1. Introduction

In this work we deal with several joint spectra defined for representations of complex
solvable finite-dimensional Lie algebras in complex Banach spaces. Our main concern is
to study the behavior of some joint spectra with respect to the procedure of passing
from two given such representations, g1: L1 — L(X7) and g2: Ly — L(X2), to the tensor
product representation of the direct sum of the algebras, o: L1 X Ly — L(X; ® Xo),
0=01®I1+1® oo, where X; ® X5 is a tensor product of the Banach spaces X; and
X, in the sense of [14], and I denotes the identity operator of both X; and X5. In
addition, we describe the spectral contributions of ¢; and g2 to some joint spectra of
the multiplication representation g: Ly x Ls* — L(J), o(T) = 01(l1)T + T02(l2), where
J C L(X5, X;) is an operator ideal between the Banach spaces X; and X5 in the sense of
[14], and L3® is the opposite algebra of L. In order to accurately present the problems
we are concerned with, we review how the theory of tensor products is placed within the
general theory of joint spectra. We first recall some of the best known joint spectra in
the commutative and non-commutative setting and their relation with tensor products.

Given a commutative complex Banach algebra .4 with unit element I, if a= (a1, ..., ay,)
€ A" n > 1, then the joint spectrum of a is defined by

oala) ={(A1,...,Ap) €C":
the elements a; — A\;I, i = 1,...,n, generate a proper ideal in A}.

Another well known formula giving the same set is

oala) ={(f(a1), .., f(an)) € C": f € M(A)},

where M(A) is the set of all non-zero multiplicative linear functionals on A.

The joint spectrum o 4(a) is always a non-void compact subset of C™. Moreover, the
joint spectrum is a fundamental concept in the theory of commutative Banach algebras,
for it provides an analytic functional calculus for several elements in such an algebra; see
[22], [3], [26] and [2]. For a general account of the joint spectrum see [11] and [17].

When A is a non-commutative unital Banach algebra, say A = L(X), where X is a Ba-
nach space, one could define the joint spectrum of a commutative n-tuple a = (a1, ..., a,)
in A as the joint spectrum op(a) of a relative to a maximal abelian subalgebra B contain-
ing ay,...,a,. Unfortunately, the joint spectrum so defined depends very strongly on the
choice of B. Indeed, if we consider two maximal abelian subalgebras B; and By containing
a;, i =1,...n, unlike the case n = 1 it is not generally true that op, (a) = op,(a); see [1].

So far we have considered a Banach algebra convention, i.e., all concepts are related
to a Banach algebra A. However, there is another way to introduce joint spectra, the
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so-called spatial convention, i.e., the joint spectra are defined for tuples of commuting
operators in the algebras L(X), with X a Banach space, and in the definitions elements
of X are involved. For a given Banach algebra A, we put X = A and interpret the elements
of A as operators of left multiplication, i.e., to a € A we associate the map L, € L(A),
where L, (b) = a.b, b € A. Thus, a joint spectrum defined for commutative tuples of
Banach space operators, o(:), gives rise to a joint spectrum on A, o(a, A) = o(L,),
where L, = (Lay, ..., La,) and a = (aq,...,a,) is a commutative tuple in A.

Among the most important joint spectra defined in the spatial convention, we have
the Taylor joint spectrum; see [24] and [11]. This joint spectrum is defined for commuting
systems of Banach space operators T' = (11, ...,T},), and it has the advantage that its def-
inition depends on the action of the maps 71, ..., T,. The Taylor joint spectrum, o (7T),
is a compact non-void subset of C™ and it has several additional important properties,
such as an analytic functional calculus and the so-called projection property. When A
is a commutative Banach algebra, if a = (a1,...,a,) € A", then or(a, A) = 0.4(a); see
[24] and [11]. Therefore, the joint spectrum o 4(a) can be thought of as the Taylor joint
spectrum o(a,.A).

There are many other interesting joint spectra defined in the spatial convention, for
example, the Stodkowski joint spectra, [23], the Fredholm or essential joint spectra, [15]
and [19], and the split and essential split joint spectra, [13]. All these joint spectra are
related to the Taylor spectrum and have similar properties.

On the other hand, over the last years some of the joint spectra originally introduced
for commuting systems of operators have been extended to the non-commutative case.
Indeed, the Taylor, Stodkowski and split joint spectra have been extended to representa-
tions of complex solvable finite-dimensional Lie algebras in complex Banach spaces and
their main properties have been proved; see [5], [7], [16], [20] and [21].

One of the most deeply studied problems within the theory of joint spectra has been
the determination of the spectral contributions that two commuting systems of opera-
tors S = (S1,...,5,) and T = (T1,...,Tn), defined in the Banach spaces X; and Xo
respectively, make to the joint spectra of the system (S®I,I®T) = (51®1,...,5, 1,
I®Ty,...,] ®T,) defined in X; @, Xs, ie., the completion of the algebraic tensor
product X7 ® X5 with respect to a quasi-uniform crossnorm «, and where the symbol I
stands for the identity map both in X; and Xs. For example, if X; and X5 are Hilbert
spaces and X7 ® X5 is the canonical completion of X;®X5, then in [10] the Taylor joint
spectrum of (S® I,I ®T) in X; ® X5 was characterized. Indeed, it was proved that

or(SQILIQT) = or(S) x op(T);

see the related work [9]. In addition, the results of [9] and [10] were extended in [27] and
[28] to Banach spaces and quasi-uniform crossnorms.

Furthermore, in an operator ideal J C L(X2,X;) between the Banach spaces
X7 and Xo, it is possible to consider tuples of left and right multiplication: Lg =
(Ls,,-..,Ls,) and Ry = (Rpy,...,Rr,) respectively, induced by commuting systems
of operators S = (S1,...,5,) and T = (T4,...,T,,) defined in X; and X, respectively,
where Ly(A) =UA and Ry(B) = BV, U € L(X;), V € L(X3) and A, B € J. However,
the tuple (Lg, Rr) is closely related to the system (S ® I,1® T"); see [12], [14]. Indeed,
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the completion H ®, H' of the algebraic tensor product of a Hilbert space H and its
dual relative to a uniform crossnorm « can be regarded as an operator ideal in L(H);
see [14]. As regards this identification the operators S; ® I and I ® T} correspond to
the operators Lg, and Ry, respectively, for i =1,...,n and j = 1,...,m. In particular,
the joint spectra of (Lg, Rr) are closely related to the corresponding joint spectra of
(S®I,I ®T"). The Taylor joint spectrum and the essential joint spectrum of (Lg, Rr)
were studied in [12] and [14] in the Hilbert and Banach space setting respectively.

In addition, an axiomatic tensor product was introduced in [14]. This tensor product
is general and rich enough to allow, on the one hand, the description of the Taylor, split,
essential Taylor and essential split joint spectra of a system (S ® I,1 ® T') defined in the
tensor product of two Banach spaces, and on the other hand, the description of all the
above-mentioned joint spectra of tuples of left and right multiplications (Lg, Rr) defined
in a class of operator ideals between Banach spaces introduced in [14].

Some of the main results in [9], [10], [12], [14], [27] and [28] were extended to the
non-commutative setting. In fact, the main result of [10] was extended in [6] to solvable
Lie algebras of operators defined in Hilbert spaces, and in [21] the descriptions from [14]
in connection with the Taylor and the split joint spectra of a system (S ® I,I ® T') and
of a tuple of left and right multiplications (Lg, Rr) were extended to the tensor product
representation of the direct sum of two solvable Lie algebras, and to the multiplication
representation respectively; see [21; 3]. This work aims at extending the central results
in [14] and [21; 3] to other joint spectra in the commutative and non-commutative set-
tings.

Indeed, one of our main objectives is to describe, by means of the tensor product intro-
duced in [14], the Stodkowski and split joint spectra of the tensor product representation
of the direct sum of two solvable Lie algebras, and of the multiplication representation in
an operator ideal between Banach spaces in the sense of [14]; see Sections 5 and 7. These
descriptions provide an extension, from the Taylor joint spectrum and the usual split
joint spectrum to the Stodkowski and split joint spectra, of two of the main results in
[21; 3] for the tensor product introduced in [14]. Moreover, we consider nilpotent systems
of operators, in particular commutative, and we describe the Stodkowski and split joint
spectra of a system (S®I,1®T), and of a tuple of left and right multiplications (Lg, Rr)
in operator ideals between Banach spaces in the sense of [14]; see Sections 5 and 7.

Our second main objective is to describe the essential Stodkowski and essential split
joint spectra of the tensor product representation of the direct sum of two solvable Lie
algebras and of the multiplication representation in an operator ideal between Banach
spaces in the sense of [14]; see Sections 6 and 7. These results are an extension of the
description proved in [14], from the essential Taylor and essential split joint spectra to
the essential Stodkowski and essential split joint spectra, and from commuting tuples of
operators to representations of solvable Lie algebras. Furthermore, we consider nilpotent
systems of operators and we describe the essential Stodkowski and essential split joint
spectra of the systems mentioned in the last paragraph.

To prove our second main result, we need to introduce the essential Stodkowski and
essential split joint spectra of a representation of a complex solvable finite-dimensional
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Lie algebra in a complex Banach space, and to prove the main properties of these joint
spectra; see Section 3.

In addition, as an application, in Section 8 we describe all the above-mentioned joint
spectra of two particular representations of a nilpotent Lie algebra, one in a tensor product
of Banach spaces, where the tensor product is that introduced in [14], and the other in
an operator ideal between Banach spaces in the sense of [14].

This work is organized as follows. In Section 2 we recall the definitions and main
properties of the Stodkowski and split joint spectra; we also include a brief review of
Lie algebras. In Section 3 we introduce the essential Stodkowski and essential split joint
spectra, and we prove their main properties. In Section 4 we recall the axiomatic tensor
product introduced in [14] and we prove some results needed for our main theorems. In
Section 5 we describe the Stodkowski and split joint spectra of the tensor product rep-
resentation of the direct sum of two solvable Lie algebras. In Section 6 we describe the
essential Stodkowski and essential split joint spectra of the tensor product representation
of the direct sum of two solvable Lie algebras. In Section 7 we describe the Stodkowski,
split, essential Stodkowski and essential split joint spectra of the multiplication represen-
tation in an operator ideal between Banach spaces in the sense of [14]. In addition, in
Sections 5, 6 and 7 we consider nilpotent systems of operators and we obtain descriptions
of the corresponding joint spectra. Finally, in Section 8, we apply our main results to
some representations of nilpotent Lie algebras.

2. The Taylor, Stodkowski and split joint spectra

In this section we review the definitions and main properties of the Taylor, Stodkowski
and split joint spectra of a representation of a Lie algebra in a Banach space; see [24],
(23], [13], [14], [16], [7], [5], [20] and [21]. In order to make the exposition reasonably
self-contained, we first review some well known facts on Lie algebras used in this work.
Since we are interested in solvable Lie algebras acting on complex Banach spaces, we
limit our review to this case; for a complete exposition see [8].

A complex Lie algebra is a vector space over the complex field C provided with a
bilinear bracket, named the Lie product, [-,-]: Lx L — L, which satisfies the Lie conditions

[Z,:C] =0, [[:ﬂ,y],z]+[[y,z],x]+[[z,x],y] =0

for every z,y,z € L. The second of these equations is called the Jacobi identity. By L°P
we denote the opposite Lie algebra of L, i.e., the algebra that coincides with L as a vector
space and has the bracket [z, y]°? = —[z,y] = [y, ] for z,y € L.

An example of a Lie algebra structure is given by the algebra L(X) of all bounded
linear maps defined in a Banach space X, and the bracket [-,-]: L(X) x L(X) — L(X),
[S,T]=ST —TS for S,T € L(X).

Given two Lie algebras Ly and Lo with Lie brackets [-, -]y and [, ]2 respectively, a mor-
phism of Lie algebras H: L1 — Lo is a linear map such that H([z,y]1) = [H(z), H(y)]2 for
x,y € Ly. In particular, when Ly = L(X), X a Banach space, we say that H: L; — L(X)
is a representation of L.
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We say that a subspace I of L is a subalgebra when [I,I] C I, and an ideal when
[I,L] C I, where if M and N are two subsets of L, then [M, N] denotes the set {[m,n] :
m € M, n € N}. In particular, L? = [L,L] = {[z,y] : x,y € L} is an ideal of L. In
addition, we say that a linear map f: L — C is a character when f(L?) = 0, i.e., when
fi L — C is a Lie morphism.

For any Lie algebra L we can consider the following two series of ideals: the derived
series

L=LW>r® = [L,L] D L® — [L(2),L(2)] O...0LW = [L(kfl),L(kfl)],
and the descending central series
L=L'D2*=L® =L, L) DL*=[L, L% D>...2LF =L, LF Y D....

A Lie algebra L is solvable or nilpotent if there is some positive integer k such that
L) =0 or L¥ = 0 respectively. Obviously all nilpotent Lie algebras are solvable.

One of the most useful properties of a complex solvable finite-dimensional Lie algebra
L is the existence of a Jordan—Hélder sequence, i.e., a sequence (Ly)o<k<n of ideals such
that

(i) Lo=0, L, = L,
(11) Lz QLiJrl fOfiZO,...7n—1,
(iii) dim L; = 4, where n = dim L; see [8; 5.3].

Another important property of these algebras is the existence of polarizations. A po-
larization of a character f of L is a subalgebra P(f) of L maximal with respect to the
property f([I,I]) = 0, where I is a subalgebra of L. In fact, if (Lg)o<k<n is a Jordan-
Holder sequence of ideals of L, then P(f;(Li)o<k<n) = >.roNi(fi) is a polarization
of f, where N;(f;) ={xz € L; : f([z, Li]) = 0}; see [4; IV .4].

Next we review the definitions of the Taylor, Stodkowski and split joint spectra. From
now on L denotes a complex solvable finite-dimensional Lie algebra, X a complex Banach
space and ¢: L — L(X) a representation of L in X. We consider the Koszul complex of
the representation p, i.e., (X ® A L,d(0)), where A L denotes the exterior algebra of L,
and d,(0): X @ A’ L — X @ A""' L is the map defined by

dy(0)(z @ (L A ... A1)

(=DM o) (@) @ (L A Al A A L)

M=

>
Il

1

+

S (D) e @ ([l GIAL AL ALA AN AT),
1<i<j<p

where ~ means deletion. For p such that p < 0 or p > n + 1, where n = dim L, we define

dy(0) = 0.
If f is a character of L, then we consider the representation o — f =9 — f -1 of L in

X, where I denotes the identity map of X. Now, if H, (X ® A L,d(o — f)) denotes the
homology of the Koszul complex of the representation ¢ — f, then we consider the set

op(0) = {f € L": f(L*) = 0, Hy(X ® AL, d(0 - f)) # 0}.
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Now we state the definition of the Taylor and Stodkowski joint spectra; see [5], [7],
[16], [20] and [21]. We follow the notation of [21; 2.11].

