Journal of Functional Analysis 184, 313-376 (2001) ®
doi:10.1006/jfan.2001.3770, available online at http://www.idealibrary.com on 1DE %l

Scattering Theory for Conformally Compact Metrics
with Variable Curvature at Infinity

David Borthwick!

Department of Mathematics and Computer Science, Emory University, Atlanta
E-mail: davidb@mathcs.emory.edu

Communicated by R. B. Melrose
Received October, 2000; accepted March 2, 2001

DEDICATED TO RALPH S. PHILLIPS

We develop the scattering theory of a general conformally compact metric by treating
the Laplacian as a degenerate elliptic operator (with non-constant indicial roots) on a
compact manifold with boundary. Variability of the roots implies that the resolvent
admits only a partial meromorphic continuation, and the bulk of the paper is devoted
to studying the structure of the resolvent, Poisson, and scattering kernels for frequencies
outside the region of meromorphy. For low frequencies the scattering matrix is shown
to be a pseudodifferential operator with frequency dependent domain. In particular,
generalized eigenfunctions exhibit L? decay in directions where the asymptotic curvature
is sufficiently negative. We explicitly construct the resolvent kernel for generic frequency
in this part of the continuous spectrum.  © 2001 Academic Press
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1. INTRODUCTION

Let X be a smooth manifold of dimension n+ 1 with boundary 0X,
equipped with an arbitrary smooth metric g&. A boundary-defining function
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on X is a function x>0 such that 0X={x=0} and dx #0 on 0X. A con-
formally compact metric on the interior of X is a metric of the form

g
g8="-

X

Such metrics were introduced by Mazzeo [ 10] as a generalization of the
hyperbolic metric on B”. The metric g is necessarily complete. Any non-
trapped geodesic y approaches a point yedX, and as ¢t — oo all sectional
curvatures at (¢) all approach the value —a(y)? where

a = |dx|4 restricted to 0X.

Let oy =infsyx o and oy = supzy o

Mazzeo established the basic properties of the spectrum of the p-form
Laplacian associated to g and proved the appropriate Hodge theorem for
this context. Here we will deal only with the Laplacian on functions,
denoted simply by 4 since g is fixed throughout.

TueoreM 1.1 [10, 11]. The essential spectrum of A is [oain?/4, o0) and
is absolutely continuous. There are no embedded eigenvalues except possibly
at ajn*/4.

The case where a = a, is constant is referred to as asymptotically hyper-
bolic, since sectional curvatures all approach —oZ at infinity. Note that
constant curvature “at infinity” does not imply that g has constant cur-
vature at any point.

For asymptotically hyperbolic metrics, Mazzeo—Melrose proved mero-
morphic continuation of the resolvent.

THEOREM 1.2 [13]. If a =0, then the resolvent R, =[A4—oajl(n—{)] 7"
has a meromorphic continuation to C\4(n—N).

The proof is by a parametrix construction which gives a detailed picture
of the structure of the resolvent kernel. One sees, for example, that

R;: C*(X) - xC*(X),

where C* (X) is the space of smooth functions vanishing to infinite order at 0.X.
This property leads to a “functional parametrization” of the continuous spec-
trum (see [ 16]). Given f|,x € C*(0X), we can solve away a Taylor series at
the boundary to extend f smoothly into the interior in such a way that
[4—a3l(n—{)] x"~% e C*(X). Then by applying R, to the remainder we
construct a generalized eigenfunction u solving [ A4 —a3{(n—{)] u=0 with

u=x""%+x", (1.1)
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where '€ C*(X). This u is uniquely determined by f|,,, and the map
E.: flox—u is called the Poisson operator, after the classical case. It
defines a parametrization of the continuous spectrum by C*(0X). This
construction also yields the scattering matrix S,: f|,x —f"|5x, Which is a
pseudodifferential operator of order 2 Re { —n. Note that as defined here,
E; and S, depend on the choice of x. This dependence is easily removed by
considering sections of a certain trivial line bundle instead of functions, but
for our purposes it is much more convenient to fix a choice of x for the
whole paper. The kernels of E, and S, can be derived from R, and are
meromorphic functions of { e C\1(n—N).

This paper is devoted to the extension of such results to the general con-
formally compact case, with variable a. To heighten the analogy with the
asymptotically hyperbolic case, we continue to use a spectral parameter
such that the relation to the eigenvalue 4 is

L=ogl(n—0).

For constant « this association comes from the equation for indicial roots
of 4 — 7 (see Sect. 3). In the general case the indicial roots are variable, and
even singular for certain values of A. This complication is the source of
interesting new features in the scattering theory.

To summarize the results of this paper:

(1) The Mazzeo—Melrose parametrix construction can be used to
obtain meromorphic continuation of the resolvent [A4 —oaj{(n—{)] ' to
the plane minus a set /" which is a collection of intervals (Theorem 5.1).
Figure 1 shows the region of meromorphic continuation, which is defined
by the condition that the indicial root avoid the set 3(n — N,) and includes
the portion of the continuous spectrum A € («7n*/4, oo). Within the region
of meromorphic continuation we can construct the Poisson kernel and
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FIG. 1. The resolvent is meromorphic outside the marked intervals. The dotted line
indicates the continuous spectrum, and X’s represent possible poles.



316 DAVID BORTHWICK

scattering matrix as in the asymptotically hyperbolic case (Propositions 5.4
and 5.5).

(2)  We'll refer to the portion of the continuous spectrum inaccessible
by meromorphic continuation, e [ain?®/4, ain?/4], as the irregular con-
tinuous spectrum. (This corresponds to the vertical solid line in Fig. 1.) We
analyze it through a limiting absorption principle. This means establishing
the strong limit of [4—oajl(n—{)] ' as { approaches the line Re{=1%
from the right (Theorem 6.7). With this technique we show that the scatter-
ing set

4
W, = {(xz <2} c0X,
n

“parametrizes” the irregular continuous spectrum at A. More precisely, for
feC”(W,) there is a unique solution of [4 —aj{(n—{)] u=0 having an
asymptotic expansion with leading behavior

U~ X AE () 4 X7 f1( ) mear W,

where o is the (variable) indicial root defined in Section 3 and f'e C* (W)
(Proposition 7.1). The restriction of u to a neighborhood intersecting the
boundary only in {a®>44/n*} is in L> Thus, as illustrated in Fig. 2,
generalized eigenfunctions only “propagate out to infinity” on W,. By com-
bining the local parametrix construction with the limiting absorption prin-
ciple, we are able to construct the Poisson kernel, understand its structure
near W, and thus show that the scattering matrix is a pseudodifferential
operator defined on W, (Theorem 7.2).

(3) The edge of the scattering set is the crossover region {a*> =4i/n*} <
0X. If we assume that 2 ﬂ/n is a regular value of a, so that the crossover
region is a submanifold of 0.X, then we can undertake a direct construction

W,

L? decay 7 scattering

0X

FIG. 2. Behavior of generalized eigenfunctions for the irregular continuous spectrum.
Scattering occurs only where the curvature at infinity is > —44/n%
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of the resolvent [ 4 —a2{(n—{)] " The technique is to blow up the cross-
over region in X to resolve the singularities of the indicial root. Adapting
the parametrix construction to this extra blow-up, we obtain a good para-
metrix from which the structure of the resolvent may be deduced. The result
is a full picture of the boundary behavior of the resolvent kernel under this
generic assumption on /4 (Theorem 8.19).

This behavior of generalized eigenfunctions can be interpreted physically.
Larger a corresponds to more rapid volume growth at infinity, so one
would naturally expect waves traveling in such directions to diffuse more
quickly. At low frequencies (relative to o) the diffusion effect is evidently
strong enough to overcome propagation, while sufficiently high-frequency
waves do propagate in all directions.

Scattering theory on hyperbolic manifolds has an extensive literature (see
[5] for a review of the subject). For this case the absence of embedded
eigenvalues was proven by Lax—Phillips in [ 8 ] and meromorphic continua-
tion of the resolvent by Perry [17], independently of [13]. Perry also
proved that the scattering operator was pseudodifferential and computed
its symbol.

For asymptotically hyperbolic metrics, the parametrization of the spec-
trum as in (1.1), and the corresponding definition of the scattering matrix,
again a pseudodifferential operator, was implicit in [ 13] (stated, for example,
in [16]). The proof was given by Joshi-Sa Barreto [ 7], who proved an inverse
result on the determination of asymptotics of the metric from the symbol of
the scattering operator. The equivalence of resolvent and scattering resonances
for asymptotically hyperbolic metrics was proven by Borthwick—Perry [1].
In [ 3] Guillopé-Zworski establish an upper bound on the counting function
for resonances, under the stronger assumption of hyperbolic “near infinity,”
i.e. outside a compact set. For the case of Einstein metrics which are
asymptotically hyperbolic Lee proved that there is no discrete spectrum
provided the Yamabe invariant of the induced conformal structure on 0X
is non-negative [9].

Outside of [10, 11] no work seems to have been done on conformally
compact metrics in full generality. The phenomenon of a scattering
operator defined for a frequency-dependent set of directions appears to be
quite new, although the direction-dependence bears some analogy with
recent results of Herbst—Skibsted on scattering by homogeneous potentials [4].

2. BOUNDARY ASYMPTOTICS

Our main goal is to describe precisely the structure of the generalized
eigenfunctions, as well as the resolvent, Poisson, and scattering kernels.
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The first step is to introduce the spaces which will characterize the behavior
of these functions at the boundary.

Let M be a smooth manifold with corners (see [ 14, 15] for basic defini-
tions). The boundary hypersurfaces of M, themselves manifolds with corners,
are labeled Y;, j=1, .., p, and we introduce corresponding boundary defining
functions py, .., p,. We are basically interested in functions which behave
near Y, like p/ times a smooth function, for a set of index functions
f;€ C*(Y;). However, to make a definition independent of the choice of
p;’s, “smooth” must be relaxed to “polyhomogeneous conormal” with a
particular index set. We'll follow closely the definition of spaces of polyhomo-
geneous conormal functions in [ 14, 15], but give a self-contained presentation
for the convenience of the reader.

The set of smooth vector fields tangent to the boundary is denoted by
V»(M). As an auxiliary space in the definition, define for a multi-index
m e R? the space

AUM)={ue C=(M°): (V;)Fuep™L=(M) Yk,

where M° denotes the interior and p”=p7" --- p7%. This space is clearly
invariant under the action of 7. Because of logarithmic terms it will be
convenient to use the space

where m’ <m means m;<m, for each j.
Given p; we choose a product decomposition Y, x[0,€) » of a
neighborhood of Y; in X. Within this product neighborhood the radial

vector field is
Vi=p;0

P>

which we’ll extend to the rest of M so as to define an element of ¥, (M).
V; is determined independently of the product decomposition up to an
element of p; 7, (M).

DerFINITION 2.1. For a family of smooth functions fe C*(M; R?), the
space .oZ3( M) of “polyhomogeneous functions with variable order” consists
of functions u e C*(M°) such that for any me N} we have

H H (V;=k)* 1 (p~Pu)e /™~ (M).
j=1 k=0

To signify vanishing to infinite order at a particular boundary face we’ll
use the notation ;= oo. The invariance of .« (M) under the action of
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7, (M) is immediate from the definition. When f is constant it is usual to
define the spaces with operators (V;— 8, — k) acting on u. This is not equiv-
alent here, unless each f; is independent of p; near p,;= 0. We will see below
that one could always make this assumption, because .o/;(M) depends only
on f3; | ¥

The space .7;(M) could just as well be characterized by the existence of
asymptotic expansions. Near the boundary surface Y; the expansion will
take the form

u~ ), Pfj+k(10gpj)lak,la (2.1)

0<iI<k<oo

for functions a; ; on Y;. By this we mean that for any ¢ >0

pPu— Y piogp) xp)) a € A1 (M), (22)

o<i<k<g—1

where ¢{ j) denotes the index set (..., 0, ¢, 0, ...) with ¢ in the jth place, and
x€C®([0,00)) with y=1 on [0,¢/2] and y=0 on [e& o), so that
x(p;) a;, ; may be thought of as a function on M which vanishes outside the
product neighborhood.

To a multi-index f on M we can associate a multi-index ) on each face
Y,. If H,is a boundary hypersurface of Y, (and hence a corner of M), then
set f{/) = fi| , Where Y is the unique boundary surface such that H, is a
component of Y; N Y.

ProrosiTioN 2.2. Ifue C*(M?®), then ue /(M) if and only if u has an
asymptotic expansion at each boundary surface Y;:

U~ y pJ/_zj+k

0<iI<k<oo

(log pj)lak,la

where a; ; € Ay (Y))

Proof. Tt suffices to prove the expansion for p ~%u, so we can assume
p=0. This is a special case of a result proven in [ 15] using the Mellin
transform. We'll give a different proof using methods found in [6, 7].

