Illinois Journal of Mathematics
Volume 46, Number 4, Winter 2002, Pages 1035-1059
S 0019-2082

PARAMETER-DEPENDENT OPERATORS AND
RESOLVENT EXPANSIONS ON CONIC MANIFOLDS

PAUL LOYA

ABSTRACT. The goal of this paper is to present, from the b-calculus
perspective, a program for analyzing generalized resolvent families and
heat kernels of pseudodifferential operators on conic manifolds. To carry
this out, a new class of parameter-dependent cone pseudodifferential
operators is developed and studied.

1. Introduction

This paper further develops the work initiated in [12], henceforth called
‘Part I'. The purpose of Part I was to give a comprehensive treatment, from
the b-calculus viewpoint, of a space of pseudodifferential operators depending
on a parameter A\ € C that captures operators of the form B(A — \)~% for
N € N, where A and B are cone (or Fuchs Type) differential operators on a
compact manifold with boundary. This space describes in a precise way the
structure of the Schwartz kernels of such operators, especially their uniform
asymptotics as A tends to infinity in the spectral parameter domain. This
precise structure allows the coefficients occurring in the trace asymptotics of
B(A —)X)7" as |A\| — oo to be identified in terms of residue traces and zeta-
functions introduced in [18], [24], [10], and can be used to express the complex
powers BA* as an entire family of cone pseudodifferential operators and to
describe the meromorphic properties of its Schwartz kernel both on and off the
diagonal [14], [13]. In certain applications however, most notably to the non-
commutative residue, one requires B to be a cone pseudodifferential operator.
In this paper we extend the machinery of Part I so as to allow such pseudodif-
ferential factors. This involves the introduction of a new parameter-dependent
space of pseudodifferential operators, whose development and properties are
the main focus of this work.

We first describe our class of operators. Let X be a compact manifold
with boundary and let & be a boundary defining function. A cone differential
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operator of order m is an operator of the form A = =" P, where P is an m-th
order totally characteristic, or b-differential operator. We denote this space
of cone operators by z~™Diff}"(X). Thus, A is a usual differential operator
on the interior of X such that in any collar X 2 [0,¢), x 0X we have

A=2"">" Pp_i(z)(zD,)",
k=0

where P,,_r(z) is a family of differential operators of order m — k on 90X
depending smoothly in 2. The weight factor =™ could be replaced with z—°
for any real number b.

In order to develop an elliptic theory of cone operators, appropriate spaces
of pseudodifferential operators have been developed by various authors; to
name a few: Melrose [17], Plamenevskij [20], Rempel and Schulze [22], and
Schulze [27]. The operators we choose to work with are the b-pseudodifferential
operators of Melrose [17]. Thus, our class of cone pseudodifferential opera-
tors of order b,q € R is the space z7°W}(X), where U}(X) is the space of
b-pseudodifferential operators of order ¢.!

We now discuss the role of parameter-dependency. Gil [5] defines a natural
ellipticity condition which ensures that for an operator A € = ™Diff}"(X),
where m is positive, the resolvent (A — \)~! exists as an operator between
appropriate weighted Sobolev spaces for all A sufficiently large in some sector
A C C; cf. Section 3.1. We remark that this ellipticity condition encompasses
a wide class of cone operators that includes elliptic self-adjoint ones. Fix such
an operator A, and let B € 27°U}(X) with b, ¢ € R. Then the generalized re-
solvent B(A—\)~! can be described very precisely as a cone pseudodifferential
operator depending smoothly on the parameter A, as long as A is within any
bounded, but arbitrary, subset of A [17, Ch. 6]. However, for applications to
the noncommutative residue, spectral asymptotics, spectral geometry, index
theory, etc., it is not enough to understand the generalized resolvent for finite
spectral parameter; the asymptotics as |A| — oo in A are also needed. This is
exactly the reason why it is necessary to incorporate A as a symbolic variable
at the start within the very definition of cone pseudodifferential operators.
We mention that the development of parameter-dependent operators has a
long history originating from Seeley’s paper [28] and continued in a variety of
areas of geometric analysis; cf. Grubb [7], Grubb and Seeley [8], Rempel and
Schulze [21], and Schrohe [23].

There are two main approaches to incorporating the spectral parameter into
the definition of cone operators. The first systematic method was initiated
by Gil [5], which relies on techniques from the ‘edge theory’ of Schulze. The
second method was developed in Part I of this paper [12] using the geometric
‘b-calculus’ approach of Melrose. As explained in [9], the methods of Melrose

IThe subscript b is for boundary and is not related to the number b in the factor z~°.
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and Schulze are essentially equivalent, although their presentations are quite
different. Gil expresses his parameter-dependent operators as two parts, an
interior part and a boundary part. The interior part is a usual parameter-
dependent operator in the sense of Seeley [28] (see also Agmon and Kannai
[1] and Shubin [29]). The boundary part is an operator-valued symbol within
the edge symbolic calculus introduced by Schulze [26], [27]. The geometric
approach of Melrose handles the singularities and parameter-dependency on
a global scale by tailoring these features into the geometry of the Schwartz
kernels of the operators. These two complementary viewpoints each have
their advantages. For instance, the methods of Schulze can be extended quite
directly to manifolds with higher singularities [25]. The methods of Melrose
are capable to extract with great precision the geometric structure of the
Schwartz kernels. We mention that the resolvents of self-adjoint second order
cone differential operators can be analyzed without the formal development
of such calculi; cf. Briining and Seeley [2], Cheeger [3], [4], Lesch [10], and
Mooers [19]. We especially note that the methods of Mooers are the closest
to those of this paper: she also relies on the geometric techniques of Melrose
[17, Ch. 7] to determine the structure of the heat kernel of the cone Laplacian.
The calculi of Gil and Part I are able to capture B(A — A\)~! only when
B is differential. In this paper we extend the results of Part I to allow B
to be pseudodifferential. The added ingredient (see Section 3.2) is a new
parameter-dependent space of operators which is a ‘conic’ version of the one
introduced in [11]. Using the precise description of the Schwartz kernel of
B(A — X\)7! within the new parameter-dependent space, an application of
Melrose’s pushforward theorem [16] yields the following trace expansion.

TRACE EXPANSION. Let B € 27 °U}(X), b,q € R with b < m, and A €
2~ ™Diff}"(X) be as above. Then for N sufficiently large, B(A—\)~" is trace
class and

(1) Tr B(A =N~y oo Z {ak + bi log A + ¢ (log )\)2} Alatn—k)/m—N
k=0

+ 3 {dk + e log A}AU’*WM*N + 3 fahN,
k=0 k=0

Moreover, by, = 0 unless k € (Ng +q+n —b) U (mNo+ ¢+ n); ¢, =0 unless
ke mNyN (Ng—b) +q+n; and e, =0 unless k € mNgy + b.

