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Abstract. We determine when an element in a noncommutative ring is the sum of an
idempotent and a radical element that commute. We prove that a 2 × 2 matrix A over
a projective-free ring R is strongly J-clean if and only if A ∈ J(M2(R)), or I2 − A ∈

J(M2(R)), or A is similar to
(

0 λ

1 µ

)

, where λ ∈ J(R), µ ∈ 1 + J(R), and the equation

x2 − xµ − λ = 0 has a root in J(R) and a root in 1 + J(R). We further prove that
f(x) ∈ R[[x]] is strongly J-clean if f(0) ∈ R be optimally J-clean.

Keywords: idempotent matrix; nilpotent matrix; projective-free ring; quadratic equation;
power series

MSC 2020 : 15A09, 16E50, 16U60

1. Introduction

Let R be an associative ring with identity. An element a ∈ R is called strongly

J-clean if a is the sum of an idempotent and a radical element that commute. Every

strongly J-clean element is clean, i.e., it is the sum of an idempotent and a unit,

see [1], [5], [6], [10], [11], [12]. But the converse is not true. It is of interest to inves-

tigate when an element in a ring is strongly J-clean. Recently, strong J-cleanness

in a commutative ring has been studied by many authors, see [2], [3], [4], [9]. The

motivation of this paper is to explore when an element in a noncommutative ring is

the sum of idempotent and radical element that commute.

A ring R is a projective-free ring if every generated projective right R-module

is free. For instance, every local ring and every principal ideal ring (may not be
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commutative) is projective-free. In Section 2, we investigate strongly J-clean ma-

trices over a noncommutative projective-free rings. For a projective-free ring R,

we prove that A ∈ M2(R) is strongly J-clean if and only if A ∈ J(M2(R)), or

I2 − A ∈ J(M2(R)), or A is similar to
(

0 λ

1 µ

)

, where λ ∈ J(R), µ ∈ 1 + J(R), and

the equation x2 − xµ− λ = 0 has a root in J(R) and a root in 1 + J(R).

In Section 3, we are concerned on strongly J-clean power series over a noncommu-

tative rings. If f(0) ∈ R is optimally J-clean, we prove that f(x) ∈ R[[x]] is strongly

J-clean. This provides new kind of ring elements which can be written as the sum

of an idempotent and a radical element.

Throughout, all rings are associative with identity. The symbol Mn(R) denotes

the ring of all n×nmatrices over R and GLn(R) stands for the n-dimensional general

linear group of R. Let M be a right module, end(M) and aut(M) stand for the ring

of endomorphism and automorphism of M , respectively. Let R[[x]] denote the ring

of power series over R. We always use [a, b] to denote the commutator ab − ba for

any a, b ∈ R.

2. Strongly J-clean matrices

In this section, we characterize a strongly J-clean matrix over projective-free rings

in terms of the solvability of the quadratic equation.

Theorem 2.1. Let R be projective-free. Then A ∈ M2(R) is strongly J-clean if

and only if A ∈ J(M2(R)) or I2 −A ∈ J(M2(R)) or A is similar to a matrix
(

α 0

0 β

)

,

where α ∈ 1 + J(R), β ∈ J(R).

P r o o f. ⇐ If A ∈ J(M2(R)), then A = 0 + A is strongly J-clean. If I2 − A ∈

J(M2(R)), then A = I2 + (A − I2) is strongly J-clean. If A is similar to a matrix
(

α 0

0 β

)

, where α ∈ 1 + J(R), β ∈ J(R), then there exists some U ∈ GL2(R) such

that

A = U−1

(

1 0

0 0

)

U + U−1

(

α− 1 0

0 β

)

U is stroongly J-clean.

⇒ By hypothesis, there exists an idempotent E ∈ M2(R) andW ∈ J(M2(R)) such

that A = E+W with EW = WE. Suppose that A and I2−A are not in J(M2(R)).

Since R is projective-free, there exists U ∈ GL2(R) such that UEU−1 = diag(1, 0).

