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ABSTRACT. We say a space X with property P is a universal space for or-
bit spectra of homeomorphisms with property P provided that if Y is any
space with property P and the same cardinality as X and h : Y — Y is any
(auto)homeomorphism then there is a homeomorphism g : X — X such that
the orbit equivalence classes for h and g are isomorphic. We construct a com-
pact metric space X that is universal for homeomorphisms of compact metric
spaces of cardinality the continuum ¢ and prove that there is no such space that
is countably infinite. In the presence of some set theoretic assumptions we also
give a separable metric space of size ¢ that is universal for homeomorphisms
on separable metric spaces.

1. INTRODUCTION

In [5] Good, et al, classified up to orbit equivalence all (auto)homeomorphisms
of compact metric spaces. They showed that if the collection of orbits of a bijection
T on a set X satisfy a few weak cardinality conditions then X can be given a
compact metric topology with respect to which T is a homeomorphism (we give the
precise statement of the result in the next section). In proving this classification of
homeomorphisms, many different construction techniques were utilized and many
exotic dynamical systems were constructed.

In this paper, motivated by the classification theorem of homeomorphisms on
compact metric spaces, we address the following question:

Does there exist a single compact metric space X of size k which
admits every possible homeomorphism allowed on the class of com-
pact metric spaces of size k7

That is to say in the language of this paper, is there a compact metric space that
is universal for homeomorphisms.

The answer depends, not surprisingly, on the size of k. If k is finite, then the
answer is trivially ‘yes’ and the only possible compact metric topology, the discrete
topology, is the example. It is not hard to show that if x is countably infinite
(Ng) then the answer is ‘no.” The main result of this paper is that if x = ¢, the
cardinality of the continuum, then there is a single compact metric space X with
c-many points such that X admits every possible homeomorphism allowed on the
class of compact metric spaces of size ¢. Surprisingly, X cannot be a Cantor space
or even a subset of a Cantor space, for instance X cannot not be a subshift. It is

2000 Mathematics Subject Classification. 37B45, 37E05, 54F15, 54H20.

Key words and phrases. abstract dynamical system, topological dynamical system, universal
space, cycle type, orbit spectrum, homeomorphisms of separable metric spaces, homeomorphisms
of compact metric spaces.

Raines supported by NSF grant 0604958.



2 C. GOOD, S. GREENWOOD, B.E. RAINES, AND C. SHERMAN

known that any such compact metric universal space X must contain nondegenerate
connected components, [10], and it is not hard to see that it must also have isolated
points (see [11] for a classification of homeomorphisms on Cantor space).

In [6], Good and Greenwood give a classification theorem for all homeomorphisms
on separable metric spaces (we state the theorem in the next section). We use this
theorem to address the related question of the existence of a separable metric space
X with size ¢ which is universal for homeomorphisms. Assuming a statement weaker
than the Continuum Hypothesis, we construct a separable metric space with size ¢
which is universal for homeomorphisms. Under the assumption of the Continuum
Hypothesis, we show that the space made up of the irrational numbers together
with a single convergent sequence of isolated points is also such a universal space.

In the next section we give definitions and preliminary results that are useful
throughout the paper. In Section 3 we show that there is no compact metric space
X with Ng-many points which is universal for homeomorphisms. In Section 4 we
construct a compact metric space with c-many points that is universal for homeo-
morphisms. In the last section we prove (with some set theoretic assumptions) that
there is a separable metric space with size ¢ which is universal for homeomorphisms.

2. PRELIMINARY DEFINITIONS AND RESULTS

By an abstract dynamical system we mean a function 7' : X — X on a set X
that has no specified structure. The relation ~ on X, defined by = ~ y if and
only if there exist m,n € N with T™(x) = T"(y), is an equivalence relation, whose
equivalence classes are the orbits of T. If O is an orbit of T, then we say that:

(1) O is an n-cycle, for some n € N, if there are distinct points zg, -+, Zp—1 in
O such that T(z;_1) = z;, where j is taken modulo n;

(2) O is a Z-orbit if there are distinct points {z; : j € Z} C O such that
T(xj_1) =z, for all j € Z;

(3) O is an N-orbit if it is neither an n-cycle for some n € N, nor a Z-orbit.

The cycle type or orbit spectrum of T is, then, the sequence
U(T) = (V7C701702703a .. )

of cardinals, where v is the number of N-orbits, { the number of Z-orbits and o,
is the number of n-cycles. In this paper we will be dealing solely with bijections,
so v will always be 0. We denote the cardinality of the continuum by ¢ and regard
cardinals as initial ordinals (so that w = Ry).

Definition 2.1. Let P be a topological property. We say that a space X is universal
for homeomorphisms of spaces with property P if X has P and whenever a space
Y with P, has a homeomorphism with orbit spectrum ¢ = (0, ¢, 01,03,...), then
there is a homeomorphism of X with orbit spectrum o.

