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optimal transport with emphasis on links and applications to geometry. The
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Introduction by the Organisers

In its origin, optimal transportation is a variational problem where one mini-
mizes a transportation cost when transporting one density into another (Monge).
Via its relaxed version (Kantorovich), the solution of this problem (Brenier) con-
nects with convex analysis. Entire classes of inequalities in analysis can be easily
proven with this tool. Even for the simplest transportation cost, i. e. the square of
the Euclidean distance, the regularity theory for the minimizers is subtle (Caffarelli
and others): Its Euler-Lagrange equation is the role model for a fully nonlinear
elliptic equation in non-divergence form, the Monge-Ampere equation. The ex-
istence and the elements of a theory for more subtle transportation costs, like
the Euclidean distance itself or the square of a Riemannian distance, are areas of
current research.

Optimal transportation can be used to introduce a metric (distance function) on
the space of probability measures which metrizes the weak topology. If the trans-
portation cost is the square of a Euclidean or Riemannian distance, this metric
can be seen as induced from a formal, infinite-dimensional Riemannian structure
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on the space of probability measures (Otto). Loosely speaking this geometry is
the “complement” (in the sense of polar decomposition of vector fields) of the one
of the space of volume-preserving diffeomorphisms (Arnold), which is motivated
from fluid mechanics. Like for the space of volume-preserving diffeomorphisms,
the space of probability measures has interesting geometrical properties itself. For
instance, in the Aleksandrov sense, this space has non-positive sectional curvature,
if the underlying space has this property.

Certain entropy functionals (including the usual entropy) turn out to be convex
with respect to this geometry (McCann). Moreover, the convexity properties of
these functionals can be used to characterize lower bounds on the Ricci curvature
and the dimension of the underlying space — and can be used to define Ricci
curvature bounds in the absence of a smooth structure (Sturm, Lott-Villani).
This relation between geodesic convexity and Ricci curvature can be assimilated to
the longer-known relation between the logarithmic Sobolev inequality and Ricci
curvature (Bakry-Emery). Closely related to this property is the fact that the
gradient flow (steepest descent) of the entropy functional is a contraction if the
Ricci curvature is non-negative. In fact it is always a contraction if the underlying
geometry evolves by Ricci flow (McCann-Topping).

This brief tour d’horizon shows that over the past 15 years, many connections
between optimal transportation and seemingly unrelated fields have been discov-
ered. Three monographs [1, 2, 3] and several lecture notes address these recent
developments.

The Arbeitsgemeinschaft “Optimal transport and geometry”, being held from
March 29th to April 4th 2009, attracted more than 30 participants from vari-
ous mathematical fields like partial differential equations, probability theory or
geometry, who shared their different views about the topics presented in the 17
well-prepared talks in lively discussions. We would like to thank the staff of Ober-
wolfach for providing such perfect and pleasant working conditions, resulting in a
stimulating atmosphere that gave the highly motivated participants extraordinary
possibilities for learning and exchanging ideas.
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Abstracts

Kantorovich Duality
MARZENA FRANEK

The optimal transport problem was first formulated by the mathematician Gas-
pard Monge in the year 1781 and then reformulated by Kantorovich in 1942 [1, 2, 3].
In a simple way it can be interpreted as transporting a pile of sand to a hole, with
the aim to minimize the transport costs.

Assume that p and v are two probability measures defined on two measure spaces
X and Y. We model the transportation plan by probability measure 7 on a prod-
uct space X x Y.

(1) () ={re P(X xY) | xlAx Y] = p[A], (X x B] = ulB]}

is the set of all probability measures with measurable subsets A of X and B of
Y. With the measurable cost function ¢: X x Y — R} U {+0c0} we introduce the
Kantorovich problem in the following way:

(2) min I[7] = /X y c(x,y)dm(z,y) for m € M(u,v).

If Te(p,v) = infrem, I[n] exist, we name T¢.(u,v) the optimal transporta-
tion cost. The difference between Monge‘s optimal transport problem and Kan-
torovich‘'s formulation is the fact that Monge‘s formulation does not allow the
splitting of mass. The difficult nonlinear Monge problem was thereby replaced by
a linear optimization problem over an abstract convex set, for which existence of
a minimizer can be proved [2, 3].

In the year 1942 Kantorovich introduced the dual problem for (2). Let ¢ be lower
semicontinuous, so we can formulate the dual problem in the following way:

3) sup J(p, ¥) = sup (/ p(x)dp +/ ¢(y)dV)

P e \JX Y
with measurable functions (p, 1) € L'(du) x L'(dv) under the assumptions p(z)+
P(y) < c(z,y). We conclude that
(4) inf I[7] = sup J(p, ).

T (%)

For the proof we refer to [2].
If the cost function is a metric ¢(z,y) = d(z,y) the Kantorovich problem admits
a well-known dual formulation, introduced by Kantorovich and Rubinstein. With
d a lower semi-continuous metric on X we can formulate

Ty(p,v) = inf /XXd(x,y)dﬂ'(ac,y).

el (p,v)
Let Lip(X) denote the space of all Lipschitz functions on X, and

lo(@) = oY)

9111y = supesy g
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Then

Ta(p,v) = Sup{/ pd(p —v);p € LY (dlu—v]), [l L, < 1} :
X
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Optimal transports and c—convex functions
KRzZYSZTOF LATUSZYNSKI

The setting is as follows. Let (X, u) and (Y, v) be Polish probability spaces. Let
functions @ : X - RU {—o0} and b : Y — R U {—oco} be upper semicontinuous
st. a € LY(u), b € L1(v). Let the cost function ¢ : X x Y — (—00,00] be lower
semicontinuous and s.t. ¢(x,y) > a(x) + b(y). By II(u, v) denote the family joint
probability measures on X' x ) with marginals u and v respectively. An element
of IT will be denoted as m. From the first talk we know there exists © € II(u, v)
that minimizes Ec(X,Y"). Now we will discuss properties of an optimal plan 7 and
in particular its support. The talk is based on [3], [2] and [1]. We start with
definitions.

Definition 0.1.

o Asetl’ C X x )Y is c—cyclically monotone if for any N € N and for any
(zlayl); ey (zN,yN) S I hOldS

N N
. d

E c(xi,y:) < E c(s, Yiv1) with  yn41 et Y1

=1

i=1
o We say that ¢ : X — RU {400} is c—convex if it is 1 £ +00 and there
exists £ : Y — RU{£oo} such that for every x € X,

Y(z) = sup(§(y) — c(=,y)).

yey
o The c—transform of v is defined as
¥(y) = inf (¥(2) + e(2,))-
e The c—subdifferential of 1 is a c—cyclically monotone set defined by
Octp = {(2,y) € X x YV :4(y) — ¥(x) = c(z,y)},

and consequently the c— subdifferential of 1 at point x is

dci(x) = {y € Vi (w,y) € 00} = {y € Vi¥oen, v(@) — (2) < ez ) — () }.
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The c—transform can be seen as a general version of the Legendre transform.
In particular if X = Y = R", then c—convexity is equivalent to convexity of
(x)+|x]? /2. The following result provides an alternative, and often more tractable
characterization of c—convexity.

Proposition 0.2. Function v is c—convezx if and only if 1°¢ = 1, where

¥ (@) = (¥9) () = sup nf (¥(2) + c(Z,y) — e(z,y))-
yey xTe

Sketch of a proof. First observe that for any ¢ : Y — R U {co} one can write ¢°<¢
as supinfsup and conclude that ¢°¢¢ = ¢°. (c.f. [3] Proposition 5.8). Since v is
c—convex, ¥ = &°¢ for some £. Thus ¢ = £°°¢ = £° = ). For the converse, it
is enough to notice, that if ¢°¢ = 1), then ¥ is c—convex as the c—transform of
e, O

Next we show the Riischendorf’s theorem, namely that every c—cyclically mono-
tone set can be included in a c—subdifferential of a ¢—convex function.

Theorem 0.3 (Riischendorf’s Theorem). A set ' C X x Y is ¢—cyclically mono-
tone < there exists a c—convex function ¥ on X such that T' C O.1.

