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Abstract. Rege and Chhawchharia, as well as Nielsen, introduced the con-
cept of a right McCoy ring, based on McCoy’s theorem in 1942 for the anni-
hilators in polynomial rings over commutative rings. Alhevaz et al. in 2012
investigated a natural generalization of a right McCoy ring that is called a weak
(σ, δ)-skew McCoy ring, where σ is an endomorphism and δ is a σ-derivation of
a given ring. In this paper, we continue to investigate the structural properties
of these rings and examine their behavior under various extensions. Specifi-
cally, we prove that while the full matrix ring over a weak (σ, δ)-skew McCoy
ring does not generally preserve this property, the upper triangular matrix
ring does under suitable conditions. Furthermore, we explore the stability of
this property in polynomial extensions, direct products, classical right quotient
rings, and skew power series rings.
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1. Introduction

Throughout this paper R denotes an associative ring with identity unless other-
wise stated. Let N(R) be the set of all nilpotent elements in R. We use R[x] to
denote the polynomial ring with an indeterminate x over R. Let Cf(x) denote the
set of all coefficients of f(x) ∈ R[x]. Denote the n by n full matrix ring over R
by Matn(R) and the n by n upper triangular matrix ring over R by Un(R). Use
Eij for the matrix with (i, j)-entry 1 and elsewhere 0. By Zn we mean the ring of
integers modulo n.

In 1942, McCoy [18] showed that if two polynomials annihilate each other over a
commutative ring, then each polynomial has a nonzero annihilator in the base ring.
Weiner [22] showed this fact fails in noncommutative rings. Based on this result,
Nielsen [20] and Rege and Chhawchharia [21] called a noncommutative ring R right
McCoy (resp., left McCoy) if whenever any nonzero polynomials f(x), g(x) ∈ R[x]

satisfy f(x)g(x) = 0, then f(x)c = 0 (resp., cg(x) = 0) for some nonzero c ∈ R,
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and a ring R is called McCoy if it is both left and right McCoy. The concept of a
McCoy ring is generalized in [7] to a weak McCoy ring. A ring R is called right weak
McCoy if for any nonzero polynomials f(x) and g(x) in R[x], f(x)g(x) = 0 implies
f(x)c ∈ N(R)[x] for some 0 6= c ∈ R, equivalently, there exists 0 6= c ∈ R such that
ac ∈ N(R) for any a ∈ Cf(x). Left weak McCoy rings are defined analogously, and
a ring R is called weak McCoy if it is both left and right weak McCoy. To have
the terminology be more expressive, Camillo et al. [4] called a weak McCoy ring a
nilpotent coefficient McCoy ring, or an NC-McCoy ring for short. Furthermore, the
structure and several kinds of extensions of right weak McCoy rings are investigated,
and the structure of minimal right weak McCoy rings is also examined in [4]. Recall
that a ring R is called reduced if N(R) = 0. There exist several generalizations of
a reduced ring. Cohn [5] called a ring R reversible if ab = 0 implies ba = 0 for
a, b ∈ R. Due to Narbonne [19], a ring R is called semicommutative if ab = 0

implies aRb = 0 for a, b ∈ R. A ring is called Abelian if every idempotent is
central. Semicommutative rings are easily shown to be Abelian, but not conversely
in general. Nielsen developed and extended the concept of a McCoy ring. In
particular, he showed that any reversible ring is McCoy [20, Theorem 2] and gave
an example that is a semicommutative ring but not McCoy [20, Section 3]. Let
N∗(R) and N∗(R) denote the prime radical and the upper nilradical (i.e., the sum
of all nil two-sided ideals) of a ring R, respectively. Note N∗(R) ⊆ N∗(R) ⊆ N(R).
A generalization of a semicommutative ring is the 2-primal condition. A ring R

(possibly without identity) is called 2-primal [3] if N∗(R) = N(R). Note that a ring
R is 2-primal if and only if R/N∗(R) is reduced. In [17], a ring R (possibly without
identity) is called NI if N∗(R) = N(R). Note that R is NI if and only if N(R) forms
a two-sided ideal if and only if R/N∗(R) is reduced. It is well-known that 2-primal
rings are NI, but the converse need not hold. But if R is an NI ring of bounded
index of nilpotency, then R is 2-primal by [14, Proposition 1.4]. Recall that for an
endomorphism σ of a ring R, the additive map δ : R → R is called a σ-derivation
if δ(ab) = δ(a)b+ σ(a)δ(b) for any a, b ∈ R. For a ring R with an endomorphism
σ of R and a σ-derivation δ, the Ore extension R[x; σ, δ] of R is the ring obtained
by giving the polynomial ring over R a new skew-multiplication xr = σ(r)x+ δ(r)

for all r ∈ R (while R[[x;σ, δ]] is called a skew power series ring). If δ = 0, then
we write R[x;σ] for R[x;σ, 0] and it is called a skew polynomial ring (or, an Ore
extension of endomorphism type), and for an identity endomorphism 1R of R, we
write R[x; δ] for R[x; 1R, δ] and it is called an Ore extension of derivation type. In
particular, R[x; 1R, 0] is the polynomial ring R[x] over R. In 2009, Başer et al. [2]
introduced the notion of a skew McCoy ring R with respect to an endomorphism σ
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of R. Let σ be an endomorphism of a ring R. The ring R is called a skew McCoy
ring with respect to σ (simply, σ-skew McCoy ring) if for any nonzero polynomials
p(x) =

∑m
i=0 aix

i and q(x) =
∑n

j=0 bjx
j ∈ R[x;σ], p(x)q(x) = 0 implies p(x)c = 0

for some nonzero c ∈ R. Habibi et al. [10] called a ring R (σ, δ)-skew McCoy if
for any nonzero polynomials p(x) =

∑m
i=0 aix

i and q(x) =
∑n

j=0 bjx
j ∈ R[x;σ, δ],

p(x)q(x) = 0 implies aixic = 0 for some nonzero c ∈ R for each i, where δ is the
σ-derivation. Each McCoy ring is (σ, δ)-skew McCoy, where σ = 1R and δ = 0, but
not conversely in general. In the special case, the concept of a (σ, 0)-skew McCoy
ring coincides with what Başer et al. [2] called σ-skew McCoy ring.

