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Torsion Groups in Cotorsion Classes.

LuTtz STRUNGMANN (*)

ABSTRACT - For torsion-free abelian groups G of arbitrary rank we discuss the
class TC(G) of all torsion groups 7 satistfying Ext (G, T) = 0, that is the sub-
class of all torsion groups of the cotorsion class cogenerated by G. The main
question we consider is when for such G there exists a subgroup of the ratio-
nals Z cRcQ such that TC(G) = CC(R).

Introduction.

Throughout this paper we work in the category Mod-Z of abelian
groups. All terminology used here can be found in [F1], [F2] and
[EM].

Cotorsion theories for abelian groups have been introduced by Salce
in 1979 [S]. Following his notation we call a pair (F, ©) a cotorsion theory
if Fand C are classes of abelian groups which are maximal with respect
to the property that Ext(#, C) =0 for all Fe &, Ce C.

Salce [S] has shown that every cotorsion theory is cogenerated by a
class of torsion and torsion-free groups where (&, ©) is said to be cogen-
erated by the class A if €= Q* = {XeMod-Z|Ext(A, X) =0forallAe
€@} and F="(A") = {Ye Mod-Z|Ext(Y, X) =0 for all Xe " }. Ex-
amples for cotorsion theories are: Mod-Z, M) = (*(G*1), G+) with G =
= p@HZ(p) where @ is the class of all divisible groups and /7 is the set of

all prime numbers, (£, Mod-Z) = (*(Z*'), Z*) where £ is the class of all
free groups, and the classical one (GJ, CO) = (+(Q*1), Q') where GFis
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the class of all torsion-free groups and CO is the class of all (classical) co-
torsion groups. In view of the last example the classes Fand € of a cotor-
sion theory (&, ©) are said to be the torsion-free class and the cotorsion
class of this cotorsion theory.

In this paper we shall restrict to cotorsion classes cogenerated by a
single torsion-free group G and turn our attention to the subclass of all
torsion groups of the cotorsion class cogenerated by G. This class was
denoted by BC(G) and first studied by Wallutis and the author in
[SW].

A characterization of these classes is obviously closely related to the
solution of the Baer problem (e.g. see [F2]); put into our context it says
that T C(G) is maximal, i.e. GC(G) = ¥, where T is the class of all torsion
groups, if and only if G is free.

Recall that torsion-free groups of rank-1 can be indentified with sub-
groups of the rationals Q and are therefore also called rational groups.
Using a result by Salece [S] a full characterization of TC(R) for some
given rank-1 group was obtained in [SW]. Introducing the quasi-reduced
type type 7 (R) of an rank-1 group R it was shown that TC(R) = GC(R")
if and only if type ?"(R) = type? (R ") for any rank-1 groups R, R'; when
representing the type of R by type(R) = (7,), the quasi-reduced type
of R can be represented by type” (R) = (s,),n With s, =7, whenever
7, =0 or r,= o and s, =1 otherwise. This characterization of the classes
GC(R) for rank-1 groups had immediate consequences for completely
decomposable groups. Therefore, it is of particular interest to know
when the class TC(G) for a given torsion-free group G is generated by a
rational group R, i.e. TC(G) = GC(R) for some rational group R.

After we shall have considered some basic facts in section 1 we define
the class R of all torsion-free groups G such that TC(G) is generated by a
rational group, i.e. R = {G torsion-free : TEG) = CA(R) for some ratio-
nal group RcQ}. We will first show in section 2 that all torsion-free
groups of finite rank belong to K. In fact we are able to prove that any tor-
sion-free group G of finite rank satisfies TC(G) = GEOT (G)) where
OT (G) denotes the outer-type of G. Recall that the outer-type of G is de-
fined to be the supremum of all rank-1 torsion-free quotients of G. We shall
use this result to show that for almost all rational groups R there is an in-
decomposable almost completely decomposable group G of arbitrarily
large rank satisfying TC(G) = GC(R). Moreover, we show that if R is di-
visible by at least one prime p then there is even an indecomposable homo-
geneous group G of arbitrarily large rank with G C(G) = GC(R). Finally,
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for any rational group R which is non-idempotent (i.e. End (R) #R) an
indecomposable group G of given rank n is constructed such that G is
homogeneous of type R and GC(G) = GC(R). This shows that Griffith’s
solution of Baer’s problem (see [G]) cannot be generalized to homoge-
neous groups of non-idempotent type.

In section 3 we consider torsion-free groups G of countable rank and
extend the notion of outer-type in a suitable way; OTg is defined to be
the set of all quasi-reduced outer types of finite rank pure subgroups of
G. Using this notion a criterion is given when G € K. A countable tor-
sion-free group G satisfies TCA(G) = GC(R) for a rational group if and
only if the supremum of OT; exists and OT; is co-closed which means
that whenever P is an infinite set of primes and for all p € P there exists
R eOTg such that xﬁ(l) = oo, then there exists ReOTg; such that
xX(1) # 0 for almost all p e P. It turns out that the class R is no longer
closed under direct summands if we restrict to countable groups.