Proof. < . Take (x;,y;) € T C 01, 1 < i < n. Then the definition of d.¢(x;)
implies
> (el v) = el ) = D (@) — ¥lwi41) =0,

i=1 i=1
so I' is c—cyclically monotone.
= . First note that c—convexity of 1, is equivalent to ¥(x) = sup;c;(a; — c(z, y;)),
where I is an index set. Indeed, for i € T one can take £(y;) := a; and {(y) = —c0
otherwise. Conversely, if 9 is c—convex, then one can take I := )Y, y, = y and
ay = {(y). Now assuming that I' is c—cyclically monotone and (x¢, yo) € T, define
P X - RU{£o0} as

YP(z) == sup (*C(Ivyn)JFC(Inyyn)*c(znyyn—l)Jrc(zn—lyyn—1)$'"*C(Ilyyo)ﬂLc(IO,yO))-
(z4,y;) €T
1<i<neN
Then 1) is c—convex and 1(x¢) < 0 as T is c—cyclically monotone. In fact, taking
n =1, 1 =z, y1 = Yo gives ¥(xg) = 0. Next we take (2/,y’) € T' and show
that 3’ € .4 (") and as a consequence I' C J.1). To this end take A < ¢ (), then
there exist (x;,y;) € T, 1 <i < m € N such that

A< 70(:0/7 ym)+c(xm7 ym)*c(zmv ym71)+0($m71, ymfl):F' . '70(351, y0)+6($0, yO)'
Define 11 := 2’ and ymy1 := y'. Then for z € X,

P(@) 2 —c(@,ym+1) + (@m+1, Ym+1) = C(@mt1,Ym) + c(Tm, ym) F -+ — c(1,y0) + (20, yo)
2 —c(@,ym+1) + c(@m+1, Yym+1) + A
Thus ¥(x) — A > —c(T,Ym+1) + S(Tmt1,Ym+1) and by letting A — (') we
obtain ¢¥(z) — ¥ (z') > —c(x,y’) + c(a’,y’) as required. Moreover ¥ (z') < oo since
’lﬂ(mo) =0. O
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It is intuitively clear and also not very hard to prove formally that optimal
plans have c—cyclically monotone supports under some regularity conditions for
the cost function. So in view of the Riischendorf’s Theorem, optimal plans are
supported in c—subdifferentials of c—convex functions. It is also intuitive, but
much less obvious, that c—cyclically monotone plans are optimal. This property
is stated precisely in the next Theorem (Theorem 5.10 of [3]). Here the function
1 (x) can be interpreted as the price for buying goods at x and ¢(y) as the price
for selling the goods at y.

Theorem 0.4. Let (X, ), (Y,v), ¢, a, b be as before. Then

(1) Itc is real-valued and the optimal cost C(p,v) = inf rcry,,,) [ cdm is finite,
then there is a measurable c— cyclically monotone set T' C X x Y (closed
if a, b, ¢ are continuous) s.t. for any w € Il(p, v) the following statements
are equivalent.

(a) 7 is optimal;

) The support of w is c—cyclically monotone;

(¢) There is a c—convex ¢ s.t., 1—a.s. Y(y) — ¥(x) = c(z,y);

) There exists ¥ : X — RU {400} and ¢ : ¥ — RU {—o0}, s.t.

o(y) — ¥(z) < c(z,y) for all (z,y), with equality T—a.s.

(e) m is concentrated on T.

(2) If ¢ is real-valued, C(p,v) < oo, and c(z,y) < cx(z) + cy(y), with
(cx,cx) € LY(p) x LY (v), then both the primal and the dual Kantorovich
problems have solutions, so

min / c(z,y)dm(x,y)
XxY

mell(p,v)

(w¢)€L1(u)XL1(u ¢<C(/¢ vty /lﬂ Jula )
= s, (oo - [ v

and in the latter expressions one might as well impose that ¢ be c—convex
and ¢ = Y°. Ifa, b, c are continuous, then there exists a closed c— cyclically
monotone set ' C X x Y, s.t. for any m € (u,v) and for any ¢ € L' (p),
we have

(a) 7 is optimal in the Kantorovich problem iff n[[] = 1,

(b) ¥ is optimal in the dual Kantorovich problem iff T' C O.1.
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Brenier’s solution to the optimal transport problem in the Euclidean
case, Polar factorization of vector-valued maps

CHRISTIAN SELINGER

For given probability measures p and v on R? with finite second moment and

2
the cost function ¢ : RY x R 3 (x,y) — @ € R we know via Kantorovich’s
duality (see for instance [2]) that there exists a unique solution to the associated
primal and dual optimal transport problem

inf/ cdm = sup { ¢du+/ 1/1d1/},
7™ JRdxRd (,0) LJRd Rd

where the infimum is taken over all product probability measures with given
marginals p and v and the supremum is taken over all u- resp. v-integrable func-

tions satisfying {@ - qb(ac)} + {w - z/J(y)} < ¢(z,y). Provided the above

conditions Brenier showed in [1] the following

Theorem 1 If p does not give mass to small sets then there exists a unique
optimal transport plan 7 minimizing the transport cost, actually this plan turns
out to be a map:

dr(y, z) = 6(z — Vo(y)) u(dy),
where V¢ is the p-almost everywhere unique gradient of a convex function with
Vo#u = v. Reciprocally if v does not give mass to small sets neither the optimal
transport problem from v to p is solved by the dr(y, z) = §(y — Vo*(2))v(dz).

Proof. To prove this, two elementary lemmata come into play: Firstly, let us
denote the Legendre transform of an integrable function f by f*(y) := sup,{z.y —
f(x)}. Tt is an easy calculation to show that f(x) + f*(y) = z.y if and only if
redf(y)={z: ) — f(y) = 2@ —yVy € R} and y € 8f(x). Secondly,
Rademacher’s theorem guarantees almost everywhere differentiability of Lipschitz
continuous functions.

Now we can give a sketch of the proof: First we show that the solution to the dual
problem is given by the pair (¢, ¢*): By definition ¥* < 1 and v* is Lipschitz
and respective equations hold for (¢*)*. The existence of a solution to the dual
Monge-Kantorovich problem let us conclude that ¢ = ¢* p-a.e. and that ¥*(y) +
(¥*)*(2) = y.z. Furthermore ¢ = (¢)*)* a.e., the right-hand side being continuous
and Lipschitz and the left hand side being convex by definition. By Rademacher
V1) is well-defined up to Lebesgue negligible sets and 09 (z) = {Vi(z)} a.e. From
the first lemma mentioned at the beginning of the proof we obtain finally dp(y, z) =
§(z — Vo(y))u(dy). The reciprocal statement follows by the same reasoning in
terms of the optimal pair (¢*, ). O

Proposition 1 (Stability) Given a lower semi-continuous cost function on
R? and probability measures u and {vy; kN} such that vy converges weakly to v.
Asumme furthermore that for each k there exists an optimal transport map T}
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from p to v and that there exists as well an optimal transport map 7' from p to
v. Then T} converges to T in probability, i.e. for any € > 0:

p({z € R : |Th(z) — T(z)> > €}) — 0

Proof. With Ty and T we can build the unique optimal transport plans pg :=
(id, Tk )#p and p := (id, T)#u. Let € > 0,0 > 0. By Lusin’s theorem there exists
a closed K C R? such that u(R?\ K) < 6 and T|x is continuous. It follows that

Aci={(z,y) e K xR : |T(x) -y > ¢} C K x R
is closed and

0 = p(A.) > limsup px(Ac) > limsup p({z € R : |T(2) — Ti(x)]* > €}) — 6.
2 2
Letting § tend to zero achieves the proof. (|

As an application of Brenier’s characterization of optimal transport plans we
state
Theorem 2 (Polar factorization of vector-valued maps) Given two prob-
ability measures p and v satisfying the assumptions of Theorem 1, a Polish
probability space (X, €) ~ ([0,1],].]), the Hilbert space H = L?((X,¢);RY) and
S ={s: X — R s#¢& = u} then, up to a negligible set N = {u € H : u#£(E) #
0 for all £ with |E| = 0}, there exists the unique factorization

H>u=Vyos,

where 1 is a convex function.

