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0. Introduction

In this paper we continue the study of elliptic operators and K-homology,
pursued by the first two authors in [5], [6], [7]. We particularly focus on
the concept of relative cycles, their production from elliptic differential
operators on manifolds with boundary, the behavior of such relative cy-
cles under the boundary map in the exact sequence for K-homology, and
implications of such calculations to various aspects of K-homology and
index theory.

For orientation, we recall how (ordinary) cycles for Ko(M) and K| (M),
when M is a compact manifold (without boundary), are determined, re-
spectively, by an elliptic pseudodifferential operator B on M or by an
elliptic selfadjoint pseudodifferential operator A on M. Say B is of order
m; we write B € OPS™ (M), using the notation for pseudodifferential op-
erators given in [28], [40]. Typically one has m > 0. If m > 0, replace
B by By = B(1 + B*B)~1/2 € OPS°(M), so we can suppose m = 0. We
suppose B maps sections of a vector bundle Ej to sections of Ej, so (if
m = 0) B: L*(M,Ey) — L*(M,E;). The cycle determined by B is the
pair (o, B) where, for f € C(M), a(f) = ao(f) ® 01(f) is the operation
of multiplication of sections of Ey @ E; by the scalar function f (so g; is
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a representation of C(M) on L*(M, E;)), and B almost intertwines these
representations, in the sense that

0.1) o\(f)B — Boo(f) € F

for each f € C(M), where Z denotes the space of compact operators
(from L2(M, E;) to L2(M, E))). These properties were abstracted to define
general cycles for Ko(M) in Atiyah [1]. There remained the problem of
putting an appropriate equivalence relation on the cycles to produce the
correct group, which was solved independently in the works of Kasparov
[29] and of Brown, Douglas, and Fillmore [11].

The way an elliptic selfadjoint pseudodifferential operator 4 acting on
sections of a vector bundle E produces a cycle for K; (M) is the following.
Let P be the orthogonal projection on L2(M, E) associated with the posi-
tive spectrum of 4. Then P is a pseudodifferential operator; P € OPS’(M).
We define a homomorphism

(0.2) o0:C(M)—&(H),

where H is the range of P and & (H) is the Calkin algebra £ (H)/% (H),
by the recipe

(03) o(f) = n(PMy),

where M/ is the multiplication operator, M;u = fu, and = is the natural
quotient map of .Z(H) onto £€(H). Such a homomorphism defines a
cycle for K (M), denoted Ext(M) in [11], [24], where the appropriately
generalized notion of cycle is set down, as well as the equivalence relation
giving the group K;(M).

The groups K;(M), j = 0 or 1, are special cases of K/(2) for a C*-
algebra with unit 2, when % = C(M). Cycles for K°(2) in general are
special cases of cycles for K°(2,%/.#) ~ KK(.#,C), described in §1, when
# =2, and cycles for K!(2) are special cases of cycles for KK!(_.#,C),
with # = 2, described at the end of §2. In this paper we will be concerned
exclusively with commutative C*-algebras 2 = C(X) for X a compact
metric space, with particular emphasis on the case X = M, a compact
manifold with boundary.

Relative K-homology groups, the principal objects of study in this paper,
play an important role in the study of K-homology, via their appearance
in K-homology exact sequences, such as the segment

(0.4) Ko(0M) — Ko(M) — Ko(M,0M) 2 K, (OM) — K,(M).
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The boundary map on Ko(M,dM) was defined in [8] and shown to be
consistent with the boundary map of Kasparov [30] in the exact sequence

KK(®%/.7,C) — KK(,C) — KK(#,C)

0.5
(0.5) 2 KK'(%/#,€) — KK'(2,C)

in the case A = C(M) and ¥ = Cy(M), the set of continuous functions
vanishing on dM. As a consequence, as shown in [8], there follows the
isomorphism

(0.6) Ko(M,0M) ~ KK(Co(M), C).

We will build upon these results in this paper, obtaining numerous conse-
quences by studying relative cycles associated to first order elliptic differ-
ential operators on a compact manifold with boundary.

In §1, after recalling the definitions of cycles for Ky(M,d M), and more
generally for K°(2,2/.#), and for the Kasparov groups KK(.#,C), we
present a general result on compactness of commutators which enables us
to establish that various constructions involving (closed extensions of) first
order elliptic differential operators do indeed produce relative cycles. This
result, while fairly simple, plays a crucial role in the following sections.

§82 and 3 contain the results associating an element of KK(Cy(M),C)
and of Ky(M, 0 M), respectively, to a first order elliptic differential opera-
tor D on a manifold M. In §2, M can be any Riemannian manifold, and
one can take any closed extension of D. A localization principle, exploiting
finite propagation speed for solutions to symmetric hyperbolic cquations,
is used to establish that the element of KK (Cy(M),C) so obtained is inde-
pendent of the choice of such an extension. In §3, M is required to be a
compact manifold with boundary, and some restrictions are placed on the
class of closed extensions of D considered. Nevertheless, a wide variety
of extensions are treated, including minimal and maximal extensions, and
extensions defined by coercive local boundary conditions, when they exist.
One important operator treated here is D = 8+, satisfying the zero-order
part of the -Neumann condition, in case M is a strongly pseudoconvex
complex manifold, or more generally a weakly pseudoconvex domain for
which there are appropriate subelliptic estimates. Using the results of §2,
together with the isomorphism (0.6), we are able to draw the nontrivial
conclusion that different boundary conditions on an elliptic differential
operator D, within the class of those considered in §3, lead to the same
element of Ky(M,dM). The major results of the succeeding sections will
depend heavily on this fact.
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84 is devoted to the study of the image under the boundary map 9:
Ko(M,0 M) — K (0 M) of the relative classes defined by first order elliptic
differential operators. The map on the level of cycles depends explicitly on
the choice of boundary condition on D. Utilizing the independence of the
boundary condition of the class [D], we thereby obtain useful identities
amongst elements of K;(8M). When D is given its maximal extension,
d[D] € K;(0M) is seen to be the extension determined by the Calderon
projector associated to D. In case D is a Dirac operator on M (provided M
has a spin‘-structure), [ D] coincides with the class in K; (0 M) determined
by the Dirac operator on 9 M; there is a generalization when D is an
operator of “Dirac type”. Study of other extensions of D leads to the
identification of other cycles which are equivalent to this one in K, (9 M).

One of the most important applications of this is the following. Let M
be a compact complex manifold with boundary, and suppose M is strongly
pseudoconvex. Then the operator D = 9 +D: A%ver(Af) — A%4d(Af) can
be regarded as giving an element of Ko(M,0M) in two ways, either by
taking the maximal extension or by assigning the 0-order part of the 9-
Neumann boundary condition. The identity we obtain in this case is

(0.7) [Doml=[tm] in K;(0M),

where Dy, is the Dirac operator on 8 M with its natural spin®-structure,
and [7,s] is the Toeplitz extension of 9 M, associated with the “Bergmann
projector” onto the space of L? holomorphic functions on M. We note
that, given (0.7), Boutet de Monvel’s index theorem for Toeplitz operators
follows directly, as an application of the intersection product K!(6 M) x
Ki(0M) — Ko(0 M), so (0.7) can be viewed as a refinement of this index
theorem. Furthermore, (0.7) holds whenever M is a weakly pseudoconvex
domain satisfying the condition that the 8-Neumann problem is subellip-
tic with loss of less than two derivatives on (0, p)-forms for p # 0. Thus
Boutet de Monvel’s index theorem is extended to this class of weakly pseu-
doconvex domain. )

The ball bundle B* X of a compact manifold can be given the structure
of a strongly pseudoconvex domain. In that case, a construction of Boutet
de Monvel [13], [14] gives easily

(0.8) Px =[tpx] in K(§"X),

where S* X is the cosphere bundle of X and Py is the “pseudodifferential
operator extension” of S*X, defined by 7: C(S*X) — &(L*(X)) where,
for p € C®(S*X), 7(p) is an operator P € OPS’(X ) with principal symbol
equal to p, which is well defined mod .Z". Comparing (0.7) and (0.8) then
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gives the important identity
(0.9) Px = [Ds+x],

which will yield further consequences in §6.

Applying results of §4 in conjunction with the Bott map, in §5 we obtain
results on the boundary map 8: KK'(Cy(M),C) — Ko(OM). Again, when
D is a symmeétric operator on M of Dirac type, we obtain

(0.10) d[D] = [D*] in Ko(d M),

for an associated operator D* on O M of Dirac type. From the exactness
of the sequence

(0.11) KK (Co(M),C) & Ko(dM) — Ko(M)

it follows that the image of [D*] in Ko(M) is zero; following this with the
map M — pt., giving Ko(M) — Z, we obtain the consequence

(0.12) Index D* = 0.

Thus the identity (0.10) is a refinement, in K-homology, of the cobordism
invariance of the index of elliptic operators, which is the main content of
Chapter XVII of the notes [35] on the Atiyah-Singer index theorem.

In §6 we make further contacts with index theory. To an elliptic operator
B € OPS°(M) we associate a twisted Dirac operator Dg on M, the double
of the ball bundle in T*M, having the property that

(0.13) n.([Dg]) = [B] in Ko(M).

In particular the operators B and Dg have the same index. The proof of
(0.13) given in §6 makes use of the identity (0.9), together with the Bott
map.

The boundary conditions studied in §3 and exploited in the later sections
are all local boundary conditions. Nonlocal boundary conditions give rise
to operators exhibiting different behavior. In Appendix A we make some
brief comments on nonlocal boundary conditions of Atiyah-Patodi-Singer
type.

We remark that many of the results on compactness of commutators
have considerably sharper versions. Typically commutators shown here to
be compact actually map L2(M) to the Sobolev space H!(M) (of course
weaker results hold in cases associated with the -Neumann boundary
condition). Proofs of these Sobolev space results are somewhat longer
than the arguments given here. Such results are potentially of use in the
production of p-summable Fredholm modules and may play a role in cyclic
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cohomology, but these sharper results are not needed for the applications
to K-homology given here, so we have restricted attention to the cruder
compactness results.

