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SAMPLE FUNCTIONS OF CERTAIN DIFFERENTIAL
PROCESSES ON SYMMETRIC SPACES

RAMESH GANGOLLI

In a recent paper, we have proved a formula characterizing
the abstract Fourier-Stieltjes transform of an isotropic infi-
nitely divisible probability measures on a symmetric space.
The formula is the full analogue of the classical Lévy-Khin-
chine formula for the Fourier-Stieltjes transform of infinitely
divisible probability measures on the real line.

Now, just as in the case of the line, an isotropic, infi-
nitely divisible probability measure on a symmetric space
gives rise in a natural way to a continuous one parameter
convolution semigroup of such measures; and thence to a
stochastic process with stationary independent ‘‘ increments ’’.
It is the purpose of this paper to construct the sample functions
of such a process, We shall exhibit the sample functions of
such a process as limits with probability one (uniformly on
compact subsets of the parameter set) of sequences of con-
tinuous Brownian trajectories interlaced with finitely many
isotropic Poissonian jumps,

Our construction brings out clearly the significance of the Lévy
measure of the process as a measure of the expected number of jumps
of the path having a given size and occurring in unit time. (See
details below.) It also follows from our construction that the sample
function of these processes can be assumed to have only discontinuities
of the first kind. This fact, however, was known and indeed a more
general result of this kind was proved in [13] by J. Woll. Thus the
main new results of this paper must be considered to be the actual
construction of the sample paths, and the geometric information that
it gives about the process.

Our results are inspired by the work of Ito [8]. It0 considers
such processes on the line. However, the noncommutativity of the
groups that concern us and the nonlinear nature of our spaces force
us to use techniques quite different from his. Our methods are of
independent interest and indeed they can be utilized to construct a
theory of ‘‘addition’’ of isotropic random variables taking values in
symmetric spaces.

We consider in this paper only the case of a noncompact sym-
metric space. Surprisingly enough, the compact case is somewhat
more messy in technique, due to the fact that in compact symmetric
spaces the conjugate locus of a given point interferes with a routine
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reworking of our construction. Galmarino’s result in [2] for S? is
therefore not contained in ours. However, his method is special to
S? and does not seem to be susceptible to generalization.

We should like to acknowledge a valuable conversation with
J. M. G. Fell recently and another one with H. P. McKean Jr. over
a year ago.

2. Preliminaries. We are forced to ask of the reader some famili-
arity with the theory of symmetric spaces. We shall sketch here the
notation we use frequently in this paper. Any symbol to which a
meaning is not given here is to have the same meaning as in [3, § 2]
or [6].

G will stand for a noncompact connected semi-simple Lie group
with a finite centre and K for a maximal compact subgroup of G. g,, I,
are the Lie algebras of G, K respectively. The Cartan-Killing form
B on g, X g, given by B(X,Y) = Trace (adX adY) where X — adX
is the adjoint representation of g, on g,, is nondegenerate on g, X g,
and if p, is the orthogonal complement of f, in g, w.r.t. B, we have
g, = £, @D by, B is negative definite on £, x f,, positive definite on p, X p,.
This is called a Cartan decomposition of g,. P, can be identified in a
natural way with the tangent space at m(¢) to the manifold G/K,
where 7 :G — G/K is the natural projection and e the identity of G.
The restriction of B to p, X p, gives by translation, a Riemannian
structure for G/K endowed with which G/K is a symmetric space;
conversely every symmetric space of the noncompact type arises in
this way [6]. We shall have occasion to use the Iwasawa decompo-
sition ‘G, described as follows: g, = fo@bm@no, where f)po is a maxi-
mal abelian subspace of b, 11, a nilpotent subalgebra of g, and 1, is an
ideal in bpo(—BnO. If A, N are analytic subgroups of G with Lie
algebras f)po, 1, respectively then 4, N are simply connected, Ap N is
solvable, N is normal in ApN and G = KAPN in the sense that the
map (k, a, n) — kan of K X Ap X N to G is an analytic diffeomorphism
of K x A, X N onto G. Given x € G, we denote by k(x), H(x), n(x)
the unique elements of K, Y, N such that » = k(z)(exp H(x))n(x).
Note that by the very definition, we have H(xy) = H(zk(y)) + H(y),
cf. [4]; we shall use this later.

The left and right translations L(x), B(x) given by y — 2y, y — y»
respectively, induce operations on functions, measures, distributions
ete. on G; e.g. ff(y) = fley) = (f-L(x))(y). We shall say that a
function, measure ete. is spherical or isotropic on G if it is invariant
under L(k), R(k), k € K i.e. f¥% = f&0) = f,

A G-valued random variable (r.v.) £ is a map of a probability space
(2, &2, P) to G, measurable relative to the o-field of Borel subsets of
G ; & carries the measure on 2 to a probability measure F', on G which



SAMPLE FUNCTIONS OF CERTAIN PROCESSES 479

we call the distribution of & A r.v. is called spherical if its distri-
bution is spherical. It is easily seen that a G-valued spherical r.v.
can be thought of as a G/K valued r.v. whose distribution is invariant
under the left action of K, and conversely. We find it more con-
venient to work on G as far as possible. All r.v.s wn this paper will
be G-valued spherical r.v.s unless expressly stated otherwise.