Proof. By Theorem 1 the optimal transport from p to v is given by the almost
everywhere unique gradient of a convex function . For the reciprocal transport
the map V¢* is optimal and defining s := V4* o u yields the factorization. O

Remark (Recovering the Helmholtz decomposition of vector fields)
Let z be smooth vector field on R? we define a smooth perturbation of the identity
map for sufficiently small e: u(z) := x + ez(z). By Theorem 2 we know that
u = Vi o s and for small ¢ we can choose 1 (z) = |z|?/2 + ep(x) + o(€?) resp.
s(x) = z+ed(x) + o(€?) for a smooth function p and a vector field d. Now we have
u(z) = Vip(s(x)) = = + e(d(x) + Vp(z)) + o(e) wich entails z = d + Vp. Since s
is measure preserving it holds for any bounded measurable f that [ f(s(z))dz =
[ f(z+ed(x) + o(e))dz = [ f(x)dx consequently the divergence of d is zero.
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The Monge-Ampeére equation
CHRISTIAN SEIS

The Monge-Ampere equation is a nonlinear partial differential equation, which
appears in different mathematical contexts. In optimal transportation, its special
form

(1) 9(Ve(z)) det D*p(z) = f(z)

arises naturally from Brenier’s solution Vi, ¢ convex, to the Monge problem in
the case of absolutely continuous measures du = f dx, dv = gdy: At least formally
(assuming ¢ strictly convex, smooth), (1) is a reformulation of Vo#u = v.

However, in general ¢ is only convex, and thus continuous and locally Lipschitz,
but not necessarily twice differentiable. Therefore, det D?¢ is not well-defined. It
turns out, that ¢ solves the Monge-Ampere equation (1) pointwise almost every-
where [3, Theorem 4.8 (iii)], if the Hessian D?¢ is interpreted in the sense of
Alexandrov’s second derivative of convex functions, this is the absolutely contin-
uous part of the distributional Hessian.

The proof makes use of the Hessian measure dety D?[E] = |0¢(E)|. A crucial
observation is the identification of the absolutely contiuous part of the Hessian
measure with det D?p(x) dz by using the Radon-Nikodym theorem. It is con-
venient to restrict the analysis to a nice set M of points, where D?¢(z) exists
and is invertible. Thanks to the above identification, the Hessian measure is con-
centrated on M. Applying once more the Radon-Nikodym theorem, a change of
variable formula follows for V.

Together with (1), McCann’s change of variable formula [3, Theorem 4.8 (iv)]
f(z) 2
dy = det D d
/U(g(y)) Y /U (det D2p(z) € o() d,

for nonnegative functions U with U(0) = 0 is derived. See also [2, Theorem 4.4].

As an application an elemantary proof of the Sobolev inequality [1, Theorem 2]
£l < CrpllVIllLe,

with optimal constant C,, , is presented. Starting point is (1) for appropriate
probability densities. The determinant can be estimated against the Laplacian
using the arithmetic-geometric inequality.
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Caffarelli’s regularity theory
BERND KIRCHHEIM, THOMAS VIEHMANN

In the previous talk we have seen that the convex potentials ( of Brenier’s solutions
satisfy a partial differential equation, the Monge-Ampere equation, but only in a
very weak sense. Also, Brenier’s solutions yield a transport plan 7" as the gradient
of the (Lipschitz) transportation potential. This talk discusses the question of C*-
regularity of the potential or, equivalently, continutity of T. These are the first
steps of Caffarelli’s regularity theory.

A simple example transporting mass from a ball to two separated half-balls
shows that the transport map cannot in general expected to be continuous. How-
ever, this example can be refined to one in which the target measure has connected
support. The example suggests that convexity of the support is the crucial prop-
erty. We thus assume that source and target measure have convex supports and
densities w.r.t. the Lebesgue measure that are bounded from above and below on
their respective support.

In order to use the regularity theory for nonlinear elliptic partial differential
equations we motivate that under these assumptions Alexandrov solutions enjoy
comparison principles in the class of convex functions. In the language of PDEs
they are viscosity solutions to the elliptic equation

(1) 0 < A\ <det D¢ < \o.

The first step is to construct suitable barriers (i.e comparison functions) in a
very special geometry of regions comparable with balls. A crucial observation is
now, that the existence of F.John’s ellipsoid allows us to transform these estimates
to general convex domains, obtaining a result of the following kind
Theorem There is a pg = po(A1, A2, n) > 0 such that the following holds. Let
@ be a convex function on a convex (bounded) body Q C R™ such that 5o = 0
and ¢ a viscosity solution of (1). If x,y € 9N and z = px + (1 — p)y € Q with
@(z) < §ming ¢ then po < pp <1 — po.

Since the class of convex solutions of (1) is invariant under tilting, one obtains
from this result that such functions must have a unique supporting plane, i.e. be
differentiable and hence in C*.

Similarly, using the Theorem one can show that for such a convex solution of
(1) the (convex) set where ¢ attains its minimum can not have an extreme point
inside 2. From this we could similarly derive that the canonical globally lipschitz
extension of ¢ to all of R™ would have to vanish on an entire line. But then ¢ has
to constant along any parallel line and can not solve (1). Therefore, all solutions
of (1) have to be strictly convex.

REFERENCES
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Optimal transport on Riemannian manifolds
MARTIN HUESMANN

The talk and therefore this report are basically summaries of the very well writ-
ten paper [1].

Throughout this report we consider a compact, connected, C3-smooth (meaning
that the metric tensor is twice continuously differentiable) Riemannian manifold
(M, g) without boundary together with the cost function ¢(z,y) = %dQ(z, y), one
half times geodesic distance squared. Let p and v be two probability measures on
M. S(u,v) is the set of all Borel maps which push p forward to v. For s € S(u,v)
we write C(s) = [}, ¢(z,s(x))du(z). For the same probability measures, we set
Lipe = {u,v: M — R continuous; u(x)+v(y) < c(x,y)} and J(u,v) = [,, udp+
Jy; vdv. Then the Kantorovich duality reads

sup  J(u,v) < inf C(s).
(u,v)€Lip. s€S(p,v)
Given a pair (u,v) € Lip. one can improve this pair by infimal convolution, i.e.
J(u,v) < J(u,u®) and also J(u,v) < J(v° v), where the infimal convolution is
defined as w(y) := inf e p (2, y) — w(z). We say a function u on M is c-concave
iff u° = (u®)® = u. We have the following lemma

Lemma 0.5. Let (M,d) be a metric space with finite diameter. Then any c-
concave (¢ = %2) function u is either identically infinite, u = +oo, or Lipschitz
continuous throughout.

By Rademacher‘s theorem this directly implies that c-concave functions having
values in the reals are differentiable almost everywhere and their gradient is Borel
measurable on the set where it is defined. However, this statement is not strong
enough to characterise the direction and distance of optimal transportation. For
this, we need the notion of superdifferentiability.

We say a function v : M — R is superdifferentiable in  with supergradient p if
forve T, M

u(exp, v) < u(z)+ < p,v >, +o(|v]s).

Then one can prove using a Taylor expansion of the exponential map

Lemma 0.6. Let (M,g) be as above and let o : [0,1] — M be a minimizing
geodesic from y to x parametrized with constant speed. Then u(-) = d—2(-,y) 18

2
superdifferentiable with supergradient (1) at .

This enables us to prove the following uniqueness result.
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Theorem 0.7 (uniqueness). Let (M,g) be as above, p << vol (the normalised
Riemannian volume measure), u : M — R c-concave. Then, t(z) = exp,,(—Vu(z))
is the minimizer for infseg(.¢, ) C(s). Moreover, any other map s € S(u,typu)
must coincide with t p a.e..

The key ingredient to the proof of this theorem is the following tangency lemma.
Together with the Kantorovich duality it directly gives the result. Furthermore, it
also shows that in the Kantorovich duality we actually have an equality not just
an inequality.

Lemma 0.8 (tangency). (M,g) as above, u: M — R c-concave. Then, ¢(x,y) —
u(z) —u(y) > 0 for all x,y € M. If u is differentiable in x, then equality holds
iff y = exp, (—Vu(z)).

