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Abstract

The classical stochastic calculus of semimartingales is generalized to semimartin-
gales in polyhedra. The main tool is a local [to formula for piecewise smooth
functions which is given in terms of so-called directional local times. As an exam-
ple, Brownian motion on a Riemannian polyhedron is constructed and shown to
be a semimartingale.

In the case of Euclidean polyhedra, the notion of a martingale is discussed, inclu-
ding a kind of Darling’s characterization. In a Euclidean polyhedron of nonpositive
curvature, this is shown to be also equivalent to the notion of a strong martingale.
The latter is based on the concept of iterated nonlinear conditional expectations
and leads to a rich theory of strong martingales in general metric spaces of non-
positive curvature. As an application, a broad characterization of harmonic maps
is presented.
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Introduction

The class of Riemannian polyhedra provides a lot of interesting examples in ge-
ometry. For instance, they appear naturally as limits of Riemannian manifolds or
in the theory of Bruhat-Tits buildings.

Riemannian polyhedra are extremely useful for generalizing concepts of Rieman-
nian geometry towards singular spaces. On one hand, they are sufficiently regular
(at least on a considerably large set), so one can use many analytic tools. On the
other hand, the presence of singularities allows one to easily construct spaces with
properties that do not appear in smooth differential geometry. For example, the
k—star (or k—pod) has infinite negative curvature at its origin. In chapter 1 we
study local structures in polyhedra, were we try to show the parallels to classical
differential geometry. Furthermore, we study the regularity of geodesics in a Rie-
mannian polyhedron in detail.

For a probabilist who works on Riemannian geometry, one of the central tools
is the theory of semimartngales and stochastic calculus, in particular [to’s for-
mula. So for analogous results in polyhedra, one should generalize the stochastic
calculus to that setting. Picard has developed a stochastic calculus in trees, i.e.
in one-dimensional Euclidean polyhedra, cf. [Pic05]. The crucial technique here is
the theory of local times for real-valued semimartingales.

In chapter 2 we extend this technique to general polyhedra. The central result is
a local Ito formula, cf. Theorem 2.1.13. For a semimartingale X and piecewise
smooth function f, the semimartingale decomposition of f(X) consists of three
parts: The first two terms are the same as in the classical Ito formula, namely
the It0 integral and the quadratic variation term. The third part is a process of
bounded variation and is given in terms of the directional local times. These are
nondecreasing processes that describe the behavior of X at a singularity S (i.e. at
a simplex of the triangulation).

With the help of the local It6 formula, one can define stochastic integrals in an
analogous way as in manifolds (cf. [Eme89]), as we show in sections 2.2 and 2.3.
Moreover, it is shown that the discretized squared increments of a semimartingale
converge to the quadratic variation. Such an approximation result can be regarded
as a direct link between the stochastic calculus (which is given in terms of the dif-
ferentiable structure) and the language of metric spaces.

Clearly, the main example of a semimartingale should be Brownian motion. But
so far there were only very few partial approaches towards Brownian motion in
a Riemannian polyhedron, and so we study this process in great detail. We de-
fine Brownian motion to be the process that is associated to the canonical energy
and then show that this is a strong Feller diffusion, in particular defined for every
starting point. Then we relate this theory to the theory of harmonic functions in



[EF01]. At last it is shown that Brownian motion is indeed a semimartingale.

Actually, the initiating question for this work was if one can define a reasonable
theory of martingales in metric spaces that are more general than Riemannian
manifolds. So chapter 3 and chapter 4 are concerned with this question.

Our approach is to look at three characterizations of martingales in Euclidean
space that may serve as definitions in more general metric spaces: First, one may
use Darling’s characterization. Namely, one can call a process in a metric space
M a local martingale if p(X) is a local submartingale for a certain set of convex
test function ¢ : M — R (to be precise, one should use a localized version of this).
This definition is very simple and can be applied to arbitrary geodesic spaces in
which there is a notion of convex functions. But as simple it is to write down the
definition, as hard it is to derive reasonable results from it.

The second approach is to use stochastic calculus, i.e. to find a suitable definition
of a local martingale that extends the notion of a V—martingale in Riemannian
manifolds. We will do this in the case of Fuclidean polyhedra by formulating a
martingale condition M(S) which is given in terms of the local times at a sim-
plex S. With this condition one can prove a Darling characterization in Euclidean
complexes, cf. Theorem 3.1.5 and Theorem 3.3.4.

The third approach is to define martingales in terms of generalized conditional
expectations. In a certain class of metric spaces (basically spaces of nonpositive
curvature) one can define the notion of barycenter or expectation. From this it is
possible to develop a theory of discretized martingales, cf. [Stu02]. We will define
a strong martingale to be a limit of discretized martingales. Strong martingales
feature useful properties such as non-confluence of martingales.

One of the central results is Theorem 3.4.7, which says that in a Euclidean poly-
hedron of nonpositive Alexandrov curvature all three notions of martingales are
equivalent. As an application of this Theorem, we present a characterization of
harmonic maps h : K — N, where K is a compact Riemannian polyhedron and
N is a Euclidean polyhedron (of arbitrary dimension) of nonpositive curvature
(Theorem 3.5.4), which also includes Ishihara’s characterization.
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Chapter 1

Local structures in Polyhedra

This chapter is devoted to developing a theory for local analysis in (Riemannian)
polyhedra. One aim is to point out the similarities to (Riemannian) manifolds, so
that this theory can be regarded as a generalization of classical differential calcu-
lus in manifolds. Unfortunately, there has been no formalism for local analysis on
polyhedra in literature so far, and so we have to introduce a lot of new notations.
In section 1.1 we start with the model spaces (in analogy to model spaces of man-
ifolds, which are linear spaces), so-called simplicial cone complezes.

In section 1.2 we introduce a piecewise differentiable structure on a polyhedron M
by mapping it locally to a simplicial cone complex (’simplicial chart’) such that we
have local coordinates, and we introduce some vector bundles over M (such as tan-
gent, cotangent and bilinear bundle) as direct generalizations of the corresponding
objects in differential geometry. In this setting, simplicial cone complexes appear
naturally as tangent spaces.

Section 1.3 treats the Riemannian case. Here one can see the limitations of the
quite general concept of Riemannian polyhedra: While in a Riemannian polyhe-
dron one can describe first-order (derivative) phenomena quite well, the singular-
ities cause difficulties if one wants to define objects of second order calculus such
as the Hessian, cf. section 1.3.2.

A Riemannian polyhedron becomes a complete geodesic space when equipped with
the intrinsic distance associated to the Riemannian tensor, just as in the classical
case of Riemannian manifolds. We study these metric structures in section 1.3.3.
If one investigates the properties of geodesics (such as smoothness), the second
order calculus causes trouble again and makes a general investigation of regularity
of geodesics a tedious business. However, one can show the existence of a ’general-
ized inverse exponential map’ (which is an important link between differential and
metric structure) and show some Taylor-like expansion of this map, cf. Proposition
1.3.17.

In section 1.4, we treat the simpler case of Euclidean polyhedra and study some
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properties of convex functions that are defined on such spaces.

1.1 Simplicial cone complexes

In this section we will introduce the class of simplicial cone complexes. A simplicial
cone complex can be regarded as a special case of a simplicial complex, namely it
is a space that is obtained by gluing together simplicial cones at their boundaries
via linear isomorphisms.

Simplicial cone complexes are worth studying because of two reasons: First, in
comparison to simplicial complexes, the notations (that are quite complicated any-
way) are simpler, and second, they serve as model spaces for simplicial complexes
in the sense that every simplicial complex is locally equivalent to a simplicial cone
complex (cf. Proposition 1.2.4).

1.1.1 Preliminaries

Definition 1.1.1 (i) Let V be an N —dimensional real vector space. An n—dimensional
simplicial cone S with origin 0 € V' is a closed convex cone spanned by n linearly
independent vectors uy, ... u,. Namely,

S = {iyiui:z/iEO} (1.1)

Such a set of spanning vectors is called a scaffold of S. By definition, the 0—dimensional
cone is the set {0} and scaff({0}) = 0.
A face of S is a simplicial cone that is spanned by a subset of scaff(.S).

(ii) A simplicial cone complex in V is a subset M C V together with a finite
collection § = S(M) of simplicial cones

o M= USES(M) S
o If S S(M) and T is a face of S, then T' € S(M).
e If 5,5 € S(M), then SN S is a face of both S and S.
S is called triangulation of M. A scaffold of M is a set scaff(M) of vectors in M

such that for all S € S(M), scaff(M) NS is a scaffold of S.
For m € N denote by S™) (M) the set of all m—dimensional cones of S(M). The
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dimension of M is defined by dim M := max{m : SM(M) # 0}. Let 0 <m <
dim M. The m—skeleton of M is defined by

M = J{S:k<m, S eSW()}. (1.2)

Remark 1.1.2 (i) Note that by definition, S is always assumed to be a closed
cone. This differs from other literature, but is most suitable to our applications.
(ii) The notation scaff(M) might be somewhat misleading, since there is not
only one scaffold for M. Indeed, if {uy,...,u,} is a scaffold of S, then so is
{61u1, ..., 0mun} for arbitrary 6; > 0, ¢ = 1,...,m. However, unless stated other-
wise, we assume that M is equipped with a fixed scaffold and keep the notation.
Besides, in Euclidean complexes (see below) there is a canonical choice of a scaffold
(which then consists of unit vectors).

e

Figure 1.1: examples of simplicial cone complexes

Example 1.1.3 (i) M = R™ has a 'natural’ triangulation into orthants. Namely,
let {e;...,e,} be the standard basis. For A C {1,...,n} and a € {0,1}*, put

a:= (A, a) and
Sy = {Z V(—1)%e; s vt > 0} (1.3)

icA
Then {(—1)%e; : i € A} is a scaffold of S,, the standard scaffold. In particular,
dim S, = |A| and [S™] =27 ().
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(ii) A 1—dimensional cone complex is a k—star or k—pod. It is obtained by gluing
together k copies of Ry at 0. A k—pod has a 'natural’ symmetric embedding into
R? 2 C. Namely, let u; := e, j = 0...,k — 1 (note that here i := v/—1). Then
M ={ru;:0<j<k—1,r>0}is ak—pod and every other k—pod can easily
be mapped to M.

(iii) Every simplicial cone complex can be mapped to a a ’cubical cone com-
plex’ M (i.e. a cone complex whose cones are orthants) in the following way:
Let scaff(M) = u;...uy. For S € S™(M), let scaff(S) = {up,,...,up,, }. Let
S C R” be the cone (i.e. the orthant) in RV generated by {ey,,...es, } and set
M = Use S(M) S. The map @ : u; — e; extends naturally to a simplicial linear
isomorphism ¢ : M — M in the sense of Definition 1.1.6. This construction is
closely related to the one in [EF01], Lemma 4.3.

Local coordinates and tangent spaces

Let M be an n—dimensional simplicial cone complex and x € M. Then x lies
in a simplicial cone S C M and hence.

T = Z ve(z)u

u€scaff(S)

Let now u € scaff(M). Then we define a function v* : M — R, by

win vé(z) if {x,u} C S
v (z) = { 0 olso (1.4)
In other words, if x lies in a simplicial cone S that is adjacent to w (hence if
u € scaff(S)), then v*(z) is defined to be the uth coordinate w.r.t. scaff(S). Note
that the cone in which z is contained is not unique, because S is closed and hence
contains its faces. However, " is well-defined since on the faces of S the coordinate
functions coincide. Thus every x € M has a unique representation

xr = Z v (z)u (1.5)

u€scaff(M)

In general, it will be convenient to consider also local coordinates around sub-cones
of M. First we will introduce some more notations that are basically taken from
[EF01] and [BH99.
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Definition 1.1.4 Let (M,S) be a simplicial cone complex and S € S.
(i) The interior of S is defined by

S° = Z viu v >0 (1.6)

u€escaff(S)

(ii)The star of S, denoted by st(S), is the set of all cones T € S such that
T NS° # (0. The star of a point « is defined by st(z) := st(S,), where S, is
the unique S € S such that « € 5°. We put St(.5) := Upegs) T-

For m < dim M, we define st(™(S) := st(S) N S™).

(iii) A neighborhood O C M is called local at S if O is connected, O NS # 0
and O C St°(5)

Remark 1.1.5

(i) If S € 8™ then (1.6) means that S° is the interior of S w.r.t. the relative
topology of U, where U C V is the m—dimensional linear subspace generated by
S.

(ii) We have that M = USGSSO (a disjoint union). In particular, for any x € M
there is a unique S € § such that x € 5°.

(iii) Note that he notations st(S) and St(S) differ from the notations in [EFO01]
and [BH99].

(iv) Let St°(S) be the interior of St(S) w.r.t. the topology of M. Then St°(S) =
Uresisy T°- Moreover, St°(S) itself is local at S and hence is the mazimal local
neighborhood at S.

Let S € 8™ (M) and z € S°. Then z has a neighborhood O that is local at S.
Denote O := O — x. The tangent space of M at x is defined by

T,M:={\y: yeO,\>0}

T, M does not depend on the choice of z € S°i.e. if & € S°, too, then T, M = Tz M.
Moreover, T, M has the following structure: Let U be the vector space generated
by S (i.e., spanned by scaff(S)) and let U+ be a linear complement of U, i.e
V =U@®U* Then LS :=T,M NU* is an (n — m)—dimensional simplicial cone
complex and

T,M=Ud LS. (1.7)

Consequently, every y € O has a unique representation

y=y +y = > ut+ Y, v (1.8)

uescaff(S) u€escaff(LS)
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1S

S

Figure 1.2: the transversal part

We call y' the tangential part of y, and y* the transversal part of y. Note that
(1.5) is a special case of (1.8), regarding {0} as a O-dimensional cone of M.

Let O be local at S and let f : O — R be a function. Then we can decompose
into a tangential and a transversal part, i.e. we can write f = f' + f*, where

fly):=fly") and f*o=f—f' (1.9)

Definition 1.1.6 (i) Let (M,S) be an n—dimensional simplicial cone complex.
A function f : M — R is called piecewise smooth (affine) if fig is the restriction
of a smooth (affine) function to S for all S € S(M). f is called piecewise linear
if it is piecewise affine and f(0) = 0.

(ii) Let (M, S) be another simplicial cone complex. A map f: M — M is called
simplicial if f(S) € S for all S € S.

Note that since S € S(M) is a closed simplex, if a piecewise smooth function f is
well-defined, it is automatically continuous.

The next Lemma is trivial, but very useful:

Lemma 1.1.7 Let f: M — R be piecewise linear. Then

f= > [l

uescaff(M)
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1.1.2 Extending functions

In many applications in the sequel we will be faced with the following problem:
Given a sub-cone-complex L C M and a piecewise smooth function f : L — R.
Then we need a piecewise smooth extension f : M — R such that f| L = f. There
are many extensions of this type. However, we will present a special extension
procedure.

Example 1.1.8 1) We first show how to extend a piecewise smooth function that
is defined on the boundary of a simplicial cone to the whole cone. Let S be a
k—dimensional simplicial cone with a fixed scaffold. Then every x € S has a unique
representation x = - g V' (@)u. If we set S, = {z € 5 : v"(z) = 0} for
u € scaff(5), then S, is a k—1—dimensional simplicial cone and 95 = U, c.cafi(s) Su-
Let m, : S — Sy, be the projection onto S, i.e. m,(z) =>_ ,, v'(x)v. Moreover,
for 0 # A = {uy,...u;} Cscaff(S), we define

A = Ty, O+ 0 Ty,.

This is well-defined since m, o 7, = 7, o T, for all u,v € scaff(5).
Let now f:0S — R. We define a function f: S — R by

flo):= Y (D) f(ra(e) (1.10)

A€Py (scaf(S))

where for an arbitrary set F, P, (E) denotes the collection of all non-empty subsets
of . Then f|as = f by Lemma 1.1.9. Moreover, if f is piecewise smooth, then f
is smooth.

2) Let now L be an n—dimensional simplicial cone complex, let K C L be a
sub-complex and f : K — R piecewise smooth. Fix a scaffold of L. First assume
that £(0) = 0. We set fix := f. For z € L\ K we will define f(x) by induction
on the dimension of S where S € S(L) is the unique simplex such that x € S°,
as follows: First put f(z) := 0 for all z € S° where S € SO(L\ K). Let now
2 < k < n and assume that f(z) is already defined for all z € |JS* "V (L). By
(1.10), we can define f(z) for all = € |JS™ (L) and so on. At last, if f(0) = ¢ # 0,
then we put f = (f —¢) +c

This extension has the following properties: If f is piecewise affine (linear), then
so is f. Moreover, if 8, f(0) for all u € scaffM, then d,f = 0 for all v € V, where
dy f is defined in (2.4).

Lemma 1.1.9 In the situation of Example 1.1.8 1), f|@5 = f.
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Proof : For an arbitrary set F and e € F, we have the decomposition
P(E) =P (E\{e})U{A € P.(E):ec A A# {e}}U{{e}}.

Indeed, the map 6, : A — AU {e} is a bijection from the first to the second set
and for all A € P.(E\ {e}) we have |0.(A)] = |A| + 1 (of course, the latter holds
provided FE is finite). Thus for any u € scaff(S), we can rewrite (1.10) as

fz) = flma(@)) + Yo YA f(male) = fma(ma(x))]

A€EP, (scaff(C)\{u})

Let now = € 95, so x = m,(r) for some u € scaff(S). Then the last sum cancels
out and so f(z) = f(mu(z)) = f(x). O

Figure 1.3: extension of a function from a simplex

Cutting and extending

Now we consider a very useful special case, namely when the subcomplex from
which we extend a function is a simplex T € S(M) (cf. figure 1.3). Let f: M — R
and let T € S(M). Then T can be regarded as a sub-complex of M. Let fr be
the extension of fir to M described in Example 1.1.8. Can we recover f as the
sum of all fr?. The answer is given in the following

Lemma 1.1.10 There are integer numbers (arp)resy such that for all functions
f:M—R,
f=>Y_ arfr (1.11)

TeS(M)

Moreover, the coefficients can be chosen such that ap =1 for all T € S™(M).
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Proof : We will prove the Lemma by induction on n = dim M. Without loss of
generality we may assume that f(0) = 0. For n = 1, M is a star and we have

f= ZTGS(U(M) fr.

Assume now that the Lemma is proved for all cone complexes whose dimension
is strictly less than n. Again we assume that f(0) = 0. Consider M@= the
(n—1)—skeleton of M. Let f be the extension of f|y;x-1) from M®=1 to M and put
g:=f—[. Then gy = 0 and hence g = 3 gc st (ar) 95 = Dgesman (fs = fs).
By induction hypothesis, we can write fiye-n = X resarm-n) agf"fl)fT (where
here fr is the 'cut and extend’ function in M=), Thus f = ZTes(M(nfl)) ag?_l)fT
(now fr is the 'cut and extend’ function in A). Moreover, for all S € S™ (M)
and all T € S(M™V) with S ¢ st(T) we have (fr)s = 0 and hence

fs= Y a V)s= Y ol Vi

TeS(Mm=1) TeS(M—1)
Sest(T)
Consquently,
r3 r3 n—1
f=g+f= Y (Us—fo)+ >

SeS™) (M) TeS(Mm—1))

= > St > a VA=)
SeS) (M) TeS(Mm=1))

Thus the Lemma is proved. [

1.2 Differentiable structures in Polyhedra

After treating the special case of simplicial cone complexes, we will now come to
the class of simplicial complexes, or slightly more general, the class of polyhedra.
In the first part we will discuss the piecewise differentiable structure of polyhedra
as a generalization of differentiable manifolds. In particular, we will introduce
notions of the bundle of tangent spaces or (bi)linear functions and their sections,
namely vector fields and forms.

In the second part, we treat the case of Riemannian polyhedra, which are geomet-
ric objects.

Let us start with the notion of a simplicial complex, which is defined analogously
to a cone complexe with cones replaced by simplices:

Definition 1.2.1 (i) Let V be an N —dimensional real vector space. An n—dimensional
simplex in V' is the convex hull of n + 1 affinely independent vectors.
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(ii) A (locally finite) simplicial complez in V' is a subset M C V together with a
finite collection S = S(M) of closed subsets of M such that

* M:USGS(M)S

e S is a simplex for all S € S(M)

o If S S(M), and F is a face of S, then F' € S(M).

e If 5,5 € S(M)and SN S # 0, then SN S is a face of both S and S.

We will also assume in the sequel that M is dimensionally homogeneous, i.e. for
all S € S(M), S is the face of an n—dimensional simplex.

A survey on simplicial complexes is given in [EF01] or [BH99.

Definition 1.2.2 A polyhedron is_a topological space M together with a home-
omorphism 6 : M — M, where M C V is a simplicial complex. € is called a
triangulation of M. The set of simplices of M defined by

S(M):={07(S): S eSM)} (1.12)

The boundary of M, denoted by dM, is the union of all non-maximal simplices
that are contained in only one maximal simplex. The interior of M is defined by
M° := M\ OM.

Definition 1.2.3 Let M be a separable topological Hausdorff space. A (piecewise
smooth) n— dimensional simplicial atlas is a family of homeomorphisms &, : O, —
O, (o € A, A some index set) such that

~

e O, is a connected open neighborhood in some finite n—dimensional simplicial
cone complez.

o M =U,0.

o Fora,B € A such that O, N Oz # 0, {0 & 6a5 — 6ga is a simplicial
diffeomorphism, where Oup := £,(0n N Og) and Og, is defined similarly.

& 1S called a simplicial chart.
So if M is equipped with an n—dimensional simplicial atlas, M could be called

an n—dimensional simplicial manifold. In particular, every simplicial complex is
a simplicial manifold as stated in the following
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Proposition 1.2.4 Let M be an n—dimensionally homogeneous simplicial com-
plex. Then for all S € S(M) and all x € S° there is a chart £ : O — O which
is local at S (i.e. O is lacal at S) such that the chart changes are piecewise affine
isomorphisms. If S € S™  then by translation O can be regarded as a neighbor-
hood of 0 in U & LS, where U is an m—dimensional linear subspace and LS is an
(n — m)—dimensionally homogeneous simplicial cone complex.

Proof : In [EF01], Lemma 4.3, there is constructed explicitly a simplicial chart
from a neighborhood that is local at a corner into the standard orthant. If more
generally 2 € S° where S € S(™ (M), denote by U the linear subspace generated
by S and choose a linear complement U+. Then LS+x = MN(U* +x) is locally a
simplicial cone complex (in order to be precise, we should define LS = {\(y —z) :
A>0,y € ON(U*t +2)}). Moreover, since M is dimensionally homogeneous, it is
(n — m)—dimensionally homogeneous and M = U @ LS, locally around z, where
this identification is just a translation. This neighborhood can now be translated
onto a neighborhood in an n—dimensionally homogeneous simplicial cone complex.
O

Remark 1.2.5 If M is a a_polyhedron with a triangulation 6 : M — M, then
£ :=¢o00is a chart for M (with the corresponding neighborhood O) So M re-
ceives its piecewise differentiable structure from M through 6.

In our sense, a polyhedron is identified with its image under the homeomorphism
6, which is a simplicial complex. This is a very general concept. For instance,
in the setting of smooth manifolds, the surface of the unit cube carries a smooth
differentiable structure because it can be mapped homeomorphically to the two-
dimensional unit sphere. Clearly, one often a priori has a natural piecewise dif-
ferentiable structure, as e.g. when a polyhedron is obtained by gluing together
smooth manifolds. In this case, the homeomorphism 6 should be chosen to be a
simplicial diffeomorphism.

For x € M, the tangent space T,,M can now be defined in the spirit of differentiable
manifolds in several ways (cf. e.g. [BJ73]). One can also define T, M directly
via charts (with suitable equivalence relations). We will skip the details of the
construction. However, for x € S° € S™ (M) , T, M is of the form

.M =T,S® 1,8 (1.13)

where 7.5 is a m—dimensional vector space and L,S is an (n — m)—dimensional
simplicial cone complex. More precisely, let § : O — O be a chart local at S.
Let TeoyM = U @ LS according to (1.7) (so we assume that there was made a

choice of a linear complement for all § € S(M)). If we put 1,9 := dfg(i)(ﬁ ) and
1.5 = dfg(:lc)(J_g), then dfg(}c) is a simplicial linear isomorphism from Tg(x)]\? to
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T,M.

Denote by TM := J,c,, T M the tangent bundle over M with natural projection
m:TM — M. A vector field is a section of TM, i.e. amap F : M — TM with
mo F = Id. The set of all vector fields is denoted by I'(TM).

Denote by T*M the set of all piecewise linear functions on 7, M and put T*M :=
Users T M (the bundle of linear functions). A linear form is a section of T* M.
A piecewise bilinear function on T, M is a function

b: | @Se O)x(TL.Se C)

CeC(L,S)

such that for all C' € C(L,S), byr,se ¢)x (1,50 ¢) is a bilinear function. The vector
space of all piecewise bilinear functions on 7, M is denoted by T M & T M and
the bundle of piecewise bilinear functions by T*M ® T*M. A bilinear form is an
element of I'(T*M & T*M), the set of all sections of T*"M & T*M.

We denote by C®(M) the set of all piecewise smooth functions on M (and ac-
cordingly, by C°(M) the set of functions in C*°(M) with compact support and
by C§°(M) the set of functions in C*°(M) that vanish at infinity. A linear form is
called piecewise smooth if for all S € S(M), ajp-g is the restriction of a smooth lin-
ear form to S. Likewise, b € T'(T*M @ T*M) is called piecewise smooth if bir+ser=s
is the restriction of a smooth bilinear form to S.

Local Coordinates R
Let S € S(M) and let £ : O — O be a simplicial chart that is local at S. Put
& :=¢(x). Due to (1.8), for z € O we can write

A D D A W (1.14)

u€scaff(S) u€scaff(LS)

with % := 7% o £ and 7* : O — R defined by (1.8). Then z* is piecewise smooth
on O and hence 0z" = J(V* o {) is a piecewise smooth linear form on O.

To the chart £ : © — & we can associate a 'frame’ of vector fields as follows: For
u € scaff(S) set

a o 71
pre (x) :=d&; (v) €T,M (1.15)
and for u € scaff(LS) set
0 [ d&t(w) o if 2t € St(u)
oy (x) := { 0 else (1.16)

Note that (at least for u € scaff(1S)) % is not continuous. However, these vector

fields are useful for a local representation of forms. Namely, for b € T'(T*M QT* M)
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we have
b= > Lot @ O (1.17)
u,vEscaff(S)Uscaff( LS)
with
wi o bo (32 (), 52 () if t ~uand x ~v
(@) = { arbitrary else (1.18)

where by definition, x ~ wu either if u € scaff(g) orifu € Scaff(J_g) and 2+ € St(u).
Note that if 2 » v, then 5% (z) = 0 and hence 5" can indeed be defined arbitrarily
if x oo wuorx .

For instance, one can extend 0" from K" := {x € O : z ~ u and  ~ v} (which
is a neighborhood in a simplicial cone complex) to a piecewise smooth function on
O as in Example 1.1.8.

In many situations, we will only be interested in the tangential part of a bilinear
form. Namely, let £ : O — O be a chart that is local at S € S and let x € O. For

= ~ . _0_
w= Zuéscaff(S)Uscaff(J_S) w* Ere € TﬂcM7 set

0
T § u

u€scaff(3)

Thus we get a decomposition T,M = T,M" @ T, M+. Now we can define

by(w @) :=bw' @)= Y  b"0i"® i (w,b). (1.20)

u,vescaff(S)

Likewise, for a linear form « € I'(T*M) we can write

a=a +at= Z ooz + Z a0z, (1.21)
u€scaff(3) uescaff(LS)
where
ax(%(m)) if v ~u
Ul ) = 1.22
o"(z) { arbitrary else ( )

and clearly, if « is piecewise smooth, the a* can be extended to piecewise smooth
functions.



18 Chapter 1. Local structures in Polyhedra

1.3 Riemannian polyhedra

1.3.1 Preliminaries

Definition 1.3.1 A (piecewise smooth) Riemannian polyhedron is a polyhedron
(M, 0) together with a piecewise smooth positive definite symmetric bilinear form
ge(T*M @ T*M).

In other words, for all S € SM™ (M), (S, gis) is a closed subset of an m—dimensional

smooth Riemannian manifold (S, ¢%). The fact that g is a bilinear form on M

Sa
|T

u,v € 7,5, g;sg(u,v) = gfvl(u,v)). So a Riemannian polyhedron can be obtained
by gluing together n—dimensional Riemannian simplices along the faces via isome-
tries.

means that if Sy is a face of Sy, then g 5, = giﬁsl (i.e. for all x € S; and all

There are lots of examples of Riemannian polyhedra, cf. e.g. [EF01] or [BH99.

Example 1.3.2 (i) The simplest Riemannian complexes are Euclidean complexes,
i.e. every simplex endowed with a Euclidean metric, cf. the section below on Eu-
clidean cone complexes.

(ii) The next general class consists of M, —simplicial complexes. These are Rie-
mannian simplicial complexes such that any simplex is endowed with a met-
ric of constant curvature k, cf. [BH99]. In other words, an n—dimensional
M, —simplicial complex is obtained by gluing together geodesic simplices in M,
the n—dimensional model space of constant curvature x.

(iii) Every paracompact Riemannian manifold (with or without boundary) is a
Riemannian polyhedron, i.e. it has a triangulation (cf. [Whi40] for a C'—version).
(iv) An orbifold is a Riemannian polyhedron, cf. [EF01], Examples 8.12. and 8.13.

Let x € S° for S € S™. Recall from (1.13) that T, M is of the form
wM=T,S® 1,5 (1.23)

where TS is an m—dimensional vector space and 1,S is an (n —m)—dimensional
cone complex. While in the situation of (1.13), 1,5 depended on the choice of
a linear complement (and the chart), we now have a canonical choice of 1,5 |
namely the orthogonal complement of T,.S w.r.t. g,: Set

1,8 = (T,9)" = {v e T,M: g.(u,v) =0 (YuecT,S)} (1.24)

Then 1,S is a simplicial cone complex and (1.23) holds. More precisely, there is
a unique orthogonal projection wg : T,M — S, defined by g,(v — ms(v),u) = 0 for
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all w € T,S and v € T, M, cf. section 1.4. Put v' := 75(v) and v+ := v — 75(v).
Then v+ € 1,8S.

Note that since 1,S is a Euclidean simplicial cone complex, there is a canoni-
cal scaffold , namely the unique scaffold of L,S that consists of unit vectors. Let
scaff(1,S) = {ul(z),...u*(x)}. Keeping the right enumeration, we obtain smooth
vector fields u* € T'(LS), i = 1,...k. This set of vector fields is denoted by
scaff(LS). To scaff(LS) we associate piecewise smooth linear forms v* € I'(_L*S),
defined by v*: 1,5 3 v > v¥(v)u(z).

Since we have this orthogonal decomposition on the level of tangent spaces, we
may use it to define a sort of normal coordinates. By this we mean a simplicial
chart whose derivative respects (1.23).

Lemma 1.3.3 (Normal chart) Let S € §. For any xo € S°, there is a sim-
plicial chart £ == O — OcSe J_S around xog with the property that for all
u € scaff(LS) there is a @ € scaff(LS) such that for all z € ONS, 8, (u(z)) =,
where scaff(1S) is a fived scaffold of LS. In particular, (9&,) " (LS) = L,5.

Proof: Let § := O — O be a simplicial chart local at S. For x € ON S,
put ©,(y) := (96,)"'(0(y) — 0(x)) € T,M. As a consequence of the implicit
function theorem, for all y € O, there is a unique 7(y) = mg(y) € S such that
Ory)(y) € Lrw)S (of course, O should be made smaller if necessary). Set

p"(y) == v"(Or (y)) (1.25)

Then p" is piecewise smooth, pis, = 0 and hence Opy = vy for all x € SNO.
Thus £ : O — O does the job, where

)=o)+ D i (1.26)

u€scaff(LS)

and O :=£(0). O

Remark 1.3.4 (i) If M is a manifold and S a submanifold, then in the proof of
Lemma 1.3.3 one usually takes ©,(y) := exp~!(y). This cannot be done in general
polyhedra because exp does not respect the triangulation in general. Even more,
exp might not be a simplicial diffeomorphism.

(ii) If especially S € S™~Y(M), then 1.C is a one-dimensional cone complex. Thus
by Example 1.1.3 (ii) we can assume that LC' C R? is the symmetric k—pod for
some k € N.

(iii) For S € S™=Y(M) one also has special normal coordinates at S. Namely,
let £',...,6"! be coordinates on S°. Then extend these to functions on a local
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neighborhood O to be constant on geodesics that intersect S normally. For any
T € S™andy € TNO let &(y) == d(S,y) ify € ONT and &4(y) == 0if y € O\T.
Then € is a simplicial chart and we have <%, %} = 0.

T

We conclude this section with another important object: The Link:

Definition 1.3.5 Let (M, g) be a Riemannian polyhedron and let € M. The
link of x in M is defined by

Lk, M :={v e T, M : g.(v,v) =1} (1.27)

Regarding Lk, M as a subset of the Euclidean cone complex (T, M, g, ), the induced
Riemannian tensor makes Lk, M an (n — 1)—dimensional spherical polyhedron.
More precisely, assume that 7,5 has a triangulation into a simplicial cone complex,
so T,M =T,5® 1,S is a simplicial cone complex whose set of simplicial cones is
denoted by S(T,,M). Then for all C € S™(T, M), C :={v € C: g,(v,v) =1} is
an (m — 1)—dimensional spherical simplex (as a subset of a Euclidean sphere) and
Lk, M = UCGS(M) C. Let Uy, . .., ug be a scaffold of T,.S consisting of unit vectors.
Together with the canonical scaffold of unit vectors for L,.S defined above, we get
a scaffold for the whole T, M, which is equal to the set of corners of Lk, M.

At last, (T, M, g,) is isometric to Co(Lk,M), the Euclidean cone over Lk, M, cf.
Proposition 1.4.4 and also [BH99].

1.3.2 Christoffel symbols and Hessian

Let S € S™ (M) and let T € st (S). Then S is an m—dimensional Riemannian
submanifold (with corners) of T'. Since S is a Riemannian manifold itself, we have
the intrinsic Levi-Civita-connection V* on S. The relation between V* and V7T
(the Levi-Civita-connection on 7') is the following:

ViX = (VEX)T :=7%(VEX), X, Y eT(T9), (1.28)

where for € S°, 7% : T,M — T,S denotes the orthogonal projection' onto 7,
cf. [Jos02], Theorem 3.6.1.

Let us study the local description of the Levi-Civita-connections, namely the
Christoffel symbols. Can one define Christoffel symbols on a face S € S™? The
answer is: "Yes’ for the tangential part and 'No’ for the normal part. In general, if
T,T € st™(S), then the Christoffel symbols coming from 7" and T do not coincide
on S. However, in normal coordinates, the tangential parts coincide, as we will

Note that for v € T, M, the notation v' is also used in terms of a local chart, cf. (1.47), so
this could be ambiguous here. However, if we choose our chart to be normal at S, both notations
coincide.
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show now:

Let £ : O — O be a normal coordinate system at S. Again, we will restrict our
attention to 7" and the submanifold S. On S we have two kinds of Christoffel
symbols: T% (S), u, v, w € scaff(S) and I'% (T'), u, v, w € scaff(S)Uscaff(_LS). The
former belong to V°, the latter to V7. Since the coordinates are normal at S, it
follows from (1.28) that

T (S)=T%(T)  (Vu,v,w € scaff(s)). (1.29)

So the "tangential’ Christoffel symbols w.r.t. normal coordinates are well-defined
on S.

Remark 1.3.6 One has to be careful: The tangential Christoffel symbols may
not be well-defined outside of S, since the chart £ is no longer normal at other
simplices in general.

Let us now come to the Hessian. On a smooth Riemannian manifold (M, g), the
Hessian of a smooth function f is the bilinear form on M defined by

Hessf,(u,v) = ¢,(V.,V f(z),v) u,v €T, M (1.30)

where F' := Vf is the gradient of f and V,F is the covariant derivative (coming
from the Levi-Civita-connection of g) of the vector field F' in direction v.

Let now f : M — R be a piecewise smooth function and let z € S° for some
S €S8. If S € 8™, then the definition of Hessf, is clear by (1.30). But if S € S(™
for some m < n, then the situation is more complicated. For instance, let x € S°.
Every T € st (S) induces a Hessian on 7,5 C T,T, but they may not coincide
(cf. Remark 1.3.8). However, (S, gjr+sgr+s) is a Riemannian manifold itself (as
above, it is a closed subset of an m—dimensional smooth Riemannian manifold
(S,¢°)) and so for u,v € T,S we define (Hessf,)T (u,v) := Hess® (u,v), being the
Hessian of f at x w.r.t. ¢°. In terms of a local chart we have

(Hessfo) = > | 0wf(@)— Y Tu(2)0uf(2)] (08" 02", (1.31)

u,v€scaff(S) wescaff(S)

where I'l) are the Christoffel symbols of the Levi-Civita-connection for g% wr.t.
the chart £: ONS —-0ONS.

Remark 1.3.7 Note that we have defined only the tangential part of the Hessian.
This is enough for our purposes, since the stochastic integral of a bilinear form
only sees the tangential part, cf. (2.34). If one wants a bilinear form one the whole
T, M, one can for example extend (Hessf,)" to be 0 on the orthogonal (w.r.t. g)
complement of TS
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Remark 1.3.8 In general, Hessf is not piecewise smooth, not even continuous.
The same holds for the Christoffel symbols I'%" . This is due to the fact that on a
face S1 C s, Hess‘STls1 and Hess‘sj"is1 may not coincide. In general we have

Hess™? f, = Hess™ f, + Z Ow f ()1 (1.32)

wescaff(LS1)

where for w € 1,57 and u,v € T,,S;

19 (u,v) = 1°(Sy, So)(u,v) := 75 (VS w) (1.33)

is the second fundamental form? at z of the submanifold S; C S, in direction w

(which is orthogonal to S;), cf. [Jos02], Definition 3.6.2. Thus Hessf ' is piecewise
smooth for all piecewise smooth functions f if and only if the second fundamental
form vanishes, i.e. if and only if for any simplex Sy € S(M) and any face Sy, Sy
is a totally geodesic submanifold of Sy (cf. [Jos02], Theorem 3.6.3), as e.g. in the
case where M is an M, —simplicial complex.

Let now S; C S C S3 € S such that Sy is a face of S; and S5 is a face of
S3. Let u,v € TS and let w € 1,5 NT,Ss. It follows from (1.28) and (1.33)
that [ (S1, S2)(u,v) = 1¥(S1,53)(u,v). In particular, if w € scaff(L,S7), then
[V =1Y(Sy, M) is a well-defined symmetric bilinear form. Thus we may define

Hessf, := Hessf, + Z Ow f ()1 (1.34)
wescaff(L;S)

1.3.3 Metric structures and geodesics

Let M be a polyhedron. There are several ways to define a distance on M. We have
already seen the easiest way: Assume that M is a simplicial complex embedded into
a vector space V. Let (-, ) be a Euclidean scalar product on V' with corresponding
norm | - |. Let dy be the induced distance on M, i.e. do(x,y) = |z — y|.

