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Gauge theory for spectral triples and the
unbounded Kasparov product

Simon Brain} Bram Mesland** and Walter D. van Suijlekom

Abstract. We explore factorizations of noncommutative Riemannian spin geometries over
commutative base manifolds in unbounded KK-theory. After setting up the general formalism
of unbounded KK-theory and improving upon the construction of internal products, we arrive
at a natural bundle-theoretic formulation of gauge theories arising from spectral triples. We
find that the unitary group of a given noncommutative spectral triple arises as the group of
endomorphisms of a certain Hilbert bundle; the inner fluctuations split in terms of connections
on, and endomorphisms of, this Hilbert bundle. Moreover, we introduce an extended gauge
group of unitary endomorphisms and a corresponding notion of gauge fields. We work out
several examples in full detail, to wit Yang—Mills theory, the noncommutative torus and the
0-deformed Hopf fibration over the two-sphere.
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1. Introduction

In this paper we use the internal product of cycles in unbounded KK-theory
to introduce a new framework for studying gauge theories in noncommutative
geometry. In the current literature one finds some equally appealing but mutually
incompatible ways of formulating the notion of a gauge group associated to a
noncommutative algebra. Herein we extend and then employ the formulation of the
unbounded Kasparov product to study fibrations and factorizations of manifolds in
noncommutative geometry, yielding a fresh approach to gauge theory which provides
a unifying framework for some of the various existing constructions.

Gauge theories arise very naturally in noncommutative geometry: rather
notably they arise from spectral triples [16]. In fact, one of the main features
of a noncommutative *-algebra is that it possesses a non-trivial group of inner
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automorphisms coming from the group of unitary elements of the algebra. In many
situations and applications, this group of inner automorphisms is identified with the
gauge group of the spectral triple. Moreover, the so-called inner fluctuations — again
a purely noncommutative concept — are recognized as gauge fields, upon which this
gauge group acts naturally.

In a more conventional approach, gauge theories are described by vector bundles
and connections thereon, with the gauge group appearing as the group of unitary
endomorphisms of the space of sections of the bundle. This approach has also been
extended to the noncommutative world (see [15] and references therein, also [31]).
The present paper is an attempt to see where these approaches can be unified, in the
setting of noncommutative gauge theories on a commutative base. That is to say, we
explore the question of whether (or when) the unitary gauge group of an algebra can
be realized as endomorphisms of a vector bundle and whether the inner fluctuations
arise as connections thereon.

We do this by factorizing noncommutative spin manifolds, i.e. spectral triples,
into two pieces consisting of a commutative ‘horizontal’ base manifold and a part
which describes the ‘vertical’ noncommutative geometry. The vertical part is
described by the space of sections of a certain Hilbert bundle over the commutative
base, upon which the unitary gauge group acts as bundle endomorphisms. Moreover,
the inner fluctuations of the original spectral triple decompose into connections on
this Hilbert bundle and endomorphisms thereof.

Thus, the setting of the paper is that of spectral triples, the basic objects of Connes’
noncommutative geometry [16]. Such a spectral triple, denoted (A, H, D) consists
of a unital C *-algebra represented on a Hilbert space H, together with a self-adjoint
operator D with compact resolvent. Moreover, the *-subalgebra A C A consisting
of elements a € A for which a (Dom(D)) € Dom(D) and [D, a] is bounded on
Dom(D) is required to be dense in A. The prototype of a spectral triple is obtained
by representing the *-algebra of continuous functions on a compact spin manifold M
upon the Hilbert space of L2-sections of its spinor bundle, on which the Dirac
operator acts with all of the desired properties. Over thirty years of active research
on spectral triples has yielded a heap of noncommutative examples of such structures,
coming from dynamics, quantum groups and various deformation techniques.

The main idea explored in this paper is that of fibering an arbitrary spectral
triple (A, H, D) over a second, commutative spectral triple (B, Ho, Do), that is
to say over a classical Riemannian spin manifold. The notion of fibration we
will be using is that of a correspondence, adopting the point of view of [18]
that bounded KK-cycles are generalizations of algebraic correspondences. In the
setting of unbounded KK-theory, a correspondence is defined in [35] as a triple
(€, S, V) consisting of: an A-B-bimodule £ that is an orthogonal summand of the
countably generated free module Hp; a self-adjoint regular operator S on &; a
connection V : £ — E£®zQ!(B) on this module. The module £ admits a natural
closure as a C*-module £ over B, such that (‘£, S) is an unbounded cycle for
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Kasparov’s KK-theory [28] in the sense of Baaj and Julg [1], and hence represents
a correspondence in the sense of [18]. The datum (&, S, V) is required to relate the
two spectral triples, in the sense that (A4, H, D) is unitarily equivalent to

(£,S.V) ®p (B, Ho. Do) := (A, ER@sHo, S ® 1 + 1 v Do),

and thus in particular represents the Kasparov product of (‘E, S) and (B, Hg, Do).
In [35] this was shown to be the case when [V, S] is bounded; a similar construction,
which is simpler and more general, was presented in [26]. In particular this allows
for the use of connections for which [V, S](S £ i)~! is bounded.

Since the C *-algebra B is commutative, by Gel’fand duality it is isomorphic to
C(X) for some (compact) topological Hausdorft space X. Moreover, by [38] the
C*-module ‘E consists of continuous sections of a Hilbert bundle over X, upon which
the algebra A acts by endomorphisms. As a consequence, the unitary group U(A)
acts by unitary endomorphisms on this bundle, thus putting the inner automorphism
group of the algebra A in the right place, as a subgroup of the group of unitary
bundle endomorphisms. Moreover, the inner fluctuations of (A, H, D) can be split
into connections on the Hilbert bundle and endomorphisms thereof. Summarizing,
this puts into place all ingredients necessary for doing gauge theory on X.

In order to deal with the examples in this paper, we enlarge the class of modules £
used to construct unbounded Kasparov products. The class of modules used in [26,35]
is not closed under arbitrary countable direct sums. This inconvenience is due to
the fact that the module H ;5 admits projections of arbitrarily large norm. The theta-
deformed Hopf fibration treated in the last section of the present paper illustrates
this phenomenon, which is present in full force already in the classical case. It is
proved in [25] that, for B commutative, the bounded projections in H g correspond
to bundles of bounded geometry, a class which indeed does not contain the bundle
appearing in the Hopf fibration.

Indeed, the Peter—Weyl theorem for SU(2) tells us that module &£ necessary for
expressing the Hopf fibration S> — S? as a Kasparov product is isomorphic to a direct
sum over n € Z of rank one modules £,,. As a C*-module this yields a well defined
direct sum, yet the projections p, defining the bundles £,, have the property that their
differential norms with respect to the Dirac operator on S? grow increasingly with n.
To accommodate this phenomenon, we develop a theory of unbounded projections on
the free module H ;. We show that the range of such projections define certain closed
submodules of Hz and that such modules admit connections and regular operators.
We then proceed to show that the unbounded Kasparov product can be constructed
in this setting in very much the same way as in [26, 35].

In this way we obtain an explicit description of the noncommutative Hopf fibration
in terms of an unbounded KK-product, thus going beyond the projectivity studied
in[19,20]. A similar construction, in the context of modular spectral triples, appeared
in [27] to construct Dirac operators on a total space carrying a circle action (namely,
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on SUy(2)). There the base space is the standard noncommutative Podles sphere,
whereas here we aim for a commutative base.

Our proposal for gauge theories has a potential application in the study of instanton
moduli spaces. Namely, in [7-9] additional gauge parameters were introduced to
describe the moduli space of instantons on a certain noncommutative four-sphere Sg.
We expect that these extra gauge parameters can be accommodated inside the group
of unitary endomorphisms of the corresponding Hilbert bundle described above.

The paper is organized as follows. In Section 2 we set up the operator formalism
of unbounded KK-theory and describe the (unbounded) internal Kasparov product.
We then extend this to the setting of so-called Lipschitz modules, as called for by the
examples that we discuss later.

In Section 3 we explain how a factorization of a noncommutative spin manifold
gives rise to a natural (commutative) geometric set-up and describe how the inner
automorphisms and inner fluctuations can be described in terms of (vertical) Hilbert
bundle data.

In the remaining part of the paper we illustrate our factorization in unbounded
KK-theory by means of three classes of examples. Namely, in Section 4 we recall
[5, 12] how ordinary Yang—Mills theory can be described by a spectral triple and
explain how this is naturally formulated using a KK-factorization. Section 5 contains
another example of our construction, namely the factorization of the noncommutative
torus as a circle bundle over a base given by a circle [36]. Most importantly, Section 6
contains a topologically non-trivial example, which is the noncommutative Hopf
fibration of the theta-deformed three-sphere Sg over the classical two-sphere S?.

Notation and terminology. In this paper, all C *-algebras are assumed to be unital;
we denote them by A, B, etc., with densely contained *-algebras denoted by A, B,
respectively. For the general theory of C*-modules over a C *-algebra, we refer
for example to [30]. We write £ = B to denote a right C*-module E over a
C*-algebra B.

We assume some familiarity with the representation theory of C*-algebras on
C*-modules, writing End’ () for the C *-algebra of adjointable operators on a right
C*-module £ = B. If £ is equipped with a representation 7 : A — End%(E),
we write A — £ = B and say that ‘£ is a Hilbert A-B-bimodule. The algebra
of compact operators on E = B is denoted by K (‘E). In the special case where
B = C and so £ = H is simply a Hilbert space, we write K(?) for the compact
operators and B(#) for the C *-algebra of bounded operators on .

By a grading of a vector space V' we shall always mean a Z,-grading, i.e. a
self-adjoint linear operator I' : V' — V such that I'?> = 1y. By a representation
of a graded C*-algebra A on a graded Hilbert module £ = B, we shall always
mean a graded representation. We describe (possibly unbounded) linear operators
on E = B using the notation D : Dom(D) — E, where Dom(D) € E denotes
the domain of D, a dense linear subspace of .
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Similarly, we assume some familiarity with operator algebras and their
representation theory [4]. Recall that a linear map ¢ : A — B between operator
spaces A and B is said to be completely bounded if its extension p ® 1 : AQK(H) —
BRK(H) is bounded. We shall often abbreviate our terminology by describing maps
such as completely bounded isomorphisms, completely bounded isometries etc. as
“cb-isomorphisms”, “cb-isometries” and so on. In this paper, the correct tensor
product of operator spaces A, B3 is given by the (graded) Haagerup tensor product,
which we denote by A ® B. Here it is understood that the tensor product is over the
complex numbers C. Its balanced variant, for a right operator module £ and a left
operator module F over an operator algebra B is denoted ER.F.

Foreachi =0,1,2,..., we write C; for the ith Clifford algebra, i.e. the graded
complex unital *-algebra generated by the even unit y° and the odd elements y¥,
k =1,2,...,i, modulo the relations yXy! + ply* = 286k and (y¥)* = y*. Asa
complex vector space, the Clifford algebra C; is 2/ -dimensional.

Acknowledgements. We would like to thank Nigel Higson, Adam Rennie and
Magnus Goffeng for several useful discussions. We are very grateful to Alain Connes
for his helpful suggestions and invaluable help during the submission and publication
process. We are indebted to an anonymous referee for noticing a serious gap in an
earlier version of the paper.

2. Operator modules and unbounded KK-theory

As already mentioned, this article is concerned with the study of spectral triples
in noncommutative geometry and the extent to which these define a gauge theory
[12,15,16]. Our investigation will for the most part be facilitated by the unbounded
version of Kasparov’s bivariant KK-theory for C *-algebras. In this section we explain
the main definitions and techniques that we shall need later in the paper.

2.1. Noncommutative spin geometries. Recall that a noncommutative spin mani-
fold (in the sense of Connes) is defined in terms of a spectral triple, which in turn is
defined as follows.

Definition 2.1. A spectral triple (A, H, D) consists of:

(i) a unital C*-algebra A, a Hilbert space H and a faithful representation
w:A— B(H)of AonH;

(ii) an unbounded self-adjoint linear operator D : Dom(D) — H with compact
resolvent,

such that the *-subalgebra
A :={a € A:[D, n(a)] extends to an element of B(H)}

is dense in A.
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Such a triple is said to be even if it is graded, i.e. if it is equipped with a self-adjoint
operator I' : H — H with I'? = 14 such that 'D + DI’ = 0 and I'w(a) = w(a)T
for all a € A. Otherwise the spectral triple is said to be odd. With 0 < m < oo, the
triple (4, H, D) is said to be m™* -summable if the operator (1 + D?)~1/2 is in the
Dixmier ideal £ (H).

The latter definition is motivated by the following classical example, which we
will need throughout the present paper. Let M be a closed Riemannian spin manifold
and let A = C(M) be the unital C *-algebra of continuous complex-valued functions
on M. Write H = L?(M, S) for the Hilbert space of square-integrable sections of
the spinor bundle S and denote by g s the Dirac operator on M, which we recall is
defined to be the composition

Pu Dom@y) —>H,  Ppmi=coVs,

where ¢ denotes ordinary Clifford multiplication and Vs is the canonical spin
connection on S for the Riemannian metric. Then A is faithfully represented upon H
by pointwise multiplication and .4 = Lip(M) is nothing other that the pre-C *-algebra
of Lipschitz functions on M.

Definition 2.2. The datum (C(M), L?>(M,S), § ) is called the canonical spectral
triple over the closed Riemannian spin manifold M.

The canonical spectral triple is even if and only if the underlying manifold M
is even-dimensional, with the grading of the Hilbert space H induced by the
corresponding Z,-grading of the spinor bundle S. If M is an m-dimensional manifold
then the corresponding spectral triple can be shown to be m*-summable.

Crucially, every spectral triple admits a canonical first order differential calculus
over the dense *-algebra 4. Indeed, given a spectral triple (4, H, D), the associated
differential calculus is defined to be the .A-.A-bimodule

Qp(A) :=1{)_a;[D.7(bj)] | a;,bj € A} S B(H), @1
J

where the sums are understood to be convergent in the norm topology of B(H)
(in contrast with the definition given in e.g. [15]). For the canonical spectral triple
(C(M), H, § ar) over a closed Riemannian spin manifold M, the differential calculus
QID(.A) is isomorphic to the Lip(M )-bimodule '(M) of continuous one-forms
on M.

Next we come to recall the main definitions and techniques of the unbounded
version of Kasparov’s bivariant KK-theory for C *-algebras [1,28]. Given a Banach
space X, recall that a linear operator D : Dom(D) — X is said to be closed
whenever its graph

&(D) := {(Dxx) | x € ’Dom(D)} cCXoX 2.2)

is a closed subspace of X & X.
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A closed, densely defined, self-adjoint linear operator D on a C*-module E = B
is said to be regular if and only if the operators D + i : ®Dom(D) — E have dense
range, which in turn happens if and only if these operators are bijective.

With these concepts in mind, let A and B be graded C *-algebras, let E = B be
a graded right C*-module over B equipped with a representation w : A — End%(E)
and let D : ®Dom(D) — E be an odd unbounded self-adjoint regular operator. In
this situation, we make the following definition.

Definition 2.3 (1]). The pair (‘E, D) is said to be an even unbounded (A, B) KK-cycle
if:

(i) the operator D : Dom(D) — ‘E has compact resolvents, that is
(D i)™ e Kp(E):;
(ii) the unital x-subalgebra
A:={aeA: [D,n(a) €Endz(E)}C A

is dense in A.

We write W (A, B) for the set of even unbounded (A4, B) KK-cycles modulo unitary
equivalence.

It is clear from the definitions that every even spectral triple (A, H, D) over a
C*-algebra A determines an unbounded cycle in Wy(A4, C). We will deal with the
case of odd spectral triples at the end of this section.

Kasparov’s KK-groups [28] are homotopy quotients of the sets of unbounded
cycles Wy(A, B) in the following sense. Associated to a given self-adjoint regular
operator D on ‘E is its bounded transform

b(D) := D(1 + D?)7V/2,

which determines D uniquely (see [30] for details). The pair (£, b(D)) is a Kasparov
module: these are the bounded analogues of the elements of Wy (A, B), defined to be
pairs (E, F') with F € End (E) such that, for all @ € A, we have

F?—1,[F,a], F— F* e Kg(E).

In [1] it is shown that, for every unbounded KK-cycle (‘E, D) € Wo(4, B), its
bounded transform (‘E, b(D)) is a Kasparov module; conversely every Kasparov
module arises in this way as the bounded transform of some unbounded KK-cycle.
Two elements in Wy (A, B) are said to be homotopic if their bounded transforms are
so; the set of homotopy equivalence classes is denoted KKy (A, B). Kasparov proved
in [28] that this is an Abelian group under the operation of taking direct sums of
bimodules.

An important feature of the KK-groups KK (A4, B) is that they admit an internal
product

XB KK()(A, B) X KK()(B, C) — KK()(A, C)
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Kasparov proved existence and uniqueness of this product at the homotopy level
but, as of yet, a concrete expression for the product of two bounded Kasparov
modules is still lacking and might not exist at all. As already mentioned, Connes and
Skandalis [18] gave an insightful interpretation of Kasparov’s product at the bounded
level in terms of correspondences, in which the fingerprints of the geometric nature
of the construction are clearly visible. On the other hand, in the unbounded picture,
the work of Kucerovsky [29] provides sufficient conditions for an unbounded cycle
to represent the product of two given cycles.

Indeed, the pair (E, D) is said to be the unbounded Kasparov product of the
cycles (£, D1) and (‘E;,, D3), denoted

(E.D) ~ (E1, D1) ®p (B, D2),

if together they satisfy the conditions of [29, Thm 13]. The conditions of the latter
theorem give a hint of the actual form of the product operator in the unbounded
picture. Indeed, the constructions of [26, 35] yield an explicit description of the
unbounded Kasparov product, under certain smoothness assumptions imposed on
the KK-cycles involved. Later on we shall sketch the details of how this unbounded
product is formed: to do so we need first to introduce some background theory.

2.2. Projective operator modules and their properties. The key observation
in [26,35] is that, in order to define the product of a pair of unbounded KK-cycles,
one needs to impose certain differentiability conditions upon the underlying C*-
modules. This section is devoted to giving a precise meaning to this notion of
differentiability and a description of the class of modules that we shall need in the
present paper.