Finally, we prove in section 4 a very technical necessary and suffi-
cient condition for torsion-free groups of arbitrary rank to belong to R.
Therefore, we extend the notion of co-closed to a condition on the van-
ishing of certain Ext-groups.

Let us begin with some easy facts.

1. Preliminaries.

In this section we first recall the definition of the class GTC(G) for a
given group G as it was given in [SW]. Moreover, we introduce two relat-
ed classes of groups and recall some easy and known results adjusted to
these notations.

For an arbitrary group G the classes G+ and *(G*) are defined by
G*+ ={XeMod-Z|Ext(G,X)=0} and *(G*)={YeMod-Z|Ext(Y, X) =
=0 VXeG"}, respectively. Due to Salce [S] the pair (*(G*), G*) is
called the cotorsion theory cogenerated by G. In view of the classical co-
torsion theory (GJ, CO) where CO = Q* is the class of all cotorsion
groups and GF =*(Q%) is the class of all torsion-free groups, we also
call G * the cotorsion class cogenerated by G. As we have seen in the in-
troduction it makes sense to restrict our attention to the cotorsion class-
es cogenerated by torsion-free groups and furthermore to its subclass of
all torsion groups.

Let T be the class of all torsion groups. In [SW] the class G C(G) was
defined for any group G as GC(G) =G+ N T, the class of all torsion
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groups belonging to the cotorsion class G * cogenerated by G. It is well
known that G * as well as T are closed under epimorphic images and ex-
tensions (see [F1] and [S]). Hence we immediately have the following
(see also [SW]):

LeEmMA 1.1. For any group G the following are true:
(i) BEG) s closed under epimorphic images;

(i) BC(@) is closed under extensions, especially under finite di-
rect sums;

(iii) if G s torsion-free, then GC(G) contains all torsion cotorsion
groups, i.e. BC(Q) = CONTCcTEG).

Moreover, an easy and well-known lemma is sometimes very useful.
First recall that the basic subgroup B of a torsion group 7 is the direct
sum B = @an of the basic subgroups B, of the p-components 7,; for

pe

each prime p, B, is a direct sum of cyclic p-groups, B, is a pure subgroup
of T, and the quotient 7',/B,, is divisible (see [F1]). The proof of the fol-
lowing result is left to the reader (see also [SW]).

LEMMA 1.2. Let T be a torsion group and B¢ T a basic subgroup of T.
Then, for any group G, T is an element of CC(G) if and only if B 1is.

In [SW] the class TC(G) was studied for torsion-free abelian groups
@&, in particular for subgroups R of the rationals Q and for completely
decomposable groups. Recall that the quasi-reduced type type? (R) of a
type R is defined as the subgroup S of Q such that xﬁ(l) =1if 0=
#ZxB(1) # o and x5(1) = x%(1) else (p a prime).

Lemma 1.3 (Striingmann-Wallutis, [SW]). Let R be a rational
group with y(R) = (v,),cn and let T' = EBH T, be a reduced torsion group
with p-components T,. e

Then Ext(R,T)=0 if and only if the following conditions are
satisfied:

() T, is bounded for all p such that r,= =
(1) T, =0 for almost all p such that r,=0.
In particular, GC(R) = GC(type” (R)) and for two rational groups

R and S we have GC(R)CTGCES) if and only if type”(R) =
= type?(S).
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It was shown in [SW] that any countable torsion-free abelian group G
satisfies TC(G) = GC(C) for some completely decomposable group C.
Moreover, for a large class of torsion-free groups G it was proved that
GC(G) = BC(R) for some rational group K. Motivated by these results
we introduce the following classes of torsion-free abelian groups.

DEFINITION 1.4. Let BF be the class of all torsion-free abelian
groups. Then

(i) €={GeTTF BC(G) =TCC) for some completely decompos-
able group C};

(i) R={GeTTF: BCG)=TCR) for some rational group RcQ};

(i) S ={GeTTF: TEAG) = BCTst(G))}, where Tst(G) denotes
the typeset of G and BC(Tst(G)) = Tg’(:’( D

ReTst(G)

Clearly R c€ and 8Sc € and it was shown in [SW] that any count-
able torsion-free group belongs to € but it is undecidable in ZFC
whether or not € = GF. Moreover, the following is a collection of the
main results in [SW]. Recall that a torsion-free group G is a Butler group
if Bext!(G, T) =0 for all torsion groups 7 (for details on the functor
Bext! and Butler groups see [F3]). Moreover, G satisfies the torsion ex-
tension property if for every pure subgroup H of G and every torsion
group 7T the induced homomorphism Hom (G, T) —Hom (H, T) is
surjective.

LemmA 1.5 (Striingmann-Wallutis, [SW]). The following hold.

(i) the class TGS contains all Butler groups of arbitrary rank;

(ii) the class R contains all torsion-free groups of finite rank sat-
isfying the torsion extension property, hence all Butler groups of finite
rank.

Nevertheless, the next example which can be found in [F2, Example 5
on p. 125] shows that the class TS is ugly although it contains the nice
subclass of all Butler groups.

