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0. Introduction

0.1. The problem

A major open problem in differential geometry is to decide whether a given
smooth manifold admits a Riemannian metric of positive scalar curvature or
not. This question has attracted a lot of attention over the last decades since it
is both mathematically intriguing as well as important for applications in the
realm of mathematics and physics. We only name Seiberg-Witten theory and
the Einstein-Hilbert action here.

Let M be a smooth (compact or non-compact) manifold (with or without)
boundary. As stated above the central problem we are interested in within
this thesis is whether or not M admits a Riemannian metric g;; whose scalar

curvature
ok
k= E gZ]Rijk

is an every positive function. Each sphere S™ (for n € N>3) and each (real,
complex or quaterionic) projective space admits a Riemannian metric of posit-
ive scalar curvature. The same is true for each compact semi-simple Lie group.
By [15] no torus T™ (for n € N) admits a Riemannian metric of positive scalar
curvature. It is well-known that each compact manifold with dim(M) > 3 and
each complete non-compact manifold with dim(M) > 5 admits a metric of con-
stant negative scalar curvature, see [25] and [4]. The existence of a Riemannian
metric of positive scalar curvature on the other hand is non-trivially linked to
the topology of the manifold. The first important result in this direction, due
to Lichnerowicz, shows that the A-hat-genus A(M) of a closed spin manifold
M must vanish in order for the manifold to admit a metric of positive scalar
curvature. Here the A-hat genus is a topological datum of the manifold defined
via the Pontryagin classes of M and Hirzebruch’s calculus of multiplicative se-
quences. This result is obtained by means of the Atiyah-Singer index theorem
and Lichnerowicz’ astute observation that the square of the Dirac operator
induced by the spin structure satisfies the equation

D? = V'V + id .

This interplay between index theory of Dirac-type operators and positive scalar
curvature was refined in later years and accumulated in the Gromov-Lawson-
Rosenberg Conjecture which gives both a necessary and sufficient condition for
a compact spin manifold (with dim(M) > 5) to admit a metric of positive scalar
curvature, and links this question to the K-theory of the group C*-algebra of
the fundamental group m = 71 (M) of M. This conjecture is known to be true
in many cases but also known to fail in general, see [24] or [41].
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0.2. Presentation of results

This thesis has two main results, which we set out to describe next.

The first result is a vanishing theorem for coefficient-versions of the higher
Roe indices, and is stated as Theorem 1.4.28 in Subsection 1.4.6. It gives
a generalization of a result previously obtained by Roe [37] and Yu [49]. A
similar result was obtained by Block and Weinberger [5] based on previous
work by Bunke [6]. After stating the result below we compare it briefly with
the one of Block and Weinberger. Our result reads as follows.

0.2.1 Theorem (Vanishing theorem). Let (M,g) be non-compact complete
Riemannian spin manifold whose scalar curvature is uniformly positive out-
side of a compact subset. Then the even (if dim(M) is even) and odd Roe index
with coefficients in the group C*-algebra A = C*rm of the fundamental group
m=m (M)

indg(D) € Ko(C* (M, A))

and
ind; (D) € Ky(C*(M, A))

vanish. Here D:T'(M,S) — I'(M, S) with S = XM ® Y is the twisted Dirac
operator obtained by twisting the spinorial Dirac operator of (M, g) with the
Mishchenko line bundle (Var, V™).

As indicated above this result was previously known for the untwisted spinorial
Dirac operator and the usual Roe indices (i.e. those with complex coefficients).

Our vanishing theorem bears similarities to the Bochner-Lichnerowicz theorem
of Block and Weinberger [5, Thm. 4.8] which reads as follows.

0.2.2 Theorem (see [5]). Let (M,g) be an n-dimensional complete Rieman-
nian spin manifold with fundamental group m = m(M). Let f: M — R be a
smooth and proper map and N = f~1(t) a regular submanifold (compact and of
codimension 1) corresponding to a reqular value t € R. If the scalar curvature
of the Riemannian manifold is uniformly positive outside a compact subset, the
higher index o la Rosenberg

indcs-(Dy ® (V) v) = [Cr ® f+ @Cuy] € K1 (Cr)

vanishes. (That this index is described by a certain correspondence Cy® f*xRC g
in the sense of Connes and Skandalis is the content of [5, Thm. 3.4].)
Notice that the given index is not the usual Rosenberg a-inder a(N) :=
indcer, (v) (DN @ Piv) lying in K. (C*mi(N)).

This result is referred to as ‘equivariant version of Roe’s partitioned index
theorem’ in [8, p. 7]. Indeed, it is pointed out in [5, p. 389] that the theorem
can be reduced to Roe’s partitioned manifold index theorem when 7 is trivial.
We note that though both results assume that the scalar curvature is positive
at infinity, the manifold M in our vanishing theorem has not to be ‘partitioned’
by a codimension one submanifold N. Furthermore, the considered indices lie
in different K-theory groups.
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The partitioned manifold index theorem by Roe has recently been extended by
Zadeh [51] to a coefficient version. As an application of our vanishing result,
one can obtain a codimension two obstruction result similar to the one given by
Gromov and Lawson [16, Thm. 7.47] using Zadeh’s version of Roe’s theorem.

Our vanishing theorem implies together with the coefficient version of Roe’s
index theorem the following result which the reader should compare with the
Bochner-Lichnerowicz theorem of Block and Weinberger stated above.

0.2.3 Theorem. Let (M,g) be an n-dimensional complete Riemannian spin
manifold with fundamental group m = m(M). Let f: M — R be a smooth
and proper map and N = f~(t) a regular submanifold (compact and of codi-
mension 1) corresponding to a reqular value t € R. If the scalar curvature of
the Riemannian manifold is uniformly positive outside a compact subset the
Rosenberg a-index of N

a(N) = indger, (M) (Dn @ N) € K1 (C*m1(V))

vanishes, provided there exists a flat bundle E over M with E|y = V. More
generally, we have: If E is a flat bundle over M, then the index of Dy @ E is
related to the index of Dy ® Ejy by

(v (indesmy (1) (D @ E)) = indger, () (D ® Ejy)

where
(v Kp(CH(M,C*')) = Kp—1(C*m (V)

s a certain homomorphism induced by f, constructed in Subsection 1.5.3.

Thus the vanishing of indg«r, (ar)(Dy ® E) (following from Theorem 0.2.1) is
the reason for the vanishing of a(/N). This can sometimes be used to conclude
from the non-existence of a Riemannian metric of positive scalar curvature on
a submanifold the non-existence of such a metric on the ambient manifold. The
codimension two obstruction theorem of Section 1.6 is such an application.

The second result is a counterexample to a recent conjecture from [7] giving
necessary and sufficient conditions for the existence of a Riemannian metric
of positive scalar curvature on so-called (compact) totally non-spin manifolds.
This result is stated as Proposition 2.3.3 in Section 2.3 of Chapter 2. Here a
totally non-spin manifold is one for which neither the manifold nor its universal
covering admits a spin structure. Nevertheless the manifolds considered by the
conjecture are assumed to be at least orientable, and it reads as follows.

0.2.4 Conjecture (see [7]). Suppose that M is a compact oriented totally non-
spin manifold, with fundamental group m and of dimensionn > 5. Let f: M —
Br be the composition of the classifying map c¢: M — Bm of the universal
covering of M, and the natural map Bn — Bw. Denote by [M] the fundamental
class of M in Hp,(M). Then M admits a metric of positive scalar curvature if
and only if f«[M] vanishes in H,(B).

Here Bm is the classifying space of the group m and Bm is the (maybe less
familiar) classifying space for proper actions.



0. Introduction

0.3. Organization of this thesis

The whole work is divided in two chapters, each chapter bringing one of the
two main results announced in the previous section. Finally, there is a brief
appendix with auxiliary results used in the proof of Theorem 1.4.27.

The first chapter deals with the vanishing theorem for the coarse indices. We
begin in Section 2 by briefly recapitulating the definition of the coarse C*-
algebra (with coefficients) and of a relative version of this algebra, which will
be used in the proof of the vanishing theorem. In Section 3 we proceed to first
discuss Kucerovsky’s functional calculus [28] for regular operators on Hilbert
C*-modules which is then used to define coefficient version of the coarse indices
in a second step. In the final part of Section 3 these are shown in the usual
way to be obstructions to the existence of a metric of uniform positive scalar
curvature and thus are suitable to investigate the existence of metrics of positive
scalar curvature via covering spaces. Section 4 contains the vanishing theorem
and is the central part of the first chapter. The proof relies on two auxiliary
results. The first is contained in Subsection 1.4.4 and 1.4.5 and shows that the
inclusion of the compact operators into the Roe C*-algebra induces the trivial
map in K-theory. This is proven for even and odd K-theory in Subsection 1.4.5
and in a different way for even K-theory in the preceding Subsection 1.4.4.
Though the proof of the former is more general the last is more illustrative. The
second auxilliary result is contained in Subsection 1.4.6 and roughly states that
some normalized function of the twisted spinorial Dirac operator is a compact
operator if the scalar curvature is positive at infinity. Chapter 1 concludes with
a discussion of the coefficient version of Roe partitioned manifold index theorem
and the derivation of a geometric application of the vanishing theorem in the
final Sections 5 and 6, respectively.

The second chapter is rather brief and contains after an introduction and some
preparatory remarks the above announced counterexample
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1. Coarse index theory and positive
scalar curvature

1.1. Introduction

The main objective of this chapter is to formulate and prove a vanishing theorem
for the coarse indices of certain Dirac operators. More specifically, the class of
operators we study consists of twisted spinorial Dirac operators on complete
Riemannian spin manifolds where the twisting bundle is the Mishchenko line
bundle of the underlying spin manifold. In coarse index theory one studies
certain higher indices of Dirac operators like these. These higher indices take
values in the K-theory of the coarse C*-algebra (or Roe C*-algebra) associated
with the metric structure of the underlying Riemannian manifold. The term
‘coarse’ is used because the assignment of a Riemannian manifold (or more
generally a proper metric space) to the K-theory of its associated coarse C*-
algebra becomes functorial with respect to so-called coarse maps which appear
in the study of the large scale geometry of these spaces. For a more detailed
account of coarse index theory and Roe’s coarse geometry we refer the interested
reader to [21], [37], [38] and [40].

In Section 2 of this chapter we introduce the coarse C*-algebra associated with
a representation p: Co(X) — £ (H) of the C*-algebra of continuous functions
on a metric space X vanishing at infinity by adjointable operators on a Hilbert
A-module. In this kind of generality the notion of a coarse C*-algebra already
appeared in [20]. After introducing a relative version of the coarse C*-algebra
which will be important in the course of the proof of the targeted vanishing the-
orem, we introduce the coarse indices in Section 3. For this purpose we briefly
recall the notion of a regular operator on a Hilbert C*-module and describe
Kucerovsky’s [28] functional calculus for these operators. After this we can
define the coarse indices and show that they are obstructions to the existence
of uniform positive scalar curvature metrics. In the following Section 4 we state
the announced vanishing theorem. This will generalize a previously known ver-
sion for the case A = C, which is due to Roe [37] and Yu [49]. The original
proofs of Roe and Yu are based on the finite dimensionality of the L?-kernel of
the spinorial Dirac operators on a complete Riemannian spin manifold whose
metric has positive scalar curvature outside of a compact subset. We briefly
review this result of Gromov and Lawson [16] in Subsection 1.4.2. After some
preparation in Subsection 1.4.3, we show in Subsection 1.4.4 that the map in-
duced by the inclusion of the compact operators in the Roe C*-algebra vanishes
in even K-theory. An analogous result holds for the odd K-theory as we show
in Subsection 1.4.5 by means of a more general result, which applies both to
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the even and odd case. The generalized version of the vanishing theorem will
be given in Subsection 1.4.6. In the following final parts of this chapter we
recall Roe’s partitioned manifold index theorem in Section 5 and describe in
Section 6 how this theorem together with the vanishing theorem can be used
to prove a codimension two-obstruction theorem in style of the one by Gromov
and Lawson [16, Thm. 7.47].

1.2. The coarse C*-algebra

In this section we introduce modules over metric spaces and their associated
coarse C*-algebra. We will assume that the reader is familiar with the notion of
a Hilbert C*-module. An introduction (and much more) to Hilbert C*-modules
can be found in [34], [43], [44] or [48].

1.2.1 Notation. If A is a C*-algebra and # a Hilbert A-module, we denote
by L5 () and H 4 () the C*-algebra of all adjointable operators and of all
compact operators' on 7, respectively. Likewise, () denotes the set of all
unitary operators on . For S,T € £ () we write S ~ T'if S—T € Hu(H).

Let X be a locally compact? metric space and .7 a Hilbert A-module, where A
is a unital (complex) C*-algebra. We introduce the following language: An X-
module structure for 7 is a *-homomorphism p: Co(X) — L3 (), i.e. a
representation of the C*-algebra Cy(X) by adjointable operators on 7. An X-
module is a pair (7, p) consisting of a Hilbert A-module % and an X-module
structure p for J2.

The following is our main example.

1.2.2 Example. Let X = M be an oriented Riemannian manifold, 4 a
unital C*-algebra, and # = L?(M,FE) the Hilbert A-module of square-
integrable sections of a bundle 7: E — M of Hilbert A-modules (here integra-
tion is with respect to the Riemannian-Lebesgue measure given by the metric
and the orientation). This becomes an X-module via the #-homomorphism
p: Co(X) = L3 () for which p(¢) = M, is the operator given by multiplying
sections of E' by ¢. We will often use p(¢) in this sense for ¢ € C(X) not
necessarily in Cp(X).

1.2.83 Remark. Sometimes it is useful to impose additional requirements on p,
such as for example that p should be non-degenerate (i.e. the image of the
action is dense) and ample (i.e. no non-zero element acts via p as a compact
operator). These conditions are fulfilled in Example 1.2.2 and can be used to
make the assignment of a metric space X to the K-theory of its coarse C*-
algebra (to be introduced below) functorial by introducing the notion of ‘coarse
maps’ between such spaces. Cf. [21, Def. 5.1.3] and [21, p. 149 f.], or [38, p.
19].

1See Definition 1.4.10 later in this chapter.
2We assume this because we want that Co(X) is C*-algebra. In addition to this, this as-
sumption will allow us to construct cut-off functions later on.
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1.2.4 Notation. Points in X are denoted z, y, z, etc. Elements of Cy(X) are
denoted by ¢, 9, etc. Elements of JZ are denoted u, v, etc.

1.2.5 Definition. Let (7, p) be an X-module.

(i)

(vi)

The support of an element u € , denoted by supp(u), is the comple-
ment in X of the following subset

U{U C X ; U is open and Vo € Co(U): p(p)u =0} .

The support of an operator T' € Z;(J), denoted by supp(T'), is the
complement in X x X of the following subset

{(z,y) € X x X5 Jp, ¢ € Co(X) with ¢(x),9(y) # 0: p(p)Tp(y) =0} .
Denote by 7%, the set of all compactly supported elements in 7.

An operator T € £} () is pseudolocal if [T, p(p)] € H#4 () holds for
any ¢ € Cy(X). The C*-algebra of all pseudolocal operators is denoted
by U9(X).

An operator T' € Z(J¢) is locally compact if both p(p)T" € 4 ()
and Tp(p) € Ha(H) hold for any ¢ € Cy(X). The C*-algebra of all
locally compact operators is denoted by ¥~—1(X).

An operator T' € .Z(5#) has finite propagation?® if there exists R > 0

such that p(¢)Tp(¢)) = 0 for all v, € Cy(X) with d(supp(¢), supp(¢)) >
R. The infimum over all such R is called the propagation of T

Call (47, p) admissible if % is dense in ., and one has p(¢)u = u,
whenever u € 4 and ¢ € C(X) with @|gupp) = 1. Furthermore, we
require u = 0 if and only if supp(u) = @.

One readily verifies that U~1(X) is a C*-ideal in W°(X).

1.2.6 Notation. We will denote the set of all locally compact operators T €
U1 (X) which are of finite propagation by \I/fE)I(X).

The next lemma gives another characterization of finite propagation operators.

1.2.7 Lemma. Let X be a locally compact metric space and (F, p) an admiss-
ible X -module. The following are equivalent:

(1) The operator T € L5 () has finite propagation.

(i) There exists R > 0 such that supp(Tu) C B(supp(u); R) holds for every

element u € J.

3Finite propagation operators are also often called controlled operators or operators of
bounded propagation.
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Proof. “(i) = (ii)”: Let R > 0 be as in (v) of Definition 1.2.5. We show that
x ¢ B(supp(u); R) implies

x € U{U C X; U is open and Vo € Co(U): p(p)u =0} .

By assumption, there exists a small € > 0 such that x € U where U is the open
set U := X \ B(supp(u); R + €). Furthermore, one has for any ¢ € Cy(U)

p(p)Tu = p(e)Tp(Y)u=0.

Here ¢ € Cp(X) is a function with Yigupp@) = 1 and ¥x\ Bsupp(u);e) = 0
Such a function v exists by [30, Section 2.4] since X is locally compact, and
p(p)Tp(1) = 0 holds because d(supp(y),supp(y)) > R.

“(ii) = (i)”: Let u €  and ¢,¢ € Co(M). Then one has for R > 0 as in (ii)

supp((p(v)Tp(x)) u) C supp(p) Nsupp((T'p(v)) u)
C supp(p) N B(supp(¢p) N supp(u); R)
C supp(y) N B(supp(v); R)

and the set on the RHS is empty. Thus supp((p(¢)Tp(¢))) u) = &, which implies
p(p)Tp(p) = 0 by (vi) of Definition 1.2.5. [

We now introduce the C*-algebra associated with an X-module.

1.2.8 Definition (Roe C*-algebra of an X-module). Let (J#,p) be an X-
module. The Roe C*-algebra or coarse C*-algebra of (7, p) is the C*-
algebra generated by all operators T' € £; () which are locally compact and
of finite propagation:

C* (A, p) := C*{locally compact, finite propagation ops.} .
Thus C*(7, p) = C*(\Iig)l(X)).

Next we introduce a relative version of the Roe C*-algebra. This will take a
preeminent role in the proof of the vanishing theorem in Section 1.4.6.

1.2.9 Definition (Relative Roe C*-algebra). Let (7, p) be an X-module and
K C X asubset. An operator T' € £ () with finite propagation is suppor-
ted near K if there exists R > 0 such that

p(@)T =Tp(p) =0

for each ¢ € Cp(X) with d(supp(¢), K) > R. The Roe C*-algebra or coarse
C*-algebra of (7, p) relative to K is the C*-algebra generated by all T' €
\Iffz)l(X ) which are supported near K and is denoted by Cj (47, p).

The following lemma gives another description of the relative Roe C*-algebra.
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1.2.10 Lemma. Let X be a locally compact metric space, (€, p) an admissible
X-module and K C X a compact subset. Assume p extends to a unital C*-
homomorphism on C(X). The following holds:

Cx(,p) =CH{T € \I/g)l (X); T has property (%)}

where the property (x) reads as follows: for each € > 0 there exists R > 0
such that || Tul| < e for all compactly supported w € F with ||ul| = 1 and
d(supp(u), K) > R.

Proof. “C”: Let T € \Ilgjl(X) C Z3(A) be supported near K and ¢ > 0.
Then there exists R > 0 such that Tp(¢) = p(¢)T = 0 for each ¢ € Cy(X)
with d(supp(¢),K) > R. Assume u € J is compactly supported and
d(supp(u), K) > R+ 1. Since X is locally compact, there exists by [30, Sec-
tion 2.4] a function ¢ € Ccpe(X) which is equal to 1 on a small neighbourhood
of supp(u) and whose support satisfies d(supp(¢), K) > R. But this implies
|Tul| = ||Tp(¢)ul| = 0 < e showing that T satisfies (k).

