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Abstract

The aim of this dissertation is to use relative higher index theory to study
questions of existence and classification of positive scalar curvature metrics
on manifolds with boundary. First we prove a theorem relating the higher
index of a manifold with boundary endowed with a Riemannian metric which
is collared at the boundary and has positive scalar curvature there, to the
relative higher index as defined by Chang, Weinberger and Yu. Next, we
define relative higher rho-invariants associated to positive scalar curvature
metrics on manifolds with boundary, which are collared at boundary. In
order to do this, we define variants of Roe and localisation algebras for spaces
with cylindrical ends and use this to obtain an analogue of the Higson-Roe
analytic surgery sequence for manifolds with boundary. This is followed
by a comparison of our definition of the relative index with that of Chang,
Weinberger and Yu. The higher rho-invariants can be used to classify positive
scalar curvature metrics up to concordance and bordism. In order to show
the effectiveness of the machinery developed here, we use it to give a simple
proof of the aforementioned statement regarding the relationship of indices
defined in the presence of positive scalar curvature at the boundary and the
relative higher index. We also devote a few sections to address technical
issues regarding maximal Roe and structure algebras and a maximal version
of Paschke duality, whose solutions was lacking in the literature.
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Chapter 1

Introduction and Synopsis

The aim of this dissertation is to study and develop techniques which help
investigate the questions of existence and classification of positive scalar cur-
vature metrics on smooth manifolds. Concretely, given a smooth manifold
M, does it admit a metric with positive scalar curvature and what can be
said about the space of such metrics?

In the following we will mainly focus on manifolds with boundary. The
motivation for the above questions and why we are not interested, for ex-
ample, in metrics with negative scalar curvature is the following theorem of
Kazdan and Warner

Theorem 1.0.1. Let M be a closed manifold with dim M > 3. Let f be a
smooth function on M with f(xq) < 0 for some xy € M. Then there exists a
Riemannian metric g on M, with scal(g) = f.

There are three approaches one can use to determine whether a given
manifold “does not” admit a positive scalar curvature (psc) metric:

e The index theory approach
e The minimal hypersurface approach

e The Seiberg-Witten approach

As the title of the dissertation suggests, we are here interested in the index
theory approach. For a survey of all the above approaches see [32]. The index
theory approach relies heavily on the spin Dirac operator or its Clifford linear
version. Therefore, we will restrict our attention to spin manifolds. It is not
an exaggeration to claim that the index theory approach to positive scalar
curvature is based on the Schrodinger-Lichnerowicz formula

scal(g)

2 X
D,=V*'V+ 1



and its refinements, where ng denotes the spin Dirac operator, V*V denotes
the connection Laplacian on the spinor bundle and scal(g) denotes the scalar
curvature function of g. Denote by 4 the spinor bundle on M. If M is even-
dimensional, the spinor bundle comes with a Z,-grading $ = § "o 4. The
Dirac operator can then be seen as an unbounded self-adjoint operator on
L2($) = L*($") @ L3($). Here L? denotes the square-integrable sections
of a given bundle. The Dlrac operator is odd with respect to the grading
on L?($). Denote by lD the restriction of I) to L2($i). On a compact
manifold the kernel and cokernel of ) are finite dimensional. Denote by
ind ) the Fredholm index of ZD+ By abuse of language, we call ind I) the
index of Ip. If g has p051t1ve scalar curvature, the Schrodinger-Lichnerowicz
formula implies that ]D is a strictly positive operator and thus has a trivial
kernel. Noting that

ind ) = dim ker lPJr — dim coker lD+ = dim ker lD+ — dimker )™

we get that ind I) vanishes. Combining this with the observation that the
index of the Dirac operator does not depend on the metric, we get that the
nonvanishing of the index is an obstruction to the existence of a positive scalar
curvature metric. In order to use this to produce examples of manifolds which
do not admit a psc metric one has to be able to compute the index. However,
this computation is a special case of the Atiyah-Singer index theorem and
the index of the spin Dirac operator is computed to be the A-genus of the
manifold. There are many spin manifolds with nonvanishing A\—genus and
one obtains in this way examples of manifolds which do not admit any psc
metric. However, the observation that the index is given by the A-genus
also shows the limitations of the index as an obstruction to the existence
of psc metrics, as the A-genus vanishes for all manifolds whose dimension
is not divisible by 4. The index also fails to provide any information on
manifolds with a trivialisable tangent bundle such as tori. Therefore it is
natural to look for possible refinements of the classical notion of index. A
successful refinement has come about by bringing in the fundamental group
of the manifold. We first discuss this refinement in the case the fundamental
group is finite. Consider the Dirac operator ng on the universal cover M

of a compact spin manifold M where g is a metric on M which is invariant
under the action of 7 (M) by deck transformations. In this case kerl}

and ker lﬁ will be finite dimensional 71 (M )- representatlons or equ1valently
finitely generated projective Cmy (M )-modules and [ker lD |- [ker lD | defines

aclass in Ko(Cmy(M)). The point here is that even though ker lD and ker lﬂ
may have the same dimension and be isomorphic as vector spaces and thus



represent the same class in Ky(C), they need not be isomorphic as m (M)-
representations and their difference might thus be a nontrivial element of
Ko(Crmy(M)). More generally (m (M) not necessarily finite), the spin Dirac
operator gives rise to a so-called fundamental class in the K-homology groups
K, (M) of the manifold and the higher index of the Dirac operator is defined
to be the image of the fundamental class under the equivariant assembly map

pm M K (M) — K, (CF(m (M),

where C¥(m1(M)) denotes the reduced group C*-algebra of 7 (M). Here one
can replace the reduced group C*-algebra by other completions of the group
ring to obtain variants of the index map. We will discuss this later in more
detail as it turns out to be useful for our purposes. Before giving a quick
description of the index map, we will quickly discuss the relationship with
the numerical index. On C(m(M)) one can define a trace by extending the
functional

(C’ﬂ'l(M) — C

Z Uy = 7Y > Qe

’YGWl(M)

by continuity. This induces a map Ko(C}(m(M))) — C, which maps the
higher index to the numerical index of the Dirac operator. This is a conse-
quence of the Atiyah L?-index theorem (see e.g. [33]).

Now we quickly describe the definition of the equivariant index map.
There are many equivalent approaches to the definition of the index map.
We will use the coarse geometric approach (see Roe for comparison of the
latter approach with the original definition of Kasparov). One of the main
applications of coarse geometry in index theory was the possibility of defin-
ing indices of Dirac operators on noncompact manifolds. On noncompact
manifolds the Dirac operator is not in general Fredholm and it is thus not
always possible to define the numerical index. Another way to see this is that
the (bounded transform of) the Dirac operator is not invertible modulo com-
pact operators. Two ways to deal with this problem are to either set some
conditions on the scalar curvature at infinity to force the Dirac operator to
be Fredholm or to consider a suitable enlargement of the algebra of compact
operators modulo which the (bounded transform of the) Dirac operator is
always invertible. In the latter case, a standard construction in K-theory
then provides an “index” in the K-theory of the aforementioned algebra.
One fruitful choice is to consider the Roe algebra. Let X be a not necessarily
compact, even-dimensional spin manifold, endowed with a free and proper
action of a discrete group I' by spin structure preserving isometries. We will



later define the Roe algebra for general locally compact metric spaces. One
then also gets a unitary representation of I' on L2($+).

Definition 1.0.2. The equivariant Roe algebra of X is defined as the clo-
sure of the x-algebra of finite propagation and locally compact operators
on L2($+), which are further fixed by the I'-action. It will be denoted by
CH(X)T.

Roughly speaking, an operator is called a finite propagation operator if it
does not move the support of sections too much. An operator is called locally
compact, if after cutting it down to compact regions one obtains compact
operators. If the I'-action on X is cocompact one has the following

Proposition 1.0.3. Suppose the action of I' on X is cocompact. Then
C*(X)Y is Morita equivalent to C*(T'). In particular K.(C*(X)') & K.(C*(T)).

Setting X to be the universal cover of a compact spin manifold, we thus
obtain the right hand side of the index map using the language of coarse
geometry. Now we discuss how to find a model for K-homology using Roe
algebras.

Definition 1.0.4. The equivariant localisation algebra of X is defined to be
the completion with respect to the supremum norm of the x-algebra of uni-
formly continuous functions f : [1,00) — C*(X)' for which the propagation
of f(t) vanishes as t tends to infinity.

We will later give a more precise definition of the notion of propagation of
an operator. The important point here is that the K-theory of the localisation
algebra provides a model for K-homology.

Proposition 1.0.5. There is an isomorphism K,.(X)' = K, (C3(X)"), where
K.(X)!' denotes the equivariant K-homology group of X .

Now for spaces of our interest the equivariant K-homology of the space is

isomorphic to the nonequivariant K-homology of the quotient by the group

action. In particular, we have an isomorphism K, (M) = K*(C’E(ZTJ/))M(M).

Definition 1.0.6. The equivariant index map p™ ™) is defined as the com-
position

K.(M) = K,(C;(M)™ ) 205 f¢ (C(M)™OD) 2 K, (CF (my (M),

Recall that the higher index of the Dirac operator was defined as the
image of the fundamental class of the Dirac operator under the index map.
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The above definitions of the index map and the higher index allow us to give
a natural and useful proof of the fact that the nonvanishing of the higher
index is an obstruction to the existence of a positive scalar curvature metric
on M. The short exact sequence

0 — Cf o(M)™OD 5 ¢ (MmO 20, ox(M)mM)
where C’zvo(ﬂ)’”(m denotes the kernel of evy : C(M)™M) — C*(M)m™ ()
gives rise to a long exact sequence of K-theory groups

my (M)

o= K (Cp o (M)™OD) 5 K (M) 2 K (CF (i (M) = ...

The positivity of the scalar curvature implies the existence of a gap around
0 in the spectrum of the Dirac operator on M, which can be used to define
a canonical lift p™@)(g) of the fundamental class in K, (Cj o(M)™ ™)) The
existence of such a lift and the exactness of the latter sequence imply the
vanishing of the index. The usefulness of this proof lies in the fact that
the “reason” p™(M)(g) for the vanishing of the index can be used to classify
positive scalar curvature metrics (up to concordance, bordism, etc. ).

In order to use the higher index to detect whether a given closed manifold
does not admit a metric of positive scalar curvature, one needs to be able
to compute it or at least to figure out whether the higher index vanishes.
In [10], the authors introduced the notion of enlargeability and used it to
answer the question whether Tori admit metrics of positive scalar curvature
in the negative. Hanke and Schick showed in |13], that enlargeability implies
the nonvanishing of the (maximal) higher index; i.e. the (maximal) higher
index detects enlargeability. The maximal higher index is given as the image
of the fundamental class under the maximal equivariant index map

fie ) K (M) = K(Ch(m (M),

ax max

where C7_ m (M) denotes the maximal group C*-algebra. Using the lan-
guage of coarse geometry, the maximal equivariant index map can be defined
analogously to the usual index map by replacing the Roe algebra by the
maximal Roe algebra; i.e. the completion of the x-algebra of locally com-
pact, equivariant and finite propagation operators in the universal C*-norm.
The maximal higher index is a finer invariant than the "reduced” higher in-
dex. One can obtain the reduced higher index as the image of the maximal
higher index under the map
K (Chax(m(M))) = K.(CF(m(M)))

max



M (M) = Ci(m (M)).
Because of the better functoriality properties of the maximal group C*-
algebra, it is sometimes advantageous to use the maximal higher index. In the
first part of Chapter 2, we will discuss this and also the subtleties appearing
in the noncompact setting when one deals with the maximal index.

Now we turn to manifolds with boundary and pose the following ques-
tions: does a given manifold with boundary admit a psc metric which is
collared at the boundary and what can we say about the space of such met-
rics? Again, we will only discuss the index theoretic approach to these ques-
tions. Since the Dirac operator on a spin manifold with nonempty boundary
is not essentially self-adjoint one usually starts with attaching an infinite
half-cylinder at the boundary and extending the metric on the manifold thus
obtained by using the product metric on the half-cylinder and the standard
metric on R,. The question of existence and classification of psc metrics on
a manifold with boundary which are collared at the boundary then becomes
equivalent to the question of existence and classification of psc metrics on the
manifold obtained by attaching a half-cylinder at the boundary, which have
product structure on the cylindrical end. The new issue one has to deal with
is however that due to the noncompactness of the manifold with cylindrical
end, the Dirac operator is not Fredholm without further assumptions and
the numerical index is not always defined. As pointed out above, one can
always define in this case an index in the K-theory of the Roe algebra of
the manifold with cylindrical end. However, if the original manifolds with
boundary is assumed to be compact, then the K-theory of the Roe algebra
of the manifold with cylindrical end vanishes and the so called ”coarse in-
dex” does not give any information. If the metric is assumed to have positive
scalar curvature on the boundary, the metric on the manifold with cylindrical
end will then have positive scalar curvature outside a compact set. In |10],
Gromov and Lawson showed that in this case the Dirac operator is Fredholm.
The numerical index however will depend on the metric at the boundary. If
the metric has psc everywhere, the numerical index vanishes. Using the same
condition on the metric at the boundary one can use, for example, the coarse
geometric machinery to define an ”absolute” index in K, (C(m(M))). This
higher index will again depend on the metric at the boundary and will vanish
if the metric has psc everywhere. All of this leaves open the question whether
one can define a higher index for the Dirac operator on a compact manifold
with boundary without any assumptions on the metric at the boundary.

Let M be a compact spin manifold with boundary N. In [2] Chang,
Weinberger and Yu define a relative index map

which is induced by the canonical projection C'

pr ODm M) (M, N) = K (CH(m (M), m(N))),
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where the left hand side is the relative K-homology and C*(m (M), m (N))
is a C*-algebra measuring the difference between C* (7w (M)) and C*(m(N))
and is called the relative group C*-algebra. Here one cannot always use the
reduced group C*-algebra and thus one has to work with other completions
of the involved group rings. For now we will not specify the chosen comple-
tion. The relative index map fits into a commutative diagram of long exact
sequences

5 K (N) ————— K. (M) y K, (M,N) —

luﬁ(]\’) lMﬁ(M) lﬂﬂl(M)ﬂTl(N)

= K(C*(m(N))) —— K. (C*(mi(M))) —2— K.(C*(m(M),m(N))) — .

The relative higher index is then defined as the image of the relative fun-
damental class under the relative index map. With an eye to the above
discussion for closed manifolds, the first order of business is to establish the
vanishing of the relative higher index in the presence of a psc metric which
is collared at the boundary. Now a metric ¢ which has psc at the bound-
ary can be extended to a metric on the manifold obtained by attaching a
half-cylinder which has positive scalar curvature outside a compact set and
as mentioned above one can define an index in K,(C*(mw(M))) which we
will here denote by ind;”(M )(M) where the subscript g is there to remind us
that the index depends on the metric at the boundary. The main result of
Chapter 2 is that ind;”(M)(M) is mapped to p tMmMN)([Dy, v]) under the
map j : K, (C*(m(M))) = K.(C*(m (M), m1(N))). Here [Dys x| denotes the
relative fundamental class of the Dirac operator on M. This at once implies
that the relative index vanishes if g has positive scalar curvature everywhere.
In [4], Deeley and Goffeng obtain a similar result using the language of ge-
ometric K-homology. Even though the latter result proves the vanishing
theorem and relates previously defined indices to the more recently defined
relative higher index it still leaves open the question of classification of psc
metrics on manifolds with boundary. Recall from above that one approach
of tackling these questions in the closed case is to define secondary invariants
(e.g. the higher rho-invariant). Now, the relative index map fits in a long
exact sequence

= K(SCy, ) = Ku(M,N) = K. (C*(my (M), 7 (N))) ...,

where the C*-algebra SC, , will be defined in the following chapters. Anal-
ogous to the closed case we would like to use the positivity of the scalar
curvature to lift the relative fundamental class to K,(SCy, ,) in a way that

11



the lift has the invariance properties which make it useful for the classifica-
tion of psc metrics up to concordance, bordism . ... Furthermore such a lift
would give a very natural proof of the vanishing theorem. One of the ob-
jectives of Chapter 3 is the definition of the "relative higher rho-invariant”.
We develop machinery which we think is the right one to use for the coarse
geometric approach to index theory on manifolds with boundary and which
allows one to adapt the proofs of well-known theorems for closed manifolds
to prove their counterparts for manifolds with boundary. More precisely, we
define variants of Roe algebras for spaces with cylindrical ends and discuss
the existence and classification of psc metrics on such manifolds. We then
discuss how the results can be used in the study of psc metrics on manifolds
with boundary and relate our approach to the one of Chang, Weinberger and
Yu. Using our machinery, we can easily define higher rho-invariants for psc
metrics on manifolds with cylindrical ends. We produce the desired lift of the
relative fundamental class in K, (SCy, ,) by pushing the higher rho-invariant
for the manifold with cylindrical end to K,(SCy, ,) using a canonical homo-
morphism of K-theory groups. In order to demonstrate the efficiency of the
machinery developed in Chapter 3 we also give a simple proof of the main
theorem in Chapter 2.

We further note that Chapter 2 is made public in preprint form on the
arXiv (arXiv:1811.08142v1) as joint work with Thomas Schick and has been
submitted for publication. Chapter 3 is thematically connected to Chapter
2 and I plan to submit it for publication soon.

12



Chapter 2

On an index Theorem of
Chang, Weinberger and YuH

2.1 Introduction

In [2] Chang, Weinberger and Yu define a relative index of the Dirac op-
erator on a compact spin manifold M with boundary N as an element of
K, (C*(m (M), m(N))), where this relative K-theory group measures the dif-
ference between the two fundamental groups. The main geometric theorem
of [2] then says that the existence of a positive scalar curvature metric on M
which is collared at the boundary implies the vanishing of this index. The
argument for this vanishing theorem is rather complicated and indeed con-
tains a gap. We address this gap in this paper. After the first version of the
present article was made public, [11] was posted, which also attempts to fix
this gap.

More explicitly, the K-theory groups of the absolute and relative group
C*-algebras of the manifold and its boundary fit in a long exact sequence

— K, (C*(m1(N))) = K, (C*(m(M))) L K, (C*(m (M), m(N))) — . .(. :

2.1)
The relative index pu([M, N]) is defined as the image of a relative fundamen-
tal class [M, N| € Kqimnm (M, N) under a relative index map p: K,(M,N) —
K, (C*(m (M), m(N))). Here, K,(M,N) is the relative K-homology and
[M, N] is constructed with the help of the Dirac operator on M. Indeed,
in this paper we mainly deal with a small variant of the construction of [2]
by choosing a slightly different C*-completion. We discuss this in more detail
below, throughout the introduction, we work with this modification.

!This paper is joint work with Thomas Schick. It can be found on arXiv (see [34]).
Furthermore, it has been submitted to a journal and is under review.
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Our main goal is to better understand the vanishing theorem of Chang,
Weinberger and Yu, and to prove a strengthening of it, at the same time
giving a new and more conceptual proof.

For our approach, recall that one has a perfectly well defined K-theoretic
index of the Dirac operator on a Riemannian manifold with boundary pro-
vided the boundary operator is invertible, for example if the metric is collared
and of positive scalar curvature near the boundary (see e.g. [24]). This index
takes values in K, (C*(m(M))) and explicitly depends on the boundary op-
erator (i.e. on the positive scalar curvature metric g of the boundary). In the
latter case we denote it by Ind™™)(g) € K,(C*(m(M))). Our main result
states that a slight variant of the relative index of Chang-Weinberger-Yu is
the image of the absolute index defined with invertible boundary operator
under the natural homomorphism j of (whenever this absolute index is
defined):

Theorem 2.1.1.
F(Id™ ) (g)) = p([M, NJ).

The absolute index Ind™ ) (¢) vanishes whenever we have positive scalar
curvature on all of M, implying immediately the corresponding vanishing
result for the relative index of Chang, Weinberger, and Yu.

Relative index theory has recently been the subject of considerable activ-
ity. In [4], Deeley and Goffeng define a relative index map using geometric
K-homology instead of coarse geometry and prove index and vanishing re-
sults similar to the main result of our paper. However, this relies and uses
the full package of higher Atiyah-Patodi-Singer index theory (like [21]), which
we consider technically very demanding and somewhat alien to the spirit of
large scale index theory. Indeed, in [4] it is not even proved in general that
the constructions coincide with the ones of [2]. Yet another approach to rel-
ative index theory and the results of [2] is given by Kubota in [19]. There,
the new concepts of relative Mishchenko bundles and Mishchenko-Fomenko
index theory are introduced, and heavy use is made of the machinery of KK-
theory. In [19], a careful identification of the different approaches is carried
out.

