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Abstract. We consider a dynamical system consisting of a compact subset of R™ or
C" with several contracting maps chosen with prescribed probabilities, which may
depend on position. We show that if the maps and the probabilities are C'*“
functions of the spatial variable and an external parameter, then the average value
of a C'*“ function is a differentiable function of the parameter. One implication
of this theorem is that for certain families of complex functions dependent on a
parameter the reciprocal of the dimension of an invariant measure on the Julia set
is a harmonic function of the parameter.

1. Introduction

In this article we consider a dynamical system consisting of a subset X of R" or
C™, n contracting functions B,,...,8,: X > X, and n continuous positive prob-
abilities p,, ..., p.: X > (0, 1), so that if x; represents the state of the system at time
k, then x;,, = B;(x,) with probability p;(x;). The study of this type of system is
facilitated by the existence of a unique invariant probability measure w, which gives
long-term trajectory averages:

N A
lim & T f(n)=(w. 1), )

as is proved in § 2. This type of system has been studied by Karlin [8], Barnsley &
Demko [1], Barnsley & Elton [3], Barnsley et al. [2], Barnsley & Harrington [4],
and Elton [7]. The equilibrium measures on Julia sets studied by Brolin {5] are also
an example of such an invariant measure.

We suppose further that the system is dependent on an external parameter we W,
where W is a subset of R™ or C", so that in fact 8,,...,8,: XX W~ X and
Dise--, Pa: X X W= (0, 1). Concerning this type of system we prove the following
theorem:

THEOREM. If By,...,Bu; Pis-..,Pu; and f are C'* functions, then {(u, f) is a
differentiable function of the parameter w.
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600 W. D. Withers

The structure of this article is as follows. In § 2 we prove the existence and
uniqueness of u. In § 3 we prove our main theorem that under appropriate hypotheses
{u, f) is a differentiable function of the parameter w. In § 4 we apply our results to
the study of invariant measures on Julia sets, obtaining the result that for certain
families of complex functions, including the functions F(z)=z>—w, for values of
w outside the Mandelbrot set, the reciprocal of the dimension of the invariant
measure on the Julia set is a harmonic function of the parameter.

2. The unique invariant probability measure

In this section we show that a system of the type described in the Introduction with

positive Holder-continuous probabilities has a unique invariant probability measure.

Throughout this section we make the following assumptions:

(i) (X, p) is a compact metric space.

(ii) The functions 8,,..., B8, from X to X are contractions; i.e., there exists A <1
such that

p(Bi(x), Bi(y))=Ap(x,y).

(iii) The functions p,,..., p, from X to (0, ) are probabilities; ) p,(x)=1.

(iv) The functions p; are Holder continuous and positive and thus bounded away
from zero; there exists g >0 such that p;(x) = q for all x. For convenience we
assume q <3.

Let C be the space of real-valued continuous functions on X; then its dual space
C* is the space of finite Borel measures on X; an element m of C* is a probability
measure if and only if (m, f) =0 for all f =0 and (m, h) = h for all constant functions
h. Let T:C - C be defined by

(TF)(x) =L p(x)f(Bi(x));

Then the adjoint operator T* of T is a bounded linear operator from C* to C*. If
a measure u represents trajectory averages as in equation (1), then w must be a
probability measure and u must be a fixed point of T*. We show that these conditions
make u unique, and for any probability measure me C*, the sequence T*'m
converges weakly to u.

We use the symbol I'(f) to denote sup f—inf f. Note that I is a seminorm on C.

LemmA 2.1. Let 8 be a modulus of continuity for f:

Lf(x)=f(»)|=8(p(x, y)).
Then
D(T*f)=(1-2¢")T(f)+2¢"8(A* diam X).
Proof. If i denotes the k-tuple (i,,..., i), then we let
Bi(x) = 3:‘,(3:’;( tr Bi,\(x)))

and

P =TI py(By (- B,

https://doi.org/10.1017/50143385700005769 Published online by Cambridge University Press


https://doi.org/10.1017/S0143385700005769

Probabilistic contracting dynamical systems 601

Then we may write

(T*f)(x) =T pi(x)f (Bi(x)).

