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Abstract

The purpose of these notes is to develop the basic theory and examples of Hilbert C*-Bimodules. A
reader of these notes should be familar with the basics of C*-algebra theory mainly pertaining to the
notion of a positive operator. All inner products in these notes will be linear in the second variable.

This document is for educational purposes and should not be referenced. Please contact the author
of this document if you need aid in finding the correct reference. Comments, corrections, and recom-
mendations on these notes are always appreciated and may be e-mailed to the author (see his website
for contact info).

We all know how important Hilbert spaces are. The question is ”Can we find something more general
that Hilbert spaces that have a rich structure?” The first step in this process would be to generalize the
inner product. Upon looking at the theory of Hilbert space, we see that most of the basic property of an
inner product is that it maps into C where there is a notion of positivity and we can take adjoints. Thus it
makes sense to allow inner products to take on values in a C*-algebra.

We begin with a few definitions. For these notes all inner products will be linear in the second component.
Definition Let X be a vector space and B a C*-algebra. A B-valued positive sesquilinear form on X
isamap (+,-): X x X — 9B such that (-,-) is linear in the second component, conjugate linear in the first

component, and (z,x) > 0 for all x € X.

Remarks If (-,-) is a B-valued positive sesquilinear form on X, then (z,y)* = (y,z) for all z,y € X. To
see this, we notice since (-, - ) is sesquilinear
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Definition Let X be a vector space, B a C*-algebra and let (-,-) be a $B-valued positive sesquilinear
form on X. We call (-,-) a B-valued inner product on X if z € X and (z,z) = 0 implies = 0.

Example If X = 9B is a C*-algebra, we can define (-,-) : B x B — B by (A,B) = A*B or by



(A,B) = BA*. It is easy to see that these are B-valued inner products. Moreover we notice that
(A, A)|l g = | A" Al = HAHQ% Therefore [|All = 1/[[(A, A)[|gs. Our next question is whether the quantity
on the right is always a norm.

Example Let B be a C*-algebra and let X = B" be the set of all n-tuples with entries from 5. We
define (-,-) : X x X — B by ((A1,A4s,...,A,),(B1,Bs,...,By,)) = Y1, AfB;. It is easy to see that this
is a B-inner product. This generalizes (C", || - ||,) to C*-algebras.

Example Let B be a C*-algebra and I an index set. Let X = {(Bj)icr | D_;c; B; B converges in B}
where (B;);cs denotes a collection index by I. Define (-,-) : X x X — B by ((Ai)ier, (Bi)ier) = D1 Ai B
It is not clear that (-,-) is well-defined. To see (-,-) is well-defined, we can assume that B C B(H) for
some Hilbert space H by the GNS construction. Let (A;);cr, (Bi)ier € X be arbitrary. We recall that if
P,Q,A € B(H) are such that

[ P A ] >0

A*Q
then |(n, A€)| < [(n, Pn)|z|(€,Q€)|= for all £,1 € H. However, we notice that
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|: ZieIA*A Zzef ] >0
EiEJB A Eze]

SO

<£,ZBzBi§>
e

2

Stazall I35 BiBs| liel Il

jeJ B jeJ %

<n, ZA;*BZ-§>‘ < <mZAZ‘Am>

icJ ieJ

IN

jed . Thus, if we

for all £,m € H and J C I finite. Therefore HZieJA*B H% HZJEJA*
order all finite subsets J of I by inclusion, (3, A7 i)Jg
Since B is complete, this sum converges so ) ,.; A;B; € B is well-defined. Moreover, by taking limits
||Zi€[ A;‘BZ—H% < HZieI A;‘AZ—H% ||Zi€[ B;‘BiH%. It is now easy to verify that this is a 9B-inner product.
This generalizes the concept of £2(I) to C*-algebras.

becomes a Cauchy net by the above inequality.

Example Let 8 = C[0,1] (the continuous functions on [O 1] with the supremum norm) and let X =

C([0,1]?). Define (-,-): X x X — B by (f,9) fo g(x,y)dy for all z € [0,1] and f,g € X. Tt is
easy to verify that (f,g) € B for all f,g e X and that (-, > is a C[0, 1]-valued inner product.

Remarks Given a B-valued inner product on a vector space X, we would like to give X a norm. In
order to see that the canonical way of defining a norm on X is in fact a norm, we need the following lemma.

Lemma Let X be a vector space, B a C*-algebra, and (-,-) a positive B-valued sesquilinear form on
2 2
X. Then | Re(w,y)l% < I|(@,2)lg 19,5}l and Iz, )ll3 < o2 o 1, o)l for all 2,y € X. Thus

Iz, )l < 21, 2) 155 [y, 915



PROOF: Apply the GNS construction to view 9B as a subalgebra of B(K) for some Hilbert space K. For each
k € K, we can define (-,- ) : X x X — C by (z,y)r = (k, (z,y)k)c. Then (-,-); is a positive sesquilinear
form on X so by the Cauchy-Schwarz inequality
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Since Re({x,y)) is a self-adjoint element of B, the numerical radius of Re({z,y)) is the same as its norm so

we obtain ||Re(z, y>||?B < |z, )|l Iy, ¥) || as claimed. The same result holds for Im and combining the
two results gives us the final inequality. [

Proposition Let X be a vector space, B a C*-algebra, and (-,-) is a B-valued inner product on X.
If we define ||z||x = +/|[(x, )|/ then || -| y is a norm on X. Moreover (-,-) is continuous in each compo-
nent with respect to this norm.

PROOF: First it is clear that || - || y is well-defined, ||z||yx > 0, ||z||y = 0implies = 0, and ||Az|| yx = |A| ||z]| x-
Lastly

e+ yllx = /1@, 2) + () + 2Red, 1) o

< \/||<$7x>||f3 + s )l + 201 213 11 )15

- \/ (Itz. a3 + 1) l13)”

= llellx +llvllx

as claimed. By the above Lemma, [[(z,y)|l < 2||z| x [|yl|x so (-,-) is continuous in each component with
respect to this norm. [J

Definition Let X be a vector space, B a C*-algebra, and (-,-) a $B-valued inner product on X. If X
is complete with respect to the above norm, we call X a Hilbert B-space.

Example We saw earlier that if X = 9B is a C*-algebra, and (-,-) : B x B — B defined by (4, B) = A*B
or by (A, B) = BA*, then (-, -) is a B-valued inner product and [|Al| = 1/|[|(A, A)[| so that B is complete
with respect to this norm. Thus 9B has the additional structure of being a Hilbert 2B-space.

Example We saw earlier that if B be a C*-algebra, X = 8™, and (-,-) : X x X — 9B defined by
(A1, Az, ..., Ay), (B1,Ba,...,By)) = > | AfB; is a B-valued inner product. To see that X is com-
plete with respect to the norm ||(B1,Ba,....By)|lx = VI> i, BiBil|, suppose (z,,) € X is a Cauchy
sequence. Write x,,, = (Agm),...,A%m)> for all m. Then since 0 < (Agm) _ Agk)> (A;m) fAE-k)) <
S (A - a®) (A — A, ||afm - A§k)“% < Jlam — wll for all j = 1,...,n. Thus (4™) s
J
a Cauchy sequence in B for all j = 1,...,n. Since B is complete, there exists A; € B such that A§~m) — A
asm — oo. If x = (41,...,4,) € X, then ||x—mm||§( = szlzl (Agm) —AZ-) (A(-m) —Ai)H — 0 as

?

m — oo. Hence x,, — x in X so X is a Hilbert B-space.



