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Abstract. The main result of this paper is that: If R is a weak right PS-ring, then A = R[z; «, 4],
the Ore extension ring, is a weak right PS-ring whenever the following conditions hold on R is an
(o, 0)-compatible NI-ring with nil(R) nilpotent, a(e) = e and d(e) = 0 for every idempotent e € R.
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1. Introduction

Throughout this article, all rings are associative with unity (R denotes such a ring)
and all modules are unital R-modules unless explicitly indicated otherwise.

According to Nicholson and Watters [6], Mg is called a PS-module if every simple
submodule is projective, equivalently if its socle, Soc (Mg), is projective. Examples of
PS-modules include nonsingular modules and modules with zero socle. A left PS-module
rM is defined analogously. A ring R is said to be a left PS-ring if rR is a PS-module.
Equivalently, if the left annihilator of every maximal right ideal of R is a principal left ideal
generated by an idempotent. Some examples of PS-rings include semiprime and p.p.-rings
are PS-rings. In particular every Baer ring is a PS-ring. The notion of PS-rings is not
left-right symmetric (cf. [6]). In [6], the authors proved that, if R is a PS-ring so also are
R[z] and R[[z]]. The converse of this result is false in general by the following example:

Example 1 ([6], Example 3.2). If R = Z4, then R[z]| and R][[z]] are PS-rings but R is not
PS-ring.

Many authors investigated the behavior of PS-rings with respect to their extensions.
Salem et. al., in ([9], 2015), characterized PS-modules over Ore extensions and skew gen-
eralized power series extensions. Also, Farahat and Al-Harthy, in ([3], 2017), investigated
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PS-modules over generalized Mal’cev-Neumann series rings. In ([8], 2017), Paykan proved
that, under suitable conditions, if R is a right PS-ring, then so the skew inverse power
series rings.

Recently, Farahat and Al-Bogamy, in ([2], 2018), extend the notation of PS-rings to
weak PS-rings. Recall the definition of weak PS-rings from [2]: A ring R satisfies the
right weak PS-condition if, the weak annihilator of every maximal right ideal of R is a
principal left ideal generated by an idempotent. Similarly, the left weak PS-condition was
defined. A ring R satisfies the weak PS-condition if it satisfies both the right and the
left weak PS-conditions. The following are some examples of rings satisfy the right weak
PS-condition.

Example 2 ([2]). 1) Any local ring is a right weak PS-ring.
2) The ring Zy, of integers modulo pq, where p and ¢ are distinct prime numbers, is a
reduced (weak) PS-ring.

3) Let F be a field and R = ( rr ) is a right weak PS-ring.

F F
4) A semisimple NI ring is a right weak PS-ring.

In this paper, we study the transfer of right weak PS-condition between a base ring R
and its Ore extension A = Rx; o, d].

2. Notations

(1) Id (R) denotes idempotents of R.
(2) nil (R) denotes nilpotents of R.

(3) For a nonempty subset X of R, N,(X) denotes the weak annihilator of X over R,
ie.,

N,(X)={a € Rlax €nil(R) forall z € X }.

It can be easily shown that

ab € nil (R) < ba € nil (R) for all a,b € R.

(4) R is NI if nil (R) is a two sided ideal in R.

3. Ore extension rings satisfy the weak PS-condition

Ore extensions, named after Dystein Ore (1899-1968), are special types of ring ex-
tensions whose properties are relatively well understood. These extensions cover a large
class of noncommutative polynomial extensions. are special types of ring extensions whose
properties are relatively well understood. The definition of noncommutative polynomial
rings with identity was first introduced by Qystein Ore [7]. Ever since the appearance of
Ore’s fundamental paper [7], Ore extensions have played an important role in noncom-
mutative. Ore extensions have wide applications. Not only do they provide interesting
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examples in noncommutative algebra, they have also been a valuable tool used first by
David Hilbert (1862-1943) in the study of the independence of geometry axioms.

Let R be a ring with identity 1 and o an endomorphism of R. Then amap d : R — R
is called an a-derivation of R if

d(a+b)=0d(a)+d(b) and 6 (ab) =5 (a)b+ a(a)d (b),
for all a,b € R.

