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T-duality for circle bundles via
noncommutative geometry

VARGHESE MATHAI AND JONATHAN ROSENBERG

Recently Baraglia showed how topological T-duality can be ex-
tended to apply not only to principal circle bundles, but also to
non-principal circle bundles. We show that his results can also be
recovered via two other methods: the homotopy-theoretic approach
of Bunke and Schick, and the noncommutative geometry approach
which we previously used for principal torus bundles. This work
has several interesting byproducts, including a study of the K-
theory of crossed products by O(2) = Isom(R), the universal cover
of O(2), and some interesting facts about equivariant K-theory for
Z/2. In the final section of this paper, some of these results are
extended to the case of bundles with singular fibers, or in other
words, non-free O(2)-actions.

1. Introduction

T-duality in physics (the “T” standing for “target space”) is a duality
between two string theories, that interchanges “winding” and “momentum”
modes and replaces tori in the spacetime target space by their duals. (Dual-
1ty here means a symmetry that relates theories that mathematically look
different but that predict the same physics.) Topological T-duality, which
began from [1] and [6, 7], aims to capture the basic topological content in
T-duality. It has expanded to a vast literature, but for a general survey, one
can see the book [28]. Roughly speaking, there are three main approaches to
topological T-duality: via homotopy theory (as in [8]), via noncommutative
geometry (as in [20]), and via stacks, groupoids, and/or equivariant topology
(as in [9, 13, 22]). In the usual setup of topological T-duality, one is given
a principal torus bundle FE END'¢ together with a class h € H3(E,Z), and
aims (maybe after imposing other conditions) to produce from this data a

4+
“dual bundle” E# £ X and a dual class h# € H3(E,Z). From the point
of view of the original situation in physics, E here is spacetime for a type II
superstring theory, h is the H-flux (the cohomology class of the field strength
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of the Neveu-Schwarz B-field), and we are suppressing non-topological data
such as the actual B-field and the metric.

Recently, David Baraglia [2, 4] showed that this setup can be generalized
to the case where £ 5 X is a non-principal circle bundle, and even [3]
extended many of his results to affine torus bundles of arbitrary rank.

Our aim in this paper is to give new approaches to Baraglia’s results on
circle bundles, that show how they also fit into the topological framework
initiated by Bunke and Schick in [8] and the noncommutative geometry
approach which we used in [20, 21]. This grew out of a larger project, still
in progress, of trying to identify a good larger category of “generalized bun-
dles” that incorporates the bundles of [14, 15] and is well-adapted to the
noncommutative geometry approach to topological T-duality.

We begin with a few definitions.

Definition 1.1. A principal circle bundle over a space X is a map E LN X,
where E is a space equipped with a free action of T (the unit circle in the
complex plane, with its group structure coming from complex multiplication)
for which p is the projection onto the orbit space E/T and the map is locally
trivial, in the sense that for any x € X, there is an open set U containing x
for which one has a commuting diagram

A non-principal circle bundle over X, on the other hand, is a topological
fiber bundle over X with fiber S! and structure group Homeo(S!). Since the
inclusions O(2) = Isom(S') — Diff(S!) < Homeo(S!) are homotopy equiv-
alences, as observed in [2], there is no loss of generality in assuming that the
bundle has structure group O(2). Thus the difference between principal and
non-principal circle bundles simply amounts to replacing SO(2) (which can
be identified with T = U(1) in the usual way) by O(2). It is convenient to
view O(2) as SO(2) x {1, j}, where j is the reflection matrix

b 5)

Thus for reasonable spaces X (in applications, X will always be a manifold
of finite homotopy type), a non-principal circle bundle over X is classified by
amap ¢: X — BO(2) up to homotopy. This in turn gives rise to a principal
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O(2)-bundle 7: E — X and thus a commuting diagram

S )
~ ™
D

NG

X% X,

Here E & X is the original non-principal circle bundle, ¢ and ¢ are two-fold

covering maps, and EL Xisa principal circle bundle gotten by taking the
orbit space of £/ under the subgroup SO(2) of O(2). The covering maps ¢
and ¢ come from dividing out by the action of j. The covering X = X is
classified by an element ¢ = wy(p) € H'(X,Fs) (F denoting the field of two
elements), or equivalently, by the homotopy class of the composite X LN
BO(2) B, BZ/2 ~ K(Z/2,1), where Bgq is the map on classifying spaces
induced by the quotient map of topological groups ¢: O(2) — Z/2. Then
the isomorphism class of the bundle p is determined by the combination of
¢ € HY(X;Fy) and c¢1(p) € H*(X,Z), which we can also view as living in
H?(X, Ze¢), where Z¢ is the local coeflicient system on X locally isomorphic
to Z and determined by &. We call this the Chern class ¢ (p).

Remark 1.2. As with principal S' bundles, a non-principal circle bundle
E % X comes with a Gysin sequence, that arises from the fact that the
Leray-Serre spectral sequence for computing the cohomology of the total
space of the fibration S* — E % X has only two rows and thus collapses at
E3. However, as the fundamental group of the base X acts trivially on H? of
the fiber but nontrivially on H'(S') 2 Z, the spectral sequence has Eg’o =
HP(X,7Z) but Eé”l = HP(X, Z¢), the cohomology of X with local coefficients.
Recall that Z¢ ® Z¢ = 7 as local coefficient systems, so the cup product of
two twisted cohomology classes lives back in untwisted cohomology. The
Gysin sequence thus takes the form

o HP(X, Ze) 2 gre(x 7y B get (B, 7)
Py g, ze) 2
(Note the alternation between twisted and untwisted cohomology.)
With these preliminaries, we can now state one of Baraglia’s main results:

Theorem 1.3 (Baraglia [2, Proposition 4.1]). For any circle bun-
dle E2 X as above, with invariants &€ = wy(p) € H (X, Fy) and c1(p) €
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H*(X,Z¢), and for any choice of “H-fluz” h € H3(E,Z), there is a unique

#
T-dual circle bundle E# £ X and there is a unique T-dual H-flux h* €
H3(E,Z), characterized by the following axioms:

(1) T-duality is natural, so the T-dual of a pull-back is the pull-back of the
dual.

(2) T-duality is involutive, so that (E,p,h) is the T-dual of (E7,p™, h¥).

(3) &€ =wi(p) = w1 (p*), so the double covering of X defined by the T-dual
is the same as X < X defined by p.

(4) pi(h) = c1(p™) and (p¥)(h#) = c1(p).

(5) h and h* agree after pull-back to the “Poincaré bundle” E xx E¥
— X.

In Section 2 below, we will show how to give another proof of Theo-
rem 1.3 following the outline of the method in [8]. In Section 3, we will give
still another proof using C*-algebra crossed products, which also leads to the
matching of twisted K-groups for (p, h) and (p?, h?) as found by Baraglia
in [2, Proposition 6.1].

