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ABSTRACT. Let 7 be a nonempty family of selfmaps of a metric space (X,d).
Recently, Barnsley and Vince showed that if 7 is a compact (in the compact-open
topology) family of affine selfmaps of the Euclidean space (R™,d.), then the fol-
lowing two statements are equivalent: there exists a metric p Lipschitz equivalent
to d. such that each mapping from 7 is a contraction; the joint spectral radius of
the family 7 is less than one. In this paper we generalize the notion of the Rota—
Strang joint spectral radius by attributing it to any uniformly lipschitzian family
of nonlinear selfmaps of an arbitrary metric space, and we give an extension of
the Barnsley—Vince theorem. We also establish four remetrization theorems for
families of non-lipschitzian mappings, and present their applications in the the-
ory of iterated function systems. Finally, as a consequence of the remetrization
theorem, we obtain an extension of the Rota—Strang and Goebel formulae for the
joint spectral radius.

1. INTRODUCTION

Let (X, d) be a complete metric space and 77, . . ., Ty be continuous selfmaps of X.
Then the system ((X,d); T1,...,Tx) is said to be an iterated function system (IFS).
The following question is important in the theory of IFSs: when does there exist a
metric p equivalent to d such that (X, p) is complete and each T;, i =1,..., N, is a
contraction with respect to p? In such a case, by Hutchinson’s [11] theorem, there
is a unique nonempty compact set K C X such that K = Ufi 1 Ti(K). The set K
is called a fractal in the sense of Hutchinson and Barnsley [2] generated by the IFS
((X,d);T1,...,Tn). Recently, a partial answer to the above question was given by
Barnsley et al. [1,3]. Recall that two metrics d and p on X are Lipschitz equivalent
(see, e.g., [1]) if there exist positive constants o and  such that

(1.1) ad(z,y) < p(z,y) < pd(x,y) for any z,y € X.

Following [1] we say that an IFS ((X,d);T1,...,Tn) is hyperbolic if there exists a
metric p Lipschitz equivalent to d such that each T} is a contraction with respect to
p. An IFS ((R™,d.); T1,...,Tn) (de denotes the Euclidean metric) is called affine
if each T; is affine.
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To present the results of Barnsley et al. [1,3] we also need the notion of the joint
spectral radius introduced by Rota and Strang [14]. Let X be a Banach space and
T be a nonempty bounded subset of B(X), the Banach space of all linear bounded
operators. Then the joint spectral radius r(T) of the family T is defined by

r(T) = lim sup{|| Tro-- 0T, Y71y, .. T, e T

This notion can also be attributed to a family of continuous affine mappings by
considering the joint spectral radius of the set of linear factors of these mappings
as done in [1] and [3].

In [1] the authors established a list of equivalent conditions for an affine IFS
((R™,d.); T1, ..., Tn) to be hyperbolic. In particular, they announced the following
result: such an IF'S is hyperbolic if and only if the joint spectral radius of the family
{T1,...,Tn} is less than one. Subsequently, this result was proved and extended
in [3] to infinite affine IFSs ((R™,d.); T), where T is assumed to be compact in
the compact-open topology. In particular, this implies that the set of Lipschitz
constants of all mappings from 7 is bounded (see Proposition 2.1).

In this paper we generalize the results of Barnsley et al. by considering lips-
chitzian IFSs ((X,d); T): here (X,d) is an arbitrary metric space, T is allowed to
be infinite and all mappings from 7 are lipschitzian. Actually, we also use yet more
general assumption on 7; namely, T is such that for some positive integer p, the
set of Lipschitz constants of all compositions of p mappings from 7 is bounded. For
such families 7, we establish four remetrization theorems giving necessary and suffi-
cient conditions for the existence of an equivalent (uniformly equivalent or Lipschitz
equivalent) metric p such that all mappings from 7 are lipschitzian with respect to
p. We emphasize that the proofs given in [3] depend strongly on the linear struc-
ture of the Euclidean space (R™,d.). Our argument is completely different since
our proofs deal with a nonlinear case.

