SCATTERING THEORY ON SL(3)/SO(3):
CONNECTIONS WITH QUANTUM 3-BODY SCATTERING

RAFE MAZZEO AND ANDRAS VASY

Abstract. In this paper we continue our program of extending the methods
of geometric scattering theory to encompass the analysis of the Laplacian on
symmetric spaces of rank greater than one and their geometric perturbations.
Our goal here is to explain how analysis of the Laplacian on the globally
symmetric space SL(3,RR)/ SO(3,R) is very closed related to quantum three-
body scattering. In particular, we adapt geometric constructions from recent
advances in that field by one of us (A.V.), as well as from our previous work
[14] concerning resolvents for product spaces, to give a precise description of
the resolvent and the spherical functions on this space. Amongst the many
technical advantages, these methods give results which are uniform up to the
walls of the Weyl chambers.

1. Introduction

It has long been observed that there are formal similarities between the spectral
theory for Laplacians on (locally and globally) symmetric spaces of rank greater
than one and Hamiltonians associated to quantum N -body interactions. Our con-
tention is that these similarities have deep-seated explanations, rooted in the geom-
etry of certain natural compactifications of the spaces involved and the asymptotic
structure of these operators, and that the methods of geometric scattering theory
constitute a natural set of techniques with which to study both problems. In the
present paper we use these methods to provide an alternate perspective on mostly
well-known results concerning the Laplacian on the globally symmetric space

M = SL(3,R)/ SO(3, R).

Besides giving a new set of methods to study scattering theory on this space which
are not constrained by the algebraic rigidity and structure, this more general ap-
proach has benefits even in this classical framework. Specifically, starting from the
perturbation expansion methods of Harish-Chandra, as explained in [10], and con-
tinuing through recent developments by Anker and Ji [1], [2], [3], it has always been
problematic to obtain uniformity of various analytic objects near the walls of the
Weyl chambers. We obtain this uniformity as a simple by-product of our method.

Let us now briefly set this work in perspective. The recent advances in quan-
tum N-body scattering from the point of view of geometric scattering, to which
we alluded above, are detailed in [24], [25] and [26], and we shall not say much
more about this work here. Next, there are very many applications of geomet-
ric scattering theory to scattering on asymptotically Euclidean spaces and locally
and globally symmetric spaces of rank one, [20], [9], [12], [5], to name just a very
few (and concentrating on those most relevant to the present discussion). More
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recently there has been progress on geometric scattering on higher rank spaces.
For example, Vaillant [23] has extended Miiller’s well-known L? index theorem for
spaces with Q-rank one ends to a general geometric setting. Most germane to the
present work is [14], which contains the beginnings of a serious approach to dealing
with the main technical problem of ‘corners at infinity’ which arise in higher rank
geometry. That paper focuses on the special cases of products of hyperbolic, or
more generally, asymptotically hyperbolic spaces, and produces a thorough analy-
sis of the resolvent of the Laplacian on such spaces, including such features as its
meromorphic continuation and the fine structure of its asymptotics at infinity. This
analysis includes the construction of a geometric compactification of the double-
space of the product space, on which the resolvent naturally lives as a particularly
simple distribution, and which we call the resolvent double space. The methods of
that paper rely heavily on the product structure, and an interesting representation
formula for the resolvent in terms of the resolvents on the factors which is a [added
by this structure. While not perhaps apparent there, the final results are in fact
independent of this product structure and obtain in much more general situations.

Before embarking on a general development of the analysis of the resolvent for
spaces with ‘asymptotically rank two (or higher) geometry’, we have thought it
worthwhile to explain in detail how these methods apply to this specific example,
M = SL(3,R)/ SO(3,R), since it is a natural model space for the more general
situation and is of substantial interest in and of itself. The methods here should
apply more generally without any new ideas, just a bit more sweat and tears! Our
aim is several-fold. At the very least we wish to emphasize the resolvent double-
space, which is a compactification of M x M as a manifold with corners, and its
utility for obtaining and most naturally phrasing results about the asymptotics of
the resolvent; we also wish to show how the seemingly special product analysis of
[14] emerges as the ‘model analysis’ in this non-product setting.

Let us now describe our results in more detail. Fix an invariant metric g on M,
and let A, and R(A) = (A, —A)~! denote its Laplacian and resolvent. We wish to
examine the structure of the Schwartz kernel of R(A), and in particular to determine
its asymptotics as the spatial variables tend to infinity in M. We do this here for
A in the resolvent set; with additional work (which is not done here) this can also
be carried out for A approaching spec (A,). As in the traditional approach, the
invariance properties of A allow us to reduce the analysis to that on the flats, and
this turns out to be very close to three-body scattering. The central new feature
of the analysis is to replace the perturbation series expansion of Harish-Chandra
by L2-based scattering theory methods in the spirit of [24]. As noted earlier, the
results are easily seen to be uniform across the walls of the Weyl chambers. In
future work we shall study the resolvent for spaces with ‘asymptotically rank-two
geometry’, which is only slightly more di [cult; unlike there, however, the present
analysis is an explicit mixture of algebra (the reduction) and geometric scattering
theory (the three-body problem).

In order to describe the structure of R(A), we first define a compactification M
of M itself. Recall that M is identified with the set of 3-by-3 positive definite
matrices of determinant 1; it is five-dimensional, and its compactification M is a
C*> manifold with corners of codimension two. M has two boundary hypersurfaces,
H; and H¥, in the interior of each of which the ratio of the smaller two, respectively
the larger two, eigenvalues of the representing matrix is bounded. Correspondingly,
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either of these boundary faces is characterized by the fact that the ratio of the
appropriate two eigenvalues extends to vanish on that face, hence gives a local
boundary defining function. The subspace of diagonal matrices is identified with
the flat exp(a), and the Weyl group W = S3 acts on it by permutations; its closure
in M is a hexagon, the faces of which are permuted by the action of W. The fixed
point sets of elements of the Weyl group partition a into the Weyl chambers; the
fixed point sets themselves constitute the Weyl chamber walls, and the closure of
the chambers in M are the sides of the hexagon. Adjacent sides of the hexagon
lie in dierent boundary hypersurfaces of M. The boundary hypersurfaces of M
are equipped with a fibration with fibers SL(2, R)/ SO(2,R) = H?2. For example,
two interior points of H¥ are in the same fiber if the sum of the eigenspaces of
the two larger eigenvalues (whose ratio is, by assumption, bounded in this region)
is the same. This gives M a boundary fibration structure, similar to (but more
complicated than) ones considered in [20, 17, 13].

To give the reader a feeling for what it means for a function to be smooth
relative to this choice of smooth structure on the compactification, consider the
two-dimensional flat exp(a) of diagonal matrices A as above. Let A1, A2, A3 be the
diagonal entries (hence the eigenvalues) of A. The walls of the Weyl chambers are
described by the equations A; = A;, i Z j. We choose the positive Weyl chamber so
that 41, 32 € (0, 1) on it. We may then use i = 4L and v = 32 as valid coordinates
on the closure of this chamber in M away from the closure of the walls, and in
particular near the corner. Thus, an SO(3)-invariant function f is smooth away
from the walls if it is a C*° function of p and v in the positive chamber. In particular,
such a function has a Taylor series expansion around the corner p =v = 0:

| S
fuv)~  aupvt
J3,k=0
where the coe Lciehts a;;, = ag; 8% (0,0)/j'k! are given by the usual formula from
Taylor’s theorem. M is a real analytic manifold with corners and this series con-
verges when f is real analytic, but in general, the assertion that f is smooth on
M means that f has a complete asymptotic expansion. We refer to Section 2 for a
detailed discussion of M.

We must blow up M further in order to describe the resolvent e [ciehtly. The
motivation for this is that since the flat is a Euclidean space, its most natural com-
pactification is the usual radial one, also known as the geodesic compactification.
Unfortunately, this is not directly compatible with the structure of M. Denote by
py and p* the boundary defining functions for H; and H* (given in terms of ratios
of eigenvalues, as above). Then we replace these with the ‘slow variables’ —1/log p4
and —1/ log p?, respectively. If we use these as new boundary defining functions on
M, then we obtain a new smooth structure, containing many more ‘smooth’ func-
tions. We denote the resulting space by M., and call it the logarithmic blow-up
of M. Every smooth function on M is smooth on M, or in other words, the
map t: M, — M is C*°. To see this, note that the functions pt = —1/ log(A1/Az)
and v = —1/log(A2/A3) give coordinates on the closure of the positive chamber in
Mg, and p = exp(—1/p) and v = exp(—1/V) are C*> as functions of 1,V > 0. On
the other hand, 1=! is a homeomorphism, but not C*, since for example —1/ log u
is not a smooth function of p at p = 0! As another example of the e[edt of this
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change of C* structure, note that if f,g € C=°(M) and f = g on M then f — g
vanishes to all orders at d(M),,), i.e. its complete Taylor series in (i, V) vanishes
at the corner of Vlog, but this certainly need not be the case for the expansion in
terms of (y,v).

After the logarithmic blow-up, we perform the normal (spherical) blow-up of the
corner Hy N H* in the space M,,. This sequence of operations results in the final
‘single space’

(1.1) N={IM 055 Hy N H¥

To check that this fulfills the goal of being compatible with the radial compactifica-
tion of the flat, note that if r is a Euclidean radial variable on a (outside a compact
set), then its inverse r! = x € ¢>°(NB-isla total boundary defining function of
Nt-i-d. vanishes simp& on all faces. Note that, with the previous notation, r is a
constant multiple of (logA;)? + (log A2)2 + (logA3)? 7>, which may be easily ex-
pressed in terms of p and v, if we also take advantage of the determinant condition
AiAgAs = 1. We also let xy, resp. x?, be defining functions of the lifts of Hy and

H* in Ni(sd these are comparable to —1/logpy, —1/logpt, respectively, in the
interiors of these faces). Finally, we denote by mf the new ‘front face’ created in
this blow-up.

Hina
mf
Cl+ Huﬁll
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Figure 1. The closure of a in the compactifications M and Ni-ef M.

A standard preliminary result in scattering theory concerns the far-field be-
haviour of R(A)T where T € C2°(M), initially when A lies in the resolvent set, and
later when it approaches the spectrum, cf. [18]. The geometry of M has been set
up precisely so that the analogous result here has a fairly simple form:

Theorem. (See Corollary 5.5.) Suppose f € C°(M), and A € spec(A). Then,
with A\g = 1/3,
L1l O
ROVF = pyp*x'/2xyxfexp —i A —Ao/X g,

where g € ¢ (NB—The square root in the exponential is the one having negative
imaginary part in the resolvent set A € C\ [Ag, 00). If £ € C_°°(M), then a similar
statement holds (away from sing supp ).
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Remark 1.1. As already indicated, there is an extension of this result which de-
scribes the behavior as A — spec (A). Thus, taking the limit as A approaches the
spectrum from below,

RO\ — i0)f = pypix!/2e~iVAi=o/zg g e (N

and there is an analogous formula for R(A +i0)f, A > Ay, involving some function
g, € C°(NB—As before, the fact that g, € C°>°(ND—+eans that R(A — i0)f has a
complete expansion (in terms of the appropriate defining functions). This extension
allows one to analyze the range of the map C*(M) > f — g4 |, For example,
one can show that the range of this map is dense in C>°(mf), but for simplicity we
shall not discuss this here since, just as in the three-body setting, it requires a more
elaborate phase space analysis.

Remark 1.2. Notice that the functions r—* = x*, k € N are smooth on Ni—bdt not
on M. On the other hand, later we shall briefly discuss Harish-Chandra’s spherical
functions, and the coe [ciehts of the six oscillatory terms appearing there are ac-
tually in C>°(M). In fact, the expansions for these functions originally constructed
by Harish-Chandra converge near the corners of a.

One of the corollaries of this theorem is the identification of the Martin compact-
ification of M with Nl—Recall that the Martin boundary of M, relative to some
eigenvalue A € R, A < Ay, is the set of equivalence classes of sequences of eigenfunc-
tions of the form U; := R(A; w, w;)/R(A; wo, w;). Here R(A; w,w’) is the Schwartz
kernel of R(A) at (w,w') € M x M and w; is some sequence of points tending to
infinity. The functions U; satisfy U;(wp) = 1 and (A —A)U; = 0on M \ {w;},
so by standard elliptic theory at least some subsequence tends to limit which is
a nontrivial eigenfunction; two sequences are said to be equivalent if the limiting
eigenfunctions are the same. A su [ciehtly fine description of the asymptotics of
the resolvent will determine exactly when and how the sequences U; can converge.
To say that the Martin compactification is identified with N\—mdans specifically
that equivalence classes of sequences are in one-to-one correspondence with points
q € ONt—+h other words, for any such g, if w; is any sequence converging to g,
then U; necessarily converges to an eigenfunction U, which depends only on g, and
moreover, U, # U nif g # q’. These eigenfunctions might be called the plane wave
solutions for A — A on M. In any case, this will prove the

Theorem. For any A < A, this procedure described above gives a natural isomor-
phism of the Martin compactification M yiar(A) with Ni—1

A key step in this identification is to understand the leading coe [ciehts in the
expansions of R(A)T, i.e. the values of the corresponding function g, at the vari-
ous boundary faces of Ni-fell any £ € C°°(M), since in particular R(; -, w;) =
R(A)d.,;. While we do not obtain an explicit formula for these leading coe Lciehts,
we can at least describe the range of the map sending f to these boundary data.
This is somewhat simpler than the corresponding statements in the on-spectrum
case, to which we alluded above; thus in Section 6 we show that this map has dense
range when T varies over C°(M), and letting T vary over a slightly larger space,
then this map is surjective onto an appropriate space of C> functions on dNi—Fhis
is also of independent interest.
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The identification of the Martin boundary for M = SL(3)/ SO(3) was initially

due to Guivarc’h, Ji and Taylor [7], although the smooth structure of Ni-ptdys no
role there. Their arguments rely on certain estimates due to Anker and Ji [1, 2]
which control the behaviour of the resolvent kernel at the Weyl chamber walls. In
fact, the estimates of [2], see also [7, Section 8.10], when A is real and in the resolvent
set, amount to upper and lower bounds for R(A)f by expressions of the same form
as in our theorem. In later work, Anker and Ji use algebraic methods to give a
uniform description of the leading term of the asymptotics. On the other hand, our
analytic approach automatically gives uniform asymptotics, and this leads directly
to this theorem about the Martin compactification, just as in our previous work
[14].

There is yet another approach, due to Trombi and Varadarajan [22], which is
intermediate between our approach and that of Harish-Chandra. They construct
spherical functions as sums of polyhomogeneous conormal functions on M by con-
structing their Taylor series at all boundary hypersurfaces of M. By comparison,
Harish-Chandra’s method amounts to constructing the spherical functions in Tay-
lor series at the corner of M. Owing to the algebraic nature of the space, these
Taylor series actually converge in the appropriate regions, but of course this does
not hold in more geometric settings.

As another application of our resolvent estimates, we also take up the construc-
tion of the spherical functions. This construction is essentially just that of Trombi
and Varadarajan, but instead of appealing to convergence of the Taylor series, we
use the resolvent to remove the error term, and this results in an additional term
with the same asymptotics as the Green function. However, since the Taylor series
actually converges, the error term vanishes, and hence the Green function asymp-
totics do not appear in the asymptotics of the spherical function; this is the extent
to which algebra enters into our analysis.

To set this discussion into the language of Euclidean scattering, and in particular
to compare with the language of three-body scattering, the spherical functions on
M are analogues of (reflected) ‘plane waves’ on the flats, corresponding to collid-
ing particles, although here the eigenvalues collide; on the other hand, the Green
function for A on M is the analogue of a ‘spherical wave’ in Euclidean scattering.
The conflict of terminology is somewhat unfortunate.

Overview of the parametrix construction

We now sketch in outline some details of our methods and constructions. The goal
is to construct the Schwartz kernel of the resolvent as a distribution with quite
explicit singular structure on some compactification of M. This is accomplished
by constructing a sequence of successively finer approximations to (A—A)~!, where
‘fineness’ is measured by the extent to which these operators map into spaces with
better regularity and decay at infinity. These parametrices lie in certain ‘calculi’
of pseudodi[erkntial operators which are defined by fixing the possible singular
structures of the Schwartz kernels of their elements both at the diagonal, but more

interestingly, near the boundary of [V

The first step is the construction of a parametrix in the ‘small calculus’, which
we also call the edge-to-edge calculus, of pseudodilerkntial operators on M. In
fact, this is defined on any manifold with corners up to codimension two which
has fibrations on its boundary faces analogous to those of SL(3)/ SO(3). A more
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general development of this calculus will appear elsewhere. The parametrix G(A)
for A— A in this calculus has the property that the error E(A) = G(A)(A—AN)—1Id is
smoothing but does not increase the decay rate of functions, hence is not compact
on L2(M, dV,). The constructions within this small calculus are merely a systematic
way of organizing the local elliptic parametrix construction uniformly to infinity,
and this parametrix gives scale-invariant estimates uniform to 0M. To amplify on
this last statement, we may use this calculus to define the Sobolev spaces H? (M) =
{u e L?>(M,dv,) : A™2u € L?(M,dV,)}, m > 0. These spaces reflect the basic
scaling structure of M near its boundaries.

At this point we use the group structure to simplify matters by e [edtively reduc-
ing to the flat. For p € M, let K, denote the subgroup of SL(3) fixing this point;
we may as well assume that p is the identity matrix, which identifies the subspace
of K,-invariant functions with the space of Weyl group invariant functions on the
flat exp(a) (or equivalently, of functions on diagonal matrices invariant under per-
mutation of the diagonal entries). Since the Green function (for A — A) with pole
at p is K,-invariant, we may as well consider only parametrices which respect this
structure. This reduction is certainly helpful, but not essential; it is the key point
where our restriction to the actual symmetric space makes a diLerence in terms of
simplifying the presentation.

Denote by H?(M)%> the invariant elements of the Sobolev space H™(M). The
initial parametrix G(A) constructed in the first step may not preserve K, invariance,
but this is easily remedied by averaging it over K,,; this produces an operator G, (A)
which satisfies

EM) = G,(\(A — ) — Id : L2 (M, dV,)5» — H™(@M)®»  for all m.

A second step is needed to get a parametrix with a decaying (as well as smooth-
ing) error term. Thus we wish to construct another parametrix R(A) for A — A,
A € spec(A), which acts on these K-invariant function spaces and satisfies

RONA — ) — Id : HP (MK — x*H™(M)X»  for all s.