The first part is obvious from the definition of infimal convolutions. The other
part is not. Here one has to use the superdifferentiability of the cost function and
the compactness of M together with the continuity of u. As u is c-concave, it is
differentiable almost everywhere. Thus, we have almost everywhere equality for
the pairs (z,¢(x)) proving the first part of the theorem. The uniqueness state-
ment also follows from this lemma as any other optimal map also has to satisfy
the Kantorovich duality and therefore the equality in the tangency lemma which
characterizes the map s almost everywhere.

For a given potential function we have found an optimal map between a given
measure ;1 and a certain pushforward of this measure. That for any Borel measure
such a potential function can be found, is the content of the next theorem.

Theorem 0.9. Let (M,g) be as above, u << wol and v be an arbitrary Borel
measure. Then, there is a c-concave function u : M — R such that t(x) =
exp, (—Vu(z)) € S(u,v) is optimal and unique a.e..

By the first theorem uniqueness is clear as soon as one has found a suitable
potential function. As this function has to maximize J(u,u°) (wlog we can take
v=u’ as J(u,v) < J(u,uc)), the maximizer is the natural candidate. That this
maximizer exists is a consequence of the compactness of the manifold. Then, one
checks that the pushforward of u by the exponential of the negative gradient of
the maximizer coincides with v.

If one additionally assumes that v << wvol as well, then one can use the symmetry
of the problem to derive

Corollary 0.10. Let (M,g),u,t be as above, p,v << wvol. Then t*(y) =
exp, (=Vu(y)) € S(v, n) is optimal and satisfies t*(t(x)) = x p a.e. andt(t*(y)) =
YV a.e..

This symmetry and these porperties are exactly those needed to generalise Bre-

nier‘s polar factorization presented in talk number 3 to the setting of compact
connected Riemannian manifolds.

The techniques used in this talk are not restricted to the case of the quadratic
cost function. The key ingredients which are used are:
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e compactness of M
e existence of minimizing geodesics between any two points
e superdifferentiability of the cost function

The first two points can be replaced by the same properties for the support of the
two measures one considers. The last point is crucial because it characterizes the
distance and direction of the optimal transport. However, there are many cost
functions which are superdifferentiable, e.g.

d(z,y)
o(z,y) = / f(r)dr

where f is continuously increasing. Of course, this yields another transport map.

By mimicking the tangency lemma one easily finds the correct map, e.g. the

map for the cost above would be -if everything else is left the same- t(z) =
~1(vul.

expm[—%VU(x)].
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The solution to the original Monge problem
CLEMENT HONGLER

The original Monge problem, formulated in 1781 is the following: given two prob-
ability measures pu; and pg supported on a convex compact set X C R™ with ug
absolutely continuous with respect to the Lebesgue measure, does there exist a
map ¢ : X — X with ¢y (u1) = po that minimizes the linear transport cost
Jx lo(@) — zldp (2)?

In one dimension such a map exists and one can give an explicit expression for
it (although this map is not unique in general).

This existence problem was solved affirmatively in 1972 by Sudakov (see [2]); a
gap in proof was found later and addressed by Ambrosio in 1992. We sketch here
the explicit construction presented by Sudakov. By general techniques, there exists
an optimal transport plan, or transport coupling, - for 1 and s, i.e. a probability
measure on X x X with 71 () = p1 and 72 () = p2 (where m,m : X x X — X
denote the projections on the first and second coordinates respectively) such that
Jxwx 1# —yldy (z,y) is minimal in the set of all couplings of 1 and po. We will
construct a map with a transport cost reaching this minimum.

We can assume without loss of generality that for each x € X there exists y # «
such that (z,y) € Supp (7): the optimal transport map on the set of points where
this condition is not satisfied is simply the identity map, and we are left with the
problem of transporting the rest of the measure. Consider a Kantorovich potential
u, i.e. a 1—Lipschitz function u such that for any optimal transport plan 4 one
has

u(y) —u(z) = |y —zlrn V(2,y) € Supp ().
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We define a transport ray as a maximal open segment ]z,y[C X such that
u(y) — u(z) (this notion is well-defined since u is 1-Lipschitz). By our initial
assmuption on v we have that pi-almost every x € X is contained in a unique
transport ray, whose direction is given by the gradient of the potential u (which
is well-defined on the transport ray).

The idea is to decompose X into transport rays, along which the measure is
going to be transported and to reduce on each of these lines to the one-dimensional
case. In order to do so, we need to desintegrate the optimal transport plan v into
a set of conditional measures (y¢)oce oObtained in the following way. To each
(z,y) € Supp () one associates the closure of the transport ray containing the
segment [z,y]; this defines a map 1. Then by general measure-theoretic results,
one can factorize the measure 7 as the product v¢ @ (¥« (7)) (C) where each ¢
is a probability measure on X supported on C. It is not very difficult to check
that the measures v are actually optimal transport plans between the measures
mix (yo) and max (7o) and to see that the cost of the optimal transport plan
factorizes as the integral against ¢4 () of the costs of the optimal transport plans
vc-

Using results due to Ambrosio (see Theorem 7.1 in [1]), one can show that
for 14 (7)-almost every C' the desintegrated measure ¢ is actually absolutely
continuous with respect to the one-dimensional Hausdorff measure restricted C
(this follows from the fact that the segments C' are gradient lines of a Lipschitz
function). We then find for each C' in the support of ¢4 () an optimal transport
map @c between w4 (7o) and ey (7¢) by monotone reparametrization (which
exists in one dimension under the assumption that w4 (y¢) has no atom, this
latter fact following from the absolute continuity of vo with respect to the one-
dimensional Hausdorff measure restricted to C'). Gluing all the transport maps
pc we eventually obtain an optimal transport map.
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The Wasserstein space as a metric space, Benamou and Brenier’s
interpretation of the Wasserstein distance, and Arnold’s geometry of
the diffeomorphism group

ROBERT PHILIPOWSKI

1. THE WASSERSTEIN SPACE AS A METRIC SPACE

If the cost function in the Monge-Kantorovich problem is the p-th power of the
distance function of a metric space X, one can use the optimal transportation
cost between two probability measures to construct a distance on P(X). To be
precise, let X be a complete and separable metric space, and p € [1,00). Then the
Wasserstein distance of order p between two probability measures p and v on X
is defined as

1/p

Wy (1, v) = < inf / d(x,y)pﬁ(dx,dy)) ,
mell(p,v) Jxx X

where as usual the infimum is over all couplings 7 of u and v.

W, has all properties of a distance, except that it can be infinite. One therefore
defines the Wasserstein space of order p over X as the set P,(X) of those proba-
bility measures 1 on X for which [ d(zo,z)?u(dz) < oo for some (and then all)
xo € X. Then (P,(X),W,) is indeed a metric space (Theorem 7.3 in [7]).

Convergence with respect to W), is equivalent to weak convergence together
with convergence of p-th moments:

Theorem 1.1 (Theorem 7.12 in 7], Theorem 6.9 in [8]). Let (1 )ren be a sequence
in Pp(X), and p € Pp(X). Then the following are equivalent:

(1) Wy(ug, ) — 0 as k — oo.
(2) pr — p weakly, and [, d(xo,z)Ppx(dr) — [y d(zo,x)Pu(dr) for some
(and then all) xo € X.

The Wasserstein space inherits nice topological properties from the underlying
space:

Theorem 1.2 (Theorem 6.18 in [8]). If X is complete and separable, then so is
(Pp(X), Wp).

2. THE BENAMOU-BRENIER FORMULA

Benamou and Brenier [4] observed that on R™ the square of the quadratic
Wasserstein distance can be interpreted as the least action needed to transport
one mass distribution to another one:

Theorem 2.1 (Proposition 1.1 in [4], Theorem 8.1 in [7]). Let po and p1 be
compactly supported probability densities on R™, and let C(po,p1) be the set of
all pairs (p,v) consisting of a continuous curve p = (p(t,-))o<i<1 in the space
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of probability densities and a family v = (v(t,-))o<t<1 of vector fields satisfying
fol Jon [0(t,2)?p(t, 2)d2 < oo such that

% + div(pv) =0

and
p(0,7) = po, p(1,) = p1.
Then )
Wal(po, p1)* = inf / / lo(t, 2)|?p(t, x)dxdt.
(p,v)EC(po,p1) Jo n
A similar result holds on Riemannian manifolds M, see Remark 8.3 in [7] or
Proposition 4.3 in [6].
Otto [5] (see also Chapter 8 in [7] and Chapter 15 in [8]) used the Benamou-
Brenier formula to equip P2(M) with the structure of a Riemannian manifold.