Our method of proof uses an analogue of Connes’ “Thom Isomorphism
Theorem” [10] for computing K-theory for the crossed product of a C*-
algebra by an action of O(2) = R x {1, j}. The proof of this theorem, which
uses a construction in equivariant K-theory from [29], occupies Section 4.
Finally, Section 5 deals with extension of the main results to the case of O(2)-
bundles with singular fibers, that is O(2)-actions that are not necessarily
free, following a method from [22].

2. A homotopy-theoretic construction

The following definition is basically copied from [8, Definition 2.1].

Definition 2.1. Let X be a topological space having the homotopy type of
a CW complex. A pair over X will consist of a (non-principal) circle bundle
E % X in the sense of Definition 1.1, together with a class h € H3(E,Z).
Two pairs (E % X,h) and (E' 25 X, 1/) are said to be isomorphic if there
is a bundle isomorphism ¢ making the diagram
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commute and satisfying ¢*(h’) = h. Let P(X) denote the set of isomorphism
classes of pairs over X. It is obvious that the map X — P(X) is a homotopy-
invariant functor on the category of spaces with the homotopy type of a CW
complex, with values in pointed sets. (P(X) has no special structure other
than that of a set, but it does has a distinguished basepoint, namely the
class of the trivial pair (X x ST 2% X,0).)

The following result is then a slight modification of [8, Proposition 2.6].

Theorem 2.2. The functor X — P(X) is a representable functor on the
homotopy category of spaces with the homotopy type of a CW complex. More
precisely, there is a CW complex R, unique up to homotopy equivalence, with
the following properties:

(1) There is a canonical pair (E 2 R, h) over R.

(2) For any space X with the homotopy type of a CW complex, every pair
over X is pulled back from the canonical pair via some map X — R.

(3) Two pairs over X are isomorphic if and only if their classifying maps
X — R are homotopic (note that X need not be pointed, so this is
unbased homotopy).

Furthermore, we can make the homotopy type of R precise. The space R is
connected, and its universal cover R is the classifying space in [8, Definition
2.4], namely a two-stage Postnikov system

K(Z,3) R

K(Z,2) x K(Z,2)

with k-invariant k € H*(K(Z,2) x K(Z,2), 7) given by the cup product of
the canonical classes in the two H?(7Z,2) factors.
However, the space R has m1(R) = Z/2, and R is not simple; m1(R) acts

non-trivially on mwy(R) = Z2, with the generator of m1(R) acting on ma(R) =
72 by —1.

Proof. We begin by constructing the space R. Recall that the classifying
space of the orthogonal group O(2) comes with a fibration BSO(2) —
BO(2) — B(Z/2), and since the quotient group Z/2 acts non-trivially on
SO(2), this fibration is nontrivial; in fact, the space BO(2) is not simple.
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We can describe it as a Borel construction CP* xz 5 E(Z/2), where Z/2
acts on BSO(2) = CP* by complex conjugation (this changes the sign of
the generator of my) and freely on F(Z/2) as usual.

Next consider a closely related space B = (CP> x CP*) xg,9 F(Z/2),
where Z/2 acts on both copies of CP* by complex conjugation. Note that

there is a fibration K(Z,2) — B LR BO(2), where the double cover of 9
is the identity on the second CP> factor and the fiber is the first CP>
factor. The universal cover B of B is homotopy equivalent to K (Z2,2).
Since B is obtained via the Borel construction, the cohomology ring of B is
HZ ,(CP>* x CIP*,Z), which can be computed via the spectral sequence
with EY? = HP(Z/2, HI(CP>® x CP*,Z)) = HP(Z/2,Z]c1,c2]), where the
generators ¢ and cg are each in degree ¢ = 2. The generator of Z/2 changes
the signs of ¢; and ¢, and is thus given by multiplication by (—1)¥ on
monomials in ¢; and ¢y of total degree ¢ = 2k. Thus Eg’4 = HY%Z/2,73 @
Zeica @ Zcd) = 73, since the Z/2 action is trivial. From this one can see that
the edge homomorphism H*(B,Z) — H*(CP>® x CP>, Z) is split surjective.
Thus there is a principal K(Z,3) bundle over B

K(Z,3)—=R

|

B

with k-invariant corresponding to cjco € H4(CP>® x CP*,Z), and this de-
fines the space R up to homotopy equivalence.

Via the composition R 2 B 2, BO(2), we have a map R — BO(2) and
thus a principal O(2) bundle over R and hence a (non-principal) circle bun-
dle E % R. Since m1(R) = Z/2 and the composite R -2 BO(2) — B(Z/2)
induces an isomorphism on 7, the Stiefel-Whitney class of p is the genera-
tor of H'(R,F3) = Fy and in particular is non-trivial. We have a commuting
diagram

E—E>E

N
R—~ R,

where it is clear that E the double cover and also the universal cover of
R, is the classifying space of Bunke and Schick discussed in the statement
of the theorem. Here E is the circle bundle over R identified by Bunke
and Schick, so it has the homotopy type E~ K(Z,2) x K(Z,3). Note that
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7)2 = w1 (E) acts trivially on HY and H?, but nontrivially on H?2. Thus
one can see that £ ~ BO(2) x K(Z,3). Projection onto the second factor
K(Z,3) thus defines a canonical class h € H3(E,Z). So we have a canonical
pair (F % R, h) over R, and for any space X and map f: X — R, we get
an induced diagram

and a pair (f*F, f*(h)) over X, which up to isomorphism only depends on
the homotopy class of f. We need to prove universality.

First of all, the universal cover R is what it has to be. For if a space X is
simply connected, then any circle bundle over X is automatically principal,
since wy must vanish, and a pair in the sense of Definition 2.1 is the same as
a pair in the sense of [8, Definition 2.1]. Thus since our R is the classifying
space of Bunke-Schick, we have (again assuming X simply connected)

P(X) —Bunke-Schick [Xy E] = [X, R],

since any map X — R has an essentially unique lifting to R. (Really there
are two lifts, since a basepoint in the image of X has two inverse images in
R, but the two lifts are freely homotopic.)

Now suppose we have a pair (E 2, x, hi) over X. Then we have
the Stiefel-Whitney class &€ = w1 (p1), as well as two classes in H?(X, Z¢):
c1(p1) and (p1)i1(h1). These three classes correspond precisely to a homo-
topy class of maps g: X — B. (Recall that B is a Z/2-twisted version of
K(Z,2) x K(Z,2).) However, the Gysin sequence (Remark 1.2) gives us two
additional pieces of information. First of all, the cup product of ¢1(p;) and
(p1)1(h1) vanishes in H*(X,Z). That says that g factors through the homo-
topy fiber of a map k: B — K(Z,4) associated to the product of the two
twisted canonical classes. Secondly, the exact sequence says that if (p1)i(hq)
is known, then h; is determined modulo (p1)*(H?3(X,Z)). These pieces of
information say exactly that g has a lifting to a map f: X — R, and that
the homotopy class of f completely determines the pair (E; 2, X, hi). O

Lemma 2.3. The classifying space R of Theorem 2.2 has a unique homo-
topy involution interchanging the two K(Z,2)’s and preserving the homotopy
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class of the map wy: R — K(Z/2,1) given as the composite
n Y Bq
R = B — BO(2) — BZ/2.

