SEMILINEAR WAVE EQUATIONS ON ASYMPTOTICALLY DE
SITTER, KERR-DE SITTER AND MINKOWSKI SPACETIMES

PETER HINTZ AND ANDRAS VASY

ABSTRACT. In this paper we show the small data solvability of suitable semi-
linear wave and Klein-Gordon equations on geometric classes of spaces, which
include so-called asymptotically de Sitter and Kerr-de Sitter spaces, as well as
asymptotically Minkowski spaces. These spaces allow general infinities, called
conformal infinity in the asymptotically de Sitter setting; the Minkowski type
setting is that of non-trapping Lorentzian scattering metrics introduced by
Baskin, Vasy and Wunsch. Our results are obtained by showing the global
Fredholm property, and indeed invertibility, of the underlying linear operator
on suitable L2-based function spaces, which also possess appropriate algebra
or more complicated multiplicative properties. The linear framework is based
on the b-analysis, in the sense of Melrose, introduced in this context by Vasy
to describe the asymptotic behavior of solutions of linear equations. An inter-
esting feature of the analysis is that resonances, namely poles of the inverse
of the Mellin transformed b-normal operator, which are ‘quantum’ (not purely
symbolic) objects, play an important role.

1. INTRODUCTION

In this paper we consider semilinear wave equations in contexts such as asymp-
totically de Sitter and Kerr-de Sitter spaces, as well as asymptotically Minkowski
spaces. The word ‘asymptotically’ here does not mean that the asymptotic behav-
ior has to be that of exact de Sitter, etc., spaces, or even a perturbation of these at
infinity; much more general infinities, that nonetheless possess a similar structure
as far as the underlying analysis is concerned, are allowed. Recent progress [45, 2]
allows one to set up the analysis of the associated linear problem globally as a Fred-
holm problem, concretely using the framework of Melrose’s b-pseudodifferential
operators [35] on appropriate compactifications M of these spaces. (The b-analysis
itself originates in Melrose’s work on the propagation of singularities for the wave
equation on manifolds with smooth boundary, and Melrose described a systematic
framework for elliptic b-equations in [35]. Here ‘b’ refers to analysis based on vec-
tor fields tangent to the boundary of the space; we give some details later in the
introduction and further details in §2.1, where we recall the setting of [45].) This
allows one to use the contraction mapping theorem to solve semilinear equations
with small data in many cases since typically the semilinear terms can be considered
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perturbations of the linear problem. That is, as opposed to solving an evolution
equation on time intervals of some length, possibly controlling this length in some
manner, and iterating the solution using (almost) conservation laws, we solve the
equation globally in one step.

As Fredholm analysis means that one has to control the linear operator L mod-
ulo compact errors, which in these settings means modulo terms which are both
smoother and more decaying, the underlying linear analysis involves both argu-
ments based on the principal symbol of the wave operator and on its so-called
(b-)normal operator family, which is a holomorphic family N(L)(c) of operators
on OM. In settings in which there is a RT-action in the normal variable, and the
operator is dilation invariant, this simply means Mellin transforming in the normal
variable. Replacing the normal variable by its logarithm, this is equivalent to a
Fourier transform.

At the principal symbol level one encounters real principal type phenomena as
well as radial points of the Hamilton flow at the boundary of the compactified
underlying space M; these allow for the usual (for wave equations) loss of one (b-
)derivative relative to elliptic problems. Physically, in the de Sitter and Kerr-de
Sitter type settings radial points correspond to a red shift effect. In Kerr-de Sitter
spaces there is an additional loss of derivatives due to trapping. On the other hand,
the b-normal operator family enters via the poles o; of the meromorphic inverse
ﬁ(L)(o)’l; these poles, called resonances, determine the decay/growth rates of
solutions of the linear problem at dM, namely Imo; > 0 means growing while
Imo; < 0 means decaying solutions. Translated into the nonlinear setting, tak-
ing powers of solutions of the linear equation means that growing linear solutions
become even more growing, thus the non-linear problem is uncontrollable, while
decaying linear solutions become even more decaying, thus the non-linear effects
become negligible at infinity. Correspondingly, the location of these resonances
becomes crucial for non-linear problems. We note that in addition to providing
solvability of semilinear problems, our results can also be used to obtain the as-
ymptotic expansion of the solution.

In short, we present a systematic approach to the analysis of semilinear wave
and Klein-Gordon equations: Given an appropriate structure of the space at infin-
ity and given that the location of the resonances fits well with the non-linear terms,
see the discussion below, one can solve (suitable) semilinear equations. Thus, the
main purpose of this paper is to present the first step towards a general theory
for the global study of linear and nonlinear wave-type equations; the semilinear
applications we give are meant to show how far we can get in the nonlinear regime
using relatively simple means, and lend themselves to meaningful comparisons with
existing literature, see the discussion below. In particular, our approach readily
generalizes to the analysis of quasilinear equations, provided one understands the
necessary (b-)analysis for non-smooth metrics. Since the first version of the present
paper, the authors described such generalizations in detail in the context of asymp-
totically de Sitter [20] and asymptotically Kerr-de Sitter spaces [22].

We now describe our setting in more detail. We consider semilinear wave equa-
tions of the form

(g = Nu = [+ q(u, du)

on a manifold M where ¢ is (typically; more general functions are also considered)
a polynomial vanishing at least quadratically at (0,0) (so contains no constant
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or linear terms, which should be included either in f or in the operator on the
left hand side). The derivative du is measured relative to the metric structure
(e.g. when constructing polynomials in it). Here g and X fit in one of the following
scenarios, which we state slightly informally, with references to the precise theorems.
We discuss the terminology afterwards in more detail, but the reader unfamiliar
with the terms could drop the word ‘asymptotically’ and ‘even’ to obtain specific
examples.

(1) A neighborhood of the backward light cone from future infinity in an asymp-
totically de Sitter space. (This may be called a static region/patch of an
asymptotically de Sitter space, even when there is no time like Killing vec-
tor field.) In order to solve the semilinear equation, if A > 0, one can allow
q an arbitrary polynomial with quadratic vanishing at the origin, or indeed
a more general function. If A = 0 and ¢ depends on du only, the same
conclusion holds. Further, in either case, one obtains an expansion of the
solution at infinity. See Theorems 2.25 and 2.37, and Corollary 2.28.

(2) Kerr-de Sitter space, including a neighborhood of the event horizon, or
more general spaces with normally hyperbolic trapping, discussed below.
In the main part of the section we assume A > 0, and allow ¢ = ¢(u)
with quadratic vanishing at the origin. We also obtain an expansion at
infinity. See Theorems 3.7 and 3.11, and Corollary 3.10. However, in §3.3 we
briefly discuss non-linearities involving derivatives which are appropriately
behaved at the trapped set.

(3) Global even asymptotically de Sitter spaces. These are in some sense the
easiest examples as they correspond, via extension across the conformal
boundary, to working on a manifold without boundary. Here A = (n —
1)2/4 + o%. While the equation is unchanged if one replaces o by —o, the
process of extending across the boundary breaks this symmetry, and in §4
we mostly consider Imo < 0. If Imo < 0 is sufficiently small and the
dimension satisfies n > 6, quadratic vanishing of ¢ suffices; if n > 4 then
cubic vanishing is sufficient. If ¢ does not involve derivatives, Imo > 0
small also works, and if Imo > 0,n > 5, or Imo = 0, n > 6, then quadratic
vanishing of ¢ is sufficient. See Theorems 4.10, 4.12 and 4.15. Using the
results from ‘static’ asymptotically de Sitter spaces, quadratic vanishing of
q in fact suffices for all A > 0, and indeed A\ > 0 if ¢ = ¢(du), but the decay
estimates for solutions are lossy relative to the decay of the forcing. See
Theorem 4.17.

(4) Non-trapping Lorentzian scattering (generalized asymptotically Minkowski)
spaces, A = 0. If ¢ = ¢(du), we allow ¢ with quadratic vanishing at 0 if
n > 5; cubic if n > 4. If ¢ = q(u), we allow ¢ with quadratic vanishing if
n > 6; cubic if n > 4. Further, for ¢ = g(du) quadratic satisfying a null
condition, n = 4 also works. See Theorems 5.12, 5.14 and 5.20.

We now recall these settings in more detail. First, see [47], an asymptotically de
Sitter space is an appropriate generalization of the Riemannian conformally com-
pact spaces of Mazzeo and Melrose [31], namely a smooth manifold with boundary,
M , with interior M equipped with a Lorentzian metric g, which we take to be of
signature (1,n — 1) for the sake of definiteness, and with a boundary defining func-
tion p, such that § = p?g is a smooth symmetric 2-cotensor of signature (1,n — 1)
up to the boundary of M and g(dp,dp) = 1 (thus, the boundary defining function
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is timelike, and thus the boundary is spacelike; the = 1 statement makes the cur-
vature asymptotically constant), and in addition OM has two components (each
of which may be a union of connected components) )Zi, with all null-geodesics
¢ = c(s) of § tending to X, as s — +o0 and to X_ as s — —oo, or vice versa.
Notice that in the interior of M , the conformal factor p~2 simply reparameterizes
the null-geodesics, so equivalently one can require that null-geodesics of g reach X4
at finite parameter values. Analogously to asymptotically hyperbolic spaces, where
this was shown by Graham and Lee [17], on such a space one can always introduce
a product decomposition (9M), x [0, §) p hear OM (possibly changing p) such that
the metric has a warped product structure § = dp? — h(p,z,dz), § = p~23; the
metric is called even if h can be taken even in p, i.e. a smooth function of p2. We
refer to Guillarmou [18] for the introduction of even metrics in the asymptotically
hyperbolic context, and to [47], [45] and [44] for further discussion.

Blowing up a point p at )Z'Jr, which essentially means introducing spherical co-
ordinates around it, we obtain a manifold with corners [M ;p], with a blow-down
map 3 : []Téf ip] = M , which is a diffeomorphism away from the front face, which
gets mapped to p by 8. Just like blowing up the origin in Minkowski space desin-
gularizes the future (or past) light cone, this blow-up desingularizes the backward
light cone from p on M , which lifts to a smooth submanifold transversal to the
front face on [M;p] which intersects the front face in a sphere Y. The interior of
this lifted backward light cone, at least near the front face, is a generalization of
the static patch in de Sitter space, and we refer to a neighborhood Mj, § > 0, of
the closure of the interior M, of the lifted backward light cone in [M;p] which
only intersects the boundary of [M ;p] in the interior of the front face (so Mj is a
non-compact manifold with boundary, with boundary Xy, and with say boundary
defining function 7) as the ‘static’ asymptotically de Sitter problem. See Figure 1.
Via a doubling process, X5 can be replaced by a compact manifold without bound-
ary, X, and My by M = X x [0,79),, an approach taken in [45] where complex
absorption was used, or indeed one can instead work in a compact region  C M;
by adding artificial, spacelike, boundaries, as we do here in §2.1. With such an €,
the distinction between M and Mj is irrelevant, and we simply write M below.

FIGURE 1. Setup of the ‘static’ asymptotically de Sitter problem.
Indicated are the blow-up oi M at p and the front face, the lift of
the backward light cone to [M; p] (solid), and lifts of backward light
cones from points nearby p (dotted); moreover, Q C M (dashed
boundary) is a submanifold with corners within M (which is not
drawn here; see [45] for a description of M using a doubling pro-
cedure in a similar context). The role of € is explained in §2.1.
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See [47, 45] for relating the ‘global’ and the ‘static’ problems. We note that the
lift of g to M in the static region is a Lorentzian b-metric, i.e. is a smooth symmetric
section of signature (1,71 — 1) of the second tensor power of the b-cotangent bundle,
bT* ). The latter is the dual of PT'M, whose smooth sections are smooth vector
fields on M tangent to OM; sections of PT*M are smooth combinations of df
and smooth one forms on X, relative to a product decomposition X x [0, ), near
X =0M. See also §2.1.

As mentioned earlier, the methods of [45] work in a rather general b-setting,
including generalizations of ‘static’ asymptotically de Sitter spaces. Kerr-de Sitter
space, described from this perspective in [45, §6], can be thought of as such a
generalization. In particular, it still carries a Lorentzian b-metric, but with a
somewhat more complicated structure, of which the only important part for us is
that it has trapped rays. More concretely, it is best to consider the bicharacteristic
flow in the b-cosphere bundle (projections of null-bicharacteristics being just the
null-geodesics), *S* M, quotienting out by the R*-action on the fibers of PT*M \ o.
On the ‘static’ asymptotically de Sitter space each half of the spherical b-conormal
bundle PSN*Y consists of (a family of ) saddle points of the null-bicharacteristic flow
(these are called radial sets, the stable/unstable directions are normal to PSN*Y
itself), with one of the stable and unstable manifolds being the conormal bundle
of the lifted light cone (which plays the role of the event horizon in black hole
settings), and the other being the characteristic set within the boundary X (so
within the boundary, the radial sets PSN*Y’, are actually sources or sinks). Then
on asymptotically de Sitter spaces all null-bicharacteristics over My \ X either leave
Q in finite time or (if they lie on the conormal bundle of the event horizon) tend
to PSN*Y as the parameter goes to foo, with each bicharacteristic tending to
PSN*Y in at most one direction. The main difference for Kerr-de Sitter space is
that there are null-bicharacteristics which do not leave M, \ X and do not tend to
PSN*Y. On de Sitter-Schwarzschild space (non-rotating black holes) these future
trapped rays project to a sphere, called the photon sphere, times [0, §),; on general
Kerr-de Sitter space the trapped set deforms, but is still normally hyperbolic, a
setting studied by Wunsch and Zworski in [50] and by Dyatlov in [15].

