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STEEPEST DESCENT FLOWS AND APPLICATIONS TO SPACES OF
PROBABILITY MEASURES

LUIGI AMBROSIO - LECTURE NOTES, SANTANDER (SPAIN), JULY 2004

1. INTRODUCTION

These notes are the outcome of a series of seminars held in Santander (Spain) in July 2004,
concerning some of the results contained in the book [AGS04]. The first part of these lecture
notes is devoted to the study of gradient flows in a general metric setting, while the second
part is concerned with the metric space of probability measures endowed with the Wasserstein
distance. In the first part (section 2) I start by recalling the main concepts of the classical
theory of gradient flows in Hilbert spaces. Then, I introduce the definition of steepest descent
flow, which generalizes the idea of gradient flow to a purely metric setting. To this aim, I make
use of the concepts of metric derivative and local slope (see also [DGMT80, Amb95]). Then,
I deduce some useful properties typically satisfied by functionals which are convex along
geodesics. Such properties also involve the notion of upper gradient (see [HK98]). These
properties ensure the convergence of the implicit Euler time discretization scheme. I also
establish the link between our metric framework and the well known results of the classical
theory on Hilbert spaces. Finally, I recall the conditions needed to have uniqueness and error
estimates of the approximating scheme.

In the second part (section 3) I study the differentiable structure of the Wasserstein space
to give an equivalent concept of gradient flow. The Wasserstein distance arises as a useful
tool to study the asymptotic behaviour of solutions to certain PDEs enjoying a gradient
flow structure with respect to it. Such gradient flow structure is closely related to some
logarithmic Sobolev inequalities, which ensure convergence towards the asymptotic states.
This point of view has been widely developed in the recent years (see [Tos96, Tos97, JKO9S,
CT00, Ott01, OV00, DPD02, Agu02, Agu03, CMV] among the others.). The Wasserstein
distance could seem very abstract, but in fact it is linked to a very intuitive problem: the
mass transportation problem which can be formulated in terms of a pile of sand and a hole.
The problem is how to transport the pile into the hole with the least possible cost. I start with
some notation and definitions concerning probability theory, in order to give the definition
of Wasserstein distance. Then, I study the properties and the geodesics of the Wasserstein
space, recovering in this framework the concepts of A-convexity along geodesics. Finally, 1
focus on the structure of (P2(X), W2) (in some case presenting results for the general space
(Pp(X),W,)). I prove that (P2(X), Wa) is a positively curved space, but squared Wasserstein
distance is not 2-convex. This shows the necessity to extend the concept to A-convexity by
taking into account the so-called generalized geodesics. I give a list of A-convex functionals.
Finally, I relate this part to the previous one using gradient flows in the Wasserstein space to
study evolution PDEs.

Notes taken and further elaborated by Marfa J. Céceres (Departamento de Matematica Aplicada, Uni-
versidad de Granada, 18071 Granada, Spain, email: caceresg@ugr.es) and Marco Di Francesco (Sezione di
Matematica per I'Ingegneria, Universita dell’Aquila, Piazzale Pontieri, Monteluco di Roio, 167100 L’Aquila
(Ttaly), email: difrance@univaq.it).
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All the results presented in these notes are contained, with detailed proofs and greater
generality, in [AGS04].

Last but not least, I would like to thank warmly Maria J. Cdceres and Marco di Francesco
for the extensive and nice work they did in typing these notes.

2. GRADIENT FLOWS AND STEEPEST DESCENT FLOWS.

2.1. The classical theory. Let (H,(-,-)) be a Hilbert space with norm || - ||. Let ¢ be
a convex, lower semi-continuous functional defined on a dense domain Dom(¢) C H. The
subdifferential of ¢ at a point u € Dom(¢) is the set dp(u) C H defined by

9¢(u) ={p € H : ¢(v) = ¢(u) + (p,v — u) Vv € Dom(¢)}.
Under the above assumptions on the functional ¢, the subdifferential d¢(u) at some point
u is a closed convex subset of H which may be interpreted as the set of all possible ‘slopes’
of affine hyperplanes touching the graph of ¢ from below at the point u. The set valued
mapping 0¢ : H — 2H is called the subdifferential of ¢. We next recall the following
standard definition.

Definition 2.1. Let 0 < Ty < Tp. A function u : [T1,To] — H is said to be absolutely
continuous on [T1,Ts] (u € AC ([Th,T]; H)) if and only if, for any € > 0 there exists § > 0
such that, given any finite set of disjoint subintervals {(ay,bg)} C [T1,T2], k = 1,...n, with
Y peq (b —ag) < 4, the inequality

D llulby) —ular)] <&
k=1

is satisfied. A function u : (0,+00) — H s called locally absolutely continuous on (0, 400)
(u € ACjo. ((0,400); H)) if and only if u € AC ([T1,T2]; H) for all 0 < Ty < Tb.

We recall that locally absolutely continuous functions w with values in a Hilbert space

are differentiable almost everywhere, as stated in the following proposition (see for instance
[Amb95]).

Proposition 2.1. Let u € ACjy. ((0,+00); H). Then, for L'-almost all t € [0,+0c0), the
limit h
t —u(t
(1) = lim A1) ()
h—0
exists in the strong topology of H.

We then recall the classical definition of gradient flow on a Hilbert space.

Definition 2.2. A function u € ACj,. ((0,+00); H) is a gradient flow of the convezx, lower
semi-continuous functional ¢ if and only if the differential inclusion

W/ (t) € =0 (u(t)) (2.1)

is satisfied L' almost everywhere with respect to t.

The inclusion (2.1) is usually coupled with the initial condition

lim u(t) = 2.2
;gU() ug (2.2)

and typically the initial datum wg is chosen in Dom(¢), or at least in its closure. The study
of the Cauchy problem (2.1)—(2.2) is a classical topic. It is well known that the subdifferential
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mapping ¢ : H — 2" may be seen as a possibly multivalued nonlinear operator on H, which
is easily seen to be mazimal monotone (cfr. [Bré73]). The theory of existence, uniqueness
and regularity of solutions has been developed in [CP72, CL71, Bré73]. In particular, the
unique solution u(t) to (2.1)—(2.2) is ‘well approximated’ on the time interval [0,7") by the
solution to the implicit Euler scheme

uly = ug
el (2.3)
WE—%(U%“), Nh=T, n=0,....N—1,

for large values of N. More precisely, one may consider the piecewise linear interpolation
uy(t) satisfying
uy (nh) =uf, n=0,...,N—1,

and show that uy converges (in a suitable way) to the unique solution to (2.1)—(2.2) as
N — o00. Such technique was introduced in [CL71] in order to recover an approximation
formula for nonlinear semigroups generated by more general monotone operators on Banach
spaces. We also mention here that the approximating scheme (2.3) is sometimes replaced by
the variational formulation

u?v = UQ

1 24
u'yt! minimizes ¢(v)+ﬁﬂv—um|2, Nh=T, n=0,...,N -1 24)

We remark that the second expression in (2.3) is nothing else than the usual Euler equation
associated to the functional ¢(v) + 5 [|[v — ul .

2.2. Steepest descent flows on metric spaces. Our goal is to rephrase the differential
viewpoint of the classical theory into a purely metric framework. To perform this task, De
Giorgi (see [DGMT80] and, in connection with Euler’s scheme, [DG93]) proposed a metric
formulation of the gradient flow that we will call steepest descent flow. We present De Giorgi’s
ideas following the presentation of [AGS04], that involves the natural concepts of metric
derivative and local slope. In what follows we shall work on a complete metric space (S, d).

Definition 2.3. Let u: (0,+00) — S be a curve on S.

(1) w is said to be absolutely continuous in (a,b) C (0,+00) (u € AC ((a,b);S)) if there
exists g € L' ((a,b);R) such that

t
d(u(s),u(t)) < / g(T)dr, a<s<t<hb. (2.5)
(ii) w is said to be locally absolutely continuous (u € ACj,. ((0,+0);S)) ifu € AC ((a,b);S)

for any 0 < a < b < oo.
(iii) The variation of u on the interval [a,b] C (0,+00) is

n—1
Var? (u) = sup {Z d(u(ti),u(ti—1)) |a<ti <...<ty, < b} .
i=1

The following theorem is a sort of generalization of Rademacher’s theorem for absolutely
continuous curves on a complete metric space.
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Theorem 2.1. For any u € ACjs ((0,400);S) the limit
d t

s—t |8—t|

(2.6)

exists for L' ~almost any t € [0, +00).

Proof. Let T" > 0 be fixed. Let us choose a dense sequence {z,}22, in [0,T], and let us
define, for any n € N, the real valued function ¢, (¢) = d(u(t),z,). The assumptions on u
and the triangular inequality imply

[Un () — Un(s)] < d(u(s),u(t)) < / g(7)dr.

Therefore, the functions v, are absolutely continuous, and hence differentiable £'-almost
everywhere. We can then define the function

m(t) = sup |4, (1)

for almost all ¢ € [0,7]. Moreover, since almost all ¢ € [0, 7] are Lebesgue points for the
L' function g, we have [/ (t)] < g(t) for almost all ¢ and for any n € N, and therefore
m € L' (a,b;R). We next prove that the limit in (2.6) exists and m(t) = |[o/|(t) £L1-almost
everywhere. For any n € N, the triangular inequality yields

lim inf d(ut +h), u(t)) > lim [ton(t + h) — n(t)]

= ¢y for £'-al 7).
h—0 |h| = hs0 In] |y, (t)], for L —almost any t € [0,T]

The definition of m then implies the inequality

lim inf d(uft + h), u(t)) =
h—0 |h|

m(t).

