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Abstract. In this paper we prove a strengthening of a theorem of Chang, Weinberger
and Yu on obstructions to the existence of positive scalar curvature metrics on compact
manifolds with boundary. They construct a relative index for the Dirac operator, which
lives in a relative K-theory group, measuring the difference between the fundamental group
of the boundary and of the full manifold.
Whenever the Riemannian metric has product structure and positive scalar curvature
near the boundary, one can define an absolute index of the Dirac operator taking value
in the K-theory of the C ∗ -algebra of fundamental group of the full manifold. This index
depends on the metric near the boundary. We prove that (a slight variation of) the relative
index of Chang, Weinberger and Yu is the image of this absolute index under the canonical
map of K-theory groups.
This has the immediate corollary that positive scalar curvature on the whole manifold
implies vanishing of the relative index, giving a conceptual and direct proof of the vanishing
theorem of Chang, Weinberger and Yu (rather: a slight variation). To take the fundamental groups of the manifold and its boundary into account requires working with maximal
C ∗ -completions of the involved ∗-algebras. A significant part of this paper is devoted to
foundational results regarding these completions. On the other hand, we introduce and
propose a more conceptual and more geometric completion, which still has all the required
functoriality.

1. Introduction
In [2] Chang, Weinberger and Yu define a relative index of the Dirac operator on a compact spin manifold M with boundary N as an element of
K∗ (C ∗ (π1 (M ), π1 (N ))), where this relative K-theory group measures the difference 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 contains
a gap. We address this gap in this paper. After the first version of the present
article was made public, [8] was posted, which also attempts to fix this gap.
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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
(1)

j

→ K∗ (C ∗ (π1 (N ))) → K∗ (C ∗ (π1 (M ))) −
→ K∗ (C ∗ (π1 (M ), π1 (N ))) → .

The relative index µ([M, N ]) is defined as the image of a relative fundamental class [M, N ] ∈ Kdim M (M, N ) under a relative index map µ : K∗ (M, N ) →
K∗ (C ∗ (π1 (M ), π1 (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 and, throughout the introduction, we work with this modification.
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 provided
the boundary operator is invertible, for example, if the metric is collared and of
positive scalar curvature near the boundary (see, e.g., [17]). This index takes
values in K∗ (C ∗ (π1 (M ))) and explicitly depends on the boundary operator
(i.e., on the positive scalar curvature metric g of the boundary). In the latter
case we denote it by Indπ1 (M) (g) ∈ K∗ (C ∗ (π1 (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 (1) (whenever this absolute index is defined):
Theorem 1.1. We have
j(Indπ1 (M) (g)) = µ([M, N ]).
The absolute index Indπ1 (M) (g) 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 activity.
In [3], Deeley and Goffeng define a relative index map using geometric Khomology instead of coarse geometry and prove index and vanishing results
similar to the main result of our paper. However, this relies and uses the
full package of higher Atiyah–Patodi–Singer index theory (like [14]), which we
consider technically very demanding and somewhat alien to the spirit of large
scale index theory. Indeed, in [3] it is not even proved in general that the
constructions coincide with the ones of [2]. Yet another approach to relative
index theory and the results of [2] is given by Kubota in [13]. 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 [13], 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
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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.
In [2], fundamental use is made of the maximal Roe and localization algebras to obtain the required functoriality needed, e.g., in the sequence (1).
The identification of its K-theory with K-homology of the space is needed for
the maximal localization algebra and reference is given to [19] 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 nontrivial. The first part of the present paper is devoted to the careful
development of foundational issues of maximal Roe and localization 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 [3].
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
∗-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 [8], which
appeared after the first version of this paper was posted, to prove the claim
of [2] that the Schrödinger–Lichnerowicz vanishing theorem applies also to in
the maximal Roe algebra. This claim was unjustified in [2], as the authors
of [8] 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 Cq∗ , which
we introduce in Section 3. Problems with the standard (reduced) Roe algebra
arise in the equivariant setting of the group Γ acting on the space X due to
lack of functoriality. Our completion takes all normal quotients Γ/N acting on
X/N into account. This restores full functoriality, but is completely geometric.
The Schrödinger–Lichnerowicz formula and other geometric arguments apply
effortlessly.
The precise formulation of Theorem 1.1 and of (1) requires to specify which
completion is used. In our approach, this becomes Cq∗ (π1 (M ), π1 (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 Ktheory 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
Münster Journal of Mathematics Vol. 14 (2021), 123–154
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that our approach and our completion is a very good choice: full functoriality,
no extra effort for geometric arguments, in practice no loss of information.
Remark 1.2. Our approach works for arbitrary, also non-cocompact situations. In the cocompact case, there is another way for geometric constructions: 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 [3] and [13].
Remark 1.3. We present details of the construction and manipulation of the
relative index and the vanishing theorem only in the case that the dimension
of the manifold is even. We chose to do this because this is the most classical
set-up, 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 5.3 how one can reduce the general case to the evendimensional situation. We also discuss there how one could use the techniques
of Zeidler [27] combined with our set-up 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 [23].
1.4. Structure of the paper. In Section 2 we present our foundational results on maximal Roe algebras. In Section 3 we introduce our geometric functorial completed Roe algebra and establish its main properties. Section 4 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 5
gives the proof of Theorem 1.1.
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:
• There exists c > 0 such that every x ∈ X has distance less than c to some
y ∈Y.
• For all r > 0, there is Nr such that |Y ∩ Br (x)| ≤ Nr for all x ∈ X.
A covering of a compact Riemannian manifold with the lifted metric obviously has bounded geometry.
2.1. Roe algebras. Let X be a separable and proper mertric space endowed
with a free and proper action of a discrete group Γ by isometries. In this
section, we will recall the definition of the Roe algebra associated to X. Let
ρ : C0 (X) → L(H) be an ample, nondegenerate representation of C0 (X) on
some separable Hilbert space H. A representation of C0 (X) is called ample if
no nonzero element of C0 (X) acts as a compact operator on H. The representation ρ is called covariant for a unitary representation π : Γ → U (H) of Γ if
ρ(fγ ) = Adπ(γ) ρ(f ) for all γ ∈ Γ. Here fγ denotes the function x 7→ f (γ −1 x).
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From now on we will assume that ρ is an ample and covariant representation
of C0 (X) as above. By an abuse of notation we will denote ρ(f ) simply by f .
We will later use representations of C0 (X) which are an infinite direct sum of
copies of an ample representation. Such representations are called very ample.
Definition 2.2. An operator T ∈ L(H) is called a finite propagation operator
if there exists an r > 0 such that f T g = 0 for all those f, g ∈ C0 (X) with the
property d(supp(f ), supp(g)) ≥ r. The smallest such r is called the propagation of T and is denoted by prop T . An operator T ∈ L(H) is called locally
compact if T f and f T are compact for all f ∈ C0 (X).
Definition 2.3. Denote by Rρ (X)Γ the ∗-algebra of finite propagation, locally
compact operators in L(H) which are furthermore invariant under the action
of the group Γ. We will call Rρ (X)Γ the algebraic Roe algebra of X. The
maximal Roe algebra associated to the space X is the maximal C ∗ -completion
of Rρ (X)Γ , i.e., the completion of Rρ (X)Γ with respect to the supremum of
all C ∗ -norms. This supremum is finite for spaces of bounded geometry by
∗
Proposition 2.4. It will be denoted by Cρ,max
(X)Γ . The reduced Roe algebra
is the completion of the latter ∗-algebra using the norm in L(H). We denote
∗
this algebra by Cρ,red
(X)Γ .
Proposition 2.4. Suppose X has bounded geometry. For every R > 0, there
is a constant CR such that for every T ∈ Rρ (X)Γ with propagation less than
R and every ∗-representation π : R(X)Γ → L(H ′ ), we have
∗
kπ(T )kL(H ′ ) ≤ CR kT kCρ,red
(X)Γ .
∗
In particular, kT kCρ,max
∗
(X)Γ ≤ CR kT kCρ,red
(X)Γ and the bounded geometry assumption on X implies that the maximal Roe algebra is well defined.

Proof. This follows from [7, Lem. 3.4] and [5, Thm. 2.7].



Note that Proposition 2.4 implies that restricted to the subset of operators of
propagation bounded by R, the reduced and the maximal norms are equivalent.
Proposition 2.5. The K-theory groups of the reduced and maximal 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 [11, Cor. 6.3.13]. For the
maximal case we just note that conjugation by the isometries of the kind
handled in [11, Section 6.3] gives rise to ∗-homomorphisms of the algebraic
Roe algebra and thus extend to morphisms of the maximal Roe algebras. Up
to stabilization, any two such morphisms can be obtained from each other by
conjugation by a unitary making the induced map in K-theory canonical. 
Remark 2.6. As a consequence of Proposition 2.5 we will drop ρ in our
notation for the Roe algebras. Later we will introduce a new completion of
R(X)Γ , which sits between the reduced and maximal completions and denote
it by Cq∗ (X)Γ . Moreover, if Γ is the trivial group, we will denote the Roe
algebra by Cd∗ (X), where d stands for the chosen completion.
Münster Journal of Mathematics Vol. 14 (2021), 123–154
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Proposition 2.7. The K-theory of the maximal Roe algebra is functorial for
coarse maps between locally compact metric spaces.
Proof. The proof is similar to that of Proposition 2.5 and makes use of it.
In the reduced case, this is proved by constructing an appropriate isometry
between the representation spaces. Conjugation with the latter isometry gives
rise to a ∗-homomorphisms of the algebraic Roe algebra and thus extends 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 algebra. As in the
proof of Proposition 2.5, the induced map in K-theory is canonical which also
implies functoriality. See [11, Section 6.3] for a more detailed discussion. 
In the case where Γ acts cocompactly on X, we have the following theorem.
∗
Theorem 2.8. Suppose that Γ acts cocompactly on X. Then K∗ (Cmax
(X)Γ ) ∼
=
∗
K∗ (Cmax (Γ)).
∗
∼ C ∗ (Γ)⊗
Proof. See [7, Sections 3.12, 3.14] for the isomorphism Cmax
(|Γ|)Γ =
max
∗
Γ
K(H), where Cmax (|Γ|) is the equivariant Roe algebra of Γ seen as a metric space using some word metric. The action of Γ on itself is given by left
multiplication. Since the action of Γ on X is cocompact, the Γ-space X is
∗
∗
coarsely equivalent to Γ. This implies that K∗ (Cmax
(X)Γ ) ∼
(|Γ|)Γ ).
= K∗ (Cmax
The claim then follows from the stability of K-theory.


