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Abstract

In this thesis we generalize the construction of the two, a priori different, versions
of the index difference to the case of families of twisted Spin Dirac operators and
give a proof that they are mapped to each other under the Bott isomorphism in
KK-theory. The classical versions of the index difference assign to a pair of positive
scalar metric on a closed spin manifold an index in the Real K-theory of a point
using Spin Dirac operators. By replacing the Spin Dirac operators by twisted
Spin Dirac operators one obtains two new versions taking the fundamental group
of the manifold into account. This is done not only for pair of positive scalar
curvature metric but also for compact families of positive scalar curvature metrics.
Therefore the proof, called the spectral flow index theorem, that the two definitions
of the classical index difference agree does not work anymore. We give a proof of
this by calculating a Kasparov product. As an application a result of Ebert and
Randal-Williams concerning the homotopy of the space of positive scalar metrics
on even dimensional manifolds can be generalize to odd dimensional manifolds.
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Introduction

Foreword. The local geometry of two homeomorphic Riemannian manifolds can
be very different. This suggests a fundamental research interest in the theory of
smooth Riemannian manifolds, namely the relation between the local geometry
and the global topology of a given smooth manifold M. It turns out that the scalar
curvature has a rich interaction with topology. The scalar curvature scal(g) is the
simplest curvature invariant of a Riemannian manifold (M, g). Its value at a point
x € M is given by the double trace of the Riemannian curvature tensor at x. In
dimension two the scalar curvature is twice the Gaussian curvature. Using the
classical Gauss Bonnet Theorem, this entails that the only orientable 2-dimensional
closed manifold with non-negative scalar curvature which is not flat is 2. Of
course this does not continue to hold for d > 3. For that reason the space R*(M)
of all Riemannian metrics on M with positive scalar curvature (hereafter psc) is well
worth studying. There are two pivotal questions concerning R* (M):

Question 1. Which closed Riemannian manifolds M admit a metric with positive scalar
curvature, i. e. for which manifolds M is the space R* (M) non-empty?

Question 2. Provided that R* (M) % (), what is the homotopy type of R* (M), i.e. what
do its homotopy groups . (R* (M), g) look like?

This thesis helps to examine the second question. The main result of this
thesis is the generalization of the spectral flow index theorem of [Ebe17] taking the
fundamental group of M into account. As a consequence it allows to apply the re-
sults of [ERW17] about the homotopy type of R*(M)[B~'] also to odd dimensional
manifolds.
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Literature review. We will first discuss answers to question 1 about the existence
of psc metrics on a given smooth simply connected manifold M. In the presence of
a spin structure the answer is given purely in topological terms and only depends
on the spin-cobordism class of the manifold:

Let (M4, g) be a closed connected d-dimensional Riemannian spin manifold.
A spin structure is given by a lift of the Gauss map t: M — BO(d) classifying
the tangent bundle along the covering map BSpin(d) — BO(d) to the 2-connected
cover BSpin(d). A spin manifold has a KO-fundamental class [M]xo € KO4(M)
determined by the spinor bundle &(M) — M and the Spin Dirac operator 13. This
is a first order elliptic operator acting on the smooth sections I'(&(M)) of the spinor
bundle. Its index ind(I3) can be interpreted as an element of the real K-theory
KO~4(pt) of a point in degree —d due to the Clifford symmetries encoded in &(M)
and I3. Since M is compact, the map M — {pt} is proper and hence induces a map
px: KOg(M) — KOq(pt) = KO~ 4(pt) under which [M]xo is sent to ind(13). If g
has psc then I3 is invertible. This is a consequence of the Schrodinger-Lichnerowicz
formula [Lic63] which states that

B =YY+ % scal(g)

Therefore ind(I3) must be zero. It follows that the index of the Spin Dirac operator
is the obstruction to psc on M. The Atiyah-Singer Index Theorem computes ind (1)
in terms of the A-genus of M, a topological invariant independent of the metric,
defined using characteristic classes. Thus R (M) = 0 if A(M) £0, i.e. parts of the
geometry of M are determined by a topological invariant.

Indeed x(M) := ind () is not only an invariant of the manifold M¢ but also
an invariant of the cobordism class [M] € szin of M. Moreover Gromov and
Lawson proved [GL8oa] that psc is stable under suitable surgeries. In other
words, if the closed d-dimensional spin manifold M; is obtained from the closed
d-dimensional spin manifold M, by suitable surgeries then R (M) # 0 if and only
if RT(My) # 0. Stolz was able to prove for a simply connected manifold that the
necessary condition of having trivial A-genus for admitting a psc metric is also
sufficient, i. e. he proved

Theorem ([Stogz2]). Let M be a simply connected closed spin manifold of dimension d > 5.
Then Rt (M) # 0 if and only if ind(13) = 0.

The case when M is not simply connected is merely conjectured and called the
(unstable) Gromov-Lawson-Rosenberg-Conjecture. It predicts that the result continues
to hold with ind(I2) replaced by a refinement, called the Rosenberg-index ok (M) €
KO4(Cimy (M)) with values in the real K-theory of the reduced C*-algebra of 7t; (M):

ii
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Conjecture. Let M be a connected closed spin manifold of dimension d > 5. Then
R* (M) # 0 if and only if «R(M) # 0.

However, there are counterexamples to this conjecture, compare [DSSoz2] and
[Scho8]. This suggests that the conjecture has to be modified: The stable version of
this conjecture asserts that ok (M) = 0 if and only if there exists k € IN such that
RT(M x B¥) # ). Here B is the Bott manifold, an 8-dimensional simply connected
spin manifold with A(B) = B € KO~8(pt). When 7; (M) satisfies the strong Novikov
conjecture, the stable Gromov-Lawson-Rosenberg conjecture is true due to a theorem
of Stolz [Stooz].

Next we discuss answers to question 2 about the homotopy type of the space
R* (M) provided that it is non-empty. In the case not taking the fundamental group
into account all previous results concerning the homotopy type of R* (M) such as
[Hity4, GL8ob, HSS14] or [CS13] were superseded by the results of Botvinnik, Ebert
and Randal-Williams in [BERW17]. In loc. cit. the space R* (W), of psc metrics on
a compact d-dimensional manifold W with collared boundary M which are of the
form h+ dt? on M x [—¢, 0] is studied. The aforementioned authors combined a
parameterised version of the surgery theory of Gromov and Lawson and secondary
index theory with techniques coming from the study of moduli spaces of manifolds.
Using this they were able to construct maps 7 (RT(W)y, go) — KO~ *(pt) which
are nontrivial whenever k > 0, d > 6 and the target is nontrivial. In a second paper
the two last named authors extended the methods used in [BERW17] to closed
connected even-dimensional spin manifolds with a map ¢ to the classifying space
BG of a discrete group G. They investigated the homotopy type of the homotopy
colimit R*(M)[B~] of the sequence

R*(M) 5 R* (M xB) 5 R*(M xBxB) -

In the case that G is torsion-free and satisfies the Baum-Connes Conjecture and
m (M) 25 G is split-surjective they were able to show that m (R*(M)[B~'],go)
surjects onto KOy 441(C;G) for all k > 0.

Methodology. One of the central methods to detect non-trivial elements in the
homotopy groups of R* (M) is provided by a secondary index theoretic invariant
called the index difference. Introduced in two a priori different ways by Hitchin in
[Hity4] and Gromov-Lawson in [GL83] the index difference became an important
tool in the study of the homotopy type of RT(M). The construction of Hitchin
differs substantially from the construction given by Gromov and Lawson. The way,
roughly speaking, Hitchin defined the index difference is as follows: Let M4 be
a closed connected spin manifold such that R™ (M) is non-empty. Choose a base

ii
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point go € R¥(M) and consider for every g; € RT(M) the path of Riemannian
metrics g¢ = tg1 + (1 —t)go from go to g;. One obtains a corresponding path
of Spin Dirac operators 3, defining a path in the space Fred® of C1%°-linear
odd self-adjoint Fredholm operators. The operators I3y and 3, are invertible
and the subspace of invertible operators is contractible due to Kuipers theorem.
Therefore we obtain a map [([0,1],{0,1}), (Fredd,pt)] given by the path of Spin
Dirac operators. Since the space Fred? represents the functor KO~4(_) we obtain
an element inddiffgo(gﬂ € KO~4([0,11,{0,1}) = KO~¢~T(pt). It only depends on
the pair (go,g1) € RT(M) x R*(M) of psc metrics. This construction likewise
works for compact manifolds W with boundary oW. Furthermore a smooth
map ¢4: X — R" (M) x R"(M) from a compact manifold X defines an element
inddiff; € KO~4=1(X). Hence for go € R* (W) we obtain a well-defined homotopy
class of maps

inddiff) : R* (W), — Q®"4"TKO

into the infinite loop space representing real K-theory. The key idea in [BERW17]
is the construction of a map p from an infinite loop space Z to R* (W), and the
identification of the composition inddiffglO o p with another well-known infinite
loop map «: Z — Q®T4+1KO which is surjective on homotopy groups. Using
this Botvinnik, Ebert and Randal-Williams were able to derive that the induced
maps on homotopy groups

(inddiff!! ),
T (RT (W), go) ———20" KO~ (pt)

are nontrivial whenever k > 0, d > 6 and the target is nontrivial. The construction
of the map p requires the dimension of W to be even. The odd-dimensional
case of the identification of inddiffy, o p with an infinite loop map is deduced
from the even-dimensional case using the second version of the index difference
inddiffgoL due to Gromov and Lawson, as well as the spectral flow index theorem
proven in [Ebe1y]. The index difference due to Gromov and Lawson also takes
two psc metrics go, g1 € RT(M) as input. However, instead of considering the
path of metrics between go and g7, one endows M x R with a complete metric
g € R(M x R) which is cylindrical on the ends, i.e.

go+dt?, on M x (—o0,0]
g1 +dt?, on M x[1,00)

As the scalar curvature is positive on the ends, the Spin Dirac operator D on the

iv
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(d + 1)-dimensional manifold M x R has an index in KO~4~'(pt). One defines
inddifngoL(g1) = ind(®P). This construction generalizes also to families. Fixing
go € RT(W) this also yields a well-defined homotopy class of maps

inddiffg ": R* (W), — Q"4 TKO

The spectral flow index theorem as in [Ebe1y] states that the maps inddiffglo
and inddiffgoL are weakly homotopic. Now the deduction of the odd dimen-
sional case from the even dimensional case goes roughly as follows: The first
step is the reduction to the case W = D?™*! and the identification of the spaces
Qg,RT(5%M) I R+ (D2 )go- Since $?™ is even-dimensional, & is weakly homo-

topic to inddiffg“oL o p. Therefore
Q() ~ Q(inddiffS) 0 p) ~ O(inddiff; ) o Q(p).
Hence one can use T and the spectral flow index theorem to deduce that
Q(inddiffg") o Q(p) = inddiff}, o To Q(p).

The crucial point here is that the spectral flow index theorem was only proven
for operators with indices in KO~ *(pt). The proof in [Ebe17] does not allow for a
generalization to the case of operators with indices in KO, (C;G) as the proof boils
down to an index calculation for which the knowledge of KO.(C;G) is needed.

In [ERW17] Ebert and Randal-Williams were able to generalize the methods
of [BERW17] to the non-simply connected case. This goes as follows: Let W4
be a compact connected spin manifold of even dimension d = 2n with collared
boundary M = 0W and a map ¢: W — BG. The index difference inddiff" induces
a map

RY (W) x RT (W), — KK(C1%4H!, CrG)

depending on ¢ by replacing ind(13,) € KO~ 4+ (pt) by alf(M, g¢) € KOg41(C;G).
As in the previous case the authors used the index difference to factor a map .27
of infinite loop spaces through the space R*(W);,. Contrary to the former case, 2/
is itself a composition and factors through the real K-homology KO, (BG) of the
classifying space of G. Indeed the map %/ is induced by the composition of the
maps

Q™ (BG) = KOa+1(BG) = KOa11(C;G)
W, @] = @.(IWlko) = v(@«([Wlko))
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or rather by the maps between the infinite loop spaces of the spectra representing
these generalized homology theories. The second map is given by the Novikov
assembly map v : KO,(BG) — KO,(C;G). If G is torsion free then the Novikov
assembly map can be identified with the Baum-Connes assembly map n. If G further-
more satisfies the Baum-Connes conjecture then p, hence also v, is an isomorphism.
Provided that G is torsion free and satisfies the Baum-Connes conjecture and that
@ : (M) — G is split-surjective, Ebert and Randal-Williams proved in [ERW17]
that the induced maps

(inddiff'! [B-11),
m(RT(M)[B7'], go) ———>—— KOq4+1(C;G)

are surjective for all k.

Research aim and results. As mentioned earlier the restriction to even dimen-
sional manifolds relies on the lack of a proof of the spectral flow index theorem
taking the fundamental group into account. The thesis arose from necessity to
provide a proof of the spectral flow index theorem in this case. This goal was
achieved: Let M4 be a closed connected d-dimensional spin manifold with a map
@: M — BG to the classifying space of a countable discrete group. For example let
m1(M) = G. Furthermore let R* (M) be non-empty and let X be a compact smooth
manifold possibly with boundary. For every smooth map ¢: X — R*(M) x RT(M)

we construct elements
inddiff} € KK(CI1%?, Co(R x X, C¥G)) and inddiffg" e KK(C1>, C(X, C:G)),

and prove the following

Theorem. Let bott™": KK(CI%%, Co(R x X, C*G)) — KK(CI>4*1,C(X, C*G)) be the
inverse of the Bott isomorphism in KK-theory. Then bott ™ (inddiff}}]) = [inddiff{? 4
holds.

This is the most general form of the spectral flow index theorem. With the aid
of this theorem the restriction to even dimensional manifolds in [ERW17] can be

dropped.

