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Introduction. The concept of a Hilbert module (over an H*-algebra) arises as a
generalization of that of a complex Hilbert space when the complex field is replaced by an
(associative) H*-algebra with zero annihilator. P. P. Saworotnow [13] introduced Hilbert
modules and extended to its context some classical theorems from the theory of Hilbert
spaces, J. F. Smith [17] gave a complete structure theory for Hilbert modules, and G. R.
Giellis [9] obtained a nice characteristization of Hilbert modules.

Nevertheless, as far as we know, the fundamental concept of an orthonormal basis
for Hilbert spaces has not been extended until now to Hilbert modules, a fact which has
obstructed the development of a theory of operators of Hilbert-Schmidt type on a Hilbert
module. Such a theory, which actually we develop in Section 3 of this paper, has become a
crucial tool in the study of structurable H*-algebras begun by the authors [6]. See [4]. The
reason is that a large class of structurable H*-algebras can be built from particular types
of Hilbert modules, and structurable H*-algebras obtained in this way are of capital
importance in the general theory, because every topologically simple structurable
H*-algebra that is not of this form is either associative, Jordan, or finite-dimensional (see
[6, Theorem 1.3} and [4, 1.11.2]). Then a large part of the proof of the main results in [4]
(asserting that all topologically simple Lie H*-algebras can be constructed from
topologically simple structurable H*-algebras by means of an infinite-dimensional
extension of the finite-dimensional Allison-Kantor-Koecher-Tits construction [1]) relies
on the theory of Hilbert-Schmidt type operators on Hilbert modules developed in this
paper. The reader is referred to [5] for more information about the relation between
Hilbert modules and structurable H*-algebras.

The key idea in our work is the appropriate concept we give of an orthonormal
system and an orthonormal basis in a Hilbert module (Definition 1.2), which is in
agreement with the familiar one for Hilbert spaces thanks to the simple observation that
the unit of C is the only minimal idempotent in C. Our approach (which is inspired by
[12], where Hilbert modules over finite-dimensional C*-algebras were studied) follows
then with minor variants the classical arguments in the case of Hilbert spaces. Thus we
prove (Theorem 1.6) that an orthonormal system in a Hilbert module is an orthonormal
basis if and only if either “Parseval’s identity” or “‘Fourier expansion” are verified. We
prove (Corollary 1.10) the existence of orthonormal bases for a given Hilbert module and
also that all the orthonormal bases have the same cardinal (Proposition 1.11). The
existence of orthonormal bases allows us to provide an easy proof of the structure
theorems by J. F. Smith (Section 2). Finally, as we have already commented, Hilbert-
Schmidt type operators on Hilbert modules are introduced and studied (Section 3).

1. Orthonormal bases in Hilbert modules. We recall that an H*-algebra is a
complex algebra & with a conjugate-linear mapping e—e* from & to &, called the
H*-algebra involution of %, and a complete inner product (.|.) satisfying e**=e,
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(ef)* =f*e* and (ef |g) = (e | gf*) = (f | e*g) for all e, f, g in &. Note that the product of
any H*-algebra € is continuous [7, Proposition 2 (i)], so (by muitiplying the inner product
by a suitable positive number if necessary) € is a (complete) normed algebra in the usual
sense of the word, a fact that will be assumed in what follows.

Given a (complex associative) H*-algebra & with zero annihilator, the frace-class
7(%) of € is defined as the set {ef :e,f € &}, and it is known ([15] and [14]) that 7(%) is an
ideal of & which is a Banach *-algebra under a suitable norm 7(.) related to the given
norm on & by |e|>=1(e*e) for all e in € There exists a canonical continuous
commutative linear form on 7(&) (called the trace of € and denoted by tr) related with
the inner product of € by tr(ef) = (e | f*) for all e, fin €. The reader is referred to [13],
(14}, and [15] for these and other interesting results about the trace class of an H*-algebra
with zero annihilator.

Following [3, Definition 9.11], a left module over an associative complex algebra & is
a complex vector space W together with a bilinear mapping (e, w)— e o w from EX W to
W satisfying e o (f ow) = (ef) e w for all e, fin &€ and w in W. The original definition of
Hilbert modules by P. P. Saworotnow [13, Definition 1], with some remarks in [13] and
[17], can be formulated as follows.