DEFINITION 1. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algebra, and ¢: L — L(X) a representation of L in X. Then the Taylor joint
spectrum of p is the set

o(0) = (Jople) = {f € L": f(L*) = 0, H.(X ® AL, d(¢ — f)) # 0}
p=0
Moreover, the kth 6-Stodkowski joint spectrum of o is the set
k
osk(0) = U op(0),
p=0

and the kth m-Stodkowski joint spectrum of ¢ is the set

ork(0) = U op(0)U{f eL: f(L*) =0, R(dn—r(0— f)) is not closed}
p=n—*k
for0<k<n=dimL.
We observe that s, (0) = oxn(0) = c(0).

The Taylor and Stodkowski joint spectra are compact non-void subsets of L*. If L C
L(X) is a commutative subalgebra of operators and the representation is the inclusion
v L — L(X), (T)=T,T € L, then o(¢), 0sx(¢) and o (¢) are reduced to the usual
Taylor and Stodkowski joint spectra respectively in the following sense. If [ = (I1,...,1,)
is a basis of L and o denotes either the Taylor joint spectrum or one of the Stodkowski
joint spectra of ¢, then {(f(l1),...,f(ln)) : f € o} =0a(l1,...,1,), i.e., the joint spectrum
o in terms of the basis | = (I1,...,1,) coincides with the spectrum of the n-tuple I. In
addition, these joint spectra have the so-called projection property. Since this property is
one of the most important results that all the joint spectra considered in this work have
in common, we give the explicit definition.

DEFINITION 2. Let X be a complex Banach space and o a function which assigns a
compact non-void subset of the characters of L to each representation g: L — L(X) of
a complex solvable finite-dimensional Lie algebra L in X. In addition, let I be an ideal
or a subalgebra of L, in the solvable or nilpotent case respectively, and consider the
representation o|I: I — L(X), i.e., the restriction of g to I. Then we say that o has the
projection property if for each ideal or subalgebra I, in the solvable or nilpotent case
respectively, we have

(o (e)) = a(ell),
where m: L* — I* is the restriction map.

Next we review the definition of the split joint spectra, and we prove their most
important properties, the projection property among them.
A finite complex (X, d) of Banach spaces and bounded linear operators is a sequence

OHXni)Xn,l—m..—)Xl i>)('0—>O7
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where n € N, each X, is a Banach space, and the maps d, € L(X,, X,—1) are such that
dpodp—1 =0forp=0,...,n.

For a fixed integer p, 0 < p < n, we say that (X,d) is split in degree p if there are
continuous linear operators

h hpe
Xpi1 <& Xp €= Xp 4
such that dpy1hp + hp—1d, = I, where I, denotes the identity operator of X,,.
In addition, if L, X and p are as above, then for each p we consider the set

spp(0) ={f €L*: f(L?) =0, (X ® AL,d(¢ — [)) is not split in degree p}.
Now we give the definition of split joint spectra; see [13] and [21].

DEFINITION 3. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algebra, and p: L — L(X) a representation of L in X. Then the split joint
spectrum of p is the set

sp(e) = | sp,(0)-
p=0

Moreover, the kth §-split joint spectrum of p is the set

k
spsx(0) = [ spy(0),
p=0

and the kth w-split joint spectrum of p is the set

SPr,i(0) = spp(0);
p=n—~k
for0<k<n=dimL.
We observe that sps ,,(0) = sp, ,(0) = sp(o)-

It is clear that o5 (0) C sps (@), onk(0) C 5Py k(0), and o (o) C sp(e). Moreover, if
X is a Hilbert space, the above inclusions are equalities. In addition, when L C L(X)
is a commutative subalgebra of operators and the representation is the inclusion ¢: L —
L(X), these joint spectra coincide with the ones introduced by J. Eschmeier in [13] for
commuting tuples of operators in the same sense explained for the Taylor and Stodkowski
joint spectra.

In the following theorem we consider the main properties of split joint spectra; for a
complete exposition see [21; 3].

THEOREM 1. Let X be a complex Banach space, L a complex solvable finite-dimensional
Lie algebra, and o: L — L(X) a representation of L in X. Then the sets sp(0), sps x(0),
and sp, (o) are compact non-void subsets of L* that have the projection property.

Proof. First of all, in [21; 3.1.9] it was proved that sp(p) is a compact non-void subset of
L* that has the projection property.

Furthermore, by [21; 3.1.5], [21; 3.1.7] and an argument similar to the one in [21;
3.1.9], it is easy to prove that sps (o) and sp, j(¢) are compact non-void subsets of L*
that have the projection property. m
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3. The Fredholm joint spectra

In order to prove the main results in Sections 6 and 7 we need to study several essential
joint spectra. We first consider the essential joint spectra introduced by A. S. Fainshtein
[15] and by V. Miiller [19] for commuting tuples of operators and we extend them to
representations of solvable Lie algebras in Banach spaces. In addition, we extend the
essential split joint spectra introduced by J. Eschmeier [13] to such representations. We
begin with the essential Taylor and Stodkowski joint spectra.

Let X, L, and o: L — L(X) be as in Section 2, and for each p consider the set

ope(0) ={feL*: f(L*)=0,dim Hy(X ® AL,d(o— f)) = oo}

DEFINITION 4. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algebra, and o: L — L(X) a representation of L in X. Then the Fredholm or
essential Taylor joint spectrum of g is the set

oe(0) = U op.e(0)-

Moreover, the kth Fredholm or essential §-Stodkowski joint spectrum of g is the set

k
U(S,k:,e(g) = U Up,e(g)a
p=0

and the kth Fredholm or essential w-Stodkowski joint spectrum of g is the set

Orkel0) = U ope(0)U{f € L*: f(L*) =0, R(d,_x(0)) is not closed}
p=n—*k
for0<k<n=dimL.
We observe that e(0) = 0sn.e(0) = O nel0)-

Now we prove that these sets are really joint spectra. In fact, we first show the
properties of the sets o (o) and then by a duality argument we obtain the properties
of the sets o k.e(0). Our proof of the properties of o5 e(0) is a direct generalization of
the one in [15].

THEOREM 2. Let X be a complex Banach space, L a complex solvable finite-dimensional
Lie algebra, and o: L — L(X) a representation of L in X. Then the sets o5 x.(0) are
compact non-void subsets of L* that have the projection property. In particular, o.() is
a compact non-void subset of L* that has the projection property.

Proof. Tt is clear that o5 c(0) C 0sx(0). Moreover, by [25; 2.11], 05 xc(0) is a closed set.
Thus, ose(0) is a compact subset of L*.

In order to prove the projection property for ideals of a solvable Lie algebra, by [8;
5.3] it is enough to consider an ideal I of L of codimension 1. Then, if we consider the
usual decomposition of the chain complex (X ® A L,d(p)) associated to the ideal I and
the short exact sequence defined by this decomposition (see [7], [5] and [20]), an easy
calculation shows that

7(05,k,0(0)) C T5,1,0(01).
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To prove the reverse inclusion we may apply A. S. Fainshtein’s argument in [15; 1], i.e.,
the essential version of [23; 1.6]; see also [19]. However, we have to verify the following
fact: if ]?E 05.k,e(0|]), then for each f € L* such that f|I = ]?, f is a character of L, i.e.,
f(L?) =0.

Indeed, since f € o5 ke(0ll) C osk(oll), fis a character of I, i.e., f(I2) = 0. Moreover,
since I is an ideal of L, by the projection property of the joint spectrum o5 x(0) (see [5;
4.5], [20; 3.4] and [21; 2.11]), there is f € 05 .0(0) such that f|I = f.

Now, since f is a character of L, L is a polarization for f (see [4; IV] or Section 2).
Moreover, as I is an ideal of codimension 1 in L and fis a character of I, if there were
f' € L* such that f'|I = fand such that f’ was not a character of L, then I would be
a polarization of f’ (see [4; IV]). However, if we considered f — f’, by [8; 5.3] and [4;
IV.4.1.1.4] we would have I = L, which is impossible according to our assumption. Thus,
every extension of fto L* is a character of L. So, we have shown the projection property
for ideals of a solvable Lie algebra.

Suppose that L is a nilpotent Lie algebra and that I is a subalgebra of L. As in [21;
0.3.7] we consider the sequence (L* + I)pen of subalgebras of L, where (L¥)jcy is the
descending central series of L. In particular, we have L' + I = L + I = L. Moreover,
since L is a nilpotent Lie algebra, there is ky € N such that L* = 0 for all k > kg, which
implies that L¥ + I = I for all k > kq. In addition, since [L, L¥] = LF*! for all k € N,
we have [LF + I, L*1 + 1) C [L, LF) + [LF, L]+ [I,I] C L**! + 1, i.e., for each k € N
L¥+1 4+ T is an ideal of L*¥ 4 I. Thus, in view of the projection property for ideals, we get
the projection property for subalgebras of nilpotent Lie algebras. m

We have proved the main properties of the joint spectra os.e(0). For o ko(0) we
proceed by a duality argument. We begin with the following proposition, which extends
a result of Z. Stodkowski (see [23; 2.1]).

PROPOSITION 3. Let X 5V 2 Z be a chain complex of Banach spaces and bounded
linear operators. Then the following conditions are equivalent:

(i) dimKer(B)/R(A) < oo and R(B) is closed,
(ii) dimKer(A*)/R(B*) < 0o and R(A™*) is closed.

Proof. First of all, if dimKer(B)/R(A) < oo, then R(A) is closed, and then R(A*) is
closed.

Now, if N is a finite-dimensional subspace of ¥ such that R(A) ® N = Ker(B) and if
i: N — Y is the inclusion map, then we consider the chain complex

XeN&y 2Lz
where A’ = A® 1, ie., forz € X andn € N,
A'(z,n) = A(z) +1i(n).
Since R(A") = Ker(B) and R(B) is closed, by [23; 2.1] we have
R(B*) = Ker(A"™) = Ker(A*) N Ker(i*) = Ker(A*) N Nt C Ker(A*).
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Now we consider the inclusion map
t1: Ker(A*) — Y/,
where Y’ denotes the dual Banach space of Y. Since ¢1(R(B*)) C N+, we may consider
the quotient map
71: Ker(A*)/R(B*) — Y'/N*.
But if M is a closed subspace of Y such that N & M =Y, then
YV//N+t = M+ =N

In particular, dim Y//N+ < oo, and since 1] ' (N+) = R(B*), we see that 7; is an injection,
which implies that dim Ker(A*)/R(B*) < oc.

Conversely, if dim Ker(A*)/R(B*) < oo, then R(B*) is closed and then R(B) is closed.

Now, if we identify Y and Z in the canonical way with subspaces of Y and Z”
respectively, then

R(A™)NY =R(A), Ker(B*™)NY = N(B).
Thus,
dimKer(B)/R(A) = dimKer(B**)NY/R(A*™)NY.
In addition, if we consider the inclusion map
to: Ker(B**)NY — Ker(B*"),
since 1(R(A**)NY) C R(A**) and 1; ' (R(A**)) = R(A**) NY, the quotient map
To: Ker(B**)NY/R(A™)NY — Ker(B**)/R(A™)
is an injection. In particular, dim Ker(B)/R(A) < dim N(B**)/R(A**).
Finally, from the first part of the proposition, which has just been proved, we know

that dim N(B**)/R(A*™) < c0. =

When ¢: L — L(X) is a representation of the Lie algebra L in the Banach space X,
we may consider the adjoint representation of g, i.e., 0*: L°? — L(X"), o*(1) = (o(l))*,
where X’ denotes the dual space of X. Now we relate the joint spectra osk.e(0) and
O—ﬂ,k,e(g)'

THEOREM 4. Let X be a complexr Banach space, L a complex solvable finite-dimensional
Lie algebra, and o: L — L(X) a representation of L in X. If o*: L°P — L(X') is the
adjoint representation of o, then there is a character of L, h, depending only on the Lie
structure of L, such that, for 0 < k < n.

(1) aé,k,e(@) +h= U‘n’,k,e(g*)a
(11> Uﬂ',k:,e(g) + h = 057k,e(g*)-
Proof. This is a consequence of Proposition 3, [5; 1] and [21; 2.4.5]. =

Now we state the main properties of the joint spectra o x.(0)-

THEOREM 5. Let X be a complexr Banach space, L a complex solvable finite-dimensional
Lie algebra, and o: L — L(X) a representation of L in X. Then the sets or (0) are
compact non-void subsets of L* that have the projection property.
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Proof. According to Theorems 2 and 4, o, (0) are compact non-void subsets of L*,
0<k<n=dimlL.

Furthermore, if L is a solvable Lie algebra and I an ideal of L, then by [8; 5.3] there
is a Jordan-Holder sequence of ideals of L such that I is one of its terms. Thus we may
suppose that dim I = n—1. In addition, if h and h; are the characters of L and I involved
in formulas (i) and (ii) of Theorem 4 that correspond to the Lie algebra L and the ideal
I respectively, then by [5; 1] and [8; 5.3], or by [21; 2.4], h|I = h;. In particular,

Orkeloll) +h|l = o5k0(0"[1).

Thus, according to Theorem 4 we have
(0 ke(0)) = T(O5ke(07) = h) = O5ke(07) = h|I = onpe(ol]).

So, we have proved the projection property for ideals of a solvable Lie algebra. To
prove it for subalgebras of a nilpotent Lie algebra, it is enough to apply the corresponding
proof of Theorem 2. =m

Now we study the essential split joint spectra. These are extensions to representations
of solvable Lie algebras in a Banach space of the corresponding joint spectra introduced
by J. Eschmeier in [13] for finite tuples of commuting Banach space operators. In order
to show their main properties, we use a characterization proved in [13].

As in Section 2, we now consider a finite complex (X, d) of Banach spaces and bounded
linear operators,

0= X, ™ X, 1 —...— X, 5 X, 0.

Given a fixed integer p, 0 < p < n, we say that (X,d) is Fredholm split in degree p if
there are continuous linear operators

hyp hp_1
Xpt1 — Xp «— Xp

and a compact operator k,, defined in X,, such that d,41h, + hy_1d, = I, — k,,, where I,
denotes the identity operator of X,,.
Let X, L, and o: L — L(X) be as in Section 2, and for each p consider the set

sppelo) ={feL": f(L*) =0, (X ® A\ L,d(o— f)) is not Fredholm split in degree p}.
Now we state the definition of essential split joint spectra; see [13].

DEFINITION 5. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algebra, and o: L — L(X) a representation of L in X. Then the Fredholm or
essential split joint spectrum of g is the set

spe(0) = | sppo(0)-
p=0

Moreover, the kth Fredholm or essential §-split joint spectrum of o is the set

k
Spé,k,e(g) = U Spp,e(@)’
p=0
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and the kth Fredholm or essential m-split joint spectrum of o is the set

n

Spﬂ',k,e(g) = U Spp,e(g)a
p=n—~k
for 0 <k <n.
We observe that spg’nye(g) = Spmn’e(g) = sp,(0)-

In order to show the main properties of these joint spectra, we need to prove some
technical results. We first review several facts related to complexes of Banach space
operators.