To close this introduction, we mention a notational convention we use
for a pair of function spaces. Let M be a noncompact manifold. C§°(M)
denotes the space of all infinitely smooth functions on M with compact
support, while Cy(M) denotes the Banach space of continuous functions
on M which tend to 0 at infinity.

1. A compactness principle

We begin this section by recalling the definitions of cycles for Kasparov
groups and for relative K-homology groups, respectively. In each case a
major ingredient is a compactness property of a commutator. We then
present the main result of this section, a general principle for producing
candidates for cycles for which such a compactness property holds.

In the following, .7 is a separable C*-algebra, not necessarily with unit.
We define a cycle giving an element of KK (.#,C), confining attention to
the case where .# has no grading. For relative cycles, we assume 2 is
a separable C*-algebra with unit and ¥ a closed two-sided *-ideal; then
we define a cycle for an element of K°(2,2%/.%). Now KO, A/.%) is
contravariant in the pair (%,.#); thus it is a K-cohomology group with
respect to the algebras. The “cycles” mentioned above consequently might
thus be called “cocycles”. In the case % = C(X) for X a compact metric
space, . = Cy(X) = {f € C(X): f =0 on Y} for a closed subset Y of
X, the groups

Ko(X,Y) = K°(C(X), C(X)/Cy(X))

are covariant in (X, Y), i.e., K-homology groups in these spaces. Since this
includes the main cases of interest for this paper, we use the term “cycles”.

A cycle for an element of KK (.#,C) consists of a pair (g, F), where o
is a *-representation of ¥ on a sum of Hilbert space Hy® H; which leaves
each H; invariant; ¢ = go®0a;, and F € Z(Hy® H;) is a bounded operator
of the form

(1.1) F=<(7), f;),

where T: Hy — H, and T*: H; — H, are bounded linear maps. The
following three conditions are required to hold for all a € .7

(1.2) (6(a), F1€ % (Hy® Hy) = %,
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where Z is the space of compact operators,

(1.3) o(a)(F*-1)e X,
(1.4) ola)(F-F*)eX.

We note that conditions equivalent to (1.2)-(1.4) are

(1.5) 01(@)T — Tag(a) € Z,  ao(a)T* — T*0,(a) € X,
(1.6) w@(T'T- e, a@TT -1)eX,
(1.7) w@)(T* ~T) e, (T*'-T"oi(a)eT

for all a € .#. In typical examples one takes 7% = T* (i.e., F = F*), and
indeed it is known that any cycle is equivalent to one for which F = F*,
but there are uses for allowing the weaker hypothesis (1.4). In any case we
note that, by (1.7), T* can be replaced by 7* in (1.5)—(1.6). Furthermore,
the second part of hypothesis (1.5) is redundant.

An element of KK(.#,C) consists of an equivalence class of cycles of
the form above. We refer to [10] for a full discussion of such equivalence
relations, but mention one here which we will use in a crucial way. Namely,
if 0 = gg @ o, is as above and Fy, F, are two maps of the form (1.1), then
(0, Fy) ~ (o, F,) provided there is a norm continuous map ¢ — F, for
t € [0,1], such that, for each ¢, the conditions (1.2)-(1.4) hold, with F
replaced by F;. This is the “operator homotopy” equivalence relation. In
particular, if (g, Fp) and (o, Fy) define cycles for KK (.#,C) and

(18) a(a)(Fo—Fl)eji’

for all a € .7, since g(a) commutes with Fy and F; mod %, it follows
that

(1.9) Fi=tF+(1-0F

produces an operator homotopy.

We next describe a cycle for an element of the relative group K°(2,2/.7).
This consists of a pair (g, T), where ¢ = gp@a; is a unital *-representation
of & on Hy ® Hy, o; acting on H;, and
(1.10)

T: Hy — H;, bounded, with closed range, partial isometry mod .%'.

We require the following two additional conditions:

(1.11) 01(a)T — Tog(a) € Z forallaec,
(1.12) oi(a)Pje % forallaec 7,
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where P, is the orthogonal projection of Hy onto ker 7" and P, the orthogo-
nal projection of H; onto coker 7. Note that (1.11) holds for all a € &, not
just for the elements of .#. Equivalence relations among cycles to define a
class in KO(2, /) are discussed in [8]. It can be shown that each cycle
(o, T) is equivalent to one for which T is a partial isometry. In such a
case, one has

(1.13) I-T*T=P, I-TT*=P,.

The examples of cycles we construct in this paper will all directly satisfy
the property that T is equal to its partial isometry part modulo a compact
operator, so that (1.13) holds mod -#. In that case, note that (1.11)
implies

(1.14) [oj(a),Pjle Z forallaec.

Clearly, if (o, T) defines a cycle for an element of K°(2,2/_#), such
that (1.13) holds ( mod %), then the hypotheses (1.5)-(1.6) hold, with
T* = T*. In other words, with F of the form (1.1), T# = T*, (g, F) defines
a cycle for the Kasparov group KK (.#,C). It is shown in [8] that, if 2 is a
separable C*-algebra with unit which is nuclear, in particular one of type
I, most particularly one which is commutative, then this correspondence
of cycles gives rise to a group isomorphism

(1.15) K, 2/5) ~ KK(F,C).

This isomorphism will play an important role in the present paper; it forms
a double-edged tool. Advantages of considering KK (.#,C) arise from the
rich set of equivalence relations which arise naturally. In particular the
operator homotopy relation mentioned above provides a very useful tool
for showing that various cycles are equivalent in KK(.#,C). Via the iso-
morphism (1.15) we obtain identities in K°(2, 2/_#) which are not trivial.
Advantages of considering K°(21,2/.#) arise for an opposite reason, from
the extra structure provided by (1.11) (for a € 2) as opposed to the weaker
condition (1.5) (for a € .#). One particularly important manifestation of
this is the computation of the boundary map d: K°(2,2%/.%) — K'(%/.%);
under this map, identities in K°(2,2/.#) alluded to above will give very
important identities in K'(2/.%), as we will see in §§4 and 5.

We now come to the main point of this section, the construction of a
class of operators T for which the compactness condition (1.11) is satisfied.
The operator 7 will be manufactured from an unbounded, closed, densely
defined operator A from H, to H,, as

(1.16) T=AA"A+1)""2,
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We prepare to give the hypotheses relating A4 to the *-representation o =
go @ g; of A. These hypotheses are motivated by the example of A4 as
a first order elliptic differential operator on some compact manifold M
with boundary, with 24 = C(M). The hypotheses are related to those
for an “unbounded Kasparov module” in Baaj and Julg [4], but differ in
an important way, particularly in (1.19) below. It will be convenient to
consider the closed, densely defined operator on Hy @ H|,

(1.17) B= (2 “g)

which is selfadjoint. Let o; be *-representations of a C*-algebra % on Hj,
giving ¢ = 09 ® g; a *-representation of 2 on Hy & H;. We make the
following hypotheses, where 2/ is some dense *-subalgebra of 2:

(1.18) for a € 2y, a(a) preserves Z(B) and [o(a), B] extends to
a bounded operator on Hy & H;,

(1.19) (B? + 1)~ is compact on either Hy or Hj.

Note that (1.19) says that either (4*4 + 1)~! is compact on H, or
(AA* + 1)~ is compact on H,, since
: A*A 0
2 _

(1.20) B —< 0 AA*)'
This phenomenon of compactness of the resolvent on one factor but not
necessarily on the other is an important twist in our hypotheses; such a
situation will prevail in the most subtle examples of cycles produced in
subsequent sections.

The following is the main result of this section.

Proposition 1.1. Granted the hypotheses (1.18)-(1.19), then

(1.21) [o(a), B(B? + 1)~'/?] is compact on Hy & H,

for a € A. Furthermore, B has closed range, i.e., A and A* both have closed
range. The range of B has finite codimension in H; if (B*+1)~! is compact

on Hj.
Note that, if T is given by (1.16), then
0o 1™
2 -1/2 _
(1.22) B(B” +1) (T 0 ),

so (1.11) follows from (1.21). Since the range of T is equal to the range of
A, we also have (1.10), so once we prove Proposition 1.1 we can conclude
that (o, T') defines a relative cycle for K°(2,2/.#) provided (1.12) can be
verified.
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Our technique for analyzing the commutator (1.21) uses an integral
representation for (B2 +1)~!/2 in terms of the resolvent of B2, in a fashion
similar to arguments of Cordes and Herman [22], Taylor [38], and Baaj
and Julg [4]. The representation is

123) (BE+1)-12 = 1/ A —g/w(32+1+s2)"‘ds
(- ) ( BZ+1+/1 _n 0 )

In the course of the proof, we will suppose for definiteness that H, is the
factor on which (B2 + 1)~! is given to be compact. Note that it suffices to
prove the compactness in (1.21) for a a € 2.

To begin, since g(a) preserves & (B) for a € Ay, we can write
(1.24)

[o(a), B(B* + 1)'/?) = [a(a), B](B® + 1)~/ + B[o(a), (B* + 1)"1/2].

The first term on the right is clearly compact on H;. Before looking at
the last term on the right, we obtain the following result which gives some
information on the behavior of the first term on Hj.

Lemma 1.2. (B? + 1)~1/2 js compact on the orthogonal complement of

ker B (in Hp).

Proof. Our assertion is the same as the claim that (4*4 + 1)~1/2 is
compact on the orthogonal complement of ker 4 in Hy,. What is behind
this is the identity
(1.25) Ag(A*A) = g(AA*)A on D (A),
for any bounded continuous function g on R*, which follows from the
identity
(1.26) Bg(B?*) = g(B*)B on Z(B)
in light of (1.20). Since 44* by hypothesis has compact resolvent, H; has
an orthonormal basis of eigenvectors for 44*, and we have
A: Eigen(4, A* A) — Eigen(A, AA™),

A*: Eigen(A, A4*) — Eigen(4, A* A).

If A # 0, these maps are inverses of each other, up to a factor A, so are
isomorphisms.

To prove the lemma, we first show that
(1.28) feCP(R), f(0)=0= f(A"A) is compact on Hy.
Indeed, write f(s) in the form

f(8) =s/i(9) /() f5),  fj € C(R).

