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Introduction. Let X,,X,,---,X,, - be a sequence of independent real valued
random variables with a common distribution function F(x), and consider the
sums X, + X, + -+ X,. A fundamental theorem of classical probability
theory is the strong law of large numbers which asserts that with probability
one, X; + X, + -+ + X, ~ n [xdF(x), provided that [|x|dF(x) is finite. It is
natural to inquire whether there exist laws governing the asymptotic behavior
of products X,X,_,---X,, where the X; are now identically distributed inde-
pendent random variables with values in an arbitrary group. This type of question
arises, for example, in considering solutions to differential or difference equations
with random coefficients [13]. To illustrate this, consider the problem of de-
termining the asymptotic behavior of a random sequence {¢,} satisfying
&= u,o_; + 0,6, 4, Where (u,,0,) forms a sequence of independent identically
distributed random vectors. In this case we can write

§n+ _ 61 _ (Ui+ Uity
( 5"1) = Xan—l'”Xl (60)’ X]_( 11 ! 0 )a

and so the rate of growth of the £, is governed by the behavior of the matrix
product X, X, ;- X,.

Bellman, who apparently was the first to consider questions of this kind,
studied random products of 2 x 2 matrices with strictly positive entries [2].
He showed that in a certain sense the weak law of large numbers holds for the
entries of the matrices X,X,_, - X,. In [9] it was shown that a strong law of
large numbers is valid. More precisely, if y{; is the typical entry of X, X,_;--- X4,
then for a certain constant @, n”'log y{” -« with probability 1, provided the
entries of X; are positive and bounded away from co and 0 in an appropriate
sense. It should be emphasized that for matrices with arbitrary entries, this type
of result does not hold and the analysis of [9] breaks down.

In the present investigation we shall consider a noncompact semi-simple
Lie group G and independent G-valued random variables {X,} with a common
distribution g on G. The law of large numbers here can be given the following
form. We shall exhibit a finite dimensional linear space ¥"; of functions ¥(g)
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on G, such that to every probability measure u that is well behaved in a sense
to be specified, there corresponds a linear functional «, on ¥"; and, with pro-
bability 1,

l/J(‘Xn)(n—l Xl) ~ nau(‘lj)

as n— o0, for each Y €?";. This may be illustrated by an example. Let G be
the group of conformal transformations of the unit disc onto itself. For every
g€ G, set ¥'(g) equal to the non-euclidean distance of g(0) from 0. ¢’ itself does
not belong to ¥"; but it differs from a function { €¥°; by a bounded function
on G. Consequently, we will have n™ ' ¥'(X,X,—; - X,) = ¢, (¥).

In general, let G be any semi-simple group and A an irreducible representation
of G by m x m matrices. Let u be a vector in R™ and let || - | denote a norm on
R™. There will be a Ye¥?; such that for each distribution g,
log | A(X,X,-q -+ Xy)u | ~ no, (). A similar relation holds, under more restricted
conditions, for the angle between various column vectors of the product matrix
X,X,_{--X,, where G is a matrix group. We find that the logarithm of the
angle is asymptotic to na,(i,), and in certain cases we can show that o, () < 0.
This implies that the columns of the product X,X,_, - X, are ‘‘ultimately>’
proportional.

In contrast to the classical situation, the computation of the limit
a,(¥) of n”"Y(X,X,_, - X,) cannot, in general, be made directly in terms of
the measure u. The expression for «, () involves, in addition to g, an auxiliary
measure v on a space B(G) associated with the group G. It turns out that v is
determined by u as the solution to a convolution equation u* v = v, the meaning
of which will become clear presently.

The main step in the proof that the limit of n™'Y(X,X,_, -+ X,) exists for
W € ¥ consists of showing that the above convolution equation determines a
unique probability measure v. This equation is natural in any case in view of
the appearance of v in the expression for «,(). We shall study this question in
some detail. If a group G acts on a space M, then the product gx is defined for
g€ @G, x e M. 1t follows that if u is a probability measure on G and v a probability
measure on M, then u*v may be defined as the measure on M giving the distrib-
ution of gx where g and x independently have distributions u and v respectively.
We now ask whether for given p, there exists a probability measure v on M satis-
fying u*v =v. We call such a measure a stationary measure for u. Moreover,
if v exists, we may ask if it is unique for a given space M. These two questions are
related, for if we let M® denote the space of pairs of distinct points of M, then
a stationary measure exists on M® if and only if there exist distinct stationary
measures on M.

As to the existence of a stationary measure for u on M, our analysis shows
that this is independent of the measure p and depends only on the space M in
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question (Theorem 2.1). More precisely, the necessary and sufficient condition is
that a certain subgroup H(G) leave fixed some probability measure on M. The
subgroup H(G) as well as the space B(G) mentioned previously were introduced
in our discussion of a generalized Poisson formula. The proof of Theorem 2.1
and much of our discussion depends strongly on [8] and we shall summarize
these results in §0.

The question of the existence of a stationary measure for p on a G-space M
has independent interest. A probability measure on G induces on every G-space
M a “‘random walk’” {W,} where we let W, arise by applying a random g to
W,, g having distribution u. We may now inquire as to the nature of this random
walk. There are at least three possibilities that may be distinguished. The walk
may be transient; that is, with probability 1, W, may ultimately leave every
compact set. It may be null-recurrent; that is, W, may return with probability
1 infinitely often to some compact set, but the expected time for return to the
set from a point of M will be infinite. Finally, the expected time may be finite;
this is sometimes called the positively recurrent case. (These definitions are in-
formal and only serve to give an idea of the possibilities.) It may be seen that
the latter case will occur if and only if u possesses a stationary measure on M.

Our results imply that the question of the positive recurrence of {W,} depends
only on the state space M and not on the measure y generating the random walk.
When M is compact, there will always be positive recurrence. For certain groups
G. under the assumption that M = G/L and L is a connected subgroup, we can
say conversely that if M is not compact, the walk is either null-recurrent or
transient.

For certain M we can also assert the transience of the random walk independent
of . For example, if G is any noncompact semi-simple group the induced random
walk on Gitself is always transient. (This follows from Theorem 7.6.) However,
there are homogeneous G-spaces for which the transience or recurrence of the
W, does depend on the measure u.

The paper is divided into two parts, the first of which is concerned with the
question of stationary measures and the second with laws of large numbers’
Part IT depends upon Part I primarily in the application of the uniqueness criterion
for a stationary measure (Theorem 2.1).

0. Preliminaries.

0.1. G-spaces. Allthe topological spaces to be considered in the sequel will be
assumed to be locally compact, HausdorfT, and separable. If G is a group then M
is a G-space if there is defined a continuous map (g,x)—> gx of G X M > M,
such that gx may be considered the result of applying the group element g to x.
This means that g,(g,x) = (g,g,)x and ex = x where e is the identity of G. If
for each pair x, y € M the equation gx = y has a solution in M, then G is transitive
on M and M is a homogeneous space of G. If x, € M, the set of g € G with gx, = X,

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



380 HARRY FURSTENBERG [September

is called the stability group of x,. When G is transitive on M then M may be
identified with the coset space G/L, where L is the stability group of a point of M.

An equivariant map ¢ of one G-space into another is one that commutes with
the action of G: g¢(x) = ¢(gx). If L, and L, are subgroups of G, L, < L,, there
is a natural equivariant map of G/L, — G/L, taking gL, into gL,.

0.2. MEasures, The term measure will refer to a regular, borel measure. With
the exception of Haar measure, all our measures will be bounded. We will be
concerned almost exclusively with probability measures which are measures assig-
ning to the whole space the value 1. The integral [f(x)du(x), which is defined
at least for borel measurable functions, will often be abbreviated to u(f). On
a locally compact space p is determined by the induced functional u(f) on the
class of continuous functions vanishing at co.

If M is a G-space and u and v are measures on G and M respectively, then
pu+v is defined by

prv(f) = f F(g0)du(g)dv().

Considering G itself as a G-space, this defines the convolution of measures on G.
If x is a point of a space, J, will denote the probability measure whose support is
the single point x. For a measure v on a G-space M it will often be necessary to
consider the measures J,%v. We shall abbreviate this to gv. Note that
gv(f) = [f(gx)dv(x) so that gx has the distribution gv if x has distribution v.
It will sometimes be instructive to consider u* v as a weak integral

U*y = fgvdy(g) = J.y*éxdv(x).

When we speak of convergence of a sequence of measures we will always mean
convergence in the weak sense: u,—pu if u,(f)— u(f) for every bounded
continuous function f on the space in question.

0.3. RanDoM wALKS. We shall use the term random walk to refer to the as-
signment of transition probabilities to points of a space. Specifically, by a random
walk on M we shall mean a continuous function y, assigning to each xeM a
probability measure on M. The hypothesis of continuity implies that if we set
f (x) = u.(f) then t takes continuous functions into continuous functions.

If in addition to the measures {u,} we are given an arbitrary distribution
(= probability measure) v, on M, there is determined a Markov process with
stationary transition probabilities. Namely, we let W, have distribution v, and
the joint distribution of W,, W,,---,W, is determined inductively by setting the
conditional distribution of W,, given W,,W,,---,W,_;, equal to uy, _,. The
measure v, is called the initial distribution of the process.
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0.4. BOUNDARIES AND PoISSON SPACES. Most of our considerations are limited
to noncompact semi-simple groups. By a semi-simple group we will always
mean a semi-simple connected Lie group with finite center. It is for these groups
that we established the results of [8] and aside from reference to these results we
will not require very much of the general theory of these groups. In this class
of groups are the so-called classical groups which include the groups SL(m,R)
and SL (m, C) of m x m unimodular real or complex matrices.

The conclusions of [8] are as follows. If G is a noncompact semi-simple group
it has nontrivial compact homogeneous spaces called boundaries. These are
characterized by the property that for any probability measure = on such a space,
there exists a sequence {g,} in G with g,m converging to a point measure. All
boundaries of a group G are equivariant images of one of them, B(G), called the
maximal boundary of G (and conversely, every equivariant image of B(G) is a
boundary). B(G) can be identified with a coset space G/H(G). The subgroup
H(G) is not uniquely determined, but the conjugates {g~ ' H(G)g} exhaust this
class of groups. They are referred to as minimal B-subgroups of G.

There are finitely many covering spaces {I1} of B(G) which are also G-spaces,
and these correspond to the subgroups H, of H(G) containing the connected
component Hy(G) of the identity of H(G). These spaces {II} are the Poisson
spaces of G.

Now let u be an absolutely continuous probability measure on G. The solutions
to the equation

0.1) f(g) = f f(gg)du(g’)

are called pu-harmonic functions on G. To each such measure y there corresponds
a Poisson space II, (frequently the Poisson space of u is the maximal boundary
B(G)) and there exists a probability measure v on IT, with the following property.
Every bounded p-harmonic function on G is given by the ‘‘Poisson’” represen-
tation

02) @) = fﬂ fgx)dvx)

for some bounded function f on II,; every f on II, determines a y-harmonic
function on G, and the correspondence f«»> f is one-to-one. The measure v in
formula (0.2) depends only on yu and satisfies u* v = v. The p-harmonic functions
corresponding to continuous boundary functions / may be characterized by the
property of being left-uniformly continuous on G. This means that as g,—
identity, f(g,£) = f(g) uniformly in g.

If G is a semi-simple group, then G admits a decomposition G=K:A4"'N,
referred to as the Iwasawa decomposition [13, Chapter VI, §3]. Here K is any
maximal compact subgroup of G, 4 is an abelian group, N is nilpotent, and
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the product A-N = S is a solvable, connected, and simply connected
subgroup. This decomposition is meant to imply that each g € G can be express-
ed uniquely in the form g=kan, keK, aeA, neN. In [8] it was shown
that for any such decomposition, S is contained in a minimal B-subgroup H(G).
Moreover, the normalizer of S is also contained in H(G). C. C. Moore has shown
(unpublished) that H(G) is identical with the normalizer of S. This means [5,
Chapter IIT] that if M is the centralizer of 4 in K, then H(G) can be written as
H(G)=M-A-N, and B(G)=~ K/M. If M, is the connected component of the
identity of M, then Hy(G) = My - A- N, and the subgroups H, correspond to
the subgroups of the finite group M/M,. The group M- A- N also plays an im-
portant role in the theory of representations of G [5].

Iet u be a probability measure on G. Associate with u the random walk on
G defined by setting p, = gu (§0.3); thatis, from each g e G there is a transition
to gg' where g’ is distributed according to p. A g-harmonic function can then
be seen to be harmonic with respect to this random walk: if {W,} denotes a
Markov process associated with this random walk, then E(f(W,. 1)| W, =f(W,),
if and only if f is p-harmonic. For certain classes of Markov processes [15]
there has been developed a notion of a Martin boundary of the state space in-
duced by the process. The non-negative (an a fortiori the bounded) harmonic
functions for the process are then given by a Poisson representation in terms of
measures on the Martin boundary. Also the ‘‘minimal’® non-negative harmonic
functions correspond to a certain subset of the Martin boundary. In case the
measure y on G is sufficiently regular (u of class B, see Definition 7.3 below),
then a Poisson representation is valid for all non-negative y-harmonic functions
(in addition to the bounded ones) where the boundary space is taken as IT,[8,
Chapter V, §5]. Moreover, each point x € I, determines a minimal, non-negative
p-harmonic function

dgv
ft(g) = _d~7’71 (x)a

where v is the measurein (0.2) and m is a fixed measure on I, and up to scalar
multiples, these exhaust the class of minimal non-negative u-harmonic functions.
Finally, it is not difficult to show that f, and f, are proportional only if x = y.
These properties suggest identifying IT, as the Martin boundary of G induced
by the random walk on G corresponding to u. It ought to be pointed out that
using martingale convergence arguments, the existence of a Martin boundary with
these properties may be established for probability measures on arbitrary locally
compact groups G. It is also not hard to show that such a Martin boundary
will necessarily be a G-space. The semi-simplicity of G is needed in showing
that the space II, is a homogeneous G-space, and in identifying it with one of a
finite number of covering spaces of the maximal boundary B(G) of G.

0.5. GROUPS OF MATRICES. A group G of m x m real matrices naturally acts on
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an m-dimensional space R™. The action is given by identifying R™ with real m x 1
matrices and letting G act by left multiplication. This identification will be im-
plicit whenever we speak of the action of a matrix group on a vector space. The
group G is called irreducible if the only subspaces left fixed by the matrices of
G are R"™ and {0}. Otherwise it is called reducible.

The real (m— 1)-dimensionalf projective space P"~! is obtained from R™— {0}
by identifying two vectors if each is a scalar multiple of the other. If two vectors
are so identified then their images under a nonsingular linear transformation will
also be identified. It follows that if G is a group of matrices, then G acts on
P™ ! as well as on R™

PART I. RANDOM WALKS ON G-SPACES.

