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ABSTRACT

Coding devices in Peano arithmetic (PA) allow complicated finite objects such as groups
to be encoded in a model M E PA. We call such coded objects M-finite. This thesis
concerns M-finite abelian groups, and counting problems for M-finite groups. We define
a notion of cardinality for non-M-finite sets via the suprema and infima of appropriate
M-finite sets, if these agree we call the set M-countable.

We investigate properties of M-countable sets and give examples which demonstrate
marked differences to measure theory. Many of the pathologies are related to the arith-
metic of cuts and we show what can be recovered in special cases. We propose a notion
of measure that mimics the Carathéodory definition.

We show that an M-countable subgroup of any M-finite group has an M-countable
transversal of appropriate cardinality.

We look at M-finite abelian groups. After discussing consequences of the basis theorem
we concentrate on the case of a single M-finite group C(p*) and investigate its external
structure as an infinite abelian group. We prove that certain externally divisible subgroups
of C(p*) have M-countable complements. We generalize this result to show that dG, the

divisible part of G, has an M-countable complement for a general M-finite abelian G.
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CHAPTER 1
INTRODUCTION TO MATERIAL AND

REVIEW OF LITERATURE

1.1 Preliminaries

We shall outline in this section the areas that we explore in this thesis. The material
is divided into three parts; M-countable sets, results on transversals and nonstandard
Lagrange’s theorem, and nonstandard abelian groups. We shall briefly describe the work
carried out in each part, why we are interested in doing so, and cite analogies with previous
work in the literature wherever appropriate.

Throughout, M will be a nonstandard £-structure satisfying Peano Arithmetic (PA)
where L, is the usual first order language with +, -, <, 0, 1. For background on models of
PA see Kaye [8]. For a statement ¢ in this language we write M E o for ‘o is true in M.

Throughout this thesis, lower case Roman letters range over elements of M, internal
subsets of M, or the extensions of such objects (taking care in situations where this might
lead to confusion). Upper case roman letters refer to subsets of M that may or may not
be M-finite. It will be stated which if not clear from context. When X is M-finite we

will write | X| to mean the number of elements of X in M.



The natural numbers of M contain all of the standard natural numbers and other
nonstandard natural numbers. We use N to denote the set of standard natural numbers
and w for all the natural numbers of M, and we may assume that N is an initial segment
of w™. The reader is directed to the definitions and results section of this introduction

for more details on this and why these are valid assumptions.

1.2 M-countable Sets

The material presented in chapter 2 will appear in a forthcoming paper by Kaye and
Reading. The results given here are not intended to be a complete account of the theory
but rather they lay the foundations for the remainder of the thesis.

The idea of M-countability here is motivated by the observation that a bounded
external subset X of M can be approximated by internal sets x C X C 2/ and some
measure of the ‘size’ of X can be gained. The sizes of the internal sets x, 2’ are simply
their cardinality in the sense of M, and thus the inner and outer ‘measures’ of X are cuts
corresponding to the supremum of |z| over all internal  C X, and infimum of all |2| over
all internal 2’ O X. In the case that X is M-finite the upper and lower cardinalities of X
are simply equal to |X|. The idea of what we call here M-countability appeared in John
Allsup’s PhD thesis [1] and the author acknowledges that work. What we do here builds
on and extends Allsup’s work. It is written with the benefit of a better understanding
of the arithmetic of cuts [9] for which the author’s supervisor Richard Kaye must be
acknowledged.

The idea is a modification of Loeb’s construction of measure in nonstandard analysis.
The reader is directed to Nonstandard Analysis and its Applications pages 27-34, [5], for
more information on Loeb measure. Whilst there are some analogies with Loeb measure
the notion of M-countability defined here is somewhat more awkward. The Loeb construc-

tion gives rise to an algebra of sets, the so called Loeb Algebra; whilst the M-countable



sets do not form an algebra. Indeed we present results showing that even in the disjoint
case M-countable sets X and Y can turn out to have non M-countable union, X UY.
The situation for intersections is also complex and we give an example to show that X NY
where X is M-countable and Y is M-finite is not necessarily M-countable. Nevertheless
we show that under certain conditions we can be sure that such X NY is M-countable
for M-countable sets X and Y. On the other hand, by choosing to measure only to a
degree of approximation corresponding to a given cut I one can, by a trick analogous
to Carathéodory’s, give a family of satisfactory measures with algebraic closure. This is
the subject of section 2.3, and in some sense is analogous to Hausdorff measure, which is
measure relative to a pre-chosen fractal dimension.

In one of the theorems in chapter 3 we shall need to make the assumption that two M-
countable sets are separable in a certain sense. This motivates the study of separability in
this chapter, and we give an example to show that not all M-countable sets are separable.
However there are also plenty of examples of M-countable sets that are separable and this
helps to justify the use of the assumption later on.

A detailed study of M-countable functions is carried out in the forthcoming paper on
M-countability. The results given there are not needed for this thesis and so we omit
M-countable functions.

Whilst there are some difficulties with this theory of M-countable sets there are also
several things which are natural about it. The theorems on transversals in chapter 3
are very natural and the fact the cardinalities turn out as expected provides justification
for this approach. The first of the transversal theorems is proved without the need for
any additional assumptions (other than countability of M), a result which lends credence
to the notion. The subgroups that arise naturally in chapter 4 also turn out to be M-
countable in the sense studied in chapter 2. Monotonically definable sets are external sets

that can be defined by varying a parametrised formula over a cut. Thus the resulting set is



a monotone union or intersection of definable sets. We show that monotonically definable
sets are M-countable (the converse is not true in general). Another good reason for using
this notion of M-countable is that a rich class of sets turn out to be M-countable. The
most natural examples of all, the initial segments, have cardinality equal to themselves.
Although not all subsets of M are M-countable, any subset has a lower and an upper
cardinality even if they are not the same. Much of the work we do on M-countable
sets can be applied to the upper and lower cardinalities separately and so in a sense is

applicable to any subset of M.

1.3 Results on Transversals and Nonstandard Lagrange’s

Theorem

In chapter 3 we shall apply some of the ideas of chapter 2 to groups. We take a nonstandard
model M E ZF* — inf (Zermelo-Fraenkel set theory with the axiom of infinity negated
together with the axiom of transitive containment). This theory is equivalent to PA (see
the definitions and results section) and so we may regard M as being a model of PA also.
Our model M will often be countable, but sometimes not. Of course the theory ZF — inf
is strong enough to describe complicated finite objects, such as finite groups. Therefore
it makes sense to consider an object G € M which, as far as M is concerned, is a finite
group of size n. We say G is an M-finite group.

To motivate this study of M-finite groups in nonstandard models we define the notion
of LEF group. The reader is directed to Pestov and Kwiatkowska [14] for more infor-
mation. A group G is said to be locally embeddable into finite groups (a LEF group,
for short) if for every finite subset F' C G there is a partially defined monomorphism
1: FUFF — H for some finite group H. It is the case that any countable LEF group is a
subgroup of some M-finite group G for M E Th(N). This means that our abstract study

could potentially be used in the future to say something about LEF groups in general.
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G may have an interesting external subgroup H. By external we mean that the
underlying set of H is not M-finite but H is closed (in an external sense) under the group
operation of G. We will be particularly interested in the case when the underlying set
of H is M-countable and we begin the chapter by proving a closure condition on the
cardinality of such H.

We define the index of a subgroup H in an M-finite group G and then prove some
basic results in the case when that subgroup is M-countable. Some of this work has
analogies with this paper: On the orbit-sizes of permutation groups containing elements
separating finite subsets [3]. Indeed we prove a combinatorial lemma which is essentially a
nonstandard version of a result found in that paper i.e. here we allow the sets concerned
to be M-finite rather than actually finite.

In the case that M is countable we generalize the results to construct an M-countable
transversal, T', for H in G under the assumption that G is an M-finite group, and H C G
is an M-countable subgroup. We construct the transversal by an external induction on N
carefully ensuring that 7" has all the desired properties by including suitable conditions in
the inductive hypothesis. T is constructed to be M-countable and the cardinality turns
out to be what one would expect |G|/, where I = card(H) is the cardinality of H. The
assumption that M is countable is vital for the proof as we carry out various enumerations
by omega sequences during the construction. All the lemmas required for the proof are
true in the uncountable case but it is an open question whether the theorem holds in
this case. This theorem is motivated by the links with the work on nonstandard abelian
groups and also provides some justification for the abstract study of M-countable sets (in
this sense) in first chapter.

We prove two propositions showing that it is also possible to violate the M-countability
of a transversal T under the same set up as above. The first proposition shows that there

is no restriction (other than obvious ones) on the lower cardinality of such a 7. The



second proposition does something similar for the upper cardinality. Between them, these
results strengthen the transversal theorem because they imply that the careful inductive
construction really was necessary in order to ensure M-countability.

The last theorem in this section is a generalization of the original transversal theorem.
Here we assume G is an M-finite group and H < K < G are M-countable subgroups
with card(H) = I C J = card(K). We show that under certain assumptions there is a
M-countable transversal T for H in K and that card(7") = J/I for a certain definition
of J/I. The result here is sensitive to the definition of J/I, and also to technical concerns
about the ‘separability’ of the underlying sets of H and K. The latter is a motivation
for brief study in the next chapter. As before, we also need the assumption that M is
countable.

These theorems are closely related to, and provide motivation for, the work on M-

countable complements in chapter 4.

1.4 Nonstandard Abelian Groups

We look at nonstandard finite abelian groups in a nonstandard model of arithmetic. The
set up here is analogous to that already discussed except that the M-finite group a is
additionally assumed to be abelian. There will be such internal abelian groups of some
nonstandard size n in a definable class &/ whenever the model M contains arbitrarily
large standard abelian groups in /. This is due to the principle known as overspill - see
the definitions and results section. Therefore we may assume the number n describing
the size of a is nonstandard, and we may additionally assume that a is a member of any
particular definable class & provided it satisfies the overspill requirement. The group a
can then be regarded externally as an abelian group A in its own right. Its underlying set
is the set of objects x in M such that M F x € a and its addition operation is defined by:

x 4y is the object in M that M thinks is the sum of  and y in a. The external group A



is an infinite abelian group and its structure can be investigated.

We fix an M-finite abelian group a in M of nonstandard size n € w™, and let A be
the group a viewed from outside the model. Some further assumptions on M, a or n, such
as which class of groups the group a belongs to, will be made in the different sections of
the chapter.

We investigate which aspects of A depend on the choice of a and M and which instead
follow from the finite nature of a. As an example of the latter we prove the following easy

theorem.
Theorem 1.4.1 If A is torsion-free then it is divisible.

Proof. Fix m € N and consider the map f,,: A — A defined by y — my. This is 1-1
since if my = mz then m(y — z) = 0 so y = 2z as A is torsion-free. But f,, is a definable
map of an M-finite set to itself in M. Therefore since f,, is 1-1 it is onto, so for each

x € A there is y € A such that z = f,,(y) = my, as required.

This is of course is not true for an arbitrary abelian group and so demonstrates a ‘finite-
like” property which A inherits from a.

Not every property of an abelian group has the same meaning internally and externally.
An easy example is finiteness: M F a is finite but A will be infinite externally whenever |a|
is some nonstandard natural number. The same applies to the property of being cyclic:
If M F ‘ais cyclic’ then there is = in a such that each y € a is kx for some k € w™.
However this k£ may be nonstandard so externally y is some nonstandard multiple of z,
but for A to be cyclic k would need to be a standard natural number.

There are nonstandard primes p in w™ (by overspill). So there is a nonstandard a
where a is the cyclic group with p elements in the sense of M, and we will see examples
of these groups later. Since p is nonstandard and every nonzero element of a has order

p it follows that A is torsion-free. By the theorem mentioned above A is divisible and so

cannot be cyclic in the external sense.



The basis theorem for finite abelian groups is provable in PA and hence true in our
nonstandard model M. However direct sums require care: If M F a = b & c then it is
true that, externally, A = B @ C, where A, B, C are the corresponding external abelian
groups a, b, c. However if a is an arbitrary direct sum of M-finitely many subgroups b; in
M then this number may be nonstandard. a may then be a sum of nonstandard-many
components and this does not translate to saying that the external version A of a is a
direct product or a direct sum of the external versions B; of the b;. This point is discussed
in more detail in the section of the chapter on direct sums but it provides some motivation
for breaking the study of A down into different cases of single direct summands. We shall
often blur the distinction between A and a but it should be clear from context which we
are referring to.

For a single direct summand the most interesting case turns out to be a = C(p*),
where p is a standard prime and k is a nonstandard natural number. Firstly we note a
similar approach that one might describe as ‘folklore’. Consider the standard model N =
(N, +,.,0,1, <) of PA. Let D denote the cofinite filter Deos = {A Cw : w \ A is finite}
on P(w). It is a straightforward proof by Zorn’s Lemma to check that every filter can
be extended to an ultrafilter. Let D O Dy be an ultrafilter on P(w). Consider the
ultrapower IIpN. Then N < TIpN by Corollary 4.1.10 in Chang and Keisler [4]. For a
fixed standard prime p let M; = C(p’) for i € w and consider the structure IIpM;. It is
straightforward to show that IIpM; is an M-finite C(p*) in IIpN. IIpN is w;-saturated
by theorem 6.1.1 in Chang and Keisler [4]. However our set up is more general than this
as we can consider M-finite C'(p*) in non-saturated models of arithmetic. In particular
M can be countable.

By the apparatus of encoding in M it may be that a collection of objects is described
in M as a single object. We say that the collection is M -coded. Thus the abelian group a

can be thought of as a family of cyclic groups rolled up into one and this provides some



motivation for its study. There are weak analogies here with pseudofinite groups. ‘A
group is said to be pseudofinite if it is an infinite model for the first order theory of finite
groups’ - On simple pseudofinite groups by John Wilson [16]. Equivalently a pseudofinite
group is one that is elementarily equivalent (in the first order language of group theory)
to IIpG; for a family of finite groups Gj.

We define, for a cut I < k, external subgroups A; and A’ of A. It is traditional to
explore an abelian group by identifying its torsion and divisible parts. We show that Aj_y
is the torsion subgroup of A and moreover it is isomorphic to the Priifer group C(p>).
We also show that Ay is divisible, and moreover that A; is divisible for all cuts I < k.

It is a standard theorem of infinite abelian group theory that extensions of divisible
groups are split. In our case we use this to conclude that for each group A; there is a
subgroup Bj of A such that A; @ B; = A. In analogy to Kaye and Allsup [2] we ask if
B; can be monotonically definable? We prove that no B; can be so defined and as such
By is non constructive in a certain sense. It is the aim of section 4.4 to show that we can
construct an M-countable B;. This is a major new result of this thesis. Countability of
M is assumed for this and use is made of a condition on I. The proof is highly technical
and requires several delicate lemmas proved in the section. It proceeds by an external
induction on N (like the transversal theorems of chapter 3) using the various lemmas to
satisfy the conditions in the external induction hypothesis.

We show how the group A/Ay can be made into a topological group and prove that it
is topologically isomorphic to a subgroup of the group of p-adic integers Z, = liin C(p™).
This together with another standard result is used to deduce that A is a direct sum
of a subgroup of Z, with a Q-vector space and C(p>). Under a suitable saturation
assumption (Rg-saturation) A/Ay turns out to be Z, itself. In this case we deduce that
A=7Z,V P C(p>) where V is Q-vector space of full dimension.

Groups such as Z, belong to a special class of infinite groups known as profinite groups.



A profinite group is a topological group that is isomorphic to the inverse limit of an inverse
system of finite groups each endowed with the discrete topology. Profinite groups appear
in the literature and the reader is directed to a survey of the subject by Dan Segal [15].

A result from this paper: Some model theory of abelian groups [6] uses so called
Szmielew invariants (which we define in the chapter) to characterize the first order theory
of an abelian group. We calculate the Szmielew invariants for our group A = C(p*) and
show that they agree with our earlier result on the structure of A.

Another area in the literature with which there are analogies is the paper Normal
subgroups of nonstandard symmetric and alternating groups|2] by Allsup and Kaye. This
paper looks at the M-finite permutation groups S,, and A, for n a nonstandard element
in some nonstandard model of M F PA. In analogy with our set up these groups behave
like ordinary finite permutation groups when viewed internally, but the interest lies in
their external structure. The paper defines the groups S := {g € S,, : [support(g)| € I}
and Al .= {g € A, : |support(g)| € I'}. This is in some ways analogous to the external
subgroups of C(p*) which we study. The paper goes onto prove that for a cut I < n,
closed under addition, S 4 Shns Al 4 S, and together with A,, these comprise all the
normal subgroups of S,,. They also prove that the analogous result holds for A,, i.e. for I
as above Al A, and these comprise all the normal subgroups of A,. The authors then
consider the question of whether S,, or A, can be a split extension of some S or Al
They conjecture that answer is no which contrasts with our result on A;. The authors
show that no complement of A or S can be monotonically definable which is analogous
to our result on Bj.

In section 4.5 we generalize the main result of section 4.4 to the case of an arbitrary
M-finite abelian group G. To this end we introduce a ‘pseudo complement’ H to the
divisible part of dG of G. H is shown to have the desired cardinality but it is not a full

complement because dG + H # . We generalize some of the lemmas of section 4.4 and
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use these to extend H to a full complement via an external induction. As before we use
countability of M and a closure condition on the cardinality of H which is discussed in the
final subsection. Several of the results in this section and the definition of H itself require
us to use the basis theorem in its full generality. Whilst we show earlier in the chapter
that the basis theorem has several limitations as a tool to describe M-finite abelian groups
externally it turns out to be quite useful for making internal definitions of subgroups and

proving results about them.

1.5 Background Results

In this section we describe some of the background technical machinery that is used in
this thesis. We state results without proofs but with references to where the proofs may

be found in the literature.

1.5.1 Background Model Theory

For a full introduction to the subject of models of Peano arithmetic (PA) the reader is

directed to Kaye [8]. In this introduction we give brief details of the set up.

Definition 1.5.1 Let £, denote the first-order language of arithmetic. The nonlogical
symbols of L are constant symbols, 0 and 1; the binary relation symbol, <; and the two

binary function symbols, + and -.

The subject of PA is about £ structures. The natural numbers N together with obvious
interpretations for the symbols 0,1, <, +, - provide us with the standard model. Natural

numbers can be expressed in £, as canonical terms:

Definition 1.5.2 For each n € N we let n be the term (--- ((L+ 1)+ 1)+ 1)+ --- +

1)(n 17s), of Za; 0 is just the constant symbol 0.

PA is the theory of arithmetic with which we shall mostly be concerned. For a full

definition see Kaye [8]. We shall want to work with nonstandard M F PA, however many
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of the vital complex coding devices we will get automatically if we regard M as a model of
the theory ZF —inf (Zermelo-Fraenkel set theory with the axiom of infinity negated). That
we can do this is justified by the fact that the two theories are mutually interpretable. For
the technical details of this result the reader is directed to ‘On interpretations of arithmetic
and set theory’ by Kaye and Wong [10]. We leave further details to the interested reader
save for one remark. It is necessary to replace ZF — inf by ZF — inf plus the axiom of
transitive containment in order to achieve an interpretation of PA in finite set theory in
which the domain of the interpretation is the whole set theoretic universe - this is the key
result of [10]. The axiom of transitive containment states that every set is contained in a
transitive set. In the absence of the axiom of infinity this is needed to allow one to obtain
the scheme of induction from the axiom of foundation. We use the notation ZF* — inf
to denote the theory ZF — inf plus the axiom of transitive containment. From now one
we shall regard the two theories ZF* — inf and PA synonymously and may freely switch
to the arithmetic view whenever appropriate. We shall appeal to the set theoretic view
whenever we need to in order to avoid complex coding devices. As an example of this we
may define a set a C M to be M-finite if, in addition, a € M. It will be clear from context
whether some a € M is regarded as a number, i.e. an element of M, or an M-finite subset
of M. The identification above shows that each such a can be regarded in either way. We
write y € x for the PA-formula expressing that y is in the canonical M-finite set defined

by x.

1.5.2 Initial Segments and Cuts

An important notion is that of initial segment. We give the following definition based on

definitions in Kaye [8].

Definition 1.5.3 If M F PA with A C M, then A is an initial segment of M, or

12



AC. M, iff
forallz € A, forallye M(MEy<z = y€ A).

A is a proper initial segment, if in addition, A # M. When M and N are models of PA

and N C, M we say that M is an end-extension of N.

We have actually defined two relations here, one between subsets of a model and one
between models. Usually we shall mean the one between subsets of a model. Related to

the notion of an initial segment is that of a cut which we define as follows.

Definition 1.5.4 A non empty subset I of a model M E PA is called a cut of M iff

(x<yel) = (ze€l)and (z€l) = (z+1€l)

I is called a proper cut, if in addition, I # M. FEquivalently a cut is an initial segment

that is also closed under the successor function.

The following theorem from Kaye [8] gives an important property of a model of PA.

Theorem 1.5.5 Let M = PA. Then the map N — M given by n +— n™ is an embedding

of ZLa-structures sending N onto an initial segment of M.

Note that in the above n means the interpretation in M of the canonical term n of Z4.
Theorem 1.5.5 tells us that we may always identify N with the smallest initial segment
{n™ : n € N} of a model of PA. We shall do this from now on.

We define the notions of supremum and infimum of a subset of a model.

Definition 1.5.6 Let M = PA and A C M. We define

sup(A) ={z e M:FJyec AMEz <y}

inf(A) ={z e M:Vye AMEz<y}

13



We conclude this subsection with a brief note on notation. When «a is an element of a
model we shall sometimes have cause to identify a with its set of predecessors: {x € M :
M E z < a}. When we wish to do so explicitly we will use the notation < a.

We define the following interesting properties an initial segment may possess. These
are roughly analogous to a large cardinal properties in set theory. The definitions and

results given here are due to Paris and Kirby [11].
Definition 1.5.7 Let I C M be a cut.

(1) We say I is semi regular if and only if for all a in I and every M-finite function

f:a— M we have f(< a) N1 is bounded in I.

(2) We say I is regular if and only if every M -finite function f whose domain includes

I s constant on a cofinal subset of I.

(3) We say I is strong if and only if for every M-finite function f there ezists a €
(M \ I), such that for allz € I f(z)>1 <= f(z) > a.

In every countable nonstandard model of PA, N is semi-regular and regular but not
necessarily strong. Moreover if M E PA is nonstandard then Vx € Mdy € M such that
there is a semi-regular cut [ with x € I and I < y. These results are due to Paris and
Kirby [11]. The same result holds for regular and also for strong. In general the result
for strong requires the full consistency strength of PA whereas the analogous results for

regular and semi-regular can be proved in some weaker fragment.