It also suffices to consider a single face, say Y;. We’ll work in a product
neighborhood Y, x [0, 1), and ignore the cutoff y in (2.2). From the defini-
tion we have

q
[T (10, —k)<+1| we.oz@+D<>= (). (2.3)
k=0
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Let
q

ﬂ (10,—k)*+1| u, (2.4)

so that (2.3) becomes the estimate
8,(uy) = fe A9V~ (M), (2.5)

In particular, since ¢ >0 we see that u; approaches a limit as z — 0, call it
b,. This b, is a function on Y,, and since we also have estimates of the
form

0.(13) uy € A1V (M),

we have uniform convergence of tangential derivatives (7;)*u, as t— 0,
giving us bounds on (¥;)b,. This shows that b, €.27°(Y,). The same
principle applies to the radial vector field estimates. For example, since

Vyu, € .o/~ (M) and 0,Vyu, €./ @10 (M)

the limit of V,u, exists as 7 —> 0 and equals V5| y, b;. In this way we get an
estimate V5 |y, by < C( p2|Y) —% for any 6>0. Repeatmg this argument
with higher derivatives and at all boundary faces of Y,, we conclude that

Integrating (2.5) from 0 to ¢ gives

=Kfﬁ

Again using ¢ >0, it is easy to see that
r fdte.o @ D= (M,
0

and hence u; — b, €.o/ @+ D<= (M). Setting aq o=b/TT1¢_, (—k)**1, we
thus derive from (2.4) that

q
{ n "“} (u—aoso)esz{(q+l)<l>_(M). (2.6)
Now let

uz{ I <ta,—k>k+1} (1= do. )
k=

2
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so that (2.6) implies
(10,— 1) uy € o/ 1T D= (M),
This could be written
O,[t7 (10, — 1) uy] e oZ 9= = (M),

so assuming ¢ > 1 we apply the above argument to find b, €./°(Y;) such
that

10, — 1) uy— by € A7 (M).
Rewrite this as
0Lt 'uy—(log 1) byl € o/ 9= D<>=(M).
Repeating the argument yet again, we find b} € .o/°(Y;) such that
—(tlogt)by—thy e/ D= (M)
Then from b, and b} we form a, ; and a, , by linear combination so that

q
I1 (ta,—k)k“] (u—ag,o—(tlogt)a,  —ta, o) €9V~ (M)
k=2
This procedure may be continued inductively up to k=g — 1, yielding
(10,—q q“< Z Z t/'(logt) a >eu<zf(‘1“)<1>(M). (2.7)

j=0 [I=0

To remove the remaining derivatives, consider a function Fe C*(M®)
satisfying

(t0,—q) Fe /1"~ (M), (2.8)
which is equivalent to
0,(t7F)=he .o/ V= (M).

Integrating from ¢ to 1 gives
(~9F = f(1 j h dt.

Since we have (73)* |} h dt=O(log t) by the estimates on A, we conclude
that (2.8) implies Fe /91~ (M).
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Applying this argument (¢ + 1) times to (2.7) we obtain

q—1
u—y Z t/(log 1) a; € /9"~ (M),

j=0 1=0
where a; ;€ 24 (Y;). |

We will need a means to indicate subspaces of .o; consisting of functions
with truncated expansions, ie. with a certain number of the leading
coefficients set to zero. For g e N? define

»
g (M n pilnp)- oy (M). (29)

A useful alternative characterization is

‘1[1

Ay o (M 1‘[ 1‘[ (V,— kY| p=F . cty(M), (2.10)

I=1 k=

The proof of Proposition 2.3 shows that (2.9) and (2.10) are equivalent.

Generally one defines spaces of polyhomogeneous conormal functions
with more general expansions, specifying explicitly the set of possible
powers of p; and log p; at each face. One could do the same for variable
orders, but the possible crossing of orders complicates the definition. Since
we do not require such generality, in Definition 2.1 we have chosen to use
the minimal set of powers consistent with variable order.

LemMA 2.3. The space <z(M) is independent of the choice of V; and
depends on f only through the restrictions f3; |Yj .

Proof. Since V; is unique up to p;7;,(M), independence follows from
the invariance of .o/ under 7.

To study the f dependence, for simplicity let us specialize to the case
p=1, ie. a manifold with boundary X with boundary defining function x.
It suffices to consider an index = —xf where f € C*(X), and show that
Ao (X) = .o/_,,(X). Define the commutator operators

g—1
Z,=| [] (x0,—k)k+!, x|,

q
k=0

By induction we will show that

Z,: sty(X) > sty (X). (211)
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Because .4, (X) =797 (X), for ue .24 (X) we can then estimate

— m—1
l_[ KN (xu)=Z,u+x T (x0,—k)**'u

k=0

€A™ (X),

and hence ue.o/_,
So the result follows once we establish (2.11). Z, is multiplicative,

Z,=x"[(xlogx+x)f+x2logx(?, )],

and the mapping property Z;:.o%(X)— o4,,(X) is immediate. For the
inductive step, assume Z, satisfies (2.11) and consider

Zy = (x0,—q)?*" Zu+[(xd,—q)?+", x] ﬂ K)e+ 1

By definition we have

(xax_q)q+l : ‘% (X)'_)&/()l(q+l)(X)9

lq

which takes care of the first term. And the second is a sum of terms of the
form
g—1
(V) Zy - (1) F [T (x0,—k)<*u,
k=0
and so using (2.10) the desired mapping follows from Z;: . ,(X)—
<9/0|(q+1)(X)~
The argument is the same in the general case, except that the induction
must be done over NZ. |

3. INDICIAL ROOTS

It will be convenient to put the metric into a normal form. The proof of
the following result may be adapted directly from [ 7], where o= 1.

ProposiTION 3.1.  Let X be a compact manifold with g a conformally
compact metric. There exists a product decomposition (x, y) near 0X such
that

dx*>  h(x, y, dy)

ocz(y) X2 + X2 + O(X )

Here —a(y)? is the limiting curvature at infinity.
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For the rest of the paper we will assume that

dx>  h(x,y,d
X M y dy)

“Z(y) X2 x2 >

(3.1)

in some product neighborhood of the boundary. The O(x*) correction is
dropped for notational simplicity, since its effect on the various estimates
and asymptotic expansions at the boundary would be trivial.

The corresponding Laplacian operator is

A=02[ —(x0,)% +nxd, — x*(0, log \/h) 0, ] + x4, — x*(0; log a) h¥0,.
(32)

The indicial equation in this context is obtained by setting the leading order
term in (4 —A) x° equal to zero and solving for the indicial root ¢ as a
function of 4. This yields

so ¢ depends on y through a( y).

In the hyperbolic case it is natural and customary to choose spectral
parameter { equal to the indicial root. For variable « it seems natural to
use the relation

A=03l(n—=0), (3.3)

so that at least the continuous spectrum still corresponds to the line
Re { =%. Then the indicial equation can be solved for a({, y)

nn* ol
— = =0 r(n— 34
=l y) =5+~ 25 tn—0) (34)
The square root has a natural interpretation such that Re ¢ > n/2 whenever
Re { >n/2, which breaks down only if n%/4 — (a3 /a?) {(n—{) =0 for some
ye0X. We can thereby define ¢ as an analytic function of { in the region

a7
C¢{C—+1z z<4<a(2) 1>}

The range of definition is extended to { € C by continuity, and Fig. 3 shows
the behavior of ¢({) as a function of y. The indicial root fails to be analytic
at those values of { for which A e [a2n?/4, ain?/4].
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CTU&

Re(=1%

FIG. 3. For fixed ¢, the indicial root ¢ varies with y e 0X.

It turns out that meromorphic continuation of the resolvent requires not
only that ¢ be an analytic function of {, but that ¢ avoid the points
1(n—N). Accordingly we define

I'={{eC:0({ y)ei(n—N,) for some yedX},

as pictured in Fig. 1. Since {#5 implies o({, -) € C*(0X), we may define
o, (X) for (e C\I" by choosing an arbitrary smooth extension of ¢((, -) off
the boundary. (We will consider the case of singular ¢ starting in Sect. 6.)

LEMMA 3.2. Let (e C\I. Given ve o, |, we can find u€ o, such that
v—[A4—odln—0)Tue C*(X).
Proof. The leading terms in the boundary expansion of v are
x“*(log x) g, +x°"g,,
where g,, g, € C“(X). Observe that for any y € C*(X)
[4—o3l(n—0)]1x"" (logx) g =a’(n—20—1)
x°*tl(logx) g, +x°"h,+ R,

where h, e C*(X) and Re .o/, ,. Provided that g # (n—1)/2 we can set

1

m[ x7 " (log x) g1 +x7" (g2 —hy)],

u1=

so as to have

v—[A4—a2l(n—0)]u, €,
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The remaining terms u; are obtained by an obvious induction, with the
requirement that o¢3i(n—N,) ensuring that no =zeroes occur in
denominators. Then using Borel’s lemma we sum the series asymptotically
at x=0togetu~3 u;. |

Since o is the indicial root, [4 —ajl(n—{)] x°f € A, for fe C7(X),
and we immediately conclude the following:

COROLLARY 3.3. Let (e C\I. Given fe C*(0X) we can solve
[4—0a3l(n—{)]ueC(X),
for ue o (X) such u has leading boundary term

u(x, y)~x°f(y) as x—0.

4. PARAMETRIX CONSTRUCTION

The operator 4 is a member of a class of differential operators Diff§'(X)
(where m denotes the order) generated by ¥, (X), the set of smooth vector
fields on X which vanish at the boundary. In local coordinates 7, is
generated by x0, and x0, (whereas 7}, is generated by xd, and 0,).

The stretched product X x (X was introduced in [ 13, 10] as the natural
space on which to study integral kernels of operators in Diff{(X). To
define it, let S=4(0Xx0X)<= X x X, which is the intersection of the
diagonal with the corner. The stretched product is formed by blowing up
this submanifold, which is notated:

Xxo X=[XxX;S].

As a set, X'xy, X is X x X with S replaced by a front face consisting of its
(inward-pointing) spherical normal bundle, a procedure best thought of as
the introduction of polar coordinates around S. The blow-up is illustrated
in Fig. 4. In local coordinates (x, y, x’, ') for X x X corresponding to the
product decomposition of X near 0X the diagonal in the corner is
S={x=x'=y—y' =0}. Letting r=./x>+ x>+ (y—»')%, we introduce
the coordinates (p, p’, o, r, y) for X x, X, where

p:

==
=
<
|
<
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0X x 9X

FIG 4. The diagonal S in the corner of X x X is blown up to form the stretched product
X %o X.

The boundary faces of X x, X are the front face r =0, the left face p=0,
and the right face p' =0. The blow-down map is denoted by

P Xxyg X—> XxX

The operators occuring in the parametrix construction are characterized
by the behavior of the lifts of their distribution kernels to X' x, X. Since g
is fixed, we can associate to each operator its distributional kernel with
respect to the Riemannian density. (Using half-densities avoids this
dependency and is thus better for many purposes, but it would introduce
another layer of notation which we don’t actually need at this point.)

The microlocalization of Diff'(X) is °¥P™(X), the space of pseudodif-
ferential operators modeled on 7, (X). This was introduced in [13] and is
often referred to as the “small calculus.” An operator is in %™ (X) if the
lift of its kernel to X x, X has conormal singularity of order m at the lifted
diagonal which is extendible over the double across the front face. The
lifted kernels are further required to vanish to infinite order at the left and
right faces.

Let ¢, and o, be the pullbacks of ¢ through 0X x X and X x dX and up
to the left and right faces, respectively. We order the faces of X x, X left,
right, and front. Under the assumption that ¢ is smooth we introduce the
space 05”(,,’ - (X) of operators whose kernels satisfy

ﬁ*KE '%‘71* [ O(XXO X)a
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but which furthermore are extendible across the front face (hence no

logarithmic terms in the expansion there). The residual class in the con-

struction is ¥, , (X), consisting of operators with kernels in <7, , (X' x X).
For future reference, we record the following mapping properties.

LEMmA 4.1.
Oym(xy): C*(X) - C*(X)

¥, . (X): C(X) > A,(X)

Proof. The first property follows from a standard wave-front set argu-
ment. To prove the second, consider Ae 0’1’% o (X): C*(X) and
fe C®(X). We can compute Af by first pull £ up to X x, X through the
right, then multiplying by the lift of 4 times the Riemannian density (in the
right factor), then pushing forward to X through the left. But the lift of f vanishes
to infinite order at both the right and front faces, and so the push-forward
can in fact be written as an integral on X x X:

Af(x, v) = [ Fx, y, %', 0 dg(x', »),

for some Fe.of, ,(XxX). Then Afe.o(X) is established by moving
derivatives under the integral. ||

As noted in [ 11], the Mazzeo—Melrose parametrix construction of [ 13]
applies locally to the case of variable a without much alteration, provided
we restrict to a neighborhood of the boundary where o ¢ 3(n—N,). The
only real change in the construction is the addition of logarithmic terms.
Lemma 3.2 shows shows that these are easily handled when solving away
Taylor series at the boundary. In addition, we need to include logarithmic
singularities in applications of the model hyperbolic resolvent on fibers of
the front face, extending Proposition 6.19 of [ 13].

The model case in question is the hyperbolic Laplacian 4, on B"*!, lifted
to Q which is the blow-up of B"*! at a point on its boundary. On each
fiber ¢ will be constant, so we can just work with the usual hyperbolic
spectral parameter { Let p, p’ be defining functions for the two faces of Q,
where p =0 corresponds to the remnant of the original boundary (these
would be the restrictions to the fiber of the coordinates introduced above).
The space that we are concerned with is .« ,_,(Q) (with logarithmic terms
included even though { is constant). As in (2.9), an index { | k denotes a
truncated expansion with leading term p¢**(log p)~.



CONFORMALLY COMPACT METRICS 329

ProposITION 4.2. For ke N, [eN,, we can extend the model resolvent
Ro(O)=[4do+n—0)]"" to a meromorphic map

Ry(0): &/Qk,cfl(Q) _’%,cfl(Q)»
with poles at { € 3(n—k —Ny) U 3(—1—Ny) and also —N, for n odd.