1. Stationary u-processes.

1.1. GENERALITIES. Let G be a locally compact topological group, u a pro-
bability measure on G, and M a G-space. The measure u determines a random
walk on M in a natural way. Namely, to each point xe M we assign the pro-
bability measure p*d, on M as the transition probability measure from x. We
speak of this as the random walk induced by p.

DerINITION 1.1. A Markov process {Z,} with state space M and with trans-
ition probability measures u, = u*J, will be called a u-process on M. (The
index n ranges either over the non-negative integers or all integers.)

A p-process {Z,,n =0} may always be obtained in the following way. We
consider a sequence X,,X,,--, of G-valued random variables which are in-
dependent and all have distribution . Let Z, be an M-valued random variable with
arbitrary distribution and independent of the X,, and set Z, = X, X,_;---X,Z,.
Then Z,,, = X, (Z,, where X, is independent of Z,. It follows that the con-
ditional distribution of Z,, ,, given Z,, is u*d, which shows that {Z,} isa u-
process. Conversely, it is easily seen that every p-process arises this way.

We are particularly interested in stationary p-processes. Since a u-process is
determined by its initial distribution, its stationarity depends on the initial dis-
tribution.

LemMA 1.1. Let {Z,, n 20} be a u-process on M and let v be the distri-
bution of Z,. {Z,} is stationary if and only if uxv=rv.

Proof. Since the distribution of Z, is p=*v, it follows that the process can
be stationary only if p*v =v. Conversely, if p*v = v, then all the Z, have the
same individual distributions. Now the joint distribution of a set of variables
(Zy, Zys 1532y 1s determined by the distribution of Z, and the transition
probabilities between consecutive variables. Since all this is independent of h,
it follows that the process is stationary.

DErINITION 1.2. A probability measure v on M is called a stationary measure
Jor pif pxv=rv.
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There are two questions with which we shall be concerned: for a given G-space
M, does there exist a stationary measure, and if it exists, is it unique? The first
of these questions only arises for noncompact spaces, for we have

LemMMmA 1.2. If M is compact, there exists at least one stationary measure
for pon M.

Proof. let v’ be any probability measure on M and set v, = n~* X5~ u*s v’

where p* denotes the k-fold convolution of p. Since M is compact, some sub-
sequence of {v,} converges to a probability measure v, and since p*v, —v,— 0,
we have pxv=yv,

1.2. A BasiC LEMMA. In this section we shall establish a lemma which is
useful for showing the nonexistence of a stationary measure in certain cases.
It is necessary first to lintroducej certain notation. If Z is a random variable
with values in M, we shall denote the distribution of Z by E*(Z). That is to say,
E*(Z) is a probability measure on M such that for any bounded continuous
function f on M, EX(Z)(f) = E(f(Z)). More generally, suppose that Z is defined
over a sample space Q and that & is a o-field on Q. We define the conditional
distribution E¥(Z|#) by the equality

(1.1) EXZ|F)(f) = E(f(D)| #).

Thus E* (Z] &) is itself a random variable with values in the space of probability
measures on M. Because the space M is separable, as we shall assume, it may
be shown that there is a uniquely determined (up to null sets) random variable
E*(Zlg*') satisfying (1.1) for bounded continuous f.

If {Y,,n = 0} is a stationary process, it may be imbedded in a doubly infinite
stationary process in an essentially unique way, setting the joint distribution
of (Y_,, Y11, Y-) equal to that of (Yo, Yy,--, Y,_,). Suppose now that
{Z,, n = 0} is a stationary u-process on a G-space M. We may suppose there are
given variables {X,, n = 1} with values in G so that Z, = X, X, _; -+ X{Z,, where
the X, are independent of each other and of Z, and where E*(X,) = u. The
process {(X,+1,Z,), n = 0} is stationary and may be extended so that the index
n may also take on negative values. We then have Z,,, = X, Z, for all n, and
X,+, will be independent of all Z,, k < n. We shall refer to the X, as the as-
sociated G-valued random variables for the process {Z,}.

LemMma 1.3. If {Z,} is a stationary p-process and {X,} the associated
G-valued random variables, then with probability 1,

(1.2) E*(Z,,|X,,, Xp-1,) = lim X, X, - X, (E¥Z,).

ko

Recall that since G acts on M, it acts on the measures on M so that the product
on the right side of (1.2) is defined.
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Proof. Let ¢ be a bounded continuous function on M.

E*(Zn I Xan-— 1> )(‘//)=E(¢(Zn) | Xm X1 )=lklmE('//(Zn)le Xn—l""aXn—k),

by a martingale convergence theorem [6, Chapter VII, Theorem 4.3]. Now
Zn = X"X"_l A X,,_kz,,_k_l, SO that

E(l/l(zn)lxmxn—l’ "'9Xn—k) = E(lp(X,,Xn_l "'Xn—kzn—k—l)|Xu’Xn—1’ ”"X"‘k)
- J\lp(Xan—l w+ X1 0)dv(0)

where v = E*(Z,), since X,,X,_4,---, X,_, are independent of Z,_,_,, and the
latter has distribution v. It follows that

E(‘p(zn) ] Xm Xn—l’ ""Xn—k) = Xan—l Xn-—kv(lp)
(see §0.2) and as k- o,
lim E(l//(zn) | Xn’ Xn—l’ ""Xn—k) = lim Xan—l Xn—kE*(ZO)(lp)

k—>w k> wo
A group G acts on itself by left multiplication. We may inquire whether G,
as a G-space, possesses a stationary measure for .

TeEOREM 1.1. If G is any locally compact group, u a probability measure
on G, then G possesses a stationary measure for p only if u has its support in a
compact subgroup of G.

Proof. Suppose that {Z,} is a stationary u-process on G and that {X,} are
the associated independent variables. There is a compact set A, =« G with
E*(Zy)(A,) > 4, and for some sample sequence for which (1.2) is valid we can
find an open set A, with compact closure such that E¥*(Z,, | Xo, X _1,)(Ay) > 4.
Then ultimately X X_, - X _E*(Z,)(A,) > % by (1.2), and it follows that
XoX_;--X_ Ay NA, is nonempty. (Note that v(A)= gv(gA).) Hence
XoX_ 1 X 4 €MAT A AT = Ay where A, is compact. This holds for
k> k', say,sowe have X _,_, - X_,_.€A;'A; for k' £n<n+ m. Now by
the ergodic theorem, any m-tuple (g, -, g,,) of elements of G in the support of u
can be approximated arbitrarily closely by some (X _,_,, -, X _,_,) occuring in
almost any sample sequence. It follows that all products of group elements in the
support of u lie in the compact set A, = A7 'A;. But then the support of u lies
in a compact semigroup < G and therefore in a compact subgroup of G.

We recall that a compact semigroup with cancellation (and therefore a compact
sub-semigroup of a group) is a group.

We remark that if G is then taken to be the group of reals, then the standard
device for proving this theorem would be the use of characteristic functions, a
device which is not available for the general case.
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Another application of Lemma 1.3 is the following.

THEOREM 1.2. Let u be a probability distribution on the set of m X m uni-
modular matrices and let G be the smallest closed subgroup of SL(m,R) con-
taining the support of u. Then u admits a stationary measure on the G-space
R™— {0} only if G is either compact or reducible.

Proof. Let {Z,} be a stationary p-process on R™ — {0}, and let {X,} be the
associated G-valued variables. Choose a sample sequence --- X _,, X _,, X, so that

1.3) EXZo| X0, Xy, ) = lim XX _; - X _EX(Z,),
ko

and such that any m-tuple (gy,--+,g,,) of elements of G in the support of u is
approximated arbitrarily closely by m-tuples (X,_,,---,X,_,) of the sample
sequence. If G is not compact, then as in the preceding proof, the set of matrices
{XoX_,-- X_;} cannot be bounded in the group G. Since the matrices of G are
unimodular, this implies that for some subsequence g, = X,X_;---X_, , we
have | g,|— o, where | g| =max|g;| Passing to a subsequence we may
assume that g,/ g, | converges elementwise to a matrix h. | k|| =1, and so his
clearly not the 0 matrix. It follows that for u € R™, hu can vanish only if u belongs
to a proper subspace ¥ = R™ Now, if hu # 0, then | g,u || » oo, where |- | now
denotes a norm in R™. On the other hand, by (1.3), g,E*(Z,) converges to a
probability measure on R™. This is therefore only possible if E*(Z,) has its
support in V. Let V' be the smallest subspace of R™ containing the support of
E*(Z,); we have V' < V. Itis easily shown that since u* E *(Z,) = E*(Z,), almost
every g, but for a set of y-measure 0, musttake V' into V'. G is therefore generated
by elements taking ¥’ into V' and this says that G is reducible. This proves the
theorem.

1.3. AN APPLICATION TO CONTINUED FRACTIONS. In this section we interrupt our
main line of reasoning to present an application of Lemma 1.3 to a different kind
of question. We will encounter this problem again in Part II in a more general
setting.

THEOREM 1.3. Let G be the group of fractional linear transformations
taking the unit disc D of the complex plane onto itself:

z+a

p—i—ﬁz—’ Ipl=1,|tx|<1.

g€Gegz =
Let u be a probability measure on G whose support is not contained in a proper
subgroup of G and let {X,} be a sequence of independent G-valued random
variables with distribution u. Then with probability 1, X, X, --- X,(z) converges
to a point of {|{| = 1} for each z in the interior of D, and the limit point is inde-
pendent of z.
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Proof. We can replace the variables {X,, n =1} by variables {X_,, n<1}
and the assertion becomes that of the convergence of X_ X _,--- X_,(2). Since
the group G is noncompact and the support of u is not contained in a compact
subgroup of G, we conclude as in the proof of Theorem 1.1 that with probability
1, the group elements {X _,X_,---X_,, n=1,2,---} do not remain bounded.
Now let us suppose that we have

gn(Z) = X—IX—Z "'X_,,(Z) = pn(z + d")(l + &nz)_l-

It is clear that if we have a sequence g,, — 0, then |a,, | - 1, and since the g, do
not lie in a compact subset of G this must be true of some subsequence.
Now consider the action of G on the boundary B of D: B = {z:|z| = 1}. Since
B is compact, there will be a stationary u-process {Z,} on B (Lemma 1.2), and we
can take the X, as forming the associated G-valued variables. By Lemma 1.3,
EXZ_|X-,X_5,) = limX_; - X_,EXZ,) = lim g,E*(Z,)

n—w n=oo

lim g, E*(Z,).

k=

(1.4)

Passing to a subsequence of {g, } we may suppose that p, — p’, @, —a', where
necessarily |’ | = 1. It follows that for all { € B,

2.0 - pC+a) A +&)~ = po’

unless 1 + &'{ = 0, or equivalently, unless { = —a’. We see from (1.4) that unless
E¥(Z,) assigns positive measure to the point —a', E¥Z_, IX_l, X_,5,-7) is
concentrated on p'a’. It is not difficult to show that the first alternative cannot
occur. That is, if E*(Z,) assigns positive measure to a single point of B, then since
uxE*(Zy) = EX(Z,) we can see that u would be concentrated on a subgroup of
G taking a finite point set of B into itself. Therefore, the measure
EXZ_, |X -1, X _5,---)is concentrated on p‘a’, and by (1.4), g,E*(Z,) converges
to the point measure at p'a’. Since E*(Z,) is not a point measure, this will happen
only if for the entire sequence {g,}, |a,,| — 1 and p,a,— p’a’. But then we will
have for every z with |z| <1,

8u(2) = pulz + a) (L + 8,2) ™' p'a.

This proves the theorem.
Theorem 1.3 may be reformulated for the half-plane Im z > 0. We then have,

COROLLARY. Let {(u,,v,)} be a sequence of independent pairs of random real
numbers satisfying u,v, <0, and such that all pairs have the same distribution
which we assume is such that the matrices

)™ ()

Up
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are not concentrated in a proper subgroup of SL(2, R). Then with probability 1,
the continued fractions

Uy

U+ U,
Uz+

-
v, + z

converge whenever z is not real, and the limit is independent of z.

2. Application of the Poisson formula.

2.1. CRITERION FOR EXISTENCE OF A STATIONARY MEASURE. In this section we
shall assume that G is a semi-simple group and that u is an absolutely continuous
probability measure on G. With these assumptions the conclusions of [8] are
valid; these are summarized in §0.4. In particular, to the measure u there cor-
responds a homogeneous G-space II, which is one of a finite number of compact
homogeneous covering spaces of the maximal boundary B(G), and there is a
measure v on IT, satisfying p*v = v which plays a distinguished role in the rep-
resentation formula for p-harmonic functions on G. In our present terminology,
the measure v is a stationary measure for u, and it consequently generates a
stationary u-process.

DErFINITION 2.1. The stationary u-process on II, with initial distribution v,
where v is the measure occurring in the Poisson representation formula (0.2), is
called the distinguished p-process.

We next observe that, conversely, beginning with a stationary measure for u
on any G-space, we can generate u-harmonic functions. Namely, suppose that
M is a G-space and =« a stationary measure for u on M. Set

@1 18 = [ denints
M
where ¢ is a bounded borel measurable function on M. Then
[ reerauer = [ stegnduterant = [ stanausnty
G GxM M

2.2)
- fM H(ey)dn(y) = £(2).

From this observation we can deduce

THEOREM 2.1. Let M be a G-space. There is a one-to-one correspondence
between the stationary measures of p on M and the measures on M invariant
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under H, (recall I1, = G/H,). In particular, there exists a stationary p-process
on M if and only if H, has an invariant probability measure on M, and this
occurs if and only if the subgroup H(G) has an invariant probability measure
on M.

Before proving this theorem we introduce some notation which will be useful.
In general, let L be a closed subgroup of G, w a bounded measure on G/L, let
M be a G-space and suppose that 4 is a measure on M that is invariant under L.
If o is the natural map G — G/L we can find some measure & on G with ¢(®) = w.
Then the measure @* 4 is defined on M, and we claim that this measure on M
is independent of the choice of & for a given w. Namely

23) ﬁﬂmmum=ﬁwﬂmmwmn=mem)

where F(g) = [f(gx)dA(x). Since Ais invariant under L, it follows that F(gl) = f(g)
for le L, so that F = F’o g for some function F’ on G/L. The last integral of (2.3)
is then [g, F'()do(®)(y) = [¢, . F(y)dw(y). It follows that the measure @ * 4
depends only on w and A whenever A is invariant under L.

DeriNITION 2.2. We shall denote the measure @*A, in case A is invariant
under L, simply as w* A.

Theorem 2.1 will now follow from

LemmA 2.1. If M is a G-space and A is a probability measure on M invariant
under H,, then v+ A is a stationary measure for p on M, where v is the station-
ary measure on II, = G/H, of the distinguished p-process. Conversely, every
stationary measure v' on M has the form v* ] where A is invariant under H,
and the correspondence v' < A is one-to-one.

