COMMUTATIVE SUBDIRECTLY IRREDUCIBLE RADICAL
RINGS

MIROSLAV KORBELAR

ABSTRACT. A ring R is radical if there is a ring S (with unit) such that
R = J(S) (the Jacobson radical). We study the commutative subdirectly
irreducible radical rings and show that such a ring is noetherian if and only
if is finite. We present a reflection of the commutative radical rings into the
category of the commutative rings and derive a lot of examples of the subdi-
rectly irreducible radical rings with various properties. At last, we show partial
results in the classification of the factors R/M of the subdirectly irreducible
radical rings R by their monoliths M.

For a ring R we denote J(R) = ({Anngr(M)| M is a simple R-module} the
Jacobson’s radical of R. Radical rings are just all Jacobson’s radicals of all rings.
These rings are important not only for this property, but were also massively used,
together with their adjoint groups, by E. Zelmanov in solving of the Burnside’s
problem for finitely generated groups.

Equivalently, a ring R is radical if and only if for every a € R there is an adjoint
element a € R such that a + a+ aa = 0. Thus we can view the class of the radical
rings as a universal algebraic variety (with one nullary, two unary and two binary
operations). Since every simple radical ring is isomorphic to a zero-multiplication
ring Z,, for a prime p, we proceed naturally by investigating of the structure of this
variety to the subdirectly irreducible ones.

A subdirectly irreducible ring is one in which the intersection of all the nonzero
ideals is a nonzero ideal. These ring are a kind of building blocks, since, by the
Birkhoff’s theorem, every radical ring is isomorphic to a subdirect product of sub-
directly irreducible radical rings.

In this paper we pay our attention on the commutative rings. Subdirectly irre-
ducible commutative ring were already studied by N.H. McCoy [6] and N. Divinsky
[7]. In [6] was shown that these rings are of the following three types:

(o) Fields.
(8) Every element is a zero divisor.
(7) There exists both non-divisors of zero and nilpotent elements.

The subdirectly irreducible commutative radical rings are of type (5). In addition,
by [6], if they satisfy either the descending or the ascending condition, they are
nilpotent.

An important property of the class of commutative radical rings is also the
existence of a reflection of the category of the commutative rings into the category
of the commutative radical rings. In this paper we present such reflection, which
will be consecutively a very effective tool for constructing of examples of subdirectly
irreducible radical rings with various properties. As we will see, a very helpful class
for these constructions will be the class of so called subradical rings.
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Finally, we are concerned with the following natural question: ”Which (univer-
sal) algebras are homomorphic images of subdirectly irreducible (universal) alge-
bras?” T. Kepka asked for a characterisation of those algebras in [3]. For semigroups
was the complete answer given in [1]. For algebras with only unary operations was
the problem partially solved in [2]. In [5], the aswer was given for quasigroups. In
this paper we study this question for (commutative) radical rings. We give some
necessery conditions for such factors and make a characterization of the case when
the factor is zero-multiplication ring.

1. INTRODUCTION

Throughout this paper, all rings are assumed to be commutative with or without
unit. Henceforth, the word ’ring’ will always mean a commutative one.

The Dorroh extension D(R) for a ring R is a ring Z @ R with the multiplication
(n,a) - (m,b) = (nm,ma + nb + ab) for n,m € Z and a,b € R. We can therefore
assume that R C D(R). Nontrivial radical ring cannot contain a unit (otherwise
—1e Rand 0= (=1) 4+ (=1) + (=1)(=1) = —1, a contradiction). Hence we can
write (1 +a)(1+a) =1 in D(R).

Let R be a ring, X,Y C R subsets. Denote X -Y the subgroup of (R,+)
generated by the set {zy|z € X,y € Y}. Further, put X! = {> z;|z; € X} and

X"l = X . X" for n € N.

Let R be a ring and A C R a subset. We will say that R is id-generated by A iff
R is generated by A as a R-module. We say that a radical ring R is rd-generated
by A iff is generated by A as a radical ring.

For a ring R we denote Ann(R) the annihilator, N'(R) the nilradical, 7(R) the
torsion part and D(R) the divisible part of R.

A ring R is said to be subdirectly irreducible iff it has the least non-zero ideal,
called a monolith and denoted by M(R). Let M # 0 be an ideal of R. Clearly, a
ring R is subdirectly irreducible with a monolith M(R) = M iff M C Rz for every
x € R\ Ann(R) and M C Za' for every 0 # 2’ € Ann(R) (i.e. if M C Rx + Zx for
every 0 # x € R).

Let R be a subdirectly irreducible radical ring with a monolith M. By [4] 12.1,
T (R) is a p-group and Z,(+) = M(+) C Ann(R)(+) = Zyn (+), where 1 < n < 0.

Denote by S the the class of all subdirectly irreducible radical rings.

Lemma 1.1. Let R be a ring, A C R a subset. Let A" =0 for some n € N and
suppose R is id-generated by A.
Then R is generated by A as a ring and R™ = 0 (hence R is nilpotent).

Proof. Obviously R = A'+ R-A'. Now, by induction, if R = A' 4.+ A*+ R. AF,
then R= Al +... + AF 4 (A1 + R- A1) . AF = Al ... 4 Ak 4 AR+ L R ARFL
Hence R = A' + ... + A" and R is nilpotent. O

Lemma 1.2. Let R be a noetherian ring. Then there is m € N such that m X
T(R)=0.

Proof. Let P = {pi1,p2,...} be the set of all prime numbers. Put I, = {a €
R|(3 k € N)(p1...pn)* x a = 0}. Then {I,},en is an increasing sequence of
ideals of R and 7(R) = UJ,, In. Hence T(R) = I, for some ng. Further, put
Ji = {a € R|(p1...pny)* x @ = 0}. Then {J}ren is an increasing sequence of
ideals of R and 7(R) = |J, Jx. Hence T(R) = Ji, for some ky. Finally, set
m:(pl-“pno)ko' 0

Lemma 1.3. Let S be a subdirectly irreducible radical ring with a monolith M =2 Z,,.
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() If T(S) # S, then for every n € N there exists a subgroup G, C S(+) such
that M C Gy, = Zpn (+).
(ii) If S is noetherian then is torsion and nil.

Proof. (i) Let a be a torsion-free element in S, n € N. Then p"~! x a is also
torsion-free and hence p"~! x a ¢ Ann(R). Thus there is b € S such that 0 #
b-(p"~! x a) € M. Therefore ba is of order p" and we put G,, = (ba).

(if) 7(S) is a p-group, hence there is n € N such that p” x 7(S) = 0, by 1.2.
Suppose that S # 7(S). Then, by (i), for every k € N there is a € 7(5) of order
p*, a contradiction.

Suppose now a € S is not nilpotent. Put J, := {x € Slza”™ € M}. Then
{Jn}nen is an increasing sequence of ideals. Since a"*! ¢ Ann(S), there is b, € R
such that 0 # b,a™*t! € M and obviously b,a™ ¢ M C Ann(S) (otherwise 0 #
b,a"t! = (b,a™)a = 0, a contradiction). Hence b,, € J,11 \ J,, for every n € N, a
contradiction. (]

Theorem 1.4. Let S be a subdirectly irreducible radical ing. Then S is noetherian
if and only it is finite. Hence, if S is noetherian then is also artinian.

Proof. (<) Easy.

(=) S is a finitely id-generated ring. By 1.3(ii) is nil and hence by 1.1 is finitely
generated as a ring. Moreover, p¥ x R = 0 for some prime p and k € N by 1.2 and
1.3(ii). Hence is S finite. U

Remark 1.5. Ring Z,~, p € P, with a trivial multiplication is an example of a
subdirectly irreducible radical ring that is artinian, but not noetherian.