Hence, UAU−1 =
(

1 0

0 0

)

+ UWU−1. Set V = (vij) := UWU−1. Then
(

1 0

0 0

)

V =

V
(

1 0

0 0

)

, whence, v12 = v21 = 0 and v11, v22 ∈ J(R). Therefore, A is similar to
(

1+v11 0

0 v22

)

, which completes the proof. �
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Lemma 2.2 ([4], Theorem 2.1). Let E = end(RM) and let α ∈ E. Then the

following statements are equivalent:

(1) α is strongly J-clean in E.

(2) M = P ⊕ Q, where P and Q are α-invariant, and α|P ∈ J(end(P )) and

(1M − α)|Q ∈ J(end(Q)).

Lemma 2.3. Let R be projective-free and let A ∈ M2(R) be strongly J-clean.

Then A ∈ J(M2(R)) or I2 −A ∈ J(M2(R)) or A is similar to a matrix
(

0 λ

1 µ

)

, where

λ ∈ J(R), µ ∈ 1 + J(R).

P r o o f. Suppose that A, I2 −A 6∈ J(M2(R)). By virtue of Theorem 2.1, we have

P ∈ GL2(R) such that PAP−1 =
(

1+α 0

0 β

)

, where α, β ∈ J(R). Thus, we check that

UAU−1 =

(

0 −(1 + α)(1 + α− β)−1β(1 + α− β)

1 (1 + α− β)−1β(1 + α− β) + (1 + α)

)

,

where

U =

(

1 −1− α

0 1

)(

1 −1− α

0 1

)(

1 0

0 (1 + α− β)−1

)(

1 0

1 1

)

.

Set λ = −(1+α)(1+α−β)−1β(1+α−β) and µ = (1+α−β)−1β(1+α−β)+(1+α).

Then λ ∈ J(R) and µ ∈ 1 + J(R), as desired. �

Many authors studied strongly clean matrices over a ring, see [6], [7], [8]. This

inspires us to investigate strongly J-clean matrices over a projective-free ring. We

are ready to prove:

Theorem 2.4. Let R be projective-free. Then A ∈ M2(R) is strongly J-clean if

and only if

(1) A ∈ J(M2(R)), or

(2) I2 −A ∈ J(M2(R)), or

(3) A is similar to
(

0 λ

1 µ

)

, where λ ∈ J(R), µ ∈ 1+J(R), and the equation x2−xµ−

λ = 0 has a root in J(R) and a root in 1 + J(R).

P r o o f. Suppose that A ∈ M2(R) is strongly J-clean, and that A, I2 − A 6∈

J(M2(R)). It follows by Lemma 2.3 that A is similar to the matrix B =
(

0 λ

1 µ

)

,

where λ ∈ J(R), µ ∈ 1 + J(R). Hence, B ∈ M2(R) is strongly J-clean. In view

of Lemma 2.2, we have 2R = C ⊕ D, where (I2 − B)|C ∈ J(end(C)) and B|D ∈

J(end(D)). Thus, B|C ∈ aut(C) and (I2−B)|D ∈ aut(D). Since R is projective-free,
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C andD are free. As B, I2−B 6∈ J(M2(R)), we see that C,D ∼= R. Assume that (a, b)

and (c, d) are bases of C and D, respectively. Then C = R(a, b), D = R(c, d). Then

R(a, b)

(

0 λ

1 µ

)

= R(a, b).

Set R = R/J(R). Then

R(ā, b̄) ⊆ R(1̄, 1̄).

Similarly,

R(c̄, d̄) ⊆ R(1̄, 0̄).

Write (ā, b̄) = s(1̄, 1̄) and (c̄, d̄) = t(1̄, 0̄). Then

(1̄, 1̄) = z(ā, b̄) + z′(c̄, d̄) = zs(1̄, 1̄) + z′t(1̄, 0̄).

This implies that 1 − zs ∈ J(R), and so s ∈ R is left invertible. Hence, s ∈ U(R),

as R is directly finite. Clearly, a − s, b − s ∈ J(R), and so 1 − a−1b ∈ J(R).

C = R(a, b) = R(1, α), where α = a−1b ∈ 1 + J(R). Analogously, D = R(1, β),

where β = c−1d ∈ J(R). As C is B-invariant, we see that

(1, α)

(

0 λ

1 µ

)

= r(1, α)

for some r ∈ R. It follows that α = r and λ+αµ = rα, and therefore α2−αµ−λ = 0,

i.e., x2 − xµ − λ = 0 has a root α ∈ 1 + J(R). Likewise, this equation has a root

β ∈ J(R), as desired.