(1.27)
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Then
f(A*A4) = A" A(f1 /,)(4" 4) f3(A" A)

= A" (1 L)(AA4")Af3(A" A)

= A" /1(A4") L(AA4")Af3(4* 4),
applying (1.25) with g = f,f,. Here, Af;(A4*A) is bounded from Hj to
H,, f2(AA*) is compact on H;, and A*f;(AA4*) is bounded from H; to
H, so (1.28) is established. It follows that the spectrum of A* A4, which is
contained in [0, 00), is discrete in any compact interval in (0, co), of finite
multiplicity. It remains to see that this spectrum cannot accumulate to 0.
But the argument around (1.27) now shows that

(1.29) {0} Uspec 4*4 = {0} U spec A4*,

and since 4A4* has compact resolvent, its spectrum does not accumulate
to 0, so Lemma 1.2 is proved.

To proceed with the proof of Proposition 1.1, we next show that the
last term in (1.24) is compact on H; and on the orthogonal complement
of ker B in Hy. We use the integral representation (1.23), together with the
following formula for [o(a), (B2 + 1 + s2)~!]. With ¢ = V/1 + 52, we write

(1.30) B2+ )~ ' =(B+it)"Y(B-in)7!,
and hence
[o(a),(B*+ t*)" '] =[o(a),(B +it)"'|(B —it)™!
+ (B +it)"'[o(a),(B - it)"'].
Since, for a € Yy, g(a) is assumed to preserve & (B), we can write
(1.32) [o(a),(B+it)"'1= —(B +it)"'[o(a), B](B + it)~},
and hence (1.31) gives
[a(a),(B*+ 1)~ 1= — (B+it)"![a(a), B](B*+¢*)~!
— (B*+t*)"'[o(a), B(B —it)~\.

Consequently the last term in (1.24) is equal to
(e o}
- %/ B(B + ivV1+s2)"Y[a(a), BI(B*+ 1 +s*)~'ds
0

(1.34) B %/”B(Ber 1452~ '[g(a), BI(B - iV1+s2)'ds
0
= Tl + T2.

In view of the operator norm estimates
(1.35) IBBxi <1, |(Bxin~'| <1/t

(1.31)

(1.33)
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for t > 0, it follows that both integrals in (1.34) are convergent in the
operator norm. Thus 7} and T, are compact on any closed subspace of
Hy ® H; on which the integrands can be shown to be compact.

The integrand for T; is a product of bounded operators with the factor
(B2 + 1 + s2)~!, which we have seen is compact on H; and on (ker B)+;
thus T is compact there. The integrand in 73 is a product of bounded
operators and B(B2+1+s2)~!. It follows from Lemma 1.2 that this factor
is compact on all of Hy & Hj, so T is in fact compact on Hy & H;.

To complete the proof of the compactness of the commutator (1.21),
it remains to show that this commutator is compact on ker B (in Hy) for
a € %p. In such a case, we can write, in place of (1.24),

(1.36)
[o(a), B(B*+1)"'?1 =[a(a),(B*+ 1)""/2B] (on Z(B))
=[a(a), (B> +1)"'2]B + (B> + 1)""/*[0(a), B]
(on Z(B)).
This is equal to
(1.37) (B? + 1)"?[g(a), B]

on ker B. Now [o(a), Bl maps H, to H;, and (B2+1)~!/2 is compact on H),
so (1.36) is compact on Hy. This completes the proof of the compactness
assertion (1.21).

Finally, the proof of Lemma 1.2 shows that O is an isolated point of
spec B2, hence of spec B, so B has closed range. The proof of Proposition
1.1 is complete.

We make a few additional comments. In view of Lemma 1.2, we see
that T = A(A*A+1)~!/2 is equal to the partial isometry part A(A4*A4)~!/2 (0
on ker 4) modulo .Z'. Thus the identities (1.13) hold mod .#, and hence
the compactness result (1.14) is valid under the hypotheses of Proposition
1.1. Lemma 1.2 also implies that

(1.38) (PO . ) —(B2+ 1" mod 7.
1
Hence the remaining hypothesis (1.12) for (g, T) to define a relative cycle
for KO(2, /%) is equivalent to
(1.39) c@)(B>+1)"'ex forae.”.

This hypothesis, and hypothesis (1.18) for a € %, a dense *-subalgebra
of .7, form the hypotheses of Baaj and Julg [4] (see also [10]) that (g, B)
define an “unbounded Kasparov module”, and consequently that (o, F)
define a cycle for KK (.#,C). J. Rosenberg and A. Wasserman came upon
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the idea of using the commutator identity (1.31) to prove the Theorem of
Baaj and Julg, and their comment to us on using this identity has been of
use in the proof of Proposition 1.1. Note that, if F is given by (1.22), then

(1.40) F*=1-(B*+ 1)},

so (1.39) is equivalent to (1.3).
We make a further remark on the commutator identity (1.31). This is
a diagonal matrix, and, using
o [ —iA*A+ )T A* (A4 + 1)

(L41) B+~ = (A(A*A+ )=! —i(d4®+ 1)1 )°
a brief calculation of the upper left element in (1.31) gives the identity
(1.42)

[00(a), (4" A+ )~ = —4* L] '[0(a), AIL;" - Ly '[0(a), 4")AL;"

for a € Ay, where Ly = A*A+t> and L, = AA* + .
We note the relation with the commutator identity

(1.43) [o0(a), (4* A+ )~"] = Ly '[00(a), A" A1 L5 !,
which is valid under the hypothesis
(1.44) go(a) preserves I (A* A) for a € Ap.

This is a much stronger sort of hypothesis than the hypothesis of Propo-
sition 1.1 that o(a) preserve Z(B). When both are valid, we can replace
[oo(a), A*A] in (1.43) by

A’[o(a), A] + [0(a), 47]4,

and also use L;'4* = A*L]' on Z(4*); then we obtain (1.42) again.
However, it is very important to us to obtain (1.31) (and hence (1.42))
without making the hypothesis (1.44), a hypothesis which is not satisfied
by our major examples produced in subsequent sections.

A final comment which we make on Proposition 1.1 is that the hypoth-
esis (1.18) has only to be checked on one factor. More precisely, we have
the following.

Proposition 1.3. Assume that, for a € 2y, go(a) preserves Z(A), and
that W(a) = 0,(a)A — Aoy(a) extends from D (A) to a bounded operator
from Hy to H,. Then a(a) preserves & (A*), and (1.18) holds.

Proof. Given v € 2 (A*) and u € Z(A), we have

(Au,01(a)v) = (o1(a*)Au,v) = (Aoo(a*)u,v) + (W(a*)u,v)
= (go(a*)u, A*v) + (W(a*)u,v).
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This shows that g,(a)v € Z(4*) and
A*o1(a)v = gp(a)A*v + W(a*)*v,
which implies (1.18).

2. Kasparov cycles defined by elliptic operators

In this section we consider how elements of the Kasparov group
KK(Cy(M),C) are defined by elliptic operators on a Riemannian mani-
fold M (without boundary), where Cy(M) consists of continuous functions
vanishing at infinity. We emphasize that M is not assumed to be complete.
Of particular interest will be the case where M is the interior of a compact
manifold with boundary, but for now M is absolutely general. Consider
an elliptic first order differential operator

(2.1) D: C5°(M, Eo) — C5° (M, Ey),
between sections of Hermitian vector bundles Ey and E;. Such an operator
has a number of extensions to closed unbounded operators on L?(M, Ey).

One is the “minimal extension”, denoted D,;,, which is just the closure of
D on C§°(M, Ey). Another is the “maximal extension”, Dpay, with domain

(2.2) D (Dmax) = {u € L*(M, Eo): Du € L*(M, E1)},

where Du is computed a priori as a distribution on M. There is the well-
known identity

(2.3) Duax = (Dpyin)™,
where D': Cg°(M, E,) — C§°(M, Ey) is the formal adjoint of D, also a
first order elliptic differential operator. Note that

(2-4) Hclomp(M, EO) - Q(Dmin) - g(Dmax) C ]{ll)c(Ma EO),

Hclomp(M, Ey) being the space of compactly supported elements of the
Sobolev space H'(M, Ej), etc. The last inclusion in (2.4) follows from
elliptic regularity.

We will consider any closed extension D, of D satisfying

(2-5) Dmin - De - Dmax,

i.e., such that & (D) € D (D,) C Z(Dmax) and D.u = Du, in the distri-
butional sense, for u € Z(D,). Associated to D, we have the selfadjoint
operator

(2.6) B= ( l())e DO‘;)
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and the bounded operator

2.7) F.=B(B*+1)"'2= (g 7(;)

on Hy® H, = L*(M,E, & E,), where
T =D,D;D,+1)""2,  T*=D}D,D} +1)"'72,

We also have *-representations of Co(M) on Hy and H;, and Hy ® H,,
given by scalar multiplication. We denote this action by M, f € Co(M).
The following is the main result of this section.

Proposition 2.1. The pair (M, F,) defines a cycle for KK(Cyo(M),C),
which we denote [D,]. Furthermore, if Dy is another closed extension of D
satisfying (2.5), the pair (M, F;) defines an equivalent cycle:

(2.8) [De] = [D4] € KK(Co(M),C).
Consequently, to D there is uniquely assigned an element
(2.9) [D] € KK(Co(M),C).

Note that, since & (D,) C Z(Dmax), in view of (2.4), M;Z(D,) C
H.,.,(M, Ey) provided f € C§°(M), so

(2.10) feC(M)= M, preserves Z(D,).
Also M/ preserves Z(D;) and hence ' (B). Also,
(2.11) (B2 + 1)"': L¥ (M, Eo ® Ey) — H\ (M, E, ® Ey),

and hence, by Rellich’s theorem,
(2.12) fe CgP(M)= My (B*+1)"! is compact on L*(M, Ey & E)).

Thus the fact that (M, F,) defines a cycle for KK(Cy(M), C) can be proved
by the methods of Baaj and Julg [4]. We proceed to establish some local-
ization properties for functions of the operator B, which make clear the
operator homotopy between F, and F; for different extensions, and also
gives sharp results on commutators which directly imply that (M, F;,) de-
fines such a cycle.

