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Abstract

We establish the existence of Euclidean tangent cones on Wasserstein spaces
over compact Alexandrov spaces of curvature bounded below. By using this
Riemannian structure, we formulate and construct gradient flows of functions
on such spaces. If the underlying space is a Riemannian manifold of nonnegative
sectional curvature, then our gradient flow of the free energy produces a solution
of the linear Fokker-Planck equation.

1 Introduction

Our main object in the article is the (quadratic) Wasserstein space (P(X),dy) (also
called the Kantorovich-Rubinstein space) over a compact metric space (X,d). The
Wasserstein space (P(X),dy) is by definition the space of probability measures on
X equipped with a certain distance structure dj’ which metrizes the weak topology
of P(X). Recently, it has turned out that there are strong connections between the
structures of the Wasserstein space P(X) and the underlying space X, and that the
geometry of P(X) provides a powerful tool for studying the structure of X. One
of the most interesting examples is an approach to a synthetic lower Ricci curvature
bound for general metric measure spaces (see [RS], [S2], [S3], [LV2] and [LV1], and
also [CMS], [Oh2] and [Oh3] for related works). There the convexity of the entropy
on P(X) plays the role of the lower Ricci curvature bound of X.

Our first main result (Theorem 3.6) concerns the infinitesimal structure of the
Wasserstein space P(X) over a compact Alexandrov space X of curvature bounded
below. We are inspired by the fact that P(X) is an Alexandrov space of nonnegative
curvature if and only if so is X. This fact implies that P(X) has Euclidean tangent
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cones and it gives a rigorous justification of Otto’s formal Riemannian structure on
P(R™) ([Ot]). Our theorem extends this fact, namely it asserts that P(X) has Eu-
clidean tangent cones if X is a compact Alexandrov space with a possibly negative
lower curvature bound. In this case, P(X) is not an Alexandrov space, but satisfies a
kind of ‘2-uniform smoothness’ (3.1) which is a concept coming from the geometry of
Banach spaces (see [Oh4]). The 2-uniform smoothness can be regarded as a general-
ization of the nonnegative curvature in the sense of Alexandrov, and the error term is
getting smaller as we are scaling up the space, thus we obtain that tangent cones exist
and are Euclidean. This discussion proves the usefulness of the view of the geometry
of Banach spaces in metric geometry.

Our Riemannian structure on P(X) enables us to consider gradient flows of lower
semi-continuous and K-convex functions on P(X). Such a gradient flow exists and is
complete (Theorem 5.11). Although the existence follows from results in the recent
remarkable book [AGS] by Ambrosio, Gigli and Savaré, we will present a different
construction. It extends a discussion in [Ly2| (see also [PP]) and seems to be of
independent interest. If X is of nonnegative curvature, then we further obtain the
uniqueness and the contraction property of gradient flows (Theorem 6.2).

In the particular case where the underlying space X is a Riemannian manifold of
nonnegative sectional curvature, we show that our gradient flow of the free energy pro-
duces a solution of the linear Fokker-Planck equation (Theorem 6.6). This generalizes
a celebrated work by Jordan, Kinderlehrer and Otto [JKO] on Euclidean spaces. As
a corollary, the gradient flow of the relative entropy starting from a Dirac measure
describes the heat kernel (Corollary 6.7). These results provide effective instruments
in analysis, probability theory and geometry on Riemannian manifolds (see [OV] for a
somewhat related formal discussion). We refer to the outstanding lecture notes [V2]
by Villani for related results. After this paper was finished, I also learned of closely
related work by Savaré [Sal.

The article is organized as follows: Section 2 contains reviews on Alexandrov spaces
and Wasserstein spaces. We show the existence of Euclidean tangent cones on a
Wasserstein space in Section 3. Section 4 concerns properties of lower semi-continuous
and K-convex functions. Section 5 is devoted to gradient flows on a Wasserstein space.
Finally, we discuss the nonnegatively curved case in Section 6.

Here are several conventions and notations throughout the article.

Conventions and notations. e All Riemannian manifolds are supposed to be smooth,
connected, complete and boundaryless.

e We denote by lim._. the limit as ¢ tends to zero from the right.

e We denote by 6,(c) a certain function which depends only on « and satisfies
lim. 4 0,(g) = 0.
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2 Preliminaries

Let (X, d) be a metric space. A rectifiable curve vy : [0,1] — X is called a geodesic if it
is locally minimizing and has a constant speed, i.e., parametrized proportionally to the
arclength. If a geodesic v : [0,1] — X satisfies length(vy) = d(~(0),~(l)), then we say
that it is minimal. A metric space (X, d) is said to be geodesic if any two points in X
are connected by a minimal geodesic. For z € X and r > 0, we denote by B(z,r) and
B(x,7) open and closed balls with center 2 and radius 7, respectively. We sometimes
write dx instead of d in order to emphasize which space is under consideration.

2.1 Alexandrov spaces

We first review Alexandrov spaces, in other words, metric spaces of sectional curvature
bounded below. Standard references are [ABN], [BGP] and [BBI].

For k € R, we denote by M?(x) a simply-connected, 2-dimensional Riemannian
manifold of constant sectional curvature . Given three points z,y,z € X (provided
that d(z,y) + d(y, z) + d(z,2) < 27/+/k if kK > 0), we can take corresponding points
T,7, %2 € M?(k) (which are unique up to an isometry) such that

dMQ(N)(i‘,g) = dx(l’,y), sz(N)<g, 5) = dx(y, Z), sz(K)(g,f) = dx(Z,SC).

We denote by 7z : [0, 1] — M?(k) the unique minimal geodesic from Z to g.

Definition 2.1 (Alexandrov spaces) Let (X, d) be a geodesic metric space and x € R.
We say that (X, d) is an Alexandrov space of curvature > k if, for any three points
z,y,z € X (provided that d(x,y) + d(y, z) + d(z,z) < 27 /+/k if £ > 0), any minimal
geodesic v : [0,1] — X from y to z and for any A € [0, 1], we have

dx (z,7(\) > duege (Z,75:(V)). (2.1)

In the particular case k = 0, the inequality (2.1) is rewritten as

dx (2,7(N)? > (1 = Ndx(z,9) + Mx (2, 2)? — (1 = MAdx(y,2)%. (22)

It is easy to see the following:

e If (X,d) is an Alexandrov space of curvature > k, then, given three points
z,y,z € X (provided that d(x,y) + d(y,2) + d(z,2) < 27/\/k if & > 0) and two
minimal geodesics v, : [0,1] — X from z to y and from z to z, respectively, we have

dx (70\)7 77<7')) > dMQ(H) (7517()‘)7%2(7')) (2'3)

for all \,7 € [0,1]. (This property is also adopted as a definition of an Alexandrov
space.)

o If (X, d) is an Alexandrov space of curvature > k, then it is an Alexandrov space
of curvature > &’ for all ' < k.

e If (X, d) is an Alexandrov space of curvature > k, then, given a positive constant
¢ > 0, the scaled metric space (X, c-d) is an Alexandrov space of curvature > k/c?.
Therefore every Alexandrov space can be regarded as an Alexandrov space of curvature
> —1 by scaling its distance by a positive constant if necessary.

Here are some fundamental examples of Alexandrov spaces.
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Example 2.2 (i) A Riemannian manifold is an Alexandrov space of curvature > r if
and only if its sectional curvature is greater than or equal to k everywhere.

(ii) For a compact convex domain 2 C R", let X = 92 be equipped with the length
metric d induced from the standard metric of R”. Then (X, d) is an Alexandrov space
of nonnegative curvature.

(iii) Let (M, g) be a Riemannian manifold of sectional curvature > x and G be a
compact group acting on M by isometries. Then the quotient space M /G equipped
with the quotient metric is an Alexandrov space of curvature > k.

(iv) If a sequence of Alexandrov spaces of curvature > & is convergent with respect
to the Gromov-Hausdorff distance, then its limit space is also an Alexandrov space of
curvature > k.

In the remainder of the subsection, we briefly discuss the infinitesimal structure of
X. Fix a point z € X. We define ¥} X as the set of unit speed minimal geodesics
v :10,9] — X with v(0) = = equipped with the equivalence relation such that v ~ 7
holds if we have y(t) = n(t) for all ¢t € [0, ] for some € > 0. For v,n € ¥/ X, consider
the function h(s,t) := Zv(s) Z n(t), where z,v(s),n(t) € M?(x) and Z~y(s)an(t) stands
for the angle between v %;)(0) and 7/ TT(;)(O) at . Then the curvature condition (2.3)
guarantees that the function A is monotone non-increasing in both s and ¢, and hence
we can define the angle between ~ and 7 by

Lo(y,m) = lm h(s,t) = lim Zy(s)Zn(t).
In particular, the limit lim. o h(se, te) always exists and is independent of the choices
of s,t > 0. It means that X has infinitesimally a ‘Hilbertian’ structure (this is not the
case of non-Hilbertian Banach spaces). Note also that it follows from (2.3) that

dx (7(8)7n(t)) < dMQ(n) (7(3)777(15))7 (24)

where 4 and 7 are unit speed geodesics in M?(x) with 4(0) = 7(0) and Z(5/(0),7/(0)) =
Z:(v,m). The angle Z, is independent of the choices of v and 7 in their equivalence
classes, and is a natural distance function on ¥/ X. We define the space of directions
(3.X, Z,) at x as the completion of (X! X, Z,).

Define the tangent cone (C,X,0,) as the Euclidean cone over (X,X, Z,), namely

CoX = (S.X X [0,00))/ ~,

where (7,0) ~ (1,0), and

Ux(('ya 5)7 (777 t)) = \/32 + ¢ — 2st cos 4:0(77 77)

for (v,s),(n,t) € C,X. We denote by o, the origin (x,0) € C,X. If (X,d) is a
Riemannian manifold, then (X,X,Z,) and (C,X,0,) coincide with the unit tangent
sphere and the tangent space at x, respectively.

The structures of spaces of directions and tangent cones are well understood for
finite dimensional Alexandrov spaces.



Proposition 2.3 (cf. [BBI, Theorem 10.9.3, Corollaries 10.9.5, 10.9.6]) Let (X, d) be
a complete, finite Hausdorff dimensional Alexandrov space of curvature > k. Then,
at every x € X, the scaled pointed metric space (X, c-d,x) converges to (Cp, X, 04, 0;)
as ¢ diwverges to infinity in the sense of the pointed Gromov-Hausdorff convergence. In
particular, the space of directions (X, X, Z,) is an Alexandrov space of curvature > 1
(provided that dim X > 2), and the tangent cone (C, X, 0,) is an Alexandrov space of
curvature > 0.

However, in the infinite dimensional case, their structures can be more complicated.
In fact, Halbeisen [H] constructed an instance of an infinite dimensional, complete
Alexandrov space of nonnegative curvature containing a point at which the tangent
cone is not an inner metric space. Here we say that a metric space is inner if the
distance between arbitrary two points coincides with the infimum of the lengths of
curves connecting them. Geodesic metric spaces are clearly inner.

