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Abstract

We provide sufficient conditions to factorise an equivariant spectral triple as a Kasparov
product of unbounded classes constructed from the group action on the algebra and from
the fixed point spectral triple. We show that if factorisation occurs, then the equivariant
index of the spectral triple vanishes. Our results are for the action of compact abelian
Lie groups, and we demonstrate them with examples from manifolds and #-deformations.
In particular we show that equivariant Dirac-type spectral triples on the total space of
a torus principal bundle always factorise. Combining this with our index result yields a
special case of the Atiyah-Hirzebruch theorem. We also present an example that shows
what goes wrong in the absence of our sufficient conditions (and how we get around it for
this example).

1. Introduction

This paper is motivated by recent applications of the Kasparov product
to gauge theory, [1,7]. In particular, it becomes important to know to what
degree an equivariant spectral triple, regarded as encoding the geometry of
the total space of a noncommutative principal bundle, can be factored over
the base space.

We provide sufficient conditions to factorise a G-equivariant spectral
triple (A, H, D), for G compact abelian, as a Kasparov product of a ‘fixed
point’ spectral triple for the base space and a Kasparov module constructed
solely from the action of the group on the algebra. These two compo-
nents of the product represent respectively the ‘horizontal’ and ‘vertical’
parts of the noncommuative principal bundle. More precisely, given our
sufficient conditions, we construct unbounded cycles representing classes in
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KKgmG(A AY) and KKéerimG(AG, C), with A the norm completion of A,
such that the Kasparov product of these classes

KKI™CG(A, A% x KKLT™9(A% C) —» KKL(A,C)

recovers the class of (A,H,D) in KK’/(A,C). The construction of these
unbounded Kasparov modules is new, although in the case G = T the cycle
for KKZ™Y (A, A%) agrees with the cycle constructed in [6, Section 2] up
to a sign.

In order to define the Kasparov module with class in K Kgm¢ (4, AY),
we require that the action of G on A satisfies the spectral subspace as-
sumption of [6]. To define the unbounded Kasparov module with class in
KK grdhna(zélG7 C), we need a Clifford action

n: CI(TQG) = CldimG — B(H)

satisfying a few compatibility conditions. Finally, the product of these
classes represents the class of (A, H,D), provided that one positivity con-
straint is satisfied: this constraint arises from Kucerovsky’s criteria [16].

Our factorisation results show that the class of our equivariant spectral
triple is the product of classes with unbounded representatives, which are
defined in terms of the original spectral triple subject to some geometric
constraints. As a consequence, we show that if our conditions are satisfied
and factorisation occurs, then the equivariant index of the spectral triple
vanishes, when this is defined.

The constructive approach to the Kasparov product, [1,141,20,21], seeks
to construct a spectral triple from unbounded representatives of composable
K K-classes. Having obtained a factorisation, say,

[(Av H, D)] = [(*A/’ Eye, Dl)]®AG [(AGv Ho, DQ)]

it is natural to ask whether the constructive product of (A’, E ¢, D) and
(A%, Hs, Ds) makes sense and recovers the original triple (A, H, D). We ex-
amine equivariant Dirac-type spectral triples (C*° (M), L?(S), D) on a com-
pact Riemannian manifold with a free isometric torus action, where we show
that factorisation holds in our sense. As an easy corollary we derive a partic-
ular case of the Atiyah-Hirzebruch theorem, [1]. In this special case, we show
that the constructive method produces a spectral triple (C>° (M), L*(S),T)
whose K K-class is the same as that of (C*°(M), L?(S), D). The operator
T is a self-adjoint elliptic first order differential operator, but the difference
D — T is typically unbounded. If each orbit in M is an isometrically embed-
ded copy of T", we find that D — T is bounded. Thus we see evidence in
these examples that the constructive product is sensitive to metric data.
Factorisation of circle-equivariant spectral triples has also been studied
in [4], [10,11] and the Ph.D. thesis of A. Zucca, [32]. The last three of these



works study such factorisations under the condition of “fibres of constant
length”, a condition which is also satisfied in the examples studied in [4].
Such a condition appears in Corollary 6.9, and corresponds to the isometric
embedding of orbits (up to a constant multiple).

Finally, we consider in detail the factorisation of the Dirac operator
over the 2-sphere, for rotation by the circle. In this case, the circle action
is not free and factorisation for C'(S?) is not possible, but we show that
factorisation is nevertheless possible if one restricts to the C*-algebra of
continuous functions vanishing at the poles.
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2. The construction of the unbounded K K-cycles.

Definition 2.1. Let A and B be Zs-graded C*-algebras carrying respective
actions « and 8 by a compact group G. An unbounded equivariant Kas-
parov A-B-module (A, Ep,D) consists of an invariant dense sub-x-algebra
A C A, a countably generated Zs-graded right Hilbert B-module E with
a homomorphism V from G into the invertible degree zero bounded linear
(not necessarily adjointable) operators on E, a Zg-graded x-homomorphism
¢: A — Endp(F), and an odd, self-adjoint, regular operator D : dom(D) C
E — FE such that:

(1) Vy(@la)eh) = dlay(a))Vy(€)3,(b) and (VyelVyf)s = By((elf)z) for al
geG,ae A, ee Eand b € B;

(2) ¢(a) - dom(D) C dom(D), and the graded commutator [D,¢(a)]s is
bounded for all a € A;

(3) ¢(a)(1 4+ D?)~1/2 is a compact endomorphism for all a € A;

(4) Vg - dom(D) C dom(D), and [D, V] = 0.

REMARK. We normally suppress the notation ¢. The unbounded Kas-
parov module (A, Eg, D) defines a class in the abelian group KK (A, B),

[2]-

REMARK. We will only employ unbounded equivariant Kasparov A-B-
modules for which the action of G on B is trivial. Then for all g € G, V} is
adjointable with adjoint Vi =V, -1.

Definition 2.2. Let A be a Zo-graded C*-algebra with an action by a
compact group G. An even equivariant spectral triple (A, H, D) for A is an
unbounded equivariant Kasparov A-C-module. If A is trivially Zs-graded,



then one can also define an odd equivariant spectral triple (A, H, D), which
has the same definition, except that #! = {0} and D need not be odd.

Throughout this section, GG is a compact abelian Lie group, equipped
with the normalised Haar measure, and (A, H, D) is an even G-equivariant
spectral triple for a Zs-graded separable C*-algebra A carrying an action «
by G. (The case that the spectral triple is odd is considered later.)

There are some differences between the cases of G even dimensional and
G odd dimensional. We introduce the following notation so that we may
handle both cases simultaneously.

Definition 2.3. Let Cly be the Clifford algebra generated by a self-adjoint
unitary ¢, which is Zs-graded by

(Cl{ = span{c’}, j € Zs.
We denote by € the Zs-graded C*-algebra

¢ — C if G is even dimensional
"~ 1 Cl; if G is odd dimensional.

We also denote by ¢ the generator of €; i.e.

| 1 if G is even dimensional
| ¢ if G is odd dimensional.

We will construct three unbounded K K-cycles. The first cycle (referred
to as the left-hand module), is constructed using the spin Dirac operator over
G, and defines a class in KKg(A, A°®¢). The second cycle, which we call
the middle module, represents a class in K Kq(A9®¢, AS@CI(T,G)). The
module is simply the Morita equivalence between AS®€ and AG<§>CI(TeG) =
A®®Cl,, and so contains no homological information. The third cycle (the
right-hand module) is constructed by restricting the spectral triple to a
spectral subspace of H, and adding a representation of ClI(7T.G), so that it
defines a class in K Kq(A®CI(T.G),C).

2.1. The left-hand module. Let Char(G) be the characters of G, which
is the set of smooth homomorphisms x : G — U(1). Since G is abelian, the
characters form a group under multiplication. For each x € Char(G), let

A, ={aeA:ay(a) =x(g)a}

be the spectral subspace of A associated with the character xy. Note that
@D, cchar(e) Ax is dense in A. For each x € Char(G), define @, : A — A by

B(a) = [ 3 @)ag(a)d.
Each @, is a continuous idempotent with range ®, = A,.
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Definition 2.4. The action of G on A is said to satisfy the spectral subspace
assumption (SSA) if the norm closure A, A% is a complemented ideal in the
fixed point algebra AY for each y € Char(G).

REMARK. A particular case of the spectral subspace assumption is if
AA; = AC for all y € Char(G). In this case we say that A has full
spectral subspaces. This is equivalent to the action of G on A being free
or saturated, [25,29]. If A = Cyp(X) for a locally compact Hausdorff G-
space X, then Cy(X) has full spectral subspaces if and only if the action of
G on X is free, [25, Proposition 7.1.12 and Theorem 7.2.6].

We define an A%-valued inner product on A by

(alb) g4 = P1(a”b) = /Gag(a*b) dg.
With this inner product, A is a right pre-Hilbert A“-module. Hence the
completion of A with respect to (+|) 4o is a right Hilbert A%-module, which
we denote by X. The Zs-grading of A defines a Zo-grading of X, which
makes X into a Zo-graded right Hilbert A%-module. The action of G on A
extends to a unitary action o : G — End 46 (X).

REMARK. Let x € Char(G), and let a,b € A,. Then a*b € A% so
(alb) gq¢ = a*b. Hence A, is closed in X, and so

Xy ={r € X : aq4(x) = x(g)z} = A,.

The following is a more general version of [23, Lemma 4.2] or [0, Lemma
2.4]. The result there is for the case G = T, but the proof is much the same
as in the general case.

LEMMA 2.5. For each x € Char(G), the map ®, : A — A extends to an
adjointable projection ®, : X — X with range A,,. Moreover,

@y)ac = Y (@) Py (y)

x€Char(G)

forallz,y € X, and the sum ZXQChar(G) @, converges strictly to the identity
on X.

Let $¢ be the trivial flat complex spinor bundle over G, with Dirac oper-
ator Dg. The left multiplication of G on itself lifts to a strongly continuous
unitary representation V on L?($5) which makes (C*°(G), L?($¢), Dg) into
a G-equivariant spectral triple, which is even if and only if dim G is even,
[30]. Then (C*®(G),(L*(8)®¢)¢, Da®c) is a G-equivariant unbounded
Kasparov C'(G)-€-module for G either even or odd dimensional.



Definition 2.6. Let X®(L?($5)®¢) be the external tensor product of X
and L?($¢)®¢, which is a Zy-graded right Hilbert A°®¢-module. Let F;
be the invariant submodule of X®(L?($5)®¢) under the diagonal action
g (2®(s82)) = ay(2)®(V,s®z2). Let Vi be the homomorphism from G into
the unitaries of £y defined by

Vig(a®(s82)) = ag(2)&(5@2).

For each x € Char(G), let p| € B(L*($g)) be the orthogonal projection
onto

L*(86)y = {s € L*(8c) : Vy(s) = x(9)s},
and define p, € Ende(L?($¢)®¢) by py(s®z) = p;(s@z.
The following result is elementary, but will be quite useful in later cal-

culations.

