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In this work we prove the existence and uniqueness of the optimal
transport map for LP-Wasserstein distance with p > 1, and partic-
ularly present an explicit expression of the optimal transport map
for the case p = 2. As an application, we show the existence of
geodesics connecting probability measures satisfying suitable con-
dition on path groups and loop groups.
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1 Introduction

In the seminal works of K.T. Sturm [27] and Lott-Villani [20], a new concept of curvature-
dimension condition has been developed on the abstract metric space to replace the lower
bound of Ricci curvature of Riemannian manifold via the convexity of the relative entropy
on the Wasserstein space. This convexity is measured by the behavior of the relative en-
tropy along geodesics connecting two probability measures in the Wasserstein space over
this metric space. This concept is equivalent to the Ricci curvature lower bound for Rie-
mannian manifold as shown in [29] and possesses the advantage of stability under Gromov-
Hausdorff convergence. There are many extensions of this concept in various setting, for
example, Finsler space [23], Alexandrov spaces [24, 31], infinitesimally Hilbertian metric
measure spaces [12]. The starting point of this concept is that the studied Wasserstein
space is a geodesic space, that is, for any two probability measures 1y and vy satisfying
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some additional condition, there exists a geodesic under the L?-Wasserstein metric. The
validation of this basic property usually depends on the study of the Monge-Kantorovich
problem in respective space. In this work, we shall study the optimal transport on path
groups and loop groups and apply the obtained optimal transport maps to show the
existence of geodesics in the Wasserstein spaces over path groups and loop groups.

The Monge-Kantorovich problem is to consider how to move the mass from one
distribution to another as efficiently as possible. Here the efficiency is measured against
a positive cost function ¢(x,y). Precisely, given two probability measures p and v on a
measurable space X, define its Wasserstein distance by

(1.1) W.(u,v) = inf { /XXX c(x,y)m(de,dy); we ‘f(my)},

where ¢ : X x X — [0,400] is called the cost function and & (u,v) is the set of all
probability measures on X x X with marginals p and v respectively. Then the Monge-
Kantorovich problem is to find a measurable map .7 satisfying v = (7).u such that the
probability measure m = (id X 7 ),p attains the infimum in (1.1). Here the notion (7).
denote the push forward of measure p by a measurable map 7, i.e. (7 ),u=po. 71 id
denotes the identity map. It is well known that the solving of this problem is very crucially
dependent on the cost function. On Euclidean space R? and Riemannian manifold, there
are many works to solve this problem with respect to different cost functions such as
6] [22] [17] [19]. Refer to [3] for general survey on this respect and to [28] for detail
discussions.

When the dimension of the space goes to infinity, Feyel and Ustiinel in [16] proved
the existence and uniqueness of the optimal transport map on the abstract Wiener space.
In [15], together with Fang, we solved the Monge-Kantorovich problem on loop groups.
There we use the “Riemannian distance”, a kind of Cameron-Martin distance in some
sense, to define the L2-Wasserstein distance. The advantage of this distance is that there
exists a sequence of suitable finite dimensional approximations, which makes it possible
to use the results in finite dimensional Lie groups. However, the “Riemannian distance”
is too large. It behaves like the Cameron-Martin distance in Wiener space in some sense,
which equals to infinite almost everywhere with respect to the Wiener measure. This
causes great difficulty in ensuring the finiteness of the Wasserstein distance between two
probability measures on loop groups. Furthermore, there is no explicit expression of the
optimal transport in this case.

In this work, we shall use another important distance, L?-distance, to define the
Wasserstein distance on path or loop groups. Since the L2-distance is always bounded
when the Lie group is compact, the induced Wasserstein distance between any two prob-
ability measures is finite. Therefore, the finiteness of Wasserstein distance is no longer
a constraint of the existence of optimal transport map in this situation. As an applica-
tion, there exists an invertible optimal transport map pushing the heat kernel measure
forward to the pinned Wiener measure on loop group. These two probability measures



play important role in the stochastic analysis of loop groups. Another advantage of using
L?-distance is that an explicit form of optimal transport map can be given, which helps
us to show the existence of geodesic connecting two probability measures on path groups
or loop groups.

The existence of optimal transport map has a lot of applications. For example, it
is applied to construct the solution of Monge-Ampere equation (cf. for instance, [13]),
and to establish Prékopa-Leindler inequalities in [8]. In [18], it helps to construct the
gradient flow of relative entropy in the space of probability measures, which provides a
new method to construct the solution of Fokker-Planck equations. This method has been

systemically studied and was developed to deal with more general differential equations
in [4].

When studying the Monge-Kantorovich problem on path and loop groups using the
L2-distance, we need to consider the derivative of Riemannian distance on Lie group,
which adds some condition on Lie group about the cut locus of its identity element.

Let GG be a connected compact Lie group with Lie algebra ¢ which is endowed with
an inner product (, )¢, and the associated Riemannian distance is denoted by p(:,-).
Given a point x € G, point y € G is called a cut point of x if there exists a geodesic
v : [0,00) = G parameterized by arc length with v(0) = x such that (¢y) = y for some
to > 0 and for any ¢t < ¢y, p(7(0),7(t)) = t and for any ¢t > to, p(7(0),~v(¢)) < t. The
union of all cut points of z is called the cut locus of x and denoted by Cut(x). A map
V ia,b] — ¢ is called a piecewise continuous curve if there exists a finite subdivision
a=ayg<a <...<a,=>bsuchthat V is continuous for . =1,..., k.
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The condition on the cut locus used in this work is:

(H) If the cut locus Cut(e) of the identity element e of G is not empty, then for any
continuous curve {;}tcpan) C Cut(e), there exists a piecewise continuous curve {X;}iepay
in ¢4 such that exp, X; = z;, ¥Vt € [a,b], where exp, denotes the exponential map deter-
mined by the geodesic equations in the setting of Riemannian manifold.

Examples:

e the n-dimensional torus 7,, = S* x --- x St

satisfies the hypothesis (H).

is a connected compact Lie group and

e The Heisenberg group H" endowed with Carnot-Carathéodory distance satisfies
the assumption (H) by [5, Theorem 3.4]. Indeed, the Heisenberg group H" is
a noncommutative stratified nilpotent Lie group. As a set it can be identified
with its Lie algebra R?"*! ~ C" x R via exponential coordinates. Denote a point
in H' by @ = (€,0,1) = [C,1] where € = (£1,...,&), 1 = (,..-,7) € R,
te€eRand ¢ = ((1,...,G) € C" with ¢; = & + in;. The group law is given by
(Gt (¢ 8] = [+ 4+t +23 70 Im(;¢}]. The set L* := {[0, s] € H"; s € R\{0}}
is the cut locus of identity element [0,0] € H". Set S = {a + b € C"; |a + ib| = 1}.