Proof. This is immediate from the explicit description of R; the key point
is that the map k: B — K(Z,4) is symmetric under the interchange of the
K(Z,2) factors. O

Corollary 2.4. Baraglia’s Theorem 1.8 holds; that is, every pair has a
unique T-dual pair satisfying the axioms of Theorem 1.3.

Proof. The T-dual is gotten by composing the classifying map into R with
the involution of Lemma 2.3. Property (1), naturality, and property (2),
involutiveness, are immediate. Property (4) follows from the fact that the
involution switches the two copies of K(Z,2), which from the proof of The-
orem 2.2 correspond to ¢;(p) and pi(h), respectively. Property (3) follows
from the fact that the involution of Lemma 2.3 preserves wi. It remains
just to check the last property, (5). This follows just from checking the

universal example R. If E# i) R is the circle bundle over R T-dual to
the original one (under the involution of Lemma 2.3), then it is easy to
see that E xg E7 is just K(Z,3) x K(Z/2,1), and the canonical classes
h € H3(E,Z) and h* € H3(E#,Z) both pull back to the canonical class in
H3(K(Z,3),7). Since every T-duality is pulled back from the universal one,
the theorem follows. 0

3. An approach via noncommutative geometry

Now we aim to reproduce topological T-duality for non-principal circle bun-
dles using the basic idea from [20], which depends on C*-algebra crossed
products. For this section, we will assume X is a smooth manifold of finite
homotopy type and F 2 X is a circle bundle, not necessarily principal.
These conditions are much stronger than they need to bel, but they are
satisfied in physics applications, and they make the proof of Theorem 3.1
much easier. Let E — X be the principal O(2)-bundle associated to p. As
in Definition 1.1, define the double coverings ¢ of X and ¢ of E associated
to & = wi(p). Given h € H3(E, Z), pull it back to (¢)*(h) € H*(E,Z), and
form the associated stable continuous-trace algebra A = CT(E, (¢)*(h)). We
have a free action of O(2) on E, but it may not lift to an action of O(2)

L X need not be a manifold and doesn’t really have to have finite homotopy type.
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on A. We therefore consider the universal cover G = O(2) = R x H of O(2),
where H = Z/2 lifts the subgroup {1,j} of O(2). Here, as before, j is the

reflection matrix (1) _01 . Note that G is the affine group of the line. In

this context, we have the following.

Theorem 3.1. In this situation of a principal O(2)-bundle E— X and a
class in H3(E,Z) pulled back from the non-principal circle bundle E over
X, the free action of O(2) on E lifts to an action of G = O(2) on the stable
continuous trace algebra A = CT(E, (¢)*(h)). Furthermore, the action of G
on A is uniquely determined up to exterior equivalence once h € H3(E,Z)
18 fired.

The proof uses the obstruction theory developed in [11], which gives
necessary and sufficient conditions for such a lifting. The key point is that
we can compare the obstructions for G with the similar obstructions for a
Z/2-action lifting the free action of Z/2 on E with quotient space E. Since
the obstruction theory is based on the group cohomology of C. C. Moore
[24], further developed by D. Wigner [31], we start with three lemmas about
these cohomology groups.

Lemma 3.2. Let H be a finite group and let A be an H-module which is
a vector space over a field k of characteristic zero with a linear H-action.

Then H1(H, A) =0 for q > 0.

Proof. This is a standard fact in homological algebra. The point is that the
group ring kH is semisimple (by Maschke’s Theorem), because of the fact
that k& has characteristic 0 (in fact it would suffice for the characteristic to
be relatively prime to the order of H), so the functor A — A is exact, and
has no higher derived functors. O

Lemma 3.3. Let H =R be the real line viewed as a topological group.

(1) Let A be a countable discrete R-module. Then H1(H,A) =0 for ¢ > 0
(and is just A itself for ¢ =0).

(2) Let A be an R-module which is a complete metrizable topological vector
space. Then H1(H, A) (for Moore’s cohomology theory) is a real vector
space which vanishes for ¢ > 1.

Proof. For the first fact, see [20, Corollary 4.3], which is based on [31]. For
the second, see [20, Corollary 4.7]. O
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Lemma 3.4. LetG=Rx H, H={1,j}=7Z/2 acting on R by j -t = —t,
t € R, and let X be a locally compact second countable G-space with finite
homotopy type. Give C(X,T) the G action coming from the action of G
on X. Then the maps HY{(G,C(X,T)) - HY(H,C(X,T)) induced by the

inclusion H — G are isomorphisms for ¢ = 2, 3.

Proof. Since X has finite homotopy type, M = H*(X,Z) is discrete and
countable for any s, and R< G acts trivially on it. Thus by Lemma 3.3(1),
HYR,M) =0 for ¢ > 0.

Now we have an exact sequence of topological G-modules [20, §4.2, Equa-
tion (4)]

(1) 0— HX,Z) - C(X,R) = C(X,T) - H'(X,Z) — 0.

We have just observed that the R-cohomology of the discrete modules
H*(X,Z), s =0, 1, vanishes past degree 0. And H4(R,C(X,R)) is a topo-
logical vector space for ¢ = 0, 1, and vanishes for ¢ > 1, by Lemma 3.3(2).
Now use the spectral sequence HP(H, H(R,C(X,R)) = HP*4(G,C(X,R)).
The spectral sequence has E5? =0 for ¢ > 1. Since HI(R,C(X,R)) is a
real vector space for ¢ =0, 1 and H is finite cyclic, we see by Lemma 3.2
that EY? = 0 for p > 0. Thus (since we’ve also seen that E? =0 for ¢ > 1)
H*(G,C(X,R)) =0 for all k> 1. Similarly H*(H,C(X,R)) =0 for all k >
0 by Lemma 3.2.
Now split (1) into two short exact sequences

(2) 0— HX,Z) - C(X,R) = C(X,T)y — 1
and
(3) 1—C(X,T) — C(X,T) - HY(X,Z) — 0.

From (2), we find that the G- or H-cohomology of C(X,T)y past degree
1 coincides with the H-cohomology of the discrete module H°(X,Z) one
degree higher. The conclusion of the lemma now follows by applying the

long exact cohomology sequence of (3) along with the spectral sequences
HP(H,HY(R, H*(X,Z)) = HP™(G,H*(X,Z)), s =0, 1. O

Proof of Theorem 3.1. We could use the obstruction theory developed in
[11], which gives necessary and sufficient conditions for such a lifting. The
key point is that we can compare the obstructions for G with the similar
obstructions for a Z/2-action lifting the free action of Z/2 on E with quotient
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space E. But since the algebra A is the pull-back of the algebra CT'(E,h)
along the covering map ¢, such a Z/2-action exists by [27]. (In fact, by [11,
§6.2], pull-back induces an isomorphism Bry (F) = Br(FE) for the equivariant
Brauer group.) Thus the obstructions vanish for Z/2, and so we will see that
this implies they also vanish for G.

