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A PRODUCT FOR PERMUTATION GROUPS AND
TOPOLOGICAL GROUPS

SIMON M. SMITH

ABsTRACT. We introduce a new product for permutation groups. It takes
as input two permutation groups, M and N, and produces an infinite group
M X N which carries many of the permutational properties of M. Under mild
conditions on M and N the group M X N is simple.

As a permutational product, its most significant property is the following:
M K N is primitive if and only if M is primitive but not regular, and N
is transitive. Despite this remarkable similarity with the wreath product in
product action, M X N and M Wr N are thoroughly dissimilar.

The product provides a general way to build exotic examples of non-discrete,
simple, totally disconnected, locally compact, compactly generated topological
groups from discrete groups.

We use this to obtain the first construction of uncountably many pairwise
non-isomorphic simple topological groups that are totally disconnected, locally
compact, compactly generated and non-discrete. The groups we construct all
contain the same compact open subgroup. The analogous result for discrete
groups was proved in 1953 by Ruth Camm.

To build the product, we describe a group U(M, N) that acts on a biregular
tree T'. This group has a natural universal property and is a generalisation of
the iconic universal group construction of Marc Burger and Shahar Mozes for
locally finite regular trees.

This is a post-print repository version of the paper: A product for permu-
tation groups and topological groups, Duke Math. J. The final publication is
available on the journal website: http://projecteuclid.org/dmj

1. INTRODUCTION

We introduce a new product for permutation groups, which we call the box
product, and describe some of its striking properties. Our new product is non-
associative. It takes two permutation groups M < Sym (X) and N < Sym (Y)
such that |X|, Y| > 1, and yields an infinite permutation group M X N. The group
M X N is simple under very mild conditions on M and N (see Theorem , and
it enjoys a universal property (see Theorem |§|)

The group M X N inherits permutational properties from M. For example,
consider the important permutational property of primitivity. Because primitive
actions are minimal, products typically do not preserve primitivity. The iconic
exception to this is the wreath product in its product action:

e MWr N is primitive in its product action on XY if and only if M is
primitive and not regular on X, and N is transitive and finite.

Because of this property, the wreath product is the primary tool for building new
primitive groups from other primitive groups. It is fundamental to the classification
of the finite primitive permutation groups (the O’Nan—Scott Theorem). Compare
the above with the following remarkable result for the box product:

This research was partially supported by an Australian Research Council Discovery Early
Career Researcher Award (project number DE130101521).
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o M X N is primitive in its natural action if and only if M is primitive and
not reqular on X, and N is transitive (see Theorem .

The groups M Wr N and M X N are thoroughly dissimilar (for example, S3 Wr So
has order 72 and S3 X Sy has order 2%°).

In their groundbreaking work on locally compact groups acting on trees [4], Marc
Burger and Shahar Mozes introduce a construction that is now commonly referred
to as a universal group with prescribed local action. Given F' < Sym (X), a regular
tree T whose vertices all have valency |X|, and a subgroup H < Aut T, we say
that the local action of H is I, or that H is locally-F, if for every vertex v the
permutation group induced by the stabiliser H, on the vertices adjacent to v in T'
is permutation isomorphic to F'.

Burger and Mozes’ construction (see [4, Section 3.2]) is a group U(F) < Aut T
that has local action F. Moreover, if F is transitive, then the group U(F) contains
a permutationally isomorphic copy of every vertex transitive locally-F' subgroup of
Aut T (see [4, Proposition 3.2.2|), and so it is the universal locally-F group. The
group U(F) is a vertex transitive subgroup of Aut T', which is a totally disconnected
group under the topology of pointwise convergence. Burger and Mozes’ paper only
considers the case where F has finite degree (that is, when X is finite), but the above
also holds if F is infinite. If the degree of F' is finite then T is locally finite and U (F')
is closed and locally compact, and U (F') has a simple subgroup of index 2 whenever
F is transitive and generated by point stabilisers (|4, Proposition 3.2.1]). These
simple subgroups form an important family of examples of compactly generated,
totally disconnected, locally compact, simple, non-discrete groups.

To prove the existence of the box product, we generalise Burger and Mozes’ iconic
universal group construction, from regular trees to biregular trees. We construct
a group U(M,N) which acts on a biregular tree 7' which need not have finite
valency. The action of U(M,N) on T is locally-(M, N ); that is, the stabiliser of
any vertex v induces either M or N on the neighbours of v. When M and N
are transitive, the group U(M, N) contains a permutationally isomorphic copy of
every other locally-(M, N) group, and so it is the universal locally-(M, N ) group.
The groups U(F') then arise as a special case of this construction, with U(F') and
U(F,Sym (2)) isomorphic as topological groups (see Remark . Our results then
imply that for F nontrivial and closed (in its permutation topology), U(F) is locally
compact (in its permutation topology) if and only if every point stabiliser in F' is
compact. Moreover, if these conditions hold, then U(F) is compactly generated
whenever F' is compactly generated and transitive.

The group M K N is the permutation group induced by U(M, N) in its (faithful)
action on one of the parts of the bipartition of the vertices of the biregular tree
T. As topological groups under the permutation topology, M X N is topologically
isomorphic to U(M,N). If M and N are also thought of as topological groups
under their respective permutation topologies, the box product of M and N inherits
topological properties from M but, importantly, it does not inherit discreteness. Its
main topological properties are established in Theorems [6] 23] and [30H32] and can
be summarised as follows.

Theorem 1. Suppose M < Sym (X) and N < Sym (Y') are permutation groups
such that | X|,|Y| > 1, with M or N nontrivial. Then the following hold.

(i) U(M,N) < Aut T is locally-(M,N );

(ii) If M and N are transitive and H < Aut T is locally-(M,N ), then H is

conjugate in Aut T to some subgroup of U(M, N);
(i) If M and N are closed then U(M, N) is closed;
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(iv) If M and N are generated by point stabilisers, then U(M, N) is simple if
and only if M or N is transitive;

(v) If M and N are closed then U(M, N) is locally compact if and only if all
point stabilisers in M and N are compact;

(vi) If M and N are closed and compactly generated with compact point stabilis-
ers and only finitely many orbits, and M or N is transitive, then U(M, N)
s compactly generated;

(vil) U(M, N) is discrete if and only if M and N are semi-regular.

In the final section of the paper, we turn our attention to the class S of non-
discrete, totally disconnected, locally compact, topologically simple groupsﬂ

We use the box product to construct a family F of abstractly simple groups.
This family contains 28° pairwise non-isomorphic examples of compactly generated
groups in S, and hence gives an affirmative answer to the following question: do
there exist uncountably many pairwise non-isomorphic compactly generated groups
inS?

This question is highlighted in a paper by Pierre-Emmanuel Caprace and Tom
De Medts ([6]). The analogous result for discrete groups is due to Ruth Camm ([5]),
who proved in 1953 that there is a continuum of non-isomorphic simple 2-generated
groups.

The set of compactly generated groups in S is known to contain at most 2%
topological group isomorphism types (because all groups in S are Polish groups),
and so it follows that there are precisely 28 topological group isomorphism types
of compactly generated groups in S.

In [6], Pierre-Emmanuel Caprace and Tom De Medts introduce a concept called
Lie-reminiscent. Two groups are locally isomorphic if they contain isomorphic com-
pact open subgroups, and a group G in S is Lie-reminiscent if, for any topologically
simple group H in § which is locally isomorphic to G, we have that H is isomor-
phic to G. In [6], the authors find some sufficient conditions for G € S to fail to be
Lie-reminiscent. This article demonstrates a dramatic failure of the Lie-reminiscent
property: F contains 2%° groups in S that all share a common compact open sub-

group.

In Remark [0] we outline a general method for using the box product to construct
exotic examples of compactly generated groups in S. For example, one can take M
to be a finitely generated simple group (with some additional properties) and N to
be finite, and the resulting box product of M and NN inherits many of the properties
of M but is not discrete. Since the class of finitely generated simple groups is
known to contain many unusual groups (see [16, Theorem C], [I7, Theorem 28.7]
or [I8, Theorem 1.1] for example) we see, for the first time, that the class of simple,
totally disconnected, locally compact, compactly generated and non-discrete groups
is similarly broad.

The results in this paper demonstrate that, for a systematic study of S, the
isomorphism relation is too fine. Perhaps the relation of local isomorphism is more
suitable. The following question arises naturally at this point: Do there exist
uncountably many local isomorphism types of compactly generated groups in §7

2. PRELIMINARIES

2.1. Permutation groups. Let V' be a non-empty set, and suppose G acts on V.
If £ € V and g € G, we denote the image of x under g by gz, thus following the

1 The definition of S given here corresponds to that given in [6]. Readers should note that
some authors use S to denote the class of compactly generated, non-discrete, totally disconnected,
locally compact, topologically simple groups.
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convention that our permutations act from the left. This notation extends naturally
to sets, so if ® C V then g® is the image {gz : © € ®}. The setwise stabiliser of @
is the group Gygy := {g € G : g® = @}, and the pointwise stabiliser is the group
Gy :=1{9 € G:gr =z, Vo € ®}. If A consists of a single element x, then the
setwise and pointwise stabilisers of A coincide; this group is called the stabiliser of
x and is denoted by G,. The set Gz := {gx : g € G} denotes the orbit of = (under
G), and G is said to be transitive if V consists of a single orbit. If ® is an orbit of
G, then G induces a subgroup of Sym (®) which we denote by G ‘ o+ The orbits of
point stabilisers in G are called suborbits of G.

The action of G gives rise to a homomorphism from G to the group Sym (V') of
all permutations of V. If this homomorphism is injective, then G is said to be acting
faithfully; when this occurs we will often consider G to be a subgroup of Sym (V),
identifying G with its image in Sym (V). Two permutation groups G < Sym (V)
and H < Sym (A) are permutation isomorphic if there exists a bijection ¢ : V' — A
such that the map ¢ — ¢g¢~! is an isomorphism from G to H. The degree of
G < Sym (V) is |V|; we say that G is of nontrivial degree if |V| > 1.