LEMMA 2.7. For elements of homogeneous degree, the A°®@C-valued in-
ner product on Ey can be expressed (for x1, z2 € X and sy, so € L*($5)R¢)
as

(21851|72852) gage =(—1)18 1 (Ao HdeT2)

X Z <Dx($1)*q’x(x2)®(px—151|px—182)¢-
x€Char(G)

PROPOSITION 2.8. Define an action of ®x€Char(G) Ay on Eq by

Z ay - (2®s) == Z ay TR XS,

x€Char(QG) x€Char(G)
for Zax € @ Ay, t®s € E.
x€Char(G)

This action extends to a Za-graded *-homomorphism ¢ : A — End oz (E1)
satisfying

Vig(d(a)e) = plag(a))Viy(e), a€A, e€E.

PROOF. Suppose a, € Ay and x = ZVEChar(G) x, € X, where z, € A,
for all v € Char(G). Then

laxal? =" D llaxawl? < llay)?llz)®
¢cChar(G)

by Lemma 2.5, so a, is a well-defined element of x.



Since ag(a}) = ag(ay)* = x(g)al = x*(g)as, it follows that a} € A, 1.
Hence if a,, € A, and z;®s; € F1, i = 1,2, each of homogeneous degree,
then

(x1®81 ‘ax : (x2®52))AG®¢

= (301 @Sl ‘GX$2®XS2)AG®¢

[ )deg 1 (deg 1 +dog ay+degza) (s1]x52)e

T1]ayw2) 4o ®
a $1|1?2)A ®(x 's1]s2)e
1)

*

= (=
( )deg s1-(deg z1+degay+degza) (
= (a31@x s1]22852) yoge = (ay - (4185

|2:852) yege-

So the action of @X A, on Fj defines a *-homomorphism on the direct sum
@D, Ax = End cge(E1), which extends to a *-homomorphism ¢ : A —
End jog¢(E1). That ¢ is Zo-graded and equivariant is obvious. O

Definition 2.9. Let D¢ : dom(Dg) C L*($¢) — L*($¢) be the spin Dirac
operator on GG, and let ¢ be the generator of €. Define a closed operator
D; : dom(D;) C Ey — Ej initially on the linear span of elements of the
form z®(s®z), where z € X, s € dom(Dg) and z € € are of homogeneous
degree, by

D1 (2R (s®2)) == (—1)%8%2&(Dgscz),

and then take the operator closure. Since D¢ is equivariant, this is well-
defined.

PROPOSITION 2.10. The triple (©yAy, (E1) soz¢ P1) is an unbounded
equivariant Kasparov A-AS®¢€-module if and only if the action of G on
A satisfies the spectral subspace assumption. When the action of G on
A satisfies the spectral subspace condition, we call the Kasparov module
(©xAx; (B1) go5¢: D1) the left-hand module.

PROOF. See [6, Proposition 2.9] and the preceding lemmas for a proof
when G = T. The general case requires only minor modifications, as in
[0, Chapter 5. O

We henceforth assume that the action of G on A satisfies the spectral
subspace assumption.

2.2. The middle module. Recall that G is a compact abelian Lie
group, equipped with the trivial spinor bundle $¢, and (A, H, D) is an even
G-equivariant spectral triple for a Zo-graded separable C*-algebra A. We
will now construct the middle module, whose job is to correct for the spinor
bundle dimensions between the left hand module and (A, H, D).

Let W := ($¢)., and let p : CI(T.G) — B(W) be the Clifford repre-
sentation, which is a x-homomorphism. When G is even dimensional, p



is a Zs-graded #-homomorphism, but this is not the case when G is odd
dimensional. Note that we have the #-isomorphisms Cl(7.G) = Cl,, and

ClL =~ Mydim /2 (C) if G is even dimensional
" My@ima-1)2(C) @ My@ima-1y,2(C)  if G is odd dimensional.

On the other hand,

CZdimG/Q
W = ($G)e) = { (CQ(dimG—l)/Z

if G is even dimensional

if G is odd dimensional.

Let ¢ be the generator of the C*-algebra €, as in Definition 2.3. The Zo-
graded *-homomorphism p : CI(T.G) — Endg(W®E) defined on elements
of homogeneous degree by

p(s)(w®z2) = p(s)wDete>z, (1)

is an isomorphism.

The isomorphism (1) implies that W®E is a Zo-graded Morita equiv-
alence bimodule between Cl(T.G) and €, where the left inner product is
defined by

paine) (wilws))ws = wi (walws)e.

Hence the conjugate module (W®E)*, [26, p. 49] is a Zy-graded Morita
equivalence bimodule between € and Cl(7.G).

The fixed point algebra A% is a Zs-graded right Hilbert module over
itself, and left multiplication on itself defines a Zs-graded *-homomorphism
AG — EHdAG (AG).

The external tensor product AG@(W&E)* is a Zg-graded right Hilbert
AY®CI(T.G)-module, which carries a Zs-graded representation A9®¢ —
End cgaine) (ACR(W®E)*). Since ASR(W®E)* is a Morita equivalence
bimodule, the triple

(AYRE, (A“B(WRY)") soacir.a) 0)

is an (unbounded) equivariant Kasparov A°®¢-A“&@CI(T.G)-module. The
C*-algebras and the Hilbert module carry the trivial action by G. We call
this module the middle module.

2.3. The right-hand module. To define the right-hand module we
require greater compatibility between the action o of G on A and A C A
than we have assumed so far. We say that A is a-compatible if

A, == AN A, is dense in A, for all x € Char(G).

Compatibility is implied by « restricting to a continuous action on A for
some finer complete topology on A.



Definition 2.11. For each x € Char(G), let H, = {¢ € H : V,& = x(9)¢}
be the spectral subspace corresponding to x, and define an operator D, :
dom(D) N*Hy C Hy — Hy by D,& := DE. The Hilbert space H,, inherits
the Zs-grading of H.

LEMMA 2.12. Suppose that A is a-compatible. Let AC be the fized point
algebra of A. Then for each x € Char(G), (A% H,,Dy) is an even equiv-
ariant spectral triple for AS, where H, inherits the action of G on H.

PROOF. Since G acts on H unitarily, there is an orthogonal decompo-
sition H = @D, cchar(e) Hyx- The density of dom(D) in H thus implies that
dom(D, ) is dense in H, for all x € Char(G).

The operator (1+D?)~1/2 € B(H) is self-adjoint, and since D commutes
with the action of G, so too does (1 4+ D?)~1/2, Hence (1 + DQ)_1/2|HX is a
bounded self-adjoint operator on H,, and (1 + DQ)*l/QlHX =(1+ Di)*l/2
for all x € Char(G). Hence

Fy:=D(1+D*) 2y, =D (1+D%) /2

is also a bounded self-adjoint operator on #,. Since D, = F\ (1 — Ff)_l/z,
it follows from [18, Theorem 10.4] that D, is a self-adjoint operator on H,,.

Since [Dy,a] = [D, a]|%, and a(1 + D>2<)_1/2 =a(l+ DQ)_I/Q\HX for all
a € A%, it follows that (AC, My, Dy ) satisfies the conditions of Definition
2.1, and hence (A%, H,, Dy) is an even equivariant spectral triple. O

We wish to use the operator D, to construct our final Kasparov module,
for some fixed ¢ € Char(G). However, the middle module is an unbounded
Kasparov A%-A®CI(T.G)-module, whereas (A%, H¢, D¢) is an unbounded
Kasparov A9-C-module. Hence we need a representation of Cl(7.G) on
H¢, which will define an action of A9®CI(T.G) on H¢. The conditions
we impose below on the action and the character ( ensure that we obtain
an even spectral triple for AG@)(CI(TBG), and in addition that Kucerovsky’s
connection criteria is satisfied (Proposition 3.5).

Simple examples show that H, may be trivial for any given x € Char(G),
including the trivial character x(g) = 1. We therefore impose the condition
T’Hg = H on the character ( in order to construct the right-hand module.
Choosing ¢ in this way allows us to recover the original Hilbert space H
from the three modules.

REMARK. Even if AH, = H for all x € Char(G), the positivity criterion
may be satisfied for some choices of ¢ but not for others. For an example
see Section 8.

Definition 2.13. Suppose that A is a-compatible. Let ¢ € Char(G) be
such that AHs = H, and let n : Cl(7.G) — B(H) be a unital, equivariant



Zo-graded *-homomorphism such that
1) [n(s),al+ = 0 for all s € CI(T.G) and a € A%, and
2) an(s) - dom(D¢) C dom(D) and [D,n(s)]+al; is bounded on H for all
a € ®yA, and
s € CI(T,G), where P € B(H) is the orthogonal projection onto H..
We call n the Clifford representation when it exists.

We define a Zs-graded s-homomorphism A“®&CIT.G) — B(H¢) by
(a®s) - € := an(s)¢. If A is a-compatible, the conditions on 1 and Lemma
2.12 ensure that (A°®@CI(T.G), Hc¢, D¢) is an even equivariant spectral triple
for A®, which we call the right-hand module.

REMARK. Condition 2) of Definition 2.13 is stronger than necessary to
ensure that we obtain an equivariant spectral triple for AG®CI(T8G), but
this stronger condition is sufficient to prove that Kucerovsky’s connection
criteria is satisfied.

REMARK. The conditions of Definition 2.13 are quite restrictive. For
instance, if the group acts trivially on both the algebra and Hilbert space
of (A,H,D), then Definition 2.13 requires that we have a spectral triple
(ARCUT.G),H, D), whence the class of (A, H,D) is zero. So, as an exam-
ple, the class of (C,Cc,0) in KKT(C,C) does not satisfy the conditions of
Definition 2.13.

3. The Kasparov product of the left-hand, middle and
right-hand modules.

Recall that G is a compact abelian Lie group, equipped with the nor-
malised Haar measure and a trivial spinor bundle $¢, and (A, H, D) is an
even G-equivariant spectral triple for a Zo-graded separable C*-algebra A.
Let ¢ € Char(G) and n : CI(T.G) — B(H) satisfy the conditions of Defini-
tion 2.13, so in particular A is a-compatible.

The next result can be proved with a straightforward application of
Kucerovsky’s criteria, [16, Theorem 13].

PROPOSITION 3.1. The product of the left-hand and middle modules is
represented by (Sy Ay, (E1®AG®¢(AG®(W®(’:)*))AG®@(TEG), Di®1).

To determine whether the Kasparov product of the left-hand, middle
and right-hand modules is represented by (A, H, D), we first construct an
isomorphism

U : (B18405(A°B(WBE))® seacirn.a He = Hs
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which will allow us to use Kucerovsky’s criteria, [16, Theorem 13]. We would
like to define the map ¥ on elements of homogeneous degree by

J((PENECEES

= (—p)deEwdeae N B (y)an(cme) (X perulw)é (2)
x€Char(G)

where p,, € Endg(L?($5)®€) and @, € End e (X) are the spectral subspace
projections of Definition 2.6 and Lemma 2.5 respectively.