The required notion of differentiability for C *-modules is motivated by the special
case of spectral triples. Indeed, let (B, H, D) be a spectral triple as in Definition 2.1.
The corresponding dense subalgebra

B:={beB :[D rb)]eBH)}

will be called the Lipschitz subalgebra of B. We will always consider it with the
topology given by the representation

. (D) 0
ap:B—>BH®H), b+ ([D, (b)) ”(b)) . (2.3)

As such it is a closed subalgebra of the C *-algebra of operators on a Hilbert space,
that is to say it is an operator algebra. Moreover, the involution on B satisfies the
identity

ap(B)* =vap(*)v*, where v = ((1) _01) (2.4)

More generally, recall that such algebras have a name [35].
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Definition 2.4. Aninvolutive operator algebra is an operator space B with completely
bounded multiplication B® B — B, together with an involution » +— b* which
becomes a completely bounded anti-isomorphism when extended to matrices in the
usual way.

Note that C*-algebras in particular fit this definition, as do Lipschitz algebras
according to property (2.4). Throughout the remainder of this section, we let B
denote an arbitrary involutive operator algebra (although always keeping the special
Lipschitz case in mind). As one might expect, involutive operator algebras admit a
class of modules analogous to C*-modules, which we now describe.

First of all, let us denote Z := Z \ {0}. Then the Hilbert space > (Z) comes
equipped with a natural Z/2-grading. We define H 5 to be the right B-module Hg :=
02 (Z) ® B, where ® denotes the graded Haagerup tensor product. This module can be
visualized as the space of £2 column vectors with entries in B3, in the sense that a given
column vector (a;); 5 is an element of H if and only if ) ; m(a;)*7(a;) € B(H)
for some completely bounded representation 7 : B — B(H).

Lemma 2.5. The module Hp admits a canonical inner product defined by

((@;), (b)) := ) afb; 2.5)

Jor each pair of column vectors (a;), (b;) € Hp.

Proof. We must show the series on the right-hand side converges. To this end we
write the inner product as a matrix product of column vectors and estimate (using
complete boundedness of the involution) that

(@), )l = ll@)" - Gl = Cli@) @)1 < Cli@n) 1)

for some constant C > 0. Now since (a;), (b;) € Hp, the norm of their tails will
tend to zero and so the above estimate shows the inner product series is indeed
convergent. 0

Remark 2.6. It is important to note that it is only in the case where 5 is an honest
C *-algebra that the inner product (2.5) determines the topology of H . Nevertheless,
just as in the C*-module case, we define End}; () to be the %-algebra of operators
on Hp that admit an adjoint with respect to the inner product (2.5).

The elements of the x-algebra Endj(Hz) are automatically B-linear and
completely bounded. As such it is perfectly natural to consider stably rigged
B-modules, that is to say right B-modules which are cb-isomorphic to pHg for
some (completely bounded) projection p € Endj;(#Hp). Stably rigged modules were
the cornerstone of the construction in [26,35], however in the present paper we shall
need a larger class of modules.
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Definition 2.7. Let BB be an involutive operator algebra. A projection operator on Hp
is a densely defined self-adjoint operator p : Dom(p) — Hp such that p? = p.

The latter definition thus allows for the possibility of unbounded projection
operators. Note that for an unbounded idempotent operator we necessarily have
Jm(p) € Dom(p). It is shown in [35] that a closed, densely defined, self-
adjoint operator D on Hp is regular if and only if there is a unitary isomorphism
B(D) dvB(D) = Hp & Hp, with v as in (2.4) and the isomorphism being given
by coordinatewise addition. This fact yields the following characterization of when
a given projection is bounded.

Proposition 2.8. A projection p on Hp is bounded if and only if it is regular.

Proof. If p is bounded then the operators p & i are invertible, whence p is regular.
Conversely, suppose that p is regular. Then there is a unitary isomorphism

&(p) ®v&(p) >Hp ® Hs.
(G)-C3) = Ge)
px) vy px+y)’
and so in particular we have that

Hp ={x—py|x,y € Dom(p)}.

Since p is a projection we know that py € ®om(p) andso Hz € Dom(p), whence p
is adjointable and therefore bounded. O

Lemma 2.9. Let p be a closed idempotent operator on Hg. Then Jm(p) =
p(®om(p)) is a closed submodule of Hz.

Proof. Let (pxy,) be a Cauchy sequence in Jm(p) € Dom(p) with limit y. Since
p*xn = px, and p is closed, we have that y € Dom(p) and py = y, from which it
follows that y € Jm(p). O

As already mentioned, C *-algebras and their modules are very well behaved
within the class of operator algebras and their modules. Indeed, in C *-modules there
are no unbounded projections, as the following lemma shows.

Lemma 2.10. Let B be a C*-algebra and p a projection on Hp. Then p is bounded.
Proof. For all x in the domain of p we have the estimate

0= ({(1=p)x,(1=p)x) = (x,x) =2(px, x) + (px, px) = (x, x) = (px, px).

Therefore (px, px) < (x, x) and so p is bounded. O
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Later in the paper it will be necessary to consider modules which are not C* but
nevertheless have a certain projectivity property. The following definition makes this
idea precise.

Definition 2.11. Let B be an involutive operator algebra. A projective operator
module £ = B is aright operator B-module &, equipped with a completely bounded
B-valued inner product, with the property that £ is completely isometrically unitarily
isomorphic to Jm(p) for some projection operator p on Hp.

Remark 2.12. As opposed to the definition of a stably rigged module, we require
an isometric isomorphism with Jm(p) = p ®om(p) in the above definition. This
is in view of the following proposition concerning infinite direct sums: the isometry
condition is needed to prevent the norms going to infinity in the direct sum (clearly
not a problem for finite sums of stably rigged modules).

Proposition 2.13. Let (&;);c; be countable family of projective operator modules.
Their algebraic direct sum can be completed into a projective operator module
D;c; &, unique up to cb-isomorphism.

Proof. By assumption, each &; is isometrically isomorphic to Jm(p;) € Hp for
some p; a projection. As Hp is a rigged module, the direct sum @;c; Hp is
canonically defined in [2] and isometrically isomorphic to H . As such, the algebraic
direct sum of the modules Jm(p;) sits naturally in H and we define @, ; Im(p;)
to be its closure. It is straightforward to check that @,.; p; defines a self-adjoint
idempotent on Hz. We define P, .; & by identifying it with @;; IJm(p;). In the
case where [ is finite, this yields a space which is cb-isomorphic to the column direct

sum Pjc; & (cf. [2]). O

Corollary 2.14. Let (£;);cy be a countable family of algebraically finitely generated
projective B-modules. Then @, c; & is a projective operator module.

Proof. Each of the finitely generated projective modules &; is in particular a projective
operator module (for which the projection can be chosen to be bounded). The result
now follows from the previous proposition. O

Remark 2.15. We stress that there is a difference here between internal and external
direct sums. For an unbounded projection p on Hpg, the internal direct sum
p(@om(p)) + (1 — p)(Dom(p)) is orthogonal, but it is not closed. The external
direct sum p(Dom(p)) & (1 — p)(Dom(p)) is closed by construction and therefore
cannot be isomorphic to the internal sum. This phenomenon illustrates the difference
between C!- and C*-modules on one hand and projective operator modules on the
other.

Given a right projective B-module £, we define the algebra Endj;(€) to be the
collection of completely bounded maps 7' : £ — £ which admit an adjoint 7%, so
that (Te, /) = (e, T* f) forall e, f € £. Note that unitary operators in End}(&)
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are invertible but need not be isometric. We define the algebra Kz(€) < Endj;(£) of
compact operators to be the norm closure of the space of finite rank operators. Note
that the proof of self-duality £ =~ £* as described in [26,35] in the case of bounded
projections breaks down for unbounded projections. The next results explain the
behaviour of projective operator modules upon taking their tensor products with
C*-modules. Indeed, let £ = B be a projective operator module, let 7 = C be
a C*-module and let v : B — End{. () be a completely bounded homomorphism
(but not necessarily a *-homomorphism).

Proposition 2.16. The Haagerup tensor product £ ®g F is canonically ch-isomor-
phic to a C*-module.

Proof. By definition we may identify £ with a module p(®om(p)) < Hp.

Replacing F with the essential submodule 7 (B8) F, the closure of the linear span
of elements of the form 7 (b) f, we may assume that 7 is a unital homomorphism.
From [2] we know that there is a cb-isomorphism

7'[3@5,‘]‘—%@7,

i€?

where the left-hand side is a C *-module. We define the closed idempotent operator
p ® 1 viaits graph, that is

BpR1) =6p)RBF CHsPHRRF = (HzRF) D (Hz® F).
so that
Dom(p®1) = (pr; @ N(G(p® 1), Im(p®1) = (pr, ® N(B(p ® 1)).

Then
ERF =Tm(p®1) CHsR F,

whence it is a closed submodule of a C *-module and hence itself a C *-module. [

Corollary 2.17. If B is a Lipschitz algebra and @ is a *-homomorphism then
ERpF = ERpF, where B and ‘E are the C*-envelopes of B and & respectively.

Proof. When m is a x-homomorphism, it is automatically continuous (even
contractive) with respect to the C *-norm on B. The idempotent p ® 1 is a projection
which is bounded by Lemma 2.10. Therefore

E@sF = (p® ) (Hp®s F) = (pHp)®p F = LR85 F,

and the latter is isomorphic to the standard C *-module tensor product, cf. [3]. O
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The notion of a self-adjoint regular operator extends to projective operator
modules. In this setting a densely defined self-adjoint operator D : Dom(D) — &
is said to be regular if the operators D =+ i are surjective. In the C*-situation, the
resolvents (D =4 i)~! are automatically contractive and so there it is sufficient to
require that D % i have dense range. To construct regular operators in practice the
following lemma is useful. It is proved in the same way as in [35].

Lemma 2.18. Ler D be a densely defined closed symmetric operator on E. Then the
following are equivalent:

(i) D is self-adjoint and regular;
(ii) Jm(D £ i) are dense in € and (D % i)~ are completely bounded for the
operator space norm on E.
If either (and hence both) of these conditions holds, then (D +i)~! € End%(€).

Proof. If D is self-adjoint and regular, then the resolvents D +i : Dom(D) — &£ are
surjective. They are also injective by a standard argument. The inverses (D £i)~! :
& — Dom(D) are mutually adjoint, whence they must be bounded and adjointable.

To obtain the converse, we denote by ... the extensions of the operators (D & i)~}
from Jm(D £ i) to £. Given a sequence (x,) C JIm(D =% i) converging to
x € &, boundedness implies that ryx, — rix and that D(r4x,) = (1 Firs)x,
is convergent. Since D is closed, we deduce that rox € Dom(D) and so
Jm(r+) € Dom(D). Therefore r+ = (D £i) ' and D +i : DomD — & are
bijective, so Dom(D) = Jm(D +i)~!. Now forall e € £ and each f € Dom(D*)
we compute that

(D+i)'e.D*f)=(DD+i) e, f)=(e.f)—(i(D+i)e. f)
and hence that

(e./) =D+ 'e.D*f) + {i(D+D)"e. f) = {e.(D =) (D" —0) f).
It follows that f = (D —i)"Y(D* —i) f € Dom(D) and so D is self-adjoint, as
required. O

Immediately we are led to the following result, which gives the aforementioned
practical characterization of self-adjoint regular operators on projective operator
modules.

Proposition 2.19. Letr £ be a projective operator module and D : Dom(D) — € a
self-adjoint regular operator on £. Then &(D) is a projective operator module and

B(D)®vB(D)=EBE.

Proof. By Lemma 2.18 the map

u:B(D) = &, (Dee) > (D + i)e,
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is a bijection whose adjoint is given by

\—1
u*: & — (D), e (D((DD+—|—13)_fe) .

Itis straightforward to check that these maps preserve the inner product and hence that
the map u : &(D) — & is a unitary isomorphism. Therefore &(D) is a projective
operator module. Moreover, the matrix

_( (D+i)" —DD+i)!
&= (D(D +i)"t (D +i)! )

defines a unitary operator mapping £ @ £ onto &(D) & v (D). 0

2.3. Lipschitz modules and connections. In the previous section we studied
projective modules over an arbitrary involutive operator algebra 3. However, in
the special case where B is the Lipschitz algebra associated to a given spectral
triple (B, H, D) there is a spectrally invariant dense embedding B < B. For such
algebras we will restrict to the subclass of projections that admit a decomposition
as a countable direct sum of projections in Endj;(#3). In other words, we restrict
to direct sums of stably rigged modules. The main motivation for this restriction
is to deal with connections and regularity of the operators they induce. In order to
establish this regularity and to deal with connections on projective operator modules
we need also to modify the notion of universal differential forms used in [35].

Recall that, given a spectral triple (B, H, D), the associated space of one-forms
QID(B) defined in eq. (2.1) is a B-bimodule. It is in fact a left module over the
C*-algebra B: since B is dense in B, we can choose for each b € B a sequence
(bi) C B with b; — b. Then for each w € Q1 (B), the sequence (b;w) C QL (B) is
Cauchy and hence has a limit in QID (B) which, by uniqueness of limits, must be bw.

In the case where the space of one-forms QID(B) is a central B-bimodule, one
can play a similar game to turn Q})(B) into a right B-module. In the non-central
case this is not possible. The map

B— Q5 (B), b [D,b],

is thus a bimodule derivation into a (B, B)-bimodule. This motivates the following

Definition 2.20. The space of universal one-forms Q'(B,B) over a Lipschitz
algebra B is defined to be the kernel of the multiplication map

m:BRB—> B, a®b— ab.
This is a (B, B)-bimodule map and the map
d:B—-QYB,B), b—~1®b—-b®1,

is called the universal derivation.
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Proposition 2.21. The derivation d is indeed universal: for any cb-derivation
8 :B — M into a (B, B) cb-operator bimodule M, there is a unique completely
bounded (B, B)-bimodule map js : Q1 (B, B) — M suchthat1-8(b)-1 = jsod(b).

Proof. By replacing M by 1-M -1 and § by 1-6§ -1 we may assume that M is an
essential bimodule and §(1) = 0. The map

BxB— M, (a,b) — ad(b),

is bilinear and completely bounded, whence it determines a unique completely
bounded linear map on the Haagerup tensor product B ® B — M. We define js to
be the restriction of this map to 2! (B, B). Then foreachw = > a; ®b; € QY(B, B)

we have
w = Zai ®b; = Zai ®b; —aib; ®1 = Zaidbi,

since Y_ a;b; = 0 by definition of Q! (B, B). Thus js is determined by the condition
js(db) = 1-8(b) — b - 8(1). It is obvious that jg is a left B -module map. For the
right 3-module structure we have

js(@b) = js (Y ai @ bib) = 3 aié(bib)
= ) _aibi8(b) + ais(b)b
= > aid(bb = js(w)b,
from which it follows that js is a (B, B)-bimodule map. O

Recall [35] that Q1(B) := ker(m : BB — B) is the universal module for
B-bimodule derivations, in the sense that for every 3-module derivation § : B — M
there is a unique bimodule map js : Q1(B) — M satisfying 1-8(b) -1 = js o d(b).
Since every (B, B)-bimodule is a B-bimodule, the following observation relating the
the two universal structures is useful.

Lemma 2.22. The natural multiplication map
B®s QY (B) - QY(B,B),

is a complete isometry compatible with the induction map jg for any cb-(B, B)-

bimodule derivation, in the sense that jg(B’B ) =1 ®J SB'

Proof. The multiplication is completely contractive, so it suffices to show that the

inverse
Zai ® b; '—>Zai ®1®b;

is completely contractive as well. By definition, the Haagerup norm can be computed
as

1> ai @ bills = inf{l @) NGDI = Y af @b =Y a; @ by},
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where (a})" denotes a row vector and (b]) a column vector. Thus we can compute

1D ai ® 1@bil| = inf [[(@) (1 @ b)i
inf || (a;); I11 (B |

= > ai ®billa.

where the middle equality follows since b — 1®b is acomplete isometry 5 — B®B.

Compatibility with the induction maps is immediate since j SB is a bimodule map

and jS(B’B) is universal, so must therefore coincide with 1 ® jf . O

The symmetric module of forms Q! () carries an involution @ + w* induced
bya ® b — b* ® a*. We have the following completely isometric maps relating the
various structures.

Lemma 2.23. The Haagerup tensor product BB is an involutive operator algebra
for the involution a ® b — b* ® a*. This involution restricts to Q' (B). The natural

multiplication map
Hp ®s B — Mp, (2.6)

is a complete isometry. Consequently, for a projective operator module £ there are
pairings

ExERpQYN(B,.B) —> BRzQ (B), E£R5QNB.B)x & — QU(B)®sB, (2.7)
via {e, f @ w) := (e, flwand (e @ w, f) := w*{e, f).
Proof. The involution is completely anti-isometric:
1Y b @af|; =inf{]| Y 7pB)ap®)* 1Y wplaf)*wpa)ll}
= inf{| Y vp (bi)*wp (bi)o* ||| Y vap(ai)wp (a:)*v*||}
= inf{|| Y " 7p ) 7p®)I Y vep(a)mpa)*|}
= > a; ®bil]3.

It is straightforward to check that the involution preserves Q! (). The map (2.6) is
completely contractive, since the inclusion map B — B and the multiplication are
s0. Moreover, the inverse map 2 @ b — h ® 1 ® b is completely contractive as well.
Consequently, there is a completely isometric isomorphism

ERsQN(B,B) S ER@pB®sQ(B) = E®@sQ!(B),
and the formulae

(e. f@w):=(e. flo. (e®w, [):=w"(e [f),
give the well-defined pairings (2.7). O
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The spaces Q! (B)®zB and BRzQ'(B) embed completely contractively into
the B-bimodule BRzQ (B)QpB viabQ@w —» bh@w@landw @b — 1 @ w ® b.

Definition 2.24. A connection on a projective operator module £ is a completely
bounded map V : £ — E®@pQ ! (B, B) satisfying the Leibniz rule

V(eb) = V(e)b + e ® db
foralle € £ and all b € B. The connection V is Hermitian if it satisfies the equation
e V(N ®1+18 (V). f)=1®d(e, /) ® 1 € BesQ' (B)®sB

foralle, f € &.

