OPTIMAL TRANSPORT AND CURVATURE

ALESSIO FIGALLI AND CEDRIC VILLANI

INTRODUCTION

These notes record the six lectures for the CIME Summer Course held by the second author
in Cetraro during the week of June 23-28, 2008, with minor modifications. Their goal is to
describe some recent developements in the theory of optimal transport, and their applications
to differential geometry. We will focus on two main themes:

(a) Stability of lower bounds on Ricci curvature under measured Gromov—Hausdorff conver-
gence.
(b) Smoothness of optimal transport in curved geometry.

The main reference for all the material covered by these notes (and much more) is the recent
book of the second author [45].
These notes are organized as follows:

e In Section 1 we recall some classical facts of metric and differential geometry; then in Section
2 we study the optimal transport problem on Riemannian manifolds. These sections introduce
the basic objects and the notation.

e In Section 3 we reformulate lower bounds on Ricci curvature in terms of the “displacement
convexity” of certain functionals, and deduce the stability. Then in Section 4 we address the
question of the smoothness of the optimal transport on Riemannian manifold. These two sec-
tions, focusing on Problems (a) and (b) respectively, constitute the heart of these notes, and
can be read independently of each other.

e Section 5 is devoted to a recap and the discussion of a few open problems; finally Section 6
gives a selection of the most relevant references.

1. BITS OF METRIC GEOMETRY

The apparent redundancy in the title of this section is intended to stress the fact that we
shall be concerned with geometry only from the metric point of view (rather than from the
topological, or differential point of view), be it either in some possibly nonsmooth metric space,
or in a smooth Riemannian manifold.

1.1. Length. Let (X,d) be a complete separable metric space. Given a Lipschitz curve 7 :
[0,7] — X, we define its length by

N
L(y) := sup {Z d(y(ti),¥(ti+1)) |0 =to < t1 < ... <tny1 = T} :
=0

It is easily checked that the length of a curve is invariant by reparameterization.
1
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In an abstract metric space the velocity (t) of a Lipschitz curve does not make sense; still
it is possible to give a meaning to the “modulus of the velocity”, or metric derivative of v, or
speed:

o d(y(t +h),7(t))
13(t)] = llri?j})lp 7

For almost all ¢, the above limsup is a true limit [1, Theorem 4.1.6], and the following formula
holds:

T
L) = [ (1.1)

1.2. Length spaces. In the previous subsection we have seen how to write the length of curves
in terms of the metric d. But once the length is defined, we can introduce a new distance on X:

d'(@,y) = inf {L(3) | 7 € Lip(0, 1}, X), 7(0) = 2, 7(1) = y} .

By triangle inequality, d’ > d. If d’ = d we say that (X,d) is a length space. It is worth
recording that (X,d’) defined as above is automatically a length space.

Example 1.1. Take X = S! C R?, and d(x,y) = |z — y| the standard Euclidean distance in R?;

then d'(z,y) = 2arcsin |x—5y|, so (X,d) is not a length space. More generally, if X is a closed

subset of R™ then (X, d) is a length space if and only if X is convex.

1.3. Geodesics. A curve v : [0,1] — X which minimizes the length, among all curves with
~v(0) = x and (1) = vy, is called a geodesic, or more properly a minimizing geodesic.

The property of being a minimizing geodesic is stable by restriction: if v : [0,1] — X is a
geodesic, then for all a < b € [0,1], ¥[[qy : [a,b] — X is a geodesic from v(a) to v(b).

A length space such that any two points are joined by a minimizing geodesic is called a
geodesic space.

Example 1.2. By the (generalized) Hopf-Rinow theorem, any locally compact complete length
space is a geodesic space [4].

It is a general fact that a Lipschitz curve  can be reparameterized so that |¥(t)| is constant [1,
Theorem 4.2.1]. Thus, any geodesic « : [0, 1] — X can be reparameterized so that |y(t)| = L(7)
for almost all ¢ € [0, 1]. In this case, v is called a constant-speed minimizing geodesic. Such
curves are minimizers of the action functional

I
A= [ 1P
0
More precisely, we have:

Proposition 1.3. Let (X,d) be a length space. Then

1
dz,y) =  inf Y(O)2dt Yo,y e X.
@) = ol / 58] 2y

Moreover, if (X,d) is a geodesic space, then minimizers of the above functional are precisely
constant-speed minimizing geodesics.
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Sketch of the proof. By (1.1) we know that

1
d(x,y) = inf / Y(t)| dt Vz,y e X.
(z,y) T 15(2)] y

/w ) dt < /M)Pdt,

with equality if and only if |¥(¢)| is constant for almost all ¢. The conclusion follows easily.
O

By Jensen’s inequality,

1.4. Riemannian manifolds. Given an n-dimensional C'*° differentiable manifolds M, for each
x € M we denote by T,,M the tangent space to M at x, and by TM := U,ep ({2} x T, M) the
whole tangent bundle of M. On each tangent space T, M, we assume that is given a symmetric
positive definite quadratic form g, : T, M xT,, M — R which depends smoothly on z; g = (g2 )zers
is called a Riemannian metric, and (), g) is a Riemannian manifold.

A Riemannian metric defines a scalar product and a norm on each tangent space: for each
v,we T, M

(v, W)y = gp(v,w), [v|e = V92 (v,0).
Let U be an open subset of R” and ¢ : U — <I>(U) =V C M achart. Given z = ®(z!,...,2") €
V', the vectors % = gfl (331, ...,x™), i =1,...,n, constitute a basis of T, M: any v € T,,M can

be written as v =" | v’ 8 -. We can use this chart to write our metric g in coordinates inside

V.
0:0:0) = Y- e (5.5 ) 7 = X s

1,j=1 t,j=1
where by definition g;;(z) := g, ( B (%]) We also denote by g% the coordinates of the inverse
of g: g” = (gij)~'; more precisely, Z g gji = 8, where 6} denotes Kronecker’s delta:
k 0 ifi#k.

In the sequel we will use these coordinates to perform many computations. Einstein’s con-
vention of summation over repeated indices will be used systematically: apb® = >k aib”,
gijv'v? =37, 5 gijv'v?, ete.

1.5. Riemannian distance and volume. The notion of “norm of a tangent vector” leads to
the definition of a distance on a Riemannian manifold (M, g), called Riemannian distance:

d(z,y) = inf / \/g,y(t y(t)) dt

7(0)=z,v(1

= inf \// Gy (3(8),7(2)) dt Va,ye X.
MW=y | Jo

7(0)=z,~

This definition makes (M, d) a length space.
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A Riemannian manifold (M, g) is also equipped with a natural reference measure, the Rie-
mannian volume:

vol(dr) = n-dimensional Hausdorff measure on (M,d) = y/det(g;;) dz' ... dz".

This definition of the volume allows to write a change of variables formula, exactly as in R™ (see
for instance [45, Chapter 1]).

1.6. Differential and gradients. Given a smooth map ¢ : M — R, its differential dp : TM —
R is defined as

dp(w)-v= | o)

where v : (—g,6) — M is any smooth curve such that v(0) = z, 4(0) = v (this definition is
independent of the choice of ). Thanks to the Riemannian metric, we can define the gradient
V(x) at any point 2z € M by the formula

<V<p(a:),v>$ = dop(x) - v.

Observe carefully that Vip(z) is a tangent vector (i.e. an element of T, M), while dp(x) is a
cotangent vector (i.e. an element of Tx M := (T,,M)*, the dual space of T,,M). Using coordinates
induced by a chart, we get

9ij (Vo)) = (dp)iv' = (Vo) = g"(dy);.

1.7. Geodesics in Riemannian geometry. On a Riemannian manifold, constant-speed min-
imizing geodesics satisfy a second order differential equation:

A+ T4 =0, (1.2)
where I‘fj are the Christoffel symbols defined by
1 9gje  0gie gy
k __ ke J % ij
I =39 ( — .

2 oxt oxi  Oxt

Exercise 1.4. Prove the above formula.

Hint. Consider the action functional A(y) = 3 fol Ir(t) (%(t),~(t)) dt for a geodesic v and, working
in charts, make variations of the form A(y + ¢h), with h vanishing at the end points. Then use
4 |._oA(y +ch) = 0 and the arbitrariness of h.

1.8. Exponential map and cut locus. ;From now on, by a geodesic we mean a solution of
the geodesic equation (1.2), and we will explicitly mention whether it is or not minimizing. We
also assume M to be complete, so that geodesics are defined for all times.

The exponential map exp : T'M — M is defined by

epr(U) = 7%11(1)?
where 7., : [0,400) — M is the unique solution of (1.2) starting at v, ,(0) = = with velocity
Va0 (0) = v.
We observe that the curve (exp,(tv)),~, is a geodesic defined for all times, but in general is
not minimizing for large times (on the other hand, it is possible to prove that exp, (tv) is always
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minimizing between x and exp,(ev) for € > 0 sufficiently small). We define the cut time ¢.(z,v)
as

te(z,v) = inf{t > 0] s — exp,(sv) is not minimizing between = and expgg(tv)}.

Example 1.5. On the sphere S", the geodesics starting from the north pole N = (0,...,0,1)
with unit speed describe great circles passing through the south pole S = (0,...,0,—1). These
geodesics are minimizing exactly until they reach S after a time 7. Thus t.(N,v) = 7 for any
v € Ty M with unit norm. By homogeneity of the sphere and time-rescaling, we get t.(x,v) = ﬁ

for any x € S", v € T, M \ {0}.

Given two points z,y € M, if there exists a unique minimizing geodesic (exp, (tv))y<;<; going
from x to y in time 1, we will write (with a slight abuse of notation) v = (exp, ) !(y).
Given z € M, we define the cut locus of x as

cut(w) = {exp, (to(z,£)€) |€ € ToM, |¢l. = 1

We further define
cut(M) :={(xz,y) € M x M | y € cut(z)}.

Example 1.6. On the sphere S”, the cut locus of a point consists only of its antipodal point,
ie. cut(zr) = {—z}.