Given independent r.v.s &, & their product &-&, is also a r.v., and
F..., = F,-F,, the product on the right being convolution. It will
be important to us that if &, & are independent and spherical then
F, .., = F,,.., because convolution of spherical measures is commutative
[6].

The theory of spherical functions developed by Harish-Chandra
[5] and others is a powerful tool for analysis on symmetric spaces.
For v e E, the space of complex valued linear functionals on f)po, let
@,(x) be the corresponding elementary spherical function (see [3, § 3]
where a fuller deseription is found), defined by

2.1) pua) = | exp (i (H(al) — o(H@I)] dk

where o is the half-sum of the positive roots. Then ¢,(¢) =1, and
S o xky)dk = o, (x)-p,(y). ¢, is analytic and is an eigenfunction of
K

every differential operator on G which commutes with left translations
by elements of G and right translations by elements of K. For a
spherical measure ¢ on G, we defined in [3] its Fourier-Stieltjes trans-
form by

(2.2) a0 = | pu@du@), \ < B,

E; being the real valued linear functionals on f) . It was shown in
[3] that /z determines p. Further, calling a spherical probability
measure ¢ infinitely divisible if for each integer m, £ = 0" where 6
is a spherical probability measure and the product is the convolution
product, we proved in [3] the theorem:

THEOREM 2.1. A spherical probability measure p on G is infi-
nitely divistble if and only if

(2.3) a0 =exp { Py = | L - pu@)ldL)]

£l

where L 1s a spherical measure on G such that S[]xP/l + |x|*]dL(x)

< oo, and Py(\) ts the eigenvalue, corresponding to the eigenfunction
@y, of an elliptic second order differential operator in D(G/K) which
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annihilates constants.

Here, |x| stands for the distance of xK from e¢K in the natural
metric on G/K.

A few consequences of Theorem 2.1 may be noted here as they
will be needed in §5.

First of all, as observed in [3], given a spherical probability

measure /, £ may be defined not only for \ € E, by Szp,\(oc)d#(w), but

also for all those v € E, for which Sgo,,(x)d#(x) makes sense. For \ € K},
consider the linear functional N —tp € E,. It is easy to check that
Sq),\_ip(m)d,u(m) makes sense. Indeed, it is equal to Sexp INH(x))d () ;
so that if a random variable £ has the distribution g, then (A — ip) =
S%_i,,(oc)dy(x) is the ordinary Fourier-Stieltjes transform of the distri-

bution of the bpo-valued random variable H(E).
In particular, if € is a r.v. whose distribution F, is infinitely
divisible, then one may conclude that, D, L being as above, the distri-

bution of H(£) has the ordinary Fourier-Stieltjes transform given by,
(A € Ep),

@4) F) —io) = exp {Por — i) = | [1 - prul@)]dLi)]

— exp {Pp(x — i) — S L —exp m(H(x))]dL(x)}

|zl
using (2.1).
It follows from this that the real and imaginary parts of

S 5o [ €XD MH(@))dL(z)

both exist as convergent integrals, from which,

since sinz ~ 2z and 1 — cos 2z ~ 2* near z = 0, it is possible to conclude
that the integrals

[, H@L@,| | He) e

0<]z|<1

both exist. (Here, as elsewhere || || stands for the norm on I)po given
by the Cartan-Killing form.) This remark will be crucial in §5.
Lastly, it is not hard to show, though we did not mention it in
[3], that the only second order elliptic differential operators in D(G/K)
which annihilate constants are just positive multiples of the Laplace-
Beltrami operator of G/K, if we assume G/K irreducible, which we
may do with impunity. Indeed if D = (¢/2)4 where ¢ >0 and 4 is
the Laplace-Beltrami operator, then P,(\) = (—¢/2){{ N, N> + <o, oD}
where <\, \)> is the inner product given by the Cartan-Killing form.
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We may normalize ¢ = 1 for future purposes.

As a final remark on notation, for a real linear functional » € E,,
we denote by H, the unique element ¢ I)po such that B(H,, H) = MH);
Heb,. Thus (X, N) = B(H,, H)) = MH).

3. Brownian paths interlaced with isotropic Poisson jumps.

DEFINITION 3.1. Let X = {a(f), t € [0, <)} be a separable stochastic
process. We say that X is differential if given 0 < ¢, < ¢, < &, < t, < o,
x(s)*w(t) and wx(u)*x(v) are independent for all s, ¢t ¢ [t, ¢,] and u,v €
[ts, ], s = ¢, w =< ». It is said to have stationary increments if 2(0)"x(s)
and x(¢)"x(t + s) have the same distribution for any ¢, s = 0.