The reason for introducing the bimodule B ®sQY(B)®sB is that to state the
property of being Hermitian, we need to map the forms (e, V(f)) and (V(e), f) into
the same space. We will later see that this definition is compatible with the notion of
induced operator.

Proposition 2.25. Let p be a projection operator on Hg. Then the module
Im(p) C Hgp admits a completely contractive Hermitian connection

V : Jm(p) — Im(p) ®s Q' (B. B).
Proof. Consider the Grassmann connection
d:Hp — Hp @5 Q' (B, B)
(bi)iez > (dbi)iez,
which is Hermitian in the above sense because
(@), (b)) @ 1 = 1@ ((day), (b)) = Y af @1 @b @1 —a; @b R 1 |
-1®a4;®10b+1®1®a; ®@b;
=Y 101®¢hi®1-18a4/hi @181
=1®d{(a;), (b)) ® 1.

We wish to show that the compression V := (p®1)dp : pHp — pHpR5Q' (B, B)
is completely contractive and Hermitian. It is obvious that the restriction

d:Jm(p) — Hp ®p Q' (B, B)
is a completely contractive map. Thus it remains to show that the operator
p®1:Hs®sQ (B, B) > Hp®s Q' (B.B)
is completely contractive. This follows from the completely isometric isomorphism

HB@SBQI(B’B) - HB ®B QI(B’B)7
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from Lemma 2.23 and from the fact that p extends to a bounded projection on H p
(cf. Lemma 2.10). Finally, the compression is Hermitian because for e; = peq,
ey = pey € pDom(p) C Hp we have

(e1, pde2) @1 —1® (pdey, e2) = (e1,de2 ® 1) — 1 ® (dey, e2) = 1®d{er,e2) ®1,

since d is Hermitian. OJ

Having dealt with the generalities of projective operator modules, we now restrict
to the class of such modules that we shall need in the present paper.

Definition 2.26. Let B be a Lipschitz algebra. An inner product operator module
&€ = B over B is a Lipschitz module if there is a countable set / and a collection of
stably rigged modules {&; : i € I}, such that £ is unitarily isometrically isomorphic
to the direct sum P, ; &;.

We stress that a Lipschitz module is in particular a projective operator module.
To state the main theorem below, we need the following simple lemma on direct sums
of regular operators between C *-modules. Given a countable collection of regular
operators

D; : Dom(D;) — Fi, Dom(D;) C E;, iel),
we define the algebraic direct sum operator D = EB?E, D; to be the operator acting
by D; in the respective component of the algebraic direct sum of the %;. We remark
here that, although have already introduced the unadorned symbol ® to represent
algebraic tensor products, we have so far no such notation for algebraic direct sums:
we therefore write ©%8 when we feel the need to stress an algebraic sum, whereas @
denotes a completed direct sum.

Lemma 2.27. Let D; : Dom(D;) — F;,i € I, be a countable collection of regular

operators. Then
alg

ea?legIDi : @Eom(Di) — @ Fi
iel iel
is closable and its closure is a regular operator D = @je; D; between E =

EBieI E and ,{]: = EBieI :E The map

ei (€i)ier

up : ®&(D;)) > &(D)CESD F, ! — ,

P @ (Do) D) F (Diei)iel ((Diei)iel)
iel

is a unitary isomorphism of C*-modules and D* = ®;e; D}. If each D; is self-

adjoint, then the direct sum extends to an essentially self-adjoint regular operator. If

D; € End}(E;, F;) and sup;c; || Di|| < oo, then @;c; Di € Endy(E, F).
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Proof. By definition of the direct sum completion, it is immediate that ®¥¢D; is
closable with the indicated graph isomorphism. We define D* to be @;c; D}. To
prove regularity we argue as follows. For each i separately, regularity of D; gives an
isomorphism

&(D;) @ v&(D)) S Le .

(o) )~ (5250):

Therefore we find that

alg alg

wh ® e (B(D) ®v&(D*) > P (6(D) & v8(D))) > P (E & F).,

iel iel

and therefore &(D) @ v&(D*) is dense in (P;c; Ei ® Pje; Fi), which implies
that D is regular. The statement about self-adjointness follows by a similar argument
and the statement about uniform bounded sequences is immediate. O

Finally we arrive at the main result of this section. Suppose that we are given:

(i) a Lipschitz module £ = @, ; & = B equipped with a Hermitian connec-
tionV: & - ERrQY(B, B);

(i) a C*-module ¥ %= C equipped with a self-adjoint regular operator
T:90m(T) > T,

(iii) a *-homomorphism 7 : B — Endg () such that b +— [T, 7(b)] is a
cb-derivation on B.

Then we define a linear operator 1 @y 7 : £ @ Dom(T) - ERF = ERXpF on
the algebraic tensor product, by

(1@vT)(e® f):=y@)QTf +Vr(yle))f. ecf fekF,

with V7 : £ = £ ®5 Q7 (1) the connection on & induced by V.

Lemma 2.28. The operator 1 @y T is symmetric on its domain.
Proof. Since V is Hermitian we have
(e1,V(2)) @ 1 =1 ® (V(e1),e2) = 1 ®@ d(e1,e2) ® 1

on the level of universal forms. After applying the map

1®jr®1:B &z (B)®s 1 — Ends(F),
a®db®cr> m(a)|r()Tn(l),7b)]rx(c),



154 S. Brain, B. Mesland and W. D. van Suijlekom

this amounts to
(e1, Vr(e2)) (1) — w(1){(Vr(e1), e2) = n(D[n(1)T7(1), w({e1, e2))]m (1)
= (DT, (e1,e2)]m(1).

Replacing F with (1) F if necessary, this in turn gives

(e1 ® f1.Vr(e2) f2) — (Vr(e1) f1.e2 ® f2) = (f1.[T. (e1.e2)] f2)

and we can compute

(e1 ® f1.e2® T + Vr(e2) f2) = (f1.{e1.e2) T12) + (/1. (e1, VT (e2)) f2)
= (/1. {e1,e2)Tf2) + (/1. (Vr(e1), e2) f2)
+ (1, [T, (e1, e2)] f2)
= (Tfi.(e1,e2) f2) + (f1.(Vr(e1). e2) f2)
=(e1 ® Tf1+ Vr(e1) fi,e2® f2)

on the algebraic tensor product. O

Theorem 2.29. The operator 1 ®@v T is essentially self-adjoint and regular on
EQpF. The map

alg
' f e® f
g (@gi) ®5 B(T) »> &(1evT), e® (Tf) ~ ((1 ®v T)(e® f))’

iel
defined on the algebraic direct sum, extends to an everywhere-defined adjointable
operator with dense range,

g: EBEB(T) — &(1 ®v T),
given by the same formula.

Proof. First we observe that, since £ is isomorphic to Jm(p) for a direct sum
projection operator p = @, ; pi on P;c; Hr = Hp, the difference
V—pdp:E— ExRQY(B,B)

is completely bounded (cf. Definition 2.24). The Haagerup tensor product is
functorial for completely bounded module maps, so

(V—pdp)®1:ERF — EQpQY (B, B)®sF

is completely bounded. Composition with the natural map induced by operator
multiplication
ERpQ (B,B)RsF — ER5F

thus gives a skew-adjoint operator R : EQzF — E®p F. Therefore, it suffices to
prove the statement for the connection pdp.
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For each &; separately one shows just as in [35] (c¢f. [26]) that, with V; the
Grassmann connection on &;, the operator #; := 1 ®y, T is self-adjoint and regular.
In this case the map

g :&ERpB(T) > (1 ®y, T)

is a topological isomorphism. The operator f := 1 ®v T can be identified with the
algebraic direct sum operator

alg
@?legll‘i : @gl ®p ’,Dom(T) — 'E[@B.{F
iel
Since each #; is self-adjoint in F; ® g F , the direct sum is essentially self-adjoint by
Lemma 2.27.

In fact we claim that g; is contractive. The this end, denote by d the Grassmann
connection on Hg. The map

u: 'HB@B@(T) — 6(1 ®ad T)

f e® f
e®(Tf)'_>((1 ®dT)e®f)’

is unitary, ¢f. [35, Theorem 5.4.1]. Since & = p;H g, the operator 1 ®v, T equals
the operator p; (1 ®q T') p; on its domain, so we can write

gi (X:: e ® (Yffkk)) = Xn: (pi(l (Xe)z ?)2: ® fk)

k=1

_(ri 0\v ek ® fr
_(0 p,-)];((1®dT)€k®fk)

n
pi 0 Jr
== u e ® ’
(5 2)e(zee ()
and thus g; factors as p;u, which shows that ||g; || < 1.
The direct sum of the g; defines a map

alg alg alg
Pz PaBsT) -~ P o) c o),
iel iel iel

since each g; extends to the Haagerup tensor product & ® 3&(T). Since sup; ||gi || <1
by the above discussion, the direct sum extends to an everywhere-defined adjointable

operator
g:ERB(T) > 61y T).

Since each g; is invertible, the direct sum has dense range, which proves the statement
on the graph map. O
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2.4. The unbounded Kasparov product. Having now obtained a theory of
connections on Lipschitz modules, we are now ready to describe the product of
KK-cycles in the unbounded setting. The key ingredient in doing so will be the
following.

Definition 2.30. A Lipschitz cycle between spectral triples (A, 71, D1) and
(B, Ha2, Dy) is a triple (£, S, V) consisting of:
(i) a Lipschitz (A, B)-bimodule &;
(ii) an odd self-adjoint regular operator S in £ such that (S i)™ € Kz(€);
(iii) the map a + [S,a] € Endj(E) is a cb-derivation A — Endj(E).
In particular, the commutators [S, a] extend to bounded operators on the
enveloping C *-module ‘E.

(iv) an even, completely bounded connection V : £ — E®5 Q! (B, B) such that
[V,S]=0.

Given a pair of Lipschitz algebras A, B3, we denote by W§(A, B) the set of unitary
equivalence classes of (A, B) Lipschitz cycles.

As in [26,35], the commutator condition on the connection in the latter definition
can be weakened, requiring more intricate self-adjointness proofs. This will be
dealt with elsewhere: the only examples we shall encounter in the present paper
are commuting connections. Given a Lipschitz cycle, the operator S extends to the
C*-completion E =~ £ ®3 B as S ® 1. The pair (‘E, S) is an unbounded KK-cycle
for (A, B).

Definition 2.31. Two self-adjoint regular operators s and ¢ on a Lipschitz module
& = B are said to anti-commute if

m(s+i) ¢+ =dm (¢ +i) s +i)7Y)

and st + ts = 0 on this submodule.

For an anti-commuting pair, the resolvent (s 4-i)~! preserves the domain of ¢ and
the resolvent (¢ & i)~! preserves the domain of s. We have the following relations:

ts+D) '+ —i)t=6-)s.t]s+i)"' =0 on Dom(r); (2.8)
s+ V-l =0—i) s, tJt +i)" =0 on Dom(s). (2.9)

From this it follows readily that s commutes with (1 + 2)™! on Dom(s) and ¢

commutes with (1 + s2)~! on Dom(¢). We therefore have equalities

()T A+ = (1427 kDT @) T4 T = (145D T k)T
(2.10)

of bounded operators on the Lipschitz module £ = B.
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The proof of the following theorem is essentially contained in [35] yet, since in
our case of a commuting connection it simplifies greatly, we include it here for the
sake of completeness.

Theorem 2.32. The sum of anti-commuting operators s and t on a C*-module ‘E is
self-adjoint and regular on Dom(s) N Dom(t) with core Im(s + i)~ (t —i)~ L.

Proof. The sum is closed and symmetric by a standard argument. It is self-adjoint
and regular by the following argument. The operator x = (s +i)~'(t +i)~! maps E
into Dom(s) N Dom(¢) and by (2.10) we have

xx* = (s+i) M A+ M=) = A+sH A+ = A+ Ha+52) 7

The operators (s + t)x, (s + ¢)x™* are bounded by (2.8) and (2.9); moreover we find
that (s 4+ £)xx™ = xx*(s + t). Therefore the operator

L X —(s+1)x
£-= ((s +t)x X ) ’

satisfies

w_ [(XX*H (s +1)xx*(s +1) 0
g8 = 0 XxX*+ (s +t)xx*(s+1))’

which is strictly positive since xx™* is so. Thus g has dense range in £ & E. It maps
E & E into &(D) & v &(D), which must therefore be all of £ & E. It follows that
§ 4+ t is self-adjoint and regular. O

Let us fix some notation. Let B be a C*-algebra with a fixed Lipschitz
subalgebra B.
Definition 2.33. We denote by W (B, C) the set of unitary equivalence classes of
(B, C) KK-cycles (F, T) with the property that the map
B — End¢ (F). b~ [T,b],

is a cb-derivation.

Most importantly, there is a natural action of Lipschitz cycles upon such
KK-cycles, which in turn induces the bounded Kasparov product in the following
way.

Theorem 2.34. Let (£, S,V) be a Lipschitz cycle for (A, B) and let (F,T) be a
(B, C) KK-cycle. Then the pair

(EQrF.S®1+1®vT)

is an (A, C) KK-cycle representing the Kasparov product of (‘E, S) and (F, T).
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Proof. We shall prove here that the operators s := S ® 1 and ¢t = 1 Qv T anti-
commute, so that their sum s +¢ is self-adjoint on the intersection of the domains, and
we shall check that A preserves the domain of the sum and has bounded commutators.
The sum has compact resolvent by the same considerations as [26,35]: all of this is
enough to deduce that we do indeed have an (A, C) KK-cycle. Just as in [26, 35],
one can then check Kucerovsky’s conditions [29, Thm 13] to verify that the Kasparov
product is indeed represented in this way.

We first show that resolvents (s 4= i)~! preserve the domain of z. The submodule

X = (1®pr) (E856(T)) = pry(g(E®sS(T)))

is a core for ¢, since g has dense range in the graph &(1 ®v T') by Theorem 2.29.
The operators (s £ i)~! map this core into the domain of ¢, because (s & i)~ ! =
(S+i)'®1and (S +i)"! € Endj(€) by assumption. Thus, on X we can write

(s£i)7'X = (s£i) " (1®pr ) (EREB(T)) = (1Qpr)((S+i) 1 ERRGB(T)) C X,

and thus (s £7)~! preserve this core. Note that, since ¢ is an odd operator, the graded
commutator [, a] is computed via

[t.a] = ta — (=D)!"%ar = ta — (—=1)\at = ta — y(a)r.

Also note that, since s is odd, we have y(s +i)~! = —(s Fi)~'. For each elementary
tensor e ® f € X it holds that

i) e =S +i) e feX
and thus we can write
i) e® f=y(Sxi)le)@Tf + V(S i) le)f
—y((s £)TH(¥(e) @ Tf + V(y(e) /).
=—((SF) 'yE)RTf=V(ISFi)ye)f
+((SF) V@) TS + (s Fi)"'V(y(e) f)
= (F)T'VE)S -VIS Fi) v f

=[V.S T lv(e)f
= 0.

It follows that for e ® f € X we have
i) le® feDom@t), tsti)yle® f=—-(Fi)lte® f). @11)

Since X is a core for ¢, for any x € Dom(r) there is a sequence x, € X converging
to x in the graph norm of . Then by (2.11)

s i) xp = —(s F i) \1xy > —(s Fi) lix
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and therefore (s i)~ 'x € Dom(¢). So the resolvents preserve the domain of ¢ and
s+ P =(=sxi)l, 01+ T=00+5*)"1, (2.12)

on Dom(¢) (this is in fact a standard argument, see for example [23, Prop. 2.1] for
details). From this we obtain the identities

(G+D)'e+D) P+ - s—i)™h
=@¢—i) (- +D)+ - +i)T)E+i)!
=@—i) " (is—i)" =i+ +i)!
=20t =) 'A+sH7e +i)7!
=201+t + s*)7!
=20+ )0+ Ms—i) L,
which implies that
G+ e+ =) s-DTTQes+D) e+ =1,
and
- - =6+)e+D)TTQe - s—i)T = D).
From this it is immediate that
m(s+)7'e¢+i))Ccoim (- =) CTm(s+i)+i)7Y),

and that [s,¢] = O on this set. That is to say that s and ¢ anti-commute and so the
self-adjointness proof is complete.

To show that the algebra A preserves the domain of the sum operator, we first
show that

Y :=1®pr,((S+i)'E@pS(T)) = (s +i)'X CIm((s+i) 't +i)7")

is a core for s +¢. This follows because X is a core for 7, so there is a dense submodule
Z C E®p ¥ suchthat X = (¢t + i)' Z. Fix an arbitrary element w € E&p F and
choose a sequence z,, € Z converging to w. Then

(s+0)(s+i) T t+i) "z = (I—i(s+i) ) +i)  za—(s—i) T A=i(t+i) ") zn,

which is convergent because z, is convergent. Therefore, for all w € EQpF we
have
G+ +iD) T we Y,

the closure of Y in the graph norm of s + 7. Thus Ys4: contains the core
Jm(s +i)"'(t +i)~! and therefore Y, is dense in the graph of s + ¢. Since
it is also closed in the graph norm, this shows that Y s, = Dom(s) N Dom().
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Now since a € A preserves the domain of s, it maps Y into the domain of s.
Since both (s + i)' and a preserve the domain of ¢, we see that « maps Y into the
domain of 7. So a is a map

a:Y — Dom(s) N Dom(t) = Dom(s +1).

The commutator obeys [s,a] = [S,a] ® 1 and it is therefore bounded. Since
Y = (s +i)7'X C X, the commutator [¢, a] can be computed via the equalitites

[tiale® f =[1Q®v T,ale® f =[V,ale ® f,

which is bounded because, by assumption, both V and a define completely bounded
operators on £. Thus, the elements of @ € A map the core Y into the domain of s + ¢
and the commutators are bounded on Y. Therefore a € A actually preserves the
domain of s 4 ¢ and has bounded commutators there (once again see [23, Prop. 2.1]).
This completes the proof. 0

The situation of the previous theorem is captured in the following diagram:

WE(A.B) x Wo(B,C) — Wy(A,C)

KK()(A, B) X KK()(B, C) — KK()(A, C)

Remark 2.35. Of course, this method only gives a recipe for seeking the internal
product of even unbounded KK-cycles. In this paper we will also be interested in
taking the internal product of odd cycles. In the remainder of this section, we explain
how to adapt the above construction in order to achieve this in the various possible
cases.