The main point of our paper is its very direct and rather easy approach
to the index theorems as described above. We work entirely in the realm of
large scale index theory, and just rely on the basic properties of the Dirac
operator (locality, finite propagation of the wave operator, ellipticity). We
avoid APS boundary conditions and we avoid deep KK-techniques. Such
a direct approach is relevant also because it is more likely to allow for the
construction of secondary invariants, to be used for classification rather than
obstruction purposes.

14



In [2], fundamental use is made of the mazimal Roe and localisation
algebras to obtain the required functoriality needed e.g. in the sequence (2.1)).
The identification of its K-theory with K-homology of the space is needed for
the mazimal localisation algebra and reference is given to [27] for the proof.
However, that reference only deals with the reduced setting. Working out
the details to extend the known results to the maximal setting turned out to
be rather non-trivial. The first part of the present paper is devoted to the
careful development of foundational issues of maximal Roe and localisation
algebras. For us, this complete and careful discussion of the properties of
maximal completions in the context of coarse index theory is the second
main contribution of this paper. Our results on this are used e.g. in [4].

The maximal Roe algebra is defined in a rather ad hoc and ungeometric
way: one comes up with the (somewhat arbitrary) algebraic Roe algebra, a
x-subalgebra of bounded operators on a Hilbert space which is not closed,
and then passes to the maximal C*-closure. This is hard to control and to
compute (there are very few cases of actual computation), and geometric
arguments are very delicate. It required the whole additional unpublished
preprint |[11], which appeared after the first version of this paper was posted,
to prove the claim of |2 that the Schrodinger-Lichnerowicz vanishing theorem
applies also to in the maximal Roe algebra. This claim was unjustified in [2],
as the authors of |11] also observe.

Our approach is going in a different direction. We propose to use instead
of the ad hoc maximal completion a much more geometric completion Cy,
which we introduce in Section Problems with the standard (reduced)
Roe algebra arise in the equivariant setting of the group I' acting on the
space X due to lack of functoriality. Our completion takes all normal quo-
tients I'/N acting on X/N into account. This restores full functoriality, but
is completely geometric. The Schrodinger-Lichnerowicz formula and other
geometric arguments apply effortless.

The precise formulation of Theorem and of requires to specify
which completion is used. In our approach, this becomes C7 (w1 (M), 71 (N)),
involving the completions of the group algebras in the direct sum of the
regular representation of all its quotients. Formally, the relative index in
this K-theory group is weaker than the relative index obtained by using
the maximal completion. However, not a single case is known where extra
information on obstructions and classification has been obtained from the
difference of the K-theory of the maximal and the reduced group C*-algebras,
and the Novikov conjecture suggests that this should not be possible. In any
event, it seems extremely hard to exploit such a difference for geometric
means. So we believe that our approach and our completion is a very good
choice: full functoriality, no extra effort for geometric arguments, in practice
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no loss of information.

Remark 2.1.2. Our approach works for arbitrary, also non-cocompact situ-
ations. In the cocompact case, there is another way for geometric construc-
tions: one works with the compact space, and with the infinite dimensional
Mishchenko bundle. Here, one has the choice to use arbitrary group algebra
completions, including the maximal one, which is used in [4] and [19].

Remark 2.1.3. We present details of the construction and manipulation of
the relative index and the vanishing theorem only in the case that the di-
mension of the manifold is even. We chose to do this because this is the most
classical setup, and the constructions are particularly explicit and direct.
This also means that we remain close to the original treatment of [2].

We discuss in Remark how one can reduce the general case to the
even dimensional situation. We also discuss there how one could use the
techniques of Zeidler [41] combined with our setup to uniformly treat all
dimensions and even the case of real C*-algebras.

In parts of the present paper we give missing arguments for some of the
results of the master thesis of Seyedhosseini [35].

2.1.1 Structure of the paper

In Section we present our foundational results on mazimal Roe algebras.
In Section [2.3] we introduce our geometric functorial completed Roe algebra
and establish its main properties. Section recalls the construction of
the relative index, following [2]. We try to motivate the construction, give
additional details and fix small glitches in [2]. Section [2.5| gives the proof of
Theorem R.1.11

Acknowledgement. We would like to thank Ralf Meyer for useful discus-
sions and the referee for comments helping to improve the presentation.

2.2 The Maximal Roe Algebra

In the following, we will only consider separable and proper metric spaces
with bounded geometry. We recall that a locally compact metric X space
has bounded geometry if one can find a discrete subset Y of X such that:

e There exists ¢ > 0 such that every x € X has distance less than ¢ to
some y € Y.

e For all 7 > 0 there is N, such that Vo € X we have |Y N B,.(z)| < N,.
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A covering of a compact Riemannian manifold with the lifted metric
obviously has bounded geometry.

2.2.1 Roe Algebras

Let X be a separable and proper metric space endowed with a free and proper
action of a discrete group I' by isometries. In this section, we will recall the
definition of the Roe algebra associated to X. Let p: Cy(X) — L(H) be
an ample representation of Cy(X) on some separable Hilbert space H. A
representation of Cy(X) is called ample if no non-zero element of Cy(X) acts
as a compact operator on H. The representation p is called covariant for
a unitary representation 7: I' — U(H) of I' if p(f,) = Adr p(f) Vy € T.
Here f. denotes the function z — f(y~'z).

From now on we will assume that p is an ample and covariant representa-
tion of Cy(X) as above. By an abuse of notation we will denote p(f) simply
by f. We will later use representations of Cy(X') which are an infinite direct
sum of copies of an ample representation. Such representations are called
very ample.

Definition 2.2.1. An operator T' € L(H) is called a finite propagation
operator if there exists an r > 0 such that fTg = 0 for all those f, g € Cy(X)
with the property d(supp(f),supp(g)) > r. The smallest such r is called the
propagation of 7" and is denoted by prop 7. An operator T' € L(H) is called
locally compact if T'f and f7T are compact for all f € Cy(X).

Definition 2.2.2. Denote by R,(X)" the x-algebra of finite propagation,
locally compact operators in L(H) which are furthermore invariant under
the action of the group I'. We will call R,(X)" the algebraic Roe algebra
of X. The maximal Roe algebra associated to the space X is the maximal
C*-completion of R,(X)", i.e. the completion of R,(X)" with respect to the
supremum of all C*-norms. This supremum is finite for spaces of bounded
geometry by Proposition . It will be denoted by C* _ (X)'. The re-

p,max
duced Roe algebra is the completion of the latter x-algebra using the norm

in L(H). We denote this algebra by C% (X)".

Proposition 2.2.3. Suppose X has bounded geometry. For every R > 0
there is a constant C'r such that for every T € R,(X)' with propagation less
than R and every x-representation 7: R(X)'' — L(H') we have

(D) Leary < Crl|T|

C;,red(X)F !

In particular, ||T|

O ()T S Cgr||T)| C% (X and the bounded geometry

assumption on X implies that the mazimal Roe algebra is well-defined.
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Proof. This follows from [9, Lemma 3.4] and |7, Theorem 2.7]. O

Note that Proposition implies that restricted to the subset of oper-
ators of propagation bounded by R, the reduced and the maximal norms are
equivalent.

Proposition 2.2.4. The K-theory groups of the reduced and mazximal Roe
algebra are independent of the chosen ample and covariant representation up
to a canonical isomorphism.

Proof. In the reduced case, this is the content of |16, Corollary 6.3.13]. For
the maximal case we just note that conjugation by the isometries of the kind
handled in [16], Section 6.3] gives rise to *-homomorphisms of the algebraic
Roe algebra and thus extend to morphisms of the maximal Roe algebras. Up
to stabilisation, any two such morphisms can be obtained from each other by
conjugation by a unitary making the induced map in K-theory canonical. []

Remark 2.2.5. As a consequence of Proposition we will drop p in our
notation for the Roe algebras. Later we will introduce a new completion of
R(X)", which sits between the reduced and maximal completions and denote
it by C¥(X)". Moreover, if T is the trivial group, we will denote the Roe
algebra by C(X), where d stands for the chosen completion.

Proposition 2.2.6. The K-theory of the mazximal Roe algebra is functorial
for coarse maps between locally compact metric spaces.

Proof. The proof is similar to that of Proposition and makes use of it.
In the reduced case, this is proved by constructing an appropriate isome-
try between the representation spaces. Conjugation with the latter isometry
gives rise to a x-homomorphisms of the algebraic Roe algebra and thus ex-
tends to a morphism of the reduced and maximal Roe algebra. The latter
then gives rise to homomorphisms of the K-theory groups of the Roe alge-
bra. As in the proof of Proposition [2.2.4] the induced map in K-theory is
canonical which also implies functoriality. See [16, Section 6.3] for a more
detailed discussion. O

In the case where I' acts cocompactly on X, we have the following theo-
rem.

Theorem 2.2.7. Suppose that I acts cocompactly on X. Then K.(C, (X))
K. (Cx..(1)).

max
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Proof. See |9, Section 3.12 & 3.14] for the isomorphism C*__(|T)' = C* (T)®
K(H), where C, (IT|)" is the equivariant Roe algebra of I' seen as a met-
ric space using some word metric. The action of I' on itself is given by left
multiplication. Since the action of I' on X is cocompact, the I'-space X is
coarsely equivalent to I'. This implies that K,(C%, (X)) = K. (Cz, (T)D).

The claim then follows from the stability of K-theory. O]

For a I'-invariant closed subset Y of X, we would like to define its Roe
algebra relative to X as a closure of a space of operators in C*__ (X)), which

max

are suitably supported near Y. The next two definitions make this precise.

Definition 2.2.8. For an operator 7' € L(H) we define the support supp T’
of T as the complement of the union of all open sets U; x Uy C X x X
with the property that fTg = 0 for all f and g with suppf C U; and
suppg C Us. T is said to be supported near Y C X if there exists r > 0 such
that suppT C B,.(Y) x B,.(Y). Here and afterwards B,(Y") denotes the open
r-neighbourhood of Y.

Definition 2.2.9. For a I'-invariant closed subset Y of X as above, denote
by R(Y C X)' the x-algebra of operators in R(X )" which are supported near
Y. The relative Roe algebra of Y in X is defined as the closure of R(Y C X)F
in C%, (X)' and is an ideal inside the latter C*-algebra. It is denoted by

Cr. (Y c X)L

Since Y is a locally compact metric space with an action of I, it has its
own (absolute) equivariant Roe algebra C__(Y)I'. Theorem [2.2.11|identifies

max
the K-theory of the relative and absolute equivariant Roe algebras in the
case, where the action of I' on the subset is cocompact. However, for its

proof we need further conditions on the group action.

Definition 2.2.10. Let I' act freely and properly by isometries on X. T’
is said to act conveniently if there exists a fundamental domain F' for the
action of I' satisfying:

e For each R > 0, there exist 7y, ..., € I such that Br(F) C UM 7; -
F

e Foreach~y € I"and R > 0 there exists S(R,~) > 0such that v~ Bg(x)N
F C BS(R,y)(x)-

Theorem 2.2.11. Let Y and X be as above and suppose that I' acts con-
veniently on X and cocompactly on Y. The inclusion Y — X induces an
isomorphism K,(C*, (Y)') 2 K. (C: (Y C X)D).

max max
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Remark 2.2.12. A representation p: Cy(X) — L(Hx) gives rise to a spec-
tral measure which can be used to extend p to the C*-algebra B, (X) of
bounded Borel functions on X (see [22, Theorem 2.5.5]). Given Z C X,
we get a representation Cy(Z) — L(xzHx). This is what is meant in the
following Lemma by “compressing the representation space of Cy(X)
in order to obtain a representation of Cy(Z)”. Given Z as above we can
choose p such that it and its compression to Z are both ample; for exam-
ple, by choosing the ample representation of X to be given by multiplication
of functions with square summable sequences on some countable dense sub-
set of X whose intersection with Y is a dense subset of Y. We will need
Lemma for the proof of Theorem [2.2.11] Indeed, the novel difficulty
in Theorem [2.2.11] is to relate the x-representations used in the definition
of C*. (V) with the *representations used to define C*, (X)' —of which
Cr (Y € X)U by definition is an ideal. Note that, at the moment, we only
manage to do this if Y is cocompact and the I'-action is convenient. It is an
interesting challenge to generalise Theorem to arbitrary pairs (X,Y)
and arbitrary free and proper actions.

Lemma 2.2.13. Let I' act conveniently on X and Z C X be I'-invariant
and suppose that the action of T' on Z is cocompact. Construct R(Z)' by
compressing the representation space of Co(X), so that R(Z)' is naturally a
x-subalgebra of R(X)Y. Then an arbitrary non-degenerate *-representation of
R(Z)Y on a Hilbert space can be extended to a non-degenerate x-representation
of R(X)Y. In particular, the inclusion R(Z)" — R(X)! extends to an injec-
tion C*, (Z2)F — Cr,(X)T.

max max

Proof. Choose an ample representation p: Co(X) — L(Hx). By compress-
ing the Hilbert space Hx and restricting the representation, we obtain a very
ample representation of Cy(Z2), i.e. ploy(zy: Co(Z) — L(Hz), where Hy de-
notes the space xyzHx. Choose D; C Dx fundamental domains of Z and
X for the action of I'. Similarly to the proof of [16, Lemma 12.5.3] one has
R(Z)" = C[I'l ® K(Hyz), where H; = xp,H,. The latter isomorphism is
obtained using the isomorphisms Hz = @, p Hy = *(I') ® Hy. Denote by
Hy the Hilbert space XpyHx. The isomorphism constructed in the proof
can be extended to an injective map C[I'] ® L(Hx) — L(Hy). The conve-
nience of the action implies that its image contains the algebra F(X ) of finite
propagation I'-invariant operators on X. This injection makes the diagram

C[l ® K(Hy;) —— R(Z)"

I l

C[I® L(Hx) — L(Hx)
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commutative. We show that an arbitrary non-degenerate x-representation of
C[I'l ® K(Hz) on a Hilbert space Hy can be extended to a non-degenerate
s-representation of C[I'| ©® L(Hy). This implies the lemma since R(X)" c
F(X)'. Suppose that m: C[I] ® K(H;) — L(H,) is a non-degenerate -
representation of C[I'] ® K(Hz) on a Hilbert space Hy. The representa-
tion 7 extends to a representation of C* . (I') ® K(Hz) which we denote
by 7. Note that since the C*-algebra of compact operators is nuclear, the
C*-algebra tensor product above is unique. C* _(I') ® K(H,) is a C*-
subalgebra of C*  (I') ® K(Hx) and 7 can thus be extended to a non-
degenerate representation of C¥ (I') @ K (Hx) on a possibly bigger Hilbert
space H, which we denote by 7. From [22, Theorem 6.3.5], it follows that
there exist unique non-degenerate representations 7 and 7y of C . (I') and
K(Hy) on H respectively, such that 7(a®b) = 71 (a)7s(b) = 72(b)71(a) for all
(a,b) € Cy (') x K(]:IX) The representation 7, can be extended to a repre-
sentation 7ty of L(Hx) on H by [6, Lemma 2.10.3] and from the same lemma
it follows that 75(K(Hy)) is strongly dense in 75(L(Hy)). From the dou-
ble commutant theorem, it follows that the commutant of a C*-subalgebra of
L(H) is strongly closed. This in turn implies that 7 ()72 (b) = 72(b)71(a) for
(a,b) € C* . (T') x L(Hx). Now restrict 7, to C[I']. From [22, Remark 6.3.2],
it follows that there is a unique %-representation 7: C[I] ® L(Hx) — L(H)
with the property 7(a ® b) = 71(a)7(b). It is clear that 7 is an extension of

. O

Proof of Theorem . The proof is analogous to that of [17, Lemma 5.1].

As in Lemma 2.2.13 construct the algebras C*(B,(Y))' by compressing the
representation space of Cy(X). The inclusions R(B,.(Y))' — R(Bgr(Y))"
for < R induce maps C, (B,(Y)' — Cz_  (Br(Y))'. We will show

that lim Cro(B.(Y)NE = Oz, (Y € X)''. Let A be a C*-algebra and let

¢r: C% (B.(Y))' — A be C*-algebra morphisms such that all the diagrams
of the form

O;;lax —> Crtlax R (Y> )F

l/

with r < R commute. The above compatibility condition implies the exis-
tence of a unique morphism of x-algebras ¢ : R(Y C X)"' — A, such that all
the diagrams

V) —— R(Y € X)F
l/
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are commutative. Lemma [2.2.13| then implies that the map ¢ is contin-
wous if R(Y € X)' is endowed with the norm of C*(X)'. To see this
note that Lemma [2.2.13 implies that for a € R(B,(Y)), llallo. @amr =

lalley,.cor- Hence, [[¢(a)l| = ll¢r(a)ll < llalle.  @amr = llalleg,.cor
Thus, ¢ can be extended uniquely to a morphism C*(Y C X)) — A of C*-
algebras. The universal property of the direct limit of C*-algebras, implies
that lim C3, (B, (Y))" = Ch.x(Y € X)'. The claim of the theorem then

follows from the continuity of K-theory and the coarse equivalence of B,.(Y)

and Bg(Y) for arbitrary r, R € N (recall that the K-theory groups of the
Roe algebras of coarsely equivalent spaces are isomorphic). O

2.2.2 The Structure Algebra and Paschke Duality

Let X be as in the previous section. A representation p: Co(X) — L(H)
of Cy(X) is called very ample if it is an infinite sum of copies of an ample
representation. Construct R(X)" and C*(X)! using some very ample repre-
sentation. In this section we will define a C*-algebra associated to X which
contains C*_ (X)' as an ideal and such that the K-theory of the quotient

provides a model for K-homology of X.

Definition 2.2.14. We recall that an operator 7' € L(H) is called pseu-
dolocal if it commutes with the image of p up to compact operators; i.e.,
[f,T] € K(H) for all f € Cy(X).

Definition 2.2.15. Denote by S,(X)" the %-algebra of finite propagation,
pseudolocal operators in L(H) which are furthermore invariant under the
action of the group I'. The maximal structure algebra associated to the
space X is the maximal C*-completion of S,(X)". It will be denoted by
Dz (X)I. The reduced structure algebra is the completion of the latter

p,max

*-algebra using the norm in L(H). We denote this algebra by D5 4(X)".

Remark 2.2.16. From now on, we will drop p from our notation. Later we
will introduce a new completion of S(X ), which sits between the reduced
and maximal completions and denote it by D} (X )Y, If the action of T is
trivial, we denote the structure algebra by D}(X), where d stands for the
chosen completion.

In comparison to the well known D7 (X)", the definition and proper-
ties of the maximal structure algebra D7 _(X)' are trickier than one might

think in the first place. First of all, one has to establish its existence; i.e. an

upper bound on the C*-norms. Secondly, we want that C*_ (X)' is an
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ideal in D7, (X)' and for this one has to control the a priori different C*-
representations which are used in the definitions. Only then does it make
sense to form D (X)/Ck .. (X). Paschke duality states that its K-theory is
canonically isomorphic to the locally finite K-homology of X. All of this will
be done in the remainder of this section. We now introduce the so-called dual

algebras, which are larger counterparts of the Roe and structure algebra.

Definition 2.2.17. Denote by €*(X)! the C*-algebra of I'-invariant locally
compact operators in L(H). Denote by ©*(X ) the C*-algebra of I-invariant
pseudolocal operators in L(H).

It is clear that €*(X) is an ideal of ®*(X)''. We have the following

Theorem 2.2.18. There is an isomorphism K*H(%) ~ KY(X), where

the right-hand side is the locally finite K-homology of X, given as the Kas-
parov group KK,(Cy(X),C).

Proof. This is proven in 36, Proposition 3.4.11]. H
Lemma 2.2.19. The map % — ?*(())(()) induced by the inclusion S(X) —
D*(X) is an isomorphism. In particular, % 1s a C*-algebra. The corre-

sponding statement holds for the I'-equivariant versions.

Proof. In [16, Lemma 12.3.2], the isomorphism gdg)) =t 2(())(()) is proven.
red
The truncation argument used in the proof shows that ©*(X) = S(X) +

S(X) 27 (X)

€*(X), which implies the surjectivity of the map Bx) 7 ok - mjectivity is

clear. An analogous argument using a suitable invariant open covering and
ST~ DHXT O
RXOT T e

partition of unity gives the isomorphism

Proposition 2.2.20. For a € S(X)' there exists C, > 0 such that, for an
arbitrary non-degenerate representation ™ of S(X)' we have ||7(a)|| < C,.