We analyze functions of B via the formula

(2.13) o(8)= 20 [  o(e® di,

which follows from the Fourier inversion formula and the spectral theorem
if ¢ belongs to the Schwartz space #(R). This formula extends by limiting
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arguments to other classes of functions ¢, and we will be able to use it for
the class

(2.14) SY(R) = {p € C*(R): [pV ()| < C;(1 + A7/},
in particular, for the function
(2.15) o(A) = A2+ 1)712,

This approach to functional calculus for elliptic self-adjoint operators has
been used in [39] and in Chapter 12 of the book [40], and also in the paper
[17] of Cheeger, Gromov, and Taylor.

If ¢ belongs to SY(R), it is easy to see that ¢, a priori a tempered
distribution on R, is smooth on R\{0} and rapidly decreasing at infinity.
In other words, given any ¢ > 0, for ¢ € SY(R), we can write

(2.16) ¢ =91 +¢2 supp@; C(—¢,¢), ¢2€F(R).

Lemma 2.2. For f € Co(M), M;p,(B) and ¢,(B)M; are compact on
L2(M’ EO 5] El)
Proof. Write 93(A) = (1 + A2)"Mwn(4), yny € Z(R). Then

(2.17) M;9y(B) = My(B? + 1) N yn(B).

The compactness then follows from (2.12). We note the more precise
consequence of (2.17), which follows by elliptic regularity for B2 + 1:

(2.18) f € CP(M) = Mspy(B): LA(M, Ey® E;) — C°(M, Eg @ Ey).

The function ¢, belongs to SY(R), in particular is bounded and contin-
uous, and ¢,(B) is a bounded operator. Furthermore, ¢, can be approxi-
mated by a sequence ®; € 5(R) in such a fashion that <i>j € C5°((—¢,¢)),
and ¢ (B) is the strong limit of

(2.19) ®;(B) = (2n)~1 ’ d;(1)e'*® dt.

To analyze such an integral, we exploit finite propagation speed for the
operator eB, which is the solution operator to the symmetric hyperbolic
system

(2.20) du/dt = iBu.

Accordingly, for any compact K C M and any neighborhood Z of K, there
exists ¢ > 0 such that

(2.21) suppu C K, |t| < e = e"Bu supported in &.
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for another closed extension D,, we have

Furthermore if

(2.22) ey =By for suppu C K, 7] < e.
Consequently, using (2.19) and passing to the limit, we obtain
(2.23) ¢1(B)M; = ¢(B*)M, if supp f C K,

this operator having range in {u € L2(M,Ey® E;): suppu C &}. Taking
adjoints, we also have M,¢p,(B) = M, (B*) in this case. This identity,
together with Lemma 2.2, implies, for any ¢ € SY(R),

(2.24) M;o(B) = M;p(B*)  mod ¥

if f € C§°(M), and a standard limiting argument also gives this for
f € Co(M). Taking ¢ to be given by (2.15), we have the “compact per-
turbation” relation (1.8), implying the operator homotopy relation which
establishes the identity (2.8).

The finite propagation speed argument described above applies to the
following more general situation. Let M’ be another Riemannian mani-
fold, with the property that M and M’ are identified on &, and let D; be a
closed extension of an elliptic first order differential operator on M’, oper-
ating between sections of vector bundles E; and E{, identified over & with
Ey and Ej, such that D, coincides with D, on C§°(#, Ep). Then (2.21)-
(2.23) continue to hold, the operators in (2.23) having range consisting of
functions supported in &.

This observation leads to a sharp analysis of the commutator [M/, ¢(B)]
for ¢ € SYR) and f € C$°(M) as follows. Let K = supp f, take fe
Cg5°(@) for a relatively compact neighborhood & of K, such that f=1on
a smaller neighborhood &° of K. By Lemma 2.2, [M, ¢(B)] = [M, ¢1(B)]
mod %, and we concentrate on the analysis of this last commutator. By
(2.21) we have :

(2.25) Msp\(B) = Myp\(B)M;,  91(B)My = M;¢\(B)M;.

Now we can produce a compact manifold M’ identified with M on & (e.g.,
the double of a compact neighborhood of & with smooth boundary) and a
first order differential operator D;: C*°(M', Ej) — C*°(M’, E}) coinciding
with D, on C§°(&, Ey) in the sense given above, and we have

M;p\(B)M; = Msp:(B*) M},

(2.26) .
M;zp\(B") My = M;0(B)My,
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where B? is a first order elliptic selfadjoint operator on the compact mani-
fold M’'. Consequently ¢,(B*) is a pseudodifferential operator, in
OPS?,O(M’), coinciding with ¢(B*) mod OPS;°(M’) (see [40, Chapter
12]). Therefore the standard pseudodifferential operator calculus implies
that

(2.27) Mp\(B)M; = Mp\(B*),  M;oi(B*)M; = 9:(B*)M;
mod OPS™*°(M"),

(2.28) [M/, p1(B*)] € OPS[o(M").

In particular, this operator is compact. This implies
(2.29) Mo\ (B)M; — M9 (B)M; € %,
and hence, by (2.25) and Lemma 2.2, we conclude that
(2.30) My, 0(B)l e

for any f € C$°(M). In case ¢(A) = A(A%> + 1)~1/2, this is the compactness
result which implies that (M, F,) defines a cycle for KK (Cy(M), C).

We now briefly discuss cycles for the Kasparov group KK'(Cy(M),C).
The group KK!(.#,C) is defined for a (separable, nuclear) C*-algebra .7,
as

(2.31) KK'(#,C) = KK(F,C)),

where C; = C @ C is the graded complex Clifford algebra with one gener-
ator. For a general pair of Z,-graded C*-algebras .#,_#, the definition of
KK(#, ) can be found in [30], [10]. In the case of (2.31), a cycle in the
“Fredholm picture” is given by a pair (y, T'), where y is a *-representation
of ¥ on a Hilbert space H and

(2.32) T:H—H

is a bounded operator, satisfying

(2.33) (T -T"y(a) e %,
(2.34) (T? - y(a) e X,
(2.35) [T,y(a)leZ

for all a € # (cf. Blackadar [10, p. 184]).
Consider a first order elliptic differential operator

(2.36) D: C(M,E) — C&°(M, E)
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(i.e., Ep = E; = E in (2.1)) which is formally symmetric:

(2.37) D =D

We aim to associate a class in KK!(Cy(M),C). Let D, be any closed
extension of D (not necessarily symmetric) satisfying (2.5), and set
(2.38) - T.=De(D;D. +1)7'/2.

Let M: Co(M) — Z(L*(M,E)) be defined by scalar multiplication, as
before. Then the methods developed above also establish the following.

Proposition 2.3. The pair (M, T,) defines a cycle for KK'(Cyo(M),C),
which we denote [D,). Furthermore, if D; is another closed extension of D
satisfying (2.5), then

(2.39) (Te —Ty)Mre % for f e Co(M),
so the pair (M, T;) defines an equivalent cycle:
(2.40) [De] = [Dg] in KK'(Co(M),C).

Consequently to a formally symmetric first order elliptic differential operator
D there is uniquely associated an element

(2.41) [D] € KK'(Cy(M),C).

3. Relative cycles defined by elliptic operators

In this section we consider how elliptic operators on a Riemannian
manifold M, under certain conditions, define relative cycles and hence
elements of

K°(C(M),C(M)/Co(M)) = Ko(M,0M).
Here M is a Riemannian manifold of a less general sort than in §2. We
make the assumption that

(3.1) M is open in M, a smooth compact manifold with boundary.

Thus the closure M is compact in M, with boundary &M = M\ M. Even-
tually we will focus attention on the case where M is smooth, but at
present we make no smoothness assumption on J M.

Let Ey, E, be smooth Hermitian vector bundles over M, which we as-
sume extend to smooth bundles over M. Suppose D is a first order differ-
ential operator from sections of Ej to sections of E;, which is elliptic over
M. We consider various closed extensions of

(3.2) D: C®(M, Ey) — C(M, Ey).
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As in §2, D, and Dp,, are two such; also recall that (2.4) holds. We
consider closed extensions Dp of D satisfying

(33) Dmin C DB - Dmax

and also a further condition that the domain of Dp be defined by a “local
boundary condition”. In its most general formulation, we can state this
hypothesis as

(3.4) M;: D (Dy) —» D (Dp) for f € C®(M),

where C°(M) denotes the space of restrictions to M of functions in

C(M). Since
(3.9) [My, Dlu = op(x,df)u

for u € H,LC(M, Ey), in particular for u € 9 (Dg), op(x,&) denoting the
symbol of D, this implies that the hypothesis of Proposition 1.3 holds,
with 2% = C*(M), ao(f) = My, and 4 = Dg. We also take a,(f) = M,
and use M to denote gp @ ;. Then the hypothesis (1.18) of Proposition
1.1 holds. We now have the following:

Proposition 3.1. Suppose in addition that

(3.6) either Dy Dg or Dg Dy has compact resolvent
on Hy= L*(M,E,) or H, = L*(M,E,). Set
(3.7) T = Dg(DyDp + 1)7 /2,

Then the pair (M, T) defines a cycle for Ko(M,d M), which we denote [Dp).
The extensions D, and Dyax both satisfy these hypotheses. Furthermore,
all extensions satisfying our hypotheses give rise to equivalent cycles, so there
is a uniquely defined element

(3.8) [D] € Ko(M,dM).

Proof. Adding hypothesis (3.6) completes the hypotheses of Proposi-
tion 1.1. As remarked in (1.39), to show (M, T') defines a relative cycle it
remains to show that
(3.9)

M;(D3Dg + 1)~! and M (DpDj + 1)~ are compact for f € Co(M).

It suffices to verify this for f € C§°(M); in such a case these operators map
Hy and H; respectively to HZ,.,(M, Eo) and HZ,,,(M, E,), and the com-
pactness of (3.9) follows from Rellich’s theorem. Note that, by standard
elliptic estimates,

(3.10) D (Din) = H'(M, Ey),
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the closure in H!(M, Ey) of C§°(M, Ej). Since Dpax = (D!

! in)"> We see that
(3.4) holds for Dy and Dpay, and that D}, Dy, has compact resolvent,
since

(3.11) (Do Dunin + 1)~V2: L¥(M, Eg) — H'(M, E).