If (M, g) is a Riemannian polyhedron, then the natural way to define an intrinsic
distance d = d, on M is analogous to the case of Riemannian manifolds: For a
Lipschitz continuous curve® ¢ : [a,b] — M define the length of ¢ by

L) i= Lo(e) = [ /a0 (@Ar), oAr))dr (139

2In order to be precise, one should write 7rSl(V;5;2W)7 where W is a normal vector field with
W(z) = w. But it is known, that this only depends on w, not on the whole vector field W, cf.
[Jos02], Lemma 3.6.1.

3here we use the term Lipschitz w.r.t. to the metric which is induced by the ambient vector
space V. Note that the actual Lipschitz constant depends on the embedding, while the property
of being Lipschitz continuous does not.



1.3. Riemannian polyhedra 23

For details we refer to [EF01], section I.4. Now define

d = inf L(p).
o0) = oy Iy T1P)

Proposition 1.3.9 (M, d,) is a complete geodesic space The metrics d = dg4, and
dy are locally equivalent. In particular, M is proper*. Moreover, d is equal to the
Caratheodory distance dcg, -

d(r,y) = dcar(7,y) == max{|f(x) — f(y)| : Lip(f) < 1}. (1.36)

Proof : [EF01], Lemma 4.2 and Proposition 4.1, cf. also [BBIO1]. Note that in
our setting, M is locally a finite union of closed simplices and therefor complete
w.r.t. do. O

Remark 1.3.10 Let (M, g) be a Riemannian polyhedron with intrinsic distance

d=d%. 1If (M d) is a metric space and 6 : M — M is an isometry, then M
becomes a Riemannian polyhedron itself by pulling back the metric tensor g. 6 is
then called an isometric triangulation.

Remark 1.3.11 Throughout this section we will use the following notation: For
u,v € T, M set

(u,v)y = go(u,v) and |ul| := ||ullz := V gz (u, u). (1.37)

Note that we may regard x and u as vectors in V' (where V' O M is an ambient
vector space). We will always assume that V' is equipped with a Euclidean scalar
product and by |z| and |v| we mean the norm w.r.t. this fixed scalar product.

As we will see in the sequel, d, can be quite nasty (for instance if one investigates
the regularity of geodesics). So it will be useful to approximate d, locally by a

simpler intrinsic distance, as follows: Let S € S(M), £ : O — O be a simplicial
chart local at S and g € SN O. Set

90 = Gy (1.38)

More precisely, if S e st(xo), denote by U S C V the linear Subspace generated by
S5 Then ao| Ty SX T

Now for z € O, there is a unique S € st(zo) such that = € S°. So if and
v,weT,M = U, Wesetgo(vw):—g(vw)

.3 extends to a Euclidean scalar product ¢° on U S o TxOS

4A metric space (M, d) is called proper if closed balls in M are compact
due to the chart ¢, we can assume that O is a subset of V
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(O, go) is a neighborhood in a Euclidean complex. Euclidean complexes are much
better understood than general Riemannian polyhedra, and we will quote some
features of them in section 1.4.

Let ¢ : [a,b] — M be a Lipschitz continuous curve with Lip(p) < 1 and p(a) = .
Because ¢ is Lipschitz continuous (say, with Lipschitz constant C'), we have

Ly(9) — Lyn(9)] < / (g — 90) (B(7), $(r))|dr
b
< C/ Tlo(T)|dr < C(b— a)2, (1.39)

and consequently
i Lo(Pllas)
e Lgo (P)[a)
In particular, if y € O, we can apply this to v : [0,¢{] — O and 7 : [0,t] — O,
where 7 is a geodesic (w.r.t. g) from zg to y and g is a geodesic (w.r.t. go) from
xo to y, in order to find a suitable constant C' such that for all y € O,

=1. (1.40)

’dg<£L'0, y) - dgo(x()vy)‘ S C’y - iL‘o|2 (141)

and consequently
d
lim Jol¥0) _ (1.42)
y=a0 dg, (20, y)
and

|dg(@o, y) — dgy (w0, y)| = |dg(w0,y) — dgy (w0, y)l|dg (0, y) + dgy (w0, y)]
< Cly — ol*. (1.43)

Many geometric statements in smooth Riemannian manifolds rely on the fact
that geodesics are smooth and that locally a geodesic connecting two points is
unique and depends smoothly on its endpoints. This is false in general Riemannian
polyhedra. Even in a Riemannian manifold with boundary, geodesics are not
smooth anymore. Consider for instance the Euclidean plane with the unit disc
removed: A geodesic may enter the boundary (i.e. the unit circle), stay in the
boundary some time and then peel into the interior. At the points where the
geodesic switches from the interior to the boundary (and vice versa), it is not C?
anymore. More precisely, the acceleration has a jump at these ’switch points’.
Now we will show that geodesics in a Riemannian polyhedron have one-sided
derivatives in the following sense: We may regard a geodesic v : [a,0] = M C V
as a curve in V. Note that the property of having a one-sided derivative in V' does
not depend on the choice of the embedding into V.
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Lemma 1.3.12 Let 7y : [a,b] — M be a geodesic. Then the right-hand derivative
Y(a+) :=limga o (s — a) " (y(s) — y(a)) ezists and ||¥(a+)]| = 1.

Proof : 1. We may assume that a = 0. Let v(0) € S° and let ¢ be so small
that 70, is contained in a neighborhood O that is local at S. Let gy := gy (o).

Denote by o, the geodesic® w.r.t. go from v(0) to v(¢) and by 3, the positive
angle between o5 and oy (s < t).

S )

Y(s) ,

70)

We first claim that there is a D > 0 such that for all ¢
Bop < DEZ (Vi << 1, s € [t/2,1]). (1.44)

Indeed, put as := dy, (7(0),7(s)), bss := dg,(v(s),7(t)) and ¢; := dg, (7(0), v(1)).
Let ¢ : [s,t] — M be a geodesic (w.r.t. go) from y(s) to y(t) (so bs+ = Lo(()).
The set {y(0) + A(¢(7) = 7(0)) : 0 < X < 1,8 < 7 < t}, regarded as a subspace
of (O, go), is isometric to a Euclidean triangle with edges of length ay, bs; and ¢
by Proposition 1.4.4 (ii). Let hs; be the distance between v(s) and 0. A little

computation in Euclidean trigonometry shows that as + by > /4hZ, + ¢} (with
equality iff a; = bs,). Thus (1.41) yields

t =d(7(0),7(t/2)) + d(v(t/2),7(t)) = ase +bsy — Ct* = J4hZ, + cf — CFF

and hence 4h? + ¢ < t? + 2Ct3 + C?*t*. Now ¢ > t2 — Ct3 by (1.43) and hence
4h§?t < 30t + C?t*. Taking into account that t < 1, this yields

C 3/2.

hsi < Zt (1.45)

Sin fact, oy is unique and a straight segment, since (O, gg) is isometric to a neighborhood of
the origin 0 = v(0) in the Euclidean cone Cy(Lk(7(0))), cf. Proposition 1.4.4 (i).



26 Chapter 1. Local structures in Polyhedra

At last, since ¢ is small and s > £, we deduce from (1.41) that a; > £ —C?* > £ and
hence sin 35, = i;_: < CtY 2 and because arcsin is Lipschitz continuous around 0
with arcsin0 = 0, we obtain (1.44).

Let k € N. Then the triangle inequality for angles and (1.44) yield

k k
D
6,t—l§:1ﬁz it 2-(-1)¢ > ?:1( ) _1_%\/5

for all s € [27%¢,¢]. So letting k — 0o, we obtain
B <DtV?  (Vs<t<<1,). (1.46)

2. Let t, be a sequence of points converging to 0 from the right. Because 7 is
Lipschitz, we may assume that i(fy(tn) —7(0)) converges to some vector v € V' by
passing to a subsequence. First note that ¢ = d(y(¢),v(0)) and hence by (1.42),

il — 1 L ot — g G (1(8,9(0)
Joll = lillo = Jim (1) =2 (0l = lim S EPEE ~ 1

t—
Thus in order to prove the Lemma, we have to show that whenever s, is a sequence
of points converging to 0 from the right such that ~-(v(s,) —¥(0)) converges to
w, then v = w. So let m € N. Then

4(’1]7O'tm> = hm /Btn,tm S 57571?{2

and B
ZL(w,0p,) = lim B, < Dtl/?

So using the triangle inequality for angles and letting m — oo we obtain Z(v, w) =
0 and hence v = w. [J

Clearly, v is not differentiable in general since the space M is not. But what
about the tangential part of v in a local chart? More precisely, let £ : O — O
be a simplicial chart local at some S € S. Let now £ : O — O be a chart local
at S € S. If ¢ : [a,b] — O is a curve, then we can split ¢ into a tangential

and a transversal part. Namely, § = @' + o, where ¢ = Zueseaﬁ@) P"u and
ot = ZuEScaff( 15) @"u. Likewise, for z € O, we may split T, M into a tangential

and a transversal part (cf. (1.19)):
.M =T,M" & T,M™*, (1.47)

where T, M is the subspace generated by {2 : u € scaff(S)} and T, M~ is the

subspace generated by {52 : u € scaff(LS)}. So if ¢ is differentiable at ¢ € [a, b],

then 90 = (ibT + gbj_? where Q.OT = Zuéscaff(g) 90“{;% and ij_ = Zu€scaff(L§) SOU@%
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Remark 1.3.13 We may point out another time that even if the chart £ is normal
at S and x € O, the decomposition of T, M in (1.47) is in general not an orthogonal
decomposition. The fact that £ is normal at S means that (1.47) is an orthogonal
decomposition for all x € SNO, but it may not if x € O\ S (unless we have special
normal coordinates at S, as e.g. if S € SV cf. Remark 1.3.4 (iii)). However, if
x is close to S, it follows from the Lipschitz continuity of the derivatives of ¢ that
(1.47) is nearly an orthogonal decomposition. We will make this argument precise
in the proof of Lemma 1.3.15.

We will prove some regularity of v with the help of calculus of variations, or more
precisely, a Lagrangian argument. Note that v' is a minimizer of the functional

b
o / (1) + (), 2(7) + A oyt (1.48)

where we minimize over all Lipschitz curves ¢ : [a,8] — O N S with (a) =~ (a)
and ¢(b) =~ (b).

So let us recall some notations and facts from calculus of variations. Let U C R™
be open and let F' : [a,b] x U x R™ — R, (t,x,v) — F(t,z,v) be a function
("Lagrangian’) that is C* w.r.t. z and v. On the space of Lipschitz continuous
curves ¢ : [a,b] — U define the functional

B(p) = ¥ (p) = / F(r, p(r), $(r))dr. (1.49)

A local minimum ~y of ® satisfies the Fuler-Lagrange equation, cf. [GH96]. We will
state the integrated version. Namely, there is a ¢ € R such that

OuF (1 (1), 4() = ¢ + / 0uF (7, 1(r), 4(7))dr (1.50)

for Lebesgue-almost all ¢ € [a,b]. Note that sometimes we will regard 0,F and
0, F as linear forms and sometimes as vector fields (i.e. as gradients), which makes
no essential difference. In either case, we write |0, F| for a suitable norm.

There are a lot of results that say that if F' is regular (in some sense), then every
local minimizer is also regular. For instance, if F' is C!, then a local minimizer
is C%, cf. [GH96], Chapter 1.3.1, Proposition 4. We will use a similar technique
(basically an appliciation of the implicit function theorem) in order to prove a
similar result in the case that F' satisfies a much weaker regularity assumption.
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Lemma 1.3.14 Let C > 0 and let F(t,z,v) be a Lagrangian with the following
properties:

o F is uniformly elliptic in v in the sense that Hess,F(t,z,v) > C~' for all
(t,z,v) € [a,b] x U x R™

o |0.F(t,xz,v)| < C forall (t,z,v) € [a,b] x U x By(0)

Let ¢ : [a,b] — U be a local minimizer of ®F with Lip(¢) < 1. Then the following
holds:

(i) There is a nullset N C [a,b] such that whenever s,t € [a,b] \ N and
|0, F'(t, ¢(t),v) — O, F (s, 6(s),v)| < € for all v € By(x), then
|6(t) = ¢(s)] < Cle + Clt = s]).

(i1) If |0, F (t,z,v) — 0, F(s,Z,v)] < C (|t —s|+ | —|) for all v € B1(0) and
(t,x), (s, %) € [a,b] x U, then ¢ is differentiable and ¢ is Lipschitz continuous
with Lip(¢) < 3C2.

Proof : Let p(t) := ¢+ f(: O, F(1,4(7), ¢(7))dr (the right hand side of (1.50))
and let Gy(v) := 0,F(t,¢(t),v) — p(t). Then 0G,(v) = Hess, F'(t,x,v) is invertible
for all v and it follows from the uniform ellipticity of F' and the inverse mapping
theorem that G is a C*—diffeomorphism from R™ onto R™ with [|0G; || < C. In
particular, Lip(G; 1) < C.

Put v(t) := G;(0). Then for all ¢t € [a,b] we have G;(v) = 0 if and only if
v = v(t), and by (1.50), ¢(t) = v(t) for almost every t € [a,b]. First note that for
all v € B;(0)

|Gi(v) — Gs(v)| <9, F (L, 6(t),v) — 0 F (s, 0(s),v)| + [p(t) — p(s)]
<e+ C|t —s|.

Since Lip(¢) < 1, [v(t)| = |6(t)| < 1 for almost all ¢ and hence

lv(t) —v(s)| = |G 1(0) — G H (GG, H(0)))]
< C10 — Gy(G;(0))]
= C|G(G;1(0)) — GG, 1(0))]
< Cle+ CJt —s]),

proving (i).

(ii) From the assumtions of (i) and the above calculations we deduce that v is
Lipschitz continuous with Lip(v) < 3C2. Because ¢ is absolutely continuous,
o(t) — o(ty) = ftz o(T)dr = fti v(7)dr. Thus we see that ¢ is differentiable and
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¢ = v. This proves the Lemma.[]

Now we will apply this result to our situation of the tangential part of a geodesic.
Note that the right hand side of (1.48) is equal to ® for

F(t,z,v) = (v+ 7L(t), v+ ﬁi(t»”%(t) = Zgij(x + VL(t))Uif'yj(t) (1.51)

i,J

Lemma 1.3.15 Let S € S, O be a neighborhood that is local at S and let £ : O —
O be a simplicial chart that is normal at S. Then there is a C' > 0 such that
whenever x € S°, r >0 and v : [a,b] — B,(x) N O is a unit-speed geodesic , then

(i) There is a Lebesque-nullset N C [a,b] such that for all s,t € [a,b] \ N,
@) =T () < Clr+ [t = s)).

(i) For all s <t € [a,b], [y (t) =T (s) = 4T (s+)(t — 5)| < Cr(t —s)).
(iii) For all s <t € [a,b], (t — s)|3(s+)| < C (7 (t) —vH(s)| + Vit —s)).
Proof : (i) Consider the Lagrangian F'(¢,z,v), defined in (1.51). Then
O F(t,z,v)(h) = 2(v 4+ T(¥(t)), A it o), (1.52)

where for y € O and w € T, M, 7(w) is the orthogonal projection of w onto T,M ",
cf. (1.47).

Note that in general, w(w®) # 0 (cf. Remark 1.3.13). However, since ¢ is
normal at S and the derivatives of § are Lipschitz continuous, we have that
|7 (wh)]] < Cr whenever w € T,M with y € B,(z) and ||w| = 1. Consequently,
10, F(t,z,v) — 8,F(s,2,v)|| < C(r + |t — s|). Now 47 is a local minimizer of ®*
and F satisfies the assumptions of Lemma 1.3.14 with ¢ = C(r + |t — s|). Thus (i)
follows from Lemma 1.3.14 (i).

(ii)) Let N be the nullset of (i). It is contained in the formulation of (i) that
J(s) exists for all s € [a,b] \ N. So let s € [a,b] \ N. Integrating the inequality in
(i) yields that

1
t—s

(T ®) =" (s) =7 () S Clr + [t = s]) (1.53)
for allt € [a,b] with ¢ > s.

Let now s € N and let s, be a sequence with s, € [a,b] \ N and s, \, s. Then
there is a subsequence, again denoted by s,, such that ¥'(s,) — v. So by (1.53)
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it follows that |2 (v"(t) —~"(s)) —v|] < C(r + |t — s|) for all t > s, and letting
t \\ s, we obtain |¥"(s+) — v| < Cr. Consequently,

1

(1) =77 () =T (sH) S Clr + [t = ) <3Cr,

where the last inequality follows from the fact that ¢ — s = d(y(¢),v(s)) < 2r.
Thus (ii) is proved.

(iii) Let x € SN O and set gy ‘= g, cf. (1.38). But contrary to that situa-
tion, we do not assume that x = v(0) (because 7(0) need not be in S). So instead
of (1.39) we only get that whenever ¢ : [s,t] — B,(z) is a Lipschitz curve with
Lip(p) < 1, then

| Lg(0) = Ly (9)| < Cr(t = 5) (1.54)
and consequently
[(t = 8)* = dg, (v(t),7(s))| = |d5 (4(1),7(s)) = dg, (7(t), ()| < Crlt — s*.

Because the derivatives of ¢ are Lipschitz continuous, |go(v',vt)| < Cr for all
y € B,(z) and v € T,M with ||v||o < 1. In particular’, |go(¥" (s+), 7" (s+))| < Cr,
which implies [ ()] < [[5(s-H) 3 — I (s+)[3+2C' . Moreover, | [[4(s-+)]| -
|17(s+)|lo] < Cr, and since || (s+)|| = 1, we obtain

15+ (s 06 < 1= 13" (sH)Ig + 3Cr. (1.55)

Now from (ii) we deduce

dgy (7" (1),7 ()=t = 5)[I7 " () lo
=y @) =2 ))llo — = )17 (sH)llo
<Oyt —s)* +r(t—s)
< Cor(t — s)

and hence
A2 (T (1),7 " (s)) = (= 8?7 " (sH)I§ < Car(t —5)*. (1.56)

At last, note that since £ is normal at S (and in particular normal at ), we have
42 (v(t),~(s)) = d2 (v (t),7"(s)) + d2 (v*(t),7"(s)). So combining this with

"note that ||§(s+)]|o is uniformly bounded in s € [a, b] because |¥(s+)|| = 1, and by scaling,
we may assume that || ¥(s+)|lo < 1.
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(1.55) and (1.56), we obtain
(t =213 (s < (t = )° (1= 15" (sH)llg +3Cr)
< dg, (7(8),7(5)) = (t = s[4 (s+)[[§ +4Cr(t — s)?
= dg, (7" (1), 7" (5)) + dg, (v (), 77 (5))
— (=87 " (sH)[§ + 4Cr(t — )
< dg, (v (1), 7 () + (4C + Cy)r(t — s)°
< C (7 (6) =7 ()1 +r(t = 5)°)
and hence
(t=s)(sH)| < Ct - 8)||"VL(S+)HO
<cf¢w )P+ (=)
< CVE () = () + Vit - 5))

which shows (iii). O

What we have proved now is a Taylor-like expansion for geodesics in a normal
chart. We can reformulate our results in terms of a kind of inverse exponential
map:

Definition 1.3.16 A generalized inverse exponential map is a measurable map
(x,y) — ey(y) : M?> — TM with the property that for all (z,y) € M? there is a
geodesic 7y : [0,1] — M from z to y such that e,(y) = (0+) € T, M.

Proposition 1.3.17 A generalized inverse exponential map exists. For all x,y €
M, |le.(y)|| = d(z,y). Moreover, let S € S, O be a neighborhood that is local at
S and let £ : O — O be a simplicial chart that is normal at S. Then there is a
C' > 0 such that whenever zo € S°, r > 0 and z,y € B,(xy), then

(i) ly" —x" —e.(y)"| < Crly —
(i) le.(y)"| < C (ly*t — o+ Vrly — z|).

Proof : Denote by C([0,1], M) the space of continuous curves ¢ : [0,1] — M,
equipped with the uniform distance. Let G(z,y) := {v : [0,1] — M : v(0) =
z,v(1) = y} € C([0,1], M). So G can be regarded as a set-valued function G :
M?* — P(C([0,1], M)). The graph of G is closed by Proposition 2.5.17 of [BBIO1].
In particular, G is closed-valued and measurable in the sense of [Wag77]®. Thus by

8the measurability can easily be shown using the fact that M? is proper, which implies that
the set of geodesics whose endpoints are contained in a bounded set is compact.
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Theorem 4.1 of [Wag77], there exists a measurable selection g : M?* — C([0, 1], M)
with g(z,y) € G(x,y). In other words, there exists a measurable choice of geodesics
in M. Now the map v — *(0+) is measurable as the limit of the continuous maps
7 — 2(y(£) —~(0)). Moreover, the fact that |le,(y)| = d(z,y) is a consequence
Lemma 1.3.12, noting that in the definition of e,(y), the corresponding geodesic
has constant speed equal to d(x,y). At last, (i) and (ii) follow from Lemma 1.3.15

(ii) and (iii). O

More regularity of geodesics

Until now we have treated the very general case, where v was a geodesic in an
arbitrary Riemannian polyhedron. Moreover, the regularity result of v in terms
of a local chart that is normal at some S € § (Lemma 1.3.15) holds for any sim-
plex S of arbitrary dimension. However, the technique used there, namely the
Lagrangian method (Lemma 1.3.14), can be used to derive much more regularity
in some special cases.

Let us first consider the case where v is near a simplex with codimension one,
i.e. asimplex S € S 1. As we have seen, the essential tool are normal coordi-
nates at some S € S, and if S is arbitrary, the main difficulty in the analysis of
geodesics arises from the fact such a normal chart £ : O — O is only normal at
S, not in the whole neighborhood O. But the situation is different when S has
codimension 1, i.e. S € S™ 1. Then we have special normal coordinates at S, cf.
Remark 1.3.4 (iii). In this case, the situation is much better, and in fact it is quite
similar to the case where M is a Riemannian manifold with boundary. So although
we will not need this in the sequel, we present how our variational technique yields
a better regularity results for geodesics that are in a neighborhood which is local
at some S € S~V (M). This case is very similar to the situation where S is the
boundary of a smooth Riemannian manifold.

A systematic investigation of the regularity of geodesics in a Riemannian manifold
with boundary started quite lately, in the eighties. Alexander, Berg and Bishop
published a series of papers in which they investigated regularity questions with
geometric methods (cf.[AA81], [ABB87], [ABB93]; for other authors see the refer-
ences quoted therein).

Let 7 : [a,b] — M be a geodesic in M, parametrized by arclength (so we can take
a=0,b=d(v(0),v(b))). Let S € S. We say that a non-empty interval |s, t[C [a, b]
is an S—segment if s lies entirely in S°. The union of all S—segments (S € S)
is a dense open subset of [a,b]. Due to [ABB87], the remaining points [a, b] are
divided into two classes:

e Switch points, i.e. points where v changes from an S—segment to an §—segment.
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o [ntermittend points which are accumulation points of switch points.

Clearly, on an S—segment |s, t[, ¥ must be a geodesic in S (for the intrinsic geom-
etry of S) and hence smooth. In local coordinates we have

Ji == Y Ta(S)0m)i ()i (1.57)

v,wescaff(S)

for all 7 €]s,t[. Moreover, for all T € st(™(S), the second derivative of v in T (i.e.
Vgﬁ) is normal to S and points outward 7.

A switch point is a common endpoint of an S—segment and an S —segment for
some S, S € S. Thus one-sided accelerations (w.r.t. any ambient simplex) exist.
The bad points are the intermittend points. Unfortunately, this set can be rather
large. For instance, in [AB91] is indicated how to construct a subset of the Eu-
clidean space with C>**—boundary such that the set of intermittend points of certain
geodesics is a Cantor set having positive measure.

Proposition 1.3.18 Let S € S and O be a neighborhood that is local at S.
Let £ : O — O be special normal coordinates at S as in Remark 1.3.4 (iii). Then
there is a C' > 0 such that whenever v : [a,b] — O is a unit-speed geodesic, then
v is differentiable and Lip(y") < C.

Proof : Recall the definition of F in (1.51). As in (1.52) we have
0uF (t,2,v)(h) == 2(v + 73 (1)), R o
But since ¢ is a special normal chart, 7(4*(¢)) = 0, and hence
O F'(t,w,v)(h) = 2(v, ) gyt (1)

Consequently, there is a C' > 0 such that |9, F(t, 2, v)—8,F (s, #,v)| < C (|t — s| + |z — &)
Thus by Lemma 1.3.14 (ii), the Proposition is proved. O

Let us conclude this section with a remark about other possibilities to ensure
some more regularity of geodesics.

Remark 1.3.19 (i) As we have seen in the proofs of Lemma 1.3.15 and Proposi-
tion 1.3.18, the key to regularity of geodesics is the regularity of the Lagrangian
F. This regularity can be improved for example by requiring that the second fun-
damental form of S (cf. Remark 1.3.8) vanishes. In this case, S is totally geodesic,

9note that whenever S is a face of T', then we can consider the acceleration of v in T'. However,
if S is also a face of T', then we get a different acceleration in T'.
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and one can show that there are no intermittend points, which makes an analysis
of geodesics much simpler. Examples of these spaces are Euclidean polyhedra (cf.
Proposition 1.4.2) or more generally M, —complexes, cf. [BH99], Corollary 1.7.29.
(ii) Another possibility is to impose curvature bounds in the sense of Alexandrov
on M. In the special case when M is a space that is obtained by gluing together
two Riemannian manifolds at their boundary'® S, Kosovskii has given a character-
ization of Alexandrov curvature bounds in terms of the second fundamental form
at S and then proved some nice regularity results for geodesics in such a space, cf.
[Kos02b], [Kos02a] and [Kos04].

1.4 Euclidean polyhedra

We will treat the case of Euclidean complexes because of two reasons: First, they
are much easier to handle than general Riemannianian polyhedra and second,
tangent spaces of Riemannian polyhedra are Euclidean cone complexes.

A Euclidean cone complex is a Riemannian simplicial cone complex such that on
all cones C', the metric g,c is Euclidean. In order to keep this section self-contained,
we will give a formal

Definition 1.4.1 A Fuclidean simplicial (cone) complezr is a simplicial (cone)
complex (M,S(M)) C V together with a family (gs)sess) with the following
properties:

e gg is a BEuclidean scalar product on U® x U®, where U® C V is the subspace
generated by S.

o If S = Sl N SQ, then gs = 951|USxUS = gSQlUSXUS

A Euclidean polyhedron is a metric space (M, d) together with an isometry (=iso-
metric triangulation) 6 : M — M such that M is a Euclidean simplicial complex.
A FEuclidean conical polyhedron is a metric space (M, d) together with an isometry
(=isometric triangulation) 6 : M — M such that M is a Euclidean simplicial cone
complex.

First we will introduce the canonical local coordinates that we will use whenever
we deal with a Euclidean simplicial complex M. Let O be local at S € §. Then
there is a unique orthogonal projection m = 7 : O — S (O should be made smaller
if necessary'!), i.e. for all z € O, = — m(x) is orthogonal to S w.r.t. gz, where S is

10 in the case of upper curvature bounds, one can take an arbitray finite number instead of

two, cf. [Kos04]. In our setting, this is locally the situation when S € S~ (A1)
in fact, every S has a neighborhood Og with S° C Og C St°(S) such that 7 : Og — S°.
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the unique simplex such that x € S°. We set
1S :={\Nz—7(x)):x € O,\A >0} (1.58)
1S is a simplicial cone complex and
O=5SN0& 1SN (0 —=x) (1.59)

So LS is orthogonal to S, i.e. g(u,v) = 0 whenever u € U® and v € 1.S. LS is
called the orthogonal complement of S in M. Note that LS as a canonical scaffold,
namely the unique scaffold that consists of unit vectors.

Let us now come to metric structures on Euclidean polyhedra. Note that the
definition of a Euclidean simplicial complex is given in terms of an embedding
into a vector space V. The crucial point of this embedding is that M canoni-
cally becomes a Riemannian polyhedron in the following sense: If x € S for some
S € S(M), then TS is naturally isomorphic to U® (by inclusion)*?. So if we set
92| T SXTpS = g°, then (M, g) is a Riemannian polyhedron. In the corresponding
intrinsic distance, every simplex S € S(M) is isometric to a Euclidean simplex (cf.
also the definition of a Euclidean complex in [BH99]). Moreover, its geodesics are
finite concatenations of straight lines, which is the content of the next

Proposition 1.4.2 Let M be a Fuclidean conical polyhedron. Then (M,d) is a
complete geodesic space. For each geodesic v : [a,b] — M there is a partition
a=ty<--- <ty =>0such that for alli =0,...m — 1 there is a C; € C such that
Vits tiza] 1S @ straight segment in Cj.

Proof : [BH99], Corollary 1.7.29. [J

An important construction in the theory of tangent spaces of metric spaces is
the cone over a metric space Y. Consider for instance a set Y C V| where V is a
vector space. Then the cone over Y is the set {\y:y € Y, A > 0}.

Definition 1.4.3 Let (Y, p) be a metric space. Put C' := ([0,00[xY"),., where
(A y) ~ (A 7g) < A= X=0. Define a distance d on C' by

(A ), (A, ) = A* + X — 22X\ cos(min{p(y, §), 7}). (1.60)
Then Cy(Y) := (C,d) is called the Fuclidean cone over (Y, p).

The name “Euclidean cone“ comes from the fact that in the definition of d, the
Euclidean law of cosines is used. The 0 in the notation Cy(Y") stands for “curvature

12in the language of differential geometry, we have a natural parallel transport
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equals 0“, since Euclidean space is the model space with constant curvature equal
to 0. One can also use the k—hyperbolic or the k—spherical law of cosines (i.e.
the law of cosines in the model space of constant curvature equal to ) in order to
obtain a distance d,. The resulting space C(Y) := (C,d,) is called the k—cone
over Y. For details we refer to [BH99]), Definition 1.5.6.

Proposition 1.4.4 Let O be local at S and x € S°. Then the following holds:
(i) There is an isometry 6 : O — O C Co(Lk(x)) with 0(x) = 0 € Cy(Lk(z)). In
particular, For all T € st(LS), T N O is isometric to a neighborhood of 0 in the
Euclidean simplicial cone T C UT (UT being the linear subspace generated by T,
equipped with the induced inner product gr ).

(i1) Let v : [a,b] — O be a geodesic such that Z,(y(a),v(b)) < m. Then the set
{z+AXy(1) —2): 7 € [a,b],0 < X\ < 1} is isometric to a Euclidean triangle with
side lengths d(x,v(a)), d(x,v(b)) and d(y(a),~v(b)).

Proof : (i) [BH99], Theorem 1.7.16.
(ii) follows from (i) and [BH99], Proposition 1.5.10. [J.

Convex functions

Let ¢ : M — R be a convex function and let 7 : [a,b] — M be a geodesic with
v(a) = z and ¥(a+) = v € T, M. Then the difference quotient }[p(v(t)) —¢(v(a))]
is nondecreasing, and we may define the one-sided derivative of ¢ in direction v
by

(v(t)) — p(v(a))

0z (v) := Oyp(x) : = lim

t\a t
_ tei}r(fb] @(V(t)) ; ¢<7(a>) cRU {—OO} (161)

Note that 1¢(y(t)) — ¢(x) > d¢,(v) for all ¢ €]a, b]
Lemma 1.4.5 Let ¢ : M — R be convex. Then Oy, is conver on T, M.

Proof : Let r > 0 be so small that B,(x) is local at S, where S € S is the unique
simplex such that € S°. Define 07, : B1(0r,51) — By(x) C M by 0%(y) :=x +ry
and set ¢! = pof ie ¢l(y) = ¢(x + ry). Because 0. maps geodesics in
B (07, ar) to geodesics in B,(x) (of course, their length is decreased by the factor
), @k is convex. Since ! — Oy, pointwise, dp, is convex on By (0r,s) as a limit
of convex functions. At last, because dyp, is radial® at 0, it is convex on the whole
T.M. U

13 if M is a conical polyhedron, then a function f : M — R is called radial if f(rz) = rf(z)
for all x € M,r > 0.
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Stochastic calculus in Polyhedra

Important note: Throughout this text, we will be given a filtered probability
space (9, F;, F, P) satisfying the usual conditions. Moreover, all assertions that
are made about random variables are understood to hold almost surely.

In this chaper we develop a theory of stochastic calculus and stochastic integration
in polyhedra as an analogue of stochastic calculus in manifolds.

As a motivation, consider a semimartingale X in R™. Then by 1t6’s formula, f(X)
is a semimartingale for all smooth functions f : R® — R. But what happens if f
has some singularites?

For n =1 (i.e. X is a real semimartingale), the theory of local times can be used to
generalize [t0’s formula for certain non-smooth functions. Consider a continuous
function f : R — R that is smooth on R, and (i.e., the restriction of a smooth
function to the closed set R;) and on R_, but whose derivative has a jump in
0', such as the function f(z) = |z|. Then f(X) is a semimartingale and its local
behavior at 0 can be described in terms of local times, cf. [RY99], chapter VI.

As a direct consequence, one shows an analogous result when X is a semimartingale
in R” and f : R" — R is a function whose differential has a jump (in transversal
direction) on a hypersurface, cf. [GP03].

In section 2.1 we generalize this technique to the case of a piecewise smooth func-
tion whose set of singularities is a simplicial cone complex: Assume that R™ has
a triangulation S into a simplicial cone complex and let f be a piecewise smooth
function. We show that f(X) is a semimartingale and give a local desription of
f(X) at the simplicial cones in terms of directional local times ("Local 1t6 formula’,
Theorem 2.1.13). Note that this is a generalization of equation (3.1.8) in [Pic05]
This piecewise smooth stochastic calculus can now be generalized to polyhedra
(section 2.2) by using the differentiable structures developed in section 1.2. In

Lin our terminology, f is piecewise smooth.

37
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particular, we present coordinate-free definitions of stochastic integrals in polyhe-
dra such as in the case of manifolds.

In section 2.3 we first introduce the notion of an [t6 integral in a Riemannian poly-
hedron and reformulate the local 1t6 formula in an intrinsic language. It uses the
terminology of section 1.3. Then we use our results from section 1.3.3 about the
generalized inverse exponential maps in order to prove a discrete approximation
result for the b—quadratic variation. In particular, a semimartingale has a finite
quadratic variation, i.e. the squared discretized increments converge to a nonde-
creasing process (X).

At last, we study Brownian motion (more precisely, isotropic Brownian motion)
in a Riemannian polyhedron and show that it is a semimartingale.

2.1 Semimartingales in simplicial cone complexes

Let (M,C) be simplicial cone complex in V and let X : Q x Ry — M be an
adapted continuous process. As in the spirit of manifolds, we could say that X is
a semimartingale if f(X) is a semimartingale for all piecewise smooth functions
f:M—-R.

On the other hand, X € M C V and we could also say that X is a semimartingale
if it is a semimartingale w.r.t. the linear structure of V. However, it turns out that
both possible definitions are equivalent, cf. Proposition 2.1.8. In order to keep the
arguments simple, we will first prove this for the special case that M is a vector
space which is divided into a simplicial cone complex in subsection 2.1.1 below, cf.
Proposition 2.1.2. In subsection 2.1.2 we will treat the general case by regarding
M C V as a sub-complex of V' (where V' has a triangulation that extends the one
of M) and using the extension procedure from Example 1.1.8 in order to prove
Proposition 2.1.8.

If X is a semimartingale (in either definition) and f : M — R is piecewise smooth,
then we can decompose f(X) into asum: f(X:)—f(Xo) = D g5 fg 1ix, eseydf (X)),
cf. (2.25). [ 1{x,esoydf (X;) is a continuous semimartingale. The main Theorem
of this section is a local It6 formula at S (Theorem 2.1.13), which decomposes
J 1{x,eso1df (X;) into a first and second order part (as in the classical case) and
a third term that comes from the singularity of f at S. This third term, a process
of bounded variation, will be given in terms of the directional local times of X at
S, cf. Definition 2.1.9. The directional local times are nondecreasing continuous
processes that describe the behavior of X at S and will be an important tool in
the sequel.
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2.1.1 The case M =V

Let V' be an N—dimensional vector space with a triangulation S(V') into a simpli-
cial cone complex. Let X be a continuous semimartingale (for the linear structure
in V). By Itd’s formula, f(X) is a semimartingale for all smooth f:V — R. We
want to prove that f(X) is a semimartingale for any piecewise smooth function
f:V — R. This will be done by a smoothing procedure.

Consider the family of standard mollifiers on V', defined in the following way: Let
0:R — R, be given by

o exp(ljz) if [t| <1
oft) = { 0 if [¢] > 1 (2.1)

Now let by, ..., by be a basis of V and let 2 = db;(z) be the coordinates of z w.r.t.

bi,...,by. Let ||lz]| == (3N, (29)2)Y2 (so we regard V as a Euclidean space where

bi,...,by is an orthonormal basis). Finally, let ¢y (z) := Il o(k||z||), where Ij :=

i, of k||x||)dx— KN [ o(|z]))da. Put f* = fx e fF(x) = [, f(y)0*(y—z)dy.
Note that with this definition, we have for a multi-index « G UZeN{l N},

0o fH(x) = (—1) / F(9)0a Vil — 2)dy (2.2)

and if d, f exists and is continuous, then integrating by parts yields

OufF(x) = /8af(y)\11k(y —z)dy. (2.3)

Let now f : V — R be piecewise smooth w.r.t. §. For i =1,... N we define the
ith partial derivative 0;f(z) by

O f(x) = { 0 f (z) if x € S° for some S € SN (2.4)

ZSEst(N)(x) aif\s(l“)ug;(S) else

where (i, is the normalized n-dimensional Lebesgue measure on B, (), i.e.

pa(A) = (M(Buyig (2))) T AA N By ().

Lemma 2.1.1 As k — oo, ¥ — f uniformly on compact sets and for all i =
1...,N, 0;f* — 0,f pointwise.

Proof : The ﬁrst claim is clear because f is continuous. Moreover, if z € S° for
some S € SW) and if k is large enough such that By (z) C S°, then by (2.3),

O (1) = [ oy O W)Uy — )y — 0,f ().