Overview of the thesis and outline of the argument. The proof of the theorem
is provided by using Kasparovs KK-theory. In fact it boils down to a calculation of
an unbounded Kasparov product in theorem 5.2.1 using a theorem of Kucerovsky
[Kucgy]. The first chapter can be viewed as a short overview of this topic starting
with C*-algebras, Hilbert modules and (unbounded) operators. In section 1.3 the

vi
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reader will find the relevant definitions concerning KK-theory. The geometric input
such as bundles of Hilbert modules and (families of) A-linear differential operators
is explained in chapter 2. The thesis is organized is such a way that a reader who is
familiar with these concepts can skip the first two chapters. Chapter 3 is devoted to
a different description of the groups KK(A, C(X,B)) in terms of continuous fields
of Hilbert modules and operator families. It is adaption of the results of [Ebe18].
This description is adequate to construct Kasparov modules from families of
manifolds and families of operators. The unbounded Kasparov modules inddiffi; e
Y(C1%4, Co(R x X, CiG)) and imddiffgL e Y(C14HT (X, CiG)) are constructed in
chapter 4. Finally the product is calculated in chapter 5.

To prove theorem 5.0.1 we consider an unbounded product. Kucerovsky
provided criteria under which an unbounded Kasparov module z represents the
Kasparov product of the two unbounded modules x and y. In more detail, he
gave sufficient conditions when the bounded transform, i. e. the image of z under the
surjection b: ¥(A,B) - KK(A, B), is equal to the Kasparov product b(x)#b(y).

The first step of the proof of theorem 5.0.1 is to represent inddiff}; and inddiffG"
by (unbounded) Kasparov-modules. Both versions of the index difference can
be obtained as special cases from the following general construction developed
in [Ebe18] and presented in chapter 3: A submersion m: N — X together with
a bundle E — N of Hilbert-B-modules defines a continuous field L%(m, E), cf.
definition 3.2.4, of Hilbert-B-modules over X. A B-linear differential operator
D: TS(N,E) — T2(N,E) induces an (unbounded) operator family on L%(m, E).
When (N, D) is fiberwise complete, compare definition 3.2.6, the closure D is self-
adjoint and regular by theorem 2.2.3. Moreover by theorem 3.2.9 the resolvent of
the closure is compact, if D is bounded from below by a fiberwise coercive function,
cf. definition 3.2.8. If the bundle E — N is Real, graded by n and endowed with a
Clifford action p of C1%¢ such that D is Real, odd and anti-commutes with p, then
the tuple (Li (7, E),1, ¢, D) defines an unbounded Kasparov-(ClO’d, C(X, B))-module.
This is the content of theorem 3.2.10.

To define inddiff}} let M4 be a closed connected spin manifold with a map
@: M — BG and suppose that R*(M) is non-empty. Furthermore let X be a
smooth compact manifold endowed with a smooth map ¢: X — Rt (M) x RT(M).
We consider the submersion m: M x R x X — R x X with a fiberwise Rieman-
nian metric induced by ¢. The bundle E is given by the spinor bundle &(n)
of the vertical tangent bundle T,m = TM x R x X twisted with the pullback of
the Misc¢enko-Fomenko line bundle £ — BG along ¢. The operator family is
induced by the twisted fiberwise Spin Dirac operators 3, , on ' (A, x) = M. The
element inddiff;;l € Y(C19Y, Co(R x X, C;G)) is obtained from this data in the way
explained above, see theorem 4.2.9. The element inddiffg‘ e Y( C194+1 ,C(X,CiG))

vii
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is constructed in a similar way in theorem 4.2.18 by considering the submersion
IT: M x R x X = X and the (unbounded) operator family induced by the Spin Dirac
operators @, on the non-compact manifolds TT-'(x) = M x R. In the case that
X ={pt} and G = {1} we get back the classical definition of the index difference of
either Hitchin or Gromov and Lawson.

Let bott™": KK(C1%¢, Co(R x X,CrG)) = KK(C1%*!,C(X,CrG)) be the in-
verse of the Bott isomorphism. It is given by the Kasparov product with the
module T¢(x,c:g)(a). Here « € KK(Co(R),C1%") is the inverse of the Bott ele-
ment p € KK(C1%", Co(R)) and the homomorphism t¢(x,c:6): KK(Co(IR), ol -
KK(Co(R) & C(X, C:G),C1%" & C(X, C:G)) is given by the exterior product. Hence
the proof of theorem 5.0.1 would be accomplished by showing that

b(inddiff} J#rc (x c:q) () = b(inddiffG").

However it is hard to prove this directly. Therefore the second step is to construct
an unbounded Kasparov module z’ € y(C1%4*T (X, C;G)) for which it is easier
to prove that it represents the Kasparov product of inddiffl; and t¢(x c:q)(e). This
is done in lemma 5.1.4. Subsequently we show that z’ ~ inddiffG". To prove
that this is indeed the case we make use of the following elementary fact: If the
metric on M x R is cylindrical, then the spinor bundle &(M x R) is isomorphic to
@(M) ® &(R) and the Spin Dirac operator D of M x R is of the form D ® 1+ 1& Dg.
In the case of inddiffS" we endow M x R with a metric which is cylindrical outside
a compact subset. Hence the difference of the operators ® and D ® 1+ 1 & Dr
has compact support M x [0, 1]. It follows that the induced unbounded operator
families are identical up to a compact perturbation. As a consequence both modules
represent the same element, cf. proposition 5.2.6. The last step is to show that

b(z') = b(inddiffy J#tc(x,crc) ().

To this end we have to show that the “difference” of the unbounded operators
D &1+ 1&DR and Dg is bounded on the domain of D and that the “graded
commutator” {ID © 1,10 &1+ 1& DR} is semi-bounded. Here we make use of the
special form of the operator ) & 1+ 1& Dg: The difference is given by multiplying
u € C¥(RR,S;) with a fixed section [3(s) with compact support. Therefore it defines
a bounded map, see proposition 5.2.3 and eq. (5.7). The graded commutator
conforms 1752 ® 1. Using the Lichnerowicz formula for twisted bundles, see eq. (4.3),
and the assumption about the scalar curvature this implies the semi-boundedness
of the graded commutator, see proposition 5.2.5. This completes the proof of
theorem 5.0.1 using theorem 1.3.9.

viii
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Chapter 1

C*-algebras, Hilbert modules and
KK-Theory

In this chapter we give an overview over the functional analysis needed in this
thesis. Section 1.2 provides the definitions and concepts needed for KK-theory.
This includes graded C*-algebras, Hilbert modules and their morphisms. We also
need to consider unbounded operators on Hilbert modules. It should be viewed as
a summary and a reader who is familiar with Kasparov’s (unbounded) KK-theory
can skip this chapter.

1.1 C*-algebras

In his original paper G. G. Kasparov [Kas8o] defines the bivariant KK-functor for
real, Real and complex Z/2-graded C*-algebras. For our purpose it suffices to
consider only the class of Real Z/2-graded C*-algebras, i. e. the class of (complex)
C*-algebras A equipped with a Z/2-grading and a Real structure. A Z/2-grading
is a self-adjoint unitary v: A — A, such that «* = id. Whereas a Real structure is
a conjugate-linear and self-adjoint unitary t: A — A, such that 1> = id. The two
structures are required to be compatible in the sense that vt = ti.. The grading
defines a decomposition A(®) @ A1) of A into the eigenspaces A :={a € A: i(a) =
(—1)ta} of the unitary . The elements of the eigenspaces are called homogeneous
and we define the degree of a € A1V by da = i. The graded commutator of two
homogeneous elements is defined by {a, b} := ab — (—1 )929bh5  This definition can
be extended by linearity to the entire algebra. Note that any C*-algebra can be
Z./2-graded using the trivial grading id. A trivial example is the field of complex
numbers C with the trivial grading and Real structure coming from the complex
conjugation. This Real graded C*-algebra is denoted by R.

1
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As tensor product we take the spatial tensor product within the class of Real Z/2-
graded C*-algebras. This entails that the tensor product A & B of two Real Z/2-
graded C*-algebras is again a Real Z/2-graded C*-algebra such that:

e ((a®b)=(a)®b),

The C*-norm is obtained in the usual way, but with graded states instead of states.
See [WOg3, Appendix T]. Let X and Y be locally compact Hausdorff spaces. Then
the spatial tensor product Cy(X) ® A is isomorphic to Co(X, A) and the spatial tensor
product Co(X) ® Co(Y) is isomorphic to Co(X x Y). Compare [WOg3, Proposition
T.5.21]. For Real C*-algebras see also [Schg3]. We will finish this section with an
example.

The reduced C*-algebra of a group: Let G be a countable discrete group and
denote by CG the complex group ring of G. The complex Hilbert space of square
summable functions G — C is denoted by ¢2G. There is a representation of CG on
?G by means of the regular representation p;:

pr(g) = [f— f(g~"-_)] € Lin(¢*G) (1.1)

Using the regular representation we define the norm of x € CG by ||x||; = ||pr(x)]|.
The completion of CG inside Lin({?G) with respect to || - |+ is by definition the
reduced group C*-algebra C};G. We consider C;G to be trivially graded and endowed
with the Real structure given by complex conjugation, i.e. T(}_Agg) = > Agg.

1.2 Hilbert modules

Let A be a C*-algebra and E a right A-module. An A-valued inner product on E is a
sesquilinear map (linear in the second and conjugate linear in the first variable)
(,-): ExE — A, such that for all x,y € E and a € A the following hold:

e (x,x) >0,
e (x,ya) = (x,y)a,

i (X/y)* = (y/X)-
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Note that (x,x) > 0 means that (x, x) is a positive element in A, i. e. it is a self-adjoint
element with positive spectrum. Using this inner product and the C*-norm || - ||a
on A we define the norm of an element x € E as follows:

X[l = /[l(x,x)]|a (1.2)

If E is a Banach space with respect to this norm, then E is called a Hilbert-A-module.
As in the case of C*-algebras we will also consider Real graded Hilbert modules
over a Real graded C*-algebra A:

A grading on a Hilbert-A-module E is a C-linear self-adjoint involution n such
that n(xa) =n(x)i(a) and (n(x),n(y)) = t((x,y)). A Real structure on E is a conjugate-
linear involution « satisfying the same compatible conditions as a grading with
replaced by .

The Hilbert-A-module E is called finitely generated and projective if E is isomorphic
as a Hilbert-A-module to an orthogonal direct summand of the Hilbert-A-module
A™ for some n € IN. While a Hilbert-A-module E is countably generated if there
exists a countable set of generators, i. e. a countable set {x,} C E such that the linear
span of {xna: n € N,a € A} C E is dense in E. When A is unital then the standard
Hilbert-A-module

o0 o0
Ha ={(xx) € H A: Z XXk 1S norm convergent in A}
1 k=1

is countably generated.

1.2.1 Bounded operators on Hilbert modules

The well-behaved operators between two Hilbert-A-modules E and E’ are those
which admit an adjoint, i.e. those maps D: E — E’ for which there is a map
D*: £/ — E such that

(D(x),y) = (x,D*(y)) (1.3)

holds for all x € E and for all y € E’. One can show that these maps, a priori neither
linear nor bounded, are in fact linear module maps and that the vector space
Lina (E) of all adjointable maps from E to itself equipped with the supremum norm
is a C*-algebra, see [WOg3, Proposition 15.2.4]. A grading t on E induces a grading
on Liny (E) as follows: An operator D € Liny(E) is called odd, if Dot = —t0D
and even if Dot = toD. When E is Real, we say that D € Lin(E) is Real, if
k(Dx) = Dk(x). Compact operators on Hilbert-A-modules are defined as follows:

3
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Let x,y € E and consider the map
Oxy: E—E,z—x-(ylz). (1.4)

It is adjointable and hence defines a bounded operator on E, called rank one operator.
These operators form a two-sided x-ideal inside Lina (E). The compact operators
Komay (E) C Liny (E) on E are defined as the norm closure of the linear span of the
rank one operators.

1.2.2 Unbounded operators on Hilbert modules

We also have to consider unbounded operators on Hilbert-A-modules. We refer to
[Langs] for a general treatment. However we also recall a result from [KL17]. It is
sufficient to consider only unbounded operators on a single Hilbert-A-module E.
These are A-linear maps D defined on a dense A-submodule dom(D) C E, called
the domain of D, whose range lie in E. As in the case of unbounded operators
between Hilbert spaces one defines the graph of D as the following submodule of
E®E:

G(D) ={(x,Dx): x € dom(D)}.
On the graph of D there is the following A-valued inner product:

((x,Dx), (y,Dy))gp) = (x,y) + (Dx, Dy).

If G(D) is complete with respect to this inner product then D is called closed. D is
called symmetric, if (Dx,y) = (x, Dy) holds for all x,y € dom(D). Let D: dom(D) —
E be an unbounded operator then

dom(D*):={y € E: dz€ E Vx € dom(D) (Tx,y) = (x,2)}

is an A-submodule of E. For y € dom(D*) the map y > z is well-defined and
defines an A-linear map D*: dom(D*) — E called the adjoint of D.

Remark. So far the treatment of unbounded operators on Hilbert modules is
analogous to the theory of unbounded operators on Hilbert spaces. While a
densely defined unbounded operator on a Hilbert space has a densely defined
adjoint this does not need to hold in the Hilbert module case.

To account for this defect we say that an unbounded and densely defined
operator D is regular, if D admits a densely defined adjoint D* and 1+ D*D has
dense range. A closed densely defined symmetric operator D is self-adjoint and

4
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regular if and only if there exists t € R such that the operators (D +it): dom(D) —
E are invertible. See [KL17, Proposition 4.1]. The self-adjoint and regular operators
are those operators for which there exists a functional calculus. Let C(R) be the
C*-algebra of continuous functions f: R — R such that limy_, 1o, f(A) exists. The

functional calculus is a unital *-homomorphism
®p: C(R) — Lina (E) , f — f(D)

with the following properties:
L [[fD) < [Ifllc,
2. if D is Real and f is real-valued then f(D) is Real and
3. if D and f are odd then f(D) is odd.

See for example [Langs, p. 118-120] or [Ebe18, Theorem 2.19]

1.2.3 Tensor products of Hilbert modules

There are two different types of (graded) tensor products of graded Hilbert modules.
The first one is the external tensor product of a Hilbert-A-module Ey and a Hilbert-
B-module E;, which is a graded Hilbert module over the graded tensor product
A & B constructed as follows: The algebraic tensor product Ey ® E; has a right
A & B-action

(xo ©x1)-(@®@b) = (—1)2*193(xqa & x1b)

and a A ® B-valued inner product

9x1:(9%x0+9yo) (

(xo ®x1,Yyo ® Y1) = (—1) X0,Yo) ® (x1,Y1).