DeriniTioN 1.1. A Hilbert €-module is a left module W over an H*-algebra & with
zero annihilator, provided with a mapping

[ | W XW-— 1(%) (the 7(%)-valued product)

satisfying, for all w), wy, w, in W, e in & and A in C, the following properties.
(1) [Aw; [wo] = A[w; | wy)
(1) [wi+wilw)]=[wi|wy] +[w]|wo]
(iii) [e o wy | wo) = e[w; | w,].
(iv) [wi|w,]* = [w, | wi]
(v) For each nonzero w in W there is a nonzero fin € such that {w | w] = f*f.
(vi) Wis a Hilbert space under the inner product (w; | wy):= tr([w; | wy)).

REMARK 1. As an immediate consequence of the above definition and the previous
comments we obtain

[w? = tr([w | w]) = ©({w | w]) for all w in W.
Also from [15, Corollary 3] and [13, Theorem 2] we have
[[w1 [ walll < 7([w1 [ wa]) = [w ]| wall, for all wy, w, in W.

Finally |le e w] < |le| |w]l for all e in & and w in W [13, Lemma 1]. In what follows we
shall use these facts without further comment.

DeriniTiON 1.2. Let W be a Hilbert €-module. An element u in W is said to be a
basic element if e:=[u|u] is a (selfadjoint) minimal idempotent in & (that is, e is a
nonzero idempotent in & such that e&e = Ce). We define an orthonormal system in W as a
family of basic elements {u,},c4 satisfying [, |u,]=0 for all A, u in A with A # u. We
say that {u,},., is an orthonormal basis in W if it is an orthonormal system generating a
dense submodule of W. If N is a subset of a Hilbert module W, we define

N:={w e W:[w|u]=0 for every u e N}.
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Clearly N1 is a closed submodule of W. It is known [13, Lemma 3] that, if N is a
submodule of W, then Nt*l= N*, the orthogonal complement of N in W regarded as a
Hilbert space.

Lemma 1.3. Let W be a Hilbert é-module and let u in W be such that e:=[u|u] is an
idempotent in € Then '

wiul=[wlule forallwin W.

Proof. Clearly M:={w e W:[w|u]=[w|ule} is a closed submodule of W and u lies
in M, so that, if N denotes the closed submodule generated by u, then N = M. On the
other hand, if w is in NI*], then w is also in {u}*, so 0= [w | u] = [w | u]e, and so w lies in
M. Now we have W = N + NI*Jc M. Therefore M =W. W

CoroLLARY 1.4, If {u,},c A is an orthonormal system in a Hilbert module W and if ] is
a finite subset of A, then

W= 3 b tdemiw =3 v lwlow | =wiwl= S b luiw e

reld Ael Aed

forallwin W,

Proof. This is clear from axioms (iii) and (iv) in Definition 1.1, using the above
lemma. B

In the next proposition we study in detail the submodule generated by a basic
element in a Hilbert module. We note that every H*-algebra & with zero annihilator,
regarded as a left module over &, has a natural structure of Hilbert €-module by defining
the 7(%)-valued product as [e | f]:=ef*, for all e, fin &. This structure is inherited by the
closed left ideals of €. Module isomorphisms between Hilbert €-modules which preserve
the 7(%)-valued product are called Hilbert module isomorphisms.

ProrosiTioN 1.5. Let W be a Hilbert é-module, let u be a basic element in W, and let
M denote the submodule of W generated by u. Then M is closed in W, the mapping
w— [w | u] o u is the orthogonal projection from W onto M, and the mapping m — [m | u]
is a Hilbert module isomorphism from M onto €e, where e:=[u |u]. As a consequence, M
is an irreducible &€-module.

