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PRODUCTIVE POLYNOMIALS

RIcHARD F. ARENS

The problem addressed is: When is a class B of polynomials in n
non-commuting indeterminates closed under substitution into a given
polynomial g ?

1. Introduction. Let F be a field and let F(x;,..., x,) be the
linear algebra of polynomials in the non-commuting indeterminates
Xi,...,Xn. Let g€F{xy, ..., xn). Let A be an associative! algebra
over F. g defines a mapping § of A x ---x A= A" into A whose
value 4(a;,...,an) at (ay, ..., an) is the result of replacing each
X; In g by the corresponding a;, and then carrying out the algebraic
operations proper to 4. A linear subspace B of the algebra 4 will be
called g-closed if whenever A = (a;, ..., a,) € A" then 4(a) € B.
Let g((B)) be the smallest g-closed linear subspace containing B.
We study mainly the case that 4 is F(x;, ..., x,) itself, and B is
the linear subspace generated by Xx;, ..., X, and the unit 1. The g-
closed set generated by x;, ..., x, and 1 will be denoted in this case
simply by ((q)).

We will usually use just P to stand for F(x;, ..., x,). g € P will
be called productive if ((q)) = P ; and otherwise, non-productive.

Two questions interest us:

1.1. When is a given g € P productive,
and

1.2. If it is not, how to find elements p which are not in ((q))?

A clear-cut answer to 1.1 is given by 3.9. An answer to 1.2 is given in
84, illustrated by an example 8.5. We regard ¢ as an n-ary operation
and prepare a suitable ideal theory.

2. Theorems establishing productivity. Consider g = x;x;. Then a
linear subspace B is g-closed if it contains the product of any pair
of members: B is a subalgebra.? Thus, if B is the linear subspace
generated by x;,..., x, and 1, then ((g)) is the algebra generated
by Xxi,..., x, and 1. This being P, x;x, is productive.

'In this paper, all algebras are supposed to be associative, and so we omit the term.

INote that B is X, x,~closed if and only if it is x,x j-closed, where i, j are any two distinct
indices.
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We will usually write x, y for x;, x,. The main example of a
productive element is xy.3 As observed, ((xy)) is the subalgebra
generated by x;, ..., X, and the unit 1, and this is patently P.

For finding sufficient conditions for elements to be productive, we
are aided by the following concept. Let E = (e(1), ..., e(n)) be n
non-negative integers. Let p € P. Then p is homogeneous of type E
if it is homogeneous of degree e(i) in X;, for each i.

2.1. DEerFINITION. Given g € P, its homogeneous constituent qg
shall be the sum of its monomial terms homogeneous of type E .
Obviously, ¢ is the sum of its homogeneous constituents.

2.2. LEMMA. If the field T is infinite, then qg € ((q)) for each
homogeneity type E .

Proof. Let A= (A1, ..., An), and define gA as §(A1x(, ..., AnXp).
We have gi = Y ggd = ¥ AFqr . By making enough different choices
for A, we get a system of linear equations for the various gg. These
can then be expressed in terms of the left-hand sides. The left-hand
sides belongs to ((¢)) no matter how the A are selected. Therefore,
so do the ¢g.

2.3. THEOREM. Let g € P. If p € ((q)) then ((q)) is p-closed
and ((p)) is contained in ((q)).

This can be deduced from the following representation of ¢((C}))
as the union of sets C,, where C; is a subset of P. We will define
Cp for m=2,3,.... Suppose now that C,, has been defined. Then
Cp41 shall consist of the elements of C,,, their linear combinations,
and the values of g(u) where u varies over the n-member subsets of
Cpm . Let C*>® be the union of the sets C,, . Using induction, we see
that each C,, lies in ¢((C})), so C™ is contained in ¢((Cy)). Since
C° is obviously g-closed, it must include g((C)). Thus

(2.31) g((Ch)) = C™.

Such a sequence of sets {C,} may be called a g-system. There is
a g-system Q with C; = B, the span of 1 and Xx;,..., x,. Now
suppose p lies in the set C,, and let ry, ..., r, liein C; . We want
to show that p(ry, ..., r,) liesin ((q)).

