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SEMISIMPLE RADICAL CLASSES OF
INVOLUTION ALGEBRAS

by N. V. LOI*
(Received 7th February 1986, revised 10th June 1988)

J. Wichman has asked about semisimple radical classes of involution algebras. In the
present paper we describe the semisimple radical classes of involution algebras over a
field K* with involution *. If K* is infinite, then there are only trivial semisimple radical
classes. If K* is finite then these classes are subdirect closures of strongly hereditary
finite sets of finite idempotent algebras. In proving this result we determine the structure
of certain simple involution algebras. We prove that the variety of symmetric involution
algebras over Z'® does not have attainable identities, answering a problem posed by
Gardner [2]. Most of the results are valid also for involution rings (over the integers).

1. Preliminaries

Let K be a field with involution *. K-algebra A is an involution algebra if in A there is
defined a unary operation * such that x**=x, (x+y)*=x*+y*, (xy)*=y*x* and
(kx)*=k*x* for all x, ye 4 and ke K. Without the fear of ambiguity we shall denote by *
both the involutions defined in K and A. We shall write K* for the field K whenever we
wish to emphasize that K is with involution *. In particular K¢ will mean that the
involution on K is the identical one. An involution subalgebra I of A is called an ideal
of A if it is a ring-ideal of 4*. This fact will be indicated by I<1* 4.

A class C of involution algebras is called extension-closed if [<a*A, IeC and A/IeC
and A/IeC implies A€C. As in [1, Theorem 1.5] we can show that if C is a variety of
involution algebras, which is extension-closed, then C is inductive (that is, if an
involution algebra A contains an ascending chain of ideals I, such that UI,=A and
I,eC for each a, then AeC). Thus the variety of C of involution algebras is a radical
class (in the sense of Kurdsh and Amitsur) if it is extension-closed.

Let C be any class of involution algebras. For each involution algebra A4, let us define

A(C)=n{l|I<*A and A/IeC}.

Then C is said to have attainable identities if A(C)(C)= A(C). Let us notice again that if
C is a variety of involution algebra, and C has attainable identities, then C is extension-
closed (see [1, Theorem 1.5]). In this case C is a semisimple class. Thus if C is a
semisimple variety, then C is a semisimple radical class.

Let us recall that a class C of involution algebras is hypernilpotent (hypoidempotent) if
C contains all nilpotent involution algebras (if C consists only of idempotent involution
algebras, respectively).

*Research partially supported by Hungarian National Foundation for Scientific Research grant no. 1813.
1

https://doi.org/10.1017/50013091500006842 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500006842

2 N. V. LOI

For further details of the basic fact of involution algebras and of radical theory we
refer to [4] and to [11]. Radicals of involution albegras have been studied in the recent
papers [2, 6, 7, 8 and 10]. The semisimple radical classes of algebras were investigated
in several papers. The full list of references can be found in [3]. In this paper we work
only with involution algebras over a field K*, though many of the results can be
extended to rings with involution as well as to some other varieties. These cases will be
treated later.

2. Varieties and attainable identities

Proposition 1. A free involution algebra is a subdirect sum of nilpotent involution
algebras.

Proof. Let A4 be any free involution algebra, then it is well known that [,y A"=0.
Thus A is a subdirect sum of 4/A" which are clearly nilpotent involution algebras.

We will prove the analogous result of [11, Lemma 30.2] for involution algebras. Let
us notice that this short and simple proof can be applied to the case of associative rings.

Proposition 2. If C is a hypernilpotent class of involution algebra closed under
homomorphisms and subdirect sums, then C is a class of all involution algebras.

Proof. Since C is closed under subdirect sums, by Proposition 1 every free
involution algebra is contained in C. Since any involution algebra is a homomorphic
image of a free involution algebra, the assertion is proved by the fact that C is closed
under homomorphisms.

Now let P be any subset of an involution algebra 4. As in [4] we shall make use of
the following symbols:

S(P)={xeP|x*=x},
K(P)={xeP|x*=—x},
Z(P)={xe P|xy=yx for all ye P},
and
P® ={x|x=p* for any pe P}.

Let A, denote the additive group of an involution algebra A. Then A, can be
considered as an algebra over K with zero-multiplication. Let us notice that in the case
K* =K the operators id(x'*=x) and —id(x "= —x) define involutions on the algebra
A,. These involution algebras will be denoted by A and Ag', respectively. The
characteristic of a field K is denoted by charK. In the following theorem we
characterize certain varieties of involution algebras.
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Theorem 3. Let Vg, Vi be the varieties of involution algebras defined by the identities
x*=x, x*= —x respectively. If V;4+0 and Vg+#0, then they have not attainable
identities. Moreover,

(1) Vg, Vi are inductive,
(i) if K*#K" then Vg=V={0},
(iti) if charK=2 and K*=K' then Vg and Vy are not closed under extensions, and
hence they are not radical classes,

(iv) if char K#2 and K* =K' then Vg and V are radical classes,

(v) if W is an extension-closed variety, which contains a non-zero nilpotent involution
algebra in Vg (or in Vi), then Vg S W (or Ve = W).

