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ABSTRACT
ON THE UNIQUENESS OF POLISH GROUP TOPOLOGIES
Bojana Peji¢, PhD

University of Pittsburgh, 2007

Polish groups are separable completely metrizable topological groups. A key problem in
the theory of Polish groups is that of the uniqueness of a Polish group topology: under
what conditions does a group admit only one Polish group topology? Closely related is
the problem of automatic continuity: when is a homomorphism between Polish groups
necessarily continuous? This dissertation is an investigation of these questions.

The key to unlocking these problems is to determine which sets in a Polish group are
definable both algebraically and topologically. By algebraically definable one has in mind
sets such as the commutators, conjugacy classes, or the squares. In the context of Pol-
ish groups, topologically definable means being a Borel set. A classical uniqueness result
requires algebraically definable sets that are always Borel. Unfortunately its use is some-
times limited: while algebraically definable sets are often analytic (continuous images
of Borel sets), it is shown here that they are not necessarily Borel. In particular, the set
of squares in the homeomorphism group of the unit circle, and the set of squares in the
automorphism group of the rational circle, are not Borel.

An alternative result that avoids the need for Borel sets is obtained: a Polish group
with a neighborhood base at the identity consisting of sets that are always analytic has
a unique Polish group topology. As a consequence of this result, compact, connected,

simple Lie groups and finitely generated profinite groups have a unique Polish group

topology.
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1.0 INTRODUCTION

1.1 OVERVIEW AND STRUCTURE OF DISSERTATION

Polish groups are topological groups that are separable and metrizable by a complete met-
ric. These groups are ubiquitous in mathematics — to understand a mathematical object
one often needs to understand its symmetries, and groups of symmetries of reasonably
small objects come naturally equipped with a topological structure making them into a
Polish group. Banach spaces, unitary groups of separable Hilbert spaces, autohomeo-
morphism groups, Lie groups, automorphism groups of first-order structures, profinite
groups etc. are some of the examples of Polish groups.

Often, the topological structure is fundamentally important for proving results about
groups. But conversely, the algebraic structure places very tight restrictions on the types
of topology that can be defined on a group. In essence, my work is a part of a wider
program to understand what topologies can arise in given algebraic structures.

In particular, my dissertation advisor Dr. Paul Gartside and I have been interested in
the extreme case where the collection of group topologies of specified type on a group is
small — of cardinality 0 or 1. When does a group admit no more than one locally compact,
separable, metrizable group topology? When does a group admit a unique Polish group
topology?

These questions form an important part of the greater, and intensively studied, prob-
lem of the size and structure of the lattice of group topologies on a topological group.
Further, the problem of the existence of a unique topological group topology of some
type is closely related to the problem of automatic continuity — under what conditions

can we deduce that an algebraic homomorphism between topological groups must auto-



matically be continuous?

Both problems — automatic continuity and uniqueness of certain types of topology
— have come to the fore in a diverse range of subject areas. The study of automatic conti-
nuity in Banach algebras has been very fertile (see Dales’s comprehensive Banach algebras
and automatic continuity, [6]). For example, every character on a Banach algebra is con-
tinuous, and also, any homomorphism onto a semisimple Banach algebra is continuous.
Until recently, one of the fundamental problems in the theory of profinite (i.e., compact
zero-dimensional) groups was Serre’s Conjecture (now resolved in the positive by Nikolov
and Segal [27]) which essentially asked if every finitely generated profinite group has a
unique profinite group topology. Also, the problem of recovering the model from an au-
tomorphism group of a first-order structure is equivalent to asking which automorphism

groups have a unique Polish group topology.

The starting point for much of the research in this dissertation is a classical result
on the uniqueness of a Polish group topology due to G.W. Mackey [24]. According to
Mackey’s theorem, if a Polish group has a countable point-separating family of sets that
are Borel in any Polish group topology on that group, then the group admits only one
Polish group topology. (Here, a family C of subsets of G is point-separating if for any pair
of distinct points x and y in G, there is C € C such that x € C and y € C.) The difficulty in
applying Mackey’s theorem is deciding which sets are Borel in any Polish group topology
on the group. Indeed, at first glance it seems impossible to find sets which are Borel in all
Polish group topologies without already knowing what the Polish group topologies are —
and then we would already know that there is only one such topology, and that the group
admits a unique Polish group topology. We can avoid such circularity by considering

special sets called identity sets and verbal sets.

If G is a topological group, the subsets of G of the form {x € G | w(x;a1,...,ay,) =
1} = w!(1), where w is a free word and ay, ...,a,; € G, are called the identity sets. The
sets of the form {w(xy,...,xy;a1,...,am) | X1,...,x, € G}, are said to be verbal. If no
constants are used in the definition of a verbal set then we call it a full verbal set. For
example, centralizers are identity sets, conjugacy classes are (non-full) verbal sets, and

the m-th powers and commutators are examples of full verbal sets.



Note that the identity sets are necessarily closed, and hence Borel, in any Polish group
topology on a given Polish group. Hence they are ideal candidates for the countable
point-separating family in Mackey’s theorem. Indeed, Kallman [19] used identity sets to
show that the autohomeomorphism groups of manifolds admit a unique Polish group
topology. Also, identity sets can be used to show that the infinite symmetric group Se
admits only one Polish group topology. However, the identity sets are sometimes not
sufficient. For example, we will see that in the special orthogonal group SO(3,R) no
countable collection of identity sets separates points, and so the identity sets alone cannot
be used in applying Mackey’s result.

Thus, we are forced to move beyond identity sets. Verbal sets are natural candidates.
But while verbal sets are clearly analytic (the continuous images of a Polish space), it is
not clear if they are Borel, as demanded by Mackey’s theorem.

This problem raises two natural questions: first, are all verbal sets in fact Borel, and
second, can Mackey’s result be extended by allowing analytic (but not necessarily Borel)
sets in the countable point-separating family? Our investigation thus follows two direc-
tions, giving rise to two parts of the dissertation. In the first part (Chapters 3 and 4), we
obtain alternative results on the uniqueness of a Polish group topology that allow us to
use analytic sets (such as verbal sets). In the second part (Chapter 5), we examine the
complexity of verbal sets and establish that not all verbal sets are Borel.

We now outline the contents in more detail.

Chapter 2 provides fundamental definitions and important results on Polish spaces
and groups that will be needed in subsequent chapters.

The general theory is discussed and developed in Chapter 3. In Section 3.1 we explore
the relationship between the property of having a unique Polish group topology and the
property of automatic continuity of homomorphisms between Polish groups. In Sections
3.2 and 3.3 we define identity and verbal sets and make first steps in investigating their
complexity. In Section 3.4 we continue by discussing the effectiveness of identity sets
in proving uniqueness of topology results. In Sections 3.5, 3.6 and 3.7, we investigate
different ways of utilizing verbal sets. Of special importance are Theorems 21 and 22 of

Section 3.6, which say that a Polish group admits a unique Polish group topology if it



has a countable network, or a neighborhood base at the identity, consisting of verbal sets.
Section 3.8 introduces the separating group, a notion motivated by the study of automatic
continuity in Banach algebras.

Chapter 4 is devoted to the applications of the general results established in the pre-
vious chapter. The uniqueness of the Polish group topology is shown for the infinite
symmetric group, compact, connected, simple Lie groups (such as SO(3,R)), and finitely
generated profinite groups.

Chapter 5 is devoted to resolving the question of whether all verbal sets are Borel.
From the theory of Polish group actions, we know that conjugacy classes are always Borel.
We show that in Abelian Polish groups all verbal sets are Borel (Section 5.1), and that
in Se all full verbal sets are Borel (Section 5.2). One might anticipate that verbal sets
would also be Borel in any Polish group. However, the example of the squares in the
autohomeomorphism group of the circle, which, in Section 5.4, we show is not Borel,
dispels this hope. In contrast with the situation in S, where all full verbal sets are Borel,
in 5.5 we exhibit an example of a closed subgroup of S, in which the set of squares is not

Borel.



2.0 BACKGROUND

In this chapter we give a summary of basic notions and facts about Polish spaces and
groups. Unless a specific citation is given, all of these can be found in [20] and [1], which

are our main references for descriptive set theory.

2.1 POLISH SPACES

A Polish space is a separable topological space that is metrizable by a complete metric.

Recall that a o-algebra S on a set X is a collection of subsets of X containing the empty
set and closed under the operations of complementation and countable unions. The pair
(X, S) is then called a measurable space. Given a collection A of subsets of X, the smallest
o-algebra containing A is called the o-algebra generated by A and is denoted by o (.A).

In a topological space (X, T), the set of Borel sets is the o-algebra generated by the
open sets. It is denoted by B(X, T), or simply B(X), when confusion is impossible. If X is
metrizable (so that every closed set is a G-set), the set B(X) of Borel sets ramifies into a
transfinite hierarchy of length at most w; . In the first level are the open sets and the closed
sets, in the second level the Gs’s (countable intersections of open sets) and F,’s (countable
unions of closed sets), in the third level the F;;’s and Gs,’s, etc. Intuitively, we think of
the sets in higher levels as ‘more complex’, because their definition in terms of the open
sets is more complex.

A measurable space (X, S) is called a standard Borel space if there is a Polish topology
Ton X with § = B(X, 7).

In a topological space X, a set is called nowhere dense if its closure has empty interior.



A set is meager (or first category) if it is the union of a countable collection of nowhere
dense sets. A set A is said to have the Baire property if there is an open set U such that
the symmetric difference AAU = (A\ U) U (U \ A) is meager. The sets having the Baire
property form the smallest o-algebra containing all open sets and all meager sets.

A function f : X — Y is Borel measurable, or Borel, if the inverse image of any open set
in Y is Borel in X. We call f a Borel isomorphism if it is a bijection and both f and f~! are
Borel. Similarly, we say that a map f : X — Y is Baire measurable if the inverse image of
every open set in Y has the Baire property in X. Every Borel set has the Baire property
and so every Borel function is Baire measurable.

A subset A of a Polish space X is analytic if it is the continuous image of a Polish space,
or, equivalently, of a Borel subset of a Polish space. Borel sets are analytic, but not vice
versa. A subset of X is co-analytic if it is the complement of an analytic set. The class of
analytic sets is closed under continuous images and countable intersections and unions.
The class of co-analytic sets is closed under countable intersections and unions.

An analytic set B in a Polish space Y is complete if for any Polish space X and any
analytic set A in X, there is a continuous function F : X — Y such that F~1(B) = A.
Such a function is called a continuous reduction of A to B. Kechris showed in [21] that it is
sufficient for F to be a Borel reduction, i.e., an analytic set B in a Polish space Y is complete
if and only if for any Polish space X and any analytic set A in X, there is a Borel function
F: X — Y such that F"}(B) = A.

A true analytic set is an analytic set that is not Borel. It is known that there are true
analytic sets and this implies that complete analytic sets are not Borel. It is not provable
in ZFC that every true analytic set is complete [2]. Informally, complete analytic sets are “at
least as complex” as other analytic sets, and true analytic sets are ‘strictly more complex’
than Borel sets. The existence of true analytic sets implies that complete analytic sets are
‘strictly more complex” than Borel sets.

All analytic sets have the Baire property.

We recall the following well-known result of Souslin:

Theorem 1 (The Perfect Set Theorem for Analytic Sets, Souslin). Let X be a Polish space and

A C X an analytic set. Then either A is countable, or else it contains a Cantor set.



Theorem 2 (Lusin-Souslin). Let X, Y be Polish spaces and f : X — Y a Borel map. If A C X
is Borel and f is injective, then f(A) is Borel and f is a Borel isomorphism of A with f(A).

By applying the above theorem to the identity map, we find:

Theorem 3. If (X, S1) and (X, S,) are two standard Borel spaces, then either the two o-algebras
are equal: Sy = Sy, or incomparable: S; ¢ Sy and Sy € ;.

2.2 POLISH GROUPS

A Polish group is a topological group whose topology is Polish.

The main problem that we address in this dissertation is that of the uniqueness of a
Polish group topology: under what conditions does a given Polish group admit only one
Polish group topology?

Observe that the additive group R, for example, does not have a unique Polish group
topology. Group RR is isomorphic (as an abstract group) to R" for any n € IN, because each
of these groups is a vector space over Q of dimension 2%. Giving R the topology of R"
for each n, we obtain many different Polish group topologies on IR. For more examples of
Polish groups with non-unique Polish group topologies, please see Sections 4.2 and 4.3.
Note that all of these examples use the Axiom of Choice.

We recall several important results that will be used in later chapters in studying the

uniqueness of Polish group topologies.

Theorem 4 (Pettis). Let G be a topological group and A C G a set with the Baire property which

is not meager. Then A=A contains an open neighborhood of the identity.
From this we have the following easy consequence:

Theorem 5. Let G and H be Polish groups and f : G — H a homomorphism. If f is Baire

measurable then f is continuous. Further, if f is also surjective, then it is open.

By applying Theorem 5 to the identity map, one obtains:



Theorem 6. Let G be a group and Ty and 1, Polish group topologies on G. Then the two topologies

are either equal: T = T, or incomparable: T 51 T and T ,@ T.

We say that a family A of sets in a space X separates (or T-separates) points of X if for
every pair of distinct points x and y in X, thereisaset A € Asuchthatx € A, buty ¢ A.
We say that A is a point-separating, or Ti-separating family of X. Similarly, we say that A
To-separates points in X if for any x # y in X, we can find A € A that contains one of the
points but not the other. Call A a Ty-separating family of X.

Borel sets are generated (as a c-algebra) by the open sets, but they can also be gener-
ated by other families. An important result due to Mackey [24] gives sufficient conditions

for a family of sets in a Polish space X to generate all of the Borel sets in X.

Theorem 7 (Mackey). Let (X, T) be a Polish space and A a countable point-separating family
of Borel sets in X. Then the Borel sets in X are generated by the family A: B(X,t) C o(A). (In
fact, B(X, ) =0c(A).)

Our interest in Mackey’s result comes from the important implications it has for the
uniqueness of a Polish group topology, as given in the corollary below. In fact, we will

refer to the corollary as Mackey’s theorem.

Corollary 8 (Mackey’s Theorem). Let G be a Polish group with a countable point-separating
family of sets that are Borel in any Polish group topology on G. Then G has a unique Polish group
topology.

Note here that both in Theorem 7 and Corollary 8, the point-separating family can be
taken to be Tp-separating instead: if a countable Ty-separating family of Borel sets exists,
call it A, then A’ = AU {AC | A € A} is a countable T;-separating family of Borel sets,
and 0(A) = o(A").

Finally, from the theory of Polish group actions, we recall the following well-known

result (see [25]):

Theorem 9 (Miller). Let G be a Polish group, X a standard Borel space, and (g,x) +— g.x a
Borel action of G on X. Then every orbit {g.x | ¢ € G} is Borel.



3.0 GENERAL THEORY

3.1 AUTOMATIC CONTINUITY AND UNIQUENESS OF TOPOLOGY

In this section we investigate the relationship between the problems of the uniqueness of
a topology and automatic continuity in the context of Polish groups.

For notational simplicity, by a homomorphism between topological groups we will
mean an abstract group homomorphism — and similarly for a monomorphism, epimor-
phism and isomorphism.

Consider the following properties of a Polish group G:

(AC) Every (abstract group) homomorphism ¢ : G — H, where H is a Polish group, is
continuous.
(U) G has a unique Polish group topology.

(Aut) Every (abstract group) automorphism of G is continuous.

We prove a series of lemmas that establish relationships and facts about these proper-
ties. In particular, we will see that (AC) = (U) = (Aut) (Lemma 11). Lemmas 14 and 15
reveal another parallel between properties (AC) and (U). Also, we will see that in proving
(AC), one may restrict their attention to monomorphisms between Polish groups (Lemma
12). If we know that a Polish group G possesses property (AC), then in fact homomor-
phisms from G into any second-countable topological group are continuous (Lemma 14),

and even into any separable group, or Rg-bounded group (Lemma 16).