Given an abstract dynamical system, one might naturally ask whether one can
impose a structure on X with respect to which 7" has some property. In particular,
if P is a topological property, one can ask whether one can endow X with a topology
that satisfies P and with respect to which T is continuous.

In [5], the existence of a compact Hausdorff topology on X with respect to
which T is continuous is characterized in terms of the orbit structure of T. The
existence of a compact metric topology on X making a bijection T continuous is
also characterized in [5].
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Theorem 2.2. [5] Let T : X — X be a bijection and let o(T) = (0,¢,01,092,...)
be the orbit spectrum of T. The following are equivalent:

(1) There is a compact metrizable topology on X with respect to which T is a
homeomorphism.
(2) Either
(a) X is finite; or
(b) X is countably infinite and T has both a Z-orbit and a cycle; or
(¢) X is countably infinite and there are n;-cycles, for each i < k, such
that if T has an n-cycle, then n is divisible by n; for some i < k; or
(d) X has the cardinality of the continuum and the number of Z-orbits and
the number of n-cycles, for each n € N, is finite, countably infinite, or
has the cardinality of the continuum.
(3) ¢ and each o; is finite, equal to w or equal to ¢ and either:
(a) ¢=0and ), non <w;or
(b) C#0 and ), oi #0; or
(c) there are n; such that o, # 0, for each i <k, and, if 0,, # 0, then n
is divisible by some n;; or
(@) ¢+ Yperon =c.

In [6], the continuity of arbitrary maps in separable metric spaces is characterized
in terms of the cardinality of the set X. The next theorem follows immediately from
Theorem 1.8 in [6].

Theorem 2.3. [6] Let T : X — X be a bijection and let o(T) = (0,¢,01,02,...)
be the orbit spectrum of T'. The following are equivalent:
(1) X[ <¢
(2) X can be identified with a subset of the Cantor set in such a way that T is
a homeomorphism;
(3) There is a (zero-dimensional) separable metric topology on X with respect
to which T is a homeomorphism;

(4) ¢+ ,enon <t

A closely related question arises in permutation group theory: given a subgroup
G of the full permutation group on a set X, when is there a structure on X that
gives elements of G some meaning? Neumann [9], Mekler [8] and Truss [12] consider
this question in the case that X is countable (see also [1]).

Theorem 2.4 (Mekler [8] & Truss [12]). Let X be a countable set and G be a
countable subgroup of the full symmetric group on X. There is a topology on X
with respect to which Xis homeomorphic to the rationals and each g € G is a
homeomorphism of X if and only if only if, for every finite FF C G,

(N {z:g(2) # 2}
geF
is empty or infinite.
Theorem 2.5 (Neumann [9] & Truss [12]). Let T : X — X be a bijection of the

countable set X with spectrum o(T) = (0,(,01,02,...) The following are equiva-
lent:

(1) There is a topology on X with respect to which X is homeomorphic to Q
and T is a homeomorphism;
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(2) Npeplz :T™(x) # x} is empty or infinite for all finite ' C N;
(3) Either:
(a) ¢ #0; or
(b) {n: o, # 0} is infinite; or
(c) whenever oy, # 0, there is some m such that k divides m and o, = w.

So in a strong sense, the rationals act as a universal space for groups of permu-
tations of a countable set with the property that, for finite F, (| cp{z : g(z) # 2}
is either empty or infinite (which corresponds to the fact that non-empty open
subsets of Q are infinite. (On the other hand, Truss [12] points out that not all
bijections can be realized as homeomorphisms of Q, for example when T is such
that v = ( =0, 012 = 015 = w, 036 = 1 and o, = 0 otherwise.)

In a private communication, W. N. Everitt asked how specific the spaces con-
structed in the proof of Theorems 2.2 of this result were to the function 7. This
question and the other results mentioned above raises the question of the existence
of universal spaces for certain types of abstract dynamical system. The character-
ization in Theorem 2.4 for the rationals is in terms of the behaviour of the fixed
point sets, the characterization in 2.3 for separable metric spaces is in terms of the
cardinality X, and the characterization in 2.2 for metric compacta is in terms of
the orbit structure of the function. All three of these, for bijections at least, can
be expressed in terms of the orbit spectrum of the function, and so we focus on
universal spaces for the set of admissible spectra of homeomorphisms.

3. UNIVERSAL SPACES FOR HOMEOMORPHISMS OF SMALL COMPACT METRIC
SPACES

It is well known (see [4]) that a compact metric spaces is either countable or has
cardinality the continuum. If X is a set of cardinality k for some k& € N, then the
discrete topology is the unique topology with respect to which X is compact metric
and any bijection of X will then be a homeomorphism, so X is then universal for
homeomorphisms of metric compacta of cardinality k. A more interesting situation
occurs when X is countable. We have the following theorem.

Theorem 3.1. No space is universal for homeomorphisms of countably infinite
metric compacta.

