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Abstract

A group 4 is said to be endoprimal if its term functions are precisely the functions which permute with
all endomorphisms of A. In this paper we describe endoprimal groups in the following three classes of
abelian groups: torsion groups, torsionfree groups of rank at most 2, direct sums of a torsion group and a
torsionfree group of rank 1.
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1. Introduction

An algebra is called primal if every finitary function defined on it is a term function.
The most common primal algebra is the 2-element Boolean algebra. Primal algebras
were introduced when studying categorical properties of the variety of Boolean alge-
bras. Subsequently, several generalisations have been investigated: algebras in which
the term functions are exactly the functions that preserve some derived structure. Fol-
lowing this line, an algebra is called endoprimal if its term functions are precisely
those functions which permute with all endomorphisms.

Endoprimal algebras have arisen, however, in a different way: in the course of
investigations into duality theory. Without using this name, Davey [2] proved in 1976
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that every finite chain is endoprimal as a Heyting algebra. In 1985 Davey and Werner
[5] proved that the Heyting algebra 22 @1 is also endoprimal, and this paper marks the
appearance of the name ‘endoprimal’. The next result appeared in 1993, when Marki
and Poschel [9] proved that a distributive lattice is endoprimal if and only if it is not
relatively complemented. In 1996 Davey [3] showed that the occurrence of endoprimal
algebras in duality theory is not an accident: every endodualisable finite algebra (that
is, every finite algebra which admits a particular kind of natural duality) is endoprimal.
And, finally, in a recent paper Davey and Pitkethly [4] developed, based on an idea
from [9], a general method to construct endoprimal algebras in several varieties. They
described endoprimal members in the varieties of vector spaces, semilattices, Boolean
algebras, and Stone algebras, and obtained partial results for Heyting algebras and
abelian groups. In particular, they proved the following two results.

THEOREM 1.1 ([4, Theorem 6.2]). An abelian group A of exponent m is endoprimal
if and only if 72, embeds into A.

THEOREM 1.2 ([4, Theorem 6.4]). An abelian group A € ISP(Z) is endoprimal if
and only if 7* embeds into A.

In the present paper, work on which started parallelly to the investigations of Davey
and Pitkethly, we observe that all endoprimal abelian torsion groups are bounded.
This result together with the results of [4] yields a complete description of endoprimal
torsion groups. One of our central results describes endoprimal members in the class of
abelian groups having a nonzero free homomorphic image. This result is considerably
stronger than Theorem 1.2. A similar idea of proof is used in several other situations,
in particular, it gives an alternative proof for the sufficiency part of Theorem 1.1. Our
basic idea in the case of torsionfree groups is to embed a group A into its injective hull,
which is a vector space over the field of rationals, and then apply linear algebra. So far
we have been able to handle completely the torsionfree abelian groups of rank at most
2. For mixed groups, only partial results have been obtained. The most important of
them gives a complete description of endoprimal members in the class of direct sums
of a torsionfree abelian group of rank 1 and a torsion abelian group.

2. General observations

In what follows, group will mean abelian group. We shall use the notations Z,
Z,, and Q for the (additive) groups (or sometimes, by abuse, for the sets or rings) of
integers, integers mod n, and rational numbers, respectively. The letter p will denote
an arbitrary prime number. For undefined notions and notations we refer to [7].
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For short, we call a function f of finite arity on a group A an endofunction of A if
it permutes with all endomorphisms of A, that is,

¢(f(al7 e ’an)) =f(¢(al)’ e v¢(an))

for every endomorphism ¢ of A. Hence a group A is endoprimal if and only if all
its endofunctions are term functions (that is, functions of the form f (x,,...,x,) =
kix; + - -- + k,x, with some integers k;, ..., k,).

PROPOSITION 2.1. If End A is isomorphic to a subring of Q then the group A is not
endoprimal.

PROOF. As is well known, if End A is isomorphic to a subring of Q then A must be
a torsionfree group. Consider the function

if y=0,
if y#0

in A. Clearly, f is not a term function. We prove that it is an endofunction. Indeed,
let ¢ be an arbitrary endomorphism of A. Then ¢ (x) = rx with an appropriate r € Q
for all x in A, and by straightforward checking we see that ¢f (x, y) = f (¢ (x), d(y))
forallx,y € A. 0

0
f(x,y)={
X

COROLLARY 2.2. No torsionfree group of rank 1 is endoprimal.

The following proposition shows that in Corollary 2.2 one cannot manage with
unary functions. This follows easily from the fact that every endofunction permutes
with all endomorphisms of the form ¢ (x) = kx where £ is a fixed rational number. In
particular, every unary endofunction preserves the zero.

PROPOSITION 2.3. All unary endofunctions of a torsionfree group of rank 1 have
the form f (x) = rx where r is a fixed rational number.

COROLLARY 2.4. Let C be a torsionfree group of rank 1. Then all unary endofunc-
tions of C are term functions if and only if C is not p-divisible for any prime p.