From now on, we let σ denote an endomorphism with σ(1) = 1 (where 1 is the
identity of R) of a given ring R; we do not assume that σ is nonzero or nonidentity,
so that the special case σ = 1R discussed later in the paper is included, and the
additive map δ denote a σ-derivation, unless specified otherwise. Alhevaz et al. [1]
generalized the concept of a (σ, δ)-skew McCoy ring as follows and they just studied
the class of rings which strictly contains such rings.

2. (σ, δ)-skew McCoy rings

Definition 2.1. [1, Definition 3.1] A ring R is called weak (σ, δ)-skew McCoy if for
any nonzero polynomials p(x) =

∑m
i=0 aix

i and q(x) =
∑n

j=0 bjx
j ∈ R[x;σ, δ] with

p(x)q(x) = 0, there exists nonzero c ∈ R such that aixic ∈ N(R)[x;σ, δ] for all i.

In this paper, we continue the study of weak (σ, δ)-skew McCoy rings, such
as their structure, characterization and extensions. Basic properties of weak (σ, δ)-
skew McCoy rings are observed and some of the known results on right weak McCoy
rings are obtained as corollaries.

As basic examples of weak (σ, δ)-skew McCoy rings, we have the following Propo-
sition 2.2 and Proposition 3.3 which extend the results of [4, Proposition 3(1, 2)].

Recall that an ideal (a subset) I of a ring R is called a σ-stable ideal (subset)
(resp., δ-stable ideal (subset)) of R if σ(I) ⊆ I (resp., δ(I) ⊆ I), and if I is both a
σ-stable ideal (subset) and a δ-stable ideal (subset), then we call I a (σ, δ)-stable
ideal (subset).

Proposition 2.2. If a ring R contains a nonzero nil (σ, δ)-stable ideal, then R is
a weak (σ, δ)-skew McCoy ring.

Proof. Let I be a nonzero nil (σ, δ)-stable ideal of R, and choose 0 6= c ∈ I. Since
I is stable under both σ and δ, every coefficient occurring in the expansion of xic
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belongs to I for each i ≥ 0. Hence, for every r ∈ R, all coefficients of rxic belong
to RI ⊆ I, and therefore are nilpotent. Now let

p(x) =

m∑
i=0

aix
i, q(x) ∈ R[x;σ, δ]

be nonzero polynomials such that p(x)q(x) = 0. The above argument shows that,
for each i, the polynomial aixic has all its coefficients in N(R). Thus R is weak
(σ, δ)-skew McCoy. □

Corollary 2.3. (1) If 0 6= N∗(R) is a (σ, δ)-stable ideal of a ring R, then R is a
weak (σ, δ)-skew McCoy ring.

(2) [7, Proposition 2.7] If R is an NI ring, then R is weak McCoy.

Proof. (1) follows from Proposition 2.2. □

3. Matrix rings

For a ring R with an endomorphism σ and σ-derivation δ, the corresponding
(aij) 7→ (σ(aij)) induces endomorphism of Matn(R). We denote each of them by
σ̄. Similarly, the σ-derivation δ is also extended to δ̄ defined by δ̄((aij)) = (δ(aij)).

One may conjecture that the n× n full matrix ring over any ring is weak (σ̄, δ̄)-
skew McCoy for n ≥ 2, but the possibility is erased by the next example, in general.

Example 3.1. We adopt the argument in the proof of [4, Theorem 5]. Let R be a
reduced ring with a monomorphism σ. Consider the ring Matn(R) for n ≥ 2. Note
that Matn(R)[x; σ̄] ∼= Matn(R[x;σ]) for n ≥ 2. Consider nonzero polynomials

p(x) =


1 x · · · xn−1

xn xn+1 · · · x2n−1

...
... · · ·

...
xn(n−1) xn(n−1)+1 · · · xn

2−1

 and q(x) =



x x · · · x

−1 −1 · · · −1

0 0 · · · 0
...

... · · ·
...

0 0 · · · 0


in Matn(R)[x; σ̄] with p(x)q(x) = 0. Assume to the contrary that Matn(R) is
weak σ̄-skew McCoy. Then there exists 0 6= C = (cij) ∈ Matn(R) such that
p(x)C ∈ N(Matn(R))[x; σ̄]. For

p(x) = E11 + E12x+ · · ·+ E1nx
n−1 + E21x

n + E22x
n+1 + · · ·+ E2nx

2n−1 + · · ·

+ En1x
n(n−1) + En2x

n(n−1)+1 + · · ·+ Ennx
n2−1,
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we have

E11C,E12σ̄(C), . . . , E1nσ̄
n−1(C), E21σ̄

n(C), E22σ̄
n+1(C), . . . , E2nσ̄

2n−1(C), . . . ,

En1σ̄
n(n−1)(C), En2σ̄

n(n−1)+1(C), . . . , Ennσ̄
n2−1(C) ∈ N(Matn(R)).

Then there exists kij for any i and j such that

[E11((cij))]
k11 = 0, [E12(σ(cij))]

k12 = 0, . . . , [E1n(σ
n−1(cij))]

k1n = 0,

[E21(σ
n(cij))]

k21 = 0, [E22(σ
n+1(cij))]

k22 = 0, . . . , [E2n(σ
2n−1(cij))]

k2n = 0, . . . ,

[En1(σ
n(n−1)(cij))]

kn1 = 0, [En2(σ
n(n−1)+1(cij))]

kn2 = 0, . . . , [Enn(σ
n2−1(cij))]

knn = 0.