Proof. Recall that the Cantor-Bendixson derivative of a subset A of a topological
space X is the set A’ of limit points of A. Let X(© = X. Given X(® for any
ordinal o, define X@*1) = X (@' Given X®), for all ordinals 8 < \, and ) a limit
ordinal, define X = MNp<a X)),

Now suppose that X is countable, compact metric space. It is a well-known fact
(see [4]), that a countable compact metric space is homeomorphic to a compact
subset of the rationals with their usual topology. Such spaces are scattered, which
is equivalent to saying, at least in the compact case, that for some ordinal o, X (@)
is finite and X(@*1) is empty. (In the case of countable, metric compacta, o will
be a countable ordinal.) Let us suppose that X (@) has k points.

Since being a limit point is preserved by homeomorphism, any homeomorphism
T of X will permute X(®). But this implies that 7" must have an m-cycle for
some m < k. On the other hand there are homeomorphisms of countable metric
compacta which do not have m-cycles for any m < k. See for example Lemma 4.3.
Thus X is not universal. (]
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4. A UNIVERSAL SPACE FOR HOMEOMORPHISMS OF METRIC COMPACTA WITH
CARDINALITY ¢

In this section we construct a universal compact metric space X for bijections
that can be realized as homeomorphisms of metric compacta. The space X is a
compact subset of a family of concentric circles in the complex plane C. We will
express it as the union of two compact subsets of C, Y and Z, where Y N 7 is the
unit circle centered at the origin.

The following notation will be helpful in what follows. Recall that a subset A of
X is said to be invariant under T : X — X if and only if T(A) C A.

Definition 4.1. Let T: X — X and S : Y — Y be functions such that X —Y is
invariant under T, Y — X is invariant under S, X NY is invariant under both S
and T, and T(x) = S(z) for all z € X N Y. We define

T(x) ifrxeX,
TVvS(x)=<T(z)=8(z) ifzeXnNY,
S(x) ifzeY.

The proof of the next lemma is straightforward.

Lemma 4.2. LetT : X — X and S :' Y — Y be functions such that X —Y is
invariant under T, Y — X is invariant under S, X NY is invariant under both S
and T, and T(x) = S(x) for allz € X NY. Suppose that

(1) (T —y) = ¢o,08,. ),

(2) o(T Ixny) =0(S [xny) = (v 27<27U%7U%7"‘)7
(3> ( ly— X) ( 7(3 0170'5’,...),
Then

o(TVvS8) = (' +v+v°),(("++ ), (o +0f+03),...).

The space Y is constructed to consist of a sequence of concentric circles converg-
ing to the unit circle. Y will have the following property: if o = (0,(,01,09,...)
is a sequence of cardinals such that { and each o, is either 0 or ¢, then there is a
homeomorphism of Y with ¢(T) = o.

The space Z is constructed to consist of the unit circle together with a count-
able collection of isolated copies of the convergent sequence {0} U{l/n : 1 <
n € N} whose union is dense in Z. Z will have the following property: if o =
(0,¢,01,09,...) is a sequence of cardinals with exactly one of ¢ or o, n € N, equal
to ¢ and all others finite or equal to w, then there is a homeomorphism T of Z with
o(T) =o.

The space X is the space formed by taking the union of Y and Z, applying
Lemma 4.2. It is then easy to see that X then has the following property: if
o =(0,{,01,09,...) is a sequence of cardinals such that ¢ and each o,, are either
finite, equal w or equal to ¢ and ¢ + 0, = ¢, then there is a homeomorphism
T of X with o(T) = 0.

neN
For each d > 0, let Sy = {2z € C: |z| = d} and, for each n > 1, let

E, = 5141/2n U U Si41/2n41)2i
j>n+1



6 C. GOOD, S. GREENWOOD, B.E. RAINES, AND C. SHERMAN

For z € Sy, let L, be the ray passing from the origin through z. Let D = {d,, : 1 <
n} be a countable dense subset of S;.

For R = {r} U{r, : 1 < n}, where {r, : 1 < n} is an increasing sequence of
positive reals converging to r, we define

Yh—&U<USm>

neN
In particular, we define
Y =Ymup-1/2m1<ny-
Clearly Y is a compact subset of C.
For a sequence F = {F,, : n > 1} of subsets of Sy, let

Zr=5SUlJ | EnnL..

n>1zeF,
In particular, we define

Z=7Zp
where D = {{d,,} : d,, € D}. Notice that if z € Sy, then L, N E,, consists of the
sequence of points {(1 + 1/2" +1/27)z : n+ 1 < j} together with its limit point
(14+1/2™)z. Hence Z consists of the unit circle and an isolated sequence of copies
of the convergent sequence {0} U {1/n : 0 < n} whose union is dense in the space.
Since, for any € > 0, only finitely many copies of the convergent sequence contain

points of Z that lie distance more than e from S, Z is a compact subset of C.
The space X, then is defined by

X=YUZ
=Siu s

1<n

ulJ <{(14—1/2”-+1/2j)dn: n—+l<:j}LJ{(1—%1/2")dn}>.