Granting this for a moment, we combine these two operators to get
1 I L
G,(\) + EQ)RQA) (A—N) —Id: L*(M,dV,)5» — x*HT (M) >

for any s > 0. This error term is now compact on L2(M,dV,)%», and so using
the simplest spectral properties of A, we may remove it and obtain an inverse to
A — X acting on K,-invariant functions. Since, as remarked before, (A — A)~! is
necessarily K,-invariant, we have captured the full resolvent.

_ The main subtleties in this paper center on the construction of the parametrix
R(A), which we now outline. This step, as implemented here, crucially uses the fact
that we can reduce to spaces of K,-invariant functions.

Recall the single space Ni—Bknote by Hiantl Hé-thk lifts of the boundary faces
H; and H! from M to Ni-add let a; and af be the Weyl chamber walls intersecting
these faces, respectively. Choose a ¢ (NBE=l partition of unity, x;+Xx*+Xo = 1 on

Ni-sudh that supp x; is disjoint from HéAat and supp x¢ is disjoint from Hmeal, and
with Xo € C*(M). (These can be constructed on the closure of éand extended

to K,-invariant functions on Ni-)—Let y;, # be K,-invariant cuto [s Wwhich are
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supp

Figure 2. The intersection of supp x* with the flat 41

identically 1 on supp x; and supp x¥, respectively, and which vanish on Herdt and

Hi-Ad;, respectively.

Along Iﬁ is well approximated by the product operator Lf = %(SDS)Q +

ig(sDS)+AH2, where s = p? and Ag: is the Laplacian on the fiber H? of He—More
precisely,

1.2) A— LY HP(MDE — pPHT (M),

There is an analogous product operator L; which approximates A near I-@ne
small complication is that because of its structure at a;, L* does not preserve K,-
invariance, but this is not serious since P*L#x* does preserve this invariance. The
fact that we can approximate A by product operators is the big gain, and is one of
the remarkable things accomplished by passing to Ni—fe} in fact the representation
formula for the resolvent on a product space from [14] gives a precise description
of (L¥ —A)~! and (Ly — A)~!. We use these as local models for the structure of the
improved parametrix, and put

RO = WH(LF = N)7'%F + gL = N7 'xe.
It is not di Ccullt to see that this has all the desired properties.

One simplification in this K,-invariant setting is that one may bypass the first
‘small calculus’ step of the parametrix construction. The reason is that, acting on

K,-invariant functions supported near I@ — L% not only improves decay, but is
a first order di [erential operator. (The latter fails on non K,-invariant functions.)
This is indicated already in the Sobolev mapping properties (1.2): there is a loss of
only one derivative, even though A is second order. Because of this, one can obtain
a parametrix with compact remainder by coupling a standard interior parametrix
in a compact subset of M with the parametrices for L* and L; as above. This
observation is actually quite important in in our subsequent work [16] because,
under complex scaling, the full Laplacian ceases to be elliptic, while its radial part
retains this property. We are presenting the more general parametrix construction
here simply to indicate how our methods can be adapted in a more general setting
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(of ‘edge-to-edge structures’). Nonetheless, the reader may well wish to keep in
mind this simplification, cf. Remark 5.3.

As noted above, one may also extend this construction to let A approach the
spectrum, so as to obtain the structure of the limiting values of the resolvent R(A+
i0) = (A — (A +i0))~!. This does require rather more work, albeit using well-
understood techniques, and so is omitted in this paper for reasons of brevity. It is
worth making some brief comments on a few consequences of this extension. The
main di [culty is that we must keep track of the ‘propagation of singularities’ along

dexp(a), which is very much as in in three-body scattering [24]. The notion of
‘singularity’ now refers to a microlocal description of the lack of rapid decay at
infinity. An explicit iteration allows us to construct successively finer parametrices,
leaving error terms which map L2(M, dV,)%» — x*H™(M)X» for higher and higher
values of k and m. The terms in this iterative series can be used to show that the
singularities of generalized eigenfunctions reflect from the walls at infinity. Keeping
track of these reflections more carefully shows that, just as in three-body scattering,
only three reflections really occur.

The spherical functions centered at p are also K, invariant, and are parametrized
by incoming directions &, |€|> = A — Ag. These are constructed as perturbations of
the plane waves

Ue(2) = py(2)p*(2)e " *
on a (which we identify with exp(a)), where z a Euclidian variable. In fact, on Ne—1
(& — Nu¢ decreases rapidly away from Hé-antl Hi—More importantly, if € & a; Na?,
then (A — A)u¢ is nowhere incoming, in the sense of the scattering wave front set,
so that R(A+i0) can be applied to it. The detailed structure of R(A+1i0) discussed
above leads to reflected plane waves. There are six such terms, corresponding to
the six elements of the Weyl group. These correspond precisely to the six terms
in Harish-Chandra’s construction of spherical functions. The coe Lciehts of the
leading terms, which are Harish-Chandra’s c-function, correspond to the scattering
matrices of the ‘two-body problems’, in this case the scattering matrices on H2. As
before, this analysis would allow us to let & approach the walls. Certain aspects of
this still appear in the construction of o [=Spectrum spherical functions in §6 below.

The remainder of this paper is organized as follows. In §2 we review the ge-
ometry of M = SL(3)/ SO(3) and its compactification M. The small calculus of
pseudodi [erkntial operators on M is defined in §3 through the properties of the
Schwartz kernels of its elements on the resolvent compactification of M x M. This
leads to the first parametrix for A — A, which captures the diagonal singularity of
R(A) uniformly to infinity. In §4, we discuss a model problem on R x H?2, which is
used for the construction of the finer parametrix in §5. In §6 we consider spherical
functions, and discuss the extent to which algebra plays a role in their asymptotics.
The Appendix contains a summary of results from [14] concerning resolvents for
product problems.

As noted earlier, since this paper was initially written, we have completed two
other papers [16] and [15], which study the analytic continuation properties of the
resolvent on symmetric spaces (first on SL(3)/ SO(3), then in the general noncom-
pact setting). Those papers contain a simplification of the parametrix construction
which relies strongly on the symmetric space structure. This is viable because such
analytic continuation results require much less information than details about the
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precise asymptotics of the Schwartz kernel of the resolvent. Although the original
version of the present paper was our first studying the Laplacian on irreducible
higher rank symmetric spaces, its publication has been delayed and will appear
later than the others. It still remains important, however, in our general program,
and we have incorporated some of the simplifications from the later works here.

The authors are grateful to Lizhen Ji and Richard Melrose for helpful discus-
sions and for encouragement, and also to the anonymous referee for a number of
helpful comments which led to the current revision; in particular, he/she pointed
out certain results, the proofs of which needed further elaboration, as well as some
necessary modifications of hypotheses for a ee-structures discussed in §2 and §3,
which fortunately had little impact on the proofs. The authors also thank the
Mathematical Sciences Research Institute where part of the work was completed
during the semester-long program in Spectral and scattering theory in Spring 2001.
R. M. is partially supported by NSF grant #DMS-991975 and #DMS-0204730; A.
V. is partially supported by NSF grant #DMS-9970607 and #DMS-0201092, and
Fellowships from the Alfred P. Sloan Foundation and Clay Mathematics Institute.
A. V. also thanks the Erwin Schrodinger Institute for its hospitality during his stay
in Vienna, Austria, while working on this paper.

2. Geometric preliminaries

Our goal in this section is to analyze the structure of M in various neighbour-
hoods of infinity. In the first two subsections we discuss the di Lerential topology and
metric structure in these neighbourhoods, and this leads in §2.3 to the definition of
the preliminary compactification M. The salient properties of this compactification
are then abstracted in the definition of an ee-structure.

We refer to [4], [10] and [11] for nice general discussions of non-compact sym-
metric spaces, each with a slightly di[erent emphasis; however, all the essential
ingredients required here are discussed in this section.

2.1. Geometry. Any element A € SL(3) admits a unique polar decomposition
A = BR, where B = (AA")!/2 is positive definite and symmetric, with detB = 1,
and R € SO(3). This leads to the standard identification of the symmetric space
SL(3)/ SO(3) with the space M of positive definite 3-by-3 matrices with determinant
1, via

SL(3)/SO(3) > [A] = A-SO@3) -2 B = (AA)/2 ¢ M.
The action of SL(3) on M is described by
SL(3) x M 3 (A, B) — 94(B) = (AB2A")!/2.

In a moment we shall use that M C SL(3) and ¢z(l1) =B for B € M.

Since M is a submanifold of the space of symmetric matrices, elements of TgM
can be regarded as symmetric matrices too. In particular, T;gM consists of the
symmetric matriﬂ trace 0, and we shall use the Killing form g(W,W) =
6 Tr(WW?) =6 i Wi as the metric on this vector space. The di[erkntial ((pgl)*
identies TgM with Ti4gM, and

2.1 g(W1, Wa) = 6 Tr((05") Wi (95')-W2), Wi, Wp € TpM,
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gives an invariant Riemannian metric g on all of M. Later, we shall compute this
using the explicit matrix formula

(2.2) @) w) = % Bwwel

The first key point is that, away from some lower dimensional strata, the space
M is di[edmorphic to a product of an open set a* in a Euclidean space a and a
compact factor; this gives a globally well-defined sense of the ‘radial’ and ‘angular’
(or rotational) parts of M (once the base-point o has been fixed). To explain this,
take any B € M, B # Id and diagonalize it by writing B = OAO?, where A is
diagonal with positive entries and O € SO(3). We define a as the 2-dimensional
vector space of diagonal matrices with trace zero, so exp(a) = M NDiags is the space
of positive diagonal matrices with determinant 1, and a* as the open subset where
the diagonal entries are all dilerknt. Neither O nor A are uniquely determined in
this decomposition of B since the neither the ordering of the entries of A nor the
sign of the entries of O are fixed. These indeterminacies may be understood as
follows. Let P denote the subgroup of all signed permutation matrices in SO(3).
Thus for any P € P, PAP? is again diagonal with positive entries, and in fact
OAO! = (OPYH)(PAPH(OPYHE. This is the full extent of the ambiguity, and it is
not hard to show that the matrices A and O appearing in the decomposition of B
are determined up to the action P - (A,0) = (PAP¢,OP?), P € P.

Now, exp(a*) is the subset of exp(a) consisting of matrices with distinct diagonal
entries, and we define exp(a*), to be the smaller subset where the entries (in order
descending along the diagonal) satisfy A; < A; < As. This is stabilized by the
subgroup P’ C P of signed diagonal permutation matrices with determinant 1, i.e.
which have two —1’s and one +1 on the diagonal. It is now clear that

M* = exp(a*), x SOB)/P’

is a dense open set in M. The complement C = M \ M* consists of matrices where
at least two eigenvalues are the same. Again in analogy with three-body scattering,
we think of the walls exp(a) \ exp(a*), which we identify with the subset tv C a,
as ‘collision planes’. In fact, to is the union of three lines, each making an angle of
21/3 with the next, which divide a into six chambers.

The group P consists of orthogonal matrices which permute (and possibly reflect)
the factors of the decomposition R® = R & R & R; the subgroup P’ consists of those
elements which fix the factors. The quotient P/P’ is known as the Weyl group W
for M, and is identified with the full symmetric group S;. (Note that |P| = 24, and
|P’| = 4, and in fact P’ = Zy x Z.) The Weyl group permutes the components of
a \ to. The compact cross-section SO(3)/P’ is a compact locally symmetric space.

Let us now examine the structure of M near the Weyl chamber walls. Suppose
that the matrix B lies in the neighbourhood &/ where the diagonal entries (again
listed in order descending along the diagonal) of the corresponding matrix A satisfy

C<)\1/)\2<C71, )\3>1/C,
for some fixed ¢ € (0,1). Recalling that A3 = 1/A; Az, we have
M= MA)YNP <1, A= /AP <1, a1

for B € U/. This corresponds to the decomposition R? = R? @ R, where R?2 = E,
and R = Ej are the sum of the first two eigenspaces and the third eigenspaces
for A, respectively. We only keep track of the sum of the first two eigenspaces in
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this neighbourhood because they are indistinguishable when A; = A5, whereas in
this same neighbourhood the eigenspace for A5 is always well-defined. Completely
equivalent to this is a dilerknt factorization of B as OCO?, where C is block-
diagonal preserving the splitting R? = R? @ R. There is a larger ambiguity in this
factorization since C can be conjugated by an element of O(2), where the embedding
0O(2) € SO(3) is as the subgroup of 2-by-2 orthogonal matrices in the top left corner,
with the bottom right entry equal to +1 appropriately. Denote by C’ the upper left

block of C; the lower right entry is A; and detC = detC’A3 = 1, so C” = A)/*C’
is positive definite and symmetric with determinant 1, hence represents an element
of SL(2)/SO(2) = H2. Thus there is a neighbourhood V of [Id] in SL(2)/ SO(2)
so that U is identified with (M x SO(3))/ O(2) x (1/¢c, c0). The action of O(2) on
V has [Id] as a fixed point, but its action on SO(3), hence on the product, is free.
The neighbourhood V can be chosen larger when A3 is larger, and the in the limit
as C — oo, the ‘cross-section’ A3 = C tends to (H? x SO(3))/0(2). This is the
total space of a fibre bundle over SO(3)/0(2) = RP? with fibre H2. The Weyl
chamber wall in this neighbourhood is the set of points fixed by the O(2) action,
i.e. is the product of (1/c, o) with the canonical section of this bundle consisting
of the origins o in each fibre H2.

There is an analogous product representation for the set of matrices B for which
A1 < C < Ay/A3 < 1/c for some fixed ¢ € (0, 1).

Altogether, we have identified three neighbourhoods of infinity in M: the first,
which we denote Uy, is identified with the product of the two-dimensional Euclidean
sector a’ and the compact manifold SO(3)/P’. The other two, denoted Z/; and ut,
respectively, are identified with the product of a half-line (1/c, o0) and a neighbour-
hood V C (H? x SO(3))/0(2) which is invariant with respect to rotations of the H?
fibres. (The dependence on c is omitted from the notation.)

2.2. Coordinates and metric. We now discuss some useful coordinate systems
on M, particularly in the various neighbourhoods of infinity. It is su [cieht to
work in a neighbourhood of a fixed diagonal matrix B, € M, and we shall define
coordinates using the mapping (B, O) — OBO?, where B is a symmetric matrix
near to By, and O € SO(3) is close to the identity. (In various situations below,
we let B vary over dilerknt subsets of M, according to the particular coordinate
system we are considering.)

First suppose By € exp(a*); we then restrict B to lie in some neighbourhood By
in exp(a*) where its diagonal entries remain distinct, and write these as A; < Az <
As. Since we assume O = Id, we may neglect the P’ quotient, and hence identify O
with the above-diagonal entries ¢y, €13, Co3 Of its logarithm, i.e. the corresponding
skew-symmetric matrix in so(3) = Tiq SO(3) which exponentiates to O. A valid
coordinate system is obtained by choosing any coordinates on exp(a*), for example
any two of the A; (remember that A;A2A; = 1), augmented by the c;;.

Using (2.2) and (2.1), a straightforward calculation now gives that

- 1
? d)\2 dA3
+ =+ =2

9|BO =6 N A2
ST BN T BN
g MM T g M A Ty ——ﬁ dc2
)\2 }\1 12 )\3 }\1 13 )\2 23
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As expected, this expression is singular if any two of the A; coincide, but as we
verify below, this is only a polar coordinate singularity (which is obvious since the
metric is smooth on M).

The first part of this formula involving the A; must be reduced further, depending
on the specific choice of coordinates on exp(a*). For example, suppose we restrict
to the subregion of U/r determined by the stronger inequalities

U=A/A <c, vV =A/A3<c,
for some ¢ < 1. We have A, = p2/3v1/3, Ay = p=1/3v1/3 and A3 = p~/3v—2/3, and
S0

_ , .
2.3) g = 4((du/p)® + (du/p)(dv/v) + (dv/v)?)

+3(u—p)?def, + 3(uv — p v h)2det, +3(v — v t)?deds.
Significantly, this expression is valid uniformly as y,v \ 0.

For reasons that will become clear later, it will also be advantageous to use the
coordinates L = A\;/A; and s = A; ¥/, Then

A= U1/27\3_1/2 — U1/251/3' Ay = u71/2)\3—1/2 — U1/251/3'

so that
Ao/As = p~ 25, A /g = pl/?s.
In terms of these, the metric takes the form
g =3(du/p)* + 4(ds/s)® +3(u — p~*)* dcf,

_,_35—2(“1/252 . H_1/2)2 dC%g + 35_2(H_1/232 . H1/2)2 dcgg'
This expression is valid in U, in particular uniformly as s N\, 0, but a priori only
away from the set {4 = 1,s%,s72}.

To resolve these apparent singularities in the coe [ciehts in (2.4), suppose that
the initial diagonal matrix By has A; = A, < 1. The stabilizer of By in SO(3)
is O(2), and the orbit of a under this subgroup consists of upper 2-by-2 block
matrices, so it is natural to restrict B to lie in the space of symmetric matrices in
this block form, where the upper left block is written as s'/3B;, the lower right
corner equals s=2/3, and with 0 in the remaining entries. B; is symmetric with
determinant 1, hence lies in H?, and we may use any coordinate system (z;,z;) we
please on this piece. We also restrict the orthogonal matrix O to be the exponential
of a skew-symmetric matrix with ¢;o = 0. Altogether, we use (s, z1, 22, C13,C23) as
a coordinate system near By. It is clear from (2.4) that in the corresponding
coordinate expression for g, the coe [ciehts of all terms involving ds and dz; are
smooth, and that there are no cross-terms involving the dc;s, so it remains to check
that the coe Lciehts of dc;3 dc;3 are smooth as functions of s and z. In fact, it even
su [ced to check their smooth dependence on (s, z) at ¢13 = co3 = 0. This requires
a calculation.

Set Ej3 = (g3 — e3;) and define O;(DJ= exp([H;3), so that O’(0) = E;3. The
corresponding tangent vector to M at B is

(2.4)

d
W; = 4 1 0,(0BO; (D! = 0;(0)B + BO)(0)" = (E;3B — BE;3),
which pushes forward to

10] O

— —1 —1 |:Ifl
Vj=3 BT'W,;+W,;B B

J
E;3sB —BE;3sB™' € TigM.
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Hence, denoting the entries of B, and B * by b;; and b, respectively, i,j = 1,2,
we get

g(Wi, W;) = 6Tr(V;V;) -
=3 (sby; — s 'b')(sby; — sT'b') + (Sba; — sT'b**)(Sbo; — S 'b%) .

The b;; and b/ depend smoothly on z, hence so does this entire expression, and in
fact s2g(W;, W,) induces a nondegenerate metric in the c;3, Co3 directions at s = 0.

