Journal of Topology 7 (2014) 965-1004 ~ © 2014 London Mathematical Society
doi:10.1112/jtopol /jtt048

Rho-classes, index theory and Stolz’ positive scalar
curvature sequence

Paolo Piazza and Thomas Schick

ABSTRACT

In this paper, we study the space of metrics of positive scalar curvature using methods from
coarse geometry.

Given a closed spin manifold M with fundamental group I', Stephan Stolz introduced the
positive scalar curvature exact sequence.

Higson and Roe introduced a K-theory exact sequence — K. (BI') % K.(Cf) & K.11(D}) —
in coarse geometry. The K-theory groups in question are the home of interesting (secondary)
invariants, in particular the rho-class pr(g) € K.(D7) of a metric of positive scalar curvature.

One of our main results is the construction of a map from the Stolz exact sequence to the
Higson—Roe exact sequence (commuting with all arrows), using coarse index theory throughout.

The main tool is an index theorem of Atiyah-Patodi-Singer (APS) type. Here, assume that
Y is a compact spin manifold with boundary, with a Riemannian metric g which is of positive
scalar curvature when restricted to the boundary (and 71(Y) =T'). One constructs an APS-
index Indr(Y) € K.(Cf). This can be pushed forward to j.(Indr(Y)) € K.(Df) (corresponding
to the ‘delocalized part’ of the index). The delocalized APS-index theorem then states that
Jx(Indr(Z)) = pr(goz) € K+(Dr).

As a companion to this, we prove a secondary partitioned manifold index theorem for p-classes.
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1. Introduction and main results

1.1. Summary of the results

Given a closed spin manifold M with fundamental group I', Stephan Stolz introduced the
positive scalar curvature exact sequence, in analogy to the surgery exact sequence in topology.
It calculates a structure group of metrics of positive scalar curvature on M (the object we want

Received 9 December 2012; revised 18 November 2013; published online 3 April 2014.
2010 Mathematics Subject Classification 46180, 46L.87, 58J22 (primary).

The first author was partially funded by Ministero dell’Istruzione, dell’Universita e della Ricerca through the
project Spazi di moduli e teoria di Lie and as a guest for several week-long visits in Gottingen by the Courant
Research Center ‘Higher order structures in Mathematics’ within the German initiative of excellence. The
second author was partially funded by the Courant Research Center ‘Higher order structures in Mathematics’
within the German initiative of excellence, and partially funded by Sapienza Universita di Roma for a 3-months
visiting professorship in Rome.



966 PAOLO PIAZZA AND THOMAS SCHICK

to understand) in terms of spin-bordism of BT" (the classifying space of I') and a further group
Rspin(r).

Higson and Roe introduced a K-theory exact sequence — K,(BI') % K, (Cp) L
K,11(Df) — in coarse geometry which contains the Baum-Connes assembly map «, with
K, (Df) canonically associated to I'. The K-theory groups in question are the home of
interesting index invariants and secondary invariants, in particular the coarse index of the
spin Dirac operator Ind(D) € K, (C}) and the rho-class pr(g) € K.(Dy) of a metric of positive
scalar curvature. This is a realm where calculations are feasible.

One of our main results is the construction of a canonical comparison map from the Stolz
exact sequence to the Higson-Roe exact sequence (commuting with all arrows), using coarse
index theory throughout. This theorem complements the results of Higson and Roe in [11-13]
where they show that it is indeed possible to map the surgery exact sequence in topology to
their sequence — K, (BT) % K.(Cf) & K. 1(Dg) —.

Our main tool is an index theorem of Atiyah-Patodi-Singer type, which we believe to
be of independent interest. For this theorem, assume that Y is a compact spin manifold
with boundary, with a Riemannian metric ¢ which is a product near the boundary and
whose restriction to the boundary has positive scalar curvature. Assume also that 71 (Y) =T
Because the Dirac operator on the boundary is invertible, one constructs an APS-index
Indr(Y) € K.(C}). This can be pushed forward to j.(Indp(Y)) € K.(Djf) (corresponding
to the “delocalized part” of the index). We then prove a “delocalized APS-index” theorem,
equating this class to the rho-class of the boundary j.(Indr(2)) = pr(gez) € K.(D}).

As a companion to this, we prove a secondary partitioned manifold index theorem. Given a
(non-compact) spin manifold W with positive scalar curvature metric g, with a free and discrete
isometric action by a group I' and a [-invariant cocompact partitioning hypersurface M, one
can use a “partitioned manifold construction” in order to obtain the partitioned manifold
p-class pp"(g) € K(Dy). Assume in addition that M has a tubular neighborhood where the
metric is a product g = gps + dt?. Then we prove the partitioned manifold p-class theorem
pr(gm) = pp"(g) € K.(Dy). We use this secondary partitioned manifold index theorem to
distinguish isotopy classes of positive scalar curvature on W.

1.2. Basics on coarse geometry and coarse index theory

We start by recalling the basic constructions of coarse geometry, their associated C*-algebras
and K-theory as used in the paper. We shall freely use concepts and results from [9, 33].

DEFINITION 1.1. Let X be a complete Riemannian manifold of positive dimension, let
C.(X) be the compactly supported continuous functions with values in C and Cy(X) its sup-
norm closure, the continuous functions vanishing at infinity.

Let £ — X be a Hermitean vector bundle. We consider H := L*(E) and H' := L*(E) ®
I2(N). These are so-called adequate X-modules, which means that H is a Hilbert space with
a C*-homomorphism Cy(X) — B(H), given here by pointwise multiplication, and if 0 # f €
Co(X), then it does not act as compact operator, and that Cy(X)H is dense in H. We have a
canonical isometry u: H — H’ mapping into the first direct summand of /?(N). Using this, we
map an operator A on H to the operator uAu* on H'. We will implicitly do this throughout
the paper and this way consider the operators on H as operators on H’, without explicitly
mentioning it.

(1) We define D (X, H) to be the algebra of bounded operators T on L?(E) ® [*(N) with
the following properties:
(i) T has finite propagation, which means that there is an R > 0 such that for each
s € L*(E) and for each x € supp(T's), d(x,supp(s)) < R;
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(ii) T is pseudo-local: for each ¢ € C.(X), the commutator [T, ¢] is compact.
Then define D*(X, H) as the norm closure of D! (X, H).
(2) We define C¥(X, H) to be the subalgebra of D}(X,H) of operators which are, in
addition, locally compact, that is, T¢ and ¢T are compact for each ¢ € C.(X). The norm
closure of C¥(X, H) is called C*(X, H). This is the Roe algebra of X.

The definition generalizes to an arbitrary proper metric space X; L?(F) then has to be replaced
by an abstract adequate Cp(X)-module.

There are natural functoriality properties that we recall from [9, 15, 33].

DEFINITION 1.2. A map f: X — Y between proper metric spaces is a coarse map if for
each R > 0 there is S > 0 such that the image under f of every R-ball is contained in an S-ball
and, moreover, the inverse image of every bounded set is bounded.

We will not prove the following functoriality results of Higson and Roe, but we recall, after
the proposition, the relevant construction which we are going to use.

ProposiTiON 1.3. If f: X — Y is a continuous coarse map and Hx,Hy are adequate
Co(X) or Co(Y)-modules, respectively, then f induces a non-canonical, but with suitable
choices functorial homomorphism f.: D*(X, Hx) — D*(Y, Hy) which maps C*(X,Hx) to
C*(Y, Hy). The induced map in K-theory is canonical.

DEFINITION 1.4. Applying Proposition 1.3 to id: X — X, we observe that C*(X, Hx)
and D*(X, Hx) depend only mildly on the adequate module Hx, and that their K-theory
is independent of this choice. We follow the custom of [33] and drop Hx from the notation,
writing simply C*(X) or D*(X) instead of C*(X, Hx), D*(X, Hx).

For the construction of f. of Proposition 1.3, we need the following concepts:

DEFINITION 1.5. Let Hx and Hy be two adequate modules and let f: X — Y be a coarse
map. We say that an isometric embedding W: Hx — Hy covers f in the C*-sense if W is the
norm-limit of linear maps V satisfying the following condition:

IR > 0s.t. oV =0Ve € C.(Y), ¢ € C.(X) with d(supp(¢), supp(¢))) > R. (1.1)

Given a coarse map it is always possible to find such a W. Then the map Ad(W)(T) :=
WTW*, from the bounded operators on Hx to the bounded operators of Hy, sends C*(X, Hx)
to C*(Y, Hy ) and we define f, := Ad(W): C*(X, Hx) — C*(Y, Hy). The induced map in K-
theory is independent of the choice of W, see [15, Lemma 3]. Moreover, by [8] the functor
K, (C*(X)) is a coarse homotopy invariant.

Regarding D*(X, H) we have the following definition.

DEFINITION 1.6. Let f: X — Y be a continuous coarse map, let Hx, Hy be two adequate
modules. We shall say that an isometry W: Hx — Hy covers f in the D*-sense’ if W is the

tIn [39, Definition 2.4], the same property is denoted ‘W covers f topologically’.
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norm-limit of bounded maps V satisfying the following two conditions:

(1) there is an R > 0 such that ¢V = 0 if d(supp(¢), f(supp(¢)))) > R, for ¢ € C.(Y') and
P € Co(X);
(2) ¢V — V(¢ o f) is compact for each ¢ € Cy(Y).

For such a W one proves that Ad(W) sends D*(X, Hx) into D*(Y, Hy ) and induces therefore
a morphism f, := Ad(W): D*(X,Hx) — D*(Y, Hy). As for C*, one proves that the induced
map in K-theory does not depend on the choice of W, see [15, Lemma 3].

Up to tensoring with £2(N), see [9, Lemma 7.7, it is always possible to find an isometry W
satisfying the required two properties, which is the reason why we included this tensor product
with ¢2(N) in the definition of D*(X).

By [9, Lemma 7.8], K,.(D*(X)) is invariant under continuous coarse homotopy.

To be able to use standard techniques from the K-theory of C*-algebras, given a subspace
Z C X we replace C*Z by an ideal C*(Z C X) of C*X as follows:

DEeFINITION 1.7. Let X be a proper metric space and Z C X a closed subset. Define
C*(Z C X) as the closure of those operators T' € C¥(X) such that there is an R > 0 satisfying
¢T = 0 = T¢ whenever ¢ € C.(X) with d(supp(¢), Z) > R. Define D*(Z C X)' as the closure
of those T' € D*(X) such that

(1) there is Ry > 0 satisfying ¢T = 0 = T'¢ whenever ¢ € C.(X) with d(supp(¢), Z) > Ry
and
(2) Vo € Co(X \ Z) ¢T and T'¢ are compact.

Then D*(Z C X) and C*(Z C X) are ideals in D*(X).

We now describe equivariant versions of the constructions made so far. Assume therefore
in addition that a discrete group I' acts freely and isometrically on the manifold X and the
Hermitean bundle E. It then also acts by unitaries on H = L?(E).

(1) We define D*(X)I" to be the norm closure of the T-invariant part D?(X)", and its ideal
C*(X)I'" as the norm closure of C(X)'. If Z is a I-invariant subspace, then we define
in the corresponding way the ideals D*(Z C X)! and C*(Z c X) .

(2) The construction generalizes to an arbitrary proper metric space X with proper isometric
I'-action, using a I'-adequate’ C.(X)-module H with compatible unitary I'-action.

(3) As indicated in the notation, one has suitable independence on E, along the way with
the obvious generalization of functoriality to I'-equivariant maps.

(4) If the quotient V = X/T is a finite complex, then K, (D*(X)"/C*(X)') ~ K._1(V); see
[33, Lemmas 5.14 and 5.15].

LEMMA 1.8 (cf. [15, Lemma 1; 39, Proposition 3.8]). Given a closed I'-subspace Z of a

o

proper metric I-space X, the inclusion Z < X induces K-theory isomorphisms K, (C*(Z)') —
K. (C*(Z c X)), K.(D*(Z)") = K.(D*(Z c X)1).

tWe deviate here from the notation employed by Roe, for example, C%(X) for C*(Z C X) in [33,
Definition 3.10]. Our notation and definitions agree with those used in [39].

fAdequate requires a little bit of extra care, cf. [33, Definition 5.13]: replacing H by H ® 1?(T') ® [?(N)
will do.
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Directly from the above results and the short exact sequence
0 — C*(X)" — D*(X)" — D*(X)"/C*(X)" — 0,
we obtain the Higson—Roe surgery sequence for a I" manifold X with quotient X/T" compact:
s K1 (X/T) — K1 (CF(X)T) — K1 (DF(X)1)) — Ko (X/T) — -+ (1.2)

We will also be interested in a universal version of this sequence. First, we give a definition:

DEFINITION 1.9. Let I" be a discrete group. Define
K.(Cp):= __ dirlim K. (C*(X)"); K.(D}):= o pirlim K.(D*(X)").

CET T'-compact CET T'-compact
Here, ET is any contractible CW-complex with free cellular I'-action, a universal space for free
I" actions.

By coarse invariance of C* and [33, Lemma 5.14], there is a canonical isomorphism
K.(C*(X)I') =2 CrT for any free cocompact I'-space X. Therefore, the definition of K. (C}) is
along canonical isomorphisms and we get canonically K, (C}) = K, (C;T). Once this definition
is given, we obtain immediately the (universal) Higson—Roe surgery sequence

s K1 (BD) — K1 (C) — K (Df) — Ku(BD) — -, (13)
which can be rewritten as
- — K1 (BD) — K1 (CiT) — Kpy1(DE) — Kn(BD) — - (1.4)

It is proved by Roe [34] that the homomorphism K,,11(BI') — K,+1(C}T") appearing in
(1.4) is precisely equal to the assembly map. This implies

if " is torsion free, then the Baum—Connes conjecture for I' is equivalent to K,,+1(Dr) = 0.
(1.5)
If M is a proper complete metric space with a free cocompact isometric I'-action, then there
is a universal I-map u: M — ET with range in a [-finite subcomplex (u is automatically
coarse), and any two such maps are (coarsely continuously) I'-homotopic. We therefore get
canonical induced maps

Uy K (CH(M)Y) — K. (C});  ww: Ko (D*(M)') — K.(D}).