For any a +ib € S, v € R and r > 0, we say that a curve v : [0,7] — H" is a curve
with parameter (a + ib, v,7) if v(s) = (£(s),n(s), t(s)) where

i(s) = g(bj <1 — cos E) + a; sin %),

,
r s
m(s)z;(—a](l—cos?)—i—b sm—)
(s) 2T< ) vs) _q
s)=—(— —sin— =1,...,n
12 r r J ) ) 1y

when v # 0 and
v(s) = (a1s,...,a,8,b18,...,b,5,0)

when v = 0. Each curve with parameter (a + ib, 2w, \/7|t|) for some a +ib € S is a
sub-unit minimal geodesic from [0,0] to @ = [0,t] € L*, from which one can easily
verify H" satisfies the assumption (H).

In the following, after introducing some necessary notations on path and loop groups,
we present our main results of this paper.

Denote P(G) the path group, that is,
P(G) = {¢:]0,1] — G continuous; £(0) = e},

where e denotes the unit element of Lie group G. Let p(-, -) be the Riemannian metric on

G, that is,
. 2 1/2
plx,y) = mf / (1)~ —’y dt) }

where the infimum is taken over all absolutely continuous curves connecting = and y. It
is easy to see p(z,y) = p(e,z7'y) by the definition. The topology of P(G) is determined
by the uniform distance du(71,72) for 71, 72 € P(G), i.e

(1.2) dos (1, 72) = mnax p(71(t),72(t))-

Under this topology, P(G) becomes a complete separable space. We now introduce an-
other distance on P(G), the L*-distance:

(1.3 o) = ([ oonto) 2 ar)"”

It is obvious that dzz(v1,72) < doo(71,72) for any 71, v2 € P(G). In this paper, we consider
the Wasserstein distance induced by the L*-distance on P(G). Given two probability
measures v and o over P(G), the LP-Wasserstein distance between them is defined by:

1/p
(1.4) W,(v,0) = inf { / dr2 (1, 72)P m(dy1,dye); ™ € € (v, a)} ., p>1,
P(G)xP(G)
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where € (v, o) stands for the set of all probability measures on the product space P(G) x
P(G) with marginals v and o respectively.

Set p be the Wiener measure on P(G), which is the diffusion measure correspond-
ing to the left invariant Laplace operator %Zle & on G, where {1, ...,&;} denotes an

orthonormal basis of ¢ and ¢ denotes the associated left invariant vector field on G.

Our first main results are the following two theorems on the existence and uniqueness
of optimal transport maps on path groups and loop groups.

Theorem 1.1 Let G be a connected compact Lie group and satisfy assumption (H). Let
v and o be two probability measures on P(G), and assume v is absolutely continuous with
respect to the Wiener measure  on P(G). Then for each p > 1, there erxists a unique
measurable map 7, : P(G) — P(G) such that it pushes v forward to o and

W,(v,0) = /P 0 ZF ).

Furthermore, there exists some function ¢ in the Sobolev space D?(u) such that the map
T can be expressed as

(15) T)(1) = exp,0) (3055 (VO 0, ae.t € 0,1,

for almost every v € P(G). Here exp,, denotes the geodesic exponential map on Lie group.

Theorem 1.2 Let G be a connected compact Lie group and satisfy assumption (H). Let
LG = {:]0,1] = G continuous; £(0) = (1) = e}. Let oy and o9 be two probability
measures on L.G. Assume oy is absolutely continuous with respect to the heat kernel
measure v on L.G. Then for each p > 1 there exists a unique measurable map 7, :
LG — LG such that ()01 = 09 and

Wylonox? = [ dua(t, 70 doy(0),

G

where
Wp(O'l,O'Q)p = 1nf{/ d[ﬂ(gl,gg)pﬂ'(dgl,dgg); S %(0’1,0’2)}.
LGXLG

In particular, for each p > 1, there exists a unique measurable map 9, : L.G — L.G such
that 7, pushes heat kernel measure v forward to pinned Wiener measure jo on LG, and
1ts inverse 9]3_1 pushes (g forward to v.

Moreover, for p = 2 there exists some ¢ in the Sobolev space D3(v) such that the
map I can be expressed as

(1.6 T0)0) = b0y (5000355 (V) @), a0 € [0,1],

for almost every v € L.G. Here exp,, denotes the geodesic exponential map on Lie group.
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The basic idea to prove Theorem 1.1 and Theorem 1.2 is similar to that of [15, 22]
based on the solution of dual Kantorovich problem. The solution of dual Kantorovich
problem gives us a pair of functions (¢, ¢°), where

¢“(y) = inf{c(z,y) — o(2)},

for some cost function ¢(+, -) on some metric space X. Then the key point is to show that
there is a uniquely determined measurable map y = .7 (z) such that

¢(x) +¢°(7 () = ez, 7 (x))

holds for suitable choice of z. In the language of c-convexity (cf. [28, Chapter 5]), it is
equivalent to show that the subdifferential d.¢(z) contains only one element for suitable
choice of z.

Due to the explicit expression of the optimal transport map for L2-Wasserstein dis-
tance, we applied previous results to show the existence of geodesics in the Wasserstein
spaces over path groups and loop groups.

Theorem 1.3 Assume the conditions of Theorem 1.1 hold. Then for any two probability
measures vy, v, on P(G) with vy being absolutely continuous w.r.t. Wiener measure p,
there exists a curve of probability measures (v, )rcpp,1] connecting vy and vy satisfying

WQ(V(), I/T) = TWQ(I/[), Vl), r e [0, 1]

Similarly, under the conditions of Theorem 1.2, for any two probability measures
09, 01 on L.G with oq absolutely continuous w.r.t. the heat kernel measure, there exists
a geodesic (0,)rejo,1) in (P (L.G), Ws) connecting og to 0.