Lemma 10. Let G be a Polish group. The following are equivalent:

(i) G has property (U),



(ii) Every isomorphism ¢ : G — H, where H is a Polish group, is continuous.

Proof. Suppose that (U) holds and let T be the unique Polish group topology on G. Let
(H, o) be a Polish group and ¢ : G — H an isomorphism. Then ¢’ := {¢~1(U) | U € ¢}
is a Polish group topology on G (a ‘copy’ of the Polish group topology ¢ on H). By the
uniqueness property (U), ¢’ = 7. It follows that the inverse image under ¢ of every open
setin (H, o) is openin (G, T), so ¢ is continuous.

Conversely, let T and 7’ be two Polish group topologies on G. Then the identity iso-
morphism id : (G, T) — (G, ') is continuous by (ii), so 7" C 7. By Theorem 6, T = 7/, so

G has a unique Polish group topology. O

Lemma 11. The following implications hold in a Polish group G:

(AC) = (U) = (Aut).

Proof. This follows immediately after replacing (U) by the equivalent condition given in
Lemma 10. [
Lemma 12. Let G be a Polish group. The following are equivalent:

(i) G has property (AC),

(ii) Every monomorphism ¢ : G — H, where H is a Polish group, is continuous.

Proof. (i) = (ii) is immediate. Suppose (ii) holds. Let H a Polish groupand ¢ : G — H
a homomorphism. Then ¢ : G — G x H given by ¥(g) = (g, ¢(g)) is a monomorphism
from G into the Polish group G x H. By (ii), ¢ is continuous. Thus ¢ is continuous. O

Lemma 13. Let G be a Polish group. The following are equivalent:

(i) G has property (U),

(ii) Every epimorphism ¢ : H — G with closed kernel, where H is a Polish group, is continuous.

10



Proof. Suppose G has (U). Let H be a Polish group and let ¢ : H — G be an epimor-
phism with closed kernel. By the First Isomorphism Theorem, the canonical map ¢* :
H/ ker ¢ — G is an algebraic isomorphism between H/ ker ¢ and G. The group H/ ker ¢
is Polish since ker ¢ is closed. If o is the Polish group topology on H/ ker ¢, ¢* () is a Pol-
ish group topology on G. By property (U) on G, ¢*(c) coincides with the original Polish
group topology on G. It follows that ¢* is continuous, and thus so is ¢.

Suppose now that (ii) holds. Let T be the given Polish group topology on G and let 7/
be another Polish group topology on G. Then the identity map id : (G, ') — (G, T) must

be continuous, by (ii). Thus, T C 7/, and so T = 7/, by Theorem 6. O

Lemma 14. The following are equivalent for a Polish group G:

(i) G has property (AC),
(ii) Every homomorphism ¢ : G — H, where H is a second-countable topological group, is
continuous,

(iii) The given (Polish) group topology is the finest second-countable group topology on G.

Proof. Clearly (ii) = (i). To show (i) = (ii), recall that every second-countable group H
embeds as a topological group into the Polish group Homeo(I™N) of homeomorphisms of
the Hilbert cube [32], say, viae : H — Homeo(IN). Let ¢ : G — H, where H is second-
countable, be a homomorphism. Then eo¢ : G — Homeo(IN) is a homomorphism
from G into the Polish group Homeo(IN). By (AC), eo ¢ is continuous, and thus ¢ is
continuous.

(ii) = (iii)): Let T denote the given Polish group topology and let ¢ be a second-
countable group topology on G. The identity map from (G, t) into (G, o) is a homo-
morphism into a second-countable group, so by (ii), it must be continuous. It follows that
cCrT.

(iii) = (ii): Let T be the given Polish group topology on G. Let H be an arbitrary
second-countable group and let ¢ : G — H be a homomorphism. We may assume with-
out loss of generality, replacing if necessary the function¢ : G — Hby ¢’ : G - G x H
given by ¢'(g) = (g, ¢(g)), that ¢ is injective. (Here we note that G x H is second-

countable since G and H are, and that ¢’ is continuous if and only if ¢ is continuous.)

11



Let ¢ be the topology on G defined by ¢ := {¢~!(V) | Visopenin H}. Then (G,0) is
second-countable, since it is homeomorphic to the subgroup ¢(G) of H. By the assump-
tion (iii), ¢ C 7. Thus, the inverse image under ¢ of any open set in H is open in (G, 7),

so ¢ is continuous. ]

Lemma 15. The following are equivalent for a Polish group G:

(i) G has property (U),
(ii) The given Polish group topology is the finest Polish group topology on G.

Proof. This is immediate from the fact that if two Polish group topologies are comparable,

then they are equal (Theorem 6). O

Recall that a topological group H is said to be Ry-bounded if for every open neighbor-
hood U of the identity, H can be covered by countably many translates of U, that is, if
there exists a countable subset C of H such that C- U = H.

Lemma 16. Let G be a Polish group. The following are equivalent:

(i) G has property (AC),
(ii) Every homomorphism ¢ : G — H, where H is a second-countable topological group, is
continuous,
(iii) Every homomorphism ¢ : G — H, where H is a separable topological group, is continuous,
(iv) Every homomorphism ¢ : G — H, where H is an Ro-bounded topological group, is continu-

ous.

Proof. We have already seen that (i) < (ii) in Lemma 14. Since every second-countable
space is separable, and every separable topological group is Nyp-bounded, the implications
(iv) = (iii)) = (ii) are immediate. We show that (ii) = (iv). Let H be an Ng-bounded
topological group and ¢ : G — H a homomorphism. Recall that every Rp-bounded
topological group embeds into a product of second-countable topological groups [10].
Lete : H — [])\ea H), where each H) is a second-countable topological group, be such
an embedding of H. For each A, the homomorphism 77y ceo¢ : H — H) is continuous
by hypothesis (ii) (here, 77, denotes the A-th projection of [Ten Hy to H A)- Thus, ¢ is

continuous. ]

12



3.2 IDENTITY AND VERBAL SETS

As we shall see throughout this dissertation, the notion of ‘definability” of sets plays an
important role in many proofs of uniqueness of topology and automatic continuity. These
proofs all depend on understanding what sets are ‘definable’, or ‘computable’, both alge-
braically and topologically. In this context, a set is considered to be ‘definable topologi-
cally’ if it is Borel, analytic, or has the Baire property. By ‘algebraically definable’, we have
in mind sets defined using the group operation, such as conjugacy classes, commutators,
centralizers, powers, etc.

Let F be the free group on a countably infinite set X. We recall several definitions and
facts from group theory: A word w in X is a finite (possibly empty) sequence of symbols

from X U {x~1 | x € X}: written in the form w = x{'---x;’, where x; € X, ¢; = =£1,

r > 0. In case r = 0, w is denoted by 1. The product of two words w = x}'---x;" and

V= y’lh -~y is formed by concatenation: wv = Xt xfrj/l71 -y, with the convention

that wl = w = 1w. The inverse of w is w~!

=x, 7 ---x; !, and the inverse of 1 is 1. A
word is free if it contains no pair of consecutive symbols of the form xx~! or x 1x (x € X).
Two words are equivalent if it is possible to pass from one to the other by means of a finite

1 1 or an x_lx.

sequence of insertions of an xx~ ! oran x~1x (x € X) or deletions of such an xx~
We identify each equivalence class of this equivalence relation with the unique free word
it contains. Then the free group F can be taken to be the set of the equivalence classes of
words in X (or, equivalently, the set of free words in X), with multiplication defined by
[wlfe] = [wo

Let w = w(xy,...,%) € F be a free word in X involving symbols xi,...,x, € X, or
their inverses. If G is an arbitrary group and g1,...,8 € G, the value of the word w at
(1,-..,8r), denoted by w(gy,...,4r), is the element of G obtained by replacing each x;
by gi, and the operations in F by the operations in G. By abuse of notation, we denote the

evaluation map from G” to G given by

&1/, 8r) = w(g1,---, &),

also by w. Note that if G is a topological group, the map w is continuous.

13



Algebraically defined sets come from free words. We encounter the following types
of sets defined from free words: identity sets, verbal sets, and verbal subgroups.

Subsets of G of the form

{geGlw(gay,... am) =1},

where w is a free word and a4y, ..., a;, are elements of G, are called identity sets. Identity

sets can be seen as the inverse images of 1 under the maps w(-;ay,...,an):
w(-;ay,.. .,am)_l(l).

In contrast with identity sets, verbal sets are defined as the forward images under the

maps w: they are the sets of the form

{w(glru-/gn;al/---/ﬂm) ’g11-~~1g1’l € G}/

where w is a free word and a4, ..., a, are elements of G. If no constants are used in the

definition of a verbal set:

{w(g1,---,8n) 1 81,---,8n € G},

then we call it a full verbal set.

For example, the centralizer of an elementa € G: {g € G | gag~'a~! = 1} is an
identity set, the conjugacy class: {gag~! | ¢ € G} is a (non-full) verbal set, while the m-th
powers: G") = {¢" | ¢ € G} and commutators: {ghg~'h~! | ¢,h € G} are examples of
tull verbal sets.

If W is a set of free words, then the verbal subgroup of G associated with W is the group
W(G) generated by all w-valuesin G, forallw € W, i.e.,

W(G) = (U {w(gr - 8uw) | 81+ 8n(w) € G},

weW

where n(w) is the number of letters in w. If W = {w}, we write w(H) for W(H).

14



3.3 TOPOLOGICAL STATUS OF IDENTITY AND VERBAL SETS

A classical example that illustrates the importance of definability of sets is a theorem of
Mackey [24] (Corollary 8). According to this result, in order to show that a Polish group G
admits a unique Polish group topology, it is sufficient to find a countable point-separating
family of sets that are Borel in any Polish group topology on G. The difficulty in applying
this result is deciding which sets are Borel in any Polish group topology. Good candidates
for the point-separating collection would be algebraically definable sets since their defi-
nition does not depend on the choice of topology on G. It is therefore important to know
which algebraically definable sets are necessarily Borel (in any Polish group topology
on G). We now investigate the topological status of identity sets, verbal sets and verbal
subgroups.

In any topological group, identity sets are necessarily closed (and thus Borel), since

they are the inverse images of the closed set {1} under continuous maps:
w(-ay,. .. a,) " H1).

This makes identity sets ideal candidates to be used in applying Mackey’s result. Indeed,
identity sets have been used to show the uniqueness of a Polish group topology for a
number of Polish groups. For further discussion, see Sections 3.4 and 4.1 below.

Verbal sets, on the other hand, are continuous forward images of Polish spaces, and
therefore necessarily analytic in any Polish group. An important question that this dis-
sertation resolves is whether verbal sets are in fact always Borel. It is known that in a
general Polish group all conjugacy classes are Borel (this follows from the fact that all or-
bits of a Polish group acting continuously on a Polish space are Borel (Theorem 9): apply
this to the conjugation action of the Polish group on itself). We also show that in Abelian
Polish groups all verbal sets are Borel, and in the infinite symmetric group S all full ver-
bal sets are Borel. One might anticipate that all verbal sets would be Borel in any Polish
group. However, the example of the set of squares of the autohomeomorphism group
of the circle, which we show is not Borel (Theorem 54), dispels this hope. A detailed

discussion on the complexity of verbal sets is deferred to Chapter 5.
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Verbal subgroups are also necessarily analytic, as shown in the lemma below:
Lemma 17. If G is a Polish group and W is a set of free words, then the verbal subgroup W(G)

is the union of a countable collection of verbal sets, and hence analytic.

Proof. We may assume without loss of generality that W is closed under taking inverses
(otherwise, replace W with WU {w™! | w € W} — the verbal subgroup W(G) remains
unchanged). Then every element in W(G) is the product of a finite list of values of words
from W. Let Sy be the set of those elements of W(G) that can be written as the product of

N values of words from W. Then Sy is the union of a countable collection of verbal sets:

Sv= U A{wi(g1) - wn(gn) | gj € G™, where m; is the number of letters in w;}.
w1,...,. WNEW

The verbal subgroup W(G) is the countable union

W(G) = ) Su,
N=0

so it is itself the union of a countable collection of verbal sets. O

3.4 UNIQUENESS AND IDENTITY SETS

As we have seen, identity sets are closed, and thus Borel, in any (Polish) group. Thus, we

have the following corollaries to Mackey’s theorem:

Corollary 18. If G is a Polish group with a countable Ty-separating family of identity sets (or sets
from the o-algebra generated by the identity sets), then G admits a unique Polish group topology.

Corollary 19. Let G be a Polish group with a countable subset H, such that for any pair of distinct

points a, b in G, there is a free word w(xg, x1,...,%Xn) and hy,. .., h, € H such that
w(ahy, ..., hy) =1, but w(bhy,... ) #1
Then G admits only one Polish group topology.
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Proof. Let
C = {w(~;h1,...,hn)_1(1) : wis a free word, hy, ..., h, € H}.

Then C is a countable collection of identity sets. Also, if a and b are distinct elements of

G, there exists a free word w and hy, ..., h, € H such that
aEw_l(-;hl,,,,,hn), but b%‘w‘l(-;hl,...,hn).

Thus C separates points and Corollary 18 applies. O

Identity sets have been highly effective in proving uniqueness of Polish group topol-
ogy results. In [19], Kallman shows that, for a wide class of spaces X, the autohome-
omorphism group G = Homeo(X) admits a unique Polish group topology. The list of
spaces X for which the result holds includes: separable metrizable manifolds, connected,
countable, locally finite simplicial complexes, the Hilbert cube, the Cantor set, and the
natural numbers. In proving this result, Kallman essentially applies Mackey’s theorem to

the countable family of sets

C(U;, Uj) = () {8 € G| gguwg ' commutes with gy},
u,v

where (U, ) is a countable basis for the topology of X, and U’ ranges over the nonempty
open subsets of U; with more than one point, and V' ranges over the nonempty open sub-
sets of U; with more than one point. (Here, g;; denotes a fixed element of G = Homeo(X)
that is the identity on X \ U, but not the identity on U.) Even though the sets C(Uj;, Uj;)
are not identity sets, a small modification of Kallman’s argument shows that, in fact, we
can replace the family of sets C(Uj, U;) by a countable family of identity sets that separate
points. Kallman shows that the sets C(U;, U;) separate points. Observe that then the sets

S(U, V') :={g€G|gguwg ' commutes with gy}
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must also separate points (i.e., the intersection () » above is redundant). Also, since U’
and V' can be assumed to be basic open without loss of generality, the collection of the

sets S(U’, V') is also countable. Finally, observe that the sets S(U’, V') are identity sets:

S(U, V') ={g€G|ggwg 'svesg ‘gvt =1}

For another example of an application of identity sets, please see Section 4.1, where

we give a direct proof of the uniqueness of the Polish group topology in Seo.

3.5 DIFFICULTIES EXTENDING TO ANALYTIC SETS

In the preceding section we saw that the identity sets can be immensely useful in proving
uniqueness of topology results. However, identity sets may not always be sufficient. For
example, we will see in Section 4.2, that in the special orthogonal group, SO(3,R), no
countable collection of identity sets separates points. Therefore, in SO(3,R), Mackey’s
theorem cannot be applied with identity sets alone.

Thus, we are forced to move beyond identity sets. Verbal sets are natural candidates.
It is unfortunate that verbal sets are always analytic, and not necessarily Borel, while
Mackey’s theorem requires Borel sets. A natural question then is, whether Mackey’s result
can be extended to apply to analytic sets, or even sets with the Baire property.

Recall that Mackey’s theorem follows from Theorem 7: If X is a Polish space and A a
countable point-separating family of Borel sets in X, then B(X) C o (.A). If Theorem 7 were
true with the word ‘Borel’ replaced by “analytic” (or, by ‘sets with the Baire property’), we
would be able to prove the analytic (respectively, the Baire property) version of Mackey’s
theorem.

Remark. Recall that in Mackey’s theorem the Tj-separating family of Borel sets can be
replaced by a Tp-separating family. In the analytic version of Mackey’s theorem (if it were
true), one could not readily replace ‘T;-separating” by ‘Ty-separating’, since the comple-

ment of an analytic set is not necessarily analytic.
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Lemma 20 below shows that Theorem 7 does not hold with ‘Borel’ replaced by ’sets
having the Baire property’. We still do not know if the theorem would hold with “Borel’
replaced by ‘analytic’. Our example below suggests otherwise, though it does not provide

a definite answer.