Example Let B be a C*-algebra and I an index set. Let X = {(B;)icr | > ,c; B Bi converges in B} and

define (-,-) : X x X — B by ((As)icr, (Bi)ier) = ;e Ai Bi as before. We claim that X is complete with re-

spect to the norm induced by the inner product. To see this, let (z,) € X be a Cauchy sequence. Write z,, =

(Al(-n))‘ , foralln. Thenforalli € Tandn,m e N, 0 < (AE") — Agm)) (Agn) A(m ) (T =T, T —Tm)
[4S]

as an infinite sum of positive elements in a C*-algebra is positive. Therefore HAEM — Agm H% < lwn — 2mll x

o) (A(n)> is a Cauchy sequence in B for all ¢ € I. Since B is complete, there exists A; € B such that

A 5 Ay as 0 — .
Let © = (4;)ier. By the GNS construction, suppose B C B(H). Then for all h € H with ||| < 1,
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(where we can exchange the sums and limits since we are adding positive numbers). Since (z,,) € X is a
Cauchy sequence, ||xn||§( is finite. Using the fact that

(9, Th) = i ((g+h,T(g+h)) = (g —h,T(g—h)) +ilg +ih, T(g + ih)) — i{g — ih, T(g — ih)))

for all T € B(H) and g,h € H, we obtain that ||Y,.; AfA4;|| < limsup,, ||xn||X < 0080 Y i ATA;
defines an operator in B(?) (this does not mean the sum converges in norm). Next, by repeating the
same arguments with @ — x,, for a fixed m, we obtain that ||z — 2, ||y < limsup,,_,. ||a:n — Tl . Since
limsup,,_, o [|Zn — Tm||x — 0 as m — oo, we obtain that ||z — x|y — 0 as m — oo. Lastly, we must
show that + € X. Fix € > 0 and choose m such that ||z — ||y < e. Then, if J C I is finite, then

dies (Aj - Ag-m)) (Aj — A;m)) H% <z - a:m||§{ < €% and then by using the above example, we obtain
dies A;AjH% < e+ HZjEJ (Agm)) Aém) H%. Order all finite subsets of I by reverse inclusion. Since
el (A(m)) A converges, there exists a finite subset J, so that if J C I is finite with J. N .J = 0, then
Z]EJ A] B

Hence (ZjeJ A;Aj)JCI is a Cauchy sequence in B and thus converges. Hence x € X so X is a Hilbert

< € +e

Yier (A(m)) A(m H < €. Therefore, if J C I is finite with J. N J = 0 then ’

B-space. We write @B for X. If I is finite, we will write B! for X.

Example Let 8 = (C[0,1] (the continuous functions on [O 1] With the supremum norm) and let X =
C([0,1]?). Define {-,-) : X x X — B by (f,9) fo g(z,y)dy for all z € [0,1] and f,g € X
as before. Unfortunately X is not a Hilbert % space as 1t is not complete. To see this, suppose hg €
L5([0,1],m) \ C[0,1] where m is the Lebesgue measure. Then there exists a sequence (f,) € C[0,1]
such that f, — ho in Ly([0,1],m). Let g.(z,y) = fu(y) € X and h(z,y) = ho(y) ¢ X. We notice

that (g0 = g): (90 — 9 @)] = [fa = Fl} for all @ € [0,1] 50 lgn — gunlly = Ilfu = fully- Thus,
since (f,) € C[0,1] is Cauchy in Ly([0,1],m), (9,) € X is a Cauchy sequence. If g, — g € X, then

fol lgn(2,y) — g(z,y)|?dy = fol |fn(y) — g(x,y)|?dy — 0 as n — oco. Since limits in Lo ([0, 1],m) are unique,



this forces g(z,y) = ho(y) = h(z,y) for all x,y € [0, 1] which contradicts the fact that h ¢ X.

Remarks If X is a vector space, B a C*-algebra, (-,-) a B-valued inner product on X, and X is not
complete with respect to the norm ||z|| v = +/|[[{z, z)||y, then it has a completion that is a Hilbert B-space.
To see this, we can use the method of completion using equivalence classes of Cauchy sequences along with
the facts that ||(x, y>||2% <4z, x)||g [|{y, y) || for all 2,y € X and B is complete to see that we can extend
(-,-) to an B-inner product on a completion on X with ||z| y = \/[[(x, )|y for all 2 in the completion.

Our elementary proofs above did not enable us to prove the Cauchy Schwarz inequality in the traditional
sense for B-valued positive sesquilinear forms. However we showed that

> A;B ZA;*A > B;B;

icl el icl

B B

so the Cauchy-Schwarz inequality holds for @;%B. Similarly for X = C([0, 1]2) with the above C]0, 1]-valued
inner product, we notice for all z € [0,1] and f,g € C([0,1]?) that

1 3 1 3 N N
iy xydy] (/ ) Qdy) (/ |g<x,y>|2dy) < I71% ol
0 0

so the Cauchy-Schwarz inequality holds here as well.

However, there is no reason that Cauchy-Schwarz inequality holds in general. Recall that in a traditional
proof of the Cauchy-Schwarz inequality, we are able to pull scalars out of the inner product. The reason
that the Cauchy-Schwarz inequality holds for these examples is that we can ’pull out’ elements of B out of
the inner product in a certain way. Since inner products map into C and are C-linear, it makes sense that
$B-valued inner products should be "B-linear’. Since 8 may not be commutative, we need to decide what
we mean by "B-linear’.

7)| =

Definition Let H be a Hilbert 9B-space. If there is a linear map p : B — L(H) (the set of linear
maps on H) that is anti-multiplicative (i.e. p(ab) = p(b)p(a) for all a,b € B) such that (h, p(b)g) = (h,g)b
for all b € B and g,h € H, then H is called a right Hilbert B-module.

Remarks Of course saying  is a right Hilbert B-module is an abuse for the collection (H, (-, ), p).

Example We saw earlier that if H = 9B is a C*-algebra, and (-,-) : B x B — B by (A, B) = A*B, then X
was a Hilbert B-space. If we define p : B8 — L(H) by p(B)A = AB for all A € X and B € 9B then X is aright
Hilbert ®B-module. Clearly each p(B) is linear, p is linear, and p(BC)A = ABC = p(C)AB = p(C)p(B)A
so p is anti-multiplicative. Lastly (A, p(C)B) = (A,BC) = A*BC = (A, B)C. Thus H is a right Hilbert
B-module. However, if we defined (A4, B) = BA*, then the above p does not work. In a sense, this later
example will be a left Hilbert %-module.

Example We saw earlier that if B is a C*-algebra and I an index set, then H = &8 was a Hilbert
B-space. If we define p : B — L(H) by p(B)(Ai)ier = (AiB)icr, then H is a right Hilbert $B-module for
the same reasons as above.

Example We saw earlier that if B = C[0,1], X = C([0,1]?), (,-) : X x X — B by (f,¢9)(z) =

fo g(z,y)dy, and H was the completion of X with respect to the norm induced by this B-inner
product then H was a Hilbert 8- space If we define p : B — L(X) by (p(f)g)(z,y) = f(z)g(z,y) for all

g € X and f € B, then (h, p(f = Jy 7@, y)g(z,y)f(x)dy = (fol h(z, y)g(w,y)dy) f@) = (h, g)(x) f(z)
and p is linear and antl—multlphcatlve. Moreover, for all g € X and f € C]0,1]

(g, 0(f)g) = (p(£)g, 9)f = (g, 0()9)" f = (g, 9 1) f = f{g.9)f



Hence [|p(f)gllx < [|fllg llgllx- Hence p : B — B(X) and thus extends to an anti-multiplicative, linear
map p' : B — B(H) such that (h, p(b)g) = (h,g)b for all b € B and g,h € H (due to the continuity of the
B-valued inner product). Thus H is a right Hilbert 8B-module.

Lemma If H is a right Hilbert B-module and p : B — L(H) is the map that induces the action of
B on M, then p : B — B(H) (the bounded linear maps on ). Moreover ||p(b)|| < ||bl|g s0 p is a continuous
linear map and the map H x B — H by (h,b) — p(b)h is continuous.

PRrROOF: Let h € ‘H be arbitrary. Then
(p(0)h, p(b)) = (p(b)h, )b = ((h, p(b)R))"b = ((h, h)b)"b = b (h, h)b

The above shows us that (p(b)g, h) = b*(g, h) for all b € B and g, h € H. Therefore

1{p(b)h, p(b)A) s < IBllss [1(s B 15 167 Nls = [IBI15s I1Al13

which proves the claim. [

Remarks For a Hilbert 9-space, we could not obtain the Cauchy-Schwarz inequality in the traditional
sense. However we can for Hilbert 8-modules due to the ability to pull out 2B-values out of the inner product.
This demonstrates that we should consider B-linearity when dealing with B-valued inner products.