“7:. Let T € \Ilf;l(X ) be a locally compact operator of finite propagation
which satisfies property (x). Let € > 0. We show that there exists an operator
1. € \ij*pl (X)) which is supported near K and which satisfies |7 —T%|| < e. This
implies T' € C} (2, p).

Given € > 0, there exists R > 0 such that ||Tu|| < ¢ for all compactly supported
u € A with ||ul| = 1 and supp(u) N B(K; R) # @. By [30, Section 2.4] there
exists a function ¢, € Cept(X) with B(K; R+ 1) C supp(yp.) with BRI —
1. Set Tr := Tp(pe). Then T. is locally compact and has finite propagation

since T is already of this kind. Furthermore, (x) implies
| Tu = Teull = |1 Tp(1 — @e)ull < e .
From this ||T" — T¢|| < ¢ follows because % is dense in 2. [

1.2.11 Notation. From now on 7 will be as in Example 1.2.2. In this case
we write C*(M; A) for C*(L*(M, E), p) or C*(M, s#) if we want to make the
module 7 explicit. Analogously, C% (M; A) stands for C3-(L*(M, E), p).

Finally, we prove the following important lemma about the relative Roe C*-
algebra of a compact subset.

1.2.12 Lemma. If K is compact, then Ci-(M; A) equals #a(L*(M, E)).

Proof. “O": Let (e;);en be an orthonormal basis of L?(M, E) consisting of com-
pactly supported elements?. We claim that each elementary compact operator®
Oc;aerb for j,k € N and a,b € A is supported near K and locally compact.
After proving this the claim follows since #4(L?(M, E)) is the C*-algebra gen-
erated by all elementary compact operators, and since z,, — = and. ¥y, — ¥

4One can use Claim 6.3.14 from [21] to obtain such a basis for each ample non-degenerate
module.
®See Definition 1.4.10 for our notation.

10
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implies ©,, y = Oy and O,,, — O;,. Solet j,k € N and a,b € A. Since
each compact operator is locally compact, we only have to prove that ©c ;4 .b
is supported near K.

To see that ©c;q,, has finite propagation, choose R > 0 such that supp(e;) C
B(supp(eg); R). Then supp(Oe;a,e,bu) is contained in the ball around supp(u)
of radius R + diam(supp(ey)). In order to see that O, 4, is supported near
K, choose R > 0 such that

supp(e;) Usupp(er) C B(K;R) .
Then one has for any u € L?(M, E)

(/)(SO) Geja,ekb) U = (P(@)Cja) <6kb7 u> =0

and

Ocpneat(p(0)0) = (650 extpliph) = (ej0) ( [ (e pta)u(w)de) =0

for any ¢ € Cy(X) with supp(¢) N B(K; R) = @.

“C”: Let T € \Ilf_pl(X) be supported near K and choose R > 0 as in Defini-
tion 1.2.9. Since K is compact, there exists a covering (U;)jen of M by open
subsets such that only finitely many of these have non-empty intersection with

B(K;R). Let (mj)jen be a partition of unity subordinated to (Uj)jen. We

choose the notation in such a way that {j € N; supp(w;) N B(K; R) # @} is
{1,...,n}. f N>n+1and u € L?*(M, E), then one has

|Tw = p(mj)Tull = llp(fn)Tul
j=1

with fy :=1— Zjvzl 7, since d(supp(m;), K) > R for j > n+ 1. The claim
follows now because p(fn) — 0 (strongly). To see this let v € I'epi(M, E).
Then

lofx)oll? = /M|fN<x>|2 lo(@)|? de

becomes zero for sufficiently large N as fy(x) = 0 on supp(v) for such N. The
desired result follows now because eyt (M, E) is dense in L?(M, E). [

1.3. Coarse indices

Let (M, g) be a complete Riemannian spin manifold with Dirac operator D. In
this section we define the even and odd coarse index (class)

ind,(D) € K,(C*(M,A)) , p=0,1.

For this we will use the functional calculus for so-called regular operators on
Hilbert C*-modules. We describe this calculus in the next subsection.

11



1. Coarse index theory and positive scalar curvature

1.3.1. The functional calculus for regular operators

The aim of this section is to introduce the functional calculus which in the end
will allow us to define the operator x(D) (where x is a normalizing function)
used in the definition of the coarse index. Before this, the calculus will be
used to introduce the wave semi-group {e*”},cr. This is a one-parameter
family of unitary operators by means of which we can express the functions
©(D) of D (where ¢ is a function in Cy(R)) via Fourier transformation as
(2m)~L [ $(t) €D dt. This will enable us to show that ¢(D) belongs to the Roe
C*-algebra for ¢ € Cy(R).

The notion of a regular operator on a Hilbert module is due to Woronowicz and
Baaj-Julg. Our presentation if based mainly on [28] and [50].

1.3.1 Definition (Regular operator). A closed® A-linear operator
T:vom(T) — 4 with domain dom(T") C % is called regular if

(i) Both T" and T™ are densely defined.
(ii) The range of 1 + T*T is dense.

We denote the set of all regular operators on the Hilbert A-module 7 by
RA(F).

The following theorem guarantees that the Dirac-type operator we are mostly
interested in is regular in the sense of Definition 1.3.1.

1.3.2 Theorem. Let (M,g) be a complete Riemannian spin manifold with
spinor bundle XM . The closure

D: HY(M,S) — L*(M, S)

of the twisted spinoral Dirac operator, with twisting bundle the Mishchenko line
bundle,
D: Tepi(M, S) = Tepi(M, S) € L*(M, S)

with S = XM ® Vi, is regular and self-adjoint.
Proof. See [51, Lemma 2.1]. [ ]

The next theorem introduces the continuous functional calculus for normal
regular operators.

Recall that the spectrum o(7T) of an (unbounded) operator 7" on a Hilbert
C*-module 77 over a C*-algebra A is simply the spectrum of T viewed as an
(unbounded) operator on the particular Banach space . Thus o(T) is the
complement of the resolvent set p(7") C C, where A € p(T') if and only if the op-
erator p(A) := (T'—AI): dom(D) — S has a bounded inverse. Notice that p(\)
is automatically A-linear but it is not clear whether p(\) € £ (dom(T), ) or
not. In particular, 0 € o(7) if and only if T': dom(7") — ¢ admits no bounded
inverse.

This is defined exactly as in the Hilbert space case (i.e. A = C).

12



1. Coarse index theory and positive scalar curvature

1.3.3 Theorem (Continuous functional calculus). Let T' € ZA(H) be a nor-
mal regular A-linear operator on the Hilbert A-module 7. Then there exists a
map

mr: C(C) = Za(H), [ f(T)
with the following properties:
(i) (idc)(T) =T and wp(1) = 1.
(i) (f +Xg)(T) = f(T)+ Ag(T) for any X € C.
(i) (f-g)(T) = f(T)og(T) = g(T) o f(T).
(iv) If f € BC(C) is a bounded continuous function, then f(T) is bounded.

(v) If f,g € C(C) coincide on o(T), then f(T) = g(T).

(vi) Spectral mapping theorem: One has o(f(T)) = f(a(T)) for f € Co(C).
(vii) If f € BC(C), then [|[f(T)| = [ fllor) is the supremum of |f| on o(T).
(viir) If g € BC(C), then (f o g)(T) = f(g(T)) for any f € C(C).

(iz) f(T)" = f(T7).

(x) If T is bounded, then mp is the usual functional calculus of the normal
element T in the C*-algebra L5().

(xi) Continuity property: Assume (fn)nen C C(C) is a sequence of continuous
functions and F € C(C) is such that |f,| < |F|. If fn — f uniformly on
compact subsets, then f,(T) — f(T) pointwise on dom(F(T)).

(zii) The restriction mr: Co(C) = ZL4(E) is a C*-algebra homomorphism.

Proof. We only need to prove (v), (vi) and (vii) here since a proof of the re-
maining statements can be found in [28, p. 473 ff., especially Prop. 16 on
p. 474]. Before doing so we briefly outline the construction of the functional
calculus from [28].

Let D C C denote the open unit disk. The map h: C — D, h(z) = 2(1 +
|z|2)~1/2 is a bijection and using it we define a map —: Cy(C) — Co(D) by
mapping g € Cp(C) to the function g € Cy(D) with g(h(z)) := h(g(z)). Next
let Q: Za(H) — Va(H) with Q(T) := T(1 + T*T)~'/? be the bounded
transform from [28, Prop. 10] and ®: C(C) — Z5(s¢) with ®(f) = f(Q(T))
the functional calculus of the now bounded operator Q(7'). Because @@ maps
LA C Ha(H) onto the open unit disc in L (), see again [28, Prop.
10], and therefore if || f||oc < 1 whence also || f(Q(T))|| < 1, there exists T} €
L) with Q(Ty) = f(Q(T)) or Ty = Q1 (f(Q(T))). Using this the desired
functional calculus mp: Co(C) — Z4(H) is finally defined by 7 (g) := Ty.

This calculus for functions in Cp(C) can be extended to a calculus for arbitrary
continuous functions as follows: by [28, Cor. 14] the algebraic tensor product
Co(C)®r, S is isomorphic to .7 via the map that sends the elementary tensors

13



1. Coarse index theory and positive scalar curvature

f®eonto f(T)e. Using this the given action w7 : Cy(C) — Z4 () induces an
action mp: C(C) — Za(H) as follows: let wp(f) for f € C(C) be the operator
whose domain dom(7p(f)) is the linear span generated by those elementary
tensors h ® e (with e €  and h € Cy(C)) for which fh € Cy(C) and which
maps h ® e to (fh) ® e. With this definition f(7') is clearly defined everywhere
whenever f is bounded.

(v) We can assume p(T') # @. By linearity, it suffices to show that f(7°) = 0
if f vanishes on o(T'). First of all, assume that f is compactly supported with
supp(f) C B(\;ey) where A € p(T) and &) > 0 is such that [|(T — )7} < & h.
Then we can write

F(T)

=f(T)o (T =N)"e "o (T —X)"ey
=f(T)o (T —N)"e "o (T —A)"e} (1.3.1)
= fn(T) o (T — )\)—n €K

by (iii), where f,(t) := f(t)(t — A\)"e,". Here we have used that f(7') is
continuous by (iv) and that T is closed. Thus

LA < (DT = 27" X <l fnlloo

since 77 is continuous with ||7r|| = 1. Since supp(f) lies in B(A;e)) and is
compact, there exists 0 < ¢ < 1 with |t — )\|5;1 < q for all t € supp(f),
implying || f(T')|| = 0. Secondly, assume f compactly supported in p(T"). There
exist A\i,..., Ay € p(T') and €1,...,6, > 0 such that the balls B(\;;¢;) cover
supp(f) and such that ||T°— \;|| < 5]._1. Let {m1,...,m,} be a partition of unity
subordinated to open covering given by these balls. Then (f-7;)(T") = 0 by the
previous part and thus also f(7") = 0 in this case. Finally, we remark that each
f which vanishes on ¢(7') is a uniform limit of functions compactely supported
in p(T') whose absolute values are bounded by |f|, so that (ix) implies also
f(T) =0 in this case.

(vi) The claim follows once we have shown a corresponding version of it holds for
¢: indeed the spectral mapping theorem for the normal operator Q(7") together
with o(q(T)) = q(o(T)) implies

(1.3.2)

= f(o(T))

for each f € Cy(C). Here the inclusion “C” for the last equality is obvious. In
order to show the other inclusions “D” it suffices to show (f o ¢~1)(q(c(T))) D
f(o(T)) (as the LHS in the inclusion is closed by the above). The latter then
easily follows from ¢(o(T)) D q(o(T)).

14



1. Coarse index theory and positive scalar curvature

Furthermore, one can prove o(f(T")) C f(o(T')) for any f € BC(C) directly in
the following way: let u ¢ f(o(T)) and let g,: C — C be a bounded continuous
extension of the bounded continuous function on ¢(7") whose value in t € o(T)

is (f(t) — )t By (iii) and (v)

gu(T) o (f(T) = p1) = gu(T) o (f(T) — pu 1)
= (g - (f = pidc))(T)

—r(1) (1.3.3)
and likewise
(f(T) = pI)ogu(T) = (f(T)—pl)ogul)
= ((f ~ pide) - gu)(T) )
=7p(1)
=T

Thus pu ¢ o(f(T)). Here we have used that g,(7") and f(T) are bounded.
Therefore o(f(T')) C fo(T)) and in particular o(q(T)) C q(o(T)).

We are left to prove ¢(o(T")) C o(q(T)). For this suppose there exists A € o(T")
such that g(\) ¢ o(¢(7T')). Then there exists a bounded operator G which inverts
(¢(T) — q(X\) I). Furthermore, there exists gy € BC(C) with (¢(T") —q(\) I) =
(T'— A1) gx(T). But this implies that the bounded operator G o gx(T") inverts
(T — A1) contradicting A € o(T). Thus ¢(o(T')) C o(q(T)) and as a consequence
thereof q(o(T)) C o(q(T)). To see that G o gx(T) would really invert (T'— \T)
we notice that both
I=Go(q(T)—q(NI)

(
=Go(T—AI)ogx(T
=Go(T—AI)og\(T
=Gog\(T)o (T —AI
=Gog(T)o (T -

A(
N (1.3.5)

)
)
)
M)

»\(

and analogously
I=(g(T) - g\ 1) o G
=(T—=XI)og\(T)oG
hold by (iii). Here we have used that T is closed and ¢,(7") is bounded to see

that (T'— A I)oq)(T) is bounded, as well as that g)(7") and G are both functions
of Q(T') and hence commute.

(1.3.6)

(vii) We have already seen ||f(T)| < ||fllco in the proof of part (v). But
by (v) we can replace ||f|l here by ||f||s(zy. This can be seen the following
way: since f is bounded, o(f(T")) is compact. Furthermore we know || f(T)|| =
lg(D)|| = llglloc by (v) for any g € BC(C) which coincides with f on o(T).
If we assume || f(T)|| > | flls(r) this yields a contradiction. Simply let ¢ be a
Urysohn function for the pair (o(T"), C\ U), where U is an open neighbourhood

15



1. Coarse index theory and positive scalar curvature

of o(T), and set g := ¢ - f. On the other hand the spectral radius formula
together with (vi) implies

AT = sup{|z[; 2z € o(f(T))}

= sup{ful; w € Flo(T))} s
> sup{|w|; w € f(o(T))}
= [Ifllor)

and thus the desired relation. |

The following lemma is used in the proof of Theorem 1.3.5.

1.3.4 Lemma. Let W be the set of all functions ¢ € Co(R) N L*(R) such that
supp(p) is compact”. Then there exists for each ¢ € Co(R) a sequence (¢n)nen
in W with @, — ¢ uniformly and |@,| < |®| for a constant function ® € C(R).
In particular, W is dense in Co(R), and ¢, (D) converges strongly to ¢(D) on
all of 7 according to part (viii) of Theorem 1.3.3

Proof. Let ¢ € Cp(R). We will show that to each n € N there exists a ¢, € W
such that

suply (1) — enl0)] <+

teR

To achieve this let n € N and choose first of all a Schwartz function f,, € .7 (R)

with
1

igﬁlw(t) = @) < ol

Since C%(R) is dense in L*(R) and because of the Fourier inversion formula
we can find ¢, € W given by ¢, (t) = [ ¢n( et dt such that

A . 1
sup| fu(t) = on () < 1o = @l < 5 -
teR n

Thus 1
sup|y(t) — pn(t)] < —
teR n

for this choice of ¢,,. Furthermore, ||¢,||s converges to ||1||~, which allows to
obtain a function ® € C'(R) as desired. [

Let D € Zc+n(L*(M, S)) be as in Theorem 1.3.2. (Most of the following results
could be stated in more general form for an arbitrary self-adjoint operator
T € ZA(H) instead of D.) One has o(D) C R and can thus consider the
family {U(s)}ser given by the operators

U(s) := exp(isD)

for s € R, which are obtained from the operator D by applying the functional
calculus mp to the bounded function f: R — C with f(¢) := exp(ist).

The following theorem is the main result of this section.

"Here we use the notation used in [37, p. 45]. The set W contains, e.g., the sinus cardinalis,
which is given by sinc(t) = ¢! sin(t) for t € R.
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1. Coarse index theory and positive scalar curvature

1.3.5 Theorem. The following hold:

(1)

(i)

(iii)

(iv)

(v)

The family {U(s)}ser is a one-parameter group of (bounded) unitary A-
linear operators, i.e. the map U: R — Us(H), s — U(s) is a group
homomorphism.

The one-parameter group {U(s)}scr solves the wave equation® U'(s) =
iDU (s) uniquely for the initial condition

Sh_IPO US)u=u , uecdom(D)

and is called the wave semigroup.

Each operator U(s) is an operator of finite propagation in the sense of
Definition 1.2.5.

One can express the functional calculus of D with {U(s)}ser via Fourier

transformation as
1 .
o(D) = o / () U(s) ds (1.3.8)
TJR

for ¢ € W, where W s the set of all (bounded) smooth functions
¢ € C®°(R) N L'(R) such that p € CZ(R) is compactly supported. Here
Equation (1.3.8) holds in the weak sense, i.e. one has

(p(D)u,0) = 5 /R 5(5) (U (s)u, v) ds

for u,v € Tepi (M, S) and the right-hand side is the Riemann integral of a
bounded continuous function. Cf. [21, Prop. 10.3.5].

As a consequence of (iii) and (iv), one has (D) € C*(A,p) for ¢ €
Co(R).

Proof. (i) It follows from part (iv) of Theorem 1.3.3 that each operator U(s) is
bounded. That these operators are unitary, follows from (vi) of Theorem 1.3.3
since D is self-adjoint by Theorem 1.3.2: we have

U(s)" = exp(—isD*) = exp(—isD) = U(—s) .

Analogously, we obtain from (iii) of Theorem 1.3.3 that

U(s+s') = exp(i(s + §')D) = exp(isD) o exp(is’D) = U(s) o U(s') .

Thus U: R — %4 (H€) is a group homomorphism.

(ii) We show that for each sy € R the limit

U'(s0) = ti L =Uls0)
§7750 s — 80

8Here the limit U’(s) exists pointwise and equals iDU (s).
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1. Coarse index theory and positive scalar curvature

exists pointwise and equals :DU(sg). For this let (s,)nen be any sequence
converging to sop and C' > 0 such that |s, — sg| < C for each n € N. We have

U(Sn) — U(So)

Sn — S0

= fn(D)

with f,(t) = (exp(isnt) — exp(isot))(sn — s0) . Obviously, f, — f pointwise
for f(t) := itexp(isot). As we show next, the convergence f, — f is even
uniform on compact subsets. For this end, assume [t| < B. A straightforward
computation then shows

.
a6) = 10 < | 3 =7 | Jsa = s

=2

which proves that f,, — f uniformly on [—-B, B]. An easy computation shows

alt)] = | R0 — XD (E30D)
n 0

1 Snt )
.y ( / i dr) |
S’I’L - 3[) sot

<t .

Since the sequence of functions (fy,)nen also converges uniformly on compact
subset, we can now conclude from part (viii) of Theorem 1.3.3 that f,(D) —
f(D) pointwise on dom(D).

In order to show that the wave equation is uniquely solvable for the given initial
condition, notice that the self-adjointness of D implies

d 9
ZlCs)ul? =0

for any u € dom(D), whenever {C(s)}scr is a solution of the wave equation.
(iii) Cf. [21, Prop. 10.3.1] and its proof.

