THE INDEX OF ,-PSEUDODIFFERENTIAL OPERATORS ON
MANIFOLDS WITH CORNERS

PAUL LOYA

ABSTRACT. On compact manifolds with corners of arbitrary codimension, we
characterize those ‘multi-cylindrical end’ (or b- type) pseudodifferential op-
erators that are Fredholm on weighted Sobolev spaces and we compute their
indices. The index formula contains the usual interior term manufactured from
the local symbols of the operator and also contains boundary correction terms
corresponding to eta-type invariants of the induced operators on the boundary
faces.

1. INTRODUCTION

The purpose of this paper is to characterize and give an index formula for b-
pseudodifferential operators on compact manifolds with corners (of arbitrary codi-
mension) that are Fredholm on weighted Sobolev space domains. The main appli-
cation of these results is to study the Fredholm properties of perturbed b-differential
operators (e.g. Dirac-type operators) on weighted Sobolev spaces.

The origin of these considerations began with Melrose’s interpretation of the
Atiyah-Patodi-Singer index formula in the framework of his b-geometry, cf. [1, 2,
24], which we now review. Let X be an even-dimensional compact manifold with
boundary. Let g be a Riemannian metric on the interior of X such that in some
collar X = [0,1), x Y of the boundary Y = 09X, the metric takes the form g =
(%)2 +h,, where h,, is a smoothly varying family of metrics on Y. Such a metric is
called an exact b-metric and it gives X the geometric structure of a manifold with
an ‘asymptotically’ cylindrical end. Indeed, the change of variables t = log p turns
the interior of the collar [0,1), x Y into (—o00,0); x Y and the metric g = (%OE)2 +h,

into the cylindrical type metric g = dt? + h:. Note that as t — —oo, the metric g
approaches the product cylindrical metric dt? + hy exponentially. In this sense, X
has an asymptotically cylindrical end.

Let 0F: C*®(X,ET) — C°°(X, E™) be a Dirac operator associated to g, where
E* and E~ are the chiral parts of a Clifford bundle over X, and let dy denote
the Dirac operator on Y induced by d%. Then (see [24]) the kernel of Jy is ex-
actly the obstruction to 3+ being Fredholm on its natural domain. More precisely,
Oy is invertible if and only if 07: H} (X, E') — L}(X,E~) is Fredholm, where
H} (X, ET) is the natural Sobolev space domain of 3", in which case the following
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formula for the index holds:

b
(1.1) indd+ — / AS - %n@y),
X

where AS is the Atiyah-Singer density and n(dy) is the eta invariant of dy. The
integral be AS represents a ‘regularized’ integral since AS is not integrable on X.
The formula (1.1) generalizes the work of Atiyah, Patodi, and Singer in the seminal
paper [1] for the product case near the boundary.

On weighted Sobolev spaces it turns out that there are no obstructions to making
the Dirac operator Fredholm [24]: Whether or not 0y is invertible, there is an € > 0
such that for all real numbers a with 0 < || < €,

O p*HNX,EY) — p*Li(X,E7)

is Fredholm and if ind,, 8 denotes the index of this map, then
b
1
(1.2) ind, 01 = / AS — 3 [n(0y) + sgn« - dim ker 9y .
X

The special case of o > 0 gives the ‘extended’ L?-index theorem. Generalizations
of the L?-index theorem have been investigated by many authors, see for instance
[7], [38], [3], and for singular manifolds in [5], [36], [9], [4], [8].

The elliptic theory of Dirac operators, and totally characteristic (or b-type) dif-
ferential operators more generally, can be investigated through appropriate spaces
of pseudodifferential operators. Such operators have been studied by many authors;
to name a few, Egorov and Schulze [6], Melrose [24], Melrose and Mendoza [26],
Plamenevskij [32], Rempel and Schulze [33], and Schulze [35]. The operators we
focus on are the b-pseudodifferential operators of Melrose. These operators extend
to manifolds with corners of arbitrary codimension [29], [28].

Let A € U}J"(X,E, F) be an elliptic b-pseudodifferential operator of order m €
R* acting between sections of vector bundles over our manifold with boundary
X. The Fredholm condition on such an operator on its natural Sobolev space
domain is well-known (cf. Kondrat'ev [16]), A: H"(X, E) — L?(X, F) is Fredholm
if and only if its normal operator Ny (A)(7) is invertible for each 7 € R, where
Ny (A)(7) is a family of pseudodifferential operators on the boundary Y depending
holomorphically on 7 € C. Using this result, one can show that there are no
obstructions to making an arbitrary elliptic operator A € ¥}*(X, E, F') Fredholm
on weighted Sobolev spaces [24]: If A, = p~*Ap®, then there is an € > 0 such that
for all & € R with 0 < || < &, Ny (Aq,)(7) is invertible for all 7 € R, which implies
that A,: H"(X,E) — L3(X, F) is Fredholm. That is, for all o with 0 < |a| <,

is Fredholm. If ind, A denotes the index of this map, then Piazza [31] gives the
following generalization of the APS formula (1.1):

b
. 1
(1.4) indy A = / wa, — =n(Ny(4a))-
x 2
Here w4, is the ‘analytic’ Atiyah-Singer density of A, manufactured from finitely
many homogeneous terms in the local symbol expansions of A,, and is defined as
the constant term in the difference of the small time fiberwise trace asymptotics of
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the heat operators for A% A, and A, A%. The term n(Ny (A )(7)) is related to the
eta invariant introduced in [25], and is a certain regularization of the integral

H(V (4)) %2 [ TH(D, Ny (4a)(7) Ny (4a)(7) ),
where d7 = dr/27. This eta term represents a ‘winding number’ of Ny (A4, )(7).
A key difference between the formulas (1.2) and (1.4) is that each term in (1.2)
is constant under small variations in a, whereas each term in (1.4) changes under
small variations in «, but where the difference of the terms is of course constant. We
remark that in [19, 21], the index formula (1.4) is extended to b-pseudodifferential
operators on compact manifold with corners; Lauter and Moroianu [18] give a cusp
version in the spirit of Melrose and Nistor [27]. However, there are some drawbacks
to the formulas in [19, 21], [18]. The first is that the operator (1.3) is assumed
Fredholm without conditions guaranteeing this, and second the formula (1.4) still
has varying terms with the weight a.

A couple related questions arise: Is there a condition characterizing those elliptic
b-pseudodifferential operators on a compact manifold with corners (of arbitrary
codimension) to be Fredholm on weighted Sobolev spaces and is there a formula with
nonvarying terms (corresponding to (1.2)) for the index of such b-pseudodifferential
operators on weighted spaces? The answer to the first question is given in Theorem
1.1 below and the second in Theorem 1.2. Based on the manifold with boundary
case, it might seem that an elliptic b-pseudodifferential operator on a manifold
with corners could always be made Fredholm by considering it on weighted Sobolev
spaces. Perhaps surprisingly, this is not true as we now describe.

Let X be a compact manifold with corners and let Hy, ..., Hy be any fixed order-
ing of its boundary hypersurfaces with corresponding defining functions p1, ..., pn-
Then p = p1---pn is a total boundary defining function of X. A codimension k
face of X is a nonempty component of the intersection of k hypersurfaces of X;
the set of such faces is denoted by My (X). A multi-index « is just a set of N
real numbers a = {a1,...,ayx}, in which case we define p* = pi"* --- p{~. The
notation o = {ay; H € M1(X)} is also common. Manifolds with corners and
b-pseudodifferential operators are reviewed in Section 2. Let A € U}*(X, E, F) and
M € My(X). Then there is a naturally induced entire family of operators, called
the normal operator of A at M, Ny (A)(7) € ¥7(M, E, F) depending on 7 € C¥,
where F and F' here denote the restrictions of F and F', respectively, to M. It
is well-known that these families at all codimension one faces of X determine the
Fredholm properties of A on (unweighted) Sobolev spaces if A is elliptic (Theorem
2.3). On weighted Sobolev spaces, those normal operators on the codimension two
faces are the determining factors.

Theorem 1.1. Let A € U)"(X,E,F), m € RT. Then there is an € > 0 such that
for all multi-indices o with 0 < |a| < €,

(L5) A: g HJ'(X, B) — pL3(X, F)

is Fredholm, if and only if, A is elliptic and Ny (A)(T): H"(M,E) — L%(M, F)
is invertible for each M € My(X) and 7 € R2.

Here, 0 < |a| < € means 0 < |ay| < € for each H € M;(X). For Dirac-type
operators, Theorem 1.1 is quite explicit (see Theorem 3.8). Now that we have
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characterized such Fredholm operators, what is the formula for the index of a b-
pseudodifferential that is Fredholm on weighted Sobolev spaces? The second main
result of this paper expresses the formula (1.4) in terms of unperturbed data, that
is, each term is constant under small variations in «, and we generalize this index
formula to operators on manifolds with corners of arbitrary codimension.

Theorem 1.2. Let A € (X, E, F), m € R", and suppose that the conditions of
Theorem 1.1 are satisfied and let ind, A denote the index of the map (1.5). Then,

. b 1 1,
o A = [ wa = 3 {1+ sgn(a) Sk (N(A) + 5}~ e

We now give a short description of each term in this formula; Section 3.2 contains
the precise descriptions. Just as in the manifold with boundary case, w4 is the
‘analytic’ Atiyah-Singer density of A manufactured from the local symbols of A.
The term % is the sum over each hypersurface of X of regularized ‘b-’eta invariants;
these invariants reduce to the usual ones in the Dirac case (Theorem 3.8). The
term sgn(a) - tk(N(A)) is the sum over all the ranks of the poles of the inverses of
the normal operators of A at the hypersurfaces with + signs at a hypersurface H
determined by sgn(ag). The term § depends on the principal symbol of A restricted
to the hypersurfaces and on the poles of the inverses of the normal operators of A at
the hypersurfaces. [ is in general nonzero, but vanishes in case A is a b-differential
operator modulo a term of lower order. Finally, %jc represents the sum of all the
b-eta invariants at all the codimension k faces of X with k > 2.