Lemma Suppose H is a right Hilbert B-module. Then for all £,mn € H, (n,&){&,n) < HEHZL (n,m). Thus
1
since (n,£)(€,n) is positive, [[(§, )|l = [[{n, )& M5 < €ll5 lImll5-

Proor: If £ = 0, the result is trivially true. Thus suppose £ # 0. First we notice that (£,&) <m ||§||§_[ 1.
Hence, since (n,&) = (£,m)*, we obtain that (n,&)(&,&)(&,n) < ||§Hi (n,€)(&,m) (it appears we assumed B
was unital, but we get around this fact by considering % as a *-subalgebra of a unital C*-algebra). However
we notice that

0 < (p((&,m)E = lI€l5,m, p((&,m)E = lI€N15,m)
= (0, )€, )€, m) — €115 (. E)E 1) — €Il (. EME ) + 1€ 113, (m,m)
< N€ll3, (m,m) — I€l1%, (n,€)(€,m)

Since £ # 0, [|£]|,; # 0 so we obtain the result as desired. [J

Remarks If X is a vector space, B a C*-algebra, (-,-) : X x X — B a B-valued positive sesquilin-
ear form, and p : B — L(H) is a linear, anti-multiplicative map such that (h, p(b)g) = (h, g)b for all b € B
and g,h € X, then the above lemma holds (where the only change is that if (£,£) = 0, then (£,n) = 0 by
the partial Cauchy-Schwarz inequality proven earlier).

Now that we have the Cauchy-Schwarz inequality, our attention moves to orthogonality. In a Hilbert
space the inner product induces a rich geometric structure that allows orthogonal direct sums, orthogonal
projections, and orthonormal bases. Unfortunately, as our inner products no longer map into C, we lose
most of this geometry.

In a Hilbert space H, it is well known that if K is a closed subspace and K+ = {£ € H | (n,&) =
0 for all n € K}, then H = K & K+. However orthogonal complements need not exist in right Hilbert mod-
ules.

Example Let B be any unital C*-algebra that is not C and place the canonical right Hilbert B-module
structure on B. If 1 is the unit of B, then (1, B) = B for all B € B. Thus, if K is the subspace of B
generated by 1, then K+ = {0} so K@ K+ # B.



Remarks We also note that the above shows that if we have a unit vector, there does not exists an
orthonormal basis for the module that contains the vector. Thus our next hope is that there exists some
orthonormal basis for the space. The easiest case would be to consider finite dimensions. If we were dealing
with a standard inner product, we would apply the Gram-Schmidt orthogonalization process. However, a
close examination of the process shows that we need to divide by the inner product of a non-zero vector
which may not make sense in a C*-algebra.

Our only other hope would be to use the same method for infinite dimensional Hilbert space for which
we show that if X is a closed subspace and y € H \ X, there exists a unique element =, € X such that
lzy —yl| < ||z —yl for all z € X \ {zo}. This enables us to take orthogonal projections onto closed sub-
spaces. The proof of the above fact relies heavily on the parallelogram law which state that if H is a Hilbert
space, 2 ||sc||3_t +2 ||y||3_t = ||z - y||§.¢ + ||z + y||3{ for all z,y € H. This comes straight from the inner product
and the definition of the norm on H. Unfortunately the proof does not transfer to our context since we need
to apply || - || to our B-valued inner product to obtain our norm.

Remarks We have seen with the development of 9B-inner products that it makes more sense to con-
sider B-linearity. Therefore, instead of taking a complex span, we should consider taking an 9B-span.
By this we mean if {z;};cs is a set of vectors in a right Hilbert B-module, then the B-span is the set
{>ojesp(Bj)z; | Bj € B, J C I finite}. In this setting, we are more likely to find a set of orthogonal vec-
tors who B-span is the entire space. Moreover, we notice if {z;};cr is a set of orthogonal vectors and
Y= icr P(Bi)xs, then (z;,y) = (2, ;) B; and (y,y) = >, B (v, z;) B; which is similar to sum obtain for
Hilbert spaces. Unfortunately it is possible that (z;, z;)B; even though B; # 0 so we will not get a unique
representation in terms of the orthogonal vectors.

Example Let B be a unital C*-algebra and H = ®;B. If {e;};cr € H are the vectors with lg in
the i'" spot and zeros elsewhere, then {e;}ics is a set of orthogonal vectors whose B-span is H.

Example Let B = L, ([0,1],m) (where m is the Lebesgue measure) and let H = B with the canoni-
cal right Hilbert B-module structure. By the above f(z) =1 for all f is a vector whose B-span is all of H.

If f1 = X]0,0,5] and fQ = X[0.5,1]» then <f1, f2> =0 and the %—span of {fl, fg} is H.

Remarks The above example shows that we do not have a well-defined notion of the dimension of a
right Hilbert B-module based on this generalization of orthogonal bases. One idea to rectify this would be
to add the condition that if (x,2)B = 0 for B € B and « in the orthogonal basis, then B = 0. This rectifies
the above example. However, if 2 is the *-subalgebra of C[0, 1] containing all function that vanish at 0, and
if we place the canonical right Hilbert 2-structure on %A, it is unclear that such a basis exists. We will not
pursue this line as it not of interest to us.

The next major theory done for Hilbert spaces would be to consider the bounded linear maps. These
operators form a C*-algebra as every bounded linear operator has an adjoint; that is the adjoint of a bounded
linear operator T is a bounded linear operator such that (£,Tn) = (T*¢,n) for all n, £ in our Hilbert space.
The main tool for proving that every bounded linear operator has an adjoint is the Riesz Representation
Theorem (i.e. for every fixed  and bounded linear operator T', £ — (n, T¢) is a continuous linear functional
so there exists a T*n such that (T*n,&) = (n,T¢) for all ). However it is difficult believe that a Riesz
Representation Theorem holds for 9B-valued inner products as the traditional proof relies on the fact that
dim(C) = 1 and the existence of orthogonal complements. In fact, we cannot prove such a theorem as it is
not true.

Example Let H = My(C) =3B, (-,-) : BxB - B by (A,B)=A"B,and p: B — L(H) by p(B)A = AB
for all A € H and B € B. We have seen that H is a right Hilbert %-module. Define ¢ : H — B by
#(A) = AT. Clearly ¢ is a linear map. We claim that ¢ is not representable by the inner product. To see



this, suppose there exists a By € H such that ¢(A) = (By, A) for all A € H. Then AT = BjA for all A € H.
Letting A = I, implies By = I and this implies AT = A for all A € H which is impossible.

Remarks One of the main issues with the example is that ¢ is not B-linear. That is ¢((p(B))A) #
p(B)(¢(A)) (as (AB)T = BTAT # ATB). We will see later that if a bounded linear operator on a right
Hilbert B-module has an adjoint, then it must be B-linear.

Example Let 2 be the *-subalgebra of C[0, 1] consisting of all functions that vanish at 0. Let H = AGC[0, 1]
and define (-,-) : H x H — C[0,1] by ((f1,91), (f2,92)) = fifz + g1ge. If we define p : C[0,1] — L(H) by
p(h)(f,g9) = (fh,gh), then H is a right Hilbert C[0, 1]-module. Define T': H — H by T(f,g9) = (0, f). It
is easy to verify that T is C[0,1]-linear and continuous on H. Suppose T were adjointable. Let (g1,g2) =
T7%(0,1) so gy € A. Then for all f € A, gif = (T*(0,1),(f,0)) = ((0,1),T(f,0)) = {(0,1),(0, f)) = f.
Therefore g;(x) =1 for all « € (0, 1] which is impossible since g € 2 so g(0) = 0 and g is continuous. Hence
T does not have an adjoint.

Remarks To get around this issue of the Riesz Representation Theorem, we will only be interested in
linear maps that have adjoints. Moreover, this will automatically introduce B-linearity which we have seen
is desired.

Definition Let H be a Hilbert B-space. A linear map T : H — H is said to be adjointable if there
exists a linear operator T* such that (£,Tn) = (T*¢,n) for all £,n € H. Let B,(H) denote the set of
adjointable linear maps on H.

If H is a right Hilbert B-module, a linear map T : H — H is said to be B-linear if T'(p(B)h) = p(B)(Th)
for all B €8 and h € H.

Remarks Using the usual Hilbert space arguments, it is easy to show that (AS + T)* = \S* + T,
and (ST)* = T*S* for all S,T € B,(H). Moreover, if ({,Tn) = (T*E,n) then (&, Tn)* = (IT*E,n)* so
(€,Tn,&) = (n, T*E). Hence (T*)* = T. Therefore B,(H) is a *-algebra. We will prove the following lemma
before showing that B, () is a C*-algebra.