A transitive group G' < Sym (V') is primitive on V if the only G-invariant equiv-
alence relations on V' are the trivial relation (each element in V' is related only to
itself) and the universal relation (each element in V is related to every element in
V). If G is transitive, then it is primitive if and only if every point-stabiliser G,
is a maximal subgroup of G. A permutation group is semi-reqular if every point
stabiliser is trivial; a regular permutation group is transitive and semi-regular.

2.2. Graphs. In this paper a graph I' consists of a set VI' and a set ET' of two-
element subsets of VI'. The elements in VT are called the vertices of I', and the
elements of ET the edges. The graph is nontrivial if ET is non-empty. If two distinct
vertices v and w belong to the same edge, they are said to be adjacent. An arc in
T" is an ordered pair of adjacent vertices, and the set of all arcs is denoted by AT.
Thus, our graphs contain no loops or multiple edges, and between any two adjacent
vertices there are two arcs, one in each direction. We denote the automorphism
group of I" by Aut I'.

If a € AT, we denote by o(a) and t(a) the vertices such that a = (o(a),t(a)),
and by @ the arc (t(a),o(a)). We will sometimes write the edge {o(a),t(a)} as
{a,a}. If v is a vertex in I, then A(v) := {a € AT : o(a) = v} denotes those
arcs originating from v, while A(v) := {a € AT : t(a) = v} denotes those arcs
that terminate at v. We denote the set of vertices adjacent to v by B(v). These
notational conventions extend to sets of vertices, so for example if W C VT then
AW) :={a € AT : o(a) € W}.

The valency of v is the cardinal |B(v)|; if all valencies are finite the graph is
locally finite. A graph path is a series of distinct vertices vgvy ...v, such that
v; € B(v;—1) for all integers 4 satisfying 1 < i < n; the length of this graph path
is n. A graph path that consists of a single vertex is called trivial or sometimes
empty. Two vertices are connected if there is a graph path between them, and the
distance between two connected vertices v, w, which we denote by d(v,w), is the
length of the shortest graph path between them; if two vertices are not connected
then their distance is infinite. A graph path between vertices v, w that is of length
d(v,w) is called a geodesic. A graph is connected if the distance between any two
vertices is finite. A cycle is a series of vertices vgv; ...v,vo such that n > 1 and
VU1 ...V, and vy ...v,v are nontrivial graph paths. A tree is a connected graph
that contains no cycles. In a tree T', there is a unique graph path between any two
vertices v, w € VT which we denote by [v, w]r. Note that a graph path in a tree is
necessarily a geodesic. If we wish to exclude w, we write [v,w)p := [v,w]p \ {w}.
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If W is a set of vertices in a graph I', we denote by T' \ W the subgraph of T’
induced on VI'\ W. On the other hand, if W is a set of edges of T', then I" \ W
denotes the graph on VI' with edge set ET'\ W. If T is connected, and I' \ {v}
is disconnected for some v € VT, then I is said to have connectivity one and v is
called a cut vertex. The connected subgraphs of I" that are maximal subject to the
condition that they do not have connectivity one are called lobes.

If T is vertex transitive, has connectivity one and is not a tree, then every vertex
is a cut vertex and there is a tree 1T, called the block-cut-vertex tree of I', which
determines the structure of I'. The block-cut-vertex tree is defined as follows. Let
L be a set in bijective correspondence with the set of lobes of I". Since Aut I' acts
on the set of lobes of I', there is an induced action of Aut I' on L. The vertex set
of Tt is the union LU VT, and v € VI and ¢ € L are adjacent in Tt if and only
if v lies in the lobe associated with £. The action of Aut I" on V U L preserves this
relation, and so Aut I" acts on Tr. This action is easily seen to be faithful, and we
will frequently consider Aut I' to be a subgroup of Aut Tr. Figure [I]shows a graph
with connectivity one and its block-cut-vertex tree.

The following result is a special case of a theorem about directed graphs, and
will be useful to us in Section Bl

Theorem 2 (|20, Theorem 2.5]). Let G be a vertex-transitive group of automor-
phisms of a connectivity-one graph T, whose lobes have at least three vertices, and
let T be the block-cut-vertex tree of I'. If there exist distinct vertices v,w € VI such
that, for some vertex x in the T-geodesic (v,w)r,

G'u,z = Gw,wy
then G does not act primitively on VT .

A ray (also called a half-line) in T is a sequence of distinct vertices R = {v; };en
such that for any n € N we have vyvy...v, is a graph path in I'; thus a ray is a
one-way infinite graph path. The vertex vy is often called root of R. The ends of T'
are equivalence classes of rays: two rays R; and Ry lie in the same end if there is
a third ray Rs that contains infinitely many vertices from both R; and R,. In the
special case of an infinite tree 7', the ends of T' are particularly easy to picture: for
a fixed vertex x € VT, each end € contains precisely one ray whose root is x, and
we denote this ray by [z, €)r.

Let m,n be non-zero cardinal numbers. A tree T is m-regular, or sometimes
regular, if the valency of every vertex equals m. There is a natural bipartition of
any tree T, in which any pair of vertices whose distance is even lie in the same part
of the partition. If all vertices in one part of this bipartition have valency m, and
all vertices in the other part have valency n, we say that T is (m,n)-bireqular. If
a € AT is an arc in T and both connected components of T\ {a,a} are infinite,
then each connected component is called a half-tree of T'. We denote the half-tree
of T\ {a,a} containing o(a) by T,, so the other connected component of T'\ {a,a}
is Tg.

Given a permutation group G < Sym (V') and distinct elements v,w € V, one
can construct a graph whose vertex set is V and whose edges are the elements of
the orbit G{v,w}. Such a graph is called an orbital graph of G.

2.3. Permutation groups as topological groups. For a thorough introduction
see [15] and [24]. If V is any non-empty set, then Sym (V) can be given a natural
topology, that of pointwise convergence, under which Sym (V') is a Hausdorff topo-
logical group. A basis of neighbourhoods of the identity is given by point stabilisers
of finite subsets of V', and so an open set in Sym (V) is a union of cosets of point
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stabilisers of finite subsets of V. Under this topology, if G < Sym (V') then a sub-
group of G is open in G if and only if it contains the pointwise stabiliser (in G)
of some finite subset of V. We will often refer to this topology as the permutation
topology.

For any finite subset ®, the pointwise stabiliser (Sym (V))s) is both open and
closed in Sym (V'), so with this topology Sym (V) is totally disconnected. Conver-
gence in Sym (V) is natural: a set W C Sym (V) has a limit point h € Sym (V) if
and only if, for all finite subsets ® C V| there exists ¢ € W distinct from h such
that gh™" € Sym (V) (a).

Let G be a subgroup of Sym (V). The group G is closed if and only if some
point stabiliser is closed, which holds if and only if all point stabilisers in G are
closed. The group G is compact if and only if G is closed and all G-orbits on V'
are finite. A closed subgroup G is locally compact if and only if G(4) is compact
for some finite ® C V (see [I0, Lemma 3.1] for example). In particular, if I' is a
connected locally finite graph, then any closed subgroup G of Aut I" will be totally
disconnected and locally compact.

A topological space in which every subset is open is called discrete, and so the
permutation topology is discrete on G if and only if there is a finite subset ® C V'
such that G (g) is trivial. If the permutation topology is discrete on GG we say G is
a discrete permutation group.

3. GROUPS ACTING ON TREES WITHOUT INVERSION: A UNIVERSAL GROUP

Throughout, X and Y will be disjoint sets, each containing at least two elements,
and M < Sym (X) and N < Sym (Y) will be permutation groups. Let T denote
the (|X|,|Y|)-biregular tree. Let Vx and Vy denote the two parts of the natural
bipartition of the vertices of T, such that all vertices in Vx have valency |X| in T,
and all vertices in V4 have valency |Y] in T. A function £ : AT — X UY is called
a legal colouring with X and Y if it satisfies:

(i) for all v € Vx, the restriction £|A(v) : A(v) = X is a bijection;
(ii) for all v € Vi, the restriction L’A(v) : A(v) = Y is a bijection; and
(iii) for all v € VT, the map [’|Z(u) is constant.

One may easily verify that it is always possible to construct a legal colouring with
X and Y.

If M <Sym(X)and N < Sym (Y), and L is a legal colouring with X and Y,
define

-1 M for all v € Vx
Uc(M,N) := {!J € (Aut Ty ‘C|A(gv)g|A(v)£|A(v) € { }

N for all v € V3

Verifying that Uy (M, N) is a subgroup of Aut T is tedious but not difficult. To
simplify our exposition we introduce the following notation (which depends on the
choice of a legal colouring function £):

-1
9(97 U) = ‘C|A(gv)g|A(v)£|A(U).

The first construction of the group Uy (M, N) was inspired by [21I] Section 2.2,
and U (M, N) can be constructed using refinements of the arguments in [21I] (which
use relational structures), so long as M and N are closed (in their respective per-
mutation topologies). The group acts on a biregular tree that may have infinite
valencies, and is a generalisation of Burger and Mozes’ universal group U (F'), which
acts on a regular tree.

Since U, (M, N) preserves the parts Vx and Vy, it induces a subgroup of Sym (Vy-).
This motivates the following definition.
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Definition 3. The boz product of M and N, denoted M X, N, is the subgroup
of Sym (Vy) that is induced by Uy (M, N). As we shall see in Proposition for
two legal colourings £, L' the groups M K, N and M X, N are permutationally
isomorphic, and so we write M X N instead of M X, N when there is no chance of
ambiguity.

The group Aut T can be viewed as a permutation group in a number of natural
ways. Throughout this paper, when Aut T is referred to as a permutation group,
we will always mean as a group of permutations of the vertices of T'. This applies
also to U (M, N) and to the Burger-Mozes universal group U (F').