Proof. For any w in W, Lemma 1.3 gives [w —[w |uJou|u]=0,s0 w—[w|u]ou
lies in M!*] This fact, together with the identity w = [w |u]ou + (w — [w | u] ° u), shows
that w— [w |u] o u is the orthogonal projection from W onto M. As a consequence, we
have Mc%oucM, and so M is closed in W. On the other hand, the mapping
w—f(w):=[w|u] from W into & (see again Lemma 1.3) is a non-zero module
homomorphism such that Ker(f) = {u}(*1 = M!*], Therefore f |4 : M — %e is a one to one
module homomorphism. Moreover, by [3, Proposition 30.6], &e is a minimal left ideal of
&, and hence an irreducible left €-module. Therefore actually f |, maps M onto &e.
Finally, from the equality [m |u]cu=m for m in M, it follows that f |, is a Hilbert
module isomorphism. W

The following theorem provides a very useful characterization of orthonormal bases
in Hilbert modules.
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THEOREM 1.6. Let {u,},.a be an orthonormal system in a Hilbert module W. Then the
following statements are equivalent.

(1) For all wy, wy in W the family {{w, | u,][w2|ur]*}rca is summable in the Banach
space (1(%), 1(.)), with sum equal to [w, | w,].

(i) For every w in W, we have [w|w]= 2 [w|u,][w|u,]* (Parseval’s identity) in
the Banach space (1(%), 1(.)). Aed

(iti) For every w in W, we have w = /\EA [wlu,] e u, (Fourier expansion).

(iv) {ur}rca is an orthonormal basis in W.

Proof. Clearly (i) implies (ii). Denote by & the family of all finite subsets of A. By
Corollary 1.4,

2=1<|:w—2[wlu,\]°u,\|w—z [wlu,\]°u,\])

Aet reld

R PR

Aeld
- T<[w.l MEDIIPNIPAY

for each J in &. Therefore (ii) is true if and only if (iii) is true. If w= 3 [w{u,]ou,,
AeA

then w is a point limit of elements in the &-submodule generated by {u,:A € A}.
Therefore (iii) implies (iv). Now, let us assume that condition (iv) holds. Since by

Proposition 1.5 the submodule generated by {u,:A € A} is { SeccuJe%e e Eg}, we
Aed

have that, for every w in W and £>0, there exist J, in & and e, in (A € Jy) such that

0w — X eycu,|<e Then, for each J in & with J,<J, as in the proof of Proposition

Aedy
1.5, we have that > [w|u,] e u, is the orthogonal projection from w onto the submodule
Aed

generated by {u,:A e J} which is closed and contains 2 e, °u,, so by the orthogonal
projection theorem for W regarded as a Hilbert space *<”

<e&

SHw- > e ou,

o= S il ou
red Aeldy

Thus condition (iii) is verified. Finally, (i) follows from (ii) by the polarization law. W
REMARK 2. Parseval’s identity leads to the equality ¥ |j[w |u,]|I>= ||w|* Indeed,
AeA
S v 1= S ()l 1009 = (S b wllw 1) =l L)) = 2
AeA AeA AeA

Our next objective is to prove the existence of orthonormal bases.

ProrosiTioN 1.7. Let W be a nonzero submodule of a Hilbert é-module. Then there
exist basic elements in W.

Proof. First we note that, if w is a nonzero element in W, then there exists a
selfadjoint minimal idempotent e in & such that e e w # 0. Otherwise, e e w =0 for every
selfadjoint minimal idempotent e in &€ and so €eow=0; hence €ow =0 (see [3,
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Theorems 34.1 and 34.16]). Now axiom (iii) in Definition 1.1 gives [w |w]=0, which
contradicts axiom (v) in the same definition. Let w e W\{0} and let e be a selfadjoint
minimal idempotent in & satisfying e cw #0. Then O#[ecw|e°w]=e[w |w]e = ae for
some positive number a. Finally u:=a~"?¢ o w is a basic element which lies in W. B

From the above proposition and Proposition 1.5 we obtain the following resulit.

CoroLLARY 1.8. Every irreducible submodule of a Hilbert module is generated by a
basic element; hence it is closed.

THEOREM 1.9, Let § be a subset of a Hilbert module W. Then the following assertions
are equivalent:

(1) S is an orthonormal basis,

(i1) S is a maximal orthonormal system.

Proof. Clearly (i) implies (ii). Let us assume that condition (ii) holds, and let M be
the closed submodule generated by S. If M # W, then 0# M!*1. Therefore, by Proposition
1.7, there exists a basic element u in M%), Obviously S U {u} is an orthonormal system
strictly containing S, which is a contradiction. M

Proposition 1.7, Theorem 1.9, and Zorn’s lemma lead to the following corollary.
CoroLLary 1.10. Every nonzero Hilbert module has an orthonormal basis.

