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Introduction

The Monge transportation problem is more than 200 years old [110], and it has generated
in the last years a huge amount of work.

Originally Monge wanted to move, in 3-space, a rubble (déblais) to build up a mound
or fortification (remblais) minimizing the cost. Now, if the rubble consists of masses, say
mi, ..., m, at locations {x1,...x,}, one should move them into another set of positions
{y1,...,yn} by minimizing the weighted traveled distance. Therefore one should try to
minimize

> mili = T(xy)],
=1

over all bijections T": {x1,...2,} — {y1,...,Yn}, where d is the usual Euclidean distance
on 3-space.

Nowadays, one would be more interested in minimizing the energy cost rather than
the traveled distance. Therefore one would try rather to minimize

> milwi = ()]
=1

Of course, it is desirable to generalize this to continuous, rather than just discrete,
distributions of matter. To this aim, Monge transportation problem can be stated in
the following general form: given two probability measures g and v, defined on the
measurable spaces X and Y, find a measurable map T : X — Y with

Ty = v,

1.e.

v(A) = p(T7'(A)) VA CY measurable,

and in such a way that 7" minimizes the transportation cost. This last condition means

/X c(z, T(z)) dp(z) = min { /X c(x,8<x>>du(x)},

Sygu=v

7
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where ¢ : X XY — R is some given cost function, and the minimum is taken over all
measurable maps S : X — Y with S;u = v. When the transport condition Tyu = v is
satisfied, we say that T is a transport map, and if T" minimizes also the cost we call it an
optimal transport map.

In the development of the theory of optimal transportation, as well as in the devel-
opment of other theories, it is important on the one hand to explore new variants of the
original problem, on the other hand to figure out, in this emerging variety of problems,
some common (and sometimes unexpected) features. This kind of analysis is the main
scope of our thesis.

The problems we will consider are:

1.

The optimal transportation problem on manifolds with geometric costs: we study
the problem of the existence and the uniqueness of an optimal transport map on
arbitrary manifolds (without any condition on the sectional curvature), for costs
of the form c¢(x,y) := inf, f; L(v,7) dt, where the infimum is among all absolutely
continuous curves from x to y, and L(z,v) is a Tonelli Lagrangian.

. The optimal irrigation problem: this is a generalization of the classical optimal

transportation problem, where one wants to connect a source measure to a target
measure using a “transport structure” in such a way that the mass moves, as much
as possible, in a grouped way. The motivation for such a problem comes from the
modelization of many biological and engineering structures.

. The Brenier variational theory of incompressible flows: starting from the geomet-

rical interpretation of the Euler equations for incompressible fluids as a geodesic
equation in the space of the measure-preserving diffeomorphisms, one can look for
solutions of the Euler equations by minimizing the action functional. This leads
to the introduction of relaxed models and their study from a calculus of variation
point of view.

. The Aubry-Mather theory and the solutions of Hamilton-Jacobi equations: the

regularity and the uniqueness of viscosity solutions of the Hamilton-Jacobi equation
is linked to the smallness of certain sets appearing in Lagrangian dynamics. Thus
we will be interested to estimate the Hausdorff dimension of the so called quotient
Aubry set.

. The DiPerna-Lions theory for martingale solutions of stochastic differential equa-

tions: this theory allows in some sense to prove a sort of existence and uniqueness
for an ordinary differential equation for almost every initial condition once one has
some well-posedness result at the level of the associated transport equation. Our



aim will be to develop such a theory in the case of an ordinary differential equation
perturbed by an irregular noise.

We remark that the first three topics are all variants of the optimal transportation
problem. Moreover, even though the last topic is only loosely related to optimal trans-
portation, at the technical level many connections arise, and the study of all them reveals
some new connections. For instance, Bernard and Buffoni [22] have recently shown how
one can fit Mather’s theory, as well as optimal transportation problems on manifolds
with a geometric cost, in the framework of measures in the space of action-minimizing
curves. We proceed in this research of a general unified framework, proving that also
variational solutions of the Euler equations [8] can be seen in this perspective, with
a possibly non-smooth action induced by the pressure field. Also the last two topics
present some links with the first three. For instance, the proof in [23] on the existence
and uniqueness of an optimal transport plan strongly relies on the regularity properties
of solutions of Hamilton-Jacobi equations, while the natural framework which allows to
develop a theory a la DiPerna-Lions for martingale solutions of stochastic differential
equations turns out to be the one of the measures in the space of paths, which, as we
said, is natural also in the optimal transportation problem and in the variational study
of the Euler equations.

Let us give a quick overview on all these subjects (each chapter contains a more
detailed mathematical and bibliographical description of the single problems), providing
also an outline of thesis’ content. All the results in this thesis have been presented
in a series of papers (accepted, submitted, or in preparation), originating from several
collaborations developed during the PhD studies.

1. As we explained above, one is interested to find a transport map 7' : X — Y from
i to v which minimizes the transportation cost, that is

/X c(z, T(z)) dp(z) = min { /X c(m,S(:r;))du(x)}.

Spu=v

Even in Euclidean spaces, with the cost ¢ equal to the Euclidean distance or its
square, the problem of the existence of an optimal transport map is far from being
trivial. Moreover, it is easy to build examples where the Monge problem is ill-posed
simply because there is no transport map: this happens for instance when p is a Dirac
mass while v is not. This means that one needs some restrictions on the measures 1 and
v.

The major advance on this problem is due to Kantorovitch, who proposed in [85],
[86] a notion of weak solution of the optimal transport problem. He suggested to look
for plans instead of transport maps, that is probability measures v in X x Y whose
marginals are p and v, i.e.

(mx)yy =p and (7y)yy = v,
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where 7x : X XY — X and 7y : X XY — Y are the canonical projections. Denoting
by I1(u, v) the set of plans, the new minimization problem becomes then the following:

C(u,v) = min {/ c(z,y) dv(m‘,y)}. (0.0.1)
Yell(pv) LS mrxm
If v is a minimizer for the Kantorovich formulation, we say that it is an optimal plan.
Due to the linearity of the constraint v € II(u, v), it turns out that weak topologies can
be used to provide existence of solutions to (0.0.1): this happens for instance whenever
X and Y are Polish spaces and ¢ is lower semicontinuous (see [118], [132, Proposition 2.1]
or [133]). The connection between the formulation of Kantorovich and that of Monge can
be seen by noticing that any transport map 7' induces the plan defined by (Idx xT')su
which is concentrated on the graph of T', where the map Idy x7T : X — X x Y is defined
by
Idx xT(z) = (x,T(z)).

Thus, the problem of showing existence of optimal transport maps reduces to prove that
an optimal transport plan is concentrated on a graph. It is however clear, from what
we already said, that no such result can be expected without additional assumptions
on the measures and on the cost. The first existence and uniqueness result is due to
Brenier. In [30] he considers the case X = Y = R", ¢(x,y) = |z — y|?, and he shows
that, if u is absolutely continuous with respect to the Lebesgue measure, there exists
a unique optimal transport map. After this result, many researchers started to work
on the problem, showing existence of optimal maps with more general costs, both in
a Fuclidean setting (for example Caffarelli, Evans, Ambrosio and Pratelli, Trudinger
and Wang, McCann, Feldman), in the case of compact manifolds (McCann, Bernard
and Buffoni), and in some particular classes on non-compact manifolds (Feldman and
McCann), see Section 1.1 for precise references.

A fact which is now well understood is that the choice of the cost changes completely
the structure of the problem. In particular, completely different are the cases c(x,y) =
|z —y|P, with p > 1, with respect to the case ¢(z,y) = |z — y| (the latter has been solved
in the Euclidean case many years after the result of Brenier: first by Evans and Gangbo
[60] under some regularity assumptions on the measures, then by Caffarelli, Feldman and
McCann [39] under much weaker assumptions on the measures, and finally, in a more
general case, by Ambrosio and Pratelli [13]). Indeed, the strict convexity of |z — y|P for
p > 1 allows to prove existence and uniqueness of the transport map under the absolute
continuity assumption on p. On the other hand, in the case ¢(x,y) = | —y| one can still
prove existence of optimal maps if y is absolutely continuous, but no uniqueness result
can be expected. This is a consequence, even on the real line, of the so-called book-shifting
phenomenon: taking p = 21 [jo1) and v = 2L |[1/23/2), the two maps T1(z) = x + 1/2
and Th(x) = (v + 1)X[01/2/(%) + X[1/21)(x) are both optimal. This is a special case of
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the general fact that, with the cost ¢(x,y) = | — y|, one can find an optimal transport
map imposing also that the common mass between p and v stays fixed. In Chapter 1,
following a joint work with Albert Fathi [66], we show existence and uniqueness of an
optimal transport map in a very general setting, which includes the case of “geometric”
costs on manifolds, that is costs given by

1
o= it [ LG@)
1(0)=zy(M=y Jo

where L : T'M — R is a Tonelli Lagrangian. This is the most general known result, since
it is valid for a wide class of cost functions and it does not require any global assumption
on the manifold (say, a bound on the sectional curvature). To this aim, we will need to
understand the regularity of the cost alongs extremals, a problem which is closely linked
to weak KAM theory and the regularity of solutions of the Hamilton-Jacobi equation,
see also Section 6.2.2.

Moreover, in Section 1.5 we will study the so-called “displacement interpolation”,
which is a way to connect measures using the optimal transportation. For instance,
suppose that o and g are two absolutely continuous measures in R and let T :
R? — R? be the optimal transport map from g to p; (as we said above, existence and
uniqueness of the optimal transport map in this special case is due to Brenier [30]).
Then, instead of “connecting” g to p; in a linear way (that is p; = (1 — ) +tu1), one
can consider the interpolation p; := ((1 — ¢) Id +¢T") 4 p0, which is called “displacement
interpolation”. An interesting feature is that, from the convexity of certain funtionals
along such curves, one can deduce existence, uniqueness and stability of the gradient
flows of such functionals obtaining many interesting properties for Fokker-Planck-type
evolution equations such as the porous medium equation (see [42], and see also [11] for
an introduction and a wide bibliography on this subject).

The convexity of certain suitable functionals on Riemannian manifolds allows to
express Ricci curvature bounds on the manifold. In Section 1.7, following a joint work
with Cedric Villani [78], we use the general results on optimal transport maps mentionned
above to study the link between more possible notions of “displacement convexity “ (i.e.
convexity along displacement interpolations) and to prove their equivalence.

Finally, in Section 1.8 we will generalize the existence and uniqueness of the optimal
transport map without assumptions on the finiteness of the transportation cost, and we
will also prove that the optimal transport map on a general manifold is approximately
differentiable a.e. whenever the cost is given by c(z,y) = d*(z,y) [75].

2. Another kind of transport problem is the so-called irrigation problem. Start-
ing from the observation of the frequent occurrence of branched networks in nature
(plants and trees, river basins, bronchial and cardiovascular systems) and in man de-
signed structures (communication networks, electric power supply, water distribution
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or drainage networks), and observing that the common function of such networks is to
transport some goods from an initial distribution (the supply) to another one (the de-
mand), we are interested in finding models which describe such fenomena. This was
done in [82, 98, 135, 25, 24, 29] by considering cost functions that encode the efficiency
of a transport induced by some structure. Branched structures, as the ones observed in
nature, then arise as the optimal structures along which the transport takes place.

The first model is due to Gilbert [82]: given two atomic probability measures p =
SN 4,6, and v = SN2 b;6,,., find a finite, oriented and weighted graph T' = (vy, ps) (vn
are the vectors that orient the graph, py, the weights), which satisfies Kirchhoff’s law at
the junctures (the mass which enters is equal the mass which exits, except at the points
x; where a mass a; exits, and at the points y; where a mass b; enters). One then looks
for a graph which minimizes the transportation cost

Cr) =) lonlpf
h

with 0 < a < 1. The motivation for introducing such a parameter « is that, since the
function ¢ — ¢ is sub-additive for 0 < o < 1, the inequality (pp, +pn,)* < pfy, +pf, holds,
and thus the mass has interest to concentrate and to move together. This problem has
been recently generalized (by Xia, Morel, Bernot, Solimini, etc.) to the case of arbitrary
probability measures, and one arrives at problems where the optimal objects have a
branched structure, and the optimal transportation costs C*(ju, v) give rise to a distance
which metrizes the weak convergence. In order to extend the above problem to arbitrary
target and source measures, a “probabilistic” formalism that has been considered in
[98, 25, 24] is the one of traffic plans, which are suitable probability measures in the space
of continuous paths which “connect” two fixed measures p and v. In this framework, all
particles are indexed by the set 2 := [0, 1], and to each w € ) is associated a 1-Lipschitz
path x(w,-) in RY. This is a Lagrangian description of the dynamic of particles that
can be encoded by the image measure P, of the map w — x(w,-) (which is therefore
a measure on the set of 1-Lipschitz paths). To each traffic plan one can associate a
suitable cost function which has to incorporate the principle that it is more efficient to
transport mass in a grouped way rather than in a separate way. Like in the discrete
case considered by Gilbert, to embed this principle the costs incorporate a parameter
a € [0, 1] and make use of the concavity of x — x®. Once the cost and the measures p
and v are given, one can consider what is called the irrigation problem by some authors
[25, 24, 26], i.e. the problem of minimizing the cost among structures transporting u to
.

In Chapter 2 we study different kinds of possible costs, and in some case we show
their equivalence. Moreover, we study the properties of the costs when seen as functions
of the parameter o, and we use this analysis to show a stability property of minimizers.
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This is a joint work with Marc Bernot [27].

3. The velocity of an incompressible fluid moving inside a region D is mathematically
described by a time-dependent and divergence-free vector field w(t, ) which is parallel to
the boundary 0D. The Euler equations for incompressible fluids describes the evolution
of such velocity field w in terms of the pressure field p:

du+ (u-V)u=—-Vp in [0,T] x D,
divu =0 in [0,7] x D, (0.0.2)
u-n=20 on [0, 7] x OD.

Let us assume that u is smooth, so that it produces a unique flow g. Writing the Euler
equations in terms of g, we get

g(t,a) = =Vp(t,g(t,a)) (t,a) €[0,T]x D,
g(0,a) =a a€D, (0.0.3)
g(t,-) € SDiff(D) t € 10,17,

where SDiff (D) denotes the space of measure-preserving diffeomorphisms of D. Viewing
SDiff (D) as an infinite-dimensional manifold with the metric inherited from the embed-
ding in L2, and with tangent space made by the divergence-free vector fields, Arnold
interpreted the equation above, and therefore (0.0.2), as a geodesic equation on SDiff (D)
[15]. According to this intepretation, one can look for solutions of (0.0.3) by minimizing

r [ ] S n i

among all paths g(¢,-) : [0,7] — SDiff(D) with ¢(0,-) = f and ¢(T,-) = h prescribed.
This minimization problem presents many difficulties from the calculus of variations
point of view (mainly because of the incompressibility constraint), and also gives rise
to many interesting questions. Brenier [31, 35] introduced two relaxed models to study

this problem. In particular, in [31], he defined a generalized incompressible flow as a
probability measure n on (D) := C([0,T], D) such that

(Gt)#’l’] = gdl_D Vt € [O, T], (60, GT)#’I’] = (Zd X h)#gd\_D,

and defined the action of n as

dmr=;@m1|mmwmmm.

The existence of a minimizer can be proved by a standard compactness and semiconti-
nuity argument. Moreover, by a duality argument, Brenier introduced the pressure field,
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and proved that a minimizer of the above variational problem 7 solves in a “weak” sense
the Euler equations: for all h € C2°(0,1) and w smooth compactly supported vector
field on D, we have

/Q(D) /0 wt) - %[h(t)w(W(t))] dt dn(w) = (D.p(t, x), h(t)w(x))

in the distributional sense.

In particular, this condition identifies uniquely the pressure field p (as a distribution)
up to trivial modifications, i.e. additive perturbations depending on time only. We also
remark that, if the measure n is given by

w)dn(w) = — g(t,x))dx
1@ﬁ<>m> Aﬁ“ g(t,2))

with g : [0,T] — SDif f(D) smooth, then wu(t,z) := 9,;9(t, g (¢, )) is a solution of the
Euler equations. Now an important problem is to study the structure of minimizers,
finding necessary and sufficient conditions for optimality, a question which will be ad-
dressed and solved in Chapter 3 following a joint work with Luigi Ambrosio [8]. As we
already said, the results we prove show a somehow unexpected connection between the
variational theory of incompressible flows and the theory developed by Bernard-Buffoni
[22] of measures in the space of action-minimizing curves.

Indeed, first we refine a little bit the deep analysis made in [35] of the regularity of
the gradient of the pressure field: Brenier proved that the distributions 0,,p are locally
finite measures in (0,7") x D, but this information is not sufficient (due to a lack of time
regularity) to imply that p is a function. In Section 3.7 we improve this result showing
that p € L2 ((0,T); BVioe(D)) (this has been done in another joint work with Luigi
Ambrosio [9]). In particular p is a function at least in some L{ (L} ) space, for some
r > 1. We can therefore develop a refined analysis of the necessary and sufficient opti-
mality conditions for action-minimizing curves in I'(D) (see Section 3.6) which involve
the Lagrangian

L) = [ SO - bt ) dt

the (locally) minimizing curves for £, and the value function induced by L,.

We also remark that the possibility of deducing such regularity result for the pressure
is based on the equivalence, proved in Section 3.4, of the above mentioned Brenier model
and the Eulerian-Lagrangian model introduced by the same author in [35] (see Section
3.3.3). Indeed, the regularity of p is easier to study within the latter model.

4. As we said, an important connection between Mather’s theory as well as optimal

transportation problems on manifolds exists [22, 23]. The key point is that cost functions
induced by Tonelli Lagrangians solve an Hamilton-Jacobi equation.
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Important for studying the dynamic of a Lagrangian system and for having uniqueness
of solutions of the Hamilton-Jacobi equation

H(z,du)=c

is to understand the structure of some subsets of the tangent space which capture the
properties of the dynamic. Mather [105] proposed as an important problem to show
that the quotient Aubry set is totally disconnected if the Lagrangian (or, equivalently,
the Hamiltonian) is smooth. In Chapter 4 this problem will be completely solved up to
dimension 3, and in many particular cases in higher dimension, following a joint work
with Albert Fathi and Ludovic Rifford [67].

To understand the key idea of the proof, let us consider the particular case

1

and without loss of generality let us assume max, V(x) = 0. Then in this case the
Hamilton-Jacobi equation one is interested in becomes

1
§|d$u|2 +V(x)=0

(the value ¢ = 0 is the Mané critical value for the above Hamiltonian), and the pro-
jected Aubry set is the set {V = 0}. As shown in Section 4.2, the key point to show
that the quotient Aubry set is totally disconnected (or small in the sense of the Haus-
dorff dimension) is to prove a sort of Sard-type theorem for critical subsolution of the
Hamilton-Jacobi equation (that is functions u which satisfy 1|d,u|?+V (z) < 0), showing
that the image of the set {V' = 0} under the map u : M — R has zero Lebesgue measure.
Although the function u is only C!, and so the classical Sard theorem cannot be applied,
in this case one has the extra information

|alxu|2 < =2V(x),

and the function V' (z) is smooth by assumption. One can therefore use the regularity of
V' to deduce that u is really “flat” near {V = 0}, and so to deduce the Sard-type result.

5. In Chapter 5, we will develop a theory a la DiPerna-Lions for martingale solutions,
in the sense of Stroock-Varadhan, of stochastic differential equations.

In [56, 4], the authors developed a theory which, roughly speaking, allows to prove
existence and uniqueness in a weak sense for solutions of ordinary differential equations
with nonsmooth coefficients. This theory is bsed on the classical links between the
transport (or the continuity) equation
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and the associated ordinary differential equation

{ X(t,z) =b(t, X(t,))
X(0,z) = x.

What one proves is that, in a suitable sense (see [56, 4, 5] for a precise statement),
existence and uniqueness for the ordinary differential equation hold for almost every
initial condition if, and only if, the partial differential equation is well-posed in L*>. It
was pointed out in [4] that this theory has a probabilistic flavour, and therefore it is very
natural to look for a more general theory concerning stochastic differential equations
whose limit, as the diffusion coefficient tends to 0, should be the DiPerna-Lions theory.

In Section 5.2 we obtain this type of extension [77]: first we study the links between
the Fokker-Planck equation

1 :
8tm + Z @(bl,ut) — 5 Z &j(aij,ut) =0 in [O, T] X Rd, (004)

and the associated stochastic differential equation

dX =b(t, X)dt + o(t,X)dB(t)
{ X(0) = x, (0.0.5)
where a;; := ), 040, The stochastic differential equation is considered in a weak

sense (that of martingale solutions), and we show that existence and uniqueness for
the stochastic differential equation hold for almost every initial condition if and only if
the partial differential equation is well-posed in L™ (again uniqueness for the stochastic
differential equation holds in a more complicated sense). Moreover, a study of the Fokker-
Planck equations from a purely partial differential equation point of view (see Section
5.4) allows to apply the above theory to some important specific cases.

As we already said, all these chapters stem from a series of papers published during
the PhD studies, except some parts of Chapter 1. Indeed, a preliminary version of the
work with Albert Fathi [66] with weaker results was already present in the undergraduate
thesis [73]. Also the work with Cédric Villani [78] and the paper [75] were present in
[73] but we decided to include them in the chapter for a more complete and organic
exposition. We have chosen to leave out, since they are not directly linked with the
thesis’ subject, some other papers written during the PhD studies (see [76] and [1]). A
paper somehow related to optimal transportation, written before the beginning of the
PhD studies, is instead [74].

Regarding notation, we tried to make it as much unified as possible. Nevertheless,
the main specific notation will be introduced chapter by chapter.



Chapter 1

The optimal transportation problem

1.1 Introduction

! The optimal transportation problem we consider in this chapter is the following: given
two probability measures p and v, defined on the measurable spaces X and Y, find a
measurable map 7' : X — Y with

Tip = v, (1.1.1)

and in such a way that 7" minimize the transportation cost, that is

/ c(x,T(z))du(x) = min {/ c(x,S(x))du(x)}.
b's Sap=v | Jx

Here ¢ : X x Y — R is some given cost function, and the minimum is taken over all
measurable maps S : X — Y with Syu = v. When condition (1.1.1) is satisfied, we say
that T is a transport map, and if T minimize also the cost we call it an optimal transport
map.

Even in Euclidean spaces, and the cost ¢ equal to the Euclidean distance or its
square, the problem of the existence of an optimal transport map is far from being
trivial. Due to the strict convexity of the square of the Euclidean distance, the case
c(z,y) = |z — y|? is simpler to deal with than the case c(z,y) = |z — y|. The reader
should consult the books and surveys given above to have a better view of the history
of the subject, in particular Villani’s second book on the subject [133]. However for the
case where the cost is a distance, one should cite at least the work of Sudakov [129],

!This chapter is based on joint works with Albert Fathi [66], Cédric Villani [78], and on the work in
[75).

17
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Evans-Gangbo [60], Feldman-McCann [71], Caffarelli-Feldman-McCann [39], Trudinger-
Wang [130], Ambrosio-Pratelli [13], and Bernard-Buffoni [23]. For the case where the
cost is the square of the Euclidean or of a Riemannian distance, one should cite at least
the work of Knott-Smith [87], Brenier [30], Rachev-Riischendorf [117], Gangbo-McCann
[80], McCann [109], and Bernard-Buffoni [22].

Our work is related to the case where the cost behaves like a square of a Riemannian
distance. It is strongly inspired by the work of Bernard-Buffoni [22]. In fact, we prove the
non-compact version of this last work adapting some techniques that were first used in the
Euclidean case in [11] by Ambrosio, Gigli, and Savaré. We show that the Monge transport
problem can be solved for the square distance on any complete Riemannian manifold
without any assumption on the compactness or curvature, with the usual restriction on
the measures. Most of the arguments in this chapter are well known to specialists, at
least in the compact case, but they have not been put together before and adapted to
the case we treat. Of course, there is a strong intersection with some of the results that
appear in [133]. For the case where the cost behaves like the distance of a complete
non-compact Riemannian manifold, see [74].

We will prove a generalization of the following theorem (see Theorems 1.4.2 and
1.4.3):

Theorem 1.1.1. Suppose that M is a connected complete Riemannian manifold, whose
Riemannian distance is denoted by d. Suppose that r > 1. If u and v are probability
(Borel) measures on M, with p absolutely continuous with respect to Lebesgue measure,
and

/M d'(z,20) du(z) < oo and /M d' (2, ) dv(z) < 00

for some given xy € M, then we can find a transport map T': M — M, with Ty = v,
which is optimal for the cost d” on M x M. Moreover, the map T' is uniquely determined
p-almost everywhere.

We recall that a measure on a smooth manifold is absolutely continuous with respect
to the Lebesgue measure if, when one looks at it in charts, it is absolutely continuous
with respect to Lebesgue measure. Again we note that there is no restriction on the
curvature of M in the theorem above.

The chapter is structured as follows: in Section 1.2 we recall some known results
on the general theory of the optimal transport problem, and we introduce some useful
definitions. Then, in Section 1.3 we will give very general results for the existence and
the uniqueness of optimal transport maps (Theorems 1.3.1 and 1.3.2, and Complement
1.3.4). In Section 1.4 the above results are applied in the case of costs functions coming
from (weak) Tonelli Lagrangians (Theorems 1.4.2 and 1.4.3). In Section 1.5, we study
the so called “dispacement interpolation”, showing a countably Lipschitz regularity for
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the transport map starting from an intermidiate time (Theorem 1.5.2). All the tecnical
results about semi-concave functions and Tonelli Lagrangians used in our proofs are
collected in the appendix at the end of the thesis.

1.2 Background and some definitions

The weak formulation of the transport problem proposed by Kantorovich in [85], [86] is
the following: one looks for plans instead of transport maps, that is probability measures
v in X x Y whose marginals are p and v, and one minimizes

clur) = min [ canarea). (12.1)

(here TI(u,v) denotes the set of plans). If 4 is a minimizer for the Kantorovich formu-
lation, we say that it is an optimal plan. Using weak topologies, it is simple to prove
existence of optimal plans whenever X and Y are Polish spaces and c¢ is lower semicon-
tinuous (see [118], [132, Proposition 2.1} or [133]).

It is well-known that a linear minimization problem with convex constraints, like
(1.2.1), admits a dual formulation. Before stating the duality formula, we make some
definitions similar to that of the weak KAM theory (see [65]):

Definition 1.2.1 (c-subsolution). We say that a pair of functions ¢ : X — RU{+o00},
Y — RU{—o0} is a c-subsolution if

V(z,y) € X xY, (y) —o(x) < c(z,y).

Observe that when ¢ is measurable and bounded below, and (¢, ) is a c-subsolution
with ¢ € L*(u), ¢ € L*(v), then

Vy € T(p, v), /Y@de—/xwdﬂz/Xxy(w(y)—so(ﬂf))dﬂw,y)

< /X y c(z,y) dy(z,y).

If moreover [ . c(x,y)dy < +o0, and

Ay(w(y)—s&(x))dv(%y):/ c(x,y) dy(z,y),

XxY
then one would obtain the following equality:
U(y) — p(x) = c(z,y) for y-ae. (z,y)

(without any measurability or integrability assumptions on (p, ), this is just a formal
computation).



20 1.0. THE OPTIMAL TRANSPORTATION PROBLEM

Definition 1.2.2 (Calibration). Given an optimal plan v, we say that a c-subsolution
(p, ) is (c,7y)-calibrated if ¢ and 1 are Borel measurable, and

$(y) — p(a) = cla,y) for r-ae. (z,y).

Theorem 1.2.3 (Duality formula). Let X and Y be Polish spaces equipped with
probability measures p and v respectively, ¢ : X x Y — R a lower semicontinuous cost
function bounded from below such that the infimum in the Kantorovitch problem (1.2.1)
is finite. Then a transport plan v € Il(u,v) is optimal if and only if there exists a
(¢,7)-calibrated subsolution (p, ).

For a proof of this theorem see [120] and [133, Theorem 5.9 (ii)].

Here we study Monge’s problem on manifolds for a large class of cost functions
induced by Lagrangians like in [22], where the authors consider the case of compact
manifolds. We generalize their result to arbitrary non-compact manifolds.

Following the general scheme of proof, we will first prove a result on more general
costs, see Theorem 1.3.2. In this general result, the fact that the target space for the
Monge transport is a manifold is not necessary. So we will assume that only the source
space (for the Monge transport map) is a manifold.

Let M be an n-dimensional manifold (Hausdorff and with a countable basis), N a
Polish space, ¢ : M x N — R a cost function, p and v two probability measures on M
and N respectively. We want to prove existence and uniqueness of an optimal transport
map 7' : M — N, under some reasonable hypotheses on ¢ and .

One of the conditions on the cost ¢ is given in the following definition:

Definition 1.2.4 (Twist Condition). For a given cost function c¢(z,y), we define the
skew left Legendre transform as the partial map

AL M x N —T*M,

Ar.) = (. 5 (2. )),

whose domain of definition is
; Oc .
D(A,) =4 (z,y) € M X N | %(x,y) exists p .

Moreover, we say that c satisfies the left twist condition if Al is injective on D(AL).
One can define similarly the skew right Legendre transform Al : M x N — T*N by
At(z,y) = (y, g—;(m,y)),. The domain of definition of A is D(AL) = {(z,y) € M x N |

%(x,y) exists}. We say that c satisfies the right twist condition if A is injective on

D(A7)-
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The usefulness of these definitions will be clear in the Section 1.4, in which we will
treat the case where M = N and the cost is induced by a Lagrangian. This condition has
appeared already in the subject. It has been known (explicitly or not) by several people,
among them Gangbo (oral communication) and Villani (see [132, page 90]). It is used in
[22], since it is always satisfied for a cost coming from a Lagrangian, as will see below.
We borrow the terminology “twist condition” from the theory of Dynamical Systems:
ifh:RxR — R, (x,y) — h(z,y) is C?, one says that h satisfies the twist condition

2

if there exists a constant a > 0 such that

> « everywhere. In that case both
oy

maps AL :RXxR — R xR, (z,y) — (z,0h/0z(z,y)) and A} :RXR - R x R, (z,y) —
(y,0h/0y(x,y)) are C! diffeomorphisms. The twist map f : R xR — R x R associated to
h is determined by f(z1,v1) = (22, v2), where vy = —0h/0x(x1,x2),v9 = Oh/Oy(z1, x3),
which means f(x1,v;) = A} o [AL]71(zy, —v1), see [102] or [79)].

We now recall some useful measure-theoretical facts that we will need in the sequel.

Lemma 1.2.5. Let M be an n-dimensional manifold, N be a Polish space, and let
¢: M x N — R be a measurable function such that x — c(z,y) is continuous for any
y € N. Then the set

{(z,9) | %(aj,y) exists} is Borel measurable.
x

Moreover (z,y) — 9¢(x,y) is a Borel function on that set.

Proof. This a standard result in measure theory, we give here just a sketch of the proof.

By the locality of the statement, using charts we can assume M = R". Let T, : R" —
R" be a dense countable family of linear maps. For any 7,k € N, we consider the Borel
function

|c(z + h,y) = cla,y) = Ti(h)|

Ljy(z,y): = sup

Ihe(.}) Al

h.y) — ~ Tu(h
ey by ey T
|h|e(0%),he@n ’h|

where in the second equality we used the continuity of x — ¢(z,y). Then it is not difficult
to show that the set of point where %(:L‘, y) exists can be written as

{(z,y) | infinf Lj (2, y) = 0},

which is clearly a Borel set.
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To show that x +— %(m, y) is Borel, it suffices to note that the partial derivatives

80( - (T, it 3y Ty Y) — Onl T, Ty T Y)
A = m
aﬁL'i Y l—o00 1/£

are countable limits of continuous functions, and hence are Borel measurable. Il

Therefore, by the above lemma, D(A!) is a Borel set. If we moreover assume that ¢
satisfies the left twist condition (that is, AL is injective on D(A')), then one can define

(A1 T*M > AYD(AL)) — D(AY) € M x N.

Then, by the injectivity assumption, one has that AL(D(AL)) is still a Borel set, and
(AL)~! is a Borel map (see [51, Proposition 8.3.5 and Theorem 8.3.7], [70]). We can so
extend (AL)~! as a Borel map on the whole T*M as

v [ (A)Nz.p) if p e TIM N ALD(AL),
A “’m‘{(x,y) ity e T ADD)

where ¢ is an arbitrary point, but fixed point, in N.

1.3 The main result

In order to have general results of existence and uniqueness of transport maps which are
sufficiently flexible to be used also in other situations, and to well show where measure-
theoretic problems enter in the proof of the existence of the transport map, we will
first give a general result where no measures are present (see in the appendix 6.1.3 for
the definition of locally semi-concave function and 6.1.7 for the definition of countably
(n — 1)-Lipschitz set).

Theorem 1.3.1. Let M be a smooth (second countable) manifold, and let N be a Polish
space. Assume that the cost ¢ : M x N — R is Borel measurable, bounded from below,
and satisfies the following conditions:

(i) the family of maps x +— c(z,y) = ¢,(z) is locally semi-concave in x locally uniformly
mnvy,

(ii) the cost c satisfies the left twist condition.

Let (p,) be a c-subsolution, and consider the set G, C M x N given by

Gy = {(,y) € M X N [P(y) — p(z) = (7, )}
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We can find a Borel countably (n—1)-Lipschitz set E C M and a Borel measurable map
T : M — N such that
Gy C Graph(T) U my/ (EB),

where my; : M x N — M is the canonical projection, and Graph(T') = {(z,T(x)) | = €
M} is the graph of T.

In other words, if we define P = my, (G(Wb)) C M the part of G, ) which is above
P\ E is contained a Borel graph.

More precisely, we will prove that there exist an increasing sequence of locally semi-
convex functions ¢, : M — R, with ¢ > ¢,.1 > ¢, on M, and an increasing sequence
of Borel subsets C,, such that

e For z € C,,, the derivative d,p, exists, on11(x) = @n(x), and dyp,i1 = dpipn.

o If we set C' = U, C,,, there exists a Borel countably (n — 1)-Lipschitz set E C M
such that P\ E C C.

Moreover, the Borel map T': M — N is such that

e For every x € C,,, we have
(l’, T(ZL’)) = Alc,i’rw(x, _d$90n>a

where AL is the extension of the inverse of AL defined at the end of Section 1.2.

o Ifx € PNC, \ E, then the partial derivative %(I,T(l’)) exists (i.e. (z,T(x)) €
T

D(AL) ), and
Oc

(@, T(a)) = ~duip.

In particular, if v € PN C, \ E, we have
(2. T() € DAL and ALz, T(x)) = (2 — dupn).
Therefore, thanks to the twist condition, the map T is uniquely defined on P\ E C C.

The existence and uniqueness of a transport map is then a simple consequence of the
above theorem.

Theorem 1.3.2. Let M be a smooth (second countable) manifold, let N be a Polish
space, and consider p and v (Borel) probability measures on M and N respectively.
Assume that the cost ¢ : M x N — R is lower semicontinuous and bounded from below.
Assume moreover that the following conditions hold:
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(i) the family of maps x — c(z,y) = ¢,(z) is locally semi-concave in = locally uniformly
mvy,

(ii) the cost c satisfies the left twist condition,
(iii) the measure u gives zero mass to countably (n — 1)-Lipschitz sets,

(iv) the infimum in the Kantorovitch problem (1.2.1) is finite.

Then there exists a Borel map T : M — N, which is an optimal transport map from
i to v for the cost c. Morover, the map T is unique p-a.e., and any plan 7. € II(u,v)
optimal for the cost c is concentrated on the graph of T'.

More precisely, if (p,1) is a (c,~.)-calibrating pair, with the notation of Theorem
1.3.1, there exists an increasing sequence of Borel subsets B,,, with u(U,B,) = 1, such
that the map T is uniquely defined on B = U, B,, via

dc

a_(va(I)) = _dwgon on Bna
a

and any optimal plan v € II(u,v) is concentrated on the graph of that map T.

We remark that condition (iv) is trivially satisfied if

/M cloy) dula) dvly) <+

However we needed to stated the above theorem in this more general form in order to
apply it in Section 1.5 (see Remark 1.5.3).

Proof of Theorem 1.3.2. Let 7. € II(i,v) be an optimal plan. By Theorem 1.2.3 there
exists a (c,7y)-calibrated pair (¢,). Consider the set

G =G = {(1,y) € M X N [¢(y) = p(z) = c(z,9)}.

Since both M and N are Polish and both maps ¢ and v are Borel, the subset GG is a
Borel subset of M x N. Observe that, by the definition of (¢, 7.)-calibrated pair, we have
7e(G) = L.

By Theorem 1.3.1 there exists a Borel countably (n — 1)-Lipschitz set E such that
G\ (my)"Y(E) is contained in the graph of a Borel map 7. This implies that

B=my (G\(T('M)_I(E)) :WM(G)\ECM

is a Borel set, since it coincides with (Idy, xT)~! (G \ (ma)"}(E)) and the map z
Idy XT'(z) = (x,T(x)) is Borel measurable.
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Thus, recalling that the first marginal of 7. is i, by assumption (iii) we get . ((7y) "' (E)) =
w(E) = 0. Therefore v.(G \ (ma)"'(E)) = 1, so that 7. is concentrated on the graph of
T, which gives the existence of an optimal transport map. Note now that u(B) =
Ye(r7H(B)) > 7.(G \ (mar)"Y(E)) = 1. Therefore u(B) = 1. Since B = P\ E,
where P = m,(G), using the Borel set C,, provided by Theorem 1.3.1, it follows that
B,=PnNnC,\ E=DnNC, is a Borel set with B = U,,B,,. The end of Theorem 1.3.1
shows that T is indeed uniquely defined on B as said in the statement.

Let us now prove the uniqueness of the transport map p-a.e.. If S'is another optimal
transport map, consider the measures vp = (Idy XT')xp and vg = (Idp xS)gp. The
measure 7 = i(yr + vs) € I(u,v) is still an optimal plan, and therefore must be
concentrated on a graph. This implies for instance that S =T p-a.e., and thus 7 is the
unique optimal transport map. Finally, since any optimal v € II(u, v) is concentrated
on a graph, we also deduce that any optimal plan is concentrated on the graph of 7. [

Proof of Theorem 1.3.1. By definition of c-subsolution, we have ¢ > —oo everywhere
on M, and ¢ < 400 everywhere on N. Therefore, if we define W,, = {¢ < n}, we
have W,, C W44, and U,W,, = N. Since, by hypothesis (i), ¢(x,y) = ¢,(x) is locally
semi-concave in x locally uniformly in y, for each y € N there exist a neighborhood V, of
y such that the family of functions (c(-, 2)).ev, is locally uniformly semi-concave. Since
N is separable, there exists a countable family of points (y;)ken such that UyV,, = N.
We now consider the sequence of subsets (V},),en C N defined as

Vi = Wo N (Ui<k<nVy, ) -

We have V,, C V,,.1. Define ¢, : M — N by

pn(r) = sup P(y) — c(z,y) = max < sup  P(y) — c(w, y))-
yEVn SEEN AyeWnnVy,

Since ¥ < n on K,, and —c is bounded from above, we see that ¢, is bounded from
above. Therefore, by hypothesis (i), the family of functions (¢(y) — (-, y))yew.nv,,
is locally uniformly semi-convex and bounded from above. Thus, by Theorem 6.1.4

and Proposition 6.1.11 of the Appendix, the function ¢, is locally semi-convex. Since
Y(y) — p(x) < c(x,y) with equality on Gy, ), and V,, C V41, we clearly have

On < @ny1 < @ everywhere on M.

A key observation is now the following:

¢lp, = Pnlp,
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where P, = mp (G N (M x V,,)). In fact, if € P,, by the definition of P, we know
that there exists a point y, € V,, such that (x,y,) € G,). By the definition of G, ),
this implies
p(r) = YY) — e, y2) < pn(2) < ().

Since ¢, is locally semi-convex, by Theorem 6.1.8 of the Appendix applied to —,, it
is differentiable on a Borel subset F,, such that its complement F is a Borel countably
(n — 1)-Lipschitz set. Let us then define F' = N, F,,. The complement F = F° = U, F¢
is also a Borel countably (n — 1)-Lipschitz set. We now define the Borel set

C,=Fn{xeM|p(z)=pn(r) Yk >n}.

We observe that C,, D P, N F.

We now prove that G, N ((P, N F) x V},) is contained in a graph.

To prove this assertion, fix z € P, N F'. By the definition of P,, and what we said
above, there exists y, € V,, such that

p(x) = ¢n(r) = ¥(Yz) = c(z,ys).

Since = € F, the map z — ¢,(z) — ¥(y,) is differentiable at x. Moreover, by condition

(i), the map z — —c(z,y.,) = —¢,, (2) is locally semi-convex and, by the definition of ¢,

for every z € M, we have ¢, (2) — ¥(y,) > —c(z,y.), with equality at z = . These facts

taken together imply that a—c(x, y.) exists and is equal to —d,p,. In fact, working in a
x

chart around z, since ¢,, = ¢(+,y,) is locally semi-concave, by the definition 6.1.3 of a
locally semi-concave function, there exists linear map [, such that

C(Za ya:) S C(%%) + lx(Z — $) + 0(|Z — ZED,
for z in a neighborhood of x. Using also that ¢, is differentiable at z, we get

on(T) = (Ye) + dopn(z — ) + 0|2 — 2|) = @n(2) — ¥ (Ya)
> —c(2,yx) 2 —c(,y2) — le(2 — ) + o(|z — |)
= on(®) = (Ya) = le(z — ) + 0(]2 — 2|).

This implies that . = —d,¢,, and that c,, is differentiable at x with differential at z
equal to —d,p,. Setting now G, = {y € N | p(x) — ¢ (y) = ¢(z,y)}, we have just shown

that {x} x (G, NV,) C D(AL) for each x € C,, and also a—c(m,y) = —d,pp, for every
T

y € G, N'V,. Recalling now that that, by hypothesis (ii), the cost ¢ satisfies the left
twist condition, we obtain that G, NV, is reduced to a single element which is uniquely

characterized by the equality
dc ( ) J
7\ Yz) = —AzxPn-
am Y y QD
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So we have proved that G N (M x V,) is the graph over P, N F of the map T defined
uniquely, thanks to the left twist condition, by

Oc

(observe that, since @,, < ¢y for £ > n with equality on P,, we have d,¢,|p, = d.¢k|p,
for k > n). Since P,4q1 D P,, and V,, C V41 /" N, we can conclude that G,y is a
graph over U, P, N F = PN F (where P = 7y (G ) = UnPy).

Observe that, at the moment, we do not know that 7" is a Borel map, since P, is not
a priori Borel. Note first that by definition of B, C B,;1, we ¢, = ¢,.1 on B,, and
they are both differentiable at every point of B,,. Since ¢, < ¢,41 everywhere, by the

same argument as above we get d,p, = d,p,+1 for x € B,,. Thus, setting B = U, B,,
we can extend 71" to M by

[ anAY™(z,—dyp,) on By,
T(“’)_{g on M\ B,

where Ty : M x N — N is the canonical projection, AL is the Borel extension of
(AL)~! defined after Lemma 1.2.5, and 7 is an arbitrary but fixed point in N. Obviously,
the map 7' thus defined is Borel measurable and extends the map T already defined on
P\ E. O

In the case where p is absolutely continuous with respect to Lebesgue measure we
can give a complement to our main theorem. In order to state it, we need the following
definition, see [11, Definition 5.5.1, page 129]:

Definition 1.3.3 (Approximate differential). We say that f : M — R has an
approximate differential at x € M if there exists a function h : M — R differentiable at
x such that the set {f = h} has density 1 at = with respect to the Lebesgue measure
(this just means that the density is 1 in charts). In this case, the approximate value of
f at z is defined as f(x) = h(x), and the approximate differential of f at z is defined
as Jx f = d,h. Tt is not difficult to show that this definition makes sense. In fact, both
h(z), and d,h do not depend on the choice of h, provided z is a density point of the set

{f =h}.

Another characterization of the approximate value f (x), and of the approximate
differential d, f is given, in charts, saying that the sets

{y W) = @)~ defly o) }

ly — |
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have density 0 at « for each ¢ > 0 with respect to Lebesgue measure. This last definition
is the one systematically used in [70]. On the other hand, for our purpose, Definition
1.3.3 is more convenient.

The set points x € M where the approximate derivative dy f exists is measurable;
moreover, the map z — d, f is also measurable, see [70, Theorem 3.1.4, page 214].

Complement 1.3.4. Under the hypothesis of Theorem 1.3.2, if we assume that p is
absolutely continuous with respect to Lebesgue measure (this is stronger than condition
(iii) of Theorem 1.3.2), then for any calibrated pair (¢,), the function ¢ is approxi-
matively differentiable p-a.e., and the optimal transport map T is uniquely determined
p-a.e., thanks to the twist condition, by

Oc ~

%(xﬂ T(ZE)) = —dzp,

where chp is the approximate differential of ¢ at x. Moreover, there exists a Borel
subset A C M of full ;@ measure such that d,p exists on A, the map x — d,p is Borel

measurable on A, and %(m, T(x)) exists for z € A (i.e. (x,T(z)) € D(AL)).
x

Proof. We will use the notation and the proof of Theorems 1.3.1 and 1.3.2. We denote
by A, C B, the set of z € B,, which are density points for B, with respect to some
measure A whose measure class in charts is that of Lebesgue (for example one can take A
as the Riemannian measure associated to a Riemannian metric). By Lebesgue’s Density
Theorem A(B, \ A,) = 0. Since y is absolutely continuous with respect to Lebesgue
measure, we have u(A,) = u(B,), and therefore A = U, A, is of full g-measure, since
w(B,) /" n(B) = 1. Moreover, since {¢ = ¢,} on B,, and ¢, is differentiable at each
point of B, the function ¢ is approximatively differentiable at each point of A, with

The last part of this complement on measurability follows of course from [70, Theorem
3.1.4, page 214]. But in this case, we can give a direct simple proof. We choose A,, C A,
Borel measurable with /L(fln\An) =0. Weset A =U,A,. The set A is of full u measure.
Moreover, for every x € A,,, the approximate differential cixgp exists and is equal to d,,.
Thus it suffices to show that the map = — d,y, is Borel measurable, and this follows as
in Lemma 1.2.5. O

1.4 Costs obtained from Lagrangians

Now that we have proved Theorem 1.3.2, we want to observe that the hypotheses are
satisfied by a large class of cost functions.
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We will consider first the case of a Tonelli Lagrangian L on a connected manifold (see
Definition 6.2.4 of the Appendix for the definition of a Tonelli Lagrangian). For ¢ > 0,
the cost ¢;, : M x M — R associated to L is given by

t
cualeg) = int [ L(5),3(5)) ds.
0
where the infimum is taken over all the continuous piecewise C! curves v : [0,¢] — M,

with 7(0) = z, and y(t) = y (see Definition 6.2.18 of the Appendix).

Proposition 1.4.1. If L : TM — R is a Tonelli Lagrangian on the connected manifold
M, then, for t > 0, the cost ¢, : M x M — R associated to the Lagrangian L is
continuous, bounded from below, and satisfies conditions (i) and (ii) of Theorem 1.3.2.

Proof. Since L is a Tonelli Lagrangian, observe that L is bounded below by C', where C'is
the constant given in condition (c¢) of Definition 6.2.4. Hence the cost ¢ 1, is bounded be-
low by tC'. By Theorem 6.2.19 of the Appendix, the cost ¢, is locally semi-concave, and
therefore continuous. Moreover, we can now apply Proposition 6.1.17 of the Appendix
to conclude that ¢, satisfies condition (i) of Theorem 1.3.2.

The twist condition (ii) of Theorem 1.3.2 for ¢ follows from Lemma 6.2.22 and
Proposition 6.2.23. O

For costs coming from Tonelli Lagrangians, we subsume the application of the main
Theorem 1.3.2; and its Complement 1.3.4.

Theorem 1.4.2. Let L be a Tonelli Lagrangian on the connected manifold M. Fixt > 0,
W, v a pair of probability measure on M, with j giving measure zero to countably (n—1)-
Lipschitz sets, and assume that the infimum in the Kantorovitch problem (1.2.1) with
cost ¢, 1, is finite. Then there exists a uniquely p-almost everywhere defined transport
map T : M — M from p to v which is optimal for the cost ¢; . Moreover, any plan
v € II(u, v), which is optimal for the cost ¢, verifies y(Graph(T)) = 1.

If p is absolutely continuous with respect to Lebesgue measure, and (¢,1)) is a ¢y -
calibrated subsolution for (u,v), then we can find a Borel set B of full u measure, such
that the approximate differential d,o of ¢ at x is defined for x € B, the map x — dyp
is Borel measurable on B, and the transport map T is defined on B (hence p-almost
everywhere) by .

T(x) = 7¢/ (z, dutp),
where 7 : T*M — M is the canonical projection, and ¢! is the Hamiltonian flow of the
Hamiltonian H associated to L.

We can also give the following description for T' valid on B (hence p-almost every-

where):

T(x) = nok(z, grad, (¢)),
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— L
where ¢ is the Euler-Lagrange flow of L, and x — grad, () is the measurable vector

field on M defined on B by

oL — L
S grad, () = dog.

Moreover, for every x € B, there is a unique L-minimizer ~y : [0,t] — M, with v(0) =

— L
x,7v(t) = T(z), and this curve v is given by v(s) = n¢L(x, grad, (¢)), for 0 < s < t.

Proof. The first part is a consequence of Proposition 1.4.1 and Theorem 1.3.2. When p
is absolutely continuous with respect to Lebesgue measure, we can apply Complement
1.3.4 to obtain a Borel subset A C M of full ;1 measure such that, for every x € A, we
have (z,T(z)) € D(A! ) and

Ct,L

act,L 3
a—x(xaT@j)) - dw(»p~

By Lemma 6.2.22 and Proposition 6.2.23, if (z,y) € D(AlCt’L), then there is a unique
L-minimizer v : [0,t] — M, with v(0) = z,7v(¢) = y, and this minimizer is of the form
v(s) = wpk(x,v), where m : TM — M is the canonical projection, and v € T, M is
uniquely determined by the equation

8Ct’L . oL
E(xay) - _811 (.’L',’U)-

— L —— L
Therefore T'(x) = nok (x, grad, (¢)), where grad, () is uniquely determined by

(9L — L aCt’L

%(w,gradx(go)) =~ (z,T(x)) = dxp,

which is precisely the second description of T'. The first description of T follows from
the second one, once we observe that

— L oL — L
Z(z, grad, () = (z, (2, grad, (¢)) = (2, dzp)
o = Looto s
™o ¥ =m,
where .Z : TM — T*M is the global Legendre Transform, see Definition 6.2.8 of the
Appendix. n

We now turn to the proof of Theorem 1.1.1, which is not a consequence of Theorem
1.4.2 since the cost d” with r > 1 does not come from a Tonelli Lagrangian for r # 2.
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Theorem 1.4.3. Suppose that the connected manifold M is endowed with a Riemannian
metric g which is complete. Denote by d the Riemannian distance. If r > 1, and 1 and v
are probability (Borel) measures on M, where i gives measure zero to countably (n—1)-
Lipschitz sets, and

/M d'(z, 20) du(z) < 0o and /M d' (z, w0) dv(z) < 00

for some given xy € M, then we can find a transport map T : M — M, with Ty = v,
which is optimal for the cost d” on M x M. Moreover, the map T' is uniquely determined
pu-almost everywhere.

If u is absolutely continuous with respect to Lebesgue measure, and (p,) is a cali-
brated subsolution for the cost d"(x,y) and the pair of measures (p,v), then the approx-
imate differential czmgo of ¢ at x is defined p-almost everywhere, and the transport map
T is defined u-almost everywhere by

Vap
r1/(r—1)||@m§0||(xr—2)/(r—1)

T(x) = exp,( ),

where the approximate Riemannian gradient Vo of ¢ is defined by

gx(@;,;go, ) = dz@a

and exp : TM — M is the exponential map of g on T'M , which is globally defined since
M is complete.

Proof. We first remark that

d"(x,y) < [d(x, z0) + d(z0,y)]"

<l[d
< [2max(d(z, x¢), d(xo,y))]"
< 2"d(z, z0)" + d(y, z0)"].

Therefore

/M N d"(x, y) du(x)dv(y) < 2"[d(, 20)" + d(y, x0)"] du(x)dv (y)

MxM

= 2”/Md (x, o) dp(x )+2r/ﬂ4dr(y,x0)du(y) < 00,

and thus the infimum in the Kantorovitch problem (1.2.1) with cost d" is finite.
By Example 6.2.5, the Lagrangian L, ,(z,v) = [[v||’ = g.(v,v)"/? is a weak Tonelli
Lagrangian. By Proposition 6.2.24, the non-negative and continuous cost d’(x,y) is
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precisely the cost ¢y, . Therefore this cost is locally semi-concave by Theorem 6.2.19.
By Proposition 6.1.17, this implies that d"(z,y) satisfies condition (i) of Theorem 1.3.2.
The fact that the cost d"(z,y) satisfies the left twist condition (ii) of Theorem 1.3.2
follows from Proposition 6.2.24. Therefore there is an optimal transport map 7.

If the measure p is absolutely continuous with respect to Lebesgue measure, and
(p, 1) is a calibrated subsolution for the cost d"(z,y) and the pair of measures (p,v),
then by Complement 1.3.4, for p-almost every x, we have (z,7T(z)) € D(Afﬁmrg)’ and

0 -
T (0, T(x)) = ~dog.
Since (x,T'(x)) is in D(AL . ), it follows from Proposition 6.2.24 that T'(z) = w¢{(x,v,),
where 7 : TM — M is the canonical projection, the flow ¢{ is the geodesic flow of g on
TM, and v, € T, M is determined by

86,5,,—%9

W@j(@) =5, (,v2),

or, given the equality above, by

L ~
8859 (x,v,) = dyip.

Now the vertical derivative of L, 4 is computed in Example 6.2.5

L, _
905 (0, 0) = ol g0, )

Hence v, € T, M is determined by
7’|’Ux‘|;7291(7]9:7 )= CZzSO = gz(@x% )
This gives the equality )
r||vx||;_2vx = V.(p),

from which we easily get

P
r1/(r=1) H@:C(pug—?)/(r—l) '

Therefore

T Valp
’ r1/(r71)”@x(pugﬂ)/(rfl)

).

By definition of the exponential map exp : TM — M, we have exp,(v) = 7] (z,v), and
the formula for T'(x) follows. O
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1.5 The interpolation and its absolute continuity

For a cost ¢;; coming from a Tonelli Lagrangian L, Theorem 1.4.2 shows not only that
we have an optimal transport map 7" but also that this map is obtained by following
an extremal for time ¢. We can therefore interpolate the optimal transport by maps T}
where we stop at intermediary times s € [0,¢]. We will show in this section that these
maps are also optimal transport maps for costs coming from the same Lagrangian. Let
us give now precise definitions.

For the sequel of this section, we consider L a Tonelli Lagrangian on the connected
manifold M. We fix t > 0 and po and p; two probability measures on M, with pyg
absolutely continuous with respect to Lebesgue measure, and such that

min {/ cn(z,y) dv(x,y)} < +00.
yEII(po,pet) MxM

We call T; the optimal transport map given by Theorem 1.4.2 for (¢ 1, po, pt¢). We denote
by (p,1) a fixed (¢, 1,7:)-calibrated pair. Therefore v, = (Idy XT}) 40 is the unique
optimal plan from pg to ;. By Theorem 1.4.2; we can find a Borel subset B C M such
that:

e the subset B is of full yy measure;

e the approximate ddifferential cirgo exists for every x € B, and is Borel measurable
on B;

e the map 7; is defined at every x € B, and we have

Ty(x) = 7oL (z, grad, (),

where ¢} is the Euler-Lagrange flow of L, 7 : TM — M is the canonical projection,

— L
and the Lagrangian approximate gradient x — grad, (¢)) is defined by

O o grad (0) = o

oc
e for every x € B, the partial derivative — (z,T;(z)) exists, and is uniquely defined

ox
by
Oc ~

(o, Ti) = ~doy
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e for every z € B there exists a unique L-minimizer v, : [0,t] — M between = and
Ti(x). This L-minimizer v, is given by

Vs € 0.1], () = mék(x, grad, (0));
e for every x € B, we have
U(Ti(x)) — p(z) = cro(z, Ti(x)).

We now make the following important remark, that we will need also in the sequel:

Remark 1.5.1. We observe that, for pg-a.e. x, there exists an unique curve from z to
Ti(x) that minimizes the action. In fact, since %(m, y) exists at y = Ty(z) for pe-a.e. z,
the twist conditions proved in Section 1.4 tells us that its velocity at time 0 is pp-a.e.
univocally determined.

For s € [0,t], we can therefore define ug-a.e. an interpolation Ty : M — M by

Ve B, Ty(x)=a(s) = 16" (x, grad ().

Each map Ty is Borel measurable. In fact, since the global Legendre transform is a
homeomorphism and the approximate differential is Borel measurable, the Lagrangian

approximate gradient g;;dL(go) is itself Borel measurable. Moreover the map w¢l :
TM — M is continuous, and thus 7T} is Borel measurable. We can therefore define the
probability measure pgs = Tsyupo on M, i.e. the measure p is the image of o under the
Borel measurable map 7.

Theorem 1.5.2. Under the hypothesises above, the maps T, satisfies the following
properties:

(i) Forevery s € (0,t), the map Ty is the (unique) optimal transport maps for the cost
¢s,r, and the pair of measures (f19, fts)-

(ii) For every s € (0,t), the map Ty : B — M is injective. Moreover, if we define
Cs.r.(x,y) = cs.1(y, ), the inverse map T, ' : T,(B) — B is the (unique) optimal
transport map for the cost ¢, and the pair of measures (us, jto), and it is count-
ably Lipschitz (i.e. there exist a Borel countable partition of M such that T, ' is
Lipschitz on each set).

(iii) For every s € (0,t), the measure 1, = Ty is absolutely continuous with respect
to Lebesgue measure.
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(iv) For every s € (0,t), the composition T, = T;T;" is the (unique) optimal trans-

port map for the cost ¢, 1, and the pair of measures (ps, pit), and it is countably
Lipschitz.

