HILBERT C*-MODULES AND CORRESPONDENCES,
CUNTZ-PIMSNER ALGEBRAS

RALF MEYER

This is an excerpt of an unfinished book project by me. It is a bit too advanced
for this course, but may be useful nevertheless, if you just ignore the things that I
did not cover in class.

1. HILBERT C*-MODULES

We begin by motivating the definition of a Hilbert C*-module. Let A and B be
C*-algebras and let £ be an A, B-bimodule. In order to be compatible with the
C*-algebra structure on A and B, we want extra structure on £ that allows us to
map Hilbert space representations of B to Hilbert space representations of A in a
natural way. This should be done by completing £ ® g H in some “well behaved”
inner product if H is a Hilbert space with a representation ¢: B — B(H).

There are two issues: first, we need an inner product on £ ® g ‘H and, secondly, we
need the homomorphism ¢: A — End(£ ® g H) defined by ¢(a)(z ®y) = (a-2) @y
to extend to a representation on the Hilbert space completion of £ @ g H. The
concepts of a Hilbert B-module and an A, B-correspondence address these two
issues. In this section, we focus on the first issue.

Let ¢: B — B(H) be a representation. We want to guess a formula for the inner
product on £ ®p H. If x € £, define

(1.1) |z): H— ERpH, Yy—=zQy.

the inner product on £ ® g H should make these operators bounded. Then the
adjoint |z)*: £ @ g H — H is defined because H is a Hilbert space. Thus we get
operators |z1)*|x2) € B(H) for x1, 22 € £. We write (x| := |z) for z € £. We expect
the inner product on € @ H to be “natural”. In particular, if U is a unitary in the

commutant B’ of B C B(H), then the induced operator id ® 5 U on £ ® g H should
also be unitary. Then

(z1][22)U = (21](id @p U)|x2) = ((id @p U")|21))"[w2) = (|21)U")"|22)
= U(x1||z2).
Then (z1||z2) belongs to the bicommutant ¢(B)” for all z1,x2 € € because the
unital C*-algebra ¢(B)’ is spanned by its unitaries. Now we come to our most
restrictive assumption: we even assume (z1||z2) € ¢(B) for all z1, 25 € €. If p is
faithful, this gives a map
ExE— B, (x1,22) = (@1 | @2) i= @ (|21)"|2)).-

This B-valued inner product pins down the inner product on £ ® g H because

(z1 @1 |22 @ y2) = (Jw)yr | Jw2)y2) = (1 | [z1)*[w2)y2) = (y1 | (w1 | 22))y2)

for all x1,z2 € &, y1,y2 € H and the inner product is sesquilinear.

Remark 1.1. The bicommutant ¢(B)” is the closure of ¢(B) in the strong operator
topology. If ¢: Co(X) — B(L?(X, i) is a cyclic representation of a commutative
C*-algebra, then ¢(B)"” = L (X, ). So assuming that an element of ¢(B)"” belongs
to ¢(B) is like assuming that a measurable function is continuous.
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The B-valued inner product on £ has the following properties. First, it is
linear in the second variable and conjugate-linear in the first variable. Secondly,
<I1'b1 |1‘2'b2> = bT<$1 |CC2>'b2 for all xr1,To € 5, bl,bg € B because ‘Ib> = |1‘>gﬁ(b)
Third, (z1]|z2)* = (Jz1)*|z2))* = |22)*|21) = (22|21) for all z1,29 € £. And
(z|z) = |z)*|z) > 0 for all z € £. In addition, it is reasonable to assume |z) # 0
for © # 0. This is equivalent to (z|z) # 0 for z # 0. We turn these properties of
our construction into a definition:

Definition 1.2. Let B be a C*-algebra. A pre-Hilbert B-module is a right
B-module £ with an inner product (.| )p: & x &€ — B such that

(1) (u|u) B is linear in the second variable;

(2) (x1|a2-b)p = (x1|x2)p-bforall z1,29 € E, b E B;
(3) (z1|z2)ly = (xa|z1)p for all z1,29 € &;

(4) (xz|z)p >0 for all z € &

(5) (x|z)p #0for x #0, x € &.

Conditions [(1)H(3)| imply that {|.)p is conjugate-linear in the first variable and
satisfies
(w1 - b1 |22 -bo)p = b7 - (21| 22)B - b2
for all 1,z € &, by,bs € B.
We will define a Hilbert B-module as a pre-Hilbert B-module that is complete in

a certain natural norm. Before we come to this, we show that the assumptions in
Definition 1.2 suffice to define inner products as above:

Proposition 1.3. Let B be a C*-algebra, £ a pre-Hilbert B-module, H a Hilbert
space, and p: B — B(H) a representation. The sesquilinear extension of

(1.2) (1 @y1 w2 @ y2) = (y1 | o((z1[22) B)Y2)
forxi,20 € €, y1,y2 € H is a positive semidefinite inner product on € @ H. If ¢
is faithful, then the conditions in|Definition 1.2| are necessary for this.

Let © € €. There is a bounded operator H — & @p H with |z)y == z @y for

y € H. It satisfies
)] < [t |2) 8|,

with equality if ¢ is faithful. And if x1,20 € €, y € H, then
lz1)*(z2 @ y) = e((z1 | @2)B)y,  |21)"|2) = ¢({21]22) ).

Proof. To simplify notation, we assume ¢ to be faithful. We are going to prove
that various properties of the inner product on £ ® g H are equivalent to similar
properties of the B-valued inner product on £. In each case, we only need ¢ to
be faithful to go from the inner product on £ ® g H to the B-valued inner product
on &£. So the arguments below prove what is claimed in the proposition also for
non-faithful representations (.

By convention, Hilbert space inner products are linear in the second and conjugate-
linear in the first variable. The formula in well defines such a sesquilinear map

on £ ®H if € is a pre-Hilbert module. Conversely, in [Definition 1.2|is necessary

for this to work. The sesquilinear map on £ ® H descends to £ ® g H if and only if
the following holds:

(1 0®@y1 |22 @Y2) = (21 @b~ y1 |72 @ Y2),
(T1@y1 |22 bR y2) = (1 @Y1 |22 @b - y2).
This is equivalent to
(1|22 -b)p = (x1|22)B - b,

<l‘1'b‘1’2>3 :b*~<l‘1‘l‘2>3.
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The symmetry property (&1 |&2) = (§2|&1) for 1,8 € € ®p H required for inner
products is equivalent to (x1 | x2)5 = (r2|z1)p for all 1,22 € B. Write { € EQpH
as § = > x; @y; with z; € €, y; € H. What does the positivity of (£[€) > 0
mean? We expand

€18 =Y (| ollwi |2)m)5) = (¥ | n0O7)
with Y = (y1,...,yn) € H"™ and
X = (<wi|mj>B)i,j:1,...,n € M (B).

Since ¢ induces a faithful representation of M, (B) on H", (£]|&) > 0 for all
e f®pHifand only if X > 0in M, (B) for all z1,...,z, € €. All these positivity
conditions already follow from the case n = 1:

Lemma 1.4. If(z|xz)p > 0 forallz € £, then X > 0 in M, (B) for allz1,...,z, €
E.

Proof. Let by,...,b, € B. Then

OS <x1b1++‘rnbn|x1b1++xnbn>3

= > biwi|ay)pby = > biXijb;.

i,j=1 i,j=1
We claim that a matrix X in M, (B) is positive if and only if szzl by X;;b; > 0 for
all by,...,b, € B. This is necessary because the sum is b* - X - b for b the column

vector with entries b;. For sufficiency, we first show that ¢, (X) > 0 in B(H™) for
any cyclic representation ¢: B — B(H). Let yo € H be the cyclic vector. Then
P(B)yo C H is dense. If n € (¢(B)yo)™ C H", then write 1; = ¥(b;)yo; we compute
len(X)m) = 3 (o |05 Xisby)yo) = 0.
ij=1
Then 1, (X) > 0 in B(H"™) because vectors of this form are dense in H". If B is
separable, then it has a faithful state and hence a faithful cyclic representation v
by the GNS-construction; then the representation ,, of M, (B) is faithful as well,
and we are done. In general, we may decompose a faithful representation of B into
cyclic subrepresentations and apply the result to these. Thus X > 0 in M, (B) if
¥, (X) > 0 for all cyclic representations 1. O

So far, we have seen the following: if £ is a pre-Hilbert module, then defines
a positive semi-definite inner product on £ ® g ‘H, and the converse holds if ¢ is
faithful. Define |z1): H — £ ® g H as above, and define (x1|: EQ@pH — H by linear
extension of (z1](x2 @ y) := o({x1 |x2)B)y. If 1,22 € E, y1,y2 € H, then

(Jz1)yr |2 @ y2) = (21 @Y1 |22 ® y2) = (Y1 | p((21 [ 22) B)Y2) = (Y1 | (21](22 @ Y2)).

Hence (z1]| = |z1)*. Thus |z1)*|z2) = (x1||z2) = ({1 | 22) ). This implies
. 1/2 1/2 1/2
[z = [[len) 20|77 = ol an]]" < [ [20)s] 7
with equality if ¢ is faithful. This finishes the proof of O

Let &€ be a pre-Hilbert module. Then ||(z |x)p|"* = |||z)| is a norm on £ by
This is nontrivial.

Definition 1.5. A Hilbert B-module is a pre-Hilbert B-module that is complete in
the norm ||z|| == ||(z | z)5]">.
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Remark 1.6. Hilbert modules over commutative unital C*-algebras were introduced
by Kaplansky [13|. Paschke [22] generalised them to general C*-algebras. They
became popular through the work of Rieffel [24].

Exercise 1.7. If € is only a pre-Hilbert B-module, then the completion of € in the
norm above is a Hilbert B-module.

FEzample 1.8. Hilbert C-modules are the same as Hilbert spaces.

Ezample 1.9. Any C*-algebra B is a Hilbert module over itself for the standard
right module structure and inner product (x| y)p = a*y for x,y € B.

Ezample 1.10. Let B be a C*-algebra and n € N. Equip B™ with the usual right
B-module structure and the inner product

(13) <(x1,...,xn)|(y1,. -ayn Zx Yi-

This is a Hilbert B-module. It is complete because the norm on B™ from the inner
product lies between max{||b;||} and >_ ||b;|| and B™ is complete in any such norm.

Letting n — oo, we get a pre-Hilbert module structure on (J,,.y B", the algebraic
direct sum of countably many copies of B. Its Hilbert module completion is

(1.4) B> = {(bi)ieN € HB:Zb;‘bi converges in B}.

ieN €N
This Hilbert module is called the standard Hilbert B-module because of Kasparov’s
Stabilisation Theorem (see [Section 10)).

Example 1.11. More generally, the direct sum £™ of n copies of a Hilbert module £
is a Hilbert module with the induced right module structure and the inner product

as in (1.3)). The argument is the same as for [Example 1.10

Exercise 1.12. Let £ be a Hilbert B-module and let w: B — A be a surjective
*-homomorphism. Let &y :={x € E: (x| x)p € ker} and & := E/E. Show that &
is a Hilbert module over ker w and that & is a Hilbert A-module in a canonical way.

Exercise 1.13. Let X be a locally compact space. A continuous field of Hilbert
spaces is a family of Hilbert spaces (Hy)zex with a subspace H C [[,c x He, whose
elements are called continuous sections, such that

e H is closed under pointwise multiplication by Co(X);
if &,n € M, then the function x — (&, |n.) belongs to Co(X);
H C [l,ex Ha is closed in the norm [|(§z)zex|| := sup |||
for any x € X, the evaluation map H — H, is surjective.
(Compare the concept of a continuous field of C*-algebras.) Show that H with the
pointwise multiplication by Co(X) and the pointwise inner product is o Hilbert
Co(X)-module. Show that any Hilbert Co(X)-module is isomorphic to one of this
form for a continuous field of Hilbert spaces, which is unique up to isomorphism.

(Use|Ezercise 1.12] to construct the fibres H.)

Remark 1.14. If £ is a Hilbert B-module, then (£]£) # 0 for £ # 0in € @ H
(see [Proposition 5.13|). It is unclear whether this still holds if £ is a pre-Hilbert
B-module. Thus the nondegeneracy of the inner product on £ is necessary and
almost sufficient for the inner product on £ ® g H to be positive definite.

Remark 1.15. Let £ be a B-module with a B- Valued inner product that satisfies the

conditions [(1)H{(4)] in Definition 1.2} but not [(5)} Then the proof of [Proposition 1.3|

goes through without change. But now ||z| := ||<x | £)||'/? is only a seminorm on &.
Tts null space is the subset of all € £ with (x|x)p = 0. It follows that this is a
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right B-submodule in £. In addition, the B-valued inner product on £ descends
to the quotient £/&y, and this is an honest pre-Hilbert module. Since the map
E@pH — E/E ®p H induced by the quotient map preserves the inner products,
E®p H and £/E ®@p H have the same Hilbert space completion. Therefore, we
gain only irrelevant generality by allowing degenerate B-valued inner products.

[Proposition 1.3|shows that any Hilbert module may be realised concretely through
a space of operators. This is a powerful tool to reduce statements about Hilbert

modules to statements about Hilbert space operators and their operator norms. It
is worthwhile to turn this into a definition:

Definition 1.16. Let ¢: B — B(#) be a faithful representation. A concrete
Hilbert B-module relative to ¢ is a norm-closed subspace & C B(H, K) for a Hilbert
space K, such that E¢(B) C £ and £*E C ¢(B). A concrete Hilbert B-module is
nondegenerate if EH, the closed linear span of z(y) for z € £, y € H, is equal to K.

If £ CB(H,K) is a concrete Hilbert B-module, then the obvious right B-module
structure and the inner product (x1 |z2)p := 2} o x2 make it a Hilbert B-module.

Lemma 1.17. Any Hilbert module £ is isomorphic to a concrete one.

Proof. Let ¢: B — B(H) be any faithful representation. Let I be the completion

of £ ®p H in the inner product (1.2). [Proposition 1.3| gives an isometric linear

map & — B(H,K), v — |z). Since £ is complete, its image is norm-closed. And
|z - by = |z)p(b) and |z1)*|z2) = ¢((z1|22)B) € @(B) for all x,x1,22 € £, b € B.
Thus {|z):2z € £} is a concrete Hilbert B-module, and it defines the Hilbert
B-module structure on £. O

Exercise 1.18. Let £ C B(H,K) be a closed linear subspace with x1x3xs € € for
all 1, 2,23 € € (such spaces are called ternary rings of operators and were first
studied in [25]). Let B C B(H) be the closed linear span of {x5xs: x9,x5 € E}. Show
that B is a C*-subalgebra of B(H) and that £ is a concrete Hilbert B-module.

The triangle inequality for the norm ||(z | z)z|'/? on a Hilbert module is usually
proven using a generalisation of the Cauchy—Schwarz inequality to Hilbert modules.

We have followed a different route. To relate the two proofs, we formulate the

Cauchy—Schwarz inequality in [Proposition 1.19]and assert in that it is
weaker than which is a key step in our proof.

Proposition 1.19. Let £ be a pre-Hilbert module and x1,29 € £. Then
(w1 |22)B - (21| 32)p < [[{@2]22) B - (21 |21) B

and ||{z1 | z2)Bl| < ||z1||||z2|l. Both inequalities are called Cauchy—Schwarz inequal-
ity.

Proof. We may realise £ C B(H,K) as a concrete Hilbert module by choosing a
faithful representation of B on a Hilbert space H and taking K := £ ® g H. Then
(1| 22)p = 22 in B(H,H) and so

(T1]22)B - (1 | 22) 5 = TiT27571 < 27 ||2223 |71 = (22 [ 22) B - (1 | 71) B-

Then ||(z1 | x2)B|| < ||x1]]||z2]| follows using the C*-identity for B. O

Exercise 1.20 (see |3]). The case n =2 of|Lemma 1.4| says that
(<x1 lz1)p (21 |x2>3) >0

(x2|z1)B  (v2]22)B8

in Ma(B) for all x1,29 € H. Show that this implies the Cauchy-Schwarz inequality.