We conclude this section by showing that all the orthonormal bases in a Hilbert
module W have the same cardinal number, which will be called the hilbertian dimension
of W over €.

ProrosiTioN 1.11. Let {u,}ica and {v,}u.cm be two orthonormal bases in a Hilbert
&module W. Then card(A) = card(M).

Proof. Assume that card(A) and card(M) are infinite. For fixed A in A, Parseval’s
identity gives [u,|u\]= 2 [urlvu]lualv.]*. Hence MQA):={u e M:[u,|v,]#0}
peM

is a non empty countable subset of M ([8, Corollary 9.9, p. 220]). Since clearly
M= U M(A), we have

AeA

card(M)= D, card(M(A)) < y, card(A) = card(A).
AeA
By symmetry we actually have card(A) = card(M). Now assume card(M) = card(A) = n,
for a suitable finite number n, so that we may assume A={1,...,n}. By Fourier

n
expansion we can write W = @ &ou;. If card(M)>n and we choose v,,. .., v, different

i=1
elements in {v,} .y, then N= é €eov; is a proper submodule in W. Since, by
i=1
Proposition 1.5, each &ou; is an irreducible submodule of W, we are in a position to
apply Theorem 1 of [10, p. 61]. Therefore there is a non empty subset J in {1,. .., s} such
that
W=Ne(®gou)-(8 €ov)®(® ou)
i=1

iel iel
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Now Theorem 3 in [10, p. 62] gives n = card(A) = n + card(/), a contradiction. W

2. The structure of Hilbert modules. In this section we will show how the structure
theorems for Hilbert modules proved in [17] can be easily derived from our previous
results on orthonormal bases.

The following two definitions provide precise methods of construction of Hilbert
modules.

DerinimioN 2.1. Let {W};., be a family of Hilbert €-modules and let W be the vector
space

Wim{n) e [T WS Iwit? <+
iel iel

For each ¢ in € and {w} in W the element {e°w;} lies in W; so by defining

eo{w;}:={e°w;] for all {w;}in W and e in &€ W becomes a left module over &. Since for

{w;} in W the family {[w; | w;]};/ is absolutely summable for the norm 7(.), the polarization

formula gives us that the family {[w; | w;]};.; is summable, whenever {w;}, {w;} are in W.

Therefore, by defining [{w;} | {w/}]:= _El [wi| wi], it is straightforward to verify that Wis a

Hilbert €-module called the /*-sum of the given family of Hilbert modules, and denoted
2
by © W.

iel
Given a family {&},.; of H*-algebras with zero annihilator, using that the involution
of each &, is isometric [7; Proposition 2(ix)], we can define pointwise a canonical structure

2
of H*-algebra in the Hilbert space @ &,
iel

DeriniTION 2.2, Let {€});., be a family of H*-algebras, {W;};.; be a family of Hilbert
€,-modules and let W denote the vector space

Wi {ind e [TW: 3 i< +ee}.
iel iel
[2
For each {¢;} in © & and {w;} in W, {e,ow;} is in W, so {e;} o {w;}:={e; o w;} defines a
iel
12

@ &-module multiplication in W. If {w;} is in W and if for i in I we write [w; | w;] = e;ef

iel

12
for a suitable e; in &, then I |¢;|?=2X |w;]|*< +, so that {¢;} lies in @ & and
iel

n
{[w; | wi]} = {e;He:}* belongs to T( EBI %’,) In this way W becomes a Hilbert module over

I 2
® % under the r(@ E%)-valued product defined by [{w}|{w}]:={[w;|w/]}. This

iel iel
Hilbert module will be called the mixed product of the family {W;};., and will be denoted
by X W,

iel

To have a satisfactory structure theory for Hilbert modules, we recall [17] that it is
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enough to consider faithful Hilbert modules. If H is a complex Hilbert space and x, y are
in H, then the operator x®y defined by (x®y)(z)=(z|y)z for all z in H is in
T(HF(H)), where #F(H) denotes the H*-algebra of all Hilbert-Schmidt operators on H.
Every complex Hilbert space H can be regarded as a Hilbert module over ¥ (H), if the
module operation is defined by the action of the operator on the vector, and the
T(HSF(H))-valued product is defined by [x | y]:=x®y for all x,y in H. We also recall that
an H*-algebra % is called topologically simple if €+ 0 and zero and € are the only closed
ideals of &. Clearly every topologically simple H*-algebra has zero annihilator. The
following theorem collects Smith’s structure theorems for Hilbert modules [17, Theorem
2.10 and 3.1].