Proof. Fix s € (0,t). It is not difficult to see, from the definition of ¢ 1, that
any,Z € M7 Ct,L(xvy) < cS,L(‘T?y) +Ct—S,L(y7’Z>7 (151)
and even that

VZL', S Ma Ct,l(xa y) = lél]\fg CS,L(x7 y) + Ct—s,L(yv Z)
)

If v : [a,b] — M is an L-minimizer, the restriction |4 to a subinterval [c,d] C [a, b] is
also an L-minimizer. In particular, we obtain

Vs €la,b], cpar(v(a),(b)) = csar(y(a),¥(s)) + cp-sr(v(s),7(D)).
Applying this to the L-minimizer ,, we get
Vee B, crn(x,Ti(x)) =csp(z,Ts(x)) + ctos0(Ts(x), Te(x)). (1.5.2)
We define for every s € (0,t), two probability measures 7,,9s on M x M, by
Vs = (Idn XTy) o and s = (TyxT}) g o,

where Idy; x T and T, x T} are the maps from the subset B of full 1o measure to M x M
defined by

(Idy xT3)(2) = (, Ts(2)),
(TxTi)(x) = (To(), Ti(2)).

Note that the marginals of v are (uo, i15), and those of 45 are (us, p1r). We claim that
¢s..(z,y) is integrable for v, and 4;—s. In fact, we have C' = infry, L > —oo, hence
¢r.r, > Cr. Therefore, the equality (1.5.2) gives

Ve e B, [en(z,Ti(x)) — Ct] = [cs.n(2, Ts(x)) — Cs] + [ci—s,0(Ts(2), Ti(z)) — C(t — s)].

Since the functions between brackets are all non-negative, we can integrate this equality
with respect to g to obtain

/MxM[ct,L(x, y) — Ct]dvy, = / les1(x,y) — Cs) dn,

MxM

+ /M M[Ct_s’L(x7 y) — C(t — s)] dAs.
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But all numbers involved in the equality above are non-negative, all measures are proba-
bility measures, and the cost ¢, 1, is y; integrable since +; is an optimal plan for (¢ 1, o, f1¢),
and the optimal cost of (¢t 1, fto, pie) is finite. Therefore we obtain that ¢, , is ys-integrable,
and ¢, 1, is Ys-integrable.
Since by definition of a calibrating pair we have ¢ > —oco and 1 < +00 everywhere
on M, we can find an increasing sequence of compact subsets K, C M with U, K,, = M,
and we consider V,, = K, N {p > —n}, V! = K,, N {¢ <n}, so that U,V,, = U,V = M.
We define the functions ¢,y : M — R by
¥i(2) = inf o(2) + (2, 2),
©5(2) = sup ¥(2) — cr—s,1(2, 2),
zevy
where (p,) is the fixed ¢; -calibrated pair. Note that ¢ is bounded from below by
—n+tinfry L > —oo. Moreover, the family of functions (¢(Z) + ¢ (2, -))zev; is locally
uniformly semi-concave with a linear modulus, since this is the case for the family of
functions (cs,1(Z,-))zevs, by Theorem 6.2.19 and Proposition 6.1.17. It follows from
Proposition 6.1.16 that 7 is semi-concave with a linear modulus. A similar argument
proves that —¢? is semi-concave with a linear modulus. Note also that, since V,, and V!
are both increasing sequences, we have ¢ > "1 and "™ < ¢" for every n. Therefore

we can define @ (resp. 1)) as the pointwise limit of the sequence 7
Using the fact that (p, ) is a ¢; -subsolution, and inequality (1.5.1) above, we obtain

\V/ZE, Y,z € M7 ¢(y) - Ct—s,L(Z7y) S 90(1') + CS,L(:L‘a Z)
Therefore we obtain for x € V,,,y € V! 2z € M

() = s (2,4) < 0L(2) < s(2) S ul2) S PL(2) < l@) +eap(z,2). (1.5.3)
Inequality (1.5.3) above yields

Ve,y,z€ M, Y(y) — a—si(2,9) < @s(2) <s(2) < () + ¢ n(x, 2). (1.5.4)

In particular, the pair (p,1s) is a c¢s-subsolution, and the pair (¢s,9) is a ¢_g -
subsolution. Moreover, ¢, 1, ¢ and 1 are all Borel measurable.
We now define

B,=BnV,nT; V),
so that U, B, = B has full yy-measure.
If © € B,, it satisfies z € V,, and Ti(z) € V. From Inequality (1.5.3) above, we
obtain
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Since B,, C B, for x € B, we have {(T}(z)) — ¢(x) = ¢;r(x,Ti(x)). Combining this
with Equality (1.5.2), we conclude that the two extreme terms in the inequality above
are equal. Hence, for every x € B,,, we have

@/}(T%(.l’)) - Ct—s,L(Ts(x)aT;f(x)) = @Z(TS(I)) = @S(Ts(x))
§(Ts(2) = o(x) + ¢ p (2, To(x)). (1.5.5)

I
V2l
=
N
I
<

In particular, we get
Ve e B, s(T(x)) = () + ¢s,0(x, Tu(x)),

or equivalently
Ys(y) — p(z) = cs p(x,y) for ys-ae. (z,y).

Since (¢, s) is a (Borel) ¢, r-subsolution, it follows that the pair (p,;) is (csr,7s)-
calibrated. Therefore, by Theorem 1.2.3 we get that v, = (Idas XT%) g0 is an optimal
plan for (csp, o, fts). Moreover, since ¢, 1, is 7s-integrable, the infimum in the Kan-
torovitch problem (1.2.1) in Theorem 1.3.2 with cost ¢, 1, is finite, and therefore there
exists a unique optimal transport plan. This proves (i).

Note for further reference that a similar argument, using the equality

Ve € B, (Ti(x)) = ¢s(Ts(x)) + ci—s,. (Ts(x), Ty(2)),

which follows from Equation (1.5.5) above, shows that the measure 4, = (T, XT})4po 18
an optimal plan for the cost ¢;_s 1, and the pair of measures (fis, fit).

We now want to prove (ii). Since B is the increasing union of B, = BNV, NT; *(V}),
it suffices to prove that T} is injective on B,, and that the restriction T*1|T( B,) is locally
Lipschitz on Tx(B,,).

Since B,, C V,, by Inequality (1.5.3) above we have

Vo € By, Vy € M,  ¢J(y) < v7(y) < o(x) + s nlz, y). (1.5.6)
Moreover, by Equality (1.5.5) above
Ve € By, ¢i(Tu(x)) = Y(Tu(x)) = (2) + cor(x, Ti(x)). (1.5.7)

In particular, we have ¢ < ¢” everywhere with equality at every point of Ts(B,,). As
we have said above, both functions ¢! and —¢” are locally semi-concave with a linear
modulus. It follows, from Theorem 6.1.19, that both derivatives d,p?,d.97 exist and
are equal for z € Ts(B,). Moreover, the map z — d ¢ = d,? is locally Lipschitz on
Ts(B,). Note that we also get from (1.5.6) and (1.5.7) above that for a fixed x € B, we
have ¢ < p(z) + ¢5 1(x,-) everywhere with equality at Ts(x). Since ¢, is semi-convex,
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using that ¢ 1 (z, ) is semi-concave, again by Theorem 6.1.19, we obtain that the partial
acva

Ay
to dr,)¢? = drm¥?. Since v, : [0,t] — M is an L-minimizer with v,(0) = x and
Yx(8) = Ty(z), it follows from Corollary 6.2.20 that

dc, oL ,
e = 5o 1) = 5 (a(6) An(5))

derivative (x,Ts(z)) of ¢, with respect to the second variable exists and is equal

Since v, is an L-minimizer, its speed curve is an orbit of the Euler-Lagrange flow, and
therefore

(To(@), dr,@y¥y) = Z((7(5), % () = L6 (1:(0), 7.(0)),
and
v = n¢t LT (2), dry@)¥s)-
It follows that T is injective on B, with inverse given by the map 0, : T4(B,) — B,
defined, for z € Tx(B,,), by

On(2) = mo1 L7 (2, d07).

Note that the map 6, is locally Lipschitz on T5(B,), since this is the case for z —
d.y", and both maps ¢~ , £ ! are C!, since L is a Tonelli Lagrangian. An analogous
argument proves the countably Lipschitz regularity of 7, = T,75" in part (iv). Finally
the optimality of T, ! simply follows from

win ([ cstenf= min {[  cuepaean)
~YEI (s, o) MxM YEII (1o, s ) MxM
=/%A%Q@Mm@
M

:Afw@ﬂ%wm%@.

Part (iii) of the Theorem follows from part (ii). In fact, if A C M is Lebesgue neg-
ligible, the image T, '(Ts(B) N A) is also Lebesgue negligible, since T, ' is countably
Lipschitz on T(B), and therefore sends Lebesgue negligible subsets to Lebesgue neg-
ligible subsets. It remains to note, using that B is of full pg-measure, that p,(A) =
TS#/"L()(A) = MO(Tsil(TS(B) N A)) = 0. 5

To prove part (iv), we already know that 4, = (75 xT})xuo is an optimal plan for the
cost ¢;—s 1, and the measures (ps, p). Since the Borel set B is of full po-measure, and
T, : B — Ty(B) is a bijective Borel measurable map, we obtain that 7%, ! is a Borel map,

and pg = Tsius. It follows that

’3’5 = (IdM >~<T;5Ts_1)#,us-
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Therefore the composition T; T, ! is an optimal transport map for the cost ¢;_, 1, and the
pair of measures (us, it¢), and it is the unique one since ¢;_, 1, is Js-integrable and p is
absolutely continuous with respect to the Lebesgue measure. Il

Remark 1.5.3. We observe that, in proving the uniqueness statement in parts (i) and
(iv) of the above theorem, we needed the full generality of Theorem 1.4.2; in which we
only assume that the infimum in the Kantorovitch problem is finite. Indeed, assuming

/ o () dpio () dpn () < +00,
MxM

there is a priori no reason for which the two integrals

/M caalny) duofa)di ), /M e o9) d5) )

would have to be finite. So the existence and uniqueness of a transport map in Theorem
1.3.2 under the integrability assumption on ¢ with respect to u® v instead of assumption
(iv) would not have been enough to obtain Theorem 1.5.2.

Remark 1.5.4. We remark that, if both p and p; are not assumed to be absolutely
continuous, and therefore no optimal transport map necessarily exists, one can still define
an “optimal” interpolation (us)o<s<¢ between py and u; using some measurable selection
theorem (see [133, Chapter 7]). Then, adapting our proof, one still obtains that, for any
s € (0,1), there exists a unique optimal transport map Sy for (Gs ., iis, to) (resp. a unique
optimal transport map S, for (Ct—s,L, fbss 1)), and this map is countably Lipschitz.

We also observe that, if the manifold is compact, our proof shows that the above
maps are globally Lipschitz (see [22]).

1.6 The Wasserstein space W,

Let (M, g) be a smooth complete Riemannian manifold, equipped with its geodesic dis-
tance d and its volume measure vol. We denote with P»(M) the set of probability
measures on M with finite 2-order moment, that is

/ d*(z, o) du(z) < +oo  for a certain zy € M.
M

We remark that, by the triangle inequality for d, the definition does not depends on the
point zy. The space Po(M) can be endowed of the so called Wasserstein distance Wh:

W3 (o, ) := _ min {/MdeQ(fv,y)dv(x,y)}-

YEI(pt0,p1)
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The quantity W5 will be called the Wasserstein distance of order 2 between pg and ;.
It is well-known that it defines a finite metric on P»(M), and so one can speak about
geodesic in the metric space (P, W5). This space turns out, indeed, to be a length space
(see for example [132], [133]). We denote with P§¢(M) the subset of Po(M) that consists
of the Borel probability measures on M that are absolutely continuous with respect to
vol.

By all the result proved before, it is simple to prove the following:

Proposition 1.6.1. Py°(M) is a geodesically conver subset of Po(M). Moreover, if
o, 1 € Py¢(M), then there is a unique Wasserstein geodesic { i }icj0,1) joining pio to p,
which is given by .

pe = (T)gpto := (exp[tVep])spuo,
where T(x) = exp, [V is the unique transport map from g to py which is optimal for
the cost $d*(x,y) (and so also optimal for the cost d*(x,y)). Moreover:

1. T, is the unique optimal transport map from g to u for all t € [0,1];

2. T, the unique optimal transport map from p, to uo for all t € [0,1] (and, if
t €10,1), it is locally Lipschitz);

3. T oT; ! the unique optimal transport map from py, to py for all t € [0,1] (and, if
t € (0,1], it is locally Lipschitz).

Since we know that the transport is unique, the proof is quite standard. However,

for completeness, we give all the details.

Proof.  Let {1}icpo1) be a Wasserstein geodesic joining g to py. Fix ¢ € (0,1), and
let v, (resp. 4;) be an optimal transport plan between po and p; (resp. p; and py) (in
effect, we know that -, is a graph and it is unique, but we will not use this fact). We
now define the probability measure on M x M x M

Nlda, dy, dz) = / ©u(dely) x 3u(dz]y) dia(y),
M

where v, (dz,dy) = [y, ve(dzly) du(y) and Y(dy, dz) = [y, (dzly) dp(y) are the disin-
tegrations of v, and 4; with respect to u;. Then, if we define

~ 1,3
Y= A

it is simple to check that 4; is a transport plan from g to p;. Now, since {Nt}te[o,l] is a
geodesic, we have that

Wa(po, 1) ||d($a2)||L2(%,MxM) = ||d(z, Z)||L2(At,MxMxM)
||d($a y)||L2(/\t,M><M><M) + IId(y, Z)||L2()\t,M><M><M)
d(z, y)[| L2y pr5can) + 1A(Y; 2) || 225000 x 1)

= Walpo, ) + Walpe, p1) = Walpo, pi1)-

(1.6.1)
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This proves that 7; is an optimal transport plan between g and gy, which implies that
A is supported on the graph of T. Moreover, since in (1.6.1) all the inequalities are
indeed equalities, we get that

d(z,z) =d(z,y) + d(y,z) for \a.e. (z,y,2) € M x M x M

that is, y is on a geodesic from z to z. Moreover, since Wy (g, pt1) = tWa(po, f11), we also
have

d(z,y) =td(z,2), dy,z)=(1—t)d(z,z) for M-a.e. (x,y,2) € M x M x M.

Since, by Remark 1.5.1, the geodesic from z to T'(z) is unique for pg-a.e. x, we conclude
that A is concentrated on the subset {(z,Ti(x), T(2)) }zesupp(uo)» Which implies that p, =
(T})sp00. Moreover we see that p, == (1})sp0 € Py¢(M). In fact,

/M 02z, o) dpiy () = / 2 (Ty(x), o) dyio ()

<2 [ [0 + E @ T0)] duola)

IN

) /M [z, 20) + (2, T(x))] dpola)

4/M [d*(, 20) + d*(z0, T(z))] dpo(x)

IA

—4 /M &, 20) dpolz) + 4 /M (0, y) dpn () < +oo,

and the result in Section 1.5 tells us that p, is absolutely continuous. Using the notation
of Section 1.4, we have

=t [ O ds = g
cl(x,y) = in —17() |55y ds = —=d*(z,y).
why Y(0)=z, v(t)=y Jo 2 T s 2t Y

Since T} and T;" are optimal for the cost function %dz(x, y), and T o T, " is optimal for
the cost function ﬁd%x, y), we get that T}, T, * and T o T, " are optimal also for the

cost d*(z,y). O
The above result tells us that also (Ps¢(M), W) is a length space.

1.6.1 Regularity, concavity estimate and a displacement con-
vexity result

We now consider the cost function ¢(z,y) = 1d?(z,y). Let p, v € P*(M) with Wa(p, v) <
+00, and let us denote with f and g their respective densities with respect to vol. Let

T(x) = exp,[Vay]
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be the unique optimal transport map from pu to v.

We recall that locally semi-convex (or semi-concave) functions with linear modulus
admit vol-a.e. a second order Taylor expansion (see [16], [50]). Let us recall the definition
of approximate hessian.

Definition 1.6.2 (approximate hessian). We say that f : M — R"™ has a approzimate
hessian at x € M if there exists a function h : M — R such that the set {f = h} has
density 1 at x with respect to the Lebesgue measure and h admits a second order Taylor
expansion at x, that is, there exists a self-adjoint operator H : T, M — T, M such that

(exp, w) = h(x) + (Vah,w) + 5w, w) +of ).

In this case the approximate hessian is defined as @i f=H.

As in the case of the approximate differential, it is not difficult to show that this
definition makes sense.

Observing that d?(x,y) is locally semi-concave with linear modulus (see [66, Ap-
pendix]), we get that ¢, is locally semi-convex with linear modulus for each n. Thus we
can define p-a.e. an approximate hessian for ¢ (see Definition 1.6.2):

@igp =V2p, forzecA,NE,,

where A, was defined in the proof of Complement 1.3.4, E,, denotes the full y-measure
set of points where ¢, admits a second order Taylor expansion, and V2, denotes the
self-adjoint operator on T, M that appears in the Taylor expansion on ¢, at x. Let

us now consider, for each set F, := A, N E,, an increasing sequence of compact sets
K C F, such that u(F, \ U,K") = 0. We now define the measures p* := pu K,
and v}, = Tyur, = (exp[Vy])spn,, and we renormalize them in order to obtain two

probability measures:

n n

o /’Lzl ac ~MN l/m Vm ac
e € Py(M), v = = € Pye(M).
(M)~ v (M) (M)

We now observe that T is still optimal. In fact, if this were not the case, we would have

| el s di@ < [ o T@) di
MxM MxM
for a certain S transport map from ji;,, to 7. This would imply that

/M el Sla)) diia) < / (ar, T(x)) dul (1),

MxM
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and so the transport map

IRy S(x) ifze K",
S(x)':{T(a:) ifze M\ K"

would have a cost strictly less than the cost of T', which would contradict the optimality
of T.

We will now apply the results of [50] to the compactly supported measures i, and
v)! in order to get information on the transport problem from p to v. In what follows we
will denote by V.d and by V3dZ, respectively, the gradient and the hessian with respect
to x of d*(z,y), and by d, exp and d(exp, ), the two components of the differential of the
map TM > (z,v) — exp,[v] € M (whenever they exist). By [50, Theorem 4.2], we get
the following.

Theorem 1.6.3 (Jacobian identity a.e.). There exists a subset E C M such that
w(E) =1 and, for each v € E, Y(x) = d(exp,)s,, and H(z) := %ngQT(x) both exist
and we have

f(2) = 9(T(x)) det[Y () (H (x) + V2¢)] # 0.

Proof. Tt suffices to observe that [50, Theorem 4.2] applied to i, and ©", gives that, for
p-ae. v € K,

f@) 9@
L = L ey (@) () + V)] £ 0
which implies
f(x) = g(T(z)) det[Y (x)(H(x) + V2@)] #0 for p-ae. x € K.

Passing to the limit as m,n — 400 we get the result. O]

We can thus define p-a.e. the (weak) differential of the transport map at x as
d,T =Y (z)(H(z) + V2p).

Let us prove now that, indeed, T'(z) is approximately differentiable p-a.e., and that the
above differential coincides with the approximate differential of 7. In order to prove
this fact, let us first make a formal computation. Observe that since the map =z —
exp,[—3Vad] = y is constant, we have

0= dy(exp,[~3Vad;)]) = dy exp[—3Vody] — d(exp,) 19,2 (3Vidy) Yy € M,
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By differentiating (in the approximate sense) the equality T'(x) = exp[V.¢] and recalling
the equality V,p = —%VIdQT(I), we obtain
d, T = d(expx)@w(@igo) +d, exp[@xgo]
(epr)@w(VZSD) + d(epr)févdeT(z) (%Vid%(z))
(exp,)g,, (H(x) + Vi),

as wanted. In order to make the above proof rigorous, it suffices to observe that for
p-a.e. x, T'(x) & cut(z), where cut(zx) is defined as the set of points z € M which cannot
be linked to x by an extendable minimizing geodesic. Indeed we recall that the square
of the distance fails to be semi-convex at the cut locus, that is, if x € cut(y), then

dy (exp,[v]) — 2d5(x) + dj (exp,[-v])

0<|lv||l.<1 |v|?

= —00

(see [50, Proposition 2.5]). Now fix 2 € F,. Since we know that 3d*(z, T'(z)) > ¥(T'(z))—
©n(z) with equality for z = x, we obtain a bound from below of the hessian of dQT(JC) at x
in terms of the hessian of ¢, at = (see the proof of [50, Proposition 4.1(a)]). Thus, since
each ¢, admits vol-a.e. a second order Taylor expansion, we obtain that, for u-a.e. x,

x & cut(T(x)), or equivalently T'(z) & cut(z).

This implies that all the computations we made above in order to prove the formula
for d,T are correct. Indeed the exponential map (x,v) — exp,[v] is smooth if exp,[v] &
cut(z), the function d;, is smooth around any = ¢ cut(y) (see [50, Paragraph 2]), and Vo
is approximatively differentiable p-a.e. Thus, recalling that, once we consider the right
composition of an approximatively differentiable map with a smooth map, the standard
chain rule holds (see the remarks after Definition 1.3.3), we have proved the following
regularity result for the transport map.

Proposition 1.6.4 (approximate differentiability of the transport map). The
transport map s approximatively differentiable for p-a.e. x, and its approximate differ-
ential is given by the formula

d,T =Y (x)(H(z) + V),
where Y and H are defined in Theorem 1.6.3.

To prove our displacement convexity result, the following change of variables formula
will be useful.
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Proposition 1.6.5 (change of variables for optimal maps). If A: [0+ o00) — R is
a Borel function such that A(0) =0, then

[ Aty avott) = [ 4(52) sta) dvolta,

where J(x) == det[Y (x)(H(z) 4+ V2p)] = det[d, T (either both integrals are undefined or

both take the same value in R).

The proof follows by the Jacobian identity proved in Theorem 1.6.3, exactly as in
[50, Corollary 4.7].
Let us now define for ¢ € [0, 1] the measure p; := (1;)s4, where

Ty(z) = exp,[tV.¢).

By the results in [66] and Proposition 1.6.1, we know that 7} coincides with the unique
optimal map pushing p forward to s, and that p; is absolutely continuous with respect
to vol for any ¢ € [0, 1].

Given z,y € M, following [50], we define for ¢ € [0, 1]

Zi(z,y) :={z € M | d(x,z) = td(z,y) and d(z,y) = (1 — t)d(x,y)}.
If N is now a subset of M, we set
Zi(x,N) = UyenZi(x,y).
Letting B,(y) C M denote the open ball of radius r > 0 centered at y € M, for ¢t € (0, 1]

we define 1(Z:(z, B:(y)))
.. vol(Zi(z, by (Y
'Ut(xa y) T }}_{I(l) V01<Btr(y))

(the above limit always exists, though it will be infinite when x and y are conjugate
points; see [50]). Arguing as in the proof of Theorem 1.6.3, by [50, Lemma 6.1] we get
the following.

>0

Theorem 1.6.6 (Jacobian inequality). Let E be the set of full p-measure given by
Theorem 1.6.3. Then for each x € E, Yy(x) := d(exp,),s,, and Hi(r) = %Vid%t(x) both
exist for all t € [0,1] and the Jacobian determinant

Ji(x) = det]Y;(z)(Hy(z) + tV2p)] (1.6.2)

satisfies
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Jr(z) > (1= ) oo T(x), )] + ¢ oz, T(2))]7 I (2).

We now consider as source measure g = po dvol(z) € P*(M) and as target measure
u1 = prdvol(x) € P*(M), and we assume as before that Wo(ug, 1) < +oo. By
Proposition 1.6.1 we have

i = (T)slpo dvol] = py dvol € PE(M)

for a certain p; € L'(M, dvol).
We now want to consider the behavior of the functional

Up) = /M A(p(x)) dvol(x)

along the path ¢t — p;. In Euclidean spaces, this path is called displacement interpolation
and the functional U is said to be displacement convex if

[0,1] 3t +— U(p) 1is convex for every py, p;.

A sufficient condition for the displacement convexity of U in R™ is that A : [0, +00) —
R U {400} satisfy

(0,400) € s — s"A(s™") is convex and nonincreasing, with A(0) =0 (1.6.3)

(see [106], [108]). Typical examples include the entropy A(p) = plog p and the Li-norm
_ 1 n—1
A(p) = p? for ¢ = "=
By all the results collected above, arguing as in the proof of [50, Theorem 6.2], we can
prove that the displacement convexity of U is still true on Ricci nonnegative manifolds
under the assumption (1.6.3).

Theorem 1.6.7 (displacement convexity on Ricci nonnegative manifolds). If
Ric > 0 and A satisfies (1.6.3), then U is displacement convex.

Proof. As we remarked above, T} is the optimal transport map from py to ;. So, by
Theorem 1.6.3 and Proposition 1.6.5, we get

Ulp) = /M A(pe(z)) dvol(z) = /E tA(%) (Jﬁ(@)”dvoux), (1.6.4)

where E; is the set of full pp-measure given by Theorem 1.6.3 and J;(x) # 0 is defined in
(1.6.2). Since Ric > 0, we know that v, (z,y) > 1 for every x,y € M (see [50, Corollary
2.2]). Thus, for fixed x € E;, Theorem 1.6.6 yields the concavity of the map

0,1] 3 ¢ J7 (2).
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Composing this function with the convex nonincreasing function s — s"A(s™") we get
the convexity of the integrand in (1.6.4). The only problem we run into in trying to
conclude the displacement convexity of U is that the domain of integration appears to
depend on t. But, since by Theorem 1.6.3 E; is a set of full up-measure for any ¢ € [0, 1],
we obtain that, for fixed ¢,¢,s € [0, 1],

Ulpa-syrese) < (1 —=5)U(p) + sU(py),

simply by computing each of the three integrals above on the full measure set E; N Ey N
E(l—s)t+st’- O

1.7 Displacement convexity on Riemannian mani-

folds

For the past few years, there has been ongoing research to study the links between
Riemannian geometry and optimal transport of measures [132, 133]. In particular, it was
recently found that lower bounds on the Ricci curvature tensor can be recast in terms
of convexity properties of certain nonlinear functionals defined on spaces of probability
measures [50, 97, 116, 126, 127, 128]. In this section we solve a natural problem in this
field by establishing the equivalence of several such formulations.

Before explaining our results in more detail, let us give some notation and back-
ground. Let (M, g) be a smooth complete connected n-dimensional Riemannian mani-
fold, equipped with its geodesic distance d and its volume measure vol. Let P(M) be
the set of probability measures on M. For any real number p > 1, we denote by P,(M)
the set of probability measures u such that

/ dP(z, xg) du(x) < oo for some zp € M.
M

The set Py(M) is equipped with the Wasserstein distance of order 2, denoted by Wj:
This is the square root of the optimal transport cost functional, when the cost function
c(z,y) coincides with the squared distance d?(z,y); see for instance [133, Definition 6.1].
Then P,(M) is a metric space, and even a length space; that is, any two probability
measures in Py(M) are joined by at least one geodesic curve (pt)o<t<i. (Here and in
the sequel, by convention geodesics are supposed to be globally minimizing and to have
constant speed.)

A basic representation theorem (see [97, Proposition 2.10] or [133, Corollary 7.22])
states that any Wasserstein geodesic curve necessarily takes the form p; = (e;).I1, where
IT is a probability measure on the set I' of minimizing geodesics [0, 1] — M, the symbol
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* stands for push-forward, and e; : ' — M is the evaluation at time ¢: e, (y) := y(t).
So the optimal transport problem between two probability measures j and g produces
three related objects:

- an optimal coupling 7 of g and gy, which is a probability measure on M x M whose
marginals are po and p, achieving the lowest possible cost for the transport between
these measures;

- a path (u)o<t<1 in the space of probability measures;

- a probability measure Il on the space of geodesics, such that (e;).Il = p; and
(€0, €1)«Il = 7. Such a II is called a dynamical optimal transference plan [133, Defini-
tion 7.20].

The core of the studies in [50, 97, 116, 126, 127, 128] lies in the analysis of the
convexity properties of certain nonlinear functionals along geodesics in Py(M ), defined
below:

Definition 1.7.1 (Nonlinear functionals of probability measures). Let v be a
reference measure on M, absolutely continuous with respect to the volume measure. Let
U :R; — R be a continuous convex function with U(0) = 0; let U’(0c0) be the limit of
U(r)/r as r — oo. Let u be a probability measure on M and let p = pv + s be its
Lebesgue decomposition with respect to v.

(i) If U(p) is bounded below by a v-integrable function, then the quantity U, (u) is
defined by the formula

Uuli) = [ Ulp(w) v(da) +U"(00) fM)
M
(ii) If 7 is a probability measure on M x M, admitting p as first marginal, [ is a

positive function on M x M, and BU(p/3) is bounded below (as a function of z,y) by
a v-integrable function of z, then the quantity UZ,(x) is defined by the formula

i = p(z) x,y)m(dy|z) v(dz (00
020 = [ () et vids) + U0 o)

where 7(dy|z) is the disintegration of m(dx dy) with respect to the x variable.

Remark 1.7.2. Sufficient conditions for U, and U, to be well-defined are discussed
in [133, Theorems 17.8 and 17.28, Application 17.29] and will not be addressed here.

Remark 1.7.3. If U'(c0) = oo, then finiteness of U,(u) implies that u is absolutely
continuous with respect to v. This is not true if U'(00) < 0.

The various notions of convexity that are considered in [97, 126, 127, 128] belong to
the following ones:
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Definition 1.7.4 (Convexity properties). (i) Let U and v be as in Definition 1.7.1,
and let A € R. We say that the functional U, is \-displacement convez if for all Wasser-
stein geodesics (pt)o<t<1 whose image lies in the domain of U,,

Uy (i) < (L=1) Up(po) + 1 Up(pa) — % A=W (ko ), VE€[0,1). (1.7.1)

We say that the functional U, is displacement convex with distortion ( if for all
Wasserstein geodesics (pu¢)o<i<1 whose image lies in the domain of U, if w(dx dy) stands
for the associated optimal coupling between o and pq, and 7 is obtained from 7 by
exchanging the two variables x and y, then

Us(p) < (1 =) U2, (no) +tUz, (i), Vte[0,1]. (1.7.2)

(il) We say that U, is weakly \-displacement convex (resp. weakly displacement convex
with distortion (3) if for all pg, 11 in the domain of U, there is some Wasserstein geodesic
from po to py along which (1.7.1) (resp. (1.7.2)) is satisfied.

(iii) We say that U, is weakly A-a.c.c.s. displacement conver (resp. weakly a.c.c.s.
displacement convex with distortion 3) if condition (1.7.1) (resp. (1.7.2)) is satisfied along
some Wasserstein geodesic when we further assume that pg, 11 are absolutely continuous
and compactly supported.

Remark 1.7.5. The Wasserstein geodesic in (ii) and (iii) above is implicitly assumed
to have its image entirely contained in the domain of the functional U,.

Remark 1.7.6. If U, is a A-displacement convex functional, then the function ¢ +— U, (1)
is A-convex on [0,1], i.e. forall 0 < s < ¢ <1landt € [0,1],

Un(p-s+is) < (1= U (1s) + tU, () — %At(l —t)(s' = 5)*Wa(po, n)?. (1.7.3)

This is not a priori the case if we only assume that U, is weakly A-displacement convex.

In short, weakly means that we require a condition to hold only for some geodesic
between two measures, as opposed to all geodesics, and a.c.c.s. means that we only
require the condition to hold when the two measures are absolutely continuous and
compactly supported.

There are obvious implications (with or without distorsion)

A-displacement convex

Y

weakly A-displacement convex

4

weakly A-a.c.c.s. displacement convex.
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Although the natural convexity condition is arguably the one appearing in (i), that
is, holding true along all Wasserstein geodesics, this condition is quite more delicate to
study than the weaker conditions appearing in (ii) and (iii), in particular for stability
issues: See [97, 126, 127]. In the same references the equivalence between (ii) and (iii)
was established, at least for compact spaces [97, Proposition 3.21]. But the implication
(ii) = (i) remained open (and was listed as an open problem in a preliminary version
of [133]). Here we shall fill this gap (at least for the functionals defined above), thus
answering a natural question about the notion of displacement convexity. Here is our
main result:

Theorem 1.7.7. Let U, v and 3 be as in Definition 1.7.1. Assume that U is Lipschitz.
For each a > 0, define U,(r) = Ul(ar)/a. Then

(i) If (Uy,), is weakly \-a.c.c.s. displacement convex for any a € (0,1], then U, is
A-displacement convex;

(i1) If (Uy), is weakly a.c.c.s. displacement convex with distortion 3 for any a € (0, 1],
then U, is displacement convex with distortion (3.

Among the consequences of Theorem 1.7.7 is the following corollary:

Corollary 1.7.8. Let M be a smooth complete Riemannian manifold with nonnegative
Ricci curvature and dimension n. Let U(r) = —r'=Y/" and let v be the volume measure
on M. Then U, is displacement convex on P,(M), where p = 2 if n > 3, and p is any
real number greater than 2 if n = 2.

More generally, Theorem 1.7.7 makes it possible to drop the “weakly” in all displace-
ment convexity characterizations of Ricci curvature bounds.

Before turning to the proof of Theorem 1.7.7, let us explain a bit more about the dif-
ficulties and the strategy of proof. Obviously, there are two problems to tackle: first, the
possibility that 1o and/or p; do not have compact support; and secondly, the possibility
that po and/or py are singular with respect to the volume measure.

It was shown in [97, 126, 127] that inequalities such as (1.7.1) or (1.7.2) are stable
under (weak) convergence. Then it is natural to approximate pg, g3 by compactly
supported, absolutely continuous measures, and pass to the limit. This scheme of proof
is enough to show the implication (iii) = (ii) in Definition 1.7.4, but does not guarantee
that we can attain all Wasserstein geodesics in this way — unless of course we know that
there is a unique Wasserstein geodesic between po and p;.

To treat the difficulty arising from the possible non-compactness, we use the results of
the previous sections, showing that the Wasserstein geodesic between any two absolutely
continuous probability measures on a Riemannian manifold M is unique, even if they
are not compactly supported.
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The difficulty arising from the possible singularity of pg, p1 is less simple. If pg and 1
are both singular, then there are in general several Wasserstein geodesics joining them.
A most simple example is constructed by taking po = d,, and p; = d,,, where 0, stands
for the Dirac mass at x, and xg,x; are joined by multiple geodesics. So it is part of
the problem to regularize p, p; into absolutely continuous measures fig %, p1% so that,
as k — oo, the optimal transport between p; and p; ) converges to a given optimal
transport between py and ;.

We handle this by a rather nonstandard regularization procedure, which roughly goes
as follows. We start from a given dynamical optimal transference plan II between gy
and yu1, leave intact that part I1(® of IT which corresponds to the absolutely continuous
part of pg. Then we let displacement occur for a very short time at the level of that
part I1¢) of IT corresponding to the singular part of 119. Next we regularize the resulting
contribution of I1().

Let us illustrate this in the most basic case when pug = 9,, and u; = 9,,. Let
v = (1)o<t<1 be a given geodesic between xy and x;; we wish to approximate the
Wasserstein geodesic (0,,)o<¢<1. Instead of directly regularizing 1 and p;, we shall first
replace po by p; = 9d,,, where 7 is positive but very small; and then regularize 4, and
g, into probability measures p,, and p;,. What we have gained is that the geodesic
joining 7, to x1 = 7 is unique, so we may let 7 — 0 and ¢ — 0 in such a way that the
Wasserstein geodesic joining pi,, to p,, does converge to (d,)o<i<1-

In a more general context, the procedure will be more tricky, and what will make it
work is the following important property [133, Theorem 7.29]: Geodesics in dynamical
optimal transport plans do not cross at intermediate times. In fact, if II is a given
dynamical optimal transport plan, then for each t € (0,1) one can define a measurable
map F; : M — I by the requirement that F,oe;, = Id, II-almost surely. In understandable
words, if v is a geodesic along which there is optimal transport, then the position of
at time ¢ determines the whole geodesic . This property will ensure that I1® and II(¢*)
“do not overlap at intermediate times”.

Finally, we note that the results in this section can be extended to more general
situations outside the category of Riemannian manifolds: It is sufficient that the optimal
transport between any two absolutely continuous probability measures be unique. In fact,
there is a more general framework where these results still hold true, namely the case of
nonbranching locally compact, complete length spaces. This extension is established, by
a slightly different approach, in [133, Chapter 30].

1.7.1 Proofs

In the sequel, we shall use the notation U,, for (U,),. An important ingredient in the
proof of Theorem 1.7.7 will be the following lemma, which has interest on its own (and
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will be used for different purposes in [133, Chapter 30]).

Lemma 1.7.9. Let U be a Lipschitz convex function with U(0) = 0. Let uy, ps be any
two probability measures on M, and let Zy, Zs be two positive numbers with Z, + Zy = 1.
Then

(1) U(Zipn + Zopo) > Z1 Uz, (1) + Z2Ug, o (p2), with equality if py and po are
singular to each other;

(i) Let w1, o be two probability measures on M x M, and let B be a positive measurable
function on M x M. Then

U§17r1+Z27r2,z/(leu1 + ZQMQ) > Zl Ugl,ﬂl,y<lu1) + ZQ Ugg,wz,u(u2)7
with equality if py and uo are singular to each other.

Proof of Lemma 1.7.9. We start by the following remark: If x,y are nonnegative num-

bers, then
Ul+y) >U(x)+U(y). (1.7.4)

Inequality (1.7.4) follows at once from the fact that U(t)/t is a nondecreasing function
of t, and thus

Ulx) Uty Uly _Ulz+y)

r = xT+vy y Tty

— aU(z+y)+yU(z+y) = (z+y)(U(z)+U(y)).
Next, with obvious notation,

U (Zip + Zopiz) = /U(le)l + Zop2) dv + U/<OO>(Zl p,s [ M|+ Zy MQ,s[M]);

1 p
Usolin) = / U(Zupr) dv + U'(00) i1 [M]:

1

Unnikis) = - [ U1Zap) o+ U' (o) M)
2

so part (i) of the lemma follows immediately from (1.7.4). The claim about equality is

obvious since it amounts to say that U(x +y) = U(z) + U(y) as soon as either x or y is

Z€ro.

The proof of part (ii) is based on a similar type of reasoning. First note that (with the
conventions U(0)/0 = U’(0), U(oco) /oo = U'(00) and ps-almost surely, du/dv = +00)

U§1W1+Zz7r2,u(Z1M1 + ZQM2>

_ lel(l‘) + Z2p2<l') 5(1‘7?/)
N /M><M v ( B(z,y) ) Zipr(z) + Zapa(z)

(Zymy + Zayms)(dx dy);
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Ugmw(m) :/U (lel(m)) ciat) Zym(dx dy);

B(x,y) ) Zipi(x)
3 _ Zopa(x)\ B(x,y) i
UZ2,7r2,1/(:u2) = /U < 5(33;3/)) Zopa() mo(dx dy).

So the proof of the lemma will be complete if we can show that

Zip1+ 2
U( 1P1 2/92) & (Z17T1 +Z27r2)

B Z1p1 + Zapa

ZU(Z%'”) b (Zm)+U(ZQ"’2) 5 (Zom). (1.7.5)

Since U(r)/r is a nondecreasing function of r, if X7, Xs, p1, p are any four nonnegative
numbers then

U(X1+ X>) U(Xl)p n U(X3)
X1+X2 Xl ! X2

To recover (1.7.5), it suffices to apply the latter inequality with

(p1 +p2) > D2.

_ Zip ()
B(x,y)’

_ Zapa(z)
B(x,y)’

Py = d(Z27T2)
2 d(Z17T1 + ZQ7T2)

X4

Xo

Py = d(Zl’/Tl)
! d(Zlﬂ'l —l— ZQ?TQ)

(z,9),

(z,9)

and to integrate against (Z1m + Zams)(dx dy). O

Proof of Theorem 1.7.7. First we observe that U, is well-defined on P5(M) since, if p =
pv + ps is the Lebesgue decomposition of a probability measure p € P(M), then

U(p> 2 _HU”Lip Y S Ll(Ma V)'

In fact, there is also an upper bound, so U, is well-defined on the whole of P,(M) with
values in R. Moreover, by an approximation argument, we may replace the assumptions
of weak a.c.c.s. displacement convexity by weak displacement convexity on the whole of
Py(M). (The proof is the same as in [97, Proposition 3.21] (in the compact case) or [133,
Theorem 30.5].)

Let po, p1 be any two measures in Py(M), and let II be an optimal dynamical
transference plan between o and ;. Let further

o = PoV + Ho,s
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be the Lebesgue decomposition of po with respect to v. Let E@ and E®) be two disjoint
Borel subsets of M such that pyv is concentrated on E@ and [to,s is concentrated on
E®). We decompose II as

T =M@ 4 11¢), (1.7.6)

where
N :=T{yeT |v0) e B®}, ¥ :=M{yel|4(0)eEW}.
Taking the marginals at time ¢ in (1.7.6) we get

= + g,

In the end, we renormalize ,ut ) and ut ) into probability measures: we define

219 = O[] = (M) = (M) 29 =1,
and
ﬂ(a) _ I1(e) ﬂ(‘l) _ lj'z(fa). f{(s) _ 1) ﬂ(s) _ Mgs)'
Z(@)’ t Z(a)’ Z(s)7 t Z(s)
So
= 2Op" + 205, (1.7.7)

We remark that by what we proved in Section 1.5 ,uga) is absolutely continuous for any

t €[0,1), but ;L,ES) is not necessarly completely singular.
It follows from [133, Theorem 7.29 (v)] that for any ¢ € (0, 1) there is a Borel map
F, such that Fy(y:) = 7o, [I(d7y)-almost surely. Then 1) is concentrated on FHE®),

while u( ) is concentrated on F7Y(E®); so these measures are singular to each other.
Then by Lemma 1.7.9 and (1.7.7), for any ¢ € (0,1),

Uy () = Z U 0y, (1) + Z9U 500, (). (1.7.8)

In the sequel, we focus on part (i) of Theorem 1.7.7, since the reasoning is quite the

same for part (ii) By construction and the restriction property of optimal transport [133,

Theorem 7.29], I19) is an optimal dynamical transference plan between u((] and [i; “) and

the associated Wasserstein geodesic is (,u,g ))(]Stgl. Since by construction u((] “) i absolutely

continuous, by what we already proved (,&ga)) is the unique Wasserstein geodesic joining
[L(()a) to m“). Then we can apply the displacement convexity inequality of the functional

Uz , along that geodesic:

~(a A aQ) -
Usto o (") < (1= 1) Upewr (i) + t Uior , (057) = 5 (1= ) W3 (ag” ). (1.7.9)
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Next, let ¢ — 0 be a sequence of positive numbers. From the nonbranching property
of P,(M) [133, Corollary 7.31], there is only one Wasserstein geodesic joining ﬂgg to ﬂﬁs)
and it is obtained by reparameterizing (ﬂﬁs))% <t<1 on [0, 1] (with an affine reparameteri-
zation in t). So we can also apply the displacement convexity inequality of the functional
Uz, along that geodesic, and get

s 1—1t t—o (s
Uy, (1)) < (1_%) Uz (Mfak))JF( 9;;) Ugeor, (1)

= S(t—p0) A=t WE (A, 4). (1.7.10)

(For the latter term we have used the fact that if (u:)o<i<1 is any Wasserstein geodesic,

then Wa(ps, ) = |t — s Wa(po, p1).)
The first term in the right-hand side of (1.7.10) can be trivially bounded by U’(c0),
which coincides with UZ<S>71,(,&§)S)) since ,&és) is totally singular. Indeed, since o <

U'(o0), we have '

~(s 1 s) ~(s ~(s
Uz (i3 = 55 /MU(Z( 'pg)) dv + U (00) jig) (M)

1
. (s) a(s / (s)
- Z0) /{ <s>>O}U (Z ) dy+U( )'“cpk s(M)

(s))
/ o o ) U (00) ) (M)
>0} pcp

< U (00)pl) dv + U'(00) ) (M)
{p%) >0}

— U'(00) Al5)(M) = U'(s0).
Then by passing to the liminf as k — oo in (1.7.10), we recover
Ui (87) < (1= 1) Ui () + 1 U () = 561 = ) WE(AS) 7). (17.01)
By combining together (1.7.8), (1.7.9) and (1.7.11), we obtain

U(pue) < (1) Z(a)Uz(a),y(ﬂéa))JFZ(s)Uz<s>,u(ﬂ(()5))]+t |20 i)+ 20U 0, ()]

A s
- St =) [ZOWE (g, i) + ZOWR g A§>)]. (1.7.12)
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The last term inside square brackets can be rewritten as

/ (70, 7)1 (d) + / (70, 7)) (dy) = / (10,71 (d) = W2 (0, 1),

Plugging this back into (1.7.12) and using Lemma 1.7.9, we conclude that

A
Up(pe) < (1 =) Un(po) + U (1) = S t(1 = 1) W3 (1o, f11).
This finishes the proof of Theorem 1.7.7. O]

Proof of Corollary 1.7.8. Let U := r — —r'='/N_ By the estimates derived in [97,
Proposition E.17], U, is well-defined on P,(M). (This is made more explicit in [133,
Theorem 17.8 and Example 17.9].)

Let DC,, be the displacement convex class of order n, that is the class of functions
U € C?(0,00) N C([0,+00)) such that U(0) = 0 and 6"U (6~ ™) is a convex function of ¢.
(See [133, Definition 17.1]). Obviously, U € DC,,. By [133, Proposition 17.7], there is a
sequence (U®)) ey of Lipschitz functions, all belonging to DC,,, such that U®) converges
monotonically to U as ¢ — oo.

Since U lies in DC,, it is by now classical (see [133, Theorem 17.15], which sum-
marizes the works of many authors) that Ul it is a.c.c.s-displacement convex. By
Theorem 1.7.7, this functional is also displacement convex. Then it follows by an easy
limiting argument that U, itself is displacement convex. [

1.8 A generalization of the existence and uniqueness
result

Now we want to generalize this existence and uniqueness result for optimal transport
mapping without any integrability assumption on the cost function, adapting the ideas

of [107]. We assume that M is an n-dimensional manifold and N a locally compact
Polish space. We observe that, without the hypothesis

/M el y) duta) dv(y) <+,

in general the minimization problem

C(p,v) == inf {/MX]VC(fay)dv(x,y)}

v (p,v)
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is ill-posed, as it may happen that C'(u,v) = +o0o. Howewer, it is known that the opti-
mality of a transport plan v is equivalent to the c-cyclical monotonicity of the measure-
theoretic support of v whenever C(u,v) < 400 (see [13], [120], [133]), and so one may
ask whether the fact that the support of « is c-cyclically monotone implies that v is
supported on a graph. Moreover one can also ask whether this graph is unique, that is is
does not depends on v, which is the case when the cost is ;4 ® v integrable, as Theorem
1.3.2 tells us. The uniqueness in that case, follows by the fact that the functions ¢,, are
constructed using a pair of function (¢, ) which is optimal for the dual problem, and
so they are independent of . The result we now want to prove is the following:

Theorem 1.8.1. Assume that ¢ : M x N — R is lower semicontinuous and bounded
from below, and let v be a plan concentrated on a c-cyclically monotone set. If

(i) the family of maps x — c(x,y) = ¢ (x) is locally semi-concave in x locally uniformly
ny;

(ii) %(.CE, -) 18 injective on its domain of definition;

(iii) and the measure p gives zero mass to sets with o-finite (n — 1)-dimensional Haus-
dorff measure,

then ~y is concentrated on the graph of a measurable map T : M — N (ezistence).
Moreover, if 4 is another plan concentrated on a c-cyclically monotone set, then 7 is
concentrated on the same graph (uniqueness).

Proof.  Since the proof of the existence result is the same as in Theorem 1.3.2, we
concentrate on the uniqueness part. As we observed before, the difference here with the
case of Theorem 1.3.2 is that the function ¢, depends on the pair (¢, ), which in this
case depends on 7.

Let (p,1) be a pair associated to v as in Theorem 1.3.2, and let ¢,, and B,, be such
that ~ is concentrated on the graph of the map 7' determined on B,, by

Oc

%(Z‘,T(J?)) = —dyp, forx e B,
We observe that, thanks to the local compactness of N, in the formula
pn(z) = sup P(y) — c(z,y) (1.8.1)

yeEVR

we can assume V,, to be compact. We moreover recall the equality

p(r) =(T(x)) — c(x,T(x)) Vx| B (1.8.2)
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Let now (¢, @Z)) be a pair associated to 7, and let @,,, B, and T be constructed as above.
We need to prove that T =T p-a.e.

Let us define C,, := B,NB,,. Then w(Cy) 1. We want to prove that, if x is a u-density
point of C,, for a certain n, then T'(z) = T(z) (we recall that, since u(U,C,) = 1, also
the union of the p-density points of C,, is of full y-measure, see for example [61, Chapter
1.7)).

Let us assume by contradiction that T'(z) # T(x), that is

Since = € supp(u), each ball around x must have positive measure under p. Moreover,
the fact that the sets {p, = ¢} and {p, = ¢} have u-density 1 in x implies that the set

{o=¢}

has p-density 0 in x. In fact, as ¢, and @, are locally semi-convex, up to adding a C*
function they are concave in a neighborhood of x and their gradients differ at . So we
can apply the non-smooth version of the implicit function theorem proven in [107], which
tells us that {y, = @,} is a set with finite (n — 1)-dimensional Hausdorff measure in a
neighborhood of z (see [107, Theorem 17 and Corollary 19]). So we have

. p({e =@} N B (z)) .. p({e # en} N B (z))
s = By S e T B @)

({on = Gn} N Bi(2)) | p{pn # 6} 0 Br(x))
(B (x)) (B (z))

+ & =0.

Now, exchanging ¢,, with ¢, if necessary, we may assume that

p({en < @n} N Be(x)) > =pu(B.(x)) for r > 0 sufficiently small,

W =

which implies

pw{e <@} N B.(x)) > ~u(B.(z)) for r > 0 sufficiently small. (1.8.3)

N

Let us define A := {¢ < ¢}, A, == {on < &n}, B, = AN A, NC,. Since the sets
{¢n = ¢} and {$,, = ¢} have p-density 1 in x, and x is a p-density point of C,,, we have

iy PUAN En) 0 By (2))
r=0 w(B(x))

=0,



1.8. A GENERALIZATION OF THE EXISTENCE AND UNIQUENESS RESULT 59

and so, by (1.8.3), we get

w(E, N B.(z)) > —u(B.(x)) for r > 0 sufficiently small. (1.8.4)

Cﬂl»—

Now, arguing as in the proof of the Aleksandrov’s lemma (see [107, Lemma 13]), we can
prove that .
X =T YT(A)CA

and X N E, lies a positive distance from z. In fact let us assume, without loss of
generality, that

p(z) = pn(z) = @(2) = Pn(x) =0, dopn # dopn = 0.

To obtain the inclusion X C A, let z € X and y := T(z). Then y = T(m) for a certain
m € A. For any w € M, recalling (1.8.2), we have

p(w) < c(m,y) — c(w,y) + p(m),

@(m) < C(Za y) - C(m7 y) + @(Z)
Since p(m) < @(m) we get

o(w) <c(z,T(2) — c(w,T(2)) + ¢(z) Yw e M.

In particular, taking w = z, we obtain z € A, that proves the inclusion X C A.

Let us suppose now, by contradiction, that there exists a sequence (z;) C X N E,, such
that z; — x. Again there exists m; such that T(zk) = T(myg). As dp, = 0, the closure
of the superdifferential of a semi-concave function implies that d,, ¢, — 0. We now
observe that, arguing exactly as above with ¢,, and @, instead of ¢ and @, using (1.8.1),
(1.8.2), and the fact that ¢ = ¢,, and ¢ = @,, on C,,, one obtains

on(w) < c(zk, T () — c(w, T(2)) + Pnlz) Yw € M.

Taking w sufficiently near to x, we can assume that we are in R” x N. We now remark
that, since z; € E, C D,, T(zk) vary in a compact subset of N. So, by hypothesis (i) on
¢, we can find a common modulus of continuity w in a neighborhood of = for the family
of uniformly semi-concave functions z — ¢(z, T(2)). Then, we get

on(w) < —%(zkaT(Zk))(w — 2) + w(|lw — zk|)|w — 2] + @n(2k)
= ds Pn(w — 21) + w(|w — z&|)|w — 21| + Pn(2k).
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Letting & — oo and recalling that d,, ¢, — 0 and @, (x) = p,(x) = 0, we obtain
en(w) = pn(2) S w(lw —z|)|w — 2| = dyp, =0,

which is absurd.
Thus there exists r > 0 such that B,.(z) N E,, and X N E,, are disjoint, and (1.8.4) holds.
Defining now Y := T'(A), by (1.8.4) we obtain

v(Y) = uw(T7H(Y)) > w(A) = p(En) + A\ E,) > (B, (x) N Ey)

(X0 ) (X B) = j(B() 0 o) + i(X) = L(Bul) + (V)

which is absurd. O

Let now consider the special case N = M, with M a complete manifold. As shown
in Paragraph 1.4, the above theorem applies in the following cases:

1. ¢: M x M — R is defined by

¥(0)=z, v(1)=y

c(w.y) =  inf / Liv(8), (1)) dt,

where the infimum is taken over all the continuous piecewise C! curves, and the
Lagrangian L(z,v) € C*(TM,R) is C?-strictly convex and uniform superlinear in
v, and verifies an uniform boundeness in the fibers;

2. ¢(z,y) = dP(z,y) for any p € (1,400), where d(z,y) denotes a complete Rieman-
nian distance on M.



Chapter 2

The irrigation problem

2.1 Introduction

1 The variety of structures arising in nature is extraordinary. By exploring the relation-
ship between form and function, D’Arcy Thompson, in his pioneering work [53], tries
to find common principles behind the varied phenomena (physical, chemical, biological,
short or long time scale, etc.) that interact to give birth to these structures. Indeed,
despite the complexity of nature, the approach of retaining only a small but decisive set
of parameters and principles to model the phenomenon at the origin of a given structure
can be successful. See for example [113] or consider the work of Turing on morphogene-
sis that led him to explain the appearance of heterogeneous spatial patterns in terms of
reaction-diffusion mechanisms [131].

Recently, such an approach was taken to model branched networks that achieve a
transport from a source to a target. Such networks are everywhere in nature (plants and
trees, river basins, bronchial and cardiovascular systems) and in man designed struc-
tures (communication networks, electric power supply, water distribution or drainage
networks). The common function of such networks is to transport some goods from an
initial distribution (the supply) to another (the demand). Following D’Arcy Thomp-
son, it is desirable to tie a link between this unity of form (branched networks) and
this unity of function (transporting goods from a supply to a demand). This was done
in [82, 98, 135, 25, 24, 29] by considering cost functions that encode the efficiency of
a transport induced by some structure. Branched structures, as the one observed in
nature, then arise as the optimal structures along which the transport takes place.

A simple but crucial principle was incorporated in the design of all the cost functions

!This chapter is based on a joint work with Marc Bernot [27].

61
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used by these authors. This principle states that it is more efficient to transport mass
in a grouped way rather than in a separate way. To embed this principle, the previously
mentioned costs incorporate a parameter o € [0,1] and make use of the concavity of
x +— x®. The idea is that for positive masses m; and ms, we have (m;+mgy)* < m{+m$,
so that the particles are interested in moving together in order to lower the cost (see for
example the role of o in (2.1.1)). This effect gets stronger as a decreases, while the limit
case a = 1 gives no importance to the grouping of particles.

We now briefly review the different costs and descriptions of branched structures that
have been introduced so far. We then introduce a new dynamical cost functional, and
enlight the advantages it has over other models.

The model described by Gilbert in [82] consists in finite directed weighed graph G
with straight edges E(G) and a weight function w : E(G) — (0,00). The graph G
connects sources ut = ¢ | a;0,, and targets pu= = 22:1 bjo,, with > a; = >, b;,
a;,b; > 0, and is required to satisfy Kirchhoft’s law at each vertex. The cost of G is

defined to be:
MGy = Y w(e)H'(e). (2.1.1)
e€E(Q)
In [135], Xia extends this model to a continuous framework using Radon vector measures.
In both these models, the objects and their costs are static in the sense that no “particle”
is actually transported along the structure, and the cost depends only on the geometry
of the network.

In [98, 25, 24], a different kind of object, called traffic plan and denoted by ¥, is
considered. In this framework, all particles are indexed by the set Q := [0, 1], and
to each w € ) is associated a 1-Lipschitz path x(w,-) in RY. This is a Lagrangian
description of the dynamic of particles that can be encoded by the image measure P, of
the map w +— x(w, ) (which is therefore a measure on the set of 1-Lipschitz paths). This
measure induces a network structure similar to the one considered by Xia. To each traffic
plan is associated a cost E“ which depends only on its network structure (see Definition
2.2.4) and, whenever it is finite, is the same as the one considered by Xia. Thus, though
a traffic plan is a dynamical object, its cost is static.

In [29], Brancolini, Buttazzo and Santambrogio consider an Eulerian formulation of
the problem, describing a transport from gt to u~ as a path in the space of measures.
The cost of such a path is defined as the length induced by a degenerate Riemannian
metric in the space of probability measures. More precisely, the cost of a path u(t) is
given by

/O T\ (8) .

where J is a functional in the space of probability measures and |¢/| denotes the metric
derivative (for the Wasserstein distance) of the path. Both the object and the cost are
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dynamical in this model.

All the above described models propose structures that transport a measure put to a
measure 4~ and associate a cost to this structure. This leads to consider what is called
the irrigation problem by some authors [25, 24, 26], i.e., given two measures p* and p~,
the problem of minimizing the cost among structures transporting p+ to p~. In the case
of the traffic plan model, an additional problem can be considered, namely the who goes
where problem [25, 24]. The latter problem consists in looking for an optimal structure
that achieves a given transference plan. In other words, rather than only prescribing the
initial an final distribution of masses as in the irrigation problem, one also prescribes
the coupling between initial and final positions of each particle. As an example, one can
think about the case where the initial distribution represents the habitations, and the
final distribution stands for the workplaces. In this case, it is natural to constrain each
inhabitant to go from his habitation to his workplace, and so the problem is to find the
best itinerary he can follow.

