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Abstract

In this paper we generalize some affine completeness properties of abelian groups
to modules over commutative domains.
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1 Introduction

The question of affine completeness of modules over commutative rings has been stud-
ied by many authors. The case of abelian groups is well known thanks to W.No6bauer [8],
K.Kaarli [3] and A.Saks [9]. As pointed out in [1], most of the results on the affine com-
pleteness of abelian groups can be generalized to modules over commutative principal ideal
domains because the abelian groups and these modules are similar due to the fact that the
underlying ring structure of the ring of integers is that of a commutative principal ideal
domain. According to K.Kaarli and A.Pixley, there is only one exception. Indeed, when
proving that an abelian group of rank one with bounded torsion part is not affine complete,
one relies on the countability of the ring of integers [1, Theorem 5.2.22]. This argument
does not hold if it has to do with a ring which is uncountable. This leads to the following
problem raised in [1, Problem 5.2.29].

Problem: Does there exist an affine complete torsion free module of rank I over a com-
mutative principal ideal domain?
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The aim of this work is to answer this question. Moreover, we will give a generalization
of some other theorems from abelian group’s affine completeness theory to modules over a
commutative domain. Throughout this paper R will designate a commutative ring with 1,
and A a left module over R. For any a in A, the annihilator of a is designated by {r e R :
ra = 0} and denoted by Ann(a) . It is clear that Ann(a) is an ideal of R as well as Ann(A)=
Nuea Ann(a). An element a of A for which Ann(a) is nontrivial, will be said to be a torsion
element of A. Clearly the set T of torsion elements of A is a submodule of A. The module A
is bounded if Ann(A) is nontrivial and in this case any nonzero element of Ann(A) is called
an exponent of A. Otherwise we say that it is unbounded.

2 Preliminary results

2.1 Compatible functions

In this section, we collect some basic results about universal algebra and affine com-
pleteness of modules. We particularly follow [7] for the basic concepts of universal algebra
and [1] for the notions about affine completeness of algebras.

An operation on a nonempty set A is a function f : A” — A where 7 is a natural integer.
We then say that f is an n-ary operation or an operation of rank n on A. For n =0, f has
exactly one value, it is a constant. Thus we call 0-ary operations constants and identify
them with their unique values. We call operations of rank 1 unary operations and identify
them with functions from A into A. Binary operations are operations of rank 2.

Let R be a binary relation on A and »n a natural number. A map g: X — A where
X is a subset of A" is said to be compatible with R if the following condition is satis-
fied: for any n-tuples (xi,...,x,), (J1,...,yn) in X such that (x;,y;) € R fori = 1,...,n then
(g(x1,...,%1),801,---,¥n)) € R. The map g is compatible with a set E of binary relations on
A if it is compatible with each relation R € E. We also say that g is E-compatible.

An algebra is an ordered pair A =< A, F > such that A is a nonempty set and F' =< f; :
i € I > where f; is an operation on A for each i € I. A is called the universe of A and f; is
referred to as a fundamental operation of A for each i € I. A congruence of the algebra A
is an equivalence relation 6 on the set A, that is compatible with the fundamental operations
of A. We denote by Con(A) the set of congruences of the algebra A. When the context is
clear, the algebra A =< A, F > is simply called the algebra A.

A commutative ring R with unit is an algebra < R,+,-,—,0,1 >, such that + and - are
binary operations on R which satisfy the usual properties of associativity, commutativity
and distributivity, O is a constant operation representing the neutral element of the operation
+,1 is a constant operation representing the neutral element of the operation -, — is a unary
operation on R sending each element a of R to the element —a such that a + (—a) = 0. An
R-module M over the ring R is an algebra < M, +,—,0,(f;)rer >, Where < M, +,—,0 > is an
abelian group and each f, is a unary function on M such that for all a,b € M and for all r, s
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and ¢ € R the following equalities hold:

fr(fs@) = fia) wherer-s=tinR
fra+b) = fi@)+ f(b)
fr@+fi(a) = fi(a)wherer+s=tinR
fila) = a.

