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ABSTRACT. In this article we describe extensions of some K-theory classes
of Heisenberg modules over higher-dimensional noncommutative tori to pro-
jective modules over crossed products of noncommutative tori by finite cyclic
groups, aka noncommutative orbifolds. The two dimensional case was treated
by Echterhoff, Liick, Phillips and Walters. Our approach is based on the theory
of metaplectic transformations of the representation theory of the Heisenberg
group. We also describe the generators of the K-groups of the crossed prod-
ucts of flip actions by Z, on 3-dimensional noncommutative tori.

KEYWORDS: Metaplectic transformations, noncommutative torus, C*-crossed prod-
uct, group actions.

MSC (2010): 46L35, 22D2.

1. INTRODUCTION

The n-dimensional noncommutative torus, Ag, is defined as the universal
C*-algebra generated by unitaries Uy, ..., U, subject to the relations

Ul = e Uil forjk=1,...,n,

where 6 = (0;;) is a skew-symmetric real n x n matrix. For the 2-dimensional
noncommutative torus, since 0 is determined by only one real number, 61;, we
will denote 617 by 8 again and the corresponding 2-dimensional noncommutative
torus by Ag.

Noncommutative tori are central objects in noncommutative geometry. Ri-
effel ([17]) constructed projective modules (which are known as Heisenberg mod-
ules) over all noncommutative tori. These constitute the framework for studying
the geometry of noncommutative tori such as connections, curvature and Dirac
operators on noncommutative tori. While the 2-dimensional noncommutative
torus is quite well understood, there remain quite a large number of open ques-
tions for higher dimensional noncommutative tori.
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Crossed product C*-algebras associated to finite group actions on noncom-
mutative tori go back to the work of Bratteli, Elliott, Evans and Kishimoto. They
considered ([1]]) the flip action of Z; on two dimensional noncommutative tori
and the associated crossed products. Recall that the flip action of Z; on a 2-
dimensional noncommutative torus is given by mapping the generators U; to
u; ! for i = 1,2. Kumjian ([10]) computed the K-theory of the crossed product
Ay X Zy for two dimensional noncommutative tori Ay. (Also see [19] for more
detailed analysis on Ag X Z,.) For irrational s, Walters in [19] stated generators
of the K-theory of Ag x Z; by showing that the generators of the Ky group of Ag
can be made “flip invariant”. Later in [20] and [22], Walters considered Z4 and
Zg actions on two dimensional noncommutative tori. Recall that the following
defines Z4 and Zg actions on two dimensional noncommutative tori:

u - U, U — Ul_l (fOl‘ Z4),
Uy — Uy, Uy — e U U,  (for Zg).

For these actions Walters showed that the generators (as projective modules) of
Ko of Ag are Z and Z4 equivariant for irrational 0 to construct projective modules
over Ag x Zy and Ag X Zg, which constitute generators of the corresponding Ky
groups.

Later, in [5], Echterhoff, Liick, Phillips and Walters studied 2-dimensional
Ay acted on by a finite cyclic subgroup F of SLy(Z). Note that SLy(Z) has a
canonical action on Z?, which can be lifted to Ay. The previous actions of Zy, Z4
and Zg are implemented by matrices in SLy(Z). It is demonstrated that the stan-
dard canonical projective module over Ay, aka Bott class (which is a completion
of .7 (R), Schwartz functions on R), can be made equivariant by the action of F
yielding a projective module over the crossed product algebra Ay x F. (A result
of Green and Julg (see Proposition[5.3) shows that equivariant K-theory elements
provide elements in the crossed product.) It is also known that the Bott class
along with the identity element generate the Ky group of the noncommutative
torus (see the proof of Lemma 4.8 in [5]).

Recently, actions of finite groups on higher-dimensional noncommutative
tori have been considered in the article [9]. Let W € GL,(Z) be the generator of
the finite cyclic group F acting on Z" with WTOW = 6. Then the authors in [9]
showed that there exists an action of F on n-dimensional Ay (Section 4). Let us
assume that 7 is an even number, n = 2m. To analyse projective modules over
the corresponding crossed product algebras, we restrict our analysis to the class
of Heisenberg modules which are an appropriate completion of . (R"), denoted
by £. We show that this class of projective modules (which may be thought of
as higher dimensional versions of the Bott class) over higher dimensional non-
commutative tori can be made F-equivariant. The metaplectic action (which we
introduce in Section 5) is the key tool in our arguments. This generalises the pre-
vious results of Walters and [5]. Our main theorem states as follows.
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THEOREM 1.1. Let W be the generator of the finite cyclic group F acting on 7"
with WTOW = 6 and hence on Ag. Then the metaplectic action of W on . (R™) extends
to an action on & such that £ becomes an F-equivariantly finitely generated projective
Ag module and thus a finitely generated projective module over Ag x F.

Coming back to the flip case, note that this action can be defined for gen-
eral n-dimensional tori Ay. In this case any Heisenberg module over Ay can be
extended to a module over the crossed product Ay x Z, (see Section 7). In [7], the
authors have computed the K-theory of Ay x Z; for higher dimensional Ay, but
some computations in [7] are not clear to us (see Remark[7.5). They used an exact
sequence by Natsume ([13]) to compute the K-theory of Ag X Z; (see Section 7)
as Ag X Zy can be written as Ay X (Zy * Zy), where Ay is an (n — 1)-dimensional
noncommutative torus. For crossed products like A x (Z; * Z,), Natsume’s exact
sequence looks like

Ko(A) —_— Ko(AXlZZ)EBKo(AXIZ2) — Ko(AXlZz*Zz)

K1(ANZQ*Z2) — Kl(ANZ2)@K1(A><IZ2) — Kl(A)

In the final section we study this exact sequence especially, the connecting
map ej, and relate it to the classical Pimsner—Voiculescu exact sequence. Recall
that for crossed products like A x Z, the Pimsner—Voiculescu sequence looks like

Ko(A) E— Ko(A) E— Ko(A X Z)

The main result of the final section can be stated as the following theorem.

THEOREM 1.2. For unital A, the connecting maps of the above two sequences
commute in the following sense:

Ko(A X Zp % 7p) — 2 K4 (A)
p 0
Ko(A X Z),

where p is the map induced by the natural map from A x Zy x Ly = (A X 7Z) x Z; to
Mz(A X Z).

