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ON ITERATED TORSION PRODUCTS
OF ABELIAN p-GROUPS

PATRICK KEEF

ABSTRACT. The question of when Tor (A1,...,Ay) is a
dsc for abelian groups Aj,..., Ay is discussed. The proofs
involve inductions on both the number and cardinality of
the groups. When Ajp,..., A, have countable length and
cardinality W,, necessary and sufficient conditions are given
using invariants from set theory.

0. Introduction. In this paper the term “group” will be used
to mean an abelian p-group for some fixed prime p (except for a
momentary consideration of cotorsion groups in Theorem 12). In [12]
Nunke investigates the question of when Tor (4, B) is a direct sum of
countable groups (dsc). He arrives at an answer (cf ., our Theorem 1)
in the case where A and B have different lengths. The case where the
lengths are the same was left unresolved. In that paper Nunke also looks
at iterated torsion products with an eye toward constructing N,,-cyclic
groups (groups whose subgroups of cardinality strictly less than X,, are
direct sums of cyclics). A special case of Nunke’s question is considered
by Hill [5]. He arrives at separate necessary and sufficient conditions
for Tor (A, B) to be a direct sum of cyclic groups which essentially
induct on the cardinality of the groups involved. These conditions are
generalized in Keef [7] which considers when Tor (A, B) is a dsc whose
length is a limit ordinal.

The purpose of the present paper is to generalize the above results in
two ways. First, instead of simply considering when Tor (A, B) is a dsc,
we look at the question of when Tor (A, ..., A,) is a dsc. This allows
us not only to induct on the cardinality of the various groups, but also
on the number of groups involved. We also discuss the case where the
length of the groups involved is an isolated countable ordinal. Perhaps
the most interesting result of the present paper is a determination of
when Tor (44,...,A,) is a dsc of countable length and cardinality X,
(Theorem 10).
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One problem of the inductive approaches of [5] and [7] is that the
answers given seem to depend upon selecting ascending chains of sub-
groups with certain required properties. In the present paper we borrow
ideas from set theory and the study of x-free groups to present results
which do not employ particular chains of subgroups. Specifically, we in-
troduce an invariant I'A which has values in a certain quotient boolean
algebra which is a simple generalization of a construction in this other
area.

To quickly summarize the contents of this work, the first section is
concerned with preliminaries and definitions. In particular, we present
a generalization of the notion of a Cy group to the case where A is
an isolated countable ordinal. The second section is concerned with
applying these notions to iterated torsion products. Some of these
results apply when the groups have different cardinalities and others
when the cardinalities are the same. The third section is devoted to
extending some of these results to the case where A is uncountable. By
a result of [7] we are led to a consideration of the balanced projective
dimension (b.p.d.) of the groups involved. A generalization of the
notion of a k-free group is given involving the b.p.d. of a group. A
version of Shelah’s singular compactness theorem is presented. These
notions allow us to generalize some of the results of the previous section
to larger cardinalities, provided the groups involved are “almost” of
b.p.d. at most 1.

Briefly reviewing some standard notation and ideas, we identify a
cardinal with the first ordinal of that cardinality. The cardinality of a
group A will be denoted by |A|. If « is an ordinal, let A(a) ={a € A :
ht(a) > a} and I(A) be the length of A, i.e., the smallest ordinal such
that A(a) = A(a+ 1). By an a-high subgroup we mean a subgroup
maximal with respect to trivial intersection with A(«). We assume
familiarity with the standard facts on the Tor functor (see [12]) as well
as those on a-pure exact sequences (see [10] and [11]), e.g., an a-high
subgroup is a + 1-pure.

1. In [8], for a limit ordinal A < 2, Megibben calls G a C) group if
for every oo < A the group G/G(«) is a dsc. We wish first to extend this
definition to isolated countable ordinals. If A < Q is isolated it is easy
to see that as it stands the above merely requires that G/G(A) is a dsc.
An alternative, which will be more appropriate for our purposes, is to
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define a C group to be a group which has, for every ordinal a < A,
an «a-high subgroup which is a dsc. By [7, Theorem 8], when ) is a
limit ordinal these two definitions agree. That they say different things
when ) is isolated can be seen by observing that if G is a group with
an w-high subgroup which is a direct sum of cyclic groups, then G is a
C,+1 group under the second definition. It is easy to construct such a
G with the further property that G/G(w) is not a direct sum of cyclics
and such a G fails to satisfy the first definition. In this paper we will
use this second extension of Megibben’s definition.