Proof. For the first statement we observe that associativity holds for the
convolutions of Definition 2.2 so that ux(v*A) = (uxv)* 1. Since u*v=v we
have p+(v+1) = v*4, so that v/ = v* 1 is stationary. To justify the associativity,
we simply note that if 6(®) = w then o(u*®) = p*w since ¢ is equivariant.
We turn now to the converse statement, so let v’ be a stationary measure on M
for p. Let M, = M y {0} be the one point compactification of the locally com-
pact M, if M is not compact already; otherwise, set M, = M. In any case, letting
g oo = oo for ge G, M, will again be a G-space. Let ¢(x) be a continuous function
on M, and form the u-harmonic function (see (2.1))

2.4) &@=Lamwm.

Since ¢ is continuous on M, it follows that ¢ is left-uniformly continuous on G.
By §0.4 we then have
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2.5) He) = f B(gy) dv(y)

where ¢ is continuous on IT,. Each point y eI, induces a positive linear func-
tional on the class of continuous functions on M, by sending ¢ — ¢(y). This
functional determines a probability measure A, on M, and we will have F(y)=1,9).
In general, if  is a function on a G-space and y € G, let §y” denote the function
Y’(p) = Y(yp). Returning to the foregoing situation we observe that by (2.4),
(¢")~ = $* Ttfollows by the uniqueness of the boundary function in (2.5), that
(¢")" = ¢”. From this we conclude that

(2.6) P2, = 4, v€G, yell,.

Let y, be the point of IT, whose stability group is H,. (yo corresponds to the
identity coset in G/H,.) Set A = A,,. From (2.6) we see that H, leaves 4 invariant.
Moreover, by (2.4) and (2.5),

V@) =86 = [ G0
u
Now let 7 be a measure on G mapping onto v under G —» G/H,. We then have

Vo) = [ 0o = [ davodie)

= f Agyo(P)A¥(g) = f gAP)di(g) = TxA(¢).
G G

By Definition 2.2, #+A=vx*4 and this proves that v’ = v« A. Note that if M
is not compact, A is nevertheless concentrated on M (A(c0) = 0), for if not, v’
would have to assign positive measure to the point at oo and we are assuming
that v’ is a measure on M.

We must still prove that the correspondence v’ <> 4 is one-to-one, What must
be shown is that v# A, = v* 1, for two measures A, and A, on M, implies 4, = 4,.
For this we note that if g,v— v,, then g,(v#4) —> vy *1; this is an easy conse-
quence of Definition 2.2. By Lemma 5.4 of [8], if {X,} is a sequence of inde-
pendent G-valued random variables with distribution g, then with probability 1,
X,X,--- X,v converges to a point measure on IT,. All we need is that there is
some sequence {g,} in G with g,v converging to a point measure, say g,v— d,,
yeIl,. Therefore if vxAd; =v* 1, it follows that 6,%A; = d,% A, Now if y = gH
then §,% A; = gA; so that it follows that gi, = gi,, whence A, = 4,. This proves
the lemma.

Proof of Theorem 2.1. All that remains to the proof of Theorem 2.1 is show-
ing that H, has an invariant measure on M, if and only if H(G) leaves invariant
a measure on M. This follows from the fact that H, is always a subgroup of
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finite index in H(G) (see [8, Chapter V]). Clearly, if H(G) has an invariant pro-
bability measure on M so does H, = H(G). Suppose conversely that 1 is a pro-
bability measure fixed under H,. Then the set of measures {hd, he H(G)} will
be finite. The average of these measures is evidently an H(G)-invariant measure
and so this proves our assertion.

An important consequence of Theorem 2.1 is that the existence of a stationary
measure on M for u depends only on M and not on u. For, the group H(G)
occurring in Theorem 2.1 does not depend on the measure u.

2.2. APPLICATIONS OF THE CRITERION. In the remainder of this section we will
apply the criterion of Theorem 2.1 to the existence and uniqueness problem for
stationary measures.

Lemma 2.2, If L, = L, are subgroups of G with L,/L; compact, then there
is a stationary measure for yu on G/L, if and only if there is one on G/L,.

Proof. Let o denote the natural map G/L, —» G/L,. Since ¢ is equivariant
it follows that if v, is a stationary measure on G/L,, then 6(v,) is a stationary
measure on G/L,. For the converse, let v, be a stationary measure on G/L,
and let Q denote the set of all probability measures v; on G/L; satisfying
o(v,) = v,. It is easy to see by the Hahn-Banach extension theorem [1], that Q
is nonempty. Q is clearly convex; we claim it is also compact. Note that under
the hypothesis that L,/L, is compact, if A is a compact subset of G/L,, then ¢~ (A)
is a compact subset of G/L,. Now suppose that v{”is a sequence of measures
in Q, and suppose ¢>0 given. Let A be a compact subset of G/L, with
v,(A) > 1 —¢g; then v (6~ *(A)) > 1 —e. It follows that if v{ converges to a
measure on G/L,, that measure assigns a value =1—¢ to ¢ '(A). This be-
ing the case for every ¢, we see that the limit measure is again a probability
measure. Hence Q is compact. Define the mapping 7:Q0—Q by setting
7(v;) = u*v,. Since o(u*v,) = p%o(v,) = p*v, =v, it follows that 7 actually
does take Q into itself. It is also an affine map and since Q is compact and con-
vex we conclude [7] that there is a measure v, € Q with Tv; = v, or u*v, = v,,
This completes the proof of the lemma.

COROLLARY. Let M, be a compact G-space and let 6 :M,— M, be an equi-
variant map. If v, is a stationary measure for u on M, then v, = o(v;) where
v, is a stationary measure for u on M,. Here g is onto.

Proof. With Q defined as before, Q is again nonempty and convex. This
time the compactness of Q follows from the compactness of M. The remainder
of the proof is then the same as for the lemma.

THEOREM 2.2. If M is a boundary of G (see §0.4) then the G-space M x M
supports a unique stationary measure for u and this measure is concentrated
on the diagonal of M x M.
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(M x M is the space of all ordered pairs of points of M; it is a G-space by
setting g(x,y) = (gx,gy). It is not homogeneous because the diagonal which
consists of pairs {(x,x)} remains invariant under G. The theorem implies, in
particular, that the space of distinct pairs of points of M does not carry a station-
ary measure.)

Proof. Suppose the theorem has been demonstrated in case M is the maximal
boundary B(G). According to §0.4, every boundary is an equivariant image of
B(G) and so M x M is an equivariant image of B(G) x B(G). Applying the co-
rollary to Lemma 2.2 to a stationary measure on M x M, it would then follow
that such a measure is concentrated on the diagonal of M x M, and is unique.
We therefore restrict our attention to the case M = B(G). By Lemma 2.1, it
will suffice then to prove that there is a unique measure A* on B(G) x B(G) in-
variant under H,, and that this measure is concentrated on the diagonal. Let
¢, and ¢, denote the two projections from B(G) x B(G) to B(G). The ¢; are
equivariant maps. Since H, = H(G) and the latter is the stability group of some
point of B(G), it follows that H, leaves fixed a point x, € B(G), x, representing
the identity coset in G/H(G).

Let ¢,(4*) = 4;. 4; is a measure on B(G) invariant under H,. Since [H(G): H,]
is finite, the set of measures {hA;, h e H(G)} is finite. Let 1 be the average of the
measures in this set. Then 4 is invariant under H(G). Since G/ H(G) is compact
it follows that the set of measures {g1, g € G} is compact. But B(G) is a boundary,
and so some g,4 converges to a point measure. Since a limit of these is again of
the form gi, it follows that 1 is a point measure, 1 =3J,. If x # x, then
16,, + 10, would be invariant under H(G) and would not be a point measure.
The preceding argument shows that this cannot happen since B(G) is a boundary.
Therefore x = x4 and 1 is concentrated at x,. By the definition of 1 it follows that
/; must also be concentrated at x, and so 4;=4,,. The only measure on
B(G) x B(G) satisfying ¢(A*) = d,,, i = 1,2, is the measure concentrated at the
diagonal point (x4, x,), so this proves the theorem.

The next theorem will be very important for the derivation of the laws of large
numbers to be discussed in Part II.

THEOREM 2.3. If M is a boundary of G, there is one and only one stationary
measure for pon M.

Proof. The existence of a stationary measure follows from Lemma 1.2. Suppose
now that v, and v, are two stationary measures for u on M. Let ¢, and ¢, be
the two projections of M x M on M and observe that if 7 is a measure on M x M
then p =@ n) = p(u*n). If we take = = v, x v, then ¢(m) = v, so we also have
o (" xm) = " xv; = v; by stationarity. Now some sequence of averages of u"*n
converges to a stationary probability measure ' on M x M and the latter still
satisfies ¢,(n') = v;. By Theorem 2.2, n’ has support on the diagonal of M x M.
But then ¢,(n") = ¢,(n") and v, = v, as was to be shown.
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REMARK. We could also have demonstrated Theorem 2.3 without Theorem 2.2
by using Lemma 2.1. The proof given shows, in addition, the connection between
the uniqueness of the stationary measure on M and the nonexistence of a stationary
measure off the diagonal of M x M.

2.3. EXISTENCE OF STATIONARY MEASURES. We shall next apply Theorem 2.1
to show that certain homogeneous spaces of G cannot support stationary measures.

DEeriNITION 2.3. A topological group is said to have the fixed-point property if
whenever it acts continuously on a compact convex set by affine transformation,
then there necessarily exists a fixed point of the group in this set.

This notion was used frequently in [8]. We found there that a connected Lie
group has the fixed-point property if and only if it has a normal solvable subgroup
such that the quotient group is compact.

LeMMA 2.3, If L is any connected Lie group then L possesses a subgroup H
with the fixed-point property such that L/ H is compact.

Proof. This follows from Theorem 1.10 of [8] where it is shown that the minimal
B-subgroups of a connected Lie group have the fixed-point property. The quotient
of a Lie group by a B-subgroup is a boundary and this is compact by definition.

LEMMA 2.4. Let H be a closed subgroup of G with the fixed-point property.
Then yu admits a stationary measure on G/H only if H is contained in a minimal
B-subgroup H(G), and if H(G) preserves a probability measure on H(G)/ H.

Proof. Suppose p admits a stationary measure on G/ H. Then by Theorem 2.1,
H(G) leaves fixed a measure 4 on G/ H. Now H has the fixed-point property, and
so H leaves fixed a measure n on the compact space G/H(G). In accordance
with Definition 2.2 we may form the convolution A%z, A being a measure on
G/H and the measure n being invariant under H. For he H (G), hA =4, so
h(Axm) = A+n, and A*7n is an H(G)-invariant measure on G/ H(G). Since the
latter space is a boundary, it follows that the only such measure is the one con-
centrated on the identity coset, H(G), of G/ H(G) (see the proof of Theorem 2.2).
Let x, denote this point of G/ H(G). Since A#*n is concentrated on one point,
the same is, a fortiori, true of n. Thus H keeps some point, say yx,, fixed,
or HyH(G) = yH(G) so that H < yH(G)y™*. Since yH(G)y™* is again a minimal
B-subgroup of G we may suppose to begin with that H(G) was chosen as this
subgroup. We may thus suppose that H c H(G).

Consider now the measure A left fixed by H(G) on G/ H. Since H < H(G) there
is a natural equivariant map G/ H — G/ H(G). The measure A is mapped into a
measure on G/ H(G) invariant under H(G). The image of A is thus concentrated on
the coset H(G) of G/ H(G). This means that in G/ H, the measure 1 was con-
centrated on H(G)/H < G/ H. It follows that H(G) preserves a probability
measure on H(G)/ H. We have thus established the assertions of the lemma.
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THEOREM 2.4. In case H(G) is solvable and L is a closed subgroup of G, then u
admits a stationary measure on G/ L only if either G/L is compact or L has
infinitely many connected components.

Proof. By Lemma 2.3, if L has finitely many connected components, it contains
a subgroup H with the fixed-point property such that L/ H is compact. In that
case, by Lemma 2.2, u will admit a stationary measure on G/ L only if it does
so on G/ H. We may now apply the foregoing lemma to conclude that, in this
case, H is contained in H(G), a minimal B-subgroup of G, and H(G) preserves
a finite measure on H(G)/ H. But Mostow has shown that a solvable group will
preserve a finite measure on a homogeneous space only if the space is compact [ 14].
Thus we would find H(G)/ H compact. Since G/ H(G) is compact, G/ H would
be compact and, a fortiori, G/ L is compact. This proves the theorem.

RemMARk 1. The hypothesis that H(G) be solvable is verified in the cases
that G = SL(m, R) or SL(m,C). In fact, in [8], the subgroups H(G) are deter-
mined explicitly in these cases, and it is found that H(G) may in both cases be
taken as the subgroup of triangular matrices.

REMARK 2. If L has infinitely many connected components, G/L may carry
a stationary measure without being compact. For example, let G = SL(m, R)
and let L be the subgroup of matrices with integer entries. It is known [3] that
G/L has a finite invariant measure which will also be a stationary measure. On
the other hand, G/L is not compact.

The next theorem shows the significance of the nonexistence of a stationary
measure for the random walk induced by u on the space. For the proof we re-
quire a preliminary lemma.

LeMMA 2.5. Let M be a locally compact space and {u,} a random walk
on M. Define

@.7) f () = f FOARO) = mh),

where f(x) is a bounded borel measurable function on M, and se
F(x)=tf(x)—f(x). If {Z,} is a Markov process with transition probability
measures {y,}, then with probability 1,

n—1
(2.8) Y F(Z) - 0
0

S| -

as n— <o,

Proof. Set W,,; = X§ (tf(Z) = f(Zy+1))/(k + 1).
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EWni1|Zy,,2,) = W, + E(tf(Z,) ~f(Zps )| Z1, -+, Z,)

n+1

1 1
= VVn + m‘cf(z,,) - mE(f(Zn'*-l)IZl"“’Z") - W/,,,

since it follows from (2.7) that E(f(Z,+ )| Z,, -+, Z,) = ©f(Z,). Hence {W,} forms
a martingale. Since f(x) is bounded, say |f|<e¢, E(W3i,)<d4c* LP(1/k%).
This implies that W, converges, as n — oc, with probability 1 [5, Chapter VII,
Theorem 4.1]. By the Kronecker’s lemma, it follows that

>:: (F (2~ (Zas )} = oln),

and rearranging terms, we have the assertion of our lemma.

THEOREM 2.5. Let M be a G-space that does not admit a stationary measure
for u. Let {Z,} be any p-process on M, and let A be any compact subset of M.
If n(k) denotes the index n for which Z, belongs to A for the kth time for n =0
(n(k) £ ©), then n(k)/k — co with probability 1.