Thus (3.6) holds for Dy, and for Dp,x. It remains to show that [Dg] =
[Dc] in Ko(M,d M) for any two extensions Dp and D¢ of D satisfying the
hypotheses of Proposition 3.1. However, these extensions certainly satisfy
the conditions of §2, and by Proposition 2.1 they define identical elements
of KK(Cyp(M),C). The coincidence of [Dg] and [Dc¢] in Ko(M, 0 M) then
follows from the isomorphism

(3.12) Ko(M, M) ~ KK(Co(M),C)

mentioned in §1, which is proved in [8].

We now specialize to the case where M has smooth boundary, and dis-
cuss in further detail several types of local boundary conditions of interest.
In such a case, if D is an elliptic first order differential operator as above,
it is well known that the trace map

(313) y(u) = u‘aM: y: Coo(MyEO)—) Coo(aM,EO)
has a unique extension to a continuous map
(3.14) ?: D (Dpax) — H_l/z(aM,EO)-

Very general results containing this are given in Theorems B.2.7-B.2.9 in
vol. 3 of [28]. For later use we make note of the following.

Lemma 3.2. If K is a bounded subset of & (Dmax) Which is relatively
compact in L2(M, Ey), then y(K) is relatively compact in H='/2(d M, E).

Proof. Let @ be a neighborhood of M in M on which D is elliptic,
with a parametrix E. For u € 2 (Dpax), extend Du € L?(M, Ey) to be
zero on @\M, and let Hu denote EDu|y. Write u = ug + u; = Hu+
(1 — H)u. Clearly we have H: 9 (Dpax) — H' (M, Ep), so {Hu: u € K} is
bounded in H!(M, E,). By the trace theorem, {yHu: u € K} is bounded
in H'/2(0M, E,), hence compact in H~'/2(d M, E;). On the other hand,
1 — H preserves & (Dmax) and D(1 — H): D (Dpax) — C®(M). It follows
that {(1 — H)u: u € K} is compact in & (Dpax), and (3.14) implies that
{y((1 = H)u): u € K} is compact in H~'/2(0 M, E,).

The closed extensions of D we now consider are of the following form.
Let a multiplication operator by

(3.15) B € C*(0M, Hom(Ey, F))
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be given, where Fy is some smooth vector bundle over M. Then Dp will
denote the restriction of Dy to

(3.16) 2 (Dg) = {u € Z(Dmax): Byu =0},

where applying B gives an operator from H~'/2(d M, E,) to H~'2(0 M, Fy).
It is clear that (3.4) is satisfied in this case, and (3.5) holds on Z(Dg).
Thus, by Proposition 3.1, with T = Dg(D3Dp + 1)~12, (M, T) defines a
relative cycle for [Dg] € Ko(M,0M), as long as either D3 Dp or DDy has
compact resolvent, i.e., as long as either of the inclusions

(3.17) D (Dp) — L*(M,Eo),  Z(Dj)— L*(M, Ey)

is compact. Note that, with Fy = Eg, D = Dp;, if B = id and Dg = Dy if
B = 0. We describe some other important classes of boundary conditions
of the form (3.16).

One class of boundary conditions is the class of “coercive” boundary
conditions. These are the ones for which

(3.18) (D,B): H*(M,Ey) — H* "\ (M, E,) & H~'2(0 M, Fy)

is Fredholm for s > 1. This property can be characterized algebraically, as
a “Lopatinsky condition”; a standard discussion can be found in [28], [40],
[42]. We note that, in such a case, (Dg)* is of the form D}, where D' is the
formal adjoint of D and B* € C*°(0 M, Hom(E, F)) for a certain vector
bundle F;, — 8 M. This adjoint boundary condition can be described as
follows. By the generalized Green formula,

(Du,v)LZ(M) - (u,Dl'U)l)(M) = —/ (Gu,v)dV,
oM

where, for x € M, G(x) = ap(x,v), v being the unit normal to I M
(see [35, p. 285]). Then B*(x) is the orthogonal projection of E;, onto
G(x)(ker B(x)) = Fi. It is a standard result that, if (D, B) is coercive, so
is (D!, B*).

Under this coerciveness condition,

(3.19) D (Dg) = {ue H (M, Ey): Byu =0},

and Dg: & (Dg) — L*(M, E;) is Fredholm. Hence the operator T: Hy —
H, defined by (3.7) is Fredholm. Therefore, in this case [Dg] actually
defines an element of Ko(M). As is well known, in many cases, D has no
coercive local boundary condition; we will see in §4 that the image of the
class [D] € Ko(M,d M) under the boundary map to K,(8 M) provides an
obstruction to the existence of such a boundary condition.
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Another type of boundary problem which will play an important role
in this paper is the following. Let M be a compact complex manifold,
with smooth boundary, endowed with a Hermitian metric. We have the &
operator

(3.20) 8: Ao (M) — AOP+1 (M)
and its formal adjoint
(3.21) D: A% (M) - A~ 1(M),

where A% (M) denotes the space of smooth (0, p)-forms on M. In partic-
ular, consider

(3.22) D=3 +D: A% (M) — A% (7).
Let
(3.23) PP = {ue A% (M): (3r) Ju =0 on dM},

where r is a real valued function in C*®(M) satisfying r = 0 on d M and
dr # 0 on M. Let Dy denote the closure of D restricted to €D, ¢yen 7.
Then O = D} Dy is the complex Laplacian acting on (0, p)-forms for p
even, likewise for 0 = DyDj}, acting on (0, p)-forms for p odd. Dy and
Dy, define closed unbounded operators from H, to H;, where

(324) HO = L(z),even(M)a Hl = L(%,odd(M)'

Typically, Dy Dy does not have compact resolvent on Hj. In fact, for
p = 0, the boundary condition (3.23) is vacuous, so ker Dy in L%’O(M )
consists of the space of all holomorphic functions in L2(M), which is typ-
ically an infinite dimensional space. However, in many important cases
the operator 00 with 8-Neumann boundary conditions is known to have
compact resolvent on L (M) for all p # 0. The first result on this is
due to Kohn [32]; he proved subelliptic estimates (with loss of one deriva-
tive) which imply such compactness whenever M is strongly pseudoconvex.
Such compactness holds whenever the -Neumann problem is subelliptic
with loss of less than two derivatives on (0, p)-forms for p # 0. In recent
times a great deal has been learned about weakly pseudoconvex domains
satisfying such a condition. Kohn [33] showed that, if M is a pseudo-
convex domain in C" with real analytic boundary, then such a regularity
result holds provided that there is no germ of a (one complex dimensional)
complex manifold contained within & M. Characterizations of such subel-
lipticity in terms of “finite p-type” for & M smooth have come out of the
work of d’Angelo [23] and Catlin [16].
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It is clear that the locality condition (3.4) holds for Dy, and hence
Proposition 3.1 applies. In view of the importance of this result for de-
velopments in later sections, we make a formal statement.

Proposition 3.3. Let M be a complex domain, with a Hermitian met-
ric, which is relatively compact with smooth boundary O M. Suppose the
complex Laplacian O, with 8-Neumann boundary conditions, has compact
resolvent on L3 (M) for p # 0. Then, with T = Dn(DyDy + 1)7'/2, the
pair (M, T) defines a relative cycle for Ko(M,d M). In particular, this occurs
when M is strongly pseudoconvex. If we denote the class in Ko(M,0 M) by
[Dn], then

(3-25) [DN] = [Dmax] in Ko(M, 3M),

Dpax denoting the maximal extension of the operator (3.22).

We note that there are closed extensions of elliptic differential opera-
tors, defined by nonlocal boundary conditions, to which the results of this
section do not apply, although the results of §2 do apply. See Appendix A
for a brief discussion of some special cases.

4. The boundary map on Ky(M,9 M), and applications
We recall the characterization of the boundary map
(4.1) 9: KO, A/.7) —» KN (U/)F)

given in [5], [8]. Let (g, T) be a cycle defining an element of K°(2,2/.%),
so (1.10)—(1.12) are satisfied. We also suppose 7 is a partial isometry, at
least mod .7, so (1.14) holds. If K; denotes the range of P; and & (K;)
the associated Calkin algebra, . (K;)/. %, we define

(4.2) 1 A/SF — G (K))
by
(4.3) t;(f) = n(Pja;(f)P)),

where f € 2 is any preimage of f under % — A/#. The right side
of (4.3) depends only on f, not on the choice of f, by (1.12), and (1.14)
implies 7; is a homomorphism of algebras. Thus each 7, defines an element
[t;]1€ K'(2/.7), and we have

(4.4) 9[(a, T)] = [70] - [11].

It is proved in [8] that this agrees with the boundary map §: KK(.#,C) —
KK'(%/.#,C) defined by Kasparov, under the isomorphism of relative
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and Kasparov K-homology groups. In particular, it is shown in [8] that
the following diagram commutes, with the vertical arrows all representing
isomorphisms, and horizontal rows exact:
(4.5)
K% - K'@,2/7) 2 K'®F) - K'(9)
! ! ! 1

KK(,C) —» KK(F,0) 3, KK'(%/#,C) — KK'(2,0)

We will examine the image under (4.1) of elements defined by elliptic
operators considered in §3, in the case A = C(M), & = Co(M), M a
manifold of the type considered in §3. In this case, we are looking at the
boundary map

(4.6) 8: Ko(M,dM) — K,(dM).

Suppose Dp is a closed extension of an elliptic differential operator,
with local boundary conditions, satisfying the hypotheses of Proposition
3.1. For definiteness, suppose Dp D} has compact resolvent. We define the
element

4.7 [ker Dg] € K (0 M)
to be the class of the cycle
(4.8) 1: C(OM) — & (ker D)

given by (4.3), with j = 0, P, the orthogonal projection of L?(M, E,) onto
kerDp = ker T and f any element of C(M) whose restriction to M is
f. In view of the discussion above, we have the following consequence of
Proposition 3.1.

Proposition 4.1. For Dy as above,

(4.9) 8[Ds] = [ker Dg] in K\(dM).

In particular, this result holds for Dyax. For any Dg satisfying the hypotheses
here, we hence have

(4.10) [ker Dp] = [ker Dmax] in K1 (3 M).

This result follows from (4.4) together with the fact that [7;] = 0 in
K, (8 M) since 7, represents C(d M) on £ (K, ) and K| is finite dimensional.