2. REFLECTION OF RADICAL RINGS AND SUBRADICAL RINGS

Construction 2.1. Let R be a commutative ring, D(R) its Dorroh extension with a
unit 1 = Ipry. The set 1 + R = {(1,7) € D(R)|r € R} is a subsemigroup of the
semigroup D(R)(+). Consider localization (1 + R)“!D(R) of D(R) and the subring
AR)=(1+R)"'Rwithmap ¢: R— (1+ R)"'R, ¢(r) =r/1,7 € R.

Proposition 2.2. Let R be a commutative ring. -

(i) A(R) = (1 + R)"'R is a radical ring, v/(1+s8) = r/1 +s/1 - r/1 and
r/l=r/(1+s)+s/1 - r/(1+s) for everyr,s € R.

(ii) p : R — (1+R) "R, p(r) = r/1 is a reflection of the category of the commu-
tative rings into the category of the commutative radical rings (i.e. for every radical
ring T and every ring homomorphism ¢ : R — T there is an unique homomorphism
of radical rings f : (1+ R)™'R — T such that ) = f o ¢.)

(iti) r/(1+s) =0 4ff r/1 =0, ker(¢) = {z € R|(3a € R) z = ax}.

(iv) 1+ R)"'R=0 iff o = 0.

Proof. (i) Fora =r/(1+s) € (1+R)R~! takea = —r/(1+r+s). Then a+a+aa = 0.
The rest is easy.

(ii) ¢ is a reflection: First, we show uniqueness. Let there be a homomorphism
f:(1+R)"'R — T of radical rings such that 1 = fp, where ¢ : R — T is a ring
homomorphism. Since r/(1+s) =r/14+r/1-(=s/(1+s)) =r/1+7/1-5/1, we

have f(r/(1+s)) = f(r/1) + f(r/1)f(s/1) = ¥(r) + ¢ (r)p(s) for all r,s € R.

To show existence, define f as above. Let D(T) be the Dorroh extension of T,

then we have f(r/(1+s)) =¥ (r)(1 4+ ¢(s)) in D(T).

f is well defined: Let r/(1+s) =r'/(1+5’), where r,7’,s,s" € R, then (1+u)w =
0 for some u € R, where w = r(1 +s') —7'(1 + s). Hence ¢ (w) = ¢(—u)y(w) and
thus ¥ (w) = 0, since A is a radical ring. Therefore ¢ (r)(1+(s")) = ¥ (r')(1+(s))
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and (r)(1+ 9(s)) = ¥(r)(1 + ()1 + D) (1 + ¢(s)) = () (1 + P(s))(1 +
P(s) (1 +(s")) = (") (L + (). N
It is easy to show, that f is a ring homomorphism. Hence f(a) = f(a) for every

a € (1+ R)"'R and f is a homomorphism of radical rings.
(iii),(iv) Obvious. O

Lemma 2.3. Let R be a commutative ring.

(i) If R is generated by X (as a ring), then (1+ R)™'R is rd-generated by p(X).

(ii) Let R be a free commutative ring with a basis X (i.e. R =} _\ 2Z[X]).
Then ¢ is injective and (1 + R)"'R is a free radical ring with a basis p(X).

(#ii) Let R be a subdirectly irreducible ring with a monolith M. If p|ar is injective,
then ¢ is injective and (1 + R)™'R is a subdirectly irreducible radical ring with a
monolith (1 + R)™1 M.

(iv) Let R be id-generated by X, then (1 + R)™'R is id-generated by p(X).

Proof. (i) Follows immediately from r/(1+s) =7/1+4r/1-s/1 for all s, € R.

(ii) (See also [4]11.1.2.) Let R =} .y 2Z[X] be a free commutative ring with
a basis X. Then ¢ is injective by 2.2(iii) and (1 + R)"!'R is rd-generated by
©(X) by (i). Let A be a radical ring and g : ¢(X) — A a map. Then there
is a ring homomorphism % : R — A such that g o (p|x) C . Hence there is
f:(1+R)"'R — A a homomorphism of radical rings such that f¢ = 1. Thus
g C f. Since p(X) rd-generates (1 + R)"'R, is f uniquely determined.

(iil) If ker(p) # 0, then by assumption M C ker(y) and ¢|pr = 0, a contradiction.
We show that (1 + R)™!M is a monolith of (1 + R)!R. Let I # 0 be an ideal of
(1+ R Rand 0 # r/(1+s) € I. Then 0 # r and thus M C Rr + Zr. Let be
m € M and t € R. Since r/1 =r/(14+s)+s/1-r/(1+s) € I, we have m/1 € I
and m/(1+t) =m/1+t/1-m/1 € I. Hence (1+ R)"'M C I.

(iv) Obvious. O

Let f : R — T be a ring homomorphism, ¢r : R — A(R) and ¢or : T — A(T)
reflections. Then there is a unique homomorphism of radical rings f* : A(R) —
A(T) such that f*pr = ¢rf. Hence we have a covariant functor R — A(R), f —
f* from the category of the commutative rings into the category of the commutative
radical rings.

Definition 2.4. A commutative ring R will be called subradical iff (Vz,a € R) (z =
xa =z =0).

Remark 2.5. (i) Every radical ring is subradical (see [4] 7.9).

(ii) The class of subradical rings is closed under subrings and products.

(iii) Let R be a commutative ring, then xR[x] and zR[[z]] are subradical.

Indeed, for 0 # f = >, a;x* € R[[z]] put m(f) = min{n|a, # 0} > 1. If
0# f = fg for some f,g € R[[z]] then m(f) = m(f)+ m(g), a contradiction.

(iv) The ring R = xZ|x] is subradical but its non-trivial homomorphic image
R/(1 — )R has a unit and hence isn’t subradical.

(v) Let T be a domain with unit 1p and R a subring such that 17 ¢ R. Then
R is subradical. (If @ = az, a,z € R, then (17 — x)a = 0. Since T is a domain and
17 € R, we get a = 0.)

(vi) Let R be a commutative ring. Put Ry = R and R,,+1 = D(R,,) for n > 0.
Then T' = |J,, Ry, is a ring without a unit and at the same time for every x € T
there is a € T such that © = ax. Hence T is not subradical and A(T) = 0.

(vii) Let R be aring, I = {z € R|(3a € R) = az}. Then R/I is subring of
(1+ R)™'R by 2.2, hence subradical. It is easy to see that the natural projection
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m : R — R/I is a reflection of the category of the commutative rings into the
category of the commutative subradical rings.

(viii) Let R be subradical. Then Ann(A(R)) = Ann(R), N(A(R)) = (1 +
R)™'N(R) and T (A(R)) = (1 + R)"'T(R).

Let /(14 s) € Ann((1+ R)"'R). Then ru/(1+ s) = 0 for every u € R. Hence
ru/1l = 0 by 2.2(ii) and ru = 0, since R is subradical. Thus r € Ann(R) and
r/(1+s) =r/1. The rest is similar.

(ix) If f : R — T is surjective, then f* is surjective.

(x) Let R be a ring with a unit, such that J(R) # 0. Then the inclusion
i+ J(R) — Risinjective, but i* : J(R) — (1+R)"!R = 0 is a zero homomorphism.

(xi) Let R be a subradical ring and v : T — R be an injective ring homomor-
phism. Then v* is also injective.

(xii) The sequence of (subradical) rings 0 — 22Z[x] - xZ[z] = 2Zs[x] — 0,
where i is inclusion and 7 natural projection, is exact, but Im i* # ker 7*.

Indeed, denote R = xZ[z] and I = 2R. Then Im i* = {r/(1 + s)|r,s € I} and
kerm* = {r/(14s)|r € I, s € R}. We show that 2z/(14x) € ker 7*\Im i*. Suppose,
on contrary, that 2z/(1 + z) = 2xf(z)/(1 + 2zg(x)) for some f(z),g(z) € Z[z].
Then 2z(1+ 2zg(x)) = 2z f(x)(1 + ), since R is subradical, and thus 1+ 2zg(z) =
f(z)(1+ ). Using a natural projection o : Z[x] — Zz[x] we obtain 1 = f(x)(1+x)
in Zs[z], a contradiction, by comparing the degrees of the polynomials.