1<n

Since Y and Z are both compact, X is also compact.

Let W = {0}U{1/n:1 < n} inherit the usual Euclidean topology from R, and,
for each n € N, let n = {0, 1,...,n—1} have the discrete topology. Let W,, = W xn
have the Tychonoff product topology so that it consists of n disjoint copies of the
convergent sequence W.

Lemma 4.3. (1) There is a homeomorphism T of W,, such that each point of
W, lies in an n-cycle.
(2) For each 1 < k < w, there is a homeomorphism T of Wy, such that {(0,7) :
0 < j < n} forms an n-cycle and all other points lie in one of k many
Z-orbits.

Proof. For (1), we write W,, = {(0,7) : 0 <j<n}U{(1/k,j):1<k,0<j<n}
The map T : W,, — W,, define by T'(z,j) = (z,j + 1), where j + 1 is taken modulo
n is clearly a homeomorphism of W,, whose only orbits are n-cycles.

For (2) we express W,, in a slightly different, but equivalent, form:

W,=40,7):0<j<n}U{(l,m,5):l€ZmeN0<j<n}.
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Points of the form (I,m,j) are isolated and basic open neighbourhoods of (0, j)
take the form {(0,7)} U {(l,m,j) : ,m € Z — F}, where F is a finite set. Define
T: W, - W, by T(0,5) = (0,7 + 1), where j + 1 is taken modulo n, T(I,m, j) =
(I,m,j+ 1), where j < n—1, and T(I,m,n — 1) = (I + 1,m,0). Then T is a
homeomorphism of W,, consisting of one n-cycle, {(0,7): 0 < j < n}, and w many
Z-orbits, one for each m € N. Restricting T to

W! ={(0,7):0<j<n}u{(l,m,j):1€Z,0<m<k,0<j<n},

which is homeomorphic to W,,, yields a homeomorphism with one n-cycle and k
many Z-orbits. (]

The proof of the following lemma is obvious.

Lemma 4.4. Suppose that R’ and R = {r}U{r, : 0 < n} are sets of positive reals,
that R’ is finite and that r, — r as n — oco. Then Yr U UTeR, S, is homeomorphic
toY.

Lemma 4.5. Suppose that:

(1) F={F,:1<n} is a sequence of subsets of S1 such that each F,, is finite
and | J, <, Frn is dense in S;.

(2) G = {2, € C:n € N} is a (possibly finite) sequence of points such that
G is disjoint from Zx, 1 < |zy| for each n € N but that, for each € > 0,
{neN:1+¢€<|z,]} is finite.

(3) N ={n; e N:j <k}, is a finite subset of N, that is possibly empty and
possibly has repetitions. For each j < k, let W(j) be a distinct copy of Wy,
in C disjoint from Zr UG.

Then the free union Zx UG U ;<5 W(j) is homeomorphic to Z.

Proof. Tt is routine to show that Z is homeomorphic to a free union of itself together
with a finite number of distinct points and a finite number of distinct copies of the
convergent sequence W. Hence we may assume that G is infinite and N is empty.

Claim 1. There is a homeomorphism f of C that maps Zx onto Z.

To see this, we first note that S; is countably dense homogeneous [2], which is to
say that for any two countable dense subsets A and B of S7, there is a homeomor-
phism of S; which maps the set A to the set B. Let f be such a homeomorphism
of Sy taking | J; ., Fin to D. The function f extends to a homeomorphism f* of the
complex plane by defining f*(rz) = rf(z) for each non-negative real . Note that
for all z € C, |z| = | f*(2)]-

The image f*(Zr) of Zz has the following property: for z ¢ D, L, N f*(Z) =
L,NS; ={z}, whereas, for z € D, L, N f*(Z#) consists of the point z itself and
a single copy of a convergent sequence together with its limit point. Specifically, if
z =dy, € D, then there exists an n € N and w € F,, such that d,, = f*(w), and

La, N (ZF) = {dn} U{(14+1/2" +1/2)d,, :n+1 < jYU{(1 +1/2")d,,}.
On the other hand,
Lg, NZ ={dn}U{(14+1/2™ +1/2)d,, :m+1<j}U{(1+1/2™)d,,}.

To complete the proof of the claim, we argue that we can ‘slide’ each Lq, Nf*(Zx)
along the ray Ly, so that it is mapped bijectively onto Lg, N Z. But, for any € > 0,
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there are only a finite number of points z € D for which the compact set L, N f*(Zx)
is not a subset of {z € C : |z| < 1+ ¢}. Hence, there is a homeomorphism, h, of
C that fixes S; and maps each L. N f*(Z£) onto L, N Z. The claim is proved by
setting f = ho f*.

Now consider the image Z U f(G) of Zx UG under f. That G' = f(G), satisfies
Condition (2) of the Lemma with respect to Z is routine. The following claim will,
therefore, complete the proof of the Lemma.