Using this result, for totally irrational 6 (for definition see Corollary [7.2),
we discuss the K-theory of crossed products of 3-dimensional Ay with respect to
the flip action and describe the generators of K-theory (see Corollary [7.2). This
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explains the computations of [7] for the three dimensional case (for totally irra-
tional #). Presumably this can be done as well for the n-dimensional case, which
we plan to discuss in another paper.
Notation. e(x) will always denote the number e?™*; the standard symplectic
matrix on R?" is defined by | = ( (; 181
—im
and . (R™) will denote the space of smooth functions of rapid decay on R™.

) , where [, is the m x m unit matrix,

2. BASICS ON TWISTED GROUP ALGEBRAS AND NONCOMMUTATIVE TORI

Let G be a discrete group. A map w : G x G — T is called a 2-cocycle if
w(x, y)w(xy, z) = w(x,yz)w(y,2)
whenever x,y,z € G, and if
w(x,1)=1=w(l,x)

for any x € G.
The w-twisted left regular representation of the group G is given by the
formula:

(Lo(0)f)(y) = w(x,x7y) f(x7Ty)
for f € I(G). The reduced twisted group C*-algebra C*(G, w) is defined as the

sub-C*-algebra of B(I?(G)) generated by the w-twisted left regular representation
of the group G. More details can be found in [5], [24].

EXAMPLE 2.1. Let G be the group Z". For each n X n real skew-symmetric
matrix 6, we can construct a 2-cocycle on this group by defining wy(x,y) =
e((—0x,y)). The corresponding twisted group C*-algebra C*(G, wy) is isomor-
phic to the n-dimensional noncommutative torus Ag, which was defined in the
introduction.

EXAMPLE 2.2. Suppose W be an invertible n x n matrix of finite order with
integer entries. Let F := (W) act on Z" by group automorphism and # isann X n
real skew-symmetric matrix. We assume in addition that W is a 6-symplectic
matrix, ie. WIOW = 6. Then we can define a 2-cocycle wj on G := Z" x F by
wp((x,s), (y, 1)) = wp(x,s - y). Sometimes one calls the corresponding group C*-
algebra, C*(G, wé), a noncommutative orbifold.

3. PROJECTIVE MODULES OVER NONCOMMUTATIVE TORI

We fix n = 2p +q for p, q € Z>p. Let us choose 6 := (gn zlz) any
21 U2
n X n skew-symmetric matrix partitioned into four sub-matrices 611,612, 621, 622
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and 017 is a 2p X 2p matrix. We recall the approach of Rieffel [17] to the construc-
tion of finitely generated projective C*(Z", wy)-modules and follow the presen-
tation in [11]. Denote wy by w and define a new cocycle wy on Z" by wi(x,y) =

e({6'x,y)/2), where
~1 ~1
0 = ( 11 . —0y 9121 )
021077 02 — 02107 612

Set A = C*(Z",w) and B = C*(Z",wy). Let M be the group R? x Z1,
G := M x M and (-,-) be the natural pairing between M and its dual group M
(our notation does not distinguish between the pairing of a group and its dual
group, and the standard inner product on linear spaces). Consider the Schwartz
space £° := S(M) consisting of smooth and rapidly decreasing complex-valued
functions on M.

Denote by A® = S(Z",w) and B® = S(Z", w ) the dense sub-algebras of
A and B, respectively. Let us consider the following (2p +2q) x (2p + q) real

valued matrix:
T11 O
T=120 I |,
Tz Tz

where T is the invertible matrix such that Th JoT11 = 611, Jo := ( OI Ig),
iy

T31 = 01 and T3, is the matrix obtained from 60, replacing the lower diagonal
entries by zero.
We also define the following (2p + 2g) x (2p + q) real valued matrix:
(]o(Tfl)l —]O(Tfl)lTél)
S = 0 I .
0 T,

Jo 0 0
=0 o I
0 —I, 0

and |’ be the matrix obtained from | by replacing the negative entries of it by 0.
Note that T and S can be thought as maps RP x R*F x Z9 — G (see the Defini-
tion 2.1 of the embedding map in [T1]]). Let P’ and P” be the canonical projections
of G to M and M, respectively, and let

T :=PoT, T':=P'oT, S§:=PoS §":=P'oS.

Let

Then the following formulas define an A*-B* bimodule structure on £*:
B (FUD)(x) = e((=T(D),J'T(1)/2)){x, T" (1)) f(x = T'(D)),
32)  (f8)a~() =e((=T(1),J'T(1)/2)) /<x,—T”(l)>g(x +T'(1))f (x)dx,

M
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(3.3) (VP 1) (x) = e({=S(1), J'S(1)/2)) (x, =S" (1)) f(x + §(1)),
(34) B (f,8)(1) = e((S(1),]'S(1)/2)) /(x, $"(1)3(x +5'(1)) f (x)dx,

M

where Uf, VP denote the canonical unitaries with respect to the group element
I € Z" in A® and B, respectively.
See Proposition 2.2 in [11] for the following well-known result.

THEOREM 3.1 (Rieffel). The smooth module £%°, with the above structures, is an
A®-B* Morita equivalence bimodule which can be extended to a strong Morita equiva-
lence between A and B.

Let &€ be the completion of £ with respect to the C*-valued inner products
given above. Now & becomes a right projective A-module which is also finitely
generated (see the discussion preceding Proposition 4.6 of [5]). The projective
module corresponding to g = 0 is called the Bott class. Note that this Bott class
appears only for even dimensional tori.

REMARK 3.2. The trace of the module £, which was computed by Rieffel
[17], is exactly the absolute value of the pfaffian of the upper left 2p x 2p corner
of the matrix 6, which is 61;. Indeed, as Proposition 4.3, page 289 of [17] says that
trace of € is |detT|, where
o Tll 0
= (5 5)

the relation T}, JoT11 = 611 and the fact det(Jy) = 1 give the claim.

4. A QUICK LOOK INTO NONCOMMUTATIVE ORBIFOLDS

Let W := (a;;) be an n x n matrix of finite order with integer entries act-
ing on Z" and F be the cyclic group generated by W. In addition, we assume
that W is a f-symplectic matrix as in Section 2. Hence F is a finite subgroup of
SP(n,Z,0) := {A € GL(n,Z) : ATOA = 0}. By Lemma 2.1 of [5] we have
C*(Z" x F,wy) = Ag x4 F with respect to the action ([9], Equation 2.6):

n k-1
(4.1) a(U;) = 6( Y ) ”kiajiejk) Uyt Uy,
k=2 j=1
where Uy, ..., U, are the generators of Ay.

