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MICROLOCAL PROPAGATION NEAR RADIAL POINTS AND
SCATTERING FOR SYMBOLIC POTENTIALS OF ORDER ZERO

ANDREW HASSELL, RICHARD MELROSE AND ANDRAS VASY

In this paper, the scattering and spectral theory of H = A, + V is developed, where A, is the Laplacian
with respect to a scattering metric g on a compact manifold X with boundary and V € €*°(X) is real;
this extends our earlier results in the two-dimensional case. Included in this class of operators are per-
turbations of the Laplacian on Euclidean space by potentials homogeneous of degree zero near infinity.
Much of the particular structure of geometric scattering theory can be traced to the occurrence of radial
points for the underlying classical system. In this case the radial points correspond precisely to critical
points of the restriction, Vp, of V to d X and under the additional assumption that V}, is Morse a functional
parameterization of the generalized eigenfunctions is obtained.

The main subtlety of the higher dimensional case arises from additional complexity of the radial
points. A normal form near such points obtained by Guillemin and Schaeffer is extended and refined, al-
lowing a microlocal description of the null space of H —o to be given for all but a finite set of “threshold”
values of the energy; additional complications arise at the discrete set of “effectively resonant” energies.
It is shown that each critical point at which the value of Vj is less than o is the source of solutions of
Hu = ou. The resulting description of the generalized eigenspaces is a rather precise, distributional,
formulation of asymptotic completeness. We also derive the closely related L? and time-dependent
forms of asymptotic completeness, including the absence of L? channels associated with the nonminimal
critical points. This phenomenon, observed by Herbst and Skibsted, can be attributed to the fact that the
eigenfunctions associated to the nonminimal critical points are “large” at infinity; in particular they are
too large to lie in the range of the resolvent R(o =£i0) applied to compactly supported functions.
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1. Introduction

In this paper, which is a continuation of [Hassell et al. 2004] (sometimes referred to as Part I) scattering
theory is developed for symbolic potentials of order zero. The general setting is the same as in Part I,
consisting of a compact manifold with boundary, X, equipped with a scattering metric, g, and a real
potential, V € €°°(X). Recall that such a scattering metric on X is a smooth metric in the interior of X
taking the form
dx* h

st -
near the boundary, where x is a boundary defining function and 4 is a smooth cotensor which restricts
to a metric on {x = 0} = d X. This makes the interior, X°, of X a complete manifold which is asymptot-
ically flat and is metrically asymptotic to the large end of a cone, since in terms of the singular normal
coordinate » = x~!, the leading part of the metric at the boundary takes the form dr? + r2h(y, dy).
In the compactification of X° to X, dX corresponds to the set of asymptotic directions of geodesics.
In particular, this setting subsumes the case of the standard metric on Euclidean space, or a compactly
supported perturbation of it, with a potential which is a classical symbol of order zero, hence not decaying
at infinity but rather with leading term which is asymptotically homogeneous of degree zero. The study
of the scattering theory for such potentials was initiated by Herbst [1991].

Let Vp € €°°(dX) be the restriction of V to 0 X, and denote by Cv(V) the set of critical values of V.
It is shown in [Hassell et al. 2004] that the operator H = A, + V (where the Laplacian is normalized to
be positive) is essentially self-adjoint with continuous spectrum occupying [min Vy, o). There may be
discrete spectrum of finite multiplicity in (— miny V, max Vj] with possible accumulation points only at
Cv(V). To obtain finer results, it is natural to assume, as we do throughout this paper unless otherwise
noted, that Vj is a Morse function, that is, has only nondegenerate critical points; in particular Cv(V) is
then a finite set; by definition this is the set of threshold energies, or thresholds.

From the microlocal point of view scattering theory is largely about the study of radial points, that is,
the points in the cotangent bundle where the Hamilton vector field is a multiple of the radial vector field
(that is, the vector field A = Zi zi 9z, on Euclidean space, where (z1, ..., z,) € R"). These correspond in
the classical dynamical system to the places where the particle is moving either in purely incoming or out-
going sense. In scattering theory for potentials decaying at infinity, there is a radial point for each point on
the sphere at infinity; thus there is a manifold of radial points and the behaviour of the flow in a neighbour-
hood of these points is rather simple, either attracting (at the outgoing radial surface) or repelling (at the
incoming radial surface) in the transverse direction. Estimates involving commutation with the radial vec-
tor field A multiplied by suitable powers of |z| and perhaps additional microlocalizing operators, are usu-
ally sufficient to control the behaviour of generalized eigenfunctions. These are known as Mourre-type
estimates and play a fundamental role in conventional scattering theory. In the present case, assuming Vj
is a Morse function, the radial points are isolated and occur in pairs, one pair (incoming/outgoing) for each
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critical point of Vj. The linearized Hamiltonian flow at the radial points is rather more complicated since it
depends on the Hessian of Vj at the critical point, which is arbitrary apart from being nondegenerate. This
makes the higher dimensional case more intricate than the case dim X = 2 which we treated in [Hassell
et al. 2004]. Correspondingly one needs more elaborate commutator estimates in order to control the be-
haviour of generalized eigenfunctions. We give a rather general and complete analysis of the regularity of
solutions of Pu =0 in a microlocal neighbourhood of a radial point of P, using the concept of a test mod-
ule of operators. This is a family of pseudodifferential operators which is a module over the zero-order
operators, contains P, and is closed under commutation. By choosing a test module closely tailored to the
Hamilton flow of P near the radial point we are able to produce enough positive-commutator estimates
to parametrize the microlocal solutions of Pu = 0. The construction of appropriate test modules (which
can be thought of as simply an effective bookkeeping device for keeping track of a rather intricate set of
commutator estimates) to analyze general radial points is the main technical innovation of this paper.

The general study of radial points was initiated by Guillemin and Schaeffer [1977]. This was done in a
slightly different context, where P is a standard pseudodifferential operator with homogeneous principal
symbol and a radial point is one where the Hamilton vector field is a multiple of the vector field ) _; &; 9,
generating dilations in the cotangent space. This setting is completely equivalent to ours, via conjugation
by a “local Fourier Transform” (see Section 3.1). They analyzed the situation in the nonresonant case.
We refine their analysis by treating the resonant case, which is crucial in our application since we have
a family of operators parametrized by the energy level, and the closure of the set of energies which give
rise to resonant radial points may have nonempty interior. Moreover, we show that our parametrization of
microlocal solutions is smooth except at a set of “effectively resonant” energies which is always discrete.

Bony, Fujiie, Ramond and Zerzeri [Bony et al. 2007] have studied the microlocal kernel of pseudodif-
ferential operators at a hyperbolic fixed point, corresponding, in our setting, to a radial point associated
to a local maximum of Vj. Their results partially overlap ours, being most closely related to [Hassell
et al. 2004, Section 10] and [Hassell et al. 2001].

1.1. Previous results. The Euclidean setting described above was first studied by Herbst [1991], who
showed that any finite energy solution of the time dependent Schrodinger equation, so u = e~ f with
f € L*(R™), can concentrate, in an L? sense, asymptotically as  — oo only in directions which are
critical points of Vj. This was subsequently refined by Herbst and Skibsted [2008], who showed that
such concentration can only occur near local minima of Vj. In contrast, solutions of the classical flow
can concentrate near any critical point of Vj.

Asymptotic completeness has been studied by Agmon, Cruz and Herbst [1999], by Herbst and Skib-
sted [1999; 2008; 2004] and the present authors in [Hassell et al. 2004]. Agmon, Cruz and Herbst
showed asymptotic completeness for sufficiently high energies, while Herbst and Skibsted extended this
to all energies except for an explicitly given union of bounded intervals; in the two dimensional case,
they showed asymptotic completeness for all energies. These results were obtained by time-dependent
methods. On the other hand the principal result of [Hassell et al. 2004] involves a precise description of
the generalized eigenspaces of H

E™%(0) ={u € 67(X); (H —o)u =0}

note that the space of “extendible distributions” €~°°(X) is the analogue of tempered distributions
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and reduces to it in case X is the radial compactification of R"”. Thus we are studying all tempered
eigenfunctions of H. Let us recall these results in more detail.

For any o ¢ Cv(V) the space Epp(o) of L? eigenfunctions is finite dimensional, and reduces to
zero except for o in a discrete (possibly empty) subset of [miny V, max Vy] \ Cv(V). It is always the
case that Ep,(0) C ©°°(X) consists of rapidly decreasing functions. Hence E_°(c) C E~*°(0), the
orthocomplement of E,(0), is well defined for o ¢ Cv(V). Furthermore, as shown in the Euclidean case
by Herbst [1991], the resolvent, R(o) of H, acting on this orthocomplement, has a limit, R(o i0), on

[min Vy, 00) \ Cv(V) from above and below. The subspace of “smooth” eigenfunctions is then defined as

. 1
EZ(0) =Sp(0) (C®(X) 8 Epp(0)) C E~®(0), Sp(o) = %(R(a +i0) — R(o —i0)). (1-2)

In fact
Eg(o) [ )x P L*(X).
>0
An alternative characterization of EZy (o) can be given in terms of the scattering wavefront set at the
boundary of X.

The scattering cotangent bundle, *T*X, of X is naturally isomorphic to the cotangent bundle over
the interior of X, and indeed globally isomorphic to 7*X by a nonnatural isomorphism; the natural
identification exhibits both “compression” and “rescaling” at the boundary. If (x, y) are local coordinates
near a boundary point of X, with x a boundary defining function, then linear coordinates (v, u) are defined
on the scattering cotangent bundle by requiring that g € *T*X be written as

dx dy; P
C]Z—VF'FZILZ'T, veER, MER . (1—3)
i

This makes (v, u) dual to the basis (—x2dy, xdy,) of vector fields which form an approximately unit
length basis, uniformly up to the boundary, for any scattering metric. In Euclidean space, v is dual to o,
and p; is dual to the constant-length angular derivative r‘lay,.. In the analysis of the microlocal aspects
of H — o, in part for compatibility with [Guillemin and Schaeffer 1977], it is convenient pass to an
operator “of first order” by multiplying H — o by x~!, that is, to replace it by

P=P(o)=x""(H-0).

The classical dynamical system giving the behaviour of particles, asymptotically near d X, moving under
the influence of the potential corresponds to “the bicharacteristic vector field,” see (2—3), determined by
the boundary symbol, p, of P. This vector field is defined on *°T}y X, which is to say on *T* X at, and tan-
gent to, the boundary **7, X =*T*XN{x =0}. It has the property that v is nondecreasing under the flow;
we refer to points (y, v, u) where u =0 as incoming if v < 0 and outgoing if v > 0. What is important in
understanding the behaviour of the null space of P, that is, tempered distributions, u, satisfying Pu =0,
is bicharacteristic flow inside {p = 0, x = 0}, a submanifold to which it is tangent. The only critical
points of the flow are at points (y, v, 0) where y is a critical point of P and v = £4/0 — V (y). Thus, the
only possible asymptotic escape directions of classical particles under the influence of the potential V
are the finite number of critical points of V. Moreover, only the local minima are stable; the others have
unstable directions according to the number of unstable directions as a critical point of V: X — R.
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The classical dynamics of p and the quantum dynamics of P are linked via the scattering wavefront
set. Let u € C~°°(X) be a tempered distribution on X (that is, in the dual space of C ®(X; 2)). The part
of the scattering wavefront set, WF.(u#), of u lying over the boundary {x = 0}, which is all that is of
interest here, is a closed subset of ¢ Ta*XX which measures the linear oscillations (Fourier modes, in the
case of Euclidean space) present in u asymptotically near boundary points; see [Melrose 1994] for the
precise definition. We shall also need to use the scattering wavefront set WF;_ (1) with respect to the space
x*L?(X) which measures the microlocal regions where u fails to be in x* L?(X). There is a propagation
theorem for the scattering wavefront set in the style of the theorem of Hérmander in the standard setting;
if Pu € C*®(X), then the scattering wavefront set of u is contained in {p = 0} and is invariant under
the bicharacteristic flow of P; see [Melrose 1994]. In particular, generalized eigenfunctions of u have
scattering wavefront set invariant under the bicharacteristic flow of P. Note that the elliptic part of this
statement is already a uniform version of the smoothness of solutions.

In view of this propagation theorem, it is possible to consider where generalized eigenfunctions
“originate”, although the direction of propagation is fixed by convention. Let us say that a generalized
eigenfunction originates at a radial point g, if ¢ € WF.(#) and if WF;(u) is contained in the forward
flowout @ (q) of g; thus each point in WF,.(u#) can be reached from g by travelling along curves that
are everywhere tangent to the flow and with v nondecreasing along the curve, so allowing the possibility
of passing through radial points, where the flow vanishes, on the way. In Part I of this paper we showed,
in the two-dimensional case and provided the eigenvalue o is a nonthreshold value:

« Every L? eigenfunction is in C*(X).

« Every nontrivial generalized eigenfunction pairing to zero with the L? eigenspace fails to be in
xV2L2(X).

» There are generalized eigenfunctions originating at each of the incoming radial points in {p = 0},
that is, at each critical point of V;y with value less than o.

» There are fundamental differences between the behaviour of eigenfunctions near a local minimum
and at other critical points. The radial point corresponding to a local minimum is always an isolated
point of the scattering wavefront set for some nontrivial eigenfunction. For other critical points, the
scattering wavefront set necessarily propagates and in generic situations each nontrivial generalized
eigenfunction is singular at some minimal radial point.

» A generalized eigenfunction, u, with an isolated point in its scattering wavefront set, necessarily a
radial point corresponding to a local minimum of Vj, has a complete asymptotic expansion there.
The expansion is determined by its leading term, which is a Schwartz function of n — 1 variables.
The resulting map extends by continuity to an injective map from EZ3 (o) into €D q L?*(R"~1), where
the direct sum is over local minima of Vi with value less than the energy o.

o The space Egss(a), consisting of those generalized eigenfunctions which are in x ~'/2L? microlocally

near {v = 0}, is a Hilbert space and the map above extends to a unitary isomorphism, M (o), from
EQ (o) to P q L>(R"~1). A similar map M_(o) can be defined by reversal of sign or complex
conjugation and the scattering matrix for P = P (o) at energy o may be written

S(o) = My (o)M= (o).

In this paper we extend these results to higher dimensions.
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1.2. Results and structure of the paper. We treat this problem by microlocal methods. Thus, the “classi-
cal” system, consisting of the bicharacteristic vector field, plays a dominant role. The main step involves
reducing this vector field to an appropriate normal form in a neighbourhood of each of its zeroes, which
are just the radial points. Nondegeneracy of the critical points of Vy implies nondegeneracy of the
linearization of the bicharacteristic vector field at the corresponding radial points. If there are no reso-
nances, Sternberg’s Linearization Theorem, following an argument of Guillemin and Schaeffer, allows
the bicharacteristic vector field to be reduced to its linearization by a contact transformation of **T;, X.
At the quantum level this means that conjugation by a (scattering) Fourier integral operator, associated
to this contact transformation, microlocally replaces P by an operator with principal symbol in normal
form. For this normal form we construct “test modules” of pseudodifferential operators and analyze the
commutators with the transformed operator. Modulo lower order terms, the operator itself becomes a
quadratic combination of elements of the test module. Just as in Part I, we use the resulting system of
regularity constraints to determine the microlocal structure of the eigenfunctions and ultimately show
the existence of asymptotic expansions for eigenfunctions with some additional regularity.

However, the problem of resonances cannot be avoided. Even for a fixed operator and fixed critical
point, the closure of the set of values of o for which resonances occur may have nonempty interior.
Such resonances prevent the reduction of the bicharacteristic vector field to its linearization, and hence
of the symbol of P to an associated model, although partial reductions are still possible. In general it is
necessary to allow many more terms in the model. Fortunately most of these terms are not relevant to
the construction of the test modules and to the derivation of the asymptotic expansions. We distinguish
between “effectively nonresonant” energies, where the additional resonant terms are such that the defini-
tion of the test modules, now only to finite order, proceeds much as before and the “effectively resonant”
energies, where this is not the case. Ultimately, we analyze the regularity of solutions at all (nonthreshold)
energies. Near effectively nonresonant energies, smoothness of families of eigenfunctions may still be
readily shown. Effectively resonant energies are harder to analyze, but the set of these is shown to
be discrete. In any case, the space of microlocal eigenfunctions is parameterized at all nonthreshold
energies. At effectively resonant energies the problems arising from the failure of the direct analogue of
Sternberg’s linearization are overcome by showing that, to an appropriate finite order, the operator may
be reduced to a nonquadratic function of the test module.

In outline, the discussion proceeds as follows. In Sections 2—4 we study radial points. This is a general
microlocal study except that we work under the assumption that the symplectic map associated to the
linearization of the flow at each radial point (see Lemma 2.5) has no 4-dimensional irreducible invariant
subspaces; this assumption is always fulfilled in the case of our operator A + V — ¢. The main result is
Theorem 3.11 in which the operator is microlocally conjugated to a linear vector field plus certain “error
terms”. In the nonresonant case the error terms can be made to vanish identically, while in the effectively
nonresonant case the error terms have a good property with respect to a test module of pseudodifferential
operators, namely they can be expressed as a positive power x€, € > 0, times a power of the module. In
the effectively resonant case this is no longer possible and we must allow “genuinely” resonant terms,
but the set of effectively resonant energies is discrete in the parameter ¢ in all dimensions.

We then turn in Sections 5-7 to studying microlocal eigenfunctions which are microlocally outgoing
at a given radial point g. The main result here is Theorem 6.7 (or Theorem 7.3 in the effectively resonant
case) which gives a parameterization of such microlocal eigenfunctions. For a minimal radial point, they
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are parameterized by $(R"~!), Schwartz functions of n — 1 variables, for a maximal radial point they
are parameterized by formal power series in n — 1 variables, and in the intermediate case of a saddle
point with k positive directions, they are parameterized by formal power series in n — 1 — k variables
with values in $(R¥). In all cases, the parameterizing data appear explicitly in the asymptotic expansion
of the eigenfunction at the critical point.

We next investigate in Sections 8 and 9 the manner in which the various radial points interact, and
prove, in Theorem 9.2, a “microlocal Morse decomposition.” This shows that for each nonthreshold en-

* (o) associated

ergy o there are genuine eigenfunctions (as opposed to microlocal eigenfunctions) in Egg,

to each energy-permissible critical point.

Then we turn in Sections 10 and 11 to the spectral decomposition of P and prove several versions
of asymptotic completeness. First this is established at a fixed, nonthreshold energy; see Theorem 10.1
which shows that the natural map from E2 (o) to the leading term in its asymptotic expansion (that
is, to its parameterizing data) is unitary. Next we prove a form valid uniformly over an interval of the
spectrum, Theorem 10.10. In Section 11 a time-dependent formulation is derived, as Theorem 11.4.
This is based on the behaviour at large times of solutions of the time-dependent Schrodinger equation
D;u = Pu and is subsequently used to derive a result of Herbst and Skibsted’s on the absence of L?-

channels corresponding to nonminimal critical points (Corollary 11.7).

1.3. Results used from [Hassell et al. 2004]. Throughout this paper we state the specific location of
results used from [Hassell et al. 2004] (Part I). For the convenience of the reader we summarize here the
relevant locations. Sections 1-3 of Part I are used as the basic background (and Section 3 of Part I relies
on Section 4 there). The present Section 4 is the analogue of Section 5 of Part I, although we restate many
of the arguments due to the slightly different (more general) setting. The basic analytic technique using
test modules in Section 5 comes from Section 6 of Part I. Certain results and methods from Sections 11
and 12 of Part I are used here in Sections 9 and 10. However, the results of the intermediate Sections
7-10 of Part I, while certainly of interest when comparing to the results of Sections 6 and 7 here, are
never used in the present work directly or indirectly.

In addition, there was an error in the proof of Proposition 6.7 of Part I. While this error is minor and is
easily remedied, we present the modified proof, together with some of the context, here in the Appendix
since this proposition lies at the heart of the analysis in both papers.

1.4. Notation. The items listed below without a reference whose definition is not immediate from the
stated brief description are defined in [Melrose 1994].

Notation Description or definition Reference
Vo restriction of V to 0X

Cv(V) set of critical values of Vj

CT*X scattering cotangent bundle over X (1-3)
Ty X restriction of °T*X to 90X (1-3)

X boundary defining function of X such that (1-1) holds

y coordinates on 9 X

(v, w) fibre coordinates on T*X (1-3)
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Notation Description or definition Reference
y=(',y",y"”) decomposition of y variable Lemma 2.7

= (,u’ w”, ") dual decomposition of y variable Lemma 2.7
ririr eigenvalues of the contact map A Lemma 2.7
Y/ VT (5-18)
Y v /x1/2 (5-18)
A (positive) Laplacian with respect to g
P x N(A+V —0) Section 2
H A+V
R(o) resolvent of H, (H — o)~
R(o £i0) limit of resolvent on real axis from above/below
% modified potential Lemma 8.5
Sp(o) (generalized) spectral projection of H at energy o (1-2)
R (o) resolvent of modified potential (A + V- o)~ !
L2.(X) L? space with respect to Riemannian density of g
HS’;”O(X) Sobolev space; image of L .(X) under (14 A)~ m/2
HZM (X) x! HIO(X)
wm0(x) scattering pseudodiff. ops. of differential order m
wrl(x) x'wmO0(X); maps HV' (X) to HI =1+ (X)
03.1(A) boundary symbol of A € \IJS"Q”(X); ©€>° fn. on *T;y X
oy(A) ay.0(A)
WFq (1) scattering wavefront set of u; closed subset of **T./, X

WE ! (u) scattering wavefront set with respect to HS’(’:”Z
WF,_ (A) operator scattering wave front set; in its complement

A is microlocally in W:*°(X), in other words, is trivial

*“H, scattering Hamilton vector field Section 2
D, (q) forward flowout from g € **T.y X Section 1.1
radial point point in T, X where p and *°H), vanish Section 2
RP_(0) set of radial points of H — o where v > 0
Ming (o) subset of RP_ (o) associated to local minima of Vj
< partial order on RP (o) compatible with @ Definition 8.3
EmiC’Jr(O, P) microlocal solutions of Pu = 0 in the set O 4-1)
Emic +(q,0) microlocal solutions of (H — o )u = 0 near q 4-4)

Ei (o) space of generalized o -eigenfunctions of H 9-1)
ES(F o) subset of u € El (o) with WF.(u) NRP (o) C T 9-4)

ENfin 4 (0) ES(T, o), with ' = Miny (o)
M test module Section 5
Is(g ) (0, M) space of iteratively-regular functions with respect to M (5-6)
T rescaled time variable; T = xt Section 11
Xseh X x R, (11-2)
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2. Radial points

Let X be a compact n-dimensional manifold with smooth boundary. Recall that if (x, y) are local
coordinates on X, with x a boundary defining function, then dual scattering coordinates (v, ) on the
scattering cotangent bundle are determined. The restriction of the scattering cotangent bundle to dX is
denoted *T,y X and has a natural contact structure, the contact form at the boundary being

a=—dv+)  pdy; (2-1)
4
in local coordinates. Recall that a contact structure on a 2n — 1-dimensional manifold, here *T./\ X,
is given by a nondegenerate one-form, that is, a one-form « with a A (da)"~! everywhere nonzero;
correspondingly its kernel is a maximally nonintegrable hyperplane field on *T;, X. One refers to either
the line bundle given by the span of «, or the hyperplane field given by its kernel, as the contact structure.
Suppose that P € lIJS"‘C**I(X ) is a scattering pseudodifferential operator of order —1 at the boundary;
for example, P = x~!(A + V — o). Then the boundary part of its principal symbol, p = o3(x P), is a
€ function on *Ty, X. In this, and the next, section we consider radial points of a general real-valued
function, p € <6°°(S°T3*XX ), with only occasional references to the particular case, p = |¢ |2 +Vy—o,
of direct interest in this paper. Although we discuss radial points in the context of boundary points in
the scattering calculus this analysis applies directly (and could alternatively be done for) radial points
in the usual microlocal picture, as described in the Introduction. Our objective in this section is to find
a change of coordinates, preserving the contact structure, in which the form of p is simplified. In this
section we consider the simplification of p up to second order, in a sense made precise below.
The basic nondegeneracy assumption we make is that

p =0 implies dp # 0; 2-2)

this excludes true “thresholds” which however do occur for our problem, when o is a critical value of
Vo. It follows directly from (2-2) that the boundary part of the characteristic variety

={q € *T;xX; p(q) = 0} is smooth;
we shall assume that X is compact, corresponding to the ellipticity of P.

Definition 2.1. A radial point for a function p satisfying (2-2) is a point ¢ € X such that dp(gq) is a
(necessarily nonzero) multiple of the contact form « given by (2-1). Conversely, if ¢ € ¥ and dp and o
are linearly independent at g then we say that p is of principal type at q.

We may extend p to a ‘6> function on **T* X, still denoted by p. Over the interior **T¢, X is naturally
identified with 7*X°, which is a symplectic manifold with canonical symplectic form w. Near the
boundary, expressed in terms of scattering-dual coordinates,

dx d
w=d(—v—+ u,i)—< dv+Zu,dy,>A +Zdum—
i

Consider the Hamilton vector field, H,-1,, of x~!p, which we shall denote *H »» fixed by the identity
w(-, *H,)=dp. Then *°H), extends to a vector field on **T*X tangent to its boundary, so *H,, lies in



136 ANDREW HASSELL, RICHARD MELROSE AND ANDRAS VASY

Vp(T*X).! At the boundary *H »» as an element of V', (*T*X), is independent of the extension of p.
We denote the restriction of *“H), (as a vector field) to **T;,, X by W, so W is a vector field on **T} X.
Explicitly in local coordinates

SCl—lp =—(0yp)(x0x +-0y)+ (x0xp—p—+p-0,p)0y
+ 3 (8P By, = 0y, B,) + XV (T X); (2-3)
J

since p is smooth up to the boundary, xd, p = 0 at **T,, X. Thus,

W =—@up)pt- 0+ (- up — P)0y+ Y (3, p By, — 3y, P Oy,) - (2-4)
J

Alternatively W may be described in terms of the contact structure on **T3, X. Namely W is the Legendre
vector field of p, determined by

da(, W)+ ya=dp, a(W)=p (2-5)

for some function y. It follows that W is tangent to X, since dp(W) = ya(W) = yp = 0 at any point
at which p vanishes. An equivalent definition of g € ¥ being a radial point is that the vector field W
vanishes as ¢, as follows from (2-5) and the nondegeneracy of «.

Definition 2.2. A radial point ¢ € X for a real-valued function p € 6*°(**Tj X) satisfying (2-2) is said
to be nondegenerate if the vector field W, restricted to ¥ = {p = 0}, has a nondegenerate zero at g. Note
that this implies that a nondegenerate radial point is necessarily isolated in the set of radial points.

Since the vector field W vanishes at a radial point g, its linearization is well defined as a linear map,
A’ on T,*T;y X, (later we will use the transpose, A, as a map on differentials)

Av=1[V,Wl(g),

for any smooth vector field V with V (g) = v; it is independent of the choice of extension and can also
be written in terms of the Lie derivative

Av=—-2LywV(g). (2-6)

Since Wp =y p, A’ preserves the subspace 7, X. Since « is normal to 7, X, the restriction of da to T, %
is a symplectic 2-form, .

Lemma 2.3. At a nondegenerate radial point for p, where dp = Aa, the linearization A" acting on T, X
is such that

1
S=A"— E)»Id esp2(n—1))
is in the Lie algebra of the symplectic group with respect to wy:

wy(Sv1, v2) + w4 (v1, Sv2) =0, Yvi, 1 e T, 2.

"Here V(M) denotes the space of smooth vector fields on the manifold with boundary M that are tangent to d M.
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Proof. Observe that (2-5) implies that
Lyo = (da)(W,-)+d(a(W)) =ya.
For two vector smooth vector fields V;, defined near ¢,

W(da(Vi, V2)) = Lw(da(Vy, V2))
= (Lwda)(Vy, V2) +da(Lw Vi, Vo) +da(Vy, Lw V).

The left side vanishes at g so using (2-6)
wq(A'v1, 12) + @y (v1, A'vy) = Ay (vi, v2) Y v, 12 € T, X. O

It follows from Lemma 2.3 (see for example [Guillemin and Schaeffer 1977]) that A’ is decomposable
into invariant subspaces of dimension 2 and 4, with eigenvalues on the two-dimensional subspaces of
the form Ar, A(1 —r),r <1/2real or A(1/2+ia), A(1/2 —ia), with a > 0.

Note that, by (2-5), d, p(q) = —y (¢) = —A, so from (2-3), the Hamilton vector field *H), is equal to
Ax 9, modulo vector fields of the form f - W’ where W is tangent to {x = 0} and f(g) = 0. Therefore if
A >0, then x is increasing along bicharacteristics of p in the interior of 7T * X, that is, the bicharacteristics
leave the boundary, that is, “come in from infinity” if d X is removed, while if A < 0, the bicharacteristics
approach the boundary, that is, “go out to infinity”. Correspondingly we make the following definition.

Definition 2.4. We say that a nondegenerate radial point g for p with dp(q) = Aa(g) is outgoing if
A < 0, and we say that it is incoming if A > 0.

For p = |¢|*> + Vy — o, we have A = —3, p = —2v. Hence, radial points are outgoing for v > 0 and
incoming for v < 0 in this case. We next discuss the form the linearization takes for p = || + Vo — 0.

Lemma 2.5. For the function p = |¢|* + Vo — o with Vy Morse, the radial points are all nondegenerate
and the linear operator S associated with each has only two-dimensional invariant symplectic subspaces.

Remark 2.6. In view of the nonoccurrence of nondecomposable invariant subspaces of dimension 4 in
this case we will exclude them from further discussion below.

Proof. Choose Riemannian normal coordinates y; on dX, so the metric function & satisfies & — | w)? =
0(]y|?). Since the Hessian of V |5y at a critical point is a symmetric matrix, it can be diagonalized by a
linear change of coordinates on 9 X, given by a matrix in SO(n — 1), which thus preserves the form of
the metric. It follows that for each j, (dy;, du;) is an invariant subspace of A. Il

Let $ denote the ideal of ‘¢ functions on *°T}y X vanishing at a given radial point, g. The linearization
of W then acts on T} (SCTB*XX ) = 9/9% dp(q), or equivalently ag, s necessarily an eigenvector of A
with eigenvalue 0. Similarly, *H), defines a linear map A on T (*T*X). By (2-3), A preserves the
conormal line, spandx and the eigenvalue of A corresponding to the eigenvector dx is A. Thus A acts
on the quotient

T (T X) =Ty (T*X) / spandx,
and this action clearly reduces to A.

By Darboux’s theorem we may make a local contact diffeomorphism of *7, X and arrange that

q=1(0,0,0). Thus, as a module over ¢°°(*T,y X) in terms of multiplication of functions, § is generated
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by v, y; and the p;, for j =1,...,n — 1. Thus in general we have the following possibilities for the
two-dimensional invariant subspaces of A.

(i) There are two independent real eigenvectors with eigenvalues in A(R \ [0, 1]).
(i) There are two independent real eigenvectors with eigenvalues in A(0, 1).
(iii) There are no real eigenvectors and two complex eigenvectors with eigenvalues in A(% +i(R\ {0})).

(iv) There is only one nonzero real eigenvector with eigenvalue %)».

Case (iv) was called the “Hessian threshold” case in Part I. In all cases the sum of the two (generalized)
eigenvalues is A.

Lemma 2.7. By making a change of contact coordinates, that is, a change of coordinates on T,y X
preserving the contact structure, near a radial point q for p € €*° (T, X) for which the linearization has
neither a Hessian threshold subspace, (iv), nor any nondecomposable 4-dimensional invariant subspace,
coordinates y and |1, decomposed as y = (y', y",y")Yand uw = (i, ', w""), may be introduced so that

(1) (y/9ll’,):(ylv'~~ayS—17/"Ll9~~-vl*LS—l)9

where ¢, = dy}, fj = du/; are eigenvectors of A with eigenvalues Ar’, A(1—7), j=1,...,5—1
with r} < 0 real and negative.

) ", 1) = gy e v v Ym—1s Mgy -+ - » m—1) Where e;./ = dy;./, fjf/ = d,u/]( are eigenvectors with eigen-
values Ar}’, Al — r;f), j=s,...,m—1where0 < r}’ < 1/2 is real and positive.

(i) ", ") = Oms - o+ s Yne1s Mms - - - » Un—1), Where some complex combination e;.”, f]{”, ofdy}” and
dp/j”, m < j <n— 1, are eigenvectors with eigenvalues )»r;-” and M(1 — r}”) with r}” =1/2+ i,B}”,
/3}” > 0.

Thus if we set e = (¢/,¢”,e"), f = (f', f", f"") the eigenvectors of A are dv,e; and f;, with
respective eigenvalues 0, Ar; and A(1 —r;); we will take the coordinates so that the r; are ordered by
their real parts.

Remark 2.8. We emphasize that the change of coordinates here is on the contact space, **T;y X, and it is,
in general, not induced by a change of coordinates on X. Analytically it is implemented by a scattering
FIO (see Section 3.1).

In coordinates in which the eigenspaces take this form it can be seen directly that

m—1 n—1
p=r(—vE D i+ Y Qi )+ v +2) 2-7)
j=1 j=m
with the Q; elliptic homogeneous polynomials of degree 2, g; vanishing at least linearly and g to third
order.

Remark 2.9. For the function p = |¢|?> + Vy — o with V; Morse, the eigenvalues of A at a radial point g
are easily calculated in the coordinates used in the proof of Lemma 2.5. Indeed, since the 2-dimensional
invariant subspaces decouple, the results of [Hassell et al. 2004, Proof of Proposition 1.2] can be used.
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The eigenvalues corresponding to the 2-dimensional subspace in which the eigenvalue of the Hessian is
2aj are thus

A l:I: 1__ a4 where A = —2v(q)
27V4 o= ) -

In fact, below we do not need the full power of Lemma 2.7. Essentially it suffices if we arrange that
the eigenvectors correspondlng to the (in absolute value) larger eigenvalues, namely A(1 —r’. ) if ' r; <0,
or A(1—r), if ri € (0, 2) are in a model form on the two dimensional eigenspaces. The advantage of
the Weaker conclusron is that one has more freedom in choosing the contact change of coordinates.

Lemma 2.10 (Weaker version of Lemma 2.7). Suppose that 5)» is not an eigenvalue of A. By making
a change of contact coordinates, that is, a change of coordinates on **T,/y X preserving the contact
structure, near a radial point q for p € €°°(**T;\ X) for which the linearization has neither a Hessian
threshold subspace, (iv), nor any nondecomposable 4-dimensional invariant subspace, coordinates y and
u, decomposed as y = (y',y",y"Yand u = (i, ', u"”), may be introduced so that:

(1) (y/9l‘l/,):(ylv"'7yS—17M19"'7/“LS—1)7
where some real linear combinations e;. of d ,u’j and d y;., respectively f ]’ =d ,u’j are eigenvectors of
A with eigenvalues )\r;., respectively, A(1 — r;-), j=1,...,5s — 1 with r;. < 0 real and negative.

) O, 1) = gy e vy Y1y sy - -« » m—1) where some real linear combinations e” ofd,u/j’ and dy}’,
respectively, f. = d,u are eigenvectors with eigenvalues )\r” Al — r”) j=s,...,m—1 where

0< rj < 1/2 is real andposmve

(i) (0", ") = Oms -+ Yn=1 > - - -, Hn—1), where some complex combination €, f", of dy?" and
du”’ m < j <n—1, are eigenvectors with eigenvalues Arm and A(1 — r”/) with r”’ = 1/2+l ",
IB/// > 0

J

Again, if we set e = (¢, ¢”,¢"), f = (f', f”, f"") the eigenvectors of A are dv,e; and f;, with
respective eigenvalues 0, Ar; and A(1 —r;); we will take the coordinates so that the r; are ordered by
their real parts. In these coordinates a version of (2-7) still holds, namely if a; and b; are any functions
on *T3 X vanishing at (0, 0, 0) with differential e;, respectively f;, j =1,...,m —1 (so we may take
bj =, and we may take a; a R-linear combination of y; and ;) then

m—1 n—1
pzk(—v—i- Zr.,-ajbj + Z Q;(yj, nj)+vgi +gz>

j:l j:m
—/\<— v+ ery,/t, + Zcm, + Z Qj(yj, mj)+vgi +gz) (2-8)
j=1 j=m

where the c; are real, the Q; are elliptic homogeneous polynomials of degree 2, g; vanishes at least
linearly and g, to third order.

As mentioned, Lemma 2.10 is weaker than, hence is an immediate consequence of, Lemma 2.7.
Although it is by no means essential, this weaker result leaves more freedom in choosing the contact
map which is useful in making the choice rather explicit, if this is desired. In fact, if p = [¢|?+ Vo — o
as in Lemma 2.5, we immediately deduce the following.
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Lemma 2.11. For the function p = |¢ |24+ Vo — o with Vo Morse, the contact map in Lemma 2.10 can be
taken as the composition of the contact map on **T;y X induced by a change of coordinates on X, with
the canonical relation of multiplication by a function of the form e'?/*, ¢ € € (X).

Remark 2.12. The canonical relation of multiplication by ei?/x is given, in local coordinates (y, v, i),
by the map

@y : (v, v, ) = (v, v+0(y), 1w+ 3,¢(¥)),
that is, if we write @4 (y, v, u) = (¥, v, i), then i = i + 9y, ¢ (y). Note that while ¢ is a function on
X, the canonical relation only depends on ¢|yx, which is why we simply regard ¢ as a function on 9 X
and write ¢ (y) here.

Proof. As in the proof of Lemma 2.5 we may assume, by a change of coordinates on X, that the
critical point of V, over which the radial point g lies is y = 0, that & — |u|?> = O(]y|?) and that the
Hessian of Vj at 0 is diagonal, so for each j, (dy;, du ;) is an invariant subspace of A. Note that in the
coordinates (y, v, u), g = (0, v, 0). With the notation of Remark 2.9 above, if dy; is an eigenvector of
the Hessian with eigenvalue 2a; then the eigenvectors of A of eigenvalue Ar;, respectively A(1 —r;), are
ej = (A/2)(1 —rj)dy; +du;, respectively fj = (A/2)rjdy; +du;; see Remark 1.3 of [Hassell et al.
2004]. In particular, if r; is real, so is f/

Now, the contact map @, induced by multiplication by ¢/¢/* as above acts on T** T X by pullbacks,
namely

q’Z(Z?zdﬁ +ﬁ*dD+ZﬁZdﬁk)
k k
=Y Fidy+ 0 dv+ Y @y dy)+ Y i duc+ Y 3y, 0y () dy;).
k J k J

Thus, by the above remark, ® will map g to (0, 0, 0) provided ¢(0) = —vp, dy,¢(0) =0 for all j. In
this case, moreover, the pullback CD* will map dyy to dyg, dv to dv and d;Lk to dug + Z dy,; 0y, H(y)-
Correspondlngly, by letting ¢ (y) = —vo + Zm ! bjyj, i = A/ Dr;, (<I> Iy« maps fj todu;, j =
1,.. — 1. Since the Legendre vector field W’ of (P, NY*p is the pushforward of the Legendre vector
field W of p under @y, it follows that d ; is an elgenvector of the linearization of W’ with eigenvalue
Al —rj). As <I>(";) also maps the 2-dimensional subspaces (dy;, du;) (at (0,0, 0)) to the 2-dimensional
subspaces (dy;, dj ;) (at ), and the latter are invariant under A, so are the former under the linearization
of W’. This proves the lemma. O

3. Microlocal normal form

Let P € \IJ:c’_l(X ) be an operator with real principal symbol p obeying (2-2), as in the previous section,
and assume that g is a nondegenerate radial point for p. In this section we shall reduce p to a normal
form, via conjugation with a scattering Fourier integral operator. We first pause to define such operators.

3.1. Scattering Fourier integral operators. Scattering Fourier integral operators (FIOs) are defined in
terms of conventional FIOs via the local Fourier transform, as defined in [Melrose and Zworski 1996].
Let X be a manifold of dimension n with boundary, and (x, y) local coordinates where x is a boundary
defining function. We can always identify a neighbourhood U C 90X of yp € dX with an open set
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V e §"~!, which we can think of as embedded in R" in the standard way. Correspondingly we may
identify the interior of a neighbourhood [0, €), x U C X of (0, yg) € X with the an asymptotically conic
open set (¢!, 00) x V. C R" in R". If we choose a function ¢ € C*°(X) supported in [0, €), x U which
is identically 1 in a neighbourhood of (0, yg), then the operator % with kernel

do(y)dx

iz-y/
ezzy X¢(x,y) er—]

is called a “local Fourier transform” on X. Here z = (z1, ..., z,) € R", z- y denotes the inner product
on R" and dw(y) denotes the standard measure on sn-l (pulled back to dX and then to X via the
identifications above). Of course, if X is the radial compactification of R" and the identification between
U and V is the identity, then & really is the Fourier transform premultiplied by the cutoff function ¢.

It is shown in [Melrose and Zworski 1996] that & induces a local bijection between *T,y X and the
cosphere bundle of R". In fact, using our identification between U and V C §"~! we may represent
points in 75X as (Z,¢) where Z = z/|z| € V represents a point in U and ¢ represents the point in
the fibre given by (v, i) where v is the parallel component of ¢ relative to z and pu is the orthogonal
component. The identification is then given by the Legendre map

L(Z )=, —2) e S'R".

In other words, & sets up a bijection between scattering wavefront set and conventional wavefront set.
Moreover, it is shown in [Melrose and Zworski 1996] that conjugation by & maps the scattering pseudo-
differential operators A € \IJ:C’[ (X) microsupported near (yg, Vo, (o) to the conventional pseudodifferential
operators microsupported near L(yg, Vo, (o), With principal symbols related by

o' (FAF)(L(9)) = a(g).
where a is the boundary symbol of A (of order /).

Definition 3.1. A scattering FIO is an operator £ from C ®(X) to C~*°(X) such that, for any local
Fourier transforms F;, %, on X, %, E%] is a conventional FIO on R".