2.2 Wasserstein spaces

In this subsection, we recall Wasserstein spaces. It is the set of probability measures
on a metric space equipped with a reasonable distance structure derived from the
distance structure of the underlying metric space. This concept has many connections
with and applications in various fields of mathematics for which we refer to [V1], [V2]
and the references therein. We will restrict ourselves to compact metric spaces and it
allows us to ignore some delicate points arising in the noncompact case. See [V1] for
a general theory.

Let (X, d) be a compact metric space. Denote by P(X) the set of all Borel prob-
ability measures on X. Given two probability measures p,v € P(X), a probability
measure ¢ € P(X x X) is called a coupling of p and v if it satisfies

qAx X) =p(A), X xA)=v(4)

for every Borel set A C X (i.e., the marginals of ¢ are u and v). For instance, the
product measure p X v is a coupling of p and v.

Definition 2.4 (Wasserstein spaces) The (quadratic) Wasserstein space over (X, d)
is a metric space (P(X),dy ) equipped with the distance structure d defined by

4 r) = { /XXX dx (z,y)* dg(z, y)}l/2

q

for u,v € P(X). Here the infimum is taken over all couplings ¢ € P(X x X) of u and
v.

We remark that dy (1, v) is finite since X is bounded. A coupling ¢ € P(X x X)
of u and v is said to be optimal if it realizes the distance dy (u,v). The underlying
metric space X is isometrically embedded into P(X) by identifying a point € X with
the Dirac measure 6, € P(X) at z. The Wasserstein space (P(X),dy’) is a compact
metric space since X is compact. The Wasserstein distance dy metrizes the weak
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topology of P(X): A sequence {p; }ien C P(X) converges to u € P(X) with respect
to dy if and only if {y;}sen converges to u weakly.

If (X, d) is geodesic, then so is (P(X),dy’) and geodesics in P(X) can be written
by using probability measures on the family of geodesics in X. Let I'(X) be the
set of minimal geodesics, say v : [0,1] — X, in X and define the evaluation map
ex : I'(X) — X by ex(y) := v(A) for each A € [0,1]. We regard I'(X) as a subset
of the set of Lipschitz maps Lip([0, 1], X') equipped with the uniform topology. Note
that ey is continuous with respect to the uniform topology.

Proposition 2.5 ([LV2, Proposition 2.10]) Let (X, d) be a compact, geodesic metric
space. Then, for any p,v € P(X) and any minimal geodesic o : [0,1] — P(X)
between them, there exists a Borel probability measure 11 € P(I'(X)) such that (eq X
e1)11 is an optimal coupling of p and v and that we have (ey) Il = a(X) for all
A e 0,1].

In the Riemannian case, McCann’s significant work provides a more precise de-
scription. For a Riemannian manifold (M, g), let us denote by P*(M) C P(M) the
subset consisting of measures which are absolutely continuous with respect to the
Riemannian volume element m.

Theorem 2.6 ([M, Theorems 8, 9]) Let (M, g) be a compact Riemannian manifold.
Then, for any p € P*(M) and v € P(M), there ezists a function b : M — R
satisfying the following:

(i) There ezists a function ¢ : M — R such that
¢(z) = inf {du(z,)"/2 = d(y)} (2.5)

holds for all x € M.
(ii) The map V(x) := exp,[— grad ¢ (x)], x € M, satisfies V. = v.

(iii) The map V is an optimal transportation from p to v, that is, we have

{ /M czM(ac,\If(az:))Qalu(ac)}l/2 =dy (1,v). (2.6)

Moreover, ¥ is the unique map (up to a change on a p-null measure set) satisfying
V.u=v and (2.6).

The condition (2.5) is called the c-concavity with respect to the cost function
c(z,y) = d(z,y)?/2, and it is indeed equivalent to the concavity of the function () —
|z|?/2 in Euclidean spaces. Moreover, the condition (2.5) implies that ¢ is a Lipschitz
function. Hence 1 is differentiable and the gradient vector grad v makes sense almost
everywhere. In view of Proposition 2.5, if we define a map F : M — I['(M) by
[F(2)](t) := exp,[—t grad¢(z)], then the measure 11 := F,u € P(I'(M)) produces a
(unique) minimal geodesic from p to v. See [V2] for more comprehensive discussion.



2.3 Entropy and Ricci curvature

Let (M, g) be a compact Riemannian manifold and m be the associated volume ele-
ment. For p € P(M), the relative entropy of p with respect to m is defined by

Ent,, (1) ::/Mplogpdm € (—o0, 00], (2.7)

where the function p stands for the density of u, i.e., u = p-m. We also define
Ent,, () := oo for P(M) \ P*(M). The following are well-known facts (cf. [S2,
Lemma 4.1]).

Lemma 2.7 (i) The relative entropy Ent,, satisfies Ent,,(u) > —logm(M) for all
w € P(M) and equality holds if and only if p = m(M)~" - m.

(ii) The relative entropy Ent,, is lower semi-continuous on P(M).
(i) The set P*(M) :={p € P(M)| Ent,,(1) < oo} is dense in P(M).

It is known that there is a strong connection between the behavior of the relative
entropy and the Ricci curvature.

Theorem 2.8 ([RS, Theorem 1.1]) A compact Riemannian manifold (M, g) satisfies
Ricy > K for K € R if and only if the relative entropy Ent,, is K-convex on P(M).

The K-convexity of Ent,,, means that it is /K-convex on every minimal geodesic. See
Section 4 for the precise definition. This theorem allows us to adopt the K-convexity
of the relative entropy as a synthetic lower Ricci curvature bound for general metric
measure spaces. See [S2], [S3], [LV2], [LV1], [Oh2] and [Oh3] for recent progress around
this fascinating topic.

More generally, given a smooth function V' € C°°(M), we define the associated free
energy of u € P(M) by

() :== Enty,(p) + /MVdu. (2.8)

Note that, if 4 = p-m € P*(M), then
flw) = / plogpdm+/ Vpdm = / plog(p-€")dm
M M M
= / (p-e")log(p-e)e " dm.
M

Hence f(u) can also be regarded as the relative entropy of pu with respect to the
measure e~V -m. The free energy f is clearly lower semi-continuous and the following
generalization of Theorem 2.8 holds.

Theorem 2.9 ([S1, Theorem 1.3|, [LV2, Theorem 7.3]) Let (M, g) be a compact Rie-
mannian manifold and V€ C*°(M). Then we have Ricy; +HessV > K for K € R if
and only if the free energy (2.8) is K-convex on P(M).
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Here Hess V' stands for the Hessian of V', and the inequality Ricy; + HessV > K
is read as Ricy(v,v) + Hess V(v,v) > K|v|? for all v € TM. The compactness of M
ensures the existence of such a constant K € R.

3 The structure of Wasserstein spaces

In his remarkable paper [Ot], Otto introduced a formal Riemannian structure on
Wasserstein spaces over Euclidean spaces. This structure can be rigorously intro-
duced using the fact that the Wasserstein space is an Alexandrov space of nonnegative
curvature if and only if so is the underlying metric space (see [S2, Proposition 2.10]
and [LV2, Proposition A.9]). However, it is also known that the Wasserstein space is
not an Alexandrov space (even for a negative k) if the underlying metric space does
not have the nonnegative curvature (see [S2, Proposition 2.10]). In order to overcome
this difficulty, we introduce a ‘non-Hilbertian’ extension of the nonnegative curvature
in the sense of Alexandrov. This extension has a flavor of the geometry of Banach
spaces.

3.1 A generalized 2-uniform smoothness

Let (X,d) be a geodesic metric space and consider the following inequality: Given
three points z,y, z € X, a minimal geodesic 7 : [0,1] — X from y to z and A € [0, 1],

d(z,7(N)* > (1 = Nd(z,y)? + Md(x, 2)? = S2(1 = M) Ad(y, 2)?, (3.1)

where S > 1 is a fixed constant. We say that a geodesic metric space (X, d) satisfies
(3.1) if there is a constant S > 1 such that the inequality (3.1) holds for all z,y, z € X,
v :[0,1] — X and A € [0, 1]. This inequality generalizes (2.2) which amounts to the
case of S = 1, and it can also be regarded as a nonlinear analogue of the 2-uniform

smoothness in Banach space theory. For instance, L,-spaces with p € [2,00) satisfy
(3.1) with S = \/p — 1. We refer to [Oh1] and [Oh4] for works in this direction.

Proposition 3.1 A compact geodesic metric space (X,d) satisfies (3.1) with a con-
stant S if and only if the Wasserstein space (P(X),dY) satisfies (3.1) with the same
constant S

Proof. The ‘if” part is obvious because X is isometrically embedded into P(X). We
assume that (X,d) satisfies (3.1) with some constant S > 1. Fix three probability
measures [, pi1,v € P(X) and a minimal geodesic « : [0,1] — P(X) with «(0) = o
and (1) = p1. By Proposition 2.5, there exists a probability measure IT € P(I'(X))
with p, := (e;). Il = a(7) for 7 € [0, 1] as well as (ey x e7).Il is an optimal coupling.

Given \ € [0, 1], we fix an optimal coupling ¢ € P(X x X) of v and u,. Now we
consider disintegrations of II and ¢ by using u,, that is,

dIl = dIIY dpy (w), dq = dq“dpy(w),



where IIY € P(I'(X)) is concentrated on {y € I'(X)|v(\) = w} and ¢ € P(X)
for py-a.e. w € X. For such a point w € X, a curve v € suppll{ and for a point
x € supp ¢, it follows from (3.1) on X that

d(z,w)? > (1= N)d(z,7(0))* + Ad(z,7(1))* = S2(1 = MAd(7(0),7(1))*.  (3.2)

For a = 0,1, define the (not necessarily optimal) coupling ¢, € P(X x X) of v and p,
by

Go = /X (¢  [(€a).T1%])djix (10).

Then we obtain, by integrating (3.2) on (X x I'(X)) x X with respect to the measure
(dg* (x)dIIY (7)) dpa (w),

W v = [ dlaw) o)
XxX

>(1-M) /X . d(x,y)dqo(x,y) + )\/X d(x, 2)*dq(z, 2)

xX
=S [ a6 ) )
n(X
> (1= N)dy” (v, p10)* + Ay (v, i) = S*(1 = N)Ady (o, pu1)*.
Therefore (P(X),dY) satisfies (3.1) with the constant S. O

Remark 3.2 The analogue of Proposition 3.1 for the reverse inequality of (3.1) (in
other words, the 2-uniform convexity),

d(x.AN)" < (L= Nd(x,9)* + M(x,2)° = (1= NAd(y.2)>, (33)
does not hold true. In fact, it is known that P(R?) does not satisfy (3.3) with C' =1
while R? does (see [AGS, Example 7.3.3]).