Proof. (i) is clear.
(ii) Suppose 0+ aec A e V. Then for all ke K* we have

k*a=k*a* =(ka)* =ka,

so (k*—k)a=0 and therefore k*=k. Thus K*=K™" if Vg#{0}. The proof for Vj is
essentially the same.

(iii) Now, as is well known, V=V +#0. Using [6, Theorem 2], [7, Theorem 10] and
[8, Theorem 1], it is straightforward to see that in this case any radical class is either
hypernilpotent or hypoidempotent radical variety. Hence by Proposition 2 Vg contains
all involution algebras, a contradiction.

(iv) Similar to [2, Theorem 1].

(v) As in [1, Theorem 1.4] W is a radical variety and by (i), K* = K™. Analogous to
Proposition 1 we can show that any free involution algebra of Vg (or V) is a subdirect
sum of nilpotent involution algebras of Vg (or V). It is easy to see that Kiie W (or
Ko9eW). Hence W contains all free involution algebras of Vg (or of V), and
consequently Vo= W (or Vg < W).

Now we return to show that if Vg#0 and V+#0, then Vg and Vi are not semisimple
classes, and hence they have not attainable identities. Let us notice here that in this case
K*=K", In the case char K =2 the assertion is obvious by (ii). In the other case let F
be the free involution algebra generated by a single element x. Denote by I and J the
ideals of F generated by {(x—x*)? (x—x*)F(x—x*)} and by (x—x*), respectively. Let
H=F/I, P=J/I. We have that P<<*H and P2=0. Moreover, it is easy to verify by
elementary verification that K(P)<s*P but K(P) is not ideal of H, and H/P,
P/K(P)e V. Thus for H we get

H(Vg)(Vs)=K(P)#P=H(Vy),
that is Vg has not attainable identities. An analogous reasoning proves the assertion for

VK.
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Remark. The result of Theorem 3 is valid if K is the ring Z® = {m/2"|m, ne Z}, that is

In the variety of all involution Z®-algebra Vg has not attainable identities.

The proof follows from the above constructions. This is the answer for the question of
Gardner in [2].

3. Algebras over an infinite field

Proposition 4. If C is a semisimple radical class of involution algebras, then either C is
the class of all involution algebras or C is a hypoidempotent radical.

Proof. It is clear that in the case char K=2 and K*=K" (by [6, Theorem 2] and
[7, Theorem 10]) and in the case K*# K that C is hypoidempotent or C contains
every nilpotent involution algebra. And hence by Proposition 2 for the latter case C is
the class of all involution algebras. In the case char K #2 and K*= K™ we can show that
C is either hypoidempotent or KiteC or K, “eC. Hence, in the latter case since C is a
variety, it follows that C contains nilpotent involution algebras, which are in Vg or in
Vg. By Theorem 3(v), either Vg or Vi is contained in C. Assume that Vi< C. Since
C has attainable identities, for the involution algebra H constructed above we have
H(C)=0, that is HeC, and hence K(P)eCnVy. This implies that V< C. By [7,
Theorem 10] every nilpotent involution algebra is contained in C. Thus again by
Proposition 2 C is the class of all involution algebras. Similar to the case Vg < C.

Corollary 5. If C is a semisimple radical class of involution algebras, then C has the
A-D-S property (i.e., C(I)<a* A for any ideal I of an involution algebra A).

Proof. By [7, Theorem 10] and by Proposition 4 the assertion is obvious.
Proposition 6. Let K be an involution field. If S(K) is finite, then K is finite.

Proof. Let f be any automorphism of the field K (without involution). The fixed
subfield N of K over f is defined as the set of all elements of K, which are left fixed by
[ If f is finite ordered, then by [5, paper 16, Theorem 11] X is finite-dimensional over
N. Now we apply this fact to the automorphism f =*. Since * is finite ordered (**=1) it
follows that K is finite-dimensional over the fixed subfield of *. This field is exactly
S(K). Hence if S(K) is finite, so is K.

Theorem 7. If K is infinite, then there are no nontrivial semisimple radical classes in
the variety of involution K*-algebras.