We denote by A = R[z;,d], the Ore extension of R whose elements are polynomials
over R, the addition is defined as usual and the multiplication is subject to the relation
(Ore commutation rule)

za=a(a)z+9d(a), for each a € R.

We assume that 1 is the identity element of A = R[z;«,d]. This means that (1) = 1 and
d (1) =0, since
r=zl=a(l)z+46(1) = a(l)=1and §(1) =0.

Notation ([5]). For integers i,j with j > 1 > 0, /\g € End(R,+) denotes the map which
is the sum of all possible "words” in o and § built with i letters of a and j — i letters of
0. For instance

M = Idg, M =al, N} = and
)\j;l = d75+ad 25+ ...+ 6L

Lemma 1 ([5]). For any positive integer n and r € R, we have
n
z"r = Z A (7).
1=0

This formula uniquely determines a general product of (left) polynomials in R [x;a, 0] and
will be used freely in what follows.

The ring-theoretical properties of Ore extension have been investigated by many au-
thors (see [9], [8], [5], [1], [4], for instance). There are many other papers addressed § = 0
and « an automorphism or the case where « is the identity. However the recent surge of
interest in quantum groups and quantized algebras has brought renewed interest in general
Ore extensions, due to the fact that many of these quantized algebras and their repre-
sentations can be expressed in terms of Ore extension rings. When we move from these
“unmixed” polynomials to the general case with an endomorphism « and an a-derivation
0, we face a much greater challenge.

Annin [1] introduced the notion of («, §)-compatibility as follows:

Definition 1 ([1]). Given a module Mg, an endomorphism « : R — R and an a-
derivation ¢ : R — R. We say that Mp is a-compatible if for each m € M and r € R, we
have mr = 0 < ma(r) = 0. Moreover, we say that Mg is §-compatible if for each m € M
and r € R, we have mr = 0 = md(r) = 0. If My is both a-compatible and §-compatible,
we say that Mp is (a, d)-compatible.
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A ring R is called (o, §)-compatible if Rp is an («, §)-compatible module. The («, §)-
compatible condition on the module Mpg is a natural, independently interesting condition
from which we can derive a number of interesting properties, and it will be of invaluable
service in the proof of our main results.

Remark ([1]). (1) If Mg is a-compatible, then Mg is a/-compatible for all i > 1,

(2) If Mg is 6-compatible, then Mp is §*-compatible for all i > 1,

(3) If Mg is (o, d)-compatible, then for each m € M and r € R, we have mr = 0 —
mX!(r) =0 for all j > i > 0.

In what follows, we characterize Ore extension rings that satisfy the weak PS-condition.
We need first the following Lemmas which will help us in our target.

Lemma 2. Let R be an («,0)-compatible NI ring. If a € nil (R), then )\g(a) € nil (R) for
all j >i> 0.

Proof. Clearly for any R-endomorphism «, we have o* (nil (R)) C nil (R), for any positive
integer k. Since R is an («,§)-compatible ring, we have also that 6% (nil (R)) C nil(R).
Since R is an NI ring, we conclude that A/ (a) € nil (R) for any a € nil(R) and for all
j>i>0.

Lemma 3. Let R be an (a,d)-compatible NI ring with nil (R) nilpotent and f(x) =
i a;xt € A = Rlx;a,8]. Then f(x) € nil(A) if and only if a; € nil (R) for all inte-
jq:e(;“s 0<1?<n.

Proof. (=) Suppose that f(x) € nil (A). Then there exists some positive integer k such

that .
0= (f(x»k = (ao + a1z + a2x2 + ...+ anx") .
Then

0= (f(2))* = “lower terms” 4 ana”(an)a™ (ay)...a* =" (a,)z*".