This paper is organized as follows: in the next section, we introduce some notations
and basic results on Lie group. In section 3, we give the proofs of Theorem 1.1 in the case
p = 2 and Theorem 1.3 in order to explain the idea of the argument. For the general case
p > 1, the proof of Theorem 1.1 is stated in section 4. In the last section, we investigate
the Monge-Kantorovich problem on loop groups. Some basic notations on loop group and
the argument of Theorem 1.2 are stated there.

2 Preliminaries

We first review some basic notions and results on the Lie group and its Lie algebra. The
proofs of these results will be omitted, and refer to Warner’s book [30] for details.

A Lie group G is a differentiable manifold which is also endowed with a group struc-
ture such that the map G' x G — G defined by (o, 7) = o7~ ! is smooth. Let o € G, left
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translation by ¢ and right translation by o are respectively the diffeomorphisms ¢, and
r, of GG defined by
l(T) =0T, 1,(1)=710 forall Teqdq.

A vector field X on G is called left invariant if for each o € G,

dlyoX =Xol,.

A Lie algebra of the Lie group G is defined to be the Lie algebra ¢ of left invariant
vector fields on G. The map «a : 4 — T,G defined by a(X) = X(e) is an isomorphism
from the Lie algebra ¢4 to the tangent space of G at the identity. « is injective and
surjective. It will be convenient at times to look on the Lie algebra as the tangent space
of G at the identity. We consider the left invariant vector fields on G, then the tangent
space T,G at every point g € G can be viewed as g%, and the inner product (, )¢ induces
a inner product on T,G by

(dlyoX,dl,oY)=(XY)y, X,Ye¥9.
Examples of Lie group and its Lie algebra:

a) The set gl(n,R) of all n x n real matrices is a real vector space. Matrices are added
and multiplied by scalars componentwise. gl(n,RR) becomes a Lie algebra if we set

[A, B] = AB — BA.

The general linear group Gl(n,R) is the set of all n X n non-singular real matrices.
Then Gl(n,R) becomes a Lie group under matrix multiplication, and gl(n,R) can
be considered as the Lie algebra of Gl(n,R).

b) Special linear group Sl(n,R) = {A € Gl(n,R) : det A = 1} is a Lie group. Its Lie
algebra will be matrices of trace 0, sl(n,R) = {A € gl(n,R) : trace A = 0}.

Definition 2.1 Let G and H be Lie groups. A map ¢ : G — H is a (Lie group) homo-
morphism if ¢ is both C*° and a group homomorphism of the abstract groups.

Let G and € be Lie algebra, a map ¢ : ¢ — H is a (Lie algebra) homomorphism
if it is linear and preserves Lie brackets, i.e. ([ X,Y]) = [¢(X),y(Y)] for all XY € 9.

A homomorphism ¢ : R — G is called a 1-parameter subgroup of GG. For each X € ¢4,
there exists a unique l-parameter subgroup ¢ — ox(t) such that its tangent vector at 0
is X (e). This induces a definition of exponential map on Lie group by exp X = ox(1).
This definition of exponential map does not depend on the metric on ¢. In matrix Lie
groups, the exponential map exp A coincides with the usual exponential of matrices



Definition 2.2 Let 0 € G. We define the action Ad, on 94 by

d 1 ,
(2.1) Ad, X = {&a exp(tX)o }t:O for each X in 9.

Ad : G — Aut(9) is called the adjoint representation of Lie group G, where Aut(¥)
denotes the set of automorphisms on 9.

By the definition, it is easy to obtain that for all o, 7 € G Ad, X = dl,dr,—1X. Let
X, Y €9, define

d

(2.2) adyY = {£

Adexp tXY }

=0
Then adxY = [X,Y].

For each A € ¢4, let A denote the unique left invariant vector field on G determined
by A. Given a metric ( , ) on Lie algebra ¢. It can induce a left invariant Riemannian
metric on GG. The Levi-Civita connection on G induced by this metric is given by

(2.3) (VAB,@:%{([A,B],C>—<[A,C],B>—<[B,C],A>}, for A, B, C €.

Let ad’ be the adjoint operator of ady w.r.t (, ). Then

(2.4) ViB=ViB, ViB==(adsB—adiB—adjA).

DN | —

Given an orthonormal basis {e;}¢ ; of ¢, since (€;,¢;), = {e;,¢€;), {€}%, is a family of
orthonormal vector fields on G. Let

(2.5) Ffj = (V.ej ex) = (Ve éj, k).

Then with respect to the Levi-Civita connection a C* curve (v, a < ¢ < b) on G is called
a geodesic if 4(t) := dvy(t)/dt is parallel along 7, i.e.

(2.6 Vit = 0.

Setting i (t) = (¥(¢), é), then the equation (2.6) turns into

d
(2.7) V’“ Z T8 4:(t)3;(t) =0, fork=1,...,d.

3,7=1

Note that in this equation, the Christoffel coefficients Ffj are independent of the curve
v(t), which is different to general geodesic equations on manifolds. This geodesic equation
induces another definition of exponential map on Lie group when being viewed as a
Riemannian manifold, and this exponential map depends on the inner product defined
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on Lie algebra ¢. But when ¢ is endowed with an Ad-invariant metric ( , ), namely,
(Ad,X,Ad,)Y) = (X,Y), forallg € Gand X, Y € 4 = T.G, then 1-parameter subgroups
are geodesics (see [7, Corollary 3.19]) and every geodesic is coincident with a translation
of a segment of 1-parameter subgroup (see J. F. Price [25, Theorem 4.3.3]). This enable
us to know that for compact connected Lie groups the exponential maps induced by 1-
parameter subgroup are surjective. It is known (cf. [7, proposition 5.4]) that the cut locus
of each point g on G is closed, and contains two kinds of points, i.e. if ¢’ is in the cut
locus of g, then ¢’ is either the first conjugate point of g along some geodesic connecting
g with ¢, or there exists at least two minimizing geodesics joining g to ¢’. When G is a
simply connected Lie group with Ad-invariant metric, then all geodesics minimize up to
the first conjugate point (cf. [7, Corollary 5.12]).

There are lots of work about infinite dimensional stochastic analysis on path groups
and loop groups. We refer to [9, 10] and the book [14] for some basic facts and results.

3 Proof of Theorem 1.1: the case p =2

Let us recall a well known result on the solving of Kantorovich dual problem. Refer to
[28, Theorem 5.10] for the argument.