2o is taken so large that By i, (z) C St(z)
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For the other case, let x € T° for some T' € § and let k > kg, where kg is so large
that Bk, (z) C St(x). Since f is piecewise smooth, 0;f(x) exists as a one-sided
derivative for all . Thus we have

1
O, f*(x) = lim ~ Ui(y — x — eb;)dy — Uiy — x)d
() gll/ oy Tl = = b / Tl =y

_ / ( )nml [f(y + ebs) — f()] Ualy — 2)dy
Bl/k T

e—0 €

_ / 0.f (y)Wily — x)dy.
By i (z)

For every S € st(z)) we have [(W.(y — z)dy = po(S) because of the rota-
tional invariance of W;. Moreover, since J;(fis) is continuous on S, we have that

J50if (W) Vi(y — x)dy — Oi( fis)(x)pe(S) and hence
Oi*(x Z/af Iy =y = 3 As)w)en() = 870

Note that for second order derivatives, the case of piecewise smooth functions is
more delicate. For instance, let V' = R with S(R) = {{0}, R, R_} and f(x) = |z|.
Clearly, f is piecewise smooth. But (f*)"(0) ~ k — occ.

Proposition 2.1.2 Let V be an N —dimensional vector space and X : QxR — V
a continuous semimartingale. Let S be triangulation such that (V,S) is a simplicial
cone complex. Then for all piecewise smooth functions f :V — R, f(X) is a
semimartingale. More precisely, if by ...byx is a basis of V', then A(f) is locally of
finite variation, where

AF) = F(X0) — F(X0) Z [ dceax, (25)

where X is the i—th coordinate process of X w.r.t. by ...by.

Proof : Let now X be a semimartingale (for the linear structure in V). By
stopping, we can assume that X has only values in a compact set K C M. Since
f*is smooth, 0, f* = 9;f* foralli = 1,..., N. Moreover f*(X) is a semimartingale
and the Ito formula yields

A(f*) = fHX) — 5 (Xo) Zafk -)dX:

— / O fF (X )d(X*, X7,
0

7,]1
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Now f*¥ — f locally uniformly and so f*(X) — f(X) uniformly in probability.
Moreover, by Lemma 2.1.1 and [RY99], Theorem IV (2.12),

/&f’f( dX’—>/8f )dX?,

locally uniformly in probability. Consequently, A(f*) converges locally uniformly
in probability to A(f). By Lemma 2.1.3, A(f) is locally of finite variation. This
proves the proposition. [

Lemma 2.1.3 Let f be piecewise smooth. Then A(f), defined in (2.5), is locally
of bounded variation.

Proof : 1. By stopping, we may assume that (X*) . (w) < v for all 4, where v > 0
is some constant. Moreover, we may assume that X lives in some compact set
K C V and hence we can also assume that the |0;; f| are uniformly bounded by ~.
For a smooth function A put

B =33 [ ool o), (26)

1]1

Then |dA(R)|, < dB(h). We will show that for all w, By (f*)(w) is uniformly
bounded in k. First note that if (O;)1<i<m is a finite open cover of K, then it
suffices to prove that fooo 1(x,c0dB-(f*) is uniformly bounded in k for all /. The

idea is the following: Let O be an open set and let fyfj be a uniform bound for
’az]fk| on O Then

/ 1{X Eol}dB Z /77,]/ 1{XT€O}d ‘<X17XJ>‘T
0

i,7=1

So if 4} is "large’, then [° 1ix copd [(X*, X7)| must be 'small’ in order to keep
the right hand side bounded. This will be achieved by the right choice of O:

For an arbitrary set S C V and r > 0, let B.(S) = {z € V : |z —y| <
r for somey € S}. Let k € Ny r > 0and S € S. An open set O C V is called
(q,7)—local at S if B,(O) C St°(S) and O C B,(S) (cf. Definition 2.1.6). Roughly
speaking, the condition B,(0O) C St°(S) ensures that the mollified function f*
does not ’feel” other singularities of f except S, and we will make this precise in
steps 2 and 3 below.

By definition, if O is (1/k,r)—local at S, then By/,(O) is local at S and so we can
write f = f1 + f*.
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2. Let m = dim S and let b, ..., by be a basis of V' with the property that by, ..., b,
is a basis of U, the linear subspace generated by S. Because fisno is smooth, fr
is smooth on By ,(0) and hence there is a v > 0 such that |9;;(f")(z)| < v for all
z € Byy(0) and 1 < i,j < N°. Consequently,

0y (f () = / Ty =)y < 2.7)
By i (z

forallz € O, k € Nand 1 <i,5 < N. Thus if we enlarge ~, we get that
I3 Lix,coydB-((fT)F) < v for all k.

3. f is piecewise smooth and f|§mo = 0, which implies that
&féﬂBl/k(o) =0 for all i < m. (2.8)

In particular, for i, j < m, 0, f* exists and is continuous on B1/k(0) and there is
a function o : Ry — R, with lim,_ o (t) = 0 such that |9;; f*(y)| < o(r+1/k) for
all 4,7 < m and all y € By,(0), so with (2.7) we conclude that |9;;(f*)*(z)| <
o(r+1/k) foralli,j <m, k€ Nand z € O.
By (2.8) and the Taylor formula, there is a v > 0 such that |9;f*(y)| < (’r—i— 1/k)y
for all y € By/,(0) and hence for all i <m and j > m+1 we have |9;;(f*)*(z)| =
| Sy o) O ()05 Uiy — )dy| < (r + 1/k)7k
At last, again by Taylor’s formula, |f*+(y)| < (r + 1/k)y for all y € B;(O) and
hence we have for all i,7 > m+1 and z € O,
‘aw(fL)k(x)‘ = | fB1/k(x) fL(y)aij‘I’k(y - m)dy‘ < (7“ + 1/k>7k2'
Let us summarize the estimates: There is a v > 0 and a function o : Ry — R,
with lim; 0 o(t) = 0 such that for all z € O and k € N
o(r+3) ifi,j <m
(V@ < { AR+ i< mgzml (2.9
VEA(r+ 1) ifd,j>m+1

4. Now we will show that the condition O C B,.(S) yields a bound on
I 1. copd | (X, X9)].. )
Since X € K for a compact set K, there is a compact set K C R such that all
coordinate processes X; live in K. Let £} := sup .z L'(y,t), where L'(y,t) is the
local time of the real-valued process X, cf. (5.5). Moreover, put £; = max; L.
By stopping, we can assume that £, is bounded*. By Corollary 5.1.6,

o0 ) . . <
/ 1ix,copd(X7), < { L0 ifi<m
0

Lor HHi>m+1
3in fact, 8ijfT =0 for all 7,5 > m + 1, but we do not need this here
4Since L; is continuous, there is a sequence Tj, of stopping times increasing to oo such that
L, is bounded for all n
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where ¢ := diamK and K is the compact set in which X lives. Together with the
Kunita Watanabe inequality this gives

s ) ifi,j<m
/ Lix, copd (X', X7)| < LooVor ifi<m,j>m+1 (2.10)
0 Loor ifi,j >m+1

So combining (2.9) and (2.10), we find a v = y(w) > 0° such that for all k € N,

/ Lix,eopB((f))r < Z Y (2.11)
0

7,0=1
with
o) if 5,7 <m
Yij = Yii(k,r,w) == & Yk(r+ )2 ifi<m,j>m+1 (2.12)

Y (r+ 1) ifi, i >m+1

5. By Lemma 2.1.7 there is a 71 = 71(S(V)) > 0 such that for all £ € N and
all S € S(V) there is a neighborhood Og that is (1/k,~/k)—local at S and
V = UgOs. So in (2.12) we can take r = 71 /k, and if we sum up over all i, j,
we find for (almost) all w €  a y(w) > 0 (independent of k) such that for all
SeSV), [y Lix,cos3dB-(f*)(w) < v(w). Now since V = Uses) Os is a finite
union, we take y(w) so large that

f 100 < Bt € B [ descondB) <06,

0 Ses(v

Consequently, A(f*)(w) is of bounded variation, uniformly in k. Thus the limit
A(f) must be of bounded variation by Lemma 5.1.1 (i). This proves the Lemma.
U

Remark 2.1.4 Clearly, the constant v was adjusted (i.e. enlarged if necessary)
during each step of the proof, while we kept the letter v throughout the proof in
order to keep the notations as simple as possible. Actually, it turns out that as
soon as X is stopped in order to ensure that || X is finite, v only depends on
the triangulation S(V') and on f (more precisely, on the first and second order
derivatives of f).

We also may point out that B(f*) was defined in terms of the first and second
partial derivatives of f* w.r.t. a fized basis by,...,by of V, while during the

Swe may take y(w) := N2yL(w) with v from (2.9), where N? comes from summing over all

1<i,j<N
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proof we estimated B(f*) (more precisely, [ 1ix cos3dB;(f*)) in terms of a basis
adapted to the cone C. However, this does not affect the estimates (except changing
the constant) since every coordinate system is equivalent to another via a linear
isomorphism.

Before proving Lemma 2.1.7, we will refine the arguments of the preceding proof
in order to get some more information that will be useful later.

Lemma 2.1.5 Let S € S(V). Let by,...by be a basis of V' such that by, ..., by,
is a basis of U, the linear subspace generated by S, and let f = f' + f*+ locally
around S. If 0;fise = 0 for all i > m + 1, then

1
/1{XT€S°}de<XT) = 5 / ]‘{XTESO}dAT(fJ_) =0. (213)

Proof : 1. The first equality is clear because 1g09; f+ = 0.

2. We will start analogously to the proof of Lemma 2.1.3. Let O be (1/k,r)—local
at S. By assumption above, in addition to (2.8) we have

8,-f|§mBl/k(O) = 0 for all 4. (2.14)

So using Taylor’s formula again and repeating the arguments of the proof of Lemma
2.1.3, we get

a(r+ 1) ifi,j <m
105(F)F (@) < S Ak(r+2)?2  ifi<m,j>m+1 (2.15)
VE2(r4+1)* ifi,j>m41
and again a combination of (2.15) and (2.10) shows that there is a v = y(w) > 0
such that

o)

1ix, eo 0 (f ) (X)] (X7, X7)| < ik, ) (2.16)
with
yo(r+ 1) ifi,j <m
Yij(k,r) = vk, ryw) == Vh(r+ )2t ifi<m,j>m+1  (2.17)

VR (r+ £)Pr ifd,j>m+1
3. Now fix kg € N and ry > 0 and let O be (ko,79)—local at S. For k > ko, let
O := O N By(S). Then Oy is (1/k,2/k)—local at S and hence in (2.17) we can
take r = 2/k. Thus after enlarging ~, (2.16) yields
| ticonlulr O LX) < 4 R S 2y
0 VUi > m 1
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So summing over all 1 <4, j < N we conclude that there is a function g : R, — R,
with lim;_0&(t) = 0 such that

1
[ tixcondBH, <5(7) (219)
On the other hand, f= is smooth on By /5 (O\Oy). Thus 9;;(f*)*( fBl/k(x) 0ij f(y) ¥y (y—
x)dy for all x € O\ Oy and hence (2.15) yields
/ Lix, eon0u 310 (f )M (X)) d(XT, X7)| < 745(ko, 70) (2.20)
0

for all k& > ko (7;; is the same as in (2.17)). So taking a rough estimate, we find a
~v > 0 such that

[ 1o coondBUY <7 ot )+ Bt ] 22

for all k& > ko, and with (2.21) and (2.19) we get

[ 1B, <7 oo+ )+ Ko+ 1P| o)

for all k& > ky. Now since O is open, by Lemma 5.1.1 (ii) we have

k—oo

/ 1ix.coy|dA(f )]Tghmmf/ 1ix,coydB-((f5))
0 0

! )+ k2(ro + ]: )2r 1/2] (2.22)

<
_’7[ (7”0+k

4. At last, we let kg — oo and 1y — 0 in a suitable way. Namely, let Uy, :=
S\ By, (3S) and put Oy, := By i2(Uk,). Then Ok, is (1/ko, 1/k%)—local at S,
provided kq is large enough, and so in (2.22) we can take ro := k;2. Moreover,
15, — Lso pointwise as ky — oo, and the right hand side of (2.22) goes to 0.
Thus we get

/0 1ix,esop|dA(f)], = lim Lix, 6,31 dAU )] =0

k0—>00 0
and the Lemma is proved. [

Definition 2.1.6 An open set O C V is called (q,r)—local at S € S if

B,(0) C St°(S) and O C B,(S) (2.23)
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Figure 2.1: a neighborhood that is (¢, r)—local at S

Lemma 2.1.7 Let S be a triangulation of M. Then there is a v = y(S) > 0
such that for all k € N and S € S there is a neighborhood Og = Og(k) that is
(1/k,v/k)=local at S and V = Jges Os.

Proof : We may assume that M C V', where V is equipped with a Euclidean scalar
product, and that all S € S(M) are orthants (i.e. scaff(S) is orthogonal). This
is possible because by Example 1.1.3 (iii), every simplicial cone complex can be
mapped to such a complex with a simplicial linear isomorphism which is Lipschitz,
so only the constant  changes. M C V is equipped with the induced distance.
We start with the n—dimensional cones. Let k € N. For S € S™ set O¢(k) :=
S\ Byk(9S) = S\ Bip(M™V). Note that M = Jge g Os U Boy(M"1).
For S € 8™V, set Us(k) := S\ Byr(0S) = S\ By(M™2) and let Og :=
{y+xz: 2 € Us,y € Byy(S) N LS} be the 2/k—cylinder around Ug. Then
M = Ugesmugm-n Os U Bap (M) (we could take B, ,(M™?)) instead of
By (M®=2) for any r > v/2).

This procedure can be continued. At the end, if Og constructed as the cylindrical
neighborhood of Ug(k) := S\ By (0S) for all S € S\ {0} (with a radius at most
n/k), then M \ Ugegs\ 0y Os is the union of n— dimensional cubes around 0 with
side length 1/k. So if we set Og := B, /i, then every Og is (k,n/k)—local at S and
M = Uges Os. 0.

2.1.2 The general case M C V

Let now M C V be a simplicial cone complex, equipped with a triangulation
S(M). From Proposition 2.1.2 we derive easily the next Proposition which says
that all possible definitions of a semimartingale are equivalent.

Proposition 2.1.8 Let M C V and let X : Q xR, — M be a continuous adapted
process. Let S = S(M) be any triangulation of M into a simplicial cone complet.
Then the following are equivalent:
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(i) X is a semimartingale in V

(i) f(X) is a semimartingale for all piecewise smooth functions
f:M—R

(11i) X is a semimartingale for all u € scaff(M)

Proof : (i)=(ii): Let f : M — R be piecewise smooth and let f be its natural
extension from M to V described in Example 1.1.8. Then f(X) = f(X) is a
semimartingale by Proposition 2.1.2.

(if)=(iii) is trivial,

(iii) = (i) follows from X =3_ .  any X u. O

By (2.5) we have the decomposition

Fx) = Foxo =3 [ afxax: + 4 (220

which unfortunately is not very useful. In order to give an intrinsic description,
we have to introduce some notation.
First we note that if X is a semimartingale and f a piecewise smooth function,
then
t
f(Xy) — f(Xo) = Z /0 1ix, eseydf (X7). (2.25)
)

Ses(M

1ix csovdf (X;) is a continuous semimartingale that describes the behavior of
{X-€8°} g
X)on {X, € §5°}. In order to investigate this process, we introduce the notion
g
of a directional local time:

Definition 2.1.9 Let u € scaff(LS). We set X" := v*(X). The local time of X
at S in direction of u is defined by

t
Lf’u(X) = 2/ 1{XT€S°}dX77—L
0

In particular, for S = {0} and u € scaff(M), the local time of X at 0 in direction
of u is defined by LY"(X) = QfOt lix, —oyd X}

Remark 2.1.10 (i) L¥%(X) is nondecreasing. Indeed, X" is a nonnegative semi-
martingale. Moreover, {X, € S°} C {X* = 0} and hence from Lemma 5.1.5 it
follows that

t

t
LX) =2 / 1ix, es0yd X2 = / 1ix,es0yd 2" (2.26)
0 0
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(ii) Note that for u € scaff(_LS), v* is only defined locally on a neighborhood O
of S°. However, v" is the restriction of a piecewise smooth function on M to O.
Consequently, [ 1¢x,e01d X} and hence also J 1ix, es01d X} are well-defined, cf.
also Lemma 5.2.5.

(iii) If we write X = X7 4+ X+, then for any u € scaff(LS),

t

t
LX) = 2/ Lix esoyd Xy = 2/ Loy d(X)7
0 0

Example 2.1.11 Let M = R" be equipped with the standard orthogonal trian-
gulation from Example 1.1.3 (i). As usual, let 2* = de;(z) be the i—th coordinate
function. Let X = (X*',..., X™) be an n—dimensional Brownian motion.

We first calculate L5 (X), where S = {z € R" : 2! = 0,2' > 0,4 = 2,...,n} is
the first n — 1—dimensional positive orthant . Now X! is a one-dimensional Brow-
nian motion and v** = (z')T, so X = v*(X) = (X')* and hence by Lemma
5.1.5,

t

t
Lts’el(X):/ 1{Xfeso}1{(xg)+o}d(Xl):—FZ/ 1{X7es°}dLXl(0,T), (2.28)
0 0

where LXI(O,t) is the local time of X' at 0 € R, the so-called Brownian local
time. This process is well-known, cf. e.g. [RY99] VI.§2. By symmetry, for every
S € 81 and all e € scaff(LS), L€ has the same form.

Consider now the first n — 2—dimensional positive orthant 7' = {z € R" : 2! =
2 =0,2" > 0,i=3,...,n} Then T is polar, i.e. there is a P—nullset out of which
1x,erey = 0 for all 7 € R, and hence LT = 0. By symmetry, we conclude
that at all n — 2—dimensional orthants, all directional local times are identically
0. Moreover, the same argument shows that for all orthants S of dimension less
than n — 2, the directional local times at S are also identically 0, and so we get a
full description of the behavior of X at the orthants.

As a first application of local times, we will present an It6 formula on {X, € S°}
for a special class of piecewise smooth functions that can be regarded as ’linear
forms’ over S° whose tangential part is 0:

Lemma 2.1.12 Let S € S and let O be local at S. For u € scaff(LS) let g*
S° — R be a piecewise smooth function. Define a function g : O — R, g(z) =

ZuEscaH(J_S) gu<xT)Vu(xL) . Then

1
/1{xfeso}d9(XT) =3 > / )L (X)

u€scaff(LS)
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In particular, if f: M — R is piecewise linear, then

/1{X0}df 5 2 JTWLMX),

uEscaff (M)
Proof : By the usual product formula,
/1{XT€SO}dg(XT)
= > /1{X eseyg"(Xr)d X7
u€scaff(LS)
+ [ Lo Xl 06 + [ 1pncserdlg" (X)X,

-5 X [ s

u€scaff(_LS) 0

The last equality holds because {X, € S°} C {X* = 0} and consequently,
1ix,e503 X} = 0. Moreover,

/ 1, esmyd(g"(X), X¥), = (g"(X), L5 = 0

and hence the second and third stochastic integrals vanish. [J

Now we come to the main Theorem of this section. Recall the decomposition
(2.25). For any S € S, we will describe fg 1¢x,es03df (X7) in terms of a general-
ized Ito formula with local times at S.

Theorem 2.1.13 (Local Ité6 Formula) Let f : M — R be piecewise smooth.
Then

/1{xfeso}df - ) /1{Xfeso}5f -)dX7;

u€escaff(S

1
+ 5 Z 1{XT€S°}auvf(XT)d<X$7X:—)>

u,v€scaff(S) 0
1 t
- Ouf (X, )dL3"(X).
+3 2 [ o
u€scaff(LS)
In particular,

/ Lix,—ydf(X)r == > 0uf(0) LI (X).

uEscaff M)
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Proof : 1. Assume that dimS = m. Let scaff(S) = {by,...bn}, let U be the
vector subspace generated by {b1,...b,,} and let {b,,41,...by} be a basis of U+,
where U+ is an arbitrarily chosen linear complement of U in V. Let O CC M be
a neighborhood that is local at S. Let f be the natural extension of f from M to
V. On O we write f = f + f+ as in (1.9). Then fT is smooth on O and for all
x € ONS we have

- (s o

Thus the usual Ito formula yields
/1{X eSmo}df Z/l{x esnoy0; f(Xr)d X

T3 Z/ Lix,esnoy0i f(Xr)d(X L, X7) (2.30)

2,7=1
2. We now show that
~ 1
/1{XTESﬂO}de_(XT> =5 Z / 1ix,esn0y0uf(X7)d LSU( )- (2.31)
ué€scaff(LS)

Define a function g : ONM — R, g(2) := 3_ cccar(Ls) Ouf (") )v*(z) and let g be
its natural extension from M to V. Then §' = 0 and hence by Lemma 2.1.12,

/1{XTeSmO}d§L(Xr) :/1{XTeSmO}d§(XT)
1(x,esnoydg(Xr-)

D> / Lix esno)duf(X)ALE(X).  (232)

u€scaff(LS)

I
—

Let now h := f — g. Then 0,h(0) = 0 for all u € scaff(LS) and x € SN O. Let
h = f — § be the natural extension of h from M to V. Then 9 h( ) = 0 for all
u € scaff(LS) and = € S° and hence d;h(x) = 0 for all m + 1 < i < N. Thus by
Lemma 2.1.5,

0= / 1(x,esnoydh*(X;)

Z/l{XTeSmO}dJM(Xr)_/1{XTeSmO}d§l(XT)dXi

which, together with (2.32), shows (2.31). Thus the Theorem is proved by taking
a sequence O; of neighborhoods that are local at S such that 15, — 1g.. L.
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Remark 2.1.14 We shall point out another time that 1S was defined as the
‘intersection’ of U+ with M, where U is an arbitrary linear complement of U,
the vector subspace generated by S (although the notation suggests that this is
the orthogonal complement). At this moment, the choice of UL does not have
any geometric meaning, rather than providing a choice of scaff(1S). Actually,
when we deal with Euclidean cone complexes, we will always choose U~ to be the
orthogonal complement of U.

2.2 Stochastic integration in Polyhedra

Definition 2.2.1 Let M be a polyhedron. A continuous process X in M is called
a semimartingale if f(X) is a semimartingale for all piecewise smooth functions

f:M—R.

Remark 2.2.2 Note that if M C V is a simplicial complex embedded in a vector
space V, then a simple localization procedure and an application of Proposition
2.1.8 show that X is a semimartingale in M if and only if X is a semimartingale
in V.

Let us now come to the theory of stochastic integration. As in the case of manifolds
(cf. [Eme89] or [HT94]) one can define the stochastic integral of bilinear forms via
their local coordinates, based on the the following observation in the linear case:
Let V be an n—dimensional vector space. Let X be a continuous semimartingale
inVandb:V — V*®V* a bounded measurable bilinear form. If by,...,by is a
basis of V', we can write b = Z” b9db* @ dbY and we define

b(dX,,dX,) b (X, )d(X", X7),. (2.33)
/ -3 [

i,7=1

This definition is independent of the basis (proven below), so the left-hand side
is well-defined. Moreover, note that [ b(dX,dX) only depends on the symmetric
part of b.

Denote by I'x (T*M ® T* M) the set of all progressively measurable bilinear forms
over X, i.e. of processes b : Q@ x Ry, — T*M ® T*M with m o b = X, where
m:T*"M @ T*M — M is the natural projection from the bundle of bilinear forms
to M.

Proposition 2.2.3 There is a unique linear map from Ux(T*M @ T*M) to the
set of continuous adapted processes of finite variation, b — f b(dX,dX) such that
forallbe T(T"M @ T*M) and f,g € C>(M)
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(i) J(fo)(dX,dX) = [(f(X))d([ b(dX,dX))

(ir) [(df @ dg)(X)(dX,dX) = (f(X),g(X)).

Jb(dX,dX) is called the b-quadratic variation of X. For any S € S(M) and any
chart £ : O — O local at S we have

/1{X7630}b(dX7—,dX7—) = Z /1{X ESO}b )d(X“ Xv>

u,v€scaff(S)

— / Iix.eseyb! (dX,,dX,) (2.34)

In particular, [1ix, eso3b(dX,,dX;) depends only on birsxrs.

Proof : The proof is completely analogous to the one in [Eme89] or [HT94]. By
(1.17), we can write b as a finite linear combination in the following way:

Zbk W)Of %) © 0%, ()

Then (i) and (ii) force us to define

[ oax,ax) =3 [ ka0, x), (2.35)
0 k 0

Of course, the above representation of b is not unique. So, in order to show that
[ b(dX,dX) is well-defined, we have to show that whenever b = >, bFdf*®@dg* = 0,
then the right hand side of (2.35) is also 0. So let £ : O — O,z & :=¢x) bea
simplicial chart, local at S. By stopping, we can assume that X has only values
in O. So by the Ito formula,

> [t es Bl (), 6°CX)),
k
-3 / Lxes thd(f(R), 6 (X))

= Z Z /1{XT€S°}b§aufk()?T)avgk()?‘r)d<)?u755”)7

k u,vescaff(S)

a 8 ~ ~
= X [t Sh0r 000 (00, g (R X,
u,vescaff(9)

=0.
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Moreover, (2.34) follows from the local description above. [

As a next step, one may ask if there is a notion of a Stratonovich integral o —
a(xX) =: [ax, (*dX,), where o € T'(T*M) is a piecewise smooth linear form.

Proposition 2.2.4 There is a unique linear map from the set of piecewise smooth
linear forms on M to the set of real continuous semimartingales, o — « *x X =:
[ a(xdX), such that for all piecewise smooth o € T(T*M) and f € C>*(M)

(i) (fa)* X = [ f(X;)*xd(a*X),
(i) Of » X = [(X) = f(Xo)
J a(xdX;) is called the stochastic Stratonovich integral of o along X.

Sketch of the Proof: Let a, = Y, a*(z)0f* with o*, f* piecewise smooth, so
a*(X), f¥(X) are real semimartingales. Then we set

/ (xdX,) Z/ o) * df*(X;)
‘ZV X (X0) + 5 (@), X))

Again one shows with help of 1t6’s formula that this is well-defined (cf. also the
Proof of Proposition 2.3.1. [J

2.3 Geometric stochastic calculus in Riemannian
polyhedra

2.3.1 1It6 integral

Now we will introduce the notion of an Ito integral of a linear form on a Riemannian
polyhedron. As in the case of bilinear forms, denote by I'x (7*M) the set of all
progressively measurable linear forms over X, i.e. of processes a: Q@ x R, — T*M
with moa = X, where w : T*M — M is the natural projection from the bundle
of piecewise linear functions to M.

Proposition 2.3.1 There is a unique linear map from Ux(T*M) to the set of
real continuous semimartingales, o — o o X =: [ a(dX), such that for all a €

Ty (T*M) and f € C®(M)
(i) (fa) e X = [ f(X;)d(cv e X),
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(ii) Of ¢ X = f(X) — f(Xo) — [Hessf(dX,,dX;)
J a(dX) is called the stochastic 1t6 integral of a along X.

Proof : By (1.21), we can write « as a linear combination in the following way:
Z oF (W) fF (X (w))
Then we define

/Ot a(dX) =3 { / kA () - 5 / " abHoss fFOC) (X, dX,)| (2.36)

k

As above, we have to show that this is well-defined. So assume that o =, afdf*(X;) =
0. First, by (2.34) and (1.31) we have

t

t
/ 1{X7—€S°}Hessf<XT)<dX’TﬂdXT) :/ 1{X €se} (Hessf) ( )(dXTadX)
0
> / lves) | Ouf(R) = 30 TU(X)0.A(R) | (X, X7)..
u,vescaff(S wescaff(S)
Together with the 1t6 formula we get

t
Z{ [ 1ol (6 = 5 [ abtess () (0. ax)

k

) N
- - / 1{XT€SO}aTaf (aju (XT))dXT

uEscaff(g)

/ 004 (- (X)L (X)

u€escaff(L

+ / Lixresoy Ui (Xr)agd ff (5= (XT))d<)?u,)?v>T

u,v,wescaff(S)

=00
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Remark 2.3.2 Note that the It6 integral was defined in terms of the Hessian.
Recall from Remark 1.3.8 that there is another concept of a Hessian, denoted by
Hess and defined by

Hessf, := Hessf, + Z Ow f(2)1Y

wescaff(L;S)

cf. (1.34). From this form we deduce that one can also define an Itd integral
associated to Hess, just in the same way as in the proof of Proposition 2.3.1.
Although it is out of the scope of this work, we believe that Hess is the right
object for a consistent theory of Ito integrals in general Riemannian polyhedra,
especially for the theory of martingales. However, in chapter 3, where we introduce
the notion of martingales, we only work in Euclidean complexes, where Hessf =
Hessf because every Euclidean simplex is totally geodesic and hence the second
fundamental form [ vanishes.

We conclude this section with an intrinsic description of [ a(dX). Let S € S(M)
and x € S°. Recall the intrinsic orthogonal decomposition T, M = T,S & 1.9,
where

1,8 = (T,9)" == {v e T, M : g.(u,v) =0 (YueT,S)},

cf. (1.24). Denote by scaff(L,S) the unique scaffold of L,S that consists of
unit vectors. So by varying x, we may regard u € scaff(LS) as a smooth unit
vector field. To u € scaff(_LS) there is associated a piecewise smooth linear forms
vt € T'(L*S), defined by L, S 3 v="> v¥(v)u(x).

Remark 2.3.3 It is important to point out that in the preceding section 1,5 was
defined in terms of a local chart and therefore depended on the choice of the chart,
cf. (1.13). In the situation now, the definition of L,S in (1.24) is independent of
the chart, and so the notations might be ambiguous. But by Lemma 1.3.3 we have
normal coordinates at S in which both notations are the same.

For u scaff(_LS), we set

t
Lf’u ::/ 1{XTES°}Vu(dX7—) (237)
0

Proposition 2.3.4 L% is a continuous nondecreasing process. Moreover,
0
1 syar (dX,) = (= (X))d Lo 2.38
[1esataxy = 3 [agn oL (2.38)
u€scaff(LS)

If oy = ax, for a piecewise smooth linear form o, then this is also equal to
fl{XTEso}Oz,Jr‘(*dXT).
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Proof : Let p" defined in (1.25). Then pj5,, = 0 and hence dp; = v; and
(Hessp¥)" = 0 for all z € SNO. Thus by the definition of the It6-Integral we have

t t
/ 1{X7650}Vu(dX7—) = / ]_{X_rego}dpu(XT)
0 0

t
:/ LixresepLipmn(xn)=0ydp" (X)
0
which is a nondecreasing process since p* is nonnegative. .
We will state all we have proved so far in the following intrinsic version of the

It0 formula:

Theorem 2.3.5 Let M be a Riemannian polyhedron, X a semimartingale in M
and f: M — R a piecewise smooth function. Then f(X) is a semimartingale and

for all S € S(M) we have

1
/]—{XTGSO}df(XT) :/1{XT€S°}af(dXT)+5/1{XT€S°}HeSSfXT(dXTadXT>
and

/1{X7650}6f(dXT) :/1{XT650}(af)T<d /a F(X,)dLE

u€escaff(LS)

where L is a nondecreasing process.

2.3.2 Discrete approximation and quadratic variation

In this section we prove a classical discrete approximation result for the b—quadratic
variation®.

Let M be a Riemannian polyhedron and let e : M x M > (x,y) — e.(y) € T,M
be a generalized inverse exponential map’. Let A* be a sequence of locally finite
partitions of R, such that ||A*|| — 0. f A*={0=1t; <t; < ...}, we set

AXl = €th (th+1) S TthM (239)

AX; is called the increment of X at t; w.r.t A¥. For b € I'(T*M @ T* M), consider
the process A*B, defined by

A*By =) b, (AFX), ARX), (2.40)

tleA’“

bsee [Emes9], Proposition (3.23) for a similar result in manifolds
"cf. Definition 1.3.16. Such a map always exists, cf. Proposition 1.3.17.
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where for t > 0, AF := A* N [0,¢] is the partition up to time t. We will prove
in the Theorem below that if X is a semimartingale, then A*B converges to the
b—quadratic variation of X.

First we introduce some notation: Let M = (Jg.5 Os, where for each S € S, Og is

local at S and there is a simplicial chart £g : Og — é; that is normal at S. Recall
that we can split every tangent vector w € T,, M into a tangential and transversal
part w.r.t. & Namely, w = w' +wt with w’ := ) azﬁu(w)% and wt =
> uescafi( L3) 93" (w)5Z:. Moreover, recall the definition b, (w, @) := b,(w", @), so
bt =35 ) oLt @ 02 and b — b = Z{M}mswﬁug)ﬂ b ozt @ 0z".

u,vescaff(S

u€Escaffl

Let r > 0. Then there are 0 < 7y < r and a family (O%)ses such that

M=|JO; and B, (0%) COsnB(S). (2.41)

We will make use of the Taylor-like expansion in Proposition 1.3.17 (i) and (ii).
Namely, we use the normal chart {5 and deduce from Proposition 1.3.17 that there
is a C' > 0 such that whenever x,y € B,(x¢) C Og for some xy € S, then

bu(ea(y) " ea(y)") —bo(y" —2T,y" —2a")| < Crly — f? (2.42)
and

ba(ex(y) s ea(y) )| < C (ly — zlly™ — 2t + Vrly — 2f?) (2.43)
and

|bx(€x(y)L7 ex(y)J_” S C (‘y - aijL - xL| + \/ﬂy - ZL’|2) . (244)

Indeed, (2.43) and (2.44) directly follow from Proposition 1.3.17 (ii), and (2.42)
can be shown with help of the identity

bo(u'ul) = by (v, 0") =by(u’ —v"u" —v")

+ b, (u” — v ") + b0 u" —vT)

for u,v € T,M8: Set u" := e,(y) and v" := y" — 2T and then use Proposition
1.3.17 (i).

Let o = o¢ be a distance on the set of real-valued processes (modulo indistin-
guishability) on [0, {] that metrizes uniform convergence (up to ¢) in probability.

8note that we only take the tangential parts in order to ensure that we can use the bilinearity
of b,
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Theorem 2.3.6 Let X be a semimartingale and let A* be a sequence of locally
finite partitions of R such that ||[AF|| — 0 as k — oo. Then

> by, (AFX;, AFXG) — /b(dXT,dXT) (2.45)

tLEAK
locally uniformly in probability.

Proof : 1. Since we are dealing with convergence in probability, we may neglect
an arbitrarily small event. So by stopping, we may assume that X only has values
in a compact set K C M and that there is some ¢ > 0 such that X, = X, for all
t>C.

For r > 0, consider a family (0O%)ses that satisfies (2.41). Again, we may neglect
an arbitrarily small event, and because X is continuous (and hence uniformly
continuous on [0, (]), we may assume that there is some § > 0 such that whenever
s <t < s+, then d(X,, X;) < r;. Thus we may assume that if k is large enough?,
whenever t; € A*, and X;, € Of, then every geodesic v connecting Xy, and X, |
lies entirely in B,, (OF).

Let (A7)rest(sy be a partition of unity subordinated to (OF)resi(s). Because K
only hits a finite number of simplices S, it suffices to show that for all S and all
€ > 0 there are r > 0 and k, € N such that for all £ > k,,

o| D N(Xi)bx, (AFX), AFX)), / No(X)b(dX,,dX,) | <€ (2.46)

tkEAk

For this purpose, we will treat the tangential and the transversal parts separately.
Namely, we have

D NG(X,)bx,, (AFX, AFX))
t;EAk
= Z )‘E(th) [bth (AleTv AleT) + bth (AleT> AleJ_)
tEAk
+bx, (AP X APX]T) 4+ by, (APX ARX)]
— AkBTT —FAkBTL +AkBLT —{—AkBJ'L
where
AFBIT = (AFB§ ") = ) No(X)bx, (AFXT ARX)) (2.47)

tlEAf

9o be precise, for 71 > 0 and € > 0 there are a § > 0 and a set Qy C Q with P(y) > 1 —¢
such that d(Xs(w), X¢(w)) < 7 for allw € Qg and all s,¢ < T with |s —¢t| < §. Then take kg € N
so large that |t;,1 —t;| < d for all k > ko and all t; € A,
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and so on.

2. Let ¢ > 0. We first show that if r is small and & is large enough'’, then

o A*BTT [ N(X )b (dX,,dX,) | <e (2.48)
(207 )

Indeed, by (2.42) we have for all 0 < ¢ < (,

AkBtTT - Z )‘E(th)bth((thH B th)T7 (th+1 B th)T)

tleAf
< Z )‘TS(th) }ble (AleTa AleT) - bth ((th+1 - th>T> (th+1 - th)T>‘
tZEAf
<Cr Z /\2“(th>|th+1 - th|2 < CTAk‘/Q
tZGAf

where A*V, = ZtleAf | X4, — Xy, [>. So we may take r so small that for all k € N,

Y AkBTT? Z )‘1:5‘<th)bth<<th+1 - th)T7 (th+1 - th)T) < 6/2

t €A

Now ZtleAk )‘g’(th)bth ((th+1 - th)Tv (th+1 - th)T) converges to
JAG(X)bT(dX,, dX;) as k — oo (discrete approximation of the b-quadratic vari-
ation for real-valued processes), and so if k is large enough, then

o[ S M (Xubx, ((Xa,, — X) T, (X, — X7, / (X7 (dX,, dX,)

t;EAk

<€/2

and hence (2.48) holds.
3. Now we show that if r is small and k is large enough, then

o(A*BT0) < €. (2.49)

Omore precisely, we first fix some r > 0 that is sufficiently small and then find a k, € N such

that (2.48) holds for all k& > k,
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From (2.43) it follows that for all 0 <t < (,
[AFBIH <Y 7 NG (X)) [bx, (AFX)T, (AR X))

tieAF
= ¢ Z Ag(th”XtHl o th||XtJl_+1 o XTle_‘ + \/;Ak‘/;
tieAk
1/2
<CARY ST N(X)IXE, - XEP |+ VAR,

t;EAk

Assume that S € S, Let by, ..., b, be a basis for S and let by, 1,...,by be a
basis for the orthogonal complement of S in V. We know that if » — 0, then

N N
3 / (X)), < 3 / Lix.en (500 d(X7),

j=m+1 j=m+1
N
— Z /1{XTeSﬂOs}d<XJ>T = 0.
j=m+1

Thus we may choose r > 0 so small that

0 (_Z /)\g(XT)d(Xj)T,O> <€/3 (2.50)

and that o (/rAFV,0) < ¢/3 for all k € N.
At last, since Y7, e Mp(Xy)[ X | — X2 — Zé\f:mﬂ [ ANH(X)d(X7), (discrete

tiy1
approximation of the Euclidean quadratic variation), we have that

N
o 3wt - xS / N(X)dX) | <e/3 (251
tleAk j=m+1

provided k is large enough. This shows (2.49).

4. At last, we can proceed as in 3. in order to show that if r is small and k&
is large enough, then o(A*BLT, 0) < € and o(A*B*+,0) < ¢, and putting all parts
together, this yields (2.46) and the Theorem is proved.[]

Definition 2.3.7 The process

(X) = / g(dX,,dX,) (2.52)

is called the quadratic variation of X.
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Note that [[AXi||x, = [lex,, (Xi,,)llx, = d(Xy, Xy,,,) by Proposition 1.3.17 and
hence we get the following Corollary, showing that (X') deserves the name quadratic
variation:

Corollary 2.3.8 Let X be a semimartingale and let A* be a sequence of locally
finite partitions of R such that ||AF|| — 0 as k — oco. Set

V;tk = Z d2<th/\t7th+1/\t)- (2.53)

tEAKR

Then VF — (X)) locally uniformly in probability as k — oc.

