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ABSTRACT. In this paper we develop a general, systematic, microlocal frame-
work for the Fredholm analysis of non-elliptic problems, including high energy
(or semiclassical) estimates, which is stable under perturbations. This frame-
work, described in Section 2, resides on a compact manifold without boundary,
hence in the standard setting of microlocal analysis.

Many natural applications arise in the setting of non-Riemannian b-metrics
in the context of Melrose’s b-structures. These include asymptotically de
Sitter-type metrics on a blow-up of the natural compactification, Kerr-de
Sitter-type metrics, as well as asymptotically Minkowski metrics.

The simplest application is a new approach to analysis on Riemannian or
Lorentzian (or indeed, possibly of other signature) conformally compact spaces
(such as asymptotically hyperbolic or de Sitter spaces), including a new con-
struction of the meromorphic extension of the resolvent of the Laplacian in the
Riemannian case, as well as high energy estimates for the spectral parameter
in strips of the complex plane. These results are also available in a follow-up
paper which is more expository in nature, [54].

The appendix written by Dyatlov relates his analysis of resonances on exact
Kerr-de Sitter space (which then was used to analyze the wave equation in that
setting) to the more general method described here.

1. INTRODUCTION

In this paper we develop a general microlocal framework which in particular
allows us to analyze the asymptotic behavior of solutions of the wave equation on
asymptotically Kerr-de Sitter and Minkowski space-times, as well as the behavior of
the analytic continuation of the resolvent of the Laplacian on so-called conformally
compact spaces. This framework is non-perturbative, and works, in particular, for
black holes, for relatively large angular momenta (the restrictions come purely from
dynamics, and not from methods of analysis of PDE), and also for perturbations
of Kerr-de Sitter space, where ‘perturbation’ is only relevant to the extent that it
guarantees that the relevant structures are preserved. In the context of analysis on
conformally compact spaces, our framework establishes a Riemannian-Lorentzian
duality; in this duality the spaces of different signature are smooth continuations of
each other across a boundary at which the differential operator we study has some
radial points in the sense of microlocal analysis.
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Since it is particularly easy to state, and only involves Riemannian geometry, we
start by giving a result on manifolds with even conformally compact metrics. These
are Riemannian metrics gg on the interior of a compact manifold with boundary
Xy such that near the boundary Y, with a product decomposition nearby and a
defining function z, they are of the form

dx? + h
go = T2

where h is a family of metrics on 90X depending on z in an even manner, i.e. only
even powers of x show up in the Taylor series. (There is a much more natural way
to phrase the evenness condition, see [28, Definition 1.2].) We also write X cven
for the manifold X, when the smooth structure has been changed so that 2?2 is a
boundary defining function; thus, a smooth function on Xy is even if and only if
it is smooth when regarded as a function on Xg ¢ven. The analytic continuation of
the resolvent in this category (but without the evenness condition) was obtained
by Mazzeo and Melrose [37], with possibly some essential singularities at pure
imaginary half-integers as noticed by Borthwick and Perry [6]. Using methods
of Graham and Zworski [26], Guillarmou [28] showed that for even metrics the
latter do not exist, but generically they do exist for non-even metrics. Further,
if the manifold is actually asymptotic to hyperbolic space (note that hyperbolic
space is of this form in view of the Poincaré model), Melrose, S4 Barreto and Vasy
[41] showed high energy resolvent estimates in strips around the real axis via a
parametrix construction; these are exactly the estimates that allow expansions for
solutions of the wave equation in terms of resonances. Estimates just on the real
axis were obtained by Cardoso and Vodev for more general conformal infinities
[7, 58]. One implication of our methods is a generalization of these results.

Below COO(XO) denotes ‘Schwartz functions’ on Xy, i.e. C*° functions vanishing
with all derivatives at 0Xo, and C~*°(X) is the dual space of ‘tempered distribu-
tions’ (these spaces are naturally identified for Xy and Xg even), While H*(X0 even)
is the standard Sobolev space on Xg even (corresponding to extension across the
boundary, see e.g. [32, Appendix B], where these are denoted by H*(X§ .,.,)) and
H;(Xo.even) is the standard semiclassical Sobolev space, so for h > 0 fixed this is
the same as H*(X( even); see [17, 63].

Theorem. (See Theorem 4.3 for the full statement.) Suppose that Xy is an (n —
1)-dimensional manifold with boundary Y with an even Riemannian conformally
compact metric go. Then the inverse of

_92\2
Ago - (712) _027

written as R(c) : L? — L?, has a meromorphic continuation from Imo > 0 to C,
R(o) : C®(Xo) = C~(Xo),

with poles with finite rank residues. If, further, (Xo,go) is non-trapping, then non-
trapping estimates hold in every strip —C <Imo < Cy, |Reo| > 0: fors > %—i—C’,

(11) ||x_(n_2)/2+wR(0)f”Hs (Xo.even) < CV|U‘—1||x—(n+2)/2+zaf||H‘S_l

‘U‘—l d‘_l(XO,even)’

where |o|™! is the semiclassical parameter. If f has compact support in X§, the
s —1 norm on f can be replaced by the s — 2 norm.
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Further, as stated in Theorem 4.3, the resolvent is semiclassically outgoing with
a loss of h=1, in the sense of recent results of Datchev and Vasy [15] and [16]. This
means that for mild trapping (where, in a strip near the spectrum, one has polyno-
mially bounded resolvent for a compactly localized version of the trapped model)
one obtains resolvent bounds of the same kind as for the above-mentioned trapped
models, and lossless estimates microlocally away from the trapping. In particular,
one obtains logarithmic losses compared to non-trapping on the spectrum for hy-
perbolic trapping in the sense of [61, Section 1.2], and polynomial losses in strips,
since for the compactly localized model this was recently shown by Wunsch and
Zworski [61].

For conformally compact spaces, without using wave propagation as motivation,
our method is to change the smooth structure, replacing x by pu = z2, conjugate
the operator by an appropriate weight as well as remove a vanishing factor of p,
and show that the new operator continues smoothly and non-degenerately (in an
appropriate sense) across p = 0, i.e. Y, to a (non-elliptic) problem which we can
analyze using by now almost standard tools of microlocal analysis. These steps are
reflected in the form of the estimate (1.1); u shows up in the evenness, conjugation
due to the presence of x="/2% and the two halves of the vanishing factor of x
being removed in z*! on the left and right hand sides. This approach is explained
in full detail in the more expository and self-contained follow-up article, [54].

However, it is useful to think of a wave equation motivation — then (n — 1)-
dimensional hyperbolic space shows up' (essentially) as a model at infinity inside
a backward light cone from a fixed point ¢4 at future infinity on n-dimensional de
Sitter space M , see [53, Section 7], where this was used to construct the Poisson
operator. More precisely, the light cone is singular at ¢4, so to desingularize it,
consider [M;{q,}]. After a Mellin transform in the defining function of the front
face; the model continues smoothly across the light cone Y inside the front face of
[M; {q;}]. The inside of the light cone corresponds to (n—1)-dimensional hyperbolic
space (after conjugation, etc.) while the exterior is (essentially) (n— 1)-dimensional
de Sitter space; Y is the ‘boundary’ separating them. Here Y (or the whole light
cone in [M;{g+}]) should be thought of as the event horizon in black hole terms
(there is nothing more to event horizons in terms of local geometry!).

The resulting operator P, has radial points at the conormal bundle N*Y \ o
of Y in the sense of microlocal analysis, i.e. the Hamilton vector field is radial
at these points, i.e. is a multiple of the generator of dilations of the fibers of the
cotangent bundle there. However, tools exist to deal with these, going back to
Melrose’s geometric treatment of scattering theory on asymptotically Euclidean
spaces [39]. Note that N*Y \ o consists of two components, Ay, resp. A_, and in
S*X = (T*X \ 0)/RT the images, L, resp. L_, of these are sinks, resp. sources,
for the Hamilton flow. At L one has choices regarding the direction one wants to
propagate estimates (into or out of the radial points), which directly correspond to
working with strong or weak Sobolev spaces. For the present problem, the relevant
choice is propagating estimates away from the radial points, thus working with the
‘good’ Sobolev spaces (which can be taken to have as positive order as one wishes;

LGeneral asymptotically hyperbolic spaces do not arise from a similar blow-up of a de Sitter-
type space, rather could be thought of as a generalization of the blown-up n-dimensional de Sitter
space, i.e. the generalization is after the blow-up. A different perspective, via an asymptotically
Minkowski space, is briefly discussed in Section 5, and in more detail in [55].
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there is a minimum amount of regularity imposed by our choice of propagation
direction, cf. the requirement s > 1 + C above (1.1)). All other points are either
elliptic, or real principal type. It remains to either deal with the non-compactness
of the ‘far end’ of the (n — 1)-dimensional de Sitter space — or instead, as is indeed
more convenient when one wants to deal with more singular geometries, adding
complex absorbing ‘potentials’ (which are pseudodifferential operators here), in the
spirit of works of Nonnenmacher and Zworski [44] and Wunsch and Zworski [61],
and ‘capping off’ the manifold in the absorbing region to make it compact (e.g. by
doubling, making the problem on the double elliptic by complex absorption). In
fact, the complex absorption could be replaced by adding a space-like boundary,
see Remark 2.6, but for many microlocal purposes complex absorption is more
desirable, hence we follow the latter method. However, crucially, these complex
absorbing techniques (or the addition of a space-like boundary) already enter in
the non-semiclassical problem in our case, as we are in a non-elliptic setting.

One can reverse the direction of the argument and analyze the wave equation
on an (n — 1)-dimensional even asymptotically de Sitter space X|, by extending
it across the boundary, much like the the Riemannian conformally compact space
Xy is extended in this approach. Then, performing microlocal propagation in the
opposite direction, which amounts to working with the adjoint operators that we
already need in order to prove existence of solutions for the Riemannian spaces?,
we obtain existence, uniqueness and structure results for asymptotically de Sitter
spaces, recovering a large part® of the results of [53]. Here we only briefly indicate
this method of analysis in Remark 4.6.

In other words, we establish a Riemannian-Lorentzian duality, that will have
counterparts both in the pseudo-Riemannian setting of higher signature and in
higher rank symmetric spaces, though in the latter the analysis might become
more complicated. Note that asymptotically hyperbolic and de Sitter spaces are
not connected by a ‘complex rotation’ (in the sense of an actual deformation); they
are smooth continuations of each other in the sense we just discussed.

To emphasize the simplicity of our method, we list all of the microlocal techniques
(which are relevant both in the classical and in the semiclassical setting) that we
use on a compact manifold without boundary; in all cases only microlocal Sobolev
estimates matter (not parametrices, etc.):

(i) Microlocal elliptic regularity.

(ii) Real principal type propagation of singularities.

(iii) Rough analysis at a Lagrangian invariant under the Hamilton flow which
roughly behaves like a collection of radial points, though the internal struc-
ture does not matter, in the spirit of [39, Section 9].

(iv) Complex absorbing ‘potentials’ in the spirit of [44] and [61].

These are almost ‘off the shelf” in terms of modern microlocal analysis, and thus
our approach, from a microlocal perspective, is quite simple. We use these to
show that on the continuation across the boundary of the conformally compact
space we have a Fredholm problem, on a perhaps slightly exotic function space,

2This adjoint analysis also shows up for Minkowski space-time as the ‘original’ problem.

3Though not the parametrix construction for the Poisson operator, or for the forward funda-
mental solution of Baskin [1]; for these we would need a parametrix construction in the present
compact boundaryless, but analytically non-trivial (for this purpose), setting.
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which however is (perhaps apart from the complex absorption) the simplest possi-
ble coisotropic function space based on a Sobolev space, with order dictated by the
radial points. Also, we propagate the estimates along bicharacteristics in different
directions depending on the component ¥ of the characteristic set under consider-
ation; correspondingly the sign of the complex absorbing ‘potential’ will vary with
>4, which is perhaps slightly unusual. However, this is completely parallel to solv-
ing the standard Cauchy, or forward, problem for the wave equation, where one
propagates estimates in opposite directions relative to the Hamilton vector field in
the two components.

The complex absorption we use modifies the operator P, outside Xg ¢yen. How-
ever, while (P, —1Q,)~! depends on @Q,, its behavior on X0,even, and even near
Xo,even, is independent of this choice; see the proof of Proposition 4.2 for a detailed
explanation. In particular, although (P, —1Q,)~! may have resonances other than
those of R(o), the (dual) resonant states of these additional resonances are sup-
ported outside X cven, hence do not affect the singular behavior of the resolvent in
Xo,even- In the setting of Kerr-de Sitter space an analogous role is played by semi-
classical versions of the standard energy estimate; this is stated in Subsection 3.3.

While the results are stated for the scalar equation, analogous results hold for
operators on natural vector bundles, such as the Laplacian on differential forms.
This is so because the results work if the principal symbol of the extended problem
is scalar with the demanded properties, and the imaginary part of the subprincipal
symbol is either scalar at the ‘radial sets’, or instead satisfies appropriate estimates
(as an endomorphism of the pull-back of the vector bundle to the cotangent bundle)
at this location; see Remark 2.1. The only change in terms of results on asymptot-
ically hyperbolic spaces is that the threshold (n — 2)?/4 is shifted; in terms of the
explicit conjugation of Subsection 4.9 this is so because of the change in the first
order term in (4.30).

While here we mostly consider conformally compact Riemannian or Lorentzian
spaces (such as hyperbolic space and de Sitter space) as appropriate boundary
values (Mellin transform) of a blow-up of de Sitter space of one higher dimension,
they also show up as a boundary value of Minkowski space. This is related to Wang’s
work on b-regularity [60], though Wang worked on a blown up version of Minkowski
space-time; she also obtained her results for the (non-linear) Einstein equation
there. It is also related to the work of Fefferman and Graham [22] on conformal
invariants by extending an asymptotically hyperbolic manifold to Minkowski-type
spaces of one higher dimension. We discuss asymptotically Minkowski spaces briefly
in Section 5.

Apart from trapping — which is well away from the event horizons for black holes
that do not rotate too fast — the microlocal structure on de Sitter space is exactly
the same as on Kerr-de Sitter space, or indeed Kerr space near the event horizon.
(Kerr space has a Minkowski-type end as well; although Minkowski space also fits
into our framework, it does so a different way than Kerr at the event horizon, so the
result there is not immediate; see the comments below.) This is to be understood
as follows: from the perspective we present here (as opposed to the perspective of
[53]), the tools that go into the analysis of de Sitter space-time suffice also for Kerr-
de Sitter space, and indeed a much wider class, apart from the need to deal with
trapping. The trapping itself was analyzed by Wunsch and Zworski [61]; their work
fits immediately with our microlocal methods. Phenomena such as the ergosphere



6 ANDRAS VASY

are shadows of a barely changed dynamics in the phase space, whose projection
to the base space (physical space) undergoes serious changes. It is thus of great
value to work microlocally, although it is certainly possible that for some non-linear
purposes it is convenient to rely on physical space to the maximum possible extent,
as was done in the recent (linear) works of Dafermos and Rodnianski [13, 14].

Below we state theorems for Kerr-de Sitter space time. However, it is impor-
tant to note that all of these theorems have analogues in the general microlocal
framework discussed in Section 2. In particular, analogous theorems hold on conju-
gated, re-weighted, and even versions of Laplacians on conformally compact spaces
(of which one example was stated above as a theorem), and similar results apply
on ‘asymptotically Minkowski’ spaces, with the slight twist that it is adjoints of
operators considered here that play the direct role there.

We now turn to Kerr-de Sitter space-time and give some history. In exact Kerr-de
Sitter space and for small angular momentum, Dyatlov [20, 19] has shown exponen-
tial decay to constants, even across the event horizon. This followed earlier work of
Melrose, S& Barreto and Vasy [40], where this was shown up to the event horizon
in de Sitter-Schwarzschild space-times or spaces strongly asymptotic to these (in
particular, no rotation of the black hole is allowed), and of Dafermos and Rodnian-
ski in [11] who had shown polynomial decay in this setting. These in turn followed
up pioneering work of S4 Barreto and Zworski [47] and Bony and Héafner [5] who
studied resonances and decay away from the event horizon in these settings. (One
can solve the wave equation explicitly on de Sitter space using special functions, see
[45] and [62]; on asymptotically de Sitter spaces the forward fundamental solution
was constructed as an appropriate Lagrangian distribution by Baskin [1].)

Also, polynomial decay on Kerr space was shown recently by Tataru and To-
haneanu [50, 49] and Dafermos and Rodnianski [13, 14], after pioneering work of
Kay and Wald in [33] and [59] in the Schwarzschild setting. (There was also recent
work by Marzuola, Metcalf, Tataru and Tohaneanu [36] on Strichartz estimates,
and by Donninger, Schlag and Soffer [18] on L estimates on Schwarzschild black
holes, following L> estimates of Dafermos and Rodnianski [12, 10], of Blue and
Soffer [4] on non-rotating charged black holes giving LS estimates, and Finster,
Kamran, Smoller and Yau [23, 24] on Dirac waves on Kerr.) While some of these
papers employ microlocal methods at the trapped set, they are mostly based on
physical space where the phenomena are less clear than in phase space (unstable
tools, such as separation of variables, are often used in phase space though). We
remark that Kerr space is less amenable to immediate microlocal analysis to attack
the decay of solutions of the wave equation due to the singular/degenerate behav-
ior at zero frequency, which will be explained below briefly. This is closely related
to the behavior of solutions of the wave equation on Minkowski space-times. Al-
though our methods also deal with Minkowski space-times, this holds in a slightly
different way than for de Sitter (or Kerr-de Sitter) type spaces at infinity, and
combining the two ingredients requires some additional work. On perturbations of
Minkowski space itself, the full non-linear analysis was done in the path-breaking
work of Christodoulou and Klainerman [9], and Lindblad and Rodnianski simplified
the analysis [34, 35], Bieri [2, 3] succeeded in relaxing the decay conditions, while
Wang [60] obtained additional, b-type, regularity as already mentioned. Here we
only give a linear result, but hopefully its simplicity will also shed new light on the
non-linear problem.
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As already mentioned, a microlocal study of the trapping in Kerr or Kerr-de
Sitter was performed by Wunsch and Zworski in [61]. This is particularly important
to us, as this is the only part of the phase space which does not fit directly into
a relatively simple microlocal framework. Our general method is to use microlocal
analysis to understand the rest of the phase space (with localization away from
trapping realized via a complex absorbing potential), then use the gluing result of
Datchev and Vasy [15] to obtain the full result.

Slightly more concretely, there is a partial compactification of space-time near the
boundary of which the space-time has the form Xy x [0, 70),, where X5 denotes an
extension of the space-time across the event horizon. Thus, there is a manifold with
boundary X, whose boundary Y is the event horizon, such that X, is embedded
into X;, a (non-compact) manifold without boundary. We write X = X§ for ‘our
side’ of the event horizon and X_ = X5\ Xo for the ‘far side’. Over compact
subsets of X, 7 behaves like e~*, where  is the standard Kerr-de Sitter ‘time’;
see Section 6. Then the Kerr or Kerr-de Sitter d’Alembertians (or wave operators)
are b-operators in the sense of Melrose [43] that extend smoothly across the event
horizon Y. We further extend Xs to a compact manifold without boundary (e.g.
by doubling X; over its boundary) and extend the d’Alembertian as well in a
somewhat arbitrary manner; the complex absorption we impose later serves to make
the problem elliptic in this region, and the the particular choices we make do not
affect the wave equation asymptotics in X (we refer to Subsection 3.3 for details).
Recall that in the Riemannian setting, b-metrics (whose Laplacians are then b-
operators) are usually called ‘cylindrical ends’, see [43] for a general description;
here the form of the d’Alembertian at the boundary (i.e. ‘infinity’) is similar, modulo
ellipticity (which is lost). Our results hold for small smooth perturbations of Kerr-
de Sitter space in this b-sense. Here the role of ‘perturbations’ is simply to ensure
that the microlocal picture, in particular the dynamics, has not changed drastically.
Although b-analysis is the right conceptual framework, we mostly work with the
Mellin transform, hence on manifolds without boundary, so the reader need not
be concerned about the lack of familiarity with b-methods. However, we briefly
discuss the basics in Section 3.

We immediately Mellin transform in the defining function of the boundary (which
is temporal infinity, though is not space-like everywhere) — in Kerr and Kerr-
de Sitter spaces this is operation is ‘exact’, corresponding to 79, being a Killing
vector field, i.e. is not merely at the level of normal operators, but this makes little
difference (i.e. the general case is similarly treatable). After this transform we get
a family of operators that e.g. in de Sitter space is elliptic on X, but in Kerr-de
Sitter space (as well as in Kerr space in the analogous region) ellipticity is lost there.
We consider the event horizon as a completely artificial boundary even in the de
Sitter setting, i.e. work on a manifold that includes a neighborhood of X, = X,
hence a neighborhood of the event horizon Y.

As already mentioned, one feature of these space-times is some relatively mild
trapping in X ; this only plays a role in high energy (in the Mellin parameter, o),
or equivalently semiclassical (in h = |o|!) estimates. We ignore a (semiclassical)
microlocal neighborhood of the trapping for a moment; we place an absorbing ‘po-
tential’ there. Another important feature of the space-times is that they are not
naturally compact on the ‘far side’ of the event horizon (inside the black hole), i.e.
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X_, and bicharacteristics from the event horizon (classical or semiclassical) prop-
agate into this region. However, we place an absorbing ‘potential’ (a second order
operator) there to annihilate such phenomena which do not affect what happens
on ‘our side’ of the event horizon, X, in view of the characteristic nature of the
latter. This absorbing ‘potential’ could easily be replaced by a space-like boundary,
in the spirit of introducing a boundary t = 1, where ¢t; > ¢y, when one solves the
Cauchy problem from t; for the standard wave equation; note that such a boundary
does not affect the solution of the equation in [tg,#1];. Alternatively, if X_ has a
well-behaved infinity, such as in de Sitter space, the analysis could be carried out
more globally. However, as we wish to emphasize the microlocal simplicity of the
problem, we do not touch on these issues.

All of our results are in a general setting of microlocal analysis explained in Sec-
tion 2, with the Mellin transform and Lorentzian connection explained in Section 3.
However, for the convenience of the reader here we state the results for perturba-
tions of Kerr-de Sitter spaces. We refer to Section 6 for details. First, the general
assumption is that

P,, 0 € C, is either the Mellin transform of the d’Alembertian

O, for a Kerr-de Sitter spacetime, or more generally the Mellin

transform of the normal operator of the d’Alembertian [, for a

small perturbation, in the sense of b-metrics, of such a Kerr-de

Sitter space-time;
see Section 3 for an explanation of these concepts. Note that for such perturbations
the usual ‘time’ Killing vector field (denoted by 0; in Section 6; this is indeed time-
like in X x [0,¢€); sufficiently far from 90X ) is no longer Killing. Our results
on these space-times are proved by showing that the hypotheses of Section 2 are
satisfied. We show this in general (under the conditions (6.2), which corresponds
to 0 < %Ar? < 1 in de Sitter-Schwarzschild spaces, and (6.13), which corresponds
to the lack of classical trapping in X, ; see Section 6), except where semiclassical
dynamics matters. As in the analysis of Riemannian conformally compact spaces,
we use a complex absorbing operator @), ; this means that its principal symbol in the
relevant (classical, or semiclassical) sense has the correct sign on the characteristic
set; see Section 2.

When semiclassical dynamics does matter, the non-trapping assumption with an

absorbing operator Q,, o0 = h™ 'z, is

in both the forward and backward directions, the bicharacteristics

from any point in the semiclassical characteristic set of P, either

enter the semiclassical elliptic set of @, at some finite time, or tend

to Li;

see Definition 2.12. Here, as in the discussion above, L. are two components
of the image of N*Y \ o in S*X. (As L, is a sink while L_ is a source, even
semiclassically, outside Ly the ‘tending’ can only happen in the forward, resp.
backward, directions.) Note that the semiclassical non-trapping assumption (in
the precise sense used below) implies a classical non-trapping assumption, i.e. the
analogous statement for classical bicharacteristics, i.e. those in S* X . It is important
to keep in mind that the classical non-trapping assumption can always be satisfied
with @, supported in X_, far from Y.

In our first result in the Kerr-de Sitter type setting, to keep things simple,
we ignore semiclassical trapping via the use of @),; this means that Q, will have
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support in X;. However, in X, @, only matters in the semiclassical, or high
energy, regime, and only for ¢ with bounded imaginary part. If the black hole
is rotating relatively slowly, e.g. a satisfies the bound (6.27), the (semiclassical)
trapping is always far from the event horizon, and one can make @, supported
away from there. Also, the Klein-Gordon parameter A below is ‘free’ in the sense
that it does not affect any of the relevant information in the analysis® (principal
and subprincipal symbol; see below). Thus, we drop it in the following theorems
for simplicity.

Theorem 1.1. Let Q, be an absorbing operator such that the semiclassical non-
trapping assumption holds. Let oy € C, and

X*={ueH": (Pp, —1Qq)uc H* '}, Y°=H',
lullZee = llullZre + 1(Pog = 1Qoq Jull e

Let B+ > 0 be given by the geometry at conormal bundle of the black hole (—),
resp. de Sitter (+) event horizons, see Subsection 6.1, and in particular (6.10).
For s € R, let’ B = max(B.,5_) if s > 1/2, B = min(B4,B_) if s < 1/2. Then,
for A e C,

Py —1Qy — A: XS = Y

is an analytic family of Fredholm operators on

1
_ . -1 _
(1.2) Cs—{oe(C.ImJ>/3 (2 s)}
and has a meromorphic inverse,
R(o) = (P, —1Qs — N1,

which is holomorphic in an upper half plane, Imo > C. Moreover, given any
C’" > 0, there are only finitely many poles in Imo > —C’, and the resolvent satisfies
non-trapping estimates there, which e.g. with s =1 (which might need a reduction
in C' > 0) take the form

IR(0)fII7> + lo|~lldR(e) fZ2 < C"|o| 2] fIZ--

The analogous result also holds on Kerr space-time if we suppress the Euclidean
end by a complex absorption.

Dropping the semiclassical absorption in X, i.e. if we make @, supported only
in X_, we have®

Theorem 1.2. Let P,, 3, C; be as in Theorem 1.1, and let QQ, be an absorbing
operator supported in X_ which is classically non-trapping. Let og € C, X° and Y*
as i Theorem 1.1. Then, P, —1Q, : X°* — Y* is an analytic family of Fredholm
operators on Cg, and has a meromorphic inverse,

R(0) = (Pr —1Q,)7",

41t does affect the location of the poles and corresponding resonant states of (Py —2Qs) "1,
hence the constant in Theorem 1.4 has to be replaced by the appropriate resonant state and
exponential growth/decay, as in the second part of that theorem.

5This means that we require the stronger of Im o > 6;1 (1/2—s) to hold in (1.2). If we perturb
Kerr-de Sitter space time, we need to increase the requirement on Im o slightly, i.e. the size of the
half space has to be slightly reduced.

6Since we are not making a statement for almost real o, semiclassical trapping, discussed in
the previous paragraph, does not matter.
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which for any € > 0 is holomorphic in a translated sector in the upper half plane,
Imo > C + ¢|Real|. The poles of the resolvent are called resonances. In addition,
R(o) satisfies non-trapping estimates, e.g. with s =1,

IR(0)f72 + o] 2ldR (o) f[I 72 < C'lo| 2| £1IZ2
in such a translated sector.

It is in this setting that @, could be replaced by working on a manifold with
boundary, with the boundary being space-like, essentially as a time level set men-
tioned above, since it is supported in X _.

Now we make the assumption that the only semiclassical trapping is due to
hyperbolic trapping with trapped set T',, o = h™ 'z, with hyperbolicity understood
as in the ‘Dynamical Hypotheses’ part of [61, Section 1.2], i.e.

in both the forward and backward directions, the bicharacteristics

from any point in the semiclassical characteristic set of P, either

enter the semiclassical elliptic set of (), at some finite time, or tend

to Ly UT,.
We remark that just hyperbolicity of the trapped set suffices for the results of [61],
see Section 1.2 of that paper; however, if one wants stability of the results under
perturbations, one needs to assume that I', is normally hyperbolic. We refer to [61,
Section 1.2] for a discussion of these concepts. We show in Section 6 that for black
holes satisfying (6.27) (so the angular momentum can be comparable to the mass)
the operators @), can be chosen so that they are supported in X_ (even quite far
from Y') and the hyperbolicity requirement is satisfied. Further, we also show that
for slowly rotating black holes the trapping is normally hyperbolic. Moreover, the
statement of (normally) hyperbolic trapping is purely a statement in Hamiltonian
dynamics, i.e. it is separate from the core subject of this paper (though of course
it has implications for the subject of this paper). It might be known for an even
larger range of rotation speeds, but the author is not aware of this.

Under this assumption, one can combine Theorem 1.1 with the results of Wunsch
and Zworski [61] about hyperbolic trapping and the gluing results of Datchev and
Vasy [15] to obtain a better result for the merely spatially localized (in the sense that
Q- does not have support in X, unlike in Theorem 1.1) problem, Theorem 1.2:

Theorem 1.3. Let P,, Q,, B, Cs, X° and Y? be as in Theorem 1.2, and assume
that the only semiclassical trapping is due to hyperbolic trapping. Then,
P, —1Q, : X% — Y°
is an analytic family of Fredholm operators on Cg, and has a meromorphic inverse,
R(0) = (P, —1Q,) 1,
which is holomorphic in an upper half plane, Imo > C. Moreover, there exists
C' > 0 such that there are only finitely many poles in Im o > —C", and the resolvent
satisfies polynomial estimates there as |o| — oo, |o|*, for some » > 0, compared to

the non-trapping case, with merely a logarithmic loss compared to non-trapping for
real o, e.g. with s = 1:

IR(o)flI72 + lo| [l dR(o) fI[7> < C"|o|~*(log |o))?[| ]I Z2-

Farther, there are approximate lattices of poles generated by the trapping, as
studied by S4 Barreto and Zworski in [47], and further by Bony and Héfner in [5],
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in the exact De Sitter-Schwarzschild and Schwarzschild settings, and in ongoing
work” by Dyatlov in the exact Kerr-de Sitter setting.

Theorem 1.3 immediately and directly gives the asymptotic behavior of solutions
of the wave equation across the event horizon. Namely, the asymptotics of the
wave equation depends on the finite number of resonances; their precise behavior
depends on specifics of the space-time, i.e. on these resonances. This is true even
in arbitrarily regular b-Sobolev spaces — in fact, the more decay we want to show,
the higher Sobolev spaces we need to work in. Thus, a forteriori, this gives L
estimates. We state this formally as a theorem in the simplest case of slow rotation;
in the general case one needs to analyze the (finite!) set of resonances along the
reals to obtain such a conclusion, and for the perturbation part also to show normal
hyperbolicity (which we only show for slow rotation):

Theorem 1.4. Let Ms be the partial compactification of Kerr-de Sitter space as
in Section 6, with T the boundary defining function; thus, T behaves like e=t over
compact subsets of X, where t is the standard Kerr-de Sitter ‘time’ variable. Sup-
pose that g is either a slowly rotating Kerr-de Sitter metric, or a small perturbation
as a symmetric bilinear form on PTMs. Then there exist C' > 0, 3 > 0 such that
for 0 < e < C'" and s > 1/2 + Be solutions of Oyu = f with f € TGHS_H%(M(;)
vanishing in ™ > 19, and with u vanishing in T > 19, satisfy that for some constant
Co,
u —co € T°Hy, 150 (Ms).

Here the norms of both co in C and u — ¢y in T€H§7IOC(M5/) are bounded by those
of f in TCHE Y77 (Ms) for &' < 4.

More generally, if g is a Kerr-de Sitter metric with hyperbolic trapping®, then
there exist C' > 0, 3 > 0 such that for 0 < £ < C" and s > 1/2 + B¢ solutions of
Oyu = f with f € TZH§_1+%(M5) vanishing in T > 19, and with u vanishing in
T > To, satisfy that for some aj,. € C®°(X5) (which are resonant states) and o; € C
(which are the resonances),

u =u-— Z Z 7% (log |7|)"a;x € TZH&IOC(M(;).
Jj k<my;
Here the (semi)norms of both aj. in C°(Xs) and v’ in TZH,“;,IOC(M(;/) are bounded
by that of f in TEH§_1+%(M5) for &’ < 8. The same conclusion holds for sufficiently
small perturbations of the metric as a symmetric bilinear form on ®TM;s provided
the trapping is normally hyperbolic.

In special geometries (without the ability to add perturbations) such decay has
been described by delicate separation of variables techniques, again see Bony-Héfner
[5] in the De Sitter-Schwarzschild and Schwarzschild settings, but only away from
the event horizons, and by Dyatlov [20, 19] in the Kerr-de Sitter setting. Thus,
in these settings, we recover in a direct manner Dyatlov’s result across the event
horizon [19], modulo a knowledge of resonances near the origin contained in [20]. In
fact, for small angular momenta one can use the results from de Sitter-Schwarzschild
space directly to describe these finitely many resonances, as exposed in the works
of S& Barreto and Zworski [47], Bony and Héfner [5] and Melrose, S4 Barreto and
Vasy [40], since 0 is an isolated resonance with multiplicity 1 and eigenfunction

"This has been completed after the original version of this manuscript, see [21].
8This is shown in Section 6 when (6.27) is satisfied.
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1; this persists under small deformations, i.e. for small angular momenta. Thus,
exponential decay to constants, Theorem 1.4, follows immediately.

One can also work with Kerr space-time, apart from issues of analytic continu-
ation. By using weighted spaces and Melrose’s results from [39] as well as those of
Vasy and Zworski in the semiclassical setting [57], one easily gets an analogue of
Theorem 1.2 in Im o > 0, with smoothness and the almost non-trapping estimates
corresponding to those of Wunsch and Zworski [61] down to Imo = 0 for |Reo]|
large. Since a proper treatment of this would exceed the bounds of this paper, we
refrain from this here. Unfortunately, even if this analysis were carried out, low
energy problems would still remain, so the result is not strong enough to deduce
the wave expansion. As already alluded to, Kerr space-time has features of both
Minkowski and de Sitter space-times; though both of these fit into our framework,
they do so in different ways, so a better way of dealing with the Kerr space-time,
namely adapting our methods to it, requires additional work.

While de Sitter-Schwarzschild space (the special case of Kerr-de Sitter space
with vanishing rotation), via the same methods as those on de Sitter space which
give rise to the hyperbolic Laplacian and its continuation across infinity, gives rise
essentially to the Laplacian of a conformally compact metric, with similar structure
but different curvature at the two ends (this was used by Melrose, S4 Barreto and
Vasy [40] to do analysis up to the event horizon there), the analogous problem for
Kerr-de Sitter is of edge-type in the sense of Mazzeo’s edge calculus [38] apart from
a degeneracy at the poles corresponding to the axis of rotation, though it is not
Riemannian. Note that edge operators have global properties in the fibers; in this
case these fibers are the orbits of rotation. A reasonable interpretation of the ap-
pearance of this class of operators is that the global properties in the fibers capture
non-constant (or non-radial) bicharacteristics (in the classical sense) in the conor-
mal bundle of the event horizon, and also possibly the (classical) bicharacteristics
entering X . This suggests that the methods of Melrose, S&4 Barreto and Vasy [40]
would be much harder to apply in the presence of rotation.

It is important to point out that the results of this paper are stable under small
C*™ perturbations” of the Lorentzian metric on the b-cotangent bundle at the cost of
changing the function spaces slightly; this follows from the estimates being stable in
these circumstances. Note that the function spaces depend on the principal symbol
of the operator under consideration, and the range of o depends on the subprincipal
symbol at the conormal bundle of the event horizon; under general small smooth
perturbations, defining the spaces exactly as before, the results remain valid if the
range of ¢ is slightly restricted.

In addition, the method is stable under gluing: already Kerr-de Sitter space be-
haves as two separate black holes (the Kerr and the de Sitter end), connected by
semiclassical dynamics; since only one component (say X5 ;) of the semiclassical
characteristic set moves far into X, one can easily add as many Kerr black holes
as one wishes by gluing beyond the reach of the other component, ¥5 . Theo-
rems 1.1 and 1.2 automatically remain valid (for the semiclassical characteristic set
is then irrelevant), while Theorem 1.3 remains valid provided that the resulting
dynamics only exhibits mild trapping (so that compactly localized models have at

9Certain kinds of perturbations conormal to the boundary, in particular polyhomogeneous
ones, would only change the analysis and the conclusions slightly.
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most polynomial resolvent growth), such as normal hyperbolicity, found in Kerr-de
Sitter space.

Since the specifics of Kerr-de Sitter space-time are, as already mentioned, irrel-
evant in the microlocal approach we take, we start with the abstract microlocal
discussion in Section 2, which is translated into the setting of the wave equation on
manifolds with a Lorentzian b-metric in Section 3, followed by the description of de
Sitter, Minkowski and Kerr-de Sitter space-times in Sections 4, 5 and 6. In order
to streamline the arguments, we present results for C_ < Imo < C, in Sections 2
and 3; then in the final Section 7 we describe what happens when the upper bound
is dropped on Im o. The more general result allowing Im o large is convenient, and
results in easier to state and somewhat stronger main theorems (though arguably
the main point of all our results is what happens for Im o in a bounded interval),
but in order to minimize the additional complications it causes, it is is moved to
its own separate section at the end of the paper. Theorems 1.1-1.4 are proved in
Section 6 by showing that they fit into the abstract framework of Section 2; the
approach is completely analogous to de Sitter and Minkowski spaces, where the fact
that they fit into the abstract framework is shown in Sections 4 and 5. As another
option, we encourage the reader to read the discussion of de Sitter space first, which
also includes the discussion of conformally compact spaces, presented in Section 4,
as well as Minkowski space-time presented in the section afterwards, to gain some
geometric insight, then the general microlocal machinery, and finally the Kerr dis-
cussion to see how that space-time fits into our setting. Finally, if the reader is
interested how conformally compact metrics fit into the framework and wants to
jump to the relevant calculation, a reasonable place to start is Subsection 4.9. We
emphasize that for the conformally compact Riemannian results, only Section 2
and Section 4.4-4.9, starting with the paragraph of (4.9), are strictly needed.