A simple example of a scattering FIO is multiplication by an oscillatory factor eV ")/*. Under conju-
gation by a local Fourier transform this becomes a conventional FIO given by an oscillatory integral with
phase function (z —z") - ¢ + |¢|¥ (¢ /|¢]). The scattering resolvent kernel constructed by the Hassell and
Vasy [1999; 2001], microlocalized to the interior of the “propagating Legendrian”, is another example.

It follows then that we can find a scattering FIO quantizing any given contact transformation from a
neighbourhood of a point ¢ € T, X toitself, since we may conjugate by a local Fourier transform and re-
duce the problem to finding a conventional FIO quantizing a homogeneous canonical transformation from
a conic neighbourhood of L(g) € S*R" to itself. We can also use the local Fourier transform to import
Egorov’s theorem into the scattering calculus. Namely, if B € W ~!(X) is a scattering pseudodifferential
operator of order — 1, with real principal symbol, and P € W%~ (X) then also e "B Pe!B e W ~1(X) isa
scattering pseudodifferential operator of order —1, whose symbol p’ is related to that of P by the time 1
flow of the Hamilton vector field of B. This indeed is how we shall conjugate the principal symbol p of

our operator to normal form.
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3.2. Normal form. In this section we put the principal symbol of P into a normal form pporm. For later
purposes we shall also need the subprincipal symbol of P in a normal form, but only along the “flow-out”,
that is, the unstable manifold, of ¢, which can be done via conjugation by a function; this is accomplished
in Lemma 6.1. (The model form of the subprincipal symbol only plays a role in the polyhomogeneous,
as opposed to just conormal, analysis, which is the reason it is postponed to Section 6.)

For this purpose, we only need to construct the principal symbol o (B) of B as in the first subsection.
This in turn can be written as x ~'b, b € €®°(**T*X), so we only need to construct a function b on **T;/, X
such that the pullback ®*p of p by the time 1 flow ® of H,_,; is the desired model form pporm, Where b
is some extension of b to **T*X; this property is independent of the chosen extension. Thus any B with
o (B) = b will conjugate P to an operator with principal symbol pporm. This construction is accomplished
in two steps, following Guillemin and Schaeffer [1977] in the nonresonant setting. First we construct
the Taylor series of b at ¢ = (0, 0, 0), which puts p into a model form modulo terms vanishing to infinite
order at g. Next, we remove this error along the unstable manifold of g by modifying an argument due
to Nelson [1969].

Rather than using powers of $ to filter the Taylor series of b, we proceed as in [Guillemin and Schaeffer
1977] and assign degree 1 to y and p but degree two to v in local coordinates as discussed above. Thus,
let h/ denote the space of functions

hj — Z Uayaﬂﬂcgoo(SCTg*XX)
2a+|o|+|B|-2=j

Note that this is well-defined, independently of our choice of local coordinates, since —dv is the contact
form « at g, so v is well-defined up to quadratic terms. The Poisson bracket preserves this filtration of
9 in the following sense. If @, b are some smooth extensions to **T*X of elements a € ', b € h/ then

s le=pla,x b)) = c= Clery, x € hit,
When this holds we write ¢ = {{a, b}}; explicitly,

da ab
{{a, b}y = Wa(b) + —b — ——a, (3-1
av av
with W given by (2—4). Thus
(B b x b/ >
We then consider the quotient
g/ =/ /p/*,
so the bracket {{., .}} descends to
g’ xg/ — g™
Remark 3.2. These statements remain true with b/ replaced by $/. However, note that p = —v in $/92,

since dp = —dv at ¢, but it is not the case that p = —v in g°. In fact, p is given by (3-2) below in g°.

Using contact coordinates as discussed above, g/ may be freely identified with the space of homoge-
neous functions of v, y, u of degree j + 2 where the degree of v is 2. Now let py be the part of p of
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homogeneity degree two. In order to use Lemmas 2.7 and 2.10, we assume throughout the paper from
here on that case (iv) above Lemma 2.7 does not apply. Hence from (2-7)

m—1 n—1
P0=)»<—V+Z”jyjﬂj+ Qj(yj,ﬂj)), p—poeh’. (3-2)
j=1 j=m

If we take b € h', I > 1 and let ® be the time 1 flow of H, -1, then
x®*(x~'p) = p+{{p, b} = p+{{po, b}, modulo h"*".

This allows us to remove higher order term in the Taylor series of the symbol successively provided we
can solve the “homological equation”

{{po, b}} = e € h', modulo h'*!.

Thus we need to consider the range of this linear map; its eigenfunctions are easily found from the
eigenfunctions of the linearization of W.

Lemma 3.3. The (equivalence classes of the) monomials pge* f B with2a + || + 8] =142 satisfy

{{po, pie® fPY = Ryw ppie® P

with eigenvalues
n—1 n—1
Roap=n(a=1+Y ajrj+ Y Bi(1=r)) (3-3)
j=1 j=1

and give a basis of eigenvectors for {{ po, .}} acting on g'.
Here we identify the differentials e and f; with linear functions with these differentials.

Remark 3.4. In fact, the contact coordinates given by Lemma 2.10 suffice for the proof of this lemma;
the additional information in Lemma 2.7 is not needed. In this case, by (2-8),

m—1 n—1
Po =)»<— v+ Z’”jejfj + Z Qv Mj))~
j=1

j=m

We also remark that we could equally well use the eigenvector basis for {{po, .}} acting on g’ given by
vee? fB with 2a + |a| + | 8| = [ + 2. This follows from the lemma using that

m—1

n—1
V= er)’ij + Z Q,(yj. i) —2""po

j=1 j=m
in g°, and yjm;as well as Q;(y;, ;) are eigenvectors with eigenvalue A(r;+ (1 —r;)) =A, and so is py.

Proof. Taking into account the eigenvalues and eigenvectors of A, all eigenvalues and eigenvectors of
{{po, .}} can be calculated iteratively using the derivation property of the original Poisson bracket. This
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implies
{{po. ab}} = x{x "' po, x(x"'a)(x " 'b)}
= xil{xflpo, x}ab +x{x*1po, xila}b +xa{x*1p0, xilb}
= Aab + {{po, a}}b + a{{po. b}},

where each term within {., .} really uses a € extensions of the a, b, pg to 5*T* X, followed by evaluation
of the bracket and then restriction to *7; X. Since

{{po, al} = x{x " po, x'a} = x{x 7" po, x "Ya+ {x "' po, a} = —ra + {x "' po, a},

on g~! the eigenvectors of {{po, .}} are the eigenvectors e j and f; of A with eigenvalues —A + Ar; and
—A+A(l —rj). Moreover, in g°, po is an eigenvector of {{ po, .}} with eigenvalue 0. Thus, ej, fj and po
satisfy the claim of the lemma. Since the other generators of go, as well as generators of gj ,j =1, can
be written as a products of the e;, f; and pg, the conclusion of the lemma follows by induction. U

Definition 3.5. We call the multiindices in the set
I={(a,a, B); Riap=0and 2a+|a|+|B| =3}, (3-4)

with R, o g given by (3-3), resonant.

Conjugation therefore allows us to remove, by iteration, all terms except those with indices in 1.
Expanding p; using (3-2) we deduce the following.

Proposition 3.6. If P is as above and the leading term of p = o5, _1(P) is given by (3-2) near a given
radial point q then there exists a local contact diffeomorphism ® near q such that

m n—1
d*p :A(— % —{—eryjuj + Z Qi(yj,mj)+ Z cava,,gv“e"‘fﬁ) modulo $° = §h* at q (3-5)
j=1 j=m+1 (a,a,B)el

with I given by (3-4).

Proof. The Taylor series of ® at g can be constructed inductively over the filtration h/ as indicated above.
At the j—th stage, the terms of weighted homogeneity j can be removed from p except for those in the
null space of {{po, -}}, that is, the resonant terms with R, o g = 0. This leads to (3-5) in the sense of
formal power series. However, by use of Borel’s Lemma a local contact diffeomorphism can be found
giving (3-5). g

Now a small extension of Nelson’s proof of Sternberg’s linearization theorem can be used to remove
the infinite order vanishing error along the unstable manifold, that is, at v =0, u =0, y" =0, y” = 0.

Proposition 3.7. Suppose that X and X are €™ vector fields on RN with X¢(0) =0 and X; = X — X,
vanishing to infinite order at 0. Suppose also that they are both linear outside a compact set and equal
there to their common linearization, D X (0), at 0 which is assumed to have no pure imaginary eigenvalue.
Let U(t), Uy(t) be the flows generated by X and X. If E is a linear submanifold invariant under X
such that

rl—lglo Up(t)x=0 forallx e E (3-6)



MICROLOCAL PROPAGATION NEAR RADIAL POINTS AND SCATTERING FOR SYMBOLIC POTENTIALS 145

thenforall j =0,1,2,...andx € E
lim D’ (U(—1)Uy(1))x (3-7)
—00

exists, and is continuous in x € E, and

W_x = llim U(-t)Uy(t)x, x € E
—00

has a € extension, G, to RN which is the identity to infinite order at 0 and such that (G~'), X = X, to
infinite order along E in a neighbourhood of 0.

Remark 3.8. Note that the derivatives D/ in (3—7) refer to the ambient space R", and not merely to E.
This is useful in producing the Taylor series of G for the last part of the conclusion.
Also, the limit t — oo means t — +00, as in Nelson’s book.

Proof. We follow the proof of Theorem 8 in [Nelson 1969]. Indeed, if Xy was assumed to be linear
then Nelson’s theorem would apply directly. Dropping this assumption has little effect on the proof; the
main difference is that a little more work is required to show the exponential contraction property, (3—8)
below.

Since the real part of every eigenvalue of DX (0) is nonzero, RN = E, @ E_ where E_, respectively
E_, is the direct sum of the generalized eigenspaces of DX (0) with eigenvalues with positive, respec-
tively negative, real parts. Since E is invariant under X, and hence under D X (0), necessarily E C E_.
We actually apply the theorem with E = E_, but, as in Nelson’s discussion, the more general case is
useful for the inductive argument for the derivatives.

Let e; denote a basis of E_ consisting of generalized eigenvectors of DX (0) with corresponding
eigenvalue o;; we shall consider the e; as differentials of linear functions f; on RN. For x € RV, let
x(t) =Uop(t)x, Fi(t) = fj(x()). ThendF;/dt|;—, = (Xo f;)(x(fo)) where

Xof;(») = DX(0) f;(») +O(lIylI?.

Moreover, for y € E_, ||y||> < C; > fj2 for some C; > 0. So, setting p =) ij, we deduce that

Xop(y) =Y 20, f7(3) +0(p(3)*),
J

hence with R(1) = p(x(1)), co € (supoj, 0), there exists § > 0 such that for [|R(?)|| <4,

dR

Z —2coR <0,
and hence R(t) < e 2! ||x|| fort >0, [[r(x)|| <8, x € E_. A corresponding estimate also holds outside
a compact set, as Xg is given by DX (0) there, so a patching argument and (3-6) yield the estimate
R(t) < Coe™ 2! ||x|| for all x € E_. Since R(z)'/? is equivalent to ||.||, we deduce that there are constants
C, ¢ > 0 such that

IUo(O)x]| < Ce™||x||V x € E and t > 0. (3-8)

For the remainder of the argument we can follow Nelson’s proof even more closely. Thus, let ¥ be a
Lipschitz constant for X and X, and choose m such that cmm > k. Note that there exists c¢g > 0 such that
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for all x € RV,
X1 < collxI™, X1 =X — Xo. (3-9)
Forty >t >0,y =t +t,x € E,
I =||U(=t)Up(t1)x — U (=12)Up(t2)x|| = U (—12) (U(=1)Up(t) — Id) Up(t2) x|
< (U (=1)Uo(t) = 1d) Up(t2)x ||

by the Lipschitz condition (see [Nelson 1969, Theorem 5]). But with X = Xo + X, by [Nelson 1969,
Proof of Theorem 6, (5)]

t
IU(=0)Uo(t)y — ¥l Sf eI X1(Uo(s)y)ll ds.
0
Applying this with y = Uy(#;)x, we deduce that
t
I < e“z/ e 1 X1 (Uo(s +t)x) I ds. (3-10)
0

Thus, by (3-9) and (3-8),

Cocme—(cm—K)tz ”x ”m

cm — K

t 00
1 S el{tz/ eKSCOCme—Cm(S-H‘z) ”x”m dS S eKtz/ eKSCOCme—Cm(S—‘rtz) ”x”m dS —
0 0

Letting t, — oo shows that W_x = lim;_, o, U (—t)Up(#)x exists, with convergence uniform on compact
sets, hence W_ is continuous in x € E. Moreover, applying the estimate with #, =0 shows that W_(x) —
x =0(]|x||"™). Since m is arbitrary, as long as it is sufficiently large, this shows that W_ is the identity to
infinite order at 0, provided it is smooth, as we proceed to show.

Smoothness can be seen by a similar argument, although we need to put a slight twist into Nelson’s
argument. Namely, first consider the first derivatives, or rather the 1-jet. Thus, we work on RY @ £(RV).
Let (x, &) denote the components with respect to this decomposition. These evolve under the flow U’(¢),
respectively U (1), given by

X'(x,&) = (X(x), DX (x)-£), Xo(x,8) = (Xo(x), DXo(x)- &),

where DX (x) and £ are considered as elements of £(R"), and - is composition of operators. Note that
the second, £(RV), component of these vector fields is a homogeneous degree zero vector field, that is,
it is invariant under pushforward by the natural R™-action (by dilations).

The twist, as compared to Nelson’s work, is that we identify £(RV) with RY’, which we radially
compactify to a (closed) ball BN?, which we further embed as the closed unit ball in RV in such a
fashion that the smooth structure of the ball agrees with the restriction of the smooth structure from
RM*. Let ¢ : RY — RN’ be this map with range the interior of BV *. Then the pushforward under ¢ of a
homogeneous degree zero vector field, such as DX (x)-& is for each x € RY, extends to a 6™ vector field
on the closed ball BY 2, which by homogeneity is tangent to the boundary. Furthermore, if ¢; = idpy X ¢,
then (11)+X’ and (Ll)*X(’) extend to 6% vector field on RY x BV’ tangent to the boundary and their
difference, (11), X/, in addition vanishes to infinite order at {0} x B *. Thus (t1)+X" and (11)4X{, are
Lipschitz with some Lipschitz constant ’: this is automatic over a compact subset of RV x BV *, which
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in fact suffices here, but in fact holds on all of RY x BY since outside the inverse image of a compact
subset of RN x BN’, X’ and X, are linear, so in particular their BV component is independent of x.

To minimize confusion about the “change of coordinates”, we write the coordinates on RN x BV
as (x, n) below. With ¢ as in (3-8), choose m such that cm > «’. Then the infinite order vanishing of
(t1)+X] at x = 0 yields

(@D« XD e, M < collx ™

forall (x, n). Let U'(2), U(/) (#) denote the evolution groups generated by (¢1) X’ and (1), X 6, respectively.
Thus, for all real ¢,

10" @) mll < el I, (3-11)
see [Nelson 1969, Theorem 5]. So (3-10) still applies, with X; replaced by (¢1). X/, « replaced by «’,
etc. Thus, by (3—8) and (3—-11),

I = U (=) UYt) (xs 1) = U (=) U2 e m) |
<o /0 XU + 1) (6, )| ds

t
< e t2/ &< scécme—cm(s-‘rtz)”x”m ds
0

_ —!
C6Cm€ (cm K)t2”x”m

cm —«K'’

o0
< eK’tZ/ eK,‘Ycécme_cm(s-HZ)||X||m ds =
0

Thus, lim;_, o, U'(—1)Uy(t)x exists, with convergence uniform on compact sets, so the limit depends
continuously on (x, §) forx € E.

The higher derivatives can be handled similarly. The resulting Taylor series about E can be summed
asymptotically, giving G: this part of the argument of Nelson is unchanged. O

3.3. Effective resonance and nonresonance. Next we apply this general result to the symbol p. Fol-
lowing Lemma 2.7, when resonances occur we cannot remove all error terms even in the sense of formal
power series. Consequently we do not attempt to get a full normal form in a neighbourhood of the critical
point, but only along the submanifold

S={v=0, y"=0, y" =0, u=0}, (3-12)
which is the unstable manifold for Wj. After reduction to normal form, errors which are polynomial in
the normal directions to S will remain. For later purposes, we divide these into two parts.

Definition 3.9. With [ as in Definition 3.5, let

I =1 U1,

I ={a,aB)el:a=@,a"a"), p=B,B"."),a=0,a"=0,8"=0,a"=0, g"=0, || =1},
I={a,a,p)el:a=@ a" "), p=B,B" "), a=0,a"=0,p"=0,a'=0, /=0}. (3-13)
An effectively resonant function is a polynomial of the form

Fer = Z Ca,a,p pgeafﬂ,

(a,a,B)€ler



148 ANDREW HASSELL, RICHARD MELROSE AND ANDRAS VASY

or equivalently
Ver = Z C(l,()l,ﬂ vueafﬂ‘
(a,a,B)€ler

Thus, elements of I, satisfy (0, «, 8) € I (that is, are resonant; see Definition 3.5), with @ = (¢/, a”, 0),
B=(B,B",0),and eithera” =0, 8" =0, |g'| =1,0ra’ =0, B/ =0.

Moreover, an effectively resonant function has the form

> cwp @SN+ Y g @) (fH (3-14)
o', |B'1=1 o, B

For a fixed critical point of a fixed operator P (for example, P = x (A 4+ V — o) for a fixed o),
the set I, is finite. Thus, only a finite number of terms can occur in (3—-14), and hence restricting to
polynomials in the definition of effectively resonant functions (rather than infinite formal sums) is in fact
not a restriction. To see this, note that in the expression for R, 4 g in (3—4), we have a =0, o' =" =0
and either (i) «” = B” =0 and |B'| =1 or (ii) &’ = B’ = 0. In case (i), if ,3’ = 1 then to have
Riop=0weneed ) o r, = r , which is only possible for |a'| < |r |/ ming [r;]. In case (ii), we need
Za” “—I—Z ,B”(l ”) =1, Wthh is only possible for || < 1/minr; and || <2. (Actually in case
(ii) we must have |;3”| <1 in order to satisfy the condition 2a + |«| 4+ |8] = 3 in (3-4).)

Definition 3.10. Let $5 denote the ideal of 6> functions on *T., X which vanish on § and set

={@" B Zr” =B e 1,2,

An effectively nonresonant function is an element of $g of the form

=S T e A

(a //)EI//
h] (S jSa ] = 0, 1, P 1 ha//,ﬂ” € (GOO(SCTB*XX) ((X//, /3//) € IN,
" 6}5, jok=m,...,n—1. (3-15)
Note that J” is finite, hence all sums in the definition are finite.

Theorem 3.11. Using the notation of Lemma 2.7 for coordinates near a radial point of q of p there is
a local contact diffeomorphism ® from a neighbourhood of (0,0, ..., 0) to a neighbourhood of q such
that ®* p = pnorm Such that

n—1
AT pnorm— V+Zr]y1/~1«]+zQj(y]aﬂj)+renr+rerv (3-16)
J j=m

With renr of the form (3—15) and re; of the form (3—14); in addition at a nonresonant critical point, that
is, if I = &, then we may take reny = rer = 0 near q.

Remark 3.12. If F is an elliptic Fourier integral operator with canonical relation & then P=F"'PF
satisfies 05,1 (P) = Pnorm-
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Remark 3.13. As will be seen below, of the two error terms, only re; has any effect on the leading
asymptotics of microlocal solutions. The construction below shows that modulo $°°, re, may be chosen
to consist of resonant terms only, that is, to be an asymptotic sum of resonant terms. However, this plays
no role in the paper; all the relevant information is contained in the statement of the theorem.

Remark 3.14. We do not need the full power of Lemma 2.7 to find & as in this theorem; Lemma 2.10
suffices. Indeed, the terms Z'}:ll c j“? in (2-8) can be absorbed in rep;.

Similarly any term v¢ufy® with a +|8| > 2 and a # 0, or with || > 3 can be included in 7e; OF 7epy.
The same is true for any term with |8] > 2 such that 8; # 0 for some j with Rer; # % In particular, if
Rer; # % for any j, the only terms which need to be removed have a + | 8| < 1. The conjugating Fourier
integral operator can therefore also be arranged to have such terms only and thus to be of the form e'5,
with B =Z+4(f/x) where Z is a vector field on X tangent to its boundary and f is a real valued smooth
function on X. Correspondingly, the normal form may be achieved by conjugation of P by an oscillatory
function, e'//*, followed by pullback by a local diffeomorphism of X, that is, a change of coordinates.
However, if Rer; = % for some j, some quadratic terms in p would also need to be removed for the
model form, but since they play a role analogous to re;, the arguments of Section 5, giving conormality,
are unaffected, and only the polyhomogeneous statements of Section 6 would need alterations. However,
the contact diffeomorphism (that is, FIO conjugation) approach we present here is both more unified and
more concise.

If p=|¢|>+ Vo — o, the model form of Lemma 2.10 also only required a change of coordinates
and multiplication by an oscillatory function (see Lemma 2.11), the model form of this theorem can be
obtained by these two operations, starting from the original operator P with symbol p.

Proof. First we apply Proposition 3.6. Next we need to show that r; as in (3—14) and rep, as in (3—14)
can be chosen to have Taylor series at O given exactly by the error term in (3-5).

So, consider a monomial v¥e® f# with (a, o, B) € I. If o’ # 0 then B # 0 since Im r}” > 0, and
only the eigenvalues of f jf’ " have negative imaginary parts, and conversely. In addition, 2a + |a| +[B] >
3 implies that a monomial with a”" # 0 or 8” # 0 has the form v“e&fﬂe}”fk/” for some j, k with

2a+|@|+ B >1and
Re(a+) na+y (1-mp)=0.

Since Re(1 —r;) > 0 for all [ and Rer; > 0 for [ > s, while r; < 0 for/ <s— 1, we must have & #0 (that
is, @ # 0 for some [ < s — 1) and correspondingly a + |&”| + |&@"”| + || > 0. Due to the latter, v9¢® f#
vanishes on S, so the terms with o™ # 0 or B” # 0 appear in rep,. )

So we may assume that o’ = " = 0. If a # 0, the monomial is of the form vée® ffv, d =a — 1,

2a + |@| + |B] > 1 with
L~Z+Z}’j&j +Z(1 —I”j),éj =0.
Arguing as in the previous paragraph we deduce that the terms with a # 0 also appear in rep.

So we may now assume that a = 0, o’ = " = 0. If B/ # 0, the monomial is of the form v?e® f’gfj
for some j, and 2a + |&| + | 8| > 2,

a+y na+) (A—mp=r;<0.
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We can still conclude that &’ # 0, but it is not automatic that a+|a"|+|B| > 0. However, if a+|&" |+| 8| > 0
then v%e® f p f; is again included in rep,, while if a + |a” |+ B | =0, then the monomial is included in re;.
Finally then, we may assume thata =0, ' =0, «”” = 8 = 0. Since r} <Oforall j=1,...,s—1

o+ A =rBN =Y ria+ Y e+ (1 =rHB) =1

Moreover, the equality holds if and only if o’ = 0, in which case this term is included in r,;. The terms
with @’ # 0 can be included in hg,, B,,e“”fﬁ” for some &” < o, B” < B”, chosen by reducing «” and/or
B to make ’

Do+ A =rDB) e 1,2).
This can be done since r}’, 11— r}’ e (0, 1).
It follows that A~! p can be conjugated to the form

n—1
—V‘i‘erYij-i-ZQj(yj,uj)+renr+rer+roo, (3-17)

i j=m

where repy, 7er are as in (3—15), (3—14), with both vanishing if ¢ is nonresonant, and r, vanishes to
infinite order at (0, 0, 0). Thus, it remains to show that we can remove the r, term in a neighbourhood
of the origin.

To do this we apply Proposition 3.7. Let X’ be the Legendre vector field of (3—-17), and let X} be
the Legendre vector field of ro, while X 6 =X -X /1 Let X be the linear vector field with differential
equal to DX (0), let x be compactly supported, identically 1 near 0, and let X = —(x X'+ (1 — X)i ),
Xo=—(x X6 +(1— X)i ). The overall minus sign is due to S being the unstable manifold of X 6 near the
origin, hence the stable manifold of —X,. Let E be the subspace S of R?"~!, defined by (3—-12). Then
Proposition 3.7 is applicable, and G given by it may be chosen as a contact diffeomorphism since U (¢),
Up(t) are such; see [Guillemin and Schaeffer 1977, Section 3, Theorem 4]. Il

3.4. Parameter-dependent normal form. We also need a parameter-dependent version of this theorem.
Namely, suppose that p depends smoothly on a parameter o, can we make the normal form depend
smoothly on o as well? This problem can be approached in at least two different ways. One can
consider o simply as a parameter, so p € 6*°((0°°T*X) x I) =€ ((**T;%x X) x I) and then try to carry
out the reduction to normal form uniformly. Alternatively, one identify p with the function p’ on the
larger space 0%°T*(X x I) arising by the pullback under the natural projection

p=n"p, w T, (X xI)— (T X) x I

and then carry out the reduction to a model on the larger space. Whilst the second approach may be more
natural from a geometric stance, we will adopt the first, since it is closer to the point of view of spectral
theory of [Hassell et al. 2004]. Clearly the difficulty in obtaining a uniform normal form is particularly
acute near a value of o at which the effectively resonant terms do not vanish. Fortunately in the case of
central interest here, and in other cases too, the set of points at which such problems arise is discrete.

Lemma 3.15. If P = P(0) =x " '(A+V —0), ¢ = q(0) is a radial point of P lying over the critical
point z =1 (q) of Vo and I (o), respectively Io;(0), are the sets (3—4), respectively (3—13), for p(c) then
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the set R; = Ry ; U Rer, , defined by

R: = {0 € (Vo(2), +00) | 3] such that rj = %},
Rer,z = {U € (Vo(2), +00) | Ier(0) # Q},

that is, the set of energies o which are either a Hessian threshold (see Lemma 2.7) or such that q(o) has
a nontrivial effectively resonant error term (see Definition 3.9), is discrete in (Vo(7(q)), +00).

Remark 3.16. It follows that if K C (Vp(z), +00) is compact then K N R, is finite. Thus, to prove
properties such as asymptotic completeness, one can ignore all o € K which are Hessian thresholds or
effectively resonant.

Note also that by the definition of I.;(0),

Rer.; = {a € (Vo(z), +00) | either 3 (0, (¢, 0, 0), (B',0,0)) € I (o) with |g'| =1
or 3 (0, (0,a",0), (0, 8”,0)) € I(cr)}.

Proof. Using Remark 2.9, the set Ry, of Hessian thresholds is given by {Vo(z) + 4a;} where a; is
an eigenvalue of the Hessian of V{ at z and hence has cardinality at most n — 1, so this set is trivially
discrete.

Let K be a compact subset of (Vy(z), +00). The set K NR, . of effectively resonant energies in K is
the union of zeros of a finite number of analytic functions (none of which are identically zero). Indeed,
Rer,; 18 given by the union of the set of zeros of the countable collection of functions

m—1 s—1
—1+ ) ajrf @)+ B/ —r](0). —1+A—r)+ > djrio)
j=s j=1
ask=1,...,s—1,whilea', @”, B are multiindices. But if ¢ > 0 is large enough then ¢! > lrj(@)|>c
for all j and forall o € K as K is compact and the ; do not vanish there. Correspondingly, for || > 2/ 2,

s—1
14+ =-r)+ Za;r}(o) <—rp—|d|c < =71,
j=1

and analogously for |o”| + |8"| > 2/c,

m—1

-1+ Z airi(e)+ i1 —ri(@)) > =1+ (" +[B")c > 1.
Jj=s

Thus, there are only a finite number of these analytic functions that may vanish in K, as claimed. [

If g (o) are the radial points corresponding to z € Cv(V), and o ¢ R, ., then we will say that g (o) is
effectively nonresonant, or that o is an effectively nonresonant energy for z. We now prove that, away
from effectively resonant energies and Hessian thresholds, we have a normal form for p(o) of the form
(3—-16) with re; = 0 and depending smoothly on o. Thus, for a given critical point z of Vp, consider an
open interval O C (Vp(z), +00) \ R;. Apart from the coefficients 4, hg,,’ g etc., in (3—15) the only part
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of the model form depending on o is
m—1
V@) =@ g Y @]+ (1 -rj@)p] e 1,2)].
j=s
We note that on compact subsets K of O, there is a ¢ > 0 such that r '(0) > ¢ for o € K, and then for
"] +1B"] > 27,

m—1
s (0) = D@+ (=N =2

Jj=s

so if we let
k= 7",
oek
then Jx is a finite set of multiindices. For each multiindex (a”, 8”) we let
Our = 5405((1,2)), (3-18)

which is thus an open subset of O.
For the parameter dependent version of the Theorem 3.11 we introduce

F={(y,v,u,0);v=0, y'=0, y"=0, u=0, o € 0},
in place of S (3-12).

Theorem 3.17. Suppose that p € €*°(*T; X x 0), O C (Vy(z), +00) \ R; is open, that the symplectic
map S induced by the linearization A" of p at q(o) (see Lemma 2.3) can be smoothly decomposed
(as a function of o € O) into two-dimensional invariant symplectic subspaces and that there exists
¢ > 0 such that r”(a) >c for 0 € O. Then ®(0) and F(o) can be chosen smoothly in o so that
Pnorm(0) = al(P(a)) P(cr) = F(o)"'P(0)F(0), is of the form in Theorem 3.11, with re, = 0, with
the sum over J' replaced by a locally finite sum (the sum is over Jg over compact subsets K C O), the
hj, etc., in (3—15) depending smoothly on o, that is, they are in € (**T;'y X x O), vanishing at ¥ as in
Theorem 3.11, and with the h,, B supported in Ty X x Ogyrgr in terms of (3—18).

Remark 3.18. For P = x~!(A + V — o) the conditions of the theorem are satisfied for any bounded
O =1 disjoint from the discrete set of effectively resonant o, since in local coordinates (y, i) on ¥ (o),
the eigenspaces of S are independent of o as shown in the proof of Lemma 2.5, and the r}’ are bounded
below by Remark 2.9.

Proof. Since the invariant subspaces depend smoothly on o by assumption, so do the eigenvalues of the
linearization, and there is smooth family of local contact diffeomorphisms, that is, coordinate changes,
under which p(o) takes the form (2-7), that is,

m—1 n—1
p(o) =)»(0)<—V+er(0')yjﬂj + Z Q(o, Yjaﬂj)+Vgl+g2>

j=1 j=m

the Q (o, .), are homogeneous polynomials of degree 2, g; vanishes at least linearly and g, to third
order, all depending smoothly on o.
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For the rest of the argument it is convenient to reduce the size of the parameter set O as follows. For

o€O0,let
O(0) = ( () sal g (L, 2))) ( () su p((—00, 1))) (3-19)
(a// /3// (a// ,B”)
Sy /3//(0')6(1 2) Syl /3//(0)6( 00, 1)

an open set (as it is a finite intersection of open sets) that includes o. Thus, {5 (o) : 0 € O} is an open
cover of O. Take a locally finite subcover and a partition of unity subordinate to it. It suffices now to
show the theorem for each element O (0p) of the subcover in place of O, for we can then paste together
the models pnorm We thus obtain using the partition of unity. Thus, we may assume that O = 0 (0p) for
some oy € O, and prove the theorem with the sum over J” replaced by a sum over J”(op). Hence, on
0, for any («”, B”) either

(a) Ea//ﬁ//(do) > 1, and then for some (&, B”) € J"(0v), (&”, B") > @&", B”) (reduce |a”| + |B"| until
@ pr € (1, 2) — this will happen as r; € (0, 1/2)) hence s47g(0) > Sgn gy (o) > 1forall 0 € O by
the definition of 0(00) or
(b) s47p7(00) < 1, and then s47g7(0) < 1 for all o € O by the definition of 9) (00).

In order to make ® (o) smooth in o, we slightly modify the construction of the local contact diffeo-
morphism ®; (o) in Proposition 3.6 so that for any given o we do not necessarily remove every term we
can (that is, which are nonresonant for that particular o). Namely, we choose the set I’ of multiindices
(a, o, B) which we do not remove by ®1(o) so that I’ is independent of o, and such that I’ contains
every multiindex which is resonant for some o € O, thatis, I’ D ., I (o), with I (¢') denoting the set
of multiindices corresponding to resonant terms for p (o), as in Proposition 3.6. With any such choice of
I, the local contact diffeomorphism of Proposition 3.6, ®1(c), can be chosen smoothly in o such that
A @7 p is of the form

—U+Zr](0)yjuj+ Z Q; (0, y;, u,)+2cmﬁ(o>v“e"fﬁ modulo $°° =H* atq,
j=1 j=m+1

with c,qp depending smoothly on o.
The requirement I” O | .. I (o) means that for (a, «, ) € I, Ry« p(c)) must not vanish for o € O.
Here we recall that R, o g(0) is the eigenvalue of {{po, .}} defined by (3-3), namely

n—1 n—1
Raap(0) = x(a 14+ i)+ Y (- rj(o))). (3-20)
j=1 j=1

Keeping this in mind, we choose I’ by defining its complement (1) to consist of multiindices (a, «, B)
with 2a + || + || = 3 such that either

() a+|f|=1anda” =0,a" =0,8"=0,p" =0, or
(ii) [@”|>1,B8" =0, 0or
(i) [B”|>1,a” =0, or
(iv) a=0,p"=0, "+ 8" =2,0"=0,p"=0,0r

(V) a=0,8=0,a" =p"=0, s4g(0) < 1 (for one, hence all, o € O, as remarked above).
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We next show that multiindices in (/") are indeed nonresonant. In cases (ii)—(iii), Im R, o g(0) # 0
since the imaginary part of all terms in (3—20) (with nonzero imaginary part) has the same sign, and there
is at least one term with nonzero imaginary part, so (a, «, 8) is nonresonant.

In case (v), the nonresonance follows from

ARy p(0) < —1+54050(0) <0,

since A~ Riop(0) =—1+s54p(0) + Zj_ll a;r;j, and each term in the last summation is nonpositive.

In case (i), if a = 1, 8’ = O then -
s—1

)x_lRa,a’/g(O’) = eraj <0
j=1
since || > 1 due to 2a + || + | 8] > 3. Also in case (i), if a =0, |8'| = 1, with say B; = 1, then
s—1
)FlRa,a,ﬁ(a) =—-rn+ Zajrj
j=1
which does not vanish since otherwise (a, ¢, ) would be effectively resonant — it would correspond to

one of the terms in the first summation in (3—14).

Finally, in case (iv),
s—1

17 'Re Ruap(0) = Zajrj <0
j=1
since o’ # 0 due to 2a + || + |B] = 3.
Thus, all terms corresponding to multiindices in (/”)¢ can be removed from p(c) by a local contact
diffeomorphism @& (o) that is €* in o. So we only need to remark that any term corresponding to a
multiindex in I’ can be absorbed into ren: (o). In fact, such a multiindex has either

(i) a+|B|=2,0r

(i) a+|p'| =1 and |&"| + " | +|B"| +|B"] = 1, or
(iii) |o”|+|B""| = 3 (with neither &’ nor B” zero), or
(iv) a=0,8 =0,]a"|=1,18"=1, |a"|+|B"| = 1, or
(V) a=0,8=0,a"=0,p"=0, s47pn > 1.

The first two cases can be incorporated into the hg or i; terms in (3—15). The third and fourth ones
can be incorporated into the h’]’;( term. Finally, in the fifth case, any infinite linear combination of these

monomials can be written as ;
~ 1 "
§ g// B// (e”)a (f”)ﬂ ’

(5[”,5”)6.’”(0‘0)
as remarked in (a) after (3—19).
We thus obtain

n—1

A(a)( —v Y rj @)+ Y Qi(yjs i)+ Fenr(0) +roo),

J J=m
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with rep, as in (3—15), and r, vanishes to infinite order at (0, 0, 0). Finally, we can remove the ro, term
in a neighbourhood of the origin, smoothly in o, using Proposition 3.7 as in the proof of Theorem 3.11,
thus completing the proof of this theorem. (|

4. Microlocal solutions

In [Hassell et al. 2004, Equation (0.15)] microlocally outgoing solutions were defined using the global
function v on *T.y X. This is increasing along W and plays the role of a time function; microlocally
incoming and outgoing solution are then determined by requiring the wave front set to lie on one side of a
level surface of v. In the present study of microlocal operators, no such global function is available. How-
ever there are always microlocal analogues, denoted here by p, defined in appropriate neighbourhoods
of a critical point.

Lemma 4.1. There is a neighbourhood Oy of q in *T; X and a function p € €*°(01) such that 0y
contains no radial point of P except q, p(q) =0, and Wp > 0on X N0 with Wp > 00n X N0\ {g}.

Proof. This follows by considering the linearization of W. Namely, if P is conjugated to the form
(2-7), then for outgoing radial points ¢ take p = |y'|*> — (|y"|> + |y"|> + |11|?), defined in a coordinate
neighbourhood Oy, for incoming radial points take its negative. On X, Wp > ¢(|y|> +||?) + h for some
c>0andh e $3. As (y, u) form a coordinate system on X near g, it follows that Wp > (¢/2)(|y|?>+|u|?)
on a neighbourhood 0’ of ¢ in X. Now let 0] C Oy be such that 0N'X = 0". Then Wp(p) =0, p € 0y,
implies p = g, so there are indeed no other radial points in Oy, finishing the proof. 0

Remark 4.2. Below it is convenient to replace 0; by a smaller neighbourhood 0 of ¢ with 0 C 0y, so p
is defined and increasing on a neighbourhood of O.

Consider the structure of the dynamics of W in 0. First, p is increasing (that is, “nondecreasing’)
along integral curves y of W, and it is strictly increasing unless y reduces to g. Moreover, W has no
nontrivial periodic orbits and

Lemma 4.3. Let O be as in Remark 4.2. If y : [0, T) — Q or y : [0, 4+00) — O is a maximally forward-

extended bicharacteristic, then either y is defined on [0, +00) and lim;_, ., y (t) = q, or y is defined on

[0, T') and leaves every compact subset K of O, that is, there is Ty < T such that fort > Ty, v(t) € K.
An analogous conclusion holds for maximally backward-extended bicharacteristics.

Proof. If y 1[0, 4+00) — O then lim,_, 1 o p (¥ (¥)) = p4+ exists by the monotonicity of p, and any sequence
Ve 110,11 = 2, i (t) = y(tx + 1), try — +00, has a uniformly convergent subsequence, which is then
an integral curve 7 of W in ¥ with image in O, hence in O; along which p is constant. The only such
bicharacteristic segment is the one with image {q}, so lim;_, 1~ ¥ (#) = ¢g. The claim for y defined on
[0, T') is standard. Il

As in [Hassell et al. 2004] we make use of open neighbourhoods of the critical points which are
well-behaved in terms of W.

Definition 4.4. By a W-balanced neighbourhood of a nondegenerate radial point ¢ we shall mean a
neighbourhood, O, of ¢ in **Tj, X with O C O (in which p is defined) such that O contains no other
radial point, meets (o) N O in a W-convex set (that is, each integral curve of W meets X (o) in a single
interval, possibly empty) and is such that the closure of each integral curve of W in O meets p = p(q).
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The existence of W-balanced neighbourhoods follows as in [Hassell et al. 2004, Lemma 1.8].
If ¢ is a radial point for P and O a W-balanced neighbourhood of g we set

Enic.+ (0. P) = {u € €7°(X); 0 N WF(Pu) = @, and WF.() N O C {p = p(g)}}. (4-1)

with Emic,_(O, P) defined by reversing the inequality.

Lemma 4.5. If O > q is a W-balanced neighbourhood then every u € Emic,i(O, P) satisfies WFg. (1) N
O C ©1({q)); furthermore, for u € Enjic +(O, P)

WF (1) N O =3 <= q € WF.(u).

Thus, we could have defined Emic,i(O, P) by strengthening the restriction on the wavefront set to
WF.(u) N O C ®L({g}). With such a definition there is no need for O to be W-balanced; the only
relevant bicharacteristics would be those contained in ®1({g}). Moreover, with this definition p does
not play any role in the definition, so it is clearly independent of the choice of p.

Proof. For the sake of definiteness consider u € Emic,+(0, P); the other case follows similarly. Suppose
€ O\{q}. If p(¢) < p(q), then ¢ & WF.(u) by the definition of Emic,jL(O, P), so we may suppose
that p(¢) > p(g). Since g € P ({g}) we may also suppose that ¢ # g.

Let y : R — X be the bicharacteristic through ¢ with y(0) =¢. As O is W-convex, and WFy.(Pu) N
O = @, the analogue here of Hormander’s theorem on the propagation of singularities shows that

¢ € WE (1) = y(R)N O C WFq(u).

As O is W-balanced, there exists ¢’ € Wﬂ O such that p(¢") = p(q). If p(¢) = p(g) = 0, we may
assume that ¢’ = ¢. From this assumption, and the fact that p is increasing along the segment of y in O,
and O is W-convex, we conclude that ¢’ € y ((—o0, 0)) N O.

If ¢/ = y(tp) for some 7y € R, then for t < 19, p(y(¢)) < p(v (o)) = p(q), and for sufficiently small
|t —to], y(t) € O as O is open. Thus, y () € WF.(u) by the definition of Emic,Jr(O, P), and hence we
deduce that { & WF. ().