Conversely, if (1) or (2) holds, then A ∈ M2(R) is strongly J-clean, and so we

assume (3) holds. As strong J-cleanness is invariant under similarity, we will suffice

to check if B =
(

0 λ

1 µ

)

is strongly J-clean. By hypothesis, the equation x2−xµ−λ = 0

has roots c ∈ J(R) and d ∈ 1 + J(R). Then c2 − cµ − λ = 0 and d2 − dµ − λ = 0.

Choose C = R(1, c) and D = R(1, d). Since

(1, c)

(

0 λ

1 µ

)

= c(1, c) ∈ C,

where C is B-invariant. Similarly, D is B-invariant. If r(1, c) = s(1, d) ∈ C ∩ D,

then r = s and rc = sd; hence, r(c − d) = 0. Since c − d ∈ U(R), we get r = 0.

Thus, C ∩D = 0. Let (a, b) ∈ 2R. Choose s = (b− ac)(d− c)−1 and r = a− s. Then

(a, b) = r(1, c) + s(1, d) ∈ C ⊕D. Hence, 2R = C ⊕D. Let γ ∈ end(C). Then

1C −B|Cγ : C → C; r(1, c) 7→ r(1, c)− rc(1, c)γ.
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Write (1, c)γ = b(1, c) for a, b ∈ R. If (r(1, c))(1C − B|Cγ) = 0, then r(1, c) −

rcb(1, c) = 0, hence, r(1 − cb)(1, c) = 0. It follows from c ∈ J(R) that r = 0, and so

r(1, c) = 0. Thus, 1C −B|Cγ is monomorphic. For any r(1, c) ∈ C we see that

(r(1 − cb)−1(1, c))(r(1, c))(1C −B|Cγ) = r(1, c).

This implies that 1C − B|Cγ is epimorphic. As a result, 1C − B|Cγ is isomorphic.

We infer that B|C ∈ J(end(C)). Similarly, (I2 − B)|D ∈ J(end(D)). In light of

Lemma 2.3, B ∈ M2(R) is strongly J-clean. �

AmatrixA∈M2(R) is cyclic if there exists a column α such that (α,Aα)∈GL2(R).

Corollary 2.5. Let R be a commutative projective-free ring, and let A ∈ M2(R).

Then A is strongly J-clean if and only if

(1) A ∈ J(M2(R)), or

(2) I2 −A ∈ J(M2(R)), or

(3) A is cyclic and x2 − tr(A)x + det(A) = 0 has a root in J(R) and a root in

1 + J(R).

P r o o f. Suppose that A is strongly J-clean. If A, I2 − A 6∈ J(M2(R)), then A is

similar to
(

0 λ

1 µ

)

, where λ ∈ J(R), µ ∈ 1+J(R), and the equation x2−xµ−λ = 0 has

a root in J(R) and a root in 1+ J(R), by Theorem 2.4. In view of [3], Lemma 7.4.6,

A is cyclic. As R is commutative, we see that tr(A) = µ and det(A) = −λ, and so

x2 − tr(A)x + det(A) = 0 has a root in J(R) and a root in 1 + J(R).

Conversely, if A ∈ J(M2(R)) or I2 − A ∈ J(M2(R)), then A is strongly J-clean.

We now assume that A is cyclic and x2 − tr(A)x+ det(A) = 0 has a root α in J(R)

and a root β in 1+J(R). In view of [3], Lemma 7.4.6, A is isomorphic to a companion

matrix
(

0 λ

1 µ

)

. This shows that µ = tr(A) and det(A) = −λ. Since

α2 − tr(A)α+ det(A) = 0 and β2 − tr(A)β + det(A) = 0,

we get tr(A) = α + β and det(A) = αβ. Hence, µ = α + β ∈ 1 + J(R) and

λ = −αβ ∈ J(R). Therefore, we complete the proof, by Theorem 2.4. �

3. Power series over rings

This section is concerned on strongly J-clean decompositions in power series rings.