ExaMpPLE 1.6. Let p be a prime and 7 a p-adic integer, not a ratio-
nal; say w=sy+s;p+... +s,p"+... with 0 <s;<p. Moreover, let
21, €z be linearly independent elements and, for each nelN, let
Yn :pin(% + (SO + S1p +...t 871—1p7171) 902).
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We define G by
G = <.%'1, 902, y17 y27 ey ynv .”>g@(p>x1®\@(l))x2'

It can be easily verified that G is indecomposable and homogeneous of
type Z (see [F2]). Also, G is not a Butler group since homogeneous But-
ler groups are completely decomposable.

Moreover, we have TC(G) = TR(Q™) (see [SW, Example 4.5]), hence
GeC but G ¢ TS, else G would be free by Griffith’s solution of the Baer
problem (see [G]).

Now put H=G®QP, then Tst(H)={7Z,Q"”} and -clearly
BC(H) =TBE(QP) =BC(Tst (H)), hence HeGS.

COROLLARY 1.7. The class GS is neither closed under direct sum-
mands nor extensions.

Proor. In the Example 1.6 the group H € GS but its direct summand
G does not belong to GS. Moreover, the group G from Example 1.6 shows
that GBS is not closed under extensions. =

Since the group G from Example 1.6 is not a Butler group it follows
that H € GS is not a Butler group and hence the clags GS strictly con-
tains the class of all Butler groups which answers Question 4.7 from
[SW] negatively.

We are now ready for the next section in which we will consider tor-
sion-free groups of finite rank and show that the class R behaves much
nicer than GS.

2. Torsion-free groups of finite rank.

In this section we shall first show that the class & contains all finite
rank torsion-free groups. Let us begin with an easy lemma.

LEMMA 2.1. The following are equivalent, where TFT denotes the
class of all torsion-free groups of finite rank:

i) RNTFT is the class of all torsion-free groups of finite
rank;
1) RNBTFT is closed under extensions;

(iii) R NBFT is closed under subgroups.



Torsion groups in cotorsion classes 41

Proor. The implications (i) = (ii) and (i) = (iii) are trivial. To show
(iii) = (i) notice that any finite rank torsion-free group can be embedded
into its divisible hull which is obviously a member of R. The remaining
implication (ii) = (i) is easily seen by induction on the rank and left to
the reader. =

To continue we need Baer’s Theorem from [B].

LEMMA 2.2 (Baer, [B]). Let T be a torsion group and G a torsion-
free group such that Ext (G, T) =0. Then the following hold:

@ if {p1, --» Pi> ---} s an infinite set of different primes for
which p; T < T, then G contains no pure subgroup S of finite rank such
that G/S has elements # 0 divisible by all p;;

(ii) 1f, for some prime p, the reduced part of the p-component of T
is unbounded, then G contains no pure subgroup S of finite rank such
that G/S has elements #0 divisible by all powers of p.

Moreover, if G is countable, then (i) and (ii) suffice for Ext (G, T) to
be zero. ®

We obtain the following lemma.

LEMMA 2.3. Let G be a countable torsion-free group and H a pure
subgroup of G of finite rank. If T is a torsion group such that T € GC(G),
then T e GC(G/H).

Proor. Let Hc G and T be given as stated such that T'e TC(G). As-
sume that T ¢ GC(G/H), then since G/H is torsion-free there exists a
pure subgroup K/H of G/H of finite rank such that (G/H)/(K/H) contains
an element x violating one of the conditions from Lemma 2.2. But
(G/H)/(K/H) = G/K is torsion-free, hence G contains a pure subgroup K
of finite rank such that G/K contains an element violating one of Baer’s
conditions. Since G is countable we conclude that Ext (G, T) # 0, hence
T¢GC(G) - a contradiction. =

THEOREM 2.4. Let G be a torsion-free group of finite rank. Then
GC(G) = BC(R) for some rational group R.

Proor. We induct on the rank n of G. If G has rank one, then the
claim is trivially true. Hence assume G has rank n > 1. We choose a pure
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subgroup H of G of rank n — 1 and obtain G/H = Sc Q. Now clearly
BCS)NTBCH)CBEAG) and GC(G)CBC(H).

But by Lemma 2.3 we also have that TC(G) c GC(S), hence we obtain
GC(G) =TBCH) NTBES). By induction hypothesis GC(H) = GC(R ") for
some rational group R’'. Thus GTCE(G)=TBCS)NTCR') =TCR)
where R=SNR'cQ. =

The next theorem shows that we can choose R in Theorem 2.4 to be
the outer type of G. Recall that for a torsion-free group G of finite rank
the outer type OT (G) is defined as follows: Let gy, ..., g, be a maximal
linearly independet subset of G and put H; ={g1, ---, Gi i+ 15 --» Jn )= C
Cc G, where g means that the element is missing. Then put S; = G/H;cQ
and define OT (G) = sup{Si, ..., S, }. The set {S;: i<n} is called the
cotypeset of G. Note that for a pure subgroup H of G we have OT (G) =
= OT (H). Similarly, the inner type IT (G) of G is defined as IT(G) =

=inf{(g;)s: 1 <m}.