Moreover, for C*(M)' the map is a canonical isomorphism.

More generally, if W is a complete metric space with free I'-action, M C W is I'-invariant and
M/T is compact, then D*(M C W)T is the limit of D*(Ug(M))" as R — oo, where Ug(M) is
the closed R-neighborhood of M, again a I'-compact metric space. We get a compatible system
of universal maps to ET, all with image in finite subcomplexes, and an induced compatible
system of maps in K-theory, giving rise to the maps

K.(D*(M)") 2 lim K.(D*(M C Up(M))") = K.(D*(M € W)") = K.(Df),

whose composition is the universal map for D* (M)

1.3. Index and p-classes

We now recall Roe’s method of applying C*-techniques to the Dirac operator to efficiently
define primary and secondary invariants for spin manifolds in the context of coarse geometry.

Let X be an arbitrary complete spin manifold with free isometric action by I' of dimension
n > 0. Fix an odd continuous chopping function x: R — R, that is, x(z) 22729, 1. With the
Dirac operator Dy we now consider x(Dx ). Roe proves, using finite propagation speed of the

wave operator and ellipticity, that this is an element in D*(X)'', cf. [31, Proposition 2.3].
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ProproSITION 1.10. Assume that Y C X is a I'-invariant closed subset and the scalar
curvature is uniformly positive outside Y. Then x(Dx) is an involution modulo C*(Y C X).

In particular, if we have uniformly positive scalar curvature, then x(Dx) is an involution in
D* (X)L

For the other extreme, without any further curvature assumption, x(Dx) is an involution
modulo C*(X)T.

This important proposition is at the heart of the method. It is stated by Roe [33, Proposition
3.11] but without a full proof. A complete proof is given independently in Pape’s thesis [27,
Theorem 1.4.28], compare [5, Theorem 1.7], or by Roe [35, Lemma 2.3].

Recall that, given an involution x in a C*-algebra A, it defines in a canonical way the element
[3(z +1)] € Ko(A). If n := dim(X) is odd, then, in the situation of Proposition 1.10, we obtain
the corresponding class [Dx] := [§(x(Dx) + 1)] € Ko(D*(X)'/C*(Y C X)).

If n is even, then we have to use the additional I'-invariant grading of the spinor bundle
L2(S) = L?(Sy) ® L*(S_). The operator Dy and, because y is an odd function, x(Dx) are
odd with respect to this decomposition so that we obtain the positive part xy(Dx),: L?(S,) —
L?(S_). We choose any isometry U: L?(S_) — L?(Sy) covering idx in the D*-sense.|

Then Ux(Dx)s is a unitary in D*(X)'/C*(Y € X)I' and represents [Dx] €
K(D*(X)/CH(Y © X)P).

DEFINITION 1.11. Let (X, g) be a complete Riemannian spin manifold of dimension n > 0
with isometric free action of I'. Define

Ind®***(Dx) := d([Dx]) € K,(C*(X)").
Here, 0 is the boundary map of the long exact sequence of the extension 0 — C*(X)I' —
D*(X)'' - D*(xX)V'/C*(X)V' — 0.
Observe that, if we have uniformly positive scalar curvature outside of Y, then we have a
canonical lift to

md*(Dx) := ([Dx]) € K.(C*(Y c X)1).

If we have uniformly positive scalar curvature throughout, then we define a secondary invariant,
the p-class of the metric g, as

p(g) = [Dx] € Knpa (D (X)"). (1.6)

Finally, if X/T" is compact, then there is the canonical map to K,,4+1(D;) of Definition 1.9 and
we define pr(g) € K, 1+1(Dy), the pp-class of g, as the image of p(g) under this map

pr(g) = u«(p(g)) € Kn+1(Dr). (L.7)

REMARK 1.12. It is important to point out that in contrast to the p-class p(g) €
K, 1(D*(X)V), the pr-class pr(g) € K,41(D;) vanishes for groups without torsion, at least
for those for which the Baum—Connes conjecture holds. See the fundamental remark appearing
n (1.5). This means we expect pr(g) to be different from zero only for groups I with torsion.

Basic non-trivial examples of pr(g) for T' with torsion are considered in [14].

TIn [38], it is only required that U covers idx. However, as pointed out by Ulrich Bunke, to make sure that
Ux(Dx)+ € D*(X)T one needs the stronger assumption.
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Note that the p-class is well-defined whenever the Dirac operator Dx is L2-invertible; we
denote it p(Dx) in this more general case. In fact, we will sometime employ this notation also
for the spin Dirac operator associated to a positive scalar curvature metric.

1.4. Delocalized APS-index theorem

GEOMETRIC SET-UP 1.13. Let now (W, gi) be a n-dimensional Riemannian spin manifold
with boundary, complete as metric space.* We denote its boundary (M, g ), and we assume
always that we have product structures near the boundary. We assume that the scalar curvature
of gps is uniformly positive, and that ' acts freely, isometrically and cocompactly on W and
therefore also on M. We denote the quotient of (W, gy ) by the action of T as (Y, gy ), a compact
Riemannian manifold with boundary. Associated to these data is Wo, = W Uy M x [0, 00)
with extended product structure on the cylinder. This defines a complete Riemannian metric
g on W, and we then have uniformly positive scalar curvature outside W C W,.

The considerations of the previous subsection apply now to the pair (W C W) and we
obtain therefore a class Ind* (D) € K,(C*(W C W)'') and thus a class

Ind(Dy ) := ¢ Ind™ (D) € K, (C*(W)F). (1.8)

Here, we use the canonical inclusion c: C*(W)l' — C*(W C W, )'' which induces an
isomorphism in K-theory by Lemma 1.8.

Let us remark here that, under the canonical isomorphism K,,(C*(W)') 2 K,,(CT'), this
index class corresponds to any of the other APS-indices for manifolds with boundary defined
in this context, for example, using the Mishchenko—Fomenko approach and the b-calculus or
using APS-boundary conditions, cf. Section 2.

The passage from C*X to D*X corresponds to the passage to the delocalized part of the
index information (we will explain this later). This delocalized part we can compute by a
K-theoretic version of the APS-index theorem.

THEOREM 1.14 (Delocalized APS-index theorem). Let (W, gw) be an even dimensional
Riemannian spin-manifold with boundary OW such that gsw has positive scalar curvature.
Assume that T acts freely isometrically and W/T' is compact. Then

t(Ind(Dw)) = j(pgow))  in Ko(D*(W)"). (1.9)

Here, we use j: D*(OW)'' — D*(W)! induced by the inclusion OW — W and v: C*(W)I' —
D*(W)Y the inclusion.

COROLLARY 1.15. By functoriality, using the canonical I'-map w: W — ET of Def-
inition 1.9, we have tu.(Ind(Dw)) = pr(gow) in Ko(D;). If we define Indp(Dw) :=
us(Ind(Dyw)) in Ko(CY), then the last equation reads

t«(Indr(Dw)) = pr(gaw) in Ko(Dr). (1.10)

This gives immediately bordism invariance of the p-classes.

COROLLARY 1.16. Let (M, ¢1) and (Ma, g2) be two odd-dimensional free cocompact spin
I'-manifolds of positive scalar curvature. Assume that they are bordant as manifolds with

fThat is, every Cauchy sequence converges.
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positive scalar curvature, that is, that there is a Riemannian spin manifold (W, g) with free
cocompact I'-action such that OW = M; 11 —Ms, g has positive scalar curvature and restricts
to g; on M;. Then

pr(g1) = pr(g2) € Ko(DF).

Proof. The rho-class is additive for disjoint union and changes sign if one reverses the spin
structure. Because W and W, have uniformly positive scalar curvature, Ind(Dy/) = 0; thus
Indr(Dyy) = 0. The assertion now follows directly from Corollary 1.15. O

REMARK 1.17. Note that bordism invariance holds only for pp-classes; indeed, we need a
common K-theory group where we can compare the two invariants. Precisely because of this
last observation, the following variant of Corollary 1.16 holds:

Let (M, g1) and (M3, g2) be two free cocompact spin I'-manifolds of positive scalar curvature
endowed with I-equivariant reference maps fi, fo to a Hausdorff topological T-space X with
compact quotient X := X /. Assume that there exists a Riemannian spin manifold (W, g) as in
Corollary 1.16 endowed with a I-equivariant reference map F': W — X such that Flu, = f;.

Then, defining p¢(g;) == (fj)«p(g;) € Ko(D*(X)"), we have the following identity:
px(g1) = px(g2) € Ko(D*(X)"). (1.11)

Proof. Denote by ¢ : C*(X)T — D*(X)T the inclusion and similarly for ty. Let j; and
j2 be the natural inclusions M; < W. Then, from Theorem 1.14 we obtain

(ew)«(Ind(Dw)) = (j1)«p(g1) = (j2)«p(g2) in Ko(D*(W)").

We now apply Fi.: Ko(D*(W)F) — KO(D*(X')F). Since Foj; = f1 and Foj, = fo and
since Fi(uw )« = (1)« Fx, with the Fi on the right-hand side going from Ko(C*(W)T) to
Ko(C*(X)T), we see that

(tx)« F(Ind(Dw)) = (f1)«p(g91) = (f2)+p(g2)-

Since the left-hand side vanishes (recall that g on W is of positive scalar curvature), this is
precisely what we wanted to prove. |

REMARK 1.18. We are convinced that the theorem also is correct if dim(W) is odd. In
the present paper, we only deal with the even case. By using Cl,-linear Dirac operators and
an appropriate setup for Cl,-linear (also called n-multigraded) cycles for K-theory, we expect
that our method should generalize to all dimensions and also to the refined invariants in real
K-theory one can get that way.

REMARK 1.19. As we shall see, Theorem 1.14 has a surprisingly intricate proof. A different
approach for proving it would be to develop a theory for the Calderon projector P associated to
a Dirac-type operator on a Galois covering with boundary. In this direction, recall the classical
formula for the APS numeric index in terms of the Calderon projection P and the APS
projection II>: ind*FS D+ = i(I, P). If one were able to extend this formula to the APS-index
class, then the theorem would follow provided one could establish, in addition, that the image of
the class of the Calderon projector [P] in Ko(D*(W)I') vanishes. It would be very interesting
to work out this alternative approach to Theorem 1.14, which seems to be, however, quite
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an intricate question. A first step in this direction is carried out in [1], where the Calderon
projector for C*-module coefficients is constructed.

ExAMPLE 1.20. The morphisms C*(M)!' — C*(W)F' — C*(W C W4)!' induce (canoni-
cal) isomorphisms in K-theory by Lemma 1.8 and because M — W is a coarse equivalence, as
W/T is compact. Consequently, we can map Ind(Dy ) also to K.(D*(M)') and compare its
image there to p(gar).

It turns out that in general these two objects are different, so that a corresponding sharpening
of Theorem 1.14 is not possible. Indeed, an additional secondary term, a rho-class of a bordism,
shows up. This secondary class appears naturally when one gives a proof of bordism invariance
of the rho-index using suitable exact sequences of K-theory of Roe algebras and the principle
that ‘boundary of Dirac is Dirac’. We plan to work this out in a sequel publication.

Explicitly, take W = D"*! with OW = S™, with the standard metrics (slightly modified to
have product structure near the boundary, but clearly with positive scalar curvature as long
asn > 1).

Because of overall positive scalar curvature, Ind(Dy ) € K,.(C*(W)) = K.(C) vanishes, and
so does its image in K, (D*(S™)).

On the other hand, the Dirac operator on S™ represents the fundamental class, a non-trivial
element in K,,(S™). By the commutativity of the diagram (1.15), another main theorem of this
paper, p(gsn) € K,(D*(S™)) has to be non-trivial, being mapped to a non-trivial element in
K, (D*(8™)/C*(5™)) = K,,(S™). Observe that this is a purely topological phenomenon, having
nothing to do with analysis.

1.5. Secondary index theorem for p-classes on partitioned manifolds

In this section, we formulate a partitioned manifold secondary index theorem, for the p-class
on a manifold of uniformly positive scalar curvature.

For this aim, let W be a (non-compact) Riemannian spin manifold of dimension n + 1 with
isometric free I'-action and assume that there is a I'-invariant two-sided hypersurface M C W
such that M /T is compact. We get a decomposition W = W_ Uy W,..

Let us quickly recall the primary partitioned manifold index theorem. The classical case is
I' = {1}, then we obtain Ind(Dyw) € K, +1(C*(W)). The partition allows to construct a map
(showing up in a corresponding Mayer—Vietoris sequence as in Section 3.3) to K, (C*(M)) =
K, (C). The partitioned manifold theorem of Roe [31] then simply states that the image of
Ind(Dy ) under this map is ind(Djs). The corresponding statement for non-trivial I and even
n is covered in [46].

We now treat the same question for the secondary rho class of manifolds with uniformly
positive scalar curvature. Indeed, let us first give a direct definition of the partitioned manifold
rho-class, similar to the definition of the partitioned manifold index as given by Higson [6].

DEFINITION 1.21. Assume, in the above situation, that W has dimension n + 1 and
uniformly positive scalar curvature. Then we constructed p(Dy) € K, o(D*(W)). Consider
the image of [Dy/] under the D*-Mayer—Vietoris boundary map for the decomposition of W
into W, and W_ along W (discussed in Section 3.3): dyv[Dw] € Kyp1 (D*(M)Y). We set

PP (g) = Suv[Dw] € Kir (D (M)T) (1.12)

and we call it the partitioned manifold p-class associated to the partitioned manifold W =
W_ Ups Wy. We shall be mainly concerned with a universal version of this class: we consider
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the canonical map u: M — ET and we set

P (9) = uu(Snv[Dw]) € Kpia(Dy). (1.13)

We call this secondary invariant the partitioned manifold pr-class associated to
W =W_Uy Wy.

THEOREM 1.22. Let (W, g) be a connected spin manifold partitioned by a hypersurface
M into W_ Uy W, Let T act freely on (W, M). Let dim(W) = n + 1 be even. Assume that
the metric g on W has uniformly positive scalar curvature and that the metric on a tubular
neighborhood of the hypersurface M has product structure, so that the induced metric gys
also has positive scalar curvature. Assume, finally, that M /T is compact. Then

e (9) = prgm) € Kni1(DY).

