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Abstract

We study Morita equivalence for idempotent rings with involution. Following the ideas of Rieffel, we define Rieffel
contexts, and we also introduce Morita *-contexts and enlargements for rings with involution. We prove that two
idempotent rings with involution have a joint enlargement if and only if they are connected by a unitary and full
Rieffel context. These conditions are also equivalent to having a unitary and surjective Morita *-context between
those rings. We also examine how the mentioned conditions are connected to the existence of certain equivalence
functors between the categories of firm modules over the given rings with involution.

1. Introduction

In this paper, we study Morita theory for idempotent rings (i.e., rings R such that RR = R) with invo-
lution. The classical Morita theory ([16]) dealt with unital rings, but by now Morita theory has been
developed for a wide range of algebraic structures, including nonunital rings ([1, 2, 27] etc). In the
1970s, Rieffel published an influential series of articles on Morita theory of C*-algebras ([21, 22, 4,
23]). His works have inspired several mathematicians, among them Ara ([3]), who developed Morita
theory for idempotent nondegenerate rings with involution, and Steinberg ([24]), who studied Morita
equivalence for inverse semigroups.

Although the Morita equivalence relation is usually defined by requiring the equivalence of suit-
able module categories, it is often easier to work with some related bimodules and compatible bimodule
homomorphisms, which form so-called Morita contexts. For example, Ara [3] uses inner product bimod-
ules to prove that the centroids of two Morita equivalent idempotent nondegenerate rings are isomorphic.
In this paper, we consider relationships between four different approaches to Morita theory: Morita con-
texts, inner product bimodules, enlargements and equivalence of module categories. A Morita context
for rings consists of two bimodules and two bimodule homomorphisms. Rieffel showed that in the pres-
ence of a x-operation (an involution) one can use just one bimodule together with two inner products.
The notion of an enlargement comes actually from semigroup theory ([11, 13]). In [12], Lawson showed
that two semigroups with local units are Morita equivalent if and only if there exists the third semigroup
where the initial semigroups can be embedded “in a nice way.” Later it has been shown that joint enlarge-
ments work naturally also in the case of idempotent rings ([9]) and quantales ([14]). One of the aims of
this paper is to define joint enlargements for rings with involutions in a suitable way and show that the
existence of a joint enlargement is equivalent to the existence of a Morita context of a certain type.

In Section 2, we introduce the necessary notions and prove some basic facts about Rieffel contexts
and Morita x-contexts. By a Rieffel context, we will mean a bimodule together with two so-called inner
products satisfying certain axioms.
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Section 3 contains our main theorem, which states that, for idempotent rings with involution, certain
statements about enlargements, Rieffel contexts and Morita *-contexts are equivalent. In particular, we
have the following result.

Theorem. Tivo idempotent rings with involution are connected by a unitary and full Rieffel context if
and only if they have a joint enlargement.

After that, in Section 4 we show that, up to isomorphism, each unitary Rieffel context is induced in
a canonical way by a joint enlargement of two idempotent rings with involution.

Sections 5 and 6 are devoted to module categories. We define, in a suitable way, a *-equivalence
between rings with involution (essentially, it consists of two pairs of equivalence functors between cer-
tain module categories, which satisfy some extra conditions) and prove that any firm and full Rieffel
context gives rise to a x-equivalence between two idempotent rings with involution. After that we prove
that the existence of a firm and full Rieffel context is equivalent to the existence of certain equivalence
functors between module categories.

In our final section, we compare our results with the results obtained by Ara in [3].

2. Preliminaries

In this paper, by a ring we mean an associative ring.

Definition 2.1. A ring with an involution is a pair (R, *), where R is a ring and x: R — R,a+> a* is a
mapping such that

(a+b)y=a +b*, (@) =a, (ab)" =b*a" 2.1
forall a, b € R. Note that 0* = (0 + 0)" = 0* 4 0* implies 0* = 0.

Let (R, %) and (S, %) be rings with involution. A ring homomorphism f: R — § is called a homomor-
phism of rings with involution, if f(r*) = f(r)* holds for every r € R.

We recall that a right R module My, is called unitary if MR =M, and firm if the natural mapping
Uy M @z R— M, m & r— mris bijective (see [20]). A bimodule is unitary (firm) if it is unitary (firm)
as a left and a right module. Note that MR = M if and only if 1, is surjective; hence, every firm module
is unitary. Recall that a ring R is called idempotent if R = RR.

Rieffel introduced imprimitivity bimodules over C*-algebras ([22, Definition 6.10]) and used them to
develop Morita theory for C*-algebras ([4, 21]). Inspired by this notion we give the following definition.

Definition 2.2. By a Rieffel context, we mean a 5-tuple (S, T, X, (, ), [, ]), where

e SandT are rings with involution,

o X isan (S, T)-bimodule,

e (,): XxX—>Sand[,]:X xX— T are mappings, additive in both arguments, such that the
following identities hold for x,y,z€ X, s€ SandteT:

RCI1. (sx,y)=s(x,y);
RC2. (y,x)={(x,y)";
RC3. [x,yt] =[x, y]t;
RCA4. [y, x] =[x, y]*;
RC5. (x,y)z=2x[y,z]

We say that (S, T,X, (, ),[, ]) is a Rieffel context between rings S and T. Such a context is called full
(cf. [3, page 243]) if every s €S can be written as s =Y ,_, (xi, yi ) for some n€N, x;,y, € X, and
analogously for [, ]. (Note that a Rieffel context is full if and only if the mappings (, ) and [, ]| are
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pseudo-surjective [26, Definition 2.2].) It is called unitary (firm) if the bimodule (X is unitary (firm).
Similarly to [3], we call {X; an inner product bimodule.

In addition to the axioms listed in Definition 2.2, Rieffel contexts have some more calculation rules.

Lemma 2.3. If(S,T,X, (, ), [, ] is a Rieffel context, then, for every x,y e X, s€ SandteT,
RC6. (x,y)s={(x,5"y);
RC7. t[x,y] = [xt*,y].

If this context is full, then also

RC8. (x,yt*)=(xt,y);
RCY. [s*x,y] =[x, sy].

Proof. The proof of RC6 and RC7 is inspired by [24, Proposition 2.3], and the proof of RC8 and
RC9 by [22, Lemma 6.12]. We have

* ok

(x, 8y ={(y, x) =" (y,x) ) =(y,x) s =(x,y) s,

[xt*, yI = [y, xt*]" = ([y, x]t")" = [y, x]" = t[x, y].
If the mapping (, ) is full and s € S, then there exist n € N and x;, y, € X such that s = ZZ=1 (X, Vi )-

Now
[s"x, y] = [Z (Vi X ) x, y} (RC2)
pr

= Z REPERERY (additivity)

P
= Z [yilxe, x1, y] (RCS5)

pu
= Z [y, X1, ¥ (by (2.1))

P
= Z [, 217 [V Y] (RC7)

pa
= Z [, x][ye ¥ (RC4)

P
= Z [, i [yes y11 (RC3)

)
= Z [, (X, i) Y] (RCS)

s
— |:x, Z (Xis i )y:| (additivity)

inoh

so RC9 holds. The proof of RCS8 is analogous. O

We give some natural examples of Rieffel contexts.
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Example 2.4. Consider a ring S with involution as a bimodule ¢Sy and define
(s,2) == s7", [s,2]:= 5"z

for every s,z € S. We obtain a Rieffel context (S, S, S, (, ),[, D). If S is an idempotent ring, then this
context is full and unitary.

Example 2.5. Let R be a ring and consider matrix rings S = M,,(R) and T = M, (R) with transposing
as an involution operation. Then X := M, ,(R) is an (S, T)-bimodule with respect to usual addition of
matrices and actions defined by matrix multiplication. Defining

(A,B) := AB", [A,B]:= A"B
we see easily that the required axioms are satisfied.

If we consider the relation of having a Rieffel context between two rings with involution, then it is
clear that this relation is reflexive and symmetric. Next, we show that the relation of having a full and
unitary Rieffel context is also transitive. Therefore, the notion of a Rieffel context allows us to consider
an equivalence relation on the class of all idempotent rings with involution. But first let us prove a small,
but useful, lemma.

Lemma 2.6. Let R and S be rings, My a right R module and xNs an (R, S)-bimodule such that N is
unitary. Then the tensor product M Qg N is a unitary right S-module.