We need a few lemmas before proving Proposition [2.2.20f This propo-
sition shows that the maximal structure algebra is well-defined. Since the
structure algebra depends on both the coarse and topological structure of
the space, the coarse geometric property of having bounded geometry alone
does not guarantee the existence of the maximal structure algebra. This is

where the properness of the metric is needed. More precisely, this is used in
Lemma [2.2.19] which is itself used in the proof of Proposition [2.2.20]

Lemma 2.2.21. There exists a C*-algebra A C R(X)" which contains an
approzimate identity for C%, (X)I.
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Proof. Let D be a fundamental domain for the action of I' on X. Choose
a discrete subset Yp of D as provided by the bounded geometry condition.
Denote the set obtained by transporting Y, by the action of I' by Y. Y is
then clearly I-invariant. By |7, Proposition 2.7], extended straightforwardly
to the equivariant case, it suffices to show that there exists a C*-algebra
B C R(Y)! which contains an approximate identity for C*__(Y)I'. Here, as
the representation space we choose I2(Y)®(?(N), where the action of Cy(Y) is
given by multiplication. By [7, Proposition 2.19], I*°(Y; Co(N))' C R(Y)' is
a C*-algebra which contains an approximate unit of R(Y") endowed with the
reduced norm and, by Proposition [2.2.3] of R(Y") endowed with the maximal
norm. The claim then follows from density of R(Y)" in C*(Y). O

Lemma 2.2.22. Let p be an arbitrary non-degenerate x-representation of
R(X)' on some Hilbert space H. It extends in a unique way to a x-representation
of S(X)T on H.

More generally, let M(X)' be the algebra of bounded multipliers of R(X)T,
i.e. all bounded operators on the defining Hilbert space which preserve R(X)F
by left and right multiplication. Note that M(X)' contains S(X)*. The
representation p extends in a unique way to a x-representation of M(X)F.

Proof. Let m: R(X)" — L(H) be a non-degenerate *-representation of R(X)T.
It extends to a non-degenerate representation of C7* . (X)'. Pick a C*-

subalgebra A of Cf,. (X)' which contains an approximate identity for C%, (X)"
and sits inside R(X)". The restriction of 7 to A is thus also non-degenerate.
It follows from the Cohen-Hewitt factorisation theorem (|14, Theorem 2.5])
that, for all w € H, there exist T € A and v € H with 7(T)v = w. Further-
more, 7(S)v = 0 for all S € R(X)! implies that v is in the orthogonal com-
plement of 7(R(X))H; hence, v = 0 by the nondegeneracy of m. It follows
from [8, Proposition 1V.3.18] that #(T)(7(S)v) = #n(TS)v for T € S(X)*
gives a well-defined algebraic representation 7: M(X)I' — IL(H). Here L(H)
denotes the vector space of linear maps on H. It is clear that 7 is an ex-
tension of 7. We show that 7 is actually a *-representation of M(X)'. The

equalities
(#(T)(x(S)v), w(S)) = (w(TS)v, w ()W) = (7 ((S™T")")v, 7(S)0')

= (v, 7(S*T*SW') = (x(S)v, 7(T*SW) = (x(S)v, #(T*)(x ("))

imply that the operator 7(T) is formally self-adjoint if 7" is self-adjoint.
Furthermore, since 7(7T) is defined everywhere on H, it follows from the
Hellinger-Toeplitz theorem that it is bounded. Since every element of a *-
algebra is a linear combination of self-adjoint elements, this implies that the
image of 7 is actually contained in L(H). The previous computation then
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shows that 7 respects the involution; thus, it is a *-representation. Unique-
ness of the extension follows from the fact that every extension 7 of 7 has to
satisfy #(T)(7(S)v) = n(T'S)v for T € M(X)" and S € R(X)", but this de-
termines 7 since all elements of H are of the form 7(S)v for some S € R(X )"
and v € H. O

Lemma 2.2.23. An arbitrary non-degenerate x-representation m of S(X)F
can be decomposed as m = m @y, where both m and its restriction to R(X)F
are non-degenerate representations on some Hilbert space H, and my is a
non-degenerate representation of S(X)' vanishing on R(X)'.

Proof. This follows from Lemma [2.2.22| and the discussion prior to |1, The-
orem 1.3.4]. O

Proof of Proposition[2.2.20. We denote by S the set of cyclic representations
of S(X)!' on some Hilbert space with the property that their restriction to
R(X)" is a non-degenerate representation of R(X)" on the same space. For
7 € S, denote by 7y its restriction to R(X)'. The bounded geometry condi-
tion on X (see Proposition implies that @__ ¢ g is a well-defined non-
degenerate representation of R(X)". Lemma implies that Il = @ o7
is a well-defined Hilbert space representation of S(X)'. For a € S(X)! set

C¢ = ||II(a)||. It is shown in Lemma [2.2.19| that ﬂi((LX))? is a C*-algebra. Set

CS = ||[a]|| sxr and C, = max{C{,CS}. Now let m be an arbitrary non-
ROT

degenerate representation of S(X)! with a decomposition 7 @y as provided

by Lemma [2.2.23] Obviously ||7(a)|| < max{||m(a)||,||m2(a)||}. The claim

now follows from the facts that 7y is a subrepresentation of II and m, factors
S(x)I

through W . OJ

Proposition 2.2.24. As with the Roe algebra, the K-theory groups of the
structure algebra are independent of the choice of the very ample represen-
tation. Furthermore, the assignment X — K,.(Dx, (X)) is functorial for
uniform (i.e. coarse and continuous) maps.

Proof. See the discussion in [16, Chapter 12.4] O
Lemma [2.2.22] immediately implies the following

Proposition 2.2.25. C*_ (X)' is an ideal of Dz, (X)'.

max max

Proposition 2.2.26. The inclusion S(X)' — Dz (X)' gives rise to an
ST Ay Diax (X"

max
RXOT ™ Chax(X)F”

max

isomorphism
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Proof. Since D#_ (X)! is the maximal C*-completion of S(X)I', the projec-
tion S(X)I' — H?(L)%? gives rise to a morphism of C*-algebras D (X)' —
Hig%i Continuity of this map and the fact that its kernel contains R(X)"

implies that it induces a morphism g"‘axgﬁ)); Hi(é))l; The composition
Dx . (X)T S(x) o

Fhadr = eor = g: 8?;; is the identity on the set of classes of gi‘nax((ﬁﬁ))i

which have a representative from S(X)I'. Since the latter set is dense, it
follows that the composition is injective. On the other hand, by construction

the composition Hi(é))i — g;“axg(()); — Hi(é); is the identity and the claim
follows. - O

Corollary 2.2.27. There is an isomorphism K*H(g:L"g))) ~ KY(X).

2.2.3 Yu’s Localisation Algebras and K-homology

Definition 2.2.28 (|27, Section 2]). Let A be a normed *-algebra. By TA
denote the normed x-algebra of functions f: [1,00) — A which are bounded
and uniformly continuous.

Clearly, if A is a C*-algebra, so is TA. Important examples for us will
be the algebras TD; . (X) and TC¥, (X) defined using some very ample

representation of Cy(X). Now we are in the position to define the localisation
algebra associated to a locally compact metric space X.

Definition 2.2.29 ([27, Section 2]). The C*-algebra generated by functions
fexCr,  (X)V with the properties

e prop f(t) < oo for all t € [1,00)
e prop f(t) = 0 ast — oo

is called the localisation algebra of X and is denoted by Cf ..(X).

max

Remark 2.2.30. In analogy to the fact that C*_ (X)' is contained as an
ideal in the C*-algebra D (X)' one can define a C*-algebra denoted by
D} ax(X)', which contains C .. (X)" as an ideal. This is the C*-algebra
generated by the elements in TD*_ _(X)' with the two properties of Defini-

tion [2.2.29

Yu’s theorem states that the K-theory groups of the localisation algebra
are isomorphic to the locally finite K-homology groups.
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Theorem 2.2.31 (|27, Theorem. 3.4]). Let X be a locally compact metric
space and suppose CF .. (X) is defined usmg a very ample representation.
Then the local index map indy,: KY¥(X) = K.(C} ,ax(X)) of [27, Definition
2.4] is an isomorphism. Furthermore, the dzagmm

KY(X) 225 Ko (Cf (X))

\ l evi)«

(X))

is commutative. Here p denotes the index map KY(X) = K*+1(gf:‘a"((§))) —
K (Crax(X)).

Proof. First note that the local index map as defined in [27] can be de-
fined analogously in the maximal case. In [27, Theorem. 3.4] the theo-
rem is proven for the reduced localisation algebra and uses the isomorphism
K*+1(g§fd(( ))) KY(X). However, Corollary [2.2.27| states that the isomor-
phism st?ll holds if we replace the reduced Roe and structure algebra with
the maximal ones. Thus, the argument of [27] can be used literally. O

Having the above theorem in mind, we will, from now on, use the notation
KE(X) for the group K,(C} ..(X)). Given a closed subset Y of X, we
are now going to define the relative K -homology groups using localisation
algebras and discuss the existence of a long exact sequence for pairs. Chang,
Weinberger and Yu define the relative groups by using a concrete very ample
representation, which we will now describe.

Let Y € X be as above. Choose a countable dense set I'xy of X such
that I'y :== 'x NY is dense in Y. Define C7 . (X) and C} .. (V) using the
very ample representations Hx = [?(I'x) ® I*(N) and Hy = I*(T'y) ® [*(N)
respectively. The constant family of isometries V; := ¢, where ¢: Hy — Hx is
the inclusion covers the inclusion Y — X in the sense of |27, Def. 3.1]. Hence,
applying Ad(V;) pointwise we obtain a C*-algebra morphism C} . (Y) —
C} max(X), which we will denote by ¢(X,Y). Note that on elements with
finite propagation this map for each ¢ is just the extension by zero of an
operator on Hy to an operator on Hx. We get a map «(X,Y),: KX(Y) —
KL(X).

Now denote by KX(X,Y) the group K,_1(C,(x,y)), where S denotes the
suspension and C,(x,y) the mapping cone of ¢(X,Y). The short exact se-
quence

0— SCz,max(X) — OL(ij) — Oz,max(y) — 0
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gives rise to a long exact sequence
cee T K*(Cz,ma)((Y)) — K*—l(SCz,max<X)) — K*—l(CL(X7Y)> —

of K-theory groups. Using the canonical isomorphism K,_1(S(-)) = K.(+)
this sequence becomes the desired long exact sequence of a pair

= KEY) - KE(X) —» KEHX,)Y) — .

constructed solely using localisation algebras.

Relative Localisation Algebra

Let X and Y be as above. We would like to extend C ... (Y)' C CF . (X)F
to an ideal with the same K-theory.
Definition 2.2.32. Denote by C} ..(Y C X)' the ideal in C} . (X)F

generated by functions f € TC*(X)' such that for all ¢ € [1,00), f(t) is
supported in an S(t)-neighbourhood of Y, where S: [1,00) — R is some
function with S(¢) — 0 as t — oo.

Lemma 2.2.33 (|40, Lemma 1.4.18]). Let Y and X be as above. The inclu-
sion Y — X induces isomorphisms K,(C5 . (Y)') = K, (C; ...(Y € X)b).

L,max L,max

Proof. In |40, Lemma 1.4.18], this is proven in the reduced case. However in
light of the discussion in Section [2.2.1], the modification of the arguments for
use in the maximal setting is straightforward. O

2.2.4 Relative Group C*-algebra

Let X be a proper path-connected metric space and Y a path-connected
subset of X. The inclusion ¥ — X induces a map m(Y) — m(X), where
we choose a point yg € Y to construct the fundamental groups and the latter
map. This map in turn induces a morphism ¢: C;: . (m1(Y)) — CF . (m1(X)).
The relative group C*-algebra is defined as

Crax(m(X),m(Y)) := SC,.

max

The short exact sequence

0— SCp . (m(X)) = C, — Ci

max m

ax(m1(Y)) =0
and the Bott periodicity isomorphism gives a long exact sequence

= K (Crax(m(Y))) = Ku(Cha(m (X)) = Ko (Crax(m(X), m(Y))) —

max max max
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Remark 2.2.34. Note that the above C*-algebras are independent of the
chosen point yo up to an isomorphism which is well defined up to conjugation
by a unitary and therefore is canonical on K-theory.

Remark 2.2.35. Recall that unless ¢: m(Y) — m(X) is injective it does
not necessarily induce a map of the reduced group C*-algebras. Thus, the
relative group C*-algebra does not always have a reduced counterpart.

2.2.5 The Relative Index Map

The index of Chang, Weinberger and Yu is the image of a fundamental class in
KL (X,Y) under a mapping p: KX(X,Y) = K.(C*, (m1(X),m(Y))), which
they call the relative Baum-Connes map. In this subsection we present the
definition of this map along the lines of |2, Section 2]. There the authors
relate the K-theory groups of the localisation algebras and their equivariant
counterparts and exploit Theorem to relate the latter K-theory groups
with those of the group C*-algebras of the fundamental groups.

Let X be a locally compact, path-connected, separable metric space and
Y be a closed path—connected subset of X. We suppose that the universal
coverings p: X — X and P Y — Y of these spaces exist (e.g. suppose X
and Y are C'W-complexes) and are endowed with an invariant metric and
that the metrics on X and Y are the pushdowns of these metrics, i.e. the
projections are local isometries. In the case of smooth manifolds we can
start with Riemannian metrics on X and Y and take their pullbacks to be
the invariant Riemannian metrics on X and Y. Pick countable dense subsets
'y and I'y of X and Y such that I'y C I'y as before. Denote by I'¢ and I'y
the preimages of I'x and I'y, respectively. Construct the (equivariant) Roe
algebras and the (equivariant) localisation algebras using the representations
I>(T.) ® I*(N). We recall that the equivariant algebras are constructed using
the action of fundamental groups by deck transformations.

Proposition 2.2.36 (|2, Proposition 2.8]). Let X and X be as above. Sup-
pose furthermore that X is compact. Then there exists an € > 0 depend-
ing on X such that for finite propagation locally compact operators T with
prop(T) < ¢, the kernel k defined in the following defines an element of
C (X)) which we will denote by L(T).

Observe for the definition of L(T') that a finite propagation locally com-
pact operator T on I*(Tx) ® H with prop(T) = r is given by a matrix
Iy x [y & K(H) such that k(z,x") is 0 for all (x,2") € I'y x I'x with
dx(z,2') > r. Define the lifted operator on 1*(Ty) ® H using the matriz

(2,2") — k(p(z),p(T")) if dg(Z,2") <1 and 0 otherwise.
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Vice versa, every equivariant kernel T € C*,. (X)™X) of propagation

< € 18 such a lift, and this in a unique way, defining the push-down 7(T') €
Cr (X)) as the inverse of the lift.

For the appropriate choice of €, the covering X — X should be trivial
when restricted to balls say of radius 2e.

Remark 2.2.37. Later we will need a slight generalisation of Proposition[2.2.36
for manifolds obtained by attaching an infinite cylinder to a compact mani-
fold with boundary. It is evident that the e obtained for the manifold with
boundary also works for the manifold with the infinite cylinder attached, and
then the construction indeed goes through without any modification.

Definition 2.2.38. Let T': s — T, be an element of Ry (X), i.e. T} is locally

compact and has finite propagation which tends to 0 as s — oo. Therefore
prop(Ts) < € for all s > sy with some s € [1,00). Define the lift

L(Ts,); s<sr
L(Ts); s> sr

L rnax()()ﬂ—1 (X)

Similarly, for T: s — T} an element of Ry, (X ) (X) such that T, is locally
compact, equivariant and has finite propagation which tends to 0 as ¢ — oo
(in particular prop(7s) < € for all s > s;7 for some ss € [1,00)) define its
push-down

to obtain an element in C*

Proposition 2.2.39. Set Cj(X X)™ ) .= Cy([1, 00), C (X)) the ideal

of OF mmax (X )F consisting of functions whose norm tends to 0 as s — oo. The

assignments of Definition give rise to continuous x-homomorphisms
L: R(X) = CF (X)X /G5 (X))
R (X)) = OF (X)) /G5 (X)),

where we use that the algebra of functions vanishing at oo is an ideal of the lo-

calisation algebra. Being continuous, they extend to the C*-completions, and
they evidently map the ideal Cy([1,00), C%,. (X)) or Co([1, 00), Cs . (X)™X))

max

to 0, so that we get C*-algebra homomorphisms

L: Cf e X)/C5(X chmax< )0 /G (X))
72 O (X)X JCH X)) 5 CF (X)) /CH(X).

L,max
30



By construction these two homomorphz’sms are inverse to each other.
Being cones, Cy([1,00), C%, (X)™)) and Cy(1,00), C*, (X)) have van-

max

1shing K-theory and by the 6-term exact sequence the projections induce iso-
morphisms in K-theory

Ko (OF i (X) ™)) = Ko (OF o (X)™ 0 /G5 (X)),
Ko (O max (X)) = Ko(CF 1o (X)/Co (X))
We therefore get a well defined induced isomorphism in K-theory

L*: K*L(X) (Cz max( )) (CZ max( )ﬂl(X))
with tnverse m,.

The proof of Proposition is not trivial, as we have to come to grips
with the potentially different representations which enter the definition of
the maximal C*-norms for C7, (X) and C%, (X)™™X). To do this, we use
the following lemma.

Lemma 2.2.40. Let € be as in Proposz'tion 2.2.30. There exists K € N, such
that for all T € R(X) and T € R(X)™X) with _propagation less than € we
have ||L(T )|y, oy oo < E||T ez, cx) and ||7(T)]|ey,, (X) < K|T|

Proof. By assumption, X has bounded geometry. Consequently, we can and
do choose for some fixed ¢ > 0 a c-dense uniformly discrete subset D of I'x
and denote by C*_ (D) and C*__ (D)™ the Roe algebras of D constructed
using 12(D) ® H and 1?(D) ® H as before. The proof of [9, Lemma 3.4]
guarantees the existence of a K € N such that for all T € C}, (D) with

prop(T) < e there exist operators Ticqi,. xy € C,

*
Cnl '1x

max(D) such that [|Ti[| <
|T||, TT; € 1>°(D; K(H)), i.e. T}T; are operators of propagation 0, and
such that > T; = T. Moreover, the lift T, satisfies that TZ*TZ = 1T €

. L .
1°°(D; K(H))™X) = [*(D; K(H)). Hence the norm of T;T; is exactly ||T;||>.

We thus have [|L(T)|| < K||T||. With a completely analogous argument
we get ||7(T)|| < K||T].

Note that there are isomorphisms

Crnax(X )—>C* (D),

max max

Cra X)) = O (D))

max max
which can be constructed explicitly (compare [9, Section 4.4]). These iso-
morphisms can be chosen so as to make the diagrams

RN gD R(X)™) _y (D))
R(X)e —— R(D). R(X). — R(D).

31



commute. Here the subscript ¢ means that we are only considering operators
with propagation less than e.
The latter commutative diagrams complete the proof. O]

Proof of Proposition [2.2.39 Recall that for (T: s — T,) € Cf . (X)™)
we use the supremum norm: ||T|| = SUDsel1,00) |T,]]. Tt follows that the
norm of the image of T' in Cﬂmax(f()”l(X)/Co([l, 00); C*(X)™ X)) under the
projection map is ||[T]|| = lim SUDse(1,00) |75 (specifically, multiplication of
T with a cutoff function p: [1,00) — [0, 1] which vanishes on [1, ] and is
identically 1 on [R + 1,00) produces representative of [T'] whose norm in

C%(X)™(X) approaches lim SUDse(1,00) ||T,|| as R — c0).
The assertion then follows immediately from Lemma [2.2.40] O

max

Until the end of Section 2.5 we are going to suppose that X is compact and
that Y is a closed subset of X. Recall that ¢ denotes the map m;(Y) — 7 (X)
induced by the inclusion. Following the notation introduced in [2, Section
2], we denote by Y’ the set p~(Y) and by p”: Y” — Y the covering of YV’
associated to the subgroup ker; hence, Y’ = m(X) Xz v)/kery Y. Now
construct the equivariant Roe and localisation algebras for Y’ and Y using
the sets p~!(T'y) and (p”)~!(T'y) similarly as before.

Theorem 2.2.41 (|2, Lemma 2.12]). There is a map

" Ol

(Y/)m(Y) s C«;lax(yll)m(Y)/kercp

with the property that there exists € > 0 such that given an operator T €
Cx . (YY) with prop(T) < e and kernel k on (p')~*(T'y) the pushdown

of k gives a unique well-defined kernel ky on I'y and "(T) is given by the
kernel (z,y) — ky (p"(x),p"(y)) for x,y € Y" with dy(x,y) < e.

