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Summary: This paper is concerned with the intrinsic metrics of the two main classes
of superprocesses. For the Fleming-Viot process, we identify it as the Bhattacharya dis-
tance, and for Dawson-Watanabe processes, we find the Kakutani-Hellinger metric. The
corresponding geometries are studied in some detail. In particular, representation formu-
las for geodesics and arc length functionals are obtained. The relations between the two
metrics yield a geometric interpretation of the identification of the Fleming-Viot process
as Dawson-Watanabe superprocess conditioned to have total mass one. As an application,
a functional limit theorem for super-Brownian motion conditioned on local extinction is
proved.

0. Introduction

Let A be the generator of a diffusion process. One can use the corresponding carré

du champs operator
I(u,v) := A(uv) — uAv — vAu

to define an intrinsic metric p associated with the diffusion by setting

(0.1) p(x,y) = sup {u(x) —u(y) | T(u,u)(z) <1 Vz}.

If, for example, A is an elliptic second order differential operator with smooth coefficients
on IR?, then it is well known that p is the Riemannian distance function associated with
the Riemannian inner product obtained by inverting the diffusion matrix of A. For more
general diffusions, the intrinsic metric (0.1) can replace this Riemannian distance in heat
kernel estimates and large deviation theorems. See, for instance, Carlen et al. (1987) and
Davies (1989). For other probabilistic applications of (0.1) see Sturm (1994), (1995) and
Kuwae and Uemura (1995).
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The aim of this paper is to calculate the intrinsic metrics associated with both the
Fleming-Viot and the Dawson-Watanabe superprocesses. In particular, this complements
the results of Overbeck and Rockner (1996), where the Fleming-Viot process has been an-
alyzed by differential geometric methods, but without identification of the intrinsic metric.

Our formulas for the intrinsic metrics will be presented in the next section. In Section
2 we will examin the corresponding geometries in terms of their geodesics and arc length
functionals. Also we will provide a geometric interpretation of the results in Etheridge
and March (1991) and Perkins (1991), where the Fleming-Viot superprocess is identified
as Dawson-Watanabe process conditioned to have total mass one, and we will rediscover
some results of Overbeck and Rockner (1996). As an application, a functional limit theorem
for super-Brownian motion conditioned on local extinction is proved in Section 3. The final
Section 4 contains proofs of our results.

1. The intrinsic metrics for the Fleming-Viot and the Dawson-Watanabe su-
perprocesses

Let M = M(E) denote the space of positive finite measures on some standard Borel
space (E, B). M; will denote the subset of probability distributions. The variation norm
of a signed measure p on (E, B) is defined as usual by

it var = sup{(f, 1) ‘ f is measurable and |f(z)| < 1 Vz € E}

Here we wrote ( f, p) for the integral of f with respect to p. The space M* of all signed
measures on (E,B) endowed with | - ||... is a Banach space (see Dunford and Schwartz
(1967), I11.7.4). However, it is only separable if E is countable.

A curve into M (or M;) will be a mapping w : [0,1] - M (or w : [0,1] — M)
that is continuous in variation. We will say that a curve w is differentiable, if it can be
differentiated in M with respect to || - ||... and has a derivative w(t) € M* (0 <t < 1).
With C'(M) we will denote the set of all continuous functions u : M — IR such that,
for any differentiable curve w, the mapping ¢ — wu(w(t)) is differentiable with derivative
%u(w(t)) = (Du(w(t)), w(t)), with a bounded and measurable function Du : M x E — TR.
If u € C*(M) then Du can be obtained as follows:

(1.0) Du(z) = 5| wlutis)  (neM weB)

Here 6, denotes the unit point mass in € E. By considering only functions on and curves
into M1, we can define a space C'(M;). However, in this case it is more appropriate to
consider

(1.1) Du(p,z) = % t:Ou((l —t)p+tdy) (e My, z€E),

instead of (1.0). Clearly Lu(w(t)) = (Du(w(t)), w(t)) = (Du(w(t)), @(t)) holds for all
differentiable curves into M;.



Now let (A, D(A)) denote the generator of some conservative Feller proces with re-
spect to some Polish topology on E. For a function u € C'(M;) of the form u(p) =
d({(f1, 1)y, (fn, ), with n € IN, a bounded and smooth function ¢ on IR" having
bounded derivatives and fi, ..., f, € D(A), the infinitesimal generator of a Fleming-Viot
process with mutation operator A takes the form

12)  Tulp) =5 [ Duluayuldo) + [ ADu(uaulde) — (ue M)

where EQU(ILL,JJ) := D(Du(-,z))(p,z) and ADu(p,z) := A(Du(p,-))(z). We refer the
reader to Ethier and Kurtz (1986) and Dawson (1993) for surveys on Fleming-Viot pro-
cesses. It follows easily from (1.2) that, for u as above, the carré du champs operator T’
associated with L takes the form

Tw,u)(n) = [ (Duno)) uds) — (ne M),

and hence can be extended to the whole of C'(M;j). We now can state our result on the
intrinsic metric of a Fleming-Viot process.

Theorem 1.1: For v, u € My and any n € M such that both v and p are absolutely
continuous with respect to n define

dv dp
1. _ e .
(1.3) d(v, u) = arccos / i dn dn

(1.4) sup {u(u) —u(v) ‘ T(u,u) <1, u€ C’l(./\/ll)} = 20(u, v).

It can be seen easily that the right hand side of (1.3) does not depend on the particular
choice of . According to Amari (1985) 6(v, ) is called the Bhattacharya distance of u
and v.