Proof. We know that M ®; N is a right S-module with an obvious S-action. Let Y ,_, m, ® n; €

M ®z N be arbitrary. Since Ny is unitary, for every k € {0, . . ., ¢}, there exist elements ny,, ..., n, €N
and sy, . . ., Sw € S such that n, = ng s + . . . + NS Now,
t n u n u
Z Q= Z my ® <Z nkhskh> = Z Z (my @ 1y )siy € (M ®g N)S.
k=1 k=1 h=1 k=1 h=1
Hence, M ®; N is a unitary right S-module. O

The next result is a ring theoretic analogue of [24, Proposition 2.5].

Proposition 2.7. Let S, T, R be rings with involution. If (S, T, X, {, )1,[, 11) and (T,R, Y, {, )2, [, ])
are unitary and full Rieffel contexts, then there exists a unitary and full Rieffel context between S and R.

Proof. Let (S, T,sX7, (, )1,[, 11) and (T, R, +Yg, (, )2, [, ].) be unitary and full Rieffel contexts.
Consider the (S, R)-bimodule X ®; Y. Since ¢X and Y; are unitary modules, the bimodule X ®; Y is
also unitary by Lemma 2.6 and its dual. Define mappings

(,): X®rY)x (X®rY)— S, <Z Xk ® Vi, th/ ®)’h/>'—>2 Z(xk@’k,y/h)z,xh/)l,
k=1 h=1

k=1 h=1

[, ]: X®rY) X (X®7 Y) >R, (Z XN ® Vi Y Xy ®yh'> = e o 6 11 -
k=1 h=1

k=1 h=1

By using the universal property of the tensor product a few times, it can be shown that these mappings
are well-defined homomorphisms of groups.

The mappings (, ) and [, ] are full because (, )i, (, )2, [, i, [, ], are full and the modules X7, ;Y
are unitary.
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It suffices to verify the axioms RC1-RCS on the generators x ® y of X ®; Y. The axioms RC1 and
RC3 are clearly satisfied. For every x,x' € X and y,y’ € Y, we have

(x®@y, X ®y)" = (x(y,y),, x)] (def. of (, ))
= (@, x(y, ¥ D), (RC2)
=, ¥)5 %), (RC8)
= (Y, ¥), %), (RC2)
=X Q®y.x®y). (def. of (, ))

Hence, RC2 holds. RC4 holds for similar reasons. Furthermore, for every x, x',x” € X and y,y,y" €Y,

(x®y, X QYN ®Y") = (x(y, )2, X} 1X" @y = x(y, y)o[x, x"], ® y"
=xQ (3, V)X, X'y =x @ yly, [¥, x"]1y"]>
=@V Y. X" ®y'l
So RCS also holds. We have constructed a unitary and full Rieffel context (S, R, X ® Y, (, ),[, ). O

There is also the classical notion of Morita context for rings (see, e.g., [17]).

Definition 2.8. A Morita context connecting two rings S and T is a six-tuple (S, T, sPr, 1Qs, 0, @), where
sPr, 1Qs are bimodules and 0 : P @; Q — Ss, ¢ : Q ®s P — Ty are bimodule homomorphisms such

that 0(p @ q)p' = pp(q ® p) and (g @ p)q' = q0(p ® ¢) for all p,p’ € P and q,q' € Q.
Such a context is called unitary if sPr and Qs are unitary. It is called surjective if 6 and ¢ are
surjective.

Let S and T be rings with involution. Given any (S, T)-bimodule 3X;, one can construct its dual
bimodule X as follows (see [22, Definition 6.17]). As an abelian group, X is the same as X. We write
X when we consider an element x € X as a member of X. So X+ 5 =x + y. The T7- and S-actions on X
are defined by

X = Xxt*, Xs:= §*X. (2.2)
Definition 2.9. By a Morita x-context connecting rings S and T with involution we mean a Morita
context (S, T, sXr, 1Xs, 0, @) satisfying
0(x®y)"=0(y®X) and ¢G®x) =X QYy)
forallx,yeX.

The following proposition shows that the conditions appearing in Definition 2.9 are natural.

Proposition 2.10. Let (S, T, X7, X5, 0, ¢) be a Morita x-context. Then the tensor product ring X % X
defined by ¢ is a ring with involution and 0 : X ®% X — S is a homomorphism of rings with involution.
Proof. Recall that the multiplication on X ® X is given by
(@Y ®y):=x@ (Y Rx)y =X Q1P @ x1)* =x @ y19(x; ® y).

By Theorem 2.11 in [26], the mapping 6 is a homomorphism of rings. We define an involution on the
ring X ®} X by

(x®Y) = y®xXx.
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For every x, x, € X and y, y; € X, we have
(XN @I = (@ y1dp(F ®Y)) =y1dF @) ®X =y, ® (X1 ® )X
= @MY =X ) *®Y),
H(x®Y))=0( RN =0(xY)".

Hence, we see that X ®% X is indeed a ring with involution and 6 is a homomorphism of rings with
involution. O

Remark 2.11. Note that the bimodules sX; and X5 actually form a natural example of something that
might be called a 4-module. Indeed, let S, R, T, P be rings. An abelian group X could be called a
(S, R, T, P) 4-module, if there exist four actions

SxX—>X, (s,x) sx, XxT—>X, (1) xt,
RxX—X, (r,x)— rx, XxP—>X, (xprxp
such that they induce bimodules (Xy, sXp, X1, #Xp and the conditions
s(rx) = r(sx), (xH)p = (xp)t
hold for everyx e X, r €R, s € S, t € T and p € P. We believe that such structures merit studying on their

own and hope it will be done some day.

Next, we adopt the notion of an enlargement to the case of rings with involution.

Definition 2.12. Let R be a ring with an involution x and let S and T be rings with involution, which is
denoted in both case by *. We say that R is a joint enlargement of S and T if there exist subrings S’ and
T of R and ring isomorphisms f : S — S and g : T — T’ such that

1. S and T' are closed with respect to x;
2. f(s)=f(s) foreveryseSand g(t*) = g(t)* for everyt € T,
3. R=RSR, S =SRS,R=RT'R, T'=TRT.

In particular, S' and T' are rings with involution, whose involution is the restriction of x to S’ and T,
respectively. Note also that if S or T is idempotent, then R is also idempotent by [9, Proposition 2.2].

Lemma 2.13. If R is a joint enlargement of S and T as in Definition 2.12, then f~'(u*) = (f ~'(u))* for
everyuc S and g7'(v) = (g7'(v))* for everyve T

Proof. Denote s := f~'(u). Then we have f(s*) = f(s)* = (f(f "' ()))* = u*, which implies (f ' (u))* =
s* =f~"(u*). A similar argument works for g~!. O

3. Main theorem

Our main theorem is the following one. It can be compared with [12, Theorem 1.1] for semigroups with
local units and with [9, Theorem 3.3] for idempotent rings.

Theorem 3.1. Let S and T be idempotent rings with involution. Then the following conditions are
equivalent.

1. Sand T are connected by a firm and full Rieffel context.
2. Sand T are connected by a unitary and full Rieffel context.
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3. Sand T are connected by a unitary and surjective Morita *-context.
4. S and T have a joint enlargement.

Proof. (1) = (2). Every firm bimodule is unitary.
(2) = (3). Assume that (S,7,X,(, ),[, ]) is a unitary and full Rieffel context. We are going to
build a Morita *-context using the bimodules X7 and ;Xs. Consider the mappings

0:XxX—S, Y (x,y),
¢ XxX—=T, 5 [yx]

We note that the mapping 6 is T-balanced, because it is additive in both arguments and, for all x,y € X

andreT,

O(xt.y) = (xt.y) (def. of §)
= (x,yt*) (RC8)
=0(x, yr) (def. of §)
=0(x, 1y). by (2.2)

Similarly (]3 is S-balanced. By the universal property of tensor product there exist abelian group
homomorphisms 6 : X ®7 X — Sand ¢ : X @5 X — T such that

0x®y)=(x,y) and ¢y ®x)=[y,x] (3.1
for all x, y € X. Condition RC1 implies that 6 preserves left S-action. It also preserves right S-action,
because

O(x ®ys) =0(x ® 57y) (by (2.2))
=(xs"y) (by 3.1))
=(xy)s (RC6)
=0x®Yy)s by (3.1)

forevery x,y € X and s € S. Thus, 6 (and similarly ¢) is a homomorphism of bimodules. These mappings
satisfy compatibility conditions, because

O @y = (xy)x by (3.1)
= x[y, '] (RC5)
=xp(Y ®x) by (3.1)

and
PG @ x)y = [y, xly (by (3.1))
=V y.al (by (2.2))
=Yxy] (RC4)
=(y,x)y (RC5)
=y (¥, x)" (by (2.2))
=y(x)) (RC2)
=y0(x® ). by (3.1)
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If s € S, then there existn € N, xy, ..., X,, Vi, ..., Y, € X such that
=3 ) = Y0 @) =6 (zxmyk).
k=1 k=1 k=1

Hence, 6 (and analogously ¢) is surjective. The bimodule sX is unitary by assumption. Let X € X. Since
sX is unitary, there existn € N, s,...,s, € Sand x, ..., x, € X such that x = ZZZI six¢. Hence,

n n n
xX= E SiXy = E ik = E XS
k=1 k=1 k=1

We have shown that Xy is unitary. Analogously we see that ;X is unitary. Finally, we notice that, for
every x,y € X,

xRy =(x,y) =(yx)=00®X),
PO =[y,xI"=[xy]=0XR®Y).

