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Abstract

In any group G, we may extend the definition of the conjugacy class of an
element to the conjugacy class of a k-tuple, for a positive integer k. When
k = 2, we are forming the conjugacy classes of ordered pairs, when k = 3,
we are forming the conjugacy classes of ordered triples, etc.

In this report we explore a generalized question which Professor B. Doug
Park has posed (for k = 2). For an arbitrary k, is it true that:

(G has finitely many k — conjugacy classes) = (G is finite) ?

Supposing to the contrary that there exists an infinite group G which has
finitely many k-conjugacy classes for all £k = 1,2,3,..., we present some
preliminary analysis of the properties that G must have. We then investigate
known classes of groups having some of these properties: universal locally
finite groups, existentially closed groups, and Engel groups.
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Chapter 1

Motivation

1.1 The Origin of the Problem

This problem was posed by Professor B. Doug Park to Professor John
Lawrence during a discussion in the University of Waterloo’s Pure Math
lounge. He is interested in the answer because of its application to a topo-
logical problem which he is pursuing.

1.2 Definitions and Notation

1.2.1 Lie Groups

Definition (Hausdorff Space): A Hausdorff space is a topological space
X in which V p,q € X with p # ¢, there exist open neighbourhoods U, and
U, of p, q respectively such that U, N U, = 0.

Definition (n-Manifold): An n-dimensional topological (differentiable)
manifold (or n-manifold) is a Hausdorff space in which each point has an
open neighbourhood which is homeomorphic (diffeomorphic) to an open
neighbourhood of R".

Definition (Lie Group): A Lie group is a differentiable manifold obeying
the group axioms and that satisfies the additional condition that the group
operations are differentiable.

Examples of Lie Groups:
1. R
2. GL(n)
3. SL(n)
4. U(n)



5. SU(n)

1.2.2 Principal Bundles

Definition (Diffeomorphism): Let P and X be manifolds. Then 7 :
P — X is a diffeomorphism <= 7 is differentiable and has a differentiable
inverse.

Definition (C* Map): Let P and X be topological spaces. Then 7 :
P — X is a C*® map <= 7 has an nth derivative Vn € P (where P =
{1,2,3,...} denotes the positive integers).

Definition (Principal Bundle): Let X be an m-manifold. Let z € X
be arbitrary. Let P be an (m +n)-manifold (N.B. m = base-dimension, n =
fibre-dimension). Then P is a G-principal bundle over X <= there exists a
C® map 7 : P — X such that 771 (U,) \E/ U, x G for all “small enough”

—dy,
open contractible neighbourhoods U, of x, for some diffeomorphism ®;, .

Example of Principal Bundle: P = G x X, with # = projection of
second co-ordinate onto X.

Definition (Continuous Group): A group G is continuous <= the
group operation is continuous. A nice example is (R, +). Note that a contin-
uous group is necessarily infinite. Also note that conversely, infinite groups
need not be continuous (e.g. (Z,+), (Q,+)).

Definition (Topological Group): A group G is a topological group <=
G is continuous and has a Hausdorff topology. A nice example is (R, +).
The homeomorphism group of any compact Hausdorff space is a topological
group when given the compact-open topology. Also, any Lie group is a
topological group.

Definition (Discrete Group): The group G is discrete <= G is a topo-
logical group with the discrete topology.

A Generalization of Topological Covering Spaces: Principal bundles
generalize the notion of topological covering spaces. In particular, G is
discrete = P is a covering space over X.

1.2.3 Connections on Principal Bundles

Remark: We do not present full details of the definition of a connection
here. The interested reader is referred to [13].



Definition (Section of a Fibre Bundle): A section of a fibre bundle
gives an element of the fibre over every point in X. Usually it is described
as a map s : X — P such that (7 o s) is the identity on X.

Definition (Connection): Let P be a principal bundle. Fix g € G. This
determines a section. i.e. ®(U, x {g}) is a copy of U, “upstairs”. Note that
this is a local property and not a global property. In general there is no
global section.

Fix another point y € X. Fix a path a from = to y in X. Then by
hypothesi have that 7~ 1(y) = G.
ypothesis we have that 7= (y)
—U

We wish to be able to do calculus globally on our manifold X. We are given
co-ordinates locally on the manifold, not globally. So we need a consistent
way to identify the fibres G lying above each point of X. This identification
must agree on all the intersections of our open sets. This identification then
permits us to “translate horizontally” the fibres G lying above any 2 distinct
points of our manifold, even when the points do not use the same chart for
their respective co-ordinates.

This consistent identification of 771(z) &2 G, Vz € X, is our connection.
Here we denote our connection by A.

To better describe the behaviour on the overlap of 2 open sets, consider
the following situation. Suppose that we have x € U, \ Uy, y € U, \ U, and
z € Uy NUy. Then z lies in the overlap, so it is possible to use either &,
or @y, to identify the fibre lying above z. We therefore have the following
diagram:

G

W

n1 (Z) multiplication by g,€G

G

where the g, comes from the map:

gu.nu, + UsNU, — G
z — gz

Remark: For a given manifold, there are uncountably many connections.



Definition (Curvature of a Connection): Let A be a connection on
a manifold X. Then the curvature of A is analogous to the “derivative” of
the connection.

Definition (Flat Connection): A isa flat connection <= the curvature
of A is 0. In terms of the above diagram, the connection is flat if all the
gu.nu, are “close” to constant functions. In other words, the connection is
flat if the fibre identification is “not too wild”.

1.3 Motivation for the Group Theory Problem

1.3.1 A Deep Theorem

Theorem: 1.3.1 There is a 1:1 correspondence between:

{flat connections on P} {group homomorphisms p: m(X) — G}
—

(gauge) equivalence \1/1“ (conjugacy i.e. p1 ~ g~ pag, for fived g)

Sketch of Proof: (=) Let A be a flat connection on P. Let m1(X)
denote the fundamental group of X, i.e. homotopy equivalence classes of

loops in X. Let m1(X) have the base point z € X. Take a € m(X). The
goal is to use A to construct a homomorphism p4.

Note that A gives an identification of the fibres above each point of a.
Take y,z € o, y # x,2 # x,2 # y. Then:

A=0" (z) 2 o7 H(y) 2 27 (2) & 0 (v)

N, N’ g,
— — —

By going all the way around the loop a, we induce an automorphism (N.B.
not necessarily identity) on G. We claim that this automorphism is induced
by multiplication by some g € G. Then take p4(a) = g.

Sketch of Proof: (<) This proof requires the details of the definition
of connection which we have omitted, so we won’t attempt to sketch it here.

1.3.2 An Interesting Special Case
Riemann Surface of Genus g Take:
X = Riemann surface of genus g =2 — manifold with g holes = 3,

We know that m1(X) = (a1,...,ag,01,...,0¢ | [L;leu, 8] = 1). For the
proof, refer to [7].



We want to apply the theorem to assert that we get infinitely many flat
connections <= we get infinitely many conjig :;rcly(fgzi}lence. Note that this

problem depends completely on G. If G is “bad”, then we may only get the
trivial homomorphism.

How to generate group homomorphisms We are interested in gener-
ating homomorphisms p. If our fundamental group was free, we could map
our generators anywhere we like (by the universal property of free groups).
Since we have a relation to satisfy, we have to be a bit more clever to make
our map well-defined. A cheap way to do it is to map:

a — 1

B; +— anything € G

It is easy to see that this satisfies the above relation, so the mapping is
well-defined. So in essence we can throw away half of the generators, then
map the other half anywhere we like. It is good if we can throw away half
of the generators and still obtain infinitely many conjugacy classes.

Original Motivation Restated: As long as there exists a group homo-
morphism p : 71(X) — Free Group, for example, p : #33,:1 — F, then
the k-conjugacy class problem says something about the number of gauge

equivalence classes of flat connections on a G-principal bundle.

An Answer Would Give an Elegant Solution to the Original Prob-
lem: Since the problem was first posed, Professor Park and Chris Hays got
around the problem in a less elegant manner. If the k-conjugacy class prob-
lem could be solved, it would yield a more elegant solution to the original
problem.

The Group Theory Question: Let G denote a group. Is it true that:
(The number of 2 — conjugacy classes of G is finite) = (G is finite)?

This is the k = 2 case of the general analysis that follows for any k.

For k = 1, Theorem 6.4.6 on p. 189 of [I7] shows that there exist groups
of arbitrary infinite cardinal with only 2 1-conjugacy classes. So far we do
not have the result proved for & = 2,3,4,.... This suggests to us that we
should examine the general case further.



Chapter 2

Preliminary Results

2.1 Definitions and Notation

2.1.1 k-Conjugacy Class

Definition (k-Conjugacy Class): Let G denote any group. The k-
conjugacy class of G containing the k-tuple (a1,...,a;) € G¥ is the (non-
empty) set:

S={(¢gtarg,...,g targ) : g€ G} C G*

Observe that from this definition, we have that two k-tuples
(a1,...,ax), (bi,...,by) € Gk

lie in the same k-conjugacy class of G if and only if there exists g € G such
that:

(a17 [ ,CLk) = (gilblga o 7gilbkg)
2.1.2 Conventions

1. We adopt the convention that a group G answers our question posi-
tively if:

(a) G is infinite, and
(b) G has finitely many k-conjugacy classes, for all k =1,2,3,....

2. We use the notation P to denote the positive integers, i.e.

P={1,23,..}

2.1.3 Locally Finite Groups

Definition (Locally Finite): Let G denote a group. Then G is locally
finite <= any finite subset of G generates a finite subgroup of G.



Examples of Locally Finite Groups:

1. Let {H,}nen be a sequence of finite groups. Define a new sequence of
groups {Gp, }nen inductively as follows:

(a) G1 = Hl.
(b) Gny1 = Hpy1 1 Gy, the standard wreath product.

In this construction there is an obvious embedding of the group G,
into Gp+1. Thus {G,}hen is an ascending sequence of finite groups.
Then G = |, ; Gy, is a locally finite group and the subgroups {G,}
form a local system of G.

2. Let Q be any infinite set. Let S be the full symmetric group on the
set Q. Let G be the subgroup of S of all permutations of Q which fix
all but finitely many elements of Q. (We often denote this G by S.)

Notice that any finite subset of GG consists of finitely many permuta-
tions, each of which moves only finitely many elements of €2. Therefore
any finite subset of G generates a finite subgroup of G. In other words,
G is locally finite. G has a local system of finite symmetric groups,
one for each finite subset of €.

The group G = S is usually called the restricted symmetric group
on ). G has a simple subgroup of index 2, the alternating group on
), consisting of all even permutations on 2.

3. Let F' be an infinite algebraic extension of a finite prime field. Then
every finite set of elements of F' is contained in a finite subfield of F'.
Thus the field F is locally finite. (Conversely, every locally finite field
is an algebraic extension of a finite prime field.) The group GL(n, F')
of all invertible n x n matrices over F' is locally finite. It has a local
system consisting of GL(n, F}), one for each finite subfield F; of F'.

2.1.4 Local System of a Group

Definition (Local System): Let G be a group. Let ¥ be a set of sub-

groups of G. Then ¥ is a local system of G <= G = |Jgeyx; S and for every
pair S, T € X, there is a subgroup U < G, U € ¥ such that S, T < U.

Example of a Local System: Let 2 be a countably infinite set. Take
G = S, the restricted symmetric group on Q. Take ¥ = {G;}, where G; is
the symmetric group on €;, for each finite subset 2; of €2. This local system
has the nice property that it is composed of finite subgroups of G.



2.1.5 Characterization of Countable Locally Finite Groups

Lemma: 2.1.5.1 Let G be a group. Then G is a countable locally finite
group <= there is a local system ¥ of G consisting of finite groups and
linearly ordered by inclusion.

Proof (=): Let G be a countable locally finite group. Enumerate the
elements:

G={g1,92,- -}

and put:
Gn=1(9;:1<i<n)

The system of (distinct) subgroups in this sequence is a local system of G
consisting of finite groups. By construction it is linearly ordered by inclusion.

Proof («=): Let X be a local system of G consisting of finite subgroups of
G and linearly ordered by inclusion. Then G is a locally finite group. Since
) is, in fact, a well-ordered sequence of finite groups, G is countable. B

2.1.6 Group Properties

1. Definition (Property 1): If |[H| < oo then there exists H* < G such
that H* = H. In other words, G contains a copy of every finite group
H.

Remark: Phillip Hall’s universal locally finite group has this prop-

erty (3.2).
2. Definition (Property 2): Let Hj, Hy < G with |Hi|,|Hz| < oo and

Hi = Hj. Then there exists ¢ € G such that H; = g~ 'Hyg. In other
words, any two finite isomorphic subgroups of G are conjugate in G.

Remark: Phillip Hall’s universal locally finite group has this prop-

erty (3.2).

3. Definition (Property 3): Vk € P there exists a uniform bound on |H |
where H is a k-generated subgroup of G.

Remark: We shall soon prove (Theorem ({2.4.1))) that if G has finitely
many (k + 1)-conjugacy classes, then G satisfies Property 3.



2.1.7 Extended Commutator Notation
Definition: Let G denote any group. Let x1,...,z, € G. Define:

[x1, xa] = xl_lxglzclxg (i.e. usual commutator)
Then define inductively:
[xlv s 71.71] = Hxh s 7'%.71—1}7%.71]

If the second argument repeats, we use the following convenient shorthand:

[z1, T2,...,x2] = [[z1, Z2,...,22], 122]

n times n—1 times
= [[:L’l, 1'2,...,1‘2], 2172]
———

n—2 times

= [z1, nx2]

2.2 Facts
Fact: 2.2.1 Let G denote any group. Let a,b,g € G. Then:
g7 'b, dlg = [g7"bg, g " ag]

Proof: This is clear from the definition of the commutator. l

Fact: 2.2.2 Let G denote any group. Let a,b,g € G be such that ga = ag
(i.e. a and g commute). Then:

g ', kalg = [97'bg, ka

Proof: This is clear from Fact (2.2.1]) the definition of the extended com-

mutator. W

2.3 A Useful Lemma

Lemma (Roberts): 2.3.1 Let G be a torsion group, with finitely many
(say N ) 2-conjugacy classes. Let g € G be any element. Lett = |g|. Then:

t < N

Outline of Proof: Use the hypothesis of finitely many 2-conjugacy classes
to obtain a contradiction from assuming that ¢ > V.



Proof: Construct the following set of ordered pairs:

{(g. ¢) : i=0,... t—1}

Since |g| = t, we have that these ordered pairs will all be distinct. Proceed by
contradiction. Assume that ¢ > N. Then, since G has only N 2-conjugacy
classes, we must have 2 ordered pairs in the same conjugacy class. Say
(9,9°) and (g,g”) are in the same conjugacy class with 0 < e < f <t — 1.
Then there exists h € G such that:

(9, 9°) = (h7'gh, h7'g"h)
Focusing on the first co-ordinate, we obtain:

g = h7lgh
hg = gh

So we have that g and h commute. Since g and A commute, we obtain from
the second co-ordinate that:

¢ = hlg’h
= h thg/(since g and h commute)
g9 = g9
1 = gffe
Recall:
0 < e < f < t-1
1 < f—-e < t—-1-e < t
1 < f—-e < t

This contradicts the hypothesis that |g| = ¢. The assumption that ¢t > N
led to this contradiction. Therefore this assumption was false, and we get
the desired result. W

2.4 Properties of a Positive Answer

Theorem (Lawrence): 2.4.1 Suppose that a group G has finitely many
(k + 1)-conjugacy classes. Then there exists a positive integer N such that
if H is a k-generated subgroup of G, then |H| < N.

Outline of Proof: Take the k generators of a subgroup H. Form all (k +
1)-tuples using these generators in the first k& positions, and every element of
H in the last position. Use the hypothesis of finitely many (k4 1)-conjugacy
classes to demonstrate that there is a uniform bound on the number of
elements of H.
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Proof: Let H be any k-generated subgroup of G. Write H = (aq, ..., a).
List all the elements of H, i.e. H = {hq,hg,...}. Our goal is to prove that
this list is finite, and to exhibit an N which uniformly bounds the length of
the list.

Construct all (k4 1)-tuples of the form (a1, as, . .., a, h;) € H**D where
h; runs through all the elements of H. For each (k+ 1)-tuple, construct the
(k + 1)-conjugacy class to which it belongs. Each (k + 1)-tuple is then a
representative of its class. Let m denote the number of (k + 1)-conjugacy
classes of G. By hypothesis, m is finite.

Consider the set of (k + 1)-conjugacy classes described above. Note that
they are not necessarily all distinct. We know that we have at most m dis-
tinct classes by hypothesis. Write a (possibly shorter) list of representatives
from the distinct classes. Each representative has the form (a1, ag, ..., ag, h;)
for some i € {1,2,...m}. We may not need all m of them. Since we seek a
uniform bound, we treat the most pessimistic case possible.

Pick another arbitrary (k + 1)-tuple (a1,as,...,ax, h;) for any h; € H.
By construction this new (k + 1)-tuple must belong to one of the (k + 1)-
conjugacy classes constructed above, say the jth one. Then by definition
there exists g € G such that:

(a1, a2, ... a5, ) = (¢ arg, g tasg, ... g ‘arg, g h;g)

Now observe that by the original construction of the (k + 1)-tuples, conju-
gation must fix the a;s. Therefore, we have that:

a = g layg
az = g lagg
ay = g lapg
o = g 'hig
= h = hj

Explanation of last equality: Conjugation by g must fix all the a;s.
The a;s generate all of H. Therefore we can write hj = aj, ...aj,. Then:

g 'hig =

<

“Haj, - a5.)g
g9 aj9)..- (97 aj.9)
aj,) ... (aj,) (since conjugation by g fizes the a;s)

—~

—~

>

J

11



Since there are at most m distinct (k 4+ 1)-tuples, there are at most m
choices for j. Therefore there are at most m elements in H. Take N = k+1
and the proof is completed. B

Remark: A group G which satisfies the hypothesis of Theorem (|2.4.1))
also satisfies Property 3.