THEOREM 2.5. Let G be a torsion-free group of finite rank and
OT (@) ts outer type. Then GC(G) = GC(OT (G)).

Proor. By Theorem 2.4 we know that GC(G) = GC(R) for some ra-
tional group R. We induct on the rank % of G to show that we can choose
R = 0T(G). For rational groups S it is trivial since OT (S) =S. Hence
assume G is of rank n > 1. We let S; be defined as in the definition of
OT (G). Since G is of finite rank we obtain by Lemma 2.3 TC(G) =
=TBCR)cBC(S;) for every i<n and therefore GC(G)=TC(R)C
¢ N BES;) =BCOT(@)) since OT (G) is the supremum of the types S;.

1SN

Now assume that TC(R) is strictly contained in TC(OT (G)), then there
is TeBCROT (G))\BC(R). Thus T'e BC(S;) and hence T ¢ GC(H;) for
any i<n. But OT(G) = OT (H;), hence BTCOT(G))cGCOT (H,)) =
= G C(H,;) by induction hypothesis and therefore T e T C(H;) - a contradic-
tion. =

Using a result due to Warfield (see [W]) we can determine the outer
type and hence BTC(G) explicitly for a torsion-free group G of finite
rank.
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LEMMA 2.6 (Warfield, [W]). Let G be a torsion-free group of finite
rank and let F be a free subgroup of G such that G/F is torsion, i.e.

G/IF = @ T, with T,=7Z(pr)®...0Z({p'rmw)

and 0<i,,<...<i,, <. Then OT(G)=1[(i,,)] and IT(G)=
= [(ip, n)]-

We will now show that for almost all types R the class GC(R) can be
realized as G C(G) for an indecomposable, almost decomposable group of
rank n for any natural number . This proves that the structure of the
group G is less effected by G G(G) than for example by G * even for finite
rank groups in TSN K.

LEMMA 2.7. If Q#R is a type such that R QP for any set P of
primes of cardinality at most two, then there exists for any natural
number n an indecomposable, almost decomposable group G of rank n
such that GC(G) = GC(R).

Proor. For n =1 there is nothing to prove taking G = R. Hence as-
sume that n» > 1. We may assume without loss of generality that R is in
reduced form, ie. R =type”(R). If R#QY for any finite set P of
primes, then we can give an explicite example. We will use the construc-
tion of an almost completely decomposable group as given in [A,
Example 2.2]. Hence it is enough to find incomparable types A; (¢ <n)
such that the supremum of the A/s is exactly R. But R Q" for any fi-
nite set P of primes implies that there are infinitely many primes p such
that xff(l) = o or there are infinitely many primes p such that Xf(l) =
=1. Let P be the set of these primes. We divide P in » disjoint infinite sub-
sets P; and define the types A; by letting

xai(1) = xB(1) for peP;

x3(1) =0 for pe U P;

j=i

xai(1) = xB(1) else.

Since Q#R we may assume without loss of generality that there is a
prime p such that x4(1) = 0 for all i. Then clearly the supremum of the
A/s is R and by [A, Example 2.2] there exists an indecomposable almost
completely decomposable group G of rank » such that Tst () is the meet
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closure of {A4,, ..., A,}, hence Lemma 1.5 implies
BCC(G) =BC(Tst(G)) =TBCR).

If R=Q% for some finite set P of primes of cardinality greater than
two, then the existence of the desired almost completely decomposable
group follows from [AD, Theorem 1.8]. Divide P into two non-empty sets
P; and P, and choose pe P,. Put T to be the meet closure of the set
{Q®Y Q% QP} then [AD, Theorem 1.8] gives the existence of an al-
most completely decomposable group G of any finite rank n such that the
critical typeset of G is contained in {QYV, QY QP} and hence
GCC(G)=TBCER). =u

Note that if R#0Q% for some set of primes of cardinality less or
equal to two, then it is known that an indecomposable almost completely
decomposable group G with GC(G) = BTC(R) must have rank at most two
by the structure of the critical typeset (see also Lemma 2.11 and [A, The-
orem 2.3]).

If we don’t require G to satisfy TC(G) = GC(Tst (G)), then we can re-
alize any type Q %R which is divisible by at least one prime (in order to
exclude 7Z) as the outer type of an indecomposable homogeneous

group.

LEMMA 2.8. Let Q%R be a type such that pR = R for at least one
prime, then there exists for any natural number n an indecomposable
homogeneous torsion-free group G such that GC(G) = CAR). More-
over, if S is the type of G, then SQ QP =R.