We now write out the Laplacian in each of these coordinate systems. In the
former region, we have

— 1 D 2 2 - -
A, = 5 (UD,)* + (VD,)? — (MD,)(VD,) +i(UD,) +i(vD,)

[
+(HD012)2 + (VDC23)2 + (uVDCm)Q + E!

where E is the collection of all terms which are higher order when p and v are
small. In other words, it is a sum of smooth multiples of a product of up to two of
the vector fields uD,,, vD,, UD.,,, VD,,, and pvDc,,, where the smooth multiple
has at least one extra factor of p or v.

There is a ‘radial part’ of this operator, which in these coordinates simply cor-
responds to A acting on functions which are independent of the c;;; it is

(2.5)

1 L1 . . ]
(26)  Awa=3 (UD,)* +(VD,)” = (UD,)(VD,) +i(UD,) +i(vD,) +E'

where E’ is an error term as above.
We shall only write out the radial part, rather than the full Laplacian in the
other coordinate syst%| in U; near the Weyl chamber wall; it is
1 p+p! sPL—ph) .
Arad == (uD,u)2 - - IuD
3 —p st —s2(u+p ) +1 "
2.7 1 L ot 1) ()
— isD

1
+ — D52_ S
4 (D) st —s2(U+p1)+1

L1

2.3. The compactification M. We are now in a position to describe the prelimi-
nary compactification M of M. It is obtained by adjoining to M certain boundary
hypersurfaces at infinity. These arise quite naturally from either the geometric
description of M in §2.1 or the coordinate systems in §2.2.

Consider first the neighbourhood /g, where Ay < Ay < A3, and suppose that
0 <y,v <c<1. Theangular part, SO(3)/P’ is just carried along as a factor in this
region, and (U, Vv, C12,C13,Co3) is a coordinate chart. We compactify by adjoining
the hypersurfaces 4 = 0 and v = 0. These intersect at the corner p = v = 0 at
infinity, which is a copy of SO(3)/P".

On the other hand, the region U where ¢ < u < c™!, A; > ¢! is identified with
(V x SO(3))/ O(2) x [1/¢c, >0), where V is a ball around o in H2. We compactify by
adding the face s’ = A;' =0, i.e. we (partially) compactify this neighbourhood as
(VY xS0O(3))/ O(2) x[0,c)sz As ¢ decreases, this forms a nested family, and its union
as ¢ \, 0 is an open boundary hypersurface which we denote Hy. The analogous
construction in ¢* yields a boundary hypersurface H?. These two faces intersect
the corner neighbourhood from the first step in the regions wherev =0 and pu = 0,
respectively, and taken all together these constitute the boundary at infinity of
M. Since no corners are added in the second step, the final compactification of a
obtained by these two steps may be regarded as the hexagon in the left picture in
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Figure 1 (or rather, the quotient of this hexagon by the Weyl group W, though it
is more convenient to picture this hexagon instead), and M is also a manifold with
corners of codimension two.

We must show that these various regions are smoothly compatible in the region of
overlap, so that M becomes a compact C> manifold with corners up to codimension
2. This entails showing that the transition map, say when ¢ < g < 1, is smooth.
This is certainly clear in the interior, for this transition map is given by diagonalizing
the 2-by-2 block C” (cf. the discussion at the end of §2.1) and changing coordinates
on the flat, and this is smooth away from the boundary at infinity. However, the
boundary defining functions for this face (v in the first chart and s’ in the second)
are not smoothly related. In fact, since vu!/2 = A;P’/Q and we are supposing that
B> cand v Y\, 0, we see that it is necessary to use s = A§3/2 = (s')73/2 as the
smooth boundary defining function for this face.

In summary, the manifold M is a compact manifold with a corner of codimension
2, di [edmorphic to SO(3)/P’, and two boundary hypersurfaces, H; and H*, which
are the closures of the parts of the boundary where the ratio of the two smaller,
respectively the two larger, eigenvalues is bounded (or more directly, as the parts
of the boundary where the ratio of the larger two, respectively the smaller two,
eigenvalues vanishes). In the region p,v < c <1, where 4 = A1 /Aa, V = Ao/ A3, We
have

Hy={v=0}, H'={u=0}.

The interior of each of these faces is the total space of a fibre bundle, with base space
SO(3)/ 0(2) and fibre H2. The closure of each face is again a fibration, with the
same base space and fibre obtained by compactifying H? as a closed ball H2? = B2.
We denote these two fibrations by @; and ¢#, respectively.

We note in passing that there are other more directly group-theoretic procedures
to obtain this same compactification. Let us denote by Q the standard minimal
parabolic subgroup of SL(3), consisting of upper triangular matrices of determinant
1. Then SL(3)/Q is identified with SO(3)/P’, which is the same as the corner of
M. Next, let Qy; and Q, be the two maximal parabolic subgroups consisting of
matrices which preserve the flags R? ¢ R? ® R and R? C R @ R2?, respectively.
Then SL(3)/Q-; is the same as SO(3)/ O(2), where O(2) is embedded as the upper
left hand block (with the lower right entry set to +1 appropriately). This is the
base space of the fibration ¢4 of Hy; the H? fibres are known as boundary com-
ponents (even though each one constitutes only a small piece of each boundary
hypersurface).

It remains to understand the relationship between these fibrations at the corner.
We begin by considering the restrictions of these two fibrations to the corner, i.e.
as maps

@y, % : SO(3)/P’ — SO(3)/ O(2).

The targets of these two maps are di Lerent copies of the same manifold, since the
quotient of SO(3) in each case is by a dilerent embedding of O(2). In any case,
these maps are (quotients under the finite group action of) two independent Hopf
fibrations. The fibres of either map are SO(3)-invariant and at each point, the
tangent spaces of the fibres from the two families are independent. Each fibre is a
circle (identified as the boundary of the corresponding fibre H2). The sum of the
tangent spaces of the two fibres at each point of SO(3)/P’ defines an everywhere
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nonintegrable plane-field distribution. However, if we fix a point p’ € SO(3)/7’,
the fibers through p’ can be locally linearized, i.e. there is a neighborhood of p’
such that in suitable local coordinates the fiber of @y, resp. %, through p’ is given
by the vanishing of some of the coordinate functions. Indeed, for p’ = [Id], this
is immediate as the fibers are (images of) block diagonal matrices given by c;3 =
Co3 = 0, resp. ¢12 = ¢13 = 0, and the case of general p’ follows by translation to
Id. Moreover, as this translation can be done smoothly, we can make these local
coordinates depend smoothly on p’.

This entire structure carries over to a full neighbourhood of the corner in M. In
other words, these fibrations extend to the neighbourhood of the corner [0, c), x
[0,¢), x SO(3)/P’ so that the fibres of the extension of ¢; are identified with the
product of [0,c), and its fibres on the corner, and so that its base is extended to
SO(3)/ 0(2) x [0,¢c),, and similarly for ¢f.

We conclude this discussion by remarking that the metric g naturally induces a
metric on the fibers of each of the faces. For example, from (2.4), we see that g
induces a metric on Hg, where s = 0, which restricts to each fibre on this face as
(3 times) the standard hyperbolic metric.

2.4. The boundary fibration structure. The di[erkntial topological structure
which we have defined on M is an example of a boundary fibration structure in the
sense of [19]. This particular boundary fibration structure, which we christen the
edge-to-edge (or ee) structure, is described in general as follows:

Definition 2.1. Suppose that X is a compact manifold with corners of codimension
2. Then we say that X is equipped with an edge-to-edge structure if

(i) Each boundary hypersurface H is the total space of a fibration ¢z : H —
By, with fibre Fy, a manifold with boundary, transversal to dH, so that
the restriction of @z to dH is again a fibration with the same base and
with fibre oF .

(i) The fibrations are independent at the corners, i.e. at any corner H;NHs, the
tangent spaces of the fibres dF; of ¢;|u,nu, : OH; — B; are independent.

We write this structure as (X, @), where @ is the collection of all of the mappings
Qw.

The independence assumption in (ii) gives a weak local product form:

Lemma 2.2. For each corner H; N H,, the fibrations are jointly linearizable in
the following weak sense: there is a family of di Ledmorphisms ®(p’), depending
smoothly on p’ € H; N Hs, such that each ®(p’) maps a neighborhood of p’ in
H; N Hy to a neighborhood of the origin in RM1+N2+Ns jn such a way that the
fibers of @1|m,nm, and @2|H,nH, passing through p’ are mapped to relatively open
neighbourhoods in RM x {0} x {0} and {0} x R™2 x {0}, respectively.

We emphasize that ®(p") does not simultaneously put into product form all the
fibers of @, and @, near p’, which is generally impossible, but only those fibers
passing through p’.

Proof. Fix p;, and take any local bases of sections Y, 1, i = 1,...,Ny, Y2, J =
1,..., Ny for the fibers of @1|m,nx, and @2|y,~x,. Choose additional vector fields
Z,, [F 1,...N3 so that in a neighborhood ¢/ of pj, {Yi1,Y,2,Z¢} give a local
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basis of sections of T(H; N Hz). For any p’ € U, define ®(p’) as the inverse of the
di Ledmorphism provided by the exponential map

RM x RY2 x RMs 5V 5 (ty, ta, t3) —
I:I(l 2 3)

(2.8) A1 B 1
exp L1 tiJYiJ + tg,3Zg I@) € Hi NHs.

j=1i=1 =1

For each p’ this is a di ledmorphism (since the dilerential at t = 0 is an isomor-
phism) with all the required properties, and clearly depends smoothly on p’. O

Fixing p’, we write the coordinates induced by ®(p’) as yi;, y2; and z,, i =
1,...N;, j =1,...Ng and [ 1,...N3. The fibers of ¢; and ¢ through p’ are
given by {ys; =z, = 0} and {y1; = z, = 0}. When M = SL(3)/ SO(3) and ¢; = ¢;,
@2 = ¢f, we have N; = N, = N3 = 1, so we may omit the indices i, j, [Jand then
write y; = €2, Y2 = Co3 and z = Tj3. (The tildes here are meant to be a reminder
that the coordinate system depends on p’.)

We associate to any ee structure on X the Lie algebra of all smooth vector fields
on X which are unconstrained in the interior and which are required to lie tangent
not only to the boundaries H (hence also to the corners H; N H;), but also to the
fibres Fy of the fibration ¢y along boundary hypersurface H.

Definition 2.3. If (X, ) is an edge-to-edge structure, then the associated Lie
algebra of C* vector fields which are tangent to the fibers of ¢y for all H is
denoted by V..(X). The class of di [erential operators Di [ZJ(X) obtained by taking
all possible finite sums of products of elements of V..(X) is the enveloping algebra.

For the symmetric space M, these ee vector fields can be expressed in terms of
the coordinates , v, and the left invariant vector fields X;; on SO(3)/P’ induced
from the Lie algebra coordinates c;; centered at the point p’. Indeed,

(2.9) MO, V0, UXi2, VXaz, MV X3,

comprise a spanning set of sections for V,.(M). To be even more explicit, using the
coordinates W, v,T;; around any p’, there exist smooth functions b;;, a;;x, €;; such

that
|:|~
(2.10) X2 = b120s, + 2;j3Ci30z,5,
ij=1.2 ]
(2.11) Xaz = b30a,, + 21140z,
ij=2,3
(2.12) X3 = by30s, +€1205,, + €2305,,,

with b12 = 1 when €13 =Cy3 =0, b23 = 1 when Cio=Ciz=0 (SO Xip = 6512 and
X3 = 0z,, on the fibers of @; and @ through p’), and by3(p’) # 0.

We wish to write the analogous vector fields for a general ee structure. To do this,
observe first that there is a di [edmorphism from a neighborhood V of the corner
HiNH; in X to [0, ¢), x [0, c), x (H; NH5), mapping H; tov =0 and H, to u =0,
which is fiber preserving in the sense that each ¢;|ynx, factors through the induced
projection to H; N Hy. (Thus, the factors [0, c),, resp. [0,c), extend the fibers of
©O1|H,nH,» T€SP. Q2| m,nH,, to define @; : H1 NV — By, resp. @2 : HoN'Y — Bs.)
This di Ledmorphism may be obtained by exponentiating appropriate vector fields
as above.
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Now, near any p’ € Hy; N Hq, choose local bases of sections Y, ;, i = 1,...,Nj,
J = 1,2 for the fibres of @;|x,nx, and extend these to V using this di [edmorphism.
The extensions will still be denoted Y;;; but note that at H;, each Y, ; is still
tangent to the fibres of ¢,|,,. Complement these with vector fields Z,, (5 1,... N3,
transverse to both fibers at p’. It is then clear that V..(X) is generated over C>°(X)
by
(2.13)

Hau, vo,, llYi.,li VYj_VQ, HVZ@,
i:1,...,N1, J :1,...,N2, E:l,,NgzdlmM —N1—N2—2.

Furthermore, by Lemma 2.2, the vector fields Y; ; and Z, can be chosen to be of
a special form around each p’, analogously to (2.10), (2.11), (2.12). In particular,
using coordinates W, v, y; ; and z, on V, Y; ; = 0,, , on the fiber of ¢; through p'.
The space V..(X) is the full set of C> sections of a vector bundle *°T X over X,
called the ee-tangent bundle. Its dual, the ee-cotangent bundle, is denoted °°T *X.
The following result is is then almost tautological from the preceding definitions:

Proposition 2.4. Let M be the compactification of M = SL(3)/ SO(3) described
above, and let g be the invariant metric. Then g € C>(M;S?(°°T *M)), and fur-
thermore, A, € Di [2XM).

3. The edge-to-edge small calculus

In this section we discuss a general construction of parametrices in the setting of
ee structures with a view toward future applications. The reader should take note,
however, that as already observed in the introduction, for the immediate purposes
of this paper certain simplifying features obviate various parts of this more general
parametrix construction, cf. also Section 5, especially Remark 5.3. Nonetheless,
if nothing else, the discussion here should indicate the flexibility and scope of our
overall methods.

We follow a general strategy which has proved successful in many analogous
situations, whereby a boundary fibration structure leads to an adapted calculus
of pseudodi [erkntial operators, which are used in turn to investigate the analytic
properties of the elliptic operators associated to that boundary fibration structure.
We give only a ‘minimal’ development of such a theory here, and in particular
discuss only those parts of the theory of ee-pseudodi [erkntial operators needed to
understand the resolvent of A,. This requires only slightly more than solving the
‘model problems’ corresponding to any more general elliptic ee operators, and hence
simplifies the presentation. The more general theory will be taken up elsewhere.

In this section we construct the ‘small calculus’ of ee-pseudodi [erential operators,
which are characterized in terms of the conormal behaviour of their Schwartz kernels
on a resolution of the double space X x X (which is very closely related to the
construction of the calculus W,0(X) in [14]). We also discuss the mapping properties
of these operators.

3.1. The ee double space. The preliminary step in this construction is to resolve
via blow-up the double-space X x X to obtain the ‘edge-to-edge double space’ Yze.
This is done first and most carefully for the symmetric space X = M, but after that
we briefly sketch the construction for a general ee structure. The main criterion
for this space, which is what we verify in this subsection, is that the lift of the
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Laplacian, first to either the left or right factor of X and then to this blow-up, is
transversely elliptic with respect to the lifted diagonal, uniformly to all boundary
faces. Since A is an elliptic combination of vector fields in V..(X), this will be true
provided the lifts of the ee structure vector fields span the normal bundle of the
lifted diagonal, uniformly on the closure of this submanifold. (In contrast, these

vector fields vanish at the boundary of the diagonal on 72.) What this guarantees
is that one can define a class of pseudodi Lerential operators, the elements of which
have Schwartz kernels supported (or concentrated) near the diagonal, and this class
is su [ciehtly large as to contain parametrices for any symbol-elliptic operator, such
as A, — A. Such a parametrix captures the smoothing properties of the resolvents
of elliptic operators, for instance, but does not contain su [cieht information to
describe many things we wish to understand, including for example the o [=diagonal
asymptotics of the Green function.

If one were to proceed to construct a ‘refined’ parametrix (reflecting the asymp-
totics) purely using the double-space, which we do not do in this paper, we would
need a second criterion, namely that the Schwartz kernel of the resolvent of the
Laplacian is in fact well behaved (in terms of its conormal, or better, polyhomo-
geneous behaviour) on this space. Here we avoid this by working directly with
operators acting on K-invariant functions for X = M, in which case one only
needs to describe the double space for a product model M; x Ms, see Section 4,
which has been accomplished in [14].

Now set X = M. The space M~ is a manifold with corners up to codimension
4, and the diagonal intersects its boundary in the corners of codimension 2 and 4
only. The intersection near the corners of codimension 2, and the way to resolve
the space here, is exactly the same as for the edge calculus on a manifold with
boundary, cf. [17]. Namely, we blow up the fiber diagonal. The situation near
the maximal codimension corner is a bit more complicated. To be concrete, we
describe the situation in terms of the coordinates (i, Vv, ¢;;) on each copy of M. In
fact, let (u,v,c;;) and (W', V', c;;) denote lifts of identical sets of coordinates from

the left and right factors of VQ, respectively. For each point p’ = (0,0, c};) of the
corner of M we choose adapted coordinates €;; on H* N Hy as in the last section,

depending smoothly on p’, so that the fibers of @, resp. @; through p’ are given by
Ci2 = Ci3 = 0 and Ty3 = CTi3 = 0, respectively. Then (W, v, W', v’,Tj;, cgj) is a full set

of coordinates on M~ near its maximal codimension corner. (Note that the double
space (H* N H;)? is the natural place to use these adapted coordinates.)

In the edge calculus on a manifold with boundary, the edge double space is
obtained by blowing up the fibre diagonal of the boundary. We should do the same
thing away from the corner. Thus, for v,v’ > ¢ > 0 but y, W’ — 0, we blow up the
fiber diagonal

Fr={(a.0) € H* x H* : ¢*(q) = ¢*(q)}
= {u = l.l/ = 0,512 = 0,613 = 0}

This has the e[edt of desingularizing the lifts (from the left factor) of the vector
fields po,, uX;2 and pvX;3 near 4 = 0. Note that the remaining vector fields
vd, and vXss in the spanning set for V,. are tangent to this fiber diagonal, but
disjoint from its b normal bundle, hence do not become more singular in this blowup.
Similarly, in the region where g, > ¢ > 0 but v,v’ — 0, we blow up the other
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fiber diagonal

Fy ={(@,0') € Hg x Hy 2 94(q) = 9:(a') }
= {V =v/ :0,623 :0,613 :0}

to desingularize the lifts of vd,, vXs3 and pvXis.