Remark 2.2.42. It can be observed from the proof of Theorem [2.2.41], that
the result can be generalised to obtain a map C*, (Z)" — C*. (Z/N)'/N,
where Z is a bounded geometry space satisfying the properties mentioned in
the beginning of the paper, I' is a discrete group acting freely and properly
on Z via isometries, N C I' is a normal subgroup and there exists an € such
that the coverings Z — Z/N’ are trivial when restricted to e-balls for any

normal subgroup N’ C T'.

Remark 2.2.43. For the proof of Theorem Chang, Weinberger and
Yu use that the push-down of operators with small propagation as defined
in Definition [2.2.38| can be extended to an honest x-homomorphism. Doing
it partially gives a morphism of x-algebras ¢”: R(Y)™ ) — R(Y")m )/ kere

32



and then maximality of the norms provides the extension to the desired C*-
homomorphism C*, (Y)") — ¢ (Y")mO)/kere  Note that, in general,
this is not possible 1f we use the reduced equivariant Roe algebras.

Using Y/ = Y" X7, (v)/kerp M1 (X), we get a C*-algebra morphism

w max(y//)wl(Y)/kemp N C* ( )7r1(X) c C*

max

()

where the first map repeats the operators on the different copies of Y”
inside Y. Composmg ¢/ and " we obtain the map v¢: C* (V)" —
Cx . (X)) Application of the maps pointwise defines the corresponding
maps for localisation algebras, which we denote with the same symbols with
subscript L.

Theorem 2.2.44. The constructions just described fit into the following com-
mutative diagram of C*-algebras, where the composition in the third row is
the map Y, in the forth row is v, and in the last row is ¢. The projection
maps in the second row of wvertical maps are K-theory isomorphism. The
last vertical maps induce the canonical isomorphism in K-theory of Theorem
2.2.71. The Roe and localisation algebras are constructed using the maximal
completion.

szmaX(Y) e CEmaX(Y) _— C’}:,maX(Y) — szmaX(X)
L L L L
C'*( )wl(Y) ’ C*(Y//)Trl(Y)/ ker ¢ C*(Y/)Trl(z) C*( )wl(X)
Ch @) sy 0y (O ere Ty oy (rym®) S oy (Xm0
evy evi evi evy
C;;ax(?)w:l ¥) ¢—”> C;:lax (Y//)Trl (¥)/ker L C;;ax(Y/)ﬂl (X) é Crtlax (X)Trl ()
Crax(m(Y)) === Chax(m(Y)/kerg) —— Chu(m(X)) == Cha(m(X)).

Proof. If in the first row C}(Y) is replaced by Ry (Y"), then the definition of
L, the behaviour of the push-down map " and the (trivial) lifting map v’
on operators of small propagation and the definition of ¢+ and C imply the
commutativity of the first two rows of the diagram. The continuity of the
involved maps then implies the commutativity of the first two rows. In order
to show the commutativity of the last two rows we recall the isomorphisms
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K. (Cr . (m() — K. (Cr,. ()™0). For this we need the isomorphisms
Cr (m()@K(H) = ¢ (7)™0). Here we modify the proof of [16, Lemma
12.5.3] slightly to suit our choice of the representation space. Choose a count-
able dense subset D of the fundamental domain of ¥ such that D and gD are
disjoint for g # e in m (Y'). With I'y = |—|g€7r1(Y) gD, we get an isomorphism

(Ty) ® *(N) = *(m(Y)) ® ( & [*(D)). Using this isomorphism we then
neN
obtain a #-isomorphism between C[m(Y)] ® K( @ [*(D)) and the algebra of
neN

invariant, finite propagation and locally compact operators. This induces
the desired isomorphism C%, (m,(Y)) ® K( @ I*(D)) — C%,. (Y)™). Fur-
neN

thermore we note (see |31, Proposition 6.4.1 and Proposition 8.2.8]) that the

standard isomorphisms K,(A) - K,(A® K(H)) for a C*-algebra A and a

separable infinite dimensional Hilbert space H is induced by the morphism

a — a®p, with p a rank one projection. Now consider the rank one projection

Pay @ p1 ON EBNZQ(D) =~ [2(D)®1*(N) for some o € D and p; the operator on
ne

I>(N) projecting to the first component. The composition gives the desired
map C . (7 (Y)) — O (Y)™ () which induces the K-theory isomorphism

max

of Theorem [2.2.7. We can perform the same procedure for Y = Y /(ker ).
Considering the above D (or rather its image under Y — Y”) as a subset

of Y” and using I'y» = |_|ge -~ gD, we get the corresponding isomorphism
ker ¢

P(Tyr) ® I*(N) = lz(%:;)) ® ( @ [*(D)). Choosing the same p as above our
neN

(D) 5 O (V") which is a K-
theory isomorphism and which makes the lower left corner of the diagram
of Theorem [2.2.44] commutative. Similarly we construct the corresponding
map for Y’, which is the associated bundle to Y with fibre m;(X) (we can
consider the above D as a subset of Y”). The construction gives rise to the
morphism C7, (71 (X)) — C*,.(Y)™X) which is a K-theory isomorphism
and which makes the lower middle square of the diagram of Theorem
commutative. Finally, considering D as a subset of Y/ and extending it to a
dense subset of a fundamental domain of X, we obtain, similarly as above,
a corresponding map for X, the morphism C*, (m (X)) — C%,. (X))
which is a K-theory isomorphism such that also the lower right corner of the
diagram of Theorem commutes. This finishes the proof of the said

Theorem. O

procedure defines the desired C

max

Definition 2.2.45. The commutative diagram of Theorem [2.2.44] defines a
zig-zag of maps between the mapping cones of the compositions of the maps
from left to right. Using in addition that the two wrong way vertical maps
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induce isomorphisms in K-theory, we obtain the map

Def

Jo K*(SCL()QY)) — K*(Sccp) - K*(C* (Wl(X)77T1(Y))>7

max

which we call the relative index map. In [2] it is called the mazimal relative
Baum-Connes map.

2.3 A Geometric and Functorial Completion
of the Equivariant Roe Algebra

2.3.1 Maximal Roe Algebra and Functions of the Dirac
Operator

Before describing our geometric completion of the algebraic Roe algebra, we
discuss issues arising in coarse index theory when one uses maximal com-
pletions of the relevant C*-algebras, which lead to gaps in [2]. A crucial
role in coarse index theory is played by functions of the Dirac operator (via
functional calculus). If we work with the usual (reduced) Roe algebras, the
latter are defined as algebras of bounded operators on L?-spinors, and the
Dirac operator is an unbounded operator on the same Hilbert space. Ellip-
ticity and finite propagation of the wave operator then are used to show that
certain functions of the Dirac operator satisfy the defining conditions for the
reduced Roe algebra and of the reduced structure algebra.
However, if one uses the maximal versions this is highly non-trivial:

1. The functions f(D) which do have finite propagation are by the very
definition elements of the algebraic Roe algebra (if f vanishes at infin-
ity) or of the algebraic structure algebra (if f is a normalising function).
The wave operators e'P are bounded multipliers of the maximal Roe
algebra and by Lemma act as bounded operators on the defining
representation of the maximal Roe algebra.

2. However, it is not obvious at all that the one parameter group ¢ — e®”

is strongly continuous on the defining representation of the maximal

Roe algebra, i.e. is obtained from an (unbounded) self-adjoint operator

D on that Hilbert space. This one needs to have a reasonable definition

of f(D) in the maximal Roe and structure algebra for f without a

compactly supported Fourier transform.

3. Even if one manages to construct the self-adjoint unbounded opera-
tor D on the maximal representation, it remains to show that this
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maximal Dirac operator is invertible if the underlying manifold has
uniformly positive scalar curvature: one has to make sense also of a
(geometric) Schrodinger-Lichnerowicz formula for this non-geometric
representation?

Chang, Weinberger, and Yu’s article [2] taks all these necessary construc-
tions and properties for granted, without any justification. We propose a way
around by passing to a slightly different and much more convenient comple-
tion. Later, Guo, Xie, and Yu posted the preprint |[L1] where they also
identify these gaps in [2] and propose positive answers the above questions.

2.3.2 The Quotient Completion

Our suggestion to overcome the problems addressed in Section [2.3.1]is to work
with another functorial completion of the equivariant Roe algebra which is
more geometric. We are studying the case that a group I' acts freely and
properly discontinuously by isometries on a proper metric space X.

For every normal subgroup N C I' we then can form the metric space
X/N on which the quotient group @) := I'/N acts as before. Indeed, typically
we obtain X as a I'-covering of a space X/I" and the X/N are then other
normal coverings of X/I.

In the usual way, the purely algebraically defined algebras R(X)" and
S(X)" act via their images in R(X/N)™Y and S(X/N)'/" on all these quo-
tients (see Theorem [2.2.41)), and we complete with respect to all these norms
at once. Denote the corresponding completions by C;(X)" and D;(X)". It
is clear that the former is an ideal in the latter. It is also clear that this has
the usual functoriality properties for I'-equivariant maps for fixed I', but now
in addition is functorial (this is built in) for the quotient maps X — X/N,
giving C;(X)F' — C:(X/N)Y/N and D} (X)T — Di(X/N)'/N.

Finally, for inclusion of groups ¢: I' — G induces an induction map
Ci(X)' — C:(X xr G)Y, because for every quotient G/N we get the as-
sociated induction

R(X/T N N)YTW) & R(X/(TNN) xr/ran G/N)YYN = R(X xp G/N)“/N.

The corresponding construction works for D} and for the localisation alge-
bras.

Putting this together, we get the expected functoriality of Cj and Dy
and the localisation algebras for maps equivariant for any homomorphism
(o'N Fl — FQ.

Lemma 2.3.1. Suppose I' acts cocompactly on X. Then C;(X)F 1S 1S0MmoT-
phic to Cx(I') ® K(H). Here, C;(T) is the C*-completion of C[I'] in the

36



representation @y _p *(T/N), where the sum is over all normal subgroups
N of T.

Proof. The proof is precisely along the lines of the one of Theorem [2.2.7, [

Proposition 2.3.2. Let X/T" be a complete Riemannian spin manifold with
[-covering X. The Dirac operator on the different normal coverings X /N for
the normal subgroups N of I' gives rise to a self-adjoint unbounded operator in
the defining representation of Ci(X)'. If f € Co(R) we get f(D) € Ci(X)",
if W: R — [=1,1] is a normalising function, we get W(D) € Di(X)".

This construction is functorial for the quotient maps X — X/N for nor-
mal subgroups N < T.

The Schridinger-Lichnerowicz argument applies: if X/T' has uniformly
positive scalar curvature then the spectrum of the operator D in the defining
representation of C;(X)" does not contain 0.

Let A C X be a I'-invariant measurable subset. Then x4, the operator of
multiplication with the characteristic function of A is an element of D:;(X)F,
in particular a multiplier of C;‘(X)F. Under the quotient map X — X/N for
a normal subgroup N < T it is mapped to xa/n. Similarly, a function of the
Dirac operator on X is mapped to the same function of the Dirac operator
on X/N.

Proof. The statements about the Dirac operator are just an application of
the usual arguments to all the quotients X/N simultaneously, using Lemma
3.3.3]

The statement about y 4 is a direct consequence of the definitions. O]

Remark 2.3.3. We note that all the statements in Section 2.2/ have a coun-
terpart when we use the quotient completion instead of the maximal comple-
tion of the equivariant algebras and their proofs are completely analogous to
(and often easier than) the proofs for the maximal completions. In particu-
lar, we have a relative index map in this case. Furthermore we would like to
emphasise that Theorem holds for the quotient completion. Given a
map ¢: I' = 7, we get by functoriality a morphism ¢ : C;(I') — C¢(7), and
Cy(m,T') will denote SCy as before.

2.4 Higher Indices of Dirac Operators on Man-
ifolds with Boundary

2.4.1 Construction of the Relative Index

Throughout this section, we consider only even dimensional spin manifolds.
We define the relative index of the Dirac operator of a manifold M with
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boundary N in the following groups:
o in Cr  (m(M),m(N)),

e in Cy(m (M), m(N)) and
o in CF (m (M), m(N)) if m(N) — w1 (M) is injective.

In what follows the subscript d stands for one of the mentioned completions.
Before defining the relative index of the Dirac operator on a manifold with
boundary, we recall the explicit image of the fundamental class under the
local index map. Given a complete Riemannian spin manifold X with a free
and proper action of I' by isometries, denote by Dx the Dirac operator on
X. Let ¥, be a sup-norm continuous family of normalising functions, i.e.
each W, is an odd, smooth function ¥,: R — [—1, 1] such that W,(s) =% 1.
Suppose furthermore that for ¢ > 1 the distributional Fourier transform
of U, is supported in a %—neighbourhood of 0. Choose an isometry « be-
tween L2($7) and L%($") induced from a measurable bundle isometry, set

10
Uy(Dx)" = Wi(Dx)|agr) and Fx(t) := o o Wy(Dx)". Set eq = (0 0),

€oo 1= (8 (1)> . Note that the presence of o* implies that Fx(t) is an operator

on L2($7).

Definition 2.4.1. In the above situation, the (locally finite) fundamental
class [Dx] € Ko(C} 4(X)) = Kg(X) is given explicitly by [Px] — [e11], with

p . (FF + (1= FF)FF* F(1—F*F)+ (1 - FF*)F(1—FF)
x ( (1— F*F)F* (1— F*F)? ) '

In this formula I denotes Fix(-) and Py is an idempotent in Ms(C 4,(X)7").
Here, AT denotes the unitalisation of A.

Remark 2.4.2. Note that since W, is assumed to have compactly supported
Fourier transform, W,(Dx) has finite propagation which means that Py is a
matrix over the unitalisation of R} (X) C C7 . (X).

Now let M be a compact spin manifold with boundary N. Denote by
N4 the cylinder N x [0,00) and by M, the manifold M Uy Ny. Given a
Riemannian metric on M which is collared at the boundary, we will equip
N, with the product metric. Taking the image of [Dy;_] in KX(My, Nuo)
and then under the excision isomorphism defines the relative fundamental
class [M, N] € KE(M, N). For the index calculations which we have to carry
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out we need an explicit representative of this class, and this in the model of
relative K-homology as the K-theory of the mapping cone algebra C, s n).
Therefore, we recall the construction of [2], referring for further details to [2]
—see also |16, Proposition 4.8.2] and [16|, Proposition 4.8.3].

As the relative K-homology groups are constructed as mapping cones
which come with a built-in shift of degree, we have to use Bott periodicity
to shift the fundamental class to the suspension algebra (with degree shift).
To implement this, denote by v the Bott generator of K;(Cy(R)). Following
[2] define the invertible element

T =vQ Py +1® (I — Py)

in a matrix algebra over C(S') ® C} ,(Ms)" with inverse given by =

v 1@ Py, +I1® (I — Py) (see [16, Proposition 4.8.3] for more details).
Next, we map to the relative K-homology of the pair (M, N), which requires
applying the inverse of the excision isomorphism K,(M, N) — K,(My, Nu).
This is implemented for our K-theory cycles by multiplication with a cut-
off. For technical reasons, we observe that instead of N C M we can use
the homeomorphic Ng := N x {R} C Mg := M UN x [0, R] for each
R > 0. We use localisation algebras, and then we can use the K-theory
isomorphism C} ,(Mg) — Cj (M C M) and work with C} ;(M C M)
which is independent of R. Similarly, we use the K-theory isomorphism
Cra(Nr) — Cj 4(N C Nu) and replace C} ,(Ng) by the R-independent
C} 4(N C Ny). This causes slight differences to the construction of [2].

For the cut-off, set xr := X, the characteristic function of Mp. Con-
sider

To.r =0 ® (XePyv.Xr+ (1 —xgr)en(l —xgr))
+1 ® (I = (xrPuoxr+ (1 —xr)en(1 —xr)))

and define 7, IR in the same way with v replaced by v~!. Note that these two
operators are in general not inverse to each other. Define, for s € [0, 1],

wp.r(s) = (é' (1 —i)TD,R> (—(1-5)@@;} ?> <é (1 —sj)TD,R> (? _()I)'

Finally set
qp,r(S) == wp,r(s) enl 'wD,R(S)_l- (2.2)
Applying the same procedure not to 7p but to v ® e1; + I ® e99, we obtain
a curve ¢,(s). Note that by construction of 7p g, all operators, in particular
qp.r(s), are diagonal for the decomposition L?(My,) = L*(Mg) & L*(N x
[R,0)) and are of standard form on L?(N x [R,o0)). This summand does

not appear in [2] but has to be there to construct the appropriate operators
in C7 ,(M C M,).
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Lemma 2.4.3. Assume that the operator Fy_(t) has propagation < L for
some L € [0,00). Then qp r(s)(t) (recall that we always have an additional
t € [1,00)-dependency) has propagation < 30L. It is diagonal with respect to
the decomposition L*(M..) = L*(Mg) ® L*(N x [R, o)) and coincides with
qp(8) on L*(N X [R,0)). It is obtained via finitely many algebraic operations
(addition, composition) from W, (Dys.), the measurable bundle isometry a,
the Bott element v and xg.

If R > 30L then qur(0)(t) differs from q,(0)(t) by an operator Q sup-
ported on N x [0, R|. More precisely, for suitable operators A, B,

Q = xrA oI ® [xr, Px) o Bxr

where the commutator [xr, Px) is supported on N x [R —5L, R+ 5L] and @
has propagation < 30L.

Like qp r(s)(t), the operator Q(t) is obtained via finitely many algebraic
operations from Wy(Dys), a, v, v 1, and Xr.

Due to the local nature of all constructions and because of the support
property of the commutator [Vg, Py| (using Lemma for Wy(D)), the
operator Q on L*(N x [0, R]) is equal to the operator constructed corre-
spondingly, where Dy is replaced by Dyxr and Xr Y XNx(—oo,R]-

Proof. The explicit formulas show that ¢p p(s)(¢) is an algebraic combina-
tion of W, (D)), «, etc. as claimed, where all building blocks either have
propagation 0 or are Wy(Dy; ), and we compose at most 30 of the latter.
The claim about the propagation follows.

As it can be seen from the formula in the proof of [2, Claim 2.19], ¢p (0)
would be equal to g,(0) if 7p r was invertible with inverse 75, which would
happen if x g Prr, xr Was an idempotent. To compare with this situation one
has to commute P, and yr which produces the shape of () as claimed. The
rest then follows as for ¢p gr(s). O

Denote by i the inclusion of C7 (N C Ny ) in C] J(M C M), the
image consisting of those operators which act only on L?(N).

The relative fundamental class [M, N] € Ko(Cs,,) = Ko(SCy) = K§(M, N)
is defined as

[M, N := [(¢p,r(0), qp,r(-))] = [(g5(0), g(-))] - (2.3)

It is implicit in [2] that the K-theory class is independent of R and the family
of normalising functions V,.

Definition 2.4.4 (The Relative Index). The relative index of the Dirac
operator is defined as

p(IM, N]) € Ko(Cq(m (M), 1 (N))).
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The explicit K-theory cycle defining [M, N| and the description of the map
i of Definition gives us an explicit cycle for the relative index:

We have to lift the operators gp as(s) involved in the construction of
[M, N] to equivariant operators on the 71 (M)-cover M., and those involved
in ¢p.r(0) to equivariant operators on the m; (N)-cover Nu. This is possible
here and the operators are given as the corresponding functions of the Dirac
operator on the coverings. For this, we use that by Lemmal2.4.3|the operators
gp.m(t) is obtained as an expression in functions of the Dirac operator which
lift to the corresponding functions of the Dirac operator by Lemma [3.3.3]

Similarly, by Lemma and if R > 30L, where the propagation of
U,(D) is bounded by L for all ¢ € [1,00), the operator gp z(0) is obtained
as an algebraic combination of functions of Dyyr and the cut-off function
X Nx(—o0,r] Which lift by Lemma to 71 (IN)-equivariant operators on N x
[0, 00) defined by the same expressions. Thus if we denote by ¢p g the element

constructed as above using the Dirac operator of ]\7; and Xitn and by c]gv R

the element constructed using the Dirac operator on N x R and XN x(—o0,R]
then we have the following

Lemma 2.4.5. The expression [(Gp z(0),qp.r(-))] — [(45(0), g»(-))] defines an
element OfKO<SOCz7d(NCNoo)’T1<N>—>Czyd(?\7c1\7m)”1<M>) which identifies under the

canonical isomorphism of the latter group with Ko(M, N) with [M, N].