Now, the triangular inequality and the density of the sequence {zy, },en imply

d(u(s),u(t)) = sup |d(u(s), xn) — d(xn, u( |leqsup/ [y (T)|dT < / m(T

neN
for any s,t € [0,7], s < t. Hence, at any Lebesgue point for the function m we have

d (u(t + h),u(t)) < m(t)

lim sup
h—0 ’h’

)

and the proof is complete. O

Definition 2.4. The limit
d t
| (t) = tim 20008): u() @7)

s—t |s — ¢t
s called metric derivative of the curve u at the point t.
From the above computations it is easily seen that, if u is an absolutely continuous curve,

then its metric derivative |u/| is the minimal g satisfying estimate (2.5). Moreover (see [AT04]
for the details) one can prove the identity

Var? ( / [u/| (7
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Let us introduce the concept of local slope, which will, in some sense, replace the subdif-
ferential in our reformulation of gradient flow.

Definition 2.5. The local slope of a functional ¢ at a point u € Dom() is 0 if u is an
isolated point of S, otherwise is given by

_ L [p(u) = d(v)]"
‘8 (b‘ (u) : hrglj;lp TR :

We remark that the local slope of ¢ at u equals zero if u is a minimal point of ¢.

So far we have devoted our attention to generalizing the ingredients of the gradient flow
formulation, in such a way that they make sense in a purely metric framework. Next, we
describe the heuristic idea (due to De Giorgi) which leads us to the new definition of gradient
flow. Suppose we are given a Gateaux differentiable functional ¢ on a Hilbert space H.
Suppose u(t) is a classical solution of the gradient flow equation

' (t) = =Vo(u). (2.8)
By taking the modulus in both sides we obtain the scalar equation
[o' @) = Vo), (2.9)

which may possibly make sense in a metric framework if we make use of the metric derivative
and the local slope. Clearly, such step produces a loss of information, since the two vectors
o' (t) and —V¢(u(t)) need not to be parallel in order to satisfy (2.9). However, we can recover
this information by looking at the time derivative of ¢(u(t)). Indeed, u'(t) and —V(u(t))
have same direction if and only if

%(ﬁ(U(t)) = (u'(t), Vo(u(t)) = ')V (u®))]-
On the other hand, (2.9) holds if and only if

—[l' ONIVe(u®))]l = —%IIU’@)II2 - %IIV¢(U(75))H2-

Hence, (2.8) can be equivalently rewritten as

d _ 1 / 2 1 2
o) = —Sllw O] = S IVeu@®)I™
Finally, the Young inequality trivially implies that (2.8) is equivalent to
d 1 1
0u(t)) < —§||U'(T¢)||2 - §IIV¢(U(t))||2- (2.10)

The equivalence between (2.10) and (2.8) allows us to generalize the notion of gradient flow
as follows.

Definition 2.6 (Steepest descent flow). Let (S,d) be a complete metric space. A locally
absolutely continuous curve u : (0,400) — S is a steepest descent flow for the functional ¢
(or a curve of maximal slope for ¢) if ¢ ou is L'~almost equal to a non-increasing map
and

Y1) < —3 I P(0) - 5106 (ult)) (211)

where [u'|(t) is the metric derivative and |0~ ¢|(u) is the local slope.
We say that u is the starting point of the curve u if }iH(l) u(t) = .
—
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2.3. The geodesically convex case and the notion of upper gradient. The existence
and uniqueness of solutions to the steepest descent flow of a given functional with given
starting point can be achieved in many different ways, depending on the specific structure
of the functional and the ambient metric space. Here we focus on the case when the func-
tional satisfies the so called A—convezity along geodesics. We shall be more precise about the
hypothesis required for the metric space & and for the functional ¢ in the sequel. For the
present moment, (S, d) denotes a complete metric space, while ¢ is simply a functional on S.

Definition 2.7 (Geodesics in metric spaces). Let x,y be points in S. Let us denote by '
the set of all absolutely continuous curves vy : [a,b] — S such that y(a) = x and y(b) =y. A
curve u € T'4 is a geodesic connecting v and y if
Var® (1) = min Var’(v).
v€ery
We recall a basic fact about geodesics on metric spaces in the following theorem (see [AT04]
for the proof).

Theorem 2.2 (Reparameterization). Let v : [a,b] — S be absolutely continuous and let
L = Var®(v) be its variation on [a,b]. Then there exists a Lipschitz curve ¥ : [0, L] — S such
that |7'| =1 a.e. in [0, L] and v([a,b]) = ([0, L]).

We now impose the first significant assumption on the metric space S, namely, we require
that for any two points of the metric space there exists an absolutely continuous curve (a
geodesic) connecting the points, whose length equals the distance between them.

Definition 2.8 (Length space). A complete metric space (S,d) is called a length space if,
for any x,y € S, there exists an absolutely continuous curve u : [a,b] — S connecting © and
y such that

Var® (u) = d(z,y).

The condition above can also be written as f; |u'| dt = d(x,y). Notice that the definition

of length space could also be given in a weaker form, by saying that the infimum of Varg(u)
among all admissible u is equal to d(z,y). The two definitions are easily seen to be equivalent
if bounded and closed subsets of S are compact.

As a simple consequence of Theorem 2.2, we have the following

Corollary 2.1. Let (S,d) be a length space. Then, for any z,y € S, there exists a geodesic
u: [0,1] = S connecting x and y such that

d(u(s),u(t)) = (t — s)d(x,y), forall s,t €[0,1] s <t. (2.12)

The curve u provided by the above corollary is called a constant speed geodesic connecting
x and g, the reason of that definition being the identity

|u/|(t) = d(z,y), forall te[0,1].

The following concept was introduced independently (and for different purposes) by Jost
[Jos97], Mayer [May98] and McCann [McC97].
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Definition 2.9 (A—convexity along geodesics). We say that a functional ¢ on S is A\—convex
along geodesics if

P(v(t)) < tp(v(1)) + (1 = t)o(v(0)) — %t(l — 8)d*((0),7(1)) (2.13)
for every constant speed geodesic v : [0,1] — S.

The following definition is due to Heinonen and Koskela (see [HK98]) and it constitutes a
sort of “weak” formulation of the modulus of the derivative.

Definition 2.10 (Upper gradient). A function g : S — R is an upper gradient for the
functional ¢ if, for any T > 0 and for any absolutely continuous curve v € AC (0,T;S8) such
that

gw()[W'|() € L' (0, T3S) (2.14)
the following inequality holds

T
|6(v(0)) = ¢(u(T))] S/O g(m)W'|(7)dr. (2.15)

Theorem 2.3. Let ¢ be a lower semi—continuous functional on the length space (S,d) which
is A—convex along constant speed geodesics. Then, the local slope |0~ ¢| is an upper gradient

for ¢.
Proof. To simplify the proof we assume A > 0. The proof of the general case can be obtained
by means of simple modifications.

STEP 1. We first prove that the local slope |0~ ¢| is actually (due to the convexity assump-
tion) a global slope, i. e.

[6(u) — ¢(v)]" [6(u) — d(v)] "

lim sup = sup

v—u d(u,v) vt d(u,v) =: I¢p(u) (2.16)

Of course, the inequality |0~ ¢(u)| < I¢(u) is obvious. Then, let v # u and let us choose a
constant speed geodesic v(t) connecting u to v. By the convexity assumption (2.13), thanks
to (2.12), we easily obtain the inequality

¢(u) = o(v(t)) o o(u) — ¢(v)
do,e)  — dwv)
By taking the positive part in the above inequality and by letting ¢ tend to zero, we get
_ + _ +
(ORI C0) N 7 O AN
d(u,v) v d(u,v)

and the inequality |0~ ¢(u)| > I¢p(u) is proven.

STEP 2. We next prove that I¢(u) is an upper gradient for ¢ (without any convexity
assumption). For simplicity we prove relation (2.15) in definition (2.10) for all absolutely
continuous curves v : [0,1] — S satisfying (2.14) (with g replaced by I¢) and such that
|v'|(t) = 1. Hence, condition (2.14) reduces to I¢(v(-)) € L' (0,7;S). The general case
then follows after a reparameterization (see Theorem 2.2). By definition of I¢ we have, for
0<s<t<1,

|6(v(5)) = (v(t)] < max{I(v(s)), Io(v(t))}d(v(s), v(t)) < max{Id(v(s)), I¢(v(t))}Varg(v)
= max{I¢(v(s)), ch(v(t))}/ [V|(7)d7 = max{Ip(v(s)), Ip(v(t)) }(t — s). (2.17)
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Now, the above condition implies that the function ¢ o v belongs to the Sobolev space
WH1(0,1;R). Indeed, by a difference quotients argument one can prove that the signed
measure (¢owv)’ (in the sense of distributions) is absolutely continuous w.r.t. £, and that its
total variation is less than 2||(1¢) o v||11(0,1) (see Lemma 1.2.6 in [AGS04]). Moreover, since
¢ o v is lower semicontinuous, and since

limsupl/s (pov(s+1r)—pouv(s))dr < limsup21/E Ipov(s+r)|r|dr

e—0 25 —& e—0 3 —e
1 &€
glimsup/ Ipov(s+r)dr=0,
e—0 2 —

we obtain that the function ¢ o v is the continuous representative in its equivalence class in
WLl hence it is absolutely continuous. A similar argument proves also continuity at ¢t = 0
and ¢ = T. Finally, from relation (2.17) one easily deduces that (¢ o v) < (I¢) o v almost
everywhere, which implies the desired estimate

T
6(0(0)) — $(v(T))| < /0 Té(o(r))dr

2.4. Consistency with the classical theory and uniqueness.

Theorem 2.4. Let (H,(-,-)) be a Hilbert space. Then, steepest descent flows and gradient
flows for A—convex functionals coincide.