The Dawson-Watanabe superprocesses build another important class of measure-
valued diffusions. We refer to Dawson (1993) for a survey. The infinitesimal generator
L of the kind of processes we are interested in here can be described as in (1.2) by simply
leaving away the bars. That is, for (A, D(A) and v = ¢((f1,*),...,{(fn,")) € C*(M) as

above,

(15)  Lu(w) = / D2u(p, ) p(dr) + / ADu(p o) u(dz)  (ue M),
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where D?u(p, z) := D(Du(-,z))(u,z) and ADu(p,z) := A(Du(p,-))(z). If, for example,
A is the Laplace operator on E = IRY, L generates the so-called super-Brownian motion.
For u as above, L has a carré du champs operator I' given by

Nu,w) = [ (Dulw o) udz)  (ue M),

Again T' can be extended to the whole of C'(M). Our next result is:

Theorem 1.2: For v, p € M and any n € M such that both v and p are absolutely
continuous with respect to n, let

(1.6) (v, 1) = ( / (\/% - \/%)an) ”

denote the Kakutani-Hellinger distance of v and p. Then

(1.7) sup {u(,u) —u(v) ‘ D(u,u) <1,ue C’l(/\/l)} = 2d(v, ).

Note that the right hand side of (1.6) again is independent of n and that d differs
here by a factor v/2 from the Kakutani-Hellinger distance as defined in Jacod and Shiryaev
(1987). The metric d appears also in the rate function for certain large deviation principles
for super-Brownian motion, and has hence a clear probabilistic significance. See Schied
(1996). Other consequences of our results will be discussed in the next section after we
have studied the geometries of (M1,6) and (M, d) and their relations.

One might ask if our results would be affected by choosing other domains for the carré
du champs operators instead of the C'-spaces. Indeed, our formulas (1.2) and (1.5) for the
infinitesimal generators L and L were a priori only valid on function spaces of the form

FC=(D) = {u(n) = 6((f1sph o {Fusi) | fiso s fu €D, 0 € GE(RY), me N},

where D is a certain set of measurable and bounded functions on E and C3°(IR™) denotes
the space of all bounded smooth functions on IR™ with bounded derivatives.

Proposition 1.3:  Suppose D contains all constant functions and an algebra generating
the o-field B. Then the conclusions of Theorems 1.1 and 1.2 remain true, if C1(M;y) and
CY(M) in (1.4) and (1.7) respectively are replaced by FC° (D).
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2. The Kakutani-Hellinger geometry

Let d denote the Kakutani-Hellinger distance as in (1.6). We define energy and length
of a curve into M as follows:

1 o= d(w(t;),w(t;—1))?
5(w):sup{§z <w(t)’_wt(1l)) ‘0§t0<t1<---<tn§1,n€]N}
i—1 (2 11—

1=

L(w) = sup{ zn:d(w(ti),w(til)) ‘ 0<to<ti<---<t, <1, ne ]N}.
i=1

It has been proved in Schied (1996) that £ admits the following integral representation
formula:

20) s/ Izl

where H is the space of those w : [0, 1] — M that are of the form

dt ifweH,
Lz(w t))

otherwise,

(2.1) w(t) =w(0) + /Otcb(s) ds (0<t<1),

for some locally finite signed measures w(s) being absolutely continuous with respect to
w(s), for almost every s, and whose Radon—Nikodym derivative dw(s)/dw(s) satisfies

(2.2) / H

dt < 0.
L2(w t))

Theorem 2.1: If w € H, then L(w) is given by

(2.3) L(w) = %/01 Hji—g;

Fiz p,v € M, choose any n € M such that p,v < n, and define a curve v into M by

d~y(t) dv du
2.4 ——=((1-1) (0<t<1).
(2.4 X \/dn ,/ <t<)

L2(w(t))

Then, if w is any curve such that w(0) = v = u, we have that
(2.5) L(w ) > ﬁ( ) = d(% 1),
and
1
(2.6) Ew) = E() = (v, p)”.

Moreover, equality in (2.6) implies w = v, and equality in (2.5) implies that w and ~y
coincide modulo reparameterization.



Note that Jensen’s inequality together with (2.0) and (2.3) implies that
(2.7) L(w)? < 28(w),

for any curve w.

A curve v as in (2.5) will be called minimal geodesic. Of course, v can be extended
to a mapping v : R — M, but in general it will not mlmmlze the arc length outside the
interval [0, 1]. Indeed, suppose that v <« p and that ~(¢) is defined as in (2.4). Then, for

Ly

Since n(dp/dn = 0) > 0 by assumption, this implies that
(2.8) d(v(0),v(t)) < t-d(v, ) ift > 1.

Let us now consider the angular distance ¢ defined in (1.3). For a curve w into My
define as above energy and length with respect to §:

~ 1 o= 0(w(t;), w(ti—1))?
E(w):sup{§Z (w(t),_wt( 11)) ‘0§t0<t1<---<tn§1, nG]N}
i=1 v =

T —sup{z5 (ti1) ‘0<to<t1< <tn§1,n€]N}.

Theorem 2.2: § defines a metric on My and, for two probability measures v # p,

(2.9) d(v, ) < (v, ) < % d(v, ).

Moreover, £(w) = E(w) and L(w) = L(w) holds for any curve w into M. Fix p,v € My,
and define a curve 7 into My as follows by its Radon-Nikodym derivatives with respect to
any n > v, Wu:

dy(t) dv . dp sin6t)>
, — (% _ N = <t<
(2.10) a < a (cos 0t — cot @ sin 0t> + an Sing (0<t<1),

where 0 := §(v, u). Then, if w is any other curve into My such that w(0) = v and w(1) = p,
we have that

(2.11) Llw) = L) > £(7) = (v, p),
and
(2.12) Elw) = £W) > £() = 3o, )"



Amari (1985) also studies some geometric aspects of d and §, but only when they are
resticted to the set of probability measures that are absolutely continuous with respect to
some fixed reference measure 7.