Finally, we extend the notion of the joint spectral radius r(7): it is possible to
define it for any family 7 of selfmaps, which is uniformly lipschitzian, i.e., the set of
Lipschitz constants of all these mappings is bounded. Then the inequality r(7) < 1
is equivalent to the condition that for some p € N, the set of Lipschitz constants of
all compositions of any p mappings from 7T is upper bounded by some constant less
than one. This fact shows that our remetrization theorems given in the next section
do extend results of Barnsley et al. [1,3]. At last we obtain a generalization of
the Rota—Strang formula for the joint spectral radius of a bounded family of linear
continuous operators. This also extends Goebel’s [7] (or see [8, p. 11]) formula for a
generalized spectral radius of a lipschitzian selfmap of a metric space. Let us point
out that though Goebel’s result concerns a nonlinear mapping and his argument is
different than that of Rota and Strang, it seems to be unclear how to modify his
proof so that it would work for a family of mappings. Thus we had to use a different
approach than both in [14] and [7].
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2. REMETRIZATION THEOREMS FOR FAMILIES OF MAPPINGS

Given a selfmap T of a metric space (X,d), we denote by Ly(T') the Lipschitz
constant of T, i.e.,

Ly(T) :=sup{d(Tz,Ty)/d(z,y) : x,y € X, = # y}.
(We allow Lg(T) to be infinite.) If 7 is a nonempty family of selfmaps of X, then
we set
Ly(T) :=sup{Ly(T): T € T}.
Moreover, for any n € N, we define
T":={Thyo---oT,:T,..., T, € T}

Also, we set 70 := {Id}, where Id is the identity mapping on X.
We start with a characterization of IFSs considered by Barnsley and Vince [3].

Proposition 2.1. Let ((R™,d.); T) be an affine IFS which is compact in the compact-
open topology. Then there exists Ty € T such that Ly, (T) = Lqa,(T0). In particular,
Ly (T) is finite.

Proof. 1t suffices to show that the mapping T'+ L4 (T") is continuous from 7 with
the compact-open topology to (R, d,). Since in this case the compact-open topology
is metrizable (see, e.g., [6, p. 332]), it is enough to prove that the above mapping
is sequentially continuous. So let T, T, € T and T, — T. There exist a,,a € R™
and linear operators L, and L such that T,, = L, + a, and T = L + a. Since,
in particular, 7,0 — T0, we get that a,, — a. For any x € R™, we have that
| Lnx — Lz || < || Tox — Tz || + || an — a ||. Hence, by compactness of the closed
unit ball, we infer that || L, — L || — 0,s0 || L, || = || L ||. To complete the proof
it is enough to observe that || L, || = Lg, (T},) and || L || = Lg, (7). O

In the sequel we establish four remetrization theorems for a family 7 such that
L4(T?) < oo for some p € N. We start with a few lemmas which seem to be folklore
results.

Lemma 2.2. Let d and p be equivalent metrics on X such that for some o > 0,
p(z,y) > ad(x,y) for all z,y € X. If (X,d) is complete, so is (X, p).

Proof. Let (z,,) be a Cauchy sequence in (X, p). Since d(zp, zm) < (1/a)p(zn, Tm),
we infer (z,,) is a Cauchy sequence in (X, d), so by completeness, d(z,,z) — 0 for
some x € X. Then p(z,,x) — 0 since the two metrics are equivalent. O

Let us recall that two metrics d and p on a set X are uniformly equivalent (see,
e.g., [6, p. 321]) if the identity mapping on X is uniformly continuous from (X, d)
onto (X, p), and from (X, p) onto (X, d).

Lemma 2.3. Let d and p be equivalent metrics on X, and T be a nonempty family
of selfmaps of X such that L,(T) < co. Then we have:
(1) if there exists a > 0 such that p(x,y) > ad(z,y) for all x,y € X, then T is
equicontinuous with respect to d;
(2) if d and p are uniformly equivalent, then T is uniformly equicontinuous with
respect to d;
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(3) if d and p are Lipschitz equivalent with constants o, [ as in (1.1), then

Lg(T) < ng(T).

