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VARIETIES OF ALGEBRAS WITH PSEUDOINVOLUTION:
CODIMENSIONS, COCHARACTERS AND COLENGTHS

ANTONIO IOPPOLO AND FABRIZIO MARTINO

ABSTRACT. Let A be a finitely generated superalgebra with pseudoinvolution * over an algebraically closed field
F' of characteristic zero. In this paper we develop a theory of polynomial identities for this kind of algebras. In
particular, we shall consider three sequences that can be attached to Id*(A), the Ty -ideal of identities of A: the
sequence of *-codimensions c}, (A), the sequence of x-cocharacter X)(kn) (A) and the *-colength sequence [ (A).

Our purpose is threefold. First we shall prove that the *-codimension sequence is eventually non-decreasing,
ie., ¢ (A4) < ¢y q(A), for n large enough. Secondly, we study superalgebras with pseudoinvolution having
the multiplicities of their x-cocharacter bounded by a constant. Among them, we characterize the ones with
multiplicities bounded by 1. Finally, we classify superalgebras with pseudoinvolution A such that [} (A) is
bounded by 3. In the last section we relate the x-colengths with the polynomial growth of the *-codimensions:
we show that [} (A) is bounded by a constant if and only if ¢}, (A) grows at most polynomially.

1. Introduction

Let A = Ay @ A; be an associative superalgebra over an algebraically closed field F' of characteristic zero. A
pseudoinvolution on A is a graded linear map * : A — A such that for all a,b € Ag U A1, a™* = (—1)!%g and
(ab)* = (=1)lelPlp*g* where |c| denotes the homogeneous degree of c. Notice that, according to the previous
definition, if a € Ay, then a** = —a and so there are no symmetric or skew-symmetric elements of homogeneous
degree 1. Moreover, since we are assuming F' to be algebraically closed of characteristic zero, there exists an
element 7 such that i2 = —1 and we can write

A=A @ Ay & Al @ AT,

where AJ and A; denote the sets of symmetric and skew elements of Ay and A} and A;* denote the sets of
i-symmetric and i-skew elements of A;, respectively. Here it is worth mentioning that an element a € A; is said
t-symmetric if ¢* = ia whereas it is called i-skew when a* = —ia.

The existence of pseudoinvolutions of the first kind, i.e., pseudoinvolutions fixing the ground field F, was
proven in [16] by Jaber. Later on, Martinez and Zelmanov in [21] classified the irreducible bimodules over
simple finite dimensional Jordan superalgebras via pseudoinvolutions.

The present paper contains several results of PI-theory (theory of algebras with polynomial identities) con-
cerning finitely generated superalgebras with pseudoinvolution, or simply *-algebras. If A is such an algebra
and Id*(A) denotes its T5-ideal of *-identities, then one can attach to them three sequences. The first one is
the sequence of *-codimensions, denoted by ¢ (A), that gives a quantitative measure of how many identities
are satisfied by A. This sequence was introduced by Regev in [27], in the setting of associative algebras without
additional structure, and in the same paper it was proved that it is exponentially bounded, provided that the
algebra satisfies a non-trivial polynomial identity. A similar result was achieved in [14] for x-algebras and their
x-codimension sequence. In the same paper the authors also proved quite a few properties about *-algebras
whose #-codimensions grow polynomially. Moreover, in [12] the author captured the exponential growth of
¢ (A) giving a positive answer to the Amitsur conjecture for x-algebras. Remark that such a conjecture was
firstly proved in the setting of ordinary polynomial identities in a celebrated paper by Giambruno and Zaicev
(see [8]).

The second sequence meant to be attached to a x-algebra is the sequence of *-cocharacters that one can
construct in the following way. Let P,,  ,,(A) be the space of multilinear *-polynomials in n; even symmetric
variables, ny even skew variables, n3 odd i-symmetric variables and ny odd i-skew variables, modulo Id*(A).
Then the group Sy, X --- X Sy, acts on P, . n,(A) by permutation of the variables of the same homogeneous
degree which are all (i-)symmetric or all (i-)skew at the same time with respect to *. The (n)-th x-cocharacter
Xz‘m(A), where (n) = (n1,...,n4) and n = ny + --- 4+ ng, is the S, x --- x S, ,-character of P,, n,(A4)
corresponding to this action. One of the main goal of PI-theory is to decompose x’fm (A) into the sum of
irreducible characters, i.e. to write

X(ny(A) = Z MOYXA1) @ D Xa@4)
(MH(n)
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where () = (A(1),...,A(4)) is a multipartition of (n) and m,y is the multiplicity of the corresponding irre-
ducible character. In the past years much effort was put into the study of the cocharaters of algebras in various
settings. For instance, in [2, 15, 26, 28] conditions ensuring that the multiplicities are bounded by a constant
were given for graded algebras, superalgebras with superinvolution, superalgebras and algebras with involution,
respectively.

The last sequence that we will consider is strictly related to the *-cocharacter. The so-called *-colength
sequence, denoted by [’ (A), is the sum of the multiplicities in the decomposition of the (n)-th *-cocharacter,
for all n = ny + -+ + ng > 1. Such a sequence was extensively studied for instance in [19, 20, 25, 29], where
algebras with colengths bounded by 2, 3 or 4 were classified.

Since there is a one-to-one correspondence between T5-ideals and *-varieties, it is convenient to translate all
the objects we have defined above in the languade of x-varieties. Recall that, roughly speaking, a x-variety V is
the class of all x-algebras sharing the same T -ideal of identities. Thus if V = var*(A) is the *-variety generated
by A, then we set Id*(V) = Id"(A), ¢ (V) = ¢} (A) and so on.

The goal of this paper is threefold. We first study the *-codimension sequence by proving that, similarly to
the ordinary case, it is eventually non-decreasing, i.e., c;(A) < ¢ (A) for n large enough.

Secondly, we study *-varieties of algebras with multiplicities of their *-cocharacter bounded by a constant
and, among them, we characterize the ones with multiplicities bounded by 1.

Finally, we classify *-varieties having the *x-colength sequence bounded by 3 and more generally, we relate
the *-colengths with the polynomial growth of the x-codimensions by proving that the x-colengths are bounded
by a constant if and only if ¢} (A) is polynomially bounded.

2. Preliminaries

Throughout this paper F' will denote an algebraically closed field of characteristic zero and A = Ag ® A; an
associative superalgebra over F, i.e., an algebra graded by Zs, the cyclic group of order two. The elements of
Ap and A; are called homogeneous elements of degree 0 (or even elements) and of degree one (or odd elements),
respectively.

Let now consider a countable set of variables X = {z1,23,...}. Write X =Y U Z as the disjoint union of
two subsets, requiring that the variables of Y are of even homogeneous degree and the variables of Z are of odd
homogeneous degree. If we denote by Fq the subspace of F(Y U Z) spanned by all monomials in the variables
of Y U Z having an even number of variables of Z and by F; the subspace spanned by all monomials having an
odd number of variables of Z, then it is clear that F(Y U Z) = Fy @ F; is a Zs-grading. Thus we can refer to
F(Y U Z) as the free associative superalgebra.

Now suppose that the superalgebra A is endowed with a pseudoinvolution *. Recall that a pseudoinvolution on
A is a graded linear map * : A — A such that a** = (—1)!lq and (ab)* = (—1)!*/Plp*a*, for any homogeneous
elements a,b € Ay U A;. Here |c| denotes the homogeneous degree of ¢ € Ay U A;.

Clearly, if a € Ay, then a** = —a and so there are no symmetric or skew-symmetric elements of homogeneous
degree 1. Moreover, there exists an element 4 such that 2 = —1. Furthermore, since charF = 0, we can write

A=A} 0 Ay @ AL @ AT,
where Al = {a € Ag | a* =a} and A; = {a € Ay | a* = —a} denote the sets of symmetric and skew elements
of Ag and A} = {a € Ay | a* =ia} and A]' = {a € A1 | a* = —ia} denote the sets of i-symmetric and i-skew
elements of Aj, respectively.

We shall write F(Y UZ, x) for the free superalgebra with pseudoinvolution on the countable set YU Z over F.
It is useful to regard F(Y' UZ, ) as generated by (even) symmetric and skew variables and by (odd) i-symmetric

and i-skew variables: if for j = 1’2’f .., we let y;“ =Y +Y5 Y =YY z; = zj —iz; and zj_l = zj + iz},
thus F(Y U Z,x) = F(yy,y1, 2%, 20 ua s Us » 25, 25 5.
A polynomial f(y}, ..., 05,y Un, 24,y 2h 27 ., 25 € F(Y U Z, %) is a *-polynomial identity of A
(or simply a *-identity), and we write f = 0, if
fluf, o ut ur, . un vl vt et e ) =0,
for all uf,...,ut € Al uy,...,u; € Ay, vi,...,vi € A% and vfi,...,v;i eAfi.

We denote by Id*(A) = {f € F(YUZ,x) | f =0 on A} the T;-ideal of *-identities of A, i.e., Id*(A) is an ideal
of F(Y U Z, ) invariant under all graded endomorphisms of F(Y U Z) commuting with the pseudoinvolution .

