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On ADS modules with the summand sum property

Ozgiir Tasdemir®

*Trakya University, Faculty of Economics and Administrative Sciences, Department of Business Administration,
Balkan Campus, Edirne, Tiirkiye

Abstract. A module M is called ADS, if for any decomposition M = K&L of M and any complement N of K
inM, M = K&N. A module is said to have the summand sum property if the sum of any two direct summands
is a direct summand. In this note, we investigate ADS modules with the summand sum property.

1. Introduction

The objective of this article is to examine the family of ADS modules having the summand sum
property. Firstly, Fuchs [11] introduced ADS property for Abelian groups. In [7], Burgess and Raphael
define that a module M is an ADS module if for any decomposition M = K & L of M and any complement
Nof Kin M, M = K® N. Later, ADS modules were studied by many authors [1, 21-23, 25, 26]. In [25],
Takil Mutlu studied ADS modules having the summand intersection property (SIP), and the author calls
M is an SA module if it is ADS having SIP (see also [26-28]). In this paper, we study on ADS modules with
SSP. In Example 2.1, we provide some examples to show that the family of ADS modules and the family of
SSP modules are different, and we define that a module M is SSA if M is ADS module having SSP. Firstly
we remark that, SA modules are SSA (Example 2.4(1)). Some counter examples are provided in Example
2.9 that there exists an SSA module which is not SA. An equivalent condition for SSA modules is given in
Theorem 2.3 which tell us that a module M is SSA iff for any direct summand K of M and any complement
N of any direct summand of M, we have K + N <®* M. We have shown which module properties imply
the SSA property: If a module is both injective and prime then it is SSA, and every (weak) duo module
is SSA, and an extending module with SSP is an SSA module. A necessary condition for the equivalence
of SA and SSA module families is given in Proposition 2.10 that the family of SA modules and the family
of SSA modules coincide for D4-modules. It is proved in Proposition 2.12 that a direct summand of an
SSA module is SSA. But the direct sum of two SSA modules need not to be SSA (Example 2.13). We give
a condition as to when direct sum of SSA modules is SSA that if K and L are any two SSA modules over
a ring R satisfying that r(K) + r(L) = R, then the R-module K ® L is SSA (Theorem 2.14). In Theorem 2.15,
we prove that if M is an extending module, then M is SSA iff the sum of two closed submodules of M is closed.

In the rest of the paper, we characterize semisimple rings, right V-rings, right hereditary rings, von
Neumann regular rings and right Sl-rings with using SSA modules. For example, we prove in Remark
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2.17 that a ring R is semisimple iff any R-module is SSA; or equivalently, any finitely generated R-module
is SSA; or equivalently, the direct sum of any two SSA modules is SSA. A ring R is a right V-ring iff any
finitely cogenerated R-module is SSA; or equivalently, any finitely copresented R-module is SSA. A ring
R is right hereditary iff any injective R-module is SSA; or equivalently, any factor module of an injective
R-module is SSA; or equivalently, the sum of two injective submodule of any R-module is SSA. We provide
new characterizations of regular rings that a ring R is regular iff any principal right ideal of M,(R) is SSA;
or equivalently, any principal right ideal of M,(R) generated by a diagonal matrix is SSA; or equivalently,
any finitely generated submodule of a projective right R-module is a direct summand; or equivalently,
any finitely generated submodule of a projective right R-module is SSA; or equivalently, any 2-generated
submodule of a projective right R-module is SSA. At the end of the paper, we prove in Theorem 2.20 that a
ring R is right SIiff Ry is nonsingular and all singular right R-modules are SSA.

In this paper, R always denotes an associative ring with unity, and every module is unital, we use My to
denote a right R-module. K = K’ illustrates that there is an isomorphism between K and K’. The injective
hull of M will be denoted by E(M). K < M, K <** M and K <® M denote K is a submodule of M, is essential
in M and a direct summand of M, respectively. Wilson [29] defines a module M has SIP if for any K, L <® M,
KN L <®M. Garcia [12] calls a module M has SSP if for any K, L <® M, K+ L <® M. A module M is called:

o extending if any submodule is essential in a direct summand.
e C3 module if forany K, L <®* MwithKNL=0,K®L <® M.
e quasi-continuous if it is extending having C3.

Let R bering and 7 a positive integer, M,,(R) denote the ring of nxn matrices over R. For any terminology,
which is not presented, we suggest to see [4, 10, 19].

Now, we recall two known results that we will use frequently throughout the paper:

Lemma 1.1. [7, Proposition 1.1] Amodule M is ADS iff for any decomposition M = K® L, K and L are mutually
injective.