THEOREM 2.3 Let W be a faithful Hilbert é-module.

(1) If {&}ic; is the family of all minimal closed ideals of ‘&, then there exists a suitable
family {W},.,, where, for each i in I, W, is a faithful Hilbert module over the topologically
simple H*-algebra &, such that W equals the mixed product of the family {W};,.

() If € is actually topologically simple, then there is a complex Hilbert space H such
that €= %Y (H) and W is the I>-sum of a suitable family of copies of H regarded as a
Hilbert #5(H)-module.

Proof. As in the case of Hilbert spaces, using Lemma 1.3, Remark 2 and Parseval’s
identity, if we take an orthonormal basis {#,}, . in W and we write e,:= [u, | u,], then the
mapping w — {[w | 4,]} is a Hilbert module isomorphism from W onto the />-sum of the
family of Hilbert €-modules {%e,}, .. In this way it is enough to assume that W equals
the />-sum of a suitable family of Hilbert €-modules of the form {&e,},., where the e,’s
are selfadjoint minimal idempotents in &.

(i) Clearly, using [3, Theorem 34.13], for each A in A, there is a unique 7 in / such that
e, belongs to & and since W is a faithful module, for each i in / there exists a A in A such
that e, lies in &, Therefore, defining A;:={A € A:e, € &}, for i in I, the family {A;:i e I}
is a partition of A. Now, if W, denotes the /*sum of the family of faithful Hilbert
&-modules {&e,}rca, it is not difficult to see that, up to the natural identification

12
€= @I &, W equals X W.

(ii) By Ambrose’s theorem [2, Theorem 4.3] €= #%(H), for a suitable complex
Hilbert space H, so that for A in A we have ¢, = x, ®x, for a suitable norm-one element
X, in H. Now the mapping x — x ®x, is a Hilbert module isomorphism from H (regarded
as a Hilbert module over #¥(H)) onto %e,. N

3. The Hilbert-Schmidt class. The aim of this section is to develop a basic theory of
Hilbert-Schmidt operators on Hilbert modules that extends the classical one ([16], [11])
for Hilbert spaces.

If Wis a Hilbert €-module we recall that a linear operator F:W — W, with the
property F(e cw)=e o F(w) for all win W and e in & is called an &-linear operator on W.
The set of all bounded &-linear operators will be denoted by BLg(W). It is known (13,
Theorem 4 and Corollary] that for each F in BLg(W), its adjoint operator F* lies in
BL W) and satisfies

[F(w1) | wa] = [wy | F*(w,)].
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Lemma 3.1. Let {u by cn and {v,},. < » be two orthonormal bases in a Hilbert €-module
W. Then, for F in BL(W), the families

{”F(uA)HZ}AEA’ {II[F(uA) | U;L]HZ}AGA,;LeMa and {“F*(v,u.)uz};l.eM

are simultaneously summable or not. Whenever they are summable, their sum is the same,
independent of {u\}rca and {v,}, em

Proof. Using Parseval’s equality and the commutativity of the trace we obtain
2 IF )= 2 tr((F () [ Fua)) =2 tr(E [Fea) 1P @) [0,)7)
= 2 2 r(F ) [0 [va]) = 2 [1F02) 10,17

=2 2 tr(lun | F¥u)]lun | F*(0,)]%) = 2 IF*(w, )%

It follows that each of the sums written above is equal to the others (possibly equal to
+0o). Furthermore choosing both orthonormal bases equal to {v,},.» we have
S Fw)?=2 |F*,)|% Therefore I ||F(u,)|>=X [F(v,)|> Hence the common
M mn A H

value of the sums is independent of the choice of {u,},cx and (v}, cn. W

DeriniTiON 3.2, Those operators F in BLg(W) for which the common sum of the
above families is finite will be called Hilbert-Schmidt operators, and, for such an F, o(F)
will denote the only nonnegative real number with square equal to the above common
sum. The class of all F’s as above will be denoted by HFLW).