Note that the functions B; and p; satisfy assumptions (ii), (iii), and (iv) with different
constants;
p(Bi(x), Bi(y))= A p(x, »);
¥ pi(x)=1; and py(x) = q" for all x.
Let X, denote the set {_J B;(X), where the union is taken over all k-tuples i. Then

there exists y € X and a k-tuple j such that f(B;(y)) =infy, f, and for any x€ X we
have

S(Bi(x)) = i)gff+ (A% diam X).

We have

T'f(x) =Y p(x)f(Bi(x))
= X pilx)f(Bi(x)) + pi(x)f(B;(x))

=(1-p;(x)) supf+pj(x)(i)x(1ff+ S(A* diam X))
X, %
=sup f+p;(x)(inf f+ (A% diam X ) —sup f)
Xy, K Xi
Ssupf+q"(i)r(1ff+6()\k diam X) —sup f).
X, « X,

Similarly, we may obtain

T"'f(x)zi;}ff+ q"(sup f—8(A* diam X)—inf f).
k Xy I3

Substracting the two inequalities, and noting that
sup f—inf f=I(f),
Xy X

we obtain
(T )= (1-2¢")T(f)+24"6(A* diam X). 0

THEOREM 2.2. There exists a unique probability measure p invariant under T*.
Moreover, for any me C* with (m, 1) =1, the sequence of measures T**m converges
weakly to .

Proof. First we show that the sequence of functions T*f converges in C to a constant.
It is not difficult to show that the sequence sup T*f is nonincreasing and the sequence
inf T*f is nondecreasing. We show that the sequence I'(T*f) decreases to zero by
finding a subsequence which decreases to zero.

Using the Holder continuity of the functions p, it can be shown that the family
of functions T*f is uniformly equicontinuous. Thus we can choose a modulus of
continuity & for T*f independently of k. We also choose & so that it has an inverse
function and sup § =T'(f).
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We define our subsequence iteratively: let ao=I'(f). When aq, ..., a; have been
defined, we define a,,, as follows. Let j be the integer with a,=T'(T’f). Choose an

integer k so that
1 8_|(al/2)) 1 (51(01/2)>
1 <k= 1 +1.
log A °8 ( diam X log A 8 diam X

It can be verified that k is nonnegative. We set a,,, ='(T/**(f)). With this choice
of k, we have

S(A* diam X)=a,/2.
Thus, from the preceding lemma,
4 =D(T"(T'()=(1-2¢"T(Tf) +29"(a/2)
=(1-29"a,+q"a,=(1-4¢")a,.
On the other hand, from the upper bound on k, we can obtain:
. (6j‘<a,/z))'°g““°g*_
diam X
Thus

5I(al/2)>logq/log)\>
T <, a.

al+15(1_qk)a15<1_q< diam X

Let us define g2:(0, a,) > R by

6—I 2 logq/logaA
(-(1-o(Gmx) )

Clearly, g(x)=x; thus g maps (0, ay) into itself. Moreover, 0 is the unique fixed
point of g; it follows that g"(a,) - 0. Since a,,, < g(a,) <= g"(a,), we have q,-> 0 and
I'(T*)-0.
Define uw € C* by
(u, f)=1lim T*f.
It is easily shown from the properties of T that u is a probability measure and a
fixed point for T*. Let me C*. Then
lim (m, T*f)=(m, lim T"f)=(m, (u, /)) = (m, 1p, /);

thus if (m, 1) =1 then the sequence T**m converges weakly to u. d

The fact that u is a fixed point of the operator T* is equivalent to the invariance
property

uBi(E)= J;_ pidu

when the sets B,(E) are nonoverlapping.

