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STRUCTURE OF IDEMPOTENTS
IN RINGS WITHOUT IDENTITY

Nam Kyun KiMm, YANG LEE, AND YEONSOOK SEO

ABSTRACT. We study the structure of idempotents in polynomial rings,
power series rings, concentrating in the case of rings without identity.
In the procedure we introduce right Insertion-of-Idempotents-Property
(simply, right ITIP) and right Idempotent-Reversible (simply, right IR) as
generalizations of Abelian rings. It is proved that these two ring proper-
ties pass to power series rings and polynomial rings. It is also shown that
m-regular rings are strongly m-regular when they are right IIP or right
IR. Next the noncommutative right IR rings, right IIP rings, and Abelian
rings of minimal order are completely determined up to isomorphism.
These results lead to methods to construct such kinds of noncommuta-
tive rings appropriate for the situations occurred naturally in studying
standard ring theoretic properties.

1. Definitions and notations

Throughout this paper, R denotes an associative ring without identity, unless
otherwise stated. Denote the n by n full (resp., upper triangular) matrix ring
over R by Mat,(R) (resp., Un(R)). We let e;; denote the usual matrix units
with 1 in the (4, j)-position and zeros elsewhere, if the base ring has identity 1.
Denote {(a;;) € Un(R) | the diagonal entries of (a;;) are all equal} by D, (R).
Z,, denotes the ring of integers modulo n. GF(p™) denotes the Galois field of
order p™. J(R) denotes the Jacobson radical of R. | | denotes the cardinality.
The characteristic of R is denoted by char R, and |a| denotes the order of a € R
in the additive subgroup of R generated by a. R™ means the additive Abelian
group (R, +). The polynomial ring with an indeterminate  over R is denoted
by R[z]. While speaking about minimal ring in a certain class of rings, we
refer to a ring with minimal order for rings in that class, due to Xue [21]. The
notation (S) stands for the two-sided ideal of R generated by 0 # S C R, and
we also write (a1, ..., a,) in place of (S) for simplicity when S = {a1,...,an}.

A ring is called Abelian if every idempotent is central. The zero in a nil ring
is the only idempotent and so every nil ring is Abelian. The class of Abelian
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rings contains reduced rings (i.e., rings without nonzero nilpotent elements)
and commutative rings. Another generalization of both reduced rings and
commutative rings is Insertion-of-Factors-Property (simply IFP) which was
introduced by Bell [4]. Due to Bell, a ring R is usually called IFP if ab = 0
implies aRb = 0 for a,b € R. Shin [20] used the term ST for the IFP, while
Narbonne [19] used semicommutative in place of the IFP. In fact reduced rings
are easily shown to be IFP. It is also straightforward to check that every IFP
ring is Abelian when it has an identity. However this result is no longer valid
for rings without identity as we see in Section 2.

2. Right IIP rings and right IR rings

In this section we observe some interesting ring-theoretic generalizations of
Abelian rings. We introduce the concepts of right IIP rings and right IR rings.
The minimal non-Abelian one-sided ITP (IR) rings will be completely deter-
mined, up to isomorphism. It will be also shown that one-sided IR condition
passes to power series rings and polynomial rings.

Lemma 2.1. For a ring R with identity the following conditions are equivalent:

(1) R is Abelian;

(2) If abe = 0 for a,b,e? = e € R, then aeb = 0;

(3) If eab =0 for a,b,e? = e € R, then aeb = 0;

(4) If ae = 0 for a,e? = e € R, then ea = 0;

(5) If ea =0 for a,e? = e € R, then ae = 0.
Proof. (1)=(2), (2)=(4), (1)=(3), and (3)=-(5) are obvious.

Let 2 = e,r € R. Then (1 —e)e = 0 and re(l —e) = 0. If R satisfies
the condition (4), then er(1 —e) = 0 and (1 — e)re = 0. These yield re = er,
showing (4) = (1). The proof of (5) = (1) is similar. d

In this paper we consider the conditions of Lemma 2.1 in rings without
identity, and observe the structure of rings satisfying the conditions.

Definition 2.2. (1) A ring R is said to satisfy right (resp. left) Insertion-
of-Idempotents- Property (simply, called right (resp. left) IIP) if it satisfies the
condition (2) (resp. (3)) of Lemma 2.1.

(2) A ring is called right (resp. left) Idempotent-Reversible (simply, IR) if it
satisfies the condition (4) (resp. (5)) in Lemma 2.1.

The class of one-sided ITP rings contains both Abelian rings and nil rings,
and right (resp. left) IIP rings are right (resp. left) IR by Lemma 2.4 below.
A ring is both left and right ITP if and only if it is both left and right IR if and
only if it is Abelian by Proposition 2.8 to follow.

This Insertion-of-Idempotents-Property is not left-right symmetric as illus-
trated by the following example.
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Example 2.3. (1) Let F be a field and F(a,b) the free algebra with noncom-
muting two indeterminates a, b over F. Define

A ={f € F(a,b) | the constant term of f is zero}

and I the ideal of A generated by

ab,a? — a, b

Set R = A/I and identify the elements in A with their images in R for sim-
plicity. Then a? = a and ab = 0 = b? in R. Since aba = 0 (with a® = a) but
baa = ba # 0, R is not left ITP.

We will show that R is right IIP. By the construction of R, every element
f € R is of the form

f =ai1a+ asba + asb,
where aq, a9, a3 € F.
Suppose f2 = f for f = aya + azba + azb. Then
1) a%a = a;
2) asba = o (a2 + as)ba;
(3) Oégb =0.
Eq. (3) implies a3 = 0, entailing asba = ajasba. Eq. (1) implies o? = a1, and
hence oy =0 or ay = 1.
Assume ay = 0. Then Eq. (2) implies asba = 0 and so oy = 0. This yields
f=0.
Assume a3 = 1. Then asba = asba since asba = ajasba. This yields
f =a+ asba.
Therefore the set of all idempotents in R is
E ={0,a+~ba |~ € F}.
Now let f = aja + asba + asb and g = p1a + Paba + B3b for «;, B; € F for
1 =1,2,3. Then, for e = a+ vba € F with v € F, we have
fge = fgla+~ba) = (o1 Bra+ (azpr + azfi)ba)(a + vba)
= ai1fra + (a2f1 + azfi)ba
= (16 + azba + asb)bia
= (16 + azba + agb)afia
= (a1a + agba + azb)a(Bia + Baba + Psb)
= (a1a + agba + azb)(a + vyba)(Bra + Baba + B3b)
= f(a+ba)g = feg.
Then fge = 0 implies feg = 0 for e? = e € R. Therefore R is right IIP.
(2) Let A be the same ring as in (1). Let J be the ideal of A generated by

ba,a® — a, b.
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Then the ring R = A/J is not right IIP but left IIP by a similar computation
to (1).