An element a ∈ R is optimally J-clean provided that there exists an idempotent

e ∈ R such that a− e ∈ J(R) and ae = ea, and that for any b ∈ R there exists c ∈ R

such that [a, c] = [e, b]. We now derive:
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Lemma 3.1. Let R be a ring and let a ∈ R. Then the following statements are

equivalent:

(1) a ∈ R is optimally J-clean.

(2) There exists an idempotent e ∈ R such that a−e ∈ J(R) and ae = ea, and that

for any b ∈ R there exists c ∈ eR(1− e) + (1− e)Re such that [a, c] + [e, b] = 0.

P r o o f. (1) ⇒ (2) Since a ∈ R is optimally J-clean, there exists an idempotent

e ∈ R such that a− e ∈ J(R) and ae = ea, and that for any b ∈ R there exists c ∈ R

such that [a, c] = [e, b]. It is easy to check that

[a, ec(1− e) + (1− e)ce]= [a, ec(1− e)] + [a, (1− e)ce]= e[a, c](1− e) + (1− e)[a, c]e

=e[e, b](1− e) + (1− e)[e, b]e=[e, b],

and therefore [a,−ec(1− e)− (1− e)ce] + [e, b] = 0.

(2) ⇒ (1) There exists an idempotent e ∈ R such that a− e ∈ J(R) and ae = ea,

and that for any b ∈ R there exists c ∈ eR(1−e)+(1−e)Re such that [a, c]+[e, b] = 0.

Choose c′ = −c. Then [a, c′] = [e, b], as required. �

Lemma 3.2 ([10], Lemma 3.2.1). Let R be a ring and let n > 2. If e0 = e20 ∈ R

and ek(1− e0) =
k−1
∑

i=0

eiek−i (0 < k < n), then

e0

(n−1
∑

i=1

eien−i

)

=

(n−1
∑

i=1

eien−i

)

e0.

Lemma 3.3 ([10], Theorem 3.2.2). Let R be a ring and let n > 2. If e0 = e20 ∈ R,

ek(1 − e0) =
k−1
∑

i=0

eiek−i and [r0, ek] + [r1, ek−1] + . . .+ [rk, e0] = 0 for all 0 < k < n,

then
[

r0,

n−1
∑

i=1

eien−i

]

= (1− e0)

(n−1
∑

i=1

[ei, rn−i]

)

−

(n−1
∑

i=1

[ei, rn−i]

)

e0.

In [10], Shifflet studied strongly clean power series by means of the optimally clean

condition. We now extend Theorem 3.2.2 of [10] to strongly J-clean power series and

come now to the main result of this section.

Theorem 3.4. Let R be a ring and let f(x) ∈ R[[x]]. If f(0) ∈ R is optimally

J-clean, then f(x) ∈ R[[x]] is strongly J-clean.
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P r o o f. Write f(x) =
∞
∑

i=0

rix
i. Then we can find an idempotent e0 such that

r0 = e0+(r0−e0) is an optimally J-clean decomposition of r0. In view of Lemma 3.1,

there exists some e1 ∈ (1 − e0)Re0 + e0R(1 − e0) such that [r0, e1] + [e0, r1] = 0.

Clearly, e1 = e0e1+e1e0. We shall prove that there exist e2, . . . , ek, . . . ∈ R such that

ek = e0ek + e1ek−1 + . . .+ eke0 and [r0, ek] + [r1, ek−1] + . . .+ [rk, e0] = 0.

Assume that this is true for all 1 6 k 6 n − 1. Set fn = (1 − 2e0)(e1en−1 +

e2en−2 + . . . + en−1e1) and sn = rn + [e0, [e1, rn−1] + [e2, rn−2] + . . . + [en−1, r1]].

By virtue of Lemma 3.1, we have some gn ∈ (1 − e0)Re0 + e0R(1 − e0) such

that [r0, gn] = [e0, sn]. Let en = fn + gn. In light of Lemma 3.2, analogously to

Theorem 3.2.2 of [10], we obtain

n−1
∑

i=1

eien−i = (1 − e0)en − ene0.

Thus, en =
n
∑

i=1

eien−i. Furthermore,

[r0, fn] =

[

r0, (1− e0)

(n−1
∑

i=1

eien−i

)]

−

[

r0,

(n−1
∑

i=1

eien−i

)

e0

]

= (1− e0)

[

r0,

(n−1
∑

i=1

eien−i

)]

(1− e0)− e0

[

r0,

(n−1
∑

i=1

eien−i

)]

e0.