It is possible to prove that, if y & cut(x), then z and y are joined by a unique minimizing
geodesic. The converse is close to be true: y ¢ cut(z) if and only if there are neighborhoods
U of z and V of y such that any two points 2’ € U, ¢y € V are joined by a unique minimizing
geodesic. In particular y € cut(x) if and only if x ¢ cut(y).

1.9. First variation formula and (super)differentiability of squared distance. Exactly
as in the computation for the geodesic equations (Exercise 1.4), one can compute the first
variation of the action functional at a geodesic: let 7 : [0,1] — M be a constant-speed minimizing
geodesic from x to y, and let 2’ ~ x + dx to v/ ~ y+ dy be perturbations of z and y respectively.
(When 6z € T, M with |dz| < 1, z + dx is an abuse of notation for, say, exp,(dz), or for h(1),
where h(s) is any smooth path with h(0) = z and A(0) = 6z.) The formulation of first
variation states that

A(') = AO) + ((7(1), 8ydy — (3(0),82)5) + O(I6y[*) + O(|6z ).

Here 4/ can be any curve from 2’ to 3/, geodesic or not, the important point is that 7/ be a C*
perturbation of v. Below is a more rigorous statement:

Proposition 1.7. Let v : [0,1] — M be a constant-speed minimizing geodesic from x to y.
Consider a C! family of curves ¢ : [0,1] — M, € € (—eq,e0) with 4° = 7, and let X be the
vector field along v defined by X (t) = (d/de)|c=07°(t). Then
d c . .
2| ACT) = 61), XA)y — (3(0), X(0))a-
e=0

The proof of this fact is analogous to the proof of the formula of the geodesic equation, with
the only exception that now the variation we consider do not vanish at the boundary points,
and so when doing integration by parts one has to take care of boundary terms.
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We can now compute the (super)differential of the squared distance; the result is most
conveniently expressed in terms of the gradient. Fix xy € M, and consider the function
F(z) = 4d(zo,2)*.

Proposition 1.8. If zg and x are joined by a unique minimizing geodesic, then F' is differentiable
at x and VF(x) = —(exp,) *(z0).

Sketch of the proof. Let v :[0,1] — M be the unique constant-speed minimizing geodesic from
xo to x, and let x. >~ x+ew be a perturbation of . Let 7. be a minimizing geodesic connecting xg
to ;50 7= () = exp,, (tve) for some v. € T, M. Up to extraction of a subsequence, 7. converges
to some minimizing geodesic, which is necessarily 7, and v. converges to (exp,,) ' (z). So 7-(t)
is a C'! perturbation of ~, and the first variation formula yields

F(z.) = A(y.) = A() + (1), w)s + O(2) = F(r) — &{(exp,) " (wo) w), + O().
O

In case xp and x are joined by several minimizing geodesics, the above argument fails. On
the other hand, one still has superdifferentiability: there exists p € T,, M such that

F(z') < F(z) + (p,6x), + O(|6z[?).
Proposition 1.9. For any x € M, F' is superdifferentiable at x.

Sketch of the proof. Let ~ :[0,1] — M be a constant-speed minimizing geodesic from z( to
x. Then, for any perturbation z’ ~ x + dx of x, we can perturb v into a smooth path 4" (not
necessarily minimizing!) connecting xo to z’. The first variation formula yields

F(z') < A(Y) = A(y) + (¥(1),6z), + O(|dz|*),
so 4(1) is a supergradient for F' at x. O

By the above proposition we deduce that, although the (squared) distance is not smooth, its
only singularities are upper crests. By the above proof we also see that I is differentiable at x if
and only if zy and z are joined by a unique minimizing geodesic. (Indeed, a superdifferentiable
function F' is differentiable at z if and only if F' has only one supergradient at x.)

1.10. Hessian and second order calculus. Let ¢ : M — R be a smooth function. The
Hessian V2p(z) : T,M — T, M is defined by

d2

2 —
(V6(e) vehs = G|

p(1(1),

where y(t) = exp,(tv). Observe that, when we defined the differential of a function, we could
use any curve starting from z with velocity v. In this case, as the second derivative of ¢((t))
involves 4(0), we are not allowed to choose an arbitrary curve in the definition of the Hessian.

1.11. Variations of geodesics and Jacobi fields. Let us consider a family (vp)_.<p<- of

constant-speed geodesics g : [0,1] — M. Then, for each t € [0, 1], we can consider the vector
field

J(t) = = ’)/g(t) S T’y(t)M
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The vector field J is called a Jacobi field along v = 7. By differentiating the geodesic equations
with respect to 0, we get a second order differential equation for J:

o /. ij
% (w’f + T?j(w)vmé) =0
gives

.o ork o

J¥ 4+ L JyiA0 4 oTk Ji4T = 0.

ozt K

This complicated equation takes a nicer form if we choose time-dependent coordinates deter-
mined by a moving orthonormal basis {e1(t),...,en(t)} of T, )M, such that

€y (t) + T (v(1)eg(t)¥ (1) = 0

(in this case, we say that the basis is parallel transported along v). With this choice of the
basis, defining J*(t) := (J(t), e;(t))@) we get

Ji(t) + RI(t)J;(t) = 0.

For our purposes it suffices to know that R! is a symmetric matrix; in fact one can show that
RI!(t) = (Riem(¥, ;) - 4, e;), where Riem denotes the Riemann tensor of (1, g).

We now write the Jacobi equation in matrix form: let J(t) = (J1(¢),..., Ju(t)) be a matrix
of Jacobi fields, and define J;;(t) := (Ji(t), €;(t))~(), with {e1(t),..., e, (t)} parallel transported
as before. Then

J(t)+ R(t)J(t) =0,
where R(t) is a symmetrix matrix involving derivatives of the metric g;;((t)) up to the second
order, and such that (up to identification) R(t)¥(t) = 0.

1.12. Sectional and Ricci curvatures. The matrix R appearing in the Jacobi fields equation
allows to define the sectional curvature in a point x along a plane P C T, M: let {ej,ea} be
an orthonormal basis of P, and consider v the geodesic starting from x with velocity e;. We
now complete {e1, e2} into an orthonormal basis of T,,M, and we construct {ei(t),...,e,(t)} as
above. Then the sectional curvature at = along P is given by

Sectx(P) = RQQ(O)

Remark 1.10. The sectional curvature has the following geometric interpretation: given v, w €
T, M unit vectors, with (non-oriented) angle 6,

cos?
d(exp, (tv), exp, (tw)) = \/2(1 — cos O)t <1 - UT(H/Q)tQ + O(t4)> , (1.3)

where o is the sectional curvature at z along the plane generated by v and w. Thus the
sectional curvatures infinitesimally measure the tendency of geodesics to converge (o > 0) or
diverge (0 < 0). We observe that formula (1.3) implies Gauss’s Theorema Egregium, namely
that the sectional curvature is invariant under local isometry.
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The Ricci curvature at point x € M is a quadratic form on the tangent space defined as
follows: fix £ € T, M, and complete £ to an orthonormal basis {€ = e, e9,...,¢e,}. Denoting by
[ei, e;] the plane generated by e; and e; for ¢ # j, we define

Ricy(£,€) 1= ) _ Secty([e1, €5]).
Jj=2

Another equivalent definition consists in considering the geodesic starting from x with velocity
¢, take {e1(t),...,e,(t)} obtained by parallel transport, and define Ric, (¢, &) = tr(R(0)).

1.13. Interpretation of Ricci curvature bounds. In this paragraph we give a geometric
interpretation of the Ricci curvature. For more details we refer to [45, Chapter 14] and references
therein.

Let ¢ be a C! vector field (i.e. &(z) € T, M) defined in a neighborhood of {v(¢)|0 <t < 1},
and consider the map

Ty(x) := exp, (t&(x)).
We want to compute the Jacobian of this map.
Think of d, T} : TyM — T, )M as an array (Ji(t),...,Ja(t)) of Jacobi fields. Expressed in
an orthonoral basis {e1(t),...,€,(t)} obtained by parallel transport, we get a matrix J(¢) which

solves the Jacobi equations J + RJ = 0. Moreover, since Ty(z) = x and Tp(x) = &(z), we have
the system

J+ RJ =0,
'](0) = Ip,
J(0) = V¢,

where V¢ is defined as

d
<v£ * €4, e]> i %

<§(exp$(sei)) ,€; (expx(sei))>

9
=0 exp,, (se;)

and e; (exp,(se;)) is obtained by parallel transport along s — exp,(se;).
We now define ¢ (t) := Jac,T; = det J(t). Then

d : 1
—log 7(t) = tr (J(t)J(t) )
as long as det J(t) > 0. Let U(t) := J(t)J(t)~'. Using the Jacobi equation for .J, we get
U(t) = —R(t) — U(t)*.

Taking the trace, we deduce the important formula

L (U (1) + tr (U()?) + Ric,y (3(0), 4(1)) = 0.

Remark 1.11. The above formula is nothing else than the Lagrangian version of the celebrated
Bochner formula, which is Eulerian in nature:

—V - ((€-V)E) +&-V(V-&) +1tr ((VE)?) + Ric(&,€) = 0.
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Assume now that U(0) is symmetric (this is the case for instance if £ = V) for some function
Y, as U(0) = V*)). In this case, since R is symmetric, U and U* solves the same differential
equation with the same initial condition, and by uniqueness U(t) is symmetric too. We can
therefore apply the inequality

1
tr (U()?) > E[tr(U(t))]Z
(a version of the Cauchy—Schwarz inequality). Combining all together we arrive at:

Proposition 1.12. If Ty(z) = exp, (tVi(x)), then #(t) = Jac,T; satisfies

2 2
L rog 1)+ (%mg /(t)) + Rie, ) (5(8), (1)) < 0.

. From this proposition, we see that lower bounds on the Ricci curvature estimate the averaged
tendency of geodesics to converge (in the sense of the Jacobian determinant).
The above proposition can be reversed, and one can prove for instance

2

d
Ric > 0 throughout M = a2 log Jac, (exp, (tVip(z))) <0 Vi, (1.4)

where 1) is arbitrary in the class of semiconvex functions defined in the neighborhood of x, such

that Jac, (exp,(tVi)) remains positive on [0,1]. A more precise and more general discussion
can be found in [45, Chapter 14].