Lemma 20. Let C = 2N be the Cantor space. There is a countable point-separating family A of

sets in C, each of which is the (disjoint) union of an analytic and a co-analytic set, such that
B(C) £ o(A).

Proof. Let U = {x € C | x(0) = 0}. Note that U = {0} x 2N is homeomorphic to C. Fix
an uncountable analytic, but not Borel (in C) subset A of U.

By the Perfect Set Theorem for Analytic Sets (Theorem 1), A contains a copy of the
Cantor space. Thus, there exists a homeomorphic embedding g; of U into A. (Note that
since U is compact, g1(U) is closed in C.) On the other hand, A C U, so the inclusion
map hy : A — U is a homeomorphic embedding of A into U. From the injections g; and
hy, we construct a bijection f; : U — A using a Schroeder-Bernstein argument as follows.
Define subsets K, of U, for n > 0 recursively by: Ky = U\ h1(A), K, = h1(g1(Ky-1)),
forn > 1. Let C; = U, Kn, By = U\ C1, D1 = h{*(B1) = By, E1 = g1(Cy). See Figure 1.

81
A embedding |D,

/\/\/\/ h1 /E7\/\/\/

/\/\/\/ inclusion /\/\/\/
C

uc AC

Figure 1: Constructing the first bijection: Homeomorphic embeddings g; and /;.
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Using the fact that the class of analytic sets is closed under continuous images, a sim-
ple calculation shows that each K, is co-analytic. Then C; is co-analytic, as their countable
union, By is analytic, Dy is analytic and E; = g1(U) \ g1(B1) is co-analytic. The bijection

f1: U — Aisnow defined as

h'(x)==x, ifx€ By,
1(x), ifx € Cy.

Similarly, let g» : US — A€ be the inclusion map, and let i, : C — UC be the right
shift map given by h(x)(0) = 1 and hy(x)(n) = x(n — 1), forn = 1,2,..., where x € C.
Then ¢, and hy [ AC are homeomorphic embeddings, and once again we use a Schroeder-
Bernstein construction; this time, to define a bijection f; : U — AC. Define subsets L,
of U recursively as follows: Ly = U\ hy(A%), L, = ha(g2(L,_1)), for n > 1. Let
B, =, Ly, Co = U€ \ By, D, = $2(By) = By, Ex = h2_1(C2). See Figure 2.

u A
/E\/\/\/
3> :
B, inclusion D,
/CW\/ hz /\/\/\/
] C [zl embed ding [RermrllmallZ] 4 C

Figure 2: Constructing the second bijection: Homeomorphic embeddings ¢, and h;.

We see that each L, is analytic, and so By and D, are analytic too, and C; and E; are

co-analytic. The bijection f, : U¢ — A® is given by

@(x) =x, ifx € By,
fax) =
hyl(x), if x € C.
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Letf:flLsz,B:BlLJBz,CzclLJCz,D:D1UD2andE:E1UE2.Then

(
X, if x € B,

fx)=1q(k), ifxeq,

hl(x), ifxeC.

\

LetU, = {x €C|x(n) =0} and A, = f(U,) forn > 0,and letd = {U, | n > 0}
and A = {A, | n > 0} U{AS | n > 0}. We claim that the family A has the desired
properties.

To show that A is point-separating, let x and y be distinct points in C. Then there
exists n € N such that f~1(x)(n) # f~'(y)(n). If f~1(x)(n) = 0and f~'(y)(n) = 1, then
fYx) € Uyand f~(y) ¢ Uy, 50 x € Ayand y ¢ A,. Similarly, if f~1(x)(n) = 1 and
fYy)(n) =0, thenx € AS and y ¢ AS.

Each A, (and similarly, each AS) is the (disjoint) union of an analytic set and a co-

analytic set. To see this, write:

Ap=f(Uy) = f(Uy;NB)YUF(UpNCi)U F(UyNGCo)
= (Uy,NB)Ug(Uy,NCy) Uy (UyNCy).

Clearly, U, N B is analytic. Further, g1 (U, N Cy) = ¢1(U) \ g1 (U \ (U, N Cy)) co-analytic,
since it equals the set difference between a closed and and analytic set. Also, h, ! (U, N
Cp) = C\ hy ' (UC\ (U, N Cy)) is co-analytic.

Lastly, we need to show that B(C) ¢ o(A). Since (C,c(U)) = (C,B(C)) is a stan-
dard Borel space, and f : (C,c(U)) — (C,0(A)) is a Borel isomorphism, it follows that
(C,o(A)) is also a standard Borel space. The two standard Borel spaces are different,

since A € 0(A), but A ¢ B(C). By Theorem 3, the two o-algebras are incomparable, so
B(C) € o(A). O
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3.6 UNIQUENESS AND VERBAL SETS

While it is unclear if Mackey’s theorem can be extended to apply to analytic sets, we prove
other Mackey-type results that work with analytic sets. These theorems work even with
sets that only have the Baire property.

These results now allow us to use verbal sets and verbal subgroups. We give two ap-
plications: in Sections 4.2 and 4.3 we show that compact, connected, simple Lie groups

(such as SO(3,R)) and all finitely generated profinite groups have a unique Polish group
topology.

Recall that a collection N of subsets of a topological space X is called a network for X

if whenever x € V, with V open in X, we have x € N C V for some N € N.

Theorem 21. If a Polish group G has a countable network of sets that have the Baire property in
any Polish group topology on G, then G has a unique Polish group topology.
In particular, if a Polish group G has a countable network of sets from the o-algebra generated

by identity and verbal sets, then G has a unique Polish group topology.

Proof. Let T be a Polish group topology and N a countable network as in the statement of
the theorem. Let 0 be a Polish group topology on G, potentially different from 7. Consider
the identity map id : (G,0) — (G, 7). We will show that id is continuous, so that T C o.
Then by Theorem 6, the topologies T and ¢ are equal. By Theorem 5, it is sufficient to
show that the map id is Baire measurable. Let V be an open set in (G, 7). Then V can be

written as the union of a countable collection of sets from the network N:

V=] A

n=1

with A, € N forn > 1. Since each A, has the Baire property in (G, 0), it follows that their
(countable) union also has the Baire property. So, id ' (V) = V has the Baire property in

(G, 0). So id is Baire measurable, as required. O
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Theorem 22. Let G be a Polish group with a neighborhood base at the identity consisting of sets
that have the Baire property in every Polish group topology on G. Then G has a unique Polish
group topology.

In particular, if G is a Polish group with a neighborhood base at the identity consisting of
sets from the o-algebra generated by identity and verbal sets, then G has a unique Polish group

topology.

Proof. Let B be a neighborhood base at the identity as in the statement of the theorem. We
may assume without loss of generality that B is countable, since G is first-countable. Let

D be a countable dense subset of G. Consider the collection

N ={dB|d e D,B € B}.

Clearly, )V is countable and the sets in A/ have the Baire property in any Polish group
topology on G. We will show that A is a network in G. Let x € U, with U open in
G. Then x~'U is an open neighborhood of 1, so there exists an open neighborhood V
of 1 such that V2 C x 1U. Let B € Bbesuch that1 € B C V, and let W be an open
neighborhood of 1 such that W~-IW C B. Since xW is open, it meets the dense set D. Let
d € xW N D. We show that x € dB C U. First,

dexWCxW W — xldewlw
— dlxew lwcB

= x € dB.

Also,
dB C (xB)B C xV? C x(x~1U) = U.

This shows that \V is a countable network for G of sets that have the Baire property in any
Polish group topology on G. By Theorem 21, G has a unique Polish group topology. [
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3.7 LOCALLY COMPACT SEPARABLE METRIZABLE GROUP TOPOLOGY

In this section, we prove another Mackey-type result. It gives the conditions on the
uniqueness of a locally compact, separable, metrizable group topology.
It is known that a topological group is a locally compact, separable, metrizable group

if and only if it is c-compact Polish.

Theorem 23. If G is a topological group with a countable point-separating family of sets from the
o-algebra generated by identity and verbal sets, then G has at most one locally compact, separable,

metrizable group topology.

Proof. Suppose G has a locally compact, separable, metrizable group topology 7. Then
(G, 1) is a o-compact Polish group. Then all identity and verbal sets in G are Borel in
(G, T). We already know that identity sets are always Borel. Let V = {w(g;a) |g €
G"}, where a € G™ and w is a word in G, be a verbal set in G. Then V = w(G") is
o-compact, and thus F; in (G, T), so verbal sets are indeed Borel. Let C be a countable
point-separating family of sets from the o-algebra of identity and verbal sets. Then by
Theorem 7, B(G, ) = ¢(C). Suppose T’ is another locally compact, separable, metrizable
group topology on G. Then, by repeating the same argument, B(G, ') = ¢(C). It follows
that B(G,t) = B(G, 7). Thus the identity group isomorphism id between the Polish

groups (G, T) and (G, v’) is Borel. By Theorem 5, id is a homeomorphism. So v = v/. [

Note that in applying this result it is sufficient to find a (countable) Tp-separating
family C, since then the sets in C together with their complements form a T;-separating
family.

Theorem 23 applies to show the uniqueness of the locally compact, separable, metriz-
able group topology in compact, connected, simple Lie groups. This result was obtained
independently by Kallman [16]. (Note that Kallman’s result also refers to locally compact
topologies, despite the fact that the MathSciNet review of the article omits this require-
ment.) We will see in Section 4.2 that, in fact, compact connected simple Lie groups have

a unique Polish group topology.
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3.8 SEPARATING GROUP

A useful concept in the theory of automatic continuity in Banach algebras [6] is that of a
separating space, which measures the discontinuity of a linear map. In [15] Johnson shows
that the separating space of an epimorphism of Banach algebras is always contained in
the radical of the codomain (see also [6], p. 599). As a consequence, if the codomain
is semisimple, the epimorphism is automatically continuous. A further consequence is
Johnson’s famous Uniqueness-of-Norm Theorem: every semisimple Banach algebra has
a unique complete norm.

We translate the notion of the separating space into the framework of metrizable
groups in order to study the automatic continuity between Polish groups and the unique-
ness of the Polish group topology. We give a definition and prove several properties of the
separating group of a group homomorphism, but at the moment we do not pursue these
ideas further.

Let G and H be topological groups and let ¢ : G — H be an (abstract group) homo-
morphism. We define the separating set S(¢) of ¢ to be

S(¢) = {¢(U) | U is an open neighborhood of 15}

For a group G, we will write N for the family of all open neighborhoods of the
identity 1 in G.

Lemma 24. If G and H are topological groups and ¢ : G — H is a homomorphism, then y € S(¢)
if and only if there is a net (x,) in G such that x, — 1g and ¢(x,) — y.

Furthermore, if G and H are metrizable, then y € S(¢) if and only if there is a sequence (xy)
in G such that x, — 1g and ¢(x,) — y.

Proof. Lety € S(¢). Theny € ¢(U), for every open neighborhood U of 1g. Thus for
allV € Ngand allU € Ng, yVN¢(U) # @. Pick xyy € U such that ¢(xyy) € yV.
Then (xyv) is a netin G. Here, {(U,V) | U € Ng,V € Ny} is a directed set with the
partial order < given by (U, V) < (U, V') ifand only if U D U’,V O V'. Furthermore,
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xyy — lg, since for any W € Ng, we have (U,V) > (W,H) = xyy € U C W. Also,
¢(xyv) — vy, since for any W € Ny, we have (U, V) > (G, W) = ¢(xyv) € yV C yW.

Conversely, let (x,) be a net in G with x, — 15 and ¢(x,) — y. Let U € Ng and
V € Np. We need to show that yV N¢(U) # @. Since ¢(x,) — y, there exists A such
that for all v > A, ¢(x,) € yV. Also, since x, — 1g, there is u such that whenever
v > u, x, € U, and consequently ¢(x,) € ¢(U). Thus, whenever v > A, u, we have
p(x,) € yV N ().

For the case of metrizable groups, replace in the above argument N; and Ny by

nested countable open neighborhood bases (U,) and (V;,) of 1 and 1p respectively. [

Lemma 25. Let G and H be topological groups and ¢ : G — H a group homomorphism. Then
the separating set S(¢) is a closed subgroup of H.

Proof. S(¢) is clearly closed, since it is the intersection of a family of closed sets. Also, it
is clear that 17 € S(¢). Suppose x,y € S(¢). Then there exist nets (x,), (y,) in G such
that x, — 1g,yv — 1, ¢(xy) — x,¢(yv) — y. Since ¢ is a homomorphism and the group
operations in G and H are continuous, we have: x,y, — 1, ¢(xvyv) = $(x0)p(yy) — xy

and x; ! — 1, ¢(x; 1) = ¢(x,) ' — x7 1, s0 xy, x~1 € S(¢). O

Since S(¢) is always a subgroup of H, we also call it the separating group of ¢.

Lemma 26. Let G and H be topological groups and ¢ : G — H an epimorphism. Then the
separating group S(¢) is normal in H.

Proof. Lety € S(¢) and h € H. Let (xy) be a net in G such that x, — 1g and ¢(x,) — .
Since ¢ is surjective, there exists ¢ € G such that ¢(g) = h. Now the net (gx,g~!) in
G converges to 1g, while ¢(gx,871) = ¢(9)p(xy)p(g)~1 = hp(x,)h™ 1 — hyh~!. So,
hyh=! € S(¢), and S(¢) is normal in H. O

Lemma 27. Let G and H be Polish groups and ¢ : G — H a homomorphism. Then ¢ is
continuous if and only if S(¢) = {1y}
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Proof. Suppose ¢ is continuous. Let y € S(¢) and let (x,) be a sequence in G such that
x, — 1g and ¢(x,) — y. By continuity of ¢, ¢(x,) — ¢(1g) = 1p, and so by the
uniqueness of limits, y = 1p.

Conversely, suppose S(¢) = {1g}. Then the graph ' = {(g,¢(g)) | ¢ € G} isa
closed subgroup of G x H, and hence a Polish group. The restriction pg : I' — G of the
projection 71 : G x H — G is a continuous abstract group isomorphism of I' and G. By
Theorem 5, p; is a homeomorphism. To see that ¢ is continuous, note that for every open

set Vin H, ¢~ 1 (V) = pg((G x V) NT) is open in G. O
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4.0 APPLICATIONS

4.1 INFINITE SYMMETRIC GROUP

The infinite symmetric group S is the group of permutations of the set of the natural
numbers IN. With the relative topology as a subset of N¥, it is a Polish group. Note that
we can also think of S, as being the group of all autohomeomorphisms of IN.

It is known that the natural topology on Se described above is the only Polish group
topology on it [17, 19]. The uniqueness of the Polish group topology on S also fol-
lows from the stronger property (AC) that homomorphisms from S, into arbitrary Polish
groups are automatically continuous [22].

In this section we give an independent direct proof of the uniqueness of the Polish
group topology on Se. Our purpose is to provide a proof which uses Mackey’s theorem

with identity sets (Corollary 18).

Notation. For a4, ...,a, (n > 1), distinct points in N,

(al az...an)

is the permutation that maps a; toa; 1 fori = 1,2,...,n —1, and a, to a1, and is otherwise
the identity. Such a permutation is called an n-cycle. Similarly, for a sequence (a;);cz of
distinct elements of IN,

(«+-a_q ag a; ar )
denotes the permutation that maps each 4; to 4,11 and is otherwise the identity. We call
such a permutation an infinite cycle. Any permutation in S, can be represented by an un-

ordered formal composition of disjoint cycles in a unique way. We say that a permutation
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7t contains cycles oy, ...,0%, and write T D oy - - - 0y, if 03, ..., 0% are (some of the) cycles
in the unique disjoint cycle representation of 7r. Finally, for finitely many distinct points
ay, ..., ax, it will be convenient to write 1 O (---ay ap- - - ag - - - ), to mean 7t(a;) = a;41, for
eachi =1,...,k — 1. We emphasize that by this notation we do not imply that the cycle is
of infinite length.

