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Introduction

Ix this paper we present a new classification of the countable torsion-free
abelian groups. Since any abelian group G may be regarded as an extension
of a periodic group (namely the torsion part of &) by a torsion-free group,
and since there exists the well-known complete classification of the count-
able periodic abelian groups due to Ulm, it is clear that the classification
problem studied here is of great interest.

By a group we shall always mean an abelian group, and the additive
notation will be employed throughout. It is well known that all the
maximal linearly independent sets of elements of a given group are car-
dinally equivalent; the corresponding cardinal number is the rank of the
group. Derry (2) and Mal’cev (4) have studied the torsion-free groups of
finite rank only, and have given classifications of these groups in terms
of certain equivalence classes of systems of matrices with p-adic elements.
Szekeres (5) attempted to abolish the finiteness restriction on rank; he
extracted certain invariants, but did not derive a complete classification.

By a basis of a torsion-free group G we mean any maximal linearly
independent subset of G. A subgroup generated by a basis of G will be
called a basal subgroup or described as basal in . Thus U is a basal sub-
group of @ if and only if (i) U is free abelian, and (ii) the factor group G/U
is periodic. Of prime importance for our theory is the concept of divisibility
of group elements. An element x of a group G is said to be divisible in G
by an integer n if x = ny for some element y of G; nG denotes the subgroup
consisting of the elements divisible in G by n. The motivation for our
theory lies in the fact that a torsion-free group is completely détermined
once we know the divisibility properties of the elements of one of its basal
subgroups. Thus arises the notion of a D-system, which is central in the
discussion. D-systems are certain systems of sequences of integral vector
modules (that is, additive groups of suitable ordered sets of integers) which
we associate with the countable torsion-free groups in a many-to-one
correspondence. An equivalence relation is set up between .D-systems; the

. corresponding equivalence classes, called D-types, are in a one-to-one
correspondence with the groups.

One of the most important concepts employed is that of a quotient, which
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enters both into the definition of D-systems and also into that of the
equivalence relation that separates them into D-types. The notion of &
quotient is new to the theory of abelian groups.

The first part of the paper deals with the general theory, and Part IT with
the practical problems arising therefrom. In Part III the theory is applied
to yield a characterization of the countable free groups in terms of their
D-gystems.

1. Auxiliary material

We denote by % the set of all matrices (finite or infinite) over the rational
field having at most a finite number of non-zero elements in each row.
By a matrix we shall mean always a matrix in #. A square matrix with an
inverse in & will be said to be regular. An integral matrix is one that has
only integral elements. If A = (a,;) is such a matrix, having n columns,
and u = (u,, %,,...) is an ordered set of n elements of a group, then 4u will
denote the ordered set (w;, w,,...) given by w; = Z a;u; (1 =1,2,.); in

other words, u is treated as a column matrix admit];ting left multiplication
by integral matrices only.

A one-rowed matrix ¢ = (¢, ¢, ... ¢; ...) will be called a vector with co-
ordinates c¢;. The least common multiple of the denominators of the c,,
when these are expressed in their lowest terms, is the denominator of c.

By a vector module we mean an additive group of vectors. If 4 is a matrix
the vector module generated by the rows of 4 will be denoted by (4).

(1.1) If A, Bare matrices with equal numbers of columns, then (4) < (B)
if and only if A = CB for some integral matrix C.

(1.2) Let A, B, C be matrices such that AC, BC exist. Then (4) < (B)
implies (4C) < (BC).

These two propositions are almost immediate consequences of the
notation.

From this point onwards » will denote an arbitrary finite or countable
cardinal number. The module that consists of all the vectors with 7 co-
ordinates will be denoted by R, and the submodule formed by the integral
vectors of R by J.

Let M be a submodule of J, and let P be an integral square’ matrix of
order r. The set of integral vectors ¢ such that cP € M is a submodule of J;
for if aP, bP € M, then (a—b)P = aP—bP € M. We denote this sub-
module by M : P'and call it the guotient of M by P. If A is an integral matrix
with # columns and P is regular, then (4): P may be described as the
integral part of (4 P-1), that is to say (AP-1)n J. If P is scalar, say mI,
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where I is the unit matrix, we write M:m for M:mI. For any sequence
M = (M,, M,, M,,...) of submodules of J, M: P will have the obvious
meaning (M,: P, M;: P, M,: P,...).

The following simple properties of quotients will be used in the sequel.
We suppose that M, N are submodules of J and that P,  are integral square
matrices of order 7.

(1.3) ‘ M < N implies M: P < N: P.
(1.4) M:P.Q=M:QP.
(1.5) If A is an integral matrix having r columns, and @ is regular, then
(4Q): PQ = (A): P.

For if cPQ € (AQ), then cP = cPQRQ1e (AQQ*) = (A); and the con-
verse is obvious.

Quotients of the form mJ: P, where m is an integer, are of special im-
portance in view of later applications, since all the quotients that we shall

encounter will be reducible to this form. Clearly mJ: P is the set of all
integral solutions ¢ = (¢, ¢, ...) of the system of linear congruences

cP =0 (modm),

and is therefore calculable.

2. D-systems and torsion-free groups

Let G denote a torsion-free group of finite or countable rank r, and let
u = (u,, Uy,...) be an ordered basis of @, generating the basal subgroup U.
For each positive integer m, let f(m) denote the set of all integral vectors ¢
such that cu is divisible in G by m. f(m) is the image of U N m@ under the
isomorphism (cu — ¢) of U onto J, and hence f(m) is a submodule of J.
The function f defined by (m — f(m)) completely describes the divisibility
properties in G of the elements of U, and will be called, appropriately, the
divisibility function of G with respect to u.

(1.6) UniQueNEsS THEOREM. The group G is completely determined by
the function f to within isomorphism.