1.5.3 Overspill

A very important tool in the study of nonstandard models is the principle of overspill.

The following is taken directly from Kaye [8], page 71.
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Lemma 1.5.8 Let M £ PA be nonstandard and let I be a proper cut of M. Suppose

a € M and 0(x,(a)) is an ZLa-formula such that

M E 6(b,a)

for all b € I. Then there is ¢ > I in M such that

M EVz < cl(z,a)

In particular this implies that no proper cut is definable. There are also two useful
variants of this lemma (again see Kaye [8], page 71). We shall have cause to use all three

throughout the thesis so we give the others here as well.

Lemma 1.5.9 Let M E PA be nonstandard and let I be a proper cut of M. Suppose

a €M, 0(x,a) is an La-formula, and that for all x € I there exists y € I such that

MEy>zN0(y,a)

(i.e. the set of y satisfying 0(y,a) is unbounded in I) Then for each ¢ > I in M there
exists b € M with I < b < ¢ and

M E60(b,a)
(i.e. there are arbitrarily small b > I satisfying 6(b,a))

Lemma 1.5.9 will be particularly useful to us when we have a cut I and some definable
sequence with arbitrarily large elements in I, as it will allow us to conclude there are
members of the sequence above I.

The third ‘overspill’ lemma we present is known as underspill. As its name suggests

it is used for concluding there are elements below a cut I with some definable property
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whenever there are arbitrarily small elements above with that property.
Lemma 1.5.10 Let M E PA be nonstandard and let I be a proper cut of M.

(1) Suppose a € M, 0(x,a) is an La-formula such that

M E 0(b,q)

for allb > I in M. Then there is c € I such that

M EVz > c0(z,a).

(2) Suppose a € M, 0(z,a) is an La-formula and that for all b > I in M there exists
x > I such that

MEz <bAb(z,a).

Then for each c € I there exists y € I with

MEy>cANO(y,a).

We will use these lemmas freely throughout the rest of this thesis.

1.5.4 Order type of a model of PA

We now discuss the order type of a nonstandard model of PA. The results given here can

all be found (with proofs) in Kaye [8], pages 73-77. We begin with a definition.

Definition 1.5.11 Let M be an £y structure. Then M [< denotes the reduct of M to

the language {<}. That is the structure with the same domain as M but only one relation,

namely <.
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We present the following theorem from Kaye [8], page 75. In particular this result tells

us that, in the countable case, there is only one possibility for the order type of M [<.

Theorem 1.5.12 Let M E PA be nonstandard. Then M [<= N+7Z-A for some linearly

ordered set (A, <4) satisfying the theory DLO axiomatized by

(1) Vo—x < x

(2) Ve,y,z(x <yANy <z — x<2)
(8) Ve,y(r <yVze=yVy<zx)

(4) Ve,y(r <y = Fz(x < zAz<y))

(5) Vxdy,z(y <z Nz < 2)

In particular, if M is countable, then M = N+ Z - Q, where Q is the set of rationals

with its natural order.

This theorem is very useful and has the following important corollary (Kaye [8], page 76)

showing that countable models of PA always have the maximum number of cuts.

Corollary 1.5.13 Let M E PA be countable and nonstandard. Then M has 2%° proper

cuts 1.

This result can be modified to give the following version.

Theorem 1.5.14 Let M = PA be countable and nonstandard. Then M has 2%° proper

cuts I C, M that are closed under +, -.

We shall use these results to conclude a variety of statements. For example given a € M

with a > N, we can always find an initial segment [ closed under +,- with N < I < a.
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1.5.5 Saturation and the Standard System

In this subsection we present some definitions and results on saturation and the standard
system of a model M F PA. We first define a type over a theory, T' (but can be thought

of as PA). This definition is based on Kaye [8].

Definition 1.5.15 Given a theory T, a type over T is a set p(T) of formulas in finitely

many free-variables T such that T'U p(T) is consistent.

If M E T then the type p(T) is either realized or omitted by M. There is also a notion of
type over a subset of a model M. We base the following on the definition in Marker [12]

page 115, but stated here in the context of models of arithmetic.

Definition 1.5.16 Given an £s structure M and a subset B C M. We let Za(B)
denote the language Z4 expanded by adding constant symbols for each a € B. M can be
viewed as an ZLa(B) structure by interpreting the new symbols in the obvious way. Let
Tp(M) be the set of all L4(B)-sentences true in M. Let p(T) be a set of La(B)-formulas

in finitely many free-variables. We call p(T) a type over B if Tg(M) U p(T) is consistent.

We now define the notion of Ng-saturation. See page 138 in Marker [12].

Definition 1.5.17 M is Ng-saturated means for all A C M such that |A| < Xy and for

all types p(T) over A; p(T) is realized by M.

The following standard theorem of model theory helps to justify the use of this concept.

For a similar result see page 141 of Marker [12].

Theorem 1.5.18 For all countable My there is an Ry-saturated M = My with |M| = 2%0.

This will be important for an application in the section on nonstandard abelian groups
and uses the material on types and saturation we have just presented. We now define
the standard system SSy(M). For more details about SSy(M) see Kaye [8], page 141

onwards. For this definition it will be convenient to switch to the set theoretic view point.
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Definition 1.5.19 Let M F ZF* — inf. Then w™ is a class of M and N C, wM. We
define SSy(M) as follows

SSy(M)={S CN:S=Nna for someac M}

Note that we must regard a externally for this intersection to make sense.
Informally we regard SSy(M) as those subsets of N that are initial parts of some

M-finite set. Let S C N, and let p(z) be the following set of formulas

{ica:ieS}uli¢a:idS)

If p(x) is realized by ¢ € M then M E i € ¢ for alli € S and M F i ¢ ¢ for all
i¢ S iie, S={ieN: MEie€c}soSeSSSy(M). Conversely if S € SSy(M) then
S={ieN:MEiecc} for some c € M and it easy to see that c is a realization of
p(z). So we see that M realizes p(z) if and only if S is in SSy(M). Since all finite sets
F C S C N are also elements of M F ZF* — inf it follows that p(z) is finitely satisfiable
and hence is a type of M over S. Suppose M is Ng-saturated. We are assuming that
each natural number is given by a canonical term in the language .Z4 so that even when

S C N is infinite, M will realize p(z) as p(z) only contains finitely many parameters from

M\ N (none in fact). So if M is Rg-saturated then SSy(M) = P(N).
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CHAPTER 2

M-COUNTABLE SETS

2.1 M-countability

Many of the results presented in this chapter will appear in a forthcoming paper by
Kaye and Reading and should be regarded as joint work. Throughout we let M be a
nonstandard model of Peano Arithmetic (PA). For an internal (or M-finite) subset a of
M there is a well-defined notion of the size of a, or the number of elements of a, defined
internally in PA using the usual coding devices. We denote this by carda or |a|. This
notion of cardinality can be used to define a notion of cardinality for external bounded

sets as follows.

Definition 2.1.1 Given a bounded set X C M we define initial segments
card X = inf{carda:a € M and a O X}

and

card X = sup{carda:a € M and a C X}.

If these initial segments are equal we say that X is M-countable and write card X for

this initial segment. The upper and lower cardinality of a set X will be cuts unless the
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set is M-finite in which case they will both be the initial segment with top element that

corresponds to the internal cardinality of X.

It is easy to check that all cuts I are M-countable, and card I = I for such I. If X
is cofinal in M the definitions above also make sense, and card X = M, but in this case
the card notion only tells us about the cofinality of X in M, and we do not study this
here. Note also that an M-finite set a has carda = card a and it is equal to the normal

(internal) cardinality |a| of @ in M. The following lemma is straightforward.

Lemma 2.1.2 Let X be a subset of M. If a € card(X) then there is x, C X in M with

|zo| = a. If a > card(X) then there is x, 2 X with |z,| = a.

Example 2.1.3 In the case when M E PA is countable we can start with two proper cuts

I CJC M, and build a set X with card X = J and card X = I.

A version of the following proof is given in Allsup’s thesis [1].

Proof. By countability let (ag,- -, an, -+ )nen be an increasing sequence cofinal in I. Let
(bo, -+ ybp, - -+ Jnen be a decreasing sequence cofinal in J from above. Let (Cy -+ Cy, + -+ )nen
be an enumeration of the M-finite sets with I < |C,| < J (If I = J then we omit
this enumeration and the relevant parts of the induction are satisfied vacuously). Let
(do---dy- -+ )neny be an enumeration of all the elements of M. We proceed by induction

on N. Suppose inductively that

(3) xn € Cy and C,, € 2,

(4) d, € x, or d,, & ),
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Building x,1 inside z!,. Given |z,| < a,+1 < I choose M-finite y, C /, \ x, with
|Yn| = @ny1 — |2n|. Given the M-finite set C), 11 € M choose ¢ € 2], \ Cy41. Such ¢ exists
because |Cy1| < J < |2)|. Put xz,11 = 2, Uy, U{c} and we also add d,, 1 to x,,q if
dn+1 € 33;1

Building ), | to contain z,.1. Given |z}| > b,41 > J choose M-finite z, C z], \ Zp41
with |z,| = |2} | — bys1. Given the M-finite set C,11 € M choose d € Cy 41 \ Tpy1. Such
d exists by assumption on Cpyy as [Zpy1| < 1 < |Cppal|. Put 2, =z, \ {d} \ {2} and
we also remove d,,11 from 2], if dpi1 ¢ Tpp1.

Thus the induction hypothesis is satisfied at stage n+1. Set X = J, oy Zn = (N,en Th

(these are equal because of condition 4) and it straightforward to check that X satisfies

all the desired criteria.

For example, we can have X such as I U{x, : n € N} where {z,, : n € N} is a suitably
chosen w-sequence in J \ I with limit J.

The argument used in example 2.1.3 does not work in the uncountable case, or would
at least require careful assumptions on the cardinalities and cofinalities of I, J, M and X.
This thesis will largely be concerned with the countable case and we leave the general
details in the uncountable case for another time. Uncountable examples can be obtained
as elementary extensions of countable 4-tuples (M, I, J, X) as constructed above.

We have the following definition due to Kaye [9].

Definition 2.1.4 Let I,J be cuts. Then define

I+J=supli+j:i<1,7<J},

[@®J=inf{i +j :i>17j>J}
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In addition, if I > J, then we define

I—J=sup{i—j :i< 1,5 > J}

IeoJ=mf{i'—j:i>1;<J}

Note that if one of I or J is an initial segment with top element then the two notions
of addition coincide, as do the two notions of subtraction. This is straightforward by
overspill. In general the two notions do not coincide. The following example is taken

from Kaye [9, Example 2.20]. See also Kaye [9, Example 2.21].

Example 2.1.5 Let K be a cut closed under addition and let a,b € M with b > K. Let
I =a+ K and J =b— K, then it is straightforward to calculate that I +J =a+b— K

and I J=a+b+ K.

The following lemma bounds the cardinality of a complement in terms of the operations

of subtraction defined above and will be useful later.

Lemma 2.1.6 Let X be a bounded subset of M and a O X be M-finite. Then

la| © card X < card(a \ X) < |a] © card X

and

la] — card X < card(a \ X) < |a| — card X.

Proof. For |a| © card X < card(a \ X) we must show that given b O @\ X we have
b] > |a| © card X, i.e. |b] > |a] — j' for all j' > card X. Given such j’ there is ¢ 2 X with
lel=7"and b2 a\X Da\ec sol|b >la\c| >l|al — 7 as required.

If j € card X we show |a| — j > card(a \ X). For given b C X with |b| = j we have

a\b2Da\X and |a\ b = |a| —j. Thus card(a \ X) < |a| © card X.
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The cut |a| — card X is sup{|a| — j' : ' > card X} and so we must show that any
such |a| — j" is in card(a \ X). But given b O X with || = j’ we have a \ X D a\ b and
la\ b| = |a| — j" as required.

Finally, given b C a\ X we have |a| > |b|+j for all j € card X. So there is j' > card X

with |a| = |b] + 7' < |a| — card X.

Corollary 2.1.7 Let X be a bounded M -countable subset of M and a 2O X be internal.
Then a \ X is M-countable.

Proof. a is M-finite and so |a| © card X = |a| — card X as mentioned above. The previous

result then gives,

card(a \ X) < |a| & card X = |a| — card X < card(a \ X)

as required.

We will explore some of the properties and limitations of the notion of being M-
countable in the next few propositions.
One case of a set that might be hoped to be M-countable is that of intervals, such as

(L,J)={zeM: I <z<J}
Example 2.1.8 There are cuts I,J such that (1,J) is not M-countable.

Proof. Let K be a cut closed under addition. Let a € M and choose b € M such that
a+K <b. Set I =a+K < b+K = J. Then card(I, J) = im{(b+k")—(a+k) : k' > K,k €
K} =b—a+ K whereas card(/, J) = lim{(b+ k) — (a+ k) : ke K,k > K} =b—a— K,

so (I, J) is not M-countable.

For some of the results following, we shall use the notion of derivative of a cut. We
also state here, although it is not needed in what follows in this chapter, the notion of

second derivative of a cut.
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Definition 2.1.9 Let I be a cut. Then define the derivative of I to be the cut 0I = inf{i'—

i:1 >1>1i}. Define the second derivative of I to be the cut 9*I = inf{ L%J il =1 >

Thus for any set X cuts dcard X and dcard X are defined. Even when X is not

M-countable, it will also be convenient to define
dcard X = inf{i' —i:4¢ > card X, i < card X }.

The operator here is a single operator ‘Ocard’ as when X is not M-countable the ex-
pression ‘card X’ does not have any meaning. Note that the definition of 0 card X does
agree with the previous definition when X is M-countable. An alternative expression for

Ocard X is the difference (in the inf form) of the upper and lower cardinalities:
Ocard X = card X © card X.

The following proposition is also obvious.

Proposition 2.1.10 Let X C M be an arbitrary bounded set. Then
Ocard X,0card X < dcard X.

Unlike dcard X and Ocard X, the cut dcard X need not be closed under +, though
obviously it will be when X is M-countable. Counterexamples are easy to find using the
technique of Example 2.1.3 as we may simply pick I and J such that their difference
(in the inf form) is not closed under +. Nor is it true that dcard X closed under +
implies X is M-countable. For example, we build X with card X = dcard X = I and

card X = J < I. Then Ocard X = I & J = [ is closed under + since [ is.
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Lemma 2.1.11 Let X and Y be bounded disjoint sets. Then

card(X) 4 card(Y) < card(X UY) and card(X) @ card(Y) > card(X UY).

Proof. f t C X and y CY then zUy C X UY and |z Uy| = |z| + |y|. The proof of the

second statement is similar.

Corollary 2.1.12 Let X and Y be disjoint bounded sets and suppose that

card(X) + card(Y) = card(X) @ card(Y)

then X UY 1is M-countable.

Proof. From the properties given,

card(X UY) < card(X) @ card(Y) = card(X) + card(Y) < card(X UY),

by Lemma 2.1.11.

Corollary 2.1.13 Let X andY be disjoint M -countable sets and suppose that O card X >
OcardY. Then X UY is M-countable.

Proof. A general result from the arithmetic of cuts, Kaye [9], says that [ + J = I & J

whenever 91 # 0J. The corollary then follows from 2.1.12.

For more detail on the disjoint union X UY without assuming X or Y are M-countable

we can use the 0 card operator.
Lemma 2.1.14 Let X,Y be bounded disjoint subsets of M.

(a) If OcardY < Ocard X then card X + cardY = card(X UY).
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(b) If OcardY < Ocard X then card X @ cardY = card(X UY).

Proof. For part (a) Let w C X UY and y C Y C ¢/ with |y \ y| < dcard X. Then
u\y C X and there’s v C X with |v| = [u\ V| + ¥/ \y]. SovUy C X UY and
lvUy| > |u| since vNy = @. Part (b) is similar: if &/ D X UY and y C Y C ¢/ with
Iy’ \ y| < Ocard X, then o'\ y O X and there is v D X with [v/| = |u' \ y| — |/ \ y|. It

follows that |[v" Uy/| < |/

Example 2.1.15 There are disjoint M -countable sets X,Y such that X UY s not M-

countable.

Proof. Let I,J be cuts such that I C J and I +J C I & J, I and J could be as
given in Example 2.1.5. Let n € M be such that I < n € J. Define sets X := [ and
Y:={n+j:j€J}, clearly X NY = & and it is immediate that both are M-countable
with card(X) = [ and card(Y) = J. By Lemma 2.1.11 we have that [+ J C card(X UY)
and card(XUY) C T @ J.

Let z € card(X UY'). Then it is easy to see that z = |a Ub| where a C X and b C Y.
That is, x < card X + card Y, and it follows that card(X UY) = I + J. Similarly, given
7' > card(X UY) we can write 2’ as |a’ Ub'| where @/ O X and ¥ DY are disjoint. Thus

card( X UY)=1@® J > card(X UY') and hence X UY is not M-countable.

The notion of a pair of M-countable sets being separable will be used in the next

chapter. We make the following definition.

Definition 2.1.16 Let A C B be M-countable sets with card(A) = I C J = card(B).

We say that A and B are separable if there is an M -finite set x with A C x C B.

Any two cuts I C J are separable. The set a for any I < a < J is clearly an M-finite
set separating I and J. That not all M-countable sets are separable is demonstrated by

the following example.
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Example 2.1.17 Let J D N be a cut with (J) > N. Let a € M be such that N < a €
d(J). Define sets A, B as follows.
A:=N

B:=Nu{jeJ:j>a}

Clearly A is M -countable with card(A) = N. Since B C J it is immediate that card(B) <
J. Let j* € J. Then by the definition of O(J) and the choice of a we have that j*+« € J.
Define an M-finite set X;» = {j € J : a < j < j*+a} C B. Moreover we have that

| Xj«| = j* € J, and so J < card(B). We see that B is M-countable with card(B) = J.

Now suppose we have an M-finite set X such that A C X. By overspill there is some
p > N such that X C . Pick some 6 € M such that N < § < min(B,a). Then § € X
but N < <« and so d ¢ B. Hence X ¢ B.

We now consider intersections of the form A Nb where A is M-countable and b is
M-finite. One might hope that such an A N b will always turn out to M-countable but

unfortunately this is not the case as the following example shows.

Example 2.1.18 There are sets A,b such that A is M-countable and b is internal and

ANb s not M-countable.

Proof. Let I > N be a cut closed under addition and let b € M be such that N < b € I.
Take X to be any non-M-countable subset of b. Since [ is closed under addition the set
I'\ bis M-countable with card(/ \ b) = I. Finally set A= X U (I \ b) and note that A is

M-countable with card(A) = I for the same reason, but ANz = X is not M-countable.

Some positive results can, however, be given concerning sets of the form A N b, and
more generally sets of the form A N B where 0card B is small compared to dcard A or
0 card A. This situation is closely related to Lemma 2.1.14, and a version of that lemma

for intersections follows.
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Lemma 2.1.19 Let A, B C M be bounded.
(a) If Ocard B < Ocard A then card(AN B) 4 card(A \ B) = card A.

(b) If Ocard B < dcard A then card(AN B) @ card(A \ B) = card A.

Proof. For the first, we note that < is generally true and we show card(AN B) + card(A \
B) > card A. Let x € card A and b C B C ¥ with |/ \ b] € Ocard A. Take a C A with

la| = + |6\ b|. Then |[aNb|+ |a\ V| > |a| — |b'\ b] = x. Part (b) is similar.

Corollary 2.1.20 If A is M-countable and B is bounded with O card B < 0card A then
at least one of AN B and A\ B is M-countable.

Proof. Assume otherwise. If j, k € M with card(AN B) < j < card(AN B) and card(A \
B) <k <card(A\ B) so

card A = card(AN B) + card(A\ B) < j+ k < card(AN B) & card(A \ B) = card A

which is impossible.

The last result leaves open the obvious question of which of the two subsets AN B

and A\ B is M-countable. This is (partially) answered next.

Theorem 2.1.21 Let A be M -countable and let B be bounded with O card B < 0 card A.
Suppose also that O card(AN B) > dcard(A \ B). Then AN B is M-countable.

Proof. We must show that there is no o in M with card(AN B) < a < card(4 N B).
So suppose there is such « and try to obtain a contradiction. First take bandb’ such
that & O B D b with |0’ \ b] < dcard A, and as card A = card(A N B) + card(A \ B)
(by lemma 2.1.19) we have dcard A = Jdcard(A N B) + dcard(A \ B) = dcard(A N

B), the last equality here following by properties of the arithmetic of 0 using the fact
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that dcard(AN B) > dcard(A \ B). As |/ \ b] < dcard A = Jcard(A N B) we have
a—|b'\ b] > card(AN B). So by replacing a with o — |’ \ b| we shall assume that
card(ANB) < a < a+ |0\ bl < card(AN B).

Now, using 0 card(ANB) > dcard(A\ B), take § € 0 card(ANB) with 5 > dcard(A\
B), and using the definition of 0 take also j € card(A \ B) with 5+ j > card(A \ B).
Then o > card(AN B) and € dcard(AN B) so a — B > card(AN B). Adding, we have

a+j=(a—p)+(+pB) >card(ANB) +card(A\ B) = card A > card(A \ B) > j.

We can use this to obtain internal approximations

CLoH_jQAQA\BQCLj

where |aq+;| = @ + j and |a;| = j. Thus we can approximate AN B by

ANB C ajyan¥ C (00 \a;) U B\ 1)

with size
|ajia NV < lajra \ aj] + [0\ D] < a+ b\ b] < card(AN B).
This is our contradiction.

A dual result result to the previous one can now be deduced.

Theorem 2.1.22 Let A be M -countable and let B be bounded with Ocard B < dcard A.
If Ocard(AN B) > dcard(A\ B) then AN B is M-countable.

Proof. Assume AN B is not M-countable, so card(AN B) > card(AN B). It follows from

Corollary 2.1.20 that A\ B is M-countable, i.e. card(A \ B) = card(A \ B).
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Now as 0 card(AN B) > dcard(A\ B) we have card A = card(AN B) @ card(A\ B) so
Ocard A = Ocard(AN B) @ dcard(A\ B) = dcard(AN B). In particular dcard(A\ B) =
dcard(A \ B) < dcard A. Also, card A = card(A N B) + card(A \ B) so dcard A =
O card(ANB)+0 card(A\ B) = 0 card(ANB) since d card A = 0 card(A\ B) is impossible.
Therefore 0card(A \ B) < dcard(A N B) and theorem 2.1.21 tells us that AN B is M-

countable.

Question 2.1.23 What happens if 0 card(AN B) = dcard(A \ B) and dcard(AN B) =
dcard(A\ B)? Corollary 2.1.20 tells us that at least one of (AN B) and (A\ B) is M-
countable but the question is are there any further conditions that may tell us which one

or are they always both M -countable in this case?