3.2 The 2-uniform smoothness of Alexandrov spaces

We shall prove that a general Alexandrov space satisfies the 2-uniform smoothness
(3.1) locally. By scaling the distance if necessary, without loss of generality, we can
assume that the lower curvature bound is —1.

Lemma 3.3 Let (X,d) be an Alexandrov space of curvature > —1. Then, for any
three distinct points x,y,z € X, minimal geodesic 7y : [0,1] — X from y to z and for
any A € [0, 1], we have

d(z,7(\)* > (1 = Nd(z,y)* + \d(z, 2)?

— {1 + sup d(x,’y(7))2} (1= M)Ad(y, )% (3.4)

T7€(0,1]

In particular, if (X, d) is bounded, then it satisfies (3.1) with S = {1+ (diam X)2}1/2.
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Proof. Note that it is sufficient to prove (3.4) for infinitesimally thin triangles, for
it implies the required concavity of the function d(z,~(+))?>. That is to say, for all
A€ (0,1), we will show

4 1 2 1 2 2
d(v()\—5),7(A+5))2{§d(x’7()\_8)) —|—§d(x,7(/\+€)) —d(x,y()\)) }

<1+ sup d(l‘,’}/(T))Q +0,(c). (3.5)
7€[0,1]

We remark that 0, ,(¢) is independent of the choice of A € (0, 1).

We assume x € v because, if © € ~, then the left hand side of (3.5) is equal to 1.
Given A € (0,1) and small € > 0, put w := y(A), y. := y(A—¢) and z. := y(A+¢). We
also define the minimal geodesics v_, vy : [0,1] — X from w to y. and from w to z.
by v_(t) := v(A —te) and 4 (t) := v(\ + te), respectively, and fix a minimal geodesic
n:10,1] — X from w to x. Since the function cosht is convex, we observe

coshd(z,y.) — coshd(z,w) > {d(x,y.) — d(z,w)}sinh d(z, w)

= {d(z,y.)* - d(x, w)2}d(xs iZS%ffc)w)

- %{d@ ye)® = d(w,w)’} (1 + ex,7<e>)%

It follows from the inequality (2.4) for a triangle Awzxy. together with the hyperbolic
cosine formula that

coshd(z,y.) < coshd(z,w) cosh d(ye, w)
— sinh d(z, w) sinh d(y., w) cos Zy, (1, 7-).

These together yield that

1+ 60, (e) sinhd(z, w) 9 9
DS ) . — dlo )

< coshd(z,y.) — coshd(x,w)
< cosh d(z,w) cosh d(y., w) — sinh d(z, w) sinh d(y., w) cos Zy,(n,v-)
— coshd(z,w)

- ot o (4050) 1)
d(yz z)

— sinh d(z, w) sinh ( ) cos Ly(n,v-).

Similarly, it holds that

1+6,,(e) sinhd(z, w) 2 2
2 Ay A0 )

< ot o (107) 1)

— sinh d(z, w) sinh (d(y;, Z‘E)) cos Zy(1, V+)-
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Note that Z,(n,7-) + Zw(n,v4+) = m by the definitions of 7, and ~_, and it implies
cos Zy(1,7-) + cos Zy,(n,v+) = 0. Thus we have

(1 )] el )+ S 27 = dow)?
_ 2d(z,w) coshd(x, w) { o <d(y52, za)> B 1},

sinh d(z, w)
and hence
4 1 1
= 124 a 2 ~d . 2 d 2
d(ye,zs)2{2 (7, 5e)" + 2 (7, z) () }
2d(x,w) cosh d(z,w) cosh(d(y., z.)/2) — 1
< (146,
= ( * ’7<€)) sinh d(z, w) {d(ye, 2z:)/2}>
B d(z,w) coshd(z,w)
= (14 0:4(9)) sinh d(z,w)
M{l + d(z,w) sinhd(z,w)} + 0,(¢)
~ sinhd(z, w) ’ ’ o
<1+ d(@,w)? + 0o (2) = 14 d(2, 7 (V) + b (e).
Therefore we obtain (3.5) and complete the proof. O

It is important for later use to estimate the error term in (3.4) (relative to (2.2))
using only d(y, 2).

Lemma 3.4 Let (X,d) be an Alexandrov space of curvature > —1. Given x,y,z € X,
a minimal geodesic v : [0,1] — X from y to z and X\ € [0,1], if d(y, z) < 1, then we
have

d(z,v(N)* = {1 —d(y, 2)Y2}2 - {(1 = Nd(z,)* + Md(z, 2)*}
—{1+4d(y, 2)} - (1 — N)Md(y, 2)*. (3.6)

Proof. 1f 2d(y, 2)'/? > sup, (g 1y d(x, (7)), then (3.6) immediately follows from (3.4).
In case of 2d(y, 2)!/? < sup, o1 d(x,7(7)), we observe

d(z,y) > sup d(z,v(r)) —d(y, 2) > 2d(y,2)"* — d(y,2)""* = d(y, 2)"/*.
T7€[0,1]

We used the assumption d(y,z) < 1 in the second inequality. Thus we find, since
d(z,y) > d(y, 2)"* > d(y, 2),

d(l’,’}/(/\))Q Z {d(l’,y) - d(y7 Z)}2 Z {d(l’,y) - d(y7 2)1/2 ’ d($a y)}2
= {1 —d(y,2)"*}d(z,y)".

A similar discussion yields d(x, v(\))? > {1 —d(y, 2)"/?}?d(z, ). Therefore we obtain

d(w,v(V)* = {1 = d(y, )} - {(1 = Nd(,9)* + Md(x, 2)°}.
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3.3 Tangent cones on Wasserstein spaces over Alexandrov
spaces

By integrating the inequality (3.6), we obtain a similar inequality in P(X). However,
we need to take care of the relation between a geodesic a in P(X) and a family of
geodesics in X, say II € P(I'(X)), which produces « (in the sense of Proposition 2.5).
In fact, some v € supp Il may be long even when « is short.

Lemma 3.5 Let (X,d) be a compact Alexandrov space of curvature > —1 and set
D := diam X. Then, for any minimal geodesic v : [0,1] — P(X), 0 < s <t <1
witht —s < D', v € P(X) and for any A € [0,1], we have
dY (v, a((1 = N)s + Ab))?
> {1 - (t—5)2DY22 {1 = NdY (v, a(s))” + AdY (v, a(t))*}
— {1 +4(t —5)D} - (1 = MAY (as), a(t)) .
Proof. The proof is similar to the proof of Proposition 3.1, so that we give only
an outline. By Proposition 2.5, we find II € P(I'(X)) such that (e;).MI = a(r)
for 7 € [0,1] and that (eg X e1).Il is an optimal coupling. We remark that every
geodesic v € suppll has a length at most D. Fix A € [0,1] and an optimal coupling
g€ P(X xX)of vand puy :=a((l —X)s+ At). We consider disintegrations of IT and
q by using puy, i.e., dIl = dlIYdu\(w) and dg = dg”dpy(w). Then, for py-a.e. w € X,
v € supplI{ and for x € supp ¢, it follows from Lemma 3.4 that
A, w)? = {1 = (t = $)/2DV2Y2 . {(1 = Nd(2,7(5))* + Ad(2,7(1)")
2
— {L+4(t =)D} - (1 = YAd(3().7(1)*
Note that d(y(s),v(t)) < (t — s)D < 1 by assumption. By integrating this inequality
with respect to (dg”(x)dIIY (7y))dus(w), we obtain the required inequality. 0
Now we are ready to prove one of our main results.

Theorem 3.6 (Tangent cones on P(X)) Let (X, d) be a compact Alezandrov space of
curvature > —1. Then, at any p € P(X), the following hold:

(1) Given two unit speed minimal geodesics ., 3 : [0, 8] — P(X) with a(0) = 5(0) =
wand o > 0, the limit

o.((a,s),(B,1)) = lim lalgv(oz(sg),6(155))

e—0+ ¢

exists for all s,t > 0.

(ii) For o and (8 as in (i), the quantity

Ly 2
2_515{8 +t* =0, ((, 8), (8,1))"}

s independent of the choices of s,t > 0.
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Proof. Throughout the proof, we set D := diam X. We assume 0 < s, < 1 without
loss of generality.

(i) We shall show that the function € —— dy (a(se),(te))/e is ‘almost’ non-
increasing. Take ¢ € (0, min{d, D~'}) and X € (0,1). Then it follows from Lemma 3.5
with v = (G(te) and (s,t) = (0, se/9) that

Y (B(te), a(rse))’
> {1 = (seD/6)"2}2 - {(1 = N)dY (B(te), a(0))” + AdY (B(te), a(s¢)) "}
— (1+4seD/6) - (1 = MAY ((0), a(s2))
= (1= N)(te)* + Ady (B(te), 04(55))2 — (1= M) A(se)® + £%0ps(e). (3.7)

Similarly, we have

dY (a(rse), B(Ate))?
> (1= N)dY (a(hse), 8(0))” + MY (a(Ase), B(te))
— (1= MAdY (8(0), B(te))” + £0ps(e)
— (1= N (Ase)? + AdY (a(Ase), B(te)) — (1 = MA(te)? + £20p5(2). (3.8)
Combining (3.7) and (3.8), we obtain
dY (a(rse), B(Ate))?
> (1= A)A%(se)? — (1 — A)A(te)?
F (1= ) (te)? + AdY (alse), B(te)) — (1 — M) A(s8)%} + €20p,5(2)
= Ny (a(se), B(te))” + e%0ps(2),
and hence

1
—dy (a(rse), B(Mte)) >
e
This implies that the limit o,((«, s), (8,t)) := lim._o4 dy (a(se), B(te))/e exists.

(ii) We take £ € (0, min{d, D~'}) and A € (0,1), and compare o,((c, s), (3,t)) and
ou((a, As), (B,t)). On one hand, we observed in (3.7) that

—_

dy (a(se), B(te)) + Opys(e).

™ |

dY (a(rse), B(te))?
> (1= \)(te)? + AdY (alse), B(te))* — (1 = NA(se)? + £20p,5(2).

By dividing both sides by €2 and letting € tend to zero, this implies
0 ((@,29),(6,1))° = (1= N + Ao, (@ 9), (6,1)° = (1= NAs™. (3.9)
On the other hand, it follows from (3.8) that
Mo, ((a,5), (8,4)° = (1= A)(As)? + Ao (@, As), (B,1)) = (1 = M)A,
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and hence
(e, 28), (8,1))° < (1= N2 + Ao, ((a, ), (8,1))° = (1 — A)As®. (3.10)
Therefore the equality holds in (3.9) and (3.10), and it yields
1
i L) 8 = 0u((0,29),(8,1)°} = 5 {s* + £ — 0 ((a,9), (8,1))°}.

This completes the proof. O

As in the case of Alexandrov spaces, for u € P(X), we define 3/ [P(X)] as the set
of all unit speed geodesics emanating from p equipped with the equivalence relation
such that a ~ ( if they coincide near pu. Then, by taking Theorem 3.6 into account,

we can define the angle Z,(«a, 8) € [0, 7] between «, 8 € 3, [P(X)] by

1 2
cos Z, (o, B) := 5{2 —o.((a,1),(8,1))"}.