(3) = (4).Let (S, T, sXr, X, 0, ¢) be a unitary surjective Morita x-context. We consider the matrix

()

with componentwise addition and with the multiplication
SX\ [s1xr\ ss1+HO0(x®y)  sx; +xty ss1+HOX®Yy)  sx; +xty
(y ) <y—1 r1> . ( s, + 57 ¢(y®x.)+n.> N ( sty +wir ¢@®x1)+n‘1) '
The unary *-operation on R is defined as
sx\ S5y
()= ()

It is well known (see, e.g., [19, Section 2]) that R with these operations is a ring (called a Morita ring
of a Morita context). Two things remain to verify.
a) The operation « is an involution on R, because

S X S X ' s+ x+x ' s 57y 4y s*y STy sx\ Sy X '
_ + . = - = - = _ + . = _ + . N
y Y1 y+y t+4 x+x 46 Xt X 6 yt it
sx\ sty ' s x S X
yt) \xr) \yr) \5:)°
sx\ [s x ) ss1+HO0Xx®Yy))  sxp +xty )
vie)\mn)) \ sytar eGex)+m

_ (ss1)" +0(x @ y1)* s1y +nit*
sX| + xty o @ x))* + (1))

S5+ ®%)  syy+ntt 8Ty sty S1 X1 s x\"
X AT F ® )+t o) \xr wn) \yt)
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b) We will verify the conditions in Definition 2.12, that are related to S. Similar arguments will apply

for T. The set
s Oy
S=11_ ses
Oy O

is a subring of R, which is also closed under x-operation (for the latter we need that 05 = 0y). It is easy

to see that the mapping
s Oy
f:S—=>8, s—>|__
Oy Or

is an isomorphism of rings. Moreover, it preserves the involution, because

N s* Ox S*OX SOX ) .
fsH= or0,) \or0:) = \oro, =f(s)".

The equalities R = RS'R and §' = S'RS’ hold by [9, Proposition 3.5].

(4) = (1). Assume that R is a joint enlargement of S and 7'. It suffices to consider the case, where
S and T are subrings of R. In that case s* =s* and t* =" for every s € S and 7 € T. We consider the
bimodule

SXT = S ®S SRT ®T T

with natural actions of S and 7. By [15, Proposition 2.5], the bimodule X7 is firm, because the rings S
and T are idempotent. Consider the mapping

6:SXSRT xT—R, (s,p,0) > 'p*s*.
Note that
G(ss1, p, 1) =1 p"(s81) =17 p*s}s" =1 p*sis" =1*(s51p)'s" =6(s, 810, ),
G (s, pty, 1) =1 (pt)'s" =11 p*s* =11 p*s" = (1) p*s* =6 (s, p, 111)

and also ¢ is additive in all three arguments. Consequently, there exists a group homomorphism
0:S®sSRT @ T — R such that (s ® p ® t) = 1*p*s* for every s € S, p € SRT and r € T. Note that
if p= ZZ:I SiTily € SRT, then

p* = (Z Skrktk) = Z (skrktk)* = Z t,’fr,:s,’: e TRS.
k=1 k=1 k=1
A little bit shorter argument shows that there also exists a group homomorphism 7 : S ®s SRT @ T — R
such that 7(s ® p ® 1) = spt for every s € S, p € SRT and ¢t € T. We define
(x,y) =10, [xyl:= 01
for every x, y € X. In particular, on elementary tensors we have
(sQ@p®t s ®p ®t):= sptt]p;s; € SSRITTTRSS = SRTRS = SRS =S,
[[RpRt,s1 @0 @t]:= t'p*s*s;pit; € TTRSSSSRTT = TRSRT =TRT =T,

which implies that (x,y) € S and [x, y] € T for every x, y € X, because every element of X is a finite sum
of elementary tensors. Thus we have defined mappings

(,): XxX—>Sand [, |: XxX—>T,
which are additive in both arguments, because t and o preserve addition and S and T have the

distributivity law.
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To prove that ( ) is full, we consider an element z € S. Since S = S(SRT)TT(TRS)S, z is a finite sum
of products of the form sptt, p,s,, where 5,5, €S, t,t, € T, p € SRT and p, € TRS. It suffices to show
that each such product has a preimage with respect to (, ). Indeed,

sptt;p1s; = spt(t)) () (7)) = ( SQPpRL SR P VL ) .
A similar proof shows that [, ] is full. Finally, we verify the conditions RC1-RCS.

RC1. For every z € S,
(2(s®@p®1),51 @1 @11) =zsptt;pis; =2 (sQRP 1,51 QL1 ®11) .
RC2. We calculate
(s@p @15 ®p &1 ) =(spit; pis})’ (def. of (. ))
= (sptt]p;s))" #=1,57=s7)
= SO s ((ab)* = b*a*)
=501t p"s" (a* =a)
=501 p"s" (tr=r,s"=s%
=(5 @01 ®t,50pR1). (def. of (, ))
RC3. Analogous to RC1.
RC4. Analogous to RC2.
RCS. To prove this, we need to use that S and T are idempotent rings. We calculate
(5@p®L,5si @ P ®11) (52 ® P2 ® 1) =spit] p}s](s: ® P2 1) (def. of (, ))
=SpHPSiH QP @t (def. of S-action)

(Z uku/k) PP Q0 Rt (5= 5, wt'y)
k=1

= (Z W' ptty ,ofs’l‘s2> RO (distributivity)
k=1
= Z (Ut (P17 075752 @ 02 R 1) (property of ®)
k=1

=3 @it} p}sis22 ® 1) (SSRT)T(TRS)S=S)

k=1
= Z (' @ ptty p}s15,0, @ 1) W €S)
k=1
= (Z uku’k) @ Pt p}815:0, R 1 (property of ®)
k=1
=5 Q ptt] ;515202 D br. (s= Z:=1 ')

A similar calculation shows that
ERPRNI QP RL,HQ 0 RL]I=(5® p RN PIS|S2021 =5 ® Pt} p518:02 @ 1.
This completes the proof. O
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It would be natural to call two idempotent rings with involution Morita equivalent if they satisfy the
conditions of Theorem 3.1.

Remark 3.2. The only place in the proof of Theorem 3.1, where we used the existence of an additive
inverse in a ring is the fact that 0* = 0 (see Definition 2.1). Hence, if we define a semiring with involution
by requiring identities (2.1) and 0" =0, and modify the other definitions in an obvious way, then our
proof shows that two idempotent semirings with involution are connected by a unitary full Rieffel context
if and only if they have a joint enlargement.

Example 3.3. Consider again the Rieffel context from Example 2.5, but let R be an idempotent ring.

o The (S, T)-bimodule {Xr =M,,,(R), where S = M,,(R) and T = M,(R), is unitary.
Indeed, let D) (r) denote a (m x n)-matrix, which has r in position (k, h) and zeros everywhere
else. Note that every matrix [ry ], € X can be expressed as follows:

[r] = Z Z Dmn(rkh) = Z Z Dmn (Z rkhjrkhj/>

k=1 h=1 k=1 h=1 Jj=1

n

m o on ot .
= Z Z Z ka’:, (rkhjrkhj/) = Z Z Z Dmn r]\h_] hh (rkhj/) e XT,

k=1 h=1 j=1 k=1 h=1 j=1

where ry, = Z;zl Tt holds for every ke {l,...,m} and he{l,...,n} due to R being
idempotent. This shows that Xy is unitary. The unitarity of X is analogous.

o The rings S = M,,(R) and T = M, (R) are idempotent.
The proof of this claim is similar to the previous part if we take m = n.

o The mappings {, ): (A,B)+— ABT and [, 1: (A, B) — ATB are full.
Indeed, by Lemma 5.6 in [26] we have that M,,,,,(R) = M,, ;| (R)M, ,(R) holds for every m and n.
Let Y C X be a subset that consist of matrices which have non-zero elements only in the first
row and Z C X a subset of matrices with non-zero elements only in the first column. Now we
see that the restrictions (, )|y«y and [, 1|zxz are full. Hence, the mappings (, ) and [, ]| are
also full.

o We conclude that M,,(R) and M,,(R) are Morita equivalent for every m,n € N,

Remark 3.4. Consider the implication (4) = (2) in Theorem 3.1. Assume that R is a joint enlargement
of S and T as in Definition 2.12, with isomorphisms
f:S—>8,s+>5 g:T—>T,t—~1

Then, it turns out that there is a simpler construction yielding a unitary full Rieffel context between S
and T. We consider the bimodule

n

X;:= SRT = {Z Surids

k=1

neN,s, €S, r eR,tkeT} CR.