We emphasise that all of the examples below are consequences of the theory
developed in this section for products of even cycles. The formula for the product
operators below are very convenient expressions, however they do not give short-cuts
for checking the above analysis (for example for checking Kucerovsky’s conditions).

An odd cycle for a pair of ungraded C *-algebras consists of an (4, B)-bimodule E
and a self-adjoint regular operator D with compact resolvent such that [ D, a] extends
to an operator in End (E) for all a in a dense subalgebra of A. The set of unitary
equivalence classes of such cycles is denoted W_;(A4, B). Odd spectral triples
constitute examples of elements in W_; (A4, C). Odd Lipschitz cycles are similarly
defined and denoted ¥* , (A, B).

Given a pair of C*-algebras A, B, it also makes sense to speak of unbounded
(A, B ® C;)-cycles for each Clifford algebra C;,i = 0,1, 2,.... We thus define

W;(A,B):=Vg(4, B®C;), i=012,....
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By construction, these unbounded cycles enjoy the periodicity property
Vi_»(A, B) = V;(4, B)

foreachi = 1,2,.... The same applies to Lipschitz cycles.

Remark 2.36. In particular, this use of Clifford algebras means that every odd
unbounded KK-cycle may be viewed as an even cycle by equipping A, B with trivial
gradings and then using the identifications

Vo1 (A B) = Wi (A B) = W (A. B ® Cy).

Indeed, each odd cycle (£, D) in W_;(A, B) determines an element (ch, 5) of
Yo (A, B ® Cy) with grading " : £ — & by setting

= > ~. (0 D (0 —i
E=ERCH D.—(D 0), F'_(i O)' (2.13)

The original cycle (£, D) is recovered from (E:, D) by viewing £ C £ as the diagonal
submodule.
The latter construction also applies to Lipschitz cycles (£, D, V) in W (A, B)
by doubling the connection as
= vV 0
Vi ( v V) |

These observations now make the various combinations of products of unbounded
KK-cycles rather easy to describe. We sketch in turn how to form the product of
even-with-odd, odd-with-even and odd-with-odd unbounded KK-cyles.

Example 2.37. Let (£,S5,V) € ‘I’f;(A, B) and (F,T) € W_1(B,C). Then using
the ‘doubling’ construction described in Remark 2.36, we may identify (F.,T) with
an element (F,T) of Wo(B, C ® C;). The internal product

WE(A B) x Wo(B.C @ Cy) - Wo(A.C ® Cy) = V_1 (A, C)

of the resulting elements is now well defined; the final step passing from even to odd
cycles as described in Remark 2.36 yields the cycle

(EREF.S®1+1®yT) e ¥_(AC).

Example 2.38. Let (£, 5,V) € W' (A, B) and (F.T) € ¥o(B,C). Again using
the doubling construction, we may identify (£, S, V) with an element (&, S, FVV) of
lIJf; (A, B® C;). Similarly, we may take the external product of (¥, T) in ¥y (5, C)
with the trivial cycle (C2, 0) in Wo(Cy, C1) to obtain the cycle

(FQCALT®1)e¥(BRC,CQC),

graded by the tensor product of the grading ' : F — % with the grading on C;.
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The internal product
WHA.B® Cp) x Wo(B® Cy.C ® Cy) — Wo(A,C ® Cy) = W_;(A.C)

is now well defined. The final step in passing from even to odd cycles is made using
Remark 2.36, resulting in the cycle

ERBF.SRTr+1®vT)

as an element of W_;(A,C). If we decompose the module ¥ into its graded
components,

0 T 1 0
F=%75-, T:(T_ 0+) Fng(O _1),

the product operator has the explicit form

S®1 1®v Ty
(1 ®vT. -S® 1) @.14)

as an operator from (Dom(S ® 1) N Dom(l @y T)) to EQrF.

Example 2.39. Finally we consider the product of odd KK-cycles (£, S,V) an
element in W& (A, B) and (F,T) € V_1(B, C). In this case we apply the doubling
construction to each of these to obtain unbounded cycles (5 S, V) e vt oA, B®C)
and (£ T, T) € Wo(B,C ® Cy). Following this, we take the external product of
(97 T) € ¥o(B,C ® Cy) with (Cy,0) € ¥y(Cy, Cy) to obtain the cycle (F ® Cq,
TQ® 1) € ¥o(B® Cq,C ® M,(C)). We now have a well defined internal product

W5(A B ® C1) x Wo(B® Cy, C ®Ma(C)) - Yo(A € ® Mz(C)) = Wy (4, C).
One finds that the resulting even (A, C) cycle is given by
E@FRC*.S®1®y' +10vT ®y).

where y!, y2 are (real) generators of the Clifford algebra C;. Upon making explicit
choices of representatives for the gamma matrices, the product operator has the form

0 S®1—il®yT
(S®1+i1®vT 0 ) (2.15)

as an operator from (Dom(S ® 1) N Dom(l ®y T)) ®C? to ERpF QC2 (cf. [26]).

3. Gauge theories from noncommutative manifolds and KK-factorization

In this section, we will show how spectral triples naturally give rise to (generalized)
gauge theories. Starting from a given spectral triple, we first recall from [15, 16]
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how to associate to it a gauge group together with a set of gauge potentials equipped
with a natural action of the former. This can be done in two ways: one in terms of
the unitary endomorphisms of a noncommutative vector bundle, which generalizes
the classical notion of gauge theory (cf. [15] and references therein), the other using
Connes’ notion of ‘inner fluctuations’ of the spectral triple arising via Morita self-
equivalences [16].

As already mentioned, however, these two approaches are in general mutually
incompatible. The goal of this section is to put these notions of gauge theory into
a commutative geometric context, starting with a factorization in unbounded KK-
theory of a Hilbert bundle over a commutative base manifold. The above gauge
groups and gauge potentials can then be naturally described in terms of the Hilbert
bundle in a unified way.

3.1. Gauge transformations and inner fluctuations. The motivation for our
proposal for gauge theories in noncommutative geometry comes from symmetries of
spectral triples. The first candidate for our attention is unitary equivalence. Let B;
and B, be unital C *-algebras.

Definition 3.1. A pair of spectral triples (B, H1, D1) and (B2, H,, D») are said to
be unitary equivalent if B; >~ B, and there exists a unitary operator U : H1 — H»
such that

UDlU* = Dz, Uﬁl(b)U* = 7T2(b),

forall b € B;.

In this situation we immediately find that U implements an isomorphism between
the corresponding Lipschitz algebras B and B, which is an isometry for the norms
induced by the Lipschitz representations (2.3), as the following result shows.

Proposition 3.2. Let (B1,H1, D1) and (B2, Ha, D») be unitarily equivalent spectral
triples. Then the corresponding Lipschitz algebras B and By are isometrically
isomorphic.

Proof. We simply compute that

_( Um()U* 0
mp,(b) = ([1)2, Ulm(b)U*] Uﬂl(b)U*)

(U 0 1 (b) 0 \(U* ©
-(0 2) (lmon niw) (5 2-)
=U7TD1(b)U*,

where the operators mp, (b), i = 1,2, are as in eq. (2.3). O
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As a special case, we consider the situation where B = By = B, and the unitary
equivalence is implemented by a unitary element of the Lipschitz algebra I3, leading
to the following definition.

Definition 3.3. The gauge group of the spectral triple (B, H, D) is defined to be
the group U(B) of unitary elements of the Lipschitz algebra B equipped with the
multiplication induced by the algebra structure of 3 and the topology it inherits as a
subspace of B.

Each element u € U(B) of the internal gauge group induces a perturbation of the
Dirac operator according to the transformation rule

D+ D" :=uDu* = D +u[D,u"]. 3.1

This in turn implements a unitary equivalence between the spectral triples (B, H, D)
and (B, H, D¥) (cf. [16]).

Remark 3.4. Perturbing the Dirac operator according to the rule D — DY is
equivalent to acting upon the algebra 3 by the automorphism

ay  B— B, ay(b) ;= ubu™.

The set of automorphisms of B of this type form a group under the operation of
composition. The elements of this group, which we denote by Inn([3), are called
inner automorphisms, in contrast to the group Out(5) of outer automorphisms,
defined to be the quotient Out(B) := Aut(B)/Inn(B). This is nicely summarized by
the short exact sequence

1 — Inn(B) — Aut(B) — Out(B) — 1.

Note that if A = Lip(M) D C°(M) is the (commutative) algebra of Lipschitz
functions on a classical smooth manifold M, there are no non-trivial inner
automorphisms and so Out(A) is the group of bi-Lipschitz homeomorphisms
M — M. In particular, there is an inclusion Diff(M) C Out(A).

In this way, we see that a non-Abelian gauge group appears naturally whenever A
is a noncommutative algebra. Yet it turns out that we can do better than this.
Noncommutative algebras allow for a more general and much more natural notion
of equivalence than that afforded by inner automorphisms. Indeed, the most natural
notion of an invertible morphism between noncommutative C *-algebras is given by
Morita equivalence. Let us see if we can lift Morita equivalence to the level of
spectral triples.

Given a unital C*-algebra B, any unital Morita equivalent C*-algebra A is
necessarily isomorphic to the algebra of adjointable endomorphisms of some finitely
generated (right) Hilbert module £ = B,

A = End% (E).
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In this situation, let (B, H, D) be a spectral triple over B and let £ = B be a right
Lipschitz module over the Lipschitz algebra B whose C *-envelope is isomorphic
to E.

As already mentioned, the Lipschitz module £ always admits a connection

V:E— ERsQL(B).
Let us choose one. Then writing H¢ := E®H, we construct the operator
Dy : Dom(Dvy) — He, Dy :=1Q®v D,

and define
A:={a € A|[Dv,a] € Endz(E)} = Endj(E).

The last isomorphism follows from [35, Thm 5.5.1]. It follows immediately from
the definition that the datum (&, 0, V) determines an element of the set of Lipschitz
cycles \Ilg (A, B). Upon choosing such a connection, we find the following result.
The construction first appeared in [16], here we recast it in terms of our KK-theoretic
language.

Proposition 3.5. The Kasparov product of the Lipschitz cycle (€,0,V) € WE(A, B)
with the spectral triple (B, H, D) € Vo (B, C), given by the formula

(He,Dv) = (E Q4 H,1®v D) € ¥y(A,C), (3.2)

vields a spectral triple over the C *-algebra A, with Lipschitz algebra cb-isomorphic
to A.

Proof. This is an immediate consequence of Theorem 2.34. O

Let us now focus upon Morita self-equivalences, i.e. the situation in which 4 =
E = B. Let (A, H, D) be a spectral triple over A as above. In this setting we look
at Hermitian connections

V:A— QL.

By the Leibniz rule we automatically have V = d + w, where

o =V(l)=) a;[D.bj]
J

is a generic self-adjoint one-form in Q1 (A). Under the identification € ® 4 H ~ H
we have
1®v D =D +w.

In other words, upon choosing a connection V on &, the Dirac operator D is ‘internally
perturbed’ to Dy, := D + w. The one-forms w* = w € Q1 (A) will be interpreted
as gauge fields.
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Remark 3.6. The passage from the spectral triple (4, H, D) to the spectral triple
(A, H, D) is called an inner fluctuation of the Dirac operator D, since it is the
algebra A that generates the gauge fields w through Morita self-equivalences. In
terms of the unbounded Kasparov product described in Proposition 3.5, the internal
gauge fields w are generated by taking the internal product of the spectral triple
(A,H, D) € Wy(A, C) with the Lipschitz cycle (A,0, V) € U§(A, A).

Combining the two main ideas presented in this section is now easy. The fluctuated
spectral triple (A, H, D) also carries an action of the internal gauge group group
U(A) by unitary equivalences as in eq. (3.1), that is to say

D, — uD,yu*, u € U(A),
or equivalently
w — uou™ +u[D,u*], u e U(A), o € QL (A, (3.3)

which is the usual rule for the transformation of a gauge field.

3.2. KK-factorization and a proposal for gauge theories. In this way, we have
two different possibilities for perturbing a given spectral triple: the first via unitary
equivalences and the second via Morita self-equivalences. However, in place of this
noncommutative-geometric interpretation of these constructions, we would like to
make contact with the classical world, by finding a unifying description of these two
possibilities in terms of classical geometric objects, similar to the usual formulation
of gauge theory on a vector bundle over a classical manifold.

To this end, given a spectral triple (4, H, D), let us assume that we can factorize it
in unbounded KK-theory over a classical spin manifold. That is to say, we assume that
there exist a commutative C *-algebra B equipped with a spectral triple (B, Ho, Do),
together with a Lipschitz cycle (£, T, V) for (A, B) and such that (A4, H, D) factors
as an internal Kasparov product:

(A, H, D)~ (ER@sHo. T @1+ 1 Qv Do) € ¥y(A,C), (3.4)

¢f. Theorem 2.34. Since B >~ C(X) for some compact Hausdorff space X, the
right B-module E := £®pB consists of continuous sections of some Hilbert
bundle V' — X [38]. Our proposal is to consider this Hilbert bundle as the natural
geometrical object on which to define a gauge theory, as we will now describe.

Definition 3.7. In the above notation, we define the Lipschitz gauge group associated
to the factorization (3.4) to be
G = {U €Endj;(£) :UU* =1 =U"U, UAU* = A, [T,U] € End’l‘;(f)} .

The continuous gauge group is given similarly by G(E), where we allow for the
possibility that U € End% (E) and drop the bounded commutator condition in the
definition above. The group G(E) is the C *-closure of G(&).
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For practical reasons which will become apparent, we would like this group to be
realized as the group of unitary elements of some C *-algebra A which contains A4,
with A the smallest possible C*-algebra having this property. Inspired by the
definition of reduced group C *-algebras, we make the following definitions.

Definition 3.8. We define A to be the closure of the linear span of G(€) in the
operator space topology given by the representation

U > ([TTJU] 3) € Endjyg5(E @ E), (3.5)

where B & ) B denotes the matrix diagonal direct sum of involutive operator algebras.
We define A to be the C*-closure of the algebra A.

Proposition 3.9. The C *-ai(gebra A is the minimal C *-algebra (ordered by inclusion)
with the property that U(A) contains G(‘E). It is isomorphic to the closure in
End (‘E) of the complex linear span of G(E):

A ~ Span:G(E). (3.6)
The C*-algebra A contains A asa C *-subalgebra.

Proof. Let B be the minimal C *-algebra such that G(E) C U(§) and let B be an
arbitrary C *-algebra with the property that G(E) CU(B). Then G(E) CU(B)C B,
which by continuity implies that B <> B. Since clearly G(E) C U(Spanc G(E)), it
follows that B is the minimal C *-algebra with this property. It follows immediately
that B is isomorphic to the C *-closure A of the algebra A. O

Alternatively, A can be described as those elements a € A for whicha € Endj;(€)
and [T,a] € Endj(E). This in turn contains A and by construction we have
(&, T,V) e \Pg (A, B), so that the following definition makes sense.

Definition 3.10. With respect to the factorization (3.4), we define the space of scalar
fields Cg to be

Cs = Q;(z) = {Zaj[T,bj] :aj,bj € .Z},
J
a subset of End}(E), End the space of gauge fields C, as the affine space of
connections V : £ — 5®BQ})O (B), i.e.
Ce = Homg(&S@BQ})o(B)).

Note that such a use of unitary endomorphisms to generate the gauge fields (via
the algebra .A) has already been exploited in the context of physical applications of
noncommutative geometry (e.g. [33]), albeit in a topologically trivial context.
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Lemma 3.11. The following defines an action of G(£) on C(£) = Cs @ Cy:
G(E) xC(E) = C(&), (U, ®,V) > (®Y,VY) .= (UoU*, UVU™).
Proof. Let ® = a[T, c] be a scalar field with a, c € A. Then
Ua[T,c]U* = (Ua)[T,cU*] — Uac[T,U*].

Since Ua, cU*, Uac, and U * are elements in .Z, the element ®Y is in Q}(.Z) Also,
ifv:€—-¢& @BQIDO (B, B) is a connection on &, then we check that

UVU*(eb) = UVU*(e)b + e ® [ Do, b]

foralle € £,b € B. In other words, VU satisfies the Leibniz rule and is a connection
oné&. O

Lemma 3.12. In the above notation we have:
(i) the internal gauge group U(A) is a normal subgroup of G(£);
(ii) the space Q,(A) of internal gauge fields is a subspace of Cy & Cq.

Proof. Indeed, for all u € U(A) and U € G(E) we have UuU* € A, which is at
the same time a unitary element. By Definition 2.30, the element u € A has the
property that [T, u] is a bounded operator in End (E). For the second claim, write
D =T ®1+ 1®vy Dy. Then for each element in Q}(.Z) we have

a[D,c] = alT,c] +alV,c]; (a,c Eﬁ).

The first term is an element in Q;(Z) whereas for the second we show that it is a
B-linear map from & — E@SBQIDO (B):

a[V,c](eb) = aV(c(e)b) —acV(eb)
= (aV(c(e)))b + ace ® [Dg,b] — (acV(e))b —ace Q [Dy, b]
= (a[V.c](e))b

forall e € £ and b € B. This concludes the proof. O

We deduce that our proposal for a gauge theory associated to a factorization of
the form (3.4) encompasses the previous infernal gauge theory determined by the
original spectral triple (A, H, D). However, it does more than this: it allows us to
distinguish within Q1 (A4) between scalar fields acting fibrewise upon the Hilbert
bundle V' and gauge fields as connections thereon. Similarly, the gauge group G(€)
(containing the unitary group U(A)) acts fibrewise upon the space of Lipschitz
sections ['¢(X, V). This action extends to an action of the C *-gauge group G(‘E) on
the space of continuous sections I'(X, V).
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4. Yang-Mills theory

Next we turn to studying the implications and consequences of our new setting
for gauge theory in unbounded KK-theory. To set the scene for the more general
noncommutative case, in this section we recall how to use unbounded KK-theory to
describe Yang—Mills gauge theories over classical manifolds [5, 12]. We connect to
the usual theory of principal bundles and connections thereon.

