefore classical measurable selection theorems (see
for instance Theorem II1.23 in [39]) give the thesis. O
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