Hence a,a™(a,)a?(ay)...a*"Y%(a,) = 0, and a-compatiblility of R, gives a, € nil (R).
So M (ap) € nil (R) for all j >4 > 0. Let Q = ag + a1z + asz? + ... 4+ ap_12" 1. Then we
have

0 = (Q+ anz™’ = (Q + anz™) (Q + ana™) ... (Q + anz™)
k-factor
- (Q2 + Qanpx™ + apz™Q + anx”anw”) o (Q+ apx™)
= Q' +A4,

where A € A. Note that the coefficients of A can be written as sums of monomials in a;
and A (a;), where a;,a; € {ag,ai1,a2,...,a,} and v > u > 0, and each monomial has a,
and A\l (ay) as a factor. Since nil (R) is an ideal, we obtain that each monomial of A is in
nil (R) and so A € nil (R) [z; @, d] . Thus we obtain

_1\k
Qk = (a0+a1x+a2m2+...+an_1x" 1)
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= “lower terms” + an_lan_l(an_l)...oz(k_l)(”_l)(an_l)xk(”_l)

€ nil(R)[z;a,0].
Therefore a, 1™ (an_1)...a® DD (q, 1) € nil (R) and so a,_1 € nil (R). By using
induction on n we obtain a; € nil (R) for all 0 < i < n.

(«<=) Consider the finite subset S = {aog, a1, az,...,a,} C nil(R). Since R is an NI ring
with nil (R) nilpotent, there exist integers k; such that

(a;R)" =0, 0 <i<n.
Let k=ko+ k1 + ... +k, + 1. Then we have (aiR)k =0, 0 <i<n. We have

(flx)F = (ao + a1z + asaz® + ... + anx”)k

= Zai)\%(ao) + (Z apNy(a1) + Zaix\ﬁ(ao)) z
(Z az)\o az) + Zaz (a1) + Zaz)‘2 a0)>

1=2

<Z (Z ai\y(ag—s )) 2+ L+ ana” (an)x™.

s=0

We show that the coefficients of (f(z))* can be written as sums of monomials of length k
in a; and A}(a;), where a;,a; € {ag,a1,a2,...,a,} and v > u > 0 are integers. By using
(av, 8)-compatiblility of R and (a;R)" =0, 0 < i < n, we have

i

Qi AZQ (am))‘z@ (@iy).- Auil,z (aik) =0,
where {a;,, @iy, ..., a;, } € S. Thus (f(z))* = 0. Hence f(z) is a nilpotent of A = R [x; a, 8] .

Corollary 1. If f(z) = ag + a7 + a2 + ... + a,2" € A = R[z;0,8], R is an (a,6)-
compatible ring and satisfies any one of the following conditions:

1) R is a Noetherian ring,

2) R has either the ACC or DCC on left annihilators,

then f(x) € nil (A) if and only if a; € nil (R) for all 0 < i < n.

Proof. If R satisfies any one of the conditions (1) and (2), then R is an NI ring with
nil (R) nilpotent. Hence the result follows directly from Lemma 3.

Lemma 4. Let R be an («, §)-compatible NI ring with nil (R) nilpotent and a,b € R. Then
ab € nil (R) if and only if a\l,(b) € nil (R), where v > u > 0 are integers.

Proof. (=) Suppose that ab € nil(R), so ba € nil(R). Assume that f(z) = b and
g(x) = axr € A = R[z;e,0]. Then f(x)g(x) € nil(A), so g(z)f(x) = ad(b) + aa(b)x €
nil (R) [x; «, 0] . Thus ad(b),ac(b) € nil (R). Now suppose that h(x) = «(b) and k(z) =
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ar € A = R[z;a,6]. Then h(x)k(x) € nil(A), so k(z)h(zx) = ad(a(b)) + aa?(b)x €
nil (R) [x; , 6] . Thus ad(a(b)), aa?(b) € nil (R) . Since ad(b) € nil (R), for p(z) = §(b) and
q(z) = ar € A = R[r;q,0], we have p(z)q(z) € nil (A), so q(x)p(z) = ad®(b)+aa(s(b))r €
nil (R) [x; , §] . Thus ad?(b), ac(5(b)) € nil (R) . Continuing in this process we get

aa™ (6™ (a2 (5™2...a" (5™ (b))))) € nil (R),

where n;, m; are nonnegative integers. Thus aAj(b) € nil(R), where v > u > 0 are
integers.

(«<=) Suppose that a)(b) € nil(R), where v > u > 0 are integers. By using (a,9)-
compatiblility of R, we can conclude that ab € nil (R).