Claim 2. Z UG’ is homeomorphic to Z

Let G' = {z], : n € N}. We prove the claim in two stages. Recall that for each
dm € D, ZN L, consists of a convergent sequence of points together with the point
dp, lying on the unit circle. First we perturb each 2], in G’ to the point |z, |dm,
lying on the ray Ly, , dm, € D, so that it lies just further from the origin than
the points of the convergent sequence. Then we shuffle the points of the convergent
sequence along the ray to accommodate the point |z/,|d,,, , much in the same way
that the map 1/n — 1/(n+1) shuffles {0}U{1/n:1 < n} onto {0}U{1l/n:1 < n}.

Note that for each 1 < m and each d,,, € D, if w € E,, N Ly, , then |w| <
1+ 1/2m~1. For each z/, € G, we inductively choose m,, € N as follows:

(a) mj <m,, for all j <mn;

(b) 1+ 1/2m1 < |21];

() |arg(z}) — arg(dm, )| < | arg(_,) — arg(dm, )| < 1/2°"1.
Define the map A’ : ZU G’ — C by

h'(z):{z if z € Z,

|20 |dm, if z= 2],

Since, for any € > 0, h’ moves only finitely many points a distance more than €, and
the set of points that are moved by h’ converge to points in S, a compact subset
of C, b/ extends to a homeomorphism of C. Let Z' = h'(Z UG’). Notice that for
each m € N, if m # m,,, for any n, then Z' N Ly, = Z N Lg,,. On the other hand,
if m = m,,, for some n € N, then

Z'N Lq,, = (Z N La,,) U{|zn|dm, } where
ZNLg, = (51 UE,)N Lg,,
={dpyU{(1+1/2" +1/2)d,, :m+1 < U{(1+1/2™)d,,}.

Note, in particular, that Z’ = ZU{|z,|dm,, : 1 < n}, where 14+1/2™2 71 < |2, ||dpn, |-
This accomplishes our first goal of perturbing each z;, € G” onto a ray Lg,, —for
some d,,, € D.

Now let 2" = Z U {((1+1/2™~ + 1/2m=+t1)d,, 1 <n}. It is easy to see that
there is a homeomorphism, A", from Z" to Z. Define h* : Z/ — Z" by

B (2) z it z € Z,
zZ) =
(1+1/2m +1/27m* ) dy if 2 = | 2n|dom, -

Again, since, for any € > 0, h* moves only finitely many points a distance more
than e, and the set of points that are moved by h* converge to points in S, a
compact subset of C, h* extends to a homeomorphism of C. This accomplishes our
second goal of sliding each point a little along the ray Lg,, . It follows that there
is a homeomorphism of C that maps Z UG’ to Z”, and, as stated above, it is easy
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to see that Z” is homeomorphic with Z. This completes the proof of the and hence
the Lemma. ([

Definition 4.6. Let u, : C — C, for x € R, and s : C — C be defined by

Uy : TGZG — Tez(9+27rx)

s ret? s pet0t2mr)
The following lemma is standard (see for example [3])

Lemma 4.7. Both u,, for any x € R and s are homeomorphisms of C that preserve
each circle Sy, 0 < r, and fix the origin.

The orbit of a point z # 0 under u, is an n-cycle if x = m/n is a rational
expressed in lowest terms and is a Z-orbit if x is irrational.

The orbit of a point re’® # 0 under s is an n-cycle if r = m/n is a rational
expressed in lowest terms and is a Z-orbit if v is irrational.

Lemma 4.8. Let 0 = (0,(,01,02,...) be a sequence of cardinals each of which is
either 0 or c. There is a homeomorphism T of Y such that:
(1) o(T)=T; and
(2) such that the orbits of points in S1 under T are Z-orbits if ( = ¢ and
n-cycles if o, = ¢ and { = o, = 0 for all k < n.

Proof. Suppose that J = {j : o; # 0} is finite. For each j € J, the map u,;
restricted to Sy /; or restricted to Y is a rotation consisting of ¢ many j-cycles. For
any irrational x, u, restricted to Y is a rotation with ¢ many Z-orbits. The result
now follows trivially by Lemmas 4.2 and 4.4.