Here, we consider the Lagrangian formulation given in [98, 25]. This choice is moti-
vated by the fact that traffic plans permit to recover other descriptions. Indeed, given a
traffic plan y, one can always canonically define both a structure similar to the one of
Xia, and a path in the space of measures by considering the time marginals of its induced
measure P,. We consider general costs of the form

C(x) = /Q/R+ c(x,w, t)|x(w, t)| dt dw. (2.1.2)

The advantage of the Lagrangian formulation with respect to the Eulerian one is to
allow to define costs of the above form in which one can take care of the speed of each
single particle, so that only moving particles contribute to the total cost.

What we propose, is to give a cost to the actual “dynamical” transport of mass from
pt to u~ that is induced by x. To obtain such a cost, it is natural to require ¢(x,w,t) to
be local in space-time. By this property, we mean that c¢(y,w,t) only takes into account
the particles that are located at the point x(w,t) at time ¢. In [25] is considered a cost
c(x,w,t) depending on the total mass of particles passing through the point y(w,t) at
some time (see Definition 2.2.4). Since it takes into account only the global trajectories
of particles but not their local dynamics, this cost is local in space but not in time. The
associated functional E* thus quantifies the cost of the structure achieving the transport,
rather than the cost of the transport itself. In other words, we could also say that E¢
evaluates the cost of permanent regime connecting i to p~, rather than the cost of a
dynamical transport from p* to p~. The elementary cost ¢ we introduce in Definition
2.3.3 has the desired locality property, and we denote by C'* the induced cost via formula
(2.1.2). Tt is possible to extend the time domain by replacing Rt with R in (2.1.2), and
we denote by ER and Cg the costs corresponding to £ and C°.
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Figure 2.1: In the case of the static cost
E* in [25], a portion of a path where it
overlaps with itself contributes only once
to the total cost, whereas the locality in
time of the model we propose gives the
expected cost.

A B

Figure 2.2: The best way to switch two
equal masses between two points A and
B is to transport the mass at A to po-
sition B and the mass at B to position
A along the segment joining them. For
such a structure, the C* cost we propose
distinguishes between trajectories going
from A to B and from B to A, which is
not the case of the E* cost. Thus, the
C% cost is more realistic for the “who
goes where” problem.

We illustrate the advantage of such a “dynamical” cost with respect to the static one

in [25] on two examples:

e [t gives a more realistic cost to an overlapping path. Indeed, in the case of the

static cost in [25], a path that follows the same circuit twice contributes to the cost
once, while the locality in time of the model we propose gives the expected cost
(see figure 2.1).

It is more appropriate for the “who goes where problem”. Let us consider the
problem of two equal masses m located at points A and B, which represent both
the source and the target distribution, and where the transference plan constraint
consists in switching the two masses. In this case, the solution to this “who goes
where” problem is to transport the mass in A to position B and the mass in B
to position A along the segment joining them. For such a structure, the E¢ cost
does not distinguish between trajectories going from A to B and from B to A.
Indeed, the E* cost of this structure is |A — B|(2m)*, while the natural one would
be 2|A — B|m®. This is exactly the cost given by C* (see figure 2.2).

We will consider the irrigation problems for all the just mentioned costs. As it will be
proved in Section 2.5, the two irrigation problems with costs E* and C'“ are equivalent if

et

is a finite atomic, while the equivalence for £ and Cg always holds. More precisely, in

these cases, we will prove that any minimizer for the dynamical cost is an F“-minimizer,
and that moreover, up to reparameterization, the converse is true (see the remarks after
Theorem 2.5.2). Since the cost E*(x) is invariant by reparameterization of the traffic
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plan x, while C*() in general is not, this fact will tell us in particular that the cost C*
has the feature to select, among all the possible reparameterization of an optimal traffic
plan x, some particular ones, in which particles actually move in a grouped way.

Given two measures u* and g, let us define

E*(u",p7) = inf E%(x),

where the infimum is taken over all traffic plans transporting p* onto p~ (the same can
be done with C*, Ef and Cf). By the above formula, one obtains a one-parameter
family of distances between measures, each of them inducing the weak-* topology. It
turns out that the continuity of the function av +— E*(u™, ™) is related to the following
stability property: given a converging sequence of traffic plans x,, respectively optimal
for the value a,, its limit is optimal for the limit value of «,,. In particular, considering a
sequence «a, — 1, one would obtain the convergence of optimal structures to an optimal
structure for the 1-Wasserstein distance. It is therefore of interest to study the a depen-
dence of E*(u™, 7). This @ dependence will be shown in Section 2.6 to be continuous
if @ € [1 — +,1] (NV being the dimension of the ambient space).

The plan is as follows. In Section 2.2, we recall the main definitions and results
concerning traffic plans. In Section 2.3, we consider the energy functional of [25] in a
more general framework for which we obtain a general lower semicontinuity result. Then
we define a new dynamical (in the sense previously discussed) cost functional and obtain a
partial result of existence of a “dynamical” optimal traffic plan for the irrigation problem.
We can however obtain a more complete existence result by studying the properties of
E“-minimizers. Indeed, in Section 2.4, we prove that any E“-optimal traffic plan can
be suitably reparameterized. From this fact, we deduce in Section 2.5 that the cost of
optimal traffic plans and dynamical optimal traffic plans are the same, and that any
E“-optimal traffic plan can be reparameterized so that it is becomes optimal also for the
dynamical cost C* (this is always true for Eg and C§, while for E* and C* we need p*
to be finite atomic). Finally, in Section 2.6, we prove continuity results of E*(u™*, u™)
with respect to a, for fixed u* and p~. As we already said above, this implies that limits
of optimal (for different values of «) traffic plans are still optimal for the limit value.

2.2 Traffic plans

In this section, we recall main definitions and results concerning traffic plans (see [98,
135, 24, 25, 26]). Let X be some compact convex N-dimensional set in RY. We shall
denote by Z'(A) the Lebesgue measure of a measurable set A C R, and by Lip, (R*, X)
the space of 1-Lipschitz curves in X with the metric of uniform convergence on compact
sets of R,
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Definition 2.2.1. Let 2 = [0,1]. A traffic plan is a measurable map x : @ x RT — X
such that for all w, t — x(w,t) is 1-Lipschitz, and constant for ¢ sufficiently large.
Without risk of ambiguity, we shall call fiber both the path x(w,-) and w € Q. We
denote by P, the law of w — x(w) € Lip,(R*, X) defined by P, (F) := £ (x '(E)) for
every Borel set E C Lip, (R*, X).

We remark that in the sequel we will also need to consider the restriction of a traffic
plan to a certain subset of fibers Q' C ). By abuse of notation, though Q" will not be of
unit mass, we will still call xL2" a traffic plan.

Definition 2.2.2. Two traffic plans x and x’ are said to be equivalent if P, = P,
In all the following a “traffic plan” means as well the equivalence class of some y. All
proven properties of a traffic plan will be true for any representative up to the addition
or removal of a set of fibers with zero measure.

Stopping time, irrigated measures, transference plan
If y:Q xR" — X is a traffic plan, define its stopping time by
Ty (w) :==inf{t > 0: x(w) is constant on [t,00)}.

Let us denote the initial and final point of a fiber w by 7(w) = x(w,0) and o(w) =
X(w, Ty (w)). To any x, one can associate its irrigating and irrigated measure respectively
defined by

P O0(A) =Py (A) = £ ({w : x(w,0) € A}),
po00(A) = 03Py (A) = 21 ({w 1 x(w, Ty (w)) € A}),

where A is any Borel subset of RY.

Energy of a traffic plan

Definition 2.2.3. Let y : Q@ x Rt — X be a traffic plan. Define the path class of v € RN

in x as the set
O ={w:zexwR)},

and the multiplicity of x at x by 6, (z) = L1 (2X). For simplicity, we shall write 2, := QX,
whenever the underlying traffic plan y is not ambiguous.

We use the convention that 0“! = 400 for a € [0, 1).

Definition 2.2.4. Let a € [0,1]. We call energy of a traffic plan y : Q x Rt — X the
functional

//w X(w, 1) X (w, 1) dt dw. (2.2.1)
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Let u*, u~ be two probability measures in X. Denote by TP(u™, u~) the set of traffic
plans y such that p*(y) = pt and p=(x) = p=. If C > 0, call TP¢ the set of traffic
plans such that [, 7\ (w) dw < C and TP¢(put, ) := TP(u', p=) N TPe.

Convergence

Definition 2.2.5. We say that a sequence of traffic plans y, converges to a traffic plan
x if P, weakly-* converges to P,, or equivalently if the random variables x,, converge
in law to .

Definition 2.2.6. We say that a sequence of traffic plans x,, fiber converges to a traffic
plan x if x,(w) converges to x(w) uniformly on compact subsets of R* for every w € Q
(this is stronger than the usual almost sure convergence of random variables).

Remark 2.2.7. By Skorokhod theorem (see Theorem 11.7.2 [57]) xn converges to x if
and only if there exist X, and X equivalent to x,, and x respectively and such that X, (w)
fiber converges to X (w).

Proposition 2.2.8. Up to a subsequence, any sequence of traffic plans x, in TPc con-
verges to a traffic plan x. In addition, p*(x.) — p*(x) and p=(xn) = = (x)-

Existence of minimizers

The optimization problem we are interested in is the irrigation problem, i.e. the problem
of minimizing E*(x) in TP(u™, n~). The following results are proved in [24, 98, 25].

Theorem 2.2.9. If C > 0 and x, : 2 x Rt — X is a sequence in TP¢ converging to
the traffic plan x, then
E“(x) < liminf E*(x,).

We notice that the cost E*(x) is invariant by time-reparameterization of x. Therefore,
one can always reparameterize x so that |x(w,t)| = 1 for all ¢ € (0,7} (w)) without
changing the cost. In this case, since 637" > 1, one gets [, T (w)dw < E*(x). Thus,
if x,, is a sequence of traffic plan with a uniformly bounded E“ cost, it is in TP¢o up
to reparameterization for C' big enough. By Proposition 2.2.8 and Theorem 2.2.9, the
direct method of the calculus of variations ensures the existence of an optimal traffic
plan in TP(u™, p7).

Corollary 2.2.10. The problem of minimizing E*(x) in TP(u"™, u=) admits a solution.

Definition 2.2.11. A traffic plan yx is said to be optimal for the irrigation problem if it
is of minimal cost in TP (u™(x), #~ (x))-
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Let
E“u",p7):= min E%(y).
(s p7) = i E%(x)
As proved in [25], there is an optimal traffic plan in TP(u™, =) which is loop-free, i.e.
for almost any w € €, the map x(w,-) is one to one in [0,7)(w)]. Moreover, using
Propositions 6.4 and 6.6 in [25], given any optimal traffic plan with finite energy there is
an equivalent loop-free traffic plan with the same energy, hence optimal. Thus, without
loss of generality, we may assume that optimal traffic plans are loop-free.
The triangle inequality for the cost £ holds (just think of concatenating traffic plans
[26)):

Proposition 2.2.12. Let pg, 11 and pe be probability measures. We have the triangle
inequality
E%(po, p2) < E*(pto, 1) + E (11, p2).-

Stability with respect to ™ and u~

The following results were first proved in a slightly different framework by Xia [135], and
their proofs adapt immediately to traffic plans (see [24]). We remark that, here and in
the sequel of the chapter, by atomic measure we mean a finite sum of delta measures.
Let C' be a cube with edge length L and center c¢. Let v be a probability measure on
the compact set X where X C C'. We may approximate v by atomic measures as follow.
For each i, let
Ci:={C":hez"nl0,2)"}

be a partition of C' into cubes of edge length QA Now, for each h € ZN N [0,29)V, let !
be the center of C! and m! = v(C!) be the v mass of the cube C'.

Definition 2.2.13. We define the dyadic approximation of v as

Aw)ys= D mfda.

heZNN[0,24)N
We observe that the measures A;(v) weakly-* converge to v.

Proposition 2.2.14. Let o € (1 — %, 1]. Let v be a probability measure with support in

a cube centered at ¢ and of edge length L. We have

N on(N(1—a)-1) \/NL

In particular, E*(A,(v),v) — 0 locally uniformly in « for all v when n — oo.
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By this result and Theorem 2.2.9, it is not difficult to prove that the cost £“ metrizes
the weak-* convergence for a € (1 — %, 1].
Lemma 2.2.15. Let o € (1 — %, 1]. A sequence of probability measures v, weakly-x
converges to v if and only if E*(v,,v) — 0 when n — oo.

Corollary 2.2.16. Let a € (1 — %, 1]. If xn is a sequence of optimal traffic plans for
the irrigation problem and x,, — X, then x is optimal.

Moreover, by Proposition 2.2.14, E*(u™, u~) is always finite for o € (1 — %, 1].

Regularity

The following regularity results were proved in [26].

Proposition 2.2.17. Let u* and u~ be atomic probability measures and o € [0,1]. An
optimum for the irrigation problem is a finite tree made of segments (in the sense that
the fibers x(w,-), once parameterized by arc lengths, describe a finite set of piecewise
linear curves).

Theorem 2.2.18. Let a € (1—+,1) and let x be an optimal traffic plan in TP(u", ™).
Assume that the supports of p* and p~= are at positive distance. In any closed ball B(x, )
not meeting the supports of u= and p~, the traffic plan has the structure of a finite graph.

Extension of the time domain

In Sections 2.4 and 2.5, we will consider traffic plans defined on 2 x R. All the notions
introduced above are easy to generalize, and we shall denote by TPr(u™, 1) the set of
extended traffic plans from p* and p~ and Eg the corresponding cost. We denote by
TPrc(p’, 1) the traffic plans x € TPr(u™, 17) such that [, Ty (w)dw < C, where for
a traffic plan in TP

Ty (w) :=inf{t+s:t,5 >0, x(w) is constant on (—oo, —s] U [t,00)}.

Any traffic plan y € TPy can be shifted in time so that it can be seen as a traffic plan
in TP and the corresponding Ef and E“ costs are the same. Thus, from the point
of view of the irrigation problem, the two formalisms yield the same optimal objects.
However, the introduction of this extended model is made necessary for the study of
the dynamical framework we propose, since the dynamical cost we will consider is not
invariant by time-reparameterization.
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2.3 Dynamic cost of a traffic plan

Let x be a traffic plan and ¢(x,w,t) the elementary cost due to the particle w along the
fiber x(w) at time ¢. We define a general cost function C of a traffic plan y as follows:

C(x) = /Q/R+ c(x,w, t)|x(w,t)| dt dw. (2.3.1)

The choice ¢(x,w,t) = 6,(x(w,t))* ! yields the energy of a traffic plan given by
Definition 2.2.4. In this section, we first prove that for a large class of elementary costs
c(x,w,t), the cost of a traffic plan C(x) is lower semicontinuous. Then, we introduce
a dynamical elementary cost (see the introduction for the meaning of dynamical) for
which the corresponding cost C is lower semicontinuous. This yields the existence of a
minimizer for the dynamical irrigation problem.

Proposition 2.3.1. Let ¢ : TP(u™, u7) x QX RT — R such that ¢(-,w, ) is lower semi-
continuous (with respect to the fiber convergence on traffic plans and the usual topology
in RY) for allw. If x,, : @ x RT — X fiber converges to the traffic plan x, then

C(x) < liminf C(xx).

Proof.  Let us set ¢Mx,w,t) := infsso{c(x,w,s) + Alt — s|}. Since c(x,w,) is lower
semicontinuous, it is classical (see [10]) that ¢*(x,w,-) is A-Lipschitz and that

c(x,w, t) = sup M (x, w, 1).
A

Let us prove that ¢*(-,w,t) is lower semicontinuous for all w and t. Let x,, — ¥, and,
for fixed w and ¢, assume that up to a subsequence the liminf of ¢*(x,,w,t) is indeed a
limit. Now, for each n, take ¢,, such that

1
c)‘(Xn,w,t) > c(Xn,w, tn) + At — t,] — —.
n

If t,, — 400, since ¢ is non-negative,
lim ¢* (X, w, ) > liminf \|t — t,,| = +00 > *(x,w, t).

Otherwise, up to a subsequence, we can assume t,, — t.,, so that liminf,, c(x,,w,t,) >
c(X,w, s ). Therefore,

lim e (X, w, 1) > Hminf e(xn, w, t,) + At — ta] > c(X, W, tos) + At — too| > (g, w, t).
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Let us fix now 7' > 0 and € > 0, and let us consider 0 =t; < ... <t; < ... <ty =T
such that |t;; — ;] < e. Since c*(x,w,-) is A-Lipschitz, |x(w,-)| is 1-Lipschitz, and
x — [ |X(w,t)]dt and x — *(x,w, ) are lower semicontinuous for the fiber convergence,
we have:

tit1
lim inf/ (X W, V)X (w, t)| dt > Z [lim inf c)‘(xn,w,ti)/ IXn(w, )| dt — Ne(tiz1 —t;)
[OvT] 7 " t;

tit1
>y [@(x,w,m | ot de = et - m] > [ Awtilw ol d-2T,
i t; [O,T]
This being true for all €, we get for a.e. w and all T' > 0,
liminf [ c(xn,w,t)|Xn(w,t)|dt > liminf c(Xn, w, )| xn(w, t)|dt

n R+ [0, 17

zliminf/ &(Xn,w,t)m(w,t)ydtz/ A w0, ) (w, )] dt.
(0,77

" (0,7

Then, by Fatou’s lemma,
lim inf C(y,) — lim inf / / (om0, ) o (0, )| - oo
n n Q JR+

Z/Iiminf/ c(xn,w,t)\xn(w,t)]dtdwz// Ao, w0, ) (w, )| dt o,
Q " R+ 2 /(0,17

and we conclude thanks to the monotone convergence theorem. 0

We now define the dynamical multiplicity of w at time ¢ as the proportion of particles
that are exactly at the same place as w at time ¢.

Definition 2.3.2. Let y : Q@ x R™ — X be a traffic plan. We define the path class of
(w,t) € Q x R in x as the set

[w, t]y == {w" : x(W' 1) = x(w,t)}
and the multiplicity of x at (w,t) by Oy (w,t) = L ([w,t]y)-

Definition 2.3.3. Let a € [0, 1]. We call dynamical cost of a traffic plan x : QxRT — X
the functional

Co () = /Q [ w07 Dl (2.3.2)

ie. C%(x) = C(x) with c(x, t,w) = O, (w, t)*"L.
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Theorem 2.3.4. If y,, : Q@ x RT — X s a sequence in TP(u™, u~) converging to the
traffic plan x, then
C*(x) < liminf C%(x,,).

Proof. Let us denote

0 ifx ,
5(x,y):{ 1 ifxfz.

Setting

a—1

vwnt) = | oo ]

where o € [0,1], we observe that ¢(x,t,w) = 6y (w,t)*!, so that C*(x) = C(x) as
defined by (2.3.1). Let us consider a sequence of traffic plans x,, fiber converging to x,
and t, — t. We remark that the function

RY x RY 5 (z,9) — 6(x,y) €R

is upper semicontinuous. Therefore, since y,(w) is a 1-Lipschitz curve, if y,(w) — x(w)
and t, — t we have

lim sup O(Xn(w, tn), Xn (W' 1)) < 0 (x(w, 1), X (&', 1))

Thus, by Fatou lemma,

limsup/Q5(Xn(w,tn),xn(w’,tn))dw’§/(5(X(w,t),x(w’,t))dw',

n Q

and since a < 1,
liminf ¢(xp, w, t,) > c(x,w,t). (2.3.3)

Therefore Proposition 2.3.1 ensures that C'® is lower semicontinuous. 0

Remark 2.3.5. [t is not difficult to prove the upper semicontinuity of the multiplicity
0, (x(w, 1)), so that the elementary cost c(x,w,t) = 0,(x(w,t))*"" satisfies the hypothesis
of Proposition 2.3.1. This yields a new simple proof of Theorem 2.2.9.

Like in the last paragraph of Section 2.2, it is possible to consider a dynamical cost
Cg(x) for x € TPg(u™, ™). Proposition 2.3.1 and Theorem 2.3.4 hold with TPg and
Cg in place of TP and C*. The compactness of TP stated in Proposition 2.2.8 yields:

Proposition 2.3.6. Let u™ and u~ be probability measures on X, and let C' > 0 be such
that TPo(u™, p™) is not empty (for example, take C > diam(X)). Then, there exist
C*-minimizers (resp. Cg-minimizers) in TP¢ (resp. TPr ).
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The argument used to prove Corollary 2.2.10 (that states the existence of E“-minimizers
in TP) is not adaptable to the case of C?, since neither C*(x) nor Cg(x) are invariant by
time-reparameterization of x. In particular, the situation where C“-minimizers in TP¢
change as C increases to +00 is not excluded (this is not the case for E*, since by the
reparameterization argument used to prove Corollary 2.2.10 we know that all minimizers
are in TPo for C' = E“(u™, ™). However, we shall see in Section 2.5, that by using
synchronization techniques developed in Section 2.4 we are still able to prove existence
of C*minimizers in TP(u*, u~) provided that p* is finite atomic, and of C§-minimizers

in TPr(pt, u™).

2.4 Synchronizable traffic plans

Let us define the support of a traffic plan y as the set of points with positive multiplicity.
This set will be denoted by S,,.

Definition 2.4.1. A traffic plan x € TPr(u*™,pu™) (resp. TP(u*,pu™)) is said to be
synchronized (resp. positive synchronized) if it is loop-free, and for all x in the support
of x there is a time t,(x) such that x(w,t,(z)) = x for all w € Q, (i.e. all fibers which
pass through x have to pass at the same time).

Given two traffic plans y and x, we say that x is a reparameterization of y if, for
almost every w € Q, the curve x(w, -) is a reparameterization of x(w,-). We will say that
X is an arc length parameterization of y if, for almost every w, X(w, ) is an arc length
parameterization of y(w,t).

Definition 2.4.2. A traffic plan x € TPg(u™, u™) is said to be synchronizable (resp.
positive synchronizable) if there is some reparameterization x € TPr(ut,u™) (resp. in
TP(ut, u™)) of x such that X is synchronized (resp. positive synchronized).

Since 97! < 5;“_1 with equality if x is (positive) synchronized, one can easily deduce
that if a traffic plan is synchronized (resp. positive synchronized), then Eg(x) = Cg(x)
(resp. E%(x) = C*(X))-

The aim of this section is to prove that E*-optimal traffic plans are synchronizable.
Indeed, optimal traffic plans are such that there is a finite or countable set of points (x;)
and sets §2; C ,, that form an (almost-)partition of 2. This fact makes it possible to
synchronize independently each tree going through some x;, and then harmonize globally
these synchronizations thanks to the so-called strict single oriented path property that
we now discuss.

The strict single path definition was introduced in [26]. Following these authors, a
traffic plan is said to be strict single path if all fibers going through x and y have to
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coincide between = and y. In other terms there is a single path (or none) between any
two points of the irrigation network. All optimal traffic plans can then be proven to
be strict single path up to the removal of a set of fibers with null measure. For our
synchronization purposes, we need to use a slight refinement of this notion, namely what
we call the strict single oriented path property. To state this property in precise terms,
we first need to introduce some definitions.

Definition 2.4.3. Let x be a loop-free traffic plan, and define t,(w) := inf{t : y(w,t) =
x}. Let x,y in S, and define

Qg = {we YNt (w) < ty(w)},
the set of fibers passing through x and then through y. We denote by X, the restriction
of x to Uwegﬁ{w} X [ty(w), ty(w)]. It is the traffic plan made of all pieces of fibers of x
joining x to y. Denote its support by I'™ := S, .

Definition 2.4.4. A traffic plan x has the strict single oriented path property (and we
say that x is strict single oriented) if, for every pair x,y such that |Qz| > 0, all fibers
in Qg coincide between x and y with an arc T joining x to y, and Qg = 0.

By an immediate adaptation of the strict single path property of optimal traffic plans
proven in [26], we have the following result.

Proposition 2.4.5. (Strict single oriented path property) Let o € [0,1) and x be
an optimal traffic plan such that E*(x) < oco. Then, up to removing a zero measure set
of fibers, x has the strict single oriented path property.

We can now detail the lemmas useful to the prove the synchronizability of E“-optima.

Lemma 2.4.6. If y is strict single oriented and Qy C Qy, then X, := x.Qy is synchro-
nizable.

Proof. Let X,(w,t) be an arc length parameterization of x,(w, t) such that y,(w,0) = .
Since . (w, -) is injective, there is only one such parameterization. Let us now prove that
Xz 18 synchronized. Indeed, let us consider a point y in the image of x. Since x is strict
single oriented, there is only one path that connects x to y on the support of the traffic
plan x,. This allows to define [, (y) as the distance from z to y (through the support of
x). Since X, (w,-) is parameterized by its arc length, we notice that for all w € Q, N Q,
Xz(w, I, (y)) =y, i.e. X, is synchronized. O

Lemma 2.4.7. Let x1 and x2 be synchronized, connected, arc length parameterized, and
such that x1 U xa s strict single oriented. Then 1 U X2 s synchronizable.
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Proof. If the supports of x; and x» are disjoints, then y; U x2 is already synchronized.
Otherwise, let x be a point in the support of both x; and x». Since y; is synchronized,
there is some t,,(z) such that for all w € QX' x1(w,ty,(z)) = . We define t,,(x)
analogously. Let us prove that t,,(z) — t,,(z) does not depend on the point z. Let us
consider z; and x5 points in the supports of both y; and y,. By connectedness and
the strict single oriented path property, there is a unique path on the support of yx;
connecting z; and xs (the same holds for x3). Since x; is arc length parameterized,
ty, (1) — ty, (22) is exactly the distance between z; and z, (or its opposite, depending
on the orientation of the path). Since x; U x» is strict single oriented, the unique path
defined by x5 is the same as the one of x; so that we have:

tXl ($1) - tXl (xQ) = tXQ ($1) - tXQ (‘m?)

Thus, shifting the time parameterization of xy by t,,(x) — t,,(z) defines a traffic plan
X2 such that y; U xs is synchronized. O

Definition 2.4.8. We shall say that a traffic plan x is finitely (resp. countably) decom-
posable if there is a finite (resp. countable) set of points (x;) and sets Q; C Q,, that form
a partition of Q (almost everywhere).

Proposition 2.4.9. If x is a strict single oriented countably decomposable traffic plan,
then it is synchronizable.

Proof. Let Q; C €1, defining a countable decomposition of x, and let us denote
xi = x.8;. Lemma 2.4.6 ensures that all the y; are synchronizable, and we denote by
X: an equivalent synchronized traffic plans. Since y is strict single oriented, U;Y; is strict
single oriented. Thus, by induction, the repeated application of Lemma 2.4.7 allows to
define a synchronized traffic plan y that is the union of time shifted versions of x;. Such
a traffic plan y is a time-reparameterization of x that is synchronized. O

Proposition 2.4.10. If u™ is finite atomic, then any optimal traffic plan x € TPr(pu™, 1)
s positive synchronizable.

Proof.  Let (x;)", be a finite sequence such that p* := >  @;0,,. The sets defined
by Q@ = Q,, and Q; := Q,, \ (U,;<;£2;) for ¢ > 1, yield a partition of Q, so that x is
finitely decomposable. Since y is optimal, it is strict single oriented, and Proposition
2.4.9 ensures that y is synchronizable. Since p™ is atomic, by the construction of the
reparameterization given in Lemma 2.4.7 it is simple to see that, with a suitable time
shifting, x is also positive synchronizable. 0

Proposition 2.4.11. Any optimal traffic plan x € TPg is synchronizable.

Proof. Any optimal traffic plan is countably decomposable (see [26, Lemma 3.11]) and
strict single oriented. Thus, by Proposition 2.4.9, it is synchronizable. 0
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2.5 Equivalence of the dynamical and classical irri-
gation problems

In the same way as for E%, we define:

C*(p,p):= inf C*x), Cgp",p )= inf Cg(x).

TP(put,pn™) TPg(pt,pn™)

Theorem 2.5.1. If u™ is finite atomic, then, for all o € [0, 1],
E(p"p) = Cph 1),
and
Eg(uh,pm) =Cgut,p).
Proof.  We remark that, by the definition of £* and C'*, we immediately have the

inequality
E*(x) < C%x) for all traffic plan y, (2.5.1)

so that,
E*(utp) <Ot pm) Yaelo,1].

Let x be a minimizer of E®. Proposition 2.4.10 ensures that there is a reparameteri-
zation y of x such that x is positive synchronized, so that

E*(pt,n7) = E*(x) = E*(X) = C*(X).
Thus, E*(u,pu~) = C*(ut,pu”) for all @ € [0,1]. Finally, Proposition 2.4.11 yields
Eg(pt,pm) =Cg(p*,p7) for all a € [0, 1]. O
By Proposition 2.4.11, we also have:

Theorem 2.5.2. Let pu* and p~ be two probability measures. Then
Eg(p™,p) = Cg(p™, ).

Theorem 2.5.2 states the equivalence of the cost given by the dynamical and the clas-
sical irrigation problem. Concerning minimizers, we can observe as a direct consequence
of Theorem 2.5.2 and (2.5.1) that every Cg-minimizer is an Eg-minimizer. Conversely,
by Proposition 2.4.11, any Eg-minimizer can be reparameterized so that it gives a Cg-
minimizer. The same considerations are true for E* and C* if u™ is finite atomic thanks
to Proposition 2.4.10. Thus, in both these cases, the extended dynamical and classi-
cal irrigation problems yield exactly the same minimizers (up to reparameterization).
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In particular, as a by-product, we obtain the existence of C*minimizers if p* is finite
atomic, and existence of Cg-minimizers in general.

As a particular consequence of the fact that every Cg-minimizer is an Eg-minimizer,
we notice that Cg-minimizers inherit all the regularity properties of E§-minimizers (the
same holds for C“-minimizers, in the case u* is finite atomic). Thus we can translate
the regularity results in Section 2.2 in the Cf framework.

Proposition 2.5.3. Let a € [0,1], T and p~ be finite atomic measures, and x €
TP(u", p~) be a C*-minimizer. Then x is a finite tree made of segments.

Theorem 2.5.4. Let o € (1 — +,1), pu™ and p~ be probability measures, and x €
TPr(u™, 1) be a C§-minimizer. Assume that the supports of ut and u~ are at positive
distance. In any closed ball B(x,r) not meeting the supports of u* and u~, the traffic
plan x has the structure of a finite graph.

2.6 Stability with respect to the cost

In this section we study the regularity with respect to o of E*(u*, u™) for fixed ut and
p~. By the equivalence of E§ and C§ (Theorem 2.5.2), and E* and C® when p* is finite
atomic (Theorem 2.5.1), one can deduce similar stability results for the dynamical cost.

We start studying the regularity with respect to o of E(x) for a fixed traffic plan x.

Lemma 2.6.1. Let x be a traffic plan. Then [0,1] > o — E%(x) € RT U {+o0} is
non-increasing. Fiz now o € [0,1). Then:

(i) If E*(x) < +oo, then 3 — EP(x) is finite and continuous on [a, 1].

(i1) If E*(x) = 400, then E*(x) — +oo for any decreasing sequence o, \, .

Proof.  The monotonicity of o +— E®(x) is trivial.
Let x be such that E*(y) < 400 and let (3, € [«,1] such that 5, — (. For all
(w,t) € 2 x R*, we have

Oy (x(w, )" = O (x(w, )"
In addition, as 0, (x(w,t)) < 1, we have
0 < Oy(x(w, )™ < by (x(w, )"

Thus, since

E%(x) = /Q/R+ QX(X(w,t))a_1|X(w,t)| dt dw < 00,
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the dominated convergence theorem ensures the convergence of Ef(y) to E®().

Let us now consider a traffic plan y such that E%(x) = +o00, and let o, be a decreasing
sequence converging to a. Then for all (w,t) € Q x R, 0, (x(w,))* ! is increasingly
converging to 6, (x(w,?))*"*. Thus, the monotone convergence theorem ensures that
E*(x) — +o0. O

Now we can study the stability of E*(u™, p~) with respect to a.

Proposition 2.6.2. Let p™ and p~ be two probability measures. The function [0,1]
ar— EYut,u) € RY U {400} is non-increasing, right continuous and left lower semi-
continuous.

Proof.  For simplicity of notation set f(«) := E*(u*, ). Observe that, since o +—
E“(x) is non-increasing for all x, f is non-increasing being an infimum of non-increasing
functions. Thus, f is left lower semicontinuous, i.e.

liminf f(c,) > f(a) forall o, " «.

In what follows, 3 will always denote an optimal traffic plan for the exponent 3, i.e.
such that E?(xs) = f(3). Let us consider a decreasing sequence «,, such that a,, \,
and a sequence of optimal traffic plans y,,, .

By Lemma 2.6.1 and the optimality of x,, for E“* we get

f(a) = EY(xa) = lim E“"(x,) > limsup E“"(x,, ) > liminf E*"(x,,, ). (2.6.1)

If liminf,, £*"(xa,) = 400, there is nothing to prove. Otherwise, up to apply the
reparameterization argument used to prove Corollary 2.2.9, we can assume that x,, €
TP¢ for some C' > 0. Thus, by Proposition 2.2.8, there is a subsequence Xan, Such that

Xon, — X and limkinf EY (chnk) = limninf E“ (Xay,)- (2.6.2)

Recalling that oo — E“(x) is non-increasing, and that E* is lower semicontinuous for
m fixed, we have

limkinf E“% (Xa,, ) > limkinf E“"(Xa, ) = E*(x) for all m. (2.6.3)

"k "k
By Lemma 2.6.1, lim,, E*"(x) = E*(x) so that (2.6.1), (2.6.2) and (2.6.3) yield

(@) = limsup f(a,) > minf f(a,) = E°(x) = f(a).

n
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Corollary 2.6.3. Let o, € [0, 1] be a decreasing sequence converging to «, and let u* and
w= be two probability measures. If xa, are optimal traffic plans for E“* and X, — X,
then x is optimal for E“.

Proof. By Proposition 2.6.2, and since a — FE“(x) is non-increasing and E*™ is lower
semicontinuous for fixed m, we have

E* (it ) = lim B (xa,) 2 liminf B (xa,) > B (x).

Since by Lemma 2.6.1 lim,, E*"(x) = E“(x), x is optimal. O

If we now constrain « to be in (1 — %, 1], we are able to say more. Indeed, in this
case, Proposition 2.2.14 allows us to approximate pu* and p~ with atomic measures p;"
and g, in such a way that E%(u*, u~) is a uniform limit (locally in «) of E*(ut, u.).
Then it is sufficient to prove that E*(u, ) is continuous for any n, in order to have
that E*(u", 11~) is continuous on (1 — +,1].

Lemma 2.6.4. Let p* = f;l a;0,, and pu~ = Zfil b;d,, be atomic measures such that
S a; = S22 b (the irrigating and the irrigated measure have the same mass). Then
a— EY(ut,u™) is continuous on [0, 1].

Proof. By Proposition 2.2.17, we know that, for all a« € [0,1], an optimum for the
irrigation problem can be viewed as a weighted and oriented finite graph G. Then, if we
call x, an optimum for £%, we have

E*(ph pm) = E*(xa) = Y_ lim§,
=1

where the [; and m; are respectively the lengths and weigths of the edges of G. Then,
since

ﬁ = Eﬁ(Xa) = lemzﬁ
=1

is continuous and finite on [0, 1], we see that E*(u*, u~) is finite on [0,1]. Moreover
we already know by Proposition 2.6.2 that E*(u™, u~) is left lower semicontinuous and
right continuous. So, in order to conclude it is sufficient to prove that E*(u*, u™) is left
upper semicontinuous. Let («,) be a sequence such that «,, /* a. The continuity of
3 +— EP(x,) ensures that

limsup E*" (u", u~) = limsup E*"(xa, ) < limsup E*" () = E*(xa) = E*(u", p7).

n

O
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Theorem 2.6.5. Let o, € [1 — %, 1] be a sequence converging to c. If the traffic plans
Xa,, are optimal for E°" and x,, — X, then x is optimal for E.

Proof. By Proposition 2.2.14, for all 4™ and p~ there are atomic measures p,f and p,;
such that E*(u;}, u,,) converges uniformly to E%(p™,17) on (1 — +,1]. Lemma 2.6.4
asserts that o — E*(u}, ) is continuous, so that a — E*(u™, 1) is continuous on
(1 — &, 1]. By the same kind of argument as in the proof of Corollary 2.6.3, we deduce
that x is optimal. If a = 1 — %, we can suppose that up to a subsequence «,, \, «,
so that Corollary 2.6.3 ensures that x is optimal (possibly trivially optimal in the case
E%(x) = 00). 0

Remark 2.6.6. In the case a = 1, the irrigation problem for the cost E< is equivalent to
the classical Monge-Kantorovich problem (see [110, 85, 132]). For that particular case,
Theorem 2.6.5 ensures that the transference plan associated to a sequence of optimal traf-
fic plans x.,, , where a, — 1, converges, up to a subsequence, to an optimal transference
plan for the Monge-Kantorovich problem.



Chapter 3

Variational models for the
incompressible Euler equations

3.1 Introduction

L The velocity of an incompressible fluid moving inside a region D is mathematically
described by a time-dependent and divergence-free vector field w(t, ) which is parallel to
the boundary dD. The Euler equations for incompressible fluids describes the evolution
of such velocity field w in terms of the pressure field p:

du+ (u-V)u=—-Vp in[0,7] x D,
dive =0 in [0,7] x D, (3.1.1)
u-n=0 on [0,T] x OD.

Let us assume that u is smooth, so that it produces a unique flow g, given by

{ 9(t,a) = u(t, g(t, a)),
9(0,a) = a.

By the incompressibility condition, we get that at each time ¢ the map g(¢,-) : D — D
is a measure-preserving diffeomorphism of D, that is

g(tv ')#MD = Up,

(here and in the sequel fup is the push-forward of a measure p through a map f, and
ip is the volume measure of the manifold D). Writing Euler equations in terms of g, we

!This chapter is based on two joint works with Luigi Ambrosio [8, 9].
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get
g(t,a) = —Vp (t,g(t,a)) (t,a) €[0,T] x D,
9(0,a) = a€D, (3.1.2)
g(t,-) € Slef( ) te0,7].

Viewing the space SDiff(D) of measure-preserving diffeomorphisms of D as an infinite-

dimensional manifold with the metric inherited from the embedding in L?, and with
tangent space made by the divergence-free vector fields, Arnold interpreted the equation
above, and therefore (3.1.1), as a geodesic equation on SDiff(D) [15]. According to this
intepretation, one can look for solutions of (3.1.2) by minimizing

T/O /D%]g(t,x)]QduD(x)dt (3.1.3)

among all paths g(¢,-) : [0,7] — SDiff(D) with ¢(0,-) = f and g(7,-) = h prescribed
(typically, by right invariance, f is taken as the identity map ¢), and the pressure field
arises as a Lagrange multiplier from the incompressibility constraint (the factor 7" in front
of the integral is just to make the functional scale invariant in time). We shall denote by
d(f, h) the Arnold distance in SDiff (D), whose square is defined by the above-mentioned
variational problem in the time interval [0, 1].

Although in the traditional approach to (3.1.1) the initial velocity is prescribed, while
in the minimization of (3.1.3) is not, this variational problem has an independent interest
and leads to deep mathematical questions, namely existence of relaxed solutions, gap
phenomena and necessary and sufficient optimality conditions, that are investigated in
this chapter. We also remark that no existence result of distributional solutions of (3.1.1)
is known when d > 2 (the case d = 2 is different, thanks to the vorticity formulation of
(3.1.1)), see [94], [36] for a discussion on this topic and other concepts of weak solutions

o (3.1.1).

On the positive side, Ebin and Marsden proved in [58] that, when D is a smooth
compact manifold with no boundary, the minimization of (3.1.3) leads to a unique solu-
tion, corresponding also to a solution to Euler equations, if f and h are sufficienly close
in a suitable Sobolev norm.

On the negative side, Shnirelman proved in [121], [122] that when d > 3 the infimum
is not attained in general, and that when d = 2 there exists h € SDiff(D) which cannot
be connected to ¢ by a path with finite action. These “negative” results motivate the
study of relaxed versions of Arnold’s problem.

The first relaxed version of Arnold’s minimization problem was introduced by Brenier
n [31]: he considered probability measures i in (D), the space of continuous paths
w:[0,T] — D, and minimized the energy

T
1.
) =T [ [ S drdnge)
(D) Jo
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with the constraints

(eo,er)ym = (4, h)gpp,  (e)gm=pp VL €[0,T] (3.1.4)

(here and in the sequel e;(w) := w(t) are the evaluation maps at time ¢). According to
Brenier, we shall call these m generalized incompressible flows in [0,T] between i and
h. Obviously any sufficiently regular path g(¢,-) : [0,1] — S(D) induces a generalized
incompressible flow n = (®,)xup, where ®, : D — Q(D) is given by ®,(z) = ¢(-, z), but
the converse is far from being true: the main difference between classical and generalized
flows consists in the fact that fluid paths starting from different points are allowed to
cross at a later time, and fluid paths starting from the same point are allowed to split at
a later time. This approach is by now quite common, see for instance [4] (DiPerna-Lions
theory), [25] (branched optimal transportation), [97], [133].

Brenier’s formulation makes sense not only if h € SDiff(D), but also when h €
S(D), where S(D) is the space of measure-preserving maps h : D — D, not necessarily
invertible or smooth. In the case D = [0,1]¢, existence of admissible paths with finite
action connecting ¢ to any h € S(D) was proved in [31], together with the existence
of paths with minimal action. Furthermore, a consistency result was proved: smooth
solutions to (3.1.1) are optimal even in the larger class of the generalized incompressible
flows, provided the pressure field p satisfies

T? sup sup |V2p(t,z)| < 72, (3.1.5)
t€[0,T) z€D

and are the unique ones if the inequality is strict. When n = (®,)xpup we can recover
g(t,-) from n using the identity

(607 6t)#77 = (ivg(t> '))#:uDv te [OvT]

Brenier found in [31] examples of action-minimizing paths 7 (for instance in the unit
ball of R?, between % and —%) where no such representation is possible. The same
examples show that the upper bound (3.1.5) is sharp. Notice however that (e, e;)#n is
a measure-preserving plan, i.e. a probability measure in D x D having both marginals
equal to pp. Denoting by I'(D) the space of measure-preserving plans, it is therefore
natural to consider t — (eg,e;)4m as a “minimizing geodesic” between ¢ and h in the
larger space of measure-preserving plans. Then, to be consistent, one has to extend
Brenier’s minimization problem considering paths connecting v, n € I'(D). We define
this extension, that reveals to be useful also to connect this model to the Eulerian-
Lagrangian one in [35], and to obtain necessary and sufficient optimality conditions even
when only “deterministic” data ¢ and h are considered (because, as we said, the path
might be non-deterministic in between). In this presentation of our results, however, to
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simplify the matter as much as possible, we shall consider the case of paths n between
¢ and h € S(D) only.

In Section 3.5 we study the relation between the relaxation d, of the Arnold distance,
defined by

5.(h) := inf {hminw(i, ha) : hy € SDiff(D), / \ho — B2 dpp — o} ,
D

n—oo

and the distance 6(%, ) arising from the minimization of the Lagrangian model. It is not
hard to show that 0(i, h) < d,(h), and a natural question is whether equality holds, or a
gap phenomenon occurs. In the case D = [0, 1]¢ with d > 2, an important step forward
was obtained by Shnirelman in [122], who proved that equality holds when h € SDiff(D);
Shnirelman’s construction provides an approximation (with convergence of the action)
of generalized flows connecting ¢ to h by smooth flows still connecting ¢ to A. The main
result of this section is the proof that no gap phenomenon occurs, still in the case D =
[0,1]? with d > 2, even when non-deterministic final data (i.e. measure-preserving plans)
are considered. The proof of this fact is based on an auxiliary approximation result,
Theorem 3.5.3, valid in any number of dimensions, which we believe of independent
interest: it allows to approximate, with convergence of the action, any generalized flow
n in [0,1]¢ by W2 flows (in time) induced by measure-preserving maps g(t,-). This
fact shows that the “negative” result of Shnirelman on the existence in dimension 2 of
non-attainable diffeomorphisms is due to the regularity assumption on the path, and it
is false if one allows for paths in the larger space S(D). The proof of Theorem 3.5.3 uses
some key ideas from [122] (in particular the combination of law of large numbers and
smoothing of discrete families of trajectories), and some ideas coming from the theory
of optimal transportation.

Minimizing generalized paths m are not unique in general, as shown in [31]; how-
ever, Brenier proved in [33] that the gradient of the pressure field p, identified by the
distributional relation

Vp(t,x) = —0sv(z) — div (v @ vi(2)), (3.1.6)

is indeed unique. Here 7,(z) is the “effective velocity”, defined by (e:)x(w(t)n) = Diup,
and v ® v, is the quadratic effective velocity, defined by (e;)x(w(t) @w(t)n) = v @ Viup.
The proof of this fact is based on the so-called dual least action principle: if 1 is optimal,
we have

dr(v) = dr(n) +(p.p” — 1) (3.1.7)

for any measure v in (D) such that (eq, er)xv = (3, h)zpp and ||p¥ —1||cr < 1/2. Here
p¥ is the (absolutely continuous) density produced by the flow v, defined by p¥ (¢, )up =
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(e:)#v. In this way, the incompressibility constraint can be slightly relaxed and one can
work with the augmented functional (still minimized by n)

vi— dp(v) — (p,p” — 1),

whose first variation leads to (3.1.6).

In Theorem 3.6.2, still using the key Proposition 2.1 from [33], we provide a simpler
proof and a new interpretation of the dual least action principle.

A few years later, Brenier introduced in [35] a new relaxed version of Arnold’s problem
of a mixed Eulerian-Lagrangian nature: the idea is to add to the Eulerian variable
x a Lagrangian one a representing, at least when f = %, the initial position of the
particle; then, one minimizes a functional of the Eulerian variables (density and velocity),
depending also on a. Brenier’s motivation for looking at the new model was that this
formalism allows to show much stronger regularity results for the pressure field, namely
O.,p are locally finite measures in (0,7") x D. In Section 3.3.3 we describe in detail this
new model and, in Section 3.4, we show that the two models are basically equivalent.
This result will be used by us to transfer the regularity informations on the pressure
field up to the Lagrangian model, thus obtaining the validity of (3.1.7) for a much larger
class of generalized flows v, that we call lows with bounded compression. The proof of
the equivalence follows by a general principle (Theorem 3.2.4, borrowed from [11]) that
allows to move from an Eulerian to a Lagrangian description, lifting solutions to the
continuity equation to measures in the space of continuous maps.

In Section 3.6 we look for necessary and sufficient optimality conditions for the
geodesic problem. These conditions require that the pressure field p is a function and not
only a distribution: this technical result is achieved in the last section, where, by carefully
analyzing and improving Brenier’s difference-quotient argument, we show that 0,.p €

L2 ((0,T); Mioe(D)) (this implies, by Sobolev embedding, p € L2, ((0,T); Lflo/édfl)(D))).
In this final section, although we do not see a serious obstruction to the extension of

our results to a more general framework, we consider the case of the flat torus T? only,

and we shall denote by pur the canonical measure on the flat torus. We observe that

in this case p € L} ((0,7); LY@D(T%)) and so, taking into account that the pressure

field in (3.1.7) is uniquely determined up to additive time-dependent constants, we may

assume that [i, p(t,-)dpur = 0 for almost all ¢ € (0,7T).

The first elementary remark is that any integrable function ¢ in (0, 7) x T with [, ¢(t, -) dur =

0 for almost all ¢ € (0,T") provides us with a null-lagrangian for the geodesic problem,

as the incompressibility constraint gives

/Q(Td) /OTq(uw(t))dtdy(w) :/OT /qu(t’x) dpon() dt = 0
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for any generalized incompressible flow v. Taking also the constraint (e, er)xv =
(¢, h)p into account, we get

) =7 [ ([ S0 - at) ) avie) > [ e he) dunto)

Q(Te)

where ¢/ (z, y) is the minimal cost associated with the Lagrangian T fOT o) [>—q(t,w) dt.

Since this lower bound depends only on h, we obtain that any 7 satisfying (3.1.4) and con-
centrated on ¢,-minimal paths, for some ¢ € L', is optimal, and 32(73, h) = [l (i, h)dpr.
This is basically the argument used by Brenier in [31] to show the minimality of smooth
solutions to (3.1.1), under assumption (3.1.5): indeed, this condition guarantees that
solutions of &(t) = —Vp(t,w) (i.e. stationary paths for the Lagrangian, with ¢ = p) are
also minimal.

We are able to show that basically this condition is necessary and sufficient for
optimality if the pressure field is globally integrable (see Theorem 3.6.12). However,
since no global in time regularity result for the pressure field is presently known, we have
also been looking for necessary and sufficient optimality conditions that don’t require the
global integrability of the pressure field. Using the regularity p € Li . ((0,T); L"(D)) for
some 7 > 1, guaranteed in the case D = T¢ with r = d/(d — 1) by the results contained
in the last saction, we show in Theorem 3.6.8 that any optimal 7 is concentrated on
locally minimizing paths for the Lagrangian

L(w) = / %|@(t)|2— p(t,w) dt (3.1.8)

Since we are going to integrate p along curves, this statement is not invariant un-
der modifications of p in negligible sets, and the choice of a specific representative
p(t,z) == liminf, o p(¢,-) * ¢.(x) in the Lebesgue equivalence class is needed. Moreover,
the necessity of pointwise uniform estimates on p. requires the integrability of Mp(t, z),
the maximal function of p(t,-) at = (see (3.6.11)).

In addition, we identify a second necessary (and more hidden) optimality condition.
In order to state it, let us consider an interval [s,t] C (0,7) and the cost function

c;’t(a:,y) = inf {/ %|w(7)|2 —p(r,w)dr: w(s) =z, w(t) =y, Mp(T,w) € Ll(s,t)} )

(3.1.9)
(the assumption Mp(T,w) € L'(s,t) is forced by technical reasons). Recall that, accord-
ing to the theory of optimal transportation, a probability measure A in T¢ x T is said

to be c-optimal if
/ c(z,y)d\N > / c(x,y)d\
T4 xTd TexTd
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for any probability measure X having the same marginals jup, us of \. We shall also
denote W, (u1, p2) the minimal value, i.e. dede cd)\, with X c-optimal. Now, let n be an
optimal generalized incompressible flow between ¢ and h; according to the disintegration
theorem, we can represent n = [ n,dup(a), with 1, concentrated on curves starting
at a (and ending, since our final conditions is deterministic, at h(a)), and consider the
plans A\3' = (es, e;)xm,. We show that

for all [s,#] C (0,T), A" is ¢i'-optimal for pr-a.e. a € T (3.1.10)

Roughly speaking, this condition tells us that one has not only to move mass from x to y
achieving cg’t, but also to optimize the distribution of mass between time s and time ¢. In
the “deterministic” case when either (e, e5)xmn or (eq, €;)xm are induced by a transport
map ¢, the plan A" has d,, either as first or as second marginal, and therefore it is
uniquely determined by its marginals (it is indeed the product of them). This is the
reason why condition (3.1.10) does not show up in the deterministic case.

Finally, we show in Theorem 3.6.12 that the two conditions are also sufficient, even
on general manifolds D: if, for some r > 1 and ¢ € L _((0,T); L"(D)), a generalized
incompressible flow 1 concentrated on locally minimizing curves for the Lagrangian £,
satisfies

for all [s,¢] € (0,T), Ay is ¢)'-optimal for pp-a.e. a € D,

then n is optimal in [0, 7], and ¢ is the pressure field.

These results show a somehow unexpected connection between the variational theory
of incompressible flows and the theory developed by Bernard-Buffoni [20] of measures
in the space of action-minimizing curves; in this framework one can fit Mather’s theory
as well as optimal transportation problems on manifolds, with a geometric cost. In our
case the only difference is that the Lagrangian is possibly nonsmoooth (but hopefully
not so bad), and not given a priori, but generated by the problem itself. Our approach
also yields (see Corollary 3.6.13) a new variational characterization of the pressure field,
as a maximizer of the family of functionals (for [s,¢] C (0,7))

0 [ Werlnaddis@,  Mae L (st < T9),
T 7
where 7%, 7% are the marginals of A5

3.2 Notation and preliminary results

Measure-theoretic notation. We start by recalling some basic facts in Measure The-
ory. Let X, Y be Polish spaces, i.e. topological spaces whose topology is induced by
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a complete and separable distance. We endow a Polish space X with the correspond-
ing Borel o-algebra and denote by & (X) (resp. #,(X), 4 (X)) the family of Borel
probability (resp. nonnegative and finite, real and with finite total variation) mea-
sures in X. For A C X and p € #(X) the restriction pA of u to A is defined by
uLA(B) := u(AN B). We will denote by 7 : X — X the identity map.

Definition 3.2.1 (Push-forward). Let p € .#(X) andlet f : X — Y be a Borel map.
The push-forward fyu is the measure in'Y defined by fyu(B) = u(f~*(B)) for any Borel
set B CY. The definition obviously extends, componentwise, to vector-valued measures.

It is easy to check that fupu has finite total variation as well, and that | fup| < fau|ul.
An elementary approximation by simple functions shows the change of variable formula

/Ygdf#u=/X90fdu (3.2.1)

for any bounded Borel function (or even either nonnegative or nonpositive, and R-valued,
in the case p € A (X)) g:Y — R.

Definition 3.2.2 (Narrow convergence and compactness). Narrow (sequential)
convergence in P (X) is the convergence induced by the duality with Cy(X), the space of
continuous and bounded functions in X. By Prokhorov theorem, a family F in P (X)
15 sequentially relatively compact with respect to the narrow convergence if and only if it
is tight, i.e. for any e > 0 there exists a compact set K C X such that p(X \ K) < € for
any | € F.

In this chapter we use only the “easy” implication in Prokhorov theorem, namely
that any tight family is sequentially relatively compact. It is immediate to check that a
sufficient condition for tightness of a family .%# of probability measures is the existence
of a coercive functional ¥ : X — [0, +o0] (i.e. a functional such that its sublevel sets
{¥ < t}, t € R, are relatively compact in X) such that

/ U(x)du(z) <1 Yu e Z.

Lemma 3.2.3 ([14], Lemma 2.4). Let p € Z(X) and u € L*(X;R™). Then, for any
Borel map f: X =Y, fa(up) < fap and its density v with respect to fup satisfies

[ 1wk den < [ upan
Y X

Furthermore, equality holds if and only if u =v o f p-a.e. in X.
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Given pu € A4 (X xY'), we shall denote by p, ® A its disintegration via the projection
map 7w(z,y) = x: here A\ = mup € A (X), and x — p, € Z(Y) is a Borel map (i.e.
x +— . (A) is Borel for all Borel sets A C Y') characterized, up to A-negligible sets, by

. [l y) du(z, y) / (/ Fz,y) dus(y ) dA(z) (3.2.2)

for all nonnegative Borel map f. Conversely, any A and any Borel map = — u, € Z2(Y)
induce a probability measure p in X x Y via (3.2.2).
Function spaces. We shall denote by Q(D) the space C([0,T]; D), and by w : [0,7] —
D its typical element. The evaluation maps at time ¢, w +— w(t), will be denoted by e;.
If D is a smooth, compact Riemannian manifold without boundary (typically the
d-dimensional flat torus T?), we shall denote up its volume measure, and by dp its
Riemannian distance, normalizing the Riemannian metric so that up is a probability
measure. Although it does not fit exactly in this framework, we occasionally consider
also the case D = [0,1]¢, because many results have already been obtained in this
particular case.
We shall often consider measures n € #,(Q(D)) such that (e;)xm < pp; in this
case we shall denote by p" : [0,T] x D — [0, +0o0] the density, characterized by

p(t, Yup = (e)gm,  t€[0,T).

We denote by SDiff(D) the measure-preserving diffeomorphisms of D, and by S(D)
the measure-preserving maps in D:

S(D):={g:D—D: gupup =pp}. (3.2.3)
We also set '
SY(D) :={g € S(D) : g is up-essentially injective} . (3.2.4)

For any g € S*(D) the inverse g~ ! is well defined up to up-negligible sets, 1 p-measurable,
and g-log=1=gog ! up-a.e. in D. In particular, if g € SY(D), g~ € S{(D).

We shall also denote by I'(D) the family of measure-preserving plans, i.e. the prob-
ability measures in D x D whose first and second marginal are pp:

[(D):={ye€ P(D x D): (m)yy=pp, (m2)4y = pn} (3.2.5)

(here 7y, mo are the canonical coordinate projections).
Recall that SDiff(D) C S%(D) C S(D) and that any element g € S(D) canonically
induces a measure preserving plan v,, defined by

Vg := (% X g)plip.
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Furthermore, this correspondence is continuous, as long as convergence in L?(u) of the
maps g and narrow convergence of the plans are considered (see for instance Lemma 2.3
n [14]). Moreover

narrow

{1g: g€ 5(D)} =I(D), (3.2.6)
2
SDIff(D)” ") = S(D)  if D =[0,1]7, with d > 2 (3.2.7)
(the first result is standard, see for example the explicit construction in [37, Theorem
1.4 (i)] in the case D = [0, 1], while the second one is proved in [37, Corollary 1.5])

The continuity equation. In the sequel we shall often consider weak solutions pu; €
P(D) of the continuity equation

at,U/t + diV(’Ut,ut) = 0, (328)

where ¢ — p, is narrowly continuous (this is not restrictive, see for instance Lemma 8.1.2
of [11]) and v,(x) is a suitable velocity field with [|v||2(,,) € L'(0,7T) (formally, v, is a
section of the tangent bundle and |v;| is computed accordlng to the Riemannian metric).
The equation is understood in a weak (distributional) sense, by requiring that

/ o(t, ) dpua / b+ (Vo,v)du  in D0, T)

for any ¢ € C*((0,T) x D) with bounded first derivatives and support contained in
J x D, with J € (0,7). In the case when D C R? is compact, we shall consider
functions ¢ € C! ((0, T) x ]Rd), again with support contained in J x R?, with J € (0, 7).

The following general principle allows to lift solutions of the continuity equation to
measures in the space of continuous paths.