ProoF. For n =1 the claim is trivial, hence assume n > 1. Fix the
prime p for which pR =R and let S be the type identical with R but
xg(l) = 0. We now use a known example (see [F2, Example 5 on p. 125]).
Let H= @ Q" a; be completely decomposable and homogeneous of

isn
type QP and of rank n. Chosse n — 1 algebraically independent p-adic
units 7o, ..., 7, and let 7, =1. For m=1, 2, ... we put

L, zpim(al + TT 2, A2 +...+ nnman) eH

where 7;, = s+ sup+ ... + Sj._1,p" is the (k — 1)st partial sum of the
standard form of x;. We define A as

A=Ay, ooy Uy X1y ey Ly -2
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Then A is indecomposable and homogeneous of type Z. Moreover, for
each subgroup B of rank n — 1 we have A/B = Q7. Furthermore, A stays
indecomposable if it is tensored by any rank one group L such that pL #
# L. Weput G =S ® A to obtain a torsion-free group of rank » which is ho-
mogeneous of type S and for each subgroup C of rank » —1 we have
GIC=S®QP =R, hence OT(G)=R and therefore TCG)=
=BCR). =

For Q we have a similar realization lemma. Recall that a torsion-free
group G of finite rank is called almost-free if any proper pure subgroup
of G is free.

LEMMA 2.9. For each natural number n there is an indecompos-
able almost-free group G of rank n such that GC(G) = GC(Q).

Proor. By a construction due to Corner (see [F2, Exercise 8 on p.
128]) there exists an indecomposable torsion-free group G of rank » such
that G is almost-free and each quotient of rank 1 is divisible, hence
OT(G) =Q and we are done. =

Note that by the construction in Lemma 2.8 the type of G is as close
to R as possible since G homogeneous of type R would imply IT(G) =
= OT (G) and hence [A, Corollary 1.13] implies that G is completely decom-
posable. But if we assume that the type R is non-idempotent, then we can
even do better. Recall that a type R is idempotent if End (R) = R.

LemmA 2.10. Let R be any non-idempotent type. Then there exists
Sfor any natural number n an indecomposable group G of rank n which
1s homogeneous of type R and TCE(G) = CE(R).

ProoF. Since R is non-idempotent there exists an infinite set P of
primes such that 0 < y%(1) < . Put S to be the type such that x5 (1) =
=%%(1) whenever p¢ Pand x3(1) = x%(1) + 1if p e P. We will show that
there is a torsion-free group G of rank n such that G is homogeneous of
type R and OT (G) = S, hence G is as desired. By an easy argument (see
e.g. Schultz [Sch]) it is enough to prove that there exists a torsion-free
group H of rank n such that H is homogeneous of type Z and the outer
type of H is @ where Q = {1/p : p € P). Without loss of generality we may
assume that P =TI1. Let F = @ 7 be a free group of rank n. We choose

1SN

n-tuples t; = (a;, ag, ..., a) € F such that
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@ ged(ai, as, ..., a;) =1;
(ii) |a/| <n for all j<n, where |a| denotes the absolute value of a.

Let IT = {p;: ie w} be an enumeration of the set of primes such that
p; is the 7’th prime number. Put G = F + (t;/p;: p; e IT). Then G is a tor-
sion-free group of rank » and it remains to show that G is homogeneous
of type Z, indecomposable and has outer type Q. The later is easily seen
and hence left to the reader. To prove that G is homogeneous of type 7
let g = (g1, 92, ---, 9,) € G (viewed inside its divisible hull) and assume
that ¢ is divisible by infinitely many primes. Without loss of generality ¢
is divisible by all p; e I[1. Then g = ¢; modulo p; G for all ¢ € w. Thus with-
out loss of generality g; — af # 0 is divisible by p,;. But this can happen
only for finitely many i since a; is less or equal to » but p; is the order of
n * log (n), where log denotes the logarithm with basis 10 - a contradic-
tion. Therefore, G is homogeneous of type 7. It remains to prove that G
is indecomposable. Assume that G = G; @ G, with G; # 0 and note that
G/F = 1@ Z(p;). Thus F=F,®F, with F;=F NG; and hence G/F =

=G,/F,® G, /F,. But then almost all elements ¢; must belong either to G,
or G, which is obviously a contradiction (). m

As a corollary we obtain a general version of Griffith’s solution of the
Baer problem for groups of finite rank.

COROLLARY 2.11. Let G be a torsion-free group of finite rank and
homogeneous of the idempotent type R. Then G is completely decompos-
able if and only if TE(G) = CE(R).

ProOOF. One implication is trivial, hence assume that TC(G) =
=B C(R). Since TA(G) = GCOT (G)) we obtain that the quasi-reduced
types of R and OT (G) are equal by Lemma 1.3 but since R is idempotent
this implies that the types R and OT (G) are equal, hence IT(G) =R =
= 0T (@) and the result follows by [A, Corollary 1.13]. =

COROLLARY 2.12. Let G be a torsion-free group of finite rank. Then
G is free if and only if CC(G) = GC(Z).

ProoF. Again one implication is trivial, hence assume that GC(G) =

(!) The author would like to thank Prof. C. Vinsonhaler for indicating the con-
struction to him.
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=BG C(Z). To apply Corollary 2.11 we have to show that G is homogeneous
of type Z. But GC(G) = GC(Z) implies that OT (G) =7, hence G must
be homogeneous of type 7. =

Let us note that Corollary 2.11 may fail if we don’t assume that R is
idempotent (see Lemma 2.10), hence Griffith’s solution of the Baer prob-
lem cannot be generalized to homogeneous groups of non-idempotent
type.