Unfortunately, these two submanifolds do not intersect transversely, and hence it
matters in which orders the blow-ups are performed. In other words, the two spaces
obtained when one first blows up F* and then the lift of 7; to the resulting space, or
when these operations are done in the reverse order, are not naturally di Ledmorphic,
in the sense that the ‘identity’ map in the interior does not extend smoothly to the
boundaries. In general, one should deal with this problem by first blowing up the
intersection F; NF* (with respect to an appropriate parabolic scaling); this has the
e[edt of separating 7; from F*#, and the two blow-ups are now independent of one
another. On this big double space, lifts of the ee-vector fields certainly span the
normal bundle of the diagonal, and all the standard pseudodi [erential constructions
proceed without di Cculty.

However, this space is not ‘minimally resolved’, i.e. there are other spaces with
the aforementioned spanning property, which are locally blow-downs of this fully
blown-up space. This presents some complications for our present purposes, hence
we proceed in what seems to be a less natural manner, simply choosing an order
in which to blow up the two faces; to be concrete, blow up F* first and after

that, 7. Denote the resulting space by M-.; the space obtained by reversing the

ee’
order of the blow-ups is denoted (Vie)’. These are not naturally diledmorphic,
but for now the di[erknce is immaterial since the identity map in the interior does
extend smoothly to the whole interior of the front faces, i.e. the set of boundary
hypersurfaces which intersect the lifted diagonal, as well as to the interior of the
corner where they intersect. Even more strongly, the spaces of smooth functions on
Vzc and (mic)/ which vanish to infinite order on all other boundary hypersurfaces
except these front faces are naturally isomorphic. The same is true for spaces of
distributions conormal to the diagonal with the same infinite order vanishing away
from the front faces. Since only spaces of this type are used in the construction of
the small calculus, this is a reasonable compromise.

We say a few words about these various equivalences in this last paragraph.
It obviously su [ced to prove the first statement, about the smooth extendability
of the identity map. In either space (Vie) or (Vze)’, there are two front faces,
one arising from the blowup of F* and the other arising from the blowup of ;.
In either case, the interiors of these faces are the bundles of inward pointing unit
normal vectors over F* and F;, respectively, so the fibres are open quarter-spheres.
This structure is natural, and can be used to identify these faces away from the
corner where they intersect. The interior of that corner again corresponds to a
bundle of inward pointing unit normal vectors, now over a base space which is the
minimal fibre diagonal {c12 = ¢/, C13 = C}3,C23 = Ch3} (oOr, in ‘adapted coordinates’
{2 =0, T3 =0, T3 =0}) at {u = W =v =V’ = 0}, with fibres di Ledmorphic
to an open orthant of a sphere of one lower dimension than before and which is
naturally identified with one of the open boundary faces of the fibres over the front
faces. Again, these identifications are natural, so this proves the claim. We note
in passing that the ‘big’ double space mentioned earlier is obtained by blowing up
this corner.
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Let us recast this more generally. Let (X, @) be an ee structure. If H is a
boundary hypersurface, define its fiber diagonal

diagy 4, = diagy = {(p,p") € H x H : 9 (p) = 0 (p')}.

Fix an ordering < on the set of boundary hypersurfaces, {H;};. This induces an
order on diagy, ,, - In terms of this ordering, we define

— —
2 <2 |:I
Xee = X7, diagy, ,

where the ordering determines the sequence of blowups. For simplicity of notation,
we omit the choice of ordering from the notation.

Coordinates on the blow-up. Each of these blow-ups can be realized by the introduc-
tion of appropriate polar coordinates. However, such coordinates are usually quite
messy, and in practice projective coordinates are far more convenient. In general,
in any local coordinate system (Xi,...,Xx,Y1,.-.,Ye¢) Near a corner of codimension
k (so each x; > 0), if a product submanifold is specified by x; = ... = x, =0,
y1 = ... =ys = 0 for some r < k, s < [Ithen projective coordinates for its
blow-up are obtained by choosing any one of these boundary defining functions x;
and defining & = x;/x;, i <r, i #j, and u; = y;/x;, i <s. The full projective
coordinate system then is

(CET ST SRR STR TS S ST T (' | [T | PSS V) §

These are undefined on the face in the original space where x; = 0, but are valid
in (a neighborhood of) the closure, in this blown up space, of each region where
&1.. -2 &—1,&+1,....& < C and x; > 0. In particular, the resulting coordinate
systems, as j varies, cover the entire blown up space. In this region of definition,
the equation x; = 0 defines the new face obtained in the blow-up.

To return to our specific setting, introduce a set of projective coordinates which
is nonsingular away from the lift of the face where ' = 0 (which is the copy of H?
on the second factor of M). Now define coordinates near the lift of F*:

W, W/, v, V', €y, Cg, o3, Cas
Cra/ W, Cia/ s
in particular, ' = 0 defines the new boundary hypersurface in this blowup. The
lift of the diagonal is given by
{Wy =1, v=V, t/Y =0,Ci3/ =0, T3 =0}.
This is completely contained within the region of validity of these coordinates.
In these coordinates,
Fy={v =V =0,C;3 = 0,83/ = 0}.
This is a p-submanifold (i.e. product submanifold) of [M..; F*], so it makes sense

to blow it up, and doing so produces the space [M.; F*; F4]. Using v’ as the scaling
coordinate gives coordinates

W, so = W/, v/, 51 =Vv/V', Cl,, Clg, Chy

3.1 - - o
.1 Cia = Cio/W,Cy3 = Ciz/ (W'V'), Caz = Ta3/V'.

The lifts of 7* and F; are defined by i’ = 0 and v/ = 0, respectively. On the
other hand, p/p’ =0 (i.e. s = 0) and v/v’ =0 (i.e. s; = 0) define other boundary
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hypersurfaces (these are the lifts of p = 0 and v = 0, respectively); since they do
not intersect the lifted diagonal, we refer to them as side faces. As before, the
lifted diagonal lies within the region of validity of this second projective coordinate
system and is given by
diag,. = {s1 =1, s =1, C;2 =0, C;3=0, Cy3 =0}.

Interchanging the order of blow-ups simply amounts to reversing the role of p
and v, i’ and v’, €12 and T3, ¢j5 and ci,, respectively. From these calculations,
it is clear that in a neighborhood of the diagonal the two spaces are naturally
di Ledmorphic; in other words, (3.1) defines valid coordinates in both cases. In fact,
more is true: the spaces of functions vanishing to infinite order at all boundary
hypersurfaces except the two front faces are also isomorphic.
Vector fields. An immediate benefit of the use of these projective coordinates is
that it is very simple to compute the lifts of the basic vector field (2.9) to Vi.

Lifting each of the vector fields (2.9), first to the left factor of M in M~ and then
to the blowup, gives

Mo, = S20s,,
Vo, = S10,,
HX12 = b3S20c,, + a113C13S2H 0y, + @123C1352 (1) * 0y,
+ a13C235200,, + a223C23521 005,
VXa3 = b1S10¢,, + @221C1251V'0¢,, + 8231C12510¢,,
+ a321C1351(v')*0c,, + a331C1351V 00,
HVX13 = 02815200, + 8125152V, + 823515210, -
We claim that these vector fields span the normal bundle to diag,., which is {s; =
Sy = 1, C;; = 0}, uniformly to the boundary and corners. This is clear in the
interior, as well as at the codimension one boundaries where it reduces to the

corresponding property for edge vector fields on a manifold with boundary. On the
other hand, at the corner, these vector fields become

uau = 326321

Vo, =10,

X2 = b3S20¢,, + @213C238200,,,
VXa3 = b1S10¢,, + @231C12810¢,;,
VX3 = b2S1S20¢,;,

and since the b; are nonvanishing, we see that they do indeed span the normal
bundle of the lifted diagonal.

3.2. ee-pseudodifferential operators. Let (X, @) be an ee structure, and let 730
be the associated ee double space. We now define the space of ee-pseudodi Lerkntial
operators W} (X) to consist of those pseudodiCerential operators A on X whose
Schwartz kernel K4 has the following properties. K4 is a distribution on X2, and
we require that it lift to 730 to be polyhomogeneous conormal with respect to the
lifted diagonal diag,.,, with singularities smoothly extendible across all boundary

faces of 730 which meet diag,,, (i.e. a polyhomogeneous conormal distribution in the
usual sense on a manifold with corners, conormal to a submanifold that intersects
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transversally all boundary faces which it intersects), and which vanishes to all orders
at all boundary faces which do not meet diag,,. For later reference, we write H’ and
‘H" for the union of boundary faces which do or do not, respectively, meet diag,...

The preceding computations concerning the V.. vector fields immediately give
the

Proposition 3.1. If L is any ee di[erkbntial operator, then the Schwartz kernel of
L lifts to a (di Lerkntiated) delta section in Yie supported along diag...

As in ordinary pseudodi [erkential theory, there is a symbol map
O - WI(X) — S (°T *X);
indeed, this is simply Hormander’s principal symbol map for conormal distributions.

There is the usual short exact sequence of symbols (again, this is simply the short
exact sequence for conormal distributions):

0— W I(X) B W(X) — St . (°T*X) — 0;
the two maps in the center of this sequence are the inclusion and symbol map,
respectively.

An operator L € W (X) is called ee-elliptic if a,,,(L)(z, 2) is invertible for { # 0.
Using this, the standard elliptic parametrix construction can be mimicked to give

Proposition 3.2. If L € W (X) is eIIipticihen there exists a parametrix G €
- (X) such that LG — Id, GL — Id € ¥_*(X).

Let us specialize again to the symmetric space M. For any A € C, A—Ais elliptic
in this sense, and so this proposition yields a parametrix G(A) € W(X) which
depends holomorphically on A, so that both (A—A)G(A) — Id and G(A)(A—A) —Id
are of order —co in this small calculus. It is convenient to modify this parametrix
slightly. In fact, if p € M and K, is the stabilizer subgroup of SL(3) fixing this point,
then A—Ais Kp-invariant. It would be nice to have a K, -invariant parametrix, and
this is easy to arrange: simply define G,(A) = K, (ng()\)((pgl)* dgx,(O), where
dgx, denotes the normalized invariant measure, and @o right multiplication by the
element O € K,,.

Proposition 3.3. For any A € C and p € M, there exists an operator G,(A) €
W_2(X) which is K,-invariant and which satisfies

(A -NG,(N) —1d, G, -N —Ide ¥ >(X)
Furthermore, G(A) depends holomorphically on A.

As already explained in the introduction, this parametrix is not the final one for
the simple reason that the error terms it leaves are not compact on L2; removing
these is the principal motivation for defining the more elaborate large calculus.

We conclude this section with a description of the regularity properties of this
parametrix. We fix an ee-metric g, i.e. one for which the generating vector fields
of the structure are of bounded length. Boundedness of operators of order 0 on
L2(X, dV,) may be deduced using the usual combination of a symbol calculus argu-
ment to reduce to showing boundedness of operators of order —oo and then proving
this case directly by Schur’s inequality; cf. [17] for an example of this argument.
Next, for any m € R, define the Sobolev space

(3.2) HZ(X) = {u: Au € L3(X;dV,) VA € W7 (X)}.
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If m € N, an equivalent formulation is
H7(X) = {u:Vy...V;ue L?(X,dV,), whenever V; € V..(X) and j < m}.
From the existence of the parametrix in the last proposition, we have
Proposition 3.4. For any m € R and A € C, the parametrix G,(A) satisfies
G,(N) : HI(M) — H 2 (M),
G,(N) : HE(M)Sr — HE (M) .

In addition, if E,(A) = G,(A)(A —A) —Id and F,(A) = (A —A)G,(A) — Id are the
error terms, then

E,(N), Fo) : HE(M)Xr — HZZ(M)*>
for all m.

To understand what these statements mean, suppose that (A — ANu = f €
Ce°(M). If neither u nor T are K,-invariant, then from u = G,(A)f + E,(A)u and
assuming that u € L2(M, dV,), we get

(M0,.)? (v0,)" (X12)"(VX23)* (WvX13) U € L2(M, dV,) for all j,k,r,s,t> 0.

Thus u has full tangential regularity only in directions tangent to the fibres of the
boundary fibration. On the other hand, suppose that both u and f are K,-invariant
(and T is still C3°). Then the vector fields X;; annihilate u and hence u restricts to

a conormal function on the compactified flat exp(a). In other words,
(19,)’ (vd,)"u € L%(M, dV,) for all j,k > 0.

We also need the mapping properties of the parametrix, or more general elements
of W (X), on weighted spaces. Our weights correspond to the geometry of X. For
this purpose, it is convenient to perform two further blow-ups: first, a logarithmic
blow-up of the two front faces of Yzc, and following this a spherical blow-up of their
intersection. We denote the resulting space by . A neighborhood of the lifted
diagonal, dm di Ledmorphic to a neighborhood of the zero section of a vector
bundle over Y5-hamely of the pullback of ©TX by the blowdown map XL X.
We let LPZ;()Z) be the space of pseudodiLerential operators with Schwartz kernel
vanishing to infinite order at all boundary faces except those intersecting the lifted
diagonal. The principal symbol map is

Om - WOO— S (T

where T *Xik the pull-back of ©T*X by the blow-down map, and again, all of
the standard properties of pseudodi [erkntial algebras hold, in particular the L2-
boundedness of Oth order operators. Since the blow-down map YL X is smooth,
we have W (X) C W2 (X). Furthermore, an elliptic element of W (X) remains
elliptic in LPZ;(X). A consequence of this is that the Sobolev spaces associated
to either of these algebras of pseudodilerential operators are the same. Indeed,
u € H™(X), respectively H;’g()@| provided Au € L%(X;dV,) for a single elliptic
element in the corresponding algebra, and the claim follows since we can choose A
in the smaller algebra W (X).
The following is a key result for us.
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Lemma 3.5. Suppose A € tPZ;()@ Let x be a total boundary defining function of
X. Then for all a € R,

eY/TAe™YT c W (]

Proof. The Schwartz kernel k of e®/*Ae—/* is ex(1/==1/=Yg , where K, is the
Schwartz kernel of A, and x, resp. X/, are (with a slight abuse of notation) the lift of

x from either factor of X to Y21 It is straightforward to check that this is a smooth
function near the diagonal, with appropriate bounds (polynomial in the defining
functions — recall that the side faces have not been blown up logarithmically) at
all other faces of . Since K4 vanishes to infinite order at these other faces, the
result follows. O

Corollary 3.6. Suppose A € w;@o@ Let x be a total boundary defining function
of X. Then for all a € R, k € R,

A:e/"HE(X) — e*/"HE ™ (X).

Proof. The statement is equivalent to e~*/*Ae®/* being bounded from H%~(X)
to HX (X), which holds as e=*/*Ae/= € W (k)] )

There is a slightly more elaborate version of this result, showing that our ps.d.o’s
preserve expansions:

Proposition 3.7. Suppose A € W7:(X)J Let x be a total boundary defining function
of X. Then for all a € R,

A e/ )1 e2/Te (0]
C>° (X kan be replaced by any space of polyhomogeneous distributions here.

Proof. As above, this amounts to checking that A € W™ (0 Ipreserves (0]
which is straightforward. O

4. Product models

The key remaining issue is to find a correction for the parametrix G,(A) which
solves away as much of the error terms E,(A) and F,(A) (as in Proposition 3.4) as
possible. In fact, it will su Cceto find a new parametrix for which the corresponding
error terms are not only regularizing, but which map H7(M)X» into spaces of
functions which decay at some definite rate at infinity in the flat. As already
indicated in the introduction, this is done by solving away the expansions of the
Schwartz kernels of these operators at the boundary faces H; and H* of exp(a).
However, the main di Ccullty is caused by the fact that the Laplacian does not have
a product decomposition at the corner H; N"H¥. This problem appears challenging,
but as explained in detail in §5, the lift of A, to the logarithmic blow-up of M
is (quite remarkably) well-approximated by product type operators at each of the
new corners of this blown up space. This means that the main technical di Ccullties
involve the analysis of the product operators arising in this process, and this is the
subject of the current section.

We shall be using the results and methods of [14], concerning the detailed anal-
ysis of the resolvent of the Laplacian on a product space X = M; x My, which we
review below. Although that paper focused particularly on the case where both
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factors (M}, g;) are conformally compact (asymptotically hyperbolic), our applica-
tion here requires that we let the factors be (R, ds2/s?) and (H?, h), respectively.
We shall both extend and refine the results in this setting. We recall though that
the basic idea of the analysis of [14] is to use an explicit contour integral for the re-
solvent of the Laplacian of a product space, and then use the well-known results on
conformally compact spaces (including the actual hyperbolic plane, where all these
are explicit) and a complex stationary phase argument to deduce the asymptotics.

4.1. Geometry and compactification of the product. One of the main con-
clusions of [14] is that for purposes of analyzing its resolvent, or more precisely its
Green function with given pole, the best compactification of a product of confor-
mally compact spaces X = M; x My is the space

(4.1) Xt [(M1)10g X (M2)10g;0M; x OMo].

Recall that this means that if p;, j = 1,2, are smooth boundary defining functions
for M;, then we replace these by —1/log p; and then perform the standard blow-up
of the corner. The function

x=(logp1)~2 + (logp2)~>

is a total boundary defining function for X.e. is smooth and vanishes simply at
all the boundary faces with respect to this new smooth structure.

Now let
—1 —1

ds?
(My,01) = R:,Af? , and (M2, g2) = (H?, 3h),

where h is the standard (curvature —1) metric on hyperbolic space. If §; is the
Riemannian distance function on each of these spaces, then the distance between
pairs of points (s, z), (s',z’) € X is given by
1
3((s,2),(s',2)) = d1(s,8)% +d2(z,2").
In particular, fixing the point 0 = (1,q) € X, then
8:(s,1) = 2[logs|,  82(z,q) = v3|log ],

where 1 is a suitable defining function on H? (we include the factors 2 and /3
to keep track of the scaling factors on the metrics). Neglecting for the moment
the fact that these functions are only smooth away from s = 1 and z = q, we set
p; = g=01(s,1) Py = e—%2(249)  Hence

— — 2 21-1/2
4.2) X 3Z.0) [4(log s)* + 3(log W)~]
is a total boundary defining function for X-dnd
_ X _61(1,9)
@.3) X1 = Gogey + 172 ~ X100 = 5oy
' _ X _ 082(0,22)
% = Gogme r 17~ VXII00H = 50

are defining functions for the two side faces, namely the lifts of M; x M, resp.
0M; x M. Note that in terms of the “eigenvalue coordinates” (A1, A2, Az) on M,

x~? = 6((log A1)* + (log Az)? + (log A3)%).
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Returning to address the fact that the §; and hence 4 are not smooth everywhere
we replace them by smoothed versions, 6J, & € C°°, which are chosen so that § > 1,
3<8<8+2 andd =23 if & > 3, and similarly for 6. . Although these no longer
satisfy the triangle inequality, their failure to do so is bounded:

5(z,2") +3(z',2") = 8(z,2") > 8(z,2") + 8(z", 2") — (3(z, 2") + 2) > —2,
which is all we require in later estimates, and which we continue to call the triangle
inequality. Combining it with the fact that > 1, we have

8(z,2") < 8(z,2') +8(z',2") + 2 < 28(z,2)8(z', ") + 2 < 48(z,2")8(z', ),
and so

3(z,z")
S(z,z’)g(z’,z”) o
We can also arrange that 6~(0, .) and 6~2(q, .) are SO(2)-invariant. We now replace
our previous defining functions by

_h@s) | %(2)
30,2) 0 3(0,2)
which are smooth, globally defined and SO(2)-invariant.