Theorem 3.1 Let X and Y be two Polish spaces and j, v be two probability measures
on X and Y respectively. Let ¢ : X XY — R be a lower semicontinuous cost function
such that

V(z,y) € X XY, c(z,y) > a(z) + b(y)

for some real-valued upper semicontinuous functions a € L'(u) and b € L' (v). Then if

C(p,v) := inf /cdw

TEE (1)

1s finite, and one has the pointwise upper bound

(3.1) c(z,y) < ex(@) +ov(y), (exiev) € L' (p) x L' (v),

then both the primal and dual Kantorovich problems have solutions, so

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

WSARY)

(3.2) = max /gb ) dp(z /@ZJ ) dr(y

(¢>w YELT ()X L1(v): p+ep<c

= max /gzﬁ ) dp(x /qbc )du(y
¢€L1(u
where

(33) #(y) = inf {cle.y) - o(a)}.

zeX



In our situation, the diameter D of Lie group G is finite as G is assumed to be
compact. Then di2(z,y) < D < +o0, and hence the condition (3.1) is satisfied for any
probability measures v and o on P(G). dpz(x,y) is also continuous on P(G). According
to Theorem 3.1, it holds that for any two probability measures v and o on P(G),

Wotv o =sp{ [ otwvidn) + [ w)otn),

P(@)

where the supremum runs among all pairs of measurable functions (¢, 1) such that ¢(z)+
Y(y) < dpz2(z,y)%. Moreover, there exists a pair of functions (¢, 1)) such that

(3.4) Walro)? = [ o(x) vlda) + / (y) o(dy),
P(G) P(G)

where ¢°(z) = infuep(c) {dr2(2,y)? — ¥(y)}. In the rest of this section, we will fix such
pair of functions (¢¢, 1) and denote by ¢(x) = ¢(x). Then ¢ is Lipschitz continuous
with respect to the distance dr2(z,y). In fact, for any fixed z, z € P(G), for any £ > 0,
there exists y. € P(G) such that ¢°(z) > dr2(z,9.)* — ¥ (y.) — €. Then

P(x) — ¢(2) = ¥(x) — ¢°(2)
< dp (CU, y6)2 - w(ys) —dpe (Z, ys)2 + dj(%) +te
< (dp2(w,ye) +di2(z,90)) (diz (2, ye) — dp2(z,:)) + €
< 2Ddp>(z,z) + €.

Letting ¢ — 07, we get ¢(z) — ¢(2) < 2Ddz2(x, z). Changing the place of x and z, we
get ¢ is Lipschitz continuous.

Next, we shall use the Rademacher’s theorem on path group P(G) to show that ¢ is
in the Sobolev space. Before this, we introduce some basic notions. Let

(3.5) H(%) = {h L [0,1] = &, h(0) = 0, |h[% = /1 ()2, dt < +oo},

where dot - stands for the derivative with respect to t. Let F': P(G) — R be a measurable
function. We set

DuF(7) = &

= F(ve™™), he H(9), veP(G).

e=0

A function F € L?(u) is said to be in the Sobolev space D?(u) if there exists VF €
L*(p; H(%)) such that for each h € H(¥), it holds D, F = (VF,h)y in L*~(p), where

L*(p) = Npeo LP(n) and

(hy, ha)yr = /;(hl(t),hg(t»g dt, hy, hy € H(Z).

10



A function F' : P(G) — R is said to be cylindrical if
F(y)=f(y(t1),...,7(tn)), feC®(G"),0<t1<...<t, <1, neN.

Let Cyln(P(G)) denote the space of all cylindrical functions. Due to [1], the space
CylIn(P(G)) is dense in D?(u). Now we introduce the third distance, Cameron-Martin
distance dp, on P(G), that is, for 71, 72 € P(G),

1 1/2
(3.6)  dp(1,7) = (/ }v(t)_li)(t)‘; dt> . if v = 7, 'y, absolutely continuous;
0

otherwise, set dp(7y1,72) = +o0. It’s easy to check that doo(v1,72) < dp(71,72) for all
7, Y2 € P(G). According to the Rademacher’s theorem [26, Theorem 1.5] and discussions
in subsection 2.1 therein, we obtain that

Lemma 3.2 Any bounded dp-Lipschitz continuous function F on P(G) belongs to D3(i).

Here and in the sequel, a function I’ on a metric space (X, d) is said to be d-Lipschitz
continuous, where d is a metric on X, if there exists some constant C' > 0 such that

|F(z) — F(y)| < Cd(z,y), Va,yeX.

Due to the fact
drz2(71,72) < dso(1,72) < dp(71,72),

it is clear that a d2-Lipschitz continuous function F'is also d..-Lipschitz and dp-Lipschitz
continuous. Combining dj2-Lipschitz continuity of ¢ with Lemma 3.2, we get ¢ is in the
Sobolev space D?(u).

Proposition 3.3 (Key proposition) If there exist v, and v2 such that

(37) ¢(71> + 2/}(/72) = dL2 (’717 /72)27
and ¢ 1s differentiable at ,, then v is uniquely determined by v and ¢.

Proof. For h € H(¥) and ¢ > 0, by the fact ¢ = ¢°, we get

P(1e™) + U (12) < dpz(me, 72)%.

Subtracting (3.7) from both sides of this inequality yields
¢(71€€h) — () < dpe (71€5h,72)2 — dp2(m1,72)?

(3.8) :/0 p(,yl<t)esh(t)7,y2(t))2dt—/0 p(n(t),7(t))” dt.
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For each fixed ¢ € [0, 1], there exits a constant speed geodesic v; : [0,1] — G such that
v(0) = y2(t) "' (t), v (1) = e and

Lo = [ o) gornlo) s ds = plon(2) ale))

Set 7y(s) = vy(s)e=h0 s € [0,1]. Then #,(0) = Yo(t) 'y (t)e="® and (1) = e.
Hence,

(3.9) p(n(B)e™ D, 5(1)" < L(3)*

As
dsvi(s) = (@t(s)e(l_s)Eh(t) — ety(s)h(t))ds,

where d stands for the derivative with respect to s, we get

/ |Ad,aencove(s )11)t(s)—5h(t);ds

_ / [0n(5) ™ 04(5)[, — 22(Ad,1orncrvn ()~ 0(5), h(E))gy + 22l h()[2 ds
0
1
— o (1), 7o) — 2¢ / (Ad,—aoenwvi(s) " 0u(s), h(t))y ds + 2 (D)2
0
Invoking (3.8) and (3.9), we obtain

d(11e) — p(m1) < —25/0 /0 (Ad,-—seneyve(8) H0y(8), h(t))e dsdt + £ / |h(t)|% dt.