For a subset X of the R-module M we denote by < X > the submodule of M generated by X.
As noted in [1], the compatibility criterion takes the following form in the case of modules.
An n-ary operation f on the R-module M is compatible with Con(M) if and only if

f@-f)e<a -by,....,ap—by, >

for alla = (ay,...,a,), b=(by,...,b,) € A".
Clearly this means that for all a = (ay,...,a,), b= (b1,...,b,) € A" there exist s1,...,5, €R
depending on a and b, such that

f@~—f(b)=si(ar —by)+--+s,(a,—by).

An n-ary function f: M" — M is zero preserving if f(0,...,0) = 0. Obviously every
Con(M)-compatible operation of the R-module M can be represented as a sum of a zero
preserving function and a constant function. Also, if f is an n-ary zero preserving Con(M)-
compatible function on an R-module M and (ay,...,a,) € M", then there exist r{,...,r, in R
such that

flay,...,ay) =ria; +---+rpay

where the coefficients r; depend on the n-tuple (ay,...,a,).

Let us recall the compatible function extension property which has played an important
role in the theory of affine complete algebras.

Definition 2.1. [2] An algebra A satisfies the finite extension property, if for any natural
number 7, any finite subset X of A” and y in A"\ X, each Con(A)-compatible map f: X — A
there exists a Con(A)-compatible map g : X U {y} — A agreeing with f on X.

The above notion was originally discovered in [3] for unary operations on abelian
groups and established for all operations on any algebra in [2] later on.

2.2 Polynomial operations and affine complete algebras

By composition of operations on the set A is meant the construction of an n-ary oper-
ation & from k given n-ary operations fi,..., fy and a k-ary operation g, by the rule
h(xy,...,x,) = g(fi(x1,...,Xn),. .., fe(x1,...,%,)). The operation 4 is called the composition
of f and g. For each i < n, the n-ary projections p} : A" — A are defined by p!(xy,...,x,) =
x; forall x1,...,x,in A.
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Definition 2.2. Let A be a nonempty set. A clone on A is a set of operations on A which
contains all projection operations on A and is closed under composition of operations. As
noted in [7], for each set C of operations on a set A, there exists the smallest clone containing
it. This clone is called the clone generated by C. Of particular interest is the clone of
polynomial operations of an algebra A =< A; F > which is defined as the clone generated
by the fundamental operations and the constant 0-ary operations of A. This clone is denoted
by Pol(A)

Definition 2.3. An algebra A is affine complete if the set of Con(A)-compatible operations
of A is exactly Pol(A).

Remark 2.4. Polynomial operations on an algebra A are known to be Con(A)-compatible

[7].

Definition 2.5. For every n € N, an n-ary function f on an algebra A is said to be a local
polynomial of A if it can be interpolated by a polynomial operation on every finite subset
X of A", that is, there exists a polynomial operation g : A — A whose restriction to X is
equal to f. An algebra (A is said to be locally affine complete if every Con(A)-compatible
function on A is a local polynomial of ‘A.

Remark 2.6. It is clear from the above definition that an affine complete algebra is locally
affine complete.

Using [7, Theorem 4.6], it is easy to see, as noted in [1], that for an R-module A an n-ary
polynomial operation on A is an operation f : A" — A satisfying the following property:
there exists ry € A,rq,...,r, € R such that the following equality holds:

f(X1,..., %) =11X1 +- -+ X, + 1o forall (xq,...,x,) € A"

Remark 2.7. It is important to notice that ry,...,r, do not depend on the n-tuple (x1,...,x,).
Since constant operations are polynomials, it follows that when studying affine complete-
ness of modules, we may restrict to the case of zero preserving functions.

Remark 2.8. Polynomial operations on modules are just the linear functions.

We recall here the well known notion of semisimple modules and a result on affine
complete modules that will be used below.
An R-module A is called semisimple if it satisfies the following equivalent conditions:
1. A is direct sum of simple R-modules;
2. Every submodule of A is a direct summand.

Theorem 2.9. [1] A semisimple R-module A is locally affine complete if and only if it has
no simple homogeneous component.