Given a finite complex (X, d) of Banach spaces and bounded linear operators and a
Banach space Y, we denote the complex

0= L(Y, Xn) 2% LY, Xpo1) — ... — L(Y, X1) 255 L(Y, Xo) — 0

by L(Y, X.), where Ly, denotes the induced operator of left multiplication with d,,, i.e.,
for T'e L(Y, X,), Lq,(T) =d,oT € L(Y,X,_1), 0 < p < nj; see [13].

In addition, if X; and X5 are two complex Banach spaces, and if K(X7, X3) denotes
the ideal of all compact operators in L(X1, X»), then it is clear that Lg, (K(Y, X)) C
K(Y, X,—1). Thus, we may consider the complex C(Y,X.) = (C(Y, X,,),de), where
C(Y,X,) = LY, X,)/K(Y, X,) and de is the quotient operator associated to Lg,;
see [13].

On the other hand, if L, X, and g: L — L(X) are as in Section 2, then we consider
the representation

Lyt L= L(L(X)), 1+ Ly,

where L,y denotes the left multiplication operator associated to o(l), [ € L; see [21; 3.1].
In addition, since L,;)(K(X)) € K(X), it is possible to consider the representation

Ly L — L(C(X)),
where C(X) = L(X)/K(X) and L,(l) is the quotient operator defined in C(X) associated
to Lg(l)-
In the following proposition we relate the complexes (C(X) ® AL,d(L,)) and
CX, (X @A L,d(e)).).

PROPOSITION 6. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algeb7“~cz7 and 0: L — L(X) a representation of L in X. Then the complexes
(C(X)® AL,d(L,)) and C(X,(X ® A L,d(0)).) are naturally isomorphic.

Proof. First, we consider the complexes (L(X)® A L,d(L,)) and L(X, (X ® A L, d(9)).).
In [21; 3.1.4] it was proved that these two complexes are naturally isomorphic. Indeed, if
@, LX) APL — L(X, X @ A" L) is the map

Pp(T @ &) (x) =T(x) ®E,
TeL(X),ée A\'Landz € X, then®: (L(X)® A L,d(L,)) — L(X,(X®A L,d(0)).) is



Joint spectra of the tensor product representation 17

an isomorphism of chain complexes. In particular, the following diagram is commutative:

d,(L
LX) @ AP L2 1)@ AP L

qspl lqs,,l
Ldp

LIX, XN L) —>LX, X\ L)

Moreover, since @, is an isomorphism, an easy calculation shows that &,(K(X)@ A" L) =
K(X, X® AP L). Thus, we may consider the associated quotient map 511: CX)oN\N' L —
C(X, X ® A" L), which is an isomorphism.

In addition, it is clear that d,(L,)(K(X)® A” L) C K(X)® AP~ " L. Furthermore, if
mp: L(X)®@ A" L — C(X)® A" L denotes the projection map, it is easy to prove that the
quotient map associated to d,(L,) coincides with dp(fg), i.e., we have the commutative
diagram

LX) o AP L-2E2 1 xy @ AP L
cx) @ A" L-2% o(x) o AP L

In particular, the family (7p)o<p<n: (L(X) ® A L,d(L,)) — (C(X) ® AL, d(L,)) is a
morphism of chain complexes.
Thus, we obtain the commutative diagram

e e AP LT oy A L

y o

La
C(X, X AN'L)—>C(X, X \""'L)

Finally, since for each p, 0 <p<n, the map dgp is an isomorphism, the family P =
(@p)o<p<n: (C(X)® AL,d(L,)) — C(X,(X ® AL,d(p)).) is an isomorphism of chain

complexes. m

In order to show that the sets introduced in Definition 5 are really joint spectra, we
need to prove an isomorphism similar to the one in Proposition 6, but related to right
multiplication instead of left multiplication. We first review some results necessary for
our objective.

Let (X, d) be a finite complex of Banach spaces and bounded linear operators and Y’
a complex Banach space. We denote the complex

0 — L(X0,Y) 2% L(X1,Y) — ... = L(Y, Xu_1) 2% L(X,,Y) — 0
by L(X.,Y), where Ry, denotes the induced operator of right multiplication with d,, i.e.,
for T € L(X,-1,Y), Ry, (T) =T od, € L(X,,Y), 0 < p <njsee [13].
It is clear that Ry, (K(X,_1,Y)) € K(X,,Y). Thus, we may consider the complex
C(X.,Y) = (C(X,,Y), Ra,), where C(X,,Y) = L(X,,Y)/K(X,,Y) and Ry, is the quo-
tient operator associated to Ry, ; see [13].
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On the other hand, if L, X, and g: L — L(X) are as in Section 2, then we consider
the representation

R, L°? — L(L(X)), [+ Ry,
where R,y denotes the right multiplication operator associated to o(l), [ € L°P; see [21;
3.1].
Furthermore, since R, (K(X)) € K(X), it is possible to consider the representation

R,: L°P — L(C(X)),
where }N%g(l) is the quotient operator associated to R, ().
Now we consider the ChevallenyilenEerg cochain complex associated to the repre-
sentation R,: L°P — L(C(X)), i.e., ChE(R,) = (Hom(A L, C(X)),6(R,)), where 0,(R,):
Hom(A” L, C(X)) — Hom(A?*" L, C(X)) is the map defined by

p+1

Op(R) ) (@1 apyr) = > (1) Ry(z:) f(w1 ... Fi ... wpp1)
=1
+ Y () aa E TR )
1<i<k<p+1

for f € Hom(A” L, C(X)) and x; € L°P, 1 < i < p+1; see [21; 2.1.9].
In the next proposition we relate the complexes ChE(R,) and C((X ® A L, d(0))., X).

PROPOSITION 7. The complexes ChE(Eg) and C((X @ A\ L,d(9))., X) are naturally iso-
morphic.

Proof. First of all, we consider the representation R,: L°? — L(L(X)) and the Chevalley—
Eilenberg cochain complex associated to it, i.e., ChE(R,) = (Hom(A L,L(X)),d(R,)),
where 6,(R,): Hom(A? L, L(X)) — Hom(A”"" L, L(X)) is the map defined by

p+1

(Op(Ro) ) (@1 apyr) = Y (1) ' Ry(i) (1 ... B .. 2py1)
=1
+ Y (U (s aRa F TR ),
1<i<k<p+1

for f € Hom(A” L, L(X)) and x; € L°P, 1 < i < p+ 1; see [21; 2.1.9).
Now, in [21; 3.1.6] it was proved that ChE(R,) and L(X®A L, d(p))., X ) are naturally
isomorphic. Indeed, if ¥,: Hom(A” L, L(X)) — L(X ® A’ L, X) is the map
Tp())(@®&) = f()(),

f € Hom(A" L,L(X)), £ € A\’ L and = € X, then ¥ : ChE(R,) — L(X ® A L,d(0))., X)
is an isomorphism of chain complexes. In particular, the following diagram is commuta-
tive:

Hom(A? L, L(X)) 282 fom(AP*! I, L(X))

Wpl l¢p+1
R

LX® A LX) —2 > (X o AP L, X)
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Since ¥, is an isomorphism, an easy calculation shows ¥,(Hom(A” L,K(X)) = K(X ®
APL, X). Thus, we may consider the associated quotient map ﬁp: Hom(A"L,C(X)) —
C(X @ A" L, X), which is an isomorphism.

In addition, it is clear that &,(R,)(Hom(A” L, K(X)) € Hom(AP*' L,K(X)). Fur-
thermore, if 7,: Hom(A” L, L(X)) — Hom(A” L, C(X)) denotes the projection map, it
is easy to prove that the quotient map associated to d,(R,) coincides with 5p(§9), ie.,
we have the commutative diagram

Hom(A? L, L(X)) 222 Hom(AP*' L, L(X))

ﬂpl lﬂ'p%—l

Hom(A? L, (X)) 22 Hom(AP*! L, 0(X))

In particular, the family (7,)o<p<n: ChE(R,) — ChE(R,) is a morphism of chain com-
plexes.
Thus, we obtain the commutative diagram

Hom(A” L, C(X)) P2 fom(AP* L ¢(X))

lzpl i@zﬂrl

R
C(X®N LX) —2—=C(X ® A" L, X)

Finally, since for each p, 0 < p < n, the map @p is an isomorphism, the family v =

(@p)ogpgni ChE(R,) — C((X ® A L,d(p))., X) is an isomorphism of chain complexes. m
Now we state the main spectral properties of essential split joint spectra.

THEOREM 8. Let X be a complexr Banach space, L a complex solvable finite-dimensional
Lie algebra, and o: L — L(X) a representation of L in X. Then

(1) sPsk.e(0) = o5 k(Ly),

(H) Spﬂ,k,e(g) = 05,k(R0) + hv

(iii) spe(0) = 0e(Ly) = 00(Ry) + I,
where h is the character of L considered in Theorem 4 and 0 < k < n.

Proof. Since the argument in [13; 2.4(a-iii)] applies in the non-commutative case, accord-
ing to Proposition 6 we have

Spm,e(@) = UM(LQ)-

Next, since the argument in [13; 2.4(b-iii)] applies in the non-commutative case, if h
is the character of L considered in Theorem 4 (see [5; 1] and [21; 2.4.5]), then according
to Proposition 7 and [21; 2.4.4] we have

Spﬂ',k,e(g) = 0-57]@(1::{9) +h.

The third statement is clear. m

THEOREM 9. Let X be a complex Banach space, L a complex solvable finite-dimen-
sional Lie algebra, and o: L — L(X) a representation of L in X. Then the sets sp,(o),



20 E. Boasso

SPs k.e(0), and sp, i .(0) are compact non-void subsets of L* that have the projection
property.

Proof. The main properties of the essential split joint spectra may be deduced from the
corresponding ones of the Stodkowski and Taylor joint spectra, and from the particular
behavior of the character h with respect to Lie ideals of L; see the proof of Theorem 5. u

Finally, in the following proposition we consider two nilpotent Lie algebras and two
representations of the algebras in a complex Banach space related by an epimorphism,
and we describe the connection between the joint spectra of the representations. We need
this result for nilpotent and commutative systems of operators. In addition, these results
provide an extension of [21; 2.7.4] and [21; 3.1.10] for representations of nilpotent Lie
algebras, from the Taylor to Stodkowski joint spectra and from the usual split spectrum
to the split joint spectra. Moreover, we consider the corresponding essential joint spectra
and prove similar characterizations.

PRrOPOSITION 10. Let X be a complex Banach space, L1 and Lo two complex nilpotent
finite-dimensional Lie algebras, 01: L1 — L(X) a representation of L1, and f: Ly — L1 a
Lie algebra epimorphism. Then, if we consider the representation g2 = g10f: Ly — L(X),
we have

(i) osk(02) = osx(01) © f, Onk(02) = Oni(01) 0 f,

(i) 05k.c(02) = Osk.c(01) © f5 Onke(02) = Orpelo1) 0 f,
(ili) sps(02) = spsr(01) © f, sPrk(02) = 8Py (01) © f,
(iv) 8Ps.e(02) = SPspe(01) © fo SPr pe(02) = Orkel01) 0 f,

where o.(p1) o f ={ao f:a€o.(o1)} and sp,(o1)o f={aof:aesp.(o1)}.

Proof. A careful inspection of [16; 2.5] and [16; 2.6] shows that it is possible to refine the
arguments of these results in order to prove that the Koszul complex of p; is exact for
p=0,...,kif and only if the Koszul complex of g5 is exact for p =0, ..., k. In particular,
if @ € 05(01), then p; —ao f = (01 — a) o f, which implies that o5 x(01) 0 f C 0s.%(02)-
On the other hand, since o5 x(02) C 0(g2), by [21; 2.7.4], if 5 € 0sx(02), then there is
a € o(p1) such that 8 = ao f. But by the above observation, since g3 — 3 = (01 — &) o f,
we have a € 05 (01). Thus, 05 1(02) = o51(01) 0 f.

In addition, a careful inspection of [16; 2.5] and [16; 2.6] shows that it is possible
to extend the arguments developed in these results to the essential §-Stodkowski joint
spectra, i.e., it is possible to prove that the Koszul complex of p; is Fredholm for p =
0,...,k if and only if the Koszul complex of g5 is Fredholm for p = 0, ..., k. In particular,
we may apply the same argument that we developed for the joint spectra o5 to the joint
spectra o5 k.. Thus, 05 .e(02) = 05k.e(01) 0 f.

Now if we consider the representations o}: LI¥ — L(X’) and o4: L{® — L(X’) defined
in Theorem 4, then g5 = o o f. Moreover, by [5; 7], [21; 2.11.4] and Theorem 4 we have
ork(01) 0 f = 0xk(02) and oy g e(02) = Orke(01) 0 f.

Furthermore, if we consider the representations L,,: L; — L(L(X)) and R,,: L;® —
L(L(X)), for i = 1,2, then L,, = L,, o f and R,, = R,, o f. Then, by [21; 3.1.5] and [21;
3.1.7] we have sp; ,(02) = sps x(01) o f and sp, 1 (02) = sp, x(01) © f.
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Finally, if we consider the representations LQI L;,—L(C(X)) and ﬁgl LY - L(C(X)),
for ¢ =1, 2, then LQ2 = Lg1 o f and RQ2 = R,, o f. Then, according to Theorem 8 we

have sp; 1, o(02) = 8Ps (1) © f and sp, ;. .(02) =Py c(01) 0 f. =

4. Tensor products of Banach spaces

In this section we review the definition and main properties of the tensor product of
complex Banach spaces introduced by J. Eschmeier [14]. In addition, we prove some
propositions necessary for our main results.

A pair (X, )~(> of Banach spaces will be called a dual pairing if

(A)X=X" or (B) X=X
In both cases, the canonical bilinear mapping is denoted by
XxX—>C, (x,u)— (z,u).

If (X, X) is a dual pairing, we consider the subalgebra L(X) of L(X) consisting of all
operators T' € L(X) for which there is an operator 7" € L(X) with

(Tx,u) = (x, T'u)
for all z € X and u € X. It is clear that if the dual pairing is (X, X'), then £(X) = L(X),

and that if the dual pairing is (X', X), then £(X) = {T* : T € L(X)}. In particular,
each operator of the form

fy,v:X‘)Xa :cr—><x,v>y,

is contained in £(X), for y € X and v € X.
Now we recall the definition of the tensor product introduced by J. Eschmeier [14].

DEFINITION 6. Given two dual pairings (X, X) and (Y, Y), a tensor product of the Ba-
nach spaces X and Y relative to the dual pairings (X, X) and (YY) is a Banach space Z
together with continuous bilinear mappings

XxY—-Z (zyyy—zy, LX)xLY)—-LZ), (T,9—-T&S,
which satisfy the following conditions:

(T1) [lz @ yl| = l=I] - [lyll;

(T2) T® S(z®y) = (Tz) @ (Sy),

(T3) (Th ® S1) 0o (T2 ® S2) = (Th12) ® (5152), I® I =1,

(T Im(fru @) C{z@y:yeY}In(f,,.0I) C{zRy:zec X}

As in [14], we write X ®Y instead of Z. In addition, as in [14] we have two applications
of Definition 6, namely, the completion X ®, Y of the algebraic tensor product of the
Banach spaces X and Y with respect to a quasi-uniform crossnorm « (see [18]), and an
operator ideal between Banach spaces (see [14] and Section 7).