I am indebted to M. F. Barnsley, J. H. Elton, S. G. Demko, and J. S. Geronimo
for pointing out that more than ordinary continuity of the probabilities p; is necessary
to prove that the family {T"f} is uniformly equicontinuous. Karlin [8] overlooked
this point. It is still an open question whether there is a unique invariant probability
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measure if the probabilities p; are merely continuous. Elton [7] and Barnsley et al.
[2] prove the existence of a unique invariant probability measure under hypotheses
weaker than those used here, including cases where the functions 8,,..., B, are
not always contracting.

The following example shows that the requirement that the functions p; be bounded
away from zero cannot be omitted. Let X =[0, 1], 8,(x)=x/2, B(x)=(x+1)/2,
pi{x)=1—x, and p,(x)=x. Then any measure which assigns weight o to the point
0 and weight 1 —w to the point 1 is a fixed point of T*,

We note that the theorem of this section remains true if we consider complex-
valued functions f and complex-valued measures. This can be shown by application
of the previous theorem to the real and imaginary parts of f

3. The main theorem
In this section we assume that X and W are compact subsets of R with connected
interiors. We will use || to represent.the norms on X, W, and X x W. The functions
B; and p; are dependent on we W as well as x € X| so that the average value (u, /)
is a function of w.

For differentiable manifolds Y and Z we denote by C“(Y, Z) the space of
functions from Y to Z that are Holder-continuous with exponent a. We denote by
C'"*(Y, Z) the space of differentiable functions from Y to Z whose derivatives
are Holder continuous with exponent a.

THEOREM 3.1. Suppose B,,...,B.,: XX W= X are in C'"*(X x W, X), and there
exists 0<<A <1 such that

for i=1,...,n Suppose further that the probabilities p,, ..., p, are in C'"*(X X
W, (0,1)) and f: X >R is in C'"*(X, R). For a given value of w, let u., be the unique
invariant probability measure for the system. Then {u.., f) is a differentiable function
of the parameter w.

a
;ﬂ,—(x, w) ” <A

Proof. For simplicity’s sake we couch our argument in terms of the case where X
and W are one-dimensional; the only modifications necessary for the general case
are the substitution of operator norms for absolute values, etc.

We let p be the metric on X given by the shortest distance along paths in X
then we have

p(Bi(x), Bi(¥)) <Ap(x, y).

Note that |x — y|=< p(x, y), and thus any function which is C* with respect to the
|| metric is C* with respect to p.

From the arguments of the previous section we know that if T is the linear
operator from C to C given by:

(TF)(x) =% pi(x, w)f(Bi(x, w)),
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then the sequence T*f converges uniformly to the constant function with value
{tw, f). It is apparent that T*f is a differentiable function of w; we show that the
derivatives converge uniformly, thus proving the theorem.

Let g: X x W-R and let us consider DTg = (3/aw)(Tg):

DTg(x,w)=D (Z pi(x, w)g(Bi(x, w), W)>

= Ag+ TDg, (2)
where
Ag(x, w) =Y (Dpi(x, w)g(Bi(x, w), w) + pi(x, w)g'(Bi(x, w), w) DBi(x, w)). (3)

Note that we use g’ to denote 3g/dx as opposed to Dg =ag/ow.
While we assume that f is independent of w, T*f depends on w for k> 0. We
thus have:

DTf = Af;
DT’f= ATf+ TDTf
= ATf + TAf,
DTf = AT*f+ TATf + T Af.
And in general,
DT f= i T/ATY/f,
j=0
We now turn our attention to upper bounds for I'(T’AT*/f).
LEMMA 3.2. Suppose p;, B, and f are C* functions for some a > 0. Then there exist
constants ¢ and re (0, 1), independent of f, so that
L(T'f) = e sup {T(f), ¥(f)},
where the operator ¥V is defined by
V() = sup X IO
= p(xy)
Proof. For a function h which depends on w as well as x, we define
I'(h)=sup sup |h(x,w)—h(y, w)l;

we W xyecX

h(x,w)—h(y,w
¥(h)= sup sup| ( ) (‘y )l.
we W x#=y P(X, J’)
In this proof we do not show dependence on w explicitly. Note that ¥ is subadditive.
Let z be any point in X. We have the following upper bound on ¥(Tf):