As an application of these last two results we see that if X is M-countable and a is
internal then either X Na or X \ a is M-countable-indeed the ‘larger’ of these two will
always be M-countable. One might hope that they are both M-countable, but this is not

true in general as shown by example 2.1.18.

2.2 Monotonically Definable Sets

The collection of M-countable sets includes the M-finite sets. An important family of
non-definable sets that can easily be shown to be M-countable are the monotonically

definable sets obtained by varying a parameterized definition over a cut.

Definition 2.2.1 Let B C M and let I be a cut of M. A set B C M 1is said to be
monotonically definable by I if there exists a monotonic formula 0(x,y) of Lo possibly

with parameters from M such that one of the following holds.
(a) be B&NYrel MFEO(b, )
(b)) be B& do>1 MEO(D, )
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(¢c) be B Ve >1 MEO(D,x)
(d) be BeJrel MEOb,a)

In cases (a) and (b) 6 is monotonic means that for each b € M and for all z,y € M

r<y— (6(by) — 6(b,x))

In cases (c) and (d) 6 is monotonic means that for each b € M and for all z,y € M

r<y— (0(b,x) = 0(by))

By overspill in one direction and monotonicity in the other (a) is equivalent to (b), and
by underspill in one direction and monotonicity in the other (c) is equivalent to (d).

We shall call a set defined by a type (¢)/(d) formula up monotonically definable, and a
set defined by a type (a)/(b) formula down monotonically definable. We shall call the set
monotonically J-definable when we want to give reference to the particular cut J involved.

For example, if ¢ € M is a nonstandard finite group, then for each M-finite H C g
the group (H) externally generated by elements of H is monotonically definable, for some
appropriate ¢, where the cut in question is N. The formula ¢ simply counts the number

of multiplications and inverses required to obtain x from elements of H.

Definition 2.2.2 If B is monotonically definable by some formula 5 and cut I then

denote by f3; the set {x : M F [(x,i)}.

Note that B = J,c;8i = [y~ B in the case that § is a type (c)/(d) formula and
B = Ui~y B = ey i in the case that § is a type (a)/(b) formula. We have the

following easy propositions.
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Proposition 2.2.3 Suppose X C M is down monotonically J-definable for some initial
segment J, and formula o. Then there is a formula 5 and initial segment J such that X

s up monotonically j—deﬁnable by B.

Proof. Let j' > J and for j < j' define f(z, j) as follows; M F B(z,j) <= MF a(z,j —
j). Note that for j > j' we can define f(x, j) in any way that respects monotonicity. Let
Jj1 < jo < j' and suppose that for some = we have M E ((z,7;). By definition of 5 we
have M E a(x,j' — j1), and since j' — j; > j' — jo, we have by the monotonicity of « that
M E a(z,j — j2), whence M E B(x,j2). So 8 is a type (c¢)/(d) formula. Set J = j = J.
Let B = {b € M : 3] € Jsuch that M £ B(b,5)}. Suppose # € X. Then there is
j' > j* > J such that M E a(z,j*). So M E B(z,j' — j*), and j' — j* € J so z € B.
Conversely if b € B then there is j € J such that M E B(b, 3), whence M E a(b,j' — jy\)

but j’ —3 > J and so b € X. Therefore B = X and this completes the proof.

Proposition 2.2.4 A bounded monotonically definable set X is M -countable, but not all

M -countable sets arise in this way.

Proof. Suppose X is bounded and monotonically definable. By proposition 2.2.3 we
may suppose that there is a cut I and a formula 6 such that X is up monotonically [
definable by . Thus X = J,c;0i = (-0 and so card(X) = sup{|6;| : = € I} <
inf{|0y| : @' > I} = card(X). If we don’t have equality here then there is x such that
sup{|0;| : i € I} <z < inf{|0| : ' > I} whence by overspill on the first inequality there
is ¢ > I such that |0}| < z, which contradicts the second inequality. It is valid to use
overspill here because each 6; is an M-finite set and so there is a first order formula ¢(i, y)
for |6;] = .

To see that not all M-countable sets arise in this way, take M countable X and
modify the construction in Example 2.1.3 so that for any upwards monotonic ¢(z,y)

(crucially there are only countably many) there is some x € X with ¢(z,y') A =¢(x,y)
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for some y < ¢/, and for any downwards monotonic ¢ (x,y) there is some z € X with

Y(z,y') A —(x,y) for some y >y

2.3 [-measurable Sets

One problem with this theory of M-countability is that the M-countable sets are not an
algebra of sets, i.e. are not closed under intersections and unions. A natural suggestion is
to mimic the Carathéodory definition of measure. Using card as an ‘outer measure’ the
direct translation of this idea is that X is measurable if and only if for all A C M we have
card(A\ X)+card(ANX) = card(A). Unfortunately this doesn’t work even for very well
behaved X such as N. If X = N and A = a is a nonstandard M-finite initial segment
then

card(A\ X) + card(AN X) = (a— N) + N=a — N < card(A)

and

card(A\ X) @ card(ANX) =(a—N)®dN=a+ N > card(A).

However, note that inequalities

card(A) < card(A\ X) + card(AN X) < card(A \ X) @ card(AN X)

always hold.

A version of this idea does make sense when taken relative to a cut /.

Definition 2.3.1 Given a cut I, we say that a bounded set X C M is I-Carathéodory-

measurable (or I-measurable) if for all bounded A C M we have

card(A\ X) @ card(AN X) < card(A4) & I.

We have motivated this definition as an analogy with Carathéodory’s but the following
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gives a potentially more straightforward equivalent characterisation in terms of the 0 card

operator defined earlier.

Proposition 2.3.2 Let X be a bounded set. Then X is I-measurable if and only if
its cardinality derivative (0card X or card X & card X ) is at most I, i.e. if and only
if Ocard X < 1.

Proof. Given bounded A C M, ¢’ D A internal and ¢’ > I we use card X & card X < [
to choose z and 2’ such that + C X C 2/ with |2/ \ z| < ¢. Then ANX C o Na’
and A\ X Ca \xzsol|dna|+ld\ x| =|d]+jfor some j < |2/ \ 2| <. Thus
card(ANX) @card(A\ X) <cardA @ I

Conversely, given [-measurable X, let a 2 X. By Lemma 2.1.6 we have |a|©card X <

card(a \ X) and of course card(a N X) = card X. So by [-measurability of X we have

(la| © card X) @ card X < |a| @ 1.

The left hand side here is the inf of |a| — |z| + |2/| taken over all z C X C 2/, which is
just |a| + inf, . (|2'| — |z]) = |a|] + (card X © card X) and |a| ® I = |a| + I since |a| is a
number. Hence

la| + (card X © card X) < |a| + 1,
and hence (using again the fact that |a| is a number) card X © card X < I, as required.
Corollary 2.3.3 Given I-measurable X C M, we have dcard X < I and Ocard X < I.

Proof. We have

Ocard X = inf{i’ —i:¢ > card X >4} <inf{|2/| — |z| : 2’ D X D},
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and the last cut here is precisely card X © card X. Similarly for 0 card X,

decard X = inf{i' —i:4 > card X > i} < inf{|z/| —|z|:2' 2 X D z}.

Not surprisingly, since the cut I in ‘I/-measurable’ is linked to a derivative 0 card X
which is often closed under addition, the theory of I-measurable sets is smoother when [

is closed under addition.

Proposition 2.3.4 Let I be a cut closed under addition. Then the set of I-measurable
subsets of M forms an algebra, i.e. is closed under unions, intersections and bounded

complements.

Proof. Let X C M be I-measurable. Let a € M be such that X C< a. Then card(a \
X) o card(a\ X) < (Ja| © card(X)) © (|a|] — card(X)) by lemma 2.1.6. It follows that
this last expression is equal to card(X) © card(X) by the arithmetic of cuts because |al
is a number. Finally card(X) © (card(X)) < I by proposition 2.3.2 and thus a \ X is
I-measurable also by 2.3.2.

Now suppose A, B are bounded and I-measurable. Fix i’ > I, then there are M-finite
sets a € A C a and b C B C ¥ with card(a’ \ a) < ¢ and card(d’ \ b) < ¢'. Then

dUb DAUBDaUband

(a"Ub)\ (aUb) C (a'\a)U (' \D)

SO

card((a’ UD') \ (aUb)) < card(a’ \ a) + card(d' \ b) < 27"

This suffices since I is closed under addition. The rest follows by proposition 2.3.2 and

the usual set constructions of intersection, etc.
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CHAPTER 3
INDEX, TRANSVERSALS AND

NONSTANDARD LAGRANGE

3.1 M-countable Groups

In the last chapter we studied the notion of an M-countable set in a nonstandard model
of PA. In this chapter we shall apply some of those ideas to groups. In particular we
shall look at the case of an M-finite group G having an M-countable subgroup H. In
the special case that H is M-finite Lagrange’s theorem works as normal but we will be
concerned with what can be said when H is not M-finite. The results here are given in
this kind of generality with extra assumptions stated where necessary. If the reader would
like specific examples in mind then G could be a permutation group S,, for n nonstandard
and H could be a subgroup S! = {g € S, : |support(g)| € I} for some cut I < n as
mentioned in chapter 1. The specific case where G is abelian is studied in more detail in
the next chapter.

The first question to ask is what are the possibilities for card(H), when H is an M-
countable group? It turns out the only restriction on what card(H) can be is given by the

next lemma. In fact for the following result it is not necessary to suppose that an M-finite
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supergroup GG > H exists. All we need is that the group operation on H is definable in

the following sense.

Definition 3.1.1 Suppose M E PA and H C M is a group. Then we say the group
operation on H is definable if for any M-finite H C H the sets {hihy : hi,hy € H'} and
{h=': h € H'} are also M-finite.

Of course this situation would be guaranteed by the presence of an M-finite supergroup

G. We ask the following question.

Question 3.1.2 [s there a bounded group H C M which has definable group operation

but is not contained in any M -finite group G ¢

The main thrust of the rest of this thesis is understanding subgroups of M-finite groups
so the answer to this question will not trouble us greatly. We make the following remark
on notation. Let I C M be a cut of M, then we will write I F + to mean [ is closed under

addition and [ F - to mean [ is closed under multiplication. Now the promised lemma.

Lemma 3.1.3 Let M F PA and suppose H is an M -countable group with definable group

operation but H is not M-finite. Then card(H) =1 F +.

Proof. Let i € I and select M-finite H; C H with |H;| > i. Without loss we may suppose
that H; contains the identity and is closed under ~!. Since H is not M-finite, but has
definable group operation, we have that H;H; C H. Let h € H \ H;H;, then it follows
that h ¢ H;. If H;h N H; # @ then 3hy, hy € H; hih = hy and hence h = hy*hy € H;H,
is a contradiction. Thus H;h N H; = @ and so |H;h U H;| > 2i. Since H;h U H; C H and

is M-finite it follows that 2 € [ and so [ E +.

It turns out lemma 3.1.3 is the only restriction on a cut I as the potential cardinality

of some group H. To see this simply consider the following example.
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Example 3.1.4 Let M E PA and let I be any cut of M such that I is closed under
addition. Take H to be the group {x : £x € I} under addition in M. This is clearly a

group and has definable group operation. It is easy to check that H is M-countable with
card(H) = I.

3.2 A Notion of Index

In this section we extend our idea from the previous chapter of counting subsets and
supersets to ‘upper transversals’ and ‘lower transversals’ in order to define a notion of
index for M-countable subgroups of M-finite groups. We define the upper and lower

index of a subgroup H in an M-finite group G.

Definition 3.2.1 Let G be an M-finite group. Let H < G be a subgroup. We define the

upper index (1) and the lower index (2) as follows.

(1) |G : H] = Indez(G : H) = inf{card(T) : T is M-finite and Vg € G It € T Ih € H :

ht =g}

(2) |G : H|] = Index(G : H) = sup{card(T") : T is M-finite and (Ht,) N (Hty) = @ for

all ty # ty in T}

We will refer to the property of H and T expressed in (2) above as unique product.
Note that although we have stated the above definition in the context of H being a
subgroup of GG, the definition still makes sense if H is an arbitrary subset.

We now turn our attention to the case when H is M-countable. Suppose G € M is
an M-finite group and H < G is a M-countable subgroup with card(H) = I. We now
state and prove some propositions concerning this set up but first we require the following
definition.

Definition 3.2.2 Let I C M be a cut and a € M an element of the model, then we define
Gi=inf{[%] i eI}
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It is easy to check that inf{[%] :i € I} =sup{[ 7] :i' > I}.

Example 3.2.3 Letn be nonstandard and let G = S,,, thus G is the M -finite permutation
group of cardinality n!. Let I < n be a cut closed under addition. Recall that AL = {g €
A, : |support(g)| € I} and ST = {g € S, : |support(g)| € I}. We know Al and SI are
monotonically definable and therefore are M-countable. Intuitively A' is half the size of
S1, but since the cardinality of the latter must be closed under addition by 3.1.3, it follows
that card(A”) = card(ST). There is a classical formula for the number of permutations of
{0,1,--- ,n—1} that fir k < n points, it works the same for k,n nonstandard. Using this
formula the cardinality of ST can be worked out in terms of the cut I, it turns out that

for I closed under addition this is equal to n' := sup,c;{n'}. With these facts in mind we

have that |G : ALl = [G : Al] = w = 7’:—} and also |G : SI] =[G : SI] = Car(ﬂlAI) = %

The reasons for these equalities will be explained by the following propositions.

We have the following straightforward proposition.

Proposition 3.2.4 [G: H] < |—§;|

Proof. Suppose to the contrary that |G : H| > ‘—?' Then by the definition of [G' : H] there

exists an M-finite 7', with HT unique product, and |T| > sil

+. Let i € I be arbitrary.

Since card(H) = I there exists an M-finite H; C H with |H;| > i. Since H; C H it must
be that H,;T is also unique product. Therefore |H;||T| < |G| and so |T| < |l£| But i was

arbitrary and so this is true for all i € I, hence |T| € ‘—CI:' contradicting the choice of T'.

Analogously we have the following proposition concerning the upper index [G : H].

Proposition 3.2.5 [G: H] > |—(I;|

Proof. Suppose that [G : H| < @ Then there exists an M-finite T', with HT O G, and

IT| < |—(I;| Let ¢ > I be arbitrary. Since card(H) = I there exists an M-finite Hy O H

40



with |Hy| <i'. Also HyT O G so |Hy||T| > |G|. Therefore |T'| > |G‘ , and this holds for
all 7/ > I. So by underspill there is ¢ € I such that |T'| > =, hence |T'| > |T contradicting

the choice of T.

Having established an upper bound for the lower index and a lower bound for the
upper index we now seek a converse to propositions 3.2.4 and 3.2.5. To this end we will

require the following combinatorial lemma. For further details see [3].

Lemma 3.2.6 Let G be an M-finite group. Suppose A = {ag---an—1} and ¥ = {by- - - by_1}
are M-finite subsets of G. If |G| < %2 (for k € w™) then there is x € G such that

Az N Y| >k + 1.

Proof. Firstly we note that we can always find x such that |[Az N Y| > 1. Just take z =
a; 'b; for any i, j. Find z such that |[AzNY| > 2. We need z = q; 1b]1 =a,, bj2 for iy # iy
and ji # jo. We can always find such an x unless the set A™!'Y = {a;'b; : i < n,j < m} is
unique product. However if the cardinality of the set of possible pairs (i, 7) is greater than
the cardinality of G then this can’t happen. So if nm > |G| there exists such an x. This
establishes the lemma for £ = 1. Now suppose |G| < %" for some k € wM and we must
show that there exists = such that [AzNYE| > k+1. Weneed z = a;'b;, = - = Z_klﬂbjk+1
There will be such an x unless the set A™'Y = {a; 'b; : i < n,j < m} is at most k covered
ie. for all g in A™'Y there are at most k pairs a; € A,b; € ¥ such that a;lbj = g.
However in this case |[A™'Y| > %2 > |G| which is impossible since A™'¥ C G, and we

conclude that such an x does exist.

We may now prove some further results concerning (G : H| and [G : H].

Theorem 3.2.7 Let G be an M -finite group and let H be an M -countable subgroup, with
card(H) = I. Then [G : H| = ‘G‘
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Our first proof of this result will assume that I is closed under multiplication but
achieve a slightly stronger conclusion. We shall then prove the theorem as stated above

without the closure condition.

Proof. By proposition 3.2.4 we have that [G : H] < @ It remains to show that [G : H] >

@. Recall that |—?| = sup{@ : 7" > I}. So we must show that for every i > I there
is an M-finite " C G such that HT is unique product, and |T'| > @ Let ¢ > I and
set i = |\/i'|. Since I is closed under multiplication it follows that 7 > I. Since H is
M-countable there exists an M-finite H; O H with |H;| = i. We use lemma 3.2.6 to
build an M-finite T with H;T unique product and |T| as large as possible. We proceed

as follows.

(1) We seck x; € G such that Hzy N H = @ i.e. zy such that |Hzy N (G \ H;)| > ¢

< HllG\Hi| _ i(|iG_\1—i)

1—1

By lemma 3.2.6 we can find such an z; provided |G| . Note

G| < W9 — |G| - |G) <i|G] —i® = 1< 9.

(2) We seek x5 € G such that Hyxe N (H; U Hyxy) = @ ie. x5 € G such that |H;xo N

(G \ (H; U H;xy))| > i. By lemma 3.2.6 we can find such an z, provided |G| <

HllA\HOHz)| - WG1220 Note |G| < W92 s |G| — |G < i|G] — 2% =

2 < 'Gl.

(n) We seek z,, € G such that H;x,, N (H; UH;x1 UH;xoU---UH;x, 1) = D ie x, €G

such that |H;zo N (G \ (H; U Hizqy U Hixg U+ - U Hyw,q))| 2 i. By lemma 3.2.6 we

can find such an x, provided |G| < HIAUHOHm OO Ollizn1] Z(‘?‘__lm), Note
G| < W) s |G — |G < i|G| — ni® = n < G
So we set T' = {id,xq1, -+ ,x,} where n is as large as possible i.e. n = f‘%w — 1. So
Tl=n+1= |—C2” > |—G2| > 19 (gince 42 . Suppose H;T is not unique product, then
(2 7 7

dxy, 2, € T with [ < m < n and 3hy, h,, € H; such that hjz; = h,,z,,. But then at stage
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m of the construction of T" we would have H;x,, N H;x; # @ contradicting the choice of
T Since H;T is unique product and H C H; it follows that HT is unique product and

T is as required.

The assumption that I is closed under multiplication seems to be necessary for the-
orem 3.2.7 to work, however note that the proof above achieves the stronger conclusion
that H,;T' is unique product for an M-finite superset H; O H. If we do away with this
stronger conclusion then we have an alternative proof of theorem 3.2.7 that does not need

IFE-

Proof. Let i > I and since H is M-countable there exists an M-finite Hy O H with
|Hy| =1'. Set | := (@} We perform an internal induction to select [ elements. Suppose
inductively that we have already selected elements {to,-- ,t,_1} for some r < [ and we
show how to add t,. |Hy||{te, - ,t,1}| = i'r <15 = |G|. So there is t, € G with t, ¢
(Hi)({to,- -+ ,tr—1}). By induction we create a set {to, - ,t;_1}. Set T'= {to, - ,t;1_1}.

It remains to check that 7" has the desired properties.

(1) |7| = 5. Follows from the choice of I and the fact that at each stage a new element

i

is always selected (since H; contains the identity).

(2) HT is unique product: Suppose to the contrary, then there are h;,h; € H and
ti,t; € T for 0 < j <1 < [1—1such that h;t; = ht;. Thus t; = hi_lhjtj, since H is a
group we get h; 'h; € H C Hy and so t; € H]({to, -+ ,t;_1}) which contradicts the

choice of t;.

Question 3.2.8 Can an analogous result be proved in the case when I is not closed under
multiplication? In other words given i’ > [ ¥ - can it be shown that there are M -finite

sets Hy O H and T C G such that |T| > % and HyT is unique product?
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In the case that H is monotonically definable we can construct 7" as above and then
apply overspill to answer question 3.2.8 positively. Thus any counterexample to ques-
tion 3.2.8 would probably require H to be constructed by an inductive process and card(H)

would necessarily fail to satisfy multiplication.

Analogously to 3.2.7 we have the following theorem concerning the upper index [G : H].

Theorem 3.2.9 Let G be an M -finite group and let H be a M -countable subgroup, with

card(H) = I. Then [G : H] = @

Proof. By proposition 3.2.4 we have that [G : H] > @ It remains to show that [G : H] <
@. We show that for arbitrary ¢ € I there are M-finite sets T' C GG and H; C H such
that H,T = G, and |T| < 9.

By M-countability we may select M-finite H* C H such that |H*| > 4. Since G is an
M-finite set it has an internal enumeration, that is G = {to, - ,t4_1} for some o € w™.
For 0 < 7,k < a let us say t; ~ t; if 3hy,ho € H* hit; = hoty. Note that ~ is not

transitive unless H* happens to be a group but this will not matter for our purposes. We

now inductively define an internal subset 1" of G.
(1) toeT.
(2) ty € T if and only it Vj < k(t; € T = t; % ty).

This defines an M-finite set 7. We define H; := {hy hy : hy, hy € H*} which is M-finite

also. It remains to check that T, H; have the desired properties.

(i) |7 < |Z£‘ If not then |T||H*| > |G| and so there is a unique product failure. For
0<j<k<adtt,cT3h,hy € H* such that hit; = hoty, but this contradicts
t; oty

(ii) H; C H: If h € H; then 3hy, hy € H* such that h = hy'h;. We have H* C H and

H is a group, so h € H as required.
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(i) H;T = G: Let g € G. If g € T then we are done, so suppose that g was one of the
things we removed. Then g = t; for some k such that 0 < k < a. Since t; ¢ T, for
some j < k and t; € T'C G we must have 3hy, hy € H* hit; = hoty otherwise ¢

would have gone into 7'. Whence g =t} = hy 1h1tj € H,T as required.

So we know that Index(G : H) = Index(G : H) = ‘—?' This says that sup{card(T) :
HT is unique product} = inf{card(T") : HT = G} but that in itself does not imply
that there is a single M-countable T such that HT = G, HT is unique product and

card(T) = card(T) = @

Question 3.2.10 Given M-countable H < G with card(H) = I is there an M -countable

transversal T', with card(T") = @ ¢

It turns out we can answer this question positively under a countability assumption

on M. This is the subject of the next section.