Lemma Let H be a Hilbert B-space. If T € B,(H), then T is bounded. If H is a right Hilbert B-
module and T' € B, (#H), T is B-linear.

PROOF: Let T € B,(H). To see that T is continuous (and thus bounded), we will apply the Closed
Graph Theorem. Recall it suffices to show that if £, — £ in H and T¢,, — n in ‘H, then n = T¢. To see this,
we notice by the continuity of the inner product that for all { € H

(€, T€) = (T"¢.€) = Tim (T"C, &) = lim (¢, Té) = (1)

Letting ( = T¢ — n and using the definiteness of the *B-valued inner product, we obtain that T¢ = n as
desired.
Now suppose T is a right Hilbert B-module. Fix £ € H and B € 8. Then for all n € H

(n, T(p(B)E)) = (T"n, p(B)E) = (T"n,{)B = (n, T(&))B = (n, p(B)(T(£)))

ghl.ls (gn,é’(p(B)g) —p(B)(T(£))) = 0. By repeating the same trick as before, T(p(B)x) = p(B)(T(£)) as

Theorem Let H be a right Hilbert B-module. Then B,(H) is a C*-algebra with the above involution
and operator norm.

PROOF: Before completeness, we will show that the C*-equation holds. First we claim that ||T|| =



sup{|(T¢ |l | &n € H,[[Elly, Inlly < 1}. By the Cauchy-Schwarz inequality, we clearly have

sup{|[(T¢, Ml | &€ M, lIEllyy s Imlly <13 < T

For the other direction,

T
sup ([Tl | €1 € Hy €]l Imllay < 1} > sup {H<T§ ”T§|H> e, |elly, = 1,76 £ o}
B

= sup{[|T¢|l5, | € € H, [I€lly, =1} = [T

Thus we have proven the claim.
Next, if T, S € Ba(H), [|STEl3, < ST NTEl5 < ISIHITIHIEl, so [[STI < STl Next

17T = sup{I{T*TE n) o | &m0 € H, [€lla s Il < 1}
> sup{[|(T"T€, &) o | €€ M, lIEll <1}
= sup{[[(T¢, Tl | & € H, €]l < 13 = |IT

Also

1T = sup{I{T"& m)llss | &m € H llEllyy s lmll, < 13
= sup{[[(§, Tn)llss | &m € M, [[€llyy s [Imlly < 13
= sup{|[(Tn, )l | &m € H, [IEllyy s [Imll,, < 1} =T

as |B*|| = ||B| for all B € B. Therefore |T||> < [|[T*T| < |T*|| |T|| = |T||*. Thus the C*-equation holds.

From above ||T|| = ||T*|| for all T € B,(H). To see that B,(H) is a C*-algebra, we have already seen that
it is a *-algebra with a submultiplicative norm that satisfies the C*-identity. Hence it remains only to see
that B, (#H) is closed subset of B(H) (since B(H) is complete as H is complete). To see this, suppose {T},}52 ;
is Cauchy in By (H). Thus {T}52, is Cauchy in B,(H). Since B(H) is complete, there exist 7,5 € B(H)
such that T,, = T and T} — S as n — co. We claim that S is the adjoint of 7. To see this, we notice for
all¢,neH

(n,T¢) = lim (n,T,€) = lim (T7n,§) = (5n,€)

as T, = T and T — S as n — oo in norm (and thus pointwise) and the B-valued inner product is contin-
uous in each component. Thus T' € B, (H) so B,(H) is a C*-algebra. O

Remarks In the above Theorem, we needed H to be a right Hilbert B-module in order to use the Cauchy-
Schwarz Inequality. Now we compare the notions of positivity and adjoints in B,(#) to the standard result
for the bounded linear maps on a Hilbert space

Lemma Let H be a right Hilbert B-module and let T € B,(H). Then T = T* if and only if (€, T¢) = ({,TE)*
for all £ € H. Moreover T > 0 in B,(H) if and only if (£, T¢) > 0.

ProOF: Fix T € B,(H). First suppose T = T*. Then for all £ € H, (£,TE) = (T*, &) = (T, &) =

(&, T€)". Next suppose (§,T€) = (£, T€)" for all £ € H. Then (§,T¢) = ({,T€)" = (T, &) = (£, T7E) so
(E(T—T*)¢) =0forall £ € H. If S =T — T* then

((m+&SMm+8) —n—&8n—8)+i(n+i&, S(n+i&)) —i(n — i, S(n —i)))

NG

(n,S&) =

for all £, € H. Since each quantity on the right is zero, (n, (T —T*){) =0forall,n € H. Hence T—T* =0
soT =T*.

Next suppose that ' > 0 in B,(H). Then there exists an S € B,(H) such that T = S*S. Whence
(€,TE) = (S¢,5¢) > 0 for all £ € H. Now suppose that (£, T¢) > 0 for all £ € H. By the above paragraph,



T = T*. By the Continuous Functional Calculus, there exists T ,T_
Ty, T- >0, T:T- =T-T, = 0. Since T_ > 0, T3 > 0 and (£, T3¢)
0 < (¢, T§>_ (&, T &) — (&, T_¢) for all £ € H. If n € H and we let £
then

€ By(H) such that T =Ty —T_,
> 0 by the above proof. Moreover
= T_"Hn in the previous inequality,

(n,T2n) = (T_n,T_(T_n)) <(T_n, Ty T_n) =0

Therefore (n, T3n) = 0 for all n € H. By the same polar decomposition of the inner product, we obtain that
T3 = 0 which implies T_ = 0. Hence T' = T > 0 as desired. [J

There is no reason that we should only act on a space from one side. We needed the right action of 8
on a right Hilbert B-module to obtain the Cauchy Schwarz inequality but there is no reason that we require
the left action to be by B.

Definition Let 2 and 8 be C*-algebras, let H be a right Hilbert %-module, and suppose that there
exists a *-homomorphism A : 2 — B,(H). Then we call % a Hilbert A-2B-bimodule.

Example Let H = B, (-,-) : BxB — B by (A,B) = A*B, and p : B — L(H) by p(B)A = AB
for all A € H and B € B. We have seen that H is a right Hilbert 8B-module. For each A € B, define
AMA)B = AB. We claim that A : B — B,(#) is a unital *-homomorphism. It is clear that each A(A) is
linear and that A is a homomorphism. Also, for all A € 8 and B,C € H,

(C,AM(A)B) = (C,AB) =C*AB = (A*C)*B = (A*C, B) = (\(A")C, B)
50 AM(A) € By (H) with AM(A*) = A(A)*. Hence H is a Hilbert 2-B-bimodule. Notice that A and p are just

left and right multiplication respectively. This is the canonical example.

Example Let B be a C*-algebra, I an index set, and H = ©;B. Define A : B — B, (H) by A(B)(A)icr =
(BA;)ic1. We notice for all i that A*B*BA; < ||B||> A* A; so > ic1 Ai B*BA; converges as ), _; Aj A; con-
verges. Thus A is well-defined. It is clear that A is a homomorphism, A commutes with the right action of
B on H and that \(B)* = A(B*) by the same proof as above. Hence H is a Hilbert 2B-B-bimodule.

Example Let B be a C*-algebra, H = B", (-,-) : HXH — B defined by ((A1, As, ..., An), (B1, B, ..., By))
Yor ArB;, and let p: B — L(H) by p(B)(A1,As, ..., Ay) = (A1B, A3B, ..., A, B). We have see that H
is a right Hilbert B-module. Let A = M,,(B) and define A : A — B,(H) by M[B;;])(A41,A42,...,4,) =

(Z L Bi A>T i1 B ) It is clear that A is a homomorphism as this is simply matrix multiplica-
tion. To see that A is a —homomorphism7 we notice that

((M[Bi )" (B1,Ba,...,Bpn), (A1, A2,..., Ay)) = ((B1,Ba, ..., Byn), \([Bi ]) (A1, Aa, ..., Ap))

<(B17Bg,...,Bn)7 > BijAj....Y  BnjA; >
j=1 j=1
ZBZBICJAJ

g k=1
— <<ZB;‘),€B,€,.. ZB* k3k> (A1, Ag, ..., Ay )>
k=1
= <>\([Bi7j]*)(Bl7B2""? 7L)7(A1aA27"'aAn)>
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Hence A is a *~homomorphism. Moreover

M[Bi)p(B)(Ar, As, ..., Ay) = \([Bi])(A1B, AsB, ..., A, B)

= Z By ;A;B,..., Z B, ;jA;B
j=1 j=1

== p(B) ZBl’jAj""’ZBn’jAj
j=1 j=1
= p(B))\([B,LJD(AhAQ, e 7An)

Hence H is a Hilbert M,,(B)-B-bimodule. Similarly, if 2 is a closed *-subalgebra of M,,(B), Al turns H
into a Hilbert 2-9-bimodule. Similarly, we can place other left actions on ®;% but we need to be careful
about convergence.