Addition of X is the restriction of the addition of R. The actions of S and T on X are defined by
S-x:i=58x, x-t:= xi,

where Sx is the product of 5 and x in R and xt is the product of x and t in R. It is straightforward to show
that sXr is an (S, T)-bimodule. Since S and T are idempotent rings, the bimodule sXr is unitary.
Note that

Gr)(§mh)" = §r(h) ri ()" = §ri(T)r(s}) € SRT'T'RS = SRT'RS =S,
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and, analogously, (311)*(s\rf,) € T'. Hence, we can define the mappings
(,): XxX—>Sand [, | XxX—>T,
by
(x,y) =@, [xyl= g '),

for every x,y € X. These mappings are additive in both arguments, because f~' and g=' are ring
isomorphisms.

To prove that { , ) is full, we consider an element z € S. Since ' = S'RT'T'RS, Z € S’ is a finite sum of
products of the form §rifyr.$\, where s, s, €S, t,t, € T, r,r, € R. Now

SN Grifyn$) =71 Gridh) ™ (§)™) = Gri(§) () = (52, (S) ).

It follows that z=f"'(2) = ZZZI (Xt, Vi ), where n € N and x, y, € X. A similar proof shows that [, ] is
Sfull. It is easy to verify the conditions RCI-RCS.

We will say that (S, T,S'RT',(, ), [, 1) is the Rieffel context induced by a joint enlargement R of S
and T.

4. Rieffel contexts come from enlargements

In this section, we will show that, up to isomorphism, every unitary Rieffel context is induced by a
joint enlargement. Isomorphism of classical Morita contexts is defined in [17]. Its analogue for Rieffel’s
contexts is the following.

Definition 4.1. Let S and T be rings with involution. We say that a Rieffel context (S, T, X, {, )x,[, Ix)
is isomorphic to a Rieffel context (S, T,Y,(, )y, [, ly) if there exists a bimodule isomorphismh: X — Y
such that, for every x,, x, € X,

(h(x1), h(x) )y = (X1, X2 )y and [h(x,), h(x)]y = [x1, X2]y.

Theorem 4.2. Every unitary Rieffel context connecting idempotent rings S and T with involution is
isomorphic to a Rieffel context induced by a joint enlargement of S and T.

Proof. Let (S, T,X, (, )x,[, lx) be a unitary Rieffel context. Putting together implications (2 = 3)
and (3 = 4) in Theorem 3.1 we see that it gives rise to a joint enlargement R of S and 7. More precisely,

{52

is a ring with componentwise addition and with the multiplication

sx\ (s x ssi+(xp0) sx+xt ssy+(x ) s+t
y i b . ysi+ 11 [y, x] 411 s;y+ntt [y.xl+m .

The unary *-operation on R is defined by

ses, te T,x,yeX}

The mappings

s Oy 05 Oy
f:S—>R, s—|__ and g:T—>R, t—|__
Ox Or Oy t
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are injective ring homomorphisms and the subrings

s Oy 05 Oy
S=fS=11_— ses and T"=g(T)=1(_ teT
Ox Or Oy t

of R satisfy the equalities §' = S'RS’, R=RS'R, T = T'RT’ and R = RT'R. Let the Rieffel context induced
by the joint enlargement R be (S,7,Y,(, )y,[, Iy). By Remark 3.4, this means that ;Y; =S'RT’,

(y1,¥2)y =f""1y3) and [y1, y21y = g7 (¥}y»). Observe that

s Ox\ [sx\ [Os Oy s's s'x\ [Os Ox Og s'xt’
00,) \yt)\ox ) \ox0,)\ox 7} \Ox O

for every s,s' € S, t,# € T and x € X. Hence,

" OS Si Xl OS X
Yr= Z _ neN,s,eS,xeX, neTy=11__
= \Ox O Ox Or

where the last equality holds because ¢X; is a unitary bimodule.
We define a mapping 2: X — Y by
05 X
h(x):= | __ .
Oy O

Then, & is clearly an isomorphism of abelian groups. Note that

OS X N OX OS X OS SX
s-h(x)=s-|_ = __ o =(_ = h(sx),
Ox Or 0x 07/ \Ox O7 Ox Or
05 X OS OX OS xt
h(x)-t=|_ _ =|_ = h(xt)
Ox 07/ \Ox ¢ Oy Or

for every x € X, s € S and r € T. Hence, h is an isomorphism of (S, 7')-bimodules.
Finally, if x, x, € X, then

05 x 05 Ox
Ch(x). b))y =f ' (hGe)h(o) ) = £ <<£ 0;> ()c_j 07))

- (X1, % )x Ox
= — = (X1, % )x
OX OT

and, analogously, [A(x), h(x,)]y = [x1, X2]y. O

xeX},

5. From a Rieffel context to an equivalence of module categories

In this section, we study relationships between Rieffel contexts and equivalences between module cate-
gories. When moving from unital rings to bigger classes of rings, one has to choose which categories of
modules to use in order to develop Morita theory (see the Introduction of [5]). There are three natural
choices proposed in the literature: the categories of a) unitary torsion-free modules (see, e.g., [3, 7, 18]),
b) closed modules, c) firm modules ([5, 6]). In the case of an idempotent ring, all three categories are
equivalent. While [3] uses unitary torsion-free (= nondegenerate) modules, we prefer to work with firm
modules.

In [3, Theorem 4.1(i)] it is shown that if there exists a full nondegenerate Rieftel context between two
nondegenerate idempotent rings with involution, then there is a x-equivalence between the categories
of unitary torsion-free modules over these rings. In this section we will prove an analogue of this result
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by a) replacing unitary torsion-free modules by firm modules and b) abandoning the requirement that
the rings and Rieffel contexts be nondegenerate. We start by modifying the necessary definitions for our
purposes and by proving some lemmas that will be needed later.

Definition 5.1. Let R be a ring. A dual R-pair consists of modules P and Qg and a mapping § : P x Q —
R such that

1. § is additive in both arguments;
2. 8(rp,q)=18(p,q) foreveryreR, peP, g€ Q;
3. 8(p,qr) =8P, q)r foreveryre R, pe P, g € Q.

Compared to the definition given on page 229 of [3], we have dropped the condition of nondegeneracy
(condition (4)). Note that if § is a ring with involution and § : P x Q — S'is a dual S-pair, then there exists
another dual S-pair

— = - «
8 :0OxP—S, 8 (g,p):= 8(p,q)". 5.1

We also use a modification of Definition 1.2 in [3]. Instead of categories of unitary nondegenerate
modules, we use the category sFMod of firm left S-modules and the category FMod; of firm right
S-modules.

Definition 5.2. [Cf. [3, Definition 1.2]] Let S and T be two idempotent rings. A functor-multiplier from
Sto T is a pair (F, G) such that

1. F:FMod — ;FMod is an additive functor;

2. G:FMod; — FModj; is an additive functor;

3. forevery dual S-pair 6 : Vi, x W, — S, where V, and W, are firm S-modules, there exists a dual
T-pair 87 : F(V)) x G(W)) — T;

4. if §,:VixW,— S and §,:V, x W, — S are dual pairs of firm modules and f:V, — V,,
f*: W, — W, are module homomorphisms such that

81(F (1), wa) = 81 (V1. f5 (W)
in S for all v, € V, and w, € W,, then
85°(F(f)(a), b) = 8{%(a, G(f*)(b))
in T for every a € F(V,) and b € G(W,).

For a ring S with involution, we have the dualization functors
H; : FMody — sFMod, H(Xs):= X,
and
H'g: FMod — FMod,, H's(sX) := X;.

Iff : X; — Y is amorphism in FModg, then Hy(f) : X — 7 is defined by Hs(f)(%) := f(x), and similarly
for H's. Note that Hg o H'g and H's o Hs are identity functors.