The angle Z,, is a pseudo-distance function on ¥ [P(X)] and the space of directions
(Bu[P(X)], Z,) at p is the completion of (X [P(X)]/{£, = 0},4,). We define the
tangent cone (C,[P(X)],0,) at 1 as the Euclidean cone over (X,[P(X)], Z,,). Here we
abused the symbol ‘o,,’, but Theorem 3.6 ensures that it is compatible. We will some-
times identify o € 3,[P(X)] with (o, 1) € C,[P(X)]. For (a,s),(8,t) € C,[P(X)],
we define the inner product of them by

((a, ), (B,t)) = stcos Ly(a, B) = %{52 +t* =0, ((e, s), (ﬁ,t))Q}. (3.11)

In addition, for later convenience, we define (C,[P(X)],0,) as the Euclidean cone
0\}/61" (?L[P(X)], Z,). Note that (C,[P(X)],0,) is the completion of (C},[P(X)]/{0, =
0f,0u).

Remark 3.7 The proof of Theorem 3.6 is also applicable to the noncompact case by
restricting P(X) to a subset, say P.(X), consisting of measures of compact supports.
However, P.(X) is not complete with respect to dy .

4 K-convex and lower semi-continuous functions

This section is devoted to recalling important properties of K-convex and lower semi-
continuous functions on P(X). Throughout the section, (X,d) is a compact Alexan-
drov space of curvature bounded below, and a function f : P(X) — (—o0,00] is
always assumed to be

nontrivial, K-convex and lower semi-continuous. (4.1)

Here a function f is said to be nontrivial if P*(X) = {u € P(X)| f(u) < oo} # (). The
K -convezity of f for K € R means that, for any minimal geodesic « : [0, 1] — P(X)
and A € [0, 1], we have

F(a(N) < (1= A)f (a(0)) + Af(a1)) ~ (1 = VA ((0), a(1))*
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In particular, given pu, v € P*(X), every minimal geodesic between them is contained
in P*(X). Therefore we can define ¥ [P*(X)], £,.[P*(X)], C,[P*(X)] and C,[P*(X)]
in similar manners (see the paragraph following Theorem 3.6), and they are isomet-
rically embedded into X [P(X)], ¥,[P(X)], C,[P(X)] and C,[P(X)] by inclusions,
respectively. We remark that, if we put w := inf,cp(x) f(t), then it follows from the
lower semi-continuity of f and the compactness of P(X) that w is attained at some
point in P*(X), and hence w > —oo. One of the most important examples of functions
satisfying (4.1) is the free energy (as well as the relative entropy) which will be studied
in Subsection 6.2.

4.1 Gradient vectors

For f: P(X) — (—o00, 00| satisfying (4.1), define the absolute gradient |V_f|(1) €
[0,00] of f at u € P*(X) by

|V_ f](@) := max {O, lim sup M}, (4.2)

PN\ zv—n A3 (1, V)

where the convergence v — p is with respect to dy . Note that |V_f|(x) = 0 holds if

f(p) =w = inf,epx) f(v).
Fix p € P*(X) with [V_f|(u) < oo. For v = (a,s) € C/[P*(X)], i.e., a unit speed
minimal geodesic « : [0,0] — P*(X) with «(0) = p and s > 0, we define

D o) ot 10055) = 1)

e—0+ IS

Note that the limit above exists, for foa is K-convex, and that D], f(v) > —s|V_ f|(1).
Moreover, the K-convexity also implies that

DLf)
< Jip (15 )00+ S o) - 5 (15 ) 5o - 00
- g{f(a(é)) — )} - gs& (4.3)

We further define the function D, f : C,[P*(X)] — (—00, 00| by

D,f(v):= liminf D] f(w) (4.4)

o [P*(X)]pw—v

for v = (a,s) € C,[P*(X)]. Clearly we have D,f(v) > —s|V_f|(n), D,f(v) =
s+ D,f((a, 1)) and also D, f(v) < D, f(v) if v € C,[P*(X)]. The following lemma
means that D, f is ‘almost’ convex. The convexity is easily verified by taking a scaling
limit if the space in question is of finite dimension (see Proposition 2.3). However,
this is not our case because P(X) is obviously infinite dimensional even when X is of
finite dimension.
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Lemma 4.1 Fiz a point jp € P*(X) with |V_f|(p) < 0o and v,w € C,[P*(X)] with
D, f(v),D,f(w) < oco. Then, for any ¢ > 0, there ezists some u € C,[P*(X)] for
which we have

Dy f(u) < %D# Flo)+ %DH F(w) + =, (4.5)
700 1) < 50,404 0)* + 30,00 w)? — J0, (v, w)’ +<. (4.6)

Proof. 1t suffices to treat the case of K = —1. Put v = (o, s) and w = (3,t). If s =0
or t = 0, then we just take u = (3,t/2) or u = («, s/2), respectively. Thus, without
loss of generality, we may assume s,¢ > 0.

We first suppose that a, 3 € X [P*(X)] and s # ¢, and show the analogues of (4.5)
and (4.6) for D f instead of D, f. Note that, for small A € (0, 1],

fla(Xs)) = f(w) FBOA) = f(w)
A A

Let &y : [0,1] — P*(X) be a minimal geodesic from «(As) to S(At) and set vy =
£x(1/2). We also choose a minimal geodesic (y : [0, dY (i, vy)] — P*(X) from p to
vy and put

=D, f(v) +0(N), =D, f(w) +0(N).

uy = (G, dy (1, 10)/A) € CL[P*(X)].

Then (4.3) with 6 = d¥ (u,vy) and s = d (i, v2)/\ as well as the (—1)-convexity of
f implies that

Dy < FL =100
< ${ 3009 + 57(600) + g (@0rs). 500)* - ri}

1 2

009 =) SO0 1) 5y,
= 2D F(0) + 5 DL (w) + 00

Thus we obtain (4.5) for D), f by taking sufficiently small A > 0.
Now we prove (4.6), more precisely,

(s* +1%) — iau(v, w)? +0(N). (4.7)

N | —

UM(OM’ UA)Q <

Suppose the contrary, namely there is € > 0 such that, for any ¢ € N, we find \; €
(0,77'] satisfying

(s + %) — iau(v, w)? + ¢. (4.8)

N | —

Uu(0u7u>\i)2 >
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Then we put

oo ("

Note that our assumption s # ¢ guarantees o, (v, w)*/4 < (s +1t)?/4 < (s* +t?)/2 and
that, for any ¢ € N,

az>1+ c > 1+ =
"= (s24+12)/2 — ou(v,w)2/4 — s2 + %’
2 d12/V<:ua V)\i)2/)‘z2 < (S+t)2

T T 2= 0,0, w) A = (4 B))2— o,(v, w4

It follows from Lemma 3.5 that

dgv(wi,oz()\is))z > (14 H(Ai)){ai -

%

1 1
dg/(y)\w M)Q + a_dgv (V)\w a<)‘iais))2}

i~ 1
- (1 +9(Ai))a7dg/(ﬂaa(Aiai3))2
_ G _ 1)\?O'M(OM,U)\i)2 + idgv (Vn, &(Aiais)f

— (a; — DAZs® + A70(\)

and, similarly,

dy’ (VA“B()\it))z

Z _Z 1)\?%(%7 )+ alid;’v (v, B(Nait))”
— (a; — DA+ N20( ).
Since vy, is a midpoint between a(\;s) and (\;t), we deduce that
20, (v, w)? = dY (a(Nis), BAE))” + A20(N)
= de( (Ais),va)” +2dY (va,, B(N1) + A20(N,)

2
Z & o 4)\ U#(O“,UA + _{d;/[/ (V)\i, O((/\iaiS))Q + dgV (VAi,ﬂ(AiCLit>)2}
( — DA}(s* +1%) +)\20(/\)
> & 4)\2%(0#,%1,)2 + —dgV (a(Aiais),ﬁ(Aiait))Q
a; a;

By the definition of a;, the right hand side is equal to
a; — 1

a;

AN} 0, (0 un,)? + Ao, (v, w)?
4
- (= 0000 + 03000 | + 300

i

_1\?
= (a, ) ANZ 0, (0, up, ) + Ao, (v, w)? + AZ0(N,).

Q;
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Thus we see (a; — 1)/a; - 0,(0u,un,) = 0(N\;). As a? —1 > 2¢/(s* + t?) > 0 uniformly
in 7 € N, we have 0,(0,, uy,) = 6();), it contradicts (4.8). Therefore we obtain (4.7).

For general a € X,[P*(X)], let us take a sequence {a;}ien C X,[P*(X)] which
converges to o and satisfies lim; .o, D), f(v;) = D, f(v), where we put v; := (4, s) €
C[P*(X)]. Choose {f;}ien C X,[P*(X)] in a similar manner, and put w; := (8;,t;) €
C[P*(X)], where {t;}ien C (0,00) is a sequence satisfying lim; ... t; = ¢, t; < t and
t; # s. For sufficiently large ¢ € N, we observe

D, f(w) < Duf(w) + 5, Djf(ws) < Duf(w) + 5, (4.9)
o, (vi, w;)? > o, (v, w)? — 2. (4.10)

As oy, B; € ¥,[P*(X)], the first part of the proof guarantees that there exists some
u € C)[P*(X)] satisfying

1 1 €
D, f(u) < §DLf(Uz> + §DLf<wz) + 3
1 1 1 €
o, (0, u)? < 5%(‘% v;)? + §Ju(0u,wi)2 - Zau(vi,wi)Q + 5

Combining these with D, f(u) < D}, f(u), (4.9) and (4.10), we obtain

D, f(u) < %Duf(v) + %Duf(w) + €,

1

1
(0 1)* < 50,04, 0)* + 50, (04, w)* — ZUH(UJ w)? + €.

2 2

The convexity of D, f enables us to find a unique steepest direction of f.

Lemma 4.2 For any p € P*(X) with 0 < |V_f|(n) < oo, there ezists unique
a € X,[P(X)] satisfying D,f(«) = —|V_f|(). Moreover, for any 5 € X,[P*(X)],
we have D, f(B) > —|V_f|(n) - (o, B),. Here we identified o, 3 € X,[P*(X)] with
(a,1),(8,1) € C,[P*(X)], respectively.

Proof. By the definition of |V_f|(x) and (4.3), we can take a sequence {a;}ien C

¥, [P*(X)] such that lim; .o D, f(c;) = —|V_f|(u). For i,j € N and arbitrary e > 0,
Lemma 4.1 shows that there is u = (£, 7) € C,[P*(X)] with

Duf(u) < %Duf(ai) + %Dmaj) be, P<1- }lau((ai, 1), (1)) + .
Combining these with D, f(u) > —7|V_f|(1), we observe
S () + 3Duf(0) 2 Duf(u) — < > {9 fl(s) <

1/2
> —{1 - iau((ai, 1), (ay, 1))2 —i—e} IV_fl(p) —e.
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As ¢ is arbitrary and |[V_f|(u) > 0, we find that {o;}ien is a Cauchy sequence, and
hence it converges to some a € X,[P*(X)]. By the choice of {a;}ien, a satisfies
D, f(a) = —|V_f|(p) and the uniqueness of a also follows from Lemma 4.1.