Proposition 1. Let R be an («,0)-compatible NI ring with nil (R) nilpotent, f(x) =
> aixt and g(x) = Y bz’ € A = Rlz;a,8]. Then f(z)g(x) € nil(A) if and only if
i=0 =0

a;b; € nil (R) for all integers 0 < i <mn and 0 < j < m.

Proof. Suppose that f(z) = Y a;2® and g(z) = 3 bja? € A such that f(z)g(z) €
i=0 j=0

nil (A) . Since R is an («, 6)-compatible NI ring with nil (R) nilpotent, we get, from Lemma

3, the following:

Aptm = ana”(by,) € nil (R), (1)

Apim1 = an0" (byp—1) + an_10"" (b)) + anA?_1(by) € nil (R), (2)

Apim-2=an0"(bm-2)+ > aiX, ;(bm-1)+ Y aid; o(bm) €nil(R).  (3)
i=n—1 i=n—2

From Eq.(1) and Lemma 4, we obtain a,by,, € nil (R). So, bya, € nil (R). If we multiply
Eq.(2) on the left side by b,,, then we get b,,a, 10" 1(by,) € nil (R) . Thus, by Lemma 4,
we obtain a,_1by, € nil (R). Again from Eq.(2) and Lemma 4, we obtain anb,,—1 € nil (R) .
Applying the preceding method repeatedly, we deduce that a;b; € nil (R) for all integers
0<i<nand 0<j7<m.
n . m .
Conversely, suppose that f(z) = ) a;2" and g(x) = ) bja? € A such that a;b; € nil (R)
i=0 §=0
for all integers 0 < ¢ <n and 0 < j < m. We show that f(z)g(x) € nil(A). From Lemma
3 and Lemma 4, we get the following:

a,(b) € nil (R), where v > u > 0 are integers.
Hence f(x)g(z) € nil (A4).
Now we can turn to our main Theorems in the paper.

Theorem 1. Let R be an (a, §)-compatible NI ring with nil (R) nilpotent, such that a(e) =
e and §(e) = 0 for every e € Id(R). If R is a weak right PS-ring, then A = R[z;a, 0] is
a weak right PS-ring.
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Proof. Let L be a maximal right ideal of A = R|[z;«,d]. We will show that either

N (L) € nil(A) or Ng (L) = Agq, where g € Id(A). Let I be the set of all coefficients of

all polynomials in L and let J be the right ideal of R generated by I, i.e.,
J={(I),=1IR.

T

If J = R, then there exist a1, a9, ...,a, € I and r1,719,...,7, € R, such that

l=air1+asrs+ ... + anry.

k , n :
Suppose that p(z) = ) bjz' € Ny (L), then for every f(z) = > aja’ € L, we have
i=0 j=0

k n
o) f(x) = (Z bi$i> Zajazj € nil(A4).
i=0 =0

Since R is an («, d)-compatible NI ring with nil (R) nilpotent, from Lemma 1, we get that
bja; € nil(R), for all integers 0 < ¢ < k and 0 < j < n. Consequently, for every a € I,
bja € nil(R), for all integers 0 < i < k. Hence b; € Nr(J) = Ni(R) = nil(R), for all
integers 0 < i < k. Therefore ¢(z) € nil(A). Hence N4 (L) C nil(A).

If J # R, we show that J is a maximal right ideal of R. Let r € R— J. If r € L, thenr €
and so r € J, which is a contradiction. Thus r ¢ L. Since L is a maximal right ideal of A,
we have

A=L+rA.

It follows that there exist f(x) = Y a;2' € L and h(x) = Y bja’ € A, such that
i=0 j=0

1 =ag+ rby.

If aqp =0, then 1 =rby € rR and so R = J + rR.

If ag # 0, then ag € I C J which implies that R = J + rR. Hence J is a maximal right

ideal of R.

Since R is a weak right PS-ring, it follows that either Ny (J) C nil(R) or Ng (J) = Re,

where e € Id(R).