REMARK 1.23. We are convinced that the assertion of Theorem 1.22 also holds if dim(W)
is odd. As detailed in Remark 1.18, with appropriate new multigrading input our method might
carry over. Again, we hope to work this out in the future.

COROLLARY 1.24. Let W be as in Theorem 1.22 with two I'-equivariant metrics ¢°, g' of
uniformly positive scalar curvature (and in the same coarse equivalence class) which are of
product type near M. If ¢°,g' are connected by a path of uniformly positive I'-equivariant
metrics g' in the same coarse metric class (not necessarily product near M), then pR™(¢%,) =

PP (90r) € Ky (DY)

Proof. 'We simply have to observe that we get a homotopy pp"(g*) between pp™(¢°) and
PR (g") in Df and then apply homotopy invariance of K-theory. O

As an application of this corollary, assume that A//T", which is assumed to be compact, has
two metrics go, g1 with T-invariant lifts go, g1 that have the property that pr(go) # pr(g1) €
K, 4+1(Df). Of course, this implies that the two metrics are not concordant on M/T'. Stabilize
by taking the product with R (with the standard metric). We can now conclude that even
with the extra room on M/I' x R we cannot deform gy + dt? to g; + dt? through metrics of
uniformly positive scalar curvature. This follows directly from the corollary.

The strategy of proof for this p-version of the partitioned manifold index theorem is the
same as the classical one:

(1) we prove it with an explicit calculation for the product case;
(2) we prove that the partitioned manifold rho-class depends only on a small neighborhood
of the hypersurface.

REMARK 1.25. In the situation of Theorem 1.22, both pP™(g) and p(gar) are defined in
K. (D*(M)"). However, our method does not give any information about equality of these
classes, only about their images in K, (Dj). This is in contrast to Theorem 1.14, where the
equality is established in K, (D*(W)').

On the other hand, we also do not have an example where the partitioned manifold p-class
does not coincide with the p-class of the cross section. It is an interesting challenge to either
find such examples, or to improve the partitioned manifold secondary index theorem. The latter
would be important in particular in light of applications like the stabilization problem we just
discussed: if g1, g2 on M are positive scalar curvature metrics which are not concordant, is the
same true for g; + dt? and g3 + dt? on R x M?
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1.6. Mapping the positive scalar curvature sequence to analysis

The Stolz exact sequence is the companion for positive scalar curvature of the surgery
exact sequence in the classification of high-dimensional manifolds. The latter connects the
structure set, consisting of all manifold structures in a given homotopy type, with the
generalized homology theory given by the L-theory spectrum and the algebraic L-groups of
the fundamental group.

Similarly, Stolz’ sequence connects the ‘structure set’ Pos®™™ (cf. Definition 1.26), which
contains the equivalence classes of metrics of positive scalar curvature to the generalized
homology group QP and to RP®(X). The latter indeed is a group which only depends
on the fundamental group of X. It is similar to the geometric definition of L-groups. Missing
until now is an algebraic and computable description of these R-groups, in contrast to the
L-groups of surgery.

In this subsection, we construct a map from the Stolz positive scalar curvature exact sequence
to analysis. We give a picture which describes the transformation as directly as possible, using
indices defined via coarse geometry.

DEFINITION 1.26. Fix a reference space X (often X = BT).

(1) Define PosP™(X) as the set of singular bordism classes (M, f: M — X, g) of n-
dimensional closed spin manifolds M together with a reference map f and a positive scalar
curvature metric g on M. A bordism between (M, f: M — X, g) and (M', f": M' — X, ¢’)
consists of a compact manifold with boundary W, with OW = M U (—M’), a reference map
F: W — X restricting to f and f’ on the boundary and a positive scalar curvature metric on
W which has product structure near the boundary and restricts to g and g’ on the boundary.

(2) We define ;7 as the set of bordism classes (W, f, g) where W is a compact (n + 1)-
dimensional spin-manifold, possibly with boundary, with a reference map f: W — X, and with
a positive scalar curvature metric on the boundary when the latter is non-empty. Two triples
(W, fogaw), (W', f', g5y ) are bordant if there is a bordism with positive scalar curvature
between the two boundaries, call it N, such that

Y =W Usw N U_gw~ (—W/)

is the boundary of a spin manifold Z. The reference maps to X have to extend over Z. By
the surgery method for the construction of positive scalar curvature metrics, this set actually
depends only on the fundamental group of X if X is connected, cf. [36, Section 5].

(3) Finally, Q2°P(X) is the usual singular spin bordism group of X.

PrOPOSITION 1.27. As a direct consequence of the definitions we get a long exact sequence,
the Stolz exact sequence

— PosiP™ (X)) — QP(X) — RPM(X) — Pos?} (X) —

n—1

with the obvious boundary or forgetful maps.

_ THEOREM 1.28. For X a compact space with fundamental group I' and universal covering
X, there exists a well defined and commutative diagram, if n is odd,

— OIX) —— BRI ——  PosP(X) —— OPM(X) ——

J Jo J» I

— K1 (X)) —— n+1(C:F) - n+1(D*()~()F) — Kp(X) ——.
(1.14)
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We also get a universal commutative diagram

——— QP(Br) —— RPN(BI) ——— Pos?®™(Bl') —— QP(Bl) ——

t Jo I |

— n+1(BF) — n+1(C:F) — n+1(D1£) — KH(BF) —(1’15)

REMARK 1.29. As soon as the extension to arbitrary dimensions of our secondary index
Theorem 1.14 has been carried out (as indicated in Remark 1.18), also Theorem 1.28 extends
to arbitrary dimensions.

REMARK 1.30. In their seminal papers [11-13], Higson and Roe carry out a program
similar to the one developed here: they construct a map from the surgery exact sequence
in topology to exactly the same K-theory exact sequence showing up in (1.15) (with 2
inverted). Their construction is not quite as analytic as ours: it is not based on the index
of the signature operator but rather on the manipulation of Poincaré duality complexes. In
[29], we develop a direct analog of our index theoretic construction for the surgery exact
sequence in topology. Note that the analysis is more difficult than the one developed here,
given that the signature operator attached to an element of the structure set will not be
invertible; similarly, the boundary-signature operator attached to an element of the L-groups
of the fundamental group will not be invertible. One can use the homotopy equivalences built in
the definition of the L-groups and the structure set in order to obtain a smoothing perturbation
which makes the signature operator invertible, as in [28]. The issue is then to extend the
constructions of index and rho-classes and the proofs of the secondary index theorems to this
more general class of Dirac-type operators with smoothing perturbation (making the sum
invertible).

We have completed this program in [29], reproving the main results of [11-13] with purely
operator theoretic methods. The corresponding general index theorems should be useful in
other contexts, as well.

REMARK 1.31. Beyond the extension of the method to the surgery exact sequence, a
second goal for future work is to continue and map further from the K-theory exact sequence
of (1.15) to a suitable exact sequence in cyclic (co)homology which should then allow one
to obtain systematically numerical higher invariants. To achieve this, one has to overcome
further analytic difficulties as the algebra D*X is too large to allow for easy constructions
of (higher) traces on it. Higson and Roe [14] carry out a small part of this program. They
check that the pairing with the trace coming from a virtual representation of dimension zero
(which gives rise to the APS rho invariant) is compatible with the K-theory exact sequence.
It turns out that their construction of the relevant map on K, (D*X) is very delicate. In [42],
Wahl extends this to some more refined invariants, but working directly with the surgery
exact sequences and its specific properties and, more importantly, mapping directly to cyclic
homology, or rather non-commutative de-Rham homology, as was done in [21] for the Stolz
sequence.

We now describe the structure of the rest of the paper. In Section 2, we review several
alternative and previously used definitions of higher indices, in particular for manifolds with
boundary, and check that they coincide with the approach via coarse C*-algebras which we
have described above (in the contexts where this makes sense). This puts ‘coarse index theory’
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in the context of usual index theory and allows us to use a few known properties of indices
(like bordism invariance and gluing formulas) without having to prove them again in the coarse
setting. In Section 3, we will work out basic properties of the K-theory of coarse C*-algebras
which we use in the course of the proofs. Section 4 finally is devoted to the proofs of the main
Theorems 1.22 and 1.28, implementing the program set out above.

REMARK 1.32. After the first publication of the present paper in the arXiv, Xie and Yu,
in the preprint [45], treated the problem with a different method. They use Yu’s localization
algebras and an exterior product structure between K-homology and the analytic structure
group to reduce the proof of the main result of this paper to the known behavior of the K-
homology fundamental class under the Mayer—Vietoris boundary map. Where for us the main
difficulty lies in the explicit index calculation in the model situation, for them the main difficulty
is the explicit calculation of certain exterior products which uses the full force of KK-theory.
Their method does cover even and odd dimensions at the same time.

Moreover, also Paul Siegel announced a proof of the general case, along similar lines as Xie
and Yu. In his PhD thesis, he develops a new model for K-homology and the structure set
and develops an exterior product between those, and calculates the exterior product between a
rho-class and a fundamental class. Paul Siegel has announced that he proved the compatibility
between exterior product and Mayer—Vietoris. Again, this would lead to a proof of our main
theorems in all dimensions, and would generalize to real K-theory.

2. Coarse, b- and APS index classes

The goal of this section is to give alternative descriptions of the relative coarse index class
Ind™ (Dy_) € K,(C*(W C Wao)'), n = dim W, connecting it with classes that have already
been defined in the literature. We also explain why we look at our index theorem as a delocalized
APS index theorem.

2.1. Index classes in the closed case

First of all, we tackle the analogous problem in the boundaryless case. Thus, let V' be a complete
spint Riemannian manifold with a free, isometric, cocompact spin structure preserving action
of I'. We denote the quotient V/I', a compact spin manifold without boundary, by Z; we thus
get a Galois T-covering V = Z. We denote the spinor bundles on V and Z by Sy and Sy,
respectively; Sy is [-equivariant and Sz is obtained from Sy by passing to the quotient. There
are five C*-algebras which we consider:

(1) C*(V)'', the Roe algebra we have defined in Subsection 1.3;

(2) the C*-algebra C*(G) defined by the groupoid G associated to the I'-covering I' — V' —
Z; this is the groupoid with set of arrows V' xp V', units Z and source and range maps
defined by s[v,v'] = w(v') and r[v,v'] = w(v). We also consider the Morita equivalent
C*-algebra C*(G, Sy ), which is defined by taking the closure of the algebra of smooth
integral kernels C2°(G, (s*Sz)* ® r*Sz);

(3) the C*-algebra of compact operators K(€) of the CT'-Hilbert module £ defined by taking
the closure of the pre-Hilbert CI'-module C°(V, Sy );

(4) the C*-algebra of compact operators K(Eyr) of the Mishchenko-Fomenko CT-Hilbert
module Eyr which is, by definition, L2(Z, Sz ® Vyr); here Vyr denotes the Mishchenko

TOur arguments actually apply to any Dirac-type operator.
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bundle: Yy :=V xp C/T. We can also consider & := H'(Z,Sz ® Vur), the first
Sobolev C}I'-module.
(5) the reduced C*-algebra of the group I': C/T.

The relationships between these C*-algebras are as follows:
(V' =0*(@, 8) ~K(&) ~K(Ewr) ~ K@ CIT (2.1)

where all the isomorphisms are canonical. The first equality, with L?(V, Sy) chosen as Hilbert
Co(V)-module for C*(V)I', follows from the inclusion
COO

c

(G, (s*Sz)* @r*Sy) C C.(V)'.

The second isomorphism is a special case of the corresponding result for foliated bundles in [25],
and was well known before. The third isomorphism is induced by a canonical isomorphism of
CT-modules, p: C(V, Sy) — C(V, Sy @ CI)L' = C*(Z, 57 ® Vaig) With Vag :=V xp CT,
see [23, Proposition 5] (it will suffice to replace B* there with CI'). The last isomorphism is a
consequence of the fact that L?(Z, Sz ® Vur) is isomorphic to the standard C;-Hilbert module
Hexr.

From (2.1), we obtain

K (C*(V)') = K.(C*(G,9)) = K. (K(£)) ~ K.(K(Ewr))
~ K, (K® C'T) ~ K,(C'T), (2.2)

where all the isomorphisms are canonical.

The K-theory of these C*-algebras are the home of different equivalent definition of the
index class associated to the Dirac operator Dy . Let us recall these definitions in the even
dimensional case:

(1) the coarse index class Ind“***°(Dy) € Ko(C*(V)I') of Definition 1.11;

(2) the Connes-Skandalis index class Ind“®(Dy) € Ko(C*(G, Sy)) defined via the Connes-
Skandalis projector associated to a parametrix () for Dy . Thus, we first choose @, a
I-compactly supported pseudodifferential operator of order (—1) so that

QDy =1d—5,, D{Q=1d—S_ (2.3)

with remainders S_ and Sy that are in C°(G, (s*SE)* ® r*S%); then we consider
Ind“S(Dy) == [Pg] — [e1] € Ko(C*(G, Sy')), with

(St S(I+81)QY . (00
e (S, USSR L0

Here, we have in fact defined the compactly supported index class IndSS(Dv) €
Ko(C* (G, (s*Sz)* @ r*Sz)); the C*-index class is the image of this class under the K-
theory homomorphism induced by the inclusion C2°(G, (s*Sz)* @ r*Sz) — C*(G, Sy).
There are other equivalent descriptions of this C*-index class, such as the one defined
by the Wassermann projector [4, p. 356] or the graph projector [25, Section 8|; these
are obtained from parametrices that are of Sobolev order (—1) but are not compactly
supported.