Our final well-known example shows that even for the class of finite
rank torsion-free abelian groups we cannot obtain some kind of Krull-
Schmidt theorem using GC.

ExampLE 2.13 (Jonsson, [J]). There are indecomposable torsion-
free groups A, Ay and By, B, of ranks 1, 3, 2, 2, respectively such that
A DAy, =B;®B; but GC(A;) = TAB;) for i,je {1, 2}.

Proor. The example is well-known and it is easy to check that the
constructed groups A; and B; for 1 =1, 2 are almost completely decom-
posable, hence members of the class GS. Since the four groups contain
types of the form Q® for different primes p it follows immediately that
G&A;) #6C(B;)) for 1,je{1,2}. =

3. Torsion-free groups of countable rank.

In this section we shall consider torsion-free groups which are count-
able and we will first characterize those which belong to the class R.

LEMMA 3.1. Let G be a countable torsion-free group and T a tor-
ston group. Then T e GC(G) if and only if T € GC(H) for any finite rank
pure subgroup H of G.

Proor. Clearly TeGC(G) implies that Te GC(H) for any finite
rank pure subgroup H of G. Conversely, assume that 7Te GC(H)
for every pure subgroup H of G of finite rank. If T¢ GC(G), then
there exists a pure subgroup H of finite rank of G and an element
x+ HeG/H violating one of the two conditions of Baer’s Lemma
2.2. Note that here we need the countability of G. We write (x + H),.C
cG/H as

(v +H),=H'/H
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for some pure subgroup H' of G of finite rank. Then Lemma 2.2
implies that Ext(H', T)#0, hence T¢TGCH') - a contradic-
tion. =

For our next result we need the following definition which is a rea-
sonable extension of the notion of outer type to groups of countable
rank.

DEFINITION 3.2. Let G be a countable torsion-free group. Then we
define the outer type class OTg of G as

OT¢ = {type?” (OT (H)): H a pure subgroup of G of finite rank} .

In the following theorem GE(OT ;) means E@(R G(?T R).
€ G

THEOREM 3.3. Let G be a countable torsion-free group. Then
BEAG) =BEO0T ). Hence Ge R if and only ifR G(?T Re K.
e0Tg

Proor. By Lemma 3.1 we have that TC(G) = NGC(H) where H
ranges over all pure subgroups of G of finite rank. But by Theorem 2.5 it
follows that TC(H) = GC(OT (H)) = GC(type? (OT (H))) for every pure
subgroup H of G of finite rank. Hence

TEG) = NTCEOT (H)) = NGC(type” (0T (H))) = TEO0Ty)

which finishes the proof. =
An easy corollary is the well-known result of Pontryagin.

COROLLARY 3.4. Let G be a countable torsion-free group. Then G is
free if and only if each pure finite rank subgroup of G s firee.

ProOF. One implication is trival, hence assume that any pure sub-
group H of G of finite rank is free. Then OT (H) = 7, hence by Theorem
3.3 TC(G) = BGCOT ;) = GC(Z) and thus G is free by Griffith’s solution
of the Baer problem (see [G]). =

Theorem 3.3 reduces the question of whether or not a countable tor-
sion-free group G belongs to R to completely decomposable groups with
types in quasi-reduced form. Note that the supremum of infinitely many
types need not exist as the following example demonstrates.
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ExamMpLE 3.5. Let I1; (i€ ) be a system of disjoint infinite subsets
of the primes Il1. Put R;=(1/p:pell;)cQ. Then the types R; (i€ w)
have no supremum.

We need another definition.

DEFINITION 3.6. Let S={R;:iel} be a set of types. Then S is
called nfinity-closed (o-closed) if for any infinite set P of primes such
that for all p € P there exists © € I such that xﬁi(l) = oo, there exists el
such that x%(1) =0 for almost all peP.

ProrosiTiON 3.7. Let C be completely decomposable with types in
quasi-reduced form. Then Ce R if and only if S = sup (Tst(C)) exists
and Tst(C) is wo-closed. In this case TC(C) = TE(S).

Proor. If the supremum S of Tst(C) exists and is o -closed, then it
is easily checked that GC(S) = GC(C) using that all the types of C are
quasi-reduced. Conversely, if TC(C) = GC(R) for some rational group
R, then we first have to show that the supremum of Tst (C) exists. With-
out loss of generality we may assume that R is in quasi-reduced form.
Hence Lemma 1.3 implies that R =S for any type S e Tst(C) since all
types are quasi-reduced. Now assume that R is not the supremum of
Tst (C). Then there exists a type L such that L <R and L =S for all
types S e Tst (C). Therefore there exists

(i) an infinite set of primes P such that x5(1) =1 and x5(1) =0

for all primes pe P or
(ii) there exists a prime p such that xﬁ(l) = o and X§(1)< 0,
In both cases we easily obtain a contradiction since GC(C) =

=TBC(Tst(C)) and L =S for every type S e Tst(C). Thus sup (Tst(C))
exists and clearly Tst(C) must be «-closed. =

COROLLARY 3.8. Let G be a countable torsion-free group. Then G e
e R if and only if sup (0T ) exists and OT; is wo-closed. ™

Proor. The claim follows by Theorem 3.3 and Proposition
37. =

It is now trivial to see that for groups G € € we also have G € R if and
only if sup (Tst(G)) exists and Tst(G) is oo-closed.
Finally let us remark that in contrast to the finite rank case for
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countable groups also the behavior of the class R is as ugly as the behav-
ior of the class GS as the following examples show.