If X is differential with stationary increments and if F'* is the
distribution of x(0)~'x(¢), it follows without difficulty that F is infi-

nitely divisible and by applying Theorem 2.1, we conclude that for
N e By,

G @ =expt{P) — | 1 - p@dL@]} .

|z
as in § 2.

DEFINITION 3.2. We say that X = {x(¢), ¢t € [0, «)} is a Gauss
process if L = 0 above and that it is a Lévy process if D = 0.

A Gauss process b(f) is none other than a Brownian motion on
G/K, essentially, i.e. 7(b(t)) is a Brownian motion on G/K as defined
in [7] for example. The properties of such a process are well known.
It can be seen e.g. by appealing to [7], [12] that if B = {b(t), t € [0, =)}
is a Brownian motion, then it has continuous sample functions almost
surely. By its very definition,™

E(p\(b(0)"b(2)) = exp tP,(\) = exp — % t{<n, Ay + <o, o}

cf. §2. Conversely given a second order elliptic differential operator
D e D(G/K) which annihilates constants, D = ¢/2D and one may
construct as in [7] or [11] the process B = {b(t), t € [0, =)} which
stands in the above relation to D. We assume ¢ = 1 without loss of
generality.

Given (D, L) as described above, we first of all construct a
Brownian motion B = {b(t), t € [0, )} given by D as above. Let
{2, P'} be the sample space for this process. We shall now explain
what we mean be interlacing a Brownian path with an isotropic jump
of size x at time t,. Let x e G, and ¢— b(f) be a Brownian path.
The path b(¢) is to be unchanged for times ¢ < ¢t,. At time ¢, it jumps

1 F stands for the expectation operator.
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to b(t,)kxk’ with probability dk dk’. After time ¢, it continues as
before so that at time ¢ = ¢, it is at b(¢,)kxk’d(¢,)~*b(t), with probability
dk dk’. Tt is clear that to describe this more rigorously we shall have
to enlarge the sample space a little. This will be done in detail later.
For a jump of size x we shall refer to |x| as the length of the jump.

Given the Lévy measure L on G — K, denote by dt x L the
product measure on [0, =) X G — K, where dt is Lebesgue measure
on [0, )., In what follows, we denote by B* a Borel subset of
[0, ) X G — K which has the following two properties

(i) B* has finite d¢ X L measure

(ii) there exists a d > 0 such that if (¢,x) € B*, then x| = 4.
We now describe what we mean by stationary random selection of
points of G — K according to the measure L ; namely, we select randomly
points (7, x) € [0, ) X G — K so that

(3.2) Given B* C [0, ) X G — K, the number of selected points which
lie in B* is a random variable with a Poisson distribution whose
mean is (dt x L)(B*).

3.3) If Bf,t=1, ---1 are disjoint subsets of [0, =) X G — K then
the numbers #; of selected points which lie in B} are all mutually
independent random variables.

See in this connection [9]. Since dt x L is o-finite, it is almost
sure that we shall select only countably many points. The above
description can be formalized somewhat awkwardly as follows. We let
our sample space £2” be the space of all sequences ®” = {(z;, z;)} =,
(with (z;, ;) € [0, ) X G — K) such that

|xj+1|§|xj| and Tj<Tj+1j:1,2,"‘ .

(This ordering is for convenience only.) We can build on this space a
Probability measure P” by requiring

(3.4) P"(" | B*(0") = )
= exp — (dt x L)(B*) ((dt x LYB*Yl)
(3.5) P(() " | § Br(@") = L)}

= 1[I P"(@" |4 Br(@") = 1) ,

if B¥UBj=® when 1+#j

where # B*(w') stands for the number of terms (z;, ;) in the sequence
®" = {(t;, %)}, which belong to B*, and [,l;,2=1,---7 are non-
negative integers. P” can now be extended to an appropriate Borel
field of subsets of 2 in the usual way. We propose to omit specific
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mention of the underlying o-field without risk of confusion.

Given the Brownian motion {b(¢), ¢ € [0, )} our idea is to make a
stationary random selection of points (z;, 2;) according to the Lévy measure
L, independently of the Brownian motion and then to interlace the
Brownian path by isotropic jumps of sizes x; at times z; =1, +--.
As seen above, this involves choices of k;, k’; at each interlacing.

Precisely, let 2 = 2" x 2" x ﬁ K x f[ K and endow it with the produet
i=1 =1

measure P =P’ x P” x [I dk x ] dk where dk is the normalized
Haar measure of K. The space (2, P) will serve for our construction.
A generic point w € 2 will now furnish us with a Brownian path
t— b(t, w); a sequence (7 (W), xi(w))7, of points of [0, =) X G — K,
(selected stationarily and randomly according to the measure L); and
sequences kj;(w), ¥ j(w),7 =1, --- of points of K, these last being
distributed uniformly over K; all these random objects being inde-
pendent mutually. For typographical convenience we shall omit the
underlying point .