The log? terms in the expansion (1.1) are in general nonzero; this follows
from a joint report with Juan Gil [6] on the noncommutative residue of cone
operators. On the other hand, as shown in Part I, when B is differential there
are no log? terms.
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In Section 2, we review some fundamental aspects of analysis on manifolds
with corners, including ‘blow-ups’ and b-pseudodifferential operators. In Sec-
tion 3.1, we review the parameter-dependent spaces introduced in Part I, and
in Section 3.2, we introduce our new parameter-dependent space. The main
result of this paper is Theorem 3.7, which expresses B(A — \)~!, where B
is pseudodifferential, as an element of our new space. In order to prove this,
we need to analyze the composition of B with (A — X\)~1. We give a direct
‘geometric’ proof of this composition result in Section 4. In Section 5, we
prove the trace expansion (1.1). As mentioned already, once the structure of
B(A—\)"!is identified within the new parameter-dependent space, the proof
of (1.1) is basically just an application of Melrose’s pushforward theorem. We
review this pushforward theorem in the Appendix.

Finally, I thank the referee for helpful comments in improving this paper.

2. b-pseudodifferential operators

In this section, we review various ideas useful for analysis on manifolds
with corners. References include [17], [15] or even Part I [12].

2.1. Manifolds with corners and asymptotic expansions. An n-
dimensional manifold with corners X is a topological space with C°° structure
given by local charts of the form [0, 1)* x (—1,1)"~%, where k can run between
0 and n depending on where the chart is located in the manifold. We assume
that each of the boundary hypersurfaces has a boundary defining function.
Thus, given a hypersurface H, there is a nonnegative function ¢ € C*(X)
that vanishes only on H where it has a nonzero differential.

We now review asymptotic expansions. Let & = [0,1)% x (=1,1)7~*. Then
the space S%(U), where a € R, consists of those functions u on U of the form

u(x’y) = ztll T xz U(I7y)7
where for each « and g, (xaw)aagv(x,y) is a bounded function. Let Ny =
{0,1,...} and N={1,2,...}. An index set is a subset E C C x Ny such that
(2,k) € E = (2,£) € E for all 0 < £ < k and such that given any M € R,
{(2,k) € E : Rez < M} is finite. If in addition, (z,k) € E = (z +{, k) € E
for all £ € Ny, then E is a C'"° index set. For simplicity, we use the word
‘index set” to mean ‘C* index set’ unless stated otherwise. Given an index
set E, a function u on U has an asymptotic expansion at x; = 0 with index
set F if it has the following expansion property: For each N € N we can write

(2.1) u(a,y) =y @i(logz) uc(@,y) + 2 un(z,y),
(z,k)EE,Re z<N

where for some a € R independent of N, uy(z,y) € S*(U) and u(, k) (2, y) €
SU"), where x = (z1,2') and U’ = [0,1)"7! x (=1,1)p7%. Note that if
E = @, then the expansion property (2.1) holds for each N if and only if
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I z,T=2/2

FIGURE 1. Each of these coordinates together with coordi-
nates on Y2 define projective coordinates on X g near ff.

u vanishes to infinite order at ;1 = 0. An asymptotic expansion at any
x; = 0 is defined similarly. On any manifold with corners X one can define
asymptotic expansions at a hypersurface H with index set E by reference to
local coordinates. Thus, a function v on X has an asymptotic expansion at H
with index set F if u is smooth on the interior of X and if for any patch U =
0,1)4, x U’ on X, where U’ = [0,1)%71 x (—1, r=k and HNU = {z1 = 0},
the function ¢(z,y) u(z,y) for any ¢ € C°(U) has an asymptotic expansion
at 1 = 0 with index set E in the sense described above. In [11] we show that
this expansion property is defined independent of the coordinates chosen.

2.2. b-pseudodifferential operators. Let X be an n-dimensional com-
pact manifold with connected boundary ¥ = dX. Fix a boundary defining
function x that gives a decomposition X = [0,1), x Y.

Recall that the manifold X7 is the manifold X2 blown-up at Y. All this
means is that coordinates on X? include both polar coordinate charts around
Y2 and the usual charts on X2\ Y2. For example, denoting the coordinates
on the right factor of X2 by primes, we have X2 22 [0,1), x [0,1),s X Y2 near
Y2, Then taking polar coordinates in the [0,1), x [0,1),/ factor along with
coordinates on Y2 give coordinates on X7 near the blown-up face. Figure 1
shows two illustrations of X7 as it is usually drawn. Convenient coordinates
to work with are projective coordinates, which are also shown in Figure 1. In
X?, the left boundary Ib is the face coming from x = 0, the right boundary
rb is the face coming from 2’ = 0, the front face ff is the face created in the
blow-up, and A, is the b-diagonal coming from the diagonal in X?2.

A b-measure is a density of the form z~'x a smooth positive density on
X. We henceforth fix a b-measure v on X and we let v/ denote the lift of v to
X2 under the right projection X2 > (p,q) — ¢ € X. Given m € R, the space
of b-pseudodifferential operators, W' (X) consists of operators A on C*°(X)
that have a Schwartz kernel K4 satisfying the following two conditions:

(1) Given p € C°(XZ\ Ap), the kernel 9K 4 is of the form k v/, where k
is a smooth function on X7 vanishing to infinite order at b and rb.



1040 PAUL LOYA

(2) Given a coordinate patch of X7 overlapping A, of the form U, x R?,
such that A, 2 U x {0} and given ¢ € C°(U x R™), we have

oka= [evSatode v, de— #d&

where a(y, ) is a classical symbol of order m.

One can check that this space of operators is defined independent of the
choice of b-measure v. The b-Sobolev space of order m € R, Hy*(X), is the
space of distributions u such that for all A € U'(X), Au € LZ(X), the space
of functions that are square integrable with respect to v.

3. Parameter-dependent operators

3.1. Review of Part I. In this section, we review the parameter-depen-

dent operators introduced in [12]. Taking notation from [7], we define < to
read “less than or equal to a constant times”. A sector is a closed angle of C
with vertex at the origin.

We begin by defining a class of parameter-dependent symbols due to Seeley.
Given m € R and d € N, we denote by ST’d(R") the space of functions
a € C®(A x R™) satisfying the following estimates: for each «, 3,

(3.1) 9300a(X,€) < (14 AV 4 |g|ym-diel=1al,

The corresponding classical subspace is defined as follows: Given m € R and
d € N, the space SK;%(R") consists of those a(\, §) € Sj\n’d(]R”) such that

(32) a(\ &) ~ > X\ &) am—; (1, 9),
§=0
where x(A, €) € O (A x R™) with x(A,€) = 0 near (A\,€) =0 and x(\, &) =1
outside a neighborhood of 0, where a,,—; (A, §) is a smooth function of (A, §) €
A x R\ {(0,0)} such that a,,—;(§%\,66) = 8™ I ay,,_;(\,€) for all § > 0, and
finally, where the asymptotic sum (3.2) means that for each N € N,
N-1
a0 €) = D x(A\ &) am—j(A.€) € STTVIR™).

Jj=0

ExaMpPLE 3.1. These symbol spaces are designed to capture the local
symbols of (A — X\)7!, where A € 27 ™Diff}’(X). Let a(£) be an elliptic
homogeneous polynomial on R™ of order m that never takes values in a sector
A for £ # 0. Given N € Ny, one can check that y()\, &) (a(§) — N~V €

—Nm,m n
Spee T (R™).

Before defining our operator spaces, we fix some terminology. Let A denote
the stereographic compactification of A. We denote by A C A the boundary
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in the limit as |A\| — oo in A. For a function u on A x M, where M is a compact
manifold with corners, we say that u vanishes to infinite order as |\| — oo if
considered as a function on the compact manifold A x M, u has an expansion
at the hypersurface 9o A x M with index set @. We say that u(),q) can be
expanded in g at a hypersurface H of M with index set FE if considered as a
function on A x M, u has an expansion at A x H with index set E.