(iv) Let u,v € Tepe (M, S). Suppose supp(p) C [—R, R] for R > 0. As the fol-
lowing remarks show, the function s — (U(s)u,v) of s € [-R, R] is continuous.
If (sp)nen is a sequence in [—R, R| converging to sg, then we can first of all
estimate as follows:

[{(U(sn) = Ulso))w, 0)| < [[(U(sn) = Ulso))ul [|v]l
< U (so)[HI(U (80 = s0) = Dl o] -

Set hy, := s, — Sp. The operator U(hy) — I is the operator obtained from D by
applying the function f,(t) := exp(ih,t) — 1 to it. Notice that (writing f5(t)
for exp(iht) — 1)

ht
nlt)] = |/0 & dr| < || [t] -

18



1. Coarse index theory and positive scalar curvature

So certainly |f(t)] < |F(t)] for F' being a constant multiple of the identity
function, provided the variable h is bounded. In particular, dom(F(D)) =
dom(D). Also,

[fa(t)] < CIh|

for |t| < C whenever C' > 0, so that f, — 0 uniformly on compact subsets
and thus f,(D)u — 0 for every u € dom(D) by (viii) of Theorem 1.3.3. Thus
% Jr () (U(s)u,v) ds exists as an integral of a continuous function on a com-
pact interval.

By the Fourier-Inversion Theorem one has ¢(t) = 5= jRR o(s) e ds. Fur-

thermore, there exists a sequence (7,)nen of step functions which uniformly
converges to ¢. Since the sequence (f,)neny With fn(s) := ! 7, of gap con-
tinuous functions converges uniformly to the function given by s — ¢(s) €™,
we have

1 TR 1 +R '
p(t) = Py /R P(s) exp(ist) dt = o nlgnoo - Ta(s) €t ds

for any ¢t € R. Set pp(s) = 5 fjgm(s) etds. Let u € 5. We claim
on(D)u — @(D)u. This follows from the following estimate

+R ‘
I60) = eulDull =N ([ (606) = e s ) ul
+R )
< oo [ 165 = ) el s

1 +R R
o |16 = ) lulds
From this we can conclude

(p(D)u,0) = lim {n(D)u,v)

Here we have used for the second inequality the fact that

( / bA(s)ds) w— / " (A(s) ) ds

for u € E, whenever A: [a,b] — Z(F) is a continuous path of bounded oper-
ators on a Banach space F.

(v) That ¢(D) is a locally compact operator for ¢ € Cy(R) can be proven along
the lines of [21, Prop. 10.5.2].
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1. Coarse index theory and positive scalar curvature

We are left to prove that ¢(D) is a finite propagation operator. This will follow
from the finite propagation property of the operator U(s) = e as follows.
First of all, let us assume ¢ € W and supp(¢) C [—R, R]. In this case we can
compute

(p(fp(D)p(g)u,v) = (p(D)p(g)u, p(f)* v)

+R
_ / B(5) (U()p(g)u, p(f)*v) ds

—R

+R
- / B(5) {p(N)U(s)p(g)u, v} ds -

-R

whenever f,g € Co(M). From this the desired result follows since U(s) has
propagation |s|.

According to Lemma 1.3.4 there exists for every ¢ € Cy(R) a sequence (¢y,)
in W which converges uniformly to ¢, and Part (ix) of Lemma 1.3.3 implies
on(D) = (D) in norm. Thus also (D) € C*(A, p) in this case. n

1.3.2. Definition of the coarse indices

Let D*(.7, p) be the C*-algebra generated by all controlled and pseudolocal
T € Z;(s). The C*-algebra C*(J2,p) is an ideal in the unital C*-algebra
D*(A, p) and we can consider the associated six term exact sequence in K-
theory

Ko(C*(,p)) —— Ko(D*(A, p)) —— Ko(Q"(A, p))
o [
Ki(Q*(A,p))) «—— Ko(D*(HA, p)) +—— Ki(C*(A,p))
Here we have written Q*(J2, p) for D*(#, p)/C*(4, p) for reasons of space.
For S,T € D*(J, p) we write S ~ T it S — T € C*(J, p).

Let x € C*°(R) be a normalizing function, i.e. an odd function y € C*°(R)
with x(0) = 0 and lim;— 1o x(¢) = £1. Set

e o:=1-x?€c (Cp(R) and
o X:=(1+x)/2

By part (v) of Theorem 1.3.5 we have

oy = (FEEE) () - (B2 )+ 5oy

Hence (D) defines a projection in Q*(#, p) and consequently an element in
the Ko-group of this quotient C*-algebra. Analogously, if 27 = 4 ® 74 and
p = po @ p1 is in addition graded such that

[0 D
2= o, o]
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1. Coarse index theory and positive scalar curvature

with respect to this grading, and U: 54 — J# is a unitary isomorph-
ism which covers? the identity idy;: M — M, then it can be shown that
U*x(Dy): 54 — ) defines a unitary element in the quotient C*-algebra
Q* (74, po) and therefore an element in the K;j-group of this C*-algebra. Using
these elements we define the coarse index as follows:

1.3.6 Definition (Coarse index). Let x € C*°(R) be a normalizing function
and x := (14 x)/2. The coarse index of D is the following class:

n[Ux(Do)]l p=0;
do[x(D)] ,p=1

We call indg(D) € Ko(C*(42, p)) and indy (D) € Ko(C*(H, po)) the even and
odd index of D, respectively.

ind,(D) := {

One can show that the indices ind, (D) € K,(C*(M; A) (for p = 0,1) are well-
defined, that is, they do neither depend on the particular choice of the nor-
malizing function y nor the choice of the unitary U: 4 — 54 covering the
identity. For details we refer the interested reader to [38].

The following Theorem 1.3.7 shows that the coarse indices of a Dirac operator
D are obstructions to the invertibility of D (acting on H'(M, S)). Using the
Lichnerowicz formula it follows that the coarse indices are obstructions to the
existence of uniform positive scalar curvature on the underlying manifold, see
Theorem 1.3.9. In Section 1.4.6 of this chapter we show that even more is true:
the coarse index is an obstruction to the existence of a metric which is uniformly
positive outside a compact subset. This will be important for applications, see
the proof of Theorem 1.6.9 later in this chapter.

1.3.7 Theorem (Coarse index and spectrum). If ind,(D) # 0, then the fol-
lowing holds for the spectrum of D:

1. Graded case (p=0): One has 0 € o(D).

2. Ungraded case (p=1): One has (D) = R.

Or, to put it negatively:

1’. Graded case (p=0): One has indg(D) = 0 if D is invertible.

2’. Ungraded case (p=1): One has ind;(D) = 0 if D+ X1 is invertible for some
AeR.

Proof. 1. Graded case: Assume 0 ¢ o(D). Then there exists a normalizing
function y, which only takes the values +1 on o(D). Hence x(D)? = I and we
can compute as follows

[ 0 X(Do)*] [ 0 X(Do)*] _ [X(Do)*X(Do) 0
x(Do) 0 x(Do) 0 0 X(Do)x(Do)*
=[5 7]

9Cf. [21, Def. 6.9.3] for the this.

21



1. Coarse index theory and positive scalar curvature

Hence U*x(Dy) is unitary and thus defines an element in K;(D*(.%, po)). Be-
cause of the exactness of the six-term exact sequence we finally obtain

indo(D) = (81 o) Kl(ﬂ'))[U*X(Do)] =0.

2. Ungraded case: Assume there exists 29 € R with zg ¢ o(D). Since o(D)
is closed and whence the resolvent set p(D) is open, there exists e > 0 with
(xo —e,20 +€) C p(D), and one can find a normalizing function y € C(R),
which is constantly —1 left of g — ¢ and constantly +1 on the right of zy + €.
Hence x(D)? = I, as x2 = 1 on o(D). Therefore x(D) is an involution in the
Roe algebra C*(7, p), which defines a Ko-class

[X(D;”] € Ko(C* (A, ) .

Because of the exactness of the six term exact sequence we thus obtain
indg(D) = (9p o Ko(m))[x(D)] =0 .
This completes the proof. |

1.3.8 Lemma. Let 5 be a Hilbert A-module. Assume T: dom(T) — F is an
self-adjoint reqular operator with domain in F€ such that for some C > 0 the
inequality

[Tul| = Cllull

holds for any w € dom(T). Then T admits a bounded inverse.

Proof. We give a proof along the lines of [29, Lemma 3.1] and use the functional
calculus for T presented in Theorem 1.3.3. Suppose 0 € o(7"). Choose a function
f € Co(R) with f(t) = 0 for |t| > C/2 which has f(0) = 1 as its maximal
absolute value. Then the function g € Cp(R) with g(¢t) = ¢f(¢) is such that
llglloc < C/2. Therefore ||g(T)|| < C/2 by (iv) of Theorem 1.3.3. Furthermore,
one has ||f(T)|| = 1 by part (iv) of Theorem 1.3.3. Therefore we can choose
u € H such that ||f(T)u|| > 1/2. This implies by part (iii) of Theorem 1.3.3
that

C
ITf(T)ull = llg(Tull = 5 < CIFT)ull -
On the other hand ||Tf(T)u| > C||f(T)ul|| by assumption. [

1.3.9 Theorem (Coarse index as obstruction to uniform positive scalar
curvature). Let (M, g) be a complete Riemannian spin manifold and

D: T(M,YM) — I'(M, M)

the spinorial Dirac operator, and E be a flat Hilbert A-module bundle over M.
If the scalar curvature scal of M satisfies scal > C > 0 for some C' > 0, then the
Roe indices ind,(Dg) (for p=0,1) of the twisted Dirac operator D vanish.
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Proof. We set S = XM ® E. Because F is flat, the Lichnerowicz formula takes

the form

scal
1 lds

Thus for every section u € T'cpe (M, S) one has (because Dg is formally self-

adjoint)

D% =A% +

|Dpul|* = (Dgu, Dpu)

= (Dju, )

v+ [ )| da
supp(u)
C

> |Vl + 5 ful?

> lul?

More generally, one knows [16, Thm. 2.8] that dom(Dp) is the closure of
Lept (M, S) with respect to the Sobolev l-norm |ul|} = [, (u(z),u(x)) +
(Vu(x), Vu(z)) dx and

_ — scal(x)
Dsulaans) = [Fulanesy + [ 5 @) da

for each u € dom(Dp). From this the claim follows from Lemma 1.3.8 applied
to the operator Dp: HY(M,S) — L?(M,S) on L?(M,S). [ ]

1.4. A vanishing theorem for the coarse
indices
1.4.1. Introduction

In this section we prove the following theorem (see Theorem 1.4.28):

Vanishing Theorem: Let (M, g) be an non-compact and complete Rieman-
nian spin manifold. Assume that K C M is a compact subset such that
the scalar curvature of the metric is uniformly positive outside of K. Then
ind,(D) € K,(C*(L?(M, S)) vanishes for p = 0, 1. Here D: T'(M, S) — I'(M, S)
with S = XM ® ¥ is the twisted Dirac operator obtained by twisting the
spinorial Dirac operator of (M, g) with the Mishchenko line bundle (#3;, V™).

This kind of result was first obtained (independently) by Roe and Yu for the
(untwisted) spinorial Dirac operator'®. See [36, Ch. 5, p. 68] and [49]. Ori-
ginally, both the proof by Roe as well as the one by Yu make use of a result

0The result is part of Yu’s thesis from 1991. He writes in [49] that he obtained a preprint
version of Roe’s Memoirs article [36] shortly afterwards. Yu’s article was received 1991 by
the publisher but was only published in 1997, which explains the time difference between
the publication of [36] and [49]
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due to Gromov and Lawson on the finite-dimensionality of the L?-kernel of the
spinorial Dirac operator on a Riemannian spin manifold whose scalar curvature
is uniformly positive outside of a compact subset. We briefly review this result
and two of its proofs in Subsection 1.4.2. Since an analogous result is not avail-
able for the twisted Dirac operator, it became necessary to find another proof
for the vanishing theorem which would not rely on such a result. Nevertheless,
the main steps in proving the vanishing theorem will be essentially the same
(let A be the group C*-algebra of the fundamental group of M):

1. Step: The map induced in K-theory by the inclusion i: #4(L?(M,S)) —
C*(M; A) vanishes.

2. Step: The element in K, (C*(M, A)/D*(M, A)) that is mapped to ind, (D)
under the boundary map 041 in the six-term exact sequence can be
lifted to Kp1(D*(M, A)/#a(L*(M,S))).

From this the vanishing theorem will follow by the naturality of the six-term
exact sequence. The first step will be put in practice in Subsection 1.4.4 after
collecting some useful material on Hilbert C*-modules in Subsection 1.4.3, and
in full generality in 1.4.5. The first proof is an adaptation of the one already
given by Yu [49] for the (untwisted) spinorial Dirac operator and the second,
more general one, uses an argument from [22]. For both proofs, the main part
of the argument is an ‘infinity swindle’ which makes use of the existence of a
geodesic ray in the non-compact and complete Riemannian manifold (M, g).
The adaptation of Yu’s proof, described in Subsection 1.4.4, uses the notion of
orthonormal bases for Hilbert C*-modules and Kasparov’s Stabilization The-
orem. We summarize this and other preparatory material in Subsection 1.4.3.
In this subsection we will also show that L?(M, S) admits a countable orthonor-
mal basis and is thus isomorphic to the standard Hilbert A-module ¢2(A). This
will allow us in the sequel to identify the K-theory groups of .#4 (L?(M, S)) with
those of A. In the final Subsection 1.4.6 we show that the function I — x(D)?
of the twisted Dirac operator lies in the ideal Cj (M;A) of C*(M;A) for at
least one normalizing function y, provided the scalar curvature on the under-
lying Riemannian manifold is uniformly positive outside of a compact subset
K C M. This immediately gives the second of the steps outlined above as will
be explained in more detail at the end of Subsection 1.4.6.

1.4.2. Finite-dimensionality of the L?-kernel

In [16] Gromov and Lawson gave two independent proofs for the fact that the
L% kernel
ker D* = ker D ¢ H'(M, S)

of the spinorial Dirac operator D on a complete non-compact Riemannian man-
ifold is finite-dimensional provided the scalar curvature of the manifold is uni-
formly positive outside a compact subset. Since this means that the projection
onto the kernel of the Dirac operator is a compact operator, this result im-
plies that the Dirac operator has vanishing coarse index. We set out to review
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these results here and study whether they remain true if one twists with the
Mishchenko line bundle.

The following result is taken from [16, Theorem 3.2, p. 326].

1.4.1 Theorem (Gromov and Lawson). Let M be a complete Riemannian
manifold and D: T'(M,S) — I'(M,S) a generalized Dirac operator. If there
exists a compact subset K C M and a constant kg > 0 such that the scalar
curvature satisfies k > ko outside of K, then the L*-kernel

ker D = {u € L*(M, S); Du =0 (weakly)}
= {u S LQ(M7 5)7 <ua D*90> - Oa VQP € FCpt(M7 S)}
is finite-dimensional. (Here D is the unique self-adjoint extension of D.) In
particular, if the fundamental group T := (M) of M is finite, then the L2-

kernel of Dy,,, the Dirac operator of M twisted by the Mishchenko line bundle
over M, is finite-dimensional.

Proof. Let u € L?(M, S) with Du = 0. By elliptic regularity u is smooth. If we
choose k1 > 0 such that k1 > —k/4 on K, we can make the following estimate
(detailed derivation follows)

IVull® + ro llull3p i < ror llull -
Derivation: k > kg in M \ K implies

0 = (D%u,u)
= IVl +¢

K

4

— ||Vu|!2—i-/K<Zu,a>xdx+/M\K<Zu,u>xdx

> ||VuHQ+/ <Zu,u>xdx+no/ (u,u), dx
K M\K

u, u)

which gives the desired inequality. From ||ul[3, = [lul|% + HUH?M\ - We obtain
from the above inequality the following:

2
Lo+ ol gz
Ko + K1 Ko+ K

Let € > 0 and choose an e-dense subset {x1,...,z,,} of K. Set H := ker D.
We claim dim(H) < d with d := mr, where r := 2{" is the rank of the spinor
bundle of M. Suppose our claim is not true. Then there exists ug € H\{0} with
uo(xg) = 0 for 1 < k < d. (Concerning this: There exists a linear independent
subset {e1,...,eqr1} of ker D. We make the ansatz ug = Z;lii Ajej with
A; € C. From this we obtain the following m equations:

d+1
0 =wup(zg) = Z)\jej(mk) , k=1,....m.
j=1
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Over each of the balls B(xy,¢),...,B(zm,c) we can identify sections of XM
with functions from the corresponding ball to C". Having done this, the above
m equations yield a homogeneous system of linear equations with d equations
and d 4 1 unknowns. By the rank-nullity theorem a linear map from C*! to
C? has a non-trivial kernel. From this our claim follows.) Of course, we can
assume |lug|lar = 1.

Let © be an open neighbourhood of K. By Friedrichs’ Lemma we can find a
constant C' > 0 such that
uller i < Cllulle

for each u € I'(2,S) with Du = 0. From this and because {z1,...,%n} is
e-dense, one can conclude [up(z)|| < Ce for all x € K. But this implies

Ko
Ko + K1

0< < lugl|% < C2*e? vol(K)

for any € > 0. |

The following result is also taken from [16, Theorem 3.7, p. 327] and proves
again that the L?-kernel of the Dirac operator on a complete non-compact
Riemannian manifold whose scalar curvature is uniformly positive outside of a
compact subset, is finite dimensional.

1.4.2 Theorem (Gromov and Lawson). Let M be a complete Riemannian
manifold and assume that the scalar curvature is uniformly positive outside of
a compact subset K C M. Then there exists a constant C > 0 such that the
Hilbert space sum

He:= € Exc H'(M,S)
<o

18 finite-dimensional.  Here E) denotes the eigenspace of the operator
D: H' (M, S) — Li(M, S), corresponding to the eigenvalue \. In particular
dim(Ep) = dimker(D) < oc.

Proof. Fix kg,k1 > 0 such that —k; < k/4 globally and kg < k/4 outside of
K. To begin with, let C' > 0 be arbitrary at first. For u € Hc with Du = \u
where |A| < C, it follows from the Lichnerowicz formula D? = V*V + £ that

R\T —
IVall? + [ futa) 2 o = [ Dul® < 2l

From this
IVl + sollullip x < Clull® + raflulli
follows. This implies
IVl + (r0 = C2) Jull® < (ko + 1) ul -
Therefore, if C'is such that 0 < C? < kg, one has for u € H¢ \ {0}:

I Ro — C? ||u||%(
Ko+ k1~ ull?
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For the following consideration, let C” > 0 be the square root of C’, and
Q € V=Y(M, S) a parametrix for D with remainder R € ¥=°°(M, S). Thus

QD=I-R,

where the operators D: HY(M,S) — L*(M,S) and Q: L*(M, S) — L*(M, S),
as well as R: H'(M,S) — L?(M, S) are the bounded extension given by D, Q
and R. Finally, let p: L?(M,S) — L?*(K, S|k) be the restriction operator and

consider the compact operator R = po R. For u € Hc we have ||Du|| < C||ul]
and thus

|Rul| = ||p(I — QD)ul
> |lullk — |QDul|
> |lullx — QI [ Dul
2 |lullxe = ClIQI lul
> ("= flull -

By choosing C' > 0 sufficiently small we obtain || Ru|| > C"||ul| for some positive
constant C"" > 0. Since R is compact, H¢ is finite-dimensional. [

To obtain Yu’s and Roe’s vanishing theorem from the previous results one uses
the following lemma.

1.4.3 Lemma (Spectral characterization of self-adjoint Fredholm operators).
Let H be a Hilbert space and T': dom(T") — H be a (bounded or unbounded) op-
erator defined on dom(T) C H. Assume 0 € o(T). The followig are equivalent:

(i) The operator T' has discrete spectrum of finite multiplicity in a neighbour-
hood of zero, i.e. there exists C > 0 such that dim(@D)y<c Ex) < 00 (the
sum being a sum of Hilbert spaces).

(i) The kernel ker(T) is finite-dimensional and im(T) is closed.

Proof. “=": According to [11, XIIL.6.5, p. 1895] A € o(T) is isolated if and
only if im(T" — A1) is closed. Since, by (i), the spectrum of T is discrete near
A = 0, the image of T is closed. Since the spectrum of T near 0 has finite
multiplicity ker D C Ej is finite-dimensional.