Many authors have worked on similar index theorems on manifolds with corners;
we only mention a few whose work is most directly related. Already mentioned
are the works [19, 21] and the cusp version of Lauter and Moroianu [18]. Miiller
[30] gives an index formula for Dirac operators on manifolds with corners up to
codimension two under the assumptions of Theorem 1.2, which for the case of Dirac
operators are just that the induced Dirac operators on the corners are invertible.
Without this nondegeneracy assumption, a signature formula was proved in [15]
by Hassell, Mazzeo, and Melrose, using the techniques of analytic surgery [14],
and Salomonsen [34] gives a similar formula by considering a related problem on a
manifold with wedge singularities. Finally, in joint work with Melrose [22], we give
an index formula for Dirac operators perturbed by b-pseudodifferential operators of
order —oo; in this case all the terms in Theorem 1.2 involve only the Dirac operator
and certain Lagrangian subspaces of the null spaces of the corner Dirac operators.

In Section 2 we give a very ‘hands-on’ description of the b-calculus on manifolds
with corners, avoiding the machinery of ‘blow-ups’. In Section 3 we prove sufficiency
in the Characterization Theorem 1.1. We also state the Index Theorem 3.4 with
precise descriptions of each term in the formula and we give various applications of
the index formula; for instance, we give conditions under which the § term vanishes
and we also apply our formula to Dirac operators. In Section 4 we prove our Index
Theorem. Here we rely heavily on the structure and asymptotic properties of the
heat kernel proved in the earlier paper [21] to carefully analyze the b-eta invariants.
These asymptotic properties are proved using techniques similar to Grubb and
Seeley, cf. [37, 13, 12]. Lastly, in Section 5 we prove necessity Theorem 1.1.

Finally, I want to take this opportunity to thank Richard Melrose for his support
throughout the years and for many helpful discussions.
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2. THE b-CALCULUS ON MANIFOLDS WITH CORNERS

We review some topics on the b-calculus on manifolds with corners. For nota-
tional simplicity we restrict our attention to b-pseudodifferential operators acting
on functions, but of course everything can be done with vector bundles too. For
more on these topics, see [23], [24], [11], or the appendices of [29] and [28].

2.1. b-pseudodifferential operators. A compact topological space X is called an
n-dimensional compact manifold with corners if there is an n-dimensional manifold
without boundary X containing X and smooth functions pi,...,pn on X such
that X = {p;, > 0;¢ =1,...,N}, dp; # 0 on H; := {p; = 0}, and such that
each boundary hypersurface H; is connected. We shall fix the boundary defining
functions {p;} once and for all throughout this paper. Let p be a point in X and
suppose that p;,,...,p;. are all the boundary defining functions that vanish at p.
Because dp; # 0 on H;, if x = (p;y, ..., pi.), then on a neighborhood of p we have
a decomposition

(2.1) X 20,e)f x R"™F, some € > 0,

whence the name manifold ‘with corners’. A codimension k face, k > 1, of X is a
nonempty connected component of the intersection of k£ hypersurfaces of X. The
set of such faces is denoted by My (X) and the collection of all faces is denoted by
M’'(X). In particular, a hypersurface is just a codimension one face of X. The
largest k where M (X) is nonempty is called the codimension of X.

A b-measure is a density on X of the form p~!x a smooth nonvanishing density
on X, where p = p; - -+ py is the product of all the boundary defining functions for
X, called a total boundary defining function. Henceforth we fix a b-measure m.

We now describe the small calculus. Let C'™ (X) denote the space of smooth
functions on X that vanish to infinite order at the boundary of X. We first define
the space ¥, °°(X) as operators R on C°°(X) described in local coordinates as
follows. Let U and U’ be coordinate patches on X of the form given in (2.1). (We
allow £ = 0 in (2.1); this just means that the coordinate patch is located in the

interior of X.) Let x = (z1,...,x¢) denote those boundary defining functions, if
any, that are common to both coordinate patches U and U, so that
(2.2) U=[0,6)5 xV, W =]0,6)" xV,

where V and V' are also of the form (2.1) and where £ may be zero. Let y denote
the coordinates on V and 3’ the coordinates on V. Then given any open set W with
compact closure in U/, for any u € C* (X) having support in W, the restriction of
Ru to U is of the form

x
(2.3) Ru= // k(x, ?,y,y’) u(@’,y ) mz’, '),

where z/x’ = (x1/, ..., z¢/x}) and where k(z, z,y, ') has the following regularity
properties: It is smooth in all variables, vanishes to infinite order with all derivatives
at any z; = 0 or as z; — 0o, and vanishes to infinite order at any y; =0 or y, =0
if these sets represent boundary hypersurfaces of X.

We now consider the general case. An element A € U};*(X), m € R, is an
operator on C’OO(X ) described in local coordinates as follows. Let U and U’ be
coordinate patches of the form (2.2) and let W be an open set with compact closure
in W. If U and W are disjoint, then given any u € C*(X) having support in W, the



6 PAUL LOYA

restriction of Au to U is given by an operator R € ¥, *°(X) as in (2.3). Suppose
now that U = W'. In this case, U = [0,€)5 x Ry~“. Then there is a function
a(z,y,§), smooth in (z,y) € U and a classical symbol of order m in &, such that
given any u € C™ (X) having support in W, we have

(2.4) Au:/ 2 e a(x,y, &) U(E) d,

where & = (&1,...,&), € = (Epq1,....&n), € = 2 .. € and U(€) is the
Mellin transform in x and the Fourier transform in y of w,

(2.5) 5(5)=Ax’igle*iy'fl/uw,y)i—ﬁdy.

For technical purposes we also need to assume that a(z,y, ) with all its derivatives
extends to be an entire function of ¢’ and for | Im &’| bounded by any fixed number,
is a classical symbol of order m in £ as | Re¢’|, || — oco. The space ¥}*(X) is called
the small calculus of b-pseudodifferential operators of order m. It also turns out
that any A € ¥7"(X) defines a continuous map on C*(X). Authors often refer to
b-operators in terms of their Schwartz kernels. Observe that combining (2.4) and
(2.5), we see that the Schwartz kernel of A on the product X x X near the diagonal
is of the form
(2.6) K4 = ZNE iy-y)e” da’

. A7/<.’L‘/> € a(l’,y,f)dg ! dy7
where (z,y) are coordinates on the left factor of X and (z,3’) are the same co-
ordinates on the right factor of X. Introducing ‘logarithmic coordinates’ w =
(logz1,...,logxze,y), we can write this as

(2.7) K= / W€ oz y £) dE - du,

which looks like the Schwartz kernel of a ‘usual’ pseudodifferential operator.

The space of b-pseudodifferential operators share many properties with the usual
pseudodifferential operators. For example, Diffy"(X) C ¥}"(X), where Diff;"(X)
is the space of totally characteristic differential operators, and the space of b-
pseudodifferential is a symbolically filtered *-algebra of operators. Thus, it is closed
under taking adjoints and compositions, and there is a principal symbol map pre-
serving these operations obtained by taking the leading homogeneous term of each
symbol a(z,y,&) in the local representation (2.6). The principal symbol turns out
to be a function on the b-cotangent bundle "I'* X of X minus the zero section [24].
An operator A is said to be elliptic if its principal symbol is invertible. The space
L%(X ) consists of those functions on X that are square integrable with respect to
m; this space is defined independent of the choice of b-measure. For any m € R, the
Sobolev space H{™(X) consists of those distributions u on X such that Au € L}(X)
for all A € UP*(X). We also define H°(X) = H"(X). Any A € ¥"(X)
defines a linear map

meR

A Hy'(X) — Lj(X),
which is continuous with respect to the ‘obvious’ topologies [24]. We note that by
convention, the words ‘Fredholm’ or ‘invertible’ mean with respect to their natural,
that is unweighted, Sobolev space domains unless explicitly stated otherwise.
Unfortunately, Uy (X) is not spectrally invariant in the sense that this set is
not closed under inversion, when inverses exist. Inverses are in the calculus with
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bounds, which we now describe. Let § > 0. We define \IJ;OO’G(X) as those operators
R such that with respect to coordinates of the sort described in (2.3), we can write

Ru= [ k(o 2 ) ulel ) mia' ),

where k(z,z,y,y’) has the following ‘boundedness’ properties: It is smooth for
z,y,y’ in the interior of X and in z > 0, and there is an € > 0 such that given any
constant coefficient b-differential operator P in the variables z, 2z, y, y’, the function
(Pk)(z, z,y,y") is bounded for all z, z, y,y’, continuous at each z; = 0, vanishes to
order zf+8 and z;97¢

O0+e

; at each z; = 0 and as z; — oo, respectively, and vanishes to
order vy,

9% at any y; = 0 and (y})?*¢ at any y, = 0 if any of these sets represent
boundary hypersurfaces of X. This definition of the calculus with bounds is not as
fine as that found in [22, 20, 21], but we shall not need the extra structures found
in these papers. For any m € R, we define

T 0(X) = TP (X) + T, 2 (X).