Throughout this paper we will let A denote an ordinal not exceeding
Q. Observe that if A is an isolated ordinal, then a group G is a C)
if and only if it has a (A — 1)-high subgroup which is a dsc. To see
this, note that, for any o < A, an a-high subgroup can be extended
to a (A — 1)-high subgroup, and, by a result of Nunke [12], if one
(A — 1)-high subgroup is a dsc then they all are. The result then
follows by a well-known result of Hill’s on isotype subgroups of dsc’s
[3]. Observe that this easily implies that when A is isolated, a C group
G with G(\) = 0 is summable (i.e., its socle is free as a valuated vector
space). This follows since K is a (A — 1)-high subgroup of G, then
Glp] = K[p]® G(A—1)[p] and since K is a dsc, K[p] is summable. This
is in marked contrast to the situation at limit ordinals (cf. [8]).

The results in this paper will often be stated for all A < €, but we
will occasionally ignore the case where A is finite. We leave it to the
reader to fill in the usually trivial details of this case. The advantage
of infinite values of A is that A-pure sequences are pure in the usual
sense of the word and the Tor functor is exact on the category of pure
exact sequences. The triviality of the finite case is due to the fact that
bounded groups are direct sums of cyclics.

We note in passing the following simple fact.

Proposition 1. If K is an isotype subgroup of the Cy group G, then
K is also a Cy group.

Proof. If « < X and L is an a-high subgroup of K, then L is
contained as an isotype subgroup of an a-high subgroup of G. Since «
is countable, Hill’s theorem on isotype subgroups of dsc’s implies the
result. O
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One nice feature of our definition is that it allows us to recast a result
of Nunke’s [12].

Theorem 1. Let A and B be reduced groups with A = [(A) < I(B).
Then Tor (A, B) is a dsc if and only if A is a dsc and B is a Cy group.

The following characterization of C) groups is a slight variation on
Theorem 1.

Theorem 2. Let G be a group and H a reduced dsc of length A.
Then G is a Cy if and only if Tor (G, H) is a dsc.

Proof. When A is a limit ordinal, the result follows from induction
since H is the direct sum of dsc’s of shorter length. If X is isolated and
K is a (A — 1)-high subgroup of G, then

0 — Tor (K,H) — Tor (G, H) — Tor (G/K,H)(2 ®H) — 0

is A-pure exact and hence splitting. So Tor (G, H) is a dsc if and only
if Tor (K, H) is a dsc and the result follows from Theorem 1. O

The last theorem can be used to give the following necessary and
sufficient condition for a C) group of length A to be a dsc. We say a
C group G is normal if G(\) = 0.

Proposition 2. If G is a normal C) group, then G is a dsc if and
only if G is a A-pure projective.

Proof. Necessity being clear, we suppose G is a A-pure projective. If
A is a limit ordinal, the result is clear using Megibben’s definition of
C) and Nunke’s homological characterization of dsc’s (see [11]). If A is
isolated, let L be a (A — 1)-high subgroup of a dsc group H of length
A. Since G is a A-pure projective, the sequence

0 — Tor (L,G) — Tor (H,G) — &G — 0

splits because it is A-pure. So since, by Theorem 2, Tor (H, G) is a dsc,
sois G. O
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The following lemma will be crucial in ensuring that we can construct
chains of subgroups which are “well-behaved.” We let H) denote the
“generalized Priifer group” of length .

Lemma 1. Suppose K is a pure subgroup of G. Then Tor (K, H))
is a summand of Tor (G, Hy) if and only if K is a A-pure subgroup of
G. If, in addition, G is a Cy group, then so is G/K.

Proof. If K is a A-pure subgroup, then
0 — Tor (K, Hy) — Tor (G, Hy) — Tor (G/K,H)) — 0

is also A-pure, and since the last group is A-pure projective it must
split.

For the converse, recall that for a group A there is a (natural) map
da : Tor (A, Hy) — A and a short exact sequence X — Y54 is \-

pure exact if and only if d4 factors through a (see [10]). Suppose
7 : G — G/K is the natural projection. If

¢ : Tor (G/K, Hy) — Tor (G, H)
is a right inverse for Tor (7, 1y, ), then we have

70 (g o ¢) = 0q/k o Tor (m,1u,) 0 ¢ = 0g/Kk

and so K is a A-pure subgroup of G.

The last statement follows from Theorem 2. 0O

We come now to a definition which is fundamental for the results of
this paper. Let G be an infinite C\ group. By a A-development of G we
mean an ascending chain of subgroups {G;};c; of G, where I = [0, o
for some limit ordinal « such that we have

(a) for all i < a, G; is a A-pure subgroup of G;
(b) Go=0,G, =G;
(c) if i < evis alimit ordinal, U;«;G; = G; (i.e., the chain is smooth).