3.3 First Transversal Theorem

Throughout this section G will be an M-finite group and H < GG an M-countable subgroup
with card(H) = I. We begin with a sequence of lemmas, which between them provide
the main steps of the proof of our first transversal theorem. The first two lemmas below
are about refining M-finite approximations for a transversal T" for H in G. To these ends
both require internal inductions.

The first lemma is about removing elements from an upper approximation to a transver-
sal whilst preserving a subset which is unique product with respect to H. The proof is

related to that of theorem 3.2.9.

Lemma 3.3.1 Let M F PA. Let G be an M-finite group and suppose H < G is an

M -countable subgroup with card(H) = I. Suppose there are M-finite sets S CT C G and
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C C H such that CT = G and HS 1is unique product. If i € I, then there are M-finite

sets C CC"C H and S CT" CT such that C'"T" = G and |T"| < |Z£|

Proof. By M-countability we may select M-finite C* such that C' C C* C H and |C*| > i.
Define X ={t € T\ S : C*"tNC*S # @}, and we set T* =T\ X. Since T™ is an M-finite
set it has an internal enumeration, that is T* = {to, -+ ,to_1} for some a € w™. For
0 <147 < aletussayt; ~t;if 3hy,he € C* hit; = hotj. As before ~ is not transitive
unless C* happens to be a group but again this will not matter. We now inductively

define an internal subset T" of T*.
(1) tyeT".
(2) tjeT"ifand only if Vi < j(t; € T" = t; £ t;).

This defines an M-finite set T7’. We define C' := {hihy'hs : hy, hy, hs € C*} which is

M-finite also. It remains to check that 7”7, C” have the desired properties.

(i) 7" < |Z£‘ If not then |7”||C*| > |G| and so there is a unique product failure. For
some ¢, j such that 0 <@ < j < « 3t;,t; € T'3hy, hy € C* such that hit; = hot;, but

this contradicts t; # ;.

(i) S € 1": Since S C T by assumption it follows that S C 7™ as X contained only
elements not in S. Then for any s € S we have s = t; € T™ for some j such that
0<j<oa Ift; ¢ T then for some i < j, t; € T" C T* we must have 3hy, hy € C*
hit; = hot; otherwise t; would have gone into 7". But then C*t, N C*s # @ and so

ti € X (t; ¢ S since HS is unique product) which contradicts t; € T*.

(iii) C" C H: If h € C' then 3hy, hy, hs € C* such that h = hyhy  hs. We have C* C H

and H is a group, so h € H as required.
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(iv) C'T" = G: We know C*T' = G since CT = G and C C C*. Let g € G then we
have 3h € C* It € T g = ht. If t € T' then we are done so suppose that ¢t was one
of the things we removed. If t € X then Jhy,hy € C* and ds € S C T” such that
hit = hys, whence g = hhy'hys € C'T' as required. If t ¢ X, t = t; € T* for some
J such that 0 < j < «. Since t; ¢ T" then for some i < j and t; € T" C T* we
must have 3hy, hy € C* hyt; = hot; otherwise ¢; would have gone into 7. Whence

g = hhy'hit; € C'T' as required.

The proof above may seem a little fiddly. The main reason for this is that we are
not allowed to refer to or use the external group H during the internal induction. The
induction needs to be internal because we want C’ and T” to be M-finite. Care has to
be taken when expanding C' to C’ that we do not perform any operations that will take
us outside H but without actually referring to H. To this end we first expand to C*
(this is done as C' might not be large enough to get enough unique product failures) and
systematically strip away enough elements from 7" to remove all unique product failures
whilst simultaneously ensuring that S C T”. Since C* is not necessarily a group we may
have that C*T" # G but because of the careful way in which the removal of elements
from T was done it suffices to define O := {hihy  hs : hi, ha, hs € C*} in order to restore
C'T =G.

The next lemma is about adding elements to a lower approximation to a transversal.
It is shown that the elements added can be taken from a suitable upper approximation.

The proof is noticeably more direct than that of lemma 3.3.1.

Lemma 3.3.2 Let M E PA. Let G be an M-finite group and suppose H < G is an
M -countable subgroup with card(H) = I. Suppose there are M-finite sets S C T C G
and H C H such that HT = G and HS is unique product. Let i’ > I then there is an

M -finite set S’ such that S C S" C T such that HS' is unique product and |S'| > @
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Proof. By M-countability we may select Hy O H with |Hy| <. If |S| > @ then we are
done so suppose not and set [ := ['%'1 —|S]. We perform an internal induction to add [
elements to S. Suppose inductively that we have already added elements {to,--- ,t,_1}
for some r < [ and we show how to add ¢,. Now |Hy||(SU {tg, -+ ,t,—1)| =7 (|S|+7) <
i'[|S] + |z£,‘ —|S]] = |G]. So there is g, € G with g, ¢ (Hy)(S U {tg, -+ ,t,—1}). Since
HT = G, and both are M-finite, we may write g, = ﬁrtr for ET c H and t, € T. By
induction we create a set {tg, -+ ,t,_1} C T. Set S" = S U {tg, - ,t;—1}. It remains to

check that S’ has the desired properties.

(1) S" C T because S C T and for each j <, t; is carefully chosen in the induction so

that t; € T.

(2) |5 = @ Suppose t; =t; for 0 <i < j < —1. Then g; = /fzjtj = /fzjti, for /f;j €H,

and so g; € H(SU{to, - ,t;}) € Hy(SU{to, - ,t;}) which contradicts the choice

of g;. This means that |{to, -~ ,t;1}| =l s0 || = S| +1 =[] > 9.

(3) HS' is unique product: Suppose to the contrary, then there are hy,hy € H and
s1, 89 € S’ such that hys; = hesy. Since HS is unique product by assumption at least
one of s1,s9 € {tg, -+ ,t-1}. We may suppose sy = t; for some 0 < j <[ and s, €
(S UA{to, -+ ,tj_1}). Thus hysy = hot; and since g; = ?thj we get g; = ﬁjhz_lhlsl.
Since H is a group we get ﬁjhglhl € H C Hy and so g; € H[(SU{to, - ,tj—1})

which contradicts the choice of g;.

The following lemma is a straightforward statement in standard group theory. We

include it here as it will be used in the results that follow.

Lemma 3.3.3 Let G be a group and suppose H < G is a subgroup. Suppose there are
sets S, T C G such that HT = G and HS is unique product. Then for any g € G\ (HS)

there ist € T' such that g € H(S U {t}) and H(S U{t}) is unique product.
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Proof. 1f g € HS then there is nothing to prove. So suppose g ¢ HS. Since HT = G
there are h € H and t € T such that ht = g. Then H(S U {t}) is unique product for if
not there are hy, hy € H and sy, 89 € S U {t} such that h1s; = hase. Since HS is unique
product it must be that s; =t or s = t. Without loss sy =t and then ¢t = hz_lhlsl and

so g = hhy'hys; which contradicts the assumption that g ¢ HS.

We are now ready to prove the main theorem of this section.

Theorem 3.3.4 Let M = PA and let M be countable. Let G be an M -finite group and let
H < G be an M-countable subgroup with card(H) = I. Then there exists an M -countable

transversal T with card(T) = @

Proof. Since G C M and M is countable it follows that G is also countable. Let G =
{90, ,Gn, - }nen be an external enumeration of G. Let (ag, - ,an, " )neny be an
increasing sequence cofinal in I. Let (bg, -+ , by, - )nen be a decreasing sequence cofinal
in I from above. These are possible by countability. We shall build 7" by an external

induction. We list our inductive assumptions as follows.

(1) For 0 < i < n there are M-finite sets H; such that Hy C --- C H,, C H.

N

(2) For 0 < i < n there are M-finite sets S;, T; such that Sy C --- C S, C T, C--- C Tp.
(3) HS; is unique product and H;T; = G for 0 < i < n.

|G| |G|
(4) 1T < 1L, and |5, > 2L

an

(5) gn € HS,.

We carry out the induction in two stages. First we shall build 5,1 C T,, and satisfying
the appropriate parts of the induction hypothesis. Then we build 7,11 2 5,41 satistying

the remainder of the induction hypothesis.
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By lemma 3.3.2 we can build an M-finite set S,, .1 such that S, C 5,1 CT,, HS,11
is unique product and [S,.1| > % If g, fails to lie in HS, 1 then we can make it
so by simply adding an additional element ¢,,; € T,, to S, using lemma 3.3.3. This

completes the construction of S, 1.

By lemma 3.3.1 we can build M-finite sets Tn+1 and H, 1 such that S, 1 CT,.1 CT,,

H,CH,1CH, H 1T, =G, and |T,11] < . This completes the construction of

Toy1 and Hpyy.

Note that |J _ySn € N,enTn- Set T = |

countable transversal for H with card(7) = @

S, and we claim that T is an M-

neN neN neN

(1) card(T) > sup{|S,|:n € N} = sup{lG‘ n € N} = %
(2) card(T) < inf{|T;,| : n € N} = inf{!% : n e N} = 4

(3) Suppose HT is not unique product. Then In,m € N and In’, " € H such that
h's, = h"s, for some s, € S, and s,, € S,,. Take k = max{n,m} and then

Sny Sm € Sk so HS}, is not unique product which is a contradiction.

(4) Suppose HT # G. There is g € G with g ¢ HT. But g = g,, for some n € N by the

enumeration of G. So g = g, = hs,, for s, € S,, CT, h € H contradicting g ¢ HT.
Thus T has all the desired properties and this completes the proof.

Example 3.3.5 Suppose M = PA is countable. Letn, I, S,, S and AL be as in exam-
ple 3.2.3. Then by theorem 3.3.4 there are M -countable transverals Ts C S,, and Ty C S,
such that SITg = S, AITy = S, SITs is unique product, ALT4 is unique product, and
card(Ts) = card(Ta) = %

The only assumption we make (beyond the basic set up) in theorem 3.3.4 is that the

model M is countable. We have the following question.
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Question 3.3.6 The assumption that the model M 1is countable is vital in the proof
of 3.3.4 for enumerating G and the cut I . Can any analogous statement be proved

in the uncountable case or indeed demonstrated to be false?

We give another straightforward lemma true in standard group theory. Its use will

become clear in the proposition that follows.

Lemma 3.3.7 Let G be a group and suppose H < G is a nontrivial subgroup. Suppose
there are sets C, S C G such that H(SUC) is unique product and C'\ S is nonempty and
nontrivial. Then there is g € G such that H(SU{g}) is unique product but H(SU{g}UC)

s not unique product.

Proof. Let e # ¢ € C'\ S and since H(S U C) is unique product it follows that ¢ ¢ HS.
Let h € H be anything other than the identity and set g = he. Then H(S U {g}) must
be unique product otherwise ¢ € HS but H(S U {g} U () is not unique product because

g = hc.

The next result strengthens this theorem by implying that the inductive argument used
in the proof really is necessary. In other words not all transversals will be M-countable.
Indeed we can force the lower cardinality to be anything we want and we show how to do

likewise with the upper cardinality subject to a certain constraint.

Proposition 3.3.8 Let M F PA and let M be countable. Let G be an M -finite group
and let H < G be an M -countable subgroup with card(H) = I. Let J be any cut such that

N < J < B Then there exists a transversal T C G with card(T) = J.

~Q

Proof. By countability of M we have the following sequences and enumerations. Let
G ={g0, " ,Gn, - fnen be an external enumeration of G. Let (ag, - ,apn, - Jnen be an
increasing sequence cofinal in J. Let (Cy---C,, - -+ )nen be an enumeration of the M-finite
subsets of G with J < |C,| < ‘—?' We shall build 7" by an external induction. We list our

inductive assumptions as follows.
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(1) For 0 < i < n there are M-finite sets S; such that Sy C --- C S,,.
(2) HS; is unique product for 0 < i < n.

(3) an < |Sh] < J.

(4) g, € HS,,.

(5) H(C,, US,) is not unique product.

Note that condition (5) is there to ensure that C), cannot be a subset of the completed
Transversal T'.

By lemma 3.3.2 we can build an M-finite set S, such that S, C S,11 C G, HS,11
is unique product and |S, 1| > a,;1. We can ensure |S,.1| € J as we simply terminate
the internal induction in 3.3.2 as soon as S, is sufficiently large. If g, fails to lie
in HS,+, then we can make it so by simply adding an additional element ¢,,,; € T, to
Spt1 using lemma 3.3.3. Note |S,11| € J < |Cp11]| and so Cyyq \ Sp41 is nonempty and
nontrivial. If H(C), 11U S,11) is unique product then by lemma 3.3.7 there is g € G such
that H(S,4+1U{g}) is unique product but H (S, +1 U{g}UC}+1) is not unique product. So
in this case we simply add g to S,41 in order to satisfy condition (5). These two potential
additions are allowed since J is a cut closed under successor and so we don’t make S;, 14
too big. And since we add at most two extra elements we don’t violate M-finiteness. This
completes the construction of S, 1.

Set T =, .y Sn and we claim that T is a transversal for H in G with card(T") = J.

neN

(i) Suppose HT' is not unique product. Then In,m € N and 3h' A" € H such that
h's, = h"s, for some s, € S, and s, € Sy. Take k = max{n,m} and then

Sn, Sm € Sk so HS}, is not unique product which is a contradiction.

(ii) card(T) = sup{|S,| : n € N} > sup{a, : n € N} = J. Suppose card(T") > J. Then
we can have an M-finite set C C T with J < |C| < ‘—?' and so C = (), for some
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m € N. Since S,, is also a subset of T" we have that C,,,US,, C T, but H(C,,US,,) is
not unique product by (5) of the induction hypothesis at stage m. This contradicts
(i) above. So card(T') = J.

(iii) Suppose HT # G. There is g € G with g ¢ HT. But g = g, for some n € N by the

enumeration of G. So g = g, = hs,, for s, € S, CT, h € H contradicting g ¢ HT.
Thus T has all the desired properties and this completes the proof.

Note that we have not mentioned the upper cardinality of T" at all in the above proof.

However, it does alway follow that card(7") > @ and so we have certainly succeeded in

violating the M-countability of 7. That we can build a transversal T with card(7T") > ‘—?'
is the subject of the following proposition. This is a slightly trickier result and we need to
impose a closure condition on the cut that we force the upper cardinality of T to equal.

No restriction is imposed upon the lower cardinality of T as doing so would potentially

limit further the choices for the upper cardinality.

Proposition 3.3.9 Let M F PA and let M be countable. Let G be an M -finite group
and let H < G be a M-countable subgroup with card(H) = I. Let K be any cut subject
to @ < K < |G| and O(K) > I (recall definition 2.1.9). Then there exists a transversal

T C G with card(T) = K.

Proof. By countability of M we have the following external sequences and enumerations.
Let G ={go, " ,9n," - }nen be an external enumeration of G. Let (ag, -+ ,apn, - )nen be

an decreasing sequence cofinal in K from above. Let (Cy- - C,, - - - )pen be an enumeration
of the M-finite subsets of G with |1£| < |C,] < K. We shall build 7" by an external

induction. We list our inductive assumptions as follows.

(1) For 0 < i < n there are M-finite sets H; such that Hy C --- C H, C H.
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(2) For 0 < ¢ < n there are M-finite sets S;, T; such that S C --- C S,, C T, C--- C Tp.
(3) H.S; is unique product and H;T; = G for 0 < i < n.

(4) K < |T,| € a, and |S,| € N.

(5) gn € HS,,.

(6) S, & C,.

We carry out the induction in two stages. First we shall build S,,.; C T, to ensure
(5) and (6) are satisfied. Then we build T}, 11 2 S, satisfying the remainder of the
induction hypothesis.

If g,r1 ¢ HS, then we can make it so by simply adding an additional element t,,,; € T,,
to S, using lemma 3.3.3. Since |T,,| > K and |C,1;| € K it follows that |T,, \ Cpy1| >
O(K) > I. Since S, is finite and I F + (by lemma 3.1.3) it follows card(S,H) < I.
Therefore there is z,,41 € T), \ Cpy1 with 2,41 ¢ S, H. Set S, = S, U{tni1, Tnir}-

By lemma 3.3.1 we can build M-finite sets 7,41 and H,, . such that S, 1 C T,,.1 C T,
H, CH,.1 CH, H\1Thy1 = G, and |T,41| < app1. We can ensure |T,,44| > K as we
simply terminate the internal induction in lemma 3.3.1 as soon as T, is sufficiently
small. This completes the construction of 7., and H, ;.

Set T =, .y Sn and we claim that 7" is a transversal for H in G with card(T) = K.

neN
(i) Suppose HT' is not unique product. Then In,m € N and Ih';h"” € H such that
h's, = h"s, for some s, € S, and s,, € S,,. Take k = max{n,m} and then

Sny Sm € Sk so HS}, is not unique product which is a contradiction.

(ii) card(T) < inf{|T,| : n € N} <inf{a, : n € N} = K. Suppose card(7") < K. Then
we can have an M-finite set C' O T with l—?' < |C| < K and so C' = C,, for some
m € N. Since S,, is also a subset of T" we have that S,, C C,,, but S,, € C,, by (6)

of the induction hypothesis at stage m. So card(T) = K.
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(iii) Suppose HT # G. There is g € G with g ¢ HT. But g = g, for some n € N by the

enumeration of G. So g = g, = hs,, for s, € S,, CT, h € H contradicting g ¢ HT.
Thus T has all the desired properties and this completes the proof.

Question 3.3.10 Can we do away with the condition O(K) > I by developing a slicker

proof of proposition 3.3.9.

3.4 Second Transversal Theorem

In this section we prove a generalization of theorem 3.3.4. Suppose G is an M-finite group
and H < K < G are M-countable subgroups with card(H) = I € J = card(K) for cuts
I,J. Theorem 3.3.4 gives us a transversal T for H in G with card(T) = |I£| and it is
straightforward to check that Tx = T'N K is a transversal for H in K. Our goal is to
show that under suitable conditions T can also be made M-countable. To this end we
begin by proving generalised version of lemmas 3.3.1 and 3.3.2.

The following lemma is a generalization of lemma 3.3.1. It turns out that the proof
of lemma 3.3.1 is already good enough to give a ‘small’ M-finite upper approximation of

T,+1 N K. The following lemma is really about making this precise and then verifying the

fact.

Lemma 3.4.1 Let M F PA. Let G be an M-finite group and let H < K < G be M-
countable subgroups with card(H) = I C J = card(K). Suppose there are M-finite sets
S, T C G and C C H such that CT = G and HS is unique product. Leti € I and j' > J

then there are M -finite sets C', T' and Y such that:
(1) CCC'CH
(2) SCT'CT

(3) Y 2T NK
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(1) C'T' = G

(5) |1 <9

)

(6) Y] <%

Proof. By lemma 3.3.1 there are sets C' and T” satisfying conditions 1,2,4 and 5. By
M-countability of K we may choose an M-finite set K O K with |K;| = j'. Let C* be
as in the proof of lemma 3.3.1 with |C*| > i. Define Y := {t € 7" : C*t C K/ }. Suppose
ke T'NnK then C*k C K C Kj since C* C H and K is a group. Thus we see that
k €Y and so condition 3 is satisfied. It was shown in the proof of lemma 3.3.1 that
C*T" is unique product. Since Y C 7" it follows C*Y C K is unique product also. Thus

s/

|C*|]Y| < j" and so |Y| < & < J7/ as required.

The following lemma is generalization of lemma 3.3.2. We wish to show that there is
a ‘large’ M-finite lower approximation of S’ N K. Here we construct this set as part of
the construction of S” and so the proof of lemma 3.3.2 is reworked with this in mind. In
order to get the construction off the ground the assumption that H and K are separable,

in the sense of definition 2.1.16, is used.

Lemma 3.4.2 Let M F PA. Let G be an M-finite group and let H < K < G be M-
countable subgroups with card(H) = I C J = card(K) with H and K separable. Suppose
there are M -finite sets S, T C G and H C H such that HT = G and HS is unique

product. Let j € J and i > I then there are M -finite sets S" and X such that:
(1) SCS CT
(2) X CSNK
(8) HS' is unique product.

(4) 15 = 5L,
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(5) 1X|> 7

7

Proof. By M-countability of K we may choose an M-finite set K; such that K; C K
and |K;| = j. By separability of H, K we may choose an M-finite set H C L; C K
and by M-countability of H we may arrange that |L;| < /. Define an M-finite set
A={se S:LysNK;#a}. Let s € A then by definition there are [ € Ly and k € K;
such that {s = k. Whence s ="'k € K and so A C K.

We build S’ in two parts. Our first task is to add appropriate elements in order to
satisfy condition (5), secondly we add further elements to satisfy condition (4). Both parts
must be done carefully to avoid violating the other criteria. If |A| > Z]—, then A is already
a perfectly good candidate for the set X. So suppose |A| < £ and set r := [] — |Al.
We now perform an internal induction to ‘add’ r elements. Suppose inductively that for
p < r we have selected elements g, - - - , z,—1 such that z; € K for i < p, x; ¢ Lyx; for
j<i<panduaz; ¢ LyA; fori <p.

We want to find a suitable element z,. We have the following counting argument:
Ly AU Li{xo, -+ ap_1} < &(|A| +p) < i'(£) = j. It follows that there is an z, € K;
such that =, ¢ Ly{xo,--- ,xp_1} and z, ¢ Ly A. By this internal induction we create a set
{zo, -+ ,x,—1} C K satisfying the properties above. Now note that HT = G and PA[, T
are internal sets, therefore we can perform another internal induction to write z; = h;t;,

where h; € }A[,tl- € Tforall0 <i<r. Set X = AU{ty, -+ ,t,—1} and S* = {to, - ,t,_1}.

We now check that conditions (1-5) are met.

(1) That S C S* C T holds by construction.

(2) X = AU {to, -+ ,t,—1}. We already know A C SN K C S*NK. Lett;, €
{tg,+ ,t,_1} then t; = h; 'a; for h; c HC HCK and z; € K; C K. Since K is a

group it follows ¢; € K and t; € S* by definition. Hence X C S* N K as required.
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(3) Suppose HS* is not unique product. By assumption HS is unique product so one

of the following must occur.

(a) h's = h"t; for some b/ h" € H,s € S and 0 <7 < r.

(b) h't; = h"t; for some W', h" € H and 0 <i < j <.

If (a) occurs then h"~'W's = t; = x; = hit; = h;h""'W's. Now h; € HCH
and A/ h""' € H so ;h"~'h' € H C Ly. x; € K; by construction, and so s € A.
Hence x; € Ly A which contradicts the hypothesis of the internal induction. If (b)
occurs then h't; = h"t; and t; = h;la:i, tj = h;lxj SO h’h;lazi = h”hj’lxj and hence
x; = hh""\Wh; 'z;. Note h,h; € HC H so hh"*W'h;' € H C Ly, so x; € Lyx;

which contradicts the hypothesis of the internal induction.
(4) It is possible that |S*| < @ but this can be rectified as we explain below.