(3) the analogous index class Ind{i(Dy) € Ko(K(Emr)), defined via a Mishchenko-
Fomenko parametrix Q for DT, with DT equal to the Dirac operator on Z twisted
by Vnmr;

(4) the Mishchenko—Fomenko index class Indyp (Dy ) := [L4] — [L_] € Ko(C;T), defined via
a Mishchenko-Fomenko decomposition induced by DT on Sﬁ/IF and Evp.
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ProrosiTION 2.1.  Up to canonical K-theory isomorphisms we have

md®°***(Dy) = Ind“®*(Dy) = Ind§s (Dy) = Indyp (Dy). (2.5)

Proof. The equality Ind“®(Dy) = Ind$(Dy) follows from the second and third isomor-
phism in (2.1). A detailed proof appears in [4, Lemma 6.1], where it is actually proved that
Indf/[SF(Dv) is equal to the image of the compactly supported index class ImdcCS (Dy ) under the
K-theory homomorphism induced by the inclusion C2°(G, (s*Sz)* @ r*Sz) — C*(G, Sy).

For the other equalities we make a preliminary remark. It is clear that the Connes—Skandalis
index class of Dy is equal to the Connes—Skandalis index class of the bounded transform of
Dy . This is true by general principles but can also be checked directly: consider A = (1 +
D%)~Y2Dy and B = (1 + Dy, D)Y/2Q, which will be written shortly as (1 + DZ)'/2Q. Then
A*B=1d—- R_ and BA* =1d — Ry, with R_ = S_ and R, = (1 + D3)Y/2S, (1 + D%)~1/2,
We can now write the Connes—Skandalis projector associated to AT, B and R4 and we call it
Pg. This is homotopic to the Connes-Skandalis projector (2.4) (just consider (1 + sD%)*1/2,
with s € [0,1], throughout). Moreover, the K-theory class defined by Ppg is nothing but
J[AT], the index class associated to A1 via the short exact sequence 0 — K(&) — B(E) —
B(E)/K(E) — 0. Now, the same remark applies to Ind$s(Dy) but for the isomorphic short
exact sequence 0 — K(Eyr) — B(Evr) — B(Evr)/K(Emr) — 0. We can now invoke the results
in [43, Section 17], stating the equality of the latter index with the Mishchenko—Fomenko index
of (14 D?)~Y/?D*. Using the MishchenkoFomenko calculus the latter is easily seen to be the
same as the Mishchenko—Fomenko index of DT, see for example [37, Theorem 6.22] for the
details.

Summarizing: we have also proved that Ind\ (Dy) = Indyp (Dy). It remains to show that
Ind®°**¢(Dy) = Ind“®(Dy ). To this end we start with the expression of the Connes-Skandalis
index class in terms of AT, B, R4

nd®(Dy) = [Py — [ea] with PB:( @ R+(”R+)B).

R_AT I—-R?

Consider now the function y(z) := x/v/1 + x?; this is a chopping function (so, it can be used
to define the coarse index) and x(Dy) = A. The inverse of U*A* in D*(V)Y'/C*(V)! can be
represented by BU € D*(V)'': we observe that

(BU)(U*AT)=1d - Ry; (U*AT)(BU)=U*(Id—- R_)U.
We now write the expression of 9(U*A™) in terms of these choices and we obtain

RZ Ri(I+Ry)BU
U*R_At U*(I-R2)U

10 10
(o )70 0)

we conclude that ITnd®®*¢(Dy,) = Ind”®(Dy), as required. O

Indcoarse(DV) = [Mp] —[e1] with IIp = <

Observing now that

2.2. Index classes on manifolds with boundary

We now pass to manifolds with boundary and we adopt the notation explained in the Geometric
set-up 1.13. We remark that the complete Riemannian spin manifold (W, g) is in a natural
way a I'-covering of Y., the manifold with cylindrical end associated to Y. We consider the
groupoid G, := W Xp Ws and the associated C*-algebra C*(G ), obtained by taking the
closure of C°(Gs). Similarly, we can consider C* (G, S) with S the spinor bundle of W.
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Then, as in (2.1)
C*(W C Woo)' = C*(Gwo, S). (2.6)

PROPOSITION 2.2. Assume that W has dimension n = 2{ and that the boundary has
positive scalar curvature. Then, using a b-parametrix, there is a well-defined b-index class
associated to the spin Dirac operator on Wy,

Ind’(Dy_) € Ko(C*(W € Wao)T).

Proof. This class is, by definition, the Connes—Skandalis projector associated to a suitable
parametrix. We take the parametrix construction explained in [26] (which is directly inspired
by the b-parametrix construction of Melrose [24]). The parametrix in [26] is explicitly proved
to have remainders in C*(G o, S), thus, by (2.6), in C*(W C W)'. O

Together with this b-index class we consider other K-theory classes:

(1) the Mishchenko-Fomenko b-index class Indyp(Dw.) € Ko(C*T), obtained from a
Mishchenko—Fomenko decomposition theorem induced by a b-parametrix in the b-
Mishchenko-Fomenko calculus on Yo, see [19] and the Appendix of [20];

(2) the index class Indip (Dw) € Ko(C*T) defined by a MishchenkoFomenko boundary
value problem on Y & la APS, see [44];

(3) the conic index class Ind§e¢(Dy) € Ko(CT) defined by a Mishchenko-Fomenko conic
parametrix, see [20].

REMARK 2.3. Each one of these index classes has interesting features: Indi/[F(DWw) is the
most suitable for proving higher index formulas (see the next subsection); the conic index class
displays the most interesting stability properties (see [18], where these two properties are used
in order to define higher signatures on manifolds with boundary and proving, under additional
assumptions on I', their homotopy invariance). The APS index class, on the other hand, makes
the study of gluing and cut-and-paste problems particularly easy.

PROPOSITION 2.4. Up to natural K-theory isomorphisms the following equalities hold:

Ind" (D) = Ind’(Dw..) = Ind}p(Dw.,) = Indyfp (Dw) = Ind§e'(Dw).

Proof. The equalities Ind;p (D) = Indyfe (D) = Ind§se(Dy) are proved in [18] (the
case treated here, with full invertibility of the boundary operator, is actually simpler than
the one discussed in [18]). The proof that Ind’(Dy_) = Ind}p(Dw._ ) is as in the closed
case (hence, using the results in [43]). Thus, we only need to prove the first equality:
Ind*(Dy,__) = Ind®(Dy_ ). However, this follows once again from the reasoning given in
the proof of Proposition 2.1. Indeed, the relative-coarse index class is defined in terms of
U*x(Dy )+, with x a chopping function equal to +1 on the spectrum of the boundary operator.
We have claimed that x(D)_U is an inverse of U*x(Dy); modulo C*(W C Wx)'; now, in
order to define O[U*x(Dy )] we can choose an arbitrary inverse in the quotient. Consider BU,
with B = (1 + D?)Y/2Q and Q equal to a b-parametrix for Di; as in [26]. It is easy to see,
from the expression of @, that BU is indeed an element in D*(W,)''; moreover, since Sy, the
remainders given by @), are residual terms in the b-calculus, it follows that R are also residual,
so that BU is indeed an inverse of U*x(Dy )4 mod C*(Gw, S), that is, mod C*(W C Wy )'.
The proof now proceeds as in the closed case. ]
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2.3. Delocalizing

The goal of this subsection is to explain why we look at our index formula (1.10)

tx(Indr(Dw)) = pr(gow )€Ko(Dr)

as an equality between a delocalized part of the index class and the rho-class of the boundary
operator. This is not needed in the sequel, but meant to put our considerations in the context
of previously established index theorems.

To this end we recall the higher APS-index formula proved in [19, Theorem 14.1]. This is
a formula for the Karoubi Chern-character of the index class Ind”(Dyy_), an element in the
non-commutative de Rham homology H., (B>) (B> is a suitable dense holomorphically closed
subalgebra of C;T, for example the Connes-Moscovici algebra). The formula reads

Ch(Ind}p(Dw..)) = UY AY, V) ANw — %ﬁ(Daw) in H,(B>), (2.7)

where Y = W/T', w is a certain bi-form in Q*(Y) ® ,(CI') and where

i1(Dow) € Qu(B) 1= Qu(B) /[ (B>), Qu (B*)]

is Lott’s higher eta invariant of the boundary operator [22], an invariant which is well defined
for any L2-invertible Dirac operator Dy on the total space of a boundaryless Galois I'-covering
V with base Z. Assume now, for simplicity, that I is virtually nilpotent. Under this additional
assumption, the complex Q,(B>) splits as the direct sum of sub-complexes labeled by the
conjugacy classes of I'. Write (I') for the set of conjugacy classes. Thus 77(Dy) splits as a
direct sum

(Dy) = @ T2y (Dv ).

(x)e(T)

The higher p-invariant of Lott [22] associated to Dy is, by definition,

p(Dv) = EP i (Dv).

(z)7#(e)

As pointed out in [22, p. 222], the higher p-invariant lies in fact in H,.(B>). Note that
H.(B>) splits as the direct sum H,(B>) = Hy.y .(B>) @ Hdelo¢(3%°) with the first group on
the right-hand side associated to the subcomplex of 2, (B°) labeled by the trivial conjugacy
class (e) and the second group associated to the subcomplexes labeled by the non-trivial
conjugacy classes; H3¢°¢(B>) is thus the delocalized part of H,(B°). Then p(Dy) lies in
Haeloe(B>), We let 79¢1°¢ be the natural projection map. Then on the basis of the higher APS
index formula (2.7) one proves easily that

74°¢(Ch o Ind}, p(Dw.. ) = — 1 5(Dow). (2.8)

Thus we see that Lott’s higher rho invariant corresponds to the delocalized part of the Chern
character of the index class. We regard our equation ¢, (Indr(Dw)) = pr(gsw ) as a sharpening
in K-theory of (2.8).

Finally, it is proved in [21] that the higher rho-invariant induces a well-defined group
homomorphism

p : PosiP(BT) — fdeloc () (2.9)
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with p[Z,u: Z — BT, gz] = f%ﬁ(Dv), V =uw*ETl, and * = odd if n = 2¢ and * = even is n =
20 + 1. Together with (2.8) this shows that the following diagram is commutative:

RP"(BT) ——— PosiP™(BI)

lChoIndp lp (2.10)
H* (Boo) E[Seloc (Boo ) .

In future work, we plan to tackle the problem of defining a group homomorphism
Chgeloc : K« (Df) — erlOC(BOO) so that the following double diagram is commutative and the
composition of the two vertical arrows on the right-hand side is precisely p in (2.9):

RPN (BT) ——— PosiP™(BI)

[ mar |’

Kn+1(CT*F) — n+1((DF‘))

[ en | ohare
H.(B®) ——— Hle(B),

In fact, we hope to map the whole Higson—Roe surgery sequence to a sequence in non-
commutative de Rham homology.

3. K-theory homomorphisms

3.1. Geometrically induced homomorphisms

Let W, Woo, M = OW be as in the Geometric set-up 1.13.
In the following, with slight abuse of notation we will denote all inclusions C*(X) — D*(X)
(and their equivariant and relative versions) by ¢ and the induced map in K-theory by ¢,.

PropoSITION 3.1.  We have commutative diagrams
K. (C*(oWm)T) —“=—  K.(D*(0W)")
B B
K(CHW))  —“ K (D"(W)) (3.1)

clg |2

K, (C*(W € Weo)') —— K. (D*(W C Wao)D),
K. (D*(0W)F) —— K. (D*W)D)

I «|c (3.2)
K.(D*(OW C [0,00) x dW)T) —* K (D*(W C W)

with j and jp induced by the natural inclusions.

1R

Proof. To construct the maps C*(OW)I' — C*(W)! and D*(0W)'' — D*(W)I'| we can and
will use the same isometry covering the inclusion j: OW — W. Then all the maps are induced
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by inclusions of algebras and therefore the commutativity follows from naturality of K-theory.
The isomorphism claims in the statement have already been discussed. |

3.2. Kasparov lemma

The following lemma, stated for the first time in [17, Proposition 3.4], see also [7, Lemma 7.2],
is a useful tool in proving pseudolocality.

LeEmMA 3.2 (Kasparov lemma). Let H be an adequate X-module. A bounded operator
A: H — H is pseudo-local if and only if 1 A¢ is compact whenever v and ¢ are bounded
continuous functions on X such that the supports supp(v¢) and supp(¢) are disjoint and at
least one of them is compact.

If A is a norm limit of operators of bounded propagation, then it is sufficient to consider
only functions of compact support.

Proof. A proof of the first statement for the case that X is compact is given in [10, 5.4.7].
It directly covers the general case, as well.

The second statement about finite propagation operators is already remarked in [7, footnote
6]. To prove it, it suffices (by a limit argument) to assume that A has bounded propagation
R. Then, given ¢,y with ¢ of compact support and such that ¢y = 0, write ¢ = 11 + 19 such
that 1 has compact support and 1 has support of distance R from ¢. Then by the bounded
propagation property, ¢ Ay, = 0, and by assumption ¢ Aty is compact, so also ¢ A1) is compact
and the assumptions of the usual form of the Kasparov lemma are fulfilled. |

3.3. The Mayer—Vietoris sequence

Assume that X = X; U X» is a Riemannian manifold (typically non-compact), decomposed
into two closed subsets X7, Xo, with Xy := X7 N Xo. (The more general case of metric spaces
is treated in exactly the same way.) We make the following excision assumption: Xy := X7 N X5
is big enough in the following sense (of Higson, Roe and Yu [15]): for each R > 0 thereis S > 0
such that UR(Xl) N UR(XQ) C Us(Xo).

Using along the way the relative Roe-algebras for X; C X and Lemma 1.8, one finally gets
the expected commuting diagram of 6-terms exact Mayer—Vietoris sequences [39, Section 3|

— Ko(C*(X1)) @ Ko(C*(X2)) —— Ko(C*(X)) -2 K (C*(X1 N Xs)) —

l l l

L Ko(D(X1)) @ Ko(D*(X2)) —— Ko(D*(X)) —2 Ky (D*(X1 N X2)) (33)

Exactly the same works for the I'-equivariant versions.

3.4. Mayer—Vietoris for the cylinder

Let M be a Galois I'-cover of a compact manifold Z and consider the cylinder X :=R x M,
with T' acting in a trivial way on R. We set X; = (—00,0] x M and X = [0,00) x M so that
Xo={0} x M = M. This decomposition of the cylinder clearly satisfies the excision axiom;
thus, we have the commuting diagram of long exact sequence for C* and D*



984 PAOLO PIAZZA AND THOMAS SCHICK

s Ko(C*((—00,0] x M)T) ——— Ko(C*(R x M)T) —2Vy K1 (C*(M)T) — ...
S
Ko(C*([0,00) x M)T)

| ! !