Example We saw earlier that if B = C[0,1], X = C([0,1]?), (,-) : X x X — B by (f,¢9)(z) =
fol flz,y)g(x,y)dy, p: B — LX) by (p(f)g))(x,y) = f(z)g(x,y), and H was the completion of X with re-
spect to the norm induced by this B-inner product and the action of p on X, H was a right Hilbert 2-module.
Define Ao : B — L(X) by (A(f)g)(z,y) = f(y)g(z,y) for all f € C[0,1] and g € X. Tt is easy to verify that
Ao is a homomorphism with ||A(f)|| < || f]|,,- Hence we can extend the definition of A\g to A : B — B, (H).
Moreover, since \p was a homomorphism, A is as well. It is easy to verify that (A(f*)g, h) = (A(f)*g, h) for
all g, h € X and thus by continuity, A is a *-homomorphism. Similarly, A(f)p(g)h = p(g)A(f)h for all h € X
and thus for all h € H by continuity. Hence H has the structure of a Hilbert C[0,1]-C]0, 1] bimodule.

Remarks Every right Hilbert B-module #H is a Hilbert C-8-bimodule where the action of C on H is
scalar multiplication.

Remarks Now we would like to show an equivalence between completely positive maps and Hilbert 2A-
B-bimodules. The main point of the following theorem is that every completely positive map between
C*-algebras gives rise to a Hilbert bimodule. The following is a generalization of the GNS construction.

Theorem Let 2 and B be unital C*-algebras and ¢ : 24 — B a completely positive map. Then there
exists a Hilbert A-B-bimodule H and a £ € ‘H such that ||§||§_[ = |l¢ll, and ¢(A) = (£, A(A)E). Moreover
Mly) = Idy, p(1s) = I, and span{\(20)p(B)E} is dense in H.

Remarks If 8 = C, then the above is precisely the GNS theorem.

PrOOF: Consider 20® B, the algebraic tensor product of 2l and 2B. We desire to define a positive sesquilinear
form (,-) : A©®B — B such that (c®d,a®b) = d*p(c*a)b for all elementary tensors a @ b,c®d € A © B.
The question is, how can we do this?

We recall from algebra that if A, B, and C' are vector spaces, ¥ : A X B — A ® B is the canonical
bilinear map, and ¢ : A x B — C is a bilinear map, there exists a unique linear map gg : A® B — C such
that é(a ® b) = ¢(a,b) for all elementary tensors a ® b € A ® B. To proceed in creating our sesquilinear
form, fix c € A and d € B. Define ¢oq : A X B — B by ¢ a(a,b) = d*p(c*a)b (which is well-defined since
c*a € A and d*,b, p(c*a) € B). Since ¢ is linear, it is clear that ¢, 4 is a bilinear form. Therefore, by the
Universal Property of Algebraic Tensor Products, there exists a linear map q;qd A OB — B such that
be.a(a®@b) = de.ala,b) = d*o(c*a)b. Let G be the space of all conjugate linear functionals on A ® B. Define
Y :AX B = G by ¥(c,d) = (deaq)* where (¢ea)* (1) = (Ge.a(u))* for all u € A @ B (it is clear that (Geq)*
is a conjugate linear map since d~>c7d was a linear map). We claim that v is a bilinear form. To see this, we

11



notice for all A € C and ¢y, co € 2 that

(ékm +027d)*(a 02y b)

= (Prci+en,d(a® b))
= (d"o((Aep + c2)"a)b)”
= (Ad*¢(cia)b+ d*p(csa)b)*
= AMd"p(c1a)b)” + (d"p(cza)b)"
= M@e1,a)* (@@ b) + (Peya)"(a @ D)

for all elementary tensors a ® b € A ® B. Thus, since this holds for all elementary tensors, we obtain by
conjugate linearity that (Pac, +ey.a)* = MGey.a)* + (Bey.a)*. Thus ¢ is linear in the first component. Similarly
1) is linear in the second component so that v is a bilinear form. Thus, by the Universal Property of Algebraic
Tensor Products, there exists a ¥ : 24 © B — G such that U(c ® d) = 1(c,d) = (¢e.q)* for all elementary
tensors c®@ d € A © B.

Define (+,-) : A OB — B by (v,u) = (¥(v)*)(u) for all u,v € A© B (where * represents the same
operation on linear/conjugate linear functionals that was used before). Then

(c@da®b)=(V(c2d) ) a®b) = ((dea)) (@a@b) = geala@b) = dp(c*a)b

as desired. To see that (-, -) is a sesquilinear form, we notice that each ¥(v) € G is conjugate linear so ¥(v)*
is linear so (-,-) is linear in the second component. Since ¥ is linear, ¥(-)* is conjugate linear so (-,-) is
conjugate linear in the first component. Thus (-, ) is a sesquilinear form.

We claim that (-,-) is positive. To see this, let u =>"" , a; ® b; € A©® B be arbitrary. Then

<Zai®bi,2aj®bj7>
Z bip(aja;)b

1,j=1

(u,w)

Thus to show that (u,u) >o 0, we need only show that Z” 1 b¥p(afa;)b; >x 0. To see this, we notice
that

> =i bivlaia)b; 0 ... 0 x
0 0o . 0 bp 0 ... 0 ) bp 0 ... 0
: : : = [plaia;)lis | (*)
nxn

However [p(aja;)]i ; = @u([afaj];,;). Since

*

a1 Qn ai [e7%

i 0 0 0 0
(a?ah = |

0 0 0 0

[afaj]i,; is positive. Since ¢ is completely positive, [p(afa;)];; is positive so the matrix on the left in (%) is
positive. Hence Z” L bip(asa;)b; is positive so (u,u) >9 0. Hence (-, -) is positive.

Let N = {u eAO ® | (u,u) = 0}. We claim that A is a subspace of A ® B. To see this, we recall
that ||<u,v>||gB <A [(u,u)|g [| (v, v)]| for all u,v € A®B. Thus if u € N then (u,v) =0 for all v € A B.
Therefore we obtain that N = {u € A©B | (u,v) =0 for all v € A B} so that N is a subspace of A © B.

Consider 2 ® B/N which is a well-defined vector space. Since N' = {u € A© B | (u,u) = 0},
(+,-) restricts to a well-defined B-valued inner product on 2 ® B/N. Define a norm on A ® B/N by

12



Rl = \/I[{h,h)| - Let H be the completion of A ® B/N with respect to this norm. Hence H is a Hilbert
B-space.