Tf(x)— T{(y) -y (p,-(x)—pigy)f(ﬂi(x))+pi(y)f([3i(x))—f(F.-(,V)))
p(x, Y) i p(x’ ,V) p(x, }’)
=y BOZPW) (g )~ f(2))
Poplxy)
13 py(y) LBLD =SB pBUR, B

; p(Bi(x), Bi(»))* p(x, y)*
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where we have used the fact that } p,=1. Taking the supremum over x # y and
we W, we obtain

V(T ) =L ¥(pIT () +A°¥(f).

We can iterate this inequality to obtain

V(TH) =2 TW(PIT() + AW (),

1__.
From Lemma 2.1 we have:
(T )= (1-2¢")T(f)+24" ¥(f)A**(diam, X)°,

where q is a lower bound for p,,..., p,; we assume g < (0, ).
Thus we have
(F(T"f))<( 1-24* 2q"')\""(diam,,X)")<F(f))
Y(Tf)) \1/(1-2%) T ¥(p) A ke v(f))

The =< sign here means that each component of the vector on the left is not greater
than the corresponding component of the vector on the right. Let us denote the
matrix in this inequality M,, and investigate its dynamics. Its eigenvalues are given

by
e.=(1-2¢"+A*" £[(1-2¢" —A**)2+8g"A*"K]"?)/2,
where
(diam, X)“
K=—=""2"2%/p)

Since q <3, the eigenvalue e, has the larger absolute value. Using the fact that the
graph of vx lies below the tangent line at x,=(1—2g* —A**)?, we obtain

K
L= 1-2g5+ A% +1-2¢" - A% +4 k)ﬁ“——.——)/z
e ( q q q 1-2g" — A%

. K/\kn
=1-2q l—m .

Since the limit of the term in parentheses is 1 as k > co, we can choose a value j for
k so that |e.| <1 and the origin is a stable fixed point of M,.

Let E be a matrix whose columns are the eigenvectors of M;; thus P=E 'M,E
is diagonal. Then ||P||,,=e., where | -||,, is the operator norm derived from the
supremum norm on R’. Let u and v <j be positive integers such that k = uj + v. Then

I(T%) eppup—t{ ()
(wirin) =miEr e (45)
Thus
sup {T(T*), W(T/ )} = M| 5ol Elope | E~lop sup {T(S), ¥(£)}.
Thus the lemma holds with ¢ = || M, [[,0[| E[lop| E 'llop/ €+ and r=e'/’. O
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LEMMA 3.3. Suppose p;, B:, and fare C'** functions for some a > 0. Then there exist
constants ¢ and r <1, independent of f and w, so that

sup {L(Tf), (T, Y (T} = er* sup (L), 111, ®(f )}

Proof. The proof of this lemma is a three-dimensional argument analogous to the
two-dimensional argument used to prove Lemma 3.2 and we omit it.

Proof of Theorem 3.1 continued. Using Lemma 3.3, we choose constants ¢, and r, <1
such that

sup {L(T/), [(T YL, YT )} = eri sup {T(O), |1£71l, ()}
We recall the definition (3) of the operator A. Since Y, Dp; =0, for arbitrary z € X,
we may write

Ag(x, w) =2 Dpi(x, w)(g(Bi(x, w), w) —g(z, w))
7 +Z pi(x, w)g'(Bi(x, w), w)DB;(x, w).