Now let 4, be a sequence such that 1 =6, =0,,, >0 and 7,—0
as n— oo, For any real number a > 0, let

B¥*(a,t) ={(s,2)|(s,2) e [0, ») x G—K,s=t,|x|>a}.

Given w € 2, let b(t), {(zj, )}, kj, k'; be the items that it furnishes.
Let j(«, t) be the largest integer j such that (z,, x,) € B*(a, t) for all
1 <j. Now define for a =1,n =12, ---,

’!ﬁi(t) = b(o)_lb(fj(w,t)+1)'ki(a,t)+1'xi(w,t)+1'k;’(m't)+1
(3.6) O(Tjiaty11) T 0Tty 42) * Kstantyra Ticanty +o

K sy et K, i, K ie,,0 0 0(Tie,,0) T0(E)

yn(t) = b(0)—1b(71)k1x1k'1b(7:1)—lb(Tz)kzxzk'2' °*

(8.7) : o
.t 'kj(ﬁn,t)'xj(ﬁwt) -k j(en,nb(fa'(an,z)) b(t) .

In spite of its unprepossessing appearance, t— y,(f) is just the
Brownian path interlaced with independent isotropic jumps of length
> 4, occurring before time ¢, selected stationarily randomly according
to the Lévy measure L; while y%(t) is just the Brownian path into
which those jumps of lengths between 6, and « have been interlaced.
It is clear that j(«,t) is finite with probability one because of (2.3),
so that the path ¢ — y,(¢) has with probability one finitely many jumps
in [0, t] at times 7y, Ty, ** *Tjs,,00

We shall show below that the sequence 7(y,(t)) will converge as
n — oo with probability one uniformly on compact subsets of [0, o)
to a process whose law is given by (3.1).
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4. Convergence in distribution.

THEOREM 4.1
@) Eew) =expt{P0) | 11— p@HL@) .

Proof. Since {b(t),t € [0, «)} is differential and since (z;, 2;), k;, k/,
{b(¢), t € [0, =)} are mutually independent, it follows that the r.v.s
b(O)_lb(Tl) ; kak's; b(Tl)—lb(Tz) 5 Fogwok'ye o e

are mutually independent and spherical. Hence their distributions
commute under convolution; ef. our remarks in §2. Therefore the
distribution of ¥,(f) is the same as that of

b(0)~'b(t)e .. k', Fosw 'y + Kis,, %50k 56,0 -

Therefore
E(@A(?/n(t))) = E(¢A(b(0)_1b(t)k1x1k’1 kzwzk'z' ° 'kj(S,,,,’t)xf(sn,t)k’j(Sn,t)))
(8t
(1.9) = B0 b0) BT pulhnib') )

= B0 BT 9y
because @, is spherical. Since
(4.3) E(@:(0(0)7"0(¢)) = exp {tP,(\)},

j(851)
it remains to compute E(j I oa(2;) )
Jj=1

Denote by C*(n, @) the set {x|d, <|2|= a}, a being a real
number =1 say. Then it is clear that

(B0t
[0, {] % C*(n, @) = B*(3,, t) — B*(a, t), and so, E’((l‘_[ )gph(xj))
j=1

j(8y 1) .
—lmE (’ I %(xj)) recall j(co, t) = 1) .
a—rco J=jla t)

Let now, 4,4, +++,4,, be a partition of the closure of C*(n, @) by
subsets of diameter = ¢, ¢ being > 0, and let 2, -+ 2, € G be points
in 4, +-+,4,,. It is known that @, is a uniformly continuous function
on G, therefore we can conclude that | p,(z,) — @i(?',) | = 0(¢) as e —o,
uniformly for 2’, € 4, 1= p = ps,a =1,2, -,

Suppose that exactly [, of the points

(T:i: xi)r j =j(a, t) + 1, "'7j(3m t)
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fall in [0, ¢] X 4,, p =1, +++, p,. The probability of this event is
Pa
(4.4) pI=I1 exp — tL(d,)-({tL(4,)}»/1, 1)

On the other hand, if exactly [, of these points are in 4,, the
product

i(8y 0 Py

J].;.E (ft)\)(xa) = 1:!]1 {Pa(25) + o(e)}'»

by our remark above. We therefore have

E (ﬂaﬁn sox(xj)>

j=j(@,t)

=tim 3 i {paz) + o@)s exp — HLAN LN, !

€0 1,-++,pg=0 p=

@.5) = lim T exp [~ tL(4,) + tL(4)(pu(z) + ofe}]

€0 p=

= limexp— ¢{ S [1 — @)L, + o(OLC(n, @) }

— exp {um - t{ ;: (1 — pu(2)L(4,) + o(e)L(C*(n, a))}}

-0

—exp—t| [l p@MdL@).
Letting @ — «, and remembering (4.2), (4.3) we have the assertion
of the lemma.