Let us now state a few consequences of the results we have obtained so far. Equation
(2.11) implies that

(2.13) §(v, 11) = inf {C(w) ] w(0) = v, w(1) =y and w(t) € My ¥ t}

That is, ¢ is induced by d and the inclusion M; C M. This seems to be the geometric
interpretation of the results in Etheridge and March (1991) and Perkins (1991), where the
Fleming-Viot process is identified as Dawson-Watanabe superprocess conditioned to have
total mass one.

One might be tempted to transfer concepts from Riemannian geometry to our setting.
Indeed, (2.3) suggests that the ‘tangent space’ of (M,d) in some measure v should be
L?(v) with its usual inner product. This works well if E is countable and v has full
support. But in the general situation we can always find some nontrivial A € M being
singular with respect to v. Define n by n = v + X and let y denote the geodesic (2.4) from
v to p, where p is defined by du/dn = ((dX\/dn)'/? + (du/dn)1/2)2. Then we have that
|d¥(0)/dv| r2(y = 0. Thus geodesics are no longer determined by their starting point and
an initial vector. In particular, there is no reasonable analogue of an exponential map.

Formally, (2.11) or the form of T' suggest that the ‘tangent space’ of (My,d) in some
v € M, should be the orthogonal complement in L?(v) of the constant functions, and
that it should be endowed with the L?(v) inner product. This means that (M, ) carries
the structure of a ‘Riemannian submanifold’ of (M, d), and this gives another formal
explanation of (2.13).

Proposition V.4.4 of Jacod and Shiryaev (1987) asserts that

A2 (wpe My),

var S d(Vﬂlj’) S HV_IU/‘

1
(2.14) Sl —n

where the upper bound also holds for v, u € M. Combining (2.14) with (2.9) yields

v —p
\/g H

These estimates are sharp, and together with Theorem 1.1 they yield an improvement
of Theorem 5.1 of Overbeck and Réckner (1996), which states a non-sharp estimate like
(2.15) for the intrinsic metric of the Fleming-Viot process. (2.14) and (2.15) show that
convergence with respect to d or J is a very strong concept. But in the case where the
operator A in (1.2) and (1.5) is the generator of a Markov chain with bounded jump
intensities, Shiga (1990) has proved that the corresponding measure-valued diffusions are
almost surely continuous in variation, and hence with respect to their intrinsic metrics.
Konno and Shiga (1988) proved a similar result, when A is the Laplace operator on IR.

oL (v, € My, v # p).

var < 5(1/7 /"L) S

1
(215  Slv—u
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There is a natural notion of curvature in geodesic spaces. It is called curvature in
the sense of CAT (Comparison, Alexandrov, Toponogov) and it is obtained by comparing
geodesic triangles with comparison triangles in simply connected two-dimensional Rieman-
nian manifolds of constant curvature. See Ballmann (1990) or Sturm (1994). In our case,
it is clear from (2.10) that every geodesic triangle in (M, J) matches another one in the
Euclidean two-sphere of radius one. Thus (M, ) has constant curvature +1 in the sense
of CAT. According to Remark 3.3 in Overbeck and Rockner (1996), this fact has been
independently noticed by B. Driver by calculating the curvature tensor that corresponds
to the coefficient matrix of a Fleming-Viot process in the case where F is a finite set with
n+1 elements. In this situation, our equation (2.10) now shows in addition that (M, ) is
just a Euclidean n-sphere where two points are identified when they can be obtained from
each other by reflections with respect to the hyperplanes {(331, o Zpgr) ERMTY 2y = O}
(i=1,...,n+1). But this is just a sphere segment with boundary. These aspects of the
Bhattachrya metric with finite £ have been studied before in Amari (1985).

The sphere segment above can be parameterized on

K = {(:cl,...,a:n) cR"

n
xiZO,izl,...,n,ingl},
i=1

by the mapping

n

K> (z1,...,2p) — ®(z1,...,2,) = <x11/2,...,xn1/2,(1—Zmi)lﬂ).

i=1
The canonical volume element of the n-sphere reads in these coordinates as

m(dzy,...,dx,) = (331 Ty (1 — ixi)>1/2da:1 ceedwy,,

=1

and this yields the invariant distribution of a Fleming-Viot process with parent independent
mutation (i.e. the case A = 0 in (1.2)) when mapped onto K. Theorem V.4.6 in Ikeda
and Watanabe (1989) can now be used to characterize all mutation operators A that yield
symmetrizable drifts and to calculate their symmetrizing measures. This has been carried
out in Theorem 2.2 of Overbeck and Rockner (1996) by direct means.

3. Small-time asymptotics for super-Brownian motion conditioned on local
extinction

Suppose p > n and let M,,(IR™) denote the space of all positive o-finite Borel measures
pon IR™ such that ( ¢, u) < oo, where ¢, (x) = (1+]x|?)?/? (x € IR™). The space M,,(IR"™)
becomes Polish when endowed with the topology generated by the maps

Mp(IRn) S pur—(f, p (f € {Cbp} U C.(IR™)).



Clearly one can extend the Kakutani-Hellinger distance d to M, (IR"), but note that now
the distance between two measures might be infinite. However, one can show easily that
Theorem 2.1 with appropriate modifications remains true on this space.