Theorem 3.2.4 (Superposition principle). Assume that either D is a compact subset
of R, or D is a smooth compact Riemannian manifold without boundary, and let i :
[0,T] — (D) be a narrowly continuous solution of the continuity equation (3.2.8) for
a suitable velocity field v(t, x) = vy(x) satisfying ||’Ut||%2(#t) € L*(0,T). Then there exists
n € Z(QD)) such that

(i) e = (er)gm for all t € [0, T];

(ii) the following energy inequality holds:

/ / (O dt dn(w //\vtﬁdutdt

Proof. In the case when D = R? (and therefore also when D C R is closed) this result
is proved in Theorem 8.2.1 of [11] (see also [16], [123], [21] for related results). In the case
when D is a smooth, compact Riemannian manifold we recover the same result thanks
to an isometric embedding in R™, for m large enough. U
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3.3 Variational models for generalized geodesics

3.3.1 Arnold’s least action problem

Let f, h € SDiff(D) be given. Following Arnold [15], we define 6%(f, h) by minimizing
the action

T
L.
i) =T [ [ Jlatt.o) dupo)t,
0o Jp2
among all smooth curves
[0,T] 5t g(t,-) € SDiff(D)

connecting f to h. By time rescaling, ¢ is independent of T". Since right composition
with a given element g € SDiff(D) does not change the action (as it amounts just to a
relabelling of the initial position with g), the distance ¢ is right invariant, so it will be
often useful to assume, in the minimization problem, that f is the identity map.

The action @7y can also be computed in terms of the velocity field u, defined by

’u’(tax> = g(t7y)|y:g*1(t,:c)a as

) =T [ [ Sputt. 0P dunte)at

As we mentioned in the introduction, connections between this minimization problem
and (3.1.1) were achieved first by Ebin and Marsden, and then by Brenier: in [31], [35]
he proved that if (u,p) is a smooth solution of the Euler equation in [0,7] x D, with
D =[0,1]4, and the inequality in (3.1.5) is strict, then the flow g(¢, z) of u is the unique
solution of Arnold’s minimization problem with f =12, h = g(T,-).

By integrating the inequality d%(h(z), f(z)) < fol |g(¢,x)|* dt one immediately ob-
tains that ||h — fllr2(py < V238(f,h); Shnirelman proved in [122] that in the case
D = [0,1]? with d > 3 the Arnold distance is topologically equivalent to the L? dis-
tance: namely, there exist C' > 0, a > 0 such that

o(f,9) <CIf —glli2py  Vf, g € SDiff(D). (3.3.1)

Shnirelman also proved in [121] that when d > 3 the infimum is not attained in general
and that, when d = 2, (¢, h) need not be finite (i.e., there exist h € SDiff(D) which
cannot be connected to % by a path with finite action).

3.3.2 Brenier’s Lagrangian model and its extensions

In [31], Brenier proposed a relaxed version of the Arnold geodesic problem, and here we
present more general versions of Brenier’s relaxed problem, allowing first for final data
in I'(D), and then for initial and final data in I'(D).
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Let v € T'(D) be given; the class of admissible paths, called by Brenier generalized
incompressible flows, is made by the probability measures n on (D) such that

(60#"’] = Up Vt € [O,T]

Then the action of an admissible n is defined as

oto(m) = / ) dn)

where

(3.3.2)

o) TfOT slo(t)>dt  if w is absolutely continuous in [0, 7]
w) =
g ~+00 otherwise,

and o (7i,7y) is defined by minimizing <7(n) among all generalized incompressible flows
7 connecting ~; to ~, i.e. those satisfying

(eo, er)m = 1. (3.3.3)

Notice that it is not clear, in this purely Lagrangian formulation, how the relaxed
distance §(7,y) between two measure preserving plans might be defined, not even when 7
and 7 are induced by maps g, h. Only when g € S*(D) we might use the right invariance
and define 0(vg, Yn) := 0(Vs, Yhog-1)-

These remarks led us to the following more general problem: let us denote

Q(D) :=Q(D) x D,

whose typical element will be denoted by (w, a), and let us denote by mp : Q(D) — D
the canonical projection. We consider probability measures 1 in Q(D) having pup as
second marginal, i.e. (mp)gm = pp; they can be canonically represented as m, ® up,
where 1, € Z(2(D)). The incompressibility constraint now becomes

/D (g dun(a) = pp V€ [0,T], (3.3.4)

or equivalently (e;)4n = pup for all ¢, if we consider e, as a map defined on Q(D). Given
initial and final data n = 7, ® up, v = 7. ® pp € I'(D), the constraint (3.3.3) now
becomes

(€0, TD)#M = Na @ fp, (€1, TD)pM = Ya @ fip- (3.3.5)

Equivalently, in terms of 1, we can write

(€0)#Ma = Nas (er)#Ma = Va- (3.3.6)
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Then, we define 5 (n,7) by minimizing the action
| ) nena
QD)

among all generalized incompressible flows ) (according to (3.3.4)) connecting 7 to =y

(according to (3.3.5) or (3.3.6)). Notice that 5 s independent of 7', because the action
is scaling invariant; so we can use any interval [a, b] in place of [0, 7] to define §, and in
this case we shall talk of generalized flow between n and 7 in [a, b] (this extension will
play a role in Remark 3.3.2 below).

When 7, = 0, (i.e. 1 =), (3.3.6) tells us that almost all trajectories of n, start
from a: then [,m,dpup(a) provides us with a solution of Brenier’s original model with
the same action, connecting ~; to 7. Conversely, any solution v of this model can be
written as f pVadpp, with v, concentrated on the curves starting at a, and v, ® up
provides us with an admissible path for our generalized problem, connecting v; to =,
with the same action.

Let us now analyze the properties of (I'(D),d); the fact that this is a metric space
and even a length space (i.e. any two points can be joined by a geodesic with length
equal to the distance) follows by the basic operations reparameterization, restriction and
concatenation of generalized flows, that we are now going to describe.

Remark 3.3.1 (Repameterization). Let x : [0,7] — [0,T] be a C' map with y > 0,
x(0) =0 and x(T) = T. Then, right composition of w with x induces a transformation
1n — xxn between generalized incompressible flows that preserves the initial and final
conditionl. As a consequence, if n is optimal the functional x — @ (xxm) attains its
minimum when x/(¢) = t. Changing variables we obtain

T'2 Lo = TL 1w2s w,a)ds
il =7 [0 [ Sl ad =7 7o | Do) anaa

with g = x . Therefore, choosing g(s) = s+e¢(s), with ¢ € C1(0,T), the first variation

o / ) (f P dnG 0) ds)ds =0

This proves that s — fﬁ( D) |w|?(s) dn(w, a) is equivalent to a constant. We shall call the
square root of this quantity speed of n.

Remark 3.3.2 (Restriction and concatenation). Let [s,t] C [0,7] and let ry; :
C([0,T); D) — C([s,t]; D) be the restriction map. It is immediate to check that, for
any generalized incompressible flow n = 1, ® pp in [0, T] between 1 and ~, the measure
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(rst)#m is a generalized incompressible flow in [s,?] between ns = (e5)xm, ® pp and
Ve = (er)xm, ® up, with action equal to

(t— ) /Q(D) /: %|@<T>|2d7 dn(w, a).

Let s <l <tandlet n = p, ® up, v = v, @ up be generalized incompressible flows,
respectively defined in [s,{] and [l,t], and joining 1 to 7 and « to #. Then, writing
Yo = (€)M, = (€1)xVq, we can disintegrate both i, and v, with respect to v, to obtain

o = /D Mow a(z) € P(C(,1 D)), o= /D Vo dalz) € 2(C([1.1]: D)),

with 1, ., V. concentrated on the curves w with w(l) = x. We can then consider
the image A, ,, via the concatenation of paths (from the product of C([s,!]; D) and
C([1,t]; D) to C([s,t]; D)), of the product measure 1, , X V4, to obtain a probability
measure in C([s,t]; D) concentrated on paths passing through = at time [. Eventually,
setting

A= / >‘$,a d('ya & ND)(I7 a)v
DxD

we obtain a generalized incompressible flow in [s,¢] joining 1 to 6 with action given by

t—s t—s
A

s T+
where @7, (1) is the action of i in [s,(] and 274 (v) is the action of v in [[,t] (strictly
speaking, the action of their restrictions).

'd[l,t](y)a

A simple consequence of the previous remarks is that ¢ is a distance in I'(D) (it
suffices to concatenate flows with unit speed); in addition, the restriction of an optimal
incompressible flow n = 1, ® up between 1, ® pup and v, ® up to an interval [s, ¢] is still
an optimal incompressible flow in [s, t] between the plans (es)xn, @ pup and (e;)xm, @ fip.
This property will be useful in Section 3.6.

Another important property of ¢ that will be useful in Section 3.6 is its lower semi-
continuity with respect to the narrow convergence, that we are going to prove in the
next theorem. Another non-trivial fact is the existence of at least one generalized in-
compressible flow with finite action. In [31, Section 4] Brenier proved the existence of
such a flow in the case D = T?. Then in [122, Section 2], using a (non-injective) Lips-
chitz measure-preserving map from T? to [0, 1]¢, Shnirelman produced a flow with finite
action also in this case (see also [35, Section 3]). In the next theorem we will show how
to construct a flow with finite action in a compact subset D whenever flows with finite
action can be built in D" and a possibly non-injective, Lipschitz and measure-preserving
map f: D' — D exists.
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Theorem 3.3.3. Assume that D C R? is a compact set. Then the infimum in the
definition of 0(n,~y) is achieved,

(n,7) — 8(n,7) is narrowly lower semicontinuous (3.3.7)
and B
(Vi vn) < 0(2, h) Vh € SDiff(D). (3.3.8)
Furthermore, sup 6(n,7) < v/d when either D = [0,1]% or D = T¢ and, more gener-
n,v€r(D)
ally,

sup 0p(vi,v) < Lip(f) sup Opr(7i,7')
~er(D) ~/er(D)

whenever a Lipschitz measure-preserving map f : D' — D exists.

Proof.  The inequality 6(v;,v,) < 6(%,h) simply follows by the fact that any smooth
flow g induces a generalized one, with the same action, by the formula n = ®4up,
where ® : D — Q(D) is the map = — (g(-,x),z). Assuming that some generalized
incompressible flow with a finite action between 7 and v exists, the existence of an optimal
one follows by the narrow lower semicontinuity of 1 — o7r(n) (because w +— op(w) is
lower semicontinuous in (D)) and by the tightness of minimizing sequences (because
/r(w) is coercive in Q(D), by the Ascoli-Arzela theorem). A similar argument also
proves the lower semicontinuity of (n,7) +— d(n,7), as the conditions (3.3.4), (3.3.5) are
stable under narrow convergence (of  and 7, 7).

When either D = [0,1]¢ or D = T¢ it follows by the explicit construction in [31],
[122] that §(vs,y,) < Vd for all h € S(D); by right invariance (see Proposition 3.3.4
below) the same estimate holds for d(vs,7,) with f € S(D); by density and lower
semicontinuity it extends to &(n, ), with n, v € I'(D).

Let f: D" — D be a Lipschitz measure-preserving map and h € S(D); we claim that
it suffices to show the existence of v/ € I'(D’) such that (f x f)xy = (¢ x h)xpp. Indeed,
if this is proved, since f naturally induces by left composition a map F' from Q(D’ ) to
Q(D) given by (w(t),a) — (f(w(t)),a), then to any 5 € Q(D’) connecting 4 to 7' we can
associate Fium, which will be a generalized incompressible flow connecting % to h. By the
trivial estimate

otp(Fym) < Lip*(f)<tr(n),

one obtains dp(v;, k) < Lip(f)dp(7s,7'). By density and lower semicontinuity we get
the estimate on dp(7;,) for all v € I'(D).

Thus, to conclude the proof, we have to construct 7/. Let us consider the disintegra-
tion of pup induced by the map f, that is

fipr = /D ty dpp(y) (3.3.9)
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where, for pup-a.e. y, p, is a probability measure in D’ concentrated on the compact set
fY(y). We now define ' as

v = / [y X a(y) dpp(y)-
D

Clearly the first marginal of 7' is pup/; since h € S(D), changing variables in (3.3.9) one
has pp = fD Lh(y) dpep(y), and so also the second marginal of 7' is up. Let us now prove
that (f x f)uy = (¢ X h)gpup: for any ¢ € Cy(D x D) we have

o) d(f * Far (n.y) = / o(f(2), F(&")) do/(z,2')

D’'xD’

N /D/D o). f () dpsy () dpingy) (") dpin ()
=/D¢>(y, h(y)) dpp(y),

DxD

where in the last equality we used that i, is concentrated on f~'(y) and ju, () is concen-
trated on f~1(h(y)) for up-a.e. y. O

By (3.3.1), (3.3.8) and the narrow lower semicontinuity of &(3,-) we get

0(vi,h) < Cllh—=il¢2py  if h e S(D), D=10,1% d>3. (3.3.10)

We conclude this section by pointing out some additional properties of the metric
space (I'(D), 0).

Proposition 3.3.4. (I'(D),8) is a complete metric space, whose convergence implies
narrow convergence. Furthermore, the distance 6 is right invariant under the action of
SYD) onT'(D). Finally, -convergence is strictly stronger than narrow convergence and,
as a consequence, (I'(D),6) is not compact.

Proof. We will prove that 6(n,v) > Wa(n,7), where W is the quadratic Wasserstein
distance in (D x D) (with the quadratic cost c((x1,x2), (y1,%2)) = d5(z1,31)/2 +
d% (2, 12)/2); as this distance metrizes the narrow convergence, this will give the impli-
cation between 0-convergence and narrow convergence. In order to show the inequality
5(n, ) > Wa(n, ) we consider an optimal flow 1, ® up defined in [0, 1]; then, denoting
by w, € Q(D) the constant path identically equal to a, and by v, € 2(C([0,1]; D x D))
the measure 1, X d,,, the measure v := [, v,dup(a) € Z(C([0,1]; D x D)) provides a
“dynamical transference plan” connecting n to v (i.e. (eg)xv =1, (e1)xv = 7, see [133,

Chapter 7]) whose action is 52(77, 7); since the action of any dynamical transference plan
bounds from above W2(n,~), the inequality is achieved.
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The completeness of (I'(D),6) is a consequence of the inequality § > W, (so that
Cauchy sequences in this space are Cauchy sequences for the Wasserstein distance), the
completeness of the Wasserstein spaces of probability measures and the narrow lower
semicontinuity of 9: we leave the details of the simple proof to the reader.

The right invariance of § simply follows by the fact that no h = Nhia) ® ip, YO h =
Yh(a) @ Hp, sO that

5(noh,yoh)<d(n,y),

because we can apply the same transformation to any admissible flow 1, ® pp connecting
n to 7, producing an admissible flow 7,,,) ® up between 1o h and 7y o h with the same
action. If h € S*(D) the inequality can be reversed, using h™'.

Now, let us prove the last part of the statement. We first show that

1

3 | B Ty Vi he SD) (3.3.11)

Indeed, considering again an optimal flow 1, ® up, for up-a.e. a € D we have

1 2 2 Tl . 2
3@ ha) = W30 ) ST [ [ S0t (o),

and we need only to integrate this inequality with respect to a. From (3.3.11) we obtain
that S(D) is a closed subset of I'(D), relative to the distance 6. In particular, considering
for instance a sequence (g,) C S(D) narrowly converging to v € I'(D) \ S(D), whose
existence is ensured by (3.2.6), one proves that the two topologies are not equivalent and
the space is not compact. 0

Combining right invariance with (3.3.10), we obtain
(Y, 1) = 0(Yis Yhog—1) < Cllg — hl|Z2(py Vh € S(D), g € SY(D) (3.3.12)

if D = [0,1]* with d > 3. By the density of S*(D) in S(D) in the L? norm and the lower
semicontinuity of ¢, this inequality still holds when g € S(D).

3.3.3 Brenier’s Eulerian-Lagrangian model

In [35], Brenier proposed a second possible relaxation of Arnold’s problem, motivated
by the fact that this second relaxation allows for a much more precise description of the
pressure field, compared to the Lagrangian model (see Section 3.6).

Still denoting by n =n, @ up € I'(D), v = v, ® up € I'(D) the initial and final plan,
respectively, the idea is to add to the Eulerian variable z a Lagrangian one a (which, in
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the case n = ~;, simply labels the position of the particle at time 0) and to consider the
family of distributional solutions, indexed by a € D, of the continuity equation

OiCtq + div(viacra) =0 in D'((0,T) x D), for up-a.e. a, (3.3.13)
with the initial and final conditions
Co.a = Na, CTa = Yas for pup-a.e. a. (3.3.14)

Notice that minimization of the kinetic energy fOT i) D V14| det o dt among all possible
solutions of the continuity equation would give, according to [19], the optimal transport
problem between 7, and 7, (for instance, a path of Dirac masses on a geodesic connecting
g(a) to h(a) if Ny = 0g(a), Yo = On(a)). Here, instead, by averaging with respect to a we
minimize the mean kinetic energy

T
// /|vt7a\2dct,adtdup(a)
pJo Jp

with the only global constraint between the family {c;,} given by the incompressibility
of the flow:

/ ¢tadpp(a) = pp vt € [0,T]. (3.3.15)
D
It is useful to rewrite this minimization problem in terms of the the global measure ¢ in
[0,7] x D x D and the measures ¢; in D x D

Ci=0Cq® (L X up), Ct 1= Ct,qa @ D

(from whom ¢, can obviously be recovered by disintegration), and the velocity field
v(t,x,a) == v, ,(x): the action becomes

(c,v) —T/ / —|vtwa)|2dc(txa)
D><D2

while (3.3.13) is easily seen to be equivalent to
d
dt DxD
for all ¢ € Cy(D x D) with a bounded gradient with respect to the x variable.
Thus, we can minimize the action on the class of couples measures-velocity fields (¢, v)
that satisfy (3.3.16) and (3.3.15), with the endpoint condition (3.3.14). The existence of

a minimum in this class can be proved by standard compactness and lower semicontinuity
arguments (see [35] for details). This minimization problem leads to a squared distance

o(z,a) dct(x,a):/D D(ngb(a:,a),v(t,x,a»dct(m,a) (3.3.16)

between 7 and ~y, that we shall still denote by 32(77, 7). Our notation is justified by the
essential equivalence of the two models, proved in the next section.
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3.4 Equivalence of the two relaxed models

In this section we show that the Lagrangian model is equivalent to the Eulerian-Lagrangian
one, in the sense that minimal values are the same, and there is a way (not canonical, in
one direction) to pass from minimizers of one problem to minimizers of the other one.

Theorem 3.4.1. With the notations of Sections 3.3.2 and 3.3.3,
min o/r(n) = min .o (c, v)

n (e,v)
for anyn, v € T'(D). More precisely, any minimizer n of the Lagrangian model connect-

ing n to 7y induces in a canonical way a minimizer (c,v) of the Eulerian-Lagrangian one,
and satisfies for L'-a.e. t € [0,T] the condition

W(t) = vyq(e(w)) for m-a.e. (w,a). (3.4.1)

Proof. Up to an isometric embedding, we shall assume that D C R™ isometrically (this is
needed to apply Lemma 3.2.3). If n = n,®u € 2(Q(D)) is a generalized incompressible
flow, we denote by D’ C D a Borel set of full measure such that </ (n,) < oo for all
a € D'. For any a € D" we define

Cla = (e)sNa M= (e)g (W(H)M,) -

Notice that m}', is well defined for £'-a.e. t, and absolutely continuous with respect to
¢y, thanks to Lemma 3.2. 3; moreover, denoting by v, the density of m}!, with respect
to ¢, by the same lemma we have

l/Mﬁ%"S/)VWWWWL (3.42)

with equality only if w(t) = v, (e;(w)) for n,-a.e. w. Then, we define the global measure
and velocity by

M=, @ (L X pp), v(t,r,a) = v (r,a) = v}, (2).

It is easy to check that (¢, v") is admissible: indeed, writing n =1, ® &, ¥ = Y4 ® ip,
the conditions (eo)4n, = 1. and (er)ym, = 7a yield ¢fl, = 1, and ¢}, = 74 (for pp-a.e.
a).

This proves that (3.3.14) is fulfilled; the incompressibility constraint (3.3.15) simply
comes from (3.3.4). Finally, we check (3.3.13) for a € D’; this is equivalent, recalling the
definition of v, ,, to

G | otoric@ = [ (vo.mi) (3:43)
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which in turn corresponds to
% /Q ) P(w(t)) dn,(w) = /Q (D)(V¢(w(t)), G(t)) dn,(w). (3.4.4)

This last identity is a direct consequence of an exchange of differentiation and integral.

By integrating (3.4.2) in time and with respect to a we obtain that o7p(c?, v") <
</r(n), and equality holds only if (3.4.1) holds.

So, in order to conclude the proof, it remains to find, given a couple measure-velocity
field (¢, v) with finite action that satisfies (3.3.13), (3.3.14) and (3.3.15), an admissible
generalized incompressible flow 1 with /(1) < r(c,v). By applying Theorem 3.2.4
to the family of solutions of the continuity equations (3.3.13), we obtain probability
measures 7, with (e;)xn, = ¢, and

/Q " /0 T|¢£J(t)|2dtd"7a(w) < /0 ' /D v (t, 2, a)|? de o (z) dt. (3.4.5)

Then, because of (3.3.15), it is easy to check that  :=n, ® up is a generalized incom-
pressible flow, and moreover 1) connects 1 to v. By integrating (3.4.5) with respect to a,
we obtain that @7r(n) < or(c,v). O

3.5 Comparison of metrics and gap phenomena

Throughout this section we shall assume that D = [0, 1]¢. In [122], Shnirelman proved
when d > 3 the following remarkable approximation theorem for Brenier’s generalized
(Lagrangian) flows:

Theorem 3.5.1. If d > 3, then each generalized incompressible flow n connecting ¢ to
h € SDiff(D) may be approzimated together with the action by a sequence of smooth
flows (gi(t,-)) connecting @ to h. More precisely:

(1) the measures My, := (g (-, ) gftp narrowly converge in QD) to n;

(ii) tr(gr) = r(ny) — r(n).

This result yields, as a byproduct, the identity

(Vi vn) = 0(2, h) for all h € SDiff(D), d > 3. (3.5.1)
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More generally the relaxed distance §(n),7) arising from the Lagrangian model can be
compared, at least when 1 = 7; and the final condition v is induced by a map h € S(D),
with the relaxation ¢, of the Arnold distance:

5,(h) := inf {liminfé(i, h,) : h, € SDiff(D), / |hy, — h|* dup — 0} : (3.5.2)
D

n—oo

By (3.3.7) and (3.3.8), we have d,(h) > 0(7i, V), and a gap phenomenon is said to occur
if the inequality is strict.

In the case d = 2, while examples of h € SDiff(D) such that 6(¢, h) = +o0 are known
[121], the nature of d,(h) and the possible occurrence of the gap phenomenon are not
clear.

In this section we prove the non-occurrence of the gap phenomenon when the fi-
nal condition belongs to S(D), and even when it is a transport plan, still under the
assumption d > 3. To this aim, we first extend the definition of J, by setting

dx(7y) := inf {lim inf 6(2, hy) : hy, € SDIff(D), v, — v narrowly} . (3.5.3)

n—oo

This extends the previous definition (3.5.2), taking into account that 7, narrowly con-

verge to v, if and only if h,, — h in L*(up) (for instance, this is a simple consequence of
[14, Lemma 2.3]).

Theorem 3.5.2. Ifd > 3, then 6.(y) = d(vi,7y) for all v € T'(D).

The proof of the theorem, given at the end of this section, is a direct consequence of
Theorem 3.5.1 and of the following approximation result of generalized incompressible
flows by measure-preserving maps (possibly not smooth, or not injective), valid in any
number of dimensions.

Theorem 3.5.3. Let v € I'(D). Then, for any probability measure n on (D) such that
(er)ym = pp VvVt € [0,T], (€0, ex)pm = 7,

and /1 (n) < oo, there exists a sequence of flows (gr(t,))reny C W2 ([0, T]; L*(D)) such
that:

(1) gi(t,-) € S(D) for allt € [0,T], hence my, := (P, ) upip, with 4, (v) = gi(-, ), are
generalized incompressible flows;

(i1) n, narrowly converge in (D) ton and <1 (gx) = “r(n,) — r(n).
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Proof. 'The first three steps of the proof are more or less the same as in the proof of
Shnirelman’s approximation theorem (Theorem 3.5.1 in [122]).

Step 1. Given € > 0 small, consider the affine transformation of D into the concentric
cube D, of size 1 — 4e:

T.(z) == (2e,...,2e) + (1 — 4e)x.

This transformation induces a map 7. from Q(D) into C([0,T]; D.) (which is indeed a
bijection) given by )
T.(w)(t) :=T.(w(t)) Yw € Q(D).

Then we define 7, := (1.)4n, and

n. = (1 - 4€>dﬁa + 770,57

where 7, _ is the “steady” flow in D \ D.: it consists of all the curves in D\ D, that
do not move for 0 < ¢ < 7T. It is then not difficult to prove that . — 1 narrowly and
“r(n.) — r(n), as e — 0.

Therefore, by a diagonal argument, it suffices to prove our theorem for a measure
1 which is steady near dD. More precisely we can assume that, if w(0) is in the 2e-
neighborhood of D, then w(t) = w(0) for n-a.e. w. Moreover, arguing as in Step 1 of
the proof of the above mentioned approximation theorem in [122], we can assume that
the flow does not move for 0 <t < ¢, that is, for n-a.e. w, w(t) =w(0) for 0 <t <e.

Step 2. Let us now consider a family of independent random variables wy,wo, ...
defined in a common probability space (Z, Z, P), with values in C([0, 7], D) and having
the same law 1. Recall that n is steady near dD and for 0 < ¢t < &, so we can see w;
as random variables with values in the subset of (D) given by the curves which do not
move for 0 <t < ¢ and in the 2e-neighbourhood of the dD. By the law of large numbers,
the random probability measures in Q(D)

N
1
I/N(Z) = N Z(Swi(z), z € 4,

i=1

narrowly converge to 1) with probability 1. Moreover, always by the law of large numbers,
also

r(vn(2)) — r(n)

with probability 1. Thus, choosing properly z, we have approximated 7 with measures
vy concentrated on a finite number of trajectories w;(z)(-) which are steady in [0, €] and
close to dD. From now on (as typical in Probability theory) the parameter z will be
tacitly understood.
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Step 3. Let ¢ € C>(R?) be a smooth radial convolution kernel with ¢(z) = 0 for
|z] > 1 and ¢(x) > 0 for |x| < 1. Given a finite number of trajectories wi,...,wy as
described is step 2, we define

a;(x) == igp (x—_%(())) if dist(w;(0),0D) > ¢

€

a;(x) == §Z<p (M) if dist(w;(0),0D) < ¢

vyel

where I is the discrete group of motions in R™ generated by the reflections in the faces
of D. It is easy to check that [ a; = 1 and that supp(a;) is the intersection of D with
the closed ball B.(w;(0)). Define

Git(x) == wi(t) + (x — w;(0)) Vi=1,...,n.

Let Ay = (a1,...,an,g14(x),...,gn:(x)) and let us consider the generalized flow 1y
associated to .#y, given by

/ Fw)dny = —Z/al F(t = gia() do (3.5.4)

(that is, 1 is the measure in the space of paths given by ~ >, [, ai(x)dy, (z)dz). The
measure 7y is well defined for the following reason: if dist(w;(0),0D) < e we have
git(x) = x, and if dist(w;(0),0D) > € and a;(x) > 0 we still have that the curve ¢ —
gi+(x) is contained in D because a;(x) > 0 implies |z — w;(0)| < € and, by construction,
dist(w;(t),0D) > € for all times. Since the density pv induced by m is given by

1 N
:NZ:: (4 wi(0) — wi(t)),

the flow 1 is not measure preserving. However we are more or less in the same situation
as in Step 3 in the proof of the approximation theorem in [122] (the only difference being
that we do not impose any final data). Thus, by [122, Lemma 1.2], with probability 1

sup |p (t,2) — 1] = 0,
x,t

sup [920™ (t,2)] — 0 Va,
x,t

T
// |0,p™ (t, )|? dt dx — 0
D Jo

(3.5.5)
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as N — oo. By the first two equations in (3.5.5), we can left compose g;; with a smooth
correcting flow ¢/V(z) as in Step 3 in the proof of the approximation theorem in [122],
in such a way that the flow 7, associated to .y = (a1, ...,an,CY o gi(z),...,¢N o
gnt(z)) via the formula analogous to (3.5.4) is incompressible. Moreover, thanks to the
third equation in (3.5.5) and the convergence of < (vy) to <7p(n), one can prove that
r(Ny) — “r(n) with probability 1.

We observe that, since 7 is steady for 0 <t < ¢, the same holds by construction for
7. Without loss of generality, we can therefore assume that ¢ does not depend on ¢
for t € [0,¢].

Step 4. In order to conclude, we see that the only problem now is that the flow 7,
associated to .4y is still non-deterministic, since if z € supp(a;) N supp(a;) for i # j,
then more that one curve starts from x. Let us partition D in the following way:

D=D,UDyU...UD,UE,

where E is #?negligible, any set D; is open, and all z € D; belong to the interior of
the supports of exactly M = M(j) < N sets a;, indexed by 1 < iy < --- < iy < N
(therefore L < 2V). This decomposition is possible, as E is contained in the union of
the boundaries of supp a;, which is Z4-negligible.

Fix one of the sets D; and assume just for notational simplicity that i, = k for
1 <k <M. We are going to modify the flow 1, in D;, increasing a little bit its action
(say, by an amount o > 0), in such a way that for each point in D; only one curve
starts from it. Given x € D;, we know that M curves start from it, weighted with mass
ar(z) > 0, and 30" ax(z) = 1. These curves coincide for 0 < t < ¢ (since nothing
moves), and then separate. We want to partition D; in M sets Ej, with

LUE,) / ax(2) dz., L<k<M

D

in such a way that, for any x € E}, only one curve w’; starts from it at time 0, w’; (t) € D;
for 0 <t < e, and the map Ey 3 z — w¥(¢) € D; pushes forward £ _FE}, into az £ D;.
Moreover, we want the incompressibility condition to be preserved for all ¢ € [0,¢]. If
this is possible, the proof will be concluded by gluing w® with the only curve starting
from w¥(e) with weight ay(w*(g)).

The above construction can be achieved in the following way. First we write the
interior of D;, up to null measure sets, as a countable union of disjoints open cubes (C;)
with size ¢§; satisfying

M? 62
— : égd(@) <a, (3.5.6)
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with b; 1= ) gii<nM r%in aj. This is done just considering the union of the grids in R? given

by Z2/2" for n € N, and taking initially our cubes in this family; if (3.5.6) does not hold,
we keep splitting the cubes until it is satisfied (b; can only increase under this additional
splitting, therefore a factor 4 is gained in each splitting). Once this partition is given,
the idea is to move the mass within each C; for 0 <t < . At least heuristically, one can
imagine that in C; the functions a; are almost constant and that the velocity of a generic
path in C; is at most of order §;/e. Thus, the total energy of the new incompressible
fluid in the interval [0, ¢] will be of order

Z/ / ywz(t)mtdxggz(sfzd(q)
i JCiJ0 i

and the conclusion will follow by our choice of 9;.

So, in order to make this argument rigorous, let us fix ¢ and let us see how to construct
our modified flow in the cube C; for t € [0,¢]. Slicing C; with respect to the first (d —1)-
variables, we see that the transport problem can be solved in each slice. Specifically, if
C; is of the form x% + (0, 6;)%, and we define

mk::/ak(x)dx, k=1,..., M,
Ci

whose sum is 6%, then the points which belong to CF := 2 + (0, ;)4 x J; have to move
along curves in order to push forward .Z¢_CF into a,£%_C;, where J), are M consecutive
open intervals in (0,6;) with length 53_dmk. Moreover, this has to be done preserving
the incompressibility condition.

If we write # = (2/,24) € R? with 2’ = (1,...,24_1), We can transport the M
uniform densities

A (2 + {2/} x ) with 2’ € 0,6V,
into the M densities
ap(x', ) (2" + {2} x [0,8])

moving the curves only in the d-th direction, i.e. keeping 2’ fixed. Thanks to Lemma 3.5.4

below and a scaling argument, we can do this construction paying at most M?2b; 253 /¢ in
each slice of C;, and therefore with a total cost less than

MQ 5d+2

72
e &~ b

< a.

This concludes our construction. O
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Lemma 3.5.4. Let M > 1 be an integer and let by, ..., by : [0,1] — (0, 1] be continuous
with Ziw b, = 1. Setting I, = fol bpdt € (0,1], and denoting by Jy, ..., Jy consecutive
intervals of (0, 1) with length ly, there ezists a family of uniformly Lipschitz maps h(-, ),
with h(t,-) € S([0,1]), such that

h(L)#(Xkal) :bkglu k':]_,,M

and
2

ot (h) < ]\;—2, with b := lgéiSnM I[%,ill]l br > 0. (3.5.7)
Proof. We start with a preliminary remark: let J C (0,1) be an interval with length
[ and assume that ¢ — p; is a nonnegative Lipschitz map between [0,1] and L'(0,1),
with p; < 1 and fol prdx =1 for all t € [0,1], and let f(¢,-) be the unique (on J, up to
countable sets) nondecreasing map pushing y ;. to p;. Assume also that supp p; is an
interval and p; > r £!-a.e. on supp py, with > 0. Under this extra assumption, f(t,x)
is uniquely determined for all x € J, and implicitly characterized by the conditions

f(t,l‘)
/ ply)dy = 2Y(0,2) N J),  f(t.z) € suppopr.
0

This implies, in particular, that f(-, z) is continuous for all x € J. We are going to prove
that this map is even Lipschitz continuous in [0, 1] and

d Lip(p.)
af(tax)‘ < r

for all x € J. To prove this fact, we first notice that the endpoints of the interval
supp p; (whose length is at least [) move at most with velocity Lip(p.)/r; then, we fix
x € J = |a,b] and consider separately the cases

for Lt-ae. t €0,1] (3.5.8)

x € 0J ={a,b}, z € Int(J) = (a,b).
In the first case, since for any ¢ € [0, 1]
f(t.a) F(t,b) X
[ ata=0. [ pwa=2'0)
0 0
and by assumption f(¢,z) € supp p; for any x € J, we get supp p; = [f(¢,a), f(t,b)] for

all t € [0,1]. This, together with the fact that the endpoints of the interval supp p; move
at most with velocity Lip(p.)/r, implies (3.5.8) if z € dJ. In the second case we have

f(t,x)
/O prly) dy € (0,.2()),
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therefore f(t,z) € Int(supp p;) for all ¢ € [0, 1]. It suffices now to find a Lipschitz estimate
of | f(s,z)— f(t,z)| when s, t are sufficiently close. Assume that f(s,x) < f(¢,z): adding

and subtracting fof (e.2) pi(y) dy in the identity

f(tx) f(s,x)
/ pe(y) dy = / ps(y) dy
0 0

f(t) f(s,x)
/ pe(y) dy = / ps(y) — pe(y) dy.
F(5,2) 0

Now, as f(s,x) belongs to supp p; for |s — t| sufficiently small, we get

This proves the Lipschitz continuity of f(-,x) and (3.5.8).
Given this observation, to prove the lemma it suffices to find maps t — p¥ connecting
X5, Lt to by L1 satisfying:

we obtain

(i) supp pf is an interval, and pf > I[Illl}l by > b L'-a.e. on its support;
0,1

(i) Lip(p¥) < #5+ on [0, 3], and Lip(p¥) < 2 on [3, 1];

M
(iii) > pF =1forall t € [0,1].
k=1

Indeed, this would produce maps with time derivative bounded by (M —1)/(2b) on [0, ]
and bounded by 2/b on [1, 1], and this easily gives (3.5.7).

The construction can be achieved in two steps. First, we connect x5, £ to [Z! in
the time interval [0, 1]; then, we connect [, to b, 2" in [3, 1] by a linear interpolation.
The Lipschitz constants of the second step are easily seen to be less than 2, so let us
focus on the first interpolation.

Let us first consider the case of two densities p! = x5, and p* = x,, with J; = (0,1;)
and Jy = (I1,1). In the time interval [0, 7], we define the expanding intervals

t t
Jie= (0,1 + -1 Jor = (4 — =11,1
1t (,1—1-72)7 20 = (1 —h ),
so that Jg, = (0,1) for k =1, 2, and then define

1 on (0, ll - %ll), 1 on (ll + f—_lg, l)7
pi= U/l on (Il — L+ L), pfi=qk/l on (I — Lyl + L),
0 otherwise. 0 otherwise.
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By construction pf > I, on Ji, for k=1, 2, p} + p? =1, and it is easy to see that

Iyl

Lip(pf) < =2 <

l
—. 3.5.9
{ 47 ( )

We can now define the desired interpolation on [0, 3] for general M > 2. Let us define

7
tp=— fori=1,...,M—1,
S — 1) or 1

so that ¢ty 1 = % We will achieve our construction of pf on [0, %] in M — 1 steps, where
at each step we will progressively define pf on the time interval [t;_1,;].

First, in the time interval [0,t], we leave fixed pf := x Jk.i” U for k > 3 (if such k
exist), while we apply the above construction in J; UJy to p! and p?. In this way, on
[0, tl] py = x5, L' is connected to p;, = 7= XnunL’, and pf = x5,-L" is connected

to ptl : ll+l2 XJIUJle'

Now, as a second step, we want to connect pfl to M#Xhuhwsgl for k=1, 2, 3,
leaving the other densities fixed. To this aim, we define p;? := p;, + p}, = X5unL"
In the time interval [t1,15], we leave fixed pf := x;, £ for k > 4 (if such k exist), and
we apply again the above construction in J; U J, U Js to p;? and pf = x;,-Z". In this
way, on [t1,1s], p;> is connected to p,? := lllizj;ljdehUJzUJsglv and p} is connected to
Py = mXJlUJZUJSX Finally, it suffices to define p} : =7 HQ pi? and p? : 11+l2 pi2.

I +l2

In the third step we leave fixed the densities th for £k > 5, and we do the same
construction as before adding the first three densities (that is, in this case one de-

fines p;2* = p;, + pi, + pi, = XJluj2uj3$1). In this way, we connect p;2° to p;? :=
Ly +lo+
mXJ1UJ2UJ5UJ4$ and pt2 to ,0t3 : mXJ1UJ2UJ3UJ4$ and then we define
123 —
pr = l1+l2+13pt for k=1, 2, 3.

Iterating this construction on [t;, ;1] for i > 4, one obtains the desired maps t — p¥.
Indeed, by construction pf > I on Ji,, and S_or, pF = 1. Moreover, by (3.5.9), it is
simple to see that in each time interval [t;, t;;1] one has the bound

M-1
5

Lip(pF) <

So the energy can be easily bounded by l/bQ( i 1) < M?/b%. O

Proof.  (of Theorem 3.5.2) By applying Theorem 3.5.3 to the optimal 1 connecting 2 to
7, we can find maps g € S(D) such that v, — 7 narrowly and

lim sup 3(%, Vor) < S(%‘» )

k—oo
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Now, if d > 3 we can use (3.3.12), the triangle inequality, and the density of SDiff(D) in
S(D) in the L? norm, to find maps hy, € SDiff(D) such that

lim sup 8 (vi, Va,,) < (7, 7)

k—o00

and 7, — v narrowly. This gives the thesis. U

3.6 Necessary and sufficient optimality conditions

In this section we study necessary and sufficient optimality conditions for the generalized
geodesics; we shall work mainly with the Lagrangian model, but we will use the equivalent
Eulerian-Lagrangian model to transfer regularity informations for the pressure field to
the Lagrangian model. Without any loss of generality, we assume throughout this section
that T'= 1.

The pressure field p can be identified, at least as a distribution (precisely, an element
of the dual of C'([0,1] x D)), by the so-called dual least action principle introduced
in [33]. In order to describe it, let us build a natural class of first variations in the
Lagrangian model: given a smooth vector field w(t, x), vanishing for ¢ sufficiently close

to 0 and 1, we may define the maps S° : Q(D) — Q(D) by

S (w, a)(t) == (e"™w(t),a), (3.6.1)
where e“**x is the flow, in the (e, z) variables, generated by the autonomous field w;(z) =
w(t,z) (ie. ™ =i and L™z = w(t, e x)), and the perturbed generalized flows

1. = (5%)xn. Notice that n, is incompressible if divw, = 0, and more generally the
density p" satisfies for all times t € (0, 1) the continuity equation

L (1,2) + div(aw, ()™ (1)) = 0. (36.2)

This motivates the following definition.

Definition 3.6.1 (Almost incompressible flows). We say that a probability measure
v on QD) is a almost incompressible generalized flow if p* € C* ([0,1] x D) and

N |

10" = Llleroaxp) <

Now we provide a slightly simpler proof of the characterization given in [33] of the
pressure field (the original proof therein involved a time discretization argument).
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Theorem 3.6.2. For all n, v € ['(D) there exists p € [C*([0,1] x D)|" such that

(p. 0" = Derycn < W) =5 (1,7) (3.6.3)
for all almost incompressible flows v satisfying (3.3.5).
Proof. Let us define the closed convex set C' := {p € C1([0,1] x D) : [[p — 1]|cx < %},
and the function ¢ : C* ([0,1] x D) — R* U {+00} given by
é(p) = { inf {4 (v): p¥ = pand (3.3.5) holds} if p € C;

+00 otherwise.

We observe that ¢(1) = 52(77,7). Moreover, it is a simple exercise to prove that ¢
is convex and lower semicontinuous in C!([0,1] x D). Let us now prove that ¢ has
bounded (descending) slope at 1, i.e.

1) — +
i s L) = 9(0)]
p—1 L= pller
By [33, Proposition 2.1] we know that there exist 0 < ¢ < % and ¢ > 0 such that, for any
p € C with ||p—1||cx < e, there is a Lipschitz family of diffeomorphisms g,(t, ) : D — D
such that

< +00,

gﬁ(t7 ')#MD = p(t, '):U’Dv
gp(t,-) =1 for t = 0, 1, and the Lipschitz constant of (¢,z) — g,(t,z) — x is bounded
by ¢. Thus, adapting the construction in [33, Proposition 2.1] (made for probability
measures in (D), and not in Q(D)), for any incompressible flow 1 connecting 7 to 7,
and any p € C, we can define an almost incompressible flow v still connecting 7 to ~
such that p¥ = p, and

(V) < ai(n)+p—1er(1+ FA(n)),

where ¢ depends only on ¢ (for instance, we define v := Gun, where G : Q(D) — Q(D)
is the map induced by g, via the formula (w(t),a) — (g,(t,w(t)),a)). In particular,
considering an optimal 1, we get

3(p) < d(1) +ellp— Uler (148 (n,7)) (3.6.4)

for any p € C with ||p—1||c: < e. This fact implies that ¢ is bounded on a neighbourhood
of 1in C'. Now, it is a standard fact of convex analysis that a convex function bounded on
a convex set is locally Lipschitz on that set. This provides the bounded slope property.
By a simple application of the Hahn-Banach theorem (see for instance Proposition 1.4.4
in [11]), it follows that the subdifferential of ¢ at 1 is not empty, that is, there exists p
in the dual of C! such that

(p,p = L)cryer < d(p) — &(1).
This is indeed equivalent to (3.6.3). O
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This result tells us that, if i is an optimal incompressible generalized flow connecting
ntoy (ie. @(n) = 52(77, 7)), and if we consider the augmented action

AP (V) = /@(D)/o %|w(t)|2dtdu(w,a)—(p,p,,—l), (3.6.5)

then 1) minimizes the new action among all almost incompressible flows v between 7 and

7.
Then, using the identities

d d
By ol

d .
ZZS@))| = Zw(twt) = dw(t.w(t) + Vewlt (b)) - o)

dt

e=0

and the convergence in the sense of distributions (ensured by (3.6.2)) of (p" — 1)/e to
—divw as € | 0, we obtain

— 7P
0 - dg'dl (775)

= / / w(t) - %w(t,w(t)) dt dn(w, a) + (p,divw). (3.6.6)
e=0 QD) J0

As noticed in [33], this equation identifies uniquely the pressure field p (as a distribution)
up to trivial modifications, i.e. additive perturbations depending on time only.

In the Eulerian-Lagrangian model, instead, the pressure field is defined (see (2.20) in
[35]) and uniquely determined, still up to trivial modifications, by

Vp(t,z) = —8; ( /D o(t,z,a) dcm(a)> —div < /D v(t,z,a) ® v(t, z,a) dct,x(a)) , (3.6.7)

all derivatives being understood in the sense of distributions in (0,1) x D (here (¢, v)
is any optimal pair for the Eulerian-Lagrangian model). We used the same letter p
to denote the pressure field in the two models: indeed, we have seen in the proof of
Theorem 3.4.1 that, writing n = n, ® up, the correspondence

nw— (C;?cw vga) with Cga = (et)#nm Ivgacga = (et)#(w(t)na>

maps optimal solutions for the first problem into optimal solutions for the second one.
Since under this correspondence (3.6.7) reduces to (3.6.6), the two pressure fields coin-
cide.

The following crucial regularity result for the pressure field is proved in the last
section, and it improves in the time variable the regularity 0,,p € Mloc(((), 1) x D)
obtained by Brenier in [35].
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Theorem 3.6.3 (Regularity of pressure). Let (c,v) be an optimal pair for the
FEulerian-Lagrangian model, and let p be the pressure field identified by (3.6.7). Then
0rp € L2, ((0,1); M(D)) and

loc

p e L2 ((0,1); BVio(D)) € L2 ((0,1); LYV (D).

loc loc loc

In the case D = T the same properties hold globally in space, i.e. replacing BViy.(D)
with BV (T%) and LYV (D) with LY@ (T4),

The L{ . integrability of p allows much stronger variations in the Lagrangian model,
that give rise to possibly nonsmooth densities, which may even vanish.

From now one we shall confine our discussion to the case of the flat torus T¢, as
our arguments involve some global smoothing that becomes more technical, and needs
to be carefully checked in more general situations. We also set ur = pre and denote
by dr the Riemannian distance in T¢ (i.e. the distance modulo 1 in R?/Z%). In the
next theorem we consider generalized flows v with bounded compression, defined by the

property p¥ € L> ((0,1) x D).
Theorem 3.6.4. Let 1 be an optimal incompressible flow in T? between n and ~y. Then
(p,p" — 1) < A (v) — () (3.6.8)
for any generalized flow with bounded compression v between 1 and vy such that
pY(t,) =1 fort sufficiently close to 0, 1. (3.6.9)

If p € LY([0,1] x T%), the condition (3.6.9) is not required for the validity of (3.6.8).

Proof.  Let J := {p“(t,-) # 1} € (0,1) and let us first assume that p” is smooth. If
llp¥ —1||cr < 1/2, then the result follows by Theorem 3.6.2. If not, for € > 0 small enough
(1 —e)n + ev is a slightly compressible generalized flow in the sense of Definition 3.6.1.
Thus, we have

elp,p” — 1) = (p, p" I — 1) < A ((1 —e)n + ev) — @A (n) = (A (v) — F(n)),

and this proves the statement whenever p” is smooth.

If p¥ is not smooth, we need a regularization argument. Let us assume first that p” is
smooth in time, uniformly with respect to x, but not in space. We fix a cut-off function
x € C}0,1) strictly positive on a neighbourhood of J and define, for y € R%, the maps
T., - Q(TY) — Q(TY) by

T: y(w,a) == (w+cyx, a), (w,a) € QT).
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Then, we set v, := [54(T% )2V d(y) dy, where ¢ : R — [0, +00) is a standard convolution
kernel. It is easy to check that v still connects 1 to v, and that

prE(t, ) = p¥(t, ) * ey VEE[0,1],
where ¢.(x) = e74¢p(z/¢). Since

lim .« (v.) —hm/ / / lo(t) + eyx(t)]? dt dv(w, a)d(y) dy = (V)
R J O (T9)

el0 €10

we can pass to the limit in (3.6.8) with v, in place of v, which are smooth.
In the general case we fix a convolution kernel with compact support ¢(t) and, with
the same choice of y done before, we define the maps

T.(w.a)(t) = ( / w(t — sex())p(s) ds, a).

Setting v, = (1.)xv, it is easy to check that o7 (v.) — &7 (v) and that

et 7) = / Pt~ sex(t), 2)p(s) ds

are smooth in time, uniformly in z. So, by applying (3.6.8) with v, in place of v, we
obtain the inequality in the limit.

Finally, if p is globally integrable, we can approximate any generalized flow with
bounded compression v between 1 and ~ by transforming w into w o 1., where 1. :
[0,1] — [0, 1] is defined by . (t) := =5 fg X[e,1—¢] (8)ds (so that 1), is constant for ¢ close
to 0 and 1). Passing to the limit as € | 0 we obtain the inequality even without the
condition p¥(t,-) =1 for ¢ close to 0, 1. O

Remark 3.6.5 (Smoothing of flows and plans). Notice that the same smoothing
argument can be used to prove this statement: given a flow n between n = 1, ® ur
and v = v, ® pr (not necessarily with bounded compression), we can find flows with
bounded compression 1n° connecting 1° := (1,) * ¢ ® pr to V° := (Va) * ¢ @ pr, with
r(n°) = </r(n) and

1 1
/ / re(T,w) dr dn(w,a) = / / r(r,w)drdn®(w,a) Vr e Lt ([0, 1] x Td)
Q(Td) Jo Q(Td) Jo

(where, as usual, r.(t,z) = r(t,-) * ¢-(x)). In order to have these properties, it suffices
to define

7 = /Rd(cfay)#ﬂ o(y) dy,
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where 0,(w,a) = (w + 2,a). Notice also that the “mollified plans” 7, 7* converge to 7,
v in ((T9),6): if we consider the map S5 : T¢ — Q(TY) given by x — w,(t) := = + ety,
the generalized incompressible flow v* = v{ ® pp, with

s [ (55) N b(y) dy,
vi= [ (Sedaotn) dy

connects in [0, 1] the plan A = A\, ® pr to A\* = (A, * ¢.) @ pr, with an action equal to
e” Jra lyI*o(y) dy.

In order to state necessary and sufficient optimality conditions at the level of single
fluid paths, we have to take into account that the pressure field is not pointwise defined,
and to choose a particular representative in its equivalence class, modulo negligible sets
in spacetime. Henceforth, we define

p(t,z) = limlg)nfpa(t, x), (3.6.10)
where, thinking of p(t,-) as a 1-periodic function in R%, p, is defined by

pe(t, x) := (27r)d/2/ p(t,x + 5y)e’|y‘2/2 dy.

R4

Notice that p. is smooth and still 1-periodic. The choice of the heat kernel here is conve-
nient, because of the semigroup property p.yo = (p:)er. Recall that p is a representative,
because at any Lebesgue point = of p(t, -) the limit of p.(t,z) exists, and coincides with
p(t, @).

In order to handle passages to limits, we need also uniform pointwise bounds on p;;
therefore we define

e>0

M f(zx) == sup (27r)‘d/2/ |fl(z + ey)e 772 dy, f e LYTY). (3.6.11)
Rd
We will use the following facts: first,

Mfe = sup |f6|5’ < Sup(|f|€)€' < sup |f|T - Mf
e’>0 e’>0 r>0

because of the semigroup property; second, standard maximal inequalities imply || M f|| ,»(ra) <
cpll fllp(ray for all p > 1. Setting Mp(t,z) := Mp(t,-)(x), by Theorem 3.6.3 we infer
that Mp € L ((0,1), L¥*"1(T)), so that in particular Mp € L _((0,1) x T?). This is

loc loc
the integrability assumption on p that will play a role in the rest of this section.
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Definition 3.6.6 (¢-minimizing path). Letw € H' ((0,1); D) with Mq(7,w) € L*(0,1).
We say that w is a g-minimizing path if

| 50P = atrrdr < [ S1o6)+ 500 - atr+8)ar

for all § € H} ((0,1); D) with Mq(r,w +6) € L'(0,1).
Analogously, we say that w is a locally g-minimizing path if

/S %Iw(fﬂ2 —q(r,w)dr < / %|u')(7‘) + 81 = q(r,w + 0) dr (3.6.12)

for all [s,t] C (0,1) and all 6 € H} ((s,t); D) with Mq(t,w + §) € L'(s,t).

Remark 3.6.7. We notice that, for incompressible flows 1, the L' (resp. L] ) integra-

bility of Mq(7,w) imposed on the curves w (and on their perturbations w+ ) is satisfied
n-ae. if Mg € L'((0,1) x T%)) (resp. Mg € L} ((0,1) x T%)); this can simply be
obtained first noticing that the incompressibility of n and Fubini’s theorem give

/si(Td)/]f(T’w) dr dn(w,a) :/J y f(r, @) duga(z) dr

for all nonnegative Borel functions f and all intervals J C (0, 1), and then applying this
identity to f = Mg.

Theorem 3.6.8 (First necessary condition). Let n = n, ® pur be any optimal in-
compressible flow on T?. Then, n is concentrated on locally p-minimizing paths, where
p s the precise representative of the pressure field p, and on p-minimizing paths if

Mp € L([0,1] x T?).

Proof.  With no loss of generality we identify T¢ with R¢/Z¢. Let i be an optimal
incompressible flow and [s, ] C (0,1). We fix a nonnegative function x € C}(0,1) with
{x >0} = (s,t). Given § € H} ([s,]; T?), y € R? and a Borel set E C Q(T?), we define
T.y - QT — Q(T9) by

W, a ifwéeE;
Ta,y(w>a) = ( ) . i
(wW+d+eyy,a) fwekl
(of course, the sum is understood modulo 1) and v, , := (T, ,)xn.
It is easy to see that v, , is a flow with bounded compression, since for all times 7
the curves w(r) are either left unchanged, or translated by the constant §(7) + eyx(7),
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so that the density produced by v, , is at most 2, and equal to 1 outside the interval
(s, 1].
Therefore, by Theorem 3.6.4 we get

t
[, ot =draus < [ w5+ 20 - (o) dnea)
T s E

Rearranging terms, we get
"1 "1 :
/ / §|w|2_13(7, w)dr dn(w,a) < / [/ §’w + 04 eyx|? — p(r,w + 6 + eyy) dT:| dn(w,a).
EJs E s

We can now average the above inequality using the heat kernel ¢(y) = (2r)%2e~IWI*/2,
and we obtain

t
1 . ~
/ / 5ol = p(r,w) dr dn(w, a)
EJs
i . t
= /E |:/Rd / §|w O eyXl droly) dy - / Pex(r) (T, w +0) dT] dn(w,a).

Now, let D C H} ([s, t; Td) be a countable dense subset; by the arbitrariness of F and

Remark 3.6.7 we infer the existence of a n-negligible Borel set B C Q(T?) such that
Mp(7,w) € L'(s,t) and

tl . - tl . . ) t
| st —ptrwyir< [ [ Jow b eyilarowy - [ pac(re+ddr
s Re Js s

holds for all e = 1/n, § € D and (w, a) € Q(T¢)\ B. By a density argument, we see that
the same inequality holds for all e = 1/n, 6 € Hj ([s,t]; T?), and w € Q(T%) \ B.

Now, if Mp(r,w+8) € L*(s,t), since 6 € H ([s, t]; T¢) we have that Mp(r,w +6) €
L'(s,t), and we can use the bound |p.| < Mp to pass to the limit as ¢ | 0 to obtain that
(3.6.12) holds with ¢ = p.

The proof of the global minimality property in the case when p € L([0,T] x T¢)
is similar, just letting 6 vary in Hg ([0,1]; T?) and using a fixed function x € C*([0, 1])
with x(0) = x(1) =0 and x > 0 in (0,1). O

In order to state the second necessary optimality condition fulfilled by minimizers,
we need some preliminary definition. Let ¢ € L' ([s,t] x D) and let us define the cost

¢t D x D — R of the minimal connection in [s,#] between z and y, namely

cg’t(x,y) = inf {/ %\w(T)IQ —q(ry,w)dr : w(s) =z, w(t) =y, Mq(T,w) € Ll(s,t)} ,
) (3.6.13)



3.6. NECESSARY AND SUFFICIENT OPTIMALITY CONDITIONS 117

with the convention ¢*(x,y) = +oo if no admissible curve w exists. Using this cost
function cg’t, we can consider the induced optimal transport problem, namely

Wt (g1, piz) := inf {/ eyt (x,y) dM(z,y) + X € T, pa), ()" € Ll(A)},
DxD

(3.6.14)
where I'(j11, p12) is the family of all probability measures A in D x D whose first and second
marginals are respectively p; and pus. Again, we set by convention ch,t(ul, f2) = +00
if no admissible \ exists.

Unlike most classical situations (see [132]), existence of an optimal ) is not guaranteed
because ¢3! are not lower semicontinuous in D x D, and also it seems difficult to get

q
lower bounds on c;’t. It will be useful, however, the following upper bound on Wcz,t:

Lemma 3.6.9. If Mq € L'([s,t] x T?) there exists a nonnegative pr-integrable function
K3t satisfying
tw,y) < KJ'(e) + K (y) Yo,y eT? (3.6.15)

Remark 3.6.10. By (3.6.15) we deduce that, if K" € L' (14 p2), then (¢i*)" € L'())
for all A € I'(u1, po) and we have

[, atemdiey < [ K +m)w) YA )
TexT

Td
In particular, W (p1, p2) as defined in (3.6.14) is not equal to +oo.

Proof. Assume s = 0 and let | = ¢/2. Let us fix x, y € T? given 2 € T¢ we consider
the projection on T of the Euclidean path

w.(7) = r+5(z—z) if7Tel0]
s 2+ Ty —2) if el

This path leads to the estimate

T—1

Gz, 2) +dr(e,y (z—:r:))d7+/l Mo(r, =+ 7 (y2)) dr

21

T

l

l
At(z,y) < )+/ Mq(r,z+
0

vd

By integrating the free variable z with respect to i, since dr < 5% on T¢ x T¢, we get

d l
Se) < g+ [ Moot T = o)+ Mall+ 724 T - 2)dr dus(o)
Td Jo
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Therefore, the function

l
Kt (w) = %+/ MQ(Taw+§(Z—w))+Mq(l+T,z+§(w—z))d7dmr(z) (3.6.16)
Td JO

fulfils (3.6.15). It is easy to check, using Fubini’s theorem, that Kg’t is pr-integrable in
T<. Indeed,

/Td Ko (w) dyp(w) = 4% + /Td /Td /Ol Mq(r,w + %(Z —w)) dr dpr(z) dpr(w)
X /Td /Td /Ol Mq(l+ 7,2+ %(w — 2)) dt dpr(w) dpr(2)
= % + /Td /Td /Ol Mq(T,w+ %y) dr dpr(y) dpr(w)

n /Td /Td /Ol Mq(l+71,2+ %y) dr dpr(z) dper(y)

d l
- _+/ / Mq(r,w+ ~y) + Mgl + 7w+ y) dpg (w) dpn(y) dr
4l 0 Td JTd l l

d t
=— —1—/ Mq(r,w) dpr(w) dr < +o0.
4l 0 Td

O

In the proof of the next theorem we are going to use the measurable selection theorem
(see [43, Theorems I11.22 and I11.23]): if (A, A, v) is a measure space, X is a Polish space
and F C A x X is A, ® B(X)-measurable, where A, is the v-completion of A, then:

(i) the projection m4(F) of E on A is A,-measurable;

(ii) there exists a (A, B(X))-measurable map o : 7(F) — X such that (z,0(x)) € E
for v-a.e. v € ma(E).