PROOE. If C is p-divisible then the function f (x) = (1/p)x is an endofunction
which is not a term function. Conversely, if f is a unary endofunction but not a term
function then it is of the form rx where r € Q@ \ Z. Hence C must be p-divisible for
any prime divisor p of the denominator of r. O

Another very useful observation is that endofunctions of a direct sum of two groups
are sums of endofunctions of the direct summands.
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PROPOSITION 2.5. Let A = B @ C and f be an (n-ary) endofunction of A. Let
fs and f¢ be the restrictions of f to B and C, respectively. Then fy and f. are
endofunctions of B and C, respectively, and f = (f3, fc), that is,

fi+c,....b+c))=Ffpby,....0)+ feler, ..., ¢)

forallb;e B,c;e C,i=1,...,n

PROOF. Denote by 75 and 7 the projection maps from A to B and C, respectively,
followed by embedding into the same components of A. Clearly, 7z and 7 are
endomorphisms of A and 3 + 7 is the identical mapping of A. Hence

fi+c,....b,+c)
=mg(fby+ci,....bp+ ) +ac(fbr+ciy....bn+¢n))
=f(mebi+c), ..., wp(bs + ) + f(7wc(by + 1), ..., wc(bn + 1))
=fby,....b)+f(cr,---s ) =fpbr,..., b)) + feler, ..., cn)

forallb, e B,c,;e C,i=1,...,n.

Every pair of endomorphisms ¢ € End B, ¥ € End C defines via componentwise
action an endomorphism of A. Since f must permute with this endomorphism, we
immediately have that fz and f are endofunctions of B and C, respectively. £l

COROLLARY 2.6. Let A be the direct sum of nonzero groups B and C with
Hom(B, C) = Hom(C, B) = 0. Then

(i) the set of endofunctions of A consists of all pairs (fg, fc) where fg and f¢
are endofunctions of B and C, respectively;
(ii) the group A is endoprimal if and only if B and C are bounded and endoprimal.

PROOF. (i) By our assumption, all endomorphisms of A act componentwise and
therefore all pairs (f5, f¢) of endofunctions of the components are endofunctions
of A.

(ii) If f 5 is any endofunction of B then by (i) it extends to the endofunction (f, 0)
of A. Since A is endoprimal, this function must be a term function and so f 3 is a term
function as well. Thus B, and similarly C, is endoprimal.

If, say, B is unbounded then the function f = (fp, f¢) with f3 = 1, the identity
function on B, and f¢ = 0 is an endofunction of A which is not a term function. On
the other hand, if both B and C are bounded then the Chinese Remainder Theorem
applies to show that every pair of n-ary term functions of the components is induced
by a common n-ary term ¢. l
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We conclude the section with a positive result that proves the existence of a large
class of endoprimal groups. Recall that a group A admits Z as a direct summand if
and only if it has Z as a homomorphic image.

THEOREM 2.7. Let a group A have Z as a direct summand: A = B® Z, and assume
that B is unbounded. Then A is endoprimal.

PROOF. Let f be an n-ary endofunction on A. By Proposition 2.5 we have f =
(fs, f2) where f and f7 are n-ary endofunctions of B and Z, respectively. We shall
prove by induction on n that f is a term function.

Firstly, let n = 1. Then by Proposition 2.3 f7 is a term function. We may assume,
without loss of generality, that f = 0. For every b € B, there exists a ¢ € EndA
such that ¢(1) = b. Then

fe)y=fB)=f@M)=0o(f () =¢(2(1)) =0,

hence fp =0and f = 0.

It remains to make the induction step. Let n > 2 and, given an arbitrary element
d € B, let ¥ be the endomorphism of A such that ¥(1) = d and ¥|s = 1. This
endomorphism ¥ is given by the formula

Y(b+k)=Db+kd,
where b € B and k € Z are arbitrary. Then

FWG+k), . ¥+ k) = f by +hd, ... by + ked)
= fo(by + kid, ... by + kod)

and

V(b koo b+ k) =Y (b, .. b)) + falki, ..o k)
=fg(b1,...,b,,)+fz(k1,...,k,,)d,

hence
(n febr+kd,....,by+kyd) = fp(by,...,bs)+ falky, ..., ky)d

forallbl,...,b,,EBandkl,...,k,,EZ.
Takingin (1) by =0,k =1land k, =--- =k, = 0, we get

2) fe(d, by, ..., b)) = fp(0,b;,...,b,)+ f2(1,0,...,0)d.
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The function f (0, x,, ..., x,) is an (n — 1)-ary endofunction of A, which must be a
term function by the induction hypothesis. Then f5(0, x5, ..., x,) is a term function
as well and by (2), since d € B was arbitrary, fp itself is a term function, say
mx; + -+ mux, where m; = f3(1,0, ..., 0). Now we can rewrite (1) as follows:

ml(bl +kld) +--- + mn(bn + knd) = mlbl + - + mnbn +fl(kls seey kn)d,
which implies
mikid + -+ - +muk,d = frksy, ... kn)d.