Given polynomials f1,...,f, € F(Y U Z,*) we shall denote by (f1,..., fn)r; the T-ideal generated by
fi,..., fn. Moreover, in order to simplify the notation, we shall denote by y any even variable, by z any odd
variable and by x an arbitrary variable.

As in the ordinary case, in characteristic zero, every *-identity is equivalent to a system of multilinear
x-identities. Hence, in order to study Id*(A), one can define

_ . . 0 Il A
P} = spanp{w, (1) Wo(n) | 0 € Sy, w; =y; orw; =y; or w; =z orwj—zjz7 j=1,...,n}
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as the space of multilinear polynomials of degree n in the variables yf, Yy, 24, zfi, eyl iy 2 2t (le, y;r
or y; or z; or z; ' appears in each monomial at degree 1) and then analyze P; N1d*(A), for all n > 1. The

J J
non-negative integer

P*
- 7n>17

C (A) = dlmF m =

n

is called the n-th *-codimension of A.
Let n > 1 and write n = ny+- - -+n4 as a sum of four non-negative integers. We denote by P,,, .., € Py the
vector space of multilinear polynomials in which the first n; variables are symmetric, the next no variables are

skew, the next ng variables are i-symmetric and the last ny variables are i-skew. Now if we set P,,, . ,,(4) =
PTLl ..... nqg

and ¢p, . n,(A) =dimp P, n,(A), it is immediate to see that

aw= X (e,

ni+-Fng=n

where (nlnm) = #'714' stands for the multinomial coefficient. Hence the growth of ¢} (A) is related to

_____ ns(A4), for any n = nq + -+ + ny. In [14, Corollary 2.1] it
was proved that such a sequence is exponentially bounded, provided that A satisfies a non-trivial polynomial
identity.

An important tool that one can use in order to get information about the *-codimension sequence is the
so-called *-cocharacter of a x-algebra A defined as follows. Let the group Sp, x --- xSy, act on P, . n, by
permuting the variables with the same homogeneous degree and the same symmetry with respect to . Then
,,,,, ns (A) inherits the structure of left S, x --- x Sp,-module and its character arises. For all n > 1 and
ny + -+ 4+ ng = n we call such character the (n)-th #-cocharacter, where (n) = (n1,...,n4), and we denote it
by x (n) (A). Moreover, by complete reducibility and according to the representation theory of GL,,

(1) X(ny (4) = Z MyXA1) @+ @ Xa@),
(M(n)

where (A\) = (A(1),...,A(4)) F (n) means that A(i) - n; for all 1 <4 < 4, and myyy is the multiplicity of
the corresponding irreducible character. Furthermore, such multiplicities equal the maximal number of linearly
independent highest weight vectors associated to the multipartition (\). Recall that a highest weight vector
is obtained from the polynomial corresponding to an essential idempotent by identifying the variables whose
indices lie in the same row of the corresponding Young tableaux (see for instance [3, Chapter 12]).

Another numerical sequence that can be attached to a x-algebra A is the sequence of x-colengths. If the
(n)-th cocharacter of A has a decomposition as in (1), then the n-th colength of A is defined as

BA)= > my.
(\)F(n)
ni+--Fna=n

We conclude this section by recalling some basic results concerning the sequences of cocharacters and
colengths.

Remark 1. Let A and B be two x-algebras such that

X(ny(A) = meXMl) ® - ®@Xae) and X (B) = Zm/<,\>XA(1) ® -+ ®Xr@)-

L. If B € var*(A), then m)y, < mqy, for all (A\) = (n) and I7(B) < I} (A), for all n.

2. The direct sum A @ B is also a x-algebra, with pseudoinvolution induced by those defined on A and B.
Moreover, if
Xiny(A® B) = Z MYXAL) @+ @ Xa)
(A)(n)
is the decomposition of the (n)-th cocharacter of A® B, then mxy < mxy +m/yy, for all (A) = (n).

3. On finite dimensional x-algebras

In this section we investigate the structure and the properties of x-varieties generated by finite dimensional
x-algebras. Such a restriction is motivated by the following theorem stating that any finitely generated x-algebra
has the same polynomial identities of a suitable finite dimensional one.

Theorem 2. [14, Lemma 4.3]. Let F be an algebraically closed field of characteristic zero. If V is x-variety
generated by a finitely generated x-algebra B over F, satisfying an ordinary identity, then V = var*(C), for
some finite dimensional x-algebra C over F.
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In light of the previous theorem, from now on it suffices to study only finite dimensional *-algebras and
we start by presenting a Wedderburn-Malcev decomposition for such kind of algebras. Recall that an ideal
(subalgebra) I of a superalgebra A with pseudoinvolution # is a *-ideal (subalgebra) of A if it is a graded ideal
(subalgebra) and I* = I. The algebra A is a *-simple algebra if A2 # 0 and A has no non-trivial *-ideals.

Theorem 3. [14, Theorem 5.1] Let A be a finite dimensional *-algebra over an algebraically closed field F of
characteristic 0. Then there exists a semisimple x-subalgebra B such that A = B+ J(A) and J(A) is a *-ideal
of A. Moreover B = By @ ---@® By, where By, ..., By are x-simple algebras.

Due to Theorem 3, in order to study the structure of any finite dimensional x-algebra, it is useful to present
the classification of the x-simple ones.

Let M, (F) be the algebra of n x n matrices. It is well known (see, for instance [10, Theorem 3.6.8]) that on
such an algebra it is possible to define, up to isomorphism, two involutions: the transpose ¢ and the symplectic
s. The last one is defined on 2[ x 2] matrices by the formula

A B\ (D' -pB
¢ D) —\-ct A')’

where the original matrix is partitioned into [ x [ blocks.
Moreover, if n = k+ h, k > h, then the matrix algebra M, (F') becomes a superalgebra, denoted by Mj, ,(F),
with grading
X 0
(Mk,h(F»O: 0 T |X€Mk(F), TEMh(F) s

(Mg p(F)), = {(g g) 1Y € Myun(F), Z € thk(F)} .

For all k£ > 1 > 0, the superalgebra My, ;(F') can be endowed with the pseudotranspose pseudoinvolution pt:

x v\"_ [(xt z
z 1) ~\-vt 1)

Notice that, in case h = 0, then the matrix superalgebra M, o(F') has trivial grading and the pseudotranspose
pseudoinvolution pt coincides with the usual transpose involution ¢. Moreover, in case k is even, the superalgebra
My o(F) can be endowed also with the symplectic (pseudo)involution s.

If h = k, the superalgebra Mj, ,(F') can be endowed with the pseudosymplectic pseudoinvolution ps defined

by: ,
X Y\* _ [Tt Pyt
Z T izt Xt )
Furthermore, if B is a superalgebra, we denote by B*®°P the superalgebra with the same graded vector space
structure as B but with product given on homogeneous elements a, b by
aob=(—1)llpq,
The direct sum R = B @ B*°P is a superalgebra with Ry = By @ B;”” and R; = By @ B;’" and it can be
endowed with the pseudoinvolution pez, called pseudoexchange and defined on homogeneous elements by
(a,0)"" = ((=1)I"b,a) .

Finally, we have to consider also the superalgebra Q(n) = M, (F) + c¢M,(F), where Q(n)o = M, (F) and
Q(n); = cM,(F), with ¢> = 1. According to [14, Lemma 5.2], on such a superalgebra it is possible to define
the following pseudoinvolutions:

e i1 :Q(n) = Q(n) such that (a+ cb) = a® +icht, for all a + cb € Q(n).
e 7 : Q(n) — Q(n) such that (a + cb)* ).
e i+ :Q(n) = Q(n) such that (a+ cb)¥s = a® +ich®, for all a + cb € Q(n), n even.
e i :Q(n) — Q(n) such that (a + cb)¥ = a® —icb®, for all a + cb € Q(n), n even.

The following theorem gives the classification of the finite dimensional *-simple algebras over an algebraically
closed field F'. Recall that if A and B are two superalgebras endowed with pseudoinvolutions * and x, respec-
tively, then (A, x) and (B,x) are isomorphic, as x-algebras, if there exists an isomorphism of superalgebras
1 : A — B such that ¢¥(a*) = ¢(a)*, for all a € A.