. — Ko(D*((—00,0] x M)F)
S2)

Ko(D*([0,00) x M)F) s Ko(D*(R x M)T) -2 K (D*(M)F) — o
3.4

LEMMA 3.3. For any metric space M with isometric I'-action

K.(C*([0,00) x M)Y)=0; K,(D*([0,00) x M)") =0.

Proof. This is a special instance of a general principle introduced by Roe: any space of the
form [0,00) x M is flasque in the sense of [33, Definition 9.3], and then by [33, Proposition
9.4] the K-theory of C*([0,00) x M) vanishes.

The argument given there, based on an Eilenberg swindle, word by word applies also to the
I-invariant subalgebras and to D*. |

In particular, we conclude that the boundary maps in the Mayer—Vietoris sequence induce
compatible isomorphisms

K. (C*(R x M)V) 51‘%> K. (C*(M)T)

l l (3.5)

K. (D*(R x M)Y) 5TV> K. y1(D*(M)D).

REMARK 3.4. The maps dyry of (3.5) are given as follows: take a representative o €
C*(R x M)' of the K-theory class, that is, either a projector or an invertible (using that
the algebra is stable). One now has to trace the definition of the splicing argument which gives
rise to (3.3): map a to C*(R x M)¥/C*((—00,0] x M C R x M)'. Then we lift it (through
the inverse of the natural isomorphism) to C*([0,00) x M)Y/C*({0} x M C [0,00) x M)¥. For
this, let vy be the characteristic function of [0,00) x M, then the compression ¥« (where
14 acts as multiplication operator) is such a lift. That it has the relevant properties follows, as
proved in Lemmas 4.6 and 4.4. Finally, dyv (o) = ¢ 13([¢pyatpy]) where § is the boundary
homomorphism of the K-theory long exact sequence for C*({0} x M C [0,00) x M) —
C*([0,00) x M)I' and c is the isomorphism of Lemma 1.8.

Exactly the same construction works for D*.

4. Proofs of the main theorems

The goal of this section is to provide a proof of our two main theorems. We shall begin by
stating a key result, the ‘cylinder delocalized index theorem’. This result is the cornerstone
for the proof of both theorems. We state the cylinder delocalized index theorem in Subsection
4.1, but we defer the (quite technical) proof to Subsection 4.4. Next we explain how the
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cylinder delocalized index theorem can be employed in order to prove both theorems. We do
this in Subsections 4.2 and 4.3. Finally, as anticipated, we give a detailed proof of the cylinder
delocalized index theorem in Subsection 4.4.

4.1. The cylinder delocalized index theorem

NoTATION 4.1. We let M be a boundaryless manifold with a free, isometric and cocompact
action of I'. We assume that M is endowed with a I'-invariant metric of positive scalar curvature.
We assume M to be of dimension n, with n odd. We shall consider R x M, Ry x M, R¢ x M.
We consider the Dirac operators

Dy on M and D¢y on R x M.

We shall also employ the notation Dgryas for Deyi.

The positive scalar curvature assumption on M implies that Dy is L2-invertible; thus there
is a well-defined p-class p(Dy) € Ko(D*(M)"). Also D,y is L?-invertible; hence x(Dcy1), with
x a suitable chopping function, is an involution. This means that there is a well-defined p-
class on the cylinder: p(Dgxar) € K1(D*(R x M)'). We know by (3.5) that for the cylinder
R x M = (R¢ x M)Upn (Ry x M) there is a well-defined Mayer—Vietoris isomorphism

Sy : K1(D*(R x M)Y) — Ko(D*(M)Y).

Thus, it makes sense to consider dyy (p(Drxar)) € Ko(D*(M)'). The following result will be
crucial:

THEOREM 4.2 (Cylinder delocalized index theorem).
Snv (p(Drxar)) = p(Dar)  in Ko(D*(M)"). (4.1)

4.2. Proof of the delocalized APS index theorem assuming Theorem 4.2

In this subsection, we make use of the fundamental identity on the cylinder, (4.1), in order to
give a proof of Theorem 1.14, the delocalized APS index theorem.

NOTATION 4.3. We consider W, OW and W, as in the Geometric set-up 1.13. We also
consider

R x oW, Ry x oW, Rg xOW.
We consider the Dirac operators
D on We,, DgondW and DcyonR xOW.

Recall that the boundary OW is endowed with a metric of positive scalar curvature, so that
the coarse index class of D is well defined as an element Ind* (D) € Ko(C*(W C W)'). The
positive scalar curvature assumption implies that also Dy is L?-invertible; hence X(Dey1) is
an involution, too.

We denote by 1 the characteristic function of [0,00) x OW on W, and by w4 the
corresponding characteristic function on R x oW

Consider the operator ¢4 x(Dey1)t+ on Rx x OW; obviously, this is not an involution any
more. Similarly, consider the operator 1x(Dey1)t on Wi, which also fails to be an involution.
We start with a basic lemma about commutators with .
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LEMMA 4.4. If T € D*(R x OW)Y, then [T,v] is in D*(OW C R x OW)¥, and corres-
pondingly if T € D*(Wx)¥, then [T, ] € D*(W C W)L

Proof. We follow the proof of [33, Lemma 4.3]. We already know that [T, 1] belongs to
D*(R x OW)T and we only need to show that it lies actually in the ideal D*(OW C R x W)L
We can assume that 7" has finite propagation R. Then, outside a sufficiently large neighborhood
of the support of ¢y, [T,1] is zero, because there 1 acts as the identity. It follows that it is
compactly supported in the R direction, as desired.

Finally, given ¢ € C.((0,00) x 9W), we have to show that [T,]¢ is compact. But

T4l =T¢ -9 To = (1 -1y )T¢.

Because of finite propagation of 7" we can replace (1 — ¢4 ) by (1 — 14 )a where o has compact
support. Then, as (1 — 14 )agp =0, by the pseudolocality of T' this operator (1 — v )T¢ =
(1 — 44 )aT¢ indeed is compact. O

REMARK 4.5. The first part of Lemma 4.6 holds unchanged if we consider, more generally,
a boundaryless manifold M with a free, isometric and cocompact action of I' and endowed with
a [-invariant metric of positive scalar curvature. In this case ¢4+ x(Dey1)¥+ is an involution in
D*(Rs x M)V /D*(M C Ry x M)F.

LEMMA 4.6. 94 X(Dey1)tb4 is an involution in D*(Rs x OW)U/D*(OW C Ry x OW)T,
where we write briefly D*(OW C Rs x W)V instead of D*({0} x W C Rs x OW)L.
Similarly, 1 x(Dey1)Y is an involution in D*(Wx)'/D*(W € Woo)'.

Proof.  'We choose  such that X(Dcyl)2 = 1, this is possible because 0 is not in the spectrum
of D.y1 by the positive scalar curvature assumption. Then, using that wi =y

(V41X (Dey)th4)? = Y X(Deyt)* Y4 + Yo X (Deyt) [04, X (Dey1) 00+
=1+ (7/’+ - 1) + 7/’+X(Dcy1)[7/}+aX(DCyl)]¢+~

Observe that the second and the third operator are both in D*(W.)'. Note that, on
[0,00) x OW, 1p1 — 1 = 0. On W, the corresponding ¢ — 1 is the negative of the characteristic
function of W, so has propagation 0 and vanishes identically on [0,00) x W, therefore
(¢ —1) € D*(W C Wy)''. Using Lemma 4.4, we see that also the third summand belongs
to D*(W C Woo)' or D*(OW C [0,00) x OW)I'| so the statement follows. O

DEFINITION 4.7. Let n + 1, the dimension of W, be even.

Consider the half cylinder Ry x W observe that the spinor bundle is in this case the pull-
back of the direct sum of two copies of the spinor bundle on OW. Thus, in this case, we could
choose U to be the identity. Using Lemma 4.6, we can define the class

(0" (s X(Deyt)464)] € K1 (D*(Rs x OW)T /D*@W € B x OW)") (4.2)
and thus, applying the boundary map for the obvious 6-terms long exact sequence
0: K1(D*(Rs x OW)Y'/D*(0W C Rs x OW)') — Ko(D*(0W C Rs x OW)Y),  (4.3)
we obtain a class

OU* (%4 X(Dey1)+44)] € Ko(D*(OW € Ry x 9W)"). (4.4)
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Similarly, if n 4+ 1 is odd, then we have a well-defined class

(AL + by X(Dei)ibs]) € Ky (D™ (W C R x W), (4.5)

REMARK 4.8. There is a corresponding statement, obtained by replacing OW by a general
M with positive scalar curvature. In particular, if M is odd dimensional and if we choose U to
be the identity, then this gives classes

[ X(Dey1) 4 04] € K1 (D*(R x M)"/D*(M C Ry x M)") (4.6)

and
Ol x(Dey)+ 4] € Ko(D*(M C Ry x M)T). (4.7)

REMARK 4.9. We can restate Lemma 4.6, and its obvious extensions in Remarks 4.5 and 4.8
in a more conceptual way. Indeed, exactly the same proof establishes the following statements:
If n+ 1 is even, then compression by x4 gives a well-defined homomorphism

K (D*(R x M)") — K{(D*(Rs x M)"/D*(M C Rs x M)"),

which sends the p-class defined by Dgrx s to the class (4.6).
Therefore, composition of this homomorphism with the boundary map

9: K1(D*(Rs x M) /D*(M C Rs x M)") — Ko(D*(M C Rs x M)")
gives a homomorphism
H: Ki(D*(R x M)') — Ko(D*(M C R x M)").
Further composing with the inverse of the isomorphism
ja: Ko(D*(M)Y) — Ko(D*(M C Rs x M)")
induced by the inclusion (it is the analog of (3.2)) gives finally a well-defined homomorphism:
Ky (D*(R x M)T) — Ko(D*(M)F) (48)

and this homomorphism sends p(Dgyxas) into jyf0[ts X (Dey1) 494 ]. It is not difficult to
show, proceeding exactly as in Remark 3.4, that the homomorphism (4.8) is precisely the
Mayer—Vietoris homomorphism dyy we have described in Subsection 3.4; in particular, by the
argument given in Subsection 3.4, the homomorphism (4.8) is an isomorphism. Moreover, by
the above remarks, the following identity holds in Ko(D*(M)"):

v (p(Drxar)) = da Ot X (Deyt) + ¥]. (4.9)

The corresponding statement holds in the odd dimensional case.

We now go back to the manifold with cylindrical ends W,,. Then, by the second part of
Lemma 4.6 we have, in the even dimensional case,

[U* (X (Deyt) +9)] € K1(D*(Woo)" /DX (W € Wee))
and thus applying the boundary map
91 K1(D*(Woo)" /D" (W € Woo)") — Ko(D*(W € Wao)"),
we obtain an element

AU (x(Dey1)+)] € Ko(D* (W € Wee)"). (4.10)
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In the odd-dimensional case we have a corresponding class

A(3[1+ ¥x(Dey)y]) € Ki(D*(W € Weo)'). (4.11)
LEMMA 4.10.  x(D) — ¢x(Dey1)t) € D*(W C Woo)L.

Proof. This is a consequence of the proof of [32, Proposition 1.5]. We have to show two
things:

(i) if ¢ € Co(Ws) with d(W,supp(¢)) > € > 0, then (x(D) — ¥x(Deyi1?))¢ is compact;
(ii) for each € >0 there is R >0 such that [[(x(D)— ¥x(Dey1?))d|| < € whenever ¢ €
Co(Weo) with d(W, supp(¢)) > R.

Write the distribution x(t) = a(t) + 6(t) such that « is smooth and rapidly decreasing
and (3 is a distribution supported in (—e,e). Then x(D) = [} a(?i)e”D —|—_f€_€ B(t)e*P. By
unit propagation and isometry invariance of the wave operator, e®P¢ = e!Pevigp for t < R
if d(W, supp(¢)) > R. Therefore, in this situation

(X(D) — dx(Dey1)) = J a(t) (1P — petPet)

[t|>R
= [[(x(D) — ¥x(Dey1))9ll < 2 sup |a(t)].
[t|>R
As « is smooth and rapidly decreasing, the operator belongs to C* (W) and therefore is
compact for each R > 0, and the norm converges to 0 as R — oo. This establishes the two
properties. ]

LEMMA 4.11.  Let t,: K. (C*(W C Woo)') — K. (D*(W C Wu)') be the homomorphism
induced by the inclusion (we considered t, in Lemma 3.1). If n + 1 is even, then

1(Ind™ (D)) = [U* (X (Dey1)+¥0)]  in Ko(D*(W € Wao)P). (4.12)
If n+ 1 is odd, then
L (Ind™' (D)) = AL (1 + ¢¥x(Dey)¥)]  in K1(D*(W C Wao)"). (4.13)

Proof.  Let us prove the case in which n 4 1 is even. Recall the inclusion of the ideal C*(W C
Weo)b' € D*(W C W)Y, Using an obvious commutative diagram we see that the left-hand side
of (4.12) is nothing but the boundary map applied to the involution

[U*x(D)+)] € K1(D*(Weo)" /D" (W € Weo)').

The lemma follows immediately from Lemma 4.10. The odd case is similar. ]

For the next lemma and the following proposition recall the homomorphisms j, and jg
appearing in Proposition 3.1.