3. THE GEOMETRY OF THE GROUP OF VOLUME-PRESERVING DIFFEOMORPHISMS

Arnold [1] (see also [3] and Chapter 3.2 in [7]) observed that the Euler equation
for an incompressible inviscid fluid (without external forces) in a domain  can be
interpreted as geodesic motion on the group of volume-preserving diffeomorphisms
of Q. From a physical point of view this is very natural. Indeed, since the fluid
is inviscid and incompressible, we are dealing with a mechanical system without
friction subject to a constraint, so that in the absence of external forces the least
action principle implies that the dynamics of the fluid is geodesic motion on an
appropriate Riemannian manifold M (see e.g. Chapter 4 of [2]). Since the fluid
is incompressible, the natural choice for M is the infinite-dimensional “manifold”
SDiff(Q2) of volume-preserving diffeomorphisms of Q. From differential geometry
it is well-known that the stability of geodesic flow on a Riemannian manifold is
crucially influenced by its curvature: if the curvature is positive, geodesics tend to
converge; if it is negative they tend to diverge. It is therefore natural to compute
the curvature of SDiff(Q2). In the case of the two-dimensional torus, Q = T2,
Arnold [1] found out that in “many” directions the curvature is negative (see
Lemma 11 in [1] or Theorem 3.4 in [3] for the precise statement). This fact can
be seen as a mathematical explanation for the unreliability of long-term weather
forecasts, see Chapter IV.4.B in [3].

Arnold’s result was later generalized to other manifolds, see Chapter IV.4.A in
[3].

REFERENCES

[1] V. I Arnold, Sur la géométrie différentielle des groupes de Lie de dimension infinie et ses
applications a U’hydrodynamique des fluides parfaits, Ann. Inst. Fourier, Grenoble 16 (1966),
319-361.

[2] V. 1. Arnold, Mathematical Methods of Classical Mechanics, Springer-Verlag, New York,
Berlin, Heidelberg, 1978.

[3] V. I. Arnold and B. A. Khesin, Topological Methods in Hydrodynamics, Springer-Verlag,
New York, Berlin, Heidelberg, 1998.



Arbeitsgemeinschaft: Optimal Transport and Geometry 1001

[4] J.-D. Benamou and Y. Brenier, A computational fluid mechanics solution to the Monge-
Kantorovich mass transfer problem, Numer. Math. 84 (2000), 375-393.

[5] F. Otto, The geometry of dissipative evolution equations: the porous medium equation,
Comm. Partial Differential Equations 26 (2001), 101-174.

[6] F. Otto and M. Westdickenberg, Eulerian calculus for the contraction in the Wasserstein
distance, SIAM J. Math. Anal. 37 (2006), 1227-1255.

[7] C. Villani, Topics in Optimal Transportation, American Mathematical Society, Providence,
RI, 2003.

[8] C. Villani, Optimal Transport, Old and New, Springer-Verlag, Berlin, Heidelberg, 2009.

Formal Riemannian structure for space of probability measures, its
sectional curvature

SHIPING Li1u

In the previous talk, we saw that optimal transportation could be used to
introduce a metric on the space of probability measures. In this talk we will show
that this metric can be considered as induced from a formal Riemannian structure
on that space. We also introduce an interesting geometrical property of the space
itself.

1. FORMAL RIEMANNIAN STRUCTURE

We explain the formal Riemannian structure on
M = {positive functions p on RY with /p =1}
introduced by Otto [3]. Thinking of the tangent space as
T,M = {functions s on R with /s =0},

we impose the metric
gp(s1,82) = /pvm - Vpa,

where s; € T, M, p; satisfies the elliptic equation s; = —div(pVp;).
The idea to explore the geometrical properties of M is to see it as a ”subman-
ifold” of
M* = {diffeomorphisms & of RN},

to which we impose the flat metric. Explicitly, we prove that for fixed py € M the
map
H:M**}Ma Q= p=P.po,
is an isometric submersion. Based on this observation, the distance function d
induced by g should be the Wasserstein distance, that is,
d*(po,p) = _inf / |z — @() | podz, Vp e M.
P po=p

For the rigorous result about induced distance see [4], which is based on another

heuristic argument in [5].
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2. SECTIONAL CURVATURE

O’Neill’s formula describes a simple relation between the sectional curvatures
of two manifolds linked by an isometric submersion. Therefore we can see formally
that M should have nonnegative sectional curvature. This can be made rigorous
in metric setting (see section 7.2 and 7.3 in [1]).

Theorem : Wasserstein space Po(RY) has nonnegative sectional curvature.

The definition of ”nonnegative sectional curvature” in metric setting is to sup-
pose some degree of concavity for distance functions.

The geodesics in Po(RY) connecting i1, o is just the displacement interpola-
tion of an optimal transportation between g and ps.

With the above properties in hand, we can reduce the proof of the theorem
eventually to the proof of the following lemma:

Gluing Lemma : Let X;, ¢ = 1,2 be Polish spaces and p; € P(X;). Assume
w12 € P(X7 x X2) with marginals py, pa, and peg € P(Xa2 X X3) with marginals
12, p3, then there exists a p € P(X; x X x X3) with marginals p12 on X; x X5
and M23 On X2 X X3.

This is an easy corollary of the disintegration theorem of measures (see section
5.3 in [1]).

Lott [2] extends the formal observation on sectional curvature to space of prob-
ability measures on Riemannian manifolds. Sturm [6] proves more general rigorous
results about the sectional curvature.
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McCann’s displacement convexity
TOMONARI SEI

The entropy functional on a Riemannian manifold is deeply related to the Rie-
mannian structure of the underlying manifold. Here we briefly describe this rela-
tion in terms of McCann’s displacement convexity. We begin with the Euclidean
case to clarify the idea.

Let Pac(R™) be the set of all absolutely continuous probability measures on
R™. Let p and p’ be two measures in P,.(R™). Then from Brenier’s result [1]
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there exists a unique monotone gradient map V¢ : R® — R" such that p’ =
(Vi))yp, where for any measurable map T, Tjp denotes the push-forward measure:
(Typ)(A) = p(T~1(A)) for any measurable sets A. Obviously, we have p = Idyp,
where Id denotes the identity map. Now we consider a one-parameter set of maps
F,=(1—t)Id+tVy for t € [0,1] and their push-forward measures

pr = (Fy)gp = {(1 — t)Id 4+ tVip }yp.

One can show that the measure p; is absolutely continuous by using Lipschitz
continuity of (F;)~! for t € [0,1). We call the set (pt)sejo,1] the displacement in-
terpolation of p and p’, following McCann [3]. If p and p’ has finite second moment,
the displacement interpolation is considered as the ‘geodesic’ connecting p and p’
with respect to the Wasserstein metric W (p, p’) = min{[[ |z — 2|*T'(dz, dz’")]*/? |
L(,R") =p,I'(R",:) =p'}.

A function E from P,.(R™) to R is called displacement convez if for any ¢ € [0, 1]

(1) E(pr) < (1 —1)E(po) + tE(p1)

holds (see [3]). For example, the entropy functional E(p) = [ plog pdz is displace-
ment convex for any dimension n. In fact, from the change-of-variables formula
due to [3], we have

B p(x)
Elp] = /p(x) o (det((l -t + tV?w(@)) dm’

where I and V2% denote the identity matrix and the Alexandrov Hessian, re-
spectively. Since logdet((1 — ¢)X 4 tY) is concave for any positive-definite ma-
trices X and Y, we obtain the convexity of E. More generally, a functional
Elp] = [ A(p(z))dz is displacement convex if A(0) = 0 and the function A" A(A~")
of \ is convex and non-increasing. The proof is based on the geometric-arithmetic
mean inequality: det/™((1 — )X +tY) > (1 —t)det’/™ X + tdet*/™ Y.