To see why this forces C = 0, fix 1 ≤ p, q ≤ n and k ≥ 0, and write σ̄k(C) =

(σk(cij)). Since Epq has 1 in the (p, q) position and 0 elsewhere, matrix multipli-
cation gives

(Epqσ̄
k(C))p,l = σk(cql) for all l, (Epqσ̄

k(C))s,l = 0 for s 6= p.

Thus Epqσ̄
k(C) has all its nonzero entries confined to row p, and an easy induction

on m gives(
Epqσ̄

k(C)
)m
p,l

=
(
σk(cqp)

)m−1
σk(cql) (m ≥ 1), and

(
Epqσ̄

k(C)
)m
s,l

= 0 (s 6= p).

Hence if Epqσ̄
k(C) is nilpotent, say its kpq-th power is 0, then taking l = p gives(

σk(cqp)
)kpq

= 0, so σk(cqp) ∈ N(R). Since R is reduced, N(R) = 0, and so
σk(cqp) = 0; as σ is a monomorphism, so is σk, and therefore cqp = 0. Applying
this to each of the n2 terms listed above - where, following the indexing of p(x),
the pair (i, j) ranges over all 1 ≤ i, j ≤ n with exponent k = n(i − 1) + (j − 1) -
yields cji = 0 for every i, j ∈ {1, . . . , n}. Thus C = 0; which is a contradiction.
Thus Matn(R) is not weak (σ̄, 0̄)-skew McCoy.

Note that the class of weak (σ, δ)-skew McCoy rings is not closed under homo-
morphic images by the following example. For a ring R with an endomorphism σ

and the σ-derivation δ, let I be a (σ, δ)-ideal of R. Then σ̄ : R/I → R/I defined by
σ̄(r+ I) = σ(r) + I is an endomorphism of the factor ring R/I and δ̄ : R/I → R/I

defined by δ̄(r + I) = δ(r) + I is a σ̄-derivation of R/I.

Example 3.2. It is a well-known fact that if D is any domain with a monomor-
phism σ and a σ-derivation δ, thenD[x;σ, δ] is also a domain. HenceD is (σ, δ)-skew
McCoy, and therefore weak (σ, δ)-skew McCoy. Now, let R be the ring of quater-
nions with integer coefficients with the identity endomorphism σ = 1R and δ = 0

(so that the derivation induced on the factor ring below is also 0, matching the hy-
pothesis of Example 3.1), then R is weak (σ, δ)-skew McCoy, since R is a domain.
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But for any odd prime integer q, we have R/qR ∼= Mat2(Zq) by the argument in
[8, Exercise 2A]. Since q is prime, Zq is a field and in particular reduced, and σ

induces a monomorphism σ̄ on R/qR; since δ = 0, Example 3.1 applies directly to
R/qR ∼= Mat2(Zq). Then the factor ring R/qR is not weak (σ̄, 0̄)-skew McCoy by
Example 3.1.

Alhevaz et al. [1] introduced a skew triangular matrix ring as a set of all upper
triangular matrices with addition point-wise and new multiplication defined by
(aij)(bij) = (cij), where cij = aiibij +ai(i+1)α(b(i+1)j)+ · · ·+aijαj−i(bjj) for each
i ≤ j, where (aij), (bij) ∈ Un(R) (n ≥ 2) over a ring R with an endomorphism
α, and denoted by Un(R,α). Note that Un(R, 1R) = Un(R), where 1R is the
identity endomorphism of R. Let Dn(R) be the ring of all matrices in Un(R)

whose diagonal entries are all equal, and Vn(R) be the ring of all matrices (aij)

in Dn(R) such that ast = a(s+1)(t+1) for s = 1, . . . , n − 2 and t = 2, . . . , n − 1.
Then Dn(R,α) and Vn(R,α) are subrings of Un(R,α), and Vn(R,α) is a subring
of Dn(R,α). There is a ring isomorphism ϕ : R[x;α]/(xn) → Vn(R,α), given by
ϕ(a0 + a1x+ · · ·+ an−1x

n−1 + (xn)) = (a0, a1, . . . , an−1), with ai ∈ R, where (xn)

is the ideal generated by xn. So Vn(R,α) ∼= R[x;α]/(xn).

Let σ and α be endomorphisms and δ a σ-derivation of R such that σα =

ασ, δα = αδ and σδ = δσ. Then the corresponding (aij) 7→ (σ(aij)) induces
endomorphisms of Un(R,α), Dn(R,α) and Vn(R,α), respectively. We denote each
of them by σ̄. Similarly, the σ-derivation δ is also extended to δ̄ defined by δ̄((aij)) =
(δ(aij)).

The following generalizes the results of [4, Proposition 3(4, 5, 6)] and [7, Propo-
sition 2.2].

Proposition 3.3. Let σ and α be endomorphisms and δ a σ-derivation of R such
that σα = ασ, δα = αδ and σδ = δσ. Then we have the following.

(1) Un(R,α) is a weak (σ̄, δ̄)-skew McCoy ring for n ≥ 2.
(2) Dn(R,α) is a weak (σ̄, δ̄)-skew McCoy ring for n ≥ 2.
(3) Vn(R,α) is a weak (σ̄, δ̄)-skew McCoy ring for n ≥ 2.