COROLLARY 4.1

lim Bpa@.(6) = expt{ P, — | _[1 - pu@)dLiz)} -

1z]1>0

5. Convergence with probability one. We begin with a lemma
which has independent interest.

LeEMMA 5.1. Suppose we have o sequence y,, n = 1,2, - -+ contained
i a compact subset A of G such that for each z € G and each positive
defintite elementary spherical function @, the sequence @(zy,) converges.
Then the sequence 7(y,) converges in G/K where  1s the natural
projection of G onto G/K.

Proof. Suppose f is a continuous function with compact support
in G such that flazk) = f(x) for all ke K. We first of all claim that
such an f can be approximated uniformly on its support B by a finite
linear combination of left translates of a spherical function. To see
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this let f, be an approximate identity in L,(G). Then as is well known,
f+f.— f uniformly on B, where the dot stands for the convolution.

Let now F,(x) :S S fukxk)dkdlk'. Then F', is spherical. Further,
KJK

using the fact that f(xk) = f(x) for ke K, it can be easily shown
that f-F, — f uniformly on B as n— c. Since

(- Fo@) = | foF.@ndy,

and since B is compact, we may approximate this last integral by
suitable Riemann sums to get the following conclusion. Given ¢ > 0,
there exist complex numbers a,---a,, elements g,---g.€ G and a
function F' e C(G) with F(kxk') = F(x) for k, k' € K such that

(5.1) |f@) — S a:F(ga)| <c weB.

We next claim that if F' is any function eC(G@) such that F(kxk') =
F(x) k, k' € K, then given ¢ >0 and a compact subset C C G, there
exist complex numbers b, - -+ b, and elementary positive definite spherical
funections @,, ---, @, such that

(5.2) | Fllx) — > 0,0,(x)| <& xeC.
=1
To see this let D = {kak,|k, k, € K,z € C}; then D is compact.
By Godement’s theorem [10, p. 403] there exist complex numbers

b, +++,b, and elementary positive definite functions @, -.- @, on G
such that

(5.3) | F(g) — 3,b0:(g) | <¢ geD.

Then if ¢ € C, we have

(5.4) \SKSKF(kxk’)dkdk' — ibij S @(kxk’)dkdk" <e.
=1 KJK

If we suppose that of the functions @, --- @, the first [ (say) are
of class 1 (see [6, p. 414] for the definition) it is easy to show that
Okxk’)y =0(x) 1=i1=1,k, kK ¢ K and S S O, (kxk')dkdk’ = 0 for

K JK
l+1=1t%=m. Since F(kxk') = F(x) k, k' ¢ K, it follows from (5.4)
that
(5.5) | F(z) — S\ 0,0,m)| <¢ zeC
t=1

which is what we claimed.
Putting together (5.1) and (5.5) we see that given ¢ > 0, we can
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find complex numberse¢, «--, ¢,, elements z,, -+, 2, € G and elementary
positive definite spherical functions @, --- @, such that

(5.6) | flw) — 2:” 0 (z)| < ¢ weB.

Now we turn to the proof of the Lemma. m(A) is compact in
G/K. Suppose that the sequence 7(y,) has two cluster points say
¥ ¥ in w(A), ¥’ #y". We can find a nonzero function f continuous
with compact support in G/K such that y’, 4” ¢ the interior of supp
7 and f(y') = f(y"). Let f = fom. Then f is continuous on G, we
may take it to have compact support in G, and f(zk) = f(x); k € K.
By (5.6), we have, given ¢ < 0

(5.7) | fly) — X eP(zy)| <e yesupp £.

If y,., ¥, aresubsequences of y, such that n(y,)— v, #(y,.) — 9",
then since we know by hypothesis that @,(z;y,) converges for each
i as m— oo, (5.7) implies easily that f(y’) = f(y”), contradicting the
choice of f. Thus 7(y,) cannot have two distinet cluster points and
the lemma is proved.

LEMMA 5.2. Suppose that &, & are independent r.v.’s; let z € G.
Then the Y, -valued random variable H(zE, &) has the same distribution
as H(z&) + H(&).

Proof. For e E,

(8 Blexpin(HGEEE))
= | Jexp iMH ) @)3F. W)

= {{exp in(HGxhw) + H@)IF @) dF )
= fexp ncaz) [ [exo iMHGak@)IF @ |aF ) -

The integral in the square brackets is seen to be independent of % on
making the substitution  — xk(y)~* and remembering FZ* = F, , k € K.
Hence

E(exp ’?/7\'(H (zg 152))
(5.9) = |exp iMH@)IF, @) |exp iM(H(:2)dF (@)
=E(exp iM(H(£,))) - Eexp iM(H(2£)))

which finishes the proof.
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REMARK. Only the fact that FE&* = F, is used in the above
proof, and not the sphericity of F. This remark becomes important
when general nonspherical random variables taking values in G/K are
considered.

COROLLARY 5.3. If &,1=1, .--, n are mutually independent
row.)s and ze€ G, then H (REE, --- E,) has the same distribution as
H(zE) + H(&) --- + H(E,).