ExampLE 3.9. Let IT; (1€ w) be disjoint infinite sets of primes. Put
R,=(1/p:pell;)cQ and let R=(1/p:pell;(tew))cQ. Then the
supremum of the types R; (i € w) does not exist but if we adjoin R, then
the supremum of {R, R;: iew} exists and is equal to R.

ExampLE 3.10. Enuwmerate all primes by w, e.g. [I1={p;:icw}
and let R;={(1/(p{"): new)cQ for iew. Moreover, let R={(1/p:pe
ell)cQ, then the set {R;: ie w} is not o-closed but the set {R, R;: ie
ew} is oo-closed.

Thus a set of types which is c-closed may contain a subset which is
not, -closed and the same holds for sets of types such that there supre-
mum exists. We obtain the following corollary which contrasts the finite
rank case.

COROLLARY 3.11. The class of all countable torsion-free groups G
e R 1s neither closed under direct summands nor epimorphic images
nor extensions.

Proor. We take the types R; (1 € w) and R from Example 3.9 or from
Example 3.10 and put C = @ R;. Then C ¢ R by Proposition 3.7. But C &

1eEW

DR e R, hence the claim follows. =

4. Torsion-free groups of arbitrary rank.

In this section we consider torsion-free groups of arbitrary rank and
try to generalize the results from Section 2 and Section 3, i.e. we are
looking for a characterization of groups G € &. We don’t have a charac-
terization in terms of types any longer as we had in the finite rank and
coutable case but we can characterize the groups by some conditions on
certain extension groups. Let us first recall a basic theorem from [SW]
which characterizes the classes of torsion groups that can appear as
GC(C) for some completely decomposable group C.

THEOREM 4.1 (Striingmann-Wallutis, [SW]]. Let € be a class of tor-
sion groups. Then € =TC(C) for some completely decomposable group
C if and only if the following conditions are satisfied:
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(i) € contains all torsion cotorsion groups;

(i) € is closed under epimorphic images;

(iii) n@wZ(p”) e € if and only if € contains all p-groups for all
primes p;

(iv) If P is an infinite set of primes then, pEEBPZ(p) e € if and only
if p@) T,eC for all p-groups T,eC;

) If P is an infinite set of primes such that EBP 7{p) ¢ € then
pe

there exists an infinite subset P’ of P such that EBX 7Z(p) ¢ S for all infi-
nite XcP'. re

Proor. See Theorem 3.6 in [SW]. =

We will now first give a homological characterization of the groups in
G S which clarifies the connection to Butler groups. We therefore define
the class B(G) for a torsion-free group G as B(G)={T torsion
:Bext!(G, T) =0}.

THEOREM 4.2. Let G be a torsion-free group. Then Ge TGS if and
only if TE(Tst(G)) c B(G).

Proor. Let G be a torsion-free group such that GeGS. Let C=
= EBG (9)«- We obtain the following exact sequence
ge
0—-K—>C—>G—0

where the mapping C— G is the obvious one and K is the corresponding
kernel. In fact, this sequence is easily checked to be balanced exact and
hence we obtain the induced sequences

Hom (C, T) — Hom (K, T) — Bext' (G, T) — Bext' (C, T) =0
and
Hom (C, T) - Hom (K, T) - Ext (G, T) = Ext(C, T)

with the same mapping Hom (C, T) — Hom (K, T) for any torsion group
T.If Te GC(Tst(G)), then Ext(C, T) =0, hence also Ext (G, T) = 0 and
thus the mapping Hom(C, 7)— Hom (K, T) is surjective, i.e.
Bext!(G, T) = 0. Hence GC(C) c B(G) as claimed. Conversely, assume
that TC(C) c B(G). In order to prove that G ¢ GS we have to show that
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BGC(C) cBEG) to prove G € BS. Therefore let T'e TC(C). By assumption
we obtain Bext!'(G, T) =0, hence again the mapping Hom (C, T) —
— Hom (K, T) is surjective and it follows that Ext(G, T) cExt(C, T)
which is zero by the choice of 7. Hence Ext(G, T) =0 and therefore
TetGC(G). n

An immediate corollary is the following. Recall that a torsion-free
group G is a Bi-group if B(G)=72<.

COROLLARY 4.3 (Striingmann-Wallutis, [SW]). Let G be a Bi-group.
Then G e TGS.

QUESTION 4.4. To characterize the Butler groups among the
groups in GS one need to know the following: which is the minimal
class of torsion groups O such that $Hc B(G) forces G to be a Butler
group?

Our next theorem will give a characterization of the classes that can
appear as GC(R) for some rank-1 group R by adding two more condi-
tions in Theorem 4.1. Therefore we need the following definition.