The completion of Ey ® Ey with respect to the norm induced by this inner product
is Eo ® E7. It can be graded by n(xo ® x1) = no(xo) ®n1(x1). Using the exterior
tensor product of Ep and E; one gets an embedding

Lil‘lA(Eo) ® Lil‘lB(E1) — Lil‘lA®B(E0 ® E])

given by (Do & D1)(xo @x1) = (—=1)2P19%0(Dg(x0) & D1(x7)). This induces an iso-
morphism between Koma (Eo) & Komg(E;) and Kom s 5(Eo ® E1). The second one
is the internal tensor product Eo ®¢ Eq of two Hilbert modules Ey and E; over A and
B respectively, over a graded x-homomorphism ¢: A — Ling(E;). The internal
tensor product Eop ®¢ E; is the Hilbert-B-module (the right B-module structure is

5
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induced from the right B-module structure on the algebraic tensor product Eo®E;)
obtained as the completion of Ey ® E; with respect to the norm induced by the
B-valued inner product

(x0 ®p X1,Y0 ®¢ Y1) = (x1, 9((x0,Y0)Eo)U1)E,

and graded in the same way as Eo ® E;. In the case of the internal tensor product,
there is only an embedding

LinA(Eo) — Lil‘lB(Eo ®(p E]) ,D—D ®(p 1

In general there is no way to define a map Ling(E;) — Ling(Eo &4 E1). See [Blag§,
14.] or [JK12, §1.2.].

1.3 KK-Theory

Kasparov modules: From now on A, B, C,... will always denote Real Z/2-graded
C*-algebras and when we say C*-algebra we mean a complex C*-algebra equipped
with a grading and a Real structure. Moreover we require all C*-algebras to be
separable. For us this is no restriction at all since with only one exception (which is
separable) all C*-algebras we consider are even unital. The C*-algebra C([0, 1], B)
of continuous functions from the unit interval I := [0, 1] to B is denoted by IB.

Definition 1.3.1. Let A and B be two C*-algebras, E a countably generated Hilbert-B-
module, p: A — Ling(E) a Real graded x-homomorphism and D € Ling(E) an odd and
Real operator. The triple (E, p, D) is called a Kasparov-(A, B)-module provided that

1. p(a)(D—-D~),
2. p(a)(D?—1) and

3. {D,p(a)}

are compact operators for every a € A. If the elements 1., 2. and 3. are zero, then (E, p, D)
is called degenerate.

Let (A, B) be the set of (bounded) Kasparov-(A, B)-modules and D(A, B) the
subset of degenerate Kasparov-(A, B)J-modules. The addition of two Kasparov-
(A, B)-modules is given by the direct sum of the triples. We want to turn £(A, B)
into a group. To this end we introduce an equivalence relation on the set of
Kasparov-(A, B)-modules. Two Kasparov-(A, B)-modules (E;, p;, Ti), i = 0,1, are
unitary equivalent, denoted by (Eo, po, To) ~u (E1,p1,T1), if there exists a unitary
u € Ling(Eo, E1) of even degree such that pp = u*pju and Tp = u*Tju.

6
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Definition 1.3.2. A homotopy between two Kasparov-(A,B)-modules (Eo, po, To) and
(E1, p1,Th) is a Kasparov-(A,IB)-module (E,p, T), satisfying

(eVi)*((E, p/T)) ~u (Ei/ pi/Ti) ,fOT’ i= O/‘I

where evy : IB — B is given by @ — (i) and (evy).((E, p, T)) is given by the Kasparov-
(A, B)-module (E Qey, B, eviop, T Rey, 1).

The notion of homotopy defines an equivalence relation ~ on £(A, B) under
which a degenerate Kasparov module is homotopic to the 0-module (Hs, 0, 0).

Definition 1.3.3. KK(A,B) = &(A,B)/ ~.

A priori KK(A, B) is only a semi group, but using the notion of homotopy one
proves that

Lemma 1.3.4. KK(A, B) is an abelian group.

Proof. See for example [Kas8o0, Theorem 1.] or [Blag8, Proposition 17.3.3]. O

Remark. Let R denote the Real trivially graded C*-algebra of complex numbers.
Then KK(R, B) is isomorphic to KO¢(B), the real K-theory of B in degree zero. See
[Schg3, Theorem 2.3.8.].

1.3.1 Functoriality

The KK-groups are contravariant in the first and covariant in the second vari-
able with respect to graded *-homomorphisms, in the sense that a graded x-
homomorphism ¢: Ap — A; induces a group homomorphism ¢*: KK(A;,B) —
KK(Ap,B) and a graded *-homomorphism 1}: By — B; induces a group homo-
morphism .: KK(A,By) — KK(A, B). Since these properties are not needed we
will not go into details. Using the exterior tensor product of Hilbert modules one
obtains a map

€(A,B) > E(A®D,B&D), (E,p,D)) = (E&D,p®1,D &id)

This map is compatible with direct sums and respects the equivalence relation and
hence induces a homomorphism

p : KK(A, B) — KK(A & D,B & D)

which is natural in each variable.
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1.3.2 The Kasparov product

One major feature of KK-theory is the Kasparov product originally defined in [Kas80].
Its construction was simplified through the notion of connections introduced by
Cones and Skandalis [CS84].

Let E; be Hilbert-Bi-modules, i = 0,1 and ¢;: By — Ling, (E;) a graded *-
homomorphism. For xo € Ey we define the B-linear T, : E1 — Eo ®¢, E1 by
x1 = xo ®x;. Then Ty, is adjointable with adjoint T} (yo ® x1) = @1((x0,yo)es)(x1).
Hence Ty, defines an element in Ling, (E;, Eo &4 E1) called tensor operator or creation
operator. Using tensor operators we can formulate the connection property of an
operator D € Ling, (Eo &, Eq) for Dy € Ling, (E;):

Definition 1.3.5. The operator D is called a D1-connection on Eo @4, Eq, if

Ty, 0Dy — (=1)2DoT,, (1.5)
DyoT}, — (—1)aX<>T;;O oD (1.6)

are compact operators for every xo € Eo.

It is a consequence of the Stabilization Theorem [WOg3, Theorem 15.4.6] that, if
Eo, E1, @1 and D, are as above, there always exists a D-connection D on Eg &, E;.
Compare [JK12, §2.2.] or [Blag8, 18.3.].

Definition 1.3.6. Suppose that x := (Eo, po, Do) is a Kasparov-(A, B )-module and that
y = (E1, p1,D1) is a Kasparov-(By, B)-module. Their Kasparov product x#y is given by a
Kasparov-(A, B)-module (Eo &, E1, po ® 1, D) such that

1. The operator D is a Dy-connection on By &y, E1 and

2. forall a € A the graded commutator p(a){Do & 1, D}p(a)* is positive modulo compact

operators.

Theorem 1.3.7. Let A be separable and By be o-unital. Then for every x € (A, By) and
y € £(Bo, B) there exists a Kasparov product x#y which is unique up to homotopy. Hence

the Kasparov product induces a bilinear pairing
#: KK(A, Bo) x KK(Bo, B) — KK(A, B) (1.7)
compatible with tp in the sense that tp(x#y) = tp (X)#1p(y).

See [Blag8, Theorem 18.4.3] and [Blag8, Theorem 18.4.4].

8
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1.3.3 Unbounded Kasparov modules

Later we will make use of the notion of unbounded Kasparov modules introduced by
Baaj and Julg in [B]83]. The setting is the same as in the case of bounded Kasparov
modules:

Definition 1.3.8. Let A, B be two C*-algebras, E a countably generated Hilbert-B-module,
p: A — Ling(E) a Real graded x-homomorphism and D an unbounded reqular self-adjoint
Real and odd operator on E. The set Y(A, B) of unbounded Kasparov modules is given by
triples (E, p, D) as above satisfying

1. (1+D?)""p(a) is a compact operator for every a € A and

2. the set of all a € A such that {D, p(a)} is densely defined and extends to an element
in Ling(E) is a dense subset of A.

Let b: R — R be the function A — A(A% + 1 )*%. Then b(D) is called the bounded
transform of the unbounded regular and self-adjoint operator D. The operator b(D)
is bounded and for (E, p, D) € Y(A, B) the triple (E, p, b(D)) is a Kasparov-(A, B)-
module, see [Blag8] or [B]83]. Moreover Baaj and Julg proved in loc. cit. that the
map

b: ¥Y(A,B) — KK(A,B), (E,p,D) — (E, p,b(D)) (1.8)

is surjective if A is separable. We will denote the image of an unbounded Kasparov
module x under the map 1.8 by b(x). The reason why we introduced unbounded
Kasparov modules is that in some cases it is easier to calculate their Kasparov prod-
uct. Let x := (Eo, po, Do) € ¥Y(A,By) and y = (Eq, p1,D1) € ¥(By, B). Furthermore
let z == (Eo &p, E1,p0 ®p, 1,D) € ¥(A, B). Suppose that dom(D) C dom(Dy &, 1),
then Kucerovsky proved the following;:

Theorem 1.3.9 ([Kucgy] Theorem 13). Suppose that the operator

o) )

is bounded on dom(D @ D) for all xo in a dense subset of po(A)Eo. Furthermore assume
that there exists a constant ¢ € R such that

(Do &p, 1(x),Dx) + (Dx, Do ®p, 1(x)) = ¢ (x,x)

for all x in the domain of D. Then (Eo ®p, E1, po ®p, 1,b(D)) represents the Kasparov
product of (Eo, po, b(Do)) and (E1, p1,b(D1)).

9
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Definition 1.3.10. We say that an unbounded Kasparov module z represents the Kasparov
product of the unbounded Kasparov modules x and y if z satisfies the assumptions of

theorem 1.3.9.

1.3.4 Clifford algebras and Periodicity

As we work in the category of Real Z/2-graded C*-algebras we will only introduce
the Real Clifford algebras CIP9. The standard reference is [LML16, Chapter I.
Let IRP9 be the real Euclidean vector space with basis {e1,--- ,ep,€1,---,€eq}. We
define the Clifford algebra C1P/9 to be the C-algebra generated by the basis elements
subject to the relations

eiej +ejeq = —2611' for 1 < 1,j < p,
€i€j + €j€4 :267;)' for1 < 1,j<q,

eiej+ejep=0for T <i<pand1<j<q.

Defining ef = —e; and €] = ¢ and extending this to a C-antilinear antiauto-
morphism turns CI”"% into a *-algebra. A Z/2-grading 1 on CI™9 is obtained by
setting (e;) = —e; and ((ej) = —¢; and extending this to a C-linear automorphism.
The Real structure is defined to be the identity on the generators and then to be
extended to a C-antilinear automorphism. The norm on CI”9 is introduced as
follows: Let S, q = A*IRPT9 ® C be complexified exterior algebra of RP*9 with
its natural inner product, even/odd-grading and Real structure coming from the
complex conjugation. S, q is called the canonical Clifford module, cf. [Ebe18, Defi-
nition 4.2]. We obtain an injective *-homomorphism ¢ : CI""9 — End(S,,, q) and
define |ja|| = |c(a)| for a € CI?"9. If p = q then ¢ is an isomorphism. The graded
tensor product CIP"9 & CIP 9 of two Clifford algebras is identified with the Clifford
algebra CIP*P"9%9" by means of the isomorphism induced by v& 1+ (v,0) and
1&v — (0,v') forve RP9 and v/ € RP"4".

Using Clifford algebras one defines the graded KK-groups as follows:
Definition 1.3.11. KKP/9 (A, B) = KK(A & crrd’ B& CIPY)

For a fixed d = (q —p) — (q’ —p’) all these groups are isomorphic. See [Kas8o,
Theorem 5.4]. Hence we define the higher KK-groups as follows:

Definition 1.3.12. KKP~9(A,B) = KK, _40(A,B), if p > q and KKP~9(A,B) =
KKO,qu (A/B)/ lfq 2 p-

Since the Kasparov product is compatible with the homomorphism tp, it also
induces a bilinear pairing # : KKP(A, By) x KK9(By,B) — KKP*9(A,B). Since

10
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the KK-groups are stable, c.f. [Kas8o, Theorem 5.1], and C13° = C1°8 = C1** =
Mat;¢(IR) we obtain the formal part of the Bott periodicity.

Proposition 1.3.13 ([Kas80], Theorem 5.5). KKP(A,B) = KKP*+3(A, B).

1.3.5 KK-equivalence and Bott isomorphism

Let H be an infinite dimensional Real graded separable Hilbert space with scalar
multiplication A. Let F be a Real odd Fredholm operator on H whose index is equal
to 1. Then e = (H, A, F) is a Kasparov-(R, R)-module and for every x € KK(A, B)
the following holds:

Ta(€)#Xx = x = x#1g(e)

See [Kas8o, Theorem 4.5].

Definition 1.3.14. Let A and B be separable. They are called KK-equivalent, if there
exists x € KK(A, B) and y € KK(B, A) such that

x#y = ta(e) and y#x = tg(e).

The next theorem is called Bott periodicity in [Kas8o].

Theorem 1.3.15 ([Kas80], Theorem 5.7). The C*-algebras Co(R'°) and C1'° are KK-
equivalent.

The theorem is equivalent to: There exists x € KK(Co(R'?),C1'°) and f €
KK(CI'°, Co(R'0)) such that

oHB =T, (r1oy(€) and BHx = Tp0(e).

The element « € KK(Co(RR),Cl'?°) is given by the triple (L?(IR,C1'°), 11, b(DR)).
The Hilbert-Cl'°-module L?(R, Cl]’o) is the completion of CX(R,S;,;) and the
action p of Co(R) on L2(R,Cl1'?) is given by multiplication. The operator Dy, is
given by DR = e - 9. The Kasparov module p is sometimes called the Bott class.
It is given by the tuple (Co(IR, C1%"), A, A(x)(1 + ||x[|?)~2) € KK(R, Co(R,C1%")) =
KK(C1'?,Co(R)). The isomorphism is given by Topo- Kasparov proved that
Tepo(B)#oe =1 € KK(R,R) = Z and that odftpi0(B) = [id] € KK(Co(RR), Co(IR)). See
[Kas8o, §5 Theorem 7].
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Chapter 2

Bundles and operators

The generalization of the theory of ordinary differential operators to the case of
A-linear differential operators based substantial on the work of Mis¢enko and
Fomenko in [MFy9]. They behave quite similar as ordinary differential operators,
but have to be treated with care. They act on A-bundle, which are introduced in
section 2.1. At the end of this section we define real K-theory of A-bundle in a
similar way one defines real K-theory for vector bundles. In section 2.2 we present
the basic definitions concerning A-linear differential operators. Finally the concept
of a family of operators in introduced. This will be important for the definition of

the index difference.