Proof. Suppose that C is a non-trivial semisimple radical class. Thus by Proposition
4 C is hypoidempotent. Let a be any non-zero symmetric element of an algebra AeC.
Since C is a variety, every involution subalgebra, in particular, the involution subalgebra
I generated by the element g, is in C. Since C is hypoidempotent, it follows I?=1. This
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means that a=a’p(a), where p(a) is a polynomial of a. Hence b=ap(a) is a non-zero
idempotent element of A. Thus if bb* #0, then the involution subalgebra of 4 generated
by the idempotent element b** is isomorphic to K*. In the other case the element b+b*
is idempotent, and the involution subalgebra of A generated by b+ b* is also isomorphic
to K*. It follows that K*eC. By Proposition 6 it is enough to show that in K the set
S(K) of symmetric elements is finite. We can show this fact by a proof similar to that of
[1, Theorem 2.3].

4. Algebras over a finite field

In this part we will determine the non-trivial semisimple radical classes of involution
algebras.

Let us recall that the involution algebra A4 is =-prime if I, J<* A and I1J=0 imply
that either /=0 or J=0. Let us notice that if 4 is prime, then A is also *-prime but the
converse is not true. The involution algebra 450 is called simple if A is semiprime and
if I<a*A implies that I=0 or I=A. It is also clear that if 4 is simple as an algebra
(without involution), then A4 is a simple involution algebra. The converse is not valid.
For any algebra A let A°? denote the opposite algebra of A (xoy=yx).

Proposition 8. If A is a simple involution algebra, then either A is a simple algebra or
there is a simple algebra 1 such that A=I1+1 relative to the exchange involution

((x, y)* =(y,x)).

Proof. Suppose that A is not a simple algebra. In this case 4 has a non-zero proper
algebra-ideal I, so I is also a proper algebra-ideal of A. Moreover, I n I'™® and I +1™®
are ideals of A4. Since A is a simple involution algebra and I # A, therefore

A=I®I* and InI®=0.

This implies that A=I@®I*® holds. Since I*® =1° it follows that A=I@®I°? relative to
the exchange involution.

Proposition 9. Let F be a finite field and R be a ring of 2 x 2 matrices over F. If x is
any involution of R, then the following conditions are equivalent:

(1) if xeS(R)w K(R) and x"=0, then x=0;
(i) x*x=0 if and only if x=0
(iii) there exists a fixed element a € F such that for any re R

e (8 \* (a o'd
r’= =
d b aa b
and a# —t> for every teF.

Proof. (i)=>(ii). Since R is not commutative, we have K(R)#0. Assume that x*x=0
for some xeR (x#0). It is clear that x*K(R)x< K(R) and hence by the assumption
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(x*K(R)x)?=0. This implies that x*K(R)x=0. Therefore
X*rx=x(r—r*+r*)x=x*r*x=(x*rx)*

holds for every re R. On the other hand R is a prime ring, thus there is an element re R
such that s=x*rx=0. Since se S(R) and s?=(x*rx)(x*rx)=0 which is a contradiction.

(ii)=(iii). By [4, Theorem 2.5.1] and [9, Theorem 1] the involution * of R is either
symplectic or of transpose type. If = is symplectic, then

01 0 I\*
S= = —
00 00
and hence se K(R). But s>=0, a contradiction. Thus * must be of transpose type. In this

case as in the last part of the proof [4, Theorem 3.3.1] we can show that the involution
induced by #* on F is identical and there is a fixed element ae F (x#0) such that

a c\* [(a a 'd
r¥= =
(d b) (ac b )

Now we show that a# —t2 for every teF. Suppose indirectly that = —t2. Then for the
matrix x=( }) we have that x*x=0 contradicting condition (ii). Thus (iii) is valid.

(ii))=>(i). If ae K(R), then a has the form a=(_2, ), and so it follows that in this
case a is invertible, hence a is not nilpotent. If ae S(R), then a has the form a=(2 ).
In this case a*=0 if and only if either a=0 or a= —b and a= —a?/c?. Hence condition

(iii) implies that a=0. Thus (i) holds.

Corollary 10. Let R be an involution ring of 2x2 matrices over a finite field F.
Suppose that x*x+#0 for every x#0, xeR. Then every involution subring of R is
idempotent, that is A*=A.

Proof. It is enough to show that if ae R, then the involution subalgebra [a] of R
generated by a is idempotent. Since R is finite, also [a] is finite. Moreover by
Proposition 9 [a] is semiprime. Hence it follows that [a] is a semiprime Artin algebra.
Thus it is clear that [a] is idempotent.