Proof.
STEP 1. Let us fix u € H. We start by proving the following fundamental relation,

07| (u) = min{|lp|| | p € Ip(u)}, (2.18)

linking the “differential” viewpoint (i.e. the subdifferential) to the “variational” one (i.e. the
slope). By the definition of the subdifferential d¢(u), we easily get the inequality

Ow) = 9(v) _ (pu—1)

lw=ol = fu—v]’

for all p € 9p(u), v € H, v+#u.

Hence, by taking the positive parts and the supremum over v # u, we obtain
[6(u) — o(v)] pyu—
P 200k < ap L= ), p e aptu.
v#u HU_UH vFU ||u_v||
Since ¢ is convex, in view of (2.16), we have
107 ¢|(u) < min{|lpl| | p € Op(u)}.
To prove the opposite inequality, we need to find an element p € d¢(u) such that
Ipll <107 ¢l(u) = I(uw).
By definition of global slope, we have

moltu) = rofu) 2 L=

[[u =

> ¢(u) = ¢(v)[lu—vl],

which implies

—|07 ¢|(u)||lu — v|| < p(v) — d(u), forallve H.
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Thus, the two convex subsets of H x R
A={(v,r) e HxR |r>¢Ww)—¢(u)}, B={(v,r)e HxR|r<—-I¢p(u)||u—o|}

are disjoint. Since B is open, we can apply the first geometric version of Hahn—-Banach
theorem, which provides the existence of a p € H and of a real constant « such that

—|07 ¢l(u)||lu —v|| < (p,u—v) +a < p(v) — ¢(u), forallve H. (2.19)
Taking v = u we get & = 0. The first inequality in (2.19) implies

07 0l(u) > sup PL

while the second inequality in (2.19) means that p € d¢(u). Therefore, (2.18) is proven.
STEP 2. Let u : [0,T] — H be a gradient flow for ¢. This means that u is differentiable
L'-almost everywhere and

W' (t) € —0p(u), at almost any ¢ € [0, 7.

Moreover, from the classical theory of gradient flows (see [Bré73]), one can prove that ¢owu is
absolutely continuous (even locally Lipschitz), and hence differentiable almost everywhere. By

taking the limit in the difference quotient M as h — 07 and h — 0~ respectively,
thanks to the definition of subdifferential, we have

d ,
Sooult) = — (1))

at any differentiability point of ¢ o u. But, since u/(t) € —9¢(u(t)), then we have ||u'(t)| >
|0~ ¢|(u(t)). Therefore,

Sooult) < —3 I @) - 51076 (u(t),

which is the definition of steepest descent flow.
Conversely, let u : [0,T7] — H be a steepest descent flow for ¢. From (2.18) we know that
there exists a po(t) € —0¢(u(t)) such that

d 1 1
— t) < — |l ®))* = = llpo ()]
Cooult) < IO - 5lpo®)]
As above, since ¢ o u is absolutely continuous, we have for almost every t
d
6 oult) = po(t), (1),
and therefore
1 1
(pol0), (1)) < 3 I/ DI ~ 3 lpo(0) I,

which implies py(t) = —u/(t) and the proof is complete. [

The assertion in the above theorem can be easily extended to A—convex functionals. Indeed,
in this case geodesics coincide with straight lines, and condition (2.13) reads

p(tu+ (1 —t)v) <to(u)+ (1 —t)p(v) — %t(l —)|u—v|? wveH tec(0,1).
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Hence, A—convexity for nonnegative \ implies standard convexity, while in general one can
consider the auxiliary functional

A

2
which turns out to be convex in the standard sense. This fact is a trivial consequence of the
parallelogram identity in Hilbert spaces, which implies the relation

]

P(u) = o(u)

ltw + (1 = t)ol* = tllull* + (1 = O)|vl* — (1 — ) Ju — v||*.

Notice also that the relation above implies that || - —u|[?/2 is 1-convex for any u € H.
Our next purpose is to show that gradient flows of A—convex functionals in Hilbert spaces
are unique. To this aim we first prove the following lemma.

Lemma 2.1. Let ¢ be a A—convex functional on H. Let u,v € Dom(¢), £ € dp(u), n € 0p(v).
Then

(€ =) = Mlu— ol

Proof.
As a trivial consequence of the definition of subdifferential, one can prove that

&—nu—v)>0 (2.20)

whenever £ € d¢(u), n € d¢(v) and ¢ is convex in the standard sense. In the general A—convex
case, we consider again the auxiliary convex functional ¥(u) = ¢(u) — 5ul|?>. We observe
that &€+ Au € 0v(u) and n+ v € 9y (v). Hence, we conclude the proof by applying (2.20) to
the convex functional 1. O

Theorem 2.5. Let ¢ be a A—convex functional on H. Then, there exists at most one solution
to the Cauchy problem

u'(t) € —0¢ (u(t)), limu(t) = .

Proof.
Let w1, us be two gradient flows for ¢. Then, we can write

1 !
(3 =l = (s = v~ 3
and from Lemma 2.1 we obtain
1 !
(31— walP) < N~ P,

which implies
Jur(t) —ua(t)]| < gge_ASHm(S) —uz(s)| =0,

concluding the proof. O
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2.5. The time step approximation. From now on we shall work with a functional ¢ defined
on a complete length space (S, d) and satisfying the following assumptions:

(i) ¢ is lower semi—continuous,
(ii) ¢ coercive, i.e., for any t € R the sub-level {z € S | ¢(z) <t} is compact,
(iii) ¢ A—convex along geodesics for some A € R.

Remark 2.1 (A more general coercitivity condition). The coercivity assumption (iii) has been
chosen to simplify the exposition, but it turns out to be too restrictive for many applications
(for example, the case when (S, d) is the Wasserstein space of probability measures, discussed
in the next sections). So, as usual in Functional Analysis, one can assume instead that there
exists a topology o with the following properties:

a: Weak topology. o is an Hausdorff topology on & compatible with d in the sense that o
is weaker than the topology induced by d and d is sequentially o-lower semicontinuous:

(Un, vn) 2 (u,v) = liminf d(un,vs) > d(u,v). (2.21)
n—oo
b: Lower semicontinuity. ¢ is sequentially o-lower semicontinuous on d-bounded sets

sup d(Un, up) < 400, Upou = lirginf¢(un) > o(u). (2.22)

n,m
c: Coercivity. There exist 7. > 0 and u, € S such that
1
* .= inf —d?(v,u,) > —o0. 2.2
m ;Ielsgb(v) + o (v, us) > —00 (2.23)

d: Compactness. Every d-bounded set contained in a sublevel of ¢ is relatively o-sequentially
compact: i.e.,

every sequence (up) C S with sup,, ¢(un) < +00, sup,, , d(un, um) < +00

2.24
admits a o-convergent subsequence. ( )
e: Semicontinuity of the slope. The slope satisfies the following equation
|0¢|(u) = inf { liminf |0¢|(un) : up—u, sup{d(u,,u), p(un)} < +oo}. (2.25)
n—-+00 n

Basically the assumptions b, ¢ ensure the existence of discrete solutions, d is needed to find
a limit curve and e to is needed to show that this limit curve is of maximal slope. In the case of
the Wasserstein space of probability measures the topology o is just the topology induced by
a weak convergence, in the duality either with continuous and compactly supported functions,
or in the duality with continuous and bounded functions (see Theorem 3.2).

Next we introduce the main ingredients of our time step approximation. Given 7 > 0, we
define, for a fixed U € S, the modified functional

B(r, U, V) = %d(U, V) + (V).

Let us fix the initial point of the gradient flow ug € S. In the spirit of the variational
formulation (2.4) of the classical gradient flow, we define the recursive scheme

U7(—) = Uo,
Given U}l,..., U ! find U" € S such that (2.26)
O(r,Ur~1, UM < (1, UL V) forall V € S.
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The (possibly multivalued) operator which provides all the solutions U of the variational
problem (2.26) for a given U1 is called resolvent operator and it is denoted by J,[-]. More
precisely we have

J-[U] = argmin ®(7,U, -).

Hence, a sequence {U"},, solves the recursive scheme (2.26) if and only if U” € J,[U*] for
all n > 1. We observe that the assumptions previously required for the functional ¢ guarantee
the existence of minimizers in (2.26). In particular, there exists at least one sequence {U!},,
solving the scheme. In the sequel we shall make use of several continuous versions of the
sequence {U"},; for the present moment we define, for any 7 > 0, the piecewise constant
interpolation u,(t) = U as t € ((n — 1)7,n7).

Next we define, for positive 7, the Moreau—Yosida approximation of ¢

¢r(u) = inf {®(7,u,v) | v € S}.