In other words, the process drifts to o in the sense that it returns to any
fixed compact set less and less frequently.

Proof. The conclusion of the theorem is equivalent to the statement that if
Y(x)is any continuous function with compact support on M then with probability 1,

n—1
(2.9) % 2 W(Z)-0.
o

Consider the random walk on M induced by p (§1.1) and apply Lemma 2.5.
We will in fact show that (2.9) will be valid under our hypotheses whenever (2.8)
is valid. So let {Z,} be a sample sequence for which (2.8) is valid for all con-
tinuous f vanishing at co. (It would suffice to require this for a dense set of f
and so this will be the case for almost all sample sequences.) Suppose that there
is a Y’ with compact support for which (2.9) is not valid; so for some subsequence
{n}, n~' X§W(Z,) - a # 0. By refining the sequence n; sufficiently we may
assume that n,”' X5 "Y(Z,) converges as i— oo for any countable set of
bounded functions ¥, and hence for a dense set of continuous functions vanish-
ing at oo, and hence for all continuous functions vanishing at co. This defines
a linear functional on the class of continuous functions on M vanishing at oo
and since the functional is positive and bounded, it corresponds to a non-negative
bounded measure # on M. Since n(y’) # 0, the measure 7 does not vanish. On
the other hand, we have n(F) =0 when F = tf —f. Thus

f f (X)dn(x) = ff(x)dn(x)

or
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[ [renaueaneo - [reano

or pxn(f)=n(f), whence p*n =mn. Since n7#0, this contradicts the hypo-
thesis that x does not admit a stationary measure on M. This proves the theorem.

In Theorem 2.2 we saw that if M is a boundary of G, then the only stationary
measure on M x M is concentrated on the diagonal. Denoting the diagonal
by D, we conclude that the G-space M x M — D does not support a stationary
measure. Suppose % is a neighborhood of D in M x M; the complement of
% is then a compact subset of M x M — D. Applying Theorem 2.5 we find
that any u-process on M x M stays in % with the exception of a set of indices
of density 0. More specifically, let {Z,} be a u-process on M x M obtained by
setting Z, = (x;,x,) where the x; are distinct points of M and letting
Z,=X, - X,Z,, where the X, are the associated G-valued random variables.
We then have

COROLLARY. Let {X,} be a sequence of G-valued independent random var-
iables with distribution u, let M be a boundary of G and d(-,") a metric on M.
If x; and x, are any two points of M, the sequences {X,X,_ - X,x;} for
i=1,2 approach one another with probability one in the sense that
X, X, XXy, XoXpoy o Xyx;) <€ for any >0, for all n outside a set
of density 0.

2.4, UNIQUENESS OF STATIONARY MEASURES.  According to Theorem 2.1, the
stationary measures for y on a G-space are in correspondence with the measures
on the space invariant under the group H,. Previously, we used this to draw
conclusions about the stationary measures for u using properties of the group
H,, but we can also reverse the direction of this argument. Thus, suppose that
u, and p, are two measures with the same Poisson space, IT,, = II,,, and suppose
that one can show that for p, there exists a unique stationary measure on a
certain G-space. Then H,, = H,, has a unique invariant measure on the space,
from which it follows that u, also has a unique stationary measure. We will use
this reasoning to show that if H,=H(G), then u has a unique stationary mea-
sure on any compact homogeneous space of G.

THEOREM 2.6. Let M be any compact homogeneous space of G. Then
H(G) leaves fixed a unique probability measure on M.

Proof. To prove the theorem we shall show the existence of an absolutely
continuous probability measure u on G with H, = H(G) and such that u has
a unique stationary measure on M. Suppose momentarily that u has been chosen.
Let Q denote the compact, convex set of probability measures on M which are
stationary for u. To show that Q consists of a single member it will suffice by
the Krein-Milman theorem, to show that Q contains only oneextremal. Let us
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first observe that if v is an extremal of Q, the corresponding stationary pu-process
on M is ergodic. For if the p-process {Z,} were not ergodic, then by [6, p. 460],
there would be a nontrivial stationary variable which is a function of Z,; say
f(Zy) =f(Z,). We can take f between 0 and 1, and form the measure dv’ = fdv.
We claim that v’ is again stationary:

sy () J f He0f (du(e)dv(x) = EHZ)f (Zo)

E(H(Z)f(Z)) = ftﬁ(X)f (x)dv(x) = v'(¢).

But then v=v' + (v —v') is a nontrivial decomposition of v and it cannot be
extremal.

From this it follows that if v and v are distinct extremal measures in Q, they
must be mutually singular. For, let {X,} be a sequence of G-valued random
variables, independent and with distribution u. By the ergodic theorem (for the
stationary p-process determined by v’), we have for almost all x with respect
to the measure v':

N

lim N™' X f(X, X,x) = v'(f)

N—-wo 1
with probability 1. The same assertion holds for v'(f) for almost all x with respect
to v". Hence, unless v’ =", these two must be mutually singular. As a conse-
quence we find that if we wish to show that y has a unique stationary measure
on M, it suffices to show that no two stationary measures for u can be mutually
singular. We now proceed to construct a measure u for which this will be the
case.

If S = G, let mg denote the Haar measure of G restricted to S: mg(A) = m(AN S)
where m denotes the Haar measure on G, (which we suppose fixed once and
for all). Let x, be a point of M. Since M is compact we can find a compact set
J = G such that Jx; = M. Now let A < G be a compact set with m(A4) > 0. Set
B = AJ ' so that for any ge J, Bg > A. We can suppose that A is large enough
that B contains an open neighborhood of the identity of G. Now set u=m(B) " 'mj.
We claim that if x is any point in M then the measure pu#*J, dominates a fixed
measure, namely, m(B) ™ 'm 4*0,,. For if x is any point in M, there is a geJ
with x = gx,. Then mg* 5, = mp, *,,. Now since Bg > 4, for geJ, mg, =2 m,
and my*0, = my *6,,. We thus have

(2.10) p*d, = m(B) 'my %6, = m,.

Since m(A4) > 0, the measure on the right is not trivial. Since (2.10) holds for
all x e M, we find by integration that

@2.11) p*m =T,
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for any probability measure n. Consequently, if # is a stationary measure for p,
n = m,y. It follows that no two stationary measures for this u can be mutually
singular; hence, pu has a unique stationary measure on M. To complete the
proof of the theorem, we remark that by Theorem 5.3 of [8], since the support
of u contains a neighborhood of the identity, the Poisson space of u coincides
with B(G).

Combining the foregoing with Theorem 2.1 we have

COROLLARY. If p is a measure whose Poisson space coincides with B(G),
then on every compact homogeneous space of G, there exists a unique stationary
measure for p.

We might mention a connection between Theorem 2.6 and some problems
of ergodic theory. Let G = SL(2,R) and letT" be a discrete subgroup with G/’
compact. The ‘“‘horocycle flow”” on G/T" is the flow obtained by left multiplication
on G/T" with the group {g, = G D}. It is known that this flow is ergodic with
respect to the unique G-invariant probability measure on G/T", and that the flow
is minimal. (See Flows on homogeneous spaces, by L. Auslander, L. Green, and
F. Hahn, Annals of Mathematics Studies Number 53.)

Both of these would result simultaneously if it were known that the G-invariant
measure on G/T is the only probability measure invariant under the subgroup
{g.}. Theorem 2.6 implies a weaker result, namely, that this measure is the only
one left invariant by the subgroup H(G) which, in this case, can be taken as

H(G) = (f, :,) ,

a group containing the subgroup {g,}.

3. Proper u-processes.

3.1 DerNITION 3.1. Let M be a G-space, {Z,, —c0 < n < o} a stationary
p-process and let {X,, —oo <n< o} be the associated G-valued random
variables, so that Z,,, = X,+,Z,. We say that {Z,} is a proper p-process if
each Z, is measurable over the o-field generated by {X,, X,_,,-}.

We have Z, = X, X,_1 - Xp_x+1Zn-1» 50 that Z, is a function of the *“‘past”’
X, and any Z,_,. If the effect of Z,_, becomes negligible as k — o so that Z,
actually is determined by the X,,, m < n, then we say that the process is proper.
For example, the corollary to Theorem 2.5 suggests that this might be the case
when Z, is a stationary p-process on a boundary of G. We shall see that in fact
this is so, and we will moreover be able to determine all the proper p-processes
for a given u.

Let I, be the Poisson space of u, and v the measure on II, for which the
Poisson formula was valid. This measure induces the distinguished p-process
(Definition 2.1).
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LeEMMA 3.1. The distinguished p-process is a proper process.

Proof. Accordingto [8], Lemma 5.4, X, X _ --- X _;v converges to a point mea-
sure on II, with probability 1 as k - co. By Lemma 1.3, denoting the distinguished
p-process by {Z,}, we have EX(Z,| X, X _y+-) =lim;_, XoX _ - X _,v which
is a point measure. It follows that Z, is measurable with respect to {X, X ., -}
and so {Z,} is a proper process.

If M is a boundary of G then by Theorem 2.3, M carries a unique stationary
measure for y. In other words there is a unique stationary u-process on M.

THEOREM 3.1. The unique stationary u-process on a boundary of G is a proper
U-process.

Proof. Every boundary is an equivariant image of the maximal boundary B(G).
On the other hand, each II, is a covering space of B(G) and the projection
IT, - B(G) is equivariant [8, Chapter V]. Thus every boundary is an equivariant
image of IT,, say o: I, > M. If {Z,} is a stationary p-process on II, it follows that
a(Z,) is a stationary p-process on M; the latter being unique, we conclude that
the stationary p-process on M is an equivariant image of the distinguished u-
process. Since the latter is a proper u-process, it follows readily that any equi-
variant image is one as well.

THEOREM 3.2. Every proper p-process is an equivariant image of the distin-
guished u-process.

Proof. Let {Z,} denote the distinguished p-process and {W,} an arbitrary
proper p-process, and let M be the state space of {W,}. If the stationary measure
for {W,} is v/, then by Lemma 2.1, v'=v*A where A is an H -invariant
measure on M. Now X X_, -+ X_,v=X,X_, - X_,E*¥Z,) converges to
E*(Zy| X, Xy ) by Lemma 1.3, and the latter is a point measure since {Z,} is
is proper. We may thus write X X_;---X_,v—>3J,. It follows that
XoX _ 1+ X_,v' = 0z,%A =gl for some g € G. But, if {W,} is a proper p-process,
then

XoX_ g X ' =XoX_ X_EXWo) > E*(Wo| X0, X - 1,+) = O,

so that gl = dy,, and 1 must be a point measure. We thus find that H, leaves
fixed a point xe M, 1 = §,, and v/ = v* 3. From the expression for v’ we see that
its support is contained in the set Gx ¢ M. Now the set Gx is compact since
H,x =x, and so Gx is a continuous image of G/H, = II, which is compact.
Thus {W,} takes place on an equivariant image of I1,. Finally we have

6Wo = 520*1

from which it follows that dy =, 4 and so {W,} is an equivariant image
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of {Z,}. (For the definition of the convolution used here, see Definition 2.2.)
This proves the theorem.

In particular, if u is such that IT, = B(G), then a stationary u-process is proper
if and only if the state space is a boundary of G. In general, this notion provides
a probabilistic characterization of the Poisson space IT,. It is the state space for
a “‘maximal’’ p-process which is a subprocess of {X,}.

An illustration of a nonproper stationary u-process is the following. Let I'be a
discrete subgroup of G such that G /T has finite invariant measure. The G-invariant
probability measures = on G /T is clearly a stationary measure for any u on G.
The resulting process {W,} cannot be a proper process since

E¥(Wo| X0, X-q, ) =lim XoX_, - X E¥(W) = lim XX _, - X _,n=r.

k- k— 0

4. Comparison with solvable groups.

4.1. We will show by a single example that a number of the foregoing re-
sults are not valid for Lie groups in general. In the case to be considered, G will
be solvable. By [8], Corollary to Theorem 1.2, the boundary of a solvable group
is trivial. For semi-simple groups the u-harmonic functions on G and the proper
p-processes are related to a covering space IT, of the maximal boundary. In
the case to be considered we will find that proper p-processes exist and nontrivial
u-harmonic functions exist even though the maximal boundary is trivial.

Let variables X, be given by

6" 1
%= (5 )
where {&,} is a sequence of independent, identically distributed random variables
satisfying &, > 0 and E(log,)<0. The group G is the two-dimensional solvable
group G={(4 %), u>0}. Consider the random power series 2y o,y *+ Epmi 2%
Its radius of convergence is given by liminf,_,  (&,&,— -+ &,—0) " /¥, and by the
law of large numbers, since E(logé,) < 0, this is seen to be larger than 1 with
probability 1. We may thus define variables u, by

(41) un=1+€n+§n€n—l+"'+fn€n—1"'én-k+""

Then v, =14+ &,., u,, or

(1) = () ()

so that if we setZ, = (1), {Z,} forms a p-process. Here the G-space M is the
set of vectors (7). This shows that our criterion for the existence of a stationary
measure cannot be carried over verbatim from the semi-simple case, since in
this case H(G) = G and there is no measure on M preserved by G. (Compare
with Theorem 2.1.)
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Moreover, it is immediately evident from (4.1) that {Z,} is a proper u-process.
Thus, for solvable groups, a proper u-process may have a noncompact state
space.

Finally, by means of the process Z,, we can construct nontrivial y-harmonic
functions on G. Namely, let v = E*(Z,) and for any bounded continuous func-

tion ¢ on M, set ¢(g) = gv(¢).

f«ﬁ(gg’)du(g’) fgg’vw)du(g’) = gluxv) (¢)

g($) = é(g)

s0 ¢(g)is a p-harmonic function. To see that #(g) will in general be nontrivial
observe that

J)(XOX_I'--X_,‘) = XOX_l"'X—kE*(Zo)(¢)"’E*(ZOIXOaX—l’"')(d’)
= E(¢(ZO)|XO’X-1"")'

Since {Z,} is a proper p-process, ¢(Z,) is measurable with respect to {X,,n < 0}
so that ¢(X,X_, - X_,)— $(Z,). Hence d~>(g) will not always be constant,
and there exist nontrivial y-harmonic functions on G although it has a trivial
boundary.

5. Brownian motion in symmetric spaces.

5.1. DEFINITION OF BROWNIAN MOTION. When the measure y on G is properly
restricted it is possible to associate with it a class of Markov processes other than
the p-processes considered up till now. Namely, let G be a noncompact semi-
simple group (with finite center) and K a maximal compact subgroup of G. We
will suppose that the measure y is left-invariant under K : ku = pfor ke K. If
myg denotes the normalized Haar measure on K we can write g = my*u; con-
versely, if u =my % i, then u will have this property. The space G/K is a symmetric
Riemannian space and any noncompact symmetric Riemannian space has this
form. We will denote the natural map G —G/K by ¢. As usual, ¢ is an equivariant
map. Now consider a ‘‘transposed’’ p-process on G; that is, we consider the
random walk that assigns to each ge G the measure gu on G. More precisely,
if {X,} are G-valued independent random variables with distribution p and W,
is G-valued and independent of all the X,, we set W, = W, X, X, - X,,, so that
we now multiply on the right rather than on the left. Here W, may have any
distribution.