4.1. The Yang-Mills spectral triple. Let M be a closed Riemannian spin manifold
with dimension m and spinor bundle S and let (C(M), L?(M,S),) p) be the
canonical spectral triple of Definition 2.2.

Let E be a Hermitian vector bundle over M. We write A := I'(M, E) for the
unital C*-algebra consisting of continuous sections of the endomorphism bundle
E := End(E). From the Serre-Swan theorem for x-algebra bundles [5] and
holomorphic stability of the inclusion Lip(M) C C(M) it follows that E admits
a Lipschitz structure and we write A = ¢, &) for the involutive operator
algebra of Lipschitz sections of End(E'), which sits densely inside A. The Lipschitz
subalgebra A acts as bounded endomorphisms on the Lip(M )-module

TYM,E®S) ~ TYM, E)®LponTH(M, S).

Combining the Hermitian structure on E with the usual L2-inner product on the
spinor bundle S induces a natural inner product on the module (M. E ® S),
giving a Hilbert space Hg := L*>(M, E ® S) of square-integrable sections of the
vector bundle £ ® S.

This construction gives us the first two ingredients of a spectral triple: a pre-
C*-algebra and a Hilbert space. In order to define a Dirac-type operator on
L?*(M, E ® S) we twist § 3 by a Hermitian connection on E,

V:TYM, E) — TYM, E)Lpan R (M),

writing Vg for its lift to the endomorphism bundle E. The associated Dirac operator
with coefficients in E is the unbounded operator Dg on H g defined by

Dg :®om(Dg) > Hg, Drp:i=co(1®Vs+V®1), (4.1)

where Vs denotes the canonical spin connection on S and ¢ denotes ordinary Clifford
action of differential forms upon spinors. The following is a well-known result,
essentially already contained in [15] and [12] (¢f. [5, Thm 3.10]).

Proposition 4.1. The datum (A, Hg, Dg) constitutes an m™ -summable spectral
triple over the C*-algebra A.

Proof. The action of the pre-C *-algebra A on I'“(M, E ® S) extends to an action
by bounded operators on Hg. Since Dg is a first order differential operator, the
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commutators [D g, a] are bounded for all @ € A. Since M is compact, the twisted
Dirac operator D is elliptic, from which the compact resolvent and summability
conditions follow. O

We shall refer to the spectral triple (A, HEg, D g) as the Yang—Mills spectral triple
over M determined by the vector bundle £ and the connection V. To see why this
terminology is appropriate, it is useful to recall the following alternative description
of the geometry appearing in this section in terms of the parallel theory of principal
bundles.

As already mentioned, from the x-algebra bundle & = End(E) we obtain the
x-algebra A = T'Y(M, E), which is finitely generated and projective as a Lip(M )-
module. Conversely, using the Serre-Swan theorem for x-algebra bundles [5], from 4

we can reconstruct the original bundle E (up to isomorphism) as a locally trivial
x-algebra bundle over M . For simplicity, we assume that E has typical fibre My (C).

Lemma 4.2. There exists a principal bundle P over M with structure group PSU(N)
such that

E >~ P x,a My (€) 4.2)
is the vector bundle associated to the adjoint representation ad : PSU(N) — My (C).

Moreover, under this identification, Hermitian connections Vg on E correspond
bijectively to su(N )-valued connection one-forms w on the principal bundle P.

Proof. Since all x-automorphisms of My (C) are inner, i.e. they are obtained by
conjugation by a unitary matrix ¥ € My (C), the transition functions of the vector
bundle E take values in the adjoint representation

AdU(N) = U(N)/Z(U(N)) = PSU(N).

From these transition functions we construct a principal bundle P over M with
structure group PSU(N) to which & = End(FE) is the associated vector bundle as
stated. It is not difficult to see that every such pair (P, w) arises in this way from
the datum of a Yang-Mills spectral triple (A, Hg, Dg). We refer to [5] for full
details. O

Now we are ready to recast the spectral triple description of Yang—Mills theory in
terms of the unbounded Kasparov product, beginning with the following easy result.

Lemma 4.3. The datum (I'Y(M, E),0,V) is an element of the set \Iff; (A, Lip(M))
of classes of even Lipschitz cycles.

Proof. The right Hilbert C(M)-module I'(M, E) is the completion of the vector
space T'“(M, E) in the topology defined by the Hermitian structure on E. By
construction, it carries a bounded action of the C*-algebra A by left multiplication.
The C*-algebras A and C(M) and the Hilbert module I'(M, E) are all trivially
graded, whence the zero operator is indeed odd. The remaining conditions are
automatically satisfied. O
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For simplicity, let us assume that the manifold M is even-dimensional, so that the
canonical spectral triple (C(M ), H, P pr) is even and defines an unbounded KK-cycle
in Wo(Lip(M), C). It is not difficult to see how to extend the following results to the
case where M is odd-dimensional.

Proposition 4.4. As an element of Vo (A, C), the KK-cycle (Hg, D) is a Kasparov
product of unbounded KK-cycles, namely

(He.DE) = (TY(M. E),0. V) ®uipary (H. D m).
where (TY(M, E),0,V) € \PS(A, Lip(M)) and (H,d m) € Yo(Lip(M), C).

Proof. Thisresultis a slight strengthening of [5, Thm 3.21]. We have an isomorphism
of Hilbert spaces

Hg = L*(M,E®S) ~ (M, E)®can)L*(M, S).
Under this identification, we clearly have that
DE~1®vdum.
The result now follows from Theorem 2.34. 0

With the aid of this result, we are now able to describe the Yang-Mills gauge
theory of the previous section in terms of unbounded KK-cycles. The gauge group
of the above KK-factorization is given by

G(I'“(M. E)) = U(End}, 5y (T*(M. E))) ~ U(A).

In other words, in this case there is no difference between the internal gauge
group U(A) and the gauge group as defined in Definition 3.7. Recall that we
can identify A with the space of Lipschitz sections of the adjoint algebra bundle
P %, My (C) associated to a PSU(N )-principal bundle P. Consequently,

G(I'“(M,E)) ~T“M,AdP),  where AdP := P x4 UNN).

Let us now determine the gauge fields determined by the above KK-factorization,
following our prescription in Definition 3.10.

Proposition4.5. The gauge fields of the above KK-factorization are given by the affine
space of connections V on r¢ (M, E); the scalar fields of the above KK-factorization
all vanish.

Proof. First, since any c* -algebra is generated by its unitary group, we have that
A = A and similarly that A = A. Moreover, since T = 0 we find that C; = 0,
leaving only C,, the affine space of connections on E. O

This justifies our use of the term gauge field: the connections correspond
bijectively to connections on the principal bundle P. Since QL (A) = C(£), they
also coincide with the internal gauge fields of Section 3.
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4.2. Almost-commutative manifolds. An immediate generalization of the Yang—
Mills spectral triple is given by the class of so-called almost-commutative spin
manifolds. Roughly speaking, these are spin geometries described by a spectral
triple whose function algebra is not commutative but rather consists of continuous
sections of a finite-rank algebra bundle over some classical spin manifold. A very
special example of such a manifold was constructed in [13] and subsequently applied
to the Standard Model of particle physics. In this section we examine the structure
of this class of (topologically trivial) almost-commutative manifolds from the point
of view of unbounded KK-theory and their associated gauge theory.

As in the previous section, let M be a closed Riemannian spin manifold with
dimension m and spinor bundle S. Let (C(M), L>(M,S),{ pr) be the canonical
spectral triple over M. Moreover, let (Ar,HF, DF) be a finite spectral triple, that
is to say a spectral triple in the sense of Definition 2.1 for which H ¢ is a finite-
dimensional Hilbert space and so Ar € B(H r) is a sum of matrix algebras.

We shall further assume for simplicity that M is even-dimensional with grading
operator yp : L?>(M,S) — L?>(M.,S). Let us fix a linear transformation
T : Hr — HF and define

A=A ® C(M), H:=Hr @ L2 (M,S), Dr =TQym+1®pum.

Then we have a trivial x-algebra bundle & := M x Ar over M with typical
fibre Ar such that A ~ ['(M, E). We write A = I'(M, E) for the Lipschitz
algebra of the resulting spectral triple (A, H, D), that is to say the *-subalgebra
of A consisting of elements a € A such that [Dr, a] extends to a bounded operator
on H. Since the algebra AF is finite and the operator T is bounded, this algebra is
just A = Ar ® Lip(M).

Lemma 4.6. The datum (I'(M, M x Hp),T.d) determines a Lipschitz cycle in
@, (A, Lip(M)).

Proof. In writing (T(M, M x HF), T, d), we are equipping the bundle M x Hf
with the trivial connection. It is obvious by definition that the space r¢ (M, M xHF)
is a Lipschitz A-Lip(M)-bimodule, equipped with the trivial gradings. Since
T : Hr — HpF is a linear transformation of a finite-dimensional vector space, the
conditions of Definition 2.30 are vacuously satisfied. O

Theorem 4.7. The spectral triple (A, H, D) defines an element of W_1 (A, C) which
factors as an unbounded Kasparov product of the KK-cycles

(TY(M, MxHF),T.0) € O£, (A Lip(M)), (L*(M,S),p m) € Wo(Lip(M), C).

Proof. This is an immediate consequence of Theorem 2.34 by using Example 2.38
to take the product of an odd cycle with an even cycle. We find rather easily that

H=HrFr® LZ(M,S) ~T(M,M xHF) Qcm) LZ(M,S)

and that, since the connection on the bundle M x H F is trivial, the product operator
1 ®q # a coincides with 1 ® @ a7 under this identification. O
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In order to see how our proposal for gauge theories indeed captures physical
models, let us compute the gauge group of the above situation in a special case.
The gauge theory of more general (topologically non-trivial) examples can be found
in [6,10].

Example 4.8 (Glashow—Weinberg—Salam electroweak model). We consider the
special case where A := C@®M,(C), acting upon the Hilbert space Hr = C @ C2.
Together with the matrix

0 Z1 Zp
T=1|zy, 0 0],
z, 0 O

this gives rise to one of the spectral triples studied in [13] (cf. [21]),
(A, H.Dr) = (Ar @ C(M), Hr ® L>(M,S),T ® yu +1® D).

In fact, it is an external product of spectral triples [15, Section VI.3] (cf. [31]). It
is of the above almost-commutative type, being an internal Kasparov product of the
KK-cycle

(T(M, M x HF),T,d) € W&, (A, Lip(M))

with the canonical spectral triple (L?(M, S), D) € Wy (Lip(M), C).

Let us then compute the gauge group and the scalar and gauge fields for this
KK-factorization. The algebra A is the algebra of endomorphisms of the bundle
M x H g which multiply the action of A, i.e.

A=TYM,C®M,(C)) = A

This implies that the gauge group U(X) = U(A) ~ Lip(M, U(1) x U(2)) coincides
with the internal gauge group of the algebra A. (c¢f. Section 3). The gauge fields are
given by connections V on the U(1) x U(2)-bundle M x (C @ C?), which take the
form

V=d+ o +o®

for connection one-forms ™ € Q'(M) ® u(1) and w® € Q'(M) ® u(2) taking
values in the Lie algebras u(1) and u(2) respectively. They transform under gauge
transformations (u, u®) e Lip(M, U(1) x U(2)) according to the familiar rules

oD s oM 4O g O

0@ s 4@ @, @% @), @

In physics these two ‘gauge potentials’ respectively describe the B and W bosons
(ignoring for the moment the still required reduction in structure group from U(2) to
SU(2); this can be handled by replacing M, (C) by the quaternions as in [13]).
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Similarly, the scalar fields are given by elements in QIT(.Z). We compute for
A, A € Cand m,m’ € M,(C) that

0
X )[T (60 )} Mo DY
0 mx) N0 m(x) ’ ) 0 0

The components of the pair (¢ (x), ¢2(x)) of complex fields respectively transform
in the defining representations of U(1) and U(2). In physics, they describe the Higgs
boson.

5. The noncommutative torus

This section is dedicated to obtaining an understanding of the spin geometry of
the noncommutative torus Tg in our context. Following [14] (see also [15]), we
illustrate its geometry in terms of a canonical spectral triple and then demonstrate
how to factorize this geometry as a noncommutative principal bundle with a classical
base space. Although we concentrate on the special case of the noncommutative
two-torus, it is not difficult to imagine how one might extend the construction to
noncommutative tori of higher rank.

5.1. Isospectral deformations. One of the best known ways of obtaining interesting
examples of noncommutative spin manifolds is to ‘isospectrally deform’ a classical
spin manifold along the isometric action of a two-torus T? [17]. This extends
the C*-algebraic deformation of [37] to the smooth (spin manifold) case. The
noncommutative manifolds (often called Connes-Landi deformations) that we shall
consider in the remainder of the present paper will be of this form, so here we briefly
recall the details of the construction, mainly in order to establish notation.

Definition 5.1. A spectral triple (4, H, D) over a C *-algebra A is said to be torus-
equivariant if there exists a unitary group action U : T? — B(?{) and an isometric
action & : T2 — Aut(A) such that

Un)D =DU@).  UNr(@U@)" = m(a(a)),

forallt € T2 and alla € A.

In particular, let (C(M),H, D) be the canonical spectral triple over a closed
Riemannian spin manifold M with representation 7 : C(M) — B(H). Write
Lip(M) for the corresponding Lipschitz algebra.

Example 5.2. Suppose that we are given a unitary action of T? upon the spinor
bundle over M. We denote the corresponding action on sections by

U :T? - B(H), t— U(1). (5.1)
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This action descends to a group homomorphism T? — Isom(M). We write
o : T? - Aut(C(M)), t— oy (5.2)

for the resulting isometric action of T2 upon continuous functions obtained by pull-
back of the action on M. Then by construction it follows that (C(M),H, D) is a
torus-equivariant spectral triple over C(M). As already shown in Proposition 3.2,
the action (5.2) induces a completely isometric action upon the Lipschitz algebra
Lip(M).

Let § = (61, 92) be the infinitesimal generator of the action (5.1), meaning that
for each ¢ € T? we have

U(t) = exp(i (1101 + 1282))

for some real numbers 0 < #1,7;, < 2m. Using this, one obtains a grading of the
C *-algebra B() by the Pontrjagin dual group Z2 by declaring an operator T € B(H)
to be of degree (n1,n,) € Z? if and only if

o (T) = exp(tiny + ton2)T  forallt € T2, (5.3)

where o, (T) = U(¢)TU(¢)* as above. As in [35], denote by Sobg(#) the algebra
of operators T € B(H) that preserve the domain of § and for which [§, T'] extends to
an operator in B(7{). Any such operator may be written as a norm convergent sum
of homogeneous elements

T = Z Tnl,nzy

(n1,n2)ez?
where the operators T, ,, are of degree (n1, n3).
Let A := exp(27wif), where 0 is a real deformation parameter. Then for each
operator 7' € Sobg(#) we define its left twist L(T') to be the operator

L(T) = > Tuy A"

(n1,n2)€7?

In particular, for homogeneous operators x, y of respective degrees (n1,n,) and
(m1,my), if we define
xxy:=A""2yy,

then a simple computation [17] shows that L(x)L(y) = L(x % ). This new product »
extends by linearity to an associative product on the vector space Sobg ().

In particular, by defining C°°(My) to be the vector space C°° (M) equipped with
the twisted product x, we obtain a new *-algebra equipped with a representation

g : C®°(My) — B(H), mg(a) = L(a)

by bounded operators upon the same Hilbert space ‘H as before. Upon completion in
this representation, we obtain the C *-algebra C(Mjy).
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Since the Dirac operator commutes with the torus action (5.1), one immediately
finds by straightforward computation that

[D, L(a)] = L([D, a])

for all @ € C?(M). This is enough to deduce as in [17] that the commutators
[D, wg(a)] are bounded operators for alla € C?(M) and then, since C2(M) is dense
in C(My), that the datum (C(Mjy),H, D) constitutes a torus-equivariant spectral
triple over C(My). We interpret this spectral triple as defining a spin geometry over
the noncommutative manifold My, obtained by isospectral deformation of the spin
geometry of the classical manifold M. The Lipschitz algebra of (C(My), H, D) is
Lip(Mp).

5.2. Spin geometry of the noncommutative torus. Following the construction
of the previous section, here we recall how to obtain the spin geometry of the
noncommutative two-torus 'I[‘(% from that of its classical counterpart

T? ;= {(u1,uz) € C* | ulu; = uju, = 1}.

The C *-algebra C(T?) of the two-torus T? is isomorphic to the universal unital
commmutative C *-algebra generated by the unitary elements Uy, Us.

The C *-algebra C(T?) carries an action of the two-torus T? by *-automorphisms,
determined by the formul®

o T? — Aut(C(T?)), Ui > o, (Uj) := e U, i=1,2, (5.4)

where for 0 < 11,1, < 27 we use the notation ¢t = (e” 1 el 2) to describe a general
element r € T2. This action is generated by a pair §;, §, of fundamental vector fields,
obeying

8i(Ux) = 8k, j.k=1,2, (5.5)

where §x denotes the Kronecker delta symbol. The spinor bundle S over T? is
trivializable and of rank two, so H := L?(T?,S) ~ L?(T?) ® C2. The action (5.5)
lifts to the diagonal action on Hilbert space #, upon viewing C(T?) as a dense
subspace of L2(T?).

Then, in terms of the (real) 2 x 2 matrix generators )/k, k =1, 2, of the Clifford
algebra C4, the Dirac operator D on the Hilbert space H is defined to be

0 81+ i52) (5.6)

D:=i81®y1+i52®yzz(—81+552 0

the second equality following after choosing a pair of representatives for the gamma
matrices. It is straightforward to check that the action (5.4) makes the datum
(C(T?),H, D) into a torus-equivariant spectral triple.
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It is immediate that the generators Uy, U, of the algebra C(T?) have respective
degrees (1,0) and (0, 1) with respect to the action (5.4). Given a real deformation
parameter 6 and setting A := exp(27i0), we obtain the twisted operators

L(U,) := (%1 31), L(U,) := (%2 32)181.

One finds that these twisted operators satisfy the commutation relations
L(U1L(U2) = AL(U2)L(Uy)

as elements of B(#) and so, dropping the symbol L, we arrive at the following
definition of the noncommutative two-torus.