6 RALF MEYER

Remark 1.21. T am not aware of a source that uses concrete Hilbert modules
systematically to prove basic results about Hilbert modules. A more general concept
of a concrete Hilbert module is introduced in [18]. The goal in [18] is to concretely
represent Hilbert modules over the reduced crossed product C*-algebra A x, G for a
continuous action a: G — Aut(A) of a locally compact group G. Operators between
Hilbert A-modules are used for this purpose. So the purpose in [1§] is to reduce
Hilbert modules over a complicated C*-algebra such as A X, o G to Hilbert modules
over a simpler C*-algebra such as the coefficient algebra A, but not to develop the
theory of Hilbert modules from scratch.

2. CORRESPONDENCES BETWEEN C*-ALGEBRAS

Let € be an A, B-bimodule with a B-valued inner product that makes it a Hilbert
B-module. Let H be a Hilbert space with a representation ¢: B — B(H). We now
change our notation slightly: we write € ®p H for the algebraic tensor product. In
we have equipped £ ©®p H with a natural inner product. From now on,
we let £ R H be the Hilbert space completion of € ©g H.

The bimodule structure on £ gives an algebra homomorphism

P A— End(€ ©Op H), Y(a)(z®y) =(a -x)Qy.

We want this to extend to a representation of A on the completion £ ® g H. In
particular, we want ¥ (a*) and 1 (a) for a € A to be adjoints of one another. This
happens if and only if

{(a-21) @Y1 |22 @y2) = (m1 @Y1 | (a* - 22) @ y2)
for all x1,x2 € €, y1,y2 € H. And this is equivalent to

(2.1) (ax1|@2)p = (w1 |a"T2)B

for all 1,22 € £, a € A, if ¢ is faithful.

Lemma 2.1. If (2.1)) holds, then the homomorphism ¢: A — End(£ ©pH) extends
to a *-homomorphism A — B(E ®p H). It is nondegenerate if A - E is norm-dense
in €.

Proof. We replace A by AT to make it unital. Any A-module structure extends
to AT by letting 1 € A" act by the identity map, and still holds for a € A™.
If w € AT is unitary, then (uzy |uxe)p = (z1|u*uz2)p = (%1 |x2)p. Hence the
invertible operator u ®p idy on £ ®p H is unitary for our inner product. So it
induces a unitary operator on £ ® g H. Any element of a unital C*-algebra such
as AT is a linear combination of unitaries. Therefore, for any a € AT there is a
bounded linear operator on £ @ g H that acts by  ® y — (az) ® y on the image of
£ ©®p H. On the pre-Hilbert space £ ®p H, the left action of A is multiplicative,
and gives compatibility with inner products. This remains true on the Hilbert
space £ @p H. So the map A — B(£ ®p H) is a *-homomorphism. Since € ©p H is
dense in ERpH, A-ER®p H is dense in E g H if A-E is dense in £. [l

Remark 2.2. If A - € is not dense in &, then there are a Hilbert space H and a
representation ¢: B — B(H) such that (A- &) ®p H is not dense in € ®p H (see

Theorem 7.14] below). Then the representation of A on £ ® g H is degenerate.

Definition 2.3. An A, B-correspondence is a Hilbert B-module £ with a nonde-
generate left A-module structure satisfying (2.1). By convention, we think of a
correspondence as an arrow from B to A and write £: A <= B if £ is an A, B-
correspondence.

Remark 2.4. The assumption (2.1]) implies a(xb) = (ax)bforallac A,z € £, b€ B
(see [Lemma 3.2). So A, B-correspondences are A, B-bimodules.
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If S: Hy — Hs is an isometric intertwiner between two representations of B,
then idg ©p 5: £ © H1 — £ ©®p Hs is an isometric A-module map. Therefore, it
extends to an isometric intertwiner

ide ®p S: EQ@pH1 — £ QB Ha

for the induced representations of A. The trick in the proof of shows
that the same remains true for bounded intertwiners. We have shown:

Proposition 2.5. Let £ be an A, B-correspondence. There are functors € Qp |
between the categories of Hilbert space representations of A and B with intertwining
unitaries, isometries, or bounded linear operators as arrows.

To construct this functor, we needed all the conditions in and
except condition in and the completeness of £.
These two unnecessary conditions do not reduce generality because we may arrange
them by Hausdorff completing £.

FEzample 2.6. Let T/ be T as a set, but topologised as the disjoint union of T \ {1}
and the point {1}. The identity map is continuous as a map T — T, but not
the other way around. So C(T) C Cp(T") = M(Co(T')), and any Hilbert space
representation of Co(T’) determines one of C(T). Conversely, a Hilbert space
representation of C(T) extends uniquely to Borel functions on T. These are the
same as the Borel functions on T'. So we get a *-homomorphism on Cy(T”"). The
Borel functional calculus is built so that Co(T \ {1}) C Co(T’) acts in the same way
as it does as an ideal in C(T) and the characteristic function of {1} acts by the
projection to the corresponding eigenspace of the representation. This representation
of Co(T’) is nondegenerate. The usual universal representation i: Z — C*(Z) = C(T)
also defines a representation i': Z — U(Cy(T’)) because of the inclusion morphism
C(T) —» Co(T’). Let U be a representation of Z on a Hilbert space H. The
functional calculus for U(1) is the unique representation 7 of C(T) on H with
U = 7.(i). The corresponding representation 7’ of Co(T’) on H satisfies U = 7/, (¢').
And it is the only representation with that property. So the representation i’ of Z
in Co(T’) has the property that any Hilbert space representation of Z is of the
form 7, (i) for a unique representation 7 of Co(T’). Nevertheless, Co(T’) is not
isomorphic to the group C*-algebra of Z.

Remark 2.7. The equivalence from the Hilbert space representation category of C(T)
to that of C(T’) in [Example 2.6]does not come from any C(T'), C(T)-correspondence.
The analogy to the purely algebraic theory of Morita equivalence for rings breaks
down at this point. In the C*-algebraic setting, the interesting concept is what
Rieffel calls “strong Morita equivalence”. Beer [4] gives many more examples of
equivalences of Hilbert space representation categories that do not come from a
C*-correspondence.

Definition 2.8. Let A and B be C*-algebras, let H and K be Hilbert spaces, and
let a: A — B(K) and 8: B < B(H) be representations, where j is faithful. A
concrete correspondence A < B is a norm-closed subspace € C B(H, K) such that
ala)r,zf(b) € £ and x*y € B(B) foralla € A, z,y € £, b€ B, and AE = €.

A concrete correspondence is a correspondence with the obvious bimodule struc-
ture and inner product. Up to isomorphism, any correspondence is of this form:

Lemma 2.9. Any correspondence £: A <= B is isomorphic to a concrete correspon-
dence, where any faithful representation 8: B — B(H) may be chosen. In addition,
we may arrange that « is faithful or the concrete correspondence is nondegenerate
(as a concrete Hilbert B-module). It may be impossible to get both extra properties
together.
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Proof. Realise £ as a concrete correspondence in B(H,E ®p H) as in the proof
of [Lemma 1.17} [Lemma 2.1| gives a representation a: A — B(E ®@p H) with
ala)(r®y) = (ax) @y for all a € A, x € £, y € H. This identifies £ with a
nondegenerate concrete A, B-correspondence in B(H,€ @ H). We may arrange
for « to be faithful by taking (€ ® g H) @ K with a faithful representation of A on K
and by realising £ through the operators [z) ®0: H — (E@pH) K. If £ =0,
then £H = 0 and so nondegeneracy is incompatible with a being faithful. O

FEzample 2.10. Hilbert C-modules are the same as Hilbert spaces. A correspondence
A < C is a Hilbert space representation of A, with the usual nondegeneracy condi-
tion. A correspondence C <~ B is just a Hilbert B-module: the only nondegenerate
action of C is through scalar multiples of the identity map.

Ezample 2.11. Let f: A - B be a morphism. Then B with the right Hilbert
B-module structure from and the left A-module structure defined by
a-b:= f(a)bis an A, B-correspondence because

(@-by|b2) == (f(a)b1)"by = bi(f(a)"b2) = (b1 |a” - b)
for all a € A, by,bs € B.

3. ADJOINTABLE AND COMPACT OPERATORS ON HILBERT MODULES

A representation of a C*-algebra A on a Hilbert space H is the same as a morphism
A - K(H). We are going to introduce a C*-algebra of compact operators on a
Hilbert module so that the same is true for representations on Hilbert modules,
that is, for correspondences. First we describe the analogue of the C*-algebra of
bounded operators on a Hilbert space. For Hilbert module operators, the existence

of an adjoint is not automatic (see [Example 3.4 below). Since we want a C*-algebra

of operators, we only allow operators that are adjointable in the following sense:

Definition 3.1. Let & and & be Hilbert B-modules. A map f: & — & is
adjointable if there is a map f*: & — &, called its adjoint, with (x| f(y)) =
(f*(z)|y) for all z € &, y € &;. Let B(&1, &) be the set of adjointable operators
from 51 to 52.

Lemma 3.2. If f is an adjointable operator then f and f* are bounded, linear
B-module homomorphisms.

Proof. Let x1,z0,y € £, b€ B and A € C. Then

(1 (@1 + Awzb)) = (fTy |21 + Azab)
= (fTylz) + M y|22)b = (y| f(z1) + Af(22)b).
That is, f is linear and B-linear. We use the Closed Graph Theorem to show that f

is bounded: it suffices to prove that its graph is closed. Let z, — x and f(x,) =y
in £ and let z € £. Then

Iy = f(@) [ 2)]| =l [|(f (zn = 2) | 2)]]
—lim (0 — x| £*2)]] < lim | — ] - £2]] = 0.
This implies || f(z) — y|| = 0 and then f(z) =y. O

Proposition 3.3. The adjointable operators form a unital C*-algebra B(E) with
the operator norm || f|| := sup{||f(2)|:z € &, ||z|| = 1}.

Proof. If fi1, fo are adjointable operators and A, Ao € C, then Aif; + Ao fs is
adjointable with adjoint A; f; + A2 f5, and f1 fo is adjointable with adjoint f3 f;. If f
is adjointable, then so is f* with f** = f. The identity operator is its own adjoint.
Thus B(€) is a unital *-algebra. The operator norm on B(E) is submultiplicative.
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If x,y € &, then ||(y | z)|| < ||z] - ||y|| because of the Cauchy—Schwarz inequality in
[Proposition 1.19] Taking y = ||| ~*/? - 2 shows that

]l = sup{[[¢y |2} [ -y € €, [yl < 1}.

This implies
If1I:=sup{[[f(2)||:z € &, ||zf| <1} = sup{[[(y [ f(@))]|: 2,y € &, [l [ly] <1}

This symmetric expression for the operator norm of f implies || f|| = ||f*||. Since the
operator norm is submultiplicative, this implies || f*f|| < ||f*[| - | fIl = || f]|*. The
following computation gives the other half of the C*-identity:

1£7 £l = sup{ll{y | £* fa)ll} = sup{l[{fy | f2) I} = sup{l|(fz | fa)I} = | f]I*.

Here the suprema run over z,y € £ with ||z, ||y]| < 1 as above.

Finally, we prove that B(E) is complete. If (f,) is a Cauchy sequence, then so is
(fX) because || f|| = || f*||. Hence both (f,) and (f;5) converge to linear operators f
and f*, respectively. By the Cauchy—Schwarz inequality, (x| f,y) and (f z|y) are
also Cauchy sequences, which converge to (x| fy) and (f*z|y), respectively. Then

(@] fy) = lim (z| fuy) = lim (frz|y) = (fTz]y).
That is, f* is adjoint to f. Hence lim f,, = f in B(E), proving completeness. d

There are bounded B-module homomorphisms that are not adjointable:

Ezample 3.4. Let B = C[0,1], & = Cy(0,1], & = B with the obvious Hilbert
B-module structures. The inclusion map ¢: £ < & is a bounded linear B-module
homomorphism, even isometric; but it has no adjoint. To see this, assume that
t*: & — &1 were an adjoint; let € € & be the function z +— x; then

z=ev;(({[1)B) = eva((t(§) 1)) = eva ((£]7(1))) = 2 - (" 1)(2);
thus (¢*1)(z) = 1 for all = # 0, which contradicts t*1 € Cy(0, 1].
To get an example with & = &, take £ := & & & and the operator
T:E— 5, T($1,$2) = (0,1‘1).

Definition 3.5. Let F be a closed B-submodule of a Hilbert B-module £. The
orthogonal complement of F is the set

Fri={ye&:(x|y)=0forallz € F}.
We call F complementable if F + F+ = €&.

Exercise 3.6. Show that any closed B-submodule F of a Hilbert module is a Hilbert
B-module in its own right, such that the embedding F — £ is isometric. Show
that F* is a closed B-submodule of € with F N F*+ = {0}. Show that the embedding
F — & is adjointable if and only if F is complementable.

Definition 3.7. Let £ be a pre-Hilbert B-module. For x € £, define

(x]: €= B, z (x| 2)p,

|z): B— €&, b x-b.
Remark 3.8. This notation clashes with the definition of |z) in (L), which we
shall not use any more from now on. This confusion is not so bad because the two

uses of the notation |z) are very closely related. Let ¢: B — B(#) be a faithful
representation. Then B ® p H = H when we view B as a Hilbert B-module as in

Example 1.9] The operators (z|: £ — B and |z): B — & in |Definition 3.7 induce

operators
lz)@pl: HEXEBRpH— EQpH: (z|®p 1

(compare [Theorem 3.16). These are the operators |z)* and |x) as in (1.1).
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Lemma 3.9. With the notation l,(b) := a - b, the following formulas hold:
[A1z1 + Aox2) = A1]z1) + Aolz2), (Mx1 4 Xoma| = A (1] + Ao (w2,

|z - a) = [x)la, (x - af =l (2],
T(x)) = T|x), (T(x)] = ([T,
)" = (xl, (@1]|2) = Uay |2y -

Proof. All claims are direct computations. As a sample, we check |z)* = (z|:

(12} = (y[ab)p = (y[2) 50 = (2|9} [b) = {{aly [b) 5. O

Definition 3.10. For Hilbert B-modules £ and F, let K(&, F) C B(&, F) be the
closed linear span of the operators |x)(y| with z € F, y € €. Let K(&) :=K(£, E).

By K(€) is a two-sided *-ideal in B(E).

FEzample 3.11. If B = C, then £ and F are Hilbert spaces; the operators of the
form |z)(y| are the rank-one operators. Taking the linear span yields the finite-rank
operators. Hence K(&, F) is the closure of the space of finite-rank operators.

Proposition 3.12 ([5, Lemme 1.3]). For any x € £ there is y € £ with v =
yylv)e = y)yly.

Proof. Realise £ as a concrete Hilbert module £ C B(H, K) by Thus
yly|ly)p = yy*y for all y € € C B(H,K). For ¢ > 0, x- (x*x + )~ /% exists
and belongs to £ - BT = £ because x*z + ¢ is an invertible element in the unital
C*-algebra B*. The net z - (z*x + ¢)~"/% for ¢ \, 0 is norm-Cauchy; hence it
converges to some y € £. This satisfies

yy'y = li\‘n%:c (w4 e)T (w4 e) Tt (e o) T = O
€

Corollary 3.13. A Hilbert B-module £ is nondegenerate as a right B-module.
The right B-module structure on & extends uniquely to a M(B)-module structure.
This module structure together with the given B-valued inner product, viewed as
being M(B)-valued, is a Hilbert M(B)-module structure on €. There are the same
adjointable and compact operators on € as a Hilbert B- and as a Hilbert M(B)-
module.

Proof. [Proposition 3.12| implies £ = £ - B, that is, B is a nondegenerate right
module. Realise £ as a concrete Hilbert module in B(H, K) by The
representation 5 extends to M(B). This is a faithful representation of M(B)
because B is an essential ideal in it. And

E-MB)=E-B-M(B)=€ B=E.