2.1 Bundles of Hilbert Modules

Definition 2.1.1. Let P be a Hilbert-A-module. A bundle of Hilbert-A-modules over a
locally compact Hausdorff space M is a fiber bundle € — M with fiber P and structure
group Auta (P) the A-linear automorphisms of P.

When P is a finitely generated projective Hilbert-A-module, E is called a bundle
of finitely generated projective Hilbert-A-modules. We will abbreviate the term
bundle of finitely generated projective A-modules by A-bundle. A graded A-bundle is
a fiber bundle E — M with graded fiber P and structure group the even A-linear
automorphisms of P. One defines Real A-bundles similarly.

If the base space M has the structure of a smooth manifold, a smooth structure
on E — M is an atlas of local trivializations such that all transition functions
$1 0 ¢g1 :UpNU; — Auts(P) are smooth. This makes sense since the group
Autx (P) is a Banach Lie group because it is an open subgroup of the C*-algebra
Lin (P). For a compact smooth manifold M there always exists a unique (up to
isomorphism) smooth structure on an A-bundle, see [Schos, Theorem 3.14(6)].

13
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Definition 2.1.2. The space of smooth sections of an A-bundle E over a smooth manifold
M is denoted by T*°(M, E).

If it is clear from context which base space we consider, we sometimes omit it in
the notation and simply write I'*°(E) instead of '*°(M, E). With I'°(M, E) we denote
the space of compactly supported smooth sections and with I'§°(M, E) those sections
vanish at infinity. The space of smooth sections '°(E) has the natural structure
of a (right) A-module. Moreover every A-bundle E — M over a smooth manifold
admits a smooth fiberwise inner product with values in A using the A-valued
inner product (-,-) of the fiber P. Therefore for two sections so, s1 € I'°(M, E) we
obtain a smooth function

(s0,81): M = A, p—(so,s1)(p) = (solp),s1(p))

If M is a Riemannian manifold and s, s1 € I'2°(E), we can integrate the function
(so,s1) with respect to the volume form vol(M) on M and obtain an A-valued inner
product on I'°(M, E) as follows:

(so,81) = J(so,s1 Jdvol(M). (2.1)
M

Endowed with this inner product the space of compactly supported section has
the structure of a pre-Hilbert-A-module.

Definition 2.1.3. We define the Hilbert-A-module L2(M, E) as the completion of the space
of compactly supported smooth sections T (M, E) with respect to the norm induced by this
inner product.

2.1.1 Connections

The following can be found in [Schos, Chapter 4]. Let M x A be the trivial A-bundle
over M. The differential dgp € T®(T*M ® (M x A)) of @ € T®°(M x A) = C*(M, A)
is given locally by deo =) dx; ® %‘%.

Definition 2.1.4. Let E — M be a smooth A-bundle over a smooth manifold M. An
A-linear map
V:T®(E) — M°(T*M @ E)

is called a connection, if V(s- @) = s-de + V(s) - ¢ holds for every s € T*(E) and
@ € C*°(M,A).

Lemma 2.1.5 ([Schos5] Lemma 4.12). Assume that V is a smooth finite dimensional
complex vector bundle over M endowed with a bundle metric and let € be a smooth A-
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bundle both equipped with connections V and Ve, respectively. Their tensor product (over
C) is again an A-bundle with connection

Vo =V&1+1® Ve
The curvature Qg of Vg, which is by definition Vg o Vg, is equal to
Qye1+100Q¢

where Qv and Qg are the curvature of V and E respectively.

Proofs and further properties of A-bundles can also be found in [Kary1] or
[MS77].

2.1.2 KO-theory of A-bundles

Definition 2.1.6. Let M be a compact Hausdorff space and A a Real graded C*-algebra.
Then KO(M, A) is defined as the Grothendieck group of isomorphism classes of Real graded
A-bundles over M.

The group KO(M, A) can be identified with the real K-theory KOy (C(M, A))
of the Real trivial graded C*-algebra C(M, A) in degree zero, see [Schos, Proposi-
tion 3.17]. Using the identification KOy (C(M, A)) = KK(R, C(M, A)) one obtains
that KO(M, A) = KK(R,C(M, A)). With the aid of this isomorphism we define
the higher real K-theory groups by KO~ 4(M, A) := KK(C1°¢,C(M, A)). By Bott
periodicity the latter groups are isomorphic to KK(R, Co(M x R4, A)), which is a
more common description of the groups KO~¢(M, A). See again [Schos, Definition

3.20].

We finish this section with an important example: The Mis¢enko-Fomenko
line bundle. Let G be a countable discrete group with classifying space BG. The
universal cover EG — BG is a principal G-bundle with contractible total space.
Since G acts on the reduced C*-algebra C;G by unitaries, see 1.1, we define the
Mis¢enko-Fomenko line bundle

Lg=EGx,C;G— BG (2.2)

using the Borel construction. The universal Mis¢enko-Fomenko line bundle is a
bundle of free (rank one) Real trivial graded Hilbert-C}G-modules over BG. The
C;G-valued inner product is given by the formula (a,b) := a*b. Since G acts by
unitaries this inner product is invariant under left-multiplication by elements of

15
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G. When M is a closed manifold with a map ¢ : M — BG the we can pullback
L — BG along o.

Definition 2.1.7. We define the Miscenko-Fomenko line bundle of the map ¢ by
Ly =0 (L) =M (2:3)

The bundle £, is a C;G-bundle over M defining a class in KO(M, C;G) given
by the Kasparov module ("'°(M, £Ly),_,0) € KK(R, C(M, C;G)). By construction
L, can be equipped with a flat connection.

2.2 A-linear differential operators

Next we will consider differential operators on a A-bundle E over a smooth
Riemannian manifold M of dimension d. For us it suffices to consider only
differential operators of order one. For the general theory of A-linear differential
operators see [MFy9].

Definition 2.2.1. Let M be a smooth manifold and £ — M a smooth A-bundle. An A-
linear differential operator of order one is an A-linear map D: T (M, E) — 'S (M, E) such
that for every chart x = (x1,...,xq): U — R and every local trivialization ¢: Epy —
U x P there exist smooth functions ay,...,aq,b: U — Ling (P) such that the operator is

given with respect to these coordinates by

d
(Ds)(p) = Y ai(p)dx,s(p) + b(p)s(p).
i=1
Since for our purpose it suffices to consider only A-linear differential operators
of order one let us make the convention that the term A-linear differential operator
will always mean A-linear differential operator of order one. When we consider D
as an operator on the pre-Hilbert-A-module I'?°(E) with the inner product 2.1, then

we say that D is formally self-adjoint, if

(Dso, s1) = (so, Ds1) (2.4)

holds for all s; € T(E). A grading n of E induces a grading n of I'°(E) and D
is called odd, if D anticommutes with the grading, i.e. if Dn+nD = 0. When
there exists a Real structure on the bundle we say that the operator D is Real if
k(Ds) = D«k(s). The symbol o(D) of D is defined as the map

o(D): T'TM®E — E, o(D)(p, &)(s(p)) = i[D, fls(p), (25)
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where f is a function such that d,f = £ and s € '™°(M, E). This only depends on ¢
and s(p). In particular it does not depend on the specific choice of f. A formally
self-adjoint differential operator whose symbol o(D) satisfies o(D)(p, §)? = —||&||?
for all p € M and & € T;M is called a Dirac operator. A Dirac operator is a
special case of the larger class of elliptic operators. These are differential operators
whose symbols are invertible for all non-zero cotangent vectors. These are all easy
generalizations of the theory of ordinary differential operators found in [HJoo],
[LML16] or [Roegg].

2.2.1 Differential operators as unbounded A-linear operators

The proof that every ordinary symmetric first order differential operator on a
manifold M is essentially self-adjoint as long as M is complete for D (see 10.2.10 of
[HJoo]) has a generalization to the case of A-linear differential operators. In [Ebe18]
Ebert gave sufficient conditions under which the closure of D: I'°(E) — TI'Z°(E)
defines an unbounded self-adjoint and regular operator D: dom(D) — L2(M, E).
In the case of twisted operators Dirac operators Hanke, Pape and Schick [HPS14]
gave the proof of a similar result due to Vassout. Let us recall the definitions from
[Ebe18]

Definition 2.2.2. A proper smooth function h: M — R bounded from below is called a
coercive function. The pair (M, D) is called complete if there exists a coercive function h
on M such that (D, h] is bounded.

Theorem 2.2.3 ([Ebe18], Theorem 1.14). If (M, D) is complete, then the closure of
D: dom(D) — L%(M, E) is self-adjoint and regular.

2.2.2 Families of A-linear operators

Now we introduce the concept of families of A-linear differential operators. The
set up is the following;:

Let m: M — X be a submersion and E — M a smooth A-bundle on M. Since
M is smooth E carries a fiberwise smooth A-valued inner product (-,-). The
vertical tangent bundle T,m — E of 7t is by definition the kernel of the differential
dm: TM — TX. If f: M — R is a smooth function with differential df: TM — R,
then the restriction d,f of df to T, is called the fiberwise differential of f.

By definition a fiberwise Riemannian metric on M is a smooth bundle metric on
Tym. In particular a fiberwise Riemannian metric endows each fiber M, := 1 (x) of
the submersion 7t with the structure of a smooth Riemannian manifold. We denote
the restriction of E to the submanifold M, by Ey and the space of smooth sections

17



——  NONSTER Chapter 2

with compact support of the bundle Ex — My by I'®(My, Ex). Then I'Z°(My, Ex)
becomes a pre-Hilbert-A-module. The A-valued inner product is given by

(s0,51)x = J (s0(p), s1(p))dvol(My),
My

cf. eq. (2.1). Let D: T°(M, E) — I'°(M, E) be an A-linear differential operator. Then
D defines a family of A-linear differential operators if and only if [D, fon] = 0 for all
smooth functions f: X — R. In this case the restriction Dsy;, of Ds € I'2°(M, E) to
the submanifold M, only depends on sy, € I'°(My, Ex). Hence for every x € X we
obtain differential operators Dy on I'°(M,, Ex) and the family (Dy)xex determines
D uniquely.

The family of A-linear differential operators is called formally self-adjoint if
Dy is formally self-adjoint for every x € X with respect to the inner product or
equivalently if (Dso, s1) = (so, Ds1) holds for all s; € I'e°(M, E). Using the fiberwise
differential of a smooth function f: M — R we can define the fiberwise symbol
o(D) of the family by o(D)(d,f) = i[D, fl.

The family is called a Dirac family if the fiberwise symbol satisfies o(D)(d,f)? =
—|/dyf||*. Hence a family is a Dirac family if and only if each operator Dy is a Dirac
operator.

18



Chapter 3

Continuous fields

In this chapter we will briefly describe a variation of K-theory based on continuous
fields of Hilbert modules developed in [Ebe18]. The goal is to give another description
of the KK-group KK(C1%¢,C(X,A)). As an application we show how to assign an
unbounded Kasparov module to a submersion n: M — X, an A-bundle E - M
and an A-linear differential operator D: I'%(E) — IS5 (E). We will be very brief and
refer to [Ebe18] for a detailed treatment of the category of continuous fields.

3.1 Continuous Fields

We start with the definition of a continuous field of Banach spaces first considered
by Dixmier and Douady in [DD63]. For the rest of the chapter let X be a compact
Hausdorff space.

Definition 3.1.1. A continuous field (€,T) of Banach spaces over X is a family & =
(Ex)xex of Banach spaces over X together with a subspace T C [ [, cx Ex satisfying

1. Tis a C(X)-submodule of [ [, cx Ex,
2. V& € Ex Is € T such that s, = &,
3. Vs € T the map x — ||sx|| is continuous and

4. If t € Tlyex Ex satisfies that for each x € X and for every ¢ > 0 there exists a
neighborhood U C X of x and s € T such that sup o [[ty — syl <, then t €T.

The submodule T is called the space of continuous sections of the continuous field and we
can regard the elements s € T as a functions X — [[,ex Ex , X — s(x) == sx.

We will exclusively consider continuous fields of Hilbert modules over X. These
are given by a Banach field (&,T') over X together with a compatible Hilbert module

structure on every Ey:
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Definition 3.1.2. A continuous field of Hilbert-A-modules over X is a continuous field of
Banach spaces (&,T) over X endowed with an A-valued inner product (-,-)x and a right

A-module structure w, on each € such that:
1. (-,-)x induces the norm on E,,
2. (Ex, Wx, (,-)x) is a Hilbert-A-module,

3. Tisaright C(X, A)-module with respect to the action given by (s - f)(x) == ux(s(x), f(x))
for f € C(X,A)and s € T" and

4. for all s,t € T the function x — (s(x), t(x))x is in C(X, A).

Morphisms between continuous fields of Hilbert modules are called bounded

operator families. They are defined as follows:

Definition 3.1.3. A bounded operator family T: (€,T) — (€,T) is a family T = (Tyx)xex
of adjointable maps Ty € Ling (E) such that

1. the map x — || Tx|| is locally bounded,
2, T(T) cTand
3. the family of adjoints T* = (T} )xex satisfies also 1 and 2.
The family is self-adjoint if T = T* holds, i. e. if Ty is self-adjoint for every x € X.

The vector space Linx a(€,T") of bounded operator families on (€,T) is a *-
algebra and equipped with the norm ||T]| := sup, ., [| Tx|| it becomes a C*-algebra.

Lemma 3.1.4. The space of continuous sections " of a continuous field (€,T) of Hilbert-A-
modules over a compact Hausdorff space X is a Hilbert-C (X, A)-module.