Corollary 2.6. Let S be a subdirectly irreducible radical ring. The following are
equivalent:

(i) S is finite,

(ii) S is finitely rd-generated,

(i) S is noetherian.

Proof. We only need to prove (ii)=-(iii). The rest follows from 1.4.

We show that every finitely rd-generated radical ring is noetherian. It is enough
to prove it only for a free radical ring T with a finite basis. By 2.2(iv) there is a
free commutative ring T = > ;Z[x1, ..., 2,] and a reflection ¢ : T — (1+T)~'T

i=1
such that U = (1 +T)~'T. We prove that every ideal I in U is finitely generated
as a U-module. Obviously K = ¢~1(I) is finitely generated T-module, since T is a
noetherian ring. Hence (1 + T)"tp(K) = I is also finitely generated (1 + T)~1T-
module. (|

Every finitely generated commutative ring is noetherian. Infinite fields are easy
examples of noetherian rings that are not finitely generated. Following example
shows a noetherian radical ring that is not finitely rd-generated.

Ezample 2.7. Put R = xZy[[z]], where n = 0 or n > 2. Then:
(i) R is id-generated by .
(ii) R is a noetherian subradical ring.
(iii) S = (1+ R)"!'R is a noetherian radical ring which is not finitely (not even
countably) rd-generated.

Proof. (i) Let f(z) = Ao+ Xox® + -+, then —\jz + f(z) = zg(z) € xR for some
g(z) € R.

(ii) The ring Z, is noetherian, hence Z,[[z]] is noetherian. An ideal I of R is
also an ideal of Z,[[z]]. Hence R is noetherian. By 2.5 (iii) is subradical.

(iii) R is uncountable. The rest follows by localization. O

Following lemmas show that a subradical semigroup allows to get a subradical
ring with help of the classical construction of a semigroup algebra (eventually the
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contracted construction, where the zero element of a semigroup is identified with a
zero of the ring). In the first case the semigroup needs to be without a zero element.

Definition 2.8. Let A be a commutative semigroup. We call A subradical iff every
x € A, such that z = ax for some a € A, is a zero element.

Remark 2.9. Let K # () be a finite set and ¢ : K — K a map. Choose z € K.
Since K is finite, there must be m,n € N, m < n such that ¢™(z) = ¢"(x). Put
a=¢™(z) and k = n —m. Then ©*(a) = a.

Lemma 2.10. Let R be a ring, A a semigroup with a zero element o. Let R[A] be
a semigroup algebra with an ideal I = R - o.
(i) Let R have a unit. If R[A]/I is subradical, then A is subradical.
(ii) Let A be subradical. Then R[A]/I is subradical.
Proof. (i) Easy.
n m n
(ii) Suppose, for contradiction, that [>" Aia;| - [> p;b;] = [>° Niai] in R[A]/I,
i=1 j=1 i=1
where n > 1,m > 0, A, ;5 € R, \; # 0 and a;,b; € A, a; # 0 for all 4, j. From the
multiplication in R[A]/I follows that there are maps ¢ : {1,...,n} — {1,...,n}
and ¢ : {1,...,n} — {1,...,m} such that a; = a,(;)by@) for every i = 1,...,n.
By 2.9 there are 39 € {1,...,n} and k € N such that ¢*(iy) = ip. Hence a;, =
i) Dip(i0) = Qup2 (i0) b2 (i0) Do) =+ = Aph(io) Dyt (i0) bur=1(io) - - - by (i) Thus 0
a;, = a;,.b for some b € A, a contradiction. d
Consequence 2.11. Let R be a ring, A a semigroup and R[A] a semigroup algebra.
(i) Let R have a unit. If R[A] is subradical, then A is subradical.
(i) Let A be a subradical without a zero element. Then R[A] is subradical.

Proof. (i) Easy.

(ii) Put A’ = AU {0}, where o is new element and set ao = oa = 0o = o for
every a € A. Then A’ is a subradical semigroup with a zero element o. Then by
2.10(ii) R[A’]/I is a subradical ring (where I = R -0). Since R[A] = R[A']/I, it
follows that R[A] is also subradical. O

Comparing to the subradical rings, the only way how to obtain a radical ring
as a semigroup algebra, is to use the contracted construction and a nil semigroup,
as we will see in next lemmas. Radical (contracted) semigroup algebras provide
thus only a limited class of examples to choose. The subradical semigroups on the
other hand extend a much wider class of rings, which will be very useful for the
constructions in the next chapter.

Lemma 2.12. Let A be a commutatice semigroup with a zero element o (i.e. ao = o
for alla € A), R be a commutative ring with a unit. Put S = R[A]/I, where R[A]
is a semigroup algebra and I = R - o an ideal of R[A].

S is a radical ring if and only if A is a nil semigroup (i.e. (Va € A)(In €
N)(a™ = 0)). In this case S is a nil ring.

Proof. (<) S is generated by the set {Aa|\ € R,a € A} of nilpotent elements and
hence is it a nil ring and therefore a radical ring.

(=) For 0 # a € A there is a € S such that a +a+aa =0 and @ = > M\ay,

i=1
where n >1,0# A\, € R,0#a; € Aforalli=1,...,n and a; # a; for all i # j.
We show by induction on k > 0 that:
k n
"Ifk<nthena= Y (—1)a’+ > Ma}forsome0# )\, € Rand0#a, €A
i=1 i=k+1
such that a; # a; for i # j.”
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For £ = 0 is it obvious. Suppose now, that the statement is true for & > 0.
Hence

k
0:a+(z zl_~_ZA/l Z +Z)\//:
i=1 i=k+1 i=1 i=k+1
k k+1 n n
= (a—i—Z —|—Z 1) a’) + Z Nal + Z Naa, =
i=1 i=k+1 i=k+1

n n
= (=1)*aF ! + Z Nal + Z Naa).

i=k+1 i=k+1
Suppose first that k < n. Then must be a**1 # 0 (otherwise would be a + a’ +

k o
aa’ = 0 for ¢’ = Y (—1)'a" and hence a = a’ , a contradiction with the choice of
i=1
n.) Now, if a**1 # a/ for all k +1 < i < n, then there would be n — k + 1 pairwise
different non-zero elements a*™' @} ,,...,a], and no more than n — k pairwise
different elements aaj, TR ,aa.,,, which would be in contradiction with the zero
E+1

combination in the sum. Hence (without lose of generality) a"** = aj ;.

n
For contradiction suppose that A}, ; # (=1)*"'. Then 0 = pa*™ + Y Na] +
i=k+2
n
> Maaj, where 0 # p = X, + (—=1)*. Considering again the numbers of
i=k+1
pairwise different element in the sum, it must be a] = aal ) for all ¢ and some
permutation 7 on the set {k +1,...,n}. Obviously a; = a™a’ ., for all m € N
and 7 = id for some mg € N. Hence 0 # a;H_l = a™0 ~a§€+1, a contradiction,
supposing S being radical.
n . .
Finally, let k = n. Then 0 = (—1)*a**! and thus @ = > (—1)%a’ and a is

i=1
nilpotent. U

Consequence 2.13. Let A be a commutatice semigroup, R # 0 a commutative
ring with a unit. Then the semigroup algebra R[A] is never a radical ring.

Proof. Suppose R[A] is radical. Put A’ = AU {o}, where o is a new element such
that ao = oa = 0o = o for all @ € A. Then A’ is a semigroup with a zero element
0. Obviously R[A] = R[A']/I, where I = R -0 is an ideal in R[A’]. Hence R[A']/I
is a radical ring and by the previous lemma must A’ be nilpotent. Thus for every
a € A there is n € N such that a™ = o, a contradiction, since o € A. O

3. EXAMPLES ON SUBDIRECTLY IRREDUCIBLE RADICAL RING

In this section we will construct examples of the subdirectly irreducible radi-
cal rings to investigate the relations between various properties of these ring and
the relations between the nilradical, the torsion part, the divisible part and the
annihilator.