We refer to [2, §3] and to §5.1 here for a definition of asymptotically Minkowski
spaces, but roughly they are manifolds with boundary M with Lorentzian metrics
g on the interior M° conformal to a b-metric § as ¢ = 727, with 7 a boundary
defining function' (so these are Lorentzian scattering metrics in the sense of Melrose
[32], i.e. symmetric cotensors in the second power of the scattering cotangent bun-
dle, and of signature (1,n — 1)), with a real C° function v defined on M with duv,
dr linearly independent at S = {v =0, 7 = 0}, and with a specific behavior of the
metric at S which reflects that of Minkowski space on its radial compactification
near the boundary of the light cone at infinity (so S is the light cone at infinity in

n 85 we switch to p as the boundary defining function for consistency with [2].
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this greater generality). Concretely, the specific form is”

9 - dr? dr dr ~
Tg=9=v—5 — (7®a+a®7) —h,
T T T

where « is a smooth one form on M, equal to % dv at S, I is a smooth 2-cotensor on
M, which is positive definite on the annihilator of dr and dv (which is a codimension
2 space). The difference between the de Sitter-type and Minkowski settings is in
part this conformal factor, 7=2, but more importantly, as this conformal factor again
does not affect the behavior of the null-bicharacteristics so one can consider those
of g on PS*M, at the spherical conormal bundle PSN*S of S (see §2) the nature
of the radial points is source/sink rather than a saddle point of the flow. (One also
makes a non-trapping assumption in the asymptotically Minkowski setting.)

Now we comment on the specific way these settings fit into the b-framework,
and the way the various restrictions described above arise.

(1) Asymptotically ‘static’ de Sitter. Due to a zero resonance for the linear
problem when A = 0, which moves to the lower half plane for A > 0, in this
setting A > 0 works in general; A = 0 works if ¢ depends on du but not
on u. The relevant function spaces are L?-based b-Sobolev spaces (see §2)
on the bordification (partial compactification) of the space, or analogous
spaces plus a finite expansion. Further, the semilinear terms involving du
have coefficients corresponding to the b-structure, i.e. b-objects are used to
create functions from the differential forms, or equivalently b-derivatives of
u are used.

(2) Kerr-de Sitter space. This is an extension of (1), i.e. the framework is
essentially the same, with the difference being that there is now trapping
corresponding to the ‘photon sphere’. This makes first order terms in the
non-linearity non-perturbative, unless they are well-adapted to the trap-
ping. Thus, we assume A > 0. The relevant function spaces are as in the
asymptotically de Sitter setting.

(3) Global even asymptotically de Sitter spaces. In order to get reasonable
results, one needs to measure regularity relatively finely, using the mod-
ule of vector fields tangent to what used to be the conformal boundary in
the extension. The relevant function spaces are thus Sobolev spaces with
additional (finite) conormal regularity. Further, du has coefficients corre-
sponding to the O-structure of Mazzeo and Melrose, in the same sense the
b-structure was used in (1). The range of A here is limited by the process of
extension across the boundary; for non-linearities involving w only, the re-
striction amounts to (at least very slowly) decaying solutions for the linear
problem (without extension across the conformal boundary).

Another possibility is to view global de Sitter space as a union of static
patches. Here, the b-Sobolev spaces on the static parts translate into 0-
Sobolev spaces on the global space, which have weights that are shifted by a
dimension-dependent amount relative to the weights of the b-spaces. This

2More general, ‘long-range’ scattering metrics also work for the purposes of this paper without
any significant changes; the analysis of these is currently being completed by Baskin, Vasy and
‘Wunsch. The difference is the presence of smooth multiples of Td%; in the metric near 7 = 0,
v = 0. These do not affect the normal operator, but slightly change the dynamics in ?$* M. This,

however, does not affect the function spaces to be used for our semilinear problem.
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approach allows many of the non-linearities that we can deal with on static
parts; however, the resulting decay estimates on w are quite lossy relative
to the decay of the forcing term f.

(4) Non-trapping Lorentzian scattering spaces (generalized asymptotically Min-
kowski spaces), A = 0. Note that if A > 0, the type of the equation changes
drastically; it naturally fits into Melrose’s scattering algebra® rather than
the b-algebra which can be used for A = 0. While the results here are quite
robust and there are no issues with trapping, they are more involved as
one needs to keep track of regularity relative to the module of vector fields
tangent to the light cone at infinity. The relevant function spaces are b-
Sobolev spaces with additional b-conormal regularity corresponding to the
aforementioned module. Further, du has coefficients corresponding to Mel-
rose’s scattering structure. These spaces, in the special case of Minkowski
space, are related to the spaces used by Klainerman [26], using the infini-
tesimal generators of the Lorentz group, but while Klainerman works in an
L L? setting, we remain purely in a (weighted) L? based setting, as the
latter is more amenable to the tools of microlocal analysis.

We reiterate that while the way de Sitter, Minkowski, etc., type spaces fit into
it differs somewhat, the underlying linear framework is that of L?-based b-analysis,
on manifolds with boundary, except that in the global view of asymptotically de
Sitter spaces one can eliminate the boundary altogether.

In order to underline the generality of the method, we emphasize that, corre-
sponding to cases (1) and (2), in b-settings in which one can work on standard
b-Sobolev spaces the restrictions on the solvability of the semilinear equations are
simply given by the presence of resonances for the Mellin-transformed normal op-
erator in Imo > 0, which would allow growing solutions to the equation (with
the exception of Imo = 0, in which case the non-linear iterative arguments pro-
duce growth unless the non-linearity has a special structure), making the non-
linearity non-perturbative, and the losses at high energy estimates for this Mellin-
transformed operator and the closely related b-principal symbol estimates when one
has trapping. (It is these losses that cause the difference in the trapping setting
between non-linearities with or without derivatives.) In particular, the results are
necessarily optimal in the non-trapping setting of (1), as shown even by an ODE,
see Remark 2.31. In the trapping setting it is not clear precisely what improve-
ments are possible for non-linearities with derivatives, though when there are no
derivatives in the non-linearity, we already have no restrictions on the non-linearity
and to this extent the result is optimal.

On Lorentzian scattering spaces more general function spaces are used, and it is
not in principle clear whether the results are optimal, but at least comparison with
the work of Klainerman and Christodoulou for perturbations of Minkowski space |7,
26, 25] gives consistent results; see the comments below. On global asymptotically
de Sitter spaces, the framework of [45] and [43] is very convenient for the linear
analysis, but it is not clear to what extent it gives optimal results in the non-
linear setting. The reason why more precise function spaces become necessary is
the following: There are two basic properties of spaces of functions on manifolds

3In many ways the scattering algebra is actually much better behaved than the b-algebra, in
particular it is symbolic in the sense of weights/decay. Thus, with numerical modifications, our
methods should extend directly.
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with boundaries, namely differentiability and decay. Whether one can have both
at the same time for the linear analysis depends on the (Hamiltonian) dynamical
nature of radial points: when defining functions of the corresponding boundaries
of the compactified cotangent bundle have opposite character (stable vs. unstable)
one can have both at the same time, otherwise not; see Propositions 2.1 and 5.2
for details. For non-linear purposes, the most convenient setting, in which we are
in (1), is if one can work with spaces of arbitrarily high regularity and fast decay,
and corresponds to saddle points of the flow in the above sense. In (4) however,
working in higher regularity spaces, which is necessary in order to be able to make
sense of the non-linearity, requires using faster growing (or at least less decaying)
weights, which is problematic when dealing with non-linearities (e.g., polynomials)
since multiplication gives even worse growth properties then. Thus, to make the
non-linear analysis work, the function spaces we use need to have more structure;
it is a module regularity that is used to capture some weaker regularity in order to
enable work in spaces with acceptable weights.

While all results are stated for the scalar equation, analogous results hold in
many cases for operators on natural vector bundles, such as the d’Alembertian (or
Klein-Gordon operator) on differential forms, since the linear arguments work in
general for operators with scalar principal symbol whose subprincipal symbol satis-
fies appropriate estimates at radial sets, see [45, Remark 2.1], though of course for
semilinear applications the presence of resonances in the closed upper half plane has
to be checked. This already suffices to obtain the well-posedness of the semilinear
equations on asymptotically de Sitter spaces that we consider in this paper; for this
purpose one needs to know the poles of the resolvent of the Laplacian on forms
on ezxact hyperbolic space only. On asymptotically Minkowski spaces, the absence
of poles of an asymptotically hyperbolic resolvent in a region has to be checked in
addition, see Theorem 5.3, and the numerology depends crucially on the delicate
balance of weights and regularity, as alluded to above. Note that on perturbations
of Minkowski space, this absence of poles follows from the appropriate behavior of
the poles of the resolvent of the Laplacian on forms on exact hyperbolic space.

The degree to which these non-linear problems have been studied differ, with
the Minkowski problem (on perturbations of Minkowski space, as opposed to our
more general setting) being the most studied. There semilinear and indeed even
quasilinear equations are well understood due to the work of Christodoulou [7] and
Klainerman [26, 25], with their book on the global stability of Einstein’s equation
[8] being one of the main achievements. (We also refer to the work of Lindblad
and Rodnianski [28, 29] simplifying some of the arguments, of Bieri [4, 5] relaxing
some of the decay conditions, of Wang [49] obtaining asymptotic expansions, and
of Lindblad [27] for results on a class of quasilinear equations. Hérmander’s book
[24] provides further references in the general area. There are numerous works on
the linear problem, and estimates this yields for the non-linear problems, such as
Strichartz estimates; here we refer to the recent work of Metcalfe and Tataru [36]
for a parametrix construction in low regularity, and references therein.) Here we
obtain results comparable to these (when restricted to the semilinear setting), on
a larger class of manifolds, see Remark 5.17. For non-linearities which do not in-
volve derivatives, slightly stronger results have been obtained, in a slightly different
setting, in [9]; see Remark 5.18.
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On the other hand, there is little (non-linear) work on the asymptotically de
Sitter and Kerr-de Sitter settings; indeed the only paper the authors are aware of is
that of Baskin [1] in roughly comparable generality in terms of the setting, though
in ezact de Sitter space Yagdjian [52, 51] has studied a large class of semilinear
equations with no derivatives. Baskin’s result is for a semilinear equation with no
derivatives and a single exponent, using his parametrix construction [3], namely u?
with* p = 1+ =25, and for A > (n — 1)?/4. In the same setting, p > 1 + -2
works for us, and thus Baskin’s setting is in particular included. Yagdjian works
with the explicit solution operator (derived using special functions) in exact de
Sitter space, again with no derivatives in the non-linearity. While there are some
exponents that his results cover (for A > (n — 1)2/4, all p > 1 work for him)
that ours do not directly (but indirectly, via the static model, we in fact obtain
such results), the range (@ - i, ("_41)2) is excluded by him while covered by
our work for sufficiently large p. In the (asymptotically) Kerr-de Sitter setting, to
our knowledge, there has been no similar semilinear work, however Luk [30] and
Tohaneanu [42] studied semilinear waves on Kerr spacetimes. We recall finally that
there is more work on the linear problem in de Sitter, de Sitter-Schwarzschild and
Kerr-de Sitter spaces. We refer to [45] for more detail; some references are Polarski
[38], Yagdjian and Galstian [53], S4 Barreto and Zworski [39], Bony and Héfner [6],
Vasy [47], Baskin [3], Dafermos and Rodnianski [10], Melrose, S4 Barreto and Vasy
[33], Dyatlov [14, 13]. Also, while it received more attention, the linear problem on
Kerr space does not fit directly into our setting; see the introduction of [45] for an
explanantion and for further references, [11] for more background and additional
references.

While the basic ingredients of the necessary linear b-analysis were analyzed in
[45], the solvability framework was only discussed in the dilation invariant setting,
and in general the asymptotic expansion results were slightly lossy in terms of
derivatives in the non-dilation invariant case. We remedy these issues in this paper,
providing a full Fredholm framework. The key technical tools are the propagation
of b-singularities at b-radial points which are saddle points of the flow in PS* M,
see Proposition 2.1, as well as the b-normally hyperbolic versions, proved in [21],
of the semiclassical normally hyperbolic trapping estimates of Wunsch and Zworski
[50]; the rest of the Fredholm setup is discussed in §2.1 in the non-trapping and
§3.1 in the normally hyperbolic trapping setting. The analogue of Proposition 2.1
for sources/sinks was already proved in [2, §4]; our Lorentzian scattering metric
Fredholm discussion, which relies on this, is in §5.1.

We emphasize that our analysis would be significantly less cumbersome in terms
of technicalities if we were not including Cauchy hypersurfaces and solved a globally
well-behaved problem by imposing sufficiently rapid decay at past infinity instead (it
is standard to convert a Cauchy problem into a forward solution problem). Cauchy
hypersurfaces are only necessary for us if we deal with a problem ill-behaved in the
past because complex absorption does not force appropriate forward supports even
though it does so at the level of singularities; otherwise we can work with appro-
priate (weighted) Sobolev spaces. The latter is the case with Lorentzian scattering
spaces, which thus provide an ideal example for our setting. It can also be done
in the global setting of asymptotically de Sitter spaces, as in setting (3) above,

4The dimension of the spacetime in Baskin’s paper is n 4+ 1; we continue using our notation
above.
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essentially by realizing these as the boundary of the appropriate compactification
of a Lorentzian scattering space, see [44]. In the case of Kerr-de Sitter black holes,
in the presence of dilation invariance, one has access to a similar luxury; complex
absorption does the job as in [45]; the key aspect is that it needs to be imposed
outside the static region we consider. For a general Lorentzian b-metric with a
normally hyperbolic trapped set, this may not be easy to arrange, and we do work
by adding Cauchy hypersurfaces, even at the cost of the resulting, rather artifi-
cial in terms of PDE theory, technical complications. For perturbations of Kerr-de
Sitter space, however, it is possible to forego the latter for well-posedness by an
appropriate gluing to complete the space with actual Kerr-de Sitter space in the
past for the purposes of functional analysis. We remark that Cauchy hypersurfaces
are somewhat ill-behaved for L? based estimates, which we use, but match L>L?
estimates quite well, which explains the large role they play in existing hyperbolic
theory, such as [26] or [23, Chapter 23.2]. We hope that adopting this more com-
monly used form of ‘truncation’ of hyperbolic problems will aid the readability of
the paper.