Case (1): Assume that Ng (J) C nil(R). We will show that N4 (L) C nil(A). Let ¢ (x) =
k n
S>> mxt € Ng (L). Then for every g (z) =

i=0 Jj=0

k n
¢ (x)g(x) = (Z mz:I:Z) Zajxj € nil(A4).
=0 =0

a;jr’ € L, we have

Since R is an («, d)-compatible NI ring with nil (R) nilpotent, from Lemma 1, we get that
bia; € nil(R), for all integers 0 < ¢ and 0 < j. Consequently, for every a € I, bja € nil(R),
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for all integers 0 < i. Hence b; € Ng(J) = Ngr(R) = nil(R), for all integers 0 < i.
Therefore ¢(x) € nil(A) and we have N4 (L) C nil(A).
Case (2): Assume that Np (J) = Re, where e € Id(R). We will show that N4 (L) = Ah,

k .
where h € Id(A). Let p(z) = > bjz* € N4 (L) and ¢(x) ¢ nil(A), then for every f(x) =
i=0

n
> ajx’ € L, we have
J=0

k n
o) f(z) = (Z bil‘i> Zajxj € nil(A4).
i=0 =0

Since R is an («, d)-compatible NI ring with nil (R) nilpotent, from Lemma 1, we get that
bja; € nil(R), for all integers 0 < ¢ < k and 0 < j < n. Consequently, for every a € I,
bia € nil(R), for all integers 0 < i < k. For any m € J, there exist a1, ag,...,a, € I and
r1,72,...,Tn € R, such that

q = a1r1tazre + ...+ aprn,
biq = (bija1)ry + (bjag) ra + ... + (biap) rn,

hence b;q € nil(R), for all integers 0 < i < k, so b; € Nr(J) = Re, for all integers
0 < i < k. Therefore there exist t; € R such that b; = t;e, for all integers 0 < i < k. Since
for any idempotent e € R we have a(e) = e and §(e) = 0, we can conclude that

k k k
o(x) = Zbimi = Ztiexi = (Z timi> e € Ah,
where h = e = ¢ = h? € A.
Therefore N4 (L) = Ah, where h € Id(A) and the result is proved.

Theorem 2. Let R be an («,d)-compatible NI ring with nil (R) nilpotent. If R is a weak
left PS-ring, then A = R [x;«,d] is a weak left PS-ring.

Proof. The proof is similar to the previous proof of Theorem 1. The only thing we need
to note here is that, If L is a maximal left ideal of A = R|z;a, 0], then, by analogue
manner as above, we get in case (2) that b; € Nr(J) = Re, for all integers 0 < i < k.
Therefore there exist t; € R such that b; = et;, for all integers 0 < i < k. So

k k k
o(e) =3 bt =3 et = ¢ (Z m> € hA,
i=0 i=0 i=0
where h = ¢ = 2 = h? € A.

Therefore N4 (L) = hA, where h € Id(A) and the result is proved.



REFERENCES 172

Assume that ¢ is the zero map, then A = R [z; ], the usual skew polynomial ring over
R, and we get the following corollaries:

Corollary 2. Let R be an a-compatible NI ring with nil (R) nilpotent, such that a(e) = e
for every e € Id(R). If R is a weak right PS-ring, then A = Rlx;a] is a weak right
PS-ring.

Corollary 3. Let R be an a-compatible NI ring with nil (R) nilpotent. If R is a weak left
PS-ring, then A = R [x;a] is a weak left PS-ring.

Assume that « is the identity map, then A = R [x;¢], the differential polynomial ring
over R, and we get the following corollaries:

Corollary 4. Let R be a §-compatible NI ring with nil (R) nilpotent, such that 6(e) = 0 for
every e € Id(R). If R is a weak right PS-ring, then A = R [x;4] is a weak right PS-ring.

Corollary 5. Let R be a §-compatible NI ring with nil (R) nilpotent. If R is a weak left
PS-ring, then A = R [x;0] is a weak left PS-ring.

Assume that « is the identity map and 0 is the zero map, then A = R [z], the usual
polynomial ring over R, and we get the following corollary:

Corollary 6. Let R be an NI ring with nil (R) nilpotent. If R is a weak right (left)
PS-ring, then A = R[] is a weak right (left) PS-ring.
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