For a Γ-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 Cmax
(X)Γ , which
are suitably supported near Y . The next two definitions make this precise.
Definition 2.9. For an operator T ∈ L(H) we define the support supp T of
T as the complement of the union of all open sets U1 × U2 ⊂ X × X with the
property that f T g = 0 for all f and g with supp f ⊂ U1 and supp g ⊂ U2 .
T is said to be supported near Y ⊂ X if there exists r > 0 such that supp T ⊂
Br (Y ) × Br (Y ). Here and afterwards Br (Y ) denotes the open r-neighborhood
of Y .
Definition 2.10. For a Γ-invariant closed subset Y of X as above, denote by
R(Y ⊂ X)Γ the ∗-algebra of operators in R(X)Γ which are supported near Y .
The relative Roe algebra of Y in X is defined as the closure of R(Y ⊂ X)Γ
∗
(X)Γ and is an ideal inside the latter C ∗ -algebra. It is denoted by
in Cmax
∗
Cmax
(Y ⊂ X)Γ .
Since Y is a locally compact metric space with an action of Γ, it has its
∗
own (absolute) equivariant Roe algebra Cmax
(Y )Γ . Theorem 2.12 identifies
the K-theory of the relative and absolute equivariant Roe algebras in the case,
where the action of Γ on the subset is cocompact. However, for its proof we
need further conditions on the group action.
Münster Journal of Mathematics Vol. 14 (2021), 123–154
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Definition 2.11. Let Γ act freely and properly by isometries on X. Γ is said
to act conveniently if there exists a fundamental domain F for the action of Γ
satisfying:
SNR
• For each R > 0, there exist γ1 , . . . , γNR ∈ Γ such that BR (F ) ⊂ i=1
γi · F
• For each γ ∈ Γ and R > 0, there exists S(R, γ) > 0 such that γ −1 BR (x) ∩
F ⊂ BS(R,γ) (x) for all x ∈ F .
Theorem 2.12. Let Y and X be as above and suppose that Γ acts conveniently
on X and cocompactly on Y . The inclusion Y → X induces an isomorphism
∗
∗
K∗ (Cmax
(Y )Γ ) ∼
(Y ⊂ X)Γ ).
= K∗ (Cmax
Remark 2.13. A representation ρ : C0 (X) → L(HX ) gives rise to a spectral
measure which can be used to extend ρ to the C ∗ -algebra B∞ (X) of bounded
Borel functions on X (see [15, Thm. 2.5.5]). Given Y ⊂ X, we get a representation C0 (Y ) → L(χY HX ). This is what is meant in the following Lemma 2.14
by “compressing the representation space of C0 (X) in order to obtain a representation of C0 (Y )”. Given Y as above, we can choose ρ such that it and its
compression to Y are both ample; for example, by choosing the ample representation of X to be given by multiplication of functions with square summable
sequences on some countable dense subset of X whose intersection with Y is
a dense subset of Y . We will need Lemma 2.14 for the proof of Theorem 2.12.
Indeed, the novel difficulty in Theorem 2.12 is to relate the ∗-representations
∗
(Y )Γ with the ∗-representations used to define
used in the definition of Cmax
∗
Γ
∗
Cmax (X) —of which Cmax (Y ⊂ X)Γ by definition is an ideal. Note that, at
the moment, we only manage to do this if Y is cocompact and the Γ-action
is convenient. It is an interesting challenge to generalize Theorem 2.12 to
arbitrary pairs (X, Y ) and arbitrary free and proper actions.
In the following lemma we choose an ample representation of X which can
be compressed to an ample representation of Z. As pointed out in the previous
remark, this can always be done.
Lemma 2.14. Let Γ act conveniently on X, let Z ⊂ X be Γ-invariant and
suppose that the action of Γ on Z is cocompact. Construct R(Z)Γ by compressing the representation space of C0 (X), so that R(Z)Γ is naturally a ∗subalgebra of R(X)Γ . Then an arbitrary non-degenerate ∗-representation of
R(Z)Γ on a Hilbert space can be extended to a non-degenerate ∗-representation
of R(X)Γ . In particular, the inclusion R(Z)Γ → R(X)Γ extends to an injection
∗
∗
Cmax
(Z)Γ → Cmax
(X)Γ .
Proof. Choose an ample representation ρ : C0 (X) → L(HX ) as above. By
compressing the Hilbert space HX and restricting the representation, we obtain
an ample representation of C0 (Z), i.e., ρ|C0 (Z) : C0 (Z) → L(HZ ), where HZ
denotes the space χZ HX . Choose DZ ⊂ DX as fundamental domains of Z and
X for the action of Γ. Similar to the proof of [11, Lem. 12.5.3], one has R(Z)Γ ∼
=
C[Γ]⊙K(H̃Z ), where H̃Z = χDZ HZ . The latter isomorphism is obtained using
L
the isomorphisms HZ ∼
= l2 (Γ) ⊗ H̃Z . Denote by H̃X the Hilbert
= γ∈Γ H̃Z ∼
Münster Journal of Mathematics Vol. 14 (2021), 123–154
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space χDX HX . The isomorphism constructed in the proof can be extended
to an injective map C[Γ] ⊙ L(H̃X ) → L(HX ). The convenience of the action
implies that its image contains the algebra F(X)Γ of finite propagation Γinvariant operators on X. This injection makes the diagram
C[Γ] ⊙ K(H̃Z )

C[Γ] ⊙ L(H̃X )

∼
=

R(Z)Γ

L(HX )

commutative. We show that an arbitrary non-degenerate ∗-representation of
C[Γ] ⊙ K(H̃Z ) on a Hilbert space H0 can be extended to a non-degenerate ∗representation of C[Γ]⊙L(H̃X ). This implies the lemma since R(X)Γ ⊂ F(X)Γ .
Suppose that π : C[Γ] ⊙ K(H̃Z ) → L(H0 ) is a non-degenerate ∗-representation
of C[Γ] ⊙ K(H̃Z ) on a Hilbert space H0 . The representation π extends to a
∗
representation of Cmax
(Γ) ⊗ K(H̃Z ), which we denote by π. Note that since
∗
the C -algebra of compact operators is nuclear, the C ∗ -algebra tensor product
∗
∗
above is unique. Cmax
(Γ)⊗K(H̃Z ) is a C ∗ -subalgebra of Cmax
(Γ)⊗K(H̃X ) and
∗
π can thus be extended to a non-degenerate representation of Cmax
(Γ)⊗K(H̃X )
on a possibly bigger Hilbert space H, which we denote by π̃. From [15,
Thm. 6.3.5], it follows that there exist unique non-degenerate representations
∗
π̃1 and π̃2 of Cmax
(Γ) and K(H̃X ) on H, respectively, such that π̃(a ⊗ b) =
∗
π̃1 (a)π̃2 (b) = π̃2 (b)π̃1 (a) for all (a, b) ∈ Cmax
(Γ) × K(H̃X ). The representation
π̃2 can be extended to a representation π̂2 of L(H̃X ) on H by [4, Lem. 2.10.3],
and from the same lemma, it follows that π̃2 (K(H̃X )) is strongly dense in
π̂2 (L(H̃X )). From the double commutant theorem, it follows that the commutant of a C ∗ -subalgebra of L(H) is strongly closed. This in turn implies that
∗
π̃1 (a)π̂2 (b) = π̂2 (b)π̃1 (a) for (a, b) ∈ Cmax
(Γ) × L(H̃X ). Now restrict π̃1 to
C[Γ]. From [15, Rem. 6.3.2], it follows that there is a unique ∗-representation
π̂ : C[Γ] ⊙ L(H̃X ) → L(H) with the property π̂(a ⊗ b) = π̃1 (a)π̂(b). It is clear
that π̂ is an extension of π.

Proof of Theorem 2.12. The proof is analogous to that of [12, Lem. 5.1].
As in Lemma 2.14, construct the algebras C ∗ (Bn (Y ))Γ by compressing the
representation space of C0 (X). The inclusions R(Br (Y ))Γ → R(BR (Y ))Γ
∗
∗
(BR (Y ))Γ . We will show
for r ≤ R induce maps Cmax
(Br (Y ))Γ → Cmax
Γ
∗
Γ
∗
that lim Cmax (Br (Y )) = Cmax (Y ⊂ X) . Let A be a C ∗ -algebra and let
−→
∗
φr : Cmax
(Br (Y ))Γ → A be C ∗ -algebra morphisms such that all the diagrams
of the form
∗
Cmax
(Br (Y ))Γ

∗
Cmax
(BR (Y ))Γ

A
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with r < R commute. The above compatibility condition implies the existence
of a unique morphism of ∗-algebras φ : R(Y ⊂ X)Γ → A, such that all the
diagrams
R(Br (Y ))Γ

R(Y ⊂ X)Γ

A
are commutative. Lemma 2.14 then implies that the map φ is continuous if
R(Y ⊂ X)Γ is endowed with the norm of C ∗ (X)Γ . To see this, note that
∗
∗
Lemma 2.14 implies that for a ∈ R(Br (Y )), kakCmax
(Br (Y ))Γ = kakCmax
(X)Γ .
∗
Γ . Thus, φ can be
Γ = kak ∗
Hence, kφ(a)k = kφr (a)k ≤ kakCmax
(Br (Y ))
Cmax (X)
extended uniquely to a morphism C ∗ (Y ⊂ X)Γ → A of C ∗ -algebras. The uni∗
versal property of the direct limit of C ∗ -algebras implies lim Cmax
(Br (Y ))Γ =
−→
∗
Γ
Cmax (Y ⊂ X) . The claim of the theorem then follows from the continuity
of K-theory and the coarse equivalence of Br (Y ) and BR (Y ) for arbitrary
r, R ∈ N (recall that the K-theory groups of the Roe algebras of coarsely
equivalent spaces are isomorphic).

2.15. The structure algebra and Paschke duality. Let X be as in the
previous section. A representation ρ : C0 (X) → L(H) of C0 (X) is called very
ample if it is an infinite sum of copies of an ample representation. Construct
R(X)Γ and C ∗ (X)Γ using some very ample representation. In this section we
∗
will define a C ∗ -algebra associated to X which contains Cmax
(X)Γ as an ideal
and such that the K-theory of the quotient provides a model for K-homology
of X.
Definition 2.16. We recall that an operator T ∈ L(H) is called pseudolocal if
it commutes with the image of ρ up to compact operators; i.e., [f, T ] ∈ K(H)
for all f ∈ C0 (X).
Definition 2.17. Denote by Sρ (X)Γ the ∗-algebra of finite propagation, pseudolocal operators in L(H) which are furthermore invariant under the action of
the group Γ. The maximal structure algebra associated to the space X is the
∗
maximal C ∗ -completion of Sρ (X)Γ . It will be denoted by Dρ,max
(X)Γ . The
reduced structure algebra is the completion of the latter ∗-algebra using the
∗
norm in L(H). We denote this algebra by Dρ,red
(X)Γ .
Remark 2.18. From now on, we will drop ρ from our notation. Later we
will introduce a new completion of S(X)Γ , which sits between the reduced and
maximal completions and denote it by Dq∗ (X)Γ . If the action of Γ is trivial,
we denote the structure algebra by Dd∗ (X), where d stands for the chosen
completion.
∗
In comparison to the well-known Dred
(X)Γ , the definition and properties
∗
of the maximal structure algebra Dmax (X)Γ are trickier than one might think
in the first place. First of all, one has to establish its existence; i.e., an up∗
(X)Γ to be an ideal in
per bound on the C ∗ -norms. Secondly, we want Cmax
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∗
Dmax
(X)Γ , 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
∗
∗
Dmax
(X)/Cmax
(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 2.19. Denote by C∗ (X)Γ the C ∗ -algebra of Γ-invariant locally
compact operators in L(H). Denote by D∗ (X)Γ the C ∗ -algebra of Γ-invariant
pseudolocal operators in L(H).
It is clear that C∗ (X)Γ is an ideal of D∗ (X)Γ . We have the following.
∗

(X) ∼
lf
Theorem 2.20. There is an isomorphism K∗+1 ( D
C∗ (X) ) = K∗ (X), where the
right-hand side is the locally finite K-homology of X, given as the Kasparov
group KK∗ (C0 (X), C).