Hence under these conditions on R and the propagation of W;(D), the rel-
ative index is the obtained by evaluation at ¢ = 1, or by homotopy invariance
at any t > 1:

(M, N1) = [(@5.£(0)(t), dp.r () ()] = [(45(0), g5())] €

Ko(SCon(meqoymm ses@iciiomon) = Ko(Cg(m (M), m(N))).

As ¢,(+) is independent of ¢, we omit specifying the evaluation at ¢ here.

2.4.2 The Localised Fundamental Class and Coarse In-
dex

Suppose X is a smooth even dimensional spin manifold with free and proper
action by I'. Let Z be a closed I'-invariant subset of X. Suppose that there
exists a complete ['-invariant Riemannian metric on X which has uniformly
positive scalar curvature outside Z. In [28] and in more detail in [30], Roe
defines a localised coarse index of the Dirac operator in K,(C* (Z C X)').
In the course of the proof of |12, Theorem 3.11], the construction of the latter

localised index is generalised to the case of a Dirac operator twisted with a
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Hilbert C*-module bundle. In [40, Chapter 2], Zeidler defines this index using
localisation algebras. There, he also shows that under certain assumptions
on a manifold X with boundary Y, the localised coarse index can be used to
define an obstruction to the extension of a uniformly positive scalar curvature
metric on the boundary to a uniformly positive scalar curvature metric on
the whole manifold. In this section we follow the approach in [40] to define
the localised fundamental class and coarse index.

Definition 2.4.6. Denote by C} ; ,(X)" the kernel of the evaluation homo-
morphism evy : C} 4(X)" — Cj(X)". Denote by C} ,,(X)" the preimage of
C(Z < X)T under ev;. The symbol d here stands for the chosen completion
(red, max, or q).

Suppose that g is a I'-invariant metric on X with uniformly positive
scalar curvature outside of a I'-invariant set Z. In [40, Definition 2.2.6],
in this situation the so-called partial p-invariant py, .q(9) € C}  eq(X)" is
constructed, which is a lift of [Dx] under the morphism K, (Cj , .q(X)") —
K.(C} q(X)") induced by the inclusion.

Recall the explicit representative for [Dx]| € Ko(C} 4(X)") of Section
We next recall the construction of [40, Definition 2.2.6] and show that it also
works for Cj.

Lemma 2.4.7. If fo € Cy(R) has Fourier transform with support in [—r,r]
then fo(D) is r-local and depends only on the r-local geometry in the follow-
ing sense: if A C X is a I'-invariant measurable subset then xaf2(D)(1 —

XB,(4)) = 0 and xafo(D) depends only on the Riemannian metric on B,(A).

Proof. This is the usual unit propagation statement in the form that fo(D)
is the integral of fg(t)e“D where e not only has propagation |t| but also
is well known to depend only on the r-local geometry. The latter fact is a
consequence of [16, Corollary 10.3.4]. O

Lemma 2.4.8 (|30, Lemma 2.3], [12, Proposition 3.15]). Suppose as above
that the scalar curvature of g outside Z is bounded from below by 4€. If
f € Co(R) has support in (—¢,€), then f(D) lies in C5(Z C X)'.

Proof. By |12, Proposition 3.15] the statement holds for all quotients X/N
and their reduced Roe algebra, which implies by definition of the quotient
completion that it holds for C;(X)". O

Because of the geometric nature of the completion of the Roe algebra we
use, Lemmas [3.3.3[ and [2.4.§] allow to define the localised coarse index using
the completion C; as follows.
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Definition 2.4.9. Choose a sup-norm continuous family of normalising func-
tions W, for ¢t > 1 such that U? — 1 has support in (—¢, €), the Fourier trans-
form of W, has compact support for each ¢ > 1 and the Fourier transform
of U, has support in [—¢, 1] for ¢ > 2. Note that the support condition on
U, implies that its Fourier transform is not compactly supported. For the
existence note that we have to approximate the Fourier transform of ¥, by
compactly supported functions (with a singularity at 0) such that the error
is small in L'-norm. This is possible, as can be seen from the discussion in
the proof of [12, Lemma 3.6].

Define Fx(t) and Py as in Section[2.4f Observe, however, that by Lemma
Fx(1)Fx(1)* =1 € C;(Z € X)". Tt follows that now the cycle [Px] —
e11| defines a class

pz(9) € Ko(C, za(X)")

which is of course a lift of [Dx].

Corollary 2.4.10. The construction shows that if we have uniform positive
scalar curvature not only on X \ Z but on all of X there is a further lift of
p(9) to p'(g) € Ko(Cf o 4(X)"), the usual rho-invariant.

Definition 2.4.11. Let Z C X and g be as above. Suppose furthermore that
the action of I" on Z is cocompact so that Lemma holds for Z. The
equivariant localised coarse index Ind}(g) of g with respect to Z is defined
as the image of p5(g) under the composition

Ko(CL z4(X)") = Ko(Ci(Z € X)') = Ko(C3(2)"),
where the first map is induced by evaluation at 1.

The long exact sequence in K-theory associated to the short exact se-
quence
0= Cpo(X) = Cr(X)' = C*(Z Cc X)" =0,

along with Corollary [2.4.10] imply that if g has uniformly positive scalar
curvature on all of X, then Ind’(g) vanishes.

2.4.3 Application to the Case of a Compact Manifold
with Boundary

Suppose M is compact even-dimensional spin manifold with boundary .
In this case we cannot directly define an index for the Dirac operator on M
with value in K, (C;(m1(M))). However given a metric g with positive scalar

curvature and product structure near the boundary, we can use the above lo-
calised coarse index to define an index in Ko(Cj(M)™ M) 2= Ko(Ci (m(M))).
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Note that this index does in general depend on the chosen metric of positive
scalar curvature near the boundary. Let us review the construction of the
latter index.

As in Section [2.4] denote by Ny the cylinder N x [0,00) and by My, the
manifold M Uy Ny. Denote by [Dj ] the fundamental class of the Dirac
operator in K,(C} ,(M)) associated to some metric g on M, (not necessarily
collared on the cylindrical end) and by [5]:4:)] the fundamental class of the
Dirac operator in K*(C’zyq(ﬁ)ﬁl(M)) on M., associated to the pullback of g,
which we denote by g. As observed in Remark [2.2.37] Proposition [2.2.36
extends to M., and the pointwise lifting procedure of operators with small
propagation gives rise to an isomorphism KX (M) =& K, (C;(My)™™)) un-
der which [D);_] is mapped to [5;;] If ¢ has positive scalar curvature on
N, then its pullback has uniformly posmve scalar curvature on N, C MOO,

i.e. outside the cocompact subset M of M This allows us to the define
the localised coarse index Ind™™)(g) := IndE(M) (§) € Ko(C*(M)m (M) =~

Ko(C*(m(M))). The latter index is an obstruction to g, and thus g, having
positive scalar curvature.

2.5 Statement and Proof of the Main Theo-
rem

Finally we are in the position to state the main theorem of this paper.
Throughout this section we will assume all the manifolds and their boundary
to be path-connected.

Theorem 2.5.1. Let M be a compact spin manifold with boundary N. We
have the commutative diagram

— KE(N) ———— KE(M) sy KE(M,N) —

J b

K.(Cy(m(N))) —— K (Cj(m(M))) —— K.(C;(m(M),m(N))) =

where the vertical maps are the index maps and relative index maps.
Assume that M has a metric g which is collared at the boundary and has
positive scalar curvature there. Then

j(Ind™™(g)) = p([M, N])

under the canonical map j: K.(C;(m(M))) = K.(Cy(m (M), 71 (N))).
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The above theorem has as a corollary the following vanishing theorem of
Chang, Weinberger and Yu for the relative index constructed in the mapping
cone of the quotient completion of the group ring:

Theorem 2.5.2. Let M be a compact spin manifold with boundary N. Sup-
pose that M admits a metric of uniformly positive scalar curvature which is
collared at the boundary. Then u([M,N]) = 0.

Proof of the Theorem [2.5.1 Proposition [2.2.44]implies the commutativity of
the diagram. To see this, note that the discussion there relies only on the
functoriality properties of the maximal completions which are also satisfied by
the quotient completions. It remains to show that given a metric with positive
scalar curvature at the boundary, Ind™™)(g) is mapped to p([M, N]) under
the canonical map. Let us analyse the situation with the strategy of proof
and the difficulties involved. For the notation used we refer to Sections 2.4l
and 3.3.2 on the relative index and the localised coarse index.

Both index classes are defined using explicit expressions involving func-
tions of the Dirac operator. For Ind™®™)(g), we only use the manifold M
and 7 (M)-equivariant constructions, which, however, are necessarily non-
local to make use of the invertibility of the Dirac operator on the boundary.
For pu([M, N]), on the other hand, one has to use a 7 (M )-equivariant oper-
ator on M and a further lift to a 71 (IV)-equivariant operator on N, which is
only possible if all the functions of the Dirac operator involved are sufficiently
local. To show that the two classes are mapped to each other, we need to
reconcile these two points.

First, observe that in the construction of the relative fundamental class
and relative index we use the explicit implementation of the Bott periodicity
map. We apply this now to our representative of the local index: with our
choice of Wy, Py; (1) is an idempotent in C’;‘(M C M) M) representing

Imd™ ) (g) € Ko(Cx(M C M) M) 22 Ky (C*(my (M))). Next,
T =0Q Pﬂm(l) +1I® (I — P]T/foo(l))

is the invertible element in Cy(R) ® C’*(]Tj C Mo)™ M) representing the K-
class corresponding to the localised index under the suspension isomorphism.
Finally, if we define ¢(s) as in Equation (2.2)) with 7p r replaced by 7 then

a:=[q(0)(1),q(-)(1)] — [g5(0), g, (")] € KO(SC{O}%C*(MC;\ZOO)WNM))

defines the class corresponding to Ind™*) (9) under the Bott periodicity
isomorphism, where we use that the cone of the inclusion of {0} into A is
the suspension of A. Of course, here ¢(0)(1) = ¢,(0).
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We now have to show that, under the canonical map to the suspension
of the cone of C*(N C Ny )" — C*(M C My)™™) induced by the
inclusion {0} — C*(N, Noo)™ ™), the class a is mapped to the relative index
w[M, N]. Recall from that the latter is represented by any cycle of the

form
(35,7, (0)(8), dp.r, () (1)] = [(4(0), g(-))]

for t > 1, such that the support of U, is contained in [—Ly, Ly for Ly € R
and therefore W,(D) has propagation < L;, where we must choose R; > 30L;.
The construction of ¢p g, (-)(t) involves the same steps as the one of ¢(-), but
we use W, (D) instead of ¥i(D) and moreover apply cut-off with yg,. Note
that now (jg’Rt(O)(t) — q,(0) # 0, but rather cjg’Rt(O)(t) —¢,(0) € C*(N C
Noo)™ )| so that this is not a class in the suspension of SC*(M C MOO)’”(M)
but in the mapping cone.
We claim now that for each € > 0 there is (¢, R.) such that

1857, (0)(te) = ap(O)|] + [ldp,r. (-)(te) — a( V(D) < €. (2.5)

This implies by standard properties of the K-theory of Banach algebras the
desired result (as ¢(0)(1) = ¢,(0)),

u([M, N]) = c(Ind™ " (g)).
To prove (2.5 we make use of Lemma which explicitly describes the

operators involved. This implies

t—1

lap.r(-)(t) = dp,r(-)(L)|| — 0 (2.6)

uniformly in R, as the two expressions are obtained via algebraic operations
involving W,(D), and by the sup-norm continuity of W,, W,(D) converges
to Uy(D) in norm (and this again uniformly, independent of the complete
Riemannian manifold for which D is considered).

Next by the uniformly positive scalar curvature on N, we have Py (1)—

e11 € C*(M C My)™)_ This implies (convergence in norm)

Xr(Pi_(1) = en)xr foo, Py (1) —en

or equivalently

R—o0

XrPyi_(Dxr+ (1= xgr)en (1 — xr) —— Py_(1). (2.7)
Because of Lemma [2.4.3] (2.7 implies that
~ R—o00
lap.r(-)(1) = a()D)]] =0 (2.8)
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as these operators are obtained as a fixed algebraic expression of either
xrPy (Dxr+ (1 —xgr)en (1 —xr) or Py (1).

Next, (2.6]) together with (2.8)) imply the assertion of ([2.5)) for the second
summand. Here, we can and have to choose R, depending on t. such that

R. > R;. (depending on the propagation of U, (D)).

Then, the lift g} » (0)(t.) to C*(N C Noo)™ ™) actually exists, is defined
in terms of the Dirac operator on N x R, and we have to show that by
choosing t. sufficiently close to 1 it is close to ¢,(0).

This, as we already showed, it is a special case of and , now
applied to the Dirac operator on N xR. Note that because of the invertibility
of the Dirac operator on N xR and our appropriate choice of the normalising
function ¥y, we have on the nose

¢"(0)(1) = ,(0),

where ¢V is defined like ¢ but using the Dirac operator on N x R. This
finishes the proof of (2.5)) and therefore of our main Theorem m ]

Remark 2.5.3. We decided to present the details of the index constructions
and proofs only for even dimensional manifolds.

The case of odd dimensional manifolds can easily be reduced to this case
via a “suspension construction”, as also done in [2]. More precisely, if we have
an odd dimensional compact manifold M, we pass to the even dimensional
manifold M x S*. Correspondingly, the covering space M with action by
71 (M) is replaced by M x R with action of 7, (M) x Z.

It is now a standard result that we have Kiinneth isomorphisms for the K-
theory groups relevant to us, in particular for a group homomorphism A — I’

Ko(Ci(T x Z,A x 7)) = Ko(C5(D, A)) & K1 (C5(T, A)). (2.9)

The ad hoc definition of the relative index u(M, N) € K1 (Cj(m (M), m(N)),
generalizing Definition to odd dimensional M, is now just the image
of u([M x S*', N x S']) under the Kiinneth map (and indeed, the K-
component is zero).

Because positive scalar curvature of M implies positive scalar curvature
of M x S*, Theorem for odd dimensiona M follows from its version for
the even dimensional M x S*.

In the same way, using Kiinneth and suspension isomorphisms for the
whole diagram of Theorem [2.5.1] (using along the way e.g. [41} Section 5]),
the statement and proof of Theorem for odd dimensional M follows
from the corresponding one for the even dimensional M x S*.
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More systematically, Zeidler [41] develops a setup of Cl,-linear Roe al-
gebras and localisation algebras and Cl,,-equivariant Dirac operators on n-
dimensional spin manifolds. Our constructions and arguments should carry
through in this setup, given a uniform treatment for all dimensions, and
working with real group C*-algebras. As this requires a bit more notation
and additional concepts, and as we were striving for a down to earth exposi-
tion, we decided to stick to the classical setup and leave it to the interested
reader to work out the details of such an approach.
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Chapter 3

A Variant of Roe Algebras for
Spaces with Cylindrical Ends
with Applications in Relative
Higher Index Theory

3.1 Introduction

The question whether a given manifold admits a metric of positive scalar
curvature has spurred much activity in recent years. One of the main ap-
proaches to partially answer this question is index theory. On a closed spin
manifold M the Schrodinger-Lichnerowicz formula implies that the nonvan-
ishing of the Fredholm index of the Dirac operator is an obstruction to the
existence of positive scalar curvature metric. However, this does not tell the
whole story, since there exist spin manifolds with vanishing Fredholm index
of the Dirac operator, which however do not admit metrics with positive
scalar curvature. One way to obtain more refined invariants from the Dirac
operator is to not only consider the dimensions of its kernel and cokernel,
but also to consider the action of the fundamental group on them. This
gives rise to a higher index for the Dirac operator which is an element of the
K-theory of the group C*-algebra of the fundamental group. In general, one
can associate a class in the K-homology of the manifold to the spin Dirac
operator and the higher index is obtained as the image of this class under
the index map
pr 0 KL(M) = K (CF(m (M)

The nonvanishing of the higher index gives an obstruction to the existence
of positive scalar curvature metrics. In order to prove this one can use the
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fact that the index map fits in the Higson-Roe exact sequence
o= STOD(MY 5 K (M) — K, (C*(m(M))) — ...

and that the positivity of the scalar curvature allows the definition of a lift
of the fundamental class in S% 1(M)(M ). Given two positive scalar curvature
metrics on M, one can also define an index difference in K, (C*(m(M))).
These secondary invariants can then also be used for classification of positive
scalar curvature metrics up to concordance and bordism. More concretely,
in [37] and [38] the authors use these invariants to prove concrete results on
the size of the space of positive scalar metrics on closed manifolds.

In [2] Chang, Weinberger and Yu recently considered the question on
compact spin manifolds with boundary. Let M be a compact spin manifold
with boundary N. They constructed a relative index map

pm DTN K (MN) — K (C*(my (M), 7 (N))),

where K,(M,N) and C*(m(M),m1(N)) denote the relative K-homology
group and the so called relative group C*-algebra. One can define a rela-
tive class for the Dirac operator on M in the relative K-homology group.
The relative index is then the image of the latter relative class under the
relative index map. Given a positive scalar curvature metric on M which is
collared at the boundary, it was shown in [2] that the relative index vanishes.
A general Riemannian metric which is collared at the boundary and has pos-
itive scalar curvature there, also defines an index in K,(C*(m(M))), which
vanishes if the metric has positive scalar curvature everywhere. It was shown
in [4] and [34] that the latter index maps to the relative index under a certain
group homomorphism. Apart from relating previously defined indices to the
relative index, this fact also gives a conceptual proof that the relative index
is an obstruction to the existence of positive scalar curvature metrics which
are collared at the boundary.
The relative index map fits in an exact sequence

o= S M (VNY = K (M, N) — K, (C*(m (M), 7(N))) = ...,

where S% 1(]\/I)’ﬂl(N)(]M ,N) is the relative analytic structure group and has
different realisations. The main aim of the following paper is to answer
the following natural question: given a positive scalar curvature metric,
which is collared at the boundary, can one define a secondary invariant in
ST DmINY (A1 N which lifts the relative fundamental class and is useful for
classification purposes? Using the machinery we develop in this paper, we
will be able to answer the latter question in the positive. Furthermore, the
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same machinery allows us to define a higher index difference associated to
positive scalar curvature metrics on manifolds with boundary. The definition
of such secondary invariants paves the way for generalisations of the known
results, such as those of [37] and [38], on the size of the space of positive
scalar curvature metrics to manifolds with boundary.

Closely related to the question of existence and classification of positive
scalar curvature metrics on manifolds with boundary which are collared at
the boundary, is the question of existence and classification of positive scalar
curvature metrics on manifolds with cylindrical ends, which are collared on
the cylindrical end. The usual coarse geometric approach to index theory
cannot be applied in this case, since the Roe algebras of spaces with cylin-
drical ends tend to have vanishing K-theory. We deal with this problem by
introducing a variant of Roe algebras for such spaces with more interesting
K-theory. The operators in the new Roe algebras are required to be asymp-
totically invariant in the cylindrical direction. Such operators can then be
evaluated at infinity in a sense to be described later. Let X be a space with
cylindrical end and denote by Y, its cylindrical end. Let A and I" be dis-
crete groups and ¢ : A — I' a group homomorphism. ¢ then induces a map
BA — BT of the classifying spaces of the groups which we can assume to
be injective. Given a map (X, Y, ) — (BI, BA) of pairs we construct a long
exact sequence

= KL (O o(X)PEY) = K (CHX)TRY) = K (CH(X)TE0A) -

In the above sequence X denotes the T-cover of X associated to the map X —
BT and C*(X)DE+A consists, roughly, of operators which are asymptotically
invariant and whose evaluation at infinity results in operators admitting A-
invariant lifts. For a spin manifold X we associate a fundamental class to
the Dirac operator in K, (C;(X)PE+4). The index of the Dirac operator on
the manifolds with cylindrical end is then defined as the image of the latter
class under the map K, (Cj(X)DEA) — K, (C*(X)PE+A), Given a positive
scalar curvature metric on X which is collared on Y, we define a lift of the
fundamental class in K, (C} ,(X)"®+*), which proves that the nonvanishing
of the new index is an obstruction to the existence of positive scalar metrics
on X and paves the way for classification of such metrics. By removing Y,
we obtain a manifold with boundary, which we denote by X. We prove that

there is a commutative diagram of exact sequences

(Cho(R)ReA) —— I (CH(X)FeY) —— KL(CHE)TRe)

| |

SPAX,0X) —— K.(X,0X) —— K.(C*(T,A)),
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where the lower sequence is the relative Higson-Roe sequence mentioned
above. Furthermore, we show that the fundamental class of X maps to the
relative fundamental class under the middle vertical map. This shows that
the relative index can be obtained from the new index defined in K, (C*(X)D'B+4)
and allows us to define secondary invariants in SI"*(X, 9X).