By using Lemma 3.3, we have

[

r0,

n−1
∑

i=1

eien−i

]

= (1− e0)

(n−1
∑

i=1

[ei, rn−i]

)

−

(n−1
∑

i=1

[ei, rn−i]

)

e0,

and then

[r0, fn] = (1− e0)

(n−1
∑

i=1

[ei, rn−i]

)

(1− e0) + e0

(n−1
∑

i=1

[ei, rn−i]

)

e0.

Moreover,

[r0, gn] = [e0, sn] = [e0, rn] +

[

e0,

[

e0,

n−1
∑

i=1

[ei, rn−i]

]]

= [e0, rn] + e0

(n−1
∑

i=1

[ei, rn−i]

)

(1 − e0) + (1 − e0)

(n−1
∑

i=1

[ei, rn−i]

)

e0.
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Thus, we have

[r0, en] = [r0, fn] + [r0, gn]

= [e0, rn] + e0

(n−1
∑

i=1

[ei, rn−i]

)

(1− e0) + (1 − e0)

(n−1
∑

i=1

[ei, rn−i]

)

e0

+ (1 − e0)

(n−1
∑

i=1

[ei, rn−i]

)

(1− e0) + e0

(n−1
∑

i=1

[ei, rn−i]

)

(1− e0)

=

n−1
∑

i=0

[ei, rn−i],

hence,
n
∑

i=0

[ri, en−i] = 0. By induction, the claim is true. Thus,
∞
∑

i=0

eix
i =

( ∞
∑

i=0

eix
i
)2

∈ R[[x]] and f(x)
( ∞
∑

i=0

eix
i
)

=
( ∞
∑

i=0

eix
i
)

f(x). Since f(0)− e(0) ∈ J(R),

we see that f(x) −
∞
∑

i=0

eix
i ∈ J(R[[x]]). Therefore, f(x) ∈ R[[x]] is strongly J-clean,

as asserted. �

Corollary 3.5. Let R be an abelian ring and let f(x) ∈ R[[x]]. If f(0) ∈ R is

strongly J-clean, then f(x) ∈ R[[x]] is strongly J-clean.

P r o o f. Suppose f(0) ∈ R is strongly J-clean. Then there exists an idempotent

e ∈ R such that f(0) − e ∈ J(R) and f(0)e = ef(0). For any b ∈ R, we choose

c = 0 ∈ eR(1− e) + (1− e)Re. Then [f(0), c] + [e, b] = 0, hence, f(0) is J-optimally

clean. Therefore, f(x) ∈ R[[x]] is strongly J-clean in terms of Theorem 3.4. �

Corollary 3.6. Let R be a ring and let f(x) ∈ R[[x]]. Then the following state-

ments are equivalent:

(1) f(0) ∈ R is optimally J-clean.

(2) f(x) ∈ R[[x]] is optimally J-clean.

P r o o f. (1) ⇒ (2) In view of Theorem 3.4, f(x) ∈ R[[x]] is strongly J-clean.

Hence, there exists an idempotent e(x) ∈ R[[x]] such that w(x) := f(x) − e(x) ∈

J(R[[x]]) and f(x)e(x) = e(x)f(x). Thus, f(x) = (1− e(x))+ (2e(x)− 1+w(x)). As

(2e(x)− 1)2 = 1, we see that (2e(x)− 1+w(x)) = (2e(x)− 1)(1+(2e(x)− 1)w(x)) ∈

U(R[[x]]). By virtue of [10], Theorem 3.3.2, f(x) ∈ R[[x]] is optimally clean. For any

b(x) ∈ R[[x]] there exists c(x) ∈ R[[x]] such that [f(x),−c(x)] = [1−e(x), b(x)]. This

implies that [f(x), c(x)] = [e(x), b(x)]. Therefore, f(x) ∈ R[[x]] is optimally J-clean,

as desired.