Thus
| Agll = al'(g)+ bl g'll,
where a=Y . |Dp:|| and b =sup, | DB]|.
Thus
[AT 7 f|| < (a+b)e,ry™ sup {T(N), [I1'Il, ¥ (S}
Note that if b’ exists and is bounded, then W(h) = | h’|(diam, X)' ™. Thus we

may calculate
A —A (x)—- Dp,
|Ag(x) f(y)lz (Dp¥) = D2 (3 (x)) —g(2))
p(x,y) : p(x,y)
g(18,~(x))—g(ﬁ'.-(y))Jr pi(x)=pi(y)
p(x, y)* Pop(x, y)”
g'(Bi(x))—g'(Bi(y))
p(x, y)*
(x)— D8.
Y p)g (B (y)) 2B = DE)
i P(X,)’)
=Y ¥(Dp)I(g)+X | Dpi|[¥(g°B)+L ¥(p)lg'l | DBl
+X pMY (DB +Z ()&’ 1Y (DB;)

=Y ¥(Dp)I'(g)+X |IDpill g’ A(diam, X)' =

+2 Dpi(y) g'(Bi(x)) DBi(x)

+Z pi(y) DB:(x)

+X || pilicdiam, X)' g’} DB, |
+sup || DB.I¥(g) +sup W(DB)g'l.

Thus
V(Ag)=ul'(g)+v|g'|+w¥(g),
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where
u=Z\P(Dpi)’ W=Sup IIDBIH’

and
v=A(diam, X)'™" ¥ || Dp,|| + (diam, X)' " L || pi|| | DB;|| +sup ¥(DB,).

Therefore,
T(AT*f)=2|AT*fl|=2(a+b)e,ri ™ sup {T(S), | /'ll, ¥ (S},
and
V(AT f) < (u+v+w)eiry™ sup {T(f), £, ().
Finally, applying Lemma 3.2 to AT*~/f, we obtain constants c, and r, <1 such that
T(T'AT*7f) < e,ry sup {[(AT*7/f), W(AT"7'f)}
=cri2a+2b+u+v+w)e,ri 7 sup {TCH), | £/, ¥(f)}.
Then
(DT )= fo T(T/AT*f)
i=
= (k+1)e,riRa+2b+u+v+w)e,ry 7 sup {L'(f), | £, ¥(f)}.
It is easily shown that || Th — h|| <T(h). Referring to formula (2), we have
IDT*"'f— DT'f ||
<||AT*f ||+ | TDTf - DT/]
<(a+b)e,ri sup {T(N), [l /], ¥(f")}
+(k+1)e,ri(Qa+2b+u+v+w)e,r; ” sup {T(f), 111, ¥(f)}.
This shows that the series DT_"f converges uniformly and thus proves the theorem.
O

An interesting special case of this theorem occurs when the functions B, are
independent of w, so that the dependence of u, on w arises solely from the
dependence of the probabilities p; on w. In this case it can be shown that the
conclusion of the theorem holds even if the functions are not differentiable functions
of x, but merely C* functions of x.

Concerning the complex case, we have the following:

THEOREM 3.4. Theorem 3.1 remains true if X and W are compact subsets of C" and
[ X-C

Proof. Exactly the same methods used to prove Theorem 3.1 will serve to prove this
theorem. In fact, since the uniform limit of holomorphic functions is holomorphic,
a slightly modified version of this theorem could be proved much more easily than
Theorem 3.1.

With regard to the hypotheses of Theorem 3.4 in the complex case, we note that
if the probabilities p,, ..., p, are to be real-valued functions and at the same time
differentiable functions of x and w, then they must be constant on the interior of
X x W. Thus p has the invariance property uB;(E) = p,uE.
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4. Invariant measures on Julia sets

We now demonstrate how the results of the previous section may be applied to the
study of invariant measures on Julia sets, such as the equilibrium measures studied
by Brolin [5].

We consider a nonconstant holomorphic function F:C™ xC- C". We shall
sometimes suppress dependence on the parameter we C and for xe CV we write
F(x) for F(x, w), etc.