So & is also a concrete Hilbert M (B)-module. Here the inner product is the same,
and the right module structure is extended in the unique way to M(B). The
definitions of the adjointable and compact operators on £ only use the inner product.
Since this is the same, the adjointable and compact operators on £ as a Hilbert
B-module or a Hilbert M(B)-module are the same. O

Exercise 3.14. View a C*-algebra B as a Hilbert module over itself as in
iple 1.9 Then B(B) = M(B) and K(B) = B.

The element y in [Proposition 3.12| becomes unique under a mild extra condition:

Exercise 3.15. For any x € £ there is a unique y in the closure of x - B C & with
z=y(yly)s = ly)yly.
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Theorem 3.16. If £ CB(H,K) is a concrete Hilbert B-module, then
K(&) = closed linear span of {x125 € B(K):z1,22 € £}.

If € CB(H,K) is a nondegenerate concrete Hilbert B-module, then
B(E) =2{T eB(K): Tz, T*x € £ for all x € E}.

Proof. Let K1 C K be the closed linear span of z(y) for z € £, y € H. Let Ky be
the orthogonal complement of K;. The representation of K(£) will be constructed
to be 0 on Ky. So it is equivalent to a representation on ;. We only consider a
representation of B(&) if K = K;. Hence we may assume without loss of generality
that K = ICy. Then we identify £ ® g H = K through z @ y — z(y).

We may view &£ as a correspondence A = B(E) <= B. The proof of
gives a unital representation a: B(E) — B(K) with a(T)x(y) = (T'z)(y) for all
TeBE),ze€& yeH. Then o(T)x =Tz in B(H,K). Since a(T*)x = T*z, the
image a(B(£)) is contained in the space of operators T' € B(K) with Tz, T*z € £
for all x € £. Conversely, if T € B(K) satisfies Tx, T*x € £ for all x € £, then
x +— Tx and x — T*x define bounded linear operators on £, which are adjoints of
each other because z} (T'zo) = (T*x1)*xs for all z1,25 € € C B(H, K). Hence there
is a unique 7' € B(E) with &(T)x = Tz for all z € £. If K = K1, as we assumed,
then this implies @&(7) = T. This proves the description of B(E).

The ideal K(E) <« B(E) is spanned by |z1) (2| € K(E) for 21,2 € €. This operator
acts on KC by a(|z1)(w2|)zs(y) = (Ja1)(w2|23)(y) = a12323(y) forall s € €, y € H.
Thus «(|z1)(z2]) = z125. Hence the isomorphism o maps K(€) onto the closed
linear span of the operators zx3 for z1,29 € £ C B(H, K). 0

Corollary 3.17. M(K(£)) = B(&).

Proof. shows that K(&) is a two-sided *-ideal in B(E). It is essential
because for T' € B(E), T = 0 if and only if Tz = 0 for all x € &, if and only
it T|z)(y| = 0 for all x,y € £. This gives an injective *~homomorphism B(E) —
M(K(E)). Realise £ and K(&) concretely as in[Theorem 3.16f We choose K = E@pH,
so that the representation of K(£) on K is nondegenerate. Then the representation
of K(€) extends to a representation a: M(K(E)) — B(K).

[Proposition 3.12| implies £ = K(£)E. Therefore, if T € M(K(E)), then a(T)E =
a(TK(E)E C K(E)E = & and, similarly, a(T)*€ C €. Thus a(M(K(E))) is
contained in the image of B(£) in B(K). Thus the canonical *-homomorphism
B(€) — M(K(E)) is surjective as well. O

A hereditary subalgebra in a C*-algebra is a C*-subalgebra B C A such that
0 <a<bwithbe B, a€c Aimplies a € B. This is equivalent to BAB C B by
[21) Theorem 3.2.2]. Always BAB O B because B C A and B® = B.

Theorem 3.18. Let £ be a Hilbert module and F C £ a Hilbert submodule. There
is an injective *-homomorphism K(F) — K(E) that maps |z){y| € K(F) to |z)(y| €
K(E). Its range is a hereditary subalgebra of K(E), and any hereditary subalgebra
of K(€) is of this form for a unique Hilbert submodule F C E.

Proof. Realise £ as a concrete Hilbert module in B(H, ) with respect to some
faithful representation §: B — B(H). identifies K(&) with the
C*-subalgebra of B(K) that is spanned by operators of the form ziz% for z1,29 € &.
The image of F C & in B(#H,K) is a concrete Hilbert B-module. Thus
identifies K(F) with the C*-subalgebra of B(K) spanned by operators of
the form @123 for 1,22 € F. These belong to the image of K(£). So we get an injec-
tive *~homomorphism K(F) < K(&). The image satisfies K(F) -K(€)-K(F) C K(F)
because
(w125) (ws2y) (w525) = w1(22 | w3) B (w6 (w5 | 24) B)" € K(F)
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for ©1, 29, x5,26 € F, x3,24 € £. Thus K(F) is a hereditary subalgebra in K(&).
Conversely, let D C K(€) be hereditary. Let F := D - & C £. This is a Hilbert
submodule. The image of K(F) in K(£) is spanned by (dyz1)(dax2)* = dyz1x5ds
for x1,x2 € €, d1,da € D. These elements span D - K(€) - D, which is equal to D
because D is hereditary. Thus K(F) = D. If F C &, then K(F)-& = F by
[Proposition 3.12} Hence the maps F — K(F) and D — D - £ are inverse to each
other. d

Ezample 3.19. Consider a C*-algebra B as a Hilbert module over itself. Then
Hilbert submodules in B are just closed right ideals. gives the well
known bijection between right ideals F in B and hereditary subalgebras D C B. It
maps F +— K(F), which is the closed linear span of R - R*, and it maps D to D - B.

Finally, we return to the definition of a correspondence £: A <= B between two
C*-algebras in The condition (€ |n)p = (£| a*n)p for the left action
says that it is a *~homomorphism to the C*-algebra B(E) of adjointable operators.
Corollary 3.17| identifies B(£) =2 M(K(E)). The following lemma shows that a
*-homomorphism A — B(E) satisfies A - & = £ if and only if it is nondegenerate as
a *-homomorphism to M(K(£)):

Lemma 3.20. Let £ be a Hilbert B-module, ¢: A — B(E) a *-homomorphism.
Then A-E =& if and only if A-K(E) =K(E). So a correspondence A <= B is the
same as a Hilbert B-module £ with a morphism A -~ K(E).

Proof. If A-& = £, then the operators of the form al|z)(y| = |ax)(y| also span a
dense subspace in K(£), so A-K(€) = K(€). Conversely, by [Proposition 3.12} any
element of € has the form |y)(y|ly = y(y |y). Thus £ is a nondegenerate K(&)-module.
Hence A-K(€) =K(€) implies A- £ =A-K(£)E =K(E)E =€. O

4. COMPOSITION OF CORRESPONDENCES

Let £: A< B and F: B < C be correspondences. The algebraic tensor product
€ ©p F is an A, C-bimodule via a(z ® y)c = az @ yc. We define a C-valued inner
product on £ ©p F by

(4.1) (1 @122 ®y2) = (Y1 [ (21| 22) BY2)C
for x1,z0 € &, y1,y2 € F, exactly as in ((1.2). We compute
(T1 @ Y1 [ 220 @ y2) = (21 @ Y1 | 22 @ bya2)

for all 1,29 € €, b € B, y1,y2 € F, and similarly in the first variable. Thus the
inner product descends to the balanced tensor product € ©g F.

Lemma 4.1. Equation defines a positive semidefinite inner product on €O g F.
Thus the completion in this inner product gives a Hilbert C-module, which we denote
by E®@p F. There is a unique nondegenerate *-homomorphism A — B(E @ g F) with
a-(x@y)=(ax)@y forallac A, x €&, ye F.

The lemma follows immediately when we realise all correspondences concretely:

Proposition 4.2. Let A, B, C' be C*-algebras, let E: A <« B, F: B <= C be
correspondences, let H be a Hilbert space, and let v: C — B(H) be a faithful
representation. There are Hilbert spaces K and L with faithful representations
BEBK), ASBEL), £€SBK,L), FSBAHK)
such that
a(a)e(z)B(b) = e(axb),  e(x1)e(x2) = B((z1|x2)B),
B®)ey)r(e) = wlbye), (Y1) pl(z2) =v((y1|y2)c)
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foralla€e A, x,x1,20 € E,bE B, y,y1,y2 € F, c € C. Given maps «, 3,7, p,& as
above — but not necessarily faithful — the map

Vv: EOp F = B(H, L), xRy e(x)p(y),

extends to an isometric A, C-bimodule isomorphism from £ ©®p F onto a subspace
of B(H, L), which completes to a concrete correspondence A <= C.

Proof. By there is an isomorphism ¢g: F — B(H, Ky) from F onto a
concrete correspondence B < C' with respect to a faithful representation fy: B <

B(Ko) and the given faithful representation v: C < B(#). Applying [Lemma 2.9
to £ and the homomorphism § gives a concrete realisation ¢: £ < B(K, L) of the
correspondence £ with a faithful representation a: A — B(L).

Next, we compute

a(a)y(z @ y)v(c) = ala)e(z)p(y)v(c) = e(ax)p(ye) = Y(ax ® ye),
Y(r1 @ y1)"P(z2 @ y2) = @(y1)"e(z1) e(z2)p(y2) = w(y1)"B((21 | 22) B)P(Y2)
= o) e((x1 | 22) BY2) = (Y1 | (21| 22) B - Y2) O

Thus ¢ extends to an isometric linear map € ©@p F < B(H, £). The norm closure
of £ ®p F is a concrete correspondence A <~ C. This implies O

Ezample 4.3. Correspondences B <z C are the same as Hilbert space representations
of B (see . The functor between the Hilbert space representations of
B and A induced by a correspondence that we used to motivate the definition of
correspondences is a special case of the composition of correspondences. Similarly,
composition with a correspondence A < B gives a functor from the category of
Hilbert A-modules to the category of Hilbert B-modules.

As with bimodules between rings, the composition of correspondences is only
associative and unital up to canonical isomorphisms:

Lemma 4.4. Let £: A< B, F: B < C, and G: C <= D be correspondences.
Then there are natural isomorphisms of correspondences

(E@pF)@cG=ER (FRcG), (2Qy)@z—2 (Yo 2),
E®p B=E, TR@br—x-b,
ARy uE=E, a® T a-x.

Proof. The three maps above are defined on vectors that span the respective Hilbert
modules. Direct computations show that they are bimodule maps and preserve the
inner products. Hence they extend to isometric linear maps on the completions.
Since these extensions have dense range, they are unitary. (|

4.1. The correspondence bicategory. We have now learnt enough about cor-
respondences to turn them into a bicategory. Its objects are C*-algebras, arrows
B — A are correspondences £: A < B, and 2-arrows are correspondence maps, that
is, A, B-bimodule maps i: & — & with (i(z)|i(y))p = (x|y)p for all x,y € &.
The composition of arrows is the tensor product ® 5. The unit arrow on A is the
identity correspondence: A with the usual bimodule structure and the inner product
(x|y)a =a*y for x,y € A (see . The wvertical composition of 2-arrows
is the composition of correspondence maps £ — & — &. This is associative, and
the identity map on a correspondence is a unit 2-arrow for the vertical composition.

Definition 4.5. Let A and B be C*-algebras. Let Cotrt(A, B) be the category with
correspondences A <= B as objects and correspondence maps as arrows.
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Let £&1,&5: A < B and Fi, Fo: B <z C be pairs of parallel composable correspon-
dences. Two correspondence maps i: & — & and j: F — Fo induce an isometric
bimodule map i ®p j: & O F — & Op Fo, t Q@ y — i(x) ® j(y). This extends to
a correspondence map i ®p j: & Qg F — £y ®p Fo. This defines the horizontal
composition of i and j. The tensor products for correspondences and correspondence
maps define a bifunctor

®p: Cott(A, B) x Core(B,C) — Corr(A,C),

that is, the horizontal and vertical compositions of 2-arrows commute and preserve

unit 2-arrows. gives invertible 2-arrows
le: AQpAEZE, re:EQg B=E, ass: (E®p FRc)G 2 E@p (F®cG)

in Cotr. They are natural with respect to correspondence maps because they are
defined in terms of inner products and bimodule structures. Direct computations,
which are the same as for Rings, show that the relevant diagrams commute. We
have shown:

Theorem 4.6. Cotr is a bicategory.

The isomorphisms of correspondences are exactly the invertible 2-arrows in Corr,
and restricting to invertible 2-arrows in a bicategory always gives another bicategory.
Previous articles on the correspondence bicategory only deal with this subbicategory
of Corr. There are, however, some applications that require the non-invertible
2-arrows introduced here. One involves representations of *-algebras by unbounded
operators in [19]. The other, to Fell bundles over inverse semigroups, is explained
below in

Remark 4.7. Why do we require the left action in a correspondence to be non-
degenerate? Otherwise, the left unit for composition would no longer work:
A4 E X A-E # £ if the left A-action on £ is degenerate. Assuming nonde-
generacy for correspondences is almost no restriction: if A — B(E) is degenerate,
then we may replace £ by the Hilbert submodule A - & C &; this with the restriction
of the left action of A becomes a correspondence.

Remark 4.8. The isomorphism classes of arrows in a bicategory always form a
category. This category shadow of €otr is considered by Echterhoff, Kaliszewski,
Quigg and Raeburn in [§].

Landsman [16] has introduced several bicategories to unify the concepts of Morita
equivalence for rings, C*-algebras, von Neumann algebras, Lie groupoids, symplectic
groupoids, and integrable Poisson manifolds. He calls C*-correspondences “Hilbert
bimodules”, and his bicategory differs from ours in having all adjointable bimodule
maps as 2-arrows.

4.2. Proper, full and faithful correspondences.

Definition 4.9. Let A and B be C*-algebras. A correspondence £: A < B is full
if (£]&)p, the closed two-sided ideal generated by the inner products (£|n) with
&,m €&, is equal to B; it is proper if the left action is a *~homomorphism A — K(&),
and faithful if the left action is an injective *~homomorphism A — B(E).

For any Hilbert B-module &, the closed linear span I := (£]&€)p is a closed
*-ideal in B. Restricting the right module structure on £ to I, £ becomes a full
Hilbert I-module. Conversely, any full Hilbert I-module for an ideal I < B is of this

form for a unique Hilbert B-module structure on & by

Lemma 4.10. Let H and K be Hilbert spaces and let : B — B(H) and a: A —
B(K) be representations, with 8 faithful. Let & C B(H,K) be a nondegenerate
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concrete correspondence A < B. Then & is full if and only if £* - € = B(B); proper
if and only if a(A) C EE*; and faithful if and only if a is faithful.

Here £ - € and & - £* denote the closed linear spans of products x*y or yx* for
z,y € &, respectively.

Proof. The B-valued inner product on € is (z|y) = 8~ (z*y). So £&* - & = B(B)
if and only £ is full. realises K(€) faithfully on K. Since z(y) for
x € &,y € H generate K, an operator T on K is determined by its composites Tz
for 2 € £. Hence & is proper if and only if the image of A in B(K) is contained in
the image of K(€) in B(K). By [Theorem 3.16] this means that a(4) C € - €.

Let « be faithful and let a € A. If a€ = 0, then a(a)z = 0 for all x € €.
Hence a(a)z(y) = 0 for all x € £, y € H. This implies a(a) = 0 and hence a = 0.
Conversely, if « is not faithful, then there is a € A with a # 0 and a(a) = 0. Hence
ala)r = a-z =0 for all z € &, showing that a - & = 0 because £ — B(H,K) is
faithful. O

Proposition 4.11. Let £: A< B and F: B < C be correspondences. If both &
and F are proper, full or faithful, then so is E ®p F.

Proof. We describe £ ® g F concretely as in and use the notation
there. If £ and F are full, then £(£)*c(£) = B(B) and ¢(F)*¢(F) = v(C) by

And B(B)e(F) = ¢(F) because B - F = F. Hence
V(€ @p F)'Y(E€®@p F) = p(F)"e(€)e(€)p(F)
= @(F)" B(B)e(F) = ¢(F) o (F) =~(C).