We are now ready to define our basic parameter-dependent operators. The
definition is similar to that of b-pseudodifferential operators given in Section
2.2. Let o be a boundary defining function for ff of X? (e.g., o = z+2’ is such
a function). We henceforth fix one such function. Recall that v/ denotes the
fixed b-measure v lifted to X2 under the right projection X2 3 (p,q) — ¢ € X.

Given m € Rand d € N, \Ilzlj\d(X ) consists of parameter-dependent opera-
tors A()) defined for A\ € A that have a Schwartz kernel K 4(y) satisfying the
following two conditions:

(1) Given ¢ € C°(XZ\ Ap), the kernel 9K 4y is of the form k(o%X, ¢) v/,
where k() ¢) is a smooth function of (\,q) € A x X} vanishing to
infinite order as |\| — oo and in ¢ at the sets Ib and rb.

(2) Given a coordinate patch of X7 overlapping A, of the form U, x R”,
such that Ay, 2 U x {0} and given ¢ € C(U x R™), we have

eKan = /emg a(o®\,y, &) d¢ - v/,

where y — a(\,y,£) is smooth with values in SK?;% (R™).

One can check that the space \I/:?/’\d(X ) is defined independent of the choice
of boundary defining function g. The function k(},¢) in (1) is assumed to be
smooth up to the sides of the sector A, that is, when considered on A x X2,
k has an expansion at the sides of A in A x XE with index set Ny. To
avoid repetition, the kernels k() ¢) mentioned in all definitions henceforth
are assumed to be smooth up to the sides of the sector A.

In view of Example 3.1, one may think that (A—X\)"V € me\Ifgf\vm’m(X),
where A € z~™Diff}" (X). However, because of the boundary spectrum of A,
this is only true up to certain operators of order —oo defined as follows.

To define our second space of parameter-dependent operators, let £ =
(Ew, En, Eg, E) be a set of four index sets. We define \Il;Xo’d’g(X) as the
class of parameter-dependent operators A(\) defined for A € A that have a
Schwartz kernel K () satisfying the following two conditions:

(1) The kernel K 4y is of the form k(),q)v', where k(}, q) is a smooth
function of (A, q) € Axint(X7?) such that if g is restricted to a compact
subset C' of X7 disjoint to ff, then k()\,q) vanishes to infinite order
as |A] — oo and can be expanded in ¢ at the sets C N b and C N rb
with index sets Ey, and E,4, respectively. Moreover, if A is restricted
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to a compact subset of A, then k(A,¢q) can be expanded in ¢ at the
sets Ib, rb, and ff with index sets Ey,, £y, and Ej, respectively.

(2) Given a collar [0,¢), x ff, of ff in X2, k(X,q) can be written in the
form k(r,6,v,y), where r = |X\|7Y4 v = o|\|"/%, and 6 = \/|).
Moreover, k is smooth in §; and k has expansions at r = 0 with index
set E, at v = 0 with index set Fg, at y € [b with index set Ky, and
at y € rb with index set E,;,. Finally, k vanishes to infinite order as
v — 00; that is, in terms of the variable w = 1/v, k has an expansion
at w = 0 with index set @.

Our final space of operators are parameter-dependent integral operators.
Denote by Ib = Y x X and 7b = X x Y, the left and right boundaries of
X2 Let & = (Ep, Ey) be a family of index sets on X2. We denote by
\IJXOO’g (X), the space of parameter-dependent operators A(\) whose Schwartz
kernels are of the form K4 = k(\, q) v/, where k(), ¢) is a smooth function of
(\,q) € A x int(X?) that vanishes to infinite order as |\| — oo and can be
expanded in ¢ at the sets Ib and rb with index sets Ej, and E,, respectively.

We are now ready to describe the main result of Part I concerning the
resolvent of cone differential operators. Let A = z~™P € = ™Diff}"(X),
where we henceforth assume that m > 0. If P is an elliptic b-differential
operator, then spec,(A4) is the set of points where the conormal symbol (or
normal operator) of P fails to be invertible [17, Ch. 5.2]. In the decomposition
X 2 [0,1), X Y near Y, writing A = 7™ > [" | Pn_k(z)(zD,)*, where
Pp,—(x) are differential operators on Y depending smoothly on z, we define

I(A)=p™™ ) P (0)(pD))".
k=0

This operator is called the indicial operator of A and it models the infinites-
imal behavior of A at Y. Then I(A) is an operator on Y = [0,00), x Y.
The natural space of functions on which it acts is defined as follows. Let
X € C(]0,00)) with x(p) = 1 near p = 0. For ¢ € Ny and o € R, the
space H-“(Y") consists of distributions u on Y such that xu € p*H{(Y")
and such that given any coordinate patch U on Y diffeomorphic to an open
subset of S”~! and function p € C°(U), we have (1—x)pu € H(R™), where
(0,00) x S~ is identified with R™ \ {0} via polar coordinates.

We say that A is fully elliptic with respect to @ € R on a sector A if the
following three conditions hold:

(1) b0, (P)(&) — A is invertible for all € # 0 and A € A. Here, %, (P)(€)
is the totally characteristic principal symbol of P (see [17, Ch. 4]);

(2) a ¢ —Imspec.(A);

(3) I(A) — X : H™(Y") — HY»*~™(Y") is invertible for all A\ € A
sufficiently large.
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THEOREM 3.2. ([12, Th. 6.1]) Let A € o~ ™Diff}"(X) be fully elliptic with
respect to o € R on a sector A. Then for all A € A sufficiently large,

A—XN:2Hj(X) — 2“""H; ™(X)
is invertible and for any N € N, we have
(A=N"N eaNmu ™M (X)
TN @) (x) Ny o) (x)
where Ex(a) = (Enp(a), En (@), En g (o), No) is an index family satisfying
(3.3) Enw(a) >a—Nm, Enqp(a)>—(a—m), Eyg(a)>m— Nm,
and where Fn (o) = (En (), Enrp(c)).

REMARK 3.3. It is possible to give (complicated) explicit expressions for
the index sets of En(a) in terms of spec,(A); see [12, Sec. 3.2] for the details.

3.2. A new parameter-dependent operator space. We now analyze
the composition B(A—\)~1, where B € 27 ¥{(X), b,q € R. It turns out that
B(A — \)~7! is an operator in a new parameter-dependent space. We begin
by reviewing a class of parameter-dependent symbols introduced in [11]. A
similar class of symbols was defined by Grubb and Seeley [8].

Given m,p,d € R with p/d € Z and d > 0, the class Sx;?’d(R”) con-
sists of functions a(A, &) smooth on A x R™ such that if we define a(z,§) =
2Plda(1/2,€), then a(z,€) is smooth at z = 0, and the following estimates are
satisfied: given any « and 3,

(3.4) a;afa(A,g) < (1 + AV 4 |epdlel (1 4 |g[ym—P-18],
0200a(2,€) < (1 + [2|e| )P/l (1 4 [y diettm—r=Iol[o] < 1.