If, in addition to the above, we have
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(d) |G4] < |G| for all i < a,
we will call the A-development proper. Finally, if in addition to (a)—(d)
we have

(e) (Gix1/Gi)(A\) =0 if and only if (G/G;)(A) =0, for all i < «,

we will call the A-development normal. Observe one consequence of
Lemma 1: if {G;} is a A-development of G, then for each i the groups
Giy1/G; and G/G; are C) groups.

Theorem 3. Suppose A and B are normal C) groups with |A| <
|A| < |B|. Then Tor(A,B) is a dsc if and only if B has a A-
development {B;} such that, for each i, Tor (A, B;11/B;) is a dsc.
Furthermore, if Tor (A, B) is a dsc, we may choose the A-development
to be normal.

Proof. If B has a A-development as stated, then each sequence
0 — Tor (A, Bz) — Tor (A, Bi+1) — Tor (A, Bi-i—l/Bi) — 0

must split because it is A-pure and the last group is a A-pure projective.
So Tor (A, B) is clearly isomorphic to the direct sum of the groups
Tor (A, Bi1+1/B;), which proves this part.

Conversely, if Tor (A, B) is given to be a dsc, we construct the re-
quired A-development as follows. Suppose {x;};<|p| is a well-ordering
of B. Observe that by Theorem 2, Tor (Hy, B) is a dsc. Fix decom-
positions of Tor (A, B) and Tor (Hy, B). Let By = 0. Suppose, for
some j < |B| we have constructed a smooth ascending chain {B;};<;
satisfying

(a) B is pure,

(b) Tor (A, B;) and Tor (Hy, B;) are the direct sums of certain terms
in the decompositions of Tor (A, B) and Tor (H), B), respectively,

(c) |Bi| < [|Allil,

(d) ifi+1< 7, then z; € Bi+1,

(e) ifi+1 <4, then (Bi41/B;)(A) =0 if and only if (B/B;)(A) = 0.

If j is a limit ordinal, then smoothness dictates our choice of B;. If
j =i+ 1 is isolated, we begin by constructing an extension Ky of B;
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which contains z; so that (Ko/B;)(\) # 0 if and only if (B/B;)(\) #
0. Using a “back-and-forth” technique, we can construct extensions
K, which are alternately pure subgroups and subgroups for which
Tor (A, K,,) and Tor (H), K,,) are the direct sum of certain terms in
fixed decompositions of Tor (A4, B) and Tor (Hy, B), respectively. This
can clearly be done so that |K,| < |A||{|. Let B; = U,K,. Observe
that conditions (a) and (b) together with Lemma 1 imply that B; is a
A-pure subgroup of B (cf. case II of [5, Theorem 2]). O

The last result is a generalization of [7, Theorem 17]. The present
proof, instead of employing the notions of A-isotype and A-nice sub-
groups in the successive building of extensions, uses Lemma 1. This
not only has the advantage of simplicity, but it also applies equally well
to the case where ) is isolated. That this is a true generalization follows
from the fact that when A is a limit ordinal and A is a C) group, a
sequence X — Y — A is A-pure if and only if it is A-balanced (see [11,
Theorem 2.9]). We will use this technique frequently in our proofs to
guarantee that we are, in fact, creating A-pure subgroups.

Corollary 1. If B is a Cy group with |B| > |)|, then B has a normal
A-development.

Proof. Use the last result with A = Hy. O

If o is an uncountable cardinal and S7, Sy are subsets of [0, «), define
S1 ~ Sy if S1NC = SN C for some cub (closed and unbounded)
C C[0,a). This can easily be seen to be an equivalence relation and
the usual set operations can be performed on the various equivalence
classes. Another way to view this construction is to define I to be the
collection of all SC[0,«) such that SN C = @ for some cub C. It
can be seen that I is an ideal in P([0, «)) and the equivalence classes
mentioned are simply cosets in the quotient boolean algebra. Denote
this quotient boolean algebra by p,. Let 0 = [&] and 1 = [[0, a)].

Recall that a cardinal « is called regular if the cofinality of « is
a. Otherwise, it is called singular. Suppose o > |A| is a regular
cardinal and A is a C) group of cardinality «. If {B;}i<q is a normal
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A-development of A, let
I'{B;} = {i < a: (Ai11/4:) () # 0}
and TA = [I7{B;}] in pa.

Lemma 2. With the above notation, I'A does not depend on the
particular normal \-development chosen.