These spaces form the calculus with bounds and they too form an algebra in the
sense that W™ (X) o U % (X) c 0™ % (X)), where §” = min{6, 0'}.

2.2. Parameter-dependent operators and the normal operator. Let S ¢ C*
be a horizontal strip, a subset S C C¥ of the form S = {r € C¥; a < Im T < b} for
some a,b € [—o0, co]¥. Here, for any v, w € [~00, 00]¥, we define v < w if and only
if v; < w; for each i = 1,..., k. For instance, C* itself is a horizontal strip.

If m € R, then we define the space W}’s(X) as those operators A(7) € ¥j*(X)
depending holomorphically in 7 € S such that in local coordinates of the sort
described in (2.3) and (2.4) (but now with the terms depending on the extra pa-
rameter 7), the operator R(7) and symbol a(x, y, 7, &) have the following properties:
Let a < @’ < b < b. Then R(7) vanishes in the topology of ¥, *°(X) to infinite
order with all derivatives in 7 as |Re7| — oo with ¢/ < Im7 < ¥, and where
a(x,y,,§) is, with all its derivatives in z and y and for |Im¢&’| bounded by any
fixed number, a symbol of order m in (7,£) as | Re 7| — oo with o/ <Im7 < ¥ and
[Rel'|, |€"] — oco. Given 6 > 0, it is also possible to define a calculus with bounds
space \I/;go’e(X), see [22]. Finally, we define

m,0 m —00,0
Uy's (X) = Uyicn (X) + 0y 577 (X).

Using the techniques of the b-calculus, see the appendix of [29], one can establish
the following lemma.

Lemma 2.1. The space \I/;; (X) is closed under composition; and under inversion

in the following sense. Let A(T) € \IIZ?ée(X) and suppose that A(T) is invertible for

T on some horizonal plane {Im7 = ¢} in the strip S. Then there is a horizontal
strip S’ C S containing the plane and a 6' > 0 such that A(t)~! is defined for

TS and A(r)"' € U, 07 (X).
Let M € My(X) be a component of H;, N---N H;,, where iy < -+ < i, s0o

that p;,,...,p;, are defining functions for M. Then near M (cf. (2.1)) we have a
decomposition

(2.8) X0, x M, x=(pi,,...,pi)
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Given A € U}'(X), the normal operator of A at M is defined as follows. Given a
function v € C*°(M), let u € C°°(X) be any smooth function such that u|y = v.
The properties of the small calculus imply that given any fixed 7 € C*, the function
27" A(2""u) defines a smooth function on X. Restricting this function to M defines
the normal operator of A:

Nar(A) () == (x—”A(x”u)) ‘M

This operator is defined independent of the choice of extension u. In local coordi-
nates Njs(A)(7) is simple to describe. For instance, consider a coordinate patch
U = [0,¢)& x RZ’Z on X where z equals the first k£ coordinate functions of Z and
where the Schwartz kernel of A is given on a compact neighborhood in U x U by

(ct. (2.6))

ig’ ~/
. ’ 1" d
Ka= / (f) ¢ (5 y, €) de - Tdy
T X

Writing # = (z,7), we have U = [0,€)® x U where U = [0,6)27’6 x R*¢ is a
coordinate patch on M. Let & = (71,..., ks M1, -+, Mn—k). Then,

ir /AN o de’ dil
(2.9) Ka :/(E,) (%) e (e, gy, ) drdy - S Py

where ' = (91,...,m—k) and 0 = (Ne—k+1,---,Pn—k). Then by definition of the
normal operator, it seems reasonable, and in fact can be proved, that the Schwartz
kernel of Ny (A)(7) in a compact neighborhood in U x U is given by

y K ity—y')n" ~ dy' .,
Ky ayr) = ) a(O,y,y,T,n)d‘n?dy,

Properties of the normal operator can be found in [22], [17], or [29]. From this
explicit description of the Schwartz kernel of Nj;(A)(7) (at least near the diagonal
of M x M and with a similar analysis in coordinate patches away from the diagonal)
and the definition of our parameter-dependent operators above, it follows that
N (A)(7) € Uyer (M). Moreover, it readily follows that

(2.10) Nu(A*)(1) = Nu(A)(T)", Nu(AB)(1) = Nar(A)(7)Nar (B)(7)

for any B € \I/Z”,(X ) and all 7 € C*. For instance, to prove the composition
property, let u be an extension of v as before, and note that

Ny (AB)(1)v = (x_iTABx”u) ’M = (x_iTAm” (m‘"Bx”u) )‘M
= Ny (A)(7) ( (xiiTBasiTu) ’M )
= Nar(A)(7)(Nar (B)(7)v).

The following convenient formula, which follows directly from the definition of
normal operator, is used throughout this paper. If « is a multi-index, then

(2.11) Nar(p~*Ap™)(1) = 0 " Nur(A) (7 — i)o”
where v = {a;,,..., 05, }, B={a;; j #41,... .4k}, and

(2.12) 0= H pilar, o’ = H /)?j\M-

Al JFUL ik
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The normal operator also extends to the calculus with bounds. In the following
lemma we summarize some of the main properties of the normal operator.

Lemma 2.2. If M € My (X), then for any ¥,

97 Nyg: O (X) — | uy's M (),
e>0
where S, is the strip: —0 —e < ImT1; < 0 4+ ¢e. Moreover, with ¥ = 0, Ny is
surjective and satisfies the properties (2.10).

2.3. Fredholm properties and the b-trace. In this section we list some Fred-
holm properties of b-pseudodifferential operators. Proofs can be found in the appen-
dix of [22]. The following theorem characterizes Fredholm operators on nonweighted
Sobolev spaces.

Theorem 2.3. Let A € U}*(X), m € RT. Then the following are equivalent:

(1) A: H(X) — L3(X) is a Fredholm.

(2) A is elliptic and for each H € M1(X), Ny (A)(7) is invertible for all T € R, in
which case Ny (A)(T)~! € W, &"°(H) for some e >0 and some horizontal strip
S containing R (cf. Lemma 2.1).

(3) A is elliptic and for each M € Mp(X), k > 1, Ny (A)(7) is invertible for all
T € R, in which case Ny (A)(1)™1 € W, (M) for some e > 0 and some
horizontal strip S containing R* (cf. Lemma 2.1).

We note again that by convention, the words ‘Fredholm’ or ‘invertible’ mean with
respect to the natural, that is unweighted, Sobolev space domains unless explicitly
stated otherwise. The next theorem describes the generalized inverse of Fredholm
operators.

Theorem 2.4. If A € U)"(X), m € RT, be Fredholm. Then its generalized inverse,
G, is in the full calculus: G € ¥, ™°(X) for some ¢ > 0. Here, the generalized
inverse is defined by the equations

AG=1d-1I;, GA=1d -1,

where Iy and I1; are the orthogonal projections onto the null space and off the range
in H"(X) and L?(X), respectively. Moreover, ker A C p* H{°(X), and coker A =
ker A* C p*H°(X).

Finally, we describe the b-integral and b-trace. It turns out that elements of
U, °°(X) are not trace class. Indeed, consider the Schwartz kernel of an element
R € V,%°(X) given in the coordinates (2.3),

x
KR = k(iE, ;7 Y, y/) m('rl7 y/)
Then restricting to the diagonal, we see that

Kp D k(m,l,y,y) m(z,y), 1=(1,...,1) (k ones).
iag

Because k(z,z,y,y’) is only assumed to be smooth at & = 0 and m has factors of
x;l, the integral [ v K R|Diag’ where we identity the diagonal with X, in general
does not exist. However, such operators do have a b-trace as we now define. Let

CfZ{Zz(zl,...,zN) e CN; Rez; >0 for all i}.
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Given any function u € C*°(X), it is straightforward to prove that the integral
/ prum,  pt =t pt,
X

is well-defined for z € (Cf and extends to be a meromorphic function of z for z
in all of CV. We define the b-integral of v over X to be the regular value of this

family at z = 0,
b
/ um = Regzzo/pzum.
b's

Given R € U, *°(X), we define the b-trace of R by

b
ITrR::/ Kgr
X

The b-trace is also defined on elements of U}*(X) with m < —n = —dim X. The
following theorem is proved in [22], and it gives a formula for the defect in the
b-trace of a commutator.

Diag '

Theorem 2.5. If A € UJ*(X) and B € U}¥ (X) with m +m’ < —n, then

(2.13) T[4, Bl = - ) "Tr(DENy(A)(T) Nar(B)(7) ) dr,
Mem(x) /R

where dt = dr/(2m)* and D% = D, --- D, with D;, = 10.,, and the sum is over
every k > 1 and M € My(X).

3. AN INDEX FORMULA FOR b-PSEUDODIFFERENTIAL OPERATORS

In Section 3.1 we prove sufficiency in Theorem 1.1. Then in Section 3.2 we state
the index theorem giving a precise description of each term in the formula. Finally,
in Section 3.3 we give various applications of the index formula.

3.1. The Fredholm condition on weighted Sobolev spaces. In Proposition
3.3 below, we give a sufficient condition on which an operator is Fredholm on
weighted Sobolev spaces. In Section 5, we show that this condition is also necessary.
Proposition 3.3 was given in [22], but as the lemmas used in its proof are needed
later we provide a complete proof here. We begin with the following lemma.