3 Affine completeness of free modules of rank 1

We will now give a proof of [1, Theorem 5.2.22] which avoids the use of the compat-
ible function extension property. We first recall that if A is a bounded abelian group, then
Ann(A) is generated by a unique positive element e called the exponent of A.
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Theorem 3.1. An abelian group of rank 1 with a bounded torsion part is not locally affine
complete.

Proof. Let A be an abelian group of rank 1. We suppose that it is locally affine complete.
We will construct a unary function on A, compatible with Con(A) and which cannot be
interpolated by a polynomial operation in a specified finite subset of A. We will hence
obtain a contradiction. Let T be the torsion part of A so that A/T is a torsion free group
of rank 1. Therefore A/T is an infinite cyclic group. Let a+ T be one of its generators.
Define the function g : A/T — A/T by setting g(k(a+T)) = k*a+ T, for each k € Z. Tt
is easy to see that g is a zero preserving function on A/T which is Con(A/T)-compatible.
Now, since T is bounded, let exp(T) = e be its exponent. It follows that e(x +f) = ex
for all (x,f) € AXT. Hence e(x+T) is the set {ex} for every x € A. This fact allows us
to define a function f: A — A by sending x to the unique element of e(g(x+ T)). For
simplicity, we choose f(x) = e(g(x+ T)). This function is a zero preserving function and
it induces a function eg on the quotient group A/T. If ka+ T is an element of A/T, then
eg(ka+T) = ek’a+T. So if f were a local polynomial on A, then eg would be a local
polynomial on A/T. Let X ={x; +T,...,x,+ T} be a finite subset of A/T. Since f is a local
polynomial then there exists an integer s in R such that the restriction of the polynomial
operation y — sy to X = {xi,...,x,} is equal to f on X. For i = 1,...,n, we therefore have
eg(x;+T) = ekl.z(a +T) = skia+T, where x;+ T = kja+T. Taking X = {kalk = 0,1,2} we
obtain sk(a+T) = ek*(a+T), k €{0,1,2}. Since a+ T is an element of infinite order, the
latter equality would imply that s = e and 2s = 4e, which is clearly absurd since e is a
nonzero integer.

It now remains to prove that f is a Con(A)-compatible function on A. Let b,c € A and
gb+T)=b1+T,g(c+T)=c1+T with by,c; € A. Then f(b) = eb; and f(c) = ec;. Since g
is Con(A)-compatible and zero preserving, there exists an integer r such that

gb+T)—glc+T)=r(b—c+T).
Consequently there also exists ¢ € T such that
bi—c1=r(b-c)+t.

Then
fb)—flc)=e(r(b—c)+t)=er(b—c)e <b-c>

proving that f is Con(A)-compatible. O
We will use the idea of the above proof in other situations below.

Theorem 3.2. A torsion free module of rank 1 over a commutative domain is not locally
affine complete.

Proof. Again we proceeed by contradiction. Let A be a torsion free module of rank 1 over
a commutative domain R. Since by [1, Theorem 5.2.9] any 1-dimensional vector space is
not affine complete, we can suppose that R is not a field of two elements. Let (x) be a basis
of A. Then each element a € A has the form a = rx for some r € R. Let us define the unary
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function f : A — A,rx —s r”x. Then f is Con(A)-compatible on A. Indeed if a; = ryx and
a, = rpx are elements of A, then

fla) = fla) =rix—rix=(ri+mn) a1 —a) €<aj—ax > .

Let us assume that A is locally affine complete, which implies that f is a local polynomial
on A. Since R is not a field with two elements we choose a € R\{0, 1} and consider the
finite set X = {0, x,@x}. Since f is interpolated by a polynomial operation on X, we can find
s,t € R such that f(a) = sa+t¢ for all a € X. Therefore

fO)=t=0
f(x)=sx+t=x 3.1

flax)=sax+t= a@?x.

Putting ¢ = 0 and using the fact that (x) is a basis, we have s = 1 and therefore @ = a>. Now
since R is a domain it follows that @ = 0 or @ = 1, which yields a contradiction. O

Corollary 3.3. A torsion free module of rank 1 over a commutative domain is not affine
complete.