For Proposition 4.1, no smoothness of 8 M is required. We proceed to
derive further consequences for the sorts of boundary problems considered
in §3, where O M is smooth. First, note that if Dp is defined by coercive
boundary conditions, we have [79] = 0 in K(0 M) as well as [7;] = 0, since
both Hilbert spaces k( and k, are finite dimensional in this case. Applying
Proposition 4.1 to this case, we have the following conclusion.
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Corollary 4.2. If there exists a coercive local boundary condition for D,
then 0[D] = 0 in K,(0M). Consequently, in this case, one must have

(4.11) [ker Dmax] = 0 in K{(OM).

Below we will see examples where (4.11) is clearly violated. In such
examples it is well known that no coercive local boundary conditions exist.

When M has smooth boundary, it is desirable to have an intrinsic char-
acterization of [ker Dp,.«] € K (0 M) in terms of a pseudodifferential oper-
ator on O M, the Calderon projector Q € OPS®(d M), acting on sections of
Eolan. This operator satisfies Q2 = Q,Q = Q* on L?(0M, E,), and also
the following condition. For any s € R, consider

(4.12) ps = {u € H'(M, Eq): Du = 0}.
Then the trace map 7 takes p; into H~'/2(d M, E;), and
(4.13) P(ps) = QU™ 2(OM, Eo)) ¥ &,_, ).

The homomorphism C(0M) — & (Range Q) given by t(f) = n(QMj)
defines a class

(4.14) [Ql€ K, (0 M).

The construction of the Calderon projector can be found in several stan-
dard treatments of pseudodifferential operators; see [37], [40], [42]. We
aim to prove the following.

Proposition 4.3. I Q is the Calderon projector associated to the elliptic
operator D, then

(4.15) [ker Dmax] = [Q] in K1 (O M).

Proof. We produce a Fredholm map from the Hilbert space pg to & =
Q(L*(0M, Ep)) = y(p; ;2) which gives rise to this equivalence. First, y
maps po onto &_;, with at most finite dimensional kernel. Now, let 4,
be any elliptic operator in OPS™!/ 2(aM , Ep), with scalar principal symbol,
and set

(4.16) A= Q0400 + (1 - Q)4o(1 - Q).

This operator has the same principal symbol as Ay, and it commutes with
0, since AQ = QA4oQ = QA. Thus A: @_,;; — & is Fredholm and the
composition A4 o ?:po — 4%~ is Fredholm. It remains to show that, for
feCOM), f= flou, and f € C(M),

(4.17) (Aoy)PM;— QMs(Aoy):po— @y is compact,
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where P is the orthogonal projection of L?(M, E;) onto py = ker Dyay.
Applying a parametrix for 4 which commutes with Q, we see that it suffices
to prove

(4.18) yPMf- —QMyy:po— &_y/5 is compact

for f = fIaM, f € C=(M). Note that YMj; — Myy = 0 on po, or equiva-
lently

(4.19) YM;P—M;Qy=0 on po.

In view of the standard compactness of [M,,Q] € OPS™!'(dM) on
H~12(g M), to prove (4.18) it suffices to show that

(4.20) yo My, P]: L*(M, Eo) » H™'/*(0M, Eo) is compact
for f € C(M). In fact, we clearly have
(4°21) [Mja PJ: LZ(M, EO) - @(Dmax):

bounded, while, as noted at the end of Proposition 1.1, (1.14) holds, so this
commutator is compact on L?(M, E;). Therefore (4.20) holds, by Lemma
3.2. This completes the proof of Proposition 4.3.

From Proposition 4.3 we can deduce what can be perceived as the “odd
case” of the cobordism invariance of the index. Indeed, suppose M is a
compact manifold with boundary, dim M even. Let E; — M be smooth
Hermitian vector bundles, and D: C*®(M, E,) a first order elliptic differ-
ential operator. Suppose M has a Riemannian metric and ap(x,&): Eox —
E), is proportional to an isometry, in fact say ||op(x,&)v|| = ||€]| - ||v]|. Of
course, [D] € Ko(M,dM), and Proposition 4.3 identifies 9[D] € K;(0M).
We can reinterpret this result, as follows.

Let v denote the unit (inward) normal field on 8 M. Then, for x € M,

(4.22) 1(x) = (1/i)ap(x,v): Fox — Fix

defines an isomorphism of the vector bundles Fy and F;, where F; — M
is the restriction of E; to 9 M. Using v to define an injection 77 (0 M) —
Ty (M) for x € 0 M, we see that

(4.23) 1(x)7'op(x,&): Fox —» Fox ~ (x €M, £ e T{(OM))
is the symbol of a first order elliptic differential operator D* on O M:
(4.24) D*: C®(0M, Fy) — C®(0M, F).

Expanding the identity
op(x, &+ sv)*op(x,& + sv) = €[> + 5
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for x € M and ¢ € T;(OM) implies 7(x)~! = 7(x)*, and hence

(4.25) op#(X,8) = ops(x,8)",
as well as
(4.26) llops(x, &)vll = (1]l - [[v]|.

Furthermore it is clear that the principal symbol of the Calderon projector
Q for D is the projection onto the sum of the positive eigenspaces of
ope(x,&), so we have the following result.

Proposition 4.4. With D and D* as above,

(4.27) 8[D] = [D*] in K\(OM).

A particular case of the situation described above is the following. Sup-
pose M is an even dimensional spin® manifold with boundary. If E — M
is a smooth Hermitian vector bundle and Dg an associated (“twisted”)
Dirac operator (uniquely determined up to a zero order term), we have

(4.28) [Dg] € Ko(M, 0 M).

If F — O M is the restriction of E — M, we have a Dirac operator Dr on
OM and an element

(4.29) [Drl€ K (0M),
which coincides with D% under the construction above. Therefore,
(4.30) 9[Dg] = [Dr].

We will discuss the analogue in the “even case” in the next section, and
show how it implies the well-known cobordism invariance of the index of
elliptic operators.

The computation (4.30) provides examples where the conclusion (4.11)
of Corollary 4.2 does not hold, since standard index calculations show that
(4.30) is not generally zero in K,(8M). This reproduces the well-known
fact that there are typically no coercive local boundary conditions for the
Dirac operator.

We proceed now to the computation of d[Dy] when Dy = 0 + D is
the closed operator from Lg,mn(M ) to Léyodd(M ) with domain described
in §3 (see (3.23)). M is a complex manifold with smooth boundary. We
suppose M is a weakly pseudoconvex domain with the property:

(4.31) O = (8 + D)?, with 9-Neumann boundary conditions, has
compact resolvent on Lg,p(M ) for p #£0,
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which holds in particular if M is strongly pseudoconvex. In this case,
Proposition 3.3 (as well as 1.1 and 3.1) applies. Hence ker Dy, is finite
dimensional and ker Dy is at most a finite dimensional perturbation of
the summand

(4.32) H*(M) =kerDy N L§o(M) = {u € L*(M): du = 0},

the “Hardy space” of L? holomorphic functions on M. We have the
“Toeplitz extension”

(4.33) [tm] € K (OM)

given by 17p: C(OM) — @(H*(M)) as

(4.34) tm(f) = Pi(fu) (mod %),

2 denoting any continuous extension of f to M. Consequently
(4.35) d[Dy] =[tm] in K (OM)

under our hypotheses.

Now there is another way we can look at the operator D = 9 + D, and
that is as a Dirac operator on M, with spin-structure induced from its
complex structure. Then A%¢em and A%°4d make up the space of even and
odd spinors. Consequently the formula (4.30) applies; we have

(4.36) 0[0 + D) =[Dsn] in K (OM),

where Dy, is the Dirac operator on d M, with its naturally induced spin®-
structure. We collect our major conclusions in the following result, noting
also that (4.35) and (4.36) must be equal.

Proposition 4.5. If M is a complex manifold which is pseudoconvex and
satisfies (4.31), then [0 + D] € Ko(M,0M) has image 9[0 + D] € K,(d M)
given by (4.35) and (4.36). In particular, in this case,

(4.37) [tm] =[Dom] in K\(OM).

As noted in [6], the identity (4.37) immediately implies the index theo-
rem [13] of Boutet de Monvel as a consequence of the Atiyah-Singer index
theorem, as a special case of the intersection product

K'(X) x Ki(X) = Ko(X), X =0M.

Thus (4.37) can be viewed as a refinement, in K-homology, of Boutet de
Monvel’s index theorem. That this refinement holds for a broader class of
pseudoconvex domains than those which are strongly pseudoconvex also
implies that Proposition 4.5 extends Boutet de Monvel’s index theorem to
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the class of pseudoconvex domains for which (4.31) holds, e.g., the pseudo-
convex domains considered by Kohn [33] and by Catlin [16]. Proposition
4.5 has additional uses in index theory, particularly via the identity (4.43)
which we establish below. This identity will be applied in §6.

In parallel with Proposition 4.3, we want to relate the class of the
Toeplitz extension [1)] € K;(0M) with the class given by the Szegd
projector S, acting on L?(0 M), defined to be the orthogonal projection
of L?(d M) onto the set of boundary values of holomorphic functions in
H'2(M). In case M is strongly pseudoconvex, a detailed analysis of .S has
been given by Boutet de Monvel and Sjostrand [15] (see also [41] for an
alternative treatment). In that case, one knows that .S € OPS‘I) 2,1/2(0M).
Thus, for any 4y € OPS™Y 2(6M ), the commutator [A4y,S] belongs to
OPS; ), ,(0M), and [My,S] € OPS]}/} ,(9M) for f € C*(M). Thus
the proof of Proposition 4.3 is easily modified to yield the following result.

Proposition 4.6. When M is a compact complex manifold with bound-
ary which is strongly pseudoconvex, we have

(4.38) [tm]=1[S]1 in K,(8M).
Consequently,
(4.39) [S1=[Dsm] in K,(0M).

It is quite possible that such a result extends to the class of weakly
pseudoconvex domains for which Proposition 4.5 holds. We remark that
the identity (4.37) is in a sense more fundamental than (4.39), and (4.38)-
(4.39) are only particularly useful when one has a rather precise hold on the
Szegd projector S. Since at present one has a satisfactory understanding
of S only when M is strongly pseudoconvex, we have not tried seriously
to extend Proposition 4.6 beyond this case.