Proof. 1t is most convenient to argue in the model for Q given by the
upper half-space blown up at the origin. Sticking to our convention that x
is the boundary defining function, we use coordinates (x, y) e R, x R". The
model Laplacian is

Ag=—(x0,)*+nx0,— (x0,)>

With radial coordinate r =./x*+ y? the defining functions for the faces of
Q are p=x/r and p' =r. According to Proposition 6.19 of [ 13], the model
resolvent extends meromorphically to a map

Ry({)=[4o—Ln=0)]17 1 ptHHp'e=iC=(Q) = pp'e~'C=(Q), (41

with poles as indicated above.
Let f'e . . ;(Q). We'll solve the problem

(do=Lln=0)u=f, (4.2)
in stages. First a simple computation shows that for € o4, ,,(Q),
(4o—L(n—0)) p***(log p)™ ¥

=k(n—20—k) p***(log p)" ¢
+(m—1) p***(log p)" =1 thy + (m—1)(m —2) p***(log p)™ =2y +v,

where V/,, Y, €. ,(Q) and ve o | 1) (Q). We can use this to solve
away the asymptotic expansion in p, exactly as in Lemma 3.2, with poles
at (e 3(n—k—N,). The result is uy € % ._,(Q) such that

(do=C(n=0)ug—f=f1 € Ay ().
Now suppose we want to solve
(do—L(n—=0))w=(log p") ¥, (4.3)
where € p®p'*~!C*(Q). By (4.1) we can apply R, to . Then we have

(do—{(n—0))(log p") Ro(L) = (log p') Y+ [ 4o, log p"] Re({) Y.
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A straightforward computation shows that

[4,log p'1€p*73,(Q),

and p®p’¢~!C*(Q) is invariant under ¥;(Q). Therefore
[4o,1og p'1 Ro(O) e p®p“~'C=(Q).

The model resolvent can be applied to this expression by (4.1). The
solution to (4.3) is then

w=(log p') Ro(C) f = Ro ()[40, log p"] Ro({) f,

with poles as indicated. By induction we can extend this trick to higher
powers of log p’.

By applying this argument to successive terms in the asymptotic expan-
sion of f; in p’ and asymptotically summing the resulting terms, we can
find u, € .o ., ,(Q) such that

(do—Ln=0)uy— fi=f2€ C*(Q).

The solution to the original problem is now given by wu=u,—u;+

Ro(0) f>- 1

Using Lemma 3.2 and Proposition 4.2, the parametrix construction of
[13] can be applied essentially verbatim to the case of variable a. Note
that although a global result is stated in [ 13], the construction is entirely
local.

ProPOSITION 4.3. For {eC/I" there is a parametrix M, analytic in (,
such that

[4—o5l(n—=0)]1 M =1-F,,

where M, €V ~2(X)+°¥, , (X) and the error term Fye ¥, , (X).

If (eI’ we can construct a local parametrix with the same structure,
defined in a neighborhood Gx G < X x X such that o({, y)¢L(n—N,) on
GnoX.

5. PARTIAL MEROMORPHIC CONTINUATION

Consider the parametrix M, of Proposition 4.3 for (e C\I'. As in the
asymptotically hyperbolic case the error F, is compact on weighted L?
spaces so by the analytic Fredholm theorem there is a meromorphic inverse
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(I—F,;)~". The resolvent is then given by M, (I—F,) " Let I+D,=
(I—F;)~". Then the relations

can be used to show that D e¥, ,(X) also. We then claim that
M D e ¥, ,(X). Since this amounts to a special case of Lemma 8.16, we
will not give a separate proof here. The result is:

THEOREM 5.1. As an operator C*(X)— C*(X°), the resolvent R,=
[4—a3l(n—{)] " has a meromorphic continuation to { e C\I'. Moreover,
the resolvent has the structure

Ré € OT_Z(X) + Oyla/, o'r(X) + 5”0'1, crr(X)'

As discussed in the introduction, in the asymptotically hyperbolic case
the existence of a Poisson kernel and scattering matrix follows directly
from this theorem [7]. We'll prove the corresponding implications of
Theorem 5.1 in this section. The proofs are similar to those of [7], with
some modifications necessitated by the variable orders.

As in the asymptotically hyperbolic case, the Poisson kernel will be
obtained by restriction of the resolvent kernel. We continue to use the
Riemannian density of g to identify operators with integral kernels. With
this convention the Poisson kernel will be given up to a constant by

E,=x"""R;| o (5.1)
E, is most naturally described by its lift to
Xxo0X=[Xx0X;S],

where S = A4(0X x 0X) as before. This X x, 0X is naturally diffeomorphic to
the right face of X' x, X and has two boundary hypersurfaces, left and front.

Let R,=A;+ B, + C,, decomposed as in Theorem 5.1. Since A4, is sup-
ported in a neighborhood of the lifted diagonal, we have

X' "7 Ae| v —o=0.
Thus E,= H, + Q,, where

H =x"""B;|y_o €A, X %o 0X),

. —a
and

Qr=x""7C¢| o € A, (Xx0X).
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The characterization of H, and O, as polyhomogeneous with variable

order follows immediately from Proposition 2.2.
Let hy=h(0, y, dy) be the metric on 0X induced by g. For f e 0X, define

E f(x, ») =LX E¢(x, 3, y") S(y') dho(y"). (52)

We will show that E, f has an asymptotic expansion for x =0 and compute
the leading terms.

LEmmA 5.2, Let ue C*(X°) and a, fe C*(X) with a— ¢ Z. Suppose
that for every m >0 there exists g€ N such that

ﬁ [x*(x0,—k)*+1 x—*] ﬁ [xXP(x0,— k) ' xPlue.o™ (X).

k=0 k=0
Then
ue A,(X) + Ay(X).
Proof. Let

u, =[] [x*(x0,—k)*"'x7*] ﬂ (X0, — k)1 x""Tu, (53)

ﬁ k)t (x~u,) e x /™ (X).

Assuming that p <m — Re a, we can apply the argument from Lemma 2.2
to get a; ;€ C*(X) such that

r—1 J
xTu,— Y Y x/(logx)a;, ed? (X) (5.4)
j=0 I=0
If we define
W= 1_[ [xP(x0,— k) 1 x—F]u, (5.5)

then from (5.3) the relation to u, is

x"u,= [] (x0,—k)**T' (x"w).
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By solving a linear system for the coefficients b, ; in terms of the a; ; we can
rewrite (5.4) as

q p—1 J )

[T (xo,—k)<+! <x°‘w — > Y x/(log x)’bj,,> eAd?(X). (5.6)

k=p+1 j=0 I=0

Suppose Fe C*(X°) satisfies
(x0,—k) Fe /P~ (X), (5.7)
for k> p. This implies
0. (x *F)y=hex*1o/?~ (X).

Integrating from x to 1 gives
1
x—szF(n—j h dx.

We note that (7;)" [ hdx=O(x?~*~¢) for ¢ >0, so we conclude that (5.7)
implies Fe .o/?~ (X). Applying this repeatedly to (5.6) gives

p=1 J
w— Y Y x**(logx)' b, ex AP (X).

j=0 1=0

Substituting back with the definition of w from (5.5) and once again
solving a linear system for new coefficients, we get

q p—1
[T [xf(x0,—k)¥1 x—F] <u— Y oy x“”(logx)lcj,,>ex“%P_(X).
k=0 j=0 1=0

(5.8)

The matrix relating the ¢; ,’s to the b; ,’s is lower triangular, with diagonal
entries of the form (a+ j— f—k). Hence the requirement that «a —f¢ Z
ensures the system is non-singular.

Now we let v be the function in parentheses in (5.8) and simply repeat
the argument given above. Assuming s<p+ Rea—Ref, we obtain
d; ;€ C*(X) such that

p—1 j -1 j

u—y Y x**(logx)c,,— Y Y xFti(logx)d; extat T (X).

j=0 1=0 j=0 1=0

This construction is possible for s+ Re f<p+ Rea<m, and m can be
arbitrarily large, so we have full asymptotic expansions. ||
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PROPOSITION 5.3. For fe C*(W,) and E, f defined by (5.2) we have
Ecf € ity (X) + cdy_,(X).

Proof. That Q,f e o/, (X) follows immediately from Q, € <, (X x 0X),
so we concentrate on H,. The asymptotic properties of £, f depend only on
the behavior of E,(x, y, y') near x=0 and/or y = )'. So we can specialize
to a particular coordinate neighborhood with coordinates (x, y,z=y— ")

and assume that all functions are compactly supported within this
neighborhood. We can rewrite (5.2) as

Et:f(xs y) szn M}(xs Y, y_Z) dZ>

for we .o, _,(Xx,0X). On Xx,0X welll use coordinates r =/x*+ 2%
p=x/r, ®=z/r, and y. For convenience, we extend ¢ into the interior so
as to be independent of x within the neighborhood of interest. So o,=a(y)
does not depend on r, p, or w.

Noting that

j z0,wdz= —n j wdz
by integration by parts, we can move derivatives under the integral to get
(x0,—0)(x0,—n+o)E f= j (x0,—0a))(x0,+z20,+a,)wdz (5.9)

The lift of the vector fields appearing here to X x,0X is
x0,— p°rd, + (1 —p?) pd, + p*wd,,
x0, +z0, - r0,.

Writing w = p%ir ~°IF for Fe.of o(X x,0X), the integrand on the right in
(5.9) becomes

(X0, —a,)(r0, +a) w=p”r="[pd,+ p*(—20,+10,— pd, +»d,)1(10,) F.
Now by the definition of the truncated spaces in Sect. 2,
(r0,) Fe .oy o1(X X 0X);
(pap)(réi,) Fesly 1,011(Xxg 0X).
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Also 10, —p0,+ w0, € V(X x, 0X) and
Pz%,m 1 (X %o 0X) <oy 2,011(X X 0X),
so we conclude that
(X0, —a)(r0,+a;) wepr~ Loy 1,01 =Yy 1 —a1
Applying this argument inductively gives

qg—1
I1 [(xax—a—k)(xax—n+o—k)]k“ngszdz, (5.10)
k=0

where Ge o, |, o, For g>m+Reo we have .o, |, _, , =™ (X
X0 0X). The lift of "Vb(X) to X x, 0X through the left lies i in'r “ly (X x, 0X),
so by passing derivatives under the integral and using the estimates on G
we have

dezeM’"*”*m.
Hence for ¢ > m + Re ¢ we obtain
g—1
[T [(x0,—0—k)(x0,—n+0—k)]**" Epfe o/ =D=(X).

k=0

This has been derived under the assumption that ¢ is independent of x in
the local neighborhood, so the result then follows from Lemma 5.2. |

Proposition 5.3 shows that E, f'has two separate asymptotic expansions
at x=0. Let x%q, and x"~°h, be the leading terms for each. The coef-
ficients a, and b, will be holomorphic functions of { for { e C\I', which is
very useful for computing them. If { is such that 2 Re 6 —n >0, then

bolC.y)=lim X7 [ Ee(x, 3. y') 90 d.

x—0

where ¢ = f./h,. Introducing the coordinate w=(y— y')/x, we have

bo(¢, y) = lim J X°Eq(x, y, y—xw) ¢(y —xw) dw.

x—0 ‘R
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Note that x“E; € o4, . Write this as p°F(r, p, w), where Fe o4 o. Noting
that r=x /14 |w|% p=1//1+ |w|? and w = pw, we have

dw

bol&e N =000) | FO0.p pw)

Since F is bounded and 2 Re o > n, the integral is convergent.

As pointed out in [7], F(0, p, pw) can be computed from the restriction
of R, to the front face, i.e. the normal operator of R,. Since this is just the
model resolvent, we see that

bo=B(0) f /hos (5.11)

where B is a universal meromorphic function depending on # but not on g.
This formula is therefore valid for all { e C\I". Combining Proposition 5.3
with (5.11) gives us the following result: for fe C*(0X) the function

1 gy
B(o) /hy

satisfies [4 —oa3{(n—{)] u=0 and

u=

U~ xn—o'f_l__ xo'fl,

with /" € C*(0X). We have thus proven:

PROPOSITION 5.4. With respect to the metric density of hy the Poisson
kernel is

B(o)/ho

To understand how f” relates to f we must compute a,. If 2Re 0 —n <0
then

ao(C. y)=lim x77 | Eo(x.y.y—z) gy —2) d.

x—0
Using the same definition of F as above,

X °E,=r"*Hr, p, o).
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The limit can be taken directly
a0(C, ) =JW |21 727 F(Iz], 0, z/|z]) $(y —2) dz.
Hence the scattering matrix is given by
F(Iy=rlo2=2)
ly =)'l

1
a)mfw ly=y'17>

In computing the symbol of this pseudodifferential operator, the two fac-
tors of /h, cancel out (they would not have appeared if we worked with
half-densities).

Se: fr S dho(y").
B

PROPOSITION 5.5. For { € C\I' the scattering matrix S, is a meromorphic
pseudodifferential operator on 0X, with principal symbol

— el

6. LIMITING ABSORPTION

Let R,=[4—oajl(n—{)] ™", as defined by the partial meromorphic con-
tinuation. Fix { with Re { =#n/2 and Im { # 0, and _choose a sequence (; —
with Re 4,>n/2 and Im {;=Im (. For fixed fe C*(X), the point of this
section to show that the sequence R,: f converges to the unique solution u
of [4—0a3l(n—{)] u= f satisfying a certain ‘radiation’ condition. By this
technique we are able to define R, for { on the boundary of the region of
analytic continuation corresponding to the irregular continuous spectrum
J€(ogn*/4, a3n*/4]. We have to avoid 1=aln?/4 because of the possible
embedded elgenvalue there. However, if we had o = o, on some open set in
0X then an embedded eigenvalue would be ruled out and the point { =%
could be included as a possible limit point of {{;}.

The limiting absorption property relies on certain uniform estimates on
R, f for Re { > 5. In the following, for complex valued 1-forms 8,, 6, we’ll
denote the metric inner product by

04,0, =g_l(a, 0,).



338 DAVID BORTHWICK
For either functions or forms, (-, - ) denotes the L? inner product, and |- ||
the L? norm.

To control the boundary terms in the propositions below, we first state

a non-uniform result which is a simple consequence of Theorem 5.1 and
Lemma 4.1.