=al —ich?, for all a + cb € Q(n

t
+
s

Theorem 4. Let A be a finite dimensional *-simple algebra over an algebraically closed field F' of characteristic
zero. Then A is isomorphic to one of the following:

1. My (F) with the pseudotranspose pseudoinvolution pt, k > h > 0;
2. My o(F) with the transpose (pseudo)involution t, k > 0;



VARIETIES OF ALGEBRAS WITH PSEUDOINVOLUTION: CODIMENSIONS, COCHARACTERS AND COLENGTHS 5

My, o(F) with the symplectic (pseudo )involution s, k = 21 > 0;
My, (F) with the pseudosymplectic pseudoinvolution ps, k > 0;
Q(n) with the pseudoinvolution #f or 4, , n > 1;

Q(n) with the pseudoinvolution §+ or §7,
My ((F) & My, 1 (F)*°P with the pseudoexchange pseudoinvolution pex, k > h > 0;

Q(n) ® Q(n)*°P with the pseudoexchange pseudoinvolution pex, n > 1.

n > 2 even;

® NS o w

Concerning the Jacobson radical, we now recall a very useful result about its structure. If A = B + J is the
Wedderburn-Malcev decomposition of a x-algebra A, then by using the left and right multiplication by the unit
element of B, we can decompose J into the direct sum of B-bimodules

J = Joo @ Jo1 & Jio @ Ji1,

where for i,k € {0,1}, Ji is a left faithful module or a 0-left module according as i = 1 or ¢ = 0, respectively.
Similarly, J;1 is a right faithful module or a 0-right module according as k = 1 or k = 0, respectively. Moreover,
for i,k,1,m € {0,1}, JixJim C Ok 1 Jim, where 0y is the Kronecker delta and J;; = BN for some nilpotent
subalgebra N of A commuting with B. For a proof of this result see [9, Lemma 2]. Notice that if % is a
pseudoinvolution on A, then J§, = Joo, J11 = Ji1, J51 = Jio and Jig = Jo1.

4. Non-decreasing sequences

Main goal of this section is to prove that the *-codimension sequence of a finitely generated *-algebra is
eventually non-decreasing.

In general this is not to take too much for granted, since for instance for any k > 1, we can construct a
suitable x-algebra with k drops in its *-codimension sequence, as highlighted in the following proposition.

Proposition 5. For any k > 1, there exists a x-algebra A such that c;, (A) > ¢, +1(A),...,ch (A) > ¢y, 11(A),
for some integers ny < -+ < ny.

Proof. Let Fy[d] be the ring of polynomials in the variable ¢ with zero constant term, endowed with trivial
grading and trivial pseudoinvolution. Moreover, if we let R, = Fo[9]/(9911), then RS # 0 and RIt! = 0.

Now fix an integer r > 1 and choose positive integers nq1 < --- < ng41 in the following way. For 1 < j < k+1,
without loss of generality let us suppose that r > k — j and consider the superalgebra M, ;_;(F) with the
pseudotranspose pseudoinvolution. Then, the algebra B; = M, ,_;(Ry;) of (r +k — j) x (r +k — j) matrices
over the ring R, naturally inherits both the Zs-grading and the pseudoinvolution *, requiring that for all
a€ Ry, a* =a.

Thus Bj, ..., Bx4+1 are x-algebras and it is clear that
* (M g—i (R, if n < n;,
CZ(BJ): Cn( Sk ]( _])) l n—n]
0 if n > nj;.

Moreover, notice that B; has the same multilinear *-polynomial identities of degree less than or equal to n; as
the ones of M, ,_;(F) and by [12, Theorem 4.2] the *-codimension sequence of M, j_;(F') grows exponentially
as (r +k — j)2. Therefore, we can find integers n; < --- < ngy1 such that

cn, (Bj) > ¢ 41(Bjy1),

forall 1 <j<k.
Now let B=B1 @& --- @ Bg41, then

cn, (B) = ¢, (Bj) > ¢ 41(Bj1) = ¢, 11(B),
for all 1 < j <k, as claimed. O

Theorem 6. Let A be a finitely generated x-algebra over an algebraically closed field F' of characteristic zero.
Then the x-codimension sequence is eventually non-decreasing, i.e., for n large enough,

¢ (4) < ¢ (A).

Proof. Since A is finitely generated, by Theorem 2 there exists a finite dimensional x-algebra B such that
Id*(A) = Id*(B), so let prove the statement for the x-algebra B. Write B = C + J, where C is a maximal
semisimple *-subalgebra of B, J = J(B) is its Jacobson radical, J:=! # 0 and J* = 0 for some ¢ > 0. We shall
show that c},(B) < ¢;,,1(B) for all n >t and this will complete the proof.

If B is a nilpotent *-algebra, that is C' = 0, then ¢} (A) = 0 for all n > ¢ and we have nothing to prove. So
assume C # 0. Given n > ¢, let ¢, . n,(B) =, where n1+---+n4 =n, and let fi,..., f; be the *-polynomials
of Py ., that are linearly independent modulo P;  , NId"(B). In order to simplify the notation, let us
assume that f; = fi(z1,...,z,) where x1,...,z, are either symmetric or skew (even) variables or i-symmetric
or i-skew (odd) variables.

,,,,,
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For all 1 < <, consider the x-polynomials of P} 1y ., .,

n
_ + _ + +
hi - hi(xla cee 733n,yn+1) - Zfi(xla cee 7xj—17yn+1xj +xjyn+1,l‘j+1, e axn)-
=

We shall prove that hy, ..., h, are linearly independent modulo Py 41 ,,, 1., NId"(B).
To this end, suppose by contradiction that there exist not all zero scalars aj, ..., a, such that

h=> aih; €1d*(B).
=1

Since fi,..., f, are linearly independent modulo Py, NId*(B), then the x-polynomial f = > iy i fi is not
a *-identity of B and there exist elements ay,...,a, € Bj U By U Bi U By" such that f(ay,...,a,) # 0. In
particular, if a; € J for some j, then we also assume that a; € Jj,,, for some I,m € {0, 1}.
If e denotes the unit element of C' and b € Jyg U Jo1 U J1g U J11, then we get that
2b ifbe CUJH,
eb+be=<b ifbe Jy UJi,
0 if b € Jog.

Hence, since by assumption n > ¢ and J* =0, a; € C for some j and
hi(ai,...,an,e) = afi(a,... an),

where « is a positive integer. Therefore,

h(ai,...,an,€) = Zaihi(alanwan»e) =a <Zaifi(a1a . 'aan)> 70,
i=1 i=1

a contradiction. Thus hy, ..., h, are linearly independent modulo P} N1Id*(B) and in particular

1+1,m2,n3,n4
Cny,..ina (B) < Cni+1,n2,n3,n4 (B)

By using the latter one plus the combinatorial identity

4
n+1 n n
n1 + 1,n9,n3,n4g Ni,...,N4 P NiyeeeyNy— 1,000, 1y

it readily follows that

, n n+1 "
am= 5 (" Jeem®s S (T Y (B) £ Ga()

ni+--tna=n ni+--+na=n

and we are done. O

5. Varieties of almost polynomial growth

This section is devoted to the study of *-varieties of almost polynomial growth. Recall that if V is such a
x-variety, then ¢ (V) is exponentially bounded but for any proper subvariety U, ¢} (i) grows polynomially. In
what follows, we refer to the growth of a x-variety as the asymptotic behaviour of its *-codimension sequence.

In [14] the authors introduced five suitable %-algebras and they proved that they generate the only x-varieties
of almost polynomial growth. Here we present such results and, along the way, we shall add some information
concerning the (n)-th cocharacters and the *-colengths of these algebras.

Let F'& F be the two dimensional group algebra of Z,. We denote by D the superalgebra F' @ F with trivial
grading and exchange (pseudo)involution ex given by (a,b)** = (b, a), for all (a,b) € D.

Now consider a non-trivial grading on F & F, by setting Dy = F(1,1) and D; = F(1,—1). On this
superalgebra it is possible to define the following pseudoinvolutions:

1) ex; : (a,b) — il(@DN(b,a), for all (a,b) € Dy U Dy;

2) ex_; : (a,b) — (—i)l@YI(b,a), for all (a,b) € Dy U Dj.
In order to simplify the notation, we shall denote by D? and D~ the superalgebra F & F = F(1,1) ® F(1,-1)
with the pseudoinvolution ex; and ex_;, respectively.

In the following theorem we collect some results concerning the algebras above (see [14, Theorems 3.1, 3.3]).
Recall that [z1,x2] = 2129 — 2221 stands for the commutator between the variables x1 and 5.

Theorem 7. Let D, D', D™ be the *-algebras presented above.
1. Id"(D) = <[x1,af2]7zi,2_i>T;-
2. Id*(Dl) = <[x17‘r2}7y_72i>T2*'
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3. Id" (D7) = (w1, 22], y?«fi)T*
4. The algebras D, D' and D~" generate *-varieties of almost polynomial growth.
Now we shall prove the following.
Proposition 8. For anyn > 1, I*(D) =1(D") =1}(D™") =n+ 1.
Proof. For any A € {D, Di, D‘i}, let us assume that the (n)-th cocharacter of A is of the form
Xy (A) =D mppam @ @ xa-
(M(n)
Now, by taking into account the T3 -ideals of the identities of the above algebras, it is not difficult to see that
A) = ((m1), (n2),0,0), n1 + ng =mn incase A= D,

2
m _ 1if <)\> (( ),@,@,('I’L4)), ny+ng=mn in caseA:Di,
W (A) = ((m1), 0, (n3),0), ny+ng=n incase A= D,
0 otherwise.
Therefore, I (D) = I (D?) = I;;(D~") = n + 1 and the proof is complete. O

Now let us consider the following subalgebra of UT,(F), the algebra of 4 x 4 upper-triangular matrices:
M = F(e11 + eaa) ® F(eas + e33) @ Feiao ® Fesy.
Such an algebra can be endowed with the reflection involution o, i.e., the involution obtained by reflecting a
matrix along its secondary diagonal. Hence, if a = a(ey; + eqq) + (€22 + e33) + ye12 + desq then
a® = afer + eqq) + Bleaz + e33) + dera + vesq.
If we regard M as a superalgebra with trivial grading, then the above involution is, clearly, a pseudoinvolution
and we can see M as a x-algebra.
Next we consider a non-trivial grading on M: we denote by M?®"P the algebra M with grading M, =
F(e11 + eqq) @ F(eaa + e33), M1 = Feja & Fesy and endowed with the following pseudoinvolution &:
a® = aferr + eas) + B(ean + €33) + dern — e
In the following theorem we collect some results concerning the above *-algebras (see [14, Theorem 3.1, 3.2]).