1.14. Why look for curvature bounds? Sectional upper and lower bounds, and Ricci lower
bounds, turn out to be very useful in many geometric applications. For instance, Ricci bounds
appears in inequalities relating gradients and measures, such as:

Sobolev inequalities;

heat kernel estimates;

compacteness of families of manifolds;
spectral gap;

diameter control.

For example, the Bonnet—Myers theorem states
n—1
K )
while Sobolev’s inequalities on n-dimensional compact manifolds say that, if Ric, > Kg, for
some K € R, then

1 F 1l pen=v/m (avory < C(n, K, diam (M) (|| £l 21 @vot) + IV f1l 21 dvo)) v f.

Ricy; > K¢y, K >0 = diam(M) <~

1.15. Stability issue and (measured) Gromov—Hausdorff convergence. Sectional and
Ricci curvatures are nonlinear combinations of derivatives of the metric g up to the second order.
Therefore it is clear that if a sequence of Riemannian manifolds (Mp, gx) converges (in charts)
in C2-topology to a Riemannian manifold (M, g), then both sectional and Ricci curvatures pass
to the limit.

However much more is true: lower bounds on these quantities pass to the limit under much
weaker notions of convergence (which is an indication of the stability /robustness of these bounds).
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To make an analogy, consider the notion of convexity: a C? function ¢ : R® — R is convex if
and only if V2¢ > 0 everywhere. In particular if a sequence of convex functions ¢;, converges to
a ¢ is C*-topology, then ¢ is convex. However it is well-known that convexity pass to the limit
under much weaker notions of convergence (for instance, pointwise convergence).

In a geometric context, a powerful weak notion of convergence is the Gromov—Hausdorff
convergence:

Definition 1.13. A sequence (X, di)ren of compact length spaces is said to converge in the
Gromov-Hausdorff topology to a metric space (X,d) if there are functions fi : X — X and
positive numbers €, — 0, such that fj is an ex-approximate isometry, i.e.

ld(fr(x), fr(y) — di(z,y)| < ex Y,y € Xy,

distq(f(Xy), X) < ep.

Here disty(A, B) denotes the distance between two sets A, B C X measured with respect to
d, namely distq(A, B) = max(sup,¢ 4 infyep d(v,y), supyepinfread(z,y)).

One pleasant feature of the Gromov—-Hausdorff convergence is that a limit of length spaces is a
length space, and a limit of geodesic spaces is a geodesic space. The key property is summarized
in the following:

Exercise 1.14. Let ;. be a geodesic in Xj for each k € Xj. Prove that, although fi o is a
priori a discontinuous curve in X, up to extraction fi oy, converges to a geodesic in X.
Hint. Argue by contradiction.

In a Riemannian context, by abuse of notation one will say that a sequence of compact
Riemannian manifolds (M, gi) converges to a Riemannian manifold (M, g) if (M}, dj) converges
to (M,d), where d, (resp. d) is the geodesic distance on (M, gx) (resp. (M, g)). It is remarkable
that sectional curvature bounds do pass to the limit under Gromov-Hausdorff convergence [4]),
however weak the latter notion:

Theorem 1.15. Let (M, gi) be a sequence of Riemannian manifolds converging in the Gromov—
Hausdorff topology to a Riemannian manifold (M, g). If all sectional curvatures of (My, gx) are
all bounded from below by some fized number k € R, then also the sectional curvatures of (M, g)
are bounded from below by k.

A slightly weaker notion of convergence takes care not only of the distances, but also of the
measures; it is the measured Gromov—Hausdorff convergence, introduced in the present
form by Fukaya (related notions were studied by Gromov):

Definition 1.16. A sequence (X, d, ux)gen of compact length spaces, equipped with reference
Borel measures py, is said to converge in the measured Gromov-Hausdorff topology to a mea-
sured metric space (X,d, u) if there are functions f : X — X, and positive numbers € — 0,
such that fj is an ep-approximate isometry, and (f;)4pu; converge in the weak topology to p.

By abuse of notation, we shall say that a sequence of compact Riemannian manifolds (Mj, gx)
converges to another Riemannian manifold (M, g) in the measured Gromov—-Hausdorff topology
if (My,dy,voly) converges to (M,d,vol), where dj and voly (resp. d and vol) are the geodesic
distance and volume measure associated to (Mg, gi) (resp. (M, g)). After these preparations,
we can state the stability result on Ricci lower bounds, which will be proved in Section 3 using
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elements of calculus of variations, optimal transport, and its relation to Ricci curvature. The
following statement is a particular case of more general results proved independently in [28] and
[38, 39]:

Theorem 1.17. Let (Mg, gi) be a sequence of compact Riemannian manifolds converging in the
measured Gromov—Hausdorff topology to a compact Riemannian manifold (M,g). If the Ricci
curvature of (My, gr) is bounded below by K g, for some number K € R independent of k, then
also the Ricci curvature of (M, g) is bounded from below by K g.

2. SOLUTION OF THE MONGE PROBLEM IN RIEMANNIAN GEOMETRY

2.1. The Monge problem with quadratic cost. Let (M,g) be a Riemannian manifold,
d its geodesic distance, and let P(M) denote the space of probability measures on M. The
Monge problem with quadratic cost on M is the following: given p,v € P(M), consider
the minimization problem
inf / d(, T(x))? du(z).
Typ=v J 1

Here the infimum is taken over all measurable maps 17" : M — M such that the push-forward
Typof by T (i.e. the Borel probability measure defined by T u(A) := u(T~1(A)) for all Borel
subsets A of M) coincides with v.

This problem has a nice engineering interpretation: if we define c(z,y) = %d(m, y)? to be the
cost to move a unit mass from z to y, then the above minimization problem simply consists in
minimizing the total cost (=work) by choosing the destination T'(z) for each x.

It is also possible to give an equivalent probabilistic interpretation of the problem:

inf{E[c(X, Y] |law(X) = p, law(Y = y)},
so that we are minimizing a sort of correlation of two random variables, once their law is given.

Example 2.1. If ¢(z,y) = —z -y in R” x R™, then we are just maximizing the correlation of
the random variables X and Y, in the usual sense.

2.2. Existence and uniqueness on compact manifolds. In [32], McCann generalized Bre-
nier’s theorem [3] to compact Riemannian manifolds (see [12] or [45, Chapter 10| for the case of
more general cost functions on arbitrary Riemannian manifolds). McCann proved:

Theorem 2.2. Let (M, g) be a compact connected Riemannian manifold, let u(dx) = f(
and v(dy) = g(y)vol(dy) be probability measures on M, and consider the cost c(x,y) =
Then

(1) There ezists a unique solution T to the Monge problem.

)vol(dx)
d(z,y)*.

8

D=

2

(2) T is characterized by the structure T(x) = exp, (V(x)) for some L -convez function
v M — R.

(3) For po-almost all z, there exists a unique minimizing geodesic from x to T'(x), which is
given by t — exp, (tV1/1(a:))

(4) Jac, T = g(J;((x:z)) p-almost everywhere.

In the sequel of this section we shall explain this statement, and provide a sketch of the proof;
much more details are in [45, Part IJ.



12 ALESSIO FIGALLI AND CEDRIC VILLANI

2.3. c-convexity and c-subdifferential. We recall that a function ¢ : R — R U {+o0} is
convex and lower semicontinuous convex if and only if

¢(z) = sup [z -y — ¢*(y)],
yeR”
where

@*(x) := sup [z -y — o(z)].
TER?

This fact is the basis for the definition of c-convexity, where ¢ : X x Y — R is an arbitrary
function:

Definition 2.3. A function ¢ : X — RU {400} is c-convex if
Vx w(l“) = sup [¢C(y) - C(J}, y)]a

yey

where

Yy () = inf [U(2) + (@, y)].

Moreover, for a c-convex function v, we define its c-subdifferential at = as

OY(x) = {y e Y |p(z) = ¢°(y) — cz,y) }
With this general definition, when ¢(x,y) = —x -y, the usual convexity coincides with the

c-convexity and the usual subdifferential coindides with the c-subdifferential.

Remark 2.4. In the case of the Euclidean R™, a function ) is d—;—convex if and only if ¢ (z)+ @
is convex.

The following facts are useful (see [45, Chapter 13]):

Proposition 2.5. Let M be a compact Riemannian manifold. Then

(a) If Y : M — R is %—convex, then v is semiconver (i.e. in any chart can be written as
the sum of a convex and a smooth function).
(b) There exists a small number 6(M) > 0 such that any function ¢ : M — R with

¥llc2ary < 6(M) s %—convex.

(¢) Ifp: M —Risa %-convew function of class C?, then

N V%d(x,exp;(VdJ(@))Q >0,

V()

where V2d(z,y)? denotes the second derivative of the function d*(z,y) with respect to
the x variable.

Remark 2.6. A natural question is whether condition (c) is also sufficient for d—;-convexity (at

least for C? functions). As we will see in Subsection 4.5, this is the case under a suitable (forth

order) condition on the cost function %.
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2.4. Sketch of the proof Theorem 2.2. There are several ways to establish Theorem 2.2.
One possibility is to go through the following five steps:

Step 1: Solve the Kantorovich problem

In [20, 21], Kantorovich introduced a notion of weak solution of the optimal transport problem:
look for transport plans instead of transport maps. A transport map between two probability
measures g and v is a measurable map 1" such that Ty = v; while a transport plan is a
probability measure m on M x M whose marginals are 1 and v, i.e.

/MXMh(l‘)dﬂ(x,y)Z/Mh(x)d,u(a:), /MXMh(y)dﬂ(%y):/ h(y) dv(y),

M

for all h: M — R bounded continuous. Denoting by II(u, ) the set of transport plans between
p and v, the new minimization problem becomes

ﬂEliTrbfw) {/MXM A, y)* dn(a, y)} ' (2.1)

A solution of this problem is called an optimal transport plan. The connection between the
formulation of Kantorovich and that of Monge is the following: any transport map 7" induces the
plan defined by (Idx x7")4u which is concentrated on the graph of T'. Conversely, if a transport
plan is concentrated on the graph of a measurable function 7', then it is induced by this map.