2. MICROLOCAL FRAMEWORK

We now develop a setting which includes the geometry of the ‘spatial’ model of de
Sitter space near its ‘event horizon’, as well as the model of Kerr and Kerr-de Sitter
settings near the event horizon, and the model at infinity for Minkowski space-time
near the light cone (corresponding to the adjoint of the problem described below in
the last case). As a general reference for microlocal analysis, we refer to [32], while
for semiclassical analysis, we refer to [17, 63]; see also [48] for the high-energy (or
large parameter) point of view.

2.1. Notation. We recall the basic conversion between these frameworks. First,
Sk(RP; R?) is the set of C* functions on RZ x Rg satisfying uniform bounds

ID2DZal < Cap(Q)*P, a e NP, BN

IfOCRPand T C Ré are open, we define S*(O;T') by requiring!® these estimates
to hold only for z € O and ¢ € I. We also let S™>° = N, S*; this is the same as a
uniformly bounded (with all derivatives) z-dependent family of Schwartz functions
in ¢ (in the cone T"). The class of classical (or one-step polyhomogeneous) symbols is

10 Another possibility would be to require uniform estimates on compact subsets; this makes
no difference here.
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the subset S% (RP; RY) of S*(RP; RY) consisting of symbols possessing an asymptotic
expansion

a(z,rw) ~ Zaj (z,w)rk=7,
where a; € C*°(RP x S¢~1). Then on R?, pseudodifferential operators A € Uk(R")
are of the form

A = Op(a); Op(a)u(z) = (277)_”/ Gz, O () d¢ d,

u € S(R"), a € S¥(R™;R");

understood as an oscillatory integral. Classical pseudodifferential operators, A €
Uk (R"), form the subset where a is a classical symbol. The principal symbol oy, (A)
of A € UF(R") is the equivalence class [a] of a in S¥(R™;R"™)/S*¥~1(R";R"). For
classical a, one can instead consider ag(z,w)r* as the principal symbol; it is a C*
function on R™ x (R™\ {0}), which is homogeneous of degree k with respect to the
R*-action given by dilations in the second factor, R*\{0}. An operator A € U*(R")
is elliptic at (z, () € R x (R™\{0}) if (z, ¢) has a conic (i.e. invariant under dilations
in the second factor) neighborhood O x T such that ((1 —x)a"!)|oxr € S~* where
x has compact support, or equivalently a is invertible for large ¢ in this cone with
symbolic bounds in S~—* for this inverse there. This notion is unchanged if a symbol
in S*~! is added to a, i.e. is a property of the principal symbol. The set of elliptic
points is denoted ellg(A), or just ell(A) if the order is understood. For classical
symbols a, this simply means ag(z,w) # 0 where = rw, r > 0. The wave front set
WTF'(A) is a closed conic (i.e. invariant under dilations in the second factor) subset
of R™ x (R™ \ {0}); a point (2,(¢) is not in WF'(A) if it has a conic neighborhood
O x T, restricted to which a is in S~ (i.e. Schwartz). For classical symbols a this
means that all the a; (not merely ag) vanish on such a neighborhood.

Differential operators on R™ form the subset of ¥(R") in which a is polynomial
in the second factor, R?, so locally

A=Y an(2)D2,  on(A) =D aa(2)C*

la|<k la|=k

If X is a manifold, one can transfer these definitions to X by localization and
requiring that the Schwartz kernels are C* right densities (i.e. densities in the
right, or second, factor of X x X) away from the diagonal in X2 = X x X; then
or(A) is in SH(T*X)/Sk=YT*X), resp. S (T*X \ 0) when A € U*(X), resp.
A€ \I/fl(X ); here o is the zero section, and hom stands for symbols homogeneous
with respect to the R* action, while WF’(A) is a conic subset of T*X \ o, or
equivalently a subset of S*X = (T*X \ 0)/R*. If A is a differential operator, then
the classical (or homogeneous) version of the principal symbol is a homogeneous
polynomial in the fibers of the cotangent bundle of degree k. We can also work
with operators depending on a parameter A € O by replacing a € S¥(R";R") by
a € SF(R™ x O;R™), with Op(ay) € U¥(R") smoothly dependent on A € O. For
differential operators, a, would simply depend smoothly on the parameter A.

It is often convenient to work with the fiber-radial compactification T'X of T*X ,
in particular when discussing semiclassical analysis; see for instance [39, Sections 1
and 5]. This is a ball-bundle over X, with fiber being the radial compactification
of the vector space 17X as a closed ball. Thus, S*X should be considered as the
boundary of T"X. When one is working with homogeneous objects, as is the case
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in classical microlocal analysis, one can think of $*X as (T" X \ 0)/R™, but this is
not a useful point of view in semiclassical analysis!!. Thus, if j is a non-vanishing
homogeneous degree —1 function on T*X \ o, it is a defining function of S*X in
T X \ 0; if the homogeneity requirement is dropped it can be modified near the zero
section to make it a defining function of S*X in T X. The principal symbol a of
Ae \Ilfl(X) is a homogeneous degree k function on 7* X \ o, so p¥a is homogeneous
degree 0 there, thus are smooth functions'? on T X near its boundary, S* X, and
in particular on S*X. Moreover, H, is homogeneous degree k — 1 on T*X \ o, thus
p*~1H, a smooth vector field tangent to the boundary on T X (defined near the
boundary), and in particular induces a smooth vector field on S*X.

The large parameter, or high energy, version of U*¥(R™), with the large parameter
denoted by o, is that

A7) = 0p'(a), Op'(a)u(z) = (27T)*"/ ¢ Ca(z, ¢ o) u(2) d¢ d?,

u € S(R"), a € S*RRY x Q),

where Q C C, with C identified with R?; thus there are joint symbol estimates in ¢
and o. The high energy principal symbol now should be thought of as an equivalence
class of functions on R7 x R? x ), or invariantly on T* X x Q). Differential operators
with polynomial dependence on ¢ now take the form

21)  AD = 3" 400’2, oA = Y aa(x)e’Ce

loe|+5<k la|+i=k

Note that the principal symbol includes terms that would be subprincipal with A()
considered as a differential operator for a fixed value of o.
The semiclassical operator algebra'®, Wy (R™), is given by

Ap = Opp(a); Oppla)u(z) = (27rh)7"/ ei(zfz/)'qha(z,(, h)u(z')d¢d?,

u€ S(R™), a€C®([0,1)n; S*(RL;RE));

its classical subalgebra, ¥y, j(R™) corresponds to a € C*°([0,1); S (R™; R7)). The
semiclassical principal symbol is now o, (A) = alp—o € S*(T*X); the ‘standard’
principal symbol is still the equivalence class of a in C*°([0,1);S%/S*~1), or an
element of C>([0,1); Sk ) in the classical setting. There are natural extensions
to manifolds X.

Uy fact, even in classical microlocal analysis it is better to keep at least a ‘shadow’ of the
interior of S* X by working with 7* X \ o considered as a half-line bundle over S*X with homoge-
neous objects on it; this keeps the action of the Hamilton vector field on the fiber-radial variable,
i.e. the defining function of S*X in T*X, non-trivial, which is important at radial points, which
in turn play a central role below.

12This depends on choices unless k = 0; they are naturally sections of a line bundle that
encodes the differential of the boundary defining function at S*X. However, the only relevant
notion here is ellipticity, and later the Hamilton vector field up to multiplication by a positive
function, which is independent of choices. In fact, we emphasize that all the requirements in
Subsection 2.2 listed for p, q and later pj , and gy ., except possibly (2.5)-(2.6), are also fulfilled
if P, —1Q¢ is replaced by any smooth positive multiple, so one may factor out positive factors at
will. This is useful in the Kerr-de Sitter space discussion. For (2.5)-(2.6), see Footnote 19.

L3ywe adopt the convention that i denotes semiclassical objects, while h is the actual semiclas-
sical parameter.
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Here it is particularly instructive to consider the compactified point of view.
Thus, for A € \P%’Cl(X), the corresponding a is a smooth function on [0,1); X
T'X. The two principal symbols are just the restrictions of this function to the
two boundary hypersurfaces, namely {0} x T"X and [0,1), x T X = [0,1), x
S*X; note the compatibility at the corner {0} x S*X. Ellipticity as well as the
wave front set are then naturally defined on this fiber-compactified space, namely
elly(A) and WF},(A) are subsets of 9([0,1), x T"X) = {0} x T X U[0,1), x $*X,
in the case of ellp(A) given by the non-vanishing of a’|8([0,1)th*X)v while in the
case of the complement of WF)(A), there being a neighborhood in [0,1), x T" X
restricted to which a vanishes to infinite order at both boundary hypersurfaces
(away from the corner, only one of the hypersurfaces would intersect sufficiently
small neighborhoods, so this is the only relevant information). If A € \I/’;;,d(X )s
then with /5 as above one can replace a by p*a for this discussion, see Footnote 12.
Even if A is non-classical, restriction of a to U \ [0,1), x T X C [0,1), x T*X,
U a neighborhood of a point in question in 9([0, 1), x T*X), can be used to define
ell,(A) and WF}(A) in a completely analogous manner. One can also define the
semiclassical wavefront set of a distribution relative to a Sobolev space h"Hj(X),
namely a point o € d([0,1), x T X) is not in WF?" (uy,) of a polynomially bounded
family {up}tneo) (ie. BNup € Hy ™ (X) for some N) if there exists A € U9 (X)
elliptic at o with {Apun}ne(o,1) € h"Hy(X).

We can again add an extra parameter A € O, so a € C*°([0,1); S*(R" x O; R?));
then in the invariant setting the principal symbol is a|,—o € S¥(T*X x O). Note
that if A©@) = Op® (a) is a classical operator with a large parameter, then for
A€ O CC, O compact, 0 ¢ O,

r* Op" " (a) = Ops(@), (2, ¢, h) = h*a(z,h "¢, A 1N),

and @ € C°°([0,1)x; SE(R™ x Ox;RE)). The converse is not quite true: roughly
speaking, the semiclassical algebra is a blow-up'* of the large parameter algebra;
to obtain an equivalence, we would need to demand in the definition of the large
parameter algebra merely that a € S*(R"; [RE x Q53 OR? x {0}]), so in particular
for bounded o, a is merely a family of symbols depending smoothly on o (not
jointly symbolic); we do not discuss this here further. Note, however, that it is
the (smaller, i.e. stronger) large parameter algebra that arises naturally when one
Mellin transforms in the b-setting, see Subsection 3.1.

11f X is a manifold with corners and Z is a product-type, or p-, submanifold, i.e. there are
local coordinates x1,...,2, Y1,-..,Yn—; near p € Z in which X is given by 1 > 0,...,2; > O,
and Z is given by the vanishing of some of the x; and some of the y;, then one can blow up
Z in X to obtain a new manifold with corners, [X;Z]. This is a space that is identical to X
away from Z and in which Z is replaced by the front face ff of the blow up, namely the inward
pointing spherical normal bundle, ST NZ, of Z in X. The space comes with a C> blow-down map
B : [X;Z] — X which is thus a diffeomorphism away from ff. Roughly, the blow-up amounts to
introducing cylindrical coordinates around Z: directions tangent to Z are unaffected, but those
normal to Z are, and one is distinguishing directions of approach to Z modulo T'Z; recall that
NpZ = TpX/TpZ. One can easily write down projective local coordinates on this space. We refer
to the Appendix of [39] for a concise but more detailed description, and to [43, Section 4] for a
more leasurely discussion in a special case.
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Differential operators now take the form

(2'2) Ah,)\ = Z aa(zv)‘; h)<th)a
la|<k

Such a family has two principal symbols, the standard one (but taking into account
the semiclassical degeneration, i.e. based on (hD,)® rather than D¢), which depends
on h and is homogeneous, and the semiclassical one, which is at h = 0, and is not
homogeneous:

op(Ap ) = Z aa (2, A;h)CY,

lee|=k

or(Ap ) = Z aq(z, X;0)C”.

la| <k

However, the restriction of o;(Ap ) to b = 0 is the principal part of os(An.»).
In the special case in which oy (Ap, ) is independent of h (which is true in the
setting considered below), one can simply regard the usual principal symbol as the
principal part of the semiclassical symbol. Note that for A®) as in (2.1),

hkA(hilk) — Z hkf—j_‘alaa,j(z))\j(th)a7
lo|+5<k

which is indeed of the form (2.2), with polynomial dependence on both h and .
Note that in this case the standard principal symbol is independent of h and A.

2.2. General assumptions. Let X be a compact manifold and v a smooth non-
vanishing density on it; thus L?(X) is well-defined as a Hilbert space (and not
only up to equivalence). We consider operators P, € W¥(X) on X depending
on a complex parameter o, with the dependence being analytic (thus, if P, is a
differential operator, the coefficients depend analytically on o). We also consider
a complex absorbing ‘potential’, Q, € ¥¥(X), defined for o € 2, Q C C is open.
It can be convenient to take (), formally self-adjoint, which is possible when @,
is independent of o, but this is inconvenient when one wants to study the large o
(i.e. semiclassical) behavior. The operators we study are P, —1Q, and P +1Q%;
P depends on the choice of the density v.

Typically we shall be interested in P, on an open subset U of X, and have Q,,
supported in the complement of U, such that over some subset K of X \ U, Q, is
elliptic on the characteristic set of P,. In the Kerr-de Sitter setting, we would have
X, C U. However, this is not part of the general set-up.

Since there are a number of ingredients we need to describe, we start by giving
an example for the reader to keep in mind; we state this in a slightly simpler form
which means that it is only a valid example in strips |Imo| < C. This is a slight
simplification of the model in the case of the extension of the ‘conjugated’ Laplacian
on hyperbolic space across its boundary, see (4.9); indeed, it is essentially a special
case of the generalization described in (4.24) up to changing o by a constant factor,
and removing o2, as one can do by an appropriate (smooth) conjugation in the
strip [Imo| < C. Thus, on the space (—1,1), x Ty~ (so the total dimension is
n — 1) consider

n—2
P, =DypD, — oD, + Y D2,
j=1
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which is formally self-adjoint relative to the density |du dy| when o is real. Thus,

pran = pé> — o€ + \77|32,-

Here (—1,1) is non-compact, but may be replaced by a circle, and then adding
complex absorption (), near y = =£1 to make the problem elliptic there would
place it in our framework completely. Notice that the oD, term does not affect
the standard principal symbol, as it is subprincipal, but nonetheless plays a major
role in the solvability of the PDE, in particular in the function spaces that must be
used. Indeed, the distributions (p=10)"" are annihilated by P, on (—1,1), x Tp~2,
and the Sobolev space H'/2~™7 which barely fails to contain these distributions
is borderline for solvability properties. This is a point we explain in Subsection 2.4,
where the microlocal estimates at radial points are shown, and in Subsection 2.6,
where these are used to obtain actual solvability results. Note that this operator
is rather different from the Tricomi operator DZ + ,uDg. Tricomi operators do not
have radial points, as is easily verified.

We now return to discussing the general setup. We assume that the principal
symbol p, resp. q, of P,, resp. QQ,, are real, are independent of o, p = 0 implies
dp # 0. We assume that the characteristic set of P, is of the form

Y=X,UX_, Z;nNX_=0,
Y4 are!® relatively open'® in ¥, and
Fq > 0 near >4.

We assume that there are conic submanifolds Ay C X4 of T*X \ o, outside which
the Hamilton vector field H, is not radial, and to which the Hamilton vector field
H, is tangent, and
WFI(QJ) NAy =0.

Here A4 are typically Lagrangian, but this is not needed'”. The properties we want
at Ay are (probably) not stable under general smooth perturbations; the perturba-
tions need to have certain properties at Ay. However, the estimates we then derive
are stable under such perturbations. First, we want that for a homogeneous degree
—1 defining function p of S*X near L.y, the image of Ay in S* X,

(2.3) ﬁk_QHpﬁ|Li = :Fﬁ()u BO € COO(L:I:)a BO > 0.

Next, we require the existence of a non-negative homogeneous degree zero qua-
dratic defining function py of Ay within ¥ (i.e. the restriction of pg to ¥ vanishes
quadratically at Ay, and is non-degenerate) and 1 > 0 such that, restricted to 3,

(2.4) 5 "Hppo — B1po

is > 0 modulo'® cubic vanishing terms at Ay. Under these assumptions, L_ is a
source and L. is a sink for the Hp-dynamics within ¥ in the sense that nearby
bicharacteristics tend to L1 as the parameter along the bicharacteristic goes to

15Unf0rtunaﬂ:ely the sign convention here is the opposite of that adopted in the more expository
paper, [54].

16Thus, they are connected components in the extended sense that they may be empty.

17An extreme example would be A+ = X4. Another extreme is if one or both are empty.

18The precise behavior of $ﬁk_1pr0, or of linear defining functions, is irrelevant, because
we only need a relatively weak estimate. It would be relevant if one wanted to prove Lagrangian
regularity.
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+o00. Finally, we assume that the imaginary part of the subprincipal symbol at AL,
which is the symbol of & (P, — P}) € UEL(X) as p is real, is'?

(2.5) £fBo(Imo)p~ ", § € C¥(Ly),
B is positive along L., and write

(2.6) Bsup = sup B, Bint = infﬁ > 0.
If B is a constant, we may write

(2.7) B = Bint = Bsup-

The results take a little nicer form in this case since depending on various signs,
sometimes SBins and sometimes Sg,p is the relevant quantity.

S*X

FIGURE 1. The components 1 of the characteristic set in the
cosphere bundle S$* X. The submanifolds L. are points here, with
L_ asource, L a sink. The thin lined parabolic regions near the
edges show the absorbing region, i.e. the support of ¢q. For P, —
1Q),,the estimates are always propagated away from L towards
the support of ¢, so in the direction of the Hamilton flow in ¥_, and
in the direction opposite of the Hamilton flow in ¥ ; for P¥ +1Q%,
the directions are reversed. See also Footnote 15.

We make the following non-trapping assumption. For v € S* X, let 74 («), resp.
~v— () denote the image of the forward, resp. backward, half-bicharacteristic from
a. We write y1 () — Ly (and say v+ (a) tends to Ly) if given any neighborhood
O of Ly, v+(a) N O # (J; by the source/sink property this implies that the points
on the curve are in O for sufficiently large (in absolute value) parameter values. We

191¢ Hp is radial at L4, this is independent of the choice of the density v. Indeed, with respect
to fv, the adjoint of P, is f~1PZf, with P} denoting the adjoint with respect to v. This is
P* + f~1[P%, f], and the principal symbol of f~1[P*, f] € ‘Il’glfl(X) vanishes at L+ as Hp f = 0.
In general, we can only change the density by factors f with Hy, f|, = 0, which in Kerr-de Sitter
space-times would mean factors independent of ¢ at the event horizon. A similar argument shows
the independence of the condition from the choice of f when one replaces P, by fPs, under the
same conditions: either radiality, or just Hp,f[r = 0.
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assume that, with ell(Q),) denoting the elliptic set of Q,,

(2.8)
a€X_\L_= (y-(a) = L_ or y_(a) Nell(Q,) # 0) and 7+( )Nell(Qy) # 0,
@€\ Ly = (74(a) = Ly or vo(a) Nell(Qy) # 0) and v— (o) Nell(Q,) # 0.

That is, all forward and backward half-(null)bicharacteristics of P, either enter the
elliptic set of @, or go to A4, i.e. Ly in S*X. The point of the assumptions
regarding @, and the flow is that we are able to propagate estimates forward near
where ¢ > 0, backward near where ¢ < 0, so by our hypotheses we can always
propagate estimates for P, —1Q, from AL towards the elliptic set of @, and also
if both ends of a bicharacteristic go to the elliptic set of @), then we can propagate
the estimates from one of the directions. On the other hand, for P} + Q7 , we can
propagate estimates from the elliptic set of @, towards A4, and again if both ends
of a bicharacteristic go to the elliptic set of @, then we can propagate the estimates
from one of the directions. This behavior of P, — 1@, vs. P +1Q} is important
for duality reasons.

Remark 2.1. For simplicity of notation we have not considered vector bundles on
X. However, if E is a vector bundle on X with a positive definite inner product on
the fibers and Py, Q, € \I/’(fl(X ; E') with scalar principal symbol p and ¢, and in case
of P, the imaginary part of the subprincipal symbol is of the form (2.5) with § a
bundle-endomorphism satisfying an inequality in (2.6) as a bundle endomorphism,
the arguments we present go through.

2.3. Elliptic and real principal type points. We now turn to analysis. First,
by the usual elliptic theory, on the elliptic set of P, — 1Q),, so both on the elliptic
set of P, and on the elliptic set of Q,, one has elliptic estimates?’: for all s and N,
and for all B,G € V9(X) with G elliptic on WF'(B), P, —1Q, elliptic on WF'(B),

(2.9) |Bullzs < CUIG(Po —1Qq)ull gra=r + [[ullg-~),

with the estimate also holding?! for P’ +1Q%. By propagation of singularities??, in
Y\ (WF'(Q,) UL, UL_), one can propagate regularity estimates either forward or

200ur convention in estimates such as (2.9) and (2.10) is that if one assumes that all the
quantities on the right hand side are in the function spaces indicated by the norms then so is the
quantity on the left hand side, and the estimate holds. As we see below, at A+ not all relevant
function space statements appear in the estimate, so we need to be more explicit there.

21These estimates follow immediately from the microlocal elliptic parametrix construction.
Alternatively, they follow from microlocal elliptic regularity plus the closed graph theorem, as
used below in the real principal type setting.

22Gce e.g. [32, Theorem 26.1.4] for the standard statement, and see the proof of [32, The-
orem 26.1.6] for turning this into an estimate. Concretely, with the notation below, we may
assume —N < s, and one has by the standard form of the theorem that if w € H=, Au € H?,
GPyu € H* k+1 then Bu € H®. Let Z be the Hilbert space of distributions v € H~N
with Au € H®, GP;u € H*~**! with norm |u||Z = Hququ + |Au||%s + |GPsul|?. Then
B: Z — H—N is continuous, since it is already continuous H~~ — H~N and it takes values in
H? by the standard version of the propagation of singularities. Thus, if u; — u in Z and Buj; — v
in H®, then Buj — Bu in H~N, so v = Bu and thus v € Ran B, so the graph of B : Z — H? is
closed, so it is continuous, giving (2.10) below. However, this is a rather round about argument,
since propagation of singularities is typically proved by positive commutator estimates (cf. the
proofs of Propositions 2.3-2.4 below); these are microlocal so would need to pieced together to
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backward along bicharacteristics, i.e. for all s and N, and for all A, B,G € ¥°(X)
such that WF'(G) N WF'(Q,) = 0, and forward (or backward) bicharacteristics
from WF’(B) reach the elliptic set of A, while remaining in the elliptic set of G,
one has estimates

(2.10) |1Bullge < C(|GPoullgra=rer + [[Aull s + [lufl -~ ).

Here P, can be replaced by P, —1Q, or P* +1Q% by the condition on WF'(G);
namely GQ, € ¥~>°(X), and can thus be absorbed into the ||u||z-~ term. As
usual, there is a loss of one derivative compared to the elliptic estimate, i.e. the
assumption on P,u is H*~F+1 not H* *, and one needs to make H* assumptions
on Au, i.e. regularity propagates.

Remark 2.2. We remark here that in the various estimates in Subsections 2.3-2.5,
though the error terms are stated globally as ||u||g-~, in fact can be localized to
any neighborhood U of a set K C X if suppG C K x K, with a similar property
for the other pseudodifferential operators other than P,, @, in the statement, while
P,, Q. are supported sufficiently close to the diagonal (depending on U), or if, say,
Q. is supported in (X \ U) x (X \ U). This observation is mostly of interest in the
setting of the localized wave equation behavior discussed in Subsection 3.3.

2.4. Analysis near Ay. At Ay, for s >m > (k—1)/2 — SImo, 8 given by the
subprincipal symbol at A4, we can propagate estimates away from AL:

Proposition 2.3. For Imo > 0, let*?® 8 = Bint, for Imo < 0, let 8 = Beup. For
all N, for s >m > (k—1)/2— BImo, and for all A, B,G € ¥°(X) such that A, G
are elliptic at Ay, and forward (or backward) bicharacteristics from WF'(B) tend
to Ay, with closure in the elliptic set of G, one has estimates

(2.11) |Bullgs < C(|GPoull gra—ssr + [[Aull g + [[ullg-~),

in the sense that ifu € H™N, Au € H™ and GP,u € H*"*+1 then Bu € H®, and
(2.11) holds. In fact, Au can be dropped from the right hand side (but one must
assume Au € H™):

(2.12) Aue H™ = HBu||Hs < C(HGPGUHHS—kH + ||U||H—N),

where w € H™N and GP,u € H*7**1 s considered implied by the right hand side.
Note that Au does not appear on the right hand side, hence the display before the
estimate.

This is completely analogous to Melrose’s estimates in asymptotically Euclidean
scattering theory at the radial sets [39, Section 9]. Note that the H*® regularity
of Bu is ‘free’ in the sense that we do not need to impose H® assumptions on u
anywhere; merely H™ at AL does the job; of course, on P,u one must make the
H*~**1 assumption, i.e. the loss of one derivative compared to the elliptic setting.

At the cost of changing regularity, one can propagate estimate towards AL.
Keeping in mind that for P} the subprincipal symbol becomes 5o, we have the
following:

prove (2.10); using the standard propagation of singularities avoids the explicit ‘piecing together’
at the cost of invoking, somewhat superfluously, the closed graph theorem.
23Note that this is consistent with (2.7).
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Proposition 2.4. For Imo > 0, let** 8 = Bup, for Imo < 0, let B = Bins. For
s < (k—1)/2+ BImo, for all N, and for all A, B,G € ¥°(X) such that B,G are
elliptic at Ay, and forward (or backward) bicharacteristics from WF'(B)\ Ay reach
ell(A), while remaining in the elliptic set of G, one has estimates

(2.13) |Bullas < CUIGPFull gra—rsr + [|Auf s + |ullg-~).

Both of Propositions 2.3-2.4 are stated globally in A4 in view of the ellipticity
requirements. In fact, after the original version of this paper became available, the
work of Haber and Vasy [29] showed that one can localize even within Ay if the
latter is a Lagrangian manifold of radial points; we do not need this in the present
paper. The paper [29, Section 3] treats the proof in great detail, and the arguments
presented there are directly applicable in the current more general setting, with the
microlocalizers used here, so it can be used as an additional reference.

Proof of Propositions 2.3-2.4. It suffices to prove that there exist O; open with
Ly C Oj41 C Oy, ﬂ‘;‘;le = Ly, and A;, B;,G; with WF’ in Oj, B; elliptic on
Ly, and in case of Proposition 2.4 such that WF'(4;) N AL = 0, such that the
statements of the propositions hold. Indeed, in case of Proposition 2.3 the general
case follows by taking j such that A,G are elliptic on O;, use the estimate for
Aj, Bj, G;, where the right hand side then can be estimated by A and G, and then
use microlocal ellipticity, propagation of singularities and a covering argument to
prove the proposition. In case of Proposition 2.4, the general case follows by taking j
such that G, B are elliptic on Oj, so all forward (or backward) bicharacteristics from
O, \ A4 reach ell(A), thus microlocal ellipticity, propagation of singularities and a
covering argument proves ||Ajul| s < C(||GPrul| gs—r+1 + || Aul| gs + ||ul| g-~), and
then the special case of the proposition for this O; gives an estimate for || Bju||fs
in terms of the same quantities. The full estimate for ||Bu| g is then again a
straightforward consequence of microlocal ellipticity, propagation of singularities
and a covering argument.

We now consider commutants C*C, with C. € s~ (*=1D/2=9(X) for ¢ > 0,
uniformly bounded in ¥*~(~1/2(X) as ¢ — 0; with the e-dependence used to

regularize the argument?®. More precisely, let?°

¢ = (po)do(po)p “THD/2, ce=c(l+ep )7, po = p*p,

where ¢¢ € C°(R) identically 1 near 0, ¢ € C2°(R) is identically 1 near 0, ¢/ < 0
on [0,00) and ¢ is supported sufficiently close to 0 so that

(2.14) a € suppd(p o po) NE = F(p" Hypo) () > 0;

such ¢ exists by (2.4). Note that the sign of Hpﬁ_s"‘(’“_l)/Q depends on the sign of
—s+(k—1)/2 which explains the difference between s > (k—1)/2 and s < (k—1)/2

24Note the switch compared to Proposition 2.3! Also, 8 does not matter when Imo = 0; we
define it here so that the two Propositions are consistent via dualization, which reverses the sign
of the imaginary part.

251 particular that C¢ is not a continuous family with values in classical operators in
ps—(k=1)/2 (X), so principal symbols for the family should be considered as representatives of
equivalence classes modulo lower order symbols, 55— (k=1)/2=1 The same applies to the commu-
tators computed below.

26Strictly speaking, with the definitions we have adopted, one should multiply ¢ by 1 — 1,
where 1) has compact support, identically 1 near the zero section. As this does not affect the
behavior of ¢ near fiber-infinity we do not do this explicitly here.
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in Propositions 2.3-2.4 when there are no other contributions to the threshold value
of s. The contribution of the subprincipal symbol, however, shifts the critical value
(k—1)/2.

Now let ¢ € ¥*~(*~1/2(X) have principal symbol ¢, and have WF'(C) C
supp ¢ o po, and let C, = CS,, S. € ¥(X) uniformly bounded in ¥°(X) for
e > 0, converging to Id in W% (X) for & > 0 as € — 0, with principal symbol
(1+€ep~')~?. Thus, the principal symbol of C. is c..

First, consider (2.11). Then

02s(1(PrCIC. — CIC.Py)) = 03—1(2(P} — PU))CE + 2cHpe.

[ea

15) =2~ Almobesoo + fo — s+ T )ov0 T (3 Hypo)d b0

+ 860 =60 + Kbopogdh ) oo (L4 )7,

SO
(2.16)
Foos (W (PrCIC. — CIC.P,))

-1 .
< 20 (8 - kT +BImo — 5) pTE(+ep )T B2k

+ 2(FP" Hppo)p B (L + €5 1) 20 93 + kBopop 2 (1 + ep ) "2 %P o

Here the first term on the right hand side is negative if s— (k—1)/2+8Imo—4 > 0
(since fImo > fImo by our definition of /), and this is the same sign as that
of ¢’ term; the presence of § (needed for the regularization) is the reason for the

appearance of m in the estimate. One can either use the sharp Garding inequality,
or instead, as we do, choose ¢ so that \/—@¢’ is C*°, and then

FuU(P,C;C. — CIC.P,) = =S (B*B+ B{B1 + B3 Ba,c)Sc + H.Py + F,

with B, By, Ba . € ¥*(X), Bz . uniformly bounded in ¥*(X) as ¢ — 0, H, uniformly
bounded in ¥2~*(X) (arising from the last term on the right hand side of (2.16)
as well as from :Fﬁkleppo having the non-negative lower bound on ¥ only), F.
uniformly bounded in ¥2*~!(X) (arising from the fact that the principal symbol of
the sum of the remaining terms on the right hand side is the same as that of the left
hand side by (2.16)), and o4(B) an elliptic multiple of ¢q(po)¢(po)p~*. Computing
the pairing, using an extra regularization (insert a regularizer A, € ¥~1(X), uni-
formly bounded in W(X), converging to Id in ¥ (X) to justify integration by parts,
and use that [A,., PZ] is uniformly bounded in ¥!(X), converging to 0 strongly, cf.
[52, Lemma 17.1] and its use in [52, Lemma 17.2]) yields

(2.17) (W(P;C:C. — CICPy)u,uy = (1C Ceu, Pyu) — (1Pyu, CFCeu).

We use Cauchy-Schwartz on the right hand side, more precisely choosing an elliptic
T € ¥=1/2(X) with principal symbol s~ *~1/2 with parametrix R so RT =
Id + E, with E € U~°°(X), we write
(Ceu, CcPyu) = (TCeu, R*C.P,u) + (EC¢, C.P,u),

and write 2|(TC.u, R*C.P,u)| < F Y||TCeul® + F||R*C.P,ul|?, where we take
F > 0 large. We can then absorb f ~!||TCu||? in §||BScul|*; this is possible since
TC. is an elliptic Oth order multiple of B (modulo lower order operators). All
remaining terms on the right hand side of (2.17) are uniformly bounded as ¢ — 0
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by the a priori assumptions provided u is microlocally in H*~% on WF’'(C) (and
0 < 1/2). A standard functional analytic argument using the weak-* compactness
of the unit ball in L? (see, for instance, Melrose [39, Proof of Proposition 7 and
Section 9]) gives an estimate for Bu, showing u is in H® on the elliptic set of B,
provided u is microlocally in H*~% on WF'(B). A standard inductive argument,
starting with s — ¢ = m and improving regularity by < 1/2 in each step proves
(2.11).

For (2.13), the argument is similar, but we want to change the sign of the term
in (2.15) corresponding to the first term on the right hand side of (2.16), i.e. we
want it to be positive. Note that the regularization (the §-term) now contributes
a term of the right sign, so is not an issue. The desired positivity is thus obtained
if s—(k—1)/2+ BImo < 0 (since fImo < BImo by our definition of § in
Proposition 2.4). On the other hand, ¢’ now has the wrong sign, so one needs to
make an assumption on supp d¢, which is the Au term in (2.13). From this point
on the argument is similar to that of (2.11). We again refer to [39, Section 9] and
[29] for more detailed treatments in somewhat different settings. (]

Remark 2.5. Fixing a ¢, it follows from the proof that the same ¢ works for (small)
smooth perturbations of P, with real principal symbol??, even if those perturba-
tions do not preserve the event horizon, namely even if (2.4) does not hold any
more: only its implication, (2.14), on supp d¢ matters, which is stable under per-
turbations. Moreover, as the rescaled Hamilton vector field p*~'H,, is a smooth
vector field tangent to the boundary of the fiber-compactified cotangent bundle,
i.e. a b-vector field, and as such depends smoothly on the principal symbol, and it
is non-degenerate radially by (2.3), the weight, which provides the positivity at the
radial points in the proof above, still gives a positive Hamilton derivative for small
perturbations. Since this proposition thus holds for C* perturbations of P, with
real principal symbol, and this proposition is the only delicate estimate we use, and
it is only marginally so, we deduce that all the other results below also hold in this
generality.

2.5. Complex absorption. Finally, one has propagation estimates for complex
absorbing operators, requiring a sign condition. We refer to, for instance, [44] and
[15, Lemma 5.1] in the semiclassical setting; the changes are minor in the ‘classical’
setting. We also give a sketch of the main ‘commutator’ calculation below.

First, one can propagate regularity to WF'(Q,) (of course, in the elliptic set of
o, one has a priori regularity). Namely, for all s and N, and for all A,B,G €
UO(X) such that ¢ < 0, resp. ¢ > 0, on WF'(G), and forward, resp. backward,
bicharacteristics of P, from WF’(B) reach the elliptic set of A, while remaining in
the elliptic set of G, one has the usual propagation estimates

[Bullas < C(IG(Py = 1Qo)ulla-rer + [[Aufl s + [lull ).

Thus, for ¢ > 0 one can propagate regularity in the forward direction along the
Hamilton flow, while for ¢ < 0 one can do so in the backward direction.

On the other hand, one can propagate regularity away from the elliptic set of Q.
Namely, for all s and N, and for all B,G € ¥°(X) such that ¢ <0, resp. ¢ > 0, on
WF'(G), and forward, resp. backward, bicharacteristics of P, from WF'(B) reach

27Reality is needed to ensure that (2.15) holds.
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the elliptic set of ),, while remaining in the elliptic set of G, one has the usual
propagation estimates

(2.18) |Bullre < C(|G(Pr —1Qq)ull ge=r+1 + [Jul| g-~).

Again, for ¢ > 0 one can propagate regularity in the forward direction along the
Hamilton flow, while for ¢ < 0 one can do so in the backward direction. At the
cost of reversing the signs of g, this also gives that for all s and N, and for all
B,G € ¥°(X) such that ¢ > 0, resp. ¢ < 0, on WF'(G), and forward, resp.
backward, bicharacteristics of P, from WF’(B) reach the elliptic set of Q,, while
remaining in the elliptic set of G, one has the usual propagation estimates

[Bullzrs < CUIG(PF 4 1Qg ) ull s + [[ull g-~).

We remark that again, these estimates are stable under small perturbations in
Uk(X) of P, and Q, provided the perturbed operators still have real principal
symbols, and in the case of @, satisfy ¢ > 0, since the geometric assumptions,
namely ¢ < 0, resp. ¢ > 0, on WF'(G), and forward, resp. backward, bicharacter-
istics of P, from WF'(B) reach the elliptic set of A, while remaining in the elliptic
set of G, are stable under these. However, since [15, Lemma 5.1] is stated in a
somewhat different setting, we give a brief sketch, which in particular shows this
stability. We follow the proof of [15, Lemma 5.1]; the role of the absorbing poten-
tial W > 0 there is played by the formally self-adjoint operator Q, = %(Qa’ +Q)
with principal symbol g here. Although there W is a function on X (rather than a
general pseudodifferential operator), the only properties that matter in the present
notation are that the principal symbols are real and ¢ > 0. Indeed, in this case,
writing C' (analogously to the proof of Propositions 2.3-2.4 here) instead of @ for
the commutant of [15, Lemma 5.1] to avoid confusion, and denoting its (real) prin-
cipal symbol by ¢, and letting P, = P, + %( o —Q%), 80 Py —1Q, = P, —1Q.,,
and the principal symbol of the formally self-adjoint operator P, is p, we have

(2.19)  (u, —2[C*C, P,Ju) = —2Re(u,1C*C(Py — 1Q,)u) — 2Re(u, C*CQqu).