Lemma 3.1. Let A € V"(X,E,F), m € RY, be elliptic. Let M € My(X) with
k > 1 and let o be the function in (2.12). Then Ny (A)(1) € V' (M,E,F) is
elliptic for any 7 € C* and given any ¢ > 0,

Nar(A)(7): " Hy* (M, E) — oL} (M, F)
is invertible for all T € C* for | Re | sufficiently large with |Im 7|, |B| < c.

Proof. Being elliptic, A has a small parametrix B € ¥, (X, F, E) such that Id —
AB =R, € ¥,*(X,F) and Id — BA =Ry € ¥, (X, E). Hence,

Ny (A)(T)Nar (B)(7) = Id — Nag(Ra)(7)

Ny (B)(T)Npy (A)(7) = 1d — Ny (R2) (7).
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Since Np(R1)(7) (and Nar(R2)(7)) is an operator of order —oo, it follows that
N (A)(7) is elliptic for all 7 € C¥. Conjugating the above equations with appro-
priate factors of o™, we see that

{e 7 Nu ()" H{e P Nu(B) (7)o" | = 1d = ¢~ Nos (R1)(r)e”
{e7Mu(B)()e” [{e Nar(A)(7)e” | = 1d = o~ Nus (Ro)(r)”.

Now we know that as |[Re7| — oo with |Im7|,|8] < ¢, 0 P Nuy(R;)(1)0® — 0
uniformly in the topology of ;. and hence, in the topology of L7. Thus, we can
invert each operator on the right in (3.1) on L? for |Re7| sufficiently large with
|Im 7| < ¢. Our lemma follows. O

(3.1)

Lemma 3.2. Let A € V'(X,E, F), m € R, be elliptic and suppose that for each
M € My(X), Na(A)(7) is invertible for all T € R?. Then there is an € > 0 having
the following properties:

(1) Let M € My(X) with k > 2. Then for all 7 € C* and 3 with |Im7|,|3| < e,
(3.2) 0 Nar(A)(r) % Hy' (M, E) — Ly(M, F)

is invertible, where ¢ is the function in (2.12).

(2) Let M € Mi(X). Then for |B| < e, the operator (3.2) has a meromorphic
inverse on the strip |Im 7| < & with finitely many poles on the real line defined
independent of 3 with finite rank residues of the form 0P K o® where K is the
corresponding residue of Np(A)(7)~L.

Proof. First of all, given M € M(X) with & > 2, we show that Ny (A)(7) is
invertible all real 7. To see this, choose M’ € Ms(X) such that M C M’ and for
any v € R?, define A, := Njy/(A)(v). Then by assumption, A, is invertible and
hence Fredholm, so by Theorem 2.3, all its normal operators are invertible for all
real parameters. In particular, its normal operator at M C M’ Ny (A,)(u) =
N (Nag (A)(v))(uw), is invertible for all real u. Since Nps(Nas(A)) = Np(A), it
follows that Njs(A)(7) is invertible all real 7.

Applying Lemma 3.1 with ¢ = 1 to each face of X, we see that there is an r > 0
such that for each k > 1, the map (3.2) is invertible if | Im 7|, |3| < 1 and |Re7| > r.
Let M € My(X) with k& > 2. Then we know that Ny (A)(7) is invertible for all
real 7. Since the invertible operators form an open set and Nps(A)(7) depends
continuously on 7, it follows that there is a 0 < dp; < 1 such that the map (3.2) is
invertible if |[Re7| < r and |Im 7|, |8| < dpr- Now let M = H € M;(X). We claim
that Ny (A)(7) is Fredholm for all 7 € R. To see this, let M’ be a hypersurface of H.
Then M’ € M5(X) and so by assumption, Ny (Ng(A)) = Ny (A) is invertible for
all real normal parameters. Thus by Theorem 2.3, Ny (A)(7) is Fredholm for all real
7; hence, by analytic Fredholm theory (cf. Theorem 2.4), for some 0 < dy < 1, with
18| < 61, 0PN (A)(7)0” is a meromorphic function on a rectangle |Im 7| < &g,
|Re 7| < r with finitely many poles on the real line defined independent of § with
finite rank residues of the form o ?K¢? where K is the corresponding residue of
Ng(A)(T)7L. Let € be the minimum of all the §,;’s chosen for each M € My (X),
k > 1. This ¢ has all the properties requested and completes our proof. ([

Proposition 3.3. Let A € V]"(X,E,F), m € R, be elliptic and suppose that
for each M € My(X), Np(A)(7) is invertible for all 7 € R%. For e > 0 given in
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Lemma 3.2,
A: p*H™(X,E) — p*L} (X, F)

is Fredholm for all multi-indices o with 0 < |a] < €.
Proof. Let € > 0 be the number given in Lemma 3.2. We shall prove that for
any H € Mi(X), Na(p~*Ap®)(7) is invertible for all real 7 from H{"(H, E) onto
L%(H, F) for all multi-indices a such that 0 < |a| < e. If H = Hj, then with the
notation of (2.11), we have

Ni(p~*Ap™)(1) = 0™ N (A) (1 — ia;)o”.
By Lemma 3.2, this operator is invertible for all real 7 and 0 < |a| < &, which implies
that p~*Ap®: H™(X,E) — L2(X, F) is Fredholm and proves the proposition. [

3.2. Statement of the index theorem. We repeat the index formula presented
in the introduction, but now spelling out all the terms. See Section 4 for the proof.

Theorem 3.4. Let A€ V(X,E,F), m € R, be elliptic. Suppose that for each
M € My(X), Ny (A)(7) is invertible for all T € R2. Then for ¢ > 0 given in
Lemma 3.2, for all multi-indices o with 0 < |a < ¢,

A: p*H™M(X,E) — p®L}(X, F)

is Fredholm. Moreover,

b
ind, A = /X wa — % Z {bﬁH + sgn(ag) Z kg (2) + Bu

HeM, (X) z€specy (A)

Z b77M-
MeM(X)
E>2
We now explain the meaning of each term. As we already know, w,4 is the
‘analytic’ Atiyah-Singer density of A manufactured from the local symbols of A.
The other terms are defined as follows. To describe the last sum, let M € My (X)

where k > 2 and define
(3.3) "ma(t) =2 | "Te(DENw(A)(T) Nar(A) (1)~ Nag(e H447)(r) ) dr,

Rk
where dr = dr/(27)¥ and D¥ = D, --- D, with D., = 10,,. In Lemma 4.2 we
show that %/ (t) has an asymptotic expansion as ¢t — 0 in powers and log-powers
of t1/2™ We define

(3.4) % := constant term in the expansion of %, (t) as t — 0.

We now describe the middle term. Let H € M;(X). Then by Lemma 3.2, the
inverse Ng(A)(7)~! is meromorphic on the strip |Im7| < ¢ with finitely many
poles on the real line with finite rank residues. We define spec (A) C R as the set
of poles of Ny (A)(7)~! on the real line. In particular, we can write

(3.5) DNy (A)(7) Ng(A) (1)t = S(1) + G(1),
where G(7) is holomorphic on the strip and S(7) is of the form

v—1

S =801,  S.m=Y (f(ﬁ

Jj=0
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where the first sum is a finite sum over z in specy(A4), and in the second sum, v
is an integer depending on z and the K, ;’s are finite rank operators. The rank of
the pole at z is the dimension of the singular range of D, Ny (A)(7) Ng(A)(7)~!

(3.6) rkp(2) = :z_;jdim Im<:§_§f<@k>.

The eta term %y is defined like the terms %, but replacing the meromorphic
operator D; Ny (A)(7) Ng(A)(7)~! by its holomorphic part G(7). Thus, setting

(3.7) Y (1) = 2 / P G(7) Ny (=447 ) (7)) dr,
R

in Lemma 4.4 we show that %jz(¢) has an asymptotic expansion as ¢ — 0 in powers
and log-powers of t'/2™ (up to a term vanishing at ¢ = 0); then we define

(3.8) %y := constant term in the expansion of %y (t) as t — 0.

Finally, we describe the third hypersurface term Bg, which depends on the prin-
cipal symbol of A and the singular term S(7). First define the inclusion

d d
LHZbN*H;)bI‘*X, LH<ﬂ) :ﬂ

PH pr
where PN*H is the span of dpy/pg on the hypersurface H. Let a,, denote the
principal symbol of A and set

1t .
(3.9) by = = / e=rir(anat,)(r) 9T ¢ C°°(H,hom(F)),
R

m T

where the b-integral means that the integral is regularized at 7 = 0 as follows:

b r . * *
c e d Vr(amai)(r) _ 1
/ e tiramar) () T _ / — dr
R

T T
. /7}/00 otiramag) () 4T
— 00 r T

One can check that the right-hand side is defined independent of . The function
by is described locally as follows. If [0, €),, X Rg’k_l are local coordinates on X and
H = {z = 0} in this coordinate patch with x representing the boundary defining
function for H, then

-T

b
1 _ * dT
by = — | e~ om(0y:7.0)am(0,y,7.0) ,
R

™ T

where a,(x,y,7,n) is the principal symbol of A in the coordinates. From this
formula it is clear that by is a smooth hom(F)-valued function on H. We define

(3.10) B = Y Tr(buK.o),

z€specy (A)

where K, ¢ is the finite rank residue of D, Ny (A)(T) Ny (A)(7)™! at 7 = 2.
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3.3. Various applications. Before presenting the proof of Theorem 3.4 in Section
4, we give some applications. The following theorem is an immediate consequence
of Theorem 3.4. The formula (3.11) below is called the relative index formula.