To see that ¥ is well-defined, even on homogeneous elements, we need
to know that the sum over characters converges. This is established by the
following lemma.

LEMMA 3.2. For i = 1,2 let ((yz@mz)@(az@E))@& be an element of
(E1®AG®¢(AG®(W®¢)*))®AG®@(T5®H<. Then
<W<((y1®u1)®(a1®m))®§1>,W(((y2®u2)®(ag®@))®§2>>
= (1 Bu)B (e 807)) 81, (12812)B(028T3)) B62)

and hence ¥ is a well-defined isometry.

PROOF. Suppose that both elements are of homogeneous degree. Then
using Lemma 2.7,

< ((91@)”1)@(@1@171)) ®51, ((m@w)@(w@@))@&ﬁ
_ (_ 1)deg u1-(degy1+deg y2)+(deg ui +deg uz)-deg az+deg w - (deg a1 +deg y1 +deg y2+deg az)

x> (&, a5y (1) 0y (y2)azn (cir ) (Wi [wa(py -1 u2|py-11u1)e)) o)
xEChar(G)

= (- 1)deg u1-deg a1 +deg uz-deg as Z
x€Char(G)
<<I>x (@/1)‘1177 (Cl(TeG) (X_lprl Ul \wl))&, @X(yg)aQU(Cl(TeG) (X_lprllw |w2))§2>

= <\IJ (((y1®u1)®(a1®m))®§1> U (((m@w)@(az@@))@&) > .
The penultimate line follows from
cir.c) (wilx ' oy 1) iy (X Dy -1uz|ws)
= cir.e) (wi|wz(py-1uz|py-1u1)e),  (3)

which in turn follows from (x™'p,-1uz|x 'py-1u1)e = (py-1u2|py-1u1)e-
We have already established that the sum over characters

Z @X(y)an(@(Te(;)(X_lpx_lu!w))f
x€Char(G)
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converges. It only remains to check that ¥ is well-defined with respect to
the balanced tensor products, which is a straightforward exercise. ]

PRrROPOSITION 3.3. The map V¥ is a unitary, equivariant, Zs-graded, A-
linear isomorphism. The inverse

vl (E1®AG®¢(AG®(W®€)*))®AG®C1(T6G)HC

s defined as follows. Let (33]) 1 be a G-invariant global orthonormal frame
for 8a, and let (¢0)72, be an approa:zmate identity for AC of homogeneous
degree zero. For & € H, choose sequences (ar)je; C A and (§)72, C He
such that ap&r, — & as k — co. Then

gy I =T
)= Y Zklggoggo 1 (aR)B(x2;®1)) ©(he@1;01)) 6k
x€Char(G) j=1

PRrOOF. It is immediate that ¥ is equivariant and Zs-graded, and ¥ is
an isometry by Lemma 3.2. So it remains to show that (i) ¥ is A-linear,
and (ii) U~! is an inverse for W.

(i) Let b € A. Then

~ ~

u(b (1B EE)EE) = Y U((@u(b)yDpu)B(adm))EE)

pneChar(G)
= (~pdeerders N T @ (@u(b)y)an(cirey (X Py pulw))€
X;1€Char(G)
= (—1)desudesa Z 0,(0)2x (y)an(ciz.c) (X Py-1ulw))€

—bw ((<y®u>®(a®m)®g),

so ¥ is A-linear.

(ii) We first check that U~! is well-defined, which means checking that
the limits exist and that the sum converges. Suppose & € H, and choose
sequences (ay)p>, C A and (§)72, C H¢ such that akfk — { as k — oo,
which exist since AHC =H. Since >, cir.c (azj®1]azj®1)

n

U ST (@4 (a)B (x;81)) B (deDu; 1)) BE,

Jj=1

=Yy (ar)pen(cin.c) (@;@1|z;81)) &
j=1

= @y (ag)pekr = Pyc(ander),
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where P, € B(H) is the orthogonal projection onto H,, and

lim lim ch(ak(ﬁgfk) = klin;o ng(akfk) = chf.

k—00 £—00

Since ¥ is an isometry, this establishes that the limits exist. Moreover,

Y Peé= Y. PgE=g¢,

Xx€Char(G) x€Char(G)

so the sum converges. This calculation also shows that ¥~! is a right-
inverse for W, so that ¥ is surjective. Since WV is injective, it follows that ¥
is invertible with inverse W1, O

Now that we have the isomorphism ¥, we can use Kucerovsky’s crite-
ria, [16, Theorem 13], to determine if (A, H, D) represents the Kasparov
product of the left-hand, middle and right-hand modules. More precisely,
(A, H,D) is unitarily equivalent as an unbounded equivariant Kasparov
module to (A, (El®AG®¢(AG®(W®¢)*))®AG®C1(T60)HC7 U~loDo W), and
Kucerovsky’s criteria may now be applied to determine whether factorisation
has been achieved.

THEOREM 3.4 (The criterion for factorisation). Let ¢ € Char(G) andn :
CUT.G) — B(H) satisfy the conditions of Definition 2.13, so in particular A
18 a-compatible. Let (asj);‘:l be a G-invariant global orthonormal frame for
$¢, and for each x € Char(G), let Py € B(H) be the orthogonal projection
onto H,. If there is some R € R such that

n

Z <<D§7 (. (x ' Dalxz;)@elz;@1)) Pyct)
j=1

+ (e (X Dalxa;)Bela;B1) Pt DE) ) > RIEIR (1)

for all x € Char(G), £ € dom(D), then (A, H,D) represents the Kasparov
product of left-hand, middle and right-hand modules.

REMARK. Although [16, Theorem 13] is stated for the non-equivariant
case, it requires no modification in the equivariant case, [17].

Theorem 3.4 is proved by showing that Kucerovsky’s domain and con-
nection conditions hold under the existing assumptions. The remaining
positivity condition is precisely condition (4).

Condition (4) is essentially about whether the part of the operator D
which acts in the direction of the group G is (more-or-less) proportional to
the operator Dg. The “more-or-less” is quantified by condition (4), as is
the fact that the remaining part of the operator D should (more-or-less)
anticommute with Dg.
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In practice this condition is checkable once we have identified the Clifford
representation, as all the operators are given and computable. In the final
two sections we will see that this condition is indeed checkable when we
apply it in examples.

PROPOSITION 3.5 (The connection criterion). For each
e € E1® yag(A°RWRE)"),

let Te - He — (E1®AG®C(AG®(W®Q:)*))®AG®C1(TEG)%C be the creation op-
erator. The graded commutators

U 1loDoW 0 0 T,
0 D) \Tr 0],

are bounded for all e € Y, where Y C E1®AG®¢(AG®(W®(’:)*) is the dense
subspace

Y := span{(2®s)®(a@w) € E1®AG®¢(AG®(W®¢)*) 2 € @yAy, a € AC)

PRrROOF. Consider vectors e = (2®s)®(a&w) € Y, ¥ € dom(D¢), and
((y2t)®(b@v)) @€ € dom(¥~! oD o ), each of homogeneous degree. Then
the upper entry of the column vector

7 ) (B

is
\Ilfl oDoTo Tew _ (_1)degz+degs+dega+denge o DC’L/J
A ((CDEEn
- (_1)degz+degs+dega+degw((Z@)s)@(a@w))é\)pcw

_ (_1)degs-dega\1171 oD Z q)x(z)an((Cl(TeG) (Xile*13|w))w
XEChar(G)
_ (_ 1)deg z+deg s+deg a+deg w+deg s-deg a >

x Z ‘I)x(y)an(@(nc)(Xflprls|w))D<¢
X€Char(G)

= (-pdesdeseg=t N D,y (2)an(cyr.e) (X Py-18w)) ]9,
x€Char(G)
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and we estimate

2
H(—l)degS'dewl S Dy (an(erme) (¢ oy slw) v

x€Char(G)
= Z H[D,‘Px(z)aﬁ(m(nc)(X_lprls|w))]iP<¢H2
x€Char(G)
<[ll> Y- D ex(z)an(cirme) (X py-18w))]
X€Char(G)

where the sum converges since z € @,.4,. Hence the upper entry is a
bounded function of . For the lower entry we have

Do T; (((y&1) & (b&v) ) ®€)
=D¢ (((2®5)®(a®)| (&) S (&) sez011.0)6)
_ (_ 1)deg s-(deg z+deg y)+deg w-(deg a+deg z+deg y+deg b)+deg b-(deg s+deg t)
Z Dc(a*@x(z)*‘bx(y)bﬁ(m(ne)(X_lpx—15|w)(11(TEG)(X_lpx—lﬂv))f),

XE€Char(G)

using Lemma 2.7 and Equation (3). Let (z;)7_; be a G-invariant, global
orthonormal frame for 8¢, and let (¢,)72, be an approximate identity for
A® of homogeneous degree zero. For each y € Char(G), let ()72, C A
and (o), C H¢ be sequences such that

Jim oy = D(Sy ()b (cir.c) (X Py-1t[0))8)-
Then
T; o U loDo W(((y@t)@(b@v))@f)

— (_ 1)deg t-deg b+deg s-deg z+deg w-(deg a+deg z)

n

Y lim () (e (@) - (v B, -18)e) B ()
x,vEChar(G) j=1

_ (_ l)deg t-deg b+deg s-deg z+deg w-(deg a+deg z) >

X DD a (=) n(ero) (wl(@;81) - (xa;@1lpy-15)e)) X

x j=1
X D(‘I)x(’y)bﬁ(u(nc) (X_lpx—lﬂv))ﬁ)
where we have used
Jim @, (c)oy = lim Pycepoy = PcD(Py(y)bn(cr.c) (X py-1tlv))€)
5VXD( YW (cire (X py-1tv))€).
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Since x 'py-15 = Z?ﬂ(m]@)l) . (X$j<§>1|px—1 s)e,

Tr o U~ o Do U(((y&t)&(b&v))&E)
_ (_ 1)deg t-deg b+deg s-deg z+deg w-(deg a+deg z) Z

Xx€Char(G)

a*‘bx(z)*n(Cl(TEG)(w’Xﬂprl 3))D<‘I’x(y)b77 (Cl(TeG) (Xflprlt|v))§)-
Hence the lower entry is

D¢ o T (((y&t) @ (b@v) ) BE)
_ (_1)deg z+deg s+deg a+deg wTe* o \I’_l oDo W ( ((y@t)@(b@v)) @g)
(_ 1)deg s-(deg z+deg y)+deg w-(deg a+deg z+deg y+deg b)+deg b-(deg s+deg t) Z

x€Char(G)
X D¢ (a*‘px(z)*@x(y)bn(m(nc)(Xflprls\w)m(nc) (Xﬁlprlt\v))f’)
o (_ 1)deg z+deg s+deg a+deg w+deg t-deg b+deg s-deg z+deg w-(deg a+deg z) Z
x€Char(G)
x a*®y (2) n(cir.c) (w\Xflprls))D(‘I’x(y)bﬁ(@(na)(Xflprlﬂ’”)ﬁ)