Since the latter holds for arbitrary d € B and B is unbounded, we have that f; is also
the term function m;x, + - - - + m,x,. Since f = (f5, fz), the same appliesto f. O

REMARK. 1. In Corollary 5.2 we shall see that the converse statement is also
true: if B is bounded then B @ Z is not endoprimal.

2. Actually the proof of Theorem 2.7 goes through in the case of modules over
an arbitrary commutative ring with identity. The result reads as follows: Ler R be
a commutative ring with identity and B be a faithful unital R-module. Then the
R-module B & R is endoprimal.

3. Torsion groups

Theorem 1.1 describes bounded endoprimal groups. The rest of the torsion groups
is covered by the following theorem.

THEOREM 3.1. Every endoprimal torsion group is bounded.

PROOE. Let A be an endoprimal torsion group. Then A is the direct sum of its
components A,, and since there is no nonzero homomorphism between different
components, by Corollary 2.6 all A, must be endoprimal and there can be only
finitely many nonzero A,’s. If A is not a p-group for some prime p, then Corollary
2.6 implies that all primary components of A are bounded and then so is A. Finally,
every endoprimal p-group is bounded, for on an unbounded p-group the action of a
non-rational p-adic integer is clearly an endofunction but not a term function (for the
latter see [8, Proposition 4.1]). O

We conclude the section with a short alternative proof of Theorem 1.1. Our proof
does not use the ideas of duality theory.
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PROOF (of Theorem 1.1). Suppose that a group A is of exponent m and first assume
that A has a subgroup isomorphic to Z2. Then A is isomorphic to the direct sum of
Z,, and a group of exponent m. That A is endoprimal can be proved exactly in the
same manner as in Theorem 2.7 (see Remark 2 after its proof).

Now assume that A has no subgroup isomorphic to Z2 . Then A must have a primary
component, say of exponent p*, which does not contain any subgroup isomorphic to
(Z,+)*. In view of Corollary 2.6, in order to prove that A is not endoprimal it suffices
to show that this component is not endoprimal. In other words, we have reduced the
proof to the case when m is a prime power p*.

By assumption we have a decomposition A = B & C where the exponent of B is
less than p* and C is cyclic of order p*. Define a function f : A2 — A as follows:

if ptle, =0,
¢ if p*lc, #£0.

0
fhi+c.by+a)= 1

p
We prove that f is an endofunction but not a term function. First we show that f is

an endofunction, that is,

3 ¢(f x,¥)) = f(d(x), ¢ (»)

for every endomorphism ¢ of A.

If b € B and ¢ € C then p*~'c = 0 is equivalent to p*~'(b + ¢) = 0 and the
latter implies p*~'(¢(b + ¢)) = O for every ¢ € End A. Hence the equality (3)
holds if p*~'c, = 0. Similarly, the equality (3) holds if p*~'¢ (b, + ;) # O or,
equivalently, p*~'¢(c;) # 0. So the only case that needs to be handled is p*~'c, # 0,
p¥ ¢ (cy) = 0. It follows from these two conditions that c; is a generator of C and
p*'¢(A) = p*'¢(C) = 0. Now

F@bi+c), ¢+ ) =0
and
d(f (by+ci, b+ ) =0 (p* ') =pFlo(c) =0.

It remains to show that the function f is not a term function. Now, f preserves C,
and it suffices to prove that the restriction of f to C is not a term function. Suppose
that, for certain fixed /, n € Z, the equality f (x, y) = Ix + ny holds forall x, y € C.
Since f (x,0) = O forevery x € C, we have [ =0 mod p* and hence f (x, y) = ny.
The latter, however, contradicts f (x, y) = p*~'x what we have if y is a generator
of C. O
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4. Torsionfree groups

Firstly, observe that a nonzero torsionfree endoprimal group cannot be p-divisible
for any p because otherwise the function (1/p)x would be an endofunction and,
obviously, this function is not a term function in a torsionfree group.

Our first result in this section gives a sufficient condition for endoprimality for
groups in which a rank 1 subgroup splits off. By x(a) we denote the characteristic
sequence of the element a (that is, the sequence of the p-heights of a under a fixed
ordering of the primes). The members of such a sequence are non-negative integers
and oo. Two characteristic sequences are said to be equivalent if they differ only at
finitely many places, and not at the places where oo occurs. The equivalence classes
of characteristic sequences are called types. The type t(a) of an element a is the type
containing x (a). It is well known that all nonzero elements of a torsionfree group A
of rank 1 have the same type. This type is denoted by t(A).

THEOREM 4.1. Let a torsionfree group A decompose into A = B & C where B
is nontrivial, C has rank 1 and its type does not contain infinity, and suppose that
t(C) < t(b) for every b € B. Then A is endoprimal.