As another application of the machinery developed here we give a short
proof the main statement of [34].

The paper is organised as follows. The second section is a very short
reminder of the picture of K-theory for graded C*-algebras due to Trout.
In the third section we recall basic notions from coarse geometry and the
coarse geometric approach to index theory on manifolds with and without
boundary. In the fourth section we introduce variants of Roe algebras for
spaces with cylindrical ends and cylinders and define the evaluation at infinity
map, which plays an important role in the rest of the paper. In the final
sections, we define indices for Dirac operators on manifolds with cylindrical
ends and discuss applications to the existence and classification problem for
metrics with positive scalar curvature on such manifolds. This is followed
by a discussion of the relationship with the relative index for manifolds with
boundary and a short proof of a statement on the relationship between the
relative index and indices defined in the presence of a positive scalar curvature
metric on the boundary.

Acknowledgement. I am grateful to Thomas Schick for many inspiring
discussions. I would also like to thank Vito Felice Zenobi for his useful
comments on an earlier draft of this paper which improved its presentation.

3.2 K-theory for Graded (C*-algebras

In this paper we will use the approach of Trout to K-theory of graded C*-
algebras. This description of K-theory was used by Zeidler in [41], where
he proves product formulas for secondary invariants associated to positive
scalar curvature metrics. We quickly recall the basics, and refer the reader
to [41, Section 2] for more details.

Let H be a Real Zs-graded Hilbert space and denote by K the Real C*-
algebra of compact operators on H. The Zs-grading on H induces a Zs grad-
ing on K by declaring the even and odd parts to be the set of operators pre-
serving and exchanging the parity of vectors respectively. The Clifford alge-
bra Cl,, ,,, will be the C*-algebra generated by {ey, ..., en,€1,. .., €y} subject
to the relations e;e; +eje; = —20;;, €;6; + €j€6; = 201, e;€; +€je; = 0,ef = —e;
and € = ¢. The Real structure and the Zy-grading of Cl, ,, are defined
by declaring these generators to be real and odd. Denote by S the C*-
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algebra Cy(R) endowed with a Real structure given by complex conjugation
and a Zs-grading defined by declaring the odd and even parts to be the
set of odd and even functions. Given Real, Zy-graded C*-algebras A and
B denote by Hom(A, B) the space of C*-algebra homomorphism between A
and B respecting the Real structures and the Zs-gradings, by [A, B] the set
mo(Hom(A, B)) and by A®B their maximal graded tensor product. The n-th
K-theory group of the Real graded C*-algebra A is defined to be

~

R (A) = m,(Hom(S, ABK))

and turns out to be isomorphic to [S, £"A®K], where X" A denotes the n-th
suspension of A. Any Real graded homomorphism of C*-algebras ¢ : § — A
gives rise to a class [¢] == [p®e1,] € Ko(A) with ej; some rank one projection.

Denote by S(—¢,¢€) the Real graded C*-subalgebra of S consisting of
functions vanishing outside (—¢, €). For our discussion of secondary invariants
we will make use of the fact that the inclusion S(—e¢,€) — S is a homotopy
equivalence.

3.3 Roe Algebras and the Relative Index Map

Throughout this section X, Y and Z will denote locally compact metric
spaces with bounded geometry.

3.3.1 Roe Algebras

Let I' be a discrete group acting freely and properly on Z by isometries.
Pulling back functions along the action gives rise to an action o : I' —
Aut(Cy(Z)). Let (p,U) be an ample covariant representation of the C*-
dynamical system(Cy(Z),I',a) on a Hilbert space H. Here ample means
that no non-zero element of Cy(Z) acts as a compact operator. The space
H will be referred to as a Z-module. We will also make use of Cl,-linear Z-
modules which are defined analogously by replacing the Hilbert space H with
a Real, graded Hilbert Cl,-module $) and by requiring the representation p
to be by adjointable operators. In the following we will denote p(f) simply

by f.

Definition 3.3.1. An operator T' € L(H) is called locally compact if for all
f € Co(Z) both Tf and fT are compact. T is called a finite propagation
operator if there exists R > 0 with the property that fT7'g = 0 for all f,g €
Co(Z) with dist(supp f,suppg) > R. The smallest such R is called the
propagation of T and is denoted by propT. T is called I'-equivariant if T =
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U;TU, for all v € I'. Similarly, one defines the notions of local compactness
and finite propagation for adjointable operators on ).

Definition 3.3.2. The equivariant algebraic Roe algebra is the x — algebra
of locally compact, finite propagation, I'-equivariant operators on H and is
denoted by R(Z )5 The equivariant Roe algebra is a C*-completion of the
algebraic Roe algebra and is denoted by C(*d)(Z ),I; Here (d) is a placeholder
for the chosen completion. Similarly, one defines the Cl,-linear equivari-
ant (algebraic) Roe algebra by using finite propagation, locally compact and
equivariant operators on §). These algebras will be denoted by R(Z; Cln)g

and C(,(Z;ClL,)}.

Remark 3.3.3. It follows from Proposition below that the K-theory
groups of the Roe algebra are independent of the chosen ample representa-
tion. We will therefore drop p form the notation.

Remark 3.3.4. Examples of possible completions are

e the reduced completion C*,(Z)"; i.e. the closure of R(Z)" in L(H),

= (Z)! obtained by taking the completion
using the universal C*-norm and

e the maximal completion C*

e the quotient completion C}(Z)" introduced in [34].

In the following we will denote the Roe algebras obtained by the quotient
completion simply by C*(Z)' and C*(Z;Cl,). Most of what will follow will
be valid for all of the above completions, however we will state all of our
results only for the quotient completion.

Later in the paper we will introduce variants of Roe algebras which are
suitable for spaces with cylindrical ends and show that the K-theory groups
of these algebras define functors on a certain category of spaces. Our proofs
of the functoriality of the K-theory of the new Roe algebras and their in-
dependence from the chosen ample modules makes use of the analogues of
these results for the classical Roe algebras. Hence, we quickly recall the latter
results in the following. Analogues of the results mentioned below hold for
the Cl,,-linear versions of the algebras introduced and we will later make use
of them.

Definition 3.3.5 (See [28, Chapter 2]). Let X and Y be locally compact
separable proper metric spaces endowed with a free and proper action of a
discrete group I' by isometries. A map f : X — Y is called coarse if the
inverse image of each bounded set of Y under f is bounded and for each R > 0
there exists S > 0 such that dx(z,2') < R implies dy (f(x), f(z')) < S.
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Definition 3.3.6. Let X and Y be as in Definition B.3.5l Let H and H’
denote an X and Y-module respectively. The support of an operator T :
H — H' is the complement of the union of all sets V' x U C Y x X with the
property that fTg =0 for all f € Co(V') and g € Cy(U). It will be denoted
by Support (7).

Definition 3.3.7. Let X and Y be as in Definition 3.3.5] Let f : X — Y be
a coarse map. Let H and H' denote an X and Y-module respectively. An
isometry V' : H — H’ is said to cover f if there exists an R > 0 such that
dy (f(z),y) < R for all (y,z) € Support(T).

Lemma 3.3.8 (|16, Lemma 6.3.11]). Let f, X,Y, H and H' be as in Defini-
tion[3.3.7. If an isometry V' covers f, then T — VTV* defines a map from
R(X)' to R(Y)T, which extends to a map C*(X)'' — C*(Y)'.

Proposition 3.3.9 (|16, Proposition 6.3.12]). Let f, X,Y, H and H' be as
in Definition |3.53.7. There exists an isometry which covers f and thus in-
duces a map K.(C*(X)') — K.(C*(Y)'). The latter map is independent
of the choice of the isometry covering f. In particular, the K,.(C*(X)') is
independent of the choice of the X-module up to a canonical isomorphism.

For the rest of the section we consider a space Z with a chosen Z-module
H. In the case the action of I' on Z is cocompact we have the following

Proposition 3.3.10. If the action of T on Z is cocompact, then K,(C*(Z)") =
K.(Cy(T')), where Cy(T') is the quotient completion of the group ring of I' as
introduced in [34].

Proof. In the proof of [16, Lemma 12.5.3] an isomorphism R(X)" = C['] ®
K(H') is given. Here K(H') denotes the algebra of compact operators on
a suitable Hilbert space H’. This isomorphism becomes an isometry if the
left hand side is endowed with the norm of C*(X)' and the right hand
side is endowed with the norm of Cy(I') ® K(H') and thus extends to an
isomorphism of the latter two algebras. The claim then follows from the
stability of K-theory. O

Given a ['-invariant subset S C Z it will be useful to look at the x-algebra
of operators in R(Z)" which are supported near S in the sense of the following

Definition 3.3.11. Given a subset S C Z, T is said to be supported near
S if there exists an R > 0 with the property that supp T C Ug(S) x Ug(S).
Here Ug(S) denotes the open R-neighbourhood of S.
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Definition 3.3.12. Let S be a I'-invariant subset of Z. The equivariant
algebraic Roe algebra of S relative to Z is the subalgebra of R(Z)! consisting
of operators supported near S and will be denoted by R(S C Z)'. The

equivariant Roe algebra of S relative to Z is the closure of R(S C Z)! in
C*(Z)! and is denoted by C*(S C Z)L.

Since S is itself a ['-space, it has its own Roe algebra. This is related to
the Roe algebra of S relative to Z by the following

Proposition 3.3.13 ([17, Section 5, Lemma 1]). K,(C*(S)') = K,(C*(S C
Z)H.

We will also need the notion of support of a vector in H.

Definition 3.3.14. Let v € H. The support of v is the complement of the
union of all open subsets U with the property that fv = 0 for all f € Cy(U).

3.3.2 Yu’s Localisation Algebras

Given a C*-algebra A denote by TA the C*-algebra of all uniformly contin-
uous functions f : [1,00) — A endowed with the supremum norm.

Definition 3.3.15. The equivariant localisation algebra of Z is defined to
be the C*-subalgebra of TC*(Z)' generated by elements f satisfying

e prop f(t) < oo for all ¢t € [1,00)

t—o00

e prop f(t) — 0.
It will be denoted by C5(Z)'.

The K-theory of the localisation algebra provides a model for the equiv-
ariant locally finite K-homology. Yu constructed an isomorphism Indj, :
KNZ) — K.(C:(Z)"), where KI'(Z) denotes the equivariant K K-group
KK, (Co(2),C).

Definition 3.3.16. A ['-cover Z of a locally compact metric space M is
called nice if there exists an € > 0 such that the restriction of Z to every
e-ball in M is trivial.

Proposition 3.3.17. Let Z — M be a nice I'-cover. Then there is an
isomorphism K,(C;(Z)' = K.(C;(M)) induced by lifting operators on M
with small propagation to equivariant operators on Z. In particular Indp,
gives rise to an isomorphism K,.(M) = K,(C:(Z)Y).

56



Remark 3.3.18. In the following we will assume all covers to be nice.

Given a I'-invariant subset S of Z it will be useful to define the localisation
algebra of S relative to Z.

Definition 3.3.19. The equivariant localisation algebra of S relative to Z
is defined as the C*-subalgebra of C(Z)!' generated by elements f with the
property that there exists a continuous function B : [1,00) — R vanishing
at infinity such that prop f(¢) < B(t). It will be denoted by C; (S C Z)'.

Proposition 3.3.20 ([41, Lemma 3.7]). K.(C:(S)") @ K.(C;(S c Z)1)

Definition 3.3.21. The equivariant structure algebra of Z is the C*-subalgebra
of C3(Z)" consisting of C*(Z)'-valued functions f on [1,00) with f(1) = 0.
It is denoted by C7} ,(Z)".

Given a ['-cover Z — M induced by a map M — BI', with M compact,
the index map ' : K, (M) — K,(C*(T")) can be defined by

~ * (ev1)« * ~ *
K.(M) = K. (C[(2)") — K.(C*(2)") = K.(C;(I))
. Clearly, it fits into a long exact sequence
o= SY (M) = K (M) — K. (CHI)) — ...,

where S} (M) denotes K, (Cj o(Z)") and is called the analytic structure group.
This long exact sequence is called the Higson-Roe analytic surgery sequence.

Fundamental Class of Dirac Operators

Now suppose that Z is an n-dimensional spin manifold. We assume that I’
acts by spin structure preserving isometries. Denote by & = Pspin(Z) Xspin
Cl,, the Cl,-spinor bundle on Z. Recall that the Cl,-linear Dirac opera-
tor on Z (acting on sections of @) gives rise to a class in K,(Z)'. Un-
der the isomorphism of , this class corresponds to the class [ID,] €
Ko(C3(Z; QL)Y = K, (C3(Z)F) defined by op S = Ci(Z;Cl,)" sending
feSto(tm f(30) € Ci(Z;CL,)" .

3.3.3 The Relative Index Map

Let A and I' be discrete groups and ¢ : A — I' a group homomorphism.
The homomorphism ¢ gives rise to a continuous map By : BA — BI'. It
also induces a map ¢ : C¥_ (A) — C¥ . (I'). We can and will assume that

max max
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By is injective. Given a compact space X, a subset ¥ C X and a map
f(X,Y) — (BI', BA) Chang, Weinberger and Yu (]2]) define a relative
index map pM : K (X,Y) — K.(C:..(T,A)). Here C, (T,A) = SC,
denotes the suspension of the mapping cone of ¢ and is called the (maximal)
relative group C*-algebra. If X is not compact, then their construction gives
rise to a relative index map with target the K-theory group of a relative Roe
algebra. Here, we quickly recall the construction of the relative index map.
Denote by X and Y the I' and A coverings of X and Y associated to f and
J1Y respectively. Denote by Y’ the restriction of X to Y. Using particular
X,Y’ and Y-modules Chang, Weinberger and Yu construct a morphism of
C*-algebras
U G V)Y = Gl (V)57 5 Ol (X))

We will later discuss the morphism 1) in more detail. Applying ¢ pointwise
we obtain a morphism

¢L : Oz,max(i;)A — Cz,max(yl)ﬁ — Cz,max(X)F'
Analogous to the absolute case, there is a map Ind® : K,(X,Y) — K,(SCy,).

Proposition 3.3.22. Inere1 18 an isomorphism. If, furthermore, X is com-
pact, then K,(SCy) = K. (C} (I, A)).

max

Evaluation at 1 gives rise to morphisms evy : C’;max(f/)A — Cr (V)A

and evy : C7 . (X)F — €% (X)T. The diagram

L,max max

Cf e Y)Y =22 O (V)

le lﬂﬂ
Chmax (X)) = O (X
is commutative. Hence, the evaluation at 1 maps give rise to a morphism
SCy, — SCy, which we also denote by ev;.

Definition 3.3.23. The relative index map " is defined to be the compo-
sition
Inde!

K.(X,Y) 25 k,(SCy,) S Kk.(SC).

Remark 3.3.24. If X is compact, the isomorphism K, (SCy) = K, (C} (T, A))

allows us to consider p'* as a map with values in the K-theory of the relative
group C*-algebra.
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Remark 3.3.25. Instead of the maximal completion of the group rings and
the Roe algebras, one can consider the quotient completion introduced in
[34] and obtain a similar relative index map. If the group homomorphism
¢ : A — T is injective, then one can also use the reduced completion of the
group rings and Roe algebras.

Analogous to the absolute case the relative index map fits into a long exact
sequence. The map 1, gives rise, by restriction, to a map ¢, : Cio(Y)A —

7 0(X)F. We have a short exact sequence of C*-algebras

0— SC,ZJL’O — SC¢L ev—1> SCw — 0,

which gives rise to a long exact sequence of K-theory groups
A
= K (SCy, ) = Ku(X,Y) 5= K. (SCy) — -+ .

Remark 3.3.26. Similarly, one defines maps C’(*L)(i;; ClL,)* — Ci (X;ClL,)T,
which we will also denote by 9 (z,).

The Relative Index of Dirac Operators on Manifolds with Bound-
ary

Given a compact spin manifold M with boundary N with a metric on M
which is collared at the boundary, consider the manifold M., obtained by
attaching No, == N x [0,00) to M along N. Extend the metric on M to
a metric on M., using the product metric on the half-cylinder (the metric
on R, is the usual one). Denote by [/, ] the fundamental class of the
Dirac operator on M., in K.(My). Given a map f : (M, N) — (BT, BA),
the construction of the previous section gives rise to a relative index map

pt s K (M, N) — K. (C*(T, A)).
Definition 3.3.27. The relative index of the Dirac operator on M is defined
to be the image of [)),_] under the composition

Ko (M) — Ko (Mao, Noo) S5 K.(M, N) % K.(C*(T, A)).

where the isomorphism K, (Mu., Nao) — K, (M, N) is given by excision.

The nonvanishing of the relative index obstructs the existence of positive
scalar curvature metrics on M.

Proposition 3.3.28 (]2, Proposition 2.18],[34, Theorem 5.1],[4, Theorem
4.12]). If there exists a positive scalar curvature metric on M which is collared
at the boundary, then the relative index of the Dirac operator on M vanishes.
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3.4 Coarse Spaces with Cylindrical Ends

Let X be a locally compact metric space with a free and proper action of
a discrete group I' by isometries. For a I'-invariant subset Y of X we can
endow Y x R with a [-action by setting v(y,t) = (yy, t).

Definition 3.4.1. Let X and Y be as above. The space X is said to have
a cylindrical end with base Y if there exists a ['-equivariant isometry ¢ :
Y x [0,00) — X satisfying

e ((y,0) =y
o limp o dist(t(Y x [R,00)), X — Yy) = 00

Here Y, denotes ¢(Y x [0,00)) and Y x [0, 00) is endowed with the product
metric.

Definition 3.4.2. Let (X,Y,:) and (X', Y’ /) be spaces with cylindrical
ends. a map f: X — X' is called a coarse map of spaces with cylindrical
ends if it is a coarse map and satisfies

o f(X\Yy)CX'\Y. and

o f(u(y,t)) = (g(y),t) with g == f]Y.

3.4.1 Roe Algebras for Spaces with Cylindrical Ends

Using the isometry ¢ one can define an action of Ry on Cy(Yy) by setting
Ls(f)(t((y,t))) = f(e(y,t —s)) for s € Ry. We would like to define a variant
of Roe algebras for spaces with cylindrical ends. In order to do this we use
modules which are equipped with an action of R, by partial isometries, which
is compatible with the action of R, on Cy(Y,,). Before making this precise
we introduce some notation. Let Hy be a Y-module. The Hilbert space
L*(R,; Hy) can be endowed with the structure of Y,,-module in a natural
way. On L%*(R,; Hy) one can define a family of partial isometries PS* by
P (f)(t) = f(t — s) for t > s and P5*(f)(t) = 0 otherwise.

Definition 3.4.3. Let (X,Y,t) be a space with cylindrical end. A Hilbert
space is called an X-module tailored to the end if there is a tuple (p, U, { Ps})
satisfying the following properties:

e (p,U) is a covariant ample representation of Cy(X) on H.

e P, is a strongly continuous family of partial isometries on H satisfying
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— P, =P
— PP, = p(Xuyx[0,00))) for all s >0
— PP} = p(Xuyx[s,o0))) for all s >0
— p(f)Ps = Pyp(Ls(f)) for all f € Cy(Ya).

e For some Y-module Hy, there is a I'-equivariant unitary: W : xy, H —
L*(Ry; Hy) which covers the identity and satisfies W P, = PV,

Here, the tuple (p, U, {Ps}) is part of the structure of the X-module and p is
the extension of the representation p to the bounded Borel functions.

Similarly, one can define Cl,-linear modules tailored to the end. The fol-
lowing definitions generalise in an obvious manner to the Cl,,-linear context.
In the rest of the section (X,Y,¢) will be a space with cylindrical end (en-
dowed with a I'-action) and H will denote an X-module tailored to the end.
We will construct a variant of Roe algebras for spaces with cylindrical ends.
Since H is in particular an X-module, it can be used to construct the usual
equivariant algebraic Roe algebra R(X)T.

Definition 3.4.4. An operator T' € L(H) is called asymptotically R, -
mvariant if
lim sup |[(P_sTPs; — T)Xu(v x[r,s0))|| = 0.

R—00 430

Lemma 3.4.5. The set of operators in R(X)Y, which are asymptotically
R, -invariant is a *-subalgebra.

Proof. Let S, T € R(X)! be asymptotically R, -invariant. Set Ry := prop T
In the following xr will denote X,y x[r,c0))- Since PsP_; = x, (for all s > 0)
and elements in the image of T'P;x g are supported in ¢(Y X [R — Ry + s, 00))
we have for R > R,

(P_,STP,)xr = (P_,SP,P_,TP,)xk.