In order to prove our main results we need to study the behavior of a split and
Fredholm split complex of Banach spaces with respect to the procedure of tensoring



29 E. Boasso

it with a fixed Banach space. We begin with some preparation and then we prove our
characterization.

Let (X, d) be, as in Section 2, a complex of Banach spaces and bounded linear opera-
tors, and suppose that (X, d) is Fredholm split for p =0, ..., k. Then, by [13; 2.7] and its
proof, the complex (X, d) is Fredholm for p = 0,...,k, and Ker(d,) is a complemented
subspace of X, for p = 1,...,k + 1. In addition, if for p = 1,...,k + 1 we decompose
X, = Ker(d,) ® L, then for p = 1,...,k we have X, = R(dpt1) ® N, & L,, where
N, is a finite-dimensional subspace of X, such that R(d,+1) & N, = Ker(d,). Moreover,
Xo = R(d1) ® Ny, where Ny is a finite-dimensional subspace of Xj; in particular, we may
define Ly = 0. Thanks to these decompositions, for p = 0,..., k there are well defined
operators h,: X, — X, such that

(i) hp|Lp = 0, hp|Np = 0, hpod, 1 = I)|Lpy1, where I, denotes the identity operator
of X,
(ii) dpt1hp + hp_1d, = I, — kp, where k,, is the projector of X, with range N, and
null space R(dp+1) ® Ly,

(iii) hphp—1 =0forp=1,... k.

In addition, if the complex (X,d) is split for p = 0,...,k, then it is exact for p =
0,...,k, and in the above decompositions N, = 0 for p =0, ..., k. In particular, k, = 0
forp=0,...,k.

If there is a Banach space Z such that for each p € Z there is an n, € Ny with
X, = Z"r, and a Banach space Y such that there is a tensor product ¥’ ® Z relative to
(Y,Y’") and (Z, Z’), then we may consider the chain complex

Y& Xp 2y g x, 2y g X, .. Y EX 2Ny E X, -0,
where I denotes the identity of Y. Moreover, if for p = 0,...,k we consider the maps
I®hy: Y ®X,—Y ®Xp41, then

() I®dyr1 0l @hy+I@hy 1ol @d,=1—1k,,
(i) T ®hpo I @h, 1 =0.

It is worth noticing that the properties of the tensor product and the fact that X, =
Z™ imply that the maps I ® dp, p = 0,...,k+1,and I ® hyp, p = 0,...,k, are well
defined and the compositions behave as usual.

Similarly, we consider a chain complex that is split or Fredholm split for p =k, ..., n.

Let (X,d) be, as in Section 2, a complex of Banach spaces and bounded linear op-
erators, and suppose that (X,d) is Fredholm split for p = k,...,n. Then, by [13; 2.7]
and its proof, the complex (X, d) is Fredholm for p = k,...,n and R(dp+1) is a closed
complemented subspace of X, for p =k —1,...,n — 1. In addition, forp=%,...,n -1
we may decompose X, = R(dp+1) ® N, & L,,, where N, is a finite-dimensional sub-
space of Ker(d,) such that Ker(d,) = R(dp+1) ® N,. Moreover, for p = n we know that
X, = N, @ L,,, where N,, = Ker(d,), and for p = k — 1 we define Ny_; =0 and Ly,
such that Xj_1 = R(d) @ Lg—1. Thanks to these decompositions, for p =k —1,...,n
there are well defined operators h,: X, — X, such that
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(i) hp|Lp =0, hpodpy1 = Ip|Lpt1, hy|Np = 0, where I, denotes the identity operator
of X,
(ii) dpy1hp + hp_1d, = I, — k, for p=k, ..., n, where kj, is the projector of X, with
range N, and null space L, & R(dp41),

(iii) hphp—1 =0forp=~k,...,n.

In addition, if the complex (X, d) is split for p = k,...,n, it is exact for p =k, ..., n,
and in the above decompositions N, = 0 for p = k,...,n. In particular, k, = 0 for
p=k,...,n.

If there is a Banach space Z such that for each p € Z there is an n, € Ny with
X, = Z"r, and a Banach space Y such that there is a tensor product ¥ ® Z relative to
(Y,Y'") and (Z, Z'), then we may consider the chain complex

0-YoX, 2y egx, | —.. =YX, 2%yax, | —...

where I denotes the identity of Y. Moreover, if for p=%k —1,...,n — 1 we consider the
maps I ® hp: Y@Xp —>Y®Xp+1, forp=k,...,n we have

(i) I@dpt10I@hp +IQ@h, 10l®@d,=1—-1®kp,
(ii)) I®hpol ®hy,—1 =0.
As before, the maps I ® d,, p =n,...k, and I ® hy,, p =k —1,...n — 1, are well
defined and the compositions behave as usual.

PropPOSITION 11. In the above conditions, for p=0,...,k we have

(i) I®hpol ®dpr1 =1® hpdyi1 is a projector defined in'Y ® Xp+1- In particular,
Y ® Xpi1 = Ker(I @ hpdpi1) ® R(I ® hpdpi1).

(ii) Ker(I @ hpdpy1) = Ker(I @ dp11), R(I Q@ hpdy11) = R(I®hy), and Ker(I ®hy,) =
R(I®hy 1) DRI @kp).

Similarly, for p=Fk,...,n we have

(i) I®d,ol®@hyp_1 =1®dph,—1 is a projector defined in'Y ® Xp—1. In particular,
Y ® X, 1 =Ker(I @ dyhy—1) ® R(I @ dyhy_1).

(ii) Ker(I @ dphy—1) = Ker(I @ hy—1), R(I®@dphp—1) = RI®dp), and Ker(I ® hy,) =
R(I®hy 1) D R(I®kp).

Proof. We only prove the first part of the proposition; the proof of the second one is
similar.

It is easy to prove that h,d,i1: Xp11 — Xpy1 is a projector. Thus, according to the
properties of the tensor product we obtain the first assertion.

Since I @ hpdpy1 =1 ® hp ol @ dpy1, it is clear that R(I ® hydpy1) € R(I ® hy).

On the other hand, since

T ® hydyy1 0l @ hy =18 hpdy1hy = 1@ hy(I, — ky — hy_1dy) = 1@ hy,

we have R(I ® hy) € R(I ® hpdp11). Thus, the equality is proved.
Since I @ hypdpy1 = IQ@hyol @dpyq, it is clear that Ker(I ® dp11) C Ker(I ® hypdps1)-
On the other hand,
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[ @dyi1 0l @ hydysy =1 dpyrhpdpss =1 (I — ky — by 1dp)dy1 = 1 @ dyyy.

Thus Ker(I ® hpdpy1) € Ker(I ® dpy1), and we have the equality.

In order to prove the decomposition of Ker(I ® h,,), we first suppose that p=1,... k.
We observe that I @ hyol @ hy—1 =TI @ hphp_1 =0and I hp,ol ®k, =1 ® hyk, = 0.
Thus, R(I ® k) + R(I @ hp—1) € Ker(I @ hy,). Moreover, R(I ® k) N R(I ® hyp—1) = 0.

In fact, since &, is a projector, I ® k, is a projector. In particular, we may suppose
that if z € R(I @ kp), then z = I ® kp(2). In addition, if 2 =1 ® hp_1(w), then we have

2=1®kp(2) =1 R kpy(I®hp_1(w)) =1 kphp_1(w) =0.

Therefore R(I ® k,) & R(I Q@ hy—1) C Ker(I ® hy).

On the other hand, if z € Ker(I ® h,), then we have z = I ® ky(2) + I ® hyp_1dp(2).
Thus, z € R(I ® hp—1) ® R(I ® k;,), and we have the equality.

Now, if p = 0, it is clear that R(I®ko) C Ker(I®hg). On the other hand, I — I ® ko =
I®dyol® hg. In particular, if z € Ker(I ® hg), then z € R(I ® ko). Thus, Ker(I ® hg) =
R(I®kp). m

REMARK 12. In the above conditions, if there is a Banach space Y and a tensor product
Z @Y relative to (Z, Z') and (Y,Y”), then by similar arguments it is possible to obtain
similar results to the ones of Proposition 11, but in which the order of the spaces and
maps in the tensor products are interchanged.

Now we review the relation between the tensor product of J. Eschmeier and complexes
of Banach spaces; see [14; 3].

Let ({(X;, )?z))ogign be a system of dual pairings of Banach spaces such that X; = X!
for all i = 0,...,n, or X; = X/ for all i = 0,...,n. Then, if X = @)_, X, and if
X = @Z:O )Z'p, according to the observations in [14; 3], (X, )?) is a dual pairing. Moreover,
if for all ¢ = 1,...,n there is an operator d; € £(X;, X;_1) such that d;_; o d, = 0, then

OHXnan_lﬂ...ﬂXl iXOHO
is a complex of Banach spaces and bounded linear operators; we denote it by (X, d’). In
addition, if 9" = ®Z:1 d,, then (X, ") is the differential space associated to the complex
(X,d") and &' € L(X).

Now we consider another system of dual pairings ((Y;,Y;))o<j<m with the property
stated above, i.e., }7] =Y/ forall j=0,...,m,orY; = }N/j’ for all 5 =0,...,m. As above,
we suppose that for all j = 1,...,m there is an operator d7 € L(Y},Y;_1) such that
dj_y odj = 0. Thus, we have a differential complex

0—-Y, 2Y,1—...=2Y —Y,—0;

we denote it by (Y,d”). In addition, if 3" = @, dj, then (¥,9”) is the differential

=1 "q>

space associated to the complex (Y,d"”) and 9" € L(Y).
We suppose that for each i = 0,...,n and for each j = 0,...,m there is a tensor
product X; ® Y; relative to (X;, X;) and (Y;,Y;), in such a way that all these tensor

products are compatible in the sense described at the end of Section 1 in [14]. In particular,
it is possible to consider the tensor product X ® Y relative to (X, X) and (),)); see
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[14; 1]. Moreover, if n € L£(X) is the map defined by n|X, = (—1)PI,, where I, denotes
the identity of X,,, then the map 9: X ®Y — X ® Y defined by
=0, +nxd"

is such that 0o d =0 and 9 € L(X @ Y), where I, denotes the identity of Y.
Furthermore, if we consider the double complex

/

- A eI, -
Xp 1 QYg=—"""X,®Y,

(—1>P11p1®d;'l l(—mzp@d:;
~ d;®1q71 ~
Xp1 @Y =——Xp Yy

then the differential space associated to the total complex of this double complex is
(X®Y,0).

Now, if L; and Ly are two complex solvable finite-dimensional Lie algebras of dimen-
sions n and m respectively, X; and Xs two complex Banach spaces, and g;: L; — L(X;),
i = 1,2, two representations of the Lie algebras, then we may consider the Koszul
complexes associated to the representations g1 and g, ie., (X; ® A L1, d(p1)) and
(X2 ® A\ L2,d(02)) respectively.

It is clear that for p = 0,...,n and for ¢ = 0,...,m, (X; ® A" L1, X; @ A’ L) and
(Xo ® N Lo, Xo ® \? L) are dual pairings. Moreover, d,(01) € L(X1 ® A" L1, X1 ®
A" L) and dy(02) € L(Xo @ N9 Lo, Xo @ A9 " Ly) for p=0,...,nand ¢=0,...,m.
Thus, we may consider the differential spaces (X1, 01) and (Xa, 02), where X1 = X1 @A L1,
Xo = X2 @ N\ Lz, 01 = @,_, dp(01) and 0y = D,~, dy(02).

We suppose that there is a tensor product X; @ X of X; and X, with respect to
(X1,X1) and (X3, X}%). Then, according to the considerations at the end of Section 1
n [14], for all p = 0,...,n and ¢ = 0,...,m there is a well defined tensor product
XN Li@Xo@A\? Ly of X1 @AP Ly and Xo@ \? Ly relative to (X, AP Ly, X1 AP L})
and (Xo @ \? Lo, Xo @ A? L}). Furthermore, since for all p and ¢ such that p=10,...,n
and ¢ =0, ..., m, these tensor products are compatible in the sense described at the end
of Section 1 in [14], as above, we may consider the tensor product X; @ X, of X; and
Xy, which is a differential space with differential 9 € L(X, @ X), 0 = 1 @ I +1 @ Os.
Then (X; ® Xy, d) is the differential space associated to the total complex of the double
complex

dp(01)®14

X1 @ N7 L ® Xo @ N\ Lo X1 O N L1 & Xo® N Ly

(1)p_11p1®dq(92)l l(_l)p1p®dq(92)
_ ~ _ dp (o) ~ _
X @A L B Xy @ N Ly < v o AP B Xy @ AT Ly

We recall that given the Koszul complexes (X7 ® A\ L1,d(91)) and (Xa® A L2, d(02)),
according to the properties of the tensor product introduced in [14] and the considerations
of Sections 1 and 3 in [14], it is possible to consider the complex of Banach spaces
defined by the tensor product of (X; ® A L1,d(e1)) and (X2 ® A La,d(02)), denoted by
(X1 @ A\ L1,d(01)) @ (Xo® A La,d(02)). This complex is the total complex of the above
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double complex, i.e., for 0 < k < n+m, the kth space is ®p+q:k X1@N\F Ly ®X2®/\q Lo,
and the boundary map, dj, restricted to X; ® AP Ly @ Xo @ A7 Ly is d, = dp(01) ®
I, + (=1)? ® dy(02). In particular, (X} ® Xa,d) is the differential space of the complex
(X1 © A L1, d(e1) © (Xo © A L, d(02))-

On the other hand, we may consider the direct sum L = L; X Ly of the Lie algebras
L, and Ly, which is a complex solvable finite-dimensional Lie algebra, and the tensor
product representation of L in X; ® X, i.e.,

0=01x02: L >L(X1®X2), 01 %o02(l1,l2) =01(l1) ® I +1® pa(l2),

where I denotes the identity operator of both X5 and X;. In particular, we may consider
the Koszul complex of the representation g: L — L(X1® X3), i.e., (X1 ® Xo @ A L,d(0)),
and the differential space associated to it, i.e., (X1 ®Xo @A L, 5), where 0 = @Zi;ﬂ di (o).

In the following proposition we relate (X; ® A L1,d(01)) ® (Xo @ A La,d(02)) and
(X1 ® Xo @ AL, d(0)).