Theorem 3.5. Let A€ UV(X,E,F), m € R, be elliptic. Suppose that for each
M € My(X), Ny(A)(7) is invertible for all 7 € R%. Then for ¢ > 0 given in
Lemma 3.2, for all multi-indices o with 0 < || < e,

A: p*H™M(X,E) — p* L (X, F)
is Fredholm. Moreover, given any two such multi-indices o, o, we have

(3.11) indy A—indys A= — Z sgn(ag — oly) kg (2).

sgn ap#sgn oy,
z€specy (A), HEM:(X)

The By terms vanish for many operators. For instance, consider the following.

Lemma 3.6. If v} (amar,)(T) is an even function in 7, then by = 0. In particular,
if m is a positive integer and v5;anm(T) is a polynomial in T of order m, then by = 0.

Proof. Tf v (ama®,)(7) is even, then e~*m(em@m)(7) /7 is odd; hence, the integral
defining by vanishes. O

In particular, the Sy terms vanish if A is of the form P + R where P is a b-
differential operator and R is a b-pseudodifferential operator of order —oco. Here,
R can be thought of as a ‘perturbation’ of P. In this case, we also have wy = wp
since the index density only depends on finitely many homogeneous terms in the
local symbols of the operator. Therefore, Theorem 3.4 implies the following.

Theorem 3.7. Let P € Diff)’ (X, E, F) be an elliptic b-differential operator of
positive order and let R € W, (X, E,F) be such that for each M € My(X),
Nyr(P + R)(7) is invertible for all 7 € R%. Then for some € > 0, for all multi-
indices a with 0 < |o| < g,

P+ R: p*H"(X, E) — p"Lj(X, F)
is Fredholm. Moreover,
b 1
indo (P + R) = / wp — = Z {bﬁH + sgn(ay) - Z rkp(2)
x 2
HeM(X) z€specy (P+R)

N — N~ —

> o,
MeMy,(X)
k>2
where wp is local index density of P, and where g, tky(2), and "y are defined
with respect to the normal operators of A= P + R.

In joint work with Melrose [22], we prove a similar index formula for P a Dirac
operator and R specific b-pseudodifferential operators of order —oo; in this case
all the terms in the index formula involve only the Dirac operator and certain
Lagrangian subspaces of the null spaces of the corner Dirac operators. For now we
shall consider Theorem 3.7 in case P is a Dirac operator and R = 0. For more on
the subject of perturbed Dirac operators, we refer the reader to [22].
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Assume now that X is even-dimensional. A metric on the b-tangent bundle “I"X
is said to be ezact if it takes the form

N
9= Z (Ci)él>2+g/7

i=1 v

where ¢’ € C°(X,T*X @ T*X). Let 07: C*°(X,E*") — C*>°(X, E™) be a Dirac
operator associated to g, where ET and E~ are the chiral parts of a Clifford bundle
over X. Let M € M(X) be defined by p;, and p;, with i; < i, and let X =
[0, €)2 x M near M where z; = pi; and where E? are isomorphic to their restrictions
on M. Then modulo a b-differential operator that vanishes on M, we can write

1
0" = o121D,, + 02 22D, + By, D, = gamjv

where o is Clifford multiplication by dx;/z; and By is the restriction of 3 to
sections on M. By definition of the normal operator, we have

N (35) (1) = (z*ifauif)

o = 017 + 0272 + By,

We call 8y = io9 By the induced Dirac operator on M. Using properties of Dirac
operators, it follows that Ny (0%)(7) is invertible for all 7 € R? if and only if
By is invertible, if and only if 9, is invertible. Consider now a hypersurface
H=H; € M{(X). Let X =[0,¢€), x H be a collar neighborhood of H in X where
x = p; and let By be the restriction of 8" to sections on H. Then we can write

(3.12) Nu(@")(r) = o7 + By =T'[it + 0n],
where o is Clifford multiplication by dz/z, I' = /i, and 0y = ioc By is, by defini-
tion, the induced Dirac operator on H.

The following theorem contains the direct analog of the formula (1.2).

Theorem 3.8. If M € My(X), then Ny (0F)(7) is invertible for all T € R? if and
only if Opr is invertible. Suppose that Dpy is invertible for each M € My(X). Then
for some & > 0, for all multi-indices o with 0 < |a| < ¢,

o O HL(X, EY) — p*L(X, E7)

is Fredholm, and if we denote its index by ind, 0%, then

b
1
ind, & _/XAS 5 E:

{bn(ﬁH) + sgn(agr) - dimker 5H},
HeM,(X)

where AS is the Atiyah-Singer density of F, and where

() = \LF / 17172 Ty D et ) dt,
™ Jo

Proof. We already discussed the equivalence of the statements that for each M €
M>(X), Np(07)(7) is invertible for all real 7 and the invertibility of 3,;. Therefore,
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with the notation of Theorem 3.4, we have

b
ind, 0" :/ wa+ *% Z {bﬁH +sgn(ag) Z rkH(Z)+/3H}
X

HeM,(X) z€specy (A)
1
3 E e

MEM;,(X)
k>2

We analyze each term on the right as follows. To start with, since for any M €
M;.(X), Nar(91)(7) is a degree one polynomial in 7, we have DX Ny (67)(7) = 0 if
k > 2, and so bnM = 0 for k > 2. The analysis in [24] extends from manifolds with
boundary to manifolds with corners showing that wg+ = AS. From Lemma 3.6
we know that the Sy terms vanish. Now by (3.12) and the definition of boundary
spectrum and rank, we have specy (017) = {0} and rky(0) = dimker dy. Finally, it
remains to prove that %y = % (d). To see this, let Iy be the orthogonal projection
onto ker 3y and observe that

/ e (790 ds = TIg (v + 0y~ 7" 00,
t

As D.Ng(®*) (1) Ng(0T)(7)~! = T'(it + 0y) T, using the notation of (3.5),
we have G(7) = Il '(iT + 0) " 'I'~1, and therefore

i (t) = Z/R’Tr(né(ir 4 Oy) et ) gy
=2 /R MTe(DgTIE (72 + 0%) L e 00 ) ar
- Q/R/oo "Tr( Dy Tig e~ ) ) ds dr
t

_L - -1/2 —50%
_ﬁ/t 5 "Tr(dge ) ds.

The ‘odd-dimensional local index theorem’ [24, Th. 8.36] extends to manifolds with
corners and implies that the last integral displayed is continuous at ¢ = 0. This
shows that %z = " (9x) and our proof is complete. O

4. PROOF OF THE INDEX FORMULA

We now prove Theorem 3.4. Let A € ¥J"(X,E,F), m € R, be elliptic with
Ny(A)(7) invertible at all corners M of X of codimension two and for all 7 € R2.
Choose € > 0 as in Lemma 3.2. Throughout this section, we shall henceforth fiz a
multi-index o with 0 < |a| < €. Then setting A, = p~*Ap®,

Ay H'(X,E) — L}(X, F)

is Fredholm and ind, A = ind A,. The merit of working with A, is that A, has a
constant domain while the domains of the weighted Sobolev spaces change with a.
We shall break up the proof of the index formula into three parts: First, in Section
4.1 we use the heat kernel method to find a formula for ind, A in terms of the local
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index density of A, and its eta invariants. Second, we analyze these terms as the
weight parameter tends to zero, which we accomplish in Sections 4.2 and 4.3.

4.1. The heat kernel proof of the index theorem. Since the index is stable
under continuous variations, it follows that

indy, A =ind A, = ind A,,

where A, = p~*Ap® and a is a multi-index with 0 < |a| < € and sgn(a) = sgn(a);
that is, sgn(apy) = sgn(ay) for each H.

Step 1: We compute ind A, = ind, A in the usual way by considering the
“McKean-Singer” function:

(4.1) ha(t) = PTr(e~tAaAa) — bTy(e~tAada),
According to Lemma 7.3 in [20], we have

tlim hq(t) =ind A, = ind, A.

Thus by the Fundamental Theorem of Calculus, for any ¢ > 0,
indy, A — hy(t) = / B (s) ds.
t
Since A% A e *Aata = A*e=s4a4a A, we have
hi(s) = "Te(—Aj Age Ao 4 A, Asem At

(A*_SAA“A+AA*_SAA)
[Aa AZe_SA“Aa].

Ty
Tr[A

To evaluate this expression, we use the trace-defect formula (2.13):
=-> lTr (DENw (Aa)(7) Nar (A3)(7) Nag (e *44%) (7)) dr,
Mem' (xR

where Dﬁ = D7 -+ Dy, with D, =i 1877.. Properties of the normal operator
imply that Nps(e o ALY (1) = e~ N (AaAD(T) (cf. Lemma 4.4 in [19] for manifolds
with corners or equation (7.91) in [24] for the manifold with boundary case), and
that e~ sNm(Aa42)(T) — 0 exponentially as s — 0o since Nys(A,A%)(7) is invertible
for all real 7. Thus,

/too Nag(e™*4e40) (7)ds = Nar(Aa A7) (1)~ Nag (e~ 424 (1),

and so
/t ) - "Tr(DENas (Aa)(7) N (A5)(7) Nag (e A) (7)) dr ds

. "Te(DE Ny (Aa)(7) Nar(AL) (7)™ Nag(e tAeAa) (7)) dr.