The operator on the left hand side has principal symbol H,c?, and will preserve its
signs under sufficiently small perturbations of p using the same construction of ¢
as in [15, Lemma 5.1] (which is just a real-principal type construction), much as in
the radial point setting discussed in the previous subsection. On the other hand,
the second term on the right hand side can be rewritten as

2Re(u, C*CQqu) = 2Re(u, C*QyCu) + 2 Re(u, C*[C, Qq]u),

where the second term is (u, [C,[C, Q,]Ju) plus similar pairings involving (C* —
a)[C, QU], etc., which are all lower order than the operator on the left hand side of
(2.19) due to the real principal symbol of C' and the presence of a commutator, or to
the presence of the double commutator. The first term, on the other hand, is non-
negative modulo terms that can be absorbed into the left hand side of (2.19), since
by the sharp Garding inequality?®, (u, C*Q,Cu) > —(u, C*R,Cu) where R, is one
order lower than Q,, i.e. is in W¥~1(X), and as the principal symbol of C*R,C
does not contain derivatives of ¢, an appropriate choice of C lets one use the H,c?
term, i.e. the principal symbol of the left hand side of (2.19), to dominate this, as

281f one assumes that q is microlocally the square of a symbol, one need not use the sharp
Garding inequality. Since g is a tool we use in the problems we study, not given to us by the
problem, one may make this choice if one wishes to do so.
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usual in real principal type estimates when subprincipal terms are dominated (c.f.
the treatment of the Im A term in [15, Lemma 5.1]). Thus, (2.19) implies (2.18).

Remark 2.6. As mentioned in the introduction, these complex absorption methods
could be replaced in specific cases, including all the specific examples we discuss
here, by adding a boundary Y instead, provided that the Hamilton flow is well-
behaved relative to the base space, namely inside the characteristic set H, is not
tangent to T;,X with orbits crossing T;X in the opposite directions in ¥4 in the

following way. If Y is defined by § which is positive on ‘our side’ U with U as
discussed at the beginning of Subsection 2.2, we need +H,g|y > 0 on X4. Then
the functional analysis described in [32, Proof of Theorem 23.2.2], see also [56,
Proof of Lemma 4.14], can be used to prove analogues of the results we give below
on X, = {g > 0}. For instance, if one has a Lorentzian metric on X near Y,
and Y is space-like, then (up to the sign) this statement holds with ¥4 being the
two components of the characteristic set. However, in the author’s opinion, this
detracts from the clarity of the microlocal analysis by introducing projection to
physical space in an essential way.

2.6. Global estimates. Recall now that ¢ > 0 near ¥_, and ¢ < 0 on X, and
recall our non-trapping assumptions, i.e. (2.8). Thus, we can piece together the esti-
mates described earlier (elliptic, real principal type, radial points, complex absorp-
tion) to propagate estimates forward in ¥_ and backward in ¥, thus away from Ay
(as well as from one end of a bicharacteristic which intersects the elliptic set of ¢ in
both directions). This yields that for any N, and for any s > m > (k—1)/2—8Imo,
and for any A € UY(X) elliptic at AL UA_,

lullge < C(I(Po = 1Qq )ull go-rr + [|Aullgm + [Jullg-~).
This implies that for any s >m > (k—1)/2 — fImo,
(2.20) lull e < C(I(Po = 1Qq)ull gre-r+1 + [Jullm).

On the other hand, recalling that the adjoint switches the sign of the imaginary
part of the principal symbol and also that of the subprincipal symbol at the radial
sets, propagating the estimates in the other direction, i.e. backward in ¥_ and
forward in X, thus towards Ay, from the elliptic set of ¢, we deduce that for any
N (which we take to satisfy s’ > —N) and for any s’ < (k —1)/2+ SImo,

(2.21) [ull gror < CUI(PF + 1@ )ull gor—nr + lull - ).

Note that the dual of H®, s > (k—1)/2—BImo, is H™5 = H* ~F1 o =k —1—s,
so s < (k—1)/2+ BImo, while the dual of H*~**! s > (k —1)/2 — fImoa,
is H*=1=5 = H¢ with & = k—1—s < (k—1)/2 + 8Imo again. Thus, the
spaces (apart from the residual spaces, into which the inclusion is compact) in the
left, resp. right, side of (2.21), are exactly the duals of those on the right, resp.
left, side of (2.20). Thus, by a standard functional analytic argument, see e.g. [32,
Proof of Theorem 26.1.7] or indeed [54, Section 4.3] in the present context, namely
dualization and using the compactness of the inclusion H s 5 H N for s’ > —N,
this gives the solvability of

(Pr —1Qs)u=f, s> (k—1)/2—FImo,

for f in the annihilator in H*~**! (via the duality between H* %1 and H—stk—1
induced by the L?-pairing) of the finite dimensional subspace Ker(P* + 1Q%) of
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H—t%=1 — ¢ and indeed elements of this finite dimensional subspace have wave
front set?® in AL UA_ and lie in N/ <(k=1)/2+8 ImUHs/. Thus, there is the usual real
principal type loss of one derivative relative to the elliptic problem, and in addition,
there are restrictions on the orders for which is valid.

In addition, one also has almost uniqueness by a standard compactness argument
(using the compactness of the inclusion of H?® into H™ for s > m), by (2.20),
namely not only is the space of f in the space as above is finite codimensional, but
the nullspace of P, —1Q, on H®, s > (k—1)/2 — fImo, is also finite dimensional,
and its elements are in C*°(X); again, see [54, Section 4.3] for details in this setup.

In order to analyze the o-dependence of solvability of the PDE, we reformulate
our problem as a more conventional Fredholm problem. Thus, let P be any operator
with principal symbol p — 1q; e.g. P is Py, —1Qs, for some oy. Then consider

(2.22) XS ={uc H*: Puc HFH} ys = ge=k+l
with
lullzes = [lullFe + [ Pullfy—i

Note that X' only depends on the principal symbol of P. Moreover, C>®(X) is
dense in X'%; this follows by considering R. € ¥~>°(X), € > 0, such that R, — Id in
V(X)) for 6 > 0, R, uniformly bounded in ¥°(X); thus R, — Id strongly (but not
in the operator norm topology) on H® and H*~**!. Then for u € X*, Rou € C>®(X)
for € > 0, Reu — u in H* and PR.u = R.Pu + [P,Re]u, so the first term on the
right converges to Pu in H*~*+1 while [P, R.] is uniformly bounded in ¥*~1(X),
converging to 0 in W*~1+9(X) for § > 0, so converging to 0 strongly as a map
H® — H* %1 Thus, [P, RJu — 0 in H*~**1 and we conclude that R.u — u in
X¢. (In fact, X® is a first-order coisotropic space, more general function spaces of
this nature are discussed by Melrose, Vasy and Wunsch in [42, Appendix A].)
With these preliminaries, for each o with s > m > (k—1)/2 — fImo,

P,—1Q, : X° = )Y°
is Fredholm; these form an analytic family of bounded operators in this half-plane.

Theorem 2.7. Let Py, Q, be as above, and X°, Y* as in (2.22). Ifk—1—2s > 0,
let B = Pint, if k—1—-25<0, let B = Poup- Then

P,—1Q, : X° = Y°

is an analytic family of Fredholm operators on®® C, N Q, where

(2.23) (Cs:{UEC: Ima>[3*1<%fs)}.

Thus, analytic Fredholm theory applies, giving the meromorphy of the inverse
provided the inverse exists for a particular value of o.

29Gince the original version of this paper, the work of Haber and Vasy [29] showed that elements
of this kernel are in fact Lagrangian distributions, i.e. they possess iterative regularity under
the module of first order pseudodifferential operators with principal symbol vanishing on the
Lagrangian, under additional assumptions on the structure at A4, namely that At consists of
radial points for H,. The latter holds, for instance, in de Sitter and de Sitter-Schwarzschild spaces,
as well as on Minkowski space, but not on Kerr-de Sitter space.

30Recall that € is the domain of o for which Qo is defined.
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Remark 2.8. Note that the Fredholm property means that P;+:Q is also Fredholm
on the dual spaces; this can also be seen directly from the estimates; rather than
being a holomorphic family, it is an anti-holomorphic family. The analogue of this
remark also applies to the semiclassical discussion below.

Remark 2.9. Note that if s > s > m > (k—1)/2 — fImo and if P, —1Q, :
X* — Y% and P, —1Q), : xs yS’ are both invertible, then, as X c X and
V' c s, (P, — 1Qs) " tye agrees with (P, —1Q,) " : Vs — X', Moreover, as
Vs' = H¥ k1 is dense in V5, (P, —1Q,) "1 : V¥ — X% determines (P, —1Q,) ! :
V= X% de if A:Y® — X° is continuous and Ay, is (P, —1Q,)" L s oxs
then Ais (P, —1Q,)~ ! : V¥ — X, Thus, in this sense, (P, —1Q,) ! is independent
of s (satisfying s > m > (k—1)/2 — fImo).

2.7. Stability. We also want to understand the behavior of P, —:Q, under pertur-
bations. To do so, assume that P, = P,(w), Q» = Q,(w) depend continuously on
a parameter w € R!, with values in (analytic functions of o with values in) ¥*(X)
and the principal symbols of P, (w) and @, (w) are real and independent of o with
that of FQ,(w) being non-negative near ¥1. We do not assume that the principal
symbols are independent of w, in fact, fixing some wg, we do not even assume that
for w # wq the other assumptions on P, (w) —1Q,(w) are satisfied for w # wy. (So,
for instance, as already mentioned in Remark 2.5, the structure of the radial set at
wo may drastically change for w # wy.) However, see Remark 2.5 for the most del-
icate part, our estimates at wq are stable just under the assumption of continuous
dependence with values W*(X), thus there exists 5y > 0 such that for |w—wg| < &,
we have uniform versions of the estimates (2.20)-(2.21), i.e. the constant C' and the
orders m and N can be taken to be uniform in these (independent of w), so e.g.

(2.24) lallzre < CNPy (w) = 1@ (w))ull o1 + [ull2m)-

Thus, P,(w) —1Qq(w) : X%(w) — Y*(w) is Fredholm, depending analytically on
o, for each w with |w — wo| < o, V*(w) = Y* = H* **+1 is independent of w
(and of o), but X*(w) = {u € H* : P,(w)u € H*"*1} C H* does depend on w
(but not on o). We claim, however, that, assuming that (P, (wg) — 1Qs(wg)) ™t is
meromorphic in o (i.e. the inverse exists at least at one point o), (P, (w)—1Q, (w)) ™
is also meromorphic in o for w close to wy, and it depends continuously on w
in the weak operator topology of L(Y*, H®), and thus in the norm topology of
L(Hs=k+1+e [s=€) for e > 0.

To see this, note first that if Py, (wo) — 1Qu, (wp) : X*(wy) — Y* is invertible,
then so is Py(w) — 1Qy(w) : X%(w) — Y* for w near wy and o near og. Once
this is shown, the meromorphy of (P, (w) — 1Q,(w))~! follows when w is close to
wp, with this operator being the inverse of an analytic Fredholm family which is
invertible at a point. To see the invertibility of P,(w) —1Q,(w) for w near wy and
o near o0y, first suppose there exist sequences w; — wp and o; — o such that
Py, (w;) —1Q,, (wj) is not invertible, so either Ker(P,, (w;j) —1Qq, (w;)) on H* or
Ker(P,, (w;j)* + 1Qq, (w;)*) on (H*~*T1)* is non-trivial in view of the preceding
Fredholm discussion. By passing to a subsequence, we may assume that the same
one of these two possibilities holds for all j, and as the case of the adjoint is
completely analogous, we may also assume that Ker(Py, (w;) —1Q,; (w;)) on H* is
non-trivial for all j. Now, if u; € H®, |lujl|gs =1, and (P, (w;) —1Qs; (w;))u; =0
then (2.24) gives 1 < C||luj|[gm. Now, u; has a weakly convergent subsequence
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in H® to some ug € H®, which is thus norm-convergent in H™; so (P, (wo) —
Qoo (wo))up = 0. Since 1 < C||u;||gm, and the subsequence is norm-convergent in
H™, up # 0, and thus Ker(P,, (wg) — 1Qs,(wp)) on H?® is non-trivial, so Py, (wo) —
1Q o, (wp) is not invertible, proving our claim.

So suppose now that f; € H*~*1 and || f;|| go—++1 < 1. Let w; — wp, 0; — 0
(with w; sufficiently close to wy, o; sufficiently close to o¢ for invertibility), and let
uj = (P, (wj) —1Qq, (w;)) ' f;. Suppose first that u; is not bounded in H*, and let
= ”u]% Then by (2.24), 1 < C(||u;|| - + ||vjllzm), so for j sufficiently large,
lvj || zm > % On the other hand, a subsequence v;, of v; converges weakly to some
vo in H*, and p— = (P, (w),) = Qo (),))05, = (Pay(wo) — 1Qu, (w0))vo
weakly in H*~% so as the left hand side converges to 0 in H*~**1 (P, (wg) —
1Qsy (wo))vo = 0. As v;, — vg in norm in H™, we deduce that vy # 0, contradicting
the invertibility of P,,(wo) — 1Qe,(wo). Thus, u; is uniformly bounded in H®.

Next, suppose that f; — f in Hs=F+1 50 u; is bounded in H® by what we
just showed. Then any subsequence of u; has a weakly convergent subsequence u;,
with some limit ug € H*. Then f; = (P,, (wj,) —1Qq; (wj,))uj, — (Poy(wo) —
1Q 0, (wo))up weakly in H*™* so (P,,(wp) — 1Qs, (wo))uo = f. By the injectivity
of Py, (wo) — 1Qs, (wo), uo is thus independent of the subsequence of u;, i.e. every
subsequence of u; has a subsequence converging weakly to ug, and thus u; converges
weakly to ug in H*. This gives the convergence of (P, (w)—1Q,(w)) ™! to (P,,(wo)—
1Q4, (wp)) ™! in the weak operator topology on L(Y?*, H®) as o — o¢ and w — wy,
and thus in the norm topology on L(Y*+¢, H*¢) for € > 0.

Uj

2.8. Semiclassical estimates. For reasons of showing meromorphy of the inverse,
and also for wave propagation, we also want to know the |o|] — oo asymptotics
of P, —1Q, and P} + :1Q%; here P,,Q, are operators with a large parameter.
As discussed earlier, this can be turned into a semiclassical problem; one obtains
families of operators P ., with h = |o|~1, and 2 corresponding to o/|c| in the unit
circle in C. As usual, we multiply through by h* for convenient notation when we
define Py, .:

Py.=hFPya, € U 4(X).

Here we obtain uniform estimates in strips | Imo| < C”, which amounts to |Im z| <
C’h. Later, in Section 7, we extend these results to more general regions. While
these strengthen the results, for our main results these extensions are much less
significant than the treatment of strips. Since there are technical complications, we
postpone their treatment to the end of the paper; see also Remarks 3.3 and 7.4.

From now on, we merely require P, ,,Qn . € \IIIg’CI(X) (rather than the large
parameter statement). Here z satisfies |Imz| < C’h, and thus Py, — Py Rre- €
h\IJ’g’Cl(X); similarly with @y, .. Thus, for semiclassical principal symbol considera-
tions, we regard pr . as defined for z real: the semiclassical principal symbol py .,
z€ 0O CR,0¢ O compact, is a function on T*X, has limit p at infinity in the
fibers of the cotangent bundle, so is in particular real in the limit. More precisely,
as in the classical setting, but now g made smooth at the zero section as well (so is
not homogeneous there), we consider

Fpn. € C(T X x 0);
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then ﬁkpﬁ7Z‘S*XXO = p*p, where S*X = 0T X. We assume that Dh,> and g -
themselves are real®'. Thus, Py . — Py € h¥} ! (X).

We write the semiclassical characteristic set of py . as X5 ., and sometimes drop
the z dependence and write Xy simply; assume that

Yh=2n4+UZn—, SpyNEs_ =0,

Yp,+ are relatively open in 35, and

Fqn,- > 0 near Xp 4.

FIGURE 2. The components X5 + of the semiclassical characteris-
tic set in T X , which are now two-dimensional in the figure. The
cosphere bundle is the horizontal plane at the bottom of the pic-
ture; the intersection of this figure with the cosphere bundle is
what is shown on Figure 1. The submanifolds L. are still points,
with L_ a source, L, a sink. The red lines are bicharacteristics,
with the thick ones inside S*X = 8T X. The blue regions near
the edges show the absorbing region, i.e. the support of gq. For
Py, . —1Qp, -, the estimates are always propagated away from L
towards the support of g, so in the direction of the Hamilton flow
in ¥, _, and in the direction opposite of the Hamilton flow in ¥, 4 ;
for P, +10Q)}, ,, the directions are reversed.

Microlocal results analogous to the classical results also exist in the semiclassical
setting. In the interior of T*X, i.e. in T* X, only the microlocal elliptic, real
principal type and complex absorption (in which one considers the bicharacteristics
of Repy, ) estimates are relevant. At Ly C S*X we in addition need the analogue

311t we do not restrict |Im z| < C’h, we would only assume this when z is real. We discuss
this in Section 7.



MICROLOCAL ASYMPTOTICALLY HYPERBOLIC AND KERR-DE SITTER 31

of Propositions 2.3-2.4. As these are the only non-standard estimates®2, though
they are very similar to estimates of [57], where, however, only global estimates
were stated, we explicitly state these here and indicate the very minor changes
needed in the proof compared to Propositions 2.3-2.4.

Proposition 2.10. For all N, for s > m > (k—1)/2 — Imo, 0 = h™ 'z, and
for all A, B,G € ¥9(X) such that WF},(G) N WF},(Q,) =0, A elliptic at Ly, and
forward (or backward) bicharacteristics from WF}, (B) tend to L., with closure in
the elliptic set of G, one has estimates

(2.25) Au € B = |Bullu; < OGPy zullgaovss + hlfull ),

where, as usual, GPy, ;u € Hff’”l and u € H,;N are assumptions implied by the
right hand side.

Proposition 2.11. For s < (k—1)/2+ 8Ima, for all N, o = h='z, and for all
A,B,G € ¥Y(X) such that WF},(G) N WF),(Q,) = 0, B,G elliptic at Ly, and
forward (or backward) bicharacteristics from WF} (B) \ L+ reach WF} (A), while
remaining in the elliptic set of G, one has estimates

(2.26) 1Bullm; < C(WTHIGP; ull ga-sss + | Aullzrg + hllull ).

Proof. We just need to localize in p in addition to pg; such a localization in the
classical setting is implied by working on S*X or with homogeneous symbols. We
achieve this by modifying the localizer ¢ in the commutant constructed in the proof
of Propositions 2.3-2.4. As already remarked, the proof is much like at radial points
in semiclassical scattering on asymptotically Euclidean spaces, studied by Vasy and
Zworski [57], but we need to be more careful about localization in py and p as we
are assuming less about the structure.

First, note that Ly is defined by p = 0, pg = 0 within X5, so for F > 0 to be
determined, f 5% + py is a quadratic defining function of L4. Note that on Xhz

F6° (Hp,. po + 2H,, ) = Bipo + 2F Bop” — 0(503/2) —O((5* + po)*'?),

where the first O term is independent of F, and is due to p*~1H,, _ restricting to
pP71H, at S*X (so the difference between these two, using say the homogeneous
extension of the latter, is O(p)) plus the non-degenerate quadratic vanishing of pg
(so its differential can be estimated by its square root): these mean that modulo

(’)(,5/J(1)/2)7 FpEH,, . po is bounded below by F5*"1H,pg. Given K > 0 taking f >

32As an example, the standard semiclassical propagation of singularities result is that
VVFZ’T(u)7 u = {up}tne(o,1) a polynomially bounded family, is a union of maximally extended
bicharacteristics of p; . in Xj . \WFfL—l’T+1(Ph,zu); this is the Sobolev version of [63, Theo-
rem 12.5]. Note that the choice of r = —1 is most usual, but h commutes with Py, ., so the orders
may be adjusted easily. This can be translated into a uniform estimate as h — 0 using the uniform
boundedness principle; see [54, Section 4.4], though as in the case of the classical estimates and
the application of the closed graph theorem there, this is somewhat round about: see Footnote 22.
Concretely, in this case, one has the estimate

-1
[Bully < C(h™NIGPy zull yo—kir + | Aullg + hjull g -~),
in the notation corresponding to (2.10), with bicharacteristics understood as integral curves of

Hp,, . both at h = 0 and as at fiber-infinity, S*X.
33Here and below the error term h|lull ; -~ can be changed to hNHuHHfN by iterating the
h h

estimates, as required anyway for the proof of the ||ul| ,—~-type error.
h
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0 sufficiently large, 81po + 2F Bop® — K ﬁpé/ % becomes a positive definite quadratic
form in (p, pé/z). Correspondingly, there exists ¢ € C3°(R) be identically 1 near 0,

¢’ <0 and ¢ supported sufficiently close to 0 so that
a € suppd(¢po (5° + po)) NS = Fp" " (Hppo + 25H,5) (@) > 0
and
a € suppd(¢ o (5° + po)) N Tk = T *Hyp(a) > 0.
Then let ¢ be given by
c=@lpo+F5")opo)p T V2 ce=c(l+ 667, po =i pns.
The rest of the proof proceeds similarly to Propositions 2.3-2.4; one computes
principal symbols now in h‘l/];fl(X). [

In order to have global estimates, we need to make a non-trapping assumption,
which we turn into a definition:

Definition 2.12. We say that ps . — g5, . is semiclassically non-trapping if the
bicharacteristics of py, , from any point in X \ (L4 UL_) flow to ell(g, ) UL (i.e.
either enter ell(gs ) at some finite time, or tend to L) in the forward direction,
and to ell(gn ) U L_ in the backward direction.

Remark 2.13. The part of the semiclassically non-trapping property on S*X is
just the classical non-trapping property; thus, the point is its extension into to the
interior T*X of T X.

Let H; denote the usual semiclassical function spaces. The semiclassical version
of the classical estimates, stated above, are then applicable, and one obtains on the
one hand that for any s > m > (k—1)/2 — fImz/h, h < ho,

(2.27) lull sy < CRTH(I(Ph,z = 0Qnz)ull gro-ver + B2 [lul ),
On the other hand, for any N and for any s < (k —1)/2+ 8Imz/h, h < hg,
(2.28) lullzry < CRTHI(P; 2 + 0Qh ull gro-rss + B2l ),

The h? term can be absorbed in the left hand side for sufficiently small h, so we
automatically obtain invertibility of P, ., —1Qp, ..
We now translate this into the classical setting, where in particular, this gives
the meromorphy of P, —1Q,. Note also that for instance
2 2 -2 2
el = llullze + lol™ldullzz, - lulmg -, = lullze,

(with the norms with respect to any positive definite inner product). We thus have

Theorem 2.14. Let P,, Q,, Cs, 8 be as above (see (2.23) for the definition of
Cs), in particular semiclassically non-trapping, and X%, Y* as in (2.22). Let C_ >
B7H(EL —s), Cy > 0. Then there exists o such that

2
R(o): Y° — &7,

is holomorphic in {c € Q: C_ <Imo < Cy, |Rea| > gp}, assumed to be a subset
of Cs, and non-trapping estimates

1B&(o) fllare ) < O’\a|*k+1||f||Hr_|T
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hold. For s =1, k = 2 this states that for |Reo| > o9, C— <Imo < C4,
IR(0)flIZ2 + lo|2ldR(0) |22 < C”|o| 2| fl|7=-
Further, R(o) : Y* — X* is meromorphic in {oc € : C_ <Imo < C;} C C,.

While we only stated the global results here, one has microlocal estimates for the
solution. In particular we have the following, stated in the semiclassical language,
as immediate from the estimates used to derive from the Fredholm property:

Theorem 2.15. Let P,, Q,, B be as above, in particular semiclassically non-
trapping, and X%, Y* as in (2.22).

ForRez > 0 and s’ > s, the resolvent Ry, , is semiclassically outgoing with a loss
of h=1 in the sense that if o € T*XﬂEhyi, and if for the forward (+), resp. backward
(—), bicharacteristic vy, from a, WFZ’7k+1(f) N~ =0 then o ¢ WFZ/ (hRp . f).

In fact, for any s’ € R, the resolvent Ry, , extends to f € H,sl/ (X), with non-
trapping bounds, provided that WF;(f) N (Ly U L_) = (0. The semiclassically
outgoing with a loss of h™' result holds for such f and s’ as well.

Proof. The only part that is not immediate by what has been discussed is the
last claim. This follows, however, from microlocal solvability in arbitrary or-
dered Sobolev spaces away from the radial points (i.e. solvability modulo C*°, with
semiclassical estimates), combined with our preceding results to deal with this
smooth remainder plus the contribution near L U L_, which are assumed to be in
H;(X). |

This result is needed for gluing constructions as in [15], namely polynomially
bounded trapping with appropriate microlocal geometry can be glued to our re-
solvent. Furthermore, it gives non-trapping estimates microlocally away from the
trapped set provided the overall (trapped) resolvent is polynomially bounded as
shown by Datchev and Vasy [16].

Definition 2.16. Suppose K+ C T*X is compact, and O4 is a neighborhood of
K with compact closure and O+ N X, C X +. We say that pp . is semiclassically
locally mildly trapping of order » in a Cy-strip if
(i) there is a function®® F € C*(T*X), F > 2 on K+, F <1 on T*X \ Oq,
and for a € (Ox \ K+) N ¥px, (Hp, .F)(a) = 0 implies (Hy_F)(a) < 0;
and
(ii) there exists Qh’z € U,(X) with WF;I(Q;M) NKy =0, FGn . > Onear Xy, 1,
dn,» elliptic on X5 \ (O4 UO_) and hg > 0 such that if Imz > —Cph and
h < hg then

(2.29) 1P,z =1@n,2) " fllmg < Ch™*HIf | gorsn, € Hy MHL

We say that pp . — 1qn, . is semiclassically mildly trapping of order s in a Cjy-
strip if it is semiclassically locally mildly trapping of order s in a Cy-strip and if the
bicharacteristics from any point in X5 4 \ (L4 UK. ) flow to {gn . < 0} UO4 in the

34 For € > 0, such a function F' provides an escape function, F = e’CFthyzF on the set
where 1 + e < F < 2 — e. Namely, by taking C' > 0 sufficiently large, thyzﬁ' < 0 there; thus,
every bicharacteristic must leave the compact set F~1([1 +¢,2 — ¢]) in finite time. However, the
existence of such an F' is a stronger statement than that of an escape function: a bicharacteristic
segment cannot leave F~1([1 + ¢,2 — ¢]) via the boundary F = 2 — ¢ in both directions since F'
cannot have a local minimum. This is exactly the way this condition is used in [15].
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backward direction and to {g . < 0}UO4 U L, in the forward direction, while the
bicharacteristics from any point in X5 _ \ (L- UK_) flow to {gn . > 0}UO_UL_
in the backward direction and to {gx,, > 0} U O_ in the forward direction.

An example®® of locally mild trapping is hyperbolic trapping, studied by Wunsch
and Zworski [61], which is of order ¢ for some s > 0. Note that (i) states that the
sets K. = {F > c}, 1 < ¢ < 2, are bicharacteristically convex in Oy, for by (i) any
critical points of F' along a bicharacteristic are strict local maxima.

As a corollary, we have:

Theorem 2.17. Let P,, Q,, Cs, 8 be as above (see (2.23) for the definition of
Cs), satisfying mild trapping assumptions with order s estimates in a Cy-strip, and
X®, V*® asin (2.22), Cy,C_ as in Theorem 2.14. Then

R(o): Y? = X7,
is meromorphic in Cs and there exists oy such that

R(o) : V° — &7,
is holomorphic in {o € Q : max(—Cy,C_) <Imo < C4, |Rec| > oo}, and
(2.30) IR@ i, < Clol* oo

Further, if one has logarithmic loss in (2.29), i.e. if h=> can be replaced by log(h™1),
for o € R, (2.30) also holds with a logarithmic loss, i.e. |o|* can be replaced by
log || for o real.

Proof. This is an almost immediate consequence of [15]. To get into that setting,
we replace Qp. by @}, , with WF,(Qp. — Q},,) C Oy UO_ and @, , elliptic
on Ky UK_, with F¢; , > 0 on X5 1. Then P, —1Q), , is semiclassically non-
trapping in the sense discussed earlier, so all of our estimates apply. With the
polynomial resolvent bound assumption on P}, , — ZQh_’Z, and the function F' in
place of x used in [15], the results of [15] apply, taking into account Theorem 2.15
and [15, Lemma 5.1]. Note that the results of [15] are stated in a slightly different
context for convenience, namely the function z is defined on the manifold X and
not on T* X, but this is a minor issue: the results and proofs apply verbatim in our
setting. ([

3. MELLIN TRANSFORM AND LORENTZIAN B-METRICS

3.1. The Mellin transform. In this section we discuss the basics of Melrose’s
b-analysis on an n-dimensional manifold with boundary M, where the boundary
is denoted by X. We refer to [43] as a general reference. In the main cases of
interest here, the b-geometry is trivial, and M = X x [0,00), with respect to
some (almost) canonical (to the problem) product decomposition. Thus, the reader
should feel comfortable in trivializing all the statements below with respect to

35Condition (i) follows by letting F' = Lpi” + 2* with the notation of [61, Lemma 4.1]; so

Hiﬁ' = 4H2((Ci - n_lc+Hpc+)<pi“ + 4/{2((cf + w7 e Hpe )p?®

near the trapped set, ¢4+ = 0 = ¢p_. Thus, for sufficiently large k, Hpﬁ‘ > 0 outside F' = 0. Since
F = 0 defines the trapped set, in order to satisfy Definition 2.16, writing K and O instead of K4
and O+, one lets K = {F < a}, O = {F < S} for suitable (small) a and 3, a < 3, and takes

F = G o F with G strictly decreasing, Glio,a] > 2, Glig,e0) < 1.
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this decomposition. In this trivial case, the main result on the Mellin transform,
Lemma 3.1 is fairly standard, with possibly different notation of the function spaces;
we include it here for completeness.

First, recall that the Lie algebra of b-vector fields, V,(M) consists of C* vector
fields on M tangent to the boundary. In local coordinates (7,y), such that 7 is a
boundary defining function, they are of the form a,, 79, + Z;;ll a;0y,;, with a; arbi-
trary C* functions. Correspondingly, they are the set of all smooth sections of a C*
vector bundle, PT'M , with local basis 70, Oyy»---50y,_,. The dual bundle, bTM,
thus has a local basis given by d{, dy1,...,dyn—1. All tensorial constructions, such
as form and density bundles, go through as usual.

We remark here that with 7 = e~%, ¢t > 0, say, the vector fields take the form
an 0 + E;:ll a;j0y,, where a; are smooth functions of e~* and y. Thus, these vector
fields, and the corresponding differential operators, are modelled on allowing vari-
able coefficients on t-translation invariant vector fields, but require them to stabilize
exponentially fast at infinity (in the precise sense of the stated smooth dependence).
However, it is easier to keep track of the structure from the b-perspective, so we do
not pursue this point of view.

The natural bundles related to the boundary are reversed in the b-setting. Thus,
the b-normal bundle of the boundary X is well-defined as the span of 70, defined
using any coordinates, or better yet, as the kernel of the natural map ¢ : °T},, M —

TM, m € X, induced via the inclusion V(M) — V(M), so
n—1 n—1
a, 707 + Z a;0y, Z a;0y;, aj € R.
j=1 j=1

Its annihilator in PT)* M is called the b-cotangent bundle of the boundary; in local
coordinates (7,y) it is spanned by dy,...,dy,—1. Invariantly, it is the image of
Tx M in PT M under the adjoint of the tangent bundle map ¢; as this has kernel
N X, PT M is naturally identified with 7% X = T7* M /N X.

The algebra of differential operators generated by Vi, (M) over C*°(M) is denoted
Diffy, (M); in local coordinates as above, elements of Difff'(M) are of the form

P= Y aj(rD;) D
Jtlal<k
in the usual multiindex notation, o € N"~1 with aj, € C®(M). Writing b-
covectors as

n—1
dr
kel E - dus
7 T +j:1nj Yijs

we obtain canonically dual coordinates to (7,y), namely (7,y,0,7) are local coor-
dinates on PT*M. The principal symbol of P is

(3.1) p=opi(P)= Z ajao?n®;
j+lal=k

it is a C* function, which is a homogeneous polynomial of degree k in the fibers,
on PT*M. Tts Hamilton vector field, Hj, is a C* vector field, which is just the
extension of the standard Hamilton vector field from M°, is homogeneous of degree
k—1, on PT*M, and it is tangent to PT% M. Explicitly, as a change of variables
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shows, in local coordinates,

(3.2) Hp = (0op)(70-) + E (anjﬁ)ayj — (10:p)0s — E (ayjﬁ)am’
J J
so the restriction of Hs to 7 =0 is

(3.3) Hﬁ|bT;;1\71 = Z(anjﬁ)ayj o Z(ayjiﬁ)am’

J J
and is thus tangent to the fibers (identified with 7% X) of "T% M over PT5 M/T*X
(identified with R,).

We next want to define normal operator®® of P € Difff (M), obtained by freezing
coefficients at X = OM. To do this naturally, we want to extend the ‘frozen
operator’ to one invariant under dilations in the fibers of the inward pointing normal
bundle ; N(X) of X; see [43, Equation (4.91)]. The latter can always be trivialized
by the choice of an inward-pointing vector field V', which in turn fixes the differential
of a boundary defining function 7 at X by V7|x = 1; given such a choice we can
identify ; N(X) with a product

My =X x [0,00),,
with the normal operator being invariant under dilations in 7. Then for m = (z,7),
PT,, Mo is identified with YT}, o) M.
On M, operators of the form

> 4a®)(TD,) Dy,
Jj+lal<k
ie. ajo € C°°(X), are invariant under the R*-action on [0,00),; its elements are
denoted by Diffy, ;(M..). The normal operator of P € Difff (M) is given by freezing
the coeflicients at X:

N(P)= > aa(0,y)(rD:) D§ € Diffy ;(Mo).
Jj+lal<k
The normal operator family, which is a large parameter (in o) family of differential
operators on X, is then defined as

N(P) o) =P, = 3 a;a(0,y)07 DS € Dift*(X).
Jt+lal<k

Note also that we can identify a neighborhood of X in M with a neighborhood of
X x {0} in M., (this depends on choices), and then transfer P to an operator (still
denoted by P) on M, extended in an arbitrary smooth manner; then P — N (P) €
TDIfff (M)

The principal symbol p of the normal operator family, including in the high
energy (or, after rescaling, semiclassical) sense, is given by Ub7k(7))|bT; - Corre-
spondingly, the Hamilton vector field, including in the high-energy sense, of p is
given by Ho, ,(p)lory 413 see (3.3). It is useful to note that via this restriction we
drop information about H,, , (p) as a b-vector field, namely the 70, component
is neglected. Correspondingly, the dynamics (including at high energies) for the
normal operator family is the same at radial points of the Hamilton flow regardless
of the behavior of the 79, component, thus whether on PS*M = ("T*M \ o)/R*,

30In fact, P € WE(M) works similarly.
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with the 7 variable included, we have a source/sink, or a saddle point, with the
other (stable/unstable) direction being transversal to the boundary. This is re-
flected by the same normal operator family showing up in both de Sitter space
and in Minkowski space, even though in de Sitter space (and also in Kerr-de Sitter
space) in the full b-sense the radial points are saddle points, while in Minkowski
space they are sources/sinks (with a neutral direction along the conormal bundle
of the event horizon/light cone inside the boundary in both cases).

We now translate our results to solutions of (P —:1Q)u = f when P, —1(Q), is the
normal operator family of the b-operator P —1Q, with P, Q € \I”g(]\Zf) A typical
application is when P = [, is the d’Alembertian of a Lorentzian b-metric on M,
discussed in Subsection 3.2.

Thus, consider the Mellin transform in 7, i.e. consider the map

(3.4) M :uwifo,.) = /000 T %u(T,.) d—T,

T

with inverse transform

1

(3.5) M o(r,)) = —
27 R+ra

7%(o,.) do,

with a chosen in the region of holomorphy. Note that for polynomially bounded
(in 7) u (with values in a space, such as C*°(X), L?(X), C~°°(X)), for u supported
near 7 = 0, Mu is holomorphic in Imo > C, C' > 0 sufficiently large, with
values in the same space (such as C*(X), etc). We discuss more precise statements
below. The Mellin transform is described in detail in [43, Section 5], but it is also
merely a renormalized Fourier transform (corresponding to the exponential change
of variables, 7 = ¢!, mentioned above), so the results below are simply those for
the Fourier transform (often of Paley-Wiener type) after suitable renormalization.

First, Plancherel’s theorem is that if v is a smooth non-degenerate density on X
and r. denotes restriction to the line Im o = ¢, then

(3.6) r_qoM:TL3(X x [0, 00); @I/) — L*(R; L*(X;v))

T

is an isomorphism. We are interested in functions u supported near 7 = 0, in which
case, with 7, .,) denoting restriction to the strip ¢; <Imo < ¢g, for N > 0,

(3.7)
ldr|

T—a,—a+N O M T¥(1+ ) "N L(X x [0, 00); )

— {v:sz(—a,—a—i—N) >0 = (o) € L*(X;v);

v is holomorphic in ¢ and sup lv(. 427, ) L2 @iL2(x30)) < oo},
—a<r<—a+N

see [43, Lemma 5.18]. Note that in accordance with (3.6), v in (3.7) extends con-
tinuously to the boundary values, r = —« and r = —a— N, with values in the same
space as for holomorphy. Moreover, for functions supported in, say, 7 < 1, one can
take N arbitrary.
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Analogous results also hold for the b-Sobolev spaces H (X x [0,00)). For s > 0,
these can be defined as in [43, Equation (5.41)]:

)
= {v € L2(R; H*(X:v)) : (14 |of2)?v e L2(R;L2(X;y))},

d
r_q oM :TYHS (X X [0,00); M1/
(3.8)

with the analogue of (3.7) also holding; for s < 0 one needs to use the appropriate
dual statements. See also [43, Equations (5.41)-(5.42)] for differential versions for
integer order spaces. Note that the right hand side of (3.8) is equivalent to

(3.9) (lo)*v € L*(R; Hjjppy -1 (X)),

where the space on the right hand side is the standard semiclassical Sobolev space
and {(|o|) = (1 + |0]?)*/?; indeed, for s > 0 integer both are equivalent to the
statement that for all o with |a| < s, (\U|)3_‘O‘|D§‘v € L*(R; L*(X;v)). Here by
equivalence we mean not only the membership of a set, but also that of the standard
norms>” corresponding to these spaces. Note that by dualization, (3.9) holds for all
s eR.