PropPOSITION 13. Let X1 and X5 be two complex Banach spaces, L1 and Lo two complex
solvable finite-dimensional Lie algebras, and o;: L; — L(X;), i = 1, 2, two representations
of the algebras. Then the compleres (X1 @ Xo ® A\ L,d(0)) and (X1 ® A\ L1,d(01)) ®
(Xo @ A Lo, d(02)) are isomorphic. In particular, the differential spaces (X) @ Xs, ) and

(X1 ® X2 ® A L,0) are isomorphic.
Proof. First of all we consider the identification

@:/\L1®/\L2—>/\L, @(w1®w2)=w1/\w2,

for wi € L1, wy € Ls. Now an easy calculation shows that for £k =0,...,n + m the map
5]& &b X1®/\pL1®X2®/\qL2 — X3 ®X2®/\kLv
p+q=k

5(.’151 & wq ®x2®w2)=x1 ®$2®w1/\w27

is a well defined isomorphism. Moreover, since L is the direct sum of L and Lo, it is easy
to prove that @ = (Py)o<k<n+m is a chain map, i.e., #(d) = d(0)P. »

5. Joint spectra of the tensor product representation

In this section we consider two representations of Lie algebras in two Banach spaces and a
tensor product of the Banach spaces in the sense of [14], and we describe the Stodkowski
and split joint spectra of the tensor product representation of the direct sum of the
algebras; see Section 4. Moreover, for Hilbert spaces, the joint spectra are characterized
in a precise manner. In addition, we apply our results to nilpotent systems of operators.
We start by recalling the objects we shall work with.

Let L; and Lo be two complex solvable finite-dimensional Lie algebras, X; and X,
two complex Banach spaces, and ¢;: L; — L(X;), ¢ = 1,2, two representations of Lie
algebras. We suppose that there is a tensor product X; ® X5 of X; and X5 relative to
(X1, X1y and (X5, X5). Thus, as in Section 4, we may consider the direct sum L = Lq X Lo
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of the Lie algebras Ly and Ly, which is a complex solvable finite-dimensional Lie algebra,
and the tensor product representation of L in X; ® Xo, i.e.

0=01x02: L >LX1®X2), 01 %o02(l1,l2) =01(l1) @ I +1® pa(l2),

where I denotes the identity of X5 and X respectively. In particular, we may consider
the Koszul complex (X1 ® Xo ® A L, d(p)) of the representation g: L — L(X; ® X5).

Now we state the most important result of this section. However, we first observe that
the set of characters of L may be naturally identified with the cartesian product of the
sets of characters of Ly and Ls. Indeed, it is clear that L* = L} x L3. Moreover, since as
Lie algebra, L is the direct sum of L; and Lo, if [-,] denotes the Lie bracket of L, then
the restriction of [, ] to Ly or Ly coincides with the bracket of L or Lo respectively, and
for iy € Ly and Iz € Lo, [l1,12] = 0. Thus, the map

HiL* = LI x Ly, fr (fou,fou),

defines an identification of the characters of L and the cartesian product of the characters
of Ly and Lo, where ¢;: L; — L denotes the inclusion map, j = 1,2. In the following
theorem we use this identification.

THEOREM 14. Let Ly and Lo be two complex solvable finite-dimensional Lie algebras, X,
and X5 two complex Banach spaces, and ¢;: L; — L(X;), i = 1,2, two representations
of Lie algebras. Suppose that there is a tensor product X1 @ Xo of X1 and X, relative
to (X1, X1) and (Xo, X}). Consider the tensor product representation o = 91 X 03: L —
L(X1 ® X3) of L =1Ly x Ly. Then

(1) | osplor) x 0s54(02) Co5k(0) Cspsple) © | spsplor) x spsq(02),

p+q=k pt+q=k
(i) | orplo1) x onglo2) C onnle) Ssprp(@) © | spryplor) x sp,,(02)-
p+q=k p+q=k

In particular, if X1 and Xo are Hilbert spaces, the above inclusions are equalities.

Proof. We begin with the first statement.

We consider o € 05,(01), 5 € 05,4(02), p+q = k, and the Koszul complexes associated
to the representations g1 —a: L1 — L(X7) and go—f: Ly — L(X2), (X1 ®A L1,d(01—))
and (X ® A Lo, d(02 — 3)) respectively. Then there is p1, 0 < p; < p, and g2, 0 < g2 < g,
such that Hp, (X1 ® A L1,d(01 — ) # 0 and Hy,(Xo ® A L2, d(02 — 3)) # 0.

In addition, if we consider the differential spaces associated to the Koszul complexes
of 01 —a and g3 — 3, (X1, 0;) and (Xa, 0;) respectively, then by [14; 2.2] we have H, (X} ®
Xy) # 0. Moreover, since (X} @ Xy, ) is the differential space of (X; ® A L1,d(01 —a)) ®
(X2 ® A\ La,d(p2 — B3)), according to the structure of the map ¢ in [14; 2.2], we have
Hy 0o ((X1 ® A Ly,d(01 — ) @ (Xa ® A La,d(02 — 3))) # 0. Furthermore, according
to Proposition 13, since (01 — a) x (02 — B) = 0 — (a, B), we have Hy, 44,(X1 ® X2 ®
AL,d(o— (e, 8))) # 0. In particular, since 0 < p1 + g2 <p+q =k, (o, 3) € o5x(0).

The middle inclusion is clear.

For the rightmost inclusion, we prove that if (a, 3) does not belong to Upﬂ:k sPs.p(01)
X spgs 4(02), then (a, 3) does not belong to sps;(e). To this end, we shall construct a
homotopy operator. There are several cases to be considered.
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We first suppose that a ¢ sps ;,(¢1). Thus, the complex (X1 ® A L1, d(o1 — «)) is split
forp=0,...,k ie,forp=0,...,k there are bounded linear operators h: X1@A\’ Ly —
X ® /\erl Ly such that hp_1dy(01 — &) + dpy1(01 — a)hy, = I, where I, denotes the
identity of X; ® A" L. Then, if p and ¢ are such that 0 < p + ¢ < k, we define

Hyg X1 9N L1 @ Xo@ NTLy — X1 ® /\p+1 Li®Xo @\ Lz, Hyg=hy®1,,

where I, denotes the identity map of Xo® A7 Ly. We observe that since £(X; @ A" L1, X1
QNPT L) = L(X1 @A Ly, X, @ \P1' Ly), H, 4 is a well defined map. Moreover, a direct
calculation shows that the maps H, = EBp+q:r Hp,,, v =0,...,k, define a homotopy
operator for the complex (X; ® A L1) ® (X2 ® A Lz). Thus, according to Proposition 13
the complex (X; ® Xo ® A L,d(o — (a, 3))) is split for r = 0,...,k, i.e., (o, 3) does not
belong to sps ;. (0)-

By a similar argument, it is possible to prove that if 3 ¢ sps ;.(02), then («a, 3) does
not belong to sp; ,(0). Thus, we may suppose that o € sp; ;. (01) and 3 € sp; (02)-

Now, since (a, 8) does not belong to |, ,— SPs(01) X sps 4(02) and a € spy ;. (01),
we have 3 & sps o(02). Similarly, since 3 € spy ;(02) we have a & sp; o(01). Thus, there is
p1, 1 < p1 <k, such that o € sps ,, _1(01), @ € sps ., and 8 & sps i, (02).

In order to construct a homotopy operator for the Koszul complex associated to
0 — (o, ), for (o, 8) as in the last paragraph, it is necessary to consider several cases. In
fact, we shall define the operator according to the relation of p and ¢ with p; and k — p;
respectively, and for each particular case, we shall prove that it is a homotopy. At the end
of the proof, it is clear that this map is a well defined homotopy for the Koszul complex
ofpatr=0,...,k.

Moreover, according to Proposition 13, it is enough to prove that the complex (X; ®
ALi,d(o1 —a))® (X2® A La,d(0s — 3)) is split in dimension 7 = 0, ..., k. Now, the rth
space of this complex is ®p+q=k X1 @ NP L1 ® Xo ® A7 Ly. We construct an operator
H, , satisfying the homotopy identity for p and ¢ such that p+¢ = r, and then we verify
that (H,)o<r<k is a homotopy operator for the complex, where H, = @ H,,. The
construction of the maps H, , is divided into five cases.

We first suppose that 0 <p <p; —1and 0 < g <k — p;. Then we have well defined
maps

ptq=r

X; @ APVL X @ ALy Xy @ AP L
such that dpy1(01 — @)hy + hp_1dp(01 — @) = I, where I, denotes the identity of X; ®
AP Ly, and

XN L "R Xy @ N Ly 25 Xo @ AT Ly
such that dg+1(02—3)gq+9q—1dq(02—B) = I, where I, denotes the identity of Xo@A? Lo.
Thus, we may define the map
Hy, . Xy ®/\p L1®X2®Aq Lo — X1®/\p—H Ly ®X2®/\q Lo® X, ®/\p Ly ®X2®/\Q+1 Lo,

Hyq = %(hp ®I; & (_1)plp ® gq)-

We observe that according to the properties of the tensor product, H, 4 is a well defined
map.
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In addition, since p—1 < p<p;—1and ¢—1 < g <k —p;1, we may define the maps
H, 1,4 and H,, 1. A direct calculation shows that in X; ® A¥ L1 ® X2 ® A? Lo, we have

dri1Hpq + (Hp—l,q @ Hp,q—l)dr =1,

where d and I are the boundary and the identity of the complex (X; ® A L1,d(01 — )
® (X2 ® A\ L2, d(02 — 3)) respectively.

In the second case we suppose that p and ¢ are such that p < p;—1and ¢ = k—p;+1.
Then we know that for ¢ = 0,...,k — p; there are bounded maps

Xo@ N L S Xo @ NV Ly 25 Xy @ AT Ly

such that dg11(02 — 5)gq + gq—1dq(02 — B) = I,.

In addition, we may suppose that the maps g, satisfy the preliminary facts recalled
before Proposition 11, for ¢ = 0,...,k — p1. Moreover, according to Proposition 11, we
have X1 ® A’ L1 ® X2 @ A Ly = Ker(I, ® dy(02 — 3)) ® R(I, ® g4—1) for p=0,...,n
and ¢=0,...,k—p; + 1.

It is easy to prove that

(i) dplor — @) @ Ig(R(Ip ® gg—1)) € R(Ip—1 @ gg—1) and dp(01 — ) ® Iq(Ker(I, ®
dq(02 — B))) € Ker(Ip—1 ® dg(02 — B)),
(i) Ip ® dg(02 — B)(Ker(Ip, ® dg(e2 — 3))) = 0 and I, ® dg(02 — B)(R(Ip ® gg—1)) =
R(I, ® dg(02 — ) = Ker(I, ® dg—1(02 = 7))-
Furthermore, as in the first case, we have well defined maps (hp)o<p<p,—1 such that
hp: Xo @ NP Ly — X1 © NP7 Ly and dpy1 (01 — @)hy + hpdy_1(01 — @) = I, for p =
0,...,p1 — 1. A straightforward calculation shows that

(iii) hp ® Ii(R(Ip ® gg-1)) € R(Ip41 ® gg—1) and hy @ Io(Ker(I, @ dg(o2 — B))) S
Ker(Ip11 ® dg(02 — B))-

Now, for p=0,...,p1 —1 and ¢ = k — p1 + 1 we define H, 4 as follows:
Hp q|R(Ip ® gg—1) = %(hp ®1q),  HpqlKer(lp @ dg(o2 — B)) = hp @ I

According to the properties of the tensor product, the map Hy, , is well defined.

In addition, for p =0,...,p;1 — 1 and ¢ — 1 = k& — py, according to the first case, we
have the well defined map H), ;—1. On the other hand, forp -1, p =0,...,p1 — 1, and
q =k —p1 +1, we may define H,_; 4 in a similar way to H,, ,.

Now, using (i)—(iii) it is easy to prove that

dri1Hpq + (prqfl & prl,q)dr =1,

where d and I are as above.
In the third case p = 0,...,p1 — 1 and ¢ > k — p; + 1. There are two subcases:
q—1>k—p1+1and ¢g— 1=k —p; + 1. We begin with the first subcase.
Forp=0,...,p1 —1land ¢ >q—1>k —p; + 1 we define

Hygl X1 9 N L1 @ Xo @ N Lo > X1 @ NPT L1 @ Xo @ N Lo, Hpg=hy @1,

According to the properties of the tensor product, H) , is a well defined map.
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Moreover, since ¢ —1 > ¢ > k —p1 + 1, we may define H,_1 4 and H, ;1 in a similar
way. Then an easy calculation shows that

dr-&-al,q + (Hp,q—l D Hp—l,q)dr =1

On the other hand, for p=0,...,p1 —1and ¢ = k—p; + 1, we define H,, ; = h, ® I,.
Furthermore, for p — 1 and ¢ = k& — p1 + 1, we may define H,_1 4 = h,—1 ® I, and for
p=0,...,;ppm—1land ¢ —1=Fk —p1, Hy,4,—1 was defined in the second case. A direct
calculation shows that

dr+1Hp,q + (Hp7qfl D prl,q)dr =1

In the fourth case p = p1 and ¢ < k — p;. This case is similar to the second one.
We consider the complex associated to the representation g1 — a, i.e., (X3 ® A L1,
d(o1 — «)). We know that for p = 0,...,p; — 1 there are bounded maps

XN L X o AP Ly 1 X o AP L

such that dpi1(01 — a)hy + hp_1dp(01 — ) = I,.

Moreover, as in the second case, we may suppose that the maps h,, satisfy the prelim-
inary facts recalled before Proposition 11, for p =0,...,p; — 1. Furthermore, according
to Proposition 11 and Remark 12, X; ® A’ L1 ® X2 ® A? Ly = Ker(d,(01 — @) ® I,) ©
R(hp-1®1y) forp=0,...,prand ¢=0,...,m.

As in the second case, it is easy to prove that

(i) Ip®@dq (02— B)(R(hp-1®14)) € R(hp—1®1q—1) and I, ®dq(02 — 3)(Ker(dp(01 — a)
®14)) € Ker(dp(o1 —a)®@1;-1),
(ii) dp(o1 — a) ® Iy(Ker(dy(01 — a) ® 1)) = 0 and dp(01 — @) ® Ig(R(hp—1 @ 1)) =
R(dp(01 — o) ® Iq) = Ker(dp—1(01 — ) ® Iy).
In addition, for ¢ = 0,...,k — p1, we have well defined maps (gq)o<q<k—p, Such
that g,: Xo @ ALy — Xo @ A" Ly and dyi1(02 — B)gp + gg-1dq_1(02 — B) = I,
A straightforward calculation shows

(iil) Ip ® gq(R(hp-1 ® Iy)) € R(hp—1 @ Ig41) and I, @ gq(Ker(dy(01 — a) ® 1)) C
Ker(dp(01 — @) ® Ig41).

Now for p =p; and 0 < ¢ < k — p1, we define H,, 4 as follows:
Hy, q|R(hp,—1 ® Ig) = (=1)P1/2(1, ® gq),  Hp, q|Ker(dy, (01 — ) ® Ig) = (—1)"1, @ gq.

According to the properties of the tensor product, H,, 4 is a well defined map.

In addition, according to the first case, we have the well defined map Hp,_1,4, p =
p1—1land ¢=0,...,k—p;. On the other hand, we may define H,, 4_1 like H,, 4, p = p1
andg—1=0,....k—p1.