PROOE. The proof follows the lines of Theorem 2.7, and we shall refer to the latter
for some computations. Without loss of generality, assume that C is a subgroup of Q
and 1 € C.

As in Theorem 2.7, an arbitrary endofunction f of A has the form f = (f3, f¢)
where fp and f are endofunctions on B and C, respectively. We shall prove by
induction on the arity of f that f is a term function.

Firstly, let f be a unary function. Then by Corollary 2.4 f is a term function and
we may assume, without loss of generality, that f- = 0. Now, if ¢ € End A is such
that ¢ (1) € B then f(¢(1)) = O follows exactly as in the proof of Theorem 2.7. The
difference is that not every b € B can occur in the role of ¢ (1). However, in view of
the condition on types, every cyclic subgroup of B contains nonzero elements which
can be in role of ¢ (1), that is, for every b € B there exist a nonzero integer k and
an endomorphism ¢ € End A such that ¢ (1) = kb. Then kf 3(b) = fp(kb) = 0 and
fs(b) = 0 because B is torsionfree.

Now we turn to the proof of the induction step. We assume that all (n — 1)-ary
endofunctions of A are term functions and consider an n-ary endofunction f. The
formulas (1) and (2), with fz replaced by f ¢, follow exactly as in the proof of Theorem
2.7. The basic difference with the latter is that d cannot be assumed to be an arbitrary
element of B. However, similarly to the unary case, we may claim that forany d € B
there exists 0 # k € Z such that the formulas (1) and (2) hold when d replaced by kd.
The reason is that because of the condition on types some nonzero integral multiple of
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d must be a homomorphic image of 1 under a suitable ¢ € Hom(B, C). Hence there
also exists ¢ € End A such that /|3 = 15 and ¥ (1) = kd.
Consequently, taking in account that fp permutes with multiplication by integers,
we get
kfg(d, bz, ceey b,,) = fB(kd, kbz, caey kb,,)
= fp(0,kby, ..., kb,) + fc(1,0,...,0)kd
= kfp(0,by,...,b,) + kfc(1,0,...,0)d.

Since B is torsionfree, this implies

feld, by, ....0y) = fp(0, by, ...,0,)+ fc(1,0,...,0)d

foralld, b,, ..., b, € B. Therest of the proof repeats that of Theorem 2.7 almost liter-
ally. We only have to notice that f (1, 0, ..., 0) € Z because the unary endofunctions
of C are term functions. a

Before turning to groups of rank 2, let us advance a general observation. If A
is a torsionfree group then its injective hull D is a vector space over Q and every
endomorphism of A extends in a unique way to an endomorphism of D. Let R
be the Q-algebra of linear transformations of D generated by the extensions of all
endomorphisms of A. Clearly, R has an identity element, and it is easy to see that any
element of R is of the form r¢ where r € Q and ¢ € End A.

Let now f be an n-ary endofunction of A. If d,, ..., d, are arbitrary elements of
D then there are aq;,...,a, € Aandr € Qsuchthatd, = ra;,i = 1,...,n. Now
the formula f (d,...,d,) = rf (ay, ..., a,) extends f to D in a unique way, and it

is easy to see that this function permutes with all members of R. Hence, if we are
able to prove that the only functions on D which permute with all members of R
are multiplications by rational numbers, and A is not p-divisible for any p, then A
is endoprimal. On the other hand, if the centre of R is nontrivial, that is, it contains
a nonscalar linear transformation of D then the centre of End A is also nontrivial,
whence A has an endofunction which is not a term function. If dim R = 1, that is, R
consists of scalar maps, then A, too, has only scalar endomorphisms and thus it is not
endoprimal by Proposition 2.1.

We now focus on groups of rank 2. If dim R < 2 then R is commutative, hence by
the above arguments A is not endoprimal. We are going to show that if dimR > 3
and A is endoprimal then necessarily A is a direct sum of two groups of rank 1.

Recall that a torsionfree group is called homogeneous of type 7 if all its elements
are of the same type . We shall call a torsionfree group A almost homogeneous if
either it is homogeneous or it has a rank 1 subgroup B < A such that all elements
in A \ B are of the same type t. In the latter case we call t the fype of A and write
T = t(A).
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LEMMA 4.2. Let A be an almost homogeneous torsionfree group of rank 2 which
is not p-divisible for any p. If A has a non-nilpotent endomorphism of rank 1 then A
has a nontrivial direct summand.

PROOF. First abserve that the type T of A does not contain the infinity. Indeed, if
it did then, for some p, we would have two linearly independent p-divisible elements
of A, which would imply that A is p-divisible. Let ¢ € End A be non-nilpotent and
of rank 1 and put B = ¢(A). Suppose first that B is contained in a rank 1 subgroup
of A of type t. Then obviously t¢(B) < t. On the other hand, there are elements of
type 7 that do not belong to Ker ¢. Hence, ¢ embeds some group of type t into B,
which implies T < t(B). Thus, t(B) = .