Hence, for any t > 0,

. 1
(4.2) indy, A = ho(t) — 3 Z nar(a,t),
MeM’(X)
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where for M € M (X),

4.3)  mar(a,t) =2 R:Tr(DlﬁNM (Ao)(7) Nar(Ag) (7)™t Nay(e7HaAa) (1)) dr.
The analysis leading up to [21, Cor. 6.4] or [20, Cor. 5.54] imply that h,(t) has
an asymptotic expansion as t — 0 in powers and log-powers of /2" and the
constant term is given by °[ w4, where w4, denotes the ‘analytic’ index density
of A, manufactured from the local symbols of A,. Also, by Proposition 4.1 to be
proved shortly, see equation (4.8), "as(a,t) has an asymptotic expansion as t — 0
in powers and log-powers of t'/2™; we denote the constant term by bnM,O(a). Thus,
taking the constant term in the expansion as t — 0 on the right-hand side of (4.2),
we obtain

Step 2: We now take a — 0:

b
. . 1
ind, A = ill% { /X waA, — 5 g bnkI,O(a)}v

MeM'(X)

where the limit as the multi-index a — 0 is taken so that 0 < |a| < € and sgn(a) =
sgn(a). Since wy, is constructed from the local symbols of A, = p~®Ap®, we have
limg_owa, = wa, which implies that

b
. 1.
(4.4) ind, A = /X wa— g i{[}) { g bnMp(a)}.
MeM'(X)

Step 3: Finally, we analyze the limits of the eta invariants, which is done in
Section 4.3. In particular, in Lemma 4.2 we prove that if M € My (X) with k > 2,
then

lim “nago(a) = "na,
a—0

where %)y is defined in (3.4), and if M = H € M;(X), then in Lemma 4.4 we prove
that

lim "io(a) = " + sgn(on) Z rky (2) + Bu,
z€specy (A)
where Y%y is defined in (3.8), tky(2) in (3.6), and By in (3.9). These two limits
together with the formula (4.4) establish our Index Theorem 3.4. The proofs of the
limits of bnM@(a) and anyo(a) as a — 0 turn out to be quite technical, and can be
skipped over without losing continuity in the paper.

4.2. Parameter-dependent trace expansions. In this section we prove a gen-
eral result that will be used in the next section to analyze the smoothness properties
of the functions % 0(a) in the multi-index a.

Proposition 4.1. Let M € M (X) with k > 1 and let Cs(7) € \I/ZL;L&(M, F) depend
smoothly on a parameter s, where m’ € R, § > 0, and S is a strip containing R*.
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Let By € U)"(X,F), m € RT, be elliptic, depend smoothly on the same parameter
s, and have a positive definite principal symbol. Then as t — 0 we have

| VT(Co(r) Nagle™ () ) dr ~ 37 40Fm0/3m 5 (s)
+) (m(s) + ¢(s) logt) 7
§=0

where £;(s), n;(s), and (;(s) depend smoothly on s, and where the log coefficient
¢j(s) is nonzero only if 2mj —m' +n € Ny.

Proof. First of all, by [21] the heat operator e 'Ps exists. It suffices to prove this
proposition for s restricted to any compact neighborhood in its parameter space.
In this case we can choose Cy € \I/Z”,"S,(X, F), for some ¢’ > 0, depending smoothly
in s such that Nps(Cs)(7) = Cs(7) for real 7 (cf. Lemma 2.2). Since the normal
operator preserves composition,

. "Tr( Co(7) Nas(e7HP) (1) ) dr = . "Tr( Nas(Cye B ) (7)) dr.

If M is a component of H;, N---N H;,, then it follows from the definition of the

1k

b-trace (see [22] or [19, Lem. 6.5]) that
(4.5) "Tr(Npr(Cy e B2 ) (7)) dr = Reg,_ozi, - - -zik/ (p* Cs e "B ) |Diag-
RE b

Since C, € \I/Zn/’él (X, F), by Corollary 6.4 in [21],

(4.6) (Cy e Bs)

NZ J+m)/2m§ (s,2) —|—Z (n; (s, @) + ¢;(s,7)logt) t/
7=0

j_fn

for some smooth functions 7;(s, z), (s, ), 1} (s, ) of * € X, where the log coef-
ficient (;(s, ) is nonzero only if 2mj —m’ +n € Ny. Moreover, since the operators
Cs and B; are smooth in s, the analysis in [21] shows that the coefficients in the
asymptotic expansion are also smooth functions in the parameter s. Substituting
the expansion (4.6) into the equation (4.5) now proves the result. O

4.3. Analysis of the eta invariants. We now compute the limits

lin}) naro(a), where M € My(X) with k > 1,

of the eta invariants appearing in (4.4). Recall that ¢ > 0 is chosen as in Lemma 3.2
and a multi-index « is fixed with 0 < o < e. If 0 < |a| < € and sgn(a) = sgn(a),
then by definition,

47) nulat) =2 RfTr(DfNM(Aa)(T) Nar(Aa)(r) " Nag(e o) (7)) dr,

where M € My (X) with k¥ > 1. By Theorem 2.3 and the composition properties
in Lemma 2.1, C,(7) = DENy(A,)(7) Nar(Ag) (7)1 is an element of \I/;g’(;(M, F)
for some ¢ > 0 and some strip S containing R¥. Therefore, applying Proposition
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4.1 with B, = A, A}, whose principal symbol is a,,a}, where a,, is the principal

a’

symbol of A, we see that for fixed a, we have an expansion as t — 0,

48)  mu(a,t)~ Y tUTREME @)+ " (rg(a) + ars(a) logt) ¢
—n<j<k j=0

In the following lemma we prove that %/ (a,t) extends from the a priori assumptions
that |a] > 0 and sgn(a) = sgn(«a), to define a smooth function of the multi-index
a where |a| < ¢ without any conditions on sgn(a). If k& > 2, then we prove that
"ar0(a)la=o = "ar, where Yy is defined in (3.4). If k = 1, then pr0(a)la=o is
much harder to analyze and we leave this case to Lemma 4.4.

Lemma 4.2. Let Yypr(a,t) be the function in (4.7) where M € My,(X) with k > 1,
0 < |a] < &, and sgn(a) = sgn(a). Then nar(a,t) and the coefficients %y j(a),
"ar,j(a), and %ar j(a), extend from the a priori conditions that |a| > 0 and sgn(a) =
sgn(a) to define smooth functions of the multi-index a where |a| < . In particular,
iao0(a) defines a smooth function of a with |a| < e. Moreover, if k > 2, then

b77M,0(“)|a:0 = b77M7 k Z 27
where "y is defined in (3.4).

Proof. Using the notation of (2.11), if M € My (X) is defined by p;,, ..., pi,, then
we can write Ny (p~%Ap?) (1) = 0 PNpr(A)(7 — iv)0® where 3 and v depend on
the multi-index a by v = {a;,,...,a;,} and 8 = {a;; j # i1,...,ir}. Assume that
k > 2. Then by Lemma 3.2, 0~ ? Ny (A)(1 —i€) 0P is invertible for all 7, ¢ € RF with
|€] < e. Thus, for a restricted to any compact subset of |a| < e, even without the
a priori assumptions that |a| > 0 and sgn(a) = sgn(«), the operator

Ca(7) = DNy (Aa)(T) Nar(Aa) (1)1,

is, according to Theorem 2.3 and the composition properties in Lemma 2.1, an
element of \I/;,E"S(M , F) for some § > 0 and some strip S containing R*. Applying
Proposition 4.1 with this C,(7) and B, = A,A*, we see that %s(a,t) has the
expansion (4.8) with coefficients smooth in a.

Assume now that £ = 1 and let us again start with the assumption that 0 <
la| < e and sgn(a) = sgn(«). In this case, the above argument doesn’t apply to
prove the smoothness of s (a,t) or the trace coefficients, since N/ (A)(7) is not
invertible on R. However, we can argue as follows. Using our usual notation for (3
and v, observe that Ny (p~%A4p?)(7) = 0 PN (A)(T — iv)0® and

" Nar(e™H ) ()07 = Nag(e™"P2)(7),
where B, = p? A, AZp~P. Therefore,

" (a,t) = /}RZ’H(DTNM(Aa)(T) Nar(Aa) (1)~ Nag(e o) (7)) dr

(4.9) = /RbTr(DTNM (A)(1 —iy) Ny (A) (1 — i’y)fl N (eftB“)(T)) dr.

Recall that v = aps has the same sign as aps. Assume that sgn(aps) > 0 so that
~v > 0; the opposite sign is handled similarly. Fix any vy with 0 < v9 < €. We shall
prove that %y (a, t) and the trace coefficients with 0 < |a| < 7o and sgn(a) = sgn(a)
extend to define smooth functions of the multi-index a where —(e — v9) < |a| < 7o;
this will complete our proof. So, assume for the moment that 0 < |a|] < 79 and
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sgn(a) = sgn(«). In particular, since 0 < apr = v < v < &, we can shift the contour
Im 7 = 0 (the real line) in the integral for %y (a,t) down to Im7 = —(g — 7p):

"ar(a,t) =2 [ "Tr(D; Nas(A) (7 — i) Nar (A) (1 — iy) " Nag (e Ba) (7)) dr.

Im7r=—(eg—70)

This shift is valid because Nps(A)(7 —iv)~! is holomorphic for —e < Im 7 —~ < 0,
which holds in particular for any 7 with —(¢ — v9) = —e + v < Im7 < 0 since
0 < v < 9. We can write this integral as

tar(a,t) = 2 / TR Dy Nag(A)(r — i(y + € — 70))-
Nar(A)(r — iy + & —0)) " Nar(e ™) (r — ife — o)) ) dr.