Our method will usually be to find a subdirectly irreducible subradical ring R
with desired properties and then construct the reflection A(R) = (1 + R)™'R (see
2.2). This ring will be a subdirectly irreducible radical ring by 2.3(iii) and (since it
is a localization and the reflection is a monomorphism) many of the properties of
R will be preserved in A(R) (see for example 2.3(i)(iv), 2.5(viii)).

For a ring R we have a following sequence of implications:
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R is a zero multiplication ring = R is nilpotent = R is a nil ring (< R is a
radical and Hilbert ring) = R is a radical ring.

For a radical ring R and a subset A C R we have this sequence of implications:

R is generated by A (as a ring) = R is rd-generated by A (i.e. generated as a
radical ring) = R is id-generated by A (i.e. generated as a R-module).

Remark 3.1.

(1) There is a (finite) nilpotent S € S that is not a zero-multiplication ring
(see 3.3(ii)).

(2) There is a nil ring S € S that is not nilpotent (see 3.17).

(3) There is S € S that is not nil (see 3.12, 3.14).

(4) Every radical ring, that is finitely generated (as a ring) is nilpotent (see [4]
10.4). By 1.4 every finitely rd-generated R is finite, hence nilpotent.

(5) There is an one-id-generated S € S that is not nil, hence not finitely rd-
generated (see 3.12).

Remark 3.2. Let G = @,.; G; be a direct sum of commutative groups. Then
D(G) = Dye; P(G)-

Indeed, put H = @,.; D(G;). Since H is divisible, we have H C D(G).
Now, G/H = @,.; Gi/D(G;) and G;/D(G;) are reduced for every i € I. Hence
D(G)/H C D(G/H) =0 and D(G) = H.

Ezample 3.3. (i) Consider S = Zp», 1 < n < oo with a trivial multiplication.
Since every subdirectly irreducible group is of this form, are these rings the only
zero-multiplications subdirectly irreducible radical rings.

(ii) Let Zyn, n € N, be a ring with the standard multiplication mod p™. Put
S(k,n) = p*Zym, 1 < k < n. The ring S(k,n) is an ideal of J(Z,n), hence a
subdirectly irreducible radical ring. We have Ann(S(k,n)) = S(n — k,n) if 2k <n
and Ann(S(k,n)) = S(k,n) otherwise.

Subdirectly radical rings can be obtained in following way (see [4] 12.2):

Let R be a radical ring and a € R, a # 0. The set A of such ideals J that a ¢ J
is a non-empty and upwards-inductive. If K € A is maximal in A then S = R/K is
a subdirectly irreducible radical ring with a monolith M = (K + Ra)/K if Ra Z K
and M = (K + Za)/K if Ra C K.

It is easy to see that every subdirectly irreducible radical ring is of this form.

In the next lemma we look what kind of rings arises if we apply this construction
on the radical rings with quite simple structure - on the one-generated F-algebras.

Lemma 3.4. Let F be a field, n € N, R = zF[z]/2" "' F[z]. Then R is a nilpotent
ring and:
(i) Subset I C R is an ideal if and only if [ = Fx"@---® Fa**1 @ Ha¥*, where
k €N and H is a subgroup of F'.
(ii) Let S be a subdirectly irreducible factor of R. Then S = Fa"@---@© Fa*F @
Gzl where 0 < k < n and G = Z, if charF = p > 0 and G = Zy= for
some p € P if charF = 0. The multiplication is given as follows

k k k
(Z/\ixi—i-g:ckH)-(Zujzj—khxk“) = Z( Z Aipg) 't ( Z Aipy ) zh
i=1 j=1 =1 i+j=L itj=k+1

where w: (F,4+) — (G,4+) is an epimorphism of groups.
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Proof. (i) Clearly, R is a vector space over F with a basis x,...,2". Let a =
At 4 -+ 4+ A\, where \; € F, \; # 0 and let J be an ideal generated by a. We
show that J = Fa"@-- - @ Fx' T ®ZN;2*. The inclusion ” C ” is clear. For” D ” let
n+1 > j > i+1 be the least j such that Fz"®---®F2J C J. Suppose that j > i+1.
Then Az~ = (AN 12/~ 0FD) g — NP2/t 4+ ANty €
for every A € F. Hence Fz" @ --- @ Fa/~! C J, a contradiction. Hence j =i + 1
and our claim is obvious.

(ii) S is a subdirectly irreducible factor of R if and only if S = R/M, where
M is an ideal maximal with respect to the property a ¢ M for some a € R.
Let a = Aprz®t + - 4+ N\,2", where A\ # 0, 0 < k < n. Then, by (i),
M = Ha*' @ Fabt2 @ ... @ Fa™, where H is a subgroup of F' maximal with the
respect to the property A\py1 ¢ H. Hence R/M = Fx @ --- @ Fa* © G2**!, where
G = F/H and the multiplication is as above. Now, if charF’ = p > 0, then F is
a vector space over Z, and, by the property of H, we easily get F/H = Z,. On
the other hand, if charF = 0, then F is divisible, since Q < F', and so F/H is also
divisible. From the classification of the divisible groups and the property of H we
get that F//H = Q or F//H = Zpe for some p € P. But if F/H = Q then S = R/M
would be torsionfree, a contradiction, since the monolith of S is torsion. (|

This example gives us an idea how to construct other subdirectly irreducible
rings.

Definition 3.5. Let A be a commutative semigroup with a zero element 0. Put
Ann(A) ={a € A|(Vx € A)ax =0} and A* = A\ Ann(A).

Construction 3.6. Let A be a commutative semigroup with a zero element 0 and
Ann(A4) = {0,m}, m # 0.

Let R be a commutative ring (not necessary with a unit), G(4) a commutative
group and ¢ : R(+) — G(+) a group homomorphisms.

Put R(R,A,G,¢) = ( @ R-a)®G-m and set the multiplication on R(R, 4, G, ¢)
acA*
as follows:

( Z )\a~a+g~m>~( Z ub~b+h-m> = Z (Z )\a/tb)-c—kcp( Z )\auaf)~m

a€A* be A* cEA*  ab=c aa’=m
It is easy to verify that R(R, A, G, ¢) is a commutative ring,.

Ezample 3.7. Let A be a commutative semigroup with 0, Ann(A) = {0, m}, m # 0
and such that for every n > 1, a1,...,a, € A*, thereis 1 < iy <n and b € A such
that a;,b = m and a;b = 0 for a; # a;,.

(i) Let F be a field and set G = Z,, if charF = p > 0 and G = Zp~ for
some p € P if charF = 0. Let 7 : F — G be a group epimorphism. Then
R =TR(F,A,G,n) is a subdirectly irreducible ring with a monolith Z, - m.
Further, Ann(R) = G -m, D(R) = 0 if charF > 0, and D(R) = R if
charF = 0.

(i) Let be p € P, i € Nand i < k < oco. Let v : (Zpi,+) — (Zyr,+) be
inclusion. Then R = R(Zy:, A, Z,x,v) is a subdirectly irreducible ring with
a monolith Z, - m. Further, Ann(R) = Z,x - m, D(R) = Zp~ - m if k = o0,
and D(R) = 0 otherwise.

(iii) Let R be the ring constructed in (i) or (ii). If A is a subradical semigroup,
then R is also subradical, (1 + R)™!R is radical and Ann((1 + R)"!R) =
Ann(R). Moreover, if A is nil, then they are also nil and, hence, radical.



10 MIROSLAV KORBELAR

Proof. (i) By 3.6 is R a ring. We show that (Rz + Zx) N G - m # 0 for every
0#£xz € R Ifze R\G-m then x = > \a; + Am, where n > 1, A € G,
0# \; € I and a; € A* for every i. By assu;n;l)tion there is ip and b € A such that
a;,b = m and a;b = 0 if a; # a;,. There is p € F such that w(\;,p) # 0. Hence
0 # x(ub) € G-m.