Proof. (1) Put c = E1n. Then 0 6= c ∈ Un(R,α). For every B = (bij) ∈ Un(R,α),
the definition of the multiplication in Un(R,α) gives BE1n = b11E1n. Consequently,
(BE1n)

2 = 0 since n ≥ 2, and hence BE1n ∈ N(Un(R,α)).
Since σ(1) = 1 and δ is a σ-derivation, δ(1) = 0. Thus σ̄(E1n) = E1n and

δ̄(E1n) = 0. Therefore, in Un(R,α)[x; σ̄, δ̄], xE1n = E1nx, and hence xiE1n =

E1nx
i for every i ≥ 0.
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Now let p(x) =
∑m

i=0Aix
i be a nonzero polynomial. For every i, Aix

ic =

AiE1nx
i ∈ N(Un(R,α))[x; σ̄, δ̄]. Thus the same nonzero element c = E1n satisfies

the condition in Definition 2.1, and Un(R,α) is weak (σ̄, δ̄)-skew McCoy.
(2) and (3) Since E1n ∈ Vn(R,α) ⊆ Dn(R,α), and both subrings are stable

under σ̄ and δ̄, the same argument applies verbatim. Hence Dn(R,α) and Vn(R,α)
are weak (σ̄, δ̄)-skew McCoy. □

The next example shows that the class of weak (σ, δ)-skew McCoy rings strictly
contains (σ, δ)-skew McCoy rings, in general.

Example 3.4. For any ring R with a monomorphism σ, α = 1R and δ = 0, let
A = U2(R). Then A is weak σ̄-skew McCoy by Proposition 3.3(1). For

p(x) =

(
1 0

0 0

)
+

(
0 −1

0 0

)
x, q(x) =

(
0 0

0 1

)
+

(
0 1

0 0

)
x ∈ A[x; σ̄],

we have p(x)q(x) = 0. To see that there cannot exist a nonzero C ∈ A with

p(x)C = 0, write C =

(
a b

0 d

)
∈ A. Since p(x) = E11 − E12x and δ = 0, we have

xC = σ̄(C)x, we compute

p(x)C = E11C − E12σ̄(C)x =

(
a b

0 0

)
−

(
0 σ(d)

0 0

)
x.

Thus p(x)C = 0 forces a = 0, b = 0, and σ(d) = 0; since σ is a monomorphism,
σ(d) = 0 implies d = 0, so C = 0. Hence there cannot exist nonzero C ∈ A such
that p(x)C = 0, and thus A is not σ̄-skew McCoy.

A ring R is called Dedekind finite if ab = 1 implies ba = 1 for a, b ∈ R. Every
Abelian ring is Dedekind finite but not conversely. Moreover there exists a weak
(σ, δ)-skew McCoy ring which is not Dedekind finite by almost the same argument
as in [4, Example 7].

4. Polynomial rings

For an endomorphism σ and a σ-derivation δ of a ring R, the map σ̄ : R[y] → R[y]

defined by σ̄(
∑m

i=0 aiy
i) =

∑m
i=0 σ(ai)y

i is an endomorphism of the polynomial ring
R[y], and clearly this map extends σ, and the σ-derivation δ of R is also extended to
δ̄ : R[y] → R[y] defined by δ̄(

∑m
i=0 aiy

i) =
∑m

i=0 δ(ai)y
i. It can be easily checked

that δ̄ is a σ̄-derivation of the ring R[y]. Throughout this section, we reserve x
for the indeterminate of an Ore extension (such as R[x;σ, δ] or (R[y])[x; σ̄, δ̄]) and
y for the indeterminate of the ordinary polynomial ring R[y], so as to avoid any
confusion between the two.
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Theorem 4.1. For a ring R, let σ be an endomorphism of R and δ a σ-derivation
with δσ = σδ. If R[y] is weak (σ̄, δ̄)-skew McCoy, then R is weak (σ, δ)-skew McCoy.

Proof. Suppose that R[y] is weak (σ̄, δ̄)-skew McCoy, and let p(x) =
∑m

i=0 aix
i

and q(x) =
∑n

j=0 bjx
j be nonzero elements of R[x;σ, δ] such that p(x)q(x) = 0.

Via the natural embedding ι : R[x;σ, δ] −→ (R[y])[x; σ̄, δ̄], we may regard p(x)

and q(x) as nonzero polynomials in (R[y])[x; σ̄, δ̄], still satisfying p(x)q(x) = 0.
Hence there exists 0 6= c(y) = c0 + c1y + · · · + cry

r ∈ R[y] such that aixic(y) ∈
N(R[y])[x; σ̄, δ̄] for every 0 ≤ i ≤ m.

Since σδ = δσ, we have xic(y) =
∑i

k=0

(
i
k

)
σ̄ i−k δ̄ k(c(y))xi−k. Therefore aixic(y) =∑i

k=0

(
i
k

)
aiσ̄

i−k δ̄ k(c(y))xi−k. Thus, for every i and every 0 ≤ k ≤ i, hik(y) :=(
i
k

)
aiσ̄

i−k δ̄ k(c(y)) ∈ N(R[y]).
Let l be the least integer such that cl 6= 0. Since cj = 0 for j < l, the polynomial

hik(y) has no terms of degree less than l, and the coefficient of yl is
(
i
k

)
aiσ

i−kδk(cl).
Since hik(y) is nilpotent, say hik(y)

t = 0, the coefficient of ylt in hik(y)
t is((

i
k

)
aiσ

i−kδk(cl)
)t. Hence

(
i
k

)
aiσ

i−kδk(cl) ∈ N(R) for every i and k.
Consequently, every coefficient of aixicl =

∑i
k=0

(
i
k

)
aiσ

i−kδk(cl)x
i−k is nilpo-

tent. Therefore aixicl ∈ N(R)[x;σ, δ] for every i. Since cl 6= 0, Definition 2.1 shows
that R is weak (σ, δ)-skew McCoy. □

Remark 4.2. For a ring R, let σ be an endomorphism and δ a σ-derivation of R.
If R is a ring with the nonzero nilpotent (σ, δ)-stable ideal N∗(R), then N∗(R) and
N∗(R)[y] are nil (σ, δ)-ideals of R and R[y], respectively. Thus R is weak (σ, δ)-skew
McCoy and R[y] is weak (σ̄, δ̄)-skew McCoy by Proposition 2.2.