We also explain the role that the energy estimates (as opposed to microlocal
energy estimates) play. These mostly enter to deal with the artificially introduced
boundaries; if other methods were used to truncate the flow, their role reduces to
checking that in certain cases, when the microlocal machinery only guarantees Fred-
holm properties of the underlying linear operators, the potential finite dimensional
kernel and cokernel are indeed trivial. Asymptotically Minkowski spaces illustrate
this best, as the Hamilton flow is globally well-behaved there; see §5.1.

The other key technical tool is the algebra property of b-Sobolev spaces and
other spaces with additional conormal regularity. These are stated in the respective
sections; the case of the standard b-Sobolev spaces reduces to the algebra property
of the standard Sobolev spaces on R™. Given the algebra properties, the results are
proved by applying the contraction mapping theorem to the linear operator.

In summary, the plan of this paper is the following. In each of the sections below
we consider one of these settings, and first describe the Sobolev spaces on which
one has invertibility for the linear problems of interest, then analyze the algebra
properties of these Sobolev spaces, finally proving the solvability of the semilinear
equations by checking that the hypotheses of the contraction mapping theorem are
satisfied.

The authors are grateful to Dean Baskin, Rafe Mazzeo, Richard Melrose, Gun-
ther Uhlmann, Jared Wunsch and Maciej Zworski for their interest and support. In
particular, the overall strategy reflects Melrose’s vision for solving non-linear PDE
globally. The authors are also very grateful to an anonymous referee for many
comments which improved the exposition in the paper.

2. ASYMPTOTICALLY DE SITTER SPACES: GENERALIZED STATIC MODEL

In this section we discuss solving semilinear wave equations on asymptotically
de Sitter spaces from the ‘static perspective’, i.e. in neighborhoods (in a blown-up
space) of the backward light cone from a fixed point at future conformal infinity;
see Figure 1. The main ingredient is extending the linear theory from that of [45]
in various ways, which is the subject of §2.1. In the following parts of this section
we use this extension to solve semilinear equations, and to obtain their asymptotic
behavior.



SEMILINEAR WAVE EQUATIONS 11

First, however, we recall some of the basics of b-analysis. As a general reference,
we refer the reader to [35]. Thus, let M be an n-dimensional manifold with bound-
ary X, and denote by V}, (M) the space of b-vector fields, which consists of all vector
fields on M which are tangent to X. Elements of W, (M) are sections of a natural
vector bundle over M, the b-tangent bundle "TM. Its dual, the b-cotangent bundle,
is denoted PT*M. In local coordinates (7,z) € [0,00) x R"~! near the boundary,
the fibers of PT'M are spanned by 70,,0.,,...,0.,_,, with 79, being a non-trivial
b-vector field up to and including 7 = 0 (even though it degenerates as an ordi-
nary vector field), while the fibers of PT* M are spanned by dT—T, dz1,...,dz,_1. A
b-metric g on M is then simply a non-degenerate section of the second symmetric
tensor power of PT* M, i.e. of the form

n—1

dr
g—gooTZ +ng7’z ( Rdz; +dz; ® ) Zgwrz)dzz(@dzj,

3,j=1
9ij = gji, with smooth coefficients gre. In terms of the coordinate ¢ = —log 7 € R,
thus d{ = —dt, the b-metric g therefore approaches a stationary (t-independent in

the local coordinate system) metric exponentially fast, as 7 = e~*.

The b-conormal bundle PN*Y of a boundary submanifold Y C X of M is the
subbundle of bT{;M whose fiber over p € Y is the annihilator of vector fields on M
tangent to Y and X. In local coordinates (7, 2’,2"), where Y is defined by 2z’ =0

in X, these vector fields are smooth linear combinations of 70, 84, zé@z;, 70
whose span in PT, M is that of 70, and 84, and thus the fiber of the b-conormal
bundle is spanned by the dz’ i.e. has the same dimension as the codimension of Y
in X (and not that in M, correbpondlng to dT not annihilating 79,).

We define the b-cosphere bundle ®S* M to be the quotient of PT*M \ o by the
R*-action; here o is the zero section. Likewise, we define the spherical b-conormal
bundle of a boundary submanifold Y C X as the quotient of PN*Y \ 0 by the R*-
action; it is a submanifold of PS* M. A better way to view ”S* M is as the boundary
at fiber infinity of the fiber-radial compactification bT* M of PT* M, where the fibers
are replaced by their radial compactification, see [45, §2] and also §5.1. The b-
cosphere bundle »S*M C bT™ M still contains the boundary of the compactification
of the ‘old” boundary bT}M, see Figure 2.

bg* N f

bT M
oM

0x

FI1GURE 2. The radially compactified cotangent bundle PT M near
b« M; the cosphere bundle PS*M, viewed as the boundary at
fiber infinity of PT"M, is also shown, as well as the zero section
oy C bT" M and the zero section over the boundary ox C bT}M.
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Next, the algebra Diff,(M) of b-differential operators generated by W, (M) con-
sists of operators of the form

P = Z aa(T’Z)(TDT)jD?a

lal+i<m

with aq € C*(M), writing D = 10 as usual. (With ¢ = —logT as above, the
coefficients of P are thus constant up to exponentially decaying remainders as
t — 00.) Writing elements of PT* M as

dr
— idz; 2.1
g - “F;CJ ij ( )

we have the principal symbol

oom(P)= Y aa(r,2)07¢?,

ol +j=m

which is a homogeneous degree m function in PT*M \ o. Principal symbols are
multiplicative, i.e. ob mim/ (P o P’) = 0pm(P)ob.m/ (P’), and one has a connection
between operator commutators and Poisson brackets, to wit

o'b,m+m’71(i[,Pv ,P/D = pr/a P =0bm (P)»Pl = Ub,m’(P/)v

where H,, is the extension of the Hamilton vector field from 7*M°\ o to PT*M \ o,
which is thus a homogeneous degree m — 1 vector field on "T* M \ o tangent to the

boundary PT% M. In local coordinates (7,z) on M near X, with b-dual coordinates
(0,¢) as in (2.1), this has the form

Hy = (05p)(107) — (T07p) 05 + Z ((aij)aZj - (asz)aCj)’ (2.2)

J

see [2, Equation (3.20)], where a somewhat different notation is used, given by [2,
Equation (3.19)].

While elements of Diffy,(M) commute to leading order in the symbolic sense,
they do not commute in the sense of the order of decay of their coefficients. (This
is in contrast to the scattering algebra, see [32].) The normal operator captures the
leading order part of P € Diff'(M) in the latter sense, namely

N(P)= > aa(0,2)(rD;) DS

J+lal<m

One can define N (P) invariantly as an operator on the model space M; := [0, 00), X
X by fixing a boundary defining function of M, see [45, §3]. Identifying a collar
neighborhood of X C M with a neighborhood of {0} x X in M, we then have
P —N(P) € 7Diffy' (M) (near OM). Since N(P) is dilation-invariant (equivalently:
translation-invariant in ¢ = — log 7), it is naturally studied via the Mellin transform
in 7 (equivalently: Fourier transform in —t), which leads to the (Mellin transformed)
normal operator family

NP)o)=P(o)= Y aa(0,2)07 DS,
J+lal<m

which is a holomorphic family of operators P(c) € Diff™(X).
Passing from Diff,(M) to the algebra of b-pseudodifferential operators ¥y, (M)
amounts to allowing symbols to be more general functions than polynomials; apart
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from symbols being smooth functions on PT*M rather than on T*M if M was
boundaryless, this is entirely analogous to the way one passes from differential to
pseudodifferential operators, with the technical details being a bit more involved.
One can have a rather accurate picture of b-pseudodifferential operators, however,
by considering the following: For a € C®(*T*M), we say a € S™(PT*M) if a
satisfies

|8$8?a(w,§)| < Cop (€)™ 1Pl for all multiindices a, 3

in any coordinate chart, where w are coordinates in the base and £ coordinates
in the fiber; more precisely, in local coordinates (7,z) near X, we take & = (o,()
as above. We define the quantization Op(a) of a, acting on smooth functions u
supported in a coordinate chart, by

Op(a)u(r, z) = (2m)™" /ei(T*T/)a%»i(zfz’)Cqb (T — 7")

T

x a(r,z,70,)u(r’, 2") dr’ d2’ do d¢,

where the 7/-integral is over [0, 00), and ¢ € C°((—1/2,1/2)) is identically 1 near 0.
The cutoff ¢ ensures that these operators lie in the ‘small b-calculus’ of Melrose, in
particular that such quantizations act on weighted b-Sobolev spaces, defined below.
For general u, define Op(a)u using a partition of unity. We write Op(a) € U (M);
every element of U (M) is of the form Op(a) for some a € S™(°T*M) modulo the
set W, °°(M) of smoothing operators. We say that a is a symbol of Op(a). The
equivalence class of a in S™(PT*M)/S™~1(PT*M) is invariantly defined on PT*M
and is called the principal symbol of Op(a).

If Ae U™ (M) and B € ¥}**(M), then AB, BA € U™ ™2(M), while [A, B] €
P21 (M), and its principal symbol is *H,b = 1{a, b}, with H, as above.

Lastly, we recall the notion of b-Sobolev spaces: Fixing a volume b-density v on
M, which locally is a positive multiple of |d77 dz|, we define for, s € N,

Hi(M) ={ue L*(M,v): Vi---Vju € L*(M,v),V; € Vp(M),1 <i < j < s},

which one can extend to s € R by duality and interpolation. Weighted b-Sobolev
spaces are denoted Hy'* (M) = 7*HE (M), i.e. its elements are of the form 7%u with
u € Hi(M). Any b-pseudodifferential operator P € U*(M) defines a bounded
linear map P: Hy*(M) — H, ™% (M) for all s, € R. Correspondingly, there is
a notion of wave front set WFy“(u) C PS*M for a distribution u € H,, *“(M),
defined analogously to the wave front set of distributions on R™ or closed manifolds.
A point @ € PS*M is not in WF}® (u) if and only if there exists P € WP (M), elliptic
at w (i.e. with principal symbol non-vanishing on the ray corresponding to =), such
that Pu € H;*(M). Notice however that we do need to have a priori control on
the weight a (we are assuming v € H, °®(M)), which again reflects the lack of
commutativity of ¥y, (M) even to leading order in the sense of decay of coefficients
at OM.

2.1. The linear Fredholm framework. The goal of this section is to fully extend
the results of [45] on linear estimates for wave equations for b-metrics to non-dilation
invariant settings, and to explicitly discuss Cauchy hypersurfaces since [45] concen-
trated on complex absorption. Namely, while the results of [45] on linear estimates
for wave equations for b-metrics are optimally stated when the metrics and thus
the corresponding operators are dilation-invariant, i.e. when near 7 = 0 the normal
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operator can be identified with the operator itself, see [45, Lemma 3.1], the esti-
mates for Sobolev derivatives are lossy for general b-metrics in [45, Proposition 3.5],
essentially because one should not treat the difference between the normal operator
and the actual operator purely as a perturbation. Therefore, we first strengthen
the linear results in [45] in the non-dilation invariant setting by analyzing b-radial
points which are saddle points of the Hamilton flow. This is similar to [2, §4], where
the analogous result was proved when the b-radial points are sources/sinks. This is
then used to set up a Fredholm framework for the linear problem. If one is mainly
interested in the dilation invariant case, one can use [45, Lemma 3.1] in place of
Theorems 2.18-2.21 below, either adding the boundary corresponding to Hs below,
or still using complex absorption as was done in [45].

So suppose P € ¥ (M), M a manifold with boundary. (The dilation-invariant
analysis of [45, §2] applies to the Mellin transformed normal operator P(c).) Let
p be the principal symbol of P, which we assume to be real-valued, and let H, be
the Hamilton vector field of p. Let p denote a homogeneous degree —1 defining
function of »S* M. Then the rescaled Hamilton vector field

V=5""H,

is a C° vector field on PT M away from the O-section, and it is tangent to all
boundary faces. The characteristic set X is the zero-set of the smooth function
p"p in PS*M. We refer to the flow of V in ¥ C PS*M as the Hamilton, or
(null)bicharacteristic flow; its integral curves, the (null)bicharacteristics, are repa-
rameterizations of those of the Hamilton vector field H,,, projected by the quotient
map PT*M \ o — PS* M.

2.1.1. Generalized b-radial sets. The standard propagation of singularities theorem
in the characteristic set ¥ in the b-setting is that for v € H °>"(M), within X,
WEP" (u) \ WE; ™57 (Pu) is a union of maximally extended integral curves (i.e.
null-bicharacteristics) of P. This is vacuous at points where V vanishes (as a smooth
vector field); these points are called radial points, since at such a point H, itself
(on PT*M \ o) is radial, i.e. is a multiple of the generator of the dilations of the
fiber of the b-cotangent bundle. At a radial point «, V acts on the ideal Z of C'*®
functions vanishing at «, and thus on T;bT*M , which can be identified with Z/Z2.
Since V is tangent to both boundary hypersurfaces, given by 7 = 0 and p = 0, dr
and dp are automatically eigenvectors of the linearization of V. We are interested
in a generalization of the situation in which we have a smooth submanifold L of
bS% M consisting of radial points which is a source/sink for V' within PT% M but
if it is a source, so in particular dp is in an unstable eigenspace, then dr is in the
(necessarily one-dimensional) stable eigenspace, and vice versa. Thus, L is a saddle
point of the Hamilton flow.