Corollary (Lawrence): 2.4.2 A group G which satisfies the hypotheses of
Theorem forallm =1,2,3,... is locally finite.

Proof: Let H = (¢1,...,¢g,) be any finitely generated subgroup of G. By
hypothesis, G has finitely many (n + 1)-conjugacy classes. By Theorem
(2.4.1)), there is a uniform bound N on the order of H. In particular, H is
finite. Therefore G is locally finite. B

Remark: To answer our original problem positively, we require a bound
on the number of k-conjugacy classes of our candidate group G. One way
we could achieve this would be to require a bound on the number of isomor-
phism classes of k-generated subgroups. Further, we could require that all
automorphisms of G be inner, i.e. given by conjugation.

Having done all of this leads us naturally to investigate Phillip Hall’s
universal locally finite group in Chapter

Theorem (Lawrence): 2.4.3 Let G be a torsion group, with finitely many
2-conjugacy classes. Then there exist positive integers ¢ < d such that
[b, ca] = [b, qa], V a,b € G. The choice of ¢, d does not depend on the
choice of a, b.

Outline of Proof: We break the proof into a series of simpler claims. At
each stage we keep careful track of the bounds established in the previous
step. We build toward explicit choices of ¢, d which depend only on the
finite number of conjugacy classes of G, not on the choice of a, b.

Proof: Let N denote the finite number of 2-conjugacy classes of G.

Claim 1: Va, b € G, There exist g € G and positive integers 1 < k <1 <
N + 1 such that (a, [b, 1a]) = (a, [ bg, ra)).

Proof of Claim 1: Fixa,b € G. Construct all pairs of the form {(a, [b, ;a]) :
i > 1}. Construct the 2-conjugacy classes for each pair. By hypothesis, G
has only IV 2-conjugacy classes. Therefore letting ¢ run to at least N+1 guar-
antees that at least two of the above pairs lie in the same 2-conjugacy class.
Without loss of generality, say ¢ = k and ¢ = [ are in the same 2-conjugacy
class, with 1 <k <l < N + 1. Then by the definition of 2-conjugacy class,
we have for some g € G that (a, [b, ;a]) = (g7 tag, g7 '[b, ralg).

12



By construction of the pairs, from the first co-ordinate, we obtain that:
a = gilag
< ga = ag

So g and a commute. Then we focus on the second co-ordinate to obtain
that:

[ba la] = g_l[ba k’a]g
= g7 'bg, xa] (by Fact (2.2.2))
So we have shown that given a, b, wecanfindge Gand 1 <k <[ < N—+1
(depending on a, b) such that:
(av [b7 la]) = (CL, [g_lbg7 kCLD
- (Claim 1)

Claim 2: V a,b € G, there exist positive integers 1 < k < m (with k£ <
N + 1) such that [b, xa] = [b, mal.

Proof of Claim 2: Take a, band g, k, [ to be the same as in the previous
claim. Observe that, by definition:

b, 1a| = ||b, ral, a,...,a
[b, 1a] [[b, kal ]
l—k copies
We proved above that:
b, 1a] = [g7'bg, ra]

Equating the two RHS expressions then gives:
l97'bg, ka] = [, xal, a,...,a ]
N——
1(1—k) copies

Conjugate both sides by g to obtain:

g g7 by, ralg = g '[b, kal, a,...,a lg
~——
1(1—k) copies
[972bg%, ra] = [lg7 by, ral, a,...,a ]
~—

1(1—k) copies

= [b, 1a], a,...,a ]

——

1(l—k) copies
= [[[b, xa], a,...,a ], a,...,a |

—— ——

1(l—k) copies 1(I—k) copies
= [[b, ka], a,a,...,a]

———

2(1—k) copies

13



By induction,
[Qitbgta gal = [[b, xal, a,a,...,a]
—
t(l—k) copies
G is a torsion group, therefore g € G has finite order. Say |g| = ¢. Then
g =g '=1, and:
[b, xa] = |[[b, ra], a,a,...,a]
S——
t(l—k) copies

= [0, kre(—r)al

Now take m = k+t(l — k). The k appearing at the end of this proof is the
same k from the previous claim. Therefore we have k < N + 1, as required.
Also, since in the earlier claim, k& < [, we have that (I — k) > 0. The order ¢
must be non-negative, therefore:

0 < tl—k)
E< k+t(l—k)
kK < m

4 (Claim 2)

Claim 3: The t that appears in the above claim must satisfy:

t < N
Proof of Claim 3: This is immediate by Lemma (2.3.1). 4 (Claim 3)

Claim 4: The k£ and m in the previous claim must satisfy:

k< N+1 (N.B. we proved this in Claim 1)
m < (N +1)2

Proof of Claim 4: From the proof of the above claim, we know that
YV a,b € G, there exist positive integers k < m with k£ < N 4 1 such that:

b, ka] = [b, mal
Rewrite the first line:
b, ka] = [[b, xa], m—r)al
Then, by induction on n:
b, ka] = [[b, ra], pm-ryal, ¥n >0

[b7 k+n(m—k)a]a Vn >0
Moreover, [b, kipa] = [b, pipinim—r)al, ¥n >0, Vp >0 (2.1)

14



The [ and k in Claim 2 have to satisfy:

-k < N+1

By Claim 3 we have that:

Thus we have that:

ti—k) < N(N+1)

Now, since m = k + t(l — k):

m (N+1)+ N(N+1)
(N +1)(N +1)
2

(N+1)

ININAIA

4 (Claim 4)
Claim 5: V a, be G, [b, N+1a] = [b, (N+1)+((N+1)2)!a].

Proof of Claim 5: Take m,k to be the same as in the previous claim.
Observe that:

(AVARRY]
_

m
— m-—k

Also:
m < (N+1)?

—m-k < (N+1)>

Putting the above facts together, write: 1 < m —k < (N + 1)2. Also
observe that:
m—k < (N+1)>2
—m-k | (N+1)?!

Then in equation (2.1)), take:

k+p = N+1 (for the correct choice of a positive integer p)
((N +1)2)!
n = ———
m—k

15



Then we get that V a, be G, [b, N_HCL] = [b, (N+1)+((N+1)2)!a]. . (Claim
5)

Now to complete the proof of the theorem, take:

c = (N+1)
d = (N+1)+(N+1)?% =

Remark: This result suggests to us that we should further investigate
extended commutators and Engel groups. We do this in Chapter [6]

2.5 Conjecture that a Positive Answer Exists, and
More Properties

Conjecture (Lawrence): 2.5.1 There exists an infinite, locally finite group
G, satisfying Property 2 and Property 3.

Theorem (Lawrence): 2.5.2 If Conjecture is true, then we would
have an example of an infinite group G with finitely many k-conjugacy
classes, for all k =1,2,3,....

Outline of Proof: Use the uniform bound on the order of k-generated
subgroups to argue that there can be only finitely many isomorphism classes
of k-generated subgroups. Then argue that each isomorphism class can yield
only finitely many k-conjugacy classes.

Proof: Let G satisfy the above hypothesis. In other words, let G be an
infinite, locally finite group which satisfies property 2 and property 3. We
shall demonstrate that this implies G has only finitely many k-conjugacy
classes, for all k =1,2,3,....

Fix a positive integer k.

Consider the set of all k-tuples (g1,...,9x). Form the k-generated sub-
groups using the k-tuples as generators: (gi,...,gx). Since G satisfies prop-
erty 3, we have a uniform bound on the size of any k-generated subgroup
(91,---,9k) < G. Let ¥(k) denote this uniform bound on the order of the
k-generated subgroups.

Let a(k) denote the number of isomorphism classes of groups of order
< WU(k). Then «a(k) is finite since ¥ (k) is finite.

16



A Note on the Bound on «(k): In [10], Holt proved the following bound
on the number of isomorphism classes for groups of a fixed order. Let
a(k) denote the number of isomorphism classes for groups of order k. Let
k=11, pJ" be the prime factorization of k. Let A = A(k) = St gi- Let
p = pu(k) = mazl_,g;. Then:

The subgroup generated by any k-tuple falls into one of these finitely
many isomorphism classes. Focus on any single isomorphism class. We will
show that this isomorphism class must yield only finitely many conjugacy
classes.

Let any two subgroups in the isomorphism class be denoted as follows:

Gl = <glla"'7glk’>
G = (921,---,92k)
Fix a subgroup H = (hy, ..., h) in the same isomorphism class as G1, Go.

Then,
G, 2 H = Gy

Since G satisfies property 2), we can write:

9. 'Gign = H = g;'Gago

for some g1, g2 € G.

Then, since hy,...,h; € H,

hi = (91 ")(g)(91), for some gi; € Gy

ha = (97 ")(912)(91), for some giy € Gi

he = (97 ")(g5e)(q1), for some gf, € Gi
Similarly,

hi = (95")(951)(g2), for some g3 € Go

ha = (95")(952)(92), for some g3y € Go

he = (95")(g5)(g2), for some gy, € Ga
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Now equate the 2 sets of RHS expressions:

(g )(gi)(9) = (92")(g51)(92)
(g7 ) (i) (g1) = (95 ")(g52)(92)
(g7 )i 91) = (95 ") (g50)(92)

Now observe that since G has property 3, we have a uniform bound on
|G1| and |G2|. Since:
91,91 € Gi, and
921,92 € G,

there can be only finitely many choices for g7;,..., g7, and g3,...,g5;,. Fix
one choice. Then for this fixed choice, we obtain:

* —1 * -1
g1 = (9192 )(921)(9297 )
gia = (9195 )(g52) (9297 ")
* — * -1
g = (9195 )(g5) (9201 ")
Re-write the above as:
g = (9201 " (g51) (9291 ")
gia = (9297 ") " (g52) (9291 ")
g = (9201 (g51) (9201 )
In other words, (g{;,...,97;) and (g3;,...,93;) lie in the same conjugacy

class. To summarize, for the choice we fixed above, we obtain only one
conjugacy class. We argued earlier that for a given isomorphism class, there
are only finitely many choices. Thus, we have established that for a given
isomorphism class, we obtain only finitely many k-conjugacy classes.

Now since the number of isomorphism classes also has to be finite, we
have the desired result: G has finitely many k-conjugacy classes. We have
exhibited an infinite group G with only finitely many k-conjugacy classes.
As k was chosen arbitrarily, the result holds for all k =1,2,3,.... B

If we do not try to find a group G which answers the question for all
k =1,2,3,..., but for the moment focus on a particular fixed k, then we
can get some control over the number of k-conjugacy classes of G using
HNN extensions and the property of G being existentially closed. If we use
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these means to pursue a group GG which is a positive answer to our question
for this fixed k, then we would like a method to determine whether two
candidate groups are really the same up to isomorphism. We need one new
definition first.

Definition (Skeleton): For any group G, the skeleton of G, denoted by
Sk @G, is the class of all finitely generated groups that can be embedded in
G.

Theorem: 2.5.3 Let G and H be groups which are:
1. locally finite
2. countably infinite
3. satisfy property 2

4. have identical skeletons

Then G = H.
Outline of Proof: This is a standard “back-and-forth” argument.

Proof: The goal of the proof is to build up G and H as infinite unions of
their subgroups, with isomorphisms between the subgroups, as follows:

Ay < As < Az < e < G
¢1J{ ¢2l ¢3l ¢J/
By < By < B3 < e < H

We proceed in a “zig-zag” fashion to ensure that we pick up all the ele-
ments of G and H in the infinite unions.

Since G and H are countable, we can write:

G = {gl,gz,...}
H = {hy,hy,...}

Let (g1) = A1 < G. Since G and H have identical skeletons, then we
know that there exists some By < H with A1 = Bj.

1

Let By = (By U{h1,ha}) < H. Then since H is locally finite, we have
that Bs is finite. It is also clear that we have enlarged: By < Bs.
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Since G and H have identical skeletons, we know that there exists some
A5 < G with By = A5. We now wish to obtain Ay < G such that 4; < Aj.
~—
@2
Therefore we must construct Az using A3. There must exist a subgroup A] <
*

5 such that Ay = Aj. To see it, recall the following facts demonstrated
above:

A =2 B
By < DB
By =~ A

Then since G and H satisfy property 2, we have that A; = g~!1Ajg, for
some g € G.

Now,

Aj
g tAig

< A5
< g 'Asg
Let Ay = g*1A§ g. Then we obtain A1 < As, as required.

Now let A3 = (A2 U {g1,92,93}) < G. Then Ay < As. Since G and H
have identical skeletons, obtain: Az = B3. The pattern of the construc-

¢3
tion is now clear. Then inductively, we obtain the following subgroups and

isomorphisms ¢;:

Aq < Aa < Az < < G
¢1l ¢2T ¢3i
B < By < B3 < e < H

Take infinite unions to obtain the groups G and H. From the construction
above, it is clear that every element of G and H will get included in the
respective infinite union. G and H will be equal to the infinite unions as
required. To complete the proof, we must exhibit an isomorphism from G
to H.

Exhibiting the Isomorphism from G to H: Since all the ¢;s are iso-
morphisms, we are free to write them all in the same direction:

Ay < Aa < Az < < G
¢1l ¢2l ¢3i
B < By < Bs < < H
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Fix any ¢1,92 € G. Then by the construction above, there exists A; <
G such that g1,90 € A;, for some i. Then take the map ¢, : G — H
and restrict: ¢;|4,. This restriction is an isomorphism, having g1, g2 in
its domain. Further, the same holds for ¢;|4,,Vj > i. Therefore ¢; has the
isomorphism behaviour we require with respect to g1, g2. Using this method,
we can find an isomorphism from G to H that works for any g1,g92 € G.
Therefore, we get the desired result that G = H. B

The following theorem may help to narrow our search for a group which
answers our question positively.

Theorem (Lawrence): 2.5.4 Suppose that a group G is infinite, with finitely
may k-conjugacy classes, for all k = 1,2,3,.... Then there exists a count-
ably infinite subgroup H < G, with finitely may k-conjugacy classes, for all
k=1,2,3,....

Outline of Proof: Start with any countable subgroup. Fix a positive
integer k. Inductively enlarge the group by adding elements of G which
conjugate one k-tuple onto another. Then construct a countable group in
which the set of k-conjugacy classes is a subset of the k-conjugacy classes
of G. Last, notice that repeating this construction for all £k =1,2,3,... still
yields a countable group which answers our question positively.

Proof: Let Hy < GG be any countable subgroup. Fix a positive integer k.
Consider the countably many k-tuples (a1, ...,ay) € HF. If (a1, ...,a;) and
(b1,...,bk) lie in the same k-conjugacy class of G, then there exists g1 € G
such that (ai,...,ax) = (g7 "b191, - - -, 97 "brg1). Take all such g;s and form
a larger subgroup:

HQ = <H1,gl,g2, .. >

Then Hj is also countable. Repeat the above construction starting from
Hs to create a countable:

H3 = <H2791>92a . >

In this way, construct a chain of countable groups:
Hy <Hy<H3z<---
Let:

* .
H = |J H
j=1,2,3,...
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Then Hj is a countable group. Perform the above construction for all

k=1,2,3,.... Take:
H= |J H;
k=1,23,...

Then H < G is a countable group. Also, by the above construction,
the k-conjugacy classes of H are a subset of the k-conjugacy classes of G.
Therefore, we have that H has only finitely many k-conjugacy classes for all
k=1,2,3,..., since GG does. W

This corollary may help to further focus our search for a positive answer,
or a proof that no such positive answer exists.

Corollary (Lawrence): 2.5.5 The group H which is constructed in The-
orem embeds into the countable universal locally finite group U.

Remark: The existence and uniqueness of the countable universal locally
finite group U is proved in Theorem (3.3.4)).

Proof: Since H has finitely many k-conjugacy classes, forallk = 1,23, ...,
we have by Corollary (2.4.2)) that H is locally finite. Then since H is count-
able, it embeds into U by Theorem (3.3.1][3). W

Later we shall show that H must be a proper subgroup of U.

2.6 Other Remarks

If a group G has finitely many k-conjugacy classes, for all £ =1,2,3, ...,
then (by Theorem (2.4.1)) G has a uniform bound on the size of its k-
generated subgroups, for all & = 1,2,3,.... This implies (by Corollary
(2.4.2))) that G is locally finite. Therefore we wish to explore locally finite
groups further. In particular, we want to look at Phillip Hall’s universal
locally finite group, since this group also satisfies Property 2, which was one
of the hypotheses of Theorem .

If we do not seek a group G which is a positive answer for all k = 1,2,3, .. .,
but for the moment fix a particular k, then we can use a construction called
an HN N extension to make isomorphic k-generated subgroups conjugate in
the HN N extension of G. If in addition G is existentially closed, then we can
make the isomorphic k-generated subgroups conjugate in G itself. Through
these means we can get some control over the number of k-conjugacy classes
of G. Therefore we investigate existentially closed groups and H NN exten-
sions further.
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The identity on extended commutators proved in Theorem ([2.4.3)) also
suggests that we should further investigate Engel groups.
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Chapter 3

Phillip Hall’s Universal
Locally Finite Group

3.1 Introduction

Universal locally finite groups are relevant to our k-conjugacy class prob-

lem because they satisfy Property 1 (2.1.6][1) and Property 2 (2.1.6][2) from

our Preliminary Results chapter. If we could find a universal locally finite
group that also satisfied Property 3 (2.1.6][3), we would have a positive
answer to our question, by Theorem (12.5.2]).

Thus we will take a closer look at universal locally finite groups.

3.2 Definition of Universal Locally Finite Group

Definition (Universal): A locally finite group U is universal if:
1. Every finite group can be embedded into U.

2. Any two isomorphic finite isomorphic subgroups of U are conjugate in

U.

Remark: The name “universal” is used because a universal locally finite
group provides a “universe” for doing finite group theory.

3.3 Theorems

Theorem (P. Hall): 3.3.1 Let U be a universal locally finite group. Then:

1. For any two finite subgroups A, B of U, every isomorphism of A onto
B is induced by an inner automorphism of U.
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2. If A is a subgroup of the finite group B, then every embedding of A
into U can be extended to an embedding of B into U.

