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Abstract. We give a general version of the Birkhoff ergodic theorem for functions taking
values in non-positively curved spaces. In this setting, the notion of a Birkhoff sum is
replaced by that of a barycenter along the orbits. The construction of an appropriate
barycenter map is the core of this note. As a byproduct of our construction, we prove
a fixed point theorem for actions by isometries on a Buseman space.

1. Introduction

The extension of classical ergodic theorems to a geometric—non-positively curved—
setting has been one of the most fascinating developments in ergodic theory in recent years;
see [6] for a nice survey containing most of the relevant results for functions (cocycles)
taking values in isometry groups.

In a different though related direction, Es-Sahib and Heinich proved in [4] an ergodic
type theorem for L' independent and identically distributed (i.i.d.) random variables taking
values in a non-positively curved space. An analogous result for L2 i.i.d. random variables
was given by Sturm in [7]. Recently, Austin proved a nice extension of Sturm’s result to
arbitrary measure-preserving actions of amenable groups (see [1]). Unfortunately, Austin’s
L? setting is not the most appropriate one in view of the fact that the most powerful
framework of the ergodic theorem is that of L' spaces. In this work, we prove a general
ergodic theorem for L' functions taking values in non-positively curved spaces, where the
notion of Birkhoff sums is replaced by that of barycenters along the orbits.

Let us begin by recalling a classical construction. Given a complete CAT(0)-space
(X, d), we consider the space P%(X) of probability measures with finite second moment,
that is,

/Xd<x, W2 du(y) < 0o



610 A. Navas

(this condition does not depend on the point x € X). Following Cartan (see, for
instance, [5]), to each u € P%(X) one may associate a barycenter bar(it), namely the
unique point that minimizes the function

x> fx dx, v)* du(y).

A crucial property of bar: P2(X) — X is that it is 1-Lipschitz for the 2-Wasserstein
metric [7]:

d(bar(u), bar(uz)) < Wa(ur, no) ;= inf \// d(x, y)?dv(x, y),
ve(pilp2) XxX

where (u1|u2) denotes the set of all probability measures v on X x X that project into
w1 and wo on the first and the second factor, respectively (see [8] for more details on this
metric).

The first task of this work was to introduce an analogous notion for the space P!(X) of
probability measures with finite first moment:

fxd(x, y)dp(y) < oo.

It was after we developed a notion of barycenter adapted to our needs that we discovered
the equivalent construction of [4]. We decided to include our approach here because it is
more elementary in that, unlike [4], it does not rely on deep probabilistic results. Although
this makes our computations a little more involved, it has the advantage of allowing us
to avoid the (finite) local compactness hypothesis of [4] for the underlying space, thus
solving a problem formulated in [7, Example 6.5]. Summarizing, let (X, d) be a complete
metric space with non-positive curvature in the sense of Buseman (which, for convenience,
we call a Buseman space). Assuming that X is separable, in §2 we construct a map
bar* : P!(X) — X that is 1-Lipschitz for the 1-Wasserstein metric:

d(bar*(u1), bar*(u2)) < Wi(uy, po) :=  inf / d(x,y)dv(x, y).
ve(uilinz) Jxxx
By elementary reasoning, this also applies to any separable Banach space, where geodesics
are understood as being segments of lines.

The map constructed above is equivariant with respect to the natural action of
isometries. At the end of §2, we give an application of this fact, namely, we prove that
every compact group of isometries of a Buseman space has a fixed point. The novelty here
is that we do not assume any hypothesis of strict convexity (with such a hypothesis, the
result is elementary and well known).

We next describe the goal of this work. Given an amenable group G with a measure-
preserving action 7 on a probability space (2, P), let (F},) be a tempered Fglner sequence
in G, that is, a Fglner sequence for which there exists C > 0 such that for all n € N,

mG<U Flen) < Cmg(Fy).

k<n
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where mg denotes the left Haar measure on X. Let ¢ : Q@ — X be a measurable function
lying in L' (P, X), that is, such that for some (equivalently, all) x € X,

/ d(p(w), x) dP(w) < oo.
Q

Notice that L' (P, X) becomes a metric space when endowed with the distance

di(p, ¥) = \//Q d(p(@), ¥ (w)) dP ().