Remark 4.1. We shall often identify K,-invariant functions on M = SL(3)/ SO(3)
supported in either of the regions where the cuto [flinctions x; or X* are nonzero
with SO(2)-invariant functions on the compactified product space X supported in
an analogous neighborhood of the lift of 9M; x M. Note that the ‘transplantation’
of a function supported in one of these sets vanishes near the lift of M; x 0M.

4.4

x =93(0,2)" ",

4.2. Resolvent asymptotics. The analysis of A, on K,-invariant functions ulti-
mately reduces near the face Hy to that for the operator

1 1 1
I—Ii = Z(SDS)2 + IE(SDS) + gAhy

which is self-adjoint on

(4.5) H=L*RS x H?, s 3dsdV},).
It is computationally simpler to use its conjugate

1 1 1
4.6 Lo =slLys== D52+—A + =,
(4.6) 0=S S 4(5 ) 35t g

which is self-adjoint on
L2 (RY x H?) = L*(RY x H?, dV,0) = L* (R x H?, s~ 'dsdVy,).
Note that Lo = Ayt 1, Where

ds?
4.7) o' =4+ 3ge,

which explains our choice of factors (M;, g;) above, and that
(4.8) H =sL2 (R x H?).
We now quote results from [14] concerning the structure of the resolvent

RN = (Lo~ N = By - )
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Note that
. 1 . 1
inf spec (Ayn) =0+ 37 = I = infspec(Lp) =g = -~ +

and correspondingly, the formula below frequently involve the quantity A — Ag.
We always use the branch of the square root which has negative imaginary part on
C\ [0,00). These formulee also involve the Poisson operator P;(A), or rather its
adjoint P;?()\), and the spherical function S;(A), on each of the factors. Of course,
for the one-dimensional factor M; = R™, these objects are particularly simple and
quite explicit. _

We begin with the asymptotics of Rq(A)f, where f € C>(X):

Proposition 4.2 ([14] Proposition 7.7). Let f € ¢>°(X) and A € C\ [Ag, o). Then
on X

—1
(4.9) RoWF = p/2xo x2exp(=i A= Ao/X)h, h e >0
Moreover, setting ~ ~

0 = Xo/X1 = 82(0, 22)/3:(1,5),

A=No
1+ 02’
the restriction (gll to the boundary is given by

(4.10) N(o) =

a(\, 0) PI(A(0)) @ PN — % —AJ(0)) f on the front face,

1 1 1
(4.11) a'(\) S1(0)®@PI(A - Z) f on the lift of M, x dM, ( where 0 — +00),
1 1

a’A\) PI{A-N)® 82(1—12) T on the lift of dM; x My ( where ¢ = 0),

where a,a’ and a” are all nonvanishing.

Remark 4.3. These formulae are dilerknt from those in [14] in one minor point:
the resolvent ((sD,)? — A\)~! has a singularity of the form A—'/2 at the threshold
branch point 0, instead of A'/2, which occurs when M is higher dimensional. How-
ever, as follows directly from the proofs presented in [14, Section 7], this makes
a dilerence only along M; x dM5, where s is finite. (The precise explanation is
that only for points on this face is it necessary to choose the contour of integration
for the stationary phase calculation which yields the asymptotics to run through
the threshold branch point of ((sD;)? — A)~'.) This simply causes the order of
the leading term of the asymptotic expansions at M; x dM, to change by 1. In
other words, this removes a factor of x;, but not x,, in (4.9), as compared to [14,
Proposition 7.7]. Indeed, this can be seen from the proof of [14, Lemiﬁ.:%]: on
the last line of p. 1047, one has a factor of (u; — k?/4)~/2 instead of p; — k3/4,
which in the first displayed formula on p. 1048 eliminates the factor of T2, and then
the following change of variable explains the missing factor of x; with our notation
(which is, unfortunately, denoted by —1/ log x, there).

In fact, the asymptotics at the lift of M; x M is even simpler than what we
have stated since the R*-invariance of (sD,)? can be used to show that R(A)f is
still polyhomogeneous even when this face is blown down. However, this does not
aledt the way we apply our results later, so we do not take advantage of this.
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We explicitly state a corollary of this proposition, namely that if f is invariant
under the SO(2)-action on M, (with SO(2) identified as the subgroup of SL(2) fixing
our origin q € H?) then the leading term on dM; x M, is, suitably interpreted,
a family of spherical functions on M, centered at g, parametrized by 0M;. More
specifically, in these asymptotics, a factor of p'/205(q, z2) was removed from h; if
this factor had been left in, the leading asymptotic coe [cieht would be an actual
spherical function.

In the present setting, 0M; is a two-point set, and we will usually focus on the
component corresponding to s = 0.

Definition 4.4. Let C3(B1(CS(E)) denote the space of smooth (continuous)
functions on Yhose restriction to each fiber of 9M; x My — M is of the form
H~1/28,(q, z2) ! times a generalized eigenfunction of Ay, associated to the bottom
of the spectrum of the Laplacian. In other words, up to the factor p—1/28,(q, z2)~?,
this restriction should be a generalized eigenfunction of Ag= (the Laplacian with
respect to the standard hyperbolic metric with curvature —1) with eigenvalue 1/4.

The subspaces C2°(0)3°(2) and (X3 contain all smooth, respectively con-
tinuous, SO(2)-invariant functions on X-Whose restriction to each fiber of M x
M, — M, is, up to the factor u—1/28,(q,z2)~!, a spherical (SO(2)-invariant)
function on M, associated to the bottom of the spectrum of the Laplacian of Ay
with eigenvalue 1/4.

Corollary 4.5. Suppose that f € COO(Y), A € C\ [Ag,00). Then the function h
which appears as the leading asymptotic coe [Cieht in (4.9) is an element of Cg%)@|
If f € C>°(X)S°?), then h € C3 (IO,

Proof. The restriction of p'/28,(z,, q)h to dM; x M is equal to (PL(A — Ag) ®
SQ(%))f, so the corollary follows since the range of 82(11—2) lies in the space of
generalized eigenfunctions of Ag= with eigenvalue 1/4. If f is SO(2)-invariant,
then so is h, and hence its restriction too. O

From here, [14] goes on to deduce the full structure of the Schwartz kernel of the
resolvent in the product setting. This kernel is a sum of two terms, R{(A) + Ry (A);
the first term is in the small product-0 calculus (which is a simple case of the
ee calculus) and contains the full diagonal singularity, while the second is smooth
in the interior but has a more complicated singularity structure at the boundary
which is resolved by passing to a further blow-up, the resolvent double space ,
as we now explain. (A similar decomposition is true for the Schwartz kernel of the
resolvent on the full space M; this will emerge as part of the construction in the
next section.)

Operators in the small product-0 calculus W,,(X) (for X = M; x M,), are
characterized by the fact that their Schwartz kernels lift to the product-0 double
space

—92 — —
X0 = (M1)§ x (M2)3

to be conormal to the lifted diagonal, smoothly extendible across the front faces

(W ,)2 x (M5)2 and (M )2 x [M)2 and vanishing to infinite order at all other

boundary faces. Here M; = Rt and M, = H?, so that M; = 1 is the radial
compactification of the half-line as an interval and H2 is the ball B2.
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2 is obtained from 73)0 by judiciously blowing up
a certain minimal collection of corners, so that Ry (A) lifts to be polyhomogeneous
(when A is in the resolvent set).

A more detailed discussion of the structure of has been relegated to the
end of this paper in an appendix because, since we have reduced to studying the
restriction of the resolvent on M to the flat, it su [ced to consider only the action
of Ro(A) on SO(2)-invariant functions (with respect to a fixed point q) on the H?
factor. We regard such functions as depending on the variables s € R™ and p €
(0,1), where p is the boundary defining function on H2 used earlier. The apparent
‘boundary’ p = 1 is artificial (it corresponds to the point q in polar coordinates),
and we systematically ignore it (for example by only considering functions which
are supported away from this set). In fact, set

b =R x (0,1), Cb =R} xR}.

The resolvent double space

If € C®°(R"), g =0near u=0and ¢ =1 for u > 1/2, then the Schwartz kernel
of

(1 = 0o(W)RoM) (A — o(W))

lifts to the resolvent double-space and is supported on the closure of b™ x b™.
Note that the Schwartz kernels of @(L)Ro(A)(1 — @()) and (1 — @)(W)Ro(A) (L)
also lift trivially since they are supported away from the corner p=p’ = 0.

The advantage of this reduction is that the geometry of both the product-0
double space Eio and the resolvent double space Efcs are simpler than when the

second factor has dimension bigger than one. Thus the 0-double space of I = R+
is obtained from 12 by blowing up the boundary of the diagonal, ddiag, in 12,
12 = [1%;0diag]. This has the e[edt of separating the left and right boundary
faces. (Actually, they still intersect at the o [=diagonal corners of this square, but
since all the kernels we consider are supported away from these points, we ignore
this.) When dimM > 1, the left and right faces of the 0-double space M2 are no
longer separated, and this necessitates some extra blow-ups in the resolvent double
space. In any case, let If;, rf;, j = 1,2 be the left and right faces on the two factors

12 in Eio and S be the collection of codimension two corners If; x Ify, If; x rfy,
rfy x If, rfy x rfy; by construction (and again neglecting the o [=diagonal corners),
these do not intersect. Now replace the defining functions py;; and p,¢, at these
faces in each factor with Ry;, = —1/logpis;, R., = —1/logp,s,. Notice that we

are not changing the defining function at the front faces L.l The product-0 space
2

with these defining functions is denoted b, ,,,. Finally, define
= [b,0: ]

The following theorem follows directly from [14], cf. the Appendix below.
Theorem 4.6. If A € C\ spec(Ly), then
(4.12) (Lo —N)~' = Ro() = RN + R,
where Rj(A) € ¥,7(X) and

L1 _
(4.13) REA) = (Pie,Per) /2 exp(=i A= X0 8@, ZDF (), Ao =

Wl =
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The kernel F(A) on the right has the form
- ~ ds’
FON) =0(z,2')*/? 85(22, 2)F' N5 vy

where the primes on the density factor mean that it is pulled back from the second
(2’) factor. The function F’(A) lies in C*°(X x X) N L> and extends continuously
to Xt X. (F’ is considerably more regular, but this su [cesl for its L2 mapping
properties.) In fact, choosing any @(u) € C5°(R*) with @ = 1 near p = 1, then for
any k there is an r > 0 such that
(4.14) 8(2',0) e F'() € CFOEL>(X)).

To determine the structure of the restriction of this operator to SO(2)-invariant
functions in the second factor, average R{(A) with respect to Haar measure on
SO(2), so as to regard it as living on b? as above. Writing the average of F’()\) as
Fi(A), then for any k there is r > 0 such that

du’
na
A similar formula obtains when the first and second factors are interchanged.

1 ds’
(4.15) 52,07 (L - oFM) e C* v bt

4.3. Boundedness of the resolvent on weighted spaces. We now prove some
refined mapping properties of the resolvent Ry(A) which are required later. These
results reflect the fact that when A is away from the spectrum, the Schwartz kernel
of Ro(A) has ‘o [=diagonal’ exponential decay of order —k, where
I 1
K=—Im A—Ay>0, )‘0:§'

For simplicity we phrase these theorems in terms of the decay or asymptotics of
Ro(A)T for various classes of functions f, rather than in terms of the structure of
the kernel itself.

There are three results in this direction. The first states that if |o| < k and f
decays (or grows) like e®/* then so does Ro(A)f. Next, if ¥ decays like e*/* with
a < —K, then Ry(A)f decomposes as a sum of two terms, one decaying at the same
rate as f and another which has an expansion, but decays only like e=*/*. Finally,
we show that if f decays exponentially (at a rate a € (—k, K)) in some sector, then
Ro(A)Tf decays even faster in disjoint sectors, with rate depending on the angle
between the two.

Proposition 4.7. Suppose |0| < k. Then
Ro(\) : e/"HH(X) — e*/"HiH*(X)
is bounded, where we are using the L2 measure with respect to the metric g’ and the
p0 Sobolev spaces are the ee Sobolev spaces defined in (3.2), applied to the simple
ee structure on X = R* x H2. Moreover, if a = —k, then
Ro(A) : x*e®/*HI5H(X) — x e/ "H 12 (X)
for any a > 2. (The restriction a > 2 is not optimal, but su Cceslfor our later use.)

Proof. We shall only prove boundedness between weighted L? spaces; the bound-
edness between Sobolev spaces, and the gain of 2 in p0 regularity, is follows since
Ly can be applied on either the left or right, cf. Lemma A.2, and arbitrary powers
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of it can be commuted through. We also consider only the case where —k < a < 0;
to handle the case 0 < a < K, simply reverse the roles of z and z'.
The conclusion of the theorem is equivalent to the boundedness of the mapping

e */"Ro(N)e*/* € B(LZ,(X)).
It can be verified by direct calculation that the lift of the function
A, = ea/w‘j—a/m
to 73)0 is smooth up to the front faces. We can assume that the small-calculus part
R{(A) of the resolvent has support not intersecting any of the boundaries except
the front faces, and so A, is smooth and bounded on its support. Thus we can
focus on the term A, R{(A).

It is convenient to replace the measure dV,o= s~'u~2dsdudy, where y is the
angular (tangential) variable in H?, by s~ 'pu~! dsdudy, so we set

dsdudy
SH
An operator A is bounded on L2(X;dV,0) if and only if u=!/2Ap'/2 is bounded on
L2(X). Thus we must prove that
(4.16) e/" o2 (W) PR(N) € BILE(X)).
From Theorem 4.6, with x(z) = 5(2, 0)~!, this conjugated kernel has the form
efoc(g(o.,z)75(07,2@)71'\/Af)\gg(z,zlr)]ef(gg(n,z5+52(q,z5752(q722))/2F()\)

Ly (X) = L*(X; ) = 2L2(X; dV,0).

— efa(g(o,z)75(o,z§75(z,zf)])ef(gg(zz,z5+52(q,z5752(q,zz))/2e(7i\/Af)\nga)S(z,zE)‘F()\)’
where F is as in (4.13). Using the triangle inequality to bound the exponents in
the first two terms on the right, we can rewrite this as

e~0=2G, GelL®(X x X), y=k+a>0.

This is an element of L>(X,;L{(X.0)) N L>®(X.oLi(X.)); a similar argument
interchanging z and z’ produces an analogous statement. We may now apply Schur’s
lemma to obtain the conclusion.

If a = —k we can argue similarly, except now the kernel is rewritten as
8(z,0)7%8(z/,0)"°G, G e L>(X?).
Since a > 2, this is integrable as before. O

The next result concerns the behaviour of Ro(A)f when £ € e®/*L2 for some
a < —k. This function is the sum of two terms, the first decaying at the same
rate as T and the second having the decay of a homogeneous solution to Lyu = 0.
There are some subtleties in describing the precise regularity of this second term;
these arise already for the resolvent on H? [17] (hence a fortiM x H?). More
specifically, suppose that f € uYH°(H?2), where y > [Im A — 1/4|, or in other
words, (M0,,)7 (ud,) F € WL2(dV},,) for all j, [ 0. Setting u = (A2 — A)~1F, then
the basic (small calculus) regularity result states that u also lies in pYHg°(H?).
However, u has no greater tangential regularity than f itself, i.e. we do not expect
that 6§u € WL2 for [3> 0 unless the same is true for f too. Returning to X =

R+t x H2, we are fortunately spared these considerations because our main interest
is when f is SO(2) invariant.
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In the following, we shall use the logarithmically blown up single space
E [Il(’g X (W)log,al X OW]

It will be also convenient to have a notation for the class of functions super-
logarithmically decaying relative to the critical decay e ~*/*, so we let

e/ THH(X) = xe®/"HH(X) = {u € C™°(X) : x “e~*/"u € H3(X)},
e/ "H (X)) = Nae®"H 5 (X);
the latter made into a Fréchet space by the standard construction using the norms
on ea/””H;'g’“(Y) for integers a. We shall use these spaces for a = —k below.

Proposition 4.8. If f € e*/*H7(X) for some o < —k, then
R(}\)f — H1/2X1/2X2e—i\/)\—>\o/wh + ea/mH;%JrQ(Y).

In general, h € Cg()@is (at least) continuous on Y—{with restriction to the lift
of 0M; x M, being given by generalized eigenfunctions of A,,, associated to the
bottom of the spectrum), but if f is SO(2)-invariant, then h is smooth on XJIn
particular, if m = oo, and f is SO(2)-invariant then

(417) RO()\)f — u1/2X1/2X267i\/)\7)\o/mh/, h/ c Cgo()@O(Q)

In addition, if the assumptions are weakened to f € xae‘“/IH;’g(Y) for some
a=>7/2, then

RO()\)f — M1/2)(1/2)(2e—i\/m/mh +Xae—m/wH;78+2(Y),
with h € C2OH If F € x@e~*/*H(X) for every a and T is SO(2)-invariant, then
h € ¢z (%) so for m = oo, (4.17) holds.

Proof. As in the preceeding proposition, we may immediately replace Ry by R{,
since the small calculus contribution Rj causes no di Cculties; it gives the terms
e/*HI+2(X), resp. x“e*"”"/””H;E:Q(Y), above. B

In the two cases f € e*/*H(X), resp. f € x®e~*/*H3(X), we must show that
(4.18) VAT o/ 12y 12 IRV 26/ € B(LE(X), CO Ok,
or
(4.19) e VAo 212125 IR (MU 2xe /T e B(LE(X), CO 0,

respectively. Since (4.19) (with a > 7/2) implies (4.18) (with a < —k), we only
need to prove the latter.
The Schwartz kernel of the operator in (4.19) takes the form

K/ = g~ tVA=20(5(2,27-6(z,0) ~r5(z"0)
x3(z2',0)~0+5/2 . g=(Ba(22.:2)+02(a,25)—b2(a.22))/2 . E (),
where
FO\) = x2x518(2',0)">2F (\) = 8(z, 0)%/%82(22, )~ '3(z’, 0) ~5/2F (A).