Now, as in the second case, using (i)—(iii) it is easy to prove that

d7'+1Hp1,q + (le—Lq D le,q)dr =TI

In the last case, we have p > p1 +1 and ¢ =0,...,k — p1. Moreover, as in the third
case, there are two subcases: p — 1 > p; + 1 and p — 1 = p;. We begin with the first
subcase.
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Forp>p—1>p;+1and g=0,...,k— p1, we define
Hyg : X1 ON' L@ Xo @ N Ly = X1 9N L@ Xo @ N Ly, Hypy=1,®0g,

According to the properties of the tensor product, the map Hy, , is well defined.
Since p — 1 > p; + 1, we may define H,_1 4 and Hp ,—1. Then an easy calculation
shows that

dr-&-al,q + (Hp,q—l D Hp—l,q)dr =1

On the other hand, for p —1 = p; and ¢ = 0,...,k — p1, we define H, ;, = I, ® gq.
Moreover, for p—1 = p; and ¢, H,_1 4 was defined in the fourth case, and for p and ¢—1,
we may define Hy, ;1 = I, ® gq—1. A direct calculation shows

dr-&-al,q + (Hp—l,q @ Hp,q—l)dr =1

Since we considered all the possible cases for p and ¢, 0 < p+ ¢ < k, if for r =
0,...,k we consider the map H, = @qur H,, 4, then the above computations show that
(H,)o<r<k is a homotopy for the complex (X1 ® A L1, d(01 —a)) @ (X2 @ A La, d(02 — B)).
Thus, according to Proposition 13, (a, 3) does not belong to sp; 4 (0)-

The second part of the theorem may be proved by a similar argument, using the
second half of Proposition 11 for the rightmost inclusion. m

We recall that in [21; 3.3], the axiomatic tensor product of [14] was generalized.
However, as explained in [21; 3.3], the objective was to simplify the form of the axioms
rather than to generalize the definition of [14]; in addition, the known applications of
both tensor products coincide. Since for our proofs of the main results in this work, the
definition of [14] is more useful than the one of [21], we proved Theorem 14 and shall
prove the other results for the tensor product introduced in [14]. In particular, Theorem
14 may be seen as an extension of [21; 3.6.8] for the tensor product of [14]. However,
we believe that with the axiomatic tensor product introduced in [21; 3.3], it would be
possible to obtain results similar to ours.

Now we consider nilpotent systems of operators and we prove a variant of Theorem 14
for this case. This result extends [21; 3.7.2] for the tensor product of [14]. Moreover, the
following theorem is an extension of well known results for commuting tuples of operators;
see [9], [10], [28] and [14]. First we give a definition.

Let X be a complex Banach space and T = (Ty,...,T,) an n-tuple of operators
defined in X such that the linear subspace of L(X) generated by them, (T;)1<i<n = L,
is a nilpotent Lie subalgebra of L(X). We consider the representation defined by the
inclusion ¢r: L — L(X). Then, if o denotes a subset of a joint spectrum defined for
representations of complex solvable finite-dimensional Lie algebras, we denote the set
{(a(Th),...,a(T})) :a € o(ip)} by o(T).

THEOREM 15. Let X1 and X5 be two complex Banach spaces. Suppose that there is a
tensor product X1 @ Xo of X1 and Xy with respect to (X1, X)) and (Xo, X3). Let a =
(a1,...,an) and b= (by,...,by) be two tuples of operators, a; € L(X1), 1 <i <mn, and
b;j € L(X2), 1 < j < m, such that the vector subspaces generated by them, (a;)1<i<n and
(bj)1<j<m, are nilpotent Lie subalgebras of L(X1) and L(X2) respectively. Consider the
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(n+4m)-tuple of operators defined in X, @ Xo, c = (a1 ®1,...,a, @[, I@by,...,IQby),
where I denotes the identity of Xo and X, respectively. Then

(D) | osp(@) x 054(0) C oskl(c) Cspsrle) © | spsp(a) x 5p5,4(0),

p+a=k p+q=k
(11) U UW,P(a) X 0-7T7q(b) g Uﬂ,k(c) g Spﬂ,k(c) g U Spﬂ',p(a‘) X Spﬂ,q(b)'
pt+q=k p+q=k

In particular, if X1 and X5 are Hilbert spaces, the above inclusions are equalities.

Proof. We consider the nilpotent Lie algebras L1 = (a;)1<i<n and Lg = (b;)1<j<m, and
the representations of the above algebras defined by inclusion, i.e.,

L1: L1 — L(Xl), Lo L2 — L(XQ)

Then, if we consider the representation ¢ = ¢1 X t9: L1 X Ly — L(X; ® Xs), according to
Theorem 14 we have

U osp(t1) X 054(t2) C 05x() S sps(e) € U SPsp(L1) X 8DPg 4 (L2)-
p+q=k pta=k

Now, if we consider the identification of the characters of Ly x Lo with the cartesian
product of the characters of L1 and Lo, it is clear that o5 ,(a) X 054(b) coincides with
the set

{(a(ar),...,alan), B(b1),...,B(bm)) : (o, B) € 05p(t1) X 05,4(t2)}.
Similarly, sp; ,,(a) x sps ,(b) coincides with

{(a(al)v s 7a(an)’ﬂ(b1)a v aﬁ(bm)) : (Oé,ﬂ) € Spé,p(Ll) X Spé,q(LQ)}'

On the other hand, we consider the nilpotent Lie subalgebra of L(X; ®X2) generated
by the elements of the (n 4 m)-tuple ¢; we denote it by L. Then, if 1: L — L(X; ® X3) is
the representation defined by the inclusion, we have ¢1 X 1o = toh, where h: L1 X Lo — L
is the epimorphism of Lie algebras that satisfies h(a;) = a; ® I and h(b;) = I ® b; for
t=1,...,nand j=1,...,m. In particular, according to Proposition 10 we have

o k(1 X 12) = s k(t) oy 8psp (L1 X 12) = 8pg () © h.
Furthermore,
osk(c) ={(yoh(ar),...,yeh(an),yoh(br), ...,y 0 h(bm)) : ¥ € 05.k(1)}-
Moreover, according to Proposition 10, o5 x(c) coincides with
{(a(ar),...,alan),B(b1),...,B(bn)) : (a,B) € os5x(t1 X t2)}.
Similarly,
sps i (¢) = {(a(a1), ..., alan), B(b1), ..., B(bm)) : (@, B) € spg (11 X 12)}-

Thus, the above equalities prove the first part of the theorem. The second statement may
be proved by a similar argument. m
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6. Fredholm joint spectra of the tensor product representation

In this section we consider two representations of Lie algebras in two Banach spaces and
a tensor product of the Banach spaces in the sense of [14], and we describe the essential
Stodkowski and essential split joint spectra of the tensor product representation of the
direct sum of the algebras; see Section 4. In addition, we apply our results to nilpotent
systems of operators. We first prove a result needed for the main theorem in this section.

PROPOSITION 16. Let X7 and Xs be two Banach spaces. Suppose that there is a tensor
product X1 ®@ Xo of X1 and X, relative to (X1, X)) and (Xo, X}). Consider in X, and
X5 two projectors with finite-dimensional range, k1 and ko respectively. Then k1 ® ko €
L(X1 ® X5) is a projector with finite-dimensional range. In fact, R(k1 ® ko) = R(k1) ®
Proof. According to the properties of the tensor product, it is clear that k1 ® ko is a
projector and that R(k; ® k2) 2 R(k1) ® R(k2).

In order to prove the other inclusion, we consider a base (v;)i<i<n of R(k1), Le.,
R(k1) = (vi)1<i<n. Then we have X = Ker(k1) ® @}, (v;). Moreover, if for each s =
1,...,n we consider the map l;: X; — C, [5|Ker(k1) =0, ls|(v;) =0,i=1,...,n,1 # s,
and l (vs) = 1, then we may define the maps fy,;;,;: X1 — X1, fo,1,(x1) = li(z1)v; for
x1 € X1. Now, an easy calculation shows that k; = Zi:l Soit, -

Similarly, we may consider a base (v})i<j<m of R(kz), and then we have X» =
Ker(ks) ® @j_, (v;). Moreover, if for j = 1,...,m we consider the maps h;: Xo — C,
hjlKer(ks) =0, hj(vy) =0, t=1,...,m, t # j, and h;(vj) = 1, then we may define the
maps fy;hj: X5 — Xo, fy;hj (x2) = hy (xg)v;- for x5 € X5. As above, an easy calculation
shows that ks = Z;nzl forng-

Now, according to the properties of the tensor product, we have

kit @ky =Y fore @ forn, = > fou, ®T0I® fup,.
ij 0]

Moreover, by [14; 1.1], for each I;, i = 1,...,n, there is a map fi,: X1 ® Xo — X»
such that f,,;, ® I(2) = 21 ® fi,(z) for 1 € X7 and z € X, ® X,, where fe,: Xi — Xa
is the map fg,;,(z) = l;(x)z:. In addition, for each hj, j = 1,...,m, there is a map
gn,;: X1 ® X5 — X such that I ® Jaon; (2) = gn,; (2) ® x2 for 22 € Xy and 2z € X, R Xa,
where fg,p, has a definition similar to that of f,,;,. In particular, for z € X; ® Xo we
have

ki @ ko (2 vallmoI@fvh =D fous @ 1gn,(2) @ )

,J

*sz@@fl gn;(2) @ V7).

Thus, R(kl ® k2) - R(kl) ® Xo.
Moreover, since ks is a projection, if for z € X; ® X we define zij = fi,(gn,; (2) ® U;),
then we have z;; = ko (zlj) (I — k2)(zij). In particular

kl ®k2 sz®zz] —sz®k2 Zij J’_ZU’L I k2 sz)-



34 E. Boasso

But since k1 ® ko is a projector in X, ® X9, we have

by ® ka(2) = (k1 @ k2)?(2) = ) v; @ ka(2i).

In particular, R(k; ® k2) C R(k1) ® R(k2). =

Now we state the main result of this section. The following theorem is an extension
of [14; 3.2].
THEOREM 17. Let X1 and X5 be two complex Banach spaces, L1 and Lo two complex
solvable finite-dimensional Lie algebras, and o;: L; — L(X;), i = 1,2, two representations
of Lie algebras. Suppose that there is a tensor product X1 ® Xo of X1 and Xo relative to
(X1, X1) and (Xo, X}). Consider the tensor product representation 9 = 01X g2: L1 X Ly —
L(X1 ® X3) of the direct sum of L1 and Ly. Then

©) U ospelor) xosq(02)U | o5p(01) X 050,0(02) € 05k.0(0)
pt+q==k p+q=k

c Spé,k,e(g) - U Sp&,p,e(gl) X Sp&,q(QQ) U U Sp&,p(gl) X Spé,q,e(QQ)’
pta=k p+a=k

(i) |J ompel@) x onglo)U | onple1) x orgel2) € onpel0)
pt+q=k p+q=k

CDrso(@) S | Prpe(01) X 5prg(02) | | Prp(01) X 5Dr gcl02)-
ptq=k ptq=k
In particular, if X1 and Xo are Hilbert spaces, the above inclusions are equalities.

Proof. First of all, in the proof of this theorem we use the notations and identifications
of Theorem 14. In particular, if « is a character of L, and ( is a character of Ly we work
with the complex (X; ® A L1,d(01 — @) ® (X2 ® A L2, d(02 — 3)) instead of the Koszul
complex associated to the representation o — (a,3): Ly x Ly — L(X; ® X3). We begin
with the first statement.

In order to prove the leftmost inclusion, the same argument used in Theorem 14 for the
05,5 joint spectra may be applied to the essential §-Stodkowski joint spectra. In fact, the
argument still works when we consider two homology spaces, one of which is non-null and
the other is infinite-dimensional, instead of considering two non-null homology spaces.

As in Theorem 14, the middle inclusion is clear.

For the rightmost inclusion, we shall use an induction argument.

First of all we study the case k = 0.

We consider a pair (a, 3) € sps,.0(0) \ (SPs,0,6(01) X P50(02) UsP;0(01) X 8P50,0(02))-
Since by Theorem 14, (a, 3) € spso(01) X sPso(02), we have o € spso(01) \ SPso.0(02)
and 3 € sps(02) \ SPs0.0(02)- In particular, there are bounded linear maps

ho: X1 = X1 @ N L1, go: Xo — Xo® A\ Lo,
and finite range projectors
ko: X1 — X7, k(’): X9 — Xo,
such that
di(01 — @)ho = Io — ko,  di(02 — B)g0 = To — k.
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Now, if we consider the map

Hy: X1 ®Xo = X1 @ Xo® N Lo X1 @ N' L1 @ Xa,  Ho = (Io ® go, ho ® Ip),
then it is easy to prove that

diHo =T — ko ® ky,
where d and T are the boundary and the identity of the complex (X; ® A L1,d(01 — «))
® (X2 @ A\ L2, d(02 — f3)) respectively.

By Proposition 16, the map ko ® k{, is a projector with finite-dimensional range. In
particular, according to Proposition 13, (,3) does not belong to sps .(0), which is
impossible according to our assumption.

Now we suppose that the rightmost inclusion is true for 0 and for all natural numbers
less than k, and we prove it for k. We proceed as in the case k = 0.

We consider a pair (a, ) € sps ; .(0) Which does not belong to (U, ,—1, SPs p.c(01) X
SP5,4(02) U U,y gk SP5,p(01) X D5 4 (02)- In particular, (o, 8) & U4 g—p—15Ps5p.e(01) X
SP,q(02) U U,y g=r—15Ps,p(01) X D5 4 c(02). Thus, by the inductive hypothesis (a, 8) ¢
Spé,kae(Q)'

In addition, since according to Theorem 14, sp; ;. . (0) € 85 () € U, 4= SPsp(01) X
SPs4(02), there are po and qo, po + qo = k, such that a € sp;, (01) and 8 € sp; , (02)-
Moreover, we may suppose that pg = min{p, 0 < p < k:a € Sp&p(gl)}. It is easy to
prove that the following assertions are true:

(i) @ € sps p, (01), @ € sps p(01); p=0,...,p0 — 1, and B & sp; ,, (02),

(ii) B € spsg,(02), and either o & spsy .(01) and B € spsg(02), or there is py,
po < p1 < k—1, such that a € sp;,,, o(01), @ €5ps, 11.6(01), and B &€ sps ., —1(02)-

By means of assertions (i) and (ii), we prove that dim Ker(dy)/R(dk+1) is finite, and
that Ker(dy41) is a complemented subspace. Since (a, 3) & sps x_1.(0), by [13; 2.7], we
have (o, ) & sps k. (0), which is impossible according to our assumption.

Before we begin the proof we observe the following point. Assertions (i) and (ii) in fact
consist of two different pairs of assertions, therefore, we should give two proofs. However,
we work only with assertion (i) and the second part of assertion (ii). The proof that needs
assertion (i) and the first part of assertion (ii) is easier and it is left to the reader.