3. U contains a copy of every countable, locally finite group.

4. Let Cy, denote the set of all elements of order m > 1 in U. Then C,,
is a single class of conjugate elements and U = C,,,Cy,. In particular,
U is simple.

Outline of Proof : First, note that this result is indeed stronger than
the definition of universal. The definition of universal gives us that there is
some inner automorphism of U sending A to B. This result says that any
automorphism of U sending A to B must be inner.

Form the holomorph of A, Hol A. Notice that since Hol A is finite, it
also embeds into U. Obtain a subgroup C of the holomorph isomorphic to
A and therefore also isomorphic to B. Construct an automorphism of C
using an arbitrary isomorphism from A to B, and two elements of U which
conjugate A and B onto C respectively. Use this automorphism of C to
obtain an element of U which conjugates C onto itself. Use this element of
U to obtain a new element of U which acts by conjugation on A in precisely
the same way as the arbitrary isomorphism onto B.

Proof : Let A, B be finite isomorphic subgroups of U. Let:
a:A— B
—~—

o

be an isomorphism. Let H = Hol A denote the holomorph of A. Since A
is finite, H is also finite. Therefore H can also be embedded into U. Thus
by properties of the holomorph, U contains finite subgroups C' and G where
C = A, G normalizes C, and G acts by conjugation on C as its full group
of automorphisms.

Here, think of:
Hol A= AP x(Aut A)
N ——
¢ a
where AP denotes the right regular representation of A. G normalizes C
because A” is a normal subgroup of Hol A.

Since U is universal, there exist a,b € U such that a='Aa = b~'Bb = C.
The mapping ¢ — b~ !((aca™')a)b defines an automorphism of C'. We can see
that this map defines an automorphism of C' by following the compositions
of isomorphisms:

~

[~=3

C

conjugate by b

oIR

conjugate by a~!



By the construction of the holomorph, every automorphism of C is in-
duced by conjugation by some g € G. In other words, we then have that
there exists g € G such that:

b~ ((aca™Ma)b = g eg, Ve e C
Let y € A be arbitrary. Then, by the above argument:

(o = (a(a™'ya)a )a
b(b~1((a(atya)a )a)b)b™?

= b(g (0 ya)g)b!
= (agb~")'y(agb™")

In other words, conjugation by agb~! € U induces the automorphism o.
Since a was chosen arbitrarily, the result must hold for any isomorphism
from A to B.

Outline of Proof : Use the fact that A < B can both be embedded
into U to produce an isomorphism between the 2 embeddings of A (one from
embedding A and the other from embedding the copy of A contained in B).
Then by part this isomorphism must be induced by conjugation by some
element of U. Use this element to produce an embedding of B into U which
restricts to the original embedding of A into U.

Proof : By hypothesis, there exist embeddings ¢ : A — U and 9 :
B — U. Then 9~'¢ induces an isomorphism of AY onto A?. Then by part
, there exists ¢ € U which induces this isomorphism. In other words,
a¥9 = a®,Va € A. But then the map b — b¥9 is an embedding of B into
U. Moreover, its restriction to A is ¢. This shows that the embedding of A
into U extends to an embedding of B into U, as required.

Outline of Proof : Consider the local system of the countable locally
finite group G. One such system must exist by Lemma . Show that
each group of the local system can be embedded into U. Then by induction,
produce an embedding of G into U.

Proof : Let G be any countable, locally finite group. Then by Lemma
, G contains a local system of finite subgroups Gj;, linearly ordered
with respect to inclusion. The proof is by induction on the local system.
Let n € N be such that for all ¢ € N, ¢ < n, embeddings ¢; : G; — U have
been determined such that, if i + 1 < n, the embedding ¢; is the restriction
to G; of the embedding ¢4 1.
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Then, by part , there is an embedding ¢,,+1 of Gy41 into U extending
¢n. So inductively, one may choose a sequence {¢;};cn, and this sequence
determines an embedding of G into U. In other words, U contains a copy

of G.

Outline of Proof @D:

1. Demonstrate that any group which is generated by each of its non-
trivial conjugacy classes is a simple group.

2. The cyclic groups generated by each element of order m are all finite
and all isomorphic to one another. Therefore, all these groups embed
into U and moreover they are all conjugate in U, since U is univer-
sal. The generators of each cyclic group of order m are therefore all
conjugate in U. Therefore all elements of order m are conjugate in U.

3. Lemma demonstrates that an arbitrary element of the group U
can always be written as a product of 2 elements of order m. Then it
is clear that two copies of the conjugacy class of elements of order m
generate the whole of U.

Proof :
Claim:

U is generated by each non — trivial conjugacy class = U is simple

Proof of Claim: We prove the contrapositive. Suppose that U is not
simple. Then let N <1U be a non-trivial normal subgroup properly contained
in U. Then let 1 # n € N. Such an n must exist since N is non-trivial.
Then the conjugacy class of n is contained in N, since N is fixed setwise by
conjugation by all elements of U. Thus the conjugacy class of N does not
generate U, since it is properly contained in U. The conjugacy class of n is
non-trivial, since n # 1. Thus we have a non-trivial conjugacy class which
does not generate U. This completes the proof of the claim. 4 (Claim)

Let u,v € U have order m. Then (u), (v) are both cyclic of order m, and
therefore isomorphic to one another. Apply (1) to (u), (v) and obtain that
these groups are conjugate in U.

Now let € U have order n. Suppose that there exists a finite 2-generator
group (a,b) where a, b have order m, and the element ab has order n. Since

this group is finite, there exists an embedding ¢ of (a,b) into U.

We shall show that such a group always exists in Lemma (3.3.2)).
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Observe that a®b? and x both have order n. Therefore there exists g € U
such that (a®b?)9 = a®9b?9 = z. This shows that the arbitrary element
x € U can be written as a product of two elements or order m. The result

now follows by Lemma (3.3.2). H

Part tells us that if such a group exists, then it has a local system
consisting of finite symmetric groups. This must be true since every finite
group may be embedded into some finite symmetric group, by Cayley’s
Theorem.

Additional Points Regarding This Theorem from [5]:

1. Since C,, = C,,1, part may also be expressed by saying that U =
JJ~1 for every class of conjugate elements .J in U, other than the unit
class. It would be interesting to know whether there exist any finite
simple groups with this property. On the whole, it seems unlikely.

Examples of Finite Simple Groups that Do Not Have the
Desired Property: It is well known that the alternating groups A,
are simple for n > 5. We show here that in all cases except possibly
n =6, A, is a finite simple group not having the desired property.

When n > 7: Take J to be the conjugacy class of A, containing
all the 3-cycles. For a proof that these 3-cycles all lie in the same
conjugacy class of A, refer to [18], Theorem 3.8 i). The inverse of
any 3-cycle is another 3-cycle, so J = J~!. It is also clear that .J is
non-trivial.

Since n > 7, A, contains a 7-cycle. However, it is clear that we
cannot write a 7-cycle as a product of 2 3-cycles. Therefore, JJ ! =
JJ does not generate the whole of A,, for n > 7.

When n = 6: We believe that Ag also does not have this property,
although we have not rigorously proved it yet.

When n = 5: Take J to be the conjugacy class of (12345) in As.
Then J is clearly non-trivial. Recall that As has 2 conjugacy classes
containing 5-cycles, each of size 12. For a proof, refer to [1], p128.

Claim 1: J=J"1.
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Proof of Claim 1: Let j € J be arbitrary. Then we can write
j = 071(12345)0, for some o € As. Then j~! = 071(54321)0. It is
enough to show that j~! € J.

Let 7 = (12)(35) € As. Then 7! = 7. Also:

T71(12345)r = ((12)(35))(12345)((12)(35))
= (54321)
Therefore:
1

j =

~1(54321)0
“Hr71(12345)7)0
(to)~1(12345)(70)

o
o
showing that j~! € J, as required. - (Claim 1)

Claim 2: (12)(34) ¢ JJ = JJ L.

Proof of Claim 2: We shall show that any product of 2 5-cycles
which equals (12)(34) requires one 5-cycle from J and one 5-cycle from
outside of J. Without loss of generality, we may start with:

(12)(34) = (5 # % %) (5 * * * x)

We must send 5 somewhere in cycle 1. Without loss of generality
because of symmetry, send it to 1:

(12)(34) = (51 s ) (5 * * * %)
Since 5 is fixed by the LHS, we must then send 1 to 5 in cycle 2:
(12)(34) = (51 s s#k) (5 % * 1)

For the next position of cycle 1, note that 2 is not possible. If we write
a 2 here, then we have nowhere to put our 2 in cycle 2 which preserves
the (12) portion of the LHS. Therefore the next position of cycle 1
must be 3 or 4. Without loss of generality because of symmetry, let it
be 4:

(12)(34) = (514 * %) (5 * x % 1)

For the next position of cycle 1, note that 3 is not possible. If we write
a 3 here, then we have nowhere to put our 3 in cycle 2 which preserves
the (34) portion of the LHS. Therefore the next position of cycle 1 can
only be 2. Cycle 1 is now completely known:

(12)(34) = (51423)(5 % * * 1)
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Since we have 2 — 3 in cycle 1, we require 3 — 1 in cycle 2:
(12)(34) = (51423)(5 % *31)

Since we have 4 — 2 in cycle 1, we require 2 — 3 in cycle 2. Cycle 2
is now completely known:

(12)(34) = (51423)(54231)

Now since (243)71(12345)(243) = (51423), we have that (51423) €
J. Also since (2534)71(12345)(2534) = (54231), we have that an odd
permutation is required to conjugate (12345) onto (54231), in other
words (54231) ¢ J. - (Claim 2)

We have explicitly exhibited an element of As, namely (12)(34),
which is not in JJ~!. Therefore JJ~! does not generate the whole of
As, and As does not have the required property, as claimed.

2. We claim that the fact that every finite group can be embedded into
U implies that U contains infinitely many copies of each non-trivial
finite group.

Proof of Claim: Let G denote a non-trivial finite group. By con-
tradiction, suppose that U contains only n copies of G, where n is
finite. Since G is finite, the following is also a finite group:

H=Gx---xG
—_——
n+1

Therefore H also embeds into U, since U is universal. But H clearly
contains n 4+ 1 subgroups, each isomorphic to G. Therefore U also
contains n + 1 subgroups, each isomorphic to G. This contradicts the
fact that G contains only n copies of G. Therefore the number of
copies of G in U is infinite, as claimed. - (Claim)

3. Part of the theorem also implies that given any u € U, we can
solve:
2=y =1 zy=u

for z, y in U, for any m > 1.

Lemma: 3.3.2 For any two integers m > 1,n > 1, there exists a finite
2-generator group {(a,b) such that a,b have order m and ab has order n.
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Outline of Proof: Let (a) be a cyclic group of order m. Let (c) be a
cyclic group of order n. Let G be the standard wreath product (c)? (a) of
(c) by (a). Now take this element of the base group:

d=(c,c71,1,...,1)
—_———
m

Notice that the order of d in the base group is n, since the order of cis n. Let
b = d®. Show that the order of b in the wreath product is m. Show that the
subgroup (a, b) of G is a finite group with |a| = [b| = m and b | = |d| = n.

Remark: Refer to [4] for a different proof of this result, using free products
rather than wreath products.

Proof: Let (a) be a cyclic group of order m. Let (c) be a cyclic group of
order n. Let G be the standard wreath product (c) ! (a) of {(c) by (a).

Mnemonic Diagram For This Wreath Product:

A=Cp = (a)
1l acts on
{c1) x - X {cm)

The action of a on {(c1) X - -+ X {¢y,) is to rotate all co-ordinates one posi-

tion to the right. "
a : {e) X x{em) 2 {e) X x (em)
m acts on m
(Cry.., Cp)® = (Cm, C1y.o oy Cr1)

The base group B of G is the set of m-tuples:
{(Cl, ceey Cm) :C; € <C>, VZ}

Now let d = (¢,¢™%,1,...,1). Notice that d € B. Also notice that the
—_————

m
order of d in B is n, since the order of ¢ is n. Let b = d®.
Claim: The order of b in the wreath product (c) (a) is m.

Proof of Claim: The wreath product (c) (a) is the semi-direct product:

({er) >+ X {em)) > (@)
where a acts on the normal subgroup ({¢1) x --- x (¢;,)) by rotating the
co-ordinates one position to the right, i.e.

(C1y...,Cpn)* = (Cpy C1y o .., Ci—1)
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So we may understand b = d* as the ordered pair:

(d,a) = ((c,c™1,1...,1),a)

Denote the operation in the semi-direct product by *, then we have:

d) = (d°)
(e, 1. ),a) % ((c,e™,1...,1),a)
(c,c_l 1. ,1)(1, c,c 1. 1),a2)

(. 1e 1., 1),a7)

(da)Z —

(
=
=
= (

&)

Now that we can see the pattern for taking powers of b = d® in the semi-
direct product, it is clear that (d*)™ = 14y, and no lesser power than m
of b = d* can equal 1(4,(q)- Thus b has order m in (c) ¢ (a) as claimed. -
(Claim)

Therefore the subgroup (a,b) of G is a finite group with |a| = |b| = m and
-1 -1
b | =1d)* [=ld=n 1

Foundation for Defining the Constricted Symmetric Group: Let
G be any locally finite group. Let S be the full symmetric group on the set
G. Let p denote the right regular representation of G in S.

Recall: The right regular representation p identifies elements of G as fol-
lows:

g G — S
g — (z—xg)

Then, for all z,y € G:

()Y = x(y)y (i.e. act by y” means multiply on right by y)
= z{y)

Here we can think of z(y) in a more set-theoretic way:
w(y) = {z,zy, a9, 2y'}

where |y| =t 4+ 1. Notice that since G is locally finite, any y € G must have
finite order by definition. Let:

S = {0 € S :3 finite subgroup F, < G such that (xF,)’ = 2F,,Vx € G}
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Notes on the Above Definition:

1. In words, “There must be a finite subgroup F, such that every left
coset of F, is fixed setwise by ¢.”

2. The existence of F,, depends on the choice of o. There is not necessarily
one choice of F, that works for all choices of 0. As long as for the
chosen o, at least one F, exists which satisfies the definition, then o
passes the test to lie in S.

3. 2F, C G, since F, < G and x € G
4. (zF,)? denotes the action of o on the left coset zFy.

5. (zF5)? = xF, indicates that o fixes the left coset xF, setwise when it
acts.

Let y € G be arbitrary. Then y” € S by the definition of S.
Claim 1: Moreover, y” € S, where S is defined as above.

Proof of Claim 1: Recall we showed above that (z(y))¥" = z(y) for all
x, y € G. Let 0 = y”. Take F, = (y). Then F, must be finite since it is
finitely generated and G is locally finite. Also, xF, is clearly fixed setwise

by ¢ = y”, by the above argument. Then y” € S, and the claim is proved.
= (Claim 1)

So we see that when we embed a locally finite group G into S via its
right regular representation, we are really embedding G into the constricted
symmetric group S, which is properly contained in S. This distinction will
turn out to be important later, when we seek to apply Lemma (3.3.3]) to
show that the group we construct during the proof of Theorem is in
fact universal.

Claim 2: S C S as defined above is a locally finite group.

Proof of Claim 2: Let T be any finitely generated subgroup of S. Then
T = (o1,...,0,) where 0; € S. Let F = (Fy,,...,F, ). Notice that the
Fy,;s must exist by the definition of S. By the definition of S, the Fy;s are
finite. The Fy,;s are subgroups of a locally finite group G. Therefore we can
see that F', viewed as a set, must be finite.

Then (zF)? = zF,Yo € T and Vo € G. This embeds T into a finite

(r-fold) Cartesian product of copies of the symmetric group on the finite set
F'. Therefore T is finite.

33



Therefore S is locally finite, as claimed. - (Claim 2)

Definition (Constricted Symmetric Group): We call the group S
defined as above the constricted symmetric group on G. Notice that if G
is finite then S = S. Since S depends on the structure of G, it is not a
canonical subgroup of S.

Note that any o which fixes all but finitely many = € G lies in S (take
the finite group F, to be the the group generated by the finite number of
elements which ¢ moves). This shows that S, embeds into S in a natural
way. However, S is larger than S, as we will now demonstrate.

Example of Constricted Symmetric Group: Let:
[e.@]
- Qe
i=1

G is the direct sum of infinitely many copies of Zs. Let us think of building
this group up from right to left. This makes the most sense since we will
shortly define a bijection between elements of G and the natural numbers,
via the binary representation using the “digits” from G. Let us require that
all elements of G can have only finitely many 1s, and the rest of the digits
0.

The group operation is component-wise addition, performed in Zy. The
identity of G is: (...,0,0,0).

It is easy to see that G is locally finite, since any finite subset of G has an
upper bound on how many 1 bits its elements can have. Since our addition
is performed in Zs, this upper bound must be preserved by any subgroup
generated by the finite subset.

As mentioned earlier, define a bijection between elements of G and N
using the binary representation from the digits of G.

Let H be the subgroup of G generated by: (...,0,0,1). Then H = Cy, in
particular, H is finite.

Define a permutation ¢ on G by:

c : G — G
g — g+ (...,0,0,1)
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In words, o changes the last bit in the binary representation. When we
view o as a bijection on N, it is equivalent to the following permutation:

(01)(23)(45)(67)--

In particular, it is easy to see that ¢ moves infinitely many natural num-
bers, equivalently it moves infinitely many elements of G.

We need to show that o fixes each coset of H setwise. Let g € G be
arbitrary. Then we can write:
g = ( .. 7d4a d37 d?a dl)
Then the coset ¢ + H in G has the form:

{(...,dy,ds,d2,0),(...,dys,d3,do,1)}

Now it is clear that since o affects only the last digit, ¢ must fix every
coset of H in G.

Therefore o € S. S contains a permutation which moves infinitely many
elements of G. So we can see that the constricted symmetric group is larger
than S.

Lemma: 3.3.3 Let G be a locally finite group. Let p denote the regular
representation of G in the constricted symmetric group S on G. Then any
two finite isomorphic subgroups of GP are conjugate in S.