For a # bin N, let C(a b) be the centralizer of (a b) in Se:

Clab) ={m €S| m(ab) = (ab)r}.

Note that C(a b) is an identity set, since:

C(ab) = {m € Se | M(ab)r Y (ab)" ! =1}.

Also, for any T € S, TC(a b) is an identity set, because:

1C(ab) = {m € Seo | T m(ab)r t1(ab)~ ! =1}.

Lemma 28. If a # b, a permutation 7t is in C(a b) if and only if either 7t(a) = a and 71(b) = b,

or 7t(a) = band 7t (b) = a, i.e., 7t either fixes or switches a and b.

Proof. Clearly 7t(a) is either a or b, for otherwise, 7w(a) = (a b)rt(a) = nt(ab)(a) = 7(b).
If 7(a) = a, then w(b) = rt(ab)(a) = (ab)rt(a) = (ab)(a) = b, and if 7t(a) = b, a similar

computation shows that 7(b) = a. The converse is immediate. [

Lemma 29. The family

C = {tC(ab) | Tisa2-cycle or a 3-cycle,a,b € N}

To-separates points in Seo.
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Proof. Take any 7T # 0 in Se. At some point 7t and ¢ disagree: without loss of generality,
suppose (1) # o(1). We cannot have both 77(1) = 1 and ¢(1) = 1. Without loss of
generality, assume 77(1) # 1, say 7(1) = 2.

(a) Suppose first that 77(2) # 1, say 71(2) = 3. So,

T (-+-123---).

We consider the following exhaustive list of cases:

@) o(l)=1: > (1);

(i) o(1) =3, 0(3) —1 5 (13);
(ii) o(1)=3,03) =2 O(---132--4);
(iv) o(1)=3,0(3) # 1,3, say,0(3) = 4: D(---134--);
(v) o(1)#1,3,sayo(1) =4 D (- o).

In each of the cases, using Lemma 28, we find an element of the family C that Ty-
separates 7t and o
(i) (13)C(12), because (13)m D (12), while(13)c D (---
C(13), because 7 D (---123---),whileo D (13);
12), because (13)7r D (12),while (13)c D> (1)(---32--+);
13), because (14)t D (---123---),while (14)c D (13);
12), because (13)7w D (12),while(13)0c D (---14---).

13---);

(b) Now consider the case when 77(2) = 1:
D (12).

If o(1) # 1oro(2) # 2, then 7 and o are Ty-separated by C(12). So suppose o(1) =1
and 0(2) = 2:
oD (1)(2).
(i) Case 1t(3) # o(3): Either 7t(3) # 3, or 0(3) # 3. If m(3) # 3, say 7(3) = 4,
by repeating the above argument with 3 and 4 in place of 1 and 2 respectively, we can
To-separate 7t and ¢ in all of the cases, except possibly when

5 (12)(34),
o2 (1)(2)(3)(4).
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But then, 7t and o are Ty-separated by C(13). If 0(3) # 3,say ¢(3) = 4, we can Tp-separate

7t and o as before, in all of the cases, except possibly when

75 (12)(3)(4),
oo (1)(2)(34).

But then, 7w and ¢ are Ty-separated by (1 3 2)C(1 3), since (12 3)7t D (1 3)(2)(4), and
(123)0 D (1234).

(ii) Case 7(3) = 0(3): If 1(3) = ¢(3) = 3, then 7w D (12)(3),and ¢ D (1)(2)(3),s0 T
and o are Ty-separated by C(1 3). Otherwise, we may take 77(3) = ¢(3) = 4. In this case,
(34)t ©(12)(3),and (34)0 D (1)(2)(3), so 7w and ¢ are Ty-separated by (34)C(13). O

Theorem 30. S, admits a unique Polish group topology.

Proof. The family C from Lemma 29 is a countable Ty-separating family of identity sets.

By Corollary 18 the Polish group topology on S« is unique. O

4.2 COMPACT LIE GROUPS

In this section we give an application of Theorem 22 to show that compact, connected,
simple Lie groups have a unique Polish group topology. An example of such a group is
the special orthogonal group SO(3, R).

Only last week I discovered a paper by Kallman [18] in which he proves a stronger re-
sult that all compact, connected metrizable groups with totally disconnected center have
a unique Polish group topology. We still include our proof here as it was obtained inde-
pendently and uses our general theorem.

Recall that a topological group is a Lie group if and only if its topology is locally Eu-
clidean [26]. A Lie group is semisimple if and only if it has no non-trivial connected normal
Abelian subgroups; a compact, connected, Lie group is semisimple if and only if its cen-
ter is finite [12]. A semisimple Lie group G is a simple Lie group if there are no infinite

connected Lie groups E and F such that G is locally isomorphic to E x F.
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For a group G and a € G we denote by Mg(a), or M (a) when confusion is impossible,
the set
Mc(a) = {cbab=ta 1c7! | b,c € G}.

We take this definition from [5], p. 1234, where this set is studied and used to prove van
der Waerden’s Continuity Theorem [33]: Every homomorphism from a compact, con-
nected, simple Lie group with trivial center into a compact topological group is continu-
ous. Lemmas 31 and 32 below, which state important properties of the set M(a), are taken

from the same source.

Lemma 31. Let K be a compact metrizable topological group and let (a,) be a sequence in K
such that a,, — 1. Then for every (open) neighborhood V of the identity, there is n such that
M(a,) C V.

Lemma 32. Let G be an m-dimensional compact, connected, simple Lie group and let a € G be a

non-central element of G. Then the set

N(a) = {ﬁhi 1y € M(a))

is a neighborhood of the identity.

Proofs of both lemmas can be found in [5], as a part of the proof of van der Waerden’s
theorem. While Lemma 31 is elementary, Lemma 32 is crucial to our argument, and we
give here a proof in the special case when G = SO(3,R).

Recall that SO(3,R) is the group of the special orthogonal matrices

SO(B,R) = {Ac M3(R) | A~ = AT, det A =1}.

With the relative topology as a subset of R, it is a Polish group. The elements of SO(3,R)
are routinely identified with the rotations of the unit sphere S? via T « [T]g, where
T € L(IR3) is a rotation of S?, B is a fixed orthonormal basis of R and [T]z denotes the
matrix of T with respect to the basis 5. Then, for A,, A € SO(3,R), A, — A if and only if
the angle of rotation of A, approaches the angle of rotation of A and the axis of rotation of
Ay approaches the axis of rotation of A. The identity matrix will be denoted by E. Also,

we will write R, ,, where a € S? and « € [0, 7t], for the rotation with axis a and angle a.
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Lemma 33. (1) Matrices A,B € SO(3,R) belong to the same conjugacy class in SO(3,R) if
and only if A and B represent rotations by the same angle.

(b) IFE # A € SO(3,R), there exists B € SO(3,R) such that AB # BA.

(c) SO(3,R) is path-connected.

Proof. (a) If distinct matrices A and B represent rotations by the same angle with respect
to the standard basis in R?, we can think of A and B as representing the same linear trans-
formation, but with respect to two different (positively oriented) orthonormal bases of
IR3. If P is the change of bases matrix between the two (positively oriented) orthonormal
bases, then P € SO(3,R) and P~'AP = B. So A and B belong to the same conjugacy
class. Conversely, if B = P! AP for some P € SO(3,R), by thinking of P as a change of
bases matrix, we see that A and B must represent rotations by the same angle.

(b) Suppose for a contradiction that A commutes with all elements of SO(3,R). Let C
be a rotation by the same angle as the angle of A, but with a different axis. Then, by part
(a), C = P~1AP for some P € SO(3,R). But then A commutes with P, so

C=P 1AP=P71PA = A,

which is a contradiction.
(c) Let A = Ry € SO(3,R). Then f : [0,1] — SO(3,R), given by f(t) = Ry, is a

continuous path connecting E and A. O
We denote by Rot(6), 6 € [0, 7], the conjugacy class of rotations by angle 6.

Proof of Lemma 32 in case G = SO(3,R). By Lemma 33 (b), the center of SO(3,R) is trivial.
Let A be a non-central element of SO(3,R), i.e., A # E. We will show that M(A) is a
neighborhood of E (and thus, so is N(A) O M(A)). Choose B € SO(3,R) such that
BAB'A~! # E. Let v > 0 be the angle of rotation of BAB~'A~!. Define

U = {X €SO0(3,R) | the angle of rotation of X is < 7}

= |J {X €SO3 R) | the angle of rotation of X is 6}
0<[0,7)

= |J Rot(6).

0€[0,7)
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Set U is clearly an open neighborhood of E. We will show that it is a subset of M(A).
Since SO(3,R) is path-connected (Lemma 33 (c)), there exists a continuous map f :

[0,1] — SO(3,R) such that f(0) = E and f(1) = B. Define
Bi=f(t) and P = B;AB;1A™L

The function g : [0,1] — [0, 7] that maps ¢ to the angle of P;, is a continuous function with
¢(0) = 0 and g¢(1) = +. By the Intermediate Value Theorem, for each 6 € [0, ], there
exists tg such that g(ty) = 0. So the angle of P, is 6. By part (a) of Lemma 33, it follows
that Rot(0) is the conjugacy class of P,. So,

U = |J Rot(6)
0€(0,7)

= |J {cp,Cc'|C€eSO(3R)}
0€(0,7)

— {CB;,AB,,'A™'C"" |6 €[0,7),C € SO(3,R)},
soU C M(A). O

Theorem 34. If G is a compact, connected, simple Lie group (for example, the special orthogonal

group SO(3,R)), then G has a unique Polish group topology.
Proof. We show that the family
{N(a) | a is a non-central element of G}

forms a neighborhood base at the identity for the topology on G. Indeed, the members of
the family are neighborhoods of 1, by Lemma 32. Also, given an open neighborhood U
of 1, we find a non-central element a such that N(a) C U. First, choose an open neigh-
borhood V of 1 such that V" C U. Since G is connected, 1 is not isolated, and by the
separation property T, we can find a sequence of distinct points a, in G such thata, — 1.
Since the center of G is finite, we may assume without loss of generality that all a,,’s are
non-central. By Lemma 31, there exists n such that M(a,) C V. Write a = a,. Then
N(a) C V™ C U.

Observe that each of the sets N(a), for a € G, is a verbal set. The uniqueness of the

Polish group topology now follows from Theorem 22. O]
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Remark 1. The requirement that G be simple in Theorem 34 is necessary. For example,
the circle group T = R/Z is a compact, connected Lie group, which is not simple, and
it does not have a unique Polish group topology. To see this, we construct a discontin-
uous automorphism of T and appeal to Lemma 11. Consider R as a vector space over
Q. Extend the set {1, 7} to a Hamel basis B and define a linear map g on the basis by
letting ¢(1) = 1, ¢(7r) = 27, and g(b) = b for all other b € B. Define f : T — T by
f(xZ) = g(x)Z. Then f is a (well-defined) discontinuous automorphism of T.

Remark 2. It is worth noting here that the uniqueness result of Theorem 34 could not
be obtained by applying Mackey’s theorem with identity sets: we show in Corollary 36

below that it is not possible to find a countable point-separating family of identity sets.

Lemma 35. If G is a connected Lie group, then identity sets in G are either closed nowhere dense

or equal to G.

Proof. Let A be an identity set in G. Then A = f~1(1), where f : G — G is given
by f(x) = w(x;aq,...,am), for some free word w and some fixed elements ay,...,ay
in G. Suppose that A is not nowhere dense. Then A contains a nonempty open subset

U. Because the maps (x,y) — xy and x — x!

are analytic, and the composition of
analytic functions is analytic [30], f is analytic. Let ¢ : G — G be the constant function
1. Then the analytic functions f and g coincide on U, so by the Identity Theorem for
analytic functions, f and g agree on the connected component of G containing U. Since G

is connected, f = g. It follows that A = G. O

Corollary 36. If G is a connected Lie group, no countable family of identity sets separates points

in G.

Proof. Suppose A is a countable family of identity sets that separate points in G. As-
sume, without loss of generality, that G ¢ A. Then A is a countable cover of G by closed

nowhere dense sets, which contradicts the Baire Category Theorem. O
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4.3 PROFINITE GROUPS

In this section we give an application of Theorem 22 to finitely generated profinite groups.

A profinite group is a compact, Hausdorff, zero-dimensional topological group, or
equivalently a compact Hausdorff group whose open subgroups form a base for the
neighborhoods of the identity. Note that, if G is a profinite group and U is an open nor-
mal subgroup, then G/U is a finite group. A profinite group G such that, for every open
normal subgroup U, the group G/U is a p-group is called a pro-p group. A topological
group G is said to have the finite index property if every subgroup of G of finite index is
necessarily open.

Serre proved that every (topologically) finitely generated pro-p group has the finite
index property , see [31], or [14], p. 25. Serre went on to conjecture that every finitely
generated profinite group has the finite index property. Serre’s conjecture has recently
been proved by Nikolov and Segal [27].

A free word w is said to be d-locally finite if every d-generator (abstract) group H sat-
isfying w(H) = {1} is necessarily finite. Lemmas 37 and 38 below are key results from

[27], we include the proof of the latter as it is not explicitly stated.

Lemma 37. Let w be a d-locally finite free word and let G be a d-generator profinite group. Then
the verbal subgroup w(G) is open in G.

Lemma 38. If G is a finitely generated profinite group, then every open normal subgroup of G

contains an open verbal subgroup.

Proof. Let G be a d-generator profinite group and N an open normal subgroup of G (so

G/ N is finite). Let F be the free group on free generators x, ..., x; and let
D =(){ker6|6:F — G/N is a homomorphism}.

Then D is the intersection of finitely many subgroups of finite index, and thus itself has
finite index in F. It follows that D is a free group of finite rank m (given by the Schreier

index formula):

D = (wy(x1,.--,%3), -, Wn(X1,...,%4))-
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From the definition of D, it follows that w;(u) € D for each i and any u € F?. Thus,
setting
w(y1, .-, ym) = wi(y1)w2(y2) - - - Wi (Ym),

where y1, ..., ym are disjoint d-tuples of variables, we have w(F) = D. We show that the
free word w is d-locally finite. If H is a d-generator abstract group, then H = F/K for some
normal subgroup K of the free group on d generators. If w(H) = {1}, then w(F) C K.
But now K has finite index in F because it contains w(F) = D which has finite index in F.
So H = F/K is finite, as required. Also, w(G) C N, since w;(g) € N for each i and any
g € G%. By Lemma 37, w(G) is an open verbal subgroup of G contained in N. O

Theorem 39. Let G be a finitely generated profinite group. Then G has a unique Polish group
topology.

Proof. By definition, G has a neighborhood base at the identity of open subgroups. Each
open subgroup in a profinite group contains a normal open subgroup, and by Lemma
38, each open normal subgroup contains an open verbal subgroup. Thus, G has a neigh-
borhood base at the identity of verbal subgroups, which are analytic in any Polish group

topology on G, by Lemma 17. By Theorem 22, G has a unique Polish group topology. [

Remark. The requirement that G be finitely generated is indispensable. An example
of a profinite group that does not have a unique Polish group topology is G = Z%.
Of course, Z¢ is not finitely generated. One Polish group topology on G is the usual
product topology, where each Z; is given the discrete topology. We now construct a
different Polish group topology on G. Let p be a non-principal ultra-filter on w. Then
H := {xic | A € p} is a subgroup of G of index 2. Further, since p is non-principal, H
is dense in G, and so it is not closed. Group H is isomorphic (as an abstract group) to
Zg, since both groups are the unique free Boolean group with 2% elements. Give H the
product topology of Z%'. Now G is isomorphic (as an abstract group) to H X Z; via the
map¢:G=HU (a+ H) — H x Zy, givenby ¢(h) = (h,0), p(a+h) = (h,1),forh € H,
where a is some fixed element of the coset G \ H. Give G the topology of the Polish group
H x Z;. This new Polish group topology on G is different from the first one because in

the new topology H is closed in G.
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5.0 COMPLEXITY OF VERBAL SETS

As we have seen in Chapters 3 and 4, the notion of definability of sets plays an impor-
tant role in understanding the problem of the uniqueness of a topology of a given type
on a topological group. In particular, it is important to understand which algebraically
definable sets are Borel.