By (i) and (ii) there are bounded linear operators h,: X1 @ A” L1 — X; @ A*™ Ly,
p=0,...,p1, and there are projectors with finite-dimensional range, k,: X1 @ A" L1 —
X1 @A L1, p=po,...,p1, such that for p=0,...,po — 1,

hp—1dp(01 — @) + dpr1(01 — a)hy, = I,
and for p = pg,...,p1,
hy—1dyp(01 — @) +dpy1(0 — a)hy = I, — ky.

In addition, by (i) and (ii) there are bounded linear maps ¢g,: Xo@A\? Ly — X2®/\qJrl Lo,
q=0,...,90 = k — po, and there are projectors with finite-dimensional range, k;: Xo®
N Ly — Xo@ ALy, g =k —p1,...,qo, such that for ¢=0,...,k—p; — 1,

gqfldq(QQ - ﬁ) + dq+1(92 - ﬁ)gq = I‘J’
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and for ¢ = k —p1,...,qo,

9g-1dg(02 — B) + dgr1(02 — B)gq = Iy — k-
In grder to prove that Ker(dy11) is a complemented subspace of €D, 4,1 X1 ®
N L1 ® Xo @ \? Lo, we first characterize it and then exhibit a complement.

It is easy to prove that Ker(dgyq) is the set of all (z,4), p+¢ =k +1, zp4 €
X1 ® A’ L1 ® Xy © \? Ly, such that in X3 @ AP"" L1 ® Xo @ \? Lo,

dp(01 — @) @ Iy(xp,q) + (_1)p_11p71 ® dg+1(02 = B)(¥p-1,4+1) = 0.
According to Proposition 11, we know that for ¢ =0,....k—p; and p+qg=k+1,
X1 O AN L1 ® Xo @ N Ly = R(I, ® gg—1) & Ker(I, ® dg(02 — 9)),
X1 N 'L @ Xo @ N1 Ly = R(Iy—1 ® gg—1) @ Ker(I,_1 ® dg(0s — B)),
and for g =0,...,k —p; — 1,

X1 N L@ Xo @ AT Ly = R(I,-1 © g4) @ Ker(Iy—1 @ dgy1(02 — B)).

In particular, we may represent each ,, € X1 @ AP L1 @ Xo @ A! Lo, p+q =k +1,
g=0,....k—p1, as pq = (apgq,bpq), Where ap, € Ker(l, ® dy(02 — 3)) and b, , €
R(I, ® gg-1)-

On the other hand, according to Proposition 11,

Ip—1 ® gq: Ker(Ip—1 ® dg(02 — B)) — R(Ip—1 ® gq)
is a topological isomorphism for ¢ = 0,...,k — p; — 1. Then an easy calculation shows
that k410 = aky1,0, and that b, , = (=1)P"dy11(01 — @) ® gg—1(ap+1,4-1) for ¢ =
1,....k—p1.

Thus, x, 4 is described for ¢ =0, ...,k —p; —1 and p such that p+¢ = k+1. However,
we may continue this procedure till ¢ = k — pg.

In fact, according to Proposition 11 the above decompositions of the spaces X; ®
AN L@ Xo @ N Ly, X @ A" 'Ly @ Xo @ ALy and X3 @ AP 'Ly @ Xo @ A9 Ly
remain true for g = k—p1,...,q0+1 =k —po+ 1. Moreover, according to Proposition 11,
it is easy to prove that Ker(I,, 1 ® dy(02 — ) = R(Ip—1 @ ky) © R(Ip—1 ® dg11(02 — B)),
q=k—pi,...,k—po, and

I, 1 ®gq: R(I,—1 ®@dgy1(02 — B)) — R(I,-1 ® gq)

is a topological isomorphism. Then, if for ¢ = k& — p1,...,k — po + 1 we decompose
Tpq = ((ap 402 ), bpg), where a} . € R(I, ® dgy1(02 — ), a2, € R(I, ® k}) and
bpg € R(I, @ gq—1), an easy calculation shows that a2 , € R(I, ® k},) N Ker(dp(01 —

a)® 1), ¢ = k—pi,....k = po, and by g = (=1)""dpii1(01 — ) @ gq—l(a1la+1,q—1),
qg=k—p1,....k—po+ 1

On the other hand, by a similar argument, it is possible to prove the following fact.
If we consider for p =0, ..., pg the decomposition

X1 @ NP L1 ® X ® N Lo = R(hyp—1 ® 1) @ Ker(dy (01 — @) ® 1),
and we represent , 4 as Tp 4 = (Cp.q, dp.q), Where ¢, 4 € Ker(d,(01 — @) ® 1) and dp 4 €

R(hp—1 @ Iy), then zo k41 = copr and dpg = (=1)Php1 ® dgt1(02 = B)(¢p-1,4+1) for
p=1,...,po.
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Thus, if (zp4), p+ ¢ = k + 1, belongs to Ker(dg41), then x, 4 is described for p =
0,...,po—land ¢ =0,...,k—po. In order to characterize Ker(dy+1) in a complete way,
we have to consider X; @ AP L1 @ X» ® /\’Hl*p0 L.

In X1 ® A L1 ® X ® A" 770 Ly, we have two well defined projectors,

S = IPO ® gk—Podk—po+1(92 - 5)7 T= hpo—ldpo (Ql - a) ® Ik—Po-l-l'

Moreover, since S commutes with T, X; @ A L; @ X» ® /\kH*pO Ly may be de-
composed as the direct sum of the ranges of the operators ST, S(I — T), (I — S)T
and (I — S)(I — T), and each x that belongs to this space may be decomposed as

T = ($ST7935(1—T),9€(1—S)T, QC(I—S)(I—T))-
Now, if (zpq4), p+ ¢ = k + 1, belongs to Ker(diy1), in order to determine xp, x—po+1

it is enough to consider the equations in which it takes part, i.e.,
dPo-‘rl (91 - O‘) ®Ik—Po (xpo-l-l,k—;ﬂo) + (*1)1)0 IPo @ dk-‘rl—Po (92 - 5))(%90,16-&-1—100) =0
dpo (91 - Oé) ® Ik+1*;00 (xpo,kﬂLl*;Do) + <_1)pO_IIP0*1 ®dk+2fpo (92 - ﬁ) (xPO*l,’WF?*PO) =0.

In addition, an easy calculation shows that if we decompose x, x—p,+1 = & as above,

)

then zs7 = 0, T(7—5)7 = dpg k+1-pos TSI-T) = bpo k+1-po, and T(j_gy(7—7) is an arbi-
trary element in the range of (I — S)(I —T).

Thus, Ker(dy1) may be represented as the direct sum of the following spaces:

(i) for ¢ =0, ...,k — po, the graph of (—1)Pd,(01 — ) ® gq: R(Ip ® dgq1(02 —B)) —
R(Ip-1®gq), p+a=k+1;
(ii) for ¢ =k —p1,...,k —po, R(I, ® k;) N Ker(dp(o1 —a) ® 1), p+q=k+1;
(iii) for p=0,...,po — 1, the graph of (—1)Ph, ® dq(02 — 5): R(dp+1(01 — ) ® 1) —
R(hy®Ig-1), p+q=k+1;
(iv) the range of the projector (I —S)(I —T).

In order to construct a direct complement of Ker(dy11) we need the following obser-
vations.

First, if X and Y are Banach spaces and T' € L(X,Y), then X &Y = Graph(T) @ Y.
Second, an easy calculation shows R(I, ® k) NKer(dp(01 — ) @ 1) ® R(hp—1dp(01 — @)
® k) = R(I, ® k), for g =k —p1,...,k —po.

Now, depending on p and ¢, p + ¢ = k + 1, the space X; @ A’ L1 ® Xo @ A\ Ly is
equal to the direct sum of the following spaces:

(i) forp=0,...,p0 — 1, R(dp+1(01 — @) ® I) and R(hp—1 @ I,);
(ii) for ¢ = 0,...,k — po, R(I, ® dgy1(02 — ), R(Ip ® g4—1) and R(I, ® k;); when
q=0,...,k—p1 — 1, we have k; = 0;

(iii) for p = po and ¢ = k — pp + 1, the ranges of the operators ST, S(I-T), (I -S)T
and (I —S)(I-T).

Then, if we define V' to be the direct sum of the spaces R(h,—1 ® I,), p=0,...,po,
R(I,®94-1),q=0,...,k—=po+1, R(hy_1dp(01—a)®k;), ¢ = k—p1,. .., k—po, and R(ST)
for p = pg and ¢ = k—po+1, we have ®p+q:k+1 X10N Ly ®X2®/\q Ly = Ker(dg4+1)0V.

We now prove that dim Ker(dy)/R(dk+1) is finite.
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As with Ker(dgy1), we may represent Ker(dy) as the direct sum of the following
spaces:

(i) for ¢ =0,...,k—po—1, the graph of (—1)?d, (01 — ) ®gq: R(I,®dg+1(02—0)) —
R(Ip-1 ®gq), p+q=F;
(ii) for g =k —p1,...,k —po — 1, R(I, ® k) N Ker(dp(01 —a) ® Iy), p+q=k;

(iii) for p=0,...,po — 1, the graph of (—1)Ph, @ d4(02 — 5): R(dp+1(01 — ) ® 1) —
R(hy®I4-1), p+q=Fk;

(iv) for p = pp and g = k — pp, the range of the projector (I — S)(I — T'), where

S = Ipy @ Gh—py—1di—po(02 = B), T = hyy—1dp,(01 — @) @ Iy—p,.

Now we consider p and ¢ such that p+qg =k and ¢ =0,...,k—po—1. Then, if we con-
sider (—1)P1,®g4(a), a € R(I,®@dg+1(02—0)), it is easy to prove that (a, (—1)dp(01 — a)
® gq(a)) € R(di41). Thus, the graph of (—1)Pd,(01 — @) ® gq: R(Ip ® dgt1(02 — B)) —
R(I,—1 ® gq) is contained in R(dg41)-

In a similar way, we may prove that the graph of (—1)Ph,®d,(02—08): R(dp+1(01 — @)
®1;) = Rhy®I4—1),p+q=k,p=0,...,po — 1, is contained in R(dy+1).

We denote the following spaces by Sy 4, p + q = k:

(i) forg=Fk—p1,....,k —po — 1, Spq = R(I, ® k;) NKer(d, (01 — @) ® 1),

(ii) for p =po and ¢ = k — po, Sp,q = R(I = S)(I - T).

Since k — p1 < q¢ <k —py and py < p < p1, we may consider the well defined map
Hy 0 X1 QA" Ly ®X2®/\q Ly — X1®/\p+1 L ®X2®/\q LoeX1® N\ Ly (’XV)X2®/\(I—~_1 Lo,
Hy g =hp ®Iq+kp ® gq-

Moreover, if we define k,,—; = 0 and k;_pl_l = 0, then we may define the corre-
sponding maps H,_1,, and Hp, ,—1, and an easy calculation shows that
(prl,q & Hp,qfl)dk + dk+al,q =1- kp ® k;'
Since Sp,4 is contained in Ker(dy),
di41(Hp,q(Sp,q)) + kp @ k;(sp,q> = Spq-

Thus, according to Proposition 16, the codimension of R(dj41) in Ker(dy) is finite.
The second statement of the theorem may be proved by a similar argument, using the
second part of Proposition 11. =

As in the last section, we consider two nilpotent systems of operators and prove a
variant of Theorem 17 for this case. In particular, in the commuting case we obtain an
extension of [14; 3.2].

THEOREM 18. Let X7 and X5 be two complex Banach spaces. Suppose that there is a
tensor product X1 @ Xy of X1 and Xy with respect to (X1, X)) and (Xa, X3). Let a =
(a1,...,an) and b = (by,...,by) be two tuples of operators, a; € L(X1), 1 <i <mn, and
b;j € L(X2), 1 < j < m, such that the vector subspaces generated by them, (a;)1<i<n and
(bj)1<j<m, are nilpotent Lie subalgebras of L(X1) and L(Xs) respectively. Consider the
(n+4m)-tuple of operators defined in X1 @ X, c = (a1 ®@1,...,a, @[, I@by,...,IQRby),
where I denotes the identity of Xo and Xi respectively. Then
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) | gopela) xosq®)U | 05p(a) X 05,4(b) C 0sx.(c)

p+q=k p+q=k
- Sp5 k, e U SPs \Ds e X SPs q U SPs p X Sp5,q, (b)
p+q=k p+q=k
) U gmpel@) xong®U | 0rp(a) X 0rge(b) C onpel)
ptq=k p+q=k
- Spﬂ' k, e U SPr Dy e >< SPr q U SPr p >< prr,q e(b)
pt+q=k pta=k

Proof. Adapt the argument in Theorem 15. m

7. Joint spectra of the multiplication representation

In this section we deal with an operator ideal in the sense of J. Eschmaier (see [14] or
below). These operator ideals are naturally a tensor product of two Banach spaces, and
since the multiplication representation may be seen as a tensor product representation,
we shall extend the results of Sections 5 and 6 to the multiplication representation. We
begin with the definition of an operator ideal in the sense of J. Eschmeier.

DEFINITION 7. An operator ideal J between Banach spaces X and X; is a linear sub-
space of L(Xaq, X7) equipped with a space norm « such that

() 21 @z € J and a(z1 @ 25) = ||z ]] - |22,

(ii) SAT € J and a(SAT) < ||S||a(A)||T|]
where 1 € X3, 25 € X5, A€ J, S € L(X1), T € L(X2), and 21 ® , is the usual rank
one operator Xo — Xy, o — (X9, 2h).

Examples of this kind of ideals are given in [14; 1].

We recall that such an operator ideal J is naturally a tensor product relative to
(X1, X1y and (X}, X5), with the bilinear mappings

X1 XXé%Ja (xlvx;)'_)xl ®x,27 ‘C(Xl) X[’(Xé)_)L(J)a (S7T/)'_>S®T/7

where S ® T'(A) = SAT.

Now, let L; and Ly be two complex solvable finite-dimensional Lie algebras, X; and
Xo two complex Banach spaces, and p;: L; — L(X;), i = 1,2, two representations of
Lie algebras. We consider the Lie algebra L3¥ and the adjoint representation oh: Lo? —
L(X}). Now, if L is the direct sum of Ly and L3”, L = Ly x LJP, then the multiplication
representation of L in J considered in [21; 3.6] is

E: L—>L(J), 5([1,12)(T) = Q1(11)T+TQ2(12).

According to [21; 3.6.10], ¢ is a representation of L in L(J), and when J is viewed as
a tensor product of X; and X} relative to (X, X1) and (X}, Xa), 0 coincides with the
representation

01 %05 L—L(X1®@X}), o1 x05(li,l2)=01(lh) @1+ 1® 05(l2).
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Moreover, by a similar argument to the one in Proposition 13, it is easy to prove
that the complex (X; @ A L1,d(01)) @ (X2 ® A\ L9, d(03)) is well defined, and that it is
isomorphic to the complex ((X; ® X5) ® A\ L,d(01 x 03)), which may be identified with
the complex (J ® A L, d(g)) when J is viewed as a tensor product of X7 and X} relative
to (X1, X7) and (X}, X5).