Suppose then that J = {j : o; # 0} is infinite. There are two cases. { = ¢; or
for some 1 < n, 0, = cand ¢ = 0; = 0 for all j < n. In the first case choose r to
be a positive irrational. In the second case choose r = 1/n. Indexing J (in the first
case), or J — {n} (in the second case) as {j; : k € N}, so that ji < j,, whenever
k < m. We can choose natural numbers p; such that p; and j, are co-prime and
|7 — pr/Jk| is minimal. Then py/jx — 7 as k — oco. Let R = {r} U {py/jr : k € N}
and let T be the restriction of the homeomorphism s to Yg. Clearly o(T) = 0. By
Lemma 4.4, Yg is homeomorphic to Y and we are done. ([

Lemma 4.9. Let 0 = (0,(,01,02,...) be a sequence of cardinals such that either:
(1) ¢ =c¢ and each oy, is finite; or
(2) ¢ =0, 0, = ¢ for some n and oy, is finite for all m # n.
There is a homeomorphism T of Y/ = S; U U1§m Si41/2m and a compact subspace
S1 UG of Y such that:
(@) G =Ui<p, Gm;
(b) for each 1 <m, Gy, C S141/9m consists of o,y many m-cycles under T';
(¢c) the orbits of points in Sy under T are Z-orbits if (1) holds and n-cycles if
(2) holds;
(d) o(T Is,ue) = 0;
(e) for any e >0, {z € G:1+¢€<|z|} is finite; and
(f) {z/|z] : z € G} is dense in S;.
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Proof. For Case (1), by Lemma 4.8, there is a homeomorphism 7" of Y and, there-
fore a homeomorphism T of Y, such that o(T) = o(T") = (0,¢,¢,¢,...), points of
Sy € Y’ lie in Z-orbits under 7" and points of Sj;/om lie in m-cycles. For each
om # 0, choose a subset G, of Sjyi/om consisting of o, many m-cycles. Oth-
erwise let G, be empty. Let G = |J;.,, Gm. Clearly one may choose G so that
{z/|z| : z € G} is dense in S;. N

For Case (2), let ¢/ = (0,0,07%,0%,...), where

0 ifi<n,
0 = . .
o; ifn <i.

Arguing as for Case (1), there is a homeomorphism 7" of Y’ such that points of Sy
lie in n-cycles and points of Siy;/om lie in m-cycles, for all 1 < m. Again we can
choose G, € Si41/2m to consist of o, many m-cycles and so that {z/|z] : z € G}
is dense. ]

Lemma 4.10. Let 0 = (0,(,01,09,...) be a sequence of cardinals all of which are
countable except for precisely one, which is equal to c¢. There is a homeomorphism
T of Z such that o(T) = o and each point of Sy has the same orbit type under the
action of T.

Proof. Suppose that 0 < ¢ < ¢, 0, = ¢ and that there is a homeomorphism S of
Z such that o(S) = (0,0,01,02,...). By Lemma 4.3, there is a homeomorphism
U of W, with exactly one n-cycle and ¢ many Z-orbits. By Lemma 4.2, SV U
is a homeomorphism of Z U W,, with ¢(SV U) = o. By Lemma 4.5, ZU W, is
homeomorphic to Z. Therefore there is a homeomorphism T of Z with ¢(T) = o
and we may assume without loss of generality that either ( = ¢ or ( = 0.

Suppose that J = {n : 0,, = w} is non-empty but finite. Let ¢’ = (0,{,07,0%,...),

where
0 ifo,=w,

N o, otherwise.
Suppose that there is a homeomorphism S of Z such that o(S) = o¢’. Again,
by Lemma 4.3, there is a homeomorphism U, of W,, that consists of precisely
countably many n-cycles. It follows by Lemma 4.2 that there is a homeomorphism
T of Z U, c; Wy such that o(T') = o. Therefore, by Lemma 4.5, there is a
homeomorphism T of Z with ¢(T) = 0. Hence we may assume that {n : o,, = w}
is either empty or infinite. Exactly the same argument allows us to assume that if
oy = ¢ for some n € N, then {k < n: o =w} is empty.

Now let ¢’ = (0,(,0%,05,...), where

_J0 ifo, <w,
o, otherwise,

/
Un

and let ¢’/ = (0,¢,01,0%,...), where
" 0 ifo, =uw,
o, = .
o, otherwise.

By Lemma 4.9, there is a compact subset S; UG of Y and a homeomorphism U of
S1 UG such that o(U) = ¢’ and points of S} lie in Z-orbits of U if { = ¢ or n-cycles
of U if o, = ¢!/ = ¢. Suppose that there is a homeomorphism S of Z such that



A UNIVERSAL SPACE FOR HOMEOMORPHISMS 11

o(S) = ¢’. Note that the action of S on S; consists of either Z-orbits, if { = ¢, or
n-cycles, if 0,, = o/, = 0/ = ¢. Hence, by Lemma 4.2, SV U is a homeomorphism of
ZUG with 0(SVU) = 0. But by Lemma 4.5, ZUG is homeomorphic to Z, so that
there is a homeomorphism 7" of Z with ¢(T") = ¢ and without loss of generality we
may assume that {n: o, < w} is empty.
We are left with four cases to consider:
(1) (=cand o; =0 forall 1 <y
(2) ¢ =cand {j:0; =w} is infinite;
(3) (=0;=0, for j #n, and 0,, = ¢ and
(4) ¢(=0;=0,for j <n,o,=cand {j:n < j,o; =w} is infinite.
We deal with these in order of simplicity. For Case (3), let u;/,, be the homeo-
morphism defined in Lemma 4.7 and let

Z/:ZUU1/7L(Z)U"'UU;L/_”1(Z)'

Clearly Z’ is a compact subset of C with the property that all orbits under the
action of uy /,, are n-cycles. On the other hand, it is easy to see that Z’ = Zx, where
F={F,:1<n}and F, = {dyn, u1/n(dn), ... ,u?;ﬂl (dy)}, which is homeomorphic
to Z.