Now suppose that B is not contained in any rank 1 subgroup of A of type . Then,
however, there is another non-nilpotent endomorphism v of rank 1 whose image is
contained in such a subgroup of A. Indeed, since ¢ is not nilpotent, we have ¢? # 0.
Since B is of rank 1, there is a nonzero r € Q such that ¢(x) = rx for all x € B.
Replacing ¢ by a suitable integral multiple of it we may assume that r € Z. Now put
Y = r-1, —¢. We see that Ker ¢ consists of the elements a € A such that ra = ¢ (a),
and this is the maximal rank 1 subgroup of A containing B. Hence ¢ is of rank 1. An
easy calculation shows that ¥ = ryr, hence ¥ is not nilpotent. Therefore the image
of { cannot be contained in Ker y. Since A is almost homogeneous and Ker ¢ is not
of type 7, the image of { must be of type . This proves that under our assumptions
there exists ¢ € End A such that B = ¢(A) is a group of rank 1 and type 7.

Let C be any maximal subgroup of rank 1 in A. Then either C = Ker¢ or
CNKer¢ = 0, and in the latter case ¢ embeds C into B. Assume first that t(C) # 7.
This means that the group A is not homogeneous and C is the only maximal rank 1
subgroup of A whose type is not . Then, since A is of rank 2 and almost homogeneous
of type 7, some element 0 # ¢ € C can be written as a sum of two elements of type
7. Sot(c) > v in A. But C is a maximal rank 1 subgroup, hence if a mulitiple of
an element belongs to C then so does the element itself. Therefore t(c) > 7 in C,
whence t(C) > t must hold by the assumption. Then C cannot be embedded into B,
so C must be the kernel of ¢.

If t(C) = 7 and C # Ker ¢ then ¢ embeds C into B. Now ¢(C) is a subgroup of
B isomorphic to B, so it must be of the form r B for some nonzero rational number .
Since there is no infinity in 7, r must be an integer. Thus there is an m € Z such that
¢(C) =mB.

Since A is the union of its maximal rank 1 subgroups, the above discussion implies
that B is the union of its subgroups of the form ¢ (C;) where all C; are maximal rank
1 subgroups of type t. Moreover, each of them has the form m; B where m; € Z. Let
m > 0 be the greatest common divisor of all m;’s and suppose that m # 1. Then,
¢(A) is contained in mB which is a proper subset of B because there is no infinity
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in 7, a contradiction.
Consequently, m = 1 and there exist finitely many of the m;’s, say m,, ..., m,, and
integers ky, ..., k; € Z such that

1=k1m1+"'+k5m5.

Fix anonzero element b € B and in every C; take the element ¢; such that ¢ (¢;) = m;b.
Let ¢ = kyc; + - - - + k¢, then ¢ (¢) = b and hence ¢ # 0. Denote by C the maximal
rank 1 subgroup of A containing c.

Now, if &' is another element of B, it can be written as rb for some r € Q. Again,
in every C; there exists a unique element ¢] such that ¢(c;) = m;b’ and it is easy to
see that ¢, = rc; for every i. Putting ¢’ = k,c| + - - - + k.|, we have

P(c) = pkic, + -+ +koc)) = plkires + - + kres)
= r(kl¢(cl) +---+ ks¢(cs)) = r(klmlb +--- +ksmsb) = rb = bl'

We proved that the restriction of ¢ to C is a bijection from C to B. Denoting by
¥ the inverse of this bijection, we have an idempotent endomorphism ¢ of rank 1

proving that A has the required decomposition. O

THEOREM 4.3. A torsionfree group A of rank 2 is endoprimal if and only if A =
B @& C where B and C are groups of rank 1, t(B) > t(C), and C (or, equivalently, A)
is not p-divisible for any prime p.

PROOF. The sufficiency of the conditions follows from Theorem 4.1. As we have
noticed at the beginning of this section, if A is p-divisible for some p then it is not
endoprimal.

Next we prove that any torsionfree endoprimal group A of rank 2 satisfies the
assumptions of Lemma 4.2. So we have to prove that A is almost homogeneous and
has an endomorphism ¢ of rank 1 such that ¢? # 0. By the above remarks, the
QQ-algebra R must have dimension at least 3.

Suppose first that the injective hull D of A is an irreducible R-module with the
R defined above. By the density theorem, R must be isomorphic to a full matrix
ring over the division ring K = Endg D which contains Q, and D is a vector space
over K. Since A is of rank 2, we have dimg D = 2, hence R is not isomorphic to
K and therefore dimg R > 4. In view of dimg R < 4, we must have K = Q and
dimg R = 4. Obviously, then A is homogeneous and has an endomorphism ¢ with
the required properties.