Dividing both sides by ¢, letting ¢ — 07 and ¢ — 0~ respectively, it follows

(3.10) (Vo(n), by < —2 /01</01 vi(s) " "iu(s) ds, h(t)),, dt,
(3.11) (Vo(n), hyw > —2 /01 </01 vi(s) " 0y(s) ds, h(t)),, dt.
Set

(3.12) Vt(u):/ouvt(s)_li)t(s)ds, u € [0,1],

then we have shown by (3.10) (3.11) that

(3.13) <VM%%MH=—24<WGLMMg&,
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which implies that if V(1) as a function of ¢ is continuous at some ¢y € [0, 1] then V; (1) is
uniquely determined. In fact, take a sequence of smooth functions A, such that 0 < h, <1,
and
ha(t) = { 1 telto—eto+e]N[0,1],
c 0 tg[to—ZE,to—f-Qdm[O,l]

Set {e1,...,eq} be an orthonormal basis of 4. We have
1
: ) 1
314 (Viy() e =ling [ ) h(theds de = li ~3(V600), e

Moreover, as (Vo(71), he€;) g is measurable from P(G) to R, the limitation (Vi (1), e;)«
is also measurable. Then Vi (1) = > (Vi (1), e;)ye; is measurable with respect to the
variable ;.

We shall show below the following assertion: according to our assumption (H), we
can always choose a family of minimizing geodesics (v;);eqo,1 such that v;,(0) = v5 ' ()1 (2),
v:(1) = e, and there exists an at most countable subset  C [0, 1] such that ¢ — (1)
is continuous on [0, 1]\Q2. Hence, t — V;(1) is continuous on [0, 1]\Q2. If this assertion is
correct, then V;(1) is uniquely determined by V¢(v;) at all ¢t € [0,1]\Q2. Then, due to
Lemma 3.4 below, we know that V;(1) determines uniquely a geodesic v; : [0,1] — G so
that v;(1) = e. Therefore, 72(t) is uniquely determined by V¢(y1) at ¢ € [0, 1]\§2. Since
t — () is continuous, then we get the desired result that 75 is uniquely determined by
¢ and ;. Now we proceed to the proof of previous assertion.

Case 1: If {v,(t) "'y (t), t € [0,1]} does not go across the cut locus of e in G, then there
exists a unique family of minimizing geodesics (vt) o] such that v,(0) = 75 ' (£)711 (1),
v(1) = e, and t — ©,(1) is continuous. The geodesic equation guarantees that ¢ —
vi(s) 10y (s) for s € [0,1] is also continuous, which implies the continuity of ¢ — V;(1) for
t €10,1].

Case 2: If v, (t)71(t) goes across the cut locus of e. Then the continuity of v, (t), Y2(t)
and the closeness of the cut locus of e yield that the set 2 containing all ¢ such that
75 1 (t)71(t) enters or leaves the cut locus of e is not empty and at most countable. So the
set I := {t € [0, 1]\ 75 (1) (t) € Cut(e)} and the set I := {t € [0, 1]\ 75 * () (t) €
Cut(e)} can both be represented as the union of at most countable open intervals. For
each open interval (sq,$2) C I, above discussion in case 1 show that there exist a curve
t — V(1) for t € (s1,s2). For each open interval (s}, s,) C I, our assumption (H) may
guarantee that we can choose a family of geodesics (vy)ie(s; ;) such that v,(0) = 5 "y (¢),
v(1) = e, and t — ©;(0) is continuous on (s, s5). This yields ¢ — V;(1) is continuous on
(51, 55).

In all, we can choose a (V;(1))¢cpo,1] such that ¢t — V(1) is continuous on [0, 1]\€2.
Therefore, we have proved the assertion and complete the proof of this proposition. (]

Lemma 3.4 Using the notations as above. Then V(1) determines uniquely a minimizing
geodesic vy : [0,1] — G such that v,(1) = e.
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Proof. Let a € 4, € R and ¢ € C*([0,1],R) such that ¢(0) = ¢(1) = 0. Consider
Vi (8) = vy(s)e*® s € [0,1]. Then v,.(0) = v;(0) and v; (1) = v,(1).

dsvie(s) = vee(S) (Ade_ac(s)avt(s)_li)t(s) + ec'(s)a) ds,

and
2

ds.
@

1
L(vee)® = / ‘Adefac@)avt(s)’l@t(s) +ed(s)a
0
Since € — L(v;)?* arrives its minimum at ¢ = 0, we get

0 :%L(vt,E)Q = 2/0 (ve(8) (), ¢ (s)a)ey ds

—2 / (Vi(5),¢(s)abg ds
— 2(Vi(1). ¢ (Lapy — 2(Vi(0), ¢ (0)a)y — 2 / (Vi(s). ()a)y ds.

This yields

(3.15) Wi(1), ¢(1)a)y = /O (Vi(s), ' (s)a)y ds.

Assume ¥; be another minimizing geodesic such that (1) = e and Vi(1) = Vi(1), where
Vi(u) = [; 0:(s)"'0,(s) ds, u € [0,1]. Then analogous deduction yields

1 1
/ (Vi(s), " (s)a)y ds :/ (Vi(s),"(s)a)y ds.
0 0
Since s > ¢’(s)a is dense in L?(u;9),
Vi(s) = Vi(s), for almost every s € [0,1].
The continuity of s — V(s) and s — V;(s) yields
Vi(s) = Vi(s), forall s €[0,1].

Therefore,

d d -~ . 1. o al1s .
gvt(s) = gl/}(s), i.e. v(8) T 0(s) = Ty(8) T (s) =: ky(s).

Since the solution of
dsvi(s) = ve(s)ki(s)ds, wv(l) =e

is unique, it follows that 0,(s) = w(s) for all s € [0,1]. In particular, 9;(0) = v,(0). The
proof is complete. (]
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Proof of Theorem 1.1 for p = 2. We have shown in (3.4) that

(v,0)? / ¢’yldl/+/ ¥(12)d

By Lemma 3.2, ¢ is in D?(u). So ¢ is p-almost everywhere differentiable, so does also
with respect to v by the absolute continuity of v relative to p. Since dr2(+,-) is continuous
from P(G) x P(G) to R, and € (v,0) is tight, there exists an optimal transport plan
7 € €(v,0) such that

Wy (v,0)* = / drz2(71,72)? 7(dyy, dvys).
P(G)xP(G)

Hence,

/ ¢(’Yl) + w(’h) W(d%a d’72) = / dr2 (’717 ’72)2 7T<d’71, d’Vz)-
P(G)XP(G) P(G)XP(G)

As ¢ = 1)°, there exists a measurable set 2; C P(G) x P(G) such that 7(€;) =1, and

(1) +¥(e) =d2(v1,72)%, V(11,72) € .