By weak compactness of the set II(y, ) and continuity of the function 7 +— [ d(z,y)*dn, it
is simple to prove the existence of an optimal transport plan 7; so to prove the existence of a
solution to the Monge problem it suffices to show that 7 is automatically concentrated on the
graph of a measurable map T, i.e.

y="T(x) for w-almost every (x,y).

Once this fact is proved, the uniqueness of optimal maps will follow from the observation that,
if 1 and T5 are optimal, then 7 := (Idx xT1)xp and mp = (Idx xT5)4p are both optimal
plans, so by linearity 7 = %(m + my) is optimal. If it is concentrated on a graph, this implies
T1 = T3 p-almost everywhere

Step 2: The support of 7 is c-cyclically monotone
A set S C M x M is called c-cyclically monotone if, for all N € N, for all {(z;, y;) }o<i<n C S,
one has
N N

o(zi, yi) < ZC(inayiJrl)a
=0 i=0

7

K2
where by convention yyi1 = yo.
The above definition heuristically means that, sending the point x; to the point y; for
1=0,..., N is globally less expensive than sending the point x; to the point y;41. It is therefore
intuitive that, since 7 is optimal, its support is c-cyclically monotone (see [17] or [45, Chapter
5] for a proof).

Step 3: Any c-cyclically monotone set is contained in the c-subdifferential of a c-
convex function
A proof of this fact (which is due to Rockafellar for ¢(z,y) = —z - y, and Riischendorf for the
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general case) consists in constructing explicitly a c-convex function which does the work: given
S c-cyclically monotone, we define

) i=suwp  sup {[elwo, o) (@1, yo) |+ [el@r, y)—e(@a, y)] +. .+ [elan, yv) ez yn)] },
NeN {(z;,y:) }1<i<nCS

where (¢, yo) is arbitrarily chosen in S. We leave as an exercise for the reader to check that

with this definition 1) is c-convex, and that S C 0°Y(x) := Ugenm ({x} x 0% (x)).

Step 4: 7 is concentrated on a graph
Applying Steps 2 and 3, we know that the support of 7 is contained in the c-subdifferential of
a c-convex function 1. Moreover, as said in Proposition 2.5, c-convex functions with ¢ = g
are semiconvex. In particular 1 is Lipschitz, and so it is differentiable vol-almost everywhere.
Since 1 is absolutely continuous with respect to vol, we deduce that v is differentiable jp-almost
everywhere. This further implies that, for 7-almost every (z,y), ¢ is differentiable at z.

Now, let us fix a point (Z,%) € supp(n) such that 1 is differentiable at Z. To prove that 7 is
concentrated on a graph, it suffices to prove that 7 is uniquely determined as a function of z.

To this aim, we observe that:

(a) Since the support of 7 is contained in the c-subdifferential of Y, we have 3 € 0% (Z),
and this implies that the function z — ¥ (x) + ¢(x, ) is subdifferentiable at z (and 0
belongs to the subdifferential).

(b) As shown in Subsection 1.9, c(z,y) = 3d(z,)? is superdifferentiable everywhere.

(c) 9 is differentiable at z.

The combination of (a), (b) and (c) implies that ¢(z,y) is both upper and lower differentiable
at o = Z, hence it is differentiable at Z. Since Z was an arbitrary point where v is differentiable,
this proves that

Vi (x) + Vec(z,y) =0 for w-almost every (x,y).
By the first variation formula and the discussion in Subsection 1.9, this implies that there exists
a unique geodesic joining z to y, and Ve(x) = (exp,) ! (y). Thus we conclude that, for 7-almost
every (z,y),

y = exp, (Vi(z)) (in particular y is a function of z),

t — exp, (tV1/1(:1:)) is the unique minimizing geodesic between z and y.

Step 5: Change of variable formula
Here we give just a formal proof of the Jacobian equation, and we refer to [45, Chapter 11] for
a rigorous proof.

Since 7 has marginals ¢ and v, and is concentrated on the graph of 7', for all bounded
continuous functions ¢ : M — R we have

/M () dv(y) = /MXM ((y) dn(z,y) = /M<<T<x>> dpu(z),

that is Tl p = v. Recalling that u = fvol and v = gvol, we get, by change of variables,

/MC(T(:C)) ) dvol(z / () gy dvol(y / (T (2))] det (do T)| dvol ().
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By the arbitrariness of { we conclude that f(z) = g(T(x))|det(d,T)| p-almost everywhere.

2.5. Interpretation of the function . The function ) appearing in the formula for the
optimal transport map has an interpretation as the solution of a dual problem:

sup [ v - [ o).

The above maximization problem has the following economical interpretation: (x) is the price
at which a “shipper” buys material at x, while 1°(y) is the price at which he sells back the
material at y. Then, since

ve(y) = inf [(@) + ()] = sup{ p(y) | 9(y) < (@) + e(.p)},

this means that ¥°(y) is the maximum selling price which is below the sum “buy price +
transportation cost”, that is the maximum price to be “competitive”. In other words, the
shipper is trying to maximize his profit.
To prove that i solves the above maximization problem, we observe that:
1) ¢°(y) — ¥(x) = c(x,y) on supp(7) for an optimal plan 7.
2) For any c-convex function ¢, ¥°(y) — ¥ (z) < ¢(x,y) on M x M.
Combining these two facts, we get

| wwar= [ d@du= [ ) —s@)dren = [ e

M xM

> /MxM[w(y)—zb(x)] a7, ) = /Mw%zu— /deu,

and so 1 is a maximizer.

3. SYNTHETIC FORMULATION OF RICCI BOUNDS

As we have seen in the last section, the optimal transport allows to construct maps T'(z) =
exp, (VQ[)(.I‘)), with ¢ : M — R globally defined. Moreover it involves a Jacobian formula for
T. For this reason, it turns out to be a natural candidate for a global reformulation of Ricci
curvature bounds. More precisely, Ricci curvature bounds can be reformulated in terms of
convexity inequalities for certain nonlinear functionals of the density, along geodesics of optimal
transport. This fact will provide the stability of such bounds, and other applications.

3.1. The 2-Wasserstein space. Let (M, g) be a compact Riemannian manifold, equipped with
its geodesic distance d and its volume measure vol. We denote with P(M) the set of probability
measures on M. Let

Walu,v) = min {/MXM &2z, y) dr(z, y)}% .

mell(p,v)

The quantity Wa(u,v) is called the Wasserstein distance of order 2 between p and v. It is
well-known that it defines a finite metric on P(M), and so one can speak about geodesic in the
metric space Py(M) := (P(M),W5). This space turns out to be a geodesic space (see e.g. [45,
Chapter 7]). We denote with P§¢(M) the subset of P,(M) that consists of the Borel probability
measures on M that are absolutely continuous with respect to vol.
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3.2. Geodesics in Py(M). Given pg, 1 € Po(M), we want to construct a geodesic between
them. In general the geodesic is not unique, as can be seen considering g = 0, and p; = d,,
where x and y can be joined by several minimizing geodesics. Indeed if v : [0,1] — M is a
geodesic form x to y, then ji; := d,) is a Wasserstein geodesic from d, to d,. (Check it!)

On the other hand, if po (or equivalently p;) belongs to Py¢(M), this problem has a simple
answer (see [45, Chapter 7] for a general treatment):

Proposition 3.1. Assume pg € P$“(M), and let T'(z) = exp,(Vi(z)) be the optimal map
between po and p1. Then the unique geodesic from pg to py is given by py := (1y)4po, with

Ty(x) = exp, (tV1(x).

Proof. To prove that u; is a geodesic, we observe that
Wa(juan ue)? < /M d(exp, (V) exp, (1V9()) ) dpo )

(s —1)? /M V()2 dpo(x) = (¢ — 3)*Walpio, 1)

This implies that Wa (s, pe) < [t — s[Wa(po, 1) for all s,t € [0,1], so the length of the path
(1t)o<t<1 satisfies

L((pe)o<t<1) < Wa(po, p1)-

But since the converse inequality is always true, we get L((u¢)o<i<1) = Wa(po, 1), so that i
is a geodesic.

The fact that u is the unique geodesic is a consequence Theorem 2.2(c), together with the
general fact that any Wasserstein geodesic takes the form p; = (e;)4II, where II is a probability
measure on the set I' of minimizing geodesics, and e; : I' — M is the evaluation map at time ¢:
er(y) :=y(t) (see [45, Theorem 7.21 and Corollary 7.23]). O

Remark 3.2. One can write down the geodesic equations for P»(M), which has to be understood
in a suitable weak sense (see [45, Chapter 13]):

) .

% + div(ueVihy) = 0,
O | |Vip*
a2 0

3.3. Approximate geodesics in Wasserstein space. A key property of the Wasserstein
space is that it depends continuously on the basis space, when the topology is the Gromov—
Hausdorff topology. The following statement is proven in [28, Proposition 4.1): If fi : My — M
are ex-approzimate isometries, with e, — 0, then (f)y : Po(My) — Pa(M) are €y-approzimate
isometries, with €, — 0.

3.4. Reformulation of Ric > 0. Let

lo dvol if u = pvol,
H(p) = Hyol(p) = /Mp 8() p=r

+o00 otherwise.
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This is the Boltzmann H functional, or negative of the Boltzmann entropy. As shown in
[37] (as a development of the works in [36, 9]), the inequality Ric > 0 can be reformulated in
terms of the convexity of H along Wasserstein geodesics:

Theorem 3.3. Let (M,g) be a compact Riemannian manifold. Then Ric > 0 if and only if
t — H(ut) is a convex function of t € [0,1] for all Wasserstein geodesics (fit)o<t<1-

More generally, Ric > K g if and only if, for all ug, i1 € Py¢(M),

1 — 1)
2

H(pe) < (1= 1) H (po) +tH () — K Waluo,m1)® Wt €0,1], (3.1)

where (j1¢)o<t<1 is the Wasserstein geodesic between po and ;.