2.4 Example: Brownian motion

Although the theory of harmonic functions on Riemannian polyhedra has already
made a lot of progress (cf. for instance [EF01]), there are only known very few
partial results about Brownian motion.

Walsh ([Wal78]) constructed a family of diffusions in a star, which is a (not neces-
sarily locally finite) one-dimensional Riemannian polyhedron. Such a diffusion is
referred to as Walsh’s Brownian motion, cf. [BPY89] for a comprehensive study
of these processes.

In [BK95| a Feller process (Brownian motion) is constructed in two-dimensional
Euclidean polyhedra by writing down the semigroup explicitely.

In [Bou05] a Donsker’s principle approach is used, i.e. Brownian motion is defined
as a scaling limit of a suitable sequence of geodesic Random walks. But first,
this process is only defined for almost every starting point, and second, it is not
uniquely determined (there is only shown existence by a compactness argument).
Moreover, this paper contains some nebulous arguments. For example, in Remark
2.8 a result of [Dyn65] I is used, but according to this one also has to check the
Feller property of the semigroup. Besides, the process Y, defined in section 3.1
of [Bou05], is not Markov because it is defined by geodesic interpolation. So this
paper has to be read carefully.

Our approach is to fill in the gap between the potential theory developed in [EF01]
and probability theory. More precisely, we consider the Markov process X that is
associated to the ’canonical’ energy £(f) := [,, ||V f(x)|]*dz, where dz := p(dzx)
is the Riemannian volume measure. We will show that X is a strong Feller dif-
fusion, in particular it is defined for every starting point € M. In section 2.4.2
we describe the harmonic structure associated to X. In section 2.4.3 it is shown
that X is a semimartingale and an explicite description of the semimartingale
decomposition in the local It6 formula is given (Theorem 2.4.17).
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2.4.1 Preliminaries

Let (M, g) be a piecewise smooth n—dimensional Riemannian polyhedron. Through-
out this section we will assume that M is admissible in the sense of [EF01]:

e ) is dimensionally homogeneous, i.e. every simplex is a face of an n—dimensional
simplex.

e M is locally (n — 1)—chainable

The n—dimensional Riemannian volume measure p is defined by

p(A) = Y us(AnS), (2.54)

Sesn)

where pg is the n—dimensional Riemannian volume measure on S. We will also
write dx for p.

Proposition 2.4.1 Let M be an n—dimensional admissible Riemannian polyhe-
dron. Then the following holds:

(1)(Ball volume growth) Let R > 0 and zo € M. Then there is a C =
C(R,z0) > 0 such that C7'r" < u(B.(z)) < Cr" for all x € M and r > 0
with Ba,(z) C Br(xo).

(i) (Ball volume doubling) Let R > 0 and xy € M. Then there is a C =
C(R,x9) > 0 such that p(Ba-(z)) < C2"u(B,(x)) for all x € M and r > 0 with
BQT<I'> C BR(I’()).

Proof : (i) This follows from [EFO01], Lemma 4.4.
(ii) easily follows from (i), cf. [EF01], Corollary 4.1. O

As before we will write ||v|| := /¢z(v,v) if v € T, M. For a piecewise smooth
function f : M — R we define the energy of f by E(f) := [, IV f(x)|*dz and the
Sobolev (1,2)-norm by

[ llwrz2any = 1 fllz2araz) + E(F) (2.55)

Let W2 be the completion of {f € C*®(M) : || fllwrzm) < oo} wrt. |- |lwrz(M)
and denote by W,'* the completion of C°(M) w.r.t. || - |lw2(M), where C°(M)
is the set of all piecewise smooth functions on M with compact support. Note
that these definitions coincide with the definitions of W'2(M) and W, *(M) in
[EF01], section 5, since every Lipschitz continuous function can be approximated
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by piecewise smooth functions in the Sobolev (1,2)-norm'!.
Consider now the bilinear form

E(f,h) ::/Mgz(Vf(x),Vh(:c))d:v, D(&) .= W, (M). (2.56)

This form has some nice properties. For a general approach to Dirichlet forms on
glued spaces, see [Pau04]. Fortunately, we can quote some results from [EFO01].

Proposition 2.4.2
(i) (€, D(E)) is a strongly local reqular Dirichlet form on L*(M,dz) and C(M)
is a core for (£, D(E)).

(ii)(Poincaré inequality) Let R > 0 and o € M. Then there is a C =
C(R,z0) > 0 such that

(/ Lf—ﬁmﬁdvsc»{/ IV ()| %dx (2.57)
By (x) By (x)

whenever B,(x) C Br(xg), where f,, = u(B.(x))™* fBT(x) f(z)dw.

Proof : (i) That (£,D(£)) is a Dirichlet form is proved in [EF01], Proposition
5.1. Moreover, the strong locality follows from [EF01], Remark 5.2.
(ii) follows from [EF01], Theorem 5.1. (see also the remark before that theorem). [J

By the general theory of Dirichlet forms, we get a continuous Hunt process on
a set My C M, where M \ M, has zero capacity ([Fukushima], Theorem 7.2.2.).
However, we want to define Brownian motion for every starting point « € M. This
will be done in the context of Feller processes, and consequently we have to do
some more work.

We denote by (A, D(A)) the self-adjoint operator on L?(M, dz) associated to &.
A fundamental solution p of the parabolic equation (% — A)f = 0 is defined to
be a density kernel for the transition semigroup 7, := e ' w.r.t p. Namely,

p:]0,00[xM x M — R, is a measurable function satisfying

Jﬁmzéﬁ@Www@ (2.58)

for all f € L?*(M,dr) and a.e. * € M. p is also called a heat kernel of A. Note
that T} is u—symmetric, p is symmetric in z and y for p?—almost all (z,y).

this can easily bee seen by a mollifying argument as in Lemma 2.1.1 or Lemma 3.2.1
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Lemma 2.4.3 A heat kernel p :]0,00[xM x M — R, of A exists. There is
a version of p that is locally Hélder continuous on |0,00[xM x M (and hence
unique) and symmetric in x andy. Moreover, p satisfies locally an "upper Gaussian
estimate’: For all xo € M and all R > 0 there are constants Cy = C1(R,xzo) > 0
and Cy = Cy(R, zg) > 0 such that for all 0 < t < R* and all z,y € Br(xo)

Cl _dz(may)
t < ———e @2t 2.59

Proof : The proof follows the outline of the proof of [Stu98], Theorem 7.4 which
is stated under slightly different circumstances. We are in the following situation:
(M,d, ) is a metric measure space and (€, D(£)) is a strongly local Dirichlet form
on L*(M,p). Moreover, by Proposition 2.4.1 (i), the intrinsic distance p of &
(which is by definition equal to the Caratheodory distance, cf. [Stu95]) is equal to
d. The following properties hold:

(Ia) (M,d) = (M, p) is proper by Proposition 1.3.9.
(Ib) Volume doubling holds locally on M in the sense of Proposition 2.4.1 (ii).

(Ic) The Poincare inequality holds locally on M in the sense of Proposition 2.4.2
(ii).

(Ia),(Ib) correspond to conditions (A) and (B) in [Stu95]. Moreover, by [Stu96],
Theorem 2.6, there holds a Sobolev inequality locally on M which is condition (C)
in [Stu9s]. Note that all 'uniform parabolicity’ conditions in [Stu95] hold trivially
since the operator A does not depend on time. Moreover, conditions (Ia)-(Ic)
imply that there holds a parabolic Harnack inequality on X by [Stu96], Theorem
3.5. Thus we can make use of local versions of all the important results in these
papers.

By [Stu95], Proposition 2.3., a heat kernel p = p(t, z, x) exists. Moreover, there is
a p—nullset N such that for all x,y € M \ N, p(-,z,-) and p(-, -, y) are local weak
solutions of the parabolic equation (% — A)f = 0 in the sense of [Stu96], section 3.
Now by [Stu96], Proposition 3.1, every such local weak solution has a version that
is locally Holder continuous in the sense that for any o € M and all Rty > 0
there are constants C' = C(xg, R) and a = a(xg, R) €]0, 1] such that whenever
(s,y) and (¢, 2) are points in Q :=|tg — R?, to[X Br(x), then

1f(s,y) — f(t,2)| < Cess sup |f] (|s—t|"*+d(y,2))". (2.60)

Br(wo)

We will only show how to get a Holder continuous version of the function p(t, -, )
on Bg(xg) for every t > 0, since this suffices for our applications in the sequel.
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For every x € M \ N, let p(t,z,-) be the Holder continuous version of p(t,x,-).
Clearly, this is a fundamental solution, too, and hence for every y € Bgr(z) \ N
there is a p—nullset N, such that p(t,-,y) is Holder continuous (with the same
constants) on Bgr(xg) \ N,. So setting p(t,z,y) = lim,, s 0.¢nun, D(E, Tn, y), We
get a version that is Holder continuous on Bg(xg) X (Bgr(zo) \ V).

At last we set p(t,z,y) = limy, ., ,.¢nD(t, 2, yn) and obtain a version that is
Hélder continuous on Bg(zo).

The last assertion, namely (2.59), follows from [Stu96] Theorem 4.1. and (4.4). O

Remark 2.4.4 From [Stu96], Theorem 4.8. we can also deduce lower Gaussian
estimates for the heat kernel. Namely, there is a C'= C'(R) > 0 such that

1 _C,dQ(z,y)
plt,x,y ——€ t 2.61
(o) 2 s (2.61)

for all z,y € Br(x) and all 0 < t < R%.

First we will use the Gaussian estimate (2.59) to show some properties of the heat
kernel that are known for the Euclidean heat kernel.

Lemma 2.4.5 (i) There is a C = C(xg, R) such that for all 0 < t < R?, all
x € M and r > 0 with B,(z) C Br(x),

/ d*(z,y)p(t, , y)dy < Ct? (2.62)
By (z)

(i1) Put gi(z,y) fotp (1,2,9)d7. Let S € 8™ where m <n —2. Let O be local
at C' and put S = B,(S). Then for all t < R*

1
lim — sup / gi(z,y)dy | =0. (2.63)
N0 7 (weBR/Q(xo) S-NO '

Proof : (i) By Proposition 1.3.9, there is a C' > 0 such that 1/Cly—z| < d(z,y) <
Cly — x| for all z,y € Bg(xp). So from (2.59) we deduce that there are constants
C1,Cy > 0 such that for all t < R? and x,y € Bg(xg)

ly—x|?

d*(z,y)p(t,z,y) < Cit " 2ly — x| @t . (2.64)

Let Bg(z) be the Euclidean ball around z in V. Then B,(x) C Bg,(x). Moreover
by Proposition 2.4.1 (i), u(dy) < CAX"*(dy) and hence we can adjust C; such that
for all t < R?, r > 0 and z € M with B,(x) C Bgr(xo),

‘ —

/ e ) < O / el Eandy). (265)
r(T E‘r$
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In order to estimate the right hand side of (2.65), we remark that Bgr(xo) contains
only a finite number of n—dimensional simplices of M. So let T € S™. Let U be
the n—dimensional linear subspace of V' generated by T. We consider two cases:
First, if x € U, then we can use polar coordinates in U in order to obtain

n ,@ n CT ,72
C’lt_2/ ly — x| L1 A (dy) = C'3C'1t_2/ p*trle le2tdp
or(@) 0

< Chtz / pa+”_le_7dp.
0

2
Now fooo p*t e~ dp < 0o and hence (i) is proved in the case x € U. Second, if
x ¢ U, let xy be the orthogonal projection of x onto U and let rg := |z — xo.

‘ —
/ ly — x|%" Gt A”(dy)
B¢, (z)NU

9 9\ @ _T%Hy*wo\z
— [l alre T )

C'r( )ﬂU

and we proceed as above in order to obtain (i).

(ii) Let 2 € Brja(wo). Then by (2.64), for all t < R* r < R/2 and y € B,(x),

2
n ly—=|

¢
9i(z,y) < 01/ T Ze 27 drT. (2.66)
0

Let S € 8™ O local at S. One can simplify the situation: First since st(™(S) is
finite, we may replace S, N O by S, NONT, where T € st (S) is fixed. Denote
by U’ the linear subspace generated by T" and by U the one generated by S. We
may assume that = € U (otherwise take xy, the orthogonal projection of x onto
U’; then gi(x,y) < gi(zo,y) for all y € U’"). Thus we may assume that U’ = R”
and U = R™ C R". Denote by pgk)(x, y) the k—dimensional Euclidean heat kernel.
Then (2.66) yields

/sﬁo (@, y)uldy) < OI/ /SQO (, y) X" (dy)dr. (2.67)
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and consequently
t
| awama e [ [ sy
SN0 0 J8.no
t
<a [ [ s dyir
0o Ju,
t
<G / / P (2, y) NP (dy ),
0 r

where D, := B,.(0) NR"™™ and U, := D, x R™ is the r—strip around U = R™. So

putting & := d(y) := |y — #| and substituting o(7) = 2=, we have

T Cer?

/ g, )l dy) < / C(6(y) A" (dy)
S-NO

r

where

e CE | n—m
2 57n+m+2 f?ia. 5 —2670'd0.

C(9) :=C(t,9) =10,
Tat
{ Cyo—mtm+2 ifn—m>3

<
Cy(Jlogd| + 1) if n —m =2

(2.68)

Note that up to a constant, the bound of C'(§(y)) in (2.68) is the (n—m)—dimensional
Newtonian potential with pole z, cf. e.g. [Bas95]. Using polar coordinates (on the

(n — m)—dimensional subspace) yields

A.C('y‘fC')A”m(dw < /D )

< 05/ P C (p)dp.
0

(2.69)

Together with (2.68) and the fact that n—m > 2, we conclude that the right hand
side of (2.69) is an o(r) (’small o of ). Moreover, the right hand side of (2.69) is

independent of x € Bp/a(xo), showing (ii). O

If we now set P,f(z) = [,, f(y)p(t,x,y)dy for f € L*(M,dzx), then (P,)io is
a sub-Markovian semigroup on L?*(M, dz) that is properly associated to A, i.e.

P.f is a version of e~ f for all f € L*(M,dx) and all ¢ > 0.

Proposition 2.4.6 P, is a strong Feller semigroup in the sense that PJ3,(M) C
Co(M), where By(M) denotes the set of bounded measurable functions on M.
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Proof : Let f € By(M). Set fr := flp,(a,). Then P,fp is Holder continuous on
Br(zo) since the heat kernel p is Holder continuous on Bg(zg) X Br(xy). We have
even more: Because P, fr a local solution of Au — %u = 0, the Holder constant
can be chosen independent of R, cf. (2.60). So letting R /" oo, Pifr / P,f and

hence P, f is Holder continuous on Bg(xp). Thus the proposition is proved. [

Now we will construct the process associated to P;,. By [BG68|, Theorem I.(9.4),
there is a Hunt process (2, (Py)zen, (Fi)i>0, (Xt)i>0) with state space M. In fact,
this process is constructed on M U A, where A is the ’Alexandroff point’ of M,
i.e. A is the point oo in the 1-point compactification of M if M is not compact
and A is an isolated point if M is already compact. The lifetime ( of X is the
stopping time ¢ := inf{t > 0 : X; € A}. From the properties of a Hunt process
(cf. [BG68], Definition 1.(9.2) and the Remark after) it follows that for all z € M,
X has cadlag paths on [0,([ P*—a.s. and that X is quasi-left-continuous. The
latter means that whenever 7, is an increasing sequence of stopping times with
7 =lim7,, then X, =lim X,, on {7 < co} P"—a.s.
Note that it follows from the strong Feller property of P, that for allt > 0, xg € M
and R > 0,
lim sup P%(X; ¢ Bz(x),t <) =0. (2.70)
2/ 1€ Br(o)
In the sequel, it will often be convenient to consider a localized version of the
process X;. Namely, fix xo € M. For R > 0 let

10 :=inf{t > 0: X; ¢ O}. (2.71)
and for all R > 0 set
TR = inf{t > 0: X; ¢ Br(zo)} A R* = Thp() A R°. (2.72)

It follows from the quasi-left-continuity of X that 7z /' ( P*—a.s. for all x € M.
Consider the stopped process X%, given by X;/* := Xinrp..

Lemma 2.4.7 Let xg € M and R > 0.
(i) For all r > 0, set o, := inf{t > 0 : d(Xo,X;) > r}. Then there is a C =
C(zo, R) such that for all x € Br(zo) and all v < R,

r2
Pe(t > 0,) < CeTor. (2.73)

(ii) For all o > 0 there is a C = C(z, R, ) > 0 such that for all x € Bga(xo)
and all 0 < s <'t,

E*[d* (X[, X[")] < Ot — )2,
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Proof : (i) Let K C M be a compact admissible sub-polyhedron such that
Bog(zg) C K. Let (2, (Q%)zex, (Ft)i>0, (Xt)t>0) be Brownian motion on K (so
it is 'reflected’ at OK). The desired inequality is shown in [Stu96], Lemma 4.6.,

for Q*, ie. Q°(t > 0,) < Ce_ITT?t for all z € K. Denote by P the part of P* on
Br(o) and by Q the part of Q* on Bg(xg), respectively'?. Note that by Lemma
5.3.3,

Pt < o,) = P*(t < o.,t <mgr)=P(t<o,)
= Q*(t <0,) = Q" (t <a,).
So taking the complements of these events yields P*(t > o,) = Q*(t > o,),
showing (i).

(i) Clearly, it suffices to show (ii) for all s < ¢ < R?. From (i) and the fact that
o2 < Tr PP—a.s. for all v € Bgs(w0), we deduce that

1,

for all @« > 0 and hence there is some C; = Ci(xg, R, ) > 0 such that P*(t >
mr) < C11°/? for all x € Bg(xo) and all t < R?. Moreover, by Lemma 2.4.5 (i),
there is a Cy > 0 such that for all x € Bg/a(xo),

Em[l{t<TR}da($7Xt)] < Ew[l{XteBR(Io)}da(l‘?Xt)] < CQta/Q'
Thus we have for all € Bgs(20) and all ¢t < R?,

E*[d*(Xo, X{*)] = E*[d" (2, X[*)]
< Ew[l{t<TR}da(I,Xt)] + R*P*(t > 7R)
S (RO‘Cl + Cg)ta/Q = Ota/Z.

So using the Markov property, we obtain

E7[d*(X7", X]%)] = E* [1{yerp) E[d*(X]", X]7)|F]]
= E” [1facryy B [d(Xo, X))
S C(t - S)a/2>

so (ii) is proved. [J

It follows from Lemma 2.4.7 (ii) with e.g. « = 3 that the assumptions of the

12the part of a process X on an open set O is the process obtained by killing it when it reaches
the boundary, cf. (5.22)
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Kolmogorov-Chentsov-Theorem (cf. e.g. [KS91], Theorem 2.8'?) are satisfied, and
consequently X7® has a continuous modification w.r.t. P*. Then we let R /" oo
in order to obtain a continuous modification on [0, ([. We state this result in the
following

Corollary 2.4.8 For allx € M, X has a continuous modification w.r.t. P*.

So we can take 2 = C(Ry, M), Xi(w) = w(t) and F; the minimum admissible
filtration, i.e. F; := ﬂuEP(M) F{., where Ff, denotes the completion of F, w.r.t.
Prand F = 0(Xs: s <t), Frp i= oy Fs-

Definition 2.4.9 The unique strong Feller diffusion
(C(R+a M)7 (E)O§t<C7 (Xt)0§t<§a (PI)xGM)

associated to (P;);>¢ is called Brownian motion on M.

2.4.2 The harmonic structure(s)

Let M be an admissible Riemannian polyhedron. It is shown in [EF01] that M
carries a harmonic structure in the sense of Brelot. We will refer to this as the
harmonic structure in the analytic sense.

On the other hand, denote by X the Brownian motion on M. We will see below
that X also defines a harmonic structure by means of [Dyn65], chapter 12, and we
will refer to this as the harmonic structure for X in the stochastic sense.

We quote the definitions of (sub-)harmonicity in the analytic and in the stochastic
sense, cf. [EF01], Definition 5.2. and [Dyn65], Definition 12.11. In order to avoid
technicalities, we restrict ourselves to continuous functions.

Recall the definition of the first exit time from a set O:

10 :=inf{t > 0: X; ¢ O}. (2.74)

Definition 2.4.10 Let O C M be an open set and let f : O — R be a continuous
function.

f is called subharmonic in O in the analytic sense if f € VVlloc2 and £(f,g) <0 for
all g € C° with g > 0.

f is called subharmonic in O for X (in the stochastic sense) if for all relatively
open sets U CC O and all z € U, f(z) < E*[f(X,,)].

In both cases, f is called harmonic if f and —f are subharmonic. An open set
O C M is called regular if for any bounded continuous function f : 90 — R there
is a solution to the Dirichlet problem, i.e. there is a unique continuous function
hf : O — R such that k' is harmonic in O and h|fao =f.

Bnote that this Theorem holds for any complete metric space, cf. [HT94], Satz 2.11
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We will see in the sequel that both notions are equivalent. For the proofs we
will need the localization procedure for Markov processes, as introduced in section
5.3, namely the concept of the part of a Markov process on O. In particular, this
concept applies to our situation in Example 5.3.4.

Proposition 2.4.11 (i) Let O C M be an open domain and let f : O — R be a
bounded continuous function. Then f is subharmonic for X on O if and only if f is
subharmonic for X©, the part of X on O. In this case, f(X;) is a submartingale
on {X € O}. Moreover, if f € Wy (M), then f is subharmonic in O in the
analytic sense.

(ii) Let h : O — R be a bounded continuous function. Then f is harmonic for X
on O if and only if f is harmonic for X©, the part of X on O. that is harmonic.
In this case, h(Xy) is a martingale. Moreover, h is harmonic in O in the analytic
sense.

Proof : (i) The equivalence is shown in Theorem 12.9 of [Dyn65]. If f is subhar-
monic, then — f is superharmonic and hence f is upper semicontinuous by [Dyn65],
Theorem 13.2.

It remains to show that f(X) is a submartingale on {X € O}. Because —f is
superharmonic, it follows from Corollary 2 of Theorem 12.9 in [Dyn65] that

E*[f(X7)] = f(x) (2.75)

whenever x € O and 7 is a stopping time such that P*(7 < 1) = 1.

Let now U CC V) CC Vo CC O. Set ¢ :=inf{t > 0: X; € V1} and 7 := inf{t >
0: X; ¢ V5}. Then define recursively oy := 79 := 0 and 0,41 := ¢ 00, = inf{t >
T, 0 Xy € Vi} and 7,44 =T 00,,,, = inf{t > 0,41 : X; ¢ V5}. Note that

f(X(Un+3+t)/\Tn) = f(Xinz) 005,45 on  {o, +5 <7}

Thus we can use the strong Markov property and (2.75) in order to obtain

Lot s<r} B [f (X(ontstinm) [ Fonts] = Lionts<r} B [f (Xinz) © O, 45| Fopts]
= Lo rsar B+ [f(Xins)]
> 1o tscrtf (Xopts)
= 1{an+s<Tn}f(X(0'n+s)/\Tn)-

Moreover, 1y, 45> f(X(ontstinm) = Lontssmyf(Xs,) is already measurable
w.r.t. F, +s and hence

1{an+827'n}E[f(X(Un+s+t)/\Tn)|~7:0n+5] - 1{0n+527'n}f(X(Un+s+t)/\Tn)'
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So we deduce that the process Y, := f(X(on+t)ar,) is a submartingale w.r.t. the

filtration F, := ontt, Which means that f(X) is a submartingale on [0, 7,].
Consequently, f(X) is a submartingale on {X € U}, cf. (5.18). Because U CC O
was chosen arbitrarily, f(X) is a submartingale on {X € O}.

It remains to show that f is subharmonic in the analytic sense. Note that since
f€D(E), we have E(f,g) =limy_o 1(f — P.f, 9) 12

Now fix g € C(0O) with ¢ > 0 and let U CC O be a neighborhood such that
supp(g) C U. Note that for all z € supp(g), 7v < 7o P*—a.s. and hence f(x) <
Pipr, f(x) := E*[f(Xiar, )], which implies that %(f —Pipry f,9)12 > 0 forall t > 0.
Moreover, r := inf{d(x,y) : © € supp(g),y ¢ U} > 0 and hence o, := inf{t > 0:
d(Xo, Xt) > r} <7y P*—a.s. for all x € supp(g). Thus by Lemma 2.4.7 (i),

fim sup P (8) ~ P F@) =l sup B L (F(X0) — F(5,,)]

t—0 z€supp(g) t=0 x€supp(g)

1
<Clim sup -P*(t>my)=0

=0 zesupp(g)

and hence

1 o1
g(fag) :Ileg%g(f_Ptfmg)LZ :%I_I)I(l)g(f_Pt/\TUf7g)L2 Z 0.

Thus f is subharmonic in O in the analytic sense.
(ii) All assertions follow from (i), noting that if A is harmonic, then h and —h are
subharmonic. [

Let us now come to the Dirichlet problem. As domain we will take a compact
admissible Riemannian polyhedron K with nonempty boundary. We will show
that K is regular in both senses and that the notions of harmonic functions are
the same. Note that for a Riemannian polyhedron M, the set of compact sub-
polyhedra K (where also the isometric triangulations may vary with K) form a
base of the topology of M, so we can deduce from the following Theorem that the
(analytic and stochastic) harmonic structures on M coincide.

Let (K, g) be a compact n—dimensional admissible Riemannian polyhedron with
nonempty boundary and let f : 0K — R be a continuous function. As in the
classical case, the candidate for the stochastic solution for f is the function

W (x) == B7[f(Xr,.)]- (2.76)

Theorem 2.4.12 Let (K, g) be a compact n—dimensional admissible Riemannian
polyhedron with nonempty boundary. Then D = K° is reqular, both in the analytic
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sense and for X (the Brownian motion). Moreover, if f : 0D — R is bounded and
continuous, then hf = h/14.

Proof : 1. Without loss of generality we may assume there is some compact
n—dimensional admissible Riemannian polyhedron (M, g) such that (K, g) C (M, g)
is a admissible Riemannian sub-polyhedron such that K NOM = (.*>. This implies
that for any boundary face S of D there is an adjacent n—dimensional simplex
T € S(M)\ S(D) containing S. Denote by X the Brownian motion on K and by
X the Brownian motion on M. Note that by (5.28), for all x € D,

hf (x) = E*[f(X,)] = E°[f(X,)]. (2.77)

Now we shall prove that 9D is regular for X, i.e P*(rp = 0) = 1 for all z € 9D.
Indeed, one can prove this with a version of the Poincare cone condition: Let
x € 0D. Then there is some € > 0 and an n—dimensional Euclidean cone C C V
such that C'N Bé(x) € M \ D, where B(x) denotes the Euclidean ball around z.
Then by (2.4.4) we have for all 0 < ¢ <1,

Prp<t)> P (X, eC)>C £/ S A dy)
CNBe(x)

C / e M dy)
ane/t (.’L’)

w2
> C/ 6_\ =1
CNB.(z)

Note that 6 does not depend on ¢, and hence letting ¢ ~\, 0 yields that ﬁ””(TD =
0) > 0. So it follows from the Blumenthal 0-1 law that P*(7p = 0) = 1. Thus «
is regular for X.

By [Dyn65], Theorem 13.4, he s the unique bounded continuous function that
is harmonic for X on D and coincides with f on 0D. Moreover, by Proposition
2.4.11 (i), 1! is also harmonic for X and in the analytic sense. It can easily be
shown'® that h' is the only continuous bounded function that is harmonic in the
analytic sense and extends f. Thus D is regular in the analytic sense and K = ht.

g

14hf was defined as the unique solution to the Dirichlet problem, cf. Definition 2.4.10. It is
part of the Theorem that this can be understood in the analytic and in the stochastic sense,
both are equal to h'

151f (K, g) C V is an admissible compact Riemannian simplicial complex, we can adjoin to K
a finite set Sy of simplices such that M = USeSO SUK is a simplicial complex with K NOM = ().
Then we can extend ¢ to a piecewise smooth metric tensor on M

16¢f. e.g. [EFO01], Proposition 7.1 or [Fug05a], Theorem 1 (a)

Ady) =: 6> 0
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2.4.3 Brownian motion as a semimartingale

Let us now describe the generator'” (A4, D(A)) of (£,D(E)), at least on piecewise
smooth functions. For S € S™~V (M) set

={feCx(M): > Ouf(z)=0forallz €S}, (2.78)

Test(™(S)

where nr(x) is the unit normal vector at € S° pointing into 7". Moreover, put

A= [ A° (2.79)
SeSn=1) (M)
Lemma 2.4.13 We have
DA)NCX (M) =A (2.80)

Moreover, for all f € D(A)NCX(M) and all T € 8™ (M) we have
Af(z) = %Af(a:) forall z € T°. (2.81)

where A = AT is the Laplace-Beltrami operator® on T .

Proof :1. Let f € C*(M) C D(E). Then for all g € C*(M), Green’s formula
(applied to every simplex T' € S™) yields

Z /Vf )WVo(x (2.82)

TES(")
1
=7 — | Af(z)g(z)dz — Oy f(x)g(x)o(d) | |
2 Tg;m /T SE/\/;U(T /

where N=(T) := {S € S V(M) : T € st (S)} is the set of all
(n — 1)—dimensional simplices that belong to the boundary of 7. Moreover, for
S € N=)(T) and € S°, nyp(z) denotes the unit normal vector pointing into 7.

2. Let first f € D(A) NCX(M). Using test functions g € NCX(M \ S) in (2.82),

17we mean the infinitesimal generator on L?(M, dx)

Bstrictly speaking, (2.81) only holds for almost all x € T°, because Af is only defined in L2,
cf. the discussion around (2.84).
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we get (2.81). Moreover, if we use test functions g that are local at S € S~!
(2.82) boils down to

E(f,9) Vi(x)Vy(x
TGst (S /
_ 1 { A
S f(x)g(z)dx — Yo(dz)| . (2.83)
2 TGst(Z")(S) / /

Now f € D(A) by assumption, which implies E(f, g) = —(Af, g) for all test func-
tions g. So comparing (2.81) and (2.83), we see that the boundary term in (2.83)
(i.e. the integral over S°) must vanish, hence f € Ag.

3. Conversely, let f € A. Then (2.82) yields

0fo) =3 3 [ Af@aterts = ~&(.9) = (419

TES (n)

for all g € C°(M), which easily extends to g € D(E). Thus with h := Af we have
E(f,g) = —(h,g) for all g € D(E), which means that f € D(A) and Af = h = Af.

The last Lemma has to be read carefully: Note that (A,.A) is an operator in
L*(M, i) and hence Af is per definition an equivalence class modulo equality a.s.
So (2.81) means that for f € A, the function defined by

A ._ AT f(x) if z € T° for some T € S
Afle) = { 0 else (2.84)
is a version of Af and hence
(Pf = Pla) = (| PAfira) 2.85)

for almost all z € M. But P, f(x) = E*[f(X})] defines a strong Feller semigroup, so
both sides of (2.85) are continuous in z and hence we have equality for all z € M.
If we now regard P, as a semigroup on the set B(M) of bounded measurable
functions, then (f, &f) is contained in the full generator

-~

— {(f,9) € B(M) x B(M): P,f — f = /Ot Pgdr (V>0  (2.86)

in the sense of [EK86], Chapter 1, equation (5.5). We can exploit this fact to
deduce the following
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Corollary 2.4.14 For any f € A and any x € M,

MY = F(X,) — f(Xo) — / AS(X,)dr (2.87)

is a continuous martingale w.r.t. P*. Moreover, for all R > 0 there is a C(R) > 0
such that for all x € Brs(x0),

B (M) tnry = (M )snra] < CR)LID* (fiBa(en))(t = 5), (2.88)
where Tg is defined in (2.72).

Proof : The first assertion follows from [EK86], Chapter 4, Proposition 1.7. In
order to prove the second assertion, let 7 := {0 =ty < t; < ...} be a locally finite
partition of R,. From the theory of continuous semimartingales it is well-known
that V() := > (f(Xente,s) — F(Xine,))? converges to (M7); locally uniformly in
t in probability as the mesh of 7 tends to 0. Now applying Lemma 2.4.7 (ii) with
a = 2, we obtain that

E* [*(X[E , X[F)] < C(R)(tes1 — tr)

tey1?

for all x € Bg(zg) and hence

E [(f(XF)) — F(X77))?] < C(R)LD®(fiBr (o)) (tesr — tr).

So summing this over all ¢, € 7 and letting the mesh of the partition 7 tend to 0,
we obtain (2.88). O

Remark 2.4.15 The description of the Feller generator (which may be interesting
in view of [BK95]) is more complicated. Assume for simplicity that M is compact.
According to the theory of Feller semigroups, we set

m(Pof — f) exists in C(M)} (2.89)

Do(A) = {f € CM): lim -

Clearly, (A,D(A)) is an extension of (A, Dy(A)). However, the description of
Dy(A) N C®(M) is more complicated. Namely, for S € S~V (M) set

A5 ={f € A% AT f(w) = A" f(x) for all v € S° and T, Ty € st(5)},

where AT is the Laplace-Beltrami operator on T. Clearly, Dy(A) N C®(M) is
contained in Aj for all S, since by definition, Af must be continuous for all

f € Dy(A).
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Now we will show that X is a semimartingale. The proof is lenghty and quite
technical. However, one can simplify things a bit: First, we may stop X at 73,
defined in (2.72). Second, every compact set K C M, in particular Bg(zg), can
be covered by a finite number of (Og)ses(m) with Og CC M (relatively compact)
and Og is local at S (cf. Lemma 2.1.7. Let (gg)ses) be a partition of unity
subordinated to (Og)ses). For any f € C¥(Br(xo)), let fs := fgs. Then
f =2 g fs (finite sum) and hence if we can reduce the proofs to the case where f
is local at S for arbitrary S € S(M).

At last, we will use frequently the techniques for localization in space, developed
in Section 5.2 below.

Lemma 2.4.16 Let f € C°(M). Then f(X) is a uniformly bounded semimartin-
gale on {X € M\ M™=2} in the sense of Definition 5.2.4.

Proof : First we localize the problem by stopping X at 7g, defined in (2.72).
Then note that M\ M2 = Usese-n(an St°(S) and hence we may assume that
supp(f) N (M \ M™=2) c St°(S) for some S € S~V (M). Consider the normal
coordinates from Lemma 1.3.3 and Remark 1.3.4 (ii). Namely, let O CC St°(S)
with £ : O — OCCa®LC and LC C R? is the symmetric k—pod. Note that
k = |st™(S)|. More precisely, ¢ induces a bijection between st™(S) and C™M(LC)
that induces a bijection between {ny : T' € st™(5)} and scaff(LC) := {d, ...},
where 7; = e'% (with i = /—1). Then > resim(sy Onr f(x) = 0 if and only if
Z§:1 &ljf(f) =0, where f = fo&1:0 = R.

Let now by, ..., b,_; be a scaffold of C' and let b, b, be a basis of R%. Denote by
dbj,j = 1,...n+ 1, the corresponding coordinate functions and let 47 := db; o &
(so 3 = db; on O). Since 5w = 0, we have S35 | 9,07 (&) = db; (X5 w) = 0
and hence 3 € D(A). So X = 27:11 B7(X)b; is a semimartingale on {X € O}.
This holds for any O CC St°(S), and because all the first and second derivatives
of 7 are uniformly bounded on St°(S) C Bg(zo), /(X) is a uniformly bounded
semimartingale on {X € St°(S)} by Corollary 2.4.14. Consequently, f(X) = f(X)

is a uniformly bounded semimartingale on {X € St°(S)} by Proposition 5.2.5 (ii).
U

Theorem 2.4.17 X is a semimartingale'®. More precisely, let f € C*°(M). Then
for all T € S™,

/ 1ix,erey0f (dX,) = / 1(x,eroydM/ (2.90)

Ymore precisely, a semimartingale on [0, ([, where ( is the lifetime of X
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1 a local martingale and

/I{XTGTO}Hessf(dXTadXT) :/I{XTETO}Af(XT)dT' (291)
For all S € SV,
/ Lix. esydf (X,) = / Ouf (X, )(dLEY), (2.92)
uescaff 15)

1.€e. f 1{XTES°}dfT(XT) = 0.
At last, for all S € 8™ with m < n — 2, [ 1ix,ese3df (X)) = 0.

Proof : From Lemma 2.4.16 we already know that f(X) is a locally uniformly
bounded semimartingale on X € M\ M™% So (2.90) and (2.91) follow from the
properties of Brownian motion on Riemannian manifolds. In order to show (2.92),
we may restrict ourselves to the case where f is local at S € SV, We write
f=f"+f Then fT € Aand M7 := fT(X)— [ AfT(X,)dr is a martingale.
Because all derivatives of f (hence of fT) are unlformly bounded on compact sets,
we have

E |:/ ]_{XTeso}AfT(XT)dT‘| S CE |:/ 1{X7650}d7—:| == O, (293)

since E [1{XT€So}] = 0 for all 7. Moreover, by (2.88) we have

E |:/ 1{XT€S°}d<MfT>T:| S CE |:/ 1{XT€S°}dT:| =0 (294)

and hence fl{XTGSo}deT = 0. Consequently, [1;x eseydf " (X;) =0, or equiv-
alently, (2.92) holds.

It remains to prove the last assertion and the fact that f(X) is a semimartingale.
We devide this into several steps:

1. Let first m = n —2, ie. let S € S™ 2. As above, we may assume that f is
local at S and then write f = f' + f*. Again, f' € A, and as above one obtains
that [ 1x eseydf (X,) = 0.