Furthermore, since elements in the image of (P_,7'P;)xr are supported in
(Y X [R— Ry,0)) we have

(PfsSPstsTPsb(R = (PfsSPsXRfRonsTPsb(R-

From the asymptotic R -invariance, it follows that P_sSPsxr—r, = SXr-Ro+
Er_pgys(S) and P_,TP,xr = Txr + Ers(T) with

lim sup || By o(S)]| = 0 = lim sup||Ep.(T)]] (x)
R—o0 s>0 R—o0 s>0
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Therefore (P_,ST P, — ST)xg is equal to
SXr-roITXR+5XR-Ro Ers(T)+ER_pys(S)TXr+ER-R,s(S)ERs(T)—STXR

= SXr-roErs(T) + Ep_prys(S)TXR + Er—Ry,s(S)Ers(T).

The latter equality and imply that ST is asymptotically R -invariant.
We now show that 7™ is also asymptotically R, -invariant. We have

(P—ST*PS - T*)XR = (XR(P—STPS - T))*

Furthermore, since the propagation of 7" is Ry the right hand side is equal
to (Xg(P-sTPs — T)Xr-r,)" = (XrEr-Rys(T))*. This shows that 7™ is
asymptotically R -invariant. The fact that the set of asymptotically R, -
invariant operators is closed under addition is clear. O

Definition 3.4.6. The equivariant algebraic Roe algebra of X tailored to the
end is the *-subalgebra of R(X)! consisting of asymptotically R, -invariant
operators. It will be denoted by R(X)I®+. The Roe algebra of X tailored
to the end is the closure of R(X)"*+ in Cf,(X)" and will be denoted by

C’E“d)(X )PE+ - Similarly, using a Cl,-module tailored to the end, one defines
R(X; Cl,)"®+ and Clp(X; Cl, )R+

Remark 3.4.7. Note that the algebraic and C*-algebraic Roe algebras de-
fined above depend, a priori, on the chosen modules tailored to the end.
We will see later, that the K-theory groups of the C*-algebras defined using
different modules are canonically isomorphic.

Remark 3.4.8. The equivariant Roe algebra of X tailored to the end ob-
tained by using the quotient completion will simply be denoted by C* (X )!E+.
In the following we will only make use of the quotient completion; however,
most of the results are also valid for the reduced and maximal completions.

Let (X', Y’,/) be another space with a cylindrical end and H' an X'-
module tailored to the end given by the data (p',U’, { P!}).

Definition 3.4.9. Let f : X — X’ be a map of spaces with cylindrical ends.
An isometry V : H — H' is said to cover f if it covers f in the sense of
[16, Definition 6.3.9] and satisfies V P; = PV,

Lemma 3.4.10. Let f and V be as in Definition[3.3.]. Then T — VT'V*
defines a map C*(X)DR+ — C*(X")TR+
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Proof. The fact that conjugation by V gives a map C*(X)" — C*(X") is the
content of [16, Lemma 6.3.11]. We show that if 7" € R(X)" is asymptotically
R -invariant, then so is VT'V*. In the following p and p’ will denote the ex-
tension of p and p’ to the bounded Borel functions on X and X’ respectively.
Using the fact that V' intertwines the families { P;} and {P.} we get

(PLVTV*F, ~VTV*)p(xr) = V(P_TP, — T)V*p(xr) =

V(P_,TP,-T)V*P.P',=V(P_,TP,—T)P,P_V*=V(P_,TP,—T)p(xr)V",
which proves the claim. O

Proposition 3.4.11. Let f : X — X' be a map of spaces with cylindrical
ends. Then there is an isometry V : H — H' which covers f. Conjugation
by V induces a homomorphism K.(C*(X)DR+) — K, (C*(X")VR+) which
does not depend on the choice of the covering isometry V. In particular,
K.(C*(X)VE+) does not depend on the choice of the X-module tailored to

the end up to a canonical isomorphism.

Proof. We prove the existence of an isometry covering f. The proof that
the induced map on the K-theory groups by conjugation with V' does not
depend on the choice of V is the same as that of [16, Lemma 5.2.4]. We
have H = xx\v., H ® xvi. H = xx\vo, H ® (Hy ® L*(Ry)). Similarly H' =
xxnvy H' & (Hy, ® L*(R.)). By Proposition m there are isometries V; :
xx\voH — xx\vo.,H' and V, : Hy — Hy, covering the restrictions of f to
X \ Y, and Y respectively. We use the above decompositions of H and H’
and set V = V;&(V,®Id). Since the isomorphisms xy, H & Hy®L*(R,) and
Xy, H' = Hy, ® L*(R.) cover the identity maps on Y, and Y., respectively,
V, seen as an isometry from H to H’, covers f in the sense of Definition
Furthermore, the latter isomorphisms intertwine the families { P} and
{P!} with the standard families of partial isometries {P5'} on Hy @ L*(R,)
and Hy» ® L*(R,), which implies that V intertwines {Ps} and {P/}. Thus,
V covers f in the sense of Definition |3.4.9| O

One can also define localisation and structure algebras tailored to the
end.

Definition 3.4.12. The equivariant localisation algebra of X tailored to the
end is defined to be the C*-algebra of TC*(X )"+ generated by elements f
satisfying

e prop f(t) < oo for all ¢t € [1,00)

e prop f(t) .
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It will be denoted by C3(X)"®+. The equivariant structure algebra of X
is defined to be the subalgebra of Cj(X)I'E+ generated by f which further
satisfy f(1) = 0. It will be denoted by C} ((X)"+.

Remark 3.4.13. One can also prove the existence of families of isometries
covering a given map in a suitable sense and inducing maps between local-
isation and structure algebras tailored to the end. One can then deduce
an analogue of Proposition for structure and localisation algebras tai-
lored to the end. These statements can be proved by using the approach of
the proof of Proposition and slight modifications of the proofs for the
classical structure and localisation algebras.

3.4.2 Roe algebras for Cylinders

One of our main goals in the following is to evaluate asymptotically R, -
invariant operators on a space (X,Y,:) with cylindrical end and obtain R-
invariant operators on the cylinder over Y. In this section we define a Roe
algebra for cylinders which will be the target of the aforementioned ”eval-
uation at infinity map”. In the following Y will denote a locally compact
separable metric space endowed with a free and proper action of a discrete
group I' by isometries. Endow Y x R with the product metric. Furthermore,
L(f)(y,t) = f(y,t — s) defines an action of R on Cy(Y x R). Let Hy be a
Y-module. The space L*(R, Hy) can then be endowed with the structure of
a Y x R-module. There is a family {Q%'} of unitaries on L*(R, Hy) given by
the shift of functions in the R-direction

Definition 3.4.14. A Hilbert space H is called a cylindrical Y x R-module
if there is a tuple (p, U, {Qs}) satisfying the following properties:

e (p,U) is a covariant ample representation of Cyp(Y x R) on H.

e {Q;} is a strongly continuous group of unitaries commuting with the
representation U of I on H and satisfying p(f)Qs = Qsp(LL(f)).

e For some Y-module Hy, there is a unitary isomorphism W : H —
L*(R, Hy) which covers the identity map of ¥ x R in the sense of

Definition intertwines the families {Q,} and {Q%} and which
does not shift the support of vectors in the R-direction.

A cylindrical Y x R-modules is in particular a Y x R-module and allows
us to define the usual Roe algebras R(Y x R)Y and C*(Y x R)Y

64



Definition 3.4.15. An operator T € R(Y x R)! is called R-invariant if

Q—STQS —T=0

for all s € R. The closure of the x-algebra of such elements in C*(Y x R)"
will be denoted by C*(Y x R)"E. Similarly, using a cylindrical Y x R-Cl,,-
module, one defines C*(Y x R; CL,)""F+.

Now let Y’ be another space. Let f:Y xR — Y’ x R be a coarse map,
which is the suspension of a map g : Y — Y’. Let H and H’ be cylindrical
Y x R and Y’ x R-modules respectively. A slight modification of the proof
of Proposition [3.4.11] proves the following

Proposition 3.4.16. Let f, H and H' be as above. There exists an isometry
V 1 H — H' which covers f in the sense of Definition[3.3.7 and intertwines
the families {Qs} and {Q.}. Conjugation by V induces a homomorphism
K.(C*(Y x R)PE) — K (C*(Y" x R)"™*R).  The latter homomorphism is
independent of the choice of the isometry V' satisfying the above properties.
In particular, K,(C*(Y x R)I*®) does not depend on the chosen cylindrical
Y x R-module.

3.4.3 The Evaluation at Infinity Map

Let (X, Y, ) be a space with cylindrical end on which I" acts as above. Asymp-
totically R, -invariant operators can be “evaluated at infinity” in the sense
of Propositions |3.4.19| and |3.4.20| to give R-invariant operators on Y x R. In
order to do this we first introduce the notion of (X,Y,¢) modules, which is
given by a pair consisting of an X-module tailored to the end and a cylindrical
Y x R-module which are related in a special way.

Definition 3.4.17. Let (X,Y,¢) be a space with cylindrical end. A pair
(H,H') of Hilbert spaces is called a (X,Y,t)-module, if there is a tuple
(p, 0/, U, U {Ps},{Qs}, 1) satistying the following properties:

o (p,U{Ps}) and (p',U’,{Qs}) endow H and H' with the structure of
an X-module tailored to the end and a cylindrical ¥ x R-module re-
spectively.

e iisaunitary xy, H — Xyxr, H' intertwining the I'-representations and
the representations of Cy(Ys) and Co(Y x Ry) on xy, H and xyxr, H'
respectively.

® Qsot=1i0F[, pforalls>0.
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Remark 3.4.18. Note that p'(f)Qs = Qsp'(L.(f)) in particular implies that
Qs applied to vectors in H' which are supported in Y x [R, 00), results in
vectors with support in Y x [R + s, 00). This observation will be used in the

proof of Proposition [3.4.19,

In the following we will call an element v € H’ compactly supported if its
support in the sense of Definition [3.3.14] is a compact subset of Y x R. The
nondegeneracy of p’ implies that compactly supported vectors are dense in
H'

Proposition 3.4.19. For T € R(X)"®+ and a compactly supported vector
v € H' the limit T*v = lim,_,o Q_s1Ti*Qsv exists in H' and the mapping
v = T®v extends to a continuous linear map T on H'. Furthermore, the
operator T™ defined in this way is an element of R(Y x R)IE,

Proof. In the following xgr will denote X,y x[r) and will be seen as an
operator on H. x’p will denote xy x[r,0) and will act as on operator on H'.

e The limit exists: for € > 0 choose R such that SUPguq |[(P_sT Py —
T)xr|| < € for all R > R. Let s be such that Qs(v) is supported on
Y x R, for all s > 5. Set s = R+ s. Then we have

Qs T4 Qg 50 — QT Q|| = [|Q Q51T Qs — 1T ) Qs
Note that (Q;1iTi*Qs — iT7*)Qsyv = i(P_sTPs — T)x i*Qs,v; hence
11Q5,1(Q 1T Qs — iTi%) Q|| < [[(P-TP, = T)xzll[[v]l,

where we use that (), is a unitary. The latter inequality shows that
{Q74Ti*Qv}s>7 is a Cauchy net and thus has a limit.

e 7 is a bounded operator on H': we clearly have ||T>v|| < ||T||||v]|
for all compactly supported v which shows that v — T>v is a bounded
operator on the dense subspace of compactly supported vectors in H’
and thus extends to a bounded operator on H'.

e T is an R and ['-invariant operator: for t € R we have
QT™Qw = Q—t(sh_glo Q—siTi*QthU) = Sh_{lolo Q—s—t1TT" Qv =
lim Q_Ti" Qv = T>v
S§—00

for all compactly supported v. Therefore Q_,T*°Q; = T*°. A similar
computation and the fact that the R-action and the I'-action on H’
commute proves the I'-invariance.
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e T is locally compact: We show that for ¢ € C.(Y x R) T is
compact. The proof of the compactness of T is similar and even
more straightforward. There exists M > 0 such that the support of
Y is contained in Y x [-M,00). Set Ry = propT. If v is compactly
supported with support in Y X (—oo0, =M —Ry), then ¢Q_4iTi*Qsv = 0.
We thus have a commutative diagram

Hl wToo Hl

[

YT
X/—M—RO H' —— X/—M—RO H'.

Therefore, it suffices to show that the restriction of YT to X'\, p H’
is compact. First we show that {x' ; p Q-siT7* QsX" rs_p, }s>M+R, 15

a norm convergent net of operators on X', p H'. Set s; = R+M+Ry.
Then, similar to the above computation, we have

|’XI—MfRDQ;isiTi*Q&Jrsxl—MfRo - XLMfROQ;liTi*QleLMfROH =
||X,—M—R0Qs_11(Qs_1iTi*Qs - iTi*)Q51XLM—RO||'
Furthermore,
QT Qs — iTi) Qo X pi—py, = I(P-sT Py — T)X 5" Qsy X 11— o

which implies

HX/_M—ROQ:(Q;liTi*Qs —iTi") Qs X a1 gl < €.

Hence, {¥x"_y;_p,Q—siTi* QsX_p;_pg, fs>M+R, 1S NOrm convergent and
converges strongly to /7> in L(x"_,,;_g,H'). Thus {17 restricted to
X_a—g,H' is actually the norm limit of

wX/—M—ROQ*SZ‘TZ‘*QSX/—M—RO - X/_M_ROQst/s(w)iTi*QSX,—M—RQ
= XLM,ROQ—siLs<¢)Ti*QSXLM7R0

as s tends to infinity. The compactness of YT, o H then follows
—M=ig
from that of Ls(¢)T.

O

Proposition 3.4.20. The map evy, : R(X)V — R(Y x R given by
T +— T is continuous if the domain and target space are endowed with the

norms of C*(X)'®+ and C*(Y x R)"™*E respectively. Thus it gives rise to a

morphism of C*-algebras evy, : C*( X))V — C* (Y x R)P<E,
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Proof. If we endow R(X )" + with the reduced norm, the continuity of the

map eve, : R(X)"+ — CF (Y xR)™*E follows from the proof of the previous
proposition. Indeed, we already saw that this map is a contraction. The
continuity of this map for the quotient completion follows from its continuity
for the reduced completion, the commutativity of the the diagram

R(X)ME+ —== 5 R(Y x R)T*R

| |

R(X/N)I/NRe T2y R(Y/N x R)F/NxR

for all normal subgroups N of I' and the definition of the quotient completion
in |34, Section 4]. It remains to show that it is a morphism of x-algebras.

Let S and T be in R(X)"®+ and let v € H' be compactly supported. We
have

(TS)*v =1im Q; T Si*Qv = lim Q; "iTi*Q,Q; 'iSi* Qv =

lign Q;LiTi*Q4(S™v + E(s)) = T™(5%v).

The last equality follows from the fact that ||Q; 1 Ti*Q(E(s))|| < ||T||I|E(s)]|-
The rest is clear. O

Thus an (X, Y, t)-module allows us to define an evaluation at infinity map.
Next we will prove a functoriality result, which in particular shows that the
induced map on K-theory is independent of the chosen (X, Y, ¢)-module. Let
(X,Y,7) be another space with cylindrical end (and a -action). Let (H, H')
be an ()?, ?,ﬂ—module. Let f: (X,Y, 1) — ()?, ?,ﬂ be a map of spaces with
cylindrical ends. In particular, the suspension of the restriction of f to Y
defines a map ¥ x R — Y x R. In this situation we have the following

Proposition 3.4.21. There are isometries V_: H — Hand V' : H —
H' which satisfy the conditions of Definition and Proposition

respectively and which make the diagram

C*(X>F,R+ Voo C*(YXR)FX]R

lAdV lAdV/
C«*()?>F,R+ Voo, C’*(}A/ x R)I*E
commutative. In particular, the map (evy)s @ Ki(CH(X)PE+) — K, (C*(Y x

R)™>®) does not depend on the choice of the (X,Y, 1)-module up to the usual
canonical isomorphisms.
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Proof. Let V' : H' — H’ satisfy the conditions of Proposition and such
that V' and (V’)* map vectors which are supported in ¥ x R, and Y x R,
to vectors which are supported in Y x Ry and Y x R, respectively. We have
decompositions H = xx\y.,, H ® xy,,H and H = X)?\?ooH ® xp H. Using
these decompositions we define V' to be the isometry

Vi 0
0 Vi)’

where Vi @ xx\vi. H ® xv.. H — Xi\f/ooﬁ is any isometry covering the re-
striction of f to X \ Y, and i is the unitary from the definition of an
()? ,?,D-module identifying X?OO}AI and X{,X]MPAI/ . Now we show that for
T € R(X)VE+ (Adyroeve)(T) = (eveo 0 Ady)(T). This then finishes the
proof of the proposition. Let v € H' be compactly supported. We have

(Adys 0 evae)(T)v = V'1im Q_,iTi*Q,V"*v = lim Q_,V'iTi*V'"*Q,v.

On the other hand (evy o Ady)(T)v = limg Q_VTV*i*Qu. Set Ry =

~

propT'. For s sufficiently large Qsv is supported in Y x (Rp, 00). Therefore
lim Q_VTV** Q. = lim Q_.ii*V'iTi* V" ii* Q. = lim Q_V'iTi*V'"* Q0.

Hence, (Ady/ oeva)(T) = (eve 0 Ady ) (T). O

3.4.4 (I',A)-equivariant Roe Algebras

Let (X,Y,¢) be a space with cylindrical end. We do not assume the existence
of an action of I" on X. Let A,I" and ¢ be as in Section [3.3.3 Suppose there
exists a map of pairs 7 : (X,Ys = (Y x R;)) — (BI', BA) satisfying
n(e((y,t))) = n(e((y,0))) for all t € Ry. This allows us to define I'-coverings
X ,Y(’OO) of X,Y(«) and a A-covering }7(;) of Y(). We obtain in this way
new spaces with cylindrical ends (X,Y”,/) and (Ya,Y,7). In this section
the Roe algebras will be constructed using fixed (X,Y”,¢) and (KO,?,Z)—

modules. The construction of the previous section gives rise to evaluation at
infinity maps C* (Yo ) A%+ — O* (Y xR)M® and C*(X)TR+ — C* (Y xR)I*E,
Chang, Weinberger and Yu constructed a map C*(Y x R)* — C*(Y’ x R)"
E|. It is easy to see that this map respects the R-invariance and asymptotic
R, -invariance of operators. Thus we get, by restriction, a map ¢ : C*(Y x

R)AXR N C*(Y/ % R)FXR'

!They constructed the map between the maximal Roe algebras. In [34] the quotient
completion was introduced and it was shown, that one has a similar map between the
quotient completions of the equivariant algebraic Roe algebras.
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Definition 3.4.22. T € C*(X)"®+ is called asymptotically A-invariant if
eveo(T) is contained in the image of . The pullback of C*(X)"E+ and
C*(Y x R)™® along evs, and ¢, is called the (I, A)-equivariant Roe algebra
of X and will be denoted by C*(X)TR+A

Remark 3.4.23. By definition, we have a commutative diagram

C*(X—)F,R+,A Cbk(f/ « R)AxR

| J*

C*()?)RRJr eV_0°> C*(y/ % R)FXR

and elements of C*(X)TR+A are given by pairs (S, T) with § € C*(X)"E+ T e
CHY x R)M™E with eva(S) = o(T).