Our next result will apply Proposition 4.6 to a special class of strongly
pseudoconvex domain. Namely, let X be a compact smooth manifold
(without boundary); suppose X is endowed with a real analytic structure.
Then, as is well known, the ball bundle B* X can be given the structure of
a strongly pseudoconvex domain (in a noncanonical fashion). In this case,
O(B*X) = S*X is the sphere bundle in 7*X. In addition to the Toeplitz
extension [7p+x] € K;(S*X), there is the element

(4.40) Py € Ki(S*X),

the “pseudodifferential operator extension”,

(4.41) 0— % (H) — OPS’(X) — C(S§*X) — 0,
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where H = L?(X). We have the following important identities.
Propesition 4.7. For any compact smooth manifold X,

(4.42) Py =[S] in K (S*X).

Consequently, if D is the Dirac operator on S*X determined by its spin‘-
structure,

(4.43) Py =[D] in Ki(S*X).

Proof. The identity (4.42) is proved using a construction previewed
by Boutet de Monvel in [13] and carried out in the appendix to [14]
of a Fourier integral operator F with complex phase mapping &’(X) to
2'(S*X), satisfying (modulo smoothing operators)

(4.44) F'F=1, FF"=5,

providing a Fredholm map from L2(X) onto the range of S in L2(S*X). If
04 in C*®(S*X) is the principal symbol of 4 € OPSO(X ), then the operator
calculus developed in [14] implies

(4.45) A=F"(SM;,)F  mod OPS}},(X),

so the extension C(S*X) — & (L*(X)) and the extension C(S*(X)) —» &
(Range S) are seen to coincide in K (S*X). This proves (4.42), and (4.43)
follows from Proposition 4.6.

As we have mentioned, Proposition 4.7 has further applications to index
theory, which will be discussed in §6.

5. The boundary map on KK'(Cy(M),C)

Part of the exact sequence of Kasparov K-theory is the segment
(5.1
KK'(C(M),C) — KK'(Co(M),C) % KK(C(8M),C) — KK(C(M),C),

where M is a compact manifold with boundary. We have the identification
(5.2) KK(C(OM),C) = Ko(0M).

We want as explicit as possible an identification of the boundary map 0,
on the level of cycles. The formula given here will be derived from that
of §4, i.e., the formula for

(5.3) 8: Ko(M,dM) — K,(OM),
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via use of the Bott map. The Bott map provides isomorphism:

KK (Co(M),C) 2 KK(C(0M),C)
(5.4) o, l ~ ®5 l ~
KK (Co(I) ® Co(M),C) KK'(Co(I) ® C(OM),C)
These vertical isomorphisms are given by Kasparov products. We take
(5.5) KK'(Co(M),C) = KK(Cy(M),C).

The Kasparov product

(5.6) KK(Co(I),Cy) ® KK(Co(M),Cy) — KK(Co(I) ® Co(M),C, ® Cy)
produces an isomorphism

(5.7) ®p: KK(Co(M),C1) 2 KK (Co(I) ® Co(M),C; ® Cy)

upon applying the element

(5.8) b€ KK(Co(I),Cy) = KK'(Co(I),C)

defined by any closed extension of the symmetric operator

(5.9) id/dx on C§°(I).

One follows this with the natural isomorphism

(5.10) KK(¥,C,®C)~ KK(«,C)

(see Blackadar [10]).

One natural closed extension to take of (5.9) is via periodic boundary
conditions. This also produces

(5.11) b' e KK'(C(S"),C).
In fact, (5.8) and (5.11) correspond under the natural isomorphism
(5.12) KK'(C(Sh),C) S KK (Cy(I),C),

which follows from the Kasparov exact sequence associated to the short
exact sequence

(5.13) 0— Cy(I) = C(S')—=C—0.

This is a special case (for M = pt.) of the cohomology exact sequence
arising from the split short exact sequence

(5.14) 0— CoI x X) 4 C(S' x X) 2 C(X) > 0
K
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for compact X (e.g., X = OM). The Kasparov exact sequence is:
(5.15)

KK(Cy(I x X),C) 3, KK'(C(X),C) f—_’ KK'(C(S' x X),C)
K*
"1 ‘ Iy
KK(C(S! x X),C) ‘p:, KK(C(X),C) & KK'(Co(I) ® C(X),C)
,)*
One has k*p* = id, since px = id on C(X). Hence p* is injective, which

implies & = 0 in this case, and consequently gives the split short exact
sequence

(5.16) 0 — KK'(C(X),C) fi_» KK'(C(S! x X),C)

5 KK (Co(I) ® C(X),€) — 0

and its complement. Note that KK!(C(X),C) = K;(X), which is 0 if X is
a point; this proves (5.12). We also see that

(5.17) ®p: KK(C(X),C) — KK(Co(I) ® C(X),C))

factors through ®;:

KK(C(X),€) 2¥  KKY(C(S'x X),C)

(5.18) [
TR KRG B R, 0)

In particular, we deduce that
(5.19) ®y 1s injective.

From (5.16) we see that ®; provides an isomorphism of KK(C(X),C) =
Ko(X) with

(5.20) {ue KK'(C(S' x X),C) =K (S x X): x*u = 0},

where k* is defined by the projection ny: S' x X — X;k* = my+. This
result is also given in [11]; there the map Ko(X) — K;(S' x X) is explicitly
defined as follows. If (g, T) defines a cycle in Ky(X), consider the com-
mutative C*-algebra in £ /% = & generated by o(a), a € C(X), and by
the unitary part of n(7T) € &, provided gy = 0, on Hy = H,. This defines
a *-homomorphism C(S! x X) — &, which gives the desired element of
K (S! x X).
We have a similar result replacing C(X) by Co(M). We obtain from

(5.21) 0= Co(I x M) 2 Co(S' x M) 2 Co(M) — 0
K
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the short exact sequence

(5.22) 0— KK'(Co(M),C) f’—_» KK'(Co(S! x M),C)

I, KK (Co(I x M),C) — 0.
The reason we bring out these facts is that, in order to analyze 0 in
(5.4), it is convenient to factor through:
KK'(Co(M),C) % KK(C(OM),C)
o Jov
(5.23) KK(Co(S' x M),C) -2 KK (C(S!x dM),C)

<% 5 %

| 1)
KK(Co(I x M),C) KK (Co(I x 8M),C)
This is a commutative diagram, by the associativity of the Kasparov prod-

uct. The point is that the second 9 in (5.23) has been evaluated in §4,
since

(5.24) KK(Co(S' x M),C) ~ Ko(S' x M,S' x dM).
The injectivity (5.19) implies that this will be an effective tool for speci-
fying the top 9 in (5.23).

One_ application we make of these constructions is the following. Sup-

pose M is a compact spin° manifold with boundary, E — M a smooth
Hermitian vector bundle. We have Dirac operators

(5.25) [Del € KK (Co(M),C),  [Dr] € KK/*1(C(8M),C),

where F = E|yy is the restricted bundle; F — O M. Here j = 0 if dim M
iseven, j = 1 if dim M is odd, and j + 1 is computed mod 2. As shown
in §4, if M has even dimension, and we consider

8: KK(Co(M),C) — KK (C(dM),C)

(5.26) [ I
Ko(M,0M) K(oM)

then

(5.27) O[Dg] = [Dr].

Our result here is:
Proposition 5.1. If M has odd dimension, and we consider

8: KK'(Co(M),C) —— KK(C(8M),C)
(5.28) I

Ko(OM)
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then
(5.29) O[Dg] = [Dr].
In view of our analysis via (5.23), the following is a key ingredient in
the proof.
Lemma 5.2. The map
(5.30) ®p: KK/ (Co(M),C) — KK+ (Cy(S! x M), C)
with j + 1 computed mod 2, has the property that
(5.31) Q' [DE] = [Dg]

where G is the pull back of E — M, so G — S' x M. In (5.31), one uses
(5.30) with j =0 if dim M is even, and j = 1 if dim M is odd.

Proof. This follows from the fact that Dg and Dg define unbounded
Kasparov modules for Co(M) and Cy(S! x M), together with the result
of Baaj and Julg [4] which implies that the Kasparov product of Dg with
[id/dx] € KK'(C(S"),C) is given by D;&®I + I®Dg, where Dy is the op-
erator associated to id/dx on the graded (C(S!),C;)-bimodule, and & is
the appropriate graded tensor product. The identification of this with Dg
is standard Clifford algebra.

The proof of Proposition 5.1 is now immediate. By commutativity of
(5.23), and by (5.27),

(5.32) ®p 0 d[Dg] = [Dg],
while, by Lemma 5.2, we have
(5.33) ®y[Dr] = [Dg],

where F is the restriction of E to 9 M and G the pull back of F to S! x9 M.
The injectivity (5.19) hence implies Proposition 5.1.
From commutativity and exactness in
KK'(Co(M),C) — KK(C(dM),C)— KK(C(M),C)
Il I

(5.34) Ko(OM) Ko(M)
l
Ko(pt.)
we deduce the following spin‘-cobordism invariance of the index of Dirac
operators.

Corollary 5.3. IfY = M is an even dimensional compact spin® mani-
fold, and F — Y is spin‘-cobordant to 0, then

(5.35) Index Dr = 0.
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Consequently, if Y, and Y, are even dimensional compact spin® manifolds
and F, — Y, and F, — Y, are spin‘-cobordant Hermitian vector bundles,
then

(5.36) Index Dy, = Index D,.

The same sort of arguments produce the following “even” analogue of
Proposition 4.4. Let E — M be a Hermitian vector bundle over M (dim M
odd), endowed with a Riemannian metric, and suppose D: C*°(M,E) —
C>(M, E) is a first order elliptic differential operator satisfying

(5.37) op(x,&)* = —ap(x,&), ap(x,&)? = —[€|*

Consequently D defines an element [D] € K;(M,0M). Define bundles
E*,E- — M by

(5.38) Ef ={e€E,:op(x,v)e =+ie}, xedM,

where v is the unit inward normal to M. Then E|gyy = E* & E—, and,
for £ € T¢(0M), op(x,&): Ef — E; isomorphically, so it defines the
principal symbol of a first order elliptic differential operator D* on O M:
(5.39) D*: C®(OM,E*) — C®(M,E™).