Now we desire to define the $B-action on H. For each b € B, define p(b) : A OB — A OB by
pb)(@ @) = a' @ b'b which exists as it comes from a well-defined bilinear map on 2 x B. Next we notice
forallu=3%" a;, @b € AO B,

0 < {p(b)u, p(b)u) = <Z a; ® b;b, Z a; ® bjb, >
i=1 j=1
> b b e(aia;)bib

ij=1

= b*"{u, u)b

Hence if u € N, then p(b)u € N. Thus p(b) extends to a well-defined linear map on 2% ® B/N. Moreover,

the above computations show that |[p(b)ull,, < ||b||?B [{u,u)|ls = [|bllgg [ull;- Thus p(b) is bounded in

the norm on 20 ® B/N. Since A ® B/N is dense in H, p(b) extends to a bounded linear map on H.
Define p : B8 — B(H) by b — p(b). From the definition of p(b) on A © B, it is clear that p is linear and
anti-multiplicative. Lastly we notice that if u =37\, a; @ bj,v =370 ¢; ®© dj € A© B and b € A, then

= <Zai®bi,ch®djb>
Zszap (ajcj)d

i=1 j=1
= ai®biyzcj®dj>b
i=1 j=1
= (u,v)b

Thus, as the above holds on 2® B, p is bounded with ||p|| < 1, and the B-valued inner product is continuous

in each component, each of these properties extends to H as desired. Thus H is a right Hilbert B-module.
Next we desire to define A. For each a € 2, define A(a) : AOB — AOB by A(a)(a' ®¥b') = aa’ ®b" which

exists as it comes from a well-defined bilinear map on A x B. Next we notice for all u = Z?Zl a; ®b; € AOB,

<i aa; ® bi7iaaj ® by, >
i= j=1
Z bi p((aa;)*aa;)b;

3,7=1

Z bip(aja*aa;)b;

ij=1

0 < (Ma)u, AM(a)u)

However [[a*aly 1 —a*a > 0 so |la*ally I,, — diag(a*a) > 0 so

*

aq Lo Qp al R 0 %%
0 ... 0

(lla*allg In — diag(a®a)) | . .| =0
0 0 0 0
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Hence ||CL*CLH§l [afa;] > [afa*aa;]. Therefore ||a*a||§1 [p(afa;)] > [p(afa*aa;)] as ¢ is completely positive so

n
Z bi(||la*ally — ¢(aja*aa;))b; =
i,j=1
by 0 ... 01" by 0 ... 0
P4 Do : (la*ally [p(afa;)] — [p(aja*aa;)]) | : : >0
b, 0 ... 0 b, 0 ... 0

nXxn nxn

(where Py 1 : M, (B) — B takes the (1, 1)-entry of the matrix) since P; ; is a positive map and the matrix
inside is positive. Therefore

0 < (Aa)u, Ma)u) < [la"ally Z biplaia;)b; = llallg (u,u)

1,7=1
Hence if u € NV, then A(a)u € N. Thus A(a) extends to a well-defined linear map on 20 ® B/N. Moreover,

the above computations show that [|A(a)ull,, < 4/ ||a\|§[ [ {u, )|l = |lally |lull;- Thus A(a) is bounded in
the norm on 2A® B/N. Since 2 ® B/N is dense in H, A(a) extends to a bounded linear map on H. Define
A: A — B(H) by a — A(a). From the definition of A(a) on 2 ® B, it is clear that A is a homomorphism.
Lastly we notice that if u=>21"  a; @ bj,v=>"""  ¢;®d; €AO DB and a € A, then

(Ma™)u,v) = <Z a’a; ®bz’,ZCj ®dj>
ZZ (a"¢;))d;

n

m
Eg ((aa;)*c;)d;

<§n: ®bz,2n:acj®d >

=1 Jj=1

Thus, as the above holds on 2A© B, A is bounded with ||A]| < 1, and the ®B-valued inner product is continuous
in each component, each of these properties extends to H as desired. Moreover, it is clear that A\(1) = Idy.

Let £ =1gq ® 1s + N € H. Then (£,£) = p(1) so ||£||3_[ = [le(La) |l = llll,- Moreover for all a € A,
(€ A)8) = (la @ Ly, a @ 1) = ¢(a)

as desired. Lastly, we notice that p(b)(A(a)§) = a ® b+ H. Thus it is clear that span{\(2A)p(B)E} is dense
inH. O

Remarks Now we would like to prove the converse of the above; that is every map of the form ¢(A) =
(&, A(A)¢) in a Hilbert 2A-B-bimodule is completely positive. To prove this, it is convenient to prove the

following lemma.

Lemma Let 2 be a C*-algebra. Then every positive element of M, () is the sum of n positive ele-
ments of the form [a}a;| for some {a1,...,a,} € 2.

14



PROOF: Suppose {a1,...,a,} € A. Then

*

aq cee Qp ay e Qp
* *
ajay L. Qqap 0 0 0 0
aa; ... a,a
" nen 0 ... 0 0 ... O

Thus [afa;] will be a positive matrix.

Suppose P € M,,(2) is a positive matrix. Then there exists a B € M,,(2l) such that P = B*B. Let Ry,
be an n x n matrix with its k" row being the k' row of B and 0’s elsewhere. Then R} R; = 0 if i # j. Thus
P = R{R1+ ...+ R} R,. However, each R} Ry, is of the form [a}a;] for some {a1,...,a,} € 2A as each Ry is
a matrix with only non-zero entries in the k*" row (i.e. a; is the i*" entry of the k*" row). O

Remarks The above lemma shows use that we need only consider elements of the form [a}a;]| for some
{a1,...,a,} € 2 when testing when a positive map is completely positive. Before we get to our major
theorem, we have the following essential lemma.

Lemma Let 2 be a C*-algebra. An element [A; ;] € M, () is positive if and only if Y

ij=1A4iAijA; 20
for all Ay,...,A, € 2.

PrOOF: We recall that if 2 is a C*-algebra, H = A", (-,-) : HxH — Ais defined by ((A1,...,4,),(B1,...,B,)) =
i AMB;, p + A — L(H) by p(B)(A4,..., An) = (A1B,...,A,B), and A : M, () — B,(H) by

N([BigD(As ., An) = (S92 BrAj, . Sy BuA; ), then M is a My, (2)-2b-bimodule,

Let [A; ;] € M, () be fixed. Since A : M, (A) — Ba("H) is a *-homomorphism [A; ;] is positive in M, ()
if and only if A([A4; ;]) is positive in B, (). By a previous lemma, A([4; ;]) is positive in B,(H) if and only
if (h, A([4i ;])h) > 0 for all h € H. However, if h = (A1, A, ..., Ay) € H is arbitrary

(hy M([Ai j])h)y = <(A1,A2,...,An), S TAGA;L LY Ay > =) AjA; A,
j=1 j=1

Q=1
so the result follows. O

Corollary Let 8 be a C*-algebras and let H be a right Hilbert B-module. For any ni,...,n, € H
the matrix [(n;,n;)]i,; € My (B) is positive.
PrOOF: We will apply the above lemma. Suppose By, ..., B, € B are arbitrary. Then

n

> Bi(nin;)B; =

i,j=1 i

NE

{p(Bi)(mi), p(Bj)(1;))

<_ p(B) ). p(By) ;)

)
p(Bi)(n ,Zn:p > 0

1 j=1

(%
Il

I
NIE

<.
Il

Il
/M\s

3

Hence the result follows from the above lemma. O

Corollary Let 2 and B be C*- a]gebras and let H be a Hilbert A-B-bimodule. For any ny,...,n, € H and
a €2, (@), M)y < llally [mis )iy € Ma(B).
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PRrROOF: We will apply the above lemma. Suppose Bi,..., B, € B are arbitrary. Then

n

> Bi(llally (ninng) — (Ma)mi, Aa)n;)) By = |lally <Zp<Bi><m>,Zp<Bj><m>>
ij=1 i=1 j=1
- <Z p(B)(Ma)mi), Y p<Bj><A<a>m>>
i=1 j=1

= llal <Z P(Bi)(m),zp(Bj)(m)>

—<A(a) (Zp(Bi)(ni))A(a) Zp(Bj)(nj) >

= [lally {u, u) — (A(a)u, A(a)u)

where u = Y1 | p(B;)(n;) € H. Thus is suffices to show that Ha||3l (u,u)y — (Ma)u, \M(a)u) > 0 for any
u € H. However X\ : A — B,(H) is a *~-homomorphism and thus a contractive positive map. Since a*a > 0,
Aa*a) > 0 and 0 < A(a*a) < ||A (a a)l[ I < |la*ally I < ||aHmI Therefore, since I € B,(H), by a earlier
lemma (u, (Ha||mI Aa*a))u) > 0s0 0 < (A(a)u, A(a)u) = (u, AM(a*a)u) < ||a||2l (u,u) as desired. O

Theorem Let 2 and B be C*-algebras and let H be a Hilbert A-B-bimodule. If & € H and we de-
fine ¢ : A — B by pe(a) = (€, Ma)), then ¢ is a completely positive map.