Now, since G is a subdirectly irreducible group, we easily get that Z, - m is a
monolith of R.

Finally, suppose that € Ann(R) and « = (>, \; - a;) + g - m, where n € N,
0# X\ € F,g€ G anda; € A* are pairwise different. By assumption there is b € A
and ig € {1,...,n} such that (1-b)x =1-ba;, =1-m # 0, a contradiction. Thus
Ann(R) = G- m.

For divisible part use 3.2. (ii) Similar to (i).

(iii) Similar to the proof of 2.12 and 2.10. O

Remark 3.8. Following semigroups fulfil the conditions of 3.7:
(i) A = Fo(xy,...,xx)/ =, where Fy(z1,...,xk) is a free commutative semi-
group with a basis {z1,...,z;} and a zero element 0 and = is a congruence

on Fy(x1,...,zy) generated by 2" =0, 2, € X,2<m; eN,i=1,...,k.
(i) A = F(x) U{0,a0,a1,...} (a disjoint union), where F(z) is a free commu-
tative semigroup with a basis {z}, {0,a0,a1,...} is a zero multiplication
semigroup, x'0 = 0z’ = 0 for every ¢ € N and
. ) ai_; ,j>i
xlajasz{ OJ g iz

(iii) The semigroup constructed in 4.4(iv).

Next construction shows how to glue together the subdirectly irreducible radical
rings, with isomorphic monoliths, to get a new one.

Construction 3.9. Let {S;};ex be a family of the subdirectly irreducible radi-
cal rings and let there for every 4,j € X such that [Ann(S;)| < |Ann(S;)| be a
monomorphism v; ; : Ann(S;) — Ann(S;) such that

(1) v4,; = id for every i € X and

(ii) vjk o vi; = v if |Ann(S;)| < [Ann(S;)| < |Ann(Sk)|.

Let S = @ S; be a direct sum of rings and I an ideal of S generated by the

i€X

set {x — v;j(x)|z € Ann(S;),|Ann(S;)| < |Ann(S;)|,4,5 € X}. Then R/I is a
subdirectly irreducible radical ring with a monolith (€ M, +I)/I = (M; +1)/I

jex
and an annihilator (@ Ann(S;)/I, where M; is a monolith of ;.
JjEX
Proof. Clearly, M = (@ M;+1)/I is adirect limit of {M; };er and N = (@ Ann(R;))/I
jeX jex

j
is a direct limit of {Ann(R;)}icr. Hence M = (M; +1)/1 = M; # 0 for every i € T
and N = Zyn, where 1 <n < oo.

Let 0 # a = [>, ) € S/1, z; € S;. If x5, € S;, \ Ann(S;,) for some ip, then
there is r;, € S;, such that 0 # r;,z;, € M;,, hence 0 # [r;, ][>, @i] = [ri xi,] € M
and [, x;] € Ann(S/I). On the other hand, if z; € Ann(S;) for every 4, then
0#a€ N =Zyn, hence 0 # pF x a € M C N for some k € N.

Therefore M is the least nonzero ideal of S/I and Ann(S/I) = N. O

Lemma 3.10. Let K be a commutative R-algebra. Then R@® K with the multipli-
cation given as (r,xz) - (s,y) = (rs,ry + sz + xy) is a commutative ring containing
R and K as the subrings.
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Proof. Easy to verify. O

Lemma 3.11. Let N be a R-module.

(i) If R is a subradical ring and Fixz(r) = {a € N|ra = a} =0 for every r € R,
then R® N s subradical.

(i) If N is a faithful (i.e. Anng(N) = {r € R|(Va € N)ra =0} = 0) subdirectly
irreducible R-module with a monolith M, then S = R® N is a subdirectly irreducible
ring with a monolith M. Moreover, the annihilator of S is equal to {a € N|(Vr €
R)ra = 0}.

Proof. (i) Easy.

(ii) Clearly, M is an ideal of S. We need to show that M N (Sz + Zz) # 0 for
every 0 # 2 € S. Then M = Sm+Zm C Sx + Zx, where 0 # m € M N (Sz + Zz),
hence M is the least nonzero ideal in S.

Let 0 # ¢ = (r,a) € S. We can assume that r = 0, since for r # 0 there is
x € N such that rz # 0, thus 0 # (0,rz) = (r,a)(0,2) € Sx + Zz. Hence a # 0
and therefore M N (Ra + Za) # 0. For that reason M N (Sx + Zx) # 0. The rest is
easy. O

Ezample 3.12. Let X be a set, k € NU {oo}. Put G; = Z,» for i € (X x N) U {0}

and
N= & G
1€(X xN)u{0}
a direct sum of groups and

P 2Z,x] , keN
_ zeX
=\ @zl k=
reX
a direct sum of rings.
For z € X let a € End(N(+)) be an endomorphism such that

CL(J,‘,TI,—Fl) 7i:(xan)
(o)) (@) =14 a(z,1) ,i=0
0 , otherwise
where a € N.
Since a o ay = 0 for = # y we have a ring endomorphism

a: @ xZ[x] — End(N(+))

zeX
T Oy

and for k < oo we have p*zZ[z] C ker(a) for every x € X. Hence N is a T(X)-
module (and thus N is a T'(X)-algebra with N2 = 0.)
() R=T(X)@ N is aring.

ii) R is subradical.

(iii) R is a subdirectly irreducible with a monolith (Zy)o C (Zx )o-

(iv) T(X) as a subring of R contains non-nilpotent elements.

v) R is id-generated by X

(vi) S=(1+R)'Risa subdirectly irreducible radical ring id-generated by X
and is not a nil ring.

(vii) Let S = (1 + R)"!'R be id-generated by Y. Then |Y| > |X|.

(viii) Ann((1+ R)"'R) = Ann(R) = Gj.

(ix) N(1+R)"'R) = (1+R)"'(pT(X)@®N) and D((1+ R)"'R) = 0if k € N,

and N((1+ R)"'R) = D((1+ R)"'R) = (1+ R)"'N if k = 0o
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Proof. (i) Follows from 3.10.

(ii) For 0 # a € N denote D(a) = {n|(3z € X)a(z,n) # 0}. Put m(a) =
max D(a) if D(a) # (), m(a) = 0 otherwise and m(0) = —1 for 0 € N. Now, clearly
m(f-a) <m(a) for every f € T(X) and 0 # a € N. Hence R is subradical by 3.11.

(iif) Let 0 # f = >°, , A@m)?™ € T(X) and ng € N be the least such that
A(zo,no) 7 0 for some xg € X. Clearly, there is u € Z,x such that Ay, ,,p # 0. Put
a(xo,no) = p and a(i) = 0 for i € (X x N) U {0}, i # (zg,n0). Then a € N and
fa # 0. Hence N is a faithful T'(X)-module.

Let 0 £ a € N. If m(a) =m > 1 and a(xg,m) # 0, g € X then 0 # xJ'a €
(Zp)o. And if m(a) = 0 then 0 # p? x a € (Z,)o for some j € No. Hence N is a
subdirectly irreducible T'(X)-module with a monolith (Z,), and R is subdirectly
irreducible by 3.11.

(iv),(v) Easy.

(vi) Follows from (iii),(iv) and 2.2.

(vii) Let R be id-generated by Y. Put I = pR+ N + > 2T (X). Then
I is an ideal of R. Let m : R — R/I be a natural homomorphism. Since 7*
(1+ R)™'R — (1 + R/I)"'R/I = @Q is an epimorphism, is @ id-generated by
7*(Y). Hence Q = (Z,)X) is generated by 7*(Y) as a vector space over Z, and
thus | X| =dimQ < |[7*(Y)| < Y.

(viii) Use 3.11.