Cases (2) and (4) are similar. We prove Case (2). By Lemma 4.9, there is
compact subset of C, Z' = S; UJ,_,, G and a homeomorphism 7" of Z’ such
that S; consists of Z-orbits of TV, G,, C Sl+1/2m and consists of ¢, many m-
cycles of TV, and {z/|z| : 2 € G, 1 < m} is dense in S;. For each 1 < m, let
Fo,={z/|z|: z € Gp} and let F = {F,, : 1 <m}. Recall that

Zr=5ulJ) | EmnL.,
1<m ze€F,,
where
EnNL,={1+1/2")2}u{(1+1/2"+1/2)z:m+1 < j}.
Define T : Zr — Zx by

') it e 5,
Py = JUH 2R = (12 0 e G,
(1+1/2™ 4 1/279) ;:EZ; ifz=(1+1/2"+ 1/2j)|1w7|’ w € G,

It is routine to check that o(T) = o.

Finally, for Case (1), let p be an irrational, let u, be the homeomorphism defined
in Lemma 4.7 and let {z, : n € Z} be a Z-orbit of the action of u, on 51, indexed
so that uy(z,) = 2zp41, for each n € Z. Let Fy = {z} and, for each 0 < n, let
F, ={z_p,2n}. Let F ={F, : 1 <n} and let

Z'=ZrU(EyN Ly,)
=S1U(EgNLy) U Enn(Le, ULs,).
0<n

Since {z, : n € Z} is dense in S7, by Lemma 4.10, Z’ is homeomorphic to Z. Note
that

EoNL, ={(1+1/2%2}u{(1+1/2°+1/27)2:1 < j}
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and, for 0 < n,

E,.NL, .
E.NL.,

(1+1/2"z2 3 U{(1+1/2" +1/2)z_, :n+1 < 5},

={
={(1+1/2")2, Uu{(1+1/2" +1/2))2, : n+ 1 < j},

Define U : Z/ — Z by

up(2) if z € 5y,
(1+1/2" Yz 1 if z=(14+1/2")z_p, 0 <n,
(T4+1/20 14 1/20 V)2, ifz=(14+1/2"+1/29)2_,
U(z) = 0<n, n+1<y,
(14 1/2"1) 2,44 if z=(141/2")z,, 0<n,
1+ 1727 +1/20 2,00 if 2= (14 1/2" +1/27)2,,
0<n, n+1<jy.

It is routine to check that U is a homeomorphism of Z’ each orbit of which is a
Z-orbit. ([l

Theorem 4.11. Let 0 = (0,(,01,09,...) be a sequence of cardinals. There is a
homeomorphism T of X such that o(T) = o if and only if

(1) ¢ and each o, 1 < n, is either finite, equal to w or equal to ¢, and
(2) at least one of ¢ or o, 1 <, is equal to c.

Proof. That o(T) satisfies Conditions (1) and (2) follows immediately from Theo-

rem 2.2. Conversely, given o, let 0¥ = (0,¢Y,0),0Y,...), where
CY _ 0 if C < W,
¢ if¢=rc,

and, for each 1 < n,

oY 0 ?fo’ngw,
¢ ifo, =r,

and let 0% = (0,¢(?,0f,0%,...), where (¥ = ¢ and

¢ ifo,=c¢, (#cand oy # ¢, for all k <n,
oy =10, ifo, <w,
0 if o, =¢, and either ( = ¢ or o = ¢, for any k < n.

So ¥ is a sequence of cardinals each of which is equal to either 0 or ¢. 0% is

a sequence of cardinals each of which is countable except for one element of the
sequence which is equal to ¢. Moreover, if (¢ = ¢, then ¢ = (¥ = (% = ¢, and if
0Z = ¢, then o) = 0% = 5, = ¢ and this is the first term in the sequence o that is
equal to .

By Lemmas 4.8 and 4.10, there are homeomorphisms U of Y and S of Z such
that U and S agree on Sy, o(U) = 0¥, and 0(S) = 0Z. By Lemma 42, T=UV S
is a homeomorphism of X =Y U Z such that ¢(T') = o. O
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5. A UNIVERSAL SPACE FOR HOMEOMORPHISMS OF SEPARABLE METRIC
SPACES

Under the continuum hypothesis the space X constructed above is also univer-
sal for homeomorphisms of separable metric spaces of size continuum. We can,
however, do better.

Theorem 5.1 (¢ < N,,,). There is a universal space for homeomorphisms of sepa-
rable metric spaces of cardinality c.