With C([0,1] : M,(IR™)) we denote the space of all continuous paths from [0, 1] into
M,(IR"™) , and we endow this space with the usual compact open topology. Then this is

the canonical path space for super-Brownian motion X, which is a diffusion with values in
M, (IR™) and generator

(3.1) Lu={D?u(u), i)+ 3 (ADu(u), ) (u€ FO(D)),

where D equals here the set of all smooth functions on IR"™ with compact support. With
IP,, we denote its law when starting from g € M,(IR™). Assume now that p € M,(IR"™)
has full support. It has been shown in Corollary 3 of Schied (1996) that, as € | 0, the
rescaled processes X := X4 (0 <t < 1) satisfy a large deviation principle with good rate
function

26(w) fw(0)=pandweD,
0
(3.2) I“(w) =
%) otherwise,

where D is the set of all paths w € C([0,1] : My(IR")) having decreasing support. The
appearance of the intrinsic metric in the rate function shows that the Kakutani-Hellinger
distance has some probabilistic significance for Dawson-Watanabe superprocesses.

We now combine the above large deviation principle with the knowledge of the min-
imizing geodesics provided by Theorem 2.1 to prove a weak convergence result for super-
Brownian motion conditioned on local extinction.

Theorem 3.1: Fiz p € My(IR™) with full support, and choose a closed set N C IR" such
that W(N) < oo. For e > 0, let X¢ denote the process X§ = X (0 <t < 1). Then the
laws of X® under ]Pu[ . !Xf(N) = O] converge weakly as € | 0 to the Dirac mass in the
curve v € C([0,1] : M,(IR™)) given by

V) =p—t2-tuy  (0<t<1),

where py is the restriction of p to N.

4. Proofs

We will prove our results in the following order: Theorem 2.1, Theorem 2.2, Theorem
1.2, Theorem 1.1, Proposition 1.3, and finally Theorem 3.1.

All vector-valued integrals that appear below are to be understood in the sense of
Bochner. See Hille and Phillips (1957).



Proof of Theorem 2.1: First we will prove (2.3). To this end fix w € H and define
neMbyn= fo t)ydt. If A € B and n(A) = 0, then w(t)(A) = 0, for every ¢t € [0, 1]
since t +— w(t)(A) is contmuous by (2.1) and (2.2). Hence, for each t € [0, 1], there is a
function ¢( ) € Ll( ) such that dw(t) = ¢(t) dn. Since

[150] a= [ 20) o) [ |2
Ll(n) (t) Ll(w(t)) - L%w(t))

by (2.2), t — dw( )/dn is Bochner integrable in L'(n) (cf. Theorem 3.7.4 in Hille and
Phllhps (1957)) By testing with bounded and measurable functions it follows easily that,
for all ¢ € [0, 1],

ot =)+ [ s

holds in L!(n). Therefore the mapping t — (t) € L'(n) is strongly differentiable almost
everywhere and possesses the derivative ¢(t) = dw(t)/dn (cf. Theorem 3.8.5 in Hille and
Phillips (1957)).

Lemma 4.1: For ¢ as above, the identity

(4.1) Vo) — el / )"V2ds (0<t<1)

holds in L?(n).

Proof: Define functions f/ and f, on [0,00) by f'(z) = n A (42)"%? and f,(z) =
Iy fi(y)dy (n=1,2,...). Equations (53) and (54) in Schied (1996) assert that

ful(t) - / 71

in L?(n). For almost every s,
: L. _
(4.2) Fn(p(5)@(s) — 5@(s)p(s)™* (n 1 00)
pointwise on E. But, for all n and almost every s,
. 2 1, _
(Fr(e(5)es)) < 7(s)%e(s) ™" € LM ().

Hence (4.2) takes place even in L?(n). Moreover,

—1/2 _ (s)
[ 160600 o= [ )

by (2.2), and hence, for each t,

/f ds — / )"12ds (n 1 o0)

in L?(n) by dominated convergence for Bochner integrals (see Hille and Phillips (1957),
Theorem 3.7.9). On the other hand, by monotone convergence

falo(t)) — Ve(t) (n100)
in L2(n). Therefore the lemma is proved. [

ds < 00
LZ(W(S))
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It follows from the Lemma that

(o)) =5 [ ptwetn2a < / )2 g, o

Hence

1t
w) S 5/(; HQO(U)SD 1/2HLQ(77)

To prove the reverse inequality, choose ¢ > 0 and a step function v : [0,1] — L2(n)
such that fol [o(u)p(u) =2 /2 — (u)||p2(y du < €. See Hille and Phillips (1957), p. 86,

LQ(w(u))

for existence. Let A = {sq,..., S} denote an ordered partition of [0,1] such that v is
constant a.e. on [s;_1,8;] (¢ =1,...,n). We can find a refinement A" = {tq,...,#;} of A
such that
! l t;
<Y dwtt et o= 30| [ et as] e
i=1 i=1 Jti-1 ()
by Lemma 4.1. Then we have that
tioq o t;
—(s)p(s)” ds’ —‘ ‘
et e, | [ e
/ 158)0s) ™ = $(6)]| gy ds < &
and
1 /1 ! t;
’5/ HQP(S)QD(S)_I/QHL2(77) dS_ZH/ vis) L2(
0 =1 Jtio1 ")

1! 1
2‘5 | 0oty gy s = [ 1520
1
1. _
< / [56()0(5) 2 = %(5)]| 1 ds <&

Putting these estimates together, we arrive at

w)—%/o le(s)e(s) 72| 2, ds

Since ¢ was arbitrary, (2.3) is proved.