Let us look into the case where n = 2. Note that SP(2,Z,0) = SL(2,Z). Fi-
nite cyclic subgroups of SL(2,Z) are up to conjugacy generated by the following
4 matrices:

-1 0 -1 -1 0 -1 0 -1
(o %) w3 ) we=(Y ) we=( ),

where the notation W, indicates that it is a matrix of order r.
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The actions of these matrices are considered already in [5], where the au-
thors constructed projective modules over the corresponding crossed products
and used these projective modules to prove some classification results for these
crossed products.

For n > 3 finding a finite order matrix W € SP(n,Z,0) is non-trivial. For
n = 3, there is only one such matrix (—I3) acting on all Ag’s. In [9] the authors
found some W’s and associated actions for n > 4 such that the crossed products
are well defined.

5. PROJECTIVE MODULES OVER NONCOMMUTATIVE ORBIFOLDS

One natural question is how does one extend the projective modules over
noncommutative tori to the aforementioned crossed products? Our main theo-
rem addresses this question for the Bott classes.

In the following sections (except Section 7) we consider n to be an even
number, n = 2m. Suppose F = (W) is a finite cyclic group acting on Z". We want
to build some projective modules over C*(Z" x F,wj). Note that W needs to be
a f-symplectic matrix, i.e. WTW = 0, as noted earlier.

In order to construct projective modules over C*(Z" x F, wé), we will use
the so-called metaplectic representation of the symplectic matrix W. When 6 is the
standard skew-symmetric matrix | then W is also a standard symplectic matrix.

We denote the group of all J-symplectic matrices (also known as standard
symplectic matrices) by SP(n), which is called the symplectic group. We refer
to Chapter 2 of [8] for preliminaries on symplectic groups and their metaplectic
representations. We recall the metaplectic action associated to the symplectic ma-
trix W. Any symplectic matrix can be written as product of two free symplectic
matrices (see page 38 of [8]) which is by definition a symplectic matrix

A B

C D)’
such that det(B) # 0. Let W to be a free symplectic matrix. We now associate to
W the generating function

(5.1) W(x,x') = =(DB 'x,x) — (B 1x,x') + %(Bile’, x'y,

N~

when x,x’ € R™.

In what follows, for y € Q, we denote the complex number i¥ for some
choice of element in the range of i¥ for the multivalued function i*,z € C. In
other words, we fix a branch for i%.
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DEFINITION 5.1. The metaplectic operator (metaplectic transformation) asso-
ciated to W on . (R"™) is given by

Fwf(x) :is’(m/z)\/|det(B—1)|/e(W(x,x’))f(x’)dx';
Rm

the integer s (sometimes called Maslov index) corresponds to a choice of the ar-
gument of det B~

s = arg (detB™!) mod 27t

These operators can be extended to L?(R™) giving unitary operators on
L?(R™) (see page 81 of [8]). We denote by MP(n) the group of metaplectic oper-
ators which is a subgroup of the group of unitary operators of L2(R™).

THEOREM 5.2. There exists an exact sequence
0 — Zy —— MP(n) — SP(n) — 0,
where the map MP(n) — SP(n) is uniquely determined by the map Fyy — W.

For the proof see page 84 of [8].

One also defines the circle extension of SP(n), MP¢(n). This is defined to
be the group MP(n) xz, St : (MP(n) x S)/A(Z,), A(Z,) being the diagonal
Zy x 7y sitting inside MP(n) x S!. This gives rise to the exact sequence

0 —— S! —— MP(n) —— SP(n) —— 0,

where S! denotes the circle group.

In the following, we shall often write fW for Fy (f).

Following Section 3.2.2 of [8] the following matrices generate (as a group)
all [-symplectic matrices

1= (5 o) (o whe) (e ),

for a symmetric m x m matrix P and an invertible m X m matrix L.

Following Section 7.1.2 of [8], we write down the metaplectic operators (up
to some constant which will not matter in the proof) corresponding to |, M|
and Vp:

52 (FNE) = [ ell=xx))f ),

Rm
63) (F Mu)(x) = \/det(L)f(L(x)),
54) (F Vo) () = (5 (Px,x) ) f(x).

Hence it suffices to check statements of multiplicative type about metaplec-
tic transformations for the above three operators and also note that the Schwartz
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space is invariant under metaplectic transformations, see Corollary 63 of [§]. For
our result we always assume 6 to be a non-degenerate matrix.
We recall the following proposition from Proposition 4.5 of [5]].

PROPOSITION 5.3. Suppose F is a finite group acting on a C*-algebra A by the
action «. Also suppose that £ is a finitely generated projective (right) A-module with a
right action T : F — Aut(E), written (§,g) ~— {Tg, such that §(Tg)a = (Sag(a)) Ty
forall¢ € £,a € A,and g € F. Then & becomes a finitely generated projective A x F
module with action defined by

¢ ( )3 ”gfsg) = ) (Gag)Ty-
geF geF
Also, if we restrict the new module to A, we get the original A-module £, with the
action of F forgotten.

This is exactly the construction of Green—Julg map. For a proof, see Propo-
sition 4.5 of [5].

Now we are in the position to formulate our main theorem. Let . (R™) be
as in Section 3.

THEOREM 5.4. Let W be the generator of the finite cyclic group F acting on Z"
with WITOW = 0 and hence on C*(Z",wy). Then the metaplectic action of W on
< (R™) extends to an action on & such that £ becomes an F-equivariantly finitely gen-
erated projective C*(Z", wgy) module and thus a finitely generated projective module over
C*(Z",wy) x F.

Proof. We divide the proof in two parts.

Part 1. The case 8 = —]. Recall that from for the choice of T :=

(—OI (I)) the action of .(Z",w_;) = C®(T") on .#(R™) is given by the fol-

lowing:

5.6 fUl(yiy2-- ym) = e(pYiom) f1, Y2, ym), i i>m,

where U;’s are the generators of n-dimensional smooth torus C®(T"). (Note that
f = —]J is chosen instead of § = | to keep the formulas somewhat similar to [5].)
Let ayy denotes the action of the matrix W on .7 (Z"): aw(¢)(x) = ¢(W1x).