In view of the bicharacteristic flow on Kerr-de Sitter space (which, unlike the
non-rotating de Sitter-Schwarzschild black holes, does not have this precise radial
point structure), it is important to be slightly more general, as in [45, §2.2]. Thus,
we assume that dp does not vanish where p does, i.e. at X, and is linearly inde-
pendent of dr at {r = 0,p = 0} = ¥ NPS%M, so ¥ is a smooth submanifold of
bS* M transversal to PS% M. For L assume simply that L = Ly U L_, Ly smooth
disjoint submanifolds of *S% M, given by £ NPS% M where £, are smooth disjoint
submanifolds of X transversal to ?S% M (these play the role of the two halves of
the conormal bundles of event horizons), defined locally near *S% M, with p™'H,,



SEMILINEAR WAVE EQUATIONS 15

tangent to Ly, with a homogeneous degree zero quadratic defining function pg
(explained below) of £ within ¥ such that

P THpplLs =F Bo, ="M T HyTlL. = FBP, 23)
50756 Coo(Li)a ﬁ075> 07
and, with 51 > 0,
F 5" Hypo — Bipo (2.4)

is > 0 modulo cubic vanishing terms at Ly. Here the phrase ‘quadratic defining
function pg’ means that py vanishes quadratically at £ (and vanishes only at L),
with the vanishing non-degenerate, in the sense that the Hessian is positive defi-
nite, corresponding to py being a sum of squares of linear defining functions whose
differentials span the conormal bundle of £ within 3.

Under these assumptions L_ is a source and L is a sink within PS% M in the
sense that nearby bicharacteristics within S% M all tend to L. as the parameter
along them goes to oo, but at L_ there is also a stable, and at L, an unstable,
manifold, namely £_, resp. £,. Indeed, bicharacteristics in £4 remain there by
the tangency of p™~'H,, to L4; further 7 — 0 along them as the parameter goes
to Foo by (2.3), at least sufficiently close to 7 = 0, since Ly are defined in £4 by
T=0.

In order to simplify the statements, we assume that

B is constant on L4; E: 8> 0;
we refer the reader to [45, Equation (2.5)-(2.6)], and the discussion throughout that
paper, where a general 5 is allowed, at the cost of either supg or inf 5 playing a
role in various statements depending on signs. Finally, we assume that P — P* €

U"=2(M) for convenience (with respect to some b-metric), as this is the case for
the Klein-Gordon equation.”

Proposition 2.1. Suppose P is as above.

Ifs > s, s —(m—1)/2 > Br, and if u € H, *"(M) then Ly (and thus a
neighborhood of Ly.) is disjoint from WF" (u) provided L+ N"WFS™ ™17 (Py) = 0,
Lin WFEI’T(u) =0, and in a neighborhood of Ly, L+ N{T > 0} are disjoint from
WEP" ().

On the other hand, if s—(m—1)/2 < Br, and if u € H_ """ (M) then L (and thus
a neighborhood of L) is disjoint from WE}" (u) provided Lo "WF; " 1" (Pu) = 0
and a punctured neighborhood of Ly, with L+ removed, in ¥ NPS% M is disjoint
from WFP" (u).

Remark 2.2. The decay order r plays the role of —Imo in [45] in view of the
Mellin transform in the dilation invariant setting identifying weighted b-Sobolev
spaces with weight » with semiclassical Sobolev spaces on the boundary on the line
Imo = —r, see [45, Equation (3.8)-(3.9)]. Thus, the numerology in this proposition
is a direct translation of that in [45, Propositions 2.3-2.4].

5The natural assumption is that the principal symbol of %(P —-P*) e \I/Lnfl(M) at Ly is
£BBop "t BeC™(Ly).

If E vanishes, Proposition 2.1 is valid without a change; otherwise it shifts the threshold quantity
s — (m —1)/2 — Br below in Proposition 2.1 to s — (m — 1)/2 — Br 4+ B if B is constant, with
modifications as in [45, Proof of Propositions 2.3-2.4] otherwise.
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Proof. We remark first that p"™ " H,po vanishes quadratically on £ since p™ 'H,
is tangent to L1 and pg itself vanishes there quadratically. Further, this quadratic
expression is positive definite near 7 = 0 since it is such at 7 = 0. Correspondingly,
we can strengthen (2.4) to

P (2.5)

being non-negative modulo cubic terms vanishing at £4 in a neighborhood of 7 = 0.
Notice next that, using (2.5) in the first case and (2.3) in the second, and that
L is defined in X by 7 =0, pg = 0, there exist §; > 0 and J; > 0 such that

a €Y, po(a) < by, T(a) <81, pola) # 0= (Fp™ *Hypo)(a) >0

+ ﬁn_alPO -

and

a €Y, poa) < by, T(a) < = (£p™ 77 H,T)(a) > 0.
Similarly to [45, Proof of Propositions 2.3-2.4], which is not in the b-setting, and [2,
Proof of Proposition 4.4], which is but concerns only sources/sinks (corresponding
to Minkowski type spaces), we consider commutants

Cer "Ry = wyt YA ()
with principal symbol

¢ = ¢(po)bo(po) 1 (7)p M= D2r=r py = pp,
where ¢g € C2°(R) is identically 1 near 0, ¢ € C°(R) is identically 1 near 0 with
¢’ < 01in [0,00) and ¢ supported in (—do,dp), while ¢; € C°(R) is identically 1
near 0 with ¢} <0 in [0,00) and ¢; supported in (—d7,d1), so that

a € suppd(¢ o po) Nsupp(dr 0 7) N = F(7™ 'Hypo)(a) >0,
and
:I:ﬁmflrlepT
remains positive on supp(¢1 o 7) Nsupp(¢ o po).
The main contribution then comes from the weights, which give

P Hy (5 2Ty = (s o (= 1)/2 4 fr) o2

where the sign of the factor in parentheses on the right hand side being negative,
resp. positive, gives the first, resp. the second, case of the statement of the proposi-
tion. Further, the sign of the term in which ¢1(7), resp. ¢(po), gets differentiated,
yielding :I:Tﬁﬁgcz)’l (1), resp. ¢ (po)p™ 'Hppo, is, when s — (m — 1)/2 — Br > 0, the
opposite, resp. the same, of these terms, while when s — (m — 1)/2 — fr < 0, it is
the same, resp. the opposite, of these terms. Correspondingly,

024(ilP,C*CY) = T2 fo (5~ " — ) o061 — fuBrécud,
F (7" Hypo)8'do1 + mBopodhon ) ddodp T

We can regularize using using S, € \1;;5(M) for € > 0, uniformly bounded in W9 (M),
converging to Id in \I/g/ (M) for §' > 0, with principal symbol (1+ep1)7°, as in [45,
Proof of Propositions 2.3-2.4], where the only difference was that the calculation
was on X = OM, and thus the pseudodifferential operators were standard ones,
rather than b-pseudodifferential operators. The a priori regularity assumption on
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WFE/’T(u) arises as the regularizer has the opposite sign as compared to the contri-
bution of the weights, thus the amount of regularization one can do is limited. The
positive commutator argument then proceeds completely analogously to [45, Proof
of Propositions 2.3-2.4], except that, as in [45], one has to assume a priori bounds
on the term with the sign opposite to that of s — (m — 1)/2 — Br, of which there is
exactly one for either sign (unlike in [45], in which only s — (m —1)/2+ Imo < 0
has such a term), thus on X Nsupp(¢] o) Nsupp(dopg) when s—(m—1)/2—pFr >0
and on ¥ N supp(¢y o 7) Nsupp(¢’ o po) when s — (m —1)/2 — Br < 0.

Using the openness of the complement of the wave front set we can finally choose
¢ and ¢, (satisfying the support conditions, among others) so that the a priori
assumptions are satisfied, choosing ¢ first and then shrinking the support of ¢ in
the first case, with the choice being made in the opposite order in the second case,
completing the proof of the proposition. O

2.1.2. Complex absorption. In order to have good Fredholm properties we either
need a complete Hamilton flow, or need to ‘stop it’ in a manner that gives suitable
estimates; one may want to do the latter to avoid global assumptions on the flow
on the ambient space. The microlocally best behaved version is given by complex
absorption; it is microlocal, works easily with Sobolev spaces of arbitrary order, and
makes the operator elliptic in the absorbing region, giving rise to very convenient
analysis. The main downside of complex absorption is that it does not automatically
give forward mapping properties for the support of solutions in wave equation-like
settings, even though at the level of singularities, it does have the desired forward
property. It was used extensively in [45] — in the dilation invariant setting, the
bicharacteristics on X X (0,00), are controlled (by the invariance) as 7 — oo as
well as when 7 — 0, and thus one need not use complex absorption there, instead
decay as 7 — oo (corresponding to growth as 7 — 0 on these dilation invariant
spaces) gives the desired forward property; complex absorption was only used to
cut off the flow within X. Here we want to localize in 7 as well, and while complex
absorption can achieve this, it loses the forward support character of the problem.
Thus, complex absorption will not be of use for us when solving semilinear forward
problems later on; however, as it is conceptually much cleaner, we discuss Fredholm
properties using it first before turning to adding artificial (spacelike) boundary
hypersurfaces in the next section, which allow for the solution of forward problems
but require additional technicalities.

Thus, we now consider P —iQ € WU (M), Q € (M), with real principal
symbol ¢, being the complex absorption similarly to [45, §§2.2 and 2.8]; we assume
that WF} (Q)N L = 0. Here the semiclassical version, discussed in [45] with further
references there, is a close parallel to our b-setting; it is essentially equivalent to
the b-setting in the special case that P, Q are dilation-invariant, for then the
Mellin transform gives rise exactly to the semiclassical problem as the Mellin-dual
parameter goes to infinity. Thus, we assume that the characteristic set 3 of P has
the form

Y=Y, UX_,
with each of ¥ being a union of connected components, and
Fq > 0 near >4.

Recall from [45, §2.5], which in turn is a simple modification of the semiclassical
results of Nonnenmacher and Zworski [37], and Datchev and Vasy [12], that under



18 PETER HINTZ AND ANDRAS VASY

these sign conditions on ¢, estimates can be propagated in the backward direction
along the Hamilton flow on ¥ and in the forward direction for ¥_, or, phrased as a
wave front set statement (the property of being singular propagates in the opposite
direction as the property of being regular!), WF®(u) is invariant in (X \ PS% M)\
WES™ ™1 ((P — iQ)u) under the forward Hamilton flow, and in (3_ \ PS%E M) \
WEF*™ (P — iQ)u) under the backward flow. (That is, the invariance is away
from the boundary X; we address the behavior at the boundary in the rest of the
paragraph.) Since this is a principal symbol argument, given in [45, §2.5] and [12,
Lemma 5.1], its extension to the b-setting only requires minimal changes. Namely,
assuming one is away from radial points as one may (since at these the statement is
vacuous), one constructs the principal symbol ¢ of the commutant on b N \ o as
a C*™ function ¢y on PS* M with derivative of a fixed sign along the Hamilton flow
in the region where one wants to obtain the estimate (exactly the same way as for
real principal type proofs) multiplied by weights in 7 and p, making the Hamilton
derivative of ¢y large relative to ¢y to control the error terms from the weights,
and computes (u, —i[C*C, Plu), where P is the symmetric part of P —iQ (so has
principal symbol p) and Q is the antisymmetric part. This gives

—2Re(u, iC*C(P — iQ)u) — 2 Re(u, C*CQu).

The issue here is that the second term on the right hand side involves C*C é, which
is one order higher that [C*C,P], so while it itself has a desirable sign, one needs
to be concerned about subprincipal terms.® However, one rewrites

2 Re(u, C’*C’@u) = 2Re(u, C* @C’u> + 2Re(u, C*[C, @]u)

Now the first term is positive modulo a controllable error by the sharp Garding
inequality, or if one arranges that ¢ is the square of a symbol. This controllability
claim uses the derivative of ¢, arising in the symbol of the commutator with ﬁ7 to
provide the control: since Ois positive modulo an operator one order lower, and in
the term involving this operator, the principal symbol ¢ of C is not differentiated,
writing ¢ as ¢g times a weight, where ¢y is homogeneous of degree zero, taking
the derivative of ¢y large relative to cg, as is already used to control weights, etc.,
controls this error term (modulo which we have positivity) as well. On the other
hand, the second can be rewritten in terms of [C,[C, Q]], (C* — C)[C, Q], etc.,
which are all controllable as they drop two orders relative to the product C*C Q.
This gives rise to the result, namely that for u € H_ *", WF}" (u) is invariant
in X, \ WF*™*L7((P — iQ)u) under the forward Hamilton flow, and in ¥_ \
WE*~™ L7 (P — iQ)u) under the backward flow.

In analogy with [45, Definition 2.12], we say that P — iQ is non-trapping if all
bicharacteristics in ¥ from any point in ¥\ (L UL_) flow to Ell(¢)UL{UL_ in both
the forward and backward directions (i.e. either enter Ell(g) in finite time or tend to
Ly UL_). Notice that as ¥4 are closed under the Hamilton flow, bicharacteristics
in £\ (L4 U L_) necessarily enter the elliptic set of Q in the forward (in ),
resp. backward (in ¥_) direction. Indeed, by the non-trapping hypothesis, these
bicharacteristics have to reach the elliptic set of Q as they cannot tend to L, resp.
L_: for £, and L£_ are unstable, resp. stable manifolds, and these bicharacteristics

6In fact, as the principal symbol of c*CQ is real, the real part of its subprincipal symbol is
well-defined, and is the real part of ¢2q where ¢ and ¢ include the real parts of their subprincipal
terms, and is all that matters for this argument, so one could proceed symbolically.
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cannot enter the boundary (which is preserved by the flow), so cannot lie in the
stable, resp. unstable, manifolds of Ly U L_, which are within PS% M. Similarly,
bicharacteristics in (¥ NPS% M)\ (L4 U L_) necessarily reach the elliptic set of Q
in the backward (in X, ), resp. forward (in X_) direction. Then for s, r satisfying

s—(m—-1)/2> pr
one has an estimate

lull g < ClIP = iQ)ull s -mt1.r + Cllull o,

provided one assumes s’ < s,
/ s'r
s'—(m—-1)/2>pr, ue Hy .