If the R-module D is not irreducible, then it has a proper nonzero submodule §
and we may take a basis e, e, of the vector space oD such that ¢, € S. This gives a
representation of all elements of R in the form of upper triangular matrices of order
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2 over Q. Since the dimension of R over Q cannot be less than 3, we see that R is
isomorphic to the ring of all upper triangular matrices of order 2. In particular, for
every two elements a, b € A\ (§N A), there exists ¢ € End A such that ¢ (a) # 0 and
¢ (a) linearly depends on b. This easily implies that A is almost homogeneous. Also,
there exists a nonzero endomorphism ¢ of A such that ¢ (e;) = O and ¢ (e;) linearly
depends on e,. Obviously, such ¢ is of rank 1 and ¢? # 0.

Hence Lemma 4.2 applies and A decomposes into a direct sum of two (rank 1)
subgroups. If the types of these subgroups are incomparable then there is no homo-
morphism between them in either direction, whence A is not endoprimal in view of
Corollary 2.6. [

5. Mixed groups

Most of our results about mixed groups concern the case when the torsion part of
the group splits off. We start, however, with a few results where a different sort of
direct decomposition is assumed.

PROPOSITION 5.1. Let A be the direct sum of a nontorsion group B and a bounded
group T and suppose that T has no p-component for primes p which occur as orders
of some elements of B. If A is endoprimal then B is also endoprimal.

PROOE. Let f be an n-ary endofunction of B and e = exp(T). Define the function
g on A by putting

g(bl+t19---1bn+tn)=f(eblv"-’ebn)’

and denote by & the projection map A — B. Then, for an arbitrary endomorphism ¢
of A, both ¢(g(ay,...,a,)) and g(¢d(a)), ..., ¢(a,)) are equal to e(¢ (f (7 (ay), - ..,
m(a,)))) forany a,, ..., a, € A, hence g is an endofunction of A.

Since A is endoprimal, the function g must be a term function. Moreover, since A is
not a torsion group, the term k,x, +- - - +k,x, which determines g is unique. Obviously
the function g vanishes on T, so e must divide all ;. Letk; = el;,i = 1, ..., n. Since
g induces on B the function ef , we get

e(liby+---+bLb,—f(b,...,b,)) =0

for all by, ..., b, € B. By our assumption this implies f (b;, ..., b,) = Liby +--- +
I,b,. O

REMARK. Proposition 5.1 always applies if the torsion part of A is bounded.
Namely, by a theorem of Baer [1] and Fomin [6] (see also [7, Theorem 100.1]) if
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an abelian group has bounded torsion part then the latter is a direct summand of the
group. In particular, in view of Corollary 2.2 we have the following result.

COROLLARY 5.2. Groups of torsionfree rank 1 with bounded torsion part are not
endoprimal.

Together with Theorem 2.7, this yields

THEOREM 5.3. Let A be the direct sum of a group B and the infinite cyclic group.
Then A is endoprimal if and only if B is not bounded.

Now we prove a theorem which shows that endoprimality of a direct summand
sometimes yields endoprimality of the whole group.

THEOREM 5.4. Let A = B @ T where B is an endoprimal non-torsion group and
T is a torsion group such that T has no p-component for primes p for which the
torsionfree part of B is p-divisible. Then A is endoprimal.

PROOF. Let n be a natural number which has no prime factor p for which the
torsionfree part of B is p-divisible. Then B/nB is a group of exponent n, and we
obtain that the cyclic group of order n is a homomorphic image of B.

Take an arbitrary endofunction f of A. Then f = (f, fr) where fp and f are
endofunctions of B and T, respectively. Since B is endoprimal, f is a term function.
By subtracting this term function from f we see that one can assume f = 0 without
loss of generality, and we have to prove that f7 = 0 as well.

Suppose first that f is unary, and pick any ¢ € T. By our first observation there
is a ¢ € End A such that ¢(B) is the cyclic group generated by t. Let b € B be
such that ¢(b) = ¢. Since f is an endofunction which vanishes on B, we have
£ @) = f (@B)) = $(f (5)) = 0 as required.

Suppose now that the statement is true for (n — 1)-ary functions, let f be an n-ary
endofunction which vanishes on B, and take an arbitrary n-tuple (¢, ..., 1) from
T. Again, in view of our first observation, we can pick an element b, € B and an
endomorphism ¢ of A suchthat ¢ (b)) = —t, and ¢|; = 1;. Takeany b, ..., b, € B.
Now

fT(tla'-~9tn):¢(fT(tl""1tn))=¢(.fB(bla---vbn)+fT(tlv""tn))
=¢(fbi+u,....00+5)=f (@b +1),...,0(b.+ 1))
=f0,¢b) + 12, ...,0(b) + 1).