Sketch of the proof. Let us consider just the case K = 0. By using the Jacobian equation
(Theorem 2.2(d)), we get

H(pt) = /M pi () log(pi(x)) dvol(x) = /M pe(Ty(x)) log (pe(Ti(x))) Jac, Ty dvol(x)

= /M po(z)log (%) dvol(x) = H(po) — /M log Jac, (exp, (tV)) dpo.

Then the direct implication follows from (1.4). The converse implication is obtained also
from (1.4), using Proposition 2.5(b) to explore all tangent directions by minimizing geodesics in
Wasserstein space. Details appear e.g. in [45, Chapter 17]. O

3.5. Application: stability. Let us give a sketch of the proof of Theorem 1.17; we refer to
[28] and [45, Chapters 28 and 29| for details.

First of all, we reformulate the inequality Ric(M}y) > K g in terms of the convexity inequality
(3.1); the goal is to prove that the inequality (3.1) holds on the limit manifold M.

Let 1190 = povol, 1 = pyvol € Py¢(M), and define on M), the probability measures

k__ Poo frvoly g p1o fryvoly
Ho = , H1 = '

1
/ po © fr dvoly / p1 0 fr dvolg
Mk Mk

where fr : M — M are the approximate isometries appearing in the definition of the measured
Gromov-Hausdorff convergence. Let (uf)o<i<1 be the Wasserestein geodesic between puf and
pk. Up to extraction of a subsequence, (fi)xpuy converges, uniformly in ¢ € [0, 1], to a geodesic
pe in Py(M) between g and pq (recall Exercise 1.14). It remains to show that the inequality
(3.1) passes to the limit. Let us consider separately the three terms in this inequality

(a) The term Hj(uk) passes to the limit
By an approximation argument, it suffices to consider the case py € C(M). Then

Zy. ::/ po © fr dvoly :/ po d( fi)4voly —>/ po dvol = 1,
M, M M
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so that (with obvious notation)

(@] (@]
) = | ("0 f’“)log(” f’“) dvoli = [ pvo filog(on e ) dvols
M, \ 2, Z M,

k k

:/ polog(po) d(fi)4volk —>/ polog(po) dvol = H ().
M M

The case of Hy (1Y) is analogous.

(b) The term Wy (uf, u¥)? passes to the limit
This follows from the fact that (fj)4 are x-approximate isometries, and the Wasserstein distance
on a compact manifold metrizes the weak convergence: so

W2(/~L]57/~L]f) = W2((fk)#/ll(§7 (fk)#ﬂlf) — Wa(po, p1)-

(c) The term Hj(uF) is lower semicontinuous under weak convergence
This comes from the following general property: If U : RT — R is convex and continuous, then

o P(M) x Py(M) > (p,v) — [U (j—’;) dv is a convex lower semicontinuous functional.

() <0 (22) i1 0

Combining these two facts, we get

H(ju) < limind Hig oo, (k) < liminf Hyep (),

which is the desired inequality.

4. THE SMOOTHNESS ISSUE

Let (M,g) be a compact connected Riemannian manifold, let p(dz) = f(x)vol(dz) and
v(dy) = g(y)vol(dy) be probability measures on M, and consider the cost c(z,y) = 1d(z,y)?.
Assume f and g are C'*° and strictly positive on M. Is the optimal map T smooth?

A positive answer to this problem has been given in the Euclidean space [43, 10, 5, 6, 7, 44]
and in the case of the flat torus [8], but the general question of Riemannian manifolds remained
open until the last years. Only recently, after two key papers of Ma, Trundinger and Wang [30]
and Loeper [24], did specialists understand a way to attack this problem; see [45, Chapter 12]
for a global picture and references.

There are several motivations for the investigation of the smoothness of the optimal map:

e It is a typical PDE/analysis question.

e It is a step towards a qualitative understanding of the optimal transport map.

e If it is a general phenomenon, then nonsmooth situations may be treated by regulariza-
tion, instead of working directly on nonsmooth objects.

Moreover, as we will see, the study of this regularity issue allows to understand some geometric
properties of the Riemannian manifold itself.
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4.1. The PDE. Starting from the Jacobian equation
f(x)
9(T(x))’
and the relation T'(z) = exp, (Vi(z)), we can write a PDE for ¢. Indeed, since
Vip(z) + Vye(z, T(z)) =0,
differentiating with respect to x and using the Jacobian equation we get

/(@) |
9(T (@) [det(dyy ey oxp,)

(Observe that, since 1 is c-convex, the matrix appearing in the left-hand side is positive definite
by Proposition 2.5(c).)

We see that i solves a Monge—Ampere type equation with a perturbation V%c(az, €xXp, (V¢(m)))
which is of first order in . Unfortunately, for Monge—Ampere type equations lower order terms
do matter, and it turns out that it is exactly the term VZ¢(z, exp, (Ve (x))) which can create
obstructions to the smoothness.

|det(d, T)| =

det [V%b(x) + Vic(x,expx (V¢(x)))] =

4.2. Obstruction I: Local geometry. We now show how negative sectional curvature is an
obstruction to regularity (indeed even to continuity) of optimal maps. We refer to [45, Theorem
12.4] for more details on the construction given below.

Let M = H? be the hyperbolic plane (or a compact quotient thereof). Fix a point O as
the origin, and fix a local system of coordinates in a neighborhood of O such that the maps
(r1,22) — (£x1,+29) are local isometries (it suffices for instance to consider the model of the
Poincaré disk, with O equal to the origin in R?). Then define the points

AT =(0,+e), B* = (%¢,0) for some € > 0.

Take a measure 4 symmetric with respect to 0 and concentrated near { AT }U{A~} (say 3/4 of the
total mass belongs to a small neighborhood of {AT} U{A™}), and a measure v symmetric with
respect to 0 and concentrated near {B*}U{B~}. Moreover assume that p and v are absolutely
continuous, and have strictly positive densities everywhere. We denote by 7" the unique optimal
transport map, and we assume by contradiction that 7" is continuous. By symmetry, we deduce
that T(O) = O. Then, by counting the total mass, we deduce that there exists a point A" close
to AT which is sent to a point B’ near, say, B*.

But, by negative curvature (if A’ and B’ are close enough to A and B respectively), Pythagore’s
Theorem becomes an inequality: d(O, A")? + d(O, B')? < d(A’, B')?, and this contradicts the
c-cyclical monotonicity of the support of an optimal plan (see Step 2 of Theorem 2.2).

4.3. Obstruction II: Topology of the c-subdifferential. Let ¢ : R® — R be a convex
function; its differential dp(x) is given by

dp(z) = {y eR"|p(a) +¢"(y) =z -y} ={y R |p(2) —2-y > p(z) —z-y VzeR"}.
Then Op(z) is a convex set, a fortiori connected.

If we now consider ¢ : M — R a c-convex function, ¢ = %, then (see Subsection 2.3)

Op(x) = {y € M|p(z) =¢°(y)—clz,y)} = {y € M |(2)+c(z,y) > ¢(x)+c(z,y) Vze M}
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In this generality there is no reason for 9“¢(z) to be connected — and in general, this is not
the case!

Following the construction given in [30, Section 7.3], Loeper showed that under adequate as-
sumptions the connectedness of the c-subdifferential is a necessary condition for the smoothness
of optimal transport [24] (see also [45, Theorem 12.7]):

Theorem 4.1. Assume that there exist T € M and 1y : M — R c-convez such that 0 (Z) is not
(simply) connected. Then one can construct f and g, C* strictly positive probability densities
on M, such that the optimal map T from fvol to gvol is discontinuous.

4.4. Conditions for the connectedness of 9°). We now wish to find some simple enough
conditions implying the connectedness of sets 9%).

First attempt: Let us look at the simplest c-convex functions:

() = —c(x, y0) + ao.

Assume that = ¢ cut(y), and let § € 9 (z). Then the function ¢(x) + c(z,y) achieves its
minimum at x = Z, so T & cut(y) (see the argument in Step 4 of Theorem 2.2) and

—V$C(i‘, Z/O) + V:BC('T> g) =0.

Thus (expz) !(yo) = (exp;) ' (y) (see Subsection 1.9), which implies § = yo. In conclusion
0U(Z) = {yo} is a singleton, automatically connected — so we do not learn anything!

Second attempt: The second simplest example of c-convex functions are

() = max{—c(:z:,yo) + ag, —c(z,y1) + al}.

Take a point Z ¢ cut(y) belonging to the set {—c(z,y0)+ao = —c(z,y1)+a1}, and let § € 9°Y(z).
Since ¥ (x) + ¢(x,y) attains its minimum at = = z, we get

0e v% (¢ + C('ag))a
or equivalently

_V:BC('T>§) € V_?ﬂ(j)
(recall that by Proposition 2.5(a) 1 is a semiconvex function, so that its subgradient V™= (z),
which is defined in charts as the set {p|¥(Z + dz) > ¥(Z) + (p,dz) + o(|éx|)}, is convex and

non-empty). ;From the above inclusion we deduce that § € exp; (V" 4(z)) (see Subsection 1.9).
Moreover, it is not difficult to see that

V7 Y(z) ={(1 —t)vg + tvr |t € [0,1]}, v; i= Vae(Z,y:) = (expy) Myi), i=0,1.
Therefore, denoting by [vg, v1] the segment joining vy and vy, we have proved the inclusion
0°4(z) € expy ([vo, 1))
The above formula suggests the following definition of c-segment:

Definition 4.2. Let & € M, yo,y1 & cut(z). Then we define the c-segment from yy to y; with
base z as

o, y1)z == {ye = expz ((1 — t)(expz) " (o) + t(expz) "' (y1)) |1 € [0, 1]}.
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In [24], Loeper proved (a sligtly weaker version of) the following result (see [45, Chapter 12]
for the general result):

Theorem 4.3. The following conditions are equivalent:

(1) For any ¢ c-convex, for all T € M, 0°)(Z) is connected.
(2) For any v c-convez, for all T € M, (expz)~'(8°¢(z) \ cut(z)) is convew.
(8) For allz € M, for all yo,y1 & cut(Z), if [yo, y1]z = {Yt}eejo,1) does not meet cut(z), then

d(z,ye)* — d(z,y,)* > min[d(z, y0)* — d(Z,0)*, d(x, y1)* — d(z, y1)°] (4.1)
for allz € M, t € [0,1].
(4) For allz € M, for all y & cut(x), for alln,& € Tz M with § L n,
d? d?
2| e
where p = (expz) ' (y)-

Moreover, if these conditions are not satisfied, C* c-convex functions are not dense in Lipschitz
c-convex functions.

d(expz(t€), expz(p + 877))2 <0,
t=0

FIGURE 1. Property (3): the mountain grown from y; emerges exactly at the
pass between the mountains centered at yg and y.