Thus £ ®@p F is full by [Cemma 4.10}
If £ and F are proper, then £(€)e(€)* D

a
and €(€)B(B) = e(€) because € - B = €. Hence

P(E€ @ F)Y(E @p F)" = e(€)p(F)p(F)e(€)"
2¢e(E)B(B)e(E) =¢e(£)e(E)" 2 alA).

Thus £ ®@p F is proper by
If F and &£ are faithful, then the representations § and « are faithful by

Then £ @p F is faithful. O

Thus the full, the proper and the faithful correspondences form subbicategories
in Corr, denoted Cort™! and CortP™P, Core™! respectively. Intersections such as
Core™™!! N CoreP™P are also subbicategories of Corr.

One reason why proper correspondences are important is that they induce maps
on K-theory, even in bivariant KK. A second reason are the results on Cuntz—
Pimsner algebras of single endomorphisms and product systems in [1,2], which only
work for proper correspondences.

4.3. Morphisms and *-homomorphisms as correspondences. A morphism

f:+ A - B yields a correspondence By by [Example 2.11] What are the 2-arrows
By = B, in €ort? We shall first study invertible 2-arrows. Since B(B) = M(B) by

an isomorphism of right Hilbert B-modules By = By is just a unitary
multiplier of B. A unitary u € U(B) gives an isomorphism of correspondences
By = B, if and only if u(f(a)b) = g(a)u(b) for all @ € A, b € B. Thus isomorphisms
of correspondences By = By are the same as 2-arrows f = g in C*(2).

Of course, the vertical composition of 2-arrows is also the same. The following
lemma clarifies how the compositions of arrows in C*(2) and Corr are related.



16 RALF MEYER

Lemma 4.12. Let f: A — M(B) and g: B — M(C) be morphisms. Then
Hrg: By ®pB Cgngof, b®cn—>g(b)-c,

is an isomorphism of correspondences. If u: fi = fo and v: g1 = g2 are 2-arrows

in C*(2), then the following diagram of correspondence isomorphisms commutes:

Hfq,
By, ®p Cgl =i, Cgloﬁ

U®Bvﬂ ﬂv-u

Bf2 ®B Cg2 % C920f2
Proof. The map pf 4 is an isometry of right Hilbert C-modules. Its range is dense
because ¢ is nondegenerate. It is left A-linear: f(a)-b® c — g(f(a)-b)-c =
go f(a)-(g(b)-c). Thus it is an isomorphism of correspondences. The commuting
diagram is trivial to check. O

The identity map on B gives the unit correspondence on B. Thus the identity
map on objects, the map f — By on arrows, the map u — u on 2-arrows, the
multiplication maps 1 4 above, and the identity map A: Biq, — B provide a strictly
unital homomorphism from the opposite of the bicategory C*(2) to €orr. The order
of multiplication is reversed because of our convention that an A, B-correspondence
is an arrow from B to A.

The correspondences of the form By for morphisms f do not quite form a
subbicategory because the composite By ®p Cy is only isomorphic to Cgor. A
correspondence £: A < B is isomorphic to one of the form By if and only if £ =2 B
as a Hilbert B-module. By there is a subbicategory of €orr that has
correspondences of this form as arrows and isomorphisms of correspondences as
2-arrows. The homomorphism C*(2)°P — €ort’ is surjective on objects and, for each
pair of C*-algebras A, B, the functor C*(2)(4, B) — €ott’(A, B) is an equivalence
of categories; here we use that an isomorphism of correspondences By = By is the
same as a unitary in M(B) = B(B) that intertwines f and g. Hence the functor
C*(2)°P — €ort’ is an equivalence of bicategories.

The correspondence By associated to a morphism f: A - B is always full. It is
proper or faithful if and only if the morphism f is proper or faithful, respectively.
Here we use that K(A4) = A if A is viewed as a right Hilbert A-module.

The bicategory Cotr also has non-invertible 2-arrows By = B,. A 2-arrow
i: By < By is a linear map ¢: B — B such that i(by)by = i(b1b2) and i(b1)*i(bs) =
biby for all by,by € B and i(f(a)b) = g(a)i(b) for all « € A, b € B. The image
i(B) C B is a right ideal in B. If i(B) = B, then i is a unitary intertwiner between
f and g. If B is unital, then i(1) is a projection in M(B) with i(B) = i(1) - B,
so i(B) is automatically complementable. Hence the following lemma always applies
if B is unital:

Lemma 4.13. The 2-arrows By = By in Cove where the right ideal i(B) C B is
complementable are in bijection with isometries i € M(B) such that g(A) commutes
with the range projection ii* and f(a) = i*g(a)i for all a € A.

Proof. If the right ideal i(B) is complementable, then i is adjointable, its adjoint
being the orthogonal projection to i(B). Conversely, if i is adjointable, then 4 is an
isometry in M(B), and i* is an orthogonal projection onto i(B), so that i(B) is
complementable.

The intertwining condition says that i f(a) = g(a)i for all a € A. Hence i*if(a) =
i*g(a)i and g(a)it* = if(a)i* = ii*if(a)i* = ii*g(a)it* for all @ € A. The second
equation for a* gives ii*g(a) = ii*g(a)ii* as well. So the projection #* commutes
with g(A). Conversely, if i € M(B) is an isometry whose range projection 4i*
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commutes with g(A), then f(a) :=i*g(a)i is a morphism f: A w B. And i gives
a 2-arrow i: By = B, with complementable image. t

Ezxample 4.14. Let f: A — B be a *-homomorphism, possibly degenerate. We
may still construct a correspondence: let By := f(A)B C B. This is a right ideal
in B and hence a Hilbert B-submodule of B. The left A-action defined using f is
nondegenerate on this submodule. Hence By is a correspondence A < B.

Exercise 4.15. The correspondence By for a *-homomorphism f: A — B is always
proper. It is full if and only if f(A) C B is not contained in any proper ideal
in B. A correspondence £: A < B is isomorphic to By for some *-homomorphism
[+ A— B if and only if € is proper and there is an isometric embedding of Hilbert
B-modules £ — B.

We may also view a possibly degenerate *-homomorphism A — B as a proper
morphism A — B’ for a hereditary subalgebra B’ C B. Then B’- B C B is a right
ideal and B’ = K(B' - B) (see [Example 3.19). Thus the proper morphism A — B’
leads to the same correspondence as in [Example 4.14]

Lemma 4.16. Let f: A— B and g: B — C be *-homomorphisms. Then there is
an isomorphism of correspondences

By ®p Cy — Cyof, b®cw g(b)e.

Proof. The map above is isometric and compatible with the left A-module structure.
If b € f(A)B, ¢ € g(B)C, then g(b)c € gf(A)g(B)C. We have gf(A)g(B)C C
gf(A)C because g(B)C C C and gf(A)g(B)C 2 gf(A)C because gf(A)g(B) 2
9(f(A)g(f(A)) 2 gf(A). Hence the map By @ Cy — Cyoy is also surjective. Then
it is unitary. U

As for C*(2), [Lemma 4.16|shows that f — By is part of a homomorphism from
the opposite of the category C}, viewed as a bicategory, to €orr. Working in Corr

gives 2-categorical enrichments of C3, where the 2-arrows f = g for f,g: A= B
are all or merely the invertible 2-arrows By = B, in €orr. These 2-arrows seem
unnatural, however, unless we work in the setting of C*-correspondences.

5. SUMS AND TENSOR PRODUCTS OF CORRESPONDENCES

Let (&;)icr be a set of Hilbert B-modules. We define their orthogonal direct sum
;< &i as the completion of the algebraic direct sum with respect to the B-valued
inner product

((wi)ier | Wi)ier)s ==Y _ (i |yi)B.
iel
This inner product is again positive definite and hence turns the algebraic direct sum
into a pre-Hilbert B-module. A special case of this are the Hilbert B-modules B™
for n € NU {oo} in [Example 1.10|and the Hilbert B-modules £" in [Example 1.11

Let (A;)ier be C*-algebras. Define ,.; A; to be the Co-direct sum, consisting

of all families (a;)icr € [[;c; Ai with |la;|licr € Co(I).

Proposition 5.1. Let A; fori € I and B be C*-algebras. Then there are equivalences
of categories

Corr (@ A;, B) = H Corr(A;, B),

icl i€l

Corr <B, &y Ai> [ ¢ore(B, A)).

i€l i€l

12
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That is, @, A; is both a product and a coproduct of the set of objects (A;)icr
in the correspondence bicategory.

Proof. Given correspondences &;: A; < B, we may form the Hilbert B-module
;< & and equip it with a nondegenerate left action of €, ; A; to get a correspon-
dence @, ; A; < B. Embeddings of correspondences &; — £ may be put together

iel
to an embedding of correspondences @, ; & — @, ; ;- This defines a functor
H Corr(A;, B) — Cort (@ A, B).
icl i€l

We are going to prove that the functor above is essentially surjective. Let
E: @,c; Ai < B be a correspondence. Since the left action is nondegenerate, it
extends to an action of the multiplier algebra. A multiplier of B, A; restricts to
a multiplier of A; for each ¢ € I. This defines a map from the multiplier algebra
to the C*-algebraic product Hle ; M(A;), which consists of all uniformly bounded
families a; € M(A;). This map is easily seen to be an isomorphism. In particular,

(EBZ.E I Az) contains orthogonal projections p; onto the ith summand with strict
convergence » ,.; p; = 1. These act by orthogonal projections on &. Let &; := p;€
be their images; these are Hilbert submodules on which A; acts nondegenerately,
respectively. Thus &: A; < B. And ), ;p; = 1 implies ) , ;& = €. Thus &
belongs to the essential range of our functor.

Any @ A;, B-correspondence map @ &; — @ E! commutes with the left action
of the multiplier algebra and hence with the projections p;. So it comes from a
family of correspondence maps on the summands &;; that is, our functor is fully
faithful. Hence it is an equivalence of categories.

Now consider a family of correspondences &;: B < A;. Let EBZ-G ; &i be the set of
all families (§;)ier with [|&]| € Co(I). This is a Hilbert module over @,.; A; by the
pointwise operations. The left actions of B on the summands &; give a nondegenerate
left action of B on @, ;&. Thus we get a correspondence B < @, ; A;. This
construction is natural for embeddings of correspondences, that is, there is a functor

HciottB Ay) —>Qfott< @A)

iel el
Take £: B <= ®iel A;. Foreachiel, & :=&-A; C €& isa B, A;-correspondence
for the ideal A; < @jel Aj. Since these ideals are orthogonal, & = @, ; &. Thus £
belongs to the essential range of our functor. Since the above decomposition is
natural, our functor is fully faithful. O

el

Now let £ and F be Hilbert modules over different C*-algebras B and C, re-
spectively. We are going to define an exterior product Hilbert module £ ® F over
B ® C, where B ® C is a C*-tensor product of B and C. This should be the
completion of the algebraic tensor product £ ®ag F, equipped with the obvious
right B ®a1g C-module structure and the B ®,1, C-valued inner product defined by

(1 @y1 | x2 @ Y2) = (z1|22)B ® (Y1 |Y2)C
for x1, 22 € £, y1,9y2 € F. This is C- and B ®a1, C-linear in the second variable and
satisfies (z2 @ y2 |21 @ Y1) = (21 @ Y1 |22 @ Y2)*.

Lemma 5.2. The inner product above is positive definite, that is, (£]&) > 0 in
B®C for all £ € € Rag F. If the norm on B ® C is a cross norm, then the inner

product satisfies (£]&) # 0 for & # 0.

Proof. Let m: B ® C — B(H) be a faithful Hilbert space representation. This
representation is of the form #(b ® ¢) = wp(b) - 7c(c), where 7 and 7e are
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representations of B and C on ‘H with commuting ranges. Let K := £ ®,, H and
represent £ by operators H — K as in

If u € M(C) is unitary, then mc(u) is an automorphism of the correspondence
(H,mp): B < Candso 1®@7nc(u) € U(ERr, H). This acts by x®@n — z®me(u)n for
x € &, n € H. Since any element of M(C') is a linear combination of unitaries, there
are well-defined bounded linear operators on I that act on elementary tensors by
z@n—x@mc(c)n for x € £, n € H, ce C. This defines a unital *~homomorphism
et M(C) — B(K), which restricts to a nondegenerate *-homomorphism on C
because 7o (C)H = H.

Realise F concretely as operators K — L = F @p K = F ®q (€ @rp H)

(compare [Lemma 1.17)). Now z € £ and y € F give an operator yz: H — K — L,
mapping 7 — y ® z ® n for each n € H. We compute

(1121)" (y222) = 217 (Y1y2) 22 = mo(Yiy2)TE(2]22) = T((21 @ Y1 [ 22 ® Y2))
for all 1,22 € &, y1,y2 € F. Hence the map x ® y — yx represents the inner
product on £ ®,1g F in a way that makes its positivity manifest.

Now assume the C*-norm on BQC to be a cross norm, that is, ||b®c|| = ||b]|-||c|| for
allb € B, c € C. Then it dominates the spatial C*-tensor product norm by Takesaki’s
Theorem (see |6, Theorem 3.4.8]). Let mp and m¢ be faithful representations of
B and C on Hilbert spaces H; and Hs, respectively. The tensor product Hilbert
space H = H1 ® Hy with the representation 7(b® ¢) = 7p(b) ® wc(c) is a faithful
representation of the spatial tensor product by [6, Theorem 3.3.11]. Then 7 is also
a representation of B® C. Let K1 := & ®p H1 and Ky := F ®¢c Ha. Represent
& and F concretely in B(#H;,K;) for j = 1,2, respectively. Then £ ®a F with
its pre-Hilbert module structure over the spatial tensor product is represented
concretely by operators Hi ® Ho — K1 ® Ko. This representation of the algebraic
tensor product is easily seen to be faithful. This implies that the B ® C-valued
inner product on £ ®,1g F is nondegenerate. O

Example 5.3. If £ is a Hilbert B-module and H is a Hilbert space, then there is a
tensor product Hilbert B-module £ ® H because B ® C = B. This gives the Hilbert
modules in B®C" = B" and B ® /2N = B*. The following lemma
about such Hilbert modules is sometimes useful if # = L*(X, ).

Lemma 5.4. Let B be a C*-algebra and £ a Hilbert B-module. Let X be a locally
compact space and let p be a Radon measure on X. Then the exterior product Hilbert
B-module L?(X, 1) ® € is canonically isomorphic to the completion of C.(X, &), the
space of continuous, compactly supported functions X — &£, with the right B-module
structure by pointwise multiplication and the inner product

ol f2)p = /X F1(@)" fa () dpu(z).

Proof. The subspace C¢(X) is dense in L?(X, ). Therefore, the algebraic tensor
product Co(X) ®ag € is dense in L2(X, ) ® €. Define t: Ce(X) ®aig & = Ce(X, E)
by «(f ® a)(x) := f(x) - a. The map ¢ has dense range by a partition of unity
argument. More precisely, if K C X is compact and f € C.(X,€&) is supported
in K, then there is a sequence (fy,)nen with f,, € Cc(X) ®aig € and supp f,, € K
for all n € N and lim || f — fu|loc = 0. The inner product on L?(X, ) ® £, restricted
to Co(X) Qalg €, is given by the formula

(ival] fa®az) = /mez(x)afaz dp = /X t(f1 ®a1)"t(fe ®a)dp.

Since all expressions here are sesquilinear, this extends from elementary tensors to
all elements of C.(X) ®aig €. That is, ¢ restricted to Ce(X) ®ag £ is an isometric
linear map for the inner products defined on C.(X, &) and L?(X,pu) ® €.
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If f e CuX,E) and (fn)nen are as above, then a computation shows that
the sequence (fy)nen is a Cauchy sequence for the norm on the Hilbert module
L?(X,p) ® €. Mapping f to the limit of this Cauchy sequence defines a map
11 Ce(X,E) = L*(X, u) ® € that is still isometric. Since ¢(Ce(X) ®alg £) is dense
in L?(X, ) ® &, it follows that L?(X, ) ® € is the completion of C.(X, &) in the
inner product defined in the statement of the lemma. (]

Exercise 5.5. In the situation of [Lemma 5.4: let L?(X, A)s be the space of all
measurable functions f: X — A for which [| f(x)||>dp is finite. Show that the
isometric embedding C.(X, A) — L*(X) ® A extends to an embedding of L*(X, A)a
into L?(X) ® A with dense range.