In the system Q replace each x; by r;, giving Q'. This is a
g-system {C;,} and it has p(r;, ..., r,) in the mth set. Cj is

3See also 2.4.
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contained in C;. Consequently C,, is contained in Cy,,_;, SO
p(r1, ..., rp) liesin ((q)). This shows that ((q)) is p-closed, whence
the p-closure of B, namely ((p)) is contained in ((q)).

Thus 2.3 is proved. We mention an immediate generalization.

COROLLARY. Let g€ P. Let C be a subset of P. Let p € gq((C)).
Then p((C)) is contained in q((C)).

2.4. COROLLARY. Let g€ P. Then P = ((q)) if and only if xy €
((2))-

This follows from 2.3 with p = xy.

2.5. COROLLARY. Let g € P. If any qg is productive* then q is
productive.

Proof. ((qg)) is contained in ((g)), so if the former contains xy,
so does the latter.

The next proposition can be as easily proved as was 2.4.

2.6. PROPOSITION. Let q € P. Select an index i. Define
qi(x1, ..., Xn) as the coefficient of t in q(x1,...,x;i+1tl,...,Xxy)
where t ranges over F and 1 is the unit of F(xy, ..., x,). Then g;
belongs to ((q)) .

This can be used to show that g = x2y + xyx + xy? is productive.
First we get x%y + xyx € ((q)) by 2.2. Then 2.6 tells us that 2xy +
yx +xy € ((q)), whence 3xy + yx € ((q)), and by substitution of x
for y and y for x, 3yx + xy € ((¢)). Linear combination gives us

xy.

CoROLLARY. If f and g have positive degree, then f(x)g(y) is
productive.

Proof. By differentiating an appropriate number> of times and ap-
plying 2.6, we can obtain xy € ((f(x)g(»))). By 2.3, ((f(x)g(»)))

includes ((xy)), =F{xy, ..., Xpn).
The connection with Jordan algebras may be noted. (See [BK].)

4However, if all the g are non-productive, the sum k may still be productive. See 4.5.
5Using 2.3 after each differentiation.
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REMARK. If ¢ is a polynomial in one variable and has degree at
least 2, then ((q)) = ((x2)), i.e., it is the special Jordan algebra
F(x1,...,xn)7".

Proof. Let g be a polynomial in x. Replace x by 1+ x and
expand. One sees from 2.2 that x2 € ((¢)). On the other hand,
replace x by x2 and see that x*, x8, x!6, ... € (x2)). Keep this up
until the exponent exceeds the degree of ¢. Replacing x by 1+x and
using 2.2, one sees that all the powers in g are in ((x2)). Forming
linear combinations, one obtains g € ((x2)). Thus, by 2.3 applied

twice, ((9)) = ((x?)).

3. Characterizing productivity. For Kk = 1,2, ... let P, stand for
the set of homogeneous polynomials of degree k. For p € P let p
be the Py+---+ P, component of p. We will use Quad(p) to denote
the P, component of p.

We are going to be dealing with n-tuples (p;, ..., pn) of elements
of P. We will abbreviate such an n-tuple by p. We will write p ;
for (py ks -+ Pnk)-

We will also make use of the linear automorphism p — p* of P
defined inductively by 1* = 1, (px;)* = x;p*. An element u for
which u* = u will be called symmetric, and one for which u* = —u,
skew.

We will let S, denote the linear subspace of P of those elements
p for which Quad(p) is symmetric, and S_ for those for which it is
skew. In fact p isin S, or S_ if and only if p , is symmetric or
skew, respectively.

PROPOSITION. Let q € P. Then one of the three sentences 3.1, 3.2,
or 3.3 must be true.

3.1. If fi, ..., fn belong to Py+ Py, then Quadq(f) is symmetric.

32.If f1,..., fn belong to Py+ Py, then Quadq(f) is skew.