2. Let us now come to f+. Let O CC St°(S) such that supp(f) C O. Consider a
function g € C°(St°(S)) with 0 < g < 1 and gjsno = 1. For 0 <r < 1, put

g (@) =g (" +21) = gla" +rtat) (2.95)
Now set S, := B,(S) and f":= f*(1 —g"). Then f, =0 (since fi5o = 0) and
hence fm € C°(M \ M™=%). Consequently, f"(X) is a semimartingale and

F1(X) = 17(X) = / Lix. cons A (X,) + / Lix.cosdf (X,).
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3. We have that fi, g = f|é\sT and hence

/1{X corsydf" (X~ —>/1{X covsydf(Xr)

Note that [ 1{x,co\se1df=(X;) is well-defined by Proposition 5.2.5 (ii) since X is
a uniformly bounded semimartingale on {X € M \ M™~?} by Lemma 2.4.16.
4. We now show that

/1{XT€OQST}dfT(X~r) — 0 as r — 0. (296)

By the arguments above, we can write f7(X;) — f"(Xo) = N/ + LI + A", where
NI = ZTGS(n) 1{XTeT°}dMTfT7 Al = ZTesw) 1{XTeT°}AfT(Xr)dT and

L = /a F7(X,)dLT

TES(” 1) | uescaff(LT)

Now by Taylor’s formula, there is a C' > 0 such that |f*| < Cr on O N S, and
hence |0, fT| < Con ONS, for all u € scaff(S) Uscaff(LS) (after enlarging C' if
necessary). So f 1{XT€Omsr}de — 0 as r — 0. Moreover,

E {/ 1{XT€OﬂSr}d<MfT>T:| <CE [/ 1{Xfeorws,~}d7} —0

and hence [ 1(x,cons,1dMI" — 0. At last, |0, f"| < Cr~! and hence [Af7| <
Cr=t on ONS, (of course, after adjusting the constant). Thus by Lemma 2.4.5

(i),
£ 1
E 1{XTeOmST}dAT < C;E 1{XTeOmsT}dT — 0

showing (2.96).
5. Note that since f|émso =0, f* — f* uniformly as r — 0. Thus by 3. and 4.,

P = £H(¥o) = T 170 = F7(3%0) = [ Lex,corsepdf (X0

Consequently, f(X) is a semimartingale with [ 1{x cgoydf*(X,;) = 0 and to-
gether with 1. we get the last assertion of the Theorem for S € S™2).

6. At last, repeating the arguments above, we can recursively prove the same if
S e S"3) 8 e S and so on. Thus the Theorem is proved. O
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Remark 2.4.18 (i) The last assertion of the preceding Theorem, namely that
J1ix,esydf (X;) = 0if S € S with m < n — 2, is not surprising from the
potential theoretic point of view: M™~2) is a polar set ([EF01], Proposition 7.6).
In other words, the Brownian motion X never hits M ™2,

(ii) It can be shown that for S € S™=Y LS* = [ for all u,v € scaff(LS).
More precisely, there is an increasing process [ such that L5* = —2L1_—1 for all

= |scaff(LS)]
u € scaff(_LS), cf. Example 3.2.8.

Example 2.4.19 Let M be an n—dimensional “booklet”, i.e. M is the union
of a finite number of n—dimensional Euclidean half-spaces Hi,..., H; that are
glued together at their boundaries. In other words, M is the orthogonal sum
M = Sa& 1S, where S is an (n — 1)—dimensional Euclidean space and LS is a
one-dimensional simplicial cone complex with k rays, i.e. a k—star.

Let X be Brownian motion in M starting at z. We write X = X" + X*. Then
the following holds:

a) X' is an (n — 1)—dimensional Brownian motion starting at x .
b) X+ is an isotropic Walsh’s Brownian motion? starting at xt.

c) r:=d(X,S)=d(X*,0.5) is a reflected Brownian motion.

Proof: a) Let f € C(S). Define f : M — R by f(z) := f(z"). Then AM f(z) =
ASf(27), where AS is the Euclidean Laplacian on S. Moreover, f € AS?! and
hence M7 := f(XT) — [ASF(XT)dt = f(X) — [ AMf(X)dt is a martingale by
Corollary 2.4.14. This means that the law of X T solves the martingale problem
for A% and hence is the Wiener measure on S.

b) Let the ith ray of LS be given by T; := R, u;, with unit vectors us, ... u,, S0

1S =, Ty (c¢f. Example 1.1.3 (ii)). Define g; : LS — R by

rid o if =i
() %
gl(Tu]) : { _i if j #i (2.97)
Extend this to a function g; : M — R by g;(z) := g;(z*). Then Ag = 0 and

Ag? = 2.
For R > 0, let 6% : 1.S — R be ‘a piecewise smooth function with compact support
such that HﬁgR(O) = 1. Then 6Bg, € A° and hence the processes gi(thTR) and

20This is defined in [BPY89]. Isotropic means that when X isin 0, g, it chooses any ray with
equal probability 1/k.

21The point is that all normal derivatives of f are identically 0 on S. Strictly speaking, we
only have that 6% f € A°, where 6% is a cutoff function as in the proof of b). Then one has to
run through a localization argument analogous to the one in the proof of b), which we skip here.
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93 (Xjpr,) — t A T are martingales for i = 1,... k.
Fix t > 0. Define the process Ng := ¢;(Xjs,,). Then (Ng)g>o is a martingale

with (N)gr =t A 7. Thus

(9:i(XT))inc = ]%i_l}go@i(XL»t/\m = lim (N)p <1,

where ( is the lifetime of X*. Tt follows from [RY99], Chapter IV, Proposition
1.26 that limp_.oo = ¢;(Xjn,,) = lim, enc gi(X;) exists. Consequently, ¢ > ¢ (in
particular, since ¢ is arbitrary, it follows that ( = o0). Moreover, the process
9i(X+)s<i is an L2—bounded martingale. It follows that the processes g;(X;)i>0
and ¢g?(X;}) —t are martingales for i = 1,..., k. Thus we have shown that the law
of X1 solves the martingale problem (3.3) in [BPY89]. So it must be the law of
an isotropic Walsh’s Brownian motion by Theorem 3.2 of [BPY89).

¢) follows from b) and Lemma 2.2 of [BPY89]. O
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Chapter 3

Martingales in Euclidean
polyhedra

In a Riemannian manifold M, a semimartingale is a V—martingale if and only
if p(X) is a local submartingale on {X € O} for all smooth convex functions
¢ : O — R. This is Darling’s characterization for martingales. Moreover, in this
case one can proof by a standard smoothing procedure that ¢(X) is a local sub-
martingale on {X € O} for all Lipschitz continuous convex functions.

Picard extended this characterization to the case where M is a metric tree (i.e. a
one-dimensional Euclidean polyhedron), cf. [Pic05], Proposition 3.3.4. According
to stochastic calculus in polyhedra, there appears a condition on the local time
term that reflects the geometry of the Link LkoM (cf. Example 3.4.5).

We will extend this characterization to the case that M is a Euclidean polyhe-
dron of arbitrary dimension. Moreover, our characterization works without any
assumption on curvature bounds.

In section 3.1 we consider Darling’s characterization using piecewise smooth convex
functions. But this is unsatisfactory because it depends on a certain triangulation.
In section 3.2 we develop a theory of local time measure at a certain simplex S
which is a version of the family of directional local times that does not depend
on the triangulation'. We use this to present a triangulation-free version of Itd’s
formula, cf. Theorem 3.2.13, which is then the key tool in proving a general version
of Darling’s characterization (Theorem 3.3.4).

At last, we discuss the special case that M is a Euclidean polyhedron of nonposi-
tive curvature, where one can find a simple description of the martingale condition
for the local time term, including the case of Picard’s characterization in trees.
Theorem 3.4.7 is one of the central results in this work. It characterizes martin-
gales in terms of the theory of discretized martingales that is developed in chapter

Lwe only require that there is some isometric triangulation S such that S € S

83
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3.1 Darling’s characterization, part 1

We start with Darling’s characterization for martingales. In manifolds, a semi-
martingale X is a martingale if and only if p(X) is a local submartingale for every
smooth convex function ¢ (at least locally). So in our case, i.e. where we are
given a Euclidean complex (M, S), the test functions should be piecewise smooth
convex functions.

Recall the definition of the convez barycenter of a probability measure on a geodesic
metric space from [EM91]. We use a version that is adapted to the present situa-
tion.

Definition 3.1.1 Let M be a Euclidean polyhedron and p a finite nonnegative
measure on M.
(i) The convex barycenter of u, denoted by B(u), is the set of all x € M such that

n()e(w) < [ elyuldy)

M

for all Lipschitz continuous convex functions ¢ : M — R.

(ii) The piecewise smooth convex barycenter of p (w.r.t. S), denoted by Bgs(pu), is
the set of all x € M such that

MMM@S/wMMw

M

for all piecewise smooth convex functions ¢ : M — R.

Note that if 4 = 0, then B(p) = M.

For the rest of this section, we will only be concerned with the piecewise smooth
barycenter from Definition 3.1.1 (ii). Let X : Q@ x Ry, — M be a semimartingale
and let S € S(M). The family (LS’“)uescaﬁ( 1s) of local times can be regarded as
a process with values in the set of nonnegative measures on LS in the following
sense: For t > 0 set

Su
peo= W)= Y Lo (3.1)
u€scaff(M)

Then p7 is a nonnegative measure on LS. Moreover, u? — i is nonnegative for
all 0 < s <t.
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Definition 3.1.2 Let (€2, X, P) be a continuous semimartingale and let S € S.
We say that X satisfies condition Mg(S) if there is a P—nullset out of which
015 € Bs(py —pd) forall 0 < s <t

Remark 3.1.3 Condition Mg(S) is equivalent to the following: Whenever ¢ :
1S — R is a piecewise smooth convex function with ¢(0) = 0 and s < ¢, then

A P = ) () = 0. (3.2)

% is piece-

Now we know from Lemma 1.4.5 that f := dpo = >, ccamLs) Oup(0)V
wise linear and convex. Moreover, ¢ > f and hence [ oo(y)(u — pd)(dy) >
J1s f(W)(u — p2)(dy). Thus in order to check Ms(.S), one only has to check (3.2)

for piecewise linear convex functions f: LS — R.

Lemma 3.1.4 Let X be a continuous semimartingale and S € S(M). If X satis-
fies condition Ms(S), then 3, . .as) fot Oup(X,)dL2(X) is nondecreasing for
any piecewise smooth conver function .

Proof : We will approximate . .a1s) fg Oup(X,)dL2"(X) by discretized in-
tegrals. More precisely, since L>* and 0, are continuous, there is a P—nullset
out of which

t
S Y dwxo@ - - Y / Duip(X, )AL

u€scaff(LS) |, €Ak u€scaff(LS)

almost surely whenever AF is a sequence of partitions of R, with [|A¥|| — 0
and 77 = le(w) is a sequence of intermediate points, i.e. t; < le < t14q for all
t, 141 € AF.

Now fix k € N and the corresponding partition A, and let [ € N. Let w € Q.
There are two possible cases:

First, if X, (w) ¢ S° for all t; < 7 < 41, then (Lgfl - Lflu)(w) = 0 because
L% only increases on {X € S°}. Consequently, 6u<p(XTl)(Lflf1 - Lgu) = 0 for all
T € [tl,tl+1].

In the second case, i.e. if there is some 7, = 7 (w) € [t;, t141] such that X, (w) € S°,
then consider the function

f= Z Oup( Xy (w))v".

u€scalff(_LS)

Then f is convex on LS and f(0,5) = 0. Now by Mg(S), 0,5 € B(ufm — ufl)(w)
and hence by Remark 3.1.3,

> 0up(X )Lt =Ly = | fw) (i, — pi)(dy) > f(0) =0.
u€scaff(LS) L5
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So we conclude that - . .m1s) |2 oear Qup(X (LS — LS“)] is a.s. nonde-

tiv1
creasing (as a process), and letting k — oo proves the Lemma. [

Theorem 3.1.5 Let M be a Fuclidean polyhedron and let X : Q x Ry — M be a
continuous semimartingale. Then the following are equivalent:

(1) o(X) is a local submartingale on {X € O} for all piecewise smooth convex
functions ¢ : O — R.

(i1) For all S € S and u € scaff(5), fg 1ix,es0ydX? is a local martingale and X
satisfies Mg(S).

Proof : (ii) = (i): Let ¢ : O — R be piecewise smooth and convex. By local-

ization, we may assume that X has only values in O. Let S € S(M). By (i),
¢ . : ) :

Zuescaﬁ(s) Jo 1ix,es03d X is a local martingale. Since ¢ is convex,

%Zwe“aﬁ(s) fg 1ix, c503 0w f(X7)d(XY, X7) is nondecreasing. At last,
D ucseafi(LS) 3y 8up(X,)dL5¥(X) is nondecreasing by Lemma 3.1.4. Thus (i) fol-

lows from (2.25) and Theorem 2.1.13.
(1) = (i7) : Let u € scaff(S). On a neighborhood O O S, define the function

oU(x" + 2t) == v*a"). Then " is piecewise linear and convex. Moreover,
Opp"(x) = 0,(v) for all E S° and v € scaff(S) U scaff(LS). Thus by Theorem
2.1.13, fo 1ix. esopdp™( X, fo 1{x, ese3dX* which is a local submartingale by

(7). Moreover, —p" is convex, too, and consequently fo 1ix, cg01d XY must be a
local martingale.

It remains to show that Ms(S) holds. By Remark 3.1.3, we have to check that if
f: LS — Ris a piecewise linear convex function, then [ ¢ f (y) 7 (dy) is nonde-
creasing in ¢.

Set ¢(x) := f(z+). Then ¢ is convex and by (i), [ 1ix,ese3dp(X;) is a local
submartingale. Now 0, = 0 for all u € scaff(5), and hence by Theorem 2.1.13,

t
| teesdott) = Y / Dup (X)L
0

u€scaff(LS)

= Y i = [ i)

u€scaff(LS)

is nondecreasing in t. Thus Mg(S) holds. [

3.2 General Convex functions

So far we have used the stochastic calculus for piecewise smooth functions, which
is unsatisfactory for Euclidean polyhedra because of two reasons: First, many
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convex functions, e.g. distance functions if M has nonpositive curvature, are not
piecewise smooth in general. Second, all previous results were subject to a given
triangulation. But regarding a Euclidean polyhedron as a metric space, there are a
lot of isometric triangulations and in general there is no canonical one. Moreover,
we already know that the property of being a semimartingale does not depend
on the triangulation. The aim of this section is to develop a stochastic calculus
that does not depend on a certain triangulation and that also includes (convex)
functions that are not piecewise smooth.

In subsection 3.2.1 we show that if X is a semimartingale and ¢ : O — R is a Lip-
schitz continuous function, then ¢(X) is a semimartingale on {X € O} (Lemma
3.2.1). Then the next question is: How does [ 1;x,ese3dp(X) look like? As usual,
we will write o = ! + ot

Assume for the moment that ¢ is piecewise smooth w.r.t. some isometric triangu-
lation §. Then by Theorem 2.1.13 we have

/1{Xfeso}d<ﬂ Z /1{XTeS°}5u90( -)dXY

uescaff(S

+§ S [t 0l (X X;)

u,vescaff(S)

and

[ ety =5 2 / Ouf(XNLSM(X).  (3.3)

u€scaff(LS)

As we will see, even if ¢ is not piecewise smooth, the tangential part does not
cause too many problems. Actually, one can approximate o' by smooth functions
as in the classical linear case.

The hard part is the orthogonal, i.e. the local time term. In subsection 3.2.2 we
introduce the notion of the local time measure at S, which is a measure on Lky LS
and admits a version of (3.3) that does not depend on the triangulation S, cf.
Proposition 3.2.4.

In subsection 3.2.3, we examine which convex functions ¢ admit a generalized Ito
formula for . By this we mean a version of (3.3) for certain (not necessarily
piecewise smooth) regular convex functions, cf. Definition 3.2.11 and Theorem
3.2.13.

3.2.1 Cutting, smoothing and extending

Let ¢ : M — R be a Lipschitz continuous convex function, not necessarily piece-
wise smooth, and let X be a continuous semimartingale. We want to show that
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©(X) is a semimartingale. This will be done by a ’cutting, smoothing and ex-
tending’ procedure, as follows: First for any 7" € S, we only consider o7, the
restriction of f to T' ("cutting’). Then we smoothen ¢, with a family of mollifiers
that is adapted to 7' ('smoothing’). At last, we extend the smoothed function to
a piecewise smooth function the whole complex as in Example 1.1.8 (’extending’).
Let T'e€ S(M). For any function f : M — R, let fr: M — R be the extension of
fir from T to M described in Example 1.1.8 (so in that terminology, fr = f with
K =T and L = M). If fir is smooth, then fr is piecewise smooth. Note that
we have here the special case of extending a function from a simplex to the whole
complex, cf. Lemma 1.1.10 and figure 1.3.

The main tool of this section is a family of mollifiers adapted to the simplicial

structure. Let 0 # 6 be a nonnegative smooth function with compact support in
[0,00[. For j € Nand T € S, put

U(2) = H O(jv*( (3.4)

uEscaff( )
with
o :—/ H ij (3.5)
uescaff(T

So \IJJT(:c)dx is a probability measure whose support is contained in 7'.
For a locally bounded function f : T — R, put

fi() = [ * Uh(a /f YW (y — x)dy (3.6)

for x € T, and for x € M\ T, let f:]p(a:) be defined by the extension procedure
described in Example 1.1.8. Then f7. is piecewise smooth.
Lemma 3.2.1 Let ¢ be a Lipschitz continuous convex function. Then

(i) gajf — o locally uniformly.

(i1) Hessyl () is positive semi-definite for all x € M

(iii) Dyl (z) — Dupr(x) for every x € T and u € scaff(T), where

Bupr(z /3 (O¢.)(y — ) ¥y — ) yz—/asoz(y—x)au%(y—x)dy-
T

In particular, if there is some C' > 0 such that |0,p| < C in a neighborhood
of v inT , then |0ypr(x)] < C.
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Proof : (i) follows from the continuity of 7 as in the usual case.
(ii) Let xo, 27 € T and put z; := (1 — t)xg + tx;. Then

() = / o) Wh(y — )y = / oz + 1) W (2)d>

<=0 [ ol a Ve +t [ o+ m) ¥
= (1 = )¢ (o) + te(xo)

Thus 7. is convex on T and hence Hessy), () is positive semi-definite for all z € T.
Let now z € T° for T #T,and put S:=TnN T. Let v € UT. Tt follows from the
special form of ¢7. that Hess@) (x) (v, v) = Hesspl (ms(x)) (rs(v), 75(v)) > 0, where
g U T _, US is the linear projection®. So Hess<pT( ) is positive semi-definite for

allzeT.
(iii) Let x € T and u € scaff(T"). Note that

D) = - / ()0, Th(y — x)dy = / Dup () Vh(y — )dy.  (3.7)

Without loss of generality we may assume that ¢(x) = 0. Define

1
€0, 1] x (Bi(2) NT) = R, (ry) = —(p(z+ 1y —2)) = 0pu(r(y — 2)))
Then €(r,y) is nondecreasing in r and bounded from below by
lim e(r, y) = inf e(r,y) = 0.

Moreover, by assumption, € is bounded from above and hence by dominated con-
vergence

10, () — Buip())|
[ ooty - oy~ [ deuty - Dowi - w)dy]

et 57 = 28— 2)dy = [ Dpuly — 0Ty x)dy\
T T

< / (77 y)0u V1 (y — x)dy — 0.
T

Now since we know that 850%(3:) converges, the last assertion follows from (3.7),
taking into account that W’.(y)dy is a probability measure . [J

Znote that S has maximal dimension among all S € 8 such that S ¢ TNT. It can easily
be seen that whenever g = gr is a function of the above form, then g(z) = g(wg(z)). Thus the

claim above follows by taking the second derivative along straight lines in 7.
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Lemma 3.2.2 Let X : Q x Ry, — M be a semimartingale and let ¢ : O — R
be a Lipschitz continuous convex function. Then o(X) is a semimartingale on

{X € 0}.

Proof : We may assume that X has only values in O. Since gpjT is piecewise
smooth for all 7 € N, Theorem 2.1.13 yields

t
/ 1ix, s doh(X,) = [YS(0h) + AS(0h) + L5 ()]
0

with
Ve = Y [ etk (6ax,
uescaff(S)
; 1 t . T
Aler) =5 D 1 x,e501 Qo (X2 (X", X2)
u,vescaff(S) 0
and

L) = ¥ / Duigh (X, )AL (X).

u€escaff(LS)

By Lemma 3.2.1 (i), ¢’(X) — @p(X). Moreover, by Lemma 3.2.1 (iii),

v — Y / Lo esdupr(X,)dXE = Y (r)

u€escaff(S

and

g — 3 / Bupr(X,)ALSH(X) := L (1)

u€escaff(LS)

locally uniformly in probability (note that since ¢ is locally Lipschitz, 590 is locally
bounded). Consequently, A7(¢7) converges to some continuous process A? (o)
which is nondecreasing since A? (gpjT)is nondecreasing for all j by Lemma 3.2.1 (ii).
Thus letting j — oo, by Lemma 3.2.1 (i) we have

pr(Xe) —or(Xo) = > [VF(er) + Af(pr) + L (er)] -
Ses(M)

Plugging this into Lemma 1.1.10, we get

P(Xe) = 9(Xo) = Y ar [Yiler) + Ailpr) + Li(pr)] (3-8)

TeS

with V(7)== Y g5 ¥i"(pr) and so on. Consequently, ¢(X) is a semimartingale.
U
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3.2.2 Local Times revisited

Unfortunately, (3.8) is not very useful for geometric applications as e.g. charac-
terizations of martingales (cf. Theorem 3.1.5). Especially the local time term of
(3.8) causes problems since the coefficients ar may be negative.

In this section we will develop the theory of local time measure at S € §, being an
intrinsic and triangulation-free concept of the family of directional local times at
S. With help of of the local time measure we will be able to represent the behavior
of p(X) at S € S, even if ¢ is not piecewise smooth cf. Theorem 3.2.13.

We will start with the special situation where M is a Euclidean conical poly-
hedron and S = 0. Recall that (LkoM, p) is a compact spherical polyhedron (p is
the spherical intrinsic distance).

Definition 3.2.3 Let (M, d) be an n—dimensional Euclidean conical polyhedron
and let S be a triangulation of M. The mesh of S is defined by

I|S|| := sup{diam,(S N LkoM) : S € S} (3.9)

A sequence (Sy)ren of isometric triangulations of M is called an approzimating
sequence for M if

e For any k <[, S C &, i.e. § is finer than ;.

o ||Sk|| = 0ask — oo
Let (Sk)ren be an approximating sequence. For k € N define a measure-valued
process p¥ : Q@ x Ry — M(LkoM) by

TS D T (3.10)

u€Escaff(M*)

where Lff’k is the local time of X at 0 in direction v w.r.t the triangulation S.
Then p* is continuous w.r.t. to weak convergence of measures on LkyM and non-
decreasing in the sense that ¥ — p* is a nonnegative measure for all s < .

For any function f : LkgM — R, we define a piecewise linear function f* :
(M,S;) — R by f¥ = Y uescaticsy) S (Wr". The crucial observation is that for

all [ >k, f* is also piecewise linear w.r.t. S; and hence almost surely

/f y)ui (dy) = /f’“ Wufdy) = Y fu)Lyt

u€scaff(M,Sy)
/1{XT—O}df /f’“ Y (dy). (3.11)

Thus the sequence p¥ is in some sense "projective’. So the natural question if there
is a 'projective limit’ is answered in the following
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Proposition 3.2.4 Let (M,d) be a Fuclidean conical polyhedron and X : 0 X
R, — M a semimartingale. Then there is an almost surely unique® continuous
measure-valued process L : Q@ x Ry — M(LkoM) such that for all isometric tri-
angulations (M,S) and all piecewise linear functions f : (M,S) — R we have

|t = [teadx) = X fwit s G12)

u€escaff(M,S)

Moreover, for any simplicial approzimation (Sy)ren of M, let u* defined by (3.11).
Then uf — Ly weakly locally uniformly almost surely in the sense that SUP,<y pr(pf, L) —
0, where pi s the Kantorovich Rubinstein distance of measures on LkoM, i.e

px (1, v) == sup{ fd(p—v): f € Lip;(LkoM,R)}.

LkoM

L, is nondecreasing in the sense that for all s < t, Ly— L, is a nonnegative measure.
(Lt)ter, s called the local time measure of X at 0.

Proof : 1. We will show that for any approximating sequence (Sk)xen, the se-
quence pF converges weakly locally uniformly almost surely to some continuous
measure-valued process fi;.

First note that if F is a countable set of functions, then almost surely (3.11) holds
for all f € F and all £ <.

In particular with ¢ = 1 and g¢* defined as above, we have that u¥(Lk(0)) =
[ 9(y)uf(dy) for all k € N. Noting that IiLk) = 1, we get

(LK) < (LK) < [ g Wtdn) = [ g wndlay) = G < oc

for all s <t. Let F be a countable set of functions that is dense in Lip, (Lk(0), R)
w.r.t. uniform convergence. Then almost surely, for all k <[ € N, s <t and all
f € F we have

| / F ()i (dy) - / F () (dy)] = | / F* () (dy) — / ()i (dy)

= [ bt - / o)

< [17w) - S wlui(ay)

<C sup [ff(u) = fl(u)| < CellSill — 0.
u€scaff(S;)

3in other words, it is unique up to indistinguishability
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Because F is dense, the above inequality holds almost surely for all f € Lip, (Lk(0), R)).
Thus (1%)s<; is a.s. a cauchy sequence w.r.t. the Kantorovich-Rubinstein distance,
uniformly in s and has a limit (us)s<; since this distance is complete. Moreover,
(1¢)¢>0 is continuous and nondecreasing.

2. Let & and §k be two simplicial approximations of M such that pf — p,
and ¥ — ;. We shall prove that ()0 = (Jir)>0 a.s. Without loss of generality
we may assume that gk is finer than Sy, i.e. S, C gk) (Indeed, if this is not the
case, we can consider the joint refinement Sk = S U 5%) In this situation, let
k€ Nand let f: M — R be piecewise linear w.r.t. S, i.e. f = f¥. Then f is

also piecewise linear w.r.t. §; and §; for all [ > k£ and hence

> L = [ i)

u€escaff(Sy)

= F)ut(dy) = | F)is (dy)

Lk(0) Lk(0

So letting £ — oo yields almost surely

) f(y)p(dy) = f)m(dy) = /Ot Lix,=oydf (X7) (3.13)

Lk( Lk(0)

So (3.13) holds for every t € Q, a.s., and by continuity of u, and fz, (3.13) holds
for every t € R,

Let F be the set of functions f : M — R such that f is piecewise linear w.r.t some
triangulation Sy and f(u) € Q for all u € scaff(Sy). Then almost surely, (3.13)
holds for all f € F and all ¢t € Ry. Moreover, since F is dense in C(LkoM,R),

(1)e=0 = (Fe)e>0 almost surely.

3. Let L; be a continuous measure-valued process that satisfies (3.12) and let
Sy be a simplicial approximation with corresponding limit measure ;. Then one
proves in the same way as in 2. that L = p a.s., which is the desired uniqueness.

4. In order to finish the proof, we show that if S is a simplicial approximation
with corresponding limit measure L, then L satisfies (3.12). Indeed, let f : M — R

be piecewise linear w.r.t. some triangulation S. If we set Sy := S, US, then com-
bining (3.13) and (3.11) yields (3.12). O

L; can be regarded as a random measure on R, x Lk(0), which is the content
of the following
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Lemma 3.2.5 Let (N, p) be a separable metric space and | : Ry — M(N) be a
continuous nondecreasing measure-valued map. Then there is a unique nonnegative
measure, again denoted by I, such that for all partitions A = (tx) of Ry and all

‘simple’ functions of the form f(t,n) = ZtkeA Je() Ly, (F)

/ St ) / S Uor — 1) () (3.14)

[FHSTAN

Proof : A standard monotone class argument. [

So far we have only considered the local time at 0. If S C is an m—dimensional
simplex w.r.t. some triangulation, we define L° analogously to (2.27):

Definition 3.2.6 Let S € S™ for some triangulation S. Then the local time
measure of X at S is defined by

L% = L(X") (3.15)
where L(X1) is the local time measure of X+ at 0, 5.

So L® is a nonnegative measure on R, x LkyLS. Note that L° is a.s. car-
ried on the set {X, € S°} x LkoLS, ie. there is a P—nullset out of which
[ Lix,¢s0yf(1,y) L7 (d(7,y)) = O for all integrable f: R} x Lko LS — R.

Example 3.2.7 Assume that M = R? is equipped with a triangulation S into
a simplicial cone complex with origin 0 € §. Moreover, assume that S contains
S:={reR*: x, =015 >0}.

(i) Let X be two-dimensional Brownian motion starting at 0. Then 1;x —oy =0
a.s. (because the set {0} is polar) and hence

t
LY(LkoM) = /1{XT_0}dg(X) 0

for all ¢, where p(x) := ||z||. Thus the local time measure of X at 0 is 0.

(ii) Let a = (a1, az) € R with ||a|| = 1. So there is some a € [0, 3] such that
a = €. Consider the semimartingale X = Ba = (a1 B, asB), where B is a one-
dimensional standard Brownian motion. Let [, be the local time of B, at 0 € R.
Then L) = %lt(éa +d_,). Moreover, locally around S we have X+ = X! = cosaB
and hence L7 (dy) = 11, cos b, + d_e, ) (dy).

(iii) The preceding examples are extremal in some sense: Two-dimensional Brow-
nian does not see 0, and the process from (ii) is one-dimensional, i.e. it lives on
a one-dimensional subspace of R?. We will now give an example of a process that
lives on the whole R? but has nontrivial local time measure at 0:
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Let R := |B|, where B is the Brownian motion from (ii), and 6 be a Brownian
motion on S', independent of B (and hence also of R) Set X; := R;e®. Then
Q(Xt> = Rt and hence Lg(LkO fO 1{X 70}d‘(_) fO 1{R 70}th = lt

Example 3.2.8 (i) Let M be a k—star. Then LkgM = {uy,...us}, where u; =
(1,4) is the unit vector on the i—th ray. Let X be Brownian motion on M, i.e. X
is the isotropic Walsh’s Brownian motion, cf. Example 2.4.19 b). Fori =1... k,
denote by L%% the directional local time of X at S = {0} and consider the function
gi + M — R, defined in (2.97). Recall from the proof of Example 2.4.19 b) that
g:(X) is a martingale for all i = 1... k, where g; : M — R is defined in (2.97).
Moreover, g; is piecewise linear (more precisely, g; = %I/“i - % iV ) and
hence

t
0_/ 1{9 Xr)= }ng(XT) /1{X7—_0}dgl(XT)

k 1 U Ou]_ U Ou]
2k L _ka QkZLO B

J#i

for all i = 1,...,k, all t > 0 and (almost) all w € Q. So we conclude that
LOvwi = [9% for all 4, j.
Note that the process r; := d(X4,0) is a reflected Brownian motion and hence

t k
ly =2 / L —opdr, = L™ = kL™
0 i=1

is a Brownian local time. So we obtain the representation

k
1
LY(dy) = Ez w (dy). (3.16)

(ii) Let M be an admissible Euclidean polyhedron and let X be Brownian motion
in M. If S € 8™ for m < n—2, then L%(X) = 0, which immediately follows from
the last assertion of Theorem 2.4.17. So the only nontrivial case is when S € S~1)
Locally around S, we have the orthogonal decomposition M = U® @ LS, where
U?% is the (n — 1)—dimensional Euclidean subspace generated by S and LS is a
k—star. In other words, locally around S, M looks like a “booklet” and we are
locally in the situation of Example 2.4.19. Recall from that Example that X is
Brownian motion on LS, and hence from (i) we deduce the representation

k
Z ui(dy),

Ly (X)(dy) = L}(X™) =

?rlr—t

where [ = 2f0t 1ix,eseydr? and ry = d(S, Xy).
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Remark 3.2.9 The representation (3.16) is not new. Indeed, it is known that
if a k—star M is symmetrically embedded into R? (cf. Example 1.1.3 (ii)), then
Brownian motion in M (i.e. Walsh’s isotropic BM) is a so-called spider-martingale
in the sense of Definition 17.2 of [Yor97]|. Thus one can deduce (3.16) from Propo-
sition 17.5 of [Yor97].

Although out of the scope of this work, we mention another very interesting point
implied by (3.16), which may be of particular interest when one wants to establish
a theory of stochastic differential equations in polyhedra: For k > 2, the natural
filtration of X is not a Brownian filtration*. This was proved by Tsirelson [Tsi97]
using the following arguments: If X was a spider-martingale w.r.t. a Brownian
filtration, then we would have dL%“t A --- A dL%“ = 0 by Theorem 6.1 of [Tsi97],
which contradicts (3.16). See also [BEKT98] for questions concerning the filtration
of Walsh’s Brownian motion.

3.2.3 1Ito’s formula revisited

Let ¢ : O — R be a convex function and X a semimartingale. We already know
from Lemma 3.2.2 that ¢(X) is a semimartingale on {X € O}. Assume that
O is local at some S € S now Let S be an isometric triangulation containing
S. For each u € scaff(LS) let g* : S° — R be a smooth function. Let O be a
neighborhood that is local at S. Consider the function g : O — R, defined by
9(T) =D cccati(Ls) g"(xz")v*(z") (actually, g is defined on all S°@ LS = T Mg.).
Then ¢ is piecewise smooth and for all 7 € ON S and all 2+ € LS, we have
g, (xt) = g(a" +2t) =: g7 (z1). So g can be regarded as a linear form over S°
whose tangential part is 0, and by Lemma 2.1.12 we have

/1{Xfeso}d9(XT) = % > / )ALEM(X)
u€escaff(LS)
_ % / Dax. () L3 (d(7, ). (3.17)

Let now ¢ : O — R be Lipschitz continuous and convex. We have the usual
decomposition ¢ = ¢ + ¢*. Note that o= = ¢ — ¢ is not necessarily convex.
However, ot is convex in the orthogonal directions, i.e. splj(_wT—&-LS)ﬁO is convex for

all zT € SN O. Set

o' (z) = %@L(xT + ra’t). (3.18)

4by this we mean a filtration which is generated by countably many linear Brownian motions
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Then is ¢" convex in the orthogonal directions, i.e. 907"( is convex for all

z' € SNO. For v e LkyLS and z = " + sv, set

zT+18)NO

P (x) = ;wgﬁ +rv) (3.19)

So @" is the unique function that is radial at S (i.e. " (x" + sxt) = s@" (2T +2t)
and " = ¢" on {z € O : d(5,z) = 1}. Moreover, &,
allz” € SNO.

At last, let Sy be an approximating sequence of isometric triangulations for L1.S.

Set
e = Y Fapt= Y (3.20)

u€escaff(LS,Sk) u€escaff(LS,Sy)

TLs)no 18 also convex for

Then @"* is piecewise linear w.r.t. S, (but not necessarily convex!). Moreover,

P () < & (x) (3.21)

which is a consequence of Jensen’s inequality: Fix 2" € S°. For each T' € S;, and
1 € T° N LS define a probability measure

Di = Dyl 1= Z v ()0, + (1 — Z v'(x))do.

u€scaff(TNLS) uescaff(TNLS)

Then p, is a probability on the Euclidean simplex 7', and because ¢" is convex on
x" 4+ LS and $"(0) = 0, Jensen’s inequality yields that

FH(x) = / & (w)paldy) > 7' / ypa(dy)) = 7 (2),

showing (3.21).

Lemma 3.2.10 Let O be local at S and let ¢ : O — R be a Lipschitz continuous

conver function. Assume that O,p is Lipschitz continuous for all u € scaff(S).
Then

(i) " is Lipschitz continuous, uniformly in r, and O is Lipschitz continuous.
(ii) " — Opt uniformly on O.

(i1i) For every e > 0 there are 0 < ro < 1 and kg € N such that for all r < ry, all
k>koand allz =27 + 2+ € ON B,(S),

Opyr (™) < ¢'(2) < p(x) < F'(2) < @(x) < Dpyr (a7) + ed(S, x)
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Proof : Because ¢ is convex, ¢,74 g0 is convex for all ' € SNO. Thus
0"\, Opt pointwise.

Let now 2y = x| +zi and 79 = xg + 5. Then d(zg +rai,zg +rry) = rd(zg +
x1, g + x3) and because ¢ is Lipschitz continuous (say, with Lipschitz constant
C), we obtain |¢" () +zi) — ¢"(zg +5)| < Cd(xg + 21,79 +x5). On the other
hand, d,¢ is Lipschitz continuous by assumption and hence 0, is also Lipschitz
continuous for all u € scaff(S). Now since 90|LSOO =0, |Oupt(z" +rat)] < Cr
for all z = 2" + 2t € O. (where C is chosen accordingly®). Consequently,
lo"(x] +a7) — " (29 +21)| < Cd(z] + 21,29 +21) (With C adjusted again). So
putting this together yields

" (z] +a1) — ¢ (x5 +33)| <" (2] +a7) — ¢ (x5 +z7)]
+ " (2 +a1) — @' (2 +23)]
< Cd(x] + 7,25 +a7) + Cd(zy + 21,75 +77)
< 5d(:p1,m2).

Thus ¢" is Lipschitz continuous, and the Lipschitz constant can be chosen inde-
pendent of 7. So Oyt is Lipschitz continuous as the pointwise limit of uniformly
Lipschitz continuous functions, showing (i).

(ii) follows from Dini’s Lemma® since dp* is continuous by (i).

It remains to show (iii). Because @), 7100 is convex for all r’ € SNO and the
curve t — x| +txt is a geodesic, the first three inequalities follow from the prop-
erties of convex functions on R (in particular, the monotonicity of the difference
quotient). The forth inequality was already shown in (3.21).

For the last inequality note that by (i), ¢" is uniformly Lipschitz continuous on
SNO @ Lky LS, so (7" — ¢")(x" + v) tends to 0, uniformly in z" € SN O,
v € LkoLS and r €]0,79]. Together with (ii) we deduce that if r — 0 and
k — oo, then &% — ¢t uniformly on SN O @ Lky LS. Thus for every ¢ > 0
there are 0 < ryp < 1 and ky € N such that for all » < rg, all & > ky and all
=2z 4+veESNODLkLS, dpr(v) < o"F(x" 4+ v) < dp(v) + e Be-
cause @"* and Oy are radial at S, it follows by radial interpolation that for all
r=x" +at € B.(S)NO, dpr(zF) < §F(x) < dpir (at) + €d(S, x), showing
(ifi). O

Snote that in a Euclidean complex, a neighborhood O that is local at a simplex is automatically
relatively compact. In a Euclidean cone complex, we should assume that O is relatively compact.

5Dini’s Lemma says that if K C RY is a compact set and f, : K — R is a sequence of
continuous functions such that f,, \, f pointwise (important is that the convergence is monotone)
and f : K — R is continuous, then the convergence is already uniform on K.

"here we regard " as a function defined on some neighborhood O" of SN O in SNO @ LS,
and if rg is small enough, then SN O & Lky LS C O".
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Definition 3.2.11 Let S € S and O local at S. A Lipschitz continuous function
¢ : O — R is called regular at S if ¢ is differentiable in direction S (i.e. the
function 2" — @(z" + zt) is differentiable) and for all u € scaff(S), d,p is
Lipschitz continuous on O.

Example 3.2.12

()If o(z) = p(xt) (ie. if  is constant in the directions of S), then ¢ is regular.
In particular, if S = z( is a corner (i.e. a 0—dimensional simplex), then every
Lipschitz continuous convex function is regular at x.