The resolvent operator and the Moreau—Yosida approximation are variational reformula-
tions of analogous ingredients of the classical theory, namely the resolvent operator (I + T@(Z))_l
and the Yosida transformation A;(u) = %’M respectively. In the classical Hilbert case the
following convergence result holds (see [BA89, Ru96, NSV00] and Chapter 4 of [AGS04], in a

much more general context).

Theorem 2.6 (Error estimate in the classical case). Let u(t) be the unique gradient flow of
the convex, lower semi—continuous and coercive functional ¢ defined on the Hilbert space H,
with initial point ug. Then

7 () — u(®)[” < 7(¢(uo) — inf §).
We are now ready to state our main theorem.

Theorem 2.7. Let S be a complete length space. Let ¢ be a functional on S satisfying
assumptions (i)—-(iii) stated above. Let U be a sequence solving the recursive scheme (2.26)
and let w, be the corresponding piecewise constant curve defined above. Then, there exist a
sequence T, — 0 and an absolutely continuous function u such that u,, — u locally uniformly
in [0,400). Moreover,

(a) u € Lipioe([0,400); S) and there exist the right metric derivative |u/,|(t) for any t >0
and the right derivative (¢ o u)', for anyt > 0.
(b) (dou)y(t) = —[u, [*(t) = —107¢[*(u(t)) for any t > 0.
In particular, u is a steepest descent flow for the functional ¢ and the following energy identity

holds,
3 [ WB@o+ 5 [107 o) o = o(us) - otu(v). (227)

The right metric derivative in the above theorem is trivially defined by taking the right
limit s | t in (2.7).

2.6. Existence of curves of maximal slope. The aim of this subsection is to give a sketch
of the proof of Theorem 2.7, at least for the convergence part. To perform this task we first
prove some compactness of the family {@,},>0. Then, we shall prove that the limit point is
a curve of maximal slope of the functional ¢ by means of an energy inequality. We start with
the following proposition.
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Proposition 2.2 (Compactness). There ezist a sequence 7, — 0 and a curve
u e C%3 ([0, +00); S)

such that u,, — u uniformly on compact intervals.

Proof.
By definition of the Moreau—Yosida approximation ¢, we have the simple estimate

6 (UF) = min [ o dP(V,UR) 4 6(V) | < -d2(U2,U7) + 6(U7) = 6(U7)

VeS| 21 T

Therefore, we obtain the following discrete energy inequality

1
;d2(Uf“, UP) = 6-(U7) — o(U) < 6(UF) — g(UFH),
which implies
=1
S UL U) < (o). (2.28)
n=0

The above inequality (2.28) provides a uniform bound for the curves {@;};<1 on compact
intervals [0,7]. To see this, let 0 < 7 < 1, let t € ((n — 1)7,n7), we have u.(t) = U and
consequently

d* (- (t), uo) < nidz(Uf“, UF) < 2(t +7)(uo) < 2(T + 1)¢(up).
k=0

Moreover, for positive times t; < tp with ¢ € ((m — 1)1, m7], to € ((n — 1)7,n7], estimate
(2.28) implies
n—1
& (Ur(t1),Ur (t2)) < (n—m) Y d*(UFH, UF) < 2(n — m)ré(uo) < 2(t2 — t1 +7)(uo).
k=m
Hence, we have
lim sup 2 (@ (t1), s (£2)) < 2(t2 — 1) (1)

T7—0

uniformly with respect to t1, t2. A slight modification of Arzelad’s Theorem yields compact-
ness of the family of curves {@,(-)},, together with the fact that any limit curve is Holder
continuous. 0

We now aim to prove the consistency of the recursive scheme (2.26). Let {u,,}; be the
sequence provided by the above proposition. We wish to prove that u is the desired curve of
maximal slope. We first prove the following discrete energy inequality.

Proposition 2.3 (Discrete energy inequality).
1

1 (71
S U 4y [ SEwLunar <o e ), @29)
0

where UL € J.(U), for all v € (0,7).
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Proof.
We start with the simple identity

HUT) — 6 (U7) = B(U7) — GUPH) — P (U7, U7 ). (2.30)

Next, we prove that for any fixed w € S the function 7 +— ¢,(w) is monotone increasing as
7\, 0 and ¢(w) = lim\ g ¢-(w). To see this, for u, € J;[w] we have

1
or(w) = d(ur) + EdQ(w,uT).
Hence, since ¢, (w) < ¢(w), we deduce d(u,,w) — 0 as t N, 0. Then, the lower semicontinuity
of ¢ implies

p(w) < ligl\}gf P(ur) < lign\fgf (7, w,ur) = ligl\igf Pr(w) < hrf |Sup ¢r(w) < p(w).

The monotonicity of 7 — ¢,(w) is a trivial consequence of the definition of ¢,. A consequence
of the above facts is the inequality

d(w) — pr(w) > — /OT dirgi)r(w)dr. (2.31)

Now, since ®(r + h, w, uy1p) < ®(r + h, w, u,), we have

Grin(w) — op(w) < O(r + hyw,u,) — P(r,w, u,)

d?(u,, w) d*(u,, w) h 2
Aty o) - =- & (up,w), 7 +h>0.

2r 2r(r+h)
Therefore, we deduce

= ¢(ur) +

L on(w) = —#dQ(ur,w) (2.32)

at any differentiability point of s — ¢s(w). Finally, (2.32) and (2.31) with w = U imply
1 /™1
¢wm—@wszArﬁmﬁﬂmm
which we can put into (2.30) to obtain the desired estimate (2.29).
g

One can also check (see [AGS04]) that r — ¢, (w) is locally Lipschitz, hence the argument
above gives that actually equality holds in (2.29) (but only the inequality < will play a role in
the sequel). The term U] for r € (0,7) in (2.29) is one the main tools of the present theory,
and it deserves a definition.

Definition 2.11 (De Giorgi variational interpolation). Let {U} be a solution of the vari-

ational scheme (2.26). We denote by U,(-) : [0,+00) — S any interpolation of the discrete
values U satisfying

U-(t) e 5[UPY ift=m—1)7+6, 0<d<r.

The above interpolation need not be continuous, it is only right continuous at points ¢
such that ¢ is an integer multiple of 7. In the sequel we shall also make use of the following
continuous interpolation.
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Definition 2.12. The continuous interpolation U.(-) : [0,4+00) — S is determined by the
conditions ( 1)
— dlur,ur—
UAt) = ———
The existence of a (absolutely) continuous interpolation is ensured by the assumption that
the ambient metric space is a length space: it suffices to interpolate between U” and U1
with a constant speed geodesic (notice however that the argument used in [AGS04] does not
need the length space assumption).
We shall now modify the previous discrete energy inequality (2.29) by taking into account
the local slope |0~ ¢| of the functional ¢.

as t € [(n—1)r,nT).

Proposition 2.4 (Slope estimate). Let w € S and let u € J;[w]. We have

00| (u) < 2@

T

(2.33)

Proof.
Since u € J;[w], we have

— + < — + :
5 d*(u,w) + ¢(u) 5 d“(v,w) + ¢(v), forallveS

Hence, the triangular inequality implies

o(u) — ¢(v) _ (d*(v,w) — & (u, w))

< (d(’U, 'lU) B d(uv w)) (d(”[}, w) + d(“’a UJ))
d(u,v) — 27d(u,v) - 27d(u,v)
d(u,v) (d(v,w) + d(u, w)) _ d(v,w) + d(u,w)
- 27d(u, v) 27 '

Finally, by taking the limsup as v — u we obtain the desired inequality (2.33). O

In view of the above proposition and thanks to definition 2.11, we can rewrite the discrete
energy inequality (2.29) in the following improved version

2—d2 (ur,urth) + / 0”02 (Ur((n— 1)1 +7))dr < ¢ (U") — ¢ (U (2.34)
-

Now, let U, (t) be the continuous interpolation defined before. Let ¢t > 7. After summation
of the inequalities (2.34) over n € {1, e [ﬂ} and by changing variable under the integrals
n (2.34) we obtain

1 t—T _, 1 t—T
g ) THAmdr+g o7 o (Ur(r)dr + $(U(7[t/7])) < (uo)

Finally, thanks to lower semi—continuity of the local slope, we can put 7 = 7; and pass to the
limit as ¢ — oo in the above estimate. Using the fact that all interpolations converge to the
same limit (by the C91/2 estimate used in the proof of the discrete compactness) we obtain
the following steepest descent condition in integral form,

/u| Jr + = /\a O (u(r))dr + d(ult)) < $lu).

Then, we can use the upper gradient property to obtain

1t 1t t -
3 | WrEar 5 [ooruenar < [ ueo-olw) dr
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By Young inequality, this gives that |u/| = |0~ ¢(u)| a.e. in (0,¢), and the previous two inequal-
ities are equalities. As a consequence we obtain that ¢ — ¢(u(t)) is absolutely continuous,
with derivative given a.e. by —|u’|?(t).

Finally, the proof of the other properties follows by suitable monotonicity properties of the
slope along discrete trajectories: see Chapter 3 of [AGS04] for details.

2.7. Uniqueness and error estimate. Some more properties of the steepest descent flow
such as uniqueness and explicit error estimates for the recursive scheme (2.26) can be obtained
by requiring some properties for the distance d. It is already known (see [May98]) that steepest
descent flows are unique provided the functional d?(-,u) is 2-convex along geodesics. Such
assumption is equivalent to the so called Alexandroff NPC condition, which translates into
non positivity of sectional curvature in case S is a Riemannian manifold. Unfortunately, this
condition is not satisfied by the space of probability measures P2(X) which we shall define
later on.
We consider the following generalization of the NPC condition.