(5) |X| =AU {to, - ,tra}| = |A| +7 = [£] > % as required. The second equality

follows from the fact that if ¢; € A then x; = h;t; € Ly A contradicting the hypothesis

of the internal induction.

It is possible that (4) fails for S*. If this is the case then we simply use lemma 3.3.2 to

expand S* to S’ with || = 9. Properties (1) and(3) are preserved by lemma 3.3.2 and

i

(2) is clearly preserved since S* C S’. This completes the construction of S’ X.

We shall need a notion of division for initial segments of a model. The following
definitions are thanks to Richard Kaye. They appear, stated in slightly greater generality,

in Kaye’s paper [9].

Definition 3.4.3 Let I C J C M be cuts then we define

(1) J-1:=sup{ji:je€ Jiel}.
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(2) JoOI :=inf{ji:j > Ji>1I}.
(3) J/I :=sup{|L]:j € Ji>I}.
(4) JoI:=f{|L]|:j > Jiecl}.
We are now ready to prove the promised result.

Theorem 3.4.4 Let M E PA and let M be countable. Let G be an M -finite group and
let H< K < G be M-countable subgroups with card(H) = I C J = card(K). Suppose
also that H, K are separable. Then there exists an M -countable transversal T C G for
H in G with card(T) = @ Moreover Ty = T N K s a transversal for H in K with

J/I < card(Tk) < card(Tk) < J @ 1.

Proof. We proceed as in the proof of theorem 3.3.4 but we will add extra assumptions
into the induction hypothesis in order to achieve the stronger conclusion. Since G C M

and M is countable it follows that G is also countable. Let G = {go, - ,gn, " ** }nen be

an external enumeration of G. Let (ag, - ,an, - )nen be an increasing sequence cofinal
in I. Let (b, - ,bn, - )nen be a decreasing sequence cofinal in [ from above. Let
(Coy+++ s Cny*+ Jnen be an increasing sequence cofinal in J. Let (dg, -+ ,dp, -+ )nen be a

decreasing sequence cofinal in J from above. These are possible by countability. We shall
build 7" by an external induction. We list our inductive assumptions as follows. (1-5) are

as in theorem 3.3.4 and (6) is an extra condition.

(1) For 0 < i < n there are M-finite sets H; such that Hy C --- C H, C H.

N

(2) For 0 < ¢ < n there are M-finite sets S;, T; such that Sp C --- C S,

N

1,

N
N
S

(3) H.S; is unique product and H;T; = G for 0 < i < n.
4) T, < &, and |S,| > &

b
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(5) gn € HS,,.

(6) There is an M-finite set X,, C S,NK with [X,| > ;= and an M-finite set ¥, 2 T,N K
with |V, < %

We carry out the induction in two stages. First we shall build S,,.; C 7}, and X, 11 C
Spa1 N K satisfying the appropriate parts of the induction hypothesis. Then we build
Thi1 2 Spe1 and Y,y O 1,41 N K satisfying the remainder of the induction hypothesis.

By lemma 3.4.2 we can build M-finite sets S, 11 and X, such that S, C S,,.1 C T,

Xny1 € Spy1 N K, HS, 41 is unique product, [S,i1| = —+|1 and | X, 1] = Z”E If
Gn+1 ¢ HS, 41 then we can make it so by simply adding an additional element ¢, € T,
to S,41 using lemma 3.3.3. This completes the construction of S, .

By lemma 3.4.1 we can build M-finite sets T,,11, H,+1 and Y, 1 such that S,.; C

Toir € Ty Hy € Hypt © H, Youu 2 Ty NK HyyTopr = G, |Ton| < 15, and

Yot < d"“ . This completes the construction of 7,1 and H, 1.

Note that | J,cny Sn € Npen In- Set T = U, ey Sn and we claim that 7" is a M-countable

neN neN

G|

transversal for H in G with card(T) = . Moreover we claim that T = TN K is a

transversal for H in K with J/I < card(Tx) < card(Tx) < J @ 1.

(1) card(T) = sup{|S,| : n € N} = sup{l€l : n € N} = % (Since inf e (b,) = I).

(2) card(Tk) = sup{|X,| : n € N} = sup{{* : n € N} = J/I (Since inf,en(b,) = I and

sup,,en(cn) = J).
(3) card(T) < inf{|T,| : n € N} = inf{!% . n € N} = [ (Since sup,,cy(an) = 1).

(4) card(Tk) < inf{|Y,|:n € N} = inf{Z—Z :n € N} = J oI (Since sup,,cy(an) = I and
inanN(dn) = J)
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(5) Suppose HT is not unique product. Then In,m € N and 3n',h” € H such that
s, = h"s, for some s, € S, and s,, € Sy. Take k = max{n,m} and then

Sny Sm € Sk so HS}, is not unique product which is a contradiction.

(6) Suppose HT is not unique product. Then since Tx C T it must be that HT is not

unique product. This contradicts (5) above.

(7) Suppose HT # G. There is g € G with g ¢ HT. But g = g, for some n € N by the

enumeration of G. So g = g, = hs,, for s, € S,, CT, h € H contradicting g ¢ HT.

(8) Suppose HTx # K. There is k € K with k¥ ¢ HTx. But k = ht for some
he€ HCK andt € T by (7). Whence t = h™'k € K, which is a contradiction.

Thus T" and Tk have all the desired properties and this completes the proof.

This theorem is an interesting extension of theorem 3.3.4 although the result is per-
haps not best possible in the sense that the assumption of separability is needed and
the conclusion does not say that Tk is always M-countable. We do, however, have the

following corollary.

Corollary 3.4.5 Let M, H, K, G, I, and J be as in the statement of theorem 3.4.4.
Suppose additionally that I, J are such that J/I = J @ I. Then there is Ty a transversal

for H in K with J/I = card(Tk) = card(Tx) = J @ I. Hence Tk is M-countable.

Proof. By 3.4.4 J/I < card(Tk) < card(Tx) < J @ I, but by assumption J/I = J @ [

and so we have equality everywhere.

It follows from Kaye [9] that J/I = J @ I providing 90*I # 9?J. This fact will be used
in the following example to deduce that the set which corresponds to T in Corollary 3.4.5

is M-countable.
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Example 3.4.6 Let M E PA be countable. Fiz some nonstandard n in M and let I,J
be cuts such that I < J < n and I,J E +. Consider the M-finite group S, (recall
ezample 3.2.3) and the M-countable subgroups SI and S. Fiz some j such that [ < j <
J, then the M-finite set {g € S, : |support(g)| < j} separates S. and S in the sense
of definition 2.1.16. Furthermore card(S!) = n! E - and card(S?) = n’ E - since I and
J are closed under addition, thus 0*card(SL) = n! # n’ = 0% card(S]). We can apply
theorem 8.4.4 to obtain an M-countable transversal T, for S in S, with card(T) = 7’;”—}
By Corollary 3.4.5 we have that T N S? is an M-countable transversal for S in S with

card(T NSy =n’ /0t =n’ on! =n/~1 =n/oL

Corollary 3.4.5 tells us that J/I = J @ [ is a sufficient condition for Tk to be M-

countable but this begs the following question.

Question 3.4.7 Theorem 3.4.4 gives only a lower bound for card(Ty) and an upper bound
for card(Ty). It seems plausible that card(Ty) and card(Ty) could be made to coincide
even in cases where J/1 C J@ 1. In other words is J/1 = J@ 1 not a necessary condition

for Tk to be M-countable?

The author suspects that card(Tx) cannot be larger than J/I and that card(Tk) cannot
be smaller than J © I, but has not proved this. If this is indeed the case then the answer
to question 3.4.7 would be no.

A major assumption used in the proof of theorem 3.4.4 is that H C K are separable.
On inspection of the proof this assumption is only needed in lemma 3.4.2 to ensure
card(Tx) > J/I and so T} can be constructed such that card(Tx) < J @ I in the non-

separable case.

Question 3.4.8 Suppose H C K are as in theorem 3.4.4 apart but with separability not
assumed. What is the best lower bound that can be achieved for card(Tx)? Is it sensitive

to the combinatorics of the cuts I, J involved?

62



Finally as with 3.3.4 we have the question over the cardinality assumption.

Question 3.4.9 The assumption that the model M is countable is vital in the proof of
theorem 3.4.4 for enumerating G and the cuts I and J. Can any analogous statement be

proved in the uncountable case or indeed demonstrated to be false?
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CHAPTER 4

ABELIAN (GROUPS

Here we extend some of the ideas of the previous chapters to M-finite abelian groups. In
the first section we introduce the basic concept and analyze the implications of the basis
theorem on the external (to M) structure of such a group. The basis theorem has some
limitations in this regard as we explain below. In the second and third sections we prove
results showing what these groups look like externally in the case of single M-finite direct
summand. The final two sections then look at constructing M-countable complements
for certain (externally) divisible subgroups of M-finite abelian groups. In the general case
heavy use is made of the basis theorem and its implications for the internal structure of

an M-finite abelian G are important.

4.1 Abelian Groups in General and Direct Sums

The set up in this chapter will be as follows. Let M F PA and M FE a is an abelian group.
We shall use the notation A when we want to talk about the group a externally. The basis
theorem for finite abelian groups is provable in PA and hence true in our nonstandard
model M. This means that our group a is, from the point of view of M, a direct sum of

cyclic groups: there is an M-coded sequence (n;);<p of (possibly nonstandard) length b of
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(possibly nonstandard) integers n; of M such that

MEa= @ c(n;)
i<b

where ¢(n) is the group which from the point of view of M is cyclic of order n. Letting
C(n) be the external group corresponding to ¢(n) this gives a reduction of the problem of
describing A: we need to describe the individual groups C'(n), and say something about
what the direct sum operation looks like from outside M. The first part, describing each
C'(n) is somewhat easier and will be introduced here and discussed further in the following
sections. The nature of this direct sum is somewhat harder.

Unfortunately M F a = ,_, c(n;) does not say that A is the direct sum or the direct

product of the C,,. It does follow that

B cm) <A< )

i<b i<b

but this leaves many questions. We know from M F a = €,_, c(n;) that each v € A
is uniquely written as an M-coded sequence @._, x; of elements z; € c(n;), so A <

C(n;) <

i<b
1<, C(n;), and each such sequence of actually finite support is M-coded, hence ,_,
A. In the case when b is finite the direct sum and direct product coincide so A is this
product/sum. To see that this does not describe all situations and there are cases when
b is nonstandard one only needs to observe that there are finite abelian groups made of
arbitrarily many cyclic direct summands and apply overspill.

It will be helpful to have a precise description of the group ¢(n) in M. This can be
defined in the usual way by the additive structure of w™. We let ¢(n) be the (internal,
M-finite) set of elements x € w? such that 0 < z < n. We define addition on ¢(n) by:

x + y is the unique z € ¢(n) such that x + y = 2z mod n in w™.

In M, ¢(n) has n elements. This means that if n € N is actually finite then C(n) is
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the cyclic group of order n, and an element of C'(n) is a generator if and only if M thinks
it is a generator of ¢(n). In general, however, the sets of generators may look different: if
n is nonstandard then M thinks ¢(n) is cyclic, i.e. can be generated by a single element,
whereas we will see in what follows that C'(n) is never cyclic in this case.

It may be helpful to split the direct sum above into parts. Given ¢ < b and working

in M we have

MEa= @c(nj) @ c(n;) & GB c(ny)

j<i i<j<b

writing a as a direct product of three groups. Thus

for abelian groups U, V' < A, which are the external versions of [ [, _; c(n;) and [];_; , c(n;).
In other words, each C'(n;) is a direct summand of A, though A may not be the external
direct sum of all of them taken together.

By another result in finite abelian groups, working in M each ¢(n) is the direct sum of
cyclic groups c(p¥) of size a prime-power. Here the prime p and/or the exponent k& may
be finite or nonstandard. This decomposes a as a direct sum of such direct summands.
In this thesis we shall put aside the difficult question of describing further such coded
infinite direct sums, and how they embed in general products, but this is an important
question for the future and a possibility for future research. This includes the question
of the structure of C'(n) where the integer n is not a prime power. The evasion of this
question means we can concentrate on the case of C'(pF). We may assume that at least

one of p and k is nonstandard, for otherwise C(p*) is a familiar finite cyclic group.
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4.2 Cyclic Groups of Order a Power of a Nonstan-

dard Prime

Here we shall look at the structure of particular cyclic summands of A. In particular we
look at summands of the form C(p*) where p is a nonstandard prime and k is a (possibly

nonstandard) integer.

Theorem 4.2.1 If A = C(p*) where p is a nonstandard prime then A is a divisible

abelian group.

Proof. By theorem 1.4.1 it suffices to show that A is torsion-free. Let x > 0 in w™ and
suppose that m € N has mz = 0 mod p*. So mz = yp* for some y. Then p* divides the
product ma so p* divides x since p doesn’t divide m, as p is nonstandard and larger than
m. It follows that 2 = 0 mod p* and hence in C(p*) the element = represents zero, as

required.

More generally, we have the following.

Theorem 4.2.2 Suppose M F a = @,_, c(p}*) where each p; € M is a nonstandard
prime, and the sequences (p;) and (k;) are M-finite. Then the external group A corre-

sponding to a is divisible.

Proof. If not, there must be a torsion element x € A with ma = 0 in A, for some nonzero
m € N. In M, this z is a coded sequence (z;) where z; € ¢(p) and ma is (ma;) = 0. So

mx; = 0 mod pfi and as p; does not divide m we have pf’m ie x; =0.
Divisible abelian groups are Q-vector spaces so have a dimension over Q.

Definition 4.2.3 Given n € wM, the cut logyn is the set of x € w™ such that for all
s € N we have s® < n. This is the greatest initial segment below n that is closed under

exponentiation by all standard bases.
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Theorem 4.2.4 If C(n) is divisible then for each r € logyn the dimension of C'(n) over

Q is greater than or equal to the cardinality (in the external sense) of the set {0,1,...,7}.

Proof. Asr € logy(n) we have, for all standard primes ¢ and standard integers k, kq" < n.
Therefore by overspill there is a nonstandard prime ¢ such that k¢" < n for all £ € N.
Choose such ¢. Then the set X = {q,¢* ¢°,...,¢"} is a set of numbers in {0,1,...,n—1},
so can be regarded as a subset of C'(n). The result will follow if we can show that X is
independent over Q. Suppose A; € Q, all but finitely many being zero, with >, \;¢* =
0 mod n. Then by multiplying through by the finitely many denominators occurring in
nonzero values of the \;s we obtain ), piqt = 0 mod n with all y; € Z, where p; is the
numerator of \; multiplied by all the denominators of the nonzero A;s (j # ). By our
choice of g, each p;q" is less than n and so Y, ;¢ = 0. It follows that each u; = 0 for if
not, suppose j is least such that p; # 0. Then by dividing Y, u;¢" = 0 through by ¢’ we
obtain the result that ¢ divides p;, which is impossible as p; € Z and ¢ is a nonstandard

prime.

In the case when M is countable, this settles the question as to what the group C(p*) is,
for p a nonstandard prime, as well as a number of other similar cases A (see theorem 4.2.2)
corresponding to a, when no element x of a has actually finite order: it is the Q-vector
space of maximum possible dimension. This is by overspill, because if n is nonstandard
there are always nonstandard elements in logy(n).

On the other hand, if M is uncountable, it is possible that the set of predecessors of n is
of larger (external) cardinality than logy(n). In fact it may be that card{0,1,...,n—1} >

gcardlogn(n) (This is a result due to Paris and Mills [13].)

Question 4.2.5 Can the bound in the previous theorem be improved? What are the

possibilities for the dimension of C(n) when n has uncountably many predecessors?
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4.3 Cyclic Groups of Order a Power of a Standard

Prime

In this section we shall look at the more interesting case of A = C(p*) where p is a
standard prime and k is a nonstandard integer.

With the usual description of A via addition modulo p*, a typical element of A can
be written as

To+ TP+ Tp™ A o p !

where 0 < z; < p for all ¢, in particular the x; are standard integers for all ¢, but the indices
range over a nonstandard initial segment {0,1,2,...,k — 1} of wM. Since x;,i € WM, for
all i < k it follows that the sequence (x;);< is M-finite.

Using this representation of elements of A we can define a useful function.

Definition 4.3.1 Forz = zg+ - +2,p™ + -+ x5_1p" 1 we define v(z) to be the least
i < k such that z; # 0, if such i exists, oo if there is no such i. In other words v(z) picks

out the smallest power of p in the p-adic representation of x which has nonzero coefficient.

This function has the following properties.
Proposition 4.3.2 The functionv: A — {0,1,...,k—1,00} has the following properties.
(a) v(a+0b) = min{v(a),v(b)}.
(b) v(—a) =1v(a).
(¢) v(a) = oo if and only if a = 0.

Proof. 1t is straightforward to carry out these checks. We do these below, mainly for

illustrative purposes.
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(a) Let v(b) = v(a) =v. Then a = xx_1p" 1+ +xp’ and b = yp_1p* '+ +y,p.
Note 0 < z, < p,and 0 < y, < p. If x,+y, = pthen v(a+b) > v = min{v(a),v(d)}.

If ., + y, # p then v(a + b) = v = min{v(a),v(b)}. This establishes (a).

(b) Suppose v(a) = v, where 0 < v < k. Then a = zp_1p** + -+ + 2,p", where
0Lz <pfori>v,0<z,<pandz; =0fori<~. So—a=(p—1—zp_1)p" '+

-+ (p— z,)p"” and it is easy to see that 0 < p — z, < p so v(—a) =y = v(a).
(c) is obvious.

Using 4.3.2 it is easy to see that v(x) gives rise to a chain of subgroups

0=Ac< <A, < <A=A4

where A, = {x € A : v(x) > v}. It is a straightforward fact that PA - if0 < H <
C(p*) then H = C(p') for some [ such that 0 < [ < k. In our context C(p') is Ap_; and
so such H = Aj_,, for some n such that 0 < n < k. This shows that v(z) gives rise to the
unique maximal chain of M-finite subgroups of A.

There is another similar function which we define as follows.

Definition 4.3.3 For © = a9 + -+ + 2pp™ + -+ + 219" we define v(z) to be the
greatest i such that x < p*='. In other words it is the greatest i such that xx_; =0 for all
J < i; if there is no i with this property we write v(x) = 0. We also write v(x) = oo for
v(z) = k.
Proposition 4.3.4 The functionv: A — {0,1,...,k — 1,00} satisfies the following.

(a) For all a,b € A, v(a+b) > min{v(a),v(b)} — 1.

(b) For all a,b € A if v(a),v(b) > 0, then v(a + b) < min{v(a),v(b)}.

(¢c) Foralla € A, v(a) = oo if and only if a = 0.
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Proof.  (a) Supposem =7(a) >n =7o(b). Thena = Y=t "™ ' ap'and b= 3 =0 " ypf,
with 0 < z;,y; <pand 0 < Yp_pn_1,Tk—m_1 < p. There are now two cases to con-
sider. If a4+ b < p*™ then a + b = Z_k L TN N S byt = Zﬁzg_n_lzip",
for some z; such that 0 < 2z, < p. Sov(a+b) 2 n. Ifa+b > p*" then
a+b= Zzz’g_m Vet + ZZ k=n= Yyt = Zilg_n_l zip' + pF~", for some z; such

that 0 < z; < p. So v(a+b) =n — 1. In either case we see that v(a +b) > n — 1.

(b) Supposem =T(a) =n =75(b) > 0. Thena = 3 =0 " ' ap' and b= S =t "y,

i=k—n

with 0 <z, <pand 0 < yp_pn_1,Tk—m-1 <p. Then a+0 = Zi:o 2;p® for some
z; such that 0 < z; < p. If zx_,,—1 # 0 then T(a 4+ b) < n. If zx_,_1 = 0 it must be

the case that z;_, = land sov(a+b)=n—1<n
(c) is obvious.

We can use the functions v and ¥ to define some interesting and useful subgroups and

subsets of A.

Definition 4.3.5 Fori € w™, we define

Ai={r e A:v(z) > i}

and

At={x € A:v(x) =i orv(—x) > 1}.

Furthermore, for a cut I of w™, define

Ar=J A =4

i'>1 iel

and
M:UM:ﬂm
i/ >1 el
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For i € wM the sets A’ are not groups because closure under addition fails (see part a) of
proposition 4.3.4). However it is straightforward to check that A’ is a group for any cut
I. We note that the groups A; and A! are down monotonically I-definable in the sense
of definition 2.2.1. For the following proposition recall that k — [ :=inf{k —i:i € I} =

sup{k —i' : i > I}.
Proposition 4.3.6 A;n A1 = {0}.

Proof. If x € A; then p'|z for all i € I. We apply overspill to conclude that p®|x for some

a > I. Hence z = p®y for some y € w™. So if z # 0 we must have pF—(=)

= po‘ < T
hence v(z) < k—a—1s00(z) <k—a. As Ajisagroupz € A = —x € A; so we
can repeat the argument to conclude v(—z) < k —a. Asa > T and A* ! = {z € A :

(z) >k — I or v(—x) >k — I} it is clear that z & A*1,

It follows that A; @ A*1 < A. But it is not true that equality holds here. For example
Sicxp € Alisnot in Ay @ A
Next we shall identify the torsion part and the divisible part of A. Firstly we identify

the torsion part of A.

Proposition 4.3.7 The subgroup tA = Ay_n consists of all the torsion elements of A.

It is isomophic to the Priifer group C(p™).

Proof. An element of Aj_y is a finite sum of the form = = zp_,p* ™ + -+ + 2_1p"!

where 0 < z; < p for all i and n € N. It is easy to prove (by external induction on n)
that all such elements are torsion, i.e. there is m € N such that mz = 0 mod p*. Since
we are only interested in n € N external induction suffices. There is no contradiction to
overspill here because M F all elements of A are torsion. It’s just that for x ¢ A;_ the
m such that M E 3Im : mz = 0 mod p* is nonstandard.

Conversely if x & Aj_n then | = v(z) € k — N so x = z;p' + terms in higher powers

with ; # 0. If m € N is written in p-adic form as m,p" +m,1p" - - - +mp® with m, # 0
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and 0 < m; < p for all i then ma = x;m,p'*" + higher powers and as x;m, #Z 0 mod p
and [ +r € k— N this shows that v(maz) = [+7r < oo i.e. ma # 0 hence x is not a torsion
element.

It is straightforward to see (by dividing by an appropriate power of p) that Aj_; =
C(p') for each | € N and that the embedding Aj_; — A_;_; is the natural one, C'(p') —

C(p"*1), hence A;_y is the direct limit of these, i.e. the Priifer group C(p*).