(ii) Let ¢ : O — R be a Lipschitz continuous convex function. Consider the
mollifier \Ilfq : S — R, defined in (3.4). Let jo, € N and let O be neighborhood such
that Bl/jo(é) CO.Forj>joandz=a2" +at € O define

() = ¢5(x) = / (@ + 1) W ()dy. (3.22)
S

So ¢ is smoothed only in the tangential directions. i.e. all directions of S. Asin the
proof of Lemma 3.2.1 (ii), one can easily see that ¢’ is convex, and the smoothness
in the tangential directions implies that ¢’ is regular at S. We will use this kind
of smoothing in many geometric applications, as for instance in Theorem 3.3.4.
(iii) Consider the function p(x) := d(S,x). p is convex on any neighborhood that
is local at S. Moreover, g is regular at S by (i).

The crucial point of regularity is that a regular function ¢ admits an intrinsic local
[t6 formula for ¢ at S, which is in particular independent of the triangulation.

Theorem 3.2.13 (Intrinsic local It6 formula) Let X : Q x R, — M be a
semimartingale. Let S € S for some isometric triangulation, O local at S and let

¢ : O — R be a Lipschitz continuous convex function that is reqular at S. Then
on {X € O} we have

t 1
[ tesdt ) =5 [ apk ) y)
0 [0,£]x Lko LS

1
-2 / dox. (y) L5 (d(r,y)).
[0,¢]xLko LS

Proof : Let S; be an approximating sequence of isometric triangulations of LS.
Recall the definition of @"* from (3.20). By 3.2.10 (iii), $"* — d¢* uniformly on
(SNO)® LkyLS asr — 0, k — oo and hence

t
. - .
lim [ 1(x esyd@™ (X) = 5 lim P, (y) L7 (d(7,y))
U 720 JogxikeLs

1
5[ ask Lty
[0,§] xLko LS
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Set o(z) := d(S,x). Then p is convex on O and hence o(X) is a semimartingale
on {X € O}. Moreover, since p > 0, L; := fot 1¢x, es0ydo(X7) is a nondecreasing
process. Put A" := @”‘3 ¢t By Lemma 3.2.10 (iii), 0 < h™* < ep on ON B,.(9)
and hence [ 1{x, ego1dh” (XT) is nondecreasing and [ 1ix esoyd(h™* — e0)(X;) =
[ 1¢x, eseydh™ (X)) — €L is nonincreasing. So letting e — 0 (and r — 0, k — oo
accordingly) yields that

t

0= lim 1ix, esrdh™ (X;)
krjoo 0

t

t
= lim | 1x,es0yd@H(X) —/ Lix, eseydp™ (Xr)
kr:oo 0 0

1 t
5[ k) ~ [ dxesdet ()0
[0,£]xLko LS 0

As a special case, let 7o € M. We can assume that zo € S for some isometric
triangulation S, i.e. o is a corner. Because every Lipschitz continuous convex
function is regular at zo (cf. Example 3.2.12 (i)), we get the following

Corollary 3.2.14 Let xg € O C M and let p : O — R be a Lipschitz continuous
convex function. Then

t
[ 1ot = | Opn () L™(d(7, ).
0 [0,] xLko LS

Example 3.2.15 Although the regularity condition from Definition 3.2.11 is not
sharp (i.e. one can establish more general conditions on ¢ to ensure that Theorem
3.2.13 holds), some condition is necessary, as the following example shows:
Consider the process X = Ba in M = R? from Example 3.2.7 (ii). Different from
that situation, we choose a different triangulation S for M: Let (0,—1) € S be
the origin and assume that S := {x = (z1,22) : 21 = 0,29 > —1} € S. Let now
o(x) :=d(0,x) = ||z||. Then ¢ is convex and Lipschitz continuous, but not reqular
at S.

Now Odpg(e1) = dpo(—e1) = 1 and hence by Example 3.2.7 (i),

/ Do (y)L5(d(r, ) = / Dpo(y) L (d(r, ) = s cos

(note that the first equality holds since L only increases on {X € S°} = {X = 0}).
On the other hand, ¢(X) = |B| and {X € S°} = {B = 0} and hence
fot 1ix, eseydo(X;) =l Moreover, ¢ (x) = |22| and hence

t t
/ 1{XTeS°}d§0T<X—r) = / 1{Xg:0}d|X3| = [;sin .
0 0

Consequently, [o 1(x,eseyde’ (X,) = (1 —sina).
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3.3 Darling’s characterization, part II

We already know that if X is a semimartingale and ¢ : M — R a Lipschitz contin-
uous convex function, then ¢(X) is a semimartingale. Now we will show that if X
is a martingale, then ¢(X) is a submartingale. This is Darling’s characterization
of martingales for general Lipschitz continuous convex functions.

Definition 3.3.1 Let (€2, X, P) be a continuous semimartingale and let S € S for
some isometric triangulation S. We say that X satisfies condition M(S) if there
is a P—nullset out of which 0,5 € B(Ly — L?) for all 0 < s < ¢.

Remark 3.3.2 One can show that X satisfies M(S) if and only if X satisfies
M(S) for all isometric triangulations S of M. The ’only if’ part is trivial. In
order to prove the ’if” implication, one should show the following statement, which
we state as a conjecture:

Let M be a Fuclidean conical polyhedron and let ¢ : M — R be a Lipschitz
continuous convex function with p(0) = 0. Then for every isometric triangulation

S, there are a finer triangulation S O S and a convex function @ such that p(0) =
0, ¢ < ¢ and p is piecewise linear w.r.t. S. Moreover, if ||S|| — 0, then @ — ¢.

Lemma 3.3.3 Let X be a continuous semimartingale and S € S(M). If X satis-
fies condition M(S), then f[o fxLkoLs DX, (y)L5(d(7,y)) is nondecreasing for any
Lipschitz continuous convex function ¢ that is reqular at S.

Proof : The proof is completely analogous to the one of Lemma 3.1.4. Note
that Oy is Lipschitz continuous and hence the function (¢,y) — 0yx,(y) is a.s.
continuous. Consequently, there is a P—nullset out of which

Z /Lk 18 3@()(71)(3/)([;2“ B Lg)(dy) - dpx. (y)LS(d(T, Y))

Iy [0,¢]xLko LS

whenever AF is a sequence of partitions of Ry with ||A*|| — 0 and 7 = 7/(w) is a
sequence of intermediate points, i.e. t; < le <ty for all t, 4, € AF.

Moreover, 0p|,T1 g is convex for all ' € SN O, so as in Lemma 3.1.4, for
any partition A¥ we can find a sequence 7; of intermediate points such that
DN kaOLS (990()(71)@)([/2+1 — L7)(dy) is nondecreasing, proving the Lemma.
O

Theorem 3.3.4 Let M be a Fuclidean polyhedron and let X : Q@ x Ry — M be a
continuous semimartingale. Then the following are equivalent:

(1) ¢(X) is alocal submartingale on {X € O} for all Lipschitz continuous convex
functions ¢ : O — R.
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(1i)) Whenever S is an isometric triangulation of M, then for all S € S and
u € scaff(5), f(f 1ix,es03dX? is a local martingale and X satisfies M(S).

(111) There is an isometric triangulation S of M such that for all S € S and
u € scaff(S), fot 1(x, es03d X is a local martingale and X satisfies M(S).

In either case, X s called a local martingale in M.

Proof : (iii) = (i): Let S be an isometric triangulation satisfying the assumptions
of (iii) and let ¢ : O — R be Lipschitz continuous and convex. Without loss of
generality we may assume that O is local at some S € S(™. We will prove that
(i) holds by induction on the codimension k = n—m of S. For k =0 (i.e. m =n),
this follows from the well-known theory in R™ (e.g., by Jensen’s inequality or by
a starndard smoothing procedure). So assume that we have proved the assertion
forall[=0,...,k—1.

Consider the function ¢/ := ¢J from Example 3.2.12 (ii). Then ¢’ is convex and
regular at S. Consequently,

t ‘ 1 ,
[ e =5 [ ad )
0 [0,£]xLko LS

is nondecreasing by Lemma 3.3.3. Since (¢’)7 is smooth,

/ 1{X eSO}d( Z / 1{X 650}8ug0 ( )dX;L (3.23)

u€scaff(S

1
> / 1 x50y D! (X,)A( X, X7)

u,ve€scaff(S

is a local submartingale. Moreover, by induction hypothesis we have that

fot 1(x,co\s1d(¢?)(X;) is a local submartingale. So putting this together, ¢/ (X)
is a local submartingale on {X € O}.

It remains to show that ¢(O) is a local submartingale on {X € O}. Therefor, we
may assume that X has only values in some relatively compact set U CC O. Since
O is local at S, O is relatively compact. Hence ¢ is bounded and the sequence ¢’
is uniformly bounded on U. So ¢/(X) is a (uniformly) bounded submartingale for
every j. Now ¢/ (X) — ¢(X) uniformly on {X € U}, thus p(X) is a submartingale
on {X e U}.

(1) = (ii) : Let S be an isometric triangulation and let S € S. First we show
that M(S) holds. Let f : LS — R be a Lipschitz continuous convex function.
We may assume that f(0) = 0. Set p(z) := f(z'). Then ¢ is convex and by (i),
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i 1ix, es0oydp(X;) is a local submartingale. Moreover, ¢ is regular at S and we
have ¢ = . Thus

t t
/1{xfeso}d<ﬂ(XT)—/ 1ix, esoydo™ (X)
0 0
-/ Dox, (1)L (d(7,))
[0,] x Lk(LLS)
-/ Oo(y) L5 (d(r. )
[0,] xLk(LS)
[ R - Ly
Lk(LS)

must be nondecreasing in t. In particular, for all s < ¢,

[ @ - = [ 0Rw)EE - L)y = 0

Lk(L5S) Lk(L5S)

Thus M(S) holds.

It remains to show that if u € scaff(S), then f(f 1x, es03d X is a local martingale.
But by (i) we have in particular that ¢(X) is a local submartingale on {X € O}
for every piecewise smooth (w.r.t. §) function, and so the assertion follows from
Theorem 3.1.5.

(id) = (i) is trivial. O

With the same technique as in the proof of the above Theorem one can get some
more information about the transformation behavior of convex functions.

Definition 3.3.5 Let M be a geodesic space. A function ¢ : M — R is called
k—conve if for all geodesics v : [0,1] — M and all ¢ € [0, 1],

() < (1 = H)e(v(0)) + te(v(1)) — gt(l —)d*(7(0),7(1)) (3.24)

For instance, if M is a Riemannian manifold (or if M = R"), k—convexity in this
sense means that Hessp > kg in the sense of distributions, where g is the metric
tensor on M.

Corollary 3.3.6 Let X be a local martingale in M and let ¢ : O — R be

k—convex. Then p(X) — 5(X) is a local submartingale on {X € O}.

Proof : We can completely imitate the proof of Theorem 3.3.4, (ii) = (i). The
only thing to mention is that because ¢ is k—convex, ¢’ is also K—convex® and

8this can easily be shown as in the proof of Lemma 3.2.1 (ii)
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hence since (¢7/)" is smooth, Hess(?)! (u,u) > kg, (u,u) for all z € S° and u €
T,S. So in (3.23) we obtain that

1 ' | o [t
3 Y [ xn -5 [ eedix),
(%)

u,vEscaff

is nondecreasing, and consequently, ¢/ (X) — 5(X) is a local submartingale. So the

proof is completed by letting j — oo as in the proof of Theorem 3.3.4, (ii) = (4).
L.

Example 3.3.7 Let M be an admissible Euclidean polyhedron and let X be
Brownian motion in M. Recall Example 3.2.8 (ii). For S € 8™, m < n — 2,
we have L® = 0 and hence M(S) is trivially satisfied. Moreover, for S € SV,
we have L7 (dy) = %Zle L.6,,(dy) by Example 3.2.8, and it is easily seen that
M(S) is also satisfied (cf. also Example 3.4.5). So X is a local martingale.

3.4 Characterizations in CAT(0) Euclidean com-
plexes

Let us now consider the special case where the Euclidean polyhedron M is an
Alexandrov space with curvature bounded from above (i.e. M is C AT (k) for some
k> 0). See e.g. [BHI9] for a definition of C AT (k). For the special case k = 0, see
section 4.1.2. It turns out that in this case, M is automatically a CAT'(0) space,
or in other words, an N PC' space.

Proposition 3.4.1 Let M be a Euclidean simplicial cone complex. Then the fol-
lowing are equivalent:

(1) M is a CAT (k) for some 0 < k < 00.
(i1) M is an NPC space (i.e. CAT(0)).
(111) LkoM is a CAT(1) space.
Proof : (ii) < (ui): [BH99], Theorem II.5.1.
(17) = (7) is trivial.
(i) = (i11) It is clear that the space of directions at 0° is isometric to LkoM. So if
M is CAT (), then LkoM is CAT(1) by [BH99], Theorem I1.3.19. O

9 the space of directions at 0 is the space of geodesics emanating from 0, equipped with
angular metric, cf. [BH99], Definition I11.3.18
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Lemma 3.4.2 (Minimal convex functions) Let M be a Fuclidean simplicial
cone complex of nonpositive curvature.

(i) Let ¢ : M — R be Lipschitz continuous and convex. Let a € LkgM be a
minimal gradient, i.e. Opy(a) = minyepx,nr Opo(u). Then for all uw € LkoM,

p(u) = (0) = Opo(u) = dpo(a) cos Lo(a, u). (3.25)
(i1) For a € LkoM, ¢*(z) := —d(0,x) cos Zo(a, x) is conver and radial at 0.

Proof : (i) Let a € LkoM be a minimal gradient and let u € LkoM. If Zy(a,u) =
7, then the unique geodesic connecting a and u passes through 0 and the assertion
follows from the properties of convex functions on R.

If Zo(a,u) < m, let o : [0,1] — Lk(0, M) be the geodesic from a to w in LkoM
(which is unique since LkoM is CAT(1)). Then the set {Ao(7) : 0 < A\, 7 < 1}
is isometric to the two-dimensional Euclidean cone £ with angle Zy(a,w). Since
a is a minimal gradient for ¢ on &€, we have that p(z) — ¢(0) > Jdpo(a){a,z) =
dpo(a) cos Zo(a,u) for all x € £, showing the assertion.

1

(ii) Let g%(x) := 3d*(a,x). Then g is convex and hence ¢* = dgf is convex by

Lemma 1.4.5. (O

The next Lemma will be crucial for a characterization of M(S) in a CAT(0)
Euclidean polyhedron.

Lemma 3.4.3 Let M be a Euclidean conical polyhedron of nonpositive curvature
and let p be a nonnegative measure on LkoM. Then the following are equivalent:

(1) 0 € B(p).
(i) For all a € LkoM, [, , cos Zo(a,y)u(dy) <O0.
Proof : (i) = (ii): Follows from Lemma 3.4.2 (ii).
(17) = (i): Let ¢ : M — R be convex with ¢(0) = 0 and let a € LkoM be

a minimal gradient. If dpg(a) > 0, then (i) follows trivially. So assume that
Opo(a) < 0. Then p(u) > dpo(a)cos Lo(a,u) for all u € LkogM by Lemma 3.4.2

(i) and hence [, .\ e(W)u(dy) > [i1 0 Ovo(a) cos Zo(a, y)pu(dy) > 0. O

Proposition 3.4.4 Let M be a Euclidean polyhedron of nonpositive curvature and
let X be a semimartingale. Let S € S for some isometric triangulation. Then the
following are equivalent:

(i) X satisfies M(S).

1) For all a € Lky LS, cos Zo(a,y) LY (dy) is nonincreasing in t.
Lko LS t
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Proof : A standard approximation argument, using Lemma 3.4.3. [

Example 3.4.5 Let M be a k—star, i.e. a one-dimensional simplicial cone com-
plex. We may regard M as a Euclidean simplicial cone complex, where on each ray
of M we have the standard Euclidean metric on [0, 00[. Now LkoM is a discrete
set. More precisely, to each ray R; of M corresponds exactly one point u; € LkqM
and for all w;,u; € LkgM, cos Zo(u;,u;) is equal to 1 if ¢ = j and equal to —1 if
i # j. So we get a very simple version of Lemma 3.4.3: Let u be a nonnegative
measure on LkyM. Then the following are equivalent:

(i) 0 € B(y).
(i) For all u; € LkoM, —pu(u;) + >_ . pluy) > 0.
(iii) For all u; € LkoM, p(u;) < 2p(LkoM).
So we deduce that for a semimartingale X the following are equivalent:
(i) X satisfies M(0).
(ii) For all u; € LkoM, —L%" + 37, . L%" is nondecreasing.
(iii) For all u; € LkgM, dL™" < 1dL, where L := ZujeLkDM LOui,

Note that characterization (iii) is exactly the martingale condition in [Pic05],
Proposition 3.3.4. An exhaustive discussion about martingales in stars can be
found in that paper.

From the above characterization it is easily seen that a spider-martingale (in the
sense of [Yor97], Definition 17.2) is a martingale. The reverse is not true in general,
cf. [Pic05], section 3.3.

The next Proposition says that if M has nonpositive curvature, we may omit the
condition that X is a semimartingale in Theorem 3.1.5 (i), which will be useful for
applications as e.g. to harmonic maps.

Proposition 3.4.6 Let M be a Fuclidean polyhedron of nonpositive curvature.
Let (Q, (F)e0,F, P) be a filtered probability space and let X be a continuous
adapted process such that (X) is a local submartingale on {X € O} for all Lip-
schitz continuous convex functions p : O — R. Then X is a semimartingale and
hence a local martingale.

Proof : By localization, we may assume that M is a simplicical cone complex
equipped with a fixed triangulation S§. Then by Proposition 2.1.8, it suffices to
show that for all u € scaff(M), v*(X) is a semimartingale. We will do this by
representing v* in terms of convex functions and certain operations that respect
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the semimartingale property.

Namely, let S € S. For v € scaff(5), set ¢*(z) := —d(0, z) cos Zo(v,z). Then ¢”
is convex by Lemma 3.4.2. We claim that for all u € scaff(S) there are (unique)
e R (v e scaff(S)) such that

V=) &l (3.26)

véescaff(.S)

Indeed, we may regard ¢° as a linear function on U® (the linear subspace gener-
ated by S), namely ¢'(z) = —gg(z,v) (cf. Proposition 1.4.4). Then the linear
functions {? : v € scaff(S)} are linearly independent and hence a basis of (U®)*.
Thus (3.26) holds.

Let now u € scaff(M). For each S € st™(u), set f% := > vescati(s) §8°9"s SO frg =

Vs Note that f9(X) is a semimartingale because f* is a linear combination of

the convex functions ¢”. Moreover, we have —v* = min{maxgc g, f°,0}. Thus

using the fact that if Y and Z are real semimartingales, then max{Y, Z} (and hence

also min{Y, Z}) is a semimartingale, we obtain that v*(X) = — min{maxgc ) f°(X), 0}
is a semimartingale. This proves the Proposition. [J

Let us now come to one of the central results in this work, namely a broad charac-
terization of local martingales in a Euclidean complex of nonpositive curvature. To
this end, we need the notion of a strong martingale, cf. Definition 4.2.6 and Remark
4.2.7: Let A™ be a refining sequence of partitions of R, and put T := J,,.y A" a
process (X;)ser is a strong martingale if it can be approximated by a sequence of
discretized martingales, i.e. if there is a sequence (n{; )ren of processes such that
(05 )inea is a discrete time martingale w.r.t. the filtration (7, )i, ean and nf — X;
in L! forallt € T.

Strong martingales are the subject of chapter 4 and are studied there in great
detail. We do not want to give too many details here, but we remark that due to
Theorem 4.4.2 we have a characterization of strong martingales that may serve as a
definition in our particular setting of semimartingales: Let X be a semimartingale
in M and let A¥ be a sequence of locally finite partitions of R such that [|A¥|| — 0
as k — 0o. Then by Corollary 2.3.8,

VF = Z dQ(th/\t7th+1/\t> — (X):

tleAk

locally uniformly in ¢ in probability. This means that (X) := [ ¢g(dX,dX) is the
quadratic variation of X.
In particular, we can find a sequence 7; of stopping times with 7; " oo such that
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Xipr, is bounded and V,;’;Tj — (X)tar, in L' for every t € R,
By Theorem 4.4.2, the stopped process X, defined by X7 := Xinr; 18 a strong
martingale if and only if d?(z, Xinr;) = (X)inr, is a submartingale for all z € M.

If X7 is a strong martingale for all j, then X is called a local strong martingale,
cf. Definition 4.4.5.

Theorem 3.4.7 Let M be a simply connected Fuclidean polyhedron of nonpositive
curvature. Let (Q, (F;)i0,F, P) be a filtered probability space and let X be a
continuous adapted process. Then the following are equivalent:

(1) ¢(X) is alocal submartingale on {X € O} for all Lipschitz continuous convex
functions ¢ : O — R.

(11) X is a local martingale.

(i) X is a local strong martingale w.r.t. all sequences (A¥) of refining partitions
of [0, 00[ such that the mesh goes to 0.

(iv) X is a local strong martingale w.r.t. one sequence (A¥) of refining partitions
of [0, 00[ such that the mesh goes to 0.

In each of these cases, if X is also bounded, then X s a strong martingale.

Proof : (i) = (ii): By Proposition 3.4.6.

(ii) = (ii1): Let (AF) be a sequence of refining partitions of [0,00[ such that
|A*[] — 0. By Corollary 2.3.8, 37, ax d*(Xy, Xy,,) — (X) locally uniformly
in probability, and as in the discussion just before this Theorem, we see that
there is a sequence 7; — oo of stopping times such that the stopped process X™
fulfills the assumptions of Theorem 4.4.2. Moreover, for any z € M, the function
f?(z) := d*(z, ) is 2—convex and hence f*(X™) — (X)7 is a local submartingale
by Corollary 3.3.6. We may also assume that X7 is bounded and hence f*(X7)—
(X)™ is really a submartingale. Thus X™ is a strong martingale by Theorem 4.4.2
and X is a local strong martingale by Definition 4.4.5.

(17i) = (iv): Trivial.

(iv) = (i): We may localize X by a suitable sequence of stopping times and
assume that X is a strong martingale w.r.t. (Ak) Moreover, we may assume that
X has only values in some convex neighborhood U CC O (so U is an NPC space
itself). Let T := [J,ony A", Then by Theorem 4.2.16, ¢(X;) < E7*[p(X,)] for all
s,t € T with s <t. By continuity of X we can extend this to all s <t € [0, 00].
The last assertion is just a reformulation of Proposition 4.4.6. [J
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3.5 Application to harmonic maps

Now we will apply our results to the theory of harmonic maps, as developed in
[EF01]. See also [Hes04] for harmonic maps into trees. Throughout this section,
K will denote a compact n—dimensional admissible Riemannian polyhedron with
nonempty boundary'’.

Let (N, p) be a complete separable metric space. Denote by i = dx the Riemannian
volume measure on K and by L?(K, N) the set of all maps f : K — N such that
the function [, d*(f(x),y)dz < oo for some (and hence all) y € N. For € > 0 and
f € L*(K, N), define the approzimate energy density of f by

e(f)(x) = / . PU@)IW) (3.27)

En—l—Q

and the energy of f by

E(f) = limsup/ e(f)(x)dx. (3.28)
e—0 K

The space WH2(K, N) is by definition the space of all maps f € L*(K, N) whose
energy is finite.

This concept of nonlinear energy is due to [KS93] and is the basis of the theory
of harmonic maps in [EF01], where it is studied in great detail. For instance, it
is shown in Theorem 9.1 of [EF01] that if f € W?(K, N), then e.(f) converges
weakly to some function e(f) € L'(K, i), and consequently the limsup in (3.28) is
actually a limit. Moreover, note that if N is a Riemannian polyhedron itself, then
E(f) has a nice local description that generalizes the concept of energy of maps
between Riemannian manifolds, cf. [EF01], Definition 9.3. and Theorem 9.3.

Definition 3.5.1 A map f: K — N is called harmonic if f is continuous and a
local minimizer of E.

Remark 3.5.2 In order to avoid confusion, we remark the following difference be-
tween our notation and the one of Eells and Fuglede: In their setting, harmonicity
is only defined for maps h : M — N (where M is an admissible Riemannian
polyhedron), so f is defined entirely on M. But in our setting, K is compact and
hence if N has nonpositive curvature, then a harmonic map h : M — N must be
constant, cf. [EF01], Remark 12.3. However, K° itself is a noncompact admissi-
ble Riemannian polyhedron (cf. [Fug05b], Example 1) and hence the definition of
harmonic maps in the sense of Fuglede is coherent with ours.

10The assumption that K is compact is not really essential for the following, but it makes
things simpler
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For a state-of-the-art survey about harmonic maps, see [Fug0bal. We will quote
two important results of that paper:

Proposition 3.5.3 Let K be a compact admissible Riemannian polyhedron and
let N be a simply connected complete metric space of nonpositive curvature.

(i) For every continuous map f : OK — N there is a unique continuous map
h! : K — N such that h is harmonic in K° and h|faK = f.

(ii) For every continuous convex function ¢ : O — R (O C N), o f is subhar-
monic in U := K° N f~10).

Proof : (i): [Fug0bal, Theorem 1 (a).
(ii): [Fug05al, Theorem 2 (b). O

Now we can state the main result of this section: In the case that N is a Eu-
clidean polyhedron, we get a broad characterization of harmonic maps, including
Ishihara’s characterization:

Theorem 3.5.4 Let K be a compact admissible Riemannian polyhedron with nonempty
boundary and let N be a simply connected Euclidean polyhedron of nonpositive cur-
vature. Let X be Brownian motion in K and let h : K — N be a continuous map.
Then the following are equivalent:

(1) h is harmonic in K°

(i1) For every continuous convex function ¢ : O — R (O C N), p o h is subhar-
monic in U := K° N h~1(0)

(111) h(X) is a local martingale on {X € K°} w.r.t. P* for every x € K°.
(iv) h(X) is a strong martingale on {X € K°} w.r.t. P for every x € K°.

Proof : (i) = (ii) follows from Proposition 3.5.3

(11) = (i4i): Set Y := h(X). Since ¢ o h is subharmonic in U, ¢(Y) is a sub-
martingale on {X € U} ={Y € O} N{X € K°}. Thus by definition, Y is a local
martingale on {X € K°} (cf. Theorem 3.3.4).

(7i1) = (iv): Since h(X) is a local martingale on {X € K°}, h(X) is also a strong
martingale on {X € K°} by Theorem 3.4.7 (note that h(X) is bounded).

(tv) = (i) Let h as in (iv). By Proposition 3.5.3 (i), there is a continuous function

h: K — N such that h is harmonic in K° and hjax = hjax. So in order to show
that h is harmonic in K°, it suffices to show that h = h.

So let © € K°. We already know that h(X) is a strong martingale on {X € K°}
w.r.t. P*. Let 7 = 7xo be the first exit time from K°. Moreover, let v € U; CC K°
be a sequence of relatively compact domains that increases to K° such that
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v, / 7. Hence E(XTj) — E(XT) and h(X;,) — h(X;) as j — oo.
Denote by D := d(h(X),h(X)) the distance process. Now for every j € N, the

stopped processes h(X ™) and h(X ") are strong martingales and hence the stopped
distance process D is a submartingale (w.r.t. P*) by Proposition 4.2.8. More-
over, because h is bounded, D% is uniformly bounded in j and so D extends to a
bounded submartingale on [0, 7]. But h(X;) = h(X,), which means that D, =0

and hence D = 0. In particular, Dy = d(h(z),h(z)) = 0. Since z € K° was
arbitrary, h = h, and the Theorem is proved. [J



112 Chapter 3. Martingales in Euclidean polyhedra




Chapter 4

Expectations and Martingales in
Metric Spaces

In this chapter we use the approach of generalized expectations (so-called barycen-
ter maps). Section 4.1 gives a general discussion of barycenters and conditional
expectations with focus on the definition of barycenter in [Stu03].

In section 4.2 we introduce the notion of strong martingales in terms of iterated
(=filtered) conditional expectations. First we study the case of time-discrete mar-
tingales. In the time-continuous we take a sequence A" of partitions of the time
axis whose mesh converges to and define a process to be a strong martingale if it
can be approximated by a sequence of time-discrete martingales. In both sections
we treat separately the 'main example’, namely NPC spaces, in which there is a
canonical barycenter that features very nice geometric properties such as Jensen’s
inequality, cf. [Jos97]). In NPC spaces there was developed an exhaustive theory
for time-discrete martingales in [Stu02].

Section 4.3 is concerned with the classical problem of finding a martingale with a
prescribed terminal value, cf. e.g. [Ken90], [Pic91], [Arn95], [Pic05].

In section 4.4 we present a characterization of strong martingales: A continuous
Process (X;) in an NPC space is a strong martingale if it has a quadratic vari-
ation (V;) (i.e. ZtkeA" d*(Xegnt, Xipoine) — Vi for n— o00) and d*(Xy, 2) — V;
is a submartingale for all z € N (Thm. 4.4.2). This characterization has many
applications: For example, if N is a Riemannian manifold of nonpositive sectional
curvature and X a continuous semimartingale, then X is a strong martingale if
and only if X is a martingale in the classical sense. Moreover, Theorem 4.4.2 is
the main tool in the proof of our martingale characterization Theorem 3.4.7.

113
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4.1 Expectations and conditional expectations in
metric spaces

Let (N, d) be a separable metric space. Sturm ([Stu03]) defined a barycenter map
to be a map b : PY(N) — N that is a contraction w.r.t the L'—Wasserstein
distance, where P*(N) is the space of probability measures on N with finite mean
distance to points. In Alexandrov spaces of nonpositive curvature (for short: NPC
spaces) there is a canonical barycenter (cf. [Jos97]).

Let (€, (Fg)ren, F, P) be a filtered probability space, N be a separable metric
space with a barycenter map b on it and & : 2 — N be an integrable random
variable. Then the regular conditional probability Pz, : Q@ — P'(N) of £ given
Fi. is measurable w.r.t. the Borel-c—algebra generated by dy (Prop. 4.1.12).
Thus one can define the conditional expectation simply by E[¢|Fk] := bo Pz,
and contraction properties of the barycenter easily carry over to the conditional
versions.

Although in general metric spaces other barycenter maps are possible (cf. e.g.
[ESH99]), in Hilbert spaces there is only one barycenter map, the usual expectation
(Rem. 4.1.10).

Let (N, d) be a separable metric space and let P(N) denote the set of all probability
measures p on (N, B(N)). The most common topology on P(N) is the topology of
weak convergence. A sequence p,, is said to converge weakly to pif [ fdp, — [ fdp
for every continuous bounded function f. This topology is induced by the Prohorov
metric d, which is defined by

d”(p,q) == inf{r > 0: p(A) < q(A") +r for all A€ B(N)}
where A" := {y € N : d(x,y) < r for some x € A} is the r—neighborhood of A.

There is another metric which is equivalent to d”. For a function u : N — R we
define the Lipschitz seminorm

L) = ey

and for p,q € P(N)

d*(p,q) == SUP{/ udp —/ udq : Lip(u) + ||u)|leo < 1}
N N

d” and d* are indeed metrics on P(N), see [Dud89], Theorem 11.3.1 and Propo-
sition 11.3.2.
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Given p, ¢ € P(N) we say that u € P(N?) is a coupling of p and q (short:
€ M(p,q)) if its marginals are p and ¢, i.e. if

p(Ax N)=p(A) and p(N x A) =q(A) (VA € B(N)).

Proposition 4.1.1 (i) d” and d* both induce the weak topology on P(N). If d is
a complete metric, then so are d” and d".
(ii) For p,q € P(N),

d’(p,q) = inf inf{r > 0:pu{(z,y):d(z,y)>r} <r}
neM(p,q)

Proof : (i) See [Dud89], Theorem 11.3.3 and Corollary 11.5.5.
(ii) See [Dud89], Corollary 11.6.4.

The identity in Proposition 4.1.1 (i) says that d”(p, q) is the stochastic distance
between the coordinate projections under an optimal coupling. Instead of stochas-
tic distance we can consider LP-distance. For 1 < # < oo, let P?(N) denote the
set of p € P(N) with [ d’(z,y)p(dy) < oo for some (and hence all) z € N, and
P>(N) will denote the set of all p € P(N) with bounded supp(p). Obviously,
P>(N) C P’(N) C PY(N).

We define the (L?-) Wasserstein-distance djy on P°(N) by

1/6
dy (p,q) = inf { (/ d’(z, y)p(d(z, y))) L i € M(p, q)} :
N2
We shall quote a well-known result concerning the Wasserstein distance, for a proof
see e.g. [Vil03]:
Proposition 4.1.2

(i) d} is a metric on P°(N). The set of discrete (i.e. finitely supported) probability
measures is dense in P’(N).

If d is complete, then so is d° and for each pair p, ¢ € P?(N) there exists an
optimal coupling, that is, a coupling i of p and q for which

1/6
dy (p,q) = (/Qde(x,y)u(d(w,y))) :
N
(i) (Kantorovich-Rubinstein-duality) For all p, ¢ € P*(N)

() =swp{ [ ateian) - [ aatay) s i) < 1.
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Remark 4.1.3 The Wasserstein functional can be considered in a much more
general setting. Let p,g € P(N) and h: N x N — R be a measurable function
such that h is intergrable for some p € M(p,q). We put

W ) =it { [ (i) e M)}

Then if h is symmetric, then so is ", and if h satisfies the triangle inequality,
then so does h'V.

The Kantorovich-Rubinstein duality does not hold for general functionals. For
instance, if M is compact, then Proposition 4.1.2 (ii) holds for A if and only if A
is a pseudometric (cf. [Dud89], Lemma 11.8.6; for a more general approach see
[Vil03], or [RR98], Section 4.5.).

Lemma 4.1.4 Let (M,F), (N,G) be measurable spaces such that M is a polish
space and F C B(M). Let f : M — N and h : N x N — R be measurable
maps. Define hy(z,y) := h(f(z), f(y)). Then for all p',p* € P(M) such that hy
is intergrable for some p € M(p', p?) we have

WY (', p?) =WV (pto fhpP o f7).

Proof : Let u € M(p*,p?). Then po (f~1, f71) e M(pto f~1 p*o f1) and

[ e () = [ gl a)

NxN MxM

which implies that h} (p',p*) > A" (p' o f~',p*o f71).

For the other inequality put A := f~1(G). Then for i = 1,2, the regular conditional
probability pj, , exists, since M is polish. Let A € B(M). Since z — pj, ,(v, A)
is A—measurable, there is a G—measurable map K% : N — [0,1] such that
pﬁdM(a:,A) = Ka(f(z)) for all z € M. Note that K is a Markov kernel from

(N,G) to Q. Let now v € M(p'o f~1,p? o f~1). We define a probability measure
pwon M x M by

(AL X Ag) = K, () K3, (y2)v(d(yn, p2))-
NxN
It is easy to see that u € M(p',p?). Moreover, since K},l(B)(y) = 1p(y) for

(po f~1)— almost all y € N and all B € G, it follows that gy =vo (f~, f~1) and
hence

/M (). fe (o, a2) = / By, y2)(dyn o).

NXxXN
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Thus, Y (p*,p?) <AV (p'o f~hp* o f71). O

From Proposition 4.1.1 (ii) and Proposition 4.1.2 (ii) we see that d* < d}".
In general, the topologies are different. For example, let N = R. Let p, :=
(n —1)/ndioy + 1/ndg,y. Then p, — g0y weakly, while d (p,, dg0y) = 1.
However, if N is bounded, then d}" < (diam(N) + 1)dX, and the topologies coin-
cide. The next proposition says that the Borel o-fields on P!(N) induced by the
weak topology and d}" are the same:

Proposition 4.1.5 Let p € PY(N). Then the map q — d"(p,q) is measurable
w.r.t B(PY(N)), the Borel o-field induced by the weak topology.

Proof : Let
tp) =su { [ utwplan) ~ [ ) Lipw) + Julle <

Then d,, is a metric on P'(N) and d, < (n + 1)d*. Hence ¢ — d,(p,q) is
continuous w.r.t weak convergence. By Proposition 4.1.2 (ii) and truncation,
d}¥ (p, q) = sup d,(p,q), proving the claim. O]

From now on, we will concentrate on the case § = 1. We will write d" := d}". For
p € PY(N) we want to define an expectation.

Definition 4.1.6 A barycenter map is a map b : PY(N) — N satisfying
(i) b(0;) =z for all x € N
(i) d(b(p),b(q)) < d"(p.q) for all p,q € P*(N)

The point b(p) € N is called barycenter of the probability measure p. If X :
(Q, P) — N is a random variable, then E[X] := b(P¥) is called the ezpectation of
X, where P* := PoX ™. Atriple (N,d,b), where (N, d) is a complete metric space
and b is a barycenter map on it, is called barycentric metric space or barycenter
space.

Example 4.1.7

(i) Global NPC spaces are barycenter spaces. For the definition of NPC spaces see
section 1.3 below.

(ii) Banach spaces are barycenter spaces. A construction of a barycenter map on
Banach spaces is given in [LT91].

We will now quote some geometric properties of barycenter spaces.
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Definition 4.1.8 A metric space (N, d) is called geodesic space if for all z,y € N
there is a curve v : [0,1] — N with v(0) = z,7(1) = y and d(y(s),v(t)) =
|t — sld(x,y) for all s,t € [0,1] . Such a 7 is called a geodesic.

Proposition 4.1.9 (i) A barycenter space is a geodesic space. For x,y € N, a
geodesic from x to y is given by y(t) := b((1 — t)d, + tdy).

(ii) Let x;,y; € N (i =1,2) and let ; be the ’barycentric’ geodesic from x; to y;,
defined as in (i). Then the function t — d(~1(t),v2(t)) is convex.

Proof : A simple computation. [

Remark 4.1.10 (i) The existence of a barycenter map on N can be regarded as
an upper curvature bound for N: If N is a geodesic space such that geodesics
are unique, then Proposition 4.1.9 (ii) implies that N has convex geometry, i.e.
the map (z,y) — d(z,y) is convex on N?. Hence, N has (globally) nonpositive
curvature in the sense of Busemann (see [Jos97]). For instance, if N is a simply
connected Riemannian manifold which has a barycenter map, then N has nonpos-
itive sectional curvature. Conversely, a simply connected Riemannian manifold
with nonpositive curvature is an NPC space and hence a barycenter space.

(ii) In a Euclidean (or more generally, Hilbert) space E there is only one barycen-
ter, the usual integral. Indeed let p € 732( ), @ € E. Denote by 7(p) := [ yp(dy)
the expectation and by V(p) := [ |y — 7(p)|*p(dy) = d5(p, w(p)). Then

dY (p,x) = /e — =P + Vo).