Outline of Proof: Start with finite isomorphic subgroups of G. Argue
that any finite isomorphic subgroups of G? must arise from finite isomorphic
subgroups of G. Then show that any 2 such subgroups of G are conjugate.

Proof: Let K, K be finite isomorphic subgroups of G. Let H = (K1, K5).
Note that since K1, K> are finite, and G is locally finite, therefore H is finite.

Let an isomorphism from K7 to Ko be denoted as follows:

Oé:Kl—>K2

r — z*

1. Let {z; : i € I} be a complete set of left coset representatives of H in
G. The left cosets of H in G are then: {z;H :i € I}.

2. Let {y1,...,yr} be a complete set of left coset representatives of K3
in H. The left cosets of Ky in H are then: {y;K; :1 < j <r}. The
left cosets of K in G are then: {z;(y;K1):iel,1<j<r}.

3. Let {z1,..., 2.} be a complete set of left coset representatives of Ks in
H. The left cosets of Ko in H and G are defined analogously to those
for Kj.
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Note that since K1 = Ky, K7 and K5 have the same number of left
cosets in H and G, by a quick Lagrange argument. This is why we use
the same r for both sets of left cosets.

Define the elements o € S by picking out all the permutations o € S such
that:
(ziy;r)” = ziyja, i€, 1<j<randwe K

Explanatory Notes on the Above:
1. (z4y;x)? denotes the action of o on (x;y;z).
2. We select the os that fix z; and move y; and x.

3. z;y;x is a representative of a left coset of Ky in G (since z € K1), as
mentioned above.

Then o € S by taking F, to be H as we have defined it here. Then for
any k € Ky:

)”_lkp” = (:c,-yjaz)kp” applying o~ first, since 0,0~ " fiz x;

(xizjz*
= (x;y;x2k)° right multiply by k (under representation
Yj g ply by P p
= x;2j(zk)* since 0,07 fiz z;

— o) (K¥)P
= (zizjz")
since « is an isomorphism, in particular it is a homomorphism. Hence, for

all k € Ki:
o kPo = (K*)P

Therefore K{ and K} are conjugate in S, as required. W

Theorem: 3.3.4 There exist countable universal locally finite groups and
any two such groups are isomorphic.

Outline of Proof:

1. Demonstrate a construction for a countable locally finite group. (At
each step, embed the group constructed so far into its full symmet-
ric group via the right regular representation.) Then prove that the
construction yields a universal group.

2. Given a second countable universal locally finite group, demonstrate
a construction of an isomorphism between the second group and the
first group.
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Proof (Existence): Inductively define a direct system of finite groups
(and embeddings) as follows:

1. Let Uy be any finite group such that |U;| > 3.

2. If n > 1 and the group U, is already chosen, let U,y be the full
symmetric group on the set U,. Embed U, into U,y via its right
regular representation.

3. This family of groups and embeddings forms a direct system consisting
of finite groups, linearly ordered with respect to inclusion. Take U to
be the direct limit:

U= liin Un

Then by Lemma (2.1.5.1)), U is a countable, locally finite group.

It just remains to prove that U is universal. For more convenient notation
throughout the rest of the proof, we shall identify U,, with its image under
embedding in U.

Embedding Any Finite Group Into U: The order |U,| tends to infinity
with n. Thus, if G is any finite group, then there exists an integer n such
that |G| < |Uy|. Recall that U,,1; was taken to be the full symmetric group
on the underlying set of U,. Therefore since G can always be embedded
into the symmetric group on |G| letters (by Cayley’s Theorem), G' can be
embedded into U,4q1. Then G is isomorphic to a subgroup of U,41, and
hence to a subgroup of U.

Finite subgroups of U are conjugate: Let G, H be any two isomorphic
finite subgroups of U. Then there exists an integer j such that (G, H) C Uj.
By construction, U; is embedded into Uj41 via its right regular representa-
tion.

Therefore, G and H are finite isomorphic subgroups in the right regular
representation of U in the the constricted symmetric group of U. Therefore
the hypothesis of Lemma is satisfied. Hence the subgroups G, H are
conjugate in Uj11 < U. Therefore G and H are conjugate in U.

Thus U is a universal locally finite group. Existence is now proved. -
(Existence)

Proof (Uniqueness up to Isomorphism): We use a “back-and-forth”
approach to construct an isomorphism between U and any other countable
universal locally finite group V.
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Let V' be any other countable universal locally finite group. Then by
Lemma (2.1.5.1)), there is a local system {V},},en of finite subgroups of V,
linearly ordered by inclusion.

Since each U, is finite, it can be embedded into the universal group V.
Let ¢ be any embedding of U, into V.

Then one has U C V,, for some integer s. Then by Theorem 1 ,

=

there exists an embedding ¢ of V; into U such that the composite map ¢
restricts to the identity on U,. N.B. Here we are composing left to right, i.e.
¢ means apply ¢ first, then 2.

There is an integer 1’ with VY C U,s. Again by Theorem 1 , there
exists an embedding ¢ of U,s into V' such that ¢’ restricts to the identity
map on Vj.

By choosing an arbitrary embedding ¢, of U; into V', one may in this way
choose inductively two strictly ascending sequences of integers:

1 = r < rp <
1 = s1 < 59 <

and two sequences of proper embeddings:

¢i Uy —  V } .
‘ ‘ teP
w’i : VSZ - UT'Z'+1

such that:
1. ¢i1; is the identity on U,,, and

2. Yi¢iy1 is the identity on Vg,

The following diagram shows the construction:

UT1 S U’r‘2 S UT3 S
It
Vel < Vel < V<

It follows that for each index ¢ the embeddings ¢;11 and ;1 are, respec-
tively, extensions of ¢; and ;.
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Thus the sequences {¢;}ien and {4 }ien determine injective homomor-
phisms:

¢ : U — V

vV = U

such that:
1. ¢ is the identity on U, and
2. ¢ is the identity on V'

Therefore ¢, 1 are isomorphisms. In other words, U = V, for any other
countable universal locally finite group V. - (Uniqueness up to isomor-
phism) Wl

We now briefly turn our attention to universal locally finite groups with
larger cardinalities.

Theorem: 3.3.5 FEvery infinite locally finite group G can be embedded into
a universal locally finite group of cardinal |G|. In particular, there exist
universal locally finite groups of arbitrary infinite cardinal.

Outline of Proof: Use the restricted symmetric group on a countable set
to construct a new universal locally finite group containing G as a subgroup,
with the same cardinality as G.

Proof: Let S denote the restricted symmetric group on some countable
set. Then S is countable, locally finite, and contains an isomorphic copy
of every finite group. Let Uy = G x S. For ¢ = 0,1,2,... define U;41 and
pi : U; — Uj;y1 inductively, as follows:

1. p; is the regular representation of U; into the symmetric group on U;.

2. Uj41 is the subgroup of the constricted symmetric group on U; gener-
ated by U/

3. For each pair of isomorphic finite subgroups of U", an element of this
constricted subgroup conjugates one onto the other.

So every pair of finite isomorphic subgroups of U/ are conjugate in Uj41.
Furthermore, U; and U;;1 have the same cardinal. By induction, |G| will
also be the same cardinal.

Then U = lim_, U; is a universal locally finite group of cardinality |G/,
containing a subgroup isomorphic to G. B
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Lemma: 3.3.6 Let K be a finite group. Let M be a subgroup of index d > 1
in K. Let L be the symmetric group of order (cd)!, for some c. Let H be a
semi-reqular subgroup of L of order c. Let 8 be an embedding of M into H
such that [H : M®] > 2. Then 0 extends to embeddings 01,02 of K into L
such that:

HNK" =M% = HN K% and K% # K%

Outline of Proof: Partition the set permuted by L in 2 different ways.
Use the distinct partitions to explicitly construct distinct 61, 6» extending
# with the desired properties.

Proof: Let {1} US and {1} UT be the left traversals respectively of M in
K and M? in H, where 1 ¢ SUT. Since H occurs as a subgroup of L in
its regular representation repeated d times, we may identify the permutand
of L (i.e. the set cd of elements permuted by L) with the set P = H USH,
where SH denotes the set of formal products of s € S and h € H, and H
permutes P by right multiplication. Since H = M? UTM?, we may write
P as the disjoint union of four sets M?, TM? SM° STM?, the products
being written formally.

Since 6 is an embedding, it is an injective map. Therefore, the following
maps are bijections:

9 M - M’

6 T™ — TM°
9 SM — SMY
9 TSM — TSM?

Since M?, TM?, SM?, STM? are disjoint, so are M, TM, SM, STM.
Define @ to be the disjoint union of the four sets of formal products M, T M, SM, TSM.
Let the elements of K permute () by right multiplication.

Let 1 be any bijection from the set T'S onto the set ST. Denote by 6 the
bijection of Q onto P given by:

2 = af
(tm)g = ta?
(Sm)g = sa?

(tsa:)g = (ts)¥a?

where © € M, s € S and t € T. We may use the mapping  to transfer
the representation of K on @ to a representation p = p(¢) of K on P by
defining:

1
pk? = (p° k)%, wherepe P and k € K

40



We claim that p is an extension of 8. We show it for each of the four sets.

1. Suppose that z,y € M. Then:

(sa”)y” =

4. Suppose that s € S, t € T and x,y € M. Then:

(sta)y? = ((st)? 'xy)®
= st(zy)’
= (sta®)y’

Claim: HNK? = M?.

Proof of Claim: MY C H N KP” is clear. For a contradiction, suppose
that MY C HN K”. Then we may select h € HNK?\ M% and k € K \ M,
such that k° = h.

If he H\ M? then h maps M? onto TM?. If k € K \ M, then k maps
M onto SM and thus k? maps M? into SM?. But SM? and TM? are

disjoint, so we have a contradiction. Therefore the only possibility is that
HNKP= MY as claimed. 4 (Claim)
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Since the index [H : M?] =1+ |T| > 2 (and the order of S is at least 1),
there exist bijections ¢ and o of T'S onto ST such that for some ¢t € T,
we have:

(tS)¥r # (t5)%

Let 61 = p(¢1) and 0 = p(b2). Then 6y, 6 are embeddings of K into L
extending 6 such that H N K" =M% HnK% =M’ We have only to

by the claim by the claim

show that K% # K%,

The orbit tK = tM UtSM of K containing t corresponds to the orbits:

tK% tMP U (t8)¥ M?
tK% = tM%U(tS)¥2 M’

of K% K? containing t. By contradiction, assume that K% = K?%. Then:
tS)yM? = tK% nSTM®

= tK2nsTMm?
(tS)¥2 p?

But then (£S)¥1 = (t9)¥2, contradicting the choice of t. Therefore K% #
K% as required. W

The following theorem is a strengthening of Theorem (3.3.1][3).

Theorem: 3.3.7 Let V be any universal locally finite group. Let G be any
countably infinite, locally finite group. Then there exist at least 280 distinct
subgroups of V' isomorphic to G.

Outline of Proof: Construct a countable universal locally finite group
U using the finite subgroups of G. Use the previous result to construct
2% distinct embeddings of G into U. Notice that V contains a subgroup
isomorphic to U, therefore we have 280 distinct embeddings of G into V.

Proof: Since G is countably infinite, and locally finite, G contains a tower:
{1} =Go<Gi1<---<Gi<--- <G

of distinct finite subgroups such that G = |J;2, G;. For each natural number
i>1,let d; = [G; : Gi—1]. Clearly from the construction in Theorem ({3.3.4))
we may assume that d; > 3.
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Define:
. { d; if i=1
t (Ci_l)!dz‘ Zf 1> 1
Let U; be the symmetric group of order ¢;!, and for each ¢ embed U; into U; 1
by a semi-regular representation (i.e. its regular representation repeated d;11
times). Let U = lim_, U;. It follows from Lemma and the proof of
Theorem that U is a countable universal locally finite group. Again,
identify U; with its image in U.

Suppose that # is an embedding of G; into U; (an embedding must exist, by
Cayley’s Theorem). Notice that applying our counting formula inductively
gives:

|G| = didy - - - d;

while:
|Ui| = (- - (di!da)ld3 - - - di—1)'d;)! > 2(drda - - - dy)

since di > 3.

In Lemma ([3.3.6)), take:

1. M =G,
2. K = Giy
3. H="U;
4. L=U

Then we have that there exist embeddings 0, 02 of G;41 into U; 41 extending
0 such that:

UinGh, = Gf
= Uimeil

01 62
and Gy 7# G-

It follows that there exists 280 distinct sequences {¢; }ien, where ¢; is an
embedding of G; into U; extending ¢;—; and satisfying:

U,_1 N G?L = G?ﬁil

such that for any two distinct sequences {¢;} and {v;} there exists some j
such that G # G,
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The sequences {¢;} and {¢;} determine embeddings ¢ and v, respectively,
of G into U and:

¢.
UnG® = Gy
,[p.
7 Gy
= UjﬁGw

Hence ¢ # 1, and there exist 2% distinct subgroups of U isomorphic to
G. But finally by Theorem (3.3.1][3)), the universal locally finite group V
contains a subgroup isomorphic to the countable group U. B

How Embeddings of Subgroups are Linked in General: Let A= B
be isomorphic subgroups of the universal locally finite group U.

Note that here we do not require A and B to be finite. If A and B are
finite, then we immediately have by the definition of a universal locally finite
group that A and B are conjugate in U. Therefore if B = g~ ' Ag for some
g € U, then we have an automorphism of U which sends to A to B, namely
the inner automorphism of U induced by g.

We would like to have some information about how the embeddings of A, B
into U are linked in general. In general, we claim that no automorphism of
U transforms A into B.

To see a counterexample, take A to be any infinite maximal elementary
abelian p-subgroup of U for some prime p, and take B to be any infinite
proper subgroup of A such that |A| = |B|. Then A is a maximal elementary
abelian p-subgroup but B is properly contained in an elementary abelian
p-subgroup (and thus is not maximal). Any automorphism of U sending A
to B must preserve the structure of A, in particular the property of being
maximal in U. Thus in this situation there cannot be any automorphism of
U which transforms A into B.

A and B may be regarded as isomorphic vector spaces over Z,, where
B C A. Again we can see that no automorphism of U could send A to B.

Theorem: 3.3.8 The automorphism group A of the countable universal lo-
cally finite group U has cardinal 2.

Outline of Proof: Explicitly construct 2% distinct automorphisms of the
countable universal locally finite group.
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Proof: It is clear that |A| < 2%0. We need to show that equality holds.
By the proof of Theorem , the countable universal locally finite group
is the union of an ascending sequence {U;};cn of subgroups U; which are
isomorphic to symmetric groups of order n;!, where n1 > 3, n;41 = n;!, and
U; is embedded into U;y; via its right regular representation.

Put Ciy1 = Cy,,, (U;) (the centralizer of U; in U;11). By Theorem 6.3.1
on p 86 of [4], the left and right regular representations are centralizers for
each other. So the subgroup C;;1 is the left regular representation of U; in
Uit1. In particular, |C41| > 2 for each natural number i.

Choose ¢; € U; and for every natural number ¢ > 1 choose any element
c; € C;. If ¢; denotes the inner automorphism of U; defined by:

x—xVY e U

then for every natural number ¢ the automorphism ¢; of U; is equal to the
restriction to U; of the automorphism ¢;11 of U;11. Thus the sequence
{¢i}ien determines an automorphism ¢ of U.

Let {d; };en be a second sequence of elements of U with d; € U and d; € C;
for i > 1, and {4;};en the corresponding sequence of inner automorphisms
of the groups U; determining the automorphism v of U.

We shall suppose that for some natural number j, one has ¢; # d;, and
we shall prove that this implies ¢ # 1.

If j = 1, then ¢1 # 1, since the group U; has trivial centre, and thus
¢ # Y.

If 7 > 1, then for all elements z € C}, one has:
;(;(z) = x¢j = G = %
since ¢1 ---¢cj—1 € Uj—1 € CyCj. Similarly 2% = 2% . Since the subgroup
Cj; is isomorphic to the symmetric group of order n;_1!, its centre is trivial

and thus the inner automorphisms of C; induced by two distinct elements
are distinct. Thus, for at least one element x € Cj:

2® =29 # g% =gV

Therefore ¢ # 1.

The number of distinct sequences of the sort described, and therefore the
number of distinct automorphisms is clearly 280, W
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3.4 Questions to Be Answered Later

1. Are any two universal locally finite groups of the same cardinality
isomorphic?

The answer to this is no. See Theorem (|4.2.3)).

2. If for the cardinal X > Ng, there is more than one isomorphism type
of universal locally finite groups, do there exists 280 pairwise non-
isomorphic universal locally finite groups of cardinal R?

The answer is yes to a slightly modified version of this question. See

Corollary (|4.3.4)).

3. Does every universal locally finite group U contain an isomorphic copy
of every locally finite group G satisfying |G| < |U|?

The answer is no. See Theorem (|4.2.2)).

3.5 Phillip Hall’s Universal Locally Finite Group
Cannot Answer Our Question Positively

If we could find a universal locally finite group that also satisfied property
3, we would have a positive answer to our original problem (as shown in

Theorem (2.5.3)).

However, we note here that one property of the countable universal lo-
cally finite group U prevents it from being a positive answer to our original
question.

The universal locally finite group U has to contain copies of every finite

group. In particular, U contains copies of Co, C3, Cy,.... From this it is
clear that U contains elements of arbitrarily high order. Then for all & =
1,2,3,..., there is no uniform bound on the size of k-generated subgroups
of U.

By Theorem ([2.4.1)), any group with finitely many (k+1)-conjugacy classes
has a uniform bound on the size of its k-generated subgroups. Therefore
there is no way that a universal locally finite group U can answer our ques-
tion positively for any k.
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Recall that in Theorem , we proved that if a group G exists which
answers our question positively, then there must be a countable subgroup
H which also answers the question positively. Moreover, this H must be
a proper subgroup of the countable universal locally finite group U. We
proved in Corollary that H must be a subgroup of U. The fact that
H must be a proper subgroup of U is now clear from the fact that U itself
cannot answer the question positively.