On the other hand, if ¢’ ¢ ¥ (R), then as O is open y (¢) € O for a sequence t; — —o0, and as O is
W-convex, ¥ |(—c0,0; C O. Then, again from the propagation of singularities and Lemma 4.3, ' =¢. O

We may consider Emici(O, P) as a space of microfunctions, Enic +(q, P), by identifying elements
which differ by functions with wavefront set not meeting O:

Enic.+(d, P) = Emic (0, P)/{u € 6°(X); WFc(u) N O = @).
The result is then independent of the choice of O, as we show presently.
If O, and O, are two W-balanced neighbourhoods of g then

01 C 0y = Enic +(02, P) C Enic.+(01, P). 4-2)

Since {u € € >°(X); WF,.(u) N O =3} C Emic,i(oa P) for all O and this linear space decreases with
O, the inclusions (4-2) induce similar maps on the quotients

~

Emic,j:(Oa P) = Emic,i(O’ P)/{u € (6_00(X)§ WF. (1) N O = &},

(4-3)
01 C Oy = Enic,+(02, P) —> Enjc,+(01, P).
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Lemma 4.6. Provided O;, for i = 1, 2, are W-balanced neighbourhoods of q, the map in (4-3) is an
isomorphism.

Proof. We work with Epjc 4 for the sake of definiteness.

The map in (4-3) is injective since any element u of its kernel has a representative i € E mic,+(02, 0)
which satisfies ¢ ¢ WF (i), hence WF (&) N O, = @ by Lemma 4.5, so u =0 in Epic +(02, 0).

The surjectivity follows from Hérmander’s existence theorem in the real principal type region [1971].
First, note that

R =inf{p(p): p e @, ({g) N(O\ O} >0=p(qg)

since in O, p is increasing along integral curves of W, and strictly increasing away from g. Let U be a
neighbourhood of ®, ({g})N O suchthat U C 0,and p > Ry=R/2on U\ Oy. Let A e \IJS_COO’O(G) be
such that WF, (Id —A)N 0:Nd,({g}) = and WE,.(A) CU. Thus, WF.(Au) C U and WF.(P Au) C
U\ Oy, so in particular p > Ry on WF. (P Au). We have thus found an element, namely &z = Au, of the
equivalence class of u with wave front set in 0 and such that p > Ry > 0 = p(g) on the wave front set
of the “error”, Pu.

The forward bicharacteristic segments from U \ O; inside O leave O by the remark after Lemma 4.1;
since 0, \ Oy is compact, there is an upper bound 7 > 0 for when this happens. Thus, Hérmander’s
existence theorem allows us to solve Pv= Pu on O, with WF,.(v) a subset of the forward bicharacteristic
segments emanating from U \ O;. Then u’ = ii — v satisfies WF. (1) CON{p > 0= o(q)}, WFE.(Pu')N
Or =, 50 u' € Epic.+(02, P), and ¢ € WFy. (' —u). Thus WFs. (1’ —u) N Oy = &, hence u and u’ are
equivalent in Emic,+(0 1, P). This shows surjectivity. U

It follows from this Lemma that the quotient space Epic +(g, P) in (4-3) is well-defined, as the
notation already indicates, and each element is determined by the behaviour microlocally “at” ¢g. When
P is the operator x "' (A + V — o), then we will denote this space

Emic,:l:(q’ 0)- (4_4)

Definition 4.7. By a microlocally outgoing solution to Pu = 0 at a radial point ¢ we shall mean either
an element of En;c + (O, P), where O is a W-balanced neighborhood of g, or of Eyic +(q, P).

5. Test modules

Following Part I, [Hassell et al. 2004], we use test modules of pseudodifferential operators to analyze
the regularity of microlocally incoming solutions near radial points. This involves microlocalizing near
the critical point with errors which are well placed relative to the flow. For readers comparing this
discussion to Part I, we mention that the microlocalizer Q in the following definition corresponds to the
microlocalizer Q in Equation (6.27) of Part I; the orders in the commutator are different as now we are
working with P € W% ~1(X).

Definition 5.1. An element Q € \IJ:C’O(X ) is a forward microlocalizer in a neighbourhood O > ¢q of a
radial point ¢ € *T; X for P € \IJ;‘C’_I(X) if it is elliptic at ¢ and there exist B, F € \DSC’O(O) and
G € W21 (X) such that

i[0*0, P]=(B*B+G)+ F and WF,_(F)N®,({g}) = 2. 6-1)
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Using the normal form established earlier we can show that such forward microlocalizers exist under
our standing assumption that

the linearization has neither a Hessian threshold subspace, (iv),

. . o 5-2
nor any nondecomposable 4-dimensional invariant subspace. (5-2)

Proposition 5.2. A forward microlocalizer exists in any neighbourhood of any nondegenerate outgoing
radial point g € **T;y X for P € W =1(X) at which the linearization satisfies (5-2).

Proof. Since the conditions (5—1) are microlocal and invariant under conjugation with an elliptic Fourier
integral operator, it suffices to consider the model form in Theorem 3.11 which holds under the same
conditions (5-2).

Let R = |M/|2 + |y//|2 + |y///|2 + |M//|2 + |MW|27 and

S = {Prom =0, R=0},
so S is the flow-out of g. We shall choose Q € \IIS_COO*O(X) such that

05(0) =q = x1(1Y' ") x2(R) Y (Prorm),

where x1, x2, ¥ € €2°(R), x1, x2 > 0 are supported near 0, ¥ is supported near 0, xi, x2 = 1 near 0
and x| < 0in [0, c0). Choosing all supports sufficiently small ensures that Q € \IJS_COO’O(O). Note that
suppd(x2 0 R) NS = &. On the other hand,

2
“Hy ( 3o07) ) =230 v CHpyD i (5P = 2050+ hp (1 1),
J J

with ; vanishing quadratically at g. Moreover, on supp x; o (].1%), ¥ is bounded away from 0. Since
r;. <0, — Zj r;. (y})2 > 0 on supp x; o (.1%). The error terms hj can be estimated in terms of 1y'|?, R
and p2 . so, given any C > 0, there exists § > 0 such that the — > Yi(riyi+h;) > 0if supp x1 C
(=8,8), R/|Y'|? < C and |pnoml/|Y'| < C. In particular, taking C = 2, —Zj y}(r}y;. +hj)>0on
S N supp x o (1), for R = pporm =0 on S. Thus (5-1) is satisfied (with B appropriately specified,
microsupported near §S), provided that y; is chosen so that (— x; X{)l/ 2 is smooth.

More explicitly, letting x € 62°(R) be supported in (—1, 1) be identically equal to 1 in (—%, %) with
x' <0on[0,00), x >0, xi = x2 =¥ = x(./8). Indeed, for any choice of § € (0, 1), |y'|* >§/2
on supp x/ o |.|%, hence R/|y'|* <2, |pnorm|/ly’| <2 on suppg Nsupp x; o |.|>. With C = 2, choosing
6 € (0, 1) as above, we can write

03[0 Q, P]) = — *H,q> = —41b* + f,

~ 1/2 ~
b= (Zy}(r}y; +h,~>x{<|y/|2>xl<|y’|2>) X2(R)Y (Prom), supp f NS =2,
J

which finishes the proof since A < 0 for an outgoing radial point. O

A test module in an open set O C*°T}, X is, by definition, a linear subspace M C W ~!(X) consisting
of operators microsupported in O which contains and is a module over \IJ:C’O(X ), is closed under com-
mutators, and is algebraically finitely generated. To deduce regularity results we need extra conditions
relating the module to the operator P.
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Definition 5.3. If P € \IJS*C’*1 (X) has real principal symbol near a nondegenerate outgoing radial point g
then a test module JI is said to be P-positive at g if it is supported in a W-balanced neighbourhood of ¢
and

(i) M is generated by Ag =1d, Ay, ..., Ay = P over ¥%°(X),
(ii) for 1 <i < N —1,0<j < N there exists C;; € W}:°(X), such that

N
i[A;, xP] =) xCijA; (5-3)
j=0

where 0;3(C;;)(g) =0, for all 0 # j < i, and Reo3(C;;)(g) > 0.

As shown in [Hassell et al. 2004], microlocal regularity of solutions of a pseudodifferential equation
can be deduced by combining such a P-positive test module with a microlocalizing operator as discussed
above. We recall and slightly modify this result.

Proposition 5.4 (Essentially Proposition 6.7 of [Hassell et al. 2004]; see Proposition A.1 below for
a slightly modified statement and a corrected proof). Suppose that P € WX~ (X) has real principal
symbol, q is a nondegenerate outgoing radial point for P,

09,1 (x P — (xP)")(q) =0, (-4

M is a P-positive test module at q, Q, Q' € \IJS*C*O(X) are forward microlocalizers for P at q with
WF..(Q') being a subset of the elliptic set of Q. Finally suppose that for some s < —%, ue HX'(X)
satisfies

WF,(u) N O C @, ({g}) and Pu € C*(X). (5-5)

Thenu € I (0', M) where O’ is the elliptic set of Q'.

Proof. As already noted this is essentially Proposition 6.7 of [Hassell et al. 2004], with a small change to
the statement and the proof given in Proposition A.1 below. However, there are some small differences
to be noted. In Part I (and here in the Appendix), the condition in (5-3) was j > i; here we changed to
Jj < i for a more convenient ordering. Since the labelling is arbitrary, this does not affect the proof of
the Proposition.

Also, in Part I the proposition was stated for the O—th order operators such as A + V — o, which
are formally self-adjoint with respect to a scattering metric. This explains the appearance of x P both in
(5—4) and in (5-3) here, even though in the applications below, [A;, x] could be absorbed in the C;q term.
In particular, s < —1/2 in (5-5) arises from a pairing argument that uses the formal self-adjointness of
x P, modulo terms that can be estimated by [x* A%, x P], s > 0, A% a product of the A ;.

The proposition in Part I is proved with (5-4) replaced by (x P) = (x P)*, but (5-4) is sufficient for
all arguments to go through, since B = (x P) — (x P)* would contribute error terms of the form x*A* B
with 03,1(B)(g) = 0, which can thus be handled exactly the same way as the C;; term in (5-3).

In fact (5-4) can always be arranged for any Py € W ~!(X) with a nondegenerate radial point and
real principal symbol. Indeed, we only need to conjugate by x* giving

_ —0y,1(B)(gq) c

P = kaox_k, k
20 A

R
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satisfies (5—4); here dp|, = Aa|,, with  the contact form. Microlocal solutions Pyug = 0, correspond
to microlocal solutions Pu = 0 via u = xug, sou € H>*(X) is replaced by ug € HS%O'S*"(X). O

Thus, iterative regularity with respect to the module essentially reduces to showing that the positive
commutator estimates (5-3) hold. For each critical point ¢ satisfying (5-2) a suitable (essentially maxi-
mal) module is constructed below, so microlocally outgoing solutions to Pu = 0 have iterative regularity
under the module; that is, that

we I8 (0, M) = {u; M™u C HZ (X) for all m), (5-6)

The test modules are elliptic off the forward flow out @, (q) which is an isotropic submanifold of X.
Thus, it is natural to expect that u# is some sort of an isotropic distribution. In fact the flow out (in the
model setting just the submanifold §) has nonstandard homogeneity structure, so these distributions are
more reasonably called “anisotropic”.

First we construct a test module for the model operator when there are no resonant terms. Thus, we
can assume that the principal symbol is

m—1 n—1
Po= )»(— v+ Z’”jijj + Z 0;(yj, Mj))-
j=1 j=m
Then let Al be the test module generated by Id and operators with principal symbols
7V xTe xTTD xR x T2 and 1 py (5-7)
over \I/;‘C’O(X).

Note that the order of the generators is given by the negative of the normalized eigenvalue (that is, the
eigenvalue in Lemma 2.7 divided by 1) subject to the conditions that if the order would be < —1, it is
adjusted to —1, and if it would be > O, it is omitted. The latter restrictions conform to our definition of
a test module, in which all terms of order 0 are included and there are no terms of order less than —1.

These orders can be seen to be optimal (that is, most negative) by a principal symbol calculation) of the
commutator with A in which the corresponding eigenvalue arises.

Lemma 5.5. Suppose P is nonresonant at q. Then the module M generated by (5-7) is closed under
commutators and satisfies condition (5-3).

Proof. 1t suffices to check the commutators of generators to show that Jl is closed. In view of (2-3)
(applied with a in place of p), {a, b} = 3°H,b, this can be easily done. Property (5-3) follows readily
from (3-1). Indeed, we have the stronger property

i[Ai, P(0)] =¢;Ai +Gi, Gi € ¥™(X), Rec; =0
where A; is any of the generators of J listed in (5-7). U
Remark 5.6. We may take generators of .l to be the operators

Dy, x7"i yi, o xl Dy, x12y xl/sz}u and

S S (5-8)
ADx Z rjyjDy; + Z Q;(x 2y, x'2Dy).

j=1 j=m
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Combining this with Proposition 5.4 proves that, in the nonresonant case, if « is a microlocal solution
at ¢, and if WF; () is a subset of the W-flowout of ¢, then u € Is(g)(O, M) forall s < —1/2.

The discrepancy between the “resonance order” of polynomials in v¢e? f7, given by a + Y iBjrji+
> i ¥k(1 — rx) and the “module order” given by the sum of the orders of the corresponding module
elements is closely related to arguments which allow us to regard most resonant terms as “effectively
nonresonant”. To give an explicit example, take a resonant term of the form y; ,ufj (y")#", corresponding to
a term like x_ly{(y”)ﬁ”(ny}) in P. Resonance requires that r; + (1 —r}) + >, B/r; = L and |"| > 0.
In the module, this corresponds to a product of module elements with an additional factor of x€ with
€ > 0, since we can write it

€./ —r! INBY "o
x€y; H(x ’kyk)’ngyi/, 6=Zﬁkrk > 0.
k k

Since, by Proposition 5.4, the eigenfunction u remains in x*L?(X), for all s < —1/2, under application
of products of elements of J, this term applied to u yields a factor x¢, and therefore it can be treated
as an error term in determining the asymptotic expansion of u; see the proof of Theorem 6.7. Only the
terms with the module order equal to the resonance order affect the expansion of u to leading order, and
it is these we have labelled “effectively resonant”.

Next we consider the general resonant case. To do so, we need to enlarge the module /M so that certain
products of the generators of ., such as those in the resonant terms of Theorem 3.11, are also included
in the larger module . For a simple example, see [Hassell et al. 2004, Section 8]. It is convenient to
replace Py by x D, as the last generator of Jl listed in (5-8), though this is not necessary; all arguments
below can be easily modified if this is not done. Let us denote the generators of .l by

A() = Id, A] :x_S'Bl, ey AN_1 ZX_SN_]BN_l, AN :xDx :x_]BN,
s; = —order(A;), B; € ¥:>%(0).

Note that for each i =1, ..., N, doy o(B;) is an eigenvector of the linearization of W; we denote the
eigenvalue by o;. Thus,
si =min(l,0;) >0fori=1,..., N.

For any multiindex o € NV (with N = {1,2,...}) let
s(a) = min(Zs,u,-, 1), sS(a) = Zs,ui —s(a) = max <O, Zsiai — 1),
i i

and let
AY = A‘f'A‘;Z . A‘I)‘VN.
Let ¢; be the multiindex ¢; = (0,...,0,1,0, ..., 0), where the 1 is in the i—th slot, ifi =1, ..., N, and
leteg=(0,...,0).
To deal with resonant terms, we define a module Jl; generated (over \IJS_CO"’O(O)) by the operators

5@ g o \I,S—Coo,—S(a)(O)’ la| <k. 5-9)

Note that o = 0 gives Id as one of the generators. Thus, the order of the generators in (5-9) is “truncated”
so that it is always between 0 and —1; in particular M C W ~1(0). Since in computations below we
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will think of WS;“*O(O) as the submodule of Jil; consisting of trivial elements, it is convenient to work
modulo such terms, so we use what is essentially the principal symbol equivalence relation on J{; where
P~Qif P—QeWv ®%0).

While it appears that the ordering in the factors in the product A* matters, this is not the case. Indeed,
if o is a permutation of {1, ..., x|}, and j: {1, ..., x|} — {1,..., N} which takes «,,-times the value
m,m=1,..., N, then

DAy Ay ~ X P Aje) - Afoal)-
for this is clear if o interchanges n and n + 1, as
COA1) L Aju-p[Aj ) Ajar]Ajat) - - A
c \Ijs—coo,s(a)—i-l—z.v,-a,- (0) C \IJS_COO’O(O)

since §(o0) +1—) ", sio; =1 —s(x) > 0.
In addition, for Q € ¥_>*%(0),

QA )y Ajay ~ DAy Ay QA jmt1) - - Aj(lal)-

Similarly, one can shift powers of x from in front of the product to in between factors, so in fact the
generators can be written equivalently, modulo ¥ *-*(0), as

x*@BY e W @ (), |a| <k, (5-10)

where B® = B{" ... By.

Moreover, there is an integer J such that Al = Jl; if K > J; indeed this is true for any J > 2(rs”)*1,
where r! is the smallest positive eigenvalue of the operator in Lemma 2.5 (or J > 4 if no eigenvalue
lies in (O, %]), since then adding new elements to the product simply has the effect of multiplying by an
element of \IJjC’O(X ).

In particular, note that the generators in (5-9) or (5-10) are usually not linearly independent: some
B,; may be absorbable into a \IIS*C’O(O) factor without affecting s(«). We could easily give a linearly
independent (over \D:C’O(O)) subset of the generators, but this is of no importance here.

Suppose that P, the normal operator for P(o) at ¢, contains resonant terms. Then Lemma 5.5 is
replaced by:

Lemma 5.7. Let > be a total order on multiindices o satisfying

1) || > || implies a’ > a;

(i) lo'| = |a| and Y, skoy > D sxo imply o' > a;
(iii) || =la|=1,a'=¢,a =¢j,5; =5; =1, 0; > 0} imply that &' > «.
With the corresponding ordering of the generators x @ A% the module M is a test module for Pat q
satisfying (5-3).
Remark 5.8. (ii) and (iii) could be replaced by (ii)’: |o| = || and ), oper; > D, opoy imply o’ > «,
which would simplify the statement of the lemma. However, the proof is slightly simpler with the
present statement. Note that (ii)+(iii) is not equivalent to (ii)’, that is, the ordering of the generators may
be different, but either ordering gives (5-3).
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Proof. We first observe that M, is closed under commutators. Indeed, not only is Jl closed under
commutators, but the commutators [A;, A;] can be written as ZZI\; o C1A; with C; € lI!S*COO’O(X) and
C; =0 unless 5; < s; +s; — 1. Expanding

5@ 0, A% P Qg APY, 04, Qp € W 20(0),

and ignoring momentarily the commutators with powers of x and with Q, and Qg, gives a sum of terms
of the form

F@OFB 0, 054Y AP [A;, A;1AY AP
with & = o’ + «” + ¢;, and similarly for B. Substituting in [A;, A;] = le\;o C;A; shows that this is an
element of the module and is indeed equivalent, modulo lIJS_C""’O(O), to
Z (Clxs<a)+§<ﬂ>—s(y“>))xw’)) ar?
l:S1SS,‘+Sj*1 (5—11)
yO =o' +a"+p +p +e=a+p—ei—ej+e,
provided that
5D <5(@) +5(B). (5-12)
But§(o)+3(8) = (L siei — D+ siBi—D =Y siv " +si+sj—51—-22 Y 57" —Las s+s;—s, > 1.
Moreover, s(x) +5(8) > 0, so

5@ +5(8) = max (Y s = 1,00 =50:"),

proving (5-12).
The commutators

KB Q@ 0, AP1A%, @ Q,[A%, X¥P 0414P (5-13)

also lie in L. Indeed, [A;, x? Q] = x?~5 1 Q’ for some Q' € lI/S;"O’O(O), so they are sums of terms of
the form x* @B =si+1 0’ AV with y = a + B — e;. Now,

$S() =5(@)+5(B) —si+1

since §(a) +5(B) —si+1>0as 1>s; as well as §(c0) +5(B) —si + 1> Q_p sea — 1)+ Q) s B —
D—si+1=) " sivk— 1,50 5(@) +5(B) —si +1 > max(Q_, skyx — 1, 0) = 5(y) indeed, proving that
(5-13) is in Jl ;. The commutators

[ 0y, x*® Q1A% AP (5-14)
can be shown to lie in Jil; by a similar argument, this time using y =a + 8, and 5(y) <s(a) +5(8) + 1.
Thus, we conclude that [x5© 0, A%, x§(’3)Q5Aﬂ] € My, and hence My = My = ... is closed under
commutators.

Modulo \I/S_COO’O(O), K50 A7 may be replaced by x=spr? 1f ly®D| > J in (5-11), then this is
written in terms of one of the generators listed in (5—10) (or equivalently, modulo \IJS_COO’O(O), in (5-9)),
only after some of the factors in B”", which we may always take from B; Bf’ B#", are moved to the front
and are incorporated in Cy, that is, they are simply regarded as O—th order operators and C; is replaced
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by E; = C;B;BP B?". Notice the principal symbol of 51 always vanishes at g in this case. Analogous
conclusions hold for the terms in (5-13) and (5-14).

On the other hand, if |y®| < J, then x’* 47" is one of the generators in (5-9), and |y | =
la| + 1Bl —1if I >1,and |y?P| = |a| + |8] — 2 if I = 0. Moreover, if Y, s > 1 then

Zskyk(l) = Zskak +Zsk,8k —S5i—Sj+s5 > Zskak +Zsk,3k —1> Zskozk. (5-15)
k k k k k k

For the terms in (5-13) and (5-14), if |y| < J, we always get |y| > |a| + |B] — 1 since y = a + B or
y =a+ B —e; for some i.

Now we turn to (5-3). First, with P replaced by Py, (5-3) is certainly satisfied, exactly as in the
nonresonant case, since the o o(B%) are eigenvectors of the linearization of W with eigenvalue given in
Section 3. Thus,

i[A%, x™'P0) Y CLAY, C, e W ™0(0), (5-16)
Y
with aayo(C; (9)) =0if o # y and Re 0y,0(C,,(¢)) > 0. So it remains to show that it also holds for the
resonant terms. If x *® Q B BP is a resonant term, then s(B) = 1. Moreover,

(i) if |B] =1, then x 1 Qg Bf = Z#,(y’)“/ Dy, for some w1’ and some k; in particular it is a summand
of rer;

(i) if | 8| =2, then either x ! QﬁBﬂ = BJ-DH for some j > 0, k, or x ! QﬁBﬂ is associated to the sum
over J” in (3-15); in either case ) s; B > 1.

We claim that for a resonant term x —*®) Q4 B,

[x @R, x—s(ﬁ)QﬂBﬂ] ~ Z GVX_S(V)BV, @’y c ‘I’S_COO’O(X)’ 5-17)
Y

and each term on the right hand side has the following property:

(i) Either 0,0(C,)(q) =0, or
(i) ly|> |, or

(iii) |y |=lorl, 2ok skve > Dok Skot, or

@iv) =la|=1,y=e,a=¢;,s; =5y =1and oy > 0o;.
14 4 i S J

Indeed, if | 8] > 3, then either (i) or (ii) holds, depending on whether any factors A had to be cancelled
to write the commutator in terms of the generators in (5-9). If |8| = 2, then >_ sy B > 1. Thus, again,
either (i) or (ii) holds, or |y | = || and ) si yk > Y . skay by (5-15), so (iii) holds. Finally, if |8| =1,
then x lQﬁBﬁ —Z (' )“D for some n’ and some k. Since ri < rp < ... <r;_1 <0, and the
resonance condition is Zz h erl + (1 —ry) =1 with /] + 1 > 3, we immediately deduce that p; =0
for I < k. Thus, not only do powers of x commute with x~'Q pBP, but all A; commute with D,/ and
[Ai, O )“ ]=0unless A; =Dy v, and M, #0 for some j, which in turn implies that j > k, so 1 —ry > l—rj,
hence (iv) holds. This completes the proof of (5-17).
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By the assumption on the ordering of the multiindices «, we deduce that for all resonant terms
xSBIBB,
ifA*, xPBf1=%"C, A7, C, e ¥ >%0),
¥
and either 03,0(C))(g) =0, or y > . Combining this with (5-16), we deduce that .l ; satisfies (5-3).
This establishes the lemma. O

Corollary 5.9. Let M. = My be as in the previous lemma. Suppose that

s <—1

Loue HYS(X), PueC™(X), WF,u)N O cCdi(g).

Thenu € I (0, M).

Regularity with respect to Jl can be understood more geometrically as follows. Suppose § > O is
sufficiently small so that (x, y’, y”, ¥”) define local coordinates on the region U given by 0 < x < §,
lyjl <6 forall j. Let

1 n
ﬁ " __ Y J

CD UO — RZ_, @(x’ y/’ y//’ y///) — (x, y/’ Y//, Y///)’ Y;/ — xrj , j — x]/z

(5-18)
Thus, @ is a diffeomorphism onto its range ®(U°) with
CD_l(x, y/’ Y”, Y///) — (x, y}’ xTi Y]{/, XI/ZY///).

Note that ®(U°) is not compact; ¥” and Y are “global” variables. Thus ®~' is actually continuous
on ®(U°) since r;.’ > 0. Thus, ® is a blow-up and ®~! is a somewhat singular blow-down map. In the
coordinates (x, y', Y”, Y") the Riemannian density takes the form

axfnfl dx dy =ax7n+zr.;’+(n—m)/2fl dx dy/ dYNdYW,

a>0,a€%6®(X). We thus conclude that (for O small) u € I)(0, M) if and only if for any Q €
W_°0(0) with Schwartz kernel supported in U x U, its microlocalization Qu satisfies

"y (") (x D) D DY, DY, Qu € x* AR AE WA L2 g gy ay” Y™y, (5-19)

for every a, B, y” and y"”, that is, if and only if microlocally u is conormal in (x, y’) with values in
Schwartz functions in (Y"”, Y"), with the weight given by s +n/2 =3 r7/2— (n —m) /4.
We also recall that for conormal functions, the L? and the L™ spaces are very close, namely they are
included in each other with a loss of x€. Thus, u € IS(CS )(0, ) implies that
"y (" (x Do) DY DY, Dy, Qu € xR A Ame oo (=L g gy dy” Ay,

for every € > 0.

6. Effectively nonresonant operators

We now assume that the normal form pyorm for o7 (P (o)) at g is such that the term r.; in Theorem 3.11
vanishes. If this is true, we shall call pyom effectively nonresonant, and o an effectively nonresonant
energy for g. The significance of the notion of effective resonance in general is that the form of the
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asymptotics of microlocally outgoing solutions of Pu = f, f € @ (X)), is independent of rep,; only re;
changes this form slightly. Moreover, effective nonresonance is a more typical condition than nonreso-
nance. We deal with the effectively nonresonant case in this section and treat the effectively resonant case
in the following section. In both cases, it is convenient to reduce P, and not only its principal symbol,
to model form. This is accomplished in the following lemma. We recall here our ongoing assumption
(5-2).

Lemma 6.1. Let pyom be as in Theorem 3.11 and P as in Remark 3.12, that is, O’a’_l(ﬁ) = Pnorm- Then
P can be conjugated by a smooth function to the form

m—1 n—1
Poorm :A(xDx + Z rjyjDy; + Z Qj(x_l/zyj, xl/sz_/.) + R +0+ R)
j=l1 j=m

(6-1)

s—1 m—1
Re=_2;()Dy, + > _ ®;(y")Dy, +Po(y").
j=1 j=s

where b is a constant, Q; is a real elliptic homogeneous quadratic polynomial (that is, a harmonic
oscillator), P ; and Po are homogeneous polynomials of degree r;, respectively 1, when yy is assigned
degree 1y, and R € x€ (M)’ for some j € N and € > 0. In addition, for s < j <m — 1, P; is actually
a polynomial in ys, ..., yj_1 (that is, is independent of yj, ..., ym—1) without constant or linear terms,
while for j <s —1,P; is a polynomial in yj 1, ..., ys_1.

We call Pporm a normal form for P. If pnorm 1S effectively nonresonant then Re = 0.

Remark 6.2. Note that Q;(x~"/?y;, x'/2Dy ) is not completely well-defined since Q ; is a homogeneous
quadratic polynomial, and y; and Dy, do not commute. However, any two choices for the quantization
Q; differ by a constant multiple of the commutator [x—1/2 Vi xV/ 2Dyj] =[yj, Dy, ], hence by a constant.

In particular, with the notation of the previous section, Q;(Y;, Dy;) may be arranged to be self-adjoint
with respect to dY;, by symmetrizing if necessary, which changes Q; at most by a constant.

Proof. With the notation of Lemma 5.7, any effectively resonant monomial (defined in Definition 3.9)
gives rise to a term of the form x~! Op B# with > & SkBr = 1, while the effectively nonresonant terms
(defined in Definition 3.10) are of the form x~! Op B? with > i SkBr > 1. This is indeed the key point
in categorizing resonant terms as effectively resonant or nonresonant; see the proof of Theorem 6.7. But
if e =) spBr — 1 >0, we can rewrite x~! Og BP ~ x€ QﬂAﬂ (that is, the difference of the two sides is
in ¥ *9(X)), and Q B AP e M'P!. Since there are only finitely many effectively nonresonant terms in
(3-15), we deduce that any P with o1 (13) = Pnorm May be written

m—1 n—1
AP =xDy+ Z rjyjDy; + Z Q;(x~"2yy, XI/ZDY_/) +Re+ B+ R,
j=I j=m

where R, is as in (6-1), R e x€My for some € > 0, and B € \D;"C’O(X). Note that %; and P are
polynomials, and the homogeneity claim is the meaning of the resonance condition Proposition 3.6. For
s <j<m-—1,%; is independent of y;, ..., y,—1 since 0 <ry <rey1 <... <ry_1; y; itself cannot
appear in % ; due to the restriction 2a + || + |y | > 3 in Proposition 3.6. Similarly, for j <s —1, %; is
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independent of yy,...,y; asr; <rp <...<ry_1 <0. This also shows that the polynomials ?;, j # 0,
have no constant or linear terms.

Let B have symbol b(v, y, ). This can be reduced to the symbol 5'(0, (3', 0, 0), 0), modulo terms
in x“.t/. Finally, by conjugating P,om by a function ¢/ we can remove the y’-dependence of b'.
Indeed, the Taylor series of f can be constructed iteratively. Let W denote the ideal of functions of y’
that vanish at 0. Conjugating P by ¢/ produces the terms pE = 1 j D f as well as terms from Re,
which map ($ W (9 H Fork>1, f — > f deﬁnes a hnear map on ($ e k> 1, with

j= 1 J
all eigenvalues negative since r’, ;< Oforj=1,...,5— 1 Thus, this map is invertible, and this shows that
b’ — b'(0) can be conjugated away in Taylor series. Then it is straightforward to check that the infinite
order vanishing error can also be removed. |

Later in this section we show that if pyorm is effectively nonresonant, the leading asymptotics of
microlocally outgoing solutions for (6—1) and for the completely explicit operator

m—1 n—1
Py=xD, + Z rjyjDy, + Z Q;(x~ 1y, xl/szj) +b, b constant (6-2)
j=1 j=m

are the same, if R € x!€.Al7 for some € > 0, that is, R is indeed an “error term”. An analogous conclusion
holds in the effectively resonant case, with R, included in the right hand side of (6-2).

First, however, we study the asymptotics of approximate solutions of Pou = 0. The constant b simply
introduces a power x % into the asymptotics, as can be seen by conjugation of Py by x /. Here it is
convenient to have the asymptotics for the ultimately relevant case, where the operator x P is self-adjoint,
stated explicitly, so we assume that x Py is formally self-adjoint on L2 .(X), which amounts to

mb="""— (Zr +Z )=

j=1

(6-3)
provided that we have already made Q; self-adjoint as stated in Remark 6.2. Note that

m n—1
"
= E Rerj.
j=m

For convenience, we separate the case where ¢ is a source/sink of W, hence of the contact vector field
of Py. Recall from the previous section that

Y]/_/ — x—r}/y}/’ y" = x—l/Zy///’ (6-4)

and define the exponents
s—1

~ n—m L~
b=b—i— ,aﬂ/z—z;rjﬁ}—zb. (6-5)
j:

Notice that Reag — oo as |B'| — 0.
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Proposition 6.3. Suppose that the radial point q is a source/sink of W, and (6-3) holds. Suppose that
uel®, M), and Pou I(S/)(O, M) where s < —1/2 < s'. Then u takes the form

W=y xR (Y oY) il (6-6)
k

where the sum is over k € N, v (Y) is an L*-normalized eigenfunction of the harmonic oscillator

n—1
- ~ 1 Yj
> 0j(¥;. Dy). 0;(¥;. Dy) = Q;(¥}. Dy)) = 1 (¥; Dy, + Dy, ¥)). ¥; = =75, (6-7)

j=m

with eigenvalue ki, wy are Schwartz functions with each seminorm rapidly decreasing in k, and u' €
167900, M) for every € > 0.

Conversely, given any rapidly decreasing Schwartz sequence, wy, in Y", meaning one for which all
seminorm rapidly decreasing in k, and given any f € IS(CS /)( O, M), there exists u € (),__; 2 Is(g )(O, J)
of the form (6-6) with WF,.(Pou — f)N O = &.

Remark 6.4. The result is true if we only assume s < s’. However, if s > —1/2, we can replace s by
s > —1/2, apply the proposition with § in place of s, and then use u € Is(g )(0, M) to show that each wy
vanishes. On the other hand, if s’ > —1/2, the proof of the proposition shows that u € 15(5 )(O, ) implies
ue Il ™90, M) for every € > 0.

Proposition 6.5. Suppose that q is a saddle point of W, and (6-3) holds. Suppose u € I1)(0, M), and
Pyu € I(S,)(O, M) for some s < s’ < oo. Then u takes the form

U= Z xaﬁzfi/ck (y,)ﬁ/w‘gf,k(YN)vk(YW) +u (6-8)
Bk

where the sum is over k € N and a finite set of multiindices p', vi(Y) and ki are as above, wg i is a
rapidly decreasing Schwartz sequence and u’ € [~ (0, M) for every € > 0.

Conversely, given any rapidly decreasing sequence of Schwartz functions wg i, finite in ' and any
£ e1$(0, M) there exists u € (), -_ , 12 (O, M) of the form (6-8) with WE,c(Pou — f)N O = .

Remark 6.6. As shown later, x*D, gives rise to the terms in é — Q after the change of variables
(x,y;) = (x, yj/xl/z). If Q; is self-adjoint on L*(R, dY;) then Q; has the same property.
Also, with

n—1 1 n—m
B = —

2 24T T
J

4

the (B’, k) summand in (6-8) is in

(Reaﬂ/fol/Zfe)

Iy (0, M)

for every € > 0. We show below that Imb=B+ d,d= —% > r} > 0, so the (B', k) summand is in

d=Srif—1/2—
1= o
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for every € > 0, and in view of the rapid decay in k, the same is true after the kK summation. Thus, for
u asin (6-8), u 15(3_1/2_6)(0, M) provided s’ > d — % that is, decays by a factor x¢ faster than the
microlocal solutions at sources/sinks of W.

Proof of Proposition 6.3. Suppose that Pou = f € 1¢7(0, M) for some s’ > —1/2. Let O’ be a W-
balanced neighbourhood of ¢ with O C O, and let Q € \IIS_COO*O(X) satisfy WF,.(Q) C O (that is,
Qe \IIS;"O’O(O)) and WF, (Id —Q) N O’ = @, with Schwartz kernel supported in U x U,

U={0=<x <34, |yjl <dforall j}.

(See (5-18) for the definition of the diffeomorphism &, the coordinates Y, etc.) Then, as noted in (5-19),
by the definition of IS (0, M), ii = Qu satisfies

(") (v"y" (x D) DL D € x* L2.(X)

for all a, B, B, y" and y"”. Here i is a microlocalization of u since WFy.(u — Qu) C WF, (Id —Q),
so WF.(u — Qu) N O’ = &. Moreover,

Py(Qu) = QPou+ [Py, Qlu= Qf + f', f € €®(X),

since WF. (1) N O C {g}, while WF,.([Py, Q1) C WF,.(Q) NWF..(Id—Q) C O\ 0’, so WF(u) N
WF. ([P, Q1) = @. Thus, with f = Qf + £/,

Poii = f,

4 " ﬁ// IBW ~ / (6_9)
(¥ (YY" (xDy)* Dy, Dy f € x* LL(X),
foralla, 87, B, y” and .
To prove first part of the proposition, it thus suffices to show that, with the notation of (6-6),
i= Z x—ilS—i/ck wk(Y”)vk(Y”/) + u.
k
Writing the operator Py in the coordinates x, Y”, Y we have
Po ZXDx|Y+Z Q;(Y]", Dyr)+b (6-10)
J
J
withb=b—i ”;m as in (6-5). Formal self-adjointness of x Py, that is, (6-3), requires that
- n—1 1 n—m
Imb = - = " = B. 6-11
M=y T T LTy (e=11)

J

As already remarked, (6-9), which states that f is conormal in x, and Schwartz in Y”, Y"”, and belongs
to x*' L2(dxdy/x"*1), or in terms of the ¥ coordinates, to x* />~ 27/2=(=m/4 12414y /x), implies

(by conormality) that
f c xs’+1/2+B—eLoo

for every € > 0, where B is defined by (6-11). More precisely, for all a, 8, y” and y"”,

(Y//)y”(Y///)y’” (xD,)* Déi:ngiif c xs’+1/2+B—e ®



170 ANDREW HASSELL, RICHARD MELROSE AND ANDRAS VASY

for every € > 0. Conversely these conditions imply that f satisfies (6-9) with s’ replaced by s’ — € for
every € > 0.
Writing f in the form

FE YY" =3 fulx, Y ue(x"™,
k

where f; is conormal in x, rapidly decreasing as a Schwartz sequence in Y”, a particular solution to
Poii = f, is given by
=Y w(x, Y )u(Y"),
L - (6-12)
U = _l-x—ib—il(k / fk(ty Y//)tib-i-i/ck -
0 t
Since s’ + 1/2 > 0, this integral is convergent and i € I¢'~9 (0, ) for every € > 0.
On the other hand, the general solution to Pyu = 0 with & Schwartz in Y” and Y is given by

i= Zx—ig—ixk IU]((Y//)U]((YW),
k

where wy is rapidly decreasing in k. Since any solution is the sum of the particular solution (6—12) and
some homogeneous solution, the first half of the proposition follows.
In fact, the second half also follows by defining

i= ) ue YY"+ (Y (Y,
k k

with uy, as in (6-12). Multiplying by a cutoff function ¢ € €°°(X) which is identically 1 near (0, 0, ..., 0),
it follows that u = ¢u satisfies all requirements. (|

Proof of Proposition 6.5. We use a similar argument to prove this result. Let O’, Q, etc., be as in the
previous proof. With # = Qu, as noted in (5-19),

" (v"y" (xD,)* DY, DY, DY it € x* LE(X), (6-13)

for all a, B, y” and y"”". One of the main differences with the proof of Proposition 6.3 is that microlo-
calization introduces a nontrivial error, that is, Py is not globally well-behaved (not as good as f was
microlocally). However, the error is supported away from y’ = 0. Indeed, now WF.(u) N O C S, and

f=Pii=Qf + [, f'=1P, Qlu,
Here WF._([Py, Q1) NS C {|y'| > 8o} for some §y > 0, so f’ € IS(CS)(O, ) in fact satisfies
SC
"y (""" (xDx)* DY DY, Dy, f € x* L2(X)
for all a, 8/, B” and 8", y” and y"”, with the improved conclusion
SO (" (xDy) DY DYDY £ € 6% (X)
if ¢ is supported in |y’| < 8y. Correspondingly,
$OHX"Y (" (D) DY DY, DY e x” LX), (6-14)
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The operator Py in the coordinates x, y’, Y”, Y”” now takes the form

Po=xDyly,yryr+ ) riyiDy +Y_ 0;(Y]", Dy +b, (6-15)
J J

withb =b —i " asin (6-5). Again, (6-14) implies that f is conormal in x, smooth in y’, and Schwartz
in Y”,Y", and belongs to x*+1/24B=€ % for every € > 0, where B is defined by (6-11), in the precise

sense that for all @, 8, y” and y"”,
$OH"Y (") (@D, DY, DY, f e x A
for every € > 0. However, now formal self-adjointness of x Py requires that

- 1
Imb=B+d, d:_i r}>0,
J
so there is a discrepancy of d compared with the previous proposition. Write f in the form

Fa Y ¥y =3 fule, y Y u(r”),
k

where f; is rapidly decreasing sequence which is conormal in x, smooth in y” and Schwartz in Y”.

We start by describing solutions of the homogeneous equation Pyii =0 in U which in addition satisty
(6-13). Decomposing u in terms of the vy, and factoring out a power of x for convenience, that is, writing
0= ka_i”_i"kuk(x, v, Y (Y"), we see that the coefficients uy satisfy

AR
<x3x|ygy~,yw + Z rjyjf)y}>uk =0.
J

Since u is smooth in the interior of U, Pyit = 0 amounts to demanding that u; be constant along each
integral curve segment of the vector field xdx + 3 ; 77y’ 9y, with the value of i depending smoothly on
the choice of the integral curve. (We remark that U is convex for this vector field; |y’| is increasing as
x — 0.) Thus, ui(x, y’, Y") = a,(Y’, Y") with &1, smooth in Y’ and Schwartz in Y”. Here Y]’. = y}/x’-;';
note that r; < 0. Expanding i in Taylor series around Y’ =0 to order N, we see that

we(x, y Y = Y xR we (Y
|B'|<N-1

is a finite sum of terms of the form x~ = "i% (y/)ﬁ/ﬁk,ﬁ/(Y’, Y") with ity g smooth (Schwartz in Y"”),
where the sum runs over g’ with |8’| = N. Thus, given any s” (for example, s” = s’), we can choose
N sufficiently large so this difference lies in 18 ”)(0, ), which means it is ignorable for our purposes.
Thus, the general solution to Pyt = 0 in U which satisfies (6—13) is given by

0= Z xaﬁ/—ilck (y/)ﬁ/wlg/,k(Yﬂ)vk(YW),
B'.k

modulo any IS(CS ”)(0, ) (where the sum is understood as a finite one, due to the remark above), where
the seminorms of wpg ; are rapidly decreasing in k for each p’.
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In expressing a particular solution L? of Pyit = f in terms of f, we need to integrate along integral
curves of the vector field xd, + Z y f y/, and since r <0, [y'| — oo as x — 0 along such curves
(unless y’ = 0); in fact |y’| is increasing as x — 0 as ment10ned above. So we cannot integrate down to
x = 0. Instead we fix an x¢ > 0 and use the formula

X —ib—iky x\ "
up(x, y', Y") = (—) U (Xo, (—) Vs Y")
X0 X0
X —r’
. —ib—ik X Ty n\ ib+ik dt
+ix k/ fk(t, <?) Vi Y >t "7
X0

Notice that uy(xz, y;, ¥;') depends only on f; evaluated at points (x, Y, Y") with |y’| < |y;|. Thus,
(6-14) can be used to deduce properties of uy, hence of i, in |y’| < 8.