Indeed, this is a simple consequence of u € HSI’T, (P—iQ)u € Hgfmﬂf implying
u € Hy'" via the closed graph theorem, see [23, Proof of Theorem 26.1.7] and [43,
§4.3]. This implication in turn holds as on the elliptic set of Q one has the stronger
statement u € HEH’T under these conditions, and then using real-principal type
propagation of regularity in the backward direction on X, and the forward direction
on X_, one can propagate the microlocal membership of Hy'" (i.e. the absence of
the corresponding wave front set) in the backward, resp. forward, direction on X,
resp. Y._. Since bicharacteristics in £y \ (L4 U L_) necessarily enter the elliptic set
of Q in the forward, resp. backward direction, and thus one has H;"" membership
along them by what we have shown, Proposition 2.1 extends this membership to
L., and hence to a neighborhood of these, and by our non-trapping assumption
every bicharacteristic enters either this neighborhood of L1 or the elliptic set of
Q in finite time in the backward, resp. forward, direction, so by the real princi-
pal type propagation of singularities we have the claimed microlocal membership
everywhere.

Reversing the direction in which one propagates estimates, one also has a similar
estimate for the adjoint P* + 1Q*, except now one needs to have

s—(m—-1)/2<pBr

in order to propagate through the saddle points in the opposite direction, i.e. from
within PS% M to £4. Then for s’ < s,

[ullzzzr < CI(P™ +iQ%)ull go=msrr + Cllu] (2.7)

s/re.
Hy

The issue with these estimates is that H;"" does not include compactly into the

error term Hgl’r on the right hand side due to the lack of additional decay. Thus,
these estimates are insufficient to show Fredholm properties, which in fact do not
hold in general.

We thus further assume that there are no poles of the inverse of the Mellin
conjugate (P —iQ) (o) of the normal operator, N(P —iQ), on the line Imo = —r.
Here we refer to [45, §3.1] for a brief discussion of the normal operator and the Mellin
transform; this cited section also contains more detailed references to [35]. Then
using the Mellin transform, which is an isomorphism between weighted b-Sobolev
spaces and semiclassical Sobolev spaces (see Equations (3.8)-(3.9) in [45]), and the
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estimates for (P —iQ) () (including the high energy, i.e. semiclassical, estimates,”
all of which is discussed in detail in [45, §2] — the high energy assumptions of [45,
§2] hold by our assumptions on the b-flow at "S% M, and which imply that for
all but a discrete set of r the aforementioned lines do not contain such poles), we
obtain that on Rf x 9M

[ollggr < CIN(P = iQ)v]| ga=msir (2.8)
when
s—(m—1)/2> Pr.
Again, we have an analogous estimate for N(P* 4+ iQ*):

[l < CIN(P* +iQ%)v| gro—mrr, (2.9)

provided —r is not the imaginary part of a pole of the inverse of (P* 4+ iQ*)”, and
provided
s—(m—1)/2 < pr.

As (P* 4+iQ*) " (o) = (P — iQ)*(), see the discussion in [45] preceding Equa-
tion (3.25), the requirement on —r is the same as r not being the imaginary part
of a pole of the inverse of P z@

We apply these results by first letting x € C°(M) be identically 1 near OM
supported in a collar neighborhood of M, which we identify with (0, €), x OM of
the normal operator space. Then, assuming s’ — (m —1)/2 > fr,

el e < Il + 101 = 500 g

. (2.10)
< CIN(P = i@l v + (1 = )l

Now, if K = supp(1l — x), then
I =)l oror < Cllull e iy < Clull

" < CUHUHHS’JrW

for any 7. On the other hand, N(P —iQ) — (P —iQ) € 7¥([0,¢) x OM), so
NP —iQ)xu= (P —iQ)xu+ (N(P—iQ) — (P —iQ))xu
=x(P—-iQu+[P—iQ,xJu+ (N(P —1iQ) — (P —iQ))xu
plus the fact that [P — iQ, x] is supported in K and ||x(P — iQ)uHH;umH,r <
(P — iQ)u”H{j’*m“”‘ show that for all 7

NP~ iQ)xull o -ir < (P~ 1@l oo+ Cllul e+ Clll i

(2.11)
Combining (2.6), (2.10) and (2.11) we deduce that (with new constants, and taking
s’ sufficiently small and 7 =1r — 1)

lull s < CINP = iQYull g -mtr + Cllal 21 (2.12)

where now the inclusion H,"" — H§/+1’r—1 is compact when we choose, as we may,
s’ < s — 1, requiring, however, s’ — (m — 1)/2 > Br. Recall that this argument
required that s,r, s’ satisfied the requirements preceding (2.6), and that —r is not
the imaginary part of any pole of (P —iQ)".

"The high energy estimates are actually implied by b-principal symbol based estimates on
the normal operator space, Mo, = X X RT, X = M, on spaces TT‘Hg(Moo) corresponding to
Imo = —r, but we do not explicitly discuss this here.
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Analogous estimates hold for (P — iQ)* where now we write s, 7 and & for the
Sobolev orders for the eventual application:

||7.LHH§F <C||(P - Y:Q)*U||H§—m+l,? + C||UHH§/+1,?—1, (2.13)

provided $, 7 in place of s and r satisfy the requirements stated before (2.7), and
provided —7 is not the imaginary part of a pole of (P* +1iQ*)” (i.e. 7 of P — Z@)
Note that we do not have a stronger requirement for 5’, unlike for s’ above, since
upper bounds for s imply those for s’ < s.

Via a standard functional analytic argument, see [23, Proof of Theorem 26.1.7]
and also [45, §2.6] in the present context, we thus obtain Fredholm properties of
P —iQ, in particular solvability, modulo a (possible) finite dimensional obstruction,
in HY" if

s—(m—1)/2—-1> pr. (2.14)
Concretely, we take s =m — 1 — s, 7= —r, s’ < s — 1 sufficiently close to s — 1 so
that s’ — (m — 1)/2 > fBr (which is possible by (2.14)). Thus, s — (m —1)/2 > Br
means s—(m—1)/2 = (m—1)/2—s < —fr = 57, so the space on the left hand side
of (2.12) is dual to that in the first term on the right hand side of (2.13), and the
same for the equations interchanged, and notice that the condition on the poles of
the inverse of the Mellin transformed normal operators is the same for both P —iQ
and P* +4Q*: —r is not the imaginary part of a pole of (P —iQ)". Let

YU = HY'(M), X" = {u€ HY"(M): (P —iQ)ue Hy™ " (M)},

and note that Y7, X" are complete, in the case of X'*" with the natural norm be-
ing ||lul|%.. = |lul/? sran ||(77—iQ)uH§{z,LT(M); see Remark 2.19. Our discussion
thus far yields:

Proposition 2.3. Suppose that P is non-trapping. Suppose s,7 € R, s — (m —
1)/2 — 1 > Br, —r is not the imaginary part of a pole of (P —iQ)~ where P —iQ
i a priori a map
P —iQ: HY" (M) — H™>"(M).
Then
P—iQ: XS — ysbr
is Fredholm.

2.1.3. Initial value problems. As already mentioned, the main issue with this ar-
gument using complex absorption that it does not guarantee the forward nature
(in terms of supports) of the solution for a wave-like equation, although it does
guarantee the correct microlocal structure. So now we assume that P € Difff (M)
and that there is a Lorentzian b-metric g such that

P — 0, € Diff} (M), P —P* € Diffp(M). (2.15)

Then one can run a completely analogous argument using energy type estimates by
restricting the domain we consider to be a manifold with corners, where the new
boundary hypersurfaces are spacelike with respect to g, i.e. given by level sets of
timelike functions. Such a possibility was mentioned in [45, Remark 2.6], though
it was not described in detail as it was not needed there, essentially because the
existence/uniqueness argument for forward solutions was given only for dilation
invariant operators. The main difference between using complex absorption and
adding boundary hypersurfaces is that the latter limit the Sobolev regularity one
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can use, with the most natural choice coming from energy estimates. However, a
posteriori one can improve the result to better Sobolev spaces using propagation of
singularities type results.

So assume now that U C M is open, and we have two functions t; and t; in
C*°(M), both of which, restricted to U, are timelike (in particular have non-zero
differential) near their respective 0-level sets H; and Hs, and

Q= t1([0,00)) N t; ([0, 00)) C U.

Notice that the timelike assumption forces dt; to not lie in N*X = N*OM (for
its image in the b-cosphere bundle would be zero), and thus if the H; intersect
X, they do so transversally. We assume that the H; intersect only away from X,
and that they do so transversally, i.e. the differentials of t; are independent at the
intersection. Then (2 is a manifold with corners with boundary hypersurfaces Hj,
H; and X (all intersected with ). We however keep thinking of 2 as a domain
in M. The role of the elliptic set of Q is now played by bS}‘}jM, 7 =1,2. The
non-trapping assumption becomes that
(1) all bicharacteristics in Yo = X NP5 M from any point in o N (X4 \ L)
flow (within $q) to S}, M U Ly in the forward direction (i.e. either enter
bS3;, M in finite time or tend to L) and to Sy, M U Ly in the backward
direction,
(2) and from any point in $oN(X_\ L_) the bicharacteristics flow to *S7; MU
L_ in the forward direction and to "S}; M UL_ in the backward direction;

see Figure 3. In particular, orienting the characteristic set by letting ¥_ be the
future oriented and X the past oriented part, dt; is future oriented, while dt; is
past oriented.

L. X L,
Hy Q Hy
H,

FIGURE 3. Setup for the discussion of the forward problem. Near
the spacelike hypersurfaces H; and Hs, which are the replace-
ment for the complex absorbing operator Q, we use standard
(non-microlocal) energy estimates, and away from them, we use
b-microlocal propagation results, including at the radial sets L.
The bicharacteristic flow, in fact its projection to the base, is only
indicated near L.; near L_, the directions of the flowlines are
reversed.

On a manifold with corners, such as €2, one can consider supported and ex-
tendible distributions; see [23, Appendix B.2] for the smooth boundary setting,
with simple changes needed only for the corners setting, which is discussed e.g.
in [46, §3]. Here we consider  as a domain in M, and thus its boundary face
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X N is regarded as having a different character from the H; N €, i.e. the sup-
port/extendibility considerations do not arise at X — all distributions are regarded
as acting on a subspace of C*° functions on ) vanishing at X to infinite order,
i.e. they are automatically extendible distributions at X. On the other hand, at
H; we consider both extendible distributions, acting on C'"*° functions vanishing to
infinite order at H;, and supported distributions, which act on all € functions
(as far as conditions at H; are concerned). For example, the space of supported
distributions at H; extendible at Hs (and at X, as we always tacitly assume) is the
dual space of the subspace of C*°(£2) consisting of functions vanishing to infinite
order at Hy and X (but not necessarily at H;). An equivalent way of characterizing
this space of distributions is that they are restrictions of elements of the dual of
C°°(M) (consisting of C* functions on M vanishing to infinite order at X) with
support in t; > 0 to C'*° functions on ) which vanish to infinite order at X and
Hy, thus in the terminology of [23], restriction to Q\ (Hz U X).

The main interest is in spaces induced by the Sobolev spaces H;'"(M). Notice
that the Sobolev norm is of completely different nature at X than at the H;, namely
the derivatives are based on complete, rather than incomplete, vector fields: V(M)
is being restricted to €2, so one obtains vector fields tangent to X but not to the
Hj. As for supported and extendible distributions corresponding to H," (M), we
have, for instance,

H O

with the first superscript on the right denoting whether supported (e) or extendible
(—) distributions are discussed at H;, and the second the analogous property at Ha,
consists of restrictions of elements of Hy'" (M) with support in t; > 0 to Q\ (H2UX).
Then elements of C'*°(£2) with the analogous vanishing conditions, so in the example
vanishing to infinite order at Hy and X, are dense in H;'"(M)®*~; further the dual
of Hy'"(M)®*™ is Hy " (M)™* with respect to the L? (sesquilinear) pairing.

First we work locally. For this purpose it is convenient to introduce another
timelike function Ij, not necessarily timelike, and consider

Q[to,tﬂ = tjl([t07 OO)) m¥;1((_oovt1])a Q(to,h) = tjl((t()y OO)) ﬂI;l((—OO,tl))7

and similarly on half-open, half-closed intervals. Thus, 2 ;) becomes smaller as
to becomes larger or t; becomes smaller.

We then consider energy estimates on 7, 7,]. In order to set up the following
arguments, choose

T_-<T. <Ty,, Th <T, <Ty,

and assume that Qr_ 7.} is compact, Q7 7] is non-empty, and t; is timelike on
Qr_7,)- The energy estimates propagate estimates in the direction of either in-
creasing or decreasing t;. With the extendible/supported character of distributions
at Ij = T, being irrelevant for this matter in the case being considered and thus
dropped from the notation (so (—) refers to extendibility at t; = Tj), consider

P HY (Qnyry)” = HY 2 (), s,mER

The energy estimate, with backward propagation in t;, from Ij—l([ﬂ, T4]), in this
setting takes the form:
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Lemma 2.4. Let r € R. There is C > 0 such that for u € HE’T(Q[TO’TH)*,

”uHHi”(Q[To,TlJ)‘ = C(HPUHHE’T(Q[TO,M)‘ + Hu”Hi‘T(Q[To,THﬁifl([TLTH))‘)
(2.16)
This also holds with P replaced by P*, acting on the same spaces.