Proof. 1. Let zp € X and T € 7. By hypothesis, for any z € X,
1 L

(2.1) d(Tz,Txg) < —p(Tx, Txg) < ﬂp(l‘,l‘o).
a o

If L,(T) = 0 then we are done. So let L,(7) > 0. Since d and p are equivalent,
given € > 0 there is § > 0 such that

if d(z,z9) <9, then p(z,z0)<

Ly(T)
Hence, by (2.1), we get that d(T'z, Txo) < € if d(z,x09) < d. Since ¢ does not depend
on T, we obtain that 7 is equicontinuous at xg.

2. As in point 1, it suffices to consider the case when L,(7) > 0. By hypothesis,
for any £ > 0, there is 7 > 0 such that if u,v € X and p(u,v) <7, then d(u,v) < €.
On the other hand, there is 6 > 0 such that if x,y € X and d(z,y) < ¢, then
p(z,y) <n/Ly(T). Hence, for such z,y, we get

p(Tz, Ty) < Ly(T)p(z,y) <n

which yields d(Tz,Ty) < €. So T is uniformly equicontinuous with respect to d.
3. Let z,y € X and T € T. By (1.1), we get

2 (T,

and hence Ly(T) < (8/a)L,(T). O

The following example shows that condition ‘p > ad’ in point 1 of Lemma 2.3
cannot be omitted. (Actually, it can be weakened by assuming that the identity
mapping is uniformly continuous from (X, p) onto (X,d).)

A2, Ty) < L p(ra, 1) < 22T (0 ) <

Example 2.4. Set X :=[1,00), d := d,, and for z,y € X, p(z,y) := |Inz — Iny|.
Clearly, p is a metric equivalent to d and (X, p) is complete. For n € N and = € X,
define

Thx:=nz and T :={T,:necN}
Then T}, are isometries with respect to p, so L,(7) = 1, but T is not equicontinuous
with respect to d at any point of X. Let us note that p < d by the mean value
theorem.

We omit a simple proof of the following

Lemma 2.5. Let T be a nonempty family of selfmaps of a metric space (X,d). If
T is uniformly equicontinuous, so is T" for any n € N.

Theorem 2.6. Let (X, d) be a [complete] metric space and T be a nonempty family
of selfmaps of X such that for some p € N, Ly(T?) < 0o and for any xz,y € X,

p—1

(2.2) sup {d(Tx, Ty):T € U Tk} < 0.
k=0

The following statements are equivalent:
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(i) the family Ui;é T* is equicontinuous;
(ii) for any e > 0, there exists a [complete] metric p equivalent to d such that
p > ad for some a > 0, and

L,(T) < max{e, Ld(Tp)l/p}.

Proof. (i)=(ii): For A > 0 and z,y € X, define
(2.3)
px(z,y) =sup{d(Tz,Ty): T € TP~} + Asup{d(Tz,Ty) : T € TP} +---
+ NP 2sup{d(Tz, Ty) : T € T} + A\~ Ld(z, y).

By (2.2), py is well-defined. It is easily seen that p) is a metric and condition (i)
implies that py and d are equivalent. Since py > A\P~'d, Lemma 2.2 implies that if
(X, d) is complete, so is (X, py). Observe that for any S € T,

pA(Sz,Sy) < sup{d(Tx,Ty):T € TP} + Asup{d(Tz,Ty) : T € TP} +---
+ X 2sup{d(Tz,Ty) : T € T?} + XL sup{d(Tz,Ty) : T € T}
< La(TP)d(x,y) + Apa(z,y) — APd(z, y)
= (Ld(Tp) - )\p)d(xa y) + )‘p)\(xa y)v

since ToS € TP~ for any i = 1,...,p and T € TP~*. Now we consider the
following two cases.

1. Lg(TP) > 0. Set Ao := Lg(TP)/? and p := py,. Then p(Sz, Sy) < Aop(z,v)
which yields L,(7) < La(TP)Y/.

2. Lg(TP) = 0. Then for any A > 0 and S € T, pa(Sz,Sy) < Apr(z,y), so
Lo (T) <A
Thus in both cases given € > 0, there is a metric as in (ii).