SFMod r +FMod sFMod +FMod
| | Hs | | By H, Lo Hy
FMods FMod FMods FMody
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Definition 5.3 (Cf. [3, page 234]). Let S and T be idempotent rings with involution. A x-functor from S to
T isatriple (F, G, o), where (F, G) is a functor-multiplier from Sto T and o : F = Hy o G o H's a natural
isomorphism such that, for every dual pair § : V x W — S, every a € F(V) and b € (H'; o F o Hg)(W),
we have

o FG, g
8 "7 (ay(a), b) = 6" (a, H' 1(atugw))(b)). (5.2)
Note that here (ay(a), b) € (Hy 0 G o H's)\(V) x (H'r o F o Hy)(W) = G(V) x F(W),
agw): (F o Hg)(W) — (Hr o Go H's o Hg)(W) = (Hy 0 G)(W),
H'r(aygw): (H'r o F o Hg)(W) — (H'r o Hr 0o G)(W) = G(W),
and (a, H'r(g)) (b)) € F(V) x G(W).

Lemma 54. If (F, G, @) is a x-functor from Sto T, § : V. x W — S is a dual pair, xe G(W) and y €
(Hr o Go H's)(V), then

-
81 (v, H'r(otg ) () = 8" (et (), %) -
Proof. Denote a := a"'(y) and b:= H'r(aj;y,)(x). Then

57 (0. Hry(az o)) = 37 @y(@). )

= 8" (a, H'1(ctyy0) (D)) ((F, G, ) is a s-functor)
= 6" (a, H'r(ayw) 0 g ) (X)) (H'7 is a functor)
= SFG (a, idG(W)(.x))

=68 (o' ), %),

which proves the lemma. ]

Note that (id rmod, 1dFmods s ididSFMO ) is a =-functor from S to S. By Lemma 2.1 in [3], we know that if
(F, G, ) is a x-functor from S to T and (F', G', B) a *-functor from T to R, then the triple (F" o F, G’ o
G, B * ) is a x-functor from S to R, where 8 * « is the horizontal composition of natural transformations
« and B. Also, for every dual S-pair §: V x W — § we have the formula

SF’F,G’G _ ((SFG)F’G’: F(F(V)) x G(G(W)) — R. (5.3)

Definition 5.5. [Cf. [3, page 235]] A x-functor (F, G, ) from S to T is called a x-equivalence if there
exists a x-functor (F', G', B) from T to S such that there exist natural isomorphisms ¢ : F' o F = id o,
Y FoF = id,pvoa for every dual pair §s: V x W — S we have

8s(pv(@), b) = 8579 (a, Hy (B % gy © 95 y) W) (5.4)

for every a € (F' o F)(V) and b € W and for every dual pair §7: V' x W — T we have

81 (W (), y) = 8579 (x, Hy' (@ % Bliyowy 0 Wirloy) ) (5.5)

foreveryx e (F o F)(V)Yandy e W'. Here B« : F' o F = Hg o G' o G o H' is the horizontal composi-
tion of o and B and

Hy (W) —>‘p§sl‘<“’) (F'o F o Hy)(W) —¥#*usw (H; 0 G'o G o H's 0 Hg)(W)=(Hs 0 G’ o G)(W).
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F/
sFMod F rFMod sFMod
HZ? HS HT Hr Hj? HS
FMod FMod : FMods

Lemma 5.6. Let (F, G, @) be a x-equivalence from S to T with an inverse x-equivalence (F', G', B) from
T to S. Then, there exist natural isomorphisms o : idgmeq; = G’ 0 G and p: idpyog, = G0 G

Proof. Let the assumptions of this lemma hold with natural isomophisms ¢: F’ o F = id rvoq and
Y1 F o F' = id, gmoq- The required natural isomorphisms from the claim of the lemma have components
ow = Hg' (B * o)) 0 (p,;;(w)): W — (G’ o G)(W) (for every W € FMods) and py = Hy' (& * B)wrw) ©
Vi) U— (GoG)U) (for every U € FMod;). O

Now we are ready to prove the main result of this section. It is an analogue of the classical Morita I

theorem (see, e.g., [10, Theorem 18.24]).

Theorem 5.7. Let (S, T, X7, {, ),[, ]) be a firm and full Rieffel context connecting idempotent rings S
and T with involution. Then there is a x-equivalence from S to T.

Proof. We construct a functor-multiplier from S to 7. If My € FMod;, lhen M ® X; € FMody,
because [yex = idy ® uy, where idy, and py are isomorphisms. Similarly, X ®s N € FMod if (N €
sFMod. This allows us to consider the tensor functors

F:=X®;_ :sFMod — ;FMod,
G = _®SX . FMOdS g FMOdT.
The following proof is divided into several claims, which are proved separately.

Claim 1. The pair (F, G) is a functor-multiplier.
Conditions (1) and (2) in Definition 5.2 are obvious.
(3)Letd: V x W— S be a dual S-pair. Define a mapping

8. X QsV)x (WRsX)—>T
by
§OF @ v, w@x) = [y, 8(v,wx] € T. (5.6)
We will show that §7¢ is well-defined. Note that for every pair (W', x') € W x X, there is a well-defined
mapping
dw/’x/ X xV—>T, &, v) = [y, §(v, w)x'].
The mapping d,; ; is S-balanced, because, for every y,y" € X, v,v' € V and s € S, we have
dy G+Y.v=dy+y.V=D+y.80wWwl=d, G v)+d; ),
d; O, v+V)=1[y, v+ v, wixT=I[y, (8(v,w)+ 0/, w))x']
= [, v, wXT + [y, 80/ WX =y (5, v) +dy /G,
dy Os,v)=d (57,v) =[5y, 8, w)x'] = [y, s6(v, w)x'] = [, 8(sv, w)x']

= dw/’x/ O, sv).
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By the universal property of the tensor product, we have a well-defined group homomorphism
d;: X ®sV— T such that

d; G®v)=1[y.8(v,w)x]
foreveryye X andve V. Also, foreveryte 7T,y € Xandvev, using RC7 we have
d; (y@v)=d; (G @v)=[y*, 8, w1 =1y, s, w)x1=1d; /G ®).
Hence, m is a homomorphism of left 7-modules. Now we may define a mapping
1: WxX—>Hom (X®sV,T),  (w,x)d,..
Note, that for every w,w' € W, x,x',y € X, ve V and s € § we have

Ttw+w,x)GRv)=d .+ GQVv)=1[y,§(v,w+w)x] =y, (v, w)x] + [y, 5(v, w)x]

wHw x
=d,.5®V)+d; V)= x)+T(W,x)F V),

T(Ws, X)F @ V) = d,s . (§ @ v) = [y, 8(v, ws)x] = [y, 8(v, w)sx] = T(w, sx)(F @ v)

and T(w, x +x') = T(w, x) + 7(w, x). Hence, 7 is S-balanced and by the universal property of the tensor
product, we may consider a well-defined group homomorphism 7: W ®; X — Hom (X Qs 'V, T) such

that T(w ® x) = d,,,, for every w € W and x € X. Putting
8"(a,b):=Tb)a)eT
we have a well-defined mapping 87 : (X ®; V) x (W ®; X) — T such that

8¢ (Z Vi ® v, Z w; ® xh> =T <Z W, ® xh><2 % ® vk>=2 Z D> 8V, wi)xs 1.
k=1 h=1 h=1 k=1

k=1 h=1

It easily follows that §7¢ is additive in both arguments. We also have
S RV), w®x)=8"Gr @ v, w® x) = [yt*, 8(v, wx] = t[y, 8(v, w)x]
=15 @ v, w ® x),
8GRV, (W X)) = [y, 8(v, wxt] = [y, (v, wx]t =8 G @ v, w ® x)t

forevery r€ T, x,y€ X and v € V. So §7 is a dual T-pair.
(4) Let §,:V, x W, — S and 8, : V, x W, — § be dual pairs and let f: V, — V,, f*: W, — W, be
module homomorphisms such that

8 (f(vi), wo) =8, (Vl,fu(wz))

in S for all v, € V| and w, € W,. Then, for every x,y € X,
[y, &(F(v1), wo)x] = [y, 8, (vy, f*(w2))x]
= 5°GRf(n), w2 ®x) =T @ v, [ (W) @ x)
= §°((idxy ®NHFT @ V1), w2 ® ) =5{°F @ v1, (f* ® idy) (w2 ® X))
= 8E(F(NG @), w2 @) =87 ® vi. G(F*) (w2 ® ),
as needed. Thus, the pair (F, G) is a functor-multiplier.

Claim 2. The functor-multiplier (F, G) is a *-functor.
We need to define a natural transformation « : F = Hy o G o H's. For every sM € sFMod, we define
a mapping

ay  FM) =X @5 M — M ® X = (Hy 0 G o H's)(M)
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by
oY @m):=meQy.
We will show that o := (cty)yesrmoa: F = Hr o G o Hy is a natural isomorphism.