The subscript “r’ in S}"" “4(R™) stands for ‘resolvent’.
The classical subspace is defined as follows: The space ST;’;’EI (R™) consists
of those a(\, &) € S}(’)f’d(R") such that

NE

(35) CL()\,S) ~ X(f) am—j(Aag)v

J

where x(§) € C*°(R"™) is such that x(£) = 0 near £ = 0 and x(§) = 1 outside a
neighborhood of 0, and where a,,—;(A, §) is smooth for (A, ) € A x (R™\{0})
and anisotropic homogeneous, i.e., an,—;(d%\, 58) = 8™ Jay,,_;(\,€) for all
§ > 0, and is such that if we define Gp,—;(2,&) = 27/%,,_;(1/2,€), then
Qm—j(2,§) is smooth at z = 0. The asymptotic sum (3.5) means that for each

I
=}
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N e N,

N—
(3.6) X(€) am—;j (X, €) € Sy VPUR™),
=0

,_a

<.

ExXAMPLE 3.4. These spaces are designed to capture the local symbols of
B(A —X\)7L Let a(€) be an elliptic homogeneous polynomial on R™ of order
m € N that never takes values in a sector A for £ # 0, and let b(&) be a
homogeneous function of degree ¢ € R. Given N € Ny, set

ap(A, €) = b(€)(a(§) = M)~

Then one can check that x(£) ap(X, §) € S7 , T]C\;m’ Nmm(gn) - Here, the cut-off
x(€) is needed because b(§) is in general not smooth at £ = 0.

We now define our new parameter-dependent space of operators. Recall
that ¢ denotes a boundary defining function for ff and v’ denotes the fixed
b-measure v lifted to X2 under the right projection X2 > (p,q) — q € X.

DEFINITION 3.5. Given m,p,d € R with p/d € Z and d > 0, \I/mpd(X)
consists of parameter-dependent operators A(A) that have a Schwartz kernel
K 5y satisfying the following two conditions:

(1) Given ¢ € C°(XZ\Ap), the kernel 9K 4y is of the form k(o%X, ¢) v/,
where k() ¢) is a smooth function of (A, q) € A x X? that vanishes to
infinite order in ¢ at the sets (b and rb and is such that if we define
k(z,q) = 2P/?k(1/z,q), then k(z,q) is smooth at z = 0.

(2) Given a coordinate patch of X} overlapping A, of the form U, x R,
such that Ay, 2 U x {0} and given ¢ € C(U x R™), we have

eKan = /eiw.5 a(o®\,y, &) d¢ - v/,
where y — a(\,y,&) is smooth with values in S;\nr”c;(R")

One can check that this space of operators is defined independent of the
choice of boundary defining function p.

THEOREM 3.6. Let A € a~™Diff"(X) be fully elliptic with respect to
a € R on a sector A. Then for all X € A sufficiently large,
A—XN:2Hj(X) — 2“""H; ™ (X)
is invertible, and moreover, for any N € N,
(A— )\)_N c Nm\II—Nm,—Nm,m(X)
+ I,Nm\:[/ OomgN( )(X) _|_ me\IJXOO7~7:N(a)(X)

where En(a) and Fy (o) are the same index families in Theorem 3.2.

)
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Proof. To see why this theorem holds, let x(),§) € C°(A x R™) with
X(A, &) = 0 near (X, &) =0 and x(A, &) = 1 outside a neighborhood of 0, and
let a(€) be an elliptic homogeneous polynomial on R™ of order m that never
takes values in A for £ # 0. Then according to Example 3.1, x(X, &) (a(§) —
NN e S’X&’”’W(R"). On the other hand, by Example 3.4, it follows that
X\ €) (a(§) = N7 € SN (RY) also.

Now according to [12, Th. 6.1] (see Theorem 3.2) we have

(A= NN eaVNmu_mm(X)
N @ ) N @) ()

)

where the first term on the right is constructed in Lemma 6.4 of loc. cit. by
an explicit local symbolic construction. However, in view of the last example
considered in the previous paragraph, reviewing the explicit construction it
is evident that the first term lies in me\Il;f\Vm*Nm’m(X) also. For further
details we refer the reader to [12, Lem. 6.4]. O

The main result of this paper is now just a consequence of Theorem 3.6
and the composition propositions 4.1 and 4.2 of the next section:

THEOREM 3.7. Let A € x~™Diff"(X) be fully elliptic with respect to
a € R on a sector A. Then given any B € m’b\Ilg(X), b,q € R, for A € A
sufficiently large, we have for any N € N,

B(A—\)N g gNm=bygd  Mm=Nmm(x)
+ me—b\IJ;ZO,m’SN(Oé)(X) + ;L‘Nm_b\I/XOO’}-N(a)(X)

)

where En(a) and Fn(a) are the same index families in Theorem 3.2.

4. Composition properties

We now analyze the composition of b-pseudodifferential operators with our
parameter-dependent spaces. One can show that the space \DZ’X(X ) is not
closed under such compositions and this is exactly the reason for the need
of a new parameter-dependent space. (However, one can check that \I/ZX(X )
is closed under compositions with b-differential operators; cf. [12].) In the
following propositions, o, o/, m,m’,p,d € R with p/d € Z and d > 0.

PROPOSITION 4.1.
We have

2P (X) 02 WIPA(X) €zt (X),
and
ma/\pZLAp,d(X) ° l‘a\lfgn (X) C anra’\IJZz/-\&-m ,p,d(X).
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The next proposition shows that the spaces \P;Xo’d’g(X) and W% (X)
are closed under compositions with b-pseudodifferential operators.

PROPOSITION 4.2.
(A) For d e N we have

2 WP (X) 0 a® W (X) € oot U (X)),
and
2 U (X) 0 2 W (X) € 2™ W (X),

where F = (Ep, Ewp + o, Eg + o, E 4+ a).
(B) We have

2T (X) 02 ULV (X) € a e WP Ee (X)),
2 U0 (X) 0 2 TP(X) € 2 W 0P E e (X)),

We prove Proposition 4.1 and Part (A) of Proposition 4.2 in Section 4.2. In
order to prove them, we first need to review how b-pseudodifferential operators
are composed. The proofs in Section 4.2 are quite technical and may be
omitted at a first reading.

Proof of (B) in Proposition 4.2. As ¥} (X)z® = xa/@?(X), to prove the
first statement in (B) we may assume that o = o/ = 0. Let A € ¥};"(X) and
let B € \leoo’g(X). Then Kp = B(A,p, q)v(q), where B(A, p,q) is a function
on A x X x X that has expansions at p € Y and ¢ € Y with index sets Ejy,
and F,p, respectively, and vanishes to infinite order as |A\| — oco. Since the
kernel of AB is just A acting on the variable p of B(\,p, ¢)v(q), the mapping
properties of b-pseudodifferential operators (see [17]) imply that K 4p has the
same asymptotic properties as K. By considering transposes, one can show
that the second statement in (B) follows from the first. O

4.1. How b-pseudodifferential operators are composed. Let A and
B be operators on C*°(X) with Schwartz kernels K4 and Kp, respectively,
that are smooth on X2 and vanish to infinite order at X?2. Then we know
that AB is also a smoothing operator, and

(4.1) Kap(u,w) = /GX Ku(u,v)Kp(v,w).

We can write this purely in terms of pullbacks and pushforwards of distribu-
tions as follows. Let 7p, g, mc : X® — X2 be the maps

mr(u,v,w) = (u,v), 7ws(u,v,w)=(v,w), 7c(u,v,w)=(u,w).
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FIGURE 2. How X} is defined.