(3) Let D be a domain with identity and R = (£ L) a subring of Us(D).
Note that every nonzero idempotent is of the form (} ¢) with & € D. Consider

_fa b _f(c d *1OZER
=0 0% o 0/)7°T\o o '
ac ad

Then exy = 0 o) = ey but

_ (ac acc ” ac ad\
We=\o o o o)~ "
when aca # ad (e.g. a =c=a =1,d =0). Thus R is left ITP but not right
IIP.
(4) Let D be a domain with identity and S = (§ B) a subring of Ua(D).
Then S is right IIP but not left IIP through a similar computation as in (3),
noting that every nonzero idempotent is of the form (8 [13) with 8 € D.

As we see in Example 2.3, one-sided IIP rings need not be Abelian when
they do not have identity.

Lemma 2.4. If R is a right (resp. left) IIP ring, then R is right (resp. left)
IR.

Proof. Let R be right (resp. left) ITP. Suppose ae = 0 (resp. ea = 0) for
a,e? = e € R. Then eae = 0, and since R is right (resp. left) IIP we get

ea = eea = 0 (resp. ae = aee = 0). O

Regularity, m-regularity, and strong m-regularity have important roles in ring
theory and module theory. A ring R is said to be w-regular if for every x € R
there exists a positive integer n, depending on x, such that z" € z" Rz™. A
ring R is said to be strongly m-regular if for every x € R there exists a positive
integer n, depending on z, such that 2™ € Rz"*!. Strong m-regularity is left-
right symmetric by Dischinger [7]. A ring R is said to be (von Neumann)
reqular if x € xRx for every x € R. Regular rings are clearly m-regular but
the converse need not hold as can be seen by Z4. Strongly w-regular rings are
m-regular by Azumaya [3]. For a division ring D and a right D-module V| it
is well-known that the endomorphism ring of V' over D is strongly w-regular if
and only if V is finite dimensional over D. So if V is infinite dimensional over
D, then the endomorphism ring of V over D is regular (hence m-regular) but
not strongly m-regular. Abelian m-regular rings are clearly strongly m-regular.

Proposition 2.5. A right IR w-regular ring is strongly w-reqular.

Proof. Let R be a right IR 7w-regular ring and = € R. Since R is w-regular,
there exist y € R and a positive integer n such that 2™ = x"yz". Here we

claim 2" = 22"y, implying that R is strongly m-regular. We first have (z" —
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2y )y = "y — ™ (x"ya™)y = 2"a"y — 2" (z")y = 0. Since (2"y)? = 2"y

and R is right IR, we get 0 = 2"y(a™ — 2?"y) = 2" — 22"y and 2" = 22"y. O
Note. (1) The idempotent-reversible condition is also not left-right symmetric
by Example 2.3(1,2). Letting R be the ring in Example 2.3(1) (resp. Example
2.3(2)), we have that R is right (resp. left) IIP (hence right (resp. left) IR)
and that R is not left (resp. right) IR since ab = 0 but ba # 0 (resp. ba = 0
but ab # 0), where a? = a,b € R.

(2) The ring in Example 2.3(3) (resp. Example 2.3(4)) is not right (resp. not
left) IR as can be seen by e12e11 = 0 # ej1e12 = €12 (resp. e1aeaz # 0 = eazeqs).

The following examples illustrate that the idempotent-reversible condition
is not left-right symmetric, and that right IR rings need not be right IIP.

Example 2.6. (1) There exists a right IR ring that is not right IIP. Let F
be a field and F{a,b) the free algebra with noncommuting indeterminates a, b
over F. Define

A ={f € F(a,b) | the constant term of f is zero}
and J the ideal of A generated by
ab,a® — a.

Set R = A/J and identify the elements in A with their images in R for sim-
plicity. Then a? = a and ab = 0 in R. Since ab = 0 (with a? = a) but ba # 0,
R is not left IR.

We will show that R is right IR but not right ITP. By the construction of R,
every element f € R is of the form

[ =aa+ fia+ fo
where a € F and f1, fo € bF[b].
Suppose f? = f for f = aa + fia+ f> € R. Then
(1) o’a = aa;
2) fia = (afi +afs + fafi)a;
(3) f2=f3.
Eq. (3) implies fo = 0, entailing fia = afia from Eq. (2). Next Eq. (1) implies
a? =, and hence « =0 or a = 1.
Assume a = 0. Then fia = afia =0 and so f; = 0, leading to f = 0.
Assume o = 1. Then fia = afia = fia and so f = a + fia.
Therefore the set of all idempotents in R is
E={0,a+ka|k € bF[b]}.

Now let f = aa+ fra+ fo € R for a € F and f; € bF[b] for i = 1,2. If
e = 0, then clearly fe=0=cef. If fe =0 for e = a + ka € E with k € bF[b],
then we have

0= (aa+ fia+ fo)(a+ ka) = aa+ (f1 + f2 + fok)a

—~~
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and so a = 0, this leads to f = fia + f2. This yields

ef =(a+ka)(fra+ f2) =0

by the construction of J. Thus R is right IR.
Let
r=ba—0b, y=a, e=a+ ba.
Then zye = 0 but xey = (ba — b)(a + ba)a = —b%a # 0; hence R is not right
IIP.
(2) Let A be the same ring as in (1). Let K be the ideal of A generated by

ba, a* —a.

Then the ring R = A/K is left IR (and not left IIP) but not right IR by a
similar computation to (1).

Due to Lambek [17], a ring R is called symmetric if rst = 0 implies rts = 0
for all r,s,t € R. Anderson-Camillo [1] used the term ZCj for symmetric
rings. Lambek proved, in [17, Proposition 1], that a ring R is symmetric if
and only if r,(1)75(2) - - - To(n) = 0 for any permutation o of the set {1,2,...,n}
when 7179 - - -1, = 0 for any positive integer n and r; € R. Anderson-Camillo
also obtained this result independently in [1, Theorem I.1]. We will use this
result freely. According to Cohn [6], a ring R is called reversible if ab = 0
implies ba = 0 for a,b € R. Anderson-Camillo [1] used the term ZCj for
reversible rings. Essential properties of symmetric rings and reversible rings are
developed in related literature. It is evident that commutative rings are both
symmetric and reversible. Reduced rings are symmetric by [1, Theorem I1.3]
or [17, Proposition 1], and there are many kinds of non-reduced commutative
rings.