Next we consider the second assertion. Clearly we can assume D, f(3) < co. For
each i € N, by Lemma 4.1, we find u; € C,[P*(X)] satisfying

Duf () € 3Duf (@) + 3 Duf(9) 7 = —5 V. f1(0) + 3 Duf () +7

i2 1 1 . ) i2 1 7 1
Z+Z+§<a’ﬁ>“+z .

_l’_
|
|
|
Q
=
—
L
=
—_
=
o
_l’_
-~
L
I

Thus we see

Duf () 2 ~aufo w) V- f1(8) = —5 {2+ 1+ 2ida, B+ 47 Y2V 114,

and hence
D, f(B) = 2D, f(u;) + V- f|(p) — 20"
> [i — {i® + 1+ 2i(a, B), + 47 Y2V () — 207
-1 —2i{a, B), — 4i™? -
- - -2
TR 11 20, By, ¢ e 1) 2

= (@, B~ IV-fl(w)

as ¢ diverges to infinity. This completes the proof. O

We define the negative gradient vector of f at p with 0 < |V_f|() < oo by

Vo f(u) = (e, IV-fl(1) € Cu[P*(X)], (4.11)

where o € ¥,[P*(X)] is the unique element obtained in Lemma 4.2. If |V_f|(u) = 0,
then we simply define V_f(n) := o0,. In the smooth case, V_f(u) corresponds to

— grad ().

4.2 Upper gradients

A nonnegative, Borel function g : P*(X) — [0, 00| is called an upper gradient for f
if, for every Lipschitz curve 7 : [0,{] — P*(X), it holds that

£ (0(0)) = F(n(D)| < / g () (1) dt, (4.12)

where we set |1/|(t) := limy_; Y (n(s),n(t))/|s—t|. We remark that the metric deriva-
tive || exists a.e. on [0,1] (see [AGS, Theorem 1.1.2]). The following lemma is useful.

Lemma 4.3 ([AGS, Corollary 2.4.10]) The absolute gradient |V_f| : P*(X) —
[0,00] of f is lower semi-continuous and is an upper gradient for f.
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5 Gradient flows on Wasserstein spaces

In this section, we formulate and construct a gradient flow G : P*(X) x [0,00) —
P*(X) of a function f on P(X) by using the Riemannian structure of P(X) established
in Section 3. There are at least two strategies for constructing gradient flows by way of
discrete approximations. The first one is a direct approximation considered in [JKO]
and [AGS] (cf. Subsection 6.1) and, in that context, most results in this section are
covered in [AGS, Chapter 2| (see, especially, [AGS, Corollary 2.4.11, Theorem 2.4.15]).
However, here we adopt the other one, a two-step approximation, which extends a
discussion in [Ly2] and seems to be of independent interest. Compared with [Ly2], we
need to be more careful at some points because of the discontinuity of f, so that we
will give all proofs for completeness. Throughout the section, let (X, d) be a compact
Alexandrov space of curvature bounded below, and let f : P(X) — (—o00, 0] be a
function satisfying the condition (4.1).

5.1 Gradient-like curves

In this subsection, we construct a gradient-like curve which will turn out to be a unit
speed curve whose reparametrization produces a gradient curve.

For a € [w,00), denote a sublevel set of f by Ula] := f~!([w,a]). Since f is
lower semi-continuous and P(X) is compact, the set Ula] is compact. Note also that
Ula] D Ulw] # 0.

Lemma 5.1 Given p € P*(X) and C,r > 0, suppose that |V_f|(v) > C holds for
all v € B(u,r) N P*(X). Then, for each ¢ € (0,min{Cr, f(n) — w}], there exists
v € B(p,r) NP*(X) satisfying

fw)=f(u) —c, a3 (p,v) = dist (1, U[f(1) - c]). (5.1)
In particular, we have dist(u, U[f(p) —c]) <.

Proof. First of all, we observe the existence of v € P*(X) satisfying the conditions
(5.1). By the hypothesis, we know f(u) —c>w and U[f(u) — ] # 0. As U[f(u) — ]
is compact, we can take v € U[f(u) — c| satisfying d¥ (u,v) = dist(u, U[f(p) — ¢]).
Note that f(v) < f(u) —c. Let a: [0,1] — P*(X) be a minimal geodesic from p to
v. Since the function foa:[0,1] — [w,00) is K-convex and lower semi-continuous,
it is continuous and we find A € [0, 1] such that f(a()\)) = f(u) —c. If A < 1, then we
see

dy (1, (N)) < dy (p,v) = dist (p, U[f (1) = o),

this is a contradiction. Therefore we have A = 1, and hence f(v) = f(u) — c.

It remains to show d¥ (u,v) < r, that is, U[f(u) — c] N B(u,r) # 0. Let A C [0,1]
be the maximal subset such that U[f(u) — ca] N B(u,ra) # 0 for each a € A. Note
that 0 € A and it suffices to show 1 € A. It follows from the compactness of P(X) and
the lower semi-continuity of f that A is closed. Hence we have a := sup, ., a’ € A.
Now we suppose a < 1 and will derive a contradiction. We first consider the case of
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c < Or. Take v € U[f(u) — ca] N B(u,ra). Then it holds that |V_f|(v) > C > ¢/r by
the hypothesis, so that we can choose v/ € P*(X)\ {v} with § :=dY (v',v)/r <1—a
and f(v) — f(v') > (¢/r)dy (v,v'). We observe
dy (V') < dy (p,v) + dy (v, 1) < r(a+9),
fFV') < fv) = (¢/r)dy (') < f(u) = cla+ ).

Therefore we find U[f (i) — c(a + 6)] N B(p,r(a + §)) # 0, it implies a + 6 € A and
contradicts the maximality of a. Thus we obtain 1 € A. In case of ¢ = Cr, we take an
increasing sequence {¢;};en tending to c¢. Then we deduce from the above argument

that U[f(u) —c;]NB(u,r) # 0 for every i € N, and this together with the compactness
of P(X) and the lower semi-continuity of f shows that U[f(u) — ] N B(u,r) #0. O

Corollary 5.2 For every pn € P*(X) and r > 0, we have

Lt 9l < 70 - w} < oo

veB(pu,r)NP*(X

In particular, Cr < f(u) — w automatically holds in Lemma 5.1.

Proof.  Suppose the contrary. Then we can apply Lemma 5.1 with ¢ = f(u) —w and
obtain Ulw] N B(u,r) # 0. This is a contradiction because it implies

0= it VAI0) > L)~} 20

vEB(u,r)NP*(X
O

Now we define a gradient-like curve and observe some straightforward properties.

Definition 5.3 (Gradient-like curves) A 1-Lipschitz curve n : [0,) — P*(X) is
called a gradient-like curve of f if we have |V_f|(n(t)) > 0 and

Fn0) = £(n(0)) — / 1V f1(n(s)) ds (5.2)
for all t € [0,1).

Definition 5.4 A curve 7 : [0,0) — P(X) is said to be right differentiable at 0 if
there is v € Cy)[P(X)] such that, for any sequence {¢;};en tending to zero and any
sequence of unit speed minimal geodesics {a;}ien from 7(0) to n(s;), the sequence
{(c, d¥ (n(0),m(g;))/ei) Fien converges to v in Cy)[P(X)]. Then we write 1/(0) = v.

Lemma 5.5 Letn: [0,]1) — P*(X) be a gradient-like curve of f. Then the following
properties hold.

(i) We have |V_f|(n(t)) < oo for a.e. t € [0,1) and
i 0+ €) = F(n())

e—0+ IS

— IV A1) (53)

for allt € ]0,1).

21



(il) At every t € [0,1) with |V_f|(n(t)) < oo, n is right differentiable and n'(t) =
(a, 1), where V_f(n(t)) = (o, V- f(n(t))) € Cyuy[P*(X)] (see (4.11)). In partic-

ular, the curve n has a unit speed.

(iii) Ifl < oo, then the limit n(l) := lim;_,; n(t) ezists and it satisfies

I
F0) = £000) = [ 19 f1(a() s (5.4)
Proof. (i) The equation (5.2) immediately implies that |V_ f|(n(t)) < oo holds for a.e.
t € [0,1). By the 1-Lipschitz continuity of n, for all ¢ € [0,1), we see

g L0 = FO0) o Pt +9)) — FOn(e)
TIV-A00) <Mt ey i : ~

Moreover, the lower semi-continuity of |V_ f| (Lemma 4.3) yields that

e)) — t+e
imsup LD IO e 2 (91005 ds < 19 1(00).

0+ € e—0+ €

These show (5.3).
(ii) Fix ¢ € [0,1) for which |V_f|(n(t)) < co. We observe that, by (i) and the
definition of |V_f],

VA1) = i (n() = g (n(t + <))
monp L) =S+ 0(t).n(t + )
< I sup dy (n(t),n(t + <)) lim inf .

< |V f](n(t)) - lim inf dy (D), n(t +))

e—0+ )

Combining this with the 1-Lipschitz continuity of n and |V_ f|(n(t)) > 0, we find that

o (), n(t + <)

=1. .
e—0+ g <5 5)

Given a decreasing sequence {g;}ien C (0,1 — ) tending to zero and a sequence
{aitien C X [P*(X)] of minimal geodesics from 7(t) to n(t +€;), put

vi = (ag, dy (n(t), 0t + &) /e:) € Copy [P*(X)].

Then, by a discussion similar to Lemma 4.2 (using (5.3) and (5.5)), the sequence
{vi}ien is a Cauchy sequence and converges to («, 1).

(iii) The existence of n(l) = lim;_; n(¢) is an immediate consequence of the com-
pleteness of P(X) and the 1-Lipschitz continuity of 1. Moreover, the lower semi-
continuity of f yields that f(n(l)) < f(n(0)) — fol IV_fl(n(s))ds. We suppose that
there is € > 0 such that

!
f(n) < f(n(0)) — /0 IV_fl(n(s))ds —e.
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For each t € [0,1), take a unit speed minimal geodesic ay : [0, dY (n(t),n(1))] — P*(X)
from n(t) to n(l). Then we have, by (4.3),

VA(06) =~ Dl flan) = L <g§(>>() (( §§))+ WCOR10)

! min{ K, 0
> [ i) as+ e b+ 2R )
—i\ /) 2
€ min{ K, 0}
[—1).
-t 2 ( )
However, since f(f e/(l—t) dt = oo, it implies f(n(l)) = —oo, a contradiction. Therefore
we obtain (5.4). O

Lemma 5.1 and the Ascoli-Arzela theorem ensure that a gradient-like curve starts
from every p € P*(X) with |V_f|(u) > 0

Lemma 5.6 For each p € P*(X) with |V_f|(1) > 0, we have a gradient-like curve
n:[0,1] — P*(X) of f with n(0) = p for some 0 <1 < 0.