We now identify the divisible part of A. See Kaplansky [7, section 5] for more information

on divisible groups.

Proposition 4.3.8 The group Ay is divisible. More generally, A; is divisible for all cuts
I closed under successor not containing k. Also, for each element x € A\ Ay there is

m € N such that for noy € A is my = x, so Ay is the divisible part dA of A.

Proof. The first part is by long division in M, taking x = xz,p” + higher powers for some
r>Nand m =mg+mip+ -+ msp°® where 0 < m; < p for all ¢ and s € N. Then long
division gives y € A with v(y) = r — s > N such that my = x. Hence Ay is divisible. The
same works for any other cut 1.

For the other part, if + ¢ Ay then x = xz,p" + higher powers for some r € N and

0 <z, < p. It follows that x is not divisible by p" .

We now state the following standard theorem of infinite abelian groups.

Theorem 4.3.9 Suppose A is an abelian group and D < A is a subgroup which is di-
visible. Then there is K < A such that DK = A, i.e. D is a direct summand of
A.

See theorem 2 in Kaplansky [7, section 5] for details of the general proof which requires

Zorn’s lemma.
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It follows from 4.3.8 that A; is divisible for each such /. Hence by 4.3.9 all the A;
are direct summands of A, i.e. for each such I there is By such that A; @ By = A. The
use of Zorn’s lemma in the proof of theorem 4.3.9 suggests that such a Bj is somewhat
non-constructive. It turns out that such a B; can be M-countable which is the principal
result of the next section.

Our next goal is to show that for certain I, no complement Bj of A; is monotonically
J-definable for any initial segment .J. In the light of proposition 2.2.3 it suffices to show
that B; cannot be up monotonically J-definable for any initial segment J. We shall want
to show that monotonically definable sets are enumerable by an initial segment. To make

precise what we mean we give the following definition.
Definition 4.3.10 We say B is enumerable if there are
(1) a definable and 1-1 f € M ; and
(2) a cut or initial segment I C, M

such that B = {f(i) : i € I}. We shall say that B is I-enumerable when we want to refer

to the particular cut involved.

Proposition 4.3.11 Let B < A be such that BN A =0 and B is I-enumerable. Then
B+ A #A.

Proof. B ={f(i):i € I}. Choose some small a > I. Let f(i); denote the i" component
in the p-adic expansion of f(i). For each i < « define z; so that x; # f(i);. Then
consider x = Zzg x;p*. Suppose x € B+ A;. Then there are j € I and y € A; such that

x = f(j)+y. Since y € A; the i components of x —y are the same as the i'® components

of z for all i € I. But x —y = f(j) and by definition z; # f(j); which is a contradiction.

Proposition 4.3.12 Suppose B < A, BNA; =0, and B is up monotonically J-definable

by some formula 3. Then for all j € J we have |3;| € p'.
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Proof. Let j € J so that §; C B. Suppose |§;| > p'. Let v = [log,|3;|] — 1. Tt follows
that v > I. Since [{z : 2 =Y _,_, z:p'}| = p” < |8;] two distinct elements a, b of ; must

agree on coordinates xg, -+ ,x,_1. Since v > [ we have 0 #a — b € A; N By.

Proposition 4.3.13 Suppose B < A, B+A; = A, and B is up monotonically J-definable

by some formula B. Then Vi € I3y € J such that |3, > p".

Proof. Suppose to the contrary. Then there is o € [ such that for all 7 € J we have
18| < p*. By overspill there is some j* > J such that |8;| < p*. But 8; 2 B and
so By + Ar = A. Since A; O Aj for all ¢ € I we have that Vi € I3y + A, = A
and so by overspill there is ¢/ > I such that 3 + Ay = A. Consider the M-finite set
X={r:2=73 22} Now |X|=p* and we may write each element z € X as a
sum z = a+ b for a € Ay and b € By. Suppose y = b+ a; and x = b+ ay for z,y € X,
b€ B and ay,as € Ay. But then y — 2 = a; — ay. Note that X C A*~! and the latter is
a group, also Ay is a subgroup of A;. We now have a contradiction to proposition 4.3.6
because 0 # y —x = a; — az € A1 N A;. This says that |8;| = p® which is the final

contradiction we need.

Proposition 4.3.14 If B is monotonically J-definable by B and
(a) |By| €I for ally € J.
(b) Vi € I3y € J such that |5,| > i

then B is I-enumerable.

Proof. List all elements of
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(2) B2\(BLU Bo) -

(H) 5n\(ﬁn—l U---u BO)

This is an internal construction since each [, is definable for n € J. Now set f(i) =
i" element in the list. It follows from (b) that {f(i) : ¢ € I} C B. Conversely (a) says

that all elements of 3, appear as f(i) for some ¢ < |3,|, hence B C {f (i) : i € I}.

Theorem 4.3.15 Let I be any cut such that p' = I, for ezample I could be closed under
exponentiation by all standard basis. Let By < A be a complement of A;. Then By is not

monotonically J-definable for any initial segment J.

Proof. Suppose to the contrary that there is some monotonically J-definable B; such
that By + A; # A and B; N A; = 0. By proposition 4.3.12 we have that condition (a)
in proposition 4.3.14 is satisfied and by proposition 4.3.13 we have that condition (b) is
satisfied. Hence by proposition 4.3.14 we have that B is p’-enumerable. By assumption

! = I and so by proposition 4.3.11 we have that B; + A; # A which is a contradiction.
Question 4.3.16 Is theorem 4.5.15 true in the case I C p'?

The author strongly suspects the answer to this is yes. The proof would probably require a

more sophisticated digitalization in proposition 4.3.11 to get it to work for p’/-enumerable

B.

Question 4.3.17 Can there be a monotonically definable transversal T that is not a
group? I.e. a monotonically definable set T such that TN A; =0 and T+ A=A but T

18 not assumed to be closed under + or —.

N is the smallest cut closed under the successor and k—N the largest one not containing
k. Notice that if I C J then A; C Aj, hence Ay D A; D Ay D Aj_y for each pair of cuts

I C J closed under the successor.
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Question 4.3.18 Can such a family of Brs be chosen so that By is a complement of Ay

for all I and By C B; C By C By_n for each pair of cuts I C J closed under successor?

To attempt to answer this question we first answer it in the case of a single pair of
cuts I C J. It follows that A; C A;. By theorem 4.3.9 we have B; < A and L;; < A;
such that A;@ By = Aand A; @ Ly, = A;. Tt follows that A; @ Ly @ By = A and on
setting By = Ly @ By we have By C Bjy.

This shows that we can answer 4.3.18 positively in the discrete case. Suppose we have
a decreasing family of cuts indexed by some set J, together with a chain of A; and a

corresponding chain of complements as below.

SN
N

U

Sy
=

U
U
S
U

Set I =), .; I, and it follows easily that I is a cut and (J

ned In Ap, = Ar. We know there

ned

exists By such that A; @ By = A but if we are to answer 4.3.18 positively then we need
Br € N,e; Br,-

Question 4.3.19 Does (), ., By, + A; = A?

neJ

A common theme in nonstandard finite objects is that there is often a nonstandard
metric or topology on the elements of such objects, which by factoring out by an equiva-
lence relation yields a continuous structure that is of interest for other reasons. This can
be illustrated nicely with the group C'(p*). First, consider the function v of definition 4.3.1
on C(p*). This yields a nonstandard metric
if v(r —y) < o0

1
d(x,y) = ¢ 2
0 if x =y.
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To make this a standard metric we need to make elements x,y € A equivalent when-
ever d(z,y) is infinitesimal. This means factoring out by the subgroup Ay = {z € A :

v(z) is infinite}.

Proposition 4.3.20 The nonstandard metric d induces a standard metric structure on
AJAn making it into a topological group. The group A/Ay is topologically isomorphic to

a subgroup of the group of p-adic integers Z, = lim C'(p™).
H

Proof. We define a map ® : A — liin C(p™) as follows.
O(zo + z1p" + -+ 231" = (w0, o+ 21p", ;o+- F 2D ien.
The right hand side is clearly an element of liin C(p™) as
gpij(xo—i—---—i—xjpj) =94+ a;p' for all i < j.

® is well defined as M can extract definably the i** digits of the p-adic representation of a
number less than p*. It is straightforward to check ® is a homomorphism of groups with
kernel Ay and that it is continous with respect to the topology defined by the metric and

the natural topology of Z,.

The group Ay is divisible by proposition 4.3.8 which means the extension A of Ay
is split by theorem 4.3.9 i.e. A = Ay ® A/Ay. A divisible group is just a direct sum of
its torsion subgroup with a Q-vector space by theorem 4 in Kaplansky [7, section 5] and
tAy = Ap_n = C(p™) by 4.3.7. So Ay =V P C(p™), where V' is a vector space over Q.

We have shown the following.

Proposition 4.3.21 A is a direct sum of a subgroup of Z, with a Q-vector space and

C(p™).
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The group A/Ay is a version of the standard system of the original model M. For more
details about SSy(M) see Kaye [8], page 141 onwards. Real numbers r € R (or R C N)
can be encoded by elements of Z, and they are present in A/Ay if and only if they are
coded in M in one of the more usual means from nonstandard arithmetic. The set of reals
coded in M is an important invariant of M called the standard system of M and denoted
by SSy (M), which is normally viewed as a subset of P(N). There are recursion theoretic
closure-conditions on SSy (M) which characterize precisely which sets of reals 2~ C P(N)
can arise as SSy(M) for some M, and from these closure-conditions the subgroups of Z,
that can arise in this way can be described too. The case SSy(M) = P(N) does arise, in

particular if M is Ny-saturated then SSy(M) = P(N). This gives the following.

Proposition 4.3.22 If M is Ng-saturated of cardinality 2% then A = Z, &V & C(p™)

where V is a Q-vector space of dimension 2%°.

We have the following proposition concerning the structure of the group A/AYN.

Proposition 4.3.23 The group A/AYN is isomorphic to a subgroup of the circle group

T={z¢€C:|z| =1} and contains the usual copy of the Prifer group C(p>) in T.

Proof. Define @ : A — T by ®(x) = exp(2mi[*+ + =55% 4 -+ + =22 4+ J,en). Note

0>, Ton 5 2l = 1 50 im(®) C T. It is straightforward to check that ® is a

n=1 pn P

homomorphism of groups with kernel AN,

Again, elements of T = {z € C : |z2| = 1} code reals and the group A/AN is a
version of the standard system SSy (M) of M. If M is Ry-saturated of cardinality 2% then
SSy(M) = P(N), in which case A/AN = T. Tt turns out that the extension A of AN does
not split. In the suitably saturated case A/AN = T which has elements of all finite orders,
however A only has elements of infinite order and of order a power of p and so A/AN

cannot occur as a subgroup. In fact saturation is not really needed here because im(®)
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will always contain elements of all finite orders. This is because all such elements arise as
the image of an element coding a sum of the form (x,_1p*~ ! + -+ + 24, p" " + - pen
for which there is m € N such that the sum consists of some repeating block finite block

of coefficients after xp_,,, and such sums are coded in arbitrary M by overspill.

4.3.1 Szmielew Invariants

In this short subsection we refer to Some Model Theory of Groups [6]. We state a theorem

below which is taken directly from that paper.

Theorem 4.3.24 If A and B are abelian groups, then A is elementarily equivalent to B
if and only iof

(i) A is of finite exponent < B is of finite exponent;
and for each prime p and integer n > 0:
(ii) dim p"Alp]/p"** Alp] = dim p" Blp]/p"*' Blp]
(1ii) limdim prA/ptTIA = lim dim p"B/p"B
(iv) lim dim p"Afp] = lim_dim p" B[p]

in the sense that the two sides of the equality are the same finite cardinal or are both infi-

nite. (Here p"G = {p"z : v € G}; G[p] = {x € G : px = 0}: and dim means dimension over Z/pZ ).
We have the following corollary, also from [6].

Corollary 4.3.25 Any abelian group is A is elementarily equivalent to a group of the

form

@[@ C(p™)orn) g Z;W & C(p™) )] & QW.
P n

It is easy to see that for a given n € N and prime p
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(ii) determines the value of a,p;
and for a given prime p:

(iii) determines the value of 3,

(iv) determines the value of ,.

If the exponent is finite then § = 0 since otherwise Q) would contain elements of infinite
order. If the exponent is infinite then § can be anything, provided at least one of the [3,s
or 7,s is nonzero, otherwise ¢ must be strictly greater than zero.

We calculate the Szmielew Invariants for the group A = C(p*) for p a standard prime

and k a nonstandard integer.
(i) Exponent = oo because 1 € A is of infinite order.

(i) We calculate dim ¢"A[q]/q" ™ Alq]. If ¢ # p then ¢"A[g] = 0, so dim ¢q" A[q]/q" T Alq] =
0. If ¢ = p then p"Afp] = Ay, and p" ™ Alp] = Ag_1. So p"Alp]/p" T Alp] = 0, and
dim p" A[p]/p" Alp] = 0.

(iii) We calculate lim dim ¢"A/q"™A. If ¢ # p then ¢"A = A and ¢"™'A = A,

n—o0

so lim dim ¢"A/¢""*A = 0. If ¢ = p then p"A = A, and p"™'A = A,,1, so

n—o0

*AJ¢"H A = C(p) and lim dim p"A/p"t1A = 1.
n—o0

(iv) We calculate lim dim ¢"A[q]. If ¢ # p then ¢"A[q] = 0, so lim dim ¢"A[q] = 0. If

n—o0 n—o0

q = p then p™A[p] = Ai_1, solim dim p™Alp] = 1.
n—oo

Hence we see that A = C(pF) is elementarily equivalent to a group of the form A =
Z, PV P C(p>). This agrees with proposition 4.3.22. We can add the V, a Q-vector

space, since it is consistent that > 0.
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4.4 Complement Theorem

We will study G = C(p*) for p a standard prime and k a nonstandard integer as in
the previous section. Let A; be as in definition 4.3.5. It is the aim of this section to
show that under suitable conditions the corresponding B; such that A; € B; = A can be
M-countable. We begin by proving some lemmas that we shall need for the main result.

The next lemma is a straightforward property of general abelian groups. The proof is

extracted from theorem 2 in Kaplansky [7, section 5].

Lemma 4.4.1 Suppose A, B < G are abelian groups such that AN B = {0}. Suppose

there is z € G such that gz = b € B for some prime q.
If z¢ A+ B then (BU{z}) N A= {0}.

Proof. Suppose not. Then there are m € N, i/ € B and 0 # a € A such that mz + b = a.
If ¢ | m then m = rq which implies a = rb 4+ b’ € B and this contradicts the assumption
that ANB = {0}. If ¢  m then (¢, m) = 1 and so there are s,t € Z such that sm+tq = 1.
Whence z = smz + tqz = s(a — V') + tb € A+ B which contradicts that assumption that
z2¢ A+ B.

The final lemma given here is more specific to models of arithmetic.

Lemma 4.4.2 Suppose G = C(p*) for p a standard prime, k a nonstandard number. Let

g € G. If q is a prime q # p then there is a unique g; € G such that qg, = g.

Proof. Fix the prime g. Define f, : G — G by y — qy. If qy = gz then ¢q(y —z) = 0. Then
y = z since p { ¢ and every element of G has order a power of p. But f, is a definable
1 — 1 map of an M-finite set to itself and so it is also onto. Thus for each g € G there is

a unique g; € G such that g = f;(g1) = qg1 as required.
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Lemma 4.4.3 Suppose G is an M-finite abelian group and A < G is an M-countable
subgroup with card(A) = I. Suppose there are M -finite sets B, B' C G and A; C A such
that (B)N A= {0} and B'+ A; = G. Denote by J the cardinality of the torsion subgroup
tG C G. Note that the torsion subgroup of any M -finite abelian group is monotonically
definable and therefore M -countable. For any o, > N, v > J andi’ > I definer € wM to
be least such that |l£,‘ < (r+|B|)**vB. Then there is an M -finite set {by, -+ ,b,_1} C B'\B
such that (B U{bg,--- ,b,_1}) N A= {0}.

Proof. By M-countability of A select Ay O A with |Ay| = i'. For m € wM define
(B)y, == {Zj:j)n_l x;: £x; € B}. It is straightforward to see that (B) = |J,,cn(B)m and
|(B),| < |BJ*™. Fix some o > N and consider (B),. Since tG is M-countable we may

apply theorem 3.2.7 to define an M-finite set X, with |X,| > |%| and X, +tG unique sum.
Since X, 4+ tG is unique product it follows that Vm € NVgy, g, € X, (m(g1 —g2) =0 =
g1 = g2). Then by overspill there is § > N such that Ym < Vg1, g2 € X, (m(g1 — g2) =
0 = g1 = g2). We can of course take 5 to be as small as we like subject to § > N.
Define r to be least such that @ < (r+|B|)?**B7y. We now perform an internal induction
to add r elements to B. Suppose inductively that for s < r we have already specified
bo, -+, bs—1 satisfying: mb; ¢ Ay + (BU{bo}U---U{bs_1})a. Suppose that for all g € X,

there is m < ( such that
<*) mg € Ai’ + <B U {bo} U---u {b5_1}>a

Define a function f: (Ay + (BU{bg} U---U{bs_1})a) x B = X,
f(z,n) =g if g € X, satisfies ng =«

f(z,n) = 0 otherwise

For a given pair (z,n) there can be at most one such g by the property of X,. (*) says that
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every g € X, is of this form and so f is surjective. But |Ay+(BU{by}U---U{bs_1})alf <
|Au|(|B| + 5)*6 < % = |%‘ = |X,| so (*) can’t happen. So there is b, € X, such that
for all m < B we have mbs ¢ Ay + (B U {bp} U---U{bs_1})s. By this internal induction
we create a set by, -+ ,b._1. Now from the statement of the lemma there are M-finite
sets B’, A; such that B’ + A; = G. By another internal induction we may rewrite each
bj =a; + b;- where a; € A; and b;- cB.

Finally we claim that {bf,---,b0._,} is as desired. For brevity let X denote the set
BU{by,---,b._,}. Suppose AN (X) # {0}. Then there are Ay, -+, \,_1 € Z such that
Z;ig_l A € A+(B) where )\; # 0 for at most an actual finite number of j. At least one
A; # 0 because AN(B) = {0} by assumption. Let &k be largest for which ) is nonzero. By
rearranging we have that A\b, € A+ (BU{bj,---,b,_;}), and we can assume that Ay is
positive. Now since finitely many A;s are nonzero and each b;- =b; —a; (where a; € A; C
A) we can conclude that A\gb, € A+ (BU{by, -, b, _1}) € Ay + (BU{by, " ,bk—1})a
and since \; € N < 3 this contradicts the choice of b;.

Suppose bj, = b for j < k < r — 1. Then b + ap = by and 0} + a; = b; gives
by =bj—aj+a, € A+ (BU{by, -+ ,bx_1}) C Ay + (BU{by, -+ ,bp_1})s which is a

contradiction. Thus [{bf,- - ,b._}| = r as required.

Before stating the next lemma we shall need a definition. Recall definition 4.3.5 from

which the group A* N < G is defined for G = C(p).

Definition 4.4.4 Let b € G = C(p*), for p a standard prime and k a nonstandard
number. Then X :={g € G :3r € Nrg € b+ A*N}. In other words an element of X,
is a translation of b by any element of A¥™N followed by a division by any r € N; if such

a division is possible we may pick any of the possibilities for this division that we wish.

We observe that X is up monotonically definable by some (6°,N). We know A* N is
up-monotonically N definable. Thus we may define ° = {g € G : Ir <nrg € b+ A"}

and we see that X, = |J, n 6"

neN “n*
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Lemma 4.4.5 Let b € G = C(p*), for p a standard prime, k a nonstandard number.
Then X, is M-countable with card(X,) = N.

Proof. We claim that Vn € N(|#%| € N). Since, for fixed b, the set {b+a : (Im < n)a =
xo+ -+ + x,p™} is finite providing, for each g € G and r € N, the set Y, ;, = {y € G :
ry = g} is finite. This is true because t(G) = Ay_n has card(Ax_n) = N. Since X, is

monotonically definable, X, = | _y°, it follows X, is M-countable with card(X;) = N.

neN “n»

Lemma 4.4.6 Suppose G = C(p*) for p a standard prime, k a nonstandard number
and A; < G is the subgroup defined in 4.3.5 for some cut I such that N < I < k.
Suppose D C G is an M-finite set such that D + Ay = G. Suppose C' C |J,ep X is
a set such that (Cy N A; = {0}. Let ¢ € G be an arbitrary element. Then there is
a set {21, , 2} C Upep Xp, for t € N, such that (C' U {z,---,z}) N A = {0} and

gE <CU{21,"‘ ,Zt}>+A[.

Proof. We will select a finite number of elements {z1,---, 2} C |J,cp Xp such that g €
(CU{z1, -+ ,2}) + Ar. We must also take care to ensure that the elements we add do
not violate (C'U {z1,---,z}) N A; = {0}.

If g € A; + (C) then there is nothing to do, so suppose otherwise. If Ym € N
mg ¢ A; + (C) then we simply write g = a+ b for a € A;,b € D and note that it suffices
to add b. Otherwise suppose m € N is least such that mg € A; + (C). Thus mg = a + z,
for a € Aj,x € (C). Let ¢ be a prime dividing m and by divisibility let a; € A; be such
that ga; = a; set z := 29— m thus ¢z = x. By minimality z ¢ A; 4+ (C).

Suppose ¢ = p (case 1): Since x € (C) there are r € N and xy,--- , 2, € C such that
r=+4x + -+ x,.. We will now translate each of the x; to ensure they are divisible
by p. For each 0 < ¢ < rif @y = z) + ---2}i_;p"' then set ; = z; — x). Thus
r=47,4+ - +7,+7, where g = £a} £--- £ 25 Now g € A*N and § = 0(mod p), thus

dg € AN guch that pg = g. Since (1) = A* N we have g € (C). Also we have z,--- , 2,
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such that pz; =7y, -- ,pz. = Z,. We see that © = p(£2z; £ -+ 2, + g). Since pz = x it
follows that p(z — [£z1 £ -+ 2, +¢]) =0,s0 p(z — [z £ --- £ 2. + ¢g]) € t(G) C A,
So if all of zy,---, 2. lie in A; + (C) then so does z, so this cannot happen. So at least
one of zy,-- -, 2, fails to lie in A; + (C) and we may suppose that z; ¢ A; + (C). Now
pz1 = 11 = x1 — x) € (C) whence by lemma 4.4.1 we have (C'U{z}) N A; = {0}. Thus
adding z, will not violate (C'U {z1}) N A; = {0}. We check that z; € [J,, Xp. Since
21 € C C Upep Xo, thereis I € N, o/ € A¥ N and 0 € D such that lzy = V' + /. Now
lpzy = lzy — ) =V +d — ) and o —zf € AN s0 21 € Upep X as required. If
21,002z € Ap+{CU{z1}) then Tig € A;+(C'U{z}). Otherwise we may suppose that
29 ¢ Ar + (C'U{z}) and we repeat the argument with z5 in place of z; and C' U {z}
in place of C. Continuing in this manner we may add sufficiently many z!s so that
g € Ar+(CU{z}U---U{z}) and A;N{CU{z}U---U{z}) = 0 for some s <r € N.