Assumption. For any u,vg,v; € S, there exists a curve vy connecting vy to v; such that
d(ve) + 5=d*(u,vy) is (A + L)—convex as a function of ¢.

We observe that v; needs not be a geodesic in the above assumption.

Theorem 2.8. Let ¢ be a lower semicontinuous and coercive functional on S. Under the
above additional assumption, steepest descent flows are unique and satisfy the following prop-
erties:

(1) If the starting point ug belongs in D(¢), then the recursive scheme (2.26) converges
with distance error estimate of order O(72).

(2) The semigroup u(t) is A—contractive, i.e. d(uy(t),us(t)) < eMd(ui(0),u2(0)) for any
two steepest descent flows uq,us.

(3) The following evolution variational inequality holds: for any v € S we have

1d A

§$d2(u(t),v) + §d2(u(t), v) < ¢(v) — P(u(t)) a.e. in (0,+00). (2.35)
We refer to [AGS04] for the proof of the above theorem. We only observe that the inequality

(2.35) easily implies uniqueness and A—contractivity of the semigroup by the following formal

argument:

d1 d1 d1l
S u(0),0(0) = TS ls) u®)emt + 5P (u(B),uls)) o=

< =M (u(t), u(t)) + d(v(t) = o(u(t)) + d(u(t)) — ¢(v(t)) = —Ad*(v(t), u(t)).

This argument can be made rigorous either with Kruzkhov’s method of doubling of variables
(based on distributional inequalities) of working with pointwise derivatives (see Lemma 4.3.4
in [AGS04]).

3. OPTIMAL TRANSPORT AND WASSERSTEIN DISTANCE

The second part of these lecture notes is devoted to the study of the Wasserstein space
of probability measures in a separable Hilbert space. The Wasserstein distance arises as a
powerful tool to analyze the asymptotic behaviour of solutions of PDE’s of diffusion type,
to obtain new general proofs of geometric and functional inequalities and to characterize
solutions of shape optimization problems.
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We refer to [Vil03] for a fairly complete picture of the applications of this theory (and to
[AGS04] for the optimal transport problem and the applications to evolution PDE’s), quoting
here only the papers more relevant for this presentation.

Jordan, Kinderlehrer, Otto [JKO98] showed in their seminal paper that the linear Fokker-
Planck can be interpreted as the “gradient flow” with respect to the Wasserstein distance
between probability measures. Later on, Otto [Ott01] generalized this approach to the porous
medium equation.

The Wasserstein distance appears in the mass transportation problem, which has a very
intuitive formulation: we consider a pile of sand and a hole and we want to completely fill up
the hole with the sand (both, pile and hole, have the same volume). Of course, we have a cost
for transporting any unit of mass from the point x to the point y, we will call it ¢(z,y). Then,
the problem is how to do the transportation with minimal cost ? In a more general setup, the
pile and the hole can be modelled by Borel probability measures i, v in some complete and
separable metric space X (in the following we will mostly consider a Hilbert space H). In
this way, du(x) could be interpreted as the amount of sand located at point x and dv(y) as
the amount of sand that we have to transfer to position y.

In order to understand our problem we have to interpret mathematically what “way of
transportation” means . We will consider “transport plans”, which will be probability mea-
sures m on X X X having p as first marginal and v as second marginal. In this way, we
can understand dr(x,y) as the amount of sand transferred from the point x to the point y.
Therefore, our problem can be formulated as follows:

Minimize {/ c(x,y) dr(z,y) among all transport plans 7r} .
XxX

This is the known Kantorovich’s optimal transportation problem.

The original mass transportation problem is due to Monge. Monge’s problem is the same
as Kantorovich’s, but with the additional requirement that no mass is split, i.e, to every point
x a unique destination y is associated (in Kantorovich’s problem the possibility of splitting is
considered, therefore Kantorovich’s problem is a relaxed version of Monge’s).

3.1. Preliminary notation and definitions. We denote by P(X) the space of probability
measures 4 in X, where X is a Borel subset of a separable Hilbert space (H, || - ||)

Definition 3.1 (Push forward). Let u be a probability measure on X and lett: X — X be a
Borel map. The push forward typ € P(X) of u through t is defined by tyu(E) := u(t~1(E))
for any Borel subset E C X. More generally,

/ F(t(x)) dpu() = / F(y) dt(y)
X X

for every bounded or positive Borel function f.

We will be interested in probability measures on X that are related by means of a push
forward:
p, veP(X) and t:X — X suchthat tuu=v.

The map ¢ is called the transport map between the probability measures p and v.

Remark 3.1.

(a) Notice that this “class of transport maps” might be empty, for instance, if we consider
=20, and v # o, Vy € X.
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(b) Another difficulty is the fact that the set {t : X — X : tup = v} is not weakly closed.
(c) If X =R" let us consider p = fL", v =gL". Then

tn=v ifandontyif [ he@)fa)da = [ w)at)dy

for every bounded or positive Borel function h. Ift € C1(X) is one to one this is true
if and only if (by the change of variables formula) |det Vi(z)| g(t(z)) = f(x) a.e.x.

In the following definition we propose another way to link two different probability measures
on X.

Definition 3.2 (Transport plan). Given two measures yu and v of P(X) the set of transport
plans between them is defined by

D(p,v) :={yeP(X x X): W#’y:u, ﬂi’yzu}

where 7 : X x X — X, i = 1,2 are the projections onto the first and second coordinate:

m(z,y) =z, 7 (z,y) = y.
W;gy, wi’y are called marginals of v. Therefore, transport plans are those having marginals
woand v.

We observe that this set is always not empty, since for any p and v in P(X), 4 ® v belongs
to I'(i, v). Moreover, we remark that the condition v € I'(u, v) is equivalent to:

Y(A x X) = pu(A), v(X x B) =v(B), VA, B C X Borel.
In this way, v(A x B) corresponds to the amount of mass initially in A sent to B.

Remark 3.2. Transport plans and transport maps are related in the following way (see for

instance [Amb03, Vil03]):
(a) Any transport map t (between p and v) induces a transport plan v defined by

(Id x t)yp, where (Id x t)(z) = (z,t(z)).

(Id is the identity map on X ).
(b) Conversely, if v is a transport plan concentrated on a ~y-measurable graph in X x X,
then v admits the form (Id x t)up for some p-measurable map t.

In order to define the Wasserstein distance we introduce the following notation:

Pox) = {u e P/ [ 1o dta) <.

which denotes the space of probability measures in X with finite moment of order p (finiteness
of moments is always true if X is bounded).

The Wasserstein distance of order p is defined on the family of measures with finite p-th
moment, with p € [1, 00):

Definition 3.3 (Wasserstein distance in P,(X)). For any probability measures p, v in Pp(X)
the Wasserstein distance of order p between them is defined by

Wp(p, v) := min { (/Xxx ly — af? d'y(w,y))l/p r v € D(w, V)} :
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Using the fact that c¢(z,y) = |y — z|P is lower semicontinuous it can be proved that the
minimum is always attained (see, for instance, [Amb03, Vil03]). We denote by I'g(p, v) the
set of optimal plans, i.e., the subset of I'(u, ¥) where the minimum is attained

o) = {2 € Xun)s [ ly=al? o) = Wpen)}.
XxX
The following Lemma shows that W), is indeed a distance.

Lemma 3.1. W, is a distance in Pp(X) for p € [1,00).

Proof. We will focus in the triangle inequality, since the other properties are an easy con-
sequence of the fact that |z — y| is a distance in X x X. To prove the triangle inequality we
use the following classical lemma.

Lemma 3.2. Let uy, pa, pus be three probability measures in X1, Xo, X3 resp., and let y13 €
T(u1, p2) and a3 € T'(ug, u1) be two transport plans. Then there exists v € P (X1 x Xo X X3)
with marginals y12 on X1 X X9 and v23 on Xo x X3.

Using this lemma (considering X = X; = Xy = X3) we can prove the triangle inequality:
let us consider py, pe, us € P(X), 712 optimal plan between p1 and pe and 793 optimal plan
between po and ps. Thus, Dudley’s lemma gives v € P(X x X x X) with marginals ;2 and
~93. In this way, since v13 := W%f”y € I'(u!, 1), we obtain

1/p
Wy(p1, p3) < </ |1 — w3/P d713(x1,963)>
XxX

1/p
= </ |21 — 23)” d7($17$2,f€3)> =: |1 — @3] Lo ()
XxXxX
< lzr = @2llpe(y) + 122 = 23l Lo(y) = |71 — 2l Lo (410) + [|T2 — 23| o (0s)
= Wy(p1, p2) + Wylpua, p3)-

(We recall '3 : X3 — X2 713(21, 20, 23) = (21, 23)). O

Remark 3.3 (Kantorovich’s and Monge’s problem). Taking into account the relation between
transport plans and maps, we deduce the following relation between Kantorovich’s and Monge’s
problems

Wy(p,v) <inf { (/X [t(x) — x|P d,u(a:)> v X =2 X, tyup= V} .

The inequality is indeed an equality under suitable assumptions on X and p, see Theorem 3.3
below.