Identity sets are of course always closed. On the other hand, all that one can say about
a general verbal set (in a Polish group) with certainty is that it is necessarily analytic. It is
not clear if verbal sets might always be Borel.

In this chapter we investigate the complexity of verbal sets in various Polish groups.
In many situations we will be able to show that verbal sets are Borel. However, the most
interesting results for us are those of Sections 5.4 and 5.5, where we exhibit examples of
verbal sets that are complete analytic, and hence not Borel. These results establish that

not all verbal sets are Borel.

Definitions and Notation. For reader’s convenience, we repeat some of the definitions

from Section 4.1. Let X be any set. For ay, ...,a, (n > 1), distinct elements of X,

(al ap - -- an)

denotes the permutation of X that maps 4; to 4,1 fori = 1,2,...,n —1, and a, to a;,
leaving the the other elements of X fixed. We call such a permutation a finite cycle or,
more specifically, an n-cycle or a cycle of length n. Similarly, for a sequence (a;);cz of

distinct elements of X,

( a_q1 ag ap a )
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denotes the permutation of X that maps each 4; to a;;1 and leaves the other elements of
X fixed. We call such a permutation an infinite cycle or a cycle of infinite length.

Any permutation of X can be represented by an unordered formal composition of
disjoint cycles in a unique way. We say that a permutation f contains a cycle ¢ if ¢ is one
of the cycles in the unique disjoint cycle representation of f. If f contains disjoint cycles
o1, ...,0 we also say that f contains the product oy - - - 0%.

If G is a group, G will denote the set of all n-th powers in G:
6" ={g"|g€G},

not be confused with G", which, as usual, will stand for the Cartesian product G x - - - x G.
~—_———

n

5.1 ABELIAN GROUPS

We show that in Abelian Polish groups verbal sets are necessarily Borel.

Theorem 40. Let (G, +) be an Abelian Polish group, w(x1,...,Xn,Y1,.-.,Ym) a free word, and
c1,...,Cm constants in G. Then the verbal set V. = {w(g1,...,8n;¢1,---,Cm) | §1,---,8n € G}

is Borel in G.
Proof. Since G is Abelian, w(g1,...,8n;¢1,--.,Cm) can be written in the form

w(gl,---,gn;c1,---,cm) =181 +"'+“ngrt+ﬁlcl +"'+ﬁmcmr

for some txi,ﬁj € Z. Let c be the constant ¢ := Bic; + - - - 4+ Bmem € G, so that

w(g1,--, 8niCly - -, Cm) = Q181+ - - + &nQn + C.

Consider the map ¢ : G" — G, defined by ¢(g1,...,8n) = @181 + -+ + anQn. Itis
continuous by the continuity of the group operations, and it is a homomorphism since
the group G is Abelian. Let the Polish group G" act on G by (g, h) — g.h := ¢(g) + h, for
g € G",h € G. By the properties of ¢, this is a well-defined continuous action of G" on G.
By Theorem 9, the orbits of this action are Borel. In particular, the orbit of the element c:

{gc|lgeG"} ={¢(g)+c|ge G"} =V,isBorel. O
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5.2 INFINITE SYMMETRIC GROUP

Recall that S, denotes the group of permutations of IN with the topology inherited from
the Tychonoff product N,

Theorem 41. Full verbal sets in S, are Borel.

To prove this, we first appeal to [7] where it is shown that if w(xq,...,x,) is a free
word that is not a proper power, then the full verbal set w(S},) is the whole of Se, in

which case it is certainly Borel. Thus it remains to show that for each m > 1, the set
SUM = {7 | 7T € Seo}

of all m-th powers in S, is Borel.

We first show that the set of squares sfﬁ) is Borel. The ideas of this proof are then

extended to show that for any m > 1, the set of m-th powers s{™ is Borel.

5.2.1 Set of Squares

In Theorem 42 we give a necessary and sufficient condition for a permutation in Se to be

(2)

a square. We use this characterization in Theorem 44 to prove that Sq;’ is Borel.

Theorem 42 (Characterization of Squares). For a permutation 7t € S the following are equiv-

alent:

(i) e s,
(ii) For every 1 < n < co, the number of 2n-cycles in the cycle representation of 7t is even. (Here,

2 - 00 = oo and oo is considered to be even).

Proof. We analyze the cycle structure of the disjoint cycle decomposition of a square per-

mutation. We note the following:

(a) The square of an infinite cycle is a product of two infinite cycles:
(«+-a_1 ag a1 a ...)2:(... a_p ay ap ---)(---a_q ap az ---);

40



(b) The square of a finite cycle of length 47 is a product of two 2n-cycles:

(a1 ap --- a4n)2 =(a1 a3 -+ agy—1)(az ag -+ agy);

(c) The square of a (4n + 2)-cycle is a product of two (2n + 1)-cycles:

(a1 ay -+ Agni0)® = (ay a3 -+ agye1)(az ag - agnio);

(d) The square of a finite cycle of length 21 + 1 is another (2n + 1)-cycle:

(ﬂl a --- ﬂ2n+1)2 = (ﬂ1 as - dyp41 A2 a4 - ﬂzn)-

From these observations we see that in a disjoint cycle representation of a square per-
mutation, the infinite cycles occur in pairs (see (a)). Also, for any n, the 2n-cycles appear
in pairs (as in (b)), while the (2n + 1)-cycles may occur either in pairs (as in (c)) or alone
(asin (d)). Thus, if 7 € 55,3), then the number of 2n-cycles in 77 for 1 < n < co must be
even (including, possibly, infinite).

Conversely, suppose that (ii) holds. Construct a permutation p from 7 as follows:

(@ If (+-- ag a4y ---)(--- by by ---) is in the disjoint cycle decomposition of 7, let
(«--ap bp a3 by ---)beacycleof p;

(b) If (a1 ap -+ azy)(by by --- byy)isinm, let (a7 by --- ap, bay) be acycle of p;

(c) If (a1 ap --- apyq1)isacycleof m, let (a1 ani2 a2 ayy3 a3 --- Azpy1 dy41) bea

cycle of p.

(Of course such a permutation p is not uniquely determined.) It is clear from the con-

struction that 71 = p?,s0 71 € 5@, O

Lemma43. Forallk =1,2,...andn =1,2,...0r n = oo, the set
B(k;n) := {m € S | 7 contains (at least) k cycles of length n}
is Borel (F,).
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Proof. For by, by, ..., b, € N, wheren > 1, let
U(bl,...,bn) = {7'[ € Seo | 7[([?1) = bz,...,ﬂ(bnfl) = bn}

This set is clearly clopen in S, because it is the intersection of the basic clopen subset
{f e NN | f(by) =by,..., f(by_1) = by} of NN with Se.
Fora,b € Nand m > 1, let

V(a,b;m) :={m € Se | " (a) = b}.
Then V(a,b;1) = U(a,b) and form = 2,3,...

V(a,b;m) = {m|3by,...,byy € N, w(a) = by, 7t(by) =bs,..., n(by) =b}
—_= U U(a,bz,...,bm,b).

bz,...,meN
So V/(a,b;m) is open for all m > 1.
Forai € Nand 1 < n < oo, the set

W(ay;n) :=={m € S | 7t contains (---ay---)}

n

is Borel (closed or open) in Se.. Indeed, W(ay;1) = U(ay,a1), and forn =2,3,...

W(ay;n) = {m|3by,..., b, € N such that 7t contains (ay by ---b,)}
= U U(lll,bz,---,bnral)r
by,...bn€N

so W(aq;n)is open forn =1,2,.... For n = oo, W(ay; n) is closed, since:

W(ay;00) = {m | contains a cycle (---aj - --) of infinite length }

= {n|VYm=1,2,..., mdoes not contain (---a;---)}
——

m

= () (Se\ W(as;m)).

m>1

Foraj,ay,...,ar € N (k > 1) pairwise distinct and 1 < n < oo, the set

W(ay,...,ag;n) :=4{m € Se | Tcontains (---ay---)---(--- ap---)},
(a1 pn) = { | (raro)o (a )}
n n
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is Borel in So. We have already shown this set is Borel in the case k = 1. For k > 1 and

1<n<oo,W(ay,..., an)is Borel (F, and Gs) because

W(ay,...,a;n) = {m|Vi=1,...,k, mcontains (---a;---)and
——
n

Vi#jin{1,...,k}, thecycles containing a; and a; are distinct}

= ﬂ {m | 7 contains (---a;---)} N

1<i<k M
N () {x|Vvm=12,... n"(a;) # ajand 7" (aj) # a;}
1<i<j<k
= () W(azn)n (] (Se\ (V(aga;;m)UV(aj,a;m))).
1<i<k 1<i<j<k

m>1

Finally, fork =1,2,...and 1 <n < oo,

B(k;n) = {m|3ay,...,ar € N such that 7t contains (---ay---)---(---a---)}
n n

= U Wa,...,an).

ai,...,ap €N

Thus B(k; n) is Borel (F). O
Theorem 44. The set S((xz,) of squares in Seo is Borel (Fys).

Proof. Using the characterization of the square permutations given in Theorem 42, we
(2)

express S’ as a Boolean combination of sets previously shown to be Borel:

Sc(,f) = {m €S |foralll <n < ocoand forall k > 1, if 7t has 2k — 1 cycles
of length 2n, then it has 2k cycles of length 2n}
= () ({7 | r does not have 2k — 1 2n-cycles} U {7 | 7t has 2k 2n-cycles})

nk
= [((Seo \ B(2k —1;2n)) U B(2k; 21)).
n,k
So by Lemma 43, the set Sc(x% ) is Borel (Eys)- O
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5.2.2 Set of m-th Powers

(m)

Consider now the set S, * of all m-th powers in S, where m > 1. We will characterize

the elements of this set (Theorem 46), and then show that it is Borel (Theorem 47).

Lemma 45. (a) The unique disjoint cycle representation of the m-th power of a cycle of length N
consists of d cycles, each of length | := X where d = (N, m).
(b) The unique disjoint cycle representation of the m-th power of an infinite cycle consists of m

infinite cycles.

Proof. (a) Let ¢ = (a1 ---ay). By symmetry, ¢™ consists of finite cycles of equal length.
The elements in the cycle that contains a; are all a;’s with k = (1 + jm) mod N, for some
j=0,1,2,... (Here, s mod N denotes the remainder in the integer division of s by N.)

Let x be the smallest positive integer solution of the equation
1+xm =1 (mod N).

Then there are exactly x indices k of the form (1 + jm) mod N. In other words, the length
of the cycle containing a; is precisely x. Now, 1 4+ xm = 1(mod N) if and only if xm = yN
for some integer y. The smallest positive solution to this equation is x = . It follows
that the length of each cycle in ¢ is %, and the number of the cycles clearly must be d.

(b) It is clear that

(..'alaz.‘.)m:(...alam—i‘l --q)(...azam+2 .--)...(q..amazm...),
so the statement follows. O]

Theorem 46 (Characterization of m-th Powers). Let m = [[;_, p}', where for each i, p; is
prime and «; > 0, be the unique prime factorization of m > 1. For a permutation 7w € S the

following are equivalent:
(i) e sy,
(ii) For every 1 < n < oo the number of pin-cycles is divisible by p:'. (Here, 00 - n = oo and oo is
considered to be divisible by any finite number. Note that in particular, the number of infinite

cycles is divisible by m.)
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Proof. Suppose that 7 € 58,“ ) and let P € Seo be such that T = p™.
Let n € {1,2,...}. By Lemma 45, cycles of a given length in 7t appear in groupings
of equal size, more precisely: if 7t contains a cycle of length p;n, then there exist k > 1,

disjoint p;n-cycles 0>, ..., 0% in 71, and a p;nk-cycle ¢ in p such that

O'm:()'la’z...o'k

and
(m, pink) = k.
Writing m = pi'my, n = pfinl, and k = p/"ky, where (my, p;) = (n1,pi) = (k1, pi) = 1, we
get
(pfim, py P k) = plka.

It follows that ; = min(a;, 1+ B; + i), so i = «;. Thus, k is divisible by p*i. We conclude
that the number of p;n-cycles in 77 is divisible by p:* (possibly infinite).
If n = oo, and ¢ is an infinite cycle in 77, then by Lemma 45, there exist disjoint infinite

cycles 0, ..., 0y, in 7T and an infinite cycle ¢ in p such that
" =0y - o

Thus, the number of infinite cycles in 77 is divisible by m.

Conversely, let 77 be a permutation in S, satistfying (ii). We will construct a permuta-
tion p such that p™ = 7.

Fix 1 <[ < oo. By (ii), the number of cycles in 77 of length I is divisible by p, for each

i with p;|l. Thus, the number of I-cycles in 7t is divisible by
d:=]1r;
pill
(possibly infinite). Let
N:=dl (N =oifl=o0).
Note that for finite [, d = (N,m). For | = co,d =I;_; pi" = m.
Divide the cycles of length [ in 77 into pairwise disjoint groupings of d-many. Let

01,02, ...,04 be one such grouping of I-cycles in 7t. By Lemma 45, the product cy03 - - - 04
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can be written as the m-th power of a cycle ¢ of length N. Put the cycle ¢ into the permu-
tation p.
Doing this for each length [, 1 < | < oo, and each grouping of I-cycles in 7T, we

complete the construction of p. It is clear by design that o = 7. O
Theorem 47. Forall m > 1, the set sim of m-th powers in Se is Borel (F,;).

Proof. Let m = [T;_; p;’, &; > 0, be the unique prime factorization of m. By Theorem

46, a permutation 7t is in S((,T ) if and only if for all prime factors p; of m, for all n €

{1,2,...} U{co} and for all k € {1,2,...}, if 7t has p'l?‘i(k “1)4+1 pin-cycles, then 7 has
pi'k pn-cycles. Thus,

S = ) (5 \ Bk~ 1)+ 15pun)) U B pn),
pi,fl,k

where B(k; n) denotes the set of permutations that have (at least) k cycles of length n. By
Lemma 43, it follows that Sc(x’)” ) is Borel (Fys)- O

53 AUTOHOMEOMORPHISM GROUP OF THE UNIT INTERVAL

Let Homeo(I) denote the group of autohomeomorphisms of the (closed) unit interval I.
With the topology of uniform convergence, Homeo(I) is a Polish group. We will show

that the set of squares
Homeo(1)? = {f2 = fo f | f € Homeo(I)}

is Borel (clopen).

Let Homeo(I) be the set of order-preserving (increasing) homeomorphisms of I:
Homeo™ (I) = {f € Homeo(I) |Vx,y €1, x <y = f(x) < f(y)},

and Homeo™ (I) the set of order-reversing ones. Then Homeo™ (I) is a clopen subgroup of

Homeo(I) of index 2 whose other coset is Homeo™ (I).
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We will show that Homeo(I)?) = Homeo™ (I), and therefore the set of squares is
clopen. It is clear that the squares preserve the order. The rest of this section is devoted to
proving the converse: every order-preserving homeomorphism is a square. This result is
probably folklore; it is mentioned without proof in [9]. We present here our own proof in
detail because the ideas and notation will be used in the more involved arguments of the
next section.

For ], a closed and bounded interval in R, let Homeo(]) and Homeo™ (]) denote the
homeomorphisms and the order-preserving homeomorphisms of |, respectively. Further,

let
K(J) = {f € Homeo™ (J) | ¥x € J°, f(x) > x},

L(J) = {f € Homeo* () | ¥x € J°, f(x) < x}.

Lemma 48. (a) Forall f € K(]), there exists g € K(J) such that f = g°.
(b) Similarly, for all f € L(]), there exists ¢ € L(]) such that f = g*.

Proof. Without loss of generality assume | = I. We give a proof of part (a); the proof of
part (b) is analogous.