“<=": The point A = 0 is isolated in o(7T') since im(7") is closed by (ii). Thus
there exists C' > 0 such that [-C,C]No(T) = {0} and dim(P)\<c Er) =
dimker(T") < oo. N [ ]

1.4.3. Preliminary facts about Hilbert C*-modules

In this section A denotes a (complex) C*-algebra. Most of the time it will be
assumed that A is unital. But we will state this explicitly when needed. We
denote the closed cone given by the positive elements in A by Ay. A useful
reference for the basic properties of A is [33, Section 2.2].

We recollect some facts about orthonormal bases in Hilbert C*-modules.
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1.4.4 Definition (Orthonormal sequence, orthonormal basis). Let A be a
unital C*-algebra with unit element 14 and let 57 be a Hilbert A-module.

1. An orthonormal sequence is a system (e;);er of vectors in E such that
(e, €j> = 5ij -14.

2. An orthonormal basis is an orthonormal sequence (e;);er which is com-
plete in the sense that x =, e; (e;, z) holds for each z € E.

Also recall the following definition.

1.4.5 Definition (Countably generated). Let A be a C*-algebra. A Hilbert C*-
module 7 is called countably generated if there exists a sequence (x;);en
in J# such that % = lina(z;);en is the closure of the set of all finite linear
combinations in the x; with coefficients in A.

1.4.6 Definition (Direct sum of Hilbert C*-modules). Let A be a C*-algebra.
Let 2 and 7' be two Hilbert A-modules. Their direct sum 7 @ ' is a
Hilbert A-module when equipped with the A-valued inner product given by

((es )i (€' ) o= Les ) + (£, ) -

Recall that an isomorphism between Hilbert C*-modules is a linear bijection
which preserves the inner products.

1.4.7 Theorem (Kasparov’s stabilization theorem). Let A be a C*-algebra. If
F€ is a countably generated Hilbert A-module, then the direct sum of € with
?%(A), as defined in Definition 1.4.6, is isomorphic as a Hilbert A-module to
2(A):

HDEA) = 2(A) .

1.4.8 Corollary (Extending orthonormal bases). Let A be a unital C*-algebra
and let 7 be Hilbert A-submodule of £*(A). If (e;)ien is a countable orthonor-
mal basis for A, then there exists a countable orthonormal basis (fj)jen of
(%(A) which extends the given orthonormal basis, i.e. one which is such that
{ei; i € N} is contained in {f;; j € N}.

Proof. We have ## = ling(e;);en. Using Kasparov’s stabilization theorem we
can identify ¢2(A) with 52 @ ¢?(A). The elements of the standard orthornormal
basis for ¢2(A) together with the elements of the given orthonormal basis of
A define a countable orthonormal basis (f;)jen for # & ¢*(A) and hence for
?%(A) via the above identification. [

The following convergence result will be used subsequently in the proof of
Lemma 1.4.21.

1.4.9 Lemma. Let A be a unital C*-algebra and 7€ o Hilbert A-module. If
(fj)jen is an orthonormal system in €, and (aj)jen s sequence in Ay which
18 bounded by an element in C - 14, then the series

Z<fj7x>*aj<fj7 fE>

jeN

converges in norm for each fized x € .
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For later application in the proof of Lemma 1.4.21 we remark the following:
This lemma applies in particular if the sequence (a;);en is constant with the
only value being a projection p € Proj(A). In this case p < 1 by [33, Thm.
2.3.2, p. 50].

Proof of the lemma. By Corollary 1.4.8 we can choose an orthonormal basis
(er)ken of S which contains (fj)jen. We can assume that this sequence is
enumerated such that ep; = f; for any j € N. From = = ), ex{ex, x) the
equality (z,z)g = > oy (er, )" (ex, ) follows. In particular, it follows that the
latter series converges. Next choose b € C- 14 with a; < b for all j € N. Then
by [33, Theorem 2.2.5, (3), p. 46]

Hz<fjv$>*aj<fj»x>||fl < Jollall Y fews ) (e )lla -

k=2n

From this the lemma follows with the help of [48, Corollary on p. 237]. |

We recall the definition of a compact operator (in the sense of Kasparov) on a
Hilbert C*-module. It reads as follows.

1.4.10 Definition (Elementary compact operator, generalized compact oper-
ator). Let J¢ be a Hilbert A-module. The operator ©,,: J# — J given
by ©.4(2) :=  (y,2) is called an elementary compact operator. The C*-
subalgebra of .Z; () generated by the elementary compact operators is de-
noted by .#4 (7). The elements of J#4 () are called generalized compact
operators (in the sense of Kasparov).

Let A be a unital C*-algebra and S a bundle of Hilbert A-modules over the
manifold M.

1.4.11 Definition (The Hilbert A-module of square-integrable sections). We
define L2(M, S) as the closure of I'cp (M, S) with respect to the norm || - z2(a1,9)
induced by the following A-valued inner product:

(5.1) = /M<s(x),t(ac)>gx da |

In the following we will work with a technical assumption which reads as follows.

1.4.12 Assumption. Let (M,g) be a Riemannian manifold, with or without
boundary, which is compact or non-compact, and let p: S — M be a hermitian
bundle of Hilbert A-modules with typical fibre A", where r € N, the free A-
module of rank r € N. Typically we will consider S = XM ® ¥jr with its typical
fibre CM @ C*r = (C* )™,

Later in this chapter we will need an explicit description for the K-theory groups
of the compact operators on L?(M,S). For this we show that L?(M,S) is
isomorphic as a Hilbert A-module to the standard Hilbert A-module ¢2(A).

This gives the required description since the K-theory groups of #4(¢%(A)) are
known to be those of A.

Recall that an isomorphism between Hilbert A-modules is a linear bijection
which preserves the inner products.
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1.4.13 Lemma. Let (Uj)jen be a partition of M into simplices given by a
triangulation of M. Choose vector bundle charts 1;: p~1(U;) — Uj x A™ (fibre-
wise these are isomorphisms of Hilbert A-modules), which trivialize the bundle
over the simplices. Then the map

®
h: L*(M,E) » @ L*(U;,U; x A7), h(s):= Y ;o
jeN jEN
is an isomorphism of Hilbert A-modules. Here x; is the characteristic function
Of Uj .

Proof. We begin by remarking that the bundle U; x A" over U; is equipped
with the metric induced by the metric (-, - ), on A" given by

((a,...,ar), (b1,... by *—Za] bt

Let s,t € T'(M,S). Then one has

Thus h preserves the inner products. Cleary, h is also surjective: if we are given
sections s; € L*(U;,U; x A™) for each j, then we can ﬁrst of all extend @Zfl 0s;
trivially to the section (@b 0s;). Then s =) x; ( 1o s;) is mapped onto

(Sy)jEN by h. u

If U C M is an open subset of M, we can identify L?(U,U x A"), the completion
of Tept (U, U x A™) with respect to || - || ,2(, 7 x ar), With the completion L3(U, A7)
of C’é’gt(U, A") with respect to the norm || - || 12(v,4r) induced by the A-valued
inner product

(f,9) L2(v,ar) = /(J(f(x),g(ac»* dzx .

This notation is chosen in this way to distinguish the above norm from the norm
|- [l2 on the Banach space L?*(U, A") of square-integrable, A”-valued functions
on U.

Let ® denote the tensor product of complex vector spaces. For r € N the space
C"® A becomes a Hilbert A-module via (e®a)b = e®(ab) and (e1®a1, e2®ag) =
(e1,ea2)(a1,az). Clearly, this Hilbert A-module is isomorphic to A". In the
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following it will be more convenient to work with C" ® A instead of A". Let
U C M be an open subset. We view C(U,C")® A as a subspace of C(U,C"® A)
by regarding the function f ® a as the function with (f ® a)(z) = f(z) ® a in
zeU.

1.4.14 Remark. We observe the following: if f,g € L?>(U,C") and a,b € A, then

(f®a,g@b) 2w crea) = /U<f($)>9(1‘)> (a,b)« dx = (f, 9) L2w,cr) (@, b)«

by the definition of the scalar product on C" ® A. In particular, if (f;)en is a
sequence in O (U, C"), which converges in mean to f € Cg5 (U, C") then, for

any a € A, the sequence (f; ® a)jen of functions in Cg5 (U, C" ® A) converges
to f ® a in the norm-topology of L?(U,C" ® A). This allows us to define

f®ae L2U,C"® A) for any f € L2(U,C") and a € A.

1.4.15 Lemma. Let A be a unital C*-algebra with unit element 14 and U C M
an open subset of M. Furthermore, let r € N. Choose an orthonormal basis
(ej)jen for the Hilbert space L*(U,C"). Then (e; @ 14)jen is an orthonormal
basis for the Hilbert A-module L*>(U,C" ® A). In particular, L>(U;C" ® A) is
isomorphic to £2(A) as a Hilbert A-module.

Proof. First of all, we note that by the above Remark 1.4.14 (e; ® 14)en is an
orthonormal system in L2(U,C"®A). To see that this system is an orthornormal
basis it suffices to show that (e;);jen has dense A-linear span in Cg5 (U, C" @ A)
where the closure is being taken with respect to the norm-topology of L2(U, C"®
A). Let f € Cg5(U,C" @ A) and set K := supp(f). We denote by C(U,C")
the space of all smooth functions with compact support in K, equipped with the
topology of uniform convergence on K. Clearly, convergence to 0 in C3 (U, C")
implies convergence to 0 in L?(U,C"). Therefore the proof will be complete
if we show that f is a uniform limit of functions in C(U,C") ® A since by
Remark 1.4.14 the A-linear closure of (ej)jen is dense in this space in the
norm-topology of L2(U,C" ® A). Let ¢ > 0. Since f is continuous and K is
compact we can choose points x1, ...,z such that for each x € K one has
| f(x) — f(z)]lcrea < € for some 1 < j < k. The open sets

Vi={z e K;|[f(z) - f(zj)llcrea <e} , 1<j<k

cover K. Let (mj)1<j<k be a partition of unity subordinated to this open cov-
ering of K. Then

k k
£ (@) = mi(@) f@)leroa = 1D mi(@) (f(@) = f(2)lcroa
=1 j=1

k

< ) mi@) [(f(2) = f(z))llcrea

1

N

J
€,

which gives the desired result. |
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From Lemma 1.4.13 and Lemma 1.4.15 we conclude the following corollary.
1.4.16 Corollary. The Hilbert A-module L*>(M, E) is isomorphic to £*(A) for
dim(M) > 1.

1.4.4. The vanishing of K;(i): First proof

1.4.17 Definition (Geodesic ray). Let (M, g) be a Riemannian manifold. A
geodesic ray in M is a geodesic

v R+ — M
which minimizes the distance between any pair of points on itself, i.e.
t1
At 70)) = [ @t = v(e1 10
to

where v is the constant velocity of ~.

We can always assume v = 1.

Thus every restriction vy, [a,0] — M of v to a compact subinterval [a, b] of
R, is a geodesic segment. The content of the following lemma, is that there
always exists a geodesic ray in the given context.

1.4.18 Lemma (Existence of rays). In every complete and non-compact
Riemannian manifold (M, g) there exists at least one geodesic ray.

Proof. A proof for the existence of rays in the above setting can be found, for
example, in [9, p. 51 and p. 135] or in [13, p. 92, Proposition 2.95]. |

1.4.19 Assumption. From now on we assume that (M, g) is complete, non-
compact, and of positive injectivity radius inj(M, g) > 0. Finally, choose r > 0
with v < inj(M, g).

Let p: S — M be as in Assumption 1.4.12. The following remark is essentially
the key to the proof of the subsequent Lemma 1.4.20: Suppose s,t € Iept (M, S)
and let ¢: 771 (U) — U x A" and ¢: 7= 1(V) — V x A" be isometric trivi-
alizations of S over sets U and V with supp(s) € U and supp(t) C V.
Then there exists functions 5,7 € CS5 (M, A") with s(z) = ¢~ (z,5(x)) and
t(x) = ¢~ 1(z,%(x)). One then has the following equality ()

@mmmzéfmﬂw&m
_ / (5(2), ) ar da
M
5@;wmmmww.

The following lemma will be useful in the sequel.
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1.4.20 Lemma. Under the above Assumption 1.4.19, if v: Ry — M is a
geodesic ray in M, then there exists a sequence (f;)jen in Lept(M, S) such that
the following hold:

(i) supp(f;) C Bj, where B; := B(vy(jr);r/2). (Note that these balls are
disjoint since we assume v = 1, and that each ball is diffeomorphic to R™,
n = dim(M), since r < inj(M, g) by our assumptions.)

(i) (fi, fi)r2(m,s) = 0ij - Lown in C*r.

(iii) {9, 9fi)r2(m,s) € C - losr whenever g € C(M).

Proof. Such a sequence of sections f; € I'cpi(M,S) can be constructed by
first choosing a sequence of trivializations ;: 7=1(U;) — U; x A" of the
bundle over sets U; C B; and then choosing f; € C5 (M, (Clgey)) with
filx) = goj_l(x,?j(:v)) using the above equality (x) in such a way that (ii)
holds. Property (i) is fulfilled by the choice of the U; as subset of B and (iii)
holds by (*) and the choice of the fj as scalar-valued functions. [

1.4.21 Lemma. Under the above Assumption 1.4.19, if p € Proj(A) is a pro-
jection and if (f;)jen C L*(M,S) is a sequence like in Lemma 1.4.20, then
Ko(i) maps [©¢,p 1,p) to zero.

Proof. (i) We use the notation of Definition 1.4.10 and consider the sequence
(©f,p.1,p)jen- Obviously, the following relations hold:

Q%REPZZQ%Hﬁp::Gﬁ%EP
and

O 1,190 fup.frp = Ok © fp.fip
for all j,k € N. For any N € N set

N N
Ty = Z@fjp,fjﬂp = ijp<fj+1, )

j=1 j=1

We claim that the strong limit 7" := s-limy—~ Tv exists. This can be proven
as follows: Let u € L?(M,S) and M, N € N with N > M. We calculate:

N
(T = Ta)ullizns = I D> Firlfirnwllizrs)
J= M1
N
= Z (fi+1ps W) 12001, ) 510, W) L2(01,5) || 4
Jj=M+1
N
= Z (firr, W25 P i1, W25 llA -
J=M+1

Hence, by Lemma 1.4.9 and the remark following it, (Ts)nen is a Cauchy
sequence and therefore convergent.
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(ii) In this part of the proof we show that 7" is an element of C§ . (M; A). First
of all, T is adjointable with adjoint given by

o0 o0
T = Z @}jp7fj+1p = Z @fj+1p7fg‘p .
=1 |

Hence T € Z5(L*(M,S)). To see that T is locally compact we proceed as
follows. Let g € Co(M). According to Corollary 1.4.8 we can complete (f;)jen
to an orthonormal basis (ej)ren of L2(M,S). One has

|ITg — Tng|l = sup H(Tg)u_(TNg)uHLQ(M“I/M)

[l =

Since

(Tg)u— (Tng)u Z fip{fi+1, gu)

j=N+1
holds for any u € L?(M, S), we find using Lemma 1.4.20 (ii)

[(Tg)u — (TNQ)UHL2(MS) = || Z fip{fit1, gu), Z Sep(frt1, gu))|la

j=N+1 k=N+1
oo
= H Z <fj+1vgu>*p<fj7fk>p<fk’+1agu>||14
jk—N+1
= H Z fj+1agu f]+1agu>||A
j=N+1

Now Lemma 1.4.9 shows that T)yg — T'¢g not only pointwise but also uniformly.
Thus T'g is compact. Analogously, g7" is compact: by definition

9T — gTn|l = sup [[(9T — 9TN)ullp2(ar,s) -

Jul|=1
One finds -
(9T)u—(gTn)u= Y gfip(fjr1,u)
Jj=N+1

for any v € L?(M,S). Here we have used that the multiplication by g is a
continuous operator. An auxiliary computation shows:

o0

19T u = (9Tn)ullizansy = | Y (afip(fiew), afilfrvr, )] a
Jh=N+1

= > (w9 fip g fwp) (frrt, w4
jEk=N+1

=1 > (Firn,w) plafi, 9fi)p{frpau)lla

j,k*N-i—l

= | Z (Fivr,w) pgfir g )p(Fivn,u)la -

j=N+1
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By Lemma 1.4.20 the sequence (gfj+1,9fj+1) € C-14 converges to zero as j —
oo since g € Co(M). Thus the sequence (a;);en with a; = p(gfj, 9f;)p € A4 of
positive elements is bounded by an element in C-14. Because of this, it follows
from Lemma 1.4.9 that g7 — g7 not only pointwise but also uniformly.

Finally, we show that T has finite propagation. Concerning this: we have to
show that there exists R > 0 such that supp(T'u), for any u € T'p(M,S), is
contained in the R-ball B(supp(u); R). To this end assume that = € M is such
that

0# (Tu)(x) =Y fi(z)p(fis1,u) .
j=1

This means that not all summands f;(z)p(fj+1,u) in the RHS are zero. Hence
there exists jo € N such that f;, (x) # 0 and (fj,41,u) # 0. The latter condition
implies that there exists a point o in B(jo + 1) such that u(zo) # 0, i.e. zg €
supp(u). Since 7 is a geodesic ray with velocity v = 1 we have d(v(jor),v((j0 +
1)r)) = r. Hence, if we set R := 2r, then

d(:L’, $0) < d(xa '7(.7‘07’)) + d(’y(joT’), .CC[))

< g + d(v(jor), zo)
< 5 +d(Gor). (o + 1)) +d(y (o + 1)r). o)
< 5 +d0Gor) (o + Dr) = R |

Thus supp(Tu) C B(supp(u); R) proving that 7" has finite propagation.

(iii) A calculation shows:
o0
P:=T"T = Z O fip.tp
j=2

and

oo
Q:=TT" = Z Ot -
j=1

Obviously, P and @ are self-adjoint and a calculation shows P? = P and
Q? = Q. Thus P and Q are projections in Choe(M; A) which are Murray-
von Neumann equivalent. Therefore one has in Ko(Cf,.(M; A))

[TT*] = [T"T + O, f1p]
= [T*T] + [@flpaﬁp] .

Here we have used [Rgrdam et al., Prop. 3.1.7, (iv)]. Now, by definition,
[T*T| = [T'T*]. Hence, [Of,p f,p] =0 in Ko(Cf,.(M; A)). [

Next we recall the stabilization theorem for K-theory.
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1.4.22 Remark (The stabilization map in K-Theory). Let A be a C*-algebra, H
a separable Hilbert space and ¢ (H) the C*-algebra of all compact operators on
H. The stabilization by ¢ (H) is the spatial tensor product of ¢ (H) and
A. Denote by e € J#¢(H) any rank-1-projection, i.e. an elementary compact
operator O, ,(z) = (z,x)x where x € H with (x,z) = 1. The map

A= c(H)®A |, a—e®a
is a *-homorphism. The map induced by it on even K-theory
o+ Ko(A) = Ko(Ac(H)® A) . [p] = [e® ]

is independent of the choice of e and is called the stabilization map for H.
It is a (non-trivial) theorem that o/ is an isomorphism. A similar statement
holds for odd K-theory. The usual identification of #¢(H) ® C with Jc(H)
given by scalar multiplication gives an identification of Ko(C) with Ko (¢ (H)):

Ko(C) 7= Ko(Ae(H) © C) = Ko(He(H)) , []=[e@1] .
The choice of an orthonormal basis (e;)jen and (fj)jen for L?(M,S) and
L?(M, C), respectively, induces the isometric embedding
v L*(M,C) = (2(C) — (*(A) = L*(M, S)
given by
D oifi e (0)jen = (05 La)jen = o(f) =) oje; .

jeN JjEN
1.4.23 Lemma. Let p1,p2,ps,... € A be projections such that the abelian group

Ko(A) is generated by {[p1], [p2), [p3], ...}, If f € L*(M,C) with 1 fllz2(ar,c) =
1, then the even K-theory classes of ©,p)p: (f)p;» J = 1,2,3,..., generate

Ko(H4(L*(M, 5))).
Proof. By [23, Lemma 1.2.6 and its proof, p. 24| the map

U: L(M,C) @5 A= L*(M,S) , (0j)jen®ar> (05 1a)jen-a
is an isomorphism of Hilbert A-modules. Let

p: Ha(L*(M,C) @5 A) = HA(L*(M,S)) . Ouy = Oy uw)

be the identification of C*-algebras induced by U. According to [23, Lemma
1.2.7, p. 24] the map

At Ao (LAH(M,C)) @ A — HA(L*(M,C) @5 A) , MOy ®bc*) = Orapyee

is an isomorphism of C*-algebras. Therefore the composition (x) of the maps
in the subsequent diagram is an isomorphism:

Ko(d) 2oy Ko(Ae(LA(M,C) & A)
Koy Ko(H#a(L3(M,C) @ A))
BB Ko (A#a(LE(M, S))
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2
Choose the rank-1-projection which gives Uﬁ M) 445 be equal O . Then

under the above isomorphism (x) the class [p;] € Ko(A) is mapped under the
isomorphism as follows:

O_LQ(]\L(C)
A
[pj] ——— (O @pj]
Ko(A)
: [@f®pj7f®pj]
Ko ()

—  [Ougen)uiern] = Oupsp;]
This implies the claim. |

1.4.24 Lemma. Choose (f;)jen as in Lemma 1.4.20. Then the map Ko(7)
maps the generators [©,y),. ,(f)p;] to zero. In particular, Ko(i) = 0.