If P —1Q is invariant under dilations in 7 on M4, = X x [0,00) then N (P —1Q)
can be identified with P —+Q and we have the following simple lemma:

Lemma 3.1. Suppose P —1Q is invariant under dilations in T for functions sup-
ported near T = 0, and the normal operator family N(P —1Q) is of the form
P, —1Q, satisfying the conditions of Section 2 and Section 7, including semiclas-
sical non-trapping. Let o; be the poles of the meromorphic family (Py —1Q,)~".
Then for ¢ < 7Y (s — (k —1)/2), B as in Proposition 2.3, { # —Imo; for any j,
(P —1Q)u = f, u tempered, supported near 7 =0, f € TZHgka(MOO), u has an
asymptotic expansion
(3.10) u=3" > % (log|r|)*a;. +u’
Jj KkSmy

with aj, € C*(X) and v’ € T'H(Ms), and with the o; being the finite number
of poles of the normal operator in —¢ < Imo < —a, where a is such that u €
7 HI (M) for some r and o/ > a, o/ < B~ (r — (k —1)/2).

If instead N (P —1Q) is semiclassically mildly trapping of order > in a Cy-strip
then for ¢ < Cy (still with ¢ < (s — (k —1)/2), £ # —Imo; for any j) and
fert TR (ML) one has

(3.11) u= Z Z 7% (log |7|)*a;, + u'
J w<my
with aj, € C*°(X) and v’ € T°HE(Ms).

Conversely, given f in the indicated spaces, with f supported near T = 0, a
solution u of (P —1Q)u = f of the form (3.10), resp. (3.11), supported near 7 =0
exists.

In either case, the coefficients aj.. are given by the Laurent coefficients of (P —
1Q)71 at the poles o applied to f, with simple poles corresponding to m; = 0.

Iff=>%; anm;‘ 7% (log |7|)%bj. + f', with f" in the spaces indicated above for
f, and b, € H*=*+1(X), analogous results hold when the expansion of f is added

1/2
37Standard up to equivalence, such as (Z\a|<s St U:_a(|g|>2(s—\a\) ||Dz(j””i2(x-u) dO’)
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to the form of (3.10) and (3.11), in the sense of the extended union of index sets,
see [43, Section 5.18].

Further, the result is stable under sufficiently small dilation-invariant perturba-
tions in the b-sense, i.e. if P’ and Q' are sufficiently close to P and Q in WE (M)
with P, and Q' possessing real principal symbols, and that of Q. is non-negative,
then there is a similar expansion for solutions of (P —1Qu = f.

For P* +1Q* in place of P —1Q, analogous results apply, but we need ¢ <
—B7Y(s — (k —1)/2), and the a;, are not smooth, rather have wave front set>® in
the Lagrangians Ay .

Remark 3.2. Thus, for P —1Q, the more terms we wish to obtain in an expansion,
the better Sobolev space we need to work in. For P* 4 :Q*, dually, we need to be
in a weaker Sobolev space under the same circumstances. However, these spaces
only need to be worse at the radial points, so under better regularity assumptions
on f we still get the expansion in better Sobolev spaces away from the radial points
— in particular in elliptic regions. This is relevant in our description of Minkowski
space.

Remark 3.3. If the large Imo, i.e. Imz # 0, assumptions in Section 7 are not
satisfied (but the assumptions corresponding to a strip, i.e. roughly real z, still
are), the proof of this lemma still goes through apart from the support conclusion
in the existence part. For the existence argument, one can then pick any a < /¢
with (P, —1Q,)~! having no poles on the line Imo = —q; different choices of «
result in different solutions. See also Remark 7.4.

Proof. First consider the expansion. Suppose a,r € R are such that o < 71(r —
(k—1)/2), u € 7*H] (M) and (P, —1Q,)~! has no poles on the line Imo = —q;
note that the vanishing of u for 7 > 1 and the absence of poles of (P, —2Q,) ' near
infinity inside strips (by the semiclassical non-trapping/mildly trapping assump-
tions) means that this can be arranged, and then also u € 7%(1+7) "~V H] (M) for
all N. The Mellin transform of the PDE, a priori on Im o = —a, is (Py —1Q,)Mu =
M f. Thus,

(3.12) Mu = (P, —1Q,) *Mf
there. If f € TeHg7k+l(Moo), then shifting the contour of integration in the inverse
Mellin transform, (3.5), to Imo = —¢, we obtain contributions from the poles of

(P, —1Q,)~!, giving the expansion in (3.10) and (3.11) by Cauchy’s theorem. The
shift of the contour is justified by Theorem 2.14 or Theorem 2.17, depending on non-
trapping or mild trapping assumptions, giving the high energy estimates controlling
the integral as | Reo| — oco. The error term u’ is what one obtains by integrating
along the new contour in view of the high energy bounds on (P, —1Q,)~! (which
differ as one changes one’s assumption from non-trapping to mild trapping), and
the assumptions on f.

Conversely, to obtain existence, let @ < min(¢,—supImo;) and define v €

T*HE (M) by (3.12) using the inverse Mellin transform with Imo = —a. Then u
solves the PDE, hence the expansion follows by the first part of the argument. The

38Gee the discussion after (2.21). Also note that while for P — 1Q the coefficients aj, are
smooth, the operator mapping f to a;,. is not smoothing exactly because of the non-smoothness
of the expansion for the adjoint operator: it maps sufficiently reqular f to smooth functions, but
cannot be applied to all distributional f.
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support property of u follows from Paley-Wiener, taking into account holomorphy
in Imo > —a, and the estimates on M f and (P, —1Q,)~! there.

Finally, stability of the expansion follows from Subsection 2.7 since the mero-
morphy and the large o estimates are stable under such a perturbation. Note that
the condition on the principal symbol of P, and @’ to be independent of ¢ is auto-
matically satisfied, for this is just the principal symbol in W¥ (M) (which stands
for one-step, or classical b-pseudodifferential operators) of P’ and Q' evaluated at
o = 0 (or any other finite constant), cf. the large parameter discussion at the end
of Subsection 2.1. O

Remark 3.4. One actually gets estimates for the coefficients a;, and u in (3.10)-
(3.11). Indeed, in view of the isomorphism (3.9) and the contour deformation after
(3.12), «' is bounded in 7°H{(My.) by f in 7¢H ™" (M,,) in the non-trapping
case, with the s¢ shift in the mildly trapping case. Then, in the nontrapping case,
the norm of f in T£H57k+1(]\_4 ) gives a bound for the norm of Mf on the line

Imo = —¢ in (|o|)~C—FDL2(R; Hy, "“)'H(X)); now the non-trapping bounds for

(Py —1Q,) "1 imply that (P, —1Q,) ' M is bounded in <|0\>*5L2(R;HaUD_l(X)),
and thus v/ is bounded in 7*H;(My,). One gets similar bounds for the a;,; indeed
only the norm of f in slightly less weighted spaces (i.e. with a weight ¢ < /)
corresponding to the location of the poles of (P, —1Q,)~! is needed to estimate
these. In the case of mild trapping, one needs stronger norms on f corresponding
to s in view of the bounds on (P, —12Q, )~ then.

One can iterate this to obtain a full expansion even when P —:Q is not dilation
invariant. Note that in most cases considered below, Lemma 3.1 suffices; the ex-
ception is if we allow general, non-stationary, b-perturbations of Kerr-de Sitter or
Minkowski metrics.

Proposition 3.5. Suppose (P —1Q)u = f, and the normal operator family N(P —
1Q) is of the form P, —1Q, satisfying the conditions of Sections 2 and>® 7, including
semiclassical non-trapping. Then for £ < B~ (min(s,r — 1) — |[{ — a| — (k — 1)/2),
¢ ¢ —Imo; + N for any j, u € 7°H] (M) supported near 0, (P —1Q)u = f,
fe T€H§7k+1(Moo), u has an asymptotic expansion

(3.13) U= ZZ Z 77 (log | 7)) + v’

K<mj;

with aj, € C*(X) and v’ € TeHmm(s b=l O‘]( w0 )s [£—a] being the integer part
of £ — a.

If instead N(P —1Q) is semiclassically mildly trapping of order > in a Cy-strip
then for £ < Co and f € T*HS™F (M) one has

(3.14) U—ZZ > ot log| ) aju + uf

K<mj;

with aj € C°(X) and v’ € TgHmm(” D=l=el iy ).
Iff=5%; Z’Km, 7% (log \T|)’“”"bj,.6 + f', with [’ in the spaces indicated above for

f, and b;,, € H°~ ’H’l(X), analogous results hold when the expansion of f is added

39See Remark 3.3.
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to the form of (3.13) and (3.14) in the sense of the extended union of index sets,
see [43, Section 5.18].

If o, (P—1Q) vanishes on the characteristic set of N(P—1Q) to infinite order in
Taylor series at T = 0, then there are no losses in the order of u’, i.e. one can replace
u € TZHEM(S’T_U_[Z_Q] (My) by u' € TeHE]m(S’T)(MOO), and ¢ < B~ (min(s,r —
)= |l—a|—(k—1)/2) by £ < B~ (min(s,r) — (k —1)/2), giving the same form as
in Lemma 3.1 apart from the presence of the a priori reqularity r.

Conversely, under the characteristic assumption in the previous paragraph, given
f in the indicated spaces, with f supported near T = 0, a solution u of (P —
1Qu = f + f4 of the form (3.10), resp. (3.11), f* € T”H§7k+1(1\_400), resp.
Hg_k+1+”(Moo), supported near T = 0, exists.

Again, the result is stable under sufficiently small perturbations, in the b-sense, of
P and Q, in the same sense, apart from dilation invariance, as stated in Lemma 3.1.

Remark 3.6. The losses in the regularity of u’ without further assumptions are
natural due to the lack of ellipticity. Specifically, if, for instance, u is conormal to
a hypersurface S transversal to X, as is the case in many interesting examples, the
orbits of the R*-action on M., must be tangent to S to avoid losses of regularity
in the Taylor series expansion.

In particular, there are no losses if (P —1Q) — N(P —1Q) € 7Difff (M),
rather than merely in 7Difff (M.,).

We only stated the converse result under the extra characteristic assumption to
avoid complications with the Sobolev orders. Global solvability depends on more
than the normal operator, which is why we do not state such a result here.

Proof. One proceeds as in Lemma 3.1, Mellin transforming the problem, but re-
placing P —1Q by N(P —1Q). Note that (P —1Q) — N(P —1Q) € 7Difff (M,.).
We treat
f=({(P—-1Q) - N(P—1Q))u
as part of the right hand side, subtracting it from f, so
NP —1Qu=f—f.

If u € T7H{ (M) is supported near 0, then f € 7*+1H/ "¥(M.,) (or, under the
characteristic assumption on P —1Q, f € 7*t HI7F*1(M,)), so Lemma 3.1 is
applicable with ¢ replaced by min(¢,a+1). If £ < a+ 1, we are done, otherwise we
repeat the argument. Indeed, we now know that u is given by an expansion giving
rise to poles of Mu in Imo > a+1 plus an element of T”‘“Hf)nin(s’r_l)(Moo), SO we
also have better information on f , namely it is also given by a partial expansion, plus
an element of T‘“‘QHénin(s’T*l)*k(]\Zfoo), or indeed T“+2H§1m(s’r)7k+1(]\7[oo) under
the characteristic assumption on P —2Q. Using the f with a partial expansion part
of Lemma 3.1 to absorb the @ terms, we can work with £ replaced by min(¢, a+2). It
is this step that starts generating the sum over [ in (3.13) and (3.14). The iteration
stops in a finite number of steps, completing the proof.

For the existence, define a zeroth approximation ug to u using N(P — Q) in
Lemma 3.1, and iterate away the error f = ((P —1Q) — N(P —1Q))ug — f in Taylor
series. (]

3.2. Lorentzian metrics. We now review common properties of Lorentzian b-
metrics g on M. Lorentzian b-metrics are symmetric non-degenerate bilinear forms
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on PT,, M, m € M, of signature (1,7 — 1), i.e. the maximal dimension of a subspace
on which g is positive definite is exactly 1, which depend smoothly on m. In other
words, they are symmetric sections of PT*M @ PT*M which are in addition non-
degenerate of Lorentzian signature. Usually it is more convenient to work with
the dual metric G, which is then a symmetric section of "T'M ® PT'M which is in
addition non-degenerate of Lorentzian signature.

By non-degeneracy there is a nowhere vanishing b-density associated to the met-
ric, |dg|, which in local coordinates (7,y) is given by /| det g|@ |dy|, and which
gives rise to a Hermitian (positive definite!) inner product on functions. There is
also a non-degenerate, but not positive definite, inner product on the fibers of the
b-form bundle, PAM, and thus, when combined with the aforementioned Hermitian
inner product on functions, an inner product on differential forms which is not pos-
itive definite only due to the lack of definiteness of the fiber inner product. Thus,
A* is defined, as a formal adjoint, for any differential operator A € Difff (M;PAM)
acting on sections of the b-form bundle, such as the exterior derivative, d. Thus, g
gives rise to the d’Alembertian,

O, = d*d + dd* € Difff (M; AM),
which preserves form degrees. The d’Alembertian on functions is also denoted by
Og. The principal symbol of [ is

O’b’g(Dg) =G.

As discussed above, the normal operator of (O, on M is N(O,) € Diffy, (M),
My = X x [0,00),. If M = M, (i.e. it is a product space to start with) and if
Oy already has this invariance property under a product decomposition, then the
normal operator can be identified with O, itself. Taking the Mellin transform in ,
we obtain a family of operators, P,, on X, depending analytically on o, the b-dual
variable of 7. For z € C not necessarily real the semiclassical principal symbol of
Py . = h?Pj,-1, is just the dual metric G on the complexified cotangent bundle
bLTE M, m = (z,7), evaluated on covectors @ + z “C, where o is in the (real)
span II of the ‘spatial variables’ 75 X; thus II and df are linearly independent.
Although for now we are interested in z real mostly, we consider z complex for the
next paragraphs since complex values of z motivate the choice of the function used
to divide up the characteristic set in (3.16). Thus, for z complex,

dr dr
(w+z—,m+2z2—)¢a
T T

d d dr d
(3.15) = (w+Rez—,w+Rez —)g — (Imz)(-, T
T T

T T
dr d
—|—211mz<w+Rez—T,—T>G.
T T

For Im z # 0, the vanishing of the imaginary part states that (w—+Re 2z df, d{)g =0;
the real part is the first two terms on the right hand side of (3.15).

Although we do not need it for our considerations in |Imo| < C, when working
with a larger half-plane it is very useful to assume, in view of (3.15), that % 18
time-like for G; see Section 7.

Furthermore, for z € C non-zero, motivated by (3.15), we consider the hyper-
surface (w + Re zdf, %)G = 0. The characteristic set of pj . cannot intersect this

hypersurface, for G is negative definite on covectors satisfying this equality, so if
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the intersection were non-empty, @ + Re zd{ would vanish there, as would Im z in
view of the second term of (3.15), which cannot happen for w € II since z # 0 by
assumption. Correspondingly, we can divide the semiclassical characteristic set in
two parts by

dr d
(3.16) Sha NT*X = {@w € S NT*X : +{w + Rez0, )6 > 0
T T

note that by the definiteness of the quadratic form on this hypersurface, in fact
this separation holds on the fiber-compactified bundle, T°X. In general, one of the
‘components’ ¥ + may be empty.

From now on in this Subsection, we take z real unless otherwise specified. More-
over, for m € M, and with IT denoting the ‘spatial’ hyperplane in the real cotangent
bundle, ®T7* M, the Lorentzian nature of G means that for z real and non-zero, the
intersection of IT + 9% with the zero-set of G in PT¥ M, i.e. the characteristic set,
has two components if G|r is Lorentzian, and one component if it is negative def-
inite (i.e. Riemannian, up to the sign). Further, in the second case, on the only
component (w + zd{, d{>g and (zdf, %)G have the same sign, so only Xj gen » can
enter the elliptic region.

We also need information about py . — ¢, -, i.e. when the complex absorption
has been added, with g . defined for z in an open set Q € C\ {0}. Since for the
semiclassical principal symbols only z real matters, here we need to choose gp . in
such a way as to ensure that for real z # 0, g5 . is real and Fqp . > 0 on X5 1 (as
well as an classical and semiclassical ellipticity condition in the region in which g,
is to provide absorption; we discuss this below (3.17) in terms of x > 0). In order
to arrange this, we take*?, with £, a first order symbol elliptic in the classical sense,
(3.17) qh,z = *sz<w+zd7’rad$>Ga z € R = f, is real,

x > 0, independent of z;

note that if in addition f, is bounded away from 0 when z is bounded away from 0
in R, then the above conditions for real z are then automatically satisfied in view
of (3.16). In addition, at points where x > 0, ps . —1qn,, does not vanish for z real,
since the imaginary part, g, is non-zero except when (w + zdf, d{)g =0, but in
that case the real part satisfies ps , < 0 by (3.16). Further, ps , —1qs, is elliptic in
the classical sense where x > 0 for the same reason.

Since (w + zdf, d{>g is holomorphic in z, we actually obtain a holomorphic
family of operators if we choose f, to be such.

In fact, typically pj, . itself is not globally defined, so we need to extend it beyond
the domain where it is defined. Typically one has a function g on X with du time-
like*! for p near p; € R, and Dh,> is given by a Lorentzian b-metric in p > pq,
but we need to extend pj . to g < pi. For this purpose, we first let H to be a

Riemannian metric on X, and then for some j > 1 integer we let
. N1/7
. 2
pre = (Il +27)

40For now z real being the only case, but in Section 7 z complex is allowed in the same
expression.

Hpig actually does not matter for the discussion below, but due to Subsection 3.3 it ensures
that the choice of the extension is irrelevant.
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thus the case of j = 1 actually corresponds to a Riemannian b-metric in which d{
and w € T} X are orthogonal, unlike in the case of G. Here we choose the branch
of the jth root function which is positive along the positive reals and has a branch
cut along the negative reals, and take as the domain of p5 . the values of @w and z
for which ||wHi§ + 2% lies outside the branch cut. Thus, the complement D; of the
rays z = re!™2F+1/(2)) | an integer, r > 0, is always in the domain of pj ., and
thus as j varies, these domains cover any compact set of C disjoint from 0. Now
let o > pg > p) > pa, and choose a partition of unity x1 + x2 = 1, x; > 0, with
supp x1 C (p}, +00), supp x2 C (—oo, ug). Further, with £ > 0 a constant to be
chosen, let x > 0 be identically F on [u}, 1] and supported in (p1, o), let

. N 1/25
fo= (I +24) ",

where again the branch cut for the 2jth root is along the negative reals, so pp . = f2.
In particular, note that Re f, > 0 with this choice, and even Re f2 > 0 if j > 2.
Now, let

(3.18) Dh,z = X1Ph,z — X2Dn,z

and let gp . be defined by (3.17). We already know from the discussion after (3.17)
that where x; = 1, Dn,. — tgs, . satisfies our requirements. We claim that where
either xo > 0 or x > 0, Px,. — 1qn,. is actually elliptic; where x2 = 0 but x >
0, this was checked above. Note that as ||w| 7z — oo and z in a compact set,
semiclassical ellipticity becomes a statement (namely, that of ellipticity) for the
standard principal symbol, p — 2q, which is easy to check as

B dr
p—1q = x1{w, @ — xollwl + i@l g (@, 7>,

homogeneous of degree 2 in w. Indeed, the imaginary part of p — 1¢ only vanishes
(for w # 0) when either x or (w, %) does. In the former case, y2 = 1 and x; = 0,
so p —1q < 0. In the latter case, (@, ™) is negative definite, so the real part does
not vanish as x1 + x2 = 1. Hence, for sufficiently large @, pn.. — 1qs,. is elliptic in

this region; we only need to consider whether it vanishes for finite w. Next, if z is
real, z # 0, then f, > 0,

. dr dr dr dr
(319)  Ph>—1gn- = x1(w@ + 2wt Z7>G —x2f2 +axfo(w + S 7),
so again the imaginary part only vanishes if either x or (w + zdf, %) does. In
the former case, xo = 1 and x; = 0 s0 pp. — 2gn,. < 0. In the latter case,

(w+ z%, w + zdf)g is negative definite, so the real part of ps . —1qs, . is negative.
Thus, if ¢ , is given by (3.17) and if we extend py, , to a new symbol, py, . across

a hypersurface, u = 1, in the manner (3.18), then with , x1 and x» as discussed

there, pp . — 1qn, . satisfies the requirements for pp . — 2qp ., and in addition it is

elliptic in the extended part of the domain. We usually write ps , — g5 . for this

extension. Thus, these properties need not be checked individually in specific cases.
We remark that f, as above arises from the standard quantization F, of

. X N 1/25
(Il + 0% +c2)

for C' > 0 arbitrarily chosen; the large-parameter rescaling hFj-:, of this has
the semiclassical principal symbol f,. Then for the induced operators P, — 1Q,,
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the operators are holomorphic in the domain ;¢ given with C with the half-
lines " (k+1)/(2)[C| +00), k an integer, removed, and thus as j and C vary, these
domains cover C, and they all include strips |Imo| < C’ for sufficiently small
C’" > 0.

It is useful to note the following explicit calculation regarding the time-like char-
acter of df if we are given a Lorentzian b-metric g that, with respect to some local
boundary defining function 7 and local product decomposition U x [0,8)z of M
near U C X open, is of the form G = (79:)2 — G on U x [0,6)z, G a Riemannian
metric on U. In this case, if we define 7 = 7e?, ¢ a function on X, so d{ = g +do,

then o

(6 =L D)~ (db,db)e = 1 — {d6 do) .

T T 7T

S0 d{ is time-like if |d¢|s < 1. Note that the effect of such a coordinate change on
the Mellin transform of the normal operator of O, is conjugation by e~**? since
T e'??. Such a coordinate change is useful when G has a product structure
on U x [0,0)7, but 7 is only a local boundary defining function on U x [0,0)7 (the
product structure might not extend smoothly beyond U), in which case it is useful
to see if one can conserve the time-like nature of % for a global boundary defining
function. This is directly relevant for the study of conformally compact spaces in

Subsection 4.9.

— T—w’

3.3. Wave equation localization. In this section we recall energy estimates and
their consequences when P, € Difo(X ) is the wave operator to leading order in
a region O C X, i.e. when for a Lorentzian metric h on O, P, — O, € Diff*(0),
and indeed when an analogous statement holds in the ‘large parameter’ sense as
well, with the latter naturally arising by Mellin transforming b-wave equations.
These results are not needed for the Fredholm properties, but are very useful in
describing the asymptotics of the solutions of the wave equation on Kerr-de Sitter
space as they show that certain terms arising from cutoffs do not affect the solution
in the region of interest. These are also useful for giving an alternative explanation
why the choice of the extension of the modified Laplacian across the boundary is
unimportant on an (asymptotically) hyperbolic space. In this whole subsection we
assume |Imo| < Cy in our uniform estimates, i.e. we only work in strips in C.

So assume that one is also given a function t : O — (to,t;) with dt time-like
and with t proper on O. Then one has the standard energy estimate; see e.g. [51,
Section 2.8] for a version of these estimates (in a slightly different setup):

Proposition 3.7. Assume to < To < T} < Ty <. Then

lull a2 e g,y < C (lull g e oo,z + 1 Poull L2 mo,my)) -

Before proceeding, we recall here Remark 2.2: the error terms in our estimates
in Section 2 can be localized in the base space X when one use sufficiently localized
pseudodifferential operators, i.e. one does not need the global space H~V in the
errors. This will be useful for us below in using the basic energy estimate to control
such errors.

For us, even more important is a semiclassical version of Proposition 3.7. The
setup is more conveniently formulated in the large parameter setting, where the
large parameter is interpreted as the dual variable of an extra variable of which the
operator is independent. So with O as above, consider the family P, € Diffz(O)
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with large parameter dependence, and assume that the large parameter principal
symbol of P,, py, is the dual metric function G on T*O x PT*Ry of an R*-invariant
(acting as dilations in the second factor on O x R™) Lorentzian b-metric g, where
o is the b-dual variable*? on PT*R+. Suppose moreover that, as above, we are also
given a function t: O — (to, t;) with dt time-like and with t proper on O. Then

Proposition 3.8. Assume to < Ty < T) < Ty < t1. Then, with Py, = h®>Pj,-1,,

el ooy < € (lelligesqrogy + 0 1Ps ull sy

We remark that Proposition 3.7 implies the corresponding estimate for o finite
(with the standard proof giving uniform dependence on ¢ in compact sets), so we
may assume h < 1, i.e. |o| > 1, here without losing control in a bounded set of o.

Proof. We start by remarking that the L? norm on the right hand side is just the
H} norm, so this is a non-microlocal real principal type estimate except that there
is no error term hHu||H;N(t,1([TO7T1D) norm inside the parentheses on the right hand
side (cf. the displayed equation in Footnote 32), and except that one would usually

expect that both A=t Py sull 2(i—1 (1, 1y])) and hHu||H;N(t_1([TO7T1])) should in fact
be taken on a larger set, such as t~!([Ty, T}]), T{ > T1. The point is thus to gain
these improvements; this is done by a version of the classical energy estimates. We
note that of these observations the only truly important part is the absence of a
term hHu||H;N(t,1([TO7T1,])), which is thus on a larger set — this would prevent the
argument leading to Proposition 3.9 below.

The following is essentially the standard proof of energy estimates, see e.g. [51,
Section 2.8], but in a different context. Here we phrase it as done in [56, Sections 3
and 4]. So consider V, = —1Z,, Z, = x(t)W,, and let W, be given by W = G(dt, .)
considered as a first order differential operator on O. That is, on O x R*, G(dt, .)
gives a vector field of the form W = W' + a70,, with W’ a vector field on O and
a a function on O (both independent of 7), and via the Mellin transform one can
consider W as W, = W' +1a0, a o-dependent first order differential operator on O,
with standard large-parameter dependence. Let [0 be the d’Alembertian of g, and
let O, be its Mellin conjugate, so P, — [, is first order, even in the large parameter
sense, on . As usual in energy estimates, we want to consider the ‘commutator’

(3'20) _Z(VU*DU - (DU)*VU)'

While this can easily be computed directly, in order to connect it to the wave
equation, we first recall the computation of —2(V*O—0OV) on O x R* with adjoints
taken using the Lorentzian density (so O is formally self-adjoint), rephrase this in
terms of Diff},(O x [0,00)); note that O,V € Diff,(O x [0,00)) so

—(V*O - 0OV) € Difff (O x [0, 00)).

Since all operators here are R*-invariant, the b-expressions are mostly a matter of
notation. We then Mellin transform to compute®® (3.20).

42We could also work with T*R and standard dual variables via a logarithmic change of
variables, changing dilations to translations, but in view of the previous section, the b-setup is
particularly convenient.

43Operating with —log7 in place of 7 one would have translation invariance, no changes
required into the b-notation, and one would use the Fourier transform.
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Then, the usual computation, see [56, Section 3] for it written down in this form,

using the standard summation convention, yields
(3.21) —(V*O-0V) =d*Cd, ¢/ = giyBY
' B = —J 'O (JZ*GY) + G*(8,27) + GIF (0, ZY),

where C7 are the matrix entries of C' relative to the basis {dz¢} of the fibers of the
cotangent bundle (rather than the b-cotangent bundle), z; = y, for £ < n — 1, the
ye local coordinates on a chart in O, 2z, = 7. Expanding B using Z = xW, and
separating the terms with x derivatives, gives

BY = G*(0,27) + GI*(0p.2°) — T oR(J Z*GY)
(3.22) = (Ox) (G*W7 + GI*W' — GTWF)
+ X (G* (W) + GTF (O W) = T Ok (JWHGY)).
Multiplying the first term on the right hand side by «; @; (and summing over 1, j;
here o € C* ~ CT; (O x RT), ¢ € O x RY) gives

(3.23)
Ew.ay (@) = (Opx)(G*WI 4+ GI*W' — GIWH) e @

= (a,dx)c a(W) + (W) (dx, a)c — dx(W)(a, a)e = X'(t) Ew,at,
Ewat = (o, dt) g (W) + a(W) (dt, o) — dt(W)(e, @)

Now, Ew,q¢ is twice the sesquilinear stress-energy tensor associated to a,, W and dt.
This is well-known to be positive definite in «, i.e. Eyy gy (c) > 0, with vanishing if
and only if @ = 0, when W and dt are both forward time-like for smooth Lorentz
metrics, see e.g. [51, Section 2.7] or [32, Lemma 24.1.2]; (7.10) below provides the
computation when « is real.

We change to a local basis of the b-cotangent bundle and use the b-differential
bd = (dx,70,) and the local basis {dyi,...,dy, 1, dT—"} of the fibers of the b-

cotangent bundle, éj =6;0;, 6; =1 for j <n—1,d, =7, for the local basis of the
fibers of the b-tangent bundle, write G%, j;; for the corresponding metric entries,
Z' for the vector field components. This yields

(3.24)
—(V*O-0V) = d* CPd, ¢9 = §;yBY
B9 = —J 760707 0k (0,25 6:6,G ) + G (67 0k0; 27) + GIR (87 00,21
While the d-factors may have non-vanishing derivatives in the above expression for
B, if these are differentiated, x in Z? = xW? is not, so we conclude that
B =(5k><) (Giij + GIkT — GvijWk)
+ X (G671 0k, W) + GIR6H (Opd: W)
— T 1010 O (666, WRGH)),
and so
C=xA+ xR,
with A positive definite, Le. fixing any positive definite R*-invariant inner product
g on PT*(O x [0,00)), (Ca, )y > clal?, a € EbT*(O x [0,00)). Notice that the
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inner product on the left hand side is with respect to g, and is thus not positive
definite. It is thus useful to rewrite

bqr CPd ="1d; CPd, C = x'A+ xR,

where the subscript denotes the inner product with respect to which the adjoint is
R S

taken. Below it is convenient to take g to be of product form, so g = dT% +h, ha

Riemannian metric on . Further, the RT-invariant b-density |dg| can be written

. ld7]

as w, where w is a smooth density on O; we may choose h so that w is the

volume density of h.

Then for any dilation invariant L € Difff(O x [0,00)), we can write L =
S oci La(TD2)®, Lo € Diff*=%(0) lifted via the product structure and then
L(’;gi: >a(La); (rD7)®, where the subscript under the adjoint sign denotes the
density with respect to which it is taken. This gives under the Mellin transform

Lo =3, Lao®, (L},)e =3, (La)jo®, s0

(Lo); = D (La);7" = (Liy)z-
In particular, if Lj, = L then (L,); = Lz, so Ly is formally self-adjoint with
respect to h when o is real, and in general then (Lo); — Lo = (Im o)Ly, where L,
is a large parameter differential operator of order k —1 (which is not holomorphic in
o). The analogous computations also work on cotangent bundle valued differential
operators if the adjoint is taken with respect to g, so for instance it works for
bd;de above.
The Mellin transformed version of (3.24) finally computes (3.20); it reads as

(3.25) —(V)eOo = OsV,) = (d})oCdy, C =X'A+ xR

where d, = (dx,10), with the last component being multiplication by 20, while
(d3)o = (dz)} is the transpose of (d}”—l, —10), and A is positive definite. In particu-
lar, (O,)* — O, = Oz —0O,, which in the strip |Im o| < Cp is first order in the large
parameter sense, i.e. is of the form S + oT" +7T", S € Diff'(0), T',T" € C>(0)
dependent on ¢ only via the bounded quantity Im o (i.e. are uniformly controlled).

Correspondingly, dropping the subscripts on adjoints,
(3.26)

—U((V*)o P — (P5)"V5)

== (V")ode — 05 Vo) —t(V*)o(Pyr — Op) +2(Py — O5)*V, +2((0,)* — 0,) Ve

= (dy)*Cdy + Exdy + (dy)" X E",
where E = (Ex, E'), Ex € C®(0;TX), E' € C*(0), and

G = A+ \E,

since the contribution of P, — [0, and Oz — [, to second order terms in the large
parameter sense is only via terms not differentiated in y, and Where we absorbed
(ds)* — (d*), arising from the right hand side of (3.25) in the E term. A standard
argument, given below, making x’ large relative to x, completes the proof.

Indeed, let xo(s) = e~'/* for s > 0, xo(s) = 0 for s <0, x; € C>®°(R) identically
1 on [1,00), vanishing on (—o0,0], Thus, s®x{(s) = xo(s) for s € R. Now let
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FIGURE 3. The graph of the function x used below.

T| € (T1,t1), and consider (see Figure 3)
x(s) = xo(=F (s = T))x1((s — To)/(Tg — Tv))-

Then

e supp x C [To, T7],

o se[I}, T =X = —F 'xp(~F (s = T7)),
SO

s€ 15, T = x = —F (s = T1)*X,
so for F > 0 sufficiently large, this is bounded by a small multiple of x’, namely
(3.27) s € [Ty, T{] = x < =, v = (T1 = Ty)*r .
In particular, for sufficiently large F,
—(X A+ xRY) > —xox14/2

on [T}, T{]. Thus,

* Y 1 A
(dgCdgu,u) > —§<X6X1Adauadau> — C'lldoullZ2 (-1 (17,1

So for some ¢ > 0, by (3.26),
(3.28)

coll(—x6)/*x1 2 doul]? < _%<x6xlz‘~1dau7dw>
< ClHdcru||2L2(rl([T0,Té])) + C’||X1/2P0UH||X1/2daU|| + Cl\|X1/2u||||Xl/2dau||
< C/HdUUHQL?(t—l([To,Té])) + C/||X1/2PGUH2 + 20/7|\(*X6)1/2X1dau||2
+C"lo| [ (=x0) P xadoul %,

where we used ||x/?u|| < |o|~Y|x*/?dou| (which holds in view of the last com-
ponent of d,). Thus, choosing first F > 0 sufficiently large (thus v > 0 is suf-
ficiently small), and then |o| sufficiently large, the last two terms on the right
hand side can be absorbed into the left hand side. Rewriting in the semiclassical
notation gives the desired result, except that || P ,ul| L2 (-1 ([To.T1]))) 18 Teplaced by
[ Pr,zull 2 (-1 (1 7)) (OF ‘|X1/2Ph7zu”L?L(t—l([ToyTl/]))). This however is easily reme-
died by replacing x by

X(s) = H(T1 — s)xo(—F "' (s = T))x1((s = To) /(Tg — Tv)),
where H is the Heaviside step function (the characteristic function of [0,00)) so
supp x C [Tp,T1]. Now x is not smooth, but either approximating H by smooth
bump functions and taking a limit, or indeed directly performing the calculation,
integrating on the domain with boundary t < T}, the contribution of the derivative
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of H to ¥’ is a delta distribution at t = T3, corresponding to a boundary term on
the domain, which has the same sign as the derivative of x¢. Thus, with Sz, the
hypersurface {t = 71}, (3.28) holds in the form

COHdau||%2(rl([T(;,T1])) + CO||doUH%2(sT1)
< C'ldoul| 22 =1 (1, myy) + ClIX 2 Poul® + 2C" 4[| (—=x0) 2 xa Hdu|?
+ C'y ol M (=x0) 2 xa Hdoul .

Now one can simply drop the second term from the left hand side and proceed as
above; the semiclassical rewriting now proves the claimed result. (I

Suppose now that t is a globally defined function on X, with t|o having the
properties discussed above, and such that py . is semiclassically non-trapping, resp.
mildly trapping, in t~1((—oo, T1]), in the sense that in Definitions 2.12, resp. Defini-
tion 2.16, ell(gp, ) is replaced by Tf:TlX (and X itself is replaced by t~1((—o0, T1])).
Proposition 3.8 can be used to show directly that when Re o is large, o is in a strip,
if supp Pyu C t~ ([T, +o0)), then suppu C t1([T1, +00)). Indeed, by the discus-
sion preceding Theorem 2.14, if P, is semiclassically non-trapping, we have, with
Ty < T} < T, and suitably large s (which we may take to satisfy s > 1),

-1
el g (e (=00, 7)) < C(h HPh’Zu”H;_l(t—l(7oo,T6’}) + h”uHH;N(t*I(foo,Té’)))'
If instead P, — 1@, is mildly trapping of order s then
lull s (-1 (—oomy)y < C(h7%71||Ph72u||H;;*1(t*l(_o@Té’]) + h||UHH;N(t—1(_OO7T5/)))~
Using this in combination with Proposition 3.8 yields

lull rg (1 (—oo,m)) < C (B HIPhzull =1 (=1 (—ooryy + 2l gy (1 (oo ) -

Now, for sufficiently small h, the second term on the right hand side can be absorbed
into the left hand side to yield

(329) ”uHH}l(t*l(—oo,Tl]) < Chi%il||Ph,zUHH§*1(tfl(,ooyTl])-

This shows that for h sufficiently small, i.e. Re o sufficiently large, the vanishing of
P,u in {t < Ty} gives that of u in the same region.

Turning to the operator P, —1Q,, assuming that 2, the domain of definition of
Q., includes the set C_ < Imo < C4 (with Cy > C_) for | Re o sufficiently large,
as is the case for all the operators considered in Subsection 3.2, we thus conclude:

Proposition 3.9. Suppose O, t, P, are as discussed before the statement of Propo-
sition 3.8, with t globally defined on X, and P,, Q, as in Theorem 2.14 or as in
Theorem 2.17, with domain satisfying the asymptotic strip condition as stated be-
fore the proposition. Suppose also that p . is semiclassically mildly trapping in
t1((—00,Ty]) in the sense discussed above. Finally, suppose that the Schwartz
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kernel of Q. is supported in t~1((Ty, +00)) x t (T, +00)). Then**
supp f C t71([T1, +00)) = supp(Pr —1Qq) " f €t ([T, +00)),
suppg C t~1((—o0, T1]) = supp(P; +1Q%) " tg C t71((—o0, T}]).