MAIN THEOREM. With the notation above, assume that X is either a separable Banach
space or a separable Buseman space. Then

. 1
w +—> bar <m /Fn 5(p(Tgw) de(g)>

is a sequence of maps that converges pointwise and in L' (P, X) to a T-invariant function
from Q to X.

For Banach spaces, the barycenter of a measure (1/m) (8, + - - - 4 8y,,) is just the Dirac
measure concentrated at the point (1/m)(x; + - - - 4+ x,,). In particular, when G ~ Z,
X =Rand F, ={0, ..., n — 1}, the theorem reduces to the classical (invertible) Birkhoff
ergodic theorem for ¢ € L' (P, R).

The proof of our main theorem uses the general strategy of [1], that is, the contractivity
properties of the barycenter maps transform the desired convergence into that of suitable
sequences of real-valued functions to which Lindenstrauss’s pointwise ergodic theorem [3]
applies. Recall that in the setting of [1], the probability measure lies in P?(X) and one
considers functions ¢ : Q@ — X lying in the space L?(P, X), that is, such that for some
(equivalently, all) x € X,

/ d(p(w), x)? dP(w) < co.
Q

This space may be naturally endowed with the distance
bl )= [ dtg). ¥(@) dP@).

Austin’s theorem then asserts that for every ¢ € L2(P, X), the sequence of maps

1
w > baI'(m Ln S(p(Tga)) de(g)> (1)

converges pointwise and in L2(P, X) to a T-invariant function from Q to X.

Quite interestingly, Austin’s theorem is not a consequence of our main theorem.
Indeed, although—as in the classical case—our theorem extends to an L” version by a
straightforward and well-known argument, the barycenters bar and bar* may differ, even
for very nice spaces; see Remark 2.3. Despite this, the map bar is also 1-Lipschitz for the
1-Wasserstein metric; see [7, Proposition 4.3]. Using the methods of §3, this allows us to
show that the convergence of the sequence of maps (1) actually holds in L' (P, X). We
point out that this still holds for probability measures in P!(X) for a clever modification
of Cartan’s barycenter (see [7, Proposition 4.3]).
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2. The barycenter map
For a Banach space X, a natural definition of the barycenter of a measure ;1 € P'(X) is

bar* (1) ::/ x du(x).
X

Notice that given 1, 2 in P1(X), for each v € (i1 |p2) we have

/ ||x—y||dv<x,y)zf (x—y)dv(x,y)H
XxX XxX

= / xdv(x,y)—/ de(X,)’)H
XxX XxX

= /xd(ﬂ1V)(X)—/ yd(ﬂzv)(y)H
X b'¢

[[bar*(w1) — bar*(u2)ll.

As a consequence,
[lbar* (1) — bar* (u2)ll < Wi(u1, p2).

A definition with an analogous property for non-positively curved spaces is much more
subtle. In what follows, X will denote a Buseman space (separability will be needed later).
Recall that this means that X is geodesic and the distance function along geodesics is
convex. Equivalently, given any two pairs of points x, y and x’, y’, their corresponding
(unique) midpoints m, m’ satisfy

d(x,X)er(y,y).

dm, m’) <
(m, m’) = — 2

2

This property allows us to define a barycenter bar,(x, ..., x,) of any finite family
(x1, . .., x,) of (not necessarily distinct) points as follows. For n = 1, we let bar (x) := x.
For n =2, we let bary(x, y) be the midpoint between x and y. Now, assuming that
the barycenters bar,(-, ..., -) of all families of n points have been defined, we define
bar,4+1(x1, ..., Xn, Xp+1) as follows: starting with (x1, ..., x,41) =: (xl(o), e, x,(l(izl),
we replace each x; by the (already defined) barycenter of (x1, ..., Xi—1, Xit1, - - - » Xn41)-
Then we do the same with the resulting set (xfl), .. M ), thus yielding a new set