_ (_ 1)deg t-deg b+deg s-deg z+deg w-(deg a+deg z)

X Z D, a*¢x(2)*ﬁ(c1(nc) (w‘XPXS))]ﬂ:(I)x(y)bn(CI(TEG) (prt‘v))f.
x€Char(Q)

The sum ercmr(G) @, (y)an (Cl(Teg)(X_lpxﬂﬂw))f converges since ¥ is an
isometry, so

Z D, a*(px(z)*n((Cl(TeG) (’w|X71PX*1 3))]i X
xEChar(G)

x ©\ (1)bn(circ) (X py-1t|v))€

- (Z PC[D?G*QV(Z)*W(Q(TSG)(w\l/_lpl,13))]i> X
<Zq> )on(cicrcy (X py-1tlv)) )
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Thus we can estimate the lower entry by

Z [Daa*q)x(z)*n((Cl(TeG)(w|X_1pX—15))]iX
x€Char(G)

2
X %(y)bn(@(na) (X_le71t|v))f

2
X

Z Pe[D,a*®,(2)*n(cir)(wlv ' p,-18))]+

X ZHCI’ v (cr.c) (X py-1tv) )SH

2
X

Z Pe[D,a*®,(2)" n(cin)(wlv ' p-18))]+
v€Char(G)

< || (wEnB &) ¢,

since W is an isometry. We note that
Z Pe[D,a*®,(2) (e (wlv ™' p,-15))]+
veChar(QG)

is a finite sum of bounded operators and hence is bounded. Therefore the
lower entry is a bounded function of ((y®t)®(b&D))&E. O

LEMMA 3.6. Let (azj)?zl be a G-invariant global orthonormal frame for
$¢, let Dg be the Dirac operator on 8¢, and let Py, € B(H) be the projection
onto H, for x € Char(G). Then

Vo (Di@)Rlow ' = Y Z 1(cima) (X Dalxa;)@elz;@1)) Py
x€Char(G) j=1

PROOF. Let ¢ be the generator of €, let £ € dom(¥ o (D;®1)®10 ¥~1),
and choose sequences (ay)3>; C A and (&)72, C H¢ such that apéy — £ as
k — oco. Then

To (131@1)@1 oUle

=U ) Zklglgloo —1)18 % (D, (ax)D(Dar (x;)2¢) ) B(PeDa;®1)) Bk
x€Char(G) j=1

= Z thﬁmn (X "D (xx;)@c|7;01)) @y (ar )k

x€Char(G) j=

= Z Z n(ewr.a) (X~ "Da(x ) ®e|z;01)) Pyt

x€Char(G) j=
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PROPOSITION 3.7 (The domain criterion). For all p € R\ {0}, the re-
solvent (ip + D)~' maps the submodule C°(V o (D1®1)®1 o U)K into
dom(¥ o (D;®1)®1 0 U~ 1),

PROOF. By Lemma 3.6 and the compactness of (1 + Dg)~V/2, if £ €
O (W o (D1®1)®1 0 U1, then P& = 0 for all but finitely many y €
Char(G). Since (ip + D)~! commutes with the action of G, it preserves
H,, for all y € Char(G). Hence if £ € C®(¥ o (D;®1)®1 0 U~H)H, then
Py (ip+ D)~ = 0 for all but finitely many x € Char(G). Lemma 3.6 then
implies that (iu 4+ D)~ € dom(¥ o (D1®1)&1 0 T, O

Since the connection and domain criteria of [16, Theorem 13] are satisfied
(Propositions 3.5 and 3.7 respectively), Theorem 3.4 is proved by combining
the remaining positivity condition with Lemma 3.6.

4. Factorisation for an odd spectral triple.

Recall that G is a compact abelian Lie group, equipped with the nor-
malised Haar measure and a trivial spinor bundle $5. However, suppose
that rather than an even G-equivariant spectral triple, we instead have an
odd G-equivariant spectral triple (A, H, D).

The K-homology class of an odd spectral triple is defined by associ-
ating to it an even spectral triple. Let v = (§ %) € B(C?), and equip
C? with the Zs-grading defined by v. Let ¢ be the generator of the Clif-
ford algebra Cly, and define a Zs-graded *-homomorphism Cl; — B(C?) by
¢ (94). Equip A®Cl; and H®C? with the obvious actions by G. Let
w= (Y77) € B(C?. Then (A®Cl;, H®C?, DRw) is an even G-equivariant
spectral triple. The class of (A,H,D) in odd K-homology is defined to
be [(A®Cly, HEC?, DRw)] € KKg(A®Cl;,C) = KKL(A,C), [, Prop.
IV.A.13].

We make the following definition analogously to Definition 2.13.

Definition 4.1. Let (A, H, D) be an odd, G-equivariant spectral triple for
a trivially Zs-graded separable C*-algebra A, and suppose that A is a-
compatible. Let ¢ € Char(G) satisfy AH; = H, and let  : CLl(T.G) — B(H)
be a unital, equivariant x-homomorphism such that
1) [n(s),a] = 0 for all s € CI(T.G) and a € A®, and
2) an(s) - dom(D¢) C dom(D) and (Dn(s) — (—1)4°&py(s)D)aP; is bounded
on H for every a € @Ay, s € CI(T.G), where P: € B(H) is the orthogonal
projection onto H.

We define a Zy-graded *-homomorphism 77 : CI(T,G) — B(H®C?) by
7i(s) = n(5)@w8°, where (1(s) B ) (€Bv) = 5(s)EDwieE 0.

It is easy to see that the pair ({,7) satisfy the conditions of Definition
2.13 for the even G-equivariant spectral triple (A®Cl;, HOC?, DEw).
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The next result follows easily from Theorem 3.4 applied to the even
G-equivariant spectral triple (A@(Cll,H@(CZ,D@w).

THEOREM 4.2. Let (A, H, D) be an odd, G-equivariant spectral triple for
a trivially Zo-graded C*-algebra A, and let ¢ € Char(G) and n : CI(T.G) —
B(H) be as in Definition 4.1, so in particular A is a-compatible. Let (x;)7_,
be a G-invariant global orthonormal frame for $¢. If there is some R € R
such that

n

> <<D§7 (i) (X ' Dalxz;)@elz;@1)) Pycé)
j=1

+ (n(exr.c) (X Palxa)Belz;81)) Pt DE) ) > RIé)

for all x € Char(G), £ € dom(D), then the odd spectral triple (A, H, D) rep-
resents the Kasparov product of the left-hand, middle and right-hand modules
for (ARCly, HRC? DEw).

5. The #-deformation of a T"-equivariant spectral triple and
factorisation.

Given a T"-equivariant spectral triple (A, H,D) and a skew-symmetric
matrix 6 € M, (R), one can construct the #-deformed T"-equivariant spectral
triple (Ag, Hg, Dg). We show that if factorisation is achieved for (A, H, D),
then it is also achieved for (Ag, Hg, Dy).

We first recall the construction of a 6-deformed T"-equivariant spectral
triple, [9,28].

Definition 5.1. Let 6 € M, (R) be a skew-symmetric matrix. The noncom-
mutative torus C(T™)g is the universal C*-algebra generated by n unitaries
Ui,...,U, subject to the commutation relations U;U, = eQmeﬂ'kUkUj for
5, k=1...,n.

The noncommutative torus C(T")y carries an action by the n-torus T,
which is given by t - U; = e2mit! Uj, where t = (t},...,t") € T" are the
standard torus coordinates.

Definition 5.2. Let A be a Zs-graded C*-algebra with an action a by T"™.
Let 6 € M, (R) be a skew-symmetric matrix, and equip the tensor product
ARC(T")y with the diagonal action t - (a®b) = ay(a)®(t - b) by T™. The
6-deformation of A is the invariant sub-C*-algebra Ay := (ARC(T")s)™".

The 6-deformation Ay carries an action o?) by T™, given by ai") (a@b) =
o (a)®b.
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Definition 5.3. Let H = H° @ H! be a Zy-graded Hilbert space with
a strongly continuous unitary representation V' : T"™ — U(H) such that
Vi-HI c HI fort € T, j € Zo. Let € M,(R) be a skew-symmetric
matrix. Viewing C(T")g as a right Hilbert module over itself, form the
Zs-graded right Hilbert C(T™)g-module H&C(T™)y. This module carries
an action by T™, given by t - (£&b) = Vié®(t - b). The 0-deformation of H
is the Zy-graded Hilbert space Hy := (HRC(T")g)™". We define a unitary
represenation V@) : T" — U(H,) by V;(Q) (£Rb) = V,£®b.

We now define the 6-deformed T™-equivariant spectral triple (Ag, Ho, Dp).

Definition 5.4. Suppose that A is a-compatible. Let (A, H,D) be a T"-
equivariant spectral triple, and let 8 € M, (R) be skew-symmetric. Repre-
sent Ag on Hp by (a®b)(£®c) = al@be (for a € A, b € C(T™)y), and setting
Uk .= U ..Uk for k € Z7, let

Ay = span{ak@)Uflc €Ag:ar € ANAg, keZ"}

which is a dense sub-s-algebra of Ay compatible with o?), and define an
operator Dy on Hg by Dy(E&b) = DERD for £ € dom(D). Then (Ag, Hg, Dg)
is a T"-equivariant spectral triple for Ay, which we call the 0-deformation

of (A, H,D).

PROPOSITION 5.5. Let A be a C*-algebra with an action by T", and
let 0 € M,(R) be skew-symmetric. Then Ay satisfies the spectral subspace
assumption if and only if A does.

PROOF. Let 1 : AT" — A" be the x-isomorphism ¢ (a) = a®1. Then
w(AkA;;) = (Ag)k(Ag)z for all k € Z™. ]

Definition 5.6. Define a unitary isomorphism w : H — Hg by

u (Z &) = GaUu*

kezn kezn

This isomorphism intertwines the actions of T, so that u : H;, — (Hg), for
all £ € Z"™.

Given n : CI(T?) — B(H), define 1y : CI(T?) — B(Hg) by na(s) =
uon(s)ou*.

PROPOSITION 5.7. The pair (€,n9) satisfies the conditions of Defini-
tion 2.13 for (Agp,Hg,Dy) if and only if (¢,n) satisfies those conditions
for (A, H,D). Consequently (Ag, Ho, Dy) factorises if and only if (A, H,D)
does.
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PROOF. If £QU ¢ € (Hg), and a®U " € (Ay)x are homogenous, then
(a@UF)(ERU ) = Xaé@UF* for some A € U(1). Hence Ag(Hg), = H if
and only if AH, = H.

Recall the *-isomorphism ¢ : AT" — AT", ¢(a) = a®1. Then u(af) =
Y(a)u(€) for all a € AT, € € H. Hence uo[n(s),al+ou* = [ne(s),v(a)]+ for
all s € CI(T?), a € A™, so Condition (1) is satisfied for the #-deformation
if and only if it is satisfied for the original spectral triple.