(ii)=(i): Clearly, (ii) implies that L,(7) < oo and hence L,(7") < oo for any
n € N since L,(T") < (L,(T))". By Lemma 2.3 applied to 7", we get that
each 7" is equicontinuous with respect to d. Hence the finite union Ui;é T* is
equicontinuous. O

Observe that, under the assumptions of Theorem 2.6, if a family 7T is finite, then
(2.2) is satisfied. Moreover, in this case (i) is equivalent to the condition that each
mapping from 7 is continuous since the family Ui;é T* is finite. Thus Theorem 2.6
yields the following result which was proved in [13].

Corollary 2.7. Let (X,d) be a [complete] metric space and T = {T1,..., TN} be
a family of selfmaps of X such that for some p € N, Ly(T?) < oo. The following
statements are equivalent:
(i) Th,...,Tn are continuous;
(ii) for any e > 0, there exists a [complete] metric p equivalent to d such that
p > ad for some a > 0, and

L,(T) < max{e, Ly(TP)'/P}.

We give two examples to illustrate the assumptions of Theorem 2.6. First let us
note that condition ‘L4(7?) < oo’ implies that sup{d(Tz,Ty) : T € TP} < oo for
any x,y € X, but in general it does not imply (2.2) as shown in the following
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Example 2.8. Set X :=[0,00), d :=d, and for n € N,
Twx:=n—(n—1z if z€]0,1], and T,x:=1 if =z >1.

Define T := {T,, : n € N}. It is easily seen that for any m,n € N and = € X,
(T, o Tp)x = 1, so Lg(T?) = 0. On the other hand, if z,y € X and z # y, then
sup{d(Tx,Ty) : T € T} < oo if and only if 2,y > 1, so (2.2) does not hold.

The next example shows that condition (2.2) cannot be simplified by assuming
only that sup{d(Tz,Ty) : T € T} < oo for any x,y € X. Also, the same example
illustrates that condition (i) in Theorem 2.6 is not equivalent to the condition ‘7T is
equicontinuous’.

Example 2.9. Set X :=R, d:=d,, and for n € N and = € R,

Thx:=xz+n and Tyhx = 22,

Let T :={T, : n € NU{0}}. Then for any z,y € R,
sup{|Tz — Ty| : T € T} = max{|z — yl, |2* — v*|} < oo,
but if z # y, then
sup{|Tz — Ty| : T € T?} > sup{|(Tp o Tp,)x — (Ty o Tp)y| : n € N} = oo.

Moreover, it is easily seen that 7 is equicontinuous, but 72 is not equicontinuous.
(Consider its subfamily {Tp o T, : n € N}.)

Our next remetrization theorem deals with a pair of uniformly equivalent metrics.

Theorem 2.10. Let (X,d) be a metric space and T be a nonempty family of self-
maps of X such that for some p € N, Lq(T?) < oo and for any z,y € X, (2.2)
holds. The following statements are equivalent:

(i) T is uniformly equicontinuous;
(ii) for any e > 0, there exists a metric p uniformly equivalent to d such that

L,(T) < max{e, Ld(Tp)l/p}.

Proof. Tt suffices to modify the proof of Theorem 2.6.

(i)=(ii): For A > 0, define the metric p) by (2.3). By Lemma 2.5, since T is
uniformly equicontinuous, so is the family 7% for each k =0, ..., p — 1. This easily
yields that d and p) are uniformly equivalent. Now it suffices to repeat the argument
used in the proof of Theorem 2.6 ((i)=(ii)).

(ii)=(1): By (ii), L,(T) < o0, so Lemma 2.3 (point 2) implies that (i) holds. O

It turns out that the formulation of Theorem 2.10 can be simplified if a metric
space (X,d) is connected. In this case condition (2.2) can be dropped. To show
that, we start with the following

Lemma 2.11. Let T be a nonempty family of selfmaps of a connected metric space
(X,d). If T is uniformly equicontinuous, then for any xz,y € X, sup{d(Tz,Ty) :
TeT} <oo.