The next theorem will provide a new necessary optimality condition involving not
only the path that should be followed between x and y (which, as we proved, should
minimize the Lagrangian £; in (3.1.8)), but also the “weights” given to the paths. We
observe that, when a variation of these weights is performed, new flows 77 between 7
and ~ are built which need not be of bounded compression, for which (e;),7 might be
even singular with respect to ur; therefore we can’t use directly them in the variational
principle (3.6.8); however, this difficulty can be overcome by the smoothing procedure
in Remark 3.6.5.
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Theorem 3.6.11 (Second necessary condition). Let 7 = n, & ur be an optimal

incompressible flow on T? between n and ~. Then, for all intervals [s,t] C (0,1),

W st(Na:7a) € R and the plan (es, er)un, is optimal, relative to the cost cf;’t defined
P

n (3.6.13), for pur-a.e. a.
Proof. Let [s,t] C (0,1) be fixed. Since

/Td /dew C;’t(xay) d(es, e))yn, dpr(a) < /ﬂ‘d/ / —|w(7))? — p(r,w) drdn,(w) dur(a)
= (t— )8 (1,7). (3.6.17)

it suffices to show that
_2 s
(¢ =98 ) < [ Wil dia) (36.15)
T

We are going to prove this fact by a smoothing argument. We set n® = n¢ @ ur, 7 =

@ pr, with 8 = (es)4m,, 75 = (er)#n,. Recall that Remark 3.3.1 gives

S(n.n°) =s6(n,7),  6(v',7) = (L —1t)d(n,7).

First, we notice that Lemma 3.6.9 gives

Wey (228 diea) < [ [ Ky (o)t + 28) ) ds(a)

=2 [ K () dun) < .

Td

(3.6.19)

We also remark that, since 7 +— ||pe(7, -)||s is integrable in (s, ), for any € > 0 the cost
c;f is bounded both from above and below. Next, we show that

' (z,y) > lim sup ¢ (2, y) Y(z,y) € T? x T¢. (3.6.20)
€l0

Indeed, let w € H' ([s,t]; T?) with w(s) = z, w(t) = y and Mp(7,w) € L'(s,t) (if there is

no such w, there is nothing to prove). By the pointwise bound |p.| < Mp and Lebesgue’s
theorem, we get

t t
1 1
/ S — plr,w)dr =lim [ 2o — po(r,w) dr
s 2 el0
By the L'(L*) bound on Mp,, the curve w is admissible also for the variational problem
. S7t . . . . S7t
de‘ﬁr'un‘g‘cpE , therefore the above limit ‘prov1des an upper bound on limsup, ¢;’(z,y). By
minimizing with respect to w we obtain (3.6.20).



120 3.0. VARIATIONAL MODELS FOR THE INCOMPRESSIBLE EULER EQUATIONS

By (3.6.19) and the pointwise bound p > —|p| we infer that the positive part of
Wst(n,~L) is pr-integrable. Let now 6 > 0 be fixed, and let us consider the compact
P

space X := P (T? x T?) and the B(T?),, ® B(X)-measurable set

E = {(a,)\) ceT!x X : XeT(n:,7)), /

Td xTd

S s 1
cit(xa y) d\ <o + <ch,t (77&7 ’7:;) \/ _5>}

(we skip the proof of the measurability, that is based on tedious but routine arguments).
Since Ws.t(ns, L) < +oo for pur-a.e. a, we obtain that for ur-a.e. a € T¢ there exists
P

A € T'(nE,~L) with (a, ) € E. Thanks to the measurable selection theorem we can select
a Borel family a — A\, € Z(T¢ x T¢) such that A\, € T'(n,~!) and

1
/ C;;J(:Ea y) dN\g <0+ <Wc~i’f(772> ,72) N __> for pr-a.e. a € Td'
TdxTd P 0

By Lemma 3.6.9 and Remark 3.6.10 we get
cta,y) < Ko@) + K (y) < K)'(x) + K3'y)  Va,y € T

and
/ / KoMa) + K3 (y) dha dpr(a) = / K3t d(n; + ) dpr(a) < +00
Td JTdxTd Td JTd

(we used the pointwise bound Mp. < Mp and the fact that ¢ — K” has a monotone
dependence upon Mg, see (3.6.16)). Therefore (3.6.20) and Fatou’s lemma give

5+/ (Wst(’l’]a,’ya)\/_g) dur(a >hmsup/ / (x,y)d\g dur(a). (3.6.21)
Td Td de'JId

el0

Still thanks to the measurable selection theorem, we can find a Borel map (z,y,a) —
wit e C ([s,t]; ']I‘d) with wi¥(s) =z, wi¥(t) =y, Mp.(1,wi?) € L'(s,t) and

t
/ |wxy 2 _pE(T w )dT <0 + CSt('T y) for )\a ® Hr-a.e. (x,y,a).

Let A* = A] ® pr be the push-forward, under the map (z,y,a) — wi?, of the measure
Ao ® pr; by construction this measure fulfils (e5)xAS = 12, (e))x Xl = 4%, (because the
marginals of \, are ¢ and ~?!), therefore it connects n° to 4" in [s,t]. Then, from (3.6.21)

we get

1 ‘1
25+/ (ch,t(nz,yé)\/——) dpr(a) > limsup/ / ~|o(T) P =pe(7,w) dT dX® (w, a).
A 0 ([, xTé Js 2

el0
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Eventually, Remark 3.6.5 provides us with a flow with bounded compression X\ connect-
ing 7*° to v"¢ in [s, ¢] with

1 ‘1 <c
25+/ (ch,t(na,%)\/——> dur(a) > limsup/ / ~|o(m)P=p(T,w) dT dX (w, a).
Td P 0 C([s,t];TH)xTe J s

£l0 2
(3.6.22)
Since 7°° — 7° and ¢ — 7' in (I(T?),6), we can find (by scaling i from [0, s] to
[0, s.] and from [¢, 1] to [t., 1], and using repeatedly the concatenation, see Remark 3.3.2)
generalized flows v° between v and 7 in [0, 1], s. T s, t. | ¢ satisfying:

(a) v* connects 1 to n° in [0, s¢], n° to n*° in [s., s], ¥ to 4" in [¢, t.], ¥* to v in [t., 1]
and is incompressible in all these time intervals;

(b) the restriction of v° to [s,t] coincides with A

(c) the action of v© in [0, s] converges to 32(77, n°) = 3232(77, 7v), and the action of ¢ in
[t, 1] converges to 3 (74, 7) = (1 — )25°(n, 7).

Since v* is a flow with bounded compression connecting 7 to 7 we use (3.6.8) and the
incompressibility in [0, 1] \ [s, ] to obtain

1 1 t .
/ / ~|w(7)|? dr dv(w, a) — / / p(T,w) dr dv®(w,a) > 62(77,7) (3.6.23)
aerdy Jo 2 Q1) Js
for all € > 0. Taking into account that (b) and (c) imply
1 . )
Slw(n) dr dv®(w,a) — 567 (n,7)
Q(rd) Jo 2

and

| st ar.n - - 07 0.,
Q(Td) Jt
from (3.6.22) and (3.6.23) we get
26+ /T ) (Wc;vt(ni,vZ)V—%) dpr(a) > (1—s—(1—))3 (n,7) = (t— )5 (n,7). (3.6.24)

Letting § | 0 we obtain the pr-integrability of W .+ (n2,~%) and (3.6.18). O
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A byproduct of the above proof is that equalities hold in (3.6.17), (3.6.18), and
therefore

/Td /md) (/t %MT)’Q —p(r,w)dr — Cfs’t(w(S),w(t))) dn,(w) dpz(a) (3.6.25)

t
1. _ s
:// /§|w(7)|2—p(r,w)dfdna(W)duT(a)— Wt (m3,72) dur(a) = 0.
Td Jord) Js ¢ 7

This yields in particular also the first optimality condition. However, as the proof of
Theorem 3.6.11 is much more technical than the one presented in Theorem 3.6.8, we
decided to present both.

Now we show that the optimality conditions in Theorems 3.6.8 and 3.6.11 are also
sufficient, even in the case of a general compact manifold without boundary D.

Theorem 3.6.12 (Sufficient condition). Assume that m = m, ® u is a generalized
incompressible flow in D between n and vy, and assume that for some map q the following
properties hold:

(a) Mq e L'((0,1) x D) and m is concentrated on q-minimizing paths;

(b) the plan (e, e1)um, is optimal, relative to the cost ¢! defined in (3.6.13), for
pUp-a.e. a.

Then m is optimal and q is the pressure field. In addition, if (a), (b) are replaced by
(a’) Mq e LL_((0,1) x D) and m is concentrated on locally q-minimizing paths;

(b’) for all intervals [s,t] C (0,1), the plan (es,er)xm, is optimal, relative to the cost
¢! defined in (3.6.13), for pp-a.e. a,

the same conclusions hold.

Proof.  Assume first that (a) and (b) hold, and assume without loss of generality
that [, q(t,-)dup = 0 for almost all ¢ € (0,1). Recalling that, thanks to the global
integrability of Mg, any generalized incompressible flow v = v, ® up between n and ~
is concentrated on curves w with Mq(r,w) € L'(0,1) (see Remark 3.6.7), we have

g (v) = /D/Q(D)/O %|w|2—q(r,w)deua(w)d,uD(a) (3.6.26)

> [ [ @ denepvadinte) 2 [ Wt ) dun(a).
D JDxD D

When v = n the first inequality is an equality, because 7 is concentrated on g-minimizing
paths, as well as the second inequality, because of the optimality of the plan (eq, e1)xmn,.
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This proves that n is optimal. Moreover, by using the inequality in (3.6.26) with a flow
v with bounded compression, one obtains

h(v) > @ (n) +(q,p” = 1).

Considering almost incompressible flows v arising by a smooth perturbation of 1 as
described at the beginning of this section (see (3.6.1) in particular), the same argument
used to obtain (3.6.6) gives that ¢ satisfies (3.6.6), so that ¢ is the pressure field.

In the case when (a)’ and (b)’ hold, by localizing in all intervals [s,¢] C (0,1) the
previous argument (see Remark 3.3.2), one obtains that

t
1. 2
¢ [ [ SlePdrdn.a) =5 ()
Q(D) Js

where 75 = (es,mp)xm and v = (e, mp)xm. Letting s | 0 and ¢ T 1 we obtain the
optimality of 7. 0

A byproduct of the previous result is a new variational principle satisfied, at least
locally in time, by the pressure field. Up to a restriction to a smaller time interval we
shall assume that Mp € L' ([0,1] x T¢).

Corollary 3.6.13 (Variational characterization of the pressure). Let 7, v € I'(T¢)
and let p be the unique pressure field induced by the constant speed geodesics in [0, 1]
between n = n, ® pr and 7 Yo @ pr. Assume that Mp € L ([0 1] x Td) and, with no
loss of generality, dep Ydpr = 0. Then p mazximizes the functional

q— V(g /W01 Nas Ya) dir(a // 7,2) dur(x) dr
Td

among all functions q : [0,1] x T¢ — R with Mq € L*([0, 1] x T%).

Proof. We first remark that the functional ¥ is invariant under sum of functions
depending on t only, so we can assume that the spatial means of any function ¢ vanish.
From (3.6.25) we obtain that

W0 (1017a) din(a AJ@J L) = plr,w) dr dn, (@) dpn(a).

Td

By the incompressibility constraint, in the right hand side p can be replaced by any
function ¢ whose spatial means vanish and, if Mq € L! ([O, 1] x Td), the resulting integral
bounds from above [, ch,1(na, Ya) dpir(a), as we proved in (3.6.26). O



124 3.0. VARIATIONAL MODELS FOR THE INCOMPRESSIBLE EULER EQUATIONS

3.7 Regularity of the pressure field

In this last section, using the Eulerian-Lagrangian formulation introduced by Brenier in
[35], we want to improve his regularity result to deduce that the pressure field is a locally
integrable funtion.

We therefore consider the family of distributional solutions ¢;,, indexed by a € D,
of the continuity equation (3.3.13) with the initial and final conditions (3.3.14), and we

minimize the action
/ / —\v| (t,x,a)dc(t,x,a),
DxD 2

under the global constraint given by the incompressibility of the flow (3.3.15). By what
we have already proved, the existence of minimizing pairs (¢, v) with finite action holds
when, for instance, D = [0,1]? or D = T¢ is the flat d-dimensional torus (see Section
3.3.2). Moreover minimizing pairs (¢, v) satisfy the following two properties:

(a) (Constancy of kinetic energy) The map ¢ — [ |v|*(t,z,a)dc; coincides a.e. in
(0, T) with a constant (27! times the minimal action);

(b) (Weak solution to Euler’s equations) There exists a distribution p in (0,7") x D
satisfying

Vp— -0, ( /D ot 2, a) dcm(a)) _ div ( /D ot a) @ o(t, , a) dcm(a)) |

in the sense of distributions.

In this section we refine a little bit the deep analysis made in [35] of the regularity of
the gradient of the pressure field: Brenier proved that the distributions 0,,p are locally
finite measures in (0,7") x D, but this information is not sufficient (due to a lack of
time regularity) to imply that p is a function. As shown in Corollary 3.7.4, a sufficient

condition, that gives also p € L% ((0,T); Ld/(d_l)(D)), is that

loc
Onp € Ly ((0,T); Mioe(D)), i=1,....d.

The proof of this regularity property is the main scope of this section. The fact that p is
a function at least in some L. (L], .) space, for some r > 1, plays an important role in the
analysis, developed in Section 3.6, of the necessary and sufficient optimality conditions

for action-minimizing curves in I'(D). Indeed, these conditions involve the Lagrangian

£,0) = [ SHOP - pit. )t
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the (locally) minimizing curves for £, and the value function induced by £,, and none
of these objects makes sense if p is only a measure in the time variable.
From now, we fix a minimizing pair (¢, v), and we shall denote by

17 1
= _/ / |v|2(t,x,a)dc(t,$,a) = _T/ /|U|2(t,l',a) dCt(I‘,a)
2 0 DxD 2 DxD

its action (the last equality follows from the property (a) stated above). To simplify
our notation we just denote by [ the integration on the whole space (0,7) x D x D,
whenever no ambiguity arises. We shall also assume that either D is the closure of a
bounded Lipschitz domain in R¢, or that D = T¢ is the d-dimensional flat torus, and
denote by [ dx the integration with respect to up.

3.7.1 A difference quotients estimate

In order to proceed to the proof, we recall an approximation of the pressure field obtained
in [35] through a dual formulation. The arguments in [35] extend with no change to the
more general model described in the introduction, where an initial and final measure-
preserving plan (instead of ¢ and a measure-preserving map f) are considered.

Let us consider the Banach space E := C°(Q) x [C°(Q)]?, where Q := [0,T] x D x D,
and we define the convex functions o : E' — (—00,00] and : E — (—o00, 00| given by

_Jo  ifF+iepP<o,
o F, @) := { +00 otherwise,
(¢, Fy 4+ (ve, @) if F = —0,0 — p, O =-V.9,
B(F,®) := for some ¢ € C°(Q) and p € C°([0,T] x D),
+00 otherwise,

where (c,v) is the fixed minimizing pair. By the Fenchel-Rockafeller duality Theorem,
Brenier proved in [35, Section 3.2] that

sup {—a(—F,—®) —3(F,®)} = inf {a*(¢,v¢)+ p*(¢,0c)},

(F,.®)cE (& ve)eE™

where o and (* denote the Legendre-Fenchel transforms of a and 3 respectively. Writ-
ing explicitly the minimization problem appearing in the right hand side, one exactly
recovers the minimization of the action 3 [ |v|? de, coupled with the endpoint and incom-
pressibility constraints (3.3.14) and (3.3.15). Indeed

a*(¢,v¢) = |v|2 C /|v|2dc
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0 if (¢ —¢,0,0+p)+ (ve—10¢, Vo) =0 V p,o,
+o00 otherwise.

oo~

Thus it is simple to check that 5*(¢,0¢) = 0 if and only if the two constraints (3.3.14)
and (3.3.15) are satisfied.

One therefore deduces that the minimum of the action coincides with the dual prob-
lem sup pg)ep{—a(—F, =) — B(F, ®)}, which more concretely can be written as

sup (¢, 1o + p) + (ve, Vo),
D,¢

with .

Thus, the duality tells us that, for any € > 0, there exist p.(t,z) and ¢.(t, z, a) satisfying

1
Oy + §|Vgc¢>g|2 +p. <0

and |
S (o) < e, 0ige + pe) + {ve, Vo) + €7,

As shown in [35, Section 3.2], from this one deduces the estimate
1
5/\v—vx¢5|2dc§52. (3.7.1)

We remark that, up to adding to ¢. a function of time, one can always assume | pPe(t,x)dr =
0 for all t € [0, T]. As shown in [35, Section 3.4], the family p. in compact in the sense of
distributions, so that there exists a cluster point p. Moreover, since any limit point p of
pe 18 seen to satisfy (3.6.7) in the sense of distribution for any minimizing pair (¢, v), Vp
is uniquely determined, and this enforces the convergence of the whole family (Vp.).~o
to Vp in the sense of distributions.

Let us now prove the following regularity result on V,¢.: we present a proof slightly
different from the one in [35].

Proposition 3.7.1. Let 7 € (0,T), let w : D — R? be a smooth divergence-free vector
field parallel to 0D and let e**(x) be the measure-preserving flow in D generated by w.
Then, for n < T we have

T—1
/ / ‘ngbg(t +1,e(x),a) — Vao.(t, , a)‘2 de < L(e® +1* 4 62), (3.7.2)
T DxD

with L depending only on 7, w, T and A*.
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Proof. In the sequel we fix a cut-off function ¢ : [0,7] — [0, 1] identically equal to 1 on
[7,T — 7]. We recall the following estimate (Proposition 3.1 in [35]), which follows by
the “quasi optimality” of (pe, ¢.) in the dual problem:

1
5 1@+ 7 e = V.0 e e
1 1
<<ty [l@ v e ao— 5 [pae 673

(here %% (z) is the flow generated by w starting from z, at time §¢) where (v", ¢") is the
“reparameterization” of (v, c) given by

= A(t)dt = crnedt, V't a) = (14 ¢ (8)v(t +n¢(t), z, a).

The minimality of (v, ¢) gives [ [v"*dc" > [ |v]* de, and the constancy of t — [ |v[*(¢, 2, a) de;
gives

/ 0" de” — / o de = / (*(¢')? + 2n¢) de < O, (3.7.4)

with C' depending on T', A*, and (.
Since c is a weak solution to the incompressible Euler equations and w is divergence-
free, we have

/v-(@t—{—v-vx)(gw)dc: 0.

As a consequence, performing a change of variable in time, it is simple to check that

/v" (O + 0" V) (Cw)dc" = O(n). (3.7.5)
If we now add and subtract v", we can rewrite (3.7.3) as
S04 9 @) = )+ (0= Va0 e
<2+ / (0 40" - Vo) (7 (z) — x) + v"|2 de’ — / lv]? de.
Rearranging the squares we get
/ 1= V. 0 ) de < —2 / (8 + o7 - V) ((x) — 2)] - [0 — Ve 0 ¥¥] de

+ 2% + 2/1}" (O + 0" V) (e (x) — x) dc”

+/]U"|2dc"—/\v\2dc.
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Defining

F6,em) - /W?V@wmww—ﬂum Jo(L4+0C, 2, @) Vade(14nC, 6 (a)

T—71
z/' /)!v—VwMP+m@W@ﬂHdC
T DxD

we see that it suffices to bound f from above. Since ¢*“z — x = 6¢(t)w(z) + O(6?) (in
the C' norm in spacetime), by Schwarz inequality, (3.7.4) and (3.7.5) we get

F < CVfo+2e2 4 C(6n + 6%) + Cn?,

which implies f(8,e,1) < C(6% + &2 +n?), with C depending on T', A*, ¢, and w. This,
together with [ |v — V,¢.|* de < 2<%, gives (3.7.2). O

3.7.2 Proof of the main result

Theorem 3.7.2. Let 7 € (0,T) and let w : D — R be a smooth divergence-free vector
field parallel to OD. Then there exists a constant C' = C(w,1,T, A*) such that

[(Vp-w, (A < CllfllooliCllzzory  ¥C € C2((m, T=7);[0,+00)), f € C§°((071)(>< D))-
3.7.6

Proof. For ¢ € C®(r,T — 7) nonnegative, n € (0,7/2) and d, ¢ > 0 we consider the
following expression:

1¢.8.m.) /./c
- [ <

Our goal is to bound I from above. This will be achieved in the following (many) steps:
I < I, + I + I3 and estimate of Iy, I5; I} < 2||C||ec® — (I4 + I5 + Is) and estimate of I5
and Ig; I, = I; + Iz and estimate of Ig; I7; = 21y + Iy and estimate of Ig; I1g = I11 + 112
and estimate of [1o; finally I;; = I15 + I14 and estimate of I3 and I14. In order to avoid
a cumbersome notation, during this proof we denote by C' a generic constant depending
only on (w, T, T, A*), whose specific value can change from line to line.

We now consider \.(t,x,a) = — (@qﬁe + %|Vx¢5]2 —i—ps) > 0, and we recall that
[ Acde < &% We have

[p-(t +n0,e*(x)) — p-(t + 00, x)] d@‘ dadt

(t+n0, e (x) — p(t +nb, z)] d@’ de(t,x,a).

I <1+ 1+ 1Is,

‘dc
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where
1

[A\-(t+ 10, €™ (x),a) — A\t + 10, 7,a)] d@’dc,

1

[@qﬁe(t + 10, (), a) — Opp-(t +nb, x, a)} d«9’ dc,

1

o
Il
w
S— S— S—

1 1
[§|Vx¢5|2(t + 16, (z),a) — §]Vz¢5|2(t +n0,2,a)] d@‘ de.

By (3.7.2) we have
V29 (408, & (), @) | 12(cze) < [Vate(t, 2, 0)l| 220 +VE[Cloo(e+n+0) VO € (0,1).

Therefore writing |A|*> — |B|* as (A — B) - (A + B) and using (3.7.2) once more, we can
estimate

1/2
I3 < Cle +n+90) (/ ()| Vade P (t, 2, a) de + C|IC|12,(€* + 0 + 52)) . (377)

For I, we first integrate with respect to # and then use the mean value theorem to obtain
5 1
—/C(t)/ il [Vao(t+n,e7"(2),a) — Vaoe(t, e (2), a)] -w(e”‘sw(x))} dodc
<c? / [ O1T20. 4 n.e™ (@), 0) = Ve ), )| dedo

<c? @+n+5wﬂm0T (3.7.8)

Let us now consider [;: using A. > 0 and [ A. dc < &%, we obtain

I < /C / (t+n0,e"(z),a) + A\t + 10, x,a)] ddc

1

< 2||¢]see® + /C(t)/ [As(t + 77(9,65“’(:5),@) + A(t+nb,z,a) — 2)\5(15,37,&)] dbdc
0

< 2||¢||owe® = I — I5 — I,

where

/C / 8t¢a t+770 6 ( )7a) +8t¢e<t +7797$7a) - 28t¢a(taxva)} dedc;
5 [« / V0 (t 4+ 00, €(2), ) + |Vate2(t + 10,7, 0) — 2|V, e[ (¢, 2, 0)] dbde,

/C / pe(t +n0, e (x)) + pe(t +nb, x) — 2p5(t,x)} dédc.
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Now we notice that

Is =0, (3.7.9)
since [ ¢(t,z,da) = (by the incompressibility constraint (3.3.15)), ¢® is measure-
preserving, and [ p.(¢,z)dz = 0. For I5, we have the same bound as for I3, that is

1/2
|15\§C(6+77+5)</ <2<t>1vx¢5|2<t,x,a>dc+0||<Hio<52+n2+62>) . (3.7.10)

We continue splitting I, as I + Ig, with

/ / ) (et + 16, €™ (), a) + Dupu(t + 16, x, @) — 20 (t — On)dye(t, 7, a)] dbde,

Iy : = 2//0 [C(t = 0n) — ((1)] 019 (t, z, a) dbdc.

For Iy, using once more that A. > 0 and [ A. dc < &%, we have the bound

| Is| < 2‘//01[%5—977) — (O] A(t, 2, a) dbde| + ‘//Ol[C(t—Hn) — (O] IV *(t,z, a) dbde
+2'//01 [C(t = 0n) — ¢(1)]pe(t, x, a) dOdc

< ¢ + \ [ [ et =0 = )19 0.2, o

where in the last inequality we used that [ p.dc; = [ p. dz = 0. Using also the fact that
t— [ |v]*(t,z,a) de; does not depend on ¢ we get

| Ts| < 4]|¢]|og” +2||C||oo/}lvx¢al2(w7a) — [v]*(t, 2,a)| de. (3.7.11)
We now consider [; = Iy + 21y, where

/C / O (t+nb, ™ (x),a) — O (t + 00, z,a)] dbdc,

// (t)0ipe(t +mb, x,a) — ((t — Qn)atgbg(t,x,a)} dfdc.



3.7. REGULARITY OF THE PRESSURE FIELD 131

We have, as for Iy,

|IQ| - l '/C(t) ¢€(t + n>€5w(x)va) - gbé(t + 777%@)) - (Qba(ta e(sw(x)va) - st(thaa))} dc

'/C V O (t+ 1, e "5“’( ),a) — Vo-(t, e”‘sw(x),a)} -w(e”‘sw(m)) dodc

<c? (6+n+5)||<||L2<0T) (3.7.12)

For 1,9, we use the continuity equation 0ic + div,(vc) = 0 (see (3.3.16)) and add and
subtract ((t) to get

ho = //Ol/olat [C(t = (1= 0)nb)0uo-(t + nbo, x, a)|nb dodfdc
_//01/015(15— (1 — 0)n0),V 0. (t + no, z,a) - v(t, z, a)n doddde
N _//01 /01 [C(t— (1= o)) — C(1)]0Vao(t +nbo,z,a) - v(t,z, a)nd dodbde
—//01 /01 C(t)0, Ve (t + nbo, x, a) - v(t, x, a)nb dodfdc
- _//1 /1 [C(t = (1= a)nb) — C(£)]0Vat(t + nbo,x, a) - v(t,x, a)nd dodbde

/( / V O (t+m0,x,a) — ngég(t,x,a)} -v(t, z,a) dfdc
=: Iy + Lhs.

Now we see that, using (3.7.2) and the Schwarz inequality, we easily get

|[12] < C(e+n) (/ C(1)|Vp0e|* de + C|| |12 (€2 + 772)) By (3.7.13)
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For Iy, it can be written as T1s + I1s, where
Iy = / /O 1 /0 COUIC(E = (L= onf) — C(O]V26(t + nbo, )] - o(t, v, )l dordbde
= [ [ it =18~ COO17.002,0) ,5,0) e
- / /0 (= 16) — O] [Vatoalts 2,0) — o(ts 2, )] - ol , a) dode
- [ [t ) ez, 0 doae
and
Ly = / /0 1 /0 1 [C'(t = (1 = o)nb) — '(t)] Vi (t + nbo, z,a) - v(t, x, a)nb dodbdc.

Recalling that ¢ — [ |v|*(t,2,a)dc; is constant, by (3.7.1) we have

|113|s\ / / [<<t—ne>—<<t>1<vm¢€<t,x,a>—v(t,x,a»'v<t,x,a>dedc\scncnwe.

(3.7.14)
Finally, by (3.7.2) we can bound I,4 with

T—7/2 1,1
<1t [ [ [ [ (9t noa) o0 dodtic
/2 DxAJo Jo
<I¢"loo®C ([[Vaell2 + Cle +m)) - (3.7.15)

Collecting (3.7.7), (3.7.8), (3.7.9), (3.7.10), (3.7.12), (3.7.13), (3.7.14), (3.7.15) we can
bound from above I as follows:

Cletn+0) [ O deot CIILE + 97+ )
5 iz
s+ C (et n+0)[Cllr) < ot C (IVaellz + Cle 1) + 2l Cllooe™ + ClI oot

Now, recalling the definition of I, we integrate p.¢ against a function f € C¢° ((0, T) x D)
and pass to the limit as ¢ — 0, with n = ¢ frozen, to obtain

1
o

/0 (0, C(O[f(t = 60,67 (x)) — f(t — 80, 2)]) dﬁ‘ < Ol flloo NI 20,7) +0 N1 ¢ oo+ Nl o)
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for any limit point ¢ of p. in the sense of distributions, thanks to the fact that, by
(3.7.11), Iy — 0 as € — 0 (here we use again that ¢ — [ |v]*(¢,z,a) dc; is constant). So,
letting & — 0, we finally obtain (3.7.6), with Vgq in place of Vp. But Vp. — Vp implies
that Vp = Vq and concludes the proof. Il

Remark 3.7.3. In the case D = T% one can also consider constant vector fields w and
therefore (3.7.6) holds in a stronger (and simpler) form:

(020, GO < Cllfllocli€llzzory V¢ € C2((r, T = 7);[0,+00)), f € C>([0,1] x T7)
(3.7.16)
with C' depending only on 7, T" and A*.

A simple localization and smoothing argument based on (3.7.6) gives that the pressure
field is locally (globally, in the case D = T%) induced by a function.

Corollary 3.7.4. Let d > 2. Then for all smooth subdomains D' CC D there exists

q € L ((0,7); BV(D')) € L, ((0,T); L* (D))
(here 1* = d/(d — 1)) with Vq = Vp in the sense of distributions in (0,7) x D'. In the
case D = T? the same statement holds globally in space, i.e. with D' = D. Moreover, in
this case the result holds also for d =1 (with 1* = 00).

Proof. We first notice that for d > 2 any constant vector field w in D’ can be extended
to a divergence-free, smooth and compactly supported vector field in D: indeed, if
D' cc D, cc Dy, cC D, with Dy and Dy smooth, we may set w = w in Dy, w = 0 in
D\ Dy, and @ = V4 in D, \ Dy, where 1 is a solution of

Ay =0  in Dy\ Dy,
8—11//’:0 on 0Dy,
a—f:u’)-y on 0D,

(existence of ¥ can be obtained by minimizing 1 fDQ\E IV~ [,p, ¢w0-vin H' (D, \Dy)).
By construction w is divergence-free (in the sense of ¢ distributions) in D, compactly
supported and coincides with w in a neighbourhood of D’; so that a suitable mollification

of w provides the required extension.
Thanks to this remark, (3.7.6) yields

(020, CHI < LI fllocliCllz20r) Y6 € C((7,T = 7);[0, +00)), f € C2°((0,1) x D),

(3.7.17)
with L depending only on 7, T, D’ and A*. If we denote by ¢. the mollified functions
of p, this easily implies that |Vg.| is uniformly bounded in LZ_((0,7);L'(D’)). In

loc



134 3.0. VARIATIONAL MODELS FOR THE INCOMPRESSIBLE EULER EQUATIONS

particular, if we denote by g. the mean value of ¢. on D', ¢. — . is uniformly bounded
in the space L ((0,T); L' (D’)), and if ¢ is any weak limit point (in the duality with
L2 ((0,T); LY(D’))) we easily get Vg = Vp and ¢ € L2 _((0,T); BV (D')).

In the case D = T¢ the proof is analogous: it suffices to apply Remark 3.7.3. Il



Chapter 4

On the structure of the Aubry set
and Hamilton-Jacobi equation

4.1 Introduction

! Let M be a smooth manifold without boundary. We denote by 7'M the tangent bundle
and by 7 : TM — M the canonical projection. A point in 7'M will be denoted by (z,v)
with z € M and v € T,M = 7 '(z). In the same way a point of the cotangent bundle
T*M will be denoted by (z, p) with x € M and p € T M a linear form on the vector space
T, M. We will suppose that g is a complete Riemannian metric on M. For v € T, M, the
norm ||vl|, is g.(v,v)2. We will denote by || - ||, the dual norm on T*M. Moreover, for
every pair z,y € M, d(z,y) will denote the Riemannian distance from z to y.

We will assume in the whole chapter that H : T*M — R is a Hamiltonian of class
Che with k > 2, € [0, 1], which satisfies the three following conditions:

(H1) C?-strict convexity: V(x,p) € T*M, the second derivative along the fibers
0H (z,p)

T2 is positive strictly definite;

(H2) uniform superlinearity: for every K > 0 there exists a finite constant C'(K)
such that
V(z,p) € T"M, H(z,p) = Klpll. + C(K);

(H3) uniform boundedness in the fibers: for every R > 0, we have

SHE{H(LJD) | lIplle < R} < +o00.
TE

!This chapter is based on a joint work with Albert Fathi and Ludovic Rifford [67].

135
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By the Weak KAM Theorem we know that, under the above conditions, there is
¢(H) € R such that the Hamilton-Jacobi equation

H(z,dyu) =c

admits a global viscosity solution v : M — R for ¢ = ¢(H) and does not admit such
solution for ¢ < ¢(H), see [62], [52], [65], [68], [96]. In fact, if M is assumed to be compact,
then ¢(H) is the only value of ¢ for which the Hamilton-Jacobi equation above admits
a viscosity solution. The constant ¢(H) is called the critical value, or the Mané critical
value of H. In the sequel, a viscosity solution u : M — R of H(z,d,u) = ¢(H) will be
called a critical viscosity solution or a weak KAM solution, while a viscosity subsolution u
of H(z,d,u) = c(H) will be called a critical viscosity subsolution (or critical subsolution
if u is at least C1).

We recall that the Lagrangian L : TM — R associated to the Hamiltonian H is
defined by

V(z,v) € TM, L(z,v):= max {p(v)— H(z,p)}.

pETy M

Since H is of class at least C* and satisfies the three conditions (H1)-(H3), it is well-
known (see for instance [65] or [68, Lemma 2.1])) that L is finite everywhere of class at
least C?, strictly convex and superlinear in each fiber T, M, and satisfies

V(w,p) € TLM,  H(zp) = max {p(v) — L(z,v)}

Therefore the Fenchel inequality is always satisfied
p(v) < L(z,v) + H(z,p).
Moreover, we have equality in the Fenchel inequality if and only if
(z,p) = L(z,v),
where £ : TM — T*M denotes the Legendre transform defined as

ey - ().

Under our assumption £ is a diffeomorphism of class at least C'. We will denote by ¢F
the Euler-Lagrange flow of L, and by X, the vector field on T'M that generates the flow
-

As done by Mather in [103], it is convenient to introduce for ¢ > 0 fixed, the function
hy : M x M — R defined by

Ve,y e M, hy(x,y) = inf/o L(7(s),~(s))ds,
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where the infimum is taken over all the absolutely continuous paths 7 : [0,¢] — M with
7(0) = x and ~(t) = y. The Peierls barrier is the function h : M x M — R defined by

h(z,y) := ligci):glf {hi(x,y) + c(H)t} .
It is clear that this function satisfies
Vo, y,z € M, h(z,z) < h(z,y) + h(y, 2) +c(H)t
hz,z) < h(z,y)+ c(H)t+ h(y, 2).
Moreover, given a weak KAM solution u, we have
u(y) —u(z) < h(z,y) Vz,y € M.

It follows that the function A is either identically +oo or it is finite everywhere. If M
is compact, h is finite everywhere. In addition, if h is finite, then for each x € M, the
function h,(-) = h(z,-) is a critical viscosity solution (see [65] or [69]). Furthermore, h
satisfies the triangle inequality

Vao,y,z € M, h(z,z) < h(z,y) + h(y, 2).
The projected Aubry set A is defined by
A:={xe M| h(x,z)=0}.
Since h satisfies the triangle inequality, the function dy; : A X A — R defined as
Ve,y € A, dy(x,y) = h(z,y) + h(y, x),

is a semi-distance on the projected Aubry set. We define the quotient Aubry set (A, dar)
to be the metric space obtained by identifying two points in A if their semi-distance dj,
vanishes. In [105], Mather formulated the following problem:

Mather’s Problem. If L is C, is the set A, totally disconnected, i.e. is each con-
nected component of A,; reduced to a single point?

In [104], Mather brought a positive answer to that problem in low dimension. More
precisely, he proved that if M has dimension two, or if the Lagrangian is the kinetic
energy associated to a Riemannian metric on M in dimension < 3, then the quotient
Aubry set is totally disconnected. In fact, Mather mentioned in [105] that it would be
even more interesting to be able to prove that the quotient Aubry set has vanishing
one-dimensional Hausdorff measure. The aim of the present chapter is to show that such
a property is satisfied under various assumptions. Let us state our results.
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Theorem 4.1.1. Ifdim M = 1,2 and H of class C? or dim M = 3 and H of class C*!,
then (Apr, dar) has vanishing one-dimensional Hausdorff measure.

Define the stationary projected Aubry set by
A’ ={r € A| (x,d.h,) = L(x,0)},

and denote by (A%, dys) the quotiented metric space. In fact, at the very end of his
paper [104], Mather noticed that the argument used in the case where L is a kinetic
energy in dimension 3 proves the total disconnectedness of the quotient Aubry set in
dimension 3 as long as A9, is empty. Our result concerning the stationary projected
Aubry set is the following:

Theorem 4.1.2. Ifdim M > 3 and H of class C* with k > 2dim M —3, then (A, dr)
has vanishing one-dimensional Hausdorff measure. Moreover, if a € (0, 1] is such that
a(EL +1) > dim M then (A3, du) has vanishing a-dimensional Hausdorff measure. In
particular, if H is C*™ then (A%, dys) has zero Hausdorff dimension.

This result is in some sense optimal: for each integer d > 0, and each ¢ > 0, Mather
has constructed on the torus T¢ = R?/Z? a Tonelli Lagrangian L of class C??~%1~¢ such
that A is connected, contained in the fixed points of the Euler-Lagrange flow, and the
Mather quotient (A, dps) is isometric to an interval, see [105].

As a corollary of the above theorem, we have the following result which was moreorless
already proved by Mather in [105, §19 page 1722] (see also the work of Sorrentino [124],
where the author uses a strategy similar to ours to prove analogous results).

Corollary 4.1.3. Assume that H is of class C? and that its associated Lagrangian L
satisfies the following conditions:

1. Yx € M, minger,y L(x,v) = L(x,0);
2. the mapping v € M +— L(z,0) is of class C*Y(M) with | > 1.

IfdimM = 1,2 or dimM > 3 and | > 2dim M — 3, then (Ay, dyy) is totally discon-
nected. In particular, if L(z,v) = 3||v|2 = V(z), with V € C""(M) and I > 2dim M — 3
(Ve C*(M) if dim M = 1,2), then (A, dar) is totally disconnected.

The Aubry set A € TM can be defined as the set of (x,v) € TM such that € A and
v is the unique w € T, M such that d,u = (?9_5(5’7’ w) for any critical viscosity subsolution.
This set is invariant under the Euler-Lagrange flow ¢F. Then, for each x € A, there is
only one orbit of ¢ in A whose projection passes through 2. We denote by A? the set
of x € A whose orbit in the Aubry set is periodic with (strictly) positive period. We call

this set the periodic projected Aubry set. We have the following result:
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Theorem 4.1.4. Ifdim M > 3 and H of class C* with k > 8dim M —7, then (A%, da)
has vanishing one-dimensional Hausdorff measure. Moreover, if a € (0,1] is such that
a(% +1) > dim M then (A%, dur) has vanishing a-dimensional Hausdorff measure. In
particular, if H is C* then (A%;,dy) has zero Hausdorff dimension.

In fact, we notice that the method we use to demonstrate Theorem 4.1.4 highlights
a general assumption under which we can prove that the quotient Aubry set has small
Hausdorff dimension, see Section 4.4. We observe that, if M is assumed to be compact,
the size of the quotient Aubry set can be evaluated on the union of the limit sets of the
orbits of the Aubry set. Moreover limit sets of flows are well understood on surfaces.
Such ideas together with Theorems 4.1.2 and 4.1.4 lead to the following result on surfaces:

Theorem 4.1.5. If M is a compact surface of class C*° and H is of class C*, then
(Anr,dar) has zero Hausdorff dimension.

In the last section, we present applications in dynamic of which Theorem 4.1.7 below
is a corollary. If X is a CF vector field on M, with k& > 2, the Mané Lagrangian
Lx : TM — R associated to X is defined by

1
LX(IL‘,U) = §||U - X(:E)H;zm V(ZE,U) € TMa

and we denote by ¢;* the flow generated by X. We now recall the definition of chain-
recurrence:

Definition 4.1.6. Take € > 0. A periodic e-chain is a sequence (xq,...,z,) such that
xo = x, and there exist ¢; > 1 such that d(z;1, (bt)f (x;)) <efori=0,...,n—1. A point
x is chain-recurrent if for any € > 0 there exists a periodic e-chain passing through x.

Roughly speaking, the chain-recurrence and the fact of being in the projected Aubry
set are two different ways to characterize the set of points which are more or less invari-
ant under the flow for large times. It is therefore a natural question to understand when
these two definitions coincide. Fathi has raised the following problem (compare with the
list of questions http://www.aimath.orqg/WWN/dynpde/articles/html/20a/):

Problem. Let Ly : TM — R be the Mané Lagrangian associated to the C¥, k > 2,
vector field X on the compact connected manifold M.

(1) Is the set of chain-recurrent points of the flow of X on M equal to the projected
Aubry set A7

(2) Give a condition on the dynamics of X that ensures that the only weak KAM
solutions are the constants.
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The theorems obtained in the first part of the chapter together with applications in
dynamics developed in Section 6 give an answer to this question if dim M < 3.

Theorem 4.1.7. Let X be a C*, k > 2 vector field on the compact connected C* manifold
M. Assume that one of the conditions hold:

(1) The dimension of M is 1 or 2.
(2) The dimension of M is 3, and the vector field X never vanishes.
(3) The dimension of M is 3, and X is of class C31.

Then the projected Aubry set A of the Mané Lagrangian Ly : TM — R associated to X
15 the set of chain-recurrent points of the flow of X on M. Moreover, the constants are
the only weak KAM solutions for Lx if and only if every point of M is chain-recurrent
under the flow of X.

The outline is the following: Sections 2 and 3 are devoted to preparatory results.
Section 4 is devoted to the proofs of Theorems 4.1.1, 4.1.2 and 4.1.4. Sections 5 and 6
present applications in dynamics.

4.2 Preparatory lemmas

We denote by SS the set of critical viscosity subsolutions and by S_ the set of weak
KAM solutions. Hence S_ C 8S. If u : M — R is a critical viscosity subsolution, we
recall that

u(y) —u(z) < h(z,y), Vz,y e M.

In [69], Fathi and Siconolfi proved that for every critical viscosity subsolution v : M — R,
there exists a C! critical subsolution whose restriction to the projected Aubry set is equal
to u. In the sequel, we denote by SS* the set of C! critical subsolutions. The following
lemma is fundamental in the proof of our results.

Lemma 4.2.1. For every x,y € A,

dy(z,y) = max {(ur —ug)(y) — (w1 — ug)(w)}

u,Uu2ES_

= nax {(u —uz)(y) — (w — uz)(2)}

= max_{(u —u2)(y) — (w1 —u2)(2)}.

ul,u2 6381
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Proof. Let x,y € A be fixed. First, we notice that if uy,us are two critical viscosity
subsolutions, then we have

(ur —ug)(y) — (ur —u2) (@) = (ua(y) —ua(2)) + (u2(z) — ua(y))

Moreover, if we define uy,ug : M — R by uy(z) := h(x, z) and us(2) := h(y, z) for any
z € M, then we have

(ur —u2)(y) — (ur —u2)(x) = (h(z,y) —h(y,y)) — (h(z,z) — h(y, z))
since h(z,x) = h(y,y) = 0. Since uy, us are both critical viscosity solutions, we obtain

easily the first and the second equality. The last inequality is an immediate consequence
of the Theorem of Fathi and Siconolfi recalled above. m

The proofs of the next two Lemmas can be found in [114]. It has to be noticed that

Norton’s Lemma 4.2.2 is an elegant generalization of the Morse original Lemma, see
[111].

Lemma 4.2.2 (The generalized Morse Vanishing Lemma). Let k € N and o €
[0,1]. Then any set A C R"™ can be decomposed into a countable union A = U;enyA; where

1. Ag is countable;

2. A; C B; with B; a C'-embedded compact disk of dimension < n such that every
f € C*(R™ R) vanishing on A satisfies, for each i > 1,

f(z) = f(y)l < Milz —y["™™ Vye A, v e B (4.2.1)
for a certain constant M;.

Lemma 4.2.3. For any C'-embedded compact disk B, there is a constant C' > 0 such
that for all x,y € B there is a C' path in B from x to y with length less than C|z — yl.

The proof of Lemma 4.2.4 that we present here is derived from [18] (compare [72])
who proved that if £ C R™ is a measurable set, f : £ — R is continuous, and n > 2 is
such that f satisfies

[f(x) = f(y)] < Cle—y[* Vo,y€E,

then f(FE) has Lebesgue measure zero.
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Lemma 4.2.4. Let ¥ : E — X be a map where E is a subset of R™ and (X,dx) is a
semi-metric space. Suppose that there are o € (0,1] and M > 0 such that

Yo,y € B, dx(¥(z), ¥(y)) < Mz —y|=, (4.2.2)
then the a-dimensional Hausdorff measure of (V(E),dx) is zero.

Proof. Since it suffices to prove that (¥ (E N K)) = 0 for each compact set K C R™,
we can assume that F is bounded, which in particular implies Z"(F) < +00. We now
write £/ = Ey U Es, where Fj is the set of density points for £ and E, := E'\ E;. It is a
standard result in measure theory that £"(FEs) = 0. Thus for each € > 0 be fixed, there
exists a countable family of balls {B;};c; such that

Eyc|JBi and ) (diamB,)" <.
1€l el
Then we have
H°(U(E)) < (diamy U(B;))* < MY (diam B;)" < Me.
i€l el

Letting € — 0, we obtain J#*(V(E,)) = 0.
We now want to prove that (¥ (F;)) = 0. Fix P € N. For every density point € Ej,
there exists p = p(x) > 0 such that

ZL"(EyNB(x,r)  £"(ENB(x,r)) 1
7B 2 Barn) = apn @) (4.2.3)

Now it is simple to prove that for all y,z € FE; N B(x,r) there exist P + 1 points
xo,...,xp € Fy, with xg = y and zp = z such that

4
|xi—xi_1|§% VI<i<P

Indeed, first take yi,...,yp_1 the P — 1 points on the line segment [y, x| such that
lyi — yi_1| = @ and then observe that, by (4.2.3), B(y;, %2) N E1 is not empty for each
7, and so it suffices to take a point x; in that set. Then,

dx (¥(y), ¥(2)) < de(‘lf(-fi—l), V() S MY |z —wil

i=1

4 g n n n
< MP (FT) — AZMPYErE. (4.2.4)
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We are now able to prove that 2% (¥(E;)) = 0.
Take an open set 0 D FE; such that £"(Q) < 2.2"(E)) = 22"(F) < +oo (we can
assume Z"(E) > 0) and consider the fine covering F given by F = {B(x,r) }zer, with r
such that B(z,r) C Q and r < @, where p(z) was defined above. By Vitali’s covering
theorem (see [61, paragraph 1.5.1]), there exists a countable collection ¢ of disjoint balls
in F such that

E,c 5B,

BeY

where 5B denotes the ball concentric to B with radius 5 times that of B. We can so
consider the covering of f(E) given by Ui<;<n, {f(5BNE1)} gew. In this way, by (4.2.4),
we get

A(V(E))) <Y (diamy U(5B N Ey))* <4"M*P*™™ ) " (diam 5B)"
Be¥ Be¥
< 20"MP*™ ) " (diam B)"
Be¥

< 20"MO P L) < 2200 MOPY T L (E),

and, in this case we conclude letting P — 400, as n > 2. O

4.3 Existence of Cllo’cl critical subsolution on noncom-
pact manifolds

In [20], using some kind of Lasry-Lions regularization (see [89]), Bernard proved the
existence of C1! critical subsolutions on compact manifolds. Here, adapting his proof,
we show that the same result holds in the noncompact case and we make clear that
the Lipschitz constant of the derivative of the C’llo’c1 critical subsolution can be uniformly
bounded on compact subsets of M.

Theorem 4.3.1. Assume that H is of class C?. For every open subset O of M which
is relatively compact in M, there is a constant L = L(O) > 0 such that if uw : M — R
15 a critical viscosity subsolution, then there exists a C’llo’cl critical subsolution v: M — R
whose restriction to the projected Aubry set is equal to u and such that the mapping
x +— dyv is L-Lipschitz on O.

Before proving Theorem 4.3.1, we observe that the following result holds:
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Lemma 4.3.2. There is a constant K' > 0 such that any critical viscosity subsolution
u: M — R is K'-Lipschitz on M, that is,

u(y) — u(z)] < K'd(z,y), Va,ye M,
where d denotes the Riemannian distance associated to the metric g.

Proof. Let u : M — R be a critical viscosity subsolution and z,y € M be fixed. Let
Yoy © [0,d(z,y)] = M be a minimizing geodesic with constant unit speed joining x to y.
By definition of Ay (2, y), one has

d(z,y)
haoy () < / Lt (1), A (1)) dt < A(1)d(z, y),
0

where A(1) := sup,cp{L(z,v) | ||v|l. < 1} is finite thanks to the uniform superlinearity
of H in the fibers. Thus, one has

Exchanging = and y, we conclude that u is K’-Lipschitz with K’ := A(1) + ¢(H). O

Before giving the proof of the theorem, we also notice that since L is uniformly
superlinear in the fibers, there exists a finite constant C(K’) such that

L(xz,v) > 2K'||v]|, + C(K") V(z,v) € TM.
From that, we deduce that for every ¢ > 0,
hi(x,y), hi(y, x) > 2K'd(z, y) + C(K')t, Va,y € M. (4.3.1)

Proof of Theorem 4.5.1. Let K,, be an increasing sequence of compact sets such that

K, C [O( ne1 and U, K, = M. We consider the two Lax-Oleinik semigroups 7, and T}"
defined by

T u(e) = if {u(y) + hu(y, ) +c(H)t}, Tlule) = sup {uly) = hu(x,y) — c(H)t},

for every x € M. In [65], Fathi proved that those two semigroups preserve the set
of critical viscosity subsolutions and that, for all £ > 0 and each continuous function
u, the function T, u is locally semi-convex, while T, u is locally semi-concave. In [20],
the idea for proving the existence of C1! critical subsolution on compact manifolds is
the following. It is a known fact that a function is C*! if and only if it is both semi-
concave and semi-convex. Let now u be a critical viscosity subsolution. If we apply the
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semigroup T} to u, we obtain a semi-convex critical viscosity subsolution 7;u. Thus,
if one proves that, for s small enough, T, T, u is still semi-convex, as we already know
that it is semi-concave, we would have found a C'! critical subsolution. Since we want
to give a uniform bound on the Lipschitz constant of the derivative of the C’llo’i critical
subsolution on compact sets, we will have to bound the constant of semi-convexity of
T;Fu on compact subsets of M. Let us now prove the result in the noncompact case.
Let u: M — R be a critical viscosity subsolution. Let ¢ > 0 be fixed, we set v := T, u.
Lemma 4.3.3. The function v : M — R s locally semi-convex on M. Morever, there
exists a bounded subset F of C? <K4,]R> whose bound depends only on t (not on u)
verifying

v(r) =max f(x), Vre Ky,

() = maax f () :

and such that for each x € K4 and each p € D~v(x) there is f € F such that f(x) = v(x)
and d, f = p.
Proof. Let x € K4 be fixed. From the definition of T; u(z), we have
Tru(z) > wu(x) — h(z,z) — c(H)t
u(x) — tL(z,0) — c(H)t
u(x) = (A(0) + c(H))t,

where A(0) := sup,c){L(x,0)} is finite thanks to the uniform superlinearity of H in the
fibers. On the other hand, by Lemma 4.3.2 and (4.3.1), we have for every y € M,

w(y) — hy(z,y) —c(H)t < wu(z)+ K'd(x,y) — 2K'd(x,y) — (K"t — c(H)t
< wu(x) — K'd(z,y) — (C(K') + ¢(H))t.

>
>

Therefore, the supremum in the definition of T; u(z) is necessarily attained at a point

Y. € M satisfying

(A(0) — C(K7))
K/

Denote by K, the set of y € M such that d(x,y) < WO)}—?(K,))IS, and by K the union of

K, for x € K;. K is a compact subset of M. By Proposition 6.2.17 of the Appendix,

there is a compact set X' C M and a constant A > 0 such that every curve 7 : [0,t] — M

with 7(0),v(t) € K and fot L(v(s),7(s))ds = hi(7(0),~(t)) satisfies

t.

d(z,ys) <

v ([0,t]) C f(, and  ||[Y(s)|lys) £ A Vs € [0,t]. (4.3.2)
Let x € K4. By construction of K, there is y, € K, such that

T u(r) = u(ys) — / L(3a(5), 3 (s))ds — c(H),
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where 7, : [0,t] — M is a curve such that v,(0) = z,7,(t) = y. and

he(,y2) = / L7 (5). Au(s))ds

Now, for any x € K4 and y € K, there are V, an open neighbourhood of x and
[yy Ve x[0,¢] = M asmooth mapping such that I'y, (z,-) = 7,(-), and such that for
every ' € V, and y € K,, I'; , (2, -) is a smooth curve joining 2’ to y. We have

t dl’,,
u(ye) — /0 L (Fx,yz (2, s), d—s’yz(x', s)) ds — c(H)t

> T u(@) + buy, (),

T u()

v

where the function ¢, : V, — R is defined by

t dr’ dr’
) = [ 2 (Tanli9). D2 009)) = 1 (P00 2009 ) s

for all ' € V,. The function ¢, ,, is smooth and satisfies ¢, ,,(z) = 0. By construction
(because of the compactness of the set K), it is clear that the set of functions {¢, y, }zek,

can be bounded in C? (10(4) More in general, the whole family G := {¢,y trek, yek, 1S

bounded in C2.

Since K, is compact, up to working in local charts, and using standard arguments to
extend the C? functions of our family constructed in charts to an open neighborhood of
K, in such a way to preserve a global C? bound, we can assume that we are in R”. Thus,
by [119, Proposition 6] applied to —7, u, we obtain that v = T, u is o-semiconvex on
K4, with the constant o depending only on the C* bound of the family G' (and therefore
is independent of the subsolution u). Now, by [119, Proposition 7], for any € K, and
any p € D~ v(x) there exists a parabola P, , with second derivative bounded by ¢ which
touches v from below at x with d,F,, = p. By Lemma 4.3.2 we have the global bound
lpll < K’, and therefore F' := {P,,} is the desired family. O

We claim that, for ¢1,s; > 0 small enough, the function u; := T;thqu is C%! on Ky
and that the Lipschitz constant of its derivative can be bounded independently of u. In
order to prove this claim, we will show that, for s small enough, we have

T T u(z) := yrrelgl3 {T; u(y) + hs(y, ) + c(H)s}, V€ K. (4.3.3)

Once we will have proved this, the problem of proving C*! regularity in K, will be
exactly the same as in the compact case and so the proof in [20] will work.
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Indeed, always as in [20], for s small enough T, (F') is a bounded subset of C* ( [% 3>
and, by (4.3.3), one can write

T v=maxT. on K
s fEF s f 2

that implies that T 7T, u is C%' on K,. Moreover, we can assume that s is sufficiently
small so that T, (F) is bounded in C? by a constant ¢’ which is still independent of w,
and this implies that the C! bound is independent of the particular subsolution u. Let
us now prove (4.3.3).

Set v := T, u and fix s > 0. We recall that v is critical viscosity subsolution.
Since v is K'-Lipschitz on M, we deduce that for any x,y € M,

v(y) + hs(y, @) + c(H)s v(z) — K'd(,y) + 2K'd(x,y) + C(K')s + c(H)s

>
> w(z)+ K'd(z,y) + (C(K') + C(H))s.

But, taking y = z in the formula defining 7., v(z) yields for any z € M,

T v(x) v(x) + hg(x,x) + c(H)s

<
< w(x) + sL(z,0) 4+ c(H)s < v(z) + (A(0) + c¢(H))s.

Consequently, we deduce that, for every x € M, the infimum in the definition of T, v(z)
is necessarily attained at a point y, € M satisfying
(A(0) — C(K"))

d(z,y,) < 7 s.

So (4.3.3) follows taking s such that %s < dist(Ks, K5). As we said above,
now the proof given in [20] allows us to say that u; is C™' in K,. Let us now define
us(x) := T, T,Fui(x). Arguing as above we get that, for ¢5, s, smalls enough, us is C!

in K3. We now claim that, taking t,, sy sufficiently smalls, we also have that

1

where, for a function f, we denote by Lipg, (f) the Lipschitz constant of f on K. This
simply follows observing that, if we denote by I',, C T*M the graph of the differen-
tial of uo, as d,us is Lipschitz on K, the evolution of uy in K7 by the two semigroups
corresponds to the evolution of I',, in T*K; by the Hamiltonian flow, at least for small
times (see [20]). Thus the smoothness of the Hamiltonian flow tells us that the Lipschitz
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constant of d,us uniformly converges in K; to the Lipschitz constant of d,u;. In partic-
ular, for to, so sufficiently smalls, we get (4.3.4). Now we iterate the construction in the
following way:

un—l-l(x) = Ts:LHCE—:Hun(x)?

with ¢,,11, 5,1 smalls enough so that

Untr 18 CV1 in Koo,

. 1 .
Lipg, (dptini1) < <1 + 2—n) Lipk,, ., (dyuy).