(ix) We have N (Zyn [x]) = pZyn [x] for the ring of polynomials Zyn» [z], n € N and
further (f 4+ a)® = f* +nf" la for every f € T(X), a € N and n € N. The rest
follows from 3.2. (]

Remark 3.13. The ring R from 3.12 is isomorphic to R(Zyx, A, Zyx, id|ZPk ),if ke N
and A = {0,a9,0a1,...} U (U,ex F(2)) (a disjoint union), where F(z) is a free
commutative semigroup with a basis {z}, {0,a0,a1,...} is a zero multiplication
semigroup, z°0 = 0z° = 2y’ = 0 for every i,j € N, 2,y € X, x # y and
SRR T B N S R
x“ﬂ“ﬂx{o L j<i.
Ezample 3.14. Let T = zQlx] be a ring. Put Gy = Zp~, G,, = Q for n € N and

N = @ G, adirect sum of groups and 7 : (Q,+) — (Zpe,+) an epimorphism of
neN,
groups? ’

For A € Q and k € N let oy 1) € End(N(+)) be an endomorphism such that
. Xoak+i) ,i>1
(0 (@) (@) :{ m(x-a(k)) ,i=0

where a € N.
Put a3 A\ex®) =3 o, 0)- Then:
k k

(i) a: T — End(N(+)) is a ring homomorphism. Hence N is a T-module (via

«) and thus also a T-algebra with N2 = 0.

(ii) The ring R = T @& N is isomorphic to R(Q, A, Zp~,m), where A is from
3.8(ii).

(iii) R is a subdirectly irreducible subradical ring with a monolith M(R) = Z,.

(iv) T(1+R)"'R) = Ann((1 4+ R)'R) = Ann(R) & Z,~, D((1 + R)™'R) =
(1+ R)"'Rand N((1+ R)"'R) = (1 + R)"'M. Hence (1 + R)"'R is
divisible, but not nilpotent.

Proof. (i) We show ax xy(u1) = Qauk+1), Where k1 € N, A, p € Q. We have
(o (@) (@) = )\ (#,l)(a)(k‘ﬂ) = Mp-a(k+1+i) = (appt0)(a)) () fori > 1

and (O[ A k)a(#l ) (Aa(uyk)(a)(k)) = 7T()\,U/a(k+l)) = (OZ()\%]C_H)((I))(O).
The rest is easy.
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(ii) As in Example 1, put m(a) = max{n|a(n) # 0} for 0 # a € M and m(0) =
—1. Then, clearly, m(fa) < m(a) for every f € S and 0 # a € N. Hence R is
subradical by 3.11.

(iii) Let 0 # f = >, Mez® € S and ko € N be the least such that A, # 0. There
is obviously p € Q such that w(u- A, ) # 0. Put a(ko) = p and a(k) = 0 for k # ko.
Then a € N and fa # 0. Hence N is a faithful T-module.

Let 0 #a € N. If m(a) =m <1 and a(m) # 0, then there is A € Q such that
m(A-a(m)) # 0. Hence 0 # (Ax™)a € (Zp)o. If m(a) =0 then 0 # p* x a € (Z,)o
for some k € Ny. Hence N is a subdirectly irreducible T-module with a monolith
(Zp)o and R is subdirectly irreducible by 3.11.

(iv) Easy. O

Remark 3.15.

(i) There is S € S such that D(S) & N(S) (see 3.12). There is S € S such
that V(S) G D(S) (see 3.14). There is S € S such that D(S) = N(S) (see
3.12).

(ii) There is S € S such that D(S) & T(S) (see 3.7(ii) and 3.8(i)). There
is S € S such that 7(S) & D(S) (see 3.14). There is S € S such that
D(S) =T(S) (see 3.3(i)).

(iii) There is S € S such that N(S) G 7(S) (see 3.12). There is S € S such
that 7(S) & N(S) (see 3.4). There is S € S such that N'(S) = T(S) (see
3.4, 3.3).

(iv) There is S € S such that D(S) NN (S) € T(S) (see 3.14). Thereis S € S
such that 7(S) NN (S) € D(S) # 0 (see 3.7(ii) and 3.8(i)).

Lemma 3.16. Let S be a subdirectly irreducible radical ring.
(i) D(S)NT(S) CN(S).
(ii) If T(S) =S, then either D(S) =0 or D(S) = Ann(S) X Z,~, p € P.

Proof. (i) By [4] 1.13.(iii) is (D(S) N T(5))* = 0.
(ii) By [4] 1.13.(iii) is D(S) - 7(S) = 0. Hence, by [4] 12.1.(vi), follows that
Div(S) C Ann(S) = Z,» for some p prime and 1 < n < co. O

In examples 3.3, 3.4, 3.7 and 3.14 we have for the subdirectly irreducible radical
ring S that Ann(S) = Zpe assuming 7 (S) # S. The following example shows that
this is not true in common.

Ezample 3.17. Let Sy = pZ,x, k > 3 be ideal of Z,x. Then S}, is a subdirectly irre-
ducible radical ring and Ann(Sy) is identical with the monolith M (= Z,). Consider

T = (& Sk)/I be the subdirectly irreducible radical ring with identified monoliths
k=3

of all Sk (as in 3.9). Let M = Z, be a monolith of T. Put ¢ : pZ — End(T(+)),
o(pk)(xz) = pk x ¢, x € T. Then:
(i) T is a pZ-algebra (via ) and hence R = pZ ® T is a ring,.
(ii) R is subradical.
(i) R is a subdirectly irreducible with a monolith M = Z,, T(R) # R and
D(R) = 0.
(iv) (1+R)~'R is radical, 7((1 + R)"'R) # R and D((1 + R)~'R) = 0.

Proof. (i) Easy.

(ii) Let (pk,a) = (pk,a)(pl,b) = (p*kl,pk x b+ pl x a + ab), where k,l € Z,
a,b € T. Then pk = p2kl, thus £ = 0. Hence we have a = pl x a + ba and
(1 = pl) x a = ba. By induction we get (1 — pl)"™ x a = b"a for every n € N. Hence
(1 —pl)™ x a =0 for some nyp, since T is a nil ring. Since a must be of order p™,
where m € Ny, we get a = 0. Thus R is subradical.
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(iii) Let 0 # o = (pk,a) € R. If k # 0 then by the construction of A there
obviously is b € T such that ba = 0 and the order of b is greater than p|k|. Then
(pk,a)(0,b) = (0,pk x b) # 0. Hence R(0,a’) + Z(0,a’) € Rx + Zz for some
0 # (0,a’) € R. Since T is a subdirectly irreducible by 3.9 with a monolith M, we
have M C Ta'+Za' C R(0,a')+7Z(0,a’) C Rx+Zx. The ring R is thus subdirectly
irreducible with a monolith M.

Since T and pZ are reduced, R is also reduced. O

In view of 3.17 we can ask whether D(7 (S)) # 0 implies Ann(S) = Z,e, p € P,
for a subdirectly irreducible radical ring S. Example 3.18 shows that the answer is
again negative.

Ezample 3.18. Let a1 be an element of order p in Zye. Put U = (Zpeo P Zp-)/K,
where K is a subgroup of Zpe & Z,~ generated by (a1, —a1). Let T = pZ x pZ be
a product of rings. Put

¢ : T — End(U(+))

go(pk,pl)((a,b) + K) = (pk x a,pl xb) + K,
(a,b) € Zpoo @ Zpo. Then:

(i) U is a T-module and hence R =T @ U is a ring.

(ii) R is subradical.

(i) R is a subdirectly irreducible with a monolith M = (Z, & Z,)/K and
T(R) = U is a divisible group.

(iv) (1+ R)~'R is a subdirectly irreducible radical ring with a monolith & Z,
and 7((1+ R)"'R) = (1 + R)~'7T(R) is a divisible group.

Proof. (i) Easy.

(ii) Clearly, for 0 # a € U is the order of a greater than the order of (pk,pl)a for
every (pk,pl) € U. Hence R is subradical by 3.11.