If possible, we want to bound the number if isomorphism classes of k-
generated subgroups of our candidate group. We also wish to find a weak-
ened condition on our candidate group which might permit it to answer our
original question positively. This leads us naturally to the topics of exis-
tentially closed groups and HN N extensions, and the related property of
w-homogeneity.

Before investigating these topics, we pause briefly to include some fur-

ther results which Shelah has obtained on uncountable universal local finite
groups.
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Chapter 4

Uncountable Universal
Locally Finite Groups

4.1 Two Papers by Shelah

Here, we summarize some further results on universal locally finite groups
of bigger cardinality than the one discovered by Phillip Hall. Whereas Phillip
Hall was primarily interested in the countable case, Shelah obtains some
results in uncountable cardinalities.

In particular, we want to capture the relevant open questions from Phillip
Hall which are answered here.

We state the results without proof. Including the proofs would take us
far off the group theory track, and deep into model theory.

4.2 Theorems from [15]

Lemma: 4.2.1 For any k > Vg, there are universal locally finite groups of
cardinal k.

Proof: Refer to [15], Lemma 2. W

Theorem: 4.2.2 There is a locally finite group H of cardinal Ry such that
for each k > Ny, there is a locally finite group G of cardinal k, such that H
is not embeddable in G.

Proof: Refer to [15], Theorem 3. B

Theorem: 4.2.3 For each cardinal k > Xy there are several non-isomorphic
universal locally finite groups of cardinal k.
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Proof: Refer to [15], Theorem 4. W

Theorem: 4.2.4 Let (k) be the number of isomorphism types of universal
locally finite groups of cardinal k. Then p(k) = 2% if Kk > Ny.

Proof: Refer to [15], Theorem 5. W

Theorem: 4.2.5 For each regular uncountable k there are 2% pairwise non-
embeddable universal locally finite groups of cardinal k.

Proof: Refer to [15], Theorem 8. W

4.3 Theorems from [3]
Nice Facts

1. By Theorem (3.3.1]), every countable universal locally finite group is
Np-universal. So in the category LFy,, a universal object exists.

2. This can be understood as a generalization of the fact that S, is uni-
versal for the category of finite groups of cardinality < n.

Theorem: 4.3.1 For every uncountable cardinal A which satisfies:
1. A= \Y o
2. There exists a cardinal p such that X < p < XX and 2# < 2

there is no universal object in ULF).

Proof: Refer to [3], Theorem 3. W
Corollary: 4.3.2 Theorem implies that:
1. There is no universal object in U LFyy, .

2. If 2% < 2% then there is no universal object in ULFy, .

Proof: Refer to [3], Corollary 4. B

Theorem: 4.3.3 Assume that A\ satisfies: there exists an infinite cardinal
p such that X < p < XX and 2% < 2. Then in ULF), there are 2" non-
1somorphic groups.

Proof: Refer to [3], Theorem 10. W

Corollary: 4.3.4 If 2% < 2% then there are 2% isomorphism types of
groups from ULFy, .
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Proof: Refer to [3], Corollary 11. W

4.4 Considerable Interaction between Group The-
ory and Model Theory

It is obvious from the results stated here that model theory can be used
to prove results which on the surface are purely group theoretic. Since the
focus of this thesis is on group theory, we have refrained from venturing into
the realm of pure model theory.

4.5 An Uncountable Universal Locally Finite Group
Cannot Answer Our Question Positively

The same explanation for the countable universal locally finite group ap-
plies in the uncountable case. We cannot have such a group answering our
original problem since we require some uniform bound on the order of the
elements of a group which answers our question. In an uncountable univer-
sal locally finite group, there can be no such uniform bound. Therefore, an
uncountable universal locally finite group also could not answer our original
question positively.
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Chapter 5

Existentially Closed Groups

5.1 Introduction

For this chapter, we are no longer trying to answer the question for all
k=1,2,3,..., but are trying to get some information for a particular fixed
k only. We investigate existentially closed groups because they, along with
the related construction of H NN extensions (to be defined shortly) allow us
to get some control over the number of k-conjugacy classes for a particular
fixed k.

We observe at the end of the chapter that the property of being exis-
tentially closed is too strong for our purposes here, i.e. an existentially
closed group could not answer our question positively. We shall soon see in

Theorem ([5.3.3) that:

existentially closed =—> w — homogeneous

It is therefore natural to ask whether there is a way that we can use the
weaker property of w-homogeneity to construct a group which answers our
question positively.

A Partial Answer: It is not entirely clear whether w-homogeneous groups
could be used to answer the original question. The condition of being w-
homogeneous is both weaker and stronger than what we need, as follows:

1. Professor Park’s requirement is that the isomorphism between k-generated
subgroups be induced by conjugation. This is stronger than what the
definition of w-homogeneous requires.

2. Professor Park does not require the lifting of isomorphisms to auto-
morphisms of the group, as the definition of w-homogeneous does. This
is weaker than what the definition of w-homogeneous requires.

o1



5.2 Definitions and Notation

5.2.1 Free Product
Definition (Free Product): Let A, B be groups with presentations:
A= <a1,... ‘ 7’1,...>

B:<b1,... |Sl,...>

where the sets of generators {ai,...} and {b1,...} are disjoint. Then the
free product, A * B of the groups A, B is the group:

A % B:<CL1,..., bi,... ‘7"1,..., 81,...>

The groups A, B are the factors of A % B. The free product A * B is
independent of the presentations chosen for A, B.

Definition (Normal Form / Reduced Sequence for Free Product):
A normal form or reduced sequence is a sequence g1, ..., g, of elements of
A x B such that:

1. Each g; # 1
2. Each g; is in one of the factors

3. No successive g;, g;+1 are in the same factor

Examples: Let A * B = (a,bla’,b’)
1. Reduced:
(a) a’,b% a?,b
2. Not Reduced:
(a) a,b%,a

(b) a?,a?,b3

Normal Form Theorem for Free Products: 5.2.1 Consider the free prod-
uct A x B. The following equivalent statements hold.

1. Ifw=g1--gn, n >0, where g1,...,gn 1S a reduced sequence, then
w#1in A x B.

2. Each element of A x B can be uniquely expressed as a product w =
g1 9n, where g1, ..., gn s a reduced sequence.

Proof: Refer to [14], Chapter IV, Theorem 1.2. B
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5.2.2 Free Product with Amalgamated Subgroup

Definition (Free Product with Amalgamated Subgroup): Let G
and H be groups with subgroups A < G and B < H, and with ¢ : A — B
an isomorphism. Form the group:

P=(GxH)/ {a=¢(a), Ya € A)

P is the quotient of the free product G * H by the normal subgroup
generated by {a¢(a)~!:a € A}.

Note that in the free product with amalgamated subgroup (also known as
amalgamated free product), the two isomorphic groups A and B inside G
and H are made equal.

Definition (Normal Form / Reduced Sequence for Free Product
with Amalgamated Subgroup): A sequence of elements ¢y, ..., cp, n >
1 of elements of G * H is called reduced if:

1. Each ¢; is in one of the factors G or H.
2. Successive ¢;, c¢;y+1 come from different factors.
3. If n > 1 then no ¢; is in A or B.

4. If n =1 then no ¢; # 1.

Normal Form Theorem for Free Products with Amalgamation: 5.2.2
Ifcq,...,cn is a reduced sequence, n > 1, then the product ¢y --- ¢, # 1 in P.
In particular, G and H are embedded in P by the maps g — g and h — h.

Proof: Refer to [14], Chapter IV, Theorem 2.6. B

5.2.3 HNN Extension

Definition (HNN Extension): Let G be a group. Let A, B be isomor-
phic subgroups of G. Let ¢ : A — B be an isomorphism. Then the HNN
extension of G relative to A, B, ¢ is the group:

G* = (G, t |t at = ¢(a), Va € A)

Notice that in the HNN extension, the isomorphic subgroups A and B
are made conjugate.
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Definition (Reduced Sequence for HNN Extension): A sequence
90,1, g1, .., t" gy (6, = £1, n > 0) is said to be reduced if there is no
consecutive subsequence ¢!, g;,t with g; € A or t, 9j t~! with g; € B.

Britton’s Lemma: 5.2.3 In the HNN extension of G:

G* = (G,t | t7tat = ¢(a),Va € A)
if the sequence go,t, g1, ..., t, gn is reduced andn > 1, then got®gy - - - t" g #
1 in G*.

Proof: Refer to [I§], Theorem 11.81. W

Definition (Normal Form for HNN Extensions): A normal form is
a sequence
gO)tqvgla s 7t€n7gn (n > 0)

where:
1. go is an arbitrary element of G.
2. If ¢, = —1, then g; is a representative of a left coset of A in G.
3. If ¢, = 1, then g; is a representative of a left coset of B in G.

4. There is no consecutive subsequence t¢, 1, °.
Normal Form Theorem for HNN Extensions: 5.2.4 Let:
G* = (G, t |t at = ¢(a), Ya € A)
be an HN N extension. Then:

1. The group G embeds into G* by the map g — g. If got g1 ---t"g, =1
in G*, then go,t', g1, ...,t, g, is not reduced.

2. Every elementw € G* has a unique representation as w = got gy - - -t gn,
where go, t, g1, .. ., ", gn 18 @ normal form.

Proof: Refer to [14], Chapter IV, Theorem 2.1. B

Bounded HN N Extensions: Since our original question would require a
locally finite group to provide a positive answer, it is natural to ask whether
it is possible to construct bounded HN N extensions. In other words, when
can 2 isomorphic subgroups be made conjugate by adjoining an element ¢
of finite order, instead of the ¢ of infinite order in the basic H NN extension
construction?
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Exploring this idea fully would require introducing far too much new
material. The interested reader is referred to [§] for full details.
5.2.4 Equations and Inequalities

Definition (Equations and Inequalities): For a group G and variables
z,y, ..., we use the expression equation over G and inequality over G in the
natural way.

For example, if g, h € G, then:
=g

is an equation over G, and:
zgr L #h

is an inequality over G.

Definition (Soluble): A set of equations and inequalities over G is said
to be soluble in G if we can replace each variable by an element of G so as
to make every member of the set true simultaneously.

A set of equations and inequalities over G is said to be soluble over G if
it is soluble in some group containing G (i.e. G' can be embedded into the
larger group where the solution exists).

More formally, we can form the free product G * F where F is the free
group generated by the list of variables x,y,.... Then an equation over G
is a statement of the form w = 1, and an inequality over G is a statement
of the form w # 1, where in each case w € G * F' is a word.

The elements of G x F' are called the terms over G.

Examples of Terms:

3. q1z%goy?
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A set of equations and inequalities over G:
{wi=1lw;#1:i€l,jeJ}
is soluble over GG if there is a group H O G and a homomorphism:
0:GxF —H
such that, forallg e G, i€ I, j € J:
1. 0(g) =g
2. w; € kerf

3. w; ¢ kerf

The set is soluble in G if we can take H = G.

Theorem: 5.2.5 The above set of equations and inequalities is soluble over
G if and only if N, the least normal subgroup of GxF' containing {w; : i € I}:

1. intersects G trivially, i.e. NNG = {1}, and

2. contains no wj, for j € J

Outline of Proof (=>): Assuming that either condition does not hold
quickly contradicts the definition of being soluble over G.

Outline of Proof (<=): Form the normal subgroup N of G * F. Define
a quotient map into H = (G % F')/N and show that the definition of soluble
over G holds for this H.

Proof (=): By the definition of being soluble over G, we have H O G
and 0 : G x F' — H such that:

{w; :ie€l} Ckeré

Notice that ker 6 is then a normal subgroup of G % F', which contains {w; :
i € I}. Therefore, by the definition of N, we have that N C ker 6.

If we have a g € NNG, g # 1, then g € N C ker 6. This implies
that 0(g) = 1 # g. This violates the definition of being soluble over G. So
NNG={1}.

If there is some j € J such that w; € N, then since N C ker 6, we have
that w; € ker 6. This violates the definition of being soluble over G. So N
contains no wj, for j € J.
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Proof (<=): Let the normal subgroup N of G x F' be defined by taking
the closure of (w; : ¢ € I) under products, inverses, and conjugates. Then
it is clear that N is the least normal subgroup of G * F' which contains
{w; : i € I}. By hypothesis, N intersects G trivially. Define the map 6 as
the quotient map:
0 : GxF — (GxF)/N
—_———
—H
g = g Vgel
wj = wy, Vjeld

It is clear that 6 is a homomorphism. Since G NN = {1}, we have that
f embeds G into H. Also, all the w; lie in N = ker 6. Last, we have that
ker 0 contains no wj, as required. We can now see that our set of equalities
and inequalities is soluble over G. B

Examples:
1. The set:
S={ztgz =g, a7 ha = h,x  kx # k}
is not soluble over G if g, h, k € G and k = gh.

Proof: By contradiction, suppose there exists H O G where a solu-
tion exists. Let a € H be a solution. Then:

E#a'ka = a '(gh)a
= a 'g(aa"Yha
= (a"'ga)(a"ha)
(9)(h)
= k

a
a

This contradiction tells us that no solution can exist in any extension
of G.

2. If Cq(g9) NCq(h) C Cg(k), but k ¢ (g,h), then S is soluble over G,
but not in G.

Proof (not soluble in G): By contradiction, suppose it is soluble
in G. Let a € G be a solution. Then:

a'ga = g
alha = h
—a € C(;(g) N Cg(h)
= a € Cg(k)
= alka = k



This contradiction tells us that no solution can exist in G.

Proof (soluble over G): Take A = B = (g9,h) < G. Then take
¢ : A — B to be the identity map. Then ¢ is trivially an isomorphism.
Form the HN N extension:

G* = (G,t |t lat =a, a € {(g,h))

It is clear that in G*, we have:

t7lgt = g
t7'ht = h

Now notice that since k ¢ (g, h), we also have k=1 ¢ (g, h) and hence

the sequence:
1,7 ko, ot kT
A
go t=1 g1 t g2
is reduced. Therefore, by Britton’s Lemma (5.2.3)), we have that in
G*:
etk £ 1
Tkt #£ Kk

Thus in the HNN extension G* of GG, we can find a solution t for
the system as claimed.

3. The set S = {g = 27 !ga} is soluble in G for any group G, and any
g €aqG.

Proof: Take zr =1.
Definition (Algebraically Closed): A group M is said to be alge-
braically closed if every finite set of equations defined over M that is soluble
over M is soluble in M.
Definition (Existentially Closed): A group M is said to be existentially
closed if every finite set of equations and inequalities defined over M that

is soluble over M is soluble in M.

Remark: In the definition of existentially closed, inequalities are allowed,
whereas in the definition of algebraically closed inequalities are not allowed.

From this, it is clear that existentially closed implies algebraically closed.
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Equivalent (Model Theoretic) Definition: A group M is said to be
existentially closed if every finite formula in B that is satisfiable in some
group containing M is satisfiable in M.

5.2.5 w-Homogeneity

Definition (w-Homogeneous): A group K is said to be w-homogeneous
if, given any finite set {g1,...,gr, h} C K and any injective homomorphism:

0:{g1,.-,9r) > K

we can extend 6 to an injective homomorphism:

¢:<glﬂ"'79r7h>—>K

If the group is countable, this is equivalent to saying that given any 2 finite
subsets of the same type, there exists an automorphism of K which sends
one to the other.

5.3 Theorems

Theorem: 5.3.1 A group is existentially closed if and only if it is non-
trivial and algebraically closed.

Outline of Proof (=): This is a straightforward application of the def-
initions.

Outline of Proof (<=): Transform the given set of equations / inequal-
ities into an equivalent set of equations. Then use the fact that our group
is algebraically closed.

Proof (=): An existentially closed group is clearly algebraically closed.
The trivial group is not existentially closed, for the inequality = # 1 is
soluble in some group, therefore over, and not in, the trivial group.

Proof (<=): Let M be a non-trivial algebraically closed group. Consider
the equations and inequalities:

S={ui=1,...,up, =1Lv #1,...,0, #1}

Suppose that S is soluble in K O M. Since M is non-trivial, we may
choose a non-trivial element h € M. The statement v; # 1 is equivalent to
(v =1) = (h=1). By Lemma 1.5 of [9], this is equivalent to the solubility
of the equation:

1

— -1
Si Uisiti Uiti =h
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over any group containing both v; and h. The elements s; and ¢; (1 < i < m)
are new variables, not involved in the u; or v;. Thus the new set of equations:

S*:{ujzl,h:si_lvisiti_lviti:lgjgn, 1<i<m}

is soluble over K and hence over M. Since M is algebraically closed, this
set has a solution in M. This solution must satisfy u; = 1, v; # 1, for
1<j<n, 1<1i<m. Therefore M is existentially closed. B

Theorem: 5.3.2 Let M be an existentially closed group. Then:
1. M cannot be finitely generated.

2. M contains every finitely presented simple group (and hence every
finite group).

3. M is simple.

Outline of Proof:
1. For a contradiction, assume that M is finitely generated.

2. Given any finitely presented group G, construct a system of equations
which demonstrates that M contains an isomorphic image of G.

3. Show that for any h,g € M, h lies in the normal subgroup generated
by g.
Proof:

1. Let {g1,...,9x} € M be any finite subset. We shall show that this
always implies (g1,...,gx) S M.

Consider the set of equations and inequalities:

S = {l’_lgll‘ =491, ..., x_lgkx = Gk, x_lyx 7& y}

We can solve S over M (e.g. in the direct product M x G, where G
is any nonabelian group). Since M is existentially closed, therefore
we can solve § in M. Therefore there exists some y € M such that

y ¢ (g1,-..,9k). Therefore (g1,...,9x) T M.
2. Let G = (g1,..., 9k | wi(g),...,wr(g)) be a finitely presented group

containing a non-trivial element u(g). Let {z1,...,z;} be distinct
variables. Then we can solve the set:
S=Awi(z) = =w,(z) =1u(x) #1}

over M (in M x G) and hence in M. So M contains a non-trivial
homomorphic image of G. If G is simple, then this image can only be
the whole of G. Then G embeds into M.
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3. If ggh € M and g # 1, then (9 = 1) = (h = 1) holds in M. So by
Lemma 1.5 of [9], we can solve this equation over M, and hence in M:

s lgzy gy =h

Thus every h € M lies in the normal subgroup generated by g, for
any g # 1. So M is simple. B

Theorem: 5.3.3 An existentially closed group M is w-homogeneous.
Outline of Proof: Construct a useful HNN extension.