PROOF: By the first of the above lemmas, it suffice to show that ¢, ([afa;]) = [(§, Ma}a;)E)] = [(Mai)€, AM(a;)E)] €
M, (B) is positive for all {ay,...,a,} €A (note the essentialness of A being a *-homomorphism). However,
by one of the corollaries, this is a positive element of M, (2B) which completes the proof. [

Remarks Before we move on we note the following result. Note how the proof used at the end of the
previous corollary and the most recent lemma are essential.

Proposition Let 20 and B8 be C*-algebras and let (Hq)aca be Hilbert 2A-B-bimodules (where the ac-
tions of A and B come from A\, : A — Bo(Ha) and py : B — B(Ha)). Let H = ®paH, be the space
of all functions o — ho € H, such that ), (ha,ha)a converges in B. Define (-,-) : H x H — B by
((ha)a, (ka)a) = Do a(harka)a. Then (-,-) is a well-defined B-valued inner product and H is a Hilbert
A-B-bimodule whose actions A : A — By (H) and p : B — B(H) act component wise (i.e. Aa)(ho)a =

(Aa(@)ha)a)-

PRrROOF: First we need to show that the B-valued inner product is well-defined. By the GNS construc-
tion, we can assume that 8 C B(K) for some Hilbert space K. Let (ho)a, (ko)a € H be arbitrary. We recall
that if P,@, A € B(K) are such that
P A
PG

then |(n, A€)| < |(n, Pn)|2 (¢, Q€)|2 for all £, € K. However, since each (-, - )4 is a B-valued inner product,
for a right Hilbert B-module, by a previous corollary,

[ (ko hada (ko ka)o } =0
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for all a. Thus, if J C A is any finite set, we obtain that

|: ZaeJ<havha>a Zae,]<h'avko¢>(x :l >0
ZaEJ<k0”h04>0t Zaej<kmka>a

SO
’<n,z<hmka>a§> < <n,2<ha,ha>an>‘ ‘<57Z<kmka>a§>
acdJ acJ acJ
<D (has hadal| {[D kaskadal €7
acd B llaed B

1 1
for all £,n € K and J C A finite. Therefore || ) (has ka)allg < [|[Zacs (hashadall s ||Zaej<ka7k@>a||s§3'
Thus, if we order all finite subsets J of A by inclusion, (3 c;(ha,ka)a) -, becomes a Cauchy net by the
above inequality. Since B is complete, this sum converges so > (ha, k;)a € ‘B is well-defined. It is now
easy to verify that this is a B-inner product as each (-, ), is.

Next we need to show that H is complete. To see this, let (z,) € H be a Cauchy sequence. Write
Ty, = (han)a foralln. Thenforalla € Aandn,m € N, 0 < (han—ha,m, ban—PRam)a < (Tn—Tm, Tn—Tm)x
as an infinite sum of positive elements in a C*-algebra is positive. Whence (hq n)n is a Cauchy sequence in
He. Since H,, is complete, there exists h, € H, such that hq, — he as n — oco.

Let = (ha)a. Then for all £ € K with [|£|| <1,

> (& (hashadab)e = Y T (€, (han, ham)ab)y

aEN a€A

= nlL)H;O Z <£7 <ha,na hoc,n>(l§>}€

aEN
= lim (€, (w0, 20)€)x

< limsup ||[{zp, Zn)|
n— oo
) 2

= limsup ||z, |3,
n—oo

(where we can exchange the sums and limits since we are adding positive numbers). Since (x,), € H is a
Cauchy sequence, ||xn||?_[ is finite. Using the fact that

((m+&Tn+E)) —(n—E&T(n—E&))+iln+i&,T(n+i€)) —i(n — &, T(n —if)))

NG

(n,T¢) =

forall T € B(K) and £, 7 € K, we obtain that || . (has ha)a|| < limsup,,_, Haan?{ <0080 ) penlbas ha)a
defines an operator in B(K) (this does not mean the sum converges in norm). Next, by repeating the
same arguments with « — x,, for a fixed m, we obtain that ||z — x,,||,, < limsup,, . [|£n — T, Since
limsup,, o [|#n — Zmll, — 0 as m — oo, we obtain that ||z — ,|l;, = 0 as m — oo. Lastly, we must
show that z € H. Fix ¢ > 0 and choose m such that ||z —2,,],, < e Then, if J C A is finite,
then HZ&EJ<hOf — haymy ha — ha,m>aH% < Hx—scmH?_L < €2, Since > acslhas ha)a makes sense, we ob-
tain ’|Zaej<ha7 ha>a||% < 2+ ||ZQGJ(hQ’m, ha,m>aHsB by using the triangle inequality on the norm ob-
tained by repeating the above with J replacing A. Order all finite subsets of A by reverse inclusion. Since
> aealham, ham)a converges, there exists a finite subset J. so that if J C A is finite with J. N J = 0, then
"ZQGJ<ha,m, ha7m>aH% < €. Therefore, if J C A is finite with J.NJ = () then |’Za€J<ha, ha>aH% <€ +e.
Hence (Zae.]<hm ha)a)JCA is a Cauchy sequence in B and thus converges. Hence x € H so H is a Hilbert
$B-space.
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To see that applying p, coordinate-wise makes H a right Hilbert B-module, we first need to check
that if (ha)a € H and B € B, then (po(B)ha)a € H. To see this, we notice >, (ha,ha)a converges so
Yoalpa(B)ha, pa(B)ha)a = > o B*(hasha)aB = B* (3 s (ha, ha)a) B converges. Moreover, it is clear that
this coordinate-wise action has all of the necessary properties. Hence H a right Hilbert B-module.

Lastly, we need to show that applying A\, coordinate-wise makes H a Hilbert 2A-8-bimodule. First we
need to check that if (hqo)a € H and A € 2, then (Ao (A)ha)a € H. First, we recall from a previous corollary
that 0 < (Ao (A)ha, Aa(A)he)a < ||A||§[ (has ha)o for all . Hence for all J C A finite,

0< Y MalAhas Aa(Aha)a < AP (has ha)a
acJ acJ

Hence

0 < 3" Aal(A)ha, Aa(Dha)a| < 1A

acJ

Since 3_, < p (has ha)a converges, (3, c s (ha; ha>a)JCA is a Cauchy net. Hence (3¢ ;(Aa(A)hq, Aa(A)ha>a)JCA
is a Cauchy net in B and thus converges as 9B is complete. Hence the 2 action is well-defined. It is trivial
to verify all other necessary properties so ‘H a Hilbert 2-28B-bimodule. [J

> (o hada

acJ

One important operation on Hilbert spaces is the ability to take tensor products. In our context, we need
to be a little more careful.

Construction Let 2, B, and € be C*-algebras. Let H be a 2-B-bimodule (where the actions of 2 and B
come from Ay : A — B, (H) and py : B — B(H)) and let K be a B-C-bimodule (where the actions of B and
€ come from Ag : B — B,(K) and pi : € — B(K)). Let H @ K be the algebraic tensor product of H and K.
Define a sesquilinear form (-,-) : HOK X HOK — € by (h1 ® k1,he @ k2) = (k1, Ac((h1, ho)x ) ko). We
notice that (-, ) will be well-defined since (-, )3 and (-, - )k are linear in the second component, conjugate
linear in the first component, and Ag is linear.

We claim that (-,-) is a positive €-valued sesquilinear form. To see this, we already know that (-,-) is
sesquilinear. To see that it is positive, suppose u=>_" | h; ® k; € H ® K. Then

i=1 j=1

> (ki Ac((hiy hy)a) k)i

4,j=1

= (k1 ® - @ kny (A)n([(his hy)n]) (k1 © - - @ Fp))icen

where K" is the direct sum of n copies of K. By one of the above lemmas, [(h;, hj)x] € M, (B) is positive.
We claim that (Ax), allows us to place a M,,(B)-€-module structure on K¥"; that is (£, (A )n(B*)n)cen =
((Mc)n(B)E, ) an for all £,n € KP" and for all B € M,,(B). Note that we can do this whenever the direct
summands are the same Hilbert bimodule. To see that this is true, let £ = £&,B---®&,, 1 =11 ®---DOn, € K"
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and B = [b; ;] € M (B). Then

(& (A)n (B )mican = (€, [k (b5 ,)]m) cen

n

Z (&is A (b7 )nidk

ij=1

n

Z (Arc(bj,i)&ismjdi

ij=1

> Okelbi)mi)k
ij—=1

= <(/\K)n(B)§7 77>]C€Bn

as Ak is a *~homomorphism on K in the module sense. Since [(h;, h;)z] € M, (B) is positive, [(hi, h;)x] =
N*N for some N € M,(B). Tt is easy to verify that (Ac)n(N*N) = (Ac)n(N*)(Ax)n(N) since A is a
homomorphism and how matrix multiplication works. Therefore

(u, u) = (k1@ @k, (A)n(NT) (A )n (V) (k1@ - - Ok )) con = (Aic)n (V) (k1@ - -Bkn ), (Ac)n(N) (k1 ©- - -Dkin)) on > 0

Since u € H ©® K was arbitrary, (-,-) is a positive €-valued sesquilinear form. Moreover this shows us that
Ak is completely positive in the sense that (k1 ®--- B kn, Ac)n(B)(k1®--- @ kp))con > 0 for any B positive
in M,,(%8). This clearly also holds for #.