Proof. If {B]} is another normal A-development, then by the regu-
larity of «,
C:{Z<QBlzBi}

is a cub, and by the normality condition,
M"'{B;}nC=T{B{} nC,
hence [I'{B;}] = [I"{B}}] in p,. O

If we are given a normal A-development of a C) group and we select
from it those terms corresponding to some cub, the result is another
normal A-development (which we will call a subdevelopment). So if { B;}
is a normal A-development for A (where |A| > A isregular) and ’'A = 0,
then by passing to a subdevelopment, we may assume I'{B;} = @.

When there are several cardinals being discussed we may use the
notation I', A for emphasis. We may also use I',, A for I'y, A.

Observe that if A is a C) group with |A| < |A|, then A may not have
a proper A-development. In this case we define I'| 4|4 to be 0 = [J]
if Ais a dsc and 1 = [[0,|A])] otherwise. This is consistent with the
following observations:

Proposition 3. Suppose A is a normal Cy group.
(a) If |A] =Ny, then TA =0 if and only if A is a dsc.

(b) If |Al =Ry and A = Q, then TA = 0 if and only if the b.p.d. of
A is at most 1.

Proof. In (a) we may clearly consider only the case where A is
countable. If A is a dsc, then letting the B; be the direct sum of
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certain terms in a decomposition of A, we clearly have IV{B;} = .
Conversely, if I'{B;} = @, then for each i < wj, the short exact
sequence B; — Bji1 — B;y1/B; must split, giving a decomposition
of A, as required, into countable groups.

(b) is essentially a restatement of [7, Theorem 22]. O

2. Recall that the iterated torsion product is defined inductively by
Tor (A, ..., Ap) = Tor (Tor (Ay,..., An_1), Ap).

It is consistent with the above to define Tor (A) = A. Because of
standard commutativity and associativity relations, the iterated torsion
product can be “built up” in many different ways from products
involving fewer terms.

Proposition 4. (a) If Ay,..., A, are Cy groups, then Tor (Ay,...,

Ay) is a Cy group.

(b) If Tor (Ay,...,A,) is a Cy group of length at least A, then each
Aj is a Cy group.

Proof. By induction we may assume n = 2. Let H be a dsc of length

A. In (a) we may assume [(A;) > A for each j (otherwise replace A; by
A; & H). Considering the isomorphism

Tor (Tor (A1, As), H) = Tor (Ay, Tor (Ay, H)),

Theorem 2 now implies this part. As to (b), let & < A and K be an
a-high subgroup of A;. Then Tor (K, As) is an isotype subgroup of
Tor (A, As) of length at most «, so it must be a dsc. So by Theorem
1, K must be a dsc. Therefore, A1, and similarly Ao, is a C group. O

Suppose we wish to decide when Tor (Ay, ..., A,) is a dsc of length
A for reduced groups Ai,...,A,. If we renumber the groups so that
I(Aj) = X for j <k and A;(X\) # 0 for j > k, then by Theorem 1 and
our last proposition,

Tor (Ay,...,Ap) = Tor (Tor (A1,..., Ax), Tor (Akt1,...,4n))
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is a dsc if and only if Tor (A44,...,A) is a dsc. So in deciding when
Tor (A, ..., Ay) is a dsc, there is no loss in generality in restricting to
the case where each A; is a normal C\ group.

Theorem 4. Suppose A1,..., A, are normal Cy groups with \-
developments {Bu;},...,{Bn;}. If for each i and j, the group

Xji=Tor(Bi,...,Bj-14,Bjit1/Bji, Bjt1i+1:-- - Bnit1)
is a dsc, then Tor (Ay,...,A4,) is a dsc.

Proof. For each i and j there a is a A-pure short exact sequence

Tor (Bii, ..., Bjis Bjg1,i+1s- -+ Bnit1)
— Tor (Bui, .- Bj—1,is Bjit1,- -+, Bniv1) = Xy

which clearly must split. Therefore, Tor (Ay,..., Ay,) is isomorphic to
the direct sum of the X;;. O

In the remainder of this paper, the notation X ; will be reserved for
the above iterated torsion product. The above condition can be used
to prove

Theorem 5. Suppose Ay, ..., A, are normal Cy groups of cardinality
at most N, 1. Then Tor (A1, ..., A,) is a dsc group.