According to Proposition we still have to check the following equation to
complete the proof:

(5.7) fW)¢ = (faw(9))W,

forall f € (R™)and ¢ € /(Z",w_;), which will then imply that £ becomes F-
equivariant. Also, since . (Z",w_j) is generated by Uy, Uy, ..., Uy, it is enough
to check for¢p = Uy, Uy, ..., Uy.
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So we are left with checking the following equations:

(5.8) fIU; = (fa;(U;))],
(5.9) fMLU; = (fap, (U;)) My,
(5.10) fvpl; = (fay, (U;))Vp,

foralll <i<n.
First we check the equations (5.8), and (5.10) for 1 < i < m. The left
hand side (LHS) of is

(FJU) (x1,x2, ..., xm) = (f])(x1, %2, ..., xi +1,...,%m)
:/e(—<(x1,x2,. XL xm), (K, ) F( )
R‘m
:/ e(—{(x1, %2, X)) (X, %, oo X0 ))) - e(—x)) f(x)d';
R‘m

and the right hand side (RHS):

(f“](ul'))](xll X2, .- -/xm)
_ /e(—((xl,xz,...,xm),(xi,xlz,...,xin)))foc](ui)(x’)dx’

Rm

_ /e(_<(x1,x2,...,xm),(xg,xg,...,x;)>)(fu;1m)(x')dx'
]Rm

- /e(—<(x1,x2,...,xm), (X}, 2 2))) - e(—xl) f(x)dx.
]Rm

Hence we have proved (5.8). The LHS of (5.9) equals

(fMLUi)(xl,xz, .. .,xm) = (fML)(X1,X2, ceo X+ 1,.. .,xm)
= /det(L)f(L(xq1,x2,...,xi+1,...,x4));
and the RHS is
(fap, (U;) )My (x1,x2, ..., xm) = y/det(L) (fapm, (U;))L(x1, X2, .., Xm)
= y/det(L) f(L(x1,x2,...,%m) + L(x;))

= /det(L)f(L(x1,x2,...,xi+1,...,xm)).
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Hence we have demonstrated (5.9). We have for the LHS (5.10):
(fVpU;)(x1, %2, .-, Xm)
= (fVp)(xy,x2,...,x;+1,...,xm)
:e(%(P(xl,xz,...,xl-—i-l,...,xm),...,(xl,xz,...,xl-+1,,,,,xm)>)
o flx,xg, L xi L 0 xm),
and the RHS is
(fav, (Ui))Vp(x1,x2, ..., Xm)
= o5 (Px-2)) (fay, (U) ()

1
= e(§<P(x1,x2,...,x,»+1,...,xm),...,(xl,xz,...,x,»+1,...,xm)>)
o flx,xg, XL, ).

Hence we have shown (5.10).
Now, let m < i < n. We check the equations (5.8), (5.9) and (5.10) for these
values of i .

For the LHS is
(FTU) (x1, %2, - o Xm) =e(xi—m) (F]) (X1, X2, -« ., X)) :e(xi_m)/e(—(x,x’))f(x')dx';
Rm
and the RHS
(Foy (U))) ety 2, em) = [ (=) (g (U) ()’

Hence we have proved (5.8).
For (5.9), the LHS

(fMLUZ')(Xl, X2, .. .,xm) = €(Xi,m)(fML)(X1,XQ, . ,xm)

ALyl L5 )
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and the RHS
(fap, (U;))Mp(x1, %2, .., Xm)
= y/det(L)(fam, (U;))(L(x1,x2, ..., Xm))
= det(L)e(((L‘l)T(e,-,m),L(xl,xz,...,xm))) < f(L(x1,x2, .-, Xm))
= \/Jdet(L)e( (e (L7'L) (xt, 22,y ) - F(L(X1 X2, 3m))
= \/det(L)e(x;_m) f(L(x1, %2, ., Xm))-

Thus (5.9) is verified.
For (5.10), the LHS

(fVpU;)(x1, %0, ..., Xm) = e(xi_p) (fVp) (X1, X2, ..., Xm)
— e(xifm)e(%@x,x})f(X);
and the RHS:

(Favy (U Vi1, 32, ) = (3 (P ) ) (Fe(U) () = e 5P, ) ) (U ()

= e(xi-mle(5(Px ) F(x).

Hence we have proved (5.10).
Now we have the following diagram:

F

|

0 —— Zy —— MP(n) —— SP(n) —— 0.

In the above diagram it is not assured that the inclusion F — SP(n) lifts to an
inclusion F < MP(n). Since F is cyclic the following lift is always possible:

It J,

0 —— St —— MP(n) —— SP(n) —— 0,

where MP€(n) is the circle extension of SP(n). Indeed, for the generator W €
F, we can choose a scalar z € T to get that the order of the operator z - Fiy €
MP€(n) is same as the order of the element W € F. Hence the inclusion F —
MP€(n) gives the required action of W on .7’ (R™).

Second part (the general case). Let 0 be a general non-degenerate skew-sym-
metric matrix. In this case W] 0W, = 6. We recall the construction of the pro-
jective modules in this case. Since 8 is non-degenerate, there exists an invertible
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matrix T such that TT]T = 6. Recall that the action of Uf (for | € Z") on . (R™)
is defined by

(5.11)  (fUf)(x) = e((=T(1) - J'T(1)/2))e({x, T"(1))) f(x = T'(1)).

First we note that W := TW,T lisa J -symplectic matrix (a matrix A is
J-symplectic if ATJA = ]). Thus we can define

fW = F(TWoT ™) := Fryyyr1(f)

for f € Z(R™) and fWj to be the function fW. Consequently, in this case we
have to check the following equation:

(5.12) (fWe)U! (x) = (faw,(U]))Wy(x), x € R™.

This means

(FWo)UT (x) = e((=T (1), J'T(1)/2))e((x, T" (1)) (fWo) (x — T'(1))
(=T(1),J'T(1)/2))e({x, T" (1)) (fW) (x = T'(1))
(=T(1),J'1d(T1)/2))e((x,1d" (T1))) (fW) (x — 1d'(T1))

faw(Uf))W(x) (using (B-10))

and the RHS
(faw, (UF))Wo(x) = (faw, (U)W (x) = /E(W(x,x’))(fvéwe(Uze))(X')dX'
]Rm
= [ (Wi, 2D (F (U ) ()t
]Rm
— [ e(W(x, X)) (F(Uly ) (¥)dx'  (using ET3))
RWI
= [ e(W(x,x"))(faw(Urp))(x")dx’
RWI
where
(5.13) (f Uy, (x) = (f(U{N(T,)))(X’)f x' eR"
because of the fact
(F(US ) ()

=e((=T(Wp(1)), J'T(We(1))/2))e({x', T" (Wp (1)) f (x' =T (We(1))),
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which is equal to
e({ = T(Wo(T~'T1)), J'T(We(T~'T1))/2))e((x', T" (Wo (T~ T1))))
(=T (Wo(T1T1)))
= e((=(TWeT1)(T1), J'(TWo T 1) (T1)/2))e((x', (TW T )" (T1)))
(= (TWeT™1)'(TI))
e((=W(T1), 'W(T1)/2))e((x", 1d" (W(T1)))) f (' = Id(W(T1)))
= (F(Uy 7 ) ().
We finish the proof with the compatibility of the action with the (-, -) 4~ as
defined in (3.2):
(fWe, gWo) 4= = a1 ((f, 8) A=)
Replacing f by fWy, it suffices to check:

(5.14) (f,8Wo)a = a1 ((FW ', 8) ).