Proof. T is by definition a right C(X, A)-module with a C(X, A)-valued inner product.
Since X is compact we can define the norm of s € T by ||s|| := sup, . [[s(x)|. Now it
is only left to show that I' is complete with respect to this norm. But this follows

from the fourth axiom for continuous fields of Banach spaces. O

It is also proven in [Ebe18] that every Hilbert-C(X, A)-module can be realized as
the space of continuous sections of a continuous field of Hilbert-A-modules over a
compact Hausdorff space X. Moreover a bounded operator family 7: (€,T) — (€,T)
induces a bounded operator, denoted by T, on the Hilbert-C(X, A)-module I'. In
particular this defines an isomorphism [Ebe18, Lemma 3.21]

Liny a(&,T) = Linc(xa) (1) (3.1)
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between the bounded operator families on the continuous field (&,T') and the
adjointable operators on the Hilbert module I'. In fact the category of continuous
fields of Hilbert-A-modules over X and bounded operator families is equivalent
to the category of Hilbert-C(X, A)-modules and adjointable operators. Using this
equivalence of categories we say that a bounded operator family 7 € Linx A (E,T) is
compact if and only if the induced operator T € Lin¢ x a)(I") on the Hilbert-C(X, A)-
module T" is compact. Similarly a bounded operator family F € Linx (¢, T) is
Fredholm precisely when F € Lin¢ (x a)(I') is invertible modulo compact operators.
A grading on (€,T) is given by a family (nx)xex of gradings of the Hilbert modules
E such that the direct sum decomposition 1) g 10) of the Hilbert-C(X, A)-module
I' defines a grading on I', where

M ={sel| Vx e X: nx(s(x)) = (=1)s(x)}

One defines a Real structure on (€,T) analogously. When (&, T') is Real and graded
we require that the grading and the Real structure are compatible in the sense that
they commute. A family T € Linx o (&, T) is odd if T is odd and even if T is even.
Furthermore 7T is Real if T commutes with the Real structure.

3.2 Application

For the rest of this section let X be a smooth compact connected manifold possibly
with boundary and let m: M — X be a submersion with d-dimensional fibers
endowed with a fiberwise Riemannian metric g. Furthermore let E — M be
a smooth A-bundle over M with fiber P. We will use the same notation as in
section 2.2.2. The space I'?°(M,, E) of the compactly supported smooth sections of
the A-bundle E, — My endowed with the inner product defined in eq. (2.1) and
denoted with (-, )« is a pre-Hilbert-A-module.

Definition 3.2.1. A section s € (M, E) has compact vertical support if the restriction
Tsupp(s): SUPP(s) — X of 7 to the support of s is a proper map.

Therefore the space 'S (M, E) of smooth sections of the bundle E — M with
compact vertical support is a subset of the direct product [ [, ox I'e°(My, Ex). If
s € T (M, E), then sy = s, € T (M, Ex) denotes its restriction to M. We make

the following two simple observations.

Lemma 3.2.2. For every compactly supported section s € T°(My, Ey) there exists a
section t € TS (M, E) such that tjp, =s.

Proof. By the inverse mapping theorem we can cover M by “box neighborhoods”
R4 x R¥. On a box neighborhood, m is the projection to the second factor and E
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is trivial. Suppose that s is supported in a box neighborhood. Then s is given by
a function R? x {x} ¢ R4 x R* — P. Let p be a bump function on R* such that
i(x) = 1 and define t : R¢ x R* — P by (p, q) — s(p)p(q). If s is not supported in a
box neighborhood we can cover its support by finitely many open sets such that
these open sets are contained in box neighborhoods. As before we get sections t;
of E. Using a partition of unity we obtain a smooth section t of E with compact
vertical support such that t|;, =s. O

Lemma 3.2.3. For every s,t € IS (M, E) the map x — (s, t)(x) = (sx, tx)x is smooth.

Proof. Because smoothness is a local property we can assume that both s and t have
compact support in a box neighborhood R¢ x R*. Over a box neighborhood the
bundle E is trivial with fiber P and the volume measure on M, is given by b(x,y)dx,
with b a smooth function. Since p — (sy(p), ty(p)) is smooth and bounded in norm
from above we can use the dominated convergence theorem to prove that

Yy (s, hly) = J (sy, ty)b(x,y)dx.
R4

is a smooth map R* — P. O

Therefore the pair (I'°(My, Ex))xex, TS (M,E)) is called a pre-field of Hilbert
modules over X, cf. [Ebe18]. In loc. cit. Lemma 3.7 it is proven how to complete a
pre-field to obtain a continuous field of Hilbert modules over X. This completion
is unique (up to isomorphism). It is given by the pair ((L2(My, Ex))xex, T). The
Hilbert modules L?(M, Ey) are the completions of T®(M,, Ey) with respect to
the inner products (-,-)x. The space I' of continuous sections is the subspace of
all s € J[ ex L?(My, Ex) such that for each x € X and every ¢ > 0 there exists a
neighborhood U of x and t € g} (M, E) such that sup,, ., [Isy —ty|| < &. In particular
re(M,E) CT.

Definition 3.2.4. L%(M,E) == ((L*(My, Ex))xex,T) denotes the continuous field of
Hilbert-A-modules over X obtain as the completion of (T (M, Ex))xex, IS5 (M, E)).

A grading on the bundle E — M induces a gradings on I':*(M,, E,) and on
I (M, E) respectively. This is also true for a Real structure. Therefore a Real
graded A-bundle E defines a Real graded continuous field L% (M, E) over X.

An A-linear differential operator D: I (M, E) — e (M, E) induces a family
of A-linear differential operators over X, cf. section 2.2, i.e. a family (Dy)xex of
A-linear differential operators D« on I'e°(My, Ey). Therefore the family D induces,
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by definition, cf. [Ebe18, Definition 3.22], a densely defined unbounded operator family
D: dom(D)x — L% (M, E)

with domain dom(D)x = (TP (My, Ex))xex, TS (M, E)) on the continuous field
L% (M, E). The unbounded densely defined operator family is symmetric if the family
of operators is formally self-adjoint, i. e. if each D is formally self-adjoint. We will
only consider symmetric operator families. As in the case of unbounded operators
on Hilbert modules one can introduce the graph scalar product on dom(D)x: For
s, t € T (M, E) we define

(s,t)g(D,) = (s, t)x + (Dxs, Dxt)x.

Endowed with the graph scalar product, ((I'$°(My, Ex))xex, 'S (M, E)) is also field
of pre-Hilbert-A-modules. The closure D of the unbounded operator family D
is by definition the unbounded operator family given by (Dy)yex with domain
doT(TWX. The operators Dy: m — L2(My, E4) are the closures of the
densely defined unbounded symmetric operators Dy on the Hilbert-A-modules
L2(My, Ex).

Definition 3.2.5. The closed densely defined symmetric unbounded operator family D is
called self-adjoint and regular if the individual operators Dy, are self-adjoint and regular.

Remark. Note that it is not always the case that a property of an operator family
D = (Dx)xex is determined by the properties of the individual operators D,. For
example a family K = (Ky)xex of compact operators K, does not have to be a
compact operator family.

However to prove self-adjointness and regularity of the closed densely defined
symmetric unbounded operator family D = (Dy)xex it suffices to prove this for
every operator Dy. This will be ensured by the existence of a fiberwise coercive
function h, i.e. a smooth function h: M — R bounded from below such that the
map M — X xR, p — (nt(p), h(p)) is proper and the commutator [D, h] is locally
bounded in norm.

Definition 3.2.6. We say that (M, D) is fiberwise complete if there exists a fiberwise
coercive function h: M — RR.

As long as X is compact the boundedness of the commutator is no restriction
at all. When h is a fiberwise coercive function then (M, Dy) is complete, cf.
definition 2.2.2. Therefore the closure of each Dy is self-adjoint and regular by
theorem 2.2.3. This proves
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Lemma 3.2.7 ([Ebe18] 3.28). Suppose that (M, D) is fiberwise complete. Then the closure
of the unbounded operator family D: dom(D)x — L% (M, E) is self-adjoint and regular.

For a self-adjoint and regular operator family D = (Dy)xex there exists a func-
tional calculus by applying the functional calculus for self-adjoint and regular oper-
ators on Hilbert modules fiberwise, i. e. for f € C(IR) we define f(D) := (f(Dy))xex-
Since ||f(D«)|| < ||[f|| the operator family f(D) is bounded and induces a bounded
operator on the Hilbert-C(X, A)-module I'. We will adapt the notation from the
ordinary functional calculus, e.g. (D? +1)~! denotes the bounded operator family
(D) := (r(Dy))xex With r(A) = (A2 + 1)~

We already mentioned that compactness of a bounded operator family is not
determined by the individual operators, which makes it difficult to prove that a
given family is compact. Yet sometimes there are additional assumptions about
the operator D inducing the operator family D which ensure that f(D) is compact.
This is the case when D: TS (M, E) — I (M, E) is elliptic and the induced operator
family D is bounded from below by a fiberwise coercive function:

Definition 3.2.8. A fiberwise coercive function h: M — R is a lower bound for the
operator family D = (Dx)xex on L% (M, E), if

(Ds, tyx = (hs,t)x (3.2)

holds for every x € X and all s,t € TZ (M, E). In that case we will write D > h.

Theorem 3.2.9 ([Ebe18], Theorem 4.40). Let D: dom(D)x — L% (M, E) be an elliptic
self-adjoint and regular (unbounded) operator family and h a fiberwise coercive function
such that D? > h. Then the bounded operator family (D? + 1)~ is compact.

The next theorem summarizes what we achieved so far.

Theorem 3.2.10. Let t: M — X and E — M be as above. Suppose that E is endowed with
a Real structure and a grading and that the A-linear differential operator D: T3 (M, E) —
' (M, &) is elliptic. Furthermore let h: M — IR be a fiberwise coercive function such that
D? > h. Then we obtain an unbounded Kasparov-(R, C(X, A))-module (T, A-, D).

Proof. An unbounded Kasparov-(R, C(X, A))-module is given by definition by a
Real graded Hilbert-C(X, A)-module T, a Real graded x-homomorphism _: R —
Linc(x a)(I") and a Real odd self-adjoint and regular operator with compact re-
solvent. The Hilbert-C(X, A)-module T" is the space of continuous sections of
the continuous field L% (M, E) obtained from ((I'°(My, Ex))xex,FS(M, E)). The
s-homomorphism A- is given by scalar multiplication. The elliptic A-linear dif-
ferential operator D induces a family of operator (Dy)xex over X and hence an
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unbounded operator family D with domain domx (D). Since X is compact [D, h]
is bounded in norm and therefore the closure D of D is self-adjoint and regular.
By assumption D? > h. Hence theorem 3.2.9 implies that the resolvent of D is
compact. Therefore the induced operator D on the Hilbert-C(X, A)-module T is
self-adjoint and regular and has compact resolvent. Since the operator is linear it

commutes with the scalar multiplication. O

3.2.1 Extension by zero

To define the index difference of Hitchin we have to consider a submersion 7t: M —
R x X over the non-compact manifold R x X. Let E - M and D : T (M, E) —
IS (M, E) as above. We obtain a continuous field Léxx(M,E) = (&,T) of Hilbert-
A-modules over R x X together with an unbounded operator family D given by
(Dax)(ax)eRxx- However the space I' of continuous sections of I_%{ «x (M, E) is not
a Hilbert module since |[s|| :=sup , . crxx lISa x|l can be infinite. We claim that the
subspace Iy C I of all elements vanishing at infinity is a Hilbert-Co (IR x X)-module.
This can be proven as follows: Let (R x X)* = (R x X) U{oc} be the one-point
compactification of R x X. Extending the continuous field L% (M, E) by zero at
the point at infinity defines a continuous field (£,T") of Hilbert-A-modules over
(R x X)*. It is given by the following family over (R x X)*

LZ(MA,X/ E?\,X)/ ()\/ X) € R x X/
H)\,x =

0, else.

The space of continuous sections ' can be canonical identified with I;. Therefore
Iy is a Hilbert-Co (R x X, A)-module. In a similar way we can extend the unbounded
operator family D to a unbounded operator family on (£*,Ty): A fiberwise coercive
function h: M — R such that [D, h] is bounded and D? > h implies that the closure
of D on L (M, E) is self-adjoint and regular with compact resolvent. Therefore
the operator family Dy on (€, Ty) defined by

5 {DM: [ (My, Ex) = L2(My, Ex),  (Ax) € Rx X,
0=

0, else

is self-adjoint and regular. Since H(ﬁi,x +1)7 1| = 0 as (x,A) = oo, the operator
family induced by the resolvent of D on (€*,T;) is compact by an application of
[Ebe18, Lemma 4.8]. Hence the triple (I'p, A-, Do) defines an unbounded Kasparov-
(R, Co(R x X, A))-module.
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Chapter 4

Two Versions of the Index
Difference

In this chapter we will define both versions of the index difference. In section 4.1
we will recall some basic concepts from differential geometry and index theory. A
standard reference is [LML16]. In section 4.2 the general setup is introduced. In
the last two sections the unbounded Kasparov modules inddiff" and inddiff¢" are

constructed using the methods from chapter 3.

4.1 Preliminaries

Let (M, g) be a smooth connected Riemannian manifold. By the fundamental
theorem of Riemannian geometry M possesses an unique symmetric connection
V which is compatible with the metric g. It is called Levi-Civita connection, [Roegg,
Theorem 1.9]. There are several curvature operators uniquely determined by the
Levi-Civita connection. Since V is uniquely determined by the metric, the curvature
is also uniquely determined by the metric. We will not go into detail and refer
again to [Roegg, Chapter 1] for a comprehensive overview. The simplest curvature
form of a Riemannian metric g is the scalar curvature.

Definition 4.1.1. We define the scalar curvature scalg(x) of g € I'*°(M, Sym?(TM)) at
x € M as the double trace of the Riemannian curvature tensor R evaluated at x. We say
that g has positive scalar curvature, if scalg(x) > 0 holds for every x € M.

If M is compact, then the space R* (M) of all Riemannian metrics on M whose
scalar curvatures are positive is an open subspace of the Fréchet space R(M) of all
Riemannian metrics on M. When R* (M) is non-empty we say that M has psc.

A spin structure on a real orientable Riemannian vector bundle V — M of rank
d is a lift of its classifying map t: M — BO(d) along the covering map BSpin(d) —
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BO(d) to the 2-connected cover BSpin(d) of BO(d). A spin structure is determined
by a Spin(d)-principal bundle P — M and an isometry w: P Xgpin(q) RY = V.
Given a spin structure on V there exists the spinor bundle &(V) — M of V. The
spinor bundle is a Real graded vector bundle with a bundle metric, such that the
fibers & (V) are Cl(Vy) & C1%%-modules. The (pointwise-)action of Cl(Vy) on Vy is
referred to as Clifford multiplication. It is denoted by c(vy). Clifford multiplication

1°¢ on V, defines

is skew-adjoint with respect to the bundle metric. The action of C
a graded homomorphism p: C19¢ — End(V). The images p(e;) of the generators
e1,---,eq of C19¢ are called multigrading operators and V is called a d-multigraded
vector bundle, cf. [HJoo]. The spinor bundle &(V) can be constructed by replacing
the fiber of P xgpin(a) R¢ by the Hilbert space S4,4 ,compare 1.3.4, using the action
of Spin(d) on S4,4 given by the identification End(S4,4) = c144,

An orientable smooth Riemannian manifold M4 is called a spin manifold pro-
vided that there exists a spin structure on its tangent bundle TM. The corresponding
spinor bundle over M is denoted by &(M). A standard reference is [LML16]. From
now on M will always be a connected closed spin manifold.