Remark 4. As permutation groups, Uy (M, N) and M X, N are not permutation
isomorphic in general. However, when bestowed with their respective permutation
topologies, the two groups are isomorphic as topological groups. This is not difficult
to see, because for each finite subset ® of VT, one can find finite subsets ®x C Vx
and ®y C Vy such that the pointwise stabilisers (Aut T') (¢, ) and (Aut T, fix
® pointwise.

Although Uy (M, N) and M K, N are isomorphic as topological groups, we will
typically use the notation U (M, N) in statements concerning the topological prop-
erties of the box product, and M K N in statements concerning the permutational
properties of the box product. This is because the topological properties of the box
product are typically symmetric in M and N, while the permutational properties
are not.

Given a group F' of permutations of a set of cardinality n > 3, the Burger—Mozes
universal group U(F') acts on the regular tree T,,, and this induces an action on
T5 5, the barycentric subdivision of T),. The universal group U(Ss, F') also acts on
Ts ,, and (for an appropriate choice of legal colouring £) it is not difficult to see that
U(F) and Sy K, F are permutation isomorphic, where Sy denotes the symmetric
group of degree 2. Hence, if ~ denotes the existence of a topological isomorphism
we have: U(F) ~ So®F ~ U(Ss, F) = U(F,S2) ~ F X S,. It follows that our
universal construction is a generalisation of the Burger—-Mozes universal group.

Remark 5. It is not difficult to see that Uy (M, N) enjoys the following mono-
tonicity property: if M7 < Ms and Ny < No, then Uy (M, N1) < Up(Ma, No) for
any legal colouring L.

At this juncture it might be instructive for the reader to consider that if M
and N are both transitive, then U, ((1), N) < Us(M, N) is transitive on Vx and
Ur (M, (1)) < Up(M,N) is transitive on Vy. In fact the orbits of Uy (M, N) are
completely determined by the orbits of its local actions M and N, as we shall see
in Proposition [I0]

Let us say that a group H < Aut T is locally-(M, N) if H fixes setwise the parts
Vx and Vy, and for all vertices v of T' the group HU|B(v) < Sym (B(v)) induced by
the vertex stabiliser H,, is permutation isomorphic to M if v € Vx and N if v € V.
As a subgroup of Aut T, the group U, (M, N) has the following properties.

Theorem 6. Suppose X, Y are disjoint sets of cardinality at least two, and T is
the (|X1,|Y])-biregular tree. Given permutation groups M < Sym(X) and N <
Sym (Y), and a legal colouring L of T,
(i) A C X UY is an orbit of M or N if and only if t (E’lA) is an orbit of
Ur(M,N);
(i) given legal colourings L, L', the groups Ug (M, N) and Ug (M, N) are con-
jugate in Aut T';
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(i) if M and N are transitive, and H < Aut T is locally-(M, N ), then H is
edge-transitive and for some legal colouring L we have
(iv) Up (M, N) is locally-(M, N );
(v) if M and N are closed, then Uz (M, N) is a closed subgroup of Aut T.
Thus, when M and N are transitive, Us (M, N) is the universal locally-(M, N)

group, in that it contains a permutationally isomorphic copy of every locally-(M, N)
group acting on the biregular tree 7. Theorem [] follows from Lemma [0, Proposi-

tions M[OHI2] and Lemmas I3HI4]

Our arguments in this section rely on manipulating sequences of bijections and
restrictions of functions. Although these manipulations can look rather daunting,
they are in fact very simple and involve only three basic steps which are given in
the following lemma.

Lemma 7. If g,h € (Aut T) vy, then for allw € VT,

. -1 _
(i) 9|A(w) =9 1|A(gw)f'
. =1 _ -1 .
(i) g‘A(hw)h}A(w)g |A(gw) = (ghg™") ‘A(gw)’ and X
By _ —_ pr! -1 1
(iii) if £ = L'g, then [’|A(w) =L |A(gw)g|A(w) 9 |A(gw)£ |A(gw)'
Moreover, for a fired w € VT, the map g — 6(g,w) is continuous.
Proof. Statements f are obviously true. Suppose w € Vx and let G :=
(Aut T){vyy. We will show that the map x,, : G — Sym (X) given by g — 6(g,w)
is continuous, where G and Sym (X) have their respective permutation topologies.
Clearly x,, is surjective. Fix some open set W C Sym (X) and choose any g
in the preimage y,'(W). Then x.,(g) lies in the open set W so there exists some
finite subset Z C X such that x.,(g) Sym (X)z) € W. Since Lﬁ’;gw)(Z) is a finite
set of arcs, we can find a finite set ® of vertices such that w € ® and G (¢ fixes

and £|;1(1w) =

individually each arc in £|:‘(1w) (Z).
If h € G(a), then A(ghw) = A(gw) and A(hw) = A(w), and so:

-1 -1
Xw(gh) = L|A(gw)9|A(w)'c‘A(w)ﬁ|A(w)h|A(w)'qA(w) = Xuw(9)Xw(h).

Furthermore, one may easily verify that x.,(h) fixes Z pointwise. Hence x.,(9G(#)) C
Xw(g) Sym (X)zy € W. Now gG(g) contains g and is open in G, and we have
shown that gG(e) C X' (W). Hence x,*(W) is open and x,, must therefore be
continuous.

If w € Vi, then a symmetric argument shows that the map x,, : G — Sym (V)
is continuous. O

Remark 8. For a given legal colouring £, the continuous maps x., : (Aut T') ¢y, —
Sym (X) and x. : (Aut 7))y} — Sym (Y') given by g — 6(g,w) for, respectively,
w € Vx and w € Vy, provide an alternate description of U, (M, N) as the intersec-
tion over all vertices w € VT of the preimages of M and N under the maps (-, w).

That is,
Ue(M,N) = ( N Xful(M)) ﬂ( N x;l(N)>-

weVx weVy

In what follows, £ and £’ are arbitrary legal colourings with X and Y. To
simplify notation, we associate each constant function E’K(w) with its image in

X UY, so for all w € VT we have K"Z(w) € X UY. We now present a lemma that
underpins most results in this section.
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Lemma 9. If the distance between v,v' € VT is even, then there exists o €
Sym (X UY)x) satisfying U£/|Z(v,) = ["Z(v)’ and for all such o there exists a

unique automorphism g € (Aut T) v,y such that gv = v" and L = oL'g.

Proof. Since £ and L' are legal colourings, we can always find o € Sym (X UY')xy
satisfying O’,C"Z(U,) = £|Z(v)' For each integer n > 0, let B,, (resp. BJ) be the
subtree of T induced by those vertices whose distance in T from v (resp. v') is at
most n. Because d(v,v’) is even, v and v’ belong to the same part of the bipartition
of T

Let go : By — B be the map taking v to v'. Our proof that an appropriate
element g € Aut T exists relies on an easy induction argument with the following
induction hypothesis: for all integers n > 1, there exists a graph isomorphism
gn : Bn, — BJ, such that o’ g In = ﬁ‘Bn and gn|Bn71 = gn—1. The base case is

true because £’|;(1v,)0*1£|14(v) is a bijection from A(v) to A(v'), and so it induces
a graph isomorphism g : By — B} with gjv =v'.

Suppose, for some n > 1, that our induction hypothesis holds. If w is a vertex
in B, \ B,-1, then there is a unique arc a in B,, whose origin is w, and g,a is

the unique arc in B], whose origin is g,w. Now L |;‘(19nw)0’1£|A(w) maps a to gpa
and so it induces a bijection h,, : B(w) \ VB, — B(gow) \ VB,,. Let g,+1 be
gn extended by all these h,,, for w € B, \ B,—1, and note that g, is a graph
isomorphism from B, 1 to B;H_l with g"+1’Bn = ¢gp. It remains to show that

o£’|B,+1gn+1 = £|Bn+1' We need only consider arcs in B,41 \ B,. If a is such

an arc, then either ¢(a) € VB, or o(a) € VB,. If t(a) € VB,, chose an arc b in
By, with t(b) = t(a). Since t(b) = t(a) and t(gn+1a) = t(gn+1b) we have Lb = La
and L'gni1b = L' gpi1a. Moreover, oL'g,1b = Lb by the induction hypothesis,
and so La = Lb= 0L g,4+1b = 0L gpr1a. On the other hand, if w := o(a) € VB,
then gpt1w = ghw and gpi1t(a) = hyt(a). Hence (by definition of h,,) we have
oL gni1a = La. Thus, our induction hypothesis is true for all integers n > 1.

We now construct an element g € (Aut T')qy,y that satisfies 0L'g = L and
gv = v'. For each vertex w € VT \ {v} there is a unique n(xz) € N such that
w € Bp(z) \ Byz)—1. Define g : VI' — VT to be such that gv := v’ and for all
w € VT \ {v} set gx := g,)r. One may easily verify that g € (Aut T)gy,y.
Moreover, for all a = (w,w’) € AT, there exists an m such that a € AB,,. Then
90 = (In(w)W; Gn(wHW') = (gmW, gmw') = gma. Hence 0L ga = 0L gma = La.

It remains to prove that g is unique. Suppose h € Aut T with ¢£'h = L and
hv = v'. We claim that if gh~'w = w for some w € VT, then gh™' fixes B(w)
pointwise. Indeed, if a € A(w) then gh™la € A(w), and oL'gh~ta = Lh™ta =
oL'hh~a = oL'a. Our claim follows immediately because L'| Alw) is a bijection.
Since hv = v/, we have gh~'v' = v/, and our claim tells us that gh~! fixes B(v')
pointwise. Since T is connected, gh~! fixes VT pointwise, and is therefore the
identity. O

The orbits of Uz (M, N) relate naturally to those of M and N.

Proposition 10. Vertices v,v’ in Vx (resp. Vy ) lie in the same orbit of Uz (M, N)
if and only if£|2(u) and ‘C|Z(v’) lie in the same orbit of N (resp. M ).