S
fz), . xr(j:l). Repeating this procedure and passing to the limit along the Cauchy

sequences (xi(k))keN, the corresponding set will collapse to a single point, which we
call the barycenter of (x1, ..., x,4+1) and we denote it by bar(xy, ..., x,) =bar(x;; i =
1, ..., n). The proof of this convergence will be accomplished inductively together with
the following crucial relation:

(x

1 n
d(barn(xlv cee xn), bal‘,,(xl, ety xn)) S ; Zd(xiv yl) (3)
i=1

First, for n = 2, the barycenter is already defined, and (3) reduces to (2). Now, assuming
that we have shown the existence of the barycenter as well as inequality (3) for families
of n points, let us consider a family (xy, ..., x,41). Foreachi # jin{l, ..., n 4+ 1}, we
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have
dxV, x](”) = d(bary (X1, . . ., Xi—1, Xit1y - - » Xnt1),
bar, (X1, ..., Xj—1, Xj41, -, Xpp1)) < M
Therefore,
dlam{x(l) . ,(121} < l diam{xy, ..., xp4+1},
and more generally, for all k > 1,
dlam{x(k) - (k)l} < ni diam{xy, ..., xXy+1}.

By this inequality and Lemma 2.1 below, the diameter of the convex closure of

{xfk), cees Xy + 1} converges to zero as k goes to infinity. Since x() belongs to this convex
closure for all / > k, this shows that bary, 1 (x1, ..., Xp+1) 1S Well defined.

Next, take two families (xq, ..., x,4+1) and (y1, ..., Yut1). By the inductive
hypothesis, for each index i € {1, ..., n + 1},

n
dxV, y") = dbaty(x1, . .., Xio1 Xigd. - X)),
bar, (Y1, .-+, Yi—1s Yitls o+ os Ynt1)) < = Zd(xj yi)-
Hél

Summing over alli =1, ..., n + 1, this yields

n+l

n+1
Y deV vy <Y de, .
i=1

i=1
More generally, for all k > 1,

n+1 ' « 1 1 n+1
> d . S )><Zd<x< LyE Dy < <> d .
- L

i=1

Letting k& go to infinity, all the points xl.(k) (respectively yl.(k)) converge to

bar,11(x1, ..., x,41) (respectively bar,+1(y1 ..., yu+1)). Hence, passing to the limit
in the previous inequality, we obtain

n+l1

(n + D d(bar,41(x1, ..., Xpq1), bat, 1(y1 .., Yug1)) < Zd(xi’ i),
i=1

as we wanted to show.

LEMMA 2.1. The diameter of the convex closure of every bounded subset of X equals its
own diameter.

Proof. An explicit inductive description of the convex closure of a bounded subset B
of X (i.e. the smallest convex subset of X containing B) proceeds as follows. Letting
By := B and having defined By, ..., B;,, we let B, be the union of all geodesics with
endpoints in B,,. Then B;,, C B, +1, and the closure of the union B, := Un B,, is the convex
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closure of B. Since B, contains B, we have diam(By,) > diam(B). To show the converse
inequality, it suffices to show that for all n > 0,

diam(B;+1) < diam(By). @

To check this, given arbitrary points x, y in B,4+1, we may find xg, x; and yg, y; in B,
such that x (respectively y) lies in the geodesic joining xo and x; (respectively yo and yp).
The convexity of the distance along geodesics shows that

d(-xa YO) S max{d(-x07 )’0), d('x17 yO)} S dlam(Bn)v
d(x, y1) = max{d(xo, y1), d(x1, y1)} < diam(By).
Another application of this convexity then shows that

d(x, y) = max{d(x, yo), d(x, y1)} < diam(By).