Remark 5.6. It is not true that elements of the Hilbert module L?(X, u) ® A may
be represented by measurable functions X — A. Only a dense set of elements in
L?*(X, ) ® A has this property. There may, however, be nets in L?(X, i) ®a15 4
or C¢(X, A) that converge in the Hilbert module norm of L?(X, ) ® A and whose
values at € X fail to converge for almost all z € X. This makes it a bit tricky
to define adjointable operators on L?(X, ) ® A. The best way is usually to define
them first as operators on C.(X, A) or L?(X, A)s or a similar dense subspace of
functions X — A, then to check boundedness for the Hilbert module norm, and

then to extend to L?(X, u) ® A (compare [Lemma 5.9)).

Proposition 5.7. Let £ and F be correspondences A < B and D <= C. Then
E Qaig F completes to a C*-correspondence between the mazimal tensor products
A Qmax D and B Q@uax C and to a C*-correspondence between the spatial tensor
products A @min D and B @uin C.

Proof. Equip € ®ag F with the obvious left actions of A and D. The same argument
as in the proof of shows that these left actions extend to (nondegenerate)
representations of A and D on the Hilbert B ® C-module completion £ @ F. These
representations have commuting ranges and hence give a representation of the
maximal tensor product A ®max D. Thus the completion of £ ®a1 F becomes a
concrete correspondence A Qpax D ‘e B Qmax C.

For the spatial C*-tensor product B @i, C, we may realise £ @ F concretely as
in the last paragraph of the proof of The induced representations of A
on Ky and of B on Ky combine to a representation of A ®upin D on Ky ® Ko, Thus
€ ®a1g F becomes a concrete correspondence A @min D < B @min C. O

For any C*-completion B ® C, embeddings & < & and F; — F> induce an
embedding & ® & — F; ® Fa. Thus the exterior product gives a functor

®: Corr(A, B) x Cort(D,C) — Cort(A® D, B® C)

for all C*-algebras A, B, C, D, any C*-tensor product B ® C', and a suitable tensor
product A ® D depending on B ® C. In particular, ® may be ®pax O @min both
times.

Theorem 5.8. Both the maximal and spatial tensor products define strictly unital
bicategory homomorphisms Corr x Corr — Corr.

Proof. We have already seen that both exterior products give functors
Corr(A, B)xCorr(D, C) — Cort(A®max D, B®maxC), Cort(AQmin D, BRmnminC).

Let &1: By <¢ By, £ By e Bs, F1: C1 < Cy and Fy: C5 < (3. Then there is a
canonical isomorphism

(&1 @ 1) @Bogc, (E2 @ F2) 2 (E1 ®p, £2) @ (F1 ®c, Fo);
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here the C*-tensor norms on B; ® C; may be ®uax everywhere or Qpi, everywhere,
or they may be another suitably compatible choice. The exterior product of two
identity correspondences is again an identity correspondence. We have described
the data for a homomorphism of bicategories. It is easy to check the coherence
conditions for a homomorphism. O

Both the maximal and the spatial tensor products turn C*-algebras into a
symmetric monoidal category. That is, there are natural isomorphisms

(A®maxB) ®maxc = A®max (B®maxC>7 A®maXB = B®maxAu A®max(c = Aa

which satisfy the coherence conditions for a symmetric monoidal category, and
similarly for @min. It follows from[Proposition 5.1]that the direct sum of C*-algebras
embeds in a bicategory homomorphism on €otr. The tensor product is infinitely
distributive over the maximal and spatial tensor products, that is, there are natural
isomorphisms of C*-algebras

P (A Gmax Bi) = A@max P Bi; D (A @min Bi) = A Sin P B

el iel icl el

All these natural C*-algebra isomorphisms seem nicely compatible with the bi-
category structure on €otrr. I guess that the direct sum and the spatial and the
maximal tensor product each make the correspondence bicategory into a monoidal
bicategory, which is a tricategory with one object (see [10]). I have not yet needed
this higher structure and therefore have not tried to check the coherence conditions
for a tricategory in [10].

As a first application of the exterior product, we prove that the reduced crossed
product for a group action does not depend on the choice of a faithful representation
of A. A similar argument shows that the spatial C*-tensor product does not
depend on the faithful representations of the tensor factors. In fact, we shall define
the reduced crossed product for twisted actions of locally compact groups in a
representation-free way using a Hilbert module over the coefficient algebra instead
of Hilbert space representations.

Lemma 5.9. Let G be a locally compact group, let A be a C*-algebra, and let
a: G — Aut(A) and u: G x G — U(A) form a Borel twisted action of G on A.
There are a nondegenerate *-homomorphism o: A — B(L?*(G) ® A) and a Borel
map V: G = U(L*(G) ® A) defined by o(a)(f)(z) = az-1(a)- f(z) and (V4 f)(x) :==
u;_lﬂf(g*lx)) for all f € L*(G,A)2, g, € G, a € A. The pair (o,V) is a
covariant representation of the twisted action of G on A.

Proof. Tt is clear that o(a) for a € M(A) defines a bounded linear map on L2(G Ao
and that V; defines an isometric linear map on L?(G, A)s. The space L*(G, A)s is
1somorph1c to a dense subspace of L?(G) ® A by m Easy computations
shows that V; for g € G and o(u) for u € U(A) are unitary operators for the inner
product of L?(G) ® A. Therefore, these operators defined initially on L?(G, A),
extend uniquely to unitary operators on L?(G) ® A. Since unitaries span M (A),
it follows that o(a) extends to an adjointable operator on L?(G) ® A for all a € A.
The map o: A — B(L?(G) ® A) is easily seen to be a *-homomorphism. We check
the covariance condition:

(oag(@)Vyf)(x) = ag-1(ag(a)) - uz o flg~ ')
=ty g op1g(a) - flg7 ) = (Voe(a) f)(@)
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for all g,z € G, a € A, f € L*(G, A)y; this implies o(ay(a))V, = Vyo(a) in
B(L3(G) ® A) for all g € G. We integrate the covariant pair (o, V) to a *-homomor-
phism ¢: L'(G, A) — B(L?(G) ® A). Here

((f)h)() = /G apr (F(9)) - s, - h(g~ ') dg

for f € LY(G,A) h € L*(G, A)2, € G. If a is a continuous group action, then it is
easy to prove that the representation p is nondegenerate. If a is only Borel, then
we omit this argument. Using the approximate unit in the crossed product Banach
algebra L'(G, A), it is not hard to see that v is nondegenerate. And this implies
that o is nondegenerate. O

Definition 5.10. The covariant representation of (A, G, a,u) on L?(G) ® A in
is called the regular representation. It integrates to a nondegenerate
representation A ., G = B(L*(G) ® A). We define the reduced crossed product
A Xy a4 G to be the image of this representation. Equivalently, it is the norm

closure of the image of the Banach algebra crossed product L!(G, A) in the norm of
B(L?(G) ® A).

Remark 5.11. The representation L'(G, A) — B(L?(G) ® A) obtained from the reg-
ular covariant representation is always faithful. Therefore, L(G, A) maps faithfully
into the reduced crossed product.

Now let m: A — B(H) be a faithful representation of A on a Hilbert space. Let
K:=(L*(G)®A) @4 H.

The map (L?(G) ®ag A) Qaig H — L*(G) @a1e M, (f®a)QE — f@7(a), is isometric
for the inner product on (L?(G)® A)® 4H and the usual Hilbert space tensor product
L?(G) ® H. Tt also has dense range because all representations are nondegenerate
by convention. This identifies K = L*(G) ® H = L?(G,H). identifies
B(L*(G) ® A) isometrically with a C*-subalgebra of B(L?(G,H)). The covariant
representation (o, V) on L?(G) ® A induces a covariant representation (¢’, V') on
the Hilbert space L?(G,#H), which is given by essentially the same formulas as
(0,V). Namely, (¢'(a)f)(x) = m(az-1(a)) - f(z) and (Vg f)(2) := w}- ,f(g x) for
all f € L?*(G,H), g, € G, ac A. The covariant representation (o', V') integrates
to a representation A 4., G — B(L?(G,H)). The image of this representation is
contained in B(L?(G) ® A). So the operator norm on L?(G,H) and on the Hilbert
module L?(G) ® A give the same C*-seminorm on A %, G. Therefore, we may
equivalently define A x,,,, G using the covariant representation (¢/,V’) on L*(G,H).
This is the usual definition of the reduced crossed product. It has the advantage of
using only Hilbert space representations. It has the disadvantage that it needs a
faithful representation of A as input data. It is nontrivial to prove that the reduced
norm on L'(G, A) does not depend on this choice.

As another application of the exterior product, we prove that the inner product
on £ ®p H is nondegenerate if £ is a Hilbert module and H a Hilbert space; this

was claimed in [Remark 1.741

Ezample 5.12. We may view C" as a correspondence M, (C) < C. Therefore, if F isa
correspondence B < C, then F* = C"®F is a correspondence M, (B) = M,,® B
C® C = C (see[Example 1.11)). Since C": M, (C) <« C is an equivalence, there
is the inverse equivalence (C")*: C < M, (C). Therefore, if £ is a correspondence
A <4 B, then £" = (C™")* ® £ is a correspondence A <~ M, (B). The inner product
of two vectors (z;), (y;) is the matrix with entries (x; | y;) 5. The positivity of this
inner product for all n € N is exactly Since the exterior tensor product
is compatible with the composition of correspondences, £" @y, () F" = & @p F.
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Proposition 5.13 (see |15 Proposition 4.5]). Let £: A< B and F: B <= C be
correspondences. The inner product on £ ®p F is nondegenerate.

Proof. Write £ € E@ F as £ = > 1 ® yy with & := (z1,...,2,) € " and
¥:=(y1,...,Yn) € F™. View E™ and F" as correspondences E": A <= M,,(B) and
F™: M, (B) < C. Then

n

€1 =Y (will@ilz)pys) e = T @D, 3)9)

ij=1
I R 1 )
= ((Z| 0, )7 | | BN ()T
Thus (£ |€) = 0 implies (7] x)M ()T =0. |Prop051t10n 3. 12| gives z € E™ with ¥ =
2(z| 2)m, (). That is, 2 = (21,...,2,) and @; = Y35, zj(z; |zi)p for i = 1,...,n.
Then (Z | )M (B) = (7| z>§ﬂn(3) and hence (z | z)m, (ByY = 0 because

(] 271 (=] 2)3) = (& &) °G) (F|2)Ph) = ((F| )5 | (Z| 7)) = 0.
The equation (z | z)m, (5)% = 0 says > i, (z; | z)py: = 0 for j = 1,...,n. Thus

n

sz @Y = Z 2z |z @y = Y 2z | 2B ®yi— 2 ® (2| 21) By
i,j=1 3,j=1

Since (z; | z)p € B, this shows that every element in the null-space of the inner
product is a linear combination of terms of the form b ® y — x ® by with x € &,
be B,neF. O

6. MORITA-RIEFFEL EQUIVALENCE

We are going to describe the equivalences in the correspondence bicategory. These
are, by definition, the Morita—Rieffel equivalences. As a first step, we describe a
candidate for the inverse of an equivalence.

Definition 6.1. Let £ be a Hilbert B-module. Let £* := K(€, B) with the right
K(&)-module structure by composition and with the inner product (T"| S) := T*0S €
K(&). This is a Hilbert K(£)-module. (The norm is the operator norm from B(E),
so that £* is complete.)

Lemma 6.2. The operators |x) and (x| are compact for all x € £. The maps
£ S K(B, &), x - |x),
£ S K(E,B), a—(z],

are isometric isomorphisms of Banach spaces, where € denotes the conjugate Banach
space of €.

Proof. The space K(B, £) is the closed linear span of the operators |z)(al, b — z-a*-b,
for all z € £, a,b € B. Since |z)(a| = |za*) and £ - B = 5byM|x is
compact for € £ and the map  ~ |z) is an isomorphism & = K(B, £). This is
isometric by the C*-property of the norm. Then the adjoint operators (z| = |z)*
are compact as well and give an isomorphism & 2 K(&, B). O

Thus we could also have defined £* as the conjugate Banach space with the
K(&)-module structure Z - T' = T*(z) and the inner product (Z |7)x ) = |y)(z| for
x,y €&, T eK(E).
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Exercise 6.3. Let £ and & be Hilbert B-modules. View £ as a correspondence
B < K(&1); view & as a correspondence K(E3) < B, and view K(&1,&2) as a

correspondence K(E2) < K(&1) (see also |Ezercise 7.17)). Prove
K(gl,gg) ~ &5 Rp Ef

Theorem 6.4. A correspondence £: A < B is an equivalence if and only if

o & is a full Hilbert B-module;

o the left action a: A — B(E) is an isomorphism onto K(E).
In this case, the inverse of € is £ with the inner product (x| y)a == a~(|x){y|) for
x,y € € and the B, A-module structure b-T - a := bT«a(a), and the correspondence
isomorphisms € R E* 2 A and £* ® 4 £ = B are induced by the inner products on
E* and &, respectively.

This theorem is equivalent to [8, Proposition 2.6].

Proof. First assume that £ is a full Hilbert module and that the left action is an
isomorphism A = K(). Then £* becomes a correspondence £*: B 4~ A as in the
statement of the theorem. We claim that there is an isomorphism of correspondences

p:ERRE — A, z®&a(|jz)of).

This formula well-defines an isometric map because

(J1) 0 &1 | |z2) 0 &2) , = a7 (€] (21 | 22) BE2)
= <51 | (1 |$2>352>A =(T1®& |22 ®&)a.

Since (y| € £* for all y € £ and « is an isomorphism, u(€ @ £*) 3 a~(|z)(y|)
for x,y € &€, which is dense in A. Hence p is an isomorphism of correspondences
E®p E* = A. Similarly, we define a map

w:E ®4E — B, (@ &(x).
It is isometric because

(@z|f@r)p = (z|(E)(x))s = (E()|£(2)) .

The range of u’ contains the closed linear span of (y|(x) = (y|x)p for all x,y € €.
Since £ is full, y is surjective. Hence £* ® 4 £ = B. Thus £ is an equivalence in the
correspondence bicategory if £ is full and « is an isomorphism onto K(&).

Conversely, assume that £ is an equivalence in the correspondence bicategory.
Let F be a correspondence B < A with EQp F =2 A and F ®4 £ = B. Then £ is
full because

B=(B|[B)p =(F@a&|F@a&)p=(|[(F|F)al)p < (£]E)p.

When we view £ as a correspondence K(€) <« B, it becomes an equivalence
in Corr. We compose £: A < B with the equivalence £*: B «~ B’ := K(£). This
gives an equivalence £ @p £*: A < B’ in Cotr as a product of two equivalences.
The multiplication map p above identifies £ @ g £* = K(&), and the left action
of A becomes left multiplication with «(a). Thus the equivalence A <= B’ is the
correspondence K(€), associated to the morphism a: A =~ K(E).

The inverse correspondence F': B’ <~ A must satisfy 7' ®4 B’ = B’ and
B’ ®p F' = A as correspondences. The canonical isomorphism B’ ®pg, F' = F’
in shows that F/ = A as a Hilbert A-module, with B’ acting by some
morphism 3: B’ - A. The correspondences associated to the composite morphisms
Boa and aof are isomorphic to the identity correspondences by assumption. These
isomorphisms say that there are u € U(A), v € U(B) with foa = Ad,, a0 = Ad,.
Then « is both right and left invertible in the morphism category. Then « is a
*-isomorphism A = B’ = K(£). O
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Definition 6.5. Two C*-algebras A and B are Morita—Rieffel equivalent if there is
a full Hilbert B-module & with K(&) = A.