Proof. Complete (f;)jen to an orthonormal basis (ex)ken of L*(M,S). Then
apply Lemma 1.4.23 to f € L*M,C) with «(f) = fi, to see that the
classes [Oyf,p, f,p,] generate Ko(#4(L*(M,S))). From this the claim follows
by Lemma 1.4.21. [}

1.4.5. The vanishing of Ky(i) and K;(i): General proof.

In the previous section we have shown that Ko(4) is zero for the inclusion map 4
of the compact operators into the Roe C*-algebra. In this section we also prove
that Kj(¢) vanishes. Since the argument will also show that K(i) vanishes, we
will obtain a second independent proof of this result. The argument used is an
adaptation of well-known results from [8] and [22].

The following lemma will be useful in the proof of the next theorem.

1.4.25 Lemma. Let (e;);en be an orthonormal basis of L?(M, S), and (f;)jen
an orthonormal basis for L?(M,C). Furthermore, let 12 L*(M,C) — L?(M, S)

be the isometric embedding given by (f;) = e; for each j € N. The following
hold:

(i) The map U: L*(M,C) ®s A — L*(M,S) with U(f ® a) := «(f) - a is an
isomorphism of Hilbert A-modules.

(i) Define for each u € L?(M,S) with (u,u) = 1 the *-homomorphism
O, A— Ha(LA(M,S)) , ars Ouau -

Then ®,(yy induces an isomorphism in K-theory for each f € L?(M,C)
with || f]] = 1.

Proof. (i) Cf. [23, Lemma 1.2.6 and its proof, p. 24].
(ii) This was explained in the proof of Lemma 1.4.23. |

1.4.26 Theorem. Let (M,g) be a complete non-compact Riemannian spin
manifold. Furthermore, let S = XM ® ¥ be the spinor bundle of M twis-
ted by the Mishchenko line bundle of M. Then K,(i) = 0 for p = 0,1, where
it Ha(L3(M,S)) — C*(M; A) is the inclusion map.
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Proof. (i) By Lemma 1.4.18 there exists a ray v: Ry — M. Let
V:L?(Ry, A) — L?(M,S) be an isometry which covers!! v and f € L?(M,C)
with || f|| = 1. The diagram
A s, A
%f)l J(‘P(w)(f)

HALA R ) o Ha(L(,S))

commutes and by Lemma 1.4.25 the vertical maps induce isomorphisms.
Whence the map

e = Kp(Ad(V)): Kp(Ha(L(Ry, A))) — Kp(Ha(L* (M, S)))
is an isomorphism for p = 0, 1. From the commutative diagram

Ha(LA Ry, A)) 220 (12(M, 9)

C*(R,: A C*(M: A
(Ry;A) m (M;A)

in which the vertical maps are the inclusion maps, we obtain the commutative
diagramm

Kp(Aa(L? (R, A))) ——— Kp(Ha(L*(M, 5)))

o

Ky (i) | [0

Kp(C*(R; A4)) T Kp(C*(M; A))

From this K, (i) = 0 will follow by showing that K,(C*(R4; A)) vanishes. In or-
der to show this we need to introduce various operators before we can complete
the argument. This will be done in next part (ii) and after this preparation the
proof will be completed in (iii).

(ii) First of all, set
L*(Ry, A)wo = P L*(Ry, A)

j=1
and let U: L?(Ry, A) — L*(R;, A)s be the isometric embedding given by

Uf=(fe0a0a---).
The adjoint of U is given by
U(hid @ fs®-)=f1.

We have U*U = I and UU™ is the projection onto the first component. For the
next step let W: L2(R,, A) — L?(R, A) be the operator, which translates the

See [22, Prop. 6.3.12, p. 150] for the existence of such an isometry.
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graph of a function one unit to the right side and extends the function trivially
to the whole of R, i.e.

0 , otherwise.

(W) = {

Clearly, the adjoint of W is given by left translation by one unit. Thus
(W*£)(t) = f(t+1) for each f € L?(Ry, A) and t € R,. We have W*W =T
and WW™ is the multiplication with the characteristic function X[ ). Fur-
thermore, the equalities

supp(W* f) = (supp(f) — j) "Ry
and '
supp(W” f) = (supp(f) +j)

hold for each j € N. We notice that MW = WM, for g = W* f. In particular,
supp(g) = (supp(f) — 1) N R holds in this case.

In the next step we show that the operator
U(T):= (0 WIW* e W TW2 o W3 TW*S @ . ..)

on L?(R, A)s is locally compact and finite propagation for each locally com-
pact operator T' € Z3 (R4, A) of finite propagation. To begin with, for any
v, € Cp(R4) we have

p(e)U(T)p(yp) = 0 & @ p() W/ TW* p(1))
j=1

=0® W ple))To(u;) W
j=1

for functions ¢; € Co(R4) and ¢; € Co(R4) with supp(p;) = (supp(¢)—j)NR4
and supp(v;) = (supp(?) —j)NR4. Since T has finite propagation, this implies
that WU(T') also has finite propagation. Finally, we explain why ¥(7') is locally
compact. First of all, we notice that

p(N)U(T) = (0@ (p(/YWTW*) & (po( /)W TW*2) @ (p( /)W TW*) @ -

is an compact operator for each compactly supported function f € Cy(Ry)
simply because p(f)W/ vanishes for j sufficiently large and because T is locally
compact. Analogously, U(T")p(f) is compact. But then p(f)W(T") and ¥(T")p(f)
are also compact for each f € Cyo(Ry).

In part (iii) we will use the isometry V: L}(Ry, A)s — L*(R4, A) oo given by

Vi@ h@fe ) =00WHOWfHRG ).
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Its adjoint is given by
Vifie e fsd-)=WHhroeW ' fsd---).

In (iii) we will use that Ad(V): Z5(L*(R4, A)so) — ZLA(L* (R4, A)oo) maps
C*(Ry, L?>(R;, A)) into itself. This can for instance be seen in the following
way. If the operator T € Z5(L*(R4, A)s) is locally compact and of finite
propagation, then VI'V* is also of this kind: to see that local compactness of
VTV* let ¢ € Co(Ry4). Then also W*p € Cp(R4) and

p)VIV* =Vp(W*p)TV*

is compact since p(W*p)T is compact and because of the fact that the compact
operators form an ideal inside .Z%(L*(R, A)oo). As VTV *p(ip) is compact if
and only if p(p)VT*V* is compact, this shows that VT'V* is locally compact.
Finally, VI'V* has finite propagation, because

p(@)VTVp(¥) = (p()V)T (p(¥)V)*
=Vp(W o) Tp(W*p)V*

is zero if

d(supp(W* ), supp(W*¢)) = d(supp(p), supp(¢)) > R

where R > 0 is choosen for T" as in (v) of Definition 1.2.5.

(iii) Consider the homomorphisms

®:= Ad(U): C*(Ry, L2(Ry, A)) = C*(Ry, L*(Ry, A)o)

and
v C*(R+7L2(R+,A)) - C*(R+)L2(R+5A)OO)
given by
O(T) :=(UTU": (/1 ® f2D fa®--) > (Tf1BOBOD---))
and

U(T) =0 WIW* @ W TW?2 o W3 TW*3a-..),

respectively. Because of U*U = I, K,(®) is an injection for p = 0,1. Obviously,
® and ¥ are orthogonal to each other. A straightforward computation shows
that Ad(V) o (® + ¥) = ¥ holds. By [22, Lemma 3, p. 90] this implies the
vanishing of K,(®) and thus K,(C*(Ry, A)) =0 for p =10, 1. [

1.4.6. The vanishing theorem

In this final subsection of the chapter we prove the vanishing theorem. One
half of the proof of this result uses the in the previous subsections established
fact that the inclusion of the compact operators in the Roe C*-algebra induces
the trivial map in K-theory, if the underlying complete Riemannian spin man-
ifold is non-compact. The remaining part will use the following result which
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we establish next. We show that the relative Roe C*-algebra Cj (M; A) of a
Riemannian manifold (M, g) with respect to a subset K C M for which the
scalar curvature of the metric is uniformly positive outside of K, contains the
bounded transform I — x(D)? of the spinorial Dirac operator twisted with the
Mishchenko line bundle for some normalizing function y. The idea for the con-
struction of such a normalizing function y is to decompose f = (1 — x?)? as
f = fs +rs and to use various estimates obtained from the functional calculus
of D as well as the Lichnerowicz formula to find out how to choose f5 and rj
appropriately in order to obtain a normalizing function as desired.

1.4.27 Theorem. Let (M,g) be a complete Riemannian spin manifold and
K C M a subset such that the scalar curvature of the metric is uniformly pos-
itive outside K. Let D: T'(M,S) — I'(M,S) with S = XM & ¥ be the twis-
ted Dirac operator obtained by twisting the spinorial Dirac operator of (M, g)
with the Mishchenko line bundle (Y3, V'™). Then there exists a normalizing
function x such that the bounded transform ¢(D) of D associated with x (i.e.
¢ =1—x2) lies in the relative coarse C*-algebra of (M, K):

@(D) =1—x(D)* € C(M;A) .

Proof. Let kg > 0 be such that the scalar curvature x of the metric g satisfies
k > kg outside of K, and let x be a normalizing function such that ¢ =
1 — %2 has support in [—a,a] for @ > 0 with o? < ko/4. We will prove
subsequently p(D) € Cj.(M; A) for such a choice of x. To this end we show that
l(D)u|| becomes arbitrary small if the support of u € L?(M, S) with [ju] =1
is sufficiently far away from K, cf. Lemma 1.2.10. The argument will consist
in deriving an estimate for ||¢(D)u|| from more elementary estimates which
contain ||¢(D)|| as LHS and RHS, respectively, by means of a decomposition of
©? into functions whose growth we can control.

To begin with, set f := ¢? and let § > 0. By Lemma 1.1.3 of the Appendix we
can choose f5 such that f = f5 + rs with a function 75 such that f5 = gg for a
function g5 € W, and such that in addition

sup\:vj rs(z)| <6
z€eR

for each j = 0,1,2. Using these choices we now derive several estimates, which
we will combine to obtain the desired result. For this let u € T'¢pi (M, S). Since
D is self-adjoint, one has

le(D)ul® = (f(D)u, u) . (1)

Furthermore, our choice of ¢ and fs together with the Cauchy-Schwarz inequal-
ity and basic properties of the functional calculus for D, imply the following
two estimates (see Section 1.2 in the Appendix for more details)

(D2 f(D)u, u)| < o® | o(D)ul|* (2)

and
[(D?rs(D)u, u)| <8 |lul® . 3)
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Let R > 0 be such that supp(gs) C [—R, R], then by a finite propagation speed
argument, supp(gs(D)u) C B(supp(u); R). We have

+R ) ]
g5(D) = / 35(8) &P dt = 2R g5(to) ¢itoP
—R

for some ty € (—R, R). Since D has finite propagation speed c¢p = 1, one has
supp(e®0Pu) C B(supp(u); [to|) for each u € Tept (M, S) and hence

supp(gs(D)u) = supp(e”®Pu)
C B(supp(u);[tol)
C B(supp(u); R) .

Here we have used supp(gs(D)u) = supp(e”0Pu). This holds certainly if

gs(to) = 0 and otherwise because p(¢)gs(D)u = 0 is equivalent to the re-
quirement that

holds for each v € L?(M, S), that is, to the requirement p(¢p) e?0Py = 0.

To summarize, supp(gs(D)u) is outside of B(K; R) if u is such that supp(u) N
B(K;2R) = @. Hence supp(fs(D)u) is outside of B(K; R) if the support of u
satisfies supp(u) N B(K;3R) = @.

From now on assume that supp(u) is outside of B(K;3R). Then, if A = V*V
is the connection Laplacian for the connection on the spinor bundle, we can
derive using the Lichnerowicz formula, the following estimate

(D?fs(D)u,u) = (f5(D)D*u, u)

= (D) {a+ T }uw

— 4
for each u € T'¢pt (M, S) whose support lies outside of B(K;3R). Here we have
used fs(D) > 0 and that supp(fs(D)u) is outside of K and hence that k > kg
holds there. Thus p

(D?f5(D)u,u) = 2 {f5(D)u,w) (4)
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holds for each u € T'¢p(M,S) for which supp(u) lies outside of B(K;3R).
Finally, we obtain using (1) - (4) the following estimate

(% = 02) le(Dyul® < "2 (F(Dyu,u) = (D2 (D)u,w)
< % (F(D)u,u) — (D2 f5(D)u, u) — (D?rs(D)u,u)
< Z2(F(D)u,u) = (D f5(D)u,u) +6 [l
< (D)) = T {fs(Dyuyu) + 5 [u
Ko

IN
|
+
[
N—

>
=
S

In conclusion, one has

avs) -1 RO
leyul? < (%2 —a?) (52 +1) dful?
4 4
for each u € T'¢pt (M, S) with supp(u) outside of B(K;3R).

Finally, let ¢ > 0. Assume u € L%(M, S) satisfies ||u|| = 1 and that supp(u) lies
outside of B(K;3R). Then there exists v € I'epe (M, S) with ||lu — v|| < ¢ and
supp(v) lying outside of B(K;3R). Then

le(D)ull < [le(D)lle + llp(D)v]|

RQ -1 KQ
<lpD)lle+ (L —a?) (52 +1) slol?.
4 4
The last expression becomes arbitrarily small if one chooses € and § sufficiently
small (and hence R sufficiently large). [

1.4.28 Theorem (Vanishing theorem). Let (M, g) be as in Assumption 1.4.19.
Assume that K C M is a compact subset such that the scalar curvature of
the metric is uniformly positive outside of K. Then indy(D) € K,(C*(M, A))
vanishes for p = 0,1. Here D: I'(M,S) — I'(M,S) with S = XM ® Y is
the twisted Dirac operator obtained by twisting the spinorial Dirac operator of
(M, g) with the Mishchenko line bundle (Var, V™).

Proof. We first of all consider the case where p = 0. For reasons of space
we set A = C*ry (M) and abbreviate C*(M; A), D*(M; A) C Z5(L*(M,S,))
and #4(L?(M,S,)) as C*, D* and #4. Using this notation we consider the
following commutative diagram

0 —— C y D* D*/C* — 0

d [

H
0 —— D* » D/ y —— 0
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in which ¢ denotes the inclusion map. From it we obtain by naturality of the
six-term exact sequence the following commutative diagram

Ko(C") Ko(D*) —= Ko(D*/C")

A ¥
~— Ky (D¥) JAﬁKl(C*)

K, (D*/C*
T Ko(#4) % Ko(D*) — ‘%O(D*/%A)
v ¥

Ki(D*/ ) <— Ki(D*) <—— Ky (Ha)

By Lemma 1.4.24 (and more restrictive assumptions like in Assumption 1.4.19)
or Theorem 1.4.26 the map K (i) induced by the inclusion i of J#4(L?(M, S, ))
into C*(M; A) vanishes. According to Theorem 1.4.27 there exists a normalizing
function y such that K := I — x(D)? € #4(L*(M, S)). Since

@ =[]

we thus find compact operators K; € #a(L?>(M,S;)) and Ky €
Ha(L3(M,S_)) with

I —x(D-)x(Dy)

="
I = x(D+)x(D-) K
Here I1 € £5(L?(M,Sy)) is the identity operator. By definition indg(D) =
O [U*x(D4)]. On the other hand U*x (D) defines a unitary in D*/.#4 as the
following computations show:

(U"x(D+)) (x(D)U) = Ux(Dy)x(D-)U
= U*(I_ — K3)(D)U
~ I, mod 4 .

and

(X(D)U) (UX(D+)) = x(D-)x(D+)

= (I = K)(D)
~ Iy mod J#j .
This implies indg(D) = 0.
Finally, we can handle the case where p = 1 analogously to the previous

case. Again we set A = C*m(M) and abbreviate C*(M;A), D*(M;A) C
ZLH(LA(M,S)) and #4(L*(M,S)) as C*, D* and #4. Again there exists by
naturality of the six-term exact sequence the following commutative diagram

Ko(C") Ko(D*) —=Ko(D*/C")

v ¥
K, (D* /C*F < K;(DY) % K1(C*)

] Ko(#a) % Ko(D*) — Jfo(D*/Ji/A)
A ¥
Ki(D*/Ha) <— Ki(D*) <—— Ky (Ha)
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By Theorem 1.4.26 the map K () induced by the inclusion i of #4(L?(M, S))
into C*(M; A) vanishes. Again there exists by Theorem 1.4.27 a normalizing
function y such that K := I — x(D)? € .#4. By definition ind;(D) = 01[(I +
Xx(D))/2] but the following computation shows that (I 4+ x(D))/2 defines a
projection in D*/J¢y:

<I+X(D)>2 _ <I+X(D)> L6 -1)(D)

2 2 4
I D
~ <+>2<()> mod J#y .
This implies ind; (D) = 0. [

1.5. Roe’s partitioned manifold index
theorem

1.5.1. Introduction

The partitioned manifold index theorem of Roe relates the odd index of a Dirac
operator on an odd dimensional complete Riemannian manifold, partitioned by
a compact hypersurface, to the index of the Dirac operator on the hypersurface.
The result appeared first 1989 in [35]. Two years after this, Higson gave a new
proof of this theorem in [21]. On first sight Higson’s formulation of the theorem
differs from the one given by Roe, but actually they are equivalent as will
be explained later in this section. Recently Zadeh [51] extended the theorem
in Higson’s formulation to the C*-linear context. A similar, though different,
generalization in the same direction was given and applied before in [5] by Block
and Weinberger.

1.5.2. Dirac operators on hypersurfaces

Before stating the partitioned manifold index theorem, we recall the definition
of a partitioned manifold and that of an induced spin structure and then discuss
Dirac operators on a hypersurfaces.

1.5.1 Definition (Partitioning hypersurface, partitioned manifold). Let (M, g)
be an oriented Riemannian manifold. A hypersurface in M is an submanifold
N C M of codimension 1 (usually equipped with the induced metric) which is
oriented by a unit normal vector field v. The hypersurface N is a partition-
ing hypersurface if M \ N is the disjoint union of two open (not necessarily
connected) subsets M, and M_ of M with My = N. Where applicable, we
say that N partitions M and that M is a partitioned manifold with parti-
tioning (M, M, M_). We will always orient N such that the the unit normal
vector field along N points into M .