If B, = pg(efvo)Bapi{_%, where pp is the defining function for H, then we can
further write

bnM(a,t) = 2/ bTI‘( D.,-NM(A)(T —’i(’7+€ —’Y()))'
R

Nar(A)(r —i(y + & —70)) " Nag(e Be)(7) ) dr.

If —(6—) <&<0,then 0 < &4+¢e—7 <e, 50 Nyp(A) (7 —i(E+e—70))Lis
invertible for all 7 € R. Thus, for ~ restricted to any compact subset of the interval
(—(e —0),70), even without the a priori assumption that v > 0, the operator

Ca(1) = Dy Nur(A) (1 —i(v + € — 70)) Nar(A) (1 —i(y +e— )",

is, according to Theorem 2.3 and the composition properties in Lemma 2.1, an
element of ¥, g‘S(M , F') for some 6 > 0 and some strip S containing R. Applying
Proposition 4.1, we see that %y (a,t) has the expansion (4.8) where the coefficients
have the required smoothness. (I

Let H € M;(X). We now analyze the constant term %y o(a) in (4.8) at a = 0
(here we change M in (4.8) to H). Recall that we are working under the assumption
that 0 < |a| < e and sgn(a) = sgn(a). The key to analyzing % o(a) is formula
(4.9) in the previous lemma (after changing M to H):

" (a,t) :Q/RbTr(DTNH(A)(T —iy) N (A) (1 — iy) "Ny (e7tBe) (7)) dr,

where B, = p? A, A*p~P with v = ag and 8 = {ag/; H # H}. By Lemma 4.2,
g (a,t) and the coefficients in its trace expansion as t — 0 extend from the a
priori assumptions that |a| > 0 and sgn(a) = sgn(«a), to be smooth functions of the
multi-index a where |a| < ¢ without any conditions on sgn(a). Now according to
(3.5), we can write

D-Ny(A)(r) N (A)(r)™" = S(r) + G(r),
where G(7) is holomorphic on the strip |Im 7| < € and S(7) is of the form
v—1

S =801,  S.m=Y (f(ﬁ

Jj=0
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where the first sum is over z in specy(A), and in the second sum, v is an integer
depending on z and the K, ;’s are finite rank operators. Thus,

(4.10) 1777H(a7 t) = 2/ Tr(S(1T — i) NH(e*tB“)(T) )dr
R

+2 /R YTy ( G(r — iv) N (e7tB)(r) ) dr,

where we used the fact that S(7) consists of finite rank operators, so the b-trace
in the first term is just the regular trace. In the following (unfortunately long and
technical, but) crucial lemma we analyze the first term on the right.

Lemma 4.3. We can write
(4.11) 2/Tr(S(T—i7) Ny (e tBa) (1)) dr
R

= By + sgn(ay) Z rky (2) + f(a,t),
z€specy (A)
where kg (z) is defined in (3.6), By in (3.9), and where f(a,t) extends from the a
priori conditions that |a] > 0 and sgn(a) = sgn(a) to define a smooth function of
the multi-index a where |a| < e and t € (0,00). Moreover, f(a,t) is continuous for
la| < e and t € [0,00) with f(a,0) =0 for all a with |a| < €.

Proof. Assume that sgn(ay) > 0 so that 7 > 0; we shall comment on the case
with the opposite sign at the end of the proof. Let 0 < v < 79 < &. Then using
the same trick of shifting the contour as explained in the previous lemma, starting
from equation (4.9) and below, we can write the integral (4.10) as

(4.12) 2 / T(S(r — i(y + £ — 70))Nase~Be) () ) dr,

where B, = p;{(“%)Bap;_%. This shows that the integral (4.11) extends to be a
smooth function of the multi-index a where —(e — 79) < |a|] < 7y for t > 0. The
arbitrariness of o implies that the integral (4.11) extends to be a smooth function
of the multi-index a where |a| < € for t > 0. We also need to prove that this integral
extends to define a continuous function of a with |a| < € and of ¢ down to ¢ = 0,
with (4.11) holding.

Substituting in the formula for S(7) in terms of the K, ;’s, and setting z =
z+i{y+e— "}, the integral (4.12) becomes

K, j N (e tBa)(r
Z2/f< i )> "

where the sum of over all z € specy(A) and where, for fixed z, the index j goes
from 0 to the order of the pole at z minus one. Because 72 integrable near |7| = oo
it follows that the sum over j > 1 is continuous at ¢ = 0 with

K.;N e~tBa)(r
Z Q/RTT< ’ (TH<g)j+1)( )> dr

z,j21

t=0
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where we used the fact that e=*Be = Id at t = 0 and Tr K. ; =0 for j > 1 [10, eqn.
(2.6)]. Therefore, it remains to prove that

3 / o (Kz,o NH(ejBa)(r)> i
. R T—2Z

is continuous at ¢ = 0 with value equal to the right-hand side in (4.11) at ¢ = 0. This
fact is not at all obvious because formally setting ¢ = 0 into the integral results in
an integral that diverges logarithmically at |7| = co! However, the integral actually
is continuous at ¢ = 0 and to prove this we proceed as follows. First, we make the
change of variables, 7 — ¢t~1/2™7 which results in the integral

(4.13) Z / (Z%i%”) dr, fla,t,7) = Ny(e Be)(t=1/2mr).

We claim that for 7 # 0 (see around (3.9) for the notation):
(414) f(a7 ta T) = efbg(ama;)(r) + g(a’; t7 T)a T 7é Oa

where g(a,t,7) is smooth in a, continuous in ¢ € [0,1] and vanishing at ¢ = 0,
vanishes like |7|~! as |7| — oo, and finally, is bounded uniformly for a within any

bounded set and for ¢ € [0,1] and 7 € R\ 0. To prove this, note that according to
tB,

the construction of the heat kernel found in [21], we know that the heat kernel e~
localizes near the diagonal in X2 as t — 0 up to a term supported off the diagonal
of order —oo that vanishes at ¢ = 0. It is also clear from the construction that the
heat kernel depends smoothly on the parameter a. Since the normal operator of an
operator of order —oo vanishes to infinite order as |7| — oo, to prove the properties
of f(a,t,7) it suffices to consider the Schwartz kernel of e "*B+ near the diagonal on
a coordinate patch. Let U = [0,¢€)s x V,, be a coordinate patch on X where s = pg.
Since the principal symbol of Ea equals a,, a;, where a,, is the principal symbol
of A, by the structure of the heat kernel found in [21], we can write (cf. (2.7) and

(2.9)),

eitBa ‘UQ = / ei(log s~logs',w)-(r:m) h(aa t? $,Y,T, TI) d‘Tde
where w is the normal to the diagonal in V? in logarithmic coordinates, and where
h(a,t,s,y,7,n) is a symbol of order zero in (7,7) uniformly in s,y and ¢ > 0 and

of order —oo for ¢ bounded below by any fixed, but arbitrary, positive constant.
Moreover,

h(a7 t’ S’ y, T? n) = 67t m (S7y77—)7’) a”'L(S)y’T’n)* + hl(a7 t’ S’ y? T? n)?

where hy(t, s,y, T,7) vanishes at t = 0 and is a symbol of order —1 in (7, 77) uniformly
in s,y. Thus, taking normal operators, we obtain

Flat,7)lye = / ¢ (a,t,0,,7.1) di.

Replacing 7 with t~1/?™7 and using the homogeneity of the principal symbol a,y,,
we get

e 1/2m 1/2m y\*
Fla,t,7)|ve :/e“"”e am(0,y,7,t n) am (0,y,7,t n) dn

+ /eiw'" hl(a,t,O,yJ_l/QmT, n) dn.
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Using this equation, together with the properties of h1, and the fact that as t — 0,

/eiw"’] e_am(ovya'rvtl/zm"]) am(oayv"'vtl/Zm"l)* d’rr] — e_aWL(an7T7O) am(0,y,7,0)"

(since [ €™ dn is the Schwartz kernel of the identity operator in local coordinates)
we obtain the decomposition (4.14). Now we write (4.13) as

wo o[ o) () o

+Z /Tr( Ko i1 ‘ZJQ; 1})(1‘ +Z /Tr( tl/zmz)d‘r

By elementary complex analysis, we see that

1
KZ,O _ Tr(KZ,O) 1/2m

—1

t*}O TI‘(KZ70)
s

~log(~1 - ¢/2mz)} =2 {0= (=)} = Tr(K..0),

where at this point we used the fact that 2 = z+i{y+ec—"0} has positive imaginary
part under the assumption that we started with sgn(ay) > 0. Thus, taking t — 0
in (4.15) and using (4.14), the sum (4.15) approaches the following limit:

2%3%( {(/ /)_wamg

L e—th(amar,)(T) _
e H m 1
T ) S s £t

z€specy (A)

by definition of Sy and the fact that Tr(K,o) = rky(z) [10, eqn. (2.5)]. If
sgn(ag) < 0, then the plus sign on the right becomes a minus sign in view of
our discussion following (4.16). Our lemma is now proved. O

Lemma 4.4. Let H € M1(X) and let %z (t) be defined as in (3.7). Then ast — 0,
i (t) ~ Y UMy 4 Yy 4 Wy log t + o),
—n<j<1

where (see (3.8)) Yy is by definition the constant coefficient in this expansion.
Let " o(a) be the constant coefficient in the erpansion (4.8) for M = H with
0 < |a| < € and sgn(a) = sgn(a). Then,

an,O(a)|a:O =Yg + sgn(am) Z kg (2) + Bu.

z€specy (A)

Proof. Since G(7) is holomorphic on the strip |Im 7| < &, taking a — 0 in (4.10)
and using our previous lemma, we obtain

(4.17) "u(0,t) = Bu +sgn(an) - Y tku(z) + f(t)

z€specy (A)

+ Q/RbI‘r(G(T) NM(e_tAA*)(T))d‘T,
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where the limit is taken so that 0 < |a| < ¢ and sgn(a) = sgn(«), and where f(¢) is
continuous in ¢ € [0, 00) vanishing at ¢ = 0. By Lemma 4.2, we know that % (0, )
has a full asymptotic expansion as ¢ — 0 of the form

e (0,8) ~ >t 5 0) + D (e (0) + %5 (0) log ) 7.
—n<j<1 7=0
Substituting in this expansion for the left-hand side of (4.17) and solving for %z ()
proves our lemma. (I
5. CHARACTERIZATION OF FREDHOLM b-PSEUDODIFFERENTIAL OPERATORS

We begin with the following technical, but fundamental lemma, whose proof can
be skipped over without losing continuity in the paper.