Definition 3.4.24. The (I', A)-equivariant localisation algebra((T', A)-equivariant
structure algebra) of X is defined to be the pullback of the following diagram

C* (Y X R)AxR

l¢

C* ( )F Ry Voo o Cz © (Y’ % R)FxR

It will be denoted by C* ( )F Ry, A

We obtain an analogue of the Higson-Roe sequence for spaces with cylin-
drical ends: the short exact sequence

0 — Co(X)EeA 5 O (X)TRAA o 0 (X)DRA 0
gives rise to a long exact sequence

= K (CL (X)) = K (LX) Eeh) = K (O (X)) — -

3.5 Index of Dirac Operators on Manifolds
with Cylindrical Ends

Let X be an n-dimensional spin manifold with a cylindrical end with base Y .
By this we mean that (X, Y ) is a space with cylindrical end, ¢ is smooth and
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X\ (Y x (0,00)) is a smooth codimension zero submanifold with bound-
ary Y. We fix a map n : (X,Y, = «(Y x Ry)) — (BT, BA) satisfying
n(t((y,t))) = n(e((y,0))) for all t € Ry which gives rise to certain covers
of X and Y, which we will denote as in the previous section. Denote by
LQ((?))}),L%(%Y,X]R),L?((Z%@) and L*(@y ) the square integrable sections
of the Cl,,-spinor bundles on X Y x R,}ff; and Y x R respectively. The
pairs (L*(& z), L*(Gyrxr)) and (L? (G5 ), L* (G5 ,)) can be given the struc-
ture of an ()?, Y’ /) Cl,,-module and an (Ko, }7,2) Cl,,-module in the natural
way respectively. In particular, the families of unitaries on L?*(@&y,g) and
L?(@5, ) needed in the definition of cylindrical Y’ x R and Y x R-modules
will be given by the shift of sections in the R-direction and will be denoted
by {Q.} and {Qs} respectively. We will use these modules to construct the
relevant C*-algebras in the following section. As in Section [3.3.2] we obtain
classes [D5] and [Py, ] in Ko(C;(X;CL,)Y) and Ko(Ci(Y x R; Cl,)A) re-
spectively. Note that Y x R is a manifold with cylindrical end with base Y.
In the following we will define a fundamental class for the Dirac operators on
X and its cylindrical end in the K-theory groups of the (I', A)-equivariant
localisation algebra and discuss indices and secondary invariants obtained
from it. We will need the following

Lemma 3.5.1. The following diagrams are commutative

S —— C*(X; QL) S —— C*(Y x R;Cl,) MR

l% \ lso

C*(Y" x R; Cl, )T ¥B C*(Y" x R; Cl, )T B,

Here S — C*(X;CL)™R+, & — C*(Y' x R;CL)® and S — C*(Y x
R; Cl,)® denote the functional calculi for lﬁ)}, Dyiwr and ngxR respec-
tively.

Proof. First note that the isometry ¢/ allows us to identify the Cl,-spinor
bundles over Y’ x Ry and Y./, which in turn gives rise to the unitary
i oxv LB %) = Xvxe, LA(@yiug). Let v € L*(@yrp) be compactly
supported. For f € § whose Fourier transform is supported in (—r,r), it
is well known that f(P5) and f(IDy:,g) have propagation less than r and
depend on the r-local geometry in the sense that f(Dg)w and f(Dy/p)v
depend only on the Riemannian metric in the r-neighbourhood of the sup-
ports of w and v respectively. For v € L?(Gy ) with compact support pick
sp such that Q.v is supported in Y’ x [2r,00) for all s > sy. The previous
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observation then implies that if(D5)i*QLv = f(Dywr)@v for all s > sq.
Hence

lim Qi f(D)i" Qv = lim Q. f (Dyz) Qo

However, because the Riemannian metric on Y’ x R is R-invariant, @', com-
mutes with the Dirac operator and its functions. This implies that Q' _f(Dy yr)Q.\v =
f(Dy wr)v and shows that for f with compactly supported Fourier transform
Voo (f(DP5)) = f(Dyrxr). The commutativity of the left diagram then fol-
lows from the fact that the functions in S with compactly supported Fourier
transform form a dense subset.

Now we show the commutativity of the right diagram. First we need to
recall one of the main properties of the map ¢ : C*(Y x R; Cl,)* — C*(Y’ x
R;ClL,)". Since all the covers are assumed to be nice one has bijections
C’*(i} x R; Cl,)M® =2 C*(Y x R;CL,)F and C*(Y’ x R; Cl,)[*R = C*(Y x
R; C1,)¥, where C*(Y x R; Cl,,)® is constructed using L?(&y «g) as the Y x R-
module, € is a sufficiently small positive real number, and C*(-). denotes the
set of elements in the corresponding Roe algebra which have propagation
less than e. The bijections are given by pushdowns and lifts of operators on
different covers. Furthermore, o makes the diagram

C*(Y x R;CL,)ME 25 C*(Y’ x R; Cl,,)T¥®

= l%

C*(Y x R; ClL,)E.

commutative. Let f € S have a Fourier transform which is supported
in (—¢€,¢€), with € sufficiently small. The observation that f applied to
the different Dirac operators depends only on the €-local geometry and

the niceness of covers imply that f(Dy. ), f(DPyyr) and f(Dy/g) cor-
respond to each other under the pushdown/lift maps. The commutativ-

ity of the latter diagram then implies that for f with the above property
o(f(Dsv.g) = f(Dyrxr). The commutativity of the right diagram in the
claim of the lemma then follows from the fact, that the C*-subalgebra of
S generated by functions whose Fourier transform is supported in a fixed
interval (—C, C) is the whole of S, since it separates points. O]

Lemma [3.5.1] allows us to make the following

Definition 3.5.2. The (T, A)-fundamental class of the X is the class [I) %7 €
Ko(C(X; CLy)TReA) = [ (CF (X)TR+A) defined by

Py S = CLGCL) A f o (8 (f(%l%%f(%l%m))
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The (', A)-index of the Dirac operator associated to the map 7 : (X, Yy =
(Y xR,)) = (BT, BA) as above is defined to be the image of [lD)}f,] under

the map (evy), : K,(C(X)DRoA) = K, (C*(X)TRA),

3.5.1 Application to Existence and Classification of Pos-
itive Scalar Curvature Metrics
Suppose that the scalar curvature of the metric ¢ on X is bounded from

below by €. The same then holds for the lifts of g to various covers of X and
Y (o). This implies that the spectra of the various Dirac operators considered

here do not intersect the interval (—%, %) Let 1 be a homotopy inverse to
the inclusion S(—%, \/TE) — S.

Definition 3.5.3. Let g be as above. The (I', A)-rho-invariant of ¢ is the
class in Ko(Cj o(X; ClL,)PFeA) = K, (Cf (X)PR+4) defined by the morphism

Py, ot S O o(X)TEeA

and will be denoted by p'"*(g).

Clearly, pt*(g) lifts [D %.7) and by the exactness of the sequence
s o (O o (X)TFR) o KL (CH(X)PRA) — KL (CF(X)TFA) — -

we have the following

Proposition 3.5.4. If the metric on X has positive scalar curvature then
the (I, A)-index of the Dirac operator vanishes.

One can define a notion of concordance for positive scalar curvature met-
rics on manifolds with cylindrical ends. Let g and ¢’ be such metrics on X.
They are called concordant if there exist a positive scalar curvature metric G
on X xRandamap j: Y XxRxR; — Y, xR which makes (X xR, Y xR, j)
a manifold with cylindrical end and such that G restricted to X x (1, 00) is
g+dt* and restricted to X x (—oc,0) is ¢’ +dt*. Using the strategy of Zeidler
in [41] and by replacing the usual Roe, localisation and structure algebras
by their (I, A)-invariant counterparts one can without much difficulty prove
a partitioned manifold index theorem for secondary invariants for manifolds
with cylindrical ends and prove the concordance invariance of the (I', A)-rho-
invariant. However we refrain from discussing this, since it does not entail
any novelties.
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More generally following the approach of [41] we define partial (I", A)-rho-
invariants associated to metrics having positive scalar curvature outside of
a given subset Z of X. Denote by Z’ and and Z” the preimages of Z and
(ZNu(Y x{1})) x R under the covering maps X - X and Y xR —-Y xR
respectively. Denote by C*(Z' € X)TB+A the C*- subalgebra of C*(X X )R
consisting of elements (T1,1>) with 71 € C*(Z' C X)F and Ty € C*(Z" C
Y x R)A. Denote by Cp (X X)FE+A the preimage of C*(Z' € X)TB+4A under
the evaluation at 1 map. The justification for the following definition is
provided by |30, Lemma 2.3].

Definition 3.5.5. Given a metric g on X which is collared at the boundary
whose scalar curvature is bounded below by € > 0 outside of a subset Z
define the class pE’A(g) by the morphism

Ppg 08— 0 (X X )TReA,

Another higher index theoretic notion which has been successfully used
to obtain information about the size of the space of positive scalar curvature
metrics on closed manifolds is the higher index difference, which gives rise to
a map from the space of positive scalar curvature metrics to the K-theory
of the group C*-algebra of the manifold. We now show that one can easily
define a (I'; A)-index difference of two positive scalar curvature metrics for
manifolds with cylindrical ends. This becomes particularly interesting after
we discuss the application of the above machinery to relative higher index
theory in the next section. Let gg and g; be two metrics on X with scalar
curvature bounded below by ¢ > 0 which are collared on the cylindrical end.
Define a metric G on X x R which restricts to gy @ dt? and ¢; ® dt*> on
X x [0,00) and X x (—o0,—1) respectively and which is collared on the
cylindrical end in the X-direction.

Definition 3.5.6. Let gg, g1 and G be as above. The (I'; A)-index difference
of gy and g¢; is the image of pE(’/X\[OJ](G) under the composition

. (ev1)- - _
(O 5, ll(X)F’RJ”A) — K1 (C*(X x [0,1] € X x R)FeA)

= K (C7(X)1F00),

where the last map is induced by projection on X. It will be denoted by
ind"* (go, g1).
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3.5.2 Relationship to the Relative Index of Chang, Wein-
berger and Yu

As mentioned above, the relative index map of Chang, Weinberger and Yu for
manifolds with boundary takes values in mapping cones of equivariant Roe
algebras. Note that given a manifold (X,Y,:) with cylindrical end, X =
X\ (Y x(0,00)) is a manifold with boundary Y. By restriction, we obtain
amap 7 : (X,Y) = (B, BA). Let ¢, : Cfp, (0))(Y)A — Cf, )(X)F
denote the map introduced in Section [3.3.3] - In the following, We Wlll see
that there exists a commutative diagram of exact sequences

Ko(Cho(R)ReA) —— K (CH(X)FeY) —— KL(CHE)PRe)

| | |

K.(SCy,,) ——— K.(SCy,) ———— K.(SCy).

Proposition 3.5.7. The following is a commutative diagram of short exact
sequences

0 —— CHY C Vao)d —— CF (Voo )MBr 2=y O (Y x R)ME 5 0

l‘ﬁ l(w evoo) l(%id)

00— C*(X C X)T — 5 C*(X)TRA 5 O (Y x RYMNE 4 ),
Analogous diagrams exist when C* is replaced by C7 and CF ;.

Proof. We first show that the first row is exact. It follows immediately from
the definition of ev,, that R(Y C Y, )" is in its kernel. By continuity we get
that C*(Y C Ya) is in the kernel of eve,. Furthermore, [12, Lemma 3.12]
implies that the kernel of ev,, is exactly C*(? - ?OO)A. It remains to show
that ev,, is surjective. For T € R(}7 x R)A*R the operator Xv sk, I X xR,
maps to T under ev,,. The surjectivity then follows from the fact that the
image of a homomorphism of C*-algebras is closed. The exactness of the
second row can be proven using similar arguments. However we note that
the exactness in the middle uses the fact that limpg ., dist(¢(Y' X [R, 00)), X —
Y.) = oo (see Definitionf3.4.1)). As for the commutativity of the diagram we
note that ¢ and ev,, commute. O]

Proposition 3.5.8. The inclusion

— C

C* (Y CYaa)A 5O (XCX)T C* (Yoo ) M O (X)TRA
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gives rise to isomorphisms of K-theory groups. Analogous statements hold
when C* is replaced by C7 and C7 .

Proof. Note that the mapping cone of the identity map on C’*(? x R)ME s
contractible and thus has trivial K-theory. The statement then follows from
an application of the five-lemma to the long exact sequence of K-theory
groups associated to the short exact sequence of mapping cones

0—C

o Fevmpser@egyr 7 Cloeva) = Cia = 0

[]

Proposition 3.5.9. There is a commutative diagram of long exact sequences

o(Cho(R)ReA) —— KL (CHR)TRA) —— KL(CH(R)T )

| | |

K.(5Cy,,) ————— K(SCy,) ————— K.(5Cy),

where the vertical maps are given by the compositions

* v\ R4 A _
E(Clrop (X)) = BulSCq - woymmiser,

= K*(Scw(L,(O)))'

) ()'Z)F,]R_;'_,A)

~ K,(SC. .

Clron (YCYOO)AHC(*L&O)) (Xcx)r

Proof. The diagram in the claim of the proposition is obtained by composing
the diagrams

K (Cpo(X)FHE0h) —— K (CLX)PH ) —— K (CH(X)BHeh)

! ! |

K. (SC( ) — Ki(SClgpevar)) — Ki(SClpeva))

$L,0,€VooL,0
and

K*(SC(QOL,O:BVOOL,O)) - K*(SC(SDL»GVooL)) - K*(SC(%evoo))

] ] ]

K(SCy,,) ————— K.(SCy,) ———— K.(5Cy),
where ((z,(0)), ©Voo(L,(0))) denotes the map C’(*Ly(o))(YOO)A’]R+ — C(*L,(o))(X)
of Proposition [3.5.7 The commutativity of the first diagram is due to the
naturality of the mapping cone exact sequence and the commutativity of the
second diagram is clear. O

IRy A
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Denote the image of the fundamental class of the Dirac operator on X
under the composition

K.(CH(X)") = K.(SC.
by [Diy].

ASCH(X xyr) = K <SOC}: (1~/c?.§)1\—>cz(§@?)F>

Lemma 3.5.10. The class [DX 7] maps to [Df 5] under the map K.(C7 (X X)TRA)

K. (SCy,) of Proposition

Proof. We first note that the commutativity of the diagram
K.(C(Yao) M) —— KL (CH(X)"E+4)
K.(Cp(Yao)Y) —— K(CE(X)T),

where the second vertical map is given by the composition of the projection
onto the Cj (X )F R+ component followed by the inclusion, implies that of

(C*( )FR+A) —_— K*(SCC*( )A]R+_>C*(X)[‘R+ )

| l

K. (Cr (X)) ——— K.(SCou vy 0m (3yr)-

Furthermore, the diagram

(SC ) — K*(SCCZ(Y )ARJrHC*( )F1R+ )

\ l

K.(SC

cz(?;)Ach()Z)F)v

Ycho)A—>C* (XcX)

where all the arrows are isomorphisms, is commutative. The claim then
follows from the commutativity of the latter two diagrams and the fact that
[D% +] lifts the fundamental class of X O

Corollary 3.5.11. The (I', A)-index of the Dirac operator associated to
(X Y, 1) maps to the relative index of the Dirac operator on X under K, (C*(X)TE+4) —
K.(SCy) defined in Proposition [3.5.9]

Combining Lemma [3.5.10| and Proposition m gives a new (and very
natural) proof of the following

Proposition 3.5.12. The nonvanishing of the relative index of the Dirac
operator on a manifold with boundary is an obstruction to the existence of a
positive scalar metric which is collared at the boundary.
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3.5.3 Localised Indices and the Relative Index

Given a metric g on X which has positive scalar curvature outside X, one

can define a localised coarse index in C*(X)"). In [34] it was shown that this
index maps to the relative index of X. We quickly recall the construction
of the localised index and use the machinery developed previously to give a
short proof of the latter statement.

Definition 3.5.13. Denote by C’Z i(X)F the preimage of C’*(% c X)T under
evy s O3 (X)T — C*(X)T.

Suppose that the scalar curvature of the metric restricted to the comple-
ment of X is bounded from below by € > 0. The following proposition is well-
known. As in [41] one can define a partial p-invariant pL(g) € Kn(C’Zﬁ(X)F)

using the morphism

Definition 3.5.14. The localised coarse index ind%(g) is the image of pL(g)
under (evy), : Kn(czi()}‘f) — K,(C*(X c X)D).

Remark 3.5.15. Note that in the above situation we can also define p%A(g).
Furthermore, we note that the commutativity of the diagram

K.(C L(R)50) —— K.(C; (X))

LX
\ l(evl)*
K.(C*(X C X)1),
and the fact that p%A(g) is a lift of pL(g) under the horisontal map imply
that ind%(g) is the image of p%A(g) under the map K*(Czi()?)r’m“/\) —
K.(C*(X c X)D).
The following lemma is a simple observation

Lemma 3.5.16. The following diagram is commutative

K*(Czi(X)F’R%A) — K (C*(X € X)") —— K(SCL. 5 oo ez

1 | J

K*(CZ(X)F’R+’A> S K*(C*(X)F’R+’A) E— K*(SCC*(}’/;;)A,]R_’__)C*()’Z)F,R+,A).
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Suppose X is compact. Then K, (C*(X ¢ X)T) = K,(C*(I')). Using the
previous remark and lemma we obtain the following corollary, which was one
of the main statements of [34].

Corollary 3.5.17. Suppose X is compact. Then ind%(g) maps to the rel-

ative index of Chang, Weinberger and Yu under the map K,.(C*(I')) —
K.(C*(T,A)).
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Chapter 4

Overview and Outlook

In this final chapter we discuss some recent related works and some possible
directions for future research.

This dissertation strongly revolves around the equivariant relative index
map, which for a manifold M with boundary N takes the form

K. (M, N) = K.(C"(m (M), m(N))),

with the left hand side being the relative K-homology group and the right
hand side the K-theory of the “relative group C*-algebra”. Now the usual
“absolute” index map

K.(M) = K.(C"(m(M)))
and the Higson-Roe sequence
= ST K(M) — K (C*(m (M) — ...

have many different realisations. Indeed, there are many different models
for the K-homology groups and for each of these models one has a possible
realisation of the index map. Using the definition of K-homology as a K K-
group one has the K K-theoretic definition by Kasparov (see for example [15]
for the details). Using the language of coarse geometry and Paschke duality
one can, as Higson and Roe do in [16], use the K-theory of the quotient
of certain C*-algebras as a model for K-homology in which case the index
map can be seen as the boundary map in K-theory of a certain short exact
sequence of C*-algebras. In this work, we used the K-theory of the so called
localisation algebra as a model for K-homology, where the index map is the
induced map on K-theory of a morphism of C*-algebras. The latter approach
is in spirit the same as the Higson-Roe approach. In [29], Roe showed that the
Kasparov approach and the coarse geometric approach to the assembly map
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coincide. Yet another K K-theoretic approach uses the Mischenko-Fomenko
index pairing (see [20] for a detailed description of this approach and the
comparison with the definition of Kasparov.). Another useful model for K-
homology is the geometric model of Baum and Douglas. In [3], the authors
gave another realisation of the index map, and indeed of the whole Higson-
Roe sequence in this language. Connes used the ”adiabatic groupoid “ to give
another realisation of the index map. In [42], Zenobi showed that the Higson-
Roe sequence can be identified with the long exact sequence associated to
the adiabatic deformation of a certain Lie groupoid. In view of the above
and the fact that each of these definition has certain merits, it is natural
to ask whether one has analogous definitions for the relative index map.
Recently, much work has been done to answer the latter question. In [4],
Deeley and Goffeng, gave a ”geometric“ definition of the relative index map.
In their work, they also proved a statement similar to the main Theorem of
Chapter 2, relating absolute indices defined in the presence of positive scalar
curvature at the boundary with the relative index. However, they could not
show in full generality that their relative index map coincides with that of
Chang, Weinberger and Yu. In [19], Kubota gave a definition of the relative
index map as a relative Mischenko-Fomenko index pairing and showed that
it coincides with both that of Chang, Weinberger and Yu and Deeley and
Goffeng. Using his work, one can show that the main theorem of Chapter 2 is
actually equivalent to the result of Deeley and Goffeng mentioned above. We
further note that the works [5] [25] use the language of groupoids to do index
theory in more general singular situations than manifolds with boundary.

Now we discuss some directions for future research. One of the main
contributions of Chapter 3 is the definition of a relative higher rho-invariant
for manifolds with boundary. The higher rho-invariants associated to posi-
tive scalar curvature metrics on closed manifolds have been successfully used
to distinguish and make statements about the size of the moduli space of
positive scalar curvature metrics (see for example [37] and [38]). A natural
question is then whether the higher rho-invariant for manifolds with bound-
ary defined in Chapter 3 can be used to prove concrete results about the
moduli space of positive scalar curvature metrics on manifolds with bound-
ary.

As a usual rule, results regarding positive scalar curvature and the Dirac
operator have a counterpart regarding homotopy equivalences and the signa-
ture operator. Recently, in [18] Hou and Liu defined higher rho-inavariants
associated to the above data. We believe that one can use the machinery
developed in Chapter 3 to define higher rho-invariants associated to the sig-
nature operator on the union of homotopy equivalent manifolds with a given
homotopy equivalence and we plan to address this in a future work.
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The higher rho-invariant was also used by Higson and Roe to give a
conceptual proof of a rigidity result concerning relative eta-invariants on
closed manifolds. One of the results discussed there related the validity of
the Baum-Cones conjecture with the vanishing of the relative eta-invariants
on closed manifolds with positive scalar curvature. We plan to use the higher
rho-invariant defined in this work to prove an analogous result concerning
the relative Baum-Connes map and relative eta-invariants on manifolds with
boundary.
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