3.3. Both of the following hold.

3.31. Thereare fi, ..., fn in Py+ P, and Quadq(f) is not sym-
metric.

3.32. There are f1, ..., fn in Py+ Py, and Quadg(f) is not skew.

We pass on to consider the consequences of each of these sentences
or conditions.

LeMMA. Condition 3.1 holds <
3.4. Quad(q(A +x)) is symmetric forall A= (A1, ..., An).
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Proof. =: Choose f; = A; + x;. By 3.1, Quad(g(4 + x)) is sym-
metric. <: Suppose Quad(q(A+x)) =) a;;x;x;. This forces a;; to
be symmetric as a matrix, which makes ) a;;X;X; symmetric when
the X; are any linear forms. So Quad(q(A + x)) = Y a;; X; X is
symmetric as 3.1 requires.

In the same way one can show

LEMMA. Condition 3.2 holds <
3.5. Quad(g(A +x)) isskew forall A= (Ay, ..., An).

3.6. LeEmMA. If 3.1 holds, then p:,...,p, € S+ implies that
q(pl’ oo ,pn) €S+.

Proof. Quad g(p) is identical to Quad(g(p,3)). Now Quad(q(p,>))
= Quad(g(p,1)) plus a linear combination of terms p; ,. Because
D1,...,Pn €S, , these extra terms are symmetric. By 3.1, Quad(q(p,;))
is symmetric, whence Quad(g(p)) is symmetric, and g(p;, ..., pn) €
S+ .

3.7. LemMA. If 3.2 holds, then pi,...,pn, € S— implies that
q(pl’ e ,pn)GS_.

A proof may be obtained by replacing “symmetric” by “skew”.
3.71. LeMMA. If 3.31 holds, then x;x; — x3x; belongs to ((q)).

Proof. From 2.2, we see that Quad(q(f)) belongs to ((g)). Thus
there is an element p = )" o;;x;x; in ((¢q)) such that p — p* # 0.
This leads to an element )" o;;(x;x; — x;x;) in ((¢g)). and not 0. By
2.2 again, some x;x; — x;x; is in ((q)). Permuting the x; gives us
3.71.

3.72. LeMMA. If 3.32 holds, then x;x; + xyx; belongs to ((q)).
A proof can be assembled from the preceding, except that we might
arrive at the element x;x; + x;x;. From here it is easy to get to

X1X3 + XX by polarization. We note an obvious consequence.

3.8. LemMA. If 3.31 and 3.32 both hold then x;x, belongs to
((9))-
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3.9. THEOREM. Let q € P. If 3.4 holds then ((q)) is included in
S+ and q is nonproductive. If 3.5 holds then ((q)) is included in S_
and q is non-productive. If neither of these hold, then q is productive.

Proof. Suppose 3.4 holds. Therefore, 3.1 holds, so by 3.6, S, is
invariant under ¢g. Now 1, x;, ..., X, are symmetric and thus in
S, . Therefore, ((¢)) is included in S;. Obviously S, is not all of
P.

Supposing 3.5 holds, we proceed in an analogous fashion, and con-
clude that g is non-productive.

If neither 3.4 nor 3.5 holds then we obtain 3.31 and 3.32. We appeal
to 3.9 and to 2.4, and conclude that g is productive.

4. Examples.

4.1. THEOREM. Suppose either a;j = aj; forall i, j or a;j = —aj;
Jorall i,j. Then, ¥ a;jx;xj is non-productive, and conversely.

Proof. Suppose a;; = a;; forall i, j. In g =3 o;;x;x; replace
Xx; by A;+x; where A; is a scalar. Obviously Quad(4+x) is g itself,

which is surely symmetric when «;; = a;;. The case «a;; = —a;; is
treated in a like manner. By 3.9, g is nonproductive.
If neither Qjj = Qjj for all i, j or Qjj = —Qjj for all i, j then

neither 3.4 nor 3.5 holds. This completes the proof of 4.1

4.2. THEOREM. Let q = x'y/xk, where the exponents are all pos-
itive. Here x is x; and y is x,. Then q is non-productive precisely
when i =k.