By construction, ®x(Ag)x = Ag. Let a®U* € (Ap) and let s € CI(T?).
If EQU " € (Ho), then u* ((a®U*)ng(s)(€RUF)) = Aan(s)¢ for some A €
U(1). Since Dy = uo D owu*, it follows that an(s) - dom(Dy) C dom(D) for
all @ € @Ak, s € CI(T?) if and only if bng(s) - dom((Dy)e) C dom(Dy) for
all b € Ay, s € CI(T?).

Let a®U " € (Ap)g, and let s € CI(T?). Then

u* o [Dg,n9(5)]+(a®UF)Pyou = \[D,n(s)]+aP,

for some A € U(1) depending on k, ¢ and 6. Therefore (¢,n) satisfies Condi-
tion (2) if and only if (¢, 7g) satisfies Condition (2).

Since Dy = uoDou* and 1y = uonou*, clearly the factorisation criterion
(Theorems 3.4, 4.2) is satisfied for (¢,7g) and the #-deformed spectral triple
if and only if it is satisfied for (¢,7n) and the original spectral triple. O

6. Factorisation of a torus-equivariant Dirac-type operator over
a compact manifold.

Throughout this section, let (M, g) be a compact Riemannian manifold
with a smooth, free, isometric left action by the n-torus T™, and let S be a
(possibly Zs-graded) Clifford module over M. We suppose that that either
(i) the action of T™ lifts to an action of S, or (ii) the action of T" on M by
the double covering T™ — T™ lifts to an action of .S, so that in either case S
is a T™-equivariant Clifford module, [3, p.186]. The reason we include both
these cases is that if S is the spinor bundle over M, then either the action of
T™ or that of its double cover lifts to an action on the spinor bundle, making
the spin Dirac operator into a equivariant Dirac operator, [!, Proposition on
p. 22]. This more general setting will be necessary to deduce a particular
case of the Atiyah-Hirzebruch theorem in Corollary 7.2.

REMARK. The results generalise easily to an action via any finite cover-
ing of T™, but in the interest of readability we restrict ourselves to the single
or double cover.

We suppose that the equivariant Clifford module S is equipped with a
T"-equivariant Clifford connection V. Then (C*(M), L?(S), D) is a T"-
equivariant spectral triple, where D is the associated Dirac operator on S.
The spectral triple is even if S is Zo-graded; otherwise it is odd.
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We will show that (C°°(M), L?(S),D) can always be factorised. If the
torus action is free, C'(M) has full spectral subspaces (a special case of the
spectral subspace assumption) by [25, Thm. 7.2.6]. If the torus action is
via the double cover, then it is no longer free, but the spectral subspace
assumption is still satisfied. This is because the non-zero spectral subspaces
of C(M) are precisely the spectral subspaces of C'(M) under the original
torus action. Hence C(M),C(M); = C(M)™ if k/2 € Z", and C(M);, =
{0} otherwise. We show that the remaining two conditions for factorisation
(that is, the existence of the Clifford representation 1 : C1(T?) — B(L?(S))
and the positivity criterion) are satisfied in turn. Compatibility of C*°(M)
with the action is satisfied since we assume the action to be smooth.

REMARK. A particular case of this situation is when the Dirac operator
D on the total space M is constructed from a spin structure on the base
space M/T™, as in [3, p. 335]. In this case D is constructed as a Kasparov
product and so it is not difficult to see that factorisation occurs.

6.1. The Clifford representation. We require a character ¢ € Z™ and
a map 1 : CI(T?) — B(L?*(S)) satisfying the conditions of Definition 2.13
(or Definition 4.1 if S is trivially graded). The following lemma shows that
any ¢ € Z"™ satisfies the condition if the action is free (resp. ¢ € 2Z" if the
action is via the double cover), and indeed factorisation is achieved for any
choice of ¢ (resp. ¢ € 2Z™).

LEMMA 6.1. Let N be a Riemannian manifold with a smooth free left
action by the n-torus T, and let F' be an equivariant Hermitian vector

bundle over N. Then Co(N)L2(F), = L*(F) for all £ € Z™.

PROOF. Since L*(F) = @yezn L*(F)k, it is enough to show that the
subspace Co(N)g_¢L?(F), is dense in L?(F);, for all k € Z". We show that
Co(N)g_Le(F)y = To(F)y for all k € Z, which since T'o(F) is dense in L?(F)
proves the result.

Let £ € T'o(F). Since & has compact support, there is a finite collection
of open sets (U;)Y.; which cover the support of £, such that U; = 7(U;) x T"
as T"-spaces, recalling the quotient map 7 : N — N/T". Let (¢,)"_, be
an invariant paritition of unity for Ufi 1 Ui subordinate to (U;)Y ;. For each
i=1,...,N,let f; € Co(m(U;)) be a function such that (fjom)¢p; = fiom, and
let a;, b; € Cy(U;) be the functions corresponding to f;®xx_¢ and f;@xp— re-
spectively under the equivariant x-isomorphism Co(U;) = Co(7(U;))@C(T™).
Note that b;a;¢; = ¢; and a;§ € T'o(F)g, so § = sz\il 0§ = Zfil bia; ;& €
Co(N)g—eLe(F)g. O

We will assume that ¢ € Z™ (resp. ¢ € 27Z") is fixed from now on.
This choice does not affect the factorisation. This means we could choose
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¢ = 0 for convenience, but we will leave ¢ arbitrary in order to show that
factorisation is achieved for all choices of /.

Next we define the map n : CI(T?) — B(L?(S)). First recall that
the fundamental vector field X() e I'°(T'M) associated to v € T,T" is
Xg(cv) = %exp(tv) . m}t:O. Since the original action of the n-torus T" on
M is free, the fundamental vector field of a non-zero vector in T,T" is non-
vanishing. The fundamental vector field map and the canonical isomorphism
TM = T*M define an equivariant, Zs-graded map T.T" — I'°(T*M).
However, this map need not be an isometry and hence need not extend
to a x-homomorphism Cl(T7}) — I'*°(CI(M)). We will modify this map
to obtain a x-homomorphism. For j = 1,...,n, let X; € I'°(TM)T"
be the fundamental vector field associated to % € T.T"™. Observe that
{X1(x),...,X,(z)} is a linearly independent set for every x € M. For each
x € M, let W(z) = (ij(x))?kzl € M,(R) be the inverse square root
of the positive-definite matrix (g(X;(z), Xx(x)))7 ;. Letting z vary, we
obtain functions W7* € C°(M)™ for j,k=1,...,n. Let

n
ve =Y XWHer>(Tm™, k=1,...,n, (5)
j=1

where TM — T*M, X — X’ is the canonical isomorphism. Then the
set {vi1(z),...,vn(z)} is orthonormal for all x € M. We call the functions
Wik ¢ c=(M)™, j, k =1,...,n the normalisation functions.

Definition 6.2. The map

n
T.T" 5 dtF s —vp = =Y X;W* e T(T*M)™"
j=1

is now not only equivariant and Zg-graded (when S is Zg-graded), but is also
an isometry. It therefore extends to a unital *-homomorphism 7 : CI(T?) —
'>°(CY(M)) C B(L*(S)).

REMARK. The action of the torus on sections of the Clifford module S
is Voxp(ro)u(z) = exp(tv) - u(exp(—tv) - x), explaining the appearance of a
minus sign in the definition of 1. So the more natural convention to define

) )

7 is to use the vector field v = % exp(—tv) - a:}t:O =X

As functions are central in the endomorphisms, 7 satisfies Condition 1)
of Definition 2.13, so it remains to check Condition 2). Since the image of
n consists of smooth sections of CI(M), n(s) - dom(D) N L?(S), C dom(D)
for all s € CI(T?). Before showing that [D,n(s)]+P, is bounded for all
s € CI(T?), we prove a lemma.
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LEMMA 6.3. Let N be a Riemannian manifold, and let G be a Lie group
acting smoothly by isometries on N. Let F' be an equivariant Hermitian
vector bundle over N. This defines a unitary representation V : G —
U(L3(F)).

Let v € g, and let X*) € T°°(TN) be the fundamental vector field as-
sociated to v. Define a one-parameter unitary group on L*(F) by v,(t) =
Vexp(tv)- Let A be the infinitesimal generator of 7y, characterised by v, (t) =
e, Then
1) A:T®(F) - I'*°(F), and
2) A+ V yw € I'*°(End(F)) for any connection V on F.

In particular, if N is compact, then iA + Vyw € B(L*(F)) for any
connection V.

PROOF. Let u € I'*°(F'). Working on a local trivialisation of F', we can
view u as a CF-valued function on N. Since 7, (t)u(x) = exp(tv)-u(exp(—tv)-
x), in this trivialisation,

d
iAu(z) = —7(thu(z)| = Bu(z) — X" (u),
dt t=0
where B € My(C) is the derivative at ¢ = 0 of the curve t — exp(tv) €
M},(C). This shows 1) and 2), since if V is a connection then locally V y) =
X®) 4w, where w is a locally-defined Mj,(C)-valued function on N. O

The next result shows that the pair (¢, 7n) satisfy the remaining condition
(2) of Definition 2.13.

PROPOSITION 6.4. Let n be as in Definition 6.2 and { € 2Z" (or { € 27"
if the action is via the double cover of T™). Then the graded commutator
[D,n(s)]+P; is bounded for all s € CI(TZ).

PRrooF. For j =1,...,n, let X; be the fundamental vector field associ-
ated to %, and let v; = ;. X, W¥ be the normalised vector field as in

Equation (5). Let U C M be an open set such that M|y is parallelisable,
and choose vector fields (wy, ..., wm—pn) C I'*°(TU) (where m := dim M)
such that (vi,...,vn,w1,..., Wn_y) is an orthonormal frame for TU. We
can locally express the Dirac operator D as

n

Dly =) c())Vy + D c(w)Vy,,
=1

J=1

where v — v is the isomorphism TM — T*M determined by the Rieman-
nian metric, and ¢ denotes Clifford multiplication.

Since the C*-algebra C1(T?) is generated by (c(dt®))?_,, we need only
show that the anticommutator {D, C(U?)}Pg is bounded for j = 1,...,n. Let-
ting VLC be the Levi-Civita connection on 7% M and using the compatibility
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between V2 and VX, we have

(D, c(o))tu =Y c(w)e()) V5, + Y e(w))e(v)) Z (Vi)
=1 1=1

+§m:c VLC " +§":C )V;i —|—Zc(v")c(wb)vs
i=1

m

= —QVS + Z VLC b) + Zc(w?)c(ijzcvg)

i=1

The second and third terms are smooth endomorphisms which are indepen-
dent of the choice of (fi,..., fm—n), and so globally

{D, c(v?)} = —2V5j + bundle endomorphism

n
= -2 Z wki Vik + bundle endomorphism.
k=1
Since M is compact, every endomorphism is bounded, and so it is enough
to show that V*;(ng is bounded. By Lemma 6.3, V}g(j = —iA; + w for
some w € I'*°(End(S)), where A; is the infinitesimal generator of the one-
parameter unitary group s — V, . 2 € U(L?(S)). Since

exp(s

0
exp(s%) (0,...,0, sh,O,...,O), s €R,
jt

Vexp( sy = = kezn € e2™ski P where we note that P, = 0 if the action is by

the double cover of T" and k ¢ 2Z". Hence A; = ;7. 27k P}, and thus
Vg(jpg = —iAng +wh = —QWiijg +why
is bounded, and so we have shown that {D, c(v?)}Pg is bounded. O

6.2. The positivity criterion. Now that we have a pair (¢, ) satisfying
the conditions of Definition 2.13, it remains to check the positivity criterion.
To this end we derive an explicit formula for ¥ o (D;®1)®1 0 U1, recalling
from Equation (2) the isomorphism

W (E1®0(M)T"@@(C(M)Tn®(W®€)*))®C(M)T”@Cl(Tg)LQ(S)E - L2(5)7
where we recall W = ($1n)e.