Lemma 1.2. [2, Theorem 8] A module M has SSP iff for any decomposition M = K & L and any homomorphism
0:K— L oK) <®L.
2. ADS modules with SSP: SSA Modules

At the beginning of the section, we give some examples to illustrate that the family of ADS modules
and the family of SSP modules are different.

Example 2.1. 1. Let F be a field and R be the ring below
u z 00
R = 8 g 2 p v,z,t € F}, and M = Rg. M does not have SSP by [15, Example 2.6]. Since M is
0 0 0 u

an injective right R-module by [17, Example 16.19], M is an ADS module.

2. Let M = Q & (Z/Zp) where p is prime. There is four direct summands as follows: 0@ 0, M, 0 ® (Z/Zp) and
Q&0. Thus, it is obvious that M has SSP. But M is not ADS by [25, Example 2.4].

From above mentioned examples, naturally, one might pose the question that “what can be said of a
module which is ADS with the summand sum property?”. Hence;

Definition 2.2. We call a module M is SSA if it is ADS having SSP. This abbreviation is initials of “summand”,
“sum” and “absolute” words.

Our next theorem gives an equivalent condition for SSA modules.
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Theorem 2.3. The following conditions are equivalent for an R-module M:

1. Misan SSA module;
2. for any direct summand K of M and any complement N of any direct summand of M, K + N <® M;

Proof. (1) = (2) Assume M is SSA. Let K, K’ <® M and N a complement of K’ in M. Since M is ADS,
M =K' &N, and hence N <® M. Thus K + N <® M because M has SSP.
(2) = (1) Assume M has the property above. Let M = K@ L be an arbitrary decomposition of M, and N be a
relative complement of K in M. Then K@ N <** M. By the hypothesis, K& N <® M. Thus, M = K& N, and
hence M is ADS. Now, let K, L <® M. Then M = L& L’ for some L’ < M. By [24, Lemma 2.2], L is a relative
complement of L’ in M. By (2), K+ L <® M, and hence M has SSP. [J

Clearly, uniform, indecomposable and semisimple modules are SSA modules. Now, we give some
non-trivial examples of SSA modules:

Example 2.4. 1. Every SA module is SSA. To show this, let M be SA. Then M is a C3 module by [21, Theorem
2.71. Then by [2, Lemma 19(1)], M has SSP, and hence M is SSA.

2. If R is injective and right Ore domain, then the right R-module R @ R is SSA by [6, Proposition 4] and [2,
Lemma 19(1)].

3. Any injective prime module is SSA by [15, Proposition 2.1] and [2, Lemma 19(1)].

A submodule X of M is called fully invariant, if for any endomorphism p of M, p(X) € X. A module
is called (weak) duo if every (direct summand) submodule is fully invariant. A module is weak duo iff its
endomorphism ring is Abelian (see [8, Theorem 4.4]). Takil Mutlu proved in [25, Proposition 2.15] that
if a module is extending, duo, PQ-injective, then M is SA. We can drop the extending and PQ-injective
assumptions of this result. Now, we prove that every (weak) duo module is an SA module (and hence an
SSA module):

Proposition 2.5. Any (weak) duo module is an SSA module.

Proof. Let M be a weak duo module. Then by [18, Theorem 5] M has both SIP and SSP. It remains to show
that any weak duo module is ADS. For this, let a weak duo module M = K@L be a direct sum of submodules
Kand L of M. Let N be a complement of K in M. By [8, Theorem 4.4], any direct summand of M is uniquely
complemented. Thus K@ N <** M = K& L. Since K is uniquely complemented, N <** L. It implies that
N=L,ie,M=K®N. Thus, Mis ADS. [

Corollary 2.6. If the direct sum K@ L is weak duo, then K and L are mutually injective.
Proof. 1t is clear by Proposition 2.5 and Lemma 1.1. [J

By Proposition 2.5, we can also state that any commutative ring is SA.
Proposition 2.7. If a module is extending with SSP, then it is an SSA module.
Proof. 1t is routine. [

Converse of this proposition is not true, in general. There exists an SSA module which is not extending:

Example 2.8. Let IF be a field and V be an F-vector space with dim Vg = 2. Let V = v;F® v, Fand R = []s N E] =

{[ 5 ; : f € F, v eV the trivial extension of IF by V. Since R is indecomposable as an R-module, R is an SSA

module. Take I; = {[ 8 U(1)f ] i fe ]F} and I, = {[ 8 véf ] i fe ]F} I is a complement of I in Rg. But I is
not a direct summand of Rg. So, Rg is not an extending module.
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Example 2.4(1) and the following two examples indicate that the class of SA modules is a proper subclass
of SSA modules.