Remark 2.5. The lemma is also valid if one has several boundary hypersurfaces,
i.e. if one repla(fs t;l([to, 00)) byN’Lj*l([tij7 00)) N ’i;;l([tk,o, 00)) in the definition of
Qty.¢,], and/or tj_l((—oo,tl]) by t;l((—oo,tj71]) N t,;l((—oo,tm]), i.e. regarding t;
and/or Ij as vector valued, and propagating backwards in t;, for some fixed jg, under
the additional hypothesis that t;, is timelike in 2, ;,}, and all t;, j # jo, are timelike
near their respective zero sets, with the same timelike character at t;,. (One can also
have more than two such functions.) To see this, replace x(t;) by x;, (t;,)xx(tx), and
analogously with X in the definition of V' in (2.17), where xy is the characteristic
function of [tg0,00), while letting W = G(Pdtj,,-). Then y'x7*A* is replaced
by X;injikT“Aﬂ +XjX;C§j>?kTaAﬁ, etc., and our additional hypothesis guarantees
that the matrix A? is indeed positive definite: The contribution from differentiating
Xjo, is positive definite by the timelike nature of dt;,, while the contribution from
differentiating x;, j # Jjo, giving d-distributions at the hypersurfaces tj_l(tj,o), is
positive definite by the second part of the above additional hypothesis and can
therefore be dropped as in the proof of Lemma 2.4 below. Thus X;o can still be
used to dominate x;,; and the terms in which X; is differentiated have support
where t; is in (T% ;T4 ;), so the control region on the right hand side of (2.16) is
the union of these sets.

In our application this situation arises as we need the estimates on t;*([Tp, 71]) N
t,1([0,00)) and £, 1([0,00)) Nt ([T, T1]), with Ty = 0, Ty > 0 small. For instance,
in the latter case ty plays the role of t; above, while —t; and t; play the role of ij
and t; see Figure 4.

=0
H, !

thTl tb=0

FIGURE 4. A domain Q@ = t([0,00)) N ((—t)~*((—00,0]) N
t5'((—00,T1])) on which we will apply the energy estimate (2.16).
The a priori control region is indicated in dark gray.

Proof of Lemma 2.4. To see (2.16), one proceeds as in [45, §3.3] and considers

V = —ix(4)x(4) oW (2.17)
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with W = G(dt;,.) a timelike vector field and with x,x € C*°(R), both non-
negative, to be specified. Then choosing a Riemannian b-metric g,

—i(V*0y — O;V) = PdiC" Pd,
with the subscript on the adjoint on the right hand side denoting the metric with
respect to which it is taken, Pd : C°°(M) — C>°(M; T*M) being the b-differential,
and with N
C” = Y%Al T A + Y\ XTOR’
where Af, A and R” are bundle endomorphisms of C?T*M and A?, A* are positive
definite. Proceeding further, replacing O, by P, one has

—i(V*P = P*V) = PdiC* Pd + (Ey)iroxXPd + Pdim \X Eo,

# I~ _o At ~1_a At ~ _apt (218)
CF=x'XTA* + xX'TA* + xXTR

with Ej bundle maps from the trivial bundle over M to CPT* M, Af, A? as before,
and R* a bundle endomorphism of “PT* M, as follows by expanding

—i(VH(P =Uy) = (P -0,)"V)

using that P — O, € Diff},(M). We regard the second term on the right hand side
of (2.18) as the one requiring a priori control by ”u”Hé’T(Q[TO £ (T T )5 e
achieve this by making X supported in (—oo, T’ ), identically 1 near (—oo,T%], so
dx is supported in (7% ,7). Now making x’ > 0 large relative to x on supp(xX),
as in® [45, Equation (3.27)], allows one to dominate all terms without derivatives
of x. In order to obtain a non-degenerate estimate up to t; = Ty, one cuts off x at
t; = T, using the Heaviside function, so x’ gives a (positive!) J-distribution there.
Applying (2.18) to v, pairing with v and integrating by parts, the §-distributions
have the same sign as y’A? and can thus be dropped. Put differently, without the
sharp cutoff, one again computes the same pairing, but this time on the domain
Qr,,1,), thus picking up boundary terms with the correct sign in the integration
by parts, so these terms can be dropped. This proves the energy estimate (2.16)
when one takes a = —2r. (]

Propagating in the forward direction, from t;l ([T-,T"]), where now (—) denotes
the character of the space at T; (so (—) refers to extendibility at t; = T4)

el gy - < C Pl gy + 0lmiroy nneer o1y-)
(2.19)
In particular, for v supported in t; > Tp, the last estimate becomes, with the
first superscript on the right denoting whether supported (e) or extendible (—)
distributions are discussed at t = Tj, the second superscript the same at t = T7,

el 2o, e < CIPUl om0 o e (2.20)

when
P:HY () — H?Z’T(Q[TO,TA).’*

and u € HS’T(Q[TO,Tl]).’_- To summarize, we state both this and (2.16) in terms of
these supported spaces:

8In [45, Equation (3.27)] the sign of X’ is opposite, as the estimate is propagated in the opposite
direction.
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Corollary 2.6. Let r,7 € R. Foru € HE’T(Q[TmTl])"*, one has
HuHHﬁ‘T(Q[TO,Tl])"‘ < CHPUHHEJ‘(Q[TO,Tl]).’_7 (2.21)
while for v € HS’F(Q[TO,Tl])*", the estimate

e SCIP Ul o ] (2.22)

HUHHL{’F(Q[TmTﬂ) Ty, 111) 7

holds.
A duality argument, combined with propagation of singularities, thus gives:

Lemma 2.7. Let s > 0, r € R. Then there is C' > 0 with the following property.
If f € Hgfl’T(Q[ToyTﬂ)"*, then there exists uw € HY"(Qr, r))®~ such that
Pu=f and

HU'HHS’TV(Q[TOwTﬂ).’i S C”fHHﬁilm(Q[To)Tl]).'f '

Remark 2.8. As in Remark 2.5, the lemma remains valid in more generality, namely
if one replaces t;l([to, 00)) by tj*l([tjyo, 00)) Nt ([tr,0, 00)), and/or I;l((—oo,tl])
by €1 ((—00,t;,1]) Nt (=00, tx.1]) in the definition of Qp, 4,], provided that the t;
have linearly independent differentials on their joint zero set, and similarly for the
t;. The place where this linear independence is used (the energy estimate above
does not need this) is for the continuous Sobolev extension map, valid on manifolds
with corners, see [46, §3].

Proof. We work on the slightly bigger region 7+ 1175 applying the energy estimates
with Ty replaced by 77, Ty replaced by T . First, by the supported property at
t; = Tp, one can regard f as an element of Hs_l’T(Q[T/_}Tl])"_ with support in
Q- Let

fe By Qe )™ € Hy Y (Qupr o))

be an extension of f, so ]""V is supported in Q[TmTJ’r]v and restricts to f; by the
definition of spaces of extendible distributions as quotients of spaces of distributions
on a larger space, see [23, Appendix B.2], we can assume

”f”HS*LT(Q[TL‘T#])-,— < 2||f||Hl§71'T(Q[T’,,Tl]).’_' (2'23)
By (2.16) applied with P replaced by P*, 7= —r,
||¢“H577(Q[T’_,T_"_])7". < C”P QS”HS’F(Q[T,_YT;])f,O? (2'24)

for ¢ € HE’F(Q[T/_)TH)‘V‘. Correspondingly, by the Hahn-Banach theorem, there
exists ~

we (Hy (re o)) ™) = Hy" (e )™~
such that

(P, ¢) = (@, P*¢) = (f,¢), &€ H (Qpr 1)),

and B

||“HH3"(Q[T,_7T;])-,7 = C||f|\H;1‘T(Q[TLT,+])~,f‘ (2.25)
One can regard u as an element of HS’T(Q[T_yTH)"_ with support in Q[T’,,Tﬂa with
fsimilarly extended; then (Pu, ¢) = (f, @) for ¢ € CSO(Q(T,,T;)) (here the dot over
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C® refers to infinite order vanishing at X = dM!), so Pu = f in distributions.
Since u vanishes on Q7 77, and

f e HS_LT(Q[T_,TJ’F]).V_a
propagation of singularities applied on Q(T*’T-,%—) (which has only the boundary
OM = X) gives that u € HS:TOC(Q(Tf,T;)) (i.e. here we are ignoring the two bound-
aries, t; = T_, T, not making a uniform statement there, but we are not ignoring
OM = X). In addition, for x,x € CSO(Q(TﬂTQ), X = 1 on supp x, we have the
estimate

||X1~’«||H§”(Q[T_YT;]) < C(||%7)ﬂ”H§*1'7‘(Q[T7yTJ,r]) + ||%ﬁHHS’T(Q[T7,Tjr])>' (2.26)

In view of the support property of u, this gives that restricting to Qr_ 7], we
obtain an element of Hy"(Qr_ 7,))”, with support in Qg 7,), i.e. an element of
Hy" (1, 1y1)*~ - The desired estimate follows from (2.25), controlling the second

term of the right hand side of (2.26), and (2.23) as well as using Pu = f. O
At this point, u given by Lemma 2.7 is not necessarily unique. However:

Lemma 2.9. Let s,r € R. Ifu € HY"(Qq, 1,))*~ is such that Pu = 0, then
u=0.

Proof. Propagation of singularities, as in the proof of Lemma 2.7, regarding u as
a distribution on (7, T3) with support in [Ty, T1) gives that u € Hy . (Qr_ 1y))-
Taking Tp < 17 < T, letting u" = uliz, 17, (2.21) shows that v’ = 0. Since 77 is
arbitrary, this shows u = 0. (|

Corollary 2.10. Lets > 0, 7 € R. Then there is C > 0 with the following property.
If f e Hs_l’T(Q[TO’TI])”_, then there exists a unique u € HY"(Qp 1,))*~ such
that Pu = f.
Further, this unique u satisfies

ull iz @y o= < CllF Iz

(1o, 111)" "

Proof. Existence is Lemma 2.7, uniqueness is linearity plus Lemma 2.9, which to-
gether with the estimate in Lemma 2.7 prove the corollary. ]

Corollary 2.11. Let s >0, r,7 € R.
Foru e Hy" (g, 1))~ with Pu € Hgfl’T(Q[ToyTl])"_,

lull ez @y o= < C||Pu”H§_1’T(Q[To,T1J)"*’ (2:27)
while for v € HS’F(Q[TO,TI])_V' with P*v € Hi_l’F(Q[TO’Tl])_v’,
10l 7, e < CIP* 0l 17y (2.28)

Remark 2.12. Again, this estimate remains valid for vector valued t; and t;, see
Remarks 2.5 and 2.8, under the linear independence condition of the latter.

Proof. Tt suffices to consider (2.27). Let f = Pu € Hg_l’r(Q[TO’Tl])'v_, and let v’ €
Hy'" (1, my1)*~ be given by Corollary 2.10. In view of the uniqueness statement
of Corollary 2.10, u = «’. Then the estimate of Corollary 2.10 proves the claim. [

This yields the following propagation of singularities type result:
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Proposition 2.13. Let s > 0, r € R. If u € H *">(Qp,,1,))*~ with Pu €
Hiil’r(Q[To,Tl]).’i, then u € HS’T(Q[T()’TJ).’*

If instead w € Hy° " (Qpy )™~ with Pu € HY V" (1)~ and for
some Ty > Ty, u € Hy'" (g, 1) \Q(TO;Tl])_y_7 then w € HY™ (Qupy )~

Remark 2.14. One can ‘mix and match’ the two parts of the proposition in the
setting of Remark 2.5, with say a supportedness condition at Ij, and only an
extendibility assumption at t;, but with H" membership assumption on u in
Qry,1] \I,;l((—oo,ﬁ)), T, < Ty, with a completely analogous argument. For
instance, in the setting of Figure 4, one gets the regularity under supported-
ness assumptions at [y, just extendibility at to = T3, but a priori regularity for
e (Tl, Tl)

Proof. Let v’ € Hy"(Qp,,1,))*~ be the unique solution in Hy" (Qp, 1,))*~ of
Pu' = f where f = Pu € HS_I’T(Q[TO’TI])"_; we obtain u’ by applying the exis-
tence part of Corollary 2.10. Then u, v’ € Hy >~ (Qg, 7))*~ and P(u—u') = 0.
Applying Lemma 2.9, we conclude that u = u’, which completes the proof of the
first part.

For the second part, let x € C*°(R) be supported in (Tp, 00), identically 1 near
[TO, 00), and consider v’ = (y o t;)u € Hé’T(Q[TO,Tl])"’, with the support property
arising from the vanishing of x near Ty. Then Pu’' = [P, (xot;)]Ju+(xot;)Pu. Now
the first term on the right hand side is in H{j*l’r(Q[TO’Tﬂ )*~ as on the support of dx;,
which is in Q7 1) \Q(fole]’ wis in HY'", and the commutator is first order, while
the second term is in the desired space since Pu € Hg_l’T(Q[TO’TI])_V_, and as for
u itself, the cutoff improves the support property. Thus, the first part of the lemma
is applicable, giving that xyu € Hy" (Qr,,7,))* . Since (1—-x)u € Hy'" (Qr, 1)) 7~
by the a priori assumption, the conclusion follows. O

We take Ty = 0 and thus consider, for s > 0,
P HY Q) — H 72 ()% (2.29)
and
P*HT(Q) T — H7PT(Q) 70 (2.30)
In combination with the real principal type propagation results and Proposition 2.1

this yields under the non-trapping assumptions, much as in the complex absorbing
case, that’

[ull e @ye- < CHPUHHLs)fl,r(Q).’, + CHUHHS,T(Q).’,, pr < —1/2, s >0, (2.31)
and
||uHH§,;(Q),, < C||7’*U||Hg*”(ﬂ)<- +C||u|\HS,,~.(Q),,., Br>s—1/2, s> 0. (2.32)

We could proceed as in the complex absorption case to make the space on the
left hand side include compactly into the ‘error term’ on the right hand using the
normal operators. As this imposes some constraints, cf. (2.14), which together with
the requirements of the energy estimates, namely that the Sobolev order is > 0,

9n fact, the error term on the right hand side can be taken to be supported in a smaller region,
since at Hi in the first case and at H> in the second, there are no error terms due to the energy
estimates (2.21), applied with P* in place of P in the second case.
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mean that we would get slightly too strong restrictions on s, see Remark 2.20, we
proceed instead with a direct energy estimate. We thus assume that €2 is sufficiently
small so that there is a boundary defining function 7 of M with % timelike on €2,
of the same timelike character as ty, opposite to t;. As explained in [45, §7], in this

case there is C' > 0 such that for Imo > C, P(0) is necessarily invertible.
The energy estimate is:

Lemma 2.15. There exists 1o < 0 such that for r < ro, —7 < rg, there is C > 0
such that for w € HX" ()%, v € HY ()™, one has
lull 1 gyer < ClIPl o e

. (2.33)
”v”H&i(Q)—,- <C|P UHHSV;(Q)—J‘

Proof. We run the argument of Lemma 2.4 globally on €2 using a timelike vector
field (e.g. starting with W = G(%, .)) that has, as a multiplier, a sufficiently large
positive power o = —2r of 7, i.e. replacing (2.17) by

V = —irt*W.