Proof. Suppose 3.4 is true. Let the A4; = 1. It is verifiable that
Quad((1+x) (1 +y) (1 +x)*) = x2(ik + 7' + k') + xyij +yxjk +y*j',
where i’ means i(i — 1)/2, etc. So j = k, and conversely, if j =k
then Quad(g(4 + x)) is symmetric. But we have not yet shown that
Jj =k implies Quad(g(4 +x)) is symmetric even when some 4; is 0.
In this case we have to examine Quad(x‘(u + y)/x*) which is either
w xi*k or 0, in any case, symmetric.

This theorem implies that xy/x! is non-productive. Observe that
x'y/x! is symmetric. We indicate another way to see this.

4.3. THEOREM. If q is symmetric, then every element of ((q)) is
symmetric and thus q is non-productive.
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Proof. If fi,..., f, are symmetric and ¢ is symmetric, then
q(fi, ..., fn) is symmetric. Now 1, and the x; are symmetric, so
every element of ((g)) is symmetric.

The converse is not true. Examples abound, by virtue of the next
theorem.

4.4. THEOREM. Let q = x"yixiy* . Then q is non-productive pre-
cisely when

(4.41) hk +hi+ji=1ij.

Proof. This condition is necessary for 3.4 and 3.5, as can be seen
by putting A = (1, ..., 1). Then it can be shown sufficient for 3.4, in
case A = (A1, ..., 4,) when no 4; is 0, and finally when some are O.

4.5. EXAMPLE (see 2.5). One can have g productive but every gg
non-productive.

Let g, = xyx. This is non-productive by 4.2. In the proof we
showed that it generates xy + yx. Let ¢ = xy — yx. This is non-
productive by 4.1. Let g be their sum. From g we can get ¢; and
g, back, by 2.2. Hence we can get xy +yx and xy — yx, whence by
2.4, g is productive.

5. Remarks about the rest of this paper. We want to present some
ideas which will enable us to assert, for example, that xyx does not
belong to ((xy2)). See 8.5 below. To establish such propositions
we apparently have to bring up the concept of seminorms, which is
familiar, and that of ideals, which may not be familiar in this context.

6. Seminorms. From now on, F will be either the real field R or
the complex field C.

DEFINITION. Suppose A is a linear algebra over F. Suppose that
a real-valued function S defined on A4 is a seminorm with respect to
the linear space structure of 4. A seminorm defines a topology in A4,
and thus also in 4 x---x A. It makes sense to ask whether this makes
g continuous at any selected point of 4 x --- x A. If so, we will say
that § is continuous in the topologies defined by S, or that S renders
g continuous® at that point.

We will abbreviate this to g is continuous in the topology defined by S ”. If no particular
point is mentioned, continuity at all points is implied.
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6.1. LEMMA. Suppose q € F(xy, ..., Xxn). Let A be an algebra
over F. Let S be a seminorm on A. Suppose q is continuous
in the topology defined by S. If p € ((q)), the g-closed subset of
F(xy, ..., xn) generated by {1, xy, ..., xn} then p is continuous in
the topology defined by S .

Proof. Construct the g-system {C;} as in 2.3, with C; being the
set {1, Xx;,...,X,}. The union of the C; is ((gq)). Every element
of C; is certainly continuous in the topology defined by S. Assume
it is true for every element of C,,. Each element of C,,,; is either
a linear combination of these, or the value of § on n of them, and
thus surely also continuous.

We will actually need a slight but immediate corollary of this.

6.2. COROLLARY. Suppose q € F(xy, ..., x,). Let A be an alge-
bra over F. Let S be a seminorm on A. Suppose q has 0 constant
term and is continuous at (0, ..., 0) in the topology defined by S.
Suppose p € ((q)), and suppose that p has constant term 0. Then p
is continuous at (0, ..., 0) in the topology defined by S .

This result will enable us to exhibit some polynomials p and ¢
where p ¢ ((q)). We just have to find a seminorm such that p is not
continuous. To do that we develop an appropriate ideal theory.

7. g-ideals.