Definition 5.3. With A := exp(27i6), the C*-algebra of continuous functions on
the noncommutative torus ’]I‘g is the universal unital C *-algebra generated by the
unitary elements U;, U, obeying the relation

U1Up = AULU;L.

We denote this C *-algebra by C(T3).

As we did in the previous section, by defining the Hilbert space L2(T3) := L2(T?),
the operator D of eq. (5.6) defines a Dirac operator on the Hilbert space

He := L*(T5.S) =~ L*(T;) ® C.
Thus we recover the well known fact that the datum (C ('H‘;), Hg, D) constitutes a
27 -summable torus-equivariant spectral triple over the C *-algebra C (’]I%) [14]. We

denote the Lipschitz subalgebra of this spectral triple by Lip(']I%). It coincides with
the algebra of elements a € C (']I%) for which the function

T? — C(Tg), t = a(a),
is a Lipschitz function.
The C*-algebra C (']I%) continues to carry an action of the classical two-torus T?
by x-automorphisms, determined by the formula

o T? — Aut(C(T%)), Ui = o (U)) := e’ U;, i=1,2, (5.7)

where we write t = (e”1 , e”z), 0 <11, <2m,todenote a general element ¢ € T2,
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5.3. The noncommutative torus as a fibration over the circle. In order to describe
the noncommutative torus ']I% as the total space of a fibration over a classical base
space, let us now search for a commutative subalgebra of C ('JI%). Consider the action
U : T> — B(H) and extend it to g & Hg diagonally. By definition of Lip(T%),
this action satisfies the equality

Uit) 0 a 0\ [U¢™H 0 | ala) 0 53
(o U(r)) ([D,a] a)( 0 U(r—l))‘([D,at(a)l at(a))’ >8)

so that oy acts on Lip(Tg) by isometries. We write T? = T x T’, where
T := {(¢'",0)} € T?> |t € R}, T :={(0,€") € T? |t € R}, (5.9)

and look for the fixed point subalgebra of Lip(']I%) under the action of T induced by
eq. (5.8), which we continue to denote by o : T — Aut(Lip('H‘é)).

In terms of Definition 2.2, the canonical spectral triple on the classical manifold S*
is the 1*-summable datum (C(S'), H, ), where H = L?(S') is the Hilbert space
of square-integrable functions on S! and § = id/dx is the Dirac operator on .
The Lipschitz algebra of this spectral triple is the usual algebra Lip(S') of Lipschitz
functions on the circle. The pair (H,d) defines an odd unbounded KK-cycle and
hence an element of W_; (Lip(S!), C).

Lemma 5.4. The T-invariant part (C(T%)o, L*(T3,S)o. Do) of (C(T3), Hg, D) is
a spectral triple that is unitarily equivalent to (C(S'), H, ).

Proof. It is clear by inspection of eq. (5.8) that the invariant subspace of the action
of U(t) on Hy is spanned by (the image in Hg of) the vectors {U; | j € Z} and
that this subspace is isomorphic to L2(S!). Similarly, the fixed-point subalgebra of
C (Tg) under this action is the unital C *-algebra generated by U,, i.e. it is isomorphic
to C(S!). The invariant part of D is the operator

Do : Dom(Do) — L*(TG.S). Do = (lg lgz)’
2

so the invariant spectral triple is exactly the spectral triple one obtains by applying
the doubling construction from Remark 2.36 to the datum (C(S!), H, 9). O

Proposition 5.5. The fixed-point subalgebra Lip(’]l%)o of Lip(T%) under the action of
T induced by (5.8) is isometrically isomorphic to the commutative operator algebra
Lip(S!) of Lipschitz functions on the circle.

Proof. This now follows by observing that fora € C (']I%)O N Lip(']I%), we have that

0 81 +1id, (@) O _ 0 i[62, m(a)]
|:(—81 + 16, 0 ) ’ ( 0 n(a))] - (i [82, (a)] 0 ) )

From this it follows immediately that for such a we have ||7p(a)|| = ||7p(a)|]. O
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We can integrate elements of B(#g) along the orbits of the torus T C T2, this
time defining a completely positive map to : B(Hg) — B(Hg). This map restricts to
79 : C (’]I‘(%) — C(S') with values in the invariant subalgebra defined in Lemma 5.4:

70 : C(T3) — C(Sh), 0(a) ::/Toz,(a)dt.

Lemma 5.6. The map Lip(T%) — M(B(Hg)) defined by

([Dcfa] 2) "~ ([Doa, a] 2)

Proof. Consider the odd self-adjoint unitary operator u € B(Hy) that interchanges
the two copies of Lz(’]I%). Since a acts by even endomorphisms, we have umw(a)u =

7(a), and also uDgu = Dy. Since u(_%l 801 )u = (801 _gl ) we have that

is completely contractive.

wp(a) + unp(a)u = 2mp,(a).
Therefore || p,(a)|| < |[mp(a)|. This clearly extends to matrices. O

Since tp is completely positive, its extension to B(Hg & Hg) = M, (B(Hyg)) is
positive, and it is immediate that 7 : Lip('JI‘é) — Lip(S'). We denote by & the
completion of Lip(T3) in the norm

lallg, := llT0(wDy (@) * mpy (@) V2. (5.10)

The map 7¢ induces a Hermitian structure on C (T%) with values in the invariant
subalgebra C(S'). To prove this, we denote by Ey the completion of C (T%) in the

norm
1/2
lallz, = (@, @)l 5,

where the C(S!)-valued inner product (-, -) is defined by
(a,b) := 19(a™b) (5.11)

foreacha,b € C (Tg). It is clear that £y C ‘Ey densely and that Ey is a C *-module.
Moreover, we find the following result.

Proposition 5.7. The completion Ey is a right Lipschitz module over Lip(S')
isomorphic to L*(S") @ Lip(S'). Multiplication in Lip(T%) induces a completely
contractive x-homomorphism Lip('JI‘g) — Endi‘ip(g])(é’g). Consequently, C (Tg) is

represented upon ‘Eg by a x-homomorphism.
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Proof. Itis clear that, on the dense right Lip(S!)-submodule of Lip(']I%) spanned by
{U lk | k € Z}, the norm (5.10) coincides with the norm

n n
1> Ufal> =11 D 7po(€)* 7po (i)l

k=—n k=—n

and therefore its completion is isomorphic to L2(S")®Lip(S!), which is evidently a
Lipschitz module. From positivity of the map 7y, and using Lemma 5.6, we find that
fora, b € Lip(T%) we have

70 (Do (ba)* Dy (b)) = 0(7py (@) Dy (b) 70y (b) 7Dy (@))
=< l7po (B)* 7D, (b) 70 (1D, (@) * 7Dy ()
= llmp () 7p ()llto (e (a)* Dy (@),

and therefore
Iballz, = lIto(wp, (ba)*wpy(ba))|
= |l7o(7py (@) * 7Dy (b)* 7Dy (b) 7D, (@) |
= llwp(5)*7p B)lllITo (7D, (@) 7Dy (@)l
_ 2 2
- ||b ||Lip(']1%) ||a ”89 9
proving that we have a contractive representation Lip(’]I%) — End]’iip( Sl)(é’g). The

second statement now follows by taking C *-envelopes.

The generator of the T-action on Lip('ﬂ‘é) defines an unbounded operator T = §;
on the Lipschitz module &y, and the isomorphism

&y = L*(S"H®Lip(S") = ¢*(Z)®Lip(S")
gives us a canonical Grassmann connection V : &g — &y @Lip(sl)Q L(C(SY), Lip(Sh)).
Theorem 5.8. The triple (£5, T, V) is a Lipschitz cycle in Wt 1 (Lip(’]I%), Lip(S1)).

Proof. The operator T is self-adjoint and regular with compact resolvent in &y
because, under the isomorphism

Ep = L*(S") @ Lip(S!) = £2(2)  Lip(S') (5.12)
determined by U lk ® f e ® f,it corresponds to the number operator
tQl:ep ® f > ke ® f.

This operator is closed since & (¢ ® 1) 2 &(¢)QLip(S!). Therefore T +i have dense
range in £ and (T 4 i)~! is bounded for the Lipschitz operator norm. Thus, by
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Lemma 2.18, T is self-adjoint and regular. The compact resolvent property follows
from the fact that

K ipeh (€2(Z) ® Lip(S")) = K(*(Z)) ® Lip(S")

and (t +i)"! € K({?(Z)). Fora € Lip(Tg), the commutators [T, a] are by
definition bounded for the norm in Endz (Sl)(fg). Under the isomorphism (5.12),
the connection V corresponds to the connection e¢x ® f — ex ® df and is thus
completely bounded and satisfies [V, T] = 0. O

On the level of KK-theory, this theorem is a special case of the construction of
Kasparov modules from circle actions in [11]. Next we consider the Hilbert space
L?(T3) and its relation to the space L?(S') of square-integrable functions on the
base space S!, whose inner product we denote by (-, -)s1. For this we consider the
tensor product of Hilbert modules g ® c(sty L*(S'), which we equip with the inner
product

(e®h,e @N) = (h, (e, e )g (5.13)
foreache ® h, ¢’ @ h' € By ®c(sty L*(S).

Proposition 5.9. The Hilbert space Lz(’ﬂ%) is isomorphic to the completion
59@Lip(sl)L2(Sl) >~ Fy @C(Sl)Lz(Sl) of the tensor product Fy Q¢ (s L2(ShH
with respect to the inner product (5.13).

Proof. The first isomorphism follows directly from Corollary 2.17, while the second
follows from Proposition 5.7 and the corresponding isomorphism in the classical
case. 0

Together with the spectral triple on T2, which in turn defines an even unbounded
cycle in \Ilo(Lip(’]l%), C), these considerations lead to the following theorem. The
spin geometry of the noncommutative torus has of course remained a fundamental
example since the beginning of the theory [14].

Theorem 5.10. As an element of ¥V (Lip(']I%), C), the Riemannian spin geometry of
Té factorizes as a Kasparov product of unbounded KK-cycles, namely

(HQ’ D) x~ (89’ T’ v) ®Lip(S]) (H?ﬁ)’
where (E9,T,V) € \Dfl(Lip(Tg), Lip(S!)) and (H,p) € ¥_;(Lip(S"), C).

Proof. In order to compute the Kasparov product of these two odd cycles, we follow
the method of Example 2.39. Proposition 5.9 gives us the necessary isomorphism
at the level of modules. All of the necessary analytic details have been verified, so
it remains to check that the product operator agrees with the Dirac operator on Tg.
This follows immediately by inspection of the formula (2.15). 0
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This KK-factorization allows for the following gauge theoretical interpretation.
The C*-module Ey is the space of continuous sections of some Hilbert bundle
V' — S!. Essentially, the fibers of V are copies of L2(S!). The internal gauge group
U(Lip(’]I%)) is a normal subgroup of the group G(&y) of Definition 3.7, which acts
fibrewise on V. The internal gauge fields in QlD(Lip('H%)) decompose according to
Lemma 3.12: the scalar fields act vertically on the Hilbert bundle V', whilst the gauge
fields are given by connections thereon.

We have thus cast the gauge theory as described by the spin geometry of the
noncommutative torus Tg into a geometrical setting consisting of a Hilbert bundle
over the circle S', equipped with a connection and a fibrewise endomorphism.
Interestingly, in passing from U(Lip(’ﬂ%)) to G(&p) we allow for more gauge degrees
of freedom, and in particular those of a type encountered in noncommutative instanton
searches [7-9] (and for an early appearance [32]). Namely, the Pontrjagin dual
group Z of T acts on & through the bounded operators €277 = 27T for any
n € Z. One easily checks that this Z is a subgroup of G (£p) and the relevant extension
of U(Lip(T%)) to consider is the semi-direct product U(Lip(T3)) X Z < G(&p).

6. The noncommutative Hopf fibration

Next we come to investigate the spin geometry of the toric noncommutative Hopf
fibration S} — S%. In contrast with the example of the fibration T — S' given
in the previous section, this ‘quantum principal bundle’ gives us an example of a
topologically non-trivial fibration of noncommutative manifolds.

This quantum fibration will be described at the topological level in terms of an
algebra inclusion C(S?) — C(Sg), as a noncommutative analogue of the familiar
classical Hopf fibration S* — S? with structure group U(1). The aim of this section
is to spell out the noncommutative spin geometry of this fibration in full detail, using
the language of Kasparov products in unbounded KK-theory.

6.1. The noncommutative three-sphere. We begin by describing the spin
geometry of the noncommutative three-sphere S2, obtained as an isospectral
deformation of the Riemannian spin geometry of the classical sphere

S?* = {(v1,v2) € C? | v}vy + vivy = 1}
The latter has a natural parametrization in terms of polar coordinate functions
vy = e cos 1, vy = e sin y,

where the toroidal coordinates 0 < 1, ¢, < 2x together parametrize a two-torus and
0 < y < /2 is the polar angle.
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Definition 6.1. The C *-algebra C(S?) of continuous functions on S is the universal
commutative unital C *-algebra generated by the elements

Vi :=Ujcosy, Vo :=U,siny

for unitary elements Uy, U, and 0 < y < 7/2 the polar angle.

The C *-algebra C(S?) carries a natural action of the two-torus T? by *-automor-
phisms, defined on generators by

o T2 — Aut(C(S?)), a, (V) = el v;, j=12, 6.1)

where we denote a general element of the torus T2 by t = (e'1, e'%2) for 0 < ¢,
1y <2m.

Since the classical three-sphere S* ~ SU(2) is in particular a group, the rank two
spinor bundle over S? is trivializable. Thus we find that

H o= L*S3,S) ~ L2(S?) ® C? (6.2)

is the Hilbert space of square-integrable sections of the spinor bundle S over S3.
Immediately we obtain a continuous representation 7 : C(S®) — B(H) of C(S?)
on H acting as diagonal operators.

The Dirac operator D for the round metric on the classical sphere S* is an
unbounded self-adjoint operator on the Hilbert space H. With y2, y> the generators
of the Clifford algebra C; and y! its Z,-grading, the Dirac operator has the explicit
form

3
D=iZl®y1+i22®y2+iZ3®y3+§, (6.3)

where Z;, k = 1,2, 3, denote the corresponding (right) fundamental vector fields
on the group manifold SU(2) (cf. [24]).
Upon making an explicit choice of representatives for the gamma matrices, we

may write
. iZy Zy+iZs 3
b= (—Zz—i-iZg —iz, )to
For later convenience we introduce the ‘laddering’ and ‘counting’ operators Z4 :=
+Z, +iZ3yand T := iZ,. These satisfy T* = T, Z} = Zz and the crucial
property
(T.Z+] = £2Z, (6.4)
explaining their respective names. From now on we shall omit the tensor product
symbols from expressions such as eq. (6.3)
The spin lift of the torus action (6.1) on C(S?) defines a unitary representation
U : T? — B(H) generated by the pair of commuting derivations

Hy=-y1—iZi, Hy=iZ,, (6.5)
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the latter coming from the left fundamental vector field Z1 on the classical sphere
S3 ~ SU(2). Again we refer to [24] for further details (noting that the torus acting
on H is in fact a double cover of the torus acting on S3; we take the liberty of being
notationally sloppy about this point).

In terms of the resulting Z2-grading (5.3) of the algebra B(?), one easily checks
that the generators V7, V5, of the C *-algebra C(S?) have respective degrees (1, 1) and
(1, —1). It will be convenient to simplify our notation, often writing

a:=", b:=T1,. (6.6)

This time taking A := exp(7i6) (due to the aforementioned issues regarding double
covers), the corresponding twisted operators are therefore given by the formula

L(a)=(g S)AHI, L(b):(lo’ 2)A_H1.

Immediately one verifies the commutation relation L(a)L(h) = A?L(b)L(a), leading
to the following definition (cf. [34]).

Definition 6.2. With A := exp(7i0), the C *-algebra of continuous functions on the
noncommutative three-sphere Sz is the universal unital C *-algebra generated by the
elements

Vi =Ucosy, Vo, = Us,siny,
where Uy, U, are unitary elements obeying the relation U U, = A2U,U; and 0 <

x < m/2 is the polar angle. We denote this C *-algebra by C (S;’).

Following the isospectral deformation procedure described in the previous section,
we take
Ho = L%(S;.S) = L*(S*) ® C? (6.7)

for the Hilbert space of square-integrable sections of the spinor bundle S over the
noncommutative sphere Sz. Immediately we obtain a continuous representation
7 : C(S?) — B(Hg) of C(S?) on Hyg acting as diagonal operators The formula (5.6)
continues to define a Dirac operator on the Hilbert space Hg.

Proposition 6.3. The datum (C(Sg),’Hg,D) constitutes a 31 -summable torus-
equivariant spectral triple over the C*-algebra C (Sg)

Proof. By computing directly that —y! —iZ, commutes with D, as obviously
does Z 1, the result follows from checking that

UODU@)™ =D, U)r(@)U@)* = n(a:(a)), (6.8)

foralla € C(Sz) and all t € T?. O



Gauge theory for spectral triples and the unbounded Kasparov product 185

The associated Lipschitz algebra is denoted Lip(Sg). It consists of those elements
ae C(Sg) for which the map ¢ + oy (a) is a Lipschitz function T? — C(Sg).

Corollary 6.4. The datum (Hg, D) constitutes a cycle in the set W_4 (Lip(Sg), C) of
odd unbounded KK-cycles.

Proof. This follows immediately from the fact that the datum (C (SZ’,), Hg, D)
constitutes an odd spectral triple over C (SS) with Lipschitz algebra Lip(Sg). O

6.2. The classical two-sphere. This time we write T? = T x T’, where
T:={(", ") eT? |t eR}, T :={(" e "'")eT?|teR} (6.9)

and look for the fixed point subalgebra of C (Sg) under the action of T induced by
eq. (6.1), which we continue to denote by o : T — Aut(C (Sg)). Starting with
the spectral geometry of SS described by the above spectral triple, we compute its
T-invariant part and show that the resulting datum is unitarily equivalent to the
canonical spectral triple on the base space S? of the Hopf fibration.

Proposition 6.5. The fixed-point subalgebra of C (Sg) under the action of T induced
by (6.1) is isomorphic to the commutative C *-algebra C (S?) of continuous functions
on the classical two-sphere.