According to Krempa [16], an endomorphism σ of a ring R is called rigid if
aσ(a) = 0 implies a = 0 for a ∈ R. Hong et al. [12] called a ring R a σ-rigid ring
if there exists a rigid endomorphism σ of R. Note that any rigid endomorphism of
a ring is a monomorphism and σ-rigid rings are reduced rings by [12, Proposition
5]. Following [11], a ring R is called σ-compatible if for each a, b ∈ R, ab = 0 ⇔
aσ(b) = 0, and R is called δ-compatible if for each a, b ∈ R, ab = 0 ⇒ aδ(b) = 0.
If R is both σ-compatible and δ-compatible, then R is called (σ, δ)-compatible, in
this case, the endomorphism σ is clearly a monomorphism. In [1, Corollary 3.7],
every (σ, δ)-compatible and semicommutative ring is weak (σ, δ)-skew McCoy. On
the other hand, for a σ-ideal I of a ring R, I is called a σ-rigid ideal of R [13] if
aσ(a) ∈ I for a ∈ R implies a ∈ I. Obviously, R is a σ-rigid ring if and only if the
zero ideal of R is a σ-rigid ideal. If R is a σ-rigid ring, then N∗(R) = 0 is clearly a
σ-rigid ideal, but not conversely by [15, Example 2.4].
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Proposition 4.3. For a ring R, let σ be an endomorphism and δ a σ-derivation
of R. If N∗(R) is a σ-rigid and δ-ideal of R, then R is weak (σ, δ)-skew McCoy.

Proof. Suppose that N∗(R) is a σ-rigid and δ-ideal and let p(x)q(x) = 0 for
nonzero polynomials p(x) = a0+a1x+ · · ·+amxm and q(x) = b0+ b1x+ · · ·+ bnxn

in R[x;σ, δ]. Since p(x)q(x) = 0, in particular p(x)q(x) ∈ N(R)[x;σ, δ] (the zero
polynomial trivially has all coefficients nilpotent). As N∗(R) is a σ-rigid δ-ideal of
R, [15, Theorem 2.12] applies with n = 2 to p(x), q(x) ∈ R[x;σ, δ] and gives

aibj ∈ N(R) for every ai ∈ Cp(x) = {a0, . . . , am} and bj ∈ Cq(x) = {b0, . . . , bn}.

Fix any nonzero coefficient bj0 of q(x) (one exists since q(x) 6= 0). By [15,
Proposition 2.5(1)] (again using that N∗(R) is a σ-rigid δ-ideal), aibj0 ∈ N(R) for
each i implies aif ik(bj0) ∈ N(R) for all 0 ≤ k ≤ i, where f ik is the sum of all
words in σ, δ occurring in the generalized Leibniz expansion xir =

∑i
k=0 f

i
k(r)x

k of
R[x;σ, δ]. Hence every coefficient of

aix
ibj0 = ai

( i∑
k=0

f ik(bj0)x
k
)
=

i∑
k=0

aif
i
k(bj0)x

k

lies in N(R), that is, aixibj0 ∈ N(R)[x;σ, δ] for every i, showing that R is weak
(σ, δ)-skew McCoy. □

Corollary 4.4. Every (σ, δ)-compatible NI ring is weak (σ, δ)-skew McCoy.

Proof. By [15, Proposition 2.3], if R is a (σ, δ)-compatible NI ring, then N∗(R) is
a σ-rigid δ-ideal of R. It follows from Proposition 4.3 that R is weak (σ, δ)-skew
McCoy. □

Note that we don’t know whether or not the weak (σ, δ)-skew McCoy property
of R can go up to the weak (σ̄, δ̄)-skew McCoy property of R[x]. But the following
provides us some condition for a weak σ-skew McCoy ring R such that R[x] becomes
a weak σ̄-skew McCoy ring.

Proposition 4.5. For a ring R, let σ be an endomorphism of R such that σt = 1R

for some positive integer t where 1R denotes the identity endomorphism of R. If R
is a weak σ-skew McCoy ring with N(R)[x] ⊆ N(R[x]), then R[x] is weak σ̄-skew
McCoy.

Proof. Let R be a weak σ-skew McCoy ring and N(R)[x] ⊆ N(R[x]). Suppose
that p(y) = f0(x) + · · · + fm(x)ym and q(y) = g0(x) + · · · + gn(x)y

n are nonzero
polynomials in (R[x])[y; σ̄] with p(y)q(y) = 0. We also let fi(x) = ai0 + · · · +
aiwi

xiwi , gj(x) = bj0 + · · · + bjvj x
jvj for each 0 ≤ i ≤ m and 0 ≤ j ≤ n,
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where ai0 , . . . , aiwi
, bj0 , . . . , bjvj ∈ R. Take a positive integer k such that k =

1 +
∑m

i=0 deg(fi) +
∑n

j=0 deg(gj) where the degree of the zero polynomial is taken
to be 0. Now set

P = f0(x
t) + f1(x

t)xtk+1 + · · ·+ fm(xt)x(tk+1)m,

and

Q = g0(x
t) + g1(x

t)xtk+1 + · · ·+ gn(x
t)x(tk+1)n

in R[x;σ]. Then P 6= 0 and Q 6= 0 from p(y) 6= 0 and q(y) 6= 0. Thus p(y)q(y) =
0 in (R[x])[y; σ̄] implies PQ = 0 in R[x;σ], since the set of coefficients of the
fi’s (resp., gj ’s) equals the set of coefficients of P (resp., Q) and xt commutes
with all elements of R in R[x;σ] from σt = 1R by hypothesis. Since R is weak
σ-skew McCoy, there exists nonzero c ∈ R such that Pc ∈ N(R)[x;σ]. Then
fi(x

t)σi(c) ∈ N(R)[x;σ, 0] and so aijσ
i(c) ∈ N(R) for each i = 0, . . . ,m and

j = 0, . . . , wi. Hence (ai0 + · · · + aiwi
xiwi )σi(c) ∈ N(R)[x] ⊆ N(R[x]) for all i

and thus fi(x)σ̄i(c)yi ∈ N(R[x])[y; σ̄, 0̄], entailing that p(y)c ∈ N(R[x])[y; σ̄] for
0 6= c ∈ R[x]. Therefore R[x] is a weak σ̄-skew McCoy ring. □

In Proposition 4.5, if N(R[x]) is a subring of R[x], then the condition “N(R)[x] ⊆
N(R[x])” can be obtained. In fact, for any a ∈ N(R) and nonnegative integer t,
axt is nilpotent. Thus axt ∈ N(R[x]), and so N(R)[x] ⊆ N(R[x]) as the latter is
closed under addition.