LemMA 6.1. For Re(>n/2, feC®(X), there exists ¢>0 (depending
on {) such that

Ref=O(x"+),

The first uniform estimate is relatively simple.

PROPOSITION 6.2. Let u=R.f for fe C*(X) and Re{>n/2. For any
0>0

1% dul|* < C(IA] |1x%ull>+ 11112,

where J.=o5{(n—{) and C is independent of (.

Proof. Integrating by parts gives

dh

'

J> x”ziAudgzj N

X = xX=8

Cd(x*i), du de + f X2 —axdu)

=5

In taking the limit s — co, the boundary term disappears by Lemma 6.1,
yielding

f X2 Au dg = j (d(x*i), du> dg. (6.1)
Using (4 —A) u= f, we rewrite this as
x° du|?= f x2u(Ju+ f) dg —26 f XX~ Yadu dx, du) dg
— a2+ (52, f) — 20(x° = dx, x°du).

Thus we can estimate

1% dul|> < CCllxul|® + [ xull || £+ |x%ull [1x° dul)).
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We take care of the ||x° du|| on the right by an estimate of the form

1
Ix%ull (| x° dul| <e |x° d”‘|2+Ig x%ul?,

and the result follows. |I

The second estimate establishes the radiation condition. It is also essen-
tially just integration by parts, but a more complicated computation. The
strategy is taken from a similar argument by Tayoshi [18], who estab-
lished limiting absorption for a class of asymptotically flat metrics.

Fix (o, #5 with Re {,=n/2 and let I, ={{,+1:0<t<1}. For (el,,
the indicial root ¢ is smooth, but not uniformly so as { — {,. We thus need
to be a little careful about the extension of ¢ into the interior. Away from
the set {a*>=4/1/n*} where o((,) is singular any smooth extension will do.
Near this set, however, we need to impose some uniformity. In such
neighborhoods we will take

2 2
a(g x, y)=;+/’;—z‘; {(n—20)+ix.

Such an extension has the following properties:

(1) &eC°X) is smooth in the interior and 6|,y = 0.

(2) The difference a?G(n—¢G)—ajl{(n—{) is O(x), uniformly for
(el
(3) |d6] = O(x"?), uniformly for (e,

PROPOSITION 6.3. Fix f'e C*(X) and extend o into the interior as above.
If u=Rf for (el then we can estimate

2

< C(xul?+1£17),

x¢ <du—5(§) u dx>
X

where 0,e>0, 0 +e<1/2, and C is independent of {.

Proof. Let us single out the operator appearing in the radiation condi-
tion by defining

d
d&uzdu—&u—x.
X
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We first note that the only issue is to control d;u at the boundary. Because
for t >0,

x=

| dyul? dg < C [ x* |dyul® de,
t
for any 0 >0, and by Proposition 6.2, we have
[ 322 1d,ul? dg < (1%l + 1 £1P).

So we will work in a product neighborhood of 0X in which the metric has
the form (3.1). Since |£| =1, the radial component of d;u can be singled
out as

Du= <dx d5u> = o(x0,.u —Gu).

ax’
We will also let y=x0, log ﬂ so that

1 _
div(e,) =21 =7

Let s>0 be small enough that [0,s] xdX lies within the product

neighborhood. For ¢ >0 we choose some 1y € C* (0, c0) such that

{x‘zs if x<s/2
0 X >s.

We begin by computing a divergence:
div[a "W Dsug ™ (dsu)]
=a YWD udiv g™ (dsu) + {d(a= " Dyu), dsu. (6.2)
In the first term on the right-hand side we have
div g7 Y(d,u) = — Au + div(«?6uxd,)
= —o2l{(n—{)u— f+o?6x0,.u+o’6(n—y) u+o?(x0,6) u
= —f+ a6 Dsu+ Ru,
where

R=a3{(n—{)—a’6(n— &)+ a*(6y — x0,6).
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Inserting back into (6.2), we have
div[a="W Dyu g~ (dsu)]
={doa" Dyu), dsud + 6 |Dsu|?>+a~" Dyu(Ru— f)
=ylds(a= Dyu), dsudy +xy' |Dyul®>+ o' Dyu(Ru— f).
Now integrating the divergence on the left-hand side of (6.5) gives

h
[ divo 'y Dyug (dyu)) dg= tim | 2=t 1Dpul <.
t—>0*t

x=t

and by Lemma 6.1 the boundary term is zero. Hence the integral of (6.3)
gives

0 =f [¥<ds(a"" Dsu), dsuy +x¢" |Dgu|? + o~ Dsu(Ru—[)] dg.
(6.4)
One more integration by parts is needed, to get rid of the second
derivative of u appearing in the first term of the integrand in (6.4). To this

end, note that

d;(a™ " Dyu) =ds(x0,.u—6u)
o (dzu) —udé — 6 dsu. (6.5)

On substituting this into (6.4), the second derivative of u would be con-
tained in the term

[ U< Lo, i, duy de.

This can be integrated by parts to give

— 3 [ L+ (=) W) [l + (L ) dgtt, d)] dg,

with a boundary term of

tim 4 aty ldu =0

t—>0"t x=t
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(again by Lemma 6.1). Combining this integration by parts with (6.5) and
substituting back into (6.4) we now have

0= [ =300 + (=) ¥) | o> — S Lip &), dp0)

—y<uds, dsuy —Yé |dsul® +x¢" |Dsul> +a~' Dyu (Ru+ )] dg.

(6.6)
The Lie derivative of g~! may be expressed in terms of 1"
—3% g =X 37O h
Since g 7! =a?x%0, ® 0, + x*h ', for some k <1 fixed we will have
—3%0 g —k[g7! —o®x?0, ®0,] >0, (6.7)

as a tensor, for x sufficiently small. Recalling that yy was to be supported
in [0, s], we require that s be sufficiently small so that (6.7) holds for x <.
Applying (6.7) to the relevant term in (6.6) gives

— 3W( Lo, & N1, dyut) = kip(|dyul® — | Dgul?)

Using this in (6.6) along with the fact that Red >3, we obtain an
inequality

f [z + 39y + k) |dyul® — (xy' + k) |Dyul?] dg
4 Re[ —y<udé,dyu> +y Dyu(Ru+a~'f)]ds.  (68)

Recalling that = x 2 for x <s/2, we split the integral on the left-hand
side of (6.8) to yield

s/2
J x"*[(—e+3y+k) |dyul® — (k—2e¢) | Dyul*] dg
0

<f x~%Re[ —<uds, dyu> +Dyu (Ru+a~'f)] dg

e fo \d,ul? de. (69)
s/2
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We can pick ¢ < k/2, and since y = O(x), by choosing s sufficiently small we
can assume ¢+ y/2>c¢>0. Noting also that |D;u| < |d;u|, the left-hand
side can be bounded below by

s/2
c j X% |du|? dg.
0

Applying this bound together with the estimates
ldé| = O(x'?),  R=0(x'?),

we derive from (6.9) the new inequality

5/2
[ x> ldyurdg<c | [x”He jul Idpul + X"~ |D,ul u
0

x| Dul Ifl] de+C [ dulds. (610)

s/-

By Proposition 6.2 the L? norm of x' *°9,u is bounded by that of x°u for
0>0. And §§f2 |d;u|* dg is estimated as indicated at the start of the proof.
With these facts we can reduce (6.10) to

Ix =% dyull> < ClIx°u | + x>~ 2ull |x =2 Dull + 1 /]| |x~° Dsul)).

Since |D;u| < |dzul, if we set 6 < 1/2 — ¢ this yields the stated inequality. ||
The final step in establishing limiting absorption is a uniqueness result

needed to guarantee that the sequence ch f converges.

PROPOSITION 6.4. Fix A>n’aj/4 and let G<= X be some neighborhood
intersecting 0X in W,. Suppose on G there exists a solution u to

[4—2]u=0, uex°L*G)
for 6 >0, satisfying the radiation condition
d,uex"L*(G; T*X),
for y>0. Then u=0.

Proof. Mazzeo argued in [11] that the existence of a local parametrix
in Gx G as in Proposition 4.3 shows that there can be no solution of
[4—2]u=0 lying in L*(G). So the point here is to use the radiation con-
dition to argue that u would have to be L2

Let y be a cutoff in CF (G n0dX). Choose e C* (R, ) with =0 for
x<1/4, y=1for x=2, and ' >1 for 1/2<x < 1. Setting . (x) = (x/e),
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we can interpret Y,y as a function on X using the product neighborhood
on which the metric has the normal form (3.1). Assume ¢ is small enough

that .y is supported in G.
Assuming that u is as stated, we have

(u, L4, oy ] ) = (A—2)(u, Y ) = 0. (6.11)

Choose ¢ small enough that [4, ,y] u=0 for x> 1. Then (6.11) becomes

1
j [ 4, ] u dg =0. (6.12)
0
The commutator is
[Aa ‘//g)f] u= (X Aws + lps AX) - 2X(xast)(xaxu) - 2‘//ex2hy(aj}f)(aju)
Substituting this back into (6.12) and taking the imaginary part yields
1 1 .
2Im j (X0 ,)(x0 1) dg = —2 Tm f iy, x*h(0,7)(0,u) dg.
0 0
(6.13)

Let v=(x0, — o) u, which lies in x?L?(G) by assumption. Then we can
write (6.13) as

1 1
J, 71 (1m )20, dg = —1m [ GLY, 3@ @) +1(x0,0,) v] d
(6.14)

The first term on the right can be bounded:

1 . 2¢
L [, x?h"(2,)(0,u) dg| < C jM x |ul |d, ul dg.

By assumption uex~°L? and d,uex’L? so |u| |[d,u| is integrable with
respect to dg. Thus this first term can be estimated O(e). For the second
term on the right-hand side of (6.14) we have the bound

1 pr
[, oo de| <€ [ ul bl de.
0 ¢4 €
Since x 7+ |u| |v| is integrable, this term can be estimated O(e”) for small
y>0.
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Since Im ¢ is bounded from below in the support of y, using these
estimates back in (6.14) gives

1
J, 7l (.. dg = O&).

In fact, since ¥’ > 1 on the interval [, 1]

[ 71> dg = o).
/2

€,

We conclude that j"(l) 7 |u|?dg is finite. By Mazzeo’s uniqueness result,
u=0. |

We now have all the tools in place for limiting absorption.

ProrosITION 6.5. Fix { with Re{=n/2 and choose a sequence (; —{
with Im {;=1Im { and Re {;>n/2. As {; -, jofconverges in x °L*(X) to
the unique solution of

[4—o5l(n—0)Tu=f

for which dyue x°L*(X; T*X).

Proof. Let u]:Rij. Suppose that [|x°u;| — co. Then we can define a
new sequence v;=u;/|x°u;| so that ||x°v;| =1 and

(4= 01=0)) =
By Proposition 6.2, v; is a bounded sequence in x ~°H . Since the inclusion
x7°Hy<x"°L* is compact, any subsequence of v; has a subsequence
converging in x °L% The limit v of any such subsequence satisfies
[4—a2l(n—{)] v=0 and by Proposition 6.3 it also satisfies x ~*d;ve L%
Thus by Proposition 6.4 v =0. Since Hx"ij =1 this is not possible.

The conclusion is that u; is a bounded sequence in x°L> By the same
reasoning we applied to v; above, any subsequence of u; has a subsequence
converging in x°L? to some u such that [4—a3{(n—{)]u=f and
X "®ydsve L? Since such a u is unique by Proposition 6.4 and therefore
independent of the subsequence, we have u; »u. ||
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Using the local parametrix we can refine the estimates on u considerably.
In order to avoid the singularities of ¢ we introduce:

) 4
x€C®(X): x=0 on aneighborhood of {azznz}, 615)

O,0e € CT(0X): 0,,,=0onsupp(y)noX.

reg

PROPOSITION 6.6. Suppose that uex~°L?> for all §>0 and [A4—
a2l(n—{) ue C*(X). If u also satisfies the radiation condition (x0,— o) u
e x?L? for £>0, then

qu(x, y) e o, (X),

where x, 0,,, satisfy (6.15).

Proof. Let P,=[4—a3{(n—{)] with locally defined right parametrix
M, as in Proposition 4.3. For notational convenience we’ll consider only
the global case, since the introduction of cutoff functions for the local case
is a simple matter.

Assume u is as stated. The idea is to apply the transpose of the equation
P:M,=1—E, to u. To justify this requires integration by parts, and this
is where the radiation condition comes in. Consider the real pairing

J (P M ) udg

for arbitrary ¢ e x°L2. If the integral is cutoff at x =s, then we can transfer
P, to u, picking up a boundary term:

| gy udg

xX=5

:J _ (M ) Pru dgff

xX=5 X =

(M -x0 u—u-x0,(Mc$)]ax~" dh.
(6.16)
Let F(s) denote the boundary correction from the right-hand side of (6.16).

The radiation condition tells us that (x0, — o) ue x?L?, and by the struc-
ture of M, and Lemma 4.1 we have also (x0,— ) M ¢ e x°L* Thus the
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expression in brackets in F lies in x*~°L!(dg), because the leading terms
cancel each other. In other words

d
[ 522 1Rs) = <o,
0 S

which implies lim,_, , F(s) =0 because we can assume J <e.
To transfer M,¢ to Mu, requires only Fubini’s theorem, and so we have

j Po(M.$) udg= j $MLP.u dg.

Substituting P, M, =1— E, in the left-hand integral then gives

f $(I— EY) udg = j $MPu dg.

Since these properties hold for any ¢ € x°L2, we conclude that
u=MP.u+ Epu.