Corollary 6.6. Morita—Rieffel equivalence for C*-algebras is an equivalence relation.
Proof. This follows from O
The proof of used the following example:

Ezample 6.7. A full correspondence £: A < B gives an equivalence from K(&) to B.
The left action of A on K(€) gives a morphism A v K(€). The correspondence £ is
the composite of the morphism A ¢ K(€) and the equivalence K(£) ~ B. Similarly,
a full and proper correspondence £ decomposes into a proper morphism A — K(&)
and a Morita—Rieffel equivalence.

implies that all equivalences in €orr are full, proper and faithful and
hence equivalences in the subbicategory of full, proper and faithful correspondences.

We are going to formulate Morita—Rieffel equivalence more symmetrically in
This alternative formulation makes it easy to prove that Morita—Rieffel
equivalent C*-algebras have isomorphic ideal lattices. shows that
Morita—Rieffel equivalences are proper correspondences.

Remark 6.8. Proper correspondences induce maps on K-theory, and isomorphic
proper correspondences induce the same map on K-theory. Since a Morita—Rieffel
equivalence is an equivalence in the bicategory of proper correspondences, it induces
an isomorphism on K-theory. For o-unital C*-algebras, this follows also from the

Brown—Green—Rieffel Theorem below (Theorem 10.8]).

7. HILBERT BIMODULES

Let £: A <= B be a Morita—Rieffel equivalence. The left action on £ is through
an isomorphism a: A = K(&). Thus there is an A-valued inner product

(zlyha=a " (l2)(yl)

for x,y € £. This inner product and the left A-module structure o turn £ into a left
Hilbert A-module. That is, the A-valued inner product is linear in the first variable,
{a-z1|x2l)a =a-(x1|z2))a for all a € A, z1,22 € £, and it satisfies analogues of
(3)H(5)|in [Definition 1.2| In addition, the left and right Hilbert module structures
are compatible in the following sense:

(1) € is an A, B-bimodule;

(2) (z|yhaz=z(y|2z)p for all z,y,z € &.

Definition 7.1. Let A and B be C*-algebras. A Hilbert A, B-bimodule is a set £
with a left Hilbert A-module and a right Hilbert B-module structure, subject to the
two compatibility conditions above.

Proposition 7.2. A correspondence £ carries a Hilbert bimodule structure if and
only if there is an ideal I < A such that the left action a: A — B(E) restricts to
an isomorphism from I onto K(E). The correspondence pins down this ideal and
the left inner product, and I = (EENa. A correspondence embedding between two
Hilbert bimodules is automatically a Hilbert bimodule map.

Proof. Let £ be a Hilbert bimodule. Let I := (€| &) < A. Since

(1 |w2) azs = 21 (22 | 23) B = |T1) (22|33

for all z1,z2,23 € £ and the operators of the form |z1)(x2| span K(€), the left
action maps the ideal I onto K(&). If a € A satifies a(a) = 0, then a{{x; |x2))a =
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{azq |z2)) 4 = 0 for all z1, 25 € £, so that a- I = 0. Thus «|; is injective, and then
it maps I isomorphically onto K(&).

Conversely, if I < A and «a|;: I = K(€) is an isomorphism, then (x| 22)) :=
ol (Jz1) (za]) for 21,22 € € defines a left I-valued inner product that turns € into
a Hilbert A, B-bimodule because I < A.

If I’ < A is another ideal with «(I') = K(E), then (I - I') = K(&) - K(€) = K(€)
as well. Since a|; is an isomorphism onto K(&), I - I’ cannot be smaller than I.
Thus [ is the minimal ideal that o maps onto K(£), and the only one on which this
happens isomorphically. Thus the underlying correspondence determines I.

Let £ be another Hilbert A, B-bimodule with the same underlying correspondence
as & and with left A-valued inner product {(z|y)’y. Then

al{@lyha)z =z (ylz)p = a((z|yha)z
for all z,y,z € €. Since I = (€ |€&))’, as well and the restriction of « to I is faithful,
our two left inner products are equal. So the left inner product is unique.

Let & and & be two Hilbert bimodules and let i: & < & be an embedding
of correspondences. Then ((i€ |in)) 4 and (& |n)) 4 are two left inner products on &
that make it a Hilbert bimodule. Hence they are equal. So i is automatically a
Hilbert bimodule map. O

If af;: I = K(£), then « is the morphism A — B(E) 2 M(K()) associated to
the ideal inclusion K(&) = I < A.

Theorem 7.3. A Hilbert A, B-bimodule is the same as a Morita—Rieffel equivalence
between ideals I < A and J < B, namely, I := (E]ENa and J = (E|E)p.

Proof. Let £ be a Hilbert A, B-bimodule and let I := (£]|&E)a <« A and J =
(E|&)p <« B. We may view £ as a full Hilbert J-module, and «|; is an isomorphism
onto K(&) by Thus € is a Morita—Rieffel equivalence from J to I
by Conversely, if T < A and J <« B are ideals and & is a Morita—

Rieffel equivalence between I and J, then the bimodule structure on £ extends to an
A, B-bimodule structure that gives a Hilbert A, B-bimodule by O

suggests to view Hilbert bimodules as partial Morita—Rieffel equiva-
lences. This generalises the concept of a partial automorphism of a C*-algebra A,

which is an isomorphism between two ideals in A (see |9)]).

Theorem 7.4. A correspondence is a Morita—Rieffel equivalence if and only if it
comes from a Hilbert bimodule where both inner products are full, if and only if it
comes from a Hilbert bimodule and is full, proper and faithful.

Proof. We have seen at the beginning of this section that a Morita—Rieffel equivalence
E: A <= B carries a left inner product. Conversely, let £: A <= B be a Hilbert
bimodule and assume that the left and right inner products are full. Then A =

(& &) a acts through an isomorphism onto K(€) by Thus € is an
equivalence by

Let £: A <« B be a Hilbert bimodule and I := (£ |E) 4, J := (£ | E)p. Being an
equivalence says that J = B and I = A. The condition J = B says that & is full.
The left action is through an isomorphism I —» K(&). Being proper means that
a(A) C a(I) =K(E). If « is also faithful, then this implies A = I. Conversely, if
I = A, then € is proper and faithful. U

Theorem 7.5. Let £: A < B be a Hilbert bimodule. The following classes of
objects form isomorphic lattices:

(1) ideals in A contained in {(E|ENa;

(2) ideals in B contained in (€| E)p;
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(3) Hilbert A, B-subbimodules of &.
The bijections map I < {(E|EN 4 and J < (€| E)p to the Hilbert subbimodules I - €
and & - J, respectively, and a Hilbert subbimodule F of € to the ideals (F|F)a
and (F | F) B, respectively. Thus F C & is a Morita—Rieffel equivalence between the
ideals in A and B associated to it.

Proof. Let F C & be a Hilbert subbimodule. We define ideals r(F) := (F | F)a <
(E|1ENA and s(F) := (F|F)p < (E|E)p. Then F is a Morita—Rieffel equivalence
between r(F) and s(F) by Conversely, let I < (£]&)) be an ideal.
Then & := I - € is a Hilbert subbimodule with r(€7) = I*(E|EYal = 1. If F is
another Hilbert subbimodule with r(F) = I, then

IE=(F|Fha-E=F - (FIE)pCF=I1-FCI-E.

Hence [ - € is the unique Hilbert subbimodule with r(F) = I. Thus r is bijective.
A symmetric argument shows that s is bijective with inverse J — &£ - J. All our
constructions preserve inclusions, so they are lattice isomorphisms. ([

Corollary 7.6. Morita—Rieffel equivalent C*-algebras have isomorphic ideal lattices.

Proof. A Morita—Rieffel equivalence is a Hilbert bimodule with (€| E)4 = A and
(€1&)p = B. Hence the isomorphism between the first two items in [Theorem 7.5|is
a lattice isomorphism I(A) = I(B). O

Corollary 7.7. Morita—Rieffel equivalent C*-algebras have isomorphic centres.

Proof. This follows from the isomorphism of ideal lattices and the Dauns—Hofmann
Theorem. (]

Corollary 7.8. Let € and F be Hilbert A, B-bimodules and let i: £ — F be a
correspondence map. Then F -(E|E)g = (E|E)a - F and i is a unitary operator
from & onto this Hilbert submodule of F. The map i is an isomorphism if and only

if (€1€)p = (F|F)p if and only if (£ |E)a = (F[F)a.

Proof. The image of i is a Hilbert subbimodule in F. [Theorem 7.5|shows that i(€) =
I-F=F-Jwith I:=((i(€)]i(E))a=(E|E)a and J := (i(E) |i(E))p = (E|E)B.
Since a surjective isometry is unitary, 4 is unitary onto this Hilbert subbimodule. And
i(€)=Fifand only if (€ |E)p = (F | F)p, if and only if (E|ENa = (F|Fha. O

Corollary 7.9. Let € and F be Hilbert A, B- and B,C-bimodules. Then the
correspondence £ g F has a unique Hilbert A, C-bimodule structure.

Proof. By [Theorem 7.3] £ is an equivalence from J; := (£|&)p <« B to I :=
(E1ENa <A, and F is one from K := (F|F)c < C to Jy := (F|F))p < B. Then
F=Jy- F=2Jy®@pFand £E=E-J; =& ®@p J1 by [Proposition 3.12] Hence

E@pF=2ERRJ1®p 2@ F=E®p (J1-J2) @ F
=& (iJ2)®p (J1J2) - F.
The subspaces & - (J1J2) and (J1J2) - F are Morita—Rieffel equivalences from J; Jo

to I’ and from K’ to J;.Js for some ideals I’ < I and K’ < K by [Theorem 7.5 Hence
&€ ®p F is a Morita—Rieffel equivalence from K’ <« C to I’ < A and thus comes from

a Hilbert A, C-bimodule by O

Hence the Hilbert bimodules as arrows also give a subbicategory of €otr, which
we denote by Cort*. By correspondence embeddings and Hilbert
bimodule embeddings between two Hilbert bimodules are the same.

We have found four independent properties of correspondences that each define
a subbicategory, namely, being proper, full, faithful or a Hilbert bimodule. The
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Morita—Rieffel equivalences are exactly those correspondences with all four properties

by [Theorem 7.4

Definition 7.10. Let A for a C*-algebra denote the set of unitary equivalence
classes of irreducible representations of A. If I € I(A), let T := {[x] € A: x| # 0}.
There is a topology on A whose open subsets are exactly those of the form T for
I € I(A), and the map I — T is a lattice isomorphism from I(A) onto the open
subsets of A.

Theorem 7.11. A Morita—Rieffel equivalence £ between two C*-algebras A and B
induces a homeomorphism £: B — A. It maps [r] € B to the unitary equivalence
class of the induced representation of A on € Qp .

Proof. Any A, B-correspondence £ induces a functor £ ®p ;: Rep(B) — Rep(A).
By general bicategory theory, this functor is an equivalence if £ is an equivalence.
Therefore, a Morita—Rieffel equivalence maps irreducible representations to irre-
ducible representations and preserves unitary equivalence classes of irreducible
representations. Thus it induces a bijection B — A. Thisis a homeomorphism for

the topology defined above by O

Corollary 7.12. A Morita—Rieffel equivalence € between two C*-algebras A and B
induces a homeomorphism Prim(A) = Prim(B).

Proof. Prim(A) is the Tp-quotient of A. That is, it is the quotient by the equivalence
relation that identifies points that cannot be distinguished by open subsets. 0

FEzample 7.13. Morita—Rieffel equivalence is not compatible with adding unit ele-
ments. We provide an example of Morita—Rieffel equivalent C*-algebras A and B
such that AT and BT are not Morita—Rieffel equivalent.

Let A =C, B = K(£°N). These are Morita—Rieffel equivalent via & = ¢*N. Since
AT =2 C®C and Bt = K(¢?2N)* C B(¢2N) have different centres, they cannot be
Morita—Rieffel equivalent.

Theorem 7.14. Let £ be a Hilbert module over a C*-algebra B. Let F C £ be a
proper closed Hilbert submodule. There is an irreducible Hilbert space representation
0: B—=B(H) with FR, HC ER,H.

Proof. Let K := K(€) and let R := K(&,F). This is a proper right ideal in K
because F C €. By |7, Theorem 2.9.5], there is a pure state w on K that vanishes
on R. Let ¢': K — B(H’) be the irreducible GNS-representation of K associated
to w. Then ¢'(R)(H') # H' because every element of ¢'(R)(H') is orthogonal to the
cyclic vector of the GNS-representation by construction.

Let I :=(£|&) <« B. Thus £ is a Morita—Rieffel equivalence between K and I.
By [¢] — [€ @1 ¢] is a homeomorphism from I to K. So there is
an irreducible representation ¢ of I with [€ @1 ¢] = [¢/]. Since ¢ is nondegenerate,
it extends uniquely to a representation ¢ of B, which is still irreducible. And
ERoH=ER@,H =0 and FR,H=F @, H. We claim that F ®, H C EQ, H
for this representation.

The operator [£)(n| for {,n € € acts on € ®, H by

(@T=EM[)®T

for ( € £, 7 € H. Since K(F,F) acts nondegenerately on F, we have R(E) = F.
Hence R C K maps £®,H onto the subspace F®,H. By construction of o/ = E®,H
this is not the whole space. So F @, H C £ ®, H. O
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Any irreducible representation of B is unitarily equivalent to the GNS-represen-
tation for a pure state; so we may as well assume that the representation ¢ above
comes from a pure state.

Remark 7.15. |Theorem 7.14] was proven by [23, Proposition 1.16]. Kaad and

Lesch [11] proved a weaker result and formulated [Theorem 7.14| as a conjecture.
They acknowledge the previous work of Pierrot in [12].

Exercise 7.16. The left and right inner products on a Hilbert A, B-bimodule £
induce the same norm, that is, ||{(z |z)a| = |[(z |z) | for all z € €. (Use[Theo]

fem 3.10)

Exercise 7.17. Show that K(&1,&3) for two Hilbert B-modules £ and & is a
Hilbert K(&3), K(&1)-bimodule; use left and right composition, the left inner product
(x1 | z2)) == m125, and the right inner product (x1 |xa) := xixe. This is a Morita—
Rieffel equivalence between K(&1) and K(&2) if and only if (&1 &) = (E2]E2)B.

Exercise 7.18. Let A and B be C*-algebras. Let £ be a Hilbert A, B-bimodule with
left inner product {(&|n)a and right inner product (£|n)p. Show that there is a
C*-algebra with underlying vector space A® B ® £ & £*, multiplication

(a1,b1,&1,m) - (az,b2,82,m2)
= (arag + (&1 [ m2) 4, biba + (m1 | €2) B, @162 + E1b2, azmy + 1207)

and involution (a,b,&,n)* := (a*,b*,n,&) fora; € A, b; € B &,n; € £ =E*. This
C*-algebra L is called linking algebra. Show that P(a,b,&,n) := (a,0,&,0) is a
projection in M(L) with A= PLP and B = P-LP* for P+ =1— P. That is, A
and B are complementary corners in L. When are P and P+ full?

Exercise 7.19. Let X and Y be locally compact spaces. Describe a Hilbert module €

over Co(Y') through a continuous field (Hy)ycy of Hilbert spaces as in|Ezercise 1.13]

(1) Show that K(E) is commutative if and only if all fibres H, are at most
1-dimensional.

(2) Show that a continuous field of Hilbert spaces with finite-dimensional fibres
is locally trivial, hence a vector bundle.

(3) Conclude that if € is a full Hilbert Co(X), Co(Y)-bimodule, then the un-
derlying right Hilbert module is the space T'g(Y, L) of Cy-sections of a
1-dimensional vector bundle L — Y ; such a vector bundle is called a
complex line bundle.

(4) Describe a full Hilbert Co(X ), Co(Y)-bimodule as T'o(Y, L) as in|(3)] Show
that the left action of Co(X) on Io(Y, L) must be of the form (f - s)(y) =
f(o(y)) - s(y) for a unique homeomorphism p: Y = X.

(5) Conwversely, any pair (L, ) where L is a complex line bundle over Y and
©: Y = X is a homeomorphism defines a full Hilbert bimodule over Co(X)
and Co(Y).