Proposition 11. Let C be any variety which consists of idempotent involution algebras.
If DeC is a simple involution algebra, then D is finite.

Proof. First we will show that if DeC is an involution field, then D is finite. Now let
AeC be any involution algebra and aeA be a symmetric element. Denote by [a] the
involution subalgebra of A generated by a. Since C is strongly hereditary, it follows that
[a]eC. Hence [a] is idempotent. This fact means that a=a?p(a) holds, where p(x) is a
polynomial over a field K. Thus every symmetric element is a root of some polynomial
over K. Similarly we can show that this is satisfied for every skew-element of AeC.
Applying this argument for the involution algebra A=[[ D, a direct product of infinite
copies of an involution field D, we obtain that if b=(...,b;,...)€ A is a symmetric
element (so is every component b;), then b is a root of a polynomial p(x). This implies
that every component b; is also a root of p(x). On the other hand b; can be chosen from
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the symmetric elements of D and p(x) has only finitely many roots. It follows that S(D)
is a finite set and hence by Proposition 6 the involution field D is finite.

Now we return to show that if DeC is simple, then D is finite. Since D is a simple
involution algebra, by Proposition 8 D is either simple as an algebra (without
involution) or D is *-prime but not prime. In the first case since a=a’p(a), for every
ae S(D) n K(D), and by [4, Theorem 3.3.3] D is a 2 x 2 matrix ring over a field F. Thus
it is enough to see that F is finite. Since De C, so is every involution subalgebra of D, in
particular, the involution algebra A of all matrices of the form (§ %). Moreover, 4 is
algebraically isomorphic to F. By the previous consideration, however, 4 is finite, and
therefore so is F. In the second case there is a simple algebra I such that D~I1@I°?
relative to the exchange involution. Let

A={(x,x?)|xel}.

Then A4 is an involution subalgebra of D and A is algebraically isomorphic to 1. As in
the first case, we can see that A is finite and consequently also D= I@I°? has to be
finite. Thus the proof is complete.

Proposition 12. Let C be a variety which consists of idempotent involution algebras.
Then

B (C)={A€eC A is a simple involution algebra}

is a finite set.

Proof. If Ae%(C), then by Proposition 11 A is finite. Moreover every involution
subalgebra of A is idempotent. Thus if 4 is *-prime but not prime, then there is a finite
field F such that A=F@®F°? relative to the exchange involution. If A is prime, then
either A is a finite involution field or A is a 2 x 2 matrix ring over a finite field. In each
case there is a finite field F such that A is a vector space over F and DlmFA<4.
Therefore for seeing that #(C) is finite it is enough to show that

2(C)={FeC, F is a field}

is a finite set. In this way we trace our proof back to the case of associative algebras
(see [3, 11]). We will not enter into the details.

Before giving a necessary and sufficient condition for a class of idempotent involution
algebras to be a variety, we need the following interesting results.

Let us recall that the involution algebra A is locally finite if every involution
subalgebra of A which is generated by a finite set, is finite. Let A be any semiprime
involution algebra. Denote by soc 4 the (two sided) socle of A (which is the sum of all
minimal ideals of A).

Proposition 13. Let A be any involution algebra. Suppose that B=soc B for all finitely
generated involution subalgebras B of A. If I is an ideal of A such that A/l is finitely
generated, then there is a finitely generated involution subalgebra B of A such that

BnI=0 and A=B+I.
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Proof. Since A/I is finitely generated, there are elements x,,...,x,€ 4 such that
[x...,x,]+1€A,

where [x,,...,x,] is the involution subalgebra of A generated by {x,,...,x,}. Let
C=[x,,-.-,x,]. By the supposition C=soc C, every ideal of C is a direct summand of C,
that is there exists an involution subalgebra B such that C=B®(Cn ). Since A=C+1
it follows that

A=B+(CAD)+I=B+1.

Clearly BnI=0. Furthermore B is a homomorphic image of C, thus B is finitely
generated.

Theorem 14. Let K be finite field and C be any class of involution algebras over K.
The following conditions are equivalent:

(i) C is a semisimple class,

(ii) C is either the class of all involution algebras or there is a strongly hereditary finite
set F of finite simple involution algebras such that C consists of all subdirect sums
of elements in .

Proof. (i)=(ii). By Proposition 4 we can suppose that the class C is hypoidempotent.
If A is a subdirectly irreducible involution algebra in C, then the heart H of A is a
simple involution algebra. Since C is a variety, also He C holds. By Proposition 11 H is
finite, and therefore H has an identity. Thus H is a direct summand of 4, and hence
H=A as A is subdirectly irreducible. This fact shows that every subdirectly irreducible
involution algebra in C is simple. Hence every involution algebra in C is a subdirect
sum of simple involution algebras in C. Let F=4(C). Then F is finite by Proposition 12,
and clearly F is strongly hereditary. Thus condition (ii) holds.