If R is a symmetric ring with identity, then R is clearly reversible (but the
converse need not hold by [1, Examples 1.5] or [18, Examples 5 and 7]); however
for rings without identity this implication is no longer valid as we see in the
following example.

Example 2.7. (1) Let A be aring with identity and R = { (

a subring of U3 (A). Since R? = 0, R is clearly symmetric. B
and ejgea3 = e13 # 0, R is not reversible.

(2) The construction is due to [18, Example 1]. Let S = {a,b} be the
semigroup with multiplication a? = ab = a, b> = ba = b. Put R = Z5S, which
is a four-element semigroup ring. Then a(a + b) = a? + ab = 2a = 0 but
(a+b)a=a®+ba=a+b+#0; hence R is not reversible. Since xyz = xzy for
all z,y,z € R, R is symmetric.

g-) |a,b,c€A}

0a
00
00
ut since esgeio = 0

Recall that any symmetric ring is Abelian when it has an identity. But a
symmetric ring, without identity, need not be Abelian as can be seen by the
relations a? = a,b®> = b,a = ab # ba = b in Example 2.7(2). The class of
Abelian rings contains reversible rings as we see in the following proposition.
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Proposition 2.8. Let R be a ring.

(1) R is right (resp. left) IR if and only if er = ere (resp. re = ere) for
everye? =e € R and r € R.

(2) If R is right (resp. left) IIP, then er = ere (resp. re = ere) for every
e2=e€ Randr € R.

(3) If R is reversible, then R is Abelian.

Proof. (1) Let R be right (resp. left) IR, and r,e? = ¢ € R. Then e(er —
re)e = 0. Since R is right (resp. left) IR, 0 = ee(er — re) = er — ere (resp.
0 = (er — re)ee = ere — re). This implies er = ere (resp. re = ere).

Conversely, suppose that er = ere for every r,e? = e € R. Let af = 0 for
a,f> = f € R. Then fa = faf = 0. The computation for the left case is
similar.

(2) is obtained from Lemma 2.4 and (1).

(3) Tt is obvious that reversible rings are left and right IR. So (3) is an
immediate consequence of (1). O

The following corollary is obtained immediately from Proposition 2.8(1), (2).

Corollary 2.9. Let R be a ring. Then R is both left and right IR if and only
if R is Abelian if and only if R is both left and right IIP.

Note that both symmetric rings and reversible rings are IFP. There exist
many kinds of Abelian rings which are not IFP (hence are neither reversible
nor symmetric) as we see in the following example.

Example 2.10. (1) Let A be a ring with identity and

| a,b,c,de, fe A

O 0O O

b
d
0
0

o o o o
oo o

a subring of Uy(A). Since R* = 0, 0 is the only idempotent and so R is clearly
Abelian. But €93€12 — 0, €12€23 = €13 75 O, and €12€34€23 — 0, €12€923€34 —
e14 7 0. So R is not IFP and so is neither reversible nor symmetric.

(2) Let D be a domain with identity and A = D @ D. Define

a a b c

R= 0 a d e |a € D@0 and a,b,c,de, f €A
0 0 a f LR
0 0 0 «

as a subring of Us(A). Then R is Abelian by [12, Lemma 2], but R is not IFP
by the same calculation as in (1).
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(3) Let A be an Abelian ring with identity and

B a b c

_ 0 B d e
R = 00 B f | B,a,b,c,d,e, f €A

0 0 0 p

a subring, of Uy(A), with identity. Then R is Abelian by [12, Lemma 2], but
R is not IFP by the same calculation as in (1).

(4) The construction is due to [14, Example 2.1]. Let A = Zy({ag, a1, az, bo, b1,
bs) be the free algebra with noncommuting indeterminates ag, a1, as, bo, b1, be
over Za. Next define B as the subalgebra of A of polynomials with zero constant
terms. Consider an ideal of the ring B, say I, generated by the following
elements:

aobo, agb1 + a1bo, apba + a1b1 + asbo, a1ba + azby, axba, aprby, azrba,
boag, boa1 + brag, boaz + biai + baag, bias + baay, baas, borag, baras,

(ao —+ ay —+ 0,2)7’(()0 —+ bl —+ b2), (bo —+ b1 —+ bQ)T(ao —+ ay —+ 0,2), and, r17rer3Ty,
where r,r1,r2,73,74 € B. Set R = B/I. Then R is a ring which is both
reversible and symmetric by the calculation in [11, Example 3.1]. But R[z]
is not IFP (hence is neither reversible nor symmetric) as can be seen by the
products (ag + a1z + a22?)(bg + b1 + bex?) = 0 and (ag + a12 + a22?) R(bo +
bix+byx?) # 0. Note that R[z] is Abelian by [13, Lemma 8] since R is Abelian
by Proposition 2.8(3). Notice that A/I, with identity, also satisfies the same
properties as R.

We also see the relations among the concepts above for rings without identity
in the following example.

Example 2.11. (1) Let D be a domain and R = (¥ ). Let 0 # = =
(25),0#4y=(§¢d) € R Ifzy =0, thena = 0. Whence forany z = (5 ) € R
we also get zzy = 0. So R is IFP, but R is non-Abelian as can be seen by the
idempotent e11. A similar calculation shows that (3 B) is also IFP but non-
Abelian. These non-Abelian IFP rings are neither reversible nor symmetric by
Proposition 2.8(3).

(2) Let D be a domain. Then A = (§ £) and B = (§ B) are both IFP by
the argument in (1), but A is not right IR (hence not right ITP) and B is not
left IR (hence not left IIP) by Lemma 2.4.

(3) An IFP ring, with identity, need not reversible by the subring

a b c
R= 0 a d||abecdeA
0 0 a

of U3(A), where A is a reduced ring. In fact, R is IFP by [14, Proposition 1.2],
but it is not reversible since ejoe03 = €13 # 0 = eazeqs.
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(4) Let R be any ring in Example 2.10(1,2,3). Then R is Abelian (hence left
and right ITP) by the arguments in Example 2.10(1,2,3). However R is not IFP
by [14, Example 1.3]. In [14, Example 1.3], we see that (ej2—e13)(€2s+e34) =0
but (e12 — e13)e2s(eas + €34) = €14.

There exist many regular rings without identity as can be seen by the direct
sum of infinitely many regular rings with identity. For regular rings, previously
mentioned ring properties are all equivalent as we see in the following theorem.