DEeriNITION 5.1. For any absolutely continuous probability measure u on G
satisfying ku = pu, ke K, the process U, = o(W,) on G/K is called a discrete
brownian motion.

Since ¢ does not commute with right multiplicatioh by elements of G, it is
not evident that {U,} is again a Markov process.
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THEOREM 5.1. A discrete brownian motion is a Markov process.

Proof. Suppose U, = a(W,) is the brownian motion in question. To show
that {U,} is a Markov process, it will suffice to show that if f is a bounded borel
measurable function on G/K then E(f(U,)|W,_,W,_,,--) is a function of
U,-1, since the o-field generated by {W;, j < n} contains that generated by
{U;, j < n}. Let f denote the composition of f with ¢: f(U,) = f(W,). Then

E(f(Un)an~2’ I/Vn—ls"') = E(f(Wn)an—l’Wn—Z"")
= E(f(Wn—IXn)]Wn—laWn—Z"")

and since X, is independent of {W,, j < n}, the right side can be written
[0 ioaue) = | [ rom-kerikance)

with dk denoting the element of Haar measure on K.But [(f(W,_kg)dk de-
pends only on the coset W,_ K =a(W,_;) = U, _, so that E(f(U,) |Wo_1, W,_1,")
is a function of U,_, as was to be shown.

The space G/K is a Riemannian space and one may speak of harmonic func-
tions on G/K as those annihilated by the Laplace-Beltrami operator on G/K.
In [8, Chapter IV], we showed that a bounded f is harmonic if and only if the
corresponding function f(g) on G satisfies

L Fgkg)dk = f(g)

for all g’. Comparing this with the expression above for E(f (U,,)| W15 Wasase?)
we conclude that

CorOLLARY. If f(g) is a harmonic function on G/K and {U,} is a discrete
brownian motion on G/K, then E(f(U)|U,-,U,_y,+) =f(U,_,) and {f(U)}
is a martingale.

The continuous parameter brownian motions in G/K may be defined as pro-
cesses {U(#)} with continuous paths for which {U(nt)} defines a discrete brownian
motion for each 7 > 0. These are much more restricted than the discrete brownian
motions and correspond to a choice of an invariant Laplacian operator on G/K.
On the other hand, every measure of the form m, +pu’ generates a discrete
brownian motion. One of the conclusions of [8] is that all these processes define
the same set of harmonic functions.

5.2. LIMIT BEHAVIOR OF BROWNIAN MOTION. Let B(G) be the maximal boundary
of G; it is shown in [8] that the maximal compact subgroup K is transitive
on B(G). It follows that there is a unique probability measure m on B(G) which
is K-invariant. Consider the set of measures Gm = {gm, g € G}. Since gkm = gm
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for ke K it can be seen that there is a map from G/K onto Gm. In Chapter II of
[8] we showed that this map is actually one-to-one, so that the symmetric space
G/K may be realized as the space Gm of measures on B(G). We let D = Gm
and let D denote the closure of D as a set of probablity measures. The fact that
B(G) is a boundary implies that the point measures of B(G) are members of D,
and in this way we can identify B(G) with a subset of D. We refer to this subset
as the distinguished boundary of D.

THEOREM 5.2. If {U,} is a discrete brownian motion on D = G/K then with
probability 1, U, converges to a point of the distinguished boundary of D.

Proof. We may suppose that Uy = o(go), then U, = 0(go X, X, -+ X,). Now,
in identifying G/K with Gm, we map o(g) onto gm. We thus may take
U,=goX,;X,- X,m. Next, observe that the K-invariant measure m on B(G)
is stationary for u since k(u* m) = (kp) *x m = u*m, so that u+m is K-invariant,
hence equal to m. Therefore, m is the unique stationary measure for y on B(G).
Thus, if {Z,} is the unique stationary u-process on B(G), E*(Z,) = m. Since
B(G) is a boundary we have, by Theorem 3.1, that {Z,} is a proper process. Then
Z, is measurable over {X,, X_y,---} and so E*(ZOIXO,X_I, -+) = 0z, with
probability 1. By Lemma 1.3, X o X _,--- X _(E¥(Zy) > 0z, 01 XX .- X _;m—d 4,
with probability 1. The X, being independent, we can change indices and infer
that with probability 1, XX, - X;m converges to a point measure on B(G),
and as we have seen, this is a restatement of our theorem.

COROLLARY. Let U(t) be a brownian motion in a Cartan domain 9. With
probability 1, lim,_, ., U(t) exists and is a point of the Bergman-Silov boundary
of 2.

Proof. A Cartan domain is a symmetric space which is imbedded in some
complex C”" as a bounded set and whose isometries are analytic transformations.
We have shown [8, Theorem 4.5] that there is an equivariant map of D into C"
taking D onto & and the distinguished boundary B(G) of D onto the Bergman-
Silov boundary of 2. The corollary then follows readily from Theorem 5.2.

PART II. LAWS OF LARGE NUMBERS.

6. Spherical functions on a semi-simple group.

6.1. SPHERICAL FUNCTIONS AND cocycres. If {X,} is a sequence of inde-
pendent, identically distributed variables with values in a multiplicative group
of positive reals, then the law of large numbers can be stated:
n~'logX,X,-, - X, E(log X,). The function logt on this group is charac-
terized up to a constant multiple by the functional equation: logst = logs +logt,
and the requirement of continuity. In extending this law to group-valued random
variables, we shall consider a family of functions defined by analogous condi-
tions. On a semi-simple group it would be without interest to consider functions
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f(g) satisfying f(g,g,) =f(g,) +f(g,) since any such function would vanish
identically. (A homomorphic image of a semi-simple group is semi-simple and
if f did not vanish identically it would map the group onto the reals which do
not form a semi-simple group.) There is, however, an analogous functional
equation which has nontrivial solutions. In this section we shall define these
functions and study how they may be represented.

As before, G is a semi-simple group (with finite center). K will denote a fixed
maximal compact subgroup of G. If M is a boundary of G then K is transitive
on M [8, Theorem 1.4] and there exists a unique K-invariant probability
measure on M. We denote this measure in each case by m. My denotes the nor-
malized Haar measure on K and we shall usually abbreviate dmy (k) to dk. A
function f(g) on G will be called left-uniformly continuous (Lu.c.)if f(g’'g) — f(g)
is uniformly small in g for g’ sufficiently close to the identity of G. A function
may be lL.u.c. without being bounded on G. However, if f(g) is lLu.c., all the
differences f(g’'g) —f(g) are bounded functions of g, as follows readily from
the connectedness of G.

DErFINITION 6.1. An lLu.c. real valued function y(g) is called an A-spherical
Sfunction (A-s.f.) if for every g4,£,€G,

6.1 | weikeaar = wien + weeo.
From (6.1) we find that y(kg,) = ¥(g,) and ¥(g,k) = ¥(g,), so that in general
(6.2) Y(kigks) = Y(g) ki k,eK.
Setting g, = e in (6.1), we obtain
(6.3) y(e) = 0.

DEerINITION 6.2. A real valued function ¢(g) is called an M-spherical function
(M-s.f.) if ¢(g) > 0, log ¢(g) is L.u.c., and if

6.4) fK daikg)dk = B(e)d(zs)

for every g,,2,€G.
An M-spherical function is zonal spherical in the sense of Gel’fand [10;13,

Chapter X]. From (6.4) we deduce
(6.5) Pkigks) = ¢(g)  kik2€K; (o) =1.

The set of A-spherical functions form a linear space, whereas the set of M-
spherical functions have no such structure. As we will ascertain, the linear space
of A-spherical functions is finite dimensional.
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DerINITION 6.3, If M is a G-space, an A-cocycle on M is a real valued con-
tinuous function on G x M satisfying p(g,g,,%) = p(gy,82%) + p(g,,x) for
g, 82€G, xeM, and p(k,x) =0 for ke K.

DerINITION 6.4. If M is a G-space, an M-cocycle on M is a positive contin-
uous function on G x M satisfying o(g,g,,x) = 6(g,, 8, X) 0(g,,x) for g,,2,€G,
xeM, and o(k,x) =1 for keK.

Clearly the M-cocycles are just the exponentials of the A-cocycles.

DerNITION 6.5. The real vector space of A-spherical functions will be de-
noted by ¥75; the space of A-cocycles on the maximal boundary B(G) will be
noted by #%.

6.2. REPRESENTATION OF A-SPHERICAL AND M-SPHERICAL FUNCTIONS. If M is a
G -space on which K is transitive, then every A-cocycle on M leads to an A-s.f.
and every M-cocycle to an M-s.f. Suppose p is an A-cocycle on M; set

©.6) U(e) = fM p(g,%) dm(x)
where m is the unique K-invariant probability measure on M. Then
U g's) = fM (o(g",g%) + plg, ) dm(x)
(6.7)
_ | rte"exdme + v,co).

Since p(e,x) = 0 for all xe M it follows that as g’ — e, the integral in (6.7) goes
to O uniformly in g. This shows that ¥, is L.u.c. Moreover,

f Vg kg)dk = f f o1k g2, X)dm(x) dk
K KJM
- f f p(81, kgzx) dm(x)dk + j f ok, g2x)dm(x)dk
K JM KJM

+ L fM o(g2, X)dm(x) dk.

If, in the first integral on the right, we integrate with respect to k first, we obtain
fmp(g1,y)dn(y) where n is a K-invariant measure. Hence n = m. The second
integral vanishes, so we have

f v (grkg)dk f plg1,y)dm(g) + f p(g2,)dm(x)
K M M

= Y,(g1) + ¥, (g2)-

In a similar way it may be shown that an M-cocycle determines an M-s.f. by

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



406 HARRY FURSTENBERG [September

~

(6.8) $.(2) = )M o(g, x)dm(x).

Since the M-cocycles are exponentials of A-cocycles, it will be convenient to use
the notation ¢, for the M-s.f. determined by e” where p is an A4-cocycle. Thus

(6.9) ¢, (8) = f e* Y m(x).
M

THEOREM 6.1.  Every A-spherical function is given by (6.6) with M = B(G).
Moreover, the correspondence p — Y, is an isomorphism of # g onto V7.

Proof. Let y(g) be an A-s.f. We shall consider A-cocycles R(g;,g) on G
itself. Let Q be the set of these cocycles satisfying (a):

| R(g158) | = supg e 6] ¥(218) — ¥(9) |
(this is finite because ¥ is l.u.c.) and (b): for every g'€G,

We) = f  Rlgakg')dk.

The set Q forms a convex set in the linear space of real valued A-cocycles on G.
We introduce a topology in this linear space by taking as neighborhoods of 0,
sets of A-cocycles R(g;, g) which are uniformly close to 0 on compact subsets of
G x G. We shall show that Q is a compact set with respect to this topology.
Since ¥ is L.u.c., we have by (a) that R(n, g) — 0 uniformly in g and R, as > e.
We shall show that the functions of Q are equicontinuous in both variables; in

other words, that R(n,g1,7.82) = R(g1,g>) uniformly in Re Q as n, —>e, n,—e
for fixed g,,g,. By the functional equation for A-cocycles we have

R(n181,1282) = R(11, 811282) + R(g1,1282),

and the first term on the right is small if 5, is close to e, uniformly in R. It suf-
fices to consider R(g,,ng,) with - e.

R(gi.ng2) = R(gm,82) — R(n,82)
R(ging:'n"'ng1,82) — R(n.8,)
R(g,ng: 'n~',ng.82) + R(ngy,82) — R(n,8>)

= R(ging:'n"".ng182) + R(1,8,8,) + R(g1,82) — R(1, &2).
1

Since g,ng;'n~!—e as n—e, the first, second, and fourth terms on the right
— 0 uniformly in R € Q and the result follows. From the equicontinuity we con-
clude in the usual way that Q is compact; hence a compact, convex subset of
a locally convex topological linear space.

We next show that G acts on Q by affine transformations. Namely, set
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TyR(glag) = R(gla g'Y);

both (a) and (b) are preserved, and ,R is again a cocycle on G, so 7,:Q — Q.

The set Q is nonempty. In fact, setting R(g,,g) = ¥(g:8) — ¥(g), we find
R e Q. To begin with, R is an A-cocycle on G as is readily verified. (a) is trivially
satisfied and (b) becomes

W) = f (W(gkg") — v(ke") dk

- f (kg )dk— (g

which is (6.1).

Finally we recall from [8, Theorem 1.4], that the minimal B-subgroup H(G)
has the fixed-point property. This implies that H(G) has a fixed point in Q.
Equivalently, there exists an R(g,, g) € Q with R(g,, gh) = R(g,,g) for he H(G).
We may then identify Rwith an A-cocycle p on G/H(G) or B(G): R(g,, g)=p(g.gH).
Then (b) becomes

We) = pr(g, kx)dk = L(G)p<g,y>d<mx*5x)(y>,

where x € B(G). Now my *3J, is a K-invariant measure on B(G); hence my x5, =m
and

W(g) = f o B YAMO) = U,6)

This shows that the mapping p =y, of #7; into ¥’ is onto.
To complete the proof of the theorem we must show that if i, = 0 then p=0.
Suppose ¥, =0, then

0= f p(gg’ x)dm(x) = f p(g,8'x)dm(x) + f o' x)dm(x)

- j p(: 8" )dm(x) + ,(g") = f o8> g'x)dm(x) = f plg y)dg'm(y).

But B(G) is a boundary and so a sequence {g,} may be chosen so that g,m
converges to any preassigned point measure 8, on B(G). It follows that p(g,x) =0,
and this proves the theorem.

Let G=K-A-N be an Iwasawa decomposition of G relative to K [13,Chap-
ter VI]. A- N is a solvable group, N its commutator and 4 is an abelian group.
We set r =dim 4.

THEOREM 6.2. dim ¥z =dim# s =r.

Proof. Let S=A- N; by [8, Theorem 1.4], S may be taken as a subgroup

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



408 HARRY FURSTENBERG [September

of H(G). Let x, € B(G) be the point left fixed by H(G); then S leaves x, fixed.
Since K is transitive on B(G), each x e B(G) can be written x = kx,, so that
p(g,x) = p(g, kxo) = p(gk, xo) — p(k,xo) or p(g,x)= p(gk,x,). Hence each
A-cocycle on B(G) is determined by the function p(g,x,) on G. Now
plkg,xo) = p(k, gxo) + p(g,Xo) = p(g, %) so that this function is left invariant
under K. Hence p is determined by the function p(s, x,) on S. But since S leaves
x, fixed, we have p(s;s;,X) = p(s1,Xo) + p(s,,X,) so that p(s,x,) is a homomor-
phism from S to the reals. Such a homomorphism takes N — 0 and it follows
that p is determined by a character on 4 = S/N.