DEFINITION 4.5. Let € be a class of torsion groups and P; and P,
two subsets of the primes.

(i) ®={PcII (P infinite)| EBXZ(p) ¢ C for all infinite XC P},
pe
(i) We say that P, and P, are equivalent (P~ Py) if their sym-
metric difference P APs is finite;
(iii) For Pe & we let

[P1={Qe&: P~Q}
be the equivalence class of P inside &P,

(v) Mg = {[P]: Pe &}

v) For [P],[Q] € Ns we define [P1c[Q] if and only if P is al-
most contained in Q, i.e. P\Q ts finite; hence (I, C) is a partially or-
dered set.

Note that the definition of ¢ in (v) is well-defined and so is

a finite union of equivalence classes 9 [P;]= [l<J Pi]. But the union
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of infinite many equivalence classes cannot be defined independently
of the chosen representatives!

THEOREM 4.6. Let € be a class of torsion groups. Then & = GC(R)
for some rational group R if and only if the following conditions are
satisfied:

(i) € contains all torsion cotorsion groups;

(i) € s closed under epimorphic images;

(iii) nEEBw Z(p™) e € if and only if € contains all p-groups for all
primes p;

(iv) If P is an infinite set of primes then, pGEBP 7(p) € € if and only
if pGEBP T,eC for all p-groups T,eC;

) If P is an mnfinite set of primes such that GBP 74p) ¢ € then
pe
there exists an infinite subset P' of P such that EBX 7(p) ¢ € for all infi-
nite XCcP'; be

(vi) If P is an infinite set of primes such that € contains only
bounded p-groups for pe P, then @PZ(p) ¢C;
pe

(vii) The set s contains a unique maximal element.

PrOOF. One implication is almost trivial. If R is a rank-1 group, then
obviously conditions (vi) and (vii) are satisfied; for (vii) define P = {pe
ell: yr(1)#0} to see that [P] is maximal in JNs. Hence it remains to
show the converse implication. As in the proof given in [SW] of Theorem
4.1 define the set

M={pen‘”@wzw>¢6}

and let S=0Q%" = {ﬂ: m, neZ,n is a product of powers of primes
n

from M } Moreover, let [@] be the maximal element in (s and put R =
= <l 1pe Q>. Note that the type of R is independent of the representative
p

chosen for [Q]. By the proof of Theorem 4.1 (see [SW]) all we have to
show is that for C= G?WQ(Z))®P®'RP we have BC(C) =BRSAR)
pe e

where Q" and Rp are defined as in the proof of Theorem 4.1 (see [SW]).
It is easy to see that GE(S) = Tn’@( G?u Q(”)) using condition (vi). More-
pe



54 Lutz Striingmann

over, since @ € & we clearly have 'G@(P@ RP) C GC(R). Conversely, if a
eP

torsion group 7 satisfies Ext(R,T) =0, then 7,=0 for almost all
primes p € Q. But [Q] is uniquely maximal in I1(; and hence any set P e &
is almost contained in @ and therefore also 7, = 0 for almost all primes
peP. Thus Ext(Rp, T) =0 which shows S&AR)cGC( D Ry). =

By Theorem 2.4 any finite rank torsion-free group must satisfy the
conditions (i) to (vii) of Theorem 4.6. It is surprising that condition (vi) is
easily checked for finite rank torsion-free groups (in fact for countable
groups G condition (vi) is equivalent to saying that OT (G) is co-closed)
but condition (vii) is less obvious and hard to verify.

Note that both conditions (vi) and (vii) may fail in the countable rank
case even for completely decomposable groups. (see Example 3.9 and
Example 3.10).

Finally we state some properties of the set Jis.

LEMMA 4.7. Let G be a torsion-free group. Then

(@) If [P] € NMigee) ts uniquely maximal, then [P] satisfies: If for
some set of primes X, X N P 1s finite, then @XZ(p) e GC(G);
pe

(i) If Ngeq) ts tnductive, then there exists a unique maximal el-
ement [Pl i Niseeys

(ili) every chain tn Nigeq) 1S countable.

ProoOF. Let Ty = EBXZ(p) and assume Ty ¢ TC(G), then there exists
pe
by [SW, Proposition 3.5] an infinite subset Y of X such that GBYZ(p) ¢
pe
¢ GC(G) and for every infinite WY we have EBWZ(p) ¢ GC(G). But by
pe

the unique maximality of [P] we obtain that Y is almost contained in P,
hence X N P is infinite - a contradiction. Thus (i) holds.

The proof of (ii) is trivial: for if [P] and [@Q] are distinct maximal ele-
ments, then [P U @] is again an element of Iz e(q contradicting the max-
imality of [P] and [Q].

Finally, if we have a chain {[X;]: iel} in Jlse), then I must be
countable since by definition X; is almost contained in X;,; for every ¢
and the set IT of primes is countable. m®
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It is not clear for which torsion-free groups G the set Iz is induc-
tive but it seems unlikely that there is a «more natural» characterization
of the groups in K.
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