Now vt?+v —t — 0 as t — +oo and hence for all € > 0 there is an R > 0
such that dY¥ (p,z) < |z — n(p)| + € and dY (p,27(p) — z) < |v — w(p)| + € for
all x € E'\ Bgr(w(p). If bis a barycenter map, then |b(p) — x| < |z — w(p)| + €
and |b(p) — (2w (p) — z)| < |x — 7(p)| + €. Moreover, x can be chosen such that
7(p),b(p), x and 27(p) —x are on one line. Letting ¢ — 0 yields that b(p) = 7(p). O

(iii) In general, there may be more than one barycenter map on a metric space. For
example, in [ESH99] was constructed a barycenter map in proper metric spaces of
nonpositive curvature in the sense of Busemann (cf. [Jos97]).

4.1.1 Conditional probabilities and expectations

Let (Q,F), (2, F') be to measurable spaces. Recall that a Markovian transition
kernel (or Markov kernel) from (£, F) to (€', F') is a function K : Q x F' — [0, 1]
such that
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(i) For each w € 2, K(w,-) is a probability measure on F'.
(ii) For each A" € ', K(-, A") is F—measurable.

By (i), a Markov kernel defines a map K : Q — P((Y, F’)), the set of probability
measures on F'. We will prove that if (', F') = (N,B(N)) where N is a polish
space, the the map K : (Q, F) — (P(N),B(P(N))) is measurable, where B(P(N))
is the Borel o—algebra induced by the weak topology on P(N). For this purpose
we need a lemma.

Let (N,d) be a separable metric space. It is known (e.g. [Dud89], Thm. 2.8.2)
that there is a totally bounded metric don N, inducing the same topology as d.
(Totally bounded means that the completion N wrt d is compact.) So we can
assume that d is totally bounded itself.

Let D be a countable topological base of N. Let F = {N \O:0¢€ D}. Then
every set A that is closed in N is of the form A = ﬂ ey An with A, € E. Moreover

we can assume without restriction that An+1 C A,.
Recall that for a set A C N, A" denotes the r—neighborhood of A.

Lemma 4.1.11 Let (N,d) be a metric space such that d is totally bounded. Let E
be a countable collection of closed sets in N (the completion of N) such that every
set A that is closed in N is of the form A = N eNA with A, € E and A,41 C A,.
Let p,q € P(N) and R > 0.

Then the following are equivalent:

(i) d¥(p,q) < R, i.e. there is some r < R such that p(A) < q(A") + r for all
A € B(N).

(i1) there is some r < R such that p(A) < q(A") 4+ r for all A that are closed in
N.

(ii) there is some r < R such that p(A) < q(A") + 1 for all A€ E = {AnN
AeE.

Proof : (i) = (i1) = (i4i) is trivial.

(ii) = (i) is clear, since A" = (A)" for every set A C N.

(iii) = (ii): a) Let first N = N, ie. N is compact. Let A = Mhen An, Where

A, € E. Let y € (,enA- Then there are z, € A, with d(z,,y) < r for all

n € N. Since N is compact, there is a subsequence converging to some x € A and

d(z,y) < r. Hence ),y Al C A” for all 7 > r. Thus, if p(4,) < q(A]) +r, then
p(A) = inf p(A,) < infq(A) ﬂAT +r < q(A") 47

neN
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for all 7 > r, which implies that (ii) holds with some r < 7 < R.

b) For the general case define probability measures p,g on B(N) by p(B) =
p(BN N) and ¢ similarly. (Note B(N) ={BNN : B € B(N)}.)
By (iii), there is an < R such that

HA) =p(ANN) < q((ANN)) +7 < gA"NN) +7 = G(A") +r

for all A € E. (The reader should always care wether the r—neighborhood is
taken in N or in N.) Hence, a) implies that there is some r < R such that
P(A) < G(A") +r for all sets A that are closed in N.

Let now A be closed in N. Let A be its closure in N. It is easy to see that
A" = A" N N. Hence

p(A) = p(A) < qA") +7 =q(A") +r
and (ii) follows. O

Proposition 4.1.12 Let (2, F) be a measurable space, (N,d) a separable metric
space and K : Q@ — P(N). Then K is a Markov kernel from (2, F) to (N,B(N))
(i.e. the map w — K(w)(A) is measurable for all A € B(N)) if and only if the
map K : (2, F) — (P(N),B(P(N))), defined by K(w) := K(w, ), is measurable.

Proof : First the 'only if’-direction. Without restriction we can assume that d is
a totally bounded metric on N. Let p € P(N), w € Q and R > 0. Let E be as in
Lemma 4.1.11 (iii). Then d¥(p, K(w)) < R iff there is an r < R,r € Q such that
p(A) < K(w)(A") +r for all A € E. Hence

K'(Br(p) = |J [{K(A") = p(A) -1}
rég 4<”

is in F. Since B(P(V)) is generated by those balls, K is measurable.

For the ’if’-direction, let M denote the space of bounded measurable functions
f: N — R such that the function p — [ fdp is measurable. Then M is stable
under increasing limits. Moreover, by defintion of weak convergence, all continu-
ous bounded functions lie in M. By a monotone class argument, M contains all

bounded measurable functions. Thus, the map p — p(A) = [ 14dp is measurable
for all A e B(N). O

Definition 4.1.13 Let (2, F, P) be a probability space, (€', F') a measurable
space and X : © — Q' a measurable map. Moreover, let G C F be a sub-o-
algebra. A regular conditional probability for X given G is a Markov kernel K from

(Q,G) to (¥, F') such that for all B € F/,
K(-,B) = P|X € B|G] a.s.
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Proposition 4.1.14 Let (2, F, P) be a probability space, (N, d) a complete metric
space and X : Q — N a random variable with separable support. Then a reqular
conditional probability for X given G exists and is unique in the sense that if
K and K are two such conditional probabilities, then there is a set Z € G with
P(Z) =0 such that K(w,A) = K(w, A) for allw € Q\ Z and A € B(N). We write
Px‘g =K.

Proof : See [Bau9l], Satz 44.3. O

Let N,d be a metric space and (Q, F, P) a probability space. Let LY(F, N) be
the set of all F-measurable X : 2 — N such that E[d?(X, z)] < oo for some (and
hence all) z € N.

Definition 4.1.15 Let (2, F, P) be a probability space, (N,d,b) a separable
barycenter space and X € L'(F,N). Let G C F be a sub-c-algebra and let
K : Q — P(N) be the regular conditional probability for X given G. Then
Y :=bo K is called the conditional expectation of X, conditioned on G. We write

EY[X]:= E[X|G] =Y.

Note that the conditional expectation is G- measurable by the Propositions 4.1.5
and 4.1.12 and P-a.s. unique by Proposition 4.1.14.

Example 4.1.16 Let G C F as above and let ‘H be another o—algebra. Assume
that X € LY(F NH,N), i.e. X is measurable w.r.t. F and H. Then for all
B e B(N), P[X € B|G] = PX € B[gNH], ie. Pxig=Pxignn. Thus E[X|G] =
E[X|GNH]. This situation is particularly interesting when we are given a filtration
(Fi)i>0, a progressively measurable process (X;);>o and a stopping time 7. If we
set F := F, G = F, and H, then F,,, = GN'H and F;n, = F N'H and hence
E[Xt/\ru:s] = E[Xt/\r|~7:s/\r]~

As one may expect, the contraction property of a barycenter carries over to the
corresponding conditional expectation, which is the content of the next

Proposition 4.1.17 Let (0, F, P) be a probability space, (N,d,b) a separable
barycenter space and X € L*(F,N). Let G C F be a sub-o-algebra. Then

d(E[X],E[Y]) < E[(X,Y)]  as.
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Proof : We denote by Px|g (resp. Pyg) the regular conditional probability of X
(resp. Y') given G. Moreover, we denote by P (x y)g denote the regular conditional
probability of (the N x N— valued map) (X,Y) given G. Let A, B € B(N). Then

Pixy)g(Ax N) =E 1o (X,Y)]
=E9140X] =Pxpg(, A) a.s.

and

Pxyyg(, N x B) = E91yxpo (X,Y))]
=E91p0Y]=Pyjg(-,B) as.

By Proposition 4.1.14 we find Z € G with P(Z) = 0 such that Pxy)g(w) €
M(Pxg(w),Pyg(w)) for all w € Q\ Z and hence

d(E7[X], E°[Y]) S/ d(z,)Pxyg( d(z,y) = B/d(X,Y)]  asO

NxN

Example 4.1.18 Let (M, p) be a separable metric space. Let (p;)¢~o be a Marko-
vian transition function on M and (2, (X;), P*) the corresponding Markov process.
For a measurable map f : M — N such that p;(z) o f~t € PY(N) for all t and x
(where py(x) is regarded as a probability measure on M), we define the nonlinear
Markov operator P,f : M — N by

Pof(x) = b(pe(w) o f 7). (4.1)
If we put Y; := f(X;) then for all x € M

Py m (@) = po(Xs(w)) o f7

and hence E*[Y; 4| Fs] = P.f(Xs). O

4.1.2 The main example: NPC spaces

Curvature bounds in geodesic spaces in the sense of Alexandrov can be defined
in terms of comparing triangles. Nonpositive curvature means that triangles are
’slimmer’ than in Eucledian space. More precisely, let z € N and v : [0,1] — N be
a geodesic. z and 7y span a triangle. Let Z and 7 be a comparison triangle in the
Eucledian plane ,i.e. d(v(7),2) = |7(:)—Z|, i = 0,1 and d((0),~v(1)) = [7(0)—=7(1)|
(of course, 7 is a line). Now Curv(N) < 0 means that d(v(t),z) < d(7(t),z) for
all choices of z and v and t € [0, 1].

Calculating Eucledian distances yields the following rigorous
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Definition 4.1.19 A complete geodesic space (N, d) is called (global) NPC-space
if

d*(z,7(t)) < (1 = 8)d*(2,7(0)) + td*(2,7(1)) — t(1 = t)d*(4(0),7(1))  (4.2)
for any z € N, any geodesic 7 : [0,1] — N and any ¢ € [0, 1].

This notion generalizes the characterization of sectional curvature by A. Alexan-
drov (it can be localized, but we do not need this here). Indeed, a Riemannian
Manifold is a (local) NPC space if and only if it has nonpositive sectional curva-
ture. NPC-spaces are also called CAT(0)-spaces or Hadamard spaces. For details
see [Jos97], [BH99], [BBIO1] or [Bal95].

A condition equivalent to (4.2) is

nf [ @) < [ [ o) (43)

zeN

for all discrete probability measures p on N. Moreover, Reshetnyak’s quadruple
inequality holds (cf. e.g. [Jos97]): For every quadruple of points xy, x5, x3, 24 € N,
we have

d2($1, {L'g) + dQ(IQ, 1’4) S dQ(l‘g, CL’3) + d2($4, 1‘1) + Qd(l'l, fL‘Q)d([l?g, fL‘4>. (44)

Example 4.1.20 (i) (Trees) An R—tree (for a definition, see e.g. [Pic05]) is a
global NPC space. A particular case of a tree is a k—star.

(ii) If N is an NPC space and (£, F, P) a probability space, then L?(F, N) is an
NPC space, too, where the metric is given by d(X,Y) := (Ed*(X,Y))"2. For
X,Y € L*(F,N), the geodesic from X to Y is given by (¢)(w) := 7,(t), where
V. 1s the geodesic from X (w) to Y (w). For details, see e.g. [Stu01]. O

From (4.2) follows that for 2 € N the function f*(y) := d*(z,y) is strictly convex.
Thus, in NPC-spaces, expectations can be defined as minimizers of the mean
squared distance in the spirit of C.F. Gauf}. For details and proofs of the following
Proposition we refer to [Stu02].

Proposition 4.1.21 Let p € P*(N). Then there is a unique point b(p) € N such
that

/ &, b(p))p(dz) < / (., 2)plde)

for all z € N. The map b: P*(N) — N extends to a barycenter map b : P'(N) —
N. Hence, an NPC space is a barycenter space. This barycenter is called canonical
barycenter and enjoys the following properties:
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(i) (Variance inequality) For all p € P?*(N) and z € N,
[ #@optdn) = [ Eeppipdn) + 20012, (49

(ii) (Jensen’s inequality) For all p € PY(N) and all lower semicontinuous
convex fuctions p : N — R,

o(b(p)) < / o()p(dz) O

Remark 4.1.22 Tnstead of first defining b on P?(N) and then extending it to
a barycenter map, one can define b(p) as the minimizer of the functional z +—
[ & (z,y) — d*(z0,y)p(dy) for some z, € N. Here p is only required to be in
PYN), since |d*(z,y) — d*(20,9)| < (d(z,y) + d(20,9))d(2, 20). This definition
leads to the same barycenter.[]

In NPC spaces, a conditional expectation can be defined quite generally without
any separability assumptions, just by convexity (cf. [Stu02]) . However, if an NPC
space is separable, then this conditional expectation coincides with the one from
Definition 4.1.15. Hence, for simplicity, we will assume from now on that all NPC
spaces are separable, so we can define the conditional expectation as in Definition
4.1.15 and from Proposition 4.1.21 immediately follows its 'conditional’ version,
namely

Proposition 4.1.23 Let N be a separable NPC space, (2, F,P) a probability
space and G C F be a sub-o-algebra. Then

(i) For all X € L*(F,N) and all Z € L*(G,N),

E'd*(X,Z) > B9 (X, EY[X])] + *(E[X], Z)  as.

(ii) For all X € LYF,N) and for all lower semicontinuous convex fuctions
o: N —=R,
P(BO(X]) S FO[p(X)] a5

We conclude with a characterization of conditional expectations in NPC spaces.
Let z € N. Let

Fly) == d*(z,y). (4.6)

Then f* is convex. Hence if v : [ — N is a geodesic, then ¢ := ffoy: ] — Ris
differentiable from the right (and from the left, of course).
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Let z,y € N. Then there is a unique geodesic v : [0,1] — N with v(0) = z and
7(1) = y. We define

0f;(y) == (¥*),(0+). (4.7)

where ¢'(0+) denotes the right-hand side derivative in 0.

Note that if 4 : [0,d(x,y)] — N is the unit-speed geodesic from x to y, then
d(y(t —d

012(y) = 2d(z, y)d(z, =) g 2012 = A2, 2)

= —2d(z,y)d(x, z) cos Zy(y, z)

where the last equality can be found in [BH99], Corollary 11.3.6. In particular,
af:(y) = 9f1(2).

Lemma 4.1.24 Let N be a separable NPC space and X € L*(F,N). Let G C F
be a sub-o-Algebra und Y € L*(G, N). Then the following are equivalent:

(i) Y =E[X|G]  as.

(ii) E[0fZ(X)|G] >0  a.s. for all Z € L*(G, N).
(iii) EBlOfZ(X)] > 0 for all Z € L*(G, N).
(iv) E[0f(X)|G] >0 a.s. for all z € N

Proof :
(1) = (i7): Let Xy(w),t € [0,1] be the geodesic from Y (w) to X (w). Then X, is
the geodesic from Y to X in L?*(F, N). Now first using the triangle ineqality and
then (i) yield that

do( Xy, Z) > (1 = t)do(X,Y) — do(X, Z) > tdo(X,Y) = do( Xy, Y)

and hence E[X;|G] =Y (Vt € [0,1]). Thus
B (77(X) — F4(1))Id] > 0

for all Z € L*(G, N). Letting t — 0 yields (i).
(49i) = (i): First note that 0f;(z) = 9f;(z) for all x,y,2 € N. Hence

0 <E[0fY(X)] =EDfF (2)] <E[fY(Z) - fF (V)]

for all Z € L%(G, N). Thus Y = E[X|].
(iv) = (i) follows by approximation of Z € L*(G, N) through a sequence Z* with
finite range. [
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4.2 Filtered conditional expectations and strong
martingales

Since the conditional expectation is in general not projective, i.e. for & < [ the
classical identity
E[X|Fy] = EIE[X]F]|F]

from Euclidian space does not hold in general metric spaces, we consider the notion
of filtered conditional expectations and martingales as in [Stu02]. In order to define
martingales (and filtered conditional expectations) for continuous-time filtrations
(Fi)e>0, we fix a refining sequence A" of partitions of [0, co| with their mesh con-
verging to 0 and consider the sequence of martingales w.r.t. the discrete-time
filtrations F}' := Fim, where A" = {0 = 1,7, ... }. By constant extrapolation on
the intervals [t7, ¢}, [, these martingales can be regarded as time-continuous pro-
cesses. If this sequence of processes has a limit, it is called the (time-continuous)
strong martingale w.r.t. (F;):>0 (and the sequence of partitions). This definition
has strong connections to the nonlinear semigroup defined in [Stu05].

4.2.1 Discrete Time

Let (N,d,b) be a barycentric metric space. Let (Q, (F,)nen, F, P) be a filtered
probability space, m € N and X € L'(F,, N). Unfortunately, the conditional
expectation is in general not projective, i.e. for £ <[ < m the classical identity

E7*[X] = ET*"E7[X]

does not hold in general (c.f. [Stu02], Example 3.2.).
However, we can define the discrete filtered conditional expectation (short: FCE)
w.r.t. (Fpn)nen by

E-Fk;Efk-&-l._.E]:m*l[X] if k<m
(fn)nzk e =
E = BX[(Fn)nzk] : { X it k > m.
Clearly,

E(Fn)nZk[X] _ E(fn)nzk[E(]:n)nzl[X]] for all £ <

or in words, the discrete FCE is projective.

We will call an adapted process (X,,)nen such that X, € L'(F,, N) for all n a
martingale if EV)»>¢[X)] = X, for all k < I, or equivalently, if E7*[X; 1] = X;
for all k£ € N.

From Proposition 4.1.17 immediately follows the next
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Proposition 4.2.1 Let (X, )nen and (Y,)nen be two martingales. Then the dis-
tance process (d(Xn, Yn))nen is a submartingale.

In particular, if (X,,),en is a martingale, then (d(X,,, 2))nen is a submartingale for
all z € N. If N has the property that closed balls are compact, then we have
a 'martingale’ convergence theorem, which is known for quite a long time (c.f.
[Dos62]; for a proof see e.g. [Stu02]).

Theorem 4.2.2 (Convergence Theorem) Let (Q, F, (Fp)nen, P) be a filtered
probability space and N be a complete metric space such that the closed balls in
N are compact. Let (X,)nen be an adapted process such that d(z,X) is a sub-
martingale with sup, .y Eld(z, X,,)] < oo for all = € N. Then there is an Foo—
measurable map X, : Q@ — N such that

lim X, = X« a.s.

n—oo

If d(X, z) is uniformly p—integrable, then we also have convergence in LP.

Remark 4.2.3 (i) One can prove a corresponding backward martingale conver-
gence theorem, i.e. for decreasing filtrations.

(ii) Of course, the convergence theorem also holds for contiuous-time processes
(X¢)e>o (c.f. Corollary 4.2.12).

Corollary 4.2.4 Let (X,)nen be a martingale such that sup,,cy E[d(z, X,,)] < 00
for all z € N. Then there is an Foo— measurable map X : Q — N such that

lim X,, = X a.s.

n—oo

If d(X, z) is uniformly p—integrable, then we also have convergence in LP.

Proposition 4.2.5 Let (2, F, (Fn)nen, P) be a filtered probability space and (N, d,b)
a separable barycenter space. Let X € L'(F.,N). Then there is a martingale
(X, )nen such that X,, converges to X in L.

4.2.2 Continuous Time

Let 0 < s <t < oo and (2, (F;)s<r<t, F, P) be a filtered probability space and
¢ € L'(F;, N). In order to define FCE in continuous time, we take a sequence of
partitions of [s,¢] with their mesh converging to 0 and consider the limit of the
discrete FCE, provided it exists.

In order to formulate this rigorously, we need some notation. A partition of [0, oo|
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is a set A = {t; : k € N} such that t, = 0, ¢ < tx41 and t, — o0 as k — oo. The
mesh of A is defined by

| Al := sup [tpp1 — tel.
trEA

For the sequel we fix a sequence (A"),en of partitions of [0, c0[ such that A™ C
A" and ||A"|] — 0 and put T := [JA". T is a dense subset of [0, co].

Let n € N and s,t € A" such that s < ¢t. Then A" N [s,t] = {to,...,tn} with
s=1ly<t; <--<ty=t For&e L'(F, N) we define

&= EL"[€] .= ETwE wn | ETmo1[g], k=0...m—1 (4.8)
and the elementary process

577} = f,? for T € [tk,tk+1[. (49)

Note that (£]')o<k<m is the martingale w.r.t. the discrete-time filtration (Fj) :=
(Fi,) with endpoint €7 = €. If £ converges to some (&) in L', then & is called the
(continuous-time) filtered conditional expectation (short: FCE) of & w.r.t (A™),en,
conditioned on F, and we write

EV)r=s (€] i= EB[E[(Fr)rns] = & (4.10)
Now we can introduce the notion of a strong martingale.

Definition 4.2.6 Let (2, (F;)ier, F, P) be a filtered probability space and X =
(X¢)ser be a process such that X; € L'(F;, N) for all t € T. X is called a strong
martingale w.r.t. (A"),ey if for all s,¢ € T with s < ¢, EV7)>[X,] exists and is
equal to Xj.

Remark 4.2.7 Note that the above definition is equivalent to the following one:
X is a strong martingale if and only if there is a sequence (1. )ren of processes
such that (97 )seca is a discrete time martingale w.r.t. the filtration (7, )y, can
and 1 — X, in L' for all t € T.

Proposition 4.2.8 Let (X;)ier and (Yy)er be two strong martingales. Then the
distance process (d(Xy, Yy))ier is a submartingale. In particular, for all z € N, the
process (d(Xy, z))ier is a submartingale.

Proof : Let s,t € T. Then s,t € A" for n large enough. Let £ = X; and n =Y.
Using the notation above and applying Proposition 4.2.1, one has

E7[d(& )] = d(&n))  as.

Since d(£",n") — d(X,,Ys) in L', there is a subsequence ny, such that d(£2, n™) —
d(Xs,Y5) a.s., and the Proposition is proved. [
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Remark 4.2.9 Doss ([Dos62]) defined a martingale to be a process X such that
d(z, X) is a submartingale for all z € N. In particular, by the above Proposition,
every strong martingale is a martingale in the sense of Doss. However, even in
manifolds, a Doss-martingale need not be a V—martingale, which follows from the
next example.

Example 4.2.10 Let N = H?, the hyperbolic plane. Let A;, Ay € T'(T'N) be
an orthonormal frame in TN, i.e A;, Ay are vector fields with ||4;|| = 1 and
< Ay, Ay >=0. Let R € T(T'N) be a vector field with ||R| = 3 and

2
1
Ay = —= Az R.
0 QEVAZ +

At last, consider a standard filtered probability space (€2, (F;), P) such that it
carries a two-dimensional Brownian motion B = (B!, B?) and a random variable
¢ : Q@ — N which is Fy—measurable, independent of B and whose distribution
has no atoms (e.g., a uniform distribution on an open ball in N). Let X be the
solution of the Stratonovic - SDE

2
dX = Ay(X)dt + > Ay(X) * dB’
=1

with Xo =¢&. Let f € C*°(M). Then
df (X) = dM’ + %Af(X)dt +df%(R(X))dL,

where M/ := 37 | [df3(A;(X))dB’ is a martingale and A denotes the Laplace-
Beltrami operator in H2. Thus X is the solution to the Martingale problem for
the operator A+ R with initial condition Xo. Let z € M and put r(z) := d(z, z).

Then (cf. [Cra91] or [Pau] , note that Xy # z a.s.) there is a Brownian motion B
(possibly defined on an extension (€2, F;, P)) such that

dr(X) = dB + (%A + R)(r)(X)dt.
Now Ar(x) = coth(r(x)) > 1and |R(r)(x)| < ||R(z)|| = 1/2 (note that ||gradr(z)|| =
1) and hence |(3A + R)(r)(z)| > 0 for all z # z. This yields
B7 (00— r(6)] = BPBA (B~ 8]+ 57 (A + R 2 0

Thus d(X, z) is a submartingale for all z € N, but X is not a martingale. O
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Let us quote some immediate consequences of Proposition 4.2.8. The first one is
the so-called non-confluence of martingales:

Corollary 4.2.11 Let (X;)ier and (Yi)ier be two strong martingales such that
Xy, = Yy, almost surely for some ty € T. Then X; =Y, for all t < ty almost
surely.

Second, the convergence Theorem 4.2.2 immediately implies an analogous result
for the continuous-time process (X;):er (the proof is basically the same as the one
of Lemma 4.2.13):

Corollary 4.2.12 Let (N,d,b) be a proper barycentric metric space. Let (Xy)ier
be a martingale such that sup,cq E[d(z, X;)] < oo for all z € N. Then there is an
Foo— measurable map X, : @ — N such that

lim X; = X a.s.

t—o0
If d(X, z) is uniformly p—integrable, then we also have convergence in LP.

So far, a strong martingale w.r.t. a sequence A" is only defined on the set T of all
partition points, which is a countable dense subset of R, . We will now show how to
extend it to a process that is defined on the whole R,. The technique we use is just

an adaption of the regularization results known for real-valued (sub-)martingales,
cf. [RY99], section II.2.

Lemma 4.2.13 Let (N,d,b) be a proper barycentric metric space and let (X;)ier
be a strong martingale. Then for almost all w € Q, X;-(w) := limg » ser Xs(w)
and X+ (w) = limg ¢ e Xs(w) exist for all t € Ry. Moreover, if (F;)i>o is right
continuous, then for almost all w € Q, X;(w) = X+ (w) for allt € T.

Proof : Let z € N and set g°(z) := d(x, z). Then (¢°(X}))er is a submartingale,
and by [RY99], Theorem II.(2.5), there is an ©Qy C 2 with P(£y) = 1 such that
for all w € Qg and all t € [0,T7], lim 7 ser 9°(Xs(w)) and limg s ser g7 (Xs(w))
exist!. Moreover, if Ny is a countable dense subset in N, then there is some
Q; C Q with P(€;) = 1 such that for all w € Qy, all t € [0,7] and all z € Ny,
limg 7 ser 67(Xs(w)) and limg ¢ ser 97 (Xs(w)) exist.

Let now w € 4, 20 € Ny and t € R,. Let (s,)nen € TV converge to ¢ from the
left (right, respectively). Because ¢*°(Xj,(w)) converges to some R > 0, X;, (w)
is contained in the (relatively compact) ball Bry1(2o) for sufficiently large n € N.
Thus there is a subsequence along which X, (w) converges to some x;(w). So in

'Revuz and Yor prove this result for a submartingale (Y );cr, (so it is defined on the whole
time axis) and taking limits along rational numbers, but the technique also applies in our setting
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order to prove that z:(w) = lim, » et 9%(Xs(w)) (or 24(w) = limg  ser 67 (Xs(w)),
respectively), we have to show that if (5,),en € TV is another sequence converging
to t from the left (or right, respectively) such that Xz (w) converges to some 7;(w),
then Z;(w) = z¢(w). So assume the contrary, i.e. € := d(Z:(w), z¢(w)) > 0. Then
there is a z € Ny such that d(Z:(w), z) < €/2 and hence d(x(w), z) > €/2. But

d(zi(w), z) = lim d(X, (w),2) = lim d(X;, (w), 2) = d(T:(w), 2) < €/2,
which is a contradiction.
It remains to prove the last assertion. Let t € T. By [RY99], Proposition II.(2.6),
there is some Qy C €y with P(£2) = 1 such that for all w € Q9 and all z € Ny,

9°(Xi(w)) < Elg* (X)) | Fi](w) = g7 (Xir (w)),

where the last equality follows from the right continuity of the filtration. So if
we assume that € := d(X;(w), Xi+(w)) > 0, we can proceed as above in order to
obtain a contradiction. Thus X;(w) = X;+(w) and the Lemma is proved.[]

Theorem 4.2.14 (Regularization) Let (N, d,b) be a proper barycentric metric
space and let (Q, (Fy)i0,F, P) be a filtered probability space satisfying the usual
conditions. Let (A™)nen be a sequence of partitions such that their mesh tends to
0 and let (X¢)ier be a strong martingale w.r.t (A™),en. Then there is a cadlag
modification X of X. More precisely, there is a cadlag process ()N(t>t20 such that

X, = X, for all t € T, almost surely. Moreover, (d(z, X))o is a submartingale
forall z € N.

Proof :. Fort > 0, set )N(t := X;+. Then the Theorem follows from Lemma 4.2.13.
O

4.2.3 Martingales in NPC spaces

Let us consider the 'main example’ for barycenter spaces, namely NPC spaces with
the ’canonical’ barycenter from Proposition 4.1.21. As we have seen, this barycen-
ter enjoys certain properties, in particular the variance inequality and Jensen’s
inequality. In [Stu02] was developed a discrete-time martingale theory. We will
shortly quote some results, which can be derived from Proposition 4.1.23:

Proposition 4.2.15 Let (N,d,b) be an NPC space with canonical barycenter. Let
(Xn)nen, be a discrete-time martingale. Then

(1) (o(Xn))nen is a submartingale for all lower semicontinuous convex functions
0 : N — R such that ¢(X,) € L' for all n, in particular for all Lipschitz
continuous convex functions.
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(ii) Let X, € L*(F,, N) for all n. Define

Vo= B A (X, X))
k=1

Then f*(X,) — V, := d*(z,X,,) — V,, is a submartingale for all z € N.

An immediate consequence is the fact that a strong martingale satisfies Darling’s
characterization:

Theorem 4.2.16 Let X = (X;)ier be a strong martingale. Then (o(Xy))ier is a
submartingale for all lower semicontinuous convex functions p : N — R such that
©(X;) € L for all t.

Proof : Let s,t € T with s < ¢t. Put £ := X;. We use the notation of (4.9).
Then " — X, in L', and by choosing a subsequence we can assume that £” — X
P—a.s. Now p(£7) < E7#[p(X;)] for all n, P—a.s. Due to the lower semicontinuity
of ¢ we have

©(X,) < liminf p(£7) < EX[p(X})] a.s.[]

n—oo

With the same technique one obtains the following

Corollary 4.2.17 Let N be a proper NPC space, let (X;)ier be a strong martingale
and let (X;)t >0 be its extension from Theorem 4.2.14. Then (p(X}))i>0 is a

submartingale for all lower semicontinuous convex functions ¢ : N — R such that
o(X;) € L for all t.

Another feature of a strong martingale is that it 'respects’ the product structure
of NPC spaces. For instance, let (Ny,d;), (N2, dy) be two NPC spaces. On Ny x Ny
define the product distance by d?((z1, z2), (y1,y2)) 1= d2(z1,y1) + d3(z2, y2). Then
N; x Ny is again an NPC space, cf [Jos97].

Proposition 4.2.18 Let Ny, Ny be two NPC spaces. Let (X})ier and (X?)ier be
two adapted processes in Ny and N, respectively. Then (X', X?) is a martingale
in N1 x Ny if and only if X' is a martingale in N; for i =1,2.

Proof : The definition of the canonical barycenter implies that if p; € P2(1V;),
then b(p) = (b(p1),b(p2)) for any coupling p of p; and ps. Since P?(N;) is
dense in P(NV;), this is also true for p; € PY(N;). So if X* € L'Y(F,N;), then
E9[(X!, X?)] = (EY[X!],EY[X?]) and consequently the assertion holds for time-
discrete martingales. Thus by approximation the Proposition is proved. [
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4.3 Existence of FCE and strong martingales

We prove the existence of strong martingales with prescribed limit is established
in two basic cases: First if (N, d) is proper with an arbitrary barycenter map and
the filtered probability space satisfies certain coupling condition (Thm. 4.3.3).
Second, if the target space is an NPC space with an additional lower curvature
bound (Thm. 4.3.9).

In both cases our techniques are basically variants of the corresponding ones in
[Stu05].

4.3.1 A coupling condition

For the sequel we will be concerned with the existence of continuous-time FCE’s,
or equivalently, of strong martingales with prescribed limit. We will start with
a special situation which is related to Example 4.1.18. For simplicity, we will
only consider dyadic partitions. More precisely, let A™ := {k27" : k € N} and
T :=JA™

Let (M, p) be a complete separable metric space and (N, d) a locally compact NPC
space. Let pg : M x M — [0,00) be a nonnegative symmetric measurable function
and (p;)¢~o @ Markovian transition function on M such that

/p(z,y)pt(x,dy) < 00 Ve,z € M, Vt>0

and there exists a Kk € R such that
P (@), pe(y)) < eplz,y)  Va,y € MVt >0 (4.11)

Then it follows from [Stu05], Thm. 4.3, that there is a subsequence (d5) = (27"*)
such that for all f € Lip(M,N), all z € M and all t € T

Py f(x) == lim P/ f(a)

exists. In terms of FCE the above result is as follows: Put Y; = f(X}) and let
s,t € T. Then the FCE
E(]:T)TZS [YT]

w.r.t. the sequence of partitions (A" )y exists.

Remark 4.3.1 (i) (P} )ier is a semigroup acting on Lip(M, N). It is called the
nonlinear semigroup associated with p;. In [Stu05] it is studied in great detail.

Geometrically, condition (4.11) can be regarded as a kind of lower curvature bound.
For instance, in [vRS04] was shown that if (M, p) is a Riemannian manifold and
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pr the heat kernel on M, then (ii) holds with & if and only if Ricy > —k.

(ii) Picard ([Pic05]) uses similar techniques in order to prove the existence of
martingales with prescribed terminal value of the form Y = f(X7r), where X is a
Markov process on a metric space M satisfying a certain coupling condition and
f : M — N is uniformly continuous and bounded. Although Picard stated his
result only for trees, the techniques also apply in our context in order to prove
martingales along subsequences in general NPC spaces (or proper metric spaces
with barycenter).

Since in general processes need not be images of Markov processes, we want to
formulate the above fact in a more general setting. We define a family (ps)s>o of
pseudometrics on by ps(w,w) = p(Xs(w), Xs(@)). Moreover, put

Qs(w) = Pid\fs<w) € P(Q) (412)

Now since X is a Markov process, we have Q4 (w) o X;;} = p;(Xs(w),-), and hence
(4.11) together with Lemma 4.1.4 implies that for all s,t € T and almost all
w1,ws € Q,

Prs(Qs(wr), Qs(ws)) < e py(wr, wa). (4.13)

Now we can formulate the assumptions of the following theorem in a general
situation. Let T be the set of nonnegative dyadic numbers. Let (Q, (F;)ier, F, P)
be a filtered probability space with a family (p;)er of symmetric nonnegative func-
tions on € x . Assume that the Markov kernels @, defined by (4.12), exist for
all s € T (e.g. if Q is a Polish space and F C B(2)) and that (4.13) is satisfied for
some K € R.

Let (N, d,b) be a barycenter space and put
Ly ={Y:QxT— N:E[d(Y;,z)] <ooforallseTandze N}.
For Y € Ly we define a new process P,Y € Ly by
PY (w,5) = B Vi () = b(@u(w) 0 Vi71). (4.14)

Note that this procedure defines a semigroup on Lg. Moreover, for Y,Y € Ly an
iterated application of Proposition 4.1.17 yields

d(P'Y (w, ), P'Y (w, 8)) < B [d(Yornt, Yot (W) (4.15)

for almost all w. Note that there is a set Qy C 2 with P(€) = 1 such that (4.13)
and (4.15) hold pointwise for all s, € T, n € N and w € .
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Lemma 4.3.2 Let Y € Ly be a process such that for all s € T and almost all
W1, W2
d(Ys(wr), Ys(w2)) < Cps(wr, wa). (4.16)
Then
d((PPY)s(wn), (PIY)s(w2)) < €™ Cpy(wr, wo).

Proof : Let n =1. From (4.16) and (4.13) follows that

dW(Qs o Y;::_i(wl)a Qs o th:_i(u&)) S Cpg_t(Qs(wl)7 QS(WQ))
< e Cpy(wr, w2)

and hence by the barycenter contraction property we derive the claim for n = 1.
For arbitrary n, this can be iterated. [J

Theorem 4.3.3 Assume that (N,d) is proper. Moreover, assume that there is a
countable set 01 C ) such that for all s € T and almost all w € )

inf{ps(w,0) @ €} =0.

Let Y € Ly be a process satisfying (4.16). Then there is a subsequence ny such
that for all s,t € T and almost all w € €}

P'Y (w,s) := khjgo Pg}f&kY(w,s)

exists, where 0 := 27" . For all t > 0, the process ((P;_,Y)s)sctrjog @5 a strong
martingale.

Proof : Fixt € T. Let s € T and w € Q. Put z,(w, s) := P2,Y (w, s) € N, where
n is assumed to be large enough such that 2" € N. Let z € N. From (4.15),
applied to the Y and the constant process Y (w, s) = z follows that

d(2,(w, 5), 2) < E"*[d(Yys, 2)](w) < 00

for all n. In other words, all z,(w,s) are contained in a closed ball, which is
compact by assumption. Thus there is a subsequence (ny) such that z, (w,s)
converges. Since {2y is countable, we find subsequence, again denoted by (ny),
such that z,, (©, s) converges for all @ € ; and s € T. By Lemma 4.3.2 we have

d(Pg/(S’“Y(wl, s), Pg}{é’“Y(wQ, 5)) < e"Cps(wr,ws)

k
for all £ € N and wy,ws € Qy. Thus a standard e/3—argument yields that

P;}fa’“Y(w,s) converges for all s € T and w € Q. Now for any ¢t € T, we have
(PrY), = E¥)r=:[Y; ] by construction, so (P} ,Y)s)s< is a martingale.[J
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4.3.2 Lower Curvature Bounds

Analogously to the case of upper curvature bounds, lower curvature bounds will
be defined by comparing triangles. Let us briefly sketch the definition. Let z € N
and v : [a,b] — N be a unit-speed geodesic. z and « span a triangle. Let Z
and 7 be a comparison triangle in H,; (the Hyperbolic plane of constant curvature
—k), Le. d(y(i), 2) = d(7(i),Z), i = a,b and d(y(a),7(b)) = d(7(a),7(b)) (such
a comparison triangle always exists, c¢f [BH99]). Then Curv(N) > —k means
nothing else but d(v(t),z) > d(7(t),z) for all z € N, all geodesics 7 : [a,b] — N
and t € [a, b].

In the above situation define a function g, : [a,b] — R by g.s(t) := d*(7(t),2)
(here the distance is taken in H,;). We have g, ,(t) < f*(y(t)) for all ¢ € [a, b] with
equality if ¢t = a and t = b. Moreover, it follows from Riemannian comparison
theorems (c.f. [Jos02], Thm. 4.6.1) that for R > 0 there is a C' = C'(R) such that
whenever v([a, b]) C Bg(z), then

0< 5olalt) — 1 < CP((),2) < CP (1), 2). (4.17)

In particular, g, is uniformly bounded for all geodesics which are contained in
BR(Z)

Lemma 4.3.4 Let p : R — R be a convex function such that for all a,b with a < b
there is a smooth function g.p : [a,b] — R such that g.,(t) < @(t) for all t € [a,b]
and gay(a) = 9(a), gas(b) = $(0).