Proof. By the lower semi-continuity of |V_f| (Lemma 4.3), we find Cy,l > 0 such
that we have |V_f|(v) > Cp for all v € B(u,l) N P*(X) just as the assumption in
Lemma 5.1. In particular, Ulw] N B(p,l) = 0. Given k € N with k > [~!, by applying
Lemma 5.1 repeatedly, we can choose a maximal sequence {;£}¥% c B (,u, [)NP*(X)
with pf = p satisfying

-l inf IV_fl,
B(uk_y k=)NP*(X)
f(ﬂf) = f(“?—l) - C?—l?
dy (g _y, ) = dist (i, U[f(pi_y) — ¢fy]) < k71

for each ¢ = 1,2,... ,N(k). We remark that the maximality of the sequence means
that dy’(u, i) > 1 — k=" We know ¢, € [Cok™", f(ui;) — w] by Corollary
5.2. Set af := 0 and af := 23:1 dy (pb_y,pf) for i = 1,2,... ,N(k), and note that
Ay > 48 (1 i) > 1 — k=" We define Ay := {ag,af,... a} 4} N[0, and
the map 7y, : Ay — B(u,1) by ni(a¥) := pF. Observe that every n; is 1-Lipschitz
and recall that B(u,l) is compact. Thus the Ascoli-Arzela theorem yields that a
subsequence of {n;} (again denoted by {7;}) uniformly converges to a 1-Lipschitz
curve 7 : [0,1] — B(u,1).

We shall show that 7 is a gradient-like curve of f. For € > 0, let £ € N so large as
to satisfy dy (n.(a¥),n(a¥)) < e for all aF € Aj. Now we fix a € (0,1) and take i(k)

koo
¢ =k
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satisfying af(k)_l <a< af(k). Then we have, by the construction of uf(k),

f(nk( (k;))) f(ﬂzk)) —k~ Z mf |V—f|
M] 1 ﬁp*(

i(k)
< — a® —a® ). inf \VA }
< f(u) Z{( ) 9]

“f(k) .
<s- [t (9

0 B(n(t),2k—14e)NP*(X)
S L A N\ L

0 B(n(t),2k—14e)NP*(X)

It follows from the monotone convergence theorem and the lower semi-continuity of
|V_f| that

lim lim inf |V_f|dt
=0+ k—oo Jo B(n(t),2k—14e)nP*(X)

:/ lim lim ( in ny\) dtz/ YLf1(n(8)) dt
o €0+ k—oo \ B(n(t),2k—14+e)NP*(X) 0

Hence we obtain

f(n(a)) < 1i}££}ff(nk(a ))) < limsup f(ne(aly)) < fu) — /Oa IV_fl(n(t)) dt

k—o0

Moreover, as |V_f| is an upper gradient for f by Lemma 4.3, we find

F) - /|Vf| D¢ dt</|Vf| (1)) dt

and hence
F(n(@) = lim f(nx(afiy)) = f(n) —/0 IV fl(n(t)) dt. (5.6)
Thus we complete the proof. O

As a by-product of the proof of Lemma 5.6, we obtain the K-convexity of the
function f orn. We first recall an easily proved lemma.

Lemma 5.7 Let h: [0,l] — R be a continuous function. Given ayg =0 < a; < as <
- <an-1<an =1, if hlj,_,.a 8 conver for alli=1,2,... N and if

h(CLl) — ]’L(Cbz — €) < lim h(CLz + 8) — h(az)
e—0+ £ T e—0+ I

holds for alli=1,2,... ,N — 1, then h is convex on [0,1].
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Proposition 5.8 Let n : [0,{] — P*(X) be the gradient-like curve constructed in
Lemma 5.6. Then fon:[0,l]] — R is K-convez, i.e., the function h(t) := f(n(t)) —
Kt%/2 is convex.

Proof. All notations are according to the proof of Lemma 5.6. Fix large k € N, put
I, := 0, a’fv(k)] and extend the function 7, to I by ne((1 — N)af_ | + XaF) := aF(\) for
A € [0,1], where of : [0,1] — P*(X) is an arbitrarily fixed minimal geodesic from
p¥ | to p¥. Recall that af —a¥ | = d¥ (u¥ |, u¥) and hence n; has a unit speed. Define
the function hy : I, — R by hy(t) := f(n(t)) — Kt?/2. Then the K-convexity of f
yields that y[ir ox is convex for all i = 1,2,..., N(k).

We shall show that

hk(ak) — hk(af” — 8) hk(af + 5) — hk(ak)

lim ! < lim - (5.7)
e—0+ g e—0+ £
holds for each i = 1,2,... , N(k) — 1. Assume the contrary, that is, we have
kYY) — k _ k — k
g J0L) = et =)y, St 4D IO 5
e~ 9 e— <

for some ¢ and § > 0. For each small € > 0, we choose a minimal geodesic £, : [0,1] —
P*(X) from ng(aF — €) to ni(a¥ + ). Note that

1
dy (pf 1, B:(1/2)) < dY (i _q,mi(af —€)) + édgv(nk(af — ), m(al +¢))
<dY (pf g b)) —e4e=dy (ul 1)

It follows from the K-convexity of f that

(nela =€) + 55 (nelal +)) = St (et — <), ot + )"

N | —

F(5:0/2)) <
However, combining this with our assumption (5.8) shows that

f(m(af)) — £(B:(1/2))

lim inf
e—0+ I
k) k_ kY b
o L LO(aD) = fOn(ai =€) 1 FOne(af)) = fOne(af +))
2 e—0+ g 2 e—0+ e
>0 >0.

This implies that f(8.(1/2)) < f(nk(a¥)) = f(u¥) holds for some small e > 0, and
it contradicts the choice of uF. Thus we have (5.7) and hence hy, is convex on I by
Lemma 5.7. Recall that, as we saw in (5.6), h(a) = limy_ hk(af(k)), where i(k) is
such that af‘(k)_l <a< af(k). Therefore, by taking the limit as k& goes to infinity, we
obtain the convexity of h. O

We verify several corollaries of the K-convexity of f on for later use. They enrich
Lemma 5.5.
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Corollary 5.9 Let n : [0,l]] — P*(X) be the gradient-like curve constructed in
Lemma 5.6. Then the following properties hold.

(i) The function fon:[0,l] — R is locally Lipschitz on (0,1) and |V_f|(n(t)) < oo
holds for all t € (0,1).

(ii) For anyt € [0,1) and s € (t,1), we have
IV_fI1(n(®)) = IV fl(n(s)) + K(s —1).

(iii) For anyt € [0,1), it holds that

t+e

V() = tim = [ Al () ds.

e—0+ 13 t

Proof. (i) This immediately follows from the K-convexity of fon together with (5.3).
(ii) Take s € (t,1) at where f on is differentiable. The K-convexity of f o7 shows
that

g FOEE) = FOE) | flols =9) = ) ey

e—0+ 19 e—0+ c

and hence —|V_ f|(n(t))+|V_fl(n(s)) < —K(s—t) by (5.3). General case follows from
the lower semi-continuity of |V_ f].

(iii) If |V_f](n(t)) = oo, then t = 0 and we deduce from the lower semi-continuity
of |[V_f| that lim._oy4 [; [V_f|(n(s))ds = oo. If |[V_f|(n(t)) < oo, then the lower
semi-continuity of |V_ f| and (ii) imply that

fjut - [ (9 11(0(s)) ds = (911000

e—0+ £

Zlimsup%/t E{IVf\(n(s))—|—K(s—t)}ds:limsup1/t E|V,f|(n(s))ds.

e—0+ e—0+ €

5.2 Gradient curves

A gradient curve is defined by using the gradient vector (4.11) as follows:

Definition 5.10 (Gradient curves) A continuous curve ¢ : [0,1) — P*(X) which is
locally Lipschitz on (0,1) is called a gradient curve of f if we have |V_f|(£(t)) < oo for
all t € (0,1) and if, at all ¢ € [0,1) with |V_f|(£(t)) < oo, & is right differentiable and

g'(t) =V-f(&®)) (5.9)
holds. If [ = oo, then we say that the gradient curve & is complete.

The existence of a complete gradient curve is a consequence of Lemma 5.6.
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Theorem 5.11 (Existence and completeness) Let (X,d) be a compact Alexandrov
space of curvature bounded below and f be a function satisfying (4.1). Then, for every
p € P(X), there exists a complete gradient curve £ : [0,00) — P*(X) of f with
£(0) = p.

Proof. If |V_f|(1) = 0, then the constant curve £(t) = p gives a gradient curve. If
IV_f|(x) > 0, then, by applying Lemma 5.6 repeatedly, we have a maximal gradient-
like curve 7 : [0,1) — P*(X) with n(0) = p and [ > 0. We remark that |V_f|(n(t)) >
0 for all ¢ € [0,1) and that, if | < oo, then Lemma 5.5(iii) shows that |V_f|(n(l)) =0
(otherwise, we can apply Lemma 5.6 again at 7(l) and it contradicts the maximality
of n). Note also that fon:[0,]) — R is K-convex by Proposition 5.8, and hence
IV_fl(n(t)) < oo for all t € (0,1) as in Corollary 5.9(i).

As a famous theorem of Peano, we find a solution ¢ : [0,L) — [0,0') of the
equation

() = / V1] o n((s) ds,

where " € (0,]] and I’ = [ if L < oo. (The proof of the existence of v is given at
the end of this section for completeness (Lemma 5.13).) The function ¢ is monotone
increasing and bijective, and hence homeomorphic. In addition, v is locally Lipschitz
on (0,L) by Corollary 5.9(ii). Now we show the analogue of Corollary 5.9(iii). It
follows from the lower semi-continuity of |V_f| and Corollary 5.9(ii) that, for every
t €0, L) with |V_f|on(¥(t)) < oo,

lim inf Plt+e) = v(t) = lim inf ! /H8 IV_flon(i(s)) ds

e—0+ £ e—0+ €
t+e

> |V flon(i(t)) Zhiﬁﬂpé t {IV_flon(v(s)) + K (¢(s) —o(t)) } ds

t+e -
- hiﬁﬁp% / V- fl o n(¥(s)) ds = Tim sup Wﬂi 40]
namely
El_i%l_i_ ¢(t + 52 - ¢(t> _ |V_f| ° n(zp(t))

Define £(t) := n(¢(t)) and observe that it is a gradient curve by construction. If
L = oo, then £ is complete. If L < oo, then I’ = [ and we have

L

[ = length(n) = length(¢§) = i IV f1(£(¢)) dt

I 1/2
ng/Q(/O |V_f|(§(t))2dt> = L'P{f(€0) — F(em)}”
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Here the last equality follows from the local Lipschitz continuity of fo& = (fon) o
n (0, L) and, for a.e. t € (0, L),

(fo&) ) =I(fomod]'(t)=(fon) (V) ¥'(t)

= IV f1(n( ()" = —IV-£1(()" (5.10)
Thus we have [ < oo as well as |V_f|(£(L)) = |V_f|(n(l)) = 0. Hence we extend & by
&(t) :==&(L) for t € [L, 00) and it is a complete gradient curve. O

The following estimates are straightforward consequences of our construction.