Suppose ¢ # p (case 2): We can use the same argument as above apart from noting that
now xi,--- ,x, are all uniquely divisible by ¢ by lemma 4.4.2. Therefore the translation
part of the argument is not needed.

In either case we reduce the minimum value m to % and so we may keep repeating
the argument until g € Ay + (CU{z1}U---U{z}) for some t € N with A;N(CU{z}U

o U{z)) =0and 21, -+, 2z € Upep Xo

Lemma 4.4.7 Suppose G = C(p*) for p a standard prime, k a nonstandard number and
Ar < G is the subgroup defined in 4.3.5 for some cut I such that N < I < k. Suppose
D C G is an M-finite set such that D + A; = G. Suppose C C UbeD Xy is an M-
finite set such that (C) N A; = {0} and 1 = p° € C. It is straightforward to check that
card(A;) = p*~1 which we shall denote by J for convenience. Let j € J be arbitrary.
Then there is D' C D such that D"+ A; = G, C C Jpep Xp and |D'| < %

Proof. Recall that Ay = . Aa- Since card(A;) = J it follows that there is some o > 1

such that |A,| > j. We have that A, + D = G. Set r := |D| — % We perform an

86



internal induction to remove r elements from D. Set Dy = D and suppose that for [ < r

we have defined an M-finite set D, such that:
(1) |Dif =[D| -1
(2) Di+ A, =G

We will also ensure (by making a careful and definable choice using the monotonicity
of X3) that C' C Uycp, Xp. We are not allowed to assume this external condition in our
induction hypotheses however. We shall simply show how to make the choices carefully
and demonstrate at the end that the condition has been met. We have the following
counting argument. |D;||As| = (|1Di] — 1) > (|D] —7)j > j'%l = |G|. So there must be
elements a1,as € A, and by, by € D; such that a; + by = as + by. It is important that
we choose the correct b to remove and we do this as follows. Let a; be least such that
0% NC # @. Let ay be least such that 622 N C' # &. By relabelling if necessary we may
suppose a; = ag. We then set Djy 1 = D; \ {b1}. It is clear that condition (1) holds for
Dyyq. To establish (2) note that for each g € G we have g =b+a for b € D, and a € A,,.
If b ¢ Dyyq then b = by, in which case a3 +b = ag + by. Thus g = by +as — a; + a, A, is
a group and so ag —a; +a € A,. Thus g € D;1q + A,. At the last stage of this internal
induction we create D,. Suppose that C' ¢ Usep, Xp- Since C' C J,ep Xy it follows that
Jy1 € C such that y1 & U,ep, Xp and y1 € J,ep Xp. Hence there is by € D\ D, such
that y; € X;,. Thus at some stage [ < r we had by € D;\ D;;; and so there are by € D,
ai,as € A, such that a; + by = as + by. Let aq be least such that 9’6’}1 NC # @. Let
oy be least such that 92[22 NC # @. Since by ¢ Dy it follows that ay > ay but since
y1 € C'N Xy, it follows C'N X, # &. So for some m in N we have 6% N C' # & and since
a1 is the least element with this property it follows that a; € N. So ay € N and thus

CNXy, # @. Now by definition of X}, , X3, there are 1, ro in N such that ryy; € by + AN

and roys € by + AFN. Tt follows that by, by € (C) upon noting A¥ N = (1) < (C). Thus
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(C)Y > by — by =as—a; € A, < A; and this is a contradiction to the assumption in the

lemma since by # by. So we may set D' = D,.

We are now ready to prove the main result of this section.

Theorem 4.4.8 Let M E PA be countable and nonstandard. Let p be a standard prime,
k a nonstandard number. Let G = C(p*). Recall the definition (4.3.5) of the group Aj
for a cut I such that N < I < k. Recall also definition 2.1.9 of second derivative 8*(I) of
a cut I. Suppose &*(I) > N or I = N. Then there is an M-countable group By < G such

that Ay @ Br = G and card(By) = Car‘ilq[) = pfﬁl =pl.

Proof. The proof proceeds by an induction on N. By countability let G = {go, - , gn, " ** }nen,
let (a,)nen be a decreasing sequence cofinal in [ from above, and let (b,),eny be an in-
creasing sequence cofinal in I from below. Recall that A*™N := {2 : 2 = 29+ --- +
T,p"n € N}, that Ay := {x : 2 = x;p" + -+ + 2,_1p* ;i > I} is divisible and that
Ag_n = t(G). Note that card(Ax_n) = N and so in the notation of lemma 4.4.3 we may
take N < v < 0%(I) (see later remark for the case that N = I). Again in the sense of
lemma 4.4.3 we may take N < «, 8 < 9?(I).

The construction of B; will proceed by induction. We set out our inductive hypotheses.
(1) There are M-finite sets {1} = By C --- C B,,; B, C --- B =G.
(2) (B))NAr=0; B, + A, =G
(3) |Bal**vB = p'; |B,| < p™
(4) Bn € Upep, Xo where X, is as defined in 4.4.4.

(5) gn € (Bn) + Ar

B, — B, step:
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Our first part of the construction of B, i is to ensure that the cardinality condition
(condition 3 in the inductive hypotheses) is satisfied. Since A; is M-countable with
card(Ay) = p*~1 it follows that p*=P»+1 > card(A;). Setting p*~%»+! =i’ in the notation
of lemma 4.4.3 it follows that |Z£,| = pP»+1. Define r € w™ to be least such that p’»+1 <
(r + |Bn])**B~. Then by lemma 4.4.3 there is an M-finite set {bo,--- ,b,_1} C B! \ B,
such that (B, U {bg, -+ ,b,_1}) N A; = {0}. It follows that B, U {bg,---,b._1} satisfies
(1),(2) and (3) for n + 1. Since {bo,--- ,b.—1} C B], (4) is satisfied too.

It remains to ensure that (5) is satisfied for n + 1. Set D = B} and C = B, U
{bo, -+ ,b.—1} in the notation of lemma 4.4.6. By lemma 4.4.6 we have {z1,---, 2} C
Usen, X, fort € N, such that (CU{21,- -+, 2:})NAr = {0} and g1 € (CU{z1, -+, 2 })+

Aj. So we may set By 1 := B, U{bo, -, b1} U{z1, -+, 2}
B, — B, 4 step:

In order to fully satisfy the induction axioms at stage n + 1 we must remove elements
from B/ to satisfy condition (3) for n + 1 without violating conditions (2) or (4) for
n + 1. Setting p*~%+1 = j in the notation of lemma 4.4.7 it follows that @ = p%t1. Set
C = B,41 and D = B],. Then by lemma 4.4.7 there is D’ C B/, such that D' + A; = G,

Byi1 € Upepr Xp and |D'| < JS-. Set By, = D,

Definition of By:

Finally we set By = (J,,cn(Bn). To complete the proof we must now prove that B;

satisfies each of the following conditions.
(i) Byn Ay ={0}.
(ii) B+ Ar=G.
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(iii) card(By) = p!
(iv) card(Bj) < p’

For (i) suppose 0 # g € By N Ay then it follows there is m in N such that g € (B,,) but
this contradicts condition (2) of the inductive hypotheses at stage m. For (ii) let g € G
be arbitrary, then there is m in N such that g = g,,. By condition (5) of the induction
hypotheses g,, € (B,,) + A;. Since (B,,) C By it follows that g,, € By + A;. For (iii) we
must show p’ < card(B;) < card(B;) < p’. Note that for all n in N B, C B; so the first
inequality will follow if we can show that {|B,|}nen Ceop p’. Fixi € I. Since o, 8,7 € 9*(1)
it follows that (i + 8)2a € I and so there is n in N such that b, > (i + 57)2«. Then we
have | B, |?*By > pPr = plit812e — (ph)2e(pf7)2« > (p))22By. And so |B,| > p’ as required.
Note that «, 3, v were chosen to be below 9*(I) in order for this part of the argument
to work. If I = N then this cannot be done but in this case the use of «, 3, v and
lemma 4.4.3 is not required because P! = N and the lower cardinality of any externally

infinite set (including By) is guaranteed to be greater than or equal to the standard cut.

For (iv) fix some ¢ > I. If I = N then ¥n € N % > n and so by overspill there is a

greater than N such that il‘“ >a>N=1] 1IfI 7é N then by assumption 82(1) > N so

we may fix some 0%(1) > a > N

definition of 9%(I). Clearly for all n in N n?" < a and so by overspill there is ¢ greater
than N such that ¢* < a, fix this ¢. By lemma 4.4.5 Vn € NVg € G|69] < ¢ so by overspill
there is d greater than N such that Vn < dVg € G|05] < c. Note that (U,cp, 6%). O By for

each n € N. |Uyep 05] < |Bple and so [(Uyep, 00)el < B[ < |By|*a. Since s

< £, So there is B!, with |B,| < p®. Finally

{(Upen: 0%l < |Bh|*a < (pi;;ca)zca < p' as required. This establishes card(B;) < p! and
so card(By) = card(B;) = p'.

Example 4.4.9 Let p be a standard prime and fix some k > N. For every n in N
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we have that n" < k and so by overpsill there is ¢ > N with ¢¢ < k. It follows that
the cut I := suppen{c"} is below k. Furthermore I is closed under multiplication and
so O*(I) = I > N. Consider A; < C(p*), by theorem 4.4.8 there is an M-countable

complement Byfor A; in G with card(By) = p'.

4.5 Generalized Complement Theorem

In this section we prove a version of theorem 4.4.8 in the case of a general M-finite abelian
group GG. We shall restrict our attention to finding an M-countable complement for the
divisible part dG of GG. The reason for this is that in the previous section we had an obvious
family of monotonically definable subgroups, the A; for cuts I such that N < 7 <k — N,
to study; however in this general case there is no obvious analogy to this family and so
we shall stick to the study of the group dG and its complement. By the basis theorem
G=6,.,C (pfi), for primes p;, integers k; and an integer b; some or all of which may be
nonstandard. From time to time it will be useful for us to think of elements of GG in the
following way. If g € G then g = go+ - - - + go_1 With go € C(p0), -+ ,gp_1 € C’(pf”:f). In

1—1

pi-adic form each g; = 2 + -+ + 2} _,pi"~" where 0 < rh < pi.

4.5.1 Pseudo Complement

We begin by defining an external subgroup of G in this general setup.

Definition 4.5.1 Let G = @,_, C(p;*) be as above. Let T;(x) be the function from
C(pf)y = {0,1,--- ,k; — 1,00} as defined in 4.3.3. Using these definable functions T;(x)
let us define Hy={g € G:g=go+ -+ g-1/Ngi =0V ((p: <n)A(@i(£g) = ki—n))}.
Then H =,y Hn-

It will be shown later how this subgroup plays the role of a ‘pseudo complement’ to
the divisible part dG < G and it will be our starting point for the construction of a full

complement. The proof will follow the basic plan of the proof of theorem 4.4.8 with this
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‘pseudo complement’ H taking over the role of the group A*~N and also of lemma 4.4.3.
We need to prove some basic facts about H and that is what we shall do in next few
lemmas.

We have the following characterization of H.

Lemma 4.5.2 H={g€G:9=go+ - +ag_ 1/ (9 =0V (p; € NAg; € A=)} where

each group A¥N is the subgroup of the it summand of G in the sense of definition 4.3.5.

It is worth noting that if k; € N (as well as p;) then the definition simply gives

ARi=N = C'(pl) so this case does not cause a problem.

Proof. 1If x € H then there is n € N such that z € H,, and thus x = gg+ - -+ 4+ ¢g»—1 such
that g; = 0V (p; < nAT;(£g;) = ki—n). If g; # 0 then this is to say p; € Nand g; € A%N
andsozr €{ge€G:g=go+ -+ 1:9=0V(p; ENAg € AN}

For the converse suppose y = go+- - -+ gy_1 where g; = 0V (p; € NA g; € AFN). Now
we have that Voo > NVi < b(g; #0 = p; < a AT;(£g;) > k; — «) and so by underspill

there is n € N with this property. It follows that y € H,, C H.

The description of H given by lemma 4.5.2 will generally be of more use to us than
the original definition 4.5.1. We choose definition 4.5.1 to make clear that H is up mono-

tonically N definable.

Proposition 4.5.3 H < G.
Proof. This follows easily from the fact that each A*~N is a group.
The following lemma gives some more properties of this group H which will be useful.
Lemma 4.5.4 Let H be defined as in definition 4.5.1. Then:
(1) HNdG = {0}
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(2) (Vg € G)(¥YneN)(3he H)(Fzx € G)(nx =g+ h)

(3) Vhe HVneNIz e Gnr=h = (Jy€ Hny=nh).

Proof. (1) Let0# h € H. Then h = ho+- - -+hy—1 where h; = 0V (p; € NAh; € AFN),

There must be some 0 < j < b such that h; # 0 and so p; E NAh; € A?ij. Thus
+hj = z,pj + -+ zsp; for some r, s € N. It follows that h; and i are not divisible
by pi*™ € N and so h ¢ dG.

J

Let ¢ € G, n € N. We may we write ¢ as an M-finite sum as follows: g =

Go + -+ + go1, with gg € C(pf°),-++ g1 € C(p,y'). If n < p; then there is

z; in C(pl") such that nz; = g;, so we consider only those g;s for which n > p;.

Write ¢, = xa 4ot x;’fi_lp/fiiﬂ

(2

and let m; be largest such that p;"

)

n. We set

hi =z} +-- -—i—ximp;'”, i.e. the first m; components of g;. Since n € N it follows that
p; € N and m; € N thus each h; is an actual finite sum and thus belongs to A%~V
Moreover we select each h; in a uniformly definable way and so the sum X;.,>,,h;
is M-finite and thus a member of G. Set h = —(X;.,>,,h;) and we see that g + h is

then divisible in G by n.

Let h € H and suppose that n € N divides h in G. We also have h = hg+-- -+ hy_1
where h; = 0V (p; € NA h; € ASN) Tt follows that if h; # 0 then n divides h;
in C(p¥). We may suppose that h; € A%~N through virtue of T;(+h;) > k; — N, as
the other case is simular. Consider {z € C(pf) : nx = h;} and selecting the x for
which 7;(z) is greatest, it follows that this x is in AN let us call it 2;. As before,
we select each x; in a uniformly definable way and it follows that ., 40x; is an

element of G and also of H. Setting y = ¥;.,£07; we see that ny = h as required.

Consider now the torsion subgroup of tG' < G and note that tG = |J,,.y{9 € G : ng =

0} so we see that it is up monotonically N definable. As with H we have the following

characterization of tG.
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Lemma 4.5.5 Let G be an M-finite abelian group. Then tG ={g € G :g9=go+ -+

G-1N(g;i =0V (pi e NAg, € Ay, n))}

Proof. If g € tG, then ¢ = go+ -+ gp—1 and In € NVi < b ng; = 0. It follows
that g; € Ay,_n and ¢g; # 0 = p; € N. Thus we see that tG C {g € G : g =
go+ -+ g-1N(g =0V (p € NAg € Ay_n))}. For the converse suppose that
g=g+ - +n 1A =0V € NAg € A n)). If ¥n € N(ng # 0) then
Vn € N(nlg # 0) and so by overspill there is 5 greater than N such that 5!g # 0. Thus
there must be some j such that 0 < j < b such that plg; # 0. But g; € Ay,_n and so there
is m in N such that pi'g; = 0 and since p; € N we have p;”\ B! which is a contradiction.

So g € tG as required.

Lemma 4.5.5 has the following corollary which will be useful in future counting argu-

ments.

Corollary 4.5.6 card(tG) = card(H).

Proof. By lemma 4.5.5tG={g€G:g9g=go+ - +g0m-1/N(9: =0V (p; € NAg; € A,_n))}
and by lemma 452 H ={g€G:g=go+ -+ g 1A (g =0V (p; € NAg; € Aki~N))}.
If k; € N then A% N = A, = C(p¥). If k; > N then card(A%N) = card(A4;,_n) = N.

The corollary follows.

That dG is also monotonically definable is the subject of the following proposition.

Proposition 4.5.7 Let G be any M-finite abelian group. Then dG = {x € G : (Vn €
N)3y € G)(ny = x)}.

Proof. 1t is clear that dG C X := {x € G : (Vn € N)(Jy € G)(ny = x)} as dG is divisible.
Let x € X. Then (Vn € N)(Jy € G)(nly = x). By overspill (35 > N)(Jy € G)(Bly = z).

Assuming we fix such a § and such a y this allows us to define a canonical choice for z/n
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for each n € N, namely x/n := %y. It is clear that {¢fly : ¢ € Q} is a divisible subgroup

of G containing x and so x € dG as required.

Lemma 4.5.8 Let G be an M -finite abelian group. Let H < G be as defined in 4.5.1.
Write card(dG) = I. Then card(H) = @

Proof. Since H is monotonically definable it follows that card(H) = card(H), so it suffices
to prove card(H) < ‘—?' and card(H) > ‘—?' For the first suppose card(H) > @ Then
there is ¢ € I and H; C H such that |H;| > @ There is also M-finite G; C dG such that
|G,| = i. Since H N dG = {0} it follows that |H; + G;| = |H;||Gi] = 9 > |G| which is
a contradiction. For the second suppose card(H) < ‘—?' There are i’ > I and Hy O H
such that |Hy| < @ and also G; 2 dG with |Gy| =4'. Since Hy O H and is M-finite we
can overspill the formula Vn € NVg € G3h € Hy3x € G(nlx = g — h) (which is true by
lemma 4.5.4 (2)) to obtain § > N such that Vg € G3h € Hy3x € G(Slz = g — h). Since
B! is divisible by any n € N it follows that Vn € NVg € G3h € Hy3x € G(nx = g — h)
and by proposition 4.5.7 we have that g—h € dG. So Vg € G3h € Hy3d € dG(g = d+h)
ie. G =dG + Hy and so Gy + Hy = G. Thus |G| < |Gy||Hy| < @i’ = |G| which is a

contradiction.

4.5.2 Proof of the Generalized Complement Theorem

What follows is a series of technical lemmas which between them provide the main steps
of the proof of the generalized complement theorem. Many of the lemmas are analogues
of the lemmas proved in the previous section. The proof itself will then just be an
external induction on N using the lemmas below to satisfy the induction at stage n + 1.
Throughout this section GG will be an M-finite abelian group and H will be the subgroup

of G in definition 4.5.1.

Definition 4.5.9 Letb € G. Then X, :=={g € G:3r € Nrg e b+ H}. In other words

an element of X, 1s a translation of b by any element of H followed by a diwvision by any
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r € N; if such a division is possible we may pick any of the possibilities for this division

that we wish.

We observe that X}, is up monotonically definable by some (6°, N). As observed above
H is up monotonically N definable. Thus we may define 0° = {g € G : Ir <nrg € b+H,}
and we see that X, = (J,, 0% The next lemma is the analogue of lemma 4.4.6, the
main difference being that we specifically include the group H in the statement (C' U
{z1,--- , 2y UH)NdG = {0}, and of course A is replaced by dG. It was not necessary to

include A*™N in lemma 4.4.6 because (1) = A* N and so it was included by implication.

Lemma 4.5.10 Suppose D C G is an M-finite set such that D + dG = G. Suppose
C C Upep X is an M-finite set such that (C U H) NdG = {0}. Let g € G be an
arbitrary element. Then there is a set {z1,--- , 2} C Upep Xp, for t € N, such that

(CU{z, -,z UH)NdG ={0} and g € (C U{z, -+ ,z} UH)+dG.

Proof. Let us suppose that g ¢ (C' U H) + dG, as otherwise we are done (with ¢ = 0). If
VYm € Nmg ¢ (CUH)+dG then we may write g = a+b for a € dG and b € D. Tt is easy to
check in this case that the set {b} has the desired properties; b € X, because we can take
r=1and 0 € H. So let us suppose that m € N is the least number for which mg =a+0
with a € dG and b € (CUH). Let p be a prime dividing m and by divisibility let a; € dG
be such that pa; = a. Set z = "9 —ai; by minimality of m, z ¢ dG+(CUH) and pz = b.
Now since b € (C U H) 3r € N3by,--- ,b, € C3h € H such that b = £b; &= --- £ b, + h.
By lemma 4.5.4 for each 1 < i < r 3h; € H3z; € G pz; = b;+ h;. Set E = b; + h; and then
b= :l:/b\l + .- igr + Ppew, Where hye, = £hy -+ £ h, + h which belongs to H since the
latter is a group and r € N. Since p(z F 21 F -+ F 2) = hpew it follows by lemma 4.5.4
that there is A’ in H such that ph’ = h,e,. In general there will be more than one choice
for each of the z; as we can always add or subtract any x for which pz = 0. Note that A’

above does not depend on the choice of the z;. Let us suppose that we picked z1,--- , z,_1
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in an arbitrary fashion but we may choose +z, = z—h'Fz; F---F2,_1. [t is easy to check
that pz, :E and importantly £2;+---+ 2.+ h' =z so that if z;,--- , 2. € dG+ (CUH)
then so does z. So some z; fails to lie in dG+ (C'UH) but pz; = E =b;+h; € (CUH). By
lemma 4.4.1 (C' U H U {z}) NdG = {0}. Since b; € (J,cp X there are [ € N, h € H and
b € D such that (b; = b +h. Now pz; = b;+ h; and so plz; = b’—i—/fZ—I—lhi with /f;+lhi eH
and so z; € |J,ep Xp. This establishes that we can add z;. Now if z € dG+(CU{z}UH)
then fine and if not we simply repeat the procedure above to add a different z;. After at
most 7 steps we will have z € dG + (C U Z U H) and dGN{(C U Z U H) = {0} where
Z € {z, -+ ,z}. By the definition of z we have g € dG' + (C'U Z U H) and so the
original minimum value m has been reduced. Thus we may keep repeating this whole

procedure to obtain the desired result.

The next lemma involves an internal induction and is the analogue of lemma 4.4.7. The
main difference being again being that H has to be explicitly included in the statement

and that A; is replaced by dG.