(i)=(1)). We may confine ourselves to the case when C is not the class of all
involution algebras. Since every involution algebra of F is finite it follows that each of
them has an identity. Thus we can show as in the case of rings that C is a semisimple
class. It remains to see that C is also homomorphically closed. Since F is a strongly
hereditary finite set of finite simple involution algebras, it is clear that every AeC is
locally finite. On the other hand if CeF and xeS(C)u K(C), then the involution
subalgebra [x] of C generated by x is commutative and finite. Moreover, [x] is
idempotent. Hence [x] is a finite direct sum of finite fields. From this it follows that
there is a natural number n such that x"=x (n>1). This is true for all elements
x € S(C) u K(C). Furthermore, since F is finite, there exists a natural number n,>1 such
that for arbitrary CeF and xeS(C)u K(C) x"=x. Since C consists of all subdirect
sums of elements of [, this is satisfied for all CeC. Thus if x=a+a* or x=a—a*, then
x"=x holds. This property is invariant for a homomorphic image. Therefore if R is an
image of CeC, then

(x+x*)°=x+x* and (x—x*)"=x—x*

for all xe R. Using [4, Theorem 3.3.2] we obtain that R is a subdirect sum of fields and
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2 x 2 matrix rings over fields. This implies that the homomorphic images of C are
Brown~McCoy semisimple. Now we return to show that C is homomorphically closed.
Since the homomorphic images of C are Brown-McCoy semisimple, it is enough to
show that if CeC and I is a maximal ideal of C, then C/IeC. Taking into account
that C/I is a simple involution algebra and that (x +x*)"=x+x* and (x —x*)"=x—x*
for all xeC/I, by [4, Theorem 3.3.2] we know that C/I is a finite dimensional vector
space over some finite field F and Dim; C/I £4. Hence C/I is finite. On the other hand
every finite involution subalgebra P of C is semiprime, so it follows that P=socP.
Applying Proposition 13 for the involution algebra C, we get that there is an involution
subalgebra B of C such that C=B+I and InB=0. Since CeC, we have BeC.
Furthermore B=C/I, which implies C/IeC. Thus C is homomorphically closed,
completing the proof.

It is known that in the case of associative rings, if C is not a trivial semisimple radical
then C only contains commutative algebras. In the case of involution algebras, however,
non-trivial semisimple radical classes may contain 2 x 2 matrix rings over finite fields
which are certainly non-commutative involution algebras.

REFERENCES
1. B. J. GarDNER, Semisimple radical classes of algebras and attainability of identities, Pacific J.
Math. 61 (1975), 401-416.

2. B. J. Garpner, Extension-closure and attainability of varieties of algebras with involution,
Comment. Math. Univ. Carolin. 21 (1980), 285-292.

3. B. J. Garpner, Radicals and varieties, Coll. Math. Soc. J. Bolyai 38. Radical Theory (Eger,
1982, North-Holland, 1985).

4. 1. N. HerstEIN, Rings with Involution (Chicago Lectures in Mathematics, Chicago, 1976).
5. 1. KarLaNsky, Fields and rings (Chicago Lectures in Mathematics, Chicago, 1969).

6. N. V. Lot and R. Wieganpt, Involution algebras and the Anderson-Divinsky-Sulinski
property, Acta Sci. Math. Szeged, 50 (1986), 5-14.

7. N. V. Loi, On the radical theory of involution algebras, Acta Univ. Carolin. Ser. Matematica
Physica 27 (1986), 29-40.

8. N. V. Loi, A note on the radical theory of involution algebras, Studia Sci. Math. Hungar.,
to appear.

9. S. MonTGOMERY, A structure theorem and a positive definiteness condition in rings with
involution, J. Algebra, 43 (1976), 181-192.

10. K. SaLavova, Radicals of rings with involution, 1; 2, Comment. Math. Univ. Carolin., 18
(1977), 367-381; 455-467 (Russian).

11. R. WieGanDT, Radical and semisimple classes of rings (Queen’s Papers in Pure and Applied
Mathematics, No. 37, Kingston, 1974).

MATHEMATICAL INSTITUTE OF THE HUNGARIAN ACADEMY OF SCIENCES
BubpAPEST

V. ReALTAaNODAU. 13-15

H-1053, HunGary

https://doi.org/10.1017/50013091500006842 Published online by Cambridge University Press


https://doi.org/10.1017/S0013091500006842