Theorem 9. Let M and M?®"P be the x-algebras presented above.
) o
1. Id (M) = (yy y5 , 2% 2 s
2. Id"(M="P) = (y~, z122) 15 -
3. The algebras M and M*“P generate x-varieties of almost polynomial growth.
Since the x-algebra M can be seen as an algebra with involution, by writing in the language of *-algebras
the results of [23] (see in particular Corollary 1), we get the following proposition.

3n%4+4
4

2 e
% if n is odd.

if n is even,
Proposition 10. For any n > 1, we have that I} (M) =

Finally, we have the following result concerning the x-algebra M"P.
n2+2n+2 . .
LERT2 4fnis even
oy * supy __ 2 ’
Proposition 11. For any n > 1, we have that I (M*"P) = {n2+§n+3 ifn is odd.
Proof. Assume that the (n)-th cocharacter of M*"? is of the form

X@)(A) = Z MOYXA() @ & XA4)-

(M(n)
By using the same approach of [7, Theorem 6.4] it easily follows that myy = 1if (\) = ((n),0,0,0); mny = ¢+1if
either (\) = ((p+¢,p),0,(1),0) or (\) = ((p+q,p),0,0,(1)); m(ny = 0in all other cases. As a direct consequence
we get the desired result about the *-colength sequence. |

The above x-algebras characterize the x-varieties of polynomial growth.
Theorem 12. [14, Theorem 6.1] Let F be an algebraically closed field of characteristic zero. A x-variety V has
polynomial growth if and only if D, D*, D=%, M, M & V.

As a consequence we have the following corollary.

Corollary 13. [14, Corollaries 6.1, 6.2] The *-algebras D, D', D=% M, M*“P are the only ones generating *-
varieties of almost polynomial growth. Moreover, there is no x-varieties of intermediate growth between polyno-
mial and exponential.
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6. Multiplicities of the cocharacters bounded by a constant

Main goal of this section is to find conditions ensuring that the multiplicities of the x-cocharacters of a given
x-algebra are bounded by a constant. The first subsection contains information about x-varieties not containing
M and M*"P  while in the second one we will present the main theorem of this section.

6.1. Varieties not containing the x-algebras M and M?*“P.

In the following lemma we shall deal with x-varieties not containing the algebra M.
Lemma 14. Let A be a x-algebra such that M & var*(A). Then
1) (Myx(F),ps) & var*(A), for any k > 1.

2) (Q(n) ® Q(n)*P,pex) & var*(A), for any n > 1.

3) (Q(n),17) & var*(A), for anyn=2m > 4.

4) (Q )¢var( ), for any n > 2.

5) (Mk,o( ),t) & var*(A), for any k > 1.

6) (Myo(F) @ My o(F)*°P, pex) & var*(A), for any k > 1.

Proof. Let us start by proving item 1). Suppose by contradiction that (My (F),ps) € var*(A) and let

C =spang €11 + €kt1,k+1, €22 + €ht2.6+2, €12, €xt2,k+1 ¢ & (Mir(F),ps)
~N ———
a b c c*
be the subalgebra spanned by the above four even elements and with induced pseudoinvolution.
Now let {e11 + e4q, €22 + €33, €12, €34} be a basis of M. Then the map ¢ : M — C given by
(e +ea) =a, ez +es3) =0, @ler) =c, p(ess) = c,

is clearly an isomorphism of superalgebras. Moreover, for all X € M, p(X°) = ¢(X)?* and so M and C are
isomorphic as *-algebras. This implies M = C € var* ((My, ,(F), ps)) C var*(A), a contradiction.
Now, items 2) and 3) can be proved with the same proof of item 1). It is sufficient to consider, respectively:

C" = spany ¢ (e11,€11), (e22,€22), (e12,0), (0,e12) p C (Q(n) & Q(n)*?, pex)
—_——— — T N N —

a b c c*

and

" ) +
C = Spanp €11 + e’m-i—l,'m-i—la €22 + €m+2,’m+27 el,m-‘rQa _62,m+1 g (Q(n)a ﬂs ) .

a b c c*

In order to prove item 4) we shall show that M € var* (Q(n), ﬁti) If not, we would have that Id* ((Q(n), {)) €
Id*(M) and so there would exist a non-zero multilinear polynomial f such that f € Id* ((Q(n),4F)) and
f € 1d* (M). In order to reach a contradiction we need only to show that f is actually the zero polynomial.
Since Id*(M) = (y; y3 , z*, 2~ ") 1y, then according to [23] we may assume that f is a polynomial of the type

=> aruyfutyTyl ooyl (mod 1d¥(M)),

with 47 < -+ < i, g1 < < Jn—k—1, I = {il,...,ik} and J = {jl)"'mjnfkfl}‘

Suppose that there exists ay,; # 0, for some I,.J. Then by making the evaluation y;t =... = y;: = ey1,
yjt = ... = y;-;ikil = eg2 and Yy~ = ez — €21, one gets ay jeja —ayrea; = 0. Thus ar; = a5 =0, a
contradiction. Therefore we have proved that f is the zero polynomial and we are done.

The same approach used for item 4) it is sufficient to prove also the last two items. In particular, we can use
the same evaluation for item 5) whereas, for item 6), we consider the evaluation y: =... = y;: = (e11,€11),

yjt == y;;_k_l = (622,622) and y~ = (612, —612). (Il

Here we want to highlight that the #-algebras (Q(1),4;) and (Q(1),4; ) are T5-equivalent to D% and D,
respectively, whereas (F' @ F'*°P pex) is To-equivalent to D. Recall that given two x-algebras A and B, we say
that A is Ty-equivalent to B, and we write A ~7; B, in case Id"(A) = Id"(B).

Now we shall focus our attention on *-varieties not containing M *"P.

Lemma 15. Let A be a *-algebra such that M*"? & var*(A). Then
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1) (Myn(F),pt) & var*(A), for any k> h > 0.
2) (Myp(F) & My (F)*, pex) & var*(A), for any k = h > 1.

Proof. In order to prove item 1) we shall show that M*"“P € var* (M ,(F),pt). If not, we would have that
Id* (Mg n(F),pt)) € Id"(M**?) and so there would exist a non-zero multilinear polynomial f such that f €
Id* (Mg (F),pt)) and f ¢ Id* (M*“P). In order to reach a contradiction we need only to show that f is actually
the zero polynomial. Since Id"(M*"P) = (y~, z122)7;, then f is a polynomial of the type

F=Y argyt-ytzyl oy, (mod 1d* (M),
I

with i1 <+ <ig, 1 <+ < Jn—k—1, I:{il,...,ik} and J:{j17~-~7jn—k—1}~
Suppose that there exists oy ; # 0, for some I,J. Then by making the evaluation y: = ... = y;: =

e, y;; = ... = yj;_k_l = epthkth a0d 2° = e ptn + G€gtn,1 (resp., 270 = €1 gtn — t€kt+n,1), one gets
or jel1k+h iagregyn1 = 0. Thus ar ; = ay; = 0, a contradiction. Therefore we have proved that f is the
zero polynomial and we are done.

Now let us prove item 2). Suppose by contradiction that B = (Mg, (F) & My, ,(F)*°P, pex) € var*(A).
Let I =k + h and let C = Cy & C1 be a subalgebra of B with

Co = spang } (e11,e11), (e, en) and C) = spang < (e1;,0),(0,e1;)
——— N — —— N —
a b c c*

The map ¢ : M*"P — C' given by

plen +ea) = a, p(ean +e33) =D, ple2) = —¢, p(ess) = ¢,
is clearly an isomorphism of superalgebras such that, for all X € M*“?, o(X°) = ¢(X)P**. Hence M*“? and C
are isomorphic as *-algebras and this implies that M*%? = C' € var* (B) C var*(4), a contradiction. O

Furthermore, we have the following remark.
Remark 16. Let us consider the x-algebra (Mso(F), s) endowed with the symplectic (pseudo)involution s.
o (Myo(F),s) € var* (Ma,o(F),s)), for any 1 > 1.
o (Mzp(F),s) € var* ((Q(2),47))-

Proof. The first item is proved in [11, Lemma 4.8] whereas the second one is proved in [11, Lemma 4.9]. O

Corollary 17. Let A be a finite dimensional x-algebra with Wedderburn-Malcev decomposition A = Ay $--- B
Ay + J. If M, M*"P (M3 o(F),s),(M11(F),ps) & var*(A), then for each 1 <1i < m, A; is isomorphic to one
of the following algebras:

1. F with trivial grading and trivial (pseudo)involution.

2. D with trivial grading and exchange (pseudo)involution ex.
3. D' =F(1,1) ® F(1,—1) with pseudoinvolution ex;.

4. D= = F(1,1) ® F(1,—1) with pseudoinvolution ex_;.

5. Q(1) ® Q(1)°°P with pseudoexchange pseudoinvolution pex.

Proof. The result follows by putting together Lemmas 14, 15 and Remark 16. (]

Finally, by Corollary 17 and by using the same approach employed, for instance, in [15, Theorem 4.3], we
get the main result of this section.