Of course, with this definition every manifold admits a partition (simply let NV
be the boundary of a coordinate ball in M). A rather interesting question is
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whether a given manifold N can be realized as a partitioning hypersurface in
another given manifold.

5.2 Induced spin structure. A submanifold of a spin manifold needs not to
be a spin manifold itself. Nevertheless, it is sometimes possible to induce a spin
structure from an ambient manifold on a submanifold. Let (M, gas) be an n-
dimensional Riemannian manifold with spin structure oy = (Spin(M), Oy).
We consider a k-codimensional submanifold N C M of M and ask whether and
how we can use the given spin structure to induce a spin structure oy on the
manifold .

Recall the following definition.

1.5.3 Definition (Reduction of a principal bundle/the structure group). Let
At H — G be a continuous group homomorphism and (Pg,7g, M;G) a G-
principal bundle. A H-principal bundle (P, 7g, M; H) together with a con-
tinuous map f: Py — Pg is a A-reduction if the following diagram commutes:

right action

PH x H PH
fx/\l lf
PG e right action PG

1.5.4 Definition (Induced spin structure). Let (M, g) be a Riemannian spin
manifold with spin structure (Spin(M),©)s), and N a hypersurface oriented
by the normal vectorfield v. The sub-bundle P of SO(M)y given by

P = {(81,...,.9”,1,1/); (517--- aSnfl) S SO(N)} C SO(M)|N

is an SO(n — 1)-reduction of SO(M)y which is isomorphic to SO(N) as a
SO(n — 1)-principal bundle. In this case f is the inclusion map, the action
of SO(n — 1) on P is the one induced by the inclusion SO(n — 1) C SO(n)
and the given action of SO(n) on SO(M). Finally, let on = (Spin(N),Oy)
be the spin structure given by Spin(N) = 0/ (P) C Spin(M)|y with the
action of Spin(n — 1) induced by the Spin(n)-action on Spin(M)|y, and Oy :=
(©M)spin(y) as bundle projection. That this defines indeed a spin structure
follows directly from the fact that o is such a structure. The spin structure
opn is called the induced spin structure.

1.5.5 Example. Let M be a oriented (n + 1)-dimensional manifold for which
SO(M) is trivial and which is equipped with the trivial spin structure, and let
N C M be a 1-codimensional submanifold oriented by the outward pointing
normal vector field v. By choosing a trivializing global oriented orthonormal
frame (E1,...,Ep4+1), we can identify SO(M) with M x SO(n + 1). Simply
identify the frame (Ei(p),...,Ent1(p)) - A, with A € SO(n + 1). for a given
point p with (p,A) € M x SO(n + 1). The bundle SO(M)y is also trivial.
Let us also assume that there exists a global section (Ei,...,E,) of SO(N)
and consider the global section (E1, ..., E,,v) with last component equal to v.
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This identifies SO(M )|y with N x SO(n + 1), and P with N x SO(n). Since
@M = idM X 0n+17 we have

Spin(N) = 0,/ (P) = {(p,g) € N x Spin(n + 1); f,11(g) € Spin(n)} .

The diagram
Spin(n) —— Spin(n + 1)

.| -
SO(n) —— SO(n+1)

commutes and 6,41(g) € SO(n) is equivalent to g € Spin(n), we thus find that
@ﬁ(P) = N x Spin(n) is the trivial spin structure on N.

5.6 Dirac operators on hypersurfaces. Here we recall some well-known
results on the Dirac operator on a hypersurface. See [2] and [14]. For this
purpose let (M, gar) be an (n+1)-dimensional Riemannian manifold with metric
g and spin structure oy = (Spin(M),©,r). The associated Dirac operator
Dy: T'(M,XM) — I'(M,XM) acts on sections of the associated spinor bundle
XM = Spin(M) x2n+1 Ag, 1. We consider a hypersurface N of M which
is oriented by a normal vector field v, and we equip this submanifold with
the induced metric gy = i*gpys (here i: N — M is the inclusion map) and
the induced spin structure (Spin(N),©y). We will describe the intrinsically
defined Dirac operator Dy: I'(N,XN) — I'(N,XN) extrinsically by means of
the spinor bundle XM, the Clifford multiplication cjs, and the covariant spinor
derivative V> induced by the covariant Levi-Civita derivative VM of the
ambient manifold M. As the following table makes clear, the rank of XM can
only be equal to that of XN if n = dim(N) is even (let £ € Ny and (n) the
dimension of the representation space A,,).

n=2k | n=2k+1
(n) = 3] k k
(n+1 :L%j k k+1

From now on we assume n = dim(N) to be even.

1.5.7 Lemma. Let n = 2k be even and let (e1,...,en,ent1) be an or-
thonormal basis of R"™! (with the usual Euclidean scalar product). Then
the algebra isomorphism a: Cl°(n) — Cl°(n + 1) with a(e;) = ejens1 (for
j = 1,...,n) restricts on Spin(n) to the inclusion map from Spin(n) into
Spin(n + 1). If kpy1: Cl°(n + 1) — End(An+1) is an irreducible algebra rep-
resentation, then Ky, := Kn11 © a defines an irreducible algebra representation
Kn: Cl°(n) — End(A,,) (set Ay, := Apy1). Hence these representations are up
to equivalence the unique spinor representations of the Clifford algebras Cl°(n)
and Cl°(n + 1). Furthermore, Af = Eig(M., ,,;+v/—1) C A,11 is the eigen-
space of the endomorphism of An41, which is given by multiplication with ey
from the right.

1.5.8 Definition (Restriction of a Dirac operator). Let M and N be as in
Section 1.5.2. We drop the spin condition and assume only that (S, V®) is a
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Dirac bundle on M (for instance, the spinorial Dirac bundle coming from a
spin structure on M) with associated Dirac operator D: I'(M, S) — I'(M, 5).
In this situation, the restriction of (S, V*) to N, written resy (S, V?), is the
Dirac bundle (T, V') given by the following data: the Dirac bundle T := S|n
the restriction of S to IV equipped with the Clifford multiplication ¢y : TN —
End(S|y) with ex(v)(sz) = e (v)(sz), where cpr: TM — End(S) is Clifford

multiplication for S. The covariant derivative operator V7 is!'?

V%(sw) = <V§(s + %(V%u) V- s) N . (1.5.1)

Here X is a vector field tangent to N and s € I'(M, S) is a section with restric-
tion sy € T'(V,T) and VM is the usual covariant derivative operator of the
Levi-Civita connection given by the metric of M. The restriction of D to
the hypersurface N is the Dirac operator

resy(D): T'(N, S|y) = T'(N, S|n)

associated with the restricted Dirac bundle of (S,V®). On resy(S,V®) we
consider the grading operator Ve (svs): Sy — S|n With Yesy(s2) =
en(v(x))(sg) for sy € Sy over x € N.

We can now state the desired description of the instrinsic Dirac operator by
exterior data.

1.5.9 Proposition. With the notation from Subsection 1.5.2, there exists an
isomorphism between resy(SM,VZM) and the intrinsically defined spinorial
Dirac bundle (XN, V>N) which respects the Z./2-grading (recall that n is even,).

Proof. To begin with, recall Ay, = Ag,+1 = C{™ as vector spaces. We explain
how one can realize the spin representaions o2, and o2,4+1 in such a way that
O2n+1|Spin(2n) = O2n- After this is done, a vector bundle isomorphism ®: XN —
(XM)n can be obtained from the following readily verified result: if f: Py —
Pg is a reduction for \: H — G, and if pg: G — GL(V) and py: H — GL(V)
are finite-dimensional linear group representations with pg = pg o A, then
the map ®: Py xPH V — Pg xP¢ V with ®[p,v] = [f(p),v] is an injective
homomorphism of vector bundles of the same rank, and thus an isomorphism.
In our case f: Spin(N) = ©7'(P) — Spin(M)y is the inclusion map and
A: Spin(n — 1) — Spin(n) is the inclusion obtained from R"~! c R™. Thus
®: YN — (XM)|y is given by ®[p,v] = [p,v].

In order to be able to see that ® is compatible with the Z/2-gradings,
ie. Poyny = VEM)y © ®, we recall how the Clifford multiplication
e X(M) x T'(M,X) — I'(M,XM) is defined: first of all, one identifies T M
with Spin(M) x?R?"*1 where p: Spin(2n + 1) — GL(R™) is the linear repres-
entation given by the left regular representation of SO(2n + 1) on R?"*! and

12The second summand in this definition — the first one is given by the pullback derivative
operator — has to be added to guarantee the compatibility with the Levi-Civita connection
on N.
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the spin covering O2y,4+1: Spin(2n + 1) — SO(2n + 1). Under this identification
the Clifford multiplication - : R ® Ay, 1 — Ag,41 induces a multiplication
between tangent vectors and spinors via (let x € M)

T.M @ (EM)e = (EM)e ,  [p,0] @ [p, 9] = [p,v- 9] .
If the identification of TM with Spin(M) x?R?*"*! is given by the obvious map
TM — Spin(M) x? R?"+1 which maps as follows:

2n+1
Z )\z Ez(x) = [G)]TJI(ED s 7E2n+1)a ()‘11 ceey )\2n+1)] )
i=1

then v(z) corresponds to [0y} (E1, ..., En,v), e2,41]. Thus, the Clifford mul-
tiplication by v(x) is given by the Clifford multiplication by eg,+1 on Agyy1.
With this at hand one obtains

Q(vun (V2)) = @(v(2) - ¥ba)
=®[0,; (E1,..., B, 1), enq1 - V]
= youm (Yz)
for any ¢, = [0} (E1, ..., Fan,v),v] in &N.
Now Lemma 1.5.7 shows how one has to choose the spin representations.
In order to see that ® o (V3Vs) = VE?SN(EM)(Q) o s) holds for any section

s € I'(N,XN) and each X € X(V) we make the following remarks: by definition
of V=¥ one has

1
V)%Ns:X.s—l—i > gn(VXEi, E)) en(Ei)(cn(Ej).s) (1.5.2)
1<i<j<n

for all X € X(N), s € I'(N,XN) and any SO(N)-frame (Ey,..., E,). Analog-
ously, one has

VP =Yid s Y (VY FGR)en(F)en(F)D)  (153)
1<k<i<n+1
forall Y € X(M), t € I'(M,XM) and any SO(M)-frame (Fi,...,Fy, Fry1).
Now let v: N — T'M|y be the given unit normal field and (Ei,..., E,) an
SO(N)-frame. Then for each z € N the tuple (Eq(z),...,Ey(z),v(x)) is an
oriented orthonormal basis for 7, N and we can do the following calculation
valid on N:

1
v%Mt:Y.t+§ > gu(VY Ey, By) en(Ex)(en(Er).t)
1<k<i<n

LS G (VY B ear(B)ear )1
k=1

=Yi+ % > gu(VY Er, Er) e (Ey) (e (Ep) t)

1<k<I<n

(1.5.4)

+ %CM (Z g (VY B, v) Ek) (err(v).t) .

k=1
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Since one has
9 (VY Ex,v) = —gri (Er, V') + Y.gur (Ey, v) = —gu(Eg, Vy'v)

for any 1 < k < n, we can rewrite the sum occuring in the third summand term
of Equation (1.5.4) in the following way:

Z g (VY Ep,v) B = — Z g (V¥ Ey) Ey,
=1

k=1
1.5.5
= gu(V¥v,v)v — Viu (15

=-viv.

Here the last equality comes from the definition of VV. Now notice that
g (VM Ey, E)) = gn (VY Ey, E)) holds by the following computation

gu (VY By, By) = gM(VyEk + 9m (VY Ex,v) v, Ey)
= 9m (VY B, Er) + gm (VY g, v) g (v, Ey)
= gu (VY Ex, E))
= gn (VY Ey, Ey) .

Thus we finally obtain from (1.5.4) and (1.5.5) the following formula:

1
VMt =Yit+ o Y on(VY Bk Bi) ear(Ex)(car(En)-t)
1<k<i<n (1.5.6)
1

~3 et (VY (epr(v).1)

Setting t = ® o s and Y = X we obtain from equation (1.5.1) and (1.5.6) the
following formula, valid on N:

(VY@ 6 8))(w) = VI (@ 05) + 1 enr (VY0 (enr () (@ o 5))

1
= X.(®os)+ 5 > on(VWEWE) .. (15.7)
1<k<i<n
M (Ex)(cr(Er)(®os)) .

One has cp(Eg)(epr(E) (P o s)) = en(Eg)(en(Ep)(Pos)) forall 1 < k,l <n
as follows from the following two computations: let v € T,N C T, M, Then
v = (vl,...,v® 0) with respect to the basis (E1(z),..., Ea(x),v(z)). Let
fs: Spin(N) — Ag, be an equivariant function with s(x) = [z, fs(Z)] for any
x € N covered by Z € Spin(/N). With this notation, one has on one hand

cen (0)(2(s(2))) = emr(v)[T, f5(2)]

= [, ko1 (0L, ..., 0%, 0)(fs(2))] (1.5.8)
and on the other hand
®(en(v)(s(2))) = [7, k2n(v'ei) (fs(2))]
[5? 2n+1(v elen+1)(fs(a~c))] (1.5.9)
= [Z, Ran41(v'eq) (K2n41 (ent1) (f5(2)))]
= [Z, —r2n+1(ens1) (Rant1 (v'er) (f5(2)))] -
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Notice that €3, 41 = —1. Thus the claim follows by comparing equation (1.5.2)
with equation (1.5.7). [

1.5.3. The theorem

Let M be a complete Riemannian spin manifold of odd dimension, which is
partitioned by a compact hypersurface. In [35] Roe constructs a homomorphism
(n: Ki(C*(M)) — Z using the pairing between odd K-theory and odd cyclic
cohomology. For the moment we postpone the definition of this homomorphism
and state the partitioned manifold index theorem. After this we will describe
how the homomorphism is constructed.

1.5.10 Theorem (Partitioned manifold index theorem). Let (M, g) be a com-
plete Riemannian spin manifold of odd dimension. Assume that M is parti-
tioned by a compact hypersurface N C M. Then the equality

CN (ind1 (DM)) = ind(DN)
holds.

We continue with the construction of Roe’s homomorphism (x. This is con-
structed using Connes’ cyclic cohomology whose definition we recall next.

1.5.11 Definition. For each complex algebra A one defines the Hochschild
cochain complex (C¥(A), bg)ren, and the subcomplex (CX(A), by)ken, given
by the cyclic cochain complex by the following data:

1. A cochain (of degree k) is a (k 4 1)-linear functional ¢: A¥*! — C. The
(additive) group of all cochains of degree k is denoted by C¥(A). It is
customary to denote the elements of A**! by (ao, ..., az).

2. A cyclic cochain (of degree k) is a chain ¢ € C*(A) which satisfies the
following cyclic permutation condition: One has

60, ar) = (~1) $lagsao, ..., ax_1) -
If one defines the cyclic permutation operator
A=\ CF(A) = Ck(A)

by
(Akgb)(aO) cee 7ak) = (_1)k ¢(aka agy ..., ak’—l)

then the (additive) group of all cyclic cochains of degree k, denoted by C’)‘j (A),
is exactly ker(1 — Ag).

3. The boundary map
b=by: Ck(A) = CF1(A)

as well as the induced boundary map (denoted by the same letter)

b=0by: CY(A) — C¥T(A)
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is given by the formula

k
(bng))(aO, v ,akH) = Z(—l)j d)(ao, ey ajaj_H, . ,ak+1)

§=0
+ (=1)* ¢(ars1a0, a1, - ., ag)
for ¢ € C¥(A) and ¢ € C¥(A).
Finally, the Hochschild cohomology (of degree k) of A, denoted by H*(A)
and the cyclic cohomology (of degree k) of A, denoted by H{(A), is defined

as the homology (of degree k) of the Hochschild and cyclic cochain complex,
respectively.

Let the complex algebra in the previous definition be the Roe C*-algebra
C*(M). In [35] Roe considers the cyclic cocycle ¢ € C;(C*(M)) given by

¢: (A, B) — Tr([PAP, PBP] — P[A, B]P) . (1.5.10)

Here P is the operator given by multiplication by the characteristic function
of M. This defines a class in the odd cyclic cohomology H44(C*(M)) of the
Roe C*-algebra. Recall that there exists for any C*-algebra A a pairing

(-, ) Ki(4) x HY(A) = C (%)

between the odd K-theory and odd cyclic cohomology of A. It is given by the
following formula for which we refer the reader to [26, p. 157]: for [u] € K;(A)
represented by u € GLoo(A) and [¢] € Hy" *(A) represented by ¢ € C3"~1(A)
one defines

([u, [¢) = Cnp(u™ —L,u—1,... ;0" —1,u—1)

where C,, € R is a constant depending only on n € N. With this notation,
Roe’s homomorphism is given as follows

(v K (CH M) = Z 5 [u] = ([u], [€]) -

As we have already remarked in the introduction to this section, there is a
second version of the partitioned manifold index theorem due to Higson. We
set out to briefly review Higson’s approach and then relate this version with
the cyclic cocycle-description of Roe. Higson (and following him, also Zadeh)
consider the Cayley transform

U:i=D+il)(D—4iI)™"

of D, and the operator
Up =My + My, U

obtained from it. Here ¢4 is a smooth function on M which coincides outside
a compact neighbourhood of N with the characteristic function of M, and ¢_
is defined as ¢_ := 1 — ¢;. As it turns out, this operator is Fredholm (in the
case of Zadeh’s paper it is Fredholm in the sense of Fomenko and Mishchenko)
and its Fredholm index equals the index of Dy. This is Higson’s formulation of
Roe’s index theorem for partitioned manifolds which we now state as a theorem.
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1.5.12 Theorem (Partitioned manifold index theorem). Let (M, g) be a com-
plete Riemannian spin manifold of odd dimension. Assume that M is parti-
tioned by a compact hypersurface N C M. Then the equality

ind(Uy) = ind(Dy)
holds.

We now try to explain why this formulation is equivalent to the original one.
For this we follow a corresponding remark in [18, p. 44]. One has U = ¢(D)
if the normalizing function is chosen as x(t) = 2 arctan(t) and by definition
ind; (D) is the class [U] € K;i(C*(M)). Recall, that there exists the following
index pairing between the K-homology and K-theory of a C*-algebra A

<’>K1(A)XK1(A) — 7
(42, p, FI, [u]) ind(PuP — (1 — P): P — PX) ()

where P := (14 F)/2. If A = C*(M) is the Roe C*-algebra, we can consider
the cycle
[LQ(M7 S)a Pstd; 2P — 1]

with P := M, , where x, is the charactistic function of the M. The index
pairing of this cycle with the odd index class ind; (D) = [U] is exactly the index
ind(U4) considered by Higson. The relation between the pairing (x) between
cyclic cohomology and K-homology and the pairing (%) between K-theory
and K-homology is given by Connes’ Chern character formula (also known as

Connes’ index theorem)
<Ch0dd(%7F>v [u]) = (A, p, F),[u]) ,

which can be found for example in [26, Prop. 4.2.5, p. 176]. Using this, the
equivalence of the two stated formulations of the partitioned manifold index
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theorem follows from the subsequent computation:

v [u] = ([u], [¢])
I
= ZC(U Lo 1u—1)
= %Tr([P(u* —1)P,P(u—1)P] — Plu"! — 1,u — 1]P)
1

Tr(Pu~'PuP — PuPu™'P)

P — (Pu"'PuP)) — Tr(P — (PuPu~'P))

P — (Pu~'PuP)) — Tr((Pulu'P) — (PuPu 'P))

P — (Pu~'PuP)) — Tr(Pu(1 — P)(Pu(l — P))*)

—Tr( —P + Pu'PuP) + ((Pu(1 — P))*(Pu(1 — P))))
—Tr(—P + Pu"'PuP + (1 — P)u"'P*u(1 — P))

= —Tr(—P + Pu"'PuP + (1 — P)u'Pu(1 — P))

= —Tr(Pu'Pu— P — (2P — I)u"'Pu+ (2P — I)u~ ' PuP)

[T
EEE““

_ _% Te(F[F, "] [F, u])

= (Ch4Y(L2(M, E), psta, 2P — 1), [u])
= ((L3*(M, E), psa, 2P — 1), [u])

= ind(PuP — (1 — P))

= ind(PuP) .