DEFINITION. Let g € F(xy, ..., X,). Let 4 be an algebra. Then
a linear subspace J of A4 will be called a g-ideal if whenever a =
(ay,...,an) € A" and je J", then d(a+j)—4g(a)e J.

One example is ¢ = x1x,. Here a g-ideal is just an ordinary two-
sided ideal of the algebra 4. Another example is g = (x;)?. In this
case a g-ideal is an ideal of the Jordan algebra A% (see [BK]).

LEMMA. Let q € F(xy, ..., xn). Let A be an algebra. Let J and
K be g-ideals. Then JNK and J+ K are g-ideals.

Proof. The assertion about J N J is elementary. As to the other,
ga+j+k) —d(a) = [ga+i+k) — g+l +[d(a+]) - d(a). The
first bracket belongs to K and the second to J. Thus the lemma is
proved.

7.1. DerINITION. The smallest g-ideal containing a given subset
B of A is the g-ideal generated by B and will be denoted by 1,(B).
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The next lemma is helpful in discovering what elements belong to
I4(B) in specific cases.

DEFINITION. Let ¢ be an element of F(x;,...,x,). Let J be a
linear subspace of a linear algebra 4. Let (a;, ..., a,) € A" and let
(U1s.-.5Jn)€J". Foreach i, j<1<n,let
(72) qi(ala---,anajl>-°':jn)

d . .
=7d(@r, ..., ai+ i, ..., an)li=o-

LEMMA. A linear subspace J is a q-ideal if and only if
(7'3) Qi(als---a‘In:jl,---,jn)EJ
whenever a;, ..., a, €A and ji,...,jn€J.

Proof. It seems adequate to us to give a proof only for a special
example, say ¢ = xyx. Here we write x for x; and y for x, and
n=2.Alsolet a; =a,a,=b, j,=j,and j, = k. In this case of
g = xyx, conditions 7.3 say

(7.4) jba+ abj and aka € J whenever j, ke Janda,be A.

We have to show that (a + j)(b + k)(a + j) — aba € J whenever
j,keJ and a, b € A4, if and only if 7.4 holds.

If (a+sj)(b+tk)(a+sj)—aba liesin J for all s and ¢, we can
deduce, by algebraic procedures, that the derivatives in 7.4, that is the
derivatives 7.3, lie in J .

Conversely, does (a + j)(b +k)(a+ j) —aba lie in J if 7.4 holds?
Actually, we undertake to prove that (a + sj)(b + tk)(a + sj) — aba
lies in J for all real s and ¢, if 7.4 holds. Let

Sf(s)=(a+sj)(b+tk)a+sj)—aba.

Then f(s) = Y ¢;s", a sum of three terms. Conditions 7.4 imply
that all derivatives of f(s) are in J. Therefore, all the ¢, are in
J for h > 0. The constant of integration ¢ is also in J because
f(0) =atka e J. Hence f(s) € J, as we promised to show.

ProrosiTioN. Consider the element q = xyx of F(x,y). Let
Iyx(x) be the g-ideal generated by the single element x of F(x, y).
Then a basis for the elements of this ideal of degree not greater than 3
is

(7.5) {x,x2, xy +yx, x3, x*, xyx, yx® xy* + y2x}.
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Proof. By repeated use of 4.52 one can show that any xyx-ideal
which contains x, must contain x2 and xy+yx. Also one can show
that an ideal which contains these must contain the entire list 7.5.
The list is clearly linearly independent. Then, one can show that on
the other hand, that the span of 7.5 together with all polynomials of
degree at least four, is an xyx-ideal. This sketch should suffice for a
proof.

PrOPOSITION. Let q € F(xy,...,Xn). Let A = F(x1,..., Xm).
Let k be a positive integer. Let Xk be the set of polynomials whose
constituent homogeneous summands are all of degree k or more. Then
Xk is a g-ideal.

Proof. Let ay, ..., an be members of A and let j;,..., j, be
members of X*. The expression q(..., aj+ji,...)—q(..., a;,...) is
a sum of monomials in the a; and j;. After the obvious cancellation,
every term must have at least one factor jj in it, and so the sum must
belong to X*.