(iii) Let 0 # (pk,pl) € T. Obviously there are a,b € Zy such that at least one
of the elements pk x a, pl x b is of order at least p?. Then (pk,pl) - ((a,b) + K) # 0.
Hence U is a faithful T-module.

Let 0 # (a,b)+K € U. Suppose (a,b)+K ¢ M. Then at least one of the orders of
the elements a, b (say a) must be p*, where k > 2. Hence 0 # (p*~1,0)-((a,b)+K) €
M.

It follows by 3.11, that R is a subdirectly irreducible with a monolith M.

(iv) Follows from 2.2. O

4. FACTORS OF THE SUBDIRECTLY IRREDUCIBLE RADICAL RINGS BY THEIR
MONOLITHS

Corollary 4.1. Let R # 0 be an artinian subradical ring. Then Ann(R) # 0.

Proof. Let Ann(R) =0 and 0 # a € R. Then there is 0 # b € R such that 0 # ab.
Hence there is a sequence ag, as, ... such that 0 # a, 1 € Ra, for every n € N. Put
I, = Ra,. Then {I,},en is a decreasing sequence of ideals and a1 € I \ Ty,
since R is subradical. Hence R is not artinian. O

Corollary 4.2. Let S be a subdirectly irreducible radical ring with a monolith M.
Then:

(i) If S/M # 0 then every element of S/M is a zero divisor.
(ii) If S\ Ann(S) # 0 then N(S) \ Aun(S) # 0. Hence if S/M # 0 then
N(S/M) #0.
(iii) Ann(S/M) C T(S/M).
(iv) Let S is artinian (e.g. finite) and S/M # 0. Then Ann(S/M) # 0.
(v) S/M is noetherian if and only if it is finite.
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Proof. (i) Let [0] # [a] € S/M. If a € Ann(S), then [a] € Ann(S/M) and hence
is a zero-divisor. If a ¢ Ann(S), then there is b € S such that 0 # ba € M and
hence [b] - [a] = [0] and [b] # [0] (otherwise would be b € M C Ann(S) and ba = 0,
a contradiction).

(ii) Let a € S\ Ann(S). Suppose that a € N'(S). Then a? ¢ Ann(S) and hence
there is b € S such that 0 # ba? € M C Ann(S). Thus ba € S\ Ann(S) (otherwise
ba? = (ba)a = 0) and (ba)? = b(ba?) = 0. Therefore ba € N'(S) \ Ann(S).

(iii) If [a] € Ann(S/M), then ra € M for every r € R. Since M = Z,, we have
r(pxa)=px(ra) € px M =0 for every r € S and hence p x a € Ann(S). The
additive group Ann(S) is a p-group and hence p* x (p x a) = 0 for some k € N and
thus a € Tor(95).

(iv) Follows immediately from 4.1.

(v) Follows from 1.4. O

It is not difficult to see that for the subdirectly irreducible radical ring S from
3.3, 3.4, 3.12, 3.14, 3.17 and 3.18, such that S/M(S) # 0, is Ann(S/M(S)) # 0.
Now we construct a subdirectly irreducible radical ring without this property (see
4.5).

Definition 4.3. Let A be a commutative semigroup with a zero element 0. We
will say that A has a basis B C A* (with respect to A*) iff every element x € A*
has (up to commutativity) unique form x = b’f - bin, where b; € B are pairwise
different and i, € Nfor k=1,...,n.

Construction 4.4. Let A be a commutative semigroup with a zero element 0 and a
basis B C A*.

(1) Let Fx be a free commutative semigroup (without a unit) with a basis X.
Put Fx(A) = AU Fx U(A* x Fx) (a disjoin union of sets) and set a commutative
binary operation * on F'x(A) as follows:

) {0 aga
axb=ab a*w—w*a—{ (a,w) ,a€ A*

- B [0 sac & A*
UKW = uw a*(c,v)—(07v)*a_{ (ac,v) ,ace A*

ux (c,v) = (¢,v) *xu = (c,uv) (c;v) % (d,t) = { (()cd, ot) :22 z ﬁ:

for a,b € A, u,w € Fx and (c,v),(d,t) € A* x Fx.
Then Fx(A) is a commutative semigroup with a zero element 0 and a basis
BUX, A is a subsemigroup of Fx(A) and Ann(A4) = Ann(Fx (4)).

Proof. Put A= AU {14} and F=FyU {1r}, where 14 and 1z are new symbols
(units), such that aly = 1ga = a, 141y = 14 and wlp = lpw = w, lplp = 1p
for every a € A, w € Fx. Further denote S = A x F' a product of semigroups and

2
p=ridls U ((Ann(A) x Fx) U {(0, lp)}) a relation on S. It is easy to see, that p

is a congruence on S. Set ¢ : Fx(A) — S/p, where a — (a,1r)/p, w — (La,w)/p
and (a,w) — (a,w)/p with a € A, w € Fx, (a,w) € A* x Fx. Now is easy to
verify, that ¢ is a monomorphism and hence Fx(A) is a semigroup.

Let z = a1...ap21 ... 25 = @} ...a,,x)...2] € A* x Fx where n,m,k,1 > 1,
ai,a; €A, xi,xg € Fx. Then ay...a, = d}...al, and z1...x, = 2] ... 2] hence

by assumption z has an unique decomposition (up to commutativity) with respect
to BU X. The rest is easy. U
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(2) Choose 0 # m € Ann(A). Then there is a commutative semigroup A’ such
that:
(i) A is a subsemigroup of A, 0 is a zero element in A’ and Ann(A’) = Ann(A4)
(ii) A’ a has basis B’ such that B C B’
(i) Vae A*)(3be A') ab=m.

Proof. Let Fx(A) be as in (1) where X = {z4|a € A*}. Set C = {(a,x4)|a € A*}
and D = Fx(A)-C\{0}. Then o = Id| 4y U(C x {m})U({m} x C)UC?U(D x
{0}) U ({0} x D) U D? is obviously a congruence on Fy (A).

Put A = Fx(A)/o and ¢ : A — Fx(A)/o, a — [a] = a/o. Then ¢ is a
monomorphism and A can be identified with a subsemigroup of A’.

Ann(A’) = Ann(A): For a € A* we obviously have [a] ¢ Ann(A’) and for
w € Fx is also [w] ¢ Ann(A’), since [w]? # [0]. For (a,w) € A* x Fx such that
[(a,w)] € Ann(A) suppose that [(a,w)]-[w] = [0]. Then by the definition of o there
are z € Fx(A) and (b,x3) € C such that z(b, 1) = (a,w?). Hence z} divides w?
and therefore, due to the basis of Fx(A), x; divides w or x, = w. It follows that
(a,w) € D and [(a,w)] = [0], a contradiction. Hence [(a,w)] & Ann(A’).

Finally, put B’ = ¢(BUX). Obviously [z,] # [xp] for a # b. Now, if [z1...2,] =
(21 ... 2] & Ann(A”) where z;,2; € B U X, then, by definition of o, we have
Z1...2n = 2y ...2.,. Hence the decomposition is unique, since B U X is a basis of
Fx(A). O

(3) There is a commutative semigroup A” such that:

(i) Aisasubsemigroup of A”, 01is a zero element in A” and Ann(A”) = Ann(A)
(ii) A” has a basis B” such that B C B”

(iii) For all a,ay,...,a, € A* such that a; # a and a; doesn’t divide a for any
1 =1,...,n there exists b € A’ such that a;b = 0 for all : = 1,...,n and
ab € (A”)*.

Proof. Let Fx(A) be as in (1) where X = {zg|K is finite subset of A*}. Set
C ={(a,zx) € A* x X|K is finite subset of A*,a € K}. Then 7 = Id|p, (4)U(CU
Fx(A) - C)? is obviously a congruence on Fx (A).

Put A” = Fx(A)/Tr and ¢ : A — Fx(A)/7, a — [a] = a/7. Then ¢ is a
monomorphism and A can be identified with a subsemigroup of A”.