Proof. Suppose v,v" € Vx (a symmetric argument holds for v,v’ € Vy-). If there
exists o € N such that 05’2(1}) = E‘Z(’U’), let & be the element in Sym (X UY')

that is 0 on Y and trivial on X. By Lemma@ there exists a unique g € (Aut T') ¢y}
such that gv = v' and £ = 6Lg. If w € Vx, then 6(g,w) = (Lg) |A(w)L|;(lw) =
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(&_15) |A(w)£|;(lw) = 6_1’X € M, and if w € Vy then a similar argument shows
0(g,w) € N. Hence g € Ug(M,N).
Conversely, if gv = v’ for some g € U (M, N), fix (w,v) € A(v) and define
o :=0(g,w) € N. Then oL(w,v) = L(gw,v’). By the definition of L, we have
ﬁ‘Z(v) = L(w,v) and E‘Z(v/) = L(gw,v"). Hence U£|Z(v) = E’Z(u')' O
Any two legal colourings give rise to essentially the same permutation group.
Proposition 11. The groups Up (M, N) and Uy (M, N) are conjugate in Aut T.

Proof. Choose vertices v,v" € VT such that £|Z(v) and U|Z(v') are equal. By
Lemma there is a unique element g € (Aut T'){y,} such that gv = v and
L = L'g. Choose h € (Aut T)qv,y, and set b’ := ghg™'. If w' € VT, then
w := g lw’ and w’ must both lie in Vx, or both lie in V4, and

_1 _ -1
E/|A(h’w’)hl|A(w’)£l|A(w’) = El{A(ghw)g|A(hw)h|A(w)g ! ’A(gw)ﬁ/’A(gw)
-1
= ‘C|A(hw)h|A(w)‘C|A(w)'
Hence b/ € Up/ (M, N) if and only if h € Up (M, N). O

If M and N are transitive, then U, (M, N) contains an isomorphic copy of every
locally-(M, N) group.

Proposition 12. If M and N are transitive, and H < Aut T is locally-(M, N),
then H < U (M, N) for some legal colouring L of T.

Proof. Suppose M and N are transitive, and H < Aut T is locally-(M, N), so H
has precisely two orbits on VT, acting transitively on Vx and Vy. Fix adjacent
vertices p € Vx and ¢ € Vy. Since Hp| By is permutation isomorphic to M there
exists a bijection ¢ : B(p) — X such that ¢Hp|B(p)¢_1 = M. Similarly, there exists
a bijection ¢ : B(gq) — Y such that qu‘B(q)w_l = N. For each integer n > 0, let
Sy, be the set of vertices in T' whose distance from p is precisely n. For v € (J;~, S;,
there is a unique graph path [p, v]7 in T between p and v; denote the unique vertex
in B(v) N [p,v]r by v1 and the unique vertex in B(v1) N [p, v1]r by va.

We inductively construct a subset J := {h, : v € VT'} of H that we will use to
define a legal colouring £ such that H < U;(M, N). Each element h, € J will have
the property that h,p =v if v € Vx and hyq =v if v € Vy.

Let h, be the identity, and for each v € S1, choose h, € H), such that h,q = v.
Notice that for all v € U}:OSZ-, hyp=wvifv e Vy and hyq=vifv € Vy. Let n € N,
and suppose, for each v € J!_, S;, we have chosen an element h, € H such that
hyp =vifv e Vx and h,q =v if v € V3. For v € 5,41, choose h € H,, such that
hve = v (which we can do because H,, is transitive on B(v1)) and set hy, := hhy,.
If v € Vx, then vy € Vx and h,p = v, and similarly if v € V3 then h,q = v. Note
that for all v € J,~,S; we have hy,,hy;' = h € H,,, and for all v,w € S; we have
hyyhy € Hp, so h;lhv € H,.

We now describe a colouring £, and show that it is a legal colouring. Define
L: AT :— X UY as follows: for v € Vx let £|A(U) : A(v) — X be a > ¢h;t(a),
and for v € Vy let E‘A(v) : A(v) = Y be a — ¢h;t(a). Tt is clear that for all
v € VT the map £|A(v) is a bijection, so it remains to show that condition of
the definition holds; that is, the image of £|Z(u) has cardinality one for all v € VT

We show this first for p, then for all v € Sy, and finally for all v € |J,,55 Sn-
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If (w,p) is any arc in A(p), then w € V3 and E’Z(p)(w,p) = L"A(w)(w,p) =
Yhy'p = Yp (because w € Sy so hy, € Hp). Therefore the cardinality of the image
of £’Z( is one.

p) _

If v € S and (w,v) € A(v), then either w = p, or w € Sy C Vx. If w = p then
£|Z(U)(w, v) = ¢v. On the other hand, if w € S5 then w; = v and we = p. Hence
£|Z(U)(w,v) = £’A(w)(w,v) = ¢hy'v and hy, € Hy, hy, = Hyh, = H,. Thus
£|Z(U)(w, v) = ¢v. Therefore, if v € S; then the cardinality of the image of [’|Z(v)
is always one. B

Suppose that v € Sy, for some n > 2. Choose (w,v) € A(v) such that w #
v1; then v = wy and v; = we. If v € Vx, then w € Vy and £|z(v)(fw,v) =
£|A(w)(w,v) = Yhy'v = ¢hytw. Since hy' € hylH,,, we have ,C‘Z(v)(w,v) =
VYhytwy = Yhyto = E‘Z(v) (v1,v). Hence, the cardinality of the image of ‘C}K(u) is
one. A symmetric argument shows that the same is true if v is instead chosen from
V4. We have thus demonstrated that £ is a legal colouring.

Finally, we show H < Up(M,N). Choose g € H and v € VT. First, let

us suppose that v € Vx. Then gv € Vx, and by construction, h,p = v and
hgvp = gv. Hence hg_vlghv € H,, and therefore o := (hg_vlghv)‘B(p) € HP‘B(p)' Now

_ -1
7= had a9 i M ) = Pov| )9 el 5y therefore
-1 -1
9= hgv|B(p)t|A(gv)g|A(v)t’A(v)hv|B(p)' (1)
Moreover, by our choice of legal colouring we have
_ -1
£|A(v) =¢ (hv 1|B(hvp)> t}A(v) =¢ (hv‘B(p)> t‘A(v)’ (2)
and
- -1
Ll sty = ¢ (20 L 01,000) Hlacony = (R 560 ) Hlageoy (3)

Using , and (3 one can easily verify that 0(g,v) = ¢og~t. Hence 0(g,v) €
(;SHP‘ B(p)qb_l = M. Now, let us suppose instead that v € V3. A similar argument
gives us that gv € V3 and hg_vlghv € Hy, s00(g,v) € qu‘B(q)w_l = N. Therefore
g €U (M,N). d

In the proposition above, the requirement that M and N be transitive is essential.
For example, if G is the automorphism group of the graph I' pictured in Figure
then G is transitive on the vertices of I' and induces a faithful action on its block-
cut-vertex tree Tr. In its action on 7T, it is easily seen that the group G has two
orbits: one orbit consists of the Tr-vertices corresponding to the vertices of I', and
the other consists of those Tr-vertices that correspond to the lobes of I'. Choose
any pair v and w of adjacent vertices in T, and let M denote GU’ Bv) and N

denote Gw’B(w). If it were possible to find a legal colouring £ of Tt such that

G <Ur(M,N), then this would contradict Proposition because neither M nor
N are transitive. Another example is the following: if C5 denotes the cyclic group
of order 2 acting on three points, and T35 denotes the trivalent tree, then for any
end ¢ of T5 the end stabiliser (Aut T3)¢ has Cs as its local action but (Aut T3)¢ is
clearly not conjugate to a subgroup of the Burger-Mozes group U(C3) < Aut T3.

Lemma 13. Up (M, N) is locally-(M, N).
Proof. Fix v € VT. If v € Vx (resp. v € Vy) we claim the map g‘A(U) — 0(g,v)

is an isomorphism from (U, (M, N)), |A(U) to M (resp. N). We prove this only for

v € Vx since a similar argument works for v € Vy-.
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Kh ’-i-‘_:_‘-i-‘ ‘.

FIGURE 1. An infinite vertex-transitive graph I' (left) and its
block-cut-vertex tree Tt (right)

It is clear this map is a monomorphism. Fix o € M, and let 6 € Sym (X UY)
be the permutation that equals ¢ on X and is the identity on Y. Now 6L is
a legal colouring, and Lemma [J] guarantees that there exists a unique element
g € (Aut Ty, such that gv = v and Lg = 6L. Hence, for all w € VT we have
0(g,w) = 6|£(A(w)), and from this it follows that g € (Uz(M, N)), and 6(g,v) = o.
Finally, we observe that the permutation groups induced by (Uz(M,N)), on A(v)
and B(v) are permutation isomorphic. O

Lemma 14. If M is a closed subgroup of Sym (X) and N is a closed subgroup of
Sym (Y), then Uz (M, N) is a closed subgroup of Aut T.

Proof. One may easily verify that A := (Aut Ty} is a closed subgroup of Aut 7'
Suppose M and N are closed. The two maps x, : (Aut T'){y,3 — Sym (X) and
Xw : (Aut T) vy — Sym (Y) given by g +— 6(g,w) for, respectively, w € Vx and
w € Vy, are continuous by Lemma Therefore the preimages x,' (M) for w € Vyx
and x,,}(N) for w € Vy are closed. In Remark [8 it is noted that Uz (M, N) can
be written as the intersection over all vertices w € VT of these preimages. Thus
U (M, N), being the intersection of closed sets, is closed. O

We next prove that Uz (M, N) has a subgroup isomorphic to M and a subgroup
isomorphic to N. These subgroups are contained in point stabilisers in U, (M, N).

If we are given € M, let i € Sym (X UY') be such that ,&|X = p and /l’Y =1n.
By Lemma |§|, for each vertex v € Vx there is a unique automorphism g, , €
(Aut T) v,y such that g, ,v = v and £ = fiLg, .. One may quickly verify that
Guw €U (M, N). For v e Vy and p € N define g,,,, similarly.