Proof. We may clearly assume |A;| = N,,_; for each j (otherwise
replace A; by the direct sum of R,,_; copies of A;). The result is clear
for n = 1. When n = 2 and A =  the result is [6, Theorem 6]. So
assume the result is true for n —1 > 1 and R,,_; > |A|. By Theorem 3
there are proper A-developments {B1;},...,{Bn:i} of A1,...,4,. By
induction and Theorem 2, each of the groups

Xji & Tor (Tor (Buis -« s Bj—1,is Bjt1,i+1s - - Bnjit1)Bjit1/Bji)
is a dsc, so the result follows from the last theorem. O
Corollary 2. If Ay,..., A, are a normal Cy group, and X\ is

countable, then any isotype subgroup of Tor (A1, ..., Ay) of cardinality
at most N, _1 is a dsc group.
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Proof. Any isotype subgroup of cardinality at most X,,_ is contained
in a subgroup of the form Tor (K3,..., K,), where K is an isotype
subgroup of A; of cardinality at most X,,_;. Since isotype subgroups of
dsc groups of countable length are dsc groups, the result follows from
the preceding theorem and Proposition 1. O

Corollary 3. Suppose Aq,..., A, are normal Cy groups of cardinal-
ity Ny,. If TAy,...,TA, are all 0, then Tor (Ay,...,Ay) is a dsc.

Proof. Passing to subdevelopments, if necessary, suppose {B1}, ...,
{B.,,;} are normal A-developments such that for each ¢ and j, (Bj i1/
B, ;)(A) = 0. By Theorem 5 each X ; is a dsc, so by Theorem 4 we are
done. O

We will have use for the following simple observation.

Lemma 3. Suppose Aq,..., A, are Cy groups of cardinality at most
N,_1. If Ay,..., An_1 are normal, then Tor (Ay,...,A,) is a dsc if
and only if either Tor (Ay,...,An—1) is a dsc or A,, is normal.

Proof. If A,, is normal, this follows from Theorem 5. If A,,()\) # 0, it
follows from Theorem 1. O

Theorem 6. Suppose Aq,..., A, are normal Cy groups with |A| <
|Ai| < -+ < |Ayl|, where for each j, |A;j| is regular. If Tor (Ai,..., An)
is a dsc, then, for some j, I'\a,|A; = 0.

Proof. If A; is a dsc, we are clearly done, so suppose it is not. Choose
j such that Tor (Aq,...,A;_1) is not a dsc, but

Tor (Al7 N ,Aj) = Tor (TOI‘ (Ah ce 7Aj—l);Aj)

is a dsc. By Theorem 3, A; has a normal A-development {B;} such
that for all 4,
Tor (TOI‘ (Al, ey Ajfl), Bl+1/Bl)

is adsc. By the choice of j and Theorem 1, we must have (B;11/B;)(\) =
0 for all 7, and we are done. O
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The following observation can be viewed as a generalization of
Nunke’s construction of X,, -cyclic groups (see [12]).

Corollary 4. If X is countable and Aq,..., A, are normal, infinite
Cx groups of strictly increasing, reqular cardinality, with T'ia,|A; #
0 for each j, then Tor(Ay,...,A,) is not a dsc, but every isotype
subgroup of cardinality at most X,,_1 is a dsc.

Proof. This is a result of Corollary 2 and Theorem 6. O

The following indicates that for sufficiently small cardinals, the con-
verse of Theorem 6 is valid.

Theorem 7. Suppose for j = 1,...,n, C; is a normal Cx of
cardinality X;. Then Tor (C1,...,Cy) is a dsc if and only if there is a
J such that I';C; = 0.

Proof. Necessity being Theorem 6, suppose {B;} is a normal -
development of C; with (B;41/B;)(A) = 0 for all i. By Theorem
5, Tor (C1,...,Cj-1,Bi11/B;) is a dsc for each i, so by Theorem 3,
Tor (C4,...,C}), and hence Tor (C4,...,Cy) is adsc. O

The remainder of this section we will be primarily concerned with the
case where A is countable. In the next section we will present versions
of these results for A = Q.

Theorem 8. Suppose X is countable, Ay,..., A, are normal C)
groups of equal uncountable cardinality. If Tor (As,...,A,) is a dsc,
then there are normal A-developments {Bi;},...,{Bn,:} such that for
all j and 1,

Y;i; =Tor(Bi,...,Bj—1,Bji+1/Bj,i Bj+1,is- -+, Bny)

s a dsc.

Proof. Using a “back-and-forth” argument as in Theorem 3, we
can construct normal A-balanced towers {Bj;;}, such that, for all ,
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Tor (Bi,...,Bn,) is a summand of Tor (A,...,A,), and hence also
of
Tor (Bi,iy ..., Bj—1,i, Bjiv1, Bjy1,i,- -+, Bni).