7.6. LEMMA. Let q € P = F(xy, ..., Xn). Let m be an integer
not necessarily related to n. Let A = F(xy,...,Xnm). Let J be a
g-ideal in A and let p be an element of A which does not lie in J .
Then there is a q-ideal K to which p does not belong, which has finite
codimension in A, and contains J .

Proof. Let k be greater than the degree of p. Let K = J + Xk,
This is a g-ideal, and it has finite codimension, because X* does. If
the element p were to bein K, say p = j+ z, then the homogeneous
constituents of z could not appear in p because the degree of p is
too small. Thus they would find and cancel their negatives in j, and
p would liein J .

8. Establishing non-producivity. For convenience, we introduce an-
other term.

DEFINITION. Suppose A is a linear algebra over F. Suppose that S
is a seminorm on A4, and u is a real number satisfying S(4(ay,...,a,))
< u whenever S(a;) <1 forall i. Then u is a g-factor for S, and
S will be said to have a g-factor.

8.1. LEMMA. Let g € P =F(x,,...,Xn). Let A be an algebra
andlet J be a g-ideal such that A/J is finite dimensional. Then there
is a seminorm S on A that has a q-factor and has kernel J .
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In the following proof, we always intend summation over repeated
indices. Also, any lower case j stands for a member of J .

Let A/J have dimension m. Let ey, ..., e, be a basis for 4/J .
Now (X aypen, ..., Y anpey) is well defined because J is a g-ideal,
which implies that evaluating § is well defined modulo J. Since g
is a polynomial, 4(>  ayxep, ..., 2. ayne,) = Pie;, where the P; are
polynomials in the «; .

Choose a norm | - || for 4/J. Define the seminorm S on 4 by
S(a) = lla+ J||. Then S(G(3cunen, ..., 2o annen)) = ||Pieil| -

The condition ||a+J|| < 1 defines a closed bounded set B in 4/J .
For ay, ..., a, to have S(a;) <1 is the same as having the a; + J
lie in B. This in turn, makes ||P;e;|| < u for some real u. We have
shown that S(a;) <1 for i =1, ..., n implies S(§(a;, ..., an)) <
4 . Thus the seminorm has a g-factor.

The kernel of S is obviously J. This proves 8.1.

8.2. LEMMA. Let q € F(x1,...,X,). Let p be an element of
A =TF(x1,...,XxXm) vanishing at (0,...,0) of Ax---x A =A™.
Suppose that p does not lie in the g-ideal I;(xy, ..., xn) generated
by x1,...,Xxm in A. Then there exists a seminorm S on A that has
q-factors, but does not render p continuous at (0, ..., 0).

Proof. By 7.6, there is a g-ideal K to which p does not belong,
and such that 4/K has finite dimension. By 8.1 there is a seminorm
S having g-factors, and having K for its null space. So S(p) >
0 because p is not in K. However, S(x;) = 0. Now suppose
p were continuous at (0, ..., 0). Its value there is of course the
zero element of 4. Hence for every ¢ > 0 thereisa d > 0 such
that for those ay, ..., an, with S(a;) < é for all i, one will have
S(p(ay,...,am)) < e. Take ¢ = S(p) which is positive. Consider
letting a; have the value x;. With that a;, we surely have S(a;) < ¢
forall i. So S(p(ay,...,an)) < €. But now S(p(a;, ..., an)) =
S(P(x1, ..., Xm)), and a little reflection on the definition of the func-
tion p shows that p(x;, ..., x,) is indeed p. So S(p) < S(p), is
obviously a contradiction. This completes our proof of 8.2.

8.3. THEOREM. Let q € F(x;,...,Xxn). Let p be an element
of A =F(xy,...,Xm, 21, ..., Zr) that is homogeneous in each of
zZ1, ..., Zr and homogeneous of positive degree in x;. Suppose p

does not belong to the g-ideal generated by z, ..., z,. Then there is
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a seminorm S on A which has q-factors but renders p discontinuous
at (0,...,0).