Now consider the curve « given by (2.4). Then, since t — +/dv(t)/dn is a straight line
in L?(n), we have that d(y(s),(t)) = [t—s|d(v, ). Hence L(v) = d(v, u), £(7) = d(v, p)?/2

11



and v € H. Since d(v,p) < L(w) and d(v,u)? < 2E(w) are trivial for any curve w
connecting v and pu, the above implies (2.5) and (2.6).

Now suppose L(w) = d(v, n). We will show first that this implies that the graphs of
w and v coincide:

(4.3) {w®0<t<1}={y()[0<t <1}

Observe that it suffices to prove only the inclusion ‘C’, because w is continuous. Clearly,
for any ¢ € [0, 1],

(44) d(”? :u) = E(w) > d(Vv w(t)) + d(w(t)v :LL) > d(Vv M)?
and the inequalities are here in fact equalities. If we define 79 by no = v + p + w(t), (4.4)

implies that
I3 +y % - |5 - /5]
dno dno L2(no) dno dno L2 (o) dno dno

Hence (dw(t)/dno)'/? must lie on the straight line from (dv/dng)'/? to (du/dno)'/? in the
space L2 (no). Since (2.4) is independent of 7, the above shows that w(t) is an element of
the graph of v, and (4.3) is proved. To construct the desired reparametrization it suffices to
observe that t — d(v,w(t)) is increasing. Indeed, d(v,w(t+h)) = d(v,w(t)) +d(w(t),w(t +
h)) as can be shown by arguing as in (4.4).

Next suppose that £(w) = d(v, 1)?/2. Equation (2.7) now yields 2€(w) = L(w)? =
d(v, 1)?. Hence w coincides with v at least modulo reparametrization. In addition &(w) is
finite and thus w € H. Therefore, by (2.3),

(] 120

L2(770)

g ‘ L2(w(#)) dt)z = L) = / H

L2(w(t))

But this can only happen if ||dw(t)/dw(t)||z2(w()) is constant in ¢. This easily implies
v = w and Theorem 2.1 is proved.

Proof of Theorem 2.2: First let us show that ¢ is indeed a metric on M;. Only the
triangle inequality is not obvious. To prove it, suppose v, u, A € My, fix n > v, u, A,
and denote by ¢,, ¢, and ¢, the square-roots of the corresponding Radon-Nikodym
derivatives. Then let 01 := 6(v, u), 02 := 6(u, A), and

-~

Pv =@

~

— ¢, cot 0 and ©x = Px

— ¢, cot 0.

14 N
sin 9 sin 65

Then @5, @ L ¢, in L2(n), ¢, = @, cosb; + @, sinf; and @y = ¢, cosbz + Py sin ba.
Thus
cos 0(v, ) = cos By cosbOy — ( Py, Pr)r2(n) sin by sinby

> cos by cosfy — sin By sin Ho

= cos (5(V, )+ o(u, A))
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As § only takes values in [0, 7/2], this shows that
(4.5) (v, A) <6(v,pu) +6(p, A)  with equality iff @, = @,.

To prove (2.9) observe that

(4.6) d(v, 1) = arccos <1 - %d(y, ,u)2>.

But 0 < d(v, 1) < v/2, and 1 < arccos(1 — 22/2)/x < ﬂ/\/g, for 0 < & < /2.

Now fix a curve w into M;. L(w) > L(w) and &E(w) > &£(w) follow from (2.9). To
prove the converse assertion for the arc length, define La(w) := > "1 | 6(w(t;), w(ti—1)) if
A = {to,t1,...,tn} is any ordered partition of the unit interval. Next we remark that
arccos(1 —22/2)/x | 1 as z | 0. Hence we infer from (4.6) that for any € > 0 there is some
r > 0 such that 6(a,\) < (1 + ¢)d(c, \) whenever a, A € M; are such that d(a, \) < r.
This shows that La(w) < (1 + ¢)L(w), if we suppose that d(w(t;),w(t;_1)) < r, for all
t; € A. But § is a metric, and hence

(4.7) La(w) > La(w) if A is finer than A.

Since w was supposed to be strongly continuous, we arrive at L£(w) = supy La(w) <
(1+¢)L(w), where the supremum is taken over all partitions A that are fine enough in the
above sense.

In principle the same reasoning applies to €(w). However, some additional care is
needed, because the property analogous to (4.7) is uncertain in general. But it remains
true if A and A’ are dyadic partitions, and this is sufficient to prove the assertion. See
Schied (1996), Lemma 24 for the details.

Now we proceed to show that 7 is indeed a minimizing geodesic. Choose 1 dominating
pand v, and let ¢(t) denote the Radon-Nikodym derivative d7(t)/dn. Clearly, t — ¢ (t) €
L'(n) is strongly differentiable, and its derivative satisfies

(4.8) ¢(t):%w(t):29({5c050t— ¢(0)sinet) w0,

where @ = (sinf)~1y/w(1) — cot 01/ (0). Therefore t — (t) € L*(n) is of strong

bounded variation. Moreover 1 is weakly absolutely continuous, and so ¥ (t) = (0) +
fg 1) (s) ds holds in L*(n) by Theorem 3.6.8 in Hille and Phillips (1957). Thus (2.1) follows
for 7, with % given by d¥(t) = 1 (t) dn.

From (4.8) we conclude that ¥(t) < F(t), for all t. To calculate the corresponding
density observe that, for any measurable set A,

) = [ T an= [ b an
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Thus it follows that

o o= b(t) = 20(Bcos ot — /H(O)sin0t) VO)  rac,

_—> =20 ((ﬁcos 0t — /¥ (0) sin 9t>zp(t)_1/2 ~(t)-a.e.