Since x, y were arbitrary points of By, 1, this shows (4). a
By the symmetry of the construction, for every permutation o of {1, ..., n},
barn(xl, ey xn) = barn(xg(l), ey .xO'(n)).

With this in mind, (3) implies that
1 n
d(bar e, , bar, R < — min d(x;, ).
(bar, (x| Xn), bar, (y1 yn)) = - min ; (Xi» Yo (i)

The important observation here is that (by a theorem of Garrett Birkhoff; see [8,
Introduction]) the right-hand-side expression above corresponds to the 1-Wasserstein
distance between certain probability measures. More precisely,

1 n
- min ; d(xi, Yoi) = Wi(p1. pa),
where w1 :=(1/n)(8x, + - -+ 8x,) and pp := (1/n)(8y, + - - - + 8y,). In order to obtain
a barycenter map that is 1-Lipschitz for the 1-Wasserstein metric, we would need to
define the barycenter of (1/n)(8y, 4 - -+ dy,) as bar,(x, ..., x,). However, such
a definition is not intrinsic. ~For instance, though the n-set (x, x2,...,x,) and
the 2n-set (x1, x1, X2, X2, ..., X, X,) should be identified as measures, the points
bar, (x1, x2, ..., x,) and bary, (x1, x1, X2, X2, . . ., X, X,) do not necessarily coincide.
For example, the reader may easily check that for X a tripod of endpoints x, y, z and edges
of the same length ¢, the points bars(x, x, y, x) and bg(x, x, x, x, y, ¥, z, z) are different.
(The former is at distance 7¢/9 from x, while the latter is at distance 2533¢/3150 from the
same vertex; see Figure 1.)

To solve the problem above, we will slightly modify the definition of the barycenter
of finite families of points so that it becomes invariant under the procedure—at the
level of measures—of ‘subdivision of mass along the atoms’. Given an arbitrary family
Q= (x1,...,xy) of points in X, we let

k.
OF = (XL ey Xy X1y oo s Xy oo ey X1y e v v s X)),

where the number of blocks is k.
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T

bary(z,2,y,2) — ¢ bars(x, x, x, 2, Y, Y, 2, 2)

FIGURE 1.

PROPOSITION 2.2. The sequence of barycenters bar,; (QX) is a Cauchy sequence.

Assuming that this proposition holds, and since X is supposed to be complete, we may
define the (canonical) barycenter

1
bar*(;(axl +-+ 5x,,)>

as the limit point of the sequence bar,,k(Qk). Indeed, one can easily check that this limit
point depends only on the corresponding measure and not on any particular way of writing
it as an equally weighted mean of Dirac measures (with not necessarily different atoms).
Moreover, we still have the crucial relation

n
d(bar*(l(&c1 4+ 4+ 3x,,)>, bar*(l(&c1 4+ 4+ 5xn)>> < l min d(xi, Yo(i))-
n n n oes,

Thus, denoting by Pp(X) the set of atomic probability measures on X all of whose atoms
have rational mass, we have a well-defined map bar* : Pg(X) — X, and the previous
inequality means that this map is 1-Lipschitz for the 1-Wasserstein metric: for all w1, ua
in Py(X),

d(bar*(i1), bar*(u2)) < Wi (i1, uo). 5)

If X is separable, then it is known that Pg(X) is Wi-dense in P! (X). We may thus extend
the map bar* to all P!(X) so that (5) holds for all z1, s in P!(X). This concludes our
construction.

Remark 2.3. 1t is worth pointing out that for CAT(0)-spaces, bar* does not necessarily
coincide with the Cartan barycenter. Indeed, for the example illustrated in Figure 1, the
Cartan barycenter of the measure 8, /2 + 8, /4 + &, /4 is the origin, though the barycenter
bar* of this measure lies on the axis joining the origin to x (see the final remark of [4,
Section 1.2]).