Proof. As above, there is a g-ideal K including z¢, ..., z,, but
not p, and such that A/K is finite dimensional. Consequently there
is a seminorm S such that S(z;) =0, but S(p) > 0. Say S(p) =e¢.
Suppose p were continuous at (0,...,0). Then thereisa 6 > 0
such that if S(a;) < J for all i and S(b;) < 6 for all j then
SP@ay,...,am, by,..., b)) <e. Let a; = a;x; and b; = f;z;.
If the «; are sufficiently small, then S(a;) < ¢ forall i and S(b;) <
¢ for all j, whereupon S(p(ay,...,am,b1,..., b)) < e&. Now
Say,...,am, by, ..., b)) is a product of a’s and p’s times
SB(X1, ... Xm» Z1, ... Zr)) . After the o’s have been chosen small
enough, and fB,, ..., B, have been set equal to 1, the product of
o’s and B; can be made arbitrarily large by varying f;. Thus
S(p(x1,..., Xm, 21,..., zr)) 1s actually 0. But as mentioned at the
end of the proof of 8.2, S(A(x1, ..., Xm, 21, ..., 2r)) i1s S(p). This
contradiction proves 8.3.

8.4. THEOREM. Let q € F(x,, ..., X,). Let p be an element of
F(xX1,..., Xm, 215 ..., Zr) thatis homogeneousineachof zy, ..., z,
and homogeneous of positive degree in x, . Suppose p does not belong
to the q-ideal generated by z,, ..., z,. Then p does not belong to

((9)).

Proof. If p € ((¢)) then p is continuous by 6.1. But this is contra-
dicted by 8.3.

In order to apply this more smoothly to a situation met earlier, we
make a mere alphabetic variation:

8.4. THEOREM. Let q € F(xy, ..., Xxn). Let p be an element of
F(Vi, ..oy Ym, X1, ..., Xr) thatis homogeneous in each of xi, ..., X,
and homogeneous of positive degree in y,. Suppose p does not belong
to the q-ideal generated by x, ..., x,. Then p does not belong to

((9)).

8.5. THEOREM. Consider the element q = xyx of F(x,y). Let
D be an element of F(x, y) that is homogeneous of positive degree in
v, homogeneous in x, and homogeneous of the third degree in x, y.
Suppose p is not a linear combination of the elements of the list 7.5.

Then p ¢ ((xyx)).
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Proof. By hypothesis, p does not belong to the ideal I,,.(x). We
can appeal to 8.4’ and conclude that p ¢ ((xyx)).

REFERENCES

[BK] H. Braun and M. Koecher, Jordan Algebren, Springer-Verlag, 1966.
Received April 29, 1992,

UNIVERSITY OF CALIFORNIA
Los ANGELEs, CA 90024-1555






PACIFIC JOURNAL OF MATHEMATICS

Founded by
E. F. BECKENBACH (1906-1982) F. WoLF (1904-1989)
EDITORS
SuUN-YUNG A. CHANG THOMAS ENRIGHT STEVEN KERCKHOFF
(Managing Editor) University of California, San Diego  Stanford University
University of California La Jolla, CA 92093 Stanford, CA 94305
Los Angeles, CA 90024-1555  tenright@ucsd.edu spk@gauss.stanford.edu
chang@math.ucla.edu
NicHoLAs ERcoLANI MARTIN SCHARLEMANN
F. MICHAEL CHRIST University of Arizona University of California
University of California Tucson, AZ 85721 Santa Barbara, CA 93106
Los Angeles, CA 90024-1555  €rcolani@math.arizona.edu mgscharl@math.ucsb.edu
christ@math.ucla.edu R. FINN s
i H HAROLD STARK
HEeRBERT CLEMENS ggggg:g %I:\w; X?(% University of California, San Diego
University of Utah fmn@ga\;ss stanford.edu La Jolla, CA 92093
Salt Lake City, UT 84112 ) ’
clemens@math.utah.edu VauGHAN F. R. JONES V. S. VARADARAJAN
University of California University of California
Berkeley, CA 94720 Los Angeles, CA 90024-1555
vfr@math.berkeley.edu vsv@math.ucla.edu
SUPPORTING INSTITUTIONS
UNIVERSITY OF ARIZONA UNIVERSITY OF OREGON
UNIVERSITY OF BRITISH COLUMBIA UNIVERSITY OF SOUTHERN CALIFORNIA
CALIFORNIA INSTITUTE OF TECHNOLOGY STANFORD UNIVERSITY
UNIVERSITY OF CALIFORNIA UNIVERSITY OF HAWAII
UNIVERSITY OF MONTANA UNIVERSITY OF UTAH
UNIVERSITY OF NEVADA, RENO WASHINGTON STATE UNIVERSITY
NEW MEXICO STATE UNIVERSITY UNIVERSITY OF WASHINGTON
OREGON STATE UNIVERSITY