Theorem 2.12. Given a reqular ring R, the following conditions are equivalent:

(1) R is reduced,

(2) R is symmetric;
(3) R is reversible;
(4) R is IFP;

(5) R is Abelian,;
(6) R is right IIP;
(7) R is left IIP;

(8) R is right IR;

(9) R is left IR.

Proof. We have obviously the implications (1) = (2), (1) = (3), (2) = (4),
(3) = (4), (5) = (6), and (5) = (7). The implications (2) = (5) and (3) = (5)
are obtained by Proposition 2.8(3). If R is Abelian and a? = 0 for a € R, then
0 = a? = a®b = aab = aba = a and so R is reduced, where a = aba for some
b € R (by the regularity of R). Thus the conditions (1), (2), (3), and (5) are
always equivalent when R is regular. The implications (6) = (8) and (7) = (9)
are obtained by Lemma 2.4.

When R has an identity then (4) = (5) is obvious. So if R has an identity,
then the equivalences are obtained by Lemmas 2.1 and 2.4. So we assume that
R does not have an identity. So it suffices to show that (8) = (5), (9) = (5),
and (4) = (5).

(8) = (5): Let R be right IR. Assume on the contrary that there exist
r,e? =e € R with re —er # 0. Let x = re — er. Then ere = er by Proposition
2.8(1), entailing ex = 0. Since R is regular, there exists y € R such that
x = zyzx. Then

0 = ex = zexy = xyxre = Te.

Now ex = 0 = zxe gives er = ere = re, a contradiction. Thus R is Abelian.
The proof of (9) = (5) is similar.

(4) = (5): Let R be IFP. Assume on the contrary that there exist r,e? =
e € R with re —er # 0. Let y = ere — re, then ey = 0. Since R is regular,
there exists z € R such that ye = yezye. Then

0 = ey = ezy = yezye = ye,
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leading to ere = re. Next let y; = ere — er, then y;e = 0. Since R is regular,
there exists z1 € R such that ey; = ey121ey1. Then

0 =y1e =y1z1e = ey121€Y1 = eyi,

hence ere = er. Now we get re = ere = er, a contradiction. O

As we see in Example 2.11, IFP rings without identity need not be Abelian
and so the proofs of directions (e.g., (4)=-(5)) in Theorem 2.12 are necessary.

Regular rings are clearly m-regular, and there exist many kinds of w-regular
rings that are not regular rings. Based on Theorem 2.12; one may conjecture
that m-regular right IIP rings are also Abelian. But the ring S = (JB) (D:
a division ring) is a non-Abelian right IIP ring by Example 2.3(4). A quick
calculation shows that S is not regular but m-regular.

In the following arguments we examine various kinds of ring extensions on
the right ITP and right IR conditions. Quick calculations reveal the following
lemma.

Lemma 2.13. (1) The class of right IIP rings is closed under subrings, direct
sums, and direct products.

(2) The class of right IR rings is closed under subrings, direct sums, and
direct products.

(3) The class of Abelian rings is closed under subrings, direct sums, and
direct products.

We first compute the case of polynomial rings and power series rings. Given
a ring R the power series ring, with an indeterminate x over R, is denoted by

Rif]].

Theorem 2.14. Let R be a ring. Then we have the following results:
(1) R is right IR if and only if so is R][x]].
(2) R is right IR if and only if so is R|x].
Proof. (1) It suffices to show the necessity. Let R be right IR. Suppose that
f(a)e(x) =0 for f(z) =372, air’,e(x)? = e(x) = 3272 ej27 € R[z]].
From e(z)? = e(z), we have the following equations:
2

€y = €0
(].) €1 = €p€q + €1€0
(2) es = epes + €] + eaeg

€n = €pen +e1en_1+ -+ en_1€1 + €eneg

Multiplying Eq. (1) by eg on the left, we get ege; = ege; +eperep and this gives
epereg = 0. Since R is right IR, we have ege; = 0 and so this yields e; = ejeq.
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Then from Eq. (2), we get ea = egea + €2 + eaeg = egea + e1epe1 + eaeg =
epea + e2eq since ege; = 0. Multiplying this equation by ey on the left, we get
epez = epes + egezey and this gives epeseg = 0. Since R is right IR, we have
epez = 0 and so this yields es = eseg. We will proceed by induction. Assume
that €o€; = O,Gj = €€ fOI'j S {1, ceey k— ].} Then
e = eoeg +e1ex—1 + -+ ex—1€1 + egeg

= ep€k + e1€p€k—1 + - + ex—1€p€1 + €xeo

= eger + exeq.
Multiplying e = eger + exep by eg on the left, we get eger, = egex + epereq
and this gives egexey = 0. Since R is right IR, we have eger, = 0 and so this
yields ex = ereg. Thus we now have

et = ep and egej = 0,¢e; = ejeg for all j € {1,...,k}.

Thus the induction gives
(3) e2 = ep and egej = 0,¢e; = ejeq for all j € {1,2,...}.

Next from f(z)e(x) = 0, we have the following equations:

0= ap€o
(4) 0= apel + ajeg
(5) 0 = ages + ar1e1 + aseg

0=apen, +arten_1+ - +an_1€1 +aneo

apep = 0 implies egag = 0 since R is right IR. Multiplying Eq. (4) by ep on
the left, we get 0 = egager + epareg = epaiey since egag = 0. Since R is
right IR, we have ega; = 0. Multiplying Eq. (5) by ep on the left, we get
0= €papes + epai1€e1 + €gazey = €pazeg since €papg = 0 and €pal = 0. Since
R is right IR, we have epaz = 0. We will proceed by induction. Assume that
epa; =0 for all i € {0,1,...,k —1}. Then
0 =apex +arex—1 + -+ ar—1€1 + axeo
= epag€k + €oa1€k—1 + -+ - + €odg—1€1 + €0akeo
= €pakge€p.
Since R is right IR, we have egar = 0. Thus we now have
eoa; =0 for all 7 € {0,1,...,k}.

Thus the induction gives

(6) epa; =0 for all ¢ € {0,1,2,...}.
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Now consider eja; for all ¢,j. If j = 0, then eja, = 0 by the result (6).
If 7 > 1, then eja; = ejepa; by the result (3) and so the result (6) implies
eja; = ejepa; = 0. These yield e(x)f(x) = 0 and thus R[[x]] is right IR.

(2) comes from (1) and Lemma 2.13(2). O

In the proof of Theorem 2.14, we obtain and use the fact that ege(x) = eq
and e(x)eg = e(x).