Define for each n € Z and each r € [0,1) points a,, in (0,1) as follows (see Figure 3):

1
ap,0 ‘= 35,

ano = f"(ao0),
agy = ag,0 + r(aio — ao0),

an,r = fn (610,,,) .

Then:

(i) 0<--- <a_q0<dago<d<dp<--- <1,
(ii) ayp — 0asn — —occand a,g — lasn — oo,
(iii) an, < amsifandonlyifn +r <m+s,

(iv) Forall x € (0,1), therearen € Z and r € [0,1) such that x = a,,,.
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,,,,,,,,,,,,,,,,,,,,,,,

0 a,pa,, a0, ay a, Ay 4y, Gy 1

Figure 3: Constructing a square root: Sequence (ay, ).

The first claim follows by induction from the fact that agg < f(app) = a1 (since
f € K(I)). For part (i), let a = limy—co a0 € (3,1]. Then f(a) = limy—co f(ano) =
lim, e ay4+10 = a. Since Vx € (0,1), f(x) # «x, it follows that 2 = 1. Similarly,
lim;,—, e a,,0 = 0. To see (iii), notice that for r <'s, ago < ag, < ags < a1, and since f is
order-preserving, a,o < an, < ans < Ay+10. Using this fact and (i) we see: if n < m, then
Anr < Apy10 < Apo < ams, and if n = mand r < s, then a,, < a,s = ay,s. Similarly, if
n>morn=m,r >sthena,, > ans. For claim (iv), suppose x € (0,1). Then (i) and (ii)
imply that there is an n such that x € [a,0,4,+10). Then f~"(x) € [a0p,410). We can of
course find 7 such that f~"(x) = ag,, and so x = a,,,.

We claim that the unique disjoint cycle decomposition of f is

H (- a1,y aor A1y A2 ).

ref0,1)
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It is clear that f and this formal composition agree on the set {a,, | n € Z,r € [0,1)}.
But, by (iv), {a,, | n € Z,r € [0,1)} = (0,1).
Let g be the permutation of I given by the following disjoint cycle decomposition:
g:= ] (- a-a, A_y,.1 A0y g1 Glr Gy ).
ref0,3)

It is immediate that f = ¢. That g is order-preserving follows from (iii). Further, g
is continuous because the preimages of the open intervals in I are open intervals in I, by
the fact that g is a bijection that preserves the order. For each x € (0,1), g(x) > x, by (iv)
and (iii). So ¢ € K(I). O

Lemma 49. For every f € Homeo™ (), there exists ¢ € Homeo™ (I) such that f = g°.

Proof. Given f € Homeo™ (I), let {I,} be the set of all maximal subintervals of I on which
the function f(x) — x does not change sign. Let J, be the closure of I,: ], = I. Then by
Lemma 48, for each A there exists gy € Homeo(J,) such that f|Jy = g2. Define g: I — I

by
qa(x), ifxel,
8(x) =
X, if x is such that f(x) = x.
It is clear that ¢ € Homeo™t (I) and f = g2 O

As discussed at the beginning of this section, we have proved the following;:

Theorem 50. The set Homeo(I)(2) of the squares in Homeo(I) is Borel.

54 AUTOHOMEOMORPHISM GROUP OF THE UNIT CIRCLE

Note that the material of this section can be found in [8].
Let Homeo(S') be the group of autohomeomorphisms of the unit circle S'. Equipped
with the topology of uniform convergence, it is a Polish group. In this section we investi-

gate the complexity of the set

Homeo(Sl)(z) ={f*=fof|f € Homeo(S")}
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of squares in Homeo(S!).

We have seen in Section 5.3 that the set of squares in the autohomeomorphism group
Homeo(I) of the unit interval, is Borel, and, indeed, it is of low Borel complexity. Remark-
ably, we will see that if the endpoints of the unit interval are identified to form the circle,
S!, then the set of squares in its autohomeomorphism group Homeo(S') is (analytic but)
not Borel. In fact, it is complete analytic.

The result that the squares in Homeo(I) are Borel is in contrast to the situation in
the space C(I, I) of all continuous maps from the unit interval into itself. By studying the
properties of the set of points where a function is locally constant, Humke and Laczkovich
showed in [13] that the squares in C(I,I) are (analytic but) not Borel. Later Beleznay
improved this result by showing that the squares are complete analytic [2]. Of course,
autohomeomorphisms are nowhere locally constant. Instead, in proving that the squares

in Homeo(S') are complete analytic, we focus on the structure of the set of fixed points.

Homeo(S')?

X LO Homeo(S")

Figure 4: Showing the completeness of an analytic set.

A standard technique for showing completeness of an analytic set is to reduce an al-
ready known complete analytic set to the given set (see Figure 4). Beleznay in [2] showed
that the set LO2 of linear orders of type I + I (precise definition follows) is complete an-
alytic. To show that Homeo(S")?) is complete, we construct in Lemma 53 a continuous

reduction F of LO2 to Homeo(S')(?). Since LO2 is complete, an arbitrary analytic set A can
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be reduced to it via a continuous map G. Composing this reduction map G with F gives
a continuous reduction of A to Homeo(S')(?). This proves that Honeo(S")(?) is complete.

We first give in Lemma 52 a necessary and sufficient condition for a homeomorphism
of St of a certain type to be a square. Then we use this characterization to construct a

continuous reduction of LO2 to Homeo(S')(?) in Lemma 53.

5.4.1 Definitions and Notation

First, we give a definition of the set LO2, as given in [2]. Let a € 2INXN code the relation
R on N the following way: (n,m) € R if and only if a(n,m) = 1. Then LO is defined
to be the set of those codes &« € 2N*N that code a linear order. LO is a G; subset of the
Polish space 2NXN and thus a Polish space itself. For codes a from LO, we write n <, m
instead of a(n,m) = 1. The set LO2 is the collection of codes from LO which code a

linear order of the form I + I:

LO2 = {a € LO | 3f € 2N, ¢ € NN such that ¢ : N — N is a bijection, and
Vn,m e N, f(n)=0and f(m) =1imply n <, m,
VneIN, f(n)=0ifandonlyif f(g(n)) =1,
vneN, g(g(n)) =n,
Vn,m € N, if f(n) = f(m) =0 then n <, miff g(n) <, g(m)}.

In other words, f determines two classes of IN such that every element of f~1(0) is
a-less than every element of f~1(1), and g gives an a-order-preserving bijection of these
two classes. As mentioned previously, LO2 is a complete analytic set.

While we visualize the topological space S! as the unit circle, formally, we consider
S! to be the quotient space obtained from the unit interval I by identifying its endpoints
0 and 1. For distinct points x1,x2,...,x, (n > 3) in S! we write X < Xp < e < xp(<
x1) if, when traveling counterclockwise along the circle S! starting from x;, we reach
points x3, ..., x, in that order (before reaching x; again). For x,y € S! we define the open
interval (x,y) = {z | x < z < y}. In the obvious way we also define ‘<’ and the closed

and semi-closed intervals in S1.
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Let Homeo ™ (S') denote the set of order-preserving homeomorphisms of S*:
Homeo™ (S') = {f € Homeo(S') | Vx,y,z€ S, x <y <z= f(x) < f(y) < f(2)}.

Similarly, let Homeo~ (S!) be the collection of order-reversing homeomorphisms of S?.
Clearly, Homeo™ (S!) is a subgroup of Homeo(S!) of index 2, with Homeo~ (S') as its other
coset.

For f € Homeo™ (S') and a,b € S?, define

D(fla,b]) = {x € [a,b] | f(x) # x}.

N | =

Figure 5: A function in M and its inverse.

Finally, we define a collection M of a special kind of homeomorphisms of S!:
M = {f € Homeo™ (s') | f(0) = 1, f(}) =1 =0,
Vx € (0,3), 0<x< f?(x)<3, and

vx e (1,1), I <x<f(x) <1}
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The last two conditions in the definition of M can be rewritten as
Vx € (0,3), 3 <f '(x)<f(x)<1and
Vx € (3,1), 0< f(x) < f(x) < 3.

A typical function in M, together with its inverse, is shown in Figure 5.

5.4.2 The Proof

Lemma 51. Let f € M. Suppose0 <a <a' <c<c <3 <b<b <d<d <1arepoints

in S' such that f contains
(ab)(cd)(a'b')(c"d")
in its disjoint cycle representation and for all x € (a,a’) U (c,c’) U (b,b') U (d,d"), f?(x) # x.
Let A = [a,a']Ulc, U b, b']Ud,d']. Then there exists an order-preserving homeomorphism
g of A such that g contains
(acbd)(a' b’ d)
and f1A = ¢

Proof. Fix an arbitrary point agg € (a,4’) and for n € Z, let

a0 := f*"(agp) € (a,a"),
buo == " (agp) € (b,1).

Forr € (0,1) and n € Z, let

agr := agp +r(aio — aop),
Apy = f2n(a0/r) € (a,a),
bur:= f7"Yag,) € (b,b).

Starting with an arbitrary point cp in (¢, ¢’), construct analogous sequences (cy, ») and

(dyy)in (c,c’) and (d,d") respectively. Then the following are true for the sequence (ay,):

a<---<a_10<app<ap<ayp<---<d,
(i) ay0 — aasn — —oo and a, 0 — a4’ asn — oo,

(iii) a < apy < ams < a’ ifandonlyif n+r < m+s,
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Figure 6: Constructing a square root: Sequences (a,,) and (by,).

(iv) Forallx € (a,a’), there are n € Z and r € [0,1) such that x = a,,,,

and analogous statements hold for the sequences (by,), (cny) and (d,,). We omit the
proof as it is similar to the proof of Lemma 48. Note that in (i) we use the assumption that

f € M (see Figure 6).

The disjoint cycle decomposition of f[A is then

(ab)(cd)(@ b)(d)- H (++- agy boy a1, by, -+ )(-+- cop doy c1y dry o0 ).
re(0,1)
It is clear from the construction that every cycle in this composition is a cycle of f[A. But
(iv) implies that also, every cycle of f[A is included in this representation.
Define g to be the permutation of A given by the following disjoint cycle representa-

tion (see Figure 7):

! ! /
g:=(acbd)(a b d H -+ agy cor boy doy a1y 1y b1y diy -0 ).
rel0,1)
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Figure 7: A square root g of f[A.

Then clearly ¢> = f] A. That g is order-preserving follows from (iii). The inverse im-
ages under g of the open intervals in S! are open intervals because g is an order-preserving

bijection. Thus g is continuous. O

Lemma 52 (Characterization of Squares in M). For a homeomorphism f € M, the following

are equivalent:

(i) f € Homeo(S")?

(i) There exist ¢ € (0, }) and an order-preserving homeomorphism ¢ : [0,c] — [c, 3] such that

¢(D(f1[0,¢])) = D(f1le, 3]).
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Proof. Suppose that f € Homeo(S')(?) and let ¢ € Homeo(S') be such that f = g2, Note
that g(0) # 0, otherwise f(0) = ¢%*(0) = 0. Also, g(0) # 3%, for otherwise f(3) =

f(8(0)) = g%(0) = g(f(0)) = g(3) = g(g(0)) = f(0) = 3. We claim that g €
Homeo™ (S'). Suppose, for a contradiction, g € Homeo™ (S). If 0 < g(0) < 3 < 0

~

then applying g to each of these points, the order of their images reverses, i.e., g(0) > 1 >

g(%) > ¢(0). In particular, g(3) € (0,3). Now applying g again, we find 3 < g(3) <

0 < 1. However, this gives g(3) € (3,1) — a contradiction! The case 0 < 5 < ¢(0) < 0
y1e1ds a contradiction in a similar way. So ¢ must indeed be order-preserving. Now, ei-
ther ¢(0) € (0,1) or g71(0) € (0,3). Incase g(0) € (0,3), letc = ¢(0) and let ¢ = g[[0, c].

Then ¢ is an order-preserving homeomorphism of [0, c] with [, 1] and for x € [c, 5] we

have

x € p(D(f1[0,c])) <= g (x) € D(f1[0,¢])

= fg7(x) #g7 (x)
= &) A5 (%)
= gi(x) £

= fi(x) #

<= x € D(fl[e, 3)

so ¢(D(f1]0,¢])) = D(fl[c, 3]). Incase g71(0) € (0,3), the proof is similar, only with
c=g '(0)and ¢ = g '[[0,c].

Conversely, suppose that (ii) holds. Let K = {x € [0,¢] | f2(x) = x}. Note that
0,c € K. Define gx on K" = KU ¢(K) U f(K) U f(¢(K)) by the following disjoint cycle
representation:

[1(x ¢(x) f(x) f(9(x))).

xeK

Then gk is an order-preserving homeomorphism of K’ and ¢ = f[K’. Set D(f[0,c])

consists of disjoint open intervals. Let L be a component of D(f[[0,c]). Let g1 be the

order-preserving homeomorphism of L' = LU@(L) U f(L) U f(¢(L)) such that f[L’ = g3,

constructed in Lemma 51. Define
g =gk U J{gw | Lis a component of D(f(0,c])}.
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It is not hard to check that then ¢ is a well-defined order-preserving homeomorphism of

S! with f = ¢2. O

Lemma 53. There is a continuous function F : LO — M such that
F(a) € Homeo(SY)®  ifand only if « € LO2.

Proof. Construction. Fix « € LO. We want to define F(a) € M. We start by constructing
a discrete collection of open intervals {(pn,q.) | n € N} with endpoints in (0, 3) and

with the following properties:

(a) The order of {p, | n € N} is isomorphic to the order (coded by) «,
(b) inf{p, | n € N} = 0 if and only if the order a has no smallest element,
(c) sup{gn | n € N} = % if and only if the order « has no largest element,
(d) For any x ¢ UpeN(pn, qn), sup{qn | gn < x} = inf{py, | p» > x} if and only if there is
no biggest g, below x and no smallest p,, above x,
©) |91 — pul < 3.
To do this, we follow the construction of Beleznay in [2]. Let O = {(am,bym) | m € N}
be an enumeration of the rational open subintervals with endpoints in (0, %) Choose a
pairwise disjoint subsystem of O as follows. Let (s1,t1) = (a1,b1), tp = 0 and sp = %
Assume that we have already chosen (s, t;) for k = 1,2,...,n — 1 such that if k <, I
then t; < s; (i.e., (sg, tr) precedes (s;, t;)). Let i be the a-biggest among 1,2,...,n —1
that is a-less than n, if such i exists. Otherwise leti = 0. Let j be the a-smallest among
1,2...,n —1thatis a-bigger than n, and if no such j exists, let j = 0. By the choice of s, t;
fork=0,1,...,n—1,t; <s;. Let (Sn, tn) be the first (a,, by, ) such that it is
(i) strictly inside (t;,s;),
(ii) contains @, and
(iti) |by — am| < .
For an example of the first few steps of this construction, see Figure 8.
It is clear that this process can be continued and yields a pairwise disjoint system

of intervals {(s,,t,) | n € IN} such that the order of {s, | n € IN} is isomorphic to
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Figure 8: Constructing intervals from a linear order: Intervals (s, f,) forn = 0,1,...,4,

when2 <, 3 <, 1<, 4.

the order coded by a. We now let (py, gn) be the middle third of the interval (sy, ).
The collection {(pn,gn) | n € IN} constructed this way has all of the aforementioned
properties: (b),(c),(d) are ensured by (ii), and (e) is implied by (iii).

Let U = Uyen(Pn,gn)- We now define F(a), see Figure 9. For x € S! = [0,1]/~, let

(

liy, ifxe[0,3)\U,
1 qn—Pn L3 7T 1
=+ x4+ sin(—2—(x — , ifx € ,qn),
F(“)(x) . Tt (qn Pn( pn)) (Pn Eln)
\—%‘Fx"‘ qn;l’n Sin(qnfpn(x—%—pn)), ifx € %"‘(pn,q;q)

If we visualize S! as the unit circle, then F(a) acts on the points outside U and % + U as
the rotation by 7, while each point in U and % + U is rotated by ‘a little over” 71. More
precisely, a point x in (py, 4,) is taken to a point in 3 + (pu, qu), between its diametrically
opposite point  + x and % + ¢,, and points in J + (ps,qu) are mapped similarly. One

readily verifies that F(x) € M.