Proof. 1t is clear by inspection that the fixed-point subalgebra of C (Sg) under the
action of T is the universal unital C *-algebra generated by the complex element
W := U; U, sin y cos y and the real element x := cos® y, with 0 < y < 7/2 the
polar angle. One readily checks that

W*W =WW* = x(1 —x),

so this commutative C *-algebra is nothing other than the algebra C(S?) of continuous
functions on the classical two-sphere of radius 1/2. O

Next we describe the geometry of the base space S? of the Hopf fibration. Denote
by Lip(S3)o and L*(S},S)o the T-invariant subspaces of Lip(S}) and L*(S},S),
respectively. The space Lip(Sg) decomposes into homogeneous spaces of weight
n € Z under the action of the operator 7" := i Z,

Ly ={ace Lip(Sz) | T(a) = na}.

Our choice of notation is deliberately suggestive of line bundles, where £, is thought
of as the space of Lipschitz sections of the line bundle over S?> with first Chern
number #. This yields the familiar Peter—Weyl decomposition of Lip(Sg) into weight
spaces
Lip(S3) ~ €D Ln (6.10)
nez

and from eq. (6.4) we find that Zy : L, — L,45.
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In what follows, we shall say that each element x € L, is homogeneous of degree
n € Z with respect to the decomposition (6.10).

The operator 7 is the infinitesimal generator of the T-action on Lip(Sg) induced
by eq. (6.1) and so Ly is the algebra of invariant Lipschitz functions on Sg which
identifies with a dense *-subalgebra of C(S?). The product and involution in Lip(Sg)
therefore induce the identifications of (sections of) line bundles

Lom Rry Ly >~ Lytn, ,C: ~L_,, (6.11)

as one should expect from the classical case. In particular, the generators a, b of
eq. (6.6) are elements of the Ly-bimodule £;, whereas their conjugates a*, b* are
elements of £_;.

There are two combinations of these line bundles which are of particular interest,
respectively forming the Lipschitz sections of the spinor bundle S and the cotangent
bundle A! on S2, as the following result shows. These will prove useful in the final
section of the paper.

Lemma 6.6. There are explicit isomorphisms of Lo-bimodules of Lipschitz sections
FZ(SZ,AI) ~Lo® L5, Fe(SZ,S) ~ L@ L.

Proof. By definition, the decomposition (6.10) is equivariant under the T-action
on Lip(Sg), whence the Ly-bimodules £, are isomorphic as vector spaces to their
classical counterparts. The result now follows from the corresponding classical
isomorphisms. 0

More precisely, the latter result means that every one-form w € I'¢(S2, A') may
be written uniquely as

o= fror+ f~o_, forsome fi € Li,, (6.12)

with w4 the left-invariant one-forms on Sz which are dual to the vector fields Z ..
The relationship between the vector bundles S and A! is expressed through the usual
Clifford multiplication

¢ : TS AY) — End}, (T4(S%.9)).

Recall our choice of representatives for the gamma matrices,

L (1 0 , (0 —i (01
V_(O—l’ Y=\ o) V=1 o)

written in terms of the basis that decomposes I'¢(S2, S) into a direct sum. Using
these, we introduce the matrices

0 1 0 0
. 14,2 3. + _ - _
o0& =S (xiyT+y7); o _(O O)’ o (1 O)'
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The Clifford multiplication on S? is then conveniently expressed in the form
c(@)(s) = fre(wp)s + frelw)s = frops + froos = (frs—. f-s4).

for each s = (s;,s_) € £ ® L£_;. The grading on T'*(S?, S) determined by the
matrix y! makes the Clifford action into an odd representation of I'*(S?, A!) on
r¢(s2,8).

From Proposition 6.3 we know that the Dirac operator D of eq. (6.3) is
T2-equivariant, whence it induces an unbounded self-adjoint operator Dq on
L?(S3,8). Since (y')? = 1, we may rewrite eq. (6.3) as

1
D=—(=y'=iZyy' +iZoy* +iZsy’ + 5.

The U(1)-invariant part L?(S3,S)o is the closed subspace of the spinor space
L?(S?) ® C? that is annihilated by the operator H; = —y! — i Z, the latter being
the spin lift of the infinitesimal U(1) generator T = i Z;. We deduce that we may
write

1
D() = 2202+Z303 + 5

as an operator on the invariant spinors L?(S3, S). Since the matrices o+ correspond
to the Clifford multiplication of the one-forms wy, we deduce that the exterior
derivative on the two-sphere has the form

d: Lip($?) = Qb (CE).Lip(S?).  df = [Do. f1 = Z1 (s +Z-(f)o-,

(6.13)
where Z4 1= £Z, + iZ3 are the vector fields appearing in the above form of the
Dirac operator and w4 are the one-forms from eq. (6.12).

Proposition 6.7. The datum (C (Sg)o, L%(S2,8)o. Do) constitutes a 2+ -summable
spectral triple.

Proof. The only non-trivial condition to check concerns the summability. Since the
Dirac operator on Sz coincides with that of the classical sphere S acting on the
Hilbert space L2(S3, S), we may as well carry out the computation there.

Recall [24] that the eigenvalues of the round Dirac operator on the three sphere
are labeled by integers as

Ase = £(k+3/2), (k=0),

with multiplicities (k + 1)(k + 2). Moreover, the A4g-eigenspaces are precisely
the highest weight representations of Spin(4) = SU(2) x SU(2) with highest weight
(k + 1,k) and (k, k 4 1) for the positive and negative eigenvalues, respectively.

As such, there is a unique eigenvector in each eigenspace that is invariant under
the action of one of the two copies of U(1) in Spin(4). It follows that, in passing
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from L2(S3,S) to L2(S}, S)o, one simply removes part of the degeneracies of the
eigenvalues, so we have

L*(S5.8)0 ~ @ Vant1 ® Vanyr. (6.14)

n>0

where V5,41 denotes the U(1)-invariant part of the highest weight (2n + 1)-
representation space for the relevant copy of SU(2) in Spin(4).

In this way, each of the spaces V5,41 is an eigenspace for Dg. Since Dy
has eigenvalues 2n + 5/2 (in the first summand) and —(2n + 3/2) (in the second
summand), each with multiplicity 21 + 2, we conclude that Dy is 2T -summable. [

As a consequence we see that the base manifold for the Hopf fibration is two-
dimensional. Let us make the geometric structure of this manifold more explicit
by relating the operator Dy on L2(S3,S)o to the Dirac operator § on the round
two-sphere S2.

Theorem 6.8. Under the isomorphism C (SZ)O ~ C(S?), there is a unitary
equivalence between the spectral triples (C(Sg)o, L%(S3.8). Do — %) and

(C(8%).L*(S*.5).29).
In particular, there is a completely bounded isomorphism Lo == Lip(S?).

Proof. Recall that the spectrum of the Dirac operator ) on the round two-sphere S? is
Z—{0} with multiplicities 2|¢| for each £ € Z—{0}. The corresponding eigenfunctions
in L2(S?, S) are the well known harmonic spinors on S?:

PYE =+ +HrE, GeN+im=—j—j+1....j—1)).

For each fixed half-integer j, the functions Yﬁn form=—j,—j+1,...,j—1,j
span the highest weight representation space V,; for SU(2). Then, upon writing
j=n-+ % we can identify this representation space (for &) with the spaces V», 41
in the above decomposition (6.14) of L2(S*,S)o. Identifying the Hilbert spaces
L%(S3,8) and L%(S3, S) yields the result. O

Remark 6.9. Observe that the canonical spectral triple and, in particular, the Dirac
operator § on S? are written in terms of a sphere of radius one. On the other hand,
we have just seen that the torus-invariant part of the spectral triple on Sg has a
Dirac operator which is equivalent to 29 + % This is indeed consistent with the
aforementioned fact that the base space of the Hopf fibration is in fact a two-sphere
of radius 1/2. Since the constant operator 1/2 is not odd for the natural grading, the
invariant part is not an even spectral triple in the strict sense and we have to consider
Do — % Later on, this will be important to obtain the correct commutation relation
with the vertical KK-cycle.
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It now makes sense for us to write (C(S?), Ho, Do — %) unambiguously for the
spectral triple on the base space S? of the noncommutative Hopf fibration.

Corollary 6.10. The datum (Hg, Do — %) constitutes an element of the set of
unbounded even KK-cycles Wy (Lip(S?), C).

Proof. The spinor bundle S on the two-sphere is trivializable and of rank two, giving
an obvious grading I' : Ho — Ho of the Hilbert space Ho = L?*(S?,S). The
result is now immediate from the fact that (C(S?), L(S?, )., 29) is a spectral triple
which is even with respect to this grading and has Lipschitz algebra cb-isomorphic
to Lip(S?). O

6.3. The Lipschitz module of the Hopf fibration. The previous section described
the horizontal part of the geometry of the noncommutative Hopf fibration. Next we
come to describe its vertical geometry. To this end we use the completely positive
map

70 : B(H) = B(H), 7to(a):= /;Tozt(a)dl,

where «; is defined as in eq. (6.8). We saw in Proposition 6.3 that this restricts to
the C*-algebra valued map

T0: C(Sg) — C(S?), 1) := /Ta,(a)dt. (6.15)

However, yet more is true: just as it did for the noncommutative torus, the latter
induces a right Hermitian structure (-,-) defined by (a,b) := t9(a*b) on Lip(Sz)
with values in the invariant subalgebra Lip(S?).

The corresponding C*-norm is

L 1/2
lallz, = Na.a)lgcs)

and we wish to identify the appropriate Lipschitz submodule &y of Ey. Writing (-)" to
denote ordinary matrix transpose, we introduce for each n > 1 the partial isometries

b, = (Yyx) = (a” cia® b - cp_qab™! b”)u, (6.16)
Vo = (Wopp) = (@ ca*™ 'b* oo cpqa*b*" ! b*”)tr, (6.17)

where a, b are the generators of the C*-algebra C(S}) and ¢ := (7). so that each W,,
is normalized in the sense that

W, = (la> +[bH" = 1. (6.18)

Note that, with the convention ¥y = 1, the matrices ¥, are defined for all n € Z.
We write W, ; for the kth entry of the column vector ¥,,, where k = 0,1,...,|n|.
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We will often employ the shorthand notation [D, ¥,] to denote the column vector
with entries [D, ¥, ],k =0,1,...,|n|.

The following result describes the structure of the Lip(S?)-submodules L,
appearing in the Peter—Weyl decomposition of Lip(Sg). It will turn out to be a
key step in describing the Lipschitz cycle for the Hopf fibration.

Proposition 6.11. For each n € Z the operator p, = W,V is a projection in
M| +1(Lip(S?)) and the map

L_, — Lip(S®H"+1, x> (W,x),
implements a cb-isomorphism of finitely generated Lipschitz modules:
Loy = paLipH)"*.

Proof. Since the generators a and b are in Lip(Sg), it is immediate that [D, ¥,,] is
bounded. For x € £_,, we have

7p(Wu)mp(x) = mp(¥yx) = mpy(¥px),
since (W, x) is a column vector consisting of elements of degree zero, whence
[D,V,x] = [T + Do, VY,x] = [Do, Vpx].
Hence we have
Do (WnX)*Tpo(Unx) < |7rp (W) 27D (x)*7p (%),

showing that W, is completely bounded as a map £_, — p,Lip(S®)"I*+1. TIts
inverse W* is completely bounded since, for each v € p,Lip(S?)"!*1 we have

np(Vyv) = np(¥,;)mp(v) = 7p(¥;) 7D, (v).
which holds because v is a column vector made up of elements of degree zero. Hence
7D (¥y0)* 7D (Vyv) < [|l7p (Wn) 127D, (v)* 7Dy (v),
implying complete boundedness. 0

Corollary 6.12. There is a C*-module isomorphism

Ty = @pnC(Sz)lnH_l C ,HC(SZ)

nez
which, on the dense subspace C (Sg) C ‘Ey, is defined by x — (to(VpX))nez.

Proof. This follows by taking C *-completions of the £, in the previous proposition
and observing that Ey is the C *-module direct sum of these completions. 0
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We define the Lipschitz module £ to be the direct sum of the Lipschitz
modules £, in the sense of Proposition 2.13. By definition, & is the completion of
the dense subalgebra of finite sums of homogeneous elements x € Lip(Sg) in the
norm

IX1Z, = 1> 70o (r(¥nx))* 700 (t(Wnx) | = 1| Y 70 (¥nx—n)* 7o (¥nx—n)|
nez nez

(6.19)
for x € &, where we denote by x_, € L£L_, the component of x of homogeneous
degree —n. We will now analyze this norm in order to prove that multiplication in

Lip(S}) induces a cb-homomorphism Lip(S}) — End;p(sz)(é'g).

Lemma 6.13. The derivatives of the generators a, b of the C*-algebra C (Sg) with
respect to the operator Dg are

Do @] = (jpe o) A1 1D0mo®] = (g o) 7
In particular they satisfy
wg(a)[Do, mg(a)] = [Do. mg(a)lmg(a), mg(b)[Do,mg(b)] = [Do, 7g(b)]me (D),
and the elements
mg(b*)[Do, we(b)],  mg(a™)[Do, 7e(a)],
belong to the commutant of mg(C(S})) in B(He).

Proof. For the generators of the classical algebra C(S®) one computes rather easily

that
Do.7@] = (350 o) o] = (g )

The first claim follows directly from the fact that L([Dg, 7 (a)]) = [Do,L(7(a))] and
similarly so for the generator b. It follows immediately that the elements

wg(b*)[Do, mg(b)],  7e(a™)[Do, e (a)l,
have bidegree (0, 0) and therefore commute with all of 79 (C (Sg)). O

Since no confusion will arise, from now on we shall omit the subscript 6 from the
representation g : C (Sg) — B(Hg). From the latter result it follows that, for each
k =0,1,...,|n|, the commutator [Dg, 7 (W, )] is a lower triangular matrix when n
is positive and upper triangular when 7 is negative. For positive n we have

[DO7 ﬂ(‘lfn’k)]

_ (k) 7 (01 = 0Dy, (@)@ *716%) + k(@ bF=)[ Do, 7 (1))
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foreach k = 0,1, ..., n, with a similar formula for negative n. For positive n, each
component of the matrix [D, 7 (¥,)]*[D, 7 (¥,)] is non-zero only in the upper left
corner, whereas for negative n it is non-zero only in the lower right corner.

From now on we assume n > 1, as the calculations are similar for n < —1. The
casesn = —1,0, 1 are trivial and can be done by hand. A straightforward calculation
using the above lemma shows that the only non-zero entry of the kth component of
[Do, 7 (¥)]*[Do, 7 (¥,)] is equal to

n
n N2 12(n—k—1) 7, 2(k+1)
43 (1) (0= 02lape =0
k=0
+ k2|a|2(n—k+l)|b|2(k—l) _ 2k(l’l _ k)|a|2("_k)|b|2k)

= 4];) (Z) (((n —k)+((n— k)2 —(n— k))) |a|2(n—k—1)|b|2(k+1)

+ (k + (% = 1)) [aPoF D PED — ok (n — o) a2 R )
(6.20)

Lemma 6.14. For n,k > 1, the binomial coefficients (Z) satisfy the identities
n n—1 n n—1
()=o) emn ()= (")

Proof. These are verified by direct computation. For the first identity one uses the
fact that () = %( ,’é:} ) For the second claim one combines this with the fact that

Corollary 6.15. Forn > 2, we have

(i) for2 <k <n:k(k—1) (Z) ="("—1)(Z:§);
(i) for 1 <k <n—1: k(n—k)(Z) =”(”—1)(Zj);
(iii) for0 <k <n—2: (n—k)(n—k—l)(Z) =”(”_1)(n;2)'

Proof. These identities follow from applying the previous lemma twice. O
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We will now split the expression (6.20) into four parts:

4(n)a?|b?@=V + nla|>*Vp|?); 6.21)

n—1

— n—1 2(n—k—1)| 7. 1 2(k+1) n—1 2(—k+1) 1120k —1).
4Zn( P )lal |b] +n(, _)lal |b| . (6.22)

k=1

N

4 (Z) (((n — k)2 = (n — k))|a|2k=D|p2k+D

k=

(=)

+ (k2 . k)|a|2(”_k+1)|b|2(k_1)); (623)

n—1
43" —2k(n — k) (Z) |a| 2R | p |2k (6.24)

k=1

By applying Lemma 6.14 to the expression (6.22), it is straightforward to check that
(6.21) and (6.22) precisely cancel some of the terms in eq. (6.23) and so together
these four terms add up to give the expression (6.20). We claim that equations (6.21)
and (6.22) add up to 4n, whereas (6.23) and (6.24) add up to zero.

Lemma 6.16. Equations (6.21) and (6.22) add up to 4n.

Proof. Omitting the constant 4, we observe that

n—1
_ n—1 _ _
n|a|2|b|2(n 1)+Zn(k_1)|a|2(n k+1)|b|2(k 1)
k=1

n

n—1 _ _
= nlaP 3 () laPeop e

k=1

n—1
n|a|2(n—1)|b|2 + Z n (n ; 1)|a|2(n—k—1)|b|2(k+l)

k=1
—n|b| Z( ) |2(n k)|b|2(k 1)

Adding these equations together yields
n(la + b )Z( 1) 16 RIbRED — nal + 62 =

as was required. O
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Lemma 6.17. Equations (6.23) and (6.24) add up to zero.

Proof. Again omitting the constant 4, eq. (6.24) equals

n—1 n—1

> -2k =) () 1aP 1B = 3 anr =) (27l Pp,

k=1 k=1

whereas (6.23) may be rewritten using Corollary 6.15 as

n—2 n
n—2 n—k— n—2 e _
n(n—l) <§ :( f )|a|2( k 1)|b|2(k+1) + § :(k_z) |a|2( k+1)|b|2(k 1))'
k=2

k=0
(6.25)
Now
"\ (n—2 = (n-2
Z (k B 2) |a|2(n—k+l)|b|2(k—l) — Z (k B 1) |a|2(n—k)|b|2k’
k=2 k=1
and
=3 n—2 = n—2
Z ( P ) |a|2(n—k—l)|b|2(k+l) — Z (k ~ 1) |a|2(n_k)|b|2k,
k=0 k=1
s0 (6.25) and (6.24) cancel one another. ]

Proposition 6.18. We have the following operator identities:

(Do, 7@ Do (vl = (3 0) >

Do, x @) Do (@] = (0 4) @ <0,

Proof. For n = 1 one checks directly that [Dg, 7 (¥,)]*[Do, 7 (¥,)] = diag(4,0).
For n > 2 the required equality follows from eq. (6.20) as a direct consequence of
Lemmata 6.16 and 6.17. The case where n < 0 is similar. O

Lemma 6.19. We have w(V)[Do, 7(¥,)] = 0.