The left IR condition also can go up to polynomial rings by similar arguments
to the proof of the preceding theorem.

Corollary 2.15 ([14, Lemma 8)). Suppose that a ring R is Abelian. Then we
have the following results:

(1) Every idempotent of R[x] is in R and R|x] is Abelian.

(2) Every idempotent of R[[x]] is in R and R[[z]] is Abelian.

Proof. Let R be Abelian. Then by the proof of Theorem 2.14, every idempotent
in R[[z]] is of the form e* = ¢ € R. The rest is obtained from Theorem 2.14
and Corollary 2.9. O

Lastly we study the minimality for non-Abelian right (left) IIP (IR) rings.
(5 %z) (resp. (%2 %2)) is right (resp. left) IIP by Example 2.3(4) (resp. Exam-
ple 2.3(3)), but not left (resp. right) IR as can be seen by ease1a = 0 # €10 =
e12€22 (resp. erjrers = ez # 0 = ejgeqr). Given a ring R, the upper nilradical
(i.e., the sum of all nil ideals) and the set of all nilpotent elements in R are
denoted by N*(R) and N(R), respectively.

Theorem 2.16. For a ring R, we have the following results:
(1) If R is a minimal non-Abelian right IIP ring, then R is isomorphic to

Zo
Lo ) :

(2) If R is a minimal non-Abelian left IIP ring, then R is isomorphic to
2

2)
)

(3) If R is a minimal non-Abelian right IR ring, then R is isomorphic to

(4) If R is a minimal non-Abelian left IR ring, then R is isomorphic to
%)

Proof. Let R be a minimal non-Abelian right IR ring. Then |R| = 4 by the
existence of the right IR ring (| %i ).

If R is nilpotent, then by [15, Theorem 2.3.3], there is a basis {a,b} for R
over Zs such that a®> =02 =ab="ba =0 or a®> = b, a® = 0. This implies that
R is commutative, a contradiction.

Suppose J(R) = 0. Here assume that the characteristic of R is > 3. Then
there exists a nonzero x € R with |z| > 3. This yields |z| = 4 since |R| = 4,
entailing R = {0,z,2z,3z}. So R is commutative, a contradiction. Thus
the characteristic of R is 2. Whence we can construct an extension ring R'
by attaching an identity to R, i.e., R! = R x Zg with (z1,n1) + (22,n2) =



STRUCTURE OF IDEMPOTENTS IN RINGS 763

(561 + T2,MN1 + TLQ) and (561, TL1)(ZL'2, TLQ) = (1‘1:62 +nixo + na2Zq, n1n2). Then Rl
has the identity (0,1) and a subring R x 0 = R. Moreover since J(R) = 0, we
also have J(R') = 0. By the Wedderburn-Artin theorem, R = Mat,,, (Z2) @
-+ @ Maty,, (Z) for some n; > 1 (i = 1,...,k). But |R'| =8, and so every n;
must be 1, yielding k¥ = 3. Then R! is commutative and so is R, a contradiction.

We now have that R has non-nilpotent and J(R) # 0. This yields |J(R)| = 2,
and this implies R/J(R) = Zy. By [16, Proposition 3.6.2], there exists an
idempotent e € R such that 1+ J(R) = e+ J(R). Since R is non-Abelian, there
exists b € R such that eb # be, entailing R = {0,e,b,e + b} and J(R) = {0, b},
b? = 0. Let eb # 0 and assume eb = e +b. Then 0 = ebb = eb + bb = eb and
so eb = b (if eb = e, then 0 = ebb = eb). Similarly be = b when be # 0. Since
be # eb, we have two cases

(be = b,eb=0) and (eb = b, be = 0).

If R isright IR, then R is the former case; and if R is left IR, then R is the latter
case. Next let Ry = (8 %2) and Ry = (ZO2 ZOQ). In the former case, R = Ry by
e — e22,b — e12; and in the latter case, R =2 Ry by e — e11,b — e12. These
complete the proof since right (resp. left) IIP ring is right (resp. left) IR by

Lemma 2.4. O

3. Abelian rings of minimal order

In this section we observe the classes of minimal Abelian rings. The following
lemma is a base for our process.

Lemma 3.1. Let R be an Abelian ring with identity. Then R is semiperfect if
and only if R is a finite direct sum of local rings.

Proof. Suppose that R is semiperfect. Then R has a finite orthogonal set of
local idempotents whose sum is 1 by [16, Proposition 3.7.2], say R = . | &;R
such that each e; Re; is a local ring. Since R is Abelian, each e; R is an ideal of
R with e; R = e; Re;. The converse is trivial. O

First note the following kinds of Abelian rings. A ring is called right (resp.
left) duo if every right (resp. left) ideal is two-sided, due to Feller [10]. It is
obvious that one-sided duo rings are IFP.

Example 3.2. (1) Ry = D3(Zs) is IFP by [14, Proposition 1.2]. So R; is a
noncommutative Abelian ring of order 16 over Zy. Note that R is neither left
nor right duo. Next consider A = Zy(x, y), the free algebra with noncommuting
indeterminates x,y over the field Zs. Due to Xu and Xue [22, Example 7], let
I be the ideal of A generated by

3 2 2
-, Yy, yr, r —xy

and B = A/I. Then B is IFP by the argument in [22, Example 7]. But R; is
isomorphic to B through the correspondence x — e15 + e23 and y — eo3.
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(2) The construction is due to Xue [21, Example 2]. Note that

Ry = {<g Cfg) la,be GF(22)}

is duo (hence IFP) by the computation in [21, Example 2]. So R is a noncom-
mutative Abelian ring of order 16 over GF(2?).

(3) The construction is due to Xue [21, Example 2]. Let Z4(z, y) be the free
algebra with noncommuting indeterminates x,y over Z4. Let Rg = Zys{x,y)/I
where I is the ideal of Z4(x,y) generated by 23, y3, yx,2? — 2y, 2% — 2,9y% —
2,22, 2y. Then Rj3 is duo (hence IFP) by the computation in [21, Example 2].
So Rj3 is a noncommutative Abelian ring of order 16 over Zj,.

(4) The construction is due to Xue [21, Example 2]. Let R = Za(x,y) be
the free algebra with noncommuting indeterminates z,y over the field Zy. Let
I be the ideal of R generated by

:L'3a yga yx, $2 -2y, y2 — XY

and Ry = R/I. Then Ry is duo (hence IFP) by the computation in [21,
Example 2]. So Ry is a noncommutative Abelian ring of order 16 over Z,.