Continuity. We show that F : LO — M is continuous. For « € LO, let {(p%,q%) | n € N}
denote the discrete collection of open intervals constructed from «. Fix « € LO. We
show that F is continuous at «. Specifically, we prove that for all ¢ > 0, there is an open
neighborhood N, of « such that for all B € Ny, d(F(a), F(B)) < e.

Fix ¢ > 0 and let i, = [1]. Then, by (e), for all B € LO, n > n; = |gh — ph| < ¢. Let

N, = {B € LO | B and « agree on the order of 1,2, ...,n, — 1}.
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3+4,
3+P,
q,
Py
0 p, 4, Lip, 1+, 1

Figure 9: Constructing a continuous reduction: Function F(«).

This is a basic open neighborhood of «. If B € N,, then the intervals (p%, g%) and (pﬁ, qﬁ )

coincide for n < ng, so F(a) and F(B) may differ only on the set

A= U s au U (vhah).

n>mne n>mne

Thus,

d(F(a),F(B)) = sup{|F(a)(x) — F()(x)| | x € S}
= sup{|F(a)(x) — F(B)(x)[ | x € A}.

If x € A, then x € (p%,4q%) for somen > ng or x € (pfn,qi) for some m > ¢, or both. If x

belongs to (py, %) and no other component of A, then
[F(a)(x) = F(B) ()| < [ — Pl <e.
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Similarly, if x belongs to (pﬁi, qi) only, then

F(a)(x) — E(B)(x)] < |gh — phul <.

Finally, if x € (p%,4%) N (pfu q,ﬁ;), then

F(a)(x) — F(B)(x)| < max(|q2 — p2l, |gh — Phl) < e.

Thus, d(F(«), F(B)) < e. This proves the continuity of F.

To be square is to be even. We now turn to proving F(a) € Homeo(S')?) <= « € LO2.
Suppose F(a) € Homeo(S')?). Then by Lemma 52, there exist ¢ € (0, 1) and an

order-preserving homeomorphism ¢ : [0,c] — [c, 3] such that

¢(D(F(2)1[0,¢])) = D(F(a)I[e, 3))-

Then ¢ ¢ U. For, otherwise, c € D(F(«)[[0,c]), and so ¢(c) € D(F(a)[[c, 1]), which
further implies that ¢(c) € UU (3 + U). But, ¢(c) = 3 ¢ UU (3 + U).
Since D(F(«)[[0, %]) = U, we find that

4>( U (pn,qn)) U (puan)

pn€(0,0) pn€(c3)
Since ¢ is a homeomorphism, if p,, € (0,c¢), then ¢((pn, qx)) is equal to (pm, qm) for some m
with py € (c, 3). This further means that for p, € (0,¢), ¢(pn) = pm for some py, € (c, 3).
Let ] = {n|ps € (0,c)}and K = {n | p, € (c,3)} Then, in (0, 3), every element of |

precedes every element of K and 7 : | — K defined by
T(n) is the unique m such that ¢(pn) = pm

is an order-preserving bijection between | and K. Thus, the order of {p, | n € N} is of

the form I + I. Since this order is isomorphic to the order coded by «, we find « € LO2.
Conversely, suppose « € LO2. According to Lemma 52, we need to find a point

¢ € (0,%) and an order-preserving homeomorphism ¢ : [0,c] — [c, 1] with the property

¢(D(F(a)1[0,c])) = D(F(a)[c, 3]).
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Write IN as the disjoint union of sets | and K such that each element of | is a-less
than each element of K and there is an a-order-preserving bijection 7 : | <= K. Let ¢; =
sup{gn | n € J} and c; = inf{p, | n € K}. If ] has no biggest element, let c = ¢;. If K
has no smallest element, let ¢ = cp. (This definition of ¢ is not ambiguous, since in the
case that both | has no biggest element and K has no smallest element, c; = ¢, by (d)).
Otherwise, let c = % Notice that if | has a biggest element, then ¢; < ¢, and if K has a
smallest element then ¢ < ¢j.

Define ¢(pn) = pr(n) and ¢(qu) = g(»)- Then ¢ is strictly order-preserving on the set
S=A{pnqn|ne]}

Extend ¢ to the closure of S as follows. First note that if x € S, then either x =
sup{qgn | gn < x} or x = inf{p, | pn» > x} (or both). In case x = sup{q, | q» < x},
define ¢(x) = sup{qr(n) | gn» < x}. Incase x = inf{p, | pn > x}, define p(x) =
inf{pr(s) | p» > x}. This is well-defined (non-ambiguous): Suppose x = sup{q, | g» <
x} = inf{ps | p» > x}. We need to show that y := sup{q(,) | 9» < x} and z :=
inf{pr(n) | pn > x} are equal. Clearly y < z, and if y < z, there can be no intervals
(Pn,qn) between y and z. Thus, y = sup{qgm | gu < y} = sup{gm | gu < z} and
z = inf{pm | pm > z}. By property (d), there is no biggest g, below x and there is no
smallest p, above x. Since T is an order-preserving bijection, it follows that there is no
biggest q,, below y, and thus no biggest q,, below z, and also, there is no smallest py,
above z. This, by (d) again, implies that sup{gm | gm < z} = inf{pm | pm > 2}, 16,y = z.

Clearly ¢ is continuous and order-preserving on S.

Note that
infS =0 <= ] hasno smallest element (by (b))
<= K has no smallest element
<= inf7(S) = ¢ (by the definition of c).
and

supS =c¢ <= ] hasno biggest element (definition of c)
<= Khas no biggest element

< inf7(S) = 1 (by (0)).
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Next we define ¢(0) = c and ¢(c) = 1. By the above remarks, ¢ is well-defined (i.e., if ¢
has already been defined at 0 and/or ¢, this new definition agrees with the previous one)
and ¢ is order-preserving and continuous on S U {0, c}.

The complement of S U {0,c} in [0, c] is a disjoint union of open intervals. We define
¢ to be linear on each of these components and continuous on [0, c].

By construction, ¢ is an order-preserving homeomorphism between [0, c| and [c, 1],

and

¢(D(F(a)1[0,c])) = ¢(\J (P, an)) = U (pm,qm) = D(F(a)1[c, 3]). H

nejf mekK

Theorem 54. The set of squares Homeo(S')?) in Homeo(S') is complete analytic.

Proof. The set Homeo(S')(?) is obviously analytic, since f +— f o f is continuous. Lemma
53 gives a continuous reduction of LO2, a complete analytic set, to Homeo(S')(?). By the

discussion from the beginning of this section, Homeo(S')?) is complete. O

5.5 AUTOMORPHISM GROUP OF THE RATIONAL CIRCLE

An important class of Polish groups is the class of the automorphism groups of count-
able first-order structures, which are precisely the closed subgroups of Se. They are of
particular interest to logicians and permutation group theorists (see Section 6.3). It is a
natural question to ask if in these Polish groups, as in Se, the full verbal sets are neces-
sarily Borel. The answer turns out to be negative: we show here that the set of squares in
the automorphism group Aut(Q, <) of the rational circle (definition follows) is complete

analytic.

5.5.1 Definitions and Notation

Recall that S! denotes the quotient space obtained by identifying the endpoints of the
unit interval I. Of course, S' is homeomorphic to the unit circle via the map ¢ — >,

We define a three place relation ‘<’ on S! by: x < y < z if and only if, when starting
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from x and moving along the circle in the counterclockwise direction, we first arrive at y,
and then at z (before returning to x). We define the rational circle Q to be the subset of S!
consisting of the rational points, equipped with the relation < restricted to Q. Consider

the group of automorphisms of the countable first-order structure (Q, <):

Aut(Q, <) ={meSym(Q) |Vx,y,z€ Q, x <y <z=mn(x) < n(y) < n(z)}.

We give Aut(Q, <) the relative topology as a subspace of the group Sym(Q) of permuta-
tions of Q (which is homeomorphic to Se). Aut(Q, <) is then a closed subgroup of the
Polish group S, and thus a Polish group itself.

We show below that Aut(Q, <) naturally embeds as an abstract subgroup into the
Polish group Homeo(S!). Thus, another natural way to topologize Aut(Q, <) would be
to give it the topology as a subset of Homeo(S!). However, we will see that this topology
is not Polish.

The fact that Aut(Q, <) embeds as a subgroup into Homeo(S?) is nevertheless useful
to us as we consider the question of the complexity of the set of squares in Aut(Q, <).
The proof that Homeo(S')(?) is complete analytic relies a great deal on the ordering on
the circle S'. We will build on the ideas of Section 5.4 to prove that Aut(Q, <) is also

complete analytic.

Let 1 € Aut(Q, <). We define an extension 7 of 7t to S! as follows. For x € S!, write
{x} = Nyolpn,qn), for some p,, g, € Qwith pg < p1 < - < x < -+ < q1 < qo.
Then 7t(po) < m(p1) < --- < 7(q1) < 7(q0)- Define 7t (x) to be the unique point of the
intersection ;o [77(pn), 71(4n)]. One can show that 7 is a well-defined order-preserving
homeomorphism of S!, and that it extends 7i: # € Homeo™ (S') and #|Q = 7. Also, if
f € Homeo"(S') and f(Q) = Q, then f]Q € Aut(Q, <) and f]Q = f.

Define y : Aut(Q, <) — Homeo(S') by ¢(71) = 7. One can show that 1 is an abstract
group embedding, so Aut(Q, <) = p(Aut(Q, <)) is a subgroup of Homeo(S'). Observe
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that ¢ (Aut(Q, <)) is a G, subset of Homeo(S'), since

Y(Aut(Q, <)) = {f € Homeo™ (") | f(Q) = Q}
= {f € Homeo™(S') |Vx € Q,3y € Q, f(x) =y
andVy € Q,3x € Q, f(x) = y}.

Let T be the usual Polish group topology on Aut(Q, <), that is, the relative topology as
a subset of Sym(Q). Let T’ denote the topology on Aut(Q, <) inherited from Homeo(S'):
v = {y~1(U) | U is open in Homeo(S')}. We show that the topologies T and T’ are com-
parable, but not equal. Thus, by Theorem 6, T/ cannot be Polish. To show that T is finer
than 7/, it is enough to see that every basic open set of T’ contains a basic open set of 7.
Consider the basic open set U(7,¢) := {0 € Aut(Q, <) | sup,.q d(0(x), A(x)) < €} of
v/, where 7 € Aut(Q,<) and e > 0. Letn = [1] + 1,50 that 1 < e Letx; = n71(%), for
i=1,...,n. Then V(rr,{x1,...,xn}) = {c € Aut(Q,<) | o(x;) = m(x;),i =1,...,n}
is a basic open set of T contained in U(7t, ¢). To see that T is strictly finer than 7/, observe

that V(id, {0}) = {c € Aut(Q, <) | ¢(0) = 0} is an open set in T, but not open in 7’.

Throughout this section we fix A = % and B = % + % in S'. They will play the role
of 0 and % from the previous section, but they have an additional quality that is necessary
for this argument to work: they are irrational.

Define
M(A,B) = {f € Homeo™ (S') | f(A) = B, f(B) = A,
Vx € (A,B), A<x< fz(x) < B, and
Vx € (B,A), B<x< f*(x) < A}.
and
Mo(A,B) ={m e Aut(Q,<) | A(A) = B, A(B) = A,
Vx € (A,B)NQ, A< x < m?*(x)<B, and
Vx € (B,A)NQ, B<x <m?(x) < A}
Note that if 77 € Mq(A, B), then # € M(A,B), and if f € M(A, B) with f(Q) = Q,
then f1Q € Mq(A,B).
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5.5.2 The Proof

We now show that the set of squares Aut(Q, <)?) is complete analytic. As discussed in
Section 5.4, to show completeness of an analytic set, it is sufficient to find a continuous
reduction of an already known complete analytic set to the given set. In fact, recall that
according to a result by Kechris [21], it is sufficient to find a Borel reduction. To show that
Aut(Q, <)@ is complete, we construct in Lemma 58 a Borel reduction G of the complete
analytic set LO2 to Aut(Q, <)?). But before constructing this Borel reduction, we will

need a characterization of the squares, which we give in Lemma 56.

Lemma 55. Let m € Mq(A,B). Then f := t € M(A,B). Suppose A < a <a' <c<c <
B<b<l <d<d < Aarepointsin S' such that f contains

(ab)(cd)(a b)) (' d)

in its disjoint cycle representation and for all x € (a,a’) U (c,c’) U (b,b') U (d,d"), f?(x) # x.
Let S = [a,a'|Ulc, '] U [b,b']| U[d,d']. Then there exists an order-preserving homeomorphism g
of S such that g(SN Q) = SN Q, g contains

(acbd)(a' V' d")

and f|S = g*. Then, o := g[S N Q is an automorphism of (SN Q, <) and t[SN Q = ¢>.

Proof. The proof is the same as that of Lemma 51, only with A and B in place of 0 and 1,
and with agg € (a,a") N Q, cop € (¢,¢')NQandr € [0,1) N Q. O

Lemma 56 (Characterization of Squares in M (A, B)). For an automorphism r € Mq(A, B),

the following are equivalent:

(i) m e Aut(Q, <)@,
(ii) There exist an irrational point ¢ € (A,B) and an order-preserving homeomorphism ¢ :

[A, c] — [c, B] such that ¢([A,c]NQ) = [¢c,B]NQ, and
¢(D(7[[A,c])) = D(7tl[c, B]).
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Proof. Suppose that 7 € Aut(Q,<)? and let ¢ € Aut(Q, <) be such that 7 = ¢2. Let
f=rfand g = 6. Then f € M(A,B) and f = g% As in the proof of Lemma 52, let
c = g(A) and ¢ = ¢[[A,c] if g(A) € (A,B), or, letc = ¢71(A) and ¢ = ¢ !|[A,(]
if ¢71(A) € (A, B). As before, ¢ is an order-preserving homeomorphism of [A, ¢] with
[c, B]. But also, ¢([A,c] N Q) = [c,B]NQ, since g(Q) = Q.

Suppose now that (ii) holds. We construct gk, g1 and g as in the proof of Lemma
52, except, we replace 0 and 3 by A and B respectively, and we use Lemma 55 to obtain
¢1. Then g is, as before, a well-defined order-preserving homeomorphism of S with
f = ¢ In addition, since both gx and g; map rational points to rational points, and
irrationals to irrationals, ¢(Q) = Q. Let ¢ = ¢[Q. Then ¢ € Aut(Q, <) and 7t = ¢2. So
e Aut(Q, <), O

Lemma 57. For each linear order « € LO, there exists a discrete collection of open intervals

{(pn,qn) | n € N} with rational endpoints in (A, B) satisfying the following properties:

(a) The order of {pn | n € IN} is isomorphic to the order (coded by) «,

(b) inf{p, | n € N} = A ifand only if the order « has no smallest element,

(c) sup{gn | n € N} = B ifand only if the order « has no largest element,

(d) Forany x & UpeN(Pn, qn), sup{qn | gn < x} = inf{p, | pn > x} if and only if there is no
biggest q, below x and no smallest p,, above x,

(e) All accumulation points of {pn, qn | n € IN}, if there are any, are irrational.

Further, it is possible to assign such a collection of intervals {(p%,q%) | n € IN} to each linear

order « € LO in such a way that if linear orders o and B agree on the order of 1,2,..., N, then
(P an) = (Pﬁ,qg) forn=1,...,N.

Proof. Enumerate the rational numbers in (A,B): {r1,7,73,...}. Fix a countable dense
subset P of (A, B) consisting of irrational points (e.g., P = (Q ++v/2) N (A, B)). Let P =
{It | k € N} be an enumeration of the intervals with endpoints from P. Choose a pairwise
disjoint subsystem { (s, t,) | n € N} of P as follows. Let (s1,t1) be the first interval in
P. Letty = A,sp = B. Assume we have already chosen (sg, tx) for k = 1,2,...,n—1

such that if k <, [, then t; < s; (i.e., (sg, tx) precedes (s;, t;)). Let i be the a-biggest among
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1,2,...,n —1 that is a-less than n, if such i exists. Otherwise, let i = 0. Let j be the a-
smallest among 1,2...,n — 1 that is a-bigger than n, and if no such j exists, let j = 0. By
the choice of s, fy fork =0,1,...,n —1,t; <sj. Let (sn, tn) be the first interval in P such
that it is

(i) strictly inside (t;,s;),
. . tits;
(ii) contains %, and

(iii) contains the first 7, in (t;, s;).