Note that P.ue C*(X), so MiP.ue o,(X) by Lemma 4.1. Also Eje
¥, »(X) so we can show Ejue.o/,(X) by moving derivatives under the

o), ©

integral. Hence u e .oZ, (X) as claimed. |

Combining Propositions 6.5 and 6.6 gives the full limiting absorption
result:

THEOREM 6.7. Let Rel=n/2 and fe C®(X). The limiting absorption
principle defines a unique function R, f solving

[4—a3l(n=01R =1,
such that YR, f'e esz/awg(X) Jor any y, 0, as in (6.15).

7. SCATTERING MATRIX FOR THE IRREGULAR
CONTINUOUS SPECTRUM

Fix a { such that A=03{(n—{)e(ajn®/4, ain*/4]. Given a function
feC®(W,), by Corollary 3.3 we can find u, such that (4 —A)u,=¢¢€
C*(X) and yu, e;z{n_areg(X) with x"~7f(y) as the leading term in the
boundary expansion near W;. (Here x, o,,, are defined as in (6.15).) Then
R;¢ is defined by Theorem 6.7 and u=u, — R, ¢ satisfies (4 — 1) u=0. We

thus have proven:
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PROPOSITION 7.1.  For { as above, given fe C®(W,), there is a unique
solution u of

(4—2)u=0,
with )(ue&/,,_amg(X) + &/Jwg(X) and
u~x""°f+x°f" near W,,

where f" € C*(W,). Thus the map f+ [ defines a scattering matrix

S;: C2(W,) = C= (W)

This result shows also that outside W, there is no scattering. On
supp(x)\W, we have Reo,,,>n/2, and Imao,,=0, for any g, o,,. So
the generalized eigenfunctions are L? near 0X\W,, and there is no
incoming/outgoing distinction to be made.

The limiting absorption principle itself tells nothing of the structure of R,
or S;. In this section we will combine the local parametrix construction
with limiting absorption to obtain more information on the Poisson and
scattering kernels. As one would expect, the local structure of these kernels
near W, is the same as in the case { € C\I studied in Section 5.

Without any restrictions on the set {a>=44/n?}, one can’t really hope to
resolve the singularities of ¢ and construct the full resolvent. In this section
we’ll continue to work in full generality and just focus on the scattering
kernel. The idea will be to mimic the construction of the Poisson kernel in
Section 5, but starting from the local parametrix instead of the resolvent.

By Proposition 4.3, we have a local parametrix M, = 4,4+ B, solving the
equation

(4—=2)Ag+By)=1—E,,
in a neighborhood of W, x W,, where
A e P2 (X),
B e, . (X),
Ee¥, ,(X)

Let us state this precisely using cutoffs. Fix G < X with G n0X c= W,
and let y,, y, be smooth functions whose supports intersect 0X inside W,
such that y,=y,=1 on G. If we let these act as multiplication operators,
we have

(A4—=2) 1 (Ag+Be) o =x1(1 —E¢) o+ [ 4, x11 Aexa+ [ 4, 411 Bexao (7.1)
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By making the support of one cutoff fit inside the other, we are free to
assume that y, - dy; =0. Recall that by construction 4, can be supported
in an arbitrarily narrow neighborhood of the (lifted) diagonal. So by
manipulating these assumptions, we can ensure that

[4, %] Ac%zzo-

As in Section 5, we identify operators with their kernels using the
Riemannian density. The restriction map used to obtain the Poisson kernel
there was

r: k(xa Y, X’, y/) '_)x,_a(y,)k(x’ s x/ﬂ y,) |x’=07

which we now want to apply to (7.1). Actually, we’ll want to consider the
restriction in terms of the lifts of distributions to X x, X and X x, 0X.

A, vanishes to infinite order at the right face, so r(4,) =0. The kernel of
the multiplication operator y,y, lives on the lifted diagonal, and so also
r(x1x2) =0. For the residual term we immediately conclude

r()(lEc)(z)eC‘x’(anX) (7.2)

Note that because g, is an extension of the indicial root off the left face, we
have

(A*/I)Xle(z and Xl(A*i)Bg}(z‘Eﬂa

111, 0,0

implying also

L4, x1]1 Bexz € Y511, 0,.0-

By the choice of supports, [4, x;] x» =0, so [ 4, x1] Bx» is cutoff near the
diagonal in X x X, which makes the behavior of B, at the front face irrele-
vant. Hence

r([4, x1] B§X2)E%|1(XX8X)~ (7.3)

Here we should to use ¢
rest of this argument.
Finally we set

as in (6.15), but we’ll drop the subscript for the

reg

Mc="(){1B¢X2)

which is the proposed parametrix of the Poisson kernel. Using (7.2) and
(7.3) in (7.1) gives the result

(A—2) My=F, €.o,,(Xx0X). (7.4)
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Note that the support of F, meets the boundary of Xx0JX only in
W, x W,. The error term can be improved by solving away the boundary
expansion of F, as in Lemma 3.2 (with )’ as an extra parameter). We
thereby find M e .o, (X x0X) such that

(4—2) M, —F,=F,e C* (X x0X).

Finally, Theorem 6.7 can be applied to remove the error term F’, again
with )’ as a parameter. This gives us

M}=—R,F},
with y, M7y, € o, (X x0X). Then, setting E,=M,— M+ M}, we have
(4—4) E,=0. (7.5)
Note that the structure of E, is not determined near regions of the bound-

ary where o = 41/n*
The action of E, on a function f'e C*(W),) is given by

E f(x, y)=fW Ec(x, 3, y") f(') dho(y").

This clearly yields a function smooth in the interior of X. To see that it is
the Poisson kernel, we need only study its asymptotic expansion at the
boundary near W;. However, if we apply a cutoff then y, E, f has the same
structure as in the global case considered in Section 5. By the argument
used in that section we have:

THEOREM 7.2. For L=al{(n—{)e(ain*/4, ain?*/4], the the Poisson
kernel on W, (with respect to the Riemannian density of hy) is

B(o)/ho

The scattering matrix S;: C*(W;)— C*(W,) is a pseudodifferential
operator with principal symbol

Hhad
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8. RESOLVENT FOR THE IRREGULAR
CONTINUOUS SPECTRUM

We now turn to the question of the structure of the resolvent in the
irregular part of the continuous spectrum. In this section we will fix { such
that 2=a2{(n—{) e (ajn*/4, a3n*/4) and undertake a direct construction
of the resolvent. Since analytic continuation is not available, we will still
rely on the limiting absorption principle to prove existence of an inverse
R,=(4—2)"" on the appropriate space. The structure of the R, will be
revealed by finding a sufficiently good parametrix. Constructing the
parametrix requires resolution of the singularities of ¢, which is possible
only if the singular set is sufficiently nice. Henceforth we make the assump-
tion:

2./
is a regular value of a, (8.1)

n

which of course holds for generic A by Sard’s Theorem. Under this assump-
tion the crossover region,

2
Az{y: a2=”4’1}={y:a:Z}caX

(i.e. the singular set of &), is a regular hypersurface in 0.X.

Away from A we already have a parametrix, so we will only be con-
cerned with local coordinates covering neighborhoods of A. For nota-
tional convenience we always choose the coordinate y, to be a particular
defining function of A:

A n?
=Z_—. 8.2
=377 (8.2)

Within the coordinate neighborhood the indicial root depends solely on y,,,
o(y)=5+v/= I
As in Section 6, we introduce an extension ¢ which locally has the form
&(x, y)=g+m, (8.3)

near y,=0. The ix term can be cutoff outside of a neighborhood of 4 in
some arbitrary way that we won’t bother to notate.
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8.1. Crossover blow-up. The singularity of ¢ is resolved by the blow-up
X,=[X; 4].
To form X, from X, A is replaced by the crossover face
A=SN(A)~Ax S, .

Under our convention for local coordinates (8.2), the blow-up just
amounts to the introduction of polar coordinates centered at the origin in
the (x, y,) half-plane. Since 0X\4 is the set on which ¢ is smooth, we will
refer to the lift of this set to X, as the regular face. The lift of & to X, will
be denoted again by 6.

Projective coordinates show how the blow up resolves the singularity of
6. In the interior of the crossover face we can use coordinates x, w =y, /x.
Thus

n
G==+x"Ji—w,
2
which is homogeneous in x with a coefficient smooth in the interior of A.
To handle the corners on either side of the face we use the coordinates
Vo, §= *x/y,. For y,>0, for example, we have

n
5’=§+y,1/2a/is—l.

This is smooth up to the regular face s =0, and again homogeneous at the
crossover face.

To define the space of polyhomogeneous conormal functions of order o
we can’t just appeal to Definition 2.1, because ¢ is not a smooth function
on the regular face. (It takes the constant value 5 on the crossover face, so
no problem there.) Fortunately, the square-root singularity in ¢ is com-
paratively mild, and the only change needed in the definition from
Section 2 is to make the asymptotic expansion at the crossover face decrease
by half-integer powers rather than integer.

Let us choose boundary defining functions p;, p, for X, and radial vec-
tor fields V,, V, € #,(X,), where the faces are ordered regular, crossover.

DEFINITION 8.1. .97, ,27(X;) consists of ue C*(X°) such that for any
m;, m, € N, we have

m;—1 my—1
[T Vi—kr+t T] (Va— Iyt | (x~%u) e cftmemi® = (X)),
1=0

k=0

for some sequence x; € Ny with 0 =xy<r; < ---.
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The brackets in the notation .7, ,,; are meant to reflect both the half-
step expansion and the extra growth of logarithmic powers represented by
{x;}. Applying the same reasoning as in Proposition 2.2, we see that u has
asymptotic expansion as usual at the regular face, but at the crossover face
powers grow by half-steps:

T~ Z Y. p¥(log p,)’a, ; near A. (8.4)

1=0 j<K;

As in Section 2 we define spaces with truncated expansions at the regular
face by

Ay |k, [n/zj(X/l) (p1 lngl) A [n/zj(X,z)-

For the crossover face it will prove more convenient to use the notation
[2557,, where [a], indicates that p;“u has an expansion of the form
(8.4), but with x> 0.

The extension & depends of course on the choice of x, but the notation
o, 1.21(X;) is meant to reflect the fact that the space is independent of this
choice.

LemMA 8.2. The space .o, 1,1(X;) does not depend on the choice of
coordinate x used to define the extension & in (8.3).

Proof. A different choice of boundary defining function could always be
written x¢, where ¢ € C* (X) and is strictly positive. Thus we are concerned
with the difference

Jix¢ =y, =/ix=y, =p /p f.

for fe C*(X;). For simplicity we can assume p, p, = x, so that we want to
show that

(p1p2) VoD, Ay tn21(X3) S Ay 1 (X5).

We use an induction similar to the proof of Lemma 2.3. Defining the
commutators
q—1 q,—1
[T (Vi—k)**' TT (Va— 125+, (pypy) iV D|
k=0

=0

the result will follow if we can show

Zy 4y Ao tn21(X3) = Ay g tnr g1, (X2).
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The operators Z, , and Z, ; are functions that act by multiplication, and
a simple computation shows that

Zioe(pilogpy) v Pz(ﬂlpz)(p“/p;f) -C7 (X)),

and

Zo1€(y/p2 log py) Pl(ﬂlpz)(p“/;zf) -C (X)),

so the mapping result holds for these cases by the characterization in terms
of asymptotic expansions. The inductive step follows precisely as in Lemma
2.3, once we note that

21,0: ’Qfdlql, [(n+qz)/2]+(Xl) = Yol (g+1), [(n+q2)/2]+(X/1)

VARE &foml, [<n+q2)/2]+(X/1) ™ Yolgq [(n+a,+1)/2], (X5 1

LemMA 8.3.  The space .o, 1,1(X;) is preserved under the action of lifts
of vector fields from ¥,(X) to X;.

Proof. 1t is easy to verify that vector fields in 7 (X) lift to vector fields
in 7,(X;) by considering local coordinates. For example, in the interior of
the crossover face the coordinates x, w= y,/x are valid. The lifts of the
vector fields xd, and x0, to X, are

x0, — x0,, — w0

w

x0, —0,,.

At the boundary of the regular and crossover faces, we use coordinates y,,,
t=x/y,, and the lifts are

x0, — 10,

x0, = y,t0, —1%0,.

The lemma follows immediately from the invariance of .7, [,,1(X;) under
V(X5 1

The proof of Lemma 8.3 reveals one of the complications of introducing
X,. The lifts of vector fields from 74 (X) vanish at the regular face, but are
only tangent to the crossover face. Thus the indicial equation, which
defined o in the first place, is not valid on X ;. To put this another way, the
highest order terms in (4 — ) x°f cancel out if fe C*(X) but not for
feC*®(X;). Thus the analog of Corollary 3.3 in this context is:
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PROPOSITION 8.4. Given f'e C*(0X) can find ue .o/, ,7(X;) satisfying
(A=2)u€ Ay ((n+ 1)/21, (X3)

(for ¢ such that i satisfies (8.1)), so that x°f gives the leading term in the
asymptotic expansions of u at both the regular or crossover faces.

Proof. Extending f smoothly into the interior in some arbitrary way, we
have

(4—4) x5f€ J?Zﬂ L [(n+1)/21, (X5),

because ¢ is the indicial root. As in the proof of Lemma 8.3, let us use coor-
dinates y,, t = x/y,. By the lifts of vector fields computed there we see that

(4—7) 1"+ *(In 1) a, = ak(n—26 —k) °+*(In 1) a,.,
+ 17 () [y, (tInt) g, + 18+ y,(1In 1)’ g5 ],

where g, g5, g3 € C*(X,). This shows that the asymptotic expansion of
(4 — ) x°f at the regular face may be solved away exactly as in Lemma
3.2, giving u as stated. ||

8.2. Normal operator. An essential tool in the Mazzeo—Melrose con-
struction of the resolvent [ 13] is the normal operator defined by restricting
a kernel to the front face of X x, X. The definition is most conveniently
made using half-densities. In particular they allow us to easily write local
formulas for invariant expressions. The Riemannian half-density on X
determined by g is a smooth section of the singular density bundle
QY =x—*TVR2QI2 \where Q is the density bundle. By the same conven-
tion we define QY*(X x X)=(xx")~"*V20Q We'll also let QY*(X x4 X)
denote the lift of Q}*(X x X) to the stretched product. The Laplacian on
half-densities is defined by

Afu?) = (4f) 12,

where u, is the Riemannian density. We’ll work with half-densities for the
rest of this section. Operators will be assumed to act on C*(X; Q¢/?), so
their kernels are naturally interpreted as distributional half-densities in
C™ (X xX; QY.