However, f (0, x3, ..., x,) is an (n — 1)-ary endofunction which vanishes on B, so it
is the zero map by the induction hypothesis. Thus f(1,, ..., t,) = Oasrequired. O
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In view of Proposition 5.1 and the subsequent remark we have now:

COROLLARY 5.5. A group with bounded torsion part is endoprimal if and only if
its largest torsionfree factor is endoprimal.

Our final result characterizes endoprimal groups of the form B @& T where B is
torsionfree of rank 1 and T is torsion. Before stating and proving this theorem we
present several auxiliary results. The proof of the first of them again follows the lines
of the proof of Theorem 2.7.

PROPOSITION 5.6. Let A = B @ T where B is a torsionfree group of rank 1 whose
type does not contain infinity and T is an unbounded torsion group. Then A is
endoprimal.

PROOF. Let T = T, & T’ where T, is the p-component of T. We shall identify
B with a subgroup of Q. Since the type of B does not contain the infinity, we may
assume that 1 € B but (1/p) & B. This agreement implies that all multiples bt where
b € Bandt € T, are well defined and, for every ¢ € T,, there exists ¢ € Hom(B, T,)
(in fact unique) such that ¢ (1) = ¢.

An arbitrary endofunction f of A is represented as (f s, f,, f1) where fg, f1, and
fr are endofunctions of B, T, and T, respectively. Moreover, the pair (f3, f1,) is
an endofunction of B @ T,. We shall prove by induction on the arity of f that f isa
term function.

Assume first that f is unary. Then by Corollary 2.4 f is a term function kx, and
by fg(x) = fa(l)x (for every x € B) we get k = fg(1) (that is, f5(1) does not
depend on the choice of the embedding of B into Q). Lett € T, and ¢ € End A be
such that ¢(1) = ¢. Then f (t) = f (¢(1)) = d(fs(1)) = fp(1)z. We see that on
every primary component of A the function f induces the same function kx where
k = fp(1). Hence f (x) = kx on the whole A.

Assume now that f is n-ary and all (n — 1)-ary endofunctions of A are term
functions. Following the lines of proof of Theorem 2.7, we have:

(4) fTP(t,tz,...,t,,)=k1t+k2t2+"‘+k"t,,,
(5) (febyr,....b,) —kyby —--- — kb))t =0

where t,1,,..., 1, € T,, by,..., b, € B, ky, ..., k, € Zand k; = f5(1,0,...,0).
Now observe that fz(x,0...,0) is a unary endofuction on B, hence it is a term
function kx for some k € Z and then obviously £ = f5(1,0...,0) holds, no matter
how the embedding of B to Q is chosen. This implies that the coefficient k; in (4)
and (5) is an integer which does not depend on the prime p. In particular, since T is
unbounded and ¢ in (5) is an arbitrary element of A whose order is a prime power,
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(5) implies that f induces the same term function on all primary components of 7.
Taking in account also the formula (4), we have that f is a term function. O

PROPOSITION 5.7. Let A = B@® T where B is a p-divisible torsionfree group of rank
1 and suppose that the p-component T, of T is reduced. Then A is not endoprimal.

PROOF. If 7, = Othen (1/p)x is an endofunction of A which is not a term function.
If T, # Othen by the assumption we can write A = B@® T, & T’ with atorsion group T’
which has no p-component. Clearly, T, has no nontrivial homomorphismsto B @ T’,
nor has T' to T,. But there is no nontrivial homomorphism from B to 7, either for B
is p-divisible and 7, is a reduced p-group. Hence Corollary 2.6 applies. O

PROPOSITION 5.8. Let A = B @ T where B is a torsionfree p-divisible group of
rank 1 and T is a p-group which is not reduced. Then every endofunction of A is of
the form rix, + -+« + r,x, where ry, ..., r, are rational numbers with denominators
prime to p.

PROOF. We first assume that the torsion part T is divisible and identify B with a
subgroup of @ containing 1. Observe that every t € T is the image of 1 under a
suitable ¢ € Hom(B, T). Indeed, since T is p-divisible, it suffices to observe that
for every nonzero proper subgroup B’ < B the quotient group B/B’ is a torsion
group whose p-component is isomorphic to Z,~. Moreover, the group B’ may be
chosen so that the order of 1 modulo B’ equals the order of ¢. Consider an arbitrary
endofunction f of A. Then f = (f3, fr) where f5 and fr are endofunctions of B
and T, respectively. If the function f is unary then by Proposition 2.3, there exists an
r € Q such that fp(x) = rx forevery x € B.