This group is a dsc by Hill’s theorem, and so the quotient, which is
isomorphic to Y;;, is also a dsc. O

We introduce now some additional notation. If {B;} is a normal
A-development for the normal C) group A, and |A] is regular, let

N{B;} = {i: B; is not a dsc}

and AA = [A'{B;}] in pj4). Asin Lemma 2, AA is independent of the
particular A-development employed. Observe that if A is countable,
then by Hill’s theorem AA is either 0 or 1. Also, if Ay,..., A, are
normal C) groups of the same regular cardinality, define

T(Al, N 7An) = Uj{FAj N ATor (1417 ce 7Aj—1;Aj+1; .. ,An)}

We use this new notation in the following theorem.

Theorem 9. Suppose A is countable, n > 2, and Aq,..., A, are
normal Cy groups of cardinality N,,. Then Tor (A1, ..., Ay) is a dsc if
and only if T(A1,...,4,) =0 in py,, .

Proof. 1f Tor (Ay,...,A,) is a dsc, then by Theorem 8 there are
A-developments such that

Yjﬂ' = TOI' (TOI‘ Bl,i; ey Bj—17i7 Bj+17i7 ey Bn7i)7 Bj7i+1/B ‘ﬂ‘)

is a dsc. By Lemma 3, Y;; is a dsc if and only if (B;;+1/Bj,:)(A) =0
or
Tor (Bis,...,Bj—1,i; Bj+1,is---, Bny)

is a dsc, which implies that the complement of 7(A41,...,A,) in py,, is
1, and this part follows.

Conversely, if 7(A1,...,A4,) = 0 choose A-developments {B1},...,
{Bp,i} of Ay,..., A, so that for all j, I"{B;,;} = @ whenever '4; = 0.
Choosing subdevelopments, if necessary, we may assume that

Tor (BL“ ey ijl,i, Bj+1,ia N 7Bn,i)
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is either always or never a dsc. Observe that this second restriction
also guarantees that

Tor (B, .., Bj—1,i; Bj+1,i415- -+ Bni+1)

is always or never a dsc. Now using these A-developments, if 7(A44, ...,

A,,) =0, then each X ; in Theorem 4 will be a dsc, and hence so will
Tor (Ay,...,A,). O

The following generalizes Theorem 7 to groups of arbitrary cardinal-
ity.

Theorem 10. Suppose A is countable and Ay, ..., A, are normal C),
groups. Then Tor (A1,...,A,) has an isotype subgroup of cardinality
R, which is not a dsc if and only if after possibly reordering, there exist
isotype subgroups C1,...,Cy, of A1,..., A, respectively such that for
each j, |C;| =R; and T';C; # 0.

Proof. If the given C; exist, then Tor(Ci,...,C,) is an isotype
subgroup of Tor (Ay, ..., A,) which is not a dsc, by Theorem 7.

As to necessity, we may clearly assume that |A;| <X, for each j (cf.
Corollary 2), and Tor (A4, ..., A,) fails to be a dsc. Renumber the A;
so that |4;] < N, for j < k and |4;| =R, for j > k. By Theorem 5,
k <n. For j <k, let A; = @y, A;. Clearly, T',A; = 0. By Theorem
9, after possibly interchanging some A; for j > k with A,,, we have
Ir,A, #0 and

ATor (Zl, . ,Zk,Ak+17 . ,Anfl) =1.

Let C,, = A,. Clearly, the above condition implies that there are
isotype subgroups A,..., A, of Ay, ..., Ag, Apy1,..., Ap_y of car-
dinality N,_; such that Tor (A4},...,A!,_;) fails to be a dsc. Clearly
this also implies that

Tor (A, ..., Ap, Afyqs. o AL _y)

n—1

also fails to be a dsc (for Tor (A],..., A’) is contained as an isotype
subgroup in the direct sum of a collection of copies of this). Induction,
using the groups Ay, ..., Ag, Aj ..., 4] implies the result. O

y4in—1»
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It can easily be seen that in the last result we can equally well use
A-pure subgroups instead of isotype ones.

Corollary 5. Suppose A is countable and Ay, ..., A, are normal C)
groups of cardinality R,,. If for each j, every isotype subgroup of A; of
cardinality Xy is a dsc, then Tor (A4,...,A,) is a dsc.

Proof. This follows from Theorem 10 and Proposition 3(a). O

It seems to the author that without major excursions into logic and
set theory a satisfactory answer to the question of when Tor (A, B)
is even a direct sum of cyclic groups will be impossible. As a simple
illustration of the difficulties involved, consider the following. Suppose
A is an unbounded torsion complete group with a countable basic
subgroup.