To close this section, we next give a proof of Proposition 2.2. We observe that
this proposition is also proved in [4] by means of a quite indirect argument that uses a
deep martingale theorem and requires X to satisfy a weak local-compactness property.
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Although this very elegant approach does not seem to be the most appropriate one in view
of the purely geometric nature of the statement, the reader will still recognize a certain
probabilistic flavor in our computations below. The key estimate for the distance between
the barycenters of QX and Q% is provided by the following lemma.

LEMMA 2.4. Forevery 1/2 <a < 2/3, there exists a constant C = C(a) > 0 and L > 1
such that for all positive integers 1, k satisfying L <1 < vk,

l3oz—1
d(bary (Q%), barys) (@) = CD——, (6)
where D denotes the diameter of the set {x1, ..., xp}. Moreover, for 0 <[ < L, there is
the weaker estimate l
d(bary(Q1), baryasn (Q™F) < D (7

Assuming that this lemma holds, let us prove Proposition 2.2. Given ¢ > 0, fix an
integer k, > max{L, 10} such that

D N 33-3«cp
ke (2 —3a)(ke — 1)273

<Eé,

where C is the constant provided by Lemma 2.4. For any k| < k; larger than k., define
the sequence (£;) by £ := ka2 and {11 :=¢; + [\/E]. One can easily check by induction
that £; > (ke + j)2/9 holds for all j > 1. Choose m > 1 such that ¢,, <k <{,,4+1. By
Lemma 2.4,

¢ ¢ [€j1 — €1

d(batye; (Q*), barye,, (Q1+1)) < CD—H— =

J

CD .

Sm, J=1,2,...,m—1.
J

Moreover,

bnt1 — 4 D
d(bary,, (Q™), bary, (0*)) < D[m“K—m] <45

m

Using the triangle inequality, this yields

A

D "= D
d(baryy, (Q), baru, () < =73 + ) —z—30s
L j=1 Zj
D S\ 30D
D 3-3cp /oo dx
k k

. 1 ¥ 33

D N 33-32cp
— <é,
ke (2 —3a) (ke — 1)273

IA

IA

IA

thus showing the Cauchy property.
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It remains to prove Lemma 2.4. For this purpose we require the following lemma.

LEMMA 2.5. Given integers 1 <l <m and points x, y1, ..., Ym in X, the distance
between x and bary, (y1, . .., Ym) is smaller than or equal to the mean distance between
x and the points of the form bat,_1(y1, ..., Vijs - Yij» - - -» Ym), Where i1, ... 0
range over all possible choices of different values in {1, . . ., m} (and each weight equals

mm—1)--(m—1+1)=m!/(m — D).

Proof. For | = 1, this follows as an application of (3) to

barm()’l, ceey Ym) Zbarm(barmfl()’l, ce ey yis AR | Ym), l = 1’ ceey m)
The general case easily follows by an inductive argument using (3) again. O

The idea of the proof of Lemma 2.4 consists in viewing the process of ‘reduction of
coordinates’ for passing from QF*/ to QX as a random process, which should imitate a
Bernoulli trial for large values of k >> [ (this process has a hypergeometric multivariate
distribution). For each index j, the final associated error (i.e. the difference between [
and the number of deleted entries x ;) should be—in mean—much smaller than /n. This
allows us to pass from the elementary though useless upper bound ~ DI/ k for the distance
between the barycenters to the much better upper bound ~ C D3~/ k.