Theorem 18. Let A be a finite dimensional x-algebra such that M, M**P (M, o(F),s), (M11(F),ps) & var*(A).
Then var*(A) = var*(By @ - - @ Byy,), where, for each i = 1,...,m, B; is isomorphic to one of the following
algebras:

1. F+ J; and trivial (pseudo)involution on F,

D + J; and exchange (pseudo)involution ex on D,

D' + J; and pseudoinvolution ex; on D?,

D=t + J; and pseudoinvolution ex_; on D™,

Q(1) ® Q(1)*°P + J; and pseudoexchange pseudoinvolution pex on Q(1) ® Q(1)°P,

or e W

where J; is the Jacobson radical of B;.



10 ANTONIO IOPPOLO AND FABRIZIO MARTINO
6.2. Classifying x-algebras with bounded multiplicities of the cocharacter.

We are now in a position to prove one of the main theorems of this paper. We start with the following lemma.
Lemma 19. Let A= C+ J be a finite dimensional x-algebra, where J = J(A) is its Jacobson radical and C' is
a x-simple subalgebra of A isomorphic to either

1. F with trivial grading and trivial (pseudo)involution or

2. D with trivial grading and exchange (pseudo)involution ex or

3. D' =F(1,1) ® F(1,—1) with pseudoinvolution ex; or

4. D=' = F(1,1) @ F(1,—1) with pseudoinvolution ex_; or

5. Q(1) ® Q(1)%°P with pseudoinvolution pex.
If the (n)-cocharacter of A has decomposition as in (1), then there exists a constant N such that myy < N, for
all (\) F (n).

Proof. Assume first that C' is isomorphic to F or D. Since they have trivial grading, they are essentially algebras
with involution and the result is given in [30, Lemma 5.2]. Moreover, we can deal with the algebras D® and
D% using the same technique employed by Otera in [26, Lemma 7]. Finally, the last case, can be treated as
[15, Lemma 5.1]. O

Theorem 20. Let A be a finitely generated superalgebra over an algebraically closed field F' of characteristic
zero with pseudoinvolution x satisfying an ordinary polynomial identity and let its (n)-cocharacter be as in (1).
If M, M (Mso(F),s), (M11(F),ps) ¢ var*(A) then there exists a constant N such that, for all (\) - (n),
we have the inequality
meyy < N.
Moreover, there exists a constant q such that myy = 0 whenever
(A= AM)1) + (A2 = A2)1) + (IAB) = AB)1) + (IM4)] = A(4)1) = ¢

Proof. By Theorem 2 we may assume that A is finite dimensional. Now, by using Remark 1, Theorem 18 and
Lemma 19, we get the first part of the statement. The second part of the theorem follows by using the same
argument of [11, Theorem 5.2]. O

7. Multiplicities of cocharacters bounded by one

In this section we study *-algebras whose multiplicities of the x-cocharacter are bounded by 1. We will
prove that such x-algebras must satisfy a suitable list of x-identities. In what follows, we denote by [z1,22] =
T1To — T2T1, the usual commutator among two variables, and by x; o xo = 122 + x2x1, the Jordan product
among x; and xs.

Lemma 21. Let A be a *-algebra and let us consider its (n)-th *-cocharacter
Ximy(A) = D muyxam @+ ® Xaq)-
(MH(n)
If mey <1 for all (\) = (n) and n > 1, then A satisfies at least one identity of each group:
)y 2 =0 oryf 0zh =0 or [y, 24 =0,
Yy 2t =0o0ryf 0oz =0 or [y, 257 =0,
) y1 25 =0 ory; 025 =0 or[y;,z4] =0,
(iv) yy 25" =0o0ry; ozy ' =0 or[y; ,25 | =0,
) Zizgt=0o0rzioz =0 or(z, 2 =0,
) yiys =0 ory oy, =0 or [y, y,] =0.

Proof. We shall prove that A satisfies at least one identity of the group (i), the other ones will follow with
similar arguments.

Let us consider the regular representation Py and its decomposition into irreducible S,, x --- x Sp,-
submodules, where n; + - - - +n4 = 2. In particular let us study the submodule M,y where (\) = ((1),0, (1), 0).
Since myy < 1, then there exist scalars v and 3 such that (a, ) # (0,0) and

(2) ay 25 + By =0
on A. By applying the pseudoinvolution * to the previous *-identity and dividing by 4, we also get
(3) azyyy + By 7 =0

on A.
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If either o = 0 or 8 = 0, then y; 25 = 0 that is equivalent to ziy;” = 0. Otherwise, summing (2) and (3) we
get the x-identity
(o + B)yi 25 + (a+ B)zpy =0.
Hence, if a + 8 # 0, it readily follows that y,” o z4 = 0. If a + 3 = 0, then 3 = —a and by substituting in (2),
we get [y, 23] = 0.
Thus we have proved that A satisfies at least one identity of group (i) as claimed. ]

We need also the following technical lemma.

Lemma 22. Let A be a x-algebra and let

Xim(A) = D mpyxam ® - ® xaw
(A H{n)

be its (n)-th x-cocharacter. If A satisfies at least one identity of each group:

(1) y 25 =0 ory, oz2:0 or [y, 2] =0,
(ii) y; =z

)

)

s '=0o0ryfoz"=0o0ryf, 2" =0,
(i 1272—0 or Yy 022—007”[?11722]20,
]

(iv) yy 2" =0 oryy 022 "=0orfy,z]=0
(v) Zizg'=0o0rzioz =0 or [z, 2y ]EO
)=

then myy < 1 if either (\) = (0,0, A(3),0) or (X\) = (0,0,0,X(4)), for alln > 1.

Proof. We will prove the statement in case (\) = (0,0, A(3), 0). The other one will follow with similar arguments.
In order to simplify the notation, write the first group of polynomials as

(4) ay 2+ Bayyl =0,
where (a, 5) = (1,0) or (o, ) = (1,1) or (o, 8) = (1, —1). Analogously, write the third group of polynomials as
(5) ayy 25 + B2y =0,

where (o/,8) = (1,0) or (¢/, 8') = (1,1) or (¢/, ') = (1,-1).

Let us assume first that (a, 8) = (1,0), then y; 24 = 0. Remark that z} o 2% is an even symmetric variable,
thus we can substitute it inside the previous *-identity and get the following consequence
By taking the * of the previous one and dividing by ¢, we get also
Hence it follows that

Py ono(A) =spanp{z] - 2,} (mod Id*(4)), if n >3,

PO*,O,Z,O(A) = SpanF{Zl'ZQv 2221 (mod Id*(A)).
If n = 2 we have nothing to prove. Now, if n > 3, then dimp Fg ,, o(A) < 1 and only x(p,g,(n),0) can participate
in the cocharacter. Since m g g, (n),0) < deg X (0,0,(n),0) = 1, we are done.

If (o/, 8") = (1,0) then y; 25 = 0 and we can replace [211, zg] instead of y; obtaining
As in the previous case, we get the claim.

Now assume (a, 3) = (o/, 8') = (1,1). Then yj 2 + 24y = 0 and y; 25 + 25y, = 0. Let us replace in the first
x-identity the variable yf by zi 0 2% and in the second *-identity the variable y; by [z, 2]. If we sum such two
consequences, we get that

2iZiah 4 2521 =0
on A. An easy computation shows that
Py mo(A) =spanp{zi -z, 42, 21 2y 92,2, 1} (mod 1d"(4))

and so dimg Py, o(A) < 2. Thus only x(g,p,(n),0) a0d X(9,0,(1),0) can participate in the character of Py ,, o(A).
Since deg X (g,0,(n),0) = deg X (,0,(17),0) = 1, also in this case we are done.

Let now (o, 8) = (1,1) and (o/, ') = (1, —1). Then, by making the same substitution of variables as before
and by summing the corresponding consequences, we get the x-identity

(6) 2i2bab + 2h2k2t = 0.
Notice that, using the previous x-identity, we get that (2%2523)* = i2lz821 = —izizi2%, thus 282322 is an odd
i-skew variable. By taking into account the group (v) of identities, we have to consider three more possibilities.