Sketch of the proof. We give here only some elements of the proof.

(2) = (1): since (expz) ' (9°%(Z) \ cut(z)) is convex, it is connected, and so its image by exp;
is connected too.
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(1) = (2): for vz 4oy = max{—c(-, yo)+e(Z, yo0), —c(-, y1)+c(Z, yl)} we have (exp;) ™! (8%/)(3‘:)) -
[(expz) 1 (yo), expz) 1 (y1)], which is a segment. Since in this case connectedness is equivalent
to convexity, if (1) holds we obtain 0z yo.4 = (Y0, Y1)z

In the general case, we fix yo,y1 € 9°¢Y(z). Then it is simple to see that

IY(T) D OV yo . (Z) = [yo, Y]z,
and the result follows.

(2) & (3): condition (4.1) is equivalent to 0“Yz .41 = (Y0, ¥y1]z. Then the equivalence between
(2) and (3) follows arguing as above.

(3) = (4): fix x € M, and let y := expz(p). Take &,n orthogonal and with unit norm, and
define

Yo :=expz(p —en), y1 :=expz(p+en) for some £ > 0 small.
Moreover, let
ho(x) == c(Z,y0) — c(x,y0), hi(x) == c(Z,y1) — c(x,y1), ¢ :=max{ho, h1 } = Vz,yo,-

We now define y(¢) as a curve contained in the set {hg = h1} such that v(0) =z, 4(0) = &£. (See
Figure 2.)

(ho = h1)

FIGURE 2. Proof of (3) = (4); y belongs to the c-segment with base T and
endpoints yo, y1; £ is tangent to the local hypersurface (hg = hq).
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Since y € [yo, 1]z, by (3) we get y € 0°Y(z), so that

%[ho(ﬂ?)Jrhl(fo)]JrC(ﬂ?’y) = Y(T)+c(T,y) < P(y(1)+e(v(t),y) = %[ho(’y(t))Jrhl (Y(E))]+e(r (1), ),

where we used that hg = hy along . Recalling the definition of hg and hy, we deduce

1 1., _ _
5 [C(’Y(t)7 ?/0) + C(’Y(t), yl)] - C(V(t% y) < 5 [0(137 ?/O) + C(.’E, yl)] - C(.’E, y)7
so the function t — Z[c(v(t),y0) + c(v(t),y1)] — c(y(t),y) achieves its maximum at ¢ = 0. This
implies
d2
dt?

(5 (e0r(8),90) + e((8). 1)) — e(a(1),9)] <O,

t=0

ie. .
<[§ (Vic(a‘:, yO) + Vic(:ﬁ, yl)) - vic(i‘a y)] &, £> <0

(here we used that V,c(Z,y) = 2 [V.c(Z,y0) + Vee(Z,y1)]). Thus the function

1 (Vae(@, expy(p+1)) - €,€)
is concave, and proves (4). O

The above theorem leads to the definition of the regularity property:

Definition 4.4. The cost function ¢ = £ is said to be regular if the properties listed in Theorem

2
4.3 are satisfied.

To understand why the above properties are related to smoothness, consider properties (3) in
Theorem 4.3. It says that, if we take the function ¢z 4, ., = max{—c(-, yo) +c(Z,yo), —c(-,y1) +
c(z, yl)}, then we are able to touch the graph of this function from below at Z with the family of
functions {—c(-, yt) +¢(Z, Yt) befo,1)- This suggests that we could use this family to regularize the
cusp of ¥z 4., at the point z, by slightly moving above the graphs of the functions —c(-, y) +
c(Z,y;). (See Figure 1.) On the other hand, if (3) does not holds, it is not clear how to regularize
the cusp preserving the condition of being c-convex.

By what we said above, we see that the regularity property seems mandatory to develop a
theory of smoothness of optimal transport. Indeed, if it is not satisfied, we can construct C'*°
strictly positive densities f, g such that the optimal map is not continuous. The next natural
question is: when is it satisfied?

4.5. The Ma-Trudinger-Wang tensor. As we have seen in Theorem 4.3, the regularity of

42 . .
¢ = 5 is equivalent to

d? d? _
|, d|,, c(exp, (t€), exp,(p + 57)) <0, (4.2)
for all p,&, 7 € T, M, with ¢ and 7 orthogonal, p = (exp,)!(y) for some y ¢ cut(z).
Introduce a local system of coordinates (z',...,2") around z, and a system (y',...,y")

around y. We want to express the above condition ony in terms of ¢, using the relation V c(z, y)+
(exp,)~!(y) = 0. By the definition of gradient (see Subsection 1.6), this relation is also equivalent
to

—dIC(l‘,y) = <(epr)_1(y)7 >x (43)
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. . . . . . o oe o 820 o
VVe2 now start to write everything in coordinates. We will write ¢; = 55, ¢jx = 7557, Cij =
%, and so on; moreover (¢"/) will denote the coordinates of the inverse matrix of (¢; ;). Then

(4.3) becomes
—at' = gpp’® Ve e TLM.
Differentiating at y in a direction n € T),M we get
—ci i€ = gijl(dp expg) T ()€
Thus we get a formula for —diyc T M x TyM — R:

—cij(2,y) = gin(@)[(dpexpa) 1)),y = expy(p)- (4.4)

As shown in [23], —d2 ¢ defines a pseudo-metric on T, M x T,M, which coincides with g

along the diagonal {x = y}, and it is possible to interpret the regularity condition for the cost
in terms of this pseudo-metric.

1. Rewriting the orthogonality condition
The operator —d%yc can be used to transport tangent vectors at y in cotangent vectors at x, and
viceversa. In particular, if we consider the covector 7; := —cm-nj (n € T, M), the orthogonality
condition ¢,(&,7) = 0 appearing in the definition of the regularity of the cost is equivalent to
ﬁzfz = O, ie.
0= —CidfiT]j.

Thanks to (4.4), we have the formula n = d, exp,(7). (Note: n is not the parallel transport
of 77 along the geodesic exp,(tp)!) In particular, if the sectional curvature of the manifold in
non-negative everywhere, then the exponential map is 1-Lipschitz, and so |n|, < [7]..
2. Rewriting the Ma—Trudinger—-Wang condition
Equation (4.2) can also be written as

0? 02

o2 8332 c(z,y) <O0. (4.5)
The meaning of the left-hand side in (4.5) is the following: first freeze y and differentiate c(z,y)
twice with respect to x in the direction & € T, M. Then, considering the result as a function of
y, parameterize y by p = —V,c(z,y), and differentiate twice with respect to p in the direction
n € TyM (see the discussion in the next paragraph). By the relation p; = —c;(z,y) we get

6p _ . . Byk _ k.l . 7.7 . . .
5y = —Cij» which gives 5 = —c®%. Then, using —¢;; and —c*/ to raise and lower indices

(n* = =Py, etc.), it is just/a (tedious) exercise to show that the expression in (4.5) is equal to

> (cijrt = cijrcs i) €0,
ijklrs
where we used the formula d(M ') - H = —M'HM™!.
We can now define the Ma-Trudinger-Wang tensor (in short MTW tensor):

3 T i¢]
Sy (&n) =5 D (cijac s p — cijp) E¢0M.

ijklrs
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In terms of this tensor, the regularity condition for the cost functions becomes
Say)(&m) 20 whenever (z,y) € (M x M)\ cut(M), —¢; ;& = 0.

4.6. Invariance of &. By the computations of the last paragraph, we have seen that & is
constructed by the expression in (4.5). Since that expression involves second derivatives (which
are not intrinsic and depend on the choice of the coordinates), it is not a priori clear whether
G depends or not on the choice of coordinates. On the other hand, we can hope it does not,
because of the (intrinsic) geometric interpretation of the regularity.

To see that & is indeed independent of any choice of coordinates (so that one does not even
need to use geodesic coordinates, as in (4.2)), we observe that, if we do a change of coordinates
and compute first the second derivatives in z, we get some additional terms of the form

Tf(@)ew(x,y) = T3 (@)pr(,y) = T (@)gre()p’ ().
But when we differentiate twice with respect to p, this additional term disappears.

4.7. Relation to curvature. Let &, € T, M two orthogonal unit vectors, and consider the
functions

2
d(epr(tf), eXPx(SU))
5 .
As %\ s=0F(t,s) and %\tZOF(t, s) identically vanish, we have the Taylor expansion
F(t,s) ~ At* + Bs*> + Ct* + Dt?’s*> + Es* 4 ...

Since F(t,0) = t? and F(0,s) = s? we deduce A = B =1 and C = E = 0. Hence by (1.3) we
recover the identity

F(t,s) =

3 0?

2 0s%|,_, Ot?
first proved by Loeper [24]. This fact shows that the MTW tensor is a non-local version of the
sectional curvature. In fact, as shown by Kim and McCann [23], & is the sectional curvature

of the manifold M x M, endowed with the pseudo-metric —diyc. Combining the above identity
with Theorems 4.1 and 4.3, we get the following important negative result:

6($,$)(£777) = F(t75) = SeCtx([§777])7

t=0

Theorem 4.5. Let (M,g) be a (compact) Riemannian manifolds, and assume that there exist
x € M and a plane P C T, M such that Sect,(P) < 0. Then there exist C™ strictly positive
probability densities f and g such that the optimal map is discontinuous.