3.2. Properties of (P,(X),W,). The aim of this section is to show the main properties of
(Pp(X),W,) in a list of results without proofs. We refer to Chapters 6 and 7 of [AGS04] for
proofs, more detailed statements and full bibliographical informations.

Theorem 3.1. (P,(X),W)) is a separable metric space which is complete if and only if X is
closed. Moreover (Py(X), Wp) is compact if and only if X is compact.
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In the special case X = R the lack of compactness of the space is a consequence of a
canonical isometry between P2(X) and L?(0,1), built by means of the distribution function
F,(t) :== p((—o0,t]) te€R. Indeed, we have

1
- /0 F(s) — Fy ()P ds,

where for any measure p € P(R) the inverse of F), is defined as

Fljl(s) =sup{z €eR: F,(z) <s} s €10, 1].

Theorem 3.2. Given a sequence {pin} C Pp(X) and p € Pp(X) it holds:
{pn} weakly converges to p in P(X)
lim Wy (pin, p) = 0 <=
e i [ ol dinle) = [ JoP duGo

where the weak convergence is with respect to the duality with continuous and bounded func-
tions (Cy(X)), namely,

lim f(x) dup(z / f(x) du(x Ve Cy(X).

n—oo X
Before stating the next results we must recall some preliminary definitions.

Definition 3.4 (Gaussian measures). Given a separable Banach space, X, with dual X' and
pu € P(X), we say that p is a nondegenerate Gaussian probability measure in X if for any
[ € X' the image measure fyp € P(R) is a nondegenerate Gaussian measure, i.e. there exist
m=m(f) €R and o = o(f) > 0 such that

p{r € X1 —oo < f(x) <a}) = e 1m0 gt g e R

V2 7T0'2

A set B € B(X) (where B(X) denotes the Borel a—algebm) is a Gaussian null set if u(B) = 0
for any nondegenerate Gaussian measure p in X.

We denote by P;(X) the set of probability measures with finite moment of order p which
vanish on any Gaussian null set:

Pp(X) :={pn € Pp(X): u(B)=0 V Gaussian null set B}.

There is a large literature on the existence of optimal transport maps and on necessary and
sufficient optimality conditions for maps or plans (recent works in this direction are due to
Ambrosio, Brenier, Caffarelli, Gangbo, McCann, Kirchheim, Pratelli, Rachev-Riischendorf,
Feyel-Ustunel, Sudakov, Trudinger, Wang, but the list is not exhaustive: we refer to [AGS04,
Vil03] and to [AKPO04] for a detailed bibliographical information).

The following result is due to Brenier [Bre87, Bre91] and Rachev-Riischendorf [1] (p = 2)
and Gangbo-McCann [GMC] (p > 1) in the finite dimensional case. The infinite-dimensional
version has been considered in [AGS04].

Theorem 3.3. (Ezistence and uniqueness of the optimal map) If p € P(X) and either
dim(H) is finite or v has a bounded support then there is a unique optimal plan v and this
plan is induced by a map T', that is in particular the unique optimal transport map. Moreover,
if p=2, T is the (Gateauz) gradient of a l.s.c. convex function .
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The following result provides a (weak) regularity of the optimal transport map which
works not only in the case p = 2 (where regularity follows by the differentiability properties
of gradients of convex maps), but also in the case p > 1. It has been proved in Theorem 6.2.7
of [AGS04].

Theorem 3.4. (Regularity of the optimal map) Assume dim(H) < oo and let p, T' as in the
previous theorem. Then T is approximately differentiable at p-a.e. point and the approximate
differential is nonnegative and with nonnegative eigenvalues.

We recall that T is said to be approximately differentiable at x if there is a linear map L
(the differential) such that all sets

yeBu(z): T(y) —T(x) = (L,y—x)| >ely—=x[} >0

have 0 density at x. Approximate differentiability u-a.e. on a Borel set A implies (see for
instance 3.1.8 of [FE67]) the existence of {T},} € Lip(X) such that p(AN{T # T,,}) tends to
0, when n goes to infinity. In turn, this property implies the validity of the area formula for
approximately differentiable maps, as discussed in §5.5 of [AGS04] (this plays a role in the
sequel).

As far as higher regularity of T' is concerned, Caffarelli proved that if p =2, H = X = R",
p, v € CP and suppr = R", then T € C**t2P but very little appears to be known when

p#2

3.3. Geodesics in P,(X). In this section we will relate constant speed geodesics in Pp,(X)
with optimal plans for X a separable Hilbert space. We recall in the framework of the
Wasserstein space (see Corollary 2.1 for definition in a general metric space) that a curve
pt € Pp(X), t €[0,1] is a constant speed geodesic if

W (s, i) = (t = $)Wp(po, 1) VO<s<t<1.
Theorem 3.5 (Characterization of constant speed geodesics). For any vy € To(u, v) the curve
pe = (m) gy with m:=(1—t)mo+tm tel0,1]

s a constant speed geodesic joining u and v, where my, w1 are the projections on the first and
second variables respectively. Conversely, any geodesic connecting p and v has this represen-
tation for a suitable optimal plan ~'.

Proof. The fact that linear interpolation at the level of transport plans or maps produces
geodesics is somehow implicit in many papers on this subject, [McC97], [BB00], [Ott01]. A
general proof is given in Chapter 7 of [AGS04], pointing also out the one to one correspondence
between geodesics and optimal plans. Here we describe briefly how one can recover an optimal
plan from a geodesic u: one fixes ¢t € (0,1) and proves that To(u, po) and To(pe, 11) contain
a unique element (and actually are induced by transport maps). Then one defines

7/ — ,Ytl o ,YOt’
where 7! is the unique optimal plan between p; and pq and 4% is the unique optimal plan
between gy and pg. This “composition” of plans is possible (and canonical, in this case,

because the plans in question are induced by transports) using the same construction based
on Lemma 3.1 used to prove the triangle inequality. O

This result shows that the definition of A-convexity along geodesics given in the previous
section (Definition 2.13) can be rewritten as follows (see [McC97, CMV, AGS04]):
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Definition 3.5 (A-Convexity along geodesics). Let X be a separable Hilbert space, A € R and
let ¢ : Pp(X) — (—00,+00] be a functional. We say that ¢ is A-(displacement) convex along
geodesics if for every p,v € Dom(¢) there exists v € To(p, ) such that

A
B(p) < £0(0) + (1= ) 6(1) ~ 31 (1~ 1) W2(y10),
where t € [0,1] and py is defined in Theorem 3.5.

3.4. Structure of (Py(X),W3). To conclude these notes we will focus in the structure of
the probability space (Pa(X), Wa), for X convex subset of a separable Hilbert space H.
Let us recall the definition of positively curved spaces in the sense of Aleksandrov [Ale51]

Definition 3.6 (Positively/Non Positively curved (PC/NPC) space). A metric space (S, d)
1s positively curved if for any i € S we have

d*(pe, 1) > (1= t) d*(po, ) + td*(pa, 1) — t (1 — £) d*(pto, pua),

where g, 1 € S and uz is any constant speed geodesic joining po and p1. The space is called
non positively curved is the opposite inequality holds:

d*(puey 1) < (1 =) d*(po, ) + td* (1) =t (1 =) d*(pao, 1)

Since the previous inequalities are, in fact, identities when the metric space is a Hilbert
space, the condition of being positively curved can be understood as a comparison property
for triangles. In this sense, we can speak about triangles in PC-space, where the edges are
described by constant speed geodesics joining the vertices.

Otto’s differential calculus in P2(X) shows in a formal way [Ott01] that this is a PC-space.
Using the Aleksandrov metric formulation, the following result has been proved in [AGS04].

Theorem 3.6 ((P2(X), Ws) is a PC-space). For each fi, po, p1 € P(X)
W3 (e, f5) > W5 (1, 5) + (1= 8) W3 (o, 1) — ¢ (1 — ) W35 (o, ) (3.1)

along any constant speed geodesic py connecting po and py.

Therefore, (P2(X), Wa) is a PC-space.

Proof. Using an extension of Dudley’s lemma (Proposition 7.3.1 of [AGS04]) we can find
v € P(X?) having marginals jo, g1 and p; such that

(7', 7% € Toluo, ), (L= )m +¢7%,7°) 4 v € Tolpu, 1),
therefore

W3 (e, i) = /X3 |23 — (1 — t)ay — tza|® dye(w1, 22, 23).

(We recall 7 : X3 — X is the projection onto the i-coordinate, i = 1,2, 3) Considering the
following Hilbertian identity

‘563 — (1 —t).l‘l —tl’2|2 = (1 —t) |.7}1 - x3\2 —I—t|ZL‘2 —$3|2 —t(l — t)|.7}2 — xl\Q

we obtain

Wg(ﬂt,ﬂ) = (1-1) /X3 |z1 — 903\2 dvyi(x1, 2, x3) +75/XS |zg — $3|2 dvyi(x1, 2, x3)

- t(1 —t)/ [wy — 21]% dye(21, 32, 73)
X3
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and then, since / 2o — 21 |% dys (21, 29, 23) = W2(10, p11), We prove
X3

W3 (e, 1) > (1 — )W (o, 1) + t W3 (p, i) — t(1 — ) W3 (o, 1)

Remark 3.4. In general the inequality (3.1) is strict. We show it with the following example

1
po = 5 (80.0) +0(0,-4)) »

2
since in this case W3 (o, p1) = 40, W§(po, g) = W3 (1, s) = 30, the constant speed geo-
desic connecting po and p1 s py = é (5(1_6t,1+2t) + (5(5_6,5,3_215)) and therefore for t = 1/2

Wi(yo, i) =24> 3 + 3 — .