The argument is based on some observations: (i) the explicit description of (-, -) ge
in terms of the right action of A on .’ (R™)

(f,8)a=(l) = <8U21rf>L2r

for (f,g);2 = [ f(x)g(x)dx, and (ii) the relations
Rm

a1 ((f,8)a=) (1) = (8w, (UZ)), )2

The realization of (-, -) 4~ in terms of the right action allows us to use equa-

tion (5.12),
(FWo U (x) = (famy (US))Wolx), x € R

in the proof of (5.14):
(F§Mohao (1) = (W)U, i = [ (g, (W) Wo(x)) F)etx
Rm
- / g, (U%)) (x) (FWy 1) () v

=y ( / <gu€,><x>de) = a1 (W5 80 a),

Rnl
which is the desired identity. &

Note that we have always written the operator Ty up to some constant of
modulus one, which is not essential for our discussion.
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6. THE 2-DIMENSIONAL CASE — REVISITED

The results for the 2-dimensional case [5] are revisited from the perspective
of metaplectic transformations. As mentioned before, there are up to conjugation
four matrices of finite order in SL,(Z) generating Z, Z3, Z4, Zs. For the Z; action
on .(R), given by f — f, where f(x) = f(—x), the corresponding module,
called the flip module, over Ay x Z; is quite well studied by Walters [21]. In
the next section we discuss in more detail flip modules in the higher-dimensional
setting. The Z, action is given by the Fourier automorphism f — f where f(x) =

Je({x,x"))f(x")dx’. Walters has studied these modules extensively and among
R
other things he computed the Chern character for the flip modules and Fourier

modules. The Z3 and Zg actions are similar so we only treat the Zg action.

The cyclic group Zg is generated by the matrix Wy := ! _01) that we

1
denote by W. Note that this W slightly differs from W from Section 4. We choose

1 1
[5]. One should note that the action of a finite group on the projective module as
in Proposition 5.3]is not unique.
The generating function associated to W = Wj is given by
1 2

W(x,x") = xx’ — 5%

which follows from (5.1). The corresponding metaplectic transformation (for the
choices = 1) is

Ful()x) = Vi [[e(x' - %x’z)f(x’)dx’, fe 7 R).
R

this Ws to keep the final formula similar to the formula for W := (O _1> in

The following proposition is due to Walters.
PROPOSITION 6.1. We have
(Fw)® = —L

We modify the operator Fyy to i~'/3Fyy, which amounts to including the
Maslov index of the transformation. Then 7§, = I. The corresponding projective

module over Aj x Zg is called the hexic module by Walters, where | = <_01 (1))

is the standard symplectic form on R2. Fora general Ay, choosing T := (_09 (1)> ,
we get from the main theorem,

Fuy(F)() = 1567172 [ o axd =) f( ), f € 7 (R),

R
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which is the exactly the formula for the Zg action considered in [5].

7. K-THEORY OF THE CROSSED PRODUCT OF n-DIMENSIONAL
NONCOMMUTATIVE TORI WITH THE FLIP ACTION

We consider the n X n matrix W = —1I, which generates the two element
group. Suppose this group acts on a n = 2p + g-dimensional noncommutative
torus with respect to the parameter 6 with 6 := <211 glz) , 011 being the left

21 U2
2p x 2p corner, which amounts to the condition WI8W = @ that holds in this
case. We call this action the flip action.

We define the following operator on . (R” x Z7) with respect to W:

(7.1) Tw (f)(x,£) := f(=x, —t).

7 (RP x Z17) with respect to this action is a Aj® % Z; module which can be com-
pleted to an Ay X Zp module. For a totally irrational 3 x 3 skew-symmetric matrix
6 (the definition of which we will introduce shortly), we will see that any gener-
ator of Ko(Ayg) can be given by completions of modules of the type .7 (R? x Z7).
Hence it will follow that all the generators of Ko(Ag) can be extended to pro-
vide classes in Ko of Ay x Z;. We will also show that K-theory classes of these
modules can be extended to a generating set of Ko(Ay x Zy) for 3-dimensional
noncommutative tori. Our results will show that this should also be the case for
the general n-dimensional case, but at this moment we are unable to compute the
generators of Ko(Ag x Z) for n-dimensional noncommutative tori Ay. It should
be noted that K;(Ag x Zy) is trivial ([5]).

Let 0 be a real skew-symmetric n x n matrix and 6’ be the upper left (n —
1) x (n—1) block of 6. In this case, Ag can be written as a crossed product Ay x Z,
with the action vy of Z on Ay given (by the generator of Z ) by U; — e(6;,)U;, for
i = 1,...,1’1—1.NOWA9 ><]Zz = Ae/ NZNZz = A(;/ XZz*Zz, SiI’lCGZz*Zz is
isomorphic to Z x Z; as groups (see Proposition 6 of [7] for more details). Note
that one copy of Z; acts on Ay by flip action § and the other by & = y o . Our
next step is to understand the K-theory of Ay X (Zy % Zy).