This shows that dim ¥ = dim #7; < r. The reverse inequality depends upon
the decomposition H(G)=M:A'N, where M is the centralizer of 4 in K
(§0.4). Suppose that x(s) is a homomorphism from S to the additive group of
reals. We define a cocycle on B(G) by setting p(ks,xo) = x(s), and
p(kys, kyxo)=p(sky, Xo). It may be verified that if this definition is unambiguous,
then p is actually an A-cocycle. To show that the definition is unambiguous, it
is necessary to show that if kyx, = k,x,, then p(sky, xo) = p(sk,, x) for allse S.
To evaluate p(sk;, xo), we set sk;=k;s;, so that p(sk;, xo) = x(s;). We proceed now
to show that for any yx, x(s;) = x(s,) under these circumstances. We have

Sy = kz_lsﬁz = E;lklslkIlk2 = k’Slk

where k=kj'k,, k'=k;'k, . Since k;'kyxo=x, k=ki'k,eH(G). So
ke H(G) NK = M. Since M is in the normalizer of S, K 's;k € S. We then find
k~Y(k") " s,€8, so kT'(k) 'eSN K or k'=k'. Hence s, =k 's,k. Now
the automorphism s — k™ 'sk takes N into itself (M is also in the normalizer
of N). Writing s, = an, we find kK 's;k =k takk ' nk = a(k”* nk)since ke M.
Thus y(k™'s k) = x(a) = x(s,) since x vanishes on N. This proves that y(s,)= x(s,)
which shows that p is well defined. This argument shows that a nonvanishing
character on S leads to a nonvanishing A-cocycle on B(G) and so dim ¥’ =r.
This completes the proof of the theorem.

ReMARK. It is natural to conjecture that in a like manner, all M-spherical
functions are given by (6.9) with M = B(G). In fact, using Harish-Chandra’s
spherical function formula [13, Chapter X, Theorem 6.16], this can be shown
to be the case, but with p a complex-valued A-cocycle. In the latter representa-
tion, a spherical function is determined by a homomorphism from A4 to the
complex numbers. The arguments of the foregoing theorem show that such a
homomorphism corresponds to a complex-valued A-cocycle on B(G).

6.3. AN EXAMPLE. Let G be the group of fractional linear transformations
of the complex plane leaving fixed the unit circle:

G={g:gz=pz+a)(1 +dz)"", |p| =1, |«| <1}. It may be checked that
B(G) is the unit circle I' = {{ :|{| = 1}. We obtain an M-cocycle on B(G) by
taking o(g,0) = | g'(0)|, since (g,£,)'({) = £1(220)g:({) and for K the compact
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group of rotations in G (« = 0), we have |k’(C)| =1, ke K. p =logo will then
be an A-cocycle onT.
The K-invariant probability measure on I' is given by (1/27i)¢ 'd¢, so

1
0e) = 3 | losle'®| F

27i )¢ 4
7 {logg'(0)} = log|g'(0)].

If gz = p(z + o) (1 + @z)”*, then g'(0) = p(1 — | «|?) and ¥, (g) = log (1 — |«|?)
=1log(1 — | g(0)|). In this case, r = 1, and so every A-spherical function on G is
a multiple of this ,. The M-spherical functions are more complicated but they
have been treated more extensively (see e.g. [11]).

9?{ L 1og2® —g}

7. Asymptotic behavior of Y(X,X,_; - X,).
7.1. UNIQUENESS OF STATIONARY MEASURE AND LAWS OF LARGE NUMBERS. The
next lemma is essentially contained in [4].

Lemma 7.1. Let M be a compact space and {u,} a random walk on M (see
§0.3). A probability measure v on M will be called stationary for this random
walk if for each f, v(f) = [p(f)dv(x). Suppose that there exists a unique sta-
tionary measure v for the random walk, and let {Z,} be any Markov process
with transition probability measures {u.}. Then with probability 1

n-1
%f(zk)—w(f)

Sl

(7.1)

for any continuous f on M.

Proof. Recall Lemma 2.5 where it was shown that for functions of the form
tf — f, © defined by (2.7), the averages in question tend to 0 with probability 1.
Let {Z,} be a sample sequence for which this is the case and suppose that for
some subsequence n; we have n; ' Xo'"!f(Z,) — c. By sufficiently refining the
subsequence, we may assume that lim,, n,~! o' 1F(Z,) exists for all con-
tinuous F on M.

This limit defines a functional on the space of continuous functions on M,
and we may check that this functional corresponds to a probability measure
on M. Let v’ be this measure; then v'(f) = ¢. Now v'(tF — F) = 0 or v'(zF) =v'(F)
and

f w(F)V' () = v(F)

for all continuous F. But this implies that v’ is a stationary measure for {u,},
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and so v =v. Therefore ¢ =v'(f)=v(f). Thus any convergent subsequence
of the left side of (7.1) converges to v(f), and since the sequence is bounded,
this establishes the desired result.

The same method of proof yields a stronger result:

LEMMA 7.2. Let N be the set of stationary measures on M for {u.}. With
the notation of Lemma 7.1, we now have that (7.1} is valid in general, for func-
tions f with the property that v,(f) = v,(f) for any v,,v, € N. The measure
on the right side of (7.1) is then any measure in N.

These results apply in particular to G-spaces where the random walk {u.}
is that induced by the measure p on G. A stationary measure is then one that
satisfies for all continuous f on M:

ff(x)dv(x) - f 128N dv(x)
- ff(gx)du(g)dv(x)

= ff du*v(y)

or, equivalently, p*v =v. A stationary measure for the random walk induced
by u is then a stationary measure for u. Lemmas 7.1 and 7.2 may then be applied
to compact G-spaces for which we have information regarding the stationary
measures.

We have in mind a slightly more involved application. Let M be a compact
G-space and f(g, x) a continuous function on G x M. Suppose that |f(g, x)| <F(g)
where F(g) is integrable on G with respect to the measure u. Let {Z,} be a p-pro-
cess on M and let {X,} be the associated G-valued random variables.

LemMMA 7.3. Under the foregoing assumptions wewill have with probability 1,

n—1

(12) LT @20~ [ S0 an,

where v is a stationary measure for y on M, provided that the expression on
the right side of (1.1) is independent of which stationary measure v is chosen.

Proof. Compactify the space G x M by forming M =(G x M) UM and
assigning a topology to M as follows: G x M will be open in M and
(gnx)—>yeM if g,—» oo (i.e. g, goes outside of every compact subset of G)
and g,x, - y. On M we define a random walk by assigning to the point (g, x) eM
the product measure g X §,, on G x M M and to the point y € M, the product
measure p x 6, on Gx M. We can see that this is a continuous assignment of
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measures. Let us determine the stationary measures for this random walk.
If ¥ is such a measure, since ¥ = f,r,pédﬁ(f), and each p, assigns measure 0 to
M < M, the same is true of ¥. So ¥ will be 2 measure on the product space G x M.
Let us show that ¥ is a product measure. Suppose f, is a function of g alone,
and f, a function of x alone. Then

Wfofy) = f oo (Fif )8, %)
(13)

f KD e0A(8,) = () [1e)ae, )

Take f, = 1; we see that #(f;) = u(f,). Take f; = 1; then ¥(f,)= [f2(gx)dV(g,x).
(7.3) then becomes

9(f1f2) = g(fl)v(fz):

which implies that ¥ is a product measure. Moreover, we have #(f;) = u(f;) which
implies that the G component of ¥ is g. From the expression for ¥(f,) it follows
that if v is the M component, then p* v(f,) = v(f,) whence uxv =v. Thus we
conclude that a stationary measure for the given random walk has the form
u X v where v is a stationary measure on M for pu.

Consider now the composite process {(X;.1,Z;)} occurring in our lemma.
This can be considered a Markov process on M since G x M = M. Moreover, the
transition probability measures agree with those under consideration since
X 52 = Xys2,Zis1) = (Xis 2, Xy +1Zy) and X, is independent of all the
preceding variables. The assertion of Lemma 7.3 now follows immediately from
Lemma 7.2 for those functions f(g,x) on G x M which can be extended to conti-
nuous functions on M. Clearly, functions f(g, x) vanishing outside a compact set
of G x M have this property. To establish Lemma 7.3 for the class of functions
under consideration, it suffices to approximate f by an f’ of compact support in
G x M such that both sides of (7.2) are small for f — f’. Choose f (g, x)=f(g, x)
for g inside a large compact set of G, and f '(g, x) = 0 for g outside a larger compact
set, retaining the inequality |f'(g,x)| < F(g) everywhere. Then

[(f=f)(&g.x)|<F'(g)

where IF "(2)du(g) can be made arbitrarily small. The right side of (7.2) is then
clearly small for f— f’. The same, however, is true for the left side by the law of
large numbers for F'(X,). This proves the lemma.

7.2. LAWS OF LARGE NUMBERS. Even in the classical case, some restriction must
be placed on the distribution of a random variable for the validity of the law of
large numbers. In our case we have the following restriction:

DEFINITION 7.1. A probabiltity measure g on G is of class B, if it is absolutely
continuous, and if for each 4-cocycle p(g, x) on B(G) we have
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(7.4 [ s Ioten)ldute) < o.
G xeB(G)
DEerFINITION 7.2. Let p be of class By, and let v be its unique stationary measure
on B(G) (see Theorem 2.3). If pe #'; we set

(1.5) 2,(p) = f fM o8, X)du(g)dv(x).

(7.5) assigns to each pof class By alinear functional o, on #7;. This functional
will play a very significant role in the sequel.

THEOREM 7.1. Let p be of class B, and let {X,} be a sequence of independent
G-valued random variables with distribution u. If p e W' then with probability1,

(76) n-—l P(Xan—1"'X1ax)"’°‘u(P), n— o
for any x € B(G).

Proof. p(X, X,y X1,X) = Teop(Xpe 1, X - Xy %) = 2o p(Xs1,Zy)
where {Z,} is a p-process on B(G). Our theorem will now follow from
Lemma 7.3 if we can verify the hypotheses of that lemma. For one thing,
| p(g,x)| <sup,|p(g, x)| which we assume is integrable with respect to u by (7.4).
Moreover, since u has a unique stationary measure on B(G) (Theorem 2.3),
there is no ambiguity on the right hand side of (7.2) in our case. This completes
the proof of the theorem.

The next theorem expresses our formulation of the law of large numbers for
the group G.

THEOREM 7.2. Let \, be the A-spherical function corresponding to p (by
(6.6)). Under the hypotheses of Theorem 7.1 we will have, with probability one,

1.7 DX Xy XD~ ap) n-o oo

Proof. By (6.6), this will follow from (7.6) by integrating over B(G),
if we can justify the passage to the limit under the integral. Let
F(g) = sup, . g | P(g, %) |; F(g) is integrable with respect to u by (7.4). Now

n—1 n—1
|p(Xan-—1 "'X19x)| = Ik;OP(XkH’Xk'"Xlx)l s kgoF(Xk+l)'

Therefore

1
ln—lp(Xan—ln'Xl’x)lén_l EOF(Xk-i-l)a

k=

and by the law of large numbers for {F(X,)} this is bounded as n — co, with pro-
bability 1. Thus, with probability one, the expressions n~ Yo(X, X1 X 15%)
are uniformly bounded in x and we may pass to the limit under the integral sign.
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Let us consider the example of §6.3. If gz=p(z+ o) +uz)”?,
p(g,0) =log|g'(D)|, ¥,(g) =log(1 —|g(0)|*). We find that
1+ |g0|
su ,0) = log ——=—
and this function must be integrable with respect to u for u to be of class B;.
Rewriting the law of large numbers, (7.7), for that case, we find

(7.8) nt log(l = | X, X,y X1(0)])) - a(p).

This expression, incidentally, gives information concerning the u-processinthe
disc {[ z| < 1} which starts at the origin. As we will see later, «,(p) is in this case
strictly negative, and (7.8) shows the rate with which the u-process in the disc
converges to the boundary.

As was pointed out in the Introduction, the limits «,(p) in (7.6) and (7.7) ap-
parently cannot be computed directly in terms of p and p, but their expression
requires knowledge of the stationary measure v on B(G). There is an exception
to this which we point out in the next theorem.

THEOREM 7.3. If p has the form p =y, *mg*,, then v= u, *m, where m
is the unique K-invariant measure on B(G), and

(19) o) = fx f L L Lp(glkgz,g;k'x)dul(gl)dul(g;)duxgz)dkdk'

Jor any x e B(G).

Proof. It suffices to show that u, *m is a stationary measure for p. Now
since m is the unique K-invariant probability measure on B(G),it follows that if
7 is any probability measure on B(G), mg * 7 = m. Hence (my * u,) *(u; * m)=m,
and (u; *mg*p,) % (4 *m) =y, *m. This proves the theorem.

In general, however, we cannot determine v and «, explicitly. In theremainder
of this section we shall attempt to obtain information regarding a,(p) without
evaluating it explicitly. Of particular interest is the question of whether o,(p)
is >0 or <0, since these would imply in particular that { - o or y - —
respectively. For example, it is not entirely trivial that the u-process in the disc
{| z| <1} referred fo previously is “‘transient, i.e., that the process doesnot
return infinitely often to a compact subset of the disc. This, however, follows
from (7.8) together with the information that a,(p) <0 in that case. Notice
that the strict inequality is essential here.

7.3. NEGATIVE A-coCcyCLES. We will now further restrict the class of proba-
bility measures on G.

DEFINITION 7.3. An absolutely continuous probability measure 4 on G cor-
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responds to a non-negative function p(g) in L1(G). If p(g) is bounded and of
compact support we shall say that u is of class B

It turns out that for certain A-cocycles p we can make the assertion «,(p) <0
or a,(p) > 0 independent of the measure u, so long as pu is of class B,,. It turns
out to be more convenient to consider the case a,(p) < 0.

DEFINITION 7.4. An A-cocycle pe #; is called a negative cocycle if for
every u of class B, a,(p) <O0.

LemMma 7.4. If pu is of class B, and v is the stationary measure for p on
B(G), then the Radon-Nikodym derivative dv/dm is bounded, where m is the
K-invariant probability measure on B(G).