Let I be an open interval and ¢ : I — [0, 00[ such that |g} ,(t)| < c(t) for alla,b € 1
and all t € [a,b]. Moreover, let

D = sup{|gq,(t)] 1 a,b € I; t € a,b]} < oo.

Then ¢ is differentiable in I and we have for all s,t € 1

o(s) —@(t) = &' () (s — 1) < %C(t)(t — )"+ D[t — s|*

Proof : Let ¢ > 0. We can assume that 0 € [ and, by adding an affine function
if necessary, that ¢(0) = 0 and (t) > 0 for all t € [—¢,€¢]. We show that ¢ is
differentiable in 0. Since ¢ is convex, the one-sided derivatives ¢’(0+4) and ¢’(0—)
exist and a := ¢'(0+) — ¢/(0—) > 0. Thus ¢ is differentiable in 0 if and only if
a=0.

Assume that a > 0. Then 0 = ¢(0) < £ (¢(— )
hence there is a £ €] — ¢, ¢[ such that ¢’ _ (£) =

¢(€)) — 5e. But g_(0) <0 and
) . Thus by the Taylor formula
1
2

90(6) < 9—6,6(6) - g—e,e(f) (5)( - 5)2 < 2062.
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The same holds for —e. Letting ¢ — 0 yields a contradiction. Hence, a = 0 and so
¢ is differentiable in 0.

Now we prove the second claim. Let ¢t = 0 . Again we can add an affine function
and can hence assume that ¢(0) = 0 and ¢'(0) = 0. Let s € I. Then Taylor’s
formula yields

because g; (0)s < 0. O

Recall that the functions f* from (4.6) are convex. Moreover, recall the definition
of 0fZ(y) from (4.7).

Corollary 4.3.5 Let N be a geodesically complete NPC' space of lower bounded
curvature on all balls, i.e. for all z € N and all R > 0 there is a kK > 0 such that
Curv(Bgr(z)) > —k. Let z € N. Then f*, is differentiable along geodesics, i.e. for
all geodesics v : R — N the map f? o~ s differentiable. Moreover, for all zo € N
and all R > 0 there is a C' > 0 such that for all x,y,z € Bgr(zo)

Fy) = f(a) = 0fi(y) — d*(x,y) < Cd*(x, 2)d*(x,y) + Cd*(x, y)

Proof : Let z,y,z € Br(zp). Let v : R — N be the (unit-speed) geodesic with
v(0) = z and y(d(z,y)) = y. Let I := v '(Bgr(20)). Then we can apply the
preceding Lemma to ¢ := f* o~. Note that 0fZ(y) = ¢'(0)d(z,y). Moreover,
by (4.17) we can choose c(t) = Cd*(z,v(t)) + 1. Putting this together proves the
Corollary. [J

Lemma 4.3.6 Let N be an NPC' space of lower bounded curvature on all balls.
Let X € L*(F). Then for all z € N

(i)
E90ffox(X)] =0 as.

(ii) Let zg € N and R > 0 such that X (2) C Bgr(z9). Then there is a C > 0
such that for all z € Br(2o)

E9[d*(X, 2)—d*(E9[X], 2) — d*(X, E9[X])]
< CEY[d*(EY]X], 2)d*(X, EY[X]) + Cd*(X, EY[X])]
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Proof : Fix z € N. For y € N let v, : [0,1] — N be the geodesic from y to
z. Since N is geodesically complete, we can extend it to a geodesic v : R — N.
Moreover, the map y — ~,(t) is continuous for all ¢ € R.

Now put Y := E9[X]. Then 7y (t) € L?(G, N) for all ¢, hence vy is a geodesic
in L*(G,N). Since t — d*(X(w), Vv (t)) is differentiable for all w by Corollary
4.3.5 (i), so is the map ¢t — @a(t) = [, d*(X(w), Yy (w)(t))P(dw) for all A € G.
Moreover, since 7y (0) = E9[X], 0 is the minimizer of ¢4 and hence

/ 03 (X)dP = / O (2)dP = £4(0) = 0
A A

for all A € G, proving (i).
(ii) follows from (i) and Corollary 4.3.5. O

For the rest of this section let (A™),cn be a refining sequence of partitions such
that the mesh converges to 0 as n tends to infinity. Put T := J,,.y A™. The next
Lemma will give a sufficient condition for the existence of continuous-time FCE’s.
Again we will use the notation of (4.9) and define

v = Z Edz(f?,:/\tagzﬂ/\t)- (4.18)

tpEAT

Let n < m. Let A" = {t;, : k = 0,... K"}. Then an iterated application of the
Variance Inequality yields that for all Z € L*(F;,_,)

EdQ(ftAkm, 7Z) — EdQ(gtAk’_”l, Z) > vp™ — o (4.19)

Lemma 4.3.7 Let s <t. If

lim sup lim sup v;"™ — 0™ — (v"™ —0"™) <0,

n—oo m—0o0

then & — B> (€] in L2

Proof : Let A" = {t;, : k =0,...K}. Let k € {0,... K}. Then (4.19) implies
that

Ed(&, &) S B, &) — (0" = Vi)

and
Ed* (& & ) <EPE, & ) —EX (& &).
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Adding up the two inequalities and applying the quadruple inequality (4.4) yields

2Bd*(& . &) S BA(E &) + EA(E, &)
—Bd*(g, &) — (™ — o)

<Ed(g,. &) + B, &)
+EA* (g L&) — (o™ =)

and hence

Ed’ (&, &0 ,) < B, &) + B (&G, &) — (™ — ")

By iteration we get for all n < m

Ed*(&, &) < v — o™ = (" — o).

Thus, by assumption, £ is a Cauchy sequence for all s € T | converging to some
&, € L*(F,) which is, by definition, equal to EV)->s[¢]. O

Definition 4.3.8 Let & € L*(F;). £ is called regular for (A™),ey if the increments
of v™,m; are finally controlled by a continuous function, i.e. there is a continuous
function v; such that for all s,¢ € T,

lim sup v;""™ — "™ < vy — v

m—0o0

Theorem 4.3.9 Let N be a geodesically complete NPC' space of lower bounded
curvature on all balls. Let (2, (Fi)o<t<r, F, P) be a filtered probability space. Let
t €T and & € L®(F;, N) be reqular for (A")pen. Then EF)r2s[¢] exists for all
seT.
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Proof : Recall the notations of Lemma 4.3.7. Let n < m. Let A" N [s,t] = {t; :
k=0,...K}and A" N[s,t] ={s;: 1 =0,...L}.

Uchm - Ul:i = EdQ(éﬂfI:’ijA) - Z Edz( sy ’ftk 1> EdQ( Si— 1’€tk—1)

tp—1<s1<tlg

S Z Ed2( 817 Sz 1 +C Z EdQ( Sl’gtk 1)Ed2( S :;—1)

tr—1<s1<ty tp—1<s1<tg

+C ) ElPEE))

tp_1<s5;<ty

e A A Z Ed’( (&5 &t 1)Ed2( s

te—1 Si—1
tp—1<81<tg

+c§:Ef moEm ]
< O(Vt’;“” = Vi)

Since ¢ is regular, €” = SUP, can sy A2(E7, &P ) tends to 0 as n — oco. So,
looking again at the first inequality, we have

L A AR (L ol N N " Al (SAN ) (SR

te tr—1<s1<ty

+ O BIEE.))

The second sum tends to 0 for n — oo by the preceding considerations. Clearly,
the third sum goes to 0, too. Hence the assumptions of Lemma 4.3.7 are satisfied
and it follows that EV~ )T>"‘[5] exists. O

Example 4.3.10 Consider the Example at the beginning of section 4.3.1. Namely,
we are given on a metric space (M, p) a Markov process X with semigroup p; satis-
fying (4.11). Let A be a partition of R} and let s < t. Then AN[s,t] = {to,... 1}
For a Lipschitz continuous function f: M — N, set

Pt%sf(x) = Rfo—SPh—to T Rs—tkf(l'),

where P, f is the nonlmear Markov operator applied to f, cf. Example 4.1.18.
Then Lip(PZ f) < Lip(f)e"(=*) (cf. e.g. Lemma 4.3.2).

Let now (A™),en be a reﬁnmg sequence of partitions. If we put & := f(X;), then
in the notation of (4.8) and (4.9) we have £ = PL" f(X,).

Assume furthermore that there is some C' > 0 such that for all x € M and ¢t > 0,

pef*(z) < C, (4.20)
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where f*(y) := p*(x,y). This is in particular fulfilled when X is Brownian motion
or the solution of an SDE with sufficiently smooth coefficients.

For n € N, let A" N [s,t] = {to,...tx} as above and let f : M — N be Lipschitz
continuous. Fix j € {0,...k} and put g := P53 f. Then

Ed (&, & ) =B (PS, ., f(Xy,,), PG, [(Xy)) = B (9(Xy,,), Pryyy—1,9(X0,))
< 2E [d*(g9(Xy,,,), 9(X4)) + d*(9(Xy,), iy —1,9(X3,))]
= 2E [E™ [d*(9(Xy,,,—,), 9(X0))] + d*(9(Xy,), Pry—1,9(X4))]
< 2B [EY [d*(9(Xy,,11,) 9(Xo))] + EX9 [d(9(X, 1 1,), 9(X0))]]
< 4CLip(g)(tj41 — t;) < ACLip(f)e™ "+ (t; 11 — t;)

and hence

o — Z Ed*(¢)', &' ) < ACLip(f Z ettt (¢ ) — t5)

7=0

As n — 00, the right hand side converges to v; — v, with vg := 4CLip(f) fst el Tdr.
So we deduce that £ = f(X;) is regular for (A"),en, and it follows from the above
Theorem that if NV is locally of lower bounded curvature and f is bounded and
Lipschitz continuous, then EV7)7>s[¢] exists for any sequence (A™),cn of refining
partitions, not only along a subsequence of certain partitions as in Theorem 4.3.3.
Moreover, the target space N need not be locally compact.

4.4 Characterization of strong martingales

The next Theorem gives a characterization of martingales in terms of their 'quadratic
variation’. The prove will use similar techniques as those in Lemma 4.3.7. Again
let (A™),en be a refining sequence of partitions such that the mesh converges to 0
as n tends to infinity. Put T := J,,cy A"
Definition 4.4.1 We say that a process (X;)er has a quadratic variation w.r.t.
(A™)pen if there is a nondecreasing process ((X);)ier such that for all ¢ € T,
X; € L*(F;) and

V= Z E [dQ(ththmAt)] — (X

tpEAT

in L' as n — oo (in particular, (X), € L' for all t € T).
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Theorem 4.4.2 Let N be a separable NPC space and (2, (Fi)ier, F, P) be a fil-
tered probability space. Let (X;)ier be an adapted process with quadratic variation
(X). Then X is a strong martingale if and only if d*(X;, z) —(X); is a submartin-
gale for all z € N.

Proof : The ’only if’-implication follows from Proposition 4.2.15.
For the ’if -implication we first remark that since d*(X;, z)—(X); is a submartingale
for all z € N and N is separable, it follows that for all s < ¢t and Z € L*(F,, N)

E7[d* (X, Z) = (X, Z) = ((X)e = (X)s)] 2 0 (4.21)

Let s,t € T with s < t. Put £ := X;. We have to prove that £ — X,. Let
A" N [s,t] = {to, ..., tm} With s =, < t; < --- < t,, = t. Using the notation of
(4.9), we have for k =1,...m

d2(€trz_1v th—l) < E]:tk_l [d2(€tr;_1’ th) - (<X>tk - <X>tk—1)]
by (4.21), and the variance inequality yields
d2(£{;_1 ) th,l) S E}—tk_l [d2(€&7 thfl) - dQ(ffk_la 52:)]
Adding up the two inequalities and applying the quadruple inequality (4.4) yields
2d2(£gc—l’th71) < E}—tkfl [d2(£&71’th) + dQ(fa’ th71>
- d2(£1{;,1’§g€> - (<X>tk - <X>tk71>]
< EMe [d (&, Xy,) + A2 X )
+ d2(th7 th71) - (<X>tk - <X>tk71)]
and hence
(& X ) SET (€, Xo) + (Vi = Vi) — (X)g, — (X)g, )] (4:22)
[terating this yields
E[@*(&], Xo)] < E[(V" = V") = ((X): — (X))]
while the right-hand side tends to 0 as n tends to infinity. [J

Remark 4.4.3 From (4.22) follows that the process Sy := d*(&, Xy, )+ V" —(X)4,
is a submartingale w.r.t. the filtration (F3, )o<k<m. Let € > 0. Then

P( sup d*(&',Xy,)>€) < P(sup Sy, >e)+ P(sup |V' —(X),|>e)
0<k<m 0<k<m 0<k<m

< ZE[V7 — (X0l + PCsup [V — (X)i| > ©)

0<k<m

a |

where the last inequality follows from Doob’s inequality. In particular, if V" — (X)
locally uniformly in L', then ¢® — X locally uniformly in L?.
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Example 4.4.4 (i) If N is a Riemannian manifold with nonpositive sectional cur-
vature, then Theorem 4.4.2 yields that every continuous V—martingale is (locally)
a martingale in our sense. Together with Corollary 4.2.16 we deduce that a contin-
uous semimartingale X such that X; € L*(F;, N) is a V—martingale if and only
if it is a martingale.

(ii) Theorem 4.4.2 is also the key to the martingale characterization in Theorem
3.4.7 in the case that N is a Euclidean polyhedron of nonpositive curvature.

Let us conclude this section with some remarks on localization. All results about
strong martingales so far were formulated under the assumption that X was a
global strong martingale. But in stochastic calculus, the most convenient objects
are local martingales. It is not difficult to define a local martingale in our setting:

Definition 4.4.5 Let (X;);>0 be an adapted process and let (A"),en be a se-
quence of refining partitions with ||A”|| — 0. X is called a local strong martingale
w.r.t. (A"),en if there is a sequence 7; of stopping times such that 7; ' oo and
Xinr, is a strong martingale w.r.t. (A"),en.

However, some results such as non-confluence of martingales do not hold for local
martingales, even in the simplest case N = R. So sometimes it is important to
know when a local strong martingale is a martingale.

Proposition 4.4.6 Let (A™),cn be a sequence of refining partitions with [|A"|| —
0. Let (Xi)i>0 be a continuous local strong martingale w.r.t. (A™)pen. If X is
bounded, then X is a strong martingale.

Proof : Let us go back to the situation of (4.8). For £ € L'(F;) set
§(€) == EME e  Efwmafg],  k=0..m—1

and (&) := (&) for o € [ty, tyr1[. We have to show that for all s € T with s < ¢,
di(§(Xy), Xs) — 0 as n — 0.

Let now 7; be a localizing sequence of stopping times as in Definition 4.4.5. Ac-
cordingly, we set

&7 (€) = Er B o BT o] k=0...m—1

and £%9(€) = £7(€) for 0 € [ty tri1]. Because Xinr, is a strong martingale,
dy (€M7 (Xinr; ) Xonr;) — 0 as m — oo for every j € N. Moreover, from Example
4.1.16 we know that &(Xinr,) = &7 (Xiar,) for all k = 0,...,m — 1 and hence
dl(fg(Xt/\rj>, Xs/\rj) = dl(fg’j<Xt/\rj),XsArj) — 0.

Now because X is continuous by assumption, Xia, — X; as j — oo, and since
X is bounded, this convergence is also in L!. So we deduce from the contraction
property of the (iterated) conditional expectation that di (& (X:), &Y (Xiar,)) — 0
as j — oo, uniformly in n € N. So noting that also X\, — X, as j — o0, a
standard €/3 argument yields that d;(£(X;), Xs) — 0. O
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Chapter 5

Appendix

5.1 Some facts from real stochastic analysis

Standard references for real stochastic analysis are [RY99] or [KS91]. There is also
a tight survey in [Bas95]. We will mostly refer to [RY99].

We start with functions of finite variation. Let a : Ry — R, be a continuous
function of locally finite variation. The total variation function a, is defined by

m—1

a; 1= sup{z lag,, —ay| 0=ty <ty--- <ty =tmecN} (5.1)
1=0
a is a nondecreasing continuous function with ag = 0. The total variation measure

|da| is defined by |da| := da, i.e. [ f(7)|dal, := [ f(7)da,.

Lemma 5.1.1 Let a* : [0,T] — R be a sequence of continuous functions of finite
variation such that v := supy fOT |da*|, < oco. Assume that a* converge uniformly
to some function a. Then

(1) a is of finite variation. More precisely, fOT |dal, < 7.

(i1) For any open set O C R,
/10(7‘)|da|7- < li?inf/lo(7)|dak|7

Proof : Let s <t e Ry and let s =ty < t;--- < t,, =t be a partition of [s,¢].
Since a* — a uniformly, for all € > 0 there is a kg € N such that for all k¥ > k, and
all [ =0,...m, |afl — ay| < 5= and hence by the triangle inequality

—_

m—

m—1
|atl+1 - atl| < Z |le1+1 - a1’:€l| +tesy+te (52)
I= =0

145
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So letting s = 0, t = T yields (i).

In order to prove (ii), we first remark that the sequence da* is tight as a sequence
of measures on [0,7]. Let now O C R, be open and let a* be a subsequence
such that 1o(7)|da"|, — a := liminf;_ [ 1o(7)|da"|,. By tightness, there is a
sub-subsequence, again denoted by a%/, such that |da*| — p weakly as j — oo,
where p is a measure on [0, 7]. We claim that for all s < ¢,

a; — ay < pu([s, 1]). (5.3)

Indeed, let € > 0. Then we can find a partition s =ty < t;--- < t,, = t such that

ar —as < S lag,,, — ay| + €. By (5.2) we can find a ky € N such that for all

k> ko, G —ay < St |afl+1 —af|+2e < ay — ak 4 2e. Now since a* — p weakly

and [s, t] is closed, lim sup; ' —al < p([s,t]). Thus choosing jo large enough, we

have that d;, — a, < a)° — as’ + 2¢ < pu([s, t]) + 3e. Letting e — 0 yields (5. 3)

With a monotone class argument we immediately get that |da| < y,1.e. [1p(7)|dal, <

p(B) for every measurable set B C Ry. In particular, [1o(7)|dal, < p(O) <
liminf; . [1o(7)|da* |, = a. This proves (ii). O

Proposition 5.1.2 (Kunita-Watanabe inequality) Let X andY be two semi-
martingales and H and K be two progressively measurable processes. Then

/]HKHdXY </H2 ) (/W ) (5.4)

Proof : [RY99] Theorem IV (1.15).

Let Y be a continuous semimartingale and a € R. The local time of Y at a is
defined by

Lia,t) == L (a,t) =2 [(Yt —a)t — (Yo —a)* - / t 1{yf>a}dn] (5.5)

In the next proposition we quote the basic properties of semimartingale local
times. All the proofs can be found in chapter VI §1 of [RY99].

Proposition 5.1.3

(i) For all a, L(a,t) is nondecreasing and continuous in t. In particular, (Y; —a)*
is a semimartingale. Moreover, for the process (a,t) — L(a,t) there is a modifi-
cation that is continuous in t and cadlag in a.

(11) The positive measure dL(a,-) is carried on the set {Y, = a}, i.e.
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J v, 2aydL(a, 7) = 0. Moreover, if Y = M + A is the semimartingale decomposi-
tion, then

t

t
L(a,t) — Lla—1) = 2 /0 1y —ydY, =2 / Loy —aydA,. (5.6)
0

In particular, if Y is a local martingale, the modification from (i) is bicontinuous
in (a,t).

(i7i) (It6-Tanaka formula) If f : R — R is a the difference of two convex
functions, then f(Y) is a semimartingale and

fY) — f(Yo) = / FL(YR)dYs + = /R L(a,t)f"(da) (5.7)

where f' is the left-hand derivative of f and f"(da) is the second derivative of f
in the sense of distributions.

(iv) (Occupation times formula) For any positive measurable function g : R —
R, we have

[ otvaaw. = [ st@iia.tda (5.8)

In particular,
t

.1
L(a, t) = lim — 1{Yfe[a,a+e[}d<y>7 (59)
0

e—0 €

where the P—null set out of which (5.8) and (5.9) hold can be chosen independent
of a,t and g.

Remark 5.1.4 Because of the occupation times formula, L(a,-) is also called the
occupation time density of Y at a.

In this text, we will be particularly interested in the case where Y is a nonnegative
semimartingale. Let

L= L) = L"(0,1). (5.10)

Lemma 5.1.5 Let Y be a nonnegative semimartingale. Then

t
L =2 / 1y, —0ydY,
0
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Proof : The Lemma follows immediately from (5.5), noting that Y = Y since
Y is nonnegative. [J

Now we state a consequence of the occupation times formula. Let K C R be
a compact set. Put

Ly(w) == LE(w) := sup L(y, t)(w) (5.11)

yeK

Because K is compact and y — L(y, t) is cadlag, there is some z = z;(w) such that
Li(w) = max{L(z,t)(w), L(z—,t)(w)}. In particular, £, is finite. Moreover, L, is
continuous, which follows from the fact that (y,t) — L(y,t) is jointly continuous
in ¢t and cadlag in y.

Corollary 5.1.6 For all continuous real-valued semimartingales Y and all non-
negative Borel functions f: R — R, we have

/0 (A H)(Y,)d(Y), < LK /K F(v)dy (5.12)

Although we will not need this in the sequel, we state the following annealed
version of the above Corollary. Let Y = M + A be a continuous semimartingale.

We define

IV]o = E [<M>;é2 v ) |dA|T] (5.13)
and -
1Y) = (BIM)u]) + E] / dAL. (5.14)

Both are norms on the space of semimartingales starting at 0 where these values are
finite (more precisely, on equivalence classes modulo indistinguishability). Clearly,
Il “1lo < |- || and for a bounded predictable process H, we have

I /HTdYTH < [ H [loo Y]] (5.15)

where ||H||« := sup, |H¢|. Moreover, if Y is a continuous semimartingale, there is
a sequence T} of stopping times with 7; * oo such that ||[Y7!]| < oo for all I (Y7
is the process stopped at T;).

Lemma 5.1.7 There s a v > 0 such that for all continuous real-valued semi-
martingales Y and all nonnegative Borel functions f : R — R, we have

B [ / Oof(YT)d<Y>T] <oVl [ Sty <211 [ St 50
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Proof : The argument is taken from the proof of Theorem VI (1.7) in [RY99].
For y € R we have

t
L(y,t) =2 {|Y% —yl = Yo —y| - / 1{Y7>y}dYT} :
0

Now [[Y; —y| — Yo — y|| < |V; — Yo| < 2sup,., |Ys|. Moreover, by the Burkholder
inequality, there is a constant 7; > 0 (independent of Y') such that

. o\ 1/2
} < (E [sup / 1y, >y dM- } )
t<oo |JO
So with v := 4+, we have for all y € R

<mE [<M><1>42}
E[L(y, 00)] <[V |o- (5.17)

t
E[sup / 1y, sy dM-
0

t<oo

Thus the occupation times formula together with the stochastic Fubini theorem
yields

B [ / wf(&@)dw} _E [ [ s oo>dy} — [ FBLLG )y
<5Vl | s

5.2 Localization in space

A typical situation for stochastic analysis in manifolds (and also in our context)
is that one is given a functions that is defined locally on a space. Unfortunately,
many definitions and theorems of stochastic analysis require functions that are
defined globally on the whole space (e.g. the It6 formula). Consequently, one has
to localize many arguments in space. This can be a tedious business. So in order to
keep the proofs simple, we will introduce some notations and tools for localization.
In the sequel we will be given a continuous process X with values in some (proper)
metric space M and an open subset O C M. Then A := {X € O} is an ’open’ set
in @ x Ry (i.e. theset {t: (w,t) € A} is open for all w). Schwartz (cf. [Sch80])
has studied a localized semimartingale theory on such an open set systematically
in great generality.

Definition 5.2.1 Let X : Q x Ry — M be a continuous adapted process. Let
Y,Y be two continuous adapted real-valued. We say that dY = dY on {X € O}
if for all stopping times S < T with Xjigrjn(s<ry € O, (Yr — Ys) = Yo — Y.

Y is called a (sub-; semi-)martingale on {X € O} if for all stopping times S < T
with Xsmnis<ry € O, Ys,r is a (sub-; semi-)martingale.
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Note that Yjg 7 is a (sub-; semi-)martingale if and only if the process Y, = Y(s+oyar
is a (sub-; semi-)martingale w.r.t. the filtration F; := Fg;.

The next Lemma characterizes the above definition in the case where Y and Y are
semimartingales (cf. also [Sch80], Proposition 3.7).

Lemma 5.2.2 Let M be a proper metric space and let X : Q x Ry — M be
a continuous adapted process. Let Y)Y be two continuous real semimartingales.
Then the following are equivalent:

(i) dY =dY on {X € O}
(i) [1ix,endY = fl{XTeU}d}7 forallU CcC O
(iii) [1ix.co0dY = [1(x.coydY

Proof : (i) = (it) Let U cC V4 CC Vo CcC O. We define two sequences of
stopping times recursively, as follows: Let Sy = Ty := 0. Put S, := inf{t > T, :
Xy € Vi} and T4y := inf{t > S, 11 : Xi ¢ Vo}. Then, because X is continuous,
Sy, < T, on{S, < oo} and T,, < S,41 on {T,, < oo}. for alln > 1 and S,,  oc.
Moreover, {X € U} C UJ,,]Sn, T, and hence by (i),

/ Tend(Y —Y) = / 1ix, coyd (Z / 1is, 1, d(Y — ?))
_ / 1x.cnd <Z(Y V), — (¥ — ?)Sn>
0.

n

(17) = (uii) Let U, CC O a sequence of relatively compact domains with U,,
O. Then 1y, — 1o and (iii) follows from (ii) with the convergence theorem for
stochastic integrals.
(7i1) = (i) Let S < T such that Xy(w) € O for all w € {S < T} and all t €
[S(w),T(w)]. Then by (iii),

(0 = ¥s) = (V= ¥5)) Lsery = [ LsemLismd(Y = 7)

1sen gz lix.copd(Y —Y)

——

|
o

which implies (i). O
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Let now Y be a semimartingale on {X € O}. For U CC O we define [ 1ix, cydY;
in the following way: Let S, T}, be the stopping times defined in the proof of
Lemma 5.2.2. Set

n/A\t

t & ThNt
/ 1ix,erydY; = Z/ Lix,erydY. (5.18)

Since T, /' o0 as n — 00, f(f 1ix, cvydY; is defined for all ¢ € R,.. This definition
is coherent with the usual integral if ¥ is a semimartingale. Moreover, it is the
unique continuous semimartingale Z such that [ lix,cr)dZ, = Z and dZ = dY
on {X e U}.

So we have shown that for all U CC O there is a continuous semimartingale Z
such that dZ = dY on {X € U}. This is a standard assumption in §3 of [Sch80].
More delicate is the question if there is also a continuous semimartingale Z such
that dZ = dY on {X € O}, or equivalently, if [ 1¢x,c01dY; is well-defined. This
is not always the case, as indicated in the next

Example 5.2.3 (i) Consider the deterministic continuous real-valued process X; :=
t(sin 1/t + 2) (with X = 0). Let O :=]0,00[. Then {X € O} =|0, 0o (more pre-
cisely, {X € O} = Qx]0,00], but since X is deterministic, we can forget about
Q). Clearly, X is locally of finite variation on {X € O} and hence X is a semi-
martingale on {X € O}. But X is not locally of finite variation on [0, co[ and
hence not a semimartingale. Namely, fix 7" > 0 and let U, :=]1/n,T[. Then
f 1{X7—€Un}|dX|‘r — OQ.

Assume now that there is a function Z : [0,00[— R such that Z is locally
of finite variation (i.e., Z is a semimartingale) such that dX = dZ on {X €
O}. Then [ 1{x, cv,|dZ|, is uniformly bounded in n. But on the other hand,
J 1ix. co3ldX|; = [ 1ix, ev,3|dZ|- for all n, which is a contradiction.

(ii) A more interesting example is Reflecting Brownian motion in a cusp, as de-
fined in [DT93b]: Consider the symmetric cusp C := Cj := {(z1,22) € R?* : 7y >
0, —xf < xy < xf }, where > 1. The authors construct a diffusion X on C
which they call reflecting Brownian motion in C'. This process behaves like two-
dimensional Brownian motion as long as it is in C°, the interior of C', and hence
it is a semimartingale on {X € C°}. Let X be reflecting Brownian motion in C'
starting at 0. In [DT93a] the same authors show that X is a semimartingale in
R? if and only if 3 < 2. In particular, if 3 > 2, X cannot be a uniformly bounded
semimartingale on {X € C°}.

The next definition gives a sufficient condition to ensure that [ 1ix,e0ydY is well-
defined, which is proved in Proposition 5.2.5 below. Actually, this condition is also
necessary as one can easily see.
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Definition 5.2.4 Let X : Q2 x R, — M be a continuous adapted process and
let O C M open. Let Y be a semimartingale on {X € O}. We say that Y is
uniformly bounded on {X € O} if there is a v > 0 such that || [ 1ix, epydYz] <~
for all U CC O, cf. (5.14).

X is called locally uniformly bounded on {X € O} if there is an sequence T,, of
stopping times increasing to oo such that the stopped process X7» is uniformly
bounded on {X € O} for all n.

Proposition 5.2.5 (i) Let X : Q xR, — M be a continuous adapted process and
let O C M open, where M is a proper metric space. Let'Y be a semimartingale
on {X € O} that is locally uniformly bounded on {X € O}. Then there is a
unique continuous semimartingale Z such that f lix,coydZ;, = Z and dZ = dY
on {X € U} (or equivalently, [1ix, ecpydZ, = 1ix endY;) for allU CcC O. We

set

/ Lix.copdY, = 7 (5.19)

(ii) Let X : Q@ x Ry — R" be a continuous adapted process and let O C R™ open.
Assume that X is a semimartingale on {X € O} that is locally uniformly bounded
on {X € O}, i.e. the coordinate processes w.r.t some basis are locally uniformly
bounded on {X € O} . Let f : O — R smooth such that the first and second
derivatives of f are uniformly bounded on O. Then [ lix,coydf(X,) exists in the
sense of (5.19).

Proof : The uniqueness follows from Lemma 5.2.2. For the existence, assume first
that Y is uniformly bounded on {X € O}. Let Uy, CC O be a sequence of domains
increasing to O. Put Y* := f lix.ev,dYr.

For a continuous semimartingale S = M + A, set

t
[S]e := (M) +/ |dA|, (5.20)
0
Let k < 1. Then [ 1ix cv,3dY! = [1(x ev,3dY?F and hence
[Y*] = Y], = L/ Lix.cvgdY) | — L/ 1ix,eu,3dY} s
t t
=/ 1{XT€Uk}d<Yl>T+/ Lix, ey ldA';

S

t t
S\/ 1{XTEUl}d<Yl>T+/ 1{XT€Ul}|dAl|T
= Y- LY,

IThis is fulfilled in particular if X is a semimartingale on the whole R™.
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In particular, |Y*| increases to some continuous nondecreasing process K and
d|Y*] < dK. Moreover, E[Ky] < limy_oo E [(Y*)oo + [;7|dA*];] < oo since
|Y*|| is uniformly bounded by assumption. Now 1y, epnv,p — 0 as k, I — oo and
consequently

t
E lSUP v} — Yf@ =E [Sup I/ 1{xTeUl\Uk}dYTl|]
t t 0

S E |:/ 1{X-,—€U[\Uk}dKT:| — 0.
0

Thus Y! — Y* — 0 uniformly in probability and consequently there is a continu-
ous semimartingale Z such that Y* — Z uniformly in probability and Z has the
desired properties. A standard localization procedure shows then the assertion for
the case that Y is locally uniformly bounded on {X € O}.

(ii) follows from (i) with ¥ = f(X) and an application of It6’s formula. [

Local-to-global

We first quote a useful Lemma, also known as 'space-time-localization’:

Lemma 5.2.6 Let M be a metric space, (Q, F;, P) a filtered probability space and
X : QxR — M a continuous adapted process. Let (Oy)ren be a countable open
covering of M. Then there is a sequence (T})en of stopping times with Ty = 0,
Ty < Tiyq, sup; T} = oo such that for all | € N, X, 1,,1n(s<ry € Ok for some
k € N.

Proof : [Eme89], Lemma 3.5. [J

Next we prove a certain ’'sheaf property’ of stochastic integrals that are local-
ized by a continuous process. Namely, if a stochastic integral is defined locally on
a covering family of neighborhoods, then it is defined globally:

Lemma 5.2.7 Let M be a metric space, (Q, F;, P) a filtered probability space and
X : QxRy — M a continuous adapted process. Let (Oy)aca be a open covering of
M. Let Y® be a family of semimartingales such that for all o, 3 € A, dY* = dY"

on {X € O, N Og}. Then there is a unique continuous semimartingale Y with
Yo = 0 such that for all o € A, dY = dY® on {X € O,}.

Proof : Let (Og)ren be a countable covering subordinated to (O, )aca, i.e. for
all k, O C O, for some a. By Lemma 5.2.6, there is a sequence T; of stopping
times such that X517, ,nir<7,,3 € Or C Oy for some k = k(I) € N and some
a=al) e A. Put

a(l a(l
Yo=Y (Y = Vim0, (0). (5.21)
l
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Let now o € A and let S < T be two stopping times such that X|g7 € O,.
Then Xjsvryar,svratiz.)) € Oa N Oy for all [ € N and hence by assumption,
Yisvipar = Ysvatiin) = Ysvmar — Ysueran,,) for all . Thus

Yr—Ys = Z Y(%VTZ)AT - ng(T/\:FlJrl)
!

= Z Y(SVTZ)AT - YS\/(T/\TH_I)
l

=Yr—Ys.

This shows that dY* = dY on {X € O,}.
The uniqueness is proved analogously. Namely, for S = 0 and T" = ¢ € Ry,
repeat the arguments from above in order to show that any semimartingale Y that

satisfies the properties stated in the Lemma must be equal to Y, defined in (5.21).
O

5.3 Parts of Markov processes

Let us briefly recall a standard procedure of localization in space for Markov pro-
cesses. In this section, M denotes a locally compact Hausdorff space. IF X is a
Markov process in M and O C M an open set, then the part of X on O will be
the process that is obtained by ’killing’ X as soon as it reaches X \ O.

Definition 5.3.1 (i) Let X = (Q, (X¢)i>0,F, (P")zem,) be a Markov process in
M. Let O C M be an open set. Set

{ Xi(w) if 0 <t < 71o(w)

Xto (W) = A else

(5.22)

The part of X on O is the process X© = (2, (XP)o<i<c, F, (P)zc0n)-
(ii) Let u be a measure on M, (£, D()) be a Dirichlet form on L?(M,u). The
part of £ on O is the Dirichlet form

E° =¢&, DEC) = {f€D(E): f=0qe on O} (5.23)

Note that the part of a process or a Dirichlet form on O can also be defined even
if O is not open, cf. [FOT94], chapter 4.4. and appendix A.2. However, we do not
need this here in full generality, and if O is open, then taking parts respects many
nice properties of processes and forms, which is the subject of the next

Proposition 5.3.2 (i) X© is a Markov process on O with transition function

p®(x,B) := P*(X, € B,t < 10). (5.24)
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If X is a Hunt process, then so is X©.

(ii) Let € be a regular Dirichlet form on L*(M, 1) such that X is associated to E.
Then E© is a regular Dirichlet form on L*(M,u) and X© is associated to E°.
(111) Let X be a continuous strong Feller process on a metric space M such that
for all relatively compact open subsets U CC O and all € > 0,

limsup P(t,z, M \ Be(z)) = 0. (5.25)
N0 zeU

Then X© is strong Feller.

Proof : (i) [FOT94], Theorem A.2.10.
(ii) [FOT94], Theorem 4.4.2 and Theorem 4.4.3.
(iii) is proved in the Corollary to Theorem 13.3 in [Dyn65]. O

Denote by F°_ the smallest o—algebra containing all 7 N {t < 10} (¢t > 0).
To
Then F_ is generated by the family of sets
7o

{A: ﬂ{Xti € B,t;<10}:neN B, € B(O)}.

i=0
Thus for any # € O, the restriction of P® to F°_ is uniquely determined by
To

its transition function p®. Likewise, the restriction of P* to 7"26 is uniquely

determined by p®, where .7—"25 is the completion of F°_ w.r.t. P*. This observation
To

leads to the following useful localization Lemma:

Lemma 5.3.3 Let X = (Q, (X})i20, F, (P")aenn) and X = (Q, (X1)iz0, F (P%)uenrn)
be two Markov processes on M such that p©(t,x, B) = p°(t,z, B) for allt > 0, all
z € O and all B € B(O). Then the following holds:
(i) For all x € O, P® and P® coincide on F°_ and on ?25, where 7:25 is the
To

completion of F°_ w.r.t. P®.

To
(ii)) Let x € O and let o be a stopping time such that ¢ < 1o P*—a.s. Let

f:0 =R be a bounded measurable function. Then E*[f(X,)] = E*[f(X,)].

Proof : (i) was proved just before the Lemma.
(ii) We have that X, is F,—measurable since X and X are progressively measur-

able. So let A € F,, which means that AN {c <t} € F, for all t > 0. Then
An{o<m}=JAn{o<qn{g<t}eF, .
q€Q

Now since P*({c < 10}) =1, A € ?25 and hence F, C ?26' Thus (ii) follows
from (i). O



156 Chapter 5. Appendix

Example 5.3.4 Let (M, g) C V be an admissible piecewise smooth Riemannian
polyhedron and let X be Brownian motion in M. So X is the strong Feller diffusion
associated to the canonical Dirichlet form £. Let O C M be an open set. It follows
from Lemma 2.4.7 (i) that X satisfies condition (5.25). Consequently, X is a
strong Feller process that is associated to £, given by

fo(f,g)I/OWf(fC)Vg(x)W% D(E9) = C3°(0). (5.26)

Let now (M ,g) C V be another Riemannian polyhedron with corresponding Brow-
nian motion X and canonical energy €. We can assume that X and X are realized
as canonical processes on ) = C(Ry,Va), so they only differ by the measures P*
and P°. . . .
Let M N M # 0, and let O C M N M that is open both in M and M. Clearly,
E£9 = £9 and hence for every bounded continuous function f : O — R and all
t>0,

v f(x) =y f(2) (5.27)

for quasi every € O. Because p® and p© are Feller, (5.27) holds for all z € O,
Assume now that O is relatively compact and let f : O — R be a continuous
function. Let O,, be a sequence of relatively compact open sets such that for all n,

O\ By/,(00) C O, C O, C O.

Let ny € N. Then for all x € O,, and all n > N, Tn < T P*—a.s. and hence
from Lemma 5.3.3 (ii) it follows that E*[f(X, )] = E*[f(X},)]. Now 7, /' 7 =170
P*—a.s. and hence it follows from the continuity of X and X that

E°[f(X,)] = E°[f(X.)]. (5.28)

Now since every x € O is contained in O,, for some ny € N, (5.28) holds for all
reO.
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