Proof of Lemma 2.4. As explained above, estimate (7) follows as a direct application of
Lemma 2.5, so let us concentrate on (6). Lemma 2.5 again implies that the distance from
bar,,k(Qk ) to barn(kH)(Qk” ) is smaller than or equal to the mean of the distance between
bar,,k(Qk) and the points bar,x (y1, . . . , Ykn), Where (y1, . . ., Ykn) ranges over all families
that coincide with Q¥*! except for the deletion of /n entries. Among these families, the
number of those for which the deleted entries correspond to an x j-position a number of
times equal to i; (with iy + - - - +1i, =nl)is

k+1\(k+1 k41
i in in )
Moreover, the distance from the barycenter of such a family to bar(Q¥) is smaller than or
equal to

D . . .
— (i =+ 2=+ -+ |in — 1]
kn
By Lemma 2.5, this implies that d (barnk(Q" ), bary, k41 (QkH)) is smaller than or equal to

b D)
I A (50

nl
nl k+[)((n 1)(k+l))

i
=7 Z n(k—&’-ll))l li —1]

nl

_ DRI, Bi (D ("2,
Tk par n(k+1)) k & n(k+l))

nl nl

(lir =1+ =1+ + i =1
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We will estimate the first of the two sums above, leaving to the reader the task of carrying
out analogous computations for the second sum. First, notice that

DX~ ) ("2 _p ZZ () (25", D 5 () (")
3 (D) "= (D) T

i=0 nl i=0 nl =% (n(/;-l‘rl))
B Nl
Tk i=0 (n(l:l—lH))
4 Dl =D ¥ () (")
L G
o pu (- G
= k n(k+1) '
i=0 ( nl )
The proof will then follow from an estimate of the form
I (kfl)((nfl)(k{rl)) C
I+ 1—1—
1= Z l (n(kn+l)) — = 23’ ®)
i= nl

To show this, first rewrite
G (2D
(!
CIORED) k=1 k=i +1) (= DD = DI = 1)+ (1 — DI —i + 1)
(EY A+ D0+ (+) (- D@ - Dk+ 1D (1= Dk+1)

Now, using the improved version of Stirling’s inequality (see [2, Ch. I1.9])
m m
/_an<ﬂ> N /(2m+) 0y < /—2nm<ﬂ> l/12m.
e e

one can easily check that for a certain e?/(120+1) < ) < (9/121,

k+1\ ((n— 1)(k+l)
(1+z)( i) Cn—nyi=i’) (k+Dn ©)
Ty ki —1) — 2nl(n 1

On the other hand, choosing L >> 1 and ¢ > 0 such that |log(1 + x) — x| < cx? holds for
all |x| < 1/L?7%% foralll > L,
kk—1) - k—i+1D) (n—DDH((n—-DI-1)---(mn—DI—i+1)
<(l+l)(l+2)-~~(l+i) ((m=Dk)((n—=Dk+1)---((n — Dk +i) )
:log( (1—=1/k))--- (1= (G —=1/k))
+{A/D)YA+@2/D)--- L+ /D)
(1 —(1/(n=DD)--- Q=G —-1/(n— l)l))
(1 +dA/(n - l)k)) (1 + (i/(n — 1Dk))
— i3 i3
Z (n—l)l - Z __Z Z <n—1>k 20(1_2) _26<k_2>
12n i(ln—2)
2Am—1) 2n-1)

— 432,
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Putting this together with (9) and using the inequality 1 — x < e™*, one easily concludes

that
o« k4l —1)(k+1 — o
lz: (lii)((nnllf)l(;z!— ) - <1 _ C > IX: / n o= (2n/2(1= 1))
P (n(k—i—l)) - [2-3a par 2xl(n — 1) :

nl

The series involved can obviously be compared with an integral:

lOt
Y [ —@m/Cme-DD
—\ 27l(n — 1)
—Wi e—(izn)/(Z(n—l)l)
2n(n — 1) V1
lOt
. n / o~/ Q=D 4
27'[(}1 — 1) 0

@O, /-oo
I

e " dx=1— 12 dx

ZCY
-
W2 Jo @/n/((n=1))

> ] — 2e—t/24/n] (=D

Putting all of this together, one easily obtains (8), which concludes the proof. O

An application: a fixed point theorem. By construction, the map bar* is equivariant under
the action of isometries. As a consequence, every action of a compact group by isometries
of a Buseman space has a fixed point. Indeed, the push-forward of the Haar measure along
an orbit is an invariant probability measure for the action. By equivariance, the barycenter
bar* of this measure must remain fixed.