1 1
B (5(1,1) + 5(5,3)) , 1= 3 (5(71 1)+ 9(s, 3)) , =

The PC property and the previous remark prove that in dimension greater than 1, the
squared Wasserstein distance is not 2-convex along constant speed geodesics. But, 2-convexity
of the squared distance is a quite essential property as we observed in Section 2.7. In this
sense, it is natural to look for a different choice of the connecting curve. Could it be possible
to consider other curves that guarantee 2-convexity? The answer is affirmative and they will
be called “generalized geodesics”.

Definition 3.7 (Generalized geodesics). For i € P5(X) and po, 1 € P2(X) we define the
generalized geodesic joining po and 1 (with base i) as follows

= (T5° +t(T = T3°)ui te[0,1]
where Tﬁ”o 1s an optimal map between n and po and Tﬁ” 1s an optimal map between [ and fi1 .

Remark 3.5. Through a measure in o € P(X3) whose projection on the first and second
variable belongs to To(fi, po) and whose projection on the first and the third variable belongs
To(f, u1), generalized geodesics can also be defined (for a base point i € P2(X)) setting

— 2 1
pe = ((1 = t)ym* + tm )#O'.
A generalized geodesic satisfies the curvature inequality (the reverse of (3.1)):

W2(pue, 1) < (1= 8) W (o, ) + t W2 (pa, 1) — ¢ (1= 8) W (o, i), (3.2)

Woi) < [ 10= 0T @) + 0T @) ol di)

IN

/X(l = OITE (@) — o’ + T () — 2 = t (1= )T (2) = T3 (2)]? dia(x)

< (1_t) WQ(/-L(M )+tW (Mla )_t(l_t)WQ(MOMul)
The last inequality follows by the fact that ~ := (Tﬁ‘ 0T 5 1) #ﬂ is an admissible plan between
po and puy.

Definition 3.8 (\-convexity along generalized geodesics). A functional ¢ : Po(X) — (—00, +00]
is A-convex along generalized geodesics if for every fi, po, p1 € Dom(¢) C P2(X) there exists
a generalized geodesic py connecting po and py induced by a plan v € T'([i, o, p1) such that

Blpe) < (1= 1) 9lp0) + £0(1) — 5 11— 1) Wy ),
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where

Wpows) = [ fon = aol? dy(a,zn,ar) (2 W o, )

Therefore, as a first example, we obtain using (3.2) that Wa(-, i) is 2-convex along gener-
alized geodesics (of course not all, but those with base point ).

3.4.1. Basic examples of geodesically convex funtionals. We now list the main examples of
A-convex functionals that we will use at the end of these notes to study PDE’s as gradient
flows with respect to the Wasserstein metric (see [CMV, Vil03] and Chapter 9 of [AGS04]).

Example 3.1 (—=WZ(-,ji)). By the PC condition the functional —W3(-, 1) is (-2)-convex.

Example 3.2 (Potential energy). For a potential function V : X — (—o0,+00] whose neg-
ative part grows at most with order p we define in Pp(X) the potential energy functional
as

Vi) = [ Vi) dufa).
The potential energy V is A-convex if and only if V is A-convex.

Example 3.3 (Interaction energy). For W : X — (—o0,400] whose negative part grows at
most with order p we define in Pp(X) the interaction energy functional as

W(n) = x W(z —y) du(z) du(y).

The interaction energy functional W is convex if W is convex.

Example 3.4 (Internal energy). Assume that X C H = R" is conver and let F : [0,00) —
(—o0, +00] be such that s — s" F(s™™) is convex, non increasing in (0,00) and F(0) = 0.
Assume also that F' has a more than linear growth at infinity (see [AGS04] to see how this
condition can be removed). We define the internal energy functional

Tw) = [ Flp)da foru=pc"

and J(p) = +oo if u is not absolutely continuous with respect to the Lebesque measure. Then,
the internal energy J is convex along geodesics in Pp(X).

As examples of functions F' we can consider:
m

(a) F(t) =
s+ s" F(s™™)); notice that in the case m < 1 the function F' is not superlinear, hence
the natural extension of J to the whole space of measures, by lower semicontinuous
relaxation, can be finite also for measures not abolutely continuous with respect to
Lebesgue measure, see again [AGS04] for details.

(b) For the limit case in the previous ezample m — 1 we obtain F(t) = tlogt (the entropy
functional).

1
with m > 1 — — (this restriction for m comes from the convexity of
n

Given two regular measures j; = p; L € Dom(J) C P,(R"), i = 0,1 and T, the optimal
transport map between g and pq for p-Wasserstein distance such that Twupg = p1, we can
consider Ty := Id + t(T — Id) and therefore T} is an optimal transport map between py and
pt := Ty gpo for any ¢t € [0,1]. Then, the approximate differentiability of T} yields the validity
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of the area formula and therefore an explicit representation of p; (see Proposition 9.3.9 of
[AGS04]):

0 -1
OTt ,

: P
= p L7 th py =
Mt = pt With pg JT,

where J T; is the Jacobian of T;. Therefore

T () = /n Fp(y)) dy = /Rn F <f;£2)> JTy(x) da.

Next we give an infinite-dimensional example.

Example 3.5 (Relative entropy). For any p, v Borel probability measures on a separable
Hilbert space X we define the relative entropy of p with respect to v as

d
/ Mlog( )dv if <y,

otherwise

If we consider the convex function
t(logt—1)+1 ¢t>0,
F(t):= 1 t=0,
+00 t <0,

H(um)z/)f(j’é) dy.

And, by Jensen’s inequality we observe H(u,~y) > 0 and H(u,~y) = 0 if and only if p = ~.

Then, it turns out that for each pair of probability measures g, 1 € Pp(X) the functional
H(-,v) is convex along the interpolating curve ((1 —¢) 7! + ¢t 72)up for p € T'(po, 1) if and
only if ~ is log-concave, i.e.

logv(tA+ (1 —t)B) > tlogv(A) + (1 —t)log~(B) te[0,1],

for any pair of open sets A, B. In the finite-dimensional case this condition is equivalent to

we obtain

y=eV. ’Hk|aff(suppﬂ , where k = dim(supp~y)

for some V' convex and l.s.c. (here af f(supp~y) denotes the affine envelope of supp ).

The relative entropy functional can be defined for more general convex functions F', see
[AGS04] for details.

We will conclude by using these functionals to study evolution PDEs.

4. GRADIENT FLOWS IN THE SPACE OF PROBABILITY MEASURES

The previous theory will be applied in the last part of this paper to study PDEs of diffusion
type. Jordan, Kinderlehrer and Otto [JKO98] and then the latter author alone [Ott01] showed
that many interesting and classical parabolic equations can be interpreted as gradient flows
of functionals with respect to the Wassertein distance between probability measures.

In the space-time open cylinder R™ x (0, 400) we look for nonnegative solutions p : R™ x
(0, 4+00) of a parabolic equation of the type

OF
Op—V - (pV(

5p)) —0 inR" x (0, +00), (4.1)
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where
W
(5£p) = -V . F,(x,p,Vp)+ F.(z,p,Vp).
is the first variation of a typical integral functional
)= [ Faple). Vo) do (4.2)

associated to a (smooth) Lagrangian F' = F(x, z,p) : R™ x [0, +00) x R" — R.
Observe that (4.1) has the following structure:

Oop+V-(pv)=0 (continuity equation), (4.3a)
pv = pV) (gradient condition), (4.3b)
= _6];?) (nonlinear relation). (4.3¢)
Observe that in the case when F' depends only on z = p then we have
‘”Zﬁj’) —F.(p), pVE(2,0) = VEIp(p), Lp(z)=2F(s)— F().  (44)
Since we look for nonnegative solutions having (constant, by (4.3a), normalized) finite mass
p(z,t) >0, / plx,t)de =1 VYt >0, (4.5)
and finite p-th momentum
/ |z[Pp(z,t)de < +00 Vit >0, (4.6)
we can .
identify p with the measures p; := p(-,t) - L", (4.7)

and we consider F as a functional defined in P,(R").

We will interpret (4.3b) as a tangency condition for the velocity field v, and the nonlinear
coupling (4.3¢c) as a subdifferential inclusion.

At this level of generality the equivalence between the system (4.3a,b,c) and the gradient
flow of F is known only for smooth solutions (which, by the way, may not exist); nevertheless,
the point of view of gradient flow in the Wasserstein spaces, introduced by Otto, still presents
some interesting features, whose role should be discussed in each concrete case:

a) The gradient flow formulation suggests a general variational scheme, discussed in the first
part of these notes, to approximate the solution of (4.3a,b,c): proving its convergence is
interesting both from the theoretical and the numerical point of view.

b) The variational scheme exhibits solutions which are a priori nonnegative, even if the
equation does not satisfies any maximum principle as in the fourth order case [Ott98,
GTS04].

c) Working in Wasserstein spaces allows for weak assumptions on the data: initial values
which are general measures (as for fundamental solutions, in the linear cases) fit quite
naturally in this framework.

d) The gradient flow structure suggests new contraction and energy estimates, which may be
useful to study the asymptotic behaviour of solutions, see for instance [CMV], or to prove
uniqueness under weak assumptions on the data.
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e) The interplay with the theory of Optimal Transportation provides a novel point of view
to get new functional inequalities with sharp constants.

f) The variational structure provides an important tool in the study of the dependence of
solutions from perturbation of the functional.

g) The setting in space of measures is particularly well suited when one considers evolution
equations in infinite dimensions and tries to “pass to the limit” as the dimension n goes
to oo.