Proof. A non trivial cyclic module over a commutative principal ideal domain R is not
locally affine complete. O

Remark 3.4. Actually, we do not need the compatible function extension property to prove
that torsion free abelian groups of rank 1 are not locally affine complete. This is the main
result of the present paper. This property is revelant because the compatible function exten-
sion property was originally introduced in order to prove that a free abelian group of rank 1
is not affine complete. Now [1, Problem 5.2.29 ] is solved by the above theorem.

We will now prove the following theorem that gives a more general result about local
affine completeness of modules with one generator.

Theorem 3.5. A nontrivial cyclic module over a commutative principal ideal domain R is
not locally affine complete.

Proof. Let A be a nontrivial cyclic module over a commutative principal ideal domain R.
Then the R-module A is isomorphic to R/(r) for some r € R, and is generated by x = 1+ (7).
Let us define f : A — A by setting f(a) = s>x where a = s+ (r) = s(1 + (r)) = sx and s € R.
We will show by contradiction that f is Con(A)-compatible but is not a local polynomial
of A. The compatibility of f with Con(A) is straightforward. Let us first assume that there
exists an element @ € R such that a(a—1) ¢ R. Set X = {0, x,x} and suppose that f is a
local polynomial on A. Then there exist #1,#, € R such that f(a) =tja+1, foralla e X. Itis
then clear that #, = 0, so that f(x) = f;x = x and f(ax) = a*x = tjax. Hence ax = a%x and
@ — @? € (r) which is a contradiction.

To complete this proof, we now suppose that for every @ € R we have a(a—1) € (r).
Letr= p[f ! ---pfi" be the factorisation of r into irreducible elements. Suppose that 5; > 1 for
some i € {1,...,n}. Then, since p;(p;—1) € (r) for all j € {l,...,n}, there exists #; € R such

that pi(p;—1) = rt;. But r = pu where u= pb' - pP~" ... " This yields pi(p;— 1) = pyut;.
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Consequently p; — 1 = ut; and thus p; cannot divide u, which contradicts the assumption
that 8; > 1. Therefore, the factorisation of r is of the form » = p;--- p,. This factorisation
implies that

R/(r)=R/(p1)®---®R/(py)

which proves that A is a semisimple module with simple homogeneous components. Hence
A cannot be locally affine complete [1, Theorem 5.2.13]). O

The next question is what can be said about modules of rank 1 whose torsion part is
bounded. The answer is given by the following theorem which generalizes [1, Theorem
5.2.22 ] to modules over a commutative domain. We will use the same idea as in the proof
of Theorem 3.1.

Theorem 3.6. Let A be a module of rank 1 over a commutative domain with a nonzero
torsion part T such that Ann(T ) is nontrivial. Then A is not locally affine complete.

Proof. We will construct a Con(A)-compatible unary function on A which is not a local
polynomial. First, R is not a field with two elements since a vector space has no nontrivial
torsion part. Denoting by T the torsion part of the R-module A, then A/T is a torsion free
R-module of rank 1. Let (a+T) be a basis of A/T, and define f : A/T — A/T by setting
f(ka+T)=k*a+T,k€R . Then f is clearly Con(A/T)-compatible. Let r € Ann(T) be
nonzero. Then for all x in A and ¢ in T, we have r(x+¢) = rt, so that r(x+ T) is a well
defined element of A. This fact allows us to define a function g : A — A by the formula
g(x)=r(f(x+T)). This function induces a function r f on the quotient A/T. Indeed if g were
a local polynomial on A then r f would be a local polynomial on A/T. Since f is Con(A/T)-
compatible rf is Con(A/T)-compatible and g is Con(A)-compatible. Suppose that A is
locally affine complete. Then choose @ € R such that @ ¢ {0, 1} and set X ={T,a+T,aa+T}.
By the local affine completeness of A, rf can be interpolated by a polynomial operation on
X, so there exists s € R such that

rk*(a+T) = sk(a+T), fork=0,1,a.