Well-defined. Let ;M € sFMod. Consider the mapping

y: X xM—MQsX, G, m—>mQy.

Note that, for every v,y € X, m,m’ € M and s € S, we have

A +y,my=ay(y+y,m=m@y+y)=m@y+mey

=My +mM®Y =ay(F,m) + &y, m),

ay(ys, m) = ay(s*y,m) =mQ sy =ms* @y =5m ® y = ay(y, sm)

and &y (3, m + m') = @y (y, m) + &y (3, m'). By the universal property of the tensor product, we see that
oy is a well-defined group homomorphism.

Homomorphism of 7-modules. Let (M € ;FMod. Note that, for every t€ 7T, ye X and me M,
we have

ay(ty @ m) = ay(yr* @ m) =m @ yt* = (M Y)t* = tm @ y = tay (y @ m).
Hence, we see that ¢, is a homomorphism of left 7-modules.

Bijective. Let Mg € FMod;s. Analogously to the first point, we see that there exists a well-defined group
homomorphism

By MRsX —XQsM, meyr—yQm.
We may also consider a mapping By : M @sX — X ®sM, mQ@y+— y ® m, because By, = By’ © Usiax

where usgx: M ®5 X — M Qs X, a+> a. Clearly, B, is the inverse of a,, in Set, which proves that o,
is bijective.

Natural transformation. Let (M, M’ € jFMod and f: ¢M — ¢M’ be a homomorphism of left S-
modules. We need to show that the diagram

X®sM ™ MeX
idX®fl (HroGoHg)(f)
— an —_—
XM —M' ¢ X
commutes. If y € X and m € M, then

((Hr 0 G o Hy)(f) 0 ay)(y ® m) = (Hr 0 G o Hy)(f) (i ® y)

= (G o Hy)(f)(m) ® y = (Hs(f) ® idx)(m ® y)

=Hs(Nim)Q@y=f(mQy
=,/ ®f(m)=(a,y o(idy @) ® m).

Therefore we see that « is indeed a natural transformation.
In conclusion, we have shown that « is a natural isomorphism.
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To verify the equality (5.2), let § : V x W — S be a dual pair and consider a € X ®s V = F(V) and

b €X®SW= (H,TOFOHs)(W). Then a = ZZ:] yk & vy, b= Z’::l )_Ch ®Wh and

%E(av(a)v b)= §_TG (Olv (Z % ® Vk) s Z X ® Wh)
k=1 h=1

% (ka ®yk, Z)_Ch ®Wh)
k=1 h=1
= <5_FG (Z)_Ch & Wy, Z\_’k ®)’k>
h=1 k=1
= Z Z [x, (8_(Wh9 Vol

h=1 k=1

= Z Z x5, Vi, W) iel”

h=1 k=1

m n

= Z Z [8(Ves Wa)*Yis X4

h=1 k=1

= Z Z [Yis Vi, wi)xs]
h=1 k=1

— §FC <Zyk v, Z wy, ®xh>
k=1 h=1
= §f¢ (a, th ®xh>
h=1

=8 a, aw <Z X ® Wh)
h=1
=" (a, Hy' (o) (Z X Wh))
=1

= 8"%(a, Hy' (atugom))(b)).

Hence, we see that (F, G, @) is indeed a *-functor from S to 7.

Claim 3. The x-functor (F, G) is a x-equivalence.
Analogously, we see that the pair (F’, G', ) is a x-functor from T to S, where

F/ = X®T_: TFMOd d SFMOd,
G :=_ _®;X: FMod; — FMod;;
B = (Bumecrrmod: F' = Hso G’ o HY,

Bu(x@m):= mQX.

https://doi.org/10.1017/S0017089524000302 Published online by Cambridge University Press

(def. of ay)

(by (5.1))

(by (5.6))

(by (5.1))
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Also, for any dual T-pair 67: V x W — T, we have
P (V) x GW) = S, (x@v,w®3) > (x8,(v, w), y). (5.7)
To complete the proof we need to show that the requirements of Definition 5.5 are met. For every (M €
sFMod, consider the mapping
T (FoF)((M)=X® X®sM—>SQsM, x®@yQmr> (x,y)@m.

As in (3.1), we have a well-defined group homomorphism 6: X ®; X—> S, x ® Y+ (x,y), which is a
homomorphism of (S, S)-bimodules. This implies that 7;, =6 ® id,, is a well-defined homomorphism
of left S-modules. The homomorphism 7, is surjective, because (, ) is full. We will show that 7, is also
injective. Consider the short exact sequence of (S, S)-bimodules

{0} = Kerf - X ®; X = S — {0},
where ¢ : Kerd — X ®; X is the inclusion. By [28, Result 12.8(1)], the sequence of left S-modules

(®idpyy

Kerf @M ="' X @; X Qs M 235 S @ M — {0} (5.8)

is also exact. We s_how that (Eer@)S ={0}. Let ZZZI X ® )‘Q{ € Kerf and s € S. Since 6 is surjective, there
exists ) ;& ®¢, € X®r X suchthats=0()_,_ & ®¢,). Now

n

(Zxk ®yk)s= PRER=NN (Z 3 ®Eh) =3 %@Vl &)
k=1 k=1 h=1

k=1 k=l

= Z Z X @ (&, )i = Z Zxk & (Sny En)ye = Z Zxk ® Culbns yil
k=1 h=1 k=1 h=1 k=1 h=1

= Z Zxk ® [E i1 0 = Z Zxk[éh,)’k]* ® L= Z Zxk[yk’ £1® ¢,
k=1 h=1 k=1 A=l k=1 A=l

=ZZ(xk,)’k)‘5h ®5=29 <Zxk®yk> &®5=ZO&®5=0-
=1 .

k=1 h=1 h=1
Hence, (Ker6)S = {0}.
Now let & ® m be an elementary tensor in Kerf ®s M (then & ® m is also a generator of Ker & M).
Since sM is unitary, there exist s, ...,s; € Sand my, ..., m; € M such that m = s;m; 4. . . + s;m;. Then
Es,=0forevery he{l,...,j} and

EQm=§(® <Zshmh>=Z§®Shmh=Z§Sh®mh=0-
=1 =1

h=1

It follows that Kerf ®3 M = {0}. Hence, t), is bijective, due to the exactness of the sequence (5.8).
Let M, M’ € sFMod and f: ¢M — ¢M’ a morphism in §FMod. The diagram

®TY®S M ™ S®s M
dy % ®f ‘ ids ®f
X®rXQ@sM —  ~ S®¢M'

commutes, because
([ds®@ N or)x®@Yy®m) = (ids @) {x,y) ®m) =(x,y) & f(m)
=17, (x®Y®f(m) = (t,/ o (idxygx RN QY ® m).
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We have shown that T = (Ty)yermoa: F' 0 F = S ®s__is a natural isomorphism. By the definition of
the category sFMod, there exists a natural isomorphism v = (Vy)yesrmod: S ®s _ = id rmog, Where

V: SQM —> M, xQ@ mt> sm.
Composing t and v, we obtain a natural isomorphism

¢ =(pm): F o F = id rmoqs

o XQr X Qs M — M, XQRYQmi—> (x,y)m.

We will show that ¢ satisfies condition (5.4). Similar reasoning will lead to a natural transformation
Y F o F" = id,pmoq satisfying (5.5). First, we calculate the natural isomorphism

Bra: FoF=X®;XQ®s = (HsoG oHy)o(HyoGoH{)=Hso(_ ®sX®rX)oHs.