5. Other relations

Let Rγ be a ring with an endomorphism σγ and a σγ-derivation δγ for each
γ ∈ Γ. Let

∏
γ∈ΓRγ and ⊕γ∈ΓRγ be the direct product and direct sum of Rγ ,

respectively. If we take R =
∏

γ∈ΓRγ or R = ⊕γ∈ΓRγ , then the map σ : R → R

defined by σ((aγ)) = (σγ(aγ)) is an endomorphism and the map δ : R→ R defined
by δ((aγ)) = (δγ(aγ)) is a σ-derivation.

Recall that a ring R is said to be of bounded index (of nilpotency) if there exists
a positive integer n such that an = 0 for all a ∈ N(R).

For the direct-sum assertion below, rings are allowed to be without identity when
Γ is infinite.

Proposition 5.1. Let Rγ be a ring with an endomorphism σγ and a σγ-derivation
δγ for each γ ∈ Γ, and let σ be an endomorphism and δ a σ-derivation of R =∏

γ∈ΓRγ as defined above.
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(1) Suppose that the direct product R =
∏

γ∈ΓRγ is of bounded index of nilpo-
tency. If Rγ is weak (σγ , δγ)-skew McCoy for each γ ∈ Γ, then the direct
product of Rγ is weak (σ, δ)-skew McCoy.

(2) If Rγ is weak (σγ , δγ)-skew McCoy for each γ ∈ Γ, then the direct sum of
Rγ is weak (σ, δ)-skew McCoy.

Proof. (1) Let R =
∏

γ∈ΓRγ and suppose that R has bounded index of nilpotency.
Then N(R) =

∏
γ∈ΓN(Rγ). Indeed, one inclusion is immediate. Conversely, the

common bound on the nilpotency indices in R also bounds the nilpotency indices
in every Rγ , and hence any element of

∏
γ∈ΓN(Rγ) is nilpotent in R.

Let p(x) =
∑m

i=0 aix
i and q(x) =

∑n
j=0 bjx

j be nonzero elements of R[x;σ, δ]
with p(x)q(x) = 0. Write p(x) = (p(γ)(x))γ∈Γ and q(x) = (q(γ)(x))γ∈Γ.

For each γ ∈ Γ, choose cγ ∈ Rγ as follows. If q(γ)(x) = 0, put cγ = 0. If
q(γ)(x) 6= 0 and p(γ)(x) = 0, choose any 0 6= cγ ∈ Rγ . Finally, if both p(γ)(x)

and q(γ)(x) are nonzero, the weak (σγ , δγ)-skew McCoy property of Rγ provides
0 6= cγ ∈ Rγ such that, for every i, a(γ)i xicγ ∈ N(Rγ)[x;σγ , δγ ].

Put c = (cγ)γ∈Γ. For every i, each coefficient of aixic has its γ-coordinate in
N(Rγ). Hence, by N(R) =

∏
γ∈ΓN(Rγ), we obtain aix

ic ∈ N(R)[x;σ, δ] for every
i. Since q(x) 6= 0, there exists γ0 such that q(γ0)(x) 6= 0. By the construction above,
cγ0 6= 0, and hence c 6= 0. Therefore R is weak (σ, δ)-skew McCoy.

(2) Let R =
⊕

γ∈ΓRγ . Use exactly the same choice of cγ as above. Since cγ = 0

whenever q(γ)(x) = 0, we have supp(c) ⊆ supp(q), and the latter is finite. Thus
c ∈

⊕
γ∈ΓRγ .

Moreover, N
(⊕

γ∈ΓRγ

)
=
⊕

γ∈ΓN(Rγ), because every element of the direct
sum has finite support. The same coordinatewise argument therefore gives aixic ∈
N(R)[x;σ, δ] for every i, with c 6= 0. Hence the direct sum is weak (σ, δ)-skew
McCoy. □

Recall that a subset S of a ring R is strictly multiplicative if 0 /∈ S, 1 ∈ S, and
ab ∈ S for any a, b ∈ S. The set S is a right Ore set if for any a ∈ R and s ∈ S,
aS ∩ sR 6= ∅. If S is the set of all regular elements of R, and S is a right Ore set,
then R has a classical right quotient ring Q(R) = {as−1 | a ∈ R, s ∈ S}.

To extend σ and δ to Q(R), we assume throughout this part of the section that

(∗) σ(s) = s and δ(s) = 0 for every s ∈ S.

This is the natural compatibility needed to make the extension well defined, and, as
shown below, is exactly what allows elements of S to be moved freely past x when
clearing denominators. Under (∗), the extensions σ, δ : Q(R) → Q(R) defined by
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σ(as−1) = σ(a)σ(s)−1 = σ(a)s−1, δ(as−1) = δ(a)σ(s)−1−σ(a)σ(s)−1δ(s)σ(s)−1 =

δ(a)s−1 make σ an endomorphism of Q(R) extending σ and δ a σ-derivation of
Q(R) extending δ. In particular, (∗) gives, for every s ∈ S,

xs = σ(s)x+ δ(s) = sx,

so every element of S commutes with x in Q(R)[x;σ, δ], and hence xis = sxi for
all i ≥ 0.