Let N ={u € HOK | (u,u) = 0}. By the partial Cauchy Schwarz inequality for positive sesquilinear
forms, we obtain that N ={u € H® K | (u,v) =0 for all v € H ® K} so that N is a subspace. It is useful
for later reasons to know that for all h € H, k € K, and b € B that u = py(b)h @ k — h @ A\c(b)k € N. To
see this, we notice that

(u,u) = (pu(b)h @ k, pr(b)h @ k) — (p3(b)h @ k, h @ Ac(b)k)
—(h @ Xc(b)k, pr(b)h @ k) + (h @ A (b)k, h @ A (b)k)
= (k, Ac({pw (D), pre(B)h) 3 ) k) i — (ks Ac (o (D) Ry B2 ) A (b)) i
—(Ac(0)k, Ac((h, pr (D)) 20) k) i + (A (D), Ac((R, ) 20) A (B)F) e
= (k, Ac(b™ (hy By b)) o — (b, A (0% (hy ) 3) Ac (D) K)
— (A (D)k, A ((hy h)ub)k) e + (A (0)k, A ((hy h)#) A (D) k)
=0

as A\ is a homomorphism.

Now take H ® K/N and complete it with respect to the norm |jul| = \/|{u, u) ||, induced ¢-valued inner
product to obtain a Hilbert €-space H @ K. Our next goal is to show that H ®g K is a €-bimodule. For
each ¢ € € define p(c) € L(H © K) by p(c)(h® k) = h ® pxc(c)k (which is well-defined since it is a linear
map induced by a bilinear map on H X K). To show that we can define p(c) on H ® K/N we notice for all
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UZZ?:lh,L@kZEH@ICthat

0 < {ple)u, p(c)u) =} _ (p(c)(hi ® ki), p(c)(h; @ k;))

ﬁM:

=

&
I
a

(hi ® prc(c)ki, hj @ prc(c)kj)

=

&
Il
—_

Il Il
:M: :M:

(pxc(c)kis A ((hay b)) pxc(e)ks)

=

&
Il
—_

I
:M:

c* (ki Ac((hiy by )a) kg e

S

&
Il
—_

o
*
—

IS

suje

Thus, if u € N, p(c)u € N. Hence we can redefine p(c) on H ® K/N. Moreover, the above computation
shows ||p(c)ul® = e (u, uyclle < llel/? ||ul|®. Hence p(c) is continuous on H @ K/A and thus extends to
H ®p K. Define p : € = L(H ®x K) by ¢ = p(c). Tt is clear by the definition of p(¢) on H ® K that p is
linear and anti-multiplicative as px was. Thus these properties extend to H ® K/N and thus to H @ K by
density and the boundedness of p. Hence H ®g K is a €-module.

We desire to make H ®g K a A-€-bimodule. To do this, for each a € A we define A(a) € L(H © K) by
Aa)(h®k) = Ay (a)h @k (which is well-defined since it is a linear map induced by a bilinear map on H x k).
To show that we can define A(a) on H ® K /N we notice for all u =", h; ® k; € H ® K that

n

0 < (A@)u, Aa)u) = Y (Ma)(hi ® ki), Ma)(h; @ k)
i,j=1
i ®kza)\7-£( )hj ®/€j>
Z ki, A (M (@)hi, A (a)hy)a) k)

= <7€1 @ @k, (A)n([(A(@)hi, A (a)hy)]) (k1 © - -+ @ kn))cen

However, we saw earlier that [(Ay(a)h;, Ay (a)hj)u] < llal|? [(hi, hj)] in M,,(B) and that A was completely
positive. Therefore we obtain that

0 < (Ma)u, A(a)u) < llal* (k1 @ - - @ kny A ) (i )] ) (k1 @ -+ @ k) cen = [lal|” (u, w)

Thus, if u € N, AM(a)u € M. Hence we can redefine A(a) on H @ K/N. Moreover, the above computation
shows [|A(a)ul® = ||a? [(u, u)]| ¢ < llal|® |[u||?>. Hence A(a) is continuous on H @ K/N and thus extends to
H @ K. Define A : 2 — L(H ®x K) by a — A(a). Tt is clear by the definition of A(a) on H ® K that A is a
homomorphism as \y; was. Lastly, we notice for all h @ k,h' @ k' € H ® K that

(W @k XNa)(h®k)) = (h @K Ay(a)h @ k)
= (K", (W, M (a)h)uk)
= (K, (M (@)W gk
= (M(a")h @K, h® k)
= (Ma")(W @K'),h® k)

Thus, by linearity, we see that A(a)* = A(a*) on H ® K/N. Thus, as these properties extend to H © K/N
and thus to H ®g K by density and boundedness of A\, H ®g K is a A-C-module.
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Remarks In an abuse of notation, we write h®k instead of h®k+N. Thus the linear span of these tensors
is dense in H ®q K. Also, due to our knowledge of the kernel, we know that px(b)h ® k = h @ A (b)k. We
have not proven that these are the only relations (i.e. it might be true that h ® k = 0 for some h # 0 and
k # 0). Moreover if 2 is unital, it is easy to see that A(1lg) is the identity map on H Qg K if Ay (ly) was
the identity map on H.

Example Let H =B, (-,-) : BxB — B by (A,B) = A*B, p: B — L(H) by p(B)A = AB for all
AeHand BeB,and A : B — B,(H) by A(B)A = BA for all A € H and B € B. Consider H ®x H.
Then foral A BEH®p H, AQ B=AR AN(B)lg =p(B)AR® 1y = AB ® 1gs. Moreover, for all C € B,
(C®1,Co1) = (C,\(1,1))C) =(C,C) = C*C. Thus C ® 1 = 0 if and only if C*C = 0 if and only if
C = 0. Also, since p(B)(C®1)=C®B=CB®1land A(B)(C®1) =BC®1, HQp H ~H as Hilbert
$B-B-bimodules.

Similarly, if 98 is a C*-algebra, H = B™ with the canonical Hilbert 8-8B-bimodule structure, and I = B™
with the canonical Hilbert B-8-bimodule structure, then H Qg K ~ B as Hilbert B-B-bimodules (i.e.
show that if {e;};"; and {f;}L; are the vectors in B" and B"™ with one entry 1y and the rest zeros, then
every element of H ®g K is of the form >, Z;.n:l(Bm- e;) ® f;. Map this sum to an nm tuple whose entries
are the B; ; and show this map preserves the inner product and the right and left B-actions).

Remarks We have already seen a relation between completely positive maps between C*-algebra and
Hilbert bimodules. One question is, ”How do Hilbert bimodules created by completely positive maps factor
through this tensor product?”

Theorem Let %A, B, and € be unital C*-algebras and ¢ : A — B, 1 : B — &€ be completely positive
maps. Let H be a A-B-bimodule with ¢(A) = (§, A\ (A)E) for all A € A with £ € H fixed and let K be
a $B-C-bimodule with ¥(A) = (n, \(B)xn) for all B € A with n € K fixed. If H ®x K is as above, then
P(p(a)) = (€@ 1, Mexsk(a)(€ ®n)). In particular, if 1 o p # 0, H @ K is not trivial.

PROOF: This is a simple brute force computation:

V(p(a)) = (& Anl(a)§)n)
= (0, Ac((€, A(a)§)r)n)c
= (£ @1, ()6 @M uesk
= (£ @M, Mesc(a)(§ @) Hesk

as desired. O
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