Proof. Let dp = p(g)dg where dg is the element of Haar measure on G and
set A(g) = sup, g p(gk). Since p(g) is bounded and of compact support and K
is compact, the same holds for A(g). Then

F)dv(x) = L . Lf(gx)du(g)dv(x) - f v f S (ep()ded()

B(G)
- f f ff(gkx)p(gk)dgdkdv(x)
B(G)J KJG

since the Haar measure on G is right invariant (G is semi-simple). Since
p(gk) = Ag), if f20,

F)dv(x) < f . f (gkx) A)dgdkds(s)

B(G)

- f f F(eWA@)dgd(me ) (y)
B(G)J G

_ f f gyA(g)dgdm(y)
B(G)J G

since my % v = m. We can replace gy by x if we replace dm(g) by dgm(x). Then

Fdv(x) < f

G

dgm
: B(G)f(x) dm (x)dm(x)} A(g)ds.

B(G)

It follows that
LANR f 98m ) Mg)dg
dm = Jg dm

which is finite by virtue of the fact that A is bounded and has compact support.

Here dgm/dm denotes the Radon-Nikodym derivative of the two measures,

and we have used the fact that (dgm/dm)(x) is a continuous function on G x B(G).
We can prove now
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THEOREM 7.4. Let p be an A-cocycle on B(G) such that the corresponding
M-spherical function satisfies ¢,(g) <1 for all ge G. Then unless p=0, p is
a negative cocycle and «,(p) < 0 whenever p is of class B,

Proof. We have Y,(g) = [pepr(g,x)dm(x) and we define Y (g)=
I86)p(g:x) dv(x), where vis the stationary measure for u which we assume to be
of class B,,. The contention of the theorem s that a,(p)= [, (g)du(g) < 0. Now

U,(g) < log f g, £ dmC) = 1086,) S0

By Theorem 7.2, n'lnl/p(X,,X,,_l---Xl)»au(p) so that a,(p) is, in any case,
<0. Thus it remains to show that we cannot have [,(g)du(g) =0. Suppose,
to the contrary, that this integral vanishes. Then

f V(g8 )du(g") = f f plgg’, )dv(x)du(g")
G GJ B(G)
= ff p(g,g’x)dv(x)dﬂ(g’)+f f p(g',x)du(g")dv(x)
GJ B(G) B(G)JG
- f o8, (s ) () + f V(g)du(e’)
B(G) G

- [penat) = v
It follows that ¥, is a u-harmonic function (§0.4). We shall show that if u is

of class B, ¥, is bounded away from + co. Namely, by Lemma 7.4, dv/dm
is a bounded function on B(G); say dv/dm < c. Then

W = | rleng9dme

IIA

dv
lo f P& Z__(x)dm(x
g 56) dm( ) dm(x)

IIA

loge + log f e? < m(x) = loge + log d,(g)
B(G)
=< logec.

Added in proof. Let f(g) be a u-harmonic function, bounded on one side and
satisfying f(kg) = f(g), ke K. If {X,} is a sequence of independent G-valued
random variables with distribution g, then U,(g)=f(gX, ---X,) forms a mar-
tingale and converges to some F(g;X;,X,, ). In Theorem 3.1 of [8] it was
shown (for |f| bounded, but boundedness on one side is sufficient) that
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F(g;xy,%,,++) is independent of g. The function f(g) = y,(g) satisfies these
conditions, so we may conclude that with probability 1,

lI/;)(hg)(1 Xn) - lpp(g)(l Xu)_>0
as n— oo, for all h, g € G. This gives
[k, gX, -+ X,x) dv(x)->0.

By [8, Lemma 5.4], X, ---X,v converges to a point measure on B(G), with
probability 1. It follows that p=0 and the theorem is proven.

7.4, A-CYCLES ON ARBITRARY BOUNDARIES. We have been treating primarily
cocycles on the maximal boundary B(G). However, we saw in §6.2 that an A-co-
cycle on any G-space on which K acts transitively determines an A-spherical
function. In particular, this will be the case for boundaries.

If M is a boundary then there is an equivariant map o : B(G) » M. Let p be
an A-cocycle on M. Form p*(g,x) = p(g,0(x)) for xe B(G). Then

p*(2182,X) = p(8182,0(x)) = p(gy1,820(x)) + p(g2,0(x))

p(g1,0(8:%)) + p(g2,6(x)) = p*(g1,82%) + p*(g25%)

so that p* is an A-cocycle on B(G). We claim that p* determines the same A4-s.f.
and M-sf. as p.
For

e =f p*(g, x)dm(x) =f p(8,0()) dm(x)
B(G) B(G)

- f plg, y)dom(y) = f p(e.y)dm(y) = W (g)
M M

since om is again K-invariant if m is. Similarly we find ¢,.(g) = ¢,(g). Finally,
we notice that «,(p*)can be obtained in terms of p. For if v is the unique stationary
measure for u on B(G), then 6(v) will be the unique stationary measure for p
on M. Then

2,(0%) = f L o, B AR

- f f o, 9)di(g)do(3) (y)
GJ M

and the latter integral may be denoted by a,(p). We can now extend Theorem
7.4 to the case of cocycles on an arbitrary boundary.

THEOREM 7.5. Let p be an A-cocycle on a boundary M such that ¢,(g) £ 1
for all ge G. Then unless p = 0, we will have a,(p) <0, whenever p is of class B.
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Proof. ¢,4g) = ¢,(g) and a,(p*) = a,(p).
To illustrate this, let M be a nondegenerate boundary of G and m its K-in-
variant probability measure. Form

-1
o(gx) = 28

Since m is K-invariant we have clearly o(k,x) = 1. Also

dg;'gi'm dg; ' gi'm dg;'m
o818 %) = () = F2ELS () ()
dgi' m dg;'m

= am (g2%) am (x) = o(g1,82x)0(g2,%)

by the rules for the Radon-Nikodym derivative. Thus ¢ is an M-cocycle on M
and p = logo is an A-cocycle. Evaluating ¢, we find

-1
djm ™ (x)dm(x)

¢,(8) = fM o(g, x)dm(x) = fM

=f dg~m(x) = 1.
M

Moreover, p is not identically O since otherwise 6 =1 and g 'm = m for all
g € G. But this is impossible since M is a boundary and there is a sequence g,m
converging to a point measure. We can therefore apply Theorem 7.5 to deduce
that «,(p) <0. Incidentally, this proves

THEOREM 7.6. There is a negative cocycle for any compact semi-simple
group.

An interesting consequence is

COROLLARY. If G is any noncompact semi-simple group and u a measure
of class B, then the random walk induced by u on G is transient.

Proof. Let p be a negative cocycle on G; then Y (X, X, ;- X;)—> — 0
with probability 1.

The set of negative cocycles forms a cone in the vector space #';. We would
conjecture that this cone has a nonempty interior, i.e., that there always exist r
linearly independent negative cocycles, where r = dim #7.

8. Random products of unimodular matrices. In this section we shall describe the
asymptotic behavior of X,X,_,--- X; where the X; are independent, identically
distributed, random unimodular m X m matrices. We are interested in the rate
of growth of the column vectors of the product X, X, ;- X, (§8.3) and the
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behavior of the angles between the various row vectors and column vectors
(§8.1). In §8.2 we shall discuss another type of limit behavior that occurs here;
namely, if the underlying distribution u is of class B, then the rows of the pro-
duct matrix all tend, as n— oo, to a fixed direction.

We shall denote by R™ the m-dimensional real vector space of m x 1 real
matrices. R" will denote the space of 1 x m real matrices. If oeSL(m,R),
u e R™, ve R then the products au, v, and vou are all defined. If in R™ — {0}
we identify two vectors that are scalar multiples of one another we obtain the
space P"~'. We denote by P! the space obtained similarly from R;"— {0}. If
ueR™ (resp. R™ we will let & denote the corresponding element in P™ ' (resp.
P™" 1), Given two vectors u,, u,, we let {u;, u, ) denote the acute angle between
the lines through u, and u,, 0 < {uy,u,» < n/2.<{u,,u,) depends only on @, and @,
and we shall also use the notation {@,,#,).

8.1. ANGLES BETWEEN COLUMN VECTORS. We take G=SL (m,R) and p willbea
probability measure of class B, on G. K will be the group of orthogonal matrices
of G. In [8, Chapter 1], it was shown that the maximal boundary of G is the flag
manifold F,, consisting of all m — 1-tuples of subspaces (V;,V,, -+, V,,~;) where
the V; are i-dimensional subspaces of R™and V; < V; c --- = V,,_. The action
of G on F,, is that induced naturally by the action of SL (m, R) on R". We will not
be concerned directly with the maximal boundary F,,, but with two of the bounda-
ries onto which F,, maps. Namely, we take M, to be the set of 1-dimensional
subspaces of R™ and M, to be the set of pairs (V1,V)), V; = ¥, and dim V, =i,
Notice that M, is the same as P"~'. M; and M, are both boundaries of G;
both have natural topologies with respect to which they are compact, and both
are G-spaces.

We introduce a third G-space M{® which is not compact. M{® is defined as the
set of ordered pairs of distinct points in M. The space M (%) may be compactified
by adjoining M, as follows. For every pair of distinct 1-dimensional subspaces
V; and V} of R™ let B(Vy, V{) denote the element of M, given by V; = V| and
V, = 2-dimensional space spanned by V; and V;. Now set M = M U M, with
the following topology: M{*’ isopenin M and a sequence (V; ,, V1 )= (V1,V,)eM,
if the angle between ¥y, and Vy, goes to 0 and B(Vy ,, V{ ))—(V1, V,). With this
topology M is a compact G-space.

We can describe this setup geometrically as follows. A point of M {2 consists of
a pair of points of M. This point will tend to infinity on M{* if the pair of points
on M, tend to one another. In the limit, assuming that one of the pair converges
on M,, the pair of points determine not just a single point of M but also a line
element at that limit point. The set of these (points of M; and line clements
through them) constitutes M,.

IfxeM®, x=(’',u") withu’ and u” € P"~ 1 set w(x) =<u’,u"). Define

(8.1) 0(g,x) = w(gx)/ o (x).
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Since K acts on R™ by rotations w(kx) = w(x) and ¢(k,x) = 1. From the form of
(8.1) it is immediate that ¢(g,g,,x) = 6(g,,g,x)0(g;,x). "Hence o(g,x) is an
M-cocycle on M{®. Now M{? is dense in M, and it is possible to show that
o(g, x) extends continuously to x € M. The extension is then again an M-cocycle
and its restriction to M, is also an M-cocycle. The latter, which we shall denote by
65, may be described in this way. K acts on the manifold M, in such a way that
there is a unique Riemmanian metric (up to scalar multiple) on M, which is
invariant under K. Each g e G sends a tangent vector at pe M, onto a tangent
vector at gp. The ratio of the lengths of these vectors depends on p, on the direc-
tion of the tangent vector at p, and on g. The first two of these correspond to a
point ¢ of M, and the ratio in question is just o,(g, ).

LemmAa 8.1. u has a unique stationary measure v on M which has its support
on M,.

Proof. M = M{* UM, and M{¥’ = M, x M, — D where D is the diagonal
of M x M. By Theorem 2.2, since M, is a boundary of G, there is no stationary
measure for u on M, x M; — D. Thus any stationary measure for 4 on M must
have its support on M,. But M, is also a boundary and so it possesses a unique
stationary measure.

Let p,(g,&) =logo,(g, &) be the A-cocycle on M, determined by ¢,. We then
have

Lemma 8.2. If {X,} is the G-valued process of independent random variables
with distribution p, then with probability 1, for any xe M,

8.2) lim 17! logo(X,X, -1 X1,%) = a,(p,).

n—+aw

Proof. We have

n—1
n"tlogo(X, X, X, x) = n"' X log (X4 1, Xy X1%)
i

=0

n—1
=n'X logo(X;+1,2Zy)
k=0

where {Z,} is a p-process on M and {X,} are the associated G-valued random
variables. We may thus apply Lemma 7.3 to the function f(g,x) = logo(g, x).
Since p is of compact support the hypothesis that f(g,x) be bounded by an in-
tegrable function of g is satisfied. Moreover, there is a unique stationary measure
on M for u so that the right side of (7.2) is unambiguous. Finally, the integral over
M in (7.2) reduces to an integral on M, since v is supported on M,. The resulting
expression is then just a,(p,).
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It should be observed that though the right side of (8.2) depends on the G-space
M, the limit is the same for all x e M, and thus for x e M{®, Using (8.1) we obtain

THEOREM 8.1. Let p be a measure of class B, on SL(m, R) and let {X,} be the
corresponding process. If u' and u” are any distinct nonzero vectors in R",
then with probability 1,

(8.3) KXoy oo Xt X, X,y oo Xqu Y @ ®02)
We shall show next that a,(p,) < 0.
LeMMA 8.3. [y,0,(g,x)dm(x) =1 for all geG.

Proof. Each x € M, determines a 2-dimensional subspace of R™ Let K be the
subgroup of K leaving fixed the orthogonal complement of this subspace. K, is
then isomorphic to the circle group. Since m is K-invariant we may write

[ oxtenameo = | [ e koar) amco
MZ Mz K
where dk now represents the element of Haar measure on K,. To prove the lemma
it will suffice to show that for each g and x

(8.4) L o,(g,kx)dk = 1.

We may parametrize the elements of K, by {k(¢)} with 0 <t < 1, so that dk
is replaced by dt. Let u(0) denote a unit vector in R™ lying in the 1-dimensional
subspace determined by x. Then let u(f) = k(f)u(0). u(t) describes a circle as ¢
ranges over the unit interval, and the vector du(f)/ dt has constant magnitude 2.
Now let v(t) be the unit vector in the direction of gu(f). We then have

oiab09 = |40} [j440.

where ]| . || is the euclidean metric. Then

J:c, o,(g,kx)dk = J: o,(g, k(t)x)dt = — j \\dv(t) hd

1
=ﬁﬁs

where ds is the element of length on the curve described by u(f). But the total
length is 2z since the curve is a circle. This proves the lemma.
Applying Theorem 7.5 we find

THEOREM 8.2. The exponent a,(p,) in (8.3) is strictly negative.

License or copyright restrictions may apply to redistribution; see https://www.ams.org/journal-terms-of-use



1963] NONCOMMUTING RANDOM PRODUCTS 421

8.2. THE ROWS OF X,X,_; -+ X;. In this section we shall give a generalization
of Theorem 1.3 regarding the convergence of continued fractions. The assertion
will be that if ue P™"*, then uX,X,_,- X, converges with probability 1. In
particular, the rows of X,X,_, --- X, converge as n— oo, For 2 x 2 matrices this
yields Theorem 1.3, except that in the present section, we have to impose greater
restrictions on the measure p. We shall assume throughout this section that u is
of class B, a condition that was not needed in Theorem 1.3.

Let u’,u” € R[" and v’,v" € R™. We shall set

ey gy B
(86) (u sU 0,0 ) - (u'v”)(u"v)
where the products (u'v"), etc., represent the usual scalar product.
Ifv/,0"e R" or Ry, we shall denote by v' Av” the (m(m — 1)/2)-tuple of
determinants

v; v
! n

v; U

, i<j.