It is clear that this process can be continued for all n € IN and yields a pairwise disjoint
system of intervals { (s, t,) | n € IN} such that the order of {s, | n € IN} is isomorphic
to the order coded by a. Let @ = {Ji | k € IN} be an enumeration of the intervals with
rational endpoints in (A, B). We now let (py, g.) be the first interval in Q that is contained
in (sp, ty).

The collection {(pn,qn) | n € IN} constructed this way has all of the desired proper-
ties. Requirement (ii) of the construction ensures (b),(c) and (d). Property (e) follows from
(iii): we will show that for any m, r,, is not an accumulation point of S = {pn, qn | n € N}.
If 7y € (sn, tn) for some N, then there are only two points from S, namely py and gy in-
side (sn, tn) and so 1, cannot be an accumulation point of S. Suppose r, & (su,tn) for
all n € IN. Without loss of generality, assume r,,, € (t1, B). Then there are at most m — 1
intervals (s;, t;) in (t1, B), for otherwise, r,, would have been picked up by one of the in-
tervals (s;, t;) (the only reason it was not picked up is because an ‘earlier’ rational point
was picked up instead — but there are only m — 1 rational points preceding r,,). Thus,
there are only finitely many points from S in (¢, B), and so r,, cannot be an accumulation
point of S.

It is clear from the construction that if « and 8 in LO agree on the order of 1,2,..., N,

then (p%,q%) = (pg,qg) forn=1,...,N. O

Lemma 58. There is a Borel function G : LO — Mg(A, B) C Aut(Q, <) such that

G(a) € Aut(Q,<)?  ifandonlyif « € LO2.
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Proof. Construction. Let « € LO. We define an automorphism G(a) of (Q,<). Let
{(p%,q%) | n € N} be a discrete collection of open intervals assigned to « as in Lemma 57.
Let Uy = Unen(p3 1) € (A, B).

Leth: [0,1] — [0, 1] be the map

X, ifxelo,l],
hx) — [0, 3]

Nl— NI—=

—1x, ifxe[},1]
Define F(a) : S! — S! as follows: for x € S1,

%'i_x/ 1fx¢uau(%+ua)/

F(a)(x) =
S+x+(gh - ph(GEE),  ifx e (phan) UG+ (phap),

see Figure 10. (It is understood here that points greater than 1 are identified with their
decimal parts, i.e., S! is seen as the quotient space obtained from R by identifying points
x and y if and only if x —y € Z.) Then F(«) is a homeomorphism of S! in M(A, B).
Define G(«) to be the restriction of F(«) to the rational circle Q:

—_—

Then G(a) € Mp(A,B) and G(«) = F(«).

Borel measurability. The sets
B(m,x1) = {0 € Aut(Q, <) | m(x1) = c(x1)},

where m € Aut(Q,<) and x; € Q, form a countable subbasis for the topology on
Aut(Q, <). To show that G(«) is Borel, it suffices to show that the inverse image under G

of any subbasic open set is Borel. Let
S =G YB(m,x1)) = {a € LO | G(a)(x1) = 7(x1)}-
Fix B € S (case S = @ is trivial). Then G(B)(x1) = 7(x1), s0
S={a € LO|G(a)(x1) =G(B)(x1)}.
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A p, q, B $+p, 3+4, A

Figure 10: Constructing a Borel reduction: Function F(«).

Case x; € Ug U (5 + Upg): We will show that S is open. Fix « € S. Notice that
X1 € L[/;U (% +U/3) <~ G(ﬁ)(xl) 7é %+x1
= Gla)(x1) # 3 +x
— x1€ U U+ U).
Thus, x1 € (p%,9%) U (5 + (X, 4%)) from some N. Then

N(a,{1,...,N} x{1,...,N}) = {y € LO | « and 7y agree on the order of 1,..., N}

is a basic open neighborhood of « contained in S, and so S is open.

69



Case x1 ¢ Ug U (3 + Ug): We show that S is closed. In this case, G(B)(x1) = 3 + X1, 50

S = {a€LlO|Ga)(x1)=3+x1}
= {0 €LO|x; ¢ Uy U (3 + Uy}

Fixa € S = {w € LO | x; € Uy U (1 + U,)}. Let N be such that x; € (p%,q%) U (3 +
(px-q%))- Then N(«,{1,...,N} x {1,...,N}) is an open neighborhood of a contained in

S€, s0 SC is open, and S is closed.

To be square is to be even. We now show that G(«) is a square if and only if « € LO(2).
Suppose G(«) € Aut(Q, <)?. Let ¢ be an irrational point in (A, B) and ¢ : [A,c] —
[c, B] an order-preserving homeomorphism as in Lemma 56. Continuing as in the proof
of Lemma 53, we see that « € LO2.
Conversely, suppose &« € LO2. According to Lemma 56, to see that G(«) is a square,
we need to find an irrational point ¢ € (A, B) and an order-preserving homeomorphism

¢ :[A,c] — [c,B] such that ¢([A,c]N Q) = [c, BN Q, and
¢(D(7[[A, c])) = D(7lle, B).

As before, write IN as the disjoint union of sets | and K such that each element of ] is
a-less than each element of K and there is an x-order-preserving bijection 7 : | < K. Let
c1 = sup{qn | n € J} and ¢; = inf{p, | n € K}. If | has no biggest element, let ¢ = c;.
Note that ¢; is irrational, since it is an accumulation point of {g, | n € IN}. If K has no
smallest element, let ¢ = cp. Again, ¢; is irrational, as an accumulation point of {p, | n €
IN'}. Otherwise, let ¢ be any irrational point between c; and c3. Define ¢(py) = p-(,) and

¢(qn) = Gr(n)- As before, ¢ can be extended to the closure of {pn,qn | n € N} by

sup{¢(qn) | gn < x}, if x =sup{qn | gn < x},
inf{¢p(pn) | pn = x},  ifx =inf{p, [ pu = x}.

$(x) =

Next, define ¢(A) = c and ¢(c) = B. As we have seen before, these definitions are

non-ambiguous, and define an order-preserving map ¢ on S = {p,, g, | n € N} U{A,c}.

Note that ¢ takes rational points to rational points, and irrationals to irrationals.
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Next we extend ¢ to the complement of S in [A, ¢]. The complement consists of pair-
wise disjoint open intervals. Let (a,b) be a component of the complement. Note that
a,b € S. If the points a and b are both rational, define ¢ on (a,b) simply to be the linear
function ¢(x) = ¢(a) + W(x — a), ‘connecting’ the points (a,¢(a)) and (b, (b))
of the graph of ¢. If one of the endpoints 2 and b is irrational, in order to ensure that ¢
preserves rationality, we proceed as follows: Fix two sequences (a,) and (b,) of rational
points in (a,b) such thata < --- < a3 <ay <a; < by <by <b3 <---<b,anda, — a,
b, — b. Also, pick sequences (c,) and (d,) of rational points in (¢(a), ¢(b)) such that
Ppa) < - <3 << <d <dy<ds<---<¢),and c, — ¢(a), d, — ¢(b).
Define ¢(a,) = ¢, and ¢(b,) = d,, for each n, and on each subinterval (a,1,4ay), (a1,b1),

(bn, by41) define ¢ to be the linear function ‘connecting’ the existing points of the graph

of ¢.
This construction ensures that ¢ has all of the properties required by Lemma 56, so
G(a) € Aut(Q, <)®. O

Theorem 59. The set of squares Aut(Q, <)) in Aut(Q, <) is complete analytic.

Proof. The set Aut(Q, <) is analytic, since 77 +— 7>

is continuous. Map G from Lemma
58 is a Borel reduction of the complete analytic set LO2 to Aut(Q, <)?). By the remarks

made earlier, this proves that Aut(Q, <) is complete analytic. O
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6.0 OPEN QUESTIONS

We conclude the dissertation with a discussion of open problems.

6.1 EXTENDING MACKEY’'S THEOREM

One of the first questions that we set out to answer was whether Mackey’s theorem can
be extended to hold with analytic sets. In other words, if a group has a countable point-
separating family of sets that are analytic in any Polish group topology, can we conclude
that the group admits a unique Polish group topology? The example in Lemma 20 sug-
gests otherwise, but it does not completely rule out such an extension. And while we
have had success with certain variants of Mackey’s theorem for analytic sets (see Theo-
rems 21, 22 and 23), the question of whether the “full’ Mackey theorem holds for analytic

sets remains open.

6.2 AUTOMATIC CONTINUITY

The theory of automatic continuity for Polish groups is still largely an open field.

Recall from Section 3.1 that a Polish group has the automatic continuity property,
(AC), if every abstract group homomorphism from the given group into an arbitrary Pol-
ish group is continuous. One can replace Polish target groups by second-countable, or
separable, or Rp-bounded groups, as the resulting properties are all equivalent according

to Lemma 16.
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In recent years a number of results concerning automatic continuity in specific cases
have appeared. Kechris and Rosendal [22] show that Polish groups that admit ‘ample
generics’ (i.e., admit comeager conjugacy classes in any dimension) have the property of
automatic continuity into any separable group. Examples of Polish groups that have am-
ple generics include: the infinite symmetric group S, automorphism groups of various
countable first-order structures (e.g., automorphism group of the free group on countably
many generators), the isometry group Iso(Up) of the rational Urysohn space. Rosendal
and Solecki [29] add the following to the list of spaces that have the automatic con-
tinuity property: Homeo(RR), Homeo(S'), Homeo(2N), Homeo(2N)N, Aut(Q, <). In [28],
Rosendal proves the automatic continuity for the homeomorphism group of a compact
manifold of dimension 2.

While we know from the work of Kallman that homeomorphism groups of all com-
pact manifolds have a unique Polish group topology, the problem of automatic continuity
for homeomorphism groups of compact manifolds of dimension higher than 2 remains
open. Also, we have seen that certain compact Lie groups and all finitely generated profi-
nite groups have a unique Polish group topology. It is unknown if the stronger property

of automatic continuity holds for these groups.

6.3 AUTOMORPHISM GROUPS

If M is a countable model of some first-order theory, then Aut(M), the group of all au-
tomorphisms of M, is a Polish group when considered with the topology of pointwise
convergence. Every profinite group is topologically isomorphic to the automorphism
group of a Galois field extension (i.e., every profinite group can be considered to be Ga-
lois group). The infinite symmetric group, Se is the automorphism group of IN with no
structure. It is well-known that the automorphism groups of countable first-order struc-
tures are precisely the closed subgroups of Se. Automorphism groups attract a lot of
interest from logicians and group theorists (permutation group theory).

A key problem is that of recovering the model M from the topological group G =
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Aut(M). The question is particularly pressing when the structure is Ny-categorical, i.e.,
if all countable models of its first-order theory are isomorphic. Let S be the collection
of all separable, metrizable topological groups such that the identity has a neighborhood
base consisting of (open) subgroups. It turns out that members of S are precisely the sub-
groups of Se. The problem of recovering the model from the automorphism group turns
out to become: does the algebraic structure of Aut(M) completely determine the topol-
ogy? In other words, which automorphism groups have a unique Polish group topology

in the class S.

Logicians and group theorists have approached the problem by considering the so
called small index property, which says that every subgroup of countable index is open (see
[3], p- 106). Homomorphisms from a group with the small index property into any group
in § are automatically continuous. (Hence, for an automorphism group of a countable
tirst-order structure, the small index property does indeed imply uniqueness of Polish
group topology in the class S.) In fact, for groups G € S the converse is true. We can
retopologize G by declaring that every subgroup of countable index be an open neigh-
borhood of the identity. The group G with this new group topology is also in S. The
identity map must be continuous from G with the original topology to G with the new

one. This forces G to have the small index property.

It is now known that many closed subgroups of S« posses the small index property
(see [34]). Some examples are Seo, Aut(Q, <), the automorphism group of the countable

homogeneous Boolean algebra.

A number of interesting questions arise. How are the small index property (SIP),
uniqueness of the Polish group topology (U), and automatic continuity property into Pol-
ish groups (AC) related? Of course, for all Polish groups, (AC) implies (U), and for Polish

groups in §, (AC) implies (SIP) — but no other relations are known.

Note that Kechris and Rosendal [22] show that if a Polish group has ample generic

elements, then it has the small index property and the automatic continuity property.
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6.4 CONNECTING WITH BANACH ALGEBRAS

Results on uniqueness of topology and automatic continuity in the domain of Banach al-
gebras may suggest results and techniques in the domain of topological groups, and vice
versa. In Section 3.8, we started work on translating ideas from the theory of Banach al-
gebras into the framework of Polish groups by introducing the separating group. Other
notions from the theory of Banach algebras may translate: the ‘continuity ideal’, which is
the annihilator of the separating space; ‘intertwining operators’, which assist in proving
that certain types of homomorphisms are continuous; concentration of discontinuity on a
small ‘singular set’; “factorization” of homomorphisms into a continuous and discontinu-
ous part, and so on.

It is convenient that the emphasis in Banach algebras has been on automatic continu-
ity, because the automatic continuity in Polish groups is not well understood. Conversely,
the techniques typically used for the uniqueness of topology on Polish groups may well

have significant application in the field of Banach algebras.

6.5 GENERAL QUESTIONS

Turning to more general questions, consider the following statements about a topological
group G, and a property P of topological groups:
(Aut) Every (abstract group) automorphism of G is continuous.
(UP) The group G has a unique group topology satisfying P.
(NP) The group G has no group topology satisfying P.
(ACP) Every homomorphism ¢ : G — H, where H is a topological group satisfying P, is

continuous.

Specific instances of properties P that we are interested in include: ‘the topology is com-
pact’,'the topology is completely metrizable’,'the topology is Polish’, “‘the topology is lo-

cally compact, separable metrizable’, ‘the topology is profinite’.
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The following claims are easy to check for a topological group G with property P:

(a) (UP) if and only if every isomorphism ¢ : G — H, where H is a topological group

satisfying P, is continuous.

(b) Provided P is finitely productive, (ACP) if and only if every monomorphism ¢ : G —

H, where H is a topological group satisfying P, is continuous.

(c) (ACP) = (UP) => (Aut).

General Question 1 For each of the properties ‘P of interest: which, if any, of the implications in
(c) are reversible?

General Question 2 For any pair P, Q of properties of interest: does (UP) imply (UQ)? Does
(ACP) imply (ACQ)?

6.6 SQUARES AND OTHER VERBAL SETS

The results of Sections 5.4 and 5.5 on the complexity of the set of squares are interesting
in part because of their connections with broader mathematical context. Papers [2] and
[13] are a part of it, but we should also mention connections between these results and a
famous problem in ergodic theory. It was an old question whether each, say, weakly mix-
ing transformation is a square of a transformation (see [11], p. 97). This was answered in
the negative by Chacon [4]. On the other hand, the generic transformation was proved
to be a square by King in [23]. In the same paper, King asks whether the set of squares
is Borel in the Polish group of all invertible measure preserving transformations of the
unit interval I with Lebesgue measure. It may be possible to use the general techniques
of Sections 5.4 and 5.5 to investigate King’s question. In order to relate the sets of squares
both in Homeo(S') and Aut(Q, <) to the complete analytic set LO2 of linear orders of
type I + I, we used the fact that the maps in Homeo (S') and Aut(Q, <) preserve the
order. Invertible measure preserving transformations of I, however, typically do not pre-
serve the order. Thus, if our techniques can be used to answer King’s question, the exact

approach is not immediately obvious.
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Other interesting questions include: are squares in the homeomorphism group of the
unit disk Borel? What can be said about the complexity of the commutators in various

groups? Are non-full verbal sets in S, Borel?
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