Lemma 5.1. Let A € U}*(X,E,F), m € RT. Suppose that there is an € > 0 such
that for all multi-indices a with 0 < |a| < g,

(5.1) A: p*H™M(X,E) — p®L}(X, F)

is Fredholm, and for some fized k > 2, Np;(A)(7) is Fredholm for all M € My (X)
and 7 € R¥. Then Ny (A)(7) is in fact invertible for all M € My(X) and T € RF.

Proof. Throughout this proof, we shall use formula (2.11): If M € M},(X) is defined
by piy,--.,pi, Where i3 < --- < i, in other words M is one of the connected

components of H;, N---N H;,, then
(5.2) Nar(p=* Ap™)(1) = 0™ Nas(A)(1 — i)’
where v = {e,,..., ;. } and 8 = {a;; j # i1,...,i}. The proof of our lemma is

based on the following inductive statement: We show that for £ = 1,2,... %k and
for M € My (X), using the notation (5.2),

(5.3) 0 PNy (A) (1 —i€)o? is invertible for all 7 € R¥, 0 < 8] < ¢, and
0 < |¢| < € where at most ¢ of the ;’s can be set to zero at once.

To start, we must prove that (5.3) holds where at most one of the §;’s can be zero.
Consider first the case when only & can be set to zero and when Hy N --- N Hy
is nonempty; we shall prove (5.3) with £ = 1 and where £; can be set to zero for
any component of this intersection. A similar argument proves this statement for
components of H; N---NH;, wherei; < --- < i, and where at most one &; can be set
to zero. Let M’ € Mj,_1(X) be defined by pa, ..., px such that the hypersurface H;
intersects M’. Then M’ is a manifold with corners whose boundary hypersurfaces
are elements of M, (X), at least one of which isin HyN---NHy. Let r = p2-p3---pn
and for any multi-index o = {a;; j # 1}, we define

Ay = NM/(’I"_Q/ATO/)(?)), v e RFL
For any v € R¥~! and a with 0 < |a| < & where a = {a;} U/, we claim that

P Ao HP (M, E) — LE(M', F)
is Fredholm. Indeed, a hypersurface M € M;(M’) is just an element M € My (X)
with M C M’'. It follows that Nas(p] “* Aa wp7) (1) = Nar(p~*Ap®)(u,v), which

is invertible for all (u,v) € R¥, since by assumption the map (5.1) is Fredholm.
This proves our claim. Now by Lemma 3.1, for all a bounded by a fixed constant,
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pT* Agr wpi™ is invertible for all v € RF~1 with |v| sufficiently large. Since the
index is invariant under continuous deformations, it follows that ind4q, Aa/», =0
for all v € R*¥! and a;,a’ with 0 < |ay],|o’/| < . In particular, by the relative
index formula (3.11), we have

(5.4) 0=0—-0=indy, Ay —ind_,, Ay » = —sgn(aq) ZrkM(z),

where the sum is over those M € M;(M’) such that considered as elements of
M, (X) are defined by p1, p2, ..., pr, and where rkys(z) denotes the rank of a pole
at u = z € R of the inverse u — Nys(Agr o) (w) ™" = Nag(r=® Ar®')(u,v) . Of
course, as the left hand side of (5.4) is zero, it follows that Ny (r=® Ar®")(u,v)~!
has no poles for any u € R; that is, Nas(r~® Ar®)(u,v) is invertible for v € R. In
view of (5.2), we conclude that o~ ? Ny (A)(T — iv)e” is invertible for all 7 € R*
with 0 < |v],|8] < € and even with 47 = 0. This proves (5.3) for £ = 1.

Assume that (5.3) holds for £ — 1; we prove that it holds for £. Again suppose
that Hy N --- N Hy is nonempty. Fix any £ of these indices, say j; < -+ < jp; we
shall prove that (5.3) holds for ¢ such that only &;, = 0 where v = 1,...,¢ and
M is a component of H; N --- N Hg. A similar argument proves this statement
for components of H;, N---N H;, where i < -+ < i,. Let M’ € Mj_1(X) be
a component of (;; H; such that Hj, intersects M’. Then M’ is a manifold
with corners whose boundary hypersurfaces are elements of My (X), at least one
of which is in H; N --- N Hy. Let r be the product of all the boundary defining
functions on X except pj,,...,pj,. For a multi-index o’ = {a;; j # j1,..., e}, we
define Ay, == Nap (1= Ar®’)(v) where v € R¥~1. For any v € R*~! and o with
0 < |a| < & where a = {a;, } U’ (with oy, ..., q;, set equal to zero), we claim
that the operator

p]lah Aa':vp?1j1: Hl:n(M/’ E) - L%(M/7 F)

is Fredholm. Indeed, in view of (5.2), the normal operator of p;lajl Aa/mp;jl =
pjzaj LN (1 Ar ) (v) p;j ! at any hypersurface of M’ (which are codimension k
faces of X)) will be of the form (5.3) with at most £ — 1 of the &;’s zero, namely
those corresponding to js, js3,...,j¢. By our induction hypothesis, these normal
operators are invertible and so proves our claim. Then by similar arguments found
in the previous paragraph for the ¢ = 1 case, it follows that for v € R¥~! and
0 < |a] <&, pj_laj Ao p?lj ! has index zero and using the relative index theorem
exactly as we did in (5.4), one proves that for each component M € My (X) of
HyN---N Hy, the inverse Nys(r~ Ar®)(7)~! has no poles for 7;, € R. Using the
notation of (5.2) for 3 and ~y, we conclude that o= Ny (A)(7—iv)0? is invertible for
all T € R* with 0 < |7/, |8] < € and even with 7;, = 0. Hence, 0™ ? Ny (A)(T —i€) 0"
is invertible for all 7 € R*, 0 < |3| < ¢, and 0 < |¢| < € where only &j,,...,&;, can
be set to zero. This proves (5.3) for each £ =1,... k.

We now finish our proof. Setting ¢ = k in (5.3), we conclude that for each
M € Mi(X), 0 PNa(A)(7)0” is invertible for all 7 € R* and 0 < 8] < e. We
need to prove that Nys(A)(7) is invertible for all 7 € R¥. To see this, we know
by Lemma 3.2 that Ny(A)(7) is invertible for all 7 € R¥ sufficiently large. By
assumption, Nys(A)(7) is Fredholm, so by the invariance of the index, Ny (A)(7)
has index zero for all 7 € R¥. Thus, Njs(A)(7) is invertible if and only if it has
no null space. So, suppose that Ny (A)(o)u = 0 for some u and 79 € R¥. Then
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by Theorem 2.4, we know that u € Q‘SH,;’O(M) for some § > 0, and by taking ¢
smaller if necessary we may assume that § < e. In particular, we can write u = p%v
for some v € H°(M). This implies that o= °Nps(A)(70)e’v = 0, which implies
that v = 0 since o °Ns(A)(79)0° is known to be invertible. Thus, u = 0 and so
N (A)(7o) is invertible. Our proof is now complete. O

Theorem 5.2. Let A € U"(X,E,F), m € Rt. Then there is an € > 0 such that
for all multi-indices o with 0 < |a| < €,

A: p*H™(X,E) — p* L} (X, F)

is Fredholm, if and only if, A is elliptic and Npr(A)(T): H*(M,E) — L2(M, F)
is invertible for each M € Ma(X) and T € R?.

Proof. By Proposition 3.3, we need only prove necessity. By Theorem 2.3, p~* Ap®
is elliptic. Since the principal symbol of p~*Ap® equals the symbol of A, it follows
that A is elliptic. In particular, by Lemma 3.1, Ny (A)(7) is elliptic for all M €
M’(X) and all normal parameters 7.

Let n’ = codim(X) with n’ < 2 and let M € M,/ (X). Since Np(A)(7T) is
elliptic and M has no boundary, Nj;(A)(7) is a family of Fredholm operators on M.
Therefore by our lemma, Njs(A)(7) is invertible for all real 7. Let M € M, _1(X)
and assume now that n’ < 2. Then Ny, (A)(7) is elliptic for all real 7 and by the fact
proved in the previous paragraph, all normal operators of Nj;(A)(7) are invertible
for all real normal parameters. It follows that Ny (A)(7) is Fredholm for all real 7,
and hence by our lemma, invertible. Using our lemma, we can continue by induction
onk=n'—2n'-3,...,2 proving that for each M € M (X), Np(A)(7) is invertible
for all real normal parameters. This completes the proof of our theorem. O
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