Proof. Note that u = (P, —1Q,) "1 f satisfies (P, —1Q,)u = f, so in view of the
support condition on Q,, supp P,u C t~ ([T, +00)). For o € Q in the strip C_ <
Imo < Cy and with |Reo| sufficiently large, the proposition then follows from
(3.29). Thus, with 1 supported in t~!((—o00,T1)), ¢ supported in t~1((T1, +00)),
and o in this region, ¥ (P, —1Q4) ¢ = 0. By the meromorphy of ¥(P, —1Q,)*¢,
(P, —1Q,) 1 = 0 follows for all ¢ € Q. This also gives ¢(P; +1Q%) "t =0. O

One reason this proposition is convenient is that it shows that for ¢) supported
in t71((—o0,T1)), ¥(P, —1Q,)~ " is independent of the choice of Q, (satisfying
the general conditions); analogous results hold for modifying P, in t~((T}, +00)).
Indeed, let Q! be another operator satisfying conditions analogous to those on
Qo for o in some open set Q' C C (including the assumption of asymptotically,
as |Reo| — oo, containing a strip C_ < Imo < C,), and let (X')* C H® be the
corresponding function space in place of X'* (note that Y* = H*~! is independent of
Q. ); thus (Py —1Qy) "1 : Y* — X% and (P, —1Q")~*Y* — (X’)® are meromorphic
on 2N Q. Then for ¢ € QN which is not a pole of either (P, —1Q,)~! or
(P, —1Q")~t, and for f € Y%, let u = (P, —1Qy) 1 f, v = (P, —1Q,)~1f. Then
(P, —1Q,)v = f+1(Q, — Q))uw’ € H*2 and thus, provided s —1 > 1/2 — Imo
(rather than this inequality holding merely for s),

U/ = (Pa - ZQJ)_lf + (Po - ZQU)_IZ(QU - Q;)ula
SO
’(/}(Pa - 1Q;)_1f = 1/J(Pa - ZQU)_lf

since ¥(Py —1Qs) 2(Qs — Q) = 0 in view of the support properties of @, and
Q!.. In particular, one may drop the particular choice of Q, from the notation; note
also that this also establishes the equality for s > 1/2 — BIm o since (P, —1Q,) "
is independent of s in this range in the sense of Remark 2.9. This is particularly
helpful if for o in various open subsets §2; of C we construct different operators

f,j ); if for instance for each Q;, (Py — zQ,(,j ))_1 is meromorphic, resp. holomorphic,
the same follows for the single operator family (independent of j) ¥(P, —1Q,)*
where we now we write @, for any of the valid choices (i.e. Q, = ng ) for any one
of the j’s such that o € ©;). We then have the following extension of Lemma 3.1.

Corollary 3.10. Suppose P is invariant under dilations in T for functions sup-
ported near T = 0, and the normal operator family N(P) is of the form P, satisfying

441 particular, this shows that the support of the Schwartz kernel of the inverse, with the
first (left) factor giving the ‘outgoing’ and the second (right) factor the ‘incoming’ (i.e. the one in
which the integral is taken) variables, satisfies

supp K (p__,0,)-1 C(X x 71 ((—o0, t0])) U (¢ ([t1, +00)) x X)
U (t X t)_l{({/,t//) c (thtl)Q . t/ Z t”};
for K(px4,q=)-1 the two factors are reversed. This also gives that the Laurent coefficients have
similar support properties at any pole. In summary, there is a ‘block lower triangular’ structure

(with the first variable being on the vertical axis, increasing downwards, as in matrix notation)
to supp K(PO__ZQU_)—l, with the middle piece, (to,t1)2, itself being lower triangular.
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the conditions®® of Sections 2 and 7, and such that there are is an open cover of
C by sets Q;, and for each j there is an operator Q,(,J) satisfying the conditions of
Section 2, including semiclassical non-trapping. Let t be as in Proposition 3.9,
supported in t~1((—o0,T})), identically 1 ont < TY. Let o; be the poles of the mero-
morphic family*® (P, —1Q,)~t. Then for { < 371 (s—(k—1)/2), £ # —Ima; for
any j, Pu= f in t < Ty, u tempered, supported near T =0, f € TZHS_IH_I(MOO),
int < Ty, u has an asymptotic expansion

(3.30) u= Z Z 7% (log |7|)"a;, + v’
J RSmy
with aj, € C*°(X) and v’ € T°H(My).
If instead the family Py —1Qo is semiclassically mildly trapping of order s in a
Co-strip then for £ < Cy and f € TéHg_k"’H%(MOO) one has, in t < Tj,

(3.31) u= Z Z 7% (log |7|)*a;, + u’
Jj k<mj
with aj, € C*°(X) and v’ € T°HE(My).

Conversely, given f in the indicated spaces, with f supported near T = 0, a
solution u of Pu = f of the form (3.30), resp. (3.31), supported near T = 0 exists
int<Ty.

In either case, the coefficients a;,., are given by the Laurent coefficients of (P —
1Q)71 at the poles oj applied to f, with simple poles corresponding to m; = 0.

Iff=>; anm; 7% (log |7|)"bj. + f', with f" in the spaces indicated above for
f, and b, € H*=**1(X), analogous results hold when the expansion of f is added
to the form of (3.30) and (3.31), in the sense of the extended union of index sets,
see [43, Section 5.18].

Further, the result is stable under sufficiently small dilation-invariant perturba-
tions in the b-sense, i.e. if P’ is sufficiently close to P in WF (M) with real principal
symbol, then there is a similar expansion for solutions of P'u = f int < Tj.

For P* in place of P, analogous results apply, but we need £ < —B~1(s — (k —
1)/2), and the aj. are not smooth, but have wave front set in the Lagrangians A+ .

Remark 3.11. Proposition 3.5 has an analogous extension, but we do not state it
here explicitly.

Further, estimates analogous to Remark 3.4 are applicable, with the norms of
restrictions to t < T} bounded in terms of the norms of restrictions to t < 7.

Proof. We follow the proof of Lemma 3.1 closely. Again, we first consider the
expansion, and let a, 7 € R be such that u € 7*HJ (M) and ¥ (P, —1Q,) ™! has'”
no poles on Imo = —a. These «,r exist due to the vanishing of u for 7 > 1
and the absence of poles of ¥(P, — ZQ((TJ))_l for Reo large, o in a strip; then also
u€ (1 +7)"NH] (M) for all N. The Mellin transform of the PDE, a priori on
Imo = —q, is P, Mu = Mf, and thus (P, —1Q,)Mu = f —1Q, Mu. Thus,

(3.32) Mu = (P, —1Q,) *Mf — (P, —1Q,) 11Q, Mu

45Again, as discussed in Remark 7.4, the large Im o assumptions only affect the existence part
below, and do so relatively mildly.

46 A5 remarked above, these are independent of the choice of j for o € C as long as o € ;.

4TRecall that this operator, when considered as a product, refers to Y(Py — Zng))717 with j
appropriately chosen.
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there. Restricting to t < 77, the last term vanishes by Proposition 3.9, so
Mulicqr = (Py —1Q0) "M flicry

If f e T€H§7k+1(1\7./00), then shifting the contour of integration to Imo = —/¢,
we obtain contributions from the poles of (P, —1Q,)~!, giving the expansion in
(3.30) and (3.31) by Cauchy’s theorem. The error term u' is what one obtains by
integrating along the new contour in view of the high energy bounds on (P, —1Q,)*
(which differ as one changes one’s assumption from non-trapping to mild trapping),
and the assumptions on f.

Conversely, to obtain existence, let o < min(¢,—supImo;) and define u €
TOH (M) by

Mu = (P, —1Q,) ' Mf,

using the inverse Mellin transform with Imo = —«. Then
P, Mu=Mf+1Q, Mu,

and so P, Muli«r, = Mflict,. Thus, the expansion follows by the first part of
the argument. The support property of u follows from Paley-Wiener, taking into
account holomorphy in Imo > —a, and the estimates on M f and ¥(P, —1Q,) "
there.

Finally, stability under perturbations follows for the same reasons as those stated
in Lemma 3.1 once one remarks that the QSJ ) used for P can actually be used for
P’ as well provided these two are sufficiently close, since the relationship between
P, and Q((TJ ) is via ellipticity considerations, and these are preserved under small
perturbations of P,. O

4. DE SITTER SPACE AND CONFORMALLY COMPACT SPACES

In this section we show how de Sitter space and conformally compact spaces fit
into the general framework we have developed. We start by describing de Sitter
space and hyperbolic space from this perspective, then in Subsection 4.8 we discuss
more general operators, and then in Subsection 4.9 we show that even asymptoti-
cally hyperbolic spaces indeed fit into this framework, and we state our results in
this setting.

4.1. De Sitter space as a symmetric space. Rather than starting with the

static picture of de Sitter space, we consider it as a Lorentzian symmetric space. We

follow the treatment of [53] and [40]. De Sitter space M is given by the hyperboloid
2+ +22 =22, +1inR"!

equipped with the pull-back g of the Minkowski metric

dzi_‘_lfdsz...—dz2

n*

Introducing polar coordinates (R, ) in (z1,...,2,), SO

R= \/zf—l——i—z% = \/l—i—szrl7 =R z1,...,2,) €S"L F =241,
the hyperboloid can be identified with Rz x ngl with the Lorentzian metric

d7’

Foy — (7% +1)de?,

g:
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1

)

where df? is the standard Riemannian metric on the sphere. For 7 > 1, set z = 7~
so the metric becomes

(1+2?) " da? — (1 + 2?) do?
x2 ’

An analogous formula holds for 7 < —1, so compactifying the real line to an interval
[0,1]p, with T =2 = 7! for z < 1 (ie. 7 > 4), say, and T =1 — |F|7}, 7 < —4,
gives a compactification, M, of de Sitter space on which the metric is conformal to
a non-degenerate Lorentz metric. There is natural generalization, to asymptotically
de Sitter-like spaces M, which are diffeomorphic to compactifications 0,1]7 x Y
of Rz x Y, where Y is a compact manifold without boundary, and M is equipped
with a Lorentz metric on its interior which is conformal to a Lorentz metric smooth
up to the boundary. These space-times are Lorentzian analogues of the much-
studied conformally compact (Riemannian) spaces. On this class of space-times
the solutions of the Klein-Gordon equation were analyzed by Vasy in [53], and were
shown to have simple asymptotics analogous to those for generalized eigenfunctions
on conformally compact manifolds.

Theorem. (53, Theorem 1.1.]) Set s (X) = 2514,/ @12 X 1 (\)—s_()) ¢
N, any solution u of the Cauchy problem for O — A, with C*° initial data imposed
at 7 =0, is of the form™®

uw=az+My, +25-Noy_ | vy e C(M).

If s (\) —s—_(A) is an integer, the same conclusion holds if v— € C>°(M) is replaced
by v_ = C®(M) 4 z5+ N =5-N log 2 C>(M).

T=0 ~— .

4+ ff,
N7 =0 :
T=1

N~

q_

FIGURE 4. On the left, the compactification of de Sitter space with
the backward light cone from ¢ = (1,0,0,0) and forward light
cone from g_ = (—1,0,0,0) are shown. 4, resp. Q_, denotes the
intersection of these light cones with 7 > 0, resp. 7 < 0. On the
right, the blow up of de Sitter space at ¢4 is shown. The interior
of the light cone inside the front face ff,, can be identified with
the spatial part of the static model of de Sitter space. The spatial
and temporal coordinate lines for the static model are also shown.

4BHere the asymptotic behavior as £ — 0 is the interesting statement.
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One important feature of asymptotically de Sitter spaces is the following: a
conformal factor, such as =2 above, does not change the image of null-geodesics,
only reparameterizes them. More precisely, recall that null-geodesics are merely
projections to M of null-bicharacteristics of the metric function in 7*M. Since
p — H,, is a derivation, ap — aH, +pH,, which is aH, on the characteristic set of p.
Thus, the null-geodesics of de Sitter space are the same (up to reparameterization)
as those of the metric

(1+2%)"tde? — (1 + 2?) db*

which is smooth on the compact space M.

4.2. The static model of a part of de Sitter space. The simple structure of de
Sitter metric (and to some extent of the asymptotically de Sitter-like metrics) can
be hidden by blowing up certain submanifolds of the boundary of M. In particular,
the static model of de Sitter space arises by singling out a point on Sgil, e.g.
qo = (1,0,...,0) € S*~! C R™. Note that (fs,...,0,) € R"! are local coordinates
on S”! near qy. Now consider the intersection of the backward light cone from gq
considered as a point g4 at future infinity, i.e. where T' = 0, and the forward light
cone from ¢y considered as a point g_ at past infinity, i.e. where T = 1. These
intersect the equator T = 1/2 (here 7 = 0) in the same set, and together form a
‘diamond’, 2, with a conic singularity at ¢4 and g_. Explicitly Qs given by the two
inequalities 22 + ...+ 22 < 1, z; > 0, inside the hyperboloid. If q,, ¢_ are blown
up, as well as the corner o0 N {7 = 0}, i.e. where the light cones intersect 7 = 0
in 2, we obtain a manifold M, which can be blown down to (i.e. is a blow up of)
the space-time product [0,1] x B"~!, with B"~! = {Z e R"~!: |Z| < 1} on which
the Lorentz metric has a time-translation invariant warped product form. Namely,
first considering the interior Q of  we introduce the global (in ) standard static
coordinates (%, Z), given by (with the expressions involving x valid near T = 0)

B"1° 37 = (29,...,20) =2 1+ 22(6s,...,0,),
sinhf = ——"L — (2% — (1+2%)(63 + ... +62)) /2,
2 L2
21 T Zp41

It is convenient to rewrite these as well in terms of polar coordinates in Z (valid
away from Z = 0):

7’:\/z§+...+z?l:\/1+Z%+1fz%:x71\/1+x2\/9%+...+072”

sinhf = —— = (0% — (14+2%) (63 +... +02)) /2 =27 (1 = )72,
7 =z

W= Zaye 20) = (034 ...+ 62)2(0,,...,0,) €S2,

In these coordinates the metric becomes
(4.1) (1 —rH)dt? — (1 —r?)"tdr? — r? dw?,
which is a special case of the de Sitter-Schwarzschild metrics with vanishing mass,

M =0, and cosmological constant A = 3, see Section 6. Correspondingly, the dual
metric is

(4.2) (1=r*)7102 — (1 = 1%)92 — r—202.



56 ANDRAS VASY

We also rewrite this in terms of coordinates valid at the origin, namely Y = rw:
n—1 n—1

(4.3) A=Y o2+ (O Y0v,)* =D 0%
j=1 j=1

4.3. Blow-up of the static model. We have already seen that de Sitter space
has a smooth conformal compactification; the singularities in the metric of the form
(4.1) at » = 1 must thus be artificial. On the other hand, the metric is already
well-behaved for < 1 bounded away from 1, so we want the coordinate change to
be smooth there — this means smoothness in valid coordinates (Y above) at the
origin as well. This singularity can be removed by a blow-up on an appropriate
compactification. We phrase this at first in a way that is closely related to our
treatment of Kerr-de Sitter space, and the Kerr-star-type coordinates used there,
see (6.4)-(6.5). So let

- 1
t=1t+ h(r), h(r)zilog,u7 p=1-—r2

Note that h is smooth at the origin. A key feature of this change of coordinates is

1 1
Wr)=—"=—=4 ",
o w147

which is —u~! near » = 1 modulo terms smooth at r = 1. Other coordinate changes
with this property would also work. Let
-t
— et €
T=e¢ = PRER

Thus, if we compactify static space-time as B? ! x [0, 1], with T = et for say
t > 4, then this procedure amounts to blowing up the corner T = 0, u = 0
parabolically*®. Then the dual metric becomes

—pud? — 210,70, + 720% — 1202,
or
(4.4) 4?0 + 4r*70:0, + 7707 — 1202,
which is a non-degenerate Lorentzian b-metric®® on R?>! x [0,1),, i.e. it extends
r

smoothly and non-degenerately across the ‘event horizon’, r = 1. Note that in
coordinates valid near r = 0 this becomes

O Yi0v,)? =200 Yidy)m0, + 7702 =Y 0% = (10 — Y _Y;0v,)* = > 05
J J J J J

In slightly different notation, this agrees with the symbol of [53, Equation (7.3)].

We could have used other equivalent local coordinates; for instance replaced e~
by (sinh£)~!, in which case the coordinates (r,7,w) we obtained are replaced by

(4.5) r, p=(sinhf)™1/(1 = r)Y2 =z, w.

As expected, in these coordinates the metric would still be a smooth and non-
degenerate b-metric. These coordinates also show that Kerr-star-type coordinates

A91f we used 7 = e=2¢ and T = 6725, everything would go through, except there would be many
additional factors of 2; then the blow-up would be homogeneous, i.e. spherical. See Footnote 14
for a description of spherical blow-ups. See [43] for parabolic blow-ups.

505ee Section 3 for a quick introduction to b-geometry and further references.
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are smooth in the interior of the front face on the blow-up of our conformal com-
pactification of de Sitter space at ¢;.°! In summary we have reproved (modulo a
few details):

Lemma 4.1. (See [40, Lemma 2.1] for a complete version.) The lift of Q to the
blow up [M;q+,q,] is a C* manifold with corners, Q. Moreover, near the front
faces ff,, , i.e. away from 7 =0, Q is naturally diffeomorphic to a neighborhood of
the temporal faces tf4 in the C*° manifold with corners obtained from [0,1]7 x B"~1
by blowing up the corners {0} x OB"~! and {1} x OB"~! in the parabolic manner
indicated in (4.5); here tf1 are the lifts of {0} x OB" "1 and {1} x 9B" 1.

It is worthwhile comparing the de Sitter space wave asymptotics of [53],
(4.6)  w=2a""tvy +v_, vy € CO(M), v_ € C®(M)+ z" (logz)C>®(M),

with our main result, Theorem 1.4. The fact that the coefficients in the de Sitter
expansion are C*° on M means that on M, the leading terms are constant. Thus,
(4.6) implies (and is much stronger than) the statement that u decays to a constant

on M at an exponential rate.

4.4. D’Alembertian and its Mellin transform. Consider the d’Alembertian,
g, whose principal symbol, including S}lbprincipal terms, is given by the metric
function. Thus, writing b-covectors on [M; g, g—| near the interior of the front face
(away from r = 0, to be precise), where p,w, 7 are coordinates with 7 = 0 being
the boundary, i.e. 7 the defining function of the front face, as

d
§du+o 77 + 1 dw,
we have, by (4.4),
(4.7) G = op2(0) = —4r?pu&® + 4r’cé + o° —r2n|?,

with |n|? denoting the dual metric function on the sphere. Note that there is a polar
coordinate singularity at » = 0; this is resolved by using actually valid coordinates
Y = rw on R"~! near the origin; writing b-covectors as

d
oy cay,
T

we have

G=o0pa(0) = (V-0 —2(Y - Qo+ 0" — [P = (Y -C— ) = [¢7,
(48) Y=Y v -¢ 1P =Y ¢
J J

Since there are no interesting phenomena at the origin, we may ignore this point
below.

We now describe the normal operator of the d’Alembertian at 7 = 0. Via
conjugation by the (inverse) Mellin transform, see Subsection 3.1, we obtain the
normal operator family P, depending on o, the b-dual variable of 7, on R?!
with both principal and high energy (Jo| — oo) symbol given by (4.7). Thus, the

511 we had worked with e =2t instead of e~* above, we would obtain z2 as the defining function
of the temporal face, rather than x.
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principal symbol of P, € Diff?(R"!), including in the high energy sense (o — c0),
is

prn = —4r2pe? + 4r’oé + 0% —r 32
=(Y-O*=2(Y - Qo+o” —[(f=(V-¢—0a) = [
The Hamilton vector field is
Hpn = 472 (—=2p€ + 0)8, — r*Hppz — (4(1 — 2r?)€% — do& — v~ |n|2) 0
=2Y-¢—0o)(Y -0y — (- 0¢) —2¢ - Oy,
with ¢ -0y =} (;0y;, etc. Thus, in the standard ‘classical” sense, which effectively
means letting ¢ = 0, the principal symbol is
p=03(Py) = —4r°u&® —r~2n[;
=Y -0 -

(4.9)

(4.10)

(4.11)

while the Hamilton vector field is
Hy = =821, — r*Hpy — (4(1 = 2r*)€% —r~n|2)
=2(Y - QY -0y —(C-0¢) — 2¢Oy,

Moreover, the imaginary part of the subprincipal symbol, given by the principal
symbol of (P, — P), is

(4.12)

(o (P~ P) = 42 (Ima)e = 2(Y - ) I

When comparing these with [53, Section 7], it is important to keep in mind that
what is denoted by o there (which we refer to as & here to avoid confusion) is w0
here corresponding to the Mellin transform, which is a decomposition in terms of
7' ~ 2'°, being replaced by weights 27 in [53, Equation (7.4)].

One important feature of this operator is that

N{p=0}={(p,w,&n): p=0, n=0}
is invariant under the classical flow (i.e. effectively letting ¢ = 0); moreover, the
Hamilton vector field is radial there. Let

N*S\o=Ay UA_, Ay = N*Sn{££ >0}, S ={u=0}
Let L+ be the image of A4 in S*R"™~!. Next we analyze the flow at A.. First,
(4.13) Hylnf2 = 0
and
(4.14) Hpp = —8r°pé = =8¢ + ap®¢

with a being C* in T* X, and homogeneous of degree 0. While, in the spirit of
linearizations, we used an expression in (4.14) that is linear in the coordinates
whose vanishing defines N*S, one should note that u is an elliptic multiple of p in
the sense of linearizations (i.e. the differentials at N*S are elliptic multiples of each
other), so one can simply use p = p/|£|? (which is homogeneous of degree 0, like 1)
in its place.

It is convenient to rehomogenize (4.13) in terms of 7 = n/|¢|. To phrase this
more invariantly, consider the fiber-compactification TR of T*R"!, see Sub-
section 2.2. On this space, the classical principal symbol, p, is (essentially) a func-
tion on T R~ = §*R"~1. Then at fiber infinity near N*S, we can take (|¢|~1,7)
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=

FIGURE 5. The cotangent bundle near the event horizon S = {u =
0}. It is drawn in a fiber-radially compactified view. The boundary
of the fiber compactificaton is the cosphere bundle S*R™!; it is
the surface of the cylinder shown. Y. are the components of the
(classical) characteristic set containing Ly. They lie in u < 0,
only meeting S§R™ ™! at Ly. Semiclassically, i.e. in the interior of
T*R”_17 for z = h='¢ > 0, only the component of the semiclassical
characteristic set containing L can enter y > 0. This is reversed
for z < 0.

as coordinates on the fibers of the cotangent bundle, with § = |¢|~! defining S*X
in T"X. Then |¢|~'H, is a C* vector field in this region and

(4.15) €17 H, A1 = 11 Hpl¢]| ™" = —4(sgn &) 7] + a,

where @ vanishes cubically at N*S, i.e. (2.3) holds. In similar notation we have
Hplé| ™" = —4sgn(¢) + @',

€17 Hppe = —8(sgn &) .

with @’ smooth (indeed, homogeneous degree zero without the compactification)
vanishing at N*S. As the vanishing of 7, |¢|7! and p defines ON*S, we con-
clude that L_ = OA_ is a source, while L1 = 0A; is a sink, in the sense that
all nearby bicharacteristics (in fact, including semiclassical (null)bicharacteristics,
since Hp|¢| ™! contains the additional information needed) converge to L as the pa-

rameter along the bicharacteristic goes to £0o. In particular, the quadratic defining
function of Ly given by

(4.16)

po=p+p?, where p = [€]*p, p= |7,
satisfies (2.4).
The imaginary part of the subprincipal symbol at L4 is given by

(4sgn(£)) Im o[];

here (4sgn(€)) is pulled out due to (4.16), namely its size relative to H, |¢|~! matters,
with a change of sign, see Subsection 2.2, thus (2.5)-(2.6) hold. This corresponds
to the fact5? that (u #10), which are Lagrangian distributions associated to A,
solve the PDE modulo an error that is two orders lower than what one might a
priori expect, i.e. P,(u410)" € (1£i0)*?C>=(R"~!). Note that P, is second order,
so one should lose two orders a priori; the characteristic nature of Ay reduces the

52This needs the analogous statement for full subprincipal symbol, not only its imaginary part.
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loss to 1, and the particular choice of exponent eliminates the loss. This has much
in common with e/*z("=1)/2 being an approximate solution in asymptotically
Euclidean scattering. The precise situation for Kerr-de Sitter space is more delicate
as the Hamilton vector field does not vanish at Ly, but this®® is irrelevant for
our estimates: only a quantitative version of the source/sink statements and the
imaginary part of the subprincipal symbol are relevant.

While (1+20)* is singular regardless of o apart from integer coincidences (when
this should be corrected anyway), it is interesting to note that for Imo > 0 this
is not bounded at p = 0, while for Imo < 0 it vanishes there. This is interesting
because if one reformulates the problem as one in p > 0, as was done for instance by
Sé4 Barreto and Zworski [47], and later by Melrose, S4 Barreto and Vasy [40] for de
Sitter-Schwarzschild space then one obtains an operator that is essentially (up to a
conjugation and a weight, see below) the Laplacian on an asymptotically hyperbolic
space at energy o2 + % — more precisely its normal operator (which encodes
its behavior near u = 0) is a multiple of that of the hyperbolic Laplacian. Then the
growth/decay behavior corresponds to the usual scattering theory phenomena, but
in our approach smooth extendability across p = 0 is the distinguishing feature of
the solutions we want, not growth/decay. See Remark 4.5 for more details.

4.5. Global behavior of the characteristic set. First remark that <d77, dT—T>G =
1>0,so0 d{ is time-like. Correspondingly all the results of Subsection 3.2 apply. In
particular, (3.16) gives that the characteristic set is divided into two components
with A1 in different components. It is easy to make this explicit: points with £ = 0,

or equivalently Y - ( = 0, cannot lie in the characteristic set. Thus,
S.=YXn{£>0=Xn{FY -¢) > 0}.

While it is not important here since the characteristic set in g > 0 is localized at
N*S, hence one has a similar localization for nearby u, for global purposes (which
we do not need here), we point out that Hyu = —8r2pug. Since € # 0 on X, and
in 3, r = 1 can only happen at N*S, i.e. only at the radial set, the C* function
1 provides a negative global escape function which is increasing on >, decreasing
on Y _. Correspondingly, bicharacteristics in ¥ travel from infinity to L, while
in ¥_ they travel from L_ to infinity.

4.6. High energy, or semiclassical, asymptotics. We are also interested in the
high energy behavior, as |o| — co. For the associated semiclassical problem one
obtains a family of operators

2
Ph,z =h thlza

with h = |o|7!, and z corresponding to o/|o| in the unit circle in C. Then the
semiclassical principal symbol pj, . of Py . is a function on T' *R™~!. As in Section 2,
we are mostly interested in |Im z| < Ch, which corresponds to |Imo| < C’; in the
limit h — O this means z is real. It is sometimes convenient to think of pp ., and
its rescaled Hamilton vector field, as objects on T'Rr1, Thus,

Ph,z = 0on(Prz) = —4r?p€® + 4r?z6 + 22 — r 2|2

(4.17) 2 2 2 2 2
=Y -0 =2V -Qz+2" - [T =¥ -(—2)" - [¢]".

53This would be relevant for a full Lagrangian analysis, as done e.g. in [39], or in a somewhat
different, and more complicated, context by Hassell, Melrose and Vasy in [30, 31].
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We make the general discussion of Subsection 3.2 and Section 7 explicit; for z
non-real one can jump to the next paragraph. First,

(4.18) Impp, =2Im z(2r?¢ + Rez) = —2Im 2(Y - { — Re 2).

In particular, for z non-real, Im p; . = 0 implies 2r’¢+Rez = 0,i.e. Y-(—Rez =0,
which means that Repy_ . is

(4.19) —r72(Re2)? — (Im2)? —r~2n|?> = —(Im 2)* — |¢|* < 0,

i.e. pp . is semiclassically elliptic on T*R"~1, but not at fiber infinity, i.e. at S*R"~!
(standard ellipticity is lost only in r > 1, of course). Explicitly, if we introduce for
instance

(N?way7ﬁ)v V= |€|71a 77 = 77/|£|7

as valid projective coordinates in a (large!) neighborhood of L in T*R"_l, then
VPph,, = —4r?p + dr¥(sgn &)z + 2202 — 3|2

SO
v Impp. = 4r?(sgn&)vIm z + 2v° Re 2 Im 2

which automatically vanishes at v = 0, i.e. at S*R®~!. Thus, for ¢ large and pure
imaginary, the semiclassical problem adds no complexity to the ‘classical’ quantum
problem, but of course it does not simplify it. In fact, we need somewhat more
information at the characteristic set, which is thus at ¥ = 0 when Im z is bounded
away from 0:

vsmall, Imz > 0= (sgné)Impy, > 0= £Impyp, > 0 near Xy, 1,
vsmall, Imz < 0= (sgné)Impp, < 0= £Impp . > 0 near Xy, 1,

which, as we have seen, means that for P, . with Imz > 0 one can propagate
estimates forwards along the bicharacteristics where ¢ < 0 (in particular, away
from L_, as the latter is a source) and backwards where £ > 0 (in particular,
away from L, as the latter is a sink), while for Py, the directions are reversed.
The directions are also reversed if Im z switches sign. This is important because it
gives invertibility for z = ¢ (corresponding to Im o large positive, i.e. the physical
halfplane), but does not give invertibility for 2 = —2 negative.

We now return to the claim that even semiclassically, for z real real the character-
istic set can be divided into two components ¥, +, with L4 in different components.
As explained in Subsection 3.2 the vanishing of the factor following Im z in (4.18)
gives a hypersurface that separates Xy into two parts; this can be easily checked
also by a direct computation. Concretely, this is the hypersurface given by

(4.20) 0=2r%+2=—(Y-(—2),

and so
Yhte =2 N {FY - (—2) >0}

We finally need more information about the global semiclassical dynamics. Here
all null-bicharacteristics go to either L, in the forward direction or to L_ in the
backward direction, and escape to infinity in the other direction. Rather than
proving this at once, which depends on the global non-trapping structure on R* !,
we first give an argument that is local near the event horizon, and suffices for the
extension discussed below for asymptotically hyperbolic spaces.
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As stated above, first, we are only concerned about semiclassical dynamics in
1> po, where po < 0 might be close to 0. To analyze this (with z real as usual),
we observe that the semiclassical Hamilton vector field is

th,z = 4T2(_2M£ + Z)a;t - 7’72H|n|3 - (4(1 - 2T2)£2 — 428 — 7"74|77‘i)85

(4.21) :2(Y.C—z)(Y'aY*C'aC)72C'8Y'

Thus,
th,z (Y : C) = _2|C|27

and ¢ = 0 implies pp , = 22, 50 Hp,.. (Y - ¢) has a negative upper bound on the
characteristic set in compact subsets of T*{r < 1}; note that the characteristic set is
compact in T*{r < rq} if rqg < 1 by standard ellipticity. Thus, bicharacteristics have
to leave {r < rg} for ro < 1 in both the forward and backward direction (as Y - ( is
bounded over this region on the characteristic set). We already know the dynamics
near L., which is the only place where the characteristic set intersects SER™~!,
namely Ly is a sink and L_ is a source. Now, at u = 0, H,, _p = 2, which is positive
when z > 0, so bicharacteristics can only cross g = 0 in the inward direction. In
view of our preceding observations, thus, once a bicharacteristic crossed p = 0, it
has to tend to Li. As bicharacteristics in a neighborhood of Ly (even in u < 0)
tend to Ly since Ly is a sink, it follows that in X5 | the same is true in g > po
for some pg < 0. On the other hand, in a neighborhood of L_ all bicharacteristics
emanate from L_ (but cannot cross into p > 0 by our observations), so leave p > po
in the forward direction. These are all the relevant features of the bicharacteristic
flow for our purposes as we shall place a complex absorbing potential near p = pg
in the next subsection.

However, it is easy to see the global claim by noting that H,, _u = 4r2(—2ué+2),
and this cannot vanish on ¥, in g < 0, since where it vanishes, a simple calculation
gives pp, = 4u&? — r=2|n|?. Thus, H,, _p has a constant sign on X5 4 in p < 0,
so combined with the observation above that all bicharacteristics escape to u = pg
in the appropriate direction, it shows that all bicharacteristics in fact escape to
infinity in that direction®.

In fact, for applications, it is also useful to remark that for o € T* X,

(4.23) 0 < p(a) <1, pp.(a) =0and (Hpy, .p)(a) =0= (Hih'zu)(a) <0.

Indeed, as Hp, .p = 4r?(=2u + z), the hypotheses imply z = 2u and H2  p =
—8r2uH,, &, so we only need to show that Hy, £ > 0 at these points. Since

Hpp & = —4(1 — 273 + 4z€ +r A n|2 = 48 +r 4 n|2 = 4r 282,

54There is in fact a not too complicated global escape function, e.g.
2Y ¢ —z B 2y - ¢ — z|¢| 1
2VIHIVE(Y ¢ —2)  2V/T+IVP(Y (- 2l¢)7Y)
which is a smooth function on the characteristic set in T*R™~1 as Y -¢ # z there; further, it extends

smoothly to the characteristic set in T R"~! away from L4 since /1 + [Y[2(Y-(—z|¢|~1) vanishes
only there near S*R"~1 (where these are valid coordinates), at which it has conic points. This

f=

function arises in a straightforward manner when one reduces Minkowski space, R™ = R:fl X Ry
with metric go, to the boundary of its radial compactification, as described in Section 5, and uses
the natural escape function

tt* _ Z/(Z/)*

/12 + ‘Z/|2

there; here t* is the dual variable of ¢ and (2’)* of 2/, outside the origin.

(4.22) F=
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where the second equality uses H,, p = 0 and the third uses that in addition
ph,» = 0, this follows from 2u = z # 0, so £ # 0. Thus, p can be used for gluing
constructions as in [15].

4.7. Complex absorption. The final step of fitting P, into our general microlocal
framework is moving the problem to a compact manifold, and adding a complex
absorbing second order operator. We thus consider a compact manifold without
boundary X for which X,,; = {u > po}, no < 0, say, is identified as an open subset
with smooth boundary; it is convenient to take X to be the double®® of X, .

It is convenient to separate the ‘classical’ (i.e. quantum!) and ‘semiclassical’
problems, for in the former setting trapping does not matter, while in the latter it
does.

X

FIGURE 6. The cotangent bundle near the event horizon S = {u =
0}. It is drawn in a fiber-radially compactified view, as in Figure 5.
The circles on the left show the support of ¢; it has opposite signs
on the two disks corresponding to the opposite directions of prop-
agation relative to the Hamilton vector field.

Ultimately, we want to extend P, to X (as currently it is only defined near X, ),
and introduce a complex absorbing operator Q, € ¥%(X) with principal symbol
q, such that h*Qj-1, € U} (X)) with semiclassical principal symbol gp, ., and such
that p & 1q is elliptic near 0X,,, i.e. near u = po, Qo is supported there (say, in
i < 119/2) and which satisfies that the ¢ > 0 on X1. In fact, it is convenient to also
arrange that p & 1q are elliptic near X \ X, ; the region we added is thus irrelevant
in the sense that it does not complicate the analysis. In view of Subsection 3.3, the
solution in, say, p > po/2 is unaffected by thus modifying P,, i.e. working with P,
and P, —1Q, is equivalent for this purpose, so the region we added is irrelevant in
this sense as well.

First, for the ‘classical’ problem (i.e. completely ignoring the issue of uniform
bounds as ¢ — 00), we can make @), actually independent of o. Indeed, it is
straightforward to write down ¢ with the required properties (so ¢ is independent
of o), as we now do; quantizing it in a standard c-independent manner gives a
desired @Q,; now @, depends holomorphically on o (since there is no o-dependence

551 fact, in the de Sitter context, this essentially means moving to the boundary of n-
dimensional Minkowski space, where our (n — 1)-dimensional model is the ‘upper hemisphere’,
see Section 5. Thus, doubling over means working with the whole boundary, but putting an ab-
sorbing operator near the equator, corresponding to the usual Cauchy hypersurface in Minkowski
space, and solving from the radial points at both the future and past light cones towards the
equator — this would be impossible without the complex absorption.
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at all). Concretely, as discussed in Subsection 3.2, this can be achieved by defining
D = x1p—X2P, where p is a Riemannian metric function (or is simply a homogeneous
degree 2, positive function), x1 + x2 = 1, x1 = 1 on X, is supported nearby,
X; > 0, letting ¢ = —2r26p"2x(u) = (Y - Q)p*/?x(n), x > 0 supported near o,
identically equal to a positive constant where neither y; nor yo vanishes. As p < 0
when £ = 0, on the set where x = 1, p & 1¢ does not vanish (for the vanishing of ¢
there implies that p < 0, and —p is always negative), while if yo =1, p < 0 so pt1g
does not vanish, and if x; = 1, p & 1q¢ = p =+ 1q behave the required way as Fqg > 0
on ¥4 . Thus, renaming p as p (since we consider it an extension of p) p & 1q satisfy
our requirements.

An alternative to this extension would be simply adding a boundary at pu = po;
this is easy to do since this is a space-like hypersurface, but this is slightly unpleasant
from the point of view of microlocal analysis as one has to work on a manifold with
boundary (though as mentioned this is easily done, see Remark 2.6).