Proposition 5.12 Let ¢ : [0,00) — P*(X) be the gradient curve of f constructed in
Theorem 5.11.

(i) For anyt > 0, it holds that
F(e0) = £(60) = [ 19-71(¢())

(ii) For anyt > s >0, we have
a3 (£(5).60)° < (= ){1(6(5)) = S (€0}

Proof. We have already observed (i) in the proof of Theorem 5.11 (see (5.10)). More-
over, (ii) follows from

dy (&(s) (/ IV fI(E(r 7)2 < (t—S)/:|V—f|(€(T>)2dT

(t = s){f(&(s)) — F(£(1))}-

O

Lemma 5.13 Let a function g : [0,1) — R be lower semi-continuous, strictly positive
on [0,1) and locally bounded on ( l) Then there exists a continuous function v :
[0,L) — [0,1") satisfying 1(t) fo ))ds for allt € [0,L), where I" € (0,] and
I'=11if L < o0.

Proof. Since g is lower semi-continuous and strictly positive, it admits a positive lower
bound near 0. Therefore we find the maximal I € (0, ] such that the function ¢(s) :=
J; (1/g) dr is well-defined on [0,1'). In other words, I’ is the maximal number satisfying
J, (1/g)dr < oo for all s € [0,1'). Note that ¢ is continuous and monotone increasing,

and that ¢’ = 1/g at Lebesgue points of 1/g. Now we define L := fol/(l/g) dr and
Y = ¢! :[0,L) — [0,'). The local boundedness of g shows that 1 is locally
Lipschitz on (0, L). Moreover, we have ¢/(¢(7)) = 1/¢'(7) = g(7) for any Lebesgue
point 7 € (0,1') of 1/g, and hence ¥'(t) = g(u(t)) for a.e. t € [0, L). As 1 is continuous
on [0, L) and locally Lipschitz on (0, L), we complete the proof. O
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6 Nonnegatively curved case

In this section, we study the special case where the underlying space is nonnegatively
curved. This additional condition is imposed only for technical reasons, so that it is
expected that all results hold for general compact Riemannian manifolds or Alexandrov
spaces.

6.1 Strong differentiability and its consequences

In this subsection, let (X, d) be a compact Alexandrov space of nonnegative curvature,
and let f: P(X) — (—o0, 00| be a function satisfying the condition (4.1). Then the
Wasserstein space (P(X),dy) is also an Alexandrov space of nonnegative curvature.
If we take a curve ¢ : [0,0) — P(X) which is right differentiable at 0, then it follows
from (2.4) that ¢ is strongly right differentiable, that is, for any (a, s) € Cf, [P(X)],
we have

Tim Y (£(2). a(s2)) /= = 0500 (€10). (. ). (6.)
(This is essentially the sole reason why we need the nonnegative curvature.) It implies
a kind of first variation formula (see [Lyl, Lemma 9.1]).

Lemma 6.1 Given distinct pu,v € P(X), let a : [0,]] — P(X) be a unit speed
minimal geodesic from u to v and o~ : [0,l] — P(X) be its converse, i.e., a~ (t) :=
a(l —t). Then, for any curves £,¢ : [0,0] — P(X) right differentiable at 0 with
€(0) = p and ¢(0) = v, we have

lim sup
e—0+ €

where we set h(t) := d¥ (£(t),¢(t)).

Proof. Take a sequence {g;};,en C (0,9) tending to zero. For each i € N, set a; :=
dy (1, &(e;)) and b; == d¥ (v,((g;)) and choose minimal geodesics 3; : [0, a;] — P(X)
from p to £(g;) and ~; : [0,b;] — P(X) from v to ((g;). We put v; := (5;,a;/¢;) €
CL[P(X)] and w; := (73, bi/e:) € C,[P(X)] and observe that

lim sup M — lim sup d?(ﬂz(azg), %(sz)) — dgv(u7 y)
e—0+ 19 e—0+ £i€
< lim sup dy (£(2), Bilaig /<)) ‘;’ dy (¢(e),vi(bie/e;))
e—0+

= 0,,(£'(0),vi) + 0,(¢'(0), wi) — 0

as ¢ diverges to infinity. Similarly, we find

lim <Ui7 (Oé, 1)>u = <£/(O)7 (057 1)>,LL7 lim <wiv (O‘77 1)>V = <<I(0)7 (O‘77 1)>V'

1—00 1—00
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Thus it suffices to see

Wi (. (h. _ AW
lim sup dy (Biaie), vi(big)) — dy (i, V)
e—0+ €i€

< —(un (. D) — (i (0™, D

Now we consider the product space Y := C}[P(X)] x C,[P(X)] and the function
D :Y — [0,00) defined by, for (v,w) = ((8,s), (v,t)) € Y,

D(’U ’LU) — lim sup dIQ/V(ﬁ(SE), ’}/(t&“)) — dIQ/V<:u7 V) )
e—04+ 9

The function D can be regarded as a differential of the distance function d at (u,v).
The triangle inequality yields that |D(v,w)| < s+t and

|D(v,w) — D', w")| < o,(v,0") + o, (w, w').
Thus we have, for any ¢ € N and t > 0,
D(v;, w;) < D((a, t), (a~, t)) +o0, (vi, (v, t)) + al,(wz-, (a7, t))
= 2t + {(ai/e:)? + 12 — 2(vi, (a, 1)), Y2 + {(bi/e:)? + 17 — 2(w;, (™, 1)), }/2.
Note that
lim [{(a;/:)? + % — 2(v;, (@, 1)), }/? — ¢]

joo. (CL,‘/Z‘IZ')Q — 2t<l)i, (a, 1)>M o
N tlggo {(a;/e:)? + 12 — 2t{v;, (o, 1)), }V/2 + ¢ (vis (@, 1))

Similarly, we deduce that
tlim [{(bi/2:)* + 2 — 2wy, (a7, )} —t] = —(w;, (@™, 1)),

Hence we obtain

AWV (3:(a. (b.e)) — dW
lim sup o (Bi(aig), vi(bi)) 5 (1, V)
e—0+ €i€

= D(UZ',’U)Z'>
< _<Ui7 (aa 1)>u - <wia (aiv 1)>V'
(I

Combining this with Lemma 4.2 and arguing as in [Ly2, Section 9.2], we obtain
the following:

Theorem 6.2 (Uniqueness and contraction) Let (X, d) be a compact Alexandrov space
of nonnegative curvature, f be a function satisfying the condition (4.1) and let &, ¢ :
[0,00) — P*(X) be gradient curves of f. Then, for anyt € [0,00), we have

dy’ (£(1). (1)) < e™™'dy" (£(0),¢(0)).

In particular, for each p € P*(X), there exists a unique complete gradient curve of f
starting from p.
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Proof. Put h(t) := d¥ (£(t),((t)) and fix t € (0,00). If h(t) > 0, let a : [0, h(t)] —
P*(X) be a minimal geodesic from &(t) to ((t), and G : [0,h(t)] — P*(X) be its
converse, that is, G(s) = a(h(t) — s). It follows from Lemmas 6.1, 4.2 and (5.9) that

h(t +€) — h(t)

lim sup
e—0+

—(V_f (&), (a, D))ey — (V- F(C(), (8, D))eqwy
SDs(t)f( @) + Dey f(B)
flale)) = f(a(0)) + lim F(B(e) = F(5(0)

e—0+ € e—0+ €

< lim

Furthermore, by the K-convexity of f along the geodesic «, we find

o @) = £((0) | (3(E) = F(B0)

+ lim < —Kh(t).
e—0+ g e—0+ g
If h(t) = 0, then we immediately observe from (6.1) that
. h(t+e
tim MU o (e, vorew) =0

Thus we have h'(t) < —Kh(t) for a.e. t € (0,00) and hence h(t) < e %th(0) by
Gronwall’s inequality. It completes the proof. O

We define the gradient flow G : P*(X) x [0,00) — P*(X) of f by G(u,t) =
&(t), where € : [0,00) — P*(X) is the unique gradient curve starting from p. The
contraction property allows us to extend the gradient flow G to the closure P*(X)~
of P*(X).

Corollary 6.3 The gradient flow G : P*(X) x [0,00) — P*(X) estends uniquely
and continuously to G : P*(X)~ x [0,00) — P*(X)~ and, for any p,v € P*(X)~
and t € [0,00), we have

4 (G 1), G, 1)) < e (1, 0).
Clearly G satisfies the semigroup property: G(u,s +t) = G(G(u,s),t) for p €
P*(X)” and s,t > 0.
We next observe the compatibility between our gradient flow and a gradient flow
considered in [JKO] and [AGS]. It holds for general Alexandrov spaces, and we further

obtain a useful error estimate in our nonnegatively curved situation. Fix p € P*(X)
and, for each 6 > 0, take v; € P*(X) attaining the infimum of

dy (p,v)?
2%

We remark that such a point vs indeed exists by the compactness of P(X) and the
lower semi-continuity of f. Moreover, we find that

dy (p,vs5)? < 26{f(n) — f(v5)} < 26{f(n) — w}.

P (X)sv — f(v)+
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We choose a minimal geodesic G5 : [0,t5] — P*(X) from p to vs and put vy :=
(85, t5/0) € C)[P*(X)], where we set t5 := d3’ (1, vs).

Lemma 6.4 If |V_f|(11) < oo, then the sequence {vs}s=o C C}[P*(X)] converges to

V_f(u) as 6 tends to zero. In particular, we have lims o, dy (G(p,6),v5)/6 = 0.

Proof. We first consider the case of |V_f|(u) = 0. If vs = p for some § > 0, then
there is nothing to prove. Otherwise, by the choice of vs, we see

w 2 W
F) = o + LUt )

This implies

t _
lim sup l < lim sup —f(,u) f(yé)

< |V_ = 0.
504 2 om0+ Ay (s v5) < IV-71)

Hence {vs}s-0 converges to o, € C,[P*(X)].

Next we suppose |V_f|(1) € (0,00) and put V_f(u) = (,t). Note that t5 is posi-
tive in this case. Take a sequence {a;}ien C X, [P*(X)] such that lim; .. D, f(o;) =
—|V_f|(p). Then we deduce from the choice of vs that, for each ¢ € N,

0—0+ ts §—0+ ts

By letting 7 diverge to infinity, it yields liminfs o {f(1) — f(vs)}/ts > |V-fl(w).
Thus the same discussion as Lemma 4.2 shows that {s}s~0 is a Cauchy sequence and
converges to a as d goes to zero.