In this way, by Ascoli-Arzela theorem and a diagonal argument, we find a subsequence
u,, which converges in the C* topology to a function us, € C'. Moreover, as

H(1+2in> < +o00,

n=1

k

for a fixed compact K; we have an uniform bound for the Lipschitz constant of d,u, on
K, for any n. This implies that us, € ol O

loc*

4.4 Proofs of Theorems 4.1.1, 4.1.2, 4.1.4

4.4.1 Proof of Theorem 4.1.1

Let us first assume that dim M = 1,2. Without loss of generality, we can assume that
we work in a relatively compact open set O C R™ with n = 1,2. Our aim is to apply
Lemma 4.2.4 with £ = ANO, (X,dx) = (M,dy), ¥ = Id and o« = 1. By Lemma 4.2.1,
we know that for every x,y € A,

dy(z,y) = max {(u; —ug)(y) — (w1 —ug)(w)}.

u1,uU2ES—

Let u1,us : M — R be two weak KAM solutions be fixed. It is well known that both the
mappings © € M — dyuy, * € M — d,uy coincide and are locally Lipschitz on A (see
[65]). Thus there is a constant C' > 0 which does not depend on u; and wuy such that if
we set v := u; — ug, we have

lo(y) —v(z)| < Clz —y?, Vr,ye ANO.
Since u; and uy are arbitrary, we get

dy(z,y) < Clr —y|?, Vo,y€c ANO.
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By Lemma 4.2.4, we deduce that if dim M = 1,2, (A, dar) has vanishing one-dimensional
Hausdorff measure.

Let us now assume that dim M = 3. The fact that A3, has vanishing one-dimensional
Hausdorff measure will follow from Theorem 4.1.2. So, it suffices to prove that the semi-
metric space A \ A" has vanishing one-dimensional Hausdorff measure. Set A" := A\ A°
and consider z € A’. From [69, Proposition 5.2], there exists a curve v : R — M such
that 7(0) = x and such that each critical viscosity subsolution u : M — R satisfies

u(y(t) —u(y(t)) = /t L(~(s),7(s))ds + c(H)(t' — 1),

for all t < ¢/ € R. In particular, each such u is differentiable at each point of v and
satisfies

oL ,
dypyu = %(v(t),v(t)), VieR

(see [65]). Therefore we deduce that the function v : M — R defined as v := u; — uy
is constant along the orbits of the Aubry set. Since this is true for any pair of KAM
solutions, this implies that dps(y(s),v(t)) = 0 for all s,¢ € R. As a consequence, it suffices
to prove that the set (A’ NS, dys) has vanishing one-dimensional Hausdorff measure for
each open surface S C M which is locally transverse to the orbits of the Aubry set. As
above, this is a consequence of the fact that the mapping = +— d,u is locally Lipschitz
on A (with a constant which does not depend on u) and Lemma 4.2.4.

4.4.2 Proof of Theorem 4.1.2

Without loss of generality, we can assume that we work on a relatively compact open set
O C R™ and that ¢(H) = 0. Set for every z € O,

H(z) := min {H(z,p)} = —L(x,0),

pER™

and oL
() = S (,0)

The function H is of class C*! on O and satisfies for every z € O,
H(x) = H(z,p(z)) <0.

Moreover, we notice that, by strict convexity of H and the fact that O is relatively
compact, there exists a > 0 such that for every x € O,

H(z,p) <0=|p—p(x)|] < a/—H(x). (4.4.1)
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Using lemma 4.2.2, we can decompose A° as
./40 = UiENAi-

First, since Ay is countable, it has zero Hausdorff dimension. Let us now show that each
A; has vanishing one-dimensional Hausdorff measure. Let ¢ > 1 be fixed. Since H is a
C*! function vanishing on A° by (4.2.1) we know that

~H(x) = |f(2) = fily)| < Milz =y, Wy A, Vo B

Hence, from (4.4.1), we have for every C! critical subsolution u : M — R,
|dyu — p(z)| < an/Mi|z —y|"5, Vye A, VreB,,
which gives for every pair of C! critical subsolutions u;, us : M — R,
|dy(u1 — ug)| < Cilx — yl%, Vy € A;, Vx € B,

for a certain constant C;. By lemma 4.2.3, integrating along a path from z to y in B;
yields
~ k1
(w1 —us)(y) — (w1 —ug)(2)| < CCilw —y[ =7, Va,y € A,

By Lemma 4.2.1, we deduce that
dy(z,y) < CCilx — y|%+1, Va,y € A;.

In order to conclude that A; has vanishing one-dimensional Hausdorff measure, it suffices,
from Lemma 4.2.4, to have k such that %—1—1 > n, that is £ > 2n—3. As a consequence,
we proved that the one-dimensional Hausdorff dimension of (AS,,dys) vanishes as soon
as k > 2n — 3. Finally, the fact that the a-dimensional Hausdorff measure of (AS,, das)
vanishes whenever o € (0,1] is such that (% + 1) > dim M follows from the same
arguments.

4.4.3 Proof of Theorem 4.1.4

Let AP be the set of points in the Aubry set A that project on AP. For every x € A,
let us denote by T'(z) the period of the unique orbit of the Euler-Lagrange flow in A
passing through z. Fix z € AP and denote by 7 : [0,7(Z)] — M the path such that
7(0) = (T (z)) = & and satisfying

T(z)
(.2 + < DT(@) = [ L3 (6).3(6))ds + «()T(@) =0
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Let S be a smooth hypersurface in M which is locally transverse to 4 at £ and E be the
fiber bundle over S, that is, the set of (z,v) € TM with € S. For every (z,v) € E, let
7(x,v) be the first time ¢t > 0 such that ¢;(x,v) € E. For sake of simplicity, for every
(z,v) € E, we denote by 7., : [0,7(z,v)] — M the trajectory of the Euler-Lagrange
flow starting at (x,v). We define the mapping 6 : E — S by

O(x,v) = Ypo(r(z,0)), V(z,v) € E.

So 6 is something like the Poincaré map (or first return map) associated with 7 and S, it
is well defined in a small neighbourhood N C E of (Z, %) and it is of class C*~!. Denote
by df (+,-) the distance on S which corresponds to the Riemannian metric induced by g
on S. We recall that the mapping (z,y) — d5 (z,y)? is smooth in a small neighbourhood
Ng of z in S. Without loss of generality we can assume that 6(N) C Ng. Define the
mapping ¥ : N — R by

7(z,0) 2
(e, 0) = (/0 L(Ye0(5), o (5))ds + e(H)T(2,0)) + 5 (0(z,v), 2)%, V(z,v) € N.

By construction, there exists 6(Z) > 0 such that, for every (z,v) € AP N N, we have
T(x) € (T —6(z), T+ 6(z)) = V(z,v) =0,

where T := T(z). Denote by A; the set of (z,v) € A? N N such that T(z) € (T —
§(z), T +6(z)), and by Az its projection on M. Furthermore, we notice that for every
(x,v) € N, if we consider a minimizing geodesic with unit speed (for the Riemannian
metric g on S) v : [0,d5(0(x,v), )] — S joining 6(x,v) to x, we have

(z,v) ‘ dg(g(x,v) x) ‘
e @22 < [ L) Aualo)ds + [ L0939,
0 0
where p(x,v) is defined by
plx,v) :=7(x,v) + d‘;(Q(x, v),z), V(x,v) € N.

Hence, if we denote by J an upper bound for |L(z, v)| with x € Ng and v € T,.S satisfying
lv], < 1, we obtain for every (z,v) € N,

7(z,v)
ot () + elple0) < [ [ (o))

+ e(H)r(a,v)| + (e(H) + J)d5 (0(a,v). )
< (1+c(H) + VI (z,v). (4.4.2)
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Without loss of generality, we can assume from now that we work in R". From Lemma
4.2.2, we can decompose the set A; as

/NLE = UieN/L'-

Let i > 1 be fixed. Since W is of class C*~! on N, by (4.2.1) we know that

k—1 -
0<U(z,v) <M (lr—yP+v—wf) =, V(y,w) €A, VY(zv)eB. (44.3)
We need now the following result.

Lemma 4.4.1. Let L > 0, tg > 0, K be a compact subset of M, and O be an open
netghbourhood of K in M. There exists M = M(L,tO,K, O) > 0 such that, for every
critical viscosity subsolution of class C’llo’cl such that the mapping x +— dyu is L-Lipschitz
on O, we have

c(H) — H(z,dyu) < M {hy(z,2) + c(H)t}?, Vt>ty, VaeK.

Proof. Let x € K be such that H(x,d,u) < ¢(H). For every y € M, we set €(y) :=
c(H)— H(y,dyu). Since the mapping y — €(y) is continuous, there exists a constant C,
such that

e(ly) <CL, VyeK.

Moreover, since y — d,u is L-Lipschitz on O, there exists K7 > 0 such that the mapping
y — H(y,dyu) is Kp-Lipschitz on O and 2CTLL < dist(K, O°). Hence B (:L‘ E(x)> cO

) 9K
and so we have

H(y,dyu) < c(H) — #, Vye B (x, ;([?z)

Since K is compact and L is uniformly superlinear in the fibers, there exists an upper
bound A for ||w||, over the set of (y, w) with y € K such that the corresponding periodic
orbit in 7'M minimizes h;(y,y) for some t > t, (this follows directly from the proof of
Proposition 6.2.17 in the Appendix). Let 7 : [0,¢] — M be such that v(0) = ~(t) = =
and satisfying

(i, ) = / Lix(s), 4(s))ds.

Since [|§(s)]|(s) is always bounded by A, we have

7(3)€B<x, ;g) s < S5 o).



4.4. PROOFS OF THEOREMS 4.1.1, 4.1.2, 4.1.4 153

Thus we have

so(z) elr
utr(so(e) —u) < [ L) A(s)ds+ (a(H)—%) ().

Moreover since w is a critical viscosity subsolution, if t > so(x) we have
t
u(z) —u(y(so(z))) < / L((s), §(s)ds + c(H)(t = s0(x))-

so(w)

In consequence, we obtain

0 < /0 L(v(s),5(s)ds + c¢(H)t — @50(9&)
= {hy(x,x) 4+ c(H)t} — @so(x)
Therefore we have
€(z) (o)
{hi(z,z) + c(H)t} > 5 so(x) AR,

which means that, as long as so(x) < ty,

c(H) — H(z, dyu) < 2/ AKy {hy(2,2) + c(H)t}?, V>t

Thus, in order to conclude, we need to have so(z) = ij()L <ty for all x € K, which is
the case if o c
L L
<ty & AKp > —.
2AK, — " b= 2t

Then we conclude
CL 1
¢(H) — H(x,d,u) < max< 24/ AK], 2t_ {he(z,x) +c(H)t}2, Vt>t, VrelkK.
0

O

Returning to the proof of Theorem 4.1.4, we notice that, without loss of general-
ity, we can assume that we work in a compact set K which is included in a relatively
compact open subset O of R" with n = dim M. So, let us denote by L = L(O) the
uniform Lipschitz constant given by Theorem 4.3.1. Fix from now a pair of Cllo’i critical
subsolutions vy, vy : M — R such that d, v, d,vs are L-Lipschitz on O. We notice that,
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by strict convexity of the Hamiltonian, there exists a constant § > 0 such that for every
x e,

— Blp1 — p2?,  Vp1,p2 € T M.

I (x7p1;‘p2) < H(xapl)‘;H(xam)

Hence, we have for every z € O,
dzv1 + dy
H (x, %) < o(H) — Bldv, — dyvs?.
By Lemma 4.4.1, we deduce that

~

vy — dyvs? < %{ht(x,x) Fe(H)YE, Vi>T—0(z), VeeK.  (44.4)

Let (7,v), (y,w) € A;. From Lemma 4.2.3, there is a C" path (z(-),v(-)) : [0,1] — N
in B; from (z,v) to (y,w) with length less than C;|(x,v) — (y,w)|. Since d,v; = L(x,v)
and d,v; = L(y, w), there is a constant D > 0 such that for every s € [0, 1],

|(z(5), v(s)) = (z,0)] < Cil(z,v) = (y, w)|
< Civ1+ D%z —y.

Hence, by (4.4.3), we have for every s € [0, 1],

W(a(s), o(s) < MCE (14 D7) fo — i
By (4.4.2), this means that for every s € [0, 1],

k-1
hota(s)o(s) (@(), 2(s)) + c(H)p(x(s),v(s)) < (1 + c(H) + J)Diflz — y| =,
for a certain constant D;. By (4.4.4) we finally deduce that there exists some constant

E; > 0 such that, for every s € [0, 1],
|dac(s)vl - da:(s)”?‘ < E7,|x - y|%
Integrating along the path, we obtain
k—1
(1 = va)(2) — (01 — v2)(y)] < CEifz —y|[s .
Finally, from Lemma 4.2.1, we deduce that
dy(z,y) < CEile —y| =+,

for every z,y € m(A;)NO. As a consequence, we deduce easily that, if £ —+1 < n (that is
k > 8n—7), the semi-metric space A; has vanishing one-dimensional Hausdorff measure.
Using a countable family of sets A; to cover A%, we conclude easily that the one-
dimensional Hausdorff dimension of (A%, dys) vanishes as soon as k > 8n—7. Finally, the
fact that the a-dimensional Hausdorff measure of (A%, dys) vanishes whenever o € (0, 1]
is such that a(%5* + 1) > dim M follows from the same arguments as the proof above.
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4.4.4 A general result

We observe that most of the results proved above can be seen as particular cases of the
following general principle.

Theorem 4.4.2. Assume that dim M > 3, H is of class C?, and that there are r >
0, ¥,1 € N and a function G : TM — R of class C*' which satisfies the following
properties:

1. G(z,v) =0 on A;

2. {m,(x)}' < G(z,v) for all (x,v) € TM, where m,(x) := inf;, {hy(z, z) + c(H)t};

3. kK >4l(dimM —1)—1.
Then (Apr,dy) has vanishing one-dimensional Hausdorff measure. Moreover, if a €
(0,1] is such that a(552 + 1) > dim M then (A, dy) has vanishing a-dimensional
Hausdorff measure. In particular, if G is C*, then (Anr, dar) has zero Hausdorff dimen-
Sion.

Proof. As in the proof of Proposition 4.1.4 we can assume that we work in a compact set
K which is included in a relatively compact open subset O of R™ with n = dim M. Let
L = L(O) be the uniform Lipschitz constant given by Theorem 4.3.1, and vy, v9 : M — R
be two C’llo’c1 critical subsolutions such that d,vq, d,vs are L-Lipschitz on O. By lemma

4.4.1, there exists M > 0 such that
c(H) — H(z,dyuy) < M {m,(2)}7,  c(H) — H(z,dyus) < M {m,(z)}?, Ve K.

N

Arguing now as in the proof of Theorem 4.1.4, we get

~

M M )
\dyv1 — dyva|? < 5 {m.(2)}? < EG(:C,U)@, Vi e K.

From Lemma 4.2.2, we can decompose the set A as
A = UiENAi‘

Let i > 0 be fixed. Since G is a nonnegative C*¥! function vanishing on A, by (4.2.1),
we know that

K41
2

0< Gle,0) < My (jr—yP + o,wP) | V(yw) €A V()€ B,

As in the proof of Theorem 4.1.4, we deduce easily that there is a constant N; > 0 such
that

du(,y) < Nifo — y| 4,
for every x,y € m(A;) N O. We now conclude as in the proofs of Theorems 4.1.2 and
4.1.4. ]
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Remark 4.4.3. It can be shown that for every compact subset K C M, there is a
constant C'x > 0 such that

h(z,r) < Cgd(z, A)?, VrcK,

where d(z,.A) denotes the Riemannian distance from z to the set A (which is assumed
to be nonempty). Therefore, from Theorem 4.4.2, we deduce that if there are [ € N and
a function G : M — R of class C*"! with &’ > 2I(dim M — 1) — 1 such that

d(z,A) < G(x), Yz e M,

then (Aas, dpyr) has vanishing one-dimensional Hausdorff measure.

4.5 Proof of Theorem 4.1.5

By Theorems 4.1.2 and 4.1.4 we know that (A9, U.A%,, dys) has zero Hausdorff dimension.
Theorem 4.1.5 will follow from the fact that Ay \ (A%, U.A%L,) is a finite set.

We recall that the Aubry set A € TM is defined as the set of (z,v) € TM such that
x € A and v is the unique v € T, M such that d,u = %(x, v) for any critical viscosity
subsolution. This set is invariant under the Euler-Lagrange flow ¢X. For every z € A,
we denote by O(z) the projection on A of the orbit of ¢F which passes through z. We

observe that the following simple fact holds:

Lemma 4.5.1. If z,y € A and O(x) N O(y) # 0, then dy(x,y) = 0.

Let us define

Co={r e A|O@)NA}, C:={recA|O)NA.

Thus, if z € Cy UC,, by Lemma 4.5.1 the Mather distance between z and A" U A? is
zero, and we have done.

Let us now define C := A\ (CoUC,), and let (Cas, dpar) be the quotiented metric space.
To conclude the proof, we show that this set consists of a finite number of points.

Let u be a C™! critical subsolution (which existence is provided by [20]), and let X
be the Lipschitz vector field uniquely defined by the relation

L(z, X (2)) = (x,d,u),

where £ denotes the Legendre transform. Its flow extends on the whole manifold the flow
considered above on A. We fix x € C. Then W is a non-empty, compact, invariant
set which contains a non-trivial minimal set for the flow of X (see [115, Chapter 1]). By
[101], we know that there exists at most a finite number of such non-trivial minimal sets.

Therefore, again by Lemma 4.5.1, (Cys, dy) consists only in a finite number of points.
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4.6 Applications in Dynamics

4.6.1 Preliminary results

Throughout this section, M is assumed to be compact. As before, H : T*M — R is a
Hamiltonian of class at least C? satisfying the three usual conditions (H1)-(H3), and L
is the Tonelli Lagrangian which is associated to it by Fenchel’s duality. We denote by
SS the set of critical viscosity subsolutions and by S_ the set of weak KAM solutions.
Hence S_ C 8§S. If u: M — R is a critical viscosity subsolution, we recall, see [65], that
the set Z(u) is the subset of TM defined by

Z(u) ={(x,v) € TM |t — ~(t) := 7y (x,v) is (u, L, c(H))-calibrated on (—o0, +00)},

that is for all t; < t, € R,

ulr(t2)) = ur(0)) = [ LOO.30) de+ olH)(tz 1)

31
The following properties of Z(u) are shown in [65].

Theorem 4.6.1. The set Z(u) is invariant under the Euler-Lagrange flow ¢F. Moreover,
if (z,v) € Z(u), then d,u exists, and we have

dyu = g—L(x,v) and H(z,d,u)=c(H).
v

It follows that:

1) The restriction 7T|f(u) of the projection is injective; therefore, if we set T(u) =

m(Z(u)), then I(u) is a continuous graph over I(u).
2) The map x — dyu is continuous on I (u).
Moreover the following results holds (see [65] or [63, Théoreme 1]).

Theorem 4.6.2. 1) Two weak KAM solutions that coincide on A are equal everywhere.
2) For every u € SS, there is a unique weak KAM solution u_ : M — R such that
u_ = u on A; moreover, the two functions v and u_ are also equal on Z(u).

The Aubry set A is given by
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(the equivalence between the definition with SS and the one with S_ can be easily shown

from the results of [65]). The projected Aubry set A is simply the image 7(.A). We also
have

The Maiié set N is given by

N= ] Zw = | Z(w).

ueSS ueS_

Both A and N are compact subsets of TM invariant under the Euler-Lagrange flow o
of L.

Theorem 4.6.3 (Mané). Each point of the invariant set A is chain-recurrent for the
restriction ¢f| 5. Moreover, the invariant set N is chain-transitive for the restriction

of |-

Corollary 4.6.4. The restriction oF| 4 to the invariant subset A is chain-transitive if
and only if A is connected.

Proof. This is an easy well-known result in the theory of Dynamical Systems: Suppose
0;, t € R, is a flow on the compact metric space X. If every point of X is chain-recurrent
for 6;, then 6, is chain-transitive if and only if X is connected. ]

We give now the general relationship between uniqueness of weak KAM solutions and
the quotient Mather set.

Proposition 4.6.5. The two following statements are equivalent:
1) Any two weak KAM solutions differ by a constant.
2) The Mather quotient (Anr, dar) is trivial, i.e. is reduced to one point.

Moreover, if anyone of these conditions is true, then fl~: N, and therefore A is connected
and the restriction of the Euler-Lagrange flow ¢F to A is chain-transitive.

Proof. For every fixed x € M, the function y — h(z,y) is a weak KAM solution.
Therefore if we assume that any two weak KAM solutions differ by a constant, then for
x1,T2 € M we can find a constant C, ,, such that

vy € M, h(x1>y> = Cxl,wz + h(w%y)'
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If 5 € A, then h(zg,x2) = 0, therefore evaluating the equality above for y = x4, we
obtain Cy, 4, = h(x1,z2). Substituting in the equality and evaluating we conclude

Vl’l € M, V.IQ € .A7 h($1,$1) = ]’L(l’l,xg) + h(l‘Q,[El).

This implies
Vo, 2o € A, h(z1,22) + h(22, 1) = 0.

Which means that dy;(z1,z2) = 0, for every x1,xs € A.
To prove the converse, let us recall that for every critical subsolution u, we have

Ve,y e M, u(y) —u(x) < h(x,y).
Therefore applying this for a pair uy,us € SS, we obtain
Vo,y € M, ui(y) —w(z) < h(z,y),
uz(r) — ua(y) < h(y, ).
Adding and rearranging, we obtain
Va,y € M, (un —ug)(y) — (w1 — up)(x) < h(z,y) + h(y, ).
Since the right hand side is symmetric in x, y, we obtain
Ve,ye M, (w1 —u2)(y) — (w1 — u2)()|< Az, y) + h(y, z).

If we assume that 2) is true, this implies that u; — us is constant ¢ on the projected
Aubry set A, or u; = us + ¢ on A. If uy,us are in fact weak KAM solutions then we
must have u; = uy 4+ ¢ on M, because any two solutions equal on the Aubry set are equal
everywhere, see 2) of Theorem 4.6.2.

It remains to show the last statement. Notice that if u;, us € SS differ by a constant
then Z(u;) = Z(us). Therefore if any two elements in S_ differ by a constant, then

A=TI(u)=N,

where u is any element in S_. But, by Mané’s Theorem 4.6.3, the invariant set N is
chain-transitive for the flow ¢;, hence it is connected by Corollary 4.6.4. [

We now denote by X the Euler-Lagrange vector field of L, that is the vector field
on T'M that generates ¢L. We recall that an important property of X is that

V(z,v) e TM, Trn(Xp(z,v)) =0,

where T'm : T(T'M) — T'M denotes the canonical projection.
Here is a last ingredient that we will have to use.
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Proposition 4.6.6 (Lyapunov Property). Suppose uy,us € SS. The function (u; —
uy) o  is non-decreasing along any orbit of the Euler Lagrange flow ¢t contained in
T(ug). If we assume uy is differentiable at x € T(uy), and (x,v) € Z(uy), then, using
that uy is differentiable on I (us), we obtain

Xr - [(ug — ug) o7)(z,v) = dyus (v) — dyug(v) < 0.

Moreover, the inequality above is an equality, if and only if dyuy = dyus. In that case

H(x,dyuy) = H(z,dyus) = c(H).
Proof. If (x,v) € Z(uy) then t — m¢y(z,v) is (uy, L, c(H))-calibrated, hence

Wb <ty Uy 0 7 (uy (2, 0)) — 1z 0 7(r. (2, ) :/QL(QSS(x,v))ds—i—c(H)(tg—tl).

t1

Since u; € 8§, we get

Yty <ta, ur o (e, (2, 0)) — ur o (e, (7, 0)) S/QL(@(%U))dSJrC(H)(tz—tl)-

t1

Combining these two facts, we conclude
Vir <ta, w0 (¢ (7,0)) —ur 0 m(¢r, (%,0)) < ug 0 T(dry(7,0)) — uz 0 T(dr, (7, 0)).
This implies
Viy <to, (u1 —ug)om(dpn(x,v)) < (up —ug) o m(gy, (z,v)).

Recall that uy is differentiable at every x € Z(uy). Thus, if also d,u, exists, if (z,v) €
Z(ug) we obtain
Xr - [(ug — ug) o7)(z,v) <0.

We remark that X -[(u1 —ug)or|(z,v) = dy(us —ug)(T'mo X (x,v)). Since Tmo X (z,v) =
v, we obtain

X1 - [(ug — ug) o7)(z,v) = dyus(v) — dyug(v) < 0.
If the last inequality is an equality, we have dyu(v) = dyus(v)). Since (x,v) € Z(uy), we
have d,us = % (z,v) and H(z, d,us) = ¢(H), therefore the Fenchel inequality yields the
equality

dyus(v) = L(z,v) + H(x,dyus) = L(z,v) + c(H).
Since u; € 88, we know that H(z,d,u;) < ¢(H). The previous equality, using the
Fenchel inequality d,u;(v) < L(z,v) + H(z,d,u;), and the fact that d,u;(v) = dyus(v),
implies

H(z,dyuy) =c(H) and dyui(v) = L(z,v) + H(x,duy).

This means that we have equality in the Fenchel inequality d,ui(v) < L(x,v)+H (z, dyuq),
we therefore conclude that d,u; = 8—{:(% v), but the right hand side of this last equality

o
is d us. O
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4.6.2 Strong Mather condition

Definition 4.6.7. We will say that the the Tonelli Lagrangian L on M satisfies the
strong Mather condition if for every pair uj,uy € S—, the image (u; — ug)(A) C R is of
Lebesgue measure 0.

Notice that by part 2) of Theorem 4.6.2, if L satisfies the strong Mather condition,
then for every pair of critical sub-solutions wuy, us, the image (u; — ug)(A) C R is also of
Lebesgue measure 0. By the results proved in this chapter, we get:

Theorem 4.6.8. Let L be a Tonelli Lagrangian on the compact manifold M. It satisfies
the strong Mather condition in any one of the following cases:

(1) The dimension of M is 1 or 2.

(2) The dimension of M is 3, and A contains no fized point of the Euler-Lagrange
flow.

(3) The dimension of M is 3, and L is of class C31.

(4) The Lagrangian is of class C*', with k > 2dim M — 3, and every point offl 18
fized under the Euler-Lagrange flow ¢F.

(5) The Lagrangian is of class C¥, with k > 8dim M — 7, and each point of A either
is fized under the Euler-Lagrange flow ¢L or its orbit in the Aubry set is periodic
with (strictly) positive period.

Lemma 4.6.9. Suppose that L is a Tonelli Lagrangian L on the compact manifold M
that satisfies the strong Mather condition. For every u € S8S, the set of points in I (u)
which are chain-recurrent for the restriction ¢ ’j(u) of the Euler-Lagrange flow is precisely

the Aubry set A.

Proof. First of all, we recall that, from Theorem 4.6.3, each point of A is chain-recurrent
for the restriction ¢F| ;. By [69, Theorem 1.5], we can find a C' critical viscosity
subsolution u; : M — R which is strict outside A, i.e. for every z ¢ A we have
H(z,d,uy) < ¢(H). We define # on TM by 6 = (u; —u) o w. By Proposition 4.6.1, we
know that at each point (z,v) of Z(u) the derivative of 6 exists and depends continuously
on (z,v) € Z(u). By Proposition 4.6.6, at each point of (x,v) of Z(u), we have

Xy - 0(z,v) = dyus(v) — dyu(v)) <0,

with the last inequality an equality if and only if d,u; = d,u, and this implies H (z,dyuy) =
c(H). Since u; is strict outside A, we conclude that X -0 < 0 on Z(u) \ A. Suppose
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that (z,v) € Z(u) \ A. By invariance of both A and Z(u), every point on the orbit
¢ (z0,10),t € R is also contained in Z(u) \ A, therefore t — c(t) = 0(¢y(20,v0)) is
(strictly) decreasing , and so we have ¢(1) < ¢(0). Observe now that 6(A) = (u; —u)(A)
has measure 0 by the strong Mather condition, therefore we can find ¢ €]e(1), ¢(0)[\0(A).
By what we have seen, the directional derivative X -0 is < 0 at every point of the level
set L, = {(z,v) € Z(u) | 8(x,v) = ¢}. Since 6 is everywhere non-increasing on the orbits
of f and X1 -0 < 0 on L., we get

Vi >0, V(r,v)€ L. 6(¢(x,v)) <c.
Consider the compact set K, = {(z,v) € Z(u) | f(z,v) < ¢}. Using again that 6 is
non-increasing on the orbits of (bﬂi(u), we have
Vt>0, ¢f(K.)CK., and ¢f(K.\ L) C K.\ L.
Using what we obtained above on L., we conclude that
vVt >0, ¢F(K,)CK,\ L.

We fix now some metric on Z (u) defining its topology. We consider then the compact set
PP (K,). Tt is contained in the open set K, \ L. = {(z,v) € Z(u) | 6(z,v) < ¢}. We can
therefore find € > 0 such that the € neighborhood V.(¢y(K.)) of ¢¥(K.) in Z(u) is also
contained in K. Since for t > 1, we have ¢ ,(K.) C K., and therefore ¢F(K.) C ¢1(K,),

it follows that
V. (U ¢f(KC)> C K.

t>1

It is know easy to conclude that every e-pseudo orbit for ¢ ’f(u) that starts in K. remains
in K,. Since 0(¢r(z0,v0)) = ¢(1) < ¢ < ¢(0) = §(xp,10), no a-pseudo orbit starting at
(z0,vp) can return to (xg,vg), for a < € such that the ball of center ¢ (xg, vo) and radius

a, in Z(u), is contained in K.. Therefore (xg,vg) cannot be chain recurrent. O

Theorem 4.6.10. Let L be a Tonelli Lagrangian on the compact manifold M. If L
satisfies the strong Mather condition, then the following statements are equivalent:

(1) The Aubry set A, or its projection A, is connected.

(2) The Aubry set A is chain-transitive for the restriction of the Euler-Lagrange flow
¢l 4
(3) Any two weak KAM solutions differ by a constant.

(4) The Aubry set A is equal to the Mané set N.
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(5) There exists u € SS such that Z(u) is chain-recurrent for the restriction Gelzy of
the Fuler-Lagrange flow.

Proof. From Corollary 4.6.4, we know that (1) and (2) are equivalent.

If (1) is true then for uy,us € S_, the image u; — uy(.A) is a sub-interval of R, but
by the strong Mather condition, it is also of Lebesgue measure 0, therefore u; — uy is
constant. Hence (1) implies (3).

If (3) is true then (4) follows from Proposition 4.6.5.

Suppose now that (4) is true. Since for every u € SS, we have A C Z(u) C N, we
obtain Z(u) = N. But N is chain-transitive for the restriction ¢/|. Hence (4) implies

(5). )
If (5) is true for some u € SS, then every point of Z(u) is chain-recurrent for the
restriction ¢tL’f(u)' Lemma 4.6.9 then implies that A = Z(u), and we therefore satisfy
(2). O

4.6.3 Mané Lagrangians

We give know an application to the Mané example associated to a vector field. Suppose
M is a compact Riemannian manifold, where the metric g is of class C*. If X is a CF
vector field on M, with k£ > 2, we define the Lagrangian Ly : TM — R by

1
Lx(w,v) = v = X ()7,
where as usual [[v — X (2)||2 = g.(v,v). We will call Ly the Mané Lagrangian of X, see

the Appendix in [99]. The following proposition gives the obvious properties of Lx.

Proposition 4.6.11. Let Ly the Mané Lagrangian of the C*,k > 2, vector field X on
the compact Riemannian manifold M. We have

OLx

W(&Z,U) = gu(v — X(:L‘), )

Its associated Hamitonian Hx : T*M — R is given by
1
Hy(e,p) = 3 pl12 + p(X ().
The constant functions are solutions of the Hamilton-Jacobi equation
Hx(z,d,u) = 0.
Therefore, we obtain ¢(H) = 0. Moreover, we have

7(0) = Craph(X) = {(z, X (2)) | z € M}.
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If we call ¢y the Fuler-Lagrange flow of Lx on T M, then for every x € M, and every
t € R, we have ¢(x, X (1)) = (2X(¢),5X(t)), where vX is the solution of the vector field
X which is equal to x fort = 0. In particular, the restriction gzﬁt\j(o) of the Fuler-Lagrange

flow to Z(0) = Graph(X) is conjugated (by 7T|i—(0)) to the flow of X on M.

Proof. The computation of 65—5( is easy. For Hy, we recall that Hx(z,p) = p(v,) —
L(x,v,), where v, € T, M is defined by p = ‘%—UX(:U, v,). Solving for v,, and substituting
yields the result.

If w is a constant function then d,u = 0 everywhere, and obviously Hx (z,d,u) = 0.
The fact that ¢(H) = 0 follows, since ¢(H) is the only value ¢ for which there exists a
viscosity solution of the Hamilton-Jacobi equation H(x,d,u) = c.

Let us define ug as the null function on M. Suppose now that v : (—oo, +00) — M is
a solution of X (by compactness of M solutions of X are defined for all time). We have
dyyuo((t)) =0, and Hx (y(t), dywyuo) = 0; moreover, since §(t) = X (y(t)), we also get
Lx(~(t),4(t)) = 0. It follows that

dyyuo(9(2)) = Lx (v(1),7(t)) + Hx (v(t), dyyuo) = Lx (v(t), 7(2)).

By integration, we see that ~ is (ug, Lx, 0)-calibrated, therefore it is an extremal. Hence
we get 91(7(0),4(0)) = (1(8), (1)), and (+(0),4(0)) € Z(ug). But 4(0) = X(7(0)), and
7(0) can be an arbitrary point of M. This implies Graph(X) C Z(ug). This finishes the
proof because we know that Z(ug) is a graph on a part of the base M. O

Lemma 4.6.12. Let Lx : TM — R be the Marié Lagrangian associated to the C*, k > 2,
vector field X on the compact connected manifold M. Assume that Lx satisfies the strong
Mather condition, then we have:

(1) The projected Aubry set A is the set of chain-recurrent points of the flow of X on M.

(2) The constants are the only weak KAM solutions if and only every point of M is
chain-recurrent under the flow of X.

Proof. To prove (1), we apply Lemma 4.6.9 to obtain that the Aubry set A is equal to set
of points in Z(0)) = Graph(X) which are chain-recurrent for the restriction ¢;|raph(x)-
But from Proposition 4.6.11, then projection 7|Graph(x) conjugates ¢|Grapn(x) to the flow
of X on M. It now suffices to observe that A = 7(A).

We now prove (2). Suppose that every point of M is chain-recurrent for the flow of X.
From what we have just seen A = M. Therefore property (1) of Theorem 4.6.10 holds.
Therefore by property (3) of that same theorem, we have uniqueness up to constants of
weak KAM solutions, but the constants are weak KAM solutions. To prove the converse,
assume that the constants are the only weak KAM solutions. This implies that property
(3) of Theorem 4.6.10 holds. Therefore by property (4) of that same theorem A = A
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But Z(0)) = Graph(X) is squeezed between A and . Therefore A = Graph(X). Taking
images by the projection 7 we conclude that A = M. By part (1) of the present lemma,
every point of M is chain-recurrent for the flow of X on M. m

Combining this last lemma and Theorem 4.6.8 completes the proof of Theorem 4.1.7.
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Chapter 5

DiPerna-Lions theory for SDE

5.1 Introduction and preliminary results

! Recent research activity has been devoted to study transport equations with rough
coefficients, showing that a well-posedness result for the transport equation in a certain
subclass of functions allows to prove existence and uniqueness of a flow for the associated
ODE. The first result in this direction is due to DiPerna and P.-L.Lions [56], where
the authors study the connection between the transport equation and the associated
ODE #4 = b(t,7), showing that existence and uniqueness for the transport equation is
equivalent to a sort of well-posedness of the ODE which says, roughly speaking, that
the ODE has a unique solution for .#?-almost every initial condition (here and in the
sequel, £ denotes the Lebesgue measure in RY). In that paper they also show that the
transport equation dyu + ) . b;0;u = c is well-posed in L™ if b = (b,...,b,) is Sobolev
and satisfies suitable global conditions (including L*-bounds on the spatial divergence),
which yields the well-posedness of the ODE.

In [4] (see also [5]), using a slightly different philosophy, Ambrosio studied the con-
nection between the continuity equations dyu+ >, 0;(b;u) = ¢ and the ODE 5§ = b(t, 7).
This different approach allows him to develop the general theory of the so-called Regular
Lagrangian Flows (see [5, Remark 31] for a detailed comparison with the DiPerna-Lions
axiomatization), which relates existence and uniqueness for the continuity equation with
well-posedness of the ODE, without assuming any regularity on the vector field b. Indeed,
since the transport equation is in a conservative form, it has a meaning in the sense of
distributions even when b is only L, and u is Li . Thus, a general theory is developed

loc loc*
in [4] under very general hypotheses, showing as in [56] that existence and uniqueness

!This chapter is based on the work in [77].
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for the continuity equation is equivalent to a sort of well-posedness of the ODE. After
having proved this, in [4] the well-posedness of the continuity equations in L is proved
in the case of vector fields with BV regularity whose distributional divergence belongs to
L (for other similar results on the well-posedness of the transport/continuity equation,
see also [47, 48, 90, 83]).

Our aim is to develop a stochastic counterpart of this theory: in our setting the conti-
nuity equation becomes the Fokker-Planck equation, while the ODE becomes an SDE.
Let us consider the following SDE

X(0) = 1. (5.1.1)

{ dX =b(t,X)dt + o(t, X) dB(t)
where b : [0, T]xR? — R? and o : [0, T] x R? — Z(R", R?) are bounded (here £ (R", R%)
denotes the vector space of linear maps from R” to R?) and B is an r-dimensional Brown-
ian motion on a probability space (2, .4, P). We want to study the existence and unique-
ness of martingale solutions for this equation. Let us define a(t,z) := o(t,x)o*(t, x)
(that is a;; := >, 0ikojr). We consider the so called Fokker-Planck equation

Octte + 32 0i(bipte) — 5 35 Oij(agipe) = 0 in [0, T] x R,
_ i L (5.1.2)
Mo = i in R®.

We recall that, for a (possibly signed) measure u = u(t,x) = (), being a solution of
(5.1.2) simply means that

d oo
it J 0 0) = [ [S00000(a)5 3 (0. 0000(0) dele) Vi€ O (R
R
(5.1.3)
in the distributional sense on [0, 7], and the initial condition means that p; w*-converges
to ji (i.e. converges in the duality with C.(RY)) as t — 0. We observe that, since the
equation (5.1.2) is in divergence form, it makes sense without any regularity assumption

on a and b, provided that

/0 /A(|b(t,x)| +la(t,x)|) dlp|(z) dt < +00 VA CC R

(here and in the sequel, |u:| denotes the total variation of ;). Since b and a will always
be assumed to be bounded, in the definition of measure-valued solution of the PDE we
assume that

T
/ || (A) dt < 400 VA CC RY, (5.1.4)
0
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so that (5.1.2) surely makes sense. However, if i, is singular with respect to the Lebesgue
measure %, then the products b(t, -)uu; and a(t, -) i, are sensitive to modification of b(t, -)
and a(t,-) in Z?-negligible sets. Since in the case of singular measures the coefficients
a and b will be assumed to be continuous, while in the case of coefficients in L the
measures will be assumed to be absolutely continuous, (5.1.2) will always make sense.
Recall also that it is not restrictive to consider only solutions ¢ — p; of the Fokker-Planck
equation that are w*-continuous on [0, T, i.e. continuous in the duality with C,(R%) (see
Lemma 5.2.1). Thus, we can assume that p; is defined for all ¢ and even at the endpoints
of [0,T7.

For simplicity of notation, we define
Lt = Z b a + = Z Gl] ”

In this way the PDE can be written as
Oty = Lipy in [0,T] x RY,

where L} denotes the (formal) adjoint of L; in L*(R?). Using It6’s formula it is simple
to check that, if X(t,z,w) € L*(Q,C([0,T],R%)) is a family of solutions of (5.1.1),
measurable in (¢, x,w), then the measure y, defined by

/f ) dp(e .=/Euuﬁw»wwmw VF € Cu(RY)

is a solution of (5.1.2) with ug = 7 (see also Lemma 5.2.4).
We define 'y := C([0,T],R?), and ¢; : T'r — R e(y) := (). Let us recall the

Stroock-Varadhan definition of martingale solutions:

Definition 5.1.1. A measure v, , on I'y is a martingale solution of (5.1.1) starting from
x at time s if:

Loves({y[n(s) =2}) = 15

2. for any ¢ € C®(R?), the stochastic process on I'r

wmm—/waMMu

is a v, s-martingale after time s with respect to the canonical filtration.

We will say that the martingale problem is well-posed if, for any (s,z) € R? we have
existence and uniqueness of martingale solutions.
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In the sequel, we will deal with families {v,},cge of probability measures that are
measurable with respect to z according to the following standard definition.

Definition 5.1.2. We say that a family of probability measures on a probability space
(Q, A) {Vs},era is measurable if, for any A € A, the real valued map x +— v,(A) is
measurable.

5.1.1 Plan of the chapter

e The theory of Stochastic Lagrangian Flows

In the first part, we develop a general theory (independent of specific regularity or
ellipticity assumptions), which roughly speaking allows to deduce existence, uniqueness
and stability of martingale solutions for .#%-almost every initial condition 2 whenever
existence and uniqueness is known at the PDE level in the L*-setting (and, conversely, if
existence and uniqueness of martingale solutions is known for #%-a.e. initial condition,
then existence and uniqueness for the PDE in the L*-setting holds).

More precisely, in Section 5.2 we study how uniqueness of the SDE is related to
that of the PDE. In Paragraph 5.2.1 we prove a representation formula for solutions of
the PDE, which shows that they can always be seen as a superposition of solutions of
the SDE also when standard existence results for martingale solutions of SDE do not
apply. In particular, assuming only the boundedness of the coefficients, we will show
that, whenever we have existence of a solution of the PDE starting from gy, there exists
at least one martingale solution of the SDE for p-a.e. initial condition z.

In Section 5.3 we introduce the main object of our study, what we call Stochastic
Lagrangian Flow. In Paragraph 5.3.1 we state and prove our main result regarding the
existence and uniqueness of Stochastic Lagrangian Flows, showing that these flows exist
and are unique whenever the PDE is well-posed in the L*-setting. We also prove a
stability result, and we show that Stochastic Lagrangian Flows satisfy the Chapman-
Kolmogorov equation. Moreover, in Paragraph 5.3.2 we investigate the relation between
our result and its deterministic counterpart and, applying our stability result, we deduce
a vanishing viscosity theorem for Ambrosio’s Regular Lagrangian Flows.

e The Fokker-Planck equation

In the second part we study by purely PDE methods the well-posedness of the Fokker-
Planck equation in two extreme (with respect to the regularity imposed in time, or in
space) situations: in the first one, assuming uniform ellipticity of the coefficients and Lip-
schitz regularity in time, we are able to prove existence and uniqueness in the L?-settings
assuming no regularity in space, but only suitable divergence bounds (see Theorem 5.4.3).
This result, together with Proposition 5.4.4, directly implies the following theorem (here
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and in the sequel, S| (RY) denotes the set of symmetric and non-negative definite d x d
matrices).

Theorem 5.1.3. Let us assume that a : [0,T] x R — S, (R?) and b: [0,T] x R? — R4
are bounded functions such that:

1. 37, 05ai € L2([0,T) x R?) fori=1,...,d,

2. Ovaij € L®([0,T] x RY) fori,j=1,...,d;

3. (32, 0ibi — 5 345 0ijagg) ™ € L2([0,T] x RY);

4. (& alt,z)€) > alé]? V(t,z) € [0,T] x RY, for a certain a > 0;

5. ﬁ € L*([0,T] x RY), %‘x' € L2([0,T] x RY).

Then there exist a unique solution of (5.1.2) in £, where
Ly = {ue £2(0,T), LL(RY) 0 L2([0, 7], LZ(RY) | w € C((0, T), w" = L*(R))},

and L}r and LS denote the convexr subsets of L' and L* consisting of non-negative
functions.

In the second case, a does not depend on the space variables, but it can be degenerate
and it is allowed to depend on ¢ even in a measurable way. Since a can also be identically
0, we need to assume BV regularity on the vector field b, and so we can prove:

Theorem 5.1.4. Let us assume that a : [0,T] — S, (R?) and b : [0,T] x R? — R? are
bounded functions such that:

1. be LY([0,T), BVie(RL RY), S, 0:b; € LL ([0, T] x RY);

loc
2. (32, 0ib))~ € LY([0,T], L= (RY)).
Then there exist a unique solution of (5.1.2) in L.

This theorem is a direct consequence of Theorem 5.4.12. Other existence and unique-
ness results for the Fokker-Planck equation, which are in some sense intermediate with
respect the two extreme ones stated above, have been proved in a recent paper of LeBris
and P.-L.Lions [91]. As in our case, in that paper the authors are interested in the well-
posedness of the Fokker-Planck equation as a tool to deduce existence and uniqueness
results at the SDE level (see also [92]). In particular, in [91, Section 4] the authors give
a list of interesting situations in the modelization of polymeric fluids when SDEs with
irregular drift b and dispersion matrix o arise (see also [88] and the references therein



172 5.0. DIPERNA-LIONS THEORY FOR SDE

for other existence and uniqueness results for non-smooth SDEs).

e Conclusions
In Section 5.5 we apply the theory developed in Paragraph 5.3.1 to obtain, in the cases
considered above, the generic well-posedness of the associated SDE.

Finally, in the last section we generalize an important uniqueness result of Stroock
and Varadhan (see Theorem 5.2.2 and the remarks at the end of Theorem 5.5.4).

5.2 SDE-PDE uniqueness

In this section we study the main relations between the SDE and the PDE. The main
result is a general representation formula for solutions of the PDE (Theorem 5.2.7) which
allows to relate uniqueness of the SDE to that of the PDE (Lemma 5.2.3).

As we already said in the introduction, here and in the sequel b and a are always
assumed to be bounded. Let us recall the following result on the time regularity of ¢t — 1
(see also [5, Remark 3] or [11, Lemma 8.1.2]):

Lemma 5.2.1. Up to modification of u; in a negligible set of times, t — p; is w*-
continuous on [0,T]. Moreover, if |p|(R?) < C for any t € [0,T], then t — pu; is
narrowly continuous.

Proof. By (5.1.3), for any ¢ € C>°(RY)

d

G | e () € L(0.7]),

and therefore, for a given ¢, the map ¢t — (u;, ¢) has a unique uniformly continuous
representative in [0,7]. By a simple density argument, we can find a representative fi,
independent of ¢ € C%°(R?) such that ¢t — (fi, ) is uniformly continuous on [0, 7.
Together with (5.1.4), this implies that ¢ — (f, ) is uniformly continuous for any
¢ € C.(R?). If moreover |p;|(RY) < C for any ¢ € [0,7], then t — (fi;, p) is uniformly
continuous for any ¢ € Cy(R?). O

We also recall the following important theorem of Stroock and Varadhan (for a proof,
see [125, Theorem 6.2.3)):

Theorem 5.2.2. Assume that for any (s,z) € [0, T]xRY, for any v, s and ¥, ; martingale
solutions of (5.1.1) starting from x at time s, one has

(€1)pVas = (€r)4lss YVt E [s,T].

Then the martingale solution of (5.1.1) starting from any (s,x) € [0,T] x R? is unique.
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We start studying how the uniqueness of (5.1.1) is related to that of (5.1.2).
Lemma 5.2.3. Let A C R be a Borel set. The following two properties are equivalent:

(a) Time-marginals of martingale solutions of the SDE are unique for any x € A.

(b) Finite non-negative measure-valued solutions of the PDE are unique for any non-
negative Radon measure [y concentrated in A.

Proof.  (b) = (a): let us choose ug = 0., with x € A. Then, if v, and 7, are two
martingale solutions of the SDE, we get that u; = (e;)xv, and fi; = (e;)x0, are two
solutions of the PDE with pg = d, (see Lemma 5.2.4). This implies that pu, = fi, that is

(. 0) = / (v (8)) i) = / Py () dia(y) = (ins ) Vi € C(RY),

that is (e;)4Ve = (€;)4 (observe in particular that, if A =R? and we have uniqueness
for the PDE for any initial time s > 0, by Theorem 5.2.2 we get that v, = 7, for any
r € RY).

(a) = (b): this implication follows by Theorem 5.2.7, which provides, for every finite
non-negative measure-valued solutions of the PDE, the representation

/Rﬂdut:/w ) e(v(t)) dv(v) dpo(), (5.2.1)

where, for pg-a.e. x, v, is a martingale solution of SDE starting from x (at time 0).
Therefore, by the uniqueness of (e;)xv,, we obtain that solutions of the PDE are unique.
OJ

We now prove that, if v, is a martingale solution of the SDE starting from x (at time
0) for pp-a.e. x, the right hand side of (5.2.1) always defines a non-negative solution of
the PDE. We recall that a locally finite measure in R? is a possibly signed measure with
locally finite total variation.

Lemma 5.2.4. Let pg be a locally finite measure on R?, and let {v,} cra be a measurable
family of probability measures on Uy such that v, is a martingale solution of the SDE
starting from x (at time 0) for |p|-a.e. x. Define on 'y the measure v := [p, vy dpo(z),
and assume that

[ [ e anedpl@ i < +oo vr> o (522)

Then the measure ji¥ on R defined by

W 0) = {(en) 1) = / (v (8)) dval(y) dpuolz) Vo € O (RY)

RdXFT
is a solution of the PDE.
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Remark 5.2.5. Property 5.2.2 is trivially true if, for example, |uo|(RY) < +o00.

Proof.  Let us first show that the map ¢ — (uy,¢) is absolutely continuous for any
¢ € C*(RY). We recall that a real valued map t — f(t) is said absolutely continuous
if, for any € > 0 there exists § > 0 such that, given any family of disjoint intervals
(Sk,tx) C [0, T}, the following implication holds:

Z|tk_5k|<5 = Z|ftk Sk|<€

Take R > 0 such that supp(y) C Bg, and let [ = U}_; (s, tx) be a subset of [0, 7] with
(sk, tx) disjoint and such that |ty — sg| < 1. For pp-a.e. x, by the definition of martingale
solution we have

/FTso(v(tk))dym— /FT¢< i) = [ [ Ltoyan i

/tk/rTZb (1(8)) dro(3) di5 / | St a0 (0) s (3)

) sz

and so, integrating with respect to pg, we obtain

) = ) < el [l + g lele] [ [ (0 () dlol(a)

Thus

ka,so () < Nl bl el Z / [ el (®) ds(a) diol(o)

‘iXFT

which shows that the map ¢ — (uy, ¢) is absolutely continuous thanks to (5.2.2) and the
absolute continuity property of the integral. So, in order to conclude that iy solves the
PDE, it suffices to compute the time derivative of ¢ — (uy, ¢), and, by the computation
we made above, one simply gets

gt = [ S(f e0(0) () ) dpof)

/Rd /FT Lip(y(t)) dve () duo(x) = (i, Lep).
[

Remark 5.2.6. We observe that, by the definition of p}, the following implications hold:
L. ojig > 0=Vt >0,/ >0and u¥(R?) = po(R?) (the total mass can also be infinite);

2. po signed = Vt > 0, |p?[(R?Y) < |uol(R?) (the total variation can also be infinite).
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5.2.1 A representation formula for solutions of the PDE
We denote by M (R?) the set of non-negative finite measures on R%.

Theorem 5.2.7. Let p; be a solution of the PDE such that u; € M (R?) for any
t € [0,T), with u;(RY) < C for any t € [0,T]. Then there exists a measurable family
of probability measures {v, },cra such that v, is a martingale solution of (5.1.1) starting
from x (at time Q) for po-a.e. x, and the following representation formula holds:

/Rdsodut:/Rd ) ©((t)) dva(7) dpo(z). (5.2.3)

By this theorem it follows that, whenever we have existence of a solution of the
PDE starting from ug, there exists a martingale solution of the SDE for ug-a.e. initial
condition x.

Proof. Up to a renormalization of y, we can assume that uo(RY) = 1.
Step 1: smoothing. Let p : RY — (0,400) be a convolution kernel such that

|D¥p(z)] < Cilp(z)| for any k > 1 (p(z) = Ce VP for instance). We consider
the measures p; := u; * p.. They are smooth solutions of the PDE

1
Oupsi + Y 005 15) — 5 > Oyglagug) = 0, (5.2.4)
i ij
where b5 = b°(t,-) = %, a; = a(t,-) == —(a(t"%ﬁt)*ps. Then it is immediate to see
t t
that
167l < [bellsc  lla7lloo < llau]loc (5.2.5)

Since |D*p(x)| < Cy|p(z)], it is simple to check that b° and a° are smooth and bounded
together with all their spatial derivatives. By [125, Corollary 6.3.3], the martingale
problem for a® and b° is well-posed (see Definition 5.1.1) and the family {vS},cra of
martingale solutions (starting at time 0) is measurable (see Definition 5.1.2). By (5.2.5)
we can apply Lemma 5.2.4, which tells us that fi§ := (e;)4 [pa V5 dpg(z) is a finite measure
which solves the smoothed PDE (5.2.4) with initial datum p§. Then, since the solution
of (5.2.4) is unique (Proposition 5.4.1), we obtain i = ug, that is

[ edui= [ etre) o) i) (526)
R RIXTp

Step 2: tightness. It is clear that the measures p = jo * p. are tight. So, if we define
Ve = [pa V5 dpf, we have

lim sup v*({|7(0)] > R}) = 0.

R—000<e<t
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For any ¢ € C(R?), let us define A, := [J¢[lc2 [[|blls + 3llall]- Since for every
0 € C®(R?Y) and any 0 < ¢ < 1

! 1
- [ (Z s @asetr ) + 5 3 (w0 (w) du
0y ij
is a v -martingale with respect to the canonical filtration, by (5.2.5) we obtain that
o(y(t)) + Ayt is a v°-submartingale with respect to the canonical filtration. Thus [125,
Theorem 1.4.6] can be applied, and the tightness of v* follows.

Let v be any limit point of v°, and consider the disintegration of v with respect to
tro = (e0) v, i.e. v = [pa vy dpg(x). Passing to the limit in (5.2.6), we get

/RdSOth(x) = /Rd ) o(y(t)) dvg(v) dpo ().

Step 3: v, is a martingale solution of the SDE for pg-a.e. z. Let ¢, — 0 be a
sequence such that v is the weak limit of *». Let us fix a continuous function f : R — R
with 0 < f <1, s € [0,T], and an Fg-measurable continuous function ®* : I'r — R with
0 < ®° <1, where (F)o<s<r denotes the canonical filtration on I'y. We define

Ly ;beEn )0+ = Za

Since each v is a martingale solution, we know that for any ¢ € [s,T] and for any
p € CX(RY)

/R r {w(v(t)) - /0 t LZQD(V(U))CZU} O (7) dver (7) f () dpice ()
= /R ot [90(7(8)) /O Lio(y(u)) du] O () dver () f () dps ()
(see Definition 5.1.1), or equivalently
[ o0 - eton - [ Bt ] e a1 i ) =0
Let us take b : [0, 7] x R? — R% and @ : [0, 7] x R — S, (R%) bounded and continuous,

and define
Lt = Z b 8 —+ — Z CL” ija
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. Z bsn a + = Z ~sn l]’

where b;" and @;} are defined analogously to b;" and ;7. Thus we can write

[ [ = eton - [ Liettyad e0)ag ot ais o
- [ [ - meo i a] oo a6 i e

Then, recalling that 0 < f < 1and 0 < ®°* < 1, we get

Lo [ = oot = [ Erotoim an] a0 avir s @) i )

L
L [[1e

(L1~ Lol )] d| @) vz ) ) d )

(L - iﬁ)w(v(U))‘ | vz () i 0

/ / d >\du () du
*3 Z / / ( ) 2 (BRI 0 )g ) dis o) d

< Z/ |b;(u,-) — l;z(u, () 0ip * pe,, () dppy () du
T3 Z/ / |aij(u, ) — ag(u, -)|(2) 0550 * pe, (v) dpy () du.

Since @ and b are continuous, @ and b converge to a and b locally uniformly. So we
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can pass to the limit in the above equation as n — oo, obtaining

[ et - e - [ Lustyan] 6) i) 0 duto
<3 [ ) = o) osete) dina)

+ % Z/s /Rd |a¢j(u, ZL’) - CNLZ']'(U, $)|8Z]g0($) dluu(aj) du

Choosing two sequences of continuous functions (b*)en and (@¥)pen converging respec-
tively to b and a in L'([0,T] x RY,n), with n := fOT 1 dt, we finally obtain

L. [eor—eten - [ Lustoiw) ae] 6) dae 60) duoto) o
that is
[ [ = [ sty #26) a6 160 duato
= [ |0 = [ L) du] ) o) o) ot

By the arbitrariness of f we get that, for any 0 < s <t < T, and for any F,-measurable
function ®°, we have

[, o= [ rustotu ] 21
- /FT [90(7(5)) _ /05 Luw(v(U))dul (3} dvalr) for sorn. .

Letting ®* vary in a dense countable subset of F;-measurable functions, by approxima-
tions we deduce that, for any 0 < s <t < T, for pug-a.e. x,

/FT MW)) N /ot Lugp(y(w) d“] @*(7) dva ()
- /FT [<p(7(s)) - /0 Lugp((w)) d“] () dva(7)
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for any Fs-measurable function ®* (here the pg-a.e. depends on s and ¢ but not on ®*).
Taking now s,t € [0,7] N Q, we deduce that, for pp-a.e. z,

/. OR IR in| @) )
- /FT {(pws)) - /0 Lug(y(w)) d“} ®° () dvy (7)

for any s,t € [0,7] N Q, for any Fs-measurable function ®°. By the continuity of the
above equality with respect to both s and ¢, and the continuity in time of the filtration
Fs, we conclude that v, is a martingale solution for pg-a.e. x. 0

Remark 5.2.8. We observe that by (5.2.3) it follows that
mRY) <OVt = u(RY) = pp(R)

(this result can also be proved more directly using as test functions in (5.1.2) a suitable
sequence (¢n)neny € CP(RY), with 0 < ¢, < 1 and ¢, /' 1, and, even in the case
when the measures y; are signed, under the assumption |u](R?) < C one obtains the
constancy of the map t — p;(R?)).

5.3 Stochastic Lagrangian Flows

In this section we want to prove an existence and uniqueness result for martingale so-

lutions which satisfy certain properties, in the spirit of the Regular Lagrangian Flows
(RLF) introduced in [4].