REMETRIZATION THEOREMS 405

Proof. By hypothesis, there exists § > 0 such that for any x,y € X, if d(z,y) < 9,
then d(Tz,Ty) < 1 for any T € T. Fix xg,yo € X. Since (X,d) is connected,
there exists a finite sequence (xi)i]io such that xny = yo and d(x;—1,x;) < J for each

ie{l,...,N} (see, e.g., [6, p. 442]). Hence we get that for any 7' € T,

N
d(Txo, Tyo) <> d(Twi1,Txi) < N,
=1

so sup{d(Txo,Tyo) : T € T} < 0. O

Theorem 2.12. Let (X, d) be a connected metric space and T be a nonempty family
of selfmaps of X such that for some p € N, Ly(T?) < oco. The following statements
are equivalent:

(i) T is uniformly equicontinuous;

(ii) for any e > 0, there exists a metric p uniformly equivalent to d such that

L,(T) < max{e, Ld(Tp)l/p}.

Proof. (i)=(ii): By Lemma 2.5, since 7 is uniformly equicontinuous, so is 7* for k =

0,..., p—1. Hence the family Ui;(l) T* is uniformly equicontinuous, so Lemma 2.11

applied to this family implies that (2.2) holds. By Theorem 2.12, (ii) is satisfied.
Implication (ii)=-(i) follows from Lemma 2.3 (point 2). O

Remark 2.13. Actually, the connectivity condition in Theorem 2.12 can be weak-
ened: it suffices to assume that for any € > 0, (X,d) is e-chainable (see, e.g., |9,
p. 19]), i.e., for any z,y € X, there exists a finite sequence (a:i)i]io such that zg = z,
xy =y and d(x;—1,2z;) < . The latter condition, however, is equivalent to the
connectivity if (X, d) is compact [6, p. 442].

We close this section with the remetrization theorem dealing with a pair of Lip-
schitz equivalent metrics.

Theorem 2.14. Let (X,d) be a metric space and T be a nonempty family of self-
maps of X. The following statements are equivalent:
(i) La(T) < oo;
(ii) for any p € N and € > 0, there exists a metric p Lipschitz equivalent to d
such that L,(T) is finite and

L,(T) < max{e, Ly(TP)/P}.

Proof. (i)=(ii): Let p € N. Since Lq(T) is finite, so is Ly(T*) for k=0,...,p — 1.
Hence (2.2) holds for any =,y € X, and by (2.3), we may define the metric p) for
any A > 0. It is easily seen that for any =,y € X,

N7z, y) < pa(z,y) < (La(TP Y + ALg(TP2) + -+ NP 2Lg(T) + 2~ Hd(z, y),

so d and py are Lipschitz equivalent. Now the same argument as in the proof of
Theorem 2.6 ((i)=-(ii)) shows that (ii) holds.

(ii)=(): By (ii), L,(T) < o0, so by Lemma 2.3 (point 3) we get that also Lq(7)
is finite. U
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3. GENERALIZED JOINT SPECTRAL RADIUS AND AN EXTENSION
OF THE ROTA-STRANG AND GOEBEL FORMULAS

Let (X, d) be a metric space and T be a nonempty family of selfmaps of X such
that Ly(7T) < oo. Set ay, := Lg(T") for n € N. Then each a, is finite and it is easy
to check that

Amtn < ama, for any m,n € N.
We say then that (a,) is submultiplicative. It is known that any submultiplicative
sequence (ay) of nonnegative reals has the property that the limit lim, a,ll/ "
exists and

lim a!/™ < al/™ for any m e N.
n—oo

(For a direct proof of this fact, see, e.g., [12]; the result can also be derived from [10,
Lemma 4.7.1] applied to the sequence (logay,).) In particular, the limit

ra(T) := lim Lg(T™)"/"

exists and we call it the generalized joint spectral radius of T or just joint spectral
radius of 7. Let us observe that if X is a Banach space and T C B(X), then for any
TeT,LyT)=| T | (here d denotes the metric induced by the norm on X), so
the inequality Ly(7T) < oo means that 7 is a bounded (with respect to the operator
norm) subset of B(X). In this case 74(7) coincides with the Rota-Strang [14] joint
spectral radius. On the other hand, if 7 is a singleton, say 7 = {1}, then r4(7T) is
equal to the constant denoted in [8, p. 10] by koo (T"). Goebel [7] (see also [8, p. 11])
proved the following formula for koo (7"):

(3.1) koo(T) = inf{L,(T) : p is Lipschitz equivalent to d}.