However the simplest argument for existence uses bundle theory and
connections. By [28, Lemma 7.1], lifting the G-action on E to a G-action on
A is equivalent to lifting the G-action to the principal PU-bundle associated
to A. Let P — F be a principal PU-bundle with Dixmier-Douady class h; we
can assume it is smooth. Choose a connection for P (recall that this gives
a canonical way to lift vector fields from E to P) and take the pull-back
connection (under the covering map ¢) on the pull-back bundle P — E. The
R-action on E with quotient X is defined by a smooth integrable vector
field V', which lifts via the connection to a horizontal vector field V on
P. Since the connection is pulled back under ¢ from P, it is H-invariant. In
other words, the pull-back action of j € H on P preserves horizontal vectors.
Since the action of j conjugates V' to —V, it must also conjugate V' to —V'
(since horizontal lifts of tangent vectors are unique). Thus V' integrates to
an H-equivariant action of R on P, that is, to a G-action of the type we
require.

The alternative argument for existence uses [11, Theorems 4.9 and 5.1],
together with Lemma 3.4. We note that the domain and range of the maps
da, dfy, and ds of those theorems are naturally the same for both H and G.
A diagram chase then shows that the obstructions are the same for both
groups, and since we have a pull-back action of H on A, there must also be
a G-action.

Now we come to the issue of uniqueness. For this we use the exact
sequence of [12, Theorem 4], which is also contained in [11, Theorem 5.1]. In
fact, we use this exact sequence twice, once for G and once for H, plus the
result Bry (F) = Br(E) from [11, §6.2]. The exact sequence, together with
the fact that we have a forgetful map Brg(E) — Bry(E) induced by the
inclusion H — G, gives a commuting diagram
(4)

H(E,2)¢ % H2(@, C(B, T)) > ker F 7S HY(G, H2(E, 2)) %= H3(G, C(E,T))

N o

L H2(H,C(E, T)) " ker Fy "2 H'(H, H(E, Z)) & H3(G,C(E,T)).
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Here Fg is the forgetful map Brg(E) — Br(E), and similarly Fj is the
forgetful map Bry (E) — Br(E). The vertical equal signs are canonical iso-
morphisms by Lemma 3.3(1). By Lemma 3.4, the first and last downward
arrows in (4) are also isomorphisms. It follows by (4) and the Five-Lemma
that the forgetful map ker F; — ker Fiy is an isomorphism. But we already
know that Bry(E) = Br(E) via pull-back under ¢. So this proves the unique-
ness statement. ]

Theorem 3.5. In the situation of Theorem 3.1, let A = CT(E,NE*(h)) and
let o be an action of G = O(2) lifting the free action of Z/2 on E with quo-
tient space E. Then the crossed product A x4, G is of the form CT(E#, h#)
for ]l#: E# — X some (non-principal) circle bundle over X and h* €
H3(E#, 7). Furthermore, wy(p”) = wi(p), and the other conditions in The-
orem 1.8 are also satisfied.

Proof. Note that A x, G = (A x4 R) x H. Since A is the stable continuous-
trace algebra associated to an H-flux on a principal S'-bundle over X,
the theory developed in [20] applies, and A x4, R is a stable continuous-
trace algebra with spectrum the T-dual principal S'-bundle E# over X and
Dixmier-Douady class the T-dual H-flux (for T-duality of principal bun-
dles over X). Since the action of H on A induces the free Z/2-action on X
with quotient X, the action of H on the spectrum E# of A x, R must also
be free. Furthermore, A X, G = (A x4 R) x H will have continuous trace
[26, Theorem 1.1], and will be stable since A is stable, and thus will be of
the form CT(E#, h#) for some h* € H3(E#,7). By Takai duality (for H),
A xy R COT(E#, h?) x H for the dual action of H = H. Via [27, Propo-
sition 1.5], we conclude that A x4 R is the pull-back of CT(E#, h#) along
a principal H-bundle. So we get a commuting diagram of bundles

F#_& p#

. #
ip# p#

X*C>X,

and the spectrum E# of A x, G is a non-principal S 1—bundle~over X with
the same w; as F (since the associated double cover is again X % X). The
Dixmier-Douady class of A x, R is (¢7)*(h7).

Now we can check the condition of Theorems 1.3. Conditions (1) and
(3) are now obvious. Condition (2), that T-duality is involutive, follows from
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Takai duality, since when we T-dualize a second time, we get
(F)*(AXq Q) Mogr G2 (AXaR) XgR) x H = Ax H=CT(E,h).

Condition (4) follows from the corresponding condition for T-duality of prin-
cipal circles bundles over X , along with the relationships between c¢;(p) and
c1(p), ete.

To check condition (5), note that we get from [26, Proposition 2.1 and
Theorem 2.2] a commuting diagram of principal circle bundles

() (AxaZ)”

B# B
X .

Furthermore A X4 Z = (A x4 R) x5 Z has Dixmier-Douady class equal to
the pull-backs of both ¢*(h) and (¢#)*(h*). This diagram fits into a larger
diagram of circle bundles and covering maps

(6) (AxoZ)" > E* xx E

X [

where for simplicity we’ve left off the labels on the maps in the top half
of the diagram and we have used dotted arrows for 2-fold covering maps
and dashed arrows for non-principal circle bundles. Now over the space
E# x x E we have the continuous-trace algebra (A x, Z) x H. The algebra
A X4 Z is pulled back from A by [27, Theorem 2.5], and A is pulled back
from CT(E, h), so by commutativity of (6), A X, Z is pulled back from the
algebra (A x4 Z) x H over E# xx E, which in turn is pulled back from
CT(E,h). Thus the Dixmier-Douady invariant of A X, Z is the pull-back
of h € H3(E,Z). A similar argument using the dual action shows that it is
also equal to the pull-back of h#* € H3(E#,Z). So this proves property (5)
of Theorem 1.3 and concludes the proof. O
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4. K-theory of certain crossed products

Definition 4.1. We begin with a fact about equivariant K-theory for a
compact group H, namely that it is RO(H)-graded (see for example [23,
Chapters IX, X, XIII, and XIV]). Given a compact group H, an H-C*-
algebra A, and an orthogonal representation of H on a finite-dimensional
real vector space V', we can twist H-equivariant K-theory of A by V', getting
Kl-H’V(A) = K;(A® Cy(V)), where H acts on the second factor via the linear
representation and acts on the tensor product by the tensor product action.
Note that if V' happens to be a complex vector space and the action of H
is complex linear, then equivariant Bott periodicity gives an isomorphism
KBV ~ g H_ (This is also true more generally if V is even-dimensional over
R and if the action of H factors through Spin°(V).) And if H acts triv-
ially on V, KBV ~ KﬁdimV‘ But in general, the groups KBV are not the
same as KM even modulo a grading shift. In the noncommutative world,
another approach to the groups KBV s possible via graded Clifford alge-
bras, since Co(V) is K K -equivalent to C£(V'), the complex Clifford algebra
of V viewed as a graded H-algebra [5, Theorem 20.3.2]. But this requires
introducing graded C*-algebras, which we’d prefer to avoid.