Proof. This is proven in [24, Prop. 3.4.11].
S(X)
R(X)



D∗ (X)
C∗ (X)

Lemma 2.21. The map
→
induced by the inclusion S(X) →
S(X)
∗
is a C ∗ -algebra. The correD (X) is an isomorphism. In particular, R(X)
sponding statement holds for the Γ-equivariant versions.
∗

∗

D (X) ∼ D (X)
Proof. In [11, Lem. 12.3.2], the isomorphism C red
= C∗ (X) is proven. The
∗
red (X)
truncation argument used in the proof shows that D∗ (X) = S(X) + C∗ (X),
∗
(X)
S(X)
→ D
which implies the surjectivity of the map R(X)
C∗ (X) . Injectivity is clear.
An analogous argument using a suitable invariant open covering and partition
S(X)Γ ∼ D∗ (X)Γ

of unity gives the isomorphism R(X)
Γ = C∗ (X)Γ .

Proposition 2.22. For a ∈ S(X)Γ , there exists Ca > 0 such that, for an
arbitrary non-degenerate representation π of S(X)Γ , we have kπ(a)k ≤ Ca .
We need a few lemmas before proving Proposition 2.22. This proposition
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 2.21,
which in turn is used in the proof of Proposition 2.22.
Lemma 2.23. There exists a C ∗ -algebra A ⊂ R(X)Γ which contains an ap∗
proximate identity for Cmax
(X)Γ .
Proof. Let D be a fundamental domain for the action of Γ on X. Choose
a discrete subset YD of D as provided by the bounded geometry condition.
Denote the set obtained by transporting YD by the action of Γ by Y . Y is
then clearly Γ-invariant. By [5, Prop. 2.7], extended straightforwardly to
the equivariant case, it suffices to show that there exists a C ∗ -algebra B ⊂
∗
R(Y )Γ which contains an approximate identity for Cmax
(Y )Γ . Here, as the
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representation space, we choose l2 (Y ) ⊗ l2 (N), where the action of C0 (Y ) is
given by multiplication. By [5, Prop. 2.19], l∞ (Y ; C0 (N))Γ ⊂ R(Y )Γ is a C ∗ algebra which contains an approximate unit of R(Y ) endowed with the reduced
norm and, by Proposition 2.4, of R(Y ) endowed with the maximal norm. The
claim then follows from density of R(Y )Γ in C ∗ (Y )Γ .

Lemma 2.24. Let ρ be an arbitrary non-degenerate ∗-representation of R(X)Γ
on some Hilbert space H. It extends in a unique way to a ∗-representation of
S(X)Γ on H.
More generally, let M(X)Γ be the algebra of bounded multipliers of R(X)Γ ,
i.e., all bounded operators on the defining Hilbert space which preserve R(X)Γ
by left and right multiplication. Note that M(X)Γ contains S(X)Γ . The representation ρ extends in a unique way to a ∗-representation of M(X)Γ .
Proof. Let π : R(X)Γ → L(H) be a non-degenerate ∗-representation of R(X)Γ .
∗
(X)Γ . Pick a C ∗ -subIt extends to a non-degenerate representation of Cmax
∗
Γ
∗
algebra A of Cmax (X) which contains an approximate identity for Cmax
(X)Γ
Γ
and sits inside R(X) . The restriction of π to A is thus also non-degenerate.
It follows from the Cohen–Hewitt factorization theorem [10, Thm. 2.5] that,
for all w ∈ H, there exist T ∈ A and v ∈ H with π(T )v = w. Furthermore,
π(S)v = 0 for all S ∈ R(X)Γ implies that v is in the orthogonal complement
of π(R(X))H; hence, v = 0 by the nondegeneracy of π. It follows from [6,
Prop. IV.3.18] that π̂(T )(π(S)v) := π(T S)v for T ∈ S(X)Γ gives a well-defined
algebraic representation π̂ : M(X)Γ → L(H). Here L(H) denotes the vector
space of linear maps on H. It is clear that π̂ is an extension of π. We show
that π̂ is actually a ∗-representation of M(X)Γ . The equalities
hπ̂(T )(π(S)v), π(S ′ )v ′ i = hπ(T S)v, π(S ′ )v ′ i = hπ((S ∗ T ∗ )∗ )v, π(S ′ )v ′ i
= hv, π(S ∗ T ∗ S ′ )v ′ i = hπ(S)v, π(T ∗ S ′ )v ′ i
= hπ(S)v, π̂(T ∗ )(π(S ′ )v ′ )i
imply that the operator π̂(T ) is formally selfadjoint if T is selfadjoint. Furthermore, since π̂(T ) 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 selfadjoint elements, this implies that the image of π̂
is actually contained in L(H). The previous computation then shows that
π̂ respects the involution; thus, it is a ∗-representation. Uniqueness of the
extension follows from the fact that every extension π̂ of π has to satisfy
π̂(T )(π(S)v) = π(T S)v for T ∈ M(X)Γ and S ∈ R(X)Γ , but this determines
π̂ since all elements of H are of the form π(S)v for some S ∈ R(X)Γ and
v ∈ H.

Lemma 2.25. An arbitrary non-degenerate ∗-representation π of S(X)Γ can
be decomposed as π = π1 ⊕ π2 , where both π1 and its restriction to R(X)Γ
are non-degenerate representations on some Hilbert space H1 and π2 is a nondegenerate representation of S(X)Γ vanishing on R(X)Γ .
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Proof. The proof follows from Lemma 2.24 and the discussion prior to [1,
Thm. 1.3.4].

Proof of Proposition 2.22. We denote by S the set of cyclic representations
of S(X)Γ on some Hilbert space with the property that their restriction to
R(X)Γ is a non-degenerate representation of R(X)Γ on the same space. For
π ∈ S, denote by πR its restriction to R(X)Γ .L
The bounded geometry condition on X (see Proposition 2.4) implies that
π∈S πR is a well-defined
L nondegenerate representation of R(X)Γ . Lemma 2.24 implies that Π = π∈S π
is a well-defined Hilbert space representation of S(X)Γ . For a ∈ S(X)Γ , set
S(X)Γ
∗
C1a = kΠ(a)k. It is shown in Lemma 2.21 that R(X)
Γ is a C -algebra. Set
S(X)Γ
and Ca = max{C1a , C2a }. Now let π be an arbitrary nonC2a = k[a]k R(X)
Γ
degenerate representation of S(X)Γ with a decomposition π1 ⊕ π2 , as provided
by Lemma 2.25. Obviously, kπ(a)k ≤ max{kπ1 (a)k, kπ2 (a)k}. The claim now
follows from the facts that π1 is a subrepresentation of Π and π2 factors through
S(X)Γ

R(X)Γ .
Proposition 2.26. As with the Roe algebra, the K-theory groups of the structure algebra are independent of the choice of the very ample representation.
∗
Furthermore, the assignment X 7→ K∗ (Dmax
(X)Γ ) is functorial for uniform
(i.e., coarse and continuous) maps.
Proof. See the discussion in [11, Ch. 12.4]



Lemma 2.24 immediately implies the following.
∗
∗
Proposition 2.27. Cmax
(X)Γ is an ideal of Dmax
(X)Γ .
∗
Proposition 2.28. The inclusion S(X)Γ → Dmax
(X)Γ gives rise to an iso∗
(X)Γ
S(X)Γ ∼ Dmax
morphism
Γ =
∗
Γ .
R(X)

Cmax (X)

∗
Proof. Since Dmax
(X)Γ is the maximal C ∗ -completion of S(X)Γ , the projection
S(X)Γ
S(X)Γ
∗
Γ
(X)Γ → R(X)
S(X) → R(X)Γ gives rise to a morphism of C ∗ -algebras Dmax
Γ.
Γ
Continuity of this map and the fact that its kernel contains R(X) imply
D∗

(X)Γ

Γ

D∗

(X)Γ

S(X)
max
that it induces a morphism C max
∗
Γ → R(X)Γ . The composition C ∗
Γ →
max (X)
max (X)
∗
Dmax
(X)Γ
D∗ (X)Γ
S(X)Γ
→
is
the
identity
on
the
set
of
classes
of
which
have
∗
R(X)Γ
C ∗ (X)Γ
Cmax
(X)Γ
a representative from S(X)Γ . Since the latter set is dense, it follows that the
composition is injective. On the other hand, by construction, the composition
D∗ (X)Γ
S(X)Γ
S(X)Γ
→ C max

→ R(X)
∗
Γ is the identity and the claim follows.
R(X)Γ
(X)Γ
max

D∗

(X)

∼ lf
Corollary 2.29. There is an isomorphism K∗+1 ( C max
∗
(X) ) = K∗ (X).
max

2.30. Yu’s localization algebras and K-homology.
Definition 2.31 ([19, Section 2]). Let A be a normed ∗-algebra. By TA
denote the normed ∗-algebra of functions f : [1, ∞) → A which are bounded
and uniformly continuous.
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Clearly, if A is a C ∗ -algebra, so is TA. Important examples for us will
∗
∗
be the algebras TDmax
(X) and TCmax
(X), defined using some very ample
representation of C0 (X). Now we are in the position to define the localization
algebra associated to a locally compact metric space X.
Definition 2.32 ([19, Section 2]). The C ∗ -algebra generated by functions
∗
f ∈ TCmax
(X)Γ , with the properties
• prop f (t) < ∞ for all t ∈ [1, ∞),
• prop f (t) → 0 as t → ∞,
∗
is called the localization algebra of X and is denoted by CL,max
(X)Γ .
∗
Remark 2.33. In analogy to the fact that Cmax
(X)Γ is contained as an
∗
∗
Γ
ideal in the C -algebra Dmax (X) , one can define a C ∗ -algebra denoted by
∗
∗
DL,max
(X)Γ , which contains CL,max
(X)Γ as an ideal. This is the C ∗ -algebra
∗
generated by the elements in TDmax (X)Γ with the two properties of Definition 2.32.

Yu’s theorem states that the K-theory groups of the localization algebra
are isomorphic to the locally finite K-homology groups.
Theorem 2.34 ([19, Thm. 3.4]). Let X be a locally compact metric space
∗
and suppose CL,max
(X) is defined using a very ample representation. Then
∗
the local index map indL : K∗lf (X) → K∗ (CL,max
(X)) of [19, Def. 2.4] is an
isomorphism. Furthermore, the diagram
K∗lf (X)

indL

∗
K∗ (CL,max
(X))
µ

(ev1 )∗
∗
K∗ (Cmax
(X))
∗

Dmax (X)
is commutative. Here µ denotes the index map K∗lf (X) ∼
= K∗+1 ( Cmax
∗
(X) ) →
∗
K∗ (Cmax (X)).

Proof. First note that the local index map as defined in [19, Thm. 3.4] can
be defined analogously in the maximal case. In [19] the theorem is proven for
D∗ (X) ∼
the reduced localization algebra and uses the isomorphism K∗+1 ( C red
∗ (X) ) =
red

K∗lf (X). However, Corollary 2.29 states that the isomorphism still holds if we
replace the reduced Roe and structure algebra with the maximal ones. Thus,
the argument of [19] can be used literally.