Dropping the singular measure (namely the b-measure), IE()\) is bounded since
on the one hand,

FO\) =3(z.2)) %/28,(22. Z)F'(N), F'(\) € L=(X x X),
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but we also know that

5(z,0)*/282(22,q) *8(z',0)~5/28(z, ') */*82(22, Zb)
N - Lsh L - - L]

= 8(z,0)0(z',0)'8(z,2)"" 82(22, ) "02(22,25)0(2',0) "
is bounded using (4.4). In fact, using the triangle inequality we even get
(4.20) 8§(z',0) /2K € L®(X x X).
Now let r € (0,a — 7/2). Each factor here is continuous on Y=} X (we make no
claims about continuity at infinity in the second factor). Indeed, for the main term
F this follows from the asymptotics of F (M), while for the other factors this is true
when z’ lies in a compact set in X since the triangle inequality gives that both

82(22, 24) — 82(q, 22) and 8(z,z’) — 3(z, 0) are bounded continuous functions then.
So we actually have

(4.21) 8(z’,0) %/t "K" € CO(X x X).

Since in fact 6~(z’, 0)~%/2+e=7 js continuous on X x X and vanishes at X x X, we
deduce from (4.20) and (4.21) that

(4.22) 5(z',0) /2t TK"” € CO(X x X).
Finally, 5(z',0)%/2—" ¢ L2(X), and this gives
K"e CO0kH2(X)), andso  K”:L}X)— Co0]

is continuous. This proves the first part of the proposition, with h € C°(8

Next, h|a7, .1z, 1S given by restricting K” to M, x My, considering it as a
function with values in L2(X). By (4.14), if we choose a su [ciehtly large, this lies
in C*(OM x Ma; L7 (X)), so we deduce that h|,z; ., is C* (we are not making
a uniform statement up to the boundary of My yet), and indeed the map from f
to this restriction of h is continuous from x?e~*/*H7(X) to C*(M1 x M3). With
a = oo, We can thus take k = oo. Since various factors are automatically bounded
then, for f compactly supported, with support in a fixed compact set K C X, it
is easy to see from (A.5) that u/28,(z., Dhlo37, < 2z, is @nnihilated by Ag, — . In
fact, this follows even more easily from Proposition 4.2: if f € e‘“/IH;’S’OO(Y) and
T; € C°(X) converges to T in e—"/””H;’S’OO(Y) then the corresponding restrictions
h; converge to h in C*, hence (Aw, — i)(p1/26~2(22,q)hj) converges to (Am, —
i)(plﬂgg(zg, g)h) in C>, so we deduce that the latter vanishes as claimed.

Now suppose that f is SO(2)-invariant. In order to avoid the behaviour of F (A)
at the front face 13 x C(@?2), introduce a cuto[flnction @ as in Theorem 4.6.
Then both @(L)K” and K”@(u’) are in C>°(¢A2(X)) and map into the space of
functions with full asymptotic expansions.

It remains only to consider (1 — @())K” (1 — @(')). Denote the corresponding
kernel by K", and work on the base space b*. The desired result follows easily from
Theorem 4.6, since that result implies that if P € Di Iﬂblﬂ——ﬂhen for su [ciehtly
large a >0, 3(z,0)"*P K" is continuous and bounded on bkE—h+. O

The final result concerns o[=diagonal decay of Ry(A). To state this, choose
SO(2)-invariant cuto [flnctions X and ¢ on the logarithmically blown up single
space YX-with supp X Nsupp Y = (. We can regard both as defined on b, or rather,
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its logarithmically blown up single space bl—As explained in the introduction,
the front face of b@h be identified with (a large sector in) the Euclidean radial
compactification b, of b,. This allows us to define the angle 8 between supp X
and suppy on the sphere at infinity. If suppx and suppy are conic outside a
compact subset of a, then this is simply the angle between these cones. We have
already shown that for A € spec(L,), YR(A)X is bounded on the spaces e*/* Lgo(f),
|a| < K, but we now show that this cut o CKernel actually improves decay.

Before proceeding, we note that this phenomenon is a very familiar one. Consider
the Laplacian A on R2. The plane wave solutions of (A — A)u = 0 are those of the
form u(w) = gV wow, || = 1. (As usual, the branch of the square root function
has negative imaginary part on C \ R™.) Now write w in polar coordinates as ru’.
Fix w and let cos® = w - w’, so 6 is the angle between the source of the plane
wave and w. Then |u| = e~ ImVXcostr or jn other words, the exponential rate of
attenuation of u is proportional to cos6. This e [edt is directly attributable to the
structure of the resolvent Ro(A) = (A — A)~ ! itself. Indeed, if x € C>°(S!), x =1
near wg, then

u= X(&))eiﬁwo-w _ RQ()\)(A _ )\)(X(w)eiﬁwo.w).

We refer to [6] for an interesting discussion about a localization of this phenomenon
(still in Euclidean space), concerning ‘decay profiles’ of solutions of (A —A)u =0
which are only defined in cones.

When A € R™, one no longer obtains such decay, of course. In its place is
a propagation phenomenon at infinity, seen already in [20], which plays a very
important role in many-body scattering [26], [25]. The behaviour we are studying
here, which might be called “dissipative propagation”, should be understood as a
sort of analytic continuation of these on-spectrum propagation results.

Proposition 4.9 (Dissipative propagation). Choosing cut-o [flinctions X, § as
above, let 8 € (0,1/2) be less than the angle between their supports. For A &
spec(Lo) and |a|] < K = — Im+/A — Ag, write o = kcos6, for 8, € [0,m]. Choose
B > kcos(B + 8y) if 8 + 8y < 1, otherwise choose 3 > —k. Then for any m,

YRoA)X : e*/L2,(X) — e¥/*H(X)

Proof. Since we can assume that the supports of X and { do not intersect, we can
immediately discard the on-diagonal term R{(A), and furthermore it also su [ced
to just prove boundedness into eﬁ/ngo.

Let By = kcos(B + By) if 8 + 0y < 1, and otherwise let By = —K. The key point
is the uniform boundedness of

(423) eag(o,z?efng(z,zt)‘efﬁog(o,z)
when z’ € supp X, z € supp Y. It su [ced to prove the analogous boundedness when

these modified distance functions are replaced by the actual (nonsmooth) distance
functions. For z = (s,z2) € Rt x H?, define

w = (Wi, Ws) € R% w; =logs = 38:(1,8), Wao = 82(q, Z2),

and define w’ analogously, corresponding to z' = (s,z}). Then 6(0,z) = |w|,
0(0,2’) = |w’|. The support conditions on X and ¢ mean that we restrict w and w’
to lie in cones I and I’ in R? making an angle 8 with one another. The triangle
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inequality gives [d2(z2, 0) — 02(z4, 0)| < d2(z2, 25), hence
1 1

0(z,2') = 81(s,5')% +02(22,25)% > 31(S,8')? + (32(z2, 0) — 82(2},0))?
1

= (W — W2+ (W —WH)2 = |w—w|.
Hence the boundedness of (4.23) follows from the estimate
(4.24) aw'| — Klw —w'| — Bolw| <0, Vvwerl, wel’,
or equivalently, dividing through by k > 0,

405 cos Bp|wW'| < |w —w'| + cos(® + 6p)|w|, if 0 +08, <m,
(425) cosBg|w'| < |w —w'| — |wl, if 0+ 60 > .
These certainly hold when one or the other vector vanishes. On the other hand, if
neither is zero, then it su [ced to consider the case where the angle between them
is exactly 8, since this configuration minimizes the right hand side and keeps the
left hand side fixed.

Suppose first that 6 + 6y > n. Then T > 8y > 1 —8 > 0 implies cosBy <
cos(m — 8) = —cos8, so we must only prove that |w| — cosfjw’| < |w —w’'|. But
this follows from

2=

|w w—w) w+w . w<|w—w|w|+ |w|w|cosb

once we divide through by |w|.

If, on the other hand, 6 + 8y < 1, then we let v/’ be the unique unit vector such
that v/ - v’/ = cos 8y and v-v” = cos(8 +6p). Since w -v"’ = (W —w)-v”+w-v” and
W —w)-v"” < |w—w’| as well, we deduce that |w’| cos6y < |w—w'|+|w|cos(+6),
and this completes the proof. O

Proposition 4.10. With the same notation as above, if f € eO‘/IHgg(Y) and
0 + 0y > m, then

qJRO()\)Xf — M1/2)(1/2)(26—1'\/m/mh + e(y/wH;?éJrQ(Y),

where h is continuous on XIf f is SO(2)-invariant, then h € (IO, In
particular, if m = oo, and f is SO(2)-invariant, then

WRoW)XF = p!/2x!/2xpe VAN /oh i e e BIOP),
Proof. We must now consider the kernel
IZ” :e(aJré)é(o,zSlefi(m&(z,zqfé(o,z))x(z/)w(Z)
e—(62(zz,z5+52(q,zg—ég(q,zz))/2g(zl, 0)5/2 E()\)'
where
FO) = x"/2x;18(2/, 0)~5/2%e 2= TF ().

Using (4.23) with Kk in place of By, we deduce that the first factor is bounded
if z € suppy, z’ € suppx, and (3> 0 is su Lciehtly small. Hence the arguments
of Proposition 4.8 show that K” e CO(%:A2(X)), giving the first part of the
conclusion. The rest follows as in Proposition 4.8. O
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Of course, Rg(A) preserves SO(2)-invariance, and if f is rotationally invariant,
then Ro(A)f also has an expansion.

Finally, we reintroduce the weight s and translate back to the original operator
L; acting on the function space M from (4.5) on which it is self-adjoint. Writing
H™ for the corresponding Sobolev spaces, so

H™ = sH5(X), H™® =sH 5 (X)
our results in this section yield the following corollary.

Corollary 4.11. The operator (Ly — A)~' is bounded from e®/*H™ to e*/*H™+2
for |a| < k. Moreover, for X, g, 6, a, B as above,

WLy — A)1x : e/ TH™ s BT,

If f € x2e"/2(H>)SO0R) = e=r/2(}>P)SO?) for all p, then (Ly —A)~'F has a full
asymptotic expansion on X-df the form

(Ly—N)"'F = spl/2x1/2x,e " VA= /T ¢ cz I,

5. Radial solutions and the final parametrix

We now return to our main problem, and apply the results of the last section
to finish the construction of a parametrix for A — A with compact remainder. As
explained earlier, this requires finding a correction term for the (K,-invariant)
small-calculus parametrix G, (A). Recall that the error terms E,(A) and F,,(A) from
Proposition 3.4 left after this first stage are K,-invariant, hence can be regarded as
acting on functions on a. They are in fact residual elements of the ee calculus on a.
Thus, at the very least, we must solve equations of the form (A — A)u = f, where
T is polyhomogeneous on a. We now turn to this task.

The idea is that near Hy, A is well approximated by the product operator L, and
similarly it is well approximated near H? by L. However, to make this precise we
must pass to the logarithmically blown up space &-ahd localize there. To motivate
this, recall from §2.2 the coordinates p, v near the corner on a and the expression
(2.6) for the restriction of A to K,-invariant functions, i.e. to a. Since A,q is not
product type, even asymptotically, near the corner, we do not know a priori how
to invert it. However, working near v = 0, first note by (2.7) that

p+pt

1 ) 1 1.
Drag = = -iuD, + Z(sDS)2 + E|st + s°E,

3
where E = apD,, + bsD, + ¢, a,b,c € C>. The first term in parentheses on the
right is just the radial part of the Laplacian on H? (with respect to the metric 3h),
and were we to have kept better track of the angular derivatives, we would see the
complete Laplacian on H? here. Hence at least in the interior of Hy, A — Ly is
small. Now consider the situation near the corner more carefully. The coordinates
u, v are valid here, and we define the change of variables t = p, s = pu'/2v, so s =5,
where s is the notation used in the introduction. Then

(MD,)* +

1_
pub, =tb; + Eng, vD, =sDg,
and inserting these into (2.7) gives

DAy = %((tDt)Q +itD,) + %@Dg)2 + %§D§ +E,
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where E is a dilerknt error term, consisting of sums of of smooth multiples of the
vector fields tD, and sD; with additional factors of t or s and a polyhomogeneous
function in these new coordinates vanishing at least to order one at the corner. Once
again we see that the first term in parentheses is the radial part of the Laplacian
and the main terms of this expression (i.e. omitting the error term) are the same
as for Ly.

This change of coordinates near the corner appears rather complicated, but in
fact it represents a smooth change of coordinates near the entire closure of I-W
&_ITo see this, let p = —1/logy, v =—-1/logv, T = —1/logt, 0 = —1/ logs; then

_ T
T=H, Gzl_u—__
zH+V
The functions
1_ - sH—V T-0
r=—u+v,a=fE —, rr=t+o, o =
2 sH+V T+0

give two sets of coordinates on drear this face, and we have finally
r= %r(l +a)(3 — a), o =(1+a)/3-a.

This proves the claim that this coordinate change is smooth on & dear the corner

of Hisidce (r, a) and (r’, o) are both smooth coordinate systems there.
Altogether, noting in particular that s < v near the corner, we have just estab-
lished that

A - Ly HEM)S — pgHI (M)
near the closure of Hy, and the proper venue for this approximation is &.1
Now choose a smooth K,-invariant partition of unity x; + X* + Xo = 1 on Ni—1

such that suppX; and supp x* are disjoint from Hé-od# and Hiy-od,, respectively,
and supp Xo is compact in M. (We do not introduce new notation for the lifts of
af and a; to & Because the walls of the Weyl chambers are disjoint from where the
blowup takes place.) Also, choose additional cuto [S; and @* which are identically

1 on supp Xy and supp x*, respectively, and with supports disjoint from Heod and

ﬁ.
Now define

RO =G,(\) — ¥ (LF — N TIXF Q) — we(Ly — N7 X:F N,

(This involves a slight abuse of notation because L* is not defined near a;, and
similarly for Ly; this makes sense however because we have included the additional

cuto [S* and Y.
On K,-invariant functions

(A-NRMN =1d+1-x:—x)IFQN)
(5.1) — @A -L) Wi (Ls =N "X FO) — [l Wil (bg = A) ' x: FY
— (@ - -NTXEFQ) - LT - NTIXEFO.

Let x; and x* be the K,-invariant defining functions of the lifts of H; and H* to
Nt—+ebpectively.
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In order to state the mapping properties of ﬁ()\) and IE()\), we introduce spaces
of functions whose restrictions to the lifts of H; and H* are spherical functions on
each H? fiber corresponding to the bottom of the spectrum of Aye.

Definition 5.1. Let C3°(ND+bsp. C%(NH);He the spaces of smooth, resp. contin-

uous, functions on Ni-wHose restriction to each fiber of ¢! and ¢; is u=1/23,(.,q) "
times a generalized eigenfunction of A= with eigenvalue 1/4. (Note that Ay is
the Laplacian of the standard hyperbolic metric h of curvature —1.)

In particular, let C° (N resp. CS(NDE=] be the spaces of smooth, resp. con-

tinuous, functions on Ni-whbse restriction to each fiber of ¢ and @; is p=/28,(., q) ~*
times a spherical function on H? associated to the bottom of the spectrum of the
Laplacian, i.e. is an SO(2)-invariant generalized eigenfunction of Ag: of eigenvalue
1/4.

We also need the spaces with polynomial and exponential weights:

e/THI (M) = X"e*/*"HI (M) = {u € C"°(M) : x "e~*/*u € HZ(M)}.

Proposition 5.2. The following maps are bounded
i) For o] <k =—ImyA— A,
R : e®/*H™(M)Xr —s e®/*H™+2(M) K>
ii) For a < —k,
R\ : e*/*H™ (M)XK —
e VAR Ty /2, xE p, pf CF(NDED + e/"H T2 (M)
iii) In particular, for a < —K,
R(\) : e®/"HX(M)Kr — e~ iVA=No/2 x1/2 5, 8 o, o 032 (N

In (ii) and (iii), one can replace e®*/*HE (M)%»r by e—*/zHk+2.0(M)%», where
k =m or oo (and in the latter case k + 2 = oo as well).

Now choose 8 € (0, /2) less than the angles between supp X3 and supp dy;; and
between supp X* and supp dyf on the sphere at infinity. Then there exists a y > 0
with the following properties:

iv) If Ja| < K, so that a = kcos8, for some 6, € [0,m], and if in addition
B > kcos(B + 8y) when 6 +8; < m and B > —k otherwise, then the error
term F(A) = (A — A)R(A) — Id satisfies

E()\) : ea/Ing(M)KP N emax(affy.ﬂ)/mH:;‘%M )Kp

for any m, m’.
v) If 6 +0y >mand a < —k+y, then

FA) 1 e/ L2 M) — em VA= Mo/ xd/2 x5k o, 0 03 (NHE

Proof. The mapping properties for F~{()\) follow directly from Corollary 4.11. As
for the mapping properties for IE()\), note that the terms [Ly, Ys](Ly — A) " x:F (A),
[L%, W#(LF — N)~Ix*F (A) in (5.1) are bounded as stated since [L, ;] is supported
on dy;, and so we may apply Corollary 4.11. On the other hand, to handle the
remaining terms (A— L)Wy (Ls —AN) " X:F (A), (A—LH)WH(L*—=N)"1X*F (N), observe
that (L* — X)~*x*F () is bounded on the appropriate spaces, and then (A — L)y
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gives the additional decay. This last statement follows from the fact that p;y <
Ce/* for some y > 0. O

Remark 5.3. As mentioned in the introduction, it is possible to eliminate the first
step of the parametrix, or rather, to combine the first and second steps, as in [16].
Namely, we take as a parametrix

WELE — )X+ gLy — N7 + WoB A Xo:

hhere G()\) is a K -invariant pseudodi Lerkntial operator on M which is a parametrix
for A— A near supp Xo, and Yy € C°(M)*> is identically 1 near supp Xo. (We could
require G()\) to have a compactly supported Schwartz kernel in M x M, in which
case Yy may even be dropped.) With this choice, iv) above is weakened, as we have
m’ = m + 1, but this su [ced for compactness of the error term, and it still allows
the proof of Theorem 5.4 to go through.

There is a similar right parametrix, ﬁ’()\) given by
R'M) =G,(A) —~ EQX*(LF = N7'9F — EM)Xe(Ls — )"y,
Indeed, then on K -invariant functions
RM@-N=1d +EM)L - X; — X))
(5.2) —EMXs (L =N (A - L) —EM) Xg (Ly — N7 [y, Ly
—EQXHLF =N A - L) - EQ) XF(LF - AT WE LA

In particular, ﬁ’()\)~and E’(\) = R’(\)(A — A) — Id have the same mapping prop-
erties as R(A) and F (A), respectively, stated in the preceeding proposition.
The following theorem is now almost immediate.