A similar formula was proved earlier by Rota and Strang [14] for the joint spectral
radius 7(7") of a nonempty bounded family 7 of linear continuous operators on a
Banach space X:

(3.2) r(T)=inf { sup NV (T) : N is equivalent to the operator norm on B(X)} .
TeT

In this section we give a common extension of both these results. We start with the

following

Lemma 3.1. Let (X,d) be a metric space and T be a nonempty family of selfmaps
of X such that Lqy(T) < oo. If a metric p is Lipschitz equivalent to d, then rq(T) =
ro(T).

Proof. By hypothesis, there exist o, > 0 as in (1.1). Clearly, Ly(7") < oo for
any n € N. By Lemma 2.3 (point 3) applied to 7", we infer that Lg(7T") <
(B/a)L,(T"), and by interchanging the roles between d and p, L,(T") <
(B/a)Lg(T™). Hence we get that

B

(07

(CY)W La(T™)Y" < Ly(T")Y" < < >1/n La(T")",

g
so letting n tend to co we obtain r4(7) = r,(T). O
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Let us note that in the case when 7 is a singleton, Lemma 3.1 was proved by
Goebel [7]. The case of a finite 7 was considered in [13].

Theorem 3.2. Let (X, d) be a metric space and T be a nonempty family of selfmaps
of X such that Lq(T) < oco. For A >0, let p) be defined by (2.3). Then

rq(T) = inf{L,(T) : p is Lipschitz equivalent to d} = )i\n% L, (T).
>

Proof. Denote a := inf{L,(7T) : pis Lipschitz equivalent to d} and b :=
infys0 L, (T). Let p be Lipschitz equivalent to d. By Lemma 3.1, 74(7T) = r,(T).
Hence, since r,(7T) < L,(T™)'/™ for any n € N, we infer that r4(7) < L,(7T). This
shows that 74(7) < a. Since for any A > 0, p, is Lipschitz equivalent to d, it is clear
that @ <b. Thus it suffices to prove that b < r4(7). We consider the following two
cases.

1. Lyg(T?) = 0 for some p € N. Then by Theorem 2.14, for any ¢ > 0, there
exists a metric p Lipschitz equivalent to d such that L,(7) < e. In fact, the proof
of Theorem 2.6 shows that we may set p := p.. Hence b =0, so b < rg(T).

2. Lyg(T™) > 0 for all n € N. Then by Theorem 2.14, for any n € N, there exists
a metric p Lipschitz equivalent to d such that L,(7T) < Lq(7™)Y/™. Since p may
be chosen from the family {p) : A > 0} as shown in the proof of Theorem 2.6, this
implies that b < Lq(7™)'/". Hence, letting n tend to oo we get that b < rq(7). O

It is clear that Theorem 3.2 extends Goebel’s formula (3.1). Now we show that
it also extends the Rota—Strang formula (3.2). So let X be a Banach space and T
be a bounded subset of B(X). Then for any A > 0, py (see (2.3)) is well-defined
and it is easily seen that py is induced by the norm || - ||y on X defined by

| z |[x:=sup{|| Tz ||: T € Tpfl} + Asup{|| Tz ||: T € 7'p72} 4+ AP |z .

Every norm || - || on X induces the norm || - ||x on B(X) (we use the same notation
for both norms), and L,,(T) = || T ||z for T € T, so L,,(T) = supper || T ||x.
Thus Theorem 3.2 yields that

r(T) = inf{sup | T {|x: A > 0},
TeT

which implies that r(7) < ¢, where ¢ denotes the right side of (3.2). That ¢ < r(T)
follows from the fact that if A is any norm equivalent to the operator norm
on B(X), then by Lemma 3.1, 7(7) = lim,_oo(suppeg= N(T))V/" and 7(T) <
(suppegn N(T))Y/™ for any n € N since the sequence (suppeza N (T))nen is sub-
multiplicative; in particular, 7(7T) < supper N (T).