(2) ⇒ (1) This is obvious. �
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Example 3.7. Let Z(2) = {m/n : m,n ∈ Z, n 6= 0, (m,n) = 1, 2 ∤ n} and

A(x) =







∞
∑

n=0

xn
∞
∑

n=0

xn+1

−
∞
∑

n=0

1

3n+1
xn

∞
∑

n=0

2

3n+1
xn






∈ M2(Z(2)[[x]]).

Then A(x) ∈ M2(Z(2)[[x]]) is strongly J-clean.

P r o o f. Clearly, A(0) =
(

1 0

−
1

3

2

3

)

∈ M2(Z(2)). Since the characteristic equation

χA(0) = x2 − 5
3x + 2

3 has roots 1 and
2
3 , we see that A(0) is similar to C =

(

1 0

0 2

3

)

.

Let E = diag(1, 0). Then E2 = E, EC = CE and C − E =
(

0 0

0 2

3

)

∈ J(M2(Z(2))).

Let B = (bij) ∈ M2(Z(2)). Choose x1 = 3b12 and x2 = 3b21. Set X =
(

0 x1

x2 0

)

.

Then

[C,X ] =

(

0 b12

−b21 0

)

= [E,B].

Accordingly, C is optimally J-clean. Hence, A(0) ∈ M2(Z(2)) is J-optimally clean.

Therefore, A(x) ∈ M2(Z(2)[[x]]) is strongly J-clean by Theorem 3.4. �
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[9] M.T.Koşan, T.Yildirim, Y. Zhou: Rings whose elements are the sum of a tripotent and
an element from the Jacobson radical. Can. Math. Bull. 62 (2019), 810–821. zbl MR doi

[10] D.R. Shifflet: Optimally Clean Rings: Ph.D. Thesis. Bowling Green State University,
Bowling Green, 2011. MR

[12] X.Yang, Y. Zhou: Strong cleanness of the 2× 2 matrix ring over a general local ring. J.
Algebra 320 (2008), 2280–2290. zbl MR doi

1225

https://zbmath.org/?q=an:1083.13501
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR1914999
http://dx.doi.org/10.1081/AGB-120004490
https://zbmath.org/?q=an:1313.16036
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3038863
https://zbmath.org/?q=an:1245.16002
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2752904
http://dx.doi.org/10.1142/8006
https://zbmath.org/?q=an:1244.16024
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2912989
http://dx.doi.org/10.1080/00927872.2010.551529
https://zbmath.org/?q=an:1316.16028
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3295991
http://dx.doi.org/10.1016/j.jalgebra.2014.12.003
https://zbmath.org/?q=an:1310.16023
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3144615
http://dx.doi.org/10.1016/j.jalgebra.2013.08.044
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2709133
https://zbmath.org/?q=an:1191.16029
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2650370
http://dx.doi.org/10.1080/00927870802570693
https://zbmath.org/?q=an:07128566
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR4028489
http://dx.doi.org/10.4153/S0008439519000092
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3121884
https://zbmath.org/?q=an:1162.16017
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR2437500
http://dx.doi.org/10.1016/j.jalgebra.2008.06.012


[13] H.Zhu, H. Zou, P. Patrício: Generalized inverses and their relations with clean decom-
positions. J. Algebra Appl. 18 (2019), Article ID 1950133, 9 pages. zbl MR doi

Authors’ addresses: H u a n y i n C h e n, School of Mathematics, Hangzhou Normal Uni-
versity, No. 2318, Yuhangtang Road, 311121, Hangzhou, P. R. China, e-mail: huanyinchen@
aliyun.com; M a r j a n S h e i b a n i (corresponding author), Farzanegan Campus, Semnan
University, 17 Shahrivar Blvd. Semnan, Iran, e-mail: m.sheibani@semnan.ac.ir; R a hm a n
B a hm a n i, Faculty of Mathematics, Statistics and Computer Science, Semnan University,
P.O. Box: 35195-363, Semnan, Iran, e-mail: rbahmani@semnan.ac.ir.

1226

https://zbmath.org/?q=an:1453.16039
http://www.ams.org/mathscinet/search/publdoc.html?contributed_items=show&pg3=MR&r=1&s3=MR3977794
http://dx.doi.org/10.1142/S0219498819501330
mailto:huanyinchen@aliyun.com
mailto:huanyinchen@aliyun.com