The previous calculation contains a third version of the partitioned manifold
theorem, which is considered in [38]. It reads as follows.

1.5.13 Theorem (Partitioned manifold index theorem). Let (M, g) be a com-
plete Riemannian spin manifold of odd dimension. Assume that M is parti-
tioned by a compact hypersurface N C M. Let

PN Kl(M) — 7

be the map constructed in the following way: let A C ZE(L*(M,EM))
be the C*-algebra obtained by adjoining a unit to C*(M) and set Hy :=
P(L*(M,~M)). Map the class [u] € Ki(M) represented by u € GLy(A) to
the Fredholm index of Toeplitz-type operator

Ty: (Hy)" — (Hy)"

obtained by first multiplying by u and then compressing to (H4)™ by the ortho-
gonal projection P ® ---@® P. Then the equality

on(indy(Dyy)) = ind(Dy)

holds.
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Finally, we remark that another proof of the partitioned manifold index theorem
is given in [37].

The general version of the partitioned manifold index theorem now reads as
follows, see [51].

1.5.14 Theorem (Coefficient version of Roe’s partitioned index theorem). Let
M be an odd-dimensional manifold with dim(M) > 3 and N C M a compact
partitioning hypersurface, let S be a Dirac bundle of Hilbert A-modules over M
with associated Dirac operator D: T'(M,S) — I'(M, S). Let

on: Ki(C*(M,A)) - Ko(A) , [u] — inda(Ty)
be the homomorphism defined by the partitioning hypersurface. Then one has
on(indi (D)) = ind(resy (D)) .
Here resy (D) is the restriction of D to N as in Definition 1.5.8.

1.5.15 Remark. For A = C this is the usual partitioned index theorem as it was
given by Roe.

1.5.16 Example. If M is spin and N carries the induced spin structure, we can
identify the restricted spinor bundle (¥M)|y with the intrinsic spinor bundle
YN and the restricted spinorial Dirac operator resy(Djys) with the intrinsic
spinorial Dirac operator Dy of N. This remains true if one twists: the restric-
tion of the Dirac operator Dy p = Dy ® E, which is obtained by twisting the
spinorial Dirac operator Dy; on M with a Banach bundle (E, V) equipped with
a covariant derivative operator V, can be identified with Dy ® E| where E|y
carries the restricted covariant derivative operator VIV, In order to see this,
we first of all notice that by definition

resy (M ® E) = (M @ E) |y = (SM)|x @ (E|x)

and secondly, that the connection on resy (XM ® E) is given by (1.5.1) as

res 1 - C
Vg = (TR - S (Ve )e) (151

for any section s € I'(M, XM @ E). If s = ¢ ®t is an elementary tensor section
with ¢ € I'(M,XM) and t € I'(M, E), then formula (1.5.11) becomes

VE?SN(EM@)E)SlN (VEM®E (VXV) V.S)\N

((V?{‘%) Rt+1Y® VXt> -

((%EM(V¥V)(EM(V)(1¢))) ® t)

VA ZM)w) ® tW) + (1/1 & (V)E(t)>

resN (EM)RE| N

|N

|N

(Y @t)N
IQSN(EM)®E|NSIN

(v
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Here we have used that ¢y : TM — End(XM ® E) acts by ¢pr(v) = ey (v) ®idg
for each v € TM. Hence, resy (D g) = DN,E‘N follows.

1.5.17 Remark. We briefly want to compare our definition of resy(Djs) with
the one Higson uses in his note [19]: let M be a (2n + 1)-dimensional manifold
and (S, V®) a Dirac bundle on M. Both Higson’s and our Dirac operator on N,
act on sections of S|y equipped with the Clifford multiplication of T'N induced
by the embedding TN — T'M |y, cf. [19, p. 440]. On this bundle we consider
the covariant derivative operator given by Equation (1.5.1) of Definition 1.5.8.
Higson chooses an arbitrary compatible connection on S|y instead, again cf.
(19, p. 440]. Finally, let us compare the grading on S5 that Higson uses with
the one we have chosen in Definition 1.5.8. For this we need to explain that
Higson [19, p. 439] makes the following additional assumption on (S, V?): let
(Eo, E1, ..., Eay,) be alocal orthonormal frame for M and set

ni=N-1)"EE; - By

then it is assumed that the Dirac bundle (S, V?) is such that

ns=s (%)

holds for each section s € T'(M, S). If this additional assumption is not already
true for (S, V®) it can be enforced following [19] as follows: one considers the
self-adjoint endomorphism o € End(S) given by left multiplication with 7 on
the fibres. We can then consider the eigenbundles S+ = Eig(c;£1). Then S =
S, ®S_ and V¥ as well as +D maps Sy to Si. (this follows from [31, (5.4) on p.
114 as well as (5.25) on p. 128]) and we obtain a decomposition D = D, @ D_.
The sections of the Dirac bundle (S4,V) satisfy the desired relation, so that
we can replace (if necessary) (S,V) by (S4,V). With this out of the way,
Higson finally orients N as dM_ and chooses the self-adjoint endomorphism
e: S|y — S|y with e(s) = (V/=1)" By - - - Ea,s as grading operator for S)y. If
s € Eig(e; £1), then by () one has

Thus Eig(e; £1) = Eig(v; F4). This explains the connection between the grad-
ing on Sy used in [19] and the grading we have choosen in Definition 1.5.8.

1.6. A geometric application
In this section we consider a codimension two-obstruction theorem as an ex-
ample of an application of the (general version of) the vanishing theorem and

the partitioned manifold index theorem. This is joint work with Hanke and
Schick. This results goes back to a similar result by Gromov and Lawson [16,
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Thm. 7.47] and describes a situation in which the non-existence of a posit-
ive scalar curvature metric on a submanifold of codimension two obstructs the
existence of such a metric on the ambient manifold.

A basic problem in the application of the partitioned manifold index theorem
to a geometrical situation is to extend the various structures given on the parti-
tioning submanifold to the ambient manifold. The aforementioned application
identifies a geometrical setting in which such an extension is actually possible
and is described in Theorem 1.6.9.

We begin by reviewing the product formula for the Rosenberg index. This will
play an important role in the proof of Theorem 1.6.9.

6.1 Product formula for the Rosenberg index. In this section we extend
the definition of the Rosenberg a-index to odd-dimensional manifolds as in [17,
Sec. 3, p. 14 and Sec. 4, p. 20|, using a Kasparov-type product

®: Kp(A1) x Kg(As) = Kpig(A1®0A42) , p,g€Z/2 (1.6.1)

whose definition we recall next. Here and in the following & denotes the (min-
imal) graded tensor product for C*-algebras, see [3, p. 116].

We assume the reader is familiar with the Kasparov product
®p: KK(A, D) x KK(D, B) — KK(4,B) . (1.6.2)
and
®@p: KK(A1, Bi®D) x KK(D®Ag, By) = KK(A1®Ay, Bi®Bs) , (1.6.3)
respectively. This product can be extended to a product
®p: KK,(A, D) x KKy(D, B) = KKp+4(A,B) , p,q€Z/2 (1.6.4)

between the higher KK-groups KK, (A, B). These are defined for p € N>; by
means of the complex Clifford algebras Cl;, as

KK, (A, B) := KK(4, B CI%) (1.6.5)

and one sets KK((A4, B) := KK(A, B) in addition to this. Likewise, K,(A4) =
KK,(C, A ® CIL) for p € N>1. Since we only need KK;(A, B) for p = 0 and
p = 1 here, we give no further details and only recall that CI{ = C-1& C - 4.
Next, we explain the definition of the ‘mixed Kasparov product’

&N KKy(A, D) x KKy (D, B) = KKpiq(A,B) , p,q€Z/2. (1.6.6)

Of course, for p,qg = 0 the ‘mixed product’ ®%0 is simply the usual product
®p. To define @51 for other values of p and ¢ use [3, 18.10, p. 181] and the
exterior tensor product.

Finally, we obtain the ‘K-theory version’

@1 Kp(Ar) x Kg(A2) = Kpyg(A1©42) , pg €Z/2 (1.6.7)
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1. Coarse index theory and positive scalar curvature

of the mixed Kasparaov product announced in (5.2) by writing C = C ® C and
A = A® C and the following diagram

KK(C, 416 CI%) x KK(C, A,&CIE) e, Kppq(A1&4s)
KK(C, (4 ® CL) ® C) x KK(C® C, Ay ® Clf) —— KK(CRC, A;®A4; ® Clf @ Clf)

®c
(1.6.8)
Here the lower horizontal arrow is given by (1.6.3).

Let us briefly review Schochet’s Kiinneth formula: for a C*-algebra A introduce
the graded group K,(A) := Ko(A) ®K;(A). If A and B are C*-algebras we can
consider the graded tensor product of K.(A) and K. (B). It is given by

K. (A)®K.(B) = (Ki(4) ® Ki(B)), ® (Ki(4) @ Ku(B)),
with even part
(K«(A)®K«(B)), = (Ko(4) ® Ko(B)) @ (Ki(A) @ Ki(B))
and odd part
(Ki(A)RK.(B)), = (K1(4) ® Ko(B)) & (Ko(A4) ® K1(B)) .

According to [42], if A and B are separable and A is also nuclear, there exists
a short exact sequence

0 — K, (A)QK.(B) & K, (A4%B) L Tor(K.(A),K.(B)) = 0 .

We will not need the definition of p and o here, but see [42]. (The map p is
denoted « in [42]. But since we are using this letter to denote the Rosenberg
index we use different notation here.)

1.6.2 Theorem (Product formula). For i = 1,2 let M; be a compact spin
manifold and let A; be Z/2-graded C*-algebras, and let S; — M; be A;-Dirac
bundle with associated Dirac operator D;. Then the exterior product S1 X Sy is
a (A1 ® Ag)-Dirac bundle and the index ind(D) of the associated Dirac operator
D1 X Dy can be computed using the Kasparov product

®: K0<A1)®K0(A2) — Ko(A1®A2)

as
ind(D1 X Dg) = 1nd(D1)®1nd(D2) .

Proof. See [46]. [

1.6.3 Definition (Even and odd Rosenberg index). If M is even-dimensional
we set ag(M) := a(M). If M is odd-dimensional, M x S is even-dimensional
and we can consider (M x S'). By the product formula of Theorem 1.6.2
a(M x S = a(M)®a(Sh) in Ko(C*ry(M)&C*m1(S1)). On the other hand

Ko(C*m1(M)) ® Z - go] ® [K1(C*my (M) @ Z - g1]
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is isomorphic to Ko(C*my(M)&C*m1(S1)) via p by Schochet’s Kiinneth formula.
Here we have written Ko(C*m(S1)) = Z- gy and K (C*m1(S1)) = Z-g1. Finally,
define a; (M) € K;(C*my(M)) as the element such that a1 (M)®g; is mapped
onto a(M x S') under the isomorphism p.

1.6.4 Lemma. Let 57 be a Hilbert A-module, which is isomorphic to the stand-
ard module (*(A). Denote by 2(H) = L5(A)/Ha(H) the associated Calkin
algebra and by m: L5(A) = 2(H) the quotient map. If T € Freda(J€) is an
A-linear Fredholm operator, i.e. the image w(T) € GL(LZ4(H)) of T in the
Calkin algebra is invertible, then

inda(T) = 1 [n(T)] .

Here [7(T)] € K1(A) the class of m7(T) € GL(Z4(H)) and 01: K1(A) — Ko(A)
1s the index map.

Proof. By [48, Lemma 17.1.4, p. 270] there exists K € 4 () such that T+ K
admits a polar decomposition T'+ K = SR with S a partial isometry and R
positive and invertible such that I — S*S, I — SS* € 4 () are compact
projections. In particular, it follows that

m(T)=7n(T+ K) =n(S)n(R)
is invertible and since R is invertible, w(S) is invertible. For 0 <t <1 set
Ry :=S(tR+ (1-t)I).
Then Ry =S and Ry = SR=T+ K. For any 0 <t <1, the operator
m(Ry) = w(S)m(tR+ (1 —t)I)

is invertible. Hence 7 (S) ~p, (T + K) = w(T) are homotopic in GL(Z(H)).
From this we finally obtain

0[r(T)] = oi[n(T + K]
= Oi[m(95)]
=[I—-5"S]—[I—55"]
=inda(7T) .

This completes the proof. |

1.6.5 Lemma. Let M be a compact Riemannian spin manifold with funda-
mental group w. Then the Roe C*-algebra C*(M;C*m) coincides with the C*-
algebra Ko (L*(M, S)) of all C*mw-compact operators. Furthermore, the even
Roe indices (if M is even dimensional)

indo(Dar) € Ko(Hor(L*(M, S)))
coincides with the Rosenberg a-indices

ag(M) = indcer(Dyr) € Kp(Hosr (LA (M, S))) .
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Proof. The invariance of the generalized Fredholm index with respect to the
application of normalizing functions as well as unitary invariance of the gen-
eralized Fredholm index, and Lemma 1.6.4 allows us to make the following
computation

OZO(M):inc* ( M)
indc+x(x(Dj;))
X

= indcer(U” ( i)
= O[m(U"x(Dyy))]
=indg(Dyr)
This completes the proof. |

1.6.6 Remark. A statement analogous to Lemma 1.6.5 should be true for the
odd Roe index. A similar result can be found in [39]. We defer to give a proof
here.

6.7 Extending the Mishchenko bundle. Let M be a spin manifold with
spinor bundle XM, A = C*(m1(M)) the group C*-algebra of the fundamental
group m1(M) of M, and S the Dirac bundle given by XM ® ¥jy with ¥ :=
M x™m(M) A In Proposition 1.5.9 we saw that the restrition of the Dirac
operator on M to N can be identified with the intrinsic Dirac operator of N
(with the induced spin structure). Now as we take the fundamental group
into account we can no longer expect that the Dirac operator twisted by the
Mishchenko line bundle on M will restrict to the corresponding operator on
N simply because it may happen that the fundamental group 71 (V) of N is
trivial although 71 (M) might not be trivial. In order to apply Roe’s index
theorem for partitioned manifolds one needs an extension of the Mishchenko
line bundle on the partitioning manifold to the partitioned ambient manifold.
This is a non-trivial matter since such an extensions does not always exist. The
following theorem due to Hanke and Schick describes a situation where such an
extension is possible.

1.6.8 Definition. The double of a manifold M with boundary N = 0M is
D(M)= M Uy M. If M is a manifold without boundary and W C M is a 0-
codimensional submanifold with boundary, we set D(M, W) := D(M \ int(W)).

The reader who is interested in the detailed construction of the double of a
manifold, can consult [27, Chapter VI, Section 5].

1.6.9 Theorem (Hanke, Schick). Let M be a connected closed manifold with
dim(M) > 3 and W C M a connected submanifold of codimension 0 with
boundary OW . Additionaly, assume that the following holds:

(1) The boundary OW is connected.
(2) The second homotopy group of M wvanishes: mo(M) = 0.

(8) The Hurewicz map hur: m (0W) — H1(OW') becomes injective when re-
stricted to the kernel ker(iy) C w1 (OW) of the map induced by inclusion
map i: OW — W.

60



1. Coarse index theory and positive scalar curvature

(4) The inclusion map j: W — M induces a monomorphism m(j): m (W) —
71 (M) whose image has infinite indez.

Then the following holds:

(a) Let p: M — M be the covering corresponding to the subgroup j.(mi(W))
of m (M), and W C M be a lift of W to M. If we consider the manifold
D(M, W) which is partitioned by OW of W, then there exists an exten-
sion of the Mishchenko line bundle ¥y over OW to a flat bundle & over
D(M, W)

(b) In the case where W = N x D? is a trivial tubular neighbourhood of a con-
nected? submanifold N C M with codim(N) = 2, the manifold M admits
no metric of positive scalar curvature if either (i) M is odd-dimensional
and a1(N) # 0, or if (ii) M is even-dimensional and ag(IN) # 0. Here
ag(N) and a1(N) is the even and odd Rosenberg index of N, respectively,
as it is defined in Definition 1.6.3.

Proof. Let p: M — M be the covering corresponding to the subgroup
Jx(mi(W)) of m(M). With this choice we can, by standard covering the-
ory, lift the inclusion map j: W — M to an injection j: W — M, and
Je: (W) — m (M) is bijective. Set W := j(W).

(a) Let k: OW — M \ W be the inclusion map. Consider
kv: T (OW) — 71 (M \ W)
Subclaim: The following hold:
(i) ks is injective.
(i) There exists r: w1 (M \ W) — 71 (0W) with r o k, = id,., o)
With other words, k, is a split injection.
Ad (i): Applying the functor m; to the commutative diagram

k J— —_

oW —— M\
T
w —— M

in which the vertical maps are given by inclusions and the covering projection
4%

0 ), we obtain the commutative diagram

p (thus [ =iop

m(OW) —Es 7 (BT \ W)

z*l l (1.6.9)

nw) —L— o (M)

13Such that 9W = N x S* satisfies assumption (1)
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The map j, is injective. Indeed, j, = ps o j, and j, is injective by assumption
(4). Thus ker(k.) C ker(l,). Therefore, if [a] € ker(k,), then the path « is both
nullhomotopic as a map to W and as a map to M \W. Consequently, there exists
a singular sphere o: S? — M which maps the lower and upper semisphere S?
and SJQF, into W and M\ W, respectively, and the equator S' C S? onto the curve
im(a). We have 0,[S?] = 0 because of mo(M) = mo(M) = 0 by assumption (2).
But OMV5(0,[S?]) = a.[S'] = hur [a] by construction of the boundary operator
OMVS of the Mayer-Vietoris sequence of the triad (M, M\ W, W). The diagram

oW —E s DM\W

low J MW

[ow M\W
W —— M\W
E

commutes. Because of this (p| a%)* maps ker(k,) into ker(i,) and the diagram

ker(ky) —=— m (W) s [, (OW)

l (p:g%)*lg p*lg
ker(iy) —=— m (OW) —21s H,(OW)

commutes because the Hurewicz morphism is natural. By assumption (3) the
lower horizontal composition in this diagram is injective, and therefore the
same is also true for the upper horizontal one. Thus [a] = 0, proving that k. is
injective.

Ad (ii): By considering the long exact sequence of the pair (M, W) one finds
H1(M,W) = 0 because the inclusion [ is an isomorphism on zeroth homology
as both M and W are path connected.

The pair (M, W) is 1-connected and the relative Hurewicz theorem as well as
assumption (2) imply Ho(M, W) = 0.

Thus the groups Hy(M \ W,0W) and Ho(M \ W, QW) vanish (use excision
and homotopy invariance). Therefore Hy(k): Hi(OW) — Hy(M \ W) is an

isomorphism. The diagram

1 (W) LN m(M\W)

I+« Xhurq l l

(W) x Hy(0W) ——— m (M) x Hi(M\ W)
JxH1(k)

obtained from Diagram 1.6.9 by taking the products with the Hurewicz morph-
ism commutes, and the lower horizontal arrow is an isomorphism since both j,
and Hi(k) are isomorphism.

The map I, x hury is injective. Indeed, if [a] € 71(OW) lies in the kernel of
this map, then [a] lies in both the kernel of [, and the kernel of hur;. But
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Il =io p:g% and thus [o] must lie in (p}g%)_l(ker(i*)) = ker(ks). But by
assumption (3) hur; is injective on ker(k,) as we noticed before. Hence [a] = 1,
proving that [, x hurj is injective. Thus we can regard 71 (0W) as subgroup of
71(M) x Hy(M \ W) via the injection given by the composition of this injection
with the lower horizontal arrow. The right vertical arrow then surjects onto
this subgroup of 71 (M) x H;(M \ W) and gives a retraction r of k.