(F, S, and C stand for ‘first’, ‘second’, and ‘composite’.) Writing K4 = kav’
and Kp = kgv/, where k4 and kp are smooth functions on X? vanishing to
infinite order at X2, we have

(revnp KanéiKp)(u,v,w) = ka(u,v) kp(v,w) v(u)v(v)v(w),

where on the left-hand side, v represents the fixed b-measure on X lifted to
X2 under the left projection, that is, v(u,w) = v(u) for all (u,w) € X2. In
particular, m5v nn K4 mgKp is a density on X 3 and so its pushforward to X2
under ¢ is well-defined. By (4.1) and the definition of (7¢). it follows that

(4.2) vKap = (mo)(nivnn KansKp).

This equality shows that we can determine the Schwartz kernel of AB by
analyzing pullbacks, products, and pushforwards of their Schwartz kernels. If
A,B € Uj(X), then we would like to use (4.2) to show that AB € ¥} (X).
However, in this case K4 and Kp are distributions that naturally live on X 62
rather than on X 2. Thus, we need to rewrite (4.2) so that it is valid for kernels
on X?. To do so, we introduce the blown-up manifold X7.

The manifold X} is defined by blowing-up (that is, introducing polar coor-
dinates around) the manifold Y in X3 and then blowing-up (that is, introduc-
ing polar coordinates around) the submanifolds coming from the codimension
two corners of X3. The manifold X along with its various faces are shown
in Figure 2. The abbreviations lb, rb, mb, fs, ss, cs, and ff for the hypersur-
faces shown in the picture of X; are for left boundary, right boundary, middle
boundary, first side, second side, composite side, and front face, respectively
(not that these names are important).

Let mpp, T, TOp - Xg — Xg be the maps 7p, 7y, 7 @ X° — X2 ex-
pressed in the polar coordinates of Xg’ and Xb2. Then we can express the
composition (4.2) in terms of these new maps:

(43) I/KAB = (71'071,)*(7'(371)1/71';7()}(14 ’/TZ',bKB)'

Written in this way, the function vK 45 on the left-hand side is understood
to be the kernel vK 45 lifted to Xl? (that is, written in terms of the polar
coordinates given on the space X?), and on the right-hand side v, K4, and
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! t' ff
mb fs ss b b

FIGURE 3. Some projective coordinates on Xg’.

K are understood to be lifted to X7. The formula (4.3) is the key to proving
composition properties of b-pseudodifferential operators.

4.2. Composition of parameter-dependent operators. The proofs of
Propositions 4.1 and 4.2 are based on the composition formula (4.3). We use
local coordinates to analyze the pullbacks and pushforwards appearing in that
formula. For simplicity, we assume that X = [0,1), and that A = [0, 00). The
argument for any compact manifold with boundary and parameter domain is
not essentially different; the main difference is the annoying appearance of
other variables (e.g., the variables on the boundary Y and the variables 6
and y that appear in (2) in the definition of \II;XO’d’g (X)) that make the proof
complicated notationally. Composition proofs with all the variables appearing
can be found in [12, Lem. 4.3] and [12, Th. 4.4].

Proof of (A) in Proposition 4.2. As ‘I’Z”(X)xo‘l = mal\I/g”(X), to prove the
first statement in (A) we may assume that « = o/ = 0. Moreover, considering
transposes one can show that the second statement in (A) follows from the
first. Let A € ¥7*(X) and B € \Il;Zo’d’g(X) be supported near x = 0. We
show that AB € \I!;Xo’d’E(X). To prove this, we use the composition formula
(4.3) above.

We use projective coordinates on Xf as shown in Figure 1:

(4.4) (s,2'), s =x/2’ coordinates near Ib of X?;

(4.5) (z,t), t =2'/x coordinates near rb of X?;

and we assume that v = |dz/z|. Recall that we are assuming X = [0,1). The
coordinates (4.4) and (4.5) will be used throughout the following arguments.
Let x, ', 2" be the left, middle, and right coordinates of X3.

Step 1: Assume that 77 v 75, Ka 75, Kp is supported near the intersec-
tion of mb, ff, and fs of X. In this region of X7 we use the coordinates
(s,t,2"), where s = /2" and t = 2’/x, seen in the left-hand picture in Fig-
ure 3. In these coordinates, ¢, and mg map near b in Xg and in terms of
the coordinates (4.4) on X? near Ib, are given by

(4.6) msp(s,t,a”) = (st,2");  mep(s, t,a”) = (s,2").
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Also note that mp, maps near rb in XE and in the coordinates (4.5),
(4.7) mrp(s, t,x’") = (sa”,t).

Near 7b in X7, we can write K4 = A(z,t)|dz’ /2’|, where A(x,t) is smooth in
z and t and vanishes to infinite order at ¢ = 0. Near [b in Xg, we can write
Kp = B(r,s,v')|dz’ /2’|, where 7 = A=Y/ and o' = 2’ /r, and where B(r, s,v")
has expansions at r = 0, s = 0, v/ = 0, and v’ = oo, with index sets F, Ey,
Eg, and @, respectively. Using the formulas for mg, o, and mpp in (4.6)
and (4.7), it follows that

dsdtdx"

oV T KAy Kp = A(sz” ) B(r, st, " 1) | ——— T

As mop(s,t,2") = (s,2”) is a fibration, we have

dt |dsdx’
vKap = (mop)« (wauwaKAwaKB /A (sz’,t)B(r,st,x’ /r)— ; ‘ 5 ?j
ST
dsdx’
(T,S,’U) sz’ |

where C(r,s,v") = [ A(srv',t)B(r, st,v")dt/t with v' = z//r. From this for-
mula for C(r, s,v’) it is straightforward to check that the asymptotic proper-
ties of A(z,t) and B(r,s,v’) imply that C(r,s,v’) has expansions at r = 0,
s=0,v" =0, and v = oo, with index sets E, Ey,, Eg, and @, respectively.

Step 2: Assume that ooV T a T35, K g is supported near the intersec-
tion of ss, b, and ff of X;. Here we use the coordinates (z,t,t'), where
t = a'/z and ¢ = 2”/2', seen in the middle picture in Figure 3. In these
coordinates, mry, msp, and mcp all map near rb in Xg. Moreover, in the
coordinates (4.5) on X7, we have

(4.8) wpp(z,t,t") = (z,t); wsp(z, t,t') = (xt,t'); wop(z,t,t') = (z,tt).

Near 7b in X7, we can write K4 = A(z,t)|dz’ /2’|, where A(x,t) is smooth in
z and t and vanishes to infinite order at ¢t = 0. Near rb in Xg, we can write
Kp = B(r,v,t)|dz’ /2’|, where v = z/r, and where B(r,v,t) has expansions
at r =0,v =0, v =00, and t = 0, with index sets I, Fg, &, and E,,
respectively. Using the formulas in (4.8), we have

dxdtdt’
ztt! 1
Hence, as mop(x,t,t') = (z,tt’), by (A.5) of the Appendix,

oV T Ka s Kp = Az, t)B(r, xt/r,t')

dt’ dxdt
vKap = (Wc,b)*(ﬂabl/ W}J)A T B) = / (r,at' /7, t/t ) R

xt
= C(r v, 1) U dxdt




1050 PAUL LOYA

where C(r,v,t) = [ c(r,v, t/t', t)dt' /t" with c(r,v,t,t') = A(rv, t')B(r,vt’,t).
Now the asymptotic properties of A(x,t) and B(r,v,t) imply that c(r, v, t,t")
has expansions at r =0, v =0, v = oo, t = 0, and ¢’ = 0 with index sets E,
Ey, @, En, and @, respectively. It follows that C(r,v,t) has expansions at
r=0,v =0, and v = 0o, with index sets I/, Fg, and &, respectively; and by
Proposition A.3, C(r,v,t) has an expansion at ¢ = 0 with index set E,y.