(5) The construction is due to Xu and Xue [22, Example 7]. Let R = Z4(z, y)
be the free algebra with noncommuting indeterminates x,y over Z4. Let I be
the ideal of R generated by

2

:L'3a y2a yr, r- —xYy, :L'2_25 21"3 29

and Rs = R/I. Then Rs is IFP by the argument in [22, Example 7]. So Rj is
a noncommutative Abelian ring of order 16 over Z,.

The rings in Example 3.2 are minimal noncommutative Abelian rings with
identity as we see in the following theorem.

Theorem 3.3. Let R be a ring with identity. If R is a minimal noncommu-
tative Abelian ring, then R is of order 16 and is isomorphic to R; for some
i€{1,2,3,4,5}, where R;’s are the rings in Example 3.2.

Proof. We apply the proof of [11, Theorem 2.6]. Eldridge proved that a finite
ring is commutative when its order has a cube free factorization in [8, Theo-
rem]|, and that if a finite noncommutative ring is of order p3, p a prime, then it
is isomorphic to Uz (GF(p)) in [8, Proposition]. Thus every minimal noncom-
mutative ring is isomorphic to Us(Zz). But Uz(Z2) is non-Abelian, and so a
minimal noncommutative Abelian ring is of order 16 by the ring in Example

3.2(1).
Let R be a minimal noncommutative Abelian ring. Then R is a local ring
by Lemma 3.1 since R is minimal. Here we have three cases: |J(R)| = 2,

|J(R)| = 4 or |[J(R)| = 8, where |J(R)| means the cardinality of J(R). Note
that R/J(R) is a field and J(R) is a vector space over R/J(R).
The case of |J(R)| = 2 is impossible by the proof of [11, Theorem 2.6].
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Consider the case of |J(R)| = 4. In this case R is isomorphic to

{(g ;’2) labe GF(22)}

by the proof of [11, Theorem 2.6].

Lastly suppose |J(R)| = 8. Then R/J(R) = Zs, and J(R) is a nilpotent
algebra of dimension 3 over Zs. Thus, by Kruse and Price [15, Theorem 2.3.6],
J(R) has a basis {a,b,c}, with J(R)c = ¢J(R) = 0, such that one of the
following conditions holds:

(1) a®> = ab = ba = b* = 0;

2) a2 =b%=0,ab= —ba = c;

) a? = c,ab = ba = b* = 0;

) a? = c,ab = ba = 0,b = ¢;

) a? = ab = c,ba = 0,b% = ¢c for some ¢ € Zs (i.e., b*> =0 or b*> = ¢);

(6) a? = b,a® = c,a* = 0, where all of the preceding algebras are mutually
non-isomorphic.

Since R ={a,1+a | a € J(R)}, we have that R is commutative if and only
if so is J(R). Consider the case (2). Since J(R) is a vector space over Zg,
v = —v for all v € J(R), entailing ab = —ba = ba. In the case (6), ab = ba
clearly. Thus R is commutative when J(R) satisfies one of the conditions (1),
(2), (3), (4), and (6). So it suffices to examine the condition (5) to complete
the proof.

3
4
)

a
a
a

Py

Consider the ring R; in Example 3.2(1). Recall J(Ry) = (§ 282 %oz)' Let
a=eja+e3, b=-ea3, c=e13 € J(Ry). Then J(Ry) satisfies the condition (5)
with J(R1)c = ¢J(R1) =0 and b* = 0 = Oc.

Consider the ring R3 in Example 3.2(3) and recall J(R3) = 2Z4 + RozR2 +
RoyRs. Let a = —4,b=7,c=2 € J(R3). Then J(Rj3) satisfies the condition
(5) with J(R3)c = c¢J(R3) =0 and b* = ¢ = lc.

Consider the ring R4 in Example 3.2(4) and recall J(R4) = (Z,7). Let
a =2Z,b=7y,c=12*¢€ J(Ry). Then J(R,) satisfies the condition (5) with
J(Ry)c =cJ(Ry) =0 and b? = ¢ = lc.

Consider the ring R5 in Example 3.2(5) and recall J(R5) = (Z,7,2). Let
a =1%,b =y,c=2¢€ J(Rs). Then J(R;) satisfies the condition (5) with
J(Rs)c = c¢J(R5) = 0 and b? = 0 = Oc.

Note that R; is not isomorphic to R; for ¢ # j (where 4,5 € {1,2,3,4,5})
by the arguments in [22, Example 7] and [21, Example 2]. O

In the following argument, the minimal noncommutative Abelian rings with-
out identity is completely determined, up to isomorphism. This result also
yields that a ring is a minimal noncommutative Abelian ring if and only if
it is a minimal noncommutative nilpotent ring. Therefore this result leads to
methods by which noncommutative Abelian or nil rings are constructed.
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Example 3.4. (1) E = {(ai;) € Un(A4) | a;;j = 0 when ¢ = j} is a nilpotent
ring for any ring A. F is commutative when n = 1,2. While, E is noncommu-
tative when n > 3 and A has an identity (as can be seen by ejaea3 = e13 and
€93€12 — O)

(2) According to Xue [21, Example 2], let T = Z4(x,y)/I where Zs{x,y) is
the free algebra with noncommuting indeterminates x,y over Z4 and I is the
ideal of Zy(z,y) generated by 3,33, yx, 2% — 2y, 22 — 2,94* — 2,22, 2y. Then
J(T) = (2,z,y) is noncommutative, and since abc = 0 for a,b,c € {2,z,y}, we
get J(T)3 = 0.

(3) Let Zy4(x,y,z) be the free algebra with noncommuting indeterminates
x,y, z over Zy. Construct the following factor rings:

Ey=Zy(x,y,2) ) (2® — 2,y* — 2,0y — 2,2% — 2,2y — 2,yx, 22, X2, Y2, 22, 2Y, 2°);
E2 = Z4<x,y,z>/(:c2 - Zay2 —Z2,TY — z, 2x — Z,ym,?y, 2Z,Z'Z,yZ,ZZL',Zy,Z2);

By =Zy(x,y,2)) (2% — 2,y* 2y — 2,22 — 2,2y — 2,yx, 22,22, Y2, 2T, 2y, 2°);

2)
E4 - Z4<$,y,2>/($2 - Z,y2,1'y -z, 2z — 2, Yz, 2y,22,$2,y2,2$72y722).