We go on to the Riemannian case. Let (M, g) be an n-dimensional complete
connected Riemannian manifold with the metric tensor g. The set of probability
measures absolutely continuous to the volume measure dVol is denoted by Pa.(M).
For any two points z,y in M, the geodesic distance between them is d(z,y). The
exponential map determined by a point x € M and a tangent vector v € T, M
is exp,(v). In order to define the displacement convexity on M, we first describe
McCann’s theorem [4] on existence and uniqueness of optimal transport. The
cost function is ¢(z,y) = d(z,y)?/2. We call a function ¢ : M — R c-concave
if there exists a function & on M such that ¢(x) = infyenr(c(z,y) —&(y)). Then
McCann showed that for any p,p’ € Pac(M) there exists a c-concave function
¢ up to an arbitrary constant such that the map = — exp,(—V¢(x)) pushes p
forward to p’. Now the displacement interpolation and displacement convexity
for Riemannian manifolds are defined in the same manner as the Euclidean case.
Namely, the displacement interpolation between p and p’ is defined by p; = (Fy )
with Fi(x) = exp, (—tVé(x)). Remark that pg = p and p; = p’. The displacement
convexity of a functional E on Pac(M) is defined by (1).
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Otto and Villani [5] observed that, by using formal calculus, the entropy func-
tional E[p] = [, plog pdVol has its second-derivative

d*E|pi]

L2l [ {l(726)(V20)] + Rie(¥6,¥6)} pudvol.

Hence E is displacement convex if M has non-negative Ricci curvature. Cordero-
Erausquin et al. [2] refined this result as follows. Assume that M has non-negative
Ricei curvature. Then, if a function A : R — R satisfies the conditions A(0) =0
and A" A(A™™) convex non-increasing, then E[p] = [, A(p)dVol is displacement
convex. The proof is based on the Riemannian version of the geometric-arithmetic
mean inequality

T (@) > (1= Bor—e(Fy (@), 2)] Y™ + to(x, Fi (2)] 0" (@),

where J;(z) is the Jacobian determinant of the map F;, and v:(z, y) is the volume
distortion coefficient (see [2] for the definition). The volume distortion coefficient
is greater than or equal to 1 if M has the non-negative Ricci curvature.

Lastly, von Renesse and Sturm [6] showed that the Ricci curvature of M is
non-negative (resp. bounded below from K) if and only if the entropy functional
is displacement convex (resp. displacement K-convex) on P?(M), where P?(M)
is the set of probability measures with finite second moment. Therefore the lower
bound of the Ricci curvature is characterized by displacement convexity of the
entropy functional.

REFERENCES

[1] Y. Brenier, Polar factorization and monotone rearrangement of vector-valued functions,
Comm. Pure Appl. Math. 44 (1991), 375-417.

[2] D. Cordero-Erausquin, R. J. McCann and M. Schumuckenschlédger, A Riemannian interpo-
lation inequality & la Borell, Brascamp and Lieb, Invent. Math. 146 (2001), 219-257.

[3] R. J. McCann, A convezity principle for interacting gases, Adv. Math. textbf128 (1997),
153-179.

[4] R. J. McCann, Polar factorization of maps on Riemannian manifolds, Geom. Funct. Anal.
11 (2001), 589-608.

[5] F. Otto and C. Villani, Generalization of an inequality by Talagrand and links with the
logarithmic Sobolev inequality, J. Funct. Anal. 173 (2000), 361-400.

[6] M. K. von Renesse and K. T. Sturm, Transport inequalities, gradient estimates, entropy
and Ricci curvature, Comm. Pure. Appl. Math. 58 (2005), 923-940.

Ricci bounds for metric measure spaces
ULRICH BUNKE

On the class of Riemannian manifolds we have the concept curv > K of sec-
tional curvature bounded below by K. Riemannian manifolds can be embedded
into the larger class of metric spaces. The concept of a lower curvature bound in
the sense of Alexandrov extends the lower sectional curvature bound. The lower
curvature bound is stable in the sense that if a sequence of metric spaces (M;, d;)
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with curv(M;,d;) > K converges in the Gromov-Hausdorff sense to (M, d), then
curv(M,d) > K.

For the class of Riemannian manifolds we have a similar concept of lower Ricci
curvature bound Ricci > K. It turned out that an extension to metric spaces
should take the volume measure into account. In this talk we report on the results
of [1] and [2] on the extension of the concept of lower Ricci curvature bounds to
the class of metric measure spaces and its stabilty.

We consider separable, complete metric spaces and locally finite Borel measures.
A metric measure space is a triple (M, d, p), where (M, d) is a metric space and
u is a measure. A Riemannian manifold (M, g) gives rise to the metric measure
space (M, dg, p1g), where d, is the Riemannian distance and i, is the Riemannian
volume measure.

To a metric space (M,d) we can associate the metric space Po(M,Ws) of all
probability measures with the Wasserstein distance Wy which is given by

Wa(p,v)? = inf/ d* dr
Mx M

™

where the infimum is taken over all measures m on M x M with pr, 7 = p and
pProy, T = V.

By Py(M,d, ) € Py(M,d) we denote the subset of absolute continuous mea-
sures. We define the entropy

Ent(...|un) : Py(M,d) — [—00, 0]
by

lim, logpd P(M,d,p) , v=

o) o= {0 o080 0 PO = g
00 else
We let P*(M,d,pn) := {Ent < oo} C Po(M,d,pn). For a geodesic ¢ : [0,1] —
P*(M,d, i) we consider the condition (Ck):
Kt(l—1t)
2

Definition 0.1. A metric measure space (M, d, 1) has has Ricci curvature bounded

below by K (we write Ricci > K ) if every pair vo,v1 € P*(M,d, 1) is connected
by a geodesic which satisfies (Ck).

Ent(c(t)|pn) < (1—¢)Ent(c(0)|n)+tEnt(c(l))— Wa(e(0),¢(1)) ,Vt € [0,1] .

This is indeed an extension of the Riemannian concept in view of the following
theorem [1, Thm. 7.3], [2, Thm 4.9].

Theorem 0.2. Let (M, g) be a complete Riemannian manifold. Then it has Ricci
curvature bounded below by K if and only if the associated metric measure space
(M,dg, p1g) has Ricci curvature bounded below by K.

An e-Gromov-Hausdorff approximation (e-GHA) between two metric spaces
(M,d) and (M',d') is a map ¢ : M — M’ such that M’ C B.(¢(M)) and

ld(z,y) — d'(¢(x),(y))| <€, Vr,yeM.
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A sequence (M;,d;) converges in the Gromov-Hausdorff (GH) sense to (M, d) if
there exists a sequence (e;) with ¢; | 0 and ¢;-GHA’s ¢; : M; — M. Further-
more, a sequence of metric measure spaces (M;,d;, p;) converges to (M, d, ) in
the measured GH-sense, if there exists a sequence (¢;) with ¢; | 0 and ¢,-GHA’s
@i+ M; — M such that ¢; .p; X .

For example, the association (M, d) — Po(M,d) is GH-continuous. More pre-
cisely [1, Prop. 4.1]

Proposition 0.1. If ¢ : (M,d) — (M’',d’) is an e-GHA, then ¢, : Po(M,d) —
Py(M',d") is an é-GHA, where é = é(e,diam(M’)) tends to zero as € | 0.

The main theorem of this talk is [1, Thm. 4.15], [2, Thm 4.20] (the theorems
in both references are more general)

Theorem 0.3. Let (M;,d;, p;) be a sequence of compact metric measure spaces
which converges in the measured GH-sense to (M, d, ). Then Ricci(M;, d;, pu;) >
K for all i implies Ricci(M,d,u) > K.