The Levi-Civita connection V on M induces a connection Y on &(M), called
spinor connection. Tt is an even and C1%%-linear first order differential operator

satisfying
Vx(c(Y)s) = c(Vx(Y))s +c(Y)Vx(s) (4.1)

for all vector fields X,Y € I'°(TM) and sections s € I'*(@&(M)). Using the Clif-
ford multiplication and the spinor connection we define the following first order
differential operator Ip on I'°(&(M)):

Definition 4.1.2. The operator I: T®(&(M)) — I'°(&(M)) on (M, g) is defined as the
composition

e (@(M) X5 T°(TM @ B(M)) S T(&(M)).
1 is called the C1%%-linear Atiyah-Singer operator in [LML16]. As it is also a Dirac
operator, we will call 1 the Spin Dirac operator. If {e;,--- , eq} is a local orthonormal
frame of TM then 1 is locally given by

d

> clei) Ve

i=1

The next lemma summarizes the properties of the operator I3 proven in [LML16,
Chapter II.
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10,d

Lemma 4.1.3. The operator 1D is a Real odd formally self-adjoint C1™“-antilinear operator

with symbol o(1B)(x, &) = c(i- &x). In particular 1 is elliptic.

Because 17 is elliptic and M is compact, it is Fredholm, i. e. has finite dimensional
kernel and cokernel. This is a consequence of the Sobolev embedding theorem and
the Rellich lemma. Moreover I3 is of the form

0 By
D= 2
(Do 0 ) (4-2)
with respect to the grading on &(M). Since I is formally self-adjoint 3] = Do.
The kernel of By: T°(G(M)) — I'°(G(M)) is a finite dimensional C14~"°-module.
Therefore it defines an element [ker [3,] in the real K-theory KO~ 4(pt) = KO4(R) =

KK(C1%4,R) of a point in degree —d due to the work of Atiyah, Bott and Shapiro
[ABS64].

Definition 4.1.4. We define the index of 1D by ind(13) := [ker IJy] € KO~ 4(pt).

The following theorem proven by Lichnerowicz establishes the link between
positive scalar curvature and topology.

Theorem 4.1.5 ([LML16] Theorem I1.8.8). Let M be a spin manifold with spinor bundle
& (M) and induced connection Y. Let 1B be the Spin Dirac operator. Then

* ]
B’ =Yy ¥+ 7 scalg .

When M has psc, Theorem 4.1.5 implies that 13 is invertible and therefore
ind() = 0.

In the case M is not simply connected there exists a refinement of ind(13).
This is based on the theory of Hilbert-A-module bundles and A-linear differential
operators introduced by Mis¢enko-Fomenko [MFyg] and Rosenberg [Ros86]. See
also chapter 2 for an overview. This done as follows:

Let G be a countable discrete group and suppose that M is endowed with
a map ¢: M — BG. The Mis¢enko-Fomenko line bundle £, is a Real bundle
of Hilbert-C;G-modules over M. See definition 2.1.7. It is trivially graded and
carries a flat connection V. The tensor product (M) ® £, — M of the spinor
bundle of M and the Mis¢enko-Fomenko line bundle is a Real graded bundle of
Hilbert-C; G-modules. It has a Clifford multiplication and is d-multigraded.

Definition 4.1.6. The operator 1D, on I (@ (M) & L) is defined as the composition

P (B(M) @ L) 22 OVe, poo(TM @ @ (M) ® L) S T(B(M) @ L)
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of the product connection and the Clifford multiplication. The operator is called the twisted
(Spin) Dirac operator.

The operator 13, is an elliptic C;G-linear first order differential operator,
which is formally self-adjoint and anticommutes with the multigrading oper-
ators. Moreover Mis¢enko-Fomenko proved that its closure is C;G-Fredholm,
compare [MFyg]. Therefore one can define an index [(M,3,,)] € KO~4(M, C;G) =
KK(C1¢,C(M, C;G)) = KO4(C(M, C;G)). See again loc. cit. §1. Since M is com-
pact the map c¢: M — {pt} is proper and hence induces a map KO~4(M, C;G) —
KO4(C;G).

Definition 4.1.7. The Rosenberg index of B, is defined by af (M) = c.([(M,B,)] €
KO4(C:G).

Because the bundle £, carries a flat connection, i. e. has zero curvature, theorem
4.1.5 is still true:

Dfp =(YV'V+ % scalg) ® 1 (4.3)

This follows from lemma 2.1.5 since Q, = 0. Therefore psc also implies that

R

~(M) is zero.

[0
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4.2 The Index Difference

The index difference is an invariant assigned to a pair or a family of psc metrics on
a given Riemannian manifold M. It takes values in KK(C1¢, Co(R x X, CiG)) =
KK(C14*! C(X, CrG)).

Throughout this section we will fix a closed connected d-dimensional Rieman-
nian spin manifold M, a map ¢ from M to the classifying space BG of a discrete
countable group G, and a compact smooth manifold X possibly with boundary,
which one should think of as a parameter space. Furthermore we make the assump-
tion that the space R (M) of Riemannian metrics with positive scalar curvature is
non-empty. Let 4: X — R* (M) x R (M) , x — (go(x), g1(x)) be a smooth map.

Definition 4.2.1. Then we define a family (ga(x)) (a x)erxx 0of Riemannian metrics on M
by

ga(x) = > g1(x) — > go(x), (4-4)

where x: R — [—1,1] is an arbitrary normalization function, i.e. a smooth, odd function
such that x(A\) =1, if A > Tand x(A\) = —1,if A < —1.

This family can be understood as a smooth map
GH R x X — R(M), (A,x) = ga(x) (4-5)

from R x X to the space of all Riemannian metrics on M, such that g, (x) € RT (M)
for [A] > 1. It is also possible to define a map

GEL X - RM xR), x = ga(x) + dA? (4.6)

and obtain a family of Riemannian metrics on M x IR.

Remark. Neither of the definitions of the Index difference will depend on the special
choice of the normalization function x. In fact we could choose an arbitrary smooth
function x such that x(A\) = —1 for A < —1 and x(A) =1 for A > 1 to define %XH as
well as ¢S, Moreover both definitions will only depend on the homotopy class of
the smooth map ¥.
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4.2.1  Hitchin’s Version

Associated to the map ¥,

metrics on the closed manifold M, there is a family D = (D5 x)(rx)erxx Of

i.e. to the family (ga(x))ax)erxx Of Riemannian

twisted Spin Dirac operators and a family € = (L*(&(M) ® £4))(ax)eRxx Of
Hilbert modules. The Index difference of Hitchin assigns to (the homotopy
class of) the smooth map ¢: X — RT (M) x R (M) an unbounded Kasparov mod-
ule inddiff}} = (I, p, D) € Y(C1%%,Co(R x X, CG)). The Hilbert-Co(R x X, C*G)-
module Ty will be determined by the family € of Hilbert-C; G-modules over R x X
and the operator D will be determined by the family D of twisted Dirac operators.

Let m: M xR x X — R x X be the trivial M-bundle. It is a submersion with
d-dimensional closed fiber M. Let Tyt ;= kerdn = TM xR x X - M x R x X be
the vertical tangent bundle of . The smooth map %; endows T, 7t with a bundle
metric, such that the induced Riemannian metric on each fiber M(A,x) =7 1(A, x)
is given by g (x).

The bundle T,m — M x R x X has a spin structure determined by the spin
structure on M. The associated spinor bundle of T,m is denoted by &(n) =
&(Tymt) — M x R x X. Its restriction to M(A, x) is isomorphic to the spinor bundle
@A, x) = M(A,x), i.e.

&) Mx ) xix) —— B

! !

M x {A} x {x} M(A, x)

In particular the Clifford-multiplication of C1((T,7)p a x)) on &(70) (A x) agrees
with the Clifford multiplication of CI(T,M(A,x)) on &(A,x)p. Moreover the re-
striction of the multigrading operators of &(m) to &(m)max) agree with the
multigrading operators of &(A, x).

We can pullback the Mis¢enko-Fomenko line bundle £ := EG x, C;G — BG
along ¢: M — BG and the projection pr,,: M x R x X — M and obtain a bundle
L= Lpopr,, = M x R x X of finitely generated and free Hilbert-C; G-modules over
M xR x X.

Definition 4.2.2. We define the bundle A(mt) - M x R x X by A(n) = &(n) & L.

The bundle A(7) is a smooth C;G-bundle. Moreover it is endowed with a Real

structure and a grading. The grading is given by the decomposition

Aln) = (B(M) O e L) (&M L) (4.7)
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The Real structure is given by the tensor product of the Real structures of the
bundles &(n) and £. Furthermore the Clifford action of C1%¢ on &(n) induces a
Clifford action of C1%% on A(m). We denote the restriction of A(m) to M(A, x) by
AN x). Tt is clear that A(A,x) = & (A, x) & L.

Definition 4.2.3. The operator I: T3 (M x R x X, A(m)) — T (M x R x X, A(n)) is de-
fined by the family (13 ) (A x)eRx x Of the twisted Spin Dirac operators 1 x: T®(A(A,x)) —
(AN x)) on A(A, x).

The operator I is a C; G-linear formally self-adjoint elliptic differential operator.
It is Real odd and anticommutes with the multigrading operators, i.e. with the
Clifford action.

Lemma 4.2.4. If [A| > 1, then 1B, , is invertible.
Proof. This follows from eq. (4.3) since scal(ga(x)) > 0, if [A| > 1. O
Hence we assigned to (M, ¢,¥)

e a submersion m: M x R x X = R x X with closed d-dimensional fiber M and
fiberwise Riemannian metric,

e a Real graded C;G-bundle A(m) — M x R x X with an action p of C19¢ and

e a C;G-linear Real graded formally self-adjoint elliptic differential operator 13
acting on ' (A(m)) which anticommutes with p.

Using the result of section 3.2 we get a continuous field L]%{xX(M x R x X, A(n)) of
Real graded Hilbert-C; G-modules over R x X. The operator [ defines a symmetric
unbounded operator family also denoted by I on LéxX(M x R x X, A(m)) with
domain

dom(D)rxx = (T (A, X)) (ax)eRrxx Tey (M X R x X, A(m))).

Lemma 4.2.5. The closure of the symmetric unbounded densely defined operator family 1
is a self-adjoint and regular family on L (M x R x X, A(m)).

Proof. We have to show that the closure of every operator I3, y is self-adjoint and
regular. However this is clear, since M (A, x) is closed. O

By abuse of notation we will denote the closure of the family by 3. The existence
of a fiberwise coercive function f: M x R x X — R such that 3* > f would ensure
that [ has compact resolvent. Moreover the resolvent of the induced operator 13
on the Hilbert-Co (R x X, C;G)-module 'y would also be compact. Therefore the
triple (T, p, Do) would be an unbounded Kasparov-(ClO’d, Co(R x X, C¥G))-module.
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Figure 4.1: Graph of the function h

Let h: M x R x X — IR be a smooth approximation of the function given by

(A x) 1, if A<,
P,AX) =
A2+ 1)%, if A > 1.

Then h is proper and bounded from below. Since I} is a family of linear
operators over R x X the next lemma is rather obvious.
Lemma 4.2.6. hI) = Dh

Proof. This follows since I3 = (I x)(xx)erxx i a family over R x X and h, x =
himax): M(A, x) — R is constant. ]

The family hidh := (hp xIDx xhax) (A x)eRxx induces an unbounded family hi3h
on L&, (M x R x X, A(n)) with dom(hDDh)rxx = dom(IB)ryx. Moreover this
family is symmetric and its closure, also denoted by hidh, is self-adjoint and
regular. Let m(x) be the minimum of the smooth function

scaly: M x [-1,1] = R, (p,A) = scalg, () (p)-

Define a smooth function f,: M x R x {x} such that

amx), A<,
fx (P; A) = . (48)
In(AD, if A> 1.

The function f: M x R x X = R, (p, A, x) — fx(p,A) is smooth, fiberwise proper and
bounded from below (since X is compact). Moreover f commutes with hIph since
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fax = fim(rx) is constant. Therefore f is a fiberwise coercive function.
Lemma 4.2.7. The coercive function f satisfies (hIJh)? > f.

Proof. We have to show that for all (A, x) € R x X and every s € dom(Dz)]RXx
<(hmh)25, S>7\,X 2 <fsl S>7\,X
holds. Since (hJh)2 = hPh2[Bh = h*[3% we obtain that

Def. 2
<(hwh)25/ S>7\,x = <h4w}\,xs)\,x1 57\,x>)\,x
43 % 1 R
=WV +  scaly ) & 1(sax), sadax

1
4
2<h Z Scab\,x SA,xs 5)\,x>7\,x-

If |\| > 1 the scalar curvature of M(A, x) is positive and hence (A? 4 1) scaly x > In(]A])
for |A\| > 1. If ]A] < 1 then %scal;\,X > %m(x). It follows that

1
<h41 Scab\,x SA,xs 5)\,x>)\,x = <f?\,x5?\,>c/ 57\,x>7\,x

for all (A, x) € R x X possibly after multiplying f, by a constant k. < 1 depending
smoothly on x to ensure that (A% 4+ 1)scalp > In(A]) holds for all [A| > 1. Note
that this will only be necessary, if 0 < scal) x < 1 and in this case ky is equal to
scalj - O

Now we can apply theorem 3.2.9 to prove
Corollary 4.2.8. The bounded operator family ((WI3h)? +1)~" is a compact family.
Now we can prove

Theorem 4.2.9. The triple (T, p, hIBh) an unbounded Kasparov—(Clo'd, Co(R x X, CiG))-
module.