Proposition 15. If v € Vx and w € Vi, then M(v) := {gu, : p € M} is a
subgroup of Uz (M, N), and N(w) := {grw : 7 € N} is a subgroup of Uz(M,N).,.
Moreover, M(v) is isomorphic to M, and N(w) is isomorphic to N.
Proof. Suppose v € Vx. If p,7 € M, then g, vgrvv =V = grpuo and TLGry o =
L = #(iLguv)grp- Since 7 fixes Y pointwise, we have %/:‘L|Z(v) = £|Z(v)' It
follows immediately from Lemma@that Gruw = Guwgrw- Similarly, it follows from
Lemma |§| that if e denotes the identity in M, then g., = 1 € U (M, N). Finally,
we have g, v0u-10 = Gu-tpw = Jew = 1 € Ue(M,N), s0 g, = g,-1,. Hence
M(v) <Up(M,N),. A similar argument holds for w € V3 and N (w).

Since u, ™ € M, we have g, » = gr. if and only if y = 7. Indeed, if y = 7, then
7Lgrw = L = 1Lguy = TLYyv, and 50 gry = g, by Lemmal[9] On the other hand,
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if grv = gu then 1 = gu)vg;ﬂl} =g,-1,,- Hence £L=7"1jiLg, -1, ,=7"13L, soT
and p must be equal.

Let ¢ : M(v) — M be given by g,,, — p~ . This map is obviously surjective,
and we have shown it to be well-defined and injective. For u,7 € M we have
uwdro = Grpw, SO @ is a homomorphism. A symmetric argument shows that
N(w) is isomorphic to N. O

1

We now give two lemmas, presented without proof, which will be used in the
following sections. The first lemma is an immediate consequence of Proposition
and Lemma

Lemma 16. Suppose v1,v2 € Vx and wi,wy € Vy. Edges {v1,w1} and {va, wa}
in T lie in the same orbit of Up (M, N) if and only if v1,ve lie in the same orbit of
Ur (M, N) and wy,wsy lie in the same orbit of Up (M, N). O

Recall that T, and Ty are the two half-trees of T'\ {a,@}. To prove the following
lemma, simply check that the obvious choice for g € Aut T lies in U (M, N).

Lemma 17. If a is any arc in T, then for all h € Us(M,N), there exists g €
Ur (M, N) such that g fizes Tz pointwise and g|T = h|T . O

For a permutation group H < Sym () together with some H-invariant subset
A C Q, it is not true in general that the quotient group H/H (), viewed as a
topological group under the quotient topology, is topologically isomorphic to the
induced permutation group H f A under its permutation topology. However, for our
universal groups we have the following.

Proposition 18. Suppose M and N are closed, with G := Ups(M,N). Ifv €
Vx (resp. v € Vy) then G,/G p()) under the quotient topology is topologically
isomorphic to M (resp. N ) under its permutation topology.

Proof. We show that H := G”|B . is topologically isomorphic to Gv/G(B(v)); the
result then follows from Lemma If 7: Gy, = Gy/G(B(v)) denotes the quotient
map, then the map © : G,/G ) — H given by 7(g) — g‘B(U) is an abstract
isomorphism, and it is a routine exercise to check that © is continuous. To prove
that ©~! is continuous, it is sufficient to show that for all finite sets I C VT, there
is a finite set F C B(v) such that (Gv)(p)|B(v) = (G”‘B(v))(F/)'

Given F' C VT, let F’ be the (possibly empty) set consisting of all vertices in
B(v) that lie on a geodesic between v and some vertex in F'. Let C' be the connected
component of 7'\ F’ containing v. Clearly, (Gv)(p)|B(v) < (GU‘B(U))(F/)' On the

other hand, if g/|B(v) € (GU}B(U))(F/), then ¢’ fixes C setwise, and so there exists

an automorphism g of T such that g and ¢’ agree on C and ¢ fixes T'\ C' pointwise.

One may easily verify that g € (G,)(r) and g|B(U) = g"B(v). |

4. SIMPLICITY

In his influential paper [22], Jacques Tits introduced the following property (P),
which is sometimes known as Tits’ independence property. Let G act on a (not
necessarily locally-finite) tree T. If P is a non-empty finite or infinite graph path
in T, for each vertex v in T' there is a unique vertex 7p(v) in P that is closest to v.
This gives rise to a well-defined map on VT, in which each vertex v is mapped to
mp(v). For each vertex ¢ in P, the set 71'7;1((]) of vertices in T' that are mapped to ¢
by mp is the vertex set of a subtree of T'. The pointwise stabiliser G (p) of P leaves
each of these subtrees invariant, and so we can define G'(]P) to be the subgroup of
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Sym (w;l(q)) induced by G(py. Thus, we have homomorphisms ¢, : Gpy — Ggp)
for each ¢ € V'P from which we obtain the natural homomorphism,

@ G(p) — H G((IP) (4)
qeV'P

The group G is said to have property (P) if the homomorphism is an isomor-
phism for every possible choice of P. Intuitively, property (P) means that G(p)
acts independently on each of the subtrees branching from P.

Theorem 19 (|22, Théoréme 4.5]). Suppose T is a tree. If G < Aut T satisfies
property (P), no proper non-empty subtree of T is invariant under G, and no end
of T is fized by G, then the group G* := (Gyw) : {v,w} € ET) is simple (and
possibly trivial). O

Theorem 20. Let X and Y be finite or infinite sets whose cardinality is at least
two. Suppose M < Sym (X) and N < Sym (Y') are two permutation groups, and
let T be the (|X|,|Y])-biregular tree. If L is a legal colouring with X and Y, then
U (M, N) satisfies Tits’ independence property (P).

Proof. Let P be any non-empty graph path in 7" and let G denote U, (M, N).
Suppose we are given g € G(py and p € VP. Note that B(p) contains either one or
two vertices in P, so we may write B(p) N VP = {q,¢'}, where ¢, ¢’ could be equal.
By Lemma there exists ¢’ € G such that ¢’ fixes T{, ) pointwise and agrees with
g on T(p, 4. The element ¢’ fixes P pointwise, and so in particular it lies in G, g/,
and so we may apply the lemma again to deduce the existence of g, € G such that
gp fixes T(y ) pointwise and agrees with ¢’ on T{;, o). The element g, therefore
fixes VT'\ 7~ (p) pointwise, agrees with g on 7~ !(p), and satisfies gp|ﬂ_1(p) € Gfp).

Now g = [[,cyp 9p, and so the map given by g = [[,cyp gp’rl(p) is a ho-
momorphism from G(p) to Hpev7> G’(’P). It is easily verified that this map is an
isomorphism, from which it follows that G has property (P). O

There are many mild conditions under which Uy (M, N) leaves invariant no
proper non-empty subtree of T" and fixes no end of T. For example: M and N
contain no fixed points.

We will presently cite a result in Jean-Pierre Serre’s book [19], but we must
do so with care since Serre’s definition of a graph differs from ours in that loops
(arcs a that satisfy o(a) = t(a)) and multiple arcs (distinct arcs a,a’ that satisfy
o(a) = o(a’) and t(a) = t(a')) are permitted. Trees in [19] cannot contain loops
nor multiple arcs, and so we may use the term tree without ambiguity (see [I9, pp.
13-17)).

A group G acts on a tree T without inversion if there is no edge {v,w} € T for
which (v, w) lies in the orbit G(w,v). Suppose T is a tree and G acts on T without
inversion. Following [19, pp. 25|, G\T consists of a set of vertices and a set of
edges. The vertices (resp. edges) are the orbits of G on the vertices (resp. edges)
of T. Notions like adjacency and arcs extend naturally to G\T. Note that G\T
may not be a graph (according to our definition), since there may be more than
one edge between two given vertices.

Theorem 21 ([I9, Corollary 1 in Section 5.4]). Suppose T is a tree, and let G be
a group acting on T without inversion. Let R be the group generated by all vertex
stabilisers Gy, v € VT'. Then R is a normal subgroup of G, and G/R is isomorphic
to the fundamental group of G\T. O



A PRODUCT FOR PERMUTATION GROUPS 15

It is an immediate consequence of this theorem that G = R if and only if G\T
is a tree which holds if and only if G is generated by the vertex groups of G\T (see
[19, Exercise 2 in Section 5.4], for example).

As before, let X and Y be finite or infinite sets with cardinality at least two,
M < Sym (X) and N < Sym (Y), denote the (|X]|,|Y|)-biregular tree by T and
choose some legal colouring £. Our next lemma follows from Proposition [10| and
Lemma In particular, we have that Uz (M, N)\T contains no loops or multiple
edges.

Lemma 22. If m (resp. n) denotes the number of orbits of M (resp. N ), then
U (M, N)\T is the complete bipartite graph K, . O

If M and N are transitive, then Lemma and [19, Section 4.1, Theorem 6]
imply that G := U, (M, N) has an amalgamated free product structure,

G=G, *G (u,w) G,

where v and v are any two adjacent vertices in 7.

Recall that M X N is the subgroup of Sym (Vi) that is induced by U(M, N)
acting on VT, and M X N = U(M, N) as topological groups. Following [13], we
say a permutation group G < Sym (V) is generated by point stabilisers if G = (G, :
veV).

Theorem 23. Suppose M and N are permutation groups of (not necessarily finite)
degree at least two, both groups are generated by point stabilisers and at least one
group is nontrivial. Then U(M, N) is simple if and only if M or N is transitive.

Proof. Suppose M is a subgroup of Sym (X) and N is a subgroup of Sym (Y); let
T and L be as above. Write G := Ug (M, N), recall Gt := (G, ) : {v,w} € ET),
and denote the stabiliser of v € VT in G by G .

We claim that G = G, for all v € VT. Given v € VT, it follows from
Lemma that the group GU‘B(U) is generated by point stabilisers. Moreover,
G(v,w)|3(v) < G,j‘|B(v) for all w € B(v). Hence G,ﬂB(v) = GU|B(’U)' In particular,
G} and G, both have the same orbits on B(v). Since G(, ) < G for allw € B(v),
our claim follows.

Hence R := (G, : v € VT) < GT. Since M or N is nontrivial, R is nontrivial.
Moreover, by Theorem R is a normal subgroup of G, and G = R if and only if
G\T is a tree.