Definition 5.3.1. Given a measure g = po£¢ € M, (RY), with py € L®(RY), we
say that a measurable family of probability measures {v,},cre on 'z is a pug-Stochastic
Lagrangian Flow (puo-SLF) (starting at time 0), if:

1. for pg-a.e. x, v, is a martingale solution of the SDE starting from x (at time 0);
2. for any t € [0, 7]
e = (er)p (/ Uy d,uo(x)) < 74
and, denoting u; = p;.£¢, we have p; € L>®(R?) uniformly in .

More in general, one can analogously define a o-SLF starting at time s with s € (0,7T)
requiring that v, is a martingale solution of the SDE starting from x at time s.
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Remark 5.3.2. If {1, },cpa is a po-SLF, then it is also a uy-SLF for any u, € M (R?)
with py < Cpg. Indeed, this easily follows by the inequality

0< @)y [ duifa) < Cles [ 7uduafo)

5.3.1 Existence, uniqueness and stability of SLF

We denote by L}r and LS° the convex subsets of L' and L™ consisting of non-negative
functions, and, following [4], we define

2 = {ue L2(0.7], L'®Y) N L(0.T), L*(RY) | u € C((0, T),w* — L*(R%))},
and
Ly = {ue L2([0,T), LL(R?)) 0 L=([0, T], L2(RY) | u € C([0,T],w* — L¥(RY))} .

Under an existence and uniqueness result for the PDE in the class .Z, , we prove existence
and uniqueness of SLF.

Theorem 5.3.3 (Existence of SLF starting from a fixed measure). Let us suppose
that, for some initial datum py = po-L* € M4 (RY), with py € L*(R?), there exists a
solution of the PDE in Z,. Then there exists a po-SLF.

Proof. 1t suffices to apply Theorem 5.2.7 to the solution of the PDE in %, . O

Let us assume now that forward uniqueness for the PDE holds in the class .Z, for
any initial time, that is, for any s € [0, 7], for any ps € L (R?) N L (RY), if we denote
by pZ¢ and p,. £ two solutions of the PDE in the class .%, starting from p,.#? at time
s, then

ps = pr forany t € [s,T].

Before stating and proving our main theorem, we first introduce some notation that
will be used also in the last section.

Let B be the Borel o-algebra on 'y = C([0,T],R%), and define the filtrations F; :=
oles |0 < s <t]and F' :=0cle, | t < s <T]. Set P(I'r) the set of probability measures
on I'r. Now, given v € P(I'r), we denote by

Ir>y=vy € P(Ir)

a regular conditional probability distribution of v given F;, that is a family of probability
measures on (I'r, B) indexed by 7 such that:

- for each B € B, v — vy, (B) is F;-measurable;
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v(ANB) = / vy (B)dv(y) VAeF, VBeB. (5.3.1)
A

Since I'r is a Polish space and every o-algebra F; is finitely generated, such a function
exists and is unique, up to v-null sets. In particular, up to changing this function in a
v-null set, the following fact holds:

vy ({7 19(s) =~(s) Vs € [0,t]}) =1 Vy eIy (5.3.2)
Finally, given 0 < ¢; < ... < t, < T, we set Mt = gley, ..., e, ], and one can
analogously define v}, ... For v}, . an analogous of (5.3.2) holds:
Vi Y 1 A(t) = () Vi=1,...,n}) =1 Vyelp. (5.3.3)
If y(t;) = a; for i = 1,...,n, then we will also use the notation v, .., = vy0%,
By (5.3.1) one can check that fFT J/}t dv) ... (7) is a regular conditional probability

distribution of v given M!t which implies by uniqueness that

V]t ot :/ V;tn dv) i .n () for v-ace. 7. (5.3.4)
I'r

Theorem 5.3.4 (Uniqueness of SLF starting from a fixed measure). Let us
assume that forward uniqueness for the PDE holds in the class £, for any initial time.
Then, for any po = poL? € M (R?Y), with po € L*(RY), the po-SLF is uniquely
determined pg-a.e. (in the sense that, if {v,} and {V,} are two py-SLF, then v, = U,
for po-a.e. x).

Proof.  Let {v,} and {7} be two puo-SLF. Take now a function ¢ € C.(R%), with
1 > 0. By Remark 5.3.2, {v,} and {7, } are two ¥ puo-SLF. Thus, by Lemma 5.2.4 and
the uniqueness of the PDE in %, , for any ¢ € C.(R?%) we have

[ clet)dnmi@du) = [ o) dun0i d) e 0.T)
' ' (5.3.5)
This clearly implies that, for any ¢ € [0, T,

(er)pve = (er)pl, for pp-a.e. x.

We now want to use an analogous argument to deduce that, for any 0 < t; <ty <... <
t, <T,
(€tyy - ovlr)ule = (€ry, ... €1, )uly for po-a.e. x. (5.3.6)
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The idea is that, given a measure fi, = p,.£% € M, (R?), with p, € L*°, once we have a
fis-SLF starting at time s we can multiply i, by a function ¢, € C.(R?) with ¢, > 0, and
by Remark 5.3.2 our fi,-SLF is also a 1)ji,-SLEF starting at time s. Using this argument
n times at different times and the time marginals uniqueness, we will obtain (5.3.6).

Fix 0 <t <...<t, <T. Take 1y > 0 with ¢y € C,(R?) and Jga Yo dpo = 1, and

denote by ,ufflo the value at time t; of the (unique) solution in .Z; of the PDE starting
from opo (which is induced both by {v,} and {7, } by uniqueness, see equation (5.3.5)).
Let {vat, toere and {Py4, }oere be the families of probability measures on I'r given by

the disintegration of
Vo = / vetbo(2) dpo(xz) and  o¥0 = / Vo () dpo ()
Rd RA
with respect to il = (ey,)xv?° = (er, )%, that is

o _ / Vo dilo(z), Y0 = / Doy Al (). (5.3.7)
R4 R4

It is easily seen that {v, ., } and {0, } are regular conditional probability distributions,
given M% = ole;, ], of v¥0 and Y0 respectively (that is, with the notation introduced
before, v, = (V*)3;, and Dy, = (7%°)7, ). Thus, looking at {v,, } and {7, } as their
restriction to C([ty, T], RY), {v,4, } and {7, 4, } are MKO—SLF starting at time ¢;. Indeed, by
the stability of martingale solutions with respect to regular conditional probability (see
[125, Chapter 6]), {v44, } and {7, ., } are martingale solutions of the SDE starting from

x at time t; for uﬁo—a.e. x (see also the remarks at the end of the proof of Proposition
5.6.1), while (ii) of Definition 5.3.1 is trivially true since {v,} and {7,} are 1¥guo-SLF.
As before, since {v, 4, } and {7, ,, } are also wlufﬁo—SLF for any ¢, € C.(R?) with ¢ > 0,
using again the uniqueness of the PDE in £, we get

[ etent) s ()inta) @) = [ plen () dna ()i () i @)
RexT'p RIxIp
for any p € C.(R?), which can also be written as

/R o PleaMalen () dren (3) dpi? () = / p(en,(1))1len (7)) diwe, (v) dpi ().

RdXFT
(5.3.8)
Recalling that by (5.3.7)

[mnaz@ = [ vn@aw@). [ s dit?@) = [ sente) duato)

R4
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by (5.3.8) we obtain

/Rd . (e, (7)1(es, (7)) dve (7)o (x) dpo(x)

:/Rd r (e (7)) ¥r(en (7)) da (7)o (@) dpo(z)

for any non-negative o, 1, € Ce(R?) (the constraint [, ¢oduy = 1 can be casily
removed multiplying the above equality by a positive constant). Iterating this argument,
we finally get

[, wnlea)- vl () dvaa)ole) date)

= /RdXF Unlen, (7)) - - 1(er, (7)) dirg (7)o () dpio (),

for any non-negative 1y, . .., 1, € C.(R?), and thus (5.3.6) follows.
Considering now only rational times, we get that there exists a subset A C R?, with
to(A°) = 0, such that, for any z € A,

(€tyy--vser,)ule = (€, ... €, )uly foranyty,....t, €[0,7]NQ.
By continuity, this implies that, for any = € A, v, = I, as wanted. O
Remark 5.3.5. Suppose that forward uniqueness for the PDE holds in the class .2,
and take 119 = po L% and fig = po- L7, with po, po € LL(RY)NLL(RY). If {v,} is a po-SLF
and {7, } is a fip-SLF, then
Vp =1, for pg A fig-a.e. x.

In fact, by Remark 5.3.2 {v,} and {7, } are both g A fip-SLF, and thus we conclude by
the uniqueness result proved above.

By Theorems 5.3.3 and 5.3.4, and by the remark above, we obtain the following:

Corollary 5.3.6 (Existence and uniqueness of SLF). Let us assume that we have
forward existence and uniqueness for the PDE in £,. Then there exists a measurable
selection of martingale solution {vy}yera which is a po-SLE for any po = po-L¢ with
po € LL(RY) N LL(RY), and if {Vy}pera is a fig-SLF for a fived fig = po-L* with py €
LY (RY) N LY (RY), then v, = 1, for L%-a.e. x € supp(fio).

Proof. 1t suffices to consider a SLF starting from a Gaussian measure (which exists by
Theorem 5.3.3), and to apply Remark 5.3.5. O
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By now, the above selection of martingale solutions {v,}, which is uniquely deter-
mined .#%-a.e., will be called the SLF (starting at time 0 and relative to (b,a)).
We finally prove a stability result for SLF:

Theorem 5.3.7 (Stability of SLF starting from a fixed measure). Let us suppose
that b™,b : [0,T] x R — R? and a™,a : [0,T] x R — S, (R?) are uniformly bounded
functions, and that we have forward existence and uniqueness for the PDE in £, with
coefficients (b,a). Let pg = poL? € My (RY), with py € L®(RY), and let {v"},cpa
and {Vy}zera be pio-SLF for (b",a™) and (b, a) respectively. Define v = [, V2 duo(z),
V= [pa Vs dpo(z). Assume that:

1. (b*,a™) — (b,a) in L}

loc

([0, T] x RY);
2. setting pr L = ui = (ey) 1™, for any t € [0, 7]

1} || Loemay < C for a certain constant C = C(T).

Then v™ —* v in M(T'r).

Proof.  Since (b",a™) are uniformly bounded in L*, as in Step 2 of the the proof of
Theorem 5.2.7 one proves that the sequence of probability measures (v") on R? x I'y is
tight. In order to conclude, we must show that any limit point of (v") is v.

Let  be any limit point of (¢™). We claim that 7 is concentrated on martingale solutions
of the SDE with coefficients (b,a). Indeed, let us define fi; := (e;)x0. Since uy — [
narrowly and p? are non-negative functions bounded in L*®(RY), we get i, = p; &L
for a certain non-negative function p; € L*(R?). We now observe that the argument
used in Step 3 of the proof of Theorem 5.2.7 was using only the property that, for any
p € CE(RY),

t
lim sup g / /
n—-+00 p s Rd

pu(x) dx du

(60, ) = i, ) ) ()

[/

<CLZ- (u, ) — a;j(u, x)) 0;;0(x)

S

pu() dz du,

<bi(u, T) — Bz(u, x)) Oip(x)

pu(x) dx du

t
lim sup / /
n—-+o00 ; s JRd

pu() dz du

(aij (u, ) — a;j(u, a:‘)) 0;p(x)
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for any b : [0, 7] x R — R? and a : [0, 7] x R — S, (R?) bounded and continuous. This
property simply follows by (i) and the w*-convergence of p? to p; in L>([0,T] x R%).

Since t — p.£? is w*-continuous in the sense of measures, the w*-continuity of ¢ — p, in
L>(R?) follows. Thus, if we write 7 := [, 7y dpuo(2) (considering the disintegration of o
with respect to pg = (eg)4#7), we have proved that {7, } is a po-SLF for (b,a). Therefore,
by Theorem 5.3.4, we conclude that v = . O

We remark that the theory just developed could be generalized to more general
situations. Indeed the key property of the convex class £, is the following monotonicy
property:

0<im<meLr = e,

(see also [5, Section 3]).

5.3.2 SLF versus RLF

We remark that, in the special case a = 0, our SLF coincides with a sort of superposition
of the RLF introduced in [4]:

Lemma 5.3.8. Let us assume a = 0. Then v, is a martingale solution of the SDE
(which, in this case, is just an ODE) starting from x at time s if and only if it is
concentrated on integral curves of the ODE, that s, for v, s-a.e. 7,

7(15)—7(5)—/ b)) dr W€ [5,T).

Proof. 1t is clear from the definition of martingale solution that, if v, , is concentrated on
integral curves on the ODE, then it is a martingale solution. Let us prove the converse
implication. By the definition of martingale solution and the fact that a = 0, it is a
known fact that

M=ot~ 219) -~ [ ) dn, telsT)

is a v, s-martingale with zero quadratic variation. This implies that also M? is a mar-
tingale, and since My = 0 we get

2

0 =B )= | (7@)—7(8)— /:bmm)dr) A,(7) VEE [5,T],

Iy

which gives the thesis. O
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Thus, in the case a = 0, a martingale solution of the SDE starting from z is simply a
measure on 'y concentrated on integral curves of b. By the results in [4] we know that, if
we have forward uniqueness for the PDE in .Z, , then any measure v on I'y concentrated
on integral curves of b such that its time marginals induces a solution of the PDE in .Z,
is concentrated on a graph, i.e. there exists a function x +— X (-,x) € I'r such that

v=X(,x)go, with po:= (eo)yv

(see for instance [7, Theorem 18]). Then, if we assume forward uniqueness for the PDE in
Z,, our SLF coincides exactly with the RLF in [4]. Applying the stability result proved
in the above paragraph, we obtain that, as the noise tends to 0, our SLF converges to
the RLF associated to the ODE 4 = b(y). So we have a vanishing viscosity result for
RLF.

Corollary 5.3.9. Let us suppose that b : [0, T] x RY — R? is uniformly bounded, and that
we have forward ezistence and uniqueness for the PDE in £, with coefficients (b,0). Let
{V:}oera and {v,} epa be the SLF relative to (b,el) and (b,0) respectively (existence and
uniqueness of martingale solutions for the SDE with coefficients (b,el), together with the
measurability of the family {v:},crae, follows by [125, Theorem 7.2.1]). Let pg = po-L? €
M (RY), with py € L®(RY), and define v° := [o, Ve duo(x), v = [pa v dpo(z).

Set pf L% = s = (ey)41°, and assume that for any t € [0, T]

10{ || Loeray < € for a certain constant C' = C(T).
Then v° —=* v in M(T'r).

In [4], the uniqueness of RLF implies the semigroup law (see [4], [5] for more details).
In our case, by the uniqueness of SLF, we have as a consequence that the Chapman-
Kolmogorov equation holds:

Proposition 5.3.10. For any s > 0, let {v, s}.cra denotes the unique SLF starting at
time s. Let us denote by v, ,(t,dy) the probability measure on R given by v, .(t,-) =
(€t)uVsy. Then, forany0 <s<t<u<T,

/ Vy(u, s o (t, dy) = vs o (u, ) for LT e x.
Rd
Proof. Let us define

U R { VS@ on C([Svt]de)
ST fRd Vi yVso(t,dy) on C([t, T],R%).

This gives a family of martingale solution starting from x at time s (see [125]), and,
using that {v,  } and {v, .} are SLF starting at time s and ¢ respectively, it is simple to
check that {7, },cra is a SLF starting at time s. Thus, by Theorem 5.3.4, we have the
thesis. O
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5.4 Fokker-Planck equation

We now want to study the Fokker-Planck equation

Onpuy + Za (bipse) Zaw agp) =0 in [0,7] x RY, (5.4.1)

(]

where a = (a;;) is symmetric and non-negative definite (that is, a : [0, T]xR? — S, (R?)).

5.4.1 Existence and uniqueness of measure valued solutions

Proposition 5.4.1. Let us assume that a : [0, T]xR? — S, (R?) and b : [0, T| xR? — R4
are bounded functions, having two bounded continuous spatial derivatives. Then, for any
finite measure g there exists a unique finite measure-valued solution of (5.4.1) starting
from po such that |pu|(R%) < C for any t € [0,T).

Proof. Existence: let {v,},cre be the measurable family of martingale solutions of the

SDE
{ dX =b(t,X)dt + +/a(t, X) dB(t)
X(0) ==z

(which exists and is unique by [125, Corollary 6.3.3]). Then, by Lemma 5.2.4 and Remark
5.2.6, the measure py := (e;)# [ga Va dpio(z) solves (5.4.1) and || (R) < |po|(RY).
Uniqueness: by linearity, it suffices to prove that, if gy = 0, then y; = 0 for all ¢ € [0, T].
Fix ¢ € C®(R?), t € [0,T], and let f(t,z) be the (unique) solution of

Of + 22 0:0if + 5325005 f =0 in [0,7] x R
{f(t):¢ on R?

(which exists and is unique by [125, Theorem 3.2.6]). By [125, Theorems 3.1.1 and 3.2.4],
we know that f € C; 2 {.e. it is uniformly bounded with one bounded continuous time
derivative and two bounded continuous spatial derivatives. Since p; is a finite measure
by assumption, and ¢ +— p; is narrowly continuous (Lemma 5.2.1), we can use f(t,-) as
test functions in (5.1.3), and we get

c;i f(t,x) dp(z )—/ [at tx—i—Zb (t,x)0:f(t, x)+ Zawtxal]f(t x)| dp(z) =0

(the above computation is admissible since f € C’b’ ). This implies in particular that
f0,z)dpo(x) = [ f(t @) dpg(z) = | () dpg().
R R R

By the arbitrariness of 1) and ¢ we obtain y, = 0 for all ¢ € [0, T]. OJ
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We remark that, in the uniformly parabolic case, the above proof still works under
weaker regularity assumptions. Indeed, in that case, one has existence of a measurable
family of martingale solutions of the SDE and of a solution f € C,*([0,7] x R?) of the
adjoint equation if a and b are just Hélder continuous (see [125, Theorem 3.2.1]). So we
get:

Proposition 5.4.2. Let us assume that a : [0, T]xR? — S, (R%) and b : [0, T| x R? — R4
are bounded functions such that:

1. (& a(t,z)€) > alé]? V(t,z) € [0,T] x RY, for some a > 0;

2. |b(t, x)=b(s, y)|+la(t, ) —a(s, y)|| < C (Jz —yl° + [t — s|°) Y(t,2),(s,y) € [0, T] x
R?, for some 6 € (0,1], C > 0.

Then, for any finite measure po there exists a unique finite measure-valued solution of
(5.4.1) starting from pg.

5.4.2 Existence and uniqueness of absolutely continuous solu-
tions in the uniformly parabolic case

We are now interested in absolutely continuous solutions of (5.1.2). Therefore, we con-
sider the following equation

{ Gtu + Zz 87,(bZU) — %ZU aij(aiju) =0 in [O,T] X Rd,

w(0) = 1o, (5.4.2)

which must be understood in the distributional sense on [0, 7] x R¢. We now first prove
an existence and uniqueness result in the L?-setting under a regularity assumption on
the divergence of a, which enables us to write (5.4.2) in a variational form, and thus
to apply classical existence results (the uniqueness part in L? is much more involved).
After, we will give a maximum principle result.

Let us make the following assumptions on the coefficients:

oo . 1 — oo
Zaj%» e L®([0,T] x RY) fori=1,...,d, (Z Obi— 5 Xj:aijam € L>([0,T] x RY),
J 1 %
(& alt,r)€) > al¢|* VY(t,z) €[0,T] x RY,  for some a > 0.

(5.4.3)

Theorem 5.4.3. Let us assume that a : [0,T] x R — S, (R?) and b: [0,T] x R? — R4
are bounded functions such that (5.4.3) is fulfilled. Then, for any uy € L*(R%), (5.4.2)
has a unique solution uw € Y, where

Y = {ue L*([0,T], H'(RY)) | Ou € L*([0, T}, H "(R?))}.
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If moreover dia;; € L*([0,T] x RY) fori,j = 1,...,d, then existence and uniqueness
holds in L?([0,T] x RY), and so in particular any solution u € L*([0,T] x R?) of (5.4.2)
belongs to Y .

The proof the above theorem is quite standard, except for the uniqueness result in
the large space L?, which is indeed quite technical and involved. The motivation for
this more general result is that L (RY) N L(R?) c L*(RY), and L} (R?) N LP(RY) is
the space where we need well-posedness of the PDE if we want to apply the theory on
martingale solutions developed in the last section (see Theorems 5.1.3 and 5.5.1).

We now give some properties of the family of solutions of (5.4.2):

Proposition 5.4.4. We assume that a : [0,T] x R — S (RY) and b: [0,T] x RY — R?
are bounded functions, and that (5.4.3) is fulfilled. Then the solution uw € Y provided by
Theorem 5.4.3 satisfies:

(a) ug>0 = u>0;

(b) up € L*(RY) = we L=([0,T] x RY) and we have
[w(t)] oo may < ||U0||Loo(Rd)6t”(zi8ibi_%Zij 9i5ais) " lleo

(¢) if moreover

e L2([0,T] x RY), € L*([0,T] x RY),

a

1+ |z|? 1+ |z]
then Ug € Ll = ||U,(t)||L1(]Rd) S ||u0||L1(Rd) Vit € [O,T]

We observe that, by the above results together with Proposition 5.4.2, we obtain:

Corollary 5.4.5. Let us assume that a : [0,T] x R* — S(R?) and b: [0,T] x R? — R?
are bounded functions such that:

1. (& a(t,x)€) > alé)? V(t,z) € [0,T] x RY, for some o > 0;

2. |b(t, ) =b(s, y)|+[[a(t,x)—al(s,y)| < C(lz —y|" + [t — s|") V(t, ), (s,y) € [0, T] X
R?, for some v € (0,1], C > 0;

3. Z(:ij @aij € LOO<[0,T]XRd) fOT' 1= 1, . ,d, (Zz &bl—% Zij @jaij)_ € LOO([O,T]X
R%);

4o m3hp € LP([0,T] x RY), o € L*([0,T] x RY).
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Then, for any py € My (R?) there exists a unique finite measure-valued solution j; €
M, (RY) of (5.1.2) starting from pg. Moreover, if such that g = poL? with py € L?(RY),
then p; < L% for all t € [0,T).

Proof. Existence and uniqueness of finite measure-valued solutions follows by Proposi-
tion 5.4.2. So the only thing to prove is that, if py € L*(RY) N L*(R?) is non-negative,
then p; € M (R?) and py, < £ for all t € [0, T]. This simply follows by the fact that
the solution u € Y provided by Theorem 5.4.3 belongs to L (R?) by Proposition 5.4.4,
and thus coincides with p; by uniqueness in the set of finite measure-valued solutions.
OJ

In order to prove the results stated before, we need the following theorem of J.-L.Lions
(see [93]):

Theorem 5.4.6. Let H be an Hilbert space, provided with a norm |-|, and inner product
(+,). Let ® C H be a subspace endowed with a prehilbertian norm || - ||, such that the
ingection & — H is continuous. We consider a bilinear form B : H X ® — R such that:

- H > uw> B(u,p) is continuous on H for any fized ¢ € ®;

- there erists a > 0 such that B(p, @) > al|¢||* for any ¢ € ®.

Then, for any linear continuous form L on ® there exists v € H such that
B(v,p) = L(p) Vpe .

Proof of Theorem 5.4.3. We will first prove existence and uniqueness of a solution in the
space Y. Once this will be done, we will show that, if u is a weak solution of (5.4.2)
belonging to L2([0, T] x RY) and da;; € L=([0, T xRY) for i, j = 1,...,d, then u belongs
to Y, and so it coincides with the unique solution provided before.
The change of unknown

v(t,z) = e Mu(t, )

leads to the equation

{ at’l) + ZZ az(gﬂ)) — % Zij ai(aijﬁjv) + X =0 in [0, T] X Rd,

Vo = U,

(5.4.4)

where b; := bi—1 >, 05ai; € L2([0, T]xR?). Assuming that A satisfies A > 1[0 9;b5) ™ |l sos
we will prove existence and uniqueness for u.

Step 1: existence in Y. We want to apply Theorem 5.4.6.

Let us take H := L*([0,T], H'(R?)), ® := {p € C°°([0, T] xR?) | supp ¢ CC [0,T) xR}.
® is endowed with the norm

1
HMé:HM%+§/|ﬂQ@FM-
R4
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The bilinear form B and the linear form L are defined as

T ~
B(u,¢) := /0 /Rd [u(—@tw - Z b;0ip + )\90) + % ; aijﬁju&-go} dx dt,

L(p) := /]Rd up(z)p(0, z) dx.

Thanks to these definitions and our assumptions, Lions’ theorem applies, and we find a
distributional solution v of (5.4.4). In particular,

O = — Z&(?)w) + % Zai<aijajv) — M e H* = L*([0,T], H'(RY)),
i ij

and thus v € Y. In order to give a meaning to the initial condition and to show the
uniqueness, we recall that for functions in Y there exists a well-defined notion of trace
at 0 in L?(R%), and the following Gauss-Green formula holds:

T
/ Oyt + Opiu dx dt = / w(T, z)a(T, z) de — / uw(0,z)u(0,x2)dx Vu,u €Y
0o Jre Rd Ré

(5.4.5)
(both facts follow by a standard approximation with smooth functions and by the
fact that, if u is smooth and compactly supported in [0,7T) x RY, Jpa v?(0,2) dz <
2||0¢u|| g+ ||u||gr). Thus, by (5.4.4) and (5.4.5), we obtain that v satisfies

/Rd(v((),m) — uo(@))p(0,2) dz =0 Vi € D,

and therefore the initial condition is satisfied in L?(RY).
Step 2: uniqueness in Y. For the uniqueness, if v € Y is a solution of (5.4.4) with
up = 0, again by (5.4.5) we get

T
~ 1
/0 /Rd<tv+; (b;v) 21-Zj (a;;05v) + v)v x
= 1/T/ [ivz—Zgﬁi(vz)—|—Zai0iva-v+2)\v2] dx
2 0 Rd dt P i J I
1 1 - T
> 2 _ = 7y 2
> 2/Rd” (T,a:)da:+<)\ 2”(;@@) ”°°>/o /Rdv dz dt
A 1||(Za-6-)—|| ) " dedr
2 i 04 o0 ; Rd'U X .

Since A > £||(>; 9ibi) " || e, we get v = 0.

H*

v
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Remark 5.4.7. We observe that the above proof still works for the PDE

Gtu + Zz az(blu) - %Z” aij(aiju) =U in [O,T] X Rd,
u(0) = up,

with U € H* = L*([0, T], H~}(R%)). Indeed, it suffices to define L as
L) = U+ [ walo)elo)do,
R
and all the rest of the proof works without any changes.

Thanks to this remark, we can now prove uniqueness in the larger space L%([0, T] xR¢)
under the assumption d;a;; € L>([0,T] x RY) for i,j =1,...,d,.
Step 3: uniqueness in L?. If u € L?([0,T] x R?) is a (distributional) solution of
(5.4.1), then

atu——Za (a;;05u) = Za (bu) € L*([0,T), H 1 (R%)).

By Remark 5.4.7, there exists @ € Y solution of the above equation, with the same initial
condition. Let us define w := u—1 € L?([0,T] x R?). Then w is a distributional solution
of

Ow — A(0,)w = Oyw — %ZZ] di(a;;0;w) =0 in [0,T] x RY,
w(0) = 0.

In order to conclude the proof, it suffices to prove that w = 0.
Step 3.1: regularization. Let us consider the PDE

w, — eA(0,)w. =w in [0,T] x R? (5.4.6)

(this is an elliptic problem degenerate in the time variable). Applying Theorem 5.4.6,
with H = ® := L2([0,T], H'(R%)),

’ g
- /0 /Rd <W t3 %: aij@“@@) da dt,
/ / wedr dt,
Rd

we find a unique solution w;, of (5.4.6) in L?([0, T Hl(Rd)) that is w. = (I—cA(9,)) w,
with (I —eA(9,)) : L*([0,T], H'(R?)) — L*([0, T] H~1(R%)) isomorphism. Now we want
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to find the equation solved by w.. We observe that, since (I —eA(d,))~ commutes with
A(0,) and Oyw = A(0,)w, the parabolic equation solved by w, formally looks

Ow. — A(0)w. = [0, (I — eA(9,)) Hw.
Formally computing the commutator between 9; and (I —eA(d,))!, one obtains

Orw. — A(Op)w. = e(I — cA(0,))™" Y 0;(dray;0u) (5.4.7)

(]

in the distributional sense (see (5.4.9) below). Let us assume for a moment that (5.4.7)
has been rigorously justified, and let us see how we can conclude.

Step 3.2: Gronwall argument. By (5.4.7) it follows that d,w. € L2([0, T], H1(R%)).
Thus, recalling that w. € L*([0,T], H'(R?)), we can multiply (5.4.7) by w. and integrate
on R? obtaining

2dt/ |wa|2d:v+oz/ IV w,|? de < —5/ Z Draij)0iw:0; (I — eA(0,)) ' w.) da.

We observe that w.(t) — 0 in L? as t \, 0. Indeed, since w. € Y there is a well-defined
notion of trace at 0 in L? (see (5.4.5)), and it is not difficult to see that this trace is 0 since
w(0) = 0 in the sense of distributions. Thus, integrating in time the above inequality,
we get

||w6(t)||%2(Rd) + 2a||v$w8||%2([0,T}><Rd)
< 20€Hvxw€HL2([O,T]XRd)”vx(([ — 5A(81))*1w5) HL2([O,T}><Rd) Vt € [O7T] (548)

Let us consider, for a general v € L?, the function v, := (I — cA(9,)) 'v. Multiplying
the identity v. — eA(9,)v. = v by v. and integrating on [0, 7] x R?, we get

[vel|72 + el Vavellze < llvellzzllvll e,

which implies |[vc|z2 < ||v]|z2, and therefore ac||V,v.[|2, < ||[v]|3,. Applying this last
inequality with v = w,, we obtain

||V:c<(—f —eA(0:))” wa) 22 ([0, T]xR%) \/—||wa||L2([0T xRd) -

Substituting the above inequality in (5.4.8), we have

€
||we(t)||%2(md) + 20‘||ers||%2([o,T}de) < 20\/g||vxwa”L2([07T}de)||w€||L2([0,T]XRd)

c g
< C\/gnvxweHiZ([O,T]de) + C\/gHwa”%?([o,T}de)’
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which implies, for € small enough (say ¢ < 48‘,_2),

g
o) e < €y Soelagomese € 0.7

By Gronwall inequality w. = 0, and thus by (5.4.6) w = 0.

Step 3.3: rigorous justification of (5.4.7). In order to conclude the proof of the

theorem, we only need to rigorously justify (5.4.7).

Let (a! )neN be a sequence of smooth functions bounded in L% such that (a"¢, &) >
21€)%, Z d;ai; and 9yaf; are uniformly bounded, and a3 — aij, >, 0;a3; — >, 0;aij,

@a% — @azj a.e.

We now compute [@, (I — 5A”(8 )=, where A™(0,) := 3~ Oi(aj} ):

[0, (1 —eA™(0,) 7] = [0, Y _ " A™(0,)F] =Y [0y, A™(D
k>0 n>0
oo k—1 i1
=c (eA™(0 8 04, A™(0,)](A™(0,))"
,;z; t (5.4.9)
- gz (cA™(3,)) [0, A™(0:)]) Y (eA™(2,))"
k>i

= ( —€A”(3x)) 1[0, A™(0)](1 — eA™(0:)) 7,

where at the second equality we used the algebraic identity [A, B¥] = Y21~ B'[A, B|B*~1,
Thus, for any ¢, ¢ € C°([0,T] x R?), we have

/OT/Rd@/@t (]_514"(036))—190 dmdt:/OT Rd¢[([—5An(aﬂf)>_latd d df
e / / I —eA(0:)) [0, A™(0:)](I — eA™(0)) "] dawdt. (5.4.10)

We now want to pass to the limit in the above identity as n — oco. Since (I —eA™(d,))™!

is selfadjoint in L2(]0,T] x R%) and it commutes with A"(8,), we get
[ o= cao)r o, a @ - aro)] dear
-/ ) 10 = 4000) 0] [10 4" = eA"(@2)) ) d
/ [0(( = eA"(0.)) 7)) [(1 — A™(0)) " A"(0,)¢] du

‘/0 /R (I = eA™(8:)) 7 A(@:)9] [0((] — eA™(02) 1)) dadt.
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By (5.4.9) we have
0/((1—eA™(0,)) ) = (I—eA"(0:)) ' Orpte(I—cA™(0:)) " [0:, A™(0:)|(I—£A™(00)) e,

and, observing that [0;, A"(0;)] = >_;; 9;(0a};0;-), we deduce that the right hand side is
uniformly bounded in L*([0, 7], H'(R?)). In the same way one obtains

O0c((I — eA™(0:)) " A™(0:) ) = (I — cA™(0))” 1é’t(A”( 2)¢)
+e(I = eA™(0:)) 7 [0h, A™(0:)](I — eA™(0:)) T A™ (D)0
= (I = eA"(0:))"'[0r, A™(0:)]
+ (I —eA™(0,)) T A™(00)Oup
+e(l = eA™(0:)) 7 [0h, A™(0:)](I — eA™(0:)) T A™(0a)p,

and, as above, the right hand side is uniformly bounded in L?([0, 7], H'(R?)). Thus
Oi(I — eA™(9,)) L is uniformly bounded in L*([0,T], H'(RY)) c L*([0,T] x RY) (the
same obviously holds for v in place of ¢), while (I —eA"™(9,)) " A"(d,)p is uniformly
bounded in H'([0,T] x R?) (again the same fact holds for ¢ in place of ¢). Therefore,
since HL ([0, 7] x R?) — L2 ([0, T] x R?) compactly, all we have to check is that

loc loc

0, (I — eA™0,)) ") — 0((I — eA(8,)) ')

and

(I = eA"™(0:)) " A™(0)p — (I — eA(0:)) " A(0:)¢

in the sense of distribution (indeed, by what we have shown above, 8,((1 —cA™(0,)) "¢)
will converge weakly in L? while (I —eA"™(9,)) ' A"(9,)p will converge strongly in L7 ,
and therefore it is not difficult to see that the product converges to the product of the
limits). We observe that, since the solution of

-1

0. — eA(0,)p. = ¢ in [0,T] x R (5.4.11)

belonging to L*([0,T], H!(R%)) is unique, and any limit point of (I —A™(9,)) ¢ belongs
to L2([0,T], H'(R?)) and is a distributional solution of (5.4.11), one obtains that

(I —eA™(0:)) " ¢ — (I = cA(0.)) '

in the distributional sense, which implies the convergence of 9;(1 —eA™(9,)) 1y to &;(I —
eA(9,)) Y. Regarding (I —A™(0,)) A™(0,)ep, let us take x € C2°([0,T] x R?). Then

we consider

/OT /Rd A™(0p)p [(I — eA™8,)) ' x] dadt = — /OT /R;dza%aj(p (0:(1 — eA™(9,))"*x) da dt.
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Recalling that (I —eA™(9,)) "y is uniformly bounded in L*([0, T], H'(R?)), we get that
0;(I — eA™(d,)) 'y converges to 0;(I — cA(d,)) 'x weakly in L2([0,7] x R?) while
aj; — a;; a.e., and so the convergence of (I —eA™(0,)) " A™(9,)p to (I —cA(9,)) " A, )g
follows.

Thus we are able to pass to the limit in (5.4.10), and we get 8;((I — €A(9,)) '¢) €
L2([0, 7], H'(RY)) and

/T 00, (I — eA(,)) ') dadt = // I —eA(0,)) 0up] dudt
re / [ 00— 400 0 AT = A@)) ) dadr

Observing that (I —A(9,))~" is selfadjoint in L?([0, T] x R?) (for instance, this can be
easily proved by approximation), we have that the second integral in the right hand side
can be written as

/ /R I —eA0,)) "0 A@II = £A(0)) "] dur dt
/ /R I —2A(0,) 0] [0, A@0)] ((T = £A@,)) )] dardt.

Using now that [0;, A(0,)] = >_,; 9;(0,a;;0;-) in the sense of distributions, it can be easily
proved by approximation that the right hand side above coincides with

_/0 /RdZ@Wf( — e A(0:) 1) 8 (I — eA(D,)) ') dar .

Therefore we finally obtain

/O /R 00, (1~ <A(0.)) ) ded = /0 [ vl =200 0] dode
—5/0 /RdZ(ataij)ai( —eA(0,) ) 95 (I — €A(0,) 1) dudt. (5.4.12)

By what we have proved above, it follows that

0/((I = eA(0:))” s@) €L’ ([0 T], H'(RY)),

A(0,)((I = 2A(0,)) 7 ) = (I — eA(D,)) " A(D,) € L2((0, T], H'(RY)). (5.4.13)
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This implies that (5.4.12) holds also for ¢ € L([0,T] x RY), and that (I —cA(9,)) 1y
is an admissible test function in the equation dyw — A(9,)w = 0. By these two facts we
obtain

0= / /Rdw (0 + A(0,))(I — €A(0:)) o] ddt
/ /R I —cA(0,) ' (0 + A(0,)) ] dadt
_ 5/0 /Rd Z(ataij)ai ((I — 5/4(833))_111)) 0; ((I _ 6A(8x))_1<p) du dt

_ /O ! /R [0+ A@,)g] dedt — /0 ' /R d;(atamaiwsaj (I = cAD,)) ") dadt,

which exactly means that

Oyw. — A0 )w. = (I —eA(0 Z@ (OraijO;w°)

ij
in the distributional sense. O

Proof of Proposition 5.4.4. (a) Arguing as in the the first part of the proof of Theorem
5.4.3, with the same notation we have

0= /T /Rd (atv + Z 0i(biv) — % Z B:(ai;0;0) + Av) v~ dudt
/ /Rd v) - Z Eiai(@i)Q) - Z a;;0v- 0" — 2)\(07)2] dx

ij

<_§/( )(Tx)d:c—()\——Hzab “llee // )2 du dt
<>\——||Zab ”"O//Rd )2 dz dt,

and then v~ = 0.
(b) Tt suffices to observe that the above argument works for every v € Y such that

v(0) > 0 and
~ 1
8tv -+ Z 81(1311)) — 5 Z &(aijajv) 2 0
7 ij
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Applying this remark to the function v := ||ug|| oo ga) — ue ™ with A > [|(3=, 95bi) " || oo>
and then letting A — [|(32, 3ibi) |0, the thesis follows.

(c) The argument we use here is reminiscent of the one that we will use in the next para-
graph for renormalized solutions. Indeed, in order to prove the thesis, we will implicitly
prove that, if u € L*([0,7], H*(RY)) is a solution of (5.4.2), it is also a renormalized
solution (see Definition 5.4.9).

Let us define
B(s) = (VP + 22— ¢) € C*(R).

Notice that (3. is convex and

B-(s) — |s|ase — 0, [.(s) —sB(s) € [—¢,0].
Moreover, since (3., 37 € WH=(R), it is easily seen that
we LX([0,T], H'(RY) = B(u),fi(u) € L*([0,T], H'(R?)).

Fix now a non-negative cut-off function ¢ € C>(R?) with supp(p) C B(0), and ¢ =1
in B1(0), and consider the functions pr(z) := ¢(%) for R > 1.

Thus, since 5/ > 0 and a;; is positive definite, recalling that by = b; — % > y 0;a;j, for any
t € [0,7] we have

0—//Rd 8tu+28 bu——Z@ a2]8u> u)prdxds
5[] (WR@-@)) =23 B e + 23RO

+Za1]3 ud;uB” (u R+Z% (B-(u j¢R> dr ds
> %/ SORﬁs(U(t))dZU—%/ 0 rfB:(u(0)) dx
/ /Rde ﬁf( ))SOR) +ﬂa( ) ZLPR> dx ds
_5/0 /RdiZj (ajaij>ai§0R"‘Clijaijng)ﬁs(u) de ds
> %/Rd orB:(u(t)) dx — %/ ©rB:(u das—/ /Rd zj:(‘?b (uB.(u) — B-(u))pr dz ds

t
- /0 /Rd (Z bidipr + 5 Z az‘ﬁz‘j@R) Be(u) dzx ds.
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Observing that |5.(u)| < |u|, and using Holder inequality and the inequalities

1 3 1 5
. - ) - < ——— Yl ) 5.4.14
RX{R<\ |<2R} =7 +’ |X{| |>R} RQX{R<| \<2R} 1 +’ PX{| |>R} ( )

we get

/Rdwgﬁg(u(t))dxﬁ/ wrBe(u( d:E—l—QE/ AQR Z@b “dxds

ol
el (o]

Letting first ¢ — 0 and then R — oo, we obtain

) “uHL?([O,t]de)‘

n 5”—
L2([0,T]x{||>R}) 1+ |z[2 lL2(0,11x {|«|>R})

w21 wey < [[u(0)[[Lrmey  VE € [0,T].

]

5.4.3 Existence and uniqueness in the degenerate parabolic case

We now want to drop the uniform ellipticity assumption on a. In this case, to prove
existence and uniqueness in .Z,, we will need to assume a independent of the space
variables.

e Uniqueness in .

The uniqueness result is a consequence of the following comparison principle in .Z (recall
that the comparison principle in said to hold if the inequality between two solutions at
time 0 is preserved at later times).

Theorem 5.4.8 (Comparison principle in Z). Let us assume that a : [0,T] —
S, (RY) and b:[0,T] x R? — R? are such that:

1. b e LY[0,T), BVie(RL RY), 3. 0:b; € LL ([0, T] x RY);
2. a e L®([0,T], S, (R%).

Then (5.4.1) satisfies the comparison principle in L*(R?) N L>®(RY). In particular solu-
tions of the PDE in £, if they exist, are unique.

Since we do not assume any ellipticity of the PDE, in order to prove the above result
we use the technique of renormalized solutions, which was first introduced in the study
of the Boltzmann equation by DiPerna and P.-L.Lions [54, 55|, and then applied in the
context of transport equations by many authors (see for example [56, 28, 47, 48, 4]).
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Definition 5.4.9. Let a : [0,7] x R — S (R?), b: [0,T] x R? — R? be such that:
L b, 5,0 € L (0.7] x BY,
2. 0,32, 05055, 3,5 0ijaij € Ly ([0, T] x R7).

Let u € L2 ([0, T] x RY) and assume that

loc

1
=00+ Y b — 5 > ai05u € L, ([0,T] x RY). (5.4.15)
7 ¥

We say that u is a renormalized solution of (5.4.15) if, for any convex function §: R — R
of class C?, we have

0,3 (u) + Z b;0;3(u) — %Zaijaﬁﬁ(u) < cf'(u).
]

Equivalently the definition could be given in a partially conservative form:

0,3 (u +Za bif3(u Zaijaﬁﬁ( < cf(u Zab

]

Recalling that a is non-negative definite and [ is convex, it is simple to check that,
if everything is smooth so that one can apply the standard chain rule, every solution of
(5.4.15) is a renormalized solution. Indeed, in that case, one gets

u) + Z b;0;5(u) — %Z a;;0i;B(u) = cf' (u) — %ﬁ”(u) Z a;jOudju < c¢f'(u).

In our case, a solution of the Fokker-Planck equation is renormalized if

0,3 (u Z — > 9jai5)0i8(u) — %Z a;0:;8(u Z Dijai; — > Oibi)uf (u)

ij

or equivalently, writing everything in the partially conservative form,

0B (u) + Z 0;((bi — Z 9jai;)B(u)) — % Z ;033 (u)
Z@Z]a” Z@b uf (u) + Za Zajaij)ﬁ(u)
Zab — Zawaw —uf (u)) — = Z@Z]aw
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Now, since

E ai;0;8(u E 0j(a:;0;8(u 5 0;a;;0;6(u
= E 0;j( awﬁ )—2 E 0;((0ja:5) u))~|—(§ 0;ai5) B (w)
ij

the above expression can be simplified, and we obtain that a solution of the Fokker-
Planck equation is renormalized if and only if

8756 +Za zﬁ __Zazg azyﬁ S Zab - Zaﬂ]aw _Uﬁ( ))

(5.4.16)
It is not difficult to prove the following:

Lemma 5.4.10. Assume that there exist p,q € [1,00] such that

e L'([0,T], L*(R?)), e L'([0,T], LY(R7)),

a
1+ |z|? + ||

and that

1
( E azbz - 5 E aijaij)_ € Llloc([oaT] X Rd)

Setting a,b = 0 for t < 0, assume moreover that any solution v € £ of the Fokker-
Planck equation in (—oo,T) x R? is renormalized. Then the comparison principle holds
in L.

Proof. By the linearity of the equation, it suffices to prove that
u <0 = wult)<0 Vtel0,T].

Fix a non-negative cut-off function ¢ € C>(R?) with supp(p) C By(0), and ¢ = 1 in
By (0), and take as renormalization function

1
Bels) = 5 (\/32 T s g) € C(R).
Notice that 3. is convex and

B.(s) = st ase —0, B.(s)—sBl(s) € [—¢,0].
By (5.4.16), we know that

81‘,55 (u) + Z az(bzﬁs I Z alj az]ﬁa S Z a b Z 8ij&ij)(ﬁ€<u> - uﬁé(u))
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in the sense of distributions in (—oo,T’) x R%. Using as test function ¢g(x) := ¢(%) for
R >1, we get

g [ onfelu)do < / (Z bi(t)0ipn + 5 Z i (1)) Belu) do
n /R o (Z o) - Z Oiais(1) ) (Bo(u) — uBl(u)) da

Observing that |5.(u)| < |ul, by Holder inequality and the inequalities (5.4.14) we
can bound the first integral in the right hand side, uniformly with respect to e, with

leles | ( glolt )l 5 Jalt, @)
< ||90Hc2(

(t,x
+| > |u(t, z)| dx

)

t ,
etz Ol @

_ t ,
2”1 + |$|2’ Lq({|m|2R})||u( )N 4 (Rd))

(recall that u € &, and thus u € L>([0,T], L"(R%)) for any r € [1, 00]), while the second
integral is bounded by

RO SLERS ) SLLN

Letting first ¢ — 0 and then R — oo, we get

d

— tdr <0
dt Rdu x_

in the sense of distribution in (—oo,T’). Since the function vanishes for negative times,
we conclude u™ = 0. O

Now Theorem 5.4.8 is a direct consequence of the following:

Proposition 5.4.11. Let us assume that a : [0,7] — S, (R?) and b : [0,T] x R — R?
are such that:

1. b e LY[0,T), BVie(RL RY), 3, 0:b; € LL ([0, T] x RY);
2. a e L*([0,T], S (RY))

Then any distributional solution u € L52.([0,T] x R%) of (5.4.15) is renormalized.
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Proof. We take 1, a smooth convolution kernel in R?, and we mollify the equation with
respect to the spatial variable obtaining

1
0tu€ + Z bzalug — 5 Z &ijaijug =C*1Me — 7“5, (5417)

where

e = Z(biaiu) *Me — Z bi0i(u s ne),  u” = u k..

By the smoothness of u® with respect to z, by (5.4.17) we have that d;u® € L} .. Thus
by the standard chain rule in Sobolev spaces we get that u° is a renormalized solution,
that is
OB (uf) + Z b;8;6(u Z a;; 0 8(uf) < (¢ ne — 1) B (uf)
ij

for any 3 € C%(R) convex. Passing to the limit in the distributional sense as ¢ — 0 in
the above identity, the convergence of all the terms is trivial except for 43" (u®).

Let 0, be any weak limit point of 7°3’(u®) in the sense of measures (such a cluster point

exists since 7¢3'(u) is bounded in Lj,.). Thus we get

8,5 (u) + Zb A3 (u) — %Zazj@jﬁ(u) _ B (u) < =0y < |y,
ij

Since the left hand side is independent of 7, in order to conclude the proof it suffices to
prove that /\n |oy| = 0, where 7 varies in a dense countable set of convolution kernels.
This fact is implicitly proved in [5, Theorem 34|, see in particular Step 3 therein. U

e Existence in .2,
We can now prove an existence and uniqueness result in the class .2, .

Theorem 5.4.12. Let us assume that a : [0,T] x R* — S(R?) and b: [0,T] x R? — R4
are bounded functions such that

Zab - Z&ja” € L'([0,T], L=(R%).

Then, for any po = poL? € M (RY), with py € L*(RY) N L®(RY), there exists a solution
of (5.1.2) in ZLy. If moreover b € L*([0,T], BVioe(R?)), >, 0:b; € LL.([0,T] x RY), and

a is independent of x, then this solution turns out to be unique.

loc

Proof. Existence: it suffices to approximate the coefficients a and b locally uniformly
with smooth uniformly bounded coefficients a™ and b" such that (3, 9;b;' — 5 3. 9i;ai;)~
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is uniformly bounded in L'([0, 7], L°(R%)). Indeed, if we now consider the approximate
solutions uf = pr.?4 € M, (R?Y), we know that

825/)? + E (91(5)? n g az] ”pt - 7
that is
oy — 5%-31']'075 + E (b — § ajaij)aipt "‘(E o;b; — 2 E aijaij)pt =0
i j i ij

Using the Feynman-Kac’s formula, we obtain the bound

67 sy < ol uayeld 050200742 Bt e

So we see that the approximate solutions are non-negative and uniformly bounded in
L'N L> (the bound in L' follows by the constancy of the map t + ||p}*||z: (observe that
py > 0 and recall Remark 5.2.8)). Therefore, any weak limit is a solution of the PDE in
Z,.

Uniqueness: it follows by Theorem 5.4.8. 0J

5.5 Conclusions

Let us now combine the results proved in Sections 5.2 and 5.4 in order to get existence
and uniqueness of SLF. The first theorem follows directly by Corollary 5.3.6 and Theorem
5.1.3, while the second is a consequence of Corollary 5.3.6 and Theorem 5.1.4.

Theorem 5.5.1. Let us assume that a : [0,T] x R — S, (R?) and b: [0,T] x R? — R4
are bounded functions such that:

1.3, 05a; € L([0,T) x RY) fori=1,...,d,

2. Ovaij € L>®([0,T] x RY) fori,j=1,...,d;

3. (3, 0bi — 332, 0ai)~ € L=([0,T) x RY);

4. (& a(t,)E) > al¢]? V(t, x) € [0,T] x RY, for some a > 0;
.

e € L2([0, 7] x RY) € L*([0,T] x RY).

I—H:B ’ 1—Hm|
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Then there ezists a unique SLF (in the sense of Corollary 5.5.6).
If moreover (b",a™) — (b,a) in L}, ([0,T] x RY) and (3, 9, — %ZU dijais)~ are

uniformly bounded in L*([0,T], L>°(R%)), then the Feynman- Kac formula implies (i) of
Theorem 5.3.7 (see the proof of Theorem 5.4.12). Thus we have stability of SLF.

Theorem 5.5.2. Let us assume that a : [0,T] — S(RY) and b : [0,T] x R? — R? are
bounded functions such that:

1. b e LY([0,T], BVige(RY), 32, 95b; € L ([0, T] x R%);

2. (3, 0:b)~ € LY([0,T), L=(R%)).

Then there exists a unique SLF (in the sense of Corollary 5.5.6).
If moreover (b",a™) — (b,a) in L}, ([0,T] x RY) and (3, 9;b — %Zw dijais)~ are

loc

uniformly bounded in L*([0,T], L>°(R%)), then the Feynman-Kac formula implies (ii) of
Theorem 5.3.7 (see the proof of Theorem 5.4.12). Thus we have stability of SLF.

In particular, by Corollary 5.3.9 and the Feynman-Kac formula (see the proof of
Theorem 5.4.12), the following vanishing viscosity result for RLF holds:

Theorem 5.5.3. Let us assume that b: [0,T] x RY — R? is bounded and:

1. b e LY([0,T], BVipe(RY), 32, 95b; € L ([0, T] x R%);

2. (3, 0:b) € LY([0,T), L=(R%)).

Let {v:},cra be the unique SLF relative to (b,el), with € > 0, and {v,},cgra be the RLF
relative to (b,0) (which is uniquely determined £%-a.e. by the results in [4]). Then, as
e —0,

/ vof(x)de —* / vof(x)dz in M(Tp) for any f € C.(R?).
R4 R4

We finally combine an important uniqueness result of Stroock and Varadhan (see
Theorem 5.2.2) with the well-posedness results on Fokker-Planck of the previous section.
By Theorem 5.2.2, Lemma 5.2.3 applied with A = R% and Corollary 5.4.5, we have:

Theorem 5.5.4. Let us assume that a : [0,T] x R — S, (R?) and b: [0,T] x R? — R4
are bounded functions such that:

1. (& a(t,z)€) > alé]? V(t,z) € [0,T] x RY, for some a > 0;

2. b(t,z) =b(s,y)|+la(t, x)—a(s, y)| < C(Jz —y[" + [t — s[") V(t, z), (s,y) € [0, T]x
R¢, for some v € (0,1], C > 0;
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3. Zj aj(lij € LOO([O,T] X Rd) fO?"i = 1, . ,d, (Zz 87,bz — % Zij Q-jaij)_ < LOO([O,T] X
Rd),'

4. %m € L3([0,T] x RY), —2— € L2([0,T] x RY).

1+z[? 7 1+a]
Then, there exists a unique martingale solution starting from x (at time 0) for any
r € R

We remark that this result is not interesting by itself, since it can be proved that the
martingale problem starting from any z € R¢ at any initial time s € [0, 7] is well-posed
also under weaker regularity assumptions (see [125, Chapters 6 and 7]). We stated it
just because we believe that it is an interesting example of how existence and uniqueness
at the PDE level can be combined with a refined analysis at the level of the uniqueness
of martingale solutions. It is indeed in this spirit that we generalize Theorem 5.2.2 in
the following section, hoping that it could be useful for further analogous applications.

5.6 A generalized uniqueness result for martingale
solutions

Here we generalize Theorem 5.2.2, using the notation introduced in Paragraph 5.3.1.

Proposition 5.6.1. For any (s,x) € [0,T] x R?, let C,, be a subset of martingale
solutions of the SDE starting from x at time s, and let us make the following assumptions:
there exists a measure pg € M (R?) such that:

(1) Vs € [0,T], Cy s is convex for po-a.e. x;
(11) Vs € [0,T], Vt € [s,T],

fOT’ Ko-a.€. T, (6t)#yé,s = (et)#ug,s vyalr,s7 Vi,s € 0%3;
(111) for po-a.e. x, for any v, € Cyp := Cyp, for vy-a.e. 7,
vte[0,T], ;% = ()% € Cype

where, with the above notation, we mean that the restriction of Vi’}_—t to Th =
C([t,T),RY) is a martingale solution starting from ~(t) at time t;

(i) the solution of (5.1.2) starting from po given by py = (€r)4 [ga Va dpo(x) for a
measurable selections {v,},cra with v, € C, (observe that p; does not depends on
the choice of v, € C, by (ii)), satisfies puy < g for any t € [0,T].
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Then, given two measurable families of probability measures {v}} cra and {V?}ycra with

viv2 e Cp, vl = v? for py-a.e. x. In particular, by standard measurable selection

theorems (see for instance [125, Chapter 12]), Cy is a singleton for ug-a.e. x.
Proof. Let {v!},ere and {12} ,cre be two measurable families of probability measures
with v}, 12 € Cp,and fix 0 < t; < ... <t, <T.

Claim: for pg-a.e. x, for vi-a.e. v (i = 1,2),

iy . iy
Vx,]:tn € C’Y(tn)ﬂfn fOI' I/x,Mtl """" -

where u;qwl ’’’’’ mo= (V)7
This claim follows observing that, by assumption (iii), for yo-a.e. = there exists a subset
[, C T'r such that v2(T,) = 1 and v, 5, € Oy, for any v € I'y. Thus, by (5.3.1)

applied with v :=vi, A:=T7, B:=T,, and with Mt in place of F;, , one obtains
0= A0 = | 13 D) A1),
T'r

that is,

i Y —
for v, -a.e. v, Vo Mt1otn (I'y) =1

This, together with assumption (iii), implies the claim.
By (5.3.3), 2} ty....tn 15 concentrated on the set {¥ | 7(t,) = ¥(tn)}, and so, by the
claim above, we get

(2] iy ~
Vw,]'—tn = CV(tn)ﬂfn for Vx,Mtl ,,,,, tn—.€. Y.

Let A C R? be such that uo(A°) = 0 and assumption (i) is true for any x € A. By
assumption (iv), we have p;, (A°) =0 = fRdxFT Lac(y(t,)) dvi(vy) dpo(x), that is

for pg-a.e. z, v(t,) € A for vi-a.e 7. (5.6.1)

Thus, for po-a.e. x, Cy,).4, s convex for vi-a.e v, and so, by (5.3.4) applied with v/, we
obtain that

for pg-a.e. x, I/;’:}wtl ,,,,, i € Cytarn for Vi-ace. v (5.6.2)
(where, with the above notation, we again mean that the restriction of V;”}Vpl ,,,,, +, to Fgﬁ

is a martingale solution starting from 7(t,) at time ¢,). We now want to prove that, for
alln>1,0<t <...<t, <T, we have that, for pg-a.e. z,

A filew () - falen, (7)) dvg(v) = . filee (1) - faler, (7)) dvz(v) (5.6.3)

for any f; € C.(R?). We observe that (5.6.3) is true for n = 1 by assumption (ii). We
want to prove it for any n by induction. Let us assume (5.6.3) true for n — 1, and let us
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prove it for n.
We want to show that

A filee, (7)) - fuler, (7)) dvy(7) = A file (7)) - fulew, (1) dv2 (),

which can be written also as

E* [fi(es,) - faler,)] = B [filen) - fale)],

where E” := |, . dv. Now we observe that, for i = 1,2,

r

E* [filen) .- fule)) = B [E[fulen) . fuler,) | Mt
= ]EV; [fl(etl) s fn—l(etn—l)IEVaiC [fn(etn) | Mtl 7777 tn_l]}
= ]EV;.C [fl(eh) s fn_l(etnfl)@b;(etl? s 7€tn71)j| )

where i (e, ... e ) = E%[fu(e,) | MPtn1]. Let ¢ € Co(RY), and let us prove
that

/Rd ]EVO% [fl(eh) te fn—l(etnfl)qvbi(etw tee 7etn71)j| ¢(x) d:u0<x)
_ /R B [ien) - faa (e W e 0, )] 6(2) diioe). (5.6.4)

Let B C R? be such that po(B¢) = 0 and assumption (ii’) is true for any x € B. By
assumption (iv), we also have py, ,(B¢) =0 = fRdXFT 1ge(es, (7)) dvi(7y) duo(z), that
1s

for po-a.e. x, Y(t,_1) € B for vi-ae. . (5.6.5)

Let us consider v _,- By (5.6.2),

o, Mt tn
Y i
for pg-a.e. x, Y Mttt € Cy(tp_1) o, for vip-ae. 7,

and, combining this with (5.6.5), we obtain

iy
for pp-a.e. z, Vo Mt1tn 1

€ Coity_vtns and y(t,_1) € B for vi-a.e. 7.
By assumption (ii) applied with ¢ = t,,, this implies that

Ly — 2,7 i
for pp-a.e. , (etn)#u%Mtl ,,,,, tny = (etn)#yx,Mtl ,,,,, ., foruvi-ae. 7,
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which give us that

for pg-a.e. x, Ve, e, ) =2 (ey, ... e, ) for vi-ae. 7. (5.6.6)

x x

Thus we get
[ Uhlew) o Fuslen,Joben e, )] 60) dio o)
= [ B ) e, D61, )] 60) o)
0 [ B (i) a0 e )] 90) diof),

where the first equality in the above equation follows by the inductive hypothesis. Now,
by (5.6.4) and the arbitrariness of ¢ and of f;, with j =1,...,n, we obtain that, for all
n>1,0<t;<...<t, <T, we have

for pg-a.e. x, (€tyy.vser,)uly = (€1, ... €0, ) uly Vti,...,t, €[0,T].