Example 2.9. 1. Let Fbeafield and R = [](1)3 E] I= 8 i] and | = [lg Ig] are right R-modules. Let L = R/]
and K = I® L. K has SSP by [12, Remark on page 81]. 1t is showed in [2, Example 3] that K does not have SIP,
and also it is showed in [25, Example 2.3] that K is an ADS module. Consequently, K is SSA but it is not SA.

2. Consider M = Zy~ @ Zy~ as a Z-module. The authors showed in [15, Example 2.4(1)] that M is not SIP. Since
Z,y~ is an injective Z-module and any finite direct sum of injective modules is injective, M is injective. On the

other hand, since Z. is a right hereditary ring, M is an SSA module by Remark 2.17(3). But M is not SA.

Clear from the definitions, every module with SSP satisfies C3, and it is known from [21] that every ADS
module satisfies the C3 condition. From the above mentioned examples and propositions, we have the
following implications for an R-module M:

M has SSP
M is (weak) duo = M is SA = M is SSA = or = Mis C3
M is ADS

M s called a D4-moduleif K, L <® MwithM = K+Land K = L, then KNL <® M [9]. The next proposition
gives a condition as to when the family of SSA modules and the family of SA modules are equivalent.

Proposition 2.10. If M is a D4-module, then M is an SA module iff M is an SSA module.

Proof. The necessity is clear. The converse follows by [9, Example 2.7]. O
Corollary 2.11. For any ring R, R is right SA-ring iff it is right SSA-ring.
Proof. It is clear because any projective (free) R-module is a D4-module. [J

Right SA-rings were studied by Takil Mutlu in [26].
Proposition 2.12. Let M be SSA, and X <® M. Then N is also SSA.

Proof. Let M be an SSA module, and X <® M. Then M = X’ @ X for some X’ < M. Let K <® X, and N be
a complement of a direct summand L in X. We want to show that K+ N <® X. Clearly, K <® M. On the
other hand, there exists a submodule L’ of X such that X = L& L. Clearly M = X’ X = X’®L®L’. Clearly,
N is a complement of X’ @ L in M by [24, Lemma 2.2]. Since M is SSA, we have K + N <® M, and hence
K+N <®X.So, XisSSA. O

Now, we give various examples which show that direct sum of two SSA modules need not to be an SSA
module.

Example 2.13. 1. Let Z denote the ring of integer. Since Zz is indecomposable, Z.z is an SSA module. (Z©2Z)z
does not have SSP (see [2, Ex. 5]), and it is not ADS by Lemma 1.1. So, it is not SSA.
2. LetZy := Z[4Z. Since (Z4)z, is indecomposable, (Z.4)z, is an SSA module. The injective Z4-module Z,®Z4
is an ADS module but it does not have SSP. So, it is not an SSA module.
3. Let p be a prime integer. It is obvious that Q and Z./Zp is an SSA module. It is showed in Example 2.1(2) that
M = Q& (Z/Zp) has SSP, but it is not ADS. So, it is not SSA.

In the next result, for any K < M, #(K) denotes the right annihilator of K in R. Now, we give a condition
as to when direct sum of SSA modules to be SSA.

Theorem 2.14. Let K and L be any two SSA modules over a ring R satisfying that r(K) + r(L) = R. Then, the
R-module K@ L is SSA.
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Proof. Let X be a direct summand of K& L. By [15, Proposition 3.9], X = K; & L; where K; < Kand L; < L.
Clearly, K; <® Kand L; <® L. Now, let Z be a complement of a direct summand Y in K& L. Then again by
[15, Proposition 3.9], Y = K, ® L, and Z = K} & L}, where K, K} < K and L, L} < L. We want to show that
X+Z<® Ko L. Then,

KNK =K oeL)NK, <(KeL)NEK&L)=ZNnY =0,

LiNnL,=K,eL)NL < (KoL) NK, L) =ZNY =0,

and hence we have K, NK; = 0and L, N L, = 0., So, K} is a complement of K; in K, and L} is a complement
of L, in L. Since K and L are SSA modules, K; + K, <® Kand L; + L/, <® L. Thus,

(Ki+Ky)@® (L1 +L)=(Ki+L)+(Ky+L)=X+Z<*K@&L.
So, K@ L is an SSA module. O

Recall that any quasi-continuous module is ADS, but may not have SSP, please see Example 2.1(1). Thus,
a quasi-continuous module may not be SSA. On the other hand, an SSA module satisfies C3 but may not
be an extending module, see Example 2.8. So, an SSA module need not to be quasi-continuous.

Theorem 2.15. Let M be an extending module. M is an SSA module iff the sum of two closed submodules of M is
closed.