Since ¢ is v-a.e. differentiable, there exists a measurable set A C P(G) with v(A) =1 on
which ¢ is differentiable everywhere. Let Q = Q) N (A x P(G)), then 7(2) = 1.

For a point (71, 72) € €2, Proposition 3.3 yields that 5 € P(G) is uniquely determined
by v, and ¢ such that

G(1) +P(72) = drz(71,7)%
Denote this map by 72 = Z(y1). Assume .7 is measurable, then for any measurable
function F' on P(G) x P(G),
/ F(y1,72) w(dyr, dye) = / F(y1, 7 (m)) m(dy, dv2)
P(G)xP(G) P(G)xP(G)
S R T CRIIZCR!
P(G)

This implies that

(3.16) 7= (idx J)w and (J),v=o0.
If there exists another measurable map . : P(G) — P(G) such that (.).v = o and

Walv,0)? = /P o 0 F ),
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Then the measure 7 := (id x .’),v is an optimal transport map. Since in above discussion
7 is arbitrary optimal transport plan in € (v, o), applying (3.16) to 7, we obtain

7= (idx J)w, and.” =9, v-ae.

This proves the uniqueness of 7.
Now we proceed to the measurability of 7.

Let {B,, n > 1} € C*([0,1],R) be an orthonormal basis of the space H(R) = {f :
0,1] = R; f(0) =0, fo | f/(s)[*ds < 400} Define

- /Otﬁn(s) ds—t/olﬁn(S) ds

Let {e1,...,eq4} be an orthonormal basis of 4. Then {f,e;,n > 1,7 =1,...,d} be an
orthonormal basis of H(%). Let Uy(u) = [ Vi(s)ds. Then (3.15) can be rewritten as

(Vi(1), e (Dei)y = /0 <Ut(5)>5;($)€i>£4 ds = (U, Buei) ()

It follows that

(3.17) )= 30 W) (edaflser

We have shown in the proof of Proposition 3.3 that V(1) is measurable with respect to
7 if V(1) is continuous at ¢. So for ¢ & Q, Uy(s) is also measurable with respect to v, for
each s € [0, 1], so does Vi(s). Then by the definition (3.12),

dsvi(s) = v (s)dVi(s), (1) =e.

Therefore for each ¢ € [0, 1]\, v:(s) is a measurable mapping of v; for each s € [0, 1].
Then we obtain the measurability of v, = 72(t) = 1 (£)vs(0)~! for ¢ € [0, 1]\ 2.

Take a subdivision P = {0 < 1/N < --- < (N —1)/N < 1} of [0,1]. We can take N
large enough so that for each i = 0,..., N — 1, 72(Z/N) and y2((i + 1)/N) are not in the
cut locus of each other. Define a contmuous curve YNV (t) = 5(t) for t € P and connect
AM (i /N) with y™)((i4-1) /N) by the unique minimizing geodesic. y¥) is continuous, and
v = ) is measurable due to the measurability of the solution of geodesic equation.
Letting N tend to 400, v) converges uniformly to 7s, s0 41 — 72 = (1) is also
measurable. Therefore, we have shown the measurability of the map .7, which shows the
existence and uniqueness of optimal transport map in Theorem 1.1.

To complete the proof of this theorem, it remains to prove the explicit expression of
the optimal transport map 7. As in Proposition 3.3, for each t € [0, 1], there exists a con-
stant geodesic (vy(s))sefo,1] on G connecting v»(t) 'y (t) to e. For any given continuously
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differentiable function c : [0, 1] — R with ¢(0) = ¢(1) = 0, define ;. (s) = v;(s)e®="® for
h € H and € € R. Then ©,.(0) = v,(0), 9;.(1) = v;(1). Thus the function & — L(0;.)?
attains its minimum value at ¢ = 0, which yields that

d

= L(t.)? = /0 (v;71(8)0(s), < (8)h(t))yds = 0.

e=0

Taking c¢(s) = sin(knws) for k € Z and h(t) = a € ¢ in previous equation, we obtain

(3.18) /0 (v;1(8)04(s), cos(kms)a)yds = 0.

The arbitrariness of k € Z and a € ¢ means that s + v; *(s)9;(s) is a constant function
over [0,1]. According to (3.12) and (3.13), if ¢ is differentiable at 7y, then

V(1) = / o7 (s)in(s)ds = v (0)in(0),

and
(3.19) [ v =24 s
' L - 2ds TN
Since t — V;(1) is continuous on [0, 1]\2 as shown in Lemma 3.3, (3.19) yields that
1d?
(3.20) Vi(1) = 5@(%“%))@)7 t € [0, 1]\

As s — yo(t)vi(s) is a geodesic connecting 71 (f) to v(t), it can be expressed in terms of
geodesic exponential map as

1 d?

(321) () = expy (Gurl0)0l0)) = expy, (5l 35 (VE01) (0).

By Lemma 3.2, ¢ is in D?(u) and is p-almost surely differentiable. The expression (3.21)
means that for p-a.e. v € P(G)

(322 F)0) = expyy (50 53 (Vo)D) € 0,1\

We have completed the proof till now. (]

4 Proof of main result: general case p > 1, p # 2

Now we shall prove Theorem 1.1 for general p > 1, p # 2. Recall that for two probability
measures v and o on P(G), define the LP-Wasserstein distance between them by:

1/p
(4.1) W,(v,0) = inf { / drz(y1,72)P m(dy, d’)/g)} :
P(G)xP(G)

s
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where the infimum is taken over € (v, o). The difficulty in the case p > 1 and p # 2 is to
prove the uniqueness of v, by the equation

(1) + () = dr2(71,72)"

We get around this difficulty by using a more delicate variational method than the method
used in the proof of Proposition 3.3.