Proof: There exists an HN N-extension of M in which 6 is equivalent to
conjugation. Since M is existentially closed, this implies that 6 is equivalent
to conjugation in M. Thus 6 can be extended to an inner automorphism of
M. R

Theorem: 5.3.4 If A is an abelian group and contains an element of infi-
nite order, then A is w-homogeneous if and only if A is divisible.

Outline of Proof (=): Depending on whether the element we wish to
divide has finite or infinite order, we can always use our element of infinite
order to define an injective map which allows us to divide, once we extend
using w-homogeneity.

Outline of Proof (<=): Assuming that the element we wish to adjoin to
our finitely generated group is not already in the finitely generated subgroup,
we use our structure theorem for divisible groups to demonstrate that we
can always extend our embedding as required.

Proof (=): We have that A is w-homogeneous. Let a € A have infinite
order. Let b € A be arbitrary. Let n € Z, n > 0 be arbitrary.

If b has infinite order: Define:
0 : (na)

—
na —

A
b
It is clear that 0 is a homomorphism.

Claim: 6 is injective.
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Proof of Claim: Suppose that, for some k, [ € Z:

(kna)d = (Ina)é
k(na)0 = Il(na)d

kb = b
(k=0Db = 0
= k-1 = 0, since b has infinite order
=k =1

4 (Claim)

Now, since A is w-homogeneous, we can extend 6 to ¢:

¢ : (na,a) — A
na — b
a — c

for some ¢ € A. But then:

b = (na)o
= n(a)¢

= nc
showing that A is divisible, as claimed.
If b has finite order: Say |b| = m for some m > 0.

Claim 1: a = na™ for some a* € A.

Proof of Claim 1: Define:
01 : (na) — A

na = a

0, is clearly a homomorphism.
Sub-Claim 1: 6, is injective.

Proof of Sub-Claim 1: Suppose:
0 = (kna)bi, for some k € Z

0 = k(na)by
= ka
= 0 = k, since a has infinite order

= (Sub-Claim 1)
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Now since A is w-homogeneous, we can extend 6;:

$1

Then:

4 (Claim 1)

Now define:

(na,a) — A
na  +— a

— a*, for somea* €A

a = (na)p;
= n(a)¢

= na*

(nay — A

na +— a-+b

0 is clearly a homomorphism.

Claim 2: 0, is injective.

Proof of Claim 2: Suppose:

0

(kna)ba, for some k € Z
k(na)fy
k(a + b)

Sub-Claim 2: The element (a + b) has infinite order.

Proof of Sub-Claim 2:

0
= 0m
=0

0
=0
=0

= (Sub-Claim 2)

Suppose that:

lla+b), for somel € Z
Im(a+0b)

l(ma + mb)

l(ma), since mb=0

Im, since a has infinite order

l, since m >0

So by Sub-Claim 1, equation (5.1) implies that & = 0 as required. -

(Claim 2)
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Now since A is w-homogeneous, we can extend 6s:

¢2 : (na,a) — A
na — a+b
a — ¢, for somece A

Then:

a+b = (na)ps

= n(a)pz
= nc
na*+b = nc
b = n(c—a")

completing the proof that A is divisible in this case also.

Proof (<=): We have that A is divisible. Let {g1,...,9r,h} C A be any
finite subset. We adopt the notation that D{(gi, ..., g,) denotes the divisible
subgroup of A generated by {g1,...,¢,}, i.e. the smallest divisible subgroup
of A which contains {g1,...,9,}.

Since A is divisible, we have by Theorem 4.1.5 of [I7] that A is isomorphic
to some number (possibly infinite) of copies of (Q,+) and Cpee, for some
prime p;. Let Dy = D{gi,...,g). Since D; is finitely generated, it is
isomorphic to:

@ {(@Q,+) or Cp;”}

finite
Let 0 : {(q1,...,9r) — A be any injective homomorphism. We have the

following 2 cases to handle.

1. h € Dy: Then we can find a1,...,a, € Z and ny,...,n € Z, n; > 0
such that:

a a
hzflg1+"-+lgr
ni ny
Then define ¢ extending 6 by setting:
[e78

he = %(gnw 2 (g,)0

ny

Then ¢ is a homomorphism, since 6 is. We need to check that ¢ is
injective. Suppose that:

0 = (bigi+--+brgr +bry1h)o
= bi(g1)o+ - +br(g:)0 + bry1(h)o
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a ar
= bug)f -+ o900+ bya (L ()8 + -+ E(0r)0)

a Qy
= (b1 + br+1n*1)(91)9 + o4 (br + bra n*)(gr)e
a ay
= ((b1+ br+1n%)91 + o4 (b brgr n*)gr)e

a a.
= (bigi+ +bege + bpaa (g1 + o+ —)gr)0
ny Ny

= (g1 + -+ brgr +br11h)0
=0 = bigi+--+b-gr +br11h, since 0 is injective

Therefore ¢ is injective as required.

2. h ¢ Dy: Let Dy = D(h). Then D5 is indecomposable, since it is gener-
ated by one element. Therefore Dy is isomorphic to one copy of (Q, +)
or Cpeo. Let D3 = (91, --,9r, h). Then it is clear that D3 = Dy + D.
Also, since h ¢ D7, we have that D1 N Dy = (). Therefore we have that
D3 = D1 ® Ds.

Let Dy = D{g10,...,9,0). Then 6 : D; — D, is an isomorphism.

Now since D3 < A, D3 2 D1 & Dy and D1 = Dy < A, we can
find D5 < A such that D5 = Dy and Dy @ Dy = Dy @ Ds. Let
B : D1 ® Dy — Dy ® Ds be an isomorphism that restricts to # on

N——

=Ds
(g1,.--,9r). It is possible to find such a 3 because of the direct sum
construction. Then in particular, 3 is injective.

Now since (g1,...,9r,h) € D{(g1,...,9r, h) = D3, we may take ¢ to
be the restriction of 8 to (g1,...,gr, h). Then from construction it is
clear that ¢ is injective and restricts to 6 on (g1, ..., g,).

In either case, we have shown that A is w-homogeneous, as required.
Theorem: 5.3.5 If A is an abelian torsion group, write:
A=A10A & -
where A; is a p;-group, for some prime p;, and p; # p; when i # j. Then:
1. A is w-homogeneous if and only if each A; is w-homogeneous.

2. A; is w-homogeneous if and only if it is divisible or a direct sum of
cyclic groups of the same order.

65



Outline of Proof:

1. This is straightforward from the definition of w-homogeneity.

2. (a) For (=), we use a result from [11] to obtain that A; is a direct
sum of cyclic groups. Either there is a uniform bound on the order
of elements of A; or there is no uniform bound. We shall show
that if there is a uniform bound, say p¥, then A; = c, a ®C, D
If there is no uniform bound, then we show that A; 1s d1v1s1ble

(b) For (+=), we show that it suffices to prove that C,, ; (for a finite k)
and Cpe are both w-homogeneous. We then apply the definition
of w-homogenelty for a countable group which requires that for
any 2 isomorphic finitely generated subgroups, the isomorphism
can be extended to an automorphism of the whole group.

Proof:

1. (a) = We have that A is w-homogeneous. Let A; be arbitrary. We
want to show that A; is w-homogeneous. Let {g1,...,9.,h} C A;
be any finite set. Without loss of generality, assume h # 0. Let
0:{g1,...,9r) — A; be any injective homomorphism.

Since A; — A in a natural way, we may regard 6 as an em-
bedding of (g1,...,g,) into A. Since A is w-homogeneous, we
can obtain an injective homomorphism ¢ : (g1,...,9,,h) — A
extending 0. Since ¢ extends 6, we have that:

<91¢7 v 79’/‘¢> g A’L

So we need to make sure that h¢ € A; also.

Recall that h € A;, a p;-group. Also recall that p; # p; when
1 # j. Now since ¢ is injective, h¢ must have the same order
as h, i.e. some positive power of p;. Thus the only possibility is
that h¢ € A;. Therefore (g19,...,9,¢,h¢) C A;. Thus ¢ is an
embedding of (g1, ..., gr, h) into A;, and A; is w-homogeneous as
required.

(b) <TLet{g1,...,9r,h} C Abeany finite set. Let 0 : (g1,...,9,) —
A be any injective homomorphism. We need to show that we can

extend 6 to an injective homomorphism ¢ : (¢1,...,¢gr, h) — A.
Since A = Ay @ Ay & - -+, we can write uniquely:
g1 = gu + gi2 +
g2 = g2 + g +
h = h + hy +
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where for all j, gi;; € A;, h; € A;. We regard 0 as a combination
of 0; = 0]4,, for each j.

Claim: Each 6; injective.

Proof of Claim: Suppose (b1g1j+b2g2;+- - -+brgrj+br1h;i)0; =
0. Then blglj + bgggj + 4 brgrj + br+1h]’ € Aj C A. And since
9’,4]. = 0]', we then have that (blglj—i-bgng—i-- . -—i—b,,gTj—i—bTth)H =
0. Since 0 is injective, this implies that by g1;+bagaj+---+brgrj+
byy1h; =0, and 6; is therefore injective, as claimed. - (Claim)

Recall that each A; is w-homogeneous. Therefore we can ex-
tend each 6; : (gij,...,9rj) — A; to an injective map ¢; :
(9155 ---+9rj, hj) — Aj. Then extend 6 to ¢ by defining ¢(h) =
¢1(h1) + ¢2(ha) + - --. Since A is a direct sum, this clearly gives
us an injective map into A and we are done.

=

If pf is a uniform bound for the order of elements of A:
By Theorem 6 on p. 17 of [11], we have that A; is a direct sum
of cyclic groups. Since A; is a p;-group, we may write:

A= Cpr ® Cpea @ -

possibly finite, the same argument works

We want to show that £k = e; = eg = ---. For a contradiction,
suppose that this does not hold. Without loss of generality, sup-
pose that we have:

Aichi@cpﬁ@cpﬁ@“'

where [ < k.

Let by generate Ci. Let by generate Cpi. Define:

pl(k l)b2 = by

Notice that p( )b2 generates a copy of C, ! inside C, 2 Since

b1 is a generator of C oLy We have that 6 is an 1somorph1sm In
particular, 6 is an 1nJectlve homomorphism.
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Since A; is w-homogeneous, we can extend 6 to an injective
homomorphism:
k—I1
¢+ B Vo by) — 4
k—1
pg by — by
bg — Z j l‘jbj

for some -, z;b; € A; = Cp @ Cpp & Cpp © -+ (L. b; generates
the jth summand, x; € Z, Vj). Then since ¢ is a homomorphism,
we have that:

P by = pF D (by)6
PO by
j

We look at the first co-ordinate of (pl(-k_l) ba)¢. Since ¢ extends 0,
the first co-ordinate must equal b;. From the above equation, the
first co-ordinate must equal pgkfl)xlbl. Since ¢ is well-defined,

we must have:

(k=)

by = p; x1b
pib = plaib
0 = pFriby, since |by| = pl
— pFey | pl, since |bi| = p!

This is a contradiction, since x1 € Z and | < k. Thus this part of
the proof is completed, and the summands of A; must all be of
the same order.

If there is no uniform bound for the order of elements
of A: A; is a p;-group. Since p; is prime, we can always divide
by anything coprime with p;. So to show that A; is divisible, it
suffices to show that we can divide any element of A; by p;.

Let b € A; be arbitrary. Since A; is a p;-group, |b| = pF,
for some non-negative k € Z. Since there is no uniform bound
on the order of the elements of A;, we can always find a € A;
such that |a| = p,’f“. Then the following map is an injective
homomorphism:

0 - <pz-a> — Az
pia  — b
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Now since A; is w-homogeneous, we can find an injective ho-
momorphism ¢ extending 6:

¢ : (pia,a) — A
pia +— b

a — ¢, for somec€ A;
bia — DiC

But then p;a — b = p;c. This shows that we can always divide
b by p;. Thus A; is divisible, as claimed.

(b) <= If A, is a divisible p;-group, then by Theorem 4.1.5 of [17],
we know that A; is isomorphic to a direct sum of copies of Cpee.
Thus by part of the proof, it suffices to prove the following
claim.

If A; is a direct sum of cyclic groups of the same order, then
by part of the proof, it again suffices to prove:

Claim: () and Cp are w-homogeneous.
1 T

Proof of Claim: Let A = B be any 2 finitely generated isomor-
phic subgroups of Cx or Cpee. Since A, B are finitely generated
pi-groups, we can ﬁnd some finite n such that A, B < Cpn

fact, this implies that A = B, since a finite cyclic group has
only one subgroup of a given fixed order. Then the isomorphism
A = B is an automorphism of Cpr. This automorphism then
lifts to an automorphism of C, | or C’ e in the natural way. We
started with any 2 finitely generated 1som0rphlc subgroups and
we lifted to an automorphism of the whole group which sends
one subgroup to the other. Then by the equivalent definition of
w-homogeneous in the case of a countable group, we are done.
(Claim)

Theorem: 5.3.6 Phillip Hall’s universal locally finite group is w-homogeneous.

Outline of Proof: This is a straightforward consequence of Theorem

E3ID.

Proof: Let U denote Phillip Hall’s universal locally finite group. Let
{91,..-,9r,h} C U be any finite subset. Let 6 : (g1,...,9,) — U be any
injective homomorphism.
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Now since U is locally finite, we have that both of (g1, ..., g,) and (g1,...,gr, h)
are finite subgroups. It is clear that (g1,...,9,) < {(g1,...,9r,h). Then by
Theorem (3.3.1][2), we have that 6 can be extended to an embedding:

¢ :{g1y.--y9r,h) = U

But this embedding ¢ must be injective. Therefore we have that U satisfies
the definition of w-homogeneous, and we are done.

Recall that earlier we defined:

Definition (Skeleton): For any group G, the skeleton of G, denoted by
Sk G, is the class of all finitely generated groups that can be embedded in
G.

Theorem: 5.3.7 1. If G is a countable group and if K is an w-homogeneous
group with Sk G C Sk K, then G can be embedded into K.

2. Two countable w-homogeneous groups are isomorphic if and only if
they have the same skeletons.

3. Any isomorphism between finitely generated subgroups of a countable
w-homogeneous group K can be extended to an automorphism of K.

Outline of Proof:

1. Use the containment of the skeletons and the w-homogeneity of K to
construct an embedding of G.

2. This is a standard “back-and-forth” argument.

3. Modify the previous argument slightly to get the desired result.

Proof:

1. Let G = {¢g1,92,...}. Let G, = (91,...,9n). We show that we can
construct embeddings ¢, : G, — K, such that ¢, 1 extends ¢,, for
all n > 1. Then the map:

o : G - K
gn " GnOn

is an embedding of G into K.

Since (G, is finitely generated, and since Sk G C Sk K, there exists
an embedding 0, : G,, — K. Let ¢1 = 0.
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We define ¢,,+1 inductively, as follows: Suppose that ¢, : G,, — K
extends ¢,_1 : Gp—1 — K. The map:

(Oni1lc,) 0 dn i {g10ni1, -y gnbny1) — K

is an embedding of (¢16p+1, - - -, gnbn+1) into K, which sends g;0,,11 to
9idn (1 <1 < n). Since K is w-homogeneous, this embedding can be
extended to an embedding 41 of Im 6,41 into K.

Let ¢pt+1 = Opt1 © Ypi1. Then we have that, for (1 <i < n):

Gi¥n+1 = Gibnt10¢np
9ifhn+10 (0,11 © dn)
= GiPn
SO ¢n+1 extends ¢y, as required.

2. Suppose that K1 = (g1, g2, . ..) and Ko = (hy, ha, .. .) are 2 w-homogeneous
groups that have the same skeletons. Let G1 = (g1). Choose an em-
bedding 0 : G; — K5. We may do this, since G is finitely generated
and Sk K1 = Sk KQ.

Then the group H; = (¢161, h1) belongs to Sk K2 and hence to
Sk Ki. Therefore we may choose an embedding ¢1 : H; — Kj. Since
K is w-homogeneous, we may choose ¢ such that g161¢1 = g;1.

Let Go = (Hi¢1,92). Then since K3 is w-homogeneous, we may
choose an embedding 0, : Go — K3 extending 6, so that h1¢p1602 = h;.
Let H2 = <G292,h2>.

Continuing in this way, we may choose ¢; extending ¢;_; and so
that g; = g;0;¢;, then choose 0; 11 extending 6; so that h; = h;¢;0;+1.
Thus we can define embeddings:

9:K1—>K2and¢>:K2—>K1
gi +—  gib; hi —  hip;
for ¢ € N. From this we can see that 0o ¢ = o = 1. Thus K; = Ko
as claimed.

3. This follows by an obvious modification to the argument for . Take
K, = Ky = K. Take #; to be the given isomorphism with G its
domain. Then extend #; to an automorphism of K, as in Theorem

@). =

Theorem: 5.3.8 If M is a countable existentially closed group, and if G is
a finitely generated subgroup of M with Z(G) = 1, then Cyp(G) is isomorphic
to M.
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Outline of Proof: By Theorem (5.3.3), M is w-homogeneous. Cj/(G)
is countable, since M is. So show that Cj/(G) is w-homogeneous and that
Sk Ca(G) = Sk M. Then appeal to Theorem (5.3.7][2).