Having the above theorem in mind, we will, from now on, use the notation
∗
K∗L (X) for the group K∗ (CL,max
(X)). Given a closed subset Y of X, we
are now going to define the relative K-homology groups using localization
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 ΓX of X such that
∗
∗
ΓY := ΓX ∩ Y is dense in Y . Define CL,max
(X) and CL,max
(Y ) using the
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very ample representations HX = l2 (ΓX ) ⊗ l2 (N) and HY = l2 (ΓY ) ⊗ l2 (N),
respectively. The constant family of isometries Vt := ι, where ι : HY → HX is
the inclusion covers the inclusion Y → X in the sense of [19, Def. 3.1]. Hence,
∗
applying Ad(Vt ) pointwise, we obtain a C ∗ -algebra morphism CL,max
(Y ) →
∗
CL,max (X), which we will denote by ι(X, Y ). Note that on elements with finite
propagation, this map, for each t, is just the extension by zero of an operator
on HY to an operator on HX . We get a map ι(X, Y )∗ : K∗L (Y ) → K∗L (X).
Now denote by K∗L (X, Y ) the group K∗−1 (Cι(X,Y ) ), where S denotes the
suspension and Cι(X,Y ) the mapping cone of ι(X, Y ). The short exact sequence
∗
∗
0 → SCL,max
(X) → Cι(X,Y ) → CL,max
(Y ) → 0

gives rise to a long exact sequence
∗
∗
· · · → K∗ (CL,max
(Y )) → K∗−1 (SCL,max
(X)) → K∗−1 (Cι(X,Y ) ) → · · ·

of K-theory groups. Using the canonical isomorphism K∗−1 (S( · )) = K∗ ( · ),
this sequence becomes the desired long exact sequence of a pair
· · · → K∗L (Y ) → K∗L (X) → K∗L (X, Y ) → · · · ,
constructed solely using localization algebras.
2.34.1. Relative localization algebra. Let X and Y be as above. We would like
∗
∗
to extend CL,max
(Y )Γ ⊂ CL,max
(X)Γ to an ideal with the same K-theory.
∗
∗
Definition 2.35. Denote by CL,max
(Y ⊂ X)Γ the ideal in CL,max
(X)Γ gener∗
Γ
ated by functions f ∈ TC (X) such that for all t ∈ [1, ∞), f (t) is supported
in an S(t)-neighborhood of Y , where S : [1, ∞) → R is some function with
S(t) → 0 as t → ∞.

Lemma 2.36 ([26, Lem. 1.4.18]). Let Y and X be as above. The inclusion
∗
∗
Y → X induces isomorphisms K∗ (CL,max
(Y )Γ ) ∼
(Y ⊂ X)Γ ).
= K∗ (CL,max
Proof. In [26, Lem. 1.4.18], this is proven in the reduced case. However in
light of the discussion in Section 2.1, the modification of the arguments for use
in the maximal setting is straight-forward.

2.37. Relative group C ∗ -algebra. Let X be a proper path-connected metric
space and Y a path-connected subset of X. The inclusion Y → X induces
a map π1 (Y ) → π1 (X), where we choose a point y0 ∈ Y to construct the
fundamental groups and the latter map. This map in turn induces a morphism
∗
∗
ϕ : Cmax
(π1 (Y )) → Cmax
(π1 (X)). The relative group C ∗ -algebra is defined as
∗
Cmax
(π1 (X), π1 (Y )) := SCϕ .

The short exact sequence
∗
∗
0 → SCmax
(π1 (X)) → Cϕ → Cmax
(π1 (Y )) → 0

and the Bott periodicity isomorphism gives a long exact sequence
∗
∗
∗
→ K∗ (Cmax
(π1 (Y ))) → K∗ (Cmax
(π1 (X))) → K∗ (Cmax
(π1 (X), π1 (Y ))) → .
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Remark 2.38. Note that the above C ∗ -algebras are independent of the chosen
point y0 up to an isomorphism which is well defined up to conjugation by a
unitary, and therefore is canonical on K-theory.
Remark 2.39. Recall that unless ϕ : π1 (Y ) → π1 (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.
2.40. The relative index map. The index of Chang, Weinberger and Yu is
the image of a fundamental class in K∗L (X, Y ) under a mapping µ : K∗L (X, Y ) →
∗
K∗ (Cmax
(π1 (X), π1 (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 localization
algebras and their equivariant counterparts and exploit Theorem 2.8 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
e → X and p′ : Ye → Y of these spaces exist (e.g., suppose X and
coverings p : X
Y are CW -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
e and Ye . Pick countable dense subsets ΓX and ΓY of X and Y such
metrics on X
that ΓY ⊂ ΓX as before. Denote by ΓX̃ and ΓỸ the preimages of ΓX and ΓY ,
respectively. Construct the (equivariant) Roe algebras and the (equivariant)
localization algebras using the representations l2 (Γ· )⊗l2 (N). We recall that the
equivariant algebras are constructed using the action of fundamental groups
by deck transformations.
Proposition 2.41 ([2, Prop. 2.8]). Let X and X̃ be as above. Suppose furthermore that X is compact. Then there exists an ǫ > 0 depending on X such
that for finite propagation locally compact operators T with prop(T ) < ǫ, the
∗
kernel k̃ defined in the following defines an element of Cmax
(X̃)π1 (X) , which
we will denote by L(T ).
Observe for the definition of L(T ) that a finite propagation locally compact
k

→
operator T on l2 (ΓX ) ⊗ H with prop(T ) = r is given by a matrix ΓX × ΓX −
K(H) such that k(x, x′ ) is 0 for all (x, x′ ) ∈ ΓX × ΓX with dX (x, x′ ) ≥ r. Dek̃

fine the lifted operator on l2 (ΓX̃ ) ⊗ H using the matrix (x̃, x̃′ ) 7−
→ k(p(x̃), p(x̃′ ))
′
if dX̃ (x̃, x̃ ) < r and 0 otherwise.
∗
Vice versa, every equivariant kernel T̃ ∈ Cmax
(X̃)π1 (X) of propagation < ǫ is
∗
such a lift, and this in a unique way, defining the push-down π(T̃ ) ∈ Cmax
(X)
as the inverse of the lift.
For the appropriate choice of ǫ, the covering X̃ → X should be trivial when
restricted to balls say of radius 2ǫ.
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Remark 2.42. Later we will need a slight generalization of Proposition 2.41
for manifolds obtained by attaching an infinite cylinder to a compact manifold
with boundary. It is evident that the ǫ 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 2.43. Let T : s 7→ Ts be an element of RL (X), i.e., Ts is locally
compact and has finite propagation which tends to 0 as s → ∞. Therefore,
prop(Ts ) < ǫ for all s ≥ sT with some sT ∈ [1, ∞). Define the lift
(
L(TsT ), s ≤ sT ,
L(T ) : s 7→
L(Ts ),
s ≥ sT ,
∗
to obtain an element in CL,max
(X̃)π1 (X) .
Similarly, for T̃ : s 7→ T̃s an element of RL (X̃)π1 (X) such that T̃s is locally
compact, equivariant and has finite propagation which tends to 0 as t → ∞
(in particular prop(T̃s ) < ǫ for all s ≥ sT̃ for some sT̃ ∈ [1, ∞)), define its
push-down
(
π(T̃sT̃ ), s ≤ sT̃ ,
π(T̃ ) : s 7→
π(T̃s ),
s ≥ sT̃ .

e π1 (X) := C0 ([1, ∞), C ∗ (X̃)π1 (X) ), the ideal of
Proposition 2.44. Set C0∗ (X)
max
∗
Γ
e consisting of functions whose norm tends to 0 as s → ∞. The
CL,max (X)
assignments of Definition 2.43 give rise to continuous ∗-homomorphisms
∗
L : RL (X) → CL,max
(X̃)π1 (X) /C0∗ (X̃)π1 (X) ,
∗
π : RL (X̃)π1 (X) → CL,max
(X)/C0∗ (X),

where we use that the algebra of functions vanishing at ∞ is an ideal of the
localization algebra. Being continuous, they extend to the C ∗ -completions, and
∗
∗
(X̃)π1 (X) )
(X)) or C0 ([1, ∞), Cmax
they evidently map the ideal C0 ([1, ∞), Cmax
∗
to 0, so that we get C -algebra homomorphisms
∗
∗
L : CL,max
(X)/C0∗ (X) → CL,max
(X̃)π1 (X) /C0∗ (X̃)π1 (X) ,
∗
∗
π : CL,max
(X̃)π1 (X) /C0∗ (X̃)π1 (X) → CL,max
(X)/C0∗ (X).

By construction, these two homomorphisms are inverse to each other.
∗
∗
Being cones, C0 ([1, ∞), Cmax
(X̃)π1 (X) ) and C0 (1, ∞), Cmax
(X)) have vanishing K-theory and by the 6-term exact sequence, the projections induce isomorphisms in K-theory
∗
∗
K∗ (CL,max
(X̃)π1 (X) ) → K∗ (CL,max
(X̃)π1 (X) /C0∗ (X̃)π1 (X) ),
∗
∗
K∗ (CL,max
(X)) → K∗ (CL,max
(X)/C0∗ (X)).

We therefore get a well-defined induced isomorphism in K-theory
∗
∗
L∗ : K∗L (X) = K∗ (CL,max
(X)) → K∗ (CL,max
(X̃)π1 (X) )

with inverse π∗ .
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The proof of Proposition 2.44 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 Cmax
(X) and Cmax
(X̃)π1 (X) . To do this, we use the
following lemma.
Lemma 2.45. Let ǫ be as in Proposition 2.41. There exists K ∈ N such that
for all T ∈ R(X) and T̃ ∈ R(X̃)π1 (X) with propagation less than ǫ, we have
∗
∗
kL(T )kC ∗ (X̃)π1 (X) ≤ KkT kCmax
(X) ≤ KkT̃ kC ∗ (X̃)π1 (X) .
(X) and kπ(T̃ )kCmax
max

max

Proof. By assumption, X has bounded geometry. Consequently, we can and do
choose, for some fixed c > 0, a c-dense uniformly discrete subset D of ΓX and
∗
∗
denote by Cmax
(D) and Cmax
(D̃)π1 (X) the Roe algebras of D constructed using
2
2
l (D)⊗H and l (D̃)⊗H as before. The proof of [7, Lem. 3.4] guarantees the ex∗
istence of a K ∈ N such that for all T ∈ Cmax
(D) with prop(T ) < ǫ, there exist
∗
∗
∞
operators Ti∈{1,...,K} ∈ Cmax (D) such that kTi k ≤ kT k, TP
i Ti ∈ l (D; K(H)),
∗
i.e., Ti Ti are operators of propagation 0, and such that
Ti = T . Moreover,
the lift T̃i satisfies that
L

∞
π1 (X) ∼ ∞
∗
T̃i∗ T̃i = T]
= l (D; K(H)).
i Ti ∈ l (D̃; K(H))

Hence the norm of T̃i∗ T̃i is exactly kTi k2 .
We thus have kL(T )k ≤ KkT k. With a completely analogous argument, we
get kπ(T̃ )k ≤ KkT̃ k.
Note that there are isomorphisms
∗
∗
Cmax
(X) → Cmax
(D),

∗
∗
Cmax
(X̃)π1 (X) → Cmax
(D̃)π1 (X) ,

which can be constructed explicitly (compare [7, Section 4.4]). These isomorphisms can be chosen so as to make the diagrams
π (X)

π (X)

R(X̃)ǫ 1

R(D̃)ǫ 1

L

L

R(X)ǫ

R(D)ǫ ,

π (X)

π (X)