For our purposes we will need only the group H = 7Z/2, which has two
real characters, the trivial character 1 and the non-trivial character ¢, the
sign representation — (where the generator of the group acts by —1 on R).
Thus we have twisted equivariant K-groups K% / 2’7, which are discussed in
greater detail in [29]. These are modules over the representation ring R =
R(H) = Z[t]/(t* — 1), which has two special complementary prime ideals,
I=(t—1)and J = (t+ 1). The coefficient groups for K2 are computed
n [16], for example. It turns out that K*Z/z’_((C) =~ 7 (actually R/J as an
R-module) for * =0 (mod 2) and =0 for *x =1 (mod 2). Twisting twice
brings us back to conventional equivariant K-theory since a direct sum of two
copies of the sign character is a complex representation, where equivariant
Bott periodicity applies.

Remark 4.2. Let H=7Z/2, R= R(H), and let A be an H-algebra. It
is important to note that the equivariant K-groups KX (A) (even as R-
modules) do not determine the groups Kf’_(A) in general. This is due to
the failure of the equivariant Kiinneth Theorem for K localized at prime
ideals P containing the augmentation ideal I. (See [25, p. 235].) Here is a
way to construct a very specific counterexample. It is known that the Cuntz
C*-algebra O has vanishing K-groups and is very “nice” (nuclear and in
the “bootstrap class” where the universal coefficient theorem holds for K K).
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Furthermore, it is known (originally due to Blackadar (unpublished), but see
[18, Lemma 4.7] for a specific construction) that there are actions of H on
05 for which Oy x H has nontrivial, but uniquely 2-divisible, K-groups, say
Ko(O2 x H) = Z[1]. Choose such an action and let A = Oy x H, which is an
H-algebra under the dual action to the original action on Oy. (Here we are
identifying H with its dual in the obvious way.) By Takai Duality and the
Green-Julg Theorem, K7 (A) = K,(A x H) = K,(0O3) =0, while K,(A) #
0. Incidentally, one could also construct an abelian H-C*-algebra A with
K.(A) =0 but K¥(A) # 0 by using deep results from algebraic topology,
and then proceed similarly with A in place of Og; see [28, Lemma 5.7]
and [29)].

Proposition 4.3. With H =7Z/2 and A the H-C*-algebra defined in Re-
mark 4.2, KH(A) =0 but K" (A) #0. O

Proof. We have Kf’_(A) = K,.(A® Cp(R7)), Since R~ equivariantly con-
tains {0} (a fixed point) and R~ ~\ {0} is equivariantly homeomorphic to
H x R (with the H-action interchanging the two connected components),
we get a short exact sequence of H-algebras

0>ARCH)RCH(R) > A Co(R™) - A—0
and thus a long exact sequence of equivariant K-groups
= KL (A) = K1 (A) » KB (A) > KE(A) - -

This exact sequence appears as [29, Proposition 3.3]. Since K (A) =0 (in
all degrees), we obtain K" (A) = K.11(A) #0. O

Corollary 4.4 (of the proof). Let H=17/2 and let A be an H-C*-
algebra. Then there is an exact sequence of K-groups

= KL (A) = K1 (A) » KB (A) - KE(A) - -+
In particular, if both KH(A) =0 and K.(A) =0, then K{""(A)=0. O

In order to use the theory developed in Section 3, we need to be able to
compute the K-theory of crossed products by O(2). The following result,
modeled on Connes’s “Thom Isomorphism Theorem” of [10], is precisely
what is needed.
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Theorem 4.5. Let A be a C*-algebra equipped with an action of G = 5(2)
Note that by restriction to the copy of H = Z/2 in G gotten by lifting {1, 5} C
0(2), A is also a Z/2-algebra. Then the K-theory of A x G is naturally
isomorphic to K*Z/Q’_(A) as defined in Definition 4.1.

Proof. Note that A being a G-algebra means that A is both a Z/2-algebra
and an R-algebra, and that the actions « of R and « of Z/2 are related by the
commutation relation v;j(cow(a)) = a—¢(7y;(a)). (Here j denotes the nontrivial
element of Z/2.) This commutation rule comes from the multiplication rule
in G. Note also for future use that the action v of j on R~ (the superscript is
to emphasize that the action is by reflection) also induces an action of j on
the Pontrjagin dual group R = R* (the dual vector space), again given by
reflection. By the isomorphism A x G = (A x4 R) %, Z/2 and the Green-
Julg Theorem [19], K.(A x G) is naturally isomorphic to K*Z/2(A Xq R).
We want to show that this in turn is isomorphic to K*Z/2(A ® Cp(R7)), the
equivariant K-theory of the crossed product for the frivial action of R on
A. Here the R is really the dual group R of the original copy of R, but since
Z/2 acts on R here by the sign representation, the result then follows.
First we construct natural homomorphisms

¢t KA Co(R7)) = KM (A%, R)

as follows. Let CA = Cy([0,1), A) = Cp(]0,1)) ® A be the cone on A. Define
an action of G on C'A by letting H act by its original action on A and act triv-
ially on [0, 1). The real line R is defined to act on C A by 5:(f)(s) = ast(f(s)).
This is compatible with the action of H because of the commutation relation
vj(ae(a)) = a—(yj(a)), so we have an action of G whose restriction to R is
/3. Since the action of G commutes with the action of C®([0,1)) by central
multipliers, we have a G-equivariant exact sequence

0 — C((0,1), A) — CA <2120 4 0,

and thus a short exact sequence of H-algebras
7 0= Co((0,1),A) 3R — CAxgR 220 4w R - 0.
B B

But the action of R on the copy of A over 0 € [0, 1) is trivial, so the crossed
product on the right is A ® Cp(R™) (as an H-algebra). Over each point
of (0,1), the action of R on the associated copy of A is just a rescaling
of a, and in fact we claim that Cy((0,1), A) xgR = Cp((0,1)) ® (A x4 R)
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(H-equivariantly). Granting this, the boundary map in the long exact K-
theory sequence attached to (7) gives the desired natural map .