If s < —1/2+d, then (6-16) gives ¢ (y)ii € 18 ~9(0, M) for every € > 0, with ¢ as in (6-14).
If s' > —1/2+d, then ¢(y")ii € [TV/2+=9(0, M) for every € > 0. However, this is actually a sum
of terms solving the homogeneous equation, plus a function in /¢~ (0, M) for every ¢ > 0. For
simplicity we show this only in the case that —1/2+d < s’ < —1/24d 4 |r,_,|. Then we observe that

(6-16)

(x /x0) P71 {1(x0, 0, Y") is a solution of the homogeneous equation, while the difference

—ib—iKy —r —ib—iKy
X ~ X S ” X ~ "
- u(-x()a - y]’Y )_ - M(X(),O,Y )
X0 X0 X0

X —r} 1 ) x —r}
= E (—) / y}8)7/~ (u(xo, f(—) y;, ))df
~ \ X0 0 ! X0
J
7,-’

has decay at least x~"s-1 better, hence yields a term in / "= (0, ) for every € > 0. Similarly, if we
replace fi(t, (§)—r} Y. ¥Y") in the integral by fi(z,0,Y") then we get a homogeneous term, while the
difference gives a term in 1 =9(0, M) for every € > (0. The argument can be repeated, removing more
and more terms in the Taylor series for i and f, for larger values of s’. Since any solution is the sum
of the particular solution above and the general solution, the first half of the proposition follows with O
replaced by a smaller neighbourhood O” of ¢q. However, we recover the original statement by using the
real principal type parametrix construction of Duistermaat and Hérmander [1972].

The second half can be proved as in the previous proposition. Fix some xo > 0, and let u; be given
by the second term on the right hand side of (6-16), and let it = ), ux(x, Y")ve(Y""). Then Poii = f,
and as shown above, & has the form

4 = Zxaﬁ/—ikk (y/)ﬂ/ﬁ)}g/’k(Y”)Uk(YW) + szl’
Bk

with 2’ € I£ (0, M) for all € > 0. Then with

ii = Z w (6, Yo (V") 4 x5 (g (V) — ik (V)0 (Y,
ﬁ/

u = ¢u, ¢ € €°°(X) identically 1 near (0, ..., 0), u satisfies all requirements. O
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These results on the explicit normal form Py then allow us to parameterize microlocally outgoing
solutions for every effectively nonresonant critical point.

Theorem 6.7. Suppose that P (o) is effectively nonresonant at q, with normal form Pyom near q as in
Lemma 6.1, and (6-3) holds.

(1) Ifin addition q is a source/sink of W, then any microlocally outgoing solution u of Pyorm has the form
(6-6), and conversely given any Schwartz sequence of Schwartz functions wy, there is a microlocally
outgoing solution u of Py, Which has the form (6-6). Thus, microlocal solutions at a source/sink
of W are parameterized by Schwartz functions of the variables (Y",Y"").

(ii) If q is a saddle point of W, then all microlocally outgoing solutions are in x~'/>*<L? for some € > 0.
For each monomial (y')? in the variables y', each k € N and each Schwartz function w(Y") there is
a microlocally outgoing solution of the form

w="y x% G W ")+, (6-17)
k

where v’ is in a strictly smaller weighted L* space than u, and every microlocally outgoing solution
is a sum of such solutions, with the w = wy, g rapidly decreasing as k — o0 in every seminorm.

Proof. First, Poorm = M Py + R), R € x¢M/, € > 0. Thus, if O is a neighbourhood of g as above,
WFy (Paormit) N O = @, then u € 1(0, M) for all s < —1/2, so Ru € 1£” (0, M) for some s” > 1/2.
Hence Py = 2.7 Poormit — Ru € 1S (0, M).

If g is a source/sink of W, then Proposition 6.3 is applicable, and we deduce that u is microlocally
of the form (6-6). Moreover, if g is a source/sink of W, then given any Schwartz sequence of Schwartz
functions wy, let ug € ﬂs<_1/2 IS(CS)(O, M) be of the form (6-6) Wit}:l Pyugy € ‘éw(X). We construct
Uy € ﬂr<_1/2_k€ IS(Cr)(O, M), k> 1, inductively so that Pyuy+ Ruy_1 € 6°°(X) for k > 1; this can be done
by the second half of Proposition 6.3. Asymptotically summing ), uy to some u € (),__, P Is(g )(0, JA)
gives a microlocally outgoing solution with the prescribed asymptotics, completing the proof of the
theorem in this case.

If g is a saddle point of W, we apply Proposition 6.5 with s’ > —1/2 as in the first paragraph of the
proof. If €’ > 0 is sufficiently small, all of the terms in (6-8) are in Is(c_l/ 2JFG/)(O, ) proving the first
claim. To show the next, let ug = x% = (y")F"w(Y") v (Y""), so Poug =0 and ug € 155)(0, ) for any
s < —1/24d. We construct u; inductively as above, using Proposition 6.5, to obtain u«. O

Remark 6.8. From (6-6) or (6-17) it is not hard to derive the asymptotic expansion of eigenfunctions
of the original operator A + V — o; we need only apply the Fourier integral operator F~! arising by
composing any Fourier integral operators with canonical relation given by the contact maps in Lemma
2.7 and Theorem 3.11 to these expansions. In fact, as mentioned in Remark 3.14, this Fourier integral
operator can be taken to be a composition of a change of coordinates with multiplication by an oscillatory
function if ¢ is either a source/sink (so ¢ € Min (o)) or the linearization of W has no nonreal eigenvalues
(so there are no y”’ variables).
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In the case of a radial point ¢ € Miny (o), in appropriate coordinates y on 3 X, the expansion takes
the form

u = PN TP (Y Yo (Y i, w € 17340, M) for some € > 0 (6-18)
k
where @ is a smooth function (it parameterizes the Legendrian submanifold which is the image of the
zero section under the canonical relation of F~'). For a given o, only a finite number of terms in the
Taylor series for @ are relevant. Similarly in the case of radial points ¢ € RP, (o) \ Min4 (o), the
expansion (6-19) takes the form

U= eiCD(y)/x Z xaﬂ/—ilck (y/)’s/w(Y”)vk(Y’”) + u/’ (6-19)
k
with ® smooth. Again it parameterizes the image of the zero section under the canonical relation of
F~!. In this case, the value of ® on the unstable manifold {y” = y”” = 0} is essential, but only a finite
number of terms in the Taylor series for @ about this unstable manifold are relevant.
These expansions were obtained directly in Part I (that is, without going via a normal form) in the two
dimensional case.

7. Effectively resonant operators

If P is effectively resonant, the simple expressions (6—6) and (6—8) need to be replaced by slightly more
complicated ones in which positive integral powers of log x also appear. Essentially, instead of powers,
or Schwartz functions, of y;/x"/, factors of log x also arise in the expressions for the Y;.

First define a change of coordinates inductively that simplifies the vector field

m—1

V=@D)+ ) (rjyi+P(Gs, -0 yj-1))Dy, (7-1)
Jj=1

that appears in (6-1) as the combinations of the linear terms ) r;y;D,. and the effectively resonant
vector fields in Re;. (Note that ;y; and P ;(ys, ..., y;j—1) are both homogeneous of degree r;.) We do
this in two steps to clarify the argument, first only dealing with the y” terms, thatis, j =s,...,m — 1.

The coordinates Y;, j =s,...,m — 1, are a modification of the coordinates y;/x"/ that appear in
(6-4), so that Y; — y; /x"/ are polynomials 9])5. inYg,...,Y; 1, t =logx. Thus, we let

na% P =0, Y,(¥;, logx) =Y, + P (log x)

and provided that Y, ..., Y;_1, QPE, el 9]351._1 have been defined, we let

t
@g(YS7 "'7Yj—19t) =/ @)j(YS(YS’t/)’ MR ] Yj—l(YS’ AR ] Yj—lat/))dt/7
0

Vi
Y]:_rjj_@i(yv’$yj—l’log'x)’

X

)7j:Yj—i-@i.(n,...,Yj_l,logx), j=s,...,m—1.
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The point of the construction is that V annihilates Y; for all j. This can be seen iteratively: for Yy this
is straightforward, and if VY; = ... = VY, ; =0 then (with 8t@§. denoting the derivative with respect
to the last variable, t = log x)

yj .
VYj=—rj it (03 + P50y = @P°)(Y,. ... Yj_1.logx)

=P (yx Ty ) =P (Y (Y, logx), ..., Y o1 (Yy, ..., Yj_1, logx))

=0
in view of the definition of Y, ..., Y;_; and Yeooo., I_/j_].
One can deal withthe j =1, ..., s —1 terms similarly. We define 97’5., Y; and Y ; inductively as above,

starting with Y;_;. Thus, we let

Ys—1 <
Yooi=2, @ =0, Y, 1(Y;_1,logx) = Y,_; + P, (logx)
xTs—1
and provided that Y1, ..., ¥;_q, @iH, R @5_1 have been defined, we let

t
@g(yj-i-l’ (RN} YS—I’ t) =/ @‘/(Yj—}-l(Yj-i-la e Ys—la t/)7 (RN} YS—](YS—la t/)) dt/’
0

Vi
x"i

)_Kj=Yj+9]>3.(Yj+1,...,Ys_l,logx), j=1,...,5s—1.

Yj= —@g(Yj+],...,YS_],IOgX),

With these definitions, in the coordinates X = x, Y1, ..., Y;u—1, Y, - .-, Yu_1, thatis, (X, Y, Y" "),
which correspond to a blow-upof x =y, =...=y,-1 =0,V = X2Dy.
The zeroth order term is a polynomial %y in yy, ..., y,—1 Which is homogeneous of degree 1 (where

y; has degree r;). Thus,
xT'Po (s, Yme1) = Po(Y (Y, logx), ..., Y1 (Ys, .., Yo, log ).
Let .
9s(u)(YS, ey Y]—l? t) :/ @)0(?S(YS7 t/)y ey Yj—l(Y§9 LR ] YJ—lv t/)) dt/y
0

which is thus a polynomial in Y, ..., Y;_y,7. Then eP0s-Yj-1,108%) can be used as an integrating
factor, conjugating P, to remove the zeroth order term in Re;.
Finally, to put the quadratic terms in a convenient form, we let

Y, = j=m,...,n—1

m’
as before.

Suppose first that g = 0. With our definition of the Y;, (6-10), respectively (6-15), holds if g is
a source/sink, respectively saddle point, of Vy. Thus, the statement and the proof of Proposition 6.3
holds without any changes, while the statement and the proof of Proposition 6.5 carry over provided
x%' (y")#" is replaced by x **(Y")#’. A minor difference is that slightly more effort is required to show
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that |y’| decreases on the integral curves of the vector field (7-1) inside |y’| < 8; for §; > 0 small.
Namely we need to use that, as #;, j = 1,...,s — 1 have no linear or constant terms by Lemma 6.1,
VIy' P =Y52)riy? 4+ 03y'1P) < rot |y P+ 0(1y' ), rs-1 <0, to conclude that V|y'|> <0 for |y'| <61,
81 > 0 small.

In general, with b =b — li (n —m) as in (6-5), Equations (6—10) and (6-15) are replaced by

Py=xD, |y+ZQ, (Y], Dyy) +Po + b,

s—1
Po=xDyly,yryr+ ) (rjy;+P)Dy + Y 0¥}, Dyr) +Po+b,
j=1 j

respectively. Thus we obtain,

ez@gpoe—l@g e XDX|Y + Z éj(Y/'//, DY’]’) +E’
- J
; ! s—1
0 Poe™ 70 = xDolyyryn + Y (rjy; +P ) Dy + Z 0,;(Y]", Dy +b,
j=1

respectively. Since multiplication by e 7o preserves 1 (0, M), the rest of the proof of the propositions
is applicable with u replaced by e’g)ou f = Pou replaced by % f. We thus deduce the following
analogues of Propositions 6.3-6.5 in the effectively resonant case.

Proposition 7.1. Suppose that the radial point q is a source/sink of W, and (6-3) holds, that u €
1900, M), and Pyu € I(S/)(O, M) where s < —1/2 < s'. Then u takes the form

U= Zx—ig—ikke—i@gwk(Y//)vk(Y///) +u (7-2)
k

where the sum is over k € N, v (Y) is an L?-normalized eigenfunction of the harmonic oscillator

n—1
Y 0;(¥;. Dy). Q;(Y;, Dy) = Q;(¥;, Dy) — —(Y Dy, +Dy,¥)), ¥; = 15,

J =m
with eigenvalue ki, wy are Schwartz functions with each seminorm rapidly decreasing in k, and u' €
167900, M) for every € > 0.

Conversely, given any sequence wy of Schwartz functions in Y" with each seminorm rapidly decreas-
ing in k, and given any f € I(S )(0, M), there exists u € ms<—1/2 IS(CS)(O, M) of the form (7-2) with
WF.(Pou— f)NO = 2.

Proposition 7.2. Suppose that q is a saddle point of W, and (6-3) holds, that u € I)(0, M), and
Pyu € I(S,)(O, ) for some s < s’ < oo. Then u takes the form

w= Y xR e T (Y (V) + o (7-3)

ﬂ/
where the sum is over k € N and a finite set of multiindices ', vi(Y) and ki are as above, wg: i are
Schwartz functions with each seminorm rapidly decreasing in k, and u’ € [~ (0, M) for every € > 0.
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Conversely, given any sequence of Schwartz functions wg i, finite in B’ with each seminorm rapidly
decreasing in k, and any f € IS(CS )(0, M) there exists u € ﬂs<_]/2 IS(CS)(O, M) of the form (7-3) with
WF.(Pou — f)N O = @.

We thus deduce the following analogue of Theorem 6.7, with a similar proof.

Theorem 7.3. Suppose that P(o) is effectively resonant at q, with normal form Pyom near q as in
Lemma 6.1, and (6-3) holds.

(1) If in addition q is a source/sink of W, then any microlocal solution u of Pnorm has the form (7-2),
and conversely given any rapidly Schwartz sequence of functions wy, there is a microlocally outgoing
solution u of Pyorm Which has the form (7-2). Thus, microlocal eigenfunctions at a source/sink are
parameterized by Schwartz functions of the variables (Y, Y").

(i) If q is a saddle point of W, then all microlocal solutions are in x~'/>T€L? for some € > 0. For each
monomial in the variables Y', each k € N and each Schwartz function w(Y") there is a microlocally
outgoing solution of the form

s ol ’
U= x—zb—mke—z@’o(y/)ﬂ w(Y”)vk(Y”’) +u/’

where u' is in a strictly faster decaying weighted L* space than u, and every microlocally outgoing
solution is a sum of such solutions, with the w = wy g rapidly decreasing as k — oo in every
seminorm.

8. From microlocal to approximate eigenfunctions

We are interested in the structure of (global) eigenfunctions of A+ V. While in the first half of the paper
a rather general element P € \Ds*c’_l (X) was considered, from now on attention is limited to

H=A+Ve¥:%X), Hoo)=H —o,

in particular the order of H at X is 0.

In the next section we obtain an iterative description of the “smooth” eigenfunctions in terms of
the microlocal eigenspaces. As the first step, we show that if ¢ is a radial point for H(o) = H —
o, then elements of Enic +(q,0), which are the microlocally outgoing eigenfunctions near g, have
representatives satisfying (H —o)u € ¢ (X), that is, they extend to approximate eigenfunctions, with
WF: (1) a subset of the forward flow-out of ¢g. Stated explicitly this is:

Proposition 8.1. If ¢ € RP, (o) then every element of Emic.+(q,0) has a representative u such that
(H —0)u € €*°(X), and WFs.(u) C ®.({g}).

Remark 8.2. From this result, given u as in Proposition 8.1 it is easy to produce an exact eigenfunction
v such that WF.(v) N {v > 0} C & ({¢}): we simply take v =u — R(c —i0)(H —o)u.

The key ingredient of the proof, as in the two-dimensional case studied in [Hassell et al. 2004], is
the microlocal solvability of the eigenequation through radial points. To avoid a microlocal construction
along the lines of Hormander [1971], we introduce, as in Lemma 5.3 of Part I, an operator H which arises
from H by altering V appropriately. This is chosen to be equal to H near the radial point in question
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but to have no other radial points in RP, (o) at which v takes a smaller value. One may then assume, in
any argument concerning g € RP, (¢), that there is no ¢’ € RP, (o) with v(g¢") < v(g).

As in Definition 11.3 of Part I, we introduce a partial order on RP, (o) corresponding to the flow-out
under W.

Definition 8.3. If ¢, ¢’ € RP (o) wesay thatg < ¢’ if ¢’ € @, ({g}) and g < ¢’ if g < ¢’ but ¢’ #gq.
A subset I' C RP, (0) is closed under < if, for all ¢ € ', {g’ € RP.(0); g < ¢’} C I'". We call the set
{¢' € RP.(0); g < ¢’} the string generated by g.

Remark 8.4. This partial order relation between two radial points in RP (o) corresponds to the existence
of a sequence ¢; € RP, (o), j =0,...,k, k > 1, with go = g, gx = g’ and such that for every j =
0, ...,k —1, there is a bicharacteristic y; with lim;_, o ¥; =¢; and lim;_, ;o ¥j = qj41.

Lemma 8.5. Given ¢ > minVy and 9 > 0, set K = Vo~ ((—00, 0 — D%]) C X then there exists a
potential function V € €°°(X) with Vo Morse such that

(i) Vo= Vo,

(i) \70 = Vy on a neighbourhood of K,

2

(iii) no critical value of V lies in the interval (o0 —v7, o],

@iv) if $(0) is the characteristic variety at energy o of H=A+V then
@) Nzi}=E0)N{p =)
v) H — o has no L* null space.

Proof. Choose a smooth function f on the real line so that f >0, f (t) =tift<o—v>and f(t) >0
for t > min{V(q); dV(g) =0and V(q) > 0 — 7%} > o — V2. Then let V= f oV, so the critical points
of Vp and \70 are the same and are nondegenerate

On X(o) N {v > b}, we have v + |,bL|2 + Vo =0, hence V) <o — 12, s0 Vo = Vo, and therefore
Y(o)N{v =7} C E(a) With the converse direction proved similarly, (i)— (1V) follow. Property (v) can
be arranged by a suitable perturbation of V with compact support in the interior. U

These properties of H are exploited in the proof of the following continuation result.

Lemma 8.6 (Lemma 5.5 of [Hassell et al. 2004]). Suppose u € €°°(X) satisfies
WFE.(u) C{v > vi} and WE.((H —o)u) C{v > 1y},
for some O < v| < vy, then there exists € €°°(X) with WF;.(u—u) C{v>vy}and (H—o)u € (€°°(X).

Proof. We just sketch the proof here; for full details, see [Hassell et al. 2004]. The obvious idea of
subtracting R(o +i0)((H —o)u) from u does not quite work, since the forward flowout of other critical
points g’ € RP, (o) with v(g’) less than v(g) may strike g. To avoid this problem, choose U with
V] < U < vy, sufficiently close to v, so that there are no radial points ¢ with v(g) € [V, v2), and a
corresponding V as in Lemma 8.5. Then consider the function R (0 +i0)(H — o)Au, where A is equal
to the identity microlocally on {v < ¥} N X (o) and vanishes microlocally in {v > v,}. Since \70 has no
critical points ¢ with 0 < v(g) < v, it follows readily i = Au — R (0 +i0)(H — o) Au satisfies the desired
conditions. O
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From this we can readily deduce:

Lemma 8.7. If ¢ € RP_(0) then every element of Enic.+(q, 0) has a representative i such that (H —
o)t € 6*°(X) and WF,.(it) is contained in the union of ®({q}) and the ® ({q'}) for those g’ € RP (o)
with v(q") > v(q).

Proof. Let O be a W-balanced neighbourhood of ¢ (see Definition 4.4). Let A € lI!S_C"O’O(X ) be microlo-
cally equal to the identity on & ({g}) N O and supported in a small neighbourhood of ®_ ({g}) N O.
Then there exists v, > v(g) such that v > v, on ®1({g}) \ O, and WF, (A) \ O C {v > v}. (Here
WF;.(A) is the operator wavefront set of A, that is, the complement in **T;, X of the set where A is
microlocally trivial; see [Melrose 1994].) Now let u be any representative. Since WF . (u)NO C @, ({¢}),
WF.(Au —u) N O = @. In addition, WF.(Au) C WF, (A) N WF (u), hence v > v(g) on WF.(Au).
Moreover, WFs.(Au — u) N O = & implies that

WFE (H—-0)Au)N O =WF((H—-0)Au—(H—-0)u)N 0 =3,

so WF . ((H —o0)Au) C WF,.(A) \ O, hence is contained in {v > v,}. Then, by Lemma 8.6, there exists
i € C7°(X) such that v > vy, on WFy. (&t — Au) and (H —o)u € <'€°°(X). In particular, v > v(g) in
WF.(it). Moreover, v > v on WFy (it —u) N O, hence by Lemma 4.5, WF. (it —u) N O = &, so u and
u have the same image in Ep;c +(O0, 0). Il

Finally, we can show that each microlocally outgoing eigenfunction is represented by an approximate
eigenfunction.

Proof of Proposition 8.1. Let it be a representative as in Lemma 8.7. If we choose ¢’ from the set

{4’ € RP1(0) N"WE(); v(¢") > v(q), ¢' ¢ P+(lgD}, (8-1)

with v(¢") minimal, then, localizing & near ¢’, gives an element v of Ey;c 1 (g’). By subtracting from
a representative of v given by Lemma 8.7, we remove the wavefront set near ¢’. Inductively choosing
radial points from (8-1) and performing this procedure repeatedly, all wavefront set may be removed
from & except that contained in ® ({g}). O

9. Microlocal Morse decomposition

Next we show that global smooth eigenfunctions can, in an appropriate sense, be decomposed into
components originating, in the sense of the Introduction, at a single radial point. We do this by defining
subspaces of EZ; (o) corresponding to the location of scattering wavefront set in {v > 0} and showing that
suitable quotients of these spaces are isomorphic to the spaces of microlocal eigenfunctions Ef |, (¢, 0),
g € RP, (o), analyzed in Sections 6 and 7. Since each of the spaces ET5. | (¢, 0), g € RP, (o), is non-
trivial this shows that each such radial point gives rise to eigenfunctions. However, as noted previously
in [Herbst and Skibsted 1999; 2004; 2008] and [Hassell et al. 2004] in some special cases, there is a
qualitative difference between the radial points corresponding to local minima of V and the others. This
is expressed by Proposition 10.3 where we show that the eigenfunctions u € Eyy; | (o) originating only
at minimum radial points are dense in Egss (o) (definitions of these spaces are given below).

Recall from [Hassell et al. 2004, Equation (3.14)] the spaces of eigenfunctions of fixed growth
ES (0)={ue E;°(0); WRS 12y n{v =0} = ). (9-1)

€ss
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This condition is equivalent to requiring that
Bu e x* 212 (X) (9-2)

for some pseudodifferential operator B € \I’SC’O(X ) with boundary symbol which is elliptic on X ()N {v=
0} and microsupported in {|v| < a(o)}, where

a(0) = min{|v(g)|; ¢ € RP(0)}.

The space E2 (o) is of particular interest. Choose an operator A € ¥%%(X) whose boundary symbol is

0 for v < —a(o) and 1 for v > a(o). The space Egss(a) is a Hilbert space with norm

Il (o) = GLH. Alu, ). (9-3)

The positive-definiteness of this form, and its independence of the choice of operator A, was shown in
[Hassell et al. 2004, Section 12]. An equivalent norm is

| Bully-1r2p2 4 Nl =172 2

where € > 0 and B is as in (9-2); see [Hassell et al. 2004, Section 3].
We now define subspaces of Ei (o) depending on the location of the scattering wavefront set inside

{v > 0}. Given any <-closed subset I' of RP, (o), we define

E} (0.T) ={u € E (0); WR(u) NRP, (c) C T'}. (9-4)

€8s

The set of radial points g € RP, (o) lying above local minima of V is an example of a <-closed subspace
and will be denoted Min, (o). In this case we use the notation

E}jin 1+ (6) = Ef (0. Min (0)) = {u € E&(0): WFye(u) NRP.(0) C Min (o)}

€8s

to be consistent with [Hassell et al. 2004].

Proposition 9.1. Suppose that I' C RP (o) is <-closed and q is a <-minimal element of I". Then with
I"=T\{q},
(0, ') > E&(0,T) = Emic.1(0,9) —> 0

0— E= o

€ss

is a short exact sequence, where v is the inclusion map and r, is the microlocal restriction map.

Proof. The injectivity of ¢ follows from the definitions. The null space of the microlocal restriction map
14, which can be viewed as restriction to a W-balanced neighbourhood of g, is precisely the subset of
EZ (o, T') with wave front set disjoint from {g}, and this subset is EX (o, I'’). Thus it only remains to
check the surjectivity of r,.

We do so first for the strings generated by ¢ € RP (o). For ¢ € Min, (o), the string just consists of
q itself and the result follows trivially. So consider the string S(g) generated by ¢ € RP, (o) \ Miny (o).
By Proposition 8.1 any element of Eyic +(q, o) has a representative # satisfying (H — o)t € €®(X)
with WFg (1) C ®,({q}). Then u = u — R(oc —i0)(H —o)u € E (o, I'), which gives surjectivity in
this case.

For any <-closed set I and <-minimal element g, the string S(g) is contained in I, so the surjectivity
of r, follows in general. O
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Notice that we can always find a sequence @ =g CI'; C...C T, =RP,(0), of <-closed sets with
I'; \ I"j_1 consisting of a single point ¢; which is <-minimal in I';: we simply order the ¢; € RP, (o)
so that v(qy) > v(gz) > ..., and set I'; = {q1, ..., g;}. Then Proposition 9.1 implies the following:

Theorem 9.2 (Microlocal Morse decomposition). Suppose that @ =TocC T C...C T, =RP,(0), is
as described in the previous paragraph. Then

{0} — ES (0, 1) — ...—> EX (0, 1) — Eg(0),

€ss €ss

with
GSS(G F )/EesS(Uv F}—l) ~ Emic,+(st G)’ J == 1a 29 L] n

10. L2-parameterization of the generalized eigenspaces

Recall from Theorem 6.7, or Theorem 7.3 in the effectively resonant case, that there is a surjective map

M(0): Expy 1 (0) > B sr(w—‘),ae(minvo,oo)\(cv(\/)u U %Ht,z), (10-1)
g€Miny (o) zeCv(V)

glven by taking u € Eyp , (o), microlocally restricting u to a neighbourhood of each ¢ giving uy €
EX. (0, q) and sending u to the sum of the leading coefficients ), wx(Y") v (Y"), (Y", Y") € R"™ !
of each of the u,. Since the v; are normalized eigenfunctions of a harmonic oscillator and the wy are
Schwartz functions of Y” with seminorms rapidly decreasing in k, the sum is a Schwartz function of
x”, ym.
Let us regard P q F(R"*1) as a subspace of P q L?(R"1), endowed with the norm

1 (wq)geming > =D /R NNy o, dwge =20 =V (x(g) dey, (10-2)
q

where w, is the measure induced by Riemannian measure, namely the measure

X (n—m)/2— Z, /dg

divided by dx/x and restricted to x = 0. (It takes the form dY” dY"” provided that the y are normal
coordinates, centred at the critical point, for the metric 2(0, y, dy).)
The next result is the main content of this section.

Theorem 10.1. The map M, (o) in (10-1) has a unique extension to an unitary isomorphism

M (0): ES (o) — @ L*(R".
geMiny (o)
Remark 10.2. Here, and throughout this section, we take o € (min Vp, 0o) \ Cv(V).

To prove the theorem, we establish several intermediate results. First we show:

Proposition 10.3. The space Eyy; | (0) is dense in E (o) in the topology of Eess(cr).

€ss
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Proof. The proof is by induction. We consider a sequence ['o C I'y C --- C ', = RP4(0) as in the
previous section, but with the additional condition that the radial points are ordered so that, among the
points with equal values of v, those corresponding to local minima of Vj are placed last. We shall prove
by induction that

EZ (0, T; NMin, (0)) is dense in EX (o, T;) in the topology of EX (o). (10-3)

€8s €8s

For i = 1 there is nothing to prove. Assume that (10-3) is true for i = k. Let 'y \ I'r = {q}. If
q arises from a local minimum of Vj, then using a microlocal decomposition, any u € EZ3 (0, I'iy1)
can be written as the sum of u; € EZ (0, {q}) and uy € Eg (o, I'y). A similar statement is true for
u e EZ (0, I'ry1 NMing (o)), which proves (10-3) fori =k + 1.

Next suppose that g does not arise from a local minimum of Vj. Then we adapt the argument of
Proposition 11.6 of [Hassell et al. 2004] to prove (10-3) for i = k+ 1. We first make the assumption that
o is not in the point spectrum of H. Using our inductive assumption, it is enough to show that EZ (o, I'x)

is dense in EX (0, Tky1). Letu € ESS (0, Try1). Let Q € \IJSC’O(X ) be microlocally equal to the identity

€8s €ss

near ['y N Min, (o), and microsupported sufficiently close to I'y N"Miny (o). Then away from Min (o),
u € x~1/2T€ L2 by (ii) of Theorem 6.7 and thus (H — o) Qu = [H, Qlu € x'/>*¢L? for some € > 0. This
is also true near Min, (o) since Q is microlocally the identity there, so we have (H —o)Qu € x'/>*<L?
everywhere. This implies that

u=Qu—R(c —i0)(H —0)Qu, (10-4)

since v =u — (Qu — R(o —i0)(H — o) Qu) satisfies (H —o)v=0and v e x~1/>+€L? microlocally for
v > 0.

Now choose a modified potential function V as in Lemma 8.5, where we choose ¥ larger than v(q)
but smaller than v(g’) for every ¢’ € Ty, NMin_ (o). (This is possible because of the way we ordered
the ¢;.) Since WF.(Qu) lies in {v > ¥}, we have

Qu = R(o +i0)(H —0)Qu. (10-5)

Now take u’j = ¢(x/.rj)u, where ¢ € €°(R), ¢(1) =1fort > 2, ¢(t) =0forz < 1andr; — 0 as
Jj — 00. Then u/j € C*(X), and w; defined by

wj = R(o +i0)(H — o) Qu
converge to Qu in x~'/27¢L%. Our choice of V ensures that
WF.(w;) NRP (o) C I'k.

Moreover,
(H — o)w, converges to (H — o) Qu in x'/¢L2, (10-6)

Now define
uj=w; — R —i0)(H —o)w;.
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ess ess(U)- Certainly, uj—u in x*l/zfeLz.
We must also show that Bu; — Bu in x~!/2L?, where B is as in (9-2). To do this we write

Thenu; € EQ (0, T'y). We claim that u ; — u in the topology of E?

Buj— Bu= B(w; — R(c —i0)(H —o)w;) — B(Ad —Q)u + Qu)
= B(R(0 +i0)(H — 0) Qu’; — R(c —i0)(H — o),
+R(0 —i0)(H —0)Qu — R(o +i0)(H — o) Qu),
using (10—4) and (10-5), and this goes to zero in x~'/2L? by (10-6) and propagation of singularities,

Theorem 3.1 of [Hassell et al. 2004], as in the proof of [Hassell et al. 2004, Proposition 11.6].
If o is in the point spectrum of H, then Equation (10—4) must be replaced by

w= 1'I<Qu — R(o —i0)(H —a)Qu),

where TIT is projection off the L? o-eigenspace. Consequently we must define w j by MR(o +i0)(H —
o) Qu’j, and then the rest of the proof goes through. 0

The second intermediate result we need is:

Proposition 10.4. The Hilbert norm (9-3) on the subspace Eg’,ﬁn’ () C Egss(a) is given by the formula

Wl = Y 2oV [ Mol do, (10-7)
= q€Min, () R
Proof. The proof is the same as the one dimensional case, which is proved in Proposition 12.6 of [Hassell
et al. 2004], so we just give a sketch here.
Let ¢ be as in the proof of Proposition 10.3. Then we can write the natural norm (9-3) on E
a limit

0

ess (0) as

lirr(l)i((H —0)Au, ¢ (x/r)u) = lirr(l)i(Au, [H, ¢(x/r)]u).

Since u € x~1/27€L?, the only term in [H, ¢ (x/r)] contributing in the limit is 2(x2D) ¢ (x /1) (x2Dy).
The cutoff operator A restricts attention to {v > 0}, and the limit vanishes when localized to any region
where u € x~1/2*€ L2, so we can substitute for  a sum of expressions ug as in (6-18) in the effectively
nonresonant case, or its analogue in the effectively resonant setting arising from (7-2) (namely e’ ®©)/*
times an expression as in (7-2); see Remark 6.8), one for each ¢ € Min, (o). A straightforward compu-
tation then gives (10-7). O

Proof of Theorem 10.1. Proposition 10.4 shows that M (o) maps Eﬁ,ﬁn’ (o) into a dense subspace of
EBq L>(R"1), with the Hilbert norm of M, (o)u, u € EX_ . (), equal to that of u. By Proposition

Min, +
10.3, Ef,ﬁnﬁ(o) is dense in EZ (o), and by Corollary 3.13 of [Hassell et al. 2004], EZ (o) is dense in

€SS
E2 (). The result follows. g

So far we have only considered the microlocal restriction of eigenfunctions near radial points g sat-
isfying v(g) > 0. For each critical point of Vj, there are two corresponding radial points with opposite
signs of v, and we can equally well consider microlocal restriction near radial points with v(g) < 0. This
leads to an operator

M_(0): EQ(0) > € L*®R

geMin_ (o)
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and the analogue of Theorem 10.1 holds also for M_ (o).
L2 R — EJ

geMing (o) ess

Definition 10.5. The inverses of My (o), P+(0) : P
the Poisson operators at energy o .

(o) of My (o) are called

We can identify @, cygin, o) L*R"™") and @, cppin_o) L*(R*™!) in the obvious way, and may there-
fore assume that the M4 (o) have the same range, identified with the domain of Py (o).

Corollary 10.6. For o ¢ Cv(V), the S-matrix may be identified as the unitary operator
S(o)=Mi(0)P_(0)

on @, cvpin LR,

Remark 10.7. For n = 2, the structure of S(o) was described rather precisely in [Hassell et al. 2001] as
an anisotropic Fourier integral operator.

Theorem 10.1 is essentially a pointwise version of asymptotic completeness in o . Integrating gives a
version of the usual statement, but some uniformity in o is required for this. So we proceed to discuss
an extension of part (i) of Theorem 6.7 that is valid in an interval rather than just at one value. For this
purpose, let I C (min Vj, 0o) be a compact interval disjoint from the set of effectively resonant energies,
the set of Hessian thresholds and Cv(V). Then for each o € I, the sets Miny (o) C RP, (o) can be
identified; we write Min, (/) for this set. Each element of Miny (/) is thus a continuous family g (o) of
minimal radial points, with g (o) € Miny (o).

Proposition 10.8. Ler I C (min Vy, 00) be as above, and let the q(c) € Min, (1) be an outgoing radial
point associated to a minimum point z of Vo, with Y",Y" the associated coordinates given by (5-18).
For any h(o, -) € €°(I; (R"1)) there is ¢ € €°°(X) orthogonal to E,p(I) such that for every o € I,

F(0) 'R +i0)p = x P *iw,(v", o);(Y", o) +u,
j
h(o, Y, Yy =Y wi(Y", o)v;(Y", o),
J

(10-8)

where wj, vj, k; and b are as in Proposition 6.3, where u’ € €*°(I; Is(é)(X, M)) for some | > —1 and
F (o) is as in Theorem 3.17.

Remark 10.9. The statement u’ € 6°°(1; Is(é)(X , JAl)) is meant to underline that this is a global claim,
namely u’ € 6°°([; IS(CI)(O, A)) and that this is € with values in 6% (X) microlocally away from

{g(0); o € I}, that is, for all A € Wy (X) with WF, (A) N{q(0); 0 € I} =@, Au’' € €°(I; 6™°(X)).

Proof. By the construction of Section 6, for each o € I there is an approximate microlocally outgoing
solution u, with f, = (H —0)u, € <€°°(X) and F (o) 'u, of the same form as the right hand side of
(10-8). Indeed, the construction is smooth in ¢, in the sense that (d/do)*u € I*(O, M) for each k and
each s < —1/2, so that with f(o,.) = f5(.), we have f € €°°(/; ‘ém(X)). Notice that there is no need
to “globalize” using Proposition 8.1, since microlocally outgoing solutions over sources/sinks (that is,
minima of Vj) are localized at g (o).
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Let f %S"(C x X) be an almost analytic extension of f with compact support, so 9, f vanishes to
infinite order at R x X, and let

¢:_—1_/R(a)50fdoAd6.
2ni Jo

Thus, ¢ € @ (X) since 3y f vanishes to infinite order on the real axis.
We also claim that (10-8) holds. Indeed, let og € R, x € €2°(R), x identically 1 near oy, let x be an
almost analytic extension of xy of compact support. Thus,

f(@.) = f(o0, )x(0)+ (0 —09)g(0,.), flo,.)= f(00,)%(0)+ (0 —00)&(0,.)
with g € %?O(R x X), g € %SO(C x X). Then, writing 0 — o9 = (H —09) — (H — o),

" omi

P (/ R(0)d, % do /\d&)f(oo, )
C

1 — 1 _
——_(H—ao)f R(o)d,gdo /\d&—k—,/ d,gdo Ndo,
2mi C 2mi C

where in the last term the identity (H — o)R (o) = Id is used. Since the last term vanishes (as g is
smooth), and the integral in the second term is in €°°(X), while the integral in the first term is x (H),
we deduce that

b = foro + (H — 00) f1, = (H — 00) (ttoy + f)
for some f’ € <€°°(I x X). Then if v € Epy(1), (H — og)v = 0, we have v € <'6°°(X), so (¢, v) =
(Uoy + f(;o, (H —og)v) = 0. Also R(op +i0)¢p — R(og +i0) fo, = f(;o € 6°°(X), so R(og +i0)¢ and
R (00 +i0) f,, indeed have the same asymptotics. In particular, (10-8) holds for every op € R. O

Now we state asymptotic completeness in a more standard form.
Theorem 10.10 (Asymptotic completeness). Let I C (min Vg, 00) be a compact interval as above. Then
My(-)oSp(-):Ran(T1)) © Eny(1) > @ L*UI xR 2 do doy o)
geMin (1)

is unitary. Here, as before, dwg o = 2o — V(7 (q)) dwy.

Proof. For f € € (X) orthogonal to Ep, (1), let

u=u(o)= Qi) " (R(c+i0)f —R(@—i0)f)=Sp(o)f, Sp(o)=2ni) ' (R(c+i0)— R(c —i0))
0

is the spectral measure. The norm of u in E¢

Notice that
2ni(H —0)Au— f=(H —O’)A(R(O' +1i0) — R(o —iO))f —(H—-0)R(oc +i0)f

(o) is given by (i(H — o0 )Au, u), where A is as in (9-3).

— (H - o)((A “1d)R(o +i0) f — AR(c — iO)f) —(H—0), veClC®X),
since
WE. (A) "\WF(R(0 —i0) f) = @ and WF. (A —Id) "\WF(R (0 +i0) f) = &.

Hence
20|y () =2 ((H —0) Au, u) = (f +(H = 0)v,u) = (£, Sp(@) f).
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The right hand side is continuous, hence so is the left hand side.
Integrating over o in I, denoting the spectral projection of H to I by I1;, and using Proposition 10.4,
we deduce that M (o) Sp(o) f is continuous with values in L? and

I fI? =27 /, | M(0) Sp(o) 11 do.

so M, (-)oSp(-) is an isometry on the orthocomplement of the finite dimensional space Ep,(I) in the
range of I1;.

It remains to prove that the range is dense in D, crin L2(I x R"=1). Tt suffices to show that if h €
EquMin ©6>° (I x R"—1), then there is a f € 6°°(X) with M, (o) Sp(c) f = h(o, .). But this was proved
in Proposition 10.8, so the proof of the theorem is complete. (|

Remark 10.11. The results of this section can be related more closely with Theorem 9.2 by considering
the closure of Ef,fin’ +(o) as a subset of EZ; (o) in the topology of EJ (o) for varying values of s. We
0 (o). In fact the proof

(SN

have seen in Proposition 10.3 that Eyy |, (o) is dense, in the topology of Eg
of Proposition 10.3 shows that this is true in the topology of Ei (o) for 0 < s < so, where s is the
smallest number such that every u € E2 (¢), for every g € RP, (o)) \ Miny (o), is in x~!/27%0 L2 Jocally
near 7 (q); that s is strictly positive follows from (ii) of Theorem 6.7. By contrast, EY; 4 (0) is closed
in the EZ (o) topology. What happens as s increases is that the closure of Ef/?in, 4(0) in the E{ (o)
topology changes discretely, as s crosses certain values determined by the structure of eigenfunctions at
the nonminimal critical points.

One way to understand this is in terms of microlocally incoming eigenfunctions at the outgoing radial
points, that is, microlocal eigenfunctions u with scattering wavefront set near ¢ is contained in ®_(gq)

as opposed to @, (g). In Part I we showed (in all dimensions) that there are nondegenerate pairings
Emic,—)—(q» o) X Emic,—(q» o) — C,
Eil (o)X E_i(0) > C

€8s

(Lemma 12.2 and Proposition 12.3 of [Hassell et al. 2004]). The closure of Egp | (o), in the topology

of E} (o), may be identified with the annihilator, in Eg;, (o), of the eigenfunctions which are in E_ (o)

and have scattering wavefront set contained in

U ®_(q)U{v <0}

g€RP, (0)\Miny (o)

This set is trivial for s < sg, and nontrivial for s > sg. The fact that this set of eigenfunctions jumps
discretely with s in shown in the two dimensional case in Section 10 of Part I.