Theorem 5.4. The resolvent R(A) = (A — A)~! has the following mapping prop-
erties on K,-invariant functions.

i) For |[a] <K, meR,
R(\) € BE™"H:(M)"r, e/ HI 2 (M) 7);
ii) for a < —K,
R : e*/"HZ (M) —
e AT 2 xxE py pF O (MR + /P H 2 (M)
and
R(\) : e */TH™ > (M)K» —
e VAN 2 py p? O3 (NYEH -+ e/ H 22 (W),
iii) in particular,
(53) RO\ :e MTH M)y — e VA720/m /2, xE o, pf €3 (NHEA

which in turn implies the analogous mapping property with domain space
e*/THX(M)%r, a < —k.
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Proof. We use the parametrix identity
(5.4) RQ) =RM) - RAF Q) + E'MRMF M),
where F (M) is as in Proposition 5.2 and E’(A\) = R’(A)(A — A) — Id, as above.

Suppose first that 0 > a > —k. By the preceeding proposition, the first two
terms are bounded e®/*H™(M)%» — g®/*H+2(M)K»,

Next, write B = K cos(8 + 5) (corresponding to cos8, = 0 = 0/k), and note that
8+ Z <m We have R(A), F(A) € B(L2(M)X»); in addition, if B is given by the
usual~prescription but with o replaced by 0, and if we set B’ = max(-vy,B) < 0,
then E’(\) : L2(M)E» — ef'/=Hm (M)X». Hence for any m’, we deduce that

R\ : e*/TH™(M)Kr — e /2Hm+2 (M) K>, where o = max(a, B’).

We now bootstrap to improve the image space. Thus suppose that

0o = inf{a’ € [0,0]: RQ\) € BEY*H™(M)Xr, e 7HM+2(M)5r)}.
We know that this set is non-empty, and that oy < 0. If ag > a, then fix o’ > .
Then by definition of this inf we know that
R(A) € B(ea/””LQ(M)KP,ea%LQ(M)KP);
Furthermore, both ﬁ()\) and IE()\) are bounded on e®/*.2(M)%>, while

E'(N) € B(e™/"L2(M)X», e 7#1L2(M)">),  where a” = max(d’ —vy, B').
Here B’ is calculated from o’ as usual. Choosing o’ su Lciehtly close to ag, this
gives

R(\) € BE/“L2(M)5r, e 7"L2(M)K»),  where o’ < a.
But this is a contradiction, and hence necessarily o, = a. The same argument
shows that R(A) € B(e*/*L2(M)¥»).

Now suppose that a < —k. The first two terms of (5.4) map into
(5.5) e VAT mx /2y xE o N+l " H I 2 (M) v
On the other hand,

F) € BE/"LA(M)Er, e 7712 (M)5r)

for any o’ > —k, and at the same time, R € B(ea%LQ(M )%»). But choosing
a’ su Lciehtly close to —k ensures that E’(A) maps this space to

e—i\/)\—ko/wxl/QXuXﬁCOO(l\m

The argument is similar if we replace e*/*H™(M)%» with e—*/*H™>(M)*». This
finishes the proof. O

Corollary 5.5. If A € spec(A) and T € C2°(M), then
1

—1
ROF = pspfx!/2xyxfexp —i A —Ao/X g,

where g € C3°(NB;—the analogous statement holds if f € C;°°(M), but then g is
only C*> away from sing supp f. In particular, this estimate holds when f =9, in
which case R(A)T = R(A;w, p) is the Green function with pole at p, in which case

in addition away from p, g is in CZ*(NHE=L
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Proof. If f € C°(M)%», the result follows from part (iii) of the theorem since
Ce(M)Er C e*/*H(M)X» for all a. Next, if f € C;>°(M)%», then we first use
a local parametrix, constructed by standard methods, for A near the (compact!)
support of f to obtain uy € C;°(M)¥» with fy = (A — Nug — F € C°(M)E»; of
course, sing suppf = sing suppug. Then R(A)T = ug — R(A)Ty, and so we have
reduced to the previous case.

This last argument clearly also gives the asymptotic structure of the Schwartz
kernel of R(A), i.e. (with an abuse of notation) the distribution R(A;p,p’) =
(R(M)8,0)(p), and so this has exactly the same form. It is obvious that the asymp-
totics are uniform as the pole p’ varies over a compact set. From this we may now

uce the the general (non K-invariant) case from the expression R(A\)f(p) =
A RGP, p)F(p’) dg(p’), either when F is smooth or a distribution, so long as it is
compactly supported. O

6. Boundary asymptotics and the Martin compactification

As discussed in the introduction, the results in the preceding section may be used
to identify Nl-with the Martin compactification M. (A) for any A < Ao (which
we henceforth write simply as My,;). The Martin boundary M., \ M is defined
as the set of equivalence classes of sequences U; = R(A; p, p;)/R(A; po, p;), and we
shall prove now that these equivalence classes are in bijective correspondence with
points q € dNvid U; — U, if and only if p; — q.

We begin, however, with a somewhat more general discussion of the boundary
data of functions u = R(A)f when f is compactly supported. First note that, by
the results of §5, any f € e=*/*H2°°(M) determines a function

(6.1) g = eVAT/T X2 (0 xF py o) TTROVF € €3 (N

where the restrictions of g to the fibers of the lifts of H; and H* are (up to factors of
H=1/28,5(., 4) 1) generalized eigenfunctions on H? with eigenvalue 1 (and are SO(2)-
invariant when f is K,-invariant). In particular, these restrictions are determined

by their values at dHZ, and hence the restriction of g to the face mf of Ni-defermines
the restriction of g to the entire boundary dN+—1

Lemma 6.1. Fix any A € R with A < Aq and define the map
AQ\) e THES (M) K — co(mf)Er, F s g,
as in (6.1). There exists an f € C°(M) such that A(A)T > 0.

Proof. First consider Y-hnd let o be the function defined in Proposition 4.2 which
restricts to a projective angular coordinate on mf. We wish to study asymptotics
of solutions near the lift of 9M; x M,. Fix any 0 < 0; < ap; by [14], there exists
a function u; with (Ly — A)u; € e~*/*H>> and such that the leading term h;
in the asymptotics of uy satisfies the following properties: first, hy > 0; second,
supp hy is contained in the region where o < 0p; finally, hy > 0 when 0 < o;.
It would be straightforward to find such a function uy if we were not requiring
the support condition on hy: namely, one could simply define uy as the Green
function for Ly — A with pole at o, multiplied by a smooth cuto [fuinction which
is identically 1 near infinity and which vanishes near o. However, we need to
perform further modifications to obtain a function for which the support condition
is satisfied. Let ug be this cuto[—Green function. We assume that the cuto[]
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function, and hence ug, are both SO(2)-invariant. To arrange that the support
condition also holds, multiply ug’ by a cuto[)(c), supported in ¢ < gg, which
is identically 1 when o < g;. Then (L; — )\)(x(o)ug) ¢ e "/*H°>° but rather,
equals e~ VA~ o/= x1/24+2 %, xt p, ptG, where G € ¢ () Vanishes to infinite order
at all points of dX—dxcept along 6, < 0 < gy, (i.e. on suppdx). We can now
successively subtract o Cthe Borel sum of an infinite number of terms of the form
e VAT R0/ x1/2+k i, x# 0, p%g,(0), k € N, so that (Ly — A)uy € e~ "/“H>>®. We
refer to [20, Proposition 12] for an essentially identical argument in the Euclidean
setting (in fact, if ug and the correction terms are all SO(2)-invariant, then we
really are in the Euclidean setting).

If 0y is not too large, we can regard uy as not only SO(2)-invariant, but actually
K,-invariant on M. Let us transfer the function o on Yo a function o; on Ni—1
under this identification. Then

£ = (A= Nup = (L — Nug + (A — Lyu; € e/ "HZ < (N

Since R(A) is the unique inverse of A — A on L%(M, dg), necessarily R(A)f; = u;.
Defining f* similarly and letting f = f; + ¥, we deduce that AA)f = AT, +
A(N)T? > 0 provided that the two regions o; < oy, resp. 6% < gy, cover mf, and
this can certainly be arranged.

Since C2°(M)%> is dense in e=*/*H2>>°(M)X», and A(]) is continuous from this
space to C>=(mf)%», the existence of f € C>*(M) with A(A)f > 0 then follows. O

Corollary 6.2. For A < ), the function g = A(M)3,, is strictly positive on Ni-—1

Proof. Since f = 3, > 0 in a distributional sense and A < Ay, we can apply
the minimum principle to see that R(A)T is also strictly positive, and thus the
corresponding function g is nonnegative on Ni—<add strictly positive in the interior).
Next, by Lemma 6.1 we can choose f, € C>°(M)%» with A(A)fy = go > 0. Let O
be a neighborhood of suppfy U {p} with compact closure. Since both R(A\)f and
R(A)T, are strictly positive in O, we can choose ¢ > 0 so that cR(A)f > R(A)f, on
this neighborhood. On M \ O, the function v = cR(A\)f — R(A\)f, satisfies Av = 0,
v > 0on 00, and v — 0 at infinity. Hence v > 0 on M \ O, and so finally
g > ¢ !go > 0 on dNt-asklaimed. O

Using the symmetry of the Green function when A < Ay, we have now shown
that for any such A,

eIVATR 12 (e xctpyp) e VAT T () 12 0 06 (%)) T RO W, w)
=g\ w,w) € C¥((M x NB-ANIW) \ diag)

and moreover, is strictly positive there. Hence if we restrict w to lie in any compact
set K in M, and let w; — q € dNi—ten U;(w) = RO\ W, w;)/R(\; wo, w;)
converges to some smooth eigenfunction U, (w) which is nontrivial since U,(wp) = 1.
As indicated in the introduction, if U; is any convergent sequence of quotients
of Green functions which gives rise to a point U in the Martin boundary, then
the underlying sequence w; has a convergent subsequence w;n— q € NE—hdnce
U;o— Uy, and so the limit U of this initial sequence, which is unique, must equal
this plan wave solution U,. This proves the first half of the
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Theorem 6.3. If U;(w) = R(A; W', w;)/R(A; wy, w;) converges to an eigenfunction
U(w) on M, then necessarily U = U, for some q € dNi——Hlq, g’ are any two distinct
points on ONi—then U, # U, Hence Ni-is-haturally identified with My,

We must also prove injectivity, i.e. show that the plane wave solutions U, are
distinct for dilerent q € Ni—Het  : Ni—JNi—bel the projection to the geodesic
compactification of M. We show first that if U, = U, then n(q) = n(q’). This
follows from estimates for the growth or decay of U,(w) as w converges to di [erent
points q’ € dNI-spkcifically the asymptotics given in Corollary 5.5. Thus suppose
that m(q) # n(q’) and let y,, y,0be the (unit-speed) geodesics emanating from
wg which converge to m(q) and m(q’), respectively, and let 6 be the angle between
these geodesics at wp. Setting F = pyp¥, then we have (FU,)(y,(t)) > C.elr=a)t,
whereas (FU,)(y,(t)) < C.elreos0+9t for any [3> 0 (cf. the law of cosines [4,
Corollary 1.4.4(2)] applied to the geodesic triangle with vertices wy, w, w’, and recall
that x~! is the smoothed distance function from p = wg). Hence, assuming m(q) #
n(q’), then FU, # FU, and so U, # U, and this proves that U, determines 1(q).
Since T is injective in the interior of the face mf on N-—w& have now shown that
the map from this portion of dNi—tedthe Martin boundary is injective.

It remains to show that U, determines q when q € I—ﬁ‘l—ﬁd this requires
a bit more work. Suppose q € I-@y, with associated eigenfunction U,. We

shall consider sequences of points w; € M converging to some other point g’ € HF'
q" # g, and show that the limit of U,(w’) distinguishes g’ from g. It su [ced to
consider only the case when 1(q) = n(q’), because otherwise the discussion above
applies. Thus let q and g’ lie in the same fiber of ”|H§* and recall that this fiber is

a copy of H2. In terms of the matrix representation from §2.1, matrices associated
to points in the same fibre of m share the same eigenspaces E;,, corresponding to
the two eigenvalues whose ratio is bounded (as well as E; = Ej5 corresponding
to the third eigenvalue). By conjugation we normalize so that E;5, E3 are the
standard summands R? @ R, and we also assume that p = w, corresponds to the
identity matrix. We shall be considering the limits of ratios R(A; w’, w)/R(A; p, w)

asw — g, W — ¢/, and it is su [cieht to restrict attention to points w,w’ ¢ Ni—1
associated to matrices in this particular block diagonal form. For such points, let
T be the corresponding projection onto points in H2. The asymptotic behaviour
of these ratios depends on the rate of convergence to q, resp. q’, as well; we consider
what happens if w tends to infinity much faster than w’. Note that this is the
relevant region for the pair of points (w’,w) in M x M, since U, is precisely the
limit of this ratio if we let w — oo and w’ bounded. Thus, the behaviour of this
ratio in this region allows us to study the asymptotics of Uy(w’) as w' — oo. (In
other words, we are really interested in the behaviour of the resolvent kernel on a
neighbourhood of the left faces in an appropriate compactification of M x M, which
we do not discuss here.)

So suppose that w tends to infinity much faster than w/, i.e. d(p, w') — oo and
d(p, w)/d(p,w) — 0. Then d(p,w)/d(w,w’) — 1, d(w,w’) — oo by the triangle
inequality. The projections z = my,(w), z/ = my2(W’), converge to zo = my2(q) and
z{, = TMy2(q’), respectively, and so these sequences remain a bounded distance from
one another in H2. Then letting w, w’ — oo and using the asymptotics of the Green
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function with pole at w, we have

G(24, 20)

G(0,20)

where G(, zy) is the spherical function on H? centered at z, (which is an eigenfunc-
tion of Ay= with eigenvalue %) and o = my2(p). This means, more precisely, that
given [ 0 there exists 3 > 0 such that if d(p, w')/d(p, w) <8, d(p,w’) > 31, m(w)
and m(w’) are in a d-neighborhood of m(q) = m(q’) with respect to some metric on

Ni—thdn

ROGW , W)/RA; p, w) ~ e o, w)pf (')

G(z), 20)
G(o, 2p)

Note that for w, w’ satisfying the conditions above, and in particular d(w, w’) — oo,
the asymptotic expression for R(A; -, w) involves a positive multiple of G(-, zy), but
this factor cancels when taking the quotient. By the very definition of U,(w’), this

quotient is also asymptotic to U,(w’), and this shows that U, determines %((Zi?)).
But as a function of z{, this is rotationally symmetric about z, and hence determines
the point zy. In other words, U, determines q when q lies in the interior of Hy.
For the last part, note that the same asymptotics are valid when w — g € mf NHy
and dyz(0,2z) is much larger than dg2(z’,z). In this case, the function G must
be replaced by the Poisson operator (or plane wave) centered at z,, as in [14,

Sections 7.1 and 10]. Hence here too U, determines q. This completes the proof.

@—md@,w%ﬁ(wf)pﬁ(w')R(A; w', w)/R(A; p, W) —

7. Spherical functions

Generalized eigenfunctions of A with eigenvalue A are distributions u on M,
of exponential growth (or equivalently, of polynomial growth with respect to the
smooth structure on M), such that (A — A)u = 0. Generalized eigenfunctions
which are K,-invariant (for any fixed p € M) are called spherical functions. These
were introduced by Harish-Chandra, who constructed them as a convergent series
in each of the six open Weyl chambers. The most delicate point is to match these
up carefully along the walls in order to extend them as a global solution, which
is accomplished rather miraculously by the introduction of the c-function. The
notable defect of this approach is that these series only converge away from the Weyl
chamber walls, so the behaviour of the spherical functions across the walls must be
deduced indirectly. This has been accomplished by Trombi and Varadarajan [22], as
well as Anker and Ji [3], Theorem 2.2.8, by purely algebraic methods. In this section
we present two methods showing how the precise structure of the resolvent proved
here can be used to determine the behaviour of at least certain of these spherical
functions. Both methods proceed by constructing an initial approximation to the
eigenfunction and then using the resolvent to solve away the error. The first method
uses an easier ansatz, but it is di [cult to detect too much about the structure of the
correction term; the second method, on the other hand, requires a more elaborate
preparation, but produces much finer information.

Suppose that § € af. is of the form & = c§&;, where & € (a*)", |&| = 1, and
c € C. Assume also that & -& = c? = A — Ag for some A € C\ [Ag,0). We can
certainly take Imc > 0, in which case Imc = K = —Im+/A — Aq. In particular,
Re(—i&-z) =Imcé, -z < k/x. This implies that

Uo(2) = py(2)p*(z)e "% € e/"HO " (M)"r, r < —1,
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where we regard e~%# as a function on the closure of a*, and extend it to the
unique K,-invariant function on M with this restriction to exp(a*). Thus, with
E’ as in (2.6), up solves (A.qa — E’ — A)upg = 0 away from the walls, but because
of its behavior at the walls is not smooth on Nl—o correct this, fix a cuto [
function ¢ € C°(@) which is supported in a™ (hence vanishes near the walls),
and is identically 1 in an open cone around ;. (It is here where we need that
& € (a*)™.) As above, regard Yu, as a K,-invariant function on M its restriction
to the flat is then

1 _

(7.1) z—  pyoz)p*(oz)e ¢ "Py(oz), z € q,
oc€S3

with each term supported in a di[erent open Weyl chamber. Because d{/ vanishes
in a cone around &,

(A — N (Wuo) € e*/"H (M)
for some a < k. Because of this slightly reduced rate of growth, we can solve away
this error term using R(A), to obtain the K,-invariant eigenfunction

U = up — RA)(A - N(Wuo);

this is precisely the spherical functions associated to the parameter &. This gives
the preliminary result:

Proposition 7.1. For p € M, and § = c§, € af as above, with § € (a*)T,
Imc > 0and &-& = A\, there exists a K,-invariant eigenfunction Ug € C°°(M)%>»
such that for some a < K,

(7.2) IU@z) — uo(2)| < Cpy(2)p*(2)e?!, z € at.
Moreover, U is the unique K,-invariant eigenfunction in C~°°(M) such that

U(z) — up(z) € ps(2)pf(2)e“*IL>(a™).

Rather than pursuing this first method further, we describe the second method,
which uses ideas from many body scattering more directly. In the symmetric space
setting, this is essentially equivalent to that of Trombi and Varadarajan [22], but
as will be clear, is more flexible since it does not require the precise symmetric
structure.