12 ANTONIO IOPPOLO AND FABRIZIO MARTINO

If 242" =0, then 2i--- 25 = 0 and Py o,n,0(A) = 0 for all n > 4. Furthermore, if n = 2 there is nothing to

prove and if n = 3 then
Pjo,3,0(A) = spanp{z1 2523, 212525, 232123} (mod 1d"(A)).

Therefore, in the cocharacter decomposition only x(¢,0,(3),0); X(0,0,(12),0) and X(g,0,(2,1),9) can appear. Notice that
the multiplicity of the latter one cannot be greater than 2, since deg X (p,0,(2,1),0) = 2 and dimg F§ 3 0(A4) < 3.
Moreover, deg x(p,0,(3),0) = deg Xx(0,0,(13),0) = 1 and also in this case the claim is established.

Now let [z}, 2, ‘] = 0, then
(7) Ziaiabal = Ziai b2t
If n < 3, the previous argumet applies, so let us suppose n > 4. If in particular n > 4 then by the identities (6)
and (7) we easily get that

F50n,0(A) = spangp{z1 -+ z,} (mod Id"(A)).

and we have nothing to prove.

If n = 4, then by using the same *-identities,

7,0 .0 0

Pyoa0(A) = spanp{zi 2522y, 2125232, #12524%3} (mod 1d(A)).
In the corresponding character, the irreducibles x(g,0,(4),0), X(0,0,(14),0)> X(0,0,(2,2),0)> X(0,0,(3,1)0) and X(p,0,(2,12),0)
can occur. Notice that degx(p,p,(2,2),0) = 2 and degx(p,9,3,1)0) = degX(9,0,(2,12),p) = 3, thus they cannot
appear with multiplicity greater than 2, since dimp Py, 40(A4) < 3. Moreover, as before, degx(g,p,4),0) =
deg x(0,0,(14),9) = 1 and there is nothing to prove.

Finally, if 2% 0 z;* = 0, then we get

Liababal = —2iat 2l
and the previous arguments apply.

We are left to prove the statement when («, 5) = (1,—1) and either (¢/, ') = (1,1) or («
However such cases are easily proven following step-by-step the proof of the cases («, ) = (
(1,-1) and (o, B8) = (/, B') = (1,1), respectively.

The proof is now complete. (I

We are now in a position to prove the main theorem of this section.

Theorem 23. Let A be a xalgebra and let us consider its (n)-th x-cocharacter

XA = Y muyxa@ @ @ Xa)-
(A (n)

Then mxy < 1 for all (\) = (n) and n > 1, if and only if A satisfies at least one identity of each group:
(1) y25=0o0ryf 0oz =0 or [y, 2] =0,

(i

(i

) urz =0 o0ryf oz =0 or[yf, 2] =0,
(iv) y125'=0o0ry; oz, " =0 or[y; ,25'] =0,

) A

)

Y125 =0 ory; 0oz =0 or[y;,z] =0,

P —i P i P =il
(v) Zizg'=0orzioz'=0or [,z =0,

(vi) ¥y, =0 oryf oy, =0 or[yf',y;]zo.

Proof. 1f myy <1 for all (\) - (n) and n > 1, then the statement follows from Lemma 21.

Let us suppose that A satisfies at least one x-identity of each group (i)-(vi). Then by Lemma 22, my) < 1
if either (\) = (0,0, \(3),0) or (\) = (0,0,0, A\(4)). Now notice that if we restrict the pseudoinvolution * to Ay,
we get a subalgebra of A with involution, thus if

Xrn—r(Ao) = Z MA(1),A2)XA(1) @ XA(2)
()7
A(2)Fn—r

is the x-cocharacter of Ao, then my1y x@2) = Mra)r@2),0,0, for all A(1) = r and A(2) = n —r. Since Ao, as
algebra with involution, satisfies at least one identity of the group (vi), then by [5, Theorem 3], my < 1 for
all (\) = (A(1),A(2),0,0).

Let now analyze irreducibles corresponding to multipartitions of the type (\) = (A(1),0,A(3),0) where
A1) Fny #0, A(3) Fng # 0 and ny +ng =n.

If yi 25 = 0 then also z4y{ = 0 and in this case m(y, = 0. Hence, suppose that either y;” o 2} = 0 or
[y, 25] = 0. In both cases, in a monomial of Py, 0.n5.0(A), modulo 1d*(A), the even symmetric variables can be
separated from the odd i-symmetric ones, so that

* — =+ —+ 7 i
Pr ons0 = spang{y; -y 25,025, )
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or
Py oms0 = span},w{z;'-1 e z;ns y;‘; e y;tl}
modulo Id*(A). Therefore
myy < ma X{mA(l) 0,0,05 0,0,1(3),0 0} <
Similar arguments hold also if (\) = (A(1),0,0,(4)) or (A) = (0, A(2), ( );0) or (A\) = (0,A(2),0,A(4)) or
() = (0,0, A(3), A(4).
Finally, let (A\) = (A(1),...,A(4)). By using the x-identities of the groups (i)—(iv), in a monomial of P},
modulo Id*(A), we can separate the even variables from the odd ones, as we did before. Thus

mexy < max{maa)a2),0,00 M0.0A)A4)F < 1

and we are done. O

The classification of T-ideals of varieties whose multiplicities of the cocharacters are bounded by one is
originally motivated by the study of the distributivity of the so-called lattice of subvarieties. More precisely, if
A, B and C are subvarieties of the variety V, then we say that the lattice of subvarieties of V is distributive if

(ANB)UC=(AUC)N(BUC).

In case of associative algebras without any additional structure, it was proved in [1] that such a lattice is
distributive if and only if in the corresponding cocharacter sequence of V), all the multiplicities are bounded
by one. A similar result was achieved for superalgebras in [5] and, more generally, for algebras graded by a
finite group in [6]. The same does not hold for algebras with involution and for superalgebras with graded
involution or superinvolution: in fact, in [5] and [22], respectively, it was shown that in these cases there exist
varieties with a distributive lattice of the subvarieties but whose multiplicities are equal to 2, for some suitable
multipartitions.

In the setting of x-varieties, it is clear that an analogous result to that of algebras with involution holds,
since as we already saw in the proof of Theorem 23, if we restrict the pseudoinvolution to the even part of the
superalgebra, we get an algebra with involution. Here we present the example given in [5, Section 4] in the
language of x-algebras for convenience of the reader.

Example. Let V be the -variety such that 1d*(V) = (y{y5, y1 y5, z1@2xs, 2%, 27") 1y, where @1, 22, 3 are
any kind of variables. It is easy to check that the x-cocharacter of V is the following

X1y (V) = X((1),0.0.0) + X(0,(1).0.0)

X(2y (V) = 2x((1),(1).0.0)»

X(ny(V) =0, foralln > 3.

If one sets [1 == <yii_ o yl_azi7zii>T2"7 IQ = <[yii_7y1_]azi7zii>T2"7 I3 = <x1x27'ziazii>T2*; I4 = <yi~_7zivzii>T2*7
Is = (y, ,2', 27 )1y and Is = (21,2", 27" )1y, then the x-subvarieties of V correspond to such Ty-ideals and they
form a distributive lattice.

8. Colengths bounded by three

The purpose of this section is to give a classification of x-varieties having colength sequence bounded by 3. To
this end, we first recall the definition of elementary grading on a matrix algebra M, (F'). Let (g1,...,9,) be a n-
tuple of elements of Zs, then the elementary grading induced by (g1, - . ., g») is the Zs-grading M,,(F) = Ag® A;
where

Ao = spangp {e;; | gi + g5 =0}
Ay = spang {e;; | g +g; = 1},

where the e;;’s denote the usual matrix units.

8.1. Some suitable x-algebras.

First we shall introduce some suitable x-algebras that will help us prove the main result of this part of the
paper. In Corollary 13 we have seen that D, D', D~%, M and M*“? are the only *-algebras generating *-varieties
of almost polynomial growth. We start by recalling the definitions of some *-algebras belonging to these varieties
(see [14] for more details).

For any k > 2, let I be the k x k identity matrix and set Fp = Zi:ll €ii+1- We consider the following
commutative subalgebra of the upper-triangular matrix algebra UTy (F):

Cr =< al, + Z aEl | o, €F
1<i<k
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We shall denote by Cj, . the algebra Cj with trivial grading and (pseudo)involution given by

*

aly+ Y B | =ali+ Y (1) o B
1<j<k 1<j<k

Instead, we shall use the symbols C,i and C}; ‘ to denote the algebra Cj, with elementary grading induced by
(0,1,0,1,...) € Z§ and pseudoinvolution given by
aly+ > oE | =al+ Y () (-1)0;E],
1<j<k 1<j<k
where f(j) = 0if j is even and f(j) = 1if j is odd.
Next we exhibit finite dimensional *-algebras belonging to the *-variety generated by M or M*"P. Let
Ag = spany {e11 + eaq, €12, €34} C UTy(F),
N3 = spang {1, ea3 + €45, €12 — €56, €13, €46} C UT(F),
Us = spangp {1, e23 + €45, €12 + €56, €13, €46} C UT5(F)
and consider the following *-algebras:
o Ay, the algebra Ay with trivial grading and reflection (pseudo)involution o,

o Ns ., the algebra N3 with trivial grading and reflection (pseudo)involution o,

Us, ., the algebra Us with trivial grading and reflection (pseudo)involution o,
o A3"P the algebra Ay with elementary grading induced by (0,1,0,1) and pseudoinvolution &,
o NP (U3"", resp.), the algebra N3 (Us, resp.) with elementary grading induced by (0,1,1,0,0,1) and
pseudoinvolution & defined by
o(Ig) = Is, O(eas + ea5) = €23 + €45, O(e12 +es6) = i(e12 £ esp), S(e13) = —ies, O(ess) = —ie13.
The above *-algebras have been extensively studied in [13, 14, 24, 25]. In the following proposition we collect

the results concerning their *-colength sequences.