The Supporting Institutions listed above contribute to the cost of publication of this Journal, but they are
not owners or publishers and have no responsibility for its content or policies.

Mathematical papers intended for publication in the Pacific Journal of Mathematics should be in typed
form or offset-reproduced (not dittoed), double spaced with large margins. Please do not use built up fractions
in the text of the manuscript. However, you may use them in the displayed equations. Underline Greek letters
in red, German in green, and script in blue. The first paragraph must be capable of being used separately as
a synopsis of the entire paper. In particular it should contain no bibliographic references. Please propose a
heading for the odd numbered pages of less than 35 characters. Manuscripts, in triplicate, may be sent to any
one of the editors. Please classify according to the 1991 Mathematics Subject Classification scheme which
can be found in the December index volumes of Mathematical Reviews. Supply name and address of author
to whom proofs should be sent. All other communications should be addressed to the managing editor, or
Julie Honig, University of California, Los Angeles, California 90024-1555.

There are page-charges associated with articles appearing in the Pacific Journal of Mathematics. These
charges are expected to be paid by the author’s University, Government Agency or Company. If the author or
authors do not have access to such Institutional support these charges are waived. Single authors will receive
75 free reprints; joint authors will receive a total of 100 free reprints. Additional copies may be obtained at
cost in multiples of 50.

The Pacific Journal of Mathematics (ISSN 0030-8730) is published monthly except for July and August.
Regular subscription rate: $215.00 a year (10 issues). Special rate: $107.50 a year to individual members of
supporting institutions.

Subscriptions, orders for numbers issued in the last three calendar years, and changes of address should be
sent to Pacific Journal of Mathematics, P.O. Box 4163, Berkeley, CA 94704-0163, U.S.A. Old back numbers
obtainable from Kraus Periodicals Co., Route 100, Millwood, NY 10546.

The Pacific Journal of Mathematics at University of California, c/o Department of Mathematics, 981 Evans
Hall, Berkeley, CA 94720 (ISSN 0030-8730) is published monthly except for July and August. Second-class
postage paid at Berkeley, CA 94704, and additional mailing offices. POSTMASTER: send address changes to
Pacific Journal of Mathematics, P.O. Box 4163, Berkeley, CA 94704-0163.

PUBLISHED BY PACIFIC JOURNAL OF MATHEMATICS at University of California,
Berkeley, CA 94720, A NON-PROFIT CORPORATION
This publication was typeset using ApMS-TEX,
the American Mathematical Society’s TEX macro system.
Copyright (©) 1994 by Pacific Journal of Mathematics




LAWRENCE JAY CORWIN and CAROLYN PFEFFER JOHNSTON

Commutants of Toeplitz operators on the Bergman space 277
ZELJKO CUCKOVIC

When L! of a vector measure is an AL-space 287
GUILLERMO P. CURBERA

A convexity theorem for semisimple symmetric spaces 305
KARL-HERMANN NEEB

Ideals of finite codimension in free algebras and the fc-localization 351
AMNON ROSENMANN and SHMUEL ROSSET

Dec groups for arbitrarily high exponents 373
BHARATH AL SETHURAMAN

Errata to: “The set of primes dividing the Lucas numbers has density 393
2/3’7
JEFFREY C. LAGARIAS

0030-8730(1994)162:2;1-J



	
	
	