Then the term with 7 differentiated (which in (2.18) is included in the R term),
and thus possessing a factor of «, is used to dominate the other, ‘error’, terms in
(2.18), completing the proof of the lemma as in Lemma 2.4. a

This can be used as in Lemma 2.7 to provide solvability, and using the propaga-
tion of singularities, which in this case includes the use of Proposition 2.1, noting
that s — 1/2 > fr is automatically satisfied, improved regularity. In particular, we
obtain the following analogues of Corollaries 2.10-2.11.

Corollary 2.16. There is rqg < 0 such that for r <ry and for s > 0 there is C' > 0
with the following property.
If f € HY7 V" (Q)%, then there exists a unique w € HY"(Q)*~ such that Pu = f.
Further, this unique u satisfies

”uHH;T(Q)'v* < C”f”Hg_l’r(Q)’v*'

Corollary 2.17. There is 1o < 0 such that if r < ro, —7 < 1o and s > 0 then there
is C > 0 such that the following holds.
Foru € HY"(Q)*~ with Pu € H™"" ()%™, one has

lullzz (e < ClPuUllge-sr e - (2.34)
while for v € Hg’F(Q)’f' with P*v € Hﬁfl’F(Q)*’, one has
”UHHS’F(Q)*N < CHP*UHH?L;(Q),,.. (2.35)
We restate Corollary 2.16 as an invertibility statement.

Theorem 2.18. There is rg < 0 with the following property. Suppose s > 0,
r < 1o, and let

VI = HPT(Q)ST, X5 ={ue HY'(N) : Puc HV(Q)* Y,
where P is a priori a map P: HY"(Q)*~ — HS7>"(Q)*~. Then
P X5 — ys—l,r

is a continuous, invertible map, with continuous inverse.
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Remark 2.19. Note that Y*", X'5" are complete, in the case of X'*" with the natural

norm being |[ul|%... = |ul|? sr(gye T ||Pu||§{;_1,r(9).’7, as follows by the continuity

of P as a map HJ'(Q)*~ — H >"(Q)*~ and the completeness of the b-Sobolev
spaces Hy'" ()% .

Remark 2.20. Using normal operators as in the discussion leading to Proposi-
tion 2.3, one would get the following statement: Suppose s > 1, s — 3/2 > fr.
Then with X" Y*" as above, P: X*" — Y*" is Fredholm. Here the main loss
is that one needs to assume s > 1; this is done since in the argument one needs to
take s’ with s’ + 1 < s in order to transition the normal operator estimates from
N(P)u to Pu and still have a compact inclusion, but the normal operator estimates
need s’ > 0 as, due to the boundary Hs, they are again based on energy estimates.
Using the direct global energy estimate eliminates this loss, which is an artifact of
combining local energy estimates with the b-theory. In particular, in the complex
absorption setting, this problem does not arise, but on the other hand, one need
not have the forward support property of the solution.

The results of [45] then are immediately applicable to obtain an expansion of
the solutions; the main point of the following theorem being the elimination of the
losses in differentiability in [45, Proposition 3.5] due to Proposition 2.1.

Theorem 2.21. (Strengthened version of [45, Proposition 3.5].) Let M be a man-
ifold with a non-trapping b-metric g as above, with boundary X and let T be a
boundary defining function, P as in (2.15). Suppose the domain Q is as defined
above, and df timelike.

Let o be the poles of 73_1, and let ¢ be such that Imo; + ¢ ¢ N for all j. Let
¢ € C®(R) be such that supp ¢ C (0,00), and pot; =1 near X NQ. Then for s >
3/2 + 5L, there are mj € N such that solutions of Pu = f with f € Hgfl’e(Q)"_,
and with uw € H”"™(Q)*~, s > so > 1, s — 1/2 > Prg satisfy that for some
aji, € C®(X NQ),

W=u=Y 0 Y P log ) (G0 t)a € HYU()TT, (230)
j IEN k<my
where the sum is understood to be over a finite set with —Imo; +1 < £.
Here the (semi)norms of both aj,, in C®(X N Q) and v in HS’Z(Q)"_ are
bounded by a constant times that of f in Hg_l’é(ﬂ)"_.
The analogous result also holds if f possesses an expansion modulo H{;_l’é(Q)'*_,
namely

f:f’JrZ Z 7% (log 7)"(¢ 0 t1)ajs,

J r<m/

with f € H{:_l’e(ﬂ)”_ and aj, € C®(X NQ), where terms corresponding to the
expansion of the [ are added to (2.36) in the sense of the extended union of index
sets [35, §5.18], recalled below in Definition 2.32.

Remark 2.22. Here the factor ¢ ot is added to cut off the expansion away from

Hi, thus assuring that v is in the indicated space (a supported distribution).
Also, the sum over [ is generated by the lack of dilation invariance of P. If we

take ¢ such that —Imo; > ¢ — 1 for all j then all the terms in the expansion arise
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directly from the resonances, thus | = 0 and mjo +1 is the order of the pole of P
at o, with the a;o. being resonant states.

Proof. First assume that —Imo; > / for every j; thus there are no terms subtracted
from w in (2.36). We proceed as in [45, Proposition 3.5], but use the propagation of
singularities, in particular Propositions 2.1 and 2.13, to eliminate the losses. First,
by the propagation of singularities, using so — 1/2 > r¢ and s > sg, s > 0,

uwe Y.
Thus, as P — N(P) € tDiff (M),
NPw=f~f, f=(P—NP)ue H > Q)" (2.37)

We apply [45, Lemma 3.1] (using s > so > 1), which is the lossless version of
[45, Proposition 3.5] in the dilation invariant case. Note that in [45], Lemma 3.1
is stated on the normal operator space M,,, which does not have a boundary
face corresponding to Ha, i.e. Sz x (0,00), with complex absorption being used
instead. However, given the analysis on X NS discussed above, all the arguments go
through essentially unchanged: this is a Mellin transform and contour deformation
argument.

One thus obtains (2.36) with ¢ replaced by ¢/ = min(¢,rg + 1) except that u =
u' € Hg_l’gl(ﬂ)"_ corresponding to the f term in N(P)u rather than u = u’ €
H{;’[(Q)'*_ as desired. However, using Pu = f € Hg_l’[ (Q)*~, we deduce by
the propagation of singularities, using s — 1 > 8¢/ +1/2, s > 0, that u = v’ €
HS’EI(Q)"_. If £ < rg+ 1, we have proved (2.36). Otherwise we iterate, replacing
ro by ro + 1. We thus reach the conclusion, (2.36), in finitely many steps.

If there are j such that —Imo; < ¢, then in the first step, when using [45,
Lemma 3.1], we obtain the partial expansion u; corresponding to ¢/ = min(¢,ro+1)
in place of /; here we may need to decrease £’ by an arbitrarily small amount to make
sure that ¢’ is not —Imo; for any j. Further, the terms of the partial expansion
are annihilated by N(P), so u’ satisfies

Pu' = Pu— N(P)uy — (P — N(P))uy € H ™ (Q)*~

as (P — N(P))uy € H>™"(Q)*~ in fact due to the conormality of u; and P —
N(P) € TDiﬂzb(M ). Correspondingly, the propagation of singularities result is
applicable as above to conclude that u' € HE’ZI (Q)*~. If £ <ry+ 1 we are done.
Otherwise we have better information on fin the next step, namely

f=@P=NP)u=(P-NP)u'+(P-N(P)u

with the first term in HS_Q’TOH(Q)"’ (same as in the case first considered above,

without relevant resonances), while the expansion of u; shows that (P — N(P))uy
has a similar expansion, but with an extra power of 7 (i.e. 7% is shifted to 7% +1).
We can now apply [45, Lemma 3.1] again; in the case of the terms arising from the
partial expansion, uy, there are now new terms corresponding to shifting the powers
79 to 7991 as stated in the referred Lemma, and possibly causing logarithmic
terms if o; —i is also a pole of PL. Iterating in the same manner proves the theorem
when f € HS7"*(Q)*~. When f has an expansion modulo H;™"(Q)*~, the same
argument works; [45, Lemma 3.1] gives the terms with the extended union, which
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then further generate additional terms due to P — N(P), just as the resonance
terms did. (]

There is one problem with this theorem for the purposes of semilinear equations:
the resonant terms with Imo; > 0 which give rise to unbounded, or at most just
bounded, terms in the expansion which become larger when one takes powers of
these, or when one iteratively applies P~! (with the latter being the only issue if
Imo; = 0 and the pole is simple).

Concretely, we now consider an asymptotically de Sitter space (1\7 ,g). We then
blow up a point p at the future boundary )?_h as discussed in the introduction,
to obtain the analogue of the static model of de Sitter space M = [M, p] with the
pulled back metric g, which is a b-metric near the front face (but away from the
side face); let P =0, — A. If M is actual de Sitter space, then M is the actual
static model; otherwise the metric of the asymptotically de Sitter space, frozen at
p, induces a de Sitter metric, g, which is well defined at the front face of the blow
up M (but away from its side faces) as a b-metric. In particular, the resonances
in the ‘static region’ of any asymptotically de Sitter space are the same as in the
static model of actual de Sitter space.

On actual de Sitter space, the poles of P~1 are those on the hyperbolic space
in the interior of the light cone equipped by a potential, as described in [47,
Lemma 7.11], or indeed in [45, Proposition 4.2] where essentially the present nota-
tion is used.!” As shown in Corollary 7.18 of [47], converted to our notation, the
only possible poles are at

n—1 (n—1)2

iBe) =N, ()= -t -

, m > 0, then we conclude:

Y (2.38)

In particular, when A = m?

Lemma 2.23. Form >0, P =01, — m?2, g induced by an asymptotically de Sitter
metric as above, all poles of P~% have strictly negative imaginary part.

In other words, for small mass m > 0, there are no resonances o of the Klein-
Gordon operator with Imo > —e¢q for some ¢y > 0. Therefore, the expansion of u
as in (2.36) no longer has a constant term. Let us fix such m > 0 and ¢y > 0, which
ensures that for 0 < € < €g, the only term in the asymptotic expansion (2.36), when
5> 1/24cand f € H~"(Q)*, is the ‘remainder’ term v’ € H**(Q)*~. Here we
use that 8 = 1 in de Sitter space, hence on an asymptotically de Sitter space, see
[45, §4.4], in particular the second displayed equation after Equation (4.16) there
which computes f in accordance with Remark 2.2.

Being interested in finding forward solutions to (non-linear) wave equations on
asymptotically de Sitter spaces, we now define the forward solution operator

Ska: H7 Q)™ — HO(Q)™ (2.39)
using Theorems 2.18 and 2.21.

Remark 2.24. If M C M is an asymptotically de Sitter space with global time
function ¢, 7 = ei is the defining function for future infinity, and the domain 2

is such that Q N M = {r < 719}, then Sk in fact restricts to a forward solution

101y [47, Lemma 7.11] —o2 plays the same role as o2 here or in [45, Proposition 4.2].
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operator on M itself; indeed, if E: H7V ({1 < 70}) — HS7V9(Q)* is an exten-
sion operator, then the forward solution operator on {7 < 79} is given by extending
fe H{;_l’e({T < To}) using E, finding the forward solution on Q using Sk, and
restricting back to {7 < 79}. The result is independent of the extension operator, as
is easily seen from standard energy estimates; see in particular [45, Proposition 3.9].

2.2. A class of semilinear equations. Let us fix m > 0 and ¢y > 0 as above
for statements about semilinear equations involving the Klein-Gordon operator; for
equations involving the wave operator only, let —eg be equal to the largest imaginary
part of all non-zero resonances of ;. In Theorem 2.25 and further in the subsequent
sections bundles like PT*(Q) refer to PT¢M; the boundaries Hj of € are regarded as
artificial, and do not affect the cotangent bundle or the corresponding vector fields.

Theorem 2.25. Let 0 < ¢ < ¢y and s > 3/2+ €. Moreover, let q: Hy“(2)*~ x
HE7H(Q 2T Q) — H7H9(Q)*~ be a continuous function with ¢(0,0) = 0 such
that there exists a continuous non-decreasing function L: R>g — R satisfying

lg(u, *du) = q(v,"dv)|| < L(R)[[u =], [lull, o]l < R,

where we use the norms corresponding to the map q. Then there is a constant
Cr > 0 so that the following holds: If L(0) < Cp, then for small R > 0, there

exists C > 0 such that for all f € Hgfl’E(Q)"_ with norm < C, the equation
(0, — m)u =  + g(u,>du) (2.40)

has a unique solution w € HY°(Q)*~, with norm < R, that depends continuously

on f.