For a general crossed product A x Z;, we first define a map p which goes
from A X Zp to Mp(A) such that

a b
pla+bwW) = <wa WaW> ’

where W is the unitary in A x Z, implementing the action of the generator of
Z,. This induces a map ps : Ko(A x Zp) — Ko(A), which is known to be the
inverse of the Green—Julg map. We recall the six term exact sequence by Natsume
[13] which was used by Farsi-Watling [7] to compute the K-theory of Ay X (Z; *
Zj). For a free product Hy * Hp acting on a C*-algebra A, Natsume obtained the
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following exact sequence:

Jretios

KQ(A) M Ko(A X Hl) EBK()(A X Hz) e Ko(A X Hp % Hz)
| Jo
Ki(A X Hy x Hy) «—— Ki(A x Hy) @K1 (A x Hy) «—— Ki(A),
J1xtH]2« 15— 124

where i1, 1y, j1, j» are the natural inclusion maps. The right vertical map e;, which
we will describe in a while, is constructed in Natsume’s paper. We call it ex-
ponential map since it is based on the exponential map in K-theory. We want
to compare the above sequence with the six-term exact sequence obtained from
the classical Toeplitz exact sequence (with coefficient in A) which is same as the
Pimsner—Voiculescu exact sequence for actions of Z on the C*-algebra A.

From the definition of the crossed product, any crossed product algebra,
A x4 G, for a unital C*-algebra A and a discrete group G, has a natural represen-
tation (also called regular representation) ¢ on the Hilbert module [?(G, A) which
is given by

(a)(2)(g) = ag1(a)2(g), uM)(E)(g) =E(hg),

fora € Aand g,h € G. Let Z act on a unital C*-algebra A by an action 1.
The classical Toeplitz algebra 74 with coefficients in A is defined as follows: we
restrict the natural representation ¢ of A from 1?(Z, A) to 1?(Zxo, A) (note that
the restriction is well defined). Call this restricted representation ;1. When there
is no confusion, we just call ((a) and ¢;(a) by a. Take the right shift operator
S on 1?(Zp, A) which is given by S(¢)(n) = &n —1), {(—1) = 0. Then T4
is generated by the elements a € 1?(Zxg, A) and S € 1?(Zxo, A). We have the
following exact sequence

(72) 0 —— K(2(Zs0,A)) —2— T4 —V s AxZ —— 0

by defining ¢(a) = aand ¥(S) = U, where U is the unitary in the crossed product
A X Z coming from the generator of Z. It can be easily checked that ker(¢) =
A ® K. This is the so-called Pimsner—Voiculescu exact sequence which gives rise
to the Pimsner—Voiculescu six term exact sequence. Now we define the map e; to
be the exponential map in K-theory for the above exact sequence. So we have

Ko(K(13(Zx0,A))) — Ko(T4) —— Ko(AxZ)

I [

Ki(AxZ)  —— Ki(T%) —— Ki(K(P(Zzo,A))).



164 SAYAN CHAKRABORTY AND FRANZ LUEF

Pimsner—Voiculescu also proved that 74 is KK-equivalent to the algebra A. This
gives

R | ;
Ko(A) 977 Ko(A) —" s Ko(AxZ)

I l

Kl(A X Z) A K](A) <—1 K](A),
" id—r.
where i is the inclusion.
The exact sequence (7.2) also gives rise to the following exact sequence (ten-

soring with Mj):

0 —— My(K(I2(Zs0,A))) —2— Mp(T4) —L— My(AxZ) —— 0.

We now describe the map e; using an exact sequence like the one above.
Let the group Z; * Zy be generated by g and s, i.e. g and s generate the first and
second copy of Z in Zj * Z3, respectively. Natsume obtained the exact sequence

0 —— K(A(P)) —— T, —
with P = P’ U {e}, where P’ is the the set of all non-empty words in Z; * Z;,
which end in g and 7, is generated by y(g) and v(s), where y(g) is the restriction
of the left regular representation to I2(P) and v(s) = A(s)q(P), where A(s) is the
restriction of the left regular representation to I>(P’) and q(P) is the projection
onto the subspace generated by the inclusion I?(P’) C I2(P). When all these are
defined, there is a map 7 sending y(g) to A(g) and v(s) to A(s). Denoting ker(7)
to be Z, it can be shown that Z is isomorphic to K(/2(P)). More details may be
found in the paper of Natsume [13]. Let e; be the map from Ky(C*(Z; * Z3))
to K;(K(I?(P)) coming from the six-term exact sequence corresponding to the
above exact sequence in K-theory.

The above construction can be easily extended to the case of crossed prod-
uct. Let Zy * Z; act on a unital A with the action « and  on A from (s) and (g),
respectively. We call the action of Z; * Z, by «,  and denote the crossed product
by A Xy g Zy * L. 7;;4 is constructed as follows. We have the natural representa-
tion /' of A %, g Zo % Zp on 12(Zy % Zp, A) which we restrict to the Hilbert module
I2(P, A) in the following sense: if we denote the restriction by 15,4 € A, g,s actby
the operators

12(a)(8)(x) = (&, )1 (a)G(x),  (8)(E)(x) =E(gx), w(s)(d)(x) = &(sx)

(by setting ¢(s) = 0). Then 7;;4 is the C*-algebra generated by i5(a)(a € A), 12(g)
and 1, (s). Now we have the following exact sequence (see Lemma A.3 of [13])):

C*(Zz*Zz) — 0,

0 —— K(B(P,A)) —— TA —"— Axoplo*Zy — 0

by defining 7(1p(a)) = /' (a), 7(1a(g)) = /(g) and 7(12(s)) = /'(s). Note that
for the case A = C,15(g) = p(g) (as a generator of 7,), 12(s) = v(s),/(g) =
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1(g),/(s) = u(s). Denote the exponential map (of K-theory) of the above ex-
act sequence still by e;. The above exact sequence gives rise to Natsume’s exact
sequence in K-theory. So we have:

Ko(K(12(P,A))) —— Ko(T') —— Ko(AXapZy*7Zs)

I Jo

Ky (A Xy pZ % L) «—— Ki(T1)) «—— Ki(K(I*(P, A))).

’7;;4 can be shown to be KK-equivalent to (A x4 Z3) @ (A xpg Zy) (see [13], also
[16]).

Let S = 7Z x Zy with generators a and b i.e. a generates Z, b generates Z,,
and Z, acts on Z by flip. Now S is isomorphic to Z, * Z, where the later group
is generated by ¢ and s and the isomorphism identifies a and b with sg and g,
respectively. Now I2(P, A) could be identified with I?(P;, A) @ I?(P,, A), where

Py ={g,959,85958, 8595858, ---}, P1 ={e,59,595¢,595854, - -}
Counting the number of sg’s, P; and P> have natural identifications with Z.
Under this identification I?(P, A) becomes 1?(Z>0, A) ® I>(Z>0, A), 12(s) becomes

0 S 0 1 v~ 1(a) 0
(S* 0), 12(g) becomes (1 0) and 1, (a) becomes ( 0 - 18(a) , where

7 is the action « o  on A. Now under the above identification we have:
K(2(P,A)) = K(I*(P, A) @ (P, A)) = K(I*(Zz0, A) & I*(Z0, A))
= Ma(K(((Z30, A))))-
Also note that from the generators and relations we have
AXopln*ly= (AXyZ) X7y,

where, in the right hand side, the action of Z, = (g) on A is the given action f
and on Z is flip.