The main idea in this second approach, in analogy with three-body scattering,
cf. also [8] is to find the approximation u to the spherical function U as a sum of
reflections

1 _
(7.3) u@) = ps(@2)p*2)  co(z,8)e 9,
o€S3

where the coe [ciehts c, will be chosen carefully, using more global considerations
than in the previous method, so that we have better control on the decay of the
error term (A — A)u = f. The gain over (7.1) is that supp u now contains the Weyl
chamber walls. To obtain this, however, we must consider interactions between the
terms; indeed, depending on the value of Im¢, at least three of the six summands
are not negligible in a* in the sense that they do not lie in e(-=*te)/=L2(at) for
[+ 0 su Lciehtly small. Having determined u, the correction term v = R(A)f is
obtained as before, and has the same type of asymptotics as the Green function
(5.3). The overall decomposition U = u + v is then a sum of reflected plane waves
and an outgoing spherical wave.
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Before proceeding with a more careful description of this construction, we fix
some notation. Let wy and wf denote the linear subspaces of a corresponding to the
two principal Weyl chamber walls (where ro; intersects Hy in the closure of exp(a™),
etc.; we usually drop exp below when it is clear what we mean, and identify a with
exp(a)), and let oy and o be the the reflections across these subspaces Next, write
the linear coordinate z on a as (z, z'i), according to the orthogonal decomposition
v = f e m'i, and analogously z = (zu,zﬂL) for a = wy @ mﬁ% The boundary
hypersurface F;, resp. 7%, of @ is the one which intersects atn Hy, resp. atn Hy,
and we write 7y = F¥ N ;. We identify the interiors of F#, resp. F, with mﬁ,
resp. ;.

To make u W-invariant, we consider its behaviour in a* and near the walls
separately and then show that these definitions match up. Thus, in a™ we use the
expression (7.3) and demand that each c, extends smoothly to a neighborhood of
Fo in at, while near the interior of ¥ we write

— o
(7.4) u = p*p; ch(z)e O,
[ole1,0% 1\ S5

where z € at, |z‘i| < C, and demand that ¢/ is smooth up to F* and invariant
under the reflection a. This sum is over cosets, so there are only three terms,
but note that (of) - z* is independent of the coset representative . There is an
analogous expression near F;. The compatibility between these various expressions
(namely (7.3), and (7.4) for both F# and ;) is simply that they must agree over
their common domains of definition. Any function satisfying these smoothness and
compatibility conditions can be extended first to a W -invariant function on a and
then to an SO(3)-invariant smooth function on M.

The coe Lciehts ¢, will be determined inductively on the boundary faces, accord-
ing to the orders of growth or decay of e=(“€)* on a*, which in turn corresponds
to the angles between g Imé& and a™. To begin, we suppose that ¢;|r, = 1, and
shall now prove that this determines ¢;|z:, C,: |7+ and c}| £, = c,| .

The key step is to find appropriate generalized eigenfunctions of L4 and L#, which
is accomplished in the following lemma. We employ the notation of Section 4, so
b is the two-dimensional Euclidean space, with exponentiated Weyl chamber wall
b¥ = R} x {1}; the reflection across this wall is denoted by T, and we use the
decomposition (Zﬁ,Z‘i) for C € b(ﬁc + (b‘i)@. (Here a is identified with a* via the
metric.) Since the notation in that section refers to a product M; x My, F¥ is the
boundary hypersurface {s = 0} x Mz and F is the corner {s = 0} x dM5. Finally,
m; is the projection to the factor M, in M; x M.

Lemma 7.2. Fix A € C\ [Ag,o0) and choose { € b, where ImZ € b\ b and
(- {=A—Ay. Suppose that Z‘i . Zti + )\g is not a resonance of (H?,3h) (where )\g
is the bottom of the spectrum of (H?2,3h)). Then, given any constant a2, there are
functions u? € C>°(H?)S°®), a, € C*(H2)3°(?), so that a_|yy2 = a’ and

utl = a+u1/2e—i(rc)-z”,3, a_ul/Qe—iC»z“:l

The function u = ((Tt2)*uf)se~¢** then solves (Lf—A)u = 0, and is unique amongst
generalized eigenfunctions of this form.
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Moreover, if Af = Z‘i ~Zti + )\g and S* is the scattering matrix on (H2, 3h), then
a|r, = S*(A)a- g,

Note that the restriction of S* to SO(2)-invariant functions acts by multiplication
by a number; this will be important below.

Proof. We first produce the SO(2)-invariant eigenfunction uf on (H?2, 3h) with eigen-
value A* and given datum a° . Regarding SO(2)-invariant functions on H? as func-
tions on R; , there is a unique spherical function on H? with eigenvalue A* which
has the form |
a+u1/2ez'<”|_~_zf3 a_ ul/zeﬂ'g’{_._zf:,

when z* is large. Here a. € C*°(H2)3°() and a_ equals the given constant a° on
O0HZ2. The Taylor series of the functions a+ are uniquely determined at dH?, but
this decomposition of the spherical function is not unique in the interior.

The function u, defined as in the statement, has all desired properties. Its
uniqueness in this class is also easy to see since it is the product of two functions
pulled back from M; and M, respectively, and the latter is a spherical eigenfunction
of Ay 3, With eigenvalue A, which is unique up to scale. O

Now let us proceed to the determination of the c,. Firstset c;|z, = 1, and apply
the Lemma with b = a, b = r!. Here we identify F# with F* (extending the natural
identification of both their interiors with m‘l), and also use that pfp; = u'/2s near
Fin at. This gives

Ciler =a_|pe, Coelpe =ai|pe,  and ¢z = ub.
In the same manner, we also define ¢,|#,, ¢,,|, and c§|ﬂ. In particular, note that
¢y is now determined on all of da+ = Fy U F!. Note also that the Lemma may be
applied only when & - &% + A} is not a resonance of the Laplacian on (H2, 3h) (and
analogously for &); this is true, for example, when |Im§| < (1/2+/3) (the factor
/3 corresponds to the factor 3 in the metric 3h).

Now take any smooth extensions C, € C>(M)S°®) for c,, and C! for cf, and
define 1
u(l) = pﬁpﬁ CU(Z)e_i(Uf)'Z

o=1,04,0t
in a™ away from the walls and u® = C{(z)e~i¢** near wf, and analogously near

ty. This is a good first step toward constructing the approximate eigenfunction
since in a* (away from the walls)

—1 ,
(A —Nu) = pypf A, (z)e 0=,

o=1,04,0"
with A, extending smoothly to a+ and

A1|_7:uu]-‘ﬁ =0, A =0, and Al =0.

Uﬂ ]:’i
Hence A; = uvBi, A,, = UB,, and A,: = vB,: where B, is smooth (and in
particular, bounded) on a*t.

The progress at this step is that pve %2, ve—iotz, pe—?¢ = are all smaller than
e~ % on at. This extra decay comes not only from the factors of p and v, but
also since Im¢ € a™, so the reflections o; Im¢& and o?Im& lie outside a* and make
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an angle strictly larger than /3 with the walls w?, resp. r;, where the factors v,
resp. W4, do not vanish. This is the dissipative propagation e [edt.

aﬁ
ofImé& Imé&

at a

ofo; Im§ mé

0,0%0; Im& 0,0%Im¢

Figure 3. Reflections of Im & across the walls.

We now proceed to find the remaining coe [ciehts in two further steps. First,
from the value of c,, at Fin Fy we use the same method to determine c,, |7+ and
Cotoy, |74, USING 04€ in place of & C,¢|7,, C,0t|7, are determined the same way.
Hence we have now found ¢, ¢,, and c,: on all of dat = FyU Ft.

Incorporating these terms into the next stage approximate eigenfunction u(®,
then the error (A — A\)u(® is even smaller, corresponding to the dissipative propa-
gation decay for angles larger than 2m/3.

We go on to determine all the remaining terms ¢, ;¢ |7, Cyt 0,0t | 74, €SP Cotg, |7,
and Caﬁaﬁag |]:ﬂ'

We have now defined the coe Lciehts ¢, at F* U F;. There is a compatibility
issue at this last step, however, since 6*0;0* = 0,0%0; in S3, but there is no a priori
reason Why C,t,, 4|7+ and C,i., 4|7, should agree at F¥N Fy. To see that these
do match up, note that these restrictions are both given as the product of three
factors, each the S-matrix on (H?, 3h) evaluated at a certain energy. Since these
S-matrices are simply scalars, it su [ced to check that the the energies are the same,
albeit appearing in reverse order in the two terms.

The energy for the first reflection across a* (leading to cq|z: and C,:|z:) is
1(0"€ —€)- (c"E — &)+ AL; the energy corresponding to the final reflection going the
other way, leading to the determination of ¢,:,, |7, and ¢,, 40, |7, from c,:, |5, IS
1(040%04E — 0%04E) - (0;0%04E — 0%0,E) + A, We claim that these two are equal;
indeed, oy0*0; = 0*0,0*, so 0;0%0y& — 0*0,€ = o¥0y(0*E — &), and equality follows
since reflections preserve the inner product. In a similar way one verifies that the
energies corresponding to the first reflection across r# and the final reflection going
the other way are equal. Finally, the energies for the middle reflections are given
by 1(040%E — 0%€) - (0;0%€ — 6*E) + A} and by the analogous quantity with o* and
oy interchanged. However, 0,0%¢ — 0%*¢ = of(0y0%0;€ — &) and o300, = ofoy0°,
and the conclusion follows as before.
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With these final choices of c,, take extensions C, as above, and define

1 ,
u= pﬁpﬁ CU(Z)e—Z(Uf)'Z
o€Ss

in a™ away from the walls, and u = C}i(z)e*if'z11 near w?, with an analogous formula
near wy. Thus away from the walls in a*,

1 _
(A-Nu=pp' A (2)e 7=
oc€S3

where A, extends smoothly to at and vanishes at both Fy and F* soin fact

— |
(A-Nu=pp* B, (2)e 7"
oc€S3

with B smooth (and hence bounded) on a*+. (Note that pv = p%p; in this region.)
This gives (A—A)u € e*/*H22(M)%» for a > | Im&| — 1, where we simply estimated
all the exponentials by elTm &Izl = gl Tmé&l/=

Solving away the error term by the resolvent, i.e. by taking

U =u-RA)A -\,

we deduce that U = U, has the form (7.3) (from an analytic point of view better
expressed as (7.4) near the walls), plus a spherical wave of the form appearing on
the right hand side of (5.3), provided |Im&| — 1 < —k. We have thus proved the
following theorem:

Theorem 7.3. If p € M and & is chosen a with Im& € (a*)*, |Im§| < 1/(2V/3),
E-&E=A—NAo, A€ C\[Ag,0) and |ImE| + K < 1, K = —Im+/A — A, then the
spherical function U = U, can be written as U = u + v, u a sum of plane waves
associated to directions o€ in the W-orbit of & as in (7.3), and v a spherical wave
of the form appearing on the right hand side of (5.3).

We have already seen one miracle in the course of proving this theorem: the last
coe [Cieht c,, determined from the two boundary hypersurfaces F* and 7y, gives
consistent results at the corner. (Nothing too drastic would happen otherwise —
see the remark below — but this is certainly rather nice!) This miracle could be
seen and proved by our methods. The second miracle then is that in this Theorem
we have v = 0. This follows from the results of Harish-Chandra which imply that
v = 0 away from the walls, hence everywhere by the smoothness in (5.3), but it is
by no means apparent from our approach. Indeed, with such flexible methods, one
can at the very least expect a compactly supported error (A — A)u — an even this
gives rise to such a spherical wave v. It is quite possible, however, that there is a
simple algebraic property that would prove v = 0 directly (by simple we mean one
which does not need the full power of commuting invariant di Lerential operators,
etc); it would be very interesting to know if this is the case.

Some remarks are in order. First, Trombi and Varadarajan obtain estimates with
respect to &, and also handle the cases Im& = 0 and Im¢ large. The construction
here can be modified in a straightforward way to work when Im¢& is large: one
needs to determine more terms in the jet of ¢, at the various faces. The only
constraint is that one needs to avoid ‘energies’ )\g in the discrete set of resonances
on H2. Furthermore, with a finer analysis of the resolvent using the methods of
[24], one would be able to extend the construction to also include the case when
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A is real. Finally, the matching of the coe [ciehts c, in the argument above is a
miracle of the precise symmetric space structure, but is only necessary if we want to
prove that u has the precise form (7.3). If these coe [ciehts did not match up, one
would expect that the precise singularity structure of u as a Legendrian distribution
would require a conic singularity in the appropriate associated Lagrangian in T *a
describing this class of distributions, much as occurs in [21]. We hope to return to
these issues elsewhere.

Appendix A. Detailed description of the resolvent kernels

For convenience, we review the definition of the resolvent space from [14] which
carries the Schwartz kernel of the resolvent for the operator L, considered in §4.
Recall that X = Rt x H?, and we sometimes write M; = R, My = H?, and also
that R, = 1.

The product 0 double space 712)0 = 12 x (H2)3 has six boundary hypersurfaces:

IIb((MQ)(Q), |f1 X(VQ)(Q), rf1 X(MQ)g, (Vl)g x o] (ml)g X |f2, (Vl)g X rf2;

here [is the front face, and If; and rf; the left and right faces of (M;)2. We
proceed from here by logarithmically blowing up each of the two side faces If; and
rf; of each factor, but not the front face. In other words, we just introduce the new
logarithmic defining functions

Rie, = —1/logpy, Ret; = =1/ logpys,, j=1,2,
at these faces. The resulting space is denoted (mj)g,log. We next blow up
(A1) (M1)5 10 % (If2N1f).

In general we would also need to blow up (If; Nrf;) x (M2)3 now, but since M; is
one dimensional, If; Nrf; = 0.

The construction of the resolvent double space is completed by blowing up the
collection of submanifolds covering
(Ifl X(MQ)%,log) N ((Ml)%,log X If?)’ (Ifl ><(MQ)%,log) N ((ml)%,log X rf?)!
(rfl ><(VQ)(Q),Iog) N ((ml)g,log X If2)! (rfl ><(VQ)(Q),Iog) N ((ml)g,log X rf?)'
These are mutually disjoint after the blow-up in the previous step, and so these
final blowups may be done in any order. Note that (A.1)-(A.2) blow up all five
codimension 2 corners coming from the intersections of the four ‘side faces’ of 712,0:
Ify x(M2)3, rfi x(M2)3, (M1)g x [21(M1)§ x If2, (M1)F x rfa.

Definition A.1. The manifold with corners, Yfes, obtained by the series of blow-

ups of 7;0 described above is called the resolvent compactification of X2,

(A.2)

As proved in [14], the function
_ 02(22,25)

and its inverse S—! are smooth on those portions of chs where they are bounded.
In addition,

1
R=502)" = 5(s,8)° +8a(za,2)? 2

L]

rfg
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. <2
is also smooth on X ..

Lemma A.2. If P € Dig(X) then P lifts to elements P, € Di IZZE(YiS) and

Pr € Di EZEI(YfeS) from either the left or the right factors of the projection X x X —
X.
Theorem 9.2 of [14] describes the structure of (Lo — A)~!:
Theorem A.3. Suppose that A € C \ spec(Lo). Then the Schwartz kernel of
R(A) = (Lo — A)~! takes the following form:
RA) =R'(N) +R"(N), R'() € ¥,7(X),

(A4) ) o o 1
R”(A) = (pir,2pit,2) /“eXp(—i A= A/R)F(A), Ao = 3

F(A) is m3Q,0X-valued polyhomogeneous on 718, order 0 on the lift of the two

front faces m«(m)gylog, (m)gylog x [zl order 3/2 on the lift of two of the ‘side

faces’ If; x(M3)3, rf; x(M2)3, as well as on the front face of the blow-up (A.1),
and order 1/2 on the other two ‘side faces’ (M1)? x Ify, (M )2 x rfy, as well as on
the front faces of the four blow-ups (A.2). Moreover, the restriction of the leading
term of F(A) to the boundary, i.e. its principal symbol, is

(A5 . 1
a(\,S) PIAY(S) @ PIA - i AJ(S)) on the front face of the blow-up of

(Ifl X(mlﬁ?g,log) N ((ml)(Q),log X If2)v

a’(\) S1(0)@Pi(A— %) on the lift of (M ;)2 x Ify,
1 1 1
a'(\) PIO -A)@Sa(55)  on the lift of Ify x(M2)3,

with A{(S) given by
(A6) M) =22,
a,a’,a” never zero, S as in (A.3).

In fact, we are mostly interested in R(A) acting on SO(2)-invariant functions.
Such functions can be regarded as living on

exp(—b™) =R x (0,1),, bt =Ry, x (0,00)u,, W1 = —logs, ws = —log ;

the corresponding measure has a polar coordinate singularity at p = 1. As indicated
by the notation, it is sometimes convenient to think of b™ as a subset of

b =Ry, X Ryy,,

though we always restrict our attention to wy > 0.
So let X € C°((0, o0)) be identically 1 near 1. Then the kernel of

(1 = XEIRM(A - X (W)

can be described rather simply on a compactification of b x b, supported in b+ x b+.
More precisely, in complete analogy with the construction above, we can consider
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the resolved double space b_+fes of

bt =R x[0,1),,
with the advantage that the left and right faces from the same factor never intersect.
Then it is straightforward to describe the Schwartz kernel of (1—x(L))R(A)(1—X (L))
as a distribution on b+,

res’

Theorem A.4. Suppose that A € C\spec(Ly) and x(u) € C°((0, o)) is identically
1 near p=1. Let

bt =R x[0,1),.
Then the Schwartz kernel of (1 — X(L)R(A)(1 — x()) acting on SO(2)-invariant
functions takes the following form:

R'(A) +R”(A), R'(A\) € W, 2(b),
~ ~ 1
R\ = W!/2(W)7128(z,2) 7/285(22, 2) exp(—i A — Ao/R)Fo(N), Ao =

Wl =

Fo(A) is m};Qp-valued smooth on b

Proof. This follows by integrating out the SO(2) variables in the preceeding theo-
rem. The factor (u')~'/2 appears as (1)/2m5Q,0 = (W) ~'/?15Q;,. However, it is
instructive to see this directly, by constructing a parametrix for the restriction of
Lo to SO(2)-invariant functions, which is an element of Di [;(b+). O

Proof of Theorem 4.6. In view of Lemma A.2, (4.12)-(4.14) follow immediately
from Theorem A.3 and (4.15) follows from Theorem A.4. Indeed, all the derivatives
in the statement of Theorem 4.6 (appearing as statements about C* properties),
when multiplied by a su [ciehtly large power of x, lie in Did(X). In fact, this
is the very reason for treating (4.15) separately, for such a statement would not
hold for derivatives along dH? (one would need exponentially large weights), cf. the
discussion before Proposition 4.8. O
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