For the semiclassical problem we need to increase the requirements on @Q,. For
this we need in addition, in the semiclassical notation, semiclassical ellipticity near
W = o, i.e. that py . & 2q5 . are elliptic near 90X, i.e. near u = o, and which
satisfies that the Fgp . > 0 on Xp 4. While this is extremely easy to arrange if we
ignore holomorphy in z, a bit of care is required to ensure the latter. Following
(3.17), and taking into account (4.18), we take

dh,z = _(27’25 +2) fax(p) = (Y - = 2) fax (),
with
fo = (I + 22)H2,

X € C(R), x > 0 is supported near pg, and is identically 1 in a smaller neighbor-
hood of pg, 7 > 1 integer and the branch of the 2jth root function is chosen so that
it is defined on C\ (—00, 0) and is non-negative when the argument is non-negative,
thus the real part of this root is > 0 on C\ (—o0,0) with vanishing only at the
origin. In fact, we can make @, a (standard) quantization of

(Y- ¢ = a)([¢[¥ + 0 + C%) 2 x (),

where C' > 0 is chosen suitably large; then @, is holomorphic away from the inverse
images of the branch cuts, and in particular when |Imo| < CIm e™/i. Here we
can take even j = 1 and then choose C' greater than the width of the strip we
want to study. However, by allowing j to vary, we obtain an open cover of C by
domains €2; of holomorphy for ((,J ) as discussed in Subsection 3.3,andas Re f > 0,
Subsection 3.2 shows that Q((,J ) in fact satisfies the required semiclassical properties
in Q;. Again, we extend P, to X (Q, can already be considered as being defined
on X in view of supp x), for instance in a manner analogous to the ‘classical’ one
discussed above, i.e. replacing pn.. by X1Pn» — XoPn.z, with p = (||¢[|% + 2%)Y/7,
with ||.||? denoting a Riemannian metric function on X. Then p41q and pp, » £1gp.
are elliptic near X \ X, as desired, as discussed in Subsection 3.2.

4.8. More general metrics. If the operator is replaced by one on a neighborhood
of Yy x (=9, 6), with full principal symbol (including high energy terms)

(4.24) —4(1 + a))pué? +4(1 + az)oé + (1 +a3)o? — |n|3,

and h a family of Riemannian metrics on Y depending smoothly on u, a; vanishing
at u = 0, then the local behavior of this operator P, near the ‘event horizon’ Y x {0}
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is exactly as in the de Sitter setting. If we start with a compact manifold Xy with
boundary Y and a neighborhood of the boundary identified with ¥ x [0, §),, with
the operator of the form above, and which is elliptic in X, (we only need to assume
this away from Y x [0,4/2), say), including in the non-real high energy sense (i.e. for
z away from R when o = h™!2) then we can extend the operator smoothly to one
on X,,,, po = —0, which enjoys all the properties above, except semiclassical non-
trapping. If we assume that X is non-trapping in the usual sense, the semiclassical
non-trapping property also follows. In addition, for p > 0 sufficiently small, (4.23)
also holds since 7 is small when H,, = 0 and ps. = 0, for the former gives
2z =2(1+a2) (1 + ar)ué, and then the latter gives

4(1+ay) (1 + Wu) pe? = nli,

so the contribution of [n|? to Hyp,..&, which can be large elsewhere even at = 0,
is actually small.

We show below in the proof of Theorem 4.3 that (4.24) holds on general even
asymptotically hyperbolic spaces; as mentioned above, the non-trapping property of
the asymptotically hyperbolic space then also implies that of the extended operator.

4.9. Results for asymptotically hyperbolic and de Sitter metrics. The pre-
ceding subsections show that for the Mellin transform of [J; on n-dimensional de
Sitter space, all the hypotheses needed in Section 2 are satisfied, thus analogues of
the results stated for Kerr-de Sitter space in the introduction, Theorems 1.1-1.4,
hold. It is important to keep in mind, however, that there is no trapping to re-
move, so Theorem 1.1 applies with @, supported outside the event horizon, and
one does not need gluing or the result of Wunsch and Zworski [61]. In particular,
Theorem 1.3 holds with arbitrary C’, without the logarithmic or polynomial loss.
As already mentioned when discussing [53, Theorem 1.1] at the beginning of this
section, this is weaker than the result of [53, Theorem 1.1}, since there one has
smooth asymptotics without a blow-up of a boundary point®®.

We now reinterpret our results on the Mellin transform side in terms of (n — 1)-
dimensional hyperbolic space. Let B;’/El be B"~! = {r < 1} with v = \/z added
to the smooth structure. For the purposes of the discussion below, we identify the
interior {r < 1} of IB%’f/;l with a Poincaré ball model®” of hyperbolic (n — 1)-space

(H"!, ggn—1). Using polar coordinates around the origin, let coshp = v=1, pis
the distance from the origin. The Laplacian on H® ! in these coordinates is

Apn-r = D2 —1(n — 2) coth p D, + (sinh p) “>A,,.

56Note that our methods work equally well for asymptotically de Sitter spaces in the sense of
[63]; after the blow up, the boundary metric is ‘frozen’ at the point that is blown up, hence the
induced problem at the front face is the same as for the de Sitter metric with asymptotics given
by this ‘frozen’ metric.

57The standard Poincaré ball model is the metric 42 1

2
w —
Tojw? OB B™ .
=2
ie. 72 = =¥ with v = V1 — 12,

. ~ . . 1—
coordinates, w = Tw, the present form arises by letting v = H-%’ i

recall that = 1 — 72. Thus, v and 1 — #2 are equivalent boundary defining functions.

Introducing polar
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It is shown in [53, Lemma 7.10] that in r < 1, and with s be such that 2s =10 —7%,

n

(1—72)"°P,(1 —r%)* =p2 P,y 2

—2\? —2
= —coshp (AHnl — o2 — <n ) — (coshp)_gn(n4)> cosh p.

‘We thus deduce:

Proposition 4.2. The inverse R(o) of

2
Apn-1 — 0% — (n22) — (coshp)”@

has a meromorphic continuation from Imo > 0 to C with poles with finite rank
residues as a map R(c) : C*(B" 1) — C~>°(B" 1), and with non-trapping esti-
mates in every strip —C <Imo < Cy, |Reo| > 0: s > % +C,

(4.26)

I(cosh p) "D/ R(0) fllz: sy < Clo~ (eosh p) D2 oo g

lo| =1

where the Sobolev spaces are those on B"™! (rather than IBBT/_;). If supp f C
(B"~1)°, the s — 1 norm on f can be replaced by the s — 2 norm.
The same conclusion holds for small even C*° perturbations, vanishing at 8183?/_21,

of gun—1 in the class of conformally compact metrics, or the addition of (not nec-
essarily small) V € uC>(B"1).

Proof. By self-adjointness and positivity of Agn-1,
—92\? -9 .
O o e I

has a unique solution u = R(0)f € LQ(IEB;L?QI, |dggn-1]) when when Imo > 0. On
the other hand, let fo = /2= finr < 1, and fo still vanishes to infinite order
at r = 1. Let f be an arbitrary smooth extension of fo to the compact manifold
X on which P, —1Q, is defined. Let & = (P, — ZQJ)’lf, with (P, —1Q,)~! given
by our results in Section 2; this satisfies (P, — 1Q, )t = fand @ e C® (X). Thus,
u = —v 7t 2y= 1), satisfies uf € p("=2)/270 00 (Br—1) and

2

by (4.25) (as Q, is supported in r > 1). Since v’ € L*(B" 1, |dggn-1|) for Imo > 0,
by the aforementioned uniqueness, u = u/'.

To make the extension from B"~! to X more systematic, let E, : H*(B" ') —
H*(X) be a continuous extension operator, R, : H*(X) — H*(B" 1) the restriction
map. Then, as we have just seen, for f € C®(B"1),

(4.27) R(o)f = —v /20 R (P, —1Qy) By /2071y

Thus, the first half of the proposition (including the non-trapping estimate) follows
immediately from the results of Section 2. Note also that this proves that every
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pole of R(o) is a pole of (P, —1Q,)~! (for otherwise (4.27) would show R (o) does
not have a pole either), but (P, —1Q,)~! may have poles which are not poles of
R(c). However, in the latter case, the Laurent coefficients of (P, —1Q,)~* would
be annihilated by multiplication by R, from the left when applied to elements of
C®(B"~1), regarded as a subset of C>°(X). If (¢ —0¢) 7 F} is the most singular Lau-
rent term at oo, and Fj = ), ¢i(ts, ), then (Py, —1Qs,)pi = 0, (Py, +1Q5 )i = 0;
we refer to ¢; as resonant states and 1; as dual states. This also holds in g > 0 if
(0 —00) 7 Fj is just the most singular term with support intersecting (0, 00) x (0, o)
in p (i.e. u=1((0,00)) x = 1((0,00))) non-trivially. Thus, if ¢ is not a pole of R(c),
the resonant states of P, —1Q, (which are C*°) are supported in p < 0, in particular
vanish to infinite order at p = 0, unless the corresponding dual state vanishes when
paired with C>°(B"~1), i.e. is supported in x < 0.%%

We now turn to the perturbation. After the conjugation, division by p'/? from
both sides, elements of V € uC°>(B"~1) can be extended to become elements of
C>®(R"~1), and they do not affect any of the structures discussed in Section 2, so the
results automatically go through. Operators of the form x2L, L € Diffy, even (IBS?/_;),
i.e. with even coefficients with respect to the local product structure, become ele-
ments of Diff,(B"~!) after conjugation and division by /2 from both sides. Hence,
they can be smoothly extended across 0B" !, and they do not affect either the prin-
cipal or the subprincipal symbol at Ly in the classical sense. They do, however,
affect the classical symbol elsewhere and the semiclassical symbol everywhere, thus
the semiclassical Hamilton flow, but under the smallness assumption the required
properties are preserved, since the dynamics is non-degenerate (the rescaled Hamil-

ton vector field on 7" R™! does not vanish) away from the radial points. ]

Without the non-trapping estimate, this is a special case of a result of Mazzeo
and Melrose [37], with improvements by Guillarmou [28]. The point is that first, we
do not need the machinery of the zero calculus here, and second, the analogous re-
sult holds true on arbitrary asymptotically hyperbolic spaces, with the non-trapping
estimates holding under dynamical assumptions (namely, no trapping). The poles
were actually computed in [53, Section 7] using special algebraic properties, within
the Mazzeo-Melrose framework; however, given the Fredholm properties our meth-
ods here give, the rest of the algebraic computation in [53] go through. Indeed,

581 fact, a stronger statement can be made: a calculation completely analogous to what we
just performed, see Remark 4.6, shows that in p < 0, P, is a conjugate (times a power of )
of a Klein-Gordon-type operator on (n — 1)-dimensional de Sitter space with p = 0 being the
boundary (i.e. where time goes to infinity). Thus, if o is not a pole of R(c) and (Pr —1Qs)a =0
then one would have a solution u of this Klein-Gordon-type equation near p = 0, i.e. infinity, that
rapidly vanishes at infinity. It is shown in [53, Proposition 5.3] by a Carleman-type estimate that
this cannot happen; although there o2 € R is assumed, the argument given there goes through
almost verbatim in general. Thus, if Qs is supported in u < ¢, ¢ < 0, i.e. the Schwartz kernel is
supported in (—oo,¢) X (—o0,¢) in terms of u, then @ is also supported in p < ¢. This argument
can be applied to the highest order Laurent term which has support intersecting (¢, 00) X (¢, 00)
non-trivially (which need not be the overall highest order term), so if o is a pole of (Py —1Q,) !
with a Laurent coefficient with support intersecting (¢, 00) X (¢, 00) non-trivially, but ¢ is not a
pole of R(c), then the corresponding resonant state is supported in p < ¢, unless the dual state is
supported in u < 0. Applying the argument to the highest order terms with support intersecting
(¢,00) x (0,00) non-trivially (with the first factor corresponding to the resonant state, the second
to the dual state), we see that all poles of (Py —1Q,)~! with Laurent coefficients with support
intersecting (c, 00) X (0, 00) non-trivially are given by poles of R (o).
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the results are stable under perturbations®®, provided they fit into the framework
after conjugation and the weights. In the context of the perturbations (so that the
asymptotically hyperbolic structure is preserved) though with evenness conditions
relaxed, the non-trapping estimate is almost the same as in [41], where it is shown
by a parametrix construction; here the estimates are slightly stronger.

In fact, by the discussion of Subsection 4.8, we deduce a more general result,
which in particular, for even metrics, generalizes the results of Mazzeo and Melrose
[37], Guillarmou [28], and adds high-energy non-trapping estimates under non-
degeneracy assumptions. It also adds the semiclassically outgoing property which is
useful for resolvent gluing, including for proving non-trapping bounds microlocally
away from trapping, provided the latter is mild, as shown by Datchev and Vasy
[15, 16].

Theorem 4.3. Suppose that (Xo,g0) is an (n — 1)-dimensional manifold with
boundary with an even conformally compact metric and boundary defining func-
tion . Let Xocven denote the even version of Xo, i.e. with the boundary defining
function replaced by its square with respect to a decomposition in which gg is even.

Then the inverse of
2
-2
AgO - (n 2 ) - 027

written as R(c) : L? — L?, has a meromorphic continuation from Imo > 0 to C,

R(0) : C®(Xy) — C™(Xo),

with poles with finite rank residues. Further, if (Xo,g0) is non-trapping, then non-
trapping estimates hold in every strip —C < Imo < Cy, |Rea| > 0: fors > %—FC’,
(4.28)

Hx—(n—Z)/2+wR<O_)f|IH‘S - (Xo.even) < C~1|0_|—1 ‘Ix_(n+2)/2+wf”]{5*1

lol—

1 (XO.even) '

If f is supported in X§, the s —1 norm on f can be replaced by the s — 2 norm.

If instead A4, —o? satisfies mild trapping assumptions with order » estimates in
a Co-strip, see Definition 2.16, then the mild trapping estimates hold, with |o|*~1
replacing |o| = on the right hand side of (4.28), as long as C' < Cy.

Furthermore, for Rez > 0, Im 2 = O(h), the resolvent R(h~'2) is semiclassically
outgoing with a loss of h=! in the sense that if f has compact support in X§,
a € T*X is in the semiclassical characteristic set and if WFf;l(f) is disjoint from
the backward bicharacteristic from «, then o ¢ WF; (h~'R(h™12)f).

We remark that although in order to go through without changes, our meth-
ods require the evenness property, it is not hard to deduce more restricted results
without this. Essentially one would have operators with coefficients that have a
conormal singularity at the event horizon; as long as this is sufficiently mild rela-
tive to what is required for the analysis, it does not affect the results. The problems
arise for the analytic continuation, when one needs strong function spaces (H?® with
s large); these are not preserved when one multiplies by the singular coefficients.

59Though of course the resonances vary with the perturbation, in the same manner as they
would vary when perturbing any other Fredholm problem.
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Proof. Suppose that gy is an even asymptotically hyperbolic metric. Then we may
choose a product decomposition near the boundary such that

_ dz? +h

- 2

(4.29) 90

there, where h is an even family of metrics; it is convenient to take x to be a globally
defined boundary defining function. Then

(4.30) Ay, = (xDy)? +1(n — 2+ 2°y)(xD,) + 2° Ay,
2

xT

with v even. Changing to coordinates (u,y), 4 = x*, we obtain

(4.31) Agy = 4(ND/L)2 +2u(n — 24 py)(uDy) + plp,
Now we conjugate by p~*7/2t"/4 to obtain
n—2)?

BTy
=4(uD, — /2 —m/4)? + 2u(n — 2+ py)(uD, — 0 /2 — n/4)

—92)2
(n . ) _ o2
=4(uD,)? — 40 (uD,,) + pAp — 4(uD,) + 210 — 1+ 2uuy(uD,, — 0/2 — 1 /4).

M20/2—n/4(A —10/24+n/4

+,LLAh7

Next we multiply by p~/2 from both sides to obtain
_ (n —2)?
W=
(4.32) = 4/LD3 -t = 40D, — 2o~ + Aj, — 4D, + 20+ ot — it
+ 20y(uDy — 0/2 —1(n —2)/4)
=4uD? — 40D, + Ay — 4Dy, + 20y(uDy, — 0/2 —o(n — 2)/4).

N71/2Mzo/27n/4(A _0_2)/‘710/2+n/4/‘71/2

This is certainly in Diffz(X ), and for o with bounded imaginary part, is equivalent
to the form we want via conjugation by a smooth function, with exponent depending
on 0. The latter would make no difference even semiclassically in the real regime as
it is conjugation by an elliptic semiclassical FIO. However, in the non-real regime
(where we would like ellipticity) it does; the present operator is not semiclassically
elliptic at the zero section. So finally we conjugate by (1 + ,u)“’/4 to obtain

(4.33) ApuD? — 40D, — 0® + Ap — 4Dy, + 2y (uDy — 0/2 — o(n — 2) /4)

modulo terms that can be absorbed into the error terms in the negative of operators
in the class (4.24).

We still need to check that p can be appropriately chosen in the interior away
from the region of validity of the product decomposition (4.29) (where we had no
requirements so far on p). This only matters for semiclassical purposes, and (being
smooth and non-zero in the interior) the factor x~'/2 multiplying from both sides
does not affect any of the relevant properties (semiclassical ellipticity and possible
non-trapping properties), so can be ignored — the same is true for o independent
powers of .

To do so, it is useful to think of (70:)? — Go, Gy the dual metric of gg, as a
Lorentzian b-metric on X§ x [0,00)7. From this perspective, we want to introduce
a new boundary defining function 7 = 7e?, with our o the b-dual variable of 7 and
¢ a function on Xy, i.e. with our 7 already given, at least near p = 0, i.e. ¢ already
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fixed there, namely e® = /(1 4 p)~%/%. Recall from the end of Subsection 3.2
that such a change of variables amounts to a conjugation on the Mellin transform
side by e~*?. Further, properties of the Mellin transform are preserved provided
d{ is globally time-like, which, as noted at the end of Subsection 3.2, is satisfied if

|do|c, < 1. But, reading off the dual metric from the principal symbol of (4.31),

1 2 i 2
—(1- ") <1
Go ( 2(1+H))

|d0gp — S 10801+ )

for p1 > 0, with a strict bound as long as y is bounded away from 0. Correspondingly,
p/2(1 4 1)~1/4 can be extended to a function e® on all of Xy so that d{ is time-
like, and we may even require that ¢ is constant on a fixed (but arbitrarily large)
compact subset of Xg. Then, after conjugation by e~**¢ all of the semiclassical
requirements of Section 2 are satisfied. Naturally, the semiclassical properties could
be easily checked directly for the conjugate of A,y — o by the so-extended p.

Thus, all of the results of Section 2 apply. The only part that needs some ex-
planation is the direction of propagation for the semiclassically outgoing condition.
For z > 0, as in the de Sitter case, null-bicharacteristics in X§ must go to L, hence
lie in X5 . Theorem 2.15 states backward propagation of regularity for the oper-
ator considered there. However, the operator we just constructed is the negative
of the class considered in (4.24), and under changing the sign of the operator, the
Hamilton vector field also changes direction, so semiclassical estimates (or WF},)
indeed propagate in the forward direction. 0

Remark 4.4. We note that if the dual metric G; on Xy is of the form k2Gg, G the
dual of gg as in (4.29), then
n—2)32 n—2)?2

17,{2( ) 702:52(AG07( ) 7(0/,{)2)'

4 4
Thus, with p as above, and with P, the conjugate of Ag, — % — (0/k)?, of
the form (4.33) (modulo error terms as described there) then with e? = p!/(%) (1 +
1)~V (4%) extended into the interior of X as above, we have

—1/2, n/4 100 5(n—2)° 2\ —1w0p, n/d, —1/2 25

PR (g — K = 0%)e T T T = KB

Now, P, = k2P, / still satisfies all the assumptions of Section 2, thus directly con-
1/2

Ag

jugation by e~*°? and multiplication from both sides by p~!/? gives an operator
to which the results of Section 2 apply. This is relevant because if we have an
asymptotically hyperbolic manifold with ends of different sectional curvature, the
manifold fits into the general framework directly, including the semiclassical esti-
mates®?. A particular example is de Sitter-Schwarzschild space, on which resonances
and wave propagation were analyzed from an asymptotically hyperbolic perspective
in [47, 5, 40]; this is a special case of the Kerr-de Sitter family discussed in Section 6.
The stability of estimates for operators such as P, under small smooth, in the b-
sense, perturbations of the coefficients of the associated d’Alembertian means that
all the properties of de Sitter-Schwarzschild obtained by this method are also valid
for Kerr-de Sitter with sufficiently small angular momentum. However, working
directly with Kerr-de Sitter space, and showing that it satisfies the assumptions of
Section 2 on its own, gives a better result; we accomplish this in Section 6.

60For “classical’ results, the interior is automatically irrelevant.
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Remark 4.5. We now return to our previous remarks regarding the fact that our
solution disallows the conormal singularities (u & i0)*? from the perspective of
conformally compact spaces of dimension n — 1. The two indicial roots on these
spacesS! correspond to the asymptotics p*o/2+(=2)/4in ;> 0. Thus for the
operator

(n—2)°
go 4
or indeed P,, they correspond to

ﬂ—1/2M10/2—n/4(A —w’/2+n/4u—1/27

— o)

-1
('ufw'/2+n/4'u71/2) ‘u:i:za/2+(n72)/4 — ,uza/Z:i:zcr/Z'

Here the indicial root p® = 1 corresponds to the smooth solutions we construct for
P,, while pu*? corresponds to the conormal behavior we rule out. Back to the original
Laplacian, thus, p~*7/2+("=2)/4 ig the allowed asymptotics and p*7/2+(=2)/4 ig the
disallowed one. Notice that Reic = —Im o, so the disallowed solution is growing
at u = 0 relative to the allowed one, as expected in the physical half plane, and the
behavior reverses when Imo < 0. Thus, in the original asymptotically hyperbolic
picture one has to distinguish two different rates of growths, whose relative size
changes. On the other hand, in our approach, we rule out the singular solution and
allow the non-singular (smooth one), so there is no change in behavior at all for
the analytic continuation.

Remark 4.6. For even asymptotically de Sitter metrics on an (n — 1)-dimensional
manifold X} with boundary, the methods for asymptotically hyperbolic spaces work.
For the past de Sitter problem, solving locally the Klein-Gordon equation propa-
gating away from the boundary, P, —1Q, plays the same role as for asymptotically
hyperbolic spaces; for the future de Sitter problem, propagating towards the bound-
ary, P, —1Q, and P +1Q)% switch roles, which does not affect Fredholm properties,
see Remark 2.8. Again, evenness means that we may choose a product decomposi-
tion near the boundary such that

_ dz? —h

(434) go = 22

there, where h is an even family of Riemannian metrics; as above, we take x to be a
globally defined boundary defining function. For the past problem, with ji = 22, so

_ (n—2)? 2
7

ft > 0 is the Lorentzian region, the above calculations for U, —o” in place

of Ay — % — 02 leading to (4.32) all go through with x replaced by fi, and Ay,

replaced by —Ay,. Letting u = —fi, and conjugating by (1 + /L)ZU/4 as above, yields
(4.35)  —4uD? +40D, + 0 — Ap + 4Dy + 20y(uDy — /2 —1(n — 2)/4),

modulo terms that can be absorbed into the error terms in operators in the class
(4.24); this is the negative of the operator (4.33) apart from the 7 term, which
is not important for our framework. For the future problem the calculations are
analogous except we work with & in place of o since our aim is to get to P} +1Q%;
(n—2)*
1

the above calculations for O, & yield

(4.36)  —4uD> + 45D, + 7> — Ay + 4Dy, + 20y(uDy, —7/2 —1(n — 2) /4),

61Note that = x>
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again modulo terms that can be absorbed into the error terms in operators in the
class (4.24), i.e. this is indeed of the form P + Q¥ in the framework of Sub-
section 4.8, at least near i = 0. If now X is extended to a manifold without
boundary so that in & < 0, i.e. ¢ > 0, one has a classically elliptic, semiclassically
either non-trapping or mildly trapping problem, then all the results of Section 2
are applicable.

For the past problem one concretely obtains a formula analogous to (4.27),
namely when f is supported in (c,0),, and @, is supported in p < ¢, the past

2
solution of (O,, — @ —o0%)u = f, i.e. the solution vanishing for p sufficiently
close to 0, which exists and is unique for all ¢ € C, is

(437) la—’LU—‘y-n/Q‘a—lRS(Po_ _ ZQU)_lEIs—lﬂZG_n/2ﬂ_1f7

where Ry is restriction to (¢,0), and E,_; is an H*~! extension to X, in a manner
that vanishes in g > 0. In particular, for all poles o of (P, —1Q,)~! either the
resonant state or the corresponding dual state vanishes in (¢,0),. If the resonant
state does (which is in C*°(X)), then, as in Footnote 58, a unique continuation
statement on the asymptotically hyperbolic side shows that it also vanishes for
> 0, so in particular such a term does not contribute to the Laurent coefficients of
the asympotically hyperbolic resolvent, R(c), either. If the resonant state does not
vanish identically in (c,0), (and thus the dual state does vanish there identically),
then it does not vanish in p > 0 either identically (again, by unique continuation,
now on the de Sitter side). There are two possibilities then: either the support of
the dual state intersects 1 > 0 non-trivially, and then o is a pole of R(o) and the
dual state is supported® in ~1([0, 00)), or its support intersects p > ¢ precisely at
i = 0, in which case it is a differentiated delta distribution. Since it lies in H'~%,
this can only happen for s > 3/2; since the poles of (P, —1Q,)~! in Imo > —C are
independent of s as long as s > % + O, in Imo > —1 the poles of (P, —1Q,) 1¢
when ¢, ¢ are supported in p > ¢ are exactly those of R(o). Indeed, using the form
of P¥ +1Q} we see that differentiated delta distributions can lie in its nullspace
only if o € —NT (with NT standing for positive integers), so these are the only
possible poles of ¥(P, —1Q,) 1¢ in addition to those of R(c); for all of these poles
the dual states are necessarily supported in® p=1([0, 00)).

5. MINKOWSKI SPACE

Perhaps our simplest example is Minkowski space M = R" with the metric

2

go=dz2 —dzi —... —d_|.

62There can be no support in p~!((—oc0, c]) in view of Footnote 44.

631n view of the block lower triangular structure of the Schwartz kernel of (Py — 1Q0)71, as
explained in Footnote 44, at least for o near a fixed og, one can change @, by a holomorphic
finite rank operator family, keeping its support in pu < c¢ in both factors, so that for the new
Qo the poles of (Py —1Q,)~! near oo are exactly those of ¥)(P, — 1Q,) ¢, with multiplicities.
This in particular implies that in the perturbation framework of Subsection 2.7, for perturbations
Py (w) — 1Qs (w), w close to wo, the poles of ¥(Py(w) — 1Qs(w)) "¢ are necessarily close to the
poles of ¥(Py(wo) — 1Qs(wo)) ¢, with multiplicities. In the Kerr-de Sitter setting for small
angular momentum, a, as in Theorem 1.4, this justifies the simplicity and one dimensionality of
the zero resonance: while for a = 0, (P»(a) —1Qs(a))~! may have other resonant states at o = 0,
only 1 contributes to (P (a) — Qs (a))~1¢ with a = 0, with a resulting simple resonance, hence
for small a the same holds.
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Also, let M = R” be the radial (or geodesic) compactification of space-time, see
[39, Section 1]; thus M is the n-ball, with boundary X = S"~!. Writing 2/ =

(#1,.++,2n-1) = rw in terms of Euclidean product coordinates, and ¢t = z,, local
coordinates on M in |2'| > €|z,], € > 0, are given by

t
(5.1) s=—, p=r"1 w,

r

while in |z,| > €|Z/|, by

z

ltl

Note that in the overlap, the curves given by Z constant are the same as those
given by s,w constant, but the actual defining function of the boundary we used,
namely p vs. p, differs, and does so by a factor which is constant on each fiber. For
some purposes it is useful to fix a global boundary defining function, such as p =
(r242)~1/2. We remark that if one takes a Mellin transform of functions supported
near infinity along these curves, and uses conjugation by the Mellin transform to
obtain families of operators on X = M, the effect of changing the boundary
defining function in this manner is conjugation by a non-vanishing factor which
does not affect most relevant properties of the induced operator on the boundary,
so one can use local defining functions when convenient.

The metric go is a Lorentzian scattering metric in the sense of Melrose [39]
(where, however, only the Riemannian case was discussed) in that it is a symmetric
non-degenerate bilinear form on the scattering tangent bundle of M of Lorentzian
signature. This would be the appropriate locus of analysis of the Klein-Gordon
operator, g —A for A > 0, but for A = 0 the scattering problem becomes degenerate
at the zero section of the scattering cotangent bundle at infinity. However, one
can convert [, to a non-degenerate b-operator on M: it is of the form 2P,
P € Diff3(X), where j is a defining function of the boundary. In fact, following
Wang [60], we consider (taking into account the different notation for dimension)

9 (n— e n—2)(n—4
p=2p=(n=2/20 2)/2:D§0+%;

Go = (1 - )82 — 2(0.)(p0,) — (p,)? — O

w?

(5.2) p=lt, 2=

(5.3)

with Gy being the dual metric of go; here we write (g, of the d’Alembertian of go.
Again, this p is not a globally valid defining function, but changing to another one
does not change the properties we need® where this is a valid defining function. It
is then a straightforward calculation that the induced operator on the boundary is
(n—2)(n—4)
4 )

In the other coordinate region, where p is a valid defining function, and ¢ > 0, it is
even easier to compute

(5.4) Oy = p*> ((pDp)* +2(pDs)ZDz + (ZDz)* — Az —1(pD;) —1ZDyz),

P, = D,(1 —s*)D, — 0(sD, + Dys) — 0% — Ay, +

so after Mellin transforming /2], we obtain

Ly=(0—1/2)%+ i +2(0 —1/2)ZDy + (ZDy)? — Ay.

64Only when Im o — oo can such a change matter.
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Conjugation by 5("~2/2 simply replaces o by o —1%52, yielding that the Mellin
transform L, of p~(n=2/25720, p(n=2)/2 jg

SN2 1 1
L":(U_Zn2 >+1+2(U_Zn2 )ZDZ+(ZDZ)2_AZ

n—1\2 1
:(ZDZ—|'O'—Z B )+1—Az.

Note that L, and L/ are not the same operator in different coordinates; they are
related by a o-dependent conjugation. The operator L, in (5.5) is almost exactly
the operator arising from de Sitter space on the front face, see the displayed equation
after [53, Equation 7.4] (the o in [53, Equation 7.4] is ¢0 in our notation as already
remarked in Section 4), with the only change that our o would need to be replaced

(5.5)

by —o, and we need to add @ — i to our operator®®. However, due to the way
we need to propagate estimates, as explained below, we need to think of this as the
adjoint of an operator of the type we considered in Section 4 up to Remark 4.6, or
after [53, Equation 7.4]. Thus, we think of L, as the adjoint (with respect to |dZ])
of

1
Pr=L*=(ZDy +a—z(n—1)/2)2+1—AZ

2
=(ZDz+7—1(n—1))(ZDz+7)— Az + i - %,

which is the de Sitter operator after [53, Equation 7.4], except, denoting o of that

paper by &, 16 = 7, and we need to take A\ = @ — % in [53, Equation 7.4]. This

is also of the form in Section 4, but with ¢ of that section, denoted temporarily by

&, being given by —&. Thus, all of the analysis of Section 4 applies.

In particular, note that Ps is elliptic inside the light cone, where s > 1, and
hyperbolic outside the light cone, where s < 1. It follows from Subsection 4.9
that Ps is a conjugate of the hyperbolic Laplacian inside the light cones®®, and
of the Klein-Gordon operator on de Sitter space outside the light cones: with®”
v=(1-|Z]>)"/? = (cosh pgn-1) 7",

n

l/%—HFP,gU_ZE_? _ V%—zFPFVZF—g = 1 (A]}Hnl —52 _ (nj42)2> L
We remark that in terms of dynamics on PS*M, as discussed in Subsection 3.1,
there is a sign difference in the normal to the boundary component of the Hamilton
vector field (normal in the b-sense, only), so in terms of the full b-dynamics (rather
than normal family dynamics) the radial points here are sources/sinks, unlike the
saddle points in the de Sitter case. This is closely related to the appearance of
adjoints in the Minkowski problem (as compared to the de Sitter one).

This immediately assures that not only the wave equation on Minkowski space
fits into our framework, wave propagation on it is stable under small smooth per-
turbation in Difff (X) of 5?00y, which have real principal symbol.

65Gince replacing ¢t > 0 by t < 0 in the region we consider reverses the sign when relating
D, and Dy, the signs would agree with those from the discussion after [53, Equation 7.4] at the
backward light cone.

665 pointed out to the author by Gunther Uhlmann, this means that the Klein model of
hyperbolic space is the one induced by the Minkowski boundary reduction.

67Recall Footnote 57 for the connection to the standard Poincaré model.
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Further, it is shown in [53, Corollary 7.18] that the problem for P_z is invertible
in the interior of hyperbolic space as an operator on weighted zero-Sobolev spaces,
with the inverse mapping C>°(B" 1) to v*2C>(B" 1), unless

n—1 (n—1)2 n—1

_ 1 n—2
0 € — 5 + 1 —A—N=- 5 :l:i—N—— 5

_I\]7

i.e.
n—2

(5.6) o€ —i +N);

this amounts to the invertibility of Pg, with the inverse mapping C"OO(IB%”*l) to
C>*(B"1). Recall also from Remark 4.6 that, with ¢, supported in s — 1 > ¢,
¢ < 0, as there (with the role of u there played by s — 1 here), ¢(Ps—1Q5) 11, and
thus also its adjoint, may have additional poles as compared to the resolvent of the
asymptotically hyperbolic model, but for these —& = 6 € —iNT, i.e. ¢ € —NT.
Thus, if f is supported in s — 1 > ¢ then ((P% + 1Q%) ' f)|s—1> only has the
poles given by the asymptotically hyperbolic model in s — 1 > ¢ except possibly
—iNT. Further for these non-asymptotically hyperbolic poles, the resonant states
of (P2 +1Q%)~! are the dual states of (P, —1Q,)"" and vice versa, so either the
dual states of (Pz +1Q%)~! are supported in s — 1 < ¢, in which case they are
not important to us since they do not affect the solution of the standard forward
problem when the forcing is supported in s — 1 > ¢, or the states are supported in
s —1 < 0, in which case they still do not affect the solution in the elliptic region
s — 1 > 0; see Footnote 58.

To recapitulate, L, is of the form described in Section 2, at least if we restrict
away from the backward light cone®®. To be more precise, for the forward problem
for the wave equation, the adjoint Ps of the operator L, we need to study satisfies
the properties in Section 2, i.e. singularities are propagated towards the radial points
at the forward light cone, which means that our solution lies in the ‘bad’ dual spaces
— of course, these are just the singularities corresponding to the radiation field
of Friedlander [25], see also [46], which is singular on the radial compactification
of Minkowski space. However, by elliptic regularity or microlocal propagation of
singularities, we of course automatically have estimates in better spaces away from
the boundary of the light cone. We also need complex absorption supported, say,
near s = —1/2 in the coordinates (5.1), as in Subsection 4.7. If we wanted to, we
could instead add a boundary at s = —1/2, or indeed at s = 0 (which would give
the standard Cauchy problem), see Remark 2.6. By Subsection 3.3, this does not
affect the solution in s > 0, say, when the forcing f vanishes in s < 0 and we want
the solution w to vanish there as well.

We thus deduce from Lemma 3.1 and the analysis of Section 2:

Theorem 5.1. Let K be a compact subset of the interior of the light cone at infinity
on M. Suppose that g is a Lorentzian scattering metric and ﬁZDg is sufficiently
close to p*0y, in Diff%(M), with n the dimension of M. Then solutions of the

68The latter is only done to avoid combining for the same operator the estimates we state
below for an operator L, and its adjoint; as follows from the remark above regarding the sign of
o, for the operator here, the microlocal picture near the backward light cone is like that for the
L, considered in Section 2, and near the forward light cone like that for L}. It is thus fine to
include both the backward and the forward light cones; we just end up with a combination of the
problem we study here and its adjoint, and with function spaces much like in [39, 57].
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wave equation Oyu = f vanishing in t < 0 and f € C>°(M) = S(R™) have a
polyhomogeneous asymptotic expansion in the sense of [43] in K of the form ~
> Zkgmj a;ip% (log |p|)¥, with aji in C*°, and with
n—2

2 )
with o being a point of non-invertibility of L, on the appropriate function spaces.
On Minkowski space, the exponents are given by

(5j =105 +

65 = (1" —zj)+”72=n—2+j, jEN,
and they depend continuously on the perturbation if one perturbs the metric. A
distributional version holds globally.

For polyhomogeneous f the analogous conclusion holds, except that one has to add
to the set of exponents (index set) the index set of f, increased by 2 (corresponding
factoring out p? in (5.4)), in the sense of extended unions [43, Section 5.18].

Remark 5.2. Here a compact K is required since we allow drastic perturbations
that may change where the light cone hits infinity. If one imposes more structure,
so that the light cone at infinity is preserved, one can get more precise results.

As usual, the smallness of the perturbation is only relevant to the extent that
rough properties of the global dynamics and the local dynamics at the radial points
are preserved (so the analysis is only impacted via dynamics). There are no size
restrictions on perturbations if one keeps the relevant features of the dynamics.

In a different class of spaces, namely asymptotically conic Riemannian spaces,
analogous and more precise results exist for the induced product wave equation, see
especially the work of Guillarmou, Hassell and Sikora [27]; the decay rate in their
work is the same in odd dimensional space-time (i.e. even dimensional space). In
terms of space-time, these spaces look like a blow-up of the ‘north and south poles’
Z = 0 of Minkowski space, with product type structure in terms of space time,
but general smooth dependence on w (with the sphere in w replaceable by another
compact manifold). In that paper a parametrix is constructed for A, at all energies
by combining a series of preceding papers. Their conclusion in even dimensional
space-time is one order better; this is presumably the result of a cancellation. It is
a very interesting question whether our analysis can be extended to non-product
versions of their setting.

Note that for the Mellin transform of g, one can perform a more detailed
analysis, giving Lagrangian regularity at the light cone, with high energy control.
This would be preserved for other metrics that preserve the light cone at infinity
to sufficiently high order. The result is an expansion on the M blown up at the
boundary of the light cone, with the singularities corresponding to the Friedlander
radiation field. However, in this relatively basic paper we do not pursue this further.

6. THE KERR-DE SITTER METRIC

6.1. The basic geometry. We now give a brief description of the Kerr-de Sitter
metric on

M = X5 x [0,00),, Xs=(r_ —d,ry +6), xS?,
X, =(_,r ), xS* X_ = ((r— =0,74 +6)p \ [r—,74];) X S?,
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where 7 are specified later. We refer the reader to the excellent treatments of the
geometry by Dafermos and Rodnianski [13, 14] and Tataru and Tohaneanu [50, 49]
for details, and Dyatlov’s paper [20] for the set-up and most of the notation we
adopt.