Now we recall the result of Barnsley and Vince [3] mentioned in the introduction.
(In fact, they established a list of five equivalent conditions.)

Theorem 3.3. Let ((R™,d.);T) be an affine IFS such that T is compact in the
compact-open topology. The following statements are equivalent:

(i) there exists a metric p Lipschitz equivalent to d. such that each T € T is a
contraction with respect to p;

(ii) ~(T) < 1.
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As an immediate consequence of Theorem 3.2, we obtain the following extension
of Theorem 3.3.

Corollary 3.4. Let (X, d) be a metric space and T be a nonempty family of selfmaps
of X such that Lq(T) < co. The following statements are equivalent:

(i) there exists a metric p Lipschitz equivalent to d such that L,(T) < 1;
(ii) rq4(T) < 1.

We show that indeed, Corollary 3.4 is a generalization of Theorem 3.3. So let
((R™,d.); T) be as in Theorem 3.3. By Proposition 2.1, Lg_(7) < oo. Thus implica-
tion (ii)=-(i) of Theorem 3.3 follows directly from Corollary 3.4. We prove (i)=-(ii)
of Theorem 3.3. By Proposition 2.1, there exists Ty € T such that L,(7T) = L,(1p).
Hence L,(T) < 1, so by Corollary 3.4, (ii) holds.

Now let us observe that since r¢(7) = limy, o0 Lag(T™)/™ and 174(T) < Lq(T™)Y/™
for any n € N, we have the following equivalence:

rqg(T) <1 ifand only if Lg4(7%) <1 for some p € N.

Thus if 7 is not a family of lipschitzian mappings, so that r4(7) cannot be defined,
we may substitute condition ‘Ly(7?) < 1 for some p € N’ for ‘rq(7) < 1. For such
families of mappings, we may obtain further extensions of Theorem 3.3 with the
help of our remetrization theorems. To illustrate this fact, we present here only one
of possible applications of the results of the previous section.

Corollary 3.5. Let (X, d) be a connected metric space and T be a nonempty family
of selfmaps such that for some p € N, Ly(T?) < 1. The following statements are
equivalent:

(i) T is uniformly equicontinuous;

(ii) there exists a metric p uniformly equivalent to d such that L,(T) < 1.

Proof. (i)=-(ii): By Theorem 2.12, there exists a metric p uniformly equivalent to
d such that

Ly(T) < max{1/2, Ly(T?)"/7} <1,
so (ii) holds.
(ii)=(i) follows from Lemma 2.3 (point 2). O

Finally, we present yet another condition equivalent to the inequality r(7) < 1
for affine IFSs. This extends the list of equivalent conditions in [3, Theorem 4].

Theorem 3.6. Let ((R™,d.);T) be an affine IFS such that T is compact in the
compact-open topology. The following statements are equivalent:

(i) 7(T) <1;

(i) for any sequence (Ty,) such that T,, € T form € N, Ly(Tho---0T,) — 0.
Proof. For any T € T, there is a unique L € B(R™) and a € R™ such that Tz =
Lz + a for any x € R™. Thus we may define the mapping

F(T):=L forany T €T.

The proof of Proposition 2.1 shows that F' is continuous from 7 with the compact-
open topology into B(R"™). Thus the set F(7) is compact with respect to the
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operator norm. By definition of r(7"), we have that »(7) = r(F(T)). Hence by [12,
Theorem 5.1], (i) is equivalent to the condition

(iii) for any sequence (L,,) such that L,, € F(T) forn € N, lim, o || L10---0Ly, ||
=0.

Observe that for any sequence (7)) elements of T, if L, := F(T),), then for any
n € N, there is b, € R™ such that

(Tho---oTp)xr=(Lyo---0Ly)x+b, forall xeR™

which implies that Ly(Ty o ---0T,) =| Ly o---0 L, ||. This easily yields the
equivalence between (ii) and (iii), so the proof is completed. O

Theorem 3.6 is a generalization of [4, Theorem 4.1] (see also [5]) by Daubechies
and Lagarias in which 7 is assumed to be a finite family of linear mappings.
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