We have to show that the denominator of r is prime to p. Suppose on the contrary
that r is a reduced fraction k/! where p divides I. Now pick 0 # ¢ € T and assume
that the order of f(¢) is p™. Obviously, for a suitable integral multiple g of a power
of f the function g is multiplication by u/p*® where u,s € Z, u is prime to p, and
s > m. Then p°gp(1) = u and if ¢ is an endomorphism of A such that ¢ (1) = ¢, we
have

ut =¢u) = ¢(p°gs(1)) = p°p(gs(1)) = p°gr(¢(1)) = p’gr(t) =0,

which contradicts the fact that « is prime to the order of ¢.
Thus p does not divide [ and the equality If 3 (1) = k implies

kt = ¢(k) = ¢(If s (1)) = Lo (fp(1)) = If p(p(1)) = I,

which is equivalent to fr(¢) = rt.
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Assume now that all (n — 1)-ary endofunctions of A are of the required form and let
f ben-ary. Asin Theorem 2.7, every element of T is ahomomorphic image of 1 under
¢ € End A such that ¢|; = 1. This allows again to establish analogues of formulas
(1) and (2) and to carry out the induction step. The coefficient f5(1,0,...,0) is a
rational number of the required form because f (x, 0, ..., 0) is a unary endofunction
of B.

Now consider the general case. Let T = C @ D where C is reduced and D is
divisible. Let f be an n-ary endofunctionon A. Then f = (f, fc, fp) where f 5, fc,
and f p are endofunctions of B, C, and D, respectively. By the first part of the proof, we
may assume that f 5 and fp are zero functions and we have to prove fc = 0. Suppose,
on the contrary, that f-(¢cy, ..., ¢,) # O for some ¢y, ...,¢, € C. Applying Zorn’s
lemma, we take a subgroup H of C maximal with respect to fc(c), ..., c,) € H. The
quotient group C/H is subdirectly irreducible, hence it is isomorphic to Z,. where
k € N U {oo}. Let ¢ be the composition of the natural homomorphism C - C/H
and an embedding C/H — D. Clearly H = Ker¢.

Now take any endomorphism ¢ of A whose restriction to C is ¢. Then

VY(fcler, o)) =fo(¥(c), ..., ¥(c)) =0

implying fc(ci, ..., ¢,) € H, a contradiction. O

THEOREM 5.9. Let A = B @& T where B is a torsionfree group of rank 1 and T is a
torsion group. Denote by P the set of those prime numbers p for which x,(B) = 00
and by T, the p-component of T. Then A is endoprimal if and only if one of the
Sfollowing cases occurs:

(i) P #@andT, is not reduced for any p € P;
(ii) P =0 and T is not bounded.

PROOF. If A is endoprimal then one of the two conditions must occur in view of
Proposition 5.7 and Corollary 5.2. Conversely, suppose that A satisfies one of these
conditions. If P = @ then A is endoprimal by Proposition 5.6. Suppose P # @
and take an arbitrary endofunction f (x, ..., x,) in A. Since f is an endofunction in
B @ T, foreach p € P, Proposition 5.8 says that f is of the form rix; + - - - + r,x, in
B @& T,, where ry, ..., r, are rational numbers with denominators prime to p. Since
B is torsionfree, the coefficients ry, ..., r, must be the same for the different p’s and
none of the primes p € P may occur in denominators of r;. But the r;’s cannot have
primes g with ¢ ¢ P in their denominators either since for such g we have x,(B) < 00
and therefore (1/¢)x is not defined over the whole of B. Thus f is a term function
in A. O

https://doi.org/10.1017/51446788700002093 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700002093

428 Kalle Kaarli and Lasz16 Marki [17}

References

{11 R.Baer, ‘The subgroup of the elements of finite order of an abelian group’, Ann. of Marh. 37 (1936),
766-781.

2] B. A. Davey, ‘Duality for equational classes of Brouwerian and Heyting algebras’, Trans. Amer.
Math. Soc. 221 (1976), 119-146.

, ‘Dualisability in general and endodualisability in particular’, in: Logic and algebra, Lecture
Notes in Pure and Appl. Math. 180 (Marcel Dekker, New York, 1996), pp. 437-455.

[4] B. A.Davey and J. G. Pitkethly, ‘Endoprimal algebras’, Algebra Universalis 38 (1997), 266-288.

[S] B. A. Davey and H. Werner, ‘Piggyback-Dualititen’, Bull. Austral. Math. Soc. 32 (1985), 1-32.

[6] S. V. Fomin, ‘Uber periodische Untergruppen der unendlichen abelschen Gruppen’, Mat. Sb. 2
(1937), 1007-1009.

[7] L. Fuchs, Infinite abelian groups, I-11 (Academic Press, New York, 1970, 1973).

8] K. Kaarli, ‘Affine complete Abelian groups’, Math. Nachr. 107 (1982), 235-239.

[9] L.Markiand R. Poschel, ‘Endoprimal distributive lattices’, Algebra Universalis 30 (1993), 272-274.

31

Department of Mathematics Mathematical Institute
University of Tartu Hungarian Academy of Sciences
EE-~50090 Tartu H-1364 Budapest, Pf. 127
Estonia Hungary
e-mail: kaarli@math.ut.ce e-mail: marki@math-inst.hu

https://doi.org/10.1017/51446788700002093 Published online by Cambridge University Press


https://doi.org/10.1017/S1446788700002093