For every M € sFMod,

B+ =By o1/ any © F@): X @7 X @5 M — M @5 X @r X,

x®y®m'_>,BHTGHS’(M)()C@m@)’):m@y@)_C'

Let §: Vx W — S be a dual pair. We will prove (5.4). Let a€ (F' o F)(V) and b€ W. Then a =
Yo% ® Vi ® v for some x;, y; € X and v, € V. Since Wy is firm (thus unitary) and (, ) is full, we can
write b=y}, _, wi (&, ), where w, € W and §,, ¢, € X. Now

Ezzwh (EPHCh):Z(Ehs€11>*w_hzz({h’gh)w_h:(pH(W) (th ®5®W_h> ,

h=1 h=1 h=1

so we have
H (B # @y © 03ty )0) = (H5 (B % ) 0 H's(y) (B) (H' is a functor)

= Hy'((B * &)uaw)) (w;ém (5)) (def. of H'y)

=Hy'((B * a)H(W)) Z & ® gh W,

h=1

= (B * )uw) (Z & ® ?,, ® W_h) (def. of H'y)
h=1
=Zﬁ®€h ®, (def. of (B * &)uqw))
h=1
=) w®&RT,

h=1
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and therefore

SF'F,G/G(a, HS’((ﬂ * OC)H(W) o Qol;(IW))(b))

n J
=§"roe (Zxk ®yk®vk,zwh®§h ®Eh)

k=1 h=1

=YD ("G @ v wi ® &), ) (by (5.7))
k=1 h=1

=D (alyi 80 wa)il, 1) (by (5.6))
k=1 h=1

=D (e Gl S0 wi)E") (RC8)
k=1 h=1

= % Gl8 e W&, il (RC4)
k=1 h=1

= (G 8 wi)EL) V) (RCS)
k=1 h=1

= X i G 8 WG (RC6)
k=1 h=1

=D (6 Y (8 Wi ) (RC2)
k=1 h=1

=D (6 Y80 Wi (s ) (RC1)
k=1 h=1

(additivity)

=34 (Z(xk, Vi) Vis Z Wi l€n» i)

k=1

=3 <§0V (Z %Ry ® Vk) , b) (def. of ¢y)
k=1

= 8(¢v(a), b).
The proof is complete. 0

SNS——"

Corollary 5.8. Ifthere exists a unitary and full Rieffel context between idempotent rings with involution
R and S, then the rings R and S are Morita x-equivalent.

6. From a category equivalence to a Rieffel context

In this section, we will give a necessary and sufficient condition for the existence of a firm and full
Rieffel context between two idempotent rings with involution in terms of equivalence of categories of
firm modules.
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Lemma 6.1. Ler S and T be rings with involution. For every bimodule sXr, there exists a group
homomorphism oy : X @7 X — X ® X such that

ox(x®@y)=y®%Xx
for every x,y € X.
Proof. The mapping 6 : X x X - X ®; X, (x,y) > y ®X, is T-balanced, because
Gt Y)=yRx=y QX =y" @X=6(x,y*) =6 (x, 1)),

and it is obviously additive in both arguments. Now the claim follows from the universal property of
tensor product. O

We recall that there exist two natural transformations = (f4y)memods 1 _ ®s S = idyogs and v =
(V)vegMod : S Qs __ = idmoq With components

Uy MQ@sS—> M, mQ s+ ms,
Vw:S®sN—>N, sQnt+ sn.

Lemma 6.2. Let S and T be rings with involution. A bimodule ¢X; is firm if and only if the dual bimodule
X is firm.

Proof. The mappings
XXxT—>T® X, (x, N> ®X,

=>

O TxX—>X T, 1,0) > xR

are T-balanced, because
Kt )=t QX =1 QX =11, X = (1,1)* X =k (x, ;1),
O(tt, X) =x @ (1) =x @ £it" =xt; @ t* = &(t, xt7) = (1, 1,X),

and additivity in both arguments is clear. Hence, there exist group homomorphisms « : X @, T — T ®r
Xandw: T ®r X — X ®; T such that

Kx®1H =1 QX,
o(RX)=xQ 1.

It is easy to see that k = w™!, so k is a bijective mapping. Moreover, the square

Hx
XerT - X
K )
T®TY — Y
X

Commutes, because
(ODop)x®@t)=x=1T=vg(t" ®X) = (Vo K)(x ® 1).

Since « and () are bijections, u is a bijection if and only if v is a bijection. O
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Theorem 6.3. For idempotent rings S and T with involution, the following are equivalent.

1. There exists a firm and full Rieffel context connecting S and T.
2. There exists a firm bimodule X such that for the functors

F:}_(®S - SFMOd — TFMOd,

F/ =X ®T - TFMOd —> SFMOd,

there exist natural isomorphisms

G=— ®SX: FMOdS — FMOdT,

G/ - ®TX: FMOdT — FMOdS

p:FoF=id, y:FoF =id, £:GoG=1id, {:GoG =id

such that &y, = @ and \x = &x, as mappings and the following diagrams commute:

. _1 . _1 .

_ deuy _ ideuy ®id _ ¢ses Hs
X®X XX®S X®X®S®S S®S§ S
Ox (R1) )
X®X X®X®S X9X®S®S S®S S,

ideu! ideu, ®id Pses Ks

_1 . . _1 .
_ v ®1d _ 1d®vY ®id _ {rer ur
X®X TRX®X TRTRX®X T®T —T
ox (R2) ()"
X®X — TOXRX —— . TOTRX®X T®T —T.

v; ®id id ®v§1 ®id TeT HT

Proof. (1) = (2). Let (S,T,sXr,{(, ),[,]) be a firm and full Rieffel context. In the proof of
Theorem 5.7, we have seen that

F=X®;—: sFMod — ;FMod, G =— ®sX: FMod; — FMod,,

F=X®;—: tFMod — sFMod, G = — ®; X: FMod; — FMod;
are equivalence functors and ¢ = (@) : ' o F = id rmoq, Where
P XQr X ®sM — M, x@Y@mi—> (x,y) m,

is a natural isomorphism. Analogously we can construct natural isomorphisms ¥, & and ¢ by
defining

Vv : X Qs X @7 N — 1N, FRxQn+— [y, xln,

sNS:N®SX®T7_>NS’ n®x®y'_>n(-x7y)’

{M,,:M®T)_(®SX—>MT, mey R x+— mly,x].
Now, for every x,x',y,y € X,

Lo (X @Y ®x) =Xy, x] = (X, y) x=px(x @Y ®x),

Yx(G®x®Y) = [y, xly =y [y, xI* =y [x,y] = (¥, x) y
=(xy ) y=y(xy)=&F0x8)Y).
So gXT = Qsx and I/[TX = EXS'
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We will prove the commutativity of rectangle (R1) (for rectangle (R2) the proof will be similar). Take

Xx®y e X ®;X. Since ¢X is unitary, we can write

i j k 1
X = E SiXi, Xi= E SiiXij, Y= E WiYks Y= E Ui Y
i=1 j=1 k=1 I=1

for some x;, x;, i, yu € X and s;, s, Uy, uyy € S. Then

ijs
kood
(idy ® 1) 0 (idy ® px ®ide)) | D) " x @V @ ufy ® 1

k=1 I=1

kEood
=(dy @ ux) | DY x®@uu @

k=1 I=1

oo
= (idx ® ux) Z Z XQ Uy @ u;

k=1 I=1

k
=(dx@un) [ Y xOWNou

k=1

k
=) x®wy
k=1

k
=) _x®W%
k=1

:x®y

and, analogously,

i
((idy ® pix) o (idy ® prx ® i) (Z Zy@x?@s;@s?) =)y ®%.

i=1 j=1

Hence,

(( )" 0 s 0 Psgs o (idy ® M; ®ids) o (idy ® M;)) x®y)

k i
= (()" o s © Psgs) ZZX@))’_M@uZ@”Z

k=1 I=1

koo
=YD (O 0 s 0 gses) (x® T © 1, @ i)

k=1 I=1

koo
=YD (O o) ({x ) (@ up)

(6.1)

(def. of ux)

(by (2.2))

(by (6.1))

(def. of ux)

(by (2.2))

(by (6.1))

(6.2)

(additivity)

(def. of gsgs)

k=1 I=1

k i
=D (O ous) ((xyu )y ® u7) (S-action of S ® S)

k=1 I=1
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k I
Z Z ((x, y ) )" (def. of g and ()*)

k=1 I=1

kood
= DI RES DA (by (2.1))
k=1 I=1

k

= ZZ X, UyYu ) (RC6)

k=1 I=1

; R
= Z < Zuklyk,> u; (additivity)

k=1 =1
]} *
=D (xy)ug (by (6.1))
k=1
]} *
=) (xuy) (RC6)
k=1
=(x,y)" (by (6.1))
= (y,x) (RC2)

and

(,U«s 0 Psps o (idy ® M; ®ids) o (idy ® ,U«;) o UX) x®Y)

= (145 © @ses 0 (idy ® py' ®idy) o (idy ® ")) (y @ ) (def. of o)
= (s © Psas) (Z Zy@fi,@s;;@sf) (by (6.2))
i=1 j=1
i
= Z Z (is © Pses) (y ®X; ®s; ® Sf) (additivity)
=l j=1
i j
=" s ((3x) (s ®57) (def. of @ses)
i=1 j=1
i 7
= Z Z s (v, %) 5; ® s7) (S-action of S® S)
i=1 j=1
:ZZ Ys X U lj S; (def Of,U,S)
i=1 j=I1

= Z Z <y, SiX;; ) s (RC6)

=1 j=1
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=Y (rx)s (by (6.1))
i=1

= Z (y, 8% ) (RC6)

=(yx). (by (6.1))

Thus, the rectangle (R1) commutes.