Ann(A”) = Ann(A): For a € A* we obviously have [a] ¢ Ann(A”) and for
w € Fx is also [w] € Ann(A”), since [w]? # [0]. For (a,w) € A* x Fx such that
[(a,w)] ¢ Ann(A) suppose that [(a,w)] - [w] = [0]. Then, by the definition of 7,
there are z € Fx(A), a finite subset K of A*, b € K and (b,zx) € C such that
2(b,zr) = (a,w?). Hence zf divides w? and therefore, due to the basis of Fx(A),
xx divides w or xx = w. It follows that (a,w) € CU Fx(A)-C and [(a,w)] = [0],
a contradiction. Hence [(a,w)] € Ann(A").

Let be a € A* and K = {a1,...,a,} C A* such that a; # a and a; doesn’t
divide a for any ¢ = 1,...,n. Then obviously [a;] - [tx] = [0]. Suppose that
[(a,zx)] € Ann(A”). Then [(a,z%)] = [0]. Hence, by the definition of 7, a; = a or
a; divides a for some i, a contradiction.

Finally, put B” = ¢(B U X). For the rest see proof of (ii). O

(4) There is a (countable) commutative semigroup D with a zero element 0 such
that:

(i) Ann(D) = {0,m} & D, where m # 0
(ii) D has an infinite basis C C D*
(i) Vae D*)(3be D)ab=m
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(iv) For all a,aq,...,a, € D* such that a; # a and a; doesn’t divide a for any
1 =1,...,n there exists b € D such that a;b =0 for all i = 1,...,n and
ab € D*.

Proof. Let Dy = {0,m}, m # 0 be a zero multiplicative semigroup, X = {z}. Put
Dy = Fx(Dy). Further, by the induction, set D, 1 = (D,)" (see (2)), if n is odd,
and Dy41 = (Dy)” (see (3)), if n is even. Now, put D = J,, Dn. The rest is
easy. U

Ezample 4.5. Let D be a semigroup constructed in 4.4 (4) with a zero element o
and Ann(D) = {o,m}, m # o. Let p be a prime number. Put R = Z,[D]/I, where
I =7Z,-o0is an ideal in a semigroup algebra Z,[D]. Then:
(i) D is a subradical semigroup and hence R is a subradical ring, by 2.10(ii).
(ii) R is a subdirectly irreducible with a monolith M = Z, - m = Ann(R) and
for every z € R\ Ann(R) there is y € R such that zy € R\ Ann(R).
(iii) S = (1 4+ R)™!'R is a subdirectly irreducible radical ring with a monolith
M = Z,. Moreover Ann(S) = Ann(R) = M and Ann(S/M) = 0.

Proof. (i) Let 0 # a € D such that ab = a for some b € D. Then a,b € Ann(D) and
hence there are two different decomposition of a in the basis C, a contradiction.

(ii) Let « € R\ Zp - m. We show that xb = uc for some 0 # pu € Zy,, b € D,
c e D*.

Clearly, x = > | A\ja; + Am, where n > 1, A, \; € Zy,, a; € 5*, \; # 0 for all
i=1,...,n and a; # a; for i # j.

Suppose first n = 1. Since C is infinite, is there by € C' that doesn’t divide ay.
Hence we have ¢ = a1b € D* (and bob = 0) for some b € D. Thus b = A\ja1b = Asc.

Now, let n > 2. Then there is iy such that a; doesn’t divide a;, for every
i # ig. Indeed, suppose on the contrary, that there is a map ¢ : {1,...,n} —
{1,...,n} such that a; = bja,;) for every i, where b; € S. Then ok (i") = i’ for
some i € {1,...,n} and k € N. Hence ay = byayry = birbyinyap2in = -+ =
bir ... bor—1(i1yapk(iry, a contradiction with the subradicality of D.

Thus there is b € D such that a;b = 0 for i # iy and ¢ = a;,b € D*. Hence
b = )\ioaiob = )\iOC.

Since xb # 0, we have z € R\ Ann(R) and we have proved Ann(R) C Z, - m.
The other inclusion is trivial. Hence Ann(R) = Z, - m and zb € R\ Ann(R).

Finally, there is b’ € D such that ¢’ = m. Hence 0 # z(ct’) € Z, - m and R is a
subdirectly irreducible with a monolith Z, - m.

(iii) Follows from 2.2, 2.5 and (ii). O

Now we classify the subdirectly irreducible radical rings S such that S/M(S) is
a zero-multiplication ring.

Lemma 4.6. (i) Let S be a subdirecly irreducible radical ring with a monolith
M = Z, such that S/M is a zero multiplication ring. Then there is a bi-additive
symmetric form p: S xS — Z, and 0 #m € M such that ab = p(a,b)m for every
a,b€ S and Ann(S) = ker(u) = {z € S|(Va € S) p(z,a) = 0}.

(i1) Conversely, let S(+) be a group and p: S x S — Z,, a symmetric bi-additive
form such that ker(u) = Zyn, where 1 < n < co. Let 0 # m € ker(u) be such that
|m| =p. Set a-b= u(a,bym for all a,b € S. Then S is a subdirectly irreducible
radical ring with a monolith M = Z,, - m and an annthilator ker(p) such that S/M
is a zero multiplication ring.

Proof. (i) For 0 # m € M and a,b € S put u(a,b) = A € Z,,, where ab = Am. The
rest is easy.

(ii) First we show the associativity of the multiplication. For a,b,c € S we
have (ab)e = (u(a,b)m)c = p(u(a,b)m,c)m = 0, since m € ker(u) and hence
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a(bc) = (bc)a = 0 = (ab)e. The distributivity is easy to verify. Further put
a=—a+ ula,a)m for a € S. Then a+a+aa =a+ (—a+ pla,a)m) + ula, —a +
wla,a)m)m = p(a,a)m — p(a,a)m + p(a, pw(a, a)m)m = 0 and hence S is a radical
ring.

For a € S\ ker(u) there is b € S such that ba = p(a,b)m # 0 and for a € ker(u)
there is k£ > 0 such that p¥ x a = m, thus S is a subdirectly irreducible with a
monolith M. The rest is clear. (]

Lemma 4.7. Let G be a commutative group, p a prime number. Then there is a
symmetric bi-aditive form p : G X G — Zp such that ker pp C Zyeo if and only if
G = (Zp)("‘) @ Zypn, with k an ordinal number and 1 <n < oco.

Proof. (=) We have p x G C ker(u) = Z,» since pu(p X a,z) = p x p(a,z) = 0 for
every a,7 € G. Hence p x G = Z,», 0 < k < oco. Now, put H =px G if k = oo
and H = (a) for some a € G of order pF+!
G such that Soc(G) = (H N Soc(G)) & F.

We show that G = F & H. Obviously, HNF = HN F N Soc(G) = 0. Let
x € G. Since p x H = p x G, there is b € H such that p x £ = p x b and hence
c=b+(x—b)eH+F.

(<) Let {ea]o < K} be a basis of (Z,)". Set u(d> Aaea +a,> pges +0b) =

o B

if k < oo. There exists a subgroup F' of

> Aatta for Ay, ug € Z,, and a,b € Z,n. The rest is easy. O

The previous classification gives us a hint to find an example of a finite radical
ring, that cannot be isomorphic to any factor of a subdirectly irreducible radical
ring by its monolith.

Ezample 4.8. Let R = Zy» © Zy> be a ring with a trivial multiplication. Then R
is radical and N(R) = Ann(R) = R, but there is no subdirectly irreducible radical
ring S with a monolith M, such that S/M = R.

Indeed, suppose that ¢ : S — R is such epimorphism. Then ¢ : S/Soc(S) —
R/Soc(R), Y(x+Soc(S)) = ¢(x)+Soc(R) is also an epimorphism, where Soc(G) =
{a € G|p x a = 0} for a p-group G. But S/Soc(S) is cyclic by 4.6 and 4.7, while
R/Soc(R) = Z, & Zy, a contradiction.
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