R(X̃)ǫ 1

R(D̃)ǫ 1

π

π

R(X)ǫ

R(D)ǫ

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

∗
Proof of Proposition 2.44. Recall that for (T̃ : s → T̃s ) ∈ CL,max
(X̃)π1 (X) , we
use the supremum norm: kT̃ k = sups∈[1,∞) kT̃s k. It follows that the norm of
∗
the image of T̃ in CL,max
(X̃)π1 (X) /C0 ([1, ∞); C ∗ (X̃)π1 (X) ) under the projection map is k[T̃ ]k = lim sups∈[1,∞) kT̃s k (specifically, multiplication of T̃ with a
cutoff function ρ : [1, ∞) → [0, 1] which vanishes on [1, R] and is identically 1
on [R + 1, ∞) produces representative of [T̃ ] whose norm in CL∗ (X̃)π1 (X) approaches lim sups∈[1,∞) kT̃s k as R → ∞).
The assertion then follows immediately from Lemma 2.45.
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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 ϕ denotes the map π1 (Y ) → π1 (X)
induced by the inclusion. Following the notation introduced in [2, Section 2],
we denote by Y ′ the set p−1 (Y ) and by p′′ : Y ′′ → Y the covering of Y associated to the subgroup ker ϕ; hence, Y ′ = π1 (X) ×π1 (Y )/ ker ϕ Y ′′ . Now construct
the equivariant Roe and localization algebras for Y ′ and Y ′′ using the sets
p−1 (ΓY ) and (p′′ )−1 (ΓY ) similarly as before.
Theorem 2.46 ([2, Lem. 2.12]). There is a map
∗
∗
ψ ′′ : Cmax
(Ỹ )π1 (Y ) → Cmax
(Y ′′ )π1 (Y )/ ker ϕ

with the property that there exists ǫ > 0 such that, given an operator T ∈
∗
Cmax
(Ỹ )π1 (Y ) with prop(T ) < ǫ and kernel k on (p′ )−1 (ΓY ), the pushdown of
k gives a unique well-defined kernel kY on ΓY and ψ ′′ (T ) is given by the kernel
(x, y) 7→ kY (p′′ (x), p′′ (y)) for x, y ∈ Y ′′ with dY ′′ (x, y) < ǫ.
Remark 2.47. It can be observed from the proof of Theorem 2.46 that the
∗
∗
result can be generalized to obtain a map Cmax
(Z)Γ → Cmax
(Z/N )Γ/N , where
Z is a bounded geometry space satisfying the properties mentioned in the
beginning of the paper, Γ is a discrete group acting freely and properly on Z
via isometries, N ⊂ Γ is a normal subgroup and there exists an ǫ such that
the coverings Z → Z/N ′ are trivial when restricted to ǫ-balls for any normal
subgroup N ′ ⊂ Γ.
Remark 2.48. For the proof of Theorem 2.46, Chang, Weinberger and Yu
use that the push-down of operators with small propagation as defined in
Definition 2.43 can be extended to an honest ∗-homomorphism. Doing it
partially gives a morphism of ∗-algebras ψ ′′ : R(Ỹ )π1 (Y ) → R(Y ′′ )π1 (Y )/ ker ϕ ,
and then maximality of the norms provides the extension to the desired C ∗ ∗
∗
homomorphism Cmax
(Ỹ )π1 (Y ) → Cmax
(Y ′′ )π1 (Y )/ ker ϕ . Note that, in general,
this is not possible if we use the reduced equivariant Roe algebras.
Using Y ′ = Y ′′ ×π1 (Y )/ ker ϕ π1 (X), we get a C ∗ -algebra morphism
∗
∗
∗
ψ ′ : Cmax
(Y ′′ )π1 (Y )/ ker ϕ → Cmax
(Y ′ )π1 (X) ⊂ Cmax
(X̃)π1 (X) ,

where the first map repeats the operators on the different copies of Y ′′ inside Y ′ .
∗
∗
Composing ψ ′ and ψ ′′ , we obtain the map ψ : Cmax
(Ỹ )π1 (Y ) → Cmax
(X̃)π1 (X) .
Application of the maps pointwise defines the corresponding maps for localization algebras, which we denote with the same symbols with subscript L.
Theorem 2.49. The constructions just described fit into the following commutative diagram of C ∗ -algebras, where the composition in the third row is the
map ψL , in the forth row is ψ, and in the last row is ϕ. The projection maps
in the second row of vertical maps are K-theory isomorphism. The last vertical maps induce the canonical isomorphism in K-theory of Theorem 2.8. The
Roe and localization algebras are constructed using the maximal completion (we
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write m instead of max for typesetting reasons).
∗
CL,m
(Y )

∗
CL,m
(Y )



yL
∗
CL,m
(Ỹ )π1 (Y )
∗ (Ỹ )π1 (Y )
C0

∗
CL,m
(Y )



yL
′′
ψL

−−−−−−→

x



∗
CL,m
(Y ′′ )π1 (Y )/ ker ϕ
∗ (Y ′′ )π1 (Y )/ ker ϕ
C0



yL
′
ψL

−−−−−−→

x


′′
ψL

ι

−−−−−−→

∗
CL,m
(Y ′ )π1 (x)
∗ (Y ′ )π1 (x)
C0



yL
⊂

−−−−−−→

x


′
ψL

∗
CL,m
(X)

∗
CL,m
(X̃)π1 (X)
∗ (X̃)π1 (X)
C0

x


⊂

∗
∗
∗
∗
CL,m
(Ỹ )π1 (Y ) −−−−−−→ CL,m
(Y ′′ )π1 (Y )/ ker ϕ −−−−−−→ CL,m
(Y ′ )π1 (X) −−−−−−→ CL,m
(X̃)π1 (X)


ev
y 1
∗
Cm
(Ỹ )π1 (Y )


ev
y 1
ψ ′′

−−−−−−→

x


∗
Cm
(π1 (Y ))

∗
Cm
(Y ′′ )π1 (Y )/ ker ϕ


ev
y 1
ψ′

−−−−−−→

x


pr∗

−−−−−−→

∗
Cm
(π1 (Y )/ ker ϕ)

−−−−−−→

∗
Cm
(Y ′ )π1 (X)


ev
y 1
⊂

−−−−−−→

∗
Cm
(X̃)π1 (X)

x



x



∗
Cm
(π1 (X))

∗
Cm
(π1 (X)).

Proof. If in the first row CL∗ (Y ) is replaced by RL (Y ), then the definition
of L, the behavior of the push-down map ψ ′′ and the (trivial) lifting map ψ ′
on operators of small propagation and the definition of ι and ⊂ 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
∗
∗
K∗ (Cmax
(π1 ( · ))) → K∗ (Cmax
(˜· )π1 ( · ) ). For this we need the isomorphisms
∼
=
∗
∗
Cmax
(π1 ( · )) ⊗ K(H) −
→ Cmax
(˜· )π1 ( · ) . Here we modify the proof of [11, Lem.
12.5.3] slightly to suit our choice of the representation space. Choose a countable dense subset D of the fundamental domain
of Ỹ such that D and gD are
F
disjoint for g 6= e in π1 (Y ). With ΓỸ = g∈π1 (Y ) gD, we get an isomorphism
L
this isomorphism we then
l2 (ΓỸ ) ⊗ l2 (N) ∼
= l2 (π1 (Y )) ⊗ ( n∈N l2 (D)). Using
L
obtain a ∗-isomorphism between C[π1 (Y )] ⊗ K( n∈N l2 (D)) and the algebra
of invariant, finite propagation and locally compact
operators.
This induces
L
∼
=
∗
∗
→ Cmax
(Ỹ )π1 (Y ) .
the desired isomorphism Cmax
(π1 (Y )) ⊗ K( n∈N l2 (D)) −
Furthermore, we note (see [22, Prop. 6.4.1 and Proposition 8.2.8]) that the
standard isomorphisms Kp (A) → Kp (A ⊗ K(H)) for a C ∗ -algebra A and a
separable infinite-dimensional Hilbert space H is induced by the morphism
a 7→ a ⊗ p, with
Now consider the rank one projection
L p a rank one2 projection.
px0 ⊗ p1 on n∈N l2 (D) ∼
= l (D) ⊗ l2 (N) for some x0 ∈ D and p1 the operator
on l2 (N) projecting to the first component. The composition gives the desired
∗
∗
map Cmax
(π1 (Y )) → Cmax
(Ỹ )π1 (Y ) which induces the K-theory isomorphism
of Theorem 2.8. We can perform the same procedure for Y ′′ = Ỹ /(ker ϕ).
Considering the above DF (or rather its image under Ỹ → Y ′′ ) as a subset
of Y ′′ and using ΓY ′′ = g∈ π1 (Y ) gD, we get the corresponding isomorphism
ker ϕ
L
π1 (Y )
2
same p as above
l2 (ΓY ′′ ) ⊗ l2 (N) ∼
= l2 ( ker
n∈N l (D)). Choosing the π
ϕ )⊗(
1 (Y )
π1 (Y )
∗
∗
′′ ker
our procedure defines the desired Cmax ( ker ϕ ) → Cmax (Y ) ϕ , which is a
K-theory isomorphism and which makes the lower left corner of the diagram
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of Theorem 2.49 commutative. Similarly we construct the corresponding map
for Y ′ , which is the associated bundle to Y ′′ with fibre π1 (X) (we can consider
the above D as a subset of Y ′ ). The construction gives rise to the morphism
∗
∗
Cmax
(π1 (X)) → Cmax
(Y ′ )π1 (X) , which is a K-theory isomorphism and which
makes the lower middle square of the diagram of Theorem 2.49 commutative.
Finally, considering D as a subset of Y ′ and extending it to a dense subset of a
fundamental domain of X̃, we obtain, similarly as above, a corresponding map
∗
∗
for X̃, the morphism Cmax
(π1 (X)) → Cmax
(X̃)π1 (X) , which is a K-theory isomorphism such that also the lower right corner of the diagram of Theorem 2.49
commutes. This finishes the proof of the theorem.