Let us consider for instance the linear Fokker-Planck equation (physical constants are
considered equal to 1)
op=A0Ap+V -(pVV), (4.8)
where V' is a given potential and p is a distribution function depending on time, ¢ € (0, +00)
and position, x € R™. Writing the equation in the form

op =V - (p(Vlogp+ VV))

we immediately recognize it as the (formal) gradient flow of the perturbed entropy functional

Fo) = [ statopta) + [ s Vi) do (= [ ptonion (A5 ) ar=wipe)).

Notice also that the expression inside parentheses represents the functional as a relative en-
tropy functional with respect to the reference measure v = e~V L™ (the steady state of the
FP equation). This second expression paves the way to the analysis and to the gradient flow
interpretation of the PDE in infinite dimensions, where there is no analogue of the Lebesgue
measure but still an analogue of ~.

Let us to consider the following more complicated example. Consider the following convex
functional (see [CMV, AGS04])

0w = [ Flo)w) do+

which is the sum of internal, potential and interaction energy (see the previous subsection
and [AGS04] for assumptions on F, V and W) and ¢(u) = +oo otherwise.
The gradient flow in P,(R"™) produces the nonlinear and nonlocal PDE of diffusion type

3tp:V-<pJq (VLZ([))+VV+(VW)*p>>, (4.10)

1
Vi(x) du+ / W dp® p, forpu=pL" (4.9)

R™ R7xR™

where
Jg: L= LP, p=¢, Jy(v) = Jv]7 2w, J,(0) =0
and
Lp(t) =tF'(t) — F(t).

In order to understand the power of the gradient flow formulation and the suitability
of working in Wasserstein spaces we need to know the differential structure of P,(X) and
“subdifferential calculus” in P,(X). Besides the initial work of Otto, this problem has been
investigated independently and with slightly different motivations by Carrillo-McCann-Villani
in [CMV] and by Ambrosio-Gigli-Savaré [AGS04].

To conclude, we describe briefly along the lines of [AGS04] the differentiable structure of
P,(H) and the (sub)-differential calculus in this space, showing how (4.3b) and (4.3c) can be
made rigorous.
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Let us first introduce a good class of test functions in infinite dimensions that reduces to
the standard one in the finite-dimensional case.

Definition 4.1 (Smooth cylindrical functions). A function ¢ : H — R is cylindrical if there
exists ¢ € C°(R™) such that ¢ = ¢ om, with 7 € 1I,,(H), where we denote by I1,,(H) the
space of all maps w: H — R"™ of the form

m(x) = ((x,e1),...,{(x,en)) z€X
where {e1, ...,en} is any orthonormal family of vectors in H.
We denote by Cyl(H) the family of cylindrical functions on H. If I = (a,b) (open interval)
the space Cyl(H x I) is defined analogously considering functions ¢ € C°(R™ x I) and
functions @(x,t) = Y(mw(z),t).

The following theorem is the fundamental bridge between the metric and the differentiable
viewpoint, as it links a metric concept (the absolutely continuous curves with values in the
Wasserstein space) to a differential one, namely the continuity equation.

Theorem 4.1 (Absolutely continuous curves in P,(H) and the continuity equation). Let
I C R be an open interval, let py : I — Pp(X) be an absolutely continous curve and let
|| € LY(I) be its metric derivative (see Theorem 2.1). Then there exists Wy € LP(juy, X)
such that the continuity equation

O + V- (\Iltﬂt) =0 (411)

holds in the distribution sense in I x H, i.e.

/I /H Gup(a,1) + (Wy(2), Voo, 1)) duela) dE =0 o € Cyl(H x I)

and
194l Lo () < gl for L' —ae tel. (4.12)

Conversely, if py : I — Pp(X) satisfies the continuity equation (4.11) for some Borel velocity

field ¥, with fOT [ Wel| 1oy dt < oo, then py € AC([0,T], Pp(H)) and |p;| < [ Willroeu,) L' —
ae. tel.

For a given curve p,, there is no uniqueness of the vector fields ¥, satisfying the continuity
equation (4.11): choosing vector fields w; such that V - (wyu) = 0 the vectors W, + wy still
satisfy (4.11). In view of the previous theorem it is natural to consider as velocity vectors
those W’s for which equation (4.11) holds and the LP(y;) norm is minimal, i.e.

Wl Lo iy = 11(E) for L' —ace. t €1 (4.13)

hold. A duality argument shows that the minimizer v of the LP norm of v + w among
all w such that wu is divergence-free is characterized by the property of being in the LP(u)
closure of J,(V¢) among all cylindrical functions ¢ (this is a nonlinear version of the standard
Helmholtz decomposition of vector fields). These remarks lead to the following definition.

Definition 4.2 (Tangent bundle). Let pu € Po(H). We define
Tan,P2(H) :={Vy : ¢ cylindrical in H} 2.
In general let p € P,(H). We define
Tan,Pp(H) :={Jq (Vo) : ¢ cylindrical in H} ;-
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As a consequence Theorem 4.1 gives that for any absolutely continuous curve pu; with values
in Pp(H) there exists a uniquely determined L'-a.e. tangent vector field V. It is characterized
by the walidity of the continuity equation and by |py| = [Vl Lr(y,) for LY —ae tel.

Another consequence of Theorem 4.1 is the following formula, found independently (in the
case p = 2 and dim H < c0) by Benamou and Brenier [BB00] and Otto [Ott01]:

Theorem 4.2 (Benamou-Brenier formula). Given o, p1 € Pp(H) it holds

1
W2 (o, ju1) = inf/o 192025, dt, (4.14)

where the infimum is taken among all absolutely continous curves u' : [0,1] — P,(H) such
that p* = p; for i =0,1 and ¥, are given by the equations (4.11) and (4.13).

According to the definition of tangent space we gave, the formula can be interpreted (as
formally Otto did in [Ott01]) by saying that the Wasserstein distance is the (Riemannian
when p = 2, Finsler when p > 1) distance induced by the natural LP norm on the tangent
bundle.

At this point, the path to follow consists of the following steps (see [AGS04] for full details):

(a) Define the subdifferential of a A\—convex functional ¢ at € Pp(H). In the case when
w € PF(H) this is easy to do as follows: a vector v € Tan,P,(H) belongs to d¢(u) if

o) > dlu) + /

H
where T}/ denotes the unique optimal map between p and v. In the general case this
definition can be adapted using plans instead of maps.

(b) Define the concept of gradient flow. It is simply a locally absolutely continuous map
pt whose tangent velocity field vy satisfies Jp(ve) € —0¢(pt) for L1-a.e. t (recall that
Jp is the identity in the standard case p = 2).

(c) Prove that the “differential” definition in (b) is equivalent to the metric one of De
Giorgi. This is achieved in Theorem 11.1.3 of [AGS04] using an analogue of the
identity (2.18) already used in the Hilbertian context.

(d) In the case p = 2 and for A-convex functionals we obtain not only uniqueness of the
gradient flow, but also the contractivity property

Wa(pe, i) < e’\th(liﬁ)lus,lii(r)l Us). (4.15)

(v(@), Ty (@) — ) du(x) + AW2nv) Vv € P(I),

The proof is based, as in the classical case, on the monotonicity property of the
subdifferential and on a precise formula for the derivative of ¢ +— W2(oy,0), with
t — oy absolutely continuous and o fixed, given for almost every ¢ by

2 /H (wilz),y — z) dy(z, y), (4.16)

where w; is the tangent velocity field to ¢t — o; and - is any optimal plan between oy
and o. We apply it to compute the derivatives

d d
£W22(,u,5,yt) and %Wg(ﬂtﬂ@)

and then, by the doubling of variables argument, to compute the derivative of ¢ —
W2 (14, v¢). Denoting by v; and w; the velocity fields relative to y; and v; respectively,
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in the simpler case when p; and v are absolutely continuous we get

d 9 d . o d o
@Wz (pt,ve) = %Wz (/isﬂ/t)‘szt"‘%WZ (tevs)] oy
= 2/H<vt(x),Tﬁtt(x) —x) duy(z) —|—2/H(wt(x),TV“tt(x) —z) dyy(x)

< 20W5 (e, 1),

whence by integration we obtain (4.15). Notice that this scheme is independent of the
functional (just A-convexity is needed) and applies also in the infinite dimensional case
and, with minor variants, for singular measures (notice indeed that (4.16) does not
require any absolute continuity property and therefore just a more general definition
of subdifferential is needed). See also [CMV] for related and independent results.

Thanks to step (c), all the results of the metric theory can be applied, see in particular
Remark 2.1 for the coercitivity issue. In Chapter 11 of [AGS04] we explore also other, more
differential in spirit, ways to pass to the limit in the discrete scheme that don’t use the

variatio

nal interpretation discussed above (see [JKO98, Agu02, Agu03]). However, it is our

belief that only the variational scheme produces the more general convergence results, without
restriction on the measures (absolutely continuous or not, in finite and infinite dimensions)
and also, in some cases [GTS04], for non-convex functionals.
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