Let F be the front face of X x, X, and for g 0X let F, be the fiber of F
over ¢. If K is an operator in

g (X QY) = "P(X: Q) + 0P, , (X: Q).
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then the normal operator of K at ¢ is

Nq(K) = ﬂ*Kqu € OWZl(q), a(q)(Fq; Q(l)/z(XXO X)|Fq)‘
The key fact here is that the F, can be identified with the group of bound-
ary preserving linear transformations of X, = 7" X, while the restriction of
Q4*(X %, X) to F, is naturally identified with Q¢*(X, x X,). Thus N, (K)
acts naturally as a convolution operator

N (K): €% (X3 Q4%) > €~ (X3 Q5.

To write this map down concretely, let (x, y, x’, y') be the coordinates on
XxX. For Xx,X we use x, y and the projective coordinates = x/x’,
u=(y—y")/x'. Fixing a base point ¢=(0, y,) €0X, (¢, u) become coor-
dinates for the fiber F,. It is convenient to give X, the coordinates x, y
given by linearizing the functions x and y. The action of F, on X, can then
be written

(x. ) (1 u)1=<, y—’;u)

t

We'll introduce reference half-forms = |dx dy/x"+1|'2, as a section of
Qy*(X,), and

dx dy dt du|"?
Y= ?1[ ECOO(XXOX;.Q(I)/z).

X

Let f*K be given locally by k(x, y, ¢, u) - p. Then the convolution action of
the normal operator is

dt di
Nq(K)(f'ﬂ)sz(O’yO’t’u)f<x9 y_E > l[u'

u 5
t t
where fe C*(X,).

The usefulness of this definition rests on the following facts. Let Diff§' (X)
be the space of differential operators on X generated by 7. If Diff ' (X;
QU?) is the corresponding space of operators on half-densities, then we can
naturally regard Diffg (X; 2¢?) as a subspace of *P7 _ (X x, X; 2¢/?).

Lemma 8.5 [13]. For PeDiffy'(X; Q4?) the normal operator N,(P) is
given by “freezing coefficients” at q. That is, for

P(f-p)= Y Pralx, )(x0x)*(x0,)* f-p,

k+la|<m
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we have (abusing notation by using the same coordinates for X and X ,):

NyP)f-1)= Y Pral(0, yo)(x0x)* (x0,)* [~ p.

k+|a|<m

Moreover, if Ke®¥7,(X %o X; 2¢?),
Ny(PK)=Ny(P)-N,(K). (85)

8.3. Crossover stretched product. To construct the resolvent when ¢ has
singularities, we must combine the stretched product with the blow-up of
A in Section 8.1. To understand what is needed here, we recall some facts
from the general theory developed in Chapter 5 of [15]. A p-submanifold
Z of a manifold with corners M is a submanifold such that near each point
of Z there are coordinates (x, y) e R x R™~* for M such that locally

Z={x1 1= =X, =0, YViewjr1= =y,=0}

(“p” stands for product). All of the submanifolds we want to blow up will
be p-submanifolds. If Z and Y are p-submanifolds of M then the lift of Z
to [ M; Y] through the blow-down map f: [ M; Y] — M is defined in two
distinct cases:

v, |B7'Z if Zcv,
B _{[fl(Z\Y) if Z=2Z\Y.

Assuming that the lift f*Z is a p-submanifold of [ M; Y], we can define the
double blow-up [M; Y; Z] as [[M; Y]; p*Z].

Lemma 8.6 [15]. The double blow-ups [ M; Y; Z] and [ M; Z; Y] are
well-defined and naturally diffeomorphic by the unique extension of the
identity map on the interior under the following conditions:

(1) Y is a p-submanifold of M and Z is a p-submanifold of Y.
(2) Y and Z are p-submanifolds of M meeting transversally.

In Xx X the submanifolds needing to be resolved are S={x=x"=
y—y' =0}, 4,={x=y,=0}, and 4,={x'=y,’=0}. In order to make a
symmetric definition we first need to blow-up the intersection

A;=4,nS=4,nS={x=x'"=y—)y' =y,=0}.

The crossover stretched product is

XX, X=[XxX; Az 8; 455 4,]. (8.6)
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FIG. 5. Copies of the crossover set in X x, X are blown up to form X x; X.

There are many equivalent ways to order the blow-ups, though not all
possibilities are permitted. For example, since 4, .S, we can interchange
the first two blow-ups and write X' x;, X=[Xx,X; 4, A4;; 4,]. This is
illustrated in Fig. 5. The crossover stretched product has six faces. The left
and right faces of X'x X lift to left and right regular faces, and the lift of
S is the front regular face. The lifts of A,, A;, A, are the front, left and right
crossover faces, respectively.

The lift of S to [ X x X; 4,] does not intersect the lifts of 4, and 4,, and
the intersection of A, with A, is clearly transverse. Thus in (8.6) the last
three blow-ups may be taken in any order. Because of this there are natural
projections X x, X — X, through the right and left factors. To project on
the left, for example, we can first blow down 4, and S to get
[XxX; Az A;]. Then because 4, < A; we can interchange these two blow-
ups and blow down 4, leaving [ X x X; 4,] = X; x X. Finally we project
onto X, to give the full map.

To describe expansions at the crossover faces we will continue to use the
notations [« ] and [a] . introduced in Section 8.1. The full set of boundary
information for the faces will be given as an index family. For example, let
M=(0,0,,0,[5],[5],[0]), where the order is left, right, front regular,
then left, right, front crossover. The space .o7,(Xx;X) is defined
analogously to .¢Z, ,»1(X;) in Definition 2.1, using extensions &,, &, which
are lifts of 4. By the same arguments from Section 8.1 we have:

LemMma 8.7. o7, (XX, X) is well-defined independently of the choice of
extensions of o, and o, and is invariant under ¥, (X x ; X).
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Truncated expansions at the regular faces will be notated as before, by
replacing o, with o, | k.

We continue to use Q¢ to denote the half-density bundle spanned by
the Riemannian half-density on X (and lifts and combinations thereof). For
example, QJ%(X;) denotes the lift of Qy*(X) to X,. If p, s are defining
functions for the regular and crossover faces, respectively, then

.Q(l)/z(Xl) =p —(n+ 1)/2S_n/2Q1/2(X/1).

The formula for Q*(X x, X) is similar.

Abusing notation slightly, we write Ae.o/,(Xx,X; 2y?*) for an
operator on sections of Q¢/*(X), meaning that the distribution kernel of 4
lifts to an element of this space.

The front regular face still fibers over the regular face of X, and there
the definition and properties of the normal operator are unchanged.
However, we will not be able to use this construction at the front crossover
face, beyond the first iteration.

PROPOSITION 8.8.  For { such that 2= a3{(n—{) e (ain?/4, a3n*/4), there
exists a parametrix W for A —J. such that

(A—1) W=I—F,
where

WeW—2(X: Q) + .4 ,(Xx, X; QL)

Fedz(Xx, X; Q)

with '%:(O-I’ (2 09 [g]’ [g]’ [0]) andg::(ooa g,, 0, [n;1]+a [%]a [%]+)

Proof. The first part of the construction is the symbolic inversion along
the lifted diagonal in X x, X. This does not involve ¢ and so can be done
just as in [13]. We obtain 4 e °¥ ~2(X; Q%) such that

(A=) A—T=Qe’P~=(X; Q).
The kernel of Q, lifted to X x, X, lies in p©p’©C® (X x, X; 2%/?). The next
step in the construction is to try to solve away this error term at the front
face.

To this end, we seek an operator B, such that

N(4—2) N(By)=N(Q). (8.7)
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Here N,(Q)e C'°°(FI,). For pedX,
N,(d—2)=a(p) 4y 1.

4

where f, is the metric on X, given by

>

dx>+h,
By,= 2
with £, the constant tensor on X, defined by the restriction of 2 to 7,7 X.
Since 4, is constant, 8, is the pull-back of the standard hyperbolic metric
on H”*! by a linear change of coordinates. Let

Ro(Bpim) =145 —n(n—m1~"

denote the resolvent for this metric, which is just given by applying the
linear coordinate change to the standard resolvent on H”*!, Noting that
e =a(n—o), we set

1
N,(By) =20 Ro(Bps0(p)) N,p(Q).

For each p we have Np(BO)e;z{a(p),a(p)(Fp;9(1)/2|Fp). Although N,(Q)
depended smoothly on p, N,(B,) does not because of g. So th~is is the first
point at which we need the lift from X x, X to X x, X. Let S denote the
front regular face (the lift of S). Since the dependence of N(B,) on o is
analytic, the lift of N(B,) to S has a square root singularity at the crossover
boundary coming from that of . Hence we have

N(By) s e‘%,o‘,o(g; Q(l)/2|§),

where the boundaries of S are left/right regular and front crossover, and &
is lifted to S through the projection S — dX\A.

The front crossover face, denoted A , fibers over lift of 4 to the front face
S in X x, X. The lift of N(B,) from S to the front crossover face in X x,; X
will be constant on such fibers. Thus the lift of N(B,) has no singularity at
the front regular boundary of /4, and

N(B,) |/’if €Ay g0, [n/21, [n/2] (Af§ -Q(1>/2 |Zf)~

The boundary faces of A are left/right/front regular and left/right crossover
(see Fig.95).

By Proposition 2.2, this shows that the lift of N(B,) to X x, X has the
properties of the restriction of a kernel in .7, (X x, X; Q¢?) to the two
front faces. We may therefore choose an extension By € .7, (X x; X; Q¥?),
having the lift of N(B,) as leading coefficient at these faces. Furthermore,
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since N(B,) was constant on fibers of the front crossover face, we can insist
that the leading coefficient of B, at the left crossover face be constant on
the fibers of this face as well.

The error term at the next stage is

Q1:(j_/1)Bo_Q-

By construction, the kernel of Q, vanishes at the front face, so

n| [n 1
0 ety X0 ti=(anonoin|5] 5] 5] )

However, there is additional decay on the front face, because ¢ is the indi-
cial root. The composition (4 — 1) B, has kernel given by lifting 4 — 1 to
X x,; X through the left and applying it to the kernel B,.

Consider local coordinates (¢, z, x', y, w), where t = ﬁ, z="7 w="70,
and y=(y;, --+, V,_1)- This system is valid in a neighborhood of the
intersection L N me A,. The lift of vector fields through the left is easily
computed:

y—y Y

x0,— 10,
X0y — wit0z+ wix'0;

x0, — wtd,, — 170, + wid (8.13)

Here ¢ defines the left regular face, and w the left crossover. It is easy to
compute that

(B4 —=2)(tw)"** f=ok(n—20, —k)(tw)"** f
+ ()R (wx") 2 (¢ log tw) gy +wx'(t logtw)? g, ] f
+(w)? vy, (8.8)

where g,, g, € C* (X x, X) and Ve Diff}(X x, X). In particular, with k=0
we see that (4 — 1) B, vanishes at the left regular face.

At the left crossover face we have the same issue as in Proposition 8.4,
because the final term on the right in (8.8) is not of lower order in w. More
specifically, 1V contains terms of the form (79,)" f times smooth coefficients.
However, in these coordinates ¢ is the fiber variable for the left crossover
face. Thus choosing B, to be constant on the fibers means that in the
calculation of (4 — ) B, the term represented by ¢V does not contribute.
We conclude that

n+1 n| [1
My = 1 01 =1, = .
=(ennanon 5 L5 )
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At the front regular face we may iterate the procedure of solving away
terms with the normal operator, exactly as in [ 13]. We would next apply
the model resolvent to N,((x'log x') ~'Q;) (using Proposition 4.2 to handle
the extra logarithms) and so obtain N,((x"logx')~" B, ;), from which we
determine B, |, and so on. (We cannot do the same at the crossover face,
because the derivatives along the fiber appearing in (8.8) cannot be
assumed to vanish for any terms beyond B,. As a result, we could not
apply Proposition 4.2 to the higher Q,’s because of the lack of decay at the
left crossover face.)

After repeated applications of the normal operator at the front regular
face we end up with a sequence B;; which can be summed asymptotically
to give Be .o/, (X x, X; Q}/?) such that

(4—2) B—0=Gedy(Xx, X; Q)

where 4 =(a,|1,0,, o0, ["$],,[%],[3],). Finally, to get F we can
appeal to (8.8) repeatedly to solve away the power series at the left regular

face, as in Proposition 8.4. This yields Ce .7, (X x, X; Q{/?) such that

(Ad—2) C—G=Fedz(Xx, X; Qy?),

where # is as defined in the statement. Setting W= A — B+ C gives the
result. |

8.4. Compositions. To refine the parametrix W further, we would like to
asymptotically sum the Neumann series for (I —F)~! and right multiply
this by W. Analyzing the result requires some composition properties for
operators of these types. Composition can always be broken down into a
combination of pull-backs and push-forwards, and we need to be sure that
the character of asymptotic expansions at the boundary is preserved under
such operations.

Fortunately, general results on pull-back and push-forward of poly-
homogeneous conormal functions were established in [ 14, 15]. We'll review
briefly the results we need, which are all in the context of constant indices.
Although one could extend this theory to polyhomogeneous functions with
variable order, complications would arise because of the possible crossing
of indices. We won’t undertake this here, as the constant index theory is
sufficient for our purposes.