Lemma 4.5.11 Suppose D C G is an M-finite set such that D + dG = G. Suppose
C C Upep X is an M-finite set such that (C'U H) NdG = {0}. Let card(dG) = I and
let i € I be arbitrary. Then there is D' C D such that D' +dG = G, C' C |J,ep Xp and

D)<

Proof. By proposition 4.5.7 dG = |J,.ndG, where dG, = {g € G : Vn < adz € G

a>N
nx = g}. Since card(dG) = I it follows that there is some o > N such that |dG,| > i. We
have that dG, + D = G. Set r := |D| — |%‘ We perform an internal induction to remove

r elements from D. Set Dy = D and suppose that for [ < r we have defined an M-finite

set D; such that:
(1) [Du| = |D| =1
(2) Dy + dGa =G
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We will also ensure (by making a careful and definable choice using the monotonicity
of X;) that C' C (J,c p, Xp- We are not allowed to assume this external condition in our
induction hypotheses however. We shall simply show how to make the choices carefully
and demonstrate at the end that the condition has been met. We have the following
counting argument: |D;||dG,| = (|D;| —1)i > (|D]| —r)i > 2‘—?' = |G]. So there must be
elements aq,as € dG, and by,by € D; such that a; + by = as + by. It is important that
we choose the correct b to remove and we do this as follows. Let «; be least such that
0% NC # @. Let ay be least such that 622 N C' # @. By relabelling if necessary we may
suppose a; = ag. We then set Djyqy = D; \ {b1}. It is clear that condition (1) holds for
Dyyq. To establish (2) note that for each g € G we have g = b+a for b € D; and a € dG,,.
If b ¢ Dy then b = by, in which case a; +b = ag +by. Thus g = by +as —ay +a, dG, is a
group and so as — a; + a € dG,. Thus g € D;y1 + dG,. At the last stage of this internal
induction we create D,. Suppose that C' ¢ Usep, X Since C' C J,ep Xy it follows that
Jy1 € C such that y1 & U,ep, Xp and y1 € ,ep Xp. Hence there is by € D\ D, such
that y; € X3,. Thus at some stage [ < r we had by € D;\ D,y and so there are by € D,
ai,as € dG, such that a; + by = as + bs. Let a; be least such that 92}1 NC # @. Let ay
be least such that 9222 NC # &. Since by ¢ Dy it follows oy > s but since y; € C'N Xy,
it follows that C'N X3, # @. So there is m in N such that 6° N C # @ and since «; is
the least such thing a; € N. So o € N and thus C N X, # &. Now by definition of
Xp,, Xp, there are 1,75 in N such that ry; € by + H and rys € by + H. It follows that
b1,by € (CUH). Thus (CUH) 3 by—b; = as—ay € dG, < dG and this is a contradiction

to the assumption in the lemma upon noting that by # b;. So we may set D' = D,..

Lemma 4.5.12 Let D, X, and |—§.;| be defined as in lemma 4.5.11. Then the set (| J,cp Xs)

is up monotonically definable by N. Moreover card({Uyep Xo)) < |DIN.

Proof. Recall from definition 4.5.1 that H is up monotonically N definable with H =

U n Hn Define o, :={g € G:3Ir <mrg € D+ H,}. Define () = {9 € G :

meN ~m
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g==+g £ -+g, where g, -+, gm € a,,}. It is easy to see that (a,,),, is definable and
(Upep X) = Umen{@m)m- In order the verify the second claim of the lemma we must
bound the size of a,, and (@;,),. We bound above the number of elements as follows.
Firstly |D + H,,| < |D||H|- Then we are allowed to ‘divide’ by any r < m so there
are m choices. This is assuming the division is possible but we are calculating an upper
bound so it doesn’t matter if it is not. Finally we ask how many choices are there for a
particular element divided by a particular natural number m. The answer is |tG,,| where
tGp :={g9 € G:mg =0} CtG. Thus |ay,| < m|D||Hp||[tG,|. Now it is easy to see that
{n)m| < (2m| D||Hyp|[tGon])™. Now card(tG) = card(H) = 19 and 2m € N € 19 but
|D| > |]£\ This means that |H,,|, [tG|,2m < |D| for all m € N. Thus |(a)m| < |D]*™

for any m € N. It follows that card(lJ,,cy(@m)m) < |D|Y as required.

We are now ready to prove the main result of this section.

Theorem 4.5.13 Let M F PA be countable and nonstandard. Let G be an M -finite
abelian group. Let dG be the divisible part of G. Let I be the initial segment such that
card(dG) = I. If |]£‘ E - then there is an M-countable group, B, such that dG & B = G

and card(B) = @

Proof. The proof proceeds by an induction on N. By countability let G = {go, - , gn,** * }nen,
and let {a, }nen be an increasing sequence cofinal in /. We now state the induction hy-

potheses.
(1) There are finite chains of M-finite sets By C --- C B, and B/, C --- C B,

(2) The sets B,, and B, satisfy the following conditions; (B, U H) N dG = {0} and
B +dG =G.

(3) The set B! satisfies to the following cardinality condition; |B/| < .

(4) The sets B, and B, have the following relationship to each other; B, C |J,cp Xb.
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(5) At the n'" stage we add the element g, to the sum; g, € (B, U H) + dG.

Firstly we add elements to B, to create B, such that ¢,,1 € (B,1 U H) + dG. By
lemma 4.5.10 we have {21, -+, z} € Ucp X, for ¢ € N, such that (B, U{z1, -, 2} U
HYNdG = {0} and g € (B, U{z1, -+, 2} UH) + dG. So we may set B, = B, U
{#z1,--+, 2z} and we may replace B,, by B,41 in (1) — (5). In order to fully satisfy the
induction axioms at stage n+ 1 we must remove elements from B), to satisfy condition (3)
for n+ 1 without violating conditions (2) or (4) for n+ 1. In the notation of lemma 4.5.11
replace ¢ by a,41, C' by B, 1 and D by B/ (thisis fine as C, D were arbitrary sets satisfying
the conditions that B, .1, BJ, satisfy) then there is D’ C B/ such that D' + dG = G,
Bri1 € Upep Xp and [D'] < a‘n—GJl Set B, ., = D'. This completes the induction. Finally
we set B = J,en(Brn U H). To complete the proof we must now prove that B satisfies

each of the following conditions.

(i) BNdG = {o}.

(ii) B+dG =G.
G
(iii) card(B) > |1_|

Q

(iv) card(B) <

~

For (i) suppose 0 # g € BNdG then it follows there is m in N such that g € (B,,UH) but
this contradicts condition (2) of the inductive hypothesis at stage m. For (i7) let g € G
be arbitrary, then there is m in N such that ¢ = g,,. By condition (5) of the induction

hypothesis g, € (B, U H) + dG. Since (B, U H) C B it follows that g,, € B + dG. For

— Gl

(ii7) we have, by lemma 4.5.8, that card(H) = =

and since H < B the result follows. (iv)

requires significantly more work and this is where we shall need the assumption ‘—?' F -

and lemma 4.5.12. By (4) of the inductive hypothesis we have that B, C | J,cz Xp. Also

HCXy:={9€G:IreNrge H} and we can assume 0 € B, so B, UH C |J,cp Xo.
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From (1) and (4) it follows that U,,,cn(BmUH) C Upep, Xo and so B = {J,,cn(BnUH) =
(Umen(Bm U H)) € (Upep Xo)- The latter has upper cardinality at most |B,[N by

lemma 4.5.12. Now by condition (3) of the inductive hypothesis given i € I, we can take

€]

n large enough so that |B]| < 5. For convenience let us denote ‘—(I;l by J. It follows that
card(B) < inf{j™ : j' > J,n’ > N}. Now J is the cardinality of an up N monotonically
definable set, namely ¢G and H. Observe that the definable function f(n) = |H,| has
sup{f(n) : n € N} = J. Let us suppose that J < k < inf{j™ : j' > J,n’ > N}. Since
J E - it follows that Vn € N f(n)" < k and so by overspill there is n’ > N such that
f(n")" < k. But f(n') > J and so this contradicts k < inf{j"™ : j' > J,n’ > N}. Thus

J = inf{j" : j' > J,n' > N} and we are done.

In the following subsection we will discuss the closure condition and present a few
remaining questions. The following example demonstrates a non trivially application of

theorem 4.5.13 and some of the preceding lemmas.

Example 4.5.14 Let b > N and let pg,--- ,py—1 be an enumeration of the first b primes
in M. Let k > N be any nonstandard element and set G = @,_, C(pi?) where k; = k for
every © < b. It is not necessary for the powers of the p; to all be the same but we do this
for simplicity. By lemma 4.5.2 H={g€G:9g=g0+ - +g-1N(g:=0V(pi € NAg; €
AR NN Y which in this case is described more simply as H = {g € G : g = go+ - +gnAn €

NA g € ANy Since each A¥~N has cardinality N it is relatively straightforward to see

that card(H) = N in this case. By lemma 4.5.8 we have that card(H) = CMLG(LG) and
so card(dG) = Car@H) = (p°p1§'pb)k. The element g = 1o + --- 4+ 1, (where 1; denotes

the element 1 in the group C(pF)) does not lie in H +dG. If g = h+d for h € H
and d € dG then h = hy + -+ h, forn € N and h; € A*N but then the (n + 1)
component of d = g — h is 1,41 which is not divisible by p,.1 € N. Thus H + dG # G
and so theorem 4.5.13 does real work for us in extending H to a full complement. Since

N E - we can apply theorem 4.5.13 to conclude there is an M -countable group B such that
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H<B<G,dG® B =G and card(B) = N.

4.5.3 A Discussion of the Closure Condition

The aim of this section is to show that the assumption J = card(tG) = card(H) = ‘—?' E-
in theorem 4.5.13 is relatively harmless and only reduces the generality slightly. Firstly it
is worth noting that without this assumption most of the proof still goes through. It’s just
at the end all we can conclude is that card(B) < JN rather than < J. The exponent N
is essentially the result of an element of uncertainty when we have to pass from | J,. Bl Xy

to (Uye B Xp) and it is quite possible there may be a more efficient counting argument or

means of bounding B above that obviates this difficulty.

Question 4.5.15 Is it possible to improve the bound card(B) < J to card(B) < J by a
counting argument or a slicker proof of theorem 4.5.139 One possibility might be to make

more careful choices in lemma 4.5.11 in order to minimize the difference in size between

UbeB;L Xy and <UbeB;L Xy).

Irrespective of the answer to 4.5.15, there are lots of cases where the choice of M-finite

abelian group G forces J F -. The following proposition provides some of these cases.

Proposition 4.5.16 Let G be an M-finite abelian group; G = @,_, C(p¥). If card({i :

i<b

pfi € N}) < N then (assuming tG is not M-finite) J E -.

In other words if the number of actually finite summands is sufficiently small then
J E .. There are a number of possible conditions on G which will imply this is the
case. For example G may have no actually finite direct summands or all primes might be

distinct; ¢ # 7 = pi # p;-

Proof. Let j € J. Since J = card(tG) there is a least m € N such that |t,,G| > 7,

where t,,G = {g € G : mg = 0}. For each i < b we define r; to be greatest such that
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p;'lm. Now we definably split G into two parts G = G, @ Ggr; G = @”>% C(pf)
and Gp = @ms% C(pl) as i ranges over {0,--- ,b—1}. We claim t,G NGy = {g €
G : mg = 0} is actually finite. If g; is a non-zero component of g € t,G N G C tG
it follows that p; € N. Moreover it follows that r; € N and so k; < 2r; € N. Thus

every summand of GGy which contains non-zero elements of ¢,,G has an actually finite

order pf € N, and since card({i : p¥ € N}) < N it follows that there are only finitely

many such summands. Let |£,,G NG| = n € N say, then |t,,G N Gg| = “";L—G‘ Our next
claim is that every element of ¢,,G N Gp is divisible by m. Let g € t,,G N G and it
suffices to consider the i** component ¢; € C (pf) Since mg; = 0 and r; is largest such

that p;’|m, ¢; has the following p;-adic form: g; = xki_ripfﬁ” + -+ xki_lpfifl. Since

k; > 2r; the element ¢} = p,_p, p¥ 2" 4 -+« 4 a1 pl 7 € C(pF) and pligl = g;. Since
(m/p;*,p;) = 1 it follows that ¢. is divisible by m/p;* and so g; is divisible by m. This
completes the proof of the claim. We now form the set Y := {y € Gg : my € t,,GNGg}.
Suppose that my,, mys, r1, x5 € t,G N Gg and my; # mys, 1 # To. I y1 + 1y = 21 + 22
then m(y; — y2) = m(za — 1) = 0 so my; = my, which is a contradiction. Thus

Y +t,GNGr| = |tnGNGR? = 280 > 2 Thus £ € J. Since J E + (by lemma 3.1.3)

and n? € N it follows j2 € J and the proposition follows.

We shall now construct an example of an M-finite abelian group G for which J =
card(tG) is not closed under multiplication. It is easy to do this by taking any M-finite
(but not actually finite) abelian group G and adding a large M-finite number of actually

finite direct summands as follows.

Example 4.5.17 Let G = @,_, C(pl") be any M-finite abelian group with card(tG) = J
with J not M-finite. Let~y > J. Fixz some prime p € N and some (any) integer k € N. Let
G = EB].QC(p?)@G where p; = p and kj =k for 0 < j <. Then card(tG') =~ -J

which is not closed under multiplication as v* & ~ - J.
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This is not a particularly interesting example as an M-countable complement would
just be a direct sum of an M-countable complement for the original group G together
with all the finite direct summands. In order for the example to be more meaningful we
shall ensure that for any pair of M-finite subgroups G, Gy < G such that G; @ G, = G,

either card(tG;) ¥ - and tG is not M-finite or card(tGs) ¥ - and tG is not M-finite.

Example 4.5.18 Fiz some B > N. We define a decreasing sequence ay,--- ,ag. Let
ag = [ and define a,,_1 = . Let py,--- ,pg be an enumeration of the first B primes in
M. Let G = a;C(p1) @ a2C(p2) B - - - P apC(pgs), where o, C(py) means a direct sum of
ay, copies of C(p,). By lemma 4.5.5 we have that tG ={g€ G :9g=g+ -+ g A (g =
0Vop € N)} where b = oy + --- + ag and so discarding all cases where g; = 0 we
see that tG = {9 € G : g = g1 + -+ + g} wherer = a5 + -+ «a, forn € N, so
J = card(tG) = sup,enpit---pon. We claim that J ¥ -, Clearly pi* € J and so
also oy € J. If ayp* € J then there is m € N such that cyp* < pit---pim whence
a; < py?---pim. However pit € N and so pg®---phm < (p)*? < B = oy. Thus
applt ¢ J and so J ¥ .. Moreover suppose that G1,Gy < G are M-finite subgroups
such that G, @ Gy = G. If tGy is M-finite then there exists m € N and m' > N such
that G1 < anC(p1) B -+ - B nC(pm) B ,,C(p,,) B - - - D asC(pg). Thus it follows that
Ui 1C(Pms1) P - P - 1C(pr—1) = Gy < Go. Hence tGo is not M-finite and the
same argument as above gives that card(tGh) ¥ -. Since tGy = tGy P H where H is an
M -finite subgroup of cyC(p1) @ -+ - B amC(pm) it follows card(tGs) = |H| card(tGY) and
so this cannot be closed under multiplication either. If both tG1 and tGoy are not M -finite
then it follows J = card(tG) - card(tGs) (where the multiplication is as defined in 3.4.3)
and since J is not closed under multiplication at least one of card(tGy), card(tGy) must

also not be closed under multiplication.

The purpose of example 4.5.18 is to demonstrate that there are cases where an M-

countable complement for dG is not guaranteed by theorem 4.5.13. Whether or not there
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is an M-countable complement for dG where G is as in example 4.5.18 is an open question

closely related to question 4.5.15.
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CHAPTER 5

CONCLUSION

In this chapter we review the work of the thesis. We describe the main results and
mention where things could be taken further. We list some open questions together with
brief explanations where necessary and give some details of the author’s thoughts about

the questions highlighting potential for future research.

5.1 A brief Synopsis of the Thesis

We began with an investigation of the notion of M-countability in chapter 2. The key
idea being that a bounded set can always be approximated from above and below by
M-finite ones and this gives us a notion of size. It was the goal of the first section of
this chapter to investigate the behaviour of the class of M-countable sets. We showed
that, at least in a countable nonstandard model, sets can be constructed with arbitrary
upper and lower cardinality (example 2.1.3). We gave examples (2.1.15, 2.1.18) that
demonstrated the class of M-countable sets is not closed under disjoint union or intersec-
tion. Not all M countable sets X C Y, with card(X) < card(Y'), are separable (meaning
there exists an M-finite set that is a superset of X and a subset of Y) as shown in exam-
ple 2.1.17. The notion of the derivative 0I of a cut I helps us to understand some of the

reasons things go wrong; the union of disjoint M-countable sets X and Y is M-countable
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providing 0 card(X) # 0 card(Y'). In the case of intersections we don’t even have that M-
countable intersect M-finite is necessarily M-countable and we gave an example to show
this. However by using 0 we prove some results that show under certain conditions we can
guarantee the M-countability of the intersection of two M-countable sets (theorem 2.1.21
and theorem 2.1.22). Monotonically definable sets were shown to be a particularly nice
subclass of M-countable sets and continued to appear throughout the thesis. Finally we
looked at [-measurable sets. The idea here was to mimic the Carathéodory definition of
measure. We were able to prove that the collection of I-measurable sets forms an algebra.
Unfortunately not all sets that we would like to be I-measurable; in fact only such X
with dcard(X) < I. In particular this rules out initial segments with a derivative greater
than .

In chapter 3 we extended the concept of M-countability to groups. The only restriction
on the cardinality of an M-countable group is that it must be closed under addition. A
notion of index was defined for an external subgroup H inside an M-finite group G,
and we proved that if H is M-countable then the upper and lower versions of the index
agree. We went on to prove some technical lemmas allowing us to refine to an arbitrary
degree of accuracy upper and lower M-finite approximations to a transversal T whilst
preserving an upper or lower transversal as a superset or subset respectively. Up to this
point everything we proved is true in an arbitrary nonstandard model of PA but for the
next theorem (3.3.4) it was necessary to assume countability of the model. Under this
assumption we proved that H has an M-countable transversal in G with the expected
cardinality. We followed this result with two diagonalisations allowing us to construct
transversals for H with differing upper and lower cardinalities. In a sense these showed
that the inductive argument in theorem 3.3.4 was doing real work for us. In the final
section of this chapter we generalized 3.3.4 to the case of two M-countable groups H

and K (theorem 3.4.4). For simplicity we assumed we were working inside an M-finite
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supergroup G but all that is actually needed is for the group operation to be definable
on an M-finite superset of K. The theorem is sensitive to technical concerns about the
division of initial segments (see Kaye [9]) and also the separability of H and K.

In chapter 4 we looked at a particular class of M-finite groups - the abelian groups.
The basis theorem for finite abelian groups is provable in PA and we used it to (partially)
justify an exploration of M-finite abelian groups consisting of a single internal direct
summand C(p*). The case for nonstandard p turned out to be easy, being externally
isomorphic to a vector space over Q of full dimension. In the case that p is standard and
k is nonstandard we proved a more complex decomposition result 4.3.22. We looked briefly
at the Szmielew invariants to characterize the theory of C'(p¥) and used to them check our
structural result. Arising out of these investigations about the external structure of an M-
finite abelian group G were questions about how certain complements could be described
within the model and it was in this direction that the most progress was made. We
showed that for a nice family of monotonically definable external subgroups A; < C(p*)
corresponding to cuts I < k no complement B; could be monotonically definable (at
least in the case I = p’, see theorem 4.3.15). This, of course, does not rule out the
possibility of an M-countable complement and it was the goal of section 4.4 to construct
such a complement. A sequence of technical lemmas paved the way for theorem 4.4.8
to answer this question positively in the case of countable M and I with 9*(1) > N or
I = N. Whether the theorem is true without these conditions is an open question. The
group Ay is the divisible part of C'(p*) and so theorem 4.4.8 provides an M-countable
complement to the divisible part of C'(p¥). It was the goal of section 4.4 to generalize this
result to an arbitrary M-finite abelian G. We used the basis theorem in order to define
a monotonically definable ‘pseudo’ complement H with the same cardinality as an actual
complement. We also proved that this is always equal to the cardinality of the torsion

part of G. The idea was to mimic the lemmas of the previous section but with H in place
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of A* N in order to then extend H to a full complement by inductively adding suitable
elements and closing under the group operation. In order for the resulting complement to
be M-countable we had to build this construction inside a sequence of M-finite supersets.
The result was theorem 4.5.13 in which a complement B is constructed. B turns out to
be M-countable providing card(H) = card(tG) F -. As before this closure condition is
needed because the M-finite supersets don’t close down tightly enough upon B for M-
countability to be guaranteed otherwise. Countability of M is also assumed. At the end of
the chapter we proved a result (proposition 4.5.16) which shows card(H) = card(tG) & -
in all ‘nice’ cases and thus the generality of theorem 4.5.13 is affected only very slightly
by assuming it. We gave an example 4.5.18 to demonstrate that it is possible to have
card(H) = card(tG) ¥ - although whether or not there is an M-countable complement in

this case remains an open question.

5.2 Future Research

There are various directions in which the work on M-countable sets can be taken forward
although much of this has been done and is due to appear in a forthcoming paper. Ques-
tion 2.1.23, on determining which of AN B and A\ B is M-countable in the case that
Jdcard(AN B) = dcard(A \ B), remains unanswered.

The chief questions arising from chapter 3 concern generalizations to uncountable

models of PA.

Question 5.2.1 Are theorems 3.3.4 and 3.4.4 true in the uncountable case?

The generalized transversal theorem also contains technical concerns over the cut division

and separability.

Question 5.2.2 Can theorem 3.4.4 be proved without assuming H and K are inseparable?

What can be said if J/I # J @17
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Chapter 4 certainly contains areas that can be taken further. In proving theorem 4.5.13
considerable use was made of the basis theorem. This knowledge could be used to try
and get more of a handle on what a general M-finite abelian G might look like externally.
Question 4.3.18 remains unanswered. Even in the case of countable M there are 2% cuts
less than k£ and so an inductive construction looks difficult. A positive answer to 4.3.18
would still leave open the question of whether all the B; could be chosen to be M-

countable. As before we have questions over generalizations to uncountable models.

Question 5.2.3 Are theorems 4.5.13 and 4.4.8 true in the uncountable case?

It should be possible to say more about the growth rate of (X) when X is an M-finite
subset of (abelian) G. We would like to know more about what conditions can be placed
on such an X to limit this growth rate. This would allow some light to be shed on

questions such as 4.5.15 which the author suspects has a positive answer.
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