Remark 5.2. For any nonzero F (x) =
∑k

i=0 γix
i ∈ Q(R)[x;σ, δ], there exist v ∈ S

and c0, . . . , ck ∈ R with γiv = ci for every i (a common right denominator for the
finitely many coefficients γi), obtained by the standard iterated application of the
right Ore condition (see e.g. [8, Ch. 9]). By (∗),

F (x)v =
∑
i

γix
iv =

∑
i

γivx
i =

∑
i

cix
i =: f(x) ∈ R[x;σ, δ],

and f(x) 6= 0 since v is invertible in Q(R). Note that the correspondence ci = γiv

is degree-preserving: distinct powers of x are never mixed.

Theorem 5.3. Let R be a ring with a classical right quotient ring Q(R), where S
satisfies (∗), and let σ, δ be the extensions of σ, δ to Q(R) described above. If R is
weak (σ, δ)-skew McCoy, then Q(R) is weak (σ, δ)-skew McCoy.

Proof. Let P (x)Q(x) = 0 for nonzero P (x) =
∑

i αix
i, Q(x) =

∑
j βjx

j ∈
Q(R)[x;σ, δ]. By Remark 5.2 applied to P (x), there is v ∈ S with p(x) :=

P (x)v =
∑

i cix
i ∈ R[x;σ, δ] nonzero, where ci = αiv. Since P (x) = p(x)v−1,

0 = P (x)Q(x) = p(x)
(
v−1Q(x)

)
, and F (x) := v−1Q(x) is nonzero, as v−1 is a

unit of Q(R) and Q(x) 6= 0. Applying Remark 5.2 again, this time to F (x), gives
u ∈ S with q(x) := F (x)u ∈ R[x;σ, δ] nonzero. Right multiplying the equation
p(x)F (x) = 0 by u yields p(x)q(x) = p(x)F (x)u = 0. Thus p(x), q(x) are nonzero
elements of R[x;σ, δ] with p(x)q(x) = 0.

Since R is weak (σ, δ)-skew McCoy, there exists 0 6= γ ∈ R such that cixiγ ∈
N(R)[x;σ, δ] for every i. Put C := vγ ∈ R ⊆ Q(R); since v is a unit of Q(R) and
γ 6= 0, C 6= 0. Using associativity and then (∗) (so that v may be moved past each
power of x via xiv = vxi), αix

iC = αix
i(vγ) = (αix

iv)γ = (αivx
i)γ = (αiv)x

iγ =

cix
iγ for every i. Hence αix

iC = cix
iγ ∈ N(R)[x;σ, δ] ⊆ N(Q(R))[x;σ, δ] for

every i, where the last inclusion holds because every nilpotent element of R remains
nilpotent in the overring Q(R). Since C 6= 0, this shows that Q(R) is weak (σ, δ)-
skew McCoy. □
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In the Ore extension the twisted multiplication is governed by

(†) xnc =

n∑
t=0

πn
t (c)x

t,

where each πn
t is a finite sum of length-n words in σ and δ (in particular πn

n = σn);
every πn

t maps a (σ, δ)-stable subset of R into itself. From now on, we assume
that R[[x;σ, δ]] is well defined; a standard sufficient condition is that δ be locally
nilpotent (for each b ∈ R, δm(b) = 0 for some m), as shown by [9].

Lemma 5.4. Suppose N(R) is a nilpotent (σ, δ)-stable ideal, say N(R)k = 0.
Then N(R)[[x;σ, δ]] is a two-sided ideal of R[[x;σ, δ]] with (N(R)[[x;σ, δ]])k = 0;
consequently, N(R)[x;σ, δ] ⊆ N(R)[[x;σ, δ]] ⊆ N(R[[x;σ, δ]]).

Proof. Put I = N(R). By hypothesis, Ik = 0. As I is a (σ, δ)-stable ideal, we
verify directly that N(R)[[x;σ, δ]] = I[[x;σ, δ]] is a two-sided ideal of R[[x;σ, δ]]:
for c ∈ I, closure under right multiplication follows from (cxi)r =

∑i
t=0 c π

i
t(r)x

t ∈
I[[x;σ, δ]] since I is a right ideal, while closure under left multiplication follows
from r(cxi) = (rc)xi and x(cxi) = σ(c)xi+1 + δ(c)xi, using σ(c), δ(c) ∈ I. Fur-
thermore, by repeated use of the multiplication rule (†), each coefficient of a prod-
uct of k elements of I[[x;σ, δ]] is obtained as a finite sum. Expanding each map
πm
t into its constituent words and applying distributivity, every such coefficient

becomes a finite sum of terms of the form c1 w1(c2)w2(c3) · · ·wk−1(ck), where
c1, . . . , ck ∈ I and each wi is a word in σ and δ. Since I is (σ, δ)-stable, both
σ and δ map I into itself; hence every composition of σ and δ also maps I into
itself, so wi(cj) ∈ I and every summand belongs to Ik. Therefore every coefficient
lies in Ik = 0, and

(
N(R)[[x;σ, δ]]

)k
= 0. Since N(R)[[x;σ, δ]] is a nilpotent ideal of

R[[x;σ, δ]], every element of it is nilpotent; hence N(R)[[x;σ, δ]] ⊆ N(R[[x;σ, δ]]).
Also N(R)[x;σ, δ] ⊆ N(R)[[x;σ, δ]] trivially. □

Theorem 5.5. Let R be a ring with an automorphism σ and a σ-derivation δ with
δσ = σδ. Assume that

(1) every nonzero right annihilator in R[[x;σ, δ]] contains a nonzero polynomial
in R[x;σ, δ];

(2) R is a weak (σ, δ)-skew McCoy ring; and
(3) N(R) is a nilpotent (σ, δ)-stable ideal.