Summarising we have the inclusions P#, P74, P4 as follows:

BA : K(12(P, A)) = My(K((I2(Z0, A));

P74 : '7;;4 — Mp(T?), (T4 denotes the Toeplitz algebra of the Z action -y
on A);

P{f‘ tA XLy x Ly = (A Xy Z) X Zy — Mp(A X Z), which are given by

PR = (g0 o) PRa@) = (1 o). PRa@) = (5 pty)-

P# is the identification map, P# is the natural map p which was discussed be-

forei.e.
u o 0 1 a 0
A _ A — A —
W=y o) #0=(3 o) @ = (5 g0)-
where U and W are the unitaries corresponding to the generators of Z and Z;
inside (A %, Z) X Z,, respectively.
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So by construction we have the following commutative diagram:
0 —— Ma(K(2(Zsq), A) —2— Mp(TA) —Y— My(Ax,Z) —— 0
I E T
0 ——  K(@(P),A) —1—= TA T AxgplpxZy — 0.

THEOREM 7.1. For unital A, the connecting maps of the above sequences (Pimsner
—Voiculescu and Natsume) commute in the following sense:

€1

Ko(A X Zn x L) Ki(A)

Ko (A Ny Z) ),
where p. is the map induced by the natural map p : A X g 7o %Ly = (A X L) X Ly —
MQ(A Ny Z)
Proof. The result follows from the commutative diagram

0 —— Ma(K(2(Zs0), A)) —— My(T4) — Myp(AxyZ) — 0

I E I
0 ——  K(3(P),A) —1— TA —T AxapZoxZy — 0

and the naturality of connecting maps. 1

7.1. MAIN COMPUTATIONS WITH K-THEORY. Let us consider the 3 x 3 skew-

symmetric matrix:
0 6 6
0:=1-6p 0 O3],
—03 —bp 0

where 015,613,623 are irrational numbers and rationally independent. We call
such a 6 totally irrational. Let Ay be the corresponding 3-dimensional noncom-
mutative torus generated by uj, up and u3. Let Zy = (g) act on Ay by flip. We
denote by Ay, the two dimensional noncommutative tori, which is generated by

the matrix
0 62
-0, 0 )°

Zp = (g) also acts on Ag,, by flip. Let us also define an action of an another

copy of Zy = (s) on Ag, given by u; — e(—013)u; " and up — e(—0x)u, .
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So we have corresponding crossed products which we denote by Ag , X¢ Z> and
Ag,, s Ly, respectively. So we have, in fact, Zy * Z = (g,s) acting on Ag,,. The
corresponding crossed product we denote by Ay, X (Zy * Zy). As we have seen
in the beginning of this section that Ag can be written as the crossed product
Ag,, X Z by the action uq — e(f13)u; and up — e(63)uz, we have the iso-
morphism Ag x Zy = (Ag, Xy Z) X Ly = Ag,, Mg (Zo * Zy). Note that, in the
isomorphism Ag, xg (Z * Zy) = Ag x 7y, A(sg) is identified with uz and A(g)
is identified with w, where w is the unitary in Ay x Zp coming from the unitary
in Zz.
In this case, Ag,, X¢ (Z2 * Z,), Natsume’s exact sequence looks like

e —i2 Jie Tt
Ko(Ag,,) 2 Ko(Apy, ¥sZo) DKo(Agy, Mg Zn) > Ko(Ag,, ¢ Zo*Zn)

I !

Kl(A912 ><14, Zz * Zz) — Kl(A912 Mg Zz) @Kl(Agu Xg Zz) e Kl(AGH)/

Jretjax i1 — iy

where iy, i3, j1, j2 are inclusions.

7.2. A BASIS OF Ko(Ayp). Let us first write down a basis of Ko(Ag). We have

0 b b3
—013 —03 O

As before, we also assume that 0 is totally irrational. Following Elliott ([6], Theo-
rem 3.1), since 0 is totally irrational, the trace (which we will denote by Tr always)
of Ay is faithful and the range of the trace is the subgroup of R generated by the
numbers 1, 613, 613, 623. Also a similar result holds for Ag,, i.e. the trace of Ag,,
is faithful and the range is the subgroup of R generated by the numbers 1, 6;5.
We consider the projective Ag-module S! := .#(R x Z)1, constructed as in The-
orem[3.I]for M = R x Z. The trace of this module is 61, (see Remark3.2).
Now consider the following matrices:

0 923 —912 0 913 912
O1=|—-03 0 —0i3|, Ob=|—-013 0 —0O3
thp 613 0 —01p 63 0

Note that Ag, Ag, and Ay, represent the same noncommutative torus. Let
§? := Y(R x Z)13 and S® := ¥ (R x Z)y3 be the projective modules over Ay,
and Ay,, respectively, as discussed above. Now, similarly to the previous case,
we see that Tr(S?) = 613 and Tr(S3) = 6,3. Since Tr is faithful for 6 (as it is totally
irrational), we conclude that [S'], [S?], [S®] along with the trivial element generate
Ko(Ag).



168 SAYAN CHAKRABORTY AND FRANZ LUEF

Let us now recall the Pimsner—Voiculescu exact sequence for Ag = Ag,, X, Z

0 2
Ko(Ag,) — Ko(Ag,) —— Ko(Ag, % Z)

I L

Ky (Ag,, x 7Z) A Ki(Ag,,) — Ky (Ag,,)-

In the exact sequence the upper left and the lower right map is 0 because the
action 7y of Z on Ay, is homotopic to the trivial action ([14], Lemma 1.5)). This
gives rise to the short exact sequence:

0 — Ko(Ag,) —— Ko(Ag, ¥y Z) —2— Kyi(Ag,) — O.

Let us consider the projective Ay ,-module S := .#(R)q, constructed as in
Theorem [3.1] for M = R. The trace of this module is 67, (see Remark [3.2). Now,
since the image of the faithful trace of Ay, is generated by the numbers 1 and 615,
a basis of Ko(Ag,,) is given by {[1], [S]}. Also in the above short exact sequence
we have i,([S]) = [S!], since they have the same trace in Ay = A, % Z and
i([1]) = [1]. Since [1], [S'], [S?], [S®] generate K¢ of Ay, [S?], [S?] map to genera-
tors of K;(Ag,,) by the map e, in the above short exact sequence.