LEMMA 6.5. For j = 1 ,n, let X; € T°(TM) be the fundamental
vector field associated to (w € T T, wzth corresponding covector field X
and let A; be the infinitesimal generator of the one-parameter unitary gmup
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0y € U(L%(S)). Let Wik ¢ C=(M)™" be the normalisation
ot
functions. Then

exp(t

Vo (Di@1)@1o W = —i Y We(X))(A; — 2mLy)
7,r=1

PROOF. Let (:U,,)zL 1/ ! be an invariant, global orthonormal frame for $1n,

corresponding to some orthonormal basis for ($1»).. By Lemma 3.6,

oln/2]
Vo (Di@)®1o W = > " n(cirs) (X " Drn (Xt )Be|z,81)) P
kezr r=1

Since we are using the trivial flat spinor bundle over T", Drna, = 0 for all
r, and

j=1
Recall 1 : CI(T?) — B(L?(S)) is defined by c(dt’) — — 3", c(X2)W'.
Hence

oln/2]

Vo (Di@D)@1o T =2mi) > > kyn(eyrs (c(dt))a, Be|z,&1)) Prye
kezZn r=1 j=1
oln/2l 4

=2mi » Y Y kn(e(dt))n(cyrn) (2, 81|2,81)) Peys

kezr r=1 j=1

=—2mi ) Z kej WP e(X)) Poye = —i Z We(X2)(A; — 2nl;).
k j,p=1 j,r=1
O

THEOREM 6.6. The positivity criterion is satisfied; that is there is some
R € R such that

(DE, Vo (D1®1)&1 0 T1E) + (Vo (D1®1)&1 0 U1, DE) > RIE|

for all € € dom(D) N ¥(dom((D;®1)&1)). Thus (C>®(M),L*(S),D) fac-

torises.

PrOOF. For j =1,...,n, let X; € I'*°(T'M) be the fundamental vector
field corresponding to g7z € TeT", and let v; = Zz 1 Xp WPJ be the nor-
malised vector field as 1n Equatlon (5). Let U C M be an open set such that
M|y is parallelisable, and choose vector fields (wi, ..., wp—y) C T'°(TU)
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(where m := dim M) such that (vy,...,vp, w1,..., Wn—p) is an orthonormal
frame for TU. Recall that we can locally express the Dirac operator D as

D|U_Z VS+Z

J=1

Since M is compact, by using a partition of unity it is enough to prove the
positivity for sections with support in an open set V with V' C U.

Let A; generate the one-parameter unitary group s Vexp( €

5.7)
atd
U(L*(S)) for j = 1,...,n. Then for ¢ € dom(D) N ¥(dom((D;®1)®1))
with support in V,

(DE, T o (D1®1)®10 U 1) + (Vo (D1®1)®1 0 U1, DE)
- Z < VS & —ic(v )(Ap — 27T€p)§>

3 (elwh) V3, & —ic(uy) (A, = 2m4,)¢)
+ Z <—ic (vp)(Ap — 27Ly)E, c(v;)ij§>

+ Z <—ic(v;)(,4p — 2nl,)E, c(w;)vgjg> .

Given X € T°(T'M), the (formal) adjoint of Vy is (V5)* = —V% —div X.
Using the compatibility between V* and the Levi-Civita connection VZ€
on T* M, we compute

(DE, T o (D1®1)B1 0 U 1) + (T o (D1®1)®1 0 U1, DE)
= 4mi Y (kj — &) <5, vﬁjpk5> —2mi > (ky — )%

X (<§, (C(Vﬁjcvl;)c(v;) + c(vg)c(vqucvz) + (div vj)c(v;)c(v;))Pk§>

+ (& (Vi weley) + e(wh)e(VE v)) + (divwﬁc(w;)c(v;))Pkf}).
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Let wj = V}g(j +iA; € I'°(End(S)), as in Lemma 6.3. Since A; P, = 27k; Py,

(D¢, T o (171@51)@1 0 \1/—1§> + (¥ o (D1®1)®1 0 U1, DE)
=817k ) (& WIPPL) + 4mi > (kj — £7) (€, WPw, Pi&)
—2mi Z(k‘p - Ep)x

x(<£, ((TE W) e(u)) + (6] e(VEC o)) + (divey)e(v)e(v))) Pec)
+ (& ((VETub)e(w)) + c(w) e(VE ) + (divac(wz)c(v;))Pkf}).

We estimate:

(DE,W o (D1&1)&1 0 ULE) + (¥ o (D1®1)@1 0 U~L¢, DE)
> 872 Z kp(kj —£5) <Pk5, ijpk§> - Z kp — £p|Cp (Pr§, Pi)

Jspsk .k

for some constants C), € [0,00), p=1,...,n, which are based on the norms
of the endomorphisms such as W/Pw, and (div wj)c(wlj’-)c(vg) on the compact
set V.

For x € M, let A\(x ) > () be the smallest eigenvalue of the positive-definite
real matrix (W7P(z Npg=1- Then 7% kjk, WIP(z) > X(z) > k2, and

J,p,q=1 j=1"%5
SO we can estimate

(DE,W o (D1@1)@1 0 ULE) + (W o (D1@1)B1 0 U™L¢, DE)
> 8% inf {A( }Zk:2||Pk§||2

]7p

~ 872nsup {wp\ sup (W77 (@) } } S el Pt
‘ zeM r.k

=Dk = GIC P
DN O WD NCED S [EXR
kezn J J J
where we have relabelled some constants and set d := sup,{C}. Since M is

compact, the constant a = 872 inf e {\(2)} is strictly positive, and so the
function

Q:7Z" > R, Q) =ad ki —bY |kl —d> [k~
J J J
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is bounded from below by some R € R. Hence

(DE, T o (D1®1)®10 U 1) + (Vo (D1®1)®1 0 U1, DE)
>R |IPEIIP = Rl

kezm

O]

6.3. The constructive Kasparov product for manifolds. Recall
that (M, g) is a compact Riemannian manifold with a free, isometric left
action by T, (S, V®) is an equivariant Clifford module over M with Dirac
operator D, for either the free action of T" or via the double cover T — T",
and £ € Z" (resp. £ € 27") is fixed.

We have seen that (C*°(M), L?(S), D) represents the product of the
unbounded Kasparov modules

(@kC (M), (B1@¢aymm 5 (C(M) T B(WEE))) o ary sea(rny» P1®1)

(the product of left and middle modules) and (C°°(M)™ &CI(T?), H, D)
(the right-hand module). We now show that the constructive Kasparov
product [1, 14,21] can be used to produce a representative of the product
of these two cycles. The representative thus obtained is unitarily equivalent
tol (C*°(M),L?(S),T) for some self-adjoint, first order elliptic differential
operator T on S. If the orbits of T" are embedded isometrically into M,
then T is a bounded perturbation of the original operator D.

Definition 6.7. Let G be a compact group, and let A and B be Zo-
graded C*-algebras carrying respective actions o and § by G. Let E4
be a Zo-graded right Hilbert A-module with a homomorphism V from G
into the invertible degree zero bounded operators on E such that Vj(ea) =
Vy(e)ag(a) for all g € G, a € A and e € E, and let (A, Fp,T) be an un-
bounded equivariant Kasparov A-B-module. There is a natural action of G
on E®4Endg(Fp) given by g - (e®B) = Vg(e)®UgBUg_l, where U is the
action of G on Fg. A T-connection on E 4 is a linear map V from a dense
subspace €& C E4 which is a right .A-module into E® 4 Endp (Fp), such that
g-V(e) =V (Vy(e)) forall g € G, e € E, and

V(ea) = V(e)a + (—1)38%eR[T, a], ecé ac A (6)

'Here we replace the algebra @,C(M) by ®xC (M), and even by C°°(M). The
distinction between these algebras is unimportant for K K-classes, but may produce
differences for (unitary equivalence classes of) spectral triples, where the choice of
smooth algebra enters. We will ignore numerous subtleties involved in the choice of
smooth algebra, which is harmless in the context of first order differential operators on
compact manifolds.
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We define a closed operator 1®y7 initially on span{e@ free & f ¢
dom(T)} C E®AF by

(1&VT)(e®f) = (~1)* T + V(e) /.

The equivariance of V ensures that 1&v7 is equivariant. We say that V is
Hermitian if

(e1]Ve2)Endp(rp) — (Veile2)ena(ry) = (—1)%8(T, (e1]ea) als, e1, e2 € E.
If V is Hermitian, then the operator 1&¢7 is symmetric.

Let x € M. Choose tangent vectors (vi,...,VUmn—yn) Spanning the sub-
space span{Xi(z),..., X,(z)}*+ C T, M, where we recall that X is the fun-
damental vector field associated to % € T,T". Let(z!,... 2™ y', ..., y™ ™)
be the geodesic normal coordinates around z corresponding to the tan-
gent vectors (Xi(z),...,Xn(x),v1,...,Um—pn). There is a neighbourhood
U of z and V of e € T™ such that U = n(U) x V as T"-spaces, where
m: M — M/T" is the quotient map (if the action is free we may take
V = T"), so the standard coordinates (t!,...,#") € (0,1)" on T" give
us coordinates (t',...,t" ', ..., 4™ ™) in a neighbourhood of z. Since
9(Xj(x),vp) = 0 and X; = %, it follows from the fact that a geodesic
is orthogonal to one orbit of T™ if and only if it is orthogonal to every orbit
of T™ that it intersects, [27, Prop. 2], that g(%, %) = 0 on the coordinate
chart for j=1,...,n,p=1,...,m—n.