Definition 2.50. The commutative diagram of Theorem 2.49 defines a zigzag 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 induce
isomorphisms in K-theory, we obtain the map
Def

∗
(π1 (X), π1 (Y ))),
µ : K∗ (SCι(X,Y ) ) → K∗ (SCϕ ) == K∗ (Cmax

which we call the relative index map. In [2] it is called the maximal relative
Baum-Connes map.
3. A geometric and functorial completion of the equivariant
Roe algebra
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 completions 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 L2 -spinors, and the Dirac operator is an unbounded operator on the same Hilbert space. Ellipticity 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 nontrivial:
(i) The functions f (D) which do have finite propagation are by the very definition elements of the algebraic Roe algebra (if f vanishes at infinity) or of
the algebraic structure algebra (if f is a normalizing function). The wave
operators eitD are bounded multipliers of the maximal Roe algebra and
by Lemma 2.24 act as bounded operators on the defining representation
of the maximal Roe algebra.
(ii) However, it is not obvious at all that the one parameter group t 7→ eitD
is strongly continuous on any Hilbert space on which the maximal Roe
algebra is represented faithfully, i.e., is obtained from an (unbounded)
selfadjoint operator D on such a Hilbert space. Thus one needs to have a
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reasonable definition of f (D) in the maximal Roe and structure algebra
for f without a compactly supported Fourier transform.
(iii) Even if one manages to construct the selfadjoint unbounded operator D on
the maximal representation, it remains to show that this maximal Dirac
operator is invertible if the underlying manifold has uniformly positive
scalar curvature: one has to make sense also of a (geometric) Schrödinger–
Lichnerowicz formula for this non-geometric representation?
Chang, Weinberger and Yu’s article [2] takes all these necessary constructions and properties for granted, without any justification. We propose a way
around by passing to a slightly different and much more convenient completion. Later, Guo, Xie and Yu posted the preprint [8] where they also identify
these gaps in [2] and propose positive answers to the above questions.
3.2. The quotient completion. Our suggestion to overcome the problems
addressed in Section 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 Γ acts freely and properly discontinuously by isometries on a
proper metric space X.
For every normal subgroup N ⊂ Γ, we then can form the metric space X/N
on which the quotient group Q := Γ/N acts as before. Indeed, typically we
obtain X as a Γ-covering of a space X/Γ and the X/N are then other normal
coverings of X/Γ.
In the usual way, the purely algebraically defined algebras R(X)Γ and S(X)Γ
act via their images in R(X/N )Γ/N and S(X/N )Γ/N on all these quotients (see
Theorem 2.46), and we complete with respect to all these norms at once.
Denote the corresponding completions by Cq∗ (X)Γ and Dq∗ (X)Γ . It is clear
that the former is an ideal in the latter. It is also clear that this has the
usual functoriality properties for Γ-equivariant maps for fixed Γ, but now in
addition is functorial (this is built in) for the quotient maps X → X/N , giving
Cq∗ (X)Γ → Cq∗ (X/N )Γ/N and Dq∗ (X)Γ → Dq∗ (X/N )Γ/N .
Finally, for inclusion of groups ι: Γ → G induces an induction map Cq∗ (X)Γ →
∗
Cq (X ×Γ G)G , because for every quotient G/N , we get the associated induction
R(X/Γ ∩ N )Γ/(Γ∩N ) → R(X/(Γ ∩ N ) ×Γ/Γ∩N G/N )G/N = R(X ×Γ G/N )G/N .
The corresponding construction works for Dq∗ and for the localization algebras.
Putting this together, we get the expected functoriality of Cq∗ and Dq∗
and the localization algebras for maps equivariant for any homomorphism
α : Γ1 → Γ2 .
Lemma 3.3. Suppose Γ acts cocompactly on X. Then Cq∗ (X)Γ is isomorphic
to Cq∗ (Γ) ⊗ K(H). Here, Cq∗ (Γ) is the C ∗ -completion of C[Γ] in the represenL
tation N ✁Γ l2 (Γ/N ), where the sum is over all normal subgroups N of Γ.

Proof. The proof is precisely along the lines of the one of Theorem 2.8.



Proposition 3.4. Let X/Γ be a complete Riemannian spin manifold with Γcovering X. The Dirac operator on the different normal coverings X/N for
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the normal subgroups N of Γ gives rise to a selfadjoint unbounded operator in
the defining representation of Cq∗ (X)Γ . If f ∈ C0 (R), we get f (D) ∈ Cq∗ (X)Γ ,
if Ψ : R → [−1, 1] is a normalizing function, we get Ψ(D) ∈ Dq∗ (X)Γ .
This construction is functorial for the quotient maps X → X/N for normal
subgroups N ✁ Γ.
The Schrödinger–Lichnerowicz argument applies: if X/Γ has uniformly positive scalar curvature, then the spectrum of the operator D in the defining representation of Cq∗ (X)Γ does not contain 0.
Let A ⊂ X be a Γ-invariant measurable subset. Then χA , the operator of
multiplication with the characteristic function of A is an element of Dq∗ (X)Γ ,
in particular a multiplier of Cq∗ (X)Γ . Under the quotient map X → X/N ,
for a normal subgroup N ✁ Γ, it is mapped to χA/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 4.9.
The statement about χA is a direct consequence of the definitions.

Remark 3.5. We note that all the statements in Section 2 have a counterpart
when we use the quotient completion instead of the maximal completion of the
equivariant algebras and their proofs are completely analogous to (and often
easier than) the proofs for the maximal completions. In particular, we have a
relative index map in this case. Furthermore, we would like to emphasize that
Theorem 2.12 holds for the quotient completion. Given a map φ : Γ → π, we
get by functoriality a morphism φ : Cq∗ (Γ) → Cq∗ (π), and Cq∗ (π, Γ) will denote
SCφ as before.
4. Higher indices of Dirac operators on manifolds with boundary
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 boundary N in the following groups:
∗
• in Cmax
(π1 (M ), π1 (N )),
∗
• in Cq (π1 (M ), π1 (N )) and
∗
• in Cred
(π1 (M ), π1 (N )) if π1 (N ) → π1 (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 Γ by isometries, denote by DX the Dirac operator on X.
Let Ψt be a sup-norm continuous family of normalizing functions, i.e., each
s→∞
Ψt is an odd, smooth function Ψt : R → [−1, 1] such that Ψt (s) −−−→ 1.
Suppose furthermore that for t ≥ 1, the distributional Fourier transform of Ψt
/ +)
is supported in a 1t -neighborhood of 0. Choose an isometry α between L2 (S
2 /−
+
and L (S ) induced from a measurable bundle isometry, set Ψt (DX ) :=
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Ψt (DX )|L2 (S/ + ) and FX (t) := α∗ ◦ Ψt (DX )+ . Set e11 := ( 10 00 ), e22 := ( 00 01 ).
/ + ).
Note that the presence of α∗ implies that FX (t) is an operator on L2 (S
Definition 4.2. In the above situation, the (locally finite) fundamental class
∗
[DX ] ∈ K0 (CL,d
(X)) = K0L (X) is given explicitly by [PX ] − [e11 ], with
PX


F F ∗ + (1 − F F ∗ )F F ∗
:=
(1 − F ∗ F )F ∗


F (1 − F ∗ F ) + (1 − F F ∗ )F (1 − F ∗ F )
.
(1 − F ∗ F )2

∗
In this formula F denotes FX ( · ) and PX is an idempotent in M2 (CL,d
(X)+ ).
Here, A+ denotes the unitalization of A.

Remark 4.3. Note that since Ψt is assumed to have compactly supported
Fourier transform, Ψt (DX ) has finite propagation, which means that PX is a
∗
matrix over the unitalization of R∗L (X) ⊂ CL,max
(X).
Now let M be a compact spin manifold with boundary N . Denote by
N∞ the cylinder N × [0, ∞) and by M∞ the manifold M ∪N N∞ . Given a
Riemannian metric on M which is collared at the boundary, we will equip N∞
with the product metric. Taking the image of [DM∞ ] in K∗L (M∞ , N∞ ) and
then under the excision isomorphism defines the relative fundamental class
[M, N ] ∈ K∗L (M, N ). For the index calculations, which we have to carry 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 Cι(M,N ) . Therefore,
we recall the construction of [2], referring for further details to [2]—see also
[11, Prop. 4.8.2 and 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 K1 (C0 (R)). Following [2], define the
invertible element
τD := v ⊗ PM∞ + I ⊗ (I − PM∞ )
−1
∗
= v −1 ⊗
in a matrix algebra over C(S 1 )⊗CL,d
(M∞ )+ with inverse given by τD
PM∞ + I ⊗ (I − PM∞ ) (see [11, Prop. 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∗ (M∞ , N∞ ). This is implemented
for our K-theory cycles by multiplication with a cut-off. For technical reasons,
we observe that instead of N ⊂ M , we can use the homeomorphic NR :=
N × {R} ⊂ MR := M ∪N × [0, R] for each R ≥ 0. We use localization algebras,
∗
∗
and then we can use the K-theory isomorphism CL,d
(MR ) → CL,d
(M ⊂ M∞ )
∗
and work with CL,d (M ⊂ M∞ ), which is independent of R. Similarly, we use
∗
∗
∗
the K-theory isomorphism CL,d
(NR ) → CL,d
(N ⊂ N∞ ) and replace CL,d
(NR )
∗
by the R-independent CL,d (N ⊂ N∞ ). This causes slight differences to the
construction of [2].
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For the cut-off, set χR := χMR , the characteristic function of MR . Consider
τD,R := v ⊗ (χR PM∞ χR + (1 − χR ) e11 (1 − χR ))
+ I ⊗ (I − (χR PM∞ χR + (1 − χR )e11 (1 − χR )))
−1
and define τD,R
in the same way with v replaced by v −1 . Note that these two
operators are in general not inverse to each other. Define, for s ∈ [0, 1],

wD,R (s) :=



I
0

(1 − s)τD,R
I



I
−(1 − s)(τD )−1
M

0
I



I
0

(1 − s)τD,R
I



0
I


−I
.
0

Finally, set
(2)

qD,R (s) := wD,R (s) e11 wD,R (s)−1 .

Applying the same procedure not to τD but to v ⊗ e11 + I ⊗ e22 , we obtain
a curve qp (s). Note that by construction of τD,R , all operators, in particular
qD,R (s), are diagonal for the decomposition L2 (M∞ ) = L2 (MR ) ⊕ L2 (N ×
[R, ∞)) and are of standard form on L2 (N × [R, ∞)). This summand does
not appear in [2] but has to be there to construct the appropriate operators in
∗
CL,d
(M ⊂ M∞ ).
Lemma 4.4. Assume that the operator FM∞ (t) has propagation ≤ L for
some L ∈ [0, ∞). Then qD,R (s)(t) (recall that we always have an additional
t ∈ [1, ∞)-dependency) has propagation ≤ 30L. It is diagonal with respect to
the decomposition L2 (M∞ ) = L2 (MR ) ⊕ L2 (N × [R, ∞)) and coincides with
qp (s) on L2 (N × [R, ∞)). It is obtained via finitely many algebraic operations
(addition, composition) from Ψt (DM∞ ), the measurable bundle isometry α, the
Bott element v and χR .
If R > 30L, then qM,R (0)(t) differs from qp (0)(t) by an operator Q supported
on N × [0, R]. More precisely, for suitable operators A, B,
Q = χR A ◦ I ⊗ [χR , P∞ ] ◦ BχR ,
where the commutator [χR , P∞ ] is supported on N × [R − 5L, R + 5L] and Q
has propagation ≤ 30L.
Like qD,R (s)(t), the operator Q(t) is obtained via finitely many algebraic
operations from Ψt (DM∞ ), α, v, v −1 , and χR .
Due to the local nature of all constructions and because of the support property of the commutator [ΨR , P∞ ] (using Lemma 4.9 for Ψt (D)), the operator
Q on L2 (N ×[0, R]) is equal to the operator constructed correspondingly, where
DM∞ is replaced by DN ×R and χR by χN ×(−∞,R] .
Proof. The explicit formulas show that qD,M (s)(t) is an algebraic combination
of Ψt (DM∞ ), α, etc. as claimed, where all building blocks either have propagation 0 or are Ψt (DM∞ ), 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], qD,R (0)
−1
would be equal to qp (0) if τD,R was invertible with inverse τD,R
, which would
happen if χR PM∞ χR was an idempotent. To compare with this situation one
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has to commute PM∞ and χR , which produces the shape of Q as claimed. The
rest then follows as for qD,R (s).

∗
∗
Denote by ι′R the inclusion of CL,d
(N ⊂ N∞ ) in CL,d
(M ⊂ M∞ ), the image
consisting of those operators which act only on L2 (N∞ ).
The relative fundamental class [M, N ] ∈ K0 (CSι′R ) ∼
= K0 (SCι′ ) ∼
= K0L (M, N )
is defined as

(3)

[M, N ] := [(qD,R (0), qD,R ( · ))] − [(qp (0), qp ( · ))] .