Proof. Let x be an arbitrary element of G. Since uis a basis of G, we have
mx = cu for some positive integer m and some integral vector c in f(m).
Consider the mapping 8 of @ into R given by xf = m~'c, and let K denote
the image of G under 6. We shall show that K is a submodule of R and that
6 is an isomorphism of & onto K. We begin by proving a

(1.7) LemMmA. Let h, k be positive integers, a, b members of J, hx = au,
ky = bu, where x, y € G. Then z = y if and only if h~'a = k-1b.

Proof. We have (ka—hb)u = kau—hbu = hk(x—y). Since G is
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torsion-free, z—y = 0 if and only if hk(x—y) = 0, that is if and only if
(ka—Ahb)u = 0. Now the set u is linearly independent; hence the latter
equation holds if and only if ka—Ab = 0, or A-1a = k-1b. This proves
the lemma.

The mapping 8 is therefore one to one. Also we have, with the notation
of the lemma,

(x—y)f = (hk)-}(ka—hb) = h~'a—k~'b = z6—yf;

and thus 6 is a homomorphism. Hence K is a submodule of R, and @ is iso-
morphic to K. Finally, since by definition K is completely determined by
f, G also is completely determined to within isomorphism by f. This com-
pletes the proof of the Uniqueness Theorem.

Obviously f(1) = J, and f(m) < f(n) if n divides m. We have also the
following '

(1.8) TrrEOREM. For any finite set of positive integers n,, ny,..., 1y, COprime

P, fnyny...m) = f(m) 0 f(ny) 0.0 fm).
Proof. Let n; denote (n, n,...ny)/n; (¢ = 1, 2,..., k). Then
(my, Ngyeeey my) = 1,
and hence there exist integers 8,, $s,..., S; such that
8y Mty Mg+ Fspmp = 1.

Now suppose that an element z of @ is divisible in G by each »,. Then for
suitable elements y; of G we have

’ ’
T = ;siniaq = ;sininiyi = Ny By e My, iZsiy,-.

Hence cu is divisible in @ by n,n, ... n; if and only if cu is divisible by
each n;. This completes the proof.

It follows that f(m) is the intersection of all f(q), where g ranges over the-
prime power factors of m, and thus fis completely determined by its values
at the prime powers and the condition f(1) = J. For each prime p we have
a sequence

f(p) =J2f(p)2f(P)2...2f(p") 2 ...

The system of these sequences, one for each prime p, will be called the
divisibility system of G with respect to u. By the Uniqueness Theorem,
groups with a divisibility system in common are isomorphic.

It is natural now to attempt to characterize divisibility systems intrinsi-
cally, that is to say, in terms not involving the groups to which they belong.
Consider the sequence [f(p™)] for any fixed prime p, and suppose that
c € f(p"). Then cu € p"@, and hence pcu € p™+1@; therefore c € f( p™+1): p.
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But since G is torsion-free, this chain of reasoning is reversible, and thus

f(pn+1):p = f(pn) (n=0,1,2,.)

for every prime p. These relations together with the condition f(1) = J are
sufficient for the characterization of the divisibility systems, as will be
shown in the next theorem. First, we put the relations into a formal
definition: '

If p is a prime and M = (M,, M, M,,..., M,,...) is an infinite sequence of
submodules of J, then M will be called a D,-sequence if the following con-
ditions are satisfied:

(D,) My=J; My,:p=M, (n=0,12..).
A system [M(p)], containing precisely one D,-sequence

M(p) = (My(p), My(p), My(D),...)

for each prime p, will be called a D-system. The individual sequences M( p)
are the components of the D-system.

We observe that the second part of (D,) is expressible in the following
alternative form:

Mn+l n pJ = pMn (’)’b = 0’ 1: 2’)
Every divisibility system is thus a D-system. In order to prove the
converse, we shall require the following simple properties of an arbitrary

D,-sequence M, where m, n denote arbitrary non-negative integers. A
simple induction argument yields the result:

(1.9) My 0™ = M,
and an immediate consequence of this is that
(1.10)  pM, € M,

Now suppose that hisaninteger prime to . Then sh+#p™ = 1 for suitable
integers s, t. Hence if ¢ € M,,: h, then ¢ = shc+tp=c € M, since pmc € M,
by (1.10). Therefore M,:h = M,. But it is obvious that M, < M :h, and
therefore we have
(1.11) M,:h = M, if (h,p) = 1.

We shall now prove the following
(1.12) ExisteNce THEOREM. Every D-system is a divissbility system of a
suitable group.

Proof. Let [M(p)] be any given D-system. We shall construct a sub-
module of R of which it is a divisibility system.

We denote by L,, for each prime p, the set of all vectors of the form p—"c.
where n is a non-negative integer and ¢ € M,(p). If

aeM,(p) and be M,(p),
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then p"a and p™b are members of M, ,.(»), by (1.10), and hence
p~"a—p b = p-m+n)( pra—pmb) € L.
L, is therefore a submodule of R. Also since My(p) = J,J < L,
Let L= z , where p ranges over all the primes. J is a free submodule

of L, and for any vector ¢ in R we have dc € J, where d is the denominator
of ¢; hence J is basalin L. Also, the rows of the unit matrix of order 7 form a
linearly independent set of generators of J; they therefore constitute a
basis of L. Consider the divisibility function ¢ of L with respect to this
basis, ordered according to the order in which the vectors occur in the unit
matrix. g(p™) consists of the integral vectors of p»L. It is clear from the
definition of L, that M, (p) < p"L; hence it remains to show that

9(p") € M (p)-
Let L;, = z L,, where g ranges over all the primes other than p. Then we

have L = Lp—i—L Now every element of L, is expresmble in the form
s~1b, where s is a positive integer prime to p and b e J. Henceif c € g(p"),
then we have ¢ = p™(p~™a-+s~1b), where s, b satisfy the conditions above
and a € M, ( p) for some non-negative integer m. Hence

spme = sp"a+p™"b € M,,..(p),
by (1.10), and thereforeceMern(p)'s p™ = M,(p), by (1.9) and (1.11).
It follows that g( p*) = M, (p) for every prime p and every non-negative
integer n, and the Existence Theorem is established.
A D-system which is a divisibility system of a group & will be said to
belong to G. Our main results above can thus be summarized in the state-
ment that any given D-system belongs to a unique abstract group.