X_ r=r_ X T=ry
>
n<0 n>0 n<0
T
M

FI1GURE 7. The basic diagram of Kerr-de Sitter space without the
factor S2. The function fi = fi(r) is defined below in (6.1); the
event horizons are i = 0 corresponding to r = r4 (the de Sitter
end) and to r = r_ (the Kerr end). The Mellin transform below is
taken in 7, corresponding to the ‘infinity’ 7 = 0.

Away from the north and south poles g+ we use spherical coordinates (6, ¢) on
S2:
S*\ {a+,9-} = (0,m)p x Sg.
Thus, away from (r_ — 0,74 +6), x[0,00) X {g+, ¢—}, the Kerr-de Sitter space-time
is
(r— —d,r4 +0), x[0,00); x (0,7)p X Sclb
with the metric we specify momentarily.

The Kerr-de Sitter metric has a very similar microlocal structure at the event
horizon to de Sitter space. We first start with a coordinate system in which the
metric is usually expressed but in which the metric is singular at r_ and r, which
are roots of the function i defined below. The metric g is

dr?  do? K sin® 6 ~ ~
9=+ )—( (adi — (% + a?) dg)?

A
ﬁ(dt~ — asin? 0 de)?,
while the dual metric is
G=-p? (ﬂ@f + (::;_TZ);((L sin? 0 9; + 5(;)2 + KO}
(6.1 A

- T((r2 +a2)d; + a(?q;)Q)
with r¢, A, a constants, r,, A > 0,
2 =r%+a%cos?,
im0t a1 A0
k=14~ycos’6,
e

Y 3
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While G is defined for all values of the parameters r,, A, a, with r,, A > 0, we make
further restrictions. Note that under the rescaling

¥ =VAr, T = VAL v, =VAr,, o/ = VAa, N =1,

A~'G would have the same form, but with all the unprimed variables replaced by
the primed ones. Thus, effectively, the general case A > 0 is reduced to A = 1.

Our first assumption is that fi(r) = 0 has two positive roots r = ry, r4 > r_,
with

op
2 = T3 |r=r 5
(6.2) Fa=Fp lr=rs >0

r4 is the de Sitter end, r_ is the Kerr end. Since £ is a quartic polynomial, is > 0
at 7 = 0 if |a|] > 0, and goes to —oco at +oo, it can have at most 3 positive roots;
the derivative requirements imply that these three positive roots exist, and r4 are
the larger two of these. If a = 0, (6.2) is satisfied if and only if 0 < 272A < 1.

4
Indeed, if (6.2) is satisfied, 2 (r~4f1) = —2r~3 (1 — 22=) must have a zero between
r_ and r4, where i must be positive; %(r“lﬁ) = 0 gives r = 2ry, and then
fi(r) > 0 gives 1 > 2r2A. Conversely, if 0 < 2r2A < 1, then the cubic polynomial
r o= r — %7"3 — rg is negative at 0 and at 4oo, and thus will have exactly
two positive roots if it is positive at one point, which is the case at r = %rs.
Indeed, note that r~#3 = r=2 — & — 7,773 is a cubic polynomial in r~!, and

Op(r=2) = —2r=3 (1 — 32:5
and if 0 < %T?A < 1, then the value of i at this critical point is positive. Thus, for
small a (depending on %TEA, but with uniform estimates in compact subintervals
of (0,1)), ry satisfying (6.2) still exist.

2 ~
We next note that for a not necessarily zero, if (6.2) is satisfied then ZT‘Q‘ =

), so r~*/i has a non-degenerate critical point at r = %7‘5,

2 — %Aa2 — 4Ar? must have a positive zero, so we need

A2
(6.3) 0§7:%<1,

i.e. (6.2) implies (6.3).

Physically, A is the cosmological constant, ry = 2M the Schwarzschild radius,
with M being the mass of the black hole, a the angular momentum. Thus, de Sitter-
Schwarzschild space is the particular case with a = 0, while further de Sitter space
is the case when r; = 0 in which limit r_ goes to the origin and simply ‘disappears’,
and Schwarzschild space is the case when A = 0, in which case r; goes to infinity,
and ‘disappears’, creating an asymptotically Euclidean end. On the other hand,
Kerr is the special case A = 0, with again ry — 00, so the structure near the event
horizon is unaffected, but the de Sitter end is replaced by a different, asymptotically
Minkowski, end. One should note, however, that of the limits A — 0, a — 0 and
rs — 0, the only non-degenerate one is a — 0; in both other cases the geometry
changes drastically corresponding to the disappearance of the de Sitter, resp. the
black hole, ends. Thus, arguably, from a purely mathematical point of view, de
Sitter-Schwarzschild space-time is the most natural limiting case. Perhaps the best
way to follow this section then is to keep de Sitter-Schwarzschild space in mind.
Since our methods are stable, this automatically gives the case of small a; of course
working directly with a gives better results.

In fact, from the point of view of our setup, all the relevant features are sym-
bolic (in the sense of principal symbols), including dependence on the Hamiltonian
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dynamics. Thus, the only not completely straightforward part in showing that our
abstract hypotheses are satisfied is the semi-global study of dynamics. The dy-
namics of the rescaled Hamilton flow depends smoothly on a, so it is automatically
well-behaved for finite times for small a if it is such for a = 0; here rescaling is un-
derstood on the fiber-radially compactified cotangent bundle T X5 (so that one has
a smooth dynamical system whose only non-compactness comes from that of the
base variables). The only place where dynamics matters for unbounded times are
critical points or trapped orbits of the Hamilton vector field. In S* X5 = QT*X(;,
one can analyze the structure easily for all a, and show that for a specific range
of a, given below implicitly by (6.13), the only critical points/trapping is at fiber-
infinity SIN*Y of the conormal bundle of the event horizon Y. We also analyze the
semiclassical dynamics (away from S*Xs = 8T*X5) directly for a satisfying (6.27),
which allows a to be comparable to rs. We show that in this range of a (subject
to (6.2) and (6.13)), the only trapping is hyperbolic trapping, which was analyzed
by Wunsch and Zworski [61]; further, we also show that the trapping is normally
hyperbolic for small a, and is thus structurally stable then.

In summary, apart from the full analysis of semiclassical dynamics, we work with
arbitrary a for which (6.2) and (6.13) holds, which are both natural constraints,
since it is straightforward to check the requirements of Section 2 in this generality.
Even in the semiclassical setting, we work under the relatively large a bound, (6.27),
to show hyperbolicity of the trapping, and it is only for normal hyperbolicity that
we deal with (unspecified) small a.

We now put the metric (6.1) into a form needed for the analysis. Since the metric
is not smooth b-type in terms of r, 8, ¢~>, e’f, in order to eliminate the i~! terms we
let

(6.4) t=t+h(r), ¢=9¢+ P(r)
with
(63 W) = ) Fes, P =T

near 74. Here ¢ = ¢y = c4(r) is a smooth function of r (unlike z~!!), that is to
be specified. One also needs to specify the behavior in i > 0 bounded away from
0, much like we did so in the asymptotically hyperbolic setting. This only affects
semiclassical properties when ¢ away from the reals, however; so the choice is not
relevant for most purposes.

We at first focus on the ‘classical’ problem. Then the dual metric becomes

G=—-p? (ﬂ(&n T c@t)Q F2(14+7)(r* + a2)(87~ F c@t)(?t

1 2
F2(1+7)a(0, F cdy) 0y + K0 + %(a sin? 00, + (9¢,)2).
ksin® 0

t

We write 7 = e~ %, so —70, = 9, and b-covectors as

gdr+adT—T+nd0+Cd¢,
SO
P?G = —fi(¢ £ co)” F2(1+7)(r? + a?) (£ £ co)o

£2(1+7y)a(§ £co)( — kn® — %(—asin2 b0 + ()%
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Note that the sign of & here is the opposite of the sign in our de Sitter discussion
in Section 4 where it was the dual variable (thus the symbol of D,,) of u, which is
r~2[i in the present notation, since Z—‘Z < 0 at the de Sitter end, r = 7.

A straightforward calculation shows det g = (det G)~ = —(1 +~)~*p*sin? 6, so
apart from the usual polar coordinate singularity at # = 0, 7, which is an artifact of
the spherical coordinates and is discussed below, we see at once that g is a smooth
Lorentzian b-metric. In particular, it is non-degenerate, so the d’Alembertian [, =
d*d is a well-defined b-operator, and

Jb,2(P2Dg) = P2G'

Factoring out p? does not affect any of the statements below but simplifies some
formulae, see Footnote 12 and Footnote 19 for general statements; one could also
work with G directly.

6.2. The ‘spatial’ problem: the Mellin transform. The Mellin transform, P,
of p?0J, has the same principal symbol, including in the high energy sense,

pranl = o (Py) = — ﬂ(f + 00)2 F2(14+7)(r* + a2)(§ + ca)a

(6.6) -
+2(1+v)a(€ £ co)¢ — prn
with
_ 1+7)2 .
Pran = K1° + (.73)(—6151112 fo +¢)?,
Kk sin”® 0

S0 Pran1 > 0 for real o. Thus,
Hypy = ( — (€ £ co) F 201+ 7)(r2 + a?)o £ 2(1 + 7)a(> o,

o 9 oc _
_ ( _ 5@ + Co‘) F4r(l —1—7)0(5 + CU) + Eca)c'?g
+2(1+ v)a(é + CU)a¢ — Hprns
&= —-2i(¢ £co) F2(1+7)(r* +a®)o £ 2(1 +7)al.
To deal with ¢4 given by 6 = 0 (g_ being similar), let

y =sinfsing, z =sinfcos ¢, so cos’>h =1 — (y* + 22).

We can then perform a similar calculation yielding that if A is the dual variable to
y and v is the dual variable to z then

¢=2z\—yv
and
Prant = (1 +ycos?9) ! ((1 +7)2 (A% +1?) Jrﬁ//) + ﬁ?uu’
ﬁgull = (1 +~vcos?0)" (14 v)?(asin?® o — 2()ao,

with p” smooth, independent of o and vanishing quadratically at the origin. Cor-
respondingly, by (6.6), P, is indeed smooth at gi. Thus, one can perform all
symbol calculations away from g, since the results will extend smoothly to g,
and correspondingly from now on we do not emphasize these two poles.
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In the sense of ‘classical’ microlocal analysis, we thus have:

p=02(P,) = - £2(1+7)alC —p,  Pp=rn"+-——-
(6.7) Kk sin® 6

~ oji
H, = (_ 2h€ +2(1 + 'y)aC)ar +2(1 +7)akdy + a—’:gZag — Hs.

6.3. Microlocal geometry of Kerr-de Sitter space-time. As already stated
in Section 2, it is often convenient to consider the fiber-radial compactification
T*X5 of the cotangent bundle 7% Xy, with S*Xs considered as the boundary at
fiber-infinity of T X;.

We let

Ay = N*{ji=0} N {F€ > 0}, A_ = N*{ji =0} N {£ >0},

with the sign inside the braces corresponding to that of . This is consistent with
our definition of A4 in the de Sitter case. We let Ly = 0AL C S*X. Since AL UA_
is given by n = ¢ =0, i = 0, Ay are preserved by the classical dynamics (i.e. with
o = 0), but they are not radial (everywhere) if a # 0. Note that the special
structure of p is irrelevant for the purposes of this observation; only the quadratic
vanishing at Ly matters. Even for other local aspects of analysis, considered below,
the only relevant part®, is that H,p vanishes cubically at L4, which in some sense
reflects the behavior of the linearization of p.

FIGURE 8. The cotangent bundle near the event horizon S = {fi =
0}. It is drawn in a fiber-radially compactified view. ¥y are the
components of the (classical) characteristic set containing Ly. The
characteristic set crosses the event horizon on both components;
here the part near L, is hidden from view. The projection of this
region to the base space is the ergoregion. Semiclassically, i.e. the
interior of T" X5, for z = h™'o > 0, only ¥p, can enter i > a2,
see the paragraph after (6.15).

To analyze the dynamics near L4 on the characteristic set, starting with the
classical dynamics, we note that

Hpr = 0, Hp€ = 0, Hy¢ = 0, Hpp = 0, Hyp = 0;

69This could be relaxed: quadratic behavior with small leading term would be fine as well;
quadratic behavior follows from H, being tangent to A4 ; smallness is needed so that Hp\§|_1 can
be used to dominate this in terms of homogeneous dynamics, so that the dynamical character of
L (sink/source) is as desired.
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note that H,p = 0 and H,{ = 0 correspond to the integrability of the Hamiltonian
dynamical system; these were observed by Carter [8] in the Kerr setting. Further-
more, with [£|71 = 5 in the notation of Subsection 2.2,
(63) Hylé s x, = ~(oan &) O,

r
so at ON*{f1 = 0} it is given by +(sgné)F 1, so Sp = F + which is bounded away
from 0. We note that, with pg = || 72 in the notation of Subsection 2.2,

_ o of . _
(6.9) €1 H (€17 2D) s x5 = —2(sgn&) 5 Pl %
Since p = 0 and 1 # 0 implies £ = 0 on the classical characteristic set (i.e. when we
take 0 = 0), which cannot happen on S* X (we are away from the zero section!), this
shows that the Hamilton vector field is non-radial except possibly at Ay. Moreover,

ty (3% 200+ 0 ) s, = 206 (720 + 90 ) () I

3

as usual, this corresponds to p = |¢|72p at Li. Finally, the imaginary part of the
subprincipal symbol at L. is

((Sgnf)%)(ﬁilmo)\ﬂ, where
(6.10) di\ !
b =72 (L) @407+ Do =2 T ) >0

here (sgn f)% was factored out in view of (6.8), (2.5) and (2.3), so 3 at r is fBx.

Thus, L, is a sink, L_ a source. Furthermore, in the classical sense, £ = 0 is
disjoint from the characteristic set in the region of validity of the form (6.6) of the
operator, as well as at the poles of the sphere (i.e. the only issue is when r is farther
from ry), so the characteristic set has two components there with Ly lying in
different components. We note that that as v < 1, ksin?§ = sin® (1 + ) —ysin* 4
has its maximum in [0, 7]y at § = 7/2, where it is 1. Since on the characteristic set

(6.11)  a®€® + (1+9)%¢* > £2(1 +7)ag¢ = p+ i€* >0 + (1 +7)*¢* + jig?
and £ # 0, we conclude that
(6.12) i < a?

there, so this form of the operator remains valid, and the characteristic set can
indeed be divided into two components, separating L.

Next, we note that if a is so large that at r = ry with %(ro) = 0, one has
fi(ro) = a?, then letting g = 0, 6g = F, & # 0, (o = 150, the bicharacteristics
through (ro, 6o, ¢o, 0, Mo, Co) are stationary for any ¢g, so the operator is classically
trapping in the strong sense that not only is the Hamilton vector field radial, but it
vanishes. Since such vanishing means that weights cannot give positivity in positive
commutator estimates, see Section 2, it is natural to impose the restriction on a
that
(6.13) ro € (ry,r_), %(TO) =0 = a® < fi(ro).

Under this assumption, by (6.12), the ergoregions from the two ends do not inter-
sect.
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Finally, we show that bicharacteristics leave the region i > fig, where fig < 0
is such that ‘é—’g is bounded away from 0 on [fig, (1 + €)a?]; for some € > 0, which
completes checking the hypotheses in the classical sense. Note that by (6.2) and
(6.13) such fip and € exists. To see this, we use p to measure the size of the
characteristic set over points in the base. Using 2ab < (1 + €)a? + b?/(1 + €) and
ksin? 0 < 1, we note that on the characteristic set

o2, (L4 5 o €
(I +ea’s” + 5 =C 2P+ g =

2 - € —2~
(1+e)a* = ) = T—lél
where now both sides are homogeneous of degree zero, or equivalently functions on
S* X;s. Note that p = 0 implies that £ # 0 on S* X, so our formulae make sense. By
(6.9), using that % is bounded away from 0, |¢|~2p is growing exponentially in the
forward/backward direction along the flow as long as the flow remains in a region
ii > fig, where the form of the operator is valid (which is automatic in this region,
as farther on ‘our side’ of the event horizon, X, where the form of the operator
is not valid, it is elliptic), which shows that the bicharacteristics have to leave this
region. As noted already, this proves that the operator fits into our framework in
the classical sense.

(1) s
p+ 1+6C+u§7

SO

6.4. Semiclassical behavior. The semiclassical principal symbol is
(6.14)
- 2 -
Ph.=— M(§ + cz) F2(1+ 7)(7"2 + aQ)(f + cz)z +2(1+ 'y)a(g 4 cz)( — Ph,»

with
(147)?

2
K sin® 6
Recall now that Ms = X5 x [0,00),, and that, due to Section 7, when we want to
consider Im o bounded away from 0, we need to choose c¢ in our definition of 7 so
that 9 is time-like with respect to G. But

T

Pr> = KN° + (—asin® 6z + ¢)2.

dr dr . a?(1+7)%sin? 9

(—, —)g = —jc* —2c(1 +7)(r* + a?) — L,
T T K
and as this must be positive for all 6, we need to arrange that
(6.15) jc? 4+ 2¢(1+9)(r* + a®) + a*(1 +7)* <0,

and this in turn suffices. Note that ¢ = —~1(1+~)(r? + a?) automatically satisfies
this in & > 0; this would correspond to undoing our change of coordinates in (6.5)
(which is harmless away from fi = 0, but of course ¢ needs to be smooth at & = 0).
At o = 0, (6.15) gives a (negative) upper bound for ¢; for i > 0 we have an
interval of possible values of ¢; for i < 0 large negative values of ¢ always work.
Thus, we may choose a smooth function ¢ such that (6.15) is satisfied everywhere,
and we may further arrange that ¢ = —=1(1 + v)(r? + a?) for i > fi; where ji;
is an arbitrary positive constant; in this case, as discussed in Section 7, ps . is
semiclassically elliptic when Im z # 0.

Note also that, as discussed in Subsection 3.2, there is only one component of
the characteristic set in i > a? by (6.12), namely Zp, sgn »-

It remains to discuss trapping. Note that the dynamics depends continuously
on a, with a = 0 being the de Sitter-Schwarzschild case, when there is no trapping
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near the event horizon, so the same holds for Kerr-de Sitter with slow rotation.
Below we first describe the dynamics in de Sitter-Schwarzschild space explicitly,
and then, in (6.27), give an explicit range of a in which the non-trapping dynamical
assumption of Section 2, apart from hyperbolic trapping, is satisfied.

First, on de Sitter-Schwarzschild space, recalling that ¢ = c4 is irrelevant for
the dynamics for real z, we may take ¢y = 0, at least away from r4 (i.e. otherwise
we would simply change this calculation by the effect of a symplectomorphism,
corresponding to a conjugation, which we note does not affect the ‘base’ variables
on the cotangent bundle). Further, if we take a well-defined function on 7™ Xj
(independently of c), such as 7 or ¢, and we consider objects such as Hy, r and
H2 .7, and whether the vanishing of the former on the characteristic set implies

Pn,
the positivity or negativity of the latter, any choice of ¢4 can be used. Then

2
Ph,z = _,&452 + 2’[“252: - ﬁh,zv ﬁh,z = 772 + .4-727
sin“ 6
SO

th,z = _2([1’& + TQZ)(?T + (?;52 + 4TZ€> 65 - Hiﬁn.zv

hence Hy, .7 = —2(a€ £1r%2), and so H,, .7 = 0 implies Fz = r~ 2. We first note
that H,, _r cannot vanish in 7" Xs in /i < 0 (though it can vanish at fiber infinity
at L) since (for z # 0)

(6.16) f<0and Hy, .r=0= i # 0 and ps . = jil* — pn. < 0.
It remains to consider H,, . =0 in fi > 0. At such a point
- - ofi 1~ . Ar—*p
HE, .7 = —20iHy, & = —2g” (87« —dr 1#) — o2t ) 5 )
so as Fz = r2ji€, so £ # 0, by the discussion after (6.2),

3
fi>0, £(r—rg) >0, Hy, r=0=+H2 r>0,

2
and thus the gluing hypotheses of [15] are satisfied arbitrarily close to™ r = %rs.
Furthermore, as pp, = —f~ ' (a€ £1r22)? + a~r*2? — pp ., if r = %rs, Hy,.r =0

and pp . = 0 then pp . = i~ 'r2?, so with

Moo= {r=or, G412 =0, pre =i %),
we have
(6.17)  pr.(w) =0, i(w) >0, w ¢ T2, (Hp, .7)(w) = 0= (xH} r)(w) >0,

with + corresponding to whether r > %rs or r < %rs. In particular, taking into
account (6.16), r gives rise to an escape function in T*Xs \ T, as discussed in
Footnote 34, and T, is the only possible trapping. (In this statement Ly does not
count as trapping.) To make this concrete, note that

(6.18)

F= (1"757“3)2 = Hp,, . F= 2(r—§r(g)H

2
In particular, if th,zﬁ = 0 then either r =

- 3
L&) H?)h,zF:Q(th,zr)2+2(T77TS)H2 T

Ph,z 2 Pr,z" "

3 . . . 2 I 2
57s, in which case HZ  F'= 2(H,, .7)?,

s 1. iy 3} _ —0; : w H2 F =
which is positive unless Hp, .7 = 0, or H,, .r = 0 in which case H;, F' = 2(r —

700r far from, in £ > 0.
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3rg)H?

2 Ph,z
imply that either the point in question is in I',, or alternatively Hfm >0 In

r, which is positive on X unless r = %rs. Thus, pp,. = 0 and Hpnyzﬁ =0

particular, for any (null-)bicharacteristic v outside I',, any critical point of F o
is necessarily a strict local minimum, and in both the future or the past directions
any bicharacteristic either escapes r = r4 in finite time, tends to L4 ", or tends to
I',. Moreover, it cannot tend to I', in both directions without reaching r. since
then F o ~ would have a local maximum. This shows that I', is the only trapping
in [r_,ry], and indeed nearby as already discussed. As shown in Footnote 35, one
can construct an escape function near I', once it is known that I', only exhibits
normally hyperbolic trapping, which we prove below; further, with O and K as
in the footnote, i.e. K the compact closure of a small neighborhood of I',, O a
small neighborhood of this, the dynamical parts of the semiclassical mild trapping
hypotheses (namely (i) of the local definition plus the global flow assumptions stated
after this) are satisfied in view of what we just showed regarding bicharacteristics
outside I';, once gy . is appropriately arranged in the next subsection.

Since in [61, Section 2] Wunsch and Zworski only check normal hyperbolicity in
Kerr space-times with sufficiently small angular momentum, in order to use their
general results for normally hyperbolic trapped sets, we need to check that Kerr-de
Sitter space-times are still normally hyperbolic. For this, with small a, we follow
[61, Section 2|, and note that for a = 0 the linearization of the flow at ', in the
normal variables r — %rs and i€ £1r2z is

2Ts

r—3r.] 0 2| [r—3p, 3 9, - 2.\2
[ﬂffr%] T 260t Ly, 0 [ggﬁm]wﬂr—gm) +(fg£r2)%),

so the eigenvalues of the linearization are A = j:3\/§rsz(1f %Arg) —/ 2, in agreement
with the result of [61] when A = 0. The rest of the arguments concerning the flow
in [61, Section 2] go through. In particular, when analyzing the flow within T' =
U,>oI';, the pull backs of both dp and d( are exactly as in the Schwarzschild setting
(unlike the normal dynamics, which has different eigenvalues), so the arguments of

71By compactness considerations, eCFthyzl% is an escape function outside I', for C > 0
large, cf. Footnote 34, i.e. its Hp;, _ is bounded below by a positive constant on compact subsets
of T* X \ I';. Correspondingly, in either the future or the past direction, bicharacteristics must
either reach » = r4+ in finite time, or have a sequence of points tending to L+ or I',. In the
latter two cases the whole bicharacteristic is easily seen to be tending to these in view of the local
dynamics at L+ (source/sink), and in case of I', since F o~ cannot have local maxima. Indeed, if
there is a sequence, say, t, — +oo with y(t,) — T’y then F(y(t)) — 0 as t — +oo; if 4 does not
tend to I, then there is a sequence s, — +o0o with v(s,) bounded away from I';, one can take a
subsequence along which v(sy) converges to a limit «, which is thus a point at which F = 0; then
'y|[smsn+1] converges to the bicharacteristic through this point (along the subsequence), which
is impossible since ' would have to be zero along this segment, but it can only have strict local
minima away from I',.

727 different way of phrasing the argument is to regard a compact interval I in (r_, %rs) U
(%rs, r4+) as the gluing region, for sufficiently small a, for r € I, Hpy, .7 = O still implies iH;l%n,zT >
0, and [15] is applicable. This concretely means that one uses Theorem 1 of [61] with an absorbing
potential in the de Sitter-Schwarzschild setting with K = I'; in the notation there, where it applies
equally well given our observations regarding the dynamics, including normal hyperbolicity. If
instead one works with compact subsets of {ii > 0} \ 'z, one has non-trapping dynamics for a
small, and the results still apply.
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[61, Proof of Proposition 2.1] go through unchanged, giving normal hyperbolicity
for small a by the structural stability.
We now check the hyperbolic nature of trapping for larger values of a. With
c =0, as above,
" . 1+7)? :
P,z = —RE*F2(14+7) ((r*+a?)2—aC) Pz, Prs = Iﬂ?ﬂﬁ(*asﬁ 02+¢)?,
and in the region f > 0 this can be rewritten as

(6.19)
2 2
Dh,z = —fi (f + HT’Y((TQ + a2)z — a()) + (1‘;’7)(“2 + a2)z — a<)2 e

note that the first term would be just —/ié? in the original coordinates (6.1) which
are valid in i > 0. This explicitly shows that (r? + a?)z — a{ cannot vanish on
Yp in o > 0, for if it did then ps . would vanish as well at the same point, thus
¢ = asin®#z, hence (r’ 4+ a?)z — a? sin? @z = 0, which is impossible (as z # 0,
r > 0). Further,

i
K sin

(6.20) fi>0and pp.=0= ((r +a?)z —aC)’ — — 5 (asin® 0z () > 0,
so considering the last expression as a quadratic polynomial in (, we see that the
inequality (ignoring the restriction py , = 0) can only hold between its roots if the
coefficient a? — nsii x5 of ¢? is negative, and outside the roots if the coefficient is
positive, and has to be below (az > 0) or above (az < 0) the unique root if this
coefficient vanishes (since the coefficient of ¢ is the negative of that of az then).

The roots of the polynomial (when a? — —£;— # 0) are™

(r? + a® cos® 0)z

N
a+t \/EsliLHG

¢+ =asin?0z +

9

at which points

(r? 4+ a*cos®0)z
a+/k sin 6
L+ =07
so in particular when i > a2k sin? 6 then (r? 4+ a?)z — a¢ has the same sign as z on

Y5 as™ it is in the interval between the two stated values of (r? + a?)z — a(.
Next,

(6.22) Hyp 1 = =2 (i€ 2 (1+7) (12 + %) — ac))

shows that

(6.21) (r* +a®)z —aly =

fi<0, Hy, .1 =0= pn. = it> — pp. <0,

and equality on the right hand side implies ¢ = asin® 0z, so Hp, .7 = F2(1+7)(r’+
a®cos? )z # 0, a contradiction, showing that in i < 0, Hp, .r cannot vanish on
the characteristic set.

73Note that one of the roots tends to —oo if az > 0 and i\ a?ksin? 0, and to +oo if az < 0
and i \, a’ksin? 6.

"4The other component, Xj _ s . does intersect i = a ksin? 6, but only does so at fiber
infinity which was already analyzed for the classical dynamics. This corresponds to the root of
the quadratic polynomial in ¢ that escaped to Foo and reemerges from +oo at fi = a?ksin? 6,
depending on the sign of az.

2
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We now turn to i > 0, where

0
Hpp 1= 0= H2, r = —2fiHy, € = 21+ )5 (A7 (0 +a%)z = ac)?).
Thus, we are interested in critical points of
®=p""((r*+a*)z— a()2
in &t > 0 which lie at points with pp . = 0 and Hy, .,r = 0, and whether these are
non-degenerate. Note that
oo 2 2 ~ 2 2 2 op ~
(628) S =—((*+adz-aQ)i2f, = (0% +ad)z - al) 5 — Az,
so as (r? + a*)z — aC # 0 when py, . vanishes in fi > 0,
0P
DPh.=0and it > 0= (EzO@)f:O);

oP _ 0?®
5 =0and pp,=0and > 0= rrl =—((r*+a*)z—aQ)

6.24
(624 o
B
Also, from (6.23),
. o
p>0, f=0=—-#0,
or

and further, if % < 0 and fi > a’ksin” @ then f cannot vanish since (12 + a?)z — ¢
and z have the same sign. Thus H%h _r cannot vanish on 3, when p > a’ksin’ 6,
% <0 and Hy, .7 = 0. Now

o s, )
(6.25) o = (rP+a )z—ag)? —4uz—2rz§,
and 50 i
Tz
EZO#(TZ-FGQ),Z—LLC:?,
so substituting into (6.25),
Op Of 0% _Oh oi\?
2 R P P Sy, Vol [
(6.26) or or T o For — T\ or
Thus,

o of N oi  _ Of

so taking into account

~ 2
T?L—4ﬁ——2<1—A§>r2+3rsr—4a2,
T
0?0 ofi Aa?
Tw—?)a:—zl 1_7 T+3TS,
i o 2( Ofp 8a2
’“aﬂ‘?’m—r(’“ar“*ﬂ)‘?’“*w

we obtain

ndf 1 on N\ 2 o
81"67’_2Z< r(rar 4u) 7(37"37“ 8a”) | .
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We claim that if |a|] < r5/2 then r_ > r;/2. To see this, note that for r = r,/2,

2 2 2
- T 9 Ar: T

= —_— 1— —_— — 0'
a(r) <4+a>( 12) 2<7

since at a = 0, r_ > ry/2, we deduce that r_ > r,/2 for |a| < rs/2. Making the
slightly stronger assumption,

3
(6.27) la| < %rs,
we obtain that for i > 0, » > r_, 3ryr — 8a? > %rf —8a? > 0, so, when %—? =0,
opof
—— < 0.
“or or <
Thus, when %—E’ = 0, using (6.24),
0%® af 4r opof
6.28 L = (P +d®)r—a) i = ———— 27 5
(6.28) or? (4 a)z —aQ)i or ﬂ(aﬁ)zz&r ar =
or

so critical points of ® are all non-degenerate and are minima. Correspondingly,
as & — oo as i — 0 in g > 0, the critical point r. of ® exists and is unique
in (r—,r+) (when ¢ is fixed), depends smoothly on ¢, and %—f >0if r > r., and
%1? < 0if r < re. Thus,

/1 > 0; j:(?“ - TC) > O’ H:Dn,zr =0= iHZ%hzr > 0’

giving the natural generalization of (6.17), allowing the application of the results
of [15]. Since Hp, .7 cannot vanish in fi < 0 (apart from fiber infinity, which is
understood already), we conclude that r gives rise to an escape function, as in
Footnote 34, away from

Pe= {0 (@) =0, (Hy,.r)(w) =0, pas(em) = 0},

which is a smooth submanifold as the differentials of the defining functions are
linearly independent on it in view of (6.28), (6.22), and the definition of py , (as
the latter is independent of r and &).

The linearization of the Hamilton flow at I', is

[ﬂf £ (L) (0 a)z ac)]/

_ 0 —2 =T
- {ﬁ(l +7)? 5% 0} L?Lfi (T +9((r* +a?)2 —ac)}
+0((r=r0” + (p§ £ (147 (1 +a)z = aQ))*).

so by (6.28), the linearization is non-degenerate, and is indeed hyperbolic. This
suffices for the resolvent estimates of [61] for exact Kerr-de Sitter space, but for
stability one also needs to check normal hyperbolicity. While it is quite straightfor-
ward to check that the only degenerate location is n = 0, # = 7, the computation of
the Morse-Bott non-degeneracy in the spirit of [61, Proof of Proposition 2.1], where
it is done for Kerr spaces with small angular momentum, is rather involved, so we
do not pursue this here (for small angular momentum in Kerr-de Sitter space, the
de Sitter-Schwarzschild calculation above implies normal hyperbolicity already).
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One has the following analogue of (6.18) in the Kerr-de Sitter setting, using that
th,zc =0, re =7¢(Q),
F= (r— rc)2 = th’zﬁ =2(r —re)Hp, .1, Hf,h7z}7" = 2(Hpﬁ,zr)2 +2(r — rc)Hihvzr.

All the arguments after (6.18) apply, showing that indeed Kerr-de Sitter space
satisfies the dynamical parts of the semiclassical mild trapping property (namely
(i) of the local definition plus the global flow assumptions stated after this).

In addition, in view of an overall sign difference between our convention and that
of [61] for the operator we are considering, [61] requires the positivity of z%pmz for
z # 0. (Note that the notation for z is also different; our z is 1 + z in the notation
of [61], so our z being near 1 corresponds to the z of [61] being near 0.) Unlike
the flow, whose behavior is independent of ¢ when z is real, this fact does depend
on the choice of ¢. Note that in the high energy version, this corresponds to the
positivity of U%pfuu. Now, pran = (o % +w,o d{ +w)qg, with @ € II, the ‘spatial’
hyperplane, identified with 7% X in "T*M, so

dr dr dr

00spsal = 2(0 —,0 —)a + 2(0c —,w)q
T T T
dr d d d
= 0'2<l, l)g + <0’l +w,o a +@)g — (@, @)a-
T T T

Thus, if non-zero elements of II are space-like and % is time-like, 00, pra1 > 0 for
o # 0 on the characteristic set of pgy. If ¢ is such that ¢ = —i=1(1+7)(r?+a?) near
the projection of I', to the base space X, which as we mentioned can be arranged,
and which corresponds to undoing our change of coordinates in (6.5), then directly
from (6.1) the time-like statement holds; the space-like statement holds outside the
ergoregion, i.e. when i > a®ksin? 6 (d¢ ceases to be spacelike in the ergoregion).
For small |a|, T', does not intersect the ergoregion, and thus the hypotheses of [61]
are satisfied. Thus, to complete checking the hypotheses of [61] in general we need
to show that even in 0 < & < a2k sin? 6, 20.pr.. > 0 at I',. Now,

r2 4+ a?
azph,z = 2<1 + 7)2(%(

Further, on X5 (in & > 0) by (6.20),

(r* +a®)z —al) + %(C — asin? Hz))

Vi
VEsing

so, with the first inequality below due to (r? + a?)? > fia? by the definition of f,

|(r* + a*)z — a¢| > |¢ — asin® 2|,

r?+a® _ |al la]
i Vii T ViE
shows that 0.py, . has the same sign as (r? + a?)z — a( in i > 0. Notice that by
(6.23) 2((r? + a*)z — a¢) and % have the same sign on I';; thus we only need

sin 0

to show that % cannot be negative™ on I',. In view of (6.21), the negativity of
2((r? 4 a?)z — al), together with i < a?ksin®§ and being on ¥j, would mean that
(r? + a® cos? 0)2?

1_ |a|\/k sin 0
Vi

z((r2 + a2)z —a() <

5We already remarked this outside the ergoregion, but here we need to consider the ergoregion.
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Using (6.23) to substitute in for (r2 + a?)z — a(, we get
4rii - (r? + a? cos? 0)

or Vil
or multiplying through by %(1 - W%ne) >0,

_ |alVksing

4rfi(1 7

op
2., 2. 2
< 0) =
) < (r® + a* cos )87"’
or equivalently
ofi ofi
0 < 4r+/fila]v/k sin 6 + 7“28—/; — 4rfi + a® cos® Ha—'ﬁ

= 4r+/[i|a|v/k sin 0 + 7"6%(7“_4(,& —a?)) — 4ra® + a® cos® 0%

) op
=15 (r~*(i — a?)) — 4rlal(|a| — \/fiv/k sin 0) + a® cos? ey
or or

As soon as we show that %(r“l(ﬂ —a?)) < 0 in the ergoregion where % < 0,

we conclude that the right hand side is negative, providing a contradiction. To
see this final claim we notice that »~%(fi — a?) has two zeros by assumption’® in
(r_,r4), hence its derivative has a zero between these zeros, which is thus outside

the ergoregions’’. Further, this derivative is —2r=3(1 — ATaz) + 3rsr~* which has a

single root, r = ﬁ, which thus lies outside the ergoregions, and thus in the
i 3
ergoregion near 7, where g—‘: < 0, we have %(r“l(ﬂ —a?)) < 0 (since it cannot

change sign), providing the desired contradiction. This shows that zd.pp . > 0 on
I'., completing our checking of the hypotheses of [61]. Wunsch and Zworski add
a complex absorbing potential supported away from the projection of the trapped
set, I',, in the statement of Theorem 1; we can do so similarly™® or we can use a
pseudodifferential absorber, which is elliptic outside a neighborhood of T",, including
at fiber infinity. In summary, the result of Wunsch and Zworski is applicable for
Kerr-de Sitter space-times with angular momenta satisfying (6.27).

6.5. Complex absorption. The final step of fitting P, into a general microlocal
framework is moving the problem to a compact manifold, and adding a complex
absorbing second order operator. This section is almost completely parallel to Sub-
section 4.7 in the de Sitter case; the only change is that absorption needs to be
added at the trapped set as well.

We thus consider a compact manifold without boundary X for which Xj is
identified as an open subset with smooth boundary; we can again take X to be the
double of X5. As in the de Sitter case, we discuss the ‘classical’ and ‘semiclassical’
cases separately, for in the former setting trapping does not matter, while in the
latter it does.

76By (6.13) there are at least two zeros; in view of fi having a single critical point between
(r—,r4), there are exactly two zeros.

"Since in the ergoregions r~4(ji — a?) < 0.