If M and N are intransitive, then G\T is not a tree by Lemma and so R is
a nontrivial proper normal subgroup of G.

Conversely, suppose M or N is transitive. Then G\T is a tree, and so G = R =
G™. Let € be an end in 7', and suppose 1" is some non-empty proper subtree of 7T'.
Now Gv‘ B(v) is transitive for all v in one part of the bipartition of T', and so we

may choose such a vertex v from VT'\ VT’. Clearly G, does not fix €, nor does G,
leave T” invariant. Thus, by Theorems [19| and G = G is simple. O

Since point stabilisers are maximal in primitive permutation groups, all non-
regular primitive permutation groups are generated by any two distinct point sta-
bilisers.

Corollary 24. If M and N are non-regular primitive permutation groups, then
U(M, N) is simple. O

Remark 25. For a nontrivial permutation group M < Sym (X)), the Burger—-Mozes
group U(M) is permutation isomorphic to Sy X M (as noted in Remark 7 and
so both groups can be thought of as groups of automorphisms of the |X|-regular
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tree T. Recall that for H < Aut T the group H is generated by all the pointwise
stabilisers of edges in T, and it is easy to see that HT < H. Of course (S2 X M)*
and U(M)™ are also isomorphic as permutation groups.

If Id denotes the trivial subgroup of S, and M is transitive and generated
by point stabilisers, then Theorem implies that Id X M is simple, and hence
(IdXM)* = Id X M. For each edge {v,w} € ET we have (So X M), ) < IdXM,
and so it follows that U(M)" = (S; ® M)" = Id X M. Hence U(M)™ is simple
when M is nontrivial, transitive and generated by point stabilisers. This fact was
already known for finite M (see [4, Proposition 3.2.1]).

5. PERMUTATIONAL PROPERTIES

Recall the famous primitivity conditions for the unrestricted wreath product
M Wry N in its product action on the set XY of functions from Y to X (see [8,
Lemma 2.7A] for example).

(i) M Wry N is transitive if and only if M is transitive; and
(i) M Wry N is primitive if and only if M is primitive but not regular, and
N is transitive and finite.

Because of these criteria, the wreath product can be used to easily build new
primitive groups from other primitive groups. It features prominently in the seminal
O’Nan—Scott Theorem, which classifies the finite primitive permutation groups (see
[12], for example).

Compare the primitivity criteria for the wreath product above with the following
remarkable result for the box product.

Theorem 26. Given permutation groups M < Sym (X) and N < Sym (Y) of
nontrivial degree, the permutation group M X N < Sym (Vy) satisfies:
(i) M X N is transitive if and only if M is transitive; and
(i) M X N is primitive if and only if M is primitive but not regular, and N
18 transitive.

Despite the striking similarity between these two sets of conditions, M Wry N
and M X N distort the actions of M and N in opposite ways. This is most appar-
ent when M is subdegree-finite and primitive but not regular and N is finite and
transitive. All nontrivial orbital graphs of M X N are tree-like: they are locally
finite, connected and have infinitely many ends; on the other hand nontrivial orbital
graphs of M Wry N < Sym (XY) are locally finite and connected but with at most
one end (see [2I, Theorem 2.4]). Figure [2| shows (left) an orbital graph of S3 X Sy
(which is necessarily infinite) and (right) an orbital graph of S3 Wr Sy (which is
necessarily finite).

Proof of Theorem[28 Part (i) is Theorem [6] (). Write G := U(M, N) for some
legal colouring with X and Y, let T be the (] X/, |Y|)-biregular tree.

We show first that if G is primitive on Vy, then M is primitive but not regular
and N is transitive. Suppose that N is not transitive on Y. Fix v € Vx and distinct
vertices w,w’ € B(v) C V3. Choose v' € B(w) such that £(w,v) and L(w, ) lie
in distinct orbits of N. By Proposition the vertex v’ does not lie in the orbit
Gv. Let T be the orbital graph whose vertex set is Vy and edge set is the orbit
G{w,w'}. Notice that if two vertices in I" are adjacent, then their distance in T is
two. Therefore, if € V3 lies in the connected component of T\ {w} that contains
v, then any graph path in I" from 2 to w must contain an edge (in I') between w and
some vertex w” € B(v'). But this implies that {w,w”} lies in the orbit G{w, w'},
which requires that v’ € Guv, and we already have that v" ¢ Gv. Hence G has a
nontrivial orbital graph on Vy that is not connected. The connected components of
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FIGURE 2. An orbital graph of S5 X Sy (left) and of S35 Wr .Sy (right)

this graph give rise to a G-invariant equivalence relation on Vy-, and so the action
of G on Vy is not primitive.

Suppose M is not primitive on X. If M is not transitive then G is not transitive
(and therefore not primitive) on V3 by Proposition Suppose then that M is
imprimitive. By D. G. Higman’s Theorem ([11} 1.12]), there exists an orbital graph
of M that is nontrivial and not connected. Choose a vertex v € Vx. By LemmalI3]
some nontrivial orbital graph A of G, | B(v) 01 B(v) is not connected; let {w,w’} be
an edge in A. Now take I' to be the orbital graph whose vertex set is Vy and whose
edge set is the orbit G{w,w’}. We claim that I" is not connected. Indeed, any pair
of adjacent vertices in I' are at distance 2 in the tree 7. Therefore any graph path
in T between distinct vertices in B(v) contains only vertices in B(v) = VA. Tt
follows that I' is not connected, and thus that G is not primitive on Vy.

Suppose that M is regular. Let I" be a new graph on Vy, in which vertices are
adjacent if and only if their distance in T is two. Thus I is has connectivity one. If
|X| = 2, then T is a regular tree and the bipartition of T is a system of imprimitivity
for G on Vy so the action of G on Vy is not primitive. If | X| > 3, then the lobes
of ' contain at least three vertices, G|Vy < Aut I' acts vertex transitively, and the
block-cut-vertex tree of I' is T. Choose any vertex v € Vx, and distinct vertices
w,w’ € B(v) C Vy. Because M is regular, Gy, = Gy . By Theorem [] the
action of G on VI' = V4 is not primitive.

We have shown that if G is primitive on Vy-, then M is primitive but not regular
and N is transitive; let us turn our attention to the converse. Suppose that M is
primitive and not regular, and NN is transitive. Let ~ be a nontrivial G-invariant
equivalence relation on V3. Choose distinct w, w’ € Vy with w ~ w’. Let v denote
the vertex adjacent to w’ in the geodesic [w,w’]r, and let w” denote the vertex
adjacent to v in [w,w’)y. Since Gv’B(v) is permutation isomorphic to M, it is
primitive and not regular on B(v), and so there is an element h € G, .~ that does
not fix w’. By Lemma there exists g € G such that g fixes the half-tree T{, .,
pointwise (so in particular ¢ fixes w) and gw’ = hw'. Hence v’ ~ w = gw ~ gw’,
and dr(w',gw’) = 2. However, Gv‘B(’U) is primitive, so ~ must be a universal
relation on B(v). Since N is transitive, it follows that ~ is universal on V3. Hence
there are no proper nontrivial G-invariant equivalence relations on Vy-, so the action
of G on Vy is primitive. O

Recall that a permutation group is subdegree-finite if any point stabiliser has
only orbits of finite length.
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Proposition 27. Suppose M and N are permutation groups of nontrivial degree.
Then M X N is subdegree-finite if and only if M is subdegree-finite and all orbits
of N are finite.

Proof. Let G := U (M, N). Suppose M is subdegree-finite and all orbits of N are
finite. Choose distinct w, w’ € V3 and let wowy - - - w,, denote the geodesic [w, w']r.
Since Gy, = Gu,...,w, We have

n—1

‘wa/| = |Gw0 : GwU,.--,wn‘ < ‘Gw0w1| ' H |Gwi—17wiwi+1|'

i=1
Now |Gy,wi] is finite because N has only finite obits, and each |Gy, w; Wit1] is
finite because both M and N are subdegree-finite. Hence the action of G on Vy is
subdegree-finite.

On the other hand, if M is not subdegree-finite, then for all v € Vx there exist
w,w’ € B(v) C Vy such that G,, ,2w’ is infinite. Hence G,,w’ is not finite. If N has
an infinite orbit, then for all w € V4 there exists v € B(w) C Vx such that G,v is
infinite. Hence for any w’ € B(v) \ {w}, the orbit G, w’ is infinite. O

6. TOPOLOGICAL PROPERTIES OF THE PRODUCT

If we bestow Sym (X) and Sym (Y) with their respective permutation topologies,
then the box product of M and N (under its usual permutation topology) preserves
some topological properties of M and N but does not preserve discreteness. In this
section, all topological statements are with respect to the permutation topology,
which is described in Section

Lemma 28. Let T be a tree with no verter of valence one, and consider Aut T as
a topological group under its permutation topology. Suppose G < Aut T is closed
and fizes setwise the two parts Vi, Va of the bipartition of T. Then G|Vi is closed
in Sym (V;) fori=1,2, and if GU’B(v) is closed for all v € VT then the following
are equivalent:
(i) for allv € Vi and w € Vo, all point stabilisers in G“|B(v) are compact and
Gw’B(w) is compact;

(ii) all point stabilisers in G’VQ are compact.

Proof. Let A := (Aut T)¢y,y and let ¢ : A — A|V1 be the map taking g € A to

g‘vl € A’VI. Since the tree T' contains no vertices of valency one, the kernel of this

map is trivial and ¢ is an isomorphism. Moreover, ¢ is a topological isomorphism.

This is not difficult to see, because for each finite subset ® C VT, one can find finite

subsets ®; C V; and &, C V5 such that the pointwise stabilisers A(q;.l) and A(¢,2)

fix ® pointwise. It follows that G v is closed in Sym (V7). A symmetric argument
1

v is closed in Sym (V53).