Using ||@]|z2¢y) = 1 and @ L /4)(0) in L*(n), this yields

d(t) _ ol : B
H%‘ L) 26| cos 0t — \/4(0) sm@tHLQ(n) = 20(p,v).

Therefore ¥ € H,
_ 1 hyay(t)
op,v) = 5/0 Hdw)‘

g =5 [ ]
=

Hence Theorem 2.2 is proved.

L2(5(¢))

and
2

L2(5(t))

Proof of Theorem 1.2: Suppose u € C'(M) satisfies I'(u,u) < 1 and w € H is a curve
such that w(0) = A and w(1) = p. Then Holder’s inequality and (2.3) imply that

u =) = [ Gute®)at = [ (Duto(v). o)
< /0 T, ) (w(D) Hji—g‘ww(m dt < 2£(w)

Equation (2.5) now shows that
p(\, 1) := sup {u()\) —u(p) ‘ F(u,u) <1, u e Cl(/\/l)} < 2d(\, ).

To prove the reverse inequality we will distinguish between the cases where E is
countable or uncountable. Let us start with the latter case. Since the assertion of our
Theorem only depends on the measurable structure of (F, B), we can assume that £ = IR
and that B is the usual Borel field (see e.g. Theorem 2.12 of Parthasarathy (1967)). Denote
by v, the normal distribution with mean 0 and variance ¢ > 0 and choose n = A+ u + 1.
Then, for any o € M and each o > 0, the convolution v, * a of v, and « is absolutely

14



continuous with respect to 7. Now fix €,0 > 0 and a bounded measurable function f, and
define

dvy * a\1/2
(4.9) u(a) = /f(e = ) dn (aem.
Clearly, for 5 € M, t — u(a + tf3) is differentiable and

d 1 dvy, * (a+t0)\ =12 du, x

Loty

Therefore u € C1(M).

By Jensen’s inequality (v, * g)? < vy * g2, for any bounded and measurable function
g on IR. Hence

I(u,u)(a) = %/ (1/0* [f(g_}_ dV:i;a)—l/Q])Qda
) e

1 2
< Z .
_4/fd?7

Hence I'(u,u) < 1if || f| z2¢;) < 2. Therefore we can choose f depending on A, u, € and o

such that
dvgy * A\ 1/2 dvy * p\1/2
u(A)—u(p)—/f((&-i— i ) —<s+ i ) )d

dl/:h;k)\)l/Q B (8+ du,:l:,u)l/Q‘

S -

L2(n)

Letting € tend to 0 we conclude that p(\, u) > 2d(v, * A\, v, * ). The assertion will now
follow from

(4.10) lm d(vy * A\, vy * ) > d(\, ).
ol0

To prove (4.10) suppose first that the support of A is contained in the support of u. Of
course, the support of a measure should here be regarded with respect to the Euclidean
topology on E = IR. In this case, Lemma 23 in Schied (1996) asserts that

(4.11) A = sup ((£N) = (WS, ),

feC.(R)

15



where C.(IR) denotes the space of continuous functions with compact support on IR and
V; is, for ¢t > 0, given by
x .
— ifz<t
00 otherwise.

Compare also with Lynch and Sethuraman (1987). Applying this variational formula to
d(v, * A\, v, * p) as well, we get with Jensen’s inequality that

li_md(l/a*)\,ya*u)zsupli_m sup ((fal/a*)‘>_<vlfaya*:u>>
cl0 nENo|0 feC.(R),f<1-1/n
>suplim  sup  ((wox £ M) = (Valvo # £), 1))

n€ElNo|0 feC.(R),f<1-1/n
Now choose ¢ > 0, n € IN large enough and g € C.(IR) such that ¢ <1 — 1/n and
<97 >‘>_<‘/igaﬂ>2 sup <<f= )\>_<V1f,ﬂ>)_5
fGCC(IR),fgl—l/TL

Since v, * g — ¢ pointwise as ¢ | 0 and v, x g < 1 — 1/n, for all ¢ > 0, dominated
convergence yields that (v, x g, A) — (V1 (ve % g), p) — (g, ) — (Vig, p). Thus

im s (N (ies ) m) 2 s (LN =W ),
ol0 fEC(R),f<1-1/n feC.(R),f<1—-1/n

and (4.10) is proved in the case where the support of A is contained in the support of .
To handle the general case, observe first that

(e, B) < [l = BII2 (o, BE€M).

This can be seen as in part (i) of the proof of Proposition V.4.4 in Jacod and Shiryaev
(1987). Hence, for o, ¢ > 0,

AV * 1, Ve % (114 X)) < ||[Vo # 1 — Vo # (14 eX)||vi/?

< ol 21 = Vel Ml

Since the support of A trivially is contained in the support of u + €\, we get that

lmd(ve * A\, Vg % ) > Hmd(vy * A\, vy * (4 €N)) — %d(yg k [y Vo % (L + EN))
al0 U‘LO o

> d(A, p) = d(p, o+ €X) = Vel Ml = d(A, 1) — 24/ Al
Since ¢ was arbitrary, (4.10) is proved.

var *

This proves p = v/2d in the case where E is uncountable. If F is countable, E can
be regarded as discrete subset of IR. Then M(E) — M(IR), and hence every function
u € CH(M(IR)) satisfying I'(u,u) < 1 yields a function u’ on M(E) with the same property.
Therefore

sup {u’()\) — ! () ‘ W' € CHM(E)), T(u o) < 1}
> sup {u()\) —u(p) ‘ u e CHM(R)), D(u,u) < 1} — 2d(\, 1),
and Theorem 1.2 is proved. L]
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Proof of Theorem 1.1: Suppose u € C*(M;) satisfies I'(u,u) < 1 and w € H is a curve
such that w(0) = A\, w(1) = p and w(t) € My, for all t € [0,1]. Then, as above,

u(A) — ) = / (Du(w(t)), &(1)) dt

< [ Yo | 29

dt < 2L(w)
L2 (w(t))

Choosing w = 7 as defined in (2.10), we get
p(A, p) :=sup {u()\) —u(p) ’ T(u,u) <1, ue C’l(/\/ll)} < 20(A, ).