Let (Ui)f\il be a finite cover of M by such coordinate neighbourhoods,
and for each k € Z", i =1,..., N, define x; € C*(U;) by

Xi,k(tlv ot y17 o 7ym7n) _ e—27ri i k:jtj.
Observe that if ¢ € C(M)y, has support in U;, then gxz.—,kl c C(M)™. Let
()Y, be an invariant partition of unity subordinate to (U;)¥,, and for
each i = 1,..., N, let ¢; € C°°(M) be an invariant function with support

in U;, such that ¢; is 1 in a neighbourhood of supp ¢;.
Then for f € C(M),

O(f) = Z di)i®i(f) = Z GiXi ke (Pr(F)ViX)-

Let (xr)?jl/ * be an invariant orthonormal frame for $1» of homogeneous
degree, such that z; is of even degree (in the case $1n is Zs-graded). Then
given ((f&u)®(h@w))®E in

(E1@¢arym 5e(COM) T 8(WEE) )@ prymm geieny L7 (S)e,
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we may write

oln/2] N
(fEwBhem)BE =Y Y > (dixir®(ue,21)2(182:@1)) (7)
kezn r—1 i=1
@J‘Pk(f)wixgéhn((m(ﬂrg)(331@(967«@1’X;;lpxglu)dw))@

Define a Dj-connection on El@C(M)TTL@c(C(M)Tn@(W@C)*) by

V((f&u)®(hew))
oln/2] N

=) Z(_l)degzr((QsiXi,k(/X\)(Xkl‘r@l))@(1@@))

kezr r=1 i=1
® (D, ‘I’k(f)wixi_,zihﬁ(m(qrg)(3?1@(%@1|X;1PX;1U)¢\UJ))] "

That V is equivariant and satisfies Equation (6) follows from Equation (7).
Since V is built from a frame, [21], it is also Hermitian.

Writing 1&y D, = (1@1)&5ng and D1®1 = (Dﬂ}él)@l for short, the fol-
lowing result shows that the constructive Kasparov product yields a spectral
triple.

THEOREM 6.8. For j = 1,...,n, let X; € (M) be the fundamental
vector field associated to % € T.T". Let (hjr)fp—y = (9(Xj, X)) ko1
(R7*) = (hj1) ™Y, and let (ij)?kzl be the normalisation functions. Then

n
Vo (1®sz + 91@51) oW =D+ Y (W - )e(X2)VS, + B,

Jr=1

where B € T'®°(End(S)). Thus ¥ o (18&vD; + D1®1) o U~ is a first or-
der, self-adjoint, equivariant, elliptic differential operator. Hence the data
(C®(M), L*(S),V o (1&yDy + D1®1) o U 1) defines an equivariant spec-
tral triple representing the Kasparov product (which is also represented by
(C(M), LX(S), D) .

PROOF. Given & € L2(S),

vl(E) = Z Z Z (Yixip—e® (XL e ®1)) D(102,®1)) x4 -k hi Pt

i=1 keZ™ r=1
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Using this we can compute

oln/2] N
VolRyDroW™ =" 3" > (=1)* " ¢ixs pen(ciy) (2,21 |21 81))
kezn r=1 ij=1
x [D,ix;, k—ﬂ/’iX;kl_gn((Cl(T" (@1&1]2,®1))] , xj.0-r$i Pr
oln/2]
+Z Z Z szzk 677(((31 T (xr®1‘xr®1))DXz£ k¢sz
i=1 keZ™ r=1
oln/2] N

= Z Z Z(_1)degwr¢iXi,k7€77((Cl(’ll‘g)(ffr@l‘l'l@l))

kezZr r=1 ij=1
x [D, @Z}ij,k—N/}iX;]i_gn((Cl(Tg)(zl@)”xr@l))] L X5,0-kPi Pk

N
+) D Xik—e[Ds Yixio-Kl$iPr + D, (8)

1=1 keZ"

where we have used Zrml/ : (Cl(qrg)(:rr@)l\xl@l) =land YN ¢ = 1. Let [

denote the first term of Equation (8). By several applications of the graded
commutator relation [a,bc]+ = (—1)98%[a, c]+ + [a, b]+c, the first term of
Equation (8) can be simplified to

oln/2] N

=% Z XXk P+ D DY (1B X
kez™ j=1 kezr r=1 i=1

x 1 (ci(rn) (2 @1|2101)) [D, ix; 1 (cyre) (2181]2,21)) Py

9ln/2]
+ Z 1) (cyepm) (2,121 @1)) [D, 0 (caerny (21812, 1)) |

With respect to the (t1,...
672’”2?:”%]‘, and so

7tn7y17"'7y

=" coordinates on Uj, xip =

X;;i[DaWXi,k] X, k c(dxig) = 7271'2214: c dt]

Write D = >7% ¢ (dt])VS + 3 c(dys)ngs. Since ¢(0y,0y») = 0 and
X]b- = > -1 hjrdt®, the Chfford vector ¢(dyP) anticommutes with c(Xg)
and hence graded commutes with the image of CI(T?) under n for each

p=1,...,m —n. Using this fact as well as the compatibility of V° with
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the Levi-Civita connection, the first term of Equation (8) is locally

I=-2mi Y Y e(dt)(k; — ;)P

kez™ j=1
aln/2)

+2mi Y Y (=D (g (2, @121 B1))

kezn r=1 j=1
X C(dtj)??(@('ﬂ‘g)(xl@)l’xr@l))(kj - Ej)Pk
L”/QJ n

t Z Z Lydeser (CI(TQ)($T®1|«T1®1))X

r=1 j=1
X [C(dtj)vij,U(c1(1rg)(331<§>1|95r®1))]i
o2ln/2lym—n n

+ ) 148 (gyrm) (2, 01]2181)) x
r=1 p=1 ]:1

X [c(dy? )ngp777(@1(1rg)(501®1\37r®1))]i

n 2ln/2] g

(At ) (VS +wj —2mt) — Y Z(—nde%(

1 r=1 j=1

j
U(CI(TQ) xr®1|x1®1))c(dtj)(Cl(m)(m@lkpr@l))(vx + wj — 27l;)
- U(CI(TQ)($r®l|xl®1))c(dtj)v§(? (U(C1(T3)($1®1|$r®1)))

- U(Cl(Tg)($r®1|$1®1)) [c(at?), 77(@1(Tg)($1®1|$r®1))]ivij)

2ln/2] ;m—n

+ )0 (=D () (2, @121 &1) ) e(dy?)
r=1 p=1

X ngcp (77(<c1(1rg)(901®1\:vr<§>1)))

for w; € I'*°(End(S)) for j = 1,...,n, using A; = 2w ), 0 k; P and
Lemma 6.3. Here VL€ denotes the extension of the Levi-Civita connection

on the cotangent bundle to the Clifford bundle. Using

gln/2]

Z (Cl(qrg)(xr®1|x1®1)(c1(rﬂ~g)(.T1®1|xr®1) =1
r=1

and the fact that ¢(dy?) graded commutes with the image of 1, we can make
some cancellations and, working locally, simplify the first term of Equation
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(8) to

n aln/2] g

I=3"c(dt)(w; — 2nt)) Z Z degxr(
j=1 r=1 j=1
n(cirny (2, @1|21®1)) e(dt? )n (ciere) (21 @12, R1) ) (wj — 27L;)
= (e (@ B1n1 1) e(dt) VES (1 (cxmpy (@181, 1)) ) )

aln/2l p—p

N Z Z degmr (CI(M)(g;r®1|x1<§>1))c(dyp)><

r=1 p=1
X ngc; (n(Cl(Tg)(xl(/X\)l’xr@l)))
€ I'*°(End(S)).
The second term of Equation (8) is

N n
Z Z Xik—e[D, ViXi e—k) i P = 2mi Z Z c(dt?)(k; — £;) Py

=1 kezn kezr j=1
== e(d)(VX, +wj —2mly) = — Y We(X))(VR, +wj — 2ml;)
j=1 J,q=1

for some w; € I'*°(End(S)) by Lemma 6.3. Putting the expressions for
Equation (8) together with Lemma 6.5 and Lemma 6.3 yields

n
A . _ . -
Vo(1®yDr+ Di®1) oW =D+ > (W = h)e(X))VE, + B

7,r=1
= > cldy")V3, + Z W' hyqe(dt®) VY, + B
p=1 Jrg=1

for some B € I'*°(End(S)), which establishes that Wo (1&8yDy+D1®1)o W~
is a first order differential operator. Since (W'J Jrj=1 and (hrq)y .y are
invertible, this also shows that the operator ¥ o (1®VD5 +D1®1) 0o U1 is
elliptic. Since V is Hermitian, 1&vDy is symmetric, and so 1&yD; + D1®1
is the sum of a symmetric operator with a self-adjoint operator, which is
symmetric. Elliptic operator theory, [13,19], implies that ¥ o (1&vD, +
D1®1) o U1 is essentially self-adjoint with compact resolvent, and hence
(C®(M), L*(S), Vo (18yDy+D1®1) 0¥~ 1) is an equivariant spectral triple.
That (C*(M), L*(S), ¥ o (1&vy Dy + D1®1) 0o 1) represents the product is
now a straightforward application of Kucerovsky’s criteria. ]

COROLLARY 6.9. Suppose that each orbit is an isometric embedding of
T in M. That is, the fundamental vector fields T,T™ > v — X®) €
I°(TM) satisfy (X(”)\X(”))C(M) = |[v||®. Then

D — Vo (18yDy+ D1®1) 0o U~ € T°(End(S)).
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PROOF. In this case, the normalisation functions are W7* = §7% and
so Lemma 6.8 becomes ¥ o (18yDy + D1®1) o ¥~! = D + B where B €
'*°(End(S9)). O

7. Applications to index theory.

As an easy application of factorisation, we can say that when an even
equivariant unital spectral triple factorises by our method, then its equiv-
ariant index is zero.

PROPOSITION 7.1. Let G be a compact abelian Lie group of positive di-
mension, and let (A, H,D) be an even G-equivariant spectral triple for a
Zo-graded unital G-algebra A. Suppose that the spectral subspace assump-
tion and the conditions of Theorem 3./ are satisfied, so that factorisation
occurs. Then the equivariant index of D is zero; i.e.

indexg(D) :=[(C,H,D)] =0 € KKg(C,C) = R(G).

PROOF. Since the spectral triple (A, H, D) factorises, the index is given
by
indexG(D) = [(C, (El)AG®€’ Dl)]®AG®¢y7

where vy is the Kasparov product of the middle and right-hand modules. The
class of the module (C, (E1) yaz¢, D1) is represented by
(C, (ker D1) 46536+ 0) = (C, (A°®(ker Da&C)) 4ez¢,0)-

It is clear that (C, (A9®(ker Dg®0Q)) 4¢ 2e> 0) is the external Kasparov prod-
uct of (C,AgG,O) and (C, (ker Dg®€)¢,0). The spinor bundle over G is
8¢ =G x W, where W = ($¢).. Since

dim G
Da= Y X)X,
j=1
for an orthonormal invariant frame {X7,..., Xqim ¢} for TG, ker D¢ is pre-

cisely the sections of G x W which are constant on each connected component
of G, and so ker D = CN®W, where N is the number of connected com-
ponents of G. Because G is abelian, its action on W is trivial, [30], and
hence its action is also trivial on ker De®€. It follows that the even and
odd parts of ker Dg®€ are equivariantly isomorphic as Hilbert €-modules
(for dim G > 0). For dim G even, this is because Clifford multiplication by
a vector in T,G of norm 1 defines a unitary isomorphism between the even
and odd parts of W, and hence the even and odd parts of ker Dg are iso-
morphic. For dim G odd, ker D¢ is trivially graded, and the Hilbert module
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isomorphism between the even and odd parts of ker De®Cl; is implemented
by the generator ¢ of Cl;. Hence (C, (ker Dg®€)¢,0) defines a trivial class
in KK¢(C,€). Thus indexc(D) = ([(C, 4G4, 0)]80)® 4ez0y = 0. O

Combining this result with Theorem 6.6 recovers a special case of a
theorem of Atiyah and Hirzebruch, [1].