If 0 6= f(x) ∈ R[x;σ, δ] and 0 6= g(x) ∈ R[[x;σ, δ]] satisfy f(x)g(x) = 0, then there
exists 0 6= c ∈ R such that f(x) c ∈ N(R)[x;σ, δ] ⊆ N

(
R[[x;σ, δ]]

)
.

Proof. Let I = rR[[x;σ,δ]](f(x)) be the right annihilator of f(x) in R[[x;σ, δ]]. Since
f(x)g(x) = 0 with g(x) 6= 0, we have g(x) ∈ I, so I is a nonzero right annihilator.
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By (1), I contains a nonzero polynomial h(x). Hence f(x) and h(x) are nonzero
elements of R[x;σ, δ] satisfying f(x)h(x) = 0. By (2) and Definition 2.1 applied
to the pair (f, h), there is 0 6= c ∈ R with aix

ic ∈ N(R)[x;σ, δ] for all i, where
f(x) =

∑n
i=0 aix

i. Since N(R)[x;σ, δ] is closed under finite sums (being an addi-
tive subgroup, indeed an ideal), f(x) c =

∑n
i=0 aix

ic ∈ N(R)[x;σ, δ]. Finally, by
Lemma 5.4, N(R)[x;σ, δ] ⊆ N(R)[[x;σ, δ]] ⊆ N

(
R[[x;σ, δ]]

)
. □

The following examples show that hypothesis (1) is not vacuous: it holds, to-
gether with hypotheses (2) and (3), on rings carrying genuine zero divisors, so
Theorem 5.5 has content. In both examples σ = 1R and δ = 0 (a permitted special
case), and we verify the stronger statement that every nonzero annihilator contains
a nonzero constant.

Example 5.6. (The reduced case: R = F × F ) Let F be a field and R = F × F .
Then N(R) = 0, so (3) holds with the zero ideal, and, since R is commutative, R
is McCoy by [18], hence weak McCoy, i.e., (2). Here T := R[[x]] = F [[x]] × F [[x]]

with idempotents e1 = (1, 0), e2 = (0, 1), and since F [[x]] is a domain,

annT
(
(ϕ, ψ)

)
= annF [[x]](ϕ)× annF [[x]](ψ) ∈ { 0, e1T, e2T, T }.

The annihilator of any subset is an intersection of such sets; as e1T ∩ e2T = 0, it
again lies in {0, e1T, e2T, T}, and each nonzero member contains a nonzero constant
(e1, e2, or 1). Therefore hypothesis (1) holds. The theorem has content: for the
nonzero polynomial f = e1 and the nonzero non-polynomial series g =

(
0, 1

1−x

)
, we

have fg = 0, and the proof yields c = e2 with f(x)c = e1e2 = 0 ∈ N(R)[x;σ, δ].

Example 5.7. (The nilpotent case: R = F [t]/(t2)) Let R = F [t]/(t2), where F is a
field. Then N(R) = (t) is a nonzero nil ideal with N(R)2 = 0; as σ = 1R and δ = 0,
it is trivially (σ,δ)-stable, hence a nonzero nil (σ, δ)-stable ideal and thus (3) holds
and, by Proposition 2.2, so does (2). Writing an element of T := R[[x]] as u + tv

with u, v ∈ F [[x]] (and t2 = 0), one has (u1+ tv1)(u2+ tv2) = u1u2+ t(u1v2+v1u2),
so for g = u+tv, h = p+tq, we have gh = 0 ⇐⇒ up = 0 and uq+vp = 0. As F [[x]]
is a domain: if u 6= 0, then annT (g) = 0; if u = 0, v 6= 0, then annT (tv) = t F [[x]].
Hence every nonzero annihilator of an element or a subset is t F [[x]] or T , each
containing a nonzero constant (t or 1). Therefore hypothesis (1) holds; a zero
divisor is t · t = 0, e.g. f = t, g = t 1

1−x give fg = 0 with g /∈ R[x].

Remark 5.8. The preceding computations instantiate Fields’ theorem [6]: over
a commutative Noetherian ring, every zero divisor of R[[x]] is annihilated by a
nonzero constant of R; thus any commutative Noetherian ring furnishes a setting
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in which nonzero power-series annihilators meet R nontrivially, which is the mech-
anism behind hypothesis (1). Examples 5.6 and 5.7 are the simplest reduced and
nonreduced examples.

Corollary 5.9. Let R be an NI ring with an automorphism σ and a σ-derivation
δ satisfying δσ = σδ. Suppose that N(R) is nilpotent, δ(N(R)) ⊆ N(R), and every
nonzero right annihilator in R[[x;σ, δ]] contains a nonzero polynomial. If R is weak
(σ, δ)-skew McCoy, then, for any 0 6= f(x) ∈ R[x;σ, δ] and 0 6= g(x) ∈ R[[x;σ, δ]]

with f(x)g(x) = 0, there exists 0 6= c ∈ R such that f(x)c ∈ N(R)[x;σ, δ] ⊆
N(R[[x;σ, δ]]).

Proof. Since R is NI, N(R) is a two-sided ideal, and it is nilpotent by hypothesis.
Moreover, every ring endomorphism preserves nilpotency, so σ(N(R)) ⊆ N(R),
while δ(N(R)) ⊆ N(R) holds by assumption. Hence N(R) is a nilpotent (σ, δ)-
stable ideal. Thus all the hypotheses of Theorem 5.5 are satisfied, and the conclu-
sion follows. □

Remark 5.10. In Theorem 5.5, the nilpotency of N(R) (hypothesis (3)) is what
places the conclusion in the nilradical of the power series ring: by Lemma 5.4, it
makes N(R)[[x;σ, δ]] a nilpotent ideal of R[[x;σ, δ]], so that

N(R)[x;σ, δ] ⊆ N
(
R[[x;σ, δ]]

)
.

The well-definedness of R[[x;σ, δ]] is a separate matter, assumed here; local nilpo-
tence of δ is a standard sufficient condition.
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