Now suppose G”‘B(v) is closed for all v € VT. Note that is true if and only

shows that G

if for all v € V7 and w € V5 we have that all orbits of Gw‘ B(w) A1¢ finite and all

suborbits of Gv’B(v) are finite. On the other hand ({ii)) is true if and only if G‘V is
2

subdegree-finite. An argument similar to that used in the proof of Proposition [27]
can therefore be used to show that and are equivalent. O

Henceforth in this section, T is the (| X, |Y|)-biregular tree, £ is a legal colouring
of T with X and Y, and we bipartition the vertices of T' into sets Vx and Vy in
the usual way.
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Theorem 29. Suppose M < Sym (X) and N < Sym (Y') are closed with nontrivial
degree. Then M XA N is closed in Sym (Vy) and the following are equivalent:

(i) every point stabiliser in M & N is compact in Sym (Vy);
(ii) for all w € Vy the point stabiliser (U(M, N)),, is compact in Aut T;
(iii) N is compact and every point stabiliser in M is compact.

Proof. The result follows immediately from Lemmal[I4] Lemma[2§ and the fact that
M X N and U(M, N) are isomorphic as topological groups. O

Theorem 30. Suppose M < Sym (X) and N < Sym (Y') are closed with nontrivial
degree. Then the following are equivalent:
(i) UM, N) is locally compact;
(ii) all point stabilisers in M and all point stabilisers in N are compact; and
(iil) the stabiliser in U(M, N) of any edge in T is compact.

Proof. 1t is obvious that implies . Suppose G := U, (M, N) is locally com-
pact. Then there exists some finite set ® of vertices such that Gg) has all orbits
finite. Fix x € X and recall the definition of the function 7mp for graph path P in T
from Section Now VT'\® contains infinitely many vertices v such that £|Z(v) =z

and therefore there is an edge P := {v,w} in T such that ® is contained in 75" (v)
and £|Z(v) = z. Note that w € Vx. By Theorem G has Tits’ independence
property (P) and so the pointwise stabilisers G(_ﬂ,;l( ) and G ,,,) induce the same
permutation group on B(w), and this induced group is permutation isomorphic to
M,. Now G(ﬂ_;l(v)) < G(g) and all orbits of G(4) are finite, so it follows that all
orbits of M, are finite. For y € Y, a symmetric argument shows that all orbits of
Ny are finite. Hence M, and N, are compact and we have shown that implies
-

Now suppose that all point stabilisers in M and N are compact; in particular
this means that all orbits of point stabilisers in M and in N are finite. Choose two
adjacent vertices v, w € VT. We claim that G, ., has only orbits of finite length,
from which it follows that G, ., is compact. Fix some vertex u € VT'\ {v,w} and
note that either u is closest to v, or u is closest to w. Without loss of generality, let
us suppose that u is closest to w; then the unique geodesic from v to u contains w.
Let vyo,y1,92, - - -, yn denote this geodesic, with yo = v,y; = w and y,, = u. Now

n—2
1G 0w ul = G yo,yn) * Glyomnyesn)| < H |G (i yir) Yital,
i=0
and each orbit |Gy, .., ¥i+2| in the product is finite because y;,yir2 € B(yit1)

and Gy, )| gy,
point stabiliser in N. We have established our claim, and have thus shown that

implies . O

An example of a closed subgroup M < Sym (X) that is locally compact with
non-compact point stabilisers is provided by any sharply 2-transitive group of per-
mutations of a countably infinite set.

is permutation isomorphic to a point stabiliser in M or a

Theorem 31. Suppose M < Sym (X) and N < Sym (Y') have nontrivial degree
and, under the permutation topology, both groups are closed with compact point
stabilisers. Then all point stabilisers in U(M, N) are compactly generated if and
only if M and N are both compactly generated.

Moreover, if M and N are both compactly generated with only finitely many
orbits, and M or N s transitive, then U(M, N) is compactly generated.
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Proof. Write G := Uz (M,N). Since M and N are closed with compact point
stabilisers, G is locally compact and all edge stabilisers in G are compact by The-
orem

Let v be a vertex in T, and suppose that G, is compactly generated. Fix
some vertex w adjacent to v in T. If S is a compact generating set for G, then
Uscs 8G(w,w) is an open cover of S, and therefore one can find a finite subset
{s1,...5.} of S such that G, = (Gy ), 51,--.,5:). If v € Vx then G“’B(v) is per-
mutationally isomorphic to M by Lemma[I3] and under this isomorphism it is clear
that Gy, is mapped to a point stabiliser in M (which is compact by assumption).
Hence M is compactly generated. If v € V3 then a symmetric argument shows that
N is compactly generated.

Now assume instead that M and N are compactly generated. Suppose v €
Vx, choose w € B(v), and set x := L(v,w) € X. The stabiliser M, is compact
and open. If S is a compact generating set for M, then there exists some finite
subset {s1,...,8.} C S such that M = (M,,s1,...,s.). By Lemma G7,|B(U)

is permutationally isomorphic to M and under this isomorphism G(v’w)’ B(v) is
mapped to M,. It follows that there exists {g1,...,9-} C G, such that H :=
(Gw,uw), 915+ -+, 9r) and G, induce the same permutation group on B(v). Hence, for
any g € G, there exists some h € H such that w9 = w", and so gh~! € Gow) < H.
Thus G, is equal to H, and therefore G, is compactly generated. A symmetric
argument shows that if v € Vy, then G, is compactly generated.

Finally we note that if M and N have only finitely many orbits and either M or
N (or both) is transitive, then by Lemma [22] the quotient G\T is a finite tree, and
so G is generated by the vertex groups of G\T. It follows that there exists a finite
set ® C VT such that G = (G, : v € ®). Since ® is finite and G, is compactly
generated for all v € ®, we have that G is compactly generated. O

Recall that a permutation group is semi-regular if every point stabiliser is trivial.
A semi-regular action is also called a free action.

Theorem 32. Suppose M < Sym (X) and N < Sym (Y) have nontrivial degree.
Then the following are equivalent: (i) U(M, N) is discrete; (it) M and N are semi-
regular; and (iii) U(M, N) acts semi-regularly on the edges of T'.

Proof. Let G :=Ug (M, N). Suppose M and N are both semi-regular. If w,w" € Vy
are at distance two in 7', there is a unique element v € Vx that is adjacent to both
vertices, and G o = Gy p,w- By Lemma Gy v fixes B(w) and B(v) pointwise,
and, since T is connected, G, , must therefore fix V'I' pointwise; it is thus trivial.
Hence U(M, N) is discrete.

Let @ C V4 be any finite set. Suppose M is not semi-regular, and choose
2 € X such that M, is nontrivial. For each w’ € VT, the connected components of
T\ B(w') each contain infinitely many vertices w € Vi such that ﬁ‘Z(w) =T, SO we
may choose a pair of adjacent vertices v € Vx,w € Vy such that £(v,w) = z and &
is contained in the half-tree T, ,). Choose o € M;\(1). By Lemma there exists
h € G, such that L], k|, L], = 0 Hence h € Gy and h & G(p))- By
Lemma there exists g € Gy, such that g|T(w’v) is trivial and g|T<,u,w> = h|T<u,w>'
Hence g € G(4) is nontrivial. A similar argument shows that if NV is not semi-
regular, then G is nontrivial. It follows that if M or N is not semi-regular, then
U(M, N) is not discrete. O

Corollary 33. Suppose X and Y are countable, and M < Sym (X) and N <
Sym (Y) are closed. Then

IMRN| <Ry or |MKXN]|=2%,
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with the former holding if and only if M and N are semi-regular.

Proof. By Theorem [29] the group G := MK N is a closed group of permutations of
the countably infinite set V3. Since the trivial group (1) is closed, we may deduce
from a theorem of David M. Evans (|9, Theorem 1.1]) that either |G| = 2™ or the
pointwise stabiliser (in G) of some finite subset of V3~ is trivial. But the pointwise
stabiliser of some finite subset of Vy is trivial if and only if G is discrete. The
corollary now follows from Theorem O

7. AN UNCOUNTABLE SET OF COMPACTLY GENERATED SIMPLE GROUPS

In [6], S is defined to be the set of non-discrete, topologically simple, totally dis-
connected, locally compact groups. Pierre-Emmanuel Caprace and Tom De Medts
remark that they do not know whether S contains uncountably many pairwise non-
isomorphic compactly generated groups. In this section we prove that S contains
uncountably many isomorphism classes by constructing the first uncountable set of
pairwise non-isomorphic simple groups that are non-discrete, compactly generated,
totally disconnected and locally compact. In fact, we construct 2%° such groups.

All the simple groups constructed in this paper have compact open subgroups
that split nontrivially as direct products. The paper [7] provides general results that
apply to all compactly generated groups in S that enjoy the latter property; for
example, they are all abstractly simple and non-amenable. Examples of compactly
generated groups in S that are structurally similar to the groups we describe here
are due to Marc Burger and Shahar Mozes ([4]), Rognvaldur G. Moller and Jan
Vonk ([I3]), and Christopher Banks, Murray Elder and George A. Willis ([I]).

Recall from [19, pp. 58] the definition of Serre’s property (FA). Suppose G is a
group acting on a tree T without inversion. Let Fixg(7') be the set of vertices of
T that are fixed by all elements in G. A group G has property (FA) if Fixg(T) is
non-empty for any tree T' on which G acts without inversion. There is a topological
version of (FA), which we denote here by (FA;), whereby a topological group G has
property (FA;) if every continuous action of G on a tree has either a fixed vertex or
a (setwise) fixed edge (see [3, Definition 2.3.4], for example). Compact topological
groups obviously satisfy (FA;), and it is also clear that a topological group G with
a closed normal subgroup N such that N and G/N both have (FA;), itself enjoys
(FA,).

A particularly rich class of discrete groups that all have property (FA) is the
class of finitely generated torsion groups.

Proposition 34 ([19, Example 6.3.1]). A finitely generated torsion group has prop-
erty (FA). O

Theorem 35 ([I7, Theorem 28.7]). For every sufficiently large prime number p,
there is a continuum of pairwise non-isomorphic infinite groups of exponent p all
of whose proper nontrivial subgroups have order p. O

In [I7, pp. 304] Ol'shanskif notes that taking p > 107 in the above theorem is
sufficient; let us now fix such a prime p. The groups whose existence is guaranteed
by Theorem [35| we shall call Tarski—Ol’shanskii Monsters.