11. Time-dependent Schrodinger equation

11.1. Long-time asymptotics. In this final section we apply the earlier results to deduce the long-time
asymptotics for solutions of the initial value problem

(D4 H)u =0, ul—o =uo, uo € €>(X), (11-1)

for a dense set (in L2 © E,p,(H)) of initial data.
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Our approach is to use the spectral resolution of u( and the functional calculus. In this way, we
deduce the long-time asymptotics of u# from the asymptotics of generalized eigenfunctions of H using
the stationary phase lemma.

We first define the space Xsc, on which the asymptotics of the solution u# of (11-1) will be described.
Let us first choose a global boundary defining function x satisfying (1-1); we can specify, for example,
that x = 1 outside a collar neighbourhood of dX. We then introduce the variable T = fx, where 7 is
time. Let us compactify the real t-line R to an interval R using 7! as a boundary defining function near
T =00, and —7~! as a boundary defining function near T = —oo. Then we define

Xseh = X X R, (11-2)

Thus Xgcp is @ compact manifold with corners, with boundary hypersurfaces if (the “infinity face”) at

T = %00 (or t = +00), naturally diffeomorphic to two copies of X (one at t = 400, one at t = —00),
and a boundary hypersurface af (the “asymptotic face”) diffeomorphic to dX x R;. At af, every point
with 7 > 0 corresponds to t = +00 and every point with T < 0 corresponds to t = —o0, so this is the

place to look for long-time (and large-distance) asymptotics of the Schrodinger wave u. The variable t
has an interpretation of inverse speed; a particle travelling asymptotically radially at speed 7,,° ! will end
up at af after infinite time at T = 7.

We now specify a good subset of L? initial data u¢, for which the asymptotics as t — 400 of the
solution, u, to (11-1) are particularly simple. Let I C (min Vp, 0o) be a compact interval disjoint
from Cv(V) and from the set of effectively resonant energies and Hessian thresholds. Let (k(o, -))q €
€ (I; $(R"1)) be a collection of smooth functions from I into Schwartz functions of n — 1 variables,
one for each ¢ € Min, (1), and let ¢ = ¢ (I, h) = Zq o, hy) € C®°(X) be the function constructed in
Proposition 10.8. Let

sy ={p(, h); h(o,-) €6 (; SR} and A=) o,
1

be the (algebraic) vector space sum of &{; over all such I as above. It is clear from Theorem 10.10
that sd; is dense in RanI1;(H) © Epp(I), and hence that o is dense in L?*o Epp(H) = Hye(H). To
give the asymptotics of (11-1) with initial data from « it suffices to give the asymptotics starting from
ug = ¢ (I, h) for some h as above.

Theorem 11.1. Suppose that I is as above and that ¢ = ¢ (I, h) € ;. Let u(-,t) be the solution of
(11-1) with initial data uy = ¢, regarded as a function on Xscn. Then u has trivial asymptotics (that is,
u and all its derivatives are O (t~°°)) at if. Also, if w € 90X is not a local minimum of Vy, and t > 0, then
u has trivial asymptotics in a neighbourhood of (w, t) € af.

Let 7 be a local minimum of Vy, and let (Y",Y"") be the coordinates given by (5-18), where o is
determined in terms of T by (11-4). Then, in a neighbourhood of (z, t) € af, u takes the form

u(x, YN, YW, 7) = C‘L’_3/2 Zx—i};—ikj+l/2€i\11(y,r)/xwj(Yu, O'(‘L’))vj (YW, o (1)) + I/t/, (11-3)
J
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where

ho (). Y, Y") =3 w;(Y", o @)Y, o), = ()= Vo) 4 g, (114)
Jj

27 472’

b is as in (6-5) and (6-3), k; is as in (6-6), ¥ is a smooth function of y and t, h is decomposed as in
Proposition 10.8, and u’ decays faster than the leading term.

Proof. Let v(o) = Sp(0)p = (27i) " (R(c +i0) — R(c — i0))¢. Then

1 .

u(t, ) =-— f e "(R(oc +i0) — R(c —i0))¢ do.
2mi J;

Shifting the contour of integration shows that, as t — oo, R(o — i0)¢ has trivial asymptotics. Hence it

is enough to consider

u(t, )= i /I e " R(o +i0)¢ do. (11-5)

Let F (o) be the FIO constructed in Theorem 3.17, which conjugates x ! (H —o) to normal form microlo-
cally near the point ¢ € RP, (o) with 7(g) = z. By construction, F(c)~'R(c +i0)¢ has asymptotics
(10-8) for every o. Since F (o) is a smooth family of FIOs, and (10-8) is a Legendre distribution
associated to the zero section (that is, it is conormal at x = 0 with no oscillatory factor), it follows that
R(0 +i0)¢ itself has asymptotics

R(0 +i0)¢p = x~1b=iki gl @00 /Xy y" x5 4y, (11-6)

where ® (-, o) is a smooth function, parametrizing the image of the zero section under the canonical
relation of F (o) (as in (6-18)). By assumption, a is smooth in o, conormal in x and Schwartz in
(Y”,Y"). At the critical point z we have

P(z,0)=+o—VW(2), z=mn(g), g e€Ming(o). (11-7)
We may substitute (11-6) into (11-5) and compute
1 . .
u(t, ) =5 — / e~ie (el‘“y’“)/xa(y”, Y” x,0)+ v’) do, (11-8)
Tl Jg

exploiting the smoothness of ® and a in o.

Let p € X be an interior point. Then (R(c £i0)¢)(p) is a smooth function of o by Proposition 10.8.
It follows that for a fixed interior point p the integral (11-8) is rapidly decreasing as t — 0o, being the
Fourier transform of a smooth, compactly supported function. Hence the asymptotics of u are trivial
at af.

To investigate asymptotics at af, where x — 0, we rewrite (11-8) as

1 .
u(t,x, Y, YY" = 3 / e’(_m+q>(y"’))/x<a(Y”, Y x,0)+v X", Y, x, cr)) do, (11-9)
i

and apply stationary phase to the integral. We first note that for any w € d X which is not a local minimum
of V, the integrand is rapidly decreasing as x — 0 in a neighbourhood of (w, o) € X x I, uniformly in
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o, so u is rapidly decreasing as x — 0 in a neighbourhood of (w, ) € af. So we may restrict attention
to a neighbourhood of (z, 7) € af, where z is a local minimum of Vj.

To do this we apply stationary phase to (11-9). The phase is critical when v = d, ®(y, o). Since ®
is smooth in y, this gives

Teritical = do P (2, 0) + O (Y;x")

and, since a is Schwartz in Y, to compute the expansion of u to leading order we may drop the O (Y;x"")
terms when we substitute T = T¢yitica into a in (11-8). Since ®(z, o) is given by (11-7), we may therefore
take T in the argument of a to be given by T =d, ®(z, o) which implies (11-4). Moreover, the Hessian of
the phase function at the critical point is (4x) Yo — Vo(z)) /> =2x"1173. The stationary phase lemma
then gives (11-3), with ¥ (y, 1) = —t0o (1) + P(y, 0 (7)). O

Remark 11.2. Equation (11-4) is just the energy equation “total energy = potential energy+ kinetic
energy” at infinity, since 1/t is the asymptotic speed. The factor 1/4 comes from the fact that in writing
our Hamiltonian as A 4 V, we have taken the value of mass to be 1/2 in our units.

Remark 11.3. We may not replace W(y, ) with W(z, t) in (11-3), due to the singular factor 1/x in
the phase. In fact, if we expand W (y, ) in a Taylor series about y = z, written in terms of the variables
Y; =y;/x"", then we get an asymptotic expansion involving polynomials y* in the variables y; multiplied
by nonnegative powers x”, where r = Y _ «;r;. We may discard all terms in the Taylor series of ¥ with
r > 1 since these will only contribute to the term u’ decaying faster than the leading term, but we must
keep all terms with r < 1. The number of such terms is always finite, but depends on o — V(z) and the
eigenvalues of the Hessian of Vj at z.

11.2. Asymptotic completeness: time dependent formulation. We see that solutions of the time depen-
dent Schrodinger equation (at least those with initial data in s¢) have expansions at af which are equivalent
to first spectrally resolving the initial data and looking at the expansion of the corresponding family of
generalized eigenfunctions; the variable o in the time-independent setting, and 7 in the time-dependent
setting, play equivalent roles and are linked by (11-4). In view of this, we can recast Theorem 10.10 in
time-dependent terms as follows:

Theorem 11.4. Let I and A be as in Theorem 11.1, let ug € A and let u be the solution of the time
dependent Schrodinger Equation (11-1) with initial data uy. For a given local minimum z of Vy, let
Min, (1) be the associated family of outgoing radial points, and let é =) j é » b and « j be as in
Proposition 6.3. The map

Ar > ug— @ (ei logxéxiE—I/Ze—ilI/(y,r)/xu(x’ .Y, Y///))|
geMin, (1)

o (11-10)

whose existence is guaranteed by Theorem 11.1 extends uniquely by linearity and continuity to a unitary
isomorphism

dt
L?S Epp(H) — @ L*(Rf x RI; = ® 1) (11-11)
q

Here wy ; is the measure in (10-2) and © = 1(q, o) is given by (11-4).

Remark 11.5. The operator ¢’ °¢¥€ simply removes the factors of x ~/°* in the expansion (11-3), so that
we can take a limit as x — 0.
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Remark 11.6. The measure in (11-11) should be thought of as the product of tfla)q,,, which is the
measure in Proposition 10.4, tensored with the measure do = t>dt/2.

Proof. Let ug = ¢ (1, h) be as in Theorem 11.1. We may take the L? norm of (11-3) for a fixed ¢, and
take the limit as t — oco. To do this, we write x = t/¢ and integrate with respect to the measure on X

which is given by Tt 2x172mbgy gt If we just look at the principal term in (11-3) then the powers
of ¢ cancel exactly and we get

Z/—\Zw, X", o()v;(Y", a(r))‘ dY— (11-12)
Since wy o = t7'dY, and do = t3d1/2 using (11-4), this is given by

1 2
—2/2 O’—V()(Z)‘ZU)j(Y//,O’)Uj(YW,G)‘ dwg s do.
T I -
q J

The expression ) jwjvj is equal to
My (q,0)((R(o +i0) — R(o —i0))u,

or equivalently 2wi M (g, o) Sp(c)ug. Also, the norm on @q L>(R"1) is given by (10-2). So we get,
using Theorems 10.1 and 10.10,

(11-12) =27 > f IM(q., o) Sp(0)uoll* do = llugll3 .
1
q

But (11-12) is precisely the square of the norm of the right hand side of (11-10). So we have established
the conclusion of the theorem for the principal term in the asymptotic expansion in (11-3). Since the
remainder term u’ decays faster than the principal term, the L? norm of u/( -, t) goes to zero as t — 00,
so the proof is complete. 0

From Theorem 11.4 we can deduce the following result first proved by Herbst and Skibsted, using a
direct method involving the uncertainty principle, rather than proceeding via the structure of generalized
eigenfunctions as here.

Corollary 11.7 (Absence of L? channels at nonminimal critical points). Let x € €°°(X) vanish in a
neighbourhood of the local minima of Vo on dX. Let u be the solution of (11-1) on X x R with initial
value ug € L*(X) © Epp(H). Then

tl_l)fglo lxut, Hllz2cxy — 0. (11-13)

Proof. We may assume that 0 < x < 1 without loss of generality.

Let € > 0 be given. Then by density of s{ in L> & E,p,(H), we can find ¢ € s, with ¢ equal to a sum
of a finite number of ¢;(I;, hj) € sy, such that |lug — ¢|;2 < €. Without loss of generality we may
assume that all the /; are disjoint. Let u’ be the solution with initial condition ¢. By direct calculation
from (11-3) we find that

. 2 2
Jim 11— 0w’ = /1 Vo = VoG @) Ihjl172 1) do
J
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which by Theorem 10.10 is equal to [|¢|7,. But by unitarity of e~*'#, we have

2 2
lu'(z, ). = lI¢ll;» for each z.

2

Since 0 < x <1, an elementary calculation shows that || (1 — x)u’lliz + ||Xl/t/||%2 <|lu’||5,, which implies

125
Jim [lxu' (¢, )II7. = 0.
So (11-13) is true for u’. On the other hand,
limsup, o0 llx (u(t, ) —u'(t, N2 <€,
so limsup,_, o | xu(t, - )|z < €. Since this is true for every € > 0, the result follows. O

11.3. Comparison with results of Herbst-Skibsted. We first show that our results on the asymptotics
of the solutions to the time-dependent Equation (11-1) are consistent with the comparison dynamics of
Herbst—Skibsted [2004]. Herbst and Skibsted define comparison dynamics, that is, a family of unitary op-
erators Uy (¢) for a given local minimum of V) and for either a “low energy” range or a “high energy” range
which depends on the behaviour of the r; (o) from Lemma 2.7. It has the property that the strong limit

Hm, €™ Uot®)

exists in L?(X) and defines a unitary wave operator.

Let us compare their results on long-time asymptotics with ours. For simplicity, we consider the
“very low energy” energy interval in which all of the exponents r; are complex, with real part 1/2 (this
is “below the Hessian threshold”, in our terminology). For simplicity we also assume, as do Herbst and
Skibsted, that Vy(z) = 0. In this case, the exponent —i b in (11-3) is equal to (n — 1) /4, and there are
no Y” variables. Moreover, the function ®(y, o) is equal to /o (1 — |y|?/4) (see [Hassell et al. 2004,
Section 7], particularly (7.22) and (7.23) for the case n = 2), which implies that W (y, ) = (1 — |y|2/4)/t.
If we substitute x = t/¢ into (11-3) then we get

cZt—(n—l)/4—1/2+i/<‘,-t(n—l)/4+1—il<jeit(l—\y\2/4)/r2wj(t)vj(Y///’ ).
J

To compare this with Herbst and Skibsted’s comparison dynamics, we adopt their notation: we decom-
pose the variable x € R" as x = (x1, x*) where (1,0, ..., 0) is the point on the sphere at infinity where
Vo has a local minimum, and x* are n — 1 orthogonal linear coordinates. We can identify our boundary
defining function x with 1/x;. Thus t =¢/x; and y = x*/x, and we can write the expression above as

c Z t—(n—l)/4—1/2+i;<]-T(n—l)/4+1—i;<jeiz/rzei|xi|2/4zwj(r)vj(XL/\/X—’ 7). (11-14)
J

In this very low-energy case the Herbst—Skibsted comparison dynamics is given explicitly by
Uo(r) = St_l/zei|xi\2/4e—izpf/2e—i(1ogz)Hz ff\o,
where the operator p; stands for Dy, = —idy,, S;-1/2 is the scaling

S f(xn, xT) =170 f (g 720,
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the operator H, is given by
Hy=31p P+ 5t (p 2V —1d /4)xt)

(where V@ is the Hessian of Vj at the critical point), and finally Up is an arbitrary unitary operator.

To compare this to our long-time asymptotic expansion (11-14), it is convenient to take Uy to be
inverse Fourier transform mapping functions of p; to functions of x;. Then H; is a family of harmonic
oscillators parametrized by p;. The operator eitri/2 acting on W(py, x*) then takes the form

@my 1 [ e R . dp
and by stationary phase we see that the large ¢ asymptotics of this operation is given by
W(pl,xL) N t—l/Zeixlz/ZtW(ﬂ’xL)‘
t
Let us expand W(p1, x1) in eigenfunctions of the operator H, = H>(p1) as

W(py,xt) = ij(Pl)Xj(xL» P1)s
J

and write t for #/x;. A computation shows that S;,-1,> H>S,12 is equal to pfl é where é is the operator
from (6-7). The comparison dynamics therefore maps W to

: 2 L2 i _ -
tf(nfl)/471/2611/2r e*t\x |#/4t Z tu(ij(_[ 1)Xj(xJ_/\/;» T 1).
J

This agrees with (11-14), if we identify w; () with t ~'w;(r~1), and v; (Y, 7) with x; (Yt ~1/2 ¢ =1).
(The imaginary powers of T simply amount to a different choice of normalized eigenfunction v;. Also
there are some discrepancies of factors of 1/2 since Herbst—Skibsted’s operator is half the Laplacian
plus V.) Thus, the two expansions are consistent.

In the high energy regime, it is easier to check the agreement of the two expansions. In this case, there
are no Y variables. The Herbst—Skibsted comparison dynamics takes the form

Uo(0).f () = 010,002 f (k(1, ), w(t, x)),
where S(t, x) is a solution to the eikonal equation
8,5t x) + 3|V St 0P + V(@) =0
and k(¢, x) is the energy function

3k = 3IVaS @, 0P+ V().

To make the link with our long time expansion (11-3), we begin by showing that S corresponds to our
phase function ¥ /x. Indeed, W is obtained from &, the phase function in (11-6) by performing stationary
phase as in (11-9). The phase function ®/x parametrizes a Legendrian submanifold which is the image
of the zero section under the FIO F in Remark 6.8. Since the zero section is the flowout from the critical
point in the eigendirections (of the linearized flow) with eigenvalues Ar; (as opposed to A(1 —r;)), as can
be computed easily from (2-7), the same is true of the Legendrian submanifold parametrized by ®/x;
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in particular, it corresponds precisely to Herbst—Skibsted’s Lagrangian submanifold Jl; parametrized
by S (using the correspondence between conic Lagrangian submanifolds and Legendre manifolds “at
infinity”); see [Herbst and Skibsted 2004, Theorem 2.1]. Then the way W /x is obtained from ®/x is
exactly the same as the Legendre transform by which Herbst—Skibsted obtain S from S (see [Herbst and
Skibsted 2004, page 559]), with k? corresponding to our o and S corresponds to our W. Moreover, from
[Herbst and Skibsted 2004, page 561], we have

wj =t PORFO A 28, ()uj+ Oujlul).
In our notation, B;(k) = —r;, u; =y; and t = 7/x. Setting Y/ = y;x~"7 as above, we get
wj = g;j(K)Y] + 0x™"").

Thus, up to an energy-dependent factor g;(k), the coordinate w in Herbst—Skibsted is equivalent to our
Y”. The asymptotics (11-3) in this regime (where now there are no Y"” variables, hence no sum over j)
thus take the form

Cx—il;—H/Zl_—3/2€i\11(y,a(r))/xw(Yu’O_)

which is consistent with the Herbst—Skibsted comparison dynamics.

It is a little more difficult to make the link between our asymptotics and Herbst—Skibsted’s in the
low-energy regime where not all the r; have real part equal to 1/2, but the real parts are all at least 1/3.
We can, however, offer some explanation as to why the low-energy comparison dynamics fails to work
above this energy level. Referring to Remark 11.3, above this energy we cannot approximate the function
W (y, o (7)) by its quadratic approximation; we need to include at least cubic terms in the Taylor series of
W at y =z. These in turn depend on the cubic terms in the Taylor series for Vj at z. The Herbst—Skibsted
low energy comparison dynamics neglects these terms. It cannot therefore be expected to provide an
accurate approximation to the long-time asymptotics of solutions to (11-1), since we have seen that in
(11-3) that one cannot replace W by its quadratic approximation.

We emphasize that our long time asymptotic formula (11-3) works for all energies (except for the
discrete set of eigenvalues, effectively resonant energies and Hessian thresholds), whereas in Herbst and
Skibsted’s results there is a gap of “intermediate energies” in which they do not give any comparison
dynamics. The formula (11-3) correctly interpolates between low energies, below the Hessian threshold,
and high energies, where all the exponents r; are real.

Appendix: Errata for [Hassell et al. 2004]

A.1. Correction to the proof of Proposition 6.7. With the stated assumptions, the proof of Proposition
6.7 in Part I needs to be two-step, and the conclusion is slightly modified, although this does not affect
any of its applications, in particular Proposition 6.9 of Part I, which is its only use in that paper. Below
equation numbers of the form (6.xx) refer to Part I, while equation numbers of the form (A.xx) refer to
this appendix.

The error in the proof arises from the microlocalizers Q € \IJS_COO’O(X ) considered there, in (6.27),
so we recall the assumptions on it. With O, a neighborhood of ¢ as (6.24) or (6.25), we assume that



194 ANDREW HASSELL, RICHARD MELROSE AND ANDRAS VASY

WF;c(Q) COngq gWF;c(Id_Q)’

1070, P — 1= x"2A(B* B+ G)x'2 4+ 2Fx 2,
where §, FG‘I’SC’O(O), GG\DSCJ(X), q §ZWF§C(IA5), A1)

and in addition, F satisfies WF;C(F ) C {v < v(g)}. (This condition on F ensures that WF/SC(F )n
WF.(u) = & for the application in Section 9 of Part 1.)
In fact, due to the two step nature of the proof below, we also need another microlocalizer Q' €
\IJS_C°°’°(X ) satisfying analogous assumptions with B, etc., replaced by B, etc.,
l[(Q/)* Ql, P _ O_] — x1/2((§/)*§/ + é/)xl/z +x1/2ﬁ/x1/2’ (Az)
with properties analogous to (A.1), except that WF,.(Q’) C O,,, etc., where O, is the elliptic set of Q.

The following is a slightly modified version of Proposition A.1, in that we need to assume the existence
of Q' as above, and that the conclusion is on the elliptic set of Q' rather than that of Q.

Proposition A.1 (Modified version of [Hassell et al. 2004, Proposition 6.7]). Suppose that m > 0, s <
—1/2, g € RP1(0), 0 &€ Cv(V), either (6.14) or (6.15) hold, and let O,, be as in (6.24) (or (6.25)).
Suppose that u € 1" (0, M), WF,.((P —0)u) N Oy, = & and that there exists Q, Q' € W;°°(0,,)
elliptic at q that satisfies (A.1)—(A.2) with WF;C(F) NWF,.(u) = &, WF;C(F’) NWF.(u) = &. Then
ue Is(g)’m(O”, M) where O is the elliptic set of Q'.

The issue with the argument presented in the proof of Proposition 6.7 is that it gains a whole extra
factor in the module at once: u € I 71(0,,, M), is assumed, and u € I (0’, M) is concluded.
Now, the novel part of such a statement, corresponding to the terms arising from factors from the module
M C W > ~1(X), is properly dealt with in the (erroneous) proof presented in Part I. However, there is
a problem with the microlocalizer Q unless (6.27) is strengthened to make the error term G have two
orders higher decay than the main term, that is, to make it order (0, 2). This is of course the same issue
as what makes one gain 1/2 order at a time usually in positive commutator proofs for the propagation
of singularities for operators of real principal type. Factors from the module [l are fine because they
essentially get reproduced by the commutator with P —o. The problem is that G cannot be written as a
multiple of Q, in general. Technically, this shows up in (6.29) where €| A, u’ |* cannot be absorbed in
the left hand side for it does not have a factor of Q. (One needs to remember that Au’ is the vector of
QA, su', so all terms arising by commutators with the module generators are OK, the only issue is the
microlocalizer Q.)

This error is easily remedied by a two-step argument. The cost of this is that the open set on which
we conclude regularity is shrunk slightly from the elliptic set of Q to that of Q’, although in relevant
situations one can usually recover the original statement of Proposition 6.7 easily as in Proposition 6.9.
First, the argument given in the proof of Proposition 6.7 proves the following lemma.

Lemma A.2. Suppose thatm > 0,r < —1/2,q € RP,(0), o & Cv(V), either (6.14) or (6.15) hold, and
let O, be as in (6.24) (or (6.25)). Suppose that u € 1™ (0,, M), WE, (P — o)) N O, = & and
that there exists Q € \DS*COO’O(Om) elliptic at q that satisfies (A.1) with WF;c(ﬁ YNWF.(u) = &. Then
ue IS(Cr*l/Z)’m(O’, M) where O’ is the elliptic set of Q.
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Notice that under the same hypothesis as Proposition A.1, this lemma proves regularity under (™ (as
Proposition A.1), but does so at the cost of losing half an order of decay: u € Ig(cr -l 2)’m(O’ , M) rather
than u € 1™ (0’ M).

Proof of Lemma A.2. With the notation of the proof of Proposition 6.7 of Part I, let s =r — 1/2 (so in
particular s < —1/2), let Ay, etc., be as there. Then the pairing (A i/, GAMM’) (where u’ will be
regularizations of u) is controlled by the a priori control of &’ in IS(CS +1/2)m=1 (O, M) = IS(C’ )»m=1 (O, M).
Indeed, x'/2A, ; and x~1/2G A4 are both the product of an element of w02 0, ) and m factors
in the module M C ¥%~1(0,,), hence in particular can be thought of (by combining the factor from

1115(3 s/ 2)(Om) with a factor from Jl) as the product of an element of llls(g sl 2)(0,,,) with m — 1
(r—1/2),m

factors in (. So this gives u € IS (0’, M) = I (O’, M), proving the lemma. O
Proof of Proposition A.1. Lemma A.2 shows that u € 15(5‘”2)*’“(0’, M) with O’ as in Lemma A.2.

With this additional knowledge, the argument stated in the proof of Proposition 6.7 of Part I, applied
with the same s, goes through. (But now we apply it with Q replaced by Q’, etc!) Indeed, the pairing
(Ag.su/, 6’Aa,su/) is controlled by the a priori information, as x'/? A, ju’ = Ag,s—1,2u, so it is controlled
inL?ifu’isa priori controlled in IS(CS ~1/2).m (O’, ) (which we just have proved), and a similar conclusion
holds for x 172G’ Ag su’ as x~1/2G’ € We'/*(X) just like x'/2 is. Thus, u € IS"™ (0", M), with 0" the

elliptic set of Q’, as desired. This finishes the proof. U

A.2. Correction to Proposition 9.4. The proof of Proposition 9.4 in Part I contains the statement *“ Since
r1 < 0, the vector field xd, +r;yd, is nonresonant”, which is false. To correct the proof, that statement
should be deleted and the sentence following it replaced by: “By a change of coordinates x" = a(y)x,
y' =b(y)y, where a, b € C* near y = 0 satisfy the ODEs

a(y)F(y) b(y)
d(y)=——2"2 =2 a0 =b0) =1
ri+yG(y) ri+yG(y)
the F and G terms are eliminated and the vector field becomes

2v

a(y)

modulo terms in x2/(? and subprincipal terms.” This proves the proposition apart from the prefactor of
a(y)~! in front of Py which is irrelevant for the application of this proposition.

Of course, Proposition 9.4 also follows by applying the results of the present paper, noting that the
case considered there is effectively nonresonant.

()2 Dy) +r1y(x'Dy)),
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CR-INVARIANTS AND THE SCATTERING OPERATOR
FOR COMPLEX MANIFOLDS WITH BOUNDARY

PETER D. HISLOP, PETER A. PERRY AND SIU-HUNG TANG

Suppose that M is a strictly pseudoconvex CR manifold bounding a compact complex manifold X of
complex dimension m. Under appropriate geometric conditions on M, the manifold X admits an ap-
proximate Kédhler—Einstein metric g which makes the interior of X a complete Riemannian manifold. We
identify certain residues of the scattering operator on X as conformally covariant differential operators
on M and obtain the CR Q-curvature of M from the scattering operator as well. In order to construct
the Kéhler—FEinstein metric on X, we construct a global approximate solution of the complex Monge—
Ampere equation on X, using Fefferman’s local construction for pseudoconvex domains in C”. Our
results for the scattering operator on a CR-manifold are the analogue in CR-geometry of Graham and
Zworski’s result on the scattering operator on a real conformal manifold.
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1. Introduction

The purpose of this paper is to describe certain CR-covariant differential operators on a strictly pseudo-
convex CR manifold M as residues of the scattering operator for the Laplacian on an ambient complex
Kéhler manifold X having M as a “CR-infinity”. We also characterize the CR Q-curvature in terms of the
scattering operator. Our results parallel earlier results of Graham and Zworski [2003], who showed that
if X is an asymptotically hyperbolic manifold carrying a Poincaré—Einstein metric, the Q-curvature and
certain conformally covariant differential operators on the “conformal infinity”” M of X can be recovered
from the scattering operator on X. The results in this paper were announced in [Hislop et al. 2006].

To describe our results, we first recall some basic notions of CR geometry and recent results [Fefferman
and Hirachi 2003; Gover and Graham 2005] concerning CR-covariant differential operators and CR-
analogues of Q-curvature. If M is a smooth, orientable manifold of real dimension (2n + 1), a CR-
structure on M is a real hyperplane bundle H on TM together with a smooth bundle map J : H — H
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with J2 = —1 that determines an almost complex structure on H. We denote by 7i ¢ the eigenspace of
J on H ® C with eigenvalue +i; we will always assume that the CR-structure on M is integrable in the
sense that [T7.0, T1.0] C T1,0. We will assume that M is orientable, so that the line bundle H LtcTr'M
admits a nonvanishing global section. A pseudo-Hermitian structure on M is smooth, nonvanishing
section 6 of H+. The Levi form of 6 is the Hermitian form

Lo(v, w) =d6(v, Jw)

on H. The CR-structure on M is called strictly pseudoconvex if the Levi form is positive definite. Note
that this condition is actually independent of the choice of 6 compatible with a given orientation of M.
We will always assume that M is strictly pseudoconvex in what follows. It follows from strict pseudocon-
vexity that 6 is a contact form, and the form 8 A (d6)" is a volume form that defines a natural inner product
on 6°°(M) by integration. The pseudo-Hermitian structure on M also determines a connection on TM,
the Tanaka—Webster connection Vy; the basic data of pseudo-Hermitian geometry are the curvature and
torsion of this connection (see [Tanaka 1975; Webster 1978]).

Given a fixed CR-structure (H, J) on M, any nonvanishing section 6 of H+ compatible with a given
orientation takes the form ¢*Y6 for a fixed section 6 of H' and some function Y € €°>°(M). The
corresponding Levi form is given by

Ly=e*"Lg.

In this sense the CR-structure determines a conformal class of pseudo-Hermitian structures on M.

For strictly pseudoconvex CR manifolds, Fefferman and Hirachi [2003] proved the existence of CR-
covariant differential operators Py of order 2k, k =1,2,...,n+ 1, whose principal parts are Ak where
Ay is the positive sub-Laplacian on M with respect to the pseudo-Hermitian structure 6. They exploit
Fefferman’s construction [1976] (formulated intrinsically by Lee [1986]) of a circle bundle € over M
with a natural conformal structure and a mapping 6 — gy from pseudo-Hermitian structures on M to
Lorentz metrics on 4 that respects conformal classes. They then construct the conformally covariant
differential operators found in [Graham et al. 1992] (referred to here as GIMS operators) on %6, and
show that these operators pull back to CR-covariant differential operators on M. The CR Q-curvature
may be similarly defined as a pullback to M of Branson’s Q-curvature (see [Branson 1993] and see also
[Chang et al. 2008] for a review and further references) on the circle bundle €. Here we will show that
the operators Py on M occur as residues for the scattering operator associated to a natural scattering
problem with M as the boundary at infinity, and that the CR Q-curvature QQCR can be computed from
the scattering operator.

To describe the scattering problem, we first discuss its geometric setting. Recall that if M is an
integrable, strictly pseudoconvex CR manifold of dimension (2n + 1) with n > 2, there is a complex
manifold X of complex dimension m = n + 1 having M as its boundary so that the CR-structure on M
is induced from the complex structure on X (this result is false, in general, when n = 1; see [Harvey and
Lawson 1975]). Let ¢ be a defining function for M and denote by X the interior of X (we take ¢ <0in
X ). The associated Kéhler metric g on X is the Kihler metric with Kihler form

w, = —%8510g(—<p) (1-1)
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in a neighborhood of M, extended smoothly to all of X. The metric has the form

n dg*  ©?
go=— + r<p)( o (pz).
in a neighborhood of M, where n and ® have Taylor series to all orders in ¢ at ¢ = 0. The boundary
values ®|y = 6, and |y = h induce respectively a contact form on M and a Hermitian metric on H,
where H is a subbundle of TM. The function r is a smooth function, the transverse curvature, which
depends on the choice of ¢ (see [Graham and Lee 1988]). Thus, the conformal class of a Hermitian
metric & on H, is a kind of “Dirichlet datum at infinity” for the metric g,, that is (—¢)g,|n = h.

A motivating example for our work is the case of a strictly pseudoconvex domain X C C™ with

Hermitian metric
m
§=)

jik=1

(1-2)

82

1
log(—~ )dz; ®dz.
0z;0zf ¢ o/ k
where ¢ is a defining function for the boundary of X with ¢ < 0 in the interior of X. In this example,
observe that if

i =
0 = 53¢ —d9)

and ¢ : M — X is the natural inclusion, then 6 = (*® is a contact form on M that defines the CR-structure
H =ker6. The form d6 induces the Levi form on M and so defines a pseudo-Hermitian structure on
M. Denote by J the almost complex structure on H; the two-form h =d6(-, J-) is a pseudo-Hermitian
metric on M. It is not difficult to see that the conformal class of the pseudo-Hermitian structure on M,
that is, its CR-structure, is independent of the choice of defining function ¢.

It is natural to consider scattering theory for the positive Laplacian, Ag, on (X, g), where X is a
complex manifold with boundary M. As discussed in what follows, the metric g belongs to the class of
®-metrics considered by Epstein, Melrose, and Mendoza [1991]; see also the recent paper of Guillarmou
and S& Barreto [2008] where scattering theory for asymptotically complex hyperbolic manifolds (a class
which includes those considered here) is analyzed in depth. Thus, the full power of the Epstein—Melrose—
Mendoza analysis of the resolvent

R(s) = (Ag—s(m—s))"!

of A is available to study scattering theory on (X, g).
For f € €° (M), N(s) =m/2, and s # m /2, there is a unique solution u of the “Dirichlet problem”

(Ag—sm—sNu=0, u=(=)"F+(—9)’G, Flu=1/, (1-3)

where F, G € €*°(X). The uniqueness follows from the absence of L? solutions of the eigenvalue
problem for M (s) = m/2; this may be proved, for example, using [Vasy and Wunsch 2005] (see the
comments in [Guillarmou and S4 Barreto 2008]). Here we will use the explicit formulas for the Kéhler
form and Laplacian obtained in [Graham and Lee 1988] to obtain the asymptotic expansions of solutions
to the generalized eigenvalue problem.

Unicity for the “Dirichlet problem” (1-3) implies that the Poisson map

P(s) : €°(M) —> €X(X), fr>u (1-4)
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and the scattering operator
Sx(s) : € (M) > €= (M), fr>Glu

are well defined. The operator Sy (s) depends a priori on the boundary defining function ¢ for M. If
@ = eV is another defining function for M and v|y = Y, the corresponding scattering operator Sx (s)
is given by

Sx(s) =e T Sy (s)e T,

The operator Sy (s) admits a meromorphic continuation to the complex plane, possibly with singularities
ats =0, —1, -2, ...; see [Melrose 1999] where the scattering operator is described and the problem of
studying its poles and residues is posed, and see [Guillarmou and S4 Barreto 2008] for a detailed analysis
of the scattering operator. The scattering operator is self-adjoint for s real. We will show that, with a
geometrically natural choice of the boundary defining function ¢, the residues of certain poles of Sx (s)
are CR-covariant differential operators.

To describe the setting for this result, recall that for strictly pseudoconvex domains €2 in C”, Fefferman
[1976] proved the existence of a defining function ¢ for d€2 which is an approximate solution of the
complex Monge—Ampere equation.

The complex Monge—Ampere equation for a function ¢ € €°°(2) is the equation

Jlel=1, ¢lsa=0,

where J is the complex Monge—Ampere operator

J[(p]:det<(p ‘pf>.

Y Yk
We say that ¢ € €°°(€2) is an approximate solution of the complex Monge—Ampere equation if

Jlpl =1+0(™™h),  ¢laq =0.

The Kéhler metric g associated to such an approximate solution ¢ is an approximate Kihler—Einstein
metric on €2, that is, g obeys

Ric(g) = —(m + Do+ 0(p™ ™, (1-5)

where w is the Kihler form associated to ¢, and Ric is the Ricci form.

Under certain conditions, Fefferman’s result can be “globalized” to the setting of complex manifolds
X with strictly pseudoconvex boundary M, as we discuss below. It follows that X carries an approximate
Kéhler—FEinstein metric g in the sense that (1-5) holds.

We will call a smooth function ¢ defined in a neighborhood of M a globally defined approximate
solution of the Monge—Ampere equation on X if for each p € M there is a neighborhood U of p in
X and a holomorphic coordinate system in U for which ¢ is an approximate solution of the Monge—
Ampere equation. As we will show, such a solution exists if and only if M admits a pseudo-Hermitian
structure 6 which is volume-normalized with respect to some locally defined, closed (n 4 1, 0)-form in
a neighborhood of any point p € M (see Section 2D.2 where we defined “volume-normalized”, and see
Burns—Epstein [1990] where a similar condition is used to construct a global solution of the Monge—
Ampére equation when dimM = 3). If dimM > 5, we can give a more geometric formulation of
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this condition. Recall that a CR manifold is pseudo-Einstein if there is a pseudo-Hermitian structure
6 for which the Webster Ricci curvature is a multiple of the Levi form. Lee [1988] introduced and
studied this geometric notion; he proved that if dim M > 5, then M admits a pseudo-Einstein, pseudo-
Hermitian structure 0 if and only if 6 is volume-normalized with respect to a closed (n + 1, 0)-form in a
neighborhood of any point p € M. If dim M = 3, the pseudo-Einstein condition is vacuous and must be
replaced by a more stringent condition; see Section 2D.2 in what follows. If X is a pseudoconvex domain
in C™, this condition is trivially satisfied since the pseudo-Hermitian structure induced by the Fefferman
approximate solution is volume-normalized with respect to the restriction of { =dz' A--- Adz™ to M.

Theorem 1.1. Let X be a complex manifold of complex dimension m = n + 1 with strictly pseudoconvex
boundary M. Let g be the Kihler metric on X associated to the Kdahler form (1-1), and let Sx(s) be
the scattering operator for A,. Finally, suppose that A, has no L?-eigenvalues. Then Sx(s) has simple
poles at the points s = (m + k) /2, k € N, and

Res Sx(s) =CkPk,
s=(m+k)/2

where the Py are differential operators of order 2k, and
=Dk
© 2%k — D!

If g is an approximate Kdhler—Einstein metric given by a globally defined approximate solution of the
Monge—-Ampere equation, then for 1 < k < m, the operators Py are CR-covariant differential operators.

Ck (1-6)

Remark 1.2. It is not difficult to show that, for generic compactly supported perturbations of the metric,
L’?-eigenvalues are absent. Our analysis applies if only the metric g has the form (1-2) in a neighborhood
of M.

Remark 1.3. We view the operators Py as operators on 6°°(M); if one instead views these operators as
acting on appropriate density bundles over M they are actually invariant operators. Gover and Graham
[2005] showed that the CR-covariant differential operators Py are logarithmic obstructions to the solution
of the Dirichlet problem (1-3) when X is a pseudoconvex domain in C” with a metric of Bergman type,
but did not identify them as residues of the scattering operator.

It follows from the self-adjointness (s real) and conformal covariance of Sx(s) that the operators Py
are self-adjoint and conformally covariant. As in [Graham and Zworski 2003], the analysis centers on
the Poisson map % (s) defined in (1-4). As shown in [Epstein et al. 1991], the Poisson map is analytic in
s for Re(s) > m/2. Moreover, at the points s = (m +k)/2, k=1, 2, ..., the Poisson operator takes the
form

Pe)f = (=) "TORF 4 (=) log(—¢) G
for functions F, G € 6°°(X) with
Filu=f, Glu =ckPrf.
Here Py are differential operators determined by a formal power series expansion of the Laplacian (see
Lemma 3.4), and are the same operators that appear as residues of the scattering operator at points
s = (m 4+ k)/2. An important ingredient in the analysis is the asymptotic form of the Laplacian due to
Lee and Melrose [1982] and refined by Graham and Lee [1988].
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If the defining function ¢ is an approximate solution of the complex Monge—Ampere equation, the
differential operators Py, 1 <k < m, can be identified with the GJMS operators owing to the character-
ization of P(s) f described above (see [Gover and Graham 2005, Proposition 5.4]; the argument given
there for pseudoconvex domains easily generalizes to the present setting).

Explicit computation shows that, for an approximate Kihler—Einstein metric g, the first operator has
the form

Pi=ci(Ap+nQ2n+1)"'R),

where A is the sub-Laplacian on X and R is the Webster scalar curvature, that is, P; is the CR-Yamabe
operator of Jerison and Lee [1984].

The CR Q-curvature is a pseudo-Hermitian invariant realized as the pullback to M of the Q-curvature
of the circle bundle 6.

Theorem 1.4. Suppose that X is a complex manifold with strictly pseudoconvex boundary M, and sup-
pose that g is an approximate Kdihler—Einstein metric given by a globally defined approximate solution
of the Monge—-Ampére equation. Let Sx (s) be the associated scattering operator. The formula

cn Q5 = lim Sx(s)1
S—m
holds, where c,, is given by (1-6).
It follows from Theorem 1.1 and the conformal covariance of Sy (s) that if & = ¢>Y 60, then
eZmTQgR _ QGCR +P,T

as was already shown in [Fefferman and Hirachi 2003]. From this it follows that the integral

f SRy
M

is a CR-invariant (recall that v is the natural volume form on M defined by the contact form ). We
remark that the integral of QOCR vanishes for any three-dimensional CR manifold because the integrand
is a total divergence (see [Fefferman and Hirachi 2003, Proposition 3.2] and comments below), while
under the condition of our Theorem 1.4, there is a pseudo-Hermitian structure for which QQCR =0 (see
[Fefferman and Hirachi 2003, Proposition 3.1]). In our case, if ¢ is a globally defined approximate
solution of the Monge—Ampere equation, the induced contact form

1 =
9—5(3§0—3§0)

on M is an “invariant contact form” in the language of [Fefferman and Hirachi 2003], and they show in
Proposition 3.1 that QgR = 0 for an invariant contact form. Thus it is not clear at present under what
circumstances this invariant is nontrivial for a general, strictly pseudoconvex manifold.