Since a+ T is not a torsion element, this implies that r = s and ra? = sa, thus r = 0. This is
impossible since we have assumed that r # 0. O

4 Affine completeness of modules of rank greater than one

In this section we generalize some affine completeness results for modules of rank 1
over a commutative domain to modules over a commutative domain. We first give prelimi-
nary lemmas that we will need for our main result given by Theorem 4.4.

Lemma 4.1. Let A be a module over a ring R. Assume that for any d in A the annihilator
of the quotient A/Rd is the same as the annihilator of A. Then A is affine complete if and
only if any unary Con(A)-compatible function on A is a polynomial.
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Proof. We only have to prove that binary Con(A)-compatible operations on A are polyno-
mials [1, Theorem 5.2.3]. Let f be a binary Con(A)-compatible operation. Without loss of
generality, we may assume that f(0,0) = 0. Since unary Con(A)-compatible operations are
polynomials, for each x,y € A there exist k,,l,,b,,c, € R such that

f(x,y) =kyx+b, 4.1

fxy) =Ly+c,. (4.2)

Since f(0,0) = 0, we must have by = cg = 0. This shows that f(x,0) = ¢, = kox and f(0,y) =
by = lpy for all x,y in A. From (4.1) and (4.2) we obtain the equality:

(ky —ko)x = (L. = lo)y. (4.3)

We want to prove that the both sides of equation (4.3) are 0. Suppose that this condition
is not satisfied, then for example the left side is not identically zero. Therefore there exists
d in A such that the left side of (4.3) is not 0. Thus k;x # kox for some x. In A/Rd the
right side of (4.3) vanishes and the left side must also vanish. This shows that k; — kg is in
the annihilator of A/Rd. By hypothesis this annihilator is the same as the annihilator of A
which contradicts the fact that the left side of (4.3) is nontrivial for x # d. O

Lemma 4.2. Let A be a module over a commutative domain R. If A contains a free sub-
module of rank > 2, then A is affine complete if and only if each unary Con(A)-compatible
function on A is a polynomial.

Proof. We only need to prove that for each d in A the annihilator of A is the same as the
annihilator of A/Rd, that is, they are all trivial. Let a be an element of the annihilator of
A/Rd. Choose a free pair {x,y} in A. We have ax = td and ay = sd for some ¢ and s in R.
Clearly sax—tay = 0. Hence, due to the freeness of {x,y} we have ta = sa = 0. Observe
that, since R is a domain, then a # 0 implies that f = s = 0. We conclude that ax = 0 which
is absurd. Hence a = 0 and this leads to the result that the annihilator of A/Rd is trivial. O

The next corollary is direct.

Corollary 4.3. Let A be a module over a commutative domain R. If A contains a free
submodule of rank > 2, then every quotient of A by a cyclic submodule is unbounded.

We are now able to prove a generalized result.

Theorem 4.4. Let A be a module over a commutative domain. If A contains a free direct
summand of rank > 2, then A is affine complete.

Proof. Suppose that A has a free direct summand of rank at least 2. Then A contains
a submodule of rank at least 2. Hence A satisfies the hypothesis of lemma 4.2; so it is
sufficient to prove that every unary function on A, compatible with Con(A), is a polynomial
operation. From the hypothesis we know that

A=A &F
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where F is a free module whose rank > 2. Because of the compatibility of f with Con(A),
there are functions g : A| — A and & : F — F compatible with Con(A;) in A and with
Con(F) in F respectively, such that :

fx+y) =gx)+h(y) 4.4)

for every x € A} and y € F. We may also suppose that f is zero preserving, which is the
case for g and h. But F is affine complete by [1, Theorem 5.2.8], hence there exists r in R
such that A(y) = ry for every y in F'. Moreover, the compatibility of f and g respectively
with Con(A) and Con(A) implies that, for every x € A and y € F, there exists $y4y,7, € R
such that

fx+y)= sx+y(x+y)’ 8(x) =txx
Equation (4.4) thus implies that

Sx4yX = IxX, Sx4yy =Ty

for all x; € Ay and y € F. Taking y as a nonzero element we see that s,., = r for all x € A,
and y € F. We hence get that

fx+y)=r(x+y)
forall xe Ay andy € F. O
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