LEMMA 5.4. Let &,7, t=1,---,n be mutually independent

rw.s such that E(H(E)), E(H(n,)) exist. Let ze G,k e K be fixed.
Then,

(5-10) E(H(z§1771§27]2) e fﬂ]uk) | Ev Em c0 ":'n)
= HREE, -+ &5) + E(H®M, +++ 1)) «

Proof. It will be enough to show that if f,,f,, ---, f, are bounded
complex valued Borel functions on G then

E(f1($1)f2(§2) e fn(én)ﬂ(z&%&’?z e gnnnk))
(5.11) = E(f(&) -+ fulEDHQREE, - - - £,8))
+ E(fAE) -+« FuENEHDD, <+ + 1,))

The left side

G12) =[] [h@) - A HEY, - 0 dF () -
den(wn)anl(yl) e ann(yn) .

Because of the sphericity of F;, F,, this integral is invariant

under the substitution x; — x;k;, k; € K. Hence we can and do assume
to begin with that fi(x) = fi(zk) « € G, k € K, (if necessary by replacing

Jix) by S Sfi(xk)dk). Now in the above integral let us subject the y;
K

to the substitutions y; — ky.k";. Remembering that F, is spherical
we get that the left side of (5.11) (call it I)

= [+ (7@ -+ Ao Hew oyt ey - a.Jes, 1 1)
dF(®) -+ dF, (2,)-dF, ) -+ dF, (v,)
G13) = (|- [r@) - s -

H(zz ey k', xlesysk's < <« .k k)dk, -+« dk,dk', +++ dE'
dF, (x,) -+ AFe(@,)-dF, () « - - dF, (y,) .

Now, using H(xy) = H(zk(y)) + H(y), it is quite easy to check

n
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that SSH(xkyk’)dkdk’ — SH(xk)dlc + SH(yk’)dlc’, 50

|-+ | HGaba - vk, - diedk; - - die,

= SH(lelcl) d, + SH(x2k2)dk2 - SH(ocnk,,)dk,,
61y o+ |HEE -+ (HE

- SS . SH(zxkxk vo w k) dlodly + - dl,

(V- ki - v eaw: - dk,

1= {{-{f@) - rwo[|] -+ [Hewhads, - wk)
-+ dl, [0Fe @) - -+ dF @) dF, ) -+ dF, @)
|- [r@at@y - A [[] - [H@L - k)

Al -+ I, |AF (@) - AF, (@), @) -+ dF,, @) -

(5.15)

Using the fact that F, are probability measures and that fi(») =
Si(xk) for all k € K, we have

1= [+ [£@) - £w) HEoa, - 2, J0dF @) - dF (5
“[J] - [r@) - @aar @) - dF @ ]

c16)  x[|] - (Hwa - vam @) - aF, @]

= E(fE)SAE) « + - fulEH(ZEE, - - - £,F))
+ E(f&) « -« L&) E(HMD: « -+ 1,))

which is (5.11). (Note that in the first step of (5.16) we introduced
k with impunity because in (5.15) the measure dk, is right invariant.)

COROLLARY 5.5, If &,1=1,---,n are independent r.v.’s such
that E(H(E)) exists, then if z € G,k € K the sequence

Zy = H(zE, -+ £,k) — E(H(2E, « - - £,k))

18 a martingale sequence.
The proof follows directly from the lemma.

LeMMA 5.6, Let {b(t),t € [0, =)} be the Brownian motion. Then
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(5.17) E(H(®b(0)"b(t)) = tH, .

Proof.

E(exp iA(H(b(0)7(2))))

= Sgexp IMH()) * A Fy 02 (%)

= S S exp INH(xk))dk A F, g -1.(x)

(5.18) o
= Sg¢7)\_ip(x)'de(O)_lb(t)(x)
= exp — —g—{<7\, — ?qO, A= 'lqo> -+ <(0i P>}
= exp — % A + TEMH) .

This is clearly the Fourier-Stieltjes transform of a Gaussian distribution
on Y, with mean at ¢H,, concluding the proof.

COROLLARY 5.7. If z€ @G, then
E(H(zb(0)-0(t))) = S H(el')dl' + tH,
and

E (|| H(zb(0)™b(t)) — E(H(2b(0)7b(2))) |IY) = -t + C,

where | = dim b, and C, 1s a constant depending only on z.

Proof. Both assertions follow by observing that
E(exp tM(H(2b(0)7'0(t))))
= SG<P)\—ip(zx)de(o)—1b(t)(x)

=§ g Drio(2k) Ak A Fy -1y (), since F is spherical
(5.19) ¢ox
= @y_i(2)* SG¢A—ip(x)de(0)_lb(t)(x)

= P a®)-exp — = 0 ) + iOM(H,)
- [SKexp v:x(H(zlc))dic][eXp - _;. QA + aJm(Hp)] .

Thus we know that this is the Fourier-Stieltjes transform of the
distribution of H(zb(0)~'b(t)). The two quantities of the corollary are
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merely the mean and the trace of the covariance matrix of this
distribution and the corollary follows after a painless computation.