Proposition 24. For n large enough, we have that
o [ (Cry) = 1(Ch) = L(C") = k.
o [7(Ns.) =1 (Us,) =4.
o [h(Azy) = [(AY) = [ (N3™) = 1, (Us™) = 5.

Now, we shall consider the direct sum of some of the above x-algebras.

Proposition 25. For n large enough, we have that
o [(Co ®CY) =11(Co ®Cy") =15 (C3 0 Cy ") = 3,
o the x-algebras Cy . ® C}, Cs . ® C3', O3, ®Ch, Cs3, @0y, Coa 0yt CLoCyt, Oy @ Ch, @Cy"

have x-colength sequence greater than 3.

In the final part of this subsection we shall focus our attention on finite dimensional Grassmann algebras
endowed with some suitable pseudoinvolution. Recall that the Grassmann algebra with 1 on a k-dimensional
vector space over F', k > 1, is the algebra

Gr=(l,e1,...,ex | eie; = —eje;).
Consider the following map defined on Gj:
- Tiej e —(i)lealey,
- apiej e ()leiley,
- piej s (<L) ley.
Now we are ready to introduce the following *-algebras:
e Gy ;, the Grassmann algebra G with trivial grading and pseudoinvolution 7,
o (3, the Grassmann algebra G5 with trivial grading and pseudoinvolution 7,

° Gg’TT7 the Grassmann algebra G with grading (F'1 + Fejes, Fe; + Fey) and pseudoinvolution 7,

° Ggfw, the Grassmann algebra Go with grading (F'1 + Fejes, Feq + Fey) and pseudoinvolution v,
° Ggrp, the Grassmann algebra G5 with grading (F'1 + Fejes, Fey + Fey) and pseudoinvolution p,

( )
e GI" the Grassmann algebra G with grading (F'1 + Feq, Fes + Fejes)

97 and pseudoinvolution T,
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° Ggfpi, the Grassmann algebra Go with grading (F'1 + Fey, Fes + Fejes) and pseudoinvolution p.

The following result is easily proved.

Proposition 26. For n large enough, we have that
b ZZ(GZT) =3,
o 1;(A) >3, for any A€ {Gs,,G3,GY,, G35, Ggr:, Gy oy ®Csh,Gor @ Ch,Gar dCy ')

2,p?
8.2. Preliminary lemmas.

In this part, we shall present several results that will help us prove the main theorem of this section. In
Section 5 we have introduced the *-algebras D, D* and D~*. We start by considering their direct sum

S=Da&D'&D™"
Lemma 27. Id"(S) = ([z1,z2],y~ 2"y~ 27", 22 )1y
Proof. Let I = ([z1,x2],y~ 2"y~ 27", 227", ). Since Id*(S) = 1d" (D) N1d"(D*) N1d*(D~") it is easy to check
that I C Id*(S). In order to prove the 0pp051te inclusion, let f be a multilinear - 1dent1ty of S of degree

n. After reducmg f modulo I, we obtain that either f = ay; - Yty ey, or f = oy ynlzl 2:12 or

f=oayf -yt 2" 27 where ny + ny = n and ny,ny > 0. In the first case, let us consider the evaluation
v =((1,1),0,0), 1 <k < nq, and y; = ((1,-1),0,0), 1 < j < na. We obtain that f = a((1,-1)",0,0) =0
and so a = 0. In all the other cases, by considering the evaluations z = (0,0,(1,—1)) or z]_Z = (0,(1,-1),0),
respectively, 7 = 1,...,n, we get &« = 0. Thus f modulo I is the zero polynomial, i.e. f € I and the proof is
complete. O

Lemma 28. Let A= F + J be a finite dimensional x-algebra and letJ = Joo & Jo1 B J10 S J11-
1. If Ag . ¢ var*(A), then (Jio)y = (Jo1)y = 0.
2. If A5 ¢ var*(A), then (Jio); = (Jo1); = 0.

Proof. The first item is proved in [25, Lemma 8.1]. With a similar approach we get also the second item. O

Lemma 29. Let B = F + Jy1 be a finite dimensional *-algebra.
1. If Ck o & var*(A), k > 2, then (y~)*"1 =0 on B.
2. If Ci ¢ var*(A), k > 2, then (21)*=1 =0 on B.
3. IfOF" ¢ var*(A), k > 2, then (z7")*1 =0 on B.
Proof. The first item is proved in [25, Lemma 8.2]. With a similar approach we get also the last two items. O
Lemma 30. Let B = F + Jy1 be a finite dimensional *-algebra.
L If [y, y5] # 0 on B then Us . € var*(B).
2. If [y*,y~] £ 0 on B then N, € var*(B).
3. If [y*,2"] #0 on B then U;"? € var*(B).
4. If [y*,27" # 0 on B then N3P € var*(B).

Proof. The first two items are proved in [25, Lemma 8.3]. Similarly we can deal with the last two items. (]

In the following lemmas we shall focus our attention on the Grassmann algebras we have introduced in the
previous subsection.

Lemma 31. Let B = F + Jy1 be a finite dimensional *-algebra.
1. If [y; »y5 ] #0 on B then Ga r € var*(B).
2. Ify; oy, =0 on B and y; Y5 y3 £ 0 on B then Gs, € var*(B).

Proof. The first item is proved in [25, Lemma 8.4] whereas the proof of the second one can be found in [20,
Lemma 4.8]. O

Lemma 32. Let B = F + Jy1 be a finite dimensional x-algebra.
1. If 2227 #0 on B then G3', € var*(B).
2. If [zl,zQ] %0 on B then sz € var*(B).
3. If [27%, 25l £ 0 on B then GY'. € var*(B).
4. Ify=2="#0 on B thenGQ; € var*(B).
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— 1 qri *
5. Ify=2" #0 on B then G3, € var*(B).

Proof. Let us prove the first item (the other ones follow analogously).

Since 227" # 0 on B, then there exist two non-zero elements a € (J11)] and b € (J11); " such that ab # 0.
We consider R to be the subalgebra of B generated by 1,a,b over F' and let I be the T5-ideal generated by
a?,b% ab + ba. Hence, if we write I =1+ 1, a=a+ 1, b=>b+ I and ab = ab+ I, then the x-algebra R = R/I
is linearly generated by {I,a,b,ab}. It is easy to check that the linear map ¢ : R — G9', such that o(1) =1,
p(@) = e1 and ¢(b) = ey, is an isomorphism of *-algebras. It follows that G3’, € var*(B) and the proof is
complete. O

In order to prove the main result of this section we need just one more preliminary lemma.

Lemma 33. Let B = F + Jy1 be a *-algebra such that B € var*(S), where S = D & D*@® D~%. Then
B~y Vi Vo @ Vs,
where Vi € var* (D), Va € var*(D~") and V3 € var* (D).

Proof. Let us consider Vi = F + (J11),, Vo = F + (JH)S' + (Jn)i and V3 = F + (Jn)g' + (Jll)l_i. By using the
identities of the algebra S (see Lemma 27), it is easy to see that V;, V5 and V3 are x-subalgebras of B. Hence

Id*(B) - Id*(V1 S Vo @ Vs).

In order to prove the opposite inclusion, let f € Id*(V} & V2 @& V3) be a multilinear x-polynomial of degree n.
Since Id*(S) C Id*(B), we can write f, modulo the *-identities of B, as either

f:ay;'_...y:’; or
— Bt +- -

f — ﬂyll e yipyjl . qu or
— + + 1 %

f _r)/yll ...yipzjl ...qu or
_ 5ot + i —i

f — 6y11 ylpzjl ...qu R

where p+g=nand i3 < - <ip, j1 < - < Jq.

If f is of the first type, by making the evaluation y;" = (1, 1p,1p), for alli =1,...,n, we get a = 0. If f is
of one of the other types, we also get that f € 1d*(B), since f € Id* (V1 @ Vo & V3) = 1d* (V1) N1d* (Vo) N1d*(V3).
Hence we have proved that Id*(B) = 1d*(V; @ V2 @ V3).