After this negative result, one could still hope to develop a regularity theory on any manifold
with non-negative sectional curvature. But such is not the case: as shown by Kim [22], the reg-
ularity condition is strictly stronger than the condition of nonnegativity of sectional curvatures.

4.8. The Ma-Trudinger-Wang condition.

Definition 4.6. We say that (M, g) satisfies the MTW (K) condition if, for all (z,y) € (M X
M)\ cut(M), for all £ € T, M, n e T,M,

Sy (&) 2 KIELIAE  whenever — (@, y)¢’ =0,
where 7' = —g"*(z) ey j(z,y) € TpM.
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Some example of manifolds satisfying the Ma-Trudinger-Wang condition are given in [24, 25,
23, 15]:
e R"™ and T™ satisty MTW(0).
e S" and its quotients satisfy MTW (1).
e Products of spheres satisfy MTW (0).
We observe that the MTW condition is a nonstandard curvature condition, as it is fourth

order and nonlocal. Therefore an important open problem is whether this condition is stable
under pertubation. More precisely, we ask for the following

Question: assume that (M, g) satisfies the MTW (K) condition for K > 0, and let g. be a
C4-perturbation of g. Does (M, g.) satisfy the MTW(K') condition for some K’ > 0?

The answer to this question is easily seen to be affirmative for manifolds with nonfocal cut-
locus like the projective space RP™ (see [26]). Moreover, as proven by Rifford and the first
author [15], the answer is affirmative also for the 2-dimensional sphere S2.

The next property, called Convexity of Tangent Injectivity Loci, or (CTIL) in short, is
useful to prove regularity and stability results [26, 15]:

Definition 4.7. We say that (M, g) satisfies CTIL if, for all x € M, the set
TIL(x) == {tv € T,M |0 <t < te(x,v)} C T,M
is convex.

As shown by the second author [46], if CTIL is satisfied, then the MTW condition is stable
under Gromov—Hausdorff convergence:

Theorem 4.8. Let (My, gi) be a sequence of Riemannian manifolds converging in the Gromov—
Hausdorff topology to a Riemannian manifold (M, g). If (Mg, gx) satisfy MTW(0) and CTIL,
then also (M, g) satisfies MTW(0).

The proof of this result uses that, under CTIL, MTW(0) is equivalent to the connectedness of
the c-subdifferential of all c-convex functions ¢ which solve the dual Kantorovich problem (see
Subsection 2.5).

4.9. Local to global. Under CTIL, one can prove that the MTW (0) condition is equivalent to
the regularity condition (4.1) (see [46]).

Here we want to show that an “improved” MTW condition allows to prove an “improved”
regularity condition, which in turns implies (Holder) continuity of the optimal map.

Definition 4.9. Let K,C > 0. We say that (M, g) satisfies the MTW (K, C') condition if for all
(z,y) € (M x M)\ cut(M), for all £ € T,M, n e T,M,

S 2y (&:m) = KIE[211Z = CE M€ el
where 7' = —g"F(z)cg j(x,y)) € T, M.

We observe that the second term appearing in the right hand side vanishes if —¢; ;(x, y) & =
0. Moreover, by the Cauchy-Schwarz inequality and &, ,)(&,§) = 0, we must have C' > K.
Next, if MTW(K,C) holds for some K > 0, then the sectional curvatures are bounded from
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below by K, and so by Bonnet—Myers’s Theorem the manifold is compact. We finally remark
that, in a subset of M x M where ¢ is smooth, a compactness argument shows that MTW(K)
implies MTW (K, C) for some C > 0 [26, Lemma 2.3]. So the refinement from MTW(K) to
MTW (K, C) is interesting only when the cost function loses its smoothness, i.e. close to the cut
locus.

Example 4.10. As proved in [15], the sphere S™ and its quotients satisfy MTW (K, K) for some
K > 0, and C*-perturbations of S? satisfy MTW (K, C) for some K,C > 0.

We now show that MTW (K, C') with K > 0 implies an “improved” regularity inequality. For
simplicity, here we give a simpler version of the lemma, where we assume that (M, g) satisfies
CTIL (otherwise one would need to apply an approximation lemma proved by the authors in
[16]). (See Figure 3.)

Lemma 4.11. Let (M, g) satisfies CTIL and MTW (K, C) with K > 0. For any T € M, let
(pt)o<i<1 be a C? curve drawn in TIL(Z), and let y; = exp,(p;); let further x € M. If

[ilz < €0 d(@,2)[pil2, (4.6)
then there exists A = A\(K,C,eq) > 0 such that, for any t € (0,1),
d(a,y1)? = d(z, ) = min(d(z, yo)? - d(@,y0)?, d(w, 1) - d(@,31)?)
(1 — 1)@, )1 — pol2. (A7)

qt

0

(7)
FIGURE 3. Lemma 4.11: pg, p; are tangent vectors at T; q;, q; are tangent at y; = expg p;.
This result, first proved by Loeper and the second author [26], and then sligthly modified by

Rifford and the first author [15], is a refinement of the proof given by Kim and McCann [23] for
the implication (4) = (3) in Theorem 4.3.

Sketch of the proof. Define the function
h(t) := —c(z,y) + c(z,y) + 5t(1 — 1),
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with ¢ = %. We want to prove that, for 6 = A\d(Z,x)?|p1 — pol|%, if A is small enough then
h(t) < max(h(0),h(1)). The idea of the proof is by the maximum principle: if we show that

h > 0 whenever h = 0, this will imply the result.
Define ¢; := (expyt)’l(aj), G = (expyt)’l(i‘), n:= q — @. Then, since

Yy = "y,
A N ) €,ch,s P A et
Yy = —C7 Cl i€ PrPs — C7 Pr,
(everything being evaluated at (Z,y;)), after some computations one obtains

ht) = —ci (&, y)n'sl +6(1 — 2t),

h(t) = = ([ea (2, ye) = a5 (F,90)] = 1" er 5 (90 )99 + com’ "y — 2. (4.8)
We now observe that the first term in the right hand side can be written as
(qr) — (@) — dg® - (q — @),
with ®(q) := ¢ (expyi(q), yt)y§y£7 therefore it is equal to
1 d2 2 1
/ ——P(sqt + (1 = 8)qt) ds = ——/ S(ys,z)(Ut,m) ds
0 dS 3 0

with z; := exp,, (sqt +(1- s)qt), and we get
. 2 1 .
h(t) = § /O G(yt,xs)(yta "7) ds + ci,jnlc]7rjjr —20

2 9. 2 . ) _ _ i
> gK\Tl|Zt|yt|Zt - §C|<n7yt>yt”yt‘yt‘n‘yt + ¢ i (Z,ys)n" " Pr — 20,

where 7 := (dp, exp,,) "' (1) = (dp, exp,,) " (g — G;). To understand now why the result is true,

we remark that for § = 0 the condition & = 0 means (N, Ut)y, = —¢ij(Z, yt)niyg = 0, which gives
h(t) > gK\Tl|Zt|yt|Zt +cign'c pr,

and thanks to the assumption of smallness on ||z one gets h > 0.

In the general case § > 0 small, the condition i = 0 gives |ci j(Z, y)n'y]| < 8, and using that
1Nz > |nly, > d(x, ) (since the sectional curvature of the manifold is non-negative) one obtains
the desired result. O

Remark 4.12. This local-to-global argument can also be used to give a differential characteri-
zation of c-convex functions (see Proposition 2.5). More precisely one has: assume that (M, g)
satisfies MTW(0) and CTIL. Then v € C?(M) is c-convex if and only if

V2d(z, exp, (Vi (2)))”

V() + 5

>0 Ve M.
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4.10. A smoothness result.

Theorem 4.13. Let (M, g) be a (compact) Riemannian manifold satifying MTW (K, C) with
K > 0. Assume morever that all TIL(x) are uniformly convex, and let f and g be two probability
densities on M such that f < A and g > a for some A a > 0. Then the optimal map between
p= fvol and v = gvol, with cost function c = d*/2, is continuous.

As shown by Loeper [24], this theorem can be refined into a Holder regularity for the transport
map. The argument of the proof, originally due to Loeper, has been simplified first by Kim and
McCann [23], and then by Loeper and the second author [26]. The argument we present is
borrowed from [26].

Proof. By Theorem 2.2, we know that the optimal map T can be written as exp, (Vi (x)), so
it suffices to prove that 1 is C''. Since v is semiconvex, we need to show that the subgradient
V™~ (x) is a singleton for all x € M. The proof is by contradiction.

Assume that there is & € M and pg,p1 € V™9 (z). Let yo = expz po, y1 = €xp; p1. Since the
cost is regular, we have y; € 9 (z) for i = 0,1, that is

(@) + ol@,y) = min [v(@) +e(,y)], =01
xeM

In particular

c(x,yi) — c(T,yi) =2 P(x) — (), i=0,1. (4.9)
For ¢ € (0,1), we define D. C TIL(Z) as follows: D consists of the set of points p € T3 M
such that there exists a path (pt)o<i<1 C TIL(Z) from pg to p; such that, if we define y; =
T 0 ¢ (Z,py), we have iy = 0 for ¢ & [1/4,3/4], |pily, < emolinl?, for ¢ € [1/4,3/4], and p = p,
for some ¢ € [1/4,3/4] (this is like a “sausage”, see Figure 4).

e —
//’/’Il"’ ;

cut(zx U1

== Y1 ,
4,54’77;;/’;/5{{/””/1%7 v T
Yo é‘:"llllllllyllﬂlll

M

FIGURE 4. Proof of Theorem 4.13: the volume of the ball B(Z,¢) is much
smaller than the volume of the “sausage” with base Z, endpoints yg, y1 and
width O(e); TCL(Z) is the tangent cut locus at .
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By uniform convexity of TIL(Z), if 1o is sufficiently small then D, lies a positive distance o
away from the tangent cut locus TCL(z) = 9(TIL(Z)), with o ~ |po — p1|2. Thus all paths
(pt)o<t<1 used in the definition of D, satisfy

‘yt|yt > C|p0 - pl‘i" Vit e [1/4>3/4]

Moreover condition (4.6) is satisfied if ny < €p and d(Z,z) > ¢. By simple geometric consid-
eration, we see that D. contains a parallelepiped FE. centered at (po + p1)/2 with one side of
length ~ |pg — p1|z, and the other sides of length ~ €[pg — p1|2, such that all points y in this
parallelepiped can be written as y; for some ¢t € [1/3,2/3], with y; as in the definition of D..
Therefore

szn(EE) > C(Ma Mo, ‘pO - p1|f)€n_1’
with Z" denoting the Lebesgue measure on Tz M. Since FE. lies a positive distance from
d(TIL(z)), we obtain
vol(Yz) ~ ZL™(E2) > o(M,no, [po — pilz)e™ ™", Yo = expg(Ex).