For the prove of p > 2§ we may restrict ourselves as above to the case where £ = IR.
Choose o, € > 0, let v, denote the normal distribution with mean 0 and variance o, let n
denote the measure n = (A + p + 11)/3, and define f as (an n-version of)

dv, * ,u>1/2

f=(1+s)_2<5+ a7

Note that f is bounded, since dv, * 1/dn is bounded by some constant. With these choices
define a function u on the whole of M as in (4.9), and let w denote the function

w(a) = arccos (u(a) — Ve( f, n)) (€ My).

By Holder’s inequality

u(a) < | fllezep el +€) <1 Vae My,

and so w is well defined and in C'(M;). For a € M; fixed, let ¢ denote the density
dv, * a/dn. Then we have that, for § € My,

B 1
<Dw(05)7 6> = \/1 — (coSUJ(a))Q
s (e [ 0 5 ).

~ 2sinw(a)

<Du(a)7 ﬁ—Oé>

Therefore, with C' denoting (2sinw(a))~2,

((Duw(w)?, a) = 0(<(ug et o)) ) (flet o) v n a>2>
C(<f2(6 +9) v ra) = (fle+ 90)‘1/2%77>2>
< c(<f2,n> - (<f(6+so)1/2ﬂ7> —€<f(€+so)‘1/2m>>2)-

17
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Now

(fle+9) ™ 2m) S VEfm) < (Fle+9)2n) = u(a),

and hence

— 1 — (u(a) — /el f, 2 1
(Du(a)?, o) < MOV 2
Hence T'(2w, 2w) < 1 and p(\, 1) > 2w()\) — 2w(u). Letting e tend to 0 we arrive at
P(A, 1) = 20(vo * A, Vo * ).
But from (4.6) and (4.10)

im §(ve * A, vy * p) = lim arccos (1 — d(vy * A, v * 1)?/2) > 5(X, p).
ol0 al0

Hence the Theorem is proved. L]

Remark: The choice of the particular function w in the above proof can be guessed by
expressing the carré du champs operator I' in terms of ‘polar coordinates’. That is we
write p € M as u = r - fi, where r > 0 and i € M; and we consider a function u on
[0,00) x M; as function on M by writing u(u) = u(r, 1). Then, at least formally,

0 0N\2 1= .
P u)(p) = r(g-ulr )+ ~Tulr. ), ulr, (@)
The r appearing on the right hand side can be eliminated by choosing u(r) = /2 - ug(j1),

and we then get that I'(u,u)(u) = uo(f)?/4 4 T(uo, uo)(f1). So if w € C*(My) is some
function such that I'(w,w) < 1, we can choose uy = 2cos(w/2) to get I'(u,u) < 1. This

argument is close those that can be used to derive the results of Etheridge and March
(1991) and Perkins (1991).

Proof of Proposition 1.3: We will only prove the part of the proposition concerned
with p. The assertion for p can be obtained analogously.

Again we can put ourselves in the situation where £ = IR and B is its Borel field. It
suffices to show that, for v and 1 € M fixed, we can find a sequence (u,,) C FCp°(D) such
that I'(up, u,) < 1 and u,(v) — u(v) and u, (@) — u(p) if v is given by (4.9). To this end
let f, e, and ) be the same as in (4.9), and choose pairwise disjoint sets Ay, ..., A, € B and
g1,--.,9n € Dsuch that 0 < g; <1 (i=1,...,n). Now define v; € FC*(D) (i =1...,n)
by

vi(a) = /A f(a + <77gg:43>)1/2 dy  (aeM).

Then
Do) = S0FL, ) (=4 + 0o ) gi(e).
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Now let w be given by w = > | v;. We get

1"( lzn: fIAi7n><fIAj’n>. <g¢gj,a>
— 4 =1 n(Ai)n(A;) V{gi, a)(gj, a)

But 0 < g; <1 and hence (g;g;, o) < /{9, a)(g;, &) (i,5 =1,...,n). Thus

T'(w,w)(e) < 4(2%) _4/f2cm

By our assumptions on D we can find functions g; that coincide n-a.e. (and hence v and
p-a.e.) with v, x 1 A and that are bounded pointwise limits of sequences (¢g¥) C D with
(2

0<gt<1(G=1,...,n k€ IN). The function w* corresponding to (g¥,...,gk) then
satisfies I'(w®, wh) < ||f||%2(n)/4, and (w”) converges pointwise to some function w. For
a < n and in particular for a € {v, u}, w(a) takes the form

w(a) = /f<6 + dy;; c )1/2 dn.

But now martingale convergence implies that u(«) given in (4.9) can be approximated by
functions w(«) as above when o (A4, ..., A,) — B. This proves the part of the proposition
concerned with p.

U(A17“'7An)

Proof of Theorem 3.1: We will show first that under the assumptions of Theorem 3.1,
(4.13) H(N) = d(pi, e )2 = inf {19(w) | w(1)(N) = 0} = 1(+).
Indeed, the first equality is trivial. Obviously, by (2.6),

(1, e )? = int {d(,v)2 | v(V) = 0} < inf {19(w) [w(1)(N) = 0} < I9().