Finally, we remark that the diagram

Br(M\W) -2 B (0W)

MW T T Cow

M\W - ow

in which the vertical maps are given by the classifying maps of the corresponding
universal coverings, commutes up to homotopy exactly if the diagram

- - Br % -
m(Bm (W) L 1 (Bry (0W))
car)- | [ o).,

T M \ W) <k— T (8W)

applying the functor 71, commutes, see [47, Section 8.7 and 8.8]. But this
follows directly from r o k, = id By (W) Indeed, if X is any space, then under
the identification of 71 (B (X)) with 71 (X) via the boundary operator in the
long exact sequence of the fibration Em(X) — Bmi(X), the map induced on
mi-level by cx: X — Bm(X) is identified with idp. (x). Therefore, if we set
& = (Bro CM\W)*(ETH (OW)), then k*& = ¥, by the Homotopy Theorem,
see [47, Thm. 14.3.3]. This completes the proof of assertion (a).

(b) We consider the cases where M is odd- and even-dimensional, respectively,
seperately, beginning with the odd-dimensional case.

(i) Assume M is odd dimensional. Denote by W a trivial normal neighbourhood
of N. Then W is a zero-codimensional submanifold of M. The image W of
W under j is a zero-codimensional submanifold of M. The manifold D(M, W)
admits a spin structure and is partitioned by the boundary OW = N x S!
of W. By part (a) there is a flat bundle & over D(M, W) which extends the
Mishchenko line bundle ¥ over OW. By Theorem 1.5.14 and Example 1.5.16
we have:

Comw (ind1 (D37 77 ) = indo(Dypyr ) € Ko(C*(m1(OW))) -
Furthermore, we have by Lemma 1.6.5

ind0<DaW,%) = p 8W)
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since W = W and because of the product formula for the Rosenberg a-index.
(Here g; is such that K;(C?,(Z)) = Z-g1. See Definition 1.6.3.) In conclusion,

p(Cow (ind1(Dpy 7.1 £))) = 01 (N)®g1

and hence indl(DD(ﬁ7W)7 ») # 0 as we assume oy (NN) # 0. Since the bundle &
is flat this and Lemma 1.3.9 imply that D (M, W) has no PSC-metric outside of
a compact subset. Now, if M would admit a metric of positive scalar curvature
then M would admit a metric of uniformly positive scalar curvature which
in turn would imply that D(M, W) admits a metric with uniformly positive

scalar curvature outside of a compact neighbourhood of OW which contradicts

(ii) Assume now that M is even-dimensional. In this case we replace the pair
(M,N) by (M x S',N x S1). Since N has trivial normal bundle in M the
normal bundle of N x S!in M x S is trivial. Also the fundamental group of the
submanifold still injects into the fundamental group of the ambient manifold.
Since

a1 (N x §1) # 0 < a1 (N)&g1 # 0
= pHar(N)&g1) = a(N)@a(S") # 0
= a(N) #0

it follows from (i) that M x S admits no metric of postive scalar curvature.
Hence M has no such metric. u
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2. A counterexample to a conjecture
about positive scalar curvature

2.1. Introduction

The Gromov-Lawson-Rosenberg Conjecture gives a necessary and sufficient con-
dition in terms of an index theoretic obstruction for a closed connected spin
manifold (of dimension > 5) to admit a Riemannian metric of positive scalar
curvature. An analogous conjecture in the non-spin case is not known, though a
result of Gromov-Lawson-Stolz shows that each simply connected non-spin man-
ifold admits a Riemannian metric of positive scalar curvature. In [7] Chang has
proposed a conjecture which gives a necessary and sufficient condition in terms
of a homological obstruction for a closed connected totally non-spin manifold
(of dimension > 5) to admit a Riemannian metric of positive scalar curvature.
Here a totally non-spin manifold is one for which neither the manifold nor its
universal covering admits a spin structure. Chang attributes the conjecture to
Rosenberg and Weinberger. In this chapter we show that the counterexample
from [41] to the (unstable) Gromov-Lawson-Rosenberg Conjecture can be en-
hanced to give a counterexample to the general version of the Chang-Rosenberg-
Weinberger Conjecture.

2.2. Preliminary remarks

2.1 Smooth connected sums. Let M and N be connected smooth manifolds
of the same dimension n. A detailed construction of the smooth connected
sum M#N, including a proof that it is again a smooth manifold, can be
found in [27, pp. 90-92]. It is useful to know that the fundamental group
and also the homology groups of M#N can be expressed completely in terms
of those of M and N. For example one has m(M#N) = 71 (M) % w1 (V)
for the fundamental groups if n > 3, see [27, p. 94] or [45], and similarly
H,(M#N) = H,(M)® H,(N) for the homology groups in degree 1 <p <n—1,
see [10] or [27, p. 94]. Of course, Hy(M#N) = H,,(M#N) = Z, if we assume
that M and N are orientable. Sometimes we want to prevent a manifold from
admitting a spin structure (without changing the fundamental group). This can
be achieved by taking the connected sum with a suitable non-spinable manifold
as the following lemma shows.

2.2.2 Lemma. Let My and My be closed, oriented manifolds of the same di-
mension n > 3. Then Mi#Ms is spin if and only if both My and My are
spin.
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2. A counterexample to a conj. about pos. scalar curvature

Proof. “=": Since n > 3 the trivial spin structure is the only spin structure
on S" . By removing suitable closed discs D; and Dy from M; and M,
respectively, we can regard M; \ D; and My \ Dy as open submanifolds of
Mi#Ms. Of course, these inherit spin structures from M;#Ms. These spin
structures in turn induce a spin structures on 0D C My and 0Dy C Ms, which
can be extended to the whole of M7 and M, trivially.

“<”": See [1] or [31, p. 91, Remark 2.17]. [ |

If M and N are connected smooth manifold, then X := M#N, for N simply-
connected has the same fundamental group as M according to paragraph 2.1.
Furthermore, the universal covering of M#N can be obtained from the uni-
versal covering of M in the following easy manner: First, we can assume that
M+#N is obtained by gluing N to M by identifying a disc in N with a disc
M which itself lies completely in a neighbourhood which is uniformly covered
by the covering map from M onto M. Then M#N is M with a copy of N
attached in the obvious way to every sheet over the chosen uniformly covered
neighbourhood.

2.3 Spin structures and covering spaces. Let M be a connected closed
manifold and p: M — M its universal covering. We can ask whether a spin
structure on M ascends to a spin structure on M, and vice versa, whether a spin
structure on M descends to one on M. The latter is false: If M is spin, then
M needs not to be spinable, not even orientable, as one can see by looking at
real projective spaces. A sufficient criterion to decide whether a spin structure
on M induces a spin structure on M can be found, e.g., in [14, Proposition
1.4.2, p. 28]. On the other hand, it is true that a spin structure on M always
ascends to one on M (this is even true for any covering, not only the universal
one). If M itself admits no spin structure one can at least ask if there is one
on M. If this is the case, one calls M almost spin, see [32, Definition 1.2, p.
104]. Thus, e.g., real projective spaces are almost spin. If not even M admits a
spin structure (and hence the same must be true for M), one calls M totally
non-spin, see [7, p. 1621].

2.2.4 Example (Examples of totally non-spin manifolds). Any simply-
connected (and hence orientable) non-spin manifold, e.g. CP?" or SU(3)/SO(3).
For the latter, see [12, p. 50 f.]. On the other hand no manifold of dimension
less or equal to 3 is totally non-spin.

2.3. The counterexample

In this section we give a counterexample to the following conjecture from [7].

2.3.1 Conjecture. Suppose that M is a totally non-spin manifold with funda-
mental group T' and dimension n = dim(M) at least five. Let f: M — BI be
the composition of the classifying map c: M — BT of the universal covering of
M, and the natural map BT — BI'. Denote by [M] the fundamental class of
M in H,(M). Then M admits a metric of positive scalar curvature if and only
if f«[M] vanishes in H,(BT).
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Here BT is the classifying space for the group I' and BI is the classifying space
for proper actions, cf. [7, p. 1623].

Our counterexample is based on Schick’s counterexample to the (unstable)
Gromov-Lawson-Rosenberg conjecture, given in [41]. There a 5-dimensional
closed spin-manifold M with fundamental group I' = Z* @ Z/3 is construc-
ted, whose Rosenberg index vanishes, but which nevertheless does not admit
a metric of positive scalar curvature. By taking the connected sum of this
manifold M with any simply-connected non-spin manifold, we obtain a totally
non-spin manifold, which has the same fundamental group as M. Therefore
BT = B(Z*) x B(Z/3) = T* x B(Z/3) and analogously BI' = T* by [7, (1) and
(4), p- 1624]. Specifically, H,(BI') = 0 for n > 5, so that the condition on f.[X]
from Conjecture 2.3.1 is satisfied in the case at hand. The argument in [41] re-
lies on the following observation by Stolz, and we will also make significant use
of this result.

2.3.2 Lemma. Let X be a topological space. Denote for anyn € N> by H,F (X))
the set of all homology classes f.[M] € Hy,(X) where M is an n-dimensional
manifold which admits a metric of positive scalar curvature, and f: M — X is
a continuous map. Then for any class u € H'(X) the map

un @ Hy(X) = Hp—1(X)
maps H (X) into H (X) if 3<n <8.
Proof. See [41] for 3 < n < 7 and [24, Thm 4.4] for n = 8. [

2.3.3 Proposition. Let M be the manifold constructed in [41] and N a simply
connected manifold of dimension 5, which admits no spin structure. Then the
manifold X := M#N has non-spin universal covering and admits no metric
with positive scalar curvature.

Proof. First of all, if X is constructed as above, we have already noted that it
has non-spin universal covering. To obtain an explicit simply-connected non-
spin 5-manifold N, one can start with CP? x S', which is non-spin as CP?
is, and then do surgery on the embedded S' to obtain the simply-connected
N. Because this surgery does not touch the embedded CP! with its non-spin
normal bundle, the resulting N remains a non-spin manifold.

In order to see that X admits no metric of positive scalar curvature, we use the
same argument as in [41]. To begin with, we choose the model BI' = T* x BZ /3.
Recall,

H, (T = 74" d(n):(d)

n
and
Z, n = 0;
H,(BZ/k) = Hy(Z/k) =S Z/k, n odd;
0, n even.
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Together with the Kiinneth formula this gives

Hy(BD)= @  Hp(X1)©- - © Hy, (Xq) ® Hp(Xs) -
p1+--+ps=k

Here we have written T* = X x --- x X4 as product of four copies of T, and
X5 for BZ/3.

Fix a basepoint = (z1,...,25) € Bl and let p: T — BZ/3 be a map which
induces an epimorphism on m; as in [41], as well as f;: X; — BI' the map
which includes X identically and basepoint-preserving. We denote by [+] €
Hy(BT') the canonical generator Next, choose for each 1 < j < 4 generators
g9; € Hi(X;) and elements g7 € H(X;) with (97,95) =1, and let g5 € Hi(X5)
be p.[T] where [T] is the standard generator for H1(T). Introduce the elements
v = (fj)«(gj) € Hi(BT) for j =1,...,5 as well as ay,...,as € H(BI') with

a; = (pry)*(g7) x 1 x1x1x1,
az :=1x (pry)*(gs) x 1 x 1 x 1,
az:=1x1x (prg)*(gs) x 1 x1,
ag:=1x1x1x (pry)*(gy) x1.

Finally, set
w:i=wv] X -+ X v Xv5 € Hy(BI')

and
z = [¥] X [*] X [*¥] X vqg x v5 € Ho(BT) .

By the Kiinneth formula, w # 0 and z # 0. Furthermore,
z=ai;N(azN(agNw)) € Hy(BT) . (%)
For example one has

azNw = ((1x1x (pr3)*(g5)) x (L x 1)) N ((v1 xv2 X v3) X (va X v5))
= ((1 x 1 x (pr3)*(g3)) N (v1 x v2 x v3)) x ((1 x 1) N (vg X v5))
= ((lﬁvl) (lﬂvg) ((p 3)"(g3)" ﬁvg)) X ((lﬂv4) X (101}5))
= vy X v X ((pr3)*(g3) Nvs) X vg X v5

:levgx[*]xv4xv5,

because of (prs)*(g3) N (i3)«(g93) = (g5, 93)[¥]. Let f: T — T* x BZ/3 be given
by f = (f1 X fa X f3 x f1) x (f5 o p) and choose (g1 X - -+ x g4) x [T] =: [T9] as
fundamental class for T°. Then f.[T5] = w. As in [41] one can construct a bor-
dism in szin(BI‘) from f to a map g: M — BI" which induces an isomorphism
on 7i-level. This defines the manifold M. Now let N be any simply-connected
closed non-spin manifold of dimension 5 and set X := M#N.

Finally, assume that X admits a metric of positive scalar curvature. Then
consider the map h: M LU N — BI' on the disjoint union of M and N, which
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equals g on M and sends N to a point. One has h.[M U N] = g.[M] = w
and since M U N is bordant to M#N, it follows that w € H5+(X) But then
it follows from (*) as well as Lemma 2.3.2 that w is mapped to z under the
following map

HF (BT) 2L H(BT)

S5 1 (BT)

@, B (BI) .
Hence z = k,[S?] for some k: S? — BT since S? is the only orientable sur-
face which admits a metric of positive scalar curvature. On the other hand,

mo(BI') = 0 so that & is null homotopic. This implies z = 0, which is a contra-
diction. [
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1.1. Some technical lemmas

In this section we prove a few technical results, which will be useful in the main
part.

1.1.1 Lemma (Technical lemma). If one chooses for each € > 0 real numbers
0 < R < S with Re — 00 ase — 0 as well as S — R = C = const., then
there exist functions ®. € Cg5(R) satisfying the following:

(i) 0< . < 1.

(11) ®. vanishes outside of [—Se, S:| and is constantly equal to 1 on [—R., R.].

(i7i) There exists a uniform bound for the first and second derivative of ®.,
i.e. ||PLloo < D and ||®?||s < D with a constant D > 0 which does not
depend on €.

Proof. Let € > 0. Choose g. € Cg(R) with support in the set {x € R; R. <
|z| < 8.} such that he(x) := [ g-(t)dt is equal to hey + he 2, where hey is
an everywhere non-negative bump function with support [—S., —R.] and total
mass [ hei(z)dx = 1 and he g is the negative of the reflection of h. 1. Set
®.(x) := [T _ he(t)dt. Then (i) and (ii) obviously hold. Furthermore, we can
assume that all functions g. are translates of each other, and hence the same
applies to all functions h.. This implies (iii). |

Let W be the set of all smooth L!-functions with compactly supported Fourier
transform.

1.1.2 Lemma. Let f € ngt(R) be an smooth function with compact support.
Then there exists for each § > 0 a function fs € W with the following properties
(where the suprema are taken over all xz € R):

(1) sup |f(z) — fs(x)| <9,
(i) sup |z (f(z) — fs(x))| <0,
(ii) sup [2* (f(z) — fs(x))| < 8, and
(1) || fslloo < 1| flloo-
Furthermore, supp(fs) € [—C(8), C(6)] where C(8) — oo for § — 0.
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Proof. Let § > 0. Consider the Fourier transform F := f € . of f. (In the
following we denote the Fourier transform of a function which is denoted by
a lower case letter by the corresponding upper case letter. This will simplify
notation when we consider derivatives of such transforms.) Let ¢ > 0 and
R., S: > 0 and ®. as well as C > 0 be as in the Technical Lemma 1.1.1.
Define an auxiliary function f. by its Fourier transform via F;(&) := ®.(§) F(§).
Notice supp(Fz) C supp(®.) C [—S:, Se]. Thus, with C(e) := S., one has
supp(f:) € [—C(e), C(e)] and C(e) — oo for € — 0. In the end we will define f5
as f. for an appropriate ¢ > 0, which will be such that we can prove (i) - (iii).
For this we make use of the following fact: Whenever u and v are (suitable)
functions with Fourier transforms U and V', one has

l2* (u(z) = v(2)) oo < NUW () = V)1 -

Choose m € N with m > 2.

Ad (i): Since F' is a Schwartz function there exists a constant D,, > 0 such that
|€™ F(&)| < Dy, for each € € R. Using this we can make the following estimate:

1F = el = I(1 = @) Flx

F d
< /WJ ()] de
d¢

<D —_—
" Jiesr. 1€I™

This implies (i) since R, — oo as € — 0.
Ad (ii): To begin with, one has:
F'(§) = FL(&) = (1 — ®:(8)) F'(§) + 2L(§) F () -

Furthermore, there exists D, > 0 with |¢" F(§)| < D,, and [£™ F'(§)| < Dy,
for each £ € R. Using this we can estimate as follows:

|[F" = Fl|ly < ||(1 = @) F'||1 + ||®L Fl1

< / F'(€)] dé + C ()] de
[€]>Re R-<|¢|<Se
de de
< D, — +CD,, —
B €l>R. 1§™ N /ngfssg €™

This, together with the fact that R, — oo as ¢ — 0, implies (ii).

Ad (iii): This can be proven by the same reasoning as in (ii): First of all, one
has:

FI(§) = F/(§) = (1 — @(§)) F"(§) + ®L(§) F(€) -

Using this, we can estimate as follows:
1F" = FIlly < [(1 = @) "l + |20 F|x

< / [F"(€)] dé + C F(€)] de
[€]>Re R:<[¢|<Se
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Since F' is a Schwartz function and R. — oo as € — oo this implies (iii).
Ad (iv): Let . € W be such that ®. = ¢.. By definition, f. = (27)7! (e * f).

Young’s inequality implies the following estimate:

[felloo = llwe * Flloo < llpelly [ flloo -

Since ||pe|l1 < ||P:||oo < 1, we can conclude (iv). [ |

1.1.3 Lemma. Let f € Cpt( ) be a non-negative, compactly supported, smooth
function. Then there exists for each € > 0 a function f. € C°(R) with the
following properties:

(i) f- >0 and the square-root g. of f. belongs to W,
(i) sup|f(z) — fe(z)] <e,

(ii) sup |z (f(z) — f-(x))] <€ and

(iv) supla® (f(z) — fo(2))| <e .

Furthermore, supp(f.) C [~C(e), C(e)] where C(g) — oo for e — 0.

Proof. Set F := \/f. Because this function is continuous and vanishes outside
of a compact set, there exists by [30, Thm. 2.3, 13.2, p. 357] and [30, Thm.
3.1, 13.3, p. 359] a smooth function G which is uniformly as close to F' as one
wants. By Lemma 1.1.2, G admits a decomposition G = G5+ Rs with G5 € W
such that

sup|z® Rs(z)| <6 , k=0,1,2

zeR
as well as ||Gsllec < ||G||. Furthermore, supp(Gs) C [—-C(d),C(d)] where
C(6) — oo for § — 0. One has

G? = G} +2GsRs + R3 .

Set f5:= Gg and r5 1= 2GsRs + Rg. Then (i) holds.
Ad (ii) - (iv): For each k =0, 1,2 one has

5 (f = fo)(@)] = o (VF = VI)@) (VF+ V) (@)
< |o* (F = G)@)| | F + Gilloo
< (le* (F = @)(@)| +[2* (G = Go)(@)]) IF + Gslloe
< (12" (F = &) @) + 1" RBs(@)]) (|Flloo + | Gallo)
This implies the claim. |
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1.2. More detailed estimates

For equation (2): Set g(t) := t? and h(t) := f(t)g(t) = t2f(t). With this one
obtains using the Cauchy-Schwarz inequality and Theorem 1.3.3 the following
estimates

For equation (3): Set g(t) := t?> and h(t) = g(t)fs(t). Then one obtains using
l1h|loo < 6 the estimate

(D2 fs(D)u, u)| = [{(g - f5)(D)u, u)|
= [{(h(D)u, )|
< [A(D)ul] [[ull
< lAlloo [lull?
< ul® .
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