(6) Show that the full Hilbert bimodules associated to pairs (L1, 1) and (La, @2)
are isomorphic if and only if L1 = Lo as vector bundles and p1 = po. And
the Hilbert bimodule isomorphisms are in bijection with the vector bundle
isomorphisms L1 = Lo.

8. HILBERT BIMODULES FORM A HIGHER INVERSE CATEGORY

The partial *-isomorphisms between C*-algebras form an inverse category in the
following sense:
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Definition 8.1 (|14]). An inverse category is a category C such that for each ¢t € C
there is a unique u € C with tut = t and utu = wu; this unique element is denoted ¢*.
An endomorphism e of C is idempotent if e = e. Let E(C) = {e € C:e? = e}.

We are going to exhibit similar properties for the bicategory of Hilbert bimod-
ules Corr™. First we briefly recall some basic properties and examples of inverse
categries and their actions (see also [17]).

Ezample 8.2. Let X be a topological space. A partial homeomorphism of X is a
homeomorphism f: U =5 V between two open subsets U,V C X. We compose
partial maps by f o g(z) := f(g(x)) for all z € X such that g(x) and f(g(x)) are
defined. This gives a partial homeomorphism if f and g are partial homeomorphisms.
A partial homeomorphism f: U — V has a partial inverse f*: V — U. Inspection
shows that this is the unique partial homeomorphism on X with ff*f = f and
f*ff° = f*. Thus the partial homeomorphisms of X form an inverse semigroup,
which we denote by I(X). An inverse semigroup action on X is a homomorphism
from an inverse semigroup to I(X).

A partial homeomorphism on X is idempotent if and only if it is the identity map
on some open subset of X. The composite of two such partial identity maps is the
identity map on the intersection of their domains. Thus the idempotent elements
in I(X) form a commutative subsemigroup, which is isomorphic to the set O(X) of
open subsets of X with the associative multiplication N.

Ezample 8.3. Let A and B be C*-algebras. A partial isomorphism from A to B
is a *-isomorphism between ideals in A and B. Partial isomorphisms with the
composition of partial maps form an inverse category.

Theorem 8.4. Let C be an inverse category. Then there is a family of sets X,
fory € C and a faithful action of C by partial bijections between these. This action
maps each arrow t: y — z in C to a partial bijection t.: X, — X, in a functorial
way, such that t, = u, implies t = u. In particular, any inverse semigroup embeds
into the inverse semigroup of partial bijections of some set.

The theorem implies that inverse categories must inherit various algebraic proper-
ties of I(X). In fact, the proof consists mostly in showing that any inverse category
has these properties:

Proposition 8.5. Let C be an inverse category.
(1) (t*)* =t forallt €C.
(2) Idempotent endomorphisms in C are self-adjoint and form a commutative
subcategory.
(3) (tu)* =u*t* for all t,u €C.
(4) Ife € E(C) and t € C are composable, then tet* € E(C).

Proof. [Statement (1) holds because ¢ satisfies the conditions tt*¢t = ¢t and t*tt* = t*,

and these characterise (t*)* uniquely. If e € E(C), then ece = e, and this uniquely
determines e*; thus e = e*.

Let e, f € E(C) be composable. There is a unique g € C with (ef)g(ef) = ef and
g(ef)g = g, namely, g = (ef)*; then also (ef)(fge)(ef) = ef and (fge)(ef)(fge) =
fge; so f(ef)*e = (ef)* by the uniqueness of the adjoint in C. Then (ef)*(ef)* =
flef)*ef(ef)*e = f(ef)*e = (ef)*, that is, (ef)* is also idempotent. Hence
(ef)* = ef. So ef is idempotent. By symmetry, fe is idempotent as well. Now
(ef)(fe)(ef) = efef = ef and (fe)(ef)(fe) = fefe = fe. Then fe = (ef)* = ef.
This finishes the proof of

Let e € E(C) and t € C be composable. Then tet*tet* = tt*tet* = tet* by
commuting the idempotent elements e and ¢t*. This proves If t,u € C, then
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trututt*u* =ttt utun* = t*u* and utt*utut = wututtt*t = ut by commuting the
idempotents v*u and tt*. Thus t*u* = (ut)*, proving O

Proof of|[Theorem 8.4. This is proved like Cayley’s Theorem, by constructing a
faithful action of an inverse category C on its arrow set by partial bijections. Let
CY:={teC:r(t) =y} for y € C°. Each t € C yields a map C3) — C*®), y st - u.
We will restrict these maps to partial bijections as required for an inverse semigroup
action. The main issue is to find the right domain

D; = {t"tu:u e ¢M} c 3@,

Then u € D; if and only if t*tu = u because t*t € E(C). We claim that the
left multiplication map t — tu restricts to a bijection ay: Dy — Dy« with inverse
ays: Dy« — Dy We compute tu = tt*tu € Dy for all u € Dy. So ay(Dy) C Dys.
And also ayrai(u) = t*tu = u for all uw € D;. By symmetry, oy« (D) € Dy and
aray-(u) = u for all uw € Dy». Thus oy is a partial homeomorphism with partial
inverse o+ as asserted.

Let t,u € C. We claim that a0 ay, = auy. Tt is clear that azou, (v) = tuv = agy, (v)
whenever both sides are defined. An element v € C belongs to the domain of
aray, if and only if w*uv = v and t*t(uv) = wv; it belongs to the domain of ay,
if and only if v = (tu)*(tw)v. If uw*uv = v and t*t(uv) = uv, then (tu)*(tu)v =
w*t*t(uwv) = u*uv = v by [Proposition 8.5.(2)] Conversely, if v = (tu)*(tu)v, then
wruv = vruut tuy = uw t*tuv = v and t*tuv = ttuu*t tuv = U tuuuy = uv by
[Proposition 8.5.(2)! O

Definition 8.6. Let C be an inverse category. If ¢{,u € C, then we write ¢t < w if
s(t) = s(u) and t = ut*t.

Exercise 8.7. Show that t,u € C satisfy t < wu if and only if t* < u*, if and only if
there is an idempotent element e € E(C) with r(e) = s(u) and t = u-e. Show that if
t,u,v,w € C satisfy t <wu, v <w and s(t) =s(u) =r(v) =r(w), then t-v < u-w.
Show that < is a partial order on C.

Any Hilbert bimodule £: A <~ B has a canonical “adjoint” £*: B < A, namely,
the conjugate vector space of £ with left and right Hilbert module structures
exchanged. We are going to explore the properties of this involution on the bicate-
gory Cort™ of Hilbert bimodules.

Theorem 8.8. Let £ be a Hilbert A, B-bimodule for two C*-algebras A and B.
There are natural Hilbert bimodule isomorphisms

ERpE ZE|EYa, E @A EZ(E|E)B.
These induce isomorphisms
p:ERRE RAE=E, piE RAEQRRE =E”
such that
HRpide- =ideg Qppu*: ERRE @®AERRE ZE®BET,
P ®aide =idg- @ p: E* QUEQBE RAEZE* R E.

Proof. By|Theorem 7.3| £ is a Morita—Rieffel equivalence between I := (£ |E)H4 < A
and J := (£ |€)p < B. [Theorem 6.4] says that the left and right inner products on £

induce correspondence isomorphisms pggx: € @p E* = I and pere: EF R4 E = .
The right and left multiplication maps induce isomorphisms pgr: € @p I — € and
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pe: J®aE = E by |Proposition 3.12L and similarly for £*. This gives commuting
diagrams of correspondence isomorphisms

id * idgx* *
EQpE @48 =2BEE e £ @pf @p £ LB ox g T
ﬂ#ss*@mids H’HEJ Hﬂs*g@Bids* Hﬂs*l
I®ysE & J®p&* E*
Hre Hye*

because 1 - (x2|x3)p = {1 |x2)a - 3 for x1,23,23 € £, and similarly for £*,
with the inner products (x| z5)a = (x1|z2))a and (z7 |25)p = (x1 |z2)p on E*.
These are the isomorphisms p and p* in the statement of the theorem.

The isomorphisms pgg-o(u®pide~) and peg«o(idg@pp*) from EQE*@AERRE*
to I both map z1 ® 23 ® x3 ® x} to {(x1|x2)a - {z3]xa))a. Since pge« is an
isomorphism, this implies p ® p idg+ = idg ®p p*. Similarly, u* ® 4 idg = idg« ®4
. (|

Theorem 8.9. Let A, B,C be C*-algebras. Let £: A <= B and F: A < C be
correspondences and let G be a Hilbert B, C-bimodule. If (€E)p C (G |G) B, then
there is a natural bijection between the sets of 2-arrows EQpG — F and £ — FRcG*.
This preserves invertibility of 2-arrows if and only if (F|F)c C{(G|G)c.-

Proof. Let i: £ ®p G — F be a correspondence map. Then so is i ® idg~: € ®p
G ®Rc G — F ®p G*. The left inner product induces an isomorphism pgg+: G ®¢
G = (G1G)s. It (E|1E)B C (G|G) B, then £ is a nondegenerate right module
over the ideal (G|G))p, so that £ ®p G ®c G* = £ by the multiplication map
r®y® 2" — x(y|z)p. Thus i induces a correspondence map i’: £ < F @p G*,
defined by i°(z - {y|2))B) = i(x ® y) ® z*. If i is an isomorphism, so is i’.

Conversely, let j: £ — F ®c G* be a correspondence map. Then so is j ®p
idg: E®p G — F ®c G* ®p G. The right inner product induces an isomorphism
peg: G* ®5G = (G|G)o a C. We get a correspondence map F ®¢ G* @p G =
F-{G|G)c — F,z@y* ® 2z x(y|2)p, and j induces a correspondence map
j#: £ ®p G — F. If j is an isomorphism, then j# is one if and only if the
embedding F ®¢c G* ® g G < F is an isomorphism. As above, this happens if and
only if (F| F)e C (]G)e.

The following commuting diagram shows that (i)# = 4

1Q@cidg* ®pg

ER®GRcG ®p G F®cG*®pG
ids®3uﬂ% i*®pidg / ﬂid]-'@CMQ*,Q
/
E®BG F

K3
Here p1: G ¢ G* ®p G — G is as in The square and the upper left
triangle commute because p(z1 ® x5 @ x3) = x1(x2 | x3) = (@1 | z2))x3. Since the left
vertical map is an isomorphism, this implies that the lower right triangle commutes;
that is, (4°)# = i. Similarly, the following diagram commutes and gives (j#)” = j:

I®pid *
E®p G ®c G =2=22¢% F 90 G* ®5 G Q¢ G

\
ids®5#g,g*ﬂ% i*®cidg= gﬂidf(@c#
& , F®cg”
J
Hence the constructions above are bijections inverse to each other. O

Theorem 8.10. Let A, B,C be C*-algebras. Let £: B <= C and F: A <= C be
correspondences and let G be a Hilbert A, B-bimodule. If (G| G)p - E = &, then there
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1s a natural bijection between the sets of 2-arrows G ®p & — F and £ = G* Rp F.
This preserves invertibility of 2-arrows if and only if {G|G)aF = F.

Proof. Let i: G ®@p £ — F be a correspondence map. Then so is idg~ ®4 i: G* @4
G & — G"®4 F. Since (G|G)E = &, the map G* @4 GRpE — &, 27 ®
29 > y — (x1 | z2) By, is an isomorphism. Hence i induces a correspondence map
i": £ < G* @4 F, which is an isomorphism of correspondences if and only if i is
one.

Conversely, let j: £ — G* ® 4 F be an embedding of correspondences. It induces
an embedding of correspondences idg ®4 j: G®4 E — G R4 G* ®4 F. The map
21 @50y — (z1|x2) BY for 21,22 € G, y € F defines a correspondence embedding
G®AG*®4F — F, which is an isomorphism if and only if {(G | G) 4F = F. Thus j
induces an embedding of correspondences j#: G®4& < F, which is an isomorphism
if and only if j is an isomorphism and (G| G))aF = F. Diagrams similar to those
in the proof ofimply (i*)# =i and (j#)" = j for all 4 and 7, so our

two constructions are bijections inverse to each other. O

Theorem 8.11. Let £ and F be a Hilbert A, B-bimodule and a Hilbert B, A-bimodule
with ERp F R4 EZE and F @4 E @ F = F. There is a unique isomorphism
p: F = E* such that the composite map

(8.1) EZERRFRAEZERRE ®AEXE
is the identity map.

In a bicategory, we cannot expect that for an arrow t there is a unique arrow t*

with ##*t &t and t*tt* = t*. asserts the next best thing: a canonical

isomorphism between any two arrows t* with this property.

Proof. Denote the natural isomorphisms in the statement by A\: € @p F @4 & —
and \*: F @4 & @ F = F. There is a natural isomorphism

(82) (E]&)-F-(E|E) 2 @A E0p FRaAE@pE
ide* @A AR@pidgex g* ®A g®B 8* ~ g*

Thus £ C F. Then (€| &) C(F|F) and (£|E) C (F|F). The same argument
with the other isomorphism F® 4 ®@p F = F gives (F|F)) C (£|€) and (F|F) C
(€1EY). These four inclusions together say that (F|F) = (£]€) and (F|F) =
(E1EY). Thus (E1E)-F-(E]E) = F, and is an isomorphism F & £*.

[Theorem 8.9 and [Theorem 8.10| give bijections between the sets of Hilbert
bimodule isomorphisms

EQRpF®RAEZE, ERpFEE®RAEY, FEE RpERAET.

Since £* @ E®4 E* = £*, there is a unique isomorphism F = £* that corresponds
to the given isomorphism € ® 5 F @4 & — €. This is also the unique isomorphism
for which the composite map in is the identity map. (In fact, this unique
isomorphism F = £* is the one constructed above.) (]

describes some important general properties of inverse semigroups.
Properties [(1)] and [(3)] are obvious for Hilbert bimodules, but the other properties
are not. The following theorem and exercises provide analogous statements for
Hilbert bimodules. The mere existence of certain isomorphisms follows already
because isomorphism classes of Hilbert bimodules form an inverse category. More
work is needed, however, to pin down these isomorphisms.
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Theorem 8.12. Let £: A < A be a Hilbert bimodule with an isomorphism \: £
E 2 &. There is a unique isomorphism from & onto the ideal I :== (€| E)a = (E|EN)a
in A that intertwines X\ and the multiplication map I ® 4 I = I. This map is
associative.

IfNi: & @4 & — & fori = 1,2 are two Hilbert bimodule isomorphisms, then
there is a unique isomorphism o: &1 ®4 Eo = & @4 & such that the following
diagram commutes:

idgo ™" A1 ®id
E1RaE R4 & —— E1QaE1 R4 & == E1®4 &

\ ﬂo’
o®id idoX

ERaE1RAE ————= E20a &
The same isomorphism o also makes the following diagram commute:

id® A2 ®id
Eo R4 &1 Ra & —7 Er R4 E R & == Ea®a &

\ aﬂ
o~ " ®id id®As

E1®aERAE ———= & ®a &
S0E1 QA ERAET QA EF = EL R4 Es.

Proof. The isomorphism A induces an isomorphism & ®4 & ®4 &€ = €. Hence
& = F satisfies the conditions in which characterise £*. This gives an

isomorphism £ 2 £*. Hence A gives isomorphisms
(E1ENAZE @AEZEZERAE 2 (E|E)a.

If two ideals in A are isomorphic as right Hilbert modules (or correspondences),
then they are conjugate by a unitary, hence equal. Thus (€ |€) = (£]E)), and & is
isomorphic as a correspondence to this ideal equipped with the canonical Hilbert
A-bimodule structure. So we may assume without loss of generality that £ = I for
an ideal I, with the canonical Hilbert bimodule structure.

The map A\: I ® 4 I — [ is of the form A(a; ® az) = uajas for some v € U(I).
Since A is a bimodule map, w must be central. An isomorphism from I onto an ideal
in I can only be of the form I — I, a — wa, for some central unitary multiplier v
of I. The isomorphism coming from v intertwines A above and the multiplication
map on [ if and only if (vay) - (vas) = vuaias for all a;,as € I. Since u and v are
both central, this is equivalent to v = v. Hence this is the unique isomorphism on I
that intertwines A and the usual multiplication on A.