Step 3: Assume that 77 v 75, Ka 75, Kp is supported near the intersec-
tion of ff, cs, and Ib of X . We now use the coordinates (s,x’,t), where
s=uxz/2" and t = 2" /2, seen in the right-hand picture in Figure 3. In these
coordinates, ¢, and 7g, map near b in X7, and in terms of the coordinates
(4.4) on X?, we have

(4.9) wru(s, ' t) = (st,2’);  mop(s, 2’ t) = (s,2't).
Also note that g, maps near rb in X7 and in the coordinates (4.5),
(4.10) msp(s,a’,t) = (2/,t).

Near Ib in X2, we can write K4 = A(s,z’)|dz’ /2’|, where A(s,2’) is smooth
in s and 2’ and vanishes to infinite order at s = 0. If v = z/r, then near rb in
X2, Kg = B(r,v,t)|dz’ /2’|, where B(r,v,t) has expansions at r = 0, v = 0,
v = 00, and ¢ = 0, with index sets F, Fg, &, and E, respectively. Using
(4.9) and (4.10), it follows that

dsdtdx"
ste! I
Hence, as mop(s, 2, t) = (s,2't), by (A.5) of the Appendix,

mhy Ty Kamh  Kp = A(st,a’)B(r, o' /1, t)‘

x . N x! ' dt |dsdx’
v a = (R0 (t6 Ty Ka s K = [AGst, B0 5.0 T[S
dsdx’
(’I", 50 ) sz |’

where C(r,s,v") = [e(r,s,0'/t, t)dt/t with c(r,s,0',t) = A(st,r0")B(r,v',t).
Now the asymptotic properties of A(s,z’) and B(r,v,t) imply that c(r, s, v’, t)
has expansions at 7 = 0, s = 0, v/ = 0, v = oo, and t = 0, with index sets
E, @, Eg, @, and @, respectively. It follows that C(r,s,v’) has expansions
at 7 =0, v = 00, and s = 0, with index sets F, &, and &, respectively; and
by Proposition A.3, C(r,s,v’) has an expansion at v" = 0 with index set Ep-.

Step 4: We have thus far shown that near three of the six codimension
three corners of X,;o’, oV W}7bKA 7r:§7bKB pushes forward under mc to be in
V-\I!;Xo’d’g (X). Similar arguments show that near the other three codimension
three corners of Xj, n¢ v}, Ka 7%, Kp pushes forward under m¢, to be in
v U (X)), Hence, we are left to prove that if TEpV Ty Kams  Kp is
supported in a neighborhood of ﬂ;i(Ab) as shown in Figure 4, then it pushes
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A\

FIGURE 4. A neighborhood of 7,3 (Ap), where X} is diffeo-
morphic to X7 x R,,.

forward under 7¢p to be in v - \P;Xo’d’g(X). To see this, we choose such a
neighborhood so that (see Figure 4),

(4.11) Xp = X7 xRy, (D) =2 Xi x {0},

where 7o p(p,u) = p and msp(p,u) = p for all (p,u) € X? x R,. Note that
on the decomposition (4.11) (again see Figure 4), 77,0 = oo, Where gy is
a boundary defining function for b of X?. Let X7 = [0,1), x [—1,1],, where
Ib={y=—1} and rb = {y = 1}. Then by the definitions of ¥}*(X) and
\IJ;XO’d’g(X), on the decomposition (4.11) we can write

(412)  wovnE Kams K = /eiufa(Qle?g) d¢ - B(r,o/r,y)|dulvV/,

where a(p, £) is a symbol of order m, and B(r,w,y) with w = p/r has expan-
sions at r =0, w =0, w = oo, y = —1, and y = 1, with index sets F, Eg, &,
En, and E,p, respectively. Thus, as m¢,(p, u) = p, we have

VKAB = (’/TC,b)*('/TE"bV W}7bKA 7ng,b}‘(B) = a(ngba O)B(T‘, Q/T.a y)l/yl
= C(r,w,y)vv/,

where C(r,w,y) = a(oow,0)B(r,w,y) (with gg; written in terms of r, w,
and y). Since a(p,0) is smooth at ¢ = 0, the asymptotics of B(r,w,y) imply
that C(r,w,y) has expansions at r = 0, w =0, w =00, y = —1, and y = 1
with index sets E, Eg, &, Ey, and E,, respectively. The proof of (A) in
Proposition 4.2 is now complete. U

Proof of Proposition 4.1. As in the proof of Proposition 4.2, it suffices to
prove only the first statement in Proposition 4.1, and we may assume that

a=a/ =0. Thus, let A€ U*(X) and let B € U7 (X).

Step 1: We can write A = A; + Aa, where K4, is supported near A,
and away from (b and rb, and where Ay € ¥, °°(X). Similarly, we can write
B = B; + Bj, where Kp, is supported near A, and away from [b and rb,
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and where By € W_ 7%(X). Thus, AB = A1 By + A1By + Ay B + A3Bs.
Arguments very similar to those used in the proof of Part (A) in Proposition
4.2 can be used to show that A;Bg, AyBs € \II;XO’p’d(X). Thus, it remains to
show that A1 By € U™ P(X) and 4,8, € U, 37(X).

Step 2: Consider first A; B;. By taking transposes, it suffices to prove
that B1 A4, € \IJ;XO’p’d(X). Since Kp, is supported near Ay, we can use the

decomposition (4.11). Thus, using the same notation and arguments found in
the derivation of (4.12), we have

TowV Trp KB, T5 K, = /eiu{b(gd@flb)v oow, §) € - Ao, y)ldulv v/,

where b(\, g,§) is a classical parameter-dependent polyhomogeneous symbol
of order m/,p, d, and where A(p,y) is smooth and vanishes to infinite order at
y=—1and y = 1. Thus, as m¢(p,u) = p, we have

VK, Ay = (Tep)«(mE v mhy K, 76, K a,) = blo® 0\, 00w, 0) Ao, y)v v/
= C(Qd)‘v 0, Oib, y)VV/a

where C(, 0, o, y) = b(0%L A, 00w, 0)A(0,y). Since b(), o,0) is such that if we
define g(z, 0,8) = 2P/4(1/z, p,€), then E(z, 0,&) is smooth at z = 0 and since
A(o,y) vanishes to infinite order at b and rb, it follows that C'(\, o, o, y) van-
ishes to infinite order at Ib and rb and is such that if we define 5(2, 0,01, Y) =
2P/1C(1/z2, 0, o1, ), then 5(2, 0, 01p, y) is smooth at z = 0. Thus by definition,
ByA; € W 2P(X).