Generalizing Proposition 5.1 and Corollary 5.3, we have:
Proposition 5.4. Under the hypotheses above,

(5.40) d[D] = [D*] in Ko(OM).
Consequently,
(5.41) Index[D*] = 0.

The conclusion (5.41) is the principal result of Chapter XVII of the
notes [35] on the Atiyah-Singer index theorem. In particular, it applies
to signature operators. These exist on arbitrary Riemannian manifolds,
without extra structure like a spin‘-structure, and this provides a more
flexible tool for proving index theorems than Corollary 5.3, since the or-
dinary cobordism ring (with vector bundles) has a much simpler structure
than the spin°-cobordism ring. This cobordism invariance of the index was
the major analytic point in the proof of the Atiyah-Singer index theorem
described in [35].

6. Further remarks on index theory

In §5 we derived the spin®-cobordism invariance of the index of Dirac
operators. This, together with the elementary multiplicativity of the index
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of Dirac operators, is one of the main analytical tools in a proof of the
index theorem for Dirac operators, on a spin° manifold M, which states

(6.1) Index Dg = (ch(E) U Td(TM))[M],

where D is the Dirac operator on S® E, S being the bundle of spinors. Of
course, the bordism invariance implied by Proposition 5.1 and the exact
sequence (5.34), and its analogue for KK proved in §4, (4.27), are also
key analytic results for proving the isomorphism

(6.2) Ki(X) LN K4(X),

where K¢(X) = KKJ/(C(X),C) is the analytic K-homotopy group and
K ]’.(X ) the topological K-homology group. A map on the level of cycles,
which is proposed to lead to the isomorphism (6.2), has been described in
[5], [6]. As pointed out in these papers, one can derive the index theorem
for Dirac operators, indeed for general pseudodifferential operators on a
compact manifold, from the existence and commutativity of the diagram

K(M)

(6.3) i o~ Nl

K{(M) —5— Kg(M)

for a general compact smooth manifold M. Here, M is the double of the
unit ball bundle of M (endowed with a Riemannian metric), with a spin®
structure, arising from its natural almost complex structure. The map
i, assigns to a vector bundle over M an elliptic symbol whereby such a
bundle is created from two bundles over M by “clutching”, and thence the
element in K§(M) determined by an associated elliptic pseudodifferential
operator.

The map u o i; can be described as follows. The spin® structure on M
together with a vector bundle E — M determines a Dirac operator Dg
on sections of S ® E — M and hence an element of Kg(M); o i ([E])
is the image of [Dg] under the map KS(M ) — Ko(M) defined by the
natural projection n: M — M. Consequently, a major ingredient in the
proof of commutativity of (6.3) is the following result (a special case of
such commutativity), which can be stated without specifically bringing
topological K-homology.

Proposition 6.1. We have a commutative diagram:

KO(M1) ;
(6.4) Ao b N
Ko(M) T Ko(M)
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Before we give a detailed proof of Proposition 6.1, let us note that
it immediately reduces the general problem of computing the index of
a pseudodifferential operator to the computation of the index of Dirac
operators. If Ey and E; are complex vector bundles over M, and

(6.5) P: C®(M, Ey) — C®(M, E,)

is an elliptic pseudodifferential operator, whose principal symbol provides
a clutching map to define a vector bundle

(6.6) E - M,
and if
(6.7) Dg: C®(M,S, ® E) —» C*(M,S_QE)
is the associated Dirac operator, then the content of Proposition 6.1 is that
(6.8) n.[De] = [P] € Ko(M).
Since the index is obtained via the unique map to a point:
Ko(M) —=— Ko(M)

|
\Ko(pt-) =1

then (6.8) implies
(6.9) Index P = Index Dg.

Formula (6.1) for the index of a Dirac operator gives the general index
formula

(6.10) Index P = (ch(E) U Td(TM))[M].

The reducibility of the general index problem to that for Dirac operators is
well known, but it seems to be accomplished most directly via Proposition
6.1. This analysis also explains why the general index formula has such a
close formal resemblance to the index formula for Dirac operators, as op-
posed say to signature operators. It is a happy coincidence that very simple
and accessible direct proofs of the index theorem for Dirac operators have
recently become available [26], [27], [9].

Our proof of Proposition 6.1 will make use of Lemma 4.13, proved in
[7], which states the following. Consider

(6.11) Py € Ki(S*M),
the pseudodifferential operator extension,

(6.12) 0 — % (H) —» OPS’ (M) — C(S*M) — 0
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where H = L*(M). Then there is a natural commutative diagram
K%(S* M) Ps
(6.13) NPy |
K\(S*M) =57 K(M)
having the following property. If 4 € OPS™(M) is an elliptic selfadjoint
operator defining a class [4] € K| (M), A: C®°(M, Ey) — C*(M, E;), and
if E, — §*M is the vector subbundle of n*Ey — S*M which is the direct
sum of the positive eigenspaces of the symbol of 4, then

(6.14) M (Ex NPy) = [A] and p.(E.]) = [A].

In view of the identity (4.43) proved in Proposition 4.7, we can replace
Py by [D] in (6.13), where D is the Dirac operator on S*M, with its
natural spin‘-structure. It is in this form that we will use (6.13) below.

We can prove Proposition 6.1 by replacing M by S! x M in (6.13), using
the injection

(6.15) Ko(M) 28 Ky (S* x M)

described in §5, and its analogue with M replaced by M, together with the
identification
S*(S'xM)=S"'x M.
Then (6.13) yields the commutative diagram:
K%(S'x M),
n(D sl X M] Y
Ki\(S'x M) 2% K (S x M)
We also have the following commutative diagrams, with j: S' x M — M
the natural projection:
KON —L— KO(S! x )
n[DM]l ln[DSlXM]
Ko(M) 22 K\(S! x M)
Furthermore,
KO(M) —— K°S' x M)

i |-

Ko(M) =22 K\(S! x M)
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and also
Ko(M) —22 K\(S! x M)

~| |

Ko(M) -2t K\(S' x M)

A straightforward diagram chase shows that the diagram

I<0(1f4)_"a_>1<0(M)\@bl/L
ﬁ[DM] l K](Sl X M)
Ko(M)—2Ko(br) 27

is commutative, and the injectivity of (6.15) completes the proof of Propo-
sition 6.1.

We also point out that Proposition 3.8 of Connes-Skandalis [21] gives a
result related to Proposition 6.1; in fact their result applies also to families
of elliptic operators.

A. Boundary conditions of Atiyah-Patodi-Singer type

As we indicated at the end of §3, there are boundary conditions defin-
ing closed extensions of elliptic differential operators which satisfy all the
hypotheses of Proposition 3.1, except that the boundary conditions are not
local. In such a case the compactness result of Proposition 3.1 need not
hold. Since there are important examples of this phenomenon which occur
naturally, we give some further discussion here. Before discussing details
we emphasize that the closed extensions considered here do fall within the
framework of §2, giving cycles in KK (Cy(M), C).

The operators we consider here are closed extensions of an elliptic op-
erator of first order D on M, a compact manifold with smooth boundary,
given by a boundary condition Qu = 0 on 8 M, where Q is an orthogo-
nal projection in OPS°(6M ) which has the same principal symbol as the
Calderon projector associated to D. This class of boundary problems in-
cludes those, which we denote D,ps, investigated by Atiyah, Patodi, and
Singer [2], who pointed out the role of a nonlocal invariant, the eta in-
variant, associated to an operator on M, in the formula for the index
of Daps. The prescription of §3 does not generally define a cycle for
Ko(M,0 M) in this case. If it did, the Fredholm property would actually
produce an element of Ky(M), and 0[Daps] would equal 0 in K;(0M).
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Since [Daps] = [Dmax] in KK(Co(M),C) ~ Ko(M,d M), we see this is im-
possible whenever it can be verified that [Dpax] # 0 in K (O M), a result
that frequently occurs, as we have noted in §4. On the other hand, Daps
does produce a cycle for KO(2,2%/Co(M)), where A is Co(M) with the
identity adjoined (as a constant function on M), and hence an element
of Ko(M*#), where M* is obtained from M by collapsing O M to a point;
M?* is thus typically a space with a conic-type singularity. We denote the
associated element of Ko(M*) by {Daps}-

As an example of this last phenomenon, we consider in detail a family
of operators on the unit disc Q = {z € C: |z| < 1}, defining a family of
homology classes in Ky(S2). Take

(A.1) D=08/0Z on Q.
Then [D] = [Dmax] € Ko(R,0Q), with 8Q = S'. Define operators Dy, by

n<k

(A.2) Dom(Dy,) = {u EH'(Q): ulg =) ane "’9}

Thus each Dy is defined by a nonlocal boundary condition like that of
Atiyah-Patodi-Singer, and

(A.3) Index Dy = k + 1.
In this case, Q* = Q/9Q = S?, and we have
(A.4) {D(k)} (S Ko(Sz).

We can get an explicit hold on these elements by considering the following
commutative diagram with exact rows:

Ko(S") — Ko(Q) = Ko (@, §1) — 2Ky (') —0
/ R [D]l

0— Kopt) = Ko(S?)—1—Ko(S?, pt.) —— 0
ind w
{Du}

One has an isomorphism

ind ® n: Ko(S?) — Ko(pt.) ® Ko(S?, pt.),
(A.5) Il
z

(A.6) (lnd® n) {D } = k +1, [Dmax])
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Note also that, if & denotes the Dirac operator on S2, associated to its
complex structure, defining

(A7) [2] € Ko(S?),
then
(A.8) n[2] = [D] € Ko(Q, ') ~ Ko(S?, pt.).

Since Index Z = 1, we have the identity
(A.9) [Z2]1={Dg} in Ko(S?).

In this case, Z = 9, taking O-forms to (0, 1)-forms, and IndexZ = 1
is a special case of the Riemann-Roch theorem. The sphere S2 also has
a spin structure, with associated spin‘ structure differing from the one
above by a factor of a line bundle whose square is the canonical bundle.
The associated Dirac operator &' then satisfies Index 2’ = 0, so [D'] =
{D(-p} in Ko(S?).
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