Finally, we prove a CR-analogue of [Graham and Zworski 2003, Theorem 3] using scattering theory.

Theorem 1.5. Suppose that X is a compact complex manifold with strictly pseudoconvex boundary M,
and g is an approximate Kdhler—Einstein metric given by a globally defined approximate solution of the
Monge—Ampeére equation. Then

volg{—¢ > e} = coe "V Here T+ +epe L+ Llog(—e) + V +o(1).
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where

L:cmf QGCRw:O
M

We remark that Seshadri [2007] already showed that L is, up to a constant, the integral of QgR. Itis
worth noting that our choice of defining function differs from Seshadri’s.

2. Geometric preliminaries

2A. CR manifolds. Suppose that M is a smooth orientable manifold of real dimension 2n + 1, and let
CTM = TM ®g C be the complexified tangent bundle on M. A CR-structure on M is a complex n-
dimensional subbundle € of CTM with the property that € NH = {0}. If, also, [#, #] C ¥, we say that
the CR-structure is integrable. If we set H = Re ¥, then the bundle H has real codimension one in 7M.
The map

J:H—>H, V4+Vii(V-=V)

satisfies J2 = —I and gives H a natural complex structure.

Since M is orientable, there is a nonvanishing one-form 6 on M with ker & = H. This form is unique
up to multiplication by a positive, nonvanishing function f € €°°(M). A choice of such a one-form 6 is
called a pseudo-Hermitian structure on M. The Levi form is given by

Lo(V,W)=—ido(V, W) (2-1)
for V, W € ¥ (here d0 is extended to ¢ by complex linearity). Note that
Lyg= fLg

since 6 annihilates #. If d0 is nondegenerate, then there is a unique real vector field 7 on M, the
characteristic vector field T, with the properties that 6(7) =1 and T.d0 = 0. If {W,} is a local frame
for # (here « ranges from 1 to n), then the vector fields {W,, Wg, T'} form a local frame for CTM. If
we choose (1, 0)-forms 6% dual to the W, then {#%, 6%, 8} forms a dual coframe for CTM. We say that
{6*} forms an admissible coframe dual to {W®} if 6“(T) = O for all «. The integrability condition is
equivalent to the condition that
d6=do* =0 mod {0, 6%}.

The Levi form is then given by

Lo=h,z0°N0° (2-2)

for a Hermitian matrix-valued function /5. We will use /1,5 to raise and lower indices in this article.

We will say that a given CR-structure is strictly pseudoconvex if Ly is positive definite. Note that (up
to sign) this condition is independent of the choice of pseudo-Hermitian structure 6.

In what follows, we will always suppose that M is orientable and that M carries a strictly pseudocon-
vex, integrable CR-structure. In this case, the pseudo-Hermitian geometry of M can be understood in
terms of the Tanaka—Webster connection on M (see Tanaka [1975] and Webster [1978]). With respect to
the frame discussed above, the Tanaka—Webster connection is given by

VW, =0, @ W, VT =0
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for connection one-forms w,? obeying the structure equations
do® =0F A’ +6 A T°,
d =ih,z0“N 0P,
where the torsion one-forms are given by
o __ o _ B
" =A B 6r,
with Ayg = Age. The connection obeys the compatibility condition
dha’g = Wyp + Wy
with the Levi form described in (2-1) and (2-2).

2B. Complex manifolds with CR boundary. Now suppose that X is a compact complex manifold of
dimension m = n + 1 with boundary d X = M. We will denote by X the interior of X. The manifold M
inherits a natural CR-structure from the complex structure of the ambient manifold. We will suppose that
M is strictly pseudoconvex; such a structure, induced by the complex structure of the ambient manifold,
is always integrable.

We will suppose that ¢ € €°°(X) is a defining function for M, that is, ¢ < 0 in X,9=0o0n M, and
de(p) #0 for all p € M. We will further suppose that ¢ has no critical points in a collar neighborhood
of M so that the level sets M® = ¢~!(—¢) are smooth manifolds for all & sufficiently small.

Associated to the defining function ¢ is the Kéhler form

WEE) dp A D
z(_¢+<o ¢>'

1 .=
Wy = _533 log(—¢) = 25, o

We will study scattering on X with the metric induced by the Kihler form w,. Since we can cover a
neighborhood of M in X by coordinate charts, it suffices to consider the situation where U is an open
subset of C™ and ¢ : U — R is a smooth function with no critical points in U, the set {¢ < 0} is
biholomorphically equivalent to a boundary neighborhood in X, and {¢ = 0} is diffeomorphic to the
corresponding boundary neighborhood in M. We will now describe the asymptotic geometry near M,
recalling the ambient metric of [Graham and Lee 1988] and computing the asymptotic form of the metric
and volume form.
The manifolds M? inherit a natural CR-structure from the ambient manifold X with

% =CTM*NT"OU.
Given a defining function ¢, we define a one-form
l‘ —
©=70-0d¢

and let
6, =10,

&
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where (. : M® — U is the natural embedding. The contact form 6, gives M¢ a pseudo-Hermitian structure.
We will denote by ¥ the subbundle of 7'-°U whose fibre over M¢ is #¢. Note that

d® =iddg

and the Levi form on M? is given by
Ly, = —id0;.
We will assume that each M? is strictly pseudoconvex, that is, Ly, is positive definite for all sufficiently

small ¢ > 0. To simplify notation, we will write 6 for 6., suppressing the €, as the meaning will be clear
from the context.

2B.1. Ambient connection. In order to describe the asymptotic geometry of X, we recall the ambient
connection defined by Graham and Lee [1988] that extends the Tanaka—Webster connection on each M?
to CT U. First we recall the following simple lemma (see [Lee and Melrose 1982, §2]).

Lemma 2.1. There exists a unique (1, 0)-vector field & on U so that:
dpE)=1 and £.93p=rdgp
for some r € €°(U).

The smooth function r is called the transverse curvature. We decompose & into real and imaginary
parts as

E=3(N—il),
where N and T are real vector fields on U. It easily follows that

dp(N)=2, 6(N)=0, 6(T)=1, T.do=0.

Thus T is the characteristic vector field for each M€, and N is normal to each M.

Let {W,} be a frame for ¥. It follows from Lemma 2.1 that {W,,, Wg, T} forms a local frame for
CTM¢, while {W,, Wy, &, &} forms a local frame for CTU. If {0} is a dual coframe for {W,}, then
{6%,0%, 6} is a dual coframe for CTM?, while {6%, 6%, d¢, ¢} is a dual coframe for CTU. The Levi
form on each #* is given by

Ly =h,z6°A6P

for a Hermitian matrix-valued function & B We will use haE to raise and lower indices. We will set

W,=& Wz=§ 0"=03p, 0" =0¢p.
In what follows, repeated Greek indices are summed from 1 to n and repeated Latin indices are summed
from 1 tom =n+1.
The following important lemma decomposes the form d® into “tangential” and “transverse” compo-
nents.

Lemma 2.2. We have
009 =h,50°A0P +rdg Adg.
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Proposition 2.3 [Graham and Lee 1988, Proposition 1.1]. There exists a unique linear connection V on
U so that:

(a) For any vector fields X and Y on U tangent to some M?,
VxY =V§Y
where V¢ is the pseudo-Hermitian connection on M®.
(b) V preserves #, N, T and Lg; that is, Vx¥ C ¥ forany X e CTU,and VT = VN =V Ly =0.
(c) If {(Wy} is a frame for ¥, and {0%, ¢} is the dual (1, 0)-coframe on U, then
do* = 0P N —idp AT +i(WOr)de A0 + Srde AO°.
The connection V is called the ambient connection.
2B.2. Kdhler metric. Using Lemma 2.2, we can also compute the Kihler form

i
2

1 z 11— _
Cl)(p = <_—¢ha59a/\ 9’3 + TWBQD AN 8<p>

The induced Hermitian metric is

1 z 1—r _
gy = __¢ha39“®0ﬂ+ (pz(p8g0®8g0.

It is easy to compute that

_r(p
@2

1
8e(N,N)=4

so the outward unit normal field associated to the surfaces M?¢ is
Y= Y N.

21 —ro

m

We note for later use that the induced volume form Wy

is given by

m __ i\ 1—rg0 Nl 1 m m
o = (%) ((—det(haﬂ)e ANOTA - A" AOT ),

@ 2 _(p)m-i-l
while T
m re
V. C!)leMF = ﬁg—m(dﬁg)" AN 95. (2-3)
We will set
=™ @6y r o 2-4)
Y = 5 (d6)" A6, 2

We also note for later use that if u € €°°(X) and

du =uy0" + M&QQ +updp + Mméfﬂ,

then 2

2 _ By - ¢
|a’u|gw = —ph® uauﬂ—i-l

UpyUip.
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2C. The Laplacian on X. The Laplacian on the Kéhler manifold (X, w,) is the positive operator!
Ay =Tr(i93u) = g*u z,

for u € €°°(X), where we now write A, rather than A, to emphasize the dependence of A on the
boundary defining function ¢.

Graham and Lee [1988] computed the Laplacian in a collar neighborhood of M, separating “normal”
and “tangential” parts. To state their results, recall that the sub-Laplacian is defined on each M? by

— (y.% 4y P
Apu = (uo, +ug ),
where covariant derivatives are taken with respect to the Tanaka—Webster connection on M®.

Theorem 2.4 [Graham and Lee 1988].

A — %(1_—¢(N2+T2+2rN+2X,) —2A;,+2nN), (2-5)

where X, = r* Wy, +r®Wg.
It will be useful to recast (2-5) for Ayu in terms of x = —¢. Note that N =20/9d¢p = —29/9x, so

1
_A :(
vlt 1+rx

We think of A, as a variable-coefficient differential operator with respect to vector fields x 9/, and
vector fields tangent to the boundary M. In a neighborhood of M we have

Ay~ xFLy, (2-6)
k>0

)Y w4 (e Jut x )T = 21y 42X, + he(-28)
X — u—n X— |u | — u—2ru u - X(— u).
0x 0x N1 4rx o d 4 b

for differential operators Ly = L (y; 9y, xdy), where the indicial operator L is

2 0
Lo= —(x—) +mx—, 2-7)
X

and the operator L is

Ly = %Ab +r0<x%)2,
where r = rg+ O(x).
2D. The complex Monge-Ampeére equation.

2D.1. Local theory. Let Q be a domain in C” with smooth boundary. The complex Monge—-Ampere
equation is the nonlinear equation
Jul=1, ule =0,

for a function u € €*°(2), u > 0 on 2, where J[u] is the Monge—Ampere operator:

Jul = (=1)" det <”~ 4 ) . (2-8)

i Ui

Note that our definition differs from that of Graham and Lee by an overall factor of —%‘
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If u solves the complex Monge—Ampere equation then
! : 7
u//jk

is a Kdhler—Einstein metric.

Fefferman [1976] showed that there is a smooth function y € €°°(£2) that satisfies
Jlpl=1+0"),  ¢lsa=0,

and that ¢ is uniquely determined up to order m + 1. Cheng and Yau [1980] showed the existence of
an exact solution belonging to €°°(£2) N Cm+3/2-¢(Q), while Lee and Melrose [1982] showed that the
exact solution has an asymptotic expansion with logarithmic terms beginning at order m + 2.

We will show that Fefferman’s local approximate solution of the Monge—Ampere equation [Fefferman
1976] can be globalized to an approximate solution of the Monge—Ampere equation near the boundary
of a complex manifold X. We will see later that, to globalize Fefferman’s construction, we need to
impose a geometric condition on the CR-structure of M inherited from the complex structure of X.
For the convenience of the reader, we review the properties of the operator J under a holomorphic
coordinate change and the connection between solutions of the Monge—Ampére equation and Kéhler—
Einstein metrics.

If f:Q cC™— C™ is holomorphic, then f” denotes the matrix

df;

f )jk=a—Zk-

Lemma 2.5. Let f be a local biholomorphism. Then, for any local smooth function u on 2,
J[1det(fH2 " Do £)] = Julo f.

A proof was given by Fefferman [1976]. Here we give an alternative proof using the following identity.

Jlu] = u™*! det<(1og(£))jk).

Proof. Using row-column operations, one proves that

det (u "k ) =u det(uj/; — w) (2-9)

Ltj l/tj]; u

Lemma 2.6.

On the other hand, the identity

1 Uip  Uug
<0g u’/jk u + u?

Jul=(=D"u det(uj,; — M) ="t det((log(i))ﬂ). (2-10)
The lemma follows (2-9) and (2-10). Il

shows that
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We can use Lemma 2.6 to show that if u solves the Monge—Ampere equation, then u is the Kéhler
potential of a Kihler—Einstein metric. Recall that if

g= vj,;dz-i ®dZE,
then the Ricci curvature is
R, ; = —(logdet(v;p)) 5-

Now let v = log(%) where J[u] = 1. Then

R = —(logdet(v;p)) ; = —(log(u™ ™)) - = —(m + 1)<1og(%))ag = —(m+ g,
which is the Einstein equation.
Proof of Lemma 2.5. First, we compute

—1

m—+1

where the first term on the right-hand side vanishes because |det f'|> = (det f")(det f’) and det f’ is
holomorphic. We note that the vanishing of the first term also shows that the Kéhler metric with Kihler
potential u (when u solves the Monge—Ampere equation) is invariant whether u is considered as a scalar
function or a density. To compute the nonzero term on the right-hand side we first note that if f is a
holomorphic map then we have the identity

Wo e =((f) W50 HF )z

Thus, using Lemma 2.6, we compute

(log(( det P eED g f))j/; = (log(| det f/|2))j/€+ (log(u o f)) z,

1 J—
J[1det(f)17 " Do f1=|det(f) > @o )™+ - det((f)) det(log(ﬂa f) det(F)

_0
b
1
= (uo fy"™! det(log(—) ) o f=Julo f. O
u/ab
It is essential for our globalization argument that an approximate solution to the Monge—Ampere
equation be determined uniquely up to a certain order. This proof was given by Fefferman [1976] and
we repeat it for the reader’s convenience.

Lemma 2.7. Any smooth, local, approximate solution W € €°°(2) to the Monge—-Ampére equation is
uniquely determined up to order m + 1.

Proof. Suppose that p is a smooth function on Q defined in a neighborhood of 92 with o = 0 on 02
and p’'(p) #0 for all p € Q2. We recall Fefferman’s iterative construction of an approximate solution u
to the Monge—Ampere equation, that is, a function u € €*° with u|yqo =0and J[u]=1+0 w"*?). To
obtain a first approximation, note that for p as above, and for any smooth function n, we have

JInel=n""1Jpl, (2-11)

when p = 0, so the function
v =p-Jlp)7 D
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satisfies J[ (V] =1 on 9K, and J[yv (V] = 1 4+ O(y(V). The fact that J[p] is nonzero on 32 follows
from pseudoconvexity that implies that oz is positive definite on ker dp on 9<2, and that p' #0on Q.
Note that if ¢ and ¢ are two functions vanishing on 9€2, it follows that ¢ = nr for some smooth function
n. Thus, by (2-11), J[¢] = "+ J[¥]. From this computation it follows that any approximate solution
u is uniquely determined up to first order.

We now iterate this construction. Suppose that for an integer s > 2, we have an approximate solution
to the Monge—Ampere equation to order s — 1. That is, we have a smooth function v with ¢ = 0 on
AQ, Y (p) #0forall p e d, and J[¢] =140 *~!). We seek a function of the form v = ¥ 4+ ny/*,
where 1 € € is chosen so that J[v] = 1 4+ O0(y*). The iteration is based on formula

T+ 0’1 = Tyl +sm+2—s)ny* = +0y*),

for smooth functions i and n, again with the property that v vanishes on 9€2. This formula is a straight-
forward computation using the formula (2-8). From this formula it follows that the desired function v is
given by

The iteration clearly works up to s = m + 1 and produces an approximate solution with the desired
properties. It also follows that any function & with u — & = O(y™?) satisfies J[i] = J[u] + O™ 2).
Thus, in particular, any smooth function having the same (m+1)-jet on 9€2 as an approximate solution
is also an approximate solution.

On the other hand, it is clear that any two approximate solutions must have the same (m+1)-jet on
3. If ¥ and ¥ satisfy ¥ — ¥ = ny* then

Tl = T[] =s(m+2—s)ny" ' +0(").

In particular, if s <m 42 and J[y]—J [J] = O0(y"*?) then ¢ and J are approximate solutions uniquely
determined up to order m + 2. O

2D.2. Global theory. Now suppose X is a compact complex manifold of dimension m = n 4 1 with
boundary M = 90 X. Note that M has real dimension 2n 4 1 and inherits an integrable CR-structure from
X. As always, we assume that M with this CR-structure is strictly pseudoconvex. We first say what it
means for a single smooth function ¢ defined in a neighborhood of M to be an approximate solution of
the complex Monge—Ampere equation. We denote by €°°(X) the smooth functions on X.

Definition 2.8. We will say that a function ¢ € €°°(X) is a globally defined approximate solution of the
complex Monge—Ampere equation near M = 90X if for any p € M, there is a neighborhood V of p in X
and holomorphic coordinates z on V so that ¢ is an approximate solution of the complex Monge—Ampere
equation in the chosen coordinates.

As we will see later, we will need such a globally defined approximate solution in order to identify
the residues of the scattering operator on X with CR-covariant differential operators.
If ¢ is a defining function for M with ¢ < 0 in the interior of X, we associate to ¢ a Kéhler form

i .= 1
Wy = 58810g<—5>
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and a pseudo-Hermitian structure
6=20—0)¢ln. (2-12)

Observe that two defining functions ¢ and p generate the same Kihler metric if and only if p = e ¢ for
a pluriharmonic function F, that is, 39 F = 0. It is known that a pluriharmonic function F is uniquely
determined by its boundary values (see, for example, Bedford [1980]). If 6, and 6, are the corresponding
pseudo-Hermitian structures on M then 6, = el 0y, where f = F|y.

We give a necessary and sufficient condition on M for a globally defined approximate solution of the
Monge—Ampere equation to exist. Recall that the canonical bundle of M is the bundle generated by
forms fO' A---A0" A6 where f is smooth, 6 is a contact form, and {6%}.,_, is an admissible coframe.
If M is the boundary of a strictly pseudoconvex domain in C™, the canonical bundle is generated by
restrictions of forms fdz' A--- Adz" to M. The sections of the canonical bundle are (n + 1, 0)-forms
onM.

If 6 is a contact form, T is the characteristic vector field, and ¢ is any nonvanishing section of the
canonical bundle, it is not difficult to see that

OANTI)AN(TSE) =10 A(dO)

for a smooth positive function A. We say that the contact form 6 is volume-normalized with respect to a
nonvanishing section ¢ of the canonical bundle if

OAWEO =i"nOATE)ANT L),
where T is the characteristic vector field. The following criterion will be useful.

Lemma 2.9. The contact form 6 given by (2-12) is volume-normalized with respect to the form
¢ =dz' A AdZ™) M

if and only if
Jlpl=1+0(p)

in the coordinates (z1, ..., Zm).
For the proof see [Farris 1986, Proposition 5.2]. Using Lemma 2.9 we can prove:

Proposition 2.10. Suppose that X is a compact complex manifold with boundary M = 3X. There is a
globally defined approximate solution ¢ of the Monge—Ampére equation in a neighborhood of M if and
only if M admits a pseudo-Hermitian structure 6 with the following property: In a neighborhood of any
point p € M, there is a local, closed (n+1, 0) form ¢ such that 6 is volume-normalized with respect to ¢.

Proof. (1) First, suppose that X admits a globally defined approximate solution ¢ of the Monge—Ampere
equation. Let 6 be the associated contact form on X, that is, 8 is given by (2-12). Pick p € M and let
z=(z21, ..., 2Zm) be holomorphic coordinates near p so chosen that ¢ is an approximate solution of the
Monge—Ampere equation near p in these coordinates. Let

C=dz' Ao AdZY)

Then 6 is volume-normalized with respect to ¢ by Lemma 2.9.
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(ii) Suppose that 6 is a given contact form on M with the property that, for each point p € M, there
is a neighborhood of p and a closed, locally defined section ¢ of the canonical bundle with respect to
which 6 is volume-normalized. Write

(= fdz' A AT u

for holomorphic coordinates {z1, ..., z,,} defined in a neighborhood of p and a smooth function f. The
condition d¢ = 0 is equivalent to the condition

dpf =0,

that is, f is a CR-holomorphic function. By the strict pseudoconvexity of M, there is a holomorphic
extension F to a neighborhood V of p in X, that is, there is an F defined near p with 9F = 0 and
Flynvy = f (see [Kohn and Rossi 1965]). We claim that we can find new holomorphic coordinates
w= (wy, ..., w,) near p with the property that
a(wi, ..., Wy)
0(Z1y vy Zm)

where the left-hand side is the determinant of the holomorphic Jacobian. If so then

= F(z), (2-13)

¢=dw' A Adw™|y.

Constructing in V' an approximate solution yry of the Monge—Ampere equation in the w-coordinates (as
in Lemma 2.7, following Fefferman [1976]), we conclude from Lemma 2.9 that the induced contact form

Oy = %(5 — )Yy mny

on M NV is volume-normalized with respect to ¢, and thus coincides with 6.

We now claim that the local approximate solutions vy can be glued together to form a globally
defined approximate solution to the Monge—Ampere equation in the sense of Definition 2.8. We first
note an important property of the transition map for two local coordinate systems. Let V| and V; be
neighborhoods of M in X with nonempty intersection, let z and w be holomorphic coordinates on V
and V,, and suppose that ¥r; and 1y, are approximate solutions of the complex Monge—Ampere equation
in these coordinates respectively. More precisely, u; = ¥; oz and u = ¥, ow are approximate solutions
to the Monge—Ampere equation on coordinate patches U; and U, in C™, and there is a biholomorphic
map

g:UxN wil(Vl NV, — U ﬂZil(Vl NVy).

The function us = |g'|**+Du, o g is also an approximate solution of the complex Monge—Ampere
equation in U> N w~!(V; N V,) by Lemma 2.5, so by uniqueness we have us = efu; o g, up to order
m—+1, where F = m%_l log |g’| is pluriharmonic. Moreover, since u1 and u; both induce the contact form
0 it follows that

(0 = Dzl y,rw- 1wy = (@ — 1) o flyyrw-1avinvy)
from which we deduce that F|y,~,-1(mnv,nv,) =0, and hence F' =0 by the uniqueness of pluriharmonic

extensions. In particular, the map g is unimodular, |g’| = 1. Thus ur» =u; o g on Us Nw ™ (V; N V5) up
to order m + 1.
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We now fix a boundary defining function p. Suppose that {U;} is a finite cover of a neighborhood of
the boundary by holomorphic charts. Denote by F; the map from C" into U; and set F;; = Fl.’1 oFj.
As proved above, the cover and holomorphic coordinates (U;, F;) may be chosen so that the transition
maps are unimodular, that is, |Fi’j| = 1. Using Fefferman’s construction, we can produce in each U; an
approximate solution u; in the sense that

Jluil=1+0(p"").

Now suppose that {x;} is a €°° partition of unity subordinate to the cover {U;}. We claim that the
smooth function u =), x;u; is an approximate solution of the Monge—Ampere equation in the sense of
Definition 2.8. Choose U; so that p € U. We may write

w=Y (xjoF)ujoF).
J

Since ujo F; = (ujoFj)oFj;, we see that u; o F; is also an approximate solution to the Monge—Ampere
equation in the F;-coordinates. Thus, there is a smooth function nj; so that

(ujo F;)(2) — (i o F)(2) =n;i(2)(p o F)"(2)
where 7;; is smooth. We conclude that
u(z) —ui(z) = 0((p o F;)"+2).

This shows that u is also an approximate solution of the Monge—Ampere equation in the F;-coordinates
as claimed.

To finish the proof it suffices to establish that such a holomorphic coordinate change z — w, as in
(2-13), exists. We consider a coordinate transformation given by

w(@)=(h(z), 22, -5 2m), (2-14)

where /(z) is the unknown holomorphic function. Condition (2-13) is equivalent to

oh
— @1, zm) = F (21,22, o005 Zm).
971

Here, F is the holomorphic extension of the CR-function f. We solve this equation for 4 as follows.

We set the convention that a boundary chart in C™ is the intersection of an open ball about O with the
(real) half-space Im z,, > 0. We assume that the boundary point p corresponds to 0 € dC™. The unknown
function % is a complex-valued function defined in a neighborhood V of 0 € C™, is holomorphic in
V N{Imz, > 0}, has CR boundary values, and satisfies 4(0) = 0. Thus, the map w(z), defined in (2-14),
preserves the boundary Im(z,) = 0.

Consequently, the desired change of coordinates is obtained by solving the initial value problem

oh

_(le szm) =F(ZI,Z2» ---sZm),
071

h(O’ZZa 7Zm):0$

by simple integration. (|
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We can also express the basic criterion in Proposition 2.10 in geometric terms. Recall that the contact
form 6 defines a pseudo-Hermitian, pseudo-Einstein structure on M if the Webster Ricci tensor is a
multiple of the Levi form. Lee [1988] proved:

Theorem 2.11. Suppose that M is a CR manifold of dimension > 5. A contact form 6 on M is pseudo-
Einstein if and only if for each p € M there is a neighborhood of p in M and a locally defined closed
section ¢ of the canonical bundle with respect to which 6 is volume-normalized.

As an immediate consequence of Theorem 2.11, we have:

Theorem 2.12. Suppose that M is a CR manifold of dimension > 5. There is a globally defined ap-
proximate solution ¢ of the complex Monge—Ampére equation in a neighborhood of M if and only if M
carries a contact form 0 for which the corresponding pseudo-Hermitian structure is pseudo-Einstein.
In this case, the contact form 0 is induced by the globally defined approximate solution to the Monge—
Ampere equation .

Remark 2.13. If ¢ is a global approximate solution to the Monge—-Ampére equation, then so is e ¢
where F is any pluriharmonic function. The effect of the factor F' is simply to change the choice of local
coordinates needed to obtain a local approximate solution of the Monge—Ampere equation in any chart,
as the argument in the proof of Proposition 2.10 easily shows. As observed above, the Kihler form w,,
is invariant under the change ¢ — ef¢.

3. Poisson operator and scattering operator

In this section we study the Dirichlet problem (1-3) following a standard technique in geometric scattering
theory (see, for example, Melrose [1995]; we follow closely the analysis of the Poisson operator and scat-
tering operator on conformally compact manifolds by Graham and Zworski [2003]). Note that Epstein,
Melrose and Mendoza [1991] had previously studied the Poisson operator for a class of manifolds that
includes compact complex manifolds with strictly pseudoconvex boundaries. More recently, Guillar-
mou and S4 Barreto [2008] studied scattering theory and radiation fields for asymptotically complex
hyperbolic manifolds, a class which also includes that studied here.

We will set x = —¢ and we will denote by 6€°°(X) the set of smooth functions on X having Taylor
series to all orders at x = 0, and by ©>(X) the space of functions vanishing to all orders at x = 0.
The space % (X) consists of smooth functions on X with no restriction on boundary behavior. We will
denote by x*€°°(X) the set of functions in <6°°()°() having the form x* F for F € €°°(X).

Since

a
N=-2—
ox
it follows that
X 0 (3-1)
I -
14rx 0x
is the outward normal to the hypersurface x = ¢. Green’s theorem implies that
[ (w1Agur —usAgup) ™ = (uvuy —usvuy) vaow™. (3-2)
X>€ X=¢€

We first note the “boundary pairing formula” (recall the definition (2-4)).
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Proposition 3.1. Suppose Re(s) =m /2, that uy and u, belong to (600()0() and there are functions F;, G; €
€°°(X) so that u; = x"° F; + x°G;, i = 1, 2. Finally, suppose that (A, — s(m — s))u; =r; € €°(X),
i=1,2 Then,

/ (uiry —uprp) @™ = (2s —m)/ (F1G2— 1G) .
X M
Proof. A standard computation using (3-2) and (3-1) together with (2-3) and (2-5). O

Remark 3.2. For Re(s) = m/2 complex conjugation reverses the roles of s and m — s. Thus we obtain
the formula

/X(ulfz —iupr)) " = (2s —m) /M(Flfz —G1G) Y. (3-3)

For later use, we note an extension of the boundary pairing formula analogous to [Graham and Zworski
2003, Proposition 3.3].

Proposition 3.3. Suppose that Re(s) > m/2 and 2s —m ¢ N. Suppose that u; € € (X) takes the form
ui =x"F+x°G; and (Ay —s(m —s))u; =0, fori =1,2. Then

FP(/ ((Vul,Vuz)—s(m—s)uluz)a)m> =—m/ Gngw:—m/ FiGy ¢,
x> M M

el0
where FP denotes the Hadamard finite part of the integral as € | 0.

Proof. Green’s formula (3-2) for the operator (A, — s(m — s)) gives

/ ((Vul,Vuz>—S(m—S)uluz)w’"zf ui(vuz)va™,
X>€ X

=&

from which the claimed formula follows. O

3A. The Poisson map. We will now prove that the Dirichlet problem (1-3) has a unique solution if
Re(s) > m/2, 2s —m ¢ Z, and s(m — s) is not an eigenvalue of A,. Most of the formal arguments
are almost identical to the case of even asymptotically hyperbolic manifolds considered in [Graham and
Zworski 2003] since the form of the indicial operator (2-7) for the Laplacian is the same.

Lemma 3.4. Suppose that u € € (X) satisfies u = x™ 7 F + x*G for functions F and G belonging to
€°°(X), and that
(Ay —s(m —s5))u € €*(X), (3-4)

for s € C with2s —m ¢ Z. Then the Taylor expansions of F and G at x = 0 are formally determined
respectively by F |y and G|y. In particular, we have

F~ Zxkfk and G~ Zxkgk
k>0 k>0

where
(—DFT(2s —m —k) (—DFT(m —2s —k)
= P s d =

o= S s =y Des o and &= Sp TR o0

Pr.m—s80, (3-5)
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with Py g the differential operators of order 2k holomorphic in s with leading symbol *
o (Prs) =0 (Ap).

Proof. Recall the asymptotic development (2-6) for the Laplacian which we use to derive a recurrence
for the Taylor coefficients f; and gy of F' and G. For 2s —m ¢ Z, we may consider the terms involving
F and G separately. We first consider F. Observe that

(Lo —s(m =) (" T f) =k@s —m —k)x" =+ f

for f € €°°(M). Since Ly = P(x0d,, d,) for a defining function x and boundary coordinates y where P
is a polynomial of degree at most two with smooth coefficients, the operators

Qi e(s) =x " L_px™ 0
are differential operators of order at most two depending holomorphically on s. If u ~ > 72 xStk f
it follows from (3-4) and (2-6) that for any k£ > 1,

k—1

fi=- M%ﬂnkUﬂQuwﬂ- (3-6)

Similarly, if u ~ )", x*t* g for gr € €>°(M), we have

1

k—1
m Z Qk,e(m —5)8¢-

=0

8k = —

The formulas for fi, g and Py ; follow easily from these formulas and the fact that
Qik—1(8) = 2Ap+ro(m —s +k—1)% O
Remark 3.5. We will write py ; for the operator satisfying fi = pk.s fo, so that

(—DFT(2s —m —k)
2kk! T'(2s —m)

Pk,s = k,S7

where Py  is described in Lemma 3.4. The operator py , is meromorphic with poles at
_m k m 1
S—7+§,,7+§

We will denote

= Res ‘.
pe s=(m+e)/2m"s

The operator py is a differential operator of order at most 2¢ with principal symbol

(=D*

V4
et —1y° A

o(pe) =

2Here in the sense of the ordinary (rather than the Heisenberg) calculus on M.
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For Re(s) > m/2, let
R(s)=(Ay —s(m —s)~"
be the L?(X) resolvent, let o,(A,) denote the set of Lz—eigenvalues of Ay, and let

X ={s:Re(s) > 7, s(m—s) €0,(Ay)}.

We will now solve the Dirichlet problem (1-3) for Re(s) > m/2 and s ¢ X.

The following result is an easy consequence of the work of Epstein, Melrose, and Mendoza [1991].
Note that in our case the Kdhler metric is an even metric, that is, depends smoothly on the defining
function ¢ (and not simply on its square root).

Proposition 3.6. The set X contains at most finitely many points, and the resolvent operator R(s) is a
meromorphic operator-valued function for Re(s) > m/2 having at most finitely many, finite-rank poles
ats € X. Moreover, for s ¢ ¥ and Re(s) > m/2,

R(s) : 6%°(X) — x*€>°(X).

First, we prove uniqueness of the solutions to the Dirichlet problem (1-3) for s with Re(s) > m/2,
s¢X,and2s —m ¢ 7.

Proposition 3.7. Suppose that Re(s) > m/2, s ¢ ¥, and 2s —m ¢ Z. Suppose that u € € (X) with
(Ap —s(m —s))u =0, and that u = x"*F +x*G with F|y =0. Then u = 0.

Proof. First, suppose that Re(s) > m/2 and s ¢ X. It follows from Lemma 3.4 that u = x*G for
G € €°°(X). Since Re(s) > m/2 it is clear that

/ lul?> @™ < o0,
X
hence u € L*(X), hence u = 0.
If Re(s) = m/2 but s # m/2, we may again assume that u = x*G for G € €*°(X). Next, we set
u1 = uy = u in (3-3) to conclude that
| 16Pv=0
M

so that G|y = 0. Using Lemma 3.4 again we conclude that G € ©>°(X), hence u € 6®(X). As in
[Guillarmou and Sa Barreto 2008], we can now deduce from [Vasy and Wunsch 2005] that u =0. [

To prove the existence of a solution of the Dirichlet problem (1-3), we follow the method of Graham
and Zworski [2003]. Given f € €°°(M) we can construct a formal power series solution u = x5 F
modulo €*°(X), and then use the resolvent to correct this approximate solution to an exact solution.
Using Borel’s lemma we can sum the asymptotic series » =0 f jxj (where f; is computed via (3-6)
with fy = f) to a function F € €°°(X). As in [Graham and Zworski 2003], we obtain:

Lemma 3.8. There is an operator ®(s) : €°(M) — x™5€>°(X) with
(Ay—s(m—5))od: € (M) — €>°(X)

so that T'(m — 2s5) "' ®(s) is holomorphic in s.
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Note that ®(s) need not be linear as the construction of F' depends on the choice of cutoff functions
in the application of Borel’s lemma. As noted in [Graham and Zworski 2003], an expansion to finite
order in x suffices for the construction. This guarantees the continuity of the map ®(s) in the data f.
Now define an operator

P(s) : € (M) — €>°(X)

for s with Re(s) > m/2,s #m/2 and s ¢ X by
P(s)= (I — R(s)(Ay —s(m —5))) 0 D(s).

Lemma 3.9. For any f € €°°(M), the function u = P(s) f solves the Dirichlet problem (1-3), and
f = P(s)f is a linear operator.

Proof. The linearity of % (s) will follow from the unicity of the solution to (1-3). It is immediate from the
definition that (A, —s(m—s))u =0, and from the mapping property in Proposition 3.6, u =x""*F+x*G
with

F=x""®(s)f and G=—x""R(s)((Ay—s(m—5)P(s)f). O

Theorem 3.10. For Re(s) >m/2,2s —m ¢ Z, and s ¢ X, there exists a unique solution of the Dirichlet
problem (1-3).

3B. The scattering operator. The scattering operator for A, is the linear mapping
Sx(s) : €= (M) —> €= (M), [ Glu,

where u = x" 7 F 4+ x*G solves (1-3). It is well defined by Theorem 3.10.

The scattering operator has infinite-rank poles when Re(s) > m /2 and 2s —m € Z owing to the crossing
of indicial roots for the normal operator L. At the exceptional points s = (m-+k)/2 one expects solutions
of the eigenvalue equation (A, — s(m — s))u = 0 having the form

u=x""KF 4 x"™***1logx)G.

In order to study the singularities of the scattering operator at these points we modify the construction
of the Poisson operator following the lines of [Graham and Zworski 2003, Section 4].

Let f; and f, belong to €°°(M) and let u; and u, solve the corresponding Dirichlet problems for
some s with Re(s) > m/2 and 2s —m ¢ N. Applying the generalized boundary pairing formula (see
Proposition 3.3) to u; and u; for s real, we conclude that

/ SO v =/ (Sx() )T ¥
M M

so Sx (s) is self-adjoint in the natural inner product on €°°(M).
Now we study the scattering operator near the exceptional points. The arguments used here are exactly
those of [Graham and Zworski 2003, Section 3] but we summarize them here for the reader’s convenience.
Recall the operators py ¢ and p, defined in Remark 3.5. First, we prove:

Lemma 3.11. At the points s = (m+£)/2for € =1,2,...,s ¢ X, the Poisson map takes the form

P2+ ) f =2 PE 4 (P log )G,
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where Flyy = f, G|y = —2pe f and

= R 3-7
pe=_Res  Pus (3-7)
is a differential operator of order 2¢ with
(= .
o(pe) = mU(Ab)-

Proof. We first show that the Poisson map %(s) is also regular at s = (im+£)/2,£=1,2, ... so long as
these points do not belong to 3. As in [Graham and Zworski 2003] we introduce the operator

Dy(s) =P(s) — P(m —s) o pes,

where py ; is a differential operator of order 2¢ defined in Remark 3.5, each term on the right-hand side
has at most a first-order pole at s = (m + £)/2, the operators p s occurring in the definition of ®(s)
have at most first-order poles and @ (m — s) is analytic in s for Re(s) > m /2. For given f € €°°(M), we
compute the residue of ®,(s) f at s = (m + £)/2. First

m

. L 0)/2 m/2+£/2+1
1 < _)q) = ym+0/2 R O(x™m/2+/ ,
H(fﬂe)/z S ) (5)f =x es)/z(pe’Sf) (x )

s=(m+{
since the remaining terms in the asymptotic expansion for ®(s) f are holomorphic near s = (m + £)/2.
Second,
i 4 mj2+6/2 24-€/2+1
1 (-ﬂ——>® — — yMm/2+2 R O(x™/2 .
H(;Brle)/z S=5 =3 (m—s)(pesf)=x s:(mise)/z(m’Sf) +0(x )
It follows that

Res  ®y(s) f = O(x™/>H/2+1 (3-8)
s=(m+L)/2

so that, by Lemma 3.4,

Res ®.(s)f € €™ (X).
s=(m+4L)/2

Now let us define
P(s) = (I — R(s)(Ay — s(m — 5))) 0 Dy(s).

Clearly, %, (s) is holomorphic in a deleted neighborhood of s = (m + £)/2 (with at most a first-order
pole at s = (m + £)/2) and maps €°°(M) into ‘600()0(). If s ¢ X, it follows from the definition of %, (s),
(3-8) and Proposition 3.6 that

Res Pi(s)f € x*€*(X).

s=(m+L)/2
Hence the residue is an L2(X) function, and hence is zero. Thus P;(s) is holomorphic at s = (m +£) /2.
It follows from the uniqueness of solutions to the Dirichlet problem that P,(s) = P(s) wherever the
former is defined. Exactly as in [Graham and Zworski 2003] we can compute % ((m + £)/2) f by using
P (s), the formula
—t t

lim > — 210gx

t—0 t
and the fact that the py ; have at most simple poles at s = (m 4 £)/2. This computation shows that

P((m + €)/2) has the stated form. O
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Proposition 3.12. Suppose that Ax has no eigenvalues of the form s(m — s) with s = (m +£)/2, £ =
1,2, .... Then, the scattering operator Sx (s) has a first-order pole at s = (m+£)/2,£ =1,2, ... with

Res  Sx(s) = —py,
s=(m+£)/2

where py is the differential operator given by (3-7).

Proof. From the formula for the P(s), it is clear that for 2s — m ¢ N, we can compute the scattering
operator from

Sx () f = (=x"°R(s)(Ay —s(m —s)P(s) f) |, _, -

Since P(s) is holomorphic at s = (m + £) /2, it follows that

Res /2(SX(S)f) = —S:(liise)/z(x_w(S)f)lx:o.

s=(m+L)
But
R - q) —0) — R - d) — o — = R s
jRes )/z(x ®)N)l=0=__Res )/2((x (m — ) pe.s f)lx=0) Sz(m%/z(pe,. )
and the claimed formula holds. O

To connect the scattering operator and the CR Q-curvature, we will also need the following result about
the pole of the scattering operator at s = m; this result is a direct analogue of [Graham and Zworski 2003,
Proposition 3.7] but we give the short proof for the reader’s convenience.

Proposition 3.13. Let 1 denote the constant function on M. Then,
Sx(m)1 = — lim py, (1)
S—>m

Proof. As s — m we have ?(s)1 — 1. On the other hand, for s with |s —m| < %

m
P()L =Y x" " p (1) 57 Sx ()1 + 0"+,
k=0
This implies that

1im (2" py s (1) + 5" Sx (5)1) = 0
from which the claimed formula follows. O

Remark 3.14. Note that, although p,, ; has a pole at s = m, the limit lim_, ,, py, s(1) exists. This implies
that P, ;1 (see (3-5)) has a first-order zero at s = m, that is,

Pm,s1 = (m - S) Qm,s

for a scalar function Q,, ;. The CR Q-curvature is then given by Q,, ,, [Fefferman and Hirachi 2003].
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4. CR-covariant operators

In this section we show that if ¢ is an approximate solution of the complex Monge—Ampere equation in
the sense discussed above, then the residues of the scattering operator at s = (m+£)/2for€=1,...,m
are the CR-covariant differential operators Py defined in [Fefferman and Hirachi 2003]. In order to do
this we first recall Fefferman and Graham’s [1985] set-up for studying conformal invariants of compact
manifolds and the construction of the GJIMS operators [Graham et al. 1992]. We then recall its application
to CR manifolds taking care that the arguments carry over from pseudoconvex domains in C" to the
manifold setting studied here.