Next define
R; ={f € E; | f has a zero constant term}

for all 4. Identify each element in Z4(x,y, z) and its image in F; for simplicity.
Note that 22 = 0, 2% = 0 (since 2% = 22 = 0), 22 = 0, 22 = 2y = 22 = 2, and
rz=yz=zx=z2y=yx=0in any R;. Since 22 — 2 =0, 23 = 2%z = 22 = 0,
and similarly y® = 0. Note that R; = (v, y,2) = Zyx ® Zsy®Zsz = {0, 2,9y, +
Yy, z,z+x,z+y,z+x+y}. Note also that every R; is a noncommutative ring.
y?=2#0in R; fori = 1,2, and y?> = 0in R; fori = 3,4; |z| = |y| = 4, |2| = 2
in R; fori=1,3, and || =4, |y| = |2|] =2 in R; for ¢ = 2,4. These imply that
R;’s are mutually non-isomorphic.

R? ={0,z} for all i and (R;/R?)" = Zy ® Zs, where {0,z + R?} = Zs and
{0,y + R?} = Zy. In any R;, abc = (ab)c = zc = 0 (when ab # 0) for all
a,b,c € {z,y,2}; hence R} = 0. Note char R = 4.

(4) Both (4 4) and (§ 4) are non-Abelian rings for any ring A with identity.

In Theorem 3.3, R is a minimal noncommutative Abelian ring with identity,
then R is of order 16 and is isomorphic to D3(Z2), the second ring in [21,
Example 2], or the ring of all matrices of the form (8 ab2 ) over GF(2%). We will
observe the class of minimal noncommutative Abelian rings without identity.
The following lemma was shown by Erickson [9] and Eldridge [8]. In [5], Bell
called a ring R periodic if for each € R, there exist distinct positive integers

n, m, depending on x, for which 2™ = z™. Finite rings are clearly periodic.

Lemma 3.5. (1) [9, Theorem 1] If R is a ring of order n > 1 and if n has
square free factorization, then R is a commutative ring.

(2) [9, Theorem 2] If p is a prime integer, then there exists a noncommautative
ring of order p?.
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(3) [8, Theorem] Let R be a finite ring of order m with identity. If m has a
cube free factorization, then R is a commutative Ting.

(4) [5, Lemma 1(a)] If R is a periodic ring, then some power of x is an
idempotent for each x € R.

(5) [2, Proposition 27.1] If I is a nil ideal in a ring R, then idempotents lift
modulo I.

One can say that any finite ring is a commutative ring when its order has a
square free factorization, by Lemma 3.5(1), (3).
Theorem 3.6. If R is a minimal noncommutative Abelian ring, then R is of

0 Zs Zs
order 8 and is isomorphic to (0 0 Zs ) , J(T) in Example 3.4(2), or one of R;’s
00 0

(i =1,2,3,4) in Ezample 3.4(3).

Proof. Let R be a minimal noncommutative Abelian ring. Erickson decided
that the order of a finite noncommutative ring must have a square factor, by
Lemma 3.5(1), (2). Furthermore Eldridge claimed that such a ring does not
have an identity, by Lemma 3.5(3). If R is cyclic, then R is commutative and
so RT is not cyclic.

Assume |R| = 4, based on Lemma 3.5(2). If R is nilpotent (i.e., J(R) = R),
then there exists a basis {a, b} for R over Zy such that a®> = b?> = ab=ba =0
or a®> = b, a® = 0, by [15, Theorem 2.3.3]. This implies that R is commutative,
a contradiction. If J(R) = 0, then R is commutative by the proof of Theorem
2.16. Consequently R is a non-nilpotent non-semiprimitive ring. Then we
must have |J(R)| = 2 and R/J(R) = Zy. By Lemma 3.5(5), there exists an
idempotent e € R such that a+ J(R) = e+ J(R) where a+ J(R) is the identity
of R/J(R). Consequently we get R = {0, e,b,e+b}, letting J(R) = {0,b}. But
since R is Abelian, eb = be and so R is commutative, a contradiction.

Therefore the order of R must be larger than 4. Then |R| > 8 by Lemma

0Zs Zs
3.5(1), but the existence of the Abelian ring (0 0 Zz) concludes |R| = 8. Thus
00 0

we can conclude that a minimal noncommutative Abelian ring must be of order
8. Since J(R) is an additive subgroup of R, J(R) is of order 2, 4, or 8.

Suppose |J(R)| = 4. Then the characteristic of J(R) is either 2 or 4. Assume
char J(R) = 4. Then there exists a nonzero x € R with charx > 3. This
yields charxz = 4 since |J(R)| = 4, entailing J(R) = {0, z,2z,3z}. Assume
char J(R) = 2. Then, by [15, Theorem 2.3.3], there exists a basis {a,b} for
J(R) over Zs such that a? = b = ab = ba = 0 or a®> = b, a® = 0. In
any case J(R) is a commutative ring. Note (R/J(R))T = Z,, say R/J(R) =
{0,a + J(R)}. Since R/J(R) is not nil, a + J(R) must be an identity of
R/J(R). By Lemma 3.5(5), there exists a nonzero idempotent e € R such that
a+ J(R) = e+ J(R). Consequently we get R = {j,e+j|j € J(R)}. But
since R is Abelian, ex = xe and ea = ae, eb = be. Then R is commutative since
J(R) is commutative. This is a contradiction. Thus |J(R)| # 4.

Suppose |J(R)| =2 and J(R) = {0,a}. Then (R/J(R))™ is isomorphic to
either Z4 or Zs ® Zo by the Fundamental Theorem of Finite Abelian Groups.
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Assume (R/J(R))T = Z4 and say R/J(R) = {0,z + J(R),2z + J(R), 3z +
J(R)}. Then (2z + J(R))?> = 0 in R/J(R), and so the ideal of R gener-
ated by {22} U J(R) is nil. This yields 2z € J(R), a contradiction. Assume
(R/J(R))" = Zsy @ Zsy. Since R/J(R) is not nil, z + J(R) is non-nilpotent for
some z+J(R) € R/J(R). Then some power of z+.J(R) is a nonzero idempotent
in R/J(R) by Lemma 3.5(4), say 2™ + J(R). By Lemma 3.5(5), there exists a
nonzero idempotent e € R such that z™ + J(R) = e+ J(R). Consider the ideal
K of R generated by {e} U J(R). If K = R, then R is commutative since R is
Abelian. This induces a contradiction, and so K & R. Note R/K = Zy and
say R/K = {0,z + K}. Since the characteristic of R/J(R) is 2, 2z € J(R) and
(R/J(R))T = {0,e}®{0, 2}, entailing R = {0,¢e,x,e+x,a,a+e,a+z, at+e+z}.
If z + J(R) is nilpotent, then x is nilpotent. Moreover since e is central, the
subset {} U J(R) generates a nil ideal of R. This leads to € J(R), a con-
tradiction. Thus z + J(R) is non-nilpotent in J(R); hence by Lemma 3.5(4,5),
there exists a nonzero idempotent f € R such that z" + J(R) = f + J(R) for
some n > 1. Here let n be the smallest such integer.