7.3. A BASIS OF Ko(Ag,, ¥¢ Z3). Note that Ag,, X¢ Z, is generated by the uni-
taries 11, u and w such that w? = 1,upu; = e(612)urup, wuw = u*, wow = v*.
A basis of Ko(Ag,, X¢ Zy) was given by Walters in Lemma 2.3 of [19] (also see
[5]). Let Sglz be the special K-theory element which we call “flip invariant Rieffel
projection” inside Ag,, X¢ Z as constructed by Walters ([19]) (the element was
denoted by Egy(6) and Fy(0) in page 593 of [19]) in the same way as the classi-
cal Rieffel projection S%2 € Ay, ,. Then a basis of Ko(Ag,, ¢ Z5) is given by the
K-theory classes of the following elements:

1 1 1
1, b= 5(1 +w), P= 5(1 —uww), P3= 5(1 — Upw),
1 1 012
P4 = E (1 6(5912) uluzw) and Sg .

Also it is well known that K; (Ag,, X ¢ Z2) is trivial (see for example [5], [19]).

7.4. A BASIS OF Ko(Ag,, Xs Zp). Ag,, s Zy is generated by the unitaries uq, up
and w' = uzw and we have the relations w'? = 1, upu; = e(612)uquy, w'ujw' =
e(—013)u;’, wupw' = e(—by)u,'. Upon setting iy = e(3613)uy and i, =
e(%623)u2, we have that

ptly = e(brp)iiy1ly, wuw' =u*, wow ="
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So Ag,, Xs Z is isomorphic to Ag,, X¢ Z and a basis of Ag,, X5 Z; is given by the
K-theory classes of the following elements:

1 1 1
1, Ps= 5(1 +uzw), Pg= 5(1 —uwuzw), Pr= 5(1 — Upli3W),
_1 1 012

Ps = 5 (1 6(5(912 + 613 + 923))u1u2u3w> and 5.,

where 5212 is the “flip invariant Rieffel projection” inside Ag,, s Z,.
As shown in the beginning of the section, the projective modules S?, S® can

be extended to projective modules over Ag x Zp = Ag, Xy Zy * Zp and by abuse
of notations, we still denote the extended modules by $2, 53 as well.

COROLLARY 7.2. Let 6 be a totally irrational 3 x 3 skew-symmetric matrix. Then
Ko(Ag x Zy) is isomorphic to Z'?, which is generated by the K-theory classes of the
elements:

1 1
1, P= E(l +w), b, = 5(1 — ulw), P; = (1 - uzw),

N

1 1 1 1 1

Py = (1=e(500)muzw), Ps=z(1+usw), Ps=(1—e(50)muw),
_ 1 - 1 : 012y 012\ c2 <3

Pr =3 (1 6(2923)M2M3w), j2+(5¢"), j14(Ss12), 8%, 5.

Proof. We have Natsume’s exact sequence for the C*-algebra Ay x Z; =
A912 >4¢ Zz * Zz :

i —in. Lot
Ko(Ag,,) S Ko(Agy, 1522) 8Ko(Agy 2gZ2) 2 Ko(Agy, 19 Za* 1)

I l

Kl(Aelz ><1¢ Zz * Z2) — K1 (A912 X Zz) D Kl(Aelz ><1g Zz) — Kl (Aglz).

Jrstjox I — i
It is well known that Ko(Ay,,) is generated by 1 and the class of the Bott
element [S%12]. Now for 0 < 61, < 1/2,
ina[$2] = 2[8°] + ([Pa] + [Pa]) — ([P1] + [P3])

Indeed, these two elements have the same vector trace ([19], Corollary 5.6, and
page 597) (the first named author is indebted to Siegfried Echterhoff for showing
the argument). Similarly,

i1:[812] = 2[S32] + ([Pe] + [Pg]) — ([P5] + [P]).

Also for 1/2 < 615 < 1, the expression of i1, [$%12] is essentially the same (with
some sign modification) and hence gives a similar result. Hence upper left ij, —
i« is injective. Also Ky (Ag,, x5 Zo) © Ky (Ag,, X¢ Z2) is zero. So Ky (Ag,, X ¢ Za *
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Zy) is also zero. Now we are left with

'*7’* ’*JF'*
K()(Agn) % KO(A912 Xg Zz) EBK()(AQIZ Hg Zz) ]1—]2> K()(A@12 X Zy *Zz)

I l

0 T 0. — Ky (A912 ) .

Now the elements S? and S are lifted from Ko(Ag,, X Z) to Ko(Ag,, X¢ Zo *
Zy) via the map p, (since we can think p, as inverse of Green-Julg map). Since
S? and S® map to generators of K (Ag,,) (in the Pimsner—Voiculescu sequence via
the map e;), by Theorem|7.1|the claim follows. 1

Since the K-theory of Ay x Z; does not dependent on the parameter 6 (see
Corollary 1.13 of [5]), we obtain the following corollary.

COROLLARY 7.3. If 0 is a 3 x 3 real skew-symmetric matrix, then Ko(Ag
Zy) = 7'? and K (Ag x Zy) = 0.

REMARK 7.4. Also for a general 6, a continuous field argument ([5]], Re-
mark 2.3 and [3]) could be used to find the K-theory generators, which we shall
omit.

REMARK 7.5. The authors have the unpleasant obligation to warn the reader,
that the corresponding result for K-theory of flipped crossed product in [7] has
a gap: it was claimed that (in the notations of the present paper) i1, — iz, sends
generators to generators. Fortunately, the arguments in the last corollary fill the
gap for the three dimensional case which do not affect the final result of [7] at
least for the three dimensional case.

QUESTION 7.6. Our results suggest the following questions:

(o) Can one extend the Heisenberg modules of the form . (R? x Z7) over Ay
to ones over general crossed products Ag® x F, where the finite cyclic group F acts
on Ay’ as in Section 4?

() What are the generators of Ky(Ay x F), where F acts on Ay as in Section 4?

(e) Heisenberg modules are also linked with results in signal analysis, con-
cretely with Gabor frames, as shown in [12]. Thus one might wonder about the
consequences of our results for the theory of Gabor frames.
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