4A. The GJMS construction. We begin by recalling Fefferman and Graham’s construction of the am-
bient metric and ambient space for a conformal manifold and the GIMS conformally covariant operators
on ‘€ obtained from this construction. Suppose that (6, [g]) is a conformal manifold of signature (p, g),
that is, a smooth manifold of dimension N = p+¢q together with a conformal class of pseudo-Riemannian
metrics of signature (p, g) on 6. Fix a conformal representative go. The metric bundle 6 C S>T*% is a
bundle on € with fibres

={t’go(p) : 1 > O}

We denote by 7 : ¢ — M the natural projection. The tautological metric G on 4 is given by
GX,Y)=g(m X, m.Y)
for tangent vectors X and Y to (p, g) € . There is a natural R™-action §; on % given by

85(p, &) = (p,5°8).

The ambient space over € is the space G=9x (=1, 1). Note that the map i : g — (g, 0) imbeds 4 in .
Fefferman and Graham proved the existence of a unique metric g of signature (p + 1, ¢ + 1) on %,
the ambient metric on 9 having the following three properties:

(a) i*g = G;
(b) ;8 =52
(c) Ric(g) = 0 along % to infinite order if N is odd, and up to order N/2 if N is even.

Here the uniqueness is meant in the sense of formal power series.

To define the GIMS operators, we first define spaces of homogeneous functions on 9. For w € R let
€(w) denote the functions f on % homogeneous of degree w with respect to §; and smooth away from
0. The GIMS operators ?; may be defined in two ways:

(1) Given f € €(—N/2+k), extend f to a function f homogeneous of the same degree on @, and set
(4-1)

where A is the Laplacian for the ambient metric g on .

(2) Given f € €(—N/2+ k), P is the normalized obstruction to extending f to a smooth function f
on Y having the same homogeneity and satisfying A f 0.

The existence of GJIMS operators was proven in [Graham et al. 1992] for k = 1,2, ... if N is odd,
and fork=1,2,..., N/2if N is even.
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4B. Application to CR manifolds. Following [Gover and Graham 2005] we describe how the GIMS
construction [Graham et al. 1992] can be used to prove the existence of CR-covariant differential oper-
ators. We begin with a CR manifold M of dimension 2n + 1 and show how to construct a conformal
manifold € of dimension 2n + 2 and a conformal class of metrics with signature (2n 4 1, 1) to which
the GIMS construction may be applied. One then “pulls back™ the GJIMS operators on € to M.

Recall that the canonical bundle K over M is the bundle of holomorphic (n + 1)-forms generated by
holomorphic forms of the type # A8! A --- A 0" where 6 is a contact form and {6%} is a basis for # of
admissible (1, 0)-forms. We denote by K* the canonical bundle of M with the zero section removed.
The circle bundle € over M is the bundle

@ = (K*)l/(n+2)/R+

The circle bundle is an S'-bundle over M, having real dimension 2m if m = n + 1. If we fix a contact
form 6 on M (and hence a pseudo-Hermitian structure on M), there is a corresponding section ¢ of K*
chosen so that 6 is volume-normalized with respect to . We denote by i the angle determined by ¢ (p)
in each fibre of € and define a fibre variable

_ Y
n+2

v

Note that y is canonically determined by 6. Following Lee [1986], let us define a canonical one-form o
on € by
1

(n—|-2)0 = (I’l+2)d)/ +iwy — mRQ,

(4-2)

where w,” is the connection one-form and R is the Webster scalar curvature of the pseudo-Hermitian
structure 6. The mapping 6 — gg given by

80 = hag6*® 0P 120 o, (4-3)

where - denotes the symmetric product, defines a mapping of pseudo-Hermitian structures to Lorenz
metrics which respects conformal classes. One can now obtain GJIMS operators on € using the Feffer-
man—Graham construction.

Remark 4.1. It is immediate from formulas (4-2) and (4-3) that

1

TT)=—— R
T D =-aiak

where R is the Webster scalar curvature, a pseudo-Hermitian invariant. On the other hand, Farris [1986]
computed that, if 6 is the contact form induced by an approximate solution of the complex Monge—
Ampere equation, then

8o(T, T)=72r,

where r is the transverse curvature. It follows that the transverse curvature is, in this case, an intrinsic
pseudo-Hermitian invariant.



CR-INVARIANTS AND THE SCATTERING OPERATOR FOR COMPLEX MANIFOLDS WITH BOUNDARY 223

To compute their pullbacks to M, we first note that the metric bundle % of (€, [g]) is diffeomorphic
to (K*)1/+2) and G ~ (K*)1/+2) » (-1, 1). We define spaces of functions

Ew, w) = {f € € ((KHY"D): F(rg) = A"1" f (&) for 1 € C*)
={f et +u): (@) f(E) =" F ).

We will primarily be concerned with functions in

Ew,w) ={f €€Quw): (") f(&) = f(&)),

which descend to smooth functions on M.
For k € Z, we define

Py €w,w') = Ew—k,w —k), [ 275,

where %, is defined in (4-1). Then choosing w = w’ =k — (n + 1)/2, we get operators P, defined on
€(—N/2 + k) (recall that N/2 = n + 1) which are invariant under the circle action (¢/?)* and hence
may be viewed as smooth sections of a density bundle over M. These operators P; are the CR-covariant
differential operators which we will connect to poles of the scattering operator.

If X admits a globally defined approximate solution ¢ of the Monge—Ampere equation, then for each
p € M = dX there is a neighborhood U of p and holomorphic coordinates (zy, ..., z,;) near p so that
@ is an approximate solution of the Monge—Ampere equation in U. Let

0=230-9|,

be the induced pseudo-Hermitian structure on M, and let ¢ = dz' A --- A dz™|y. Then 6 is volume-
normalized with respect to ¢.
Let us denote by zg the induced fibre coordinate of (K #)1/(1+2) and let

0 = |zol%.

Then Q is a globally defined smooth function on % (which is diffeomorphic to C x N for a collar
neighborhood N of M in X) and the ambient metric on % is the Kéhler metric associated to the Kéhler
form

w=1i3d0
where the corresponding metric gy on € is given by (4-3). The key computation linking the GIMS

operators to the Laplacian is given in [Gover and Graham 2005, Proposition 5.4] and clearly generalizes
to our situation. Thus we have:

Proposition 4.2. If u is a smooth function on X then
Allzol™"9"u) = (120" 9" )(Ay + wln + 1+ w)u,

where A is the Laplacian associated to the Kdhler form

= 1
wy = %3810g<—;).
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5. Proofs of the main theorems

Finally, we prove Theorems 1.1, 1.4 and 1.5. We are grateful to the referee for suggesting the proof of
Theorem 1.5 in what follows, based on ideas of Graham and Fefferman [2002]; see especially the proofs
of Theorems 3.1 and 4.1 there.

Proof of Theorem 1.1. The statement about the poles of Sx (s) and s = (m+k)/2 is proved in Proposition
3.12. If g is a metric on X associated to the Kihler form w = i 5810g(—%) for a globally defined
approximate solution of the Monge—Ampere equation, then the identification of the residues of Sx(s)
with the CR-covariant differential operators of Fefferman and Hirachi is a consequence of Proposition
4.2 and the second characterization of the GIMS operators given in Section 4A. (|

Proof of Theorem 1.4. Owing to Proposition 3.13, it suffices to identify lim,_,,, p, 1 with the CR Q-
curvature. This is a consequence of Remark 3.14. 0

Proof of Theorem 1.5. To begin with we note that if 1 denotes the constant function with value 1 on M,
then the mapping s — P(s)1 is a holomorphic mapping into €°°(X) and that, moreover,

P =x""F(s)+x°G(s), (5-1)

where F' and G are smooth functions on X with Taylor series to all orders at the boundary and depend
holomorphically on s (this is not true for P(s) f for general f, but does hold true when f =1 since 1
lies in the kernel of the differential operators occurring in the logarithmic term). For s % m we have

F®)Im=1, G©)m=Sx()1,
and by holomorphy the same is true when s = m. By uniqueness we also have ?(m)1 =1 so that
Fm)=1—x"G(m). (5-2)

LetU=—-4

ds |s=m

P(s)1. It is easy to see that
AU =m. (5-3)

It follows from (5-1)—(5-2) that
U =logx+ Ax" logx + B,

where A and B are smooth functions having Taylor series to all orders at 0. X and
Alyx = Sx(m)]1.
By Proposition 3.13 and Remark 3.14 we have:

Sx(m)1 = ¢, QS®.
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On the other hand, we have from (5-3) that for x( sufficiently small,

mvol(£<x<xo):f AU w

£<X<X(

—m U m —m oU m
=—¢ /_ (1+r8)a(vja) ) +x, / (1+rx0)5(vja) )

x=x¢
=—c " (1 —i—rs)a—U(vJa)m)—i—@(l)
x=¢ v
where we have used Green’s formula and (2-3). Recalling that
0 1 d
W Jdrx ox

(see (3-1)), it is clear that the coefficient of log ¢ in the expansion of mvol(e < x < xg) is

mL = m/ Sx ($)s=m ¥
M

from which we conclude that

L:cm/ O5R . O
M
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THE MASS-CRITICAL NONLINEAR SCHRODINGER EQUATION
WITH RADIAL DATA IN DIMENSIONS THREE AND HIGHER

ROWAN KILLIP, MONICA VISAN AND XIAOYI ZHANG

We establish global well-posedness and scattering for solutions to the mass-critical nonlinear Schrédinger
equation i u; + Au = +|u|*/?u for large spherically symmetric L2 (R9) initial data in dimensions d > 3.
In the focusing case we require that the mass is strictly less than that of the ground state. As a conse-
quence, we obtain that in the focusing case, any spherically symmetric blowup solution must concentrate
at least the mass of the ground state at the blowup time.

1. Introduction

The d-dimensional mass-critical nonlinear Schrédinger equation is given by
4
iuy+ Au= F(u) with F(u) := pululdu (1-1)

where u is a complex-valued function of spacetime R x R?. Here 1 = +1, with . = 1 known as the
defocusing equation and p = —1 as the focusing equation.
The name “mass-critical” refers to the fact that the scaling symmetry

u(t,x) —uy(t,x) = )»_%u(k_%, A1)

leaves both the equation and the mass invariant. The mass of a solution is

M(u(r)) := fRd lu(t, x)|? dx

and is conserved under the flow.

In this paper, we investigate the Cauchy problem for (1-1) for spherically symmetric 2 (R%) initial
data in dimensions d > 3 by adapting the recent argument from [Killip et al. 2007], which treated the
case d = 2. Before describing our results, we need to review some background material. We begin by
making the notion of a solution more precise:
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Definition 1.1 (Solution). A function u : I x R? — C on a nonempty time interval I C R is a solution
(more precisely, a strong Li(Rd) solution) to (1-1) if it lies in the class

COL2(K xRY)n L2/ (g pd)

t,x

for all compact K C I, and obeys the Duhamel formula

. o,
u(ty) = 18y (1) — i / S UDA Fu(1)) di (1-2)

fo
2(d+2)/d

t,x

for all ¢y, t; € I. Note that by Lemma 2.7 below, the condition u € L
that the integral converges, at least in a weak-L2 sense.

Remark. The condition that u is in Li(j'”)/ d locally in time is natural. This space appears in the

Strichartz inequality (Lemma 2.7); consequently, all solutions to the linear problem lie in this space.
Existence of solutions to (1-1) in this space is guaranteed by the local theory discussed below; it is also
necessary in order to ensure uniqueness of solutions in this local theory. Solutions to (1-1) in this class
have been intensively studied; see for example [Bégout and Vargas 2007; Bourgain 1998; Carles and
Keraani 2007; Cazenave and Weissler 1989; Cazenave 2003; Keraani 2006; Merle and Vega 1998; Tao
2006; Tao et al. 2006; 2007; Tsutsumi 1985].

locally in time guarantees

Associated to this notion of solution is a corresponding notion of blowup. As we will see in Theorem
1.3 below, this precisely corresponds to the impossibility of continuing the solution.

Definition 1.2 (Blowup). We say that a solution u to (1-1) blows up forward in time if there exists a time
to € I such that

sup 1
[ / lu(r, x) 2@+ gx dt = 0o
to R4

and that u blows up backward in time if there exists a time 7y € I such that

fo
/ /d lu(z, x)[2@+2D/4 gx dt = co.
infI JR

The local theory for (1-1) was worked out by Cazenave and Weissler [1989]. They constructed local-
in-time solutions for arbitrary initial data in L )26 (IRd); however, due to the critical nature of the equation,
the resulting time of existence depends on the profile of the initial data and not merely on its Z2-norm.
Cazenave and Weissler also constructed global solutions for small initial data. We summarize their results
in the theorem below.

Theorem 1.3 (Local well-posedness [Cazenave and Weissler 1989; Cazenave 2003]). Given ty € R and
Uy € Li(Rd), there exists a unique maximal-lifespan solution u to (1-1) with u(ty) = ug. We will write
1 for the maximal lifespan. This solution also has the following properties:

e (Local existence) I is an open neighbourhood of t.
e (Mass conservation) The solution u obeys mass conservation: M (u(t)) = M (ug) forall t € 1.

e (Blowup criterion) If sup(/) or inf([1) is finite, then u blows up in the corresponding time direction.
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e (Continuous dependence) The map that takes initial data to the corresponding strong solution is
uniformly continuous on compact time intervals for bounded sets of initial data.

e (Scattering) If sup(I) = +o00 and u does not blow up forward in time, then u scatters forward in
time, that is, there exists a unique uy € Li(Rd) such that

; _ LitA —
t—1>15-noo ”u(t) e u-i-”L)Z((Rd) 0.

Similarly, if inf(I) = —oo and u does not blow up backward in time, then u scatters backward in
time, that is, there is a unique u_ € L> (R?) such that

. itA —
Jdim () = e Au] 3 gay = 0.

e (Small data global existence) If M (ug) is sufficiently small depending on d, then u is a global

solution with finite Li(;ﬂ_z)/d norm.

It is widely believed that in the defocusing case, all Li initial data lead to a global solution with finite
L2(d +2)/d . .

fox spacetime norm (and hence also scattering).

In the focusing case, the general consensus is more subtle. Let O denote the ground state, that is, the

unique positive radial solution to
(The existence and uniqueness of Q were established in [Berestycki and Lions 1979] and [Kwong 1989]
respectively.) Then
u(t,x):=e"0(x)
is a solution to (1-1), which is global but blows up both forward and backward in time (in the sense of

Definition 1.2). More dramatically, by applying the pseudoconformal transformation to u, we obtain a
solution

L |x|%—4
v(e,x) = 1|72 e o)

t
with the same mass that blows up in finite time. It is widely believed that this ground state example is

the minimal-mass obstruction to global well-posedness and scattering in the focusing case.
To summarize, we subscribe to:

Conjecture 1.4 (Global existence and scattering). Letd > 1 and = +£1. In the defocusing case = +1,
all maximal-lifespan solutions to (1-1) are global and do not blow up either forward or backward in time.
In the focusing case u = —1, all maximal-lifespan solutions u to (1-1) with M (u) < M (Q) are global
and do not blow up either forward or backward in time.

Remark. While this conjecture is phrased for LJZC([Rd ) solutions, it is equivalent to a scattering claim
for smooth solutions; see [Bégout and Vargas 2007; Carles 2002; Keraani 2006; Tao 2006]. In [Blue
and Colliander 2006; Tao 2006], it is also shown that the global existence and the scattering claims are
equivalent in the L2 (R?) category.

The contribution of this paper toward settling this conjecture is:

Theorem 1.5. Let d > 3. Then Conjecture 1.4 is true in the class of spherically symmetric initial data
(for either choice of sign ).
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Conjecture 1.4 has been the focus of much intensive study and several partial results for various choices
of d, u, and sometimes with the additional assumption of spherical symmetry. The most compelling
evidence in favour of this conjecture stems from results obtained under the assumption that u#( has
additional regularity. For the defocusing equation, it is easy to prove global well-posedness for initial
data in H; this follows from the usual contraction mapping argument combined with the conservation
of mass and energy; see, for example, [Cazenave 2003]. Recall that the energy is given by

E@u(t)) := /Rd (319ute, 0P +uz(dL+2)|u(z,x)|2(dJ”) dx. (1-3)

Note that for general L2 initial data, the energy need not be finite.
The focusing equation with data in H)! was treated by Weinstein. A key ingredient was his proof of
the following result:

Theorem 1.6 (Sharp Gagliardo—Nirenberg inequality [Weinstein 1983]).

W) | d42 ||f||i2)§ 5
/Rdlf(x)l adx <= (IIQlliz /Rd|Vf(x)| dx.

As noticed by Weinstein, this inequality implies that the energy (1-3) is positive once M (ug) < M (Q);
indeed, it gives an upper bound on the H )1 -norm of the solution at all times of existence. Combining
this with a contraction mapping argument and the conservation of mass and energy, Weinstein proved
global well-posedness for the focusing equation with initial data in H; and mass smaller than that of the
ground state.

Note that the iterative procedure used to obtain a global solution both for the defocusing and the
focusing equations with initial data in H.! does not yield finite spacetime norms; in particular, scattering
does not follow even for more regular initial data.

In dimensions one and two, there has been much work [Bourgain 1998; Colliander et al. 2002; 2008b;
Colliander et al. 2005; Colliander et al. 2007; De Silva et al. 2007a; Fang and Grillakis 2007; Tzirakis
2005] devoted to lowering the regularity of the initial data from H toward L2(R?) and thus toward
establishing the conjecture. For analogous results in higher dimensions, see [De Silva et al. 2007b; Visan
and Zhang 2007].

In the case of spherically symmetric solutions, Conjecture 1.4 was recently settled in the high-dimen-
sional defocusing case u = 41, d > 3 in [Tao et al. 2007]; thus, only the © = —1 case of Theorem
1.5 is new. However, the techniques used in that reference do not seem to be applicable to the focusing
problem, primarily because the Morawetz inequality is no longer coercive in that case. Instead, our
argument is based on the recent preprint by Killip, Tao and Visan [Killip et al. 2007], which resolved
the conjecture for © = £1, d = 2, and spherically symmetric data. That work, in turn, used techniques
developed to treat the analogous conjecture for the energy-critical problem, such as [Bourgain 1999b;
Colliander et al. 2008a; Ryckman and Visan 2007; Tao 2005; Visan 2006; 2007] and particularly [Kenig
and Merle 2006a]. We will give a more thorough discussion of the relation of the current work to these
predecessors later, when we outline the argument.

Mass concentration in the focusing problem. Neither Theorem 1.5 nor Conjecture 1.4 addresses the
focusing problem for masses greater than or equal to that of the ground state. In this case, blowup
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solutions exist and attention has been focused on describing their properties. For instance, finite-time
blowup solutions with finite energy and mass equal to that of the ground state have been completely
characterized by Merle [1993]; they are precisely the ground state solution up to symmetries of the
equation.

Several works have shown that finite-time blowup solutions must concentrate a positive amount of
mass around the blowup time 7'*. For finite energy data, see [Merle and Tsutsumi 1990; Nawa 1999;
Weinstein 1989] where it is shown that there exists x(¢) € R¥ so that

liminf/ lu(t, x)|* dx > M(Q)
t/'T* Jix—x(t)|<R

for any R > 0. For merely L2 (R?) initial data, Bourgain [1998] proved that some small amount of mass
must concentrate in parabolic windows (at least along a subsequence):

limsup sup / lu(t, x)|*dx > c,
t/T* xpeR? Y |x—xo|<(T*—1)1/2
where ¢ is a small constant depending on the mass of u. This result was extended to other dimensions
in [Bégout and Vargas 2007; Keraani 2006].
Combining Theorem 1.5 with the argument in [Killip et al. 2007, §10], one obtains the following
concentration result.

Corollary 1.7 (Blowup solutions concentrate the mass of the ground state). Let d > 3 and u = —1. Let
u be a spherically symmetric solution to (1-1) that blows up at time 0 < T* < oo. If T* < 00, there exists
a sequence t, /' T* such that for any sequence Ry, € (0, 00) obeying (T* —1,)"'/2R,, — 00,

lim sup lu(t, x)|* dx > M(Q).

n—o00 |x|§Rn

If T* = o0, there exists a sequence t, — oo such that for any sequence Ry with ln_l/zR,, — o0 in (0, 00)

lim sup lu(ty, x)|* dx > M(Q).

n—oo J|x|<Ry

The analogous statement holds in the negative time direction.

Outline of the proof. Beginning with Bourgain’s seminal work [1999b] on the energy-critical NLS, it
has become apparent that in order to prove spacetime bounds for general solutions, it is sufficient to treat
a special class of solutions, namely, those that are simultaneously localized in both frequency and space.
For further developments, see [Colliander et al. 2008a; Ryckman and Visan 2007; Tao 2005; Visan 2006;
2007].

A new and much more efficient alternative to Bourgain’s induction on mass (or energy) method has
recently been developed. It uses a (concentration) compactness technique to isolate minimal-mass/energy
blowup solutions as opposed to the almost-blowup solutions of the induction method. Building on earlier
developments in [Bégout and Vargas 2007; Bourgain 1998; Keraani 2001; 2006; Merle and Vega 1998],
Kenig and Merle [2006a] introduced this method to treat the energy-critical focusing problem with radial
data in dimensions three, four, and five; see also [Kenig and Merle 2006b; Killip et al. 2007; Killip and
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Visan 2008; Tao 2008a; 2008b; 2008c; Tao et al. 2007] for subsequent applications/developments of this
method.

To explain what the concentration compactness argument gives in our context, we need to introduce
the following important notion:

Definition 1.8 (Almost periodicity modulo scaling). Given d > 1 and u = %1, a solution u with lifespan
1 is said to be almost periodic modulo scaling if there exists a (possibly discontinuous) function N : I —
R* and a function C : Rt — R™ such that

. x)Pdx <y and / (1. 6)? dé <
|EI=C ()N ()

for all # € I and n > 0. We refer to the function N as the frequency scale function and to C as the
compactness modulus function.

/IXIEC(n)/N(t)

Remarks. (1) The parameter N (#) measures the frequency scale of the solution at time ¢, and 1/N(¢)
measures the spatial scale; see [Tao et al. 2006; 2007] for further discussion. We have the freedom to
modify N(¢) by any bounded function of ¢, provided that we also modify the compactness modulus
function C accordingly. In particular, one could restrict N (¢) to be a power of 2 if one wished, although
we will not do so here. Alternatively, the fact that the solution trajectory ¢ — u(¢) is continuous in
Li ([Rd ) can be used to show that the function N may be chosen to depend continuously on ¢.

(2) By the Ascoli—Arzela Theorem, a family of functions is precompact in Li ([R{d ) if and only if it is
norm-bounded and there exists a compactness modulus function C so that

/ |f(x>|2dx+/ f©Pde <q
|x|>=C(n)

[E1=C(m)

for all functions f in the family. Thus, an equivalent formulation of Definition 1.8 is as follows: u is
almost periodic modulo scaling if and only if

w@)y:teI} {2 f(x/1): 1 €(0,00) and f € K}.
for some compact subset K of L)zc (RY).

In [Tao et al. 2006, Theorems 1.13 and 7.2] the following result was established (see also [Bégout
and Vargas 2007; Keraani 2006]), showing that any failure of Conjecture 1.4 must be “caused” by a very
special type of solution. For simplicity we state it only in the spherically symmetric case.

Theorem 1.9 (Reduction to almost periodic solutions). Fix i and d > 2. Suppose that Conjecture 1.4
fails for spherically symmetric data. Then there exists a spherically symmetric maximal-lifespan solution
u which is almost periodic modulo scaling and which blows up both forward and backward in time, and
in the focusing case we also have M (u) < M (Q).

In [Killip et al. 2007], this result was further refined so as to identify three specific enemies. Once
again, we state it only in the spherically symmetric case.

Theorem 1.10 (Three special scenarios for blowup [Killip et al. 2007]). Fix u and d > 2 and suppose that
Conjecture 1.4 fails for spherically symmetric data. Then there exists a spherically symmetric maximal-
lifespan solution u which is almost periodic modulo scaling, blows up both forward and backward in



THE MASS-CRITICAL NONLINEAR SCHRODINGER EQUATION WITH RADIAL DATA 235

time, and in the focusing case also obeys M (u) < M(Q). Moreover, the solution u may be chosen to
match one of the following three scenarios:

¢ (Soliton-like solution) We have I = R and N(t) = 1 for all t € R (thus the solution stays in a
bounded space/frequency range for all time).

¢ (Double high-to-low frequency cascade) We have I =R, liminf;_,_o N(¢) =liminf; 4o N(t) =
0, and sup,eg N(t) < oo forallt e I.

e (Self-similar solution) We have I = (0, +00) and
N@) =12 (1-4)
forallt € I.

In light of this result, the proof of Theorem 1.5 is reduced to showing that none of these three scenarios
can occur. In doing this, we follow the model set forth in [Killip et al. 2007]. In all cases, the key step is
to prove that u has additional regularity. Indeed, to treat the first two scenarios, we need more than one
derivative in L)ZC; for the self-similar scenario, H; suffices. The possibility of showing such additional
regularity stems from the fact that « is both frequency and space localized; this in turn is an expression
of the fact that # has minimal mass among all blowup solutions.

A further manifestation of this minimality is the absence of a scattered wave at the endpoints of the
lifespan 1. More formally:

Lemma 1.11 [Tao et al. 2006, Section 6]. Let u be a solution to (1-1) which is almost periodic modulo
scaling on its maximal-lifespan I. Then, for all t € I,

T . 7 t . /
u() = tim i /t A F (') di' == lim i [T STOAFy d, (1-5)

as weak limits in L2.

Another important property of solutions that are almost periodic modulo scaling is that the behaviour
of the spacetime norm is governed by that of N(¢). More precisely:

Lemma 1.12 (Spacetime bound [Killip et al. 2007]). Let u be a nonzero solution to (1-1) with lifespan
I, which is almost periodic modulo scaling with frequency scale function N : I — RY. If J is any
subinterval of I, then

2(d+2)
/N(t)zdzg,,// lu(t,x)|” 4 dxdt 5,,1+/ N(t)? dt.
J J JRA J

The nonexistence of self-similar solutions is proved in Section 3. We first prove that any such solution
would belong to C? H! and then observe that H.! solutions are global (see the discussion after Theorem
1.5), while self-similar solutions are not.

For the remaining two cases, higher regularity is proved in Section 5. In order to best take advantage of
Lemma 1.11, we exploit a decomposition of spherically symmetric functions into incoming and outgoing
waves; this is discussed in Section 4.
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In Section 6, we use the additional regularity together with the conservation of energy to preclude the
double high-to-low frequency cascade. In Section 7, we disprove the existence of soliton-like solutions
using a truncated virial identity in much the same manner as [Kenig and Merle 2006a].

As noted earlier, the argument just described is closely modelled on [Killip et al. 2007], which treated
the same equation in two dimensions. The main obstacle in extending that work to higher dimensions is
the fractional power appearing in the nonlinearity. This problem presents itself when we prove additional
regularity, which is already the most demanding part of [Killip et al. 2007]. Additional regularity is
proved via a bootstrap argument using Duhamel’s formula. However, fractional powers can downgrade
regularity (a fractional power of a smooth function need not be smooth); in particular, they preclude the
simple Littlewood—Paley arithmetic that is usually used in the case of polynomial nonlinearities.

The remedy is twofold: first we use fractional chain rules (see Lemmas 2.3 and 2.4) that allow us to
take more than one derivative of a nonlinearity that is merely C 1+4/d iy 4. Secondly, we push through
the resulting complexities in the bootstrap argument. An important role is played by Lemma 2.1 (a
Gronwall-type result), which we use to untangle the intricate relationship between frequencies in u# and
those in |u|*/“u.

2. Notation and linear estimates

This section contains the basic linear estimates we use repeatedly in the paper.

Some notation. Weuse X <Y or Y Z X whenever X < CY for some constant C > 0. We use O(Y)
to denote any quantity X such that | X'| < Y. We use the notation X ~ Y whenever X <Y < X. The
fact that these constants depend upon the dimension d will be suppressed. If C depends upon some
additional parameters, we will indicate this with subscripts; for example, X <, Y denotes the assertion
that X < C,Y for some C, depending on u.

We use the “Japanese bracket” convention

(x):=(1+x»)2

We write LZ L". to denote the Banach space with norm

ql/r 1/q
Lp— r
el a1 ety = (/R(/Rd lu(t, x)| dx) dt) ,

with the usual modifications when ¢ or r is equal to infinity, or when the domain R x R is replaced by
a smaller region of spacetime such as / x R?. When ¢ = r we abbreviate L1LY as L?’ X

The next lemma is a variant of Gronwall’s inequality that we will use to handle some bootstrap argu-
ments below. The proof given is a standard application of techniques from the theories of Volterra and
Toeplitz operators.

Lemma 2.1 (A Gronwall inequality). Fix r € (0,1) and K > 4. Let by be a bounded sequence of
nonnegative numbers and xj, a sequence obeying 0 < x; < by for 0 <k < K and

0<xp <be+ Y rk7'x, 2-1)
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forallk > K. Then
k
Z exp(% (k- l))bl (2-2)

for all k > 0. In particular, if by, = 0(2_]“’) and 2°r (K — )Y E=D < 1 then x; = 0(27%7).
Proof. Elementary monotonicity arguments show that we need only obtain the bound for the case of
equality, namely, where

(1—A)x =b. (2-3)

Here x and b denote the semiinfinite vectors built from the corresponding sequences, while A4 is the

matrix with entries
rk=l itk —1>K,
A =

0 otherwise.
The triangular structure of A guarantees that (2-3) can be solved (though not a priori in £°°); more
precisely, it guarantees that the geometric series for (1 — A)~! converges entry-wise. To obtain bounds

for the entries of this inverse matrix, it is simplest to use a functional model: under the mapping of
sequences to functions

o0 o0
X > Z xkzk and by — Z bkzk,
= k=0

the matrix 4 becomes multiplication by r zK(1 —rz)~'. In the same way, the entries of (1 — A4)~!
come from the Taylor coefficients of

1—rz
a(z)i= ————.
@ 1—rz—rKzK
Using e* > 1 + x with x = —log|rz|, we see that
log(K —1
—rz| > (ﬂ_ 1) BE %Mﬂ > log(K — 1) r K |2|K

on the disk |z| <r~1(K —1)"/K=1_ This shows that a(z) is bounded and analytic on this disk. (Note
that the hypothesis K > 4 implies that log(K — 1) > 1.) The inequality (2-2) now follows from the
standard Cauchy estimates. O

Basic harmonic analysis. Consider a radial bump function ¢ : R? — R such that
pE =1 if [§|<1 and  @@E) =0 if |§]> 1} (2-4)
For each number N > 0, define the Fourier multipliers
Ponf (&)= @E/N) [ (E). Ponf(E):=(1-9E/N)) S (&),
PN (E) =Y (E/N) S () = (pE/N) —9QE/N)) [ (&).

and similarly P<x and P>p. We also define

Pry<.<n:=P<y—P<py = Z Py
M<N'<N
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whenever M < N. We will usually use these multipliers when M and N are dyadic numbers (that is,
of the form 2" for some integer »); in particular, all summations over N or M are understood to be over
dyadic numbers. Nevertheless, it will occasionally be convenient to allow M and N to not be a power
of 2. Note that Py is not truly a projection; to get around this, we will occasionally need to use fattened
Littlewood—Paley operators:

Py = Pyjy+ Py + Pan. (2-5)

These obey PNI3N = ﬁNPN = Pyn.

As with all Fourier multipliers, the Littlewood—Paley operators commute with the propagator e??2

as
well as with differential operators such as i d; + A. We will use basic properties of these operators many
times, including

Lemma 2.2 (Bernstein estimates). For 1 < p < g < o0,
“|V|iSPNfHL)IC’(Rd) ~ Nis“PNf”L)IC’(Rd),
d_d
”PSNf”LSIC(Rd) SNP 4 ”PENf”Lg(Rd)a
. d_d X
1PN SN gy < N 27N PNS N o .

The next few results provide important tools for dealing with the fractional power appearing in the
nonlinearity.

Lemma 2.3 (Fractional chain rule for a C! function [Christ and Weinstein 19911). Suppose G € C'(C),
s €(0,1],and 1 < p, p1, pr < 00 such that% = PLI + plz. Then

[1VP G, S 16" @y, [IVFu] .

When the function G is no longer C!, but merely Holder continuous, we have the following useful
chain rule:

Lemma 2.4 (Fractional chain rule for a Holder continuous function [Visan 2007]). Let G be a Héolder
continuous function of order 0 < o < 1. Then, for every 0 <s <a, 1 < p <00, and ; <o < 1 we have

191G, 5 a5 ], [IVI7]Z ..

1

- 1
)4 e
provided > =

+ piz and (1 —s/ac) p1 > 1. The implicit constant depends upon s.

Corollary 2.5. Let0 <s <1+ %. Then on any spacetime slab I x R? we have

4
IIVF FG aoviass 5 1IVIu] sl o oy

N N 4
1V F(”)”L;oLf# <[ uHL;oLywnZ?OL?

for any max{d, 4} <r < oo. The implicit constants depend upon s.
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Proof. Fix a compact interval /. Throughout the proof, all spacetime estimates will be on I x R4,
For 0 < s <1, both claims are easy consequences of Lemma 2.3. We now address the case 1 <s <1 +%
for d > 5; a few remarks on d = 3, 4 are given at the end of the proof. We start with the first claim.
By the chain rule and the fractional product rule, we estimate

IIVIEFw)| 2a+2
, d+a

t,x

S|IVETNVuF (u) + Vi Fz ()| 2@+
L d+a

t,x
4
< |V|Su”Li(;1+z)/d ||u”z?,(f+2)/d+ ”V””Lffj“)/d (H |V|s_1Fz(u)HL§iix+z)/z+ I IVIS_IFE(M)HLgflxﬂ)/z).

The claim will follow from this, once we establish

4 ﬂ
H|V|s IFZ(”)HL(d+2)/2+”|V|S 1F(“)HL(d+2)/2§ H|v|au” 2(d+2)/d|| ” 2(d+2)/d (2-6)

for some o such that %d (s —1) <o < 1. Indeed, one simply has to note that by interpolation we have
o 515 1-5
4 ””Lf(jﬂ)/d <[ vi MHLz(d+2)/d||u||L2(d+2)/d’

1
[Vl 2(d+2)/d = H|V|S”H 2(d+2)/d|| “ 2(d+2)/d

To derive (2-6), we remark that F, and F3 are Holder continuous functions of order 4/d and use
Corollary 2.5 (with @ :=4/d and s := s — 1). 5
We now turn to the second claim. Note that the condition » > 4 simply insures that —— > 1. By the
r+4—
chain rule and the fractional product rule,

[IVFF@] 2
LoLL T4
S IV (VuFz (u) + VaFz(u)) | 2r
LeoLL T
4
5 H|V|su”L(tX7L)2€ ||u||zt L2r + ”v ” rJ,-(s l)d H|V|S 10(|u|d)” m .
By interpolation,
s 5
IV ”” m ~ H|V| ”HLooLz | ”L°°L2dr
Thus, the claim will follow once we estabhsh that
+
[V~ 1()(luld)H Lot SV uHmz Ju ||ng2,/d 2-7)
Applying Lemma 2.4, we obtain
_s—1
I 10(|u|d)H < I"uﬂ [Ju IId ’

_ 2rs
(r d)(s—1)+4s ~ Lsd+a(r d) LooLzr/d
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for any ¢ such that %d (s — 1) < o < 1. The inequality (2-7) now follows from
o

1-<
191°] . gy S 191 e Bl 2

LeLd’
which is a consequence of interpolation.

Note that the restriction r > d guarantees that certain Lebesgue exponents appearing above lie in the
range [1, co]. In fact, one may relax this restriction a little, but we will not need this here.

The treatment of the two claims in the case d = 4 requires the bound

11917 ul | L2 < [1VI7u]] Lo

which holds for 1 < p < oo and 0 < o < 1, in place of Lemma 2.4. Proofs of this slight variant of Lemma
2.3 can be found in [Kato 1995; Staffilani 1997; Taylor 2000].

We now discuss the case d = 3. When 1 < 5 < 2, one may use the argument presented above. For
2<s< %, one first takes the Laplacian of F(u) and then applies Lemma 2.4 to deal with the remaining
fractional derivatives. Terms where the derivatives distribute themselves between several copies of u are
dealt with by interpolation, as above. O

Strichartz estimates. Naturally, everything that we do for the nonlinear Schrédinger equation builds on

basic properties of the linear propagator e’f4.
From the explicit formula
. 1 ; 2
itA — ilx—y|=/4t
10 = s [P )y,

we deduce the standard dispersive inequality
itA 1 .
||elt f||L<>0(Rd) < MW”J(”LI(W)
for all ¢ # 0. Interpolating between this and the conservation of mass gives

ith d_4
”e f”LP(Rd) < |t|p 2 ”f”Lp’(Rd) (2-8)
forall 7 # 0 and 2 < p < oco. Here p’ is the dual of p, that is, % + % =1.
Finer bounds on the (frequency localized) linear propagator can be derived using stationary phase:

Lemma 2.6 (Kernel estimates). For any m > 0, the kernel of the linear propagator obeys the estimates
NUN[x=y)™ il = N72,
|(Pre ™) p)| Sm 117472 ifl| = N~ and |x = y| ~ N,
Nd
|N2t|m(N|x — p[)™

We also record the following standard Strichartz estimates:

otherwise.

Lemma 2.7 (Strichartz). Let I be an interval, let ty € 1, and let

uo € L2RY) and  f e L2/ (1 xRd),
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with d > 3. The function u defined by

t
u(t) == 'y —j / R £ty di!
fo
obeys the estimate

lullcopz +llull 2a+2) +lull 24 < luollp2 + /1 26+2)
t thd L%L}f’ L +

where all spacetime norms are over I x RA.

Proof. See, for example, [Ginibre and Velo 1992; Strichartz 1977]. For the endpoint see [Keel and Tao
1998]. |

We will also need three variants of the Strichartz inequality. First, we observe a weighted Strichartz
estimate, which exploits the spherical symmetry heavily in order to obtain spatial decay. It is very useful
in regions of space far from the origin x = 0.

Lemma 2.8 (Weighted Strichartz). Let I be an interval, let ty € I, and let
uo € L2RY) and  f e L2/ (1 xRd)

be spherically symmetric. The function u defined by

t
u(t) ;= l(t tO)Au _l/ ei(t—t’)Af(t/) dt’

A
obeys the estimate

2(d—1)
q

[1x|

a2 S lwoll e + 11 2w
LILI™* (Ixrd) L, 4T (IxRd)
if4 <q <oo.

Proof. For g = oo, this corresponds to the trivial endpoint in Strichartz inequality. We will only prove
the result for the ¢ = 4 endpoint, since the remaining cases then follow by interpolation.

As in the usual proof of Strichartz inequality, the method of 7'7T* together with the Christ—Kiselev
lemma and Hardy-Littlewood—Sobolev inequality reduce matters to proving that

d—1 ; d—1 1
[1x172 e 2 %12 g | oo ay S 1117218 1 ey (2-9)

for all radial functions g.
Let P.,q denote the projection onto radial functions. Then

. d lxI2+lyl? 1yl
2 Paal(r. ) = (i 3 [ i
S —1

where do denotes the uniform probability measure on the unit sphere .S d=1_ This integral can be eval-
uated exactly in terms the Bessel function J =2 ». Using this, or simple stationary phase arguments, one

sees that
d—1

i _d 2 1 _d-1 _d-1
e Praale, )| < 7% () 72 o5
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The radial dispersive estimate (2-9) now follows easily. O

We will rely crucially on a slightly different type of improvement to the Strichartz inequality in the
spherically symmetric case due to Shao [2007], which improves the spacetime decay of the solution after
localizing in frequency. The important thing for us will be the fact that this estimate can give decay as
N — o0; this is not possible without the radial assumption.

Lemma 2.9 (Shao’s Strichartz estimate [Shao 2007, Corollary 6.2]). For f € L2 (R?) we have

rad

itA < %_M
| Pne f”L?’x(RXRd) SqN?2od ”f”L)ZC(Rd)’

- 4d+2
provided q > 575

The last result is a bilinear estimate from [Visan 2006], which builds on earlier versions in [Bourgain
1999a; Colliander et al. 2008a]. It will be useful for controlling interactions between widely separated
frequencies.

Lemma 2.10 (Bilinear Strichartz [Visan 2006, Lemma 2.5]). For any spacetime slab I x R, anytg €1,
and any M, N > 0, we have

1 d=1 .
|(P=nu)(P<prv) | ;2 (Ixpdy SN 2M 2 (||P2Nu(lo)||L2 +[((0: + A) Poyull 2+2)
- L, 9 (Ixwd)

x (1Pl + 1G9 + &) Peprvl 2gn ).
L4 (Ixrd)

for all functions u,v on I.

3. The self-similar solution

In this section we preclude self-similar solutions. As mentioned in Section 1, the key ingredient is
additional regularity.

Theorem 3.1 (Regularity in the self-similar case). Let d > 3 and let u be a spherically symmetric solution
to (1-1) that is almost periodic modulo scaling and that is self-similar in the sense of Theorem 1.10. Then
u(t) € HSRY) forallt € (0,00) and all 0 < s <1+ 4.

Corollary 3.2 (Absence of self-similar solutions). For d > 3 there are no nonzero spherically symmetric
solutions to (1-1) that are self-similar in the sense of Theorem 1.10.