To prove the claim, observe that both of the algebras Cy((0,1), A) xgR
and Cy((0,1)) ® (A x4 R) are completions of the algebra C.((0,1) x R, A),
but for different convolution products. If s denotes the coordinate on (0, 1)
and ¢ the coordinate on R, the product is

(f *1 g)(37t) = /f(s,u)ozsug(s,t - u) du
in the first case and
(Fr29)(s:t) = [ Fls.wangls,t = ) du

in the second case. These products are intertwined by the map f — f’, where
f'(s,t) = s~ 1 f(s,s7't), which is clearly H-equivariant, and one can easily
see this extends to the desired isomorphism of crossed products.

Next, it is clear that the maps ¢} satisfy the following (taken almost
verbatim from [10, §II)):

Axioms 4.6 (following Connes).

(1) If A=End(V) for some finite-dimensional complex representation V
of H =172, equipped with the trivial action of R, then ¢, is the canon-
ical isomorphism.

(2) (Naturality) ¢ is natural for maps of G-algebras.

(3) (Compatibility with suspension) If Sa is the suspension of «, acting
on SA=A® Cy(R) (with trivial G-action on the second factor), and
534: Kj(A) — Kj11(SA) is the usual isomorphism, then quszl o) =

SfchR o d)]a

We follow the outline of the proof in [10], starting with the following
lemma.

Lemma 4.7 (Cf. [10, II, Proposition 4]). In the situation of Theo-
rem 4.5, suppose p is an H-fized self-adjoint projection in A and t — ay(p)
is smooth. Then there is an exterior equivalent action of G on A fizing p.

Proof. Let § be the unbounded derivation which is the infinitesimal gen-
erator of the action of R. Then & maps A, the smooth vectors for the
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action of G, into itself, § commutes with %, and ay(a) = €@, In the ter-
minology of [10], §(a) = i[M, a], where M is a self-adjoint “unbounded mul-
tiplier” of A (and a genuine multiplier of A%), so a;(a) = e®24M(g) =
Ad(e™)(a) = ™M ge="M  (We've changed Connes’ H to an M to avoid
confusion with the group H = 7Z/2.) Since p is H-fixed, j-p = p. On the
other hand, j- M = —M because of the structure of G. We simply follow
the same method as in [10]. Let M" = pMp + (1 — p)M (1 — p). This is again
an unbounded multiplier of A (and a genuine multiplier of A*°), and it clearly
commutes with p. Furthermore, M’ is a bounded perturbation of M, and so
defines an exterior-equivalent action of R fixing p (as shown in [10]). This
action extends to an action of G since j- M’ = —M' (since j-p =p and
j-M=—-M). O

Proof of Theorem 4.5 (cont’d). Now we return to Connes’ strategy for prov-
ing Theorem 4.5. Propositions 1, 2, and 3 in [10, II] go through without
change and show that we may assume A is unital, and that we are free to
replace A by a matrix algebra over A whenever necessary. Another simple
observation is that replacing A by A ® Co(R™) (with R acting trivially on
the second factor) gives us maps

Gror: KF(A®Co(R™) @ Co(R7)) = KF((A® Co(R™)) Xag1 R)
or Phor: KI(A) = KE (A%, R),

where we’'ve used equivariant Bott periodicity once. Furthermore, ¢}, is an
isomorphism for all A if and only if ¢}y, is an isomorphism for all A (since
we can tensor with Cp(R™) to go back and forth from one to the other).

To finish the proof, we apply Takai Duality, which gives an H-equivariant
isomorphism (A x4 R) g R~ A® K, K the algebra of compact operators
on L?(R). Thus putting together ¢* for A and for A x, R, we get maps

K (4) Z2 g (A 0, R) 25 KT (4),

and we just need to show this composite is the identity. Because of compat-
ibility with suspensions (property 4.6(3)), it is enough to do this for K.
Without loss of generality, we may assume A is unital and just consider a
class in K{!(A) represented by a finitely generated projective A module with
compatible H-action. By [5, §11.3], such a module can be represented by an
equivariant Murray-von Neumann equivalence class of H-invariant projec-
tions p € End(V) ® A, for some finite-dimensional H-module V. Without
loss of generality, we may replace A by End(V) ® A, with trivial R action
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on the first factor. Apply Lemma 4.7. This enables us to change the R-
action within the same exterior equivalence class so that the action fixes p.
After these reductions, p defines a G-equivariant map C %> A. Because of
Axioms 4.6 (especially naturality), this reduces us to checking the theorem
for C with trivial action, for which the result is obvious by Axiom 4.6(1). O

Now we apply this result to the situation of Section 3.

Corollary 4.8 (cf. [2, Proposition 6.1]). Let X be a smooth man-
ifold of finite homotopy type, and let p: E — X be a non-principal cir-
cle bundle over X with associated principal O(2)-bundle E — X. Choose
h € H*(E,Z) and let A = CT(E, (¢)*(h)) with the G-action o lifting the free
action of O(2) on E as in Theorem 3.1. Then there is a natural isomorphism
K*(E,h) =2 K**1(A x Q). In other words, in the notation of Theorem 3.5,
K*Y(E# h#) = K*(E,h).

Proof. By Theorem 4.5, we may replace K*T1(A x G) by K};tl(E, (©)*(h)).
Thus we compute

K (E,&h) = K3 {(E x R™,E°h)
(since the H-action is free and is a pull-back action)
~ K*"YE xR, h) = K*(E, h).

5. Circle fibrations

It turns out to be necessary for some purposes to consider compactifications
of spacetime that are not necessarily circle bundles, but which also have
singular fibers. This happens for instance in the the Strominger-Yau-Zaslow
(SYZ) formulation [30] of mirror symmetry. In the paper [22], the authors
considered a simple case when singular fibers exist, namely in the case of
a smooth action of a circle on spacetime which is not necessarily free. In
this section, we consider a more general case of a smooth action, which is
generically free but not necessarily free, of the affine circle group O(2) on a
branched double cover E of spacetime F, with the reflection j € O(2) acting
so that = E/{1,j}. The O(2)-action gives rise to the (non-principal) cir-
cle “fibration” E = E/{1,j} — X = E/O(2), which in general has singular
fibers. We will extend the T-duality picture and isomorphism of the previous
sections to include this case. It will be a generalization, both of Baraglia’s
Theorem 1.3 and the main result in [22].
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Consider the diagonal action of O(2) on E x EO(2), with quotient the
Borgl construction Egg) = E X2y EO(2). Then p: Eyjy = E Xz, EO(2)
— Ep(9) is an honest (non-principal) S Lbundle as discussed in Section 12,
and is classified by the pair of invariants, { =wi(p) € H! (EO \Z2)2) =
Hl( (E,7/2) and ci(p) € HQ(EO( 9), Lg) = O(Qi(E Z¢). We also assume
that E comes with an H-flux h, which we pull back to an integral 3-
cohomology class on E Xz EO(2) =~ E Xz)9 BZ[2 = EZ/Q Then by
the Gysin sequence (Remark 1.2 in Section 1), pi(h) € H?*(Eo(2), Ze)
= H%(Z)(E7 Zf)‘

In analogy with the equivariant classification of principal circle bundles
[17, Theorem C.47], we can deduce the following.