Let @ be a Tarski-Ol’'shanskil Monster. It is 2-generated and torsion, so by
Proposition it has property (FA). It is easily seen to be simple, since if N is
a proper normal subgroup of @, then /N is infinite and torsion so it contains a
nontrivial finite subgroup H/N, with N < H < Q.

Determining whether or not two box products are isomorphic can be difficult; it
will be explored in detail in subsequent papers. For our purposes in this paper, we
note two elementary results: Lemma [36] and Lemma
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Lemma 36. Let M, My, N1, No be permutation groups of montrivial degree, with
M nontrivial. Suppose My has property (FA), and no nontrivial quotient of My is
isomorphic to any subgroup of My or No. Then U(My, N1) and U(Ms, N3) are not
(abstractly) isomorphic.

Proof. For i = 1,2, suppose M; < Sym (X;) and N; < Sym (Y;) and let T; denote
the (] X;|, |Y:|)-biregular tree. Let £; be a legal colouring with X; and Y;, and write
G := uﬁ1 (Ml, Nl) and H := Z/{L:Q (MQ, Ng)

Let us suppose, for a contradiction, that G and H are isomorphic. By Proposi-
tion G contains a subgroup that is isomorphic to M7, and so M; is isomorphic
to some subgroup K of H.

On one hand, K cannot fix any vertex in 75. Indeed, if K fixes some vertex
v € Ty, then K/K(p)) = K|B(v) < H"|B(v)' Since H“|B(v) is isomorphic to My
or Ny, this is only possible if the quotient K/K p(,)) is trivial; that is, if K fixes
B(v) pointwise. But if this is so, then we can repeat this argument, since K now
fixes w € B(v). Since T5 is connected, it follows that K must be trivial, which is
absurd.

On the other hand, K must fix a vertex in 15, since K acts on 75 without
inversion and has property (FA). 0

Lemma 37. Let My, Ms, N1, No be closed permutation groups of nontrivial degree
such that, under the permutation topology, N; and all point stabilisers of M; are
compact for i = 1,2. Suppose each M; is transitive, has the topological property
(FA;) and admits no nontrivial compact normal subgroups. If My and Ms are
not topologically isomorphic, then U(Mq, N1) and U(Maz, N2) are not topologically
isomorphic.

Proof. We adopt the notation used in the first paragraph of the proof of Lemma [36]
Fori = 1,2, fixv;, € Vx, C VT, and note that by Theorem G (B(vy)) and H(p(v,))
are proper compact and normal subgroups of (respectively) the non-compact groups
Gy, and H,,.

A compact normal subgroup K of G,, has only orbits of finite length; the closure
of K | B(or) in Sym (B(v1)) is thus compact and normal in M7, and so by assumption
it is trivial. Hence every compact normal subgroup of G, is contained in G(p(y,))-
A symmetric argument holds for H,, and Hp(y,))-

Suppose ¢ : G — H is a topological isomorphism. The compact group G (p(u,))
has (FA;) and G, /G (B(v,)) (Which is topologically isomorphic to M; by Proposi-
tion also has (FA;). By this, and a symmetric argument for H, we see that all
point stabilisers in G and H have (FA;).

Now ¢ and ! are continuous actions of G' and H respectively, so there exists
vi € VT3 and vi* € VT such that ¢(G,,) < Hyr < @(Gyr<). Since My is
transitive, G,, fixes no vertex in 77 \ {v1} so we must have that v; = v]*. Hence
©(Gy,) = Hyx. Since Gy, is not compact, Theorem 29| implies that vj € Vy,. Let
vy 1= v} € Vx, and note that ¢(G,,) = H,,.

Now ¢(G(B(v,))) is a compact normal subgroup of H,, so it is contained in
H(B(vy)), and <P_1(H(B(v2))) is a compact normal subgroup of G, so it is contained
in G(B(vl))- Hence ‘p(G(B(vl))> = H(B(vz))- It follows then that G, /G(B(vl)) and
H,,/H B(v,)) are isomorphic as topological groups. The result now follows imme-
diately from Proposition O

Note that the converse to Lemma[37]is clearly false, as one should expect in light
of Theorem [32] Indeed, a countably infinite simple group G with a finite nontrivial
subgroup has two different transitive permutation representations in Sym (N), one
with all stabilisers trivial which we denote by M7, and another with all stabilisers
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finite and nontrivial which we denote by M,. Both M; and M, are discrete un-
der the permutation topology and are therefore isomorphic as topological groups.
However, if N is a semi-regular permutation group of degree at least two, then the
group U(M;y, N) is discrete but U(Ms, N) is not.

Let @ be a Tarski-Ol’shanskii Monster group and fix a nontrivial proper sub-
group H < Q. The group @ is simple and it acts faithfully and transitively on
the coset space X := (Q : H). We call the permutation group induced by @ on
X a Tarski—Ol’shanskit Monster permutation group. By Theorem there are
2% pairwise (abstractly) non-isomorphic Tarski-Ol'shanskii Monster permutation
groups.

For the following theorem, note that the trivial subgroup of a permutation group
of nontrivial degree is generated by point stabilisers, as is any non-regular primitive
permutation group.

Theorem 38. There are 280 (abstractly) non-isomorphic groups of the formU(Q, N),
where Q is a Tarski—Ol’shanskit Monster permutation group and N is a finite per-
mutation group of nontrivial degree that is generated by point stabilisers. Further-
more, each such group U(Q, N) under its permutation topology is totally discon-
nected, locally compact, compactly generated, simple and not discrete.

Proof. Let Q < Sym (X) be a Tarski-Ol’shanskil Monster permutation group and
let N < Sym(Y) be a finite permutation group of nontrivial degree d that is
generated by point stabilisers. We think of @ as a topological group under its
permutation topology. Note that @ is transitive. Point stabilisers in @) are finite, so
Q is totally disconnected and locally compact, with compact stabilisers. Moreover,
@ is finitely generated, so it is compactly generated.

Let T be the (Ng,d)-biregular tree, and bipartition the vertices of T into sets
Vx and Vi in the usual way. The group U(Q, N) is a subgroup of Aut 7. Under
the permutation topology it inherits from Aut T, the group U(Q,N) is totally
disconnected because its action is faithful. It is locally compact by Theorem it
is compactly generated by Theorem and it is non-discrete by Theorem

Any point stabiliser in @ is a maximal subgroup, so @ is generated by point
stabilisers; so too is N. Hence, by Theorem the group U(Q, N) is simple.

If Q' is another Tarski-Ol’shanskil Monster that is not isomorphic to @, then
U(Q, N) and U(Q', N) are not isomorphic by Lemma The theorem now follows
immediately from Theorem g

Recall that S denotes the class of non-discrete, totally disconnected, locally
compact, topologically simple groups. Because all compactly generated groups
in S are Polish groups, and it is well-known that there are precisely 2% many
topological isomorphism classes of Polish groups, we have the following corollary.

Corollary 39. There are precisely 280 topological group isomorphism types of com-
pactly generated groups in S. O

Remark 40. Of course, the construction described above works for many groups
that are not Tarski-Ol’shanskii Monsters. The following is a general method for
constructing examples of non-discrete abstractly simple groups that are totally
disconnected, locally compact, and compactly generated.

(i) Choose M < Sym (X) to be closed transitive and non-regular, with all
point stabilisers compact, such that M is compactly generated and gener-
ated by point stabilisers. Note that we do not require M to be non-discrete.

Example: Take M be any compactly generated totally disconnected
locally compact group and U be a nontrivial compact open subgroup of
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M, properly contained in M, such that M is generated by the union of the
conjugacy class of U and U has trivial core in M. One may then set X to
be the coset space (M : U) and view M as a closed subgroup of Sym (X)
via the action by left multiplication.

Example: Take M < Sym (X) to be a closed subdegree-finite non-
regular primitive permutation group of degree at least three.

(ii) Choose any finite permutation group N < Sym (Y") of degree at least two,
that is generated by point stabilisers. For example, one could take N be be
any finite primitive non-regular permutation group of degree at least three.
In the permutation topology, such a group will be totally disconnected and
compact.

(iii) Choose any legal colouring £ of the (| X|,|Y|)-biregular tree T, and let V3
be a part of the bipartition of 7' whose elements have valence |Y|.

(iv) The group U(M,N) < Aut T is simple (by Theorem , and with the
permutation topology it is totally disconnected (because it is faithful),
locally compact (by Theorem [29), compactly generated (by Theorem
and non-discrete (by Theorem [32). Point stabilisers of vertices in V3 are
compact.

Remark 41. In [23] Problem 4.3|, George A. Willis asks the following. Let Gy,
G4 be (non-discrete) topologically simple (or simple) totally disconnected locally
compact groups. Suppose that there are compact open subgroups U; < G; (i = 1,2)
that are isomorphic. Does it follow that G; and G5 are isomorphic? It is known
(see [2] and [6]) that the answer to this question is no. However, only countably
many pairs (G1,G3) demonstrating this have been found. Using the box product,
it is easy to construct an uncountable set of such groups {G; : i € I}, in which
each group G; contains a compact open subgroup U; < G; such that for all i,j €
the groups U; and U; are isomorphic as topological groups but G; and G; are
non-isomorphic.

Indeed, for two groups G := U(Q, S3) and H := U(Q’, S3) taken from the proof of
Theorem B8] any point stabiliser in G of a vertex v € Vy is permutation isomorphic
to any point stabiliser in H. This is easy to see if you consider the induced actions
of G and H on the (Ro, 3)-biregular tree T

Thus, if Q and Q' are non-isomorphic, then G and H are non-isomorphic, non-
discrete, simple, totally disconnected locally compact groups and moreover G and
H have compact open subgroups, G, and H, respectively, which are isomorphic as
topological groups.
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