We shall consider this as an element in the euclidean space of m(m — 1)/2 di-
mensions. If v’ and v” are vectors of fixed magnitude then the magnitude of
v’ A\ v"is of the same order as the angle between v’ and v”, as this angle goes to 0.
The following identity is well known:

8.7 W'o)W — W'e)Wv)y=w Au") @ AV").
From (8.7) we obtain

Lemma 8.4.
(ur /\ u”)_(vl /\ U”)
(ulvll)(ullvl) .
We see that if either v’ and v” are close together or u’ and u” are close, and

neither v” is close to being orthogonal to 4’ nor v’ to u”, then (u',u";v’,v") is close
to 1.

(ur’ u”;vl, vl/) -1 =

LeMMA 8.5. If u is of class B, and M is a boundary of G, then there is a
constant ¢ such that if m is the K-invariant probability measure on M and
n = u*mngy for any probability measure my, on M, then dn/dm < c.

Proof. The proof is identical to that of Lemma 7.4, where this was proved for
the stationary measure on M. The only property of a stationary measure used was
the fact that it had the form p*v for a probability measure v.

Let {e;,i =1, -, m} represent a basis in R™ and {f;, j =1,---,m} a basis in R}".

We shall denote by Y, the random product X, X,_,--- X;.

LeMMA 8.6. With probability 1,
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(8.8) (fnfj; Ynels Ynek) -1
for alli,j,l,kasn— co.

Proof. By Theorem 8.1 and 8.2 the angle between Y,e, and Y,e, goes to O at
a strictly exponential rate: say (Y,e;, Y,e,> <c, exp (—np). Let Q. = P" consist
of the points whose corresponding unit vectors u satisfy (fiu) <exp(— ng/3).
If Ye ¢0;)and Y,e, ¢ Q) then we have from Lemma 8.4 that

| U= (fuf;s Yaers Ynek)l <cyexp (—nf/3)

for some constant c¢,. If these conditions are fulfilled for all but finitely many n,
then (8.8) is valid. The lemma will thus follow if we can show that the proba-
bilities of Y,e¢, € @, occuring infinitely often or of Y,e, € Q. occurring infinitely
often vanish. If suffices to show (Borel-Cantelli) that 2 P(Y,e € Q)) < oo.
Since the distribution of Y,e, = Y, ¢, has the form pxm, on P"" L and P""lis a
boundary of G, it follows from Lemma 8.5 that it suffices to show X, m(Q}) < .
But clearly

m(Qy) < cyexp(— np/3)

for some constant c¢;. This proves the lemma.
Now

(fi’fj; Y,e, Yoe) = (fiY,, ijn§ e, ep).

Apply Lemma 8.4 to the latter cross-ratio. Since (8.8)is valid for all i, j, I, k we
conclude that for any i,j the angle between f,;Y, and f;Y, goes to O at an expo-
nential rate. Combining Theorems 8.1 and 8.2 with the foregoing we find

TueorReM 8.3. Under the hypothesis that u is of class B, the angles between
the various rows and the angles between the various columns of X, X,_,--- X,
go to 0 at an exponential rate as n— oo, with probability 1.

Let us now consider P™ ! as a G-space with G acting on the right. P"~! then
carries a unique stationary measure n for y. We will then have n*u == and
from this it follows (since u is absolutely continuous) that = is not concentrated
on a linear subvariety of P"~!. Consider the corresponding stationary process
on P ! Since P,” 'is a boundary, this is a proper u-process (§3). Combining
this with Lemma 1.3 we conclude that, with probability 1, =X, X, ,---X,
converges to a point measure d, where W is a random variable on P~ . Now
the rows of ¥, = X,X,--- X, are almost proportional (Theorem 8.3) and so
for all elements u € P™~* but for those close to a linear subvariety, the direction
of uY, will be close to that of any row of Y,. Since = is not concentrated on a
linear subvariety and =Y, — é, we conclude that for any e;, ¢;Y, » W. Finally
since the basis {¢;} is arbitrary we may state
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THEOREM 8.4. Let p be of class B, and let ue P'~'. There is a random
variable W defined in terms of X,,X,,X5,--- such that with probability 1,

(8.9) uX,X,_1 X, > WepP™
Moreover, W does not depend upon u.

REMARK. It is obvious that for ve P"~!, X,X,_, - X,v will not converge
in general. For if {Z,} is the stationary p-process on P™ !, then
XX,y XZy=2Z,. Thus the sequence X, X,_,--- X v in general oscillates in
)

8.3. RATE OF GROWTH OF THE VECTORS X, X,_, - X u. It follows from Theo-
rem 8.3 and the fact that the matrices X,X,_, +-- X, are unimodular that the
norms of at least some of the column vectors in X,X,_,--- X, must be growing
at an exponential rate. We shall find that this is the case quite generally and for
a general distribution x4 on SL(m,R), the p-processes on R™ — {0} tend to
co at an exponential rate.

Again we let x4 be a measure on SL(m, R). This time, however, we let G denote
the smallest closed subgroup of SL(m,R) containing the support of p. u will
not be required to be absolutely continuous. As usual {X,} denotes the G-valued
variables with distribution y. We are interested in the action of G on R™.

Consider the M-cocycle on R™— {0} defined by

(8.10) o(g.u) = |gul/]u].

Note that o(g,u) depends only on g and 7€ P™~ 1 We can therefore define an
M-cocycle on P™"* by ¢,(g, %) = o(g,u). We set p =logo, p, =logo,.

Let us consider the stationary measures on P™ ! for u. These form a convex
set whose extremals correspond to the ergodic stationary u-processes on P!
(see the proof of Theorem 2.6). More precisely we can say if {Z,} is the corre-
sponding stationary u-process and {X,} the associated G-valued variables, that
{(X,+1,Z,)} is an ergodic process. We shall call the extremal measures ergodic.

LeMMA 8.7. Suppose that G is irreducible and that [log| g | du(g) < o
and let @ be an ergodic stationary measure for p on P,,_,. Then there exist m
linearly independent vectors u,,---,u,, in R™ such that, with probability 1,

61w tog] Xy Xunl o[ [ pus 0 dute) dn®

asn—- o, i=1,---,m.

Proof. Denote the right hand side of (8.11) by a. If {X,,Z,} are as before,
we have X,,,Z, = Z,,,. Then
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n—1

(8.12) nlo(X, Xy, Zo) =t kz P1( X 1:Z).
=0

Now |py(Xx+1,Zi)| Slog|| Xy4y || so that we may apply the ergodic theorem
and we find that the expression in (8.12) converges to «, with probability 1. This
means that for almost all £ e P™™! (with respect to ©), n ™ *p (X, X,,&) > a.
Now G is irreducible and we have u* 7 = . If # had its support in a linear sub-
variety of P™~1, the support of u would leave fixed a linear subvariety and G
could not be irreducible. Hence the support of z is not contained in a proper
linear subvariety and so there exist independent &, .., &, with

n—lpl(Xn“'Xl,fi) - o

Now let & =4, u;€R™ then py(g,&)=log(| gu;||/||u:]). We thus have
n"tlog| X, Xyu;| - .

TueoreM 8.5. If G is irreducible and f| g| du(g) < o, the expression
[ {p:(g.&)du(g)dn(8) for a stationary measure m for p is independent of the
stationary measure 7. Denoting the common value by a,(p,), we have, with
probability 1,

(8.13) n”'og | X, Xyu || - a,(py)
or all nonzero vectors ue R™.

Proof. The second assertion is equivalent to the statement that
n (X, Xq,&) - ap,) for all £e P"~'. In this form it follows from Lemma
7.3 once it is established that the expression denoted by a,(p,) is independent
of the stationary measure n. Now let 7; be one ergodic stationary measure for p
on P !. By Lemma 8.7,

nHog] X, X | - [[ pi(e Ou@) dm®

for a basis of R™. But then it follows that for all u e R™,

(8.14) timsupn~*log | X, X,u | = [ [ pu(e, Diute)im, (2.

n—+ow

Now let n, be any other ergodic stationary measure, and apply Lemma 8.7. We
then see that

(8.15) f f (8 OAug)dny(®) < f f (8 Odp(g)dn (©).

Interchanging the roles of m, and 7, we find that in (8.15), equality must hold.
Then [ [p,(g,&)dp(g)dn(&) is the same for all ergodic—or extremal—stationary
measures, and hence for all stationary measures.
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The rest of our discussion will be devoted to showing that if G is noncompact,
a,(py) is strictly positive. This will show that the vectors X,---X; grow expo-
nentially under our hypotheses. Note that the condition of noncompactness of G
alone is not sufficient. For example, if G = (§ 7) then X, - X,u will not be of
exponential growth because G is not irreducible.

Let o denote the K-invariant probability measure on P"~ !, In §7.4 we observed
that (dg ™ w/dw)(¢) was an M-cocycle of SL(m,R) on P™ !, The next lemma
gives the relationship between this cocycle and the cocycle a,(g, £) defined above.

LeMMA 8.8. 0,(g 8" (dg 'w/dw)(§) = 1.
The proof is straightforward and we omit it.

LEMMA 8.9. Suppose that a stationary measure m for p on P™" ' is equi-
valent to w in the sense of absolute continuity (n < w, @ <m). Then

1 dg 'z
(8.16) 1(p) = = o | [ 108 £ (@) du(e)an(2).
Proof. By Lemma 8.8, p,(g,&) = — (1/m)log(dg™ ' w/dw)(&). (8.16) will fol-
low if we can replace dg ~'w/dw by dg~'n/dn in the integral. The difference be-
tween the corresponding expressions is

dg™'w drn
[[1oe 20 7-Em @ duterand
-1
= [[ros 2 ©auin® — [ [log T (Edu(e)dn(d

= [[108 2 etuterins) ~ [ [1og G2 OuCEIn®

[[108 S2rantertusmror - [ [rog Z2@duterind) = 0

since pu*m=m.

COROLLARY. If a stationary measure © for i on P™"™ ! is equivalent to w, then
a,(p1) > 0 unless G leaves fixed the measure m.

Proof. For

-1 -1
[108 28 @yant s 1og | HET0an(® = 0

by Jensen’s inequality, and equality can only hold if the integrand of the second
integral is constant almost everywhere with respect to m. But in this case
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g~ 'mn = . If this holds for almost all g in the support of u it must hold for all
of G and we see that G leaves = fixed.

Let || 7| denote the norm of the measure = on P"~ ' as an element of the dual
to the Banach space of continuous functions on P™™'.

LemMa 8.10. If =, and 7, are probability measures on P™"! then there is
a constant ¢ > 0 such that

dn, 1z
8.17) 7y -] < c{-— | logjﬁ:dnl} .
(If n, is not absolutely continuous with respect to m, the right hand side is oo
taking log 0 = — ©.)

Proof. | n, —n,| =sup| [(¢dn; — ¢dn,)| where |$]| < 1. We may assume
that =, < m,, so we have

Y
=f|1— g—:—:'iu Z;f dn,

{1 a1 fin
o)
2fi- [ |

Since, in any case, | n; — m, || £2, it is only necessary to establish that (8.17)
holds as [log(dn,/dn,)dn, —0. Now

dn2 dnz
JJ (@) a2 e o (G5) s
d7t2 2 1 d 2 2
- jadde] <
1 [fA/(dnl)dnl] <1- [exp Jlogd dnl] flogd dn,

and this establishes the lemma.

THEOREM 8.6. Let G be a noncompact subgroup of SL(m,R) such that no
subgroup of G of finite index is reducible. Then a,(p) > 0 and with probability 1,
| XX u| grows exponentially as n— co for all ue R™— {0}.

Proof. Let us first show that under the present hypotheses, G cannot leave
fixed a measure on P™"1, For since G is noncompact we can find a sequence
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{g,} in G and two linear subvarieties V,,V, < P"~! such that for all £¢V],
g.£ = V,. This implies that if m is an invariant measure on P"~! for G then 7
must be concentrated on V; U V,. Consider finite unions of proper linear sub-
varieties of P™ ! with 7m-measure unity. V;UV, is such a union. Let
W,V W,V ..U W, be a minimal such finite union in the sense of set-theoretic
inclusion. Since G preserves n each U ;8W; again has this property. The intersection
UWi N gW; would comprise a smaller set with this property unless the two are
identical which is only possible if each g permutes the varieties W,. Then the
subgroup of g taking W, — W, is of finite index in G and is reducible contrary
to hypothesis. Thus G has no fixed measure on P™ "1,

Now choose a sequence of measures {u,} on SL(m,R) with u,— pu weakly
and with the property that each u, has a stationary measure =, on P"~!
such that =, is equivalent to w. For this it is only necessary to choose y, as a
measure given by a nowhere vanishing density in SL(m,R). We may assume
that =, converges on P™ ! and the limit measure 7 will be a stationary measure
for u since one verifies easily that pu,— pu, n,— n implies y,*n, > pu*n. We
have, moreover, a, (p,) = ®,(p;). To prove the theorem it will therefore be suf-
ficient to prove that

liminf a, (p;) > 0.
n-+ow
Since =, is equivalent to w we may apply Lemma 8.9, and what we shall show
is that

(8.17) liminf { - f log dg”'r, (é)du,,(g)dn,,(f)} > 0.

n—+w dnll

Finally, by Lemma 8.10, this will be the case unless for some subsequence, which
we take to be the original sequence, we have

(8.18) [1g7 m - m ]2 aute ~ o

Suppose now that (8.18) were valid. Since y, — u, it follows from (8.18) that if
g is in the support of pu, there is a sequence g,—g such that
| gu?ta — 7, || = || % — g» 7| > O (since any neighborhood of g has p,-measure
> ¢> 0 for some ¢ and for n larger than some n,). Now let ¢ be a continuous
function on P"~! with |¢| < 1. Then

Ignn(d)) - ﬂ"(¢)| = l gnn(¢) - gnnn(d))l + ” &ty — Ty ”'
Now gn,(¢) = n,(L;¢) where L,¢({) = ¢(g&). Then

(819) Ign,,(qS) - 7!,,((]5)[ é ” Lgd) - Lg,,d) ”oo + ” &nln — Ty ”

Since g,— g, L, ¢ — L,¢ uniformly, and both parts of the right side of (8.19)
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go to 0. We conclude that | gn(¢) — n(¢)| = lim | gm,(¢) — 7,($)| = 0 and gn = m.
Thus if (8.18) were true, then every g in the support of p, and hence all of G,
would leave 7 fixed. We have already shown that this will not happen. This
completes the proof of the theorem.

COROLLARY. If G is a semi-simple group with no compact factors and A is
any irreducible representation of G, then for any vector v in the representation
space of A, | A(X,X,-qX)v| grows exponentially with probability 1, as
n— co.
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