In the following theorems we describe the joint spectra of the representation p.

THEOREM 19. Let Ly and Ly be two complex solvable finite-dimensional Lie algebras, X,
and Xo two complex Banach spaces, and o;: L; — L(X;), i = 1,2, two representations of
Lie algebras. Suppose that there is an operator ideal J between Xo and X; in the sense
of Definition 7, and represent it as the tensor product of X1 and X} relative to (X1, X1)
and (X}, X5). Consider the multiplication representation 9: Ly x Lg® — L(J). Then

(D) U ospler) x (0mm—q(02) = h2) C 05(2)

p+q=Fk
- Spé,k(@ - U Sp&p(gl) X (Spﬂ',qu(Q2> - h2)’
p+q=k
(i) | onplor) x (05.m—q(02) = h2) € 07 1(2)
p+q=k

- Spﬂ‘,k‘(@ - U Spﬂ,p(‘gl) X (Spﬁ,qu(92) - h2)7
p+q=k
where ho is the character of Lo considered in Theorem 4.
In particular, if X1 and Xo are Hilbert spaces, the above inclusions are equalities.

Proof. We begin with the first statement.

We consider the complexes (X1 ® A L1,d(01)) and (X5 ® A L3P, d(05)). Since the
complex (J ® A L,d(p)) is isomorphic to (X; ® A L1,d(01)) ® (X5 & A LS, d(05)), we
work with the latter.

In addition, if we consider the differentiable spaces associated to the Koszul complexes
defined by the representations o; and o3, (X1,0;) and (X3, 05) respectively, since 9; €
L(X)) and 85 € L(X}), we may consider the tensor product (X7, 01)® (X5, 85) of (Xy,0;)
and (X}, 83) relative to (X1, X!) and (X}, X»), which has the boundary 8 = 8; ® I +n®85;
see [14] or Section 4. Moreover, (X;,0;) ® (X5,03) is the differentiable space associated
to the complex (X1 ® A L1,d(01)) ® (X5 ® A\ L3P, d(0})); see Section 4 or [14].

Now we consider o € 05,(01) and 8 € x m—q(02) —h2, p+q = k. Then, by the duality
property of the Stodkowski joint spectra, [5; 7] and [21; 2.11.4], 5 € 054(03). Now, if we
consider the Koszul complexes associated to the representations g1 —a: L1 — L(X7) and
05 — B: Lg® — L(X}), the differentiable spaces associated to them, (X1,9;) and (X, d5)
respectively, and the tensor product (X, 0;) ® (Xs,d3), then we may apply [14; 2.2], and
a similar argument to the one in Theorem 14 shows the leftmost inclusion.

The middle inclusion is clear.

For the rightmost inclusion, we adapt the corresponding argument in Theorem 14 to
the present situation.

We consider the complex (X3 ® A La,d(g2)). By the duality property of the Koszul
complex associated to g (see [5; 1] and [21; 2.4.5]), if 8 & sp, ,,_,(02) — h2, then § &
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Sps,q(03). In particular, if (o, 8) € U, 4=r SPsp(01) X (SPr m—q(02) — h2), then (o, B) ¢
Up-tq=k SPsp(01) X 8Ps 4(03).-

In addition, by the duality property of the Koszul complex of the representation oo
and by elementary properties of the adjoint of an operator, it is easy to prove that if
B & SPr.m_t(02) — ha, then there is a homotopy for the complex (X5 ® Ly®, d(05 — 3)),
(9s)o<s<t, which satisfies the preliminary facts recalled before Proposition 11. Besides,
if for each s = 0,...,¢ we think about each map g5 as a matrix of operators, then each
component of this matrix is an adjoint operator.

Now, according to the properties of the axiomatic tensor product introduced in [14],
if there is a tensor product Y ® X’ of a Banach space Y and X' relative to (Y,Y’) and
(X', X) then it is possible to prove similar results to those in Proposition 11. In particular,
it is possible to adapt the proof in Theorem 14 to the present case in order to prove the
rightmost inclusion.

The second statement may be proved by a similar argument. m

Now we describe the essential Stodkowski and essential split joint spectra of the
multiplication representation g.

THEOREM 20. Let Ly and Lo be two complex solvable finite-dimensional Lie algebras,
X1 and Xs two complex Banach spaces, and o0;: Ly — L(X), i = 1,2, two representations
of Lie algebras. Suppose that there is an operator ideal J between Xo and X, in the sense
of Definition 7, and represent it as the tensor product of X1 and X} relative to (X1, X])
and (X}, X5). Consider the multiplication representation 9: Ly X Lg® — L(J). Then

B) | ospelor) x (@rm—qlos) —h2) U | osp(01) X (0rm—gel02) = h2)
p+q=k p+q=k

C 05.k,0(0) € 5Ps k.0 (0)

- U Spé,p,e(gl) X (Spﬂ,m—q(QQ) - hZ) U U Spé,p(gl) X (Spﬂ',m—q,e(QQ) - hQ)’

p+q=k pt+q=k
(i) | onpel) X (05m—glo2) =ha)U | orp(01) X (05,m—g.e(02) = h2)
p+q=k pt+q=k

- Umk,e(@ c Sp&,k@(@

c U Spﬂ',p,e(gl) X (Spé,m—q(QQ) - hZ) U U Spﬂ,p(gl) X (Spé,m—q,e(QQ) - hQ)’
p+q=k p+q=k

where ho is the character of Lo considered in Theorem 4.
In particular, if X1 and X5 are Hilbert spaces, the above inclusions are equalities.

Proof. Adapt the proof of Theorem 17. m

As in Sections 5 and 6, we consider nilpotent systems of operators, and we obtain
variants of Theorems 19 and 20 for this case.

THEOREM 21. Let X1 and X5 be two complex Banach spaces, and a = (a1, ...,a,) and
b = (b1,...,bm) two tuples of operators, a; € L(X1), 1 < i < n, and b; € L(X>),
1 < j < 'm, such that the vector subspaces generated by them, (a;)1<i<n and (bj)1<j<m,
are nilpotent Lie subalgebras of L(X1) and L(X32) respectively. Consider an operator ideal



42 E. Boasso

J C L(X2,X1) in the sense of Definition 7, and the (n+m)-tuple of operators defined in
L(J), ¢ = (Lay,---+La,,Rby,---, Rp,, ), where if S € L(X1) and if T € L(Xz2), the maps
Ls,Rp: J — J are defined by

Ls(U)=SU, RpU)=UT.
Then

(i) | 05p(a) X 0rm—q(b) S osx(c) Csps5(c) C | Ds5p(a) X 5D g (D),
pt+q=k p+q=k

(ii) U Orp(@) X O5,m—q(b) € o k(c) S 5Py i( U SPr (@) X 8D, g (D)-
p+q=k p+q=k

Proof. As in Theorem 15, we consider the Lie algebras L1 = (a;)1<i<n and Lo =
(bj)1<j<m., the representations of the above algebras defined by inclusion, i.e., t1: L1 —
L(X;) and p: Ly — L(X5), and the representation ¢ = 11 x t§: L1 x L — L(X; ® X3).
Then, if J is viewed as a tensor product of X; and X relative to (X, X|) and (X}, X5),
¢ coincides with the representation g: Ly x Lo¥ — L(J), o(A, B)(T) = AT + TB.

Now, the argument in Theorem 15 may be adapted to the present situation using
Proposition 10 and Theorem 19 instead of Theorem 14. m

THEOREM 22. Under the assumptions of Theorem 21,
U s,pe(@) X Onm—q(b) U U 05,p(@) X O m—qe(b) S Oske(c)

pt+a=k pt+q=k
c sp5 k, e U SPs Dy e X Spﬂ' m— q U SPs p X Spﬂ' m—q,e (b)
pt+q=k p+q=k
U O pe(@) X 06,m—q(b) U U Orp(a) X O5,m—qe(b) C O kelc)
pt+q=k pt+q=k
Cbpﬂke U bp7'r;oe Xspém q U bp7-rp Xbpém qe(b)
pt+q=k p+q=k

Proof. Adapt the argument in Theorem 18, using Proposition 10 and Theorem 20 instead
of Theorem 17. m

We observe that similar remarks to the ones in Sections 5 and 6 may be made for
the theorems in this section. In particular, Theorems 19 and 21 are extensions of [21;
3.6.10] and [21; 3.7.4] respectively for the tensor product introduced in [14]. In addition,
Theorems 20 and 22 extend [14; 3.1] and [14; 3.2] respectively for the essential joint
spectra.

8. Applications

In this section we apply the results that we obtained in Sections 5-7 to particular repre-
sentations of nilpotent Lie algebras.

‘We consider two complex Banach spaces X7 and X5, a complex nilpotent finite-dimen-
sional Lie algebra L, and two representations of L, p1: L — L(X7) and g9: L — L(X3).
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We suppose that there is a tensor product X; ® Xo of X; and X, relative to (X1, X})
and (Xo, X4). Thus, we may consider the tensor product representation

0=01x0: LxL—-LX1®Xs), 0=010I+1® .
Now we consider the diagonal map
A:L—LxL, AQl)={(@1),
and we identify L with A(L). In addition, we may consider the representation
0=00AL—-LX,®Xs), 00)=01()®I+1I® oa(l).

In the following theorem we describe the Stodkowski, split, essential Stodkowski and
essential split joint spectra of the representation 6.

THEOREM 23. Let L be a complex nilpotent finite-dimensional Lie algebra, X1 and X,
two complex Banach spaces, and ¢;: L — L(X;), ¢ = 1,2, two representations of L.
Suppose that there is a tensor product X; @ Xy of X1 and X relative to (X1, X1) and
(X5, X5). Consider the representation 0: L — L(X; ® X3). Then

() | (oaplor) +0s4(02)) S o5x(0) Csps(0) S | (sps,(01) +5D5,4(02)),
ptq=k pt+q=k

(H) U (Uﬂ,P(Ql) + Jﬂ7q(92)) - 0—7"71@(9) - Spﬂ',k(a) - U (Spﬂ,p(gl) + Spﬂ,q(QQ))a
ptq=k pt+q=k

(i) |J (o5pe(01) +054(02))U | (05p(01) + 500(02) C 051.0(0)
p+a=k p+a=k

- Sp5,k7e(9) - U (Spé,p,e(gl) + szs,q(QQ)) U U (Sp&p(gl) + Spé,q,e(QQ))7
pt+a=k pt+a=k

(iv) U (0rpe(01) + 0rg(02)) U U (0rp(01) + 0r,g.e(02)) C Orpe(6)
ptq=Fk ptq=Fk

- Spﬂ,k,e(e) - U (Spﬂ,p,e(gl) + sp‘n-,q(QQ)) U U (Spﬂ,p(gl) + Spﬂ,q,e(QQ))'
p+q=k p+q=Fk
In particular, if X1 and X5 are Hilbert spaces, the above inclusions are equalities.

Proof. In order to prove the first statement we recall that according to Theorem 14 we
have

U osn(e1) x osq(02) C 0s(0) S sps(0) © | spsp(01) X 8D54(02)-
ptq=k ptq=k
Now, the map A: L — L x L is an identification between L and A(L), which is a

subalgebra of the nilpotent Lie algebra L x L. Then, if we consider the representation
olA(L): A(L) — L(X1®X3), since § = o|A(L) o A, according to Proposition 10 we have

o51(0) = o51(0]A(L)) 0 A = {a o A: o€ o5(0|A(L))},

and

sPsi(0) = sps (0] A(L)) 0 A = {a o A: o € sps (0| A(L))}-

In addition, since A(L) is a subalgebra of the nilpotent Lie algebra L x L, by the
projection property for the Stodkowski and split joint spectra, [21; 2.11.5], [21; 3.1.5] and
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Theorem 1, we have

m(osk(0) = osk(0|A(L)),  7(spsy(0)) = sps k(0] A(L)),

where 7: (L x L)* — A(L)* denotes the restrictiton map.

Now, it is easy to prove that

(U osslen) xosale) 0 A= | (0sp(er) +sq(e2)),

p+q=k ptg=k

and that

ﬂ( U spsplon) x Spé,q(92)) 0o A= |J (spsp(01) +sp54(02)):
p+a=k p+q=k
Thus, we proved the first part of the theorem.

The other statements may be proved by similar arguments, using for (ii) Theorem 14
and the projection property for the Stodkowski and split joint spectra, and for (iii) and
(iv) Theorem 17 and the projection property for the essential Stodkowski and essential
split joint spectra, Theorems 2, 5 and 9. =

Now we consider two complex Banach spaces X; and X5, an operator ideal between
Xo and X7 in the sense of [14], a complex nilpotent Lie algebra L, two representations
of L, p1: L — L(X1) and go: L — L(X3), and the representation of L°P, v = —po: L°P —
L(X5). As in Section 7, we may consider the multiplication representation

0 Lx L—1L(J), olli,)(T) = 01(l1)T — Toa(l2).
As above, we may consider the representation
0=go0A: L—L(J).

In the following theorem we describe the Slod}owski, split, essential Stodkowski and
essential split joint spectra of the representation 6: L — L(J).

THEOREM 24. Let L be a complex nilpotent finite-dimensional Lie algebra, X1 and Xo
two complex Banach spaces, and o;: L — L(X;), i = 1,2, two representations of the Lie
algebra L. Suppose that there is an operator ideal J between Xo and X; in the sense of
Definition 7. Consider the representation 0: L — L(.J). Then

(i) U (05,p(01) = Orm—ql02) + h2) C 057k(§) < Spé,k(g)

ptq=k
g U (szi,p(gl) - Spﬂ',qu(Q2> + h2)’
p+q=k
(i) U (0r,p(01) = Ts,m—ql02) + h2) C Uﬂ,k(g) < Spw,k(g)
pt+q=k

- U (8Prp(01) = SDg m—q(02) + h2),
p+q=k
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(i) J (@spel@) = onm—qle2) +h2) U |J (055(01) = orim—qee(e2) + h2)
p+q=k p+q=k

C 05ke(0) € sps g o(0)

- U (szs,;me(Ql) - Spmqu(g2) + h2> U U (Sp&p(Ql) - Sp‘n’,qu,e(g2) + h2)7

pta=Fk ptq=Fk
(iv) U (0rpelor) = 05m—q(02) + h2) U U (0rp(01) = Os,m—g.e(02) + h2)
ptq=k p+q=k

- Uw,k,e(e) - Spé,k,e(e)

- U (Spﬂ',p,e(gl) - spé,m—q(Q?) + h2) U U (spﬂ',p(gl) - spé,m—q,e(QQ) + h2)7
p+a=k pta=k
where ho is the character of Lo considered in Theorem 4.
In particular, if X1 and Xo are Hilbert spaces, the above inclusions are equalities.

Proof. The theorem may be proved by a similar argument to the one in Theorem 23,
using Theorems 19 and 20 instead of Theorems 14 and 17. =

Finally, Theorems 23 and 24 provide an extension of two of the main results in [21;
3.8] for the tensor product introduced in [14].
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