3. The isomorphism problem

The divisibility system assigned to the group G in Section 2 depended on
the choice of the ordered basis u. Hence it is to be expected that distinct
D-systems may belong to isomorphic groups. The theme of this section is
the determination of conditions under which this situation obtains.

As before, let @ be a torsion-free group of rank r, and let

u = (U, Ugyeeey Ugyee)
be an ordered basis of @, generating the subgroup U. We shall first consider
a transition to a new ordered basis contained in U. Obviously such a basis

is expressible in the form Pu, where Pis an integral square matrix of orderr.
(1.13) Lemma. Puisa basis of G if and only if P is regular.

Proof. Let z be an arbitrary element of G. Then mz = cu for some
positive integer m and some integral vector c. Now suppose that P is
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regular; then ¢ = cP-1P = k-'aP, where k is the denominator of cP-!
and aisintegral. Hence kmz = aPu, and thusevery element of G islinearly
dependent on the set Pu. Also Pu is linearly independent; for bPu = 0,
where b is an integral vector, implies bP = 0, and thus b = bPP-1 = 0.
Therefore Pu is a basis of G.

Suppose now that Pu is a basis. Then there exist positive integers ¢;
such that t;4; = biPu for each 1, where the b? are suitable integral vectors.
Denoting by T the regular diagonal matrix whose ¢th diagonal element is
t;, and denoting by B the matrix whose ¢th row is b?, for each ¢, we have
Tu = BPu, and hence T' = BP, since u is linearly independent. P there-
fore possesses a left inverse 7-'B in &#. Now if P has a non-zero left
annihilator in &, then there is an integral vector ¢ 5= 0 such that cP = 0,
and hence cPu = 0. But the latter equation is inconsistent with the
linear independence of the basis Pu. Hence P is regular.

This completes the proof of the lemma.

Now if f is the divisibility function of G with respect to u, then

cPuep"@

ifand only if ¢ P € f(p™), in other words if and only if ¢ € f( p™): P. We have
* therefore the following:

(1.14) LemMMA. If [M(p)] ¢s the divistbility system of G with respect to u,
then the divisibility system of G with respect to Pu, where P is regular, is
[M(p): P].

Thus for any regular integral matrix P of order », [M( p): P]is a D-system
and belongs to G.

We shall now establish a connexion between the divisibility systems of G
with respect to arbitrary ordered bases with the aid of the next

(1.15) Lemma. If U, V are basal subgroups of G, then sois UN V.

Proof. UNV, a subgroup of the free group U, is free. Also for any
element x of G there exist positive integers m, n such that mx e U, nx e V,
and hence mnz € U N V. These results show that U n V is basal in G.

If u, v are ordered bases of @, and U, V denote the subgroups that they
generate, we can select a basis w of G in U N ¥, by the preceding lemma,
and by Lemma 1.13 we have Pu = w = Qv for suitable regular matrices
P, Q. If [M(p)], [N(p)] are the divisibility systems of G with respect to
u, v, respectively, then by Lemma 1.14,

M(p): P = N(p): @

for all primes p. This relation provides the key to the solution of the iso-
morphism problem. We shall say that the D-systems [M(p)], [N(p)] are
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associated if; for all primes p, and for suitable regular integral matrices
P, @, independent of p,
M(p): P = N(p): .
We now proceed to prove the

(1.16) IsomorPHISM THEOREM. Two D-systems [M(p)], [N(p)] belong to
tsomorphic groups if and only if they are associated.

Proof. Suppose that the D-systems belong to @, H, respectively. From
the manner in which D-systems are assigned to groups in our theory, it is
clear that isomorphic groups possess identical sets of D-systems. Hence if
G, H are isomorphic, then both the D-systems of the theorem belong to &,
and therefore they are associated.

Conversely, suppose that [M(p)], [N( p)] are associated by means of
P, Q. By Lemmas 1.13 and 1.14, [M(p): P] is a D-system belonging to &,
and.[N(p): @] is a D-system belonging to H. Thus @, H have a common
D-gystem, and are therefore isomorphic, by the Uniqueness Theorem.

It is now clear that the relation of association between D-systems is an
equivalence relation. The equivalence classes that it defines will be called
D-types. The set of D-systems belonging to a given group is a D-type;
every D-type corresponds to some group; and two groups are isomorphic
if and only if their D-types are the same. Here we have the complete
classification of the countable torsion-free groups.

Groups of finite rank. We shall now examine further the association
relation for the D-systems that belong to groups of finite rank, and we shall
show that the relation can be simplified considerably for such systems.

Let the D-systems [M(p)], [N(p)] be associated by means of P, Q.
Since @ is of finite order, the elements of @~ can all be expressed with a
common denominator, m say, and hence @1 = m~1T, where T is a regular
integral matrix. Hence 7'Q = ml, and we have

N(p)im = N(p):TQ = N(p): @Q: T = M(p): P: T = M(p): TP
for each prime p, where T'P is regular. Thus the association'condition is
expressible in the form:
[N(p):m] = [M(p): P]
for sonie positive integer m and some regular integral matrix P.

The determination of [N(p):m] is simple because of (1.9) and (1.11).
If (m,p) = 1, then N(p):m = N(p). If m is divisible by p, then let
m = ﬁ"m’, where (m’, p) = 1. We have

N(p):m = N(p):m’: p* = N(p): p™.
Now if (M, M, M,,...) is a D,-sequence, then M, : p* = M, _, if n > k, and
M,:ph= M, p:p+" = J:ph" = J if n <h. Hence N(p):p"* can be
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obtained by adjoining to N(p) an initial run of J’s, A in number. For
example: (1 M, My, ):p0 = (J,J, T, My, My, My,...).