LeMMA 5.8. With the notation of § 3, we have for z¢€ G,k ¢ K,

(5.20)  E(H(zy,(t)k)) = E(H(zb(0)7'b(t))) + t Sa - H(x)dL(x) .

Proof. By sphericity, E(H((zy'.(t)) = E(H(zy.(t))). Now recall the
definition of yi(f) viz. (3.6). Because {b(f),t € [0, =)} is differential
and because k;x;k; 7 = j(1,t) + 1, --+, 7(d,, t) are mutually independent,
it follows from Corollary 5.3 that

J(8y t)
(5.21) E(H(zy\(t))) = E(H(zb(0)~'b(t))) + E ( H(ijjk})> .

Jj=7j(1,%)
The second term can be computed by exactly the same method as the
one followed in theorem 4.1. We omit the computation. The result is

tg S S Hkeok")AL () dled k.
KJKE )8, <|z|=s1

Remembering that L is spherical, this is ¢ S H(x)dL(x) finishing

Sy <lzl=1

the proof.

LEMMA 5.9. Let z€ G,k € K and write
Z,(t) = H(zy.(t)-k) — E(H(zy.(?))) -

Then for a fixed n, Z,(t) ts a martingale in the parameter t; for a
fized t, it is a martingale in the parameter n.

Proof. Let s < t, then yi(t) = yi(s)-{.(s, t) where
(5.22) £,(5,8)=b(8)b(T (5,045,501 56000 +1F L 5010410+ *D(Tiics,,0) 0(E)-

Note that because {b(t), ¢ € [0, )} is differential, {,(s, t) is inde-
pendent of yi(u) 4 < s. Moreover, we have

E(H((5, 1))
= BHbE"b0) + E( S Hnik))

(5.23) A
= EHOO)0¢ — o) + E( 3 Hlesw k)

J=j(1,¢)

_ 7(84,8) kj ; ,
E(F%J)H( . kj)>
= (t — $)H, + (¢ — s)S _ H@)dL()

Sy <lzl
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by Lemmas 5.2, 5.6 and 5.8.
Using Lemma 5.4, we get
E(H(zy:(t)k) | y(w) % = 8)
= E(H(zy(s)Ca(s, ) | 2 (u) u = s)
= H(zy.(s)k) + E(C.(s, 1))
= HEi(oh) + (¢ — 9H, + (¢ — 9)|

(5.24)

_ H@)dL() .

3, <z}
On the other hand, since
E(H(zy\(t)k)) = SKH(zlc’)dlc’ + tH, + tSS . H@L@)

by virtue of Corollary 5.7 and Lemma 5.8, (5.24) now implies the first
assertion of the present lemma.

Turning to the second assertion, fix ¢. The only difference between
yi(t) and y...(t) is that the latter has interlaced jumps of lengths in
[64+1, 0,] while the former has no such jumps. Indeed by (3.6) we
see that

(5.25) Yori(t) = Yu(Tie,.0)04(t)
where

0,(t) = b(fi(sn,t))ﬂlb(fi(sn,t)+1)kj(s”,t>+1xj(a,,,c)+1 ce
te k;«snﬂ,t))b(fj(snﬂ,t))—lb(t) .

We now use Lemma 5.4 with the random variables

b(Ti)—lb(Ti+1)j = 17 M) -7.(6”+1’ t)9 ijjk;', j = 17 *c ey j(any t)

(5.26)

playing the roles of the &s in that lemma and the r.v.’s
ijjk_;! j = j(amt) + 1, *t .7.(67;4-1, t)

playing the role of the #’s of that lemma. Recalling also Lemma 5.2,
we have

b(s) s=t )
ki; Tjy k;’ x.hj = 1! M) j(am t)
J(

' Spr1t
= Hey o) + B( S Hibaik)

=§(8y,8)+1 )

B (Hp )

78y 41s0)
— He(ob) + B 54 H( k)
J=7(1,¢
(5.27) (B p1t) )
- E( > H("’j%’"’j))

J=7(1,¢)

= Hzy\(t)k) + tS _ H@dL@)

dp+1<!
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B tSS <lzi<1 H(m)dL(x)

in view of Lemma 5.8, this last easily leads to the second assertion
of the present lemma.

LEMMA 5.10
(5.28) E(| Z,@) (") =1t + tg ng H(x) |[f[dL(x) + C,

o<

where | = dim b, and C, ts the constant of Corollary 5.7.