Assume e = f. Then e + J(R) = 2" + J(R) and so e = 2" or e = 2" + a.
Moreover R/J(R) = {0,z + J(R),2? + J(R),2® + J(R)} and z* + J(R) €
{z + J(R),2* + J(R),2® + J(R)}, since |R/J(R)| = 4 and z + J(R) is non-
nilpotent. We will show za = ax. Then R is commutative since every element
of R is of the form z* or z° + a. Assume on the contrary that xa # ax. Say
za = a,axr = 0. Then zFa = a for all k > 1. So if e = 2™ + a, then

0=0+0=a2"+a®=a(z" +a)=ae=ea
=@"+a)a=2"a+a*=a+0=0a#0,
a contradiction. Thus e = 2™, and so we also get
0#a=2z"a=ea=ae=az" =0,

a contradiction. The case of za = 0,ax = a also induces a contradiction by a
similar method. Consequently ax = za, a contradiction. Therefore e # f, and
this yields R = {0, ¢, f,e+ f,a,a+e,a+ f,a+e+ f}. Whence R is commutative
since R is Abelian, a contradiction. Thus |J(R)| # 2.

These conclude that it suffices to argue only about the case when |J(R)| = 8.
Suppose J(R) = R. Then R is nilpotent, and |R| > |R"| for any n > 2. If
R? = 0, then R is commutative and so R? # 0, entailing that |R?| = 2 or
|R?| = 4. If |R?| = 4, then |R/R?| = 2 and so there exists a generator a + R?
for (R/R?)*. Then R is the ring generated by a by [15, Lemma 2.3.1], and
so R is commutative. This is a contradiction, and so |R?| = 2. If (R/R?)*
is cyclic, then R is also commutative by [15, Lemma 2.3.1]. Thus (R/R?)*
is not cyclic, leading to (R/R?)™ = Zs & Zy. Note (R?)T = Z,, and say
R? = {0,c}. Clearly 2c = 0 and ¢? = 0. Since (R/R?*)* = Zsy & Za, there
exist a,b € R such that (R/R?)* = {0,a + R*,b+ R*, a +b+ R?} and 2a €
R2,2b € R%. Then R = {0,a,b,a + b,c,a+ ¢,b+ ¢,a+ b+ c}. Here assume
la| = 4. Then 2a = c and ac = ca. If a®> # 0, then a®> = c since a®> € R
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Whence ca = (2a)a = 2a% = 2¢ = 0 and this yields that a® = a?a = ca = 0
when a? is zero or not. A similar calculation gives b> = 0 and bc = cb when
|b| = 4. Since R is noncommutative, we must have ab # ba and so either
ab = ¢,ba = 0 or ab = 0,ba = c. Consequently, if |[R| = 8, then R® = 0
since zyz = (zy)z = (2a)z = 2¢ = 0 or zyz = (zy)z = (2b)z = 2¢ = 0
(when zy, az, bz are all nonzero) for every z,y, z € {a,b, c}. Thus we have the
following four cases:

(1) la| = |b| =4, |¢| =2, a® =b* = ab=2a =2b=c,
ba = ac=ca=bc=cb=c*=0;

(2) la| =4, |b| = |¢| =2, a* =b* = ab=2a = c,
ba = ac=ca=bc=cb=c*=0;

(3) la| = |b| =4, |¢| =2, a® =ab=2a=2b=c,
b2 =ba = ac=ca=bc=ch=c*=0;

4) la| =4, |b] = |¢| =2, a®> = ab=2a =,

P =ba=ac=ca=bc=chb=c*>=0.

Thus R is isomorphic to Ry in Example 3.4(3) for the case (1), R is isomorphic
to Rp in Example 3.4(3) for the case (2), R is isomorphic to Rz in Example
3.4(3) for the case (3), and R is isomorphic to R4 in Example 3.4(3) for the
case (4), through the correspondence a — x,b +— y,c — z.

Next assume that R is an algebra of dimension 3 over Zy. Then, by Kruse
and Price [15, Theorem 2.3.6], J(R) has a basis {a,b,c}, with Re = ¢R = 0,
that one of the following conditions holds:

5 a’? = ab = ba = b* = 0;
(5)

(6) a’>=b*=0,ab= —ba = ¢;
7 a’®=c,ab=ba=1b*=0;
(
(8)
(9)
(

8 a’> =c,ab=ba =0,b* =¢;
9

10) a’=b,a®=c,a* =0,

a? =ab=c,ba =0,b> = pc for some ¢ € Zo;

where all of the preceding algebras are mutually non-isomorphic. However R is
commutative when R satisfies one of the conditions (5), (6), (7), (8), and (10).
So it suffices to concentrate on the condition (9). We next apply the proof of
Theorem 3.3. e

Consider the ring Ry = (0 0 Zz) and let a = eja+e23,b =ea3,c =13 € R;.
00 0
Then R; satisfies the condition (9) with Ric = cR; = 0 and b* = 0 = Oc.

Next set Ry = J(T) in Example 3.4(2) and let a = Z —3,b = Z,c = 2. Then
Ry satisfies the condition (9) with Roc = cRy = 0 and b* = c.
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Compare Ry and Re. In Ry, f = e12 + e23 and g = e13 + e13 + ea3 are all
elements such that f2 = ¢ = ¢2 and they are of index 3 of nilpotency. But
fg=gf = ez #0. Thus R; is not isomorphic to R, noting that b2 = Oc in
R; and b% = 1c in R,. O

By the proof of Theorem 3.6, we can obtain the following corollary.

Corollary 3.7. If R is a minimal noncommutative nilpotent ring, then R is
of order 8 and is isomorphic to (8 Z02 %2), J(T) in Example 3.4(2), or one of
R;’s (i1=1,2,3,4) in Example 3.4%30). ’

We get the following result by help of Theorem 3.6 and Corollary 3.7.

Corollary 3.8. A ring R is minimal noncommutative Abelian if and only if
R is a minimal noncommutative nilpotent ring.

A quick computation gives that a ring R is a minimal (commutative) nilpo-

tent ring then R is isomorphic to (§%2). Note that 2Z, = ({%2).
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