It follows that every D-system of the form [N(p):m] can be obtained
from [N(p)] by augmenting each of at most a finite number of the com-
ponents of [N(p)] (i.e. those components that correspond to the primes
that divide m) with an initial finite run of J’s, and leaving all the remaining
components unaltered. Thus all the D-systems associated with [M(p)]
can be derived as follows:

(i) Obtain [M(p): P] for an arbitrary regular matrix P.
(ii) Delete at most a finite number of J’s from the new system, leaving
at least one J in each component.

This concludes the special remarks for finite 7.

1I

Our next main task will be to evolve a method for constructing D-systems.
We observe that the components of a D-system are independent of one
another, and hence it is sufficient to study the D,,-sequences for a fixed
prime p. It is first necessary to obtain certain additional auxiliary results.

1. Auxiliary material

The length of a vector ¢ = (¢, ¢; ... ¢; ...) is defined to be 0if ¢ = O and kif
¢, # 0 while ¢; = 0 for every ¢ > k. A square matrix having only zeros
above its main diagonal while each diagonal element is non-zero will be
said to be triangular. For any vector module M and any positive integer k,
M® will denote the submodule that consists of all the vectors in M whose
lengths do not exceed k—the kth ‘segment’ of M. Obviously M is the union
of its segments. If 4 is a triangular matrix, then for each k, the first k rows
of A generate the whole of (4)®.

We shall be concerned here with submodules M of J such that M contains
vectors of all lengths possible in J. (The members of any D,,-sequence M
have this property, since p»J < M,,. It can be easily proved that the class
of modules with the property mentioned is the class of basal submodules
of J). Throughout the remainder of this section M will denote such a
module.

For each k, the kth coordinates of the vectors in M® clearly form a non-
trivial additive group of integers—an infinite cyclic group. Let

my, = my (M)
denote the positive generator of this group. Then we have the following
BI '
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(2.1) THEOREM. Let [a%] be any selection of r vectors in M such that for each i,
the length of a* is i and the i-th coordinate of a®is m; or —m,. Then [a?]
generates M.

Proof. The proofis by induction. Obviously a! generates M®. Now sup-
pose that al, a%,..., a” generate M™, and that c is any vector in M®+Y,
Then there exists an integer # such that the (n+ 1)th coordinate of c—tan+!
is 0, and thus c—tam+! € M™; hence c belongs to the vector module
generated by al, a?,..., a»+1, It follows that for each &, M® is generated by
al, a%,..., ak, and since M is the union of the M® the set [a?] generates M.

On arranging the vectors a¢ in order of increasing length we obtain a
triangular matrix 4 which represents M in the sense that M = (4); but 4
is not uniquely defined, since we have in general an infinity of choices for
each a’. We shall discuss next a method for the selection of the a* which will
yield a unique result. A vector ¢ = (¢, ¢, ...) in M of length k, say, will be
said to be reduced with respect to M if ¢, =m;, and 0 < c; < my
for each 7 < k.

(2.2) TeEOREM. For each k, M contains one and only one vector of length k
that is reduced with respect to M.

Proof. There cannot be more than one such vector; for let us suppose that
a=(a, @, ...) and b = (b, b, ...) are both of length k and reduced with
respect to M, and let j be the length of a—b. Ifj # 0, then a;—b; is a mul-
tiple of m;. But 0 < a; < m;and 0 < b; < m;; hence a;—b; = 0, and thus
the length of a—b is less than j. From this contradiction it follows that

a—b = 0.

We shall now establish the existence of the vector of the theorem. Let
[a%] be a selection of r vectors in M, such that for each 7 the length of a®is ¢
and the ith coordinate of a’is m;. Clearly a! satisfies the conditions of the
theorem for the case k = 1. If & > 1, and a* is not reduced with respect to
M, we can obtain a vector of length & that is reduced with respect to M by
means of the following transformations on a*: Add to a* a suitable multiple
of a%-1 to obtain a vector whose length is k, whose kth coordinate is m;, and
whose (k—1)th coordinate is non-negative and less than m,_,. If the new
vector is not reduced with respect to M, add to this vector a suitable
multiple of a*~2 to obtain a vector whose length is k£, whose kth coordinate
is my, and whose (k—1)th, (¥—2)th coordinates are non-negative and less
than m,_,, m,_,, respectively; and so on. By this procedure we obtain in a
finite number of steps a vector of length & reduced with respect to M.

This completes the proof of the theorem.
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The triangular matrix whose rows are the vectors reduced with respect
to M will be called the canonical representative of M.

p-elementary matrices. Of vital importance for the construction of D,,-
sequences in the next section are the canonical representatives of sub-
modules M of J such that pJ < M (or equivalently M:p = J). Such
matrices will be said to be p-elementary, and we proceed to determine them
explicitly.

If pJ < M, then for each k, the vector (00 ... 0p 0 ...) of length & belongs
to M, and hence m,, divides p; hence m; = 1 or p. -If m;, = p, then clearly
the vector above is the vector of length k reduced with respect to M. Hence
the p-elementary matrices £ = (e,;) satisfy the following conditions:
(2.3) (i) E is integral and triangular;

(ii) e;; = 1 or p, for each ¢;

(iii) if e;; = 1, then all the remaining elements of the ith column are
zero;

(iv) ife;; = p, then all the remaining elements of the ¢th row are zero;

V) 0<e; <pife,;=1,¢;=2p (1 >j).

It will now be shown that every matrix E that satisfies (2.3) is.p-elemen-
tary. We define another triangular matrix ¥ = (&) as follows:

€ = Dley; € = —¢€ (v #J).
(2.4) TueoreM. EE = pl = EE.