Proof. Suppose C and C’ be two closed submodules of M. Since M is an extending module, we have C,
C’ <® M. Since M has SSP, C + C’ <® M. Thus, C + C’ is closed in M. For the converse, let K, L <® M. By
the hypothesis, K + L is a closed in M. We have K + L <® M as M is extending. Then M is quasi-continous.
Thus, M is ADS by [7], and hence M is SSA. [J

Theorem 2.16. Let M = My @ M, be an R-module, and f : My — My a homomorphism, E(M) = E; ® E,, where E4
is injective hull of Im(f), and 1 : E(M) — E; projection map. If M is SSA, then (M) C® M.

Proof. Let M be SSA, and ¢ : M; — M, be a homomorphism. Now Im(c) <® M because M has SSP. The
submodule E; N M is a complement of Im(o) in M. Let’see this: if N is a complement containing E, N M in
M and n € N, it can be written thatn = e¢; + ey, ¢; € E;. If e; = 0, we haven = e, € E; N M. If e; # 0, then
there is r € R with 0 # re; € Im(o). Then rn = re; + re; and re; € Im(c) N N = 0, and this contradicts to our
assumption. Hence, M = Im(o) ® (E, N M) and n(M) = Im(c) because M is SSA. [

The rest of the paper, we characterize some well-studied rings with using SSA modules. As an analogue
of [5, Corollary 3.3], it is easy to prove the fact that if M @ E(M) is SSA, then M is an injective module.
With using this fact and using similar techniques in [3, 5], it is not difficult to prove the next four results in
Remark 2.17, thus, we give them without proofs.

Remark 2.17. Let R be an arbitrary ring.

(1) Rissemisimple iff any R-module is SSA iff any finitely generated R-module is SSA iff any 2-generated R-module
is SSA iff the direct sum of any two SSA modules is SSA iff any submodule of a projective R-module is SSA
iff any submodule of R @ R is SSA iff any submodule of an injective R-module is SSA iff any SSA R-module is
injective.

(2) Ris a right V-ring (that is, any simple right R-module is injective [30]) iff any finitely cogenerated R-module
is SSA iff any finitely copresented R-module is SSA.

(3) R is right hereditary (that is any factor module of an injective module is injective [30, 39.16]) iff any injective
R-module is SSA iff any factor module of an injective R-module is SSA iff the sum of two injective submodule
of any R-module is SSA.

(4) R is a von Neumann regular ving iff any principal right ideal of M>(R) is SSA iff any principal right ideal of
M, (R) generated by a diagonal matrix is SSA iff any finitely generated submodule of a projective right R-module
is SSA iff any 2-generated submodule of a projective right R-module is SSA.
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As a consequence of Remark 2.17(3), we can state the following two corollaries.
Corollary 2.18. Let M be an arbitrary module over a right hereditary ring R. Then E(M) is an SSA R-module.
Corollary 2.19. Let M be an arbitrary Z-module (i.e., Abelian group). Then, E(M) is an SSA module.

There exists a module over a right hereditary ring which is not SSA, please see Example 2.13(1).

R is called a right SI-ring if all singular right R-modules are injective; or equivalently, all singular right
R-modules are semisimple [14, Proposition 3.1].

Theorem 2.20. The next conditions are equivalent for a ring R:

(1) Risaright SI-ring;

(2) R is right nonsingular and all singular right R-modules are SA;
(3) R is right nonsingular and all singular right R-modules are SSA;
(4) R is right nonsingular and all singular right R-modules have SIP;
(6) R is right nonsingular and all singular right R-modules have SSP.

Proof. (1) = (2) First note that any right SI-ring is right nonsingular by [10, p.127]. If R is a right SI-ring,
then all singular right R-modules are injective, and hence ADS. Then by [14, Proposition 3.1], all singular
right R-modules is semisimple, and hence SA.

(2) = (3) = (5) and (2) = (4) Clear.

(4) = (1) Let A be a singular right R-module. By [13, Proposition 1.22(b) and 1.23(c)], E(A) ® E(E(A)/A)
is singular. Then, by the hypothesis, E(A) & E(E(A)/A) has SIP. Let p : E(A) — E(A)/A be the canonical
epimorphism, and i : E(A)/A — E(E(A)/A) be the inclusion map. Clearly, Ker(iop) = Ker(p) since i is
monomorphism. Then Ker(iop) = Ker(p) = A <® E(A) by [16, Proposition 1]. Thus, A is injective. Conse-
quently, R is right SL

(5) = (1) We consider an arbitrary singular R-module A. By above facts, A ® E(A) is singular. By the
hypothesis, A ® E(A) has SSP. Leti : A — E(A) be an injection map. Then A = i(A) <® E(A) by Lemma 1.2.
Thus, A is injective, and hence R is right SI. [J
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