COROLLARY 7.2 (Atiyah-Hirzebruch). Let M be a compact spin mani-
fold which admits a free isometric action by a torus. Then the spin Dirac
operator has zero equivariant index, and hence A(M) = 0.

PRroOF. Either the torus action or the action of its double cover lifts to
the spinor bundle, and in either case the spin Dirac operator is equivariant.
The spectral triple defined by the Dirac operator factorises by Theorem 6.6,
and the spin Dirac operator has trivial equivariant index by Proposition
7.1. O

8. Example: the Dirac operator on the 2-sphere.

The spinor Dirac operator D on the sphere S? defines an even spectral
triple (C*°(S5?), L?($52), D). The circle acts on S? by rotation about the
north-south axis, and there are countably infinitely many lifts of this action
to L?($g2), such that (C>°(S5?), L?($52), D) is an equivariant spectral triple.
One can then ask whether any of these spectral triples can be factorised, but
since the action of T on S? is not free we cannot apply the earlier theory.

In fact, we cannot factorise (C*°(S?), L?($g2),D), since the spectral
subspace assumption is not satisfied, and, more seriously, K'(C(5%)T) =
K1([0,1]) = {0}. Since the class of the triple (C°°(S?), L?($42),D) in
K°(C(S?%)) is non-zero, it is impossible to recover this class under the Kas-
parov product between K K1(C(5?),C(S?)T) and KK'(C(S*)T,C) = {0}.

Instead, we remove the poles, and restrict the spectral triple to the com-
plement and consider (C2°(S?\ {N, S}), L*($52),D) and ask whether this
equivariant spectral triple can be factorised. The circle now acts freely, and
hence the spectral subspace assumption is satisfied.

We show that factorisation is achieved for (C°(S?\ {N, S}), L?($42), D)
for every possible lift of the circle action. Unlike for a free action on a com-
pact manifold, the positivity criterion is satisfied for precisely two choices of
the character ¢ € Z of Defintion 2.13 used to define the right-hand module.

We will describe the Dirac operator D on the spinor bundle $¢2 over S,
[12,31].

Let N be the North pole of S2, and let Uy be S?\ {N}. A chart for Uy is
given by stereographic projection onto C. This chart defines a trivialisation
of the spinor bundle $52. All work will be done in the Uy trivialisation unless
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explicitly stated otherwise. We will work in the standard polar coordinates
(0,¢) € (0,7) x (0,2m).

The spinor Dirac operator is given by

D ( 0 €' (i0p + csc(0)0y + icot(0/2)/2)>
~ \e7"(i0p — csc(0)0s + i cot(60/2)/2) 0 ’
(9)

The Hilbert space L?($g2) is graded by v = (§ % ). The action of the circle
Ton S?ist-(6,¢) = (0, p+2mt). There are countably infinitely many lifts of
this action which make (C°°(5?), L?($42), D) into a T-equivariant spectral
triple.

PROPOSITION 8.1. Any even unitary action of T on L?*($g2) which com-
mutes with D and which is compatible with the action on C(S?) is equal to

Vi : T — U(L*($52)) for some k € Z, where

Vo (10.0) (0,6 o)
B\g(0,9)) T\ tg(0, 6 — 2rt) )

PROOF. We require the action of T on L?($g¢2) to be compatible with
the action a of T on C(S?), which is ay(f)(0, ¢) = f(0, ¢ — 27t). Hence the

action on spinors is of the form

9(6, ) d h)\g(0,¢—2mt))"
where a,b,d and h can a priori depend on 6, ¢ and ¢t. Since the action
of T should commute with the grading, we require b = d = 0. Requiring
that the action is unitary, that it commutes with D and that it is a group

homomorphism determines that a = 2™ and h = €2™* =Dt for some
ke Z. O

REMARK. None of these actions preserve the real structure on $g2, so
they are spin® but not spin actions. There is however a unique lift of the
action of T via the double covering T — T, ¢- (0, ¢) = (6, ¢ + 4~t), to a spin
action given by setting k = 1/2 and replacing ¢ by 2t in Proposition 8.1.

We fix k € Z for the remainder of the section, fixing a representation
Vi : T — U(L*($52)). The spectral subspaces of C(S?) are

S {0 : feC(o,1])} if j=0

8% = { {f(@)e™ 9 f € Co((0,1))} ifj#0.

e ooy~ €(0.1]) ifj=0
(5%);C(5%; :{ Co((0,1)) if j #0.
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Since Co((0,1)) is not a complemented ideal in C(S?)T = C([0,1]), C(S?)
does not satisfy the spectral subspace assumption, and so we cannot define
the left-hand module if we use the C*-algebra C(S?). However, the SSA
is satisfied for Co(S?\ {IV, S}), since the action on S?\ {N, S} is free, by
[25, Thm. 7.2.6].

By taking the fundamental vector field map and normalising as in Section
6, we define the map 7 : CI(T,) — B(L?*($s2)) by

n(e(dt) = ———c(dg) = ( o, ¢)
V9(do, do) e 0

We check that 7 satisfies the conditions of Definition 2.13. Clearly n(c(dt))
commutes with the algebra, so Condition (1) is satisfied. Since an(c(dt))
is a smooth bundle endomorphism for all @ € C°(S%\ {S, N}), an(c(dt))
preserves dom(D). It remains to check the commutation condition. We
compute:

~ (2csc(0)0y — icsc(0) 0
{D,n(c(dt)} = < ¢0 2csc(0)0g + i CSC(9)> ‘

Hence if f(0)e=%¢ € C°(S%\ {S, N});, then

{D,n(e(dt)} f(O)e Py
2icsc(0)(k — € — j) —icsc(h) 0 —ij
- ( 0 ! 2icsc(@)(k—C—j—1) —|—z'csc(0)) f(O)e°P,

= —icsc(0)(2) + 20 — 2k + 1) f(0)e P,
Since f € C.((0,)), this is bounded, and so Condition (2) of Definition 2.13
is satisfied. Therefore (¢,7) satisfy the conditions of Definition 2.13 for any

lcZ. o1eilh—n—t)
Let n,¢ € Z, and let ¢ = ( JO0" " 00

Then the positivity criterion reduces to
(DE, inn(c(dt)) Poe§) + (inn(c(dt)) Pote€, DE)
=4 ke 172) [ as(170)2 0)?).
mn(n—k+0+1/2) [ ao(10)7 + lo(o)F)

) e dom(D) N L2($g2 ) rr-

If p(n) = 2n(n — k+ £+ 1/2) is non-negative for all n € Z, then the factori-
sation condition is satisfied. Conversely, since [ df (| FO)2+]g9(0) ]2) is not
bounded by ||¢]|?, if p(n) < 0 for some n € Z, then (D€, —inn(c(dt)) Py e€) +
(—inn(c(dt)) Pyye&, DE) is not bounded from below and the factorisation
condition is not satisfied.

Since ¢ € 7Z has thus far not been fixed, we will determine for which
values of ¢ the polynomial p : Z — R is non-negative. As a real-valued
polynomial, p has a minimum at z = (k — ¢)/2 — 1/4.
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Suppose k — £ is even. Then the integer values of n either side of this
minimum are n = (k —¥¢)/2 — 1 and n = (k — £)/2, at which p(n) has
respective values —({ —k+2)({ —k—1)/2 and —({ — k+ 1)(¢ — k)/2. The
smallest of these two values is p((k — ¢)/2) = —({ —k+ 1)({ — k)/2. As a
function of ¢, ¢(¢) = —(¢—k+1)(¢—k)/2 has a maximum at £ = k—1/2. The
integer values on either side of this with k — ¢ even are £ = k and £ = k — 2,
at which ¢(¢) has respective values 0 and —1. Therefore if k£ — ¢ is even, then
p(n) is non-negative if and only if ¢ = k.

Suppose now that k£ — £ is odd. Then the integer values of n either
side of the minimum n = (k —¥)/2 — 1/4 are n = (k — ¢)/2 — 1/2 and
n = (k—¢)/2+1/2, at which p(n) has respective values —({ —k+1)({—k)/2
and —(¢ —k+2)({ —k —1)/2, the smallest of which is p((k —¥¢)/2—-1/2) =
—(l—k+1)¢—k)/2. As a function of £, r({) = —({ —k+1)({ —k)/2 has a
maximum at £ = k — 1/2. The values on either side such that k — ¢ is odd
are { = k—1 and ¢ = k + 1, at which r(¢) has respective values 0 and —1.
Therefore if k — ¢ is odd, then p(n) is non-negative if and only if £ = k — 1.

Thus factorisation is achieved for the nonunital equivariant spectral
triple (C°(S%\ {N, S}), L*($52),D) for any lift V}, of the circle action to
L?($42), by choosing the characters £ = k or £ = k — 1 when constructing
the right-hand module.

We conclude the 2-sphere example by examining the operator on the
right-hand module, which, upon identifying Co(S? \ {N, S})T with Co((0, 7))
and CI(T,) with Cly, defines a spectral triple for Co((0,7))&Cl; . One might
wonder whether it can be obtained from an odd spectral triple for Cy((0, 7)),
such as that defined by (some self-adjoint extension of) the Dirac operator

n (0, 7). We show that this is not the case; for each ¢ € Z there is no odd
spectral triple (C2°((0,7)),H',D’) such that the right-hand module is the
even spectral triple corresponding to (C2°((0, 7)), H', D’).

Let k,¢ € Z be fixed, where V;, : T — U(L?*($42)) is the representation

and (¢,7m) is the pair of Definition 2.13. Define F : H, — L?([0, 7])®C? by

F((Jnl50)) = v ().

The map F is a Cy((0,7))&Cly-linear Zy-graded unitary isomorphism be-
tween L%($g2), and L2([0,7])®C?, where the latter space is graded by
1® (§ %) and the action of Cly is given by ¢ — 1& (9 ). We can com-
pute

FoDjoF™t = —igp@w — (k — £ —1/2) csc(8) @,

where w = (? _Oi). Hence the right-hand module is unitarily equivalent to

the spectral triple

(030((0, m))ECL, L2([0, 7))BC2, —idy®w — (k — € — 1/2) csc(e)e?oc).
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If (C°((0,7)), L2([0,7]), D’) is an odd spectral triple, then the correspond-
ing even spectral triple is (C2°((0, 7))®Cly, L?([0, 7])®C2, D'&w). The pres-
ence of the (k — ¢ —1/2) csc(6)®c factor means that the right-hand module
is not the even spectral triple corresponding to any odd spectral triple.
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