Despite the simple argument above, it is worth pointing out that a much stronger result
holds: if a group action by isometries of a Buseman space has a (non-empty) compact
invariant set, then it has a fixed point. (In particular, actions on a proper such space
with bounded orbits must have fixed points.) Although the author was convinced that
this was quite well known, according to the specialists it is apparently new, so we sketch
the argument of the proof below (the details are left to the reader).

We will use the following construction. Given a compact subset B of X, we let B*
be the set of all midpoints between points of B whose distance realizes the diameter. By
Lemma 2.1,

diam(B*) < diam(B) =: D.

Moreover, if equality holds, then there are points x, x2, x3, x4 in B such that the distance
between any of them equals D. Indeed, let y, z in B* be such that d(y, z) = D. Let x1, x2
(respectively x3, x4) be points in B such that y (respectively z) is the midpoint between x
and x, (respectively x3 and x4) and d(x1, x2) = d(x3, x4) = D. Using

d(x1,x3)  d(x2, x4) -
2 2 -

D=d(y,2) < D,
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we conclude that d(x1, x3) = d(x2, x4) = D. Similarly, using

d(xi, x4) | d(x2, x3) _
2 2 -
we conclude that d(x1, x4) =d(x3, x3) = D.

The preceding argument easily allows us to show the following generalization: starting
with By := B of diameter D, define inductively B, := (B,—1)*. If diam(By) = D, then
there exist 2V points x1, ..., x,v in B such that the distance between any of them
equals D.

Assume now that I" acts on X preserving a compact set B. Compactness type arguments
easily yield a compact invariant subset B of B of minimal diameter D. We claim that B
is a single point (hence a fixed point for the action). Indeed, assume otherwise and cover
B by finitely many (say, M) open balls of radius D/2. Since all the B, are also compact
and invariant, the minimality of D yields diam(B,) = D for all n > 1. Fix N such that
2N S M. By the discussion above, there exists a sequence of points xp, ..., xXon in B
such that the distance between any of them equals D > 0. However, this is impossible by
the choice of N.

D=d(y,z2) < D,

3. The L' ergodic theorem
To simplify, given ¢ : Q — X, let us denote by

1
=— 1) d
/‘Ln,(p(w) me(Fy) /1;‘,, o(T%w) mg(g)

the nth empirical measure associated to ¢. Notice that for all ¢, v in L'(P, X) and all
n>1,

/Q d(bar*(n,p (@), bar* (1n,y (@) dP(w)

N 1
=/S;d(bar (—mG(Fn) . 8<p(Tgw) dm(;(g)>,

N 1
bar (mG(Fn) . Sy (T8 w) de(g))> dP(w)

1
S/ d(p(Téw), Y(T3w)) dmg(g) dP(w)
o mg(Fn) JF,

_ /Q d(p(@), ¥ (@) dP(),

hence
/Q d(bar* (pn,p (@), bar* (o (@))) dP(w) < di(p, ¥). (10)

To prove the main theorem, let us first assume that ¢ takes values in a finite set,
say {xi1, ..., xx}, and let 2; be the preimage of {x;} under ¢. A direct application of
Lindenstrauss’s ergodic theorem [3] to the characteristic function of 2; yields the existence
almost everywhere of the following limit:

. mg{geFy:T8we Q;})
Li(w) ;= lim .
n—00 mg (Fy)
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We claim that almost surely we have the convergence
k
bar* (itn.p) —> bar*(z xi(w)axl.). (11)
i=1

Indeed, since bar* is 1-Lipschitz for W, given ¢ > 0 we have that for almost every w € Q
there exists n(w, &) > 1 such that for all n > n(w, &),

k
d(bar*(un,w), bar*(Z Ai (a))(SXI.))