Theorem 5.1 (O(2)-equivariant circle bundles).  Let M be a con-
nected manifold equipped with a smooth action a of O(2). Define an O(2)-
equivariant principal circle bundle over M to mean a principal circle bun-
dle m: Y — M, defined by a free (smooth) action as of SO(2) on Y with
quotient space M, together with an action ay of O(2) on Y, so that the
restriction of ay to SO(2) commutes with the action oy defined by the bun-
dle structure, oy lifts the original action o of O(2) on M, and the action
under ay of j (as before, the standard reflection matriz in O(2)) satisfies
a1 (j)as(t)ar(j) = as(t) (note the complex conjugation!). This last condi-
tion means that a1 (j) and ca combine to give another O(2)-action (which we
again call ag) on'Y . Then the pair of invariants, the equivariant first Stiefel-
Whitney class € € Hl( )(M 7.)2) defined by « as above and the equivariant

first Chern class cl( ) e HQ( )(M, Ze¢), classify O(2)-equivariant principal
circle bundles (m: Y — M, «ay) over M up to equivalence.

Proof. By [17, Theorem C.47], the SO(2)-equivariant principal circle bun-
dles over M (what one gets by forgetting the action of j everywhere) are
classified by Cf0(2) € Hg‘O(2)(M ,Z). The problem is to augment this result
to take the action of j into account. First suppose that an O(2)-equivariant
principal circle bundle (7: Y — M, «1) over M is given. We have already
defined ¢ as the cohomology class in Hé@) (M, Z/2) = H'(Mo(s), Z/2) defin-
ing the double covering Mgo(2) — Mo(2). Just thinking of : Y — M as an

SO(2)-equivariant circle bundle, we have the class cSO(Z) € Hgo( )(M JZ) =

2Strictly speaking, we've given up local compactness and homotopy finiteness in
doing this, but this is not a serious issue. For most purposes one can replace EO(2)
by a finite-dimensional approximation which is actually a manifold.



T-duality for circle bundles via noncommutative geometry 1457

HQ(MSO(Q),Z). Since Mgo(2) is the double cover of Mg, defined by §
and the action oy of j does not commute with the bundle action as of
SO(2),but rather anticommutes, we can also think of this class as living in
H*(Moyg), Ze) = Hp o) (M, Ze).

Now let’s go the other way. Assume that £ (already defined by «) and
610(2) € H(Q)(Q)(M, Z¢) are given. Then we have the principal circle bundle
p: M x EO(2) =~ M — Mgz defined by a as well as another principal
circle bundle 71: Y1 — Mgo(2) defined by c?@), or if you prefer, a principal
O(2)-bundle 7}: Y1 — Mgy with invariants (5,010(2)). Forming the fiber
product, we get a commuting diagram of principal circle bundles

N
A

M x EO(2)

S

Mso(2)

By [17, Theorem C.47], we also have an SO(2)-equivariant principal cir-
cle bundle 7: Y — M defined by 010(2), and we can complete the previous
diagram to a commutative diagram

//\
/

M/SO 2)<7MSO 2)

Here the top horizontal arrow p (pointing to the left) is a map of
principal circle bundles, and is equivariant for the SO(2)-actions. Since
Y — Mpy) is a principal O(2)-bundle, we also have an action of j on
Y’ with the right intertwining properties, and we just need to show that it
descends to Y. We want to define j - y = p(j - ¢') when p(y’) = y, so one just
needs to check that this is well-defined, i.e., doesn’t depend on the choice of
y' € p~Y(y). But if also p(y}) =y, then y] =t -4/ for some ¢t € SO(2), and
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then
p(j-y)=pG-t-y)=pE Jj y)=p0"Y)
as required. O
Using this resutc, we see that the pair of invariants, £ € Hcl)(z)(E,Z/Q)
and pi(h) € H, (2)(2) (E,Z¢) determine an O(2)-equivariant principal circle bun-

dle Y 5 E. Since the actions of O(2) and S! on this space commute, we
can divide out by the action of {1,5} = Z/2 C O(2), getting a principal S*-
bundle Y = E. Consider the commutative diagram (the analogue of (5))

/\
\/

involving the singular spaces X = E/O(2) and E# = Y /O(2). We can replace
the singular spaces by their Borel constructions by lifting the above diagram
to the following commutative diagram of actual circle bundles:

Y x EO(2)
i / \
0(2)
% /

EZ/2

Now we can apply Baraglia’s theorem Thm. 1.3 to deduce the existence of
the T-dual H-flux h € H3 (Yo),Z) = H3< )(Y Z) satistying the properties
listed in the theorem. Summarizing all that we’ve done, we get the following;:

Theorem 5.2. Let E be a connected manifold with an action of O(2) a
above, with invariants € = wy(p) € H 0@ )(E,Fg) and c1(p) € HO(Q)( Ze).
)-

Then for any choice of H-flux h € HE/Q(E,Z), there is a unique O(2
(

as

equivariant circle bundle VY5 Eanda unique T-dual H-flurz h¥ € Hg(Q) Y,
7), characterized by the following axioms:
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(1) T-duality is natural, so the T-dual of a pull-back is the pull-back of the
dual.

(2) &€ = wi(p) = wi(p™), so the double - _covering of EO(Q) defined by the
T-dual is the same as the original ESO( 2) = EO( 2)-

(3) pi(h) = 1(5) and (P1(h#) = ex(p) in ) (B Ze).

(4) h and h* agree after pull-back to the correspondence space Y x EO(2)
~Y.

Therefore we conclude, assuming for simplicity that F is compact and
using Corollary 4.8 and the appendix in [22], that
. o+1 # o+l (v p#Y
K*(E,h) = RK ( 0(2), W) = KO(Q)(Y,h ),
where RK '(}70(2),11#) denotes the representable twisted K-theory of the
compactly generated space Yo( 2) and K 04{21) (Y, h#Y denotes the I(O(2))-adic
completion of the twisted equivariant K-theory K (')J(r;)(Y, h#). Here 1(O(2))
denotes the augmentation ideal of the representation ring K 8(2) (pt) =

R(O(2)).
Acknowledgements

VM was partially supported by the Australian Research Council Grant
DP110100072. JR was partially supported by US National Science Founda-
tion Grants DMS-0805003 and DMS-1206159, and also thanks the Depart-
ment of Pure Mathematics at The University of Adelaide for its hospitality
during a visit in March 2012. The authors thank the referee for useful sug-
gestions.

References

[1] E. Alvarez, L. Alvarez-Gaumé, J. L. F. Barb6n and Y. Lozano, Some
global aspects of duality in string theory. Nuclear Phys. B, 415(1):71—
100, 1994, arXiv:hep-th/9309039.