It is implicit in [2] that the K-theory class is independent of R and the family
of normalizing functions Ψt .
Definition 4.5 (The relative index). The relative index of the Dirac operator
is defined as
µ([M, N ]) ∈ K0 (Cd∗ (π1 (M ), π1 (N ))).
The explicit K-theory cycle defining [M, N ] and the description of the map µ
of Definition 2.50 gives us an explicit cycle for the relative index:
We have to lift the operators qD,M (s) involved in the construction of [M, N ]
f∞ and those involved in qD,M (0)
to equivariant operators on the π1 (M )-cover M
to equivariant operators on the π1 (N )-cover Ñ∞ . 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 Lemma 4.4, the operator qD,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 4.9.
Similarly, by Lemma 4.4 and if R > 30L, where the propagation of Ψt (D) is
bounded by L for all t ∈ [1, ∞), the operator qD,R (0) is obtained as an algebraic
combination of functions of DN ×R and the cut-off function χN ×(−∞,R] which
lift by Lemma 4.9 to π1 (N )-equivariant operators on Ñ × [0, ∞) defined by the
same expressions. Thus if we denote by q̃D,R the element constructed as above
f∞ and χ f and by q̃ N the element constructed
using the Dirac operator of M
D,R
MR
e × R and χN ×(−∞,R] , then we have the following.
using the Dirac operator on N

N
Lemma 4.6. The expression [(q̃D,R
(0), q̃D,R ( · ))] − [(qp (0), qp ( · ))] defines an
π1 (N )
∗
∗
f⊂M
f∞ )π1 (M ) ) which identifies under
element of K0 (SCCL,d
(M
(Ñ ⊂Ñ∞ )
→CL,d
the canonical isomorphism of the latter group with K0 (M, N ) with [M, N ].

Hence, under these conditions on R and the propagation of Ψt (D), the
relative index is the obtained by evaluation at t = 1, or by homotopy invariance
at any t ≥ 1:
(4)

N
µ([M, N ]) = [(q̃D,R
(0)(t), q̃D,R ( · )(t))] − [(qp (0), qp ( · ))]
f M
f∞ )π1 (M ) )
∈ K0 (SCC ∗ (Ñ ⊂Ñ∞ )π1 (N ) →Cd∗ (M⊂
∗
∼ K0 (C (π1 (M ), π1 (N ))).
=
d

As qp ( · ) is independent of t, we omit specifying the evaluation at t here.
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4.7. The localized fundamental class and coarse index. Suppose X is a
smooth even-dimensional spin manifold with free and proper action by Γ. Let
Z be a closed Γ-invariant subset of X. Suppose that there exists a complete
Γ-invariant Riemannian metric on X which has uniformly positive scalar curvature outside Z. In [20] and in more detail in [21], Roe defines a localized
∗
coarse index of the Dirac operator in K∗ (Cred
(Z ⊂ X)Γ ). In the course of
the proof of [9, Thm. 3.11], the construction of the latter localized index is
generalized to the case of a Dirac operator twisted with a Hilbert C ∗ -module
bundle. In [26, Ch. 2], Zeidler defines this index using localization algebras.
There, he also shows that under certain assumptions on a manifold X with
boundary Y , the localized 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 [26] to define the localized fundamental class
and coarse index.
∗
Definition 4.8. Denote by CL,0,d
(X)Γ the kernel of the evaluation homo∗
Γ
∗
∗
morphism ev1 : CL,d (X) → Cd (X)Γ . Denote by CL,Z,d
(X)Γ the preimage of
∗
Γ
Cd (Z ⊂ X) under ev1 . The symbol d here stands for the chosen completion
(red, max, or q).

Suppose that g is a Γ-invariant metric on X with uniformly positive scalar
curvature outside of a Γ-invariant set Z. In [26, Def. 2.2.6], in this situation,
∗
the so-called partial ρ-invariant ρΓZ,red (g) ∈ CL,Z,red
(X)Γ is constructed, which
∗
∗
is a lift of [DX ] under the morphism K∗ (CL,Z,red (X)Γ ) → K∗ (CL,red
(X)Γ )
induced by the inclusion.
∗
(X)Γ ) of Section 4.
Recall the explicit representative for [DX ] ∈ K0 (CL,d
We next recall the construction of [26, Def. 2.2.6] and show that it also works
for Cq∗ .
Lemma 4.9. If f2 ∈ Cb (R) has Fourier transform with support in [−r, r],
then f2 (D) is r-local and depends only on the r-local geometry in the following sense: if A ⊂ X is a Γ-invariant measurable subset, then χA f2 (D)(1 −
χBr (A) ) = 0 and χA f2 (D) depends only on the Riemannian metric on Br (A).
Proof. This is the usual unit propagation statement in the form that f2 (D)
is the integral of fˆ2 (t)eitD , where eitD 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 [11, Cor. 10.3.4].

Lemma 4.10 ([21, Lem. 2.3], [9, Prop. 3.15]). Suppose as above that the
scalar curvature of g outside Z is bounded from below by 4ǫ2 . If f ∈ C0 (R)
has support in (−ǫ, ǫ), then f (D) lies in Cd∗ (Z ⊂ X)Γ .
Proof. By [9, Prop. 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 Cq∗ (X)Γ .
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Because of the geometric nature of the completion of the Roe algebra we
use, Lemmas 4.9 and 4.10 allow to define the localized coarse index using the
completion Cq∗ as follows.
Definition 4.11. Choose a sup-norm continuous family of normalizing functions Ψt for t ≥ 1 such that Ψ21 −1 has support in (−ǫ, ǫ), the Fourier transform
of Ψt has compact support for each t > 1 and the Fourier transform of Ψt has
support in [− 1t , 1t ] for t ≥ 2. Note that the support condition on Ψ1 implies that its Fourier transform is not compactly supported. For the existence,
note that we have to approximate the Fourier transform of Ψ1 by compactly
supported functions (with a singularity at 0) such that the error is small in
L1 -norm. This is possible, as can be seen from the discussion in the proof of
[9, Lem. 3.6].
Define FX (t) and PX as in Section 4. Observe, however, that by Lemma 4.9,
FX (1)FX (1)∗ − 1 ∈ Cq∗ (Z ⊂ X)Γ . It follows that now the cycle [PX ] − [e11 ]
defines a class
∗
ρΓZ (g) ∈ K0 (CL,Z,d
(X)Γ ),
which is of course a lift of [DX ].
Corollary 4.12. 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
∗
ρΓZ (g) to ρΓ (g) ∈ K0 (CL,0,d
(X)Γ ), the usual rho-invariant.
Definition 4.13. Let Z ⊂ X and g be as above. Suppose furthermore that
the action of Γ on Z is cocompact so that Lemma 2.12 holds for Z. The
equivariant localized coarse index IndΓZ (g) of g with respect to Z is defined as
the image of ρΓZ (g) under the composition
K0 (C ∗
(X)Γ ) → K0 (C ∗ (Z ⊂ X)Γ ) ∼
= K0 (C ∗ (Z)Γ ),
L,Z,d

d

d

where the first map is induced by evaluation at 1.
The long exact sequence in K-theory associated to the short exact sequence
∗
∗
0 → CL,0
(X)Γ → CL,Z
(X)Γ → C ∗ (Z ⊂ X)Γ → 0,

along with Corollary 4.12 imply that if g has uniformly positive scalar curvature
on all of X, then IndΓZ (g) vanishes.
4.14. Application to the case of a compact manifold with boundary.
Suppose M is a compact even-dimensional spin manifold with boundary N .
In this case we cannot directly define an index for the Dirac operator on M
with value in K∗ (Cq∗ (π1 (M ))). However, given a metric g with positive scalar
curvature and product structure near the boundary, we can use the above lof)π1 (M) ) ∼
calized coarse index to define an index in K0 (Cq∗ (M
= K0 (Cq∗ (π1 (M ))).
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 4, denote by N∞ the cylinder N × [0, ∞) and by M∞ the
manifold M ∪N N∞ . Denote by [DM∞ ] the fundamental class of the Dirac
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∗
operator in K∗ (CL,q
(M )) associated to some metric g on M∞ (not necessarily
e M∞ ] the fundamental class of the
collared on the cylindrical end) and by [D
∗
π1 (M)
f
f
Dirac operator in K∗ (CL,q (M )
) on M∞ associated to the pullback of g,
which we denote by g̃. As observed in Remark 2.42, Proposition 2.41 extends to
M∞ and the pointwise lifting procedure of operators with small propagation
f∞ )π1 (M) ) under which
gives rise to an isomorphism K∗L (M∞ ) ∼
= K∗ (CL∗ (M
e M∞ ]. If g has positive scalar curvature on N , then its
[DM∞ ] is mapped to [D
′
f∞ , i.e., outside the
pullback has uniformly positive scalar curvature on N∞
⊂M
f of M
f∞ . This allows us to the define the localized coarse
cocompact subset M
π (M)
π1 (M)
f)π1 (M) ) ∼
(g̃) ∈ K0 (C ∗ (M
index Ind
(g) := Ind f1
= K0 (C ∗ (π1 (M ))). The
M
latter index is an obstruction to g̃, and thus g, having positive scalar curvature.

5. Statement and proof of the main theorem
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 5.1. Let M be a compact spin manifold with boundary N . We have
the commutative diagram
→ K∗L (N )
µN

K∗L (M )

K∗L (M, N ) →

µM

→ K∗ (Cq∗ (π1 (N )))

K∗ (Cq∗ (π1 (M )))

µ
j

K∗ (Cq∗ (π1 (M ), π1 (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(Indπ1 (M) (g)) = µ([M, N ])
under the canonical map j : K∗ (Cq∗ (π1 (M ))) → K∗ (Cq∗ (π1 (M ), π1 (N ))).
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 5.2. Let M be a compact spin manifold with boundary N . Suppose
that M admits a metric of uniformly positive scalar curvature which is collared
at the boundary. Then µ([M, N ]) = 0.
Proof of the Theorem 5.1. Proposition 2.49 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, Indπ1 (M) (g) is mapped to µ([M, N ]) under
the canonical map. Let us analyze the situation with the strategy of proof and
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the difficulties involved. For the notation used, we refer to Sections 4 and 4.7
on the relative index and the localized coarse index.
Both index classes are defined using explicit expressions involving functions
f and
of the Dirac operator. For Indπ1 (M) (g), we only use the manifold M
π1 (M )-equivariant constructions, which, however, are necessarily non-local to
make use of the invertibility of the Dirac operator on the boundary. For
µ([M, N ]), on the other hand, one has to use a π1 (M )-equivariant operator
f and a further lift to a π1 (N )-equivariant operator on Ñ , which is only
on M
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
∗
f∞ )π1 (M) representing
choice of Ψ1 , PM
f∞ (1) is an idempotent in Cq (M̃ ⊂ M
π1 (M)
∗ f
π
(M)
∗
∼ K0 (C (π1 (M ))). Next,
f∞ ) 1
Ind
(g) ∈ K0 (Cq (M ⊂ M
)=
τ := v ⊗ PM
f∞ (1))
f∞ (1) + I ⊗ (I − PM