Let w, be a fixed value of w and W be a compact neighbourhood of w,. We
suppose that for each w there exists a compact set J = J(w) satisfying the following
conditions:

(i) There exists a compact simply connected neighbourhood X of J (independent
of w) such that X < F(X) and

J= ro‘c) F75(X).
k=0

(i1) For all x € J there exists A <1 and k such that
ICCFY ()Ml < A

(iii) F is topologically mixing on J; that is, for every open set U which intersects
J nontrivially there exists k such that J < F*(U).

(iv) There exists an integer n so that F is n-to-one on X.

An example of a set satisfying these conditions is given by the case where F is
a rational function on C and J is a hyperbolic, totally disconnected Julia set for F.
We call particular attention to the case F(x)=x>—w, for values of w outside the
Mandelbrot set M and J is the Julia set for F. The set M is defined to contain just
those values of the parameter w for which the set J is connected. For a fuller
discussion of the characteristics of this system in terms of the parameter, see Douady
and Hubbard [6].

It can be shown that under conditions (i)-(iii) the neighbourhood X can be
chosen so that the following more stringent condition holds:
(i)’ There exist A <1 and k (independent of x) so that for all xe X,

ICCF*Y Ge) ™ <A

If we consider the function F* rather than F we can assume k = 1 without loss of
generality.

Let Bi,..., B, denote the branches of the inverse of F on X. Since X is simply
connected, the functions B, can be chosen to be continuous. Condition (ii)’ also
implies that the functions 8,,..., B, are contractions.

Let p,..., p,€(0,1) with ¥ p, =1. Then the hypotheses of Theorem 2.1 hold and
for each we W there is a unique invariant measure u = u,. satisfying

p(Bi(E)) = pip E.

Moreover, the hypotheses of Theorem 3.4 are satisfied. Thus we can conclude that
for any complex-valued function f holomorphic on X, (f, u,.) is an analytic function
of w.
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Withers [11, 12] discusses algorithms for the calculation of (d/dw)((f, u,.)) in
the one-dimensional case; these can easily be adapted to the n-dimensional case
and provide values for the derivative in about as much time as is required for the
calculation of (f, u,.) itself to the same accuracy.

In the one-dimensional case F:CxC- C, we can also investigate the Hausdorff
dimension HD (u,.) of the measure u,, as a function of w. We shall use the following
formula for the Hausdorff dimension of a measure which is derived from its definition
in Manning [9}:

h.(F)

(log |F'|, u)’
where h,(F) is the entropy of u. In the case at hand, this is given by h, (F)=
—Y pilog p;, and thus

HD (u) =

1 (log|F|, pu)
HD (u.) -Zpilogp’
Since X is simply connected and does not contain the critical points of F’, log F'
can be defined to be analytic on X. Thus
_(log F', p.)
—X pilogp
is an analytic function of w. Thus we have the following theorem:

8(w)

THEOREM 4.1. Under hypotheses (i)-(iv), Re §(w) = 1/HD (..} is a harmonic function
of w.

It is interesting to compare this result with that obtained by Ruelle [10], who
proved that when the Julia set for a rational function is hyperbolic (similar to our
hypothesis (ii}) the Hausdorff. dimension of the set depends real-analytically on a
parameter. The Hausdorff dimension of a set is equal to the supremum of the
Hausdorff dimensions of measures supported on that set.

Theorem 4.1 includes the case of the mapping F(x)=x>—w for values of w
outside M. The question of values of w inside the Mandelbrot set was treated for
general polynomials by Manning [9], who showed with p,=1/n that HD (u) is
always unity.

The quantity Im 8(w) is intriguing. Its value depends on the choice of X ; however,
if the value of Im 8(w,) for a particular w, is known, then the values of Im 5(w)
for values of w near w, are determined; thus Im 8(w) is defined locally up to a
constant independent of the choice of X. In the quadratic case F(x) = x*— w, through
eyeball examination of the sets involved, it can be determined that as w travels
counterclockwise once around a path enclosing M the value of Im §(w) increases

by —m/¥ p;log p;.
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