THEOREM 3.3. Let W be a Hilbert €-module.
(i) HSLLW) is a selfadjoint ideal of BL{W) and, for F in XF(W) and G in
BL (W), we have

o(F)=o(F*), |Fll=so(F), o(FG)=o(F)|Gl, and o(GF)=|G| o(F).

(it) For every F,G in H%«W) and for any orthonormal basis {u,}rca in W, the
family {(F(u,)| G(u)}rea is summable in C with sum independent of the chosen
orthonormal basis, and (F | G):= X (F(u,)| G(u,)) defines an inner product in HSF«(W)

AeA

whose associated norm is o(.). With this inner product and under the involution *, X%(W)
becomes an H*-algebra with zero annihilator.

Proof. From Lemma 3.1, the equality o(F)=o(F*) is clear. If {u,},ca IS an
orthonormal basis in W, then, by Fourier expansion and Remark 2, we have

1RO = [F( S o) o)) =] S 0ot e Fa| = 2 1w 1t 171
=((2 1o 1wl?)( 3 1P @) = i o
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so that ||F|j <o (F). Now that the above inequality has been proved, the remaining
assertions in the proposition follow as in the classical case of Hilbert spaces [16]. (Note
that HSW), as any selfadjoint subalgebra of a C*-algebra has zero annihilator). B

For every w;, w, in W, we denote by w Ow, the operator on W given by
(W Ow,)(w):=[w |wy] ew, for all win W.

THEOREM 3.4. Let W be a Hilbert €-module.

(i) wiOw, lies in HSF(W), for all wy, wy in W.

(1)) (W, Ow, [ w3sOwy) = tr([ws | wa][w; | wi]), for all wy, wy, wy, wy in W.
(i11) The linear span of {w,Ow.:w;, w, € W} is a dense ideal of HF(W).

Proof. Using Remark 2, (i) is readily verified. By Parseval’s equality and the
commutativity of the trace form, we have

(w1 Owy | w3 0wy = 2 (W1 Owy(u,) | w3 Owy(uy)) = 2 tr([[u, | wa] o wy | {1y | wa) © ws])

,\EA tr([un [ wa][wr | ws]{ua | wa]*) = 2 tr([wa | wa][w2 | ua]*[w1 | ws])
<t 3 Dol Jows s ) =t ] ).

Thus the statement (ii) is verified. Since F(w,0w,)= F(w,)Ow, and (w,0Ow,)F =
w0 F*(w,) for all Fin % (W) and wy, w, in W, it follows that Lin{w, Ow,:w), w, e W}
is an ideal in HF(W). If {u,}, .4 is an orthonormal basis in W, if F is in #%(W), and if
for each finite subset J of A we write

= 2 F(u,)0Ou,,
rel
then F; lies in Lin{w, Ow,:wy, wy € W}. Moreover, by Proposition 1.5, F;(u,) = F(u,) if A
is in J and clearly F(u,)=0 otherwise. Therefore (o(F — F))* = 2 I(F — F))? =
2 | F(,)||%, which concludes the proof. B

Desplte what the reader might think, the closed submodule generated by an element
in a Hilbert €-module W may have infinite hilbertian dimension over €. Even the
operators of the form w, 0w, for wy, w, in W, may have “infinite range over €’ as shown
by the following example. In any case, by Fourier expansions, both dimensions must be at
most countable.

ExampLE. Let H be the separable infinite dimensional complex Hilbert space and
{x,,:m € N} an orthonormal basis in H; let W denote the Hilbert #%(H)-module />-sum
of a countably infinite family of copies of H regarded as a Hilbert module over #¥%(H),
and consider the element w = {n"'x,},.n in W. Then, for every {y,},.n in W, we have
(wOW){Yubnen) = {77 2Yulnens so that quasi-null sequences are in the range of ww. As
a consequence, the closure of the range of ww equals W. Since the range of wOw is
contained in the submodule of W generated by w, it follows that the closed submodule
generated by w also equals W.
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