LEMMA 4.12. Ifn+1 is even, then
AU (X (Dey1)+9)) = j+ O[U (4 X(Deyt)+94)])  in Ky (D*(W C Wee)').  (4.14)
If n+1 is odd
O[5 (1 +UX(Dey)¥)] = j1(Ol5 (1 + ¥y x(Dey)¥o4)]) - in Kpyr (D*(W € Wee)'. - (4.15)
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Proof. We only prove (4.14), the other statements can be derived similarly. We choose
as adequate modules on Rs x OW and on W, the L2-sections of the corresponding spinor
bundles. Observe now that the adequate module for Ry x W is a direct summand of the one
for Wos. Thus, we can choose the isometry V' covering the inclusion Ry x 0W — W, to be
simply given by the inclusion of the first module as a direct summand into the second. Then,
by definition, j+([U*(¢+X(Dey1)+%¥+)]) = [U*(¥X(Dey1)+9)] and since j4 commutes with the
boundary map, we are done. |

Note that we can choose U to induce the identity on the cylindrical end, where the positive
and the negative spinor bundles are both the pullback of the spinor bundle on dW. Then the
above identity reads

U (Yx(Dey1)+)] = 4 (O X(Dey1) +9+])- (4.16)

Finally, we have the following proposition which is of crucial importance.

PROPOSITION 4.13. Ifn+1 is even, then

O X(Dey1) +10+] = jop(Do)  in Kyy1(D*(OW C R x OW)"). (4.17)

Proof. We apply j,' to both sides. Using (4.9) for M =dW we see that (4.17) is
equivalent to

Srev (p(Daxow)) = p(Dow) 0 Koy1 (D*(OW)T) (4.18)
which is precisely the content of Theorem 4.2 (this is the cylinder delocalized index theorem).
Ul

REMARK 4.14. Of course, we expect that the corresponding formula to Equation (4.17)
holds if n + 1 is odd, namely

0[5(1+ v x(Dey1)¥1)] = jop(Do)  in Kpy1(D*(OW C Rz x oW)"). (4.19)

Proof of Theorem 1.14. We can finally give the proof of Theorem 1.14. Indeed, if n 4 1 is
even, then from (4.12), (4.16), (4.17) we obtain at once

te(Ind™(D)) = AU (X(Deyt) +9) = i+ (O x(Dext) +9+]) = o (Jop(Do))-

Applying ¢! and using the commutativity of (3.2) we get precisely what we have to show. [J

4.3. Proof of the partitioned manifold theorem for p-classes assuming Theorem 4.2

In this subsection, we show how to prove Theorem 1.22 assuming the cylinder delocalized index
Theorem 4.2, namely that

Smv (p(Drxamr)) = p(Dar)  in Ko(D*(M)Y).

Consider (W, g), an (n + 1)-dimensional Riemannian manifold with uniformly positive scalar
curvature metric g, partitioned by a two-sided hypersurface M, W = W_ Uy, W, with product
structure near M and with signed distance function f: W — R. We also assume an isometric
action of T', preserving M and with the property that M/T" is compact. There is then a
resulting I'-map u: M — ET. We have defined in Subsection 1.5 the partitioned manifold
p-class pP™(g) € K,(D*(M)") and the partitioned manifold pr-class p™(g) € K, (D). We
shall also employ the notation pP™ (D) for this class.
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Recall that our goal is to show that

pr(9) = prgm) in K, (Dy) (4.20)
We first show that the left-hand side is unchanged if we replace W by R x M. Note that our
proof only applies to p™(g) € K, (D;); it does not apply to pP™(g) € K, (D*(M)Y).

First of all, we extend our discussion in Remark 3.4 and give a more detailed description
of dmv[Dw], with dyy the Mayer—Vietoris boundary homomorphism associated to the
partition W = W_ Uy W, To this end, we recall that dypv: K, (D*(W)') — K, 1(D*(M)")
is obtained by composing

Kn(D* (W) — K, (D*(W)T/D*(W- € W)T) = K(D*(Wy. © W)')/D*(M ¢ W)F

4] * ¢t «

2 Koia (DM € W) 25 Ky (D7 (M)D).
Let y+ be the characteristic functions of W.. By writing an element x in K,(D*(W)') as
X+TX+ +X_2X— + R, with R € D*(M C W)I'| we see first of all that Syv(p(Dw)), with
p(Dw) € K,,(D*(W)1), is equal to ¢ 19[x4p(Dw)x+] where 9 is equal to the connecting
homomorphism for the ideal D*(M C W)I' in D*(W, C W)''. Observe now that there is an
isomorphism of algebras

D*(W, c W)t /D*(M c W)'' <& D*(W )Y /D*(M c W,)" (4.21)

and that the lift of [x1p(Dw)x+] € D*(Wy Cc W)V'/D*(M C W) through « is the class
[x+p(Dw)x+] € D*(W )Y /D*(M € W,)F', that is, the same element seen in a different
algebra. Of course this correspondence will hold also for the associated K-theory elements.
Consider now the manifold Weyr 4 := (R¢ x M) Ups Wy thus, we cut out W_ and we
glue at its place R¢ x M. We can also consider the class [x4(Dey+)x+] € Kn(D*(Wy C
Weg1,+)' /D* (M C Wep +)b) and its lift to K., (D*(W4)'/D*(M ¢ W,)') under the K-theory
isomorphism induced by the analog to (4.21) but for Wy 4. The two lifts can now be compared,
as they live in the K-theory of the same algebra, which is D*(W,)'/D*(M c W,)'.

LEMMA 4.15. In K, (D*(Wy)Y/D*(M C W)b) the following equality holds:
DX+ Dwx+] = DX+ (Deyt+)x+]- (4.22)

Assuming the lemma we now conclude the proof of the partitioned manifold theorem for
p-classes.

Theorem 4.2, the cylinder delocalized index theorem, states that for any n-dimensional I'-
manifold without boundary, n odd, with isometric, free, cocompact action and positive scalar
curvature one has

Snvp(Drxar) = p(Dar)  in K1 (D*(M)F).
In particular,
dmvpr(Drxam) = pr(Da)  in Kpyi (D).
From this equation and the very definition of pp™ class, we obtain at once that
pr" (Drxar) = pr(Dar)  in Kpp1 (D).
Thus, it suffices to prove that
pr (Dw) = pp" (Drxwm)- (4.23)
In order to show this equality we observe, first of all, that it suffices to prove that

p?m(DW) = plem(Dcyl,+) in Ky41(Dr).
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Indeed, if this equality holds we can further modify Wy 4 by cutting out M and gluing in at
its place Ry x M, obtaining from Wey 4 the manifold Weyi cy1, which is nothing but R x M.
By the same argument above we obtain the equality

pr (Deyr+) = PP (Degleyt) = PP (Drxcar)  in Knga (D).
This proves that
pr (Dw) = pp (Dexar) - in K1 (Dr),
which is precisely (4.23). In order to show that pP™ (Dw) = pP" (Dey1,4+) we use Lemma 4.15
and the following commutative diagram. For the sake of brevity we set
A=D*(Wy C Wep ) /D*(M C Wen ), B:=D*(W)'/D*(M c W)',
C=D*(W, cW)'/D*(M c W)T,
Ar := D*(R x ET' C Ry x ET)'/D*({0} x ET C R x ET)",
Br := D*(Rs x ET)'/D*({0} x ET C Rs x ET)",
Ar := D*({0} x ET C R x ET)"', ®Bp:= D*({0} x ET C Ry x ET)".
We note furthermore that n = 1 mod 2.

Ki(A) —— Ki(Ar) —2— Ko(r) —— Ko(Dp)

~ Tg T:

|

(B) —— Ki(Br) 2, Ko(®Br) —— Ko(Dy)
s 1L
(

The class p™ (Dy) can be obtained by mapping the class [x+Dwx+] € K1(C) all the way
to Ko(Dy) via the homomorphisms of the bottom horizontal line. Here the naturality of the
boundary map in K-theory has been used. This same class can also be computed, always
applying commutativity and naturality, by lifting [x+Dwx+] € K1(C) to K;(B) and then
traveling on the central horizontal line. The same argument applies to pP"(Dgy1, 4 ), which
is originally defined by considering [x+(Decyi +)x+] in Ki(A) and then traveling on the top
horizontal line; the resulting class in Ky(D;.) can also be obtained by lifting [x4(Dey1 +)Xx+] to
K1(B) and then traveling on the central horizontal line. Since, by the lemma, the two lifts of
s Dwxs] and [y (Deyt.+)x+] are equal in K (B), we see that pR™(Dy) = pb™ (Degi. ), as
required.

Summarizing, assuming Lemma 4.15 and the cylinder delocalized index Theorem 4.2, we
have proved that

pp (Dw) = pR" (Drxm) = dmv (pr(Drxar)) = pr(Dar)

and this is precisely what we need to show in order to establish Theorem 1.22

We shall now prove Lemma 4.15.

Consider more generally the following situation: we have two complete I'-manifolds as above,
W and Z, both endowed with metrics of positive scalar curvature and with partitions

W =WyUpy Wy, Z =Wy Upn Zs.

In other words, the two partitions have one component equal, W7, they (necessarily) involve
the same hypersurface, M, but have the other component of the partition different. Choose a
chopping function y equal to £1 on both the spectrum of Dy, and Dy;. We want to show that

xw, (x(Dw))xw, = xw, (x(Dz))xw, in D*(W)"/D*(M € Wh)", (4.24)
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with xw, denoting the characteristic function of W;. Consider the left-hand side of the above
equation, xw, (x(Dw))xw, - The Fourier transform of x is a smooth rapidly decreasing function
away from 0, see [31, p. 121]. Thus, xw, (x(Dw))xw, is (up to multiplication with /27)
approximated in norm for R € R large by

R .
XWw, <J_R>Z(€) e'thPw dE) XW, -

We rewrite this latter term as

R R
X(Wi\Ur(M)) (J Rf((ﬁ) eitPw d§> X(Wi\Ur(M1)) T XWy (J Rf((f) eitPw d§> XUR(M)

R
+ Xvgr(M) (J Rf((f) etPw d§> X(Wi\Ug(M)). (4.25)

Because of the unit propagation property, the first summand is unchanged if we replace Dy,
by Dz, that is, is equal to

R
X(W1\Ug(M)) (J R)%(ﬁ) etPz df) X(Wi\Ur(M))-

We then rewrite (4.25) as

XWy (J_Rf((ﬁ) Pz d€> Xwy + Xw, (J X(€) e Pw d§> XUg(M)

—R

R R
+ XUr (M) O X(E) etPw df) X(Wi\Ur(M)) — XW; (J X(E) el df) XUR(M)
R

—-R

R
— XUr(M) (J Rfc(f) ethz df) X(Wi\Ur(M))-

The first summand in this sum approximates xw, (x(Dz))xw,; moreover, by unit propagation
the remaining four summands are elements in the ideal D*(M C W1)''. Therefore, the difference

xwy (X(Dw))xwy — xws (X(Dz))xw,

is approximated by a sequence of elements in the ideal D*(M C W1)'; since this ideal is closed
we have proved that xw, (x(Dw))xw, — xw, (x(Dz))xw, € D*(M C W1)'', that is, that

xwi, (X(Dw))xw, = xw, (X(Dz))xw, mod D*(M C Wy)".

The lemma is proved.
The proof of the partitioned manifold theorem for p-classes, Theorem 1.22; is now complete.

REMARK 4.16. 1In [38, 39], the classical partitioned manifold index theorem is extended
to a multi-partitioned situation, that is, to a manifold partitioned by k suitably transversal
hypersurfaces. It would be interesting to generalize also our p-index theorem to the multi-
partitioned situation. This does not seem straightforward if one only assumes a product
structure near the (codimension k) intersection of the k hypersurfaces.

4.4. Proof of Theorem 4.2

In this subsection, we finally prove Theorem 4.2, the cylinder delocalized index theorem.
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We will only treat the case in which n + 1, the dimension of the cylinder R x M, is even.
We want to show the equality

Snv(p(Drxar)) = p(Dar) - in Ko(D*(M)").
Equivalently, see Remark 4.9, we want to show that
A4 X(Dey1)+ 4] = jnep(Dar)  in Ko(D*(M C [0,00) x M)"),
where jyr: Ki.(D*(M)') — K.(D*(M C [0,00) x M)T) is the map induced by the inclusion

M — [0,00) x M and 9 is the boundary map K1(D*([0,00) x M)Y'/D*(M C [0,00) x M)I' —
Ko(D*(M C [0,00) x M)1).

NOTATION 4.17. In order to lighten the notation we shall always write £2(M) for the
covariant M-module given by the L2-section of the spinor bundle of M; the latter is denoted
Sar. We shall consider R x M and write £Z (R x M) for the L?-sections of the bundle obtained
by pulling back Sp; @ Sy from M to R x M. We keep the notation £2(R x M) for the L>-
sections of Sps. Similar notations are adopted for [0,00) x M = Rs x M, the half cylinder.
Departing from the notation adopted so far, and only for this subsection, we denote by D
the (I-equivariant) Dirac operator on M and by D,y the (I'-equivariant) operator on R x M
(these being the only Dirac operators we will be concerned with).

We thus tackle the proof of the identity

O X(Deyt) +0+] = jmp(D) (4.26)

in K,,41(D*(M C [0,00 x M))'), with 1, the characteristic function of [0,00) x M in R x M.

In order to establish (4.26) we need an explicit representative for the right-hand side. To
define jps we must find an isometry V: £2(M) — L2(Rs x M) covering in the D*-sense the
inclusion M — Ry x M, m — (0,m); see Section 1. Of course, we know that one can always
find covariant modules H; for M, Hy for Ry x M and an isometry V: H; — Hy covering
the inclusion in the D*-sense; here we want to show that we can choose H; = L2(M), Hy =
L2(R> x M) and then describe explicitly the isometry V.

Consider £2(R> x M); this can be identified with L?([0,00), £L2(M)). Define V as follows:

L2M) > s — Vs e L([0,00), L2(M)), (Vs)(t) := /2|D]e"PI(s). (4.27)

PROPOSITION 4.18. The bounded linear operator V: L2(M) — L*(Rs x M) of (4.27)
covers in the D*-sense the inclusion i: M — Rs x M, m — (0,m).