"8There is a slight complication if the projection of I', enters the ergoregion as the operator
ceases to be elliptic, though the latter is assumed by Wunsch and Zworski; in this case one needs
a pseudodifferential absorber, which however barely affects their arguments.
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We then introduce a complex absorbing operator Q, € ¥%(X) with principal
symbol g, such that h?Q,-1, € \Il,zi’d(X) with semiclassical principal symbol gy, -,
and such that p + ¢ is elliptic near Xy, i.e. near i = [ig, the Schwartz kernel of
Q) is supported in i < fig+ € for some sufficiently small ¢ > 0, and which satisfies
that +¢ > 0 on ¥+. Having done this, we extend P, and @, to X in such a way
that p 4+ 1¢ are elliptic near X \ Xjy; the region we added is thus irrelevant. In
particular, as the event horizon is characteristic for the wave equation, the solution
in the exterior of the event horizons is unaffected by thus modifying P,, i.e. working
with P, and P, —1Q), is equivalent for this purpose.

As in de Sitter space, an alternative to this extension is adding a boundary at
i1 = fig; this is easy to do since this is a space-like hypersurface, see Remark 2.6.

For the semiclassical problem, when z is real we need to increase the requirements
on Q,. As in the de Sitter setting, discussed in Subsection 4.7, we need in addition,
in the semiclassical notation, semiclassical ellipticity near ji = fig, i.e. that ps . +
1qn,» are elliptic near X5, i.e. near i = fip, and which satisfies that g5 . > 0 on
Yn,+. Following the general prescription of Subsection 3.2, as well as the discussion
of Subsection 4.7, this can be achieved by taking @), the (standard) quantization
of

d d A ) , .
(6.29) — (¢ dr+o " +nd+Cdo, ) (1€ dr+ndo+C ds| +0% +C) /2 x (),

where H is a Riemannian dual metric on X, X = 0 as in Subsection 4.7 supported
near [t = fig, C' > 0 is chosen suitably large, and the branch of the 2jth root as in
Subsection 4.7. One can again combine p with a Riemannian metric function H||%(,
to replace p by x1p — X2Dh,z, Pr,> = (||Hi~; + 22)1/7 | as in Subsection 4.7.

We recall that in the proof of Theorem 2.17 one also need to arrange semiclassical
ellipticity (i.e. define an appropriate @’,) for an appropriate perturbation of py, , at
the trapped set (for z real, as usual), which is in X ; we now make this more explicit.
To achieve this, we want q%yz elliptic on the trapped set; since this is in 3z en 2,
we need q%’z < 0 there. To do so, we simply add a microlocal absorbing term
Q' supported microlocally near the trapping with h2Q;-1, having semiclassical
principal symbol g;, .. We do not need to arrange that @7, is holomorphic in o; thus
simply quantizing a q,’m ., of compact support on 7" X and with smooth dependence
on z € R\ {0} suffices. Then with @, as above (so we do not change Q,) P, —1Q,
is holomorphic, and its inverse is meromorphic, with non-trapping large energy
estimates in closed cones disjoint from R in the upper half plane, corresponding to
the semiclassical estimates for non-real z given in Theorem 7.3. To see that large
energy estimates also hold for (P, —1Q,)~! near R, namely in Imo > —C, one
considers (P, —1(Q, +@Q%))~!, which enjoys such estimates but is not holomorphic,
and then use the semiclassical resolvent gluing of Datchev-Vasy [15] together with
the semiclassical normally hyperbolic trapping estimates of Wunsch-Zworski [61],
to conclude the same estimates for (P, —1Q,)~!. For a as in (6.27), the dynamics
(away from the radial points) has only the hyperbolic trapping (and for small a, it
is normally hyperbolic); however, our results apply more generally, as long as the
dynamics has the same non-trapping character (so a might be even larger as (6.27)
may not be optimal). Note also that since the trapping is in a compact subset of
Xy = {i > 0}, we arranged that the complex absorption @, + Q. is the sum of
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two terms: one supported near the trapping in X, the other in ji < 0; this is useful
for relating our construction to that of Dyatlov [20] in the appendix.

This completes the setup. Now all of the results of Section 2 are applicable,
proving all the theorems stated in the introduction on Kerr-de Sitter spaces, Theo-
rems 1.1-1.4. Namely, Theorem 1.1 follows from Theorem 2.14, Theorem 1.2 follows
from Theorem 7.3, Theorem 1.3 follows from Theorem 2.17. Further, dj is time-like
in fi < 0 (since pga1, considered as a quadratic form, evaluated at £ = 1, 0 = 0,
¢ =0, n =0, is positive then), so Proposition 3.9 is applicable. This, together
with Theorem 1.3, the Mellin transform result, Corollary 3.10, in the Kerr-de Sit-
ter setting, or the appropriately modified, as indicated in Remark 3.11, version of
Proposition 3.5 for general b-perturbations (so 9; may no longer be Killing, and
the space-time may no longer be stationary), keeping in mind Footnote 63 for the
zero-resonance, finally proves Theorem 1.4.

7. LARGE Imo

In this section we discuss the extensions of the results to large Im o, i.e. uniform
estimates when Imo > C_ > 0, which only enter in the semiclassical context.

7.1. Semiclassical estimates. We now assume Imo > C_ > 0; as before we
translate this into a semiclassical problem, i.e. obtain families of operators P} .,
with h = ||, and z corresponding to o /|o| in the unit circle in C. As usual, we
multiply through by h* for convenient notation when we define P, ,:

Ph,z = hkthlz € ‘I]Ifg,cl(X)'

Now z need not be real in the limit h — 0 since we dropped the upper bound on
Imo. We still have py_.,qn., 2 € O C C, 0 ¢ O compact, real at S*X = 8T*X,
but we do not assume reality on T*X. However, we assume that p; . and g5 , are
real when z is real. We write the semiclassical characteristic set of Repy . as Xp 2,
and sometimes drop the z dependence and write X5 simply; assume that

Ep=2n4+UZDn—, Epq NEg- =0,
Yp,+ are relatively open in Y5, and
+Impp. >0and FRegp. > 0 near Xj 4.

The microlocal elliptic, real principal type and complex absorption (in which
one considers the bicharacteristics of Repp, ) estimates apply. The radial point
estimates need a bit more care, however.

Proposition 7.1. For all N, for s >m > (k—1)/2 — BImo, 0 = h™'z, and for
all A, B,G € ¥)(X) such that WF},(G) N WF},(Q,) = 0, A elliptic at Ly, and
forward (or backward) bicharacteristics from WF} (B) tend to Ly, with closure in
the elliptic set of G, one has estimates

(7.1) Au € Hp" = ||Bul|g; < C(hilnGPhyZU”Hi—kJrl + h”UHH;N),

where, as usual, GPy ;u € H,Tkﬂ and u € H{N are assumptions implied by the
right hand side.

Proposition 7.2. For s < (k—1)/2 + 8Ima, for all N, 0 = h™'z, and for all
A,B,G € V(X)) such that WF},(G) N WF,(Q,) = 0, B,G elliptic at Ly, and
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forward (or backward) bicharacteristics from WF} (B) \ L+ reach WF} (A), while
remaining in the elliptic set of G, one has estimates

(7.2) |Bullszy < C(h™HIGPy ull gre-rsr + (| Aullzg + hllull ).

Proof. For the sake of definiteness, we consider the proof of Proposition 7.1; the
changes relative to Propositions 2.10-2.11 in the two cases are completely analogous.

We follow Propositions 2.10-2.11; in particular the commutant family C, which
is bounded \I/Z_(k_l)/ 2(X ), and its principal symbol ¢, built using a functions
¢ (on which we make a further assumption below, shrinking its support further)
and ¢, are defined as there; in the case of ¢y we take ¢o(p* Repp ) instead of
¢0(p"pn.») now. The difference in the rest of the proof is that %(P;%Z - P;fz) €
\I/])ffl(X ) is not necessarily lower order in the semiclassical sense than P, ., i.e.

the semiclassical principal symbol of P, , is not real, though at S*X = T X it
is, so in the differential order sense it is still lower order than P, ,. However, if
Imz > C'h, C' > 0 fixed (to be determined later), which we may assume in view of
Propositions 2.10-2.11, we combine the argument of the proofs of Propositions 2.3-
2.4 with that of Subsection 2.5, writing

1
(7.3) o(Py, ,CIC. — CICPy ) = 2Z(Ph’z — Py )C:Cc+1[Py ., CIC],

with the first term in ¥% 1 (X), the second in h¥F ! (X). Denoting the semiclassical
principal symbol of %(Ph’z — Py )by p%z, we have p%z = :I:Bﬁo(lm 2)pFtlat Ly
by (2.5), so j:p%’z is a positive elliptic multiple of Im z at L. But py, , is real for z
real, and thus ip%’z = (Im z)ﬁ%vz, SO ﬁ%,z is positive elliptic at Ly and thus nearby.

Since the standard principal symbol of o (P, . — Py ) is (2.5), we can write
1 O
Z(Ph’z — Py ) =+(Imz)B; By .+ hRp .+ T,

Bh. € W U2(X) R, € U 2(X), T). € UF1(X), WF,(T)N Ly =0,

with
Th(k—1)/2(Bo) = \/Dp, .-

Now we write the right hand side of (7.3) as
+2(Imz — C'h) B}, By, .C;Ce + 215, .C Ce

(7.4) T
+ (h(izc'B;ZBhJ + Ry, .)C*Ce +1[ P2, c:cs}).

The F of the first term in (7.4) is then negative when Im z > C”h, the second term
is in AW, *°(X) if ¢ and thus ¢, have sufficiently small support by the wave front
set property of T}, , (and is thus negligible), while the third term is in h¥3*(X)
uniformly. Now, F of the third term has principal symbol in h\I/],fL_l(X ), modulo
terms where ¢ or ¢y is differentiated (and which behave just as in the classical and
real z semiclassical settings), is

€
p+e

2h (Bﬂoc' £ 7, + Bo <5 + kl) +6fo

. ) ot o1 ety

Choosing C’ > 0 sufficiently large, all other terms in the parentheses are dominated
by it on supp ¢, and the argument can be finished as in Proposition 2.3. (]
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Without assuming semiclassical non-trapping (which is a real z property), but
under extra assumptions, giving semiclassical ellipticity for Im z bounded away from
0, we now show non-trapping estimates. So assume that for [Imz| > ¢ > 0, pp .
is semiclassically elliptic on T* X (but not necessarily at S*X = T X , where the
standard principal symbol p already describes the behavior). In addition, assume
that +Imps . > 0 near the classical characteristic set ¥ + C S*X. Assume also
that pp . —1gp - is elliptic™ on T*X for [Imz| > € > 0, h~'2 € Q, and F Re gn- >0
near the classical characteristic set ¥5 4+ C S*X. Then the semiclassical version of
the classical results (with ellipticity in 7*X making these trivial except at S*X)
apply. Let Hj denote the usual semiclassical function spaces. Then, on the one
hand, for any s > m > (k—1)/2 — 8Imz/h, h < hy,

(7.5) lullzzg < Ch™ (I(Ph,z = Q2 )ull gro—rs + B2l ),
and on the other hand, for any N and for any s < (k—1)/2+4 8Imz/h, h < hy,
(7.6) lullzry < CRTHI(P; 2 + 0@ ull pro-rsn + B2l ).

The h? term can be absorbed in the left hand side for sufficiently small h, so we
automatically obtain invertibility of P, , —1Qp, ..

In particular, Py, . — 1Qp, . is invertible for h™lz € Q with Imz > ¢ > 0 and h
small, i.e. P, —1Q, is such for o € Q in a cone bounded away from the real axis
with Im o sufficiently large, proving the meromorphy of P, —:Q, under these extra

assumptions®.

Theorem 7.3. Let P,, Q,, 3, Cs be as above, and X*, Y* as in (2.22). Then, for
ceCsnQ,
P, —1Q, : X% — Y*
has a meromorphic inverse
R(o): Y° — X°.

Moreover, for all e > 0 there is C > 0 such that it is invertible in Imo > C+¢€|Re o],
o € Q, and non-trapping estimates hold:

IR@) i, , < Clol ™l
Remark 7.4. We emphasize again that the large Im ¢ behavior of P, —1Q, does not
matter for our main results, except the support conclusion of the existence part of
Lemma 3.1, and the analogous statement in its consequences, Proposition 3.5 and
Corollary 3.10. In particular, when the solution is known to exist in a weighted
b-Sobolev space, the large Im ¢ behavior is not used at all; for existence the only
loss would be that the solution would not have the stated support property (which
is desirable to have in the wave equation setting).

Theorem 2.14 has a generalization now under the non-trapping assumptions of
Definition 2.12, extending beyond a strip to a half-space:

79We need to assume this since Dh,z»qh,- are not real, so the ellipticity of pj . does not imply
this. Arranging this in the Lorentzian setting is the reason for an extended argument starting
with the paragraph of (3.17).

80Recall that we are not assuming semiclassical non-trapping here, which is the reason we
cannot simply quote the relevant part of Theorem 2.14 for the meromorphy.
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Theorem 7.5. Let P,, Q,, Cy, 8 be as in Theorem 2.1/, in particular semiclassi-
cally non-trapping, and X*, Y* as in (2.22). Let C > 0. Then there exists oy such
that

R(o) : V° — &7,
is holomorphic in {oc € @ : Imo > —C, |Reo| > oo}, assumed to be a subset of
Cs, and non-trapping estimates hold:

IR@) s, < o™ v
Remark 7.6. An advantage of the present theorem over Theorem 2.14 is that while
the former ensures that only finitely many poles can lie in any strip C_ < Imo <
C, there is no need for this statement to hold if we allow Imo > —C'. Since, for the
application to the wave equation, Im o depends on the a priori growth rate of the
solution u which we are Mellin transforming, this would mean that depending on
the a priori growth rate one could get more (faster growing) terms in the expansion
of u if one relaxes the growth condition on wu.

Theorems 2.15 and 2.17 also have analogous extensions to a half-space.

7.2. Lorentzian metrics. As discussed in Subsection 3.2, whose notation we
adopt, the semiclassical principal symbol of P, , = h*Py-1, is the dual metric
G on the complexified cotangent bundle »“T* M, m = (z,7), evaluated on covec-
tors w+z df, where w is in the (real) span II of the ‘spatial variables’ T X; thus II
and df are linearly independent. In general, by (3.15), for Im z # 0, the vanishing
of the imaginary part of this principal symbol states that (w + Re z d{, dT—T)G =0;
the real part is the first two terms on the right hand side of (3.15).

In the setting of Subsection 7.1 we want that when Im z # 0 and Im p;,_, vanishes
then Re pp, . does not vanish, i.e. that on the orthocomplement of the span of d{ the
metric should have the opposite sign as that of (%7 %)G For a Lorentzian metric
this is only possible if df is time-like (note that w + Re z d{ spans the whole fiber
of the b-cotangent bundle as Rez and w € II vary), when, however, this is auto-
matically the case, namely the metric is negative definite on this orthocomplement.
From now on we always assume that % is time-like for G.

Recalling (3.16), when Im z > 0, the sign of the imaginary part of pj , on X5 4
is given by £Imps . > 0, as needed for the propagation of estimates: in X5 ; we
can propagate estimates backwards, in X _ we can propagate estimates forward.
For Im z < 0, the direction of propagation is reversed.

We also need information about ps . —1gp ., i.e. when the complex absorption has
been added, with g . defined for z in an open set Q) C C. Here we need to choose
Gr,» in such a way as to ensure that pp . — 1qp, . does not vanish when Imz > 0,
but for real z # 0, g5, is real and for z sufficiently close to R with Imz > 0,
FRegqpn, > 0 on X 4+, and we also need ellipticity pp , — 2qn,. Where g3, is to act
as absorption. We follow (3.17) and take

dr d
QEz:_sz<w+Zlvl>Ga Ref, >0, 2z € R = f, is real,
(7.7) ’ T T

x > 0, independent of z;

recall from the discussion after (3.17) that if in addition f, is bounded away from
0 when z is bounded away from 0 in R, then the above conditions for real z are
automatically satisfied, including ellipticity of pp » — 1gp . for z real where x > 0,
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which includes ellipticity in the classical sense — the latter thus holds for all z since
the standard principal symbol is independent of z.
Thus, if we ensure that for Im z > 0,

dr d
(7.8) Im ((w + 277—7 :>G1ph,z> >0,

then Im(zf) > 0 shows that ps_, — g, # 0 as desired. We note that the imaginary
part of (@ + 297, 97) ¢ is Tm 2 (4T, d:)(;, and thus is non-zero as % is time-like and
Imz > 0. But the expression inside the imaginary part on the left hand side of
(7.8) is a positive multiple of <w+z% di)gph -, S0 it suffices to consider the latter,

whose imaginary part is, with 3 = w 4 Re 24~ T,

(7.9)
dr dr dr dr

-t +(, Do (48,8 — (P, o6 ) + (5, Thel2im )05, The

T

dr dr dr dr dr
=t ({5l Dl + 208, % + w4 L T3 ).
As % time-like, the first two terms inside the parentheses on the right hand side
give twice the positive definite stress-energy tensor the positive definite character
is checked by writing f = v + )\df with® (v, & T)g =0, for then these terms give

dr dr 5, dr dt

(7.10) (& T (~mbe + (5 e )

and the Lorentzian character of G then implies that —G is positive definite on the
orthocomplement of the span of 4C. In view of the third term, (Imz)(4r, 47)2,
on the right hand side of (7.9), we actually conclude that (7.8) holds (i.e. the
inequality is strict) when Im z > 0.

In extending the discussion around (3.19) regarding the ellipticity of the extended
operator, ps , — qp ., to complex z, it remains to consider finite w and non-real z,
and show that pp . — 1gs,, does not vanish then; we have a priori that for K C D;
compact (thus disjoint from the branch cuts), there exist C' > 0 and § > 0 such
that for z € K either one of ||w|| 5 > C, resp. |Im z| < 4, implies non-vanishing of
Dh,z — 1qn,.- To see the remaining cases, i.e. when both Imz > ¢ and ||w||z < C,
first assume that yo = 1, so x1 = 0. Then

- dr dr
Ph,z — WQh,z = fz ( XZfz +ZX<W+ 27 T>G> 3

and the real part of the second factor on the right hand side is

—x2Re f. — (Imz)x<dl dl)c:,
T T
which is < 0 as x2 > 0 and Im z > 0, showing ellipticity.
Now, if neither y; nor xs vanish, then y > 0. First, suppose that, with g =
w + Re z% as above, (3, d{)g = 0, and thus (3, 5) < 0, with the inequality strict
if 8 # 0. Then

T dr dT dr

d
P —h> = x1(B, B)c — x1(Im z)? <7 7>G —x2f2 — fox(Im 2)(— pt —)a,

81This is possible for £ 7 time-like. Note further that typically v is not in the ‘spatial’ slice
T X; the latter need even not be space-like.
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so if Re f2 > 0, the real part is negative, thus showing ellipticity. On the other
hand, if (8, <) # 0, then we compute

-
_dr dt 5
(w + s 7>G(Ph,z —Uh,z)-
For the py, . part this is the computation performed in (7.9) (with an extra factor,
X1, now); on the other hand,

dr dt ~ dr dr dr
(w + =, 7>G(—prn,z —qn,.) = — Xa2f? <<ﬂ, 7)0 —oIm 2 (—, >G>

T T

rods (8,500 + (22, 2 ).

-
Thus,

Im ((w + Zdlv £>G(_X2ﬁh,z - Z%,z)>
T T

dr dr

P

dr

, —
T

o~ x2m(£2)(8, Ty

%+ m (2, 3 )

Combining this with (7.9) we note that the only term in

= X2 Re(f2) Im 2(

+ xRe f ((ﬂ

dr dr
I > o) —
m ((w +z T )Y (Ph,» Z(mz))

that is not automatically non-negative provided Im z > 0, Re f, > 0, Re(f2) > 0 is
—x2Im(f2)(B, %*) . Thus, if we arrange that

dr r dr dr
2P| [T £ [(8, —)el < 5 (Im2)*(—, =),
T 2 T T
which is guaranteed by choosing F > 0 sufficiently large as Imz > § and g is in a

compact set, then in view of the actual positivity of x Re f,(Im z)2<d77 ﬂ)é, this

imaginary part does not vanish, completing the proof of ellipticity. ’

In summary, we have shown that if df is time-like then the assumptions on
imaginary part of ps ., as well as on the ellipticity of ps . — 2gs,. for non-real z,
in Section 2 are automatically satisfied in the Lorentzian setting if g5 . is given
by (3.17). Further, if we extend pj . to a new symbol, ps . across a hypersurface,
i = i1, in the manner (3.18), then with x, x1 and x3 as discussed there, pp, , —1qp -
satisfies the requirements for ps . —1¢s ., and in addition it is elliptic in the extended
part of the domain. We usually write py . — tgs, . for this extension. Thus, these
properties need not be checked individually in specific cases.

APPENDIX A. COMPARISON WITH CUTOFF RESOLVENT CONSTRUCTIONS
BY SEMYON DyaTLOVS?
In this appendix, we will first examine the relation of the resolvent considered in

the present paper to the cutoff resolvent for slowly rotating Kerr—de Sitter metric
constructed in [20] using separation of variables and complex contour deformation

823 D.’s address is Department of Mathematics, University of California, Berkeley, CA 94720-
3840, USA, and e-mail address is dyatlov@math.berkeley.edu.
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near the event horizons. Then, we will show how to extract information on the
resolvent beyond event horizons from information about the cutoff resolvent.
First of all, let us list some notation of [20] along with its analogues in the present

paper:

Present paper | [20] Present paper | [20]
X, | M - | 2M,
vl oA,
K Ag F:t Ai
ot Lo | 7, o"
wlo efiah(r)PaeiJh(r) _Pg (O')
K5 | Mk

The difference between Py(w) and P, is due to the fact that Py(w) was defined
using Fourier transform in the ¢ variable and P, is defined using Fourier transform
in the variable ¢t = ¢ + h(r). We will henceforth use the notation of the present
paper.

We assume that § > 0 is small and fixed, and « is small depending on 4. Define

Ks=(r_+0,r; —6), xS
Then [20, Theorem 2] gives a family of operators
Ry(0) : L*(K5) — H*(Kj5)
meromorphic in o € C and such that P,(c)Ry(0)f = f on Ks for each f € L*(Kj).

Proposition A.1. Assume that the complex absorbing operator Q. satisfies the
assumptions of Section 6.5 in the ‘classical’ case and furthermore, its Schwartz
kernel is supported in (X \ X+)?. Let Ry(0) be the operator constructed in [20] and
R(0) = (P, —iQ,)~! be the operator defined in Theorem 1.2 of the present paper.
Then for each f € C§°(Ks),

(A.1) —e' "M Ry (o)™ "M f = R(0) fx; -

Proof. The proof follows [20, Proposition 1.2]. Denote by u; the left-hand side
of (A.1) and by wus the right-hand side. Without loss of generality, we may assume
that f lies in the kernel D}, of the operator D, — k, for some k € Z; in this case,
by [20, Theorem 1], u; can be extended to the whole X and solves the equation
P,u; = f there. Moreover, by [20, Theorem 3], u; is smooth up to the event
horizons {r = r1}. Same is true for us; therefore, the difference u = u; — us solves
the equation P,(u) = 0 and is smooth up to the event horizons.

Since both sides of (A.1) are meromorphic, we may further assume that Imo >
C., where C, is a large constant. Now, the function a(t, ) = e~ u(-) solves the
wave equation [ @ = 0 and is smooth up to the event horizons in the coordinate
system (t,r, 6, ¢); therefore, if C, is large enough, by [20, Proposition 1.1] % cannot
grow faster than exp(Cet). Therefore, u = 0 as required. (]

Now, we show how to express the resolvent R(o) on the whole space in terms
of the cutoff resolvent R, (o) and the nontrapping construction in the present pa-
per. Let (), be as above, but with the additional assumption of semiclassical
ellipticity near 0X;, and Q,, € ¥, be an operator satisfying the assumptions
of Section 6.5 in the ‘semiclassical’ case on the trapped set. Moreover, we require
that the semiclassical wavefront set of |o|~2@Q’, be compact and Q' = xQ. = Q' x,
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where x € C§°(K5). Such operators exist for « small enough, as the trapped set is
compact and located O(«) close to the photon sphere {r = 3r,/2} and thus is far
from the event horizons. Denote R'(c) = (P, —iQ, — iQ.)~'; by Theorem 2.14
applied in the case of Section 6.5, for each Cj there exists a constant og such that
for s large enough, Imo > —Cj, and |Reo| > oy,

||R/(U)HH‘57|£1—>HF -1 < C|0’|71.
We now use the identity

(A.2) R(o) = R'(0) - R'(0)(iQ, + Q. (xR(0)Xx)Q;) R (o).

(To verify it, multiply both sides of the equation by P, — iQ, — iQ’, on the left
and on the right.) Combining (A.2) with the fact that for each N, @/ is bounded
ngf\fl — Hljt\frl‘l with norm O(|o|?), we get for o not a pole of YR(c)x,

(A.3) 1R gremr, s <O+ 0PI R(0)x | 2 (15) 12 (565))-

[o]—1

Also, if ¢ is a pole of R(co) of algebraic multiplicity j, then we can multiply the
identity (A.2) by (¢ — 00)? to get an estimate similar to (A.3) on the function
(0 — 00)? R(0), holomorphic at o = oy.

The discussion above in particular implies that the cutoff resolvent estimates
of [5] also hold for the resolvent R(c). Using the Mellin transform, we see that the
resonance expansion of [5] is valid for any solution u to the forward time Cauchy
problem for the wave equation on the whole My, with initial data in a high enough
Sobolev class; the terms of the expansion are defined and the remainder is estimated
on the whole M as well.

ACKNOWLEDGMENTS

A.V. is very grateful to Maciej Zworski, Richard Melrose, Semyon Dyatlov, Mi-
halis Dafermos, Gunther Uhlmann, Jared Wunsch, Rafe Mazzeo, Kiril Datchev,
Colin Guillarmou, Andrew Hassell, Dean Baskin and Peter Hintz for very helpful
discussions, for their enthusiasm for this project and for carefully reading parts of
this manuscript. Special thanks are due to Semyon Dyatlov in this regard who
noticed an incomplete argument in an earlier version of this paper in holomorphy
considerations, and to Mihalis Dafermos, who urged the author to supply details
to the argument at the end of Section 6, which resulted in the addition of Subsec-
tion 3.3, as well as the part of Subsection 3.2 and Section 7 covering the complex
absorption, to the main body of the argument, and that of Subsection 2.7 for sta-
bility considerations. A.V. is also very grateful to the three anonymous referees
whose detailed reports improved the manuscript significantly.

A.V. gratefully acknowledges partial support from the National Science Founda-
tion under grants number DMS-0801226 and DMS-1068742 and from a Chambers
Fellowship at Stanford University, as well as the hospitality of Mathematical Sci-
ences Research Institute in Berkeley. S.D. is grateful for partial support from the
National Science Foundation under grant number DMS-0654436.

REFERENCES

[1] Dean Baskin. A parametrix for the fundamental solution of the Klein-Gordon equation on
asymptotically de Sitter spaces. J. Funct. Anal., 259(7):1673-1719, 2010.



100

2]

(3]

(4]
(5]

(6]
(7]
(8]
[9]

(10]
(11]
(12]
(13]

(14]

(15]
[16]

(17)

(18]
(19]
20]
(21]
(22]
23]

24]

(25]

[26]

ANDRAS VASY

Lydia Bieri. Part I: Solutions of the Einstein vacuum equations. In Extensions of the stability
theorem of the Minkowski space in general relativity, volume 45 of AMS/IP Stud. Adv. Math.,
pages 1-295. Amer. Math. Soc., Providence, RI, 2009.

Lydia Bieri and Nina Zipser. Extensions of the stability theorem of the Minkowski space
in general relativity, volume 45 of AMS/IP Studies in Advanced Mathematics. American
Mathematical Society, Providence, RI, 2009.

P. Blue and A. Soffer. Phase space analysis on some black hole manifolds. J. Funct. Anal.,
256(1):1-90, 2009.

Jean-Francois Bony and Dietrich Héafner. Decay and non-decay of the local energy for the
wave equation on the de Sitter-Schwarzschild metric. Comm. Math. Phys., 282(3):697-719,
2008.

David Borthwick and Peter Perry. Scattering poles for asymptotically hyperbolic manifolds.
Trans. Amer. Math. Soc., 354(3):1215-1231 (electronic), 2002.

F. Cardoso and G. Vodev. Uniform estimates of the resolvent of the Laplace-Beltrami operator
on infinite volume Riemannian manifolds. II. Ann. Henri Poincaré, 3(4):673-691, 2002.

B. Carter. Global structure of the Kerr family of gravitational fields. Phys. Rev., 174:1559—
1571, 1968.

Demetrios Christodoulou and Sergiu Klainerman. The global nonlinear stability of the
Minkowski space, volume 41 of Princeton Mathematical Series. Princeton University Press,
Princeton, NJ, 1993.

Mihalis Dafermos and Igor Rodnianski. A proof of Price’s law for the collapse of a self-
gravitating scalar field. Invent. Math., 162(2):381-457, 2005.

Mihalis Dafermos and Igor Rodnianski. The wave equation on Schwarzschild-de Sitter space
times. Preprint, arXiw:07092766, 2007.

Mihalis Dafermos and Igor Rodnianski. The red-shift effect and radiation decay on black hole
spacetimes. Comm. Pure Appl. Math, 62:859-919, 2009.

Mihalis Dafermos and Igor Rodnianski. The black hole stability problem for linear scalar
perturbations. Preprint, arXiv:1010.5137, 2010.

Mihalis Dafermos and Igor Rodnianski. Decay of solutions of the wave equation on Kerr
exterior space-times I-II: The cases of |a| < m or axisymmetry. Preprint, arXiv:1010.5132,
2010.

K. Datchev and A. Vasy. Gluing semiclassical resolvent estimates via propagation of singu-
larities. Int. Math. Res. Notices, To appear. arziv:1008.3064.

K. Datchev and A. Vasy. Propagation through trapped sets and semiclassical resolvent esti-
mates. Annales de I’Institut Fourier, To appear. arziv:1010.2190.

Mouez Dimassi and Johannes Sjostrand. Spectral asymptotics in the semi-classical limit,
volume 268 of London Mathematical Society Lecture Note Series. Cambridge University Press,
Cambridge, 1999.

Roland Donninger, Wilhelm Schlag, and Avy Soffer. A proof of Price’s law on Schwarzschild
black hole manifolds for all angular momenta. Adv. Math., 226(1):484-540, 2011.

Semyon Dyatlov. Exponential energy decay for Kerr—de Sitter black holes beyond event hori-
zons. Math. Res. Lett., 18(5):1023-1035, 2011.

Semyon Dyatlov. Quasi-normal modes and exponential energy decay for the Kerr-de Sitter
black hole. Comm. Math. Phys., 306(1):119-163, 2011.

Semyon Dyatlov. Asymptotic distribution of quasi-normal modes for Kerr-de Sitter black
holes. Ann. Henri Poincare, 13:1101-1166, 2012.

Charles Fefferman and C. Robin Graham. Conformal invariants. Astérisque, (Numero Hors
Serie):95-116, 1985. The mathematical heritage of Elie Cartan (Lyon, 1984).

F. Finster, N. Kamran, J. Smoller, and S.-T. Yau. Decay of solutions of the wave equation
in the Kerr geometry. Comm. Math. Phys., 264(2):465-503, 2006.

Felix Finster, Niky Kamran, Joel Smoller, and Shing-Tung Yau. Linear waves in the Kerr
geometry: a mathematical voyage to black hole physics. Bull. Amer. Math. Soc. (N.S.),
46(4):635-659, 2009.

F. G. Friedlander. Radiation fields and hyperbolic scattering theory. Math. Proc. Cambridge
Philos. Soc., 88(3):483-515, 1980.

C. Robin Graham and Maciej Zworski. Scattering matrix in conformal geometry. Invent.
Math., 152(1):89-118, 2003.



27)
28]
[29]
30]
31)
[32)

33]

(34]
(35]
(36]
37)
(38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
(47)

(48]
[49]

[50]
[51]

[52]
(53]

[54]

[55]

MICROLOCAL ASYMPTOTICALLY HYPERBOLIC AND KERR-DE SITTER 101

C. Guillarmou, A. Hassell, and A. Sikora. Resolvent at low energy III: The spectral measure.
Preprint, arziv:1009.3084, 2010.

Colin Guillarmou. Meromorphic properties of the resolvent on asymptotically hyperbolic
manifolds. Duke Math. J., 129(1):1-37, 2005.

N. Haber and A. Vasy. Propagation of singularities around a Lagrangian submanifold of radial
points. Preprint, arxiv:1110.1419, 2011.

A. Hassell, R. B. Melrose, and A. Vasy. Spectral and scattering theory for symbolic potentials
of order zero. Advances in Mathematics, 181:1-87, 2004.

A. Hassell, R. B. Melrose, and A. Vasy. Microlocal propagation near radial points and scat-
tering for symbolic potentials of order zero. Analysis and PDE, 1:127-196, 2008.

L. Hormander. The analysis of linear partial differential operators, vol. 1-4. Springer-Verlag,
1983.

Bernard S. Kay and Robert M. Wald. Linear stability of Schwarzschild under perturbations
which are nonvanishing on the bifurcation 2-sphere. Classical Quantum Gravity, 4(4):893—
898, 1987.

Hans Lindblad and Igor Rodnianski. Global existence for the Einstein vacuum equations in
wave coordinates. Comm. Math. Phys., 256(1):43-110, 2005.

Hans Lindblad and Igor Rodnianski. The global stability of Minkowski space-time in harmonic
gauge. Ann. of Math. (2), 171(3):1401-1477, 2010.

Jeremy Marzuola, Jason Metcalfe, Daniel Tataru, and Mihai Tohaneanu. Strichartz estimates
on Schwarzschild black hole backgrounds. Comm. Math. Phys., 293(1):37-83, 2010.

R. Mazzeo and R. B. Melrose. Meromorphic extension of the resolvent on complete spaces
with asymptotically constant negative curvature. J. Func. Anal., 75:260-310, 1987.

Rafe Mazzeo. Elliptic theory of differential edge operators. I. Comm. Partial Differential
Equations, 16(10):1615-1664, 1991.

R. B. Melrose. Spectral and scattering theory for the Laplacian on asymptotically Euclidian
spaces. Marcel Dekker, 1994.

R. B. Melrose, A. Sa Barreto, and A. Vasy. Asymptotics of solutions of the wave equation on
de Sitter-Schwarzschild space. Preprint, arxiv:0811.2229, 2008.

R. B. Melrose, A. S& Barreto, and A. Vasy. Analytic continuation and semiclassical resolvent
estimates on asymptotically hyperbolic spaces. Preprint, arxiv:1103.3507, 2011.

R. B. Melrose, A. Vasy, and J. Wunsch. Diffraction of singularities for the wave equation on
manifolds with corners. Astérisque, to appear; arXiv:0903.3208, 2009.

Richard B. Melrose. The Atiyah-Patodi-Singer index theorem, volume 4 of Research Notes
in Mathematics. A K Peters Ltd., Wellesley, MA, 1993.

Stéphane Nonnenmacher and Maciej Zworski. Quantum decay rates in chaotic scattering.
Acta Math., 203(2):149-233, 2009.

D. Polarski. On the Hawking effect in de Sitter space. Classical Quantum Gravity, 6(5):717—
722, 1989.

Antonio S4 Barreto and Jared Wunsch. The radiation field is a Fourier integral operator.
Ann. Inst. Fourier (Grenoble), 55(1):213-227, 2005.

Antonio Sa Barreto and Maciej Zworski. Distribution of resonances for spherical black holes.
Math. Res. Lett., 4(1):103-121, 1997.

M. A. Shubin. Pseudodifferential operators and spectral theory. Springer-Verlag, 1987.
Daniel Tataru. Local decay of waves on asymptotically flat stationary spacetimes. Preprint,
arziw:0910.5290, 2009.

Daniel Tataru and Mihai Tohaneanu. A local energy estimate on Kerr black hole backgrounds.
Int. Math. Res. Not. IMRN, (2):248-292, 2011.

Michael E. Taylor. Partial differential equations, volume 23 of Texts in Applied Mathematics.
Springer-Verlag, New York, 1996. Basic theory.

A. Vasy. Propagation of singularities in three-body scattering. Astérisque, 262, 2000.

A. Vasy. The wave equation on asymptotically de Sitter-like spaces. Adv. in Math., 223:49-97,
2010.

A. Vasy. Microlocal analysis of asymptotically hyperbolic spaces and high energy resolvent
estimates. Preprint, arxiv:1104.1376, 2011.

A. Vasy. Analytic continuation and high energy estimates for the resolvent of the Laplacian
on forms on asymptotically hyperbolic spaces. Preprint, arxiv:1206.5454, 2012.



102

ANDRAS VASY

[66] A. Vasy. The wave equation on asymptotically Anti-de Sitter spaces. Analysis & PDE, 5:81—

144, 2012.

[67] A. Vasy and M. Zworski. Semiclassical estimates in asymptotically Euclidean scattering.

Commun. Math. Phys., 212:205-217, 2000.

[68] Georgi Vodev. Local energy decay of solutions to the wave equation for nontrapping metrics.

Ark. Mat., 42(2):379-397, 2004.

[59] Robert M. Wald. Note on the stability of the Schwarzschild metric. J. Math. Phys.,

20(6):1056-1058, 1979.

[60] F. Wang. Radiation field for vacuum Einstein equation. PhD thesis, Massachusetts Institute

of Technology, 2010.

[61] Jared Wunsch and Maciej Zworski. Resolvent estimates for normally hyperbolic trapped sets.

Ann. Henri Poincaré, 12(7):1349-1385, 2011.

[62] Karen Yagdjian and Anahit Galstian. Fundamental solutions for the Klein-Gordon equation

in de Sitter spacetime. Comm. Math. Phys., 285(1):293-344, 2009.

[63] Maciej Zworski. Lectures on semiclassical analysis. American Mathematical Society, 2012.

DEPARTMENT OF MATHEMATICS, STANFORD UNIVERSITY, CA 94305-2125, USA
E-mail address: andras@math.stanford.edu