Proposition 5. The continuum hypothesis is equivalent to the
statement that Tor (A, A) is a direct sum of cyclics.

Proof. If the continuum hypothesis is true then |A| = Ny, and then
Tor (A, A) is a direct sum of cyclics by Theorem 5. If the continuum
hypothesis is false, then A has pure subgroups C; and C5 of cardinality
N; and Ny respectively. It is easy to see that I'1'C; =1 and I'2Cy =1,
so by Theorem 10, Tor (A, A) is not a dsc.

3. In this section we concentrate on the ordinal €. If G is a group
with G(2) = 0, a subgroup W of G is called separable if for every
g€@G,

sup{ht(g +w) : w e W} < Q.

Let F denote the class of groups G with G(Q) = 0 whose b.p.d. is at
most 1. The next two results are from [2].

Theorem 11. Let G be a group with G(2) = 0. Then G is
in F if and only if G is the union of a smooth ascending chain of
subgroups {B;} such that for each i, B; is a separable subgroup of G
with ‘Bz+1/Bz| < Nl-
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Corollary 6. The class F is closed with respect to isomorphism and
the formation of subgroups.

Proof. Closure with respect to isomorphism being trivial, suppose
G’ is a subgroup of G € F. If {B;} satisfies Theorem 11 then, letting
B = B; NG, it can easily be seen that G’ also satisfies Theorem 11.
]

Recall that if G is a cotorsion group and « is an ordinal cofinal with
w, then G/G(a) is complete in its a-topology (see [9]). The following
then gives a similar characterization of those Cq groups in F.

Theorem 12. A normal Cq group A is in F if and only if for every
group W,
Zw = Ext (A, W) /Ext (A4, W)()

is complete in its Q-topology.
Proof. Let K — H — A be a balanced resolution of A, where H is a

dsc. Note that since A is a Cq group, this is also an Q-pure sequence.
For any group W we have an exact sequence

- — Hom (K, W) — Ext (A, W)(Q) — Ext (H,W)(2) =0
which leads to an Q-pure exact sequence
0 — Zw — Ext (H,W) — Ext (K,W) — 0.

Note H & &®,L, where the length of each L, is strictly less than €.
Therefore,
Ext (H,W) = [[ Ext (Lo, W)
[0

is complete in the Q-topology (each term in the product is discrete in
this topology). So for all W, Zy is complete in its Q-topology if and
only if Ext (K, W)(Q) = 0 if and only if K is Q-projective if and only
if K is a dsc if and only if Aisin F. O

We now restate a theorem of [7]:
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Theorem 13. If A and B are Cq groups in F, then Tor (A, B) is a
dsc.

If o is a cardinal, we say a group G is a-F if every subgroup of G of
cardinality strictly less than a is in F. It is essentially a consequence
of Shelah’s singular compactness theorem that we can restrict our
attention to regular cardinals in the above definition. To verify this
we use the following version of Shelah’s result, valid in valuated vector
spaces, due to Eklof (see [1]). Call a subspace S of a vector space V
small if dim S < dim V.

Theorem 14. Let V be a valuated vector space over a field F' (e.g.,
Z,). If dimV is singular and every small subspace of V' is contained
in a free subspace, then V is free.

This implies

Theorem 15. Let G be a group with G(2) = 0 and « be a singular
cardinal. If G is a-F, then G is a™-F.

Proof. We may assume |G| = a. Let K — H — G be a balanced-
projective resolution of G, where H is a dsc. Clearly, H can be chosen
so that |H| = a. We need to show that K is also a dsc. By a result
of Hill [4], it is sufficient to show that K|[p] is free as a valuated vector
space. If L C K[p| with dim L < «, then by a straightforward “back-
and-forth” argument we can construct subgroups K’ C K, H' C H and
G’ C @, such that

(a) LCK',

(b) H'is a summand of H and hence a dsc,

(¢) K' — H' — G’ is balanced short exact,

(d) 1G" <1Gl.

Since G’ € F, K’ must be a dsc and hence K'[p] is a free valuated
vector space. So by Eklof’s theorem we are done. 0O
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We now apply this concept to get some generalizations of the results
of the last section to the case where A = ). For their statements we
let B be an ordinal. In the corresponding results of the last section we
had = 2.

Theorem 16. Suppose n > 2 and for each j = 1,...,n, A; is a
normal Cq group which is Xg-F. If |A;| < Ngin_o for all j, then
Tor (Ay,...,Ay) is a dsc.