f ⊂ M̃∞ )π1 (M) representing the K1 is an invertible element in C0 (R) ⊗ C ∗ (M
class corresponding to the localized index under the suspension isomorphism.
Finally, if we define q(s) as in equation (2), with τD,R replaced by τ , then
a := [q(0)(1), q( · )(1)] − [qp (0), qp ( · )] ∈ K0 (SC{0}→C ∗ (M̃ ⊂M
f∞ )π1 (M ) )
defines the class corresponding to Indπ1 (M) (g) 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 q(0)(1) = qp (0).
We now have to show that, under the canonical map to the suspension of
f ⊂ M̃∞ )π1 (M) induced by the inclusion
the cone of C ∗ (Ñ ⊂ Ñ∞ )π1 (N ) → C ∗ (M
{0} → C ∗ (Ñ , Ñ∞ )π1 (N ) , the class a is mapped to the relative index µ[M, N ].
Recall from (4) that the latter is represented by any cycle of the form
N
(0)(t), q̃D,Rt ( · )(t)] − [(qp (0), qp ( · ))]
[q̃D,R
t

b t is contained in [−Lt , Lt ] for Lt ∈ R
for t > 1, such that the support of Ψ
and therefore Ψt (D) has propagation ≤ Lt , where we must choose Rt > 30Lt.
The construction of q̃D,Rt ( · )(t) involves the same steps as the one of q( · ), but
we use Ψt (D) instead of Ψ1 (D) and moreover apply cut-off with χRt . Note
N
N
that now q̃D,R
(0)(t) − qp (0) 6= 0, but rather q̃D,R
(0)(t) − qp (0) ∈ C ∗ (Ñ ⊂
t
t
f⊂M
f∞ )π1 (M)
Ñ∞ )π1 (N ) , so that this is not a class in the suspension of SC ∗ (M
but in the mapping cone.
We claim now that for each ǫ > 0, there is (tǫ , Rǫ ) such that
(5)

N
(0)(tǫ ) − qp (0)k + kq̃D,Rǫ ( · )(tǫ ) − q( · )(1)k ≤ ǫ.
kq̃D,R
ǫ
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This implies by standard properties of the K-theory of Banach algebras the
desired result (as q(0)(1) = qp (0)),
µ([M, N ]) = c(Indπ1 (M) (g)).
To prove (5) we make use of Lemma 4.4 which explicitly describes the operators involved. This implies
t→1

(6)

kq̃D,R ( · )(t) − q̃D,R ( · )(1)k −−−→ 0

uniformly in R, as the two expressions are obtained via algebraic operations
involving Ψt (D), and by the sup-norm continuity of Ψt , Ψt (D) converges to
Ψ1 (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 PM
f∞ (1) −
f⊂M
f∞ )π1 (M) . This implies (convergence in norm)
e11 ∈ C ∗ (M
R→∞

−−−→ PM
χR (PM
f∞ (1) − e11
f∞ (1) − e11 )χR −

or, equivalently,
(7)

R→∞

−−−→ PM
χR PM
f∞ (1).
f∞ (1)χR + (1 − χR ) e11 (1 − χR ) −

Because of Lemma 4.4, (7) implies that
(8)

R→∞

kq̃D,R ( · )(1) − q( · )(1)k −−−−→ 0

as these operators are obtained as a fixed algebraic expression of either
χR PM
f∞ (1)χR + (1 − χR ) e11 (1 − χR )

or PM
f∞ (1).

Next, (6) together with (8) imply the assertion of (5) for the second summand. Here, we can and have to choose Rǫ depending on tǫ such that Rǫ > Rtǫ
(depending on the propagation of Ψtǫ (D)).
N
Then, the lift q̃D,R
(0)(tǫ ) to C ∗ (Ñ ⊂ Ñ∞ )π1 (N ) actually exists and is deǫ
fined in terms of the Dirac operator on Ñ × R, and we have to show that by
choosing tǫ sufficiently close to 1 it is close to qp (0).
This, as we have already shown, it is a special case of (6) and (8), now
applied to the Dirac operator on Ñ × R. Note that because of the invertibility
of the Dirac operator on N × R and our appropriate choice of the normalizing
function Ψ1 , we have on the nose
q̃ N (0)(1) = qp (0),
where q N is defined like q but using the Dirac operator on Ñ × R. This finishes
the proof of (5) and therefore of our main Theorem 5.1.

Remark 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
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manifold M × S 1 . Correspondingly, the covering space M̃ with action by
π1 (M ) is replaced by M̃ × R with action of π1 (M ) × Z.
It is now a standard result that we have Künneth isomorphisms for the Ktheory groups relevant to us, in particular, for a group homomorphism Λ → Γ
(9)

∼
=

K0 (Cd∗ (Γ × Z, Λ × Z)) −
→ K0 (Cd∗ (Γ, Λ)) ⊕ K1 (Cd∗ (Γ, Λ)).

The ad hoc definition of the relative index µ(M, N ) ∈ K1 (Cd∗ (π1 (M ), π1 (N )),
generalizing Definition 4.5 to odd dimensional M , is now just the image of
µ([M ×S 1 , N ×S 1 ]) under the Künneth map (9) (and indeed, the K0 -component
is zero).
Because positive scalar curvature of M implies positive scalar curvature of
M × S 1 , Theorem 5.2 for odd-dimensional M follows from its version for the
even-dimensional M × S 1 .
In the same way, using Künneth and suspension isomorphisms for the whole
diagram of Theorem 5.1 (using along the way, e.g., [27, Section 5]), the statement and proof of Theorem 5.1 for odd-dimensional M follows from the corresponding one for the even-dimensional M × S 1 .
More systematically, Zeidler [27] develops a set-up of Cln -linear Roe algebras and localization algebras and Cln -equivariant Dirac operators on ndimensional spin manifolds. Our constructions and arguments should carry
through in this set-up, 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 exposition, we decided to stick to the classical set-up and leave it to the interested
reader to work out the details of such an approach.
Acknowledgement. We would like to thank Ralf Meyer for useful discussions
and the referee for comments helping to improve the presentation.
References
[1] W. Arveson, An invitation to C ∗ -algebras, Springer-Verlag, New York, 1976.
MR0512360
[2] S. Chang, S. Weinberger, and G. Yu, Positive scalar curvature and a new index theory
for noncompact manifolds, J. Geom. Phys. 149 (2020), 103575, 22 pp. MR4045309
[3] R. J. Deeley and M. Goffeng, Relative geometric assembly and mapping cones, part I:
the geometric model and applications, J. Topol. 11 (2018), no. 4, 967–1001. MR3989435
[4] J. Dixmier, C ∗ -algebras, translated from the French by Francis Jellett, North-Holland
Publishing Co., Amsterdam, 1977. MR0458185
[5] E. E. Ewert and R. Meyer, Coarse geometry and topological phases, Comm. Math.
Phys. 366 (2019), no. 3, 1069–1098. MR3927086
[6] J. M. G. Fell and R. S. Doran, Representations of ∗ -algebras, locally compact groups,
and Banach ∗ -algebraic bundles. Vol. 1, Pure and Applied Mathematics, 125, Academic
Press, Inc., Boston, MA, 1988. MR0936628
[7] G. Gong, Q. Wang, and G. Yu, Geometrization of the strong Novikov conjecture for
residually finite groups, J. Reine Angew. Math. 621 (2008), 159–189. MR2431253
[8] H. Guo, Z. Xie and G. Liu, A Lichnerowicz vanishing theorem for the maximal Roe
algebra, arXiv:1905.12299v2 [math.KT] (2019).
Münster Journal of Mathematics Vol. 14 (2021), 123–154

154

Thomas Schick and Mehran Seyedhosseini

[9] B. Hanke, D. Pape, and T. Schick, Codimension two index obstructions to positive scalar
curvature, Ann. Inst. Fourier (Grenoble) 65 (2015), no. 6, 2681–2710. MR3449594
[10] E. Hewitt, The ranges of certain convolution operators, Math. Scand. 15 (1964), 147–
155. MR0187016
[11] N. Higson and J. Roe, Analytic K-homology, Oxford Mathematical Monographs, Oxford
University Press, Oxford, 2000. MR1817560
[12] N. Higson, J. Roe, and G. Yu, A coarse Mayer-Vietoris principle, Math. Proc. Cambridge
Philos. Soc. 114 (1993), no. 1, 85–97. MR1219916
[13] Y. Kubota, The relative Mishchenko–Fomenko higher index and almost flat bundles,
arXiv:1807.03181v3 [math.KT] (2019).
[14] E. Leichtnam and P. Piazza, Dirac index classes and the noncommutative spectral flow,
J. Funct. Anal. 200 (2003), no. 2, 348–400. MR1979016
[15] G. J. Murphy, C ∗ -algebras and operator theory, Academic Press, Inc., Boston, MA,
1990. MR1074574
[16] H. Oyono-Oyono and G. Yu, K-theory for the maximal Roe algebra of certain expanders,
J. Funct. Anal. 257 (2009), no. 10, 3239–3292. MR2568691
[17] P. Piazza and T. Schick, Rho-classes, index theory and Stolz’ positive scalar curvature
sequence, J. Topol. 7 (2014), no. 4, 965–1004. MR3286895
[18] I. F. Putnam, An excision theorem for the K-theory of C ∗ -algebras, J. Operator Theory
38 (1997), no. 1, 151–171. MR1462019
[19] Y. Qiao and J. Roe, On the localization algebra of Guoliang Yu, Forum Math. 22 (2010),
no. 4, 657–665. MR2661442
[20] J. Roe, Index theory, coarse geometry, and topology of manifolds, CBMS Regional Conference Series in Mathematics, 90, Published for the Conference Board of the Mathematical Sciences, Washington, DC, 1996. MR1399087
[21] J. Roe, Positive curvature, partial vanishing theorems and coarse indices, Proc. Edinb.
Math. Soc. (2) 59 (2016), no. 1, 223–233. MR3439130
[22] M. Rørdam, F. Larsen, and N. Laustsen, An introduction to K-theory for C ∗ -algebras,
London Mathematical Society Student Texts, 49, Cambridge University Press, Cambridge, 2000. MR1783408
[23] M. Seyedhosseini, About an index theorem of Chang-Weinberger-Yu, Master thesis,
Universität Göttingen, 2017.
[24] P. Siegel, Homological calculations with the analytic structure group, Ph.D. Thesis,
Penn. State Univ., 2012.
[25] G. Yu, Localization algebras and the coarse Baum-Connes conjecture, K-Theory 11
(1997), no. 4, 307–318. MR1451759
[26] R. Zeidler, Secondary large-scale index theory and positive scalar curvature, Ph.D. Thesis, Göttingen, 2016. http://ediss.uni-goettingen.de/handle/11858/00-1735-00000028-8826-7
[27] R. Zeidler, Positive scalar curvature and product formulas for secondary index invariants, J. Topol. 9 (2016), no. 3, 687–724. MR3551834

Received October 22, 2019; accepted March 11, 2020
Thomas Schick
Mathematisches Institut, Universität Göttingen, Germany
E-mail: thomas.schick@math.uni-goettingen.de
URL: www.uni-math.gwdg.de/schick
Mehran Seyedhosseini
Institut für Mathematik, Universität Potsdam, Germany
E-mail: mehran.seyed.hosseini@uni-potsdam.de
URL: www.math.uni-potsdam.de/professuren/geometrie/personen/mehran-seyedhosseini

Münster Journal of Mathematics Vol. 14 (2021), 123–154