Proof. Ty is a Real graded Hilbert-Co(IR x X, C{G)-module. The action p of 14
on A(m) defines a Real graded *-homomorphism Cc1o¢ - Linc rxx,c:c)(To). The
operator hIph induces a Real odd C;G-linear self-adjoint and regular operator
family on anaxx(M x R x X, A(m)). By the previous corollary hIJh has compact
resolvent. The induced operator on Iy is also denoted by hIph. It is a Real odd
C;G-linear self-adjoint and regular operator with compact resolvent by the results
of section 3.2. Therefore it is only left to show that the set of all a € C1>? such
that {hIDh, p(a)} is densely defined and extend to a bounded operator is dense.
Since hIh anticommutes with the Clifford action of C1%¢ the graded commutator
{hIDh, p(a)} is zero for every a € 194, ]
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Definition 4.2.10. Let (M, ¢,%) as above. Then we define imddiff?;l = [(To, p, hIDh)].

Lemma 4.2.11. The definition inddiff};} only depends on the homotopy class of the smooth
map 9.

Proof. Let 4': X — RT(M) x RT (M) be a smooth map homotopic to 4. We can
choose the homotopy .7 to be a smooth map #: X x I — R*(M) x R*(M). We
obtain an unbounded Kasparov module h in y(C1%4, C(1, Co(R x X, C;G))) exactly
in the same way as before. It follows that b(h) is a homotopy between b(inddiff;)
and b(inddiff}},). O
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4.2.2 Gromov and Lawson’s Version

The construction of the index difference of Gromov and Lawson is similar to the
construction of the index difference of Hitchin in the previous section. However
instead of the submersion 7 we will consider the trivial M x R-bundle IT: M x R x
X — X. Using the smooth map 4¢t we define a bundle metric on the vertical
tangent bundle T,TT = T(M x R) x X = M x R x X. The induced Riemannian metric
on each fiber Wy := T~ (x) is given by gx := ga(x) + dA%. The spinor bundle of
T,IT is denoted by &(IT) -+ M x R x X. Adapting the constructions of the previous
section we make the following two definitions:

Definition 4.2.12. The bundle A(TT) — M x R x X is defined by A(TT) := &(T) & L.

Definition 4.2.13. The operator D: T3 (M x R x X, A(IT)) = T (M x R x X, A(TT)) is
defined by the family (D )xex of the twisted Dirac operators D, : T (A(x)) — T (A(x))
on A(x).

This can be summarized as before: We assigned to (M, ¢, %)

e a submersion IT: M x R x X — X with (d + 1)-dimensional fiber M x R and
fiberwise Riemannian metric,

e a Real graded C;G-bundle A(IT) - M x R x X with an action p of C1%4+1
and

e a C;G-linear Real graded formally self-adjoint elliptic differential operator @
acting on ' (A(TT)) which anticommutes with p.

Using the result of section 3.2 we obtain a continuous field L% (M x R x X, A(TT))
of Real graded Hilbert-C; G-modules over the compact manifold X. The operator
D defines a symmetric unbounded operator family also denoted by ® on L% (M x
R x X, A(TT)) with domain

dom(D)x = (TL(A(X)), TS (M x R x X, A(TT))).

Cc 7' cv

Since X is compact the space I' of continuous sections of Li(M x R x X, A(IT)) is
a Hilbert-C(X, C;G)-module. Let h,f: M x R x X — R be as before. To obtain an
unbounded Kasparov—(Clo’dH ,C(X, CfG))-module we follow the same strategy as
we did before and consider the operator induced by h®h.

Lemma 4.2.14. The commutator [WDh, f] of the family WDh and the coercive function f is
bounded in X.
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Proof. Let f: M x R x X — R be as above. Then
[(hDh, f] = h(hfD + [D, hf]) — fh(hD + [D, h).

Since the commutator of a Dirac operator with any smooth function is given by
Clifford multiplication with the gradient of the function we get

[h®Dh, f] = h2fD + he(grad (hf)) — fh?P — fhe(grad(h)) = h?c(grad(f)).

Let hy be the restriction of h to Wy. Similarly denote the restriction of f to Wy by
fy. Then

VAZ +1

I[[hDh, fly|| = |[hic(grad(fy))|| < sup ||
[Al>1

| < oo,

because h?(p,A) = (A2 + 1)% and grad(f) < % Therefore [hDh, f] is bounded in

norm. O

Lemma 4.2.15. The closure of hdh: dom(D)x — L% (M x R x X, A(T)) is self-adjoint
and reqular.

Proof. Since [hDh, f] is bounded it is locally bounded. It follows that (M x R x
X, hDh) is fiberwise complete. Therefore the closure of (hDh)y is self-adjoint and
regular for every x € X by theorem 2.2.3. O

By abuse of notation h®h will denote the closure of hDh.
Lemma 4.2.16. The coercive function f satisfies (hDh)? > f.

Proof. We have to show that for all x € X and every s € domy (D)
((hDh)%s,s)x > (fs, s)x
holds. We compute

(h®h)?%s,s)x = | ((h®Dh)?s,s)dvol(x) = J (h®hs, hDhs) dvol(x)
Wy Wiy
= | h?(Dhs, Dhs)dvol(x) = J h2(9*hs, hs) dvol(x)

Wi Wi

_ hW (V'Y + % scal(gx(x)) & 1)(hs), hs) dvol(x)

> hz(;lscal(g;\(x))hs,hs)dvol(x)
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- 1 scal(ga(x))(n*s, ) dvol(x) > | fs5)dvolix)
Wy Wy

=(fs, $)x.

In the first inequality we used that (Y'V & 1(s),s) = (Y & 1(s), ¥ &1(s)) = 0. The
second inequality follows since the scalar curvature is positive outside M x [—1, 1] x
{x} and on M x [-1,1] x {x} bounded from below by f. d

Using theorem 3.2.9 we obtain
Corollary 4.2.17. The bounded operator family ((hDh)? + 1)~ is a compact family.
Therefore we can prove

Theorem 4.2.18. The triple (T, p, hDh) is an unbounded Kasparov—(ClO'dH ,C(X,C:G))-
module.

Proof. The space of continuous sections T of the continuous field L%(M x R x
X, A(TT)) over the compact space X is a Hilbert-C(X, C;G)-module. The Real struc-
ture and the grading of A(IT) induce a Real structure and a grading on I'. The
closure of the Real odd unbounded and densely defined operator family h®h
defines a Real odd self-adjoint and regular operator h®h € Lin¢(x,c:g)(I). The
Clifford action p on A(IT) given by the multigrading operators induces a Real
graded s-homomorphism croatt Linc(x,c:6)(I") and the operator anticom-
mutes with this action. By 4.2.17 the resolvent of h®h is compact. Hence the triple
(T, p, h®Dh) is an unbounded Kasparov module. O

Definition 4.2.19. Let (M, ¢,%) as above. Then we define inddiff{?L = [(T, p, hDh)].

Remark. This definition also only depends on the homotopy class of the map ¥.
The proof is the same as in the case of inddiffy; .
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Chapter 5

The spectral flow theorem for
families of twisted Dirac operators

We already put some effort into constructing KK-cycles representing the index
difference of either Hitchin or Gromov and Lawson. Now we will show that they
are mapped to each other under the Bott isomorphism in KK-theory. The next
theorem is called the spectral flow theorem for families of twisted Dirac operators.

Theorem 5.0.1. Let X be a compact smooth manifold and M a closed Riemannian
spin manifold endowed with a map ¢: M — BG. Suppose that R* (M) # 0 and let
4:X = Rt (M) x RT(M) be smooth. Let inddiffg and inddifféjL be the unbounded
Kasparov modules constructed from (M, ¢,%9 ). Then

bott([b(inddiff$h)]) = [b(inddiffi} )], (5.1)
where bott: KK(CI1>4*!, C(X, CrG)) = KK(CI%%, Co(R x X, C:G)) is the Bott map.

In KK-theory the Bott isomorphism is given by the Kasparov product with the
Bott element 3 and its inverse is given by the Kasparov product with the element
o. Hence eq. (5.1) is equivalent to

Tepo (b(inddiffg ) #te(x c:6)(B) = b(inddiffl)). (5.2)
Therefore to prove theorem 5.0.1 it is sufficient to show that
b(inddiffg") = Tepor (b(inddiffl)))#tc (x cra)(@). (5.3)

This will be done in three steps: We will first construct an unbounded Kasparov
module z’ € Y(C14*T C(X, C;G)) in section 5.1. Afterwards we will prove in
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section 5.2 that
b(Z/) = TCloJ (b(iﬂ.ddiff;ﬂl))#’fc(x’c; G) (O() (54)

using theorem 1.3.9. Finally we will show that [b(z’)] = [b(inddiffgL)] by construc-
tion an homotopy H € KK(CI1°4"',IC(X, C:G)).

5.1 An approximation of inddiff°"

Consider the unbounded Kasparov module x € Y(C1T Co(R x X, CiG)® c1oh
given by x := T (inddiffy)) = (To & C1*', p & 1, hBh & 1).
Lety € Y(Co(R, cI®H & c(x, CiG),C(X, C;G)) be the unbounded Kasparov module
given by y = tc(x,c;)(x) = (L*(R,51,1) & C(X,C;G),n® 1,DR & 1).
The Kasparov product of x and y is given by an unbounded Kasparov module
z = (L &CI"") &0 (L2(R,51,1) & C(X,C;G)),p & 1,F) € Y(CI>*T, C(X, CiG))
satisfying the assumptions of theorem 1.3.9 with respect to x and y. The goal of
this section is to give an “easy” description of the unbounded Kasparov module z.
With it we intend that it is relatively “easy” to check the criteria of theorem 1.3.9.
Let Z — M x R x X be the trivial Hilbert bundle with fiber S; ; and obvious Real
structure grading and Cl1"'-action. The bundle IA(M =AML - Mx R x X
has then the structure of a Real graded C;G-bundle. We will regard A(m) & =
as a bundle over the submersion IT: M x R x X — X. In this way we obtain a
continuous field L% (M x R x X, A(n) & £) of Hilbert-C; G-modules over X as before.
The space I'" of continuous sections of Li(M x R x X, A(m) ® ) is a Real graded
Hilbert-C(X, C;G)-module.

Lemma 5.1.1. The Hilbert modules (Fo ® Cl°’1) L1 (Lz(]R,‘51,1) & C(X, C;‘G)) and
I'" are isomorphic as Real graded Hilbert-C(X, C;G)-modules.

Proof. 1t is sufficient to construct a surjective isometry
D: (Mo &CI%N & g, (L2(R,S1,1) & C(X,C;G)) — T

For (s®a)® (udvy) € <Fg°(M R x X, A(71)) ®c1°'1) Bupr (LZ(IR,SH )& C(X, c:e))
we define for every x € X:

N A

D((s®a)® (u&vy))x = [(p,A) = sx(p,A)y(x) ©au(d)],

where s, denotes the restriction of s € (M x R x X, A(m)) to Wy :== M x R x {x}.
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We claim that ®((s ®a) & (u&y))x € L2(Wy, ZA(7)y), i.e. that

(@((s®a) & (u@Y))x, (s @ a) ® (W& V))x)x

Def. J (sxyY(x) ® au(A), sxy(x) & au(A)) dvol(x)

Wi

= J(sy, sY)r, (L, x)a*au(A)*u(A)dA
R

exists. However since (sy,sy)r,(_,x) € Co(R,C;G) and u € L*(R,S;,1) the last
integral exists. Because I'®(M x R x X, A(m)) C T§*(M x R x X, A(n)) is dense, for
each x € X and every ¢ > 0 there exists a neighborhood U of x and a compactly
supported smooth section t of XA(7) such that

sup [@((s ®a) & (u®y))y —tyll <.
yelu

Therefore @ (s,a,u,v) = (P((s®a) ® (LA V))x)xex is indeed an element in I, It is
clear that @ is graded and preserves the Real structure. Next we show that @ is an

isometry. It is sufficient to show that

A A A

(s®a)®udy),(tdb)R (VRN X)=(D((s®a)® (udy)),0(t&b)&® (v&§)))(x)

holds for every x € X. Note that the formulas for the interior tensor product in
the ungraded and graded case agree. Moreover (u&vy,v& §) = (u®y,v®d) since
C(X, CfG) is trivially graded. Therefore

~ ~ A Def.

(s©a)®u®y),(tdb)& (v&d))(x) = (uUdy,ud1((s®a, t&b))(v&s))(x)

&1((s, t)r, ®a"b)(v& 8))(x)

= J'<s, try (L, x)u(A)*a*bv(A)y(x)*5(x)dA.
R

On the other hand

(@(s,a,1,7), O, b,v,8))(x) 2 (O((s @ a) & (WEY)), D(tED) & (vE 8))x)x

(sxY(x) & au, t,8(x) & bv) dvol(x)

Il
—

= J' (sx ® au, ty & bv)y(x)*6(x) dvol(x)
%

= [ (s, t)r, (_,x)(@u(A))*bv(A)y(x)*d(x)dA.
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In particular both inner products are equal and hence ® is an isometry, once
we have shown that @ is surjective. To show that @ is surjective, it suffices
to show that ® has dense image. Therefore it is sufficient to prove that each
t e FTP(M x R x X, ZA(7)) can be approximated in norm by elements in the image
of ®. By the inverse mapping theorem we can cover M x R x X by relatively
compact “box neighborhoods” R4 x R x R*. Since supp(t) is compact, we can
assume that t is supported in the unit ball of a box neighborhood, using a partition
of unity. Over such a box neighborhood the bundle A(7) is trivial. Hence t is given
by t =1t &t1: R4 xR x R* — (S4 & C;G) ®S,1, such that t, is a (local) section
of A(m) and t; is a (local) section of the trivial bundle £. Then we can choose
so €TPM xR x X, A(m)) and u € L%(R,S11) approximating t on its support. [

By the previous lemma we can identify the Hilbert modules (I'y & C1°") L1
(L%(R,S1,1) & C(X,C;G)) and T’ by means of the even isometry ®. Therefore it
is sufficient to construct an operator F on I'’ such that the triple (T’,p’,F) is an
unbounded Kasparov module representing the unbounded product of x and y.

Lemma 5.1.2. The bundles A(TT) and A(mt) ® £ over M x R x X are isomorph and the
Clifford action of C1%%"" on both bundles agree.