Proof. Since E, E are triangular, so also is £ E, and each diagonal element
of EE is equal to the product of the corresponding elements of E, E, and
hence is equal to p. Let us consider the elements below the main diagonal
of BE = (f;;). These elements are given by the equations

Ji = %éikekj (> j)-
Suppose that k 4, k % j. Then é;e,; = 0; for if e;; 7 0, then ¢;;, = 1
and hence é; = —e;, = 0. We have therefore
fii = €€+ = —ege+(pfe)es;
= e p—eqiejy)es-

Now if e; % 0, then e; =1 and e; = p; hence p—e;e; = 0. Thus
fi; = 0ifi >j. Hence BE = pl.
It follows that p—1F is the inverse of E, and therefore

EE = pEE-' = pl.
This completes the proof.
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With the aid of the result above we can prove the following

(2.5) THEOREM. Any matriz E that satisfies the conditions (2.3) is p-
elementary.

Proof. pJ = (pI) = (EE) < (E). Since E is triangular, the first & rows
of E generate (E)®, and hence m,((E)) = e, for each k. It can now be
easily verified that the rows of Z are reduced with respect to (£), and hence
the theorem is established.

Examples

I and pI are p-elementary.
The p-elementary matrices of order 2 are

1 0\, (1 0\, {p O\ OK<Ah<p), (p O\
0 1 0 p ho1 0 »
An example of order 3 is
p 0 0\ (0<h<p)
h 1 0
0 0 »p

2. The construction of D, -sequences

Throughout this section M will denote a D, -sequence (My, My, M,,...).
Our first theorem, supported by the following lemma, shows that M can
be represented by a sequence of p-elementary matrices.

(2.6) LemMA. Let A be a given regular integral matriz of order r, and let
M be a given submodule of J such that M:p = (A). Then M = (EA) for
some unique p-elementary matrix E.

Proof. M < M:p = (A), and therefore M = (BA) for some integral
matrix B. Now (B):p = (BA):pA=M:p:4 = (A):4=J. Con-
sequently, there is a p-elementary matrix & such that (B) = (%), and we
have M = (BA) = (EA).

We now show that £ is unique. Suppose that (F4) = (£4), where F also
is p-elementary. Then

(F) = (FAA™) = (EAA7) = (B),
and hence F = E.

This completes the proof of the lemma.

(2.7) TarorREM. Let M be a given D, -sequence. Then there is a unique
sequence (E,, E,,...) of p-elementary matrices such that
M, = (E), M,=(E,E, ,..E) (n=23,.).

Proof. The proof is by induction on n. There is a unique p-elementary

matrix K, such that M, = (E,), since M;:p = M, = J. Let us assume the
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existence and the uniqueness of each of the first ¥ members of the sequence
[E,], and apply the lemma above with 4 = E, E,_, ... E, and M = M,,,,.
Then the existence and uniqueness of E,, follow, and the theorem is
established.

Those sequences of p-elementary matrices that determine D,,-sequences
in the manner indicated in the last theorem will be said to be admissible.
Our task now is to characterize the admissible sequences.

If E, F are p-elementary matrices we say that F is adherent to E if
(FE):p = (E). Asequence of p-elementary matrices will be called a chain
if each member of the sequence after the first is adherent to its immediate
predecessor in the sequence. It will be shown that the class of admissible
sequences consists exclusively of the chains. We begin with an auxiliary

(2.8) LEmwma. Let A, E, F be square matrices of order r, where A is integral
and regular, E, F are p-elementary, and (EA):p = (4). Then
(FEA):p = (EA)
if and only of F is adherent to E.
Proof. If (FEA):p = (EA), then
(FE):p = (FEA).pA = (FEA):p: A = (EA):. A = (E).
Conversely, suppose that F is adherent to E. We have (FEA) < (EA),
and therefore (FEA):p < (EA):p = (4); hence (FEA):p = (BA) for a
suitable matrix B. We have

(B)=(BA):A = (FEA).p:A = (FEA): A:p = (FE):p = (E).

Hence (BA) = (EA4).
This completes the proof of the lemma.
We are now in a position to prove the following

(2.9) TurOREM: 4 sequence [E,] = (H,, E,,...) of p-elementary matrices is
admissible if and only if it is a chain.

Proof. We write 4g=1, A,=E,4,, n=1, 2,.), M,=(4,)
(n=0,1,2,.),and M = (M, M,, M,,...). If M is a D,-sequence, then on
applying the lemma with A = 4,_,, E = E,, F = E,,,, we deduce that
E, ,, is adherent to B, (n = 1, 2,...).

M, = J, and since E, is p-elementary we have M;:p = J = M,. If we
assume that [E,] is a chain and that M, ,:p = M,, then on applying the
lemma with A = A,, E = E,,,, F = E,,, we have M, ,:p = M,.,.
Hence M is a D,,-sequence, and the proof of the theorem is now complete.

It will be our next object to determine practical criteria for adherence.
With these criteria we shall have a method for the explicit construction
of all the D,-sequences.
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We shall reason in terms of the linear algebra of J (mod p), that is to say
the algebra of the elementary group J/pJ treated as a linear space over the
Galois field G F( p) of the integers (mod p). A set of vectors in J will be said
to be linearly dependent (mod p) if for some finite subset ¢, c?,..., we have
(ny €1 4n,c?+-...) € pJ for suitable integers n,, n,,..., not all of which are
divisible by p; otherwise the set will be said to be linearly independent
(mod p). For any submodule M of J the dimension of the linear space
M (mod p) or M/M N pJ will be denoted by dim M.

A criterion for the linear independence (modp) of a subset S of J is
familiar from linear algebra. Let the vectorsin § be ordered in any manner
to form a matrix C. If § consists of a finite number n of vectors, then S is
linearly independent (mod p) if and only if C possesses at least one minor of
order n that is not divisible by p. If § is infinite, then § is linearly indepen-
dent (mod p) if and only if each of its finite subsets has this property, and
it is sufficient to apply the test to the first m rows of C for every finite m.