Proof (Cy(G) is w-homogeneous): Let H be a finitely generated sub-
group of Cy(G). Let 6 : H — Cp(G) be an injective homomorphism.
Claim 1:

HNG=HONG=1

Proof of Claim 1: For a contradiction, suppose that 1 £ h € H N G.
Then since h € H C Cy/(G), we have that hg = gh, Vg € G. We also have
h € G, so this implies that h € Z(G). Since h # 1, we have a contradiction
with Z(G) = 1. Therefore H NG =1 as claimed.

An analogous argument works to show that H§ NG = 1. 4 (Claim 1)

By the Claim 1, we have that:
(H,G) Hx G
(H),G) = HOxG

I

Thus 0 extends to a monomorphism 6: HxG — M , which fixes G
elementwise.

Claim 2: There exists k € M such that for all z € H x G, k™ 'ak = 6.

Proof of Claim 2: G and H are finitely generated subgroups of M. Since
H NG = {1}, and both are subgroups of M, we have that H x G is also a
subgroup of M. Therefore H x G and (H x G)é are isomorphic subgroups
of M. Form the HNN extension: M* = (M.t | t"Y(H x G)t = (H x G)d).
Then t € M* is a solution of:

Ve e (H xG), y oy = z0

Since G, H are finitely generated, this can be written as a finite system of
equations over M. Since M is existentially closed, we can find £ € M which
also solves the system. Thus the claim is proved. 4 (Claim 2)

Let g € G be arbitrary. Then notice that since 0 is the identity map for
all g € G, this implies that:

klgk = gé
= 4g
gk = kg

—k € Cu(G)
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Therefore 6 is the restriction of an inner automorphism of C/(G). This
shows that C/(G) is w-homogeneous, as required.

Proof (Sk Cy(G) = Sk M): Since Cy(G) C M, it is clear that Sk Cy(G) C
Sk M. Let F be a finitely generated subgroup of M. We want to show that
F € Sk Cy(G), ie. that F centralizes G. It suffices to exhibit an em-
bedding of F' into Cj/(G). This will show that Sk M C Sk Cp(G) and

complete the proof of equality.

Take any group F} = F' and form the direct product M x Fy. Then M x I}
contains a copy of F' < M and a copy of Fj. Since these subgroups of M x I}
are isomorphic, we may form the H NN extension M* = (M x Fy,t |t 1 Ft =
Fy).

Claim 3: ¢ 1Ft centralizes G in M*.

Proof of Claim 3: Any g € G < M clearly commutes with everything
in the copy of F; in M x Fj. But in the HNN extension, F} = t~1Ft.
Therefore g commutes with everything in ¢t~ Ft, completing the proof.
(Claim 3)

Therefore we have that t~Ft C Cp+(G). We still need to show that
t~1Ft C Cy(G). Notice that the t € M* is a solution of 271 Fax C Cy(G).
This can be expressed as a finite system of equations since both F and G
are finitely generated. Also, the solution ¢ lies in M x Fj, which contains
M. Since M is existentially closed, there must exist m € M such that
m~Fm C Cy(G). Conjugation by m is an automorphism of M, in partic-
ular it is injective. Therefore conjugation by m induces an embedding of F
into C' M(G)

This shows that Sk M C Sk Cp(G), and therefore Sk M = Sk Cp (G).

Thus by Theorem (5.3.7|2) we are done. W

Notation: A class H of groups will from now on be isomorphism closed,
i.e. any group isomorphic to a group in the class also lies in the class. Also,
we call ‘H trivial if it consists of precisely the groups with one element.

Definition: A class H of finitely generated groups is said to satisfy:

1. SC (Subgroup Closure): if whenever F' € H and G is a finitely gener-
ated subgroup of F', then G € H
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2. JEP (Joint Embedding Property): if, for any F,G € H, there exist a
group H € 'H and injective homomorphisms 6, ¢ such that 6 : FF — H
and ¢ : G — H.

3. AEP (Amalgamated Embedding Property): if, for any F,G,H € H,
and for any injective homomorphisms o : F' — G and § : ' — H,
there exist K € H and injective homomorphisms v : G — K and
0 : H — K such that ay = (9.

4. AC (Algebraic Closure): if whenever F' € H and S is a finite set of
equations defined over F' and soluble over F', then S is soluble in some
group G € ‘H that contains F.

Theorem: 5.3.9 Let ‘H be a non-empty class of finitely generated groups,
which contains at most a countable set of isomorphism types of groups. Then
H is the skeleton of a countable group if and only if it satisfies SC and JEP.

Outline of Proof: Just apply the definitions.

Proof (=): Let K be a countable group. Let H = Sk K. Then it is
clear that H satisfies SC.

Let FFGeH. Then FE Fi < Kand G2 Gy < K. Let H= <F1,G1> <
K. Then H is finitely generated. Therefore H € H. Also, there exist
monomorphisms 6 : F' — F} < H and 0 : G — G1 < H. Therefore K
satisfies JEP.

Proof («<=): Let H satisfy SC and JEP. Since H is countable, let
Gy, G, . .. be representatives of the isomorphism classes of H.

Let Hy = Go. Then inductively take H;11 to be a group in H in which
both H; and G;y; are embedded. We can always find such a group in ‘H
since ‘H satisfies JEP and H;, G;+1 € H. Identify H; with its embedding
in H;;1. Then form K = J;cn Hi.

Since each H; is countable, K is countable. By construction, every G;
embeds into K, therefore H C Sk K. Let F be a finitely generated subgroup
of K. Then, for some ¢, FF < H; € ‘H. In other words, Sk K C H. So we
have Sk K = H, and K is the required group. B

Theorem: 5.3.10 Let H be a non-empty class of finitely generated groups,
which contains at most a countable set of isomorphism types. Then H is the
skeleton of a countable w-homogeneous group if and only if it satisfies SC
and AEP.
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Outline of Proof: For (=), show that w-homogeneous implies SC' and
AEP.

To start the (<) direction, we show that if any non-empty class satisfies
SC and AEP, it satisfies JEP. Then by Theorem , H = Sk Ko,
for some countable group Ky. Here is the plan of attack for the rest of the
(«=) direction:

1. Fix any particular choice of a finitely generated group G < Kjp, an
element h € Ky, and a monomorphism 0 : G — K. Show that,
for this choice of triple (G, h, ), there exists a countable group Ko,
containing Ky, and a monomorphism 6 : (G,h) — Ky, such that 6
extends 6 and Sk Ko = H.

2. Show there exists a countable group Xy, containing Ky such that,
for every choice of a finitely generated group G < Kj, an element
h € Ky and a monomorphism 6 : G — K, there is a monomorphism
0 : (G, h) — X, extending 6. In , we showed that a K exists for
a particular choice of (G, h,0). Here we show that X, works for all
possible choices of (G, h,0) simultaneously. We show further that we
can choose X such that H = Sk Xj.

3. Show that there exists a countable group X, with Sk X = H, such
that for each finitely generated group G < X, element h € X, and
monomorphism 6 : G < X, we can find a monomorphism 6 : (G,h) —
X, which extends 6. So this X is the required countable w-homogeneous
group.

Proof (=): Let H = Sk X, where X is a countable w-homogeneous
group. Then H satisfies SC'. We now show that H satisfies AEP also.

Let F, G, H € H = Sk X be arbitrary. Then since there exist isomor-
phisms:

6 : F — N < X
gb G — G1 < X
v + H — Hy < X

Now suppose that we have embeddings:

a : F = G
6 : F — H

Then we have an embedding:

-6y : B — H < X
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Since X is w-homogeneous, we can extend the inverse of the above embed-
ding to:
51 - H 1 X

Similarly, we have an embedding:

0~ lap : F1 — G < X

Since X is w-homogeneous, we can extend the inverse of the above embed-
ding to:
Y1 o Gl — X

Let K = (H161,G1m1) < X. Let § = ¢0;1. Let v = ¢y1. Then we have:

6 : H — K
G — K

and

ay = 66 agm)

0
0 (07! Bor)
=1id

= 36
Therefore H satisfies AEP as required.

Proof (<): Suppose that H satisfies SC' and AEP. Since H is non-
empty and satisfies SC, we have 1 € ‘H. Let H,G € H be arbitrary. Let
F = 1. Then there exist monomorphisms « : F' — H and « : F' — G.
Since H satisfies AEP, there exists K € H such that G and H can both be
embedded in K. Thus H satisfies JEP.

Then by Theorem ([5.3.9)), we have that H = Sk K, for some countable
group Ky. Let G < Ky be finitely generated. Let h € Kg. Let 0 : G — Kj
be a monomorphism.

1. Since Kj is countable, we may write Ko as (J;cy Gi where each Gj is
finitely generated and

G,GO,{h} CGy CG1C Gy C -
Thus we get a sequence of embeddings:

G—-G -G —= - =G —>Gin

|

Go

1

76



Since H satisfies AEP, we can find a finitely generated group Go €
H and embeddings oy : Gy — Go and By : Gy — Go such that
fagy = [y. By induction, for each ¢ € N, we can find a finitely generated
group G’l € ‘H and embeddings «; : G; — G, and ; : Gi_l — CA}'Z such
that a;_10; = ;. Thus using AEP we can extend the above diagram
to a commuting ladder:

G [ GO 1 Gl 1 o 1 Gz 1 Gi+1 1
li aol all aii ai-&-ll
Go Bo Go B1 G B2 o Bi Gi Bit1 Git1 Bit2

where CATQ € H and ;811 = ajy1. ;1 Gy — GZ is an embedding. We
are free to replace G‘Z by an isomorphic G’j such that «; : G; — G‘j is
the identity map. Since H is isomorphism closed, and since é;“ ~ @G,
we then have that G’;" € H. So without loss of generality, we may
choose CA?Z so that @; = 1. Then 3; = 1, for ¢ > 1, and 0 is the
restriction of Gy to G.

Take 6 to be the restriction of 3y to (G,h) < Gy. Let Ko = Uien Gi.
Then 0 : (G, h) — Ky is a monomorphism which extends 6. By con-
struction, Ky is countable.

We claim that Sk Ko = H. H = Sk Ky C Sk Ky, since Ko < Kj.
Also, each GG; € ‘H. Therefore Sk Ky C ‘H. So we have that Sk Ko = H
as claimed. Thus the first stage is complete.

. There are only countably many triples (G, h,0) with G < K| finitely
generated, h € Ky, and 6 : G — K3 a monomorphism. We may list
these triples:

(Go, ho,00), (G1,h1,601), (G2, h2,62),...

Now construct K; = Ko as in Theorem , so that 0y : Gy — K
extends to 0y : (Go,ho) — Ki. Then 0; : G; — Ky < K;. Thus
we can construct Ko = K7 as in Theorem , so that 01 extends to

91 : <G1,h1> — Kg.
By this process we construct a sequence of groups:

KoCKiCKyC---

each of which is countable and such that Sk K; = H, Vi. Let Xo =
UieN K;. Then Xj is countable and Sk Xy = H. Further, for each
finitely generated group G < Kjp, and each h € Ky, each monomor-
phism 6 : G — K extends to a monomorphism 6 : (G,h) — K; < Xy,
since every finitely generated subgroup of Xy lies in some K.
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3. Now Xy is countable and so there are only countably many triples
(G, h,0) such that G < X is finitely generated, h € Xy, and 6 :
G — Xy is a monomorphism. So as in Theorem , we can con-
struct a countable group X;, with Sk X; = H and such that, for any
triple (G, h,0) as above, the monomorphism 0 : G — X extends to a
monomorphism 6 : (G, h) — X].

We can do the same with X; as in , to get a countable group
Xo, with Sk Xy = H and such that, for each G < X; and each
h € X1, each monomorphism 6 : G — X; extends to a monomorphism

~

0 :(G,h) — Xo. In this way we construct a sequence:
XoCX1CXoC -

of countable groups, such that Sk X; = 'H, for each 1.

Let X = [U;enXi- Then X is countable. Also, Sk X = H. If
G < X is a finitely generated group, if K € X, and if 0 : G — X is a
monomorphism, then there exists ¢ such that G, G6, h all lie in X;. By
construction, there exists a monomorphism 6 : (G,h) — X;4+1, which
extends 0 : G — X;. Thus X is w-homogeneous. W

Theorem: 5.3.11 If'H is a non-trivial non-empty class of finitely generated
groups that consists of at most a countable set of distinct isomorphism types,
then H is the skeleton of a countable existentially closed group if and only
if it satisfies SC, JEP and AC.

Outline of Proof (=): This is straightforward since existentially closed
groups are algebraically closed.

Outline of Proof (<=): Show that H satisfies AEP. Use Theorem
(5.3.10)) to obtain a countable w-homogeneous group K such that H = Sk K.

Then show that K is algebraically closed. Since K is non-trivial, this implies
by Theorem ([5.3.1)) that K is existentially closed.

Proof (=): Let M be a countable existentially closed group. Let H =
Sk M. The skeleton of any group must satisfy SC and JEP. So we just
have to show that H satisfies AC' also.

Let FF € H. Then F is isomorphic to some subgroup F; < M. Let S be
a finite set of equations defined over F'. Let S be the corresponding set of
equations defined over Fj. If S is soluble over F', then &7 is soluble over
F1, say in G;. Then S is soluble over M (for example in M *p/nq, G, the
free product of M and G; with amalgamated subgroup M N Gy). Since M
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is existentially closed, this implies that S is soluble in M. Therefore S is
soluble in a finitely generated subgroup (say Hj) of M containing F;. Let
H be a group containing F' that is isomorphic to Hy. Then S is soluble in
H. Also, H € H. Therefore H satisfies AC as required.

Proof («<): Let H satisty SC, JEP and AC.
Claim: H satisfies AEP.

Proof of Claim: Let F,G,H € H be arbitrary. Let a : F' — G and
B : F — H be monomorphisms. Since H satisfies JEP, there exist some
Ki € H and monomorphisms 6 : G — K; and ¢ : H — K;. Then Faf and
F 3¢ are isomorphic subgroups of Kj.

Since F' is finitely generated, write F' = (fi,..., fn). Then since Faf =
FpB¢, we may form the HN N extension:

Ki = (Ky,t [t (Fab)t = FB¢)
Then the finite set of equations:
T ={z Y (fiab)x = fifp:1<i<n}

is soluble in K7.

Since H satisfies AC, there exists some K € H such that K contains K7
and K contains an element k such that k~!(fiaf)k = f;B¢, for 1 < i < n.

Define the following map:

p GO — K
g0 = k7l (gO)k

Then p is a monomorphism which sends Faf to F3¢. Define v = 8p and
0 = ¢. Then v and § are monomorphisms and for each f € F, we have:

fay = fa(bp)
= kY(fab)k
B¢
= fBo

Therefore, we have that oy = 30 and H satisfies AE'P as claimed. 4 (Claim)

Then by Theorem (|5.3.10)), there exists a countable w-homogeneous group
K such that Sk K =H.
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Let S be a finite set of equations defined over K. Then § is also a set of
equations over some finite subgroup F' < K. Since H satisfies AC, there is
then some subgroup G € H that contains F', such that S is soluble in G.

Now G is isomorphic to some GO < K. Since K is w-homogeneous, the
monomorphism (0]z) " : F§ — K extends to a monomorphism 0 : GO —
K, so that 00 fixes F elementwise. Since G 22 G0, The set S is soluble in
G= G@é, and hence in K.

This shows that K is algebraically closed. But K # 1, since H contains
some non-trivial group. Therefore, by Theorem (j5.3.1)), K is existentially
closed, as required. W

Theorem: 5.3.12 There exists a locally finitely presented countable exis-
tentially closed group.

Outline of Proof:
1. Let 'H be the class of finitely generated subgroups of finitely presented

groups.
(a) Show that H satisfies SC.
(b) Show that H satisfies JEP.
(c) Show that H satisfies AC.

(d) Show that H contains at most countably many isomorphism types.

Then appeal to Theorem ([5.3.11]) to obtain a countable existentially
closed group M such that Sk M = H.

2. Show that M is locally finitely presented.

Proof:

1. Let H be the class of finitely generated subgroups of finitely presented
groups.

(a) Then H satisfies SC.

(b) Let A, B € H be arbitrary. Let G, H be finitely presented groups
containing A, B respectively. Then the direct product X = Ax B
is a subgroup of G x H, which is finitely presented. Therefore
X € H. There are natural embeddings 0 : A — X and ¢ : B —
X. Therefore ‘H satisfies JEP.

(c) Let A be any finitely generated subgroup of a finitely presented
group G. Let S be any finite set of equations defined over A
which are soluble in L > A. Let {Z1,...,T,} C L be a solution
to S lying in L. Let:

H:<A,h1,...,hn | w(hl,...,hn)zl, Vw(ml,...,xn) ES)
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It is clear from construction that H contains a solution to S.
We are done if we can show that H € H. Since S is soluble in L,
there is a homomorphism:

Since A < L, the map 6|4 is an embedding. Therefore we may
regard A as a subgroup of H.

Form F = H x4 G, the free product of H and G amalgamating
A. Then F is finitely generated.

Claim: F is finitely presented.

Proof of Claim: Since F is finitely generated, it suffices to
show that the relations defining F' are finite. Define:

i. I' = {defining relations for G} (finite by assumption)
ii. Q = {defining relations for A as a subgroup of H} (finite
since A is a subgroup of the finitely presented group H)
iii. A = {relations identifying generating elements of A in G with
the corresponding elements of A in H when we amalgamate}
(finite since A is finitely generated)

Notice that €2 is then a consequence of I' US. So for defining
relations of F' we may take ' US U A. This is a finite set, and
the claim is proved. - (Claim)

Therefore FF > H is finitely presented. Therefore H is also
finitely presented. In other words, H € H. Therefore H satisfies
AC.

(d) Up to isomorphism, there are at most countably many finitely
presented groups. Each finitely presented group has at most
countably many finitely generated subgroups. Therefore H con-
tains at most countably many isomorphism types.

Therefore by Theorem ([5.3.11)), there is a countable existentially closed
group M such that Sk M =H.

2. Let A be any finitely generated subgroup of M. We have to show that
A is finitely presented.
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Since A is finitely generated, A € Sk M. Therefore A € H. By the
definition of H, there exists a finitely presented group G > A. Since
G is a finitely generated subgroup of itself, we have that G € H. Then
(G is isomorphic to some subgroup G; of M. Then A is isomorphic to
some subgroup A; of G;.