Proof. E(|| Z,(t)|?) is just the trace of the covariance matrix of
the distribution of H(zy.(t)k), call it the variance (c¢f §2). The distri-
bution of H(zy.(t)k) is by Corollary 5.3, the same as that of

H(zb(0)-"b(t)) + “fﬁi”)ﬂ(ijjk;) :

j=j(1,¢

Hence the variance of H(zy.(t)k) is the sum of the variances of
FIE))
H(2b(0)~*b(t)) andj >, H(k;x;k;). The variance of H(zb(0)~'b(t)) has al-
=7(1,%)
(8ot

j
ready been computed in Corollary 5.7 to be It + C,. Asfor >, H(k;x;k)),

J=j(1,¢)
Fourier-Stieltjes transform of its distribution can be computed to be

o [I=inBgst)
Eexpir( S How )

J=j(t)

- E(j(%it) exp iM(H(k jx:ik],‘))>

=7(1,t)

(5.29) = E(Jiji[;ti)gzg\_ip(xj))
—exp—t| [1-p u@dLi@)
=exp — 1 Ss i [1 — exp iMH(x))dL(x)

where we have omitted computations sufficiently similar to ones gone
before.

From a knowledge of its Fourier-Stieltjes transform the variance

of >, H(x;x;k;) can now be easily computed to be ¢ S 1 || H(x) |[*dL().

8 <!

This finishes the proof.

THEOREM 5.11. Let z€ G,k € K. There exists a sequence 6, | 0
such that H(zy.(s)k) converges with probability 1 as n — oo, uniformly
Sfor 0=s=<t and ke K.
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Proof. We have seen above that if
Z,(s) = H(zy,(s)k) — E(H(zy.(3))) ,

then for fixed n, Z,(s) is a martingale in s. It follows that Z,.,(s) — Z,(s)
is also a martingale in the parameter s. By the Martingale inequality
of Doob [1, p. 314] we have

P(sup || Z,1.(s) — Z.(s) || =z ¢)
(5.30) byt
= o Bl Z,ni®) = Z,O 1) -

On the other hand, for fixed ¢, Z,(¢) is a martingale in the para-
meter n. It follows that

(6.31)  E(| Z,:.(t) — Z,@) ) = E(| Z,.@) |") — E(| Z,@®) [I))

(Indeed for a martingale 7, we have always E(|Z,— Z,|) =
E(lZ., ) — E(l Z,|I)).) In view of Lemma 5.10, we get

~

(6.32)  E(| Z,(®) — Z,) |I) = ¢ S , | H(@) [[dL(z) ,

Spp1<lel=
since S || H(z) ||P[dL(x) < = (cf. §2) we may choose the sequence
<|z|=1

d, so that tSs [| H(x) ||PdL(x) < 2~ for large n. Then (5.29) with

n+1<121=8,

¢ = 27" yields
(5.33) P(sup || Z,(s) — Z,(s) || = 27F°) = 27*,
0ssst

It follows by the Borel-Cantelli Lemma that Z,(s) must converge

as n— o uniformly in 0 < s < ¢ with probability 1. Now,
Z,(s) = H(zy.(s)k) — E(H(zy.(s)))
(5.34) — H(zy(s)k) — S H(zl')dk' — sH,
K
— sg H(z)dL(z)
Sp<lzlsl
and since S H(x)dL(x) exists (cf. §2), we conclude that H(zy.(s)k)
o< lzl<1

must converge as % — oo uniformly in 0 =< s =< ¢t with probability 1.
The estimates (5.32), (5.33) being uniform in k € K, the theorem now
follows.

COROLLARY 5.12. {yi(s)}, is contained in a compact subset of G
for 0 = s =t with probability one.

Proof. We know by the theorem that H(y,(s)) converges as n —
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uniformly for 0 < s =% almost surely. If some subsequence ¥ (s)
were to — o on G with positive probability, then by considering the
map « — H(x), it could be shown easily that H(y. [8)) — o on b with
positive probability, contradicting the theorem. Therefore the corollary
follows.

THEOREM 5.13. The sequence m(y,(s)) converges on G/K as n— oo
with probability one uniformly for 0 = s < t. If y.(s) is the limit,
then Y(s), s € [0, ) 1s differential process on G/K. If F* 1is the
distribution of y.(t) on G/K, then F'*' is given by (3.1).

Proof. If ¢ is an elementary positive definite spherical function
on G, by Harish-Chandra’s formula (2.1) we have

(5.35) Pu) = Lexp [iv(H(zk)) — o(H(wk))ldk

for some complex valued linear functional v on ,. We have seen
above that for z € G k € K, H(zy.(s)k) converges as n — co uniformly
for 0 = s=1t and k € K almost surely. It follows from (5.35) that
P(zyr(s)) must therefore converge as m — oo uniformly for 0 <s < ¢
almost surely. By Lemma 5.1, we conclude that m(y.(s)) must do the
same. But y,(s) and y.(s) differ only in that v,(s) has in it jumps of
lengths bigger than 1. Since there are almost surely only finitely
many of these for s =< ¢, it follows that 7=(y,(s)) must converge as
n — oo almost surely, uniformly for 0 < s < ¢. That y..(s) is differential
is obvious though messy to check. The last assertion follows from
Corollary 4.2.

In particular, the process given by (3.1) may always be assumed
to have sample functions whose discontinuities are only jumps. The
Lévy measure L has the interpretation that tL(4) is the expected
number of jumps of sizes x which the path experiences till time ¢, for
which z € 4.
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