Proof. From Lemma 6.13 we already know that the matrix 7 (W)[Do, w(¥,)] is
lower triangular. Using Lemmata 6.14 and 6.13 we directly compute the lower left
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entry of this matrix to be

n
(n(\IJ;)[Do, ﬂ(w")])n — 2a*b* Z k (Z) |a|2(k_1)|b|2("_k)
k=1
n—1
= Y= 0(}) la* o
k=0
n—1 1
=200 Yo (") lapHppe 1o
k=0
n—1 _1
_ Zn (I’l P ) |a|2k|b|2(n—k—1)
k=0

= 2n(la? + )" a*b* — 2n(laf + b2 a*b*
=0,
which is the result we were looking for. 0
Lemma 6.20. The maps Lip(Sg) — M, (B(Hy)) defined by
np(a) = mpy(a), 7wpla) > nr(a),
are completely bounded.

Proof. This is proved in the same spirit as Lemma 5.6. Consider the unitary
operator u interchanging the two copies of Lz(Sg) in Hg, together with the unitary v
from eq. (2.4). We have the identities

* —iZ —Zr,+1iZ; 3
ubu _(Zz+iZ3 iz )+§’

* _lzl Zz—iZ3 3
vbv _(—22—123 iZ, )+2’

and clearly un(a)u* = vr(a)v* = m(a). Therefore
2np(a) + unp(a)u™ + vrp(a)v™ = 471%,30((1).

Now since
_ . 1 0
(@) = gy, @e it g = 3).

we can write

Il po @l = llgmy p,(@g "Il < liglllg™" Illmp @) = 2llzp @),
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a fact which clearly extends to matrices. Using the same unitaries, we have
T iZy —Zy,—iZ; 3
uvDv™u _(Zz—iZ3 ~iz, )+2,
from which it follows that
ap(a) +uvrp(@)v*u* = 2nr(a),
so that ||rr(a)|| < ||7p(a)]| as desired. O

Proposition 6.21. For any homogeneous element x € Lip(Sg)_n we have

nDo(\Ijnx)*”D() (anx) = (

(4|n] + D)x*x + [Do, x]*[Do, x] [Do, x]*x
x*[Do, x] x*x ’

Proof. From Lemma 6.20 it follows that [Dg, x] is bounded whenever [D, x] is
bounded. By Lemma 6.19 we have
[DO, “Ijnx]*[DOa "pnx] = X*[Do, ‘Ijn][DOa \pn]x + x*[DOs \pn]*an[DOy X]
+ [D(), x]\IJ::[D(), ‘-IJn]x + [D(), X]*[Do, X]
= X*[D(), \Ifn][D(), \Pn]x + [Do, X]*[D(), X]
and similarly that
X*W¥[Dg, Wpx] = x*Wr[Do, ¥ylx + x* W, W, [Dyg, x] = x*[Dy, x].
Therefore

7Dy (WnX)* 1 py (Vpx) = (" X [D‘)"I’”]x[,f)[(l’)’o‘p”;]]H[D“’x] [Do.x] [Dox] x),

from which the desired equality follows by using Proposition 6.18. O

Corollary 6.22. The norm (6.19) on the Lipschitz module Ey is cb-isometric to the
norm

1¥[1* = ll70 (7D (¥)* 7Dy (X)) + D 4lnlxyxal, (6.26)

nez

where 1o : B(Hg @® Hg) — B(Hg @ Hy) is the map (6.15). Consequently, Eg is the
completion of Lip(Sg) in this norm.

Proof. This is now an easy computation using Proposition 6.21, extended to linear
combinations of homogeneous elements in . To see that this norm is defined on

all of Lip(Sg), write
(10
P=\0 o)
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and estimate

D dinlxgxn <Y 4nPxixn < o(prr(26)*wr (2%)p) < ||y (20)|P70(p)

nez nez
2
= 4|77 (x)[|”

Then apply Lemma 6.20 to obtain that

I¥[1* = ll70(py (¥)* 7Dy () + Y 4lnlxyxall < 8ll7p (X)I1,

nez

so &y is a completion of Lip(Sg). O

6.4. The Hopf fibration as a Lipschitz cycle. The work of the previous two sections
now places us in a position to describe the Hopf fibration as defining an odd Lipschitz
cycle in W4, (Lip(S}), Lip(S?)). First, we describe & as a left Lip(S})-module.

We first need a lemma about circle actions on C *-algebras. Let A be a C *-algebra
with a circle action, F C A its fixed point algebra and 79 : A — F the associated
conditional expectation. The C*-module  is defined by completing A in the norm
associated to the F-valued inner product {(a, b) := 79(a*b). Multiplication induces a
*-homomorphism A — End}, (E). The infinitesimal generator 7" of the circle action
is then a self-adjoint regular operator with spectrum Z C R and the commutators
[T,a] are bounded for all a in the dense subalgebra generated by homogeneous
elements.

Lemma 6.23. Let a € A be such that [T,a] € Endy (E) and let 0 < a < 1. There
is a positive constant Cy independent of a such that

IIT1%, alllep = CalllT. alllcp-

Proof. The proof relies on the fact that 7" has discrete spectrum, so the function
X > |x|% can be smoothened around 0 to a function g, without affecting the resulting
operator g(7') = |T'|*. The presence of the spectral projections p, : £ — A, allows
one to proceed as in [22, Lem. 10.15, 10.17] to show that

1
IIT1*, alll < Eélté(l)ldtll[Tsa]II,

where g denotes the Fourier transform of g. By applying this reasoning to the finite
direct sums E®", one obtains the same bound for matrices a;; for which [T, a;;] is
bounded. Since g is smooth, we have 1g(¢) = Q (1), so it remains to show that (g/r\/ is
integrable, which is done as in [22, Lem. 10.17]. O

Corollary 6.24. For any 0 < o < 1 the map nr(a) — mre(a) is completely
bounded.
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Proof. This now follows immediately by estimating
Iz @ < lall + IT1% alll < llall + CalllT.alll < (Ca + D7z (a)ll
for all a € A such that [T, a] € End} (E). O

Theorem 6.25. The norm (6.19) on &y is equivalent to the norm given by

* X X
Il =l Geog o) + (1) ()

Consequently, the module Eg is cb-isomorphic to the completion of Lip(S3) in this
norm. Multiplication in Llp(S ) induces a completely bounded *-homomorphism
Llp(S ) — End[, (Sz)(gg)

Proof. In Corollary 6.22 we showed that the norm (6.19) is cb-isometric to the
norm (6.26), and that this norm is defined on all of L1p(S ). By definition of |T|

we see that
X X _ .
(i) a1 = el + g,

nez
So the above norm differs from (6.26) by a term

To(x*x) = Z X Xn,
nez

and since
x*x 0 *
(*6" ) = ooy )

we have the estimate

2 2 2
xl® < llx]] ! < 2x[I”

Furthermore, because er 1 is a homomorphism, for each b € Llp(S )and x € &

the estimate

bx bx X
(i) (i = 7 ® (1) 7 (s, )
X
1 P ) (lTix)

(ot
< (€4 + DImp®) ( . ) (|T|2x)

holds by Lemma 6.20 and Corollary 6.24.
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Since 7 p, is also a homomorphism, the estimate

Do (bX) 7o (bx) = ||7po (b) > 71Dy (X) "7y (x)

is immediate. For the norm || - || e we can now estimate that
70,

2 = GHC @R oy 7o)+ 1y ) (7

1 1
70, |T|2x |T|2x
which proves that multiplication induces a cb-homomorphism. 0

Proposition 6.26. The map T : Dom(T) — &y defined on homogeneous elements
Xxn € L, by
T :Dom(T) —> &g, xn > nxy,

is a self-adjoint regular linear operator with compact resolvent on the Lipschitz
module Eg. The map a — [T,a] € Endz(Sz)(Zg) is a cb-derivation Lip(Sg) —
Endz(gz) (Ep).

Proof. 1t is immediate that the operators 7' = i have dense range, since they map
the algebraic direct sum P, ., £, onto itself. Using the norm (6.19), we see that
the operators (T 4 i)~ ! are contractive for this norm. By Lemma 2.18, the closure
of T is self-adjoint and regular in . The resolvents (7 4 i)~! are elements of
Kiips2)(Ep), since they are the uniform limit of the operators

k
=Y (nxi)'p,

n=-—k

with p, the projections x — W, 79(¥, x). Indeed, these are contractive as operators
in &g (as can be seen directly from the norm (6.19)) and thus for m > k we find

1
e =rmlleg =11 Y. £ palley £ ——= —0
/ 2
k<|n|<m I+k
as k — oo. The statement that the map a +— [T, a] is a cb-derivation from Lip(Sg)
into the C *-algebra Endz ©2) (‘E) follows directly from Lemma 6.20 and the fact that
C *-algebra representations are completely contractive. O

As with the noncommutative torus, the C *-module version of this proposition is
an example of a circle module as described in [11]. The Lipschitz structure we have
constructed allows us to study connections on this circle module.

Let us denote by V, : Ly — Ly ®pips2) QIDO (S?) the canonical Grassmann
connection on each of the projective modules £, defined by V,, := p, o d, where
pn = Y, W is the projection which defines the modules £,, for each n € Z.
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Proposition 6.27. Under the isomorphism Eg = @, c;, Ln, the linear map
V: 59 g 59 @Lip(SZ)QIDO (C(Sz), LiP(Sz)) V = ®nezVa,

yields a well defined connection on the right Lipschitz Lip(S?)-module Eg. It has the
property that [V, T] = 0.

Proof. Ttis clear that the maps V,, : £, — Ly ®pip(s2) Q}DO (C(S?),Lip(S?)) make
sense as connections on the line bundles £,, foreachn € Z. Each of these connections
is completely contractive for the Lipschitz topology on £,, and so the algebraic direct
sum @,V, extends to a well defined completely bounded map V on the Lipschitz
direct sum as claimed. The property that [V, T'] = 0 is immediate, since it evidently
holds on each £, and the algebraic direct sum is a core for the operator 7. O

Recall that all along it was our goal to identify a Lipschitz unbounded KK-
cycle which captures the vertical part of the geometry of the noncommutative Hopf
fibration. Following the accomplishments to this point, finally we arrive at the desired
theorem.

Theorem 6.28. The datum (g, T, V) is a Lipschitz cycle in \Iffl (Lip(Sg), Lip(S?)).

Proof. The above discussion shows that all of the conditions prescribed in
Definition 2.30 are indeed satisfied. O

6.5. The noncommutative three-sphere as a fibration over the two-sphere. Just
as we did for the noncommutative two-torus, we are now ready to spell out the
factorization of the spin geometry of the noncommutative sphere Sz over a classical
base space. We shall present this factorization as a product in unbounded KK-theory
of the canonical spectral triple over the two-sphere S? with the Lipschitz cycle
(&9, T, V) constructed in the previous section. That is to say, we claim that

(Ho. D — 3) = (€. T. V) @pip(s2) (Ho. Do — 3) (6.27)

as unbounded Lipschitz cycles in W_;(Lip(S}). C), ¥, (Lip(S*), Lip(S?)) and in
W (Lip(S?), C), respectively.

We begin with the Hilbert modules appearing in (6.27). Let us write (-, -)g2 for
the inner product on the Hilbert space L?(S?) and consider the tensor product of
Hilbert modules 9y ® ¢ (s2)L?(S?), which we equip with the inner product

(e®@h, e @N') = (h, (e e (6.28)
for each e @ h, ¢ @ i’ € Eg ®c(s2y L*(S*). Recall also our notation Ho :=
L*($?) ® C2.

Proposition 6.29. The Hilbert space Hg := Lz(Sg)®(C2 is isometrically isomorphic

to the completion Zg@c(sz)”z'-[o of the tensor product Fg ® ¢ s2)y Ho with respect to
the inner product (6.28).
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Proof. This follows immediately from the identification of Hilbert spaces in eq. (6.7)
and the corresponding isomorphism in the classical case. O

In order to form the product of an odd Lipschitz cycle with an even KK-cycle,
we follow Example 2.38. Proposition 6.29 establishes the necessary isomorphism at
the level of Hilbert spaces. Thus we turn to the connection prescribed in the datum
(&9, T, V).

Let us introduce for each n € Z the shorthand notation &, := p,Lip(S?)"I+1.
Recall from Proposition 6.11 that we have for each n € Z a cb-isomorphism

Ui Lo = En [ (fi) = (Unif), 6.29)
where k = 0, 1, ...n. The Grassmann connections
Vi Ly — En@Lip(Sz)Q})o (LiP(Sz))
are in fact defined via these isomorphisms to be
Vi 0 En = En@Lipe2)2 D, (LIp(S?)). Vi 1= pyod,

where d : Lip(S?) — QIDO (Lip(S?)) is the exterior derivative on the classical two-
sphere. On the other hand, just as we did for the exterior derivative in eq. (6.13), we
may express each of the Grassmann connections in terms of the vector fields Z4+ on
the total space Sg of the Hopf fibration, as the following result now shows.

Proposition 6.30. Under the module decomposition Eg = D,,c;, Ln, the connection
V := &,V, of Proposition 6.27 coincides with the linear map

Vz 1€ — Eg Bripe)Rh, (C(SH).Lip(S?).,  Vz:=iZyy* +iZsy>.

Proof. The analysis of the previous sections means that we are now free to check
everything purely at the algebraic level, safe in the knowledge that our computations
will extend to the level of Lipschitz modules. One readily verifies the equality

iZz]/z =+ iZ3)/3 = Z+U+ + Z_o_

(in fact we already saw this in obtaining the expression (6.13)). Since the matrices o+
represent the Clifford multiplication corresponding to the one-forms w4 of eq. (6.12)
we therefore need to verify that, under each of the isomorphisms (6.29), we have a
commutative diagram

\Y% ~
Ly Z Ln®ro(Lr® L)
v, v, 1t
En En éLip(SZ) Q IDO (Lip(Sz)) >
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where
Vz: Ly = Lni2® Ly = Ly®ro(Lr® L)

and
(L2 @ Log) — Qp (Lip(S?))

is the map induced by the identifications of modules in Lemma 6.6. To this end, we
compute that

(Pnd(Wn )k = Pnk1d(Wn 1 f)
= Pukt¥ni (Z+ (ot + Z_(Ho-) + Yur Y, [Do, Yl f
=Wk (Z+(fot +Z_(fo-)
= (Wn(Z+ (ot + Z(fHw-))k

where we have written p, := (pn k) for k,/ = 0,1,...,n. The third equality
follows by using Proposition 6.19 to deduce the vanishing of the appropriate terms,
together with the identity W; W, = 1. O

Theorem 6.31. As an element of V_; (Lip(Sg), C), the Riemannian spin geometry
of Sg factorizes as a Kasparov product of Lipschitz cycles, namely

(Ho. D — 1) = (£. T. V) ®pips2) (Ho. Do — 3).
where (Eg, T, V) € WY | (Lip(S3). Lip(S?)) and (Ho, Do — %) € o(Lip(S?), C).
Proof. We have already established the necessary isomorphism of Hilbert spaces.

The operator in the Kasparov product on the Hilbert module &g @C(Sz)’}-[o is given
by the expression (2.14), that is to say

fRs—>Tf RTos+ (Vf)s+ f ® Dgs, foreach f € Ey, s € Hy,

where I'g : Ho — H,o is the grading on the spinors over the two-sphere. We shall
check that this product operator agrees with the Dirac operator D on the three-
sphere Sg. To this end, let us consider the operator

1®v Do : Ly @py (L1 ®Ly) = Ly ®ry (L1B L1)

The matrices o+ appearing in V act on the Hilbert space Hg, as does the Dirac
operator Dg. Upon using eq. (6.11) we deduce from the fact that both V and Dy can
be written in terms of Z4 and o4 that

1®v (Do — %) ~iZoy® +iZsy>,

through the identification £, ® ., (L1 @ L-1) =~ L,4+1 ® L,—1. Next, we consider
how T ® I'y = iZ;y' behaves under the latter identification of line bundles.
Correcting for the shift in n, we find that

TQTo~(T+D)=GZi+yHyH) =iZiy! + 1.
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As a consequence we find that
T®T +1®v (Do—3) ~iZiy' +iZoy? +iZsy> + 1.

This is the required explicit factorization of the Dirac operator on Sg in terms of a
vertical part 7" and a horizontal part Dy, linked via the connection V. O

In conclusion, we have cast the gauge theory described by the spin geometry
of the noncommutative three-sphere Sg into a geometrical setting, consisting of a
Hilbert bundle over S? equipped with a connection and a fibrewise endomorphism.

Indeed, the C*-module Ey is the space of continuous sections of some Hilbert
bundle V — S? whose fibres are essentially copies of the Hilbert space L2(S!).
According to Definition 3.7, the internal gauge group U(Lip(Sg)) of the fibration is
a normal subgroup of the gauge group G(&p), acting fibrewise upon the Hilbert
bundle V. The internal gauge fields in Q})(Lip(Sg)) decompose according to
Lemma 3.12: the scalar fields Cs act vertically upon the Hilbert bundle V', whilst the
gauge fields C, are given by connections thereon.

Asin the case of the noncommutative two-torus considered in the previous section,
in passing from U(Lip(Sg)) to G(Ep) we find that the Pontrjagin dual group Z of T
acts vertically on the bundle V. In other words, we can consider the semi-direct
product U(Lip(Sg)) X Z C G(&p) as a natural extension of U(Lip(Sg)). We leave
the potential application of our notion of gauge theories — after extending it to
four-dimensional examples such as Sg — to instanton moduli spaces [7-9] for future
work.
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