It remains to show lims .oy ts/0 = t. On one hand, again by the choice of vs, we

find

(6t)* t2
T f(ai(ot)) + 50

for fixed i € N and sufficiently small § > 0. On the other hand, it follows from (4.3)
that

Flus) + 2 < Flouton) +

< fvs) — f(p)

K,
ts 9%

—t = —|V_f[(n)
By combining these, it holds that
B o) — f0n) P

202 — ) 2
_ f@l0t) =) b5 ) = flw)
1) ) ts 2
flai(dt)) — f(u) ¢ K t*
=~ (5 + g(s (t - Eté) + 5



Thus we have

2
t t t
(limsup —6) < lim {Zt - D), f(ay) + 2t - lim sup 2y t2} =2t limsup — — #2,
§—0+ d i—00 6—0+ Y 6—0+ d
Therefore we obtain lim sups_,o, t5/0 = t and also liminfs o, ¢5/0 = ¢ similarly. These
imply lims_o4 t5/0 = t, and hence {vs}s~o converges to V_ f(u). The second assertion
follows from (2.4). O

6.2 The free energy and the Fokker-Planck equation

In this final subsection, we study the Riemannian case and observe that our gradient
flow of the free energy produces a solution of the linear Fokker-Planck equation, as was
shown by Jordan, Kinderlehrer and Otto [JKO] in the Euclidean setting. See also [V2]
for related work. Throughout this subsection, let (M, g) be a compact Riemannian
manifold of nonnegative sectional curvature and m be the associated volume element.
We are concerned with the linear Fokker-Planck equation in the following form:

% = Ap + div(p; - grad V), (6.2)

where A = divograd is the Laplacian and the potential V € C*(M) is a smooth
function on M. The associated free energy f : P(M) — (—o0, 0] is defined by
f(p) == Enty, (1) + [,, V dp (see (2.8)). Then Lemma 2.7 and Theorem 2.9 show that
f satisfies (4.1) for some K € R, and P*(M)~ = P(M). Thus the gradient flow
G :P(M) x [0,00) — P(M) is defined on entire P(M) (see Corollary 6.3). In the
particular case V =0, (6.2) corresponds to the heat equation:

Ipy

9P _ A .
825 Pt (6 3)

and the free energy f is nothing but the relative entropy Ent,,.

Along discussions in [JKO, Theorem 5.1] and [V1, Subsection 8.4.2], we prove that
the gradient flow of the free energy is a solution of the linear Fokker-Planck equation.
Before it, we recall the Kantorovich-Rubinstein theorem which will be used in the
proof.

Theorem 6.5 (cf. [V1, Theorem 1.14]) For any p,v € P(M), we have

dW(M,V)Zsup{/ gdu—/ ng}7
g M M

where the supremum is taken over all 1-Lipschitz functions g : M — R.

Here d!¥ stands for the L,-Wasserstein distance defined by, just as dy (see Defi-
nition 2.4),
q

By =it { [ duledatan )

where ¢ € P(M x M) runs over all couplings of y and v. Note that d}'(u,v) <
dy (n,v) < {diam M - d}" (i, v) }'/2.
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Theorem 6.6 Let (M, g) be a compact Riemannian manifold of nonnegative sectional
curvature equipped with the Riemannian volume element m. Fix V- € C*°(M) and let
f be the associated free energy (2.8). Then, if a curve £ : [0,00) — P*(M) is a
gradient curve of f, then its density function p (i.e., £ = p-m) is a weak solution of
the linear Fokker-Planck equation (6.2). More precisely, for any 0 <ty < t; < co and
smooth function h € C*°(M x R), we have

/ htl d/’l’tl _/ hto d:uto

/ / {%JrAht <gradht,gradV>}dut dt, (6.4)

where we set p; := &(t) and hy :== h(-,t).
Proof. Fix t € (tg,t1) and, for small 6 > 0, take vt € P*(M) satisfying

oA 0 (1)
flvs) + 53 3) —  inf ){f(”)+ 28 }

veP*(M

By McCann’s theorem (Theorem 2.6), we have a Lipschitz function 15 : M — R such
that a map Ws : M — M defined by Us(z) := exp,[grad is(x)] satisfies (Us).vE =
and

dgv(yg,ut)Qz/]\4dM(:U,\IJ§(x))2dV§(x).

For small € > 0, define the smooth map ®. : M — M by ®.(z) := exp,[e grad h;(z)]
and note that ®. is a diffeomorphism if ¢ is sufficiently small. Put 7§ := (®.).v;.
Then the choice of v/} implies that

N dy (e, 75, ) AV (1, VE)?
Fh) ¢ Dy BUGTE (6.5)

We observe that, by the first variation formula,

d‘Q/V(MlH ﬁg,a)Q - dgv(:uh V§>2

lim sup
e—0+

§1imsup§/M{dM(\I/5(x), )) — dpy (Vs() ) }dv(z)

e—0+

= _/M2<gradht(x),grad¢5($)>dVg(JC)'

By the expansion and the compactness of M, there is a constant C' > 0 depending on
h; such that

ht(‘I’(S(m)) < hi(x) + (grad hy(z), grad ¢s(x)) + Cdy (% ‘115(37))2-
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Therefore we obtain

dy (e, U5, )* — dy (pe, v5)?
lim inf — lim sup :
-0+ 20 o4 €

—hmsupl/ (grad hy(z), grad vs(z)) dvi(z)

50+

d—0+

—llis%éilfé_{/ hy dvk — /htdut} (6.6)

In the last equality, we used the fact

< liminf - [/ {ha(x) = by (Ws(2)) } dvk(a —i—C/MdM(a:,\Ifg(x))Zdl/g(x)

1
BN e LW e : o
it 5/ du (z, ¥5(a))” dvj(a) = S 5z (s, pa)” < 2515&{]‘1(%) flvg)} = 0.

Now we estimate the difference of entropies. Put vt = ¢5 - m and 17375 = G5 -m for
simplicity. For arbitrary ¢ € C*°(M), by the definition of 7§_, it holds that

/M o i, = /M o (0.(2)) dui(z) = /M (. (2))ss ) dm(z).

On the other hand, the change of variables formula (for y = ®.(z)) yields that

/ pdis, = / P (y)Ss(y) dm(y)
M M
:/ @ (P:(2)) S (P (2)) det[DP.(z)] dm(z).
M
Since ¢ € C®(M) is arbitrary, these together imply that {s.(®.(z)) det[DP.(z)] =

¢s(z) holds for a.e. z € M. Combining this with the change of variables formula, we
have

Ent,,(7},) = /M S5.2(y) log Ss.- (y) dm(y)
_ / G (.(2)) 1og<56( (2)) det[ D ()] dm(z)

1o (52 anie

= Ent,, /Mg5 ) log (det[D®.(x)]) dm(x).

Similarly, we observe

/M Vi, = /M V(). () dmi(y)
= /M V(@:(2)) S5 (P:(2)) det[ DO (2)] dm(x) = / V(®.(2))ss(2) dm(z).

M
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Thus we see

lim _{f(V5> Fo50)}

e—0+ €
1 ~
sl—1>%1+ g{Ent (vs) — Entp, (75.)} + Elir& g{ / V dvj — / de(;,a}
) 1
= E]g(% = log (det[D®.(x)]) dvi(z) + E]i%}i’ . / {V(z) ®.(z))} dv(z)

_/ 9
Mae e=0+

—/ trace(Hess h;) dvi — / (grad hy, grad V') dvg
M

/ Ahy dvk — / (grad hy, grad V') dug.
M

det[D®_ ()] dvi(z) — / (grad hy, grad V') dvg
M

Since v} converges to p; weakly as § goes to zero, we find

lim lim S{f() — F(7L.)} = /M (Ahy — (grad by, grad V) dpe. (6.7)

0—0+e—0+ €

These three inequalities (6.5), (6.6) and (6.7) together imply

1
liminf—{/ htdz/g—/ htd,ut} 2/ {Aht— <gradht,gradv>}d,ut.
0—0+ 5 M M M

Moreover, the same inequality for —h gives the reverse inequality (with lim sup instead
of liminf). Therefore we obtain

1
lim —{/ htdu};—/ htd#t} :/ {Aht—<gradht,gradV)}dut. (6.8)
5—0+ 0 | Jus M M

It follows from Lemma 6.4 and Theorem 6.5 that

o1
JEI&S{/MhHé d,ut+6—/Mht dﬂt}
o1
= 613& 5{/ (hits — he) d,ut+6+/Mht dpis s — /Mht dﬂt}
oh 1
att dp + hm 5{/ htdyg—/Mhtdut}.

We consequently obtain (6.4) from (6.8) by integration. O

If we know the uniqueness of the weak solution in any way, then Theorems 5.11
and 6.6 show that it is in fact the gradient curve (in other words, the converse of

Theorem 6.6 holds true). In particular, we obtain the following characterization of the
heat kernel.
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Corollary 6.7 Let (M, g) be a compact Riemannian manifold of nonnegative sectional
curvature and p : (0,00) x M x M — [0,00) be the associated heat kernel. Then, for
any point x € M and t € (0,00), we have G(0,,t) = p(t,x,-) - m, where 0, stands for
the Dirac measure at x.

Proof. Put v := p(s,x,-) - m € P*(M) for s > 0. We first recall that p(s + ¢, x,-),
t > 0, is indeed a unique weak solution of the heat equation (6.3). Giveny € M, t >0
and each small § > 0, we define h’(z,7) := p(t + J — 7, y, z). Then any weak solution
p: M x[0,00) — R of the heat equation with p(-,0) = p(s,z,-) a.e. on M satisfies

/Mhé(z,t),o(z,t) dm(z) —/ h(2,0)p(z,0) dm(z) = 0

M

(see (6.4)). Letting § go to zero yields that, for a.e. y € M,

p(y,t) = /Mp(t,y,z)p(s,x, z)dm(z) = p(s + t,z,y).

Therefore we deduce from Theorems 5.11 and 6.6 that v, is the gradient curve,
namely G(vs,t) = p(s+t,z,-) - m for all t > 0. Letting s tend to zero, we obtain
G0z, t) = p(t,z,-) - m. O

By virtue of Theorem 6.2, we recover the well-known contraction property of the
heat kernel. See [RS] for more comprehensive results.

Corollary 6.8 Let (M, g) be a compact Riemannian manifold of nonnegative sectional
curvature and p : (0,00) x M x M — [0,00) be the associated heat kernel. If Ricyr >
K, then, for any x,y € M and t € (0,00), we have

dy (p(t,z,-) -m,p(t,y,-) -m) < e *dy(z,y).

Remark 6.9 The heat kernel on an Alexandrov space is constructed by Kuwae,
Machigashira and Shioya [KMS] and the analogues of Corollaries 6.7 and 6.8 should
hold true on Alexandrov spaces. However, its proof may be more involved.
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