Proof of Theorem 1.1 for p > 1 and p # 2. According to Theorem 3.1, there
exists a couple of functions ¢ and ¥ on P(G) such that ¢ = ¢, where the function
c(v1,72) = dr2(71,72)? now. The boundedness of dr2 yields easily that ¢ = ¥° is dpz-
Lipschitz continuous, and hence belongs to D?(u) thanks to Lemma 3.2.

To prove Theorem 1.1 for p > 1, we can get along with the same lines as the proof
for p = 2. We omit similar steps in the argument, and only prove the main different part,
which is to prove that: if it holds

o(n) +¥(v2) = dr2(71,72)",

where p > 1, then 75 is uniquely determined by +; and ¢. In fact, let v, : [0,1] — G
be a constant speed geodesic such that v,(0) = 42(t) 171 (¢), v:(1) = e and L(v;)? =
p(71(t),72(t))?. Using the same variation as in the argument of Proposition 3.3 again, we
can obtain

1
(4.2 (F6(m):h)ar = =pdial,22)? | (VA1) h(D)o

0
instead of formula (3.13). This yields that dp2 (71, v2)P2V;(1) is uniquely determined by

V() for almost every t € [0,1] . Using the same variation as in the argument of Lemma
3.4, we get formula (3.15) again

<W®mﬂMM=A(W$¢%MM®,

for any ¢ € C?%([0,1],R) with ¢(0) = ¢(1) = 0, any a € ¢, and each ¢ € [0,1]. Taking
a=drz(71,72)P 20 for b € 4, we get

1

(4.3) (dr2(71,72)"*Ve(1),d (1)b)y = / (dr2(71,72)""*Vi(s), " (s)b)g ds.
0

Assume 42 € P(G) such that

(1) +(52) = dr2(71,72)"
Let @ : [0,1] — G be a minimizing geodesic such that 7;(1) = e and 7,(0) = F2(t) " 71(t).
Analogously, define Vi(u) = [ 0,(s)"'0;(s) ds and it holds that
1
(4.4) (dr2 (71, 3)P Vi (1), ¢ (1)b)g :/ (dr2 (71, %2)P "2 Vi(s), " (5)b)g ds.
0
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Since d2 (71,%)7’*21741) is also determined by V¢(v;) for almost everywhere ¢ € [0, 1],
there exists a subset 2 C [0, 1] with full Lebesgue measure in [0, 1] such that

(45) dLQ (,)/17,}/2)])—2‘/;(1) = dL2(71,§2)p_2‘7t(1), Vt c Q

Due to the denseness of functions in the form s — ¢’(s)b in L*(u;%), and the continuity
of s = Vi(s) and s — V(s), we get

(4.6) di2(11,72)P 2 Vils) = dpz(n, %2)2Vi(s), Vs €[0,1], te Q.
It follows then
dr2 (71,72)1”’2%(5) = sz(fyl,%)p’Z‘;/t(s), for a.e.s € [0,1], t € Q,

where dot - denotes the derivative relative to s. Since v;(s) and 9;(s) are both minimizing
geodesics, integrating both sides of previous equation over s from 0 to 1 yields that

(4.7) dr2(71,72)" 2 p(n(t),72(t)) = di2 (1, 32)" 2 p(n(t), 32(1)), Vi e Q.

Then, integrating the square of both sides over ¢ from 0 to 1 yields
(4.8) dp» (71,72)2@_1) = dy2 (71,72)2@_1)-
Combining this with (4.5), we obtain

Vi(1) = Vi(1), YteQ.

Using Lemma 3.4, we have y»(t) = o(t) for t € Q. The continuity of v,(t) and o(t)
yields 72(t) = A»(t) for ¢ € [0, 1], and hence 75 € P(G) is uniquely determined. "

Proof of Theorem 1.3. We only prove the assertion of this theorem for path groups,
and the corresponding assertion for loop groups can be proved in the same way.

For vy, 11 € Po(P(G)) with 1y being absolutely continuous w.r.t. the Wiener mea-
sure ju, according to Theorem 1.1, there exists a unique optimal map 7 : P(G) — P(G)
such that

7o = (id X T,

attains the L2-Wasserstein distance between vy and vy, i.e.

Wo (v, 11)? :/ dr2 (71, 72)*mo(dy1, 72).
P(G)xP(G)

Let ¢ and ¢ be the Kantorovich potentials, then

Wa(vo, 1) = / (6(m) + ¥ (72))mo(dy1, dy2).

P(G)xP(G)
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Then the support of 7 is clearly located in the set

A={(1,7%) € P(G) x P(G); ¢(m) + ¥(12) = dr2(m1,72)*}-
For v, v, satisfying
¢(Fyl) + ¢(72) = dL2 (717 72)27

in the proof of Proposition 3.3, we have shown that for each ¢ € [0,1] there exists a
constant speed geodesic v; : [0, 1] — G such that v;(0) = 79(¢) 1 (), v¢(1) = e, and

L) = [ o7 ) gu(e) s = plon 0.0

Set uy(s) = yo(t)vi(s) for s € [0, 1], then u;(0) = v1(t) and w(1) = 42(t). For any given
A € ]0,1], let u be in P(G) defined by u} = us(\) for t € [0,1]. The distance between v
and u? is

(49) dLQ (’71, UA> = )\dLQ (’71, ’72)

A

Indeed, the curves s — u¢(As) and s — u:(A + (1 — X)s) connect respectively v (t) to u;
and u to Y,(t). Then

pnte)d) < ([ o0 T8 Pas) " = Aol 6) 2200

Similarly, p(u, v2(t)) < (1 — N)p(71(t),12(t)). Together with the triangle inequality, we
can get p(71(t),u) = Ap(71(t),712(t)) for all X € [0,1], and further (4.9) holds. Conse-
quently, A — u” is a geodesic in (P(G),d2) connecting v; to 7s.

Set @, (71) = u* and vy, = (®)).1p for A € [0,1]. Then
o 1/2
Wa(vo, vy) < (/ dr2(m,u’) dVo(%)) = A\Ws (1o, 1),
P(CQ)xP(G)

and

1/2
Wz(VA7 Vl) < ( dL?(U/\ﬁz)ZdVo(%D = (1 - /\)W2(V0,V1)~
P(G)xP(G)

By the triangle inequality, it holds
Wa(vo, va) = Mwo, v1), Wa(va,v1) = (1 = A\)Wa(vg, 11).