Proof. Let R have its usual topology, and let Z have the discrete topology. Since
¢ <N, ¢ =N, for some v € wy. Let Ry = {0} and, for each 0 < o < 7, let R,
be a subspace of R of cardinality N,. Then, for each o < v, X, = Ry, X Z is a
separable metric space.

Let

xX=Jxa
a<y

be the free topological sum of the spaces X, so that X has cardinality c.

Let m be a permutation of Z. If o(7) = (0, (s, 071,072, - .. ), then, for each 0 < «,
the map T, » : Xo — X, defined by Ty »(x,n) = (z,m(n)) is a homeomorphism of
X, with orbit spectrum o (T, ) = (0,¢, 01, 02, ...) where

‘= N, if ¢ #0,
lo  ifée =0,

Ny if op #£ 0,

and, for each 1 <n, o, = ]
0 if ogp, =0.

Let 0 = (0,¢,01,02,...) be a sequence of cardinals such that (UY ;. 0, =c.
Since the cofinality of ¢ is uncountable [7], at least one term of ¢ is equal to ¢. For
each a < v, define o, = (0,{4, 001,042, -.) Where

¢ ifa=0& (¢ <w, on fa=0& 0, <w,
Ca=1¢C ifa£0& (=X, and, for 1 <n, 04n =10, fa#0& o, =R,
0 otherwise, 0  otherwise.

Let A={a<~vy:04 #(0,0,0,...)}. By the above, for each o € A, there is a
homeomorphism T, of X, such that o(T,) = o,. Since at least one term of o is
equal to ¢, o, # (0,0,0,...) and, again by the above, there is a homeomorphism T,
of XyUU,¢ 4 Xa such that o(T) = 0. Let T': X — X be defined by T'(z) = T ()
for z € T, where a € A, and T'(z) = T, () for z € Xy UlJ,¢ 4 Xa. By Lemma 4.2,
T is a homeomorphism of X with o(T) = o. O

Corollary 5.2 (CH). (R — Q) UN is universal for homeomorphisms of separable
metric spaces of cardinality c.

REFERENCES

[1] Amna Ahmed and Chris Good. Continuity in the rational world. Preprint, 2010.

[2] Ralph Bennett. Countable dense homogeneous spaces. Fund. Math., 74(3):189-194, 1972.

[3] Robert L. Devaney. An introduction to chaotic dynamical systems. Addison-Wesley Studies
in Nonlinearity. Addison-Wesley Publishing Company Advanced Book Program, Redwood
City, CA, second edition, 1989.

[4] Ryszard Engelking. General topology, volume 6 of Sigma Series in Pure Mathematics. Hel-
dermann Verlag, Berlin, second edition, 1989. Translated from the Polish by the author.

[5] C. Good, S. Greenwood, R. W. Knight, D. W. McIntyre, and S. Watson. Characterizing
continuous functions on compact spaces. Adv. Math., 206(2):695-728, 2006.



14 C. GOOD, S. GREENWOOD, B.E. RAINES, AND C. SHERMAN

[6] Chris Good and Sina Greenwood. Continuity in separable metrizable and Lindel6f spaces.
Proc. Amer. Math. Soc., 138(2):577-591, 2010.

[7] Kenneth Kunen. Set theory, volume 102 of Studies in Logic and the Foundations of Mathe-
matics. North-Holland Publishing Co., Amsterdam, 1980. An introduction to independence
proofs.

[8] Alan H. Mekler. Groups embeddable in the autohomeomorphisms of Q. J. London Math.
Soc. (2), 33(1):49-58, 1986.

[9] Peter M. Neumann. Automorphisms of the rational world. J. London Math. Soc. (2),
32(3):439-448, 1985.

[10] Brian E. Raines and Casey Sherman. Certain orbit structures imply a non-degenerate com-
ponent. Preprint, 2010.

[11] Casey Sherman. Classification of homeomorphisms on Cantor sets. Preprint, 2010.

[12] J. K. Truss. Embeddings of infinite permutation groups. In Proceedings of groups—St. An-
drews 1985, volume 121 of London Math. Soc. Lecture Note Ser., pages 335-351, Cambridge,
1986. Cambridge Univ. Press.

SCHOOL OF MATHEMATICS, UNIVERSITY OF BIRMINGHAM, B15 2TT, UK
E-mail address: c.good@bham.ac.uk

UNIVERSITY OF AUCKLAND, PRIVATE BAG 92019, AUCKLAND, NEW ZEALAND
E-mail address: sina®math.auckland.ac.nz

DEPARTMENT OF MATHEMATICS, BAYLOR UNIVERSITY, WACO, TX 76798-7328 USA
E-mail address: brian_raines@baylor.edu

DEPARTMENT OF MATHEMATICS, BAYLOR UNIVERSITY, WAcO, TX 76798-7328, USA
E-mail address: casey_sherman@baylor.edu