Considering only rational times, we get that there exists a subset D C R, with jo(D¢) =
0, such that, for any = € D,

(€tyy--vser, )ty = (€, ... 6, )uly foranyty,....t, €[0,7]NQ.
By continuity, this implies that, for any x € D, v, = 1., as wanted. 0

The above result apply, for example, in the case when C,, denotes the set of all
martingale solutions starting from x. In particular, we remark that, by the above proof,
one obtains the well-known fact that, if v, is a martingale solution starting from z (at
is a martingale solution starting

,,,,,

martingale solution starting from 7(¢,) at time ¢,.

Observe that assumption (iv) in the above theorem was necessary only to deduce, from
a pg-a.e. assumption, a p-a.e. property. Thus, the above proof give us the following
result:

Proposition 5.6.2. For any (s,z) € [0, T|xRY, let C,., be a convex subset of martingale
solutions of the SDE starting from x at time s, and let us make the following assumption:
there exists a measure pg € My (R?) such that:

(1) Yt € [0,T], for po-a.e. x,

<€t)#V; = (60#1/5 VV;7V2 € CSE = Uzo0-

xT
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If (i) holds, we can define j; := (e¢)# fRd Vg dpg(x) for a measurable selections {v,}  epa
with v, € C,, and this definition does not depends on the choice of v, € C,. We now
assume that:

(i) Vs € 10, T), Vt € [s,T], for us-a.e. z,

(et)#yi,s = (et)#yg,s vyzl‘,s7 V%,s S 096,8;

(i1) Vs € [0,T], Cy s is convex for ps-a.e. x;
(11i) for po-a.e. x, for any v, € Cy, for vy-a.e. 7,
vt € [0,T], l/;’}_-t = (I/;):;:t € Cy) s

where, with the above notation, we mean that the restriction of V;’J_—t to Tk is a
martingale solution starting from ~(t) at time t.

Then, given two measurable families of probability measures {v}}ycra and {V2} cra with
viv?: e Cp, vl = v? for wy-a.e. x. In particular, by standard measurable selection
theorems (see for instance [125, Chapter 12]), C, is a singleton for ug-a.e. .



Chapter 6

Appendix

6.1 Semi-concave functions

We give the definition of semi-concave function and we recall their main properties. The
main reference on semi-concave functions is the book [41].
We first recall the definition of a modulus (of continuity).

Definition 6.1.1 (Modulus). A modulus w is a continuous non-decreasing function
w: [0,400) — [0, +00) such that w(0) = 0.

We will say that a modulus is linear if it is of the form w(t) = kt, where k > 0 is
some fixed constant.

We will need the notion of superdifferential. We define it in an intrinsic way on a
manifold.

Definition 6.1.2 (Superdifferential). Let f : M — R be a function. We say that
p € TxM is a superdifferential of f at x € M, and we write p € DT f(z), if there exists a
function g : V' — R, defined on some open subset U C M containing x, such that g > f,
g(x) = f(x), and g is differentiable at = with d,g = p.

We now give the definition of a semi-concave function on an open subset of a Euclidean
space.

Definition 6.1.3 (Semi-concavity). Let U C R™ open. A function f : U — R is
said to be semi-concave in U with modulus w (equivalently w-semi-concave) if, for each
x € U, we have

fy) = f(x) < Ly — o) + [ly — zllw(ly — 2[)

211
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for a certain linear form [, : R" — R.
Note that necessarily I, € DT f(x). Moreover we say that f : U — R is locally semi-
concave if, for each x € U, there exists an open neighborhood of x in which f is semi-
concave for a certain modulus.

We will say that the function f : U — R is locally semi-concave with a linear modulus
if, for each = € U, we can find an open neighborhood V. such that the restriction f|y, is
w-semi-concave, with w a linear modulus.

Proposition 6.1.4. 1) Suppose f; : U — R,i =1,... k is w;-semi-concave, where U is
an open subset of R™. Then we have:

(i) for any aq,...,ar > 0, the functions Zle a; f; is (Zle a,w;)-semi-concave on U.
(ii) the function min%_, f; is (max¥_, w;)-semi-concave.

2) Any C! function is locally semi-concave.

Proof. The proof of 1)(i) is obvious. For the proof of (ii), we fix x € U, and we find
io € {1,...,k} such that min®_, f;(z) = f;,(2). Since f;, is w;,-semi-concave, we can find
a linear map [, : R™ — R such that

VyeU, [fily) = fin(@) <y —2) + lly = zllwi (ly — 2])-

It clearly follows that

K k k
vy €U, min fi(y) —min fi(z) < Ly — ) + [ly — 2 maxwi([ly — ).

To prove 2), consider an open convex subset C' with C' compact and contained in U.
By compactness of C' and continuity of z +— d,f, we can find a modulus w, which is a
modulus of continuity for the map z — d,f on C. The Mean Value Formula in integral
form

f(y) — flx) = / Qoo fy — 2) dt,

which is valid for every y,z € C implies that

Ve,y €U, fy) — f(2) < duf(y — ) + |ly — zllw(lly — 2[).
Therefore f is w-semi-concave in the open subset C'. [

We now state and prove the first important consequences of the definition of semi-
concavity.
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Lemma 6.1.5. Suppose U is an open subset of R". Let f : U — R be an w-semi-concave
function. Then we have:

(i) for every compact subset K C U, we can find a constant A such that for every
x € K, and every linear form [, on R" satisfying

VyeU, fly)—flx) < (ley—z)+Ily—zlw(ly —=zl),
we have ||l,|| < A;
(ii) the function f is locally Lipschitz.

Proof. From the definition, it follows that a semi-concave function is locally bounded
from above. We now show that f is also locally bounded from below. Fix a (compact)
cube C contained in U and let {y,..., %o} be the vertices of the cube. Then, for each
xz € C, we can write v = ) . oy, with ), «; = 1. By the semi-concavity of f we have,
foreacht=1,...,2"

FQyi) = F(x) < oy yi = @) + [y = 2]l w(llys = =[]);

multiplying by «; and summing over i, we get

Zaif(yz-) < flz)+ Z%Hyz — llw(lly: = #l]) < f(z) + B,

with B = Dew(D¢), where De is the diameter of the compact cube C'. It follows that

VreC, f(z)=>minf(y,) - B.

We now know that f is locally bounded. Using this fact, it is not difficult to show (i). In
fact, suppose that the closed ball B(x,2r),r < +00, is contained in U. For x € B(zo,7),
we have x — rv € B(xg,2r) C U for each v € R™ with |[v]| = 1, and therefore

flx =rv) = f(z) < (lo; =ro) + [[=rvflo(|=rvl]) = =r(l, v) + rw(r).

Since, by the compactness of B(zq,2r), we already know that B = SUD,e B(zo,2m | f (2)] 18
finite, this implies
< f(z) — f(x —rv) 2B

(lp,v) < " +w(r) < — + w(r).

It follows that, for z € B(x, 1),

2B
le]] < — +w(r).
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Since the compact set K C U can be covered by a finite numbers of balls B(z;, 1),
i=1,...,¢, we obtain (i).

To prove (ii), we consider a compact subset K C U, and we apply (i) to obtain the
constant A. We denote by Dy the (finite) diameter of the compact set K. For each
r,y € K,

fy) = f(@) < {loyy —2) + ly — zlw(lly — =)
< ([[lall + w(Dk)) lly — =|
< (A+w(Dk))lly — =]
Exchanging the role of x and y, we conclude that f is Lipschitz on K. Il

Let us recall that a Lipschitz real valued function defined on an open subset of
a Euclidean space is differentiable almost everywhere (with respect to the Lebesgue
measure). Therefore by part (ii) of Lemma 6.1.5 above we obtain the following corollary:

Corollary 6.1.6. A locally semi-concave real valued function defined on an open subset
of a Euclidean space is differentiable almost everywhere with respect to the Lebesgue
measure.

In fact, in the case of semi-concave functions there is a better result which is given
in Theorem 6.1.8 below, whose proof can be found in [41, Section 4.1]. Let us first give
a definition:

Definition 6.1.7. We say that £ C R" is countably (n — 1)-Lipschitz if there exists a
countable family of compact subsets K; C R™ such that:

1. E is contained in U; Kj;

2. for each j there exists a hyperplane H; C R* = H;& H", where H;- is the Euclidean
orthogonal of H;, such that K is contained in the graph of a Lipschitz function
fj + Aj — Hj- defined on a compact subset A; C H;.

Note that in the definition above, by the graph property (ii), the compact subset K
has finite (n — 1)-dimensional Hausdorff measure. Therefore any (n — 1)-Lipschitz set
is contained in a Borel (in fact o-compact) (n — 1)-Lipschitz set with o-finite (n — 1)-
dimensional Hausdorff measure.

Theorem 6.1.8. If ¢ : U — R is a semi-concave function defined on the open subset
U of R", then ¢ is differentiable at each point in the complement of Borel countably
(n — 1)-Lipschitz set.
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In order to extend the definition of locally semi-concave to functions defined on a
manifold, it suffices to show that this definition is stable by composition with diffeomor-
phisms.

Lemma 6.1.9. Let U,V C R" be open subsets. Suppose that F : V — U is a C! map.
If f: U — R is a locally semi-concave function then f o F : V — R is also locally
semi-concave. Moreover, if I is of class C?, and f : U — R is a locally semi-concave
function with a linear modulus then fo F' : V — R is also locally semi-concave with a
linear modulus.

Proof. Since the nature of the result is local, without loss of generality we can assume
that f : U — R is semi-concave with modulus w. We now show that, for every V'’
convex open subset whose closure V' is compact and contained in V, the restriction
foF|y : V' — R is a semi-concave function. We set Cyr = max, i/ || D, F||, and we
denote by wy» a modulus of continuity for the continuous function z — D,F on the
compact subset V.

For each z,y in the compact convex subset V' C V, we have

F(E(y)) = f(F(2) < lp@), F(y) = F(2)) + [[F(y) = F(@)[[w(F(y) = F(o)])
< (lp@), DF(x)(y — ) + e 0w (ly — zDlly — |
+ Cylly — allw(Crlly — x[));

Since F'(V') is a compact subset of U we can apply part (i) of Lemma 6.1.5 to obtain
that Cpr = supy||l F(z)| is finite. This implies that f o F' on V' is semi-concave with the
modulus

(11(7”) = CN"_/IUAJ‘_// (T) + C‘_//UJ(CV/T)

If Fis C?, then its derivative DF is locally Lipschitz on U, and we can assume that &g
is a linear modulus. Therefore, if w is a linear modulus, we obtain that @ is also a linear
modulus. [

Thanks to the previous lemma, we can define a locally semi-concave function (resp.
a locally semi-concave function for a linear modulus) on a manifold as a function whose
restrictions to charts is, when computed in coordinates, locally semi-concave (resp. locally
semi-concave for a linear modulus). Moreover, it suffices to check this locally semi-
concavity in charts for a family of charts whose domains of definition cover the manifold.
It is not difficult to see that Theorem 6.1.8 is valid on any (second countable) manifold,
since we can cover such a manifold by the domains of definition of a countable family of
charts.

Now we want to introduce the notion of uniformly semi-concave family of functions.
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Definition 6.1.10. Let f; : U — R, ¢ € I, be a family of functions defined on an
open subset U of R". We will say that the family (f;)ie; is uniformly w-semi-concave,
where w is a modulus of continuity, if each f; is w-semi-concave. We will say that the
family (f;)ier is uniformly semi-concave if there exists a modulus of continuity w such
that the family (f;);es is uniformly w-semi-concave. We will say that the family (f;)ies
is uniformly semi-concave with a linear modulus, if it is uniformly w-semi-concave, with
w of the form ¢ — kt, where k is a fixed constant.

Theorem 6.1.11. Suppose that f; : U — R, ¢ € I, is a family of functions defined on
an open subset U of R". Suppose that this family (f;);c; is uniformly w-semi-concave,
where w is a modulus of continuity. If the function

— inf f;
f(a) = inf fi(z)
is finite everywhere on U, then f : U — R is also w-semi-concave.

Proof. Fix xp € U. We can find a sequence i,, such that f; (z¢) \, f(zg) > —o0. We
choose a cube C' C U with center xy. Call yq, ...,y the vertices of C'. By the argument
in the beginning of the proof of Lemma 6.1.5, we have

VeeC, Viel, érjugr%n fily;) < fi(zo) + Dew(De),

where D¢ is the diameter of the compact cube C. Using the fact that f(y;) = infies fi(y;)
is finite, it follows that there exists A € R such that

VeeC, Viel, fi(z)>A
Choose now ¢ > 0 such that B(xg,e) C C. If [; : R* — R is a linear form such that

Vye U, [fily) < fizo) + {li,y — xo) + |ly — @ollw(||y — zol]),

we obtain that, for every v € R™ of norm 1,

A < fi(zo) + (I;,ev) + ew(e).
Since f;, (xo) \, f(x), we can assume f; (z9) < M < 4oo for all n, that implies

M- A

16, < +w(e) < +oo.

Up to extracting a subsequence, we can assume [;, — [ in R™, the dual space of R".
Then, as for every y € U we have f(y) < f;.(y), passing to the limit in n in the inequality

fy) < fin(@o) + {lins y — 20) + |ly — zollw(lly — zol]),
we get
fy) < flxo) + Ly — zo) + lly — zollw(lly — zol]).
Since xy € U is arbitrary, this concludes the proof. Il
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Before generalizing the notion of uniformly semi-concave family of functions to man-
ifolds, let us look at the following example.

Example 6.1.12. For k € R, define f;, : R — R as fy(z) = kx. It is clear that the
family (fx)rer is w-semi-concave for every modulus of continuity w. In fact

o) = fu(z) =k(y —2) < k(y —2) + |y — zw(ly — z),

since w > 0. Consider now the diffeomorphism ¢ : R* — R%, ¢(x) = 2. Then there
does not exist a non-empty open subset U C R, and a modulus of continuity w, such
that the family (fx o ¢|v)ker is (uniformly) w-semi-concave. Suppose in fact, by absurd,
that

feop(y) = frop(r) < lu(y — ) + |y — xlw(ly — z|),
where [, depends on k but not w. Since fj o ¢ is differentiable we must have [, (y — x) =
(feop)(x)(y — ) = 2kx(y — x). Therefore we should have

ky® — ka® < 2kx(y — x) + |y — zlw(ly — 2|).

Fix x,y € U, with y # x and set h = y — x. Then

kh? < [hlw(|h]) = k <

that is obviously absurd.

Therefore the following is the only reasonable definition for the notion of a uniformly
locally semi-concave family of functions on a manifold.

Definition 6.1.13. We will say that the family of functions f; : M — R, i € I, defined
on the manifold M, is uniformly locally semi-concave (resp. with a linear modulus), if
we can find a cover (Uj);e; of M by open subsets, with each U; domain of a chart
¢; : Up — V; C R™ (where n is the dimension of M), such that for every j € J the
family of functions (f; o goj’l)ie 7 is a uniformly semi-concave family of functions on the
open subset V; of R” (resp. with a linear modulus).

The following corollary is an obvious consequence of Theorem 6.1.11.

Corollary 6.1.14. If the family f; : M — R, i € I is uniformly locally semi-concave
(resp. with a linear modulus) and the function

f(z) = inf fi(x)

i€l

is finite everywhere, then f : M — R is locally semi-concave (resp. with a linear modu-
lus).
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Definition 6.1.15. Suppose ¢ : M x N — R is a function defined on the product of
the manifold M by the topological space N. We will say that the family of functions
(c(-,y))yen is locally uniformly locally semi-concave (resp. with a linear modulus), if for
each yo € N we can find a neighborhood Vj of yp in N such that the family (c(-,y))yev,
is uniformly locally semi-concave on M (resp. with a linear modulus).

Proposition 6.1.16. Suppose ¢ : M x N — R is a function defined on the product of the
manifold M by the topological space N, such that the family of functions (c(-,y))yen
is locally uniformly locally semi-concave (resp. with a linear modulus). If K C N is
compact, and the function

fr(z) = yig[f( c(r,y)

is finite everywhere on U, then fr : U — R is locally semi-concave on M (resp. with a
linear modulus).

Proof. By compactness of K, we can find a finite family V;,2 = 1,...,¢ of open subsets
of N such that K C Uf_,V;, and for every i = 1,..., ¢, the family (c(-,y)),ev; is locally
uniformly locally semi-concave (resp. with a linear modulus). The function

filr) = inf c(z,y)

yeKNV;

is finite everywhere on U, because f; > fx. It follows from Corollary 6.1.14 that f;

is locally semi-concave on M (resp. with a linear modulus), for ¢ = 1,...,¢. Since
fx = min‘f:1 fi, we can apply part (ii) of Proposition 6.1.4 to conclude that fx has the
same property. [

Proposition 6.1.17. If c: M x N — R is a locally semi-concave function (resp. with a
linear modulus) on the product of the manifolds M and N, then the family of functions
on M (c(-,y))yen is locally uniformly locally semi-concave (resp. with a linear modulus).

Proof. We can cover M x N by a family (U; x W;);er jes of open sets with U; open in
M, W; open in N, where U; is the domain of a chart ¢; : U; AN Uz C R™ (where n is
the dimension of M), and W; is the domain of a chart ¢; : W, — ij C R™ (where m
is the dimension of M), and such that

(7,9) = c (9 1(2),90571(9))
is w; j-semi-concave on UZ X Wj, for some modulus w; ;. It is then clear that the family
(clei (@), 9571 (9)) gerw,

is uniformly locally w; j-semi-concave on Us;. O]
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The following corollary is now an obvious consequence of Propositions 6.1.17 and
6.1.16.

Corollary 6.1.18. Suppose ¢ : M x N — R is a locally semi-concave function (resp.
with a linear modulus) on the product of the manifolds M and N. Let K be a compact
subset of N. If the function

fr(z) = inf c(z,y)

yeK

is finite everywhere on U, then fx : U — R is locally uniformly locally semi-concave
(resp. with a linear modulus).

We end this section with another useful theorem. The proof we give is an adaptation
of the proof of [64, Lemma 3.8, page 494].

Theorem 6.1.19. Let ¢1,¢2 : M — R be two functions, with ; locally semi-convex
(i.e. —py locally semi-concave), and po locally semi-concave. Assume that p; < @s.
If we define € = {x € M | ¢1(x) = pa(x)}, then both ¢, and p, are differentiable at
each x € £ with d,p, = d,ps at such a point. Moreover, the map x +— d,p1 = d py is
continuous on &.

If vy is locally semi-convex and 5 is locally semi-concave, both with a linear modulus,
then, in fact, the map x — d,p1 = d s is locally Lipschitz on .

Proof. Since the statement is local in nature, we will assume that M :IE% is the Euclidean
unit ball of center 0 in R”, and that —¢; and 9 are semi-concave with (common) modulus
w. Suppose now that x € £. We can find two linear maps [y ;,ls, : R" — R such that

(l’) + ll,x<y - $) - “y - x”eucw(”y - $|’6UC)

©01(y) > 1
o) +loa(y — ) + ||y — 2llewcw (|l — 2eue)-

©a(y)

IN IV

Using ¢1 < 9, and ¢1(z) = pa(x), we obtain

ha(y — ) = |y = 2lleacw |y = Tlleuc) < 01(y) — @1(x) <
< oa(y) — w2(x) <lop(y —2) + |y — 2llewcw(||y — 2llewe). (6.1.1)

In particular, we get
Le(y—2) = Iy = 2llencw((ly — 2llene) < loa(y — 2) + [y — 2llewcw (¥ — 2[lenc),
replacing y by x + v with ||v||eyc small, we conclude

ll,x(v) = [Vl eucw ([|V]Jeue) < l2,:v<v> + [Vl eucw ([|V]eue) -
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Therefore
|[l2,x - ll,z](v>| < 2[[vleucw ([|V][euc),

for v small enough. Since ly , —1; ; is linear it must be identically 0. We set [, = ls, = [ 5.

For i =1,2 and y GICB>3, we obtain from (6.1.1)

0i(y) — wi(x) = la(y — 2)] < Iy = 2llewcw |y = Tlleuc)- (6.1.2)

This implies that ¢; is differentiable at © € £, with d,¢; = [. It remains to show the
continuity of the derivative. Fix r < 1. We now find a modulus of continuity of the

derivative on the ball r IE% Ify,y0 € ENT IEB, and ||kl|lewc < 1 — 7, we can apply three
times (6.1.2) to obtain

901(y2) - 901(91) dy1901(y2 ) < Hyz - yl”eucw(Hy2 - ylHeuc)
801(92 + k) - @1(92) yg@l( ) < HkHeucw(HkHeuC)
—1(y2 + k) +o1(y1) +dyor(ye +k —y1) < ly2 + & — yillewcw([ly2 + & — y1leue)-

If we add the first two inequality to the third one, we obtain

[dylﬁol - dy2801](k> < ||y2 - yl|‘eucw<||y2 - yl||eUC> + HkHeucw(HkHeUC)
+ [Hy2 - ylHeuc + HkHeuC]w(HyQ - ylHeuc + HkHBUC)a

which implies, exchanging k£ with —k, and using that the modulus w is non-decreasing

[dyy o1 = dy 1] (K)] < 2[l[g2 = Yalleve + [1Kllenc]w([[y2 = v1llene + [15]leuc)-

Since ||y2 — Y1 lene < 2, we can apply the inequality (1.5.3) above with any k& such that
|kllewe = (1 — 7)]|y2 — Y1]leuc/2. If we divide the inequality (1.5.3) by ||kl|euc, and take
the sup over all k such that ||k||euc = (1 — 7)||y2 — y1]|euc/2, We obtain

r
)Hy2 — Y1leuc)-

2
de1901 — dyzﬂpl”euc < 2[: + 1}00((1

It follows that a modulus of continuity of x — d,p; on ENr ]]33 is given by

; 6 — 2r (3 — Tt)
— w .

11— 2
This implies the continuity of the map x +— d,p; on EN7r IE% It also shows that it is

Lipschitz on £ Nr B when w is a linear modulus. Il
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6.2 Tonelli Lagrangians

6.2.1 Definition and background

We recall some of the basic definition, and some of the results in Calculus of variations
(in one variable). There are a lot of references on the subject. In [65], one can find an
introduction to the subject that is particularly suited for our purpose. Other references
are [38] and the first chapters in [112]. A brief and particularly nice description of the
main results is contained in [45].

Definition 6.2.1 (Lagrangian). If M is a manifold, a Lagrangian on M is a function
L : TM — R. In the following we will assume that L is at least bounded below and
continuous.

Definition 6.2.2 (Action). If L is a Lagrangian on M, for an absolutely continuous
curve v : [a,b] — M,a < b, we can define its action Ap(y) by

be() = [ L)3(6) ds.

Note that the integral is well defined with values in RU{+o0}, because L is bounded
below, and s — L(v(s),”(s)) is defined a.e. and measurable. To make things simpler to
write, we set Az (y) = 400 if 7y is not absolutely continuous.

Definition 6.2.3 (Minimizer). If L is a Lagrangian on the manifold M, an absolutely
continuous curve v : [a,b] — M, with a < b, is an L-minimizer, if Ap(y) < Ar(9) for
every absolutely continuous curve 6 : [a,b] — M with the same endpoints, i.e. such that
d(a) = v(a) and 6(b) = ¥(b).

Definition 6.2.4 (Tonelli Lagrangian). We will say that L : TM — R is a weak
Tonelli Lagrangian on M, if it satisfies the following hypotheses:

(a) Lis Cl;
(b) for each x € M, the map L(z,-) : T,M — R is strictly convex;

(c) there exist a complete Riemannian metric g on M and a constant C' > —oo such
that

V(z,v) € TM, L(z,v) > Joll. +C

where ||-||; is the norm on T, M obtained from the Riemannian metric g;



222 6.0. APPENDIX

(d) for every compact subset K C M the restriction of L to Tk M = U,exT, M is
superlinear in the fibers of TM — M: this means that for every A > 0, there
exists a constant C(A, K) > —oo such that

Y(z,v) € TkM, L(z,v) > Al + C(A, K).

We will say that L is a Tonelli Lagrangian, if it is a weak Tonelli Lagrangian, and satisfies
the following two strengthening of conditions (a) and (b) above:

(a’) Lis C%
2
(b’) for every (z,v) € T'M, the second partial derivative W@j’ v) is positive definite
v
on T, M.

Since above a compact subset of a manifold all Riemannian metrics are equivalent, if
condition (d) in the definition is satisfied for one particular Riemannian metric, then it
is satisfied for any other Riemannian metric.

Note that when L is a weak Tonelli Lagrangian on M, and U : M — R is a C!
function which is bounded below, then L + U, defined by (L + U)(z,v) = L(z,v) + U(x)
is a weak Tonelli Lagrangian. If moreover L is a Tonelli Lagrangian, and U is C? and
bounded below, then L + U is a Tonelli Lagrangian. Therefore one can generate a lot of
(weak) Tonelli Lagrangians from the following simple example.

Example 6.2.5. Suppose that ¢ is a complete smooth Riemannian metric on M, and
r > 1. We define the Lagrangian L, , on M by

Lyg(z,0) = |[v]l; = gu(v, )72

1) Ly, is a Tonelli Lagrangian.
2) For any r > 1, the Lagrangian is C! and is a weak Tonelli Lagrangian.

In both cases, the Riemannian metric mentioned in condition (c) of Definition 6.2.4 is
the same metric g.
Moreover, the vertical derivative of the Lagrangian L, , is given by

oL,
S5 (0, 0) = rllol a0, ),

Proof. Since r > 11it is not difficult to check that L has (in coordinates) partial derivatives

everywhere with
oL,

ox

L,
(,0) =0 and 8(%’9 (x,0) =0,
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and that these partial derivatives are continuous. Therefore L is C'. A simple compu-
tation gives
OLy 4 2
—=(x,v) =rl|v||. g, (v, ).
5y, (@) =rlvla (v, )
We now prove condition (c) and (d) of Definition 6.2.4 at once. In fact, if A is given, we
have

Lrg(@.v) = ol = Aol = 477,

as on can see by considering separately the two cases |[v||"~! > A and ||v]|>~! < A. The
rest of the proof is easy. m

The completeness of the Riemannian metric in condition (¢) of Definition 6.2.4 above
is crucial to guarantee that a set of the form

F ={yeC%a,b], M) | ~(a) € K, Ar(y) < &},

where K is a compact subset in M, & is a finite constant, and a < b, is compact in the C°
topology. In fact, condition (c) implies that the curves in such a set F have a g-length
which is bounded independently of 7. Since K is compact (assuming M connected to
simplify things) this implies that there exist oy € M and R < +oo such that all the
curves in JF are contained in the closed ball B(xg, R) = {y € M | d(x,y) < R}, where
d is the distance associated to the Riemannian metric g. But such a ball B(zg, R) is
compact since g is complete (Hopf-Rinow Theorem). From there, one obtains that the
set F is compact in the C° topology, see [38, Chapters 2 and 3].

The direct method in the Calculus of Variations, see [38, Theorem 3.7, page 114] or
[65] for Tonelli Lagrangians, implies:

Theorem 6.2.6. Suppose L is a weak Tonelli Lagrangian on the connected manifold
M. Then for every a,b € R, a < b, and every x,y € M, there exists an absolutely
continuous curve v : [a,b] — M which is an L-minimizer with vy(a) = x and v(b) = y.

In fact in [38, Theorem 3.7, page 114], the existence of absolutely continuous mini-
mizers is valid under very general hypotheses on the Lagrangian L (the C!' hypothesis
on L is much stronger than necessary). We now come to the problem of regularity of
minimizers which uses the C! hypothesis on L:

Theorem 6.2.7. If L is a weak Tonelli Lagrangian, then every minimizer ~y : [a,b] — M
is C'. Moreover, on every interval [ty,t,| contained in a domain of a chart, it satisfies
the following equality written in the coordinate system

B3 ) = G0 ) = [ S66L s 621)
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which is an integrated from of the Euler-lagrange equation. This implies that OL/0v(vy(t),(t))
is a C! function of t with

% 50050 = om0

Moreover, if L is a C" Tonelli Lagrangian, with r > 2, then any minimizer is of class

cr.

Proof. We will only sketch the proof. If L is a Tonelli Lagrangian, this theorem would
be a formulation of what is nowadays called Tonelli’s existence and regularity theory.
In that case its proof can be found in many places, for example [38], [45], or [65]. The
fact that the regularity of minimizers holds for C! (or even less smooth) Lagrangians is
more recent. The fact that a minimizer is Lipschitz has been established by Clarke and
Vinter, see [44, Corollary 1, page 77, and Corollary 3.1, page 90] (again the hypothesis
L is C! is stronger than the one required in this last work). The same fact under weaker
regularity assumptions on L has been proved in [6]. A short and elegant proof of the fact
that a minimizer for the class of absolutely continuous curves is necessarily Lipschitz has
been given by Clarke, see [46]. Once one knows that v is Lipschitz, when L is C! it is
possible to differentiate the action, see [38], [45], or [65], and, using an integration by
parts, one can show that  satisfies the following integrated form of the Euler-Lagrange
equation for almost every t € [tg, t1], for some fixed linear form c:

2 w130 = e+ [ Z2a(s), () s (6.2:2)

1o O
But the continuity of the right hand side in (6.2.2) implies that OL/0v(~(t),4(t)) extends
continuously everywhere on [tg,t;]. Conditions (a) and (b) on L imply that the global
Legendre transform
L TM —T"M,
L
(20) = (2, 9 (a,0),
is continuous and injective, therefore a homeomorphism on its image by, for example,
Brouwer’s Theorem on the Invariance of Domain (see also Proposition 6.2.9 below). We
therefore conclude that /() has a continuous extension to [tg, t1]. Since v is Lipschitz this
implies that v is C'. Equation (6.2.1) follows from (6.2.2), which now holds everywhere
by continuity. O]

In fact we will only use the cases when L is C2, in which case this regularity of
minimizers will follow from the “usual” Tonelli regularity theory, or when L is of the
form L(z,v) = ||v]|2, p > 1, where the norm is obtained from a C? Riemannian metric,
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in which case the minimizers are necessarily geodesics which are of course as smooth as
the Riemannian metric, see Proposition 6.2.24 below.

To obtain further properties it is necessary to introduce the global Legendre trans-
form.

Definition 6.2.8 (Global Legendre Transform). If L is a C! Lagrangian on the
manifold L, its global Legendre transform £ : TM — T*M, where T*M is the cotangent

bundle of M, is defined by

ZL(x,v) = (x, g—fj(aﬁ, v)).

Proposition 6.2.9. If L is a weak Tonelli Lagrangian on the manifold M, then its global
Legendre transform £ : TM — T*M is a homeomorphism from T M onto T*M.
Moreover, if L is a C" Tonelli Lagrangian with r > 2, then % is C"71.

Proof. We first prove the surjectivity of .. Suppose p € T} M. By condition (d) in
Definition 6.2.4, we have

p(v) = L(z,v) < p(v) = ([[plle + Dlfoll.=C(llpll +1,{z})
< —llolle=Clplle + 1. {x}).

But this last quantity tends to —oo, as ||v||,— +o00. Therefore the continuous function
v +— p(v) — L(x,v) achieves a maximum at some point v, € T, M. Since this function
is C', its derivative at v, must be 0. This yields p — dL/dv(x,v,) = 0. Hence (z,p) =
Z(x,vp).

To prove injectivity of £, it suffices to show that for v, v € T, M, with v # v, we have
OL/0v(z,v) # OL/Ov(z,v"). Consider the function ¢ : [0,1] — Rt — L(z,tv+(1—t)v'),
which by condition (b) of Definition 6.2.4 is strictly convex. Since it is C*, we must have
©'(0) # ¢'(1). In fact, if that was not the case, then the non-decreasing function ¢’ would
be constant on [0, 1], and ¢ would be affine on [0, 1]. This contradicts strict convexity.
By a simple computation, we therefore get

O o) =) = (0) £ ) = 2 )0 — ).

This implies OL/0v(x,v") # OL/0v(x,v). We now show that .Z is a homeomorphism.
Since this map is continuous, and bijective, we have to check that it is proper, i.e. inverse
images under .Z of compact subsets of T*M are (relatively) compact. For this it suffices
to show that for every compact subset K C M, and every C' < +00, the set

{(a0) € TkM | | 9@, 0), < ©)
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is compact. By convexity of v +— L(z,v), we obtain

L
a—(:10,7))(1)) > L(z,v) — L(x,0).
Jv
But ||OL/0v(z,v)|l, > OL/Ov(z,v)(v/||v||.), therefore by condition (d) of Definition
6.2.4, we conclude that

L)l = A= [0, A/l

VA > 0,Y(z,v) € Tx M, ||(Z,—U

Taking A = C' + 1, we get the inclusion
OL
{(@,0) € TeM [ [l 5 (2,v)ll. < C} € {(z,v) € TeM | |Jvll. < C(K,C +1)},

and the compactness of the first set follows.

Suppose now that L is a C" Tonelli Lagrangian with » > 2. Obviously . is C" 1.
By the inverse function theorem, to show that it is a C"~! diffeomorphism, it suffices to
show that the derivative is invertible at each point of M. But a simple computation in
coordinates show that the derivative of £ at (x,v) is given in matrix form by

Id 0
0%L 0L
03381}(1"2]) W(CE7U)

This is clearly invertible by (b’) of Definition 6.2.4. O
Definition 6.2.10. If L is a Lagrangian on M, we define its Hamiltonian H : T*M —
R U {+00} by

H(z,p) = SgpMp(v) — L(z,v).

Proposition 6.2.11. Let L be a weak Tonelli Lagrangian on the manifold M. Its
Hamiltonian H is everywhere finite valued and satisfies the following properties:

(a*) H is C', and in coordinates

o 2w =
0 oL
%(3(%@)) = —%(%U)

(b*) for each x € M, the map H(x,-): T M — R is strictly convex;
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(d*) for every compact subset K C M the restriction of H to TpM = UyerTi M is
superlinear in the fibers of T*M — M : this means that for every A > 0, there
exists a finite constant C*(A, K') such that

V(z,p) € TieM, H(z,p) > Alp|l. +C*(A K).

In particular, the function H is a proper map, i.e. inverse images under H of
compact subsets of R are compact.

If L is a C" Tonelli Lagrangian with r > 2, then
(™) H is C";
2
(b™) for every (z,v) € M, the second partial derivative W(z,p) is positive definite on
p
T*M.

Proof. To show differentiability, using a chart in M, we can assume that M = U is
an open subset in R™. Moreover, since all Riemannian metrics are equivalent above
compact subsets, replacing U by an open subset V' with compact closure contained in
U, we can assume that the norm used in (c¢) of Definition 6.2.4 is the constant standard
Euclidean norm ||+||eye on the second factor of TV =V x R™, that is

Ve eV, Yo e R", L(z,v) > Al|v|ewc + C(A),

where C'(A) is a finite constant, and sup,. L(z,0) < C' < 4o0.

We have T*V =V x R™, where R™* is the dual space of R™. We will denote by
I|||leuc also the dual norm on R™* obtained from ||||enc on R™. We now fix R > 0. If
p € R™* satisfies ||p|leuc < R, we have

p(v) — L(z,v) < ||plleve||V]leve — (B + 1D)][v]|eue — C(R + 1)

<

< —lvflewc = C(R+1).

Since L(z,0) < C for x € V, it follows that, for ||v]|eee > C — C(R + 1),
p(v) — L(xz,v) < —C < —L(x,0).

This implies

H(z,p) = sup p(v) — L(z,v) = sup p(v) — L(x,v),
veR™ [v]leuc <C—C(R+1)

Therefore the sup in the definition of H (x,p) is attained at a point v(y p) With ||V p)|lenc <
C — C(R+1). Note that this point v(, ;) is unique (compare with the argument proving
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that the Legendre transform is surjective). In fact, at its maximum v(, ), the C* function
v — p(v) — L(z,v) must have 0 derivative, and therefore

0L
b= %(1‘7 U(z,p)>‘

This means (z,p) = Z(x,V(zp)), but the Legendre transform is injective by Proposition
6.2.9.
Note, furthermore, that the map

Fo(VxAlpllese < BY) > {[[v]lewe < C = C(R+ 1)} = R,

((z,p),v) = p(v) = L(z,v),

is C!. Therefore we obtain that H is C! from the following classical lemma whose proof
is left to the reader.

Lemma 6.2.12. Let f : N x K — R, (2,k) — f(z,k) be a continuous map, where N
is a manifold, and K is a compact space. Define F': N — R by F(z) = supycx f(z, k).
Suppose that:

of

1. ==(=, k) exists everywhere and is continuous as a function of both variables (x, k);

Ox
2. for every x € N, the set {k € K | f(x,k) = F(z)} is reduced to a single point,
which we will denote by k.
Then F is C', and the derivative D, F of F at x is given by

of
D, F = —(x,k,).
5 L Fiz)
Returning to the proof of Proposition 6.2.11, by the last statement of the above

lemma we also obtain

oH OH oL
a—p(%p) = U(z,p) and %(‘T,p) = —%(%U(z,p))

Since (x,p) = Z(,v(,p)), this can be rewritten as

OH OH oL
a—pof(x,v) =wv and 8—xo$(:€,v) = ——x(ac,v), (6.2.3)

which proves (a*). Note that when L is a C" Tonelli Lagrangian, by Proposition 6.2.9
the Legendre transform .# is a C"~! global diffeomorphism. From the expression of
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the partial derivatives above, we conclude that 0H/dp and OH/dz are both C"~!. This
proves (a’™).
We now prove (b™*). Taking the derivative in v of the first equality in (6.2.3)

oH [ oL 1.
ap x’f)v x,v)| =,

we obtain the matrix equation

O?°H 0?L
apg (.L”(x,v)) ’ W('xvv) - IdRm’

where the dot - represents the usual product of matrices. This means that the matrix
representative of 92 H /Op?(z, p) is the inverse of the matrix of a positive definite quadratic
form, therefore 9*H /Op*(z, p) is itself positive definite.

We prove (b*). Suppose p; # py are both in T)M. Fix t € (0,1), and set p3 =
tp1 + (1 — t)py. The covectors py, pe, ps are all distinct. Call vy, vy, v3 elements in T, M
such that p; = OL/0v(x,v;). By injectivity of the Legendre transform, the tangent
vectors vy, v, v3 are also all distinct. Moreover, for ¢ = 1,2 we have

H(%pz‘) = pi(vz‘) - L(SC, Uz‘),

H(x,p3) = p3(vs) — L(z,v3) = t[p1(vs) — L(x,v3)] + (1 — t)[pa(v3) — L(x, v3)].

Since the sup in the definition of H(z,p) is attained at a unique point, and vy, vo, v3 are
all distinct, for 7 = 1,2 we must have

pi(vs) — L(z,v3) < pi(v;) — L(x,v;) = H(x,p;).
It follows that
H(z,tpy + (1 —t)pe) < tH(z,p1) + (1 —t)H (x, p2).
It remains to prove (d*). Fix a compact set K in M. Since
H(z,p) 2 p(v) = L(z,v),
we obtain

H(z,p) > sup p(v)+ inf —L(z,v).
) lvll.<A ) zeK,|vflo<A (z,0)

But supy,,<ap(v) = Alpllz, and C*(A, K) = infiek o), <a —L(x,v) is finite by com-
pactness. ]
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Since for a weak Tonelli Lagrangian L, the Hamiltonian H : T*M — R is C!, we can
define the Hamiltonian vector field Xy on T*M. This is rather standard and uses the
fact that the exterior derivative of the Liouville form on M defines a symplectic form
on M, see [2] or [84]. The vector field X is entirely characterized by the fact that in
coordinates obtained from a chart in M, it is given by

Xu(e.p) = (5 (@), =5 (@)

So the associated ODE is given by

_OH
x——ap z,p
,__OH
p=—7-(.p).

In this form, it is an easy exercise to check that H is constant on any solution of Xj.
We know come to the simple and important connection between minimizers and
solutions of Xg.

Theorem 6.2.13. Suppose L is a weak Tonelli Lagrangian on M. If v : [a,b] — M
is a minimizer for L, then the Legendre transform of its speed curve t — Z(vy(t),%(t))
is a C' solution of the Hamiltonian vector field Xy obtained from the Hamiltonian H
associated to L.

Moreover, if L is a Tonelli Lagrangian, there exists a (partial) C' flow ¢ on TM
such that every speed curve of an L-minimizer is a part of an orbit of ¢. This flow is
called the Euler-Lagrange flow, is defined by

¢ =L og 02,
where ¢! is the partial flow of the C* vector filed Xp.
Proof. 1f we write (z(t),p(t)) = ZL(y(t),*(t)) then

o(t) = (1) and p(t) = S-(3(1),5(1)).

By Theorem 6.2.7, x(t) = v(t) is C! with (t) = 4(¢). The fact that p(t) is C' follows
again from Theorem 6.2.7, which also yields in local coordinates

5(6) = 22 (2(1),4(1)
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Since (z(t), p(t)) = ZL(v(t),¥(t)), we conclude from Proposition 6.2.11 that ¢ — (z(t), p(t))

satisfies the ODE
. oH

t=- P([x,p)
p= —%(%P)-

Therefore the Legendre transform of the speed curve of a minimizer is a solution of the
Hamiltonian vector field Xp.

If L is a Tonelli Lagrangian, by Proposition 6.2.11 the Hamiltonian H is C2. Therefore
the vector field Xp is C!, and it defines a (partial) C! flow ¢. The rest follows from
what was obtained above and the fact that the Legendre transform is C*. O

We recall the following definition

Definition 6.2.14 (Energy). If L is a C! Lagrangian on the manifold M, its energy
E :TM — R is defined by

oL

E(z,v) = Ho % (x,v) = a—(:(:,v)(v) — L(z,v).
v

Corollary 6.2.15 (Conservation of Energy). If L is a C! Lagrangian on the manifold
M, and 7 : [a,b] — M is a C' minimizer for L, then the energy E is constant on the
speed curve

s = (v(s),7(s))-

Proof. In fact E(v(s),¥(s)) = H o L(7(s),5(s)). But s — Z(y(s),7(s)) is a solution
of the vector field H, and the Hamiltonian H is constant on orbits of X . Il

Proposition 6.2.16. If L is a weak Tonelli Lagrangian on the manifold M, then for
every compact subset K C M, and every C' < +o00, the set

{(z,v) € TkM | E(z,v) < C}

is compact, i.e. the map E : TM — R is proper on every subset of the form 7' (K),
where K is a compact subset of M.

Proof. Since E = H o %, this follows from the fact that H is proper and .Z is a
homeomorphism. O

Proposition 6.2.17. Let L be a weak Tonelli Lagrangian on M. Suppose K is a
compact subset of M, and t > 0. Then we can find a compact subset K C M and a
finite constant A, such that every minimizer ~y : [0,t] — M with v(0),~(t) € K satisfies
v([0,1]) € K and ||5(s)]|,s) < A for every s € [0,].
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Proof. We will use as a distance d the one coming from the complete Riemannian metric.
All finite closed balls in this distance are compact (Hopf-Rinow theorem). We choose
zo € K, and R such that K C B(zg, R) (we could take R = diam(K), the diameter of
K). We now pick z,y € K. If o : [0,¢] — M is a geodesic with a(0) = z, a(t) = y and
whose length is d(x,y) (such a geodesic exists by completeness), the inequality

d<x7y) S d(.’L’,.ﬁCO) + d(f(]o,y) S 2R

implies that «([0,¢]) C B(zo,3R). Moreover ||a(s)|las) = d(z,y)/t < 2R/t for every
s € [0,t]. By compactness, the Lagrangian L is bounded on the set

H ={(z,v) € TM | z € B(z0,3R), ||v]. <2R/t}.

We call # an upper bound of L on . Obviously the action of o on [0,¢] is less
than ¢0, and therefore if v : [0,¢t] — M is a minimizer with v(0),v(t) € K, we get
fot L(v(s),74(s)) ds < tf. Using condition (c) on the Lagrangian L and what we obtained
above, we see that

t
Ct+ [ 1l ds < 1.
0

It follows that we can find sy € [0,¢] such that

17(50) [l (s0) < 0 — C.

Moreover
~([0,]) C B(W(O),t(ﬁ - () C B(xo, R+t0—-0C)).

We set K = B(zg, R+ t(6 — C)). If we define
0, = sup{E(z,v) | (z,v) e TM, z € K, |v|. <6 —C},

we see that 6, is finite by compactness. Moreover E(y(so),*(s0)) < ;. But, as mentioned
earlier, the energy E(7(s),%(s)) is constant on the curve. This implies that the speed
curve

s = (7(),7(s))

is contained in the compact set
A ={(z,v) e TM | z € K, E(z,v) < 6,}.

Observing that the set 2 does not depend on 7, this finishes the proof. Il
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6.2.2 Lagrangian costs and semi-concavity

Definition 6.2.18 (Costs for a Lagrangian). Suppose L : TM — R is a Lagrangian
on the connected manifold M, which is bounded from below. For t > 0, we define the
cost ¢, : M x M — R by

— inf A
ez, y) y(o):lgv(t):y ()

where the infimum is taken over all the absolutely continuous curves 7 : [0,t] — M, with
7(0) =z, and y(t) =y, and Ay () is the action fg L(v(s),%(s)) ds of ~.

Using a change of variable in the integral defining the action, it is not difficult to
see that ¢; 7, = ¢; ¢« where the Lagrangian L on M is defined by L(z,v) = tL(x,t 'v).
Observe that L' is a (weak) Tonelli Lagrangian if L is.

Theorem 6.2.19. Suppose that L : TM — R is a weak Tonelli Lagrangian. Then, for
every t > 0, the cost ¢, is locally semi-concave on M x M. Moreover, if the derivative
of L is locally Lipschitz, then ¢, is locally semi-concave with a linear modulus.

In particular, if L is a Tonelli Lagrangian for every t > 0, the cost ¢, is locally
semi-concave on M x M with a linear modulus.

Proof. By the remark preceding the statement of the theorem, it suffices to prove this
for ¢ = ¢11. Let n be the dimension of M. Choose two charts ¢; : U; — R™, i = 0,1,
on M. We will show that

(Zo, &1) — (g ' (Z0), o1 ' (E1))

is semi-concave on IE% X IE%, where B is the closed Euclidean unit ball of center 0 in R™. By
Proposition 6.2.17, we can find a constant A such that for every minimizer « : [0, 1] — M,
with (i) € ;' (B), we have

Vs €[0,1], [[7(8)llr¢s) < A

We now pick § > 0 such that for all 21, 2o € R™, with ||21]|euc < 1, ||22]lcuc = 2,

d(p; (1), 7 (22)) 26, i=0,1,

where ||||euc denote the Euclidean norm. Then we choose € > 0 such that A < 4. It
follows that

([0.€)) € 5 (2 B) and (1 — £,1)) € ¢, (2 B).
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We set 7; = ¢;(7(i)), i = 0,1. For ho,h; € R™ we can define 4, : [0,e] — R"™ and
A, |1 —€,1] — R™ as

E—S

Fno(8) = ho + ¢o(7(s)), 0<s<e¢,

s—(1—¢)

Yn (8) = hi+@1(v(s), 1—e<s<1.

We observe that when hy = 0 (or hy = 0) the curve coincide with . Moreover 4, (0) =
Zo + ho, An, (1) = Z1 4+ hy. We suppose that ||h;|leuc < 2. In that case the images of both

Yno and 7y, are contained in 4 B and

ms (8)llene < Nillene + [1(2i 0 7Y (8)llewe < 2+ (15 ©7)' () lenc-

Since we know that the speed of 7 is bounded in M, we can find a constant A; such that
Vs €[0,e],  [[Fmo(5)llene < A,

Vs € [1 —&, 1]7 H’;}/hl (S)Heuc S Al'
To simplify a little bit the notation, we define the Lagrangian L; : R” x R” — R by

Li(z,v) = L(¢; ' (2), Dle; ](v)).

If we concatenate the three curves ¢y ' o, Ve, 1-< and ©; ' 0Ap,, we obtain a curve in
M between ¢, (To + ho) and ¢} '(F; + hy), and therefore

¢ (9051(:%0 + ho), o1 (21 + hl)) < /06 Lo (A (1), Fmg (1)) dt
[ re@a [ LG o5 o)
Hence

¢ (0o (Zo + ho), 01 (F1 + h1)) — ¢ (g (Z0), o1 ' (£1))
< /O [LoGine(£), 30 (1)) — Lo(o 0 7(8), (90 0 1) (1))] dt

+ /1_ (L1 (i, (8), 3, (1)) = L1 0 y(8), (1 09)'(8))] dt.

We now call w a_common Enodulus of continuity for the derivative DLy and DL; on
the compact set B(0,4) x B(0,A;). Here DLy and DL, denote the total derivatives of
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Ly and L, i.e. with respect to all variables. When L has a derivative which is locally
Lipschitz, then DLy and DL, are also locally Lipschitz on R™ x R", and the modulus w

can be taken linear. Since 7y, (s) €R (0,4) and |94, (s)]| < Ay, we get the estimate

(g (o + ho)yer (&1 + M) — c(pg (Z0), 01 ' (21))

< [ DLaenon(th(ooe 0 0) (E= 1o~ 2 )

! t—(1—¢ 1
+ [ DLeron ooy e) (= h ) a
1—¢
1 1 1 1
fu (—||h0||euc> L ollone + (—nhlneuc) Lt
3 13 I I

We observe that the sum of the first two terms in the right hand side is linear, while the
sum of the last two is bounded by

1 1
2 (2100l ) ) e

e
Therefore we obtain that
(T, T1) — ¢ (@61(f0>7 901*1(;}1))

is semi-concave for the modulus @(r) = %w (%7") on B x B, as wanted. ]

Corollary 6.2.20. If L is a weak Tonelli Lagrangian on the connected manifold M,
then, for every t > 0, a superdifferential of ¢; 1(z,y) at (xg,yo) is given by

(0,) = D (3(6),4(0)) () — 2 (4(0), 4(0)) (),

where «y : [0,t] — M is a minimizer for L with v(0) = x, v(t) = yo, and (v,w) €
T, M x TyM = Tiy.,(M x M).

Proof. Again we will do it only for £ = 1. If we use the notation introduced in the
previous proof, we see that a superdifferential of

(Zo, Z1) = ¢ (g ' (Z0), 01 ' (T1))

is given by
(ho, h1) = lo(ho) + (M),
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where

nlho) == [ 2552 (000900, (0 o) (1) (ho
1 8L0

~ 0 (o 0 y(t), (wo 0 7) (1)) (ho)| dt,

i) = [ [FUEEEEE o0, o ) (1)

€
F 295 (o1 07 (8) (1 07 (1) ()] .

By Theorem 6.2.7, the curve t — g o y(t) is a C! extremal of Ly and it satisfies the
following integrated form of the Euler-Lagrange equation:

8L0 aLO

5y (P00 (D); (wo07)' (1)) = = (¢o 0 7(0), (w0 2 7)'(0))
= [ G2 o) (eo o) (0) s
This gives us
o) =~ 52 (20 02(0), (07 (0))
- é/os d% [(t - 5)/0 % (w00 7(s), (wo0)'(s)) ds| dt.

Obviously the second term in the right hand side is 0 and so [, reinterpreted on 7, M
rather than on R" gives —2% ((0),7(0)). The treatment for /; is the same. O

We have avoided the first variation formula in the proof of Corollary 6.2.20, because
this is usually proven for C? variation of curves and C? Lagrangians. Of course, our
argument to prove this Corollary is basically a proof for the first variation formula for
C'! Lagrangians. This is of course already known and the proof is the standard one.

6.2.3 The twist condition for costs obtained from Lagrangians

Lemma 6.2.21. Let L be a weak Tonelli Lagrangian on the connected manifold M.
Suppose that L satisfies the following condition:
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(UC) If ~; : |ai,bj] — M,i = 1,2 are two L-minimizers such that v,(ty) = 72(ty) and
F1(to) = Aa(to), for some ty € [ay,b1] N [ag, bo], then v; = 9 on the whole interval
la1, b1] N [ag, bo].

Then, for every t > 0, the cost ¢; 1, : M x M — R satisfies the left (and the right) twist
condition of Definition 1.2.4.
Moreover, if (x,y) € D(AL ), then we have:

Ct,L

(i) there is a unique L-minimizer ~y : [0,t] — M such that x = v(0), and y = ~(t);

(ii) the speed 4(0) is uniquely determined by the equality

aCLL o _@L .
W(:c,y)— %(5677(0))-

Proof. We first prove part (ii). Pick 7 : [0,¢] — M an L-minimizer with x = v(0) and
y = 7(t). From Corollary 6.2.20 we obtain the equality

0L (1) =~ T2 (2, 4(0)). (624

Since the C! map v — L(z,v) is strictly convex, the Legendre transform v € T, M
OL/0v(z,v) is injective, and therefore 4(0) € T,M is indeed uniquely determined by
Equation (6.2.4) above. This proves (ii).

To prove statement (i), consider another L-minimizer v, : [0,t] — M is z = ~,(0).
By what we just said, we also have

dcy 1 o a_L .
8—$(x’y) - _av ('r771(0))

By the uniqueness already proved in statement (ii), we get 41(0) = 4(0). It now follows
from condition (UC) that v = v, on the whole interval [0, t].
The twist condition follows easily. Consider (z,y), (x,y1) € D(AL ) such that

8Ct’L aCmL

= . 2.
By (i) there is a unique L-minimizer v : [0,¢] — M (resp. 71 : [0,¢] — M) such that
z =7(0),y = (1) (resp. = (0),51 = (1)), and

act,L . oL . aCt,L . _8_L .
&E (f[',y) - av (.Z',’Y(O)) and ax (x,yl) - av (x771(0))

From equation (6.2.5), and the injectivity of the Legendre transform of L, it follows
that 4;(0) = 4(0). From condition (UC) we get v = 7, on the whole interval [0,¢]. In
particular, we obtain y = v(t) = v (t) = 1. O
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The next lemma is an easy consequence of Lemma 6.2.21 above.

Lemma 6.2.22. Let L be a weak Tonelli Lagrangian on M. If we can find a continuous
local flow ¢, defined on T'M such that:

(UC’) for every L-minimizer~y : [a,b] — M, and every tq,ts € |a,b], the point ¢y, 4, (v(t1),(t1))
is defined and (7(752)7 7(t2)) = ¢t2—t1 (V(tl)w ’V(tl)),

then L satisfies (UC). Therefore, for every t > 0, the cost ¢ : M x M — R satisfies the
left twist (and the right) condition of Definition 1.2.4.

Moreover, if (z,y) € D(Afzt,L)’ then y = m¢y(x,v), where m : TM — M is the
canonical projection, and v € T, M is uniquely determined by the equation

aCt,Lr’g o aL
ox (x7y)__%($av>

The curve s € [0,t] — mos(x,v) is the unique L-minimizer «y : [0,t] — M with v(0) =
z,7(1) = .
Note that the following proposition is contained in Theorem 6.2.13.

Proposition 6.2.23. If L is a Tonelli Lagrangian, then it satisfies condition (UC’) for
the Euler Lagrange flow ¢F.

Proposition 6.2.24. Suppose g is a complete Riemannian metric on the connected
manifold M, and r > 1. For a given t > 0, the cost ¢ 1, ,of the weak Tonelli Lagrangian
L, ,, defined by

Lyg(a,0) = |[v]l; = gz (v, 0)"%,

is given by )
Ct,Lyg = i d;(% y)v

where d,, is the distance defined by the Riemannian metric. The Lagrangian L, , satisfies
condition (UC’) of Lemma 6.2.22 for the geodesic flow ¢{ of g. Therefore its cost c;r,,
satisfies the left (and the right) twist condition. Moreover, if (z,y) € D(A! ) then

Ct,Ly

y = 7} (x,v), where w : TM — M is the canonical projection, and v € T, M is umquely
determined by the equation

aCt’Lr’g . aL"”ﬂ
ox (I,y) - v <I7U>‘

Proof. Define s by 1/s+1/r = 1. Let 7 : [a,b] — M be a piecewise C' curve. Denoting
by ¢4(y) the Riemannian length of v, we can apply Holder inequality to obtain

T‘

/ Iv(s)lla ds < (b /(/ &I ds) |
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with equality if and only if 7 is parameterized with ||7y(s)||, constant, i.e. proportionally
to arc-length. This of course implies

(b—a) "', / () ds,

with equality if and only if v is parameterized proportionally to arc-length. Since any
curve can be reparametrized proportionally to arc-length and r/s = r — 1, we conclude
that

Ct,Lrq (I7 y) - tl_rd9<x’ y)r7

and that an L, ,-minimizing curve has to minimize the length between its end-points.
Therefore any L, ,-minimizing curve is a geodesic and its speed curve is an orbit of
the geodesic flow ¢f. Therefore L, , satisfies condition (UC’) of Lemma 6.2.22 for the
geodesic flow ¢f of g. The rest of the proposition follows from Lemma 6.2.22. O
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