To specify a general polyhomogeneous conormal function, we give an
index set EcCxN, at each boundary face, such that at this face the
boundary expansion has the form

k
Z z la(]Og Z)las,la

(s,k)eE I=0
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where ¢ is the defining function. To ensure a finite number of logarithmic
terms at each stage it is required that for any sequence (s;, k;) € E with
I(s;, k;)| > oo we have Res; — co. It is convenient to write Re E>m to
mean Re a >m for all (a, k) eE At this level of generality, an index family
is a collection & =(E,, E,, ...), one index set for each boundary face. The
space .oZ(M) is defined just as in Section 2.

On a manifold with corners M one can associate to 7,(M) a corre-
sponding tangent bundle *TM. A map f: M, - M, induces *f,: °TM, -
®TM, by extension from the interior. Let r;, p; be defining functions for the
boundary hypersurfaces of M, and M, respectively. The map f is called a
b-map if there exist e(i, j) € N, such that

f*,Di:h H pel ).

Actually, in all of our cases e(i, j)€{0,1}. The b-map condition is
sufficient for pull-back of polyhomogeneity. For & an index family for M,,
let f¥(#)=(E,, E,, ...), where

Ejz{(b,p):b=2e(i,j)a,-,p= Y k,-,(a,-,k,-)eF,}-

e(i, j)#0
ProrposITION 8.9. For a b-map - M, - M,, pull-back gives a map
S* ol (My) = Aps 5 (M)

The proof is quite straightforward: one can push forward the radial
vector fields from M, to M,.

Extra conditions are needed for push-forward of polyhomogeneity. A
b-map f: M, > M, is called a b-fibration if: (1) °f, is surjective at each
point of 9M; and (2) no boundary hypersurface of M, is mapped to a cor-
ner of M,. The latter condition means for each j there is at most one i for
which e(i, j) #0. The b-density bundle is defined by Q,=(]] pj)_l.Q.

In push-forwards the powers of logarithms may increase when two or
more faces map to the same face. So for two index sets E, F we define the
extended union

EOF=EUFu{(a,k+k +1):(a,k)eE, (ak')eF}.

Then define f, (&)= (Fy, F,, ...), in the special case that all e(i, j) € {0, 1},
by
F= | E.
e(i, j)#0

(If e(i, j)>1 then the orders in E; would be divided by e(, j).)
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ProrposiTiON 8.10. Let f: M, - M, be a b-fibration and suppose that
Re E;>0 for all j such that e(i, j)=0 for each i (i.e. for all j such that the
J’th boundary face maps to the interior). Then push-forward gives a map

St g (M3 Q) = Ay (5 (M5 £2,)

In order to compose operators whose kernels live naturally on X x, X we
need to define a blown-up triple product (X?), such that projections to
X %, X through various factors exist and are b-fibrations. This is analogous
to the edge triple product in [ 12]. The philosophy behind the construction
is the same as in the definition of X x,; X. X contains three copies each of
S and 4, but before blowing them up we must blow up any non-transverse
intersections. It is perhaps easiest to describe this in local coordinates,
which also make evident the fact that all submanifolds introduced are
p-submanifolds. Corresponding to the usual (x, y) on X, we use (x, y, X/,
¥, x", ¥") as local coordinates for X>. Let us label the three boundaries of
X3 as L, M, R for left, middle, and right. The three copies of S are

S = {x=x'=y—y'=0},

SMR: {x/zx/! =yl_y/! ZO}’

Sir= {x:x” :y_y”:O}:
and the copies of the crossover set are

Ap={x=y,=0}, Ay={x"'=y,=0}, Ag={x"=y,/=0}.
The intersections among the copies of A are transverse, but none of the
intersections involving copies of S are. Additional blow-ups are needed for
the triple intersections,
Semr=Sra O Syr O Sirs Apyr=Ar O Spurs
and double intersections
A=A 0 S Apr=Aar O Sy Apg=A47 O Spg-

The blown-up triple product is thus
(X),=[X% Appirs Sears Arars Ars Arrs Sears Swrs Sers Ars Aurs Ag]
This gives a manifold with 14 faces. The faces will be denoted by putting

a tilde over the corresponding submanifold of X3 e.g. L is the lift of
L=0XxXxX.
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The claim is that these blow-ups allow the definition of three b-fibrations,

Vs W ars Vir: (X3),1 - Xx,; X,

where the subscripts indicate which factors of X are involved. For example,
to get Y, we blow down, in order, A,,, Ak, Arr> Sarrs Sirs Srars
Appr> Using Lemma 8.6 to justify the interchange of blow-ups from the
original definition of (X?),. This leaves us with [ X3 A4, Syars Ar; Ag]
which equals (X x,; X) x X, and so the definition of y/,, is completed with
a projection. To check that these maps are b-fibrations is a simple exercise.

In order to apply the pull-back and push-forward formulas, we need to
examine the lifts of boundary defining functions from X x, X to (X?),. Let
P1s Prs Py be defining functions of the regular left, right, and front faces of
Xx, X, and s, 5,, s defining functions for the crossover faces. On (X?), we
will denote defining functions of the regular faces by r and of crossover
faces by y, with subscripts to indicate particular faces. For example, r; will
be the defining function for L, ry,, for S;u, rrwr for Spug, etc. And
similarly y; for A, y,, for A,,,, etc. By tracing the definitions of the y’s
backwards, we can compute the lifts of the defining functions from X x, X
to (X?),. The regular and crossover defining functions behave separately
and completely analogously to each other, so we can record the lifts in a
single chart:

L M R LM MR LR LMR

v, 1 r - f 1 f
Vir  — 1 r 1 f r f
Vie 1 - I r £ f (8.9)

This means, for ex ample, that y¥,,(p;) =r, r g and also ¥ ¥,,(s)=y.7rz>
up to smooth non-vanishing functions which we will be dropping
throughout this discussion.

Let vy be a smooth non-vanishing section of Q22?(X x, X). Then for
operators represented as kernels Av, and By, the formula for composition
is:

(Ao B) vo = rrs [VIa(AVo) Yirr(Bvo)]. (8.10)

In order to apply the push-forward theorem we need to relate everything
to the b-density bundle 22,. Let w, and w,; be sections of 2,(X x, X) and
Q,((X?),) respectively.
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LemMma 8.11. Written as a push-forward of b-densities, the composition
formula (8.10) becomes

(A4°B) 0y =V 1y [VEar(A) Wir(B) 1"y s ]. (8.11)

Proof. For convenience let us use subscripts to denote lifts by the s,
e.g. Ay =V%,,A. Multiplying (8.10) on each side by v, gives

(A-B) Vﬁ = lpLR* [ALMBMR(VO)LM(VO)MR(VO)LR]- (8.12)

If 1 is a smooth half-density on X x X, then

ﬂLMﬂMRﬂLR:ﬂga (8.13)

where 15 is a smooth half-density on (X?),. Let f: X x, X - X x X be the
blow-down. By computing the codimensions of the submanifolds to be
blown-up, we can see that

ﬁ*Ql/z(XXX) p(n+1)/2(s s )1/2 Sj((‘n+2)/291/2(X>< X)
so that
Vo= (pip,) IR p D (sys,) T IR S E O DR (814)

Let 5 be the blow down (X?); — X* and w a smooth density on (X?),.
Again, by computing codimensions we can see that

B3 ,us (rLMrMRrLR)n+1 r%,n]l;Rz(yLVMyR)(yLMyMRVLR) 2 V%JI;CO (8.15)

Using the liftings (8.9) and combining the properties (8.13), (8.14), and
(8.15) we then obtain

(Vo) zar (Vo) sr (Vo) e =1~y ",

where r is the product of all defining functions of the regular faces and y
the same for the crossover faces. The composition formula (8.12) then
becomes

(AeB)p~"s™"™" lwb =V ire [ArarBar? ™"y ™" " 160173 1,
where p=p,;p,prand s=s;s,5,. The result follows because

o
Yir(ps)

Now let us prove the composition results needed to handle the Neumann
series for (I—F)~'. Let F' be an asymptotic summation of the series

=rauVar |
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> | F' at the front crossover face. Then (4 — ) W(I+ F’) will vanish to
infinite order at both front faces. The first step is to analyze F’, for which
we need the following:

LEMMA 8.12. Let F =(o0,a,, oo, [“5],,[2], [314). Then oz (X x, X;
Qy/?) is closed under composition.

Proof. With Avy, Bvy € oz (X x,; X; Q3/?), we will compute (4 o B) from
the formula (8.11). 4;,, and B,z are most succinctly described with a
chart of index sets akin to (8.9). Fortunately we can consider the regular
and crossover faces separately. At the regular faces we have:

L M R LM MR LR LMR

Apyy © On - 0 ORr o0 o0
B,r - o0 Or 00 0 Or 0 (8.16)
and at the crossover faces:
L M R LM MR LR LMR

w BB - BB R
e PR B DL

17
Under , , the faces which map to the interior are A7 and A,,. From (8.17)
we see that the combination A4, ,,B,,x vanishes to infinite order at M, while
at A,, the index set is [n+1] ., so the push-forward is well-defined.

Notice that 4, ,,B,,z vanishes to infinite order at all of the regular faces
of (X?), except R, where it is polyhomogeneous conormal with index og.
Thus p % (A - B) w, will be the pushforward of a b-density with index set
{(k,k); keNy} at R and oo at all the other regular faces. By Proposition
8.10 we conclude that (A4 - B) has orders oo, g,, oo at the left, right, and
front regular faces.

As for the crossover faces, by (8.17) and Proposition 8.10 the index sets
of (Ao B) are [23!], O [%2+1], at the left crossover, [2] O [2F], at
the right crossover, and [1], O [n+ 3], at the front crossover face. It is
a trivial observation that for a <b

[a] O [b]y=[al,  [al, O[b],=[al,,

and the result follows. ||

1
2
8
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Applying this Lemma to the powers of F, we may conclude that

1 1
Pesn oy 5 -(onn[] [2]2 )
2 |22,

Actually, this doesn’t quite follow directly from Lemma 8.12. We need to
know in addition that at each order there is a bound on the highest
logarithmic power in F’ at the front crossover face which is uniform for
leNy. This can be deduced from the fact that the index set of F’ at the
front crossover face is really [4],, as one can see from the proof of
Lemma 8.12.

The improved parametrix is M = W(I+ F'), which by the construction of
F' satisfies

I—(A—A) M=Eedg(Xx,X;QL%), (8.18)

Where (5"2(00, Jra OO, [n;1]+5 [%]5 OO)

ProrosiTION 8.13. For 4, F as above we have

WX Q) oy (X %, Xy Q) < e (X %, X Q4) (8.19)
oA (XX, X .Q(l)/z) oz (XX, X Q(l)/z) cd .7 (XX, X, .Q(l)/z),
where (M - F)=(0,,0,,20,[5],[5], [314).
Proof. Let us start with the second formula in (8.19). Suppose that
Avg € oL (X x, X; QU), Bvg € oAz (X %, X; Q).

As in the proof of Lemma 8.12, we examine the behavior of the lifts to
(X?),. At the regular faces we have:

L M R LM MR LR LMR

- 0 Or Or 0
Byr - o0 ORr 0 0 ORrR 0 (8.20)

In order to apply Proposition 8.10 we consider x ~%x' % (A4 o B), which is
the push-forward of a b-density on (X?), with index set {(k, k); keN,} at
L, R, and S,;, and oo otherwise. Then pushforward gives indices
(0;,0,,20,) for Ao B at the regular faces.
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The index chart for the crossover faces:

HELE
e ] BB L L (G

We conclude that the crossover index sets for 4o B are ([2], [2], [3] ).

The first formula in (8.19) is proven in exactly the same way. If B is as
above, but Av, e *P*(X; Q}?), then the product A, B,x will have an
interior singularity at the lift of the diagonal through /,,,. One can check
that y, g+ annihilates this singularity by standard wave-front set arguments
(see [2] for an explicit discussion of this). Then the proof of push-forward
to ./, is exactly as above. ||

H

(8.21)

COROLLARY 8.14.  The operator M = W(I+ F') satisfies
MeV2(X; Q)% + oA, (X x, X; Q).

Proof. Let W= W, + W, as an element of °¥ ~2(X; Q3?) + .o/ ,(X x,
X; Qy%). From (8.19) we immediately see that

Wy+ Wi F e (X x, X; QU%),
WoF' € y.5)(X %, X; Q5.

Now consider the equation (8.18). By construction /—(4—1) W, =0,
which is smooth up to the front face, and since 4 lifts to Diff¥(X x, X) we
conclude that

(A=) W,F') e, (Xx,X; Q¥

This means that 4 — 4 must annihilate all of the terms in the asymptotic
expansion of (W, F') at the front regular face, since an expansion contain-
ing p}"f is not allowed in .«7,. We can argue term by term using the normal
operator to show that these coefficients are zero. For example, at leading
order we have

A

N, (A—=2) N (X' =W, F') =0, (8.22)
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for all e 0X\A. > From the definition of .« ,. » (X x, X; Q/*) we see that

N (X' "2IWoF') € gy, gy (Fys Q).

(g), a(q)
Applying Proposition 6.4 (in the model case with constant indicial root) to
(8.22), we conclude that N, (x' ~>%W,F') =0. Using this argument induc-
tively, we conclude that W, F’ vanishes to infinite order at the front face,
which puts it in ./, (X x,; X; Qy?). 1

Next we show that the structure of the error term E allows it to be
realized as a conormal function on X, x X, rather than X x, X. Because we
can realize X' x; X as [XxX; A;;4,; 4, S], by various applications of
Lemma 8.6, there is a well-defined blow-down ¢: X' x, X — X, x X,. This is
a b-map, but not a b-fibration (/Tf is mapped into a corner, for example).