Step 3: It remains to prove that A1B; € \Ilzxm/’p"d(X). Since (z,t), where
t = 2’ /z, are coordinates on X,? away from (b, it follows that (z,w), where
w = log(z'/x) are coordinates on X7 away from b and rb, such that A, =
{w = 0}. Thus, we can write

Ka, = ¢(w) / e ta(z, &) dé v, Kg, = / e Eb(adN x, &) dg -V,

where p(w) € C°(R) with p(w) = 1 near w = 0, a(z, ) is a classical symbol
of order m, and b(\, x, &) is a classical parameter-dependent symbol of order
m/,p,d. A computation shows that the composition A;B; has a kernel given
explicitly by

Ka, = /ei“"gc(asdA,x,f) dag -/,

where ¢(\, z,£) = [a(z,§ — n)b(\, z,n,§) dn with

B\ 2,1, €) = / () b, e, €) du.
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A straightforward computation (e.g., taking the Taylor series of a(z,& —n) at
n = 0) shows that x — c()\, z,£) is smooth with values in SZ";C? PAR). O

5. Application: resolvent expansion

We now prove the trace expansion (1.1). Let A € = ™Diff;"(X) be fully
elliptic with respect to a € R on a sector A and let B € 2 °U}(X), where
b,q € R with b < m. Then for N € N such that g— Nm < —n, by Theorem 3.7
and the definitions of the various spaces of parameter-dependent operators, it
follows that for A € A sufficiently large, B(A — \)~" exists and is trace class
on z*~™L%(X). Moreover,

TrB(A—- N =TrF(\) + TrG(\) + Tr H(\),

where in the notation of Theorem 3.7, F € gNm—bg? Nm=Nmmx) ¢ ¢

me_b\I/;Xo’m’gN(a)(X), and H € me_b\I/XOO’}-N(Q)(X). To investigate the
traces Tr F((A), Tr G(X), and Tr H(X), we shall need the following proposition,
whose proof can be found in [11, Prop. 5.49].

PROPOSITION 5.1.  Let ¢ € C™(A) be holomorphic. Suppose that for some
indez set E, as [A| — oo in A, p(A) ~ 37, 1yep [A7*(log AN @2 k) (0), where
©(2,k)(0) is smooth in 6 = N/|X|. Then in fact, for some 9. ) € C, we have

PN ~ajmoo D AT (10g N)Fe( ).
(z,k)EE

Before continuing, we note that checking the arguments of Part I, it follows
that F(\) is holomorphic in A and G(\) + H(A) is holomorphic in A.

LEMMA 5.2. As |A| — oo in A, we have

(5.1) TrGA) +Tr H(\) ~ Zak)\(b*k)/m*N, ay € C.
k=0

Proof. If A = X is the diagonal in X2, then

TI"G()\) + TI‘H(A) = / K(;()\)‘A —|—/ KH(,\)|A-
X X

By definition of mNm_b\I'XOO’}-N(a) (X), Jx Ku(nla vanishes to infinite order

as |A| — oo. Hence, Tr H(X) does not contribute to the trace expansion (5.1).

By definition of a:Nm_b\I';iO’m’gN(a)(X), on the interior of A, Kg(xla

vanishes to infinite order as [A\| — oo. Thus, we may assume that Kg)|a

is supported in a neighborhood [0,1), X Y of X near Y. Let r = |A\|[~%/™
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and = M\/|\|. Then using the definition of me_b\IJ;Zo’m’gN(a)(X) and
integrating out the Y factor, we can write

dx

1
/XKGQ\)\A = /Ome_bG(r,H,x/r)?
1
er_b/ me_bG(r,H,x)d—x (z — rz),
0 X

where G(r,0,v) is a function smooth at r = 0, smooth in 4, can be expanded
at v = 0 with index set En (o) > m — Nm, and vanishes to infinite order as
v — 00. Since G(r,0,v) is smooth at r = 0 as r \, 0 we have

TrGA) +Tr H(\) ~ Zer*bJrkgk(H), for some g () smooth in 6.
k=0

Since = |A|~Y/™, our lemma follows from Proposition 5.1. O
The following lemma completes the proof of the trace expansion (1.1).

LEMMA 5.3. As |\ — oo in A, we have

oo

(5.2) Tr F(\) ~ Z {ak + by log A + cx(log )\)2} \(@+n—k)/m—N
k=0

+ DB+ enlog A AT/ ST RN,
k=0 k=0

Moreover, by, =0 unless k € (Ng + ¢+ n —b) U (mNg + g+ n); ¢, =0 unless
ke mNyN (Ng—b) + g+ n; and e, =0 unless k € mNgy + b.

Proof. If ¢ € C°°(X) vanishes near the boundary Y, then ¢F(\) is a type
of operator examined in [11]. The results of [11] imply that Tr pF(\) has an
expansion of the form (5.2) with ¢, Bk, ex = 0.

Thus, it suffices to assume that F'(A) is supported in a collar [0,1), x Y.
By taking a partition of unity of Y, we may assume that F'(\) is supported in
a coordinate neighborhood in the Y factor. Also, by Proposition 5.1, we need
only prove the expansion (5.2) with A replaced with r = |A\|7'/™ and with the
coefficients functions of # = \/|\|. Note that § appears only as a parameter;
hence, without loss of generality we may assume that A = [0, 00).

Step 1: We reduce the problem to an application of Proposition A.3. Now
using the definition of me_b\I/Z;\Nm’_Nm’m(X) and integrating out the Y
factor of [0,1) x Y, we can write

1
TrF(\) = /0/ N ba(z ™A, x, €) dfi—m,
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where (),§) = a(\z,§) € S, =N (R and varies smoothly and s
compactly supported in z. By assumptlon, q — Nm < —n, so the integral in
¢ is absolutely convergent. If r = 1/)\1/’", then

Tr F(\) = /0 A(r/z, x)i_x7

where A(z,z) = 2N™0 [L a(z7™, x,£) dE. Let ¢ € C*([0,00)) be such that
o(z) =1for z <1 and p(z) =0 for z > 2. Then,

! dzx

63 TFO) = [ etrfe) Afe) T+ [ 0= plr/a) Alr/z) S

We analyze the asymptotics of each integral as r \, 0. For the second integral,
we make the change of variables z +— rx, which gives

1 1
[ a=stw/o)awfe o = [0 -p/0)a0/s.r0)%
0 0

This integral is absolutely convergent since Nm — b > 0 and A(1/z,rz) =
pNm=byNm=b Jgn a(z™, ra, &) d§. Moreover, since a(), z,§) is smooth at z =
0, the integral has an expansion at r = 0 with index set Nm — b+ Ny. Thus,
the second integral in (5.3) contributes an expansion of the form given by the
second sum in (5.2).

It remains to analyze the asymptotics of the first integral in (5.3). Note that
A(z,x) has an expansion at = 0 with index set Nm — b+ Ny since a(A, z, &)
is smooth at = 0. Thus, as ¢(z) A(z, z) is compactly supported in z and =z,
Proposition A.3 applies: if A(z,z) has an expansion at z = 0 with some index
set E, then the first integral in (5.3) has an expansion as r = 1/A\1/™ X, 0
with index set EU(Nm — b+ Ny) (see equation (A.3) for the definition of U).
We show in the following steps that E = (mN + mNg)U(Nm — ¢ — n + Npy),
which, as the reader can verify, completes the proof of (5.2).