Let us sketch the main steps of the proof. We cousider g, u1 € Py(M,d, ).
Then we must find a geodesic from g to 1 which satisfies (Cx). By an approx-
imation argument we can assume that pu; = p;u with p; € C(M). We consider
the sequence (¢, : M, — M) of €,-GHA’s. We define for n >> 0, ¢ = 0,1, the
measure

oy = nPi
m,t T
f]\/[ pid¢n* (,un)

on M,, We then choose geodesics ¢, in Py(My,,d,) from g, o to p,,1 which satisfy
(Ck). After taking a subsequence (¢, .c,) converges uniformly to a curve ¢ in
Py(M,d, m). We check that ¢ is a geodesic from g to p1. We then show that
¢ satisfies Cx. The main ingredients of this step (and also of the approximation
argument above) are Proposition 0.1, the contraction property [1, Thm. B33]

Ent(f.ulfip) < Ent(v|p)
and the lower semicontinuity
Ent(v|p) < liminfEnt(v,|pmn) 5 if (Un, ptin) — (v, 1)

of the entropy.
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The curvature-dimension condition CD(K, N)
SHIN-ICHI OHTA

We consider the curvature-dimension condition CD(K, N) introduced by Sturm,
Lott and Villani. A metric measure space (X,d,m) is said to satisfy CD(0, N)
for N € (1, 00) if the Rényi entropy Sy(pm) = N — N [, p YN dm is convex in
the Wasserstein space (P2(X),dy). Passing to the limit, CD(0, 00) is defined as
the convexity of the relative entropy Soo(pm) = fX plog pdm. General CD(K, N)
for K # 0 is defined through a similar, but more complicated convexity condition
involving sin (if K > 0) or sinh (if K < 0).

It is not difficult to see that the Euclidean space (R™,L) with the Lebesgue
measure L satisfies CD(0,n). Key ingredients are Brenier’s convex function f that
induces optimal transport ®; = (1—¢)Idg~ +tV f between pol and p;L, the Monge-
Ampere equation |D®;| = po/(pr o ®;) (with p;L = (P¢)4(pol)), and the inequality
of arithmetic and geometric means

(1) |D® V™ > (1 —t) + t| DD, |M/ .

Here we denote by |D®| the Jacobian of a linear operator ®. Similar, but more
careful calculation shows that a weighted Euclidean space (R™, e~%L) satisfies

(2) ID® |V > (1 t) + ¢ DDy || V/¥
and CD(0, N) if (and only if) 1) satisfies
(Ve v)?
H ——2>0
ess (v, v) N, 20

where || D®||(z) := e?¥@)=¥(®)| DP|(z) is the Jacobian taking the weight into ac-
count. In the infinite dimensional case N = oo, there appear log concave measures
(e.g., Gaussian spaces (R, e~ 1#I"/2L (dx))).

In order to obtain concavity similar to (1) or (2) in a weighted Riemann-
ian manifold (M, g,e~¥mg,) (my, is the volume measure), besides Hess (v, v) —
(Vi),v)2 /(N — n), we naturally need the Ricci curvature. This is because the op-
timal transport is performed along geodesics, say 7 : [0,1] — M. Then its varia-
tional vector fields are Jacobi fields J solving the Jacobi equation D?-YJ +R(J,4)y =
0. Now the concavity of the density det((J;, J;)) (choosing orthonormal {J;(0)}7,
with J1(0) = 4(0)/]7(0)|) is controlled by Trace({R(-,5)¥,-)) = Ric(¥). It might
be also helpful to recall the Bishop-Gromov volume comparison which asserts that
the n-th root of the volume of concentric balls m,(B(z,r))/™ is concave in 7 > 0
if Ric > 0.

It indeed has been established by von Renesse, Sturm, Lott and Villani ([vRS],
[St1], [St2], [LV1], [LV2]) that CD(K, N) is equivalent to the lower weighted Ricci
curvature bound (Vb 0)?

) ,U
Ric(v) + Hess (v, v) N —n > K.
Thus the curvature-dimension condition gives a successful generalization of the
lower Ricci curvature bound (along with the upper dimension bound) to general
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metric measure spaces without differentiable structure. CD(K, V) is stable under
measured Gromov-Hausdorff convergence, and has a number of applications such
as Brunn-Minkowski inequality (which was new even in the Riemannian setting),
logarithmic Sobolev inequality and Lichnerowicz inequality.

Note that this kind of synthetic characterization had been known for lower sec-
tional curvature bounds. Such spaces are called Alexandrov spaces, and deeply
investigated in the last two decades. However, Ricci curvature bounds are in a
sense a more natural condition, not only for its analytic implications, but also be-
cause such spaces form a precompact family with respect to the Gromov-Hausdorff
convergence. Spaces appearing in the limit of the convergence had been studied
in Cheeger and Colding’s celebrated work [CC].

The equivalence between the curvature-dimension condition and lower Ricci
curvature bounds is extended to general Finsler manifolds by introducing an ap-
propriate notion of weighted Ricci curvature ([Oh]). For instance, (R™, || - ||,e~%L)
with convex weight v satisfies CD(0, co) for any Minkowski norm || - ||. On the one
hand, this result leads to a slightly disappointing fact (for Riemannian geometers)
that the curvature-dimension condition can not characterize Riemannian spaces.
On the other, the curvature-dimension condition turns out extremely useful also
in Finsler geometry.
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Diffusions are gradient flows of entropy w. r. t. Wasserstein metric
NicorA GIGLI

Mainly thank to the works [1] and [2], it has become clear the link between
certain diffusion equations and the geometry of optimal transportation. The link
being that such equations may be seen as gradient flow of appropriate energies
w.r.t. the Wasserstein distance. The aim of this talk is to investigate this topic by:
presenting the so called ‘Otto calculus’, and giving an overview on the techinques
which allow a rigorous study of gradient flows in the Wasserstein space.
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By Otto calculus, we mean the formal description of the Wasserstein space as
Riemannian manifold, and the subsequent characterization of gradient flows. A
way to see the Riemannian structure of (P2 (R9), W) is to verify that an absolutely
continuous curve t — p; € P2(RY) is a distributional solution of the continuity

equation
d
(1) P + V- (Verpr) =0,

where the vector fields Vi, are uniquely identified by the above equation. It turns
out that the metric length of the curve L£(p;) can be recovered by the formula

L(pt) / \[ [ [VeelPdpedt.

Therefore it is natural to think that the tangent space at a measure p is the ‘space
of gradients endowed with the scalar product w.r.t. p itself’. In this setting, to
perturb a measure p along the direction V¢ consists in defining
(2) pe = (Id + tth)#p,
which satisfies J
Z1Plimo TV (Viep) = 0.

With this interpretation, it is possible to compute the gradient of a functional: we
run explicit calculation for the case of the energy E : Po(R?) — RU{+oo} defined
by

e

Pr=m =1 )’

It is just a matter of algebraic manipulations to see that with p; defined as in (2)

it holds
d m _ m m—1
EE(/%)“:O——//) Asﬁ—/<V( —P ),Vso>p

which indentifies the gradient VWV E of the energy F as

e =v( )

Therefore, taking into account (1) the gradient flow equation of F is

i A(pi"),

which is the porous medium equation.

In the second part of the talk, we present the key ingredients needed to apply the
theory of minimizing movements to functionals like the one described. The main
idea here is that in order to replicate the well known results concerning gradient
flows of convex functionals in Hilbert spaces (like, e.g., exponential convergence to
equilibrium), what is needed is some sort of convexity property of both the func-
tional and the squared distance. A complication which arises in the Wasserstein
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setting is that, being this space positively curved, the squared distance calculated
along geodesics exhibits concavity properties, rather than convexity ones. In or-
der to tackle this problem, in [3] it was proposed to work under the following
Assumption. Consider a metric space (X,d) and a lower semicontinuous func-
tional E : X — R U {400} such that the following is true: for any x,yo,y1 € X
there exists a curve 7y : [0,1] — X (not necessarly a geodesic) such that v(0) = yo,
v(1) = y1 and:
i) t— E(y(t)) is convex,

i) ¢ 3d*(2,7(t)) is 1-convez.
If this Assumption is satisfied, it is possible to show that:

(A) For any z € X and any 7 > 0 there exists one and only one minimizer z.

of
& (z,y)
E —
y= Bly) + ——
(B) For any € D(E) and any y € D(E) it holds the discrete variational
inequality

1 1 1
E —d? —d? - =2 <E
(@7) + 5-d (2, 27) + o-d (@7, y) — 5-d(2,y) < E(y),

where z, is the minimizer given by (A).

The validity of (A) and (B) are the main bricks on which the theory of minimizing
movements (in this setting) is built. Indeed (A) tells that there always exists a
unique discrete solution of the minimizing movement scheme for any choice of
the parameter 7, while (B) is the property which ensures the convergence of the
scheme, by also giving information on the rate of convergence.