Hence, vy for A € [0,1] is a geodesic in Z(P(G)) w.r.t. the Wasserstein distance W5
connecting vy to v;. The proof is complete. (]
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5 Optimal transport map on loop groups

Let G be a connected compact Lie group and its Lie algebra ¢ is endowed with an
Ad-invariant metric (,)e. Let

L.G = {l:]0,1] — G continuous; £(0) = £(1) = e}.

The product in £.G is defined pointwisely by (¢1 - €2)(0) = ¢1(0) - ¢2(0), 6 € [0,1]. With
the uniform topology
doo(lr,2) = sup p(€1(0),(2(0)),

0€l0,1]

where p is Riemannian distance on G, L.G becomes a topological group. Recall that
1
H(Y) = {h :[0,1] = ¢; h(0) =0, |h[ = / ()|, dt < +oo}.
0

Let
Hy(@) = {h € H®); h(0) = h(1) = 0}.

1 1/2
For h € Hy(9), set |h|g, = (/ \h(0)|% dQ) . It has been shown in [21] that there is a

Brownian motion (g(t)) on EECOT‘. In order to be consistent in notations as convention, in
the sequel, we shall fix v to be the law of Brownian motion ¢(1) on £.G, which is called
heat kernel measure. Let o denote the pinned Wiener measure on £.G. Due to [11], v
is absolutely continuous with respect to the pinned Wiener measure 1. According to [2],
1o is also absolutely continuous with respect to heat kernel measure v.

For a cylindrical function F' : £.G — R in the form
F0) = f(e(60y),...,000,)), feC>=aG"),

and h € Hy(¥), define

n

F(ﬁesh) = Z@if, g(ei)h(ei»Taei)G’

i=1

(D)) = <

e=0

where 0; f denotes the ith partial derivative. The gradient operator V* on £.G is defined
as

(VEF)(0) = Y £ (6)(0:f)G (0, -).
i=1
where G(0;,0) := 0; A0 — 0,6. Consider

E(FF) = / } IVEF[3, dv.
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Then & defined on the set of cylindrical functions is closable, and let D#(v) be the domain
of the associated Dirichlet form.

Now, we introduce several distance on £.G. Firstly, the L2-distance is defined by:

(5.1) Ay (1, 0) = (/1p(€1(6),£2(6))2d9>1/2, 0, b € L.G.

Secondly, we shall recall the definition of Riemannian distance on £.G. In [15], it has
shown the existence and uniqueness of optimal transport map for the Monge-Kantorovich
problem with the Wasserstein distance defined by the square of Riemannian distance on

L.G.

A continuous curve v : [0, 1] = LG is said to be admissible if there exists z € H(Hy)
such that

(5.2) %7(1&,0) = 7(75,9)%2’(75,0), 7(0,0) = e.
Here
H(Hy) = {z :[0,1] = Ho(9); 2 :/0 %z(s) ds, || 2|2 ;:/O |%z(s)|12q0 ds < +oo}.

For a continuous curve v on L.G, if it is admissible, its length is defined by

1) = ([ 12 as) ™

otherwise, its length L(y) = +00. The Riemannian distance dj on L.G is defined by

(5.3) d (b, €5) = inf {L(7); 7(0) = £1, 7(1) = bo},

where v runs over the set of all continuous curves on L£.G. It is clear that dj is left
invariant: dy (€01, 005) = dp(ly1,03), £, {1, by € L.G. Tt has been shown in [26, Proposition
3.4] that for ¢y, by € L.G, dp(l1,02) < dp(ly,03). Therefore, it holds

(5.4) drz2 (1, bz) < doo(ly, be) < dp(ly, lz) < dp(fy,lo).

According to the Rademacher’s theorem [26, Theorem 1.5], we get
Lemma 5.1 Every dr-Lipschitz (hence, dp2-Lipschitz) continuous function F is in D3(v).

After these preparation, we are in a position to state our results. The results in
Theorem 1.2 are parts of the results in the following two theorems.
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Theorem 5.2 For every probability measures o1 and oo on L.G. Assume oy is absolutely
continuous with respect to the heat kernel measure v on L.G. Then for each p > 1, there
exists a unique measurable map 7, : L.G — LG such that it pushes o1 forward to o9
and
Wyas(or02) = [ duat, (0 o1(de),
L.G
where

Wy ,(01,02)" = inf { / dys (0, 6)P T(d0y, d@)},
LeGXLG
where the infimum runs over the set of all probability measures on L.G x LG with

marginals o1 and oy respectively.

Proof.(Sketched) The proof of this theorem gets along the same lines as the proof of
Theorem 1.1. First, Theorem 3.1 guarantees the existence of the Kantorovich potential ¢
and v such that

— C fp— : /\p _ /
B = v(0) = inf_{dsa(, L)~ p(0)}.
Then ¢ is dy2-Lipschitz continuous. By the Rademacher’s theorem, Lemma 5.1, ¢ belongs
to D?(v). Then using the variational method to show the uniqueness of ¢, € £L.G such

that
(lr) +(la) = dp2(ly, Lo)",

if ¢ is differentiable at ¢;. This progress is completely similar to the proof of Proposition
3.3 for case p = 2 and the discussion in section 3 for case p > 1. In this step, the different
point is just to replace h € H(¥) with h € Hy(¥). Then the desired map is the map
defined by .7,(¢1) = ¢, such that above equation holds. The measurability of this map
comes from the construction as in the argument of Theorem 1.1. (]

Theorem 5.3 On L.G, for each p > 1, there exists a unique measurable map 7, : LG —
L.G such that 7, pushes heat kernel measure v forward to pinned Wiener measure iy such
that

(5.5) Woaalvomo? = [ dia(t, (07 dv).
LG
Moreover, 7, is v-a.e. reversible, and its inverse 9})—1 pushes g forward to v.

Proof. Noting that po and v is mutually absolutely continuous with respect to each
other, applying Theorem 5.2 yields that there exists a measurable map .7, : L.G — L.G
which pushes v forward to py and a measurable map ., : £L.G — L.G which pushes 1
forward to v. Furthermore,

59 Wl = [ ap Z0)a0 = [ d(A0.07 (0,

G
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For any measurable function F' on £.G, we have

60 [ POWO= [ P0G = [ FEAGE)we.
L.G LG L.G
Therefore,
Spo T, =1id, v-a.e.,
where ¢d denotes the identity map. We conclude the argument immediately. (]
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