Since (I|I)4 =1 = (I|I)a and the multiplication I ® 4 I — I is associative,
the same must hold for £ and \; that is, Ao (idg ® A\) = Ao (A ®idg).

Let \i: & ®a & = & for i = 1,2 be as above. Identify & = J; for ideals J; < A
with the canonical bimodule structure, so that A; becomes the multiplication map.
The multiplication map in A is a Hilbert bimodule isomorphism A ® 4 A = A. On
the Hilbert subbimodule J; ® 4 Jo, this restricts to an isometric embedding into A.
By this is an isomorphism onto Jy - (Jao | Jo)a = J1 - Ja = J1 N Ja.
Similarly, Jo ® 4 J1 = J; N Jo. This gives an isomorphism & ®4 & = E ®4 & It
makes the two diagrams in the theorem commute.

Another isomorphism o: J; ® 4 Jo — Jo ®4 J; must be of the form ox)=u -z
for a central unitary multipler v of J; N Jo <4 A. This unitary also commutes with
the images of M(A) and M(J;) for i = 1,2. In the two diagrams above for o’, one
isomorphism contains the unitary uu*, the other only u or only u*. Hence either
diagram for ¢’ commutes if and only if v = 1. Thus o is unique as desired. O
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Exercise 8.13. Let € be a Hilbert A-bimodule and let \: E@4E = E be an isomor-
phism. There is a unique isomorphism £* = £ so that the composite isomorphism

ERANERUIEZERUE DAE S E
o
is Ao (idg ® \) = Ao (A ®1idg).

Exercise 8.14. Let F be a Hilbert A, B-bimodule, £ a Hilbert A-bimodule, and
G =F*"®R4ER®4F. Given an isomorphism A\: £ Q4 & = &, construct a canonical
isomorphism G ®g G =46.

does not characterise Hilbert bimodules among correspondences.
That is, there are correspondences £ : A < B for which there is F with EQgFR@4E =
Eand F®4 @B F = F, but which are not Hilbert bimodules:

Ezample 8.15. Let A = K(/?N)* and B = C, let u: B — A be the unit map and
e: A — B the augmentation map. These are unital *~homomorphisms, which we
may view as correspondences. Since eou = idp, we have couoe = ¢ and uocou = u.
We claim that ¢ is the only correspondence A <~ B with this property, so that we
have found the desired counterexample.

A correspondence £: A <= B is a Hilbert space H with a unital representation o
of A. A correspondence B < A is simply a Hilbert A-module. An isomorphism
u®4 E Rc u = u of correspondences B ‘-~ A means that H @c A = A as a
Hilbert A-module. We have K(A) = A and K(H ®¢c A) =2 K(H) ® A. These are
only isomorphic if H has dimension 1, and then A must act on H = C by the
augmentation character. So £ is isomorphic to the correspondence associated to €.

9. POLAR DECOMPOSITION

We are going to generalise the polar decomposition to operators on Hilbert
modules. It is a useful tool to get unitary operators from non-unitary ones. It will
be used to prove Kasparov’s Stabilisation Theorem.

First let V: H; — Ha be an operator between Hilbert spaces. Then V = U|V]|,
where U is a partial isometry and |V| = (V*V)"2. This decomposition is natural;
therefore, when we view V and U as operators on H; @ Ho, then the partial
isometry U belongs to the double commutant of V. But it need not belong to the
multiplier algebra of the C*-algebra generated by V. Since B(B) & M(B) for a

C*-algebra B by we cannot expect the polar decomposition to work
for general adjointable operators between Hilbert modules.

Theorem 9.1. Let B be a C*-algebra, let & and E be Hilbert B-modules, and let
x: & — & be an adjointable operator. If x and x* have dense range, then there is
a unique unitary operator U: & — &y with x = Ulx|. There is a partial isometry

U: & — & with x =Ulx|, U(&E) = x(&1), and U* (&) = x*(&2) if and only if the
ranges of x and x* are complementable, and then U is unique.

Proof. We copy the construction of the polar decomposition for Hilbert space
operators. We want to define U|z|(§) := x(§) for all £ € £. We compute

(I = (z(€) [2(€)) = (€] z"2(&)) = (£ []2]*(€))
= (jzl(©) [121(©)) = lllz|(©)]1*.

Thus U is a well-defined, isometric map from |z|(£;) to z(&1). It extends to an
isometry between the closures U: z(€;) — |z[(£1). Let U and U* be zero on the

orthogonal complements of z(€1) and |z|(&1), respectively. If the submodules x(&7)

and |z|(£1) are complementable, then these extensions of U and U* are defined
everywhere; they are adjoints of each other, and UU*U = U, U*UU* = U*, that
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is, U is a partial isometry & — &. It is unitary if and only if both « and |z| have
dense range.

Next we check that |z|(£1) = x*(&2). Since |z| is positive, it may be obtained by
functional calculus from |z|® for any « > 0. Therefore, |z|(£1) = |z|*(&1) for any
a > 0. Hence

|#](€1) = |z[*(&1) = z*a(&1) € 2*(&2).
We may write 2* = (z*z)"*y = |x|"/?y for some y € B(Ey, 1) — this is possible in
any C*-algebra, such as B(&; @ &2). Hence z*(E2) C |z|/2(&1) = |z|(&1).
IfU: & — & is a partial isometry, then UU* and U*U are projections onto
U(&1) and U*(&:), respectively, so these are complementable submodules. The
condition = U|z| determines U on |z|(€1), and the condition U*(&) = x* (&)

forces U to vanish on the complement of x*(&5). Thus U is unique. O

Exercise 9.2. Let £ be a Hilbert module and let F be a countably generated Hilbert
submodule. Show that there is a compact operator x on E with () = F.

Hence operators without polar decomposition exist whenever there are Hilbert
submodules that are not complementable.

10. KASPAROV’S STABILISATION THEOREM
Let B be a C*-algebra.

Definition 10.1. A Hilbert B-module & is countably generated if there is a countable
subset S C & such that the linear span of S - B is dense in £.

If the C*-algebra B is separable, then £ is countably generated if and only if £ is
separable.

Theorem 10.2 (Kasparov’s Stabilisation Theorem). If £ is a countably generated
Hilbert B-module, then B> = B>* ¢ £.

This theorem justifies calling the Hilbert module B> defined in the standard
Hilbert B-module.

By definition, B> is the closure of )\ B with respect to the norm from the
inner product

((an) | (b)) = Z Oy b
neN
Thus (b,) € B> if and only if ) b}b, is norm-convergent, that is, for all € > 0
there is N € N with ||2:%17 bibn|| < e for all M > N. This condition is strictly
weaker than Y [|b,[|? < oco.

Let us compare the stabilisation theorem with Swan’s Theorem for a compact
space. It says that for any vector bundle E over X, there is a vector bundle E
such that E @ E is trivial, that is, isomorphic to the vector bundle X x C™ for
some n € N. We cannot expect an isomorphism E @ (X x C") = (X x C") for
nontrivial X, of course. But we get

XxC®=Z(E®E)®(E®E)+---
~“Eo(EdoE)®(EQE)+ -
=FEg X xC™.
Taking sections and completing to Hilbert modules gives Kasparov’s Stabilisation
Theorem for the Hilbert modules of sections of vector bundles. The above trick

is known as an FEilenberg swindle. It is a variant of the Hilbert hotel. As the
comparison with Swan’s Theorem shows, it is crucial that B°° has infinite rank.
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Proof of [Theorem 10.2] The idea of the proof, which goes back to [20], is to construct
an adjointable operator z: B® — £ @ B such that x and z* have dense range.

Then the polar decomposition of x provides a unitary B> — £ @ B*°.

We pick a sequence (&,) generating £. By assumption, the map B>*® — &,
(bn) — > &Enbp, has dense range. Without further assumptions, this map may be
unbounded. Even if it were adjointable, its adjoint would not have dense range
because then we would get £ = B°°, which cannot be true in general. We must
make our operator more complicated.

We may assume without loss of generality that ||&,,|| < 1for alln € N and that each
vector &, is repeated infinitely often in the sequence because NxN = N. We define an
operator z: B® — £® B> by sending B> 3 b,,0,, — (27 "pbp, 47 "0y 0,) € EG B>,
The projection of x to £ is the operator

(27"[&)nen: B® = &, (bn) = Y 27 "Enbn,
neN

which is compact and hence adjointable. The projection of x to B> is the diagonal
operator with diagonal entries 4™, which is also adjointable.

We claim that  has dense range. By construction, 27" - (£,b,27"bd,,) is in the
range of x for all n € N, b € B. We may omit the factor 27™. Since each &, is
repeated infinitely often, we get (£§,b,27™bd,,) in the range for infinitely many m;
letting m — oo, we get (£,b,0) in the closed range for all n € N, b € B. Then the
closed range also contains 27"bd,, and hence bd,,. Since the sequence (&,,) generates &,
the closed range of z is all of £ ® B>.

The adjoint of x maps bd™ — 4-"bd,,. Hence x* has dense range as well. Now

the polar decomposition of X in produces the required unitary. O

Definition 10.3. A C*-algebra B is o-unital if it has a countable approximate
unit.

Any C*-algebra contains an approximate unit, but this is a net in general. Being
o-unital ensures that we may take this net to be a sequence.

Lemma 10.4. A C*-algebra B is o-unital if and only if it contains a strictly
positive element: a € By with ¢(a) > 0 for any state ¢ on B.

Proof. Let (e,) be an approximate unit. Then lim ¢(e,) = 1 for any state ¢. Hence
> 27 "e, is strictly positive.

Conversely, let a € By be strictly positive. Choose an increasing sequence (f,,)
of functions Ry — [0, 1] with f,,(0) =0 for all n € N and f,,(¢t) 1 uniformly for
t > ¢ for all € > 0. Then (f,(a)) is an increasing sequence of positive elements
in B. Since lim f,,(¢)t = ¢t uniformly for ¢t € Ry, lim f,(a) - @ = @ in norm and
hence lim f,,(a) - b = b in norm if b = ab’ for some b’ € B. The set of elements b
with norm-convergence lim f,(a) - b = b is norm-closed because (f,,(a)) is uniformly
bounded. If the closure of a - B were not dense in B, then there would be a state
vanishing on this right ideal, contradicting the strict positivity of a. Hence a - B is
dense in B, and the convergence lim f,,(a) - b = b works for all b € B. g

Exercise 10.5. Let £ be a Hilbert module over a C*-algebra B. A positive element
of K(&) is strictly positive if and only if it has dense range as an operator on E.
The Hilbert module £ is countably generated if and only if the C*-algebra K(&) is
o-unital.

Like B*°, we may also define £°° for a Hilbert module £: equip the algebraic

direct sum ) & with the inner product ((§,) | (7n))B = > en (€n | 1n) B and
complete to a Hilbert B-module. Equivalently, £ = £ ® (?(N).
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Theorem 10.6. Let £ be a full, countably generated Hilbert module over a o-unital
C*-algebra B. Then B> = £°.

Proof. Kasparov’s Stabilisation Theorem yields B® = B> @ £ because £ is
still countably generated if £ is. Recall that £* := K(&, B) is a Hilbert module
over K(&). We have K(£*) = B because £* is full. Since £ and £* give a Morita—
Rieffel equivalence between B and K(€), we have Eop&* = K(€) and £* @ g€ = B.
Since B is assumed o-unital, £* is countably generated by Hence so

is (£€*)°°. Thus Kasparov’s Stabilisation Theorem gives
(EN>*aK(E)>® ZK(E)™.

Now we tensor this isomorphism with the correspondence £: K(£) < B on the
right. Since £* ®g(g) £ = B and K(€) ®kg) € = £, we get an isomorphism

B® @& 2 E™.
Finally, we combine this with B> & B> @ £°°.

Definition 10.7. Two C*-algebras A and B are stably isomorphic if AQK((2(N)) =
B ® K(£3(N)).

O

Theorem 10.8 (Brown-Green—Rieffel). Two o-unital C*-algebras are Morita—
Rieffel equivalent if and only if they are stably isomorphic.

Proof. We have K(£%°) = K(€) ® K(¢£2N) for any Hilbert B-module £ and, in
particular, K(B>*) & K(B) ® K(¢?N). Hence a stable isomorphism between A
and B is equivalent to an isomorphism K(A*) = K(B*). Since A is Morita—Rieffel
equivalent to K(A°) and Morita—Rieffel equivalence is an equivalence relation,
stable isomorphism implies Morita—Rieffel equivalence.

Conversely, if A and B are Morita—Rieffel equivalent, then A =2 K(&) for a full
Hilbert B-module £. shows £ = B> as Hilbert B-modules. Hence

A@K(’N) 2 K(E®) = K(B*) = B ® K(£*N). O

A Morita—Rieffel equivalence bimodule £ between A and B induces a *-isomor-

phism

ARK=ZK(E®) ZK(B*®) 2 B®K,
where K := K(¢2N). Here the isomorphisms A®QK = K(£*°) and BRK = K(B>) are
canonical. The isomorphism K(€>°) = K(B>) depends on the choice of the Hilbert
module isomorphism £*° = B*°. Two different isomorphisms £ = B> differ by
a unitary u € B(B*) 2 M(B @ K). Hence the *-isomorphism A @ K - B ® K is
unique up to composition with an inner automorphism Ad,,.

As an application, consider a Morita—Rieffel equivalence £ from a C*-algebra A
to itself. Then £ induces a *-automorphism a of A ® K. Since « is unique up to
inner automorphisms, the resulting covariance algebra (A ® K) x,, Z is unique up
to isomorphism. This suggests that there should be a covariance algebra A x¢ Z
with (A®K) X, Z = (A xegZ) QK.

How much can we say about non-invertible correspondences?

Let £: A <= B be a correspondence. Let I := (£|&)p < B be the ideal such
that & is a full Hilbert /-module. Even if we assume A and B o-unital, £ need not be
countably generated. For instance, for A = B = C, arbitrarily large Hilbert spaces
give a correspondence A < B. To get anywhere, we better assume £ countably
generated as well. Another problem is that ideals in o-unital C*-algebras need
not be g-unital because I is unital and hence o-unital for any C*-algebra I. To
apply we must assume that £ is countably generated as a Hilbert
B-module and that I is o-unital; since I = K(£*), this is equivalent to £* being
countably generated as a Hilbert K(&)-module. Then we get an isomorphism of
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Hilbert modules £ = J*°. The left action A — B(B) gives a nondegenerate
*-homomorphism

AQK = B(E®) = B(I®) = MK(I®)) = M(I ®K).

Thus a correspondence £: A < B with both £ and £* countably generated gives
a morphism
AK I KaB®K

for the ideal I = (£|&)p < B. This morphism is unique up to composition with
Ad,, for v e U(I ® K).

Exercise 10.9. If I < B, there is a strictly continuous, unital *-homomorphism
M(B) = M(I). When is it injective? Find an example where this map is injective
but not surjective.

We can use the above description of correspondences to find a strict 2-category
equivalent to the correspondence bicategory at least for o-unital C*-algebras. Its
arrows A < B are pairs (I, ¢) with I < B and a morphism ¢: AQK e I QK. The
2-arrows (I, ¢) = (J, ) are unitary multipliers of I ® K that intertwine ¢ and
if I = J; there are no 2-arrows if I # J. The composition of these arrows is done
to match the composition of correspondences. But now the composition is really
associative, not just up to 2-arrows, and the identity arrow (B,idpgk) on B is really
a strict unit arrow on B. We will not use this strictification of the correspondence
bicategory because it seems artificial.

Definition 10.10. A C*-algebra A is C*-stable if A =2 K((*°N) ® A.

Since K(£?N) ® K(£2N) = K(¢2N), C*-algebras of the form K(/?N) @ A are always
C*-stable.
The Brown-Green—Rieffel implies that two C*-stable, o-unital

C*-algebras are Morita—Rieffel equivalent if and only if they are isomorphic.

Exercise 10.11. If A is C*-stable and £: A <= B is a correspondence, then £ = £
as a correspondence. If € is full and countably generated and B is also C*-stable,
then € = B as a Hilbert module, so that € = By for some morphism f: A -~ B.
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