For our purpouses, the interest of this Assumption relies on its applicability to
the study of functionals on (Pg(R?), Ws), indeed:

e for any given p,vp,v; € Po(R?) there is a natural choice of a curve t — 14
such that the function ¢t — W2 (p, 1) is 1-convex: it is sufficient to define

vy = ((1 )T, + tT:I)#p,

where 7% are the optimal transport maps from p to v;, i = 0,1,

e all the ‘classical’ energy functionals arising in this setting (i.e. the poten-
tial energy, the internal energy and the interaction energy functionals) are
convex not only along geodesics, but also along this more general interpo-
lating curves.
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Contraction properties of Wasserstein metric under diffusions
KazumMasa KuwADA

The purpose of this talk is to derive a contraction property of solutions to a (non-
linear) diffusion equation from the convexity property of a corresponding entropy
functional with the aid of the theory of optimal transports. In the last talk, we
have observed that a solution p(t) to a diffusion equation is regarded as a gradient
flow of an entropy functional F(p) on L?-Wasserstein space P2(X). Let po(t) and
p1(t) are gradient flows of E and d the L?-Wasserstein distance. As a general
principle, our goal is expressed as follows:

If E is K-displacement convex on P(X) for some K € R,

then d3¥ (po(t), p1(t)) < e %*d}" (po(0), p1(0)) holds.
Note that the same problem for gradient flows £y(), &1(t) of a function f on a finite
dimensional Riemannian manifold can be solved by a basic differential calculus.
It follows from a combination of these two estimates:

d
(1) A calculation of Ed(fo(t), &1 (t)) by the first variational formula.

(2) The Taylor expansion of f o~(s) — fo~(1 —s) up to second order, where
{7(s)}sefo,17 is a minimal geodesic joining &o(t) and &; ().
When X is a complete Riemannian manifold, we can expect that the same strategy
works on Pa(X) since P2(X) possesses a formal Riemannian structure.
In this talk, we concentrate on introducing a result by Otto [1] where the formal
argument is applied first rigorously. He shows a quantitative time asymptotic for
solutions p(t) to the porous medium equation

0

= plt) = Ap()™)
on RY satisfying m > 1 — N~ and m > N(N + 2)~!. It is known that p(t)
approaches to a self-similar solution p.(t) as ¢ — oo in an appropriate sense.
Under a suitable re-scaling using an exponent o = {N(m — 1) + 2} ! of self-
similarity, we obtain a new equation. Then the solution p(t) corresponding to p(t)
converges to a stationary solution p, corresponding to p.(t). In this framework,
we show the following estimate on the rate of convergence:

dy (p(t), px) < e”'dy (p(0), pu).
Indeed, p(t) is regarded as a gradient flow of a functional F' and F' is a-displacement
convex. The proof is based on two key estimates corresponding to (1) and (2).
After an approximation of the solution ensuring regularity, these two estimates
follow by using the theory of optimal transport. For (1), a dynamical expression
of gradient flows enables us to realize a variation of Wasserstein distances. For
(2), a characterization of geodesics on Py(RY) together with the change of variable
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formula plays a significant role. Note that p(t) is also regarded as a gradient flow of
an entropy functional E. But E is 0-displacement convex and has no information
on the rate of convergence.

The contraction property can be obtained from the convexity of an entropy
functional even when the underlying space X is a complete Riemannian manifold.
We refer to [2] and Chapter 23 of [3] for developments in this direction.
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Sobolev inequality, Talagrand inequality and applications
JAN MAAS

Many inequalities with geometric content, such as Sobolev and Gagliardo-Nirenberg
inequalities, can be elegantly proved using optimal transport methods [2], often
with sharp constants. In this talk we focus on logarithmic Sobolev and Talagrand
inequalities.

Logarithmic Sobolev inequalities. Let v be a Borel probability measure on R™ hav-
ing a smooth density Z—z = ¢~ V(@) The measure 7 is said to satisfy a logarithmic
Sobolev inequality LSI(\) with parameter A > 0 if for any probability measure u

on R" having a smooth density p with respect to 7, one has

Hy (1) < 51400

In this inequality,
H, (0= [ p(o)logpla) dr(z)

denotes the relative entropy of p with respect to v, and

10 = [ 1Vlogp(a)? duta)

is the Fisher information.

Since the pioneering work of Gross in the seventies [3], logarithmic Sobolev
inequalities play a prominent role in the analysis of Fokker-Planck equations as-
sociated with stochastic drift-diffusion equations

(1) dX, = —VV(X,)dt + v2dB;,

where (B;)¢>0 is a standard Brownian motion on R™. In particular, LSI()) implies
exponential decay of the entropy along the transition semigroup (P;);>o associated
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with (1). Moreover, if v satisfies LSI()), then ~ satisfies the Poincaré inequality
1
par<y [ Vit
]R'n. A RTL

for all smooth functions f with fRn fdv = 0. This inequality expresses a spectral
gap for the generator of the semigroup (F;):>0. Furthermore, LSI(\) is equivalent
to the hypercontractivity estimate

1Pefllacy) < 11z

2Xt g—1
forl<p<g<ooande > 0T

Logarithmic Sobolev inequalities are stable under tensorisation: if u and v
satisfy LSI(A), then the product measure p ® v satisfies LSI(A) as well. This
property makes logarithmic Sobolev inequalities very useful in high or infinite
dimensional situations.

The most famous criterion for LST(X) is due to Bakry and Emery [1]. These
authors proved (in a more general Riemannian setting) that u satisfies LSI(\) if

D?*V(z) > A

in the sense of positive quadratic forms. The proof of Bakry and Emery can be
naturally interpreted using Otto’s Riemannian structure on the Wasserstein space
P5(R™) and the gradient flow formulation of the Fokker-Planck equation [5]. In
fact, the proof is based on a comparison of the first and second derivatives of the
entropy along the transition semigroup, and these quantities can be computed very
efficiently using the gradient flow formulation.

Talagrand inequalities. We say that ~ satisfies Talagrand’s inequality T'(\) if

H,(p)

<
Wa(p,v) < )

for every Borel probability measure g on R™. In this inequality, W5 denotes the
Wasserstein metric associated with the quadratic cost. This inequality has first
been established for the Gaussian measure [6].

Otto and Villani [5] discovered that LST(\) implies Talagrand’s inequality T'(X).
Their proof is based on the gradient flow formulation of the Fokker-Planck equa-
tion. Talagrand’s inequality is important in probability theory and geometry,
especially in high dimensions, as it implies the following concentration inequality,
which expresses the fact that the measure of a set increases rapidly if the set is
slightly expanded: there exists C' > 0 such that for any Borel set A C R" satisfying
v(A) > 1, one has

’Y(AT) >1-— e—CTZ’
where A” := {z € R" : dist(z, A) < r}.
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Applications to spin systems. Logarithmic Sobolev inequalities are difficult to es-
tablish for spin systems with a non-convex Hamiltonian. We present an efficient
criterion due to Otto and Reznikoff [4], which can be applied to spin systems with
strong and weak interactions. A crucial ingredient in the proof is a covariance
estimate related to Talagrand’s inequality.
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Optimal Transport and Ricci Flow
OLIVER C. SCHNURER

Let g(7) solve reverse Ricci flow 6%9(7) = 2Ric (g(7)) on a closed manifold M.

For a curve 7 : [11, 2] = M, 0 < 71 < 79, the L-length is
£0) = [ V7 (RO@.7) + Ol ) dr

The L£-Wasserstein distance of two probability measures v and v5 is

V(V1,T1;V2,T2) = Weri(fg va) / Wziﬁgy)ﬁﬁ)dﬁ(%y)a
T MXM 7

where 7 has marginals v; and 7 : [11, 72] — M connects x and y. If v;, i =1, 2, are
backwards diffusions, v; = u;(7) du(7), and hence %“Ti = Au; — Ru;, P. Topping

[1] has shown that

s+ 2 (/T2 — /T1) sy (v1 (m1€%) ,m1e’;va (T2e’) , 12e’) — 2n (/T2 — \/7_1)2 e’
is weakly decreasing. This implies in particular that the Wasserstein distance
Wa(vi (1), v2(7), 7) and Perelman’s W-functional are also weakly decreasing in 7.
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