[2] David Baraglia, Topological T-duality for general circle bundles. Pure
Appl. Math. Q., 10(3):367-438, 2014, arXiv:1105.0290.

[3] David Baraglia, Topological T-duality for torus bundles with mon-
odromy. preprint, 2012, arXiv:1201.1731.



1460

[4]

V. Mathai and J. Rosenberg

David Baraglia, Topological T-duality with monodromy. String-Math
2011, volume 85 of Proc. Sympos. Pure Math., pages 293-302. Amer.
Math. Soc., Providence, RI, 2012.

Bruce Blackadar, K-theory for operator algebras, volume 5 of Mathe-
matical Sciences Research Institute Publications. Cambridge University
Press, Cambridge, second edition, 1998.

Peter Bouwknegt, Jarah Evslin and Varghese Mathai, T'-duality: topol-
ogy change from H-flur. Comm. Math. Phys., 249(2):383-415, 2004,
arXiv:hep-th/0306062.

Peter Bouwknegt, Jarah Evslin and Varghese Mathai, Topology and
H-flux of T-dual manifolds. Phys. Rev. Lett., 92(18):181601, 3, 2004,
arXiv:hep-th/0312052.

Ulrich Bunke and Thomas Schick, On the topology of T-duality. Rev.
Math. Phys., 17(1):77-112, 2005, arXiv:math.GT/0405132.

Ulrich Bunke, Thomas Schick and Markus Spitzweck,  Periodic
twisted cohomology and T-duality. Astérisque, (337):vi+134, 2011,
arXiv:0805.1459.

A. Connes, An analogue of the Thom isomorphism for crossed products
of a C*-algebra by an action of R. Adv. in Math., 39(1):31-55, 1981.

David Crocker, Alexander Kumjian, Iain Raeburn and Dana P.

Williams, An equivariant Brauer group and actions of groups on C*-
algebras. J. Funct. Anal., 146(1):151-184, 1997.

David Crocker, Iain Raeburn and Dana P. Williams, Equivariant Brauer

and Picard groups and a Chase-Harrison-Rosenberg exact sequence. J.
Algebra, 307(1):397-408, 2007.

Calder Daenzer, A groupoid approach to noncommutative T-duality.
Comm. Math. Phys., 288(1):55-96, 2009, arXiv:0704.2592.

Siegfried Echterhoff, Ryszard Nest and Hervé Oyono-Oyono, Fibrations
with noncommutative fibers. J. Noncommut. Geom., 3(3):377-417, 2009,
arXiv:0810.0118.

Siegfried Echterhoff, Ryszard Nest and Hervé Oyono-Oyono, Principal
non-commutative torus bundles. Proc. Lond. Math. Soc. (3), 99(1):1-
31, 2009, arXiv:0810.0111.



T-duality for circle bundles via noncommutative geometry — 1461

[16] Siegfried Echterhoff and Oliver Pfante, FEquivariant K-theory of finite
dimensional real vector spaces. Miinster J. Math., 2:65-94, 2009,
arXiv:0903.1035.

[17] Victor Guillemin, Viktor Ginzburg and Yael Karshon, Moment maps,
cobordisms, and Hamiltonian group actions, volume 98 of Mathematical
Surveys and Monographs. American Mathematical Society, Providence,
RI, 2002. Appendix J by Maxim Braverman.

[18] Masaki Izumi, Finite group actions on C*-algebras with the Rohlin
property. I. Duke Math. J., 122(2):233-280, 2004.

[19] Pierre Julg, K-théorie équivariante et produits croisés. C. R. Acad. Sci.
Paris Sér. [ Math., 202(13):629-632, 1981.

[20] Varghese Mathai and Jonathan Rosenberg, T'-duality for torus bun-
dles with H-fluzes via noncommutative topology. Comm. Math. Phys.,
253(3):705-721, 2005, arXiv:hep-th/0401168.

[21] Varghese Mathai and Jonathan Rosenberg, T'-duality for torus bundles
with H-fluzes via noncommutative topology. II. The high-dimensional
case and the T-duality group. Adv. Theor. Math. Phys., 10(1):123-158,
2006, arXiv:hep-th/0508084.

[22] Varghese Mathai and Siye Wu, Topology and flux of T-dual mani-
folds with circle actions. Comm. Math. Phys., 316(1):279-286, 2012,
arXiv:1108.5045.

[23] J. P. May, Equivariant homotopy and cohomology theory, volume 91 of
CBMS Regional Conference Series in Mathematics. Published for the
Conference Board of the Mathematical Sciences, Washington, DC, 1996,
available at http://www.math.uchicago.edu/~may/BO0OKS/. With
contributions by M. Cole, G. Comezana, S. Costenoble, A. D. Elmen-
dorf, J. P. C. Greenlees, L. G. Lewis, Jr., R. J. Piacenza, G. Triantafillou
and S. Waner.

[24] Calvin C. Moore, Group extensions and cohomology for locally compact
groups. III. Trans. Amer. Math. Soc., 221(1):1-33, 1976.

[25] N. Christopher Phillips, Equivariant K-theory and freeness of group
actions on C*-algebras, volume 1274 of Lecture Notes in Mathematics.
Springer-Verlag, Berlin, 1987.

[26] Tain Raeburn and Jonathan Rosenberg, Crossed products of continuous-
trace C*-algebras by smooth actions. Trans. Amer. Math. Soc.,
305(1):1-45, 1988.



1462 V. Mathai and J. Rosenberg

[27] Tain Raeburn and Dana P. Williams, Pull-backs of C*-algebras and
crossed products by certain diagonal actions. Trans. Amer. Math. Soc.,
287:755-T77, 1985.

[28] Jonathan Rosenberg, Topology, C*-algebras, and string duality, volume
111 of CBMS Regional Conference Series in Mathematics. Published
for the Conference Board of the Mathematical Sciences, Washington,
DC, 2009.

[29] Jonathan Rosenberg, The Kinneth Theorem in equivariant K—theory
for actions of a cyclic group of order 2. Algebr. Geom. Topol.,
13(2):1225-1241, 2013, arXiv:1208.6355.

[30] Andrew Strominger, Shing-Tung Yau and Eric Zaslow, Mirror sym-
metry is T-duality. Nuclear Phys. B, 479(1-2):243-259, 1996, arXiv:
hep-th/9606040.

[31] David Wigner, Algebraic cohomology of topological groups. Trans. Amer.
Math. Soc., 178:83-93, 1973.

DEPARTMENT OF PURE MATHEMATICS, UNIVERSITY OF ADELAIDE
ADELAIDE, SA 5005, AUSTRALIA
E-mail address: mathai.varghese@adelaide.edu.au

DEPARTMENT OF MATHEMATICS, UNIVERSITY OF MARYLAND
COLLEGE PARK, MD 20742, USA
E-mail address: jmr@math.umd.edu




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType true
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