Proof. 'We prove this in Subsection 4.5. ]

We now observe that by its very definition the p-class of the operator on M, p(D) =
[X[0,00) (D)] in Ko(D*(M)").
We have, by definition of jy;,

jM[X[O,oo)(D)] = [VX[O,oo)(D)V*] S K()(D*(M C R; X M)F)
The operator P := Vx[9,c0)(D)V*, which is a projector, acts as follows on L?([0,00), £*(M)):

(VX[0,00) (D)V79)(t) = ro V2|Dle™"1PIx(0,00)(D) /2| D] TP lg dr. (4.28)

0
Thus, we need to show that the K-theory class of the projector P given by (4.28) coincides
with the index class 014 X(Dey1)+t¢4]. In order to achieve this it suffices to show that there



994 PAOLO PIAZZA AND THOMAS SCHICK

exists an L € D*(Ry x M) such that

(VX (Dey1)404) o L =1d; Lo (g x(Deyt)+94) = 1d — P. (4.29)
Indeed, from the very definition of the boundary map, see [2], we would then have that
O+ X(Dey1) 4%+ ] = [P] which is what we wish to prove.

In order to find such an L we first perform a deformation of the representatives of the class
[04 X (Dey1)+104] in Ky (D*(Rs x M)Y/D*(M C R x M)'). Let us denote by ¢ the variable
on the line R appearing in R x M let us denote by d; the derivative with respect to t. We first
concentrate our analysis on R x M. The operator Dy is given as

0 D — 0,
(o *3%)

where we recall that D denotes the I'-equivariant Dirac operator on M. We have already
observed that since D is assumed to be L?-invertible (the scalar curvature on M is positive),
also Dey1 is L?-invertible. We choose as a chopping function x the one given by x(t) =1 for
t >0, x(t) = —1 for t <0, which is continuous on the spectrum of D.,;. Thus, x(Dgy1)+ is the
bounded operator on £2(R x M) given by the left bottom corner of

0

D + 0,
The operator x(Dey1)+ will be written as (D + 9;)/+/D? — 97. We shall connect it to
|D| + 0,
D — 81/ ’
which is also an invertible operator on £2(R x M). We observe here a few useful identities:
[D,0;] =0 =[|D|,0; (|D| — 9:)(|D| + 8;) = D* — 8? = (D — 9;)(D + ;). The latter equality
gives
|ID|+0; D+ 0
D—-0;, |D|-0

Note, in particular, that

ID|+8,\"" |D|-9,
= ) 4.31
< D — 0 D+ 0, ( )
We claim that the line segment joining the two operators,
D+ 0, |D| + 0
I et Y 4 P et B2
s e T g,

is through L2-invertible operators in D*(R x M)'.

The fact that for each s € [0,1] the above operator is invertible can be seen by rewriting
it as Ag/((D — )/ D? — 9?) with Ay = s(D? — 98?) + (1 — s)(|D| + 0;)v/D? — 9; it suffices
to show that Ay is invertible for each s € [0,1], which in turn is proved with an elementary
computation by showing that A*A; > 0 (here the L?-invertibility of D and D.y is used).

Next we address the fact that s((D+ d;)/\/D?—92)+ (1 —s)((|D|+8)/(D —8)) €
D*(R x M)Y for each s. Since D* is a C*-subalgebra of the bounded operators of £L2(R x M),
it suffices to show that the end points of the convex combination are in D*(R x M)Y. We
already know that (D + 0;)/+/D? — 07 is in D*(R x M) (given that is the left bottom corner
of Dey1/|Dey1]). Thus, we only need to establish the following proposition.

PROPOSITION 4.19. The operator (|D| + 8;)/(D — 9;) belongs to D*(R x M)
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Proof. 'We prove this in Subsection 4.5. |

Using the above convex combination we see easily that

[%Mw] {m 1Dl + atw] in K (D* (R x M)"/D*(M C R x M)").

T

In particular, 9y (D + 8,)//DE = 0)ib4] = s (1D] + 8,)/(D — B0))+ ] in Ko(D*(M
R> x M)') and so we are reduced to the problem of finding @ € D*(Rs x M)" such that

D|+0
(1Z1+ | t¢+> Q = Ide2®. x 1) (4.32)
|D| + 04

Qo <¢+ ¢+> =Ide2®s xar) — P (4.33)
We claim that we can take Q := 1 ((|D| —9:)/(D + 8;))y4. First, by Proposition 4.19,
Q € D*(R> x M)I'. Next we need to show that with this choice (4.32) holds.
Using that (¢;)? =1, together with (4.31) we see that it suffices to show that
4 (D] = 0)/(D + )by = ((ID] — 8)/(D + )iy on L2(R x M). We decompose £2(R x
M) using the spectral transform induced by the Browder—Garding decomposition associated
to the self-adjoint operator D, see [30]. Thus, there is an isometry

T: L2(R x M) — L*(R,@; L*(R, du;)) (4.34)
such that ¢ ((|D| = 8)/(D + 0:))+ = ((|D] — 01)/(D + 9¢) )b+ if and only if

Al =0 _ =9
X[0,00) )\+at X[0,00) )\+8t X[0,00)

on each L*(R, L?(R, dpj)). Conjugate both sides of the last equation by the Fourier transfor-
mation F for the ¢-variable, then write F~1((]A] = 9;)/(A + 0¢))X[0,00)F as (FH((|]A| — &)/
(A4 0)F)(F'Xjo,000F)- Then the right-hand side is equal to the projection onto the
Hardy space, see [40], followed by the multiplication operator by (|A| +i7)/(A —iT) =
(A+47)/(JA] —i7). The latter function is holomorphic on the upper half plane, so multi-
plication by it does preserve the Hardy space. It follows that projecting once again onto

the Hardy space leaves it unchanged. This proves that X[o.cc)((|A| = 9¢)/(X+ 0¢))X[0,00) =

(JAl = 0¢) /(A + 0¢))X[0,00) and thus that (4.32) holds. Next we tackle (4.33), that is, the equatlon
|D| - |D| +0

(ox ( D+8 (GRS t1/1+ =Idgory xay) — P (4.35)

with P: L2([0,00), £L2(M)) — L?(]0, oo),ﬁQ(M)) defined by

(Po)(t) = |~ VEDTe P x(0 (D) EDTePlg (4.3)

LEMMA 4.20. Under the spectral transform
T: 52([0700) X M) HL?([Ovm)v@jLQ(Radﬂj)) (437)

the projector P diagonalizes. Let P; be the restriction of P to L?([0,00), L*(Ry,dpu;)) and
consider the decomposition

L2([0, 00), L*(R, dp)) = L*([0,00), L*([0, 00)x, du)) & L*([0, 00), L*((—00, 0)x, dp)).



996 PAOLO PIAZZA AND THOMAS SCHICK

(5 0)

0 0

with PjJr described in the following way: view L*([0,00), L*([0,00)y),du;) as Lflw([o,oo)A,

L?[0,00);). With respect to this decomposition, Pj‘ is the direct integral -f[O,oo) Py dp;(X\) where

Py: L%([0,00)) — L?([0,00)) is the projector onto the subspace spanned by fi(t) = V2 e .
Observe that, because 0 is not in the spectrum of the operator D, 0 is not in the support of

any of the measures ji; so that fy indeed is in L?([0,0)) and depends continuously on \ for
all X relevant to us.

Then P; is diagonal and equal to

Proof.  With respect to the decomposition of our Hilbert space, as D acts as multiplication
with A and |D| acts as multiplication with |A| under the spectral transform 7', the formula
(4.36) becomes the direct integral over the operators

- - —u ) 2([0,00))3 >‘>Oa
g | VAN o () VE *'g<u>du={§_*<g oo 2 =0
0 ) .

We are now in the position to prove (4.35). We use the spectral transform and we reduce to a
computation on each single L?([0, 00), L?(R,dp)). First, we remark that the operator induced
by the left-hand side of (4.35) diagonalizes with respect to the decomposition

L?([0, 00), L*([0, 00)x, dp)) & L*([0, 00), L*((~00), 0, dpa),

even better, as before it becomes a direct integral over A € R with measure 1;(\). Moreover, the
restriction to the second summand is equal to the identity, given that the restriction of the oper-
ator induced by (|D| + 8;)/(D — 9;) on L*(R, L*(R, dpu)) is equal to (|A| + d;)(A — ;) ! and it
is therefore equal to —Id on L?(R, L?(—00, 0)y, dt), and the same holds with the same argument
for (|D| — 04)/(D + 0¢). The conclusion is that the restriction of the two sides of (4.35) to the
second summand of L?([0,00), L%([0, 00)x, du)) ® L*([0,00), L?((—00),0)x, du) agree.

Thus, we are left with the task of showing that the operator induced by the left-hand
side of (4.35) on L?([0,00), L?([0,00)x, du)) in its direct integral decomposition for each \ €
(0,00) has a one-dimensional null space, generated by fi(t) = v2XAe *, ¢t > 0 and it is equal
to the identity on the orthogonal complement of this null space. Using the direct integral
decomposition, we treat A > 0 as a constant. Let us then check that the function fy(t) is in the
null space of the operator induced by the left-hand side of (4.35). In order to check this property
we conjugate by Fourier transform. The inverse Fourier transform of v2Xe™*, t > 0, is up to
a constant equal to 1/(A —i7) (cf. [16, Appendix]) which is holomorphic outside 7 = —i}; in
particular, it is holomorphic on the upper half plane which means that it is left unchanged by
the projection onto the Hardy space (as it should, given that x(occ)fx = fx). Now we apply
the operator of multiplication by (A —i7)(A +i7)~1, getting the function 1/(\ + i7). This is
holomorphic on the lower half plane and therefore its boundary value is in the orthogonal
complement of the Hardy space, so it is mapped to 0 by projecting onto the Hardy space. The
conclusion is that fy is indeed in the null space of the left-hand side of (4.35).

Consider now the orthogonal complement of fy, that is,

{g e (0,00 | g00dt = | g0 ar = o} .

0 R
This is the space of functions g such that (F~1g)(i\) = 0. This means that
(N —ir)

T — m (f_lg) (1)

oo
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is still holomorphic on the upper half plane and thus projection onto the Hardy space leaves
it unchanged. Composing with the multiplication operator by (A +i7)/(\ —i7) gives back
F~lg. Thus the left-hand side of (4.35) acts as the identity on the orthogonal complement of
fx and the conclusion is that the left-hand side of (4.35) is precisely equal to Id — P, thanks
to Lemma 4.20.

4.5. Proof of Propositions 4.18 and 4.19

We begin by proving Proposition 4.18.

We wish to prove that the bounded linear operator V: £2(M) — L2(Rs x M) defined by
(Vs)(t) := 1/2|D]e""IPI(s) is an isometry that is the norm-limit of bounded linear operators
U satisfying the propagation condition appearing in Definition 1.6 such that ¢U — U(¢ 0 7) is
compact for each ¢ € Cy(Rx x M).

The fact that V is an isometry is proved by direct computation, using the fact that the
spectrum of D does not contain zero, so that e ‘Pl converges (exponentially) to zero for
t — 4o00. Consider next the propagation condition which we recall here: there exists an R > 0
such that U = 0 if d(supp, i(suppy)) > R, with ¢ € Co(Rx x M) and ) € Co(M). We must
find an approximating sequence of bounded linear operators U with this property. Consider

the function hy(z) := /]z[e 7. Our operator V is obtained from h; by
Vs)(t) = —— | hi(&) P (s) de.
Va)(t) = = [ hule) (o)

We consider the function

0; x <0,
fi(x) == {\/Ee_m; 530

We write hy = fi + g¢, with g(z) := fi(—=z). Its Fourier—Laplace transform is

N T )
.ﬁ<<)::444—J Ve O gy,

0

and we observe that this is a holomorphic function in the region Im({) < t. For s <t the
integral can easily be evaluated, giving

s 1 , I .
ft(ZS) = Om, with C' = \/T?J \/.%6 dx.
- 0

Thus, by the identity principle for holomorphic functions, we deduce that
Q) = Ct +iQ) 2,

with the branch of the square root such that t3 is positive for ¢t > 0. Going back to h; we have
therefore proved that for £ € R

Clhy(€) = (t+1€) 727 + (t — i€) /2.
Fix R € R, R > 0. We define a bounded linear operator Ug: £*(M) — L*(Rs x M) as follows:

\/i S i€D .
Unn)t) = § vz | PO de i< R

0 itt> R.

It is clear that Up satisfies the propagation condition. We have

R 2
IR = V)(s)II* < ﬁ\\\/ﬂe‘R‘D'\IQIISIIQ+\/5L | dt.

J ha(€) <P de(s)
[£]>R4
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For the second summand on the right-hand side we can use the explicit description of iLt(f),
to get the estimates

R 2 2
LU e de<si? | ( e |d§>
0 l&]>R4 |€|>R4
2
<||5||2 ( C’|t+z§| 32 L Ot — z£|3/2)d§> dt
2
<o0pe [ (j |e|—zd£>
0 [£]>RA
<O L)s)?

Summarizing, we have shown that there exists a positive C' > 0 such that

IUR = V)(s)II* < CUIVIDle” P12 + R - sl

proving that Ur — V in operator norm as R — +oo.

Next we need to show that ¢Ur — Ug(¢ o) is compact for each ¢ € Co(R> x M). For
notational convenience we deal with V instead of Ug. One checks immediately that the
arguments also work for Ugi. By the Kasparov Lemma 3.2 it suffices to prove that ¢1V )9
is compact whenever ¢, € Cy([0,00) X M) 1hy € Co(M) and the image of the support of 1)y
through the inclusion map i is disjoint from the support of ¢;. Clearly, it suffices to prove that
@1V 1y is the norm limit of compact operators. We can obviously consider ¢1 = a ® i1 with
1 € Cop(M) and a € Cp[0, 00). There are then two cases:

(1) «(0) =0, and we may as well assume that « is supported away from ¢ = 0;
(2) « is not supported away from ¢t = 0 but d(suppt, suppts) = § > 0.