The main diagonals of p-elementary matrices will play an important part
in the analysis that follows; hence we introduce the following notation for
any such matrix K = (e¢;;): #(E) denotes the set of suffixes ¢ such that
e;; = 1, and p, () denotes the number of suffixes 1 < kin S (X) for each k.

The adherence criteria are contained in the next theorem, to which the
following notation applies: F is a p-elementary matrix and 4 = (a,;) any
integral triangular matrix, both of order r; FA = (b;;); a%, b® denote the
ith rows of 4, FA, respectively.

(2.10) TrEOREM. (FA):p = (4) if and iy if one of the following con-
ditions holds:

(1) The set F(F) is empty, or equivalently F = pl.

(2) A(F) is not empty, and the set [b%; i € F(F)] is linearly independent
(mod p).

Proof. (1) obviously implies (F4):p = (4). In the remainder of the
proof we shall assume that #(F) is not empty. Suppose that (2) does not
hold. Then there is a least suffix j in #(F) such that the set

[b% 2 e A(F), ¢ < j]

is linearly dependent (mod p), and we have > =, bi+n; b/ = pc, where the
summation extends over all ¢ such that j >2¢e€ S#(F), c = (¢; ¢5 ...} is &
suitable integral vector, and the =, are suitable integers, where n; # 0
(mod p). On equating the jth coordinates of the two sides of the equation
above we have pc; = n;b;; = n;a;;. Hence c; is not a multiple of a;;. But
since 4 is triangular the jth coordinate of every vector in (4) of length j
is a multiple of a;;. Hence c ¢ (4). Onthe other hand pc € (F4), and hence
ce (FA):p. We conclude therefore that (FA):p 7~ (A).
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Suppose now that (2) does hold, and that cis an arbitrary vector of length
kin (FA):p. Then pc = s, bl4s, b2+4...+5, b* for suitable integers ¢,,
where s, # 0. On equating the kth coordinates of the two sides of the latter
equation we have pc, = s,.b;;,. We shall consider separately the cases
(i) k ¢ £(F), and (ii) k € F(F).

Case (i). Here b, = pay;, and hence ¢;, = s;,az;.

Case (ii). We have by, = a;,; hence pc, = s, a;;,. Now

8; bl+s, b2+... 45, b* € pJ,

and b’ = pa’ e pJ for each ¢ that is not in J(F); hence if s; Z 0 (mod p),
then the set [b?; ¢ € #(F), ¢ < k] is linearly dependent (mod p), contrary
to the assumption that (2) holds. Therefore s, = 0 (mod p), and hence ¢,
is a multiple of a.

Thus, for each k, the kth coordinate of every vector of length kin (FA): p
is a multiple of a;,. Now (pd) < (FA4), since (pI) = (F), and therefore
(4) = (FA): p; hence there is a vector in (FA): p, namely a*, whose length
is k£ and whose kth coordinate is a,;,. We conclude that, with the notation
of section 1, m,((FA):p) = |ay,| for each k, and hence by Theorem 2.1 we
have (FA):p = (4).

This completes the proof of the theorem.

Now FA is triangular, and hence the vectors b? (¢ < k) generate (F4)®,
Algo, if 1 ¢ F(F), then b* = pa’e pJ. Hence the vectors b? (3 € S(F),
1 < k) generate (FA4)® (modp). But these vectors are p,(#) in number;
hence they form a linearly independent set (mod p) if and only if

dim(FA)® = py(F).

It follows that the conditions that (FA):p = (4) can be expressed in the
following form:

(2.10.1) pr(F) = dim(FA)® for each k.

Let E, F be p-elementary matrices of order ». If F is adherent to £; then
pr(F) = dim(FE)®, Also p,(E) = dim(E)® since (EI):p = (I). But
(FEY® < (E)®, and hence we have dim(FE)® < dim(E)®. Thus it
follows that the following conditions are necessary (though not sufficient)
for F to be adherent to E:

(2.10.2) pe(F) < pr(E) for each k.

These conditions involve only the main diagonals of the matrices. We
now give a set of sufficient (though not necessary) conditions for adherence
which also involve only diagonal elements:

(2.10.3) F = (f;;) is adherent to £ = (e;;) if e;; = 1 for every suffix ¢ in
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J(F), or equivalently if f;; = p for each i such that ¢;; = p. (In particular,
p-elementary matrices with identical main diagonals are mutually ad-
herent.) _

Forife,; = 1 for every ¢ in #(F), then for each such ¢, the ith coordinate
of the ith row of FE is 1, and it is easy to deduce that the rows of F'E that
correspond to the suffixes in #(F') form a linearly independent set (mod p).

An interesting consequence of the necessary conditions (2.10.2) for
adherence is the following:

Let [E,] be a chain. For each fixed k, the sequence [p,(E,,)]is a descending
sequence of non-negative integers, and hence py(E, ;) = pp(E,) for all
sufficiently large n. It follows that for each fixed ¢, the ith diagonal element
of E, is constant for all sufficiently large n. Hence if r is finite we can assert
also that all the members of the chain from some point onwards have the
same disposition of 1’s and p’s on their main diagonals.

We shall conclude the present section with a number of illustrative
examples and a survey of the chains for the simplest casesr = 1,r = 2.

Ezxamples
pI is adherent to every p-elementary matrix of order . Every p-
elementary matrix of order r is adherent to I. pI is the only matrix
that is adherent to pI. I is adherent to no matrix other than I.

In the two examples that follow, the question of adherence cannot be
decided merely by the comparison of main diagonals, since in these examples
the conditions (2.10.2) are satisfied, but the stronger conditions (2.10.3)
do not hold.

(i) {p O\ is adherent to {1 0\ if and only if A 5~ 0;
h 1 0 p

for(h p)islinearly independent (mod p) if and only if that condition holds.