>

Proof. Since all bundles are trivial in X it is sufficient to show that A(TT)y = A(7)«
¥, for all x € X. This follows once we have shown that &(IT), = &(m), & Z,.
However (1), = &(Wyx) = G(Tym)jw, & Ly = G(m)x & L.

O

From now on we will identify both bundles by means of the above isomorphism.
On the bundle A(7) ® £ we have the family

BROT+TED:TEMxRxX,A(M)RL) - TX(M xR x X, A(m) & X) (5.5)

where 13 is given by the family of twisted Dirac operators (D5 x)(xx)crRxx- The
operator D is given by differentiating in the R-direction, i. e. by the operator

0 -V,
Vo, O

with respect to the direct sum decomposition of I (M x R x X, A(m) ® ) induced
by the grading on ZA(m). The induced unbounded operator family

D=DPB&1+1&D: dom(D)x — Lx(M xR x X, A(m) & L) (5.6)

on Li(M x R x X, A(m) ® £) is densely defined and symmetric. This unbounded
operator family also defines an unbounded operator on the Hilbert-C;G-module
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I'" denoted again by I & 1+ 1 &® D with domain '3 (M x R x X, A(n) & ).

Lemma 5.1.3. The operator Q =D~ B &14+18D: TEM xR x X, A(m) & L) — I is
a compactly supported operator of order zero. In particular q = ||Q|| is finite.

Proof. It is a general fact, that for a cylindrical metric on M x R the Levi-Civita
connection VMXR on T(M x R) and the product connection VM ® 1+ 1 VR
on TM ® TR agree. It follows that the Spin Dirac operators on (M x R) =
&(M) ® G(R) are identical. In particular the twisted Spin Dirac operators agree.
Outside K := M x [-1,1] x X the metric gi(x) + dt? on Wy becomes cylindrical.
Therefore outside K the operators D, and (I3 &1+ 1& D)y are identical for every
x € X. Over K the difference D, — (D & 1+ 1& D)y is a differential operator of order
zero. As its support is compact, its operator norm is finite. O

Lemma 5.1.3 implies that Q and —Q are relatively @-bounded, i.e. that
1QslI < QI - lIs]l < ellDs|l+q-- s]]

for s € dom(®) and every € > 0 and with q > 0. Hence we can use the Kato-Rellich
Theorem ([KL17, Theorem 4.5]) to conclude that ® —Q =D & 1+ 1 & D has the same
domain as ® and is self-adjoint and regular. Using the same arguments provided
in the previous chapter one also proves that the unbounded operator (family)
h(ID & 1+1& D)h has compact resolvent. We can summarize this as follows:

Lemma 5.1.4. The triple (I'",p’,h(ID & 1+ 1 & D)h) defines an unbounded Kasparov-
(C1%9F1 C(X, CrG))-module.

Proof. The space I’ is the space of continuous sections of a continuous field of
Real graded Hilbert-C; G-modules over the compact space X. Therefore it also has
the structure of an Real graded Hilbert-C(X, C;G)-module. The Clifford action on
A7) & £ induces the Clifford action p’ of C1%%*! on I'” and the unbounded odd
Real self-adjoint and regular operator h(Id & 1 +1&® D)h anticommutes with p’.
Since the operator also has compact resolvent, the triple (I',p’,h(ID & 1+1& D)h)
is indeed an unbounded Kasparov-(ClO’dH ,C(X, CfG))-module. O

5.2 Calculation of the Kasparov product

Our next goal is

Theorem 5.2.1. The unbounded Kasparov module (T'’,p’, h(Id & 1+1& D)h) represents
the Kasparov product of x and y.
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To prove theorem 5.2.1 we will show that the unbounded Kasparov module z’ :=
(T, p’,h(ID &1+ 1& D)h) satisfies the conditions of theorem 1.3.9.

It is obvious that D@ 1o ® = @ o (B ® 1) &,¢ (1®1). In fact as, the notation
suggests, both operators are induced by the same family of operators. To ease
notation we will write I3, instead of (B & 1) & o7 (1&1).

Definition 5.2.2. For s @ a € Ty & C1%" we define Qoo L2(R,S11) & C(X,C;G) — T
as the composition

L2(R,S1,1) & CIX, C;6) —2% (o & CI") & (L2(R,S1,1) & CIX, 1)) BT,

This map has an adjoint ®7 ., =T, o ®*. In particular ® e, is bounded.
Proposition 5.2.3. The map h(D ®14+1&D)ho® g, — (-1 )6(s®a)q)s®a oh(Dr & 1)h
from dom(Dg & 1) to T is bounded for every s @ a € dom(I3 & 1) c Ty & C1%.

Proof. Let u®vy € dom(DR & 1). The commutator [(ID ® 1+ 1& D), h] is given by
Clifford multiplication with grad(h). Similarly [(Dr & 1), h] = hc(h'). Moreover
p’(grad(h)) o @z, = (—1 )a(s®a)®s®a oc(h’). Using this we compute

(h(D D)ho®_, (—1)a(s®a)®s®ah(DR®1)h) (udy)

—h2(BET+18D)od 4, — (—1)25 Aaohz(D]R®1))(u®y)

(@
2<D®1+1®D)(sy®au) (—1)26&a) sy & aDg (u ))
—h2<

)& au+ (—1)%5sy & D(au) — (—1)a(s®a)sy®aDR(u))

=h? (D(sy) Gau+sy®a(+D(u) F D]R(u)))

Outside K := M x [—1, 1] x X the metric becomes cylindrical. This implies that V5, =
0. Therefore (1& D)o ® s, and @ 4, o (DR ® 1) are equal on the complement of
K. It follows that sy & (D(u) — Dr(u)) has compact support. In particular the map
J=u®&y—»(18D)od s, (uRy)— D, o (Dr®1)(u&vy)] is bounded. Hence

2 ((B&1+18D) 0 g, — (125D o 0 (DR &) ) (WY
< W2 B(sy) ®au||+||hzsy®a(D( ) —Dr(W)]

= [h* @ 5)0a(u & V)| + [W?sy & a(D(u) — Dr(u))|
< (Co+Cy) ||U®Y||

with constants Co and Cy given by Co = SUP(,, \ x)esupp(1s) h2(p, A, %) [P ) 2all
and Cy :=sup, 5 vyex s(p, A x| - [|J]]- Note that since s € dom(1d) the support of s
and hence the support of s is compact. Therefore sup,, , . )esupp(s h?(p, A, x) is
finite. O
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As a corollary of proposition 5.2.3 we obtain the first condition of theorem 1.3.9:

Corollary 5.2.4. The operator

h(BD&1+1&D)h 0 0 D, (5.7)
0 RDr& D) 07, 0 >7

is bounded on its domain for all s & a in the dense submodule dom(p & 1) c Ty & C1°".

Proof. The graded commutator 5.7 equals

h(D®1+1®D)h 0 0 (Ds®a _ 0 To
0 h(Dg& 1R/ \@:, 0 \n o

with To =h(B&1+18D)hod s, — (—1)°%)D . oh(Dr&1)hand Ty = h(Dr &
Dho @%, — (—1)a(s®a)®:®a oh(D&1+1&D)h. By proposition 5.2.3 Ty has a
bounded extension and hence its adjoint Tj is everywhere defined and therefore
bounded. Since h(Id ® 1+ 1&® D)h and h(Dgr & 1)h are self-adjoint, T§ equals
®:, oh(B&T+1&D)h— (-1 )25 R (DR & 1)ho @7 .. It follows that Ty and Ty
agree on the domain of T;. In particular T; has a bounded extension which must
be T§. Altogether this proves that 5.7 is bounded on its domain. O

The second condition of theorem 1.3.9 involves the graded commutator of
the unbounded operators By, = (hBh&1)& ¢ (1&1) and (D & 141 & D)h.
However we must be careful since the operators are not defined on the same Hilbert
modules. Since ® o I3y, ,, = h(Id & 1)ho @ it is clear that dom(h(ID &1+ 1&D)h) C
®(dom(1dy, ). For ®(&) € dom(h(Id & 1+ 1& D)h) we define

S(E»)X = <® o (wh,u))\,x(a)r h(w ® 1 + 1 ® D)xho (D(E»»x and
T(E)x = (h(B&T1+1&D)xho®(E), o (DBp )ax(E))x-

The next proposition ensures that the “graded commutator” of the operators Iy, ,,
and h(Id ® 1 +1& D)h is semi-bounded.

Proposition 5.2.5. There exists ¢ > 0 such that

SEx+T(E)x = C<E,, E»>x (58)

forall ®(&) € dom(h(I) & 1+ 1 & D)h) and every x € X.

Proof. Since @ o (IBy,,)ax = h(ID & 1)hy o @ on dom(By, ) we have

S(E)x = (B &T1)xho ®(E),h(B&T+1&D)hod(E))y and
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T(E)x = (D &1+T1@D)xho®(E), (D& 1)xho (E))x.

Since h(Id ® 1+ 1 & D)hy is regular and self-adjoint it suffices to consider only
elements in dom(h(I3 & 1+1& D)h2). Let ¢ € dom(h(D &1+ 1&D)h2). It fol-
lows that ¢ is also in dom(h(Id & 1)h2) = @ (dom (1B}, ,)?) since dom(h(B&1+1&
D)h2) = dom(h(I3* & 1)hy) Ndom(h(1 & D?)hy). Moreover h(I3 & 1+1& D)hy () €
dom(h(D &1+1&D)hy) C domh((IB & 1)hy) = ®(dom(By,,,)). Let ¢ == (&) €
dom((ID &1+ 1& D)2). We first compute S(&)x:

~ [ (D& VWO, RB &1 +12D)N(Q) dvollx)

W,

_ hZ( ), (B&1418D)(Q)) dvol(x)

W,

= | R2(h(Q),(B&1)(B&1+1ED)h(Q)) dvol(x)

W

- | w(no, R(Q)+ (B & 1).(12 D)<h(0)) dvol(x)

W

= | W2 (n(@), (@ &1)20(Q)) + 12 (h(Q), (D& 1),(1 & D)R() dvol(x]
W,

SR CE h(Q)) +12((1 6 D) (B & 1)<h(2), h(C) ) dvol(x)
W,

- [ (e R(Q)) —h?((B @ D)xh(0), (C) ) dvol(x)

W,

The minus sign in the last equation follows from the Koszul rule for multiplying
graded tensors: (1& D)y o (P& 1), = (—1)°P°? (3 & D),. Now we compute T(&):

T(Ox = <h(D ®1+18D)xh(Q),h(D & 1)xh(Q))x
[ 02(((B & 1416 D)h(0), (B & 1)h(0))) dvol(x)

Il
=
~—

= hZ(((w ENx(M@&H1+1& D)Xh(C),h(C))) dvol(x)

(B & 120, 1(0)) +h2 (B & 1)<(1 & DIR(2), h(T))) dvol(x)

|
>
N
/~
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Therefore we obtain

S(E)x+T(E)x = J ZhZ(((w & 1)§h(c),h(c))) dvol(x)
Wx
= [ 202 ((m & 1200, 10 ) dvol(x) = 2002 & D210, (@)
Wy
=2(RPO((B )3 «(8), hD(E))x > 2<h2<1>(% scal(ga(x))&), h2 @ (&))x

= <% scal(ga(x))h?¢, h2 Q) = % J scal(ga(x)) (hzc, hZC)> dvol(x)
Wy

1 1
> 5m0) [ Iyppioll(& € dvolix) = 5C(6 0)x
Wy
1 1
= EC@(&L@(S)X = §C<£’ E)x
with C = m(x)thzsupp(C)H and m(x) = minyy <7 (scal(ga(x))). O

The proof of theorem 5.2.1 is now an easy corollary of proposition 5.2.4 and
proposition 5.2.5 using theorem 1.3.9:

Proof of 5.2.1. By propositions 5.2.4 and 5.2.5 the unbounded Kasparov module
z’ satisfies the assumptions of theorem 1.3.9. Therefore the bounded Kasparov-
(C1%977, C(X, C¢G))-module b(z') = (I, p’,b(h(Id &1+ 1& D)h)) represents the
Kasparov product of the bounded Kasparov modules b(x) and b(y). O

Proposition 5.2.6. [b(inddiff$")] = [b(z’)] in KK(C1*4"", C(X, C:G)).

Proof. We will construct a homotopy between b(inddiff$") and b(z'), i.e. a Kas-
parov module H € KK(CI%4, IC(X, C;G)) = KK(CI>9"', C(X x I, C:G)), such that
(evp)«(H) = b(z’) and (evy).(H) = b(inddiff_(?L). To begin with we construct the
following unbounded Kasparov module h == (I}, p, h(IB & 1+ 1& D +A- Q)h). The
Hilbert module Ty is the space of continuous sections of the pullback of the con-
tinuous field L% (M x R x X, A(TT)) via pr : X x I — X. The Clifford action py is
induced by the Clifford action p of C1>?*! on L% (M x R x X, A(TT)). The operator
Q=P-D&®1+1&D is a compactly supported bundles endomorphism of A(IT)
by lemma 5.1.3. We claim that h is an unbounded Kasparov—(ClO'dH ,C(XxI,CfG)-
module. To prove that we only need to check that the resolvent of h(D &1+ 1&
D+A-Qh=h(B&1=1&D)h+A-h?Q is compact. However, since Q has order
zero and compact support, ||h2Q|| is finite. Therefore by changing the coercive
function f only on the compact subset M x [-1,1] x X by a finite constant implies
that h(BD & 1+1&D)h+A-h%Q is bounded from below by a coercive function. It
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follows by theorem 3.2.9 that the resolvent of h(ID ® 1+ 1& D +A- Q)h is compact.
We define H = b(h) € KK(C14"" C(X x I,C*G)). Then (ev,),(H) = b(z’). Fur-
thermore sine h(ID & 1+ 1& D + Q)h = hPh we have that (ev;),(H) = b(inddiffS").
Therefore H is a homotopy between the Kasparov-(ClO’d“, C(X, CiG))-modules
b(z’) and b(inddiffS"h). O

Now we can prove theorem 5.0.1:

Proof of 5.0.1. [b(z')] = [b(inddiffg")] by proposition 5.2.6. However
b(z') = T (b(inddiffl) ) J#b (e (x crq ()
by theorem 5.2.1. Therefore
b(inddiffG") = topr (b(inddiffy) ) #te (x cra ().

This finishes the proof of theorem 5.0.1. O
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