Proof. If n = 2, this is clear from Theorem 13. If the result is true
for n —1 > 2, and for each j, {B,;} is an -development of A; with
|Bji| < Ngyn—3, then by induction each X, ; in Theorem 4 is a dsc
and, hence, so is Tor (4;,...,4,). O

Corollary 7. Suppose n > 2 and for each j = 1,...,n, A; is a
normal Cq group which is Rg-F. If |A;| < Ngypn_o for all j, then
Tor (A1, ..., Ay) is in F, in fact ATor (Ay,...,A,) =0.

Proof. It {B; ;} is an Q2-development of A; with | B, ;| < Xg4pn_2, then
Tor (A1, ..., A,) is the union of the isotype subgroups Tor (B, .. .,

B, ;) and by the last result these are all dsc’s. The result then follows
by [2, Theorem 5.2]. O

Corollary 8. Suppose n > 2 and for each j = 1,...,n, A; is a
normal Cq group which is Rg-F. Then Tor (Ay,...,Ay) is Ngpp_1-F.

Proof. Any subgroup of Tor (44, ..., A,) of cardinality < Ngy,,_o is
contained in a subgroup of the form Tor (Ci,...,C,), where C; is an
isotype subgroup of A; of cardinality < Rgi,_>. So the result follows
from Corollaries 6 and 7. O

The following is a version of three of the results of the last section
valid when A is uncountable (Theorems 8, 9 and 10).

Theorem 17. Suppose n > 2 and for each j =1,...,n, A; is a
normal Cq group of cardinality Ngi,_o, which is Ng-F.
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(a) If Tor(Ay,...,A,) is a dsc, then there are Q-developments
{B1:},...,{Bn,i} such that for all i,

Yj:=Tor (B, ...,Bj_1,Bji+1/BjisBjt1,is-- - Bn,i)
is a dsc.

(b) If Tor (Ay,...,Ay) is adsc, then T(Aq,...,A,) =0.

(¢) If Tor (Ay,...,A,) fails to be a dsc, then after possibly reorder-
ing, there are isotype subgroups Ci,...,C, of Ay,..., A, respectively
such that for each j, |C;| = Rgyj_o and I'C; # 0.

Proof. The proof of (a) follows as in Theorem 8, with one change.
Instead of using Hill’s theorem to ensure that

Tor (Bl,ia e 7Bj71,i7 Bj,i+1; BjJrl,i; ey Bnﬂ)

use Theorem 16. Parts (b) and (c) follow from part (a) in exactly the
same manner as the corresponding parts of Theorems 9 and 10 follow
from Theorem 8. O

We conclude with a pair of results which are valid for the ordinary
torsion product (i.e., when n = 2).

Theorem 18. Suppose A and B are normal Cq groups of equal
reqular cardinality. If Tor (A, B) is a dsc, then TANTB = 0.

Proof. Choose normal Q-developments {K;} and {L;} such that for
each i, Tor (K;, L;) is a summand of Tor (A, B). Then

Pi = Tor (Ki+1, LH_l)/TOI‘ (Kz; Lz)
is a dsc. By [7, Theorem 1], there is an {2-pure exact sequence

0 — P; — Tor (K;+1/Ki, Lit1) ® Tor (Kiy1, Lit1/Li)
— Tor (K;4+1/K;, Li+1/L;) — 0.

Observe that if G denotes the middle term of the above, then clearly
G(Q2) = 0. Since the dsc P; is absolutely separable (i.e., separable in
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any group which contains it as an isotype subgroup), we must clearly
have

Tor (K;41/K;, Liv1/L;)(£2) =0

for each i and so either K;1/K;(Q2) or L;+1/L;(2) vanishes and the
result follows. O

The following is an analogue of Theorem 9 (or a converse of Theorem
17 (b)) for n = 2.

Theorem 19. Suppose A and B are normal Cq-groups of cardinality
No. Then Tor (A, B) is a dsc if and only if

T(A,B) = TANABJU[AANTB] =0 € py,.

Proof. By [7, Theorem 22|, Tor (4, B) is a dsc if and only if there are
Q-developments {K;} and {L;} such that for all ¢, Tor (K;, Liy1/L;)
and Tor (K;11/K;, L;) are dsc groups (the A-developments in that
result are only assumed to be proper, but they could have easily been
constructed to also be normal). By Lemma 3 these are dsc’s if and only
if K; is a dsc or L;y1/L; is normal, and K;1/K; is normal or L; is a
dsc. The result is now clear. O
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