(i) /p 0 0 0\ is adherentto /1 0 0 O
B 10 0 0 p 00
00 p O 0 n 10
m 0 k 1 0 0 0 p
if and only if the set h p 0 0
(m kn k p)

is linearly independent (mod p), that is if and only if # 72 0, k # 0.
The following tables summarize the adherence situation for the cases
r = 1,r = 2. Ineach table the figure 1 or 0 stands at the intersection of the
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row marked F and the column marked E according as F is or is not adherent
to E.

r=1 | 1 »
1(1 0
pll 1

r = 2. (The letters ¢, 7, denote the matrices

((1) z), (2}3 ;’) 0O<k<p),

respectively.)

I e 7 my pI
I 1 0 0 0 O
€ 1 1 0 0 O
7% 1 0 1 1 0 (kms0).
|1 1 1 1 0
pI|1 1 1 1 1
The chains for » = 1 are as follows:
(1,1,...,1,1,...),
(p’p""’p’p"")’

' (1,1,...,1,p,p,...),
where the number of 1’s in the last sequence is arbitrary.
For the case r =:2 each chain may be represented in the form
(Sls Sz» Ss: 84)9

where S, is a sequence of I’s, S, a sequence of €’s, S; a sequence of matrices
of the type 7, with arbitrary values of 2, and S, a sequence of pI’s, subject
to the following conditions:
(i) precisely one S; is infinite, and the subsequent S; are all empty;
(ii) n, is not the immediate successor of e.

3. Quotient transformations of D,-sequences

In the cases r > 1 the determination of the D-systems associated with
a given D-system involves quotients by non-scalar matrices. It is there-
fore appropriate to discuss the nature of the calculations implicit in a
quotient transformation (M — M: P) of a given D, -sequence

M = (M, M,, M,,...).
Let {E,] be the corresponding chain, and let us write
AO = I) -A"n, = EnAn—l’

65388.3.10
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so that M, = (4,) (n = 0,1, 2,...). Let 4} denote the product Z, &, ... E,,.
Then, by Theorem 2.4,
A,A*=E,E, |..E EE,..E, = p"l,
and hence
M,:P=(A4,):P=(4,4}): PA} = p"J: PA}.
M,: P is therefore the set of integral solutions ¢ of the‘system of linear

congruences cPA* = (mod p7).

The procedure described in Theorem 2.1 for the construction of a system
of generators for M can be applied to M, : P as follows:

For each k, find a solution a* of the above system of congruences, such
that the length of a* is k and the kth coordinate of a* is m,, where m, is
positive and as small as possible. Then the set [a?] generates M, : P, and the
triangular matrix whose rows are the a® provides a representation of M, : P.

Ezample
Let A, = [p® 0\,ie. E,=[p 0\ (n=12,..),
0 1 0 1
M,=(4,), and P = [a c\.
b d
‘Then clearly 4% = (1 0 \, and hence
0 "
CPAY = (¢; cy))fa c\(1 O
b dj\0 p»

= (ac,+bc, p™(ce,+dey)).
We have therefore to determine the solution module of the congruence
ac,+bc, =0 (modp?)
for each n. This module is generated by (m,; 0) and (s m,), where these
are solutions of the congruence, and m,, m, are positive and as small as
possible.
Let a = pta’, b = p*b’, where a’, b’ are prime to p. Then
pla'm; =0 (modp™),
{ 1 if n<h,
m, = .
p* if n>h.

and we have

In considering the solution (s m,) we have two cases:

WASE g’ pthm, =0 (modpn);

hence pkmy, = 0 (mod (p®, p*)).
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If n < h, then (p™, p*) = p™, and hence m, = 1. If n > h, then
(2" ") = p",
and again my, = 1.
For s we can take any solution of the congruence
pha’s+pkb’ = 0 (mod p™);
for example, s = 0 if » < &, and s = a,,_ if n > k, where «, is the nth
convergent, of the p-adic expansion of the rational number
(—p+bja’) = (—bJa).

(i) A > k.
Reasoning as we began in (i), we have
1 ifn <k,
my=({ pr* ifk <n<h,

pt=* ifn > h.

We can take s to be 0 if-n < h. If n > h, then a’s+b’ = 0 (mod p™-"),
and hence a possible value for s is the (n—h)th convergent of the p-adic
expansion of (—b'/a’).

So far we have assumed that a # 0, b % 0. The casesa = 0 and b = 0
are easily dealt with.

(ili) @ = 0.

M,: P = (B,), where B, = (1 0) or (l 0 )
0 1 \o pr*
according as n << k or n > k, where b = p¥b’, (b',p) = 1.

(iv) b = 0.

M,: P = (C,), where C,, = (1 O) or (p""” 0)
0 1 0 1

according as n < h or n > h, where a = pla/, (a/, p) = 1.

III

FrEE ABELIAN GRrOUPS

A source of interesting problems is the following question: What are
necessary and sufficient conditions that a D-system [M(p)] belongs to a
group that possesses some specified structural property X ? Examples are
the cases where X is the property of being a free group, or a compietely
decomposable group (that is a direct sum of groups of rank 1). In this
section we shall answer the question in the former of these two cases.

It will be recalled that in the Existence Theorem (1.12) it was shown
that [M( p)] belongs to asubmodule L = ¥ L, of R, where for each prime p,

D
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L, consists of all vectors of the form p—"c (¢ € M,(p)). Our task then is to
determine conditions for L to be free.

The known result that every subgroup of a free group is free will be
assumed, and the following concept will be central in the discussion: A set
of vectors will be said to be bounded if there is a positive integer m such
that the denominators of all the vectors in the set divide m.

(3.1) Lemma. A submodule M of R is free if and only if each segment M®
s bounded.

Proof. Consider any fixed segment M®), and suppose that M is free.
Then M® is free, and therefore M® has finite sets of generators, since
clearly its rank is finite. Choose a definite finite set of generators, and let all
the members of the set be expressed in the form d-'c (¢ € J), where d is the
least common multiple of their denominators. Then obviously every vector
in M® is of this form, and hence M® is bounded.