Since A and A; are isomorphic subgroups of M, we can find an
HNN extension of M in which y~!A;y = A, for some y. Since A is
finitely generated, we can view the element y as a solution to a finite
set of equations defined over M. Since M is existentially closed, this
implies that we have an # € M such that = !4z = A.

Then since A; < GG1, we have that:

A = 2 "Ax
— A C e
~———

finitely presented

Therefore A is finitely presented as required. A was chosen arbitrarily,
therefore all finitely generated subgroups of M are finitely presented.
In other words, M is locally finitely presented.

Since M is countable, it is equal to the union of its finitely generated
subgroups. By the above, M is equal to the union of its finitely pre-
sented subgroups. Thus the finitely presented subgroups of M form
a local system. Therefore M is a countable locally finitely presented
existentially closed group.

5.4 An Existentially Closed Group Cannot An-
swer our Question Positively

In this section we demonstrate why existentially closed groups cannot
answer our original question positively.

By Theorem (5.3.2][2)), an existentially closed group G contains a copy of

every finite group. In particular, G contains copies of Co, C3,CYy,.... From
this it is clear that G contains elements of arbitrarily high order. Then
for all kK =1,2,3,..., there is no uniform bound on the size of k-generated

subgroups of G.

By Theorem , any group with finitely many (k+1)-conjugacy classes
has a uniform bound on the size of its k-generated subgroups. Therefore
there is no way that an existentially closed group G can answer our question
positively for any k.
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The property of being w-homogeneous is weaker than the property of being
existentially closed. Therefore it might be possible to construct a positive
answer by starting with an w-homogeneous group which is not existentially
closed. It remains unclear at this point how to continue the construction of
such a positive answer.
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Chapter 6

Engel Groups

6.1 Introduction

Engel groups are connected with this problem because of some partial
results we have already obtained using the extended commutator notation
defined in section 2.1.71

6.2 Commutator Identities

Commutator Identities: 6.2.1 Let G be a group. Let x,y,z € G. Then:

1. [z,y] = [y, 2]

2. [zy, 2] = [z, 2]y, 2] and [2,y2] = [z, 2][z, y]?
3. [zy ) = (le,y ) and [27hy) = ([w,y) )7
4. [z,y~ 1 2y, 271 2]z, 271 y)® = 1 (Hall-Witt identity)

where xV¥ denotes x conjugated by y: vy~ lxy.

Outline of Proofs: Apply the commutator definitions above to get the
desired results.

Proof:
1.

2]t = (ylaya)!

I
8
N
&
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[zy,2] = (zy)"'(2) " (2y)(2)

[z,yz] = (2)"'(y2)" (@) (y2)

a2z e Yy ey

= (z7lz7lz2)z Y ay ey

—1

([z,y)” )™ = (@ ay)® )7
1, -1

4. Let:
(a) u=zzz~lyx.

(b) v =yxy tzy.

(c) w = zyz"laz.

Then:

(a) [z,y71,2)Y = uto.
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() [y, 274 2)* = v 1w,
Lyl

(c) [z, 271 y]® = wtu.
The identity is then obvious. B

Commutator Automorphism Identity 1: 6.2.2 Let G be a group. Let
a,b € G. Let a € Aut(G). Then:

a([a, b]) = [a(a), a(D)]
Proof:

a[a,b]) = a(a b lab)
1

I
e
—~ o~
@\
—
~—
e

I
e

Remark: Notice that this result tells us that in any group G the derived
subgroup is always fully invariant, i.e. fixed by any automorphism of G.

Commutator Automorphism Identity 2: 6.2.3 Let G be a group. Let
a,b e G. Let a € Aut(G). Then, for any n:

a([a, nb]) = [a(a), na(b)]

Proof: This is immediate from Commutator Automorphism Identity 1
(6.2.2)), and the definition of the extended commutator. B

6.3 Engel Elements

Definition (Engel Element): Let G denote a group, and g € G denote
any element. Then g is a right Engel element <= for each x € G, there is a
positive integer n = n(g,x) such that [g, ,z] = 1. The element g is called
right Engel element and the = appears on the right.

If n can be chosen independently of x, the g is a right n-Engel element of
G (or less precisely a bounded right Engel element). The sets of right Engel
and bounded right Engel elements of G are denoted respectively:

R(G) and R(G)

Left Engel elements are defined similarly. The sets of left Engel and
bounded left Engel elements of G are denoted respectively:

L(G) and L(G)
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Claim: The above 4 subsets are invariant under all automorphisms of G.

Outline of Proof of Claim: We show the details for the case of a right
Engel element only, as the other cases are analogous. Show that for an
arbitrary right Engel element and an arbitrary automorphism, the image of
the element under the automorphism is again a right Engel element.

Proof of Claim: We show the details for the case of a right Engel element
only, as the other cases are analogous.

Let r € R(G) be arbitrary. r is a right Engel element. Let a € Aut(G)
be arbitrary. We need to show that a(r) € R(G), i.e. that a(r) is a right
Engel element.

Let z € G be arbitrary. Consider [r, ,a~!(z)]. Notice that:
(a € Aut(@)) = (o' € Aut(Q@))

Therefore:
(re€G)= (a ' (z) €Q)

Since r is a right Engel element, we know that there is some n such that:
[r, na™H(@)] =1

Apply « to this equation to obtain:

a(fr, na”'(@)]) = o1)
[a(r), na(aY(z))] = 1, by Commutator Automorphism Identity 2 (6.2.3)
[a(r), nz] = 1

showing that «(r) is also a right Engel element, as required. B

Remark: It is not yet known whether these 4 subsets are always subgroups
of G.

The following is a straightforward consequence of Commutator Identity
(6-2-1R):

Lemma - Commutator Identity: 6.3.1 Let G be any group. Let a,b €
G be any elements. Then [ab,a] = [b, al.

Theorem (Heineken): 6.3.2 In any group G the inverse of a right Engel
element is a left Engel element and the inverse of a right n-Engel element
is a left (n+ 1)-Engel element. Thus:

R(G)"' C L(G) and R(G)~' C L(G)
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Outline of Proof:

1. Assume g~}

is a right n-Engel element.
2. Show that this implies g is a left (n + 1)-Engel element.

3. Then both parts of the conclusion follow.

1

Proof: Let z,g € G. Assume g~ is a right n-Engel element. In other

words, [¢g7',,2] = 1,V € G. Then using the commutator identities we
obtain:
[Zmi19] = [[z,9]nd]
[Zmirg] = [lg "2yl
Since:
[z, g] v g g
= (9'g)z g g
I I |
= g (927 g 2)g
= g 'lg7 " 2lg
- [g—l’x}g
Then:
{xm—&-l g] - [[gi 7x]g7’n g]
[Zmi19] = (978 2]m g]? since conjugation by g does not af fect g
[Zmt19] = (99" " m gl
Since:
997" = glg7")"
= g:z_lg_lx
- [gilam]
Then:
[Zns19] = [99 " mgl?
[Tmr19] = [9%ngl

Since (by [6.3.1)):

l9g~

xT

mgl = [-llgg”

= [--[llg™" gl,9),9]---g] by (6.3.1
_—




So we finally obtain that:

[xﬂl-‘rl g] = [g_xa’n g]g
Now, g~! is right n-Engel, by hypothesis. So in particular,
_ -1
g ng® ] = 1
= 9" mg] =1
conjugate by x
= 9"yl =1
conjugate by g
— [Zmi19] = 1

argument above

Then [¢g7%,, 9] =1 = [2,n+1 9] = 1. The result now follows. B

Remark: It is still an open question whether every right Engel element is
a left Engel element.

6.4 Engel Groups

Background: Engel groups are useful because they are a generalization
of nilpotent groups which are not locally nilpotent.

The origins of Engel groups lie outside of group theory, in the theory of
Lie rings.

Definition: (Engel Group) Let G denote a group. If G = L(G) = R(G),
then G is an Engel group.

Remark: Every locally nilpotent group is an Engel group. The converse
is false, as shown by an example of Golod [2].

Definition (n-Engel Group): Let G denote a group, and n denote a
positive integer. Then G is an n-Engel group < [a, ,b] = 1,Va,b € G.
In other words, every element is both a left and right n-Engel element.
Observe that a nilpotent group of class n is an n-Engel group. Also observe
that n-Engel groups need not be nilpotent.

Definition (Bounded Engel Group): A group is a bounded Engel group
if it is n-Engel for some n.
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Other Nice Facts:
1. 0-Engel groups have order 1.
2. 1-Engel groups are precisely the abelian groups.

3. 2-Engel groups are structurally more complex. In particular, every
group of exponent 3 is a 2-Engel group. For a proof refer to [17],
Theorem 12.3.5.

Before proving that a finite Engel group is nilpotent, we need to recall
one useful result.

Theorem: 6.4.1 If all the proper subgroups of G are nilpotent, then G is
solvable.

Proof: Refer to Theorem 6.5.7 (iv) on p. 148 of [20]. W

Theorem: 6.4.2 A finite Engel group is nilpotent.

Proof: Let G be a finite Engel group. Notice that every subgroup and
every quotient group of G is therefore an Engel group. Let |G| = n. The
proof is by induction on n.

Base (n =1): The trivial group is clearly nilpotent.

Induction (n > 1): By Theorem (6.4.1)), we have that G is solvable. In
particular, G has some non-trivial abelian quotient. Since in any group G/G’
is the largest abelian quotient, we then have that G/G’ is a non-trivial finite
abelian group. Therefore we can find some normal subgroup H* <1 G/G,

’
where G[f is cyclic of order p, for some prime p.

By the correspondence theorem, we may pull H* back to H <« G. Then
we have that G’ < H and G/H is cyclic of order p. Moreover:

G| = |G/H]|-|H]
——
=p
= | |G

If G is a p-group, then we are done since finite p-groups are nilpotent. So
for the rest of the proof assume that G is not a p-group.

Since G is not a p-group, there exists another prime ¢ such that ¢| |G|.
Then ¢ must divide |H| since |G| = |G/H|-|H|, and p and ¢ are distinct
~——

=p
primes.
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H is a proper subgroup of GG, so the induction hypothesis applies to H.
Since H is nilpotent, H is a direct product of its Sylow subgroups. In
particular, all the Sylow subgroups of H are normal, therefore unique in H.
Let @ < H be the unique Sylow g-subgroup of H. Notice that () is then a
characteristic subgroup of H.

Z(Q), the centre of @, is a characteristic subgroup of Q. Since @ is a
characteristic subgroup of H, Z(Q) is also a characteristic subgroup of H.
Also, since H is a direct product of its Sylow subgroups, Z(Q) < Z(H).

We are finished if we can show that Z(G) # {1}. If G has a non-trivial
centre, then |G/Z(G)| < |G|, so by the induction hypothesis, G/Z(G) is
nilpotent. Then we can construct the normal series for G/Z(G), pull back
to G via the correspondence theorem, then add the group Z(G) at the start
of the series to complete the series showing that G is nilpotent.

Notice that since @) is a non-trivial g-group, it has a non-trivial centre:
Z(Q) # 1. So there exists a non-trivial h € Z(Q)\{1}. Since Z(Q) < Z(H),
this h € Z(H), i.e. h commutes with everything in H.

If h satisfies [h,g] = 1, then h also commutes with g, therefore with
g. Then since h commutes with everything in H, and commutes with the
generator g of G/H, we have that h commutes with everything in G, i.e.
h € Z(G). If this happens then we are done.

For a contradiction, suppose that Vh € Z(Q) \ {1}, [h, 9] # 1. Now:

h.gl=0"_ g 'hg

€Z(Q) ez(Q)

with the second containment holding since conjugation by g induces an
automorphism of H and Z(Q) is characteristic in H. Then [h,g] € Z(Q) \
{1}. Then by assumption:

[ [hg] .9l # 1
—~—
€Z(Q)\{1}
[h7 29] ?é 1

[h, mg] # 1, Ym

This contradicts the hypothesis that GG is an Engel group, and we are
done. W
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6.5 How Engel Identities Relate to Our Original
Question

A group which answers our original question positively for k£ = 2 must
satisfy the condition on extended commutators from Theorem . So
there is an identity similar to that satisfied by Engel elements, which must
hold in any group which answers our question positively.

It remains unclear how to use this fact to construct a group which has all
the needed properties to answer our original question positively. In partic-
ular, the connection between Engel groups and the other properties which
a solution must have is difficult to see.

Further investigation can be done into locally finite groups satisfying an
Engel condition.
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Chapter 7

Conclusion

7.1 Summary of Implications between Classes of
Groups

Here we take the opportunity to record the implications that link all the
important properties of groups we have investigated.

algebraically closed

T

existentially closed

4

w — homogeneous

We also have:

Theorem: 7.1.1 Restricting to the class of locally finite existentially closed
groups,

universal locally finite <= existentially closed and locally finite

Outline of Proof (=): Obtain a finitely generated locally finite exten-
sion of our base group in which a solution exists. Then, since this extension
is a finite group, it can therefore be embedded into the universal locally
finite group.

Outline of Proof (<=): By Theorem (5.3.2), an existentially closed
group contains every finite group. Form the HN N extension which makes
a pair of finite isomorphic subgroups conjugate. Then since our group is ex-
istentially closed, an element which conjugates one subgroup onto the other
must lie in the group itself.
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Proof (=): Let U denote a universal locally finite group. Let S denote a
finite set of equations and inequalities defined over U. Let G be the subgroup
of U generated by all the coefficients that appear in §. Then since S is finite,
G is finitely generated, therefore finite. We may regard S as being defined
over G.

Suppose there is a locally finite group H > U where a solution to S exists.
Then H > G also. Since S is finite, we may list the variables appearing in
S:

{z1,...,2m}

Then there exist hq,...,h;, € H such that if we put 1 = hy,...,Tm =
hm, then every equation / inequality in S is satisfied in H. Take:
G'=( G ,hi,....,hp, ) <H

finite finitely many

Then it is clear that S is soluble in G*. Also, G* is a finitely generated
subgroup of the locally finite group H. Therefore G* is finite.

Since G < U, let § : G — U be an embedding. Since G < G*, by Theorem
(3.3.1{[2) we have that 6 extends to an embedding 6* : G* — U. Then S is
soluble in U. This shows that U is existentially closed, as required.

Proof (<=): We have that a locally finite group U is existentially closed.
We want to show that U is a universal locally finite group.

By (5.3.2)), an existentially closed group contains every finite group. Let
A, B be finite subgroups of U, with 6 : A — B an isomorphism. Since A, B
are finite, we may write:

A = Hay,...,an}

B = {by,...,bn}
= {a1b,...,a,0}
We seek a t € U such that:
by = t lagt
by = tilagt
b, = t ta,t
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Form the HN N extension:
U*=(U,t|0(A) =t LAt

Then U* is an extension of U containing a solution to our system of equa-
tions. Since U is existentially closed, we therefore have a solution t € U.
Thus U is universal as required. B

An Example to Show the Restriction to Locally Finite Existen-
tially Closed Groups is Required in Theorem : Let § =
{x71b%2 = b3, [x71bx,b] # 1}. We shall demonstrate that S has a solution
in a non-locally finite group, but in no locally finite group.

Proof that a Solution Exists in a non-Locally Finite Group: Let
G = (b) = C. Then since (b) is infinite cyclic, so are (b?) and (b?).
Moreover, the following map is an isomorphism:
0 : (%) — (%)
¥ - b

So we may form the H NN extension:

H=(G,t |t 'v*t =0b%)

Then, in H we have t~'b?t = b3. Therefore taking = t, we have a
solution to the equality of S.

Notice that:

[t710t,0) = (¢ ot)H(b) (ot (b)

= (') (bt et)(b)

= ¢~ un
R A A kS At S S
D N e e g
go t=1 @1 t g2 t—1 g3 t g4

The only g; that lies in either of (b*) or (b3) is go = 1. Therefore this
sequence is reduced. Therefore by Britton’s Lemma (5.2.3)), we have that

[t~1bt,b] # 1 in H, as required. So o =t is a solution of S lying in H. H is
clearly not locally finite, so this part of the example is complete.

Proof that No Solution Exists in a Locally Finite Group: Suppose
for a contradiction that a solution z = a of § exists in some locally finite
group G. Then since b € G, |b| = m < co. Then:

m

= cems
GCD(2,m)
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m

Pl = o
GCD(3,m)
|a_1b2a| = |b2|
So since a 'b’a = b
|a_1b2a| = |b3|
m m

GCD(2,m) GCD(3,m)

GCD(3,m) = GCD(2,m)
1or3 1 or2
GCD(3,m) = GCD(2,m)=1
v? = b’ =m

So we have that |b| is not a multiple of 2 or 3. From the above facts, we
can show that (b?) = (b). (b?) C (b) is clear. Since we showed above that
|b2| = m = |b|, the subgroup (b*) cannot be properly contained, and we
must have that (b?) = (b). The same argument gives us that (b3) = (b) also.

Since (b%) = (b), we have that b € (b%). Write b = (b?)! for some I. Then

we have:

atba = o (0M)a
— (a—lb2a)l
— b?)l
:>(a_1ba> = (bSl>

Then since a~'ba = bF for some k, we have that a~'ba commutes with b,
in other words [a~'ba,b] = 1. We have reached a contradiction, completing
the proof.

The second part of this example has shown that no solution to S can
exist in any locally finite group. In particular, any existentially closed group
containing G = (b) = Cw is not locally finite. So to sum up, the restriction
to the class of locally finite existentially closed groups is critical for the
equivalence in Theorem to hold.

7.2 Conclusion

Although we have not yet obtained a positive answer to our problem, or a
proof that no positive answer could exist, we have explored some interesting
classes of groups which may ultimately yield an answer in the future.
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The investigation will continue, in particular in the following areas:

1. proper subgroups of U, the countable universal locally finite group
2. bounded HN N extensions

3. w-homogeneous groups

4. locally finite groups satisfying an Engel condition
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