(2) = (1). By Theorem 3.1, it suffices to prove that there exists a firm and surjective Morita
x-context (S, T, sXr, 1Xs, 0, ¢). We will use the mappings ¢sgs : X @ X @ S® S — S® S and {rgr : T ®
T®X®X— T® T for this. Since ;X is a firm bimodule by Lemma 6.2, the mappings

Uz X @58 — X, XQ s> X5 = 5°x,
v T®r X —> X, tQX > IX=xI*
are bijective. Idempotency of S and 7" means that the mappings
Us: SRS — S, sQut> su,
Ur: TR T—>T, tQvi>1tv
are surjective. We define 6 as the composite

idy ®u=! idy ®y;®ids

XX — X o X®X®S— >  ~X0X®S®S 2 .505 25
and ¢ as the composite

_ vZ!®idyx _ idr ®v_!®idx _

XoX— - TeXeX— %  TeTeXeX " -TeT 1T,

From here we see immediately that 6 and ¢ are surjective homomorphisms of left modules. Take x, y € X.
Using twice the fact that ¢X; is unitary, we can write y as

y= Z WSk Y = Z vy (6.3)
k=1 I=1

for some m,ne N, u, s, €S, t,,v, €T and y,, z; € X. Then,

XRY=x® Y usyi =Y XQUSyi= Y X @ Visiu;

k=1 k=1 k=1
=) (idx ® px) (x ® Vis} ® 1)) (def. of i)
k=1
=) ((idy ® px)olidy ® px ® idy)) (x @ Vi ® 57 @ ). (def. of ix)
k=1
Hence,
DR = (150 Pses) X @i ® 5} @ 1) (6.4)

k=1
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and, analogously,

PT®X) =Y (110 {ren)(V] @1} @ T @ ). (6.5)

=1

Note that p, : sS®sS — S Rs S, u®vi> u® vs is a homomorphism of left S-modules for every
s € S. Since ¢ is a natural transformation, the square

— PSS
s XR®X®S®S sS®S
idxg,} ®ps Ps
X S®S
sX®X®S®S P50S SO ®
commutes. Hence,
Gsps(X Y Q U ® V)S) = Pses(X QY @ U @ vs) (S-action of X @ X @ S ® S)
= (¢ses © (idxex ® 0,)) * @Y QU V) (def. of p,)
= (P50 Pses) X QYR U V) (naturality of @)
= Pses(X @Y QU v)s, (def. of p,)

which means that ¢ggs is @ homomorphism of (S, S)-bimodules. Analogously, ¢rer is @ homomorphism
of (T, T)-bimodules. Using this and the equality s*y = ZZ=1 (s uy)siyx, we see that

O((x ®y)s) =0(x ® s*y) (by (2.2))
=) (150 Pses) X @ ® 5} ® (s°1,)") (by (6.4))
k=1
=) (150 Pses) X @ Vi ® 5 ® 1s) (by (2.1))
k=1
= Z (s 0 Pses)(X @ Vr @ 5; @ u;)s) (S-action of X@X ® S ® S)
k=1
= Z (s © Pses)(x @V, ® s, @ up)s (s, Pses are homomorphisms)
k=1
=60(x®Y)s, (by (6.4))
so 6 is a homomorphism of (S, S)-bimodules, and, analogously, ¢ is a homomorphism of (7, T)-

bimodules.
Next we verify the compatibility conditions. Let x, y be as above and take also x’ € X. Consider the
module homomorphisms
rrisS— X, s> sx, (6.6)
lx . TT — XT, t— xt (67)

and the composites p/:= r;/ous:SQsS—> X and A, := L,our:T ;T — Xr. Since ¢ and ¢ are
natural transformations, the squares
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_ Pses
sXRX®S®S sS®S
idy 3 ®px px
X - ¢ X
sXX®X ox S
{rer

TRTRIXRXy ——— T ®Tr

Ay ®idgyy

X®XQ®Xr z
X

commute. Therefore,

n

OE®IX =) (1 © Psa5)(x @ i @ 5} @ U)X

k=1

= Z (ry o s © Pses)(x ® Vi ® 5; ® uy)

k=1

= (py 0 Pses)(x ® Tk ® 5} ® )

k=1

=) (px 0 (idxex ® p )X ® i ® 5 ® 1)

k=1
n

= Z Px(x @ Y @ s;ux’)

k=1

=Y ox(x @ Visiu; ® )

k=1

= Z Oox(X @ WSy @ Xx')

k=1
=px(x®Yy®X)
=L ®YRX)

=) L@ )

=1

=) VLT eX)

=1

= Z v @7 ®X)

=1
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m

=) (o (L ®idre))V] @1 ®T O X) (def. of A.)
=1

= i (A0 Lrer)(V, Q1 QZ @ X) (naturality of ¢)
=1

- Xm: (lioprolrer)(Vi @ ®Z®X) (def. of A,)
=1

= Xm: x(pr o ;T@T)(v}k &® ll* R7®x) (by (6.7))
=1

—xp(F @ X). (by (6.5))

Similarly, we can establish the compatibility condition ¢(3 ® x)y’ =50(x ® y).
The equalities O(x ® y)* =0(y ® X) and ¢(y ® x)* = ¢(X ® y) follow from the commutativity of the
rectangles (R1) and (R2). O

7. Comparison with earlier results

In this section, we compare our results with those of Ara [3].

A module My, is called nondegenerate ([3]) or torsion-free ([15, p. 221)) if, for every m e M, mR =0
implies m = 0. A ring R is called nondegenerate if it is nondegenerate as a right and left module over
itself.

Recall that a module My, is called s-unital ([25]) if, for every m € M, there exists r € R such that
m = mr. A ring R is called s-unital if it is s-unital as a right and left module over itself. It is easy to see
that every s-unital module is nondegenerate.

Lemma 7.1 ([8, Proposition 1.8]). Every unitary left module over a left s-unital ring is s-unital.

Definition 7.2. We say that a Rieffel context (S, T, X, (, ), [, ]) is nondegenerate if, for every x € X,
({X,x)={05} = x=0y) and ([x,X]={0;} = x=0y),

where (X, x) = {(&,x) | & e X}and [x,X] := {[x,&]| & € X}.

Proposition 7.3. Let S and T be s-unital rings with involution. Then every unitary and full Rieffel context
between S and T is nondegenerate.

Proof. Let (S, T, X, (, ),[, ]) be aunitary and full Rieffel context and assume that ( X, x ) = {Os}. By
Lemma 7.1, X; is s-unital. Hence, x = xt for some 7 € T Since [, ] is full, there exist y, ', € X such that

r= ZZ=| [V, ¥'i]- Now

n n n

X=Xt=x (Z [Yka)ﬁ]) = ZX[yk,y’k] = Z (X, y) Y= Z (x5 Vi
k=1

k=1 k=1 k=1

n

=Y (ex) Y= 0= 05 =04
k=1 k=1

k=1

A similar proof shows that [x, X] = {0} implies x = Oy. O
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If(S,T,X,(,),[, ] is a nondegenerate Rieffel context, then according to the terminology of [3,
page 243], ;X is called an inner product (S, T)-bimodule.

In [3, page 235], two nondegenerate idempotent rings with involution R and § are called Morita *-
equivalent if there exists a x-equivalence (F, G) (which is a pair of certain functors between categories
of unitary torsion-free modules) from R to S.

Theorem 7.4 ([3]). Two nondegenerate idempotent rings with involution are Morita *-equivalent if and
only if there exists a full nondegenerate unitary Rieffel context connecting these rings.

Proof. Necessity. As explained in the second paragraph of [3, page 243], by Theorem 3.1 of that
article, there exists a full nondegenerate unitary Rieffel context.
Sufficiency. This is shown in [3, Theorem 4.1(i)]. O]

As a consequence, we obtain the following result.

Proposition 7.5. Two s-unital rings S and T with involution are Morita x-equivalent if and only if they
are connected by a unitary and full Rieffel context.

Proof. Necessity. Let S and T be Morita *x-equivalent. By s-unitality, rings S and 7 are both
idempotent and nondegenerate. Hence Theorem 7.4 applies.

Sufficiency. Assume that S and T are connected by a unitary and full Rieffel context. By Proposition
7.3, this context is nondegenerate. By Theorem 7.4, S and T are Morita x-equivalent. [

So for s-unital rings with involution, the theory developed in this paper is compatible with that of [3].
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