Denote by %,, k,,..., k;,... the non-zero lengths that occur in M, in ascend-
ing order of magnitude, and suppose now that for each s the denominators
of all the vectors in M%) divide some positive integer d;. Consider the %, th
coordinates of all the vectors in M®*). These coordinates clearly form a
non-trivial subgroup of the additive group generated by the number 1/d;; -
let ¢; be a generator of this subgroup, and let a® be a vector in M* such that
the %;th coordinate of a® is ;. We shall show that the set [a?] is linearly
independent and generates M.

If there is a non-trivial relation

s,al4-s,al4...+s;27 = 0,
where the s; are integers, and we assume without loss of generality that
8; 7 0, then by considering the k;th coordinate of the left-hand side of the
above equation we have s; = 0. This contradiction shows that the set [a?]
is linearly independent.

Let ¢ be a vector in M. If c € M®, then the k,th coordinate of c is mt,
for some integer m; hence the length of c—ma? is less than k,, and thus
c—ma! = 0. Hence a! generates M*). Now suppose that a!, a?..., a’
generate M*9, and that ¢ € M®+). The k;,th coordinate of ¢ is of the form
nt; ;. where n is an integer, and therefore c—na’+! € M*y), since the length
of that vector is less than k;,,. Hence c belongs to the module generated
by al, a?,..., a’+1, and therefore these vectors generate M *s+), We have
thus shown by induction that M is generated by the a®; hence M has a
linearly independent set of generators, and is therefore free.

This completes the proof of the lemma.

We now return to L. It will be shown that the boundedness of L®



COUNTABLE TORSION-FREE ABELIAN GROUPS 21

depends on certain simple conditions on the L{¥, where p ranges over all
the primes. These conditions will be derived from the next

(3.2) LEmMa. L =3 L#),
»

Proof. It was shown in the proof of the Existence Theorem that
J nprL = M,(p).

Hence if p"be L (beJ), then be M, (p), since beprL. Therefore
»~"b € L, and hence L,, contains all those vectors in L whose denominators
are powers of p.

Consider an arbitrary vector ¢ in L®. If c¢ is not integral let its
denominator d be expressed as a product g, g, ... of powers of distinet primes,
and let (1/d) be expressed in the form 3 (n,/g;), where the n; are integers.

v

Then we have ¢ = Y (n,/q;)dc. Each of these summands is a multiple of ¢,
i

and. hence belongs to L®; also each summand has a prime power denomi-
nator, and therefore belongs to one of the L,. From these results we con-
clude that L® < > L. On the other hand it is obvious that

»

3 L < Lo,
b4

This proves the lemma.

Now if a vector module M is bounded, then obviously at most a finite
number of distinct prime powers occur as denominators of vectors in M.
Hence necessary conditions for L® to be bounded are the following:

(i) L¥ is bounded for every prime p;
(if) L consists entirely of integral vectors for all primes p with at 100st a
finite number of exceptions.

We assert that these conditions are also sufficient. For suppouse that
there is a finite set of primes p,, p,,..., p;, and non-negative integers
Ny, Ngy..., Ny, SUch that the denominators of all the vectors in L¥ divide
p¥ (¢ =1, 2,..., k), and suppose also that L& < J for all the remaining
primes p. Then clearly the denominator of every vector in > L divides

»

phpB...p», and hence L™ is bounded.

There now remains only the problem of expressing the conditions (i)
and (ii) above in terms of the modules M, (p). In the next lemma we shall
consider an arbitrary but definite prime p, and we shall, for the sake of
convenience, write M, for M, (p).
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(3.3) LeMMA. Let hbe an arbitrary non-negative integer. Then the following
propositions are equivalent:

(1) M3, < pJ.

(2) ME ), = pM® (n=h, h+1, h+2,...).

(3) The denominators of all the vectors tn L divide p".

Proof. (2) obviously implies (1). If (1) holds, then since the sequence
[M,] is descending, we have M), < pJ (n = h+1, h+2,...). But

M, 0pJ = pMP,
by the conditions (D,); hence M®) , = pM® (n = h, h+41,...). Thus (1)
and (2) are equivalent.

Now let us assume (2). Then by induction we have M® = pr-2M® if
n > h. Henceif ce M® (n > k), then we can write p~"c = p~"b, where b
is a suitable integral vector. Hence the denominator of every vector in
LP divides p.

Finally, if (3) holds, then the denominator of every vector of the form
p~®+¢ (c e M¥),) divides p”, and hence c € pJ. Thus M{¥, < pJ, and
therefore (3) implies (1).

This completes the proof of the lemma.

By considering in turn an arbitrary » and » = 0 we have:

(i) L is bounded if and only if M), = p M for all sufficiently large n.

(i) L® < J if and only if ¥#), = pM® (n =0, 1, 2,...).

The conditions for [M(p)] to belong to a free group can now be stated.
(3.4) TuHEOREM. [M(p)] belongs to a free group if and only if the following
conditions hold for each k:

(i) for each prime p, M, . (p)® = pM,(p)® for all sufficiently large n;

(ii) for all primes p, with at most a finite number of exceptions,

My i (P)P = pM,(p)®  (n=0,1,2,..).
A more concise statement of the conditions above is that
M, 11 ()P = pM,(p)®

for all pairs (p,n) with at most a finite number of exceptions.

Denoting by [E,(p)] the chain corresponding to M(p), we can express
the conditions in the following alternative form:

For each k, p,(E,(p)) = 0 for all pairs ( p, n) with at most a finite number
of exceptions.

We observe, finally, that if = is finite, then L coincides with one of its
segments, and hence the conditions can be simplified by the omission of all
references to k as follows:
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M, ..(p) = pM,(p) for all but at most a finite number of pairs (p,n),
or equivalently,

E,(p) = pI for all but at most a finite number of pairs (p, n).

This paper is based on a thesis for the Ph.D. degree of the University of
London.

I wish to thank Professor K. A. Hirsch and the referee for their en-
couragement and advice.
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