But 7 is the unique minimizing geodesic from u to pyc, and therefore I° L) =28(y) =
d(p, pyc)?. Hence (4.13) is proved.

Lemma 4.2: Under the assumptions of Theorem 3.1,

lilngslogIPu[XE(N) =0] = —p(N).
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Proof: Let Py(z,A) = (2rt)~%2 [, exp(—|z — y|?/2t) dy denote the Brownian transition
semigroup. Theorem 9 of Schied (1996) implies that, for ¢ > 0 and f bounded and
measurable,

(ViPofo ) < log By exp((f, X0)| < (PVifp),

where V; is defined in (4.12). Using the lower bound we get that

logIP,[X.(N)=0] = ii%lo logIE, [ exp(—AX.(N))]

> _pim [ 2@ N)
- AToo 1«+—5A1250x,fJ)

= _é/Pe(x,N)u(dw).

p(dz)

Hence

limelogIP,[X.(N) = 0] > —lim [ P.(z,N) p(dz) > —p(N),

€l0 €l0

because N is closed. On the other hand, %Elog IP,[X:(N) = 0] < p(N) follows from
(4.13) and the upper bound of the large deviation principle stated in connection with (3.2).

Now suppose A C C([0,1] : M, (IR")) is closed. Let Ax denote the closed set Ay =
AN{w|w(1)(N) = 0}. Then, by the above large deviation principle and Lemma 4.2,

%dog]Pu[XE € A| X{(N)=0] :%dogﬂ?u[X‘€ € An]+ pu(N)
g g
< u(N) - inf I°%w).

OJGAN H

But by Theorem 2.1 and (4.13) we have that

Jnf L(w) > u(N)=I,(0) < 7 ¢An.

This shows that

%IPM [X° e A|X{(N)=0] <6,(A)  Vclosed AC C([0,1] : M,(IR")),

and this is equivalent to the asserted weak convergence. ]

20



References

Amari, S (1985). Differential-geometrical methods in statistics. Lecture Notes in
Statistics, 28. Berlin etc.: Springer-Verlag

Ballmann, W. (1990). Singular spaces of non-positive curvature. In: Sur les groupes
hyperboliques d’aprés Mikhael Gromov, (Prog. Math., vol. 83, pp. 189-202) Boston
etc.: Birkhauser

Carlen, E. A., Kusuoka, S., Strook, D. W. (1987). Upper bounds for symmetric
Markov transition functions. Ann. Inst. H. Poincaré 2, 245-287

Davies, E. B. (1989). Heat kernels and spectral theory. Cambridge University Press

5. Dawson, D. A. (1993). Measure-Valued Markov Processes. In: Ecole d’Eté de Prob-

10.

11.

12.

13.

14.

15.

16.

17.

abilités de Saint-Flour XXI, (Lect. Notes Math. vol. 1541, pp. 1-260) Berlin etc.:
Springer
Dunford, N., Schwartz, J. (1967). Linear Operators. New York: Interscience Publish-

ers

Etheridge, A., March, P. (1991). A note on superprocesses. Probab. Theory Related
Fields 89, 141-147

Ethier, S. N., Kurtz, T. G. (1986). Markov processes — characterisation and conver-
gence. New York: Wiley

Hille, E., Phillips, R. (1957). Functional analysis and semi-groups. Providence: Amer-
ican Mathematical Society

Tkeda, N., Watanabe, S. (1989). Stochastic differential equations and diffusion pro-
cesses, 2nd edition. Amsterdam etc.: North-Holland

Jacod, J., Shiryaev, A., N. (1987). Limit theorems for stochastic processes. Berlin
etc.: Springer

Konno, N., Shiga, T. (1988). Stochastic partial differential equations for some
measure-valued diffusions. Probab. Theory Relat. Fields 79, 201-225

Kuwae, K., Uemura, T. (1995). Weak convergence of symmetric diffusion processes.
To appear: Probab. Theory Relat. Fields

Lynch, J., Sethuraman, J. (1987). Large deviations for processes with independent
increments. Ann. Probab. 15, 610-627

Overbeck, L., Rockner, M. (1996). Geometric aspects of finite and infinite dimensional
Fleming-Viot processes. Revised and extended version. SFB-343 Preprint. To appear
in: Random Operators and Stochastic Equations

Parthasarathy, K. R. (1967). Probability measures on metric spaces. New York etc.:
Academic Press

Perkins, E. (1991). Conditional Dawson-Watanabe processes and Fleming-Viot pro-
cesses. In: Seminar on stochastic processes, Proc. Semin., Los Angeles/CA (USA)
1991 (Progress in Probabability, vol. 29), Basel: Birkhéuser

21



18. Schied, A. (1996). Sample path large deviations for super-Brownian motion. Probab.
Theory Related Fields 104, 319-348

19. Shiga, T. (1990). A stochastic equation based on a Poisson system for a class of
measure- valued diffusion processes. J. Math. Kyoto Univ. 30, 245-279

20. Sturm, K.-Th. (1994). Analysis on local Dirichlet spaces I. Recurrence, conservative-
ness and LP-Liouville properties. J. reine angew. Math. 456, 173-196

21. Sturm, K.-Th. (1995). On the geometry defined by Dirichlet forms. In: Seminar on
Stochastic Analysis, Random Fields and Applications (Progress in Probability, vol.
36), Basel: Birkhéduser

Alexander Schied
Institut fiir Mathematik
Humboldt-Universitat
Unter den Linden 6
D-10099 Berlin, Germany

e-mail: schied@mathematik.hu-berlin.de

22