LemMA 8.15. Suppose as above that

1
Eeddy(Xx, X; Q) £=<oo,a,,oo,[”ﬂ [ﬂw)
+

Then if we lift E from the interior (X x X)° to X, x X, we have

1
Ee (X, x X5 QL2), %=<oo,a,,{”+} [”D
INE

Proof.  First note that 7, (X, x X;) lifts under ¢ to (p,s,) =" 75,(X x, X),
as may be easily checked in local coordinates. Observe that

X_(n+1)/2x/_&’E€<Sf(oo’ 0, 00,0,0, ©0) — (XXA X)

Because of the infinite order of vanishing at the two front faces, we deduce
that

x—(n+1)/2x! _&’EE&/(OO’O’O’ 0)— (X}. XXA)

Let V,, V., W,, W, be radial vector fields at the left/right regular and
left/right crossover boundary faces of X; x X, respectively. We claim the
lift by ¢ of V, is a radial vector field 7, at the left regular face, possibly plus
a term in p;s; ' 7, (X x; X). Similarly, W, lifts to a radial vector field 7, at
the left crossover face, possibly plus a term in s,p, Yy, (X%, X). The
behavior on the right is analogous. These facts are best checked in local
coordinates. On X, x X, we can use coordinates (u, 0, y,u’, 0, y'), such
that x=u cos 0, y,=usin 6, y=(y, y,), and similarly on the right. For V,
and W, we can take (cos @) d, and ud,,.
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Near A, and A, we ignore the blow-up of S, since S does not intersect
these. So we can use the coordinates (R, 7,7, w, 6,0, y), where R=
\/r2+r’2+()7— 3?2 and (4, @)= (r, 7", y— y')/R. Then W,=(cos 0) 9,
again, which is indeed a radial vector field at the left regular face {cos 0 =0}.
The lift of V, is

I7,=776,7+772[R8R—776”—;7’6”, —wd,],

which is a radial vector field at the left crossover face {#=0}. Similarly,
with a different coordinate system we could check this in a neighborhood
of S (then we could ignore the blow-ups of 4; and 4,).

Of course, the radial vector fields are not uniquely defined. Another
choice of ¥, would differ by a field in ¢,7,(X, x X;), where ¢, is a defining
function for the left regular face of X, xX,. Since ¢*t,=p,p,,
47, (X, x X,) lifts to p,sf’l“Vb(Xxi X), which agrees with the correction
term given above.

Now we can show Ee.oZ,(X, x X,;; 24?) by pulling these radial vector
fields up to X' x,; X. (Once again the infinite order of vanishing at the front
faces is crucial.) For example, E € o/ (X x, X; Q{/*) entails the estimate

V

r

(x7n+12x/76-,,E) 6,52/(00’ 1, 00, 0,0, c0) — (XXA X),

and this would be unaffected if we add to ¥, a term in PS5 (X %, X).
Consequently, it implies the estimate

Vr(x—n+12xr—&,E) E%(OO’ 1,0,0)— (XA X X/l)

In a similar way all of the estimates needed to show E e .7, (X, x X,; Q¢?)
can be deduced. ||

We consider next the composition of a kernel living on X x,; X with a
kernel on X; x X,. For this purpose we can use the slightly simpler space

(Xx, X)x X, = [X3§ Apars Spars Spry Aps Apgs Ar]

instead of (X?), for the triple product. We’ll continue to denote the projec-
tions onto pairs by ¥, Wk, W r, Where W, projects to X x, X and
Wur and Y, are blow-downs to (X;)® followed by projection onto
X, x X,. The chart (8.9) of lifts of defining functions is abbreviated to

L M R LM

Vim I r - f
Vg - I r I

Yir - 1 (8.23)
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Let v, be a section of Q§*(X x, X) and u, a section of QY*(X, x X,). The
push-forward formula for composition of Av, with By, is

(AoB) o= lPLR* [ArarBarr (Vo) ar(tto) asrr 1

Computing as in the proof of Lemma 8.10, we derive
(A-B) wb=WLR*[ALMBMRPA_JnVA_Jn+1wb3]: (8.24)

Lemma 8.16. With

e-(onn ) (25 [3)

as above, we have the compositions

Ay (X%, X, Q) oy (X, x X5 Q) <o (X, x X5 Q47)
O 2(X; Qi) o Ay (X x X35 Q0%) € Ay (X, x X5 20/%)

where ¥ =(0,,0,, %], [%]).

Proof. Let Avge o/ ,(Xx,; X; Q¥?) and Buy € (X, x X;; Q?). As in
the proof of Lemma 8.12, we use a chart to describe the boundary behavior
of A;,,B . For the regular faces we have:

L M R LM
Ui ar Om - OrLm
ik - o0 ORr 0
and at the crossover faces:
L M R LM
* n n _ n
vie 3] |5 H
" - n+1 n n+1
MR 2 ], 2 2 .

The behavior at the middle faces, together with (8.24), shows that the
push-forward is well defined. And the form of .# is deduced from (8.23) and
Proposition 8.10.
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The second formula is handled in the same way. As in Proposition 8.13
the push-forward annihilates the interior singularity. ||

As a final topic of this subsection, we establish a mapping property that

will be used in the characterization of generalized eigenfunctions.

Lemma 8.17. With,

e-(esna 50} e 3]

we have the mapping properties:

V(X Q) Ao, [(n+ D21, (X3) & A ((n+ D21, (X3)

A (X x; X, Q(l)/z) O‘Q{oo, [(n+1)/2], (X;) <= &/a, [n/2](X,1)
A (X, x X5 Q(l)/z) o Ao [(n+ /21, (X,) = oA, [n/2] (X5).

Proof. We will prove only the second of the three formulas. The first
follows by similar argument because of the cancelation of the interior
singularity as in Proposition 8.13. The third formula follows by an
analogous but even simpler argument on X, x X.

Let (Avy) e o, (X x, X; Q3?), where v, is a section of QY*(X x,; X). As
noted in the remarks following (8.6), there are b-fibrations

Br,Br: XX, X—> X,

projecting through the left and right factors. The action of the operator
with kernel Avy on uyg € A, ((ns1)27, (X;), Where po € C%(X;; Qgf?), is
given by

(Aou)yy :ﬁL* [Avo - Br(uyo)].

Multiplying both sides by 7,, we can recast this in a form suitable for
push-forward:
(Aou) up=Pr[Aug P ],

where u, is shorthand for fu, w, e C*(Xx, X, Q,), and y, € C*(X;; Q,).
The combination Aug has index family (a,, 00, oo, [2], [ 2], [T 4),
so the push-forward is well-defined. Multiplying (4 -u) by x ¢ and applying
the push-forward result Proposition 8.10 tells us that x ~9(A4 o) has index
family (0, [0] O [4].), and the result follows. |
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8.5. Resolvent kernel. Consider the operator A4—/ restricted to a
domain defined by the radiation condition:

D, ={uex°L*(X; Q3% : (x0,— o) uex’L*(X; 2y} n H*(X; Qy?),
for some small 6 > 0. Thus
A—0:9, - xX°L*(X; QY?).
The limiting absorption principle shows the existence of an inverse
R x°L*(X; Q4% - 2,

but we do not know the structure of its kernel.
On the other hand, in Section 8.4 we obtained the parametrix M such
that

(A—=)M=1—E on x°L*(X;QL?%),

where we do know the structure of M and E. For ue Z,, integration by
parts is justified so that we can take the transpose

M (A—2)=1—E",

as a relation on %,;. With these relations we can write

M=R,(4—2)M=R,—R,E

M'=M'(4—2)R,=R,—E'R,.
And so we can deduce

Ri=M+R,E=M+M'E+E'RE. (8.25)
By Corollary 8.14
M eV =2(X; Q) + oA (X x, X; QY).

(Taking the transpose of an index family interchanges left and right index
sets, but .# is symmetric.) Then by Lemma 8.16 we have

M'Ee,(X,xX,;; QV2), 7= <o,, s, [Z] , m > (8.26)

To deal with E'R.E, we can at least use the fact that R, is bounded as
a map x°L?— x~°L? for small § > 0.
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Lemma 8.18.
At (X, X X3 QU)o L(X°L2 x OL) 0. (X, X X3 Q)
<Ay (X, x X35 247),
where I =(a,,0,,[3], [3])

Proof. Since the index family # implies x°L? decay at the left face, the
composition is represented by a convergent integral. The necessary
estimates can be obtained by differentiating under the integral using
dominated convergence. |

With (8.26) and Lemma 8.18 we deduce immediately from (8.25) the
main result of this section:

THEOREM 8.19. For { such that i=all{(n—{)e(ain?/4, ain?/4) and
satisfying the generic assumption (8.1), the kernel of the resolvent R,=
[4— 217" defined by the limiting absorption principle has the structure

R, € O =2(X; Q)+ A (X x, X, QY + A (X, x X, QY),
With %Z(O'l, Ty 0! [g]’ [%]’ O) and ]z(O'l, Ty [g]r [g])

With this knowledge of the structure of the resolvent kernel, we can give
a more refined version of Proposition 7.1, describing the generalized
eigenfunctions.

ProrosiTION 8.20. For {, A as in Theorem 8.19, given f € C* (0X) we can
solve (A—A)u=0 for

UE Ay 121 X))+ Ay 1027(X),
such that
u~Xx""°f+x°f" near W,,

with f' e JZ/[,,/Z](WA)- This u is uniquely determined by f| v .

Proof. Using Proposition 8.4 we solve for u; €., , ,,1(X;) and
asymptotic to x"~°f near W, such that (4 —A1)u;=¢ e .o, [n+1/2]+(X,1).
Then let u,= —R,¢, which is in .o/, ,,7(X;) by Lemma 8.17. Thus
u=1u, +u, has the stated properties. |

In particular, under these assumptions the scattering matrix defined in
Theorem 7.2 extends to a map

8,1 C=(W3) > Hyay (W),



376 DAVID BORTHWICK

ACKNOWLEDGMENTS

Thanks to Rafe Mazzeo for encouragement to undertake this project and Richard Melrose

for some very helpful suggestions. The work was stimulated by a workshop at the Stefan
Banach International Mathematical Centre in Warsaw, August 1999, for which support is
gratefully acknowledged.

10.

11.

14.
15.
16.
17.

18.

REFERENCES

. D. Borthwick and P. Perry, Scattering poles for asymptotically hyperbolic manifolds,
preprint, 2000.

. C. Epstein, R. B. Melrose, and G. Mendoza, Resolvent of the Laplacian on strictly
pseudoconvex domains, Acta Math. 167 (1991), 1-106.

. L. Guillopé and M. Zworski, Polynomial bounds on the number of resonances for some
complete spaces of constant curvature, Asymptotic Anal. 11 (1995), 1-22.

. 1. Herbst and E. Skibsted, Quantum scattering for homogeneous of degree zero potentials:
Absence of channels at local maxima and saddle points, preprint, 1999.

. P. Hislop, The geometry and spectra of hyperbolic manifolds, Proc. Indian Acad. Sci. 104
(1994), 715-776.

. M. Joshi, An intrinsic characterization of polyhomogeneous Lagrangian distributions,
Proc. Amer. Math. Soc. 125 (1997), 1537-1543.

. M. Joshi and A. Sa Barreto, Inverse scattering on asymptotically hyperbolic manifolds,
Acta Math. 184 (2000), 41-86.

. P. Lax and R. S. Phillips, The asymptotic distribution of lattice points in Euclidean and
non-Euclidean spaces, J. Funct. Anal. 46 (1982), 280-350.

. J. M. Lee, The spectrum of an asymptotically hyperbolic Einstein manifold, Comm. Anal.

Geom. 3 (1995), 253-271.

R. R. Mazzeo, The Hodge cohomology of a conformally compact metric, J. Diff. Geom.

28 (1988), 309-339.

R. R. Mazzeo, Unique continuation at infinity and embedded eigenvalues for asymptoti-

cally hyperbolic manifolds, Amer. J. Math. 113 (1991), 25-45.

. R. R. Mazzeo, Elliptic theory of differential edge operators I, Comm. Partial Differential
Equations 16 (1991), 1615-1664.

. R. R. Mazzeo and R. B. Melrose, Meromorphic extension of the resolvent on complete

spaces with asymptotically constant negative curvature, J. Funct. Anal. 75 (1987),

260-310.

R. B. Melrose, Calculus of conormal distributions on manifolds with corners, Inter. Math.

Res. Not. (1992), 51-61.

R. B. Melrose, “Differential Analysis on Manifolds with Corners,” manuscript.

R. B. Melrose, “Geometric Scattering Theory,” Cambridge Univ. Press, 1995.

P. A. Perry, The Laplace operator on a hyperbolic manifold. II. Eisenstein series and the

scattering matrix, J. Reine Angew. Math. 398 (1989), 67-91.

T. Tayoshi, The continuous spectrum of elliptic differential operators in unbounded

domains, J. Math. Kyoto Univ. 27 (1987), 731-781.



	1. INTRODUCTION 
	FIG. 1 
	FIG. 2 

	2. BOUNDARY ASYMPTOTICS 
	3. INDICIAL ROOTS 
	FIG. 3 

	4. PARAMETRIX CONSTRUCTION 
	FIG. 4 

	5. PARTIAL MEROMORPHIC CONTINUATION 
	6. LIMITING ABSORPTION 
	7. SCATTERING MATRIX FOR THE IRREGULAR CONTINUOUS SPECTRUM 
	8. RESOLVENT FOR THE IRREGULAR CONTINUOUS SPECTRUM 
	FIG. 5 

	ACKNOWLEDGMENTS 
	REFERENCES 