Let us treat (1) first. Take A > 0 and consider x|_a ]. Then we can consider (a ® ¥1)Vao
with (Vas)(t) := v/2[D[e~1PIx;_ A](D)(s). The operator (o ® 1h1)Vatbe is compact; indeed
X[-a,a](D) is in C*(M), so that x;_paj(D)y is compact for each o € Co(M). We are
considering (o ® 1)V x[—a,a)(D)t2; since x[—a,a)(D)12 is compact and since V' is an isometry
(and the composition of a compact operator with a bounded operator is again compact),
we conclude that (a® 1q)Vpte is compact. It remains to show that the operator norm
of (¢ ®@1)Vipy — (1 @ a)Vpthe is small. We shall achieve this by proving that oV — aVj
is small in norm. Consider the spectral transform (4.37); under this transformation, which
is an isometry, the operators V and Vj diagonalize as the direct sum of bounded opera-
tors V;: L?(Ry,dp;) — L2[0,00), L*(Ry, du;)) and similarly for Vy. We have: (Vo)(t,\) =
e~ /2[\|o()\) and similarly for Vj ;. Recall that we are under the assumption that the L?-
spectrum of D does not contain 0. Thus 0 is never in the support of any of the measures
;. We are also under the assumption that « is supported away from 0. Using this and some
elementary computation one proves that ||aV;1) — aV, ;|| is exponentially decreasing in A. Thus
oV j Azoo, aV; in norm and therefore (o ® 11)Vat)o Azeo, (a ®101)V1bg in norm, which is
what we wanted to show.

Next we tackle (2). It suffices to work under the assumption that o =1, so that we are
looking at 11V with d(suppt,suppiys) =6 > 0. Let P: L*(Rs x M) — L%(Rs x M) be
the operator of multiplication by the characteristic function of the t¢-interval [0,ed). Then
1V by = Pi1Vahy + (Id — P)11 Vabo. The second summand on the right-hand side is compact
by the same argument we have employed for (1). Thus, it suffices to show that the norm of
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Py1Vipg, as an operator from £2(M) — L2(Rs x M), is less than e. Write 11 Viby as

with A (A) := 1/2[X|e **l. From the assumption d(suppty,suppys) > 6 > 0 and the propaga-
tion w of P this is equal to

1 . _
- h iwD d )
o (\/ﬂ Jw|>5 e w) &
Fix s € £2(M). Then

1
V2T

Ir remains to show that jgé((l/\/ 27) f|w|>6 |he(w)|dw)2dt is small. However, from the explicit

computation of h; we see that this is less than

€ 2
CJ J lw| 32 dw | dt with C > 0.
0 |w|>=6d

Because this latter term is equal to C'ed(16/0) = 16Ce, the proof of Proposition 4.18 is complete.

0

2
€
1PV (), can < | < | >5|ht<w>|dw> o 12 12 1522 .

We now prove Proposition 4.19. We want to show that (| D] + 9;)/(D — ;) belongs to D*(R x
M)Y. We must prove that this operator is a norm limit of operators that are pseudo-local and
of finite propagation.

We write (|D|+0,)/(D —0;) as |D|/(D — 0;) + 0;/(D — 0;) and deal with the two sum-
mands separately.

We think of (D — 8;)~*: L? — H' as bounded operator from L? to the Sobolev space H?,
and we will compose it with 9;: H* — L? or |D|: H' — L? as bounded operator from H!
to L2

We will show that for D := (DE& DE9Y the operator D~': L? — H' can be approximated
by operators F, of finite propagation in the operator norm from L? to the Sobolov space H!,
such that the commutator [F,, ¢|: L? — H' is compact as an operator from L? to H' whenever
¢ is (multiplication by) a compactly supported continuous function. The same is then true for
its corner (D — 9;)~ 1.

Secondly, we will show that also d;: H' — L? and |D|: H* — L? can be approximated as
operators from H'! to L? by finite propagation operators such that the commutator of the
approximating operators with compactly supported functions is compact as operator from H*!
to L2,

Having achieved this, the compositions will have the same required property.

Of the three operators to study, 0; itself has propagation zero, and the commutator [0, @] is
multiplication with the compactly supported function 0,¢, which as operator from H' to L?
is compact by the Rellich lemma.

Next we study D~'. As D is an invertible elliptic operator of first order, we can and will
choose on H' the norm such that D: H' — L? is an isometry. Let f be an odd smooth bounded
function equal to 1/ on the spectrum of the invertible self-adjoint operator D. Note that f,
and thus its Fourier transform f, lies in L2 (R). We consider the function x — xf(z) and we
arrange that g(z) := xf(z) — 1 is compactly supported. Thus its Fourier transform §(¢) will be
in the Schwartz space S. This means that O f- \/#2760 is an element in S; we deduce from this

that f is bounded, smooth outside 0, odd and of Schwartz class as |£| — +o00. Write f = g + v
with g. odd and compactly supported and v. € S with the property that |0,vc|r1(m) < e.
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We achieve this by setting ve := ¢, f with an even smooth cutoff function ¢ which vanishes
in a sufficiently large neighborhood of 0 and which has uniformly small derivative (using
that f is of Schwartz class at +00). Then f = h. + w. with h. having compactly supported
Fourier transform g. and w, € S with the property that |zwe(x)|s < 2me. We deduce that
f(D) =D ! and

1£(D) = he(D) |l 2ot = [we(D)l|zo i1 = 1D (D) 212 < |ewe()]oo < 2me.

Finally, h.(D) is of finite propagation by unit propagation speed for the Dirac type operator D.

Let now ¢ be a compactly supported smooth function on R x M. Bearing in mind the
finite propagation (say R.) of h.(D), we choose a compactly supported function ¢ which
takes the value 1 on the Rc-neighborhood of the support of ¢. Then h.(D)¢ = h.(D)¢p
and ¢h(D) = ¢ph(D)y. Choose a compact spin manifold X with an open subset U which
is isometric (preserving the spin structure) to an open neighborhood V' of the support of .
To construct X, take, for example, the double of a compact 0-codimensional submanifold
with boundary of R x M containing the support of ¢. Then (again by unit propagation
speed for Dirac operators) the operators ¢h.(D)Y and 1h(D)¢ are unitarily equivalent to the
corresponding operators on the compact manifold X; we see in this way that the commutator
[¢, he(D)] is unitarily equivalent to [¢px, he(Dx)]: HY(X) — L?(X). Here ¢x is the function ¢
transported to X via the isometry, and Dy is the Dirac operator on X. Now it is a classical
fact that he(Dx) is a pseudodifferential operator of order 1. This follows, for example, from
[41, Theorem XII.1.3]. Strictly speaking, we write he(Dx) = Dxw(y/D?%) which is possible
because we made sure that he(x) is an odd function. Our original f(z) is smooth and equal
to 1/x for = large, hence is a symbol of order —1. More precisely, it belongs to ST, é (R) in
the sense of [41, Lemma XII.1.2]. Now h.(z) differs from f(z) by the Fourier transform of a
Schwartz function, that is, by a Schwartz function, that is, also belongs to .Sy é. As he is odd, w,
(satisfying zw.(]x|) = he(x)) is smooth and belongs to Sig. By Seeley’s theorem on complex
powers of elliptic operators (or the special proof given in [41, Section XII.1]), \/D% is a positive
pseudodifferential operator of order 1 with scalar valued principal symbol on the compact
manifold X. Thus, all the hypotheses of [41, Theorem XII.1.3] are fulfilled and we conclude
that we(\/D%) is a pseudodifferential operator of order —2 and h.(Dx) = Dxw.(/D%)
is a pseudodifferential operator of order —1. By standard results of the pseudodifferential
calculus this implies that its commutator with the smooth function ¢x is a pseudodifferential
operator of order —2 (this is a direct consequence of the short exact sequence defined by
the principal symbol and the formula for the principal symbol of a composition). So, up
to unitary equivalence, [he(D), ] can be written as composition of the bounded operators
[he(Dx),¢x]: L? — H? and i: H?> — H! where the latter operator is compact by the Rellich
lemma on the compact manifold X. Therefore [h (D), ¢] indeed is compact, as we had to
show. Then also the commutators with arbitrary continuous compactly supported functions
are compact because the smooth functions are dense in sup-norm in Cj.

Finally, we treat |D|: H" — L?. Note that this should really be written as idz2g) ®|D|,
which is not a function of the Dirac operator on R x M; this makes the analysis slightly more
complicated.

We begin by analyzing the operator |D| acting on M. We keep considering |D| as a bounded
operator from H' to L?. As above, we can write |D| = k(D) + u.(D) where u, now is an even
Schwartz function such that ||u.(D)|| < € (even when considered as operator L? — L?) and such
that k.(D) has finite propagation, say R.. Then, as above, for a smooth compactly supported
function ¢1 on M, the commutator [k¢(D), ¢1] is unitarily equivalent to [k.(Dx), ¢1 x] for a
compact manifolfd X. And, exactly with the same reasoning as above, k.(x) is an even symbol
of order 1, so that ke(Dx) is a pseudodifferential operator of order 1. Therefore [k.(Dx), ¢1 x|
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is a pseudodifferential operator of order 0, defining a bounded operator L? — L?. So the same
is true for [k¢(D), ¢1] (which is additionally supported on a compact subset of M).

Now we return to R x M. Note that the precise meaning of id2r) ®D: HY R x M) —
L?(R x M) is the composition of the (bounded) embedding H*(R x M) — L*(R) ® H'(M)
with the bounded operator idjzg)®D: L*(R) @ H'(M) — L*(R x M). We will use this
notation throughout. We write

idr2(r) ®|D| = idp2(r) ®ke(D) + idp2r) Que(D): H (R x M) — L*(R x M).

The first summand on the right-hand side, a bounded operator H' — L2, has finite propagation
whereas the second has small norm as on operator from H' — L2. Thus, we are left with
the task of proving that idj2g) ®ke(D) is pseudolocal as an operator from H' to L.
Given compactly supported smooth functions ¢, on R and ¢; on M, the commutator
idp2(r) @ke (D), p261] equals g @ [k (D), ¢1] which factors as the inclusion H' — L? composed
with the bounded operator ¢o ® [k.(D), ¢1]: L? — L?. As, in addition, this commutator is
compactly supported, the Rellich lemma implies that this composition is compact as an
operator from H' to L?. As smooth compactly supported functions of the form ¢; ® ¢y are
dense in all continuous functions of compact support, this finishes the proof of Proposition 4.19.

REMARK 4.21. We use the calculus of pseudodifferential operators here just for conve-
nience. In [29], we generalize the assertions to perturbations of Dirac type operators which
are not necessarily pseudodifferential, replacing the pseudodifferential arguments by purely
functional analytic ones.

5. Mapping the positive scalar curvature sequence to analysis

In this section, we finally prove Theorem 1.28. One part of this theorem is the construction
and commutativity of the following diagram (1.15).

——— QP(Br) —— RPY(BI) ——— Pos?®™(Bl) —— Q"(Bl) ——

lg llndp lpr lﬁ
— Ky (BI) —— Kni(CJT) —— Knpi(Dp) —— Ku(BI) ——

First of all, we need to give a precise definition for the vertical homomorphisms. Consider an
element [Y, f: Y — BT, gg] € R} (BT). Let gy be a Riemannian metric on Y extending ga.
We consider the Galois I'-covering W := f*ET', endowed with the lifted metric gy,. We consider
(Ww, g), the complete Riemannian manifold with cylindrical ends associated to W. We wish
to define Indp([Y, f: Y — BT, gg]) € K,,4+1(C}); to this end consider the relative coarse index
class Ind™ (Dy_) € Kp41(C*(W C Wao)') and its image Ind(Dy) € K,,41(C*(W)F) through
the canonical isomorphism K, 1 (C*(W C Wa)') ~ K, 1(C*(W)'). We then consider the
image of this class through the canonical isomorphism u,: K, 1(C*(W C Wo)b) ~ K, 11(C})
induced by the classifying map u: W — ET. We have denoted this image by Indp(Dw),
see 1.15. We set

Indr([Y, f: Y — BT, gs]) := Indr(Dw) € K,+1(C}).

That this index map R (X) Indr, nt41(CxT) is well defined, that is, that Indr(Dw)

n+1
is bordism invariant, can be proved in many different ways. In future work, we plan to
give a treatment of bordism invariance in the spirit of coarse index theory. Alternatively,
relying on published previous work, it follows from the compatibility between the coarse

index class Indrel(DWoo) and the Mishchenko—Fomenko index class, either obtained on the
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associated manifold with cylindrical ends or a la APS, see Proposition 2.4, then applying to
the Mishchenko—Fomenko index class [3] or [21], where [3] employs a relative index theorem
and [21] is based on a gluing formula for index classes. We remark that it would also be possible
to state and prove a relative index theorem similar to [3] but in coarse geometry and then apply
Bunke’s argument directly to the coarse index class Indr (D).

Consider now an element [Z, f: Z — BT, g] € Posi?™(BT); we consider the T-covering
M := f*BT and we endow it with the lifted metric g. Then, by definition,

pF[Zaf: Z — BPagZ] = pF(g) € Kn+1(DF)

The fact that pr is well defined follows from Corollary 1.16. Finally, let us recall the definition of
the map 3: Qi‘f{(BF) — K, 4+1(BT), as given by Higson and Roe [11-13]. Consider an element

(Z,f: Z — BT| € P (BT) and let M := f*ET, endowed with any I-invariant Riemannian
metric g. We consider the class [Dy] € K, (D*(M)Y/C*(M)F) ~ K,,1(M/T) = K,,41(Z) and

we push it forward through f. to K, 11 (BT):
BlZ,f: Z — BT := f.[Dy] € Ky41(BT).

We must now tackle the commutativity of the diagram. We consider the three distinct
squares of the diagram from left to right. The commutativity of the first square, which is
implicitly discussed in the work of Higson-Roe, follows from the definition of the C}T'-index
class, as given in Subsections 1.3 and 1.4. The commutativity of the second square is a direct
consequence of our APS index theorem, see Corollary 1.15 and more precisely formula (1.10).
The commutativity of the third square is again a direct consequence of the definitions.

The remaining part of Theorem 1.28 deals with a compact space X with fundamental group I'
and universal covering X. Here one uses the canonical isomorphisms RSP™(X) = RSPm( ) (the
structure groups depend only on the fundamental group), K.(X) = K,1(D*(X)'/C*(X)V)
and K,(C*(X)) = K,(CT). Then the proof of (1.14) is exactly parallel to the proof of (1.15)
once we use the results explained in Remark 1.17. This finishes the proof of Theorem 1.28.
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