i=1

k . ) k
“w, (Z mcg({ge F,:T8w e Q; })5x,-, Z)»i(w)(sx,-)
i=1

- me (Fy)
k
mg({g € Fy:T¢w € Q;}) .
< — Aj(w)|diam{xy, ..., xg}
; mg(Fy)

This shows the convergence (11). Now notice that by construction, both bar*(i,,,) and
bar"(fo:l Ai(w)8y;) belong to the convex closure of {x{, ..., xx}. By Lemma 2.1, this
implies that for all » > 1, the distance between these two points is less than or equal to
diam{xq, ..., xx}. A direct application of the dominated convergence theorem then shows
that the convergence (11) also holds in LY(P, X).

In order to deal with the general case we will need the next lemma.

LEMMA 3.1. There exists a constant C > 0 (depending only on the sequence (Fy)) such
that for all ¢, V¥ in LI(X, w) and all . > 0,

C
Plo € 2 : sup d(bar™ (in,o (), bar* (un,y (@) = 1] < xdl (@, ¥). 12)

n>1
Proof. Since bar* is 1-Lipschitz for Wi, the set involved in the inequality above is
contained in {w € Q2 : sup,»; Wi(in,p, n,y) = A}. Now, noticing that the measure

1 ./
8(p(T2w), ¥ (T¢w)) AMa(g)
(F,) Fl (p(T8w), Y (T8 w))

me
lies in (fn,p|itn,y ), We obtain

1
mg (Fy)
Thus, the left-hand-side expression in (12) is smaller than or equal to

Wit g ny) < /F d(@(T4w), ¥(T4w)) dmg(g).

73|:w652:sup

d(@(T¢w), Y (T¢w)) dmg(g) = 1 | .
n>1 mc(Fn) JF,

Now, a direct application of Lindenstrauss’s maximal ergodic theorem (see [3,
Theorem 3.2]) yields the existence of a constant C > 0 (depending only on (F},)) such
that this last probability is smaller than or equal to

C
= / (@), (@) dP(®).
Q

as desired. O
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We may now complete the proof of the main theorem. Since X is assumed to
be separable, for each ¢ € LI(P, X) there exists a sequence of finite-valued functions
@r : 2 — X that converges to ¢ in the L! sense. Thus, given & > 0, we may fix ¥ := Ok,
such that d; (¢, ¥) < &2. By (12),

P [w eQ: sul? d(bar*(py, 4 (w)), bar* (iy,y (@) = 8} < %dl (¢, ¥) < Ce.
n>
Since bar* (14, ) is known to converge almost everywhere, this inequality implies that on
a set of measure at least 1 — Ce, the sequence (bar* (i1, (®))) asymptotically oscillates by
at most 2¢. Since this is true for all ¢ > 0, this shows that bar* (i1,,,, (w)) converges almost
surely.
Finally, to show the convergence in LY, X), just notice that by (10),

/;2 d(bar*(u,,,(p(w)), bar*(ﬂm,(p(”))) dP(w)

< /Q[d(bar*(un,w), bar*(in, ) + d(bar* (in,g,), bar* (m,g,))
+ d(bar* (m,g; ), bar* (um,p))] dP(w)
= 2di (9, 1) + /Q d(bar*(in,g,), bar* (im,g,)) dP(w).
For a given ¢ > 0, we may fix k large enough so that di (¢, ¢x) < /3. Since bar*(u,,¢,)

converges in L' (P, X) as n goes to infinity, we may fix 7, so that for all n, m larger than
n83

&
/Qd(bar*(ﬂn,(pk)’ bar*(l/‘m,(pk)) dP(w) < §

Putting all of this together, we obtain that for all n, m larger than n,,
/ d(bar* (in,p (@), bar* (m,¢ (@) dP(w) < e.
Q

Hence, bar*(¢,,,) is a Cauchy sequence in LY(P, X), as we wanted to show.
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