We wish to apply Theorem 4.13 to the paths (p;)o<t<1 used in the definition of D,. Since pg, p
belong to TIL(z) but not necessarily to TIL(Z), we first apply the theorem with (6p;)o<¢<1 with
6 < 1, and then we let § — 1; in the end, for any y € Yz and x € M \ B.(%),

d(z,y)? — d(z,y)* > min (d(:c,yo)2 —d(z,y0)%, d(z,y1)* — d(a‘:,yl)2> + Ae?|po — p1l3,
for some A > 0. Combining this inequality with (4.9), we conclude that
for any y € Yz, y & 0Y(x) Ve e M\ B(%).
This implies that all the mass brought into Y, by the optimal map comes from B.(Z), and so

w(B:(7)) = v(Yz).

Since u(B.(Z)) < Avol(B:(Z)) ~ €™ and v(Yz) > avol(Yz) > "1, we obtain a contradiction as
e— 0. O

5. RECAP AND PERSPECTIVES

In these notes, we have seen two different connections of optimal transport to curvature:

1. Ricci curvature: the optimal transport is a way to give a syntethic formulation of lower
Ricci curvature bounds

2. Sectional curvature: a regularity theory for optimal transport on a manifold depends on
the MTW condition, which reinforces non-negative sectional curvature.

We remark that, in both cases, the optimal transport goes well with lower bounds only.
A good thing is that in both cases there is a “soft” reformulation in terms of optimal transport:

Ric>0 <=t~ H(u) is convex, V (ut)o<i<1 geodesic in Py(M);

6>0 <= 0%(x) is connected, V1) solution of the dual Kantorovich problem.

Observe that these reformulations have the advantage of being very stable, and at the same time
can be used to generalize some differential concepts out of the Riemannian setting.
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5.1. The curvature-dimension condition. As we already said, while the sectional curvature
gives a pointwise control on distances, the Ricci curvature gives an averaged control, and is
related to Jacobian estimates with respect to a reference measure (which in Section 3 was
always the volume measure). For this reason, a natural general setting where one can study
Ricci bounds is the one of measured metric spaces (X, d, ) (see Subsection 1.15).

As an example, consider the measured metric spaces (M",g,e~"Vvol), with V € C?(M).

Modify the classical Ricci tensor into Ricy, := Ric + V2V — % for N > n (where by

convention % = 0, and N plays the role of an “effective” dimension). Then the curvature-

dimension condition CD(K, N), classically used in probability theory and geometry, consists
in Ricy, > K. Exactly as Ric > K, also this more general condition can be reformulated
in terms of optimal transport. Up to minor variations, the following definition was introduced
independently by Sturm [38, 39] and by Lott and the second author [28, 29] (recall the definition
of H from Subsection 3.4):

Definition 5.1. A compact measured metric space (X, d, v) is said to satisfy CD(K, o) if, for

all po, 11 € Pa(X), there exists a Wasserstein geodesic (pu¢)o<t<1 between po and g such that

t(1—1t)
2

A similar definition for CD(0, IV) is obtained by choosing K = 0 and replacing the nonlinearity

rlogr by —r1=Y/N_ There is also a more complicated definition which works for the general
CD(K, N) criterion [39, 45].

Hy(pe) < (1 =) Hy(po) + tHy (1) — K Wa(po, pn)* Vit € [0,1].

Example 5.2. (R",|-|,e"1#1"/2dz) satisfies CD(1,00); (R™, || - ||, dz) satisfies CD(0, N) for any
norm || - .

Ohta [33] recently performed some exploration of Finsler geometry along these lines.

5.2. Open problem: locality. A natural question is whether the above definition of Ricss, >
K is local or not. As shown in [38, 39] and [45, Chapter 30|, this question has an affirmative
answer if geodesics are non-branching, but it is open in the general case. The answer would
however be affirmative if the following (elementary but tricky) conjecture from [45] were true:

Conjecture 5.3. Let 0 < 0 <1, 0 < a < 7, and assume that f : [0,1] — R™ satisfies

sin((1— Nalt —¢]) )’ sin(Aajt —¢)) \’
FO =N+ ) 2 (1= ((1 — A)sin(alt — t'|)> Jw (W) J(¥)

for [t — /| small. Then the above inequality holds true for all ¢,¢" € [0,1].

5.3. Ricci and diffusion equations. The non-negativity of the Ricci curvature is important to
get contraction properties of solutions of the heat equation on a manifold. Indeed the following
result holds (see [35, 36, 37]):

Theorem 5.4. (M, g) satisfies Ric > 0 if and only if, for all py and fiz solutions of the heat
equation, Wa(put, fit) is non-increasing in time.

Another way to state this theorem is to say that Ric > 0 if and only if (e/®);>0 is a contraction
in Py(M).
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Recalling that Ric > 0 is equivalent to the convexity of the entropy functional H(u:) (see
Subsection 3.4), the above equivalence if formally explained by the Jordan-Kinderlehrer-Otto
theorem [18]: the heat flow is the gradient flow of H in Py(M). A generalization of the above
result has been given McCann and Topping [31] (see also [27]):

Theorem 5.5. A family of Riemannian metric g(t) are super-solutions of the backward Ricci-
flow % < 2Ricy, if and only if, for all py and fi; solutions of the heat equation in (M, g;) (i.e.

Orpte = Dg, pir), Walpu, fir) is non-increasing in time.

Let us also notice that Lott [27] and Topping [40] have recently studied properties of the
Ricci flow with the help of the optimal transport, and they can for instance recover Perelman’s
monotonicity formula.

5.4. Discretization. A natural question in probability theory and statistical mechanics is how
to define a notion of curvature on discrete spaces. The optimal transport allows to answer to
this question: the idea is to “discretize the synthetic formulation”:

- replace length space by d-length space, etc.

- allow for errors, either in the heat formulation (Markov kernels, etc.) as done by Ollivier
[34] and Joulin [19], or in the optimal transport formulation as done by Bonciocat and
Sturm [2].

Example 5.6. Consider the metric space {0,1}"" endowed with the Hamming metric (i.e. each
edge is of length 1). Then Ric > + at scale O(1) (see [34, Example 8]).

5.5. Smoothness. Regarding the smoothness of the optimal transport map, two main questions
arise:
- Find further examples of manifolds satisfying the MTW conditions. (Recall S™ and its
quotients, RP" and its perturbations, perturbations of S?, products of spheres.)
- Find results yielding regularity in terms of the MTW condition, the shape of the cut
locus, assumptions on y and v...

As an example, the following theorem was proven by Loeper and the second author [26]:

Theorem 5.7. Let (M,g) be a compact Riemannian manifold such that there is no focaliza-
tion at the cut locus (i.e., dy (y.)0 €XD, is invertible for all x,v). Assume that (M,g) satisfies
MTW (K) for some K >0, and let f and g be two probability densities on M such that f < A

and g > a for some A,a > 0. Then the optimal map T is C%®, with o = ﬁ.

Examples of manifold satifying the assumptions of the above theorem are the projective space
RP™ and its perturbations, and a challenge is to understand what happens when one removes
the “no-focalization” assumption.

The following conjecture was formulated in [26]:

Conjecture 5.8. MTW implies CTIL.

This conjecture has been proved by Loeper and the second author [26] under MTW (K') with
K > 0, and the no-focalization assumption. Using a variant of the MTW condition, Rifford and
the first author proved the following result [15]:

Theorem 5.9. If (M, g) is a C*-perturbation of S?, then CTIL holds.
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Through these considerations we see that the MTW condition, originally introduced as a way
to explore the regularity of optimal transport, turns out to give a new kind of geometric infor-
mation on the manifold (compare with the Bonnet-Myers theorem, or with classical theorems
on the rectifiability or local description of the cut locus).

6. SELECTED REFERENCES

This section provides a list of references which seem to us the most significant. To this list
should be added the book [45], which is attempts at providing a synthetic overview of all the
links between geometry and optimal transport.

6.1. Links between optimal transport and Ricci curvature. The reference [36] by Otto—
Villani may be considered as the founding paper for this topic. A body of technical tools was
developed in a parallel work by Cordero-Erausquin—-McCann—Schmuckenschliager [9], which made
progress on these issues, and solved some of the open problems stated in [36]. At that time the
emphasis was rather on applications from calculus of variations and functional inequalities.
Later the interest of these links for geometric applications was realized, and explicitly noted by
von Renesse—Sturm [37]. The synthetic theory of Ricci curvature bounds in the general setting of
metric-measure spaces was developed independently by Sturm [38, 39] and by Lott—Villani [28].

6.2. Optimal transport and Ricci flow. The links between these objects were suspected for
some time, and hinted for by a preliminary result by McCann—Topping [31]. Finally this link
was made precise in contributions of Lott [27] and Topping [40].

6.3. Discrete Ricci curvature. This theory is in construction with preliminary works by
Joulin and Ollivier; one may consult in particular [34] by the latter.

6.4. Smoothness of optimal transport, cut locus and MTW tensor. After the land-
mark papers by Ma—Trudinger—Wang [30] and Loeper [24], the theory was partly simplified
and rewritten by Kim—McCann [23]. Applications to the geometry of the cut locus were first
investigated by Loeper—Villani [26], and further developed by Figalli-Rifford [15].
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