The proof is now complete since clearly Vi € var*(D,), Va € var*(D~%) and V3 € var*(D?). O

8.3. Classification of the x-varieties with colengths bounded by three.

Finally we are ready to prove the main result of this section. We shall denote by N a nilpotent *-algebra
and by C' a commutative non-nilpotent algebra with trivial grading and trivial pseudoinvolution.

Theorem 34. Let A be a x-algebra over an algebraically closed field F' of characteristic zero. The following
conditions are equivalent.

1. 15 (A) <3.
2. The following x-algebras do not belong to the x-variety generated by A:

% —1i sup sup sup gr gr qr gri qri
04,*7 047 C4 ; A2,*7 NS,*7 US,*7 A2 ; N3 ; U3 3 GS,Ta G27'¢)7 G2)7—7 GQ)pa G277—7 G27pa

Co®CE, O 05", C3,0Ch, C3,.0C5 ", CiaCy", CiaCy", O ®Ci®CT", Gor®C3.4, Go,®CS, Go B0 "
3. The x-algebra A is Ty -equivalent to N or to B @& N, where B is one of the following algebras:
Ca 02,*; 03,*7 057 CEL’,’ 02_i7 03_17 GQ,T7 02,* S Cév CQ,* S¥ OQ_ia Cé 2] 02_1

Proof. By using item 1 of Remark 1 and Propositions 24, 25, 26, one can easily prove that 3. implies 1. and
that 1. implies 2.

Now, let us assume 3. Since Cj., Ci, C; % As., ASP ¢ var*(A) and they belong to var*(D), var*(D?),
var*(D~%), var*(M) and var*(M*"P), respectively, it follows that D, D D~ M, M** ¢ var*(A). Hence,
by Theorem 12, the #-codimensions of A are polynomially bounded. Moreover, by [14, Theorem 4.1], since
D ¢ var*(A), we may assume that A is a finite dimensional algebra. As a consequence, it is not difficult to see
that A can be decomposed as

A:Bl@"'@Bm,
where either B; is nilpotent or B; = F + J(B;), 1 <i < m.

Notice that if B; is nilpotent for all 7, then A is nilpotent and we are done in this case. Therefore, we

may assume that there exists ¢ such that B; = F + J(B;), with J(B;) = Joo @ Jo1 @ J1o @ J11. Since
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A, AS'P ¢ var*(A), by Lemma 28, it follows that Jig = Jo1 = 0 and so B; = (F + Ji1) & Joo is a direct sum
of x-algebras, where Jyg is nilpotent. In order to complete the proof we may focus our attention on *x-algebras
of the type B =F + Ji1.

Since Us ., N3 ., U3"?, N3P ¢ var*(B), by Lemma 30, it follows that the s-polynomials [y}, v5], [y, v~ ],
[yt, 2%, [y", 27" are *-identities of B. Similarly, since G35, G5y G, Gg?ﬁ, ng ¢ var*(B), by Lemma 32,
we get that 2'277, [21, 28], [27%, 25 '], ¥~ 2%, y~ 2" =0 on B.

First we shall suppose that [y; ,y5 | is a *-identity of B. In this case, we have that [z1,x5],y~ 2%y~ 2% 272~
are x-identities of B. It follows that B € var*(S) (see Lemma 27). By Lemma 33, we get that B ~7; V1©V20 Vs,
where Vi € var*(D), Vo € var*(D~%) and V3 € var*(D?). Moreover, since B has polynomial growth, we must
have that also Vi, Vo and V3 have polynomial growth. In conclusion, since

Cuey ChC O @CE Co 0503, ©ChC . @0y, CLa 0y, Cha 0y Ca © ChLd Cy" ¢ var*(B),

—1 7

i

as a consequence of the results in [14, Sections 7,9], we get that B is T4-equivalent to one of the following
algebras:

C, Cy., Cs., Ci Ci Oy O5f Co.®Ch Ch.0Cy CioCyh

Now let [y; ,y5 ] # 0 on B. Then, by Lemma 31, Gy, € var*(B). We claim that actually B ~7; G5 . Notice
that, since Go , ® C3.4, G2, ® Ch, Go, ® C5" ¢ var*(B), then we must have that Cs ., C},C5 " ¢ var*(B). As
a consequence, by Lemma 29, it follows that (y~)? = 2! = 27% = 0 on B. After linearizing (y~)? = 0, we get
Y1 Y3 + Y3 y; =0 on B. Finally, since Gs , ¢ var*(B), by Lemma 31, we obtain that y; y; y; =0 on B. In

conclusion, recalling that (see [25, Lemma 7.1])
1d°(Gar) = {ly" 2] yr vs +u 001 02 05,252 1y

we get that Id*(G2,;) C Id*(B) and the claim is proved.
For each case above, since A = By @ --- @ B,,,, we get the desired conclusion. O

9. Relating polynomial codimension growth and colengths

As a last result of the paper, we want to establish a relation among the x-codimension and the *-colength
sequences. The following lemma, concerning the *-algebra D = F' & F', will be useful in what follows.

Lemma 35. The %-algebra D belongs to the x-variety generated by (Ma,o(F'),s) and to the x-variety generated
by (M,1(F),ps).

Proof. Let us prove the result for (M; 1(F),ps). The case of (Ms o(F'),s) is given in [11, Lemma 4.10].

Let D' = spany{e11+ea2, €11 —e22} be a subalgebra of (M 1 (F), ps) spanned by two elements of homogeneous
degree zero and with induced pseudoinvolution. Now let {(1,1),(1,—1)} be a basis of the x-algebra D. The
linear map ¢ : D — D’ given by

e((1,1)) = e11 + ea2, e((1,-1)) = e11 — €22,

is clearly an isomorphism of superalgebras. Moreover,
o (L)) = (1,1) =e11 + ez = (p(1,1))",

e ((L,=1)) =p(-1,1) = —e11 + €22 = (¢ (1, -1))"",

and so ¢ is an isomorphism of *-algebras and the proof is complete. (]

We conclude this paper with the following result, relating the growth of the x-codimension sequence of a
finite dimensional x-algebra A with its x-colengths. Recall that, for all n > 1 and for all nq,...,n4 such that
ny + -+ + ng = n, the n-th *-colength is defined as

LA = Y mp,
(A)(n)
ni+--+na=n
where m 5y are the multiplicities of the irreducibles appearing in the (n1, ..., n4)-cocharacter of A.
We want to highlight that a similar result concerning algebras with ordinary polynomial identities was proved
by Kemer in [17], by Vieira in [29] in the setting of superalgebras, in [20] for algebras with involution, in [11]
for superalgebras with graded involution and in [15] for superalgebras with superinvolution.

Theorem 36. Let A be a finite dimensional algebra with pseudoinvolution * over an algebraically closed field
of characteristic zero. Then ¢ (A) is polynomially bounded if and only if IX,(A) < h, for some constant h and
for allm > 1.
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Proof. First let us assume that [ (A) < h, for some h. By using Remark 1 and Propositions 8, 10 and 11, we
get that D, D', D=% M, M*"P ¢ var*(A). Thus by Theorem 12, ¢ (A) must be polynomially bounded and this
direction is proved.

Conversely, let us suppose that ¢ (A) is polynomially bounded, say ¢} (A) ~ an*, for some integers k and
a > 0. Consider the (n)-cocharacter of A:

Xy (A) = D myxam © - © Xa)-
(A (n)

By Theorem 12, it follows that D, D, D=% M, M*"“P ¢ var*(A). Moreover, by Lemma 35, we have that also
(Mao(F),s),(M11(F),s) ¢ var*(A). Hence Theorem 20 applies and so there exists a constant M such that
myyy < M, for all multipartition (A\). Furthermore, by Theorem 20, there exists ¢ such that mx) = 0 whenever

(®) (A= AMD)1) + (M) = A2)1) + (AB) = AB)) + (AM4)] = A(4)1) = ¢-
On the other hand, since D ¢ var*(A), by Lemma 5.1 and Theorem 2.1 of [4], there exists s > 1 such that

(9) Yy Wiyy we -y, ws =0 on A,

where the w!s are (eventually empty) words in even variables (symmetric or skew). Moreover, since ¢}, (A) ~ ank,

we get that 2125 -+ 2zp+1 = 0 on A, where the z;’s are any odd variables (the result follows using the same idea
of [18, Theorem 5.1]). Clearly we obtain that

(10) 21W120Wa + + + Zpr1Wra1 = 0 on A,

where the w}s are (eventually empty) words in any kind of variables. From (8), (9) and (10), we get that
myyy = 0, for any multipartition (A) such that [A(1)] — A(1)1 > ¢ or [X(2)| > sk or |A(3)| 4 [A(4)| > k + 1. Thus
mey = 0, (A\) F (n), for n = ny +--- + ny large enough. Hence only a finite number of multipartitions (\)
satisfies the conditions [A(1)| — A(1)1 < ¢, [A(2)] < sk and [A(3)] + [A(4)| < k + 1 and since myy < M, for all
(N, if follows that, for any (n),

l*

n

(A) < h, for some constant h.
O

Remark that, due to Theorem 2, the previous result holds also in the case of finitely generated x-algebras.
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