Step 2: Since the asymptotics of A(z,z) at z =0 do not depend on z, we
omit the x variable; thus, it suffices to determine the asymptotics of A(z) =
Jn a(z7™,€) d€ at z = 0, where a(X, &) € S T]C\;m’ Nomm (gny

Let x(§) € C*(R™) be such that x(§) = 0 near £ = 0 and x(§) =1
outside a neighborhood of 0. Then given M € N, expanding a()\,£) in its
homogeneous components (see equation (3.6)) we can write

ZAk + Ry(2),

where Ag(z f]R" (z7™, &) d¢ W1th ak(\, §) anisotropic homogeneous
of degree ¢ — Nm k, and where Ry (2) = [pn rar(27™, &) d€ with rar (X, €) €
S, er M.=Nmm(gny: thus, 7 (2~ ,5) = 2™N7a (2™, €), where 7y (w, €) is

smooth at w = 0 and satisfies the estimates (3.4). These properties of 7as
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imply that Rps(2) can be expanded to higher and higher order at z = 0 with
index set mN + mNgy as M is chosen larger and larger. Thus, it suffices to
analyze the asymptotics of each Ag(2).

Step 3: To analyze the asymptotics of Ag(z), we use Proposition A.2.
Before continuing, we recall to the reader two properties of ax (A, &) (see Sec-
tion 3.2): ap(6™\,66) = §9Nm=kg (X &) for all § > 0, and ax(2~™,¢) =
2" NG (2™, €), where ag(w, £) is smooth at w = 0.

Now, making the change of variables & — z~'¢ in the integral defining Ay,
then using the homogeneity properties of ax, we obtain

() = [z a1, de
Since (20, —(Nm—q—n+k))zNm=9=7+k = 0 and 20, x(£/2) = —(£-0ex)(£/2),
where £ - 0¢ = > &;0¢;, we have

(20. — (Nm —q—n+k))Ap(z) = —szqunJrk/Rn (€ 9ex)(&/2) ar(1,€) g
. / (€000 oz, ) €
_ N / (€ ex)() (=™, €) d,

where we changed variables £ — z¢ in going from the first to second integral.
Since (€ - O¢x)(€) is supported in a compact subset of R™ \ {0}, the integral
2™V IR" (€ - Oex)(€) ar(2™, &) d€ is absolutely convergent, and so can be ex-
panded at z = 0 with index set mN +mNy. Hence, by Proposition A.2, A(z)
can be expanded at z = 0 with index set (mN + mNo)U(Nm — ¢ —n + k).
Thus, as A(z) is an asymptotic sum of the Ag’s, A(z) can be expanded at
z = 0 with index set (mN + mNy)U(Nm — ¢ — n + Np). O

We remark that a trace expansion comparable to (1.1), but with possibly
different exponents, holds for any holomorphic operator in

2 UK + P (X)) + et T (X)),

where m, p,d € R with m < —n, p/d € Z, and where a, b, c € R are sufficiently
large so that the operator is of trace class. Similar arguments to those given
in Lemmas 5.2 and 5.3 can be used to derive such an expansion.

Appendix A. Two elementary propositions

We present two fundamental propositions that are useful for proving that
certain functions have expansions. They both involve the Mellin transform.
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Let f € C*((0,00)) and suppose that f = O(z%) at z = 0 and f = O(a?)
at x = oo, where —a < —b. Then the Mellin transform of f is

[e) T oco+ic )
() M) = [ a0 — @ =5 [ MU

2w —oo+ic
The left-hand integral is convergent for all 7 € C with —a < Im7 < —b, and
the number ¢ € R on the right is any real number such that —a < ¢ < —b.
The Mellin transform is related to asymptotic expansions via the following
lemma, which is just an application of Cauchy’s theorem.

LEMMA A.l. Let u(r) be a meromorphic function with a single pole, of

order £+ 1, at 7 = 179. Then for any closed curve C around 7y, we have
¢
(A.2) / T u(r)dr = 2 Z(log x)ug, wu € C.
c k=0

Moreover, suppose that v(z) € C*((0,00)) vanishes to infinite order as © —
oo and can be expanded at x = 0 in the form given by the right-hand side of
(A.2) up to a term that vanishes to infinite order at x = 0. Then, M(v)(7)
is meromorphic on C with a single pole at T = 19 of order ¢ + 1.

We now give two applications of this lemma to obtain expansions. Given
two index sets E' and F', not necessarily C*° index sets (cf. Section 2.1), the
extended union of these index sets, FUF, is by definition

(A.3) EUF =EUFU{(z,k+0+1) : (2,k) € E, (2,0) € F}.

PROPOSITION A.2. Let f(z) € C*((0,00)) vanish to infinite order as
x — 0o and suppose that for some a € C, we have

(A.4) (#0r — a) f(z) = g(x),

where g(x) can be expanded at x = 0 with index set E, not necessarily a C*°
index set. Then f has an expansion at x = 0 with index set EU{a}.

Proof. We first note that by Lemma A.1, M(g)(7) has a pole at 7 = —iz
of order k + 1, where (2,k) € E but (2,k+1) € E.

Now taking the Mellin transform of (A.4) gives (it—a)M(f)(1) = M(g)(7).
Thus, M(f)(7) = —iM(g)(7)/(7 + ia); hence, M(f)(7) has the same pole
structure as M(g)(7) except with a possible extra pole at 7 = —ia.

In particular, f(z) is given by the inverse Mellin transform in (A.1) with
¢ > max{—min E, —a}. Moving the contour Im7 = ¢ down to Im7 = —o0
picks up contour integrals around the poles of M(f)(7), which by Lemma A.1
and the structure of the poles prove our proposition. O

PROPOSITION A.3. Let f:1]0,1)%2 — [0,1) be the map f(z,y) = zy. Sup-
pose that u = u(x,y)|dzdy/(zy)| is a compactly supported b-density on [0,1)?
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with expansions at x = 0 and y = 0 given by index sets Ey, and E,y, respec-
tively, which are not necessarily C*° index sets. Then,
dy |dx

1 1
a5 (@ = [ el T = [ atam |

and f.u(z) can be expanded at x = 0 with index set EpUE,.

)

Proof. Working out the definition of f,u, a straightforward computation
shows that f.u is given by (A.5).

It remains to prove that f.u(z) can be expanded at x = 0 with index
set EpUE,,. To see this, we take the Mellin transform of f.u(z). A short
computation shows that M(f.u)(7) = M(u)(r,7), where M(u)(,0) is the
two-dimensional Mellin transform of u:

Mo = [T ey eue ) T,
o Jo Ty

Since u(z, y) has expansions at the left and right boundaries of [0, 1)? given
by Ej, and E,p, by Lemma A.1 it follows that M(u)(7, o) has poles at 7 = —iz
of order k + 1, where (z,k) € Ey, but (2,k + 1) & Ejp,, and poles at 0 = —iw
of order ¢ + 1, where (w,f) € E, but (w,£ +1) ¢ E.. It follows that
M(u)(7,7) has poles at 7 = —iz of order k + 1, where (z,k) € EpUE,;, but

(z2,k+1) & EpUE,, as the reader can verify.
Now that we know the pole structure of M(f.u)(r) = M(u)(7,7), we can
proceed as in the final paragraph of Proposition A.2 to show that f.u(x) can
be expanded at x = 0 with index set Ej,UE,. O
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