Proof. By Theorem 3.1, any such solution would obey u(t) € H} (R?) for all ¢ € (0, 00). Then, by the
H; global well-posedness theory described after Theorem 1.5, there exists a global solution with initial
data u(tp) at any time ¢y € (0, 00); recall that we assume M (1) < M (Q) in the focusing case. On the
other hand, self-similar solutions blow up at time ¢ = 0. These two facts (combined with the uniqueness
statement in Theorem 1.3) yield a contradiction. O

The remainder of this section is devoted to proving Theorem 3.1. We will regard s as fixed and will
allow constants to implicitly depend on s.
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Let u be as in Theorem 3.1. For any 4 > 0, we define
M(A) := sup ””>AT—* (T)”LZ ®R4) *
T>0

F(A) = ;ugz) llu 47-1 ”Lf(ffﬂ)/d([T,zT]de) . (3-1)

N(A) = Ys}ilf(’) ||P>AT—* F(u)” 2(d+2)/(d+4)([T ZT]XRd)
The notation chosen indicates the quantity being measured, namely, the mass, the symmetric Strichartz
norm, and the nonhnearlty in the adjoint Strichartz norm, respectively. Since u is self-similar, N () is
comparable to T~ 7 for ¢ in the interval [T, 2T]. Thus, the Littlewood—Paley projections are adapted to

the natural frequency scale on each dyadic time interval.
To prove Theorem 3.1 it suffices to show that for every 0 <s <1+ % we have

‘/M’(A) ~ S, u _s,

whenever A is sufficiently large depending on u and s. To establish this, we need a variety of estimates
linking M, &, and N'. From mass conservation, Lemma 1.12, self-similarity, and Holder’s inequality, we
see that

M(A) +F(A) +N(A) <u'l (3-2)

for all A > 0. From the Strichartz inequality (Lemma 2.7), we also see that
F(4) S M(A) + N(4) (3-3)
for all A > 0. Another application of Strichartz combined with Lemma 1.12 and (1-4) shows that

d <ul. (3-4)

full -
L2L4-2(T2T]xR4)

Next, we obtain a deeper connection between these quantities.

Lemma 3.3 (Nonlinear estimate). Letn>0and 0 <s <1+ %. If A> 100 and 0 < B <1, we have

4 _28
NA) S Y (N) SN )+(9’(nA2(d D) +F(nAP)) 4 F(nAP)+ A a2 (M(nAP)+ N (nAP)). (3-5)
N<nAB
Proof. Fixn>0and 0 <s <1+ %. It suffices to bound

”P ar-1 F(u)H L2/ (7 o7 )xpd

by the right-hand side of (3-5) for arbitrary 7 > 0 and all 4 > 100 and 0 < 8 < 1.
To achieve this, we decompose

F(u) = F(u <nAﬂT—* +O( ‘u<nA°‘T—§|7 ’”>;7ABT—%‘)

1
+0(‘unA°‘T 2<-<nABT— f}d |u>nAﬂT—*|)+0(‘ >r)Af3T—*‘ + )’ (3-6)

IS
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where B
o= —.
2(d—1)
To estimate the contribution from the last two terms in the expansion above, we discard the projection
to high frequencies and then use Holder’s inequality and (3-1):

4
H‘” AXT— < <nABT— %}d u>nA/3T H 2(d+2) <9)(77Aa)%5f’(nAﬂ),
L, 4 (T,2TIxRd)
H}u>nAﬁT—%|l 7” 2d+2) < P(nAP)'

L, d+4 (IT,2T]xRd)

To estimate the contribution coming from second term on the right-hand side of (3-6), we discard the
projection to high frequencies and then use Holder’s inequality, Lemmas 2.2 and 2.10, and (3-3):

4
HP>AT”0(‘ U_pgar—i1? |u >nA/3T**‘)H 2d+2)

N L, 9+ (IT2T]xRrd)
d
~ ”u<nA°‘T‘*u>nAﬂT‘% “L%’x([T,ZT]x[R{d)
it it | 2 uu Vi
>nAPT =3 Ly o Ixmd) =1 AT LY (T 2T]xRA)
d—1. 8 8 24
< (APT 33 (AT FY ) (U@AP) + N AP)) E S (naf) @z T 22

28
<u A~ a2 (M(nAP) + N(nAP)).

We now turn to the first term on the right-hand side of (3-6). By Lemma 2.2 and Corollary 2.5 combined
with (3-2), we estimate

_1
|2 ar-1 Flusy qpr-1)| 20220 ST IVP Flugy gpr-4)| 2042
L, d+4 (IT,2T|xR4) L, d+4 (IT,2TIxR4)
<u (AT—E) *|IVITu <,7A5T_7H 2d+2)
L, % (T2T]xr4)
N N
s 2 (5) gan.
N<nAB
which is acceptable. This finishes the proof of the lemma. O

We have some decay as 4 — oo:
Lemma 3.4 (Qualitative decay).
lim M(A) = lim F(4) = lim N(A)=0.
A—o0 A—00 A—o00

Proof. The vanishing of the first limit follows from Definition 1.8, self-similarity, and (3-1). By interpo-
lation, (3-1), and (3-4),

2 2
S(A4) S M(A) T+ |u, , H a5 2d <u M(A)a+2.
L2LI=2([T,2T]xR)
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Thus, as the first limit in Lemma 3.4 vanishes, we obtain that the second limit vanishes. The vanishing
of the third limit follows from that of the second and Lemma 3.3. O

We have now gathered enough tools to prove some regularity, albeit in the symmetric Strichartz space.
As such, the next result is the crux of this section.

Proposition 3.5 (Quantitative decay estimate). Let0 <n<land0<s <1+ %. If n is sufficiently small
depending on u and s, and A is sufficiently large depending on u, s, and 7, then

gA)< Y (%)ssmv) AT 3-7)
N=nA
In particular,
S(A) Su ar:3 (3-8)
forall A > 0.

Proof. Fixne (0,1)and 0 <s < 1+ %. To establish (3-7), it suffices to show

N\s+¢ __3
s ar-3 | 2ws2 Sue 2 (5) W)+ 4 22 (3-9)
L, (T.2TIxRr9) N=<n4

for all T > 0 and some small ¢ = ¢(d, 5) > 0, since then (3-7) follows by requiring 7 to be small and 4
to be large, both depending upon u and also e.

Fix T > 0. By writing the Duhamel formula (1-2) beginning at 7'/2 and then using Lemma 2.7, we
obtain

u _1
il s

t,x

S P ar-1TP2uT)2)| 2apn + P} F@)| 2 :
L@ (T.2TIxrd) L, (L 2T1xmrd)

We first consider the second term. By (3-1), we have

IP_ -t F@)| 20d+2) SN(4/2).
LR (T o)

Using Lemma 3.3 (with 8§ = 1 and s replaced by s + ¢ for some 0 < & < 1 + % — ) combined with
Lemma 3.4 (choosing A4 sufficiently large depending on u, s, and 1), and (3-2), we derive

N\5te _ 3
”P>AT—% F(“)H 2(d+2) Sue E (Z) P(N)+ A4 242
L3 (L arxed)  N=g4

whose right-hand side is that of (3-9). Thus, the second term is acceptable.
We now consider the first term. It suffices to show

. 3
HP>AT—%el(t_T/2)A”(T/2) | 2w+2) Su A 242, (3-10)
L4 (T.2TIxRd)
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which we will deduce by first proving two estimates at a single frequency scale, interpolating between
them, and then summing.
From Lemma 2.9 and mass conservation, we have

d_d+2
2 q (3-11)

HP leﬂtYVDAu(T/QHLq(HQTVR%,vuq(BT_E)

whenever
4d + 2 - 2(d +2)

d—1 1=""4

and B > 0. This is our first estimate.
Using the Duhamel formula (1-2), we write

P

BT—73

T
—Tya (T 2 (1t
!0 (T) = Pypoy O ue) —i f Ppp 1 OMFu()) di’

for any ¢ > 0. By self-similarity, the former term converges strongly to zero in L)zc as ¢ = 0. Convergence
to zero in L2d/ @=2) then follows from Lemma 2.2. Thus, using Holder’s inequality followed by the
dispersive estimate (2-8), and then (3-4), we estimate

HPBT 16! T/Z)A”(T/2)H
2([T2T]x[R{d)

T~ | Fu)|

2d dt 2d
L?°([T,2T]) LILEF? (0, T1xrd)

T
d—2 /
0

7% Y ||F<u>|| 20

0oz<T LI ([r.27)xr9)

< T2

—=5= 1/2
<T 2 A2l lu ||

LILE72 ([r.21]xRA) LP L% ([r,27]xRY)

Interpolating between the estimate just proved and (3-11) with

_2d(d+2)(4d - 3)

4d3 —3d?2+12 °
we obtain
. __3
” PBT_%el(t—T/Z)Au(T/2) ” 2d+2) <u B 242
L4 (T.2T]xRd)

Summing this over dyadic B > A yields (3-10) and hence (3-9).
We now justify (3-8). Given an integer K > 4, we set 7 = 27K Then there exists 4o, depending on
u and K, so that (3-7) holds for 4 > Ay. By (3-2), we need only bound ¥ (A4) for 4 > A,.
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Letk >0and set 4 = 2kA0 in (3-7). Then, writing N = 21A0 and using (3-2), we have

k—K
P2k a0) = D 27* g2l 4g) + (2K a9y P < Y 2kl 4, )+ 9(0)+2‘kﬁAgﬂ,
I<k—K =0

where B := d 2. Setting s = 1 and applying Lemma 2.1 with x; = $(2K 4¢) and by = 0,(27*P), we
deduce
P2 4g) <, 27K,

provided K is chosen sufficiently large. This gives the necessary bound on &. O

Corollary 3.6. For any A > 0 we have
M(A) + F(A) + N(A) <, A7V

Proof. The bound on ¥ was proved in the previous proposition. The bound on N follows from this,
Lemma 3.3 with 8 = 1, and (3-2).
We now turn to the bound on J(. By Lemma 1.11,

2k+lT
e
e T=Ap ar-L Fu(@ydr'| (3-12)

2

1P gp-1u(T)2 <

where weak convergence has become strong convergence because of the frequency projection and the
fact that N(r) = 1~1/2 — 0 as t — 0. Intuitively, the reason for using (1-5) forward in time is that the
solution becomes smoother as N (¢) — 0.

Combining (3-12) with Lemma 2.7 and (3-1), we get

M(A) = sup | P_ y71u(T)]2 S Z N(2K/2 4). (3-13)
T>0 k=0
The desired bound on il now follows from that on N O

Proof of Theorem 3.1. Let 0 <s <1+ %. Combining Lemma 3.3 (with 8 =1 — 2d2) (3-3), and (3-13),
we deduce that if

FA)+M(A)+N(A) <, A7°
for some 0 < o < s, then

(d+1D)(3d—2)o 1o d2—2

PA) + M(A) + N(A) Sy A0 (A 242 + A4 24°@=D) 4 4 242 247,

More precisely, Lemma 3.3 provides the bound on N'(A4), then (3-13) gives the bound on Jl(A4) and then
finally (3-3) gives the bound on ¥(4).
Iterating this statement shows that u(¢) € Hj (RY) forall 0 <s < 1 + %. Note that Corollary 3.6

allows us to begin the iteration with o = d 2. O
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4. An in/out decomposition

In this section, we will often write radial functions on R¥ just in terms of the radial variable. With this
convention,

f(r):rz?i/ooonz_z(kr)f(k)k'é’dk and f(k):sz”’fOoo dT(kr)f(r)rzdr

as can be seen from [Stein and Weiss 1971, Theorem IV.3.3]. Here J,, denotes the Bessel function of

order v. In particular,

g, r) = r 3 J s (kr)
2

solves the radial Helmholtz equation
—grr— e, = kg, (4-1)

which corresponds to the fact that g(k, r) represents a spherical standing wave of frequency k2/(2r).
Incoming and outgoing spherical waves are represented by two further solutions of (4-1), namely,

g_(k.r):=r2" H(Z) (kr) and gy(k.r):=r2" H(” (kr),

respectively. Note that
g =738+ + 78—

This leads us to define the projection onto outgoing spherical waves by

[PTf10r) = -foo H(l)z (er) f () k% dk

-5 [ / HU (61 oy ko) k) £(0) % dp @2)
[ df(p)pd tdp.
-1 i
=trn+ [ L0

In order to derive the last equality we used [Gradshteyn and Ryzhik 2000, §6.521.2] together with analytic
continuation. Similarly, we define the projection onto incoming waves by

% r24 fp) p"" dp
r2—p?

[P~ /1) = %/0 rz_defz_)z(kr)f(k)k‘é’ dk =3 f(r)~ ’;/0

Note that the kernel of P~ is the complex conjugate of that belonging to P, as is required by time-
reversal symmetry.
We will write P ﬁ for the product P* Py.

Remark. For f(p) € L*(p?~" dp),

|1 @Pet =t dp =5 1% s as
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and with 1 = r2,

—p d=2
/°° P ) dp a2 /w(g)"ﬁs ¢ S(J5)ds
A r2_p2 2 o \7 1—s '

Thus Pt : L2(R?) — L2(R?) is bounded if and only if the Hilbert transform is bounded in the weighted
space L2([0, 00), 1= @=2/2 g¢). Thus P* is unbounded on L2(R?) for d > 4.
Lemma 4.1 (Kernel estimates). For |x| > N~! andt > N 72, the integral kernel obeys

—1

_d=1 1 .
(xllyD™ 2 Je] 2 if |ly|— x| ~ Nt,

[PreT2](x, p)| < N4
[P | (N2 + N|x|—= N|y|)™ otherwise,

d—1
2

(N x) T (NV]y])

foranym > 0. For |x| 2 N~ and |t| < N2, the integral kernel obeys

d

|[P§ejF”A](x,y)| < - (N|x|=Nly)™

d—1 d—1
(N]x[) 2 (N]yl]) 2
forany m > 0.

Proof. The proof is an exercise in stationary phase. We will only provide the details for P]J\;e_i 1A the
other kernel being its complex conjugate. By (4-2) we have the following formula for the kernel:

[Pe 81 ) = Sl ) ™ [ HE, Kl Ry () kak @
0 2 2 N

where ¥ is the multiplier from the Littlewood—Paley projection. To proceed, we use the following
information about Bessel/Hankel functions:

a(r)e’”  a(rye i

J%(r) = BUE BUER 4-4)
where a(r) obeys the symbol estimates
am
a(r) <m (r)™™ forallm>0. 4-5)
arm
The Hankel function H ‘(11_)2 (r) has a singularity at r = 0; however, for r > 1,
2
1) . b(V)elr
= () =—"7 (4-6)

for a smooth function b(r) obeying (4-5). Since we assumed |x| > N !, the singularity does not enter
into our considerations.

Substituting (4-4) and (4-6) into (4-3), we see that a stationary phase point can only occur in the
term containing @(r) and even then only if |y| — |x| ~ Nt. In this case, stationary phase yields the first
estimate. In all other cases, integration by parts yields the second estimate.
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The short-time estimate is also a consequence of (4-3) and stationary phase techniques. Since ¢ is so

small, e’k 2t shows no appreciable oscillation and can be incorporated into w(%). For || y|—|x| ‘ <N

the result follows from the naive L! estimate. For larger |x| — | y|, one integrates by parts m times. [
Lemma 4.2 (Properties of PT). (1) Pt + P~ acts as the identity on erad([Rd).
(ii) Fix N > 0. For any spherically symmetric function f € L (R9),

1P PNl g o vty = 1123 ey

with an N -independent constant.

Proof. Part (i) is immediate from the definition.
We now turn to part (ii). We only prove the inequality for P, as the result for P~ can be deduced
from this. Let x be a nonnegative smooth function on R™ vanishing in a neighborhood of the origin and

obeying x(r) =1 forr > ﬁ. With this definition and (4-2),

+ 2 + 2
IPEPoNS 12 o ety = IOV XD PE P 125

_ /Ooo‘/ooo Hf}z)Z(kr)f(k)k‘i (1 —(p(%)) dk)ZX(Nr)Zr dr,

where ¢ is a cutoff function as in (2-4). Note that, by scaling, it suffices to treat the case N = 1. Because
of the cutoffs, the only nonzero contribution comes from the region kr = 1. This allows us to use the
following information about Hankel functions: for p 2 1,

1
2\2 io—i(d—1)E
1Y, ()= ()7 1+ b(py e @D
2 p
where b is a symbol of order —1, that is,

9"b(p) —m—1
‘ o Sm (p) )

for all m > 0; see for example [Gradshteyn and Ryzhik 2000]. Note that this is more refined than formula
(4-6) used in the previous proof. With these observations, our goal has been reduced to showing that

r

or, equivalently, that

2 (e
()2 dr < /0 g (k)2 dk

/Ooo (1 4+ b)) (1 = p(k))g (k) dk

K(k, k') := (1 —p(k))(1 — (k")) /0 ” e =K (L 4 b(ler)) (1 + b(K'r)) x(r)? dr

is the kernel of a bounded operator on L,2C ([0, 00)). To this end, we will decompose K as the sum of two
kernels, each of which we can estimate.
First, we consider

KiK'y = (1 — p()(1 — (k")) /0 FERI ()2 dr.
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Without the prefactors, the integral is the kernel of a bounded Fourier multiplier and so a bounded
operator on L,zc. As ¢ is a bounded function, we may then deduce that K; is itself the kernel of a
bounded operator.

Our second kernel is

Ky (ke k) = (1— (k) (1 — (k")) /0 h =K (bl ry + b(k'r) + bk r)b(k'r)) x(r)? dr,

which we will show to be bounded using Schur’s test. Note that the factors in front of the integral ensure
that the kernel is zero unless k > 1 and k” = 1. By integration by parts, we see that

Ky (k. k') Sm |k =K'

for any m > 1, which offers ample control away from the diagonal. To obtain a good estimate near the
diagonal, we need to break the integral into two pieces. We do this by writing

=)+ (-4(5)

with R > 1. Integrating by parts once when r is large and not at all when r is small leads to
1 1 1 1 r 1 1 1 1 r
N < L S+ — V(=
Kok, k9 = =7 /((kﬂ Tt kk’r3>X(R) + (kr Tt kk'ﬂ) R. (R)) dr

+ ] Gt i+ )0 (1= 1()

1
<—— +logR.
S Rlk—k] T8
Choosing R = |k — k’|~! provides sufficient control near the diagonal to complete the application of
Schur’s test. O

5. Additional regularity
This section is devoted to prove:

Theorem 5.1 (Regularity in the global case). Let d > 3 and let u be a global spherically symmetric
solution to (1-1) that is almost periodic modulo scaling. Suppose also that N(t) S 1 forall t € R. Then
ue LPHSRxRY) forall0 <s <1+ 3.

The argument mimics that in [Killip et al. 2007], though the nonpolynomial nature of the nonlinearity
introduces several technical complications. That u(¢) is moderately smooth will follow from a careful
study of the Duhamel formulae (1-5). Near ¢, we use the fact that there is little mass at high frequencies,
as is implied by the definition of almost periodicity and the boundedness of the frequency scale function
N(t). Far from ¢, we use the spherical symmetry of the solution. As this symmetry is only valuable at
large radii, we are only able to exploit it by using the in/out decomposition described in Section 4.

Let us now begin the proof. For the remainder of the section, u will denote a solution to (1-1) that
obeys the hypotheses of Theorem 5.1. Once again, we will regard s as fixed and suppress the dependence
of implicit constants upon this parameter.



252 ROWAN KILLIP, MONICA VISAN AND XIAOYI ZHANG

We first record some basic local estimates. From mass conservation we have

<
”u”L?OL)Z((IR{XRd) Sul,
while from Definition 1.8 and the fact that N (¢) is bounded we have
Iim ||u =0.
Nooo “ ZN”L?OL)Z((Rde)

From Lemma 1.12 and N(¢) < 1, we have

d
el 2+2) Su ([J])2E@+

L& (JxRd)

for all intervals J C R. By Holder’s inequality, this implies

_d+4
IF@ 2+2) <u (|J])2@+D
Lt,‘ic+4 (JXle)

and then, by the (endpoint) Strichartz inequality (Lemma 2.7),

D=

lull 24 Su(lJ])2.

L2182 (Jxrd)

(5-1)

(5-2)

More precisely, one first treats the case |J| = O(1) using (5-1) and then larger intervals by subdivision.

Similarly, from the weighted Strichartz inequality (Lemma 2.8),

A=

d—1
” |x| 2 UN<-<N, ||L;1L§O(JX[Rd) Su (|J|)

uniformly in 0 < N; < N < o0.
Now, for any dyadic number N, define

M(N) = “uZN”L?OL)ZC(RXRd)'
From the discussion above, we see that M(N) <, 1 and

lim M(N) = 0.
N—o0

(5-3)

(5-4)

To prove Theorem 5.1, it suffices to show M(N) <y s N ~° forany 0 < s < 1 —{—% and all NV sufficiently
large depending on u and 5. As we will explain momentarily, this will follow from Lemma 2.1 and the

following

Proposition 5.2 (Regularity). Let u be as in Theorem 5.1, let 0 <s < 1+ %, and let n > 0 be a small

number. Then
M

MV =N+ 3 (5) o,
M=nN

whenever N is sufficiently large depending on u, s, and n.
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Indeed, given & > 0, set n = 27K where K is so large that
2log(K—1) <e(K—1).

Let Ny be sufficiently large depending on u, s, and K so that the inequality in Proposition 5.2 holds for
N > Ny. If we write r = 275, x; = (2% Ny), and

bk — 2—kSN0—S + Z 2_S(k_l)JM,(2lN0) §u 2—kS su 2—k(s—8)’
I<—1
then (2-1) holds. Therefore, M(N) <u.s N°7° by the last sentence in Lemma 2.1.

The rest of this section is devoted to proving Proposition 5.2. Fix 0 <s <1+ % and 1 > 0. Our task
is to show that

_ M s
=N o)l 2y <N+ Y (57) )
M=nN

for all times 7y and all NV sufficiently large (depending on u, s, and n). By time translation symmetry, we
may assume 7o = 0. As noted above, one of the keys to obtaining additional regularity is Lemma 1.11.
Specifically, we have

u=n(0) = (PT + P7)u=n(0)

T 0

= lim i | PTe "APonF(u(t))di— lim i | P e "AP.nF(u@t))dt,  (5-5)
T—o0 Jo T—oco J_T

where the limit is to be interpreted as a weak limit in L2. However, this representation is not useful for

|x| small because the kernels of P¥ have a strong singularity at x = 0. To this end, we introduce the

cutoff

AN (x) i= x(N]x]),
where y is the characteristic function of [1, 00). As short times and large times will be treated differently,
we rewrite (5-5) as

0

S
AN sy (0.3) = i /0 A () P Poy Fu(e)) di — i / NPT Py (@) ds

T—o0

T X ~
i, 3 /5 [R NP D P @) dy di

T
T MEN

= im Y i Pae ,  Pas P dy i, (56

as weak limits in L2. We have used the identity

P>y = Z Py Py,
M=>N

where Pyy := Ppgy2 + Par + Papg, because of the way we will estimate the large-time integrals.
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The analogous representation for treating small x is
(I =xn(x))u=n(0,x)

= hm z/ (1— xn(x)e 2 Poy F(u(r)) dt

—1/ (1= xn(x))e A Po Ny F(u(t)) dt

+ fim 3 i / (1= v CDIPare ™ A1x, [ Pag Fau)l() dy e, (5-7)

T—o0
M=>N

also as weak limits.
To deal with the poor nature of the limits in (5-6) and (5-7), we note that

Jr— fweakly = | f| <limsup| f7]|. (5-8)
T—o0

or equivalently, that the unit ball is weakly closed.
Despite the fact that different representations will be used depending on the size of | x|, some estimates
can be dealt with in a uniform manner. The first such example is a bound on integrals over short times.

Lemma 5.3 (Local estimate). Let 0 < s < 1 + %. For any sufficiently small n > 0, there exists § =
8(u, n) > 0 such that

SNT g Y (%)SA/L(M),

8
/ e AP N F(u(t)) dt
0 Lx M=nN

provided N is sufficiently large depending on u, s, and n. An analogous estimate holds for integration
over [—8,0] and after premultiplication by x ny P*.

Proof. By Lemma 2.7, it suffices to prove

s M\ s+e
N(N) = | Psy F@W)| 2+2) SuN=o g Y (W) M(M) (5-9)
L 4T (7xrd) M<nN

for some small ¢ = ¢(d, s) > 0, any interval J of length |J| < 4, and all sufficiently large N depending

on u, s, and 7, since the claim would follow by requiring 1 small and N large, both depending on u.
From (5-4), there exists Ny = Ny(u, ) such that

2
=gl oo .2 ity =170 (5-10)
Let N > N; :=n~ ' Ny. We decompose

B 4 4 144
F(u) = F(“ﬁnN) + 0(|“§N0|d |”>nN|) + 0(|”N0§-§77N|d |”>77N|) + 0(|”>nN| d)- (5-11)
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Using Lemma 2.2, Corollary 2.5 together with (5-1), and Lemma 2.7, we estimate the contribution of
the first term on the right-hand side of (5-11) as follows:

| P>n Fu<pn)ll 2a+2) SNTT# VI Flucyn) | 2w+2)
Lt,?c+4 (JXRd) Lt,‘)‘lc'~'4 (Jde)

Su (5)#2]\7_5_38”|V|s+38“§nNH 2(d+2)

L, % (JxR9)
2 M\ s+3e
sce @ Y () o+ 4an)
M=<nN
2 M\ s+2e
sof @ Y (4) won +xon),
M=<nN

for any positive & < %(1 + % —).
To estimate the contribution of the second term on the right-hand side of (5-11), we use Holder’s
inequality, Lemma 2.2, and (5-1):

4
lO(lu<nyld lusonD| 2+2)
L4 (7xrd)
: 2 2
< S5 d d
<682 ||”5No||Lf,(f+2)/d(Jde) =<y ”L?Sé(Jde) lu=nNllLgor2 (7

<4 82 (8)T¥ 2 NgM(TN).

Finally, to estimate the contribution of the last two terms on the right-hand side of (5-11), we use
Holder’s inequality, interpolation combined with (5-2) and (5-10), and then Lemma 2.7 to obtain

4
lO(luny<.<on |4 usyND)| 2642
L4 (xrd)
4

||u>7]N ||L%,(;1+2)/d(JXRd)

< d

8 4
d(d+2)

< a2
~ ““NOS-SnN ”L‘,’OL}C(JXIRd) ||uN0S-SnN”L%L)zcd/(d_g)(Jde) (M(UN) =+ N(’?N))

_2
Su n®(8) a2 (M(MN) + N(N));

similarly,

1+4 85\ 712

[O(usyn ™" )| 2w+2 Su n°(8) @42 (M N) + N N)).
L d+4 (JxR9)
Putting everything together and taking n sufficiently small depending on u and s, then § sufficiently

small depending upon Ny and n, we derive

INEEY (%)SHS(.M(M) +N(M)) (5-12)

M=<nN
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for all N > N; and ¢ > 0 as above. The claim (5-9) follows from this and Lemma 2.1. More precisely,
let n = 27K where K is sufficiently large so that 2log(K — 1) < &(K — 1). If we write r = 27572¢,
xx = Nk Ny), and

Z 2—(s+2£)(k—l)M(2lN1) + Z 2_(S+2€)(k_I)N(21N1)

I<k—K I=—1
su Z 2_(S+28)(k_l)./‘/t(2lN1) + 2—(S+28)k’
I<k—K

then (5-12) implies (2-1). With a few elementary manipulations, (2-2) implies (5-9).
The last claim follows from Lemma 4.2 after employing P>y = P> pn/2 P>N. O

To estimate the integrals where |¢| > 8, we break the region of (¢, y) integration into two pieces,
namely, where |y| 2 M |t| and |y| <« M |t|. The former is the more significant region; it contains
the points where the integral kernels Pyse /4 (x, y) and Pﬁe‘i’ A(x, y) are large (see Lemmas 2.6
and 4.1). More precisely, when |x| < N !, we use (5-7); in this case |y — x| ~ M |t| implies |y| = M ||
for || > § > N~2. (This last condition can be subsumed under our hypothesis N sufficiently large
depending on u and 7.) When |x| > N ™!, we use (5-6); in this case | y|—|x| ~ M |t| implies | y| = M |¢|.

The next lemma bounds the integrals over the significant region |y| = M |t|. Let x; denote the
characteristic function of the set

(6, y): 2K8 < je) < 2FH1s, |y = M)}

Lemma 5.4 (Main contribution). Let 0 < s < 1+ %, let n > 0 be a small number, and let § be as in
Lemma 5.3. Then

>y

M=N k=0

EEPNOET

Lx L=nN

/ / [Pare™™10x ) 1t ) [Pag F@(@)](y) dy di

for all N sufficiently large depending on u, s, and 1. An analogous estimate holds with Pas replaced by
XN P;I or xn Py, moreover, the time integrals may be taken over [—2k+1§ —2k§].

Proof. We decompose
4 4
F(u) = F(”SnM) + O(|”>r]M|1+d) + 0(|u§nM|d |u>77M|)- (5-13)

We first consider the contribution coming from the last two terms in the decomposition above. By the
adjoint Strichartz inequality and Holder’s inequality,

Pyyeith PO i i dyd
[R{d[ e RN, W xe V) Pr[O(lusyarl @ ) + O(lu<yar |4 lusqyar))](v) dy dt ,
3

< HXkPM[0(|u>nM| )+ 0(|u<nM|d|u>nM|)]HL '3

S (Mzk <”|y| PMO(|u>nM| )HLdLZ([zké 2k+1§1xRd)

+| |y| PM 0(|”<nM|d |“>nM|)HLdL2([2ka 2k+18]de))
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- 4(d—1)
As Py is a Mihlin multiplier and |y|~ @  is an A, weight, Py is bounded on L2(|y| dy) see

[Stein 1993, Chapter V]. Thus, by Holder’s inequality and (5-3),

PgeitA Py O 1o 1 dyd
[R{d[ e TR0, WXkt V) P [O(lusyarl @ ) + Olu<yar |9 lusyar))](v) dy dt

L%
< (M2*s 5) (H |y “a HLdL)Z,([2k5 2k+18]de)
+ H Iy 2 (2%, 2k+18]de))
<M 8) ||u>nM||LooL2 (H |y| 7 U>nM HL4Loo([2k5 2k+15]de)
+ |||y| 7 U<pM HL4L00([2k5 2k+18]de))
(M (2 6)a.

Summing first in £ > 0 and then in M > N, we estimate the contribution of the last two terms on the
right-hand side of (5-13) by

(N28)~ 1 a ().

Next we consider the contribution coming from the first term on the right-hand side of (5-13). By
the adjoint of the weighted Strichartz inequality in Lemma 2.8, Holder’s inequality, Corollary 2.5, and
Lemma 2.2,

o [Pare™"21(x, ») xx (2, ) [PMF(USnM(t))](J’) dydt

X

< (M8~ H Xk Prr Fu<nnr) H 2
L! L;”
k —2d=1) k a1 —s s
<SM2k8)Ta 2K8) T M|V Fluymn)| 24

+4
LPL

4
< M2k T (248 T M Juzyr])? 2 [IVPusnae | ooz

L°°L
e 25T @R T Y (4)
L=nM

d—q—1

e 2255 Y ()

L=nN

provided ¢ > max{d,4} and M > N. In order to deduce the last inequality, we used the fact that, for
M >N,
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= (ban 3 (a5 (byas
L=nM L=nN nN<L=<nM
< Y (5)umrraon s ¥ () uw. G
L=<nN L=<nN

Therefore, choosing ¢ = d + 1,

>y

M=>=N k=0

[ [ a0 30 e P Fw e D)) dy
RJ/R L%

=D (%)sM(L).

L=<nN

Putting everything together we obtain

>y

M=N k=0

[ [ 1B 15 ) 10 P FGu@))(3) dy

L%

Su (V2670 4 (W28 (28T Y (%)SJ(/L(L).
L=<nN

Choosing N sufficiently large depending on u, §, and s (and hence only on u, 1, and s), we obtain the
desired bound.

The last claim follows from the Li—boundedness of xn P+ Py (see Lemma 4.2) and the time-reversal
symmetry of the argument just presented. O

We turn now to the region of (¢, y) integration where |y| < M |t|. First, we describe the bounds that
we will use for the kernels of the propagators. For |x| < N7, |y| <« M|t|, and |t] > > N2, we

have Ma

1
(2] (M (x = )0

| Pare™ "2 (x, y)| < (5-15)

this follows from Lemma 2.6 since under these constraints, |y — x| < M |t|. For |x| > N~! and y and
t as above,

. Md
|Pize™ A (x, »)] 5 = e : (5-16)
(M2 ) 5 (M) 5 (M x| — M|y} 504
by Lemma 4.1. To simplify the bound in (5-16) we used the inequalities | y| — | x| << M |¢| and
(M)t + Mlx| = My ~10% < (M) =0 (M x| = M|y >0,
From (5-15) and (5-16) we see that under the hypotheses set out above,
. . 1
Prre A (x, )| + | PEe A (x, y)| £ ———— Kpr(x. ¥). 5-17
[Page ™ (e )|+ Py 001 S s Ko (5.0) (5-17)
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where
M9 M4

+ K
(M=) oS ) 5 (M x| — M| y[)50d

Ky(x,y) =

Note that by Schur’s test, this is the kernel of a bounded operator on 12 (RY).
Let xj denote the characteristic function of the set

{(t,y): 2K8 < je] < 2K¥15, |y| < M)}

Lemma 5.5 (The tail). Let 0 <s <1+ %, let n > 0 be a small number, and let § be as in Lemma 5.3.
Then

>y

M=N k=0

< 2 (5)

Lx L=<nN

|1 (I;%ﬁ)syo)d Jict.3) | Pag F(u(0))| () dy i

for all N sufficiently large depending on u, s, and n (in particular, we require N > §~1/2),
Proof. Using Holder’s inequality, the L2-boundedness of the operator with kernel K7, and Lemma 2.2,

Rd (lzflﬂél(f)syo)d Xk (6, ) | Pa F(u(@) () dy d

L%

< (M22k5)_50d (zké)%M

d 22d2
L2 LE7H4d=8 1ok ok +15]xRpd)

< M2k5 —49d P F 2d?
( )~ (“)H L4748 ([2k g5 2k+1g)xd).

We decompose

- 7 1+4
F(u) = F(“SnM) + 0(|“57]M|d |“>r1M|) + O(|“>nM| d)- (5-18)

Discarding the projection Pas, we use Holder and (5-2) to estimate

P | 2d?2
H M0(|U<17M| |u>7]M|)” Ld2+4d 3 ([2k5 2k+18]de)

s ”uf"MHZ%L;%dZ([zka,szrIS]de) [in3t 1o 0 * HEMN).

+ Zd
HPM0(|U>17M| )HL Ld2+4d 8 ([2ks, 2k+18]de)

< <, (k8T M(N).
”“>nMH L A lusnnt || oo 2 Su (2°8) 4 MGN)

To estimate the contribution coming from the first term on the right-hand side of (5-18), we use Lemma
2.2, Corollary 2.5 (with r = d?/(d — 2)) combined with Holder’s inequality in the time variable, (5-2),
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and (5-14), to estimate

P F 242

H M (“<nM)H L 47 +4d=8 2k 2k +15]xpd)
< s 242

M~ H|V| F(u<77M)H d2+4d 8([2k8 2k+1§]xRd)
< M|V P usyum ”LWLZ <y HLZLdZdZ (2% 8.2K+1 5]xRd)
S0 Y (D) s ke Y (5)
Lo L=nN
forany M > N.
Putting everything together, we deduce
Ky (x,y)

_ 2 L\s
Su (M22k8)=49 2k gya (—) M(L).
L% L<nN N
=7

g Xk (6 ) [Py F(u()](y) dy di

rd (M2|t])>°

Summing over k > 0 and M > N, we obtain

>y

M=N k=0

//Rd (I]flj\grﬂ);;)d Xk, p) [Py F(u(@)](y) dy dt

L S > () .

Lx L=<nN

The claim follows by choosing N sufficiently large depending on &, 1, and s (and hence only on u, s,
and n). O

Combining it all together:

Proof of Proposition 5.2. Naturally, we may bound ||u> |72 by separately bounding the L? norm on
the ball {|x| < N~!} and on its complement. On the ball, we use (5-7), while outside the ball we use
(5-6). Invoking (5-8) and the triangle inequality, we reduce the proof to bounding certain integrals. The
integrals over short times were estimated in Lemma 5.3. For |¢| > §, we further partition the region of
integration into two pieces. The first piece, where |y| = M |¢|, was dealt with in Lemma 5.4. To estimate
the remaining piece, |y| << M |t|, one combines (5-17) and Lemma 5.5. O

6. The double high-to-low frequency cascade

In this section, we use the additional regularity provided by Theorem 5.1 to preclude double high-to-low
frequency cascade solutions. We argue as in [Killip et al. 2007].

Proposition 6.1 (Absence of double cascades). Let d > 3. There are no nonzero global spherically
symmetric solutions to (1-1) that are double high-to-low frequency cascades in the sense of Theorem 1.10.

Proof. Suppose to the contrary that there is such a solution . By Theorem 5.1, u lies in C to H; (Rx R4 ).
Hence the energy

E(u) = E(u)) = /Rd 3 IVu(, x)> + M2(+—}—2)|u(l’x)|2(d+2)/d dx
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is finite and conserved (see [Cazenave 2003], for example). Since M (u) < M (Q) in the focusing case,
the sharp Gagliardo—Nirenberg inequality (Theorem 1.6) gives
2
”VM(Z)”L)ZC(Rd) ~u E(u) ~y 1 (6-1)

for all + € R. We will now reach a contradiction by proving that ||Vu(¢)||, — 0 along any sequence
where N (¢) — 0. The existence of two such time sequences is guaranteed by the fact that u is a double
high-to-low frequency cascade.

Let n > 0 be arbitrary. By Definition 1.8, we can find C = C(n, ) > 0 such that

/ (.8 dE <
|E|I=CN(t)

for all 1. Meanwhile, by Theorem 5.1, u € CtO H (R x [Rd) for some s > 1. Thus,

/ E12%]2(0, B dE Sy 1
|E|I=CN(t)

for all ¢ and some s > 1. Thus, by Holder’s inequality,

/ €171, &)1 dE <y PV
|E|>=CN(t)

On the other hand, from mass conservation and Plancherel’s theorem we have
[ el e P g s, NG
|E|SCN(2)
Summing these last two bounds and using Plancherel’s theorem again, we obtain
VU@ 2. ay Sun®* +CNQ)

for all z. As n > 0 is arbitrary and there exists a sequence of times #, — co such that N(z,) — 0 (u is a
double high-to-low frequency cascade), we conclude || Vu(z,)| 2 — 0. This contradicts (6-1). O

Remark. As mentioned in [Killip et al. 2007], the argument presented can be used to rule out nonradial
single-sided cascade solutions that lie in C? HS for some s > 1. (By a single-sided cascade we mean
a solution with N (¢) bounded on a semiinfinite interval, say [T, 00), with liminf;_,» N () = 0.) For
such regular solutions u, we may define the total momentum fRd Im(#Vu), which is conserved. By a
Galilean transformation, we can set this momentum equal to zero; thus

|, gia.ep ds =o.
R

From this, mass conservation, and the uniform H3 bound for some s > 1, one can show that £(#) — 0
whenever N(¢) — 0. On the other hand, a modification of the above argument gives

Ly [Vu@)lla < 087 D5 4+ C(N@) + E(0)]),

which is absurd.
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7. Death of a soliton

In this section, we use the additional regularity proved in Theorem 5.1 to rule out the third and final
enemy, the soliton-like solution. Once again, we follow [Killip et al. 2007]; the method is similar to that
in [Kenig and Merle 2006a]. Let

Mpg(1) —ZIm/ u(t x)x-Vu(t, x) dx,
where 1 is a smooth function obeying
1 ifr =<1,
r)=
V) {O ifr =2,
and R denotes a radius to be chosen momentarily. For solutions u to (1-1) belonging to C) H!, Mg(¢)

is a well-defined function. Indeed,

|Mr@)| < Rllu@)ll2[[Vu@)ll2 Su R
An oft-repeated calculation (essentially that in the derivation of the Morawetz and virial identities) gives:

Lemma 7.1.

A Mp(t) =8E(u(t))
Lt )2 ()= R (R

R2
o [ (051 v (e @
R
et L) ) By G oo

where E(u) is the energy of u as defined in (1-3).

Proposition 7.2 (Absence of solitons). Let d > 3. There are no nonzero global spherically symmetric
solutions to (1-1) that are soliton-like in the sense of Theorem 1.10.

Proof. Assume to the contrary that there is such a solution u. Then, by Theorem 5.1, u € CY HS for
some s > 1. In particular,
IMR(1)| Su R. (7-4)
Recall that in the focusing case, M (1) < M(Q). As a consequence, the sharp Gagliardo—Nirenberg
inequality (Theorem 1.6) implies that the energy is a positive quantity in the focusing case as well as in
the defocusing case. Indeed,

E(u) =, /d |Vu(t, x)|* dx > 0.
R

We will show that for R sufficiently large, (7-1) through (7-3) are small terms compared with E (u).
Combining this fact with Lemma 7.1, we conclude d; Mg(¢) = E(u) > 0, which contradicts (7-4).
We first turn our attention to (7-1). This is trivially bounded as

|(7-1)] <u R2. (7-5)
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We now study (7-2) and (7-3). Let > 0 be a small number to be chosen later. By Definition 1.8 and
the fact that N(¢) = 1 for all € R, if R is sufficiently large depending on « and 7, then

[P < (7-6)
ij

for all # € R. Let x denote a smooth cutoff to the region |x| > R /2, chosen so that Vy is bounded by
R™! and supported where |x| ~ R. As u € C)HS for some s > 1, using interpolation and (7-6), we
estimate

2(s—1)

1(7-2)] S [xVu@)3 S IV a3+ lu@ Vx5 < lxu@l, * ||u(r)||Hs+n un's 0. (17)

Finally, we are left to consider (7-3). Using the same x as above together with the Gagliardo—Nirenberg
inequality and (7-6),

2(d+2) 5
[(7-3)| < ||Xu(f)||2(d+2) N ||Xu(f)||§1 IV @3 Sund. (7-8)

Combining (7-5), (7-7), and (7-8) and choosing n sufficiently small depending on u# and R sufficiently
large depending on u and 7, we obtain

|(7-D)] +1(7-2)] +1(7-3)| < 155 £ (w).

This completes the proof of the proposition for the reasons explained in the third paragraph. O
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