More generally, suppose
q: HP(Q)®™ x HE 7D, PT*0)s ™ x HE7 V()™ — HE ()~
satisfies ¢(0,0,0) = 0 and
lau, Pdu, w) — g, du’,w') | < L(R)(Ju— u | + [jw — /)

provided ||ul| + ||w]|, [|[v]| + ||w'|| < R, where we use the norms corresponding to
the map q, for a continuous non-decreasing function L: R>o — R. Then there is a
constant Cr, > 0 so that the following holds: If L(0) < Cy, then for small R > 0,
there exists C > 0 such that for all f € Hsfl’E(Q)”_ with norm < C, the equation

(O, — m*)u = f+ q(u, *du, Oyu) (2.41)

has a unique solutionw € Hy*(Q)*~, with |[ul| gz« +||Dgull gs-1.c < R, that depends
b
continuously on f.
Further, if € > 0 and the non-linearity is of the form q(°du), with

q: Hgfl,E(Q;bT*Q)o,f N H{:fl,E(Q)o,f

having a small Lipschitz constant near 0, then for small R > 0, there exists C > 0
such that for all f € HY~"(Q)*~ with || f|| < C, the equation

Ogu = f + q("du)

has a unique solution u with uw — (¢ o t1)c = v’ € H(Q)*~, where ¢ € C, that
depends continuously on f, i.e. c € C and v’ € Hy(2)*~ depend continuously on
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f. Here, ¢ € C*°(R) with support in (0,00) and t; are as in Theorem 2.21. In fact,
the statement even holds for non-linearities q(u,®du) provided

q: (C(pot) ® Hy“(Q)) x Hy (T — Hy™ ()"~
has a small Lipschitz constant near 0.

Proof. To prove the first part, let Sk be the forward solution operator for [, —m?

as in (2.39). We want to apply the Banach fixed point theorem to the operator
Txa: Hy ()~ — Hy(Q)%, Tkau = Sxa(f + q(u, "du)).
Let Cr, = ||Skc|| ™!, then we have the estimate

[ Tkcu — Tkevll < [|Ske|[L(R)[[u— || < Collu — v (2.42)

for |lull,|lv] € R and a constant Cy < 1, granted that L(R) < Coyl|Skc| ™},
which holds for small R > 0 by assumption on L. Then, Txg maps the R-ball in
HY ()~ into itself if || Skal|(| ]|+ L(R)R) < R, i.e.if || f|| < R(||Skc| ' —L(R)).
Put

C = R(||Skc |~ — L(R)).
Then the existence of a unique solution v € Hy“(2)*~ with norm < R to the
PDE (2.40) with ||f||H£_1,g < C follows from the Banach fixed theorem.

To prove the continuous dependence of w on f, suppose we are given u; €
HP(Q)*~, j = 1,2, with norms < R, f; € HS~"9(Q)*~ with norms < C, such
that

(O, — m*)u; = fj + q(uj,Pduy), j=1,2.
Then
(g —m?)(ur — uz) = f1 — fo+ qlur, "duy) — q(uz, "dus),
hence
s = wall < 1Sk (1fs = foll + L(R)[lur — s]),
which in turn gives

fl

Ifi =
— < 02 Jel
llur = w2l < =5— o
This completes the proof of the first part.
For the more general statement, we use that one can think of [, in the non-
linearity as a first order operator. Concretely, we work on the coisotropic space
X ={ueH(V : Oyue H ()"}
with norm
lullxe = llullarp e @ye.— + 10gull ge-1e e
This is a Banach space: Indeed, if (uy) is a Cauchy sequence in X, then ug — u
in H>(Q)*~, and Ogur, — v in Hg_l’e(Q)”_; in particular, Ogu, — Ogu and
Oyuy, — v in 7H 7 2(Q)*~, thus Jyu = v € H~"(Q)*~, which was to be shown.
We then define Tkg: X — X by Tkeu = Skc(f + q(u,Pdu, Ogyu)) and obtain the
estimate
[Tkcu — Tkavllx = [[Tkeu — TKGUHHQE + ||(J(U,de7 Ogu) —q(v, Pdv, DgU)HH{;*Le
< (ISxell + DL(R)(lu — vl e + [[Bgu — Ogo| 1.
= (ISkcll + DL(R)|lu — v]lx < Collu —vl[x
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for u,v € X with norms < R, with Cy < 1 if R > 0 is small enough, provided we
require L(0) < Cp, := (||Skc|| +1)~!. Then, for u € X with norm < R,

Txcullx < (ISkall + D fllgz-1c + LIR)R) < R

if ||f|l < C, C > 0 small. Thus, Tk is a contraction on X, and we obtain the
solvability of equation (2.41). The continuous dependence of the solution on the
forcing term f is proved as above.

For the third part, we use the forward solution operator .S': Hgfl’E(Q)"* - Y=
Co Hy ()%~ for O,; note that Y is a Banach space with norm ||(¢,u)||y = |c| +
[[w'[[ s < (e (See §2.3 for related and more general statements.) We will apply
the Banach fixed point theorem to the operator T: Y — YV, Tu = S(f + q(u, "du)):
We again have an estimate like (2.42), since Pdu € HS™"(Q;PT*Q)*~ for u € Y,
and for small R > 0, T maps the R-ball around 0 in Y into itself if the norm of f
in Hg_l’E(Q)'v_ is small, as above. The continuous dependence of the solution on
the forcing term is proved as above. O

The following basic statement ensures that there are interesting non-linearities
q that satisfy the requirements of the theorem; see also §2.3.

Lemma 2.26. Let s > n/2, then HS(R") is an algebra. In particular, H(N)
is an algebra on any compact n-dimensional manifold N with boundary which is
equipped with a b-metric.

Proof. The first statement is the special case k = 0 of Lemma 4.4 after a logarithmic
change of coordinates, which gives an isomorphism Hj (R ) = H*(R"); the lemma
is well-known in this case, see e.g. [41, Chapter 13.3]. The second statement follows
by localization and from the coordinate invariance of Hy. O

More and related statements will be given in §4.2.

Remark 2.27. The algebra property of H{(NN) for s > dim(N)/2 is a special case
of the fact that for any F' € C*°(R), for real valued u, or F' € C°°(C), for complex
valued u, with F'(0) = 0, the composition map HS(N) > u — Fou € HZ(N)
is well-defined and continuous, see for example [41, Chapter 13.10]. In the real
valued u case, if F'(0) # 0, then writing F'(t) = F(0) 4+ tFy(t) shows that Fou €
C+ HE(N). If r > 0, then H"(N) C H{(N) shows that Fy(u) € HE(N), thus
Fou = F(0) +uFi(u) € C+ H"(N); and if F vanishes to order k at 0 then
F(t) = tFFy(t), so F ou = u*(F) ou), and the multiplicative properties of H;"(N)
show that Frou € HS’M(N ). The argument is analogous for complex valued u,
indeed for RY-valued u, using Taylor’s theorem on F at the origin.

As a corollary we have

Corollary 2.28. Ifs > n/2, the hypotheses of Theorem 2.25 hold for non-linearities
q(u) = cuP, p > 2 integer, c € C, as well as q(u) = qouP, go € HL(M).
If s — 1 > n/2, the hypotheses of Theorem 2.25 hold for non-linearities q

q(u,Pdu) = Z Qjott? H Xo kU, (2.43)

2<j+al<d k<ol

Q0 € C+ Hg(M), X%k S Vb(M)
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Thus, in either case, for m > 0, 0 < € < €, s > 3/2+ € and for small R > 0,
there exists C' > 0 such that for all f € Hg_l’E(Q)”_ with norm < C, the equation

(O, — m*)u = f + q(u, "du) (2.44)

has a unique solution w € H°(Q)*~, with norm < R, that depends continuously

on f.

The analogous conclusion also holds for Oyu = f + q(u, bdu) provided ¢ > 0 and
q(u, "du) = Z Qjott? H Xo kU, (2.45)

2<j+|al<d,|a|>1 k<|o]
with the solution being in C(¢pot1) @& Hy (), ¢ oty identically 1 near X N Q,

vanishing near Hi.

Remark 2.29. For such polynomial non-linearities, the Lipschitz constant L(R) in
the statement of Theorem 2.25 satisfies L(0) = 0.

Remark 2.30. In this paper, we do not prove that one obtains smooth (i.e. conormal)
solutions if the forcing term is smooth (conormal); see [20] for such a result in the
quasilinear setting.

Since in Theorem 2.25 we allow ¢ to depend on Ugu, we can in particular solve
certain quasilinear equations if s > max(1/2+e€,n/2+1): Suppose for example that
¢ HYS(Q)*~ — H{71(Q)*~ is continuous with ||¢'(u) — ¢’ (v)|| < L'(R)|lu—wv|| for
u,v € Hy°(Q)*~ with norms < R, where L': R>o — R is locally bounded, then
we can solve the equation

(1+¢ W)y —m?u=feH Q)"
provided the norm of f is small. Indeed, put g(u,w) = —¢'(u)(w — m?u), then
q(u,04u) = —¢'(u)(O, — m?)u and the PDE becomes
Oy —m*)u = f + q(u, Ogu),
which is solvable by Theorem 2.25, since, with || - || = | - HHS71,67 for w,u’ €
HY(Q)*~, w,w’ € HY V() with [Jul| 4 |w]|, ||| + |[w’|| < R, we have
||q(u7w) - q(ul?wl)H

< g (w) = ' (W) lllw — mull + ll¢ (@) [[[lw — w" — m?(u — )|

< L(R)((1+m*)R+m’R)|u— ||+ L'(R)Rljw — /|

< LB)(lu — || + [lw — w']))

with L(R) — 0 as R — 0.
By a similar argument, one can also allow ¢’ to depend on Pdu and O, u.

Remark 2.31. Recalling the discussion following Theorem 2.21, let us emphasize
the importance of 13(0)*1 having no poles in the closed upper half plane by looking
at the explicit example of the operator P = 9, in 1 dimension. In terms of 7 = e™%,
we have P = —70;, thus ﬁ(a) = —io, considered as an operator on the boundary
(which is a single point) at +oo of the radial compactification of R; hence ﬁ(o)_l
has a simple pole at ¢ = 0, corresponding to constants being annihilated by P. Now
suppose we want to find a forward solution of v’ = u? + f, where f € C°(R). In
the first step of the iterative procedure described above, we will obtain a constant
term; the next step gives a term that is linear in = (x being the antiderivative of
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1), i.e. in log 7, then we get quadratic terms and so on, therefore the iteration does
not converge (for general f), which is of course to be expected, since solutions to
u' = u?+ f in general blow up in finite time. On the other hand, if P = 9, +1, then
ﬁ(O’)_l = (1—io)~!, which has a simple pole at ¢ = —i, which means that forward
solutions w of u' +u = u? + f with f as above can be constructed iteratively, and
the first term of the expansion of u at 400 is ¢r* (- = ce, ¢ € C.

2.3. Semilinear equations with polynomial non-linearity. With polynomial
non-linearities as in (2.43), we can use the second part of Theorem 2.21 to obtain an
asymptotic expansion for the solution; see Remark 2.38 and, in a slightly different
setting, §3.2 for details on this. Here, we instead define a space that encodes
asymptotic expansions directly in such a way that we can run a fixed point argument
directly.

To describe the exponents appearing in the expansion, we use index sets as
introduced by Melrose, see [35].

Definition 2.32.
(1) An index set is a discrete subset & of C x Ny satisfying the conditions
(i) (z,k)e & = (2,j) €& for 0 < j <k, and
(ii) If (25, k;) € &, |z| + kj — 00 = Rez; — oo.
(2) For any index set &, define
welz) = {max{k €Np: (z,k) € &), (2,00 €&

—00 otherwise.
(3) For two index sets &, &”, define their extended union by
EUE =EUE" U{(z,l+1'+1): (2,1) € &, (2,1') € &'}

and their product by &6’ = {(z + 2/, +1'): (1) € &,(#,I') € &'}. We
shall write &% for the k-fold product of & with itself.

(4) A positive indez set is an index set & with the property that Rez > 0 for
all z € C with (2,0) € &.

Remark 2.33. To ensure that the class of polyhomogeneous conormal distributions
with a given index set & is invariantly defined, Melrose [35] in addition requires
that (z,k) € & implies (z + j, k) € & for all j € Ny. In particular, this is a natural
condition in non dilation-invariant settings as in Theorem 2.21. A convenient way
to enforce this condition in all relevant situations is to enlarge the index set cor-
responding to the poles of the inverse of the normal operator accordingly; see the
statement of Theorem 2.37.

Observe though that this condition is not needed in the dilation-invariant cases
of the solvability statements below.

Since we want to capture the asymptotic behavior of solutions near X N, we
fix a cutoff ¢ € C°°(R) with support in (0, 00) such that pot; =1 near X NQ (we
already used such a cutoff in Theorem 2.21), and make the following definition.

Definition 2.34. Let & be an index set, and let s, € R. For ¢ > 0 with the
property that there is no (2,0) € & with Re z = ¢, define the space X2 to consist
of all tempered distributions v on M with support in €2 such that

vV=v— Y 7(logm)*(poti)v.k € HY(Q)T (2.46)

(z,k)eE
Rez<e
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for certain v, € H"(X N Q).

Observe that the terms v, j in the expansion (2.46) are uniquely determined by
v, since € > Re z for all z € C for which (z,0) appears in the sum (2.46); then also
v’ are uniquely determined by v. Therefore, we can use the isomorphism

X ( P H'(xn Q)) @ HY(Q)*

(z,k)EE
Re z<e

to give X2 the structure of a Banach space.

Lemma 2.35. Let &,.F be positive index sets, and let € > 0. Define & = PUSF
and recursively &1 = PU(F UUj>o(E0)F); put En = {(2,k) € : 0 <Rez <
€}. Then there exists Ny € N such that & = éEn, for all N > Ny; moreover, the
limiting index set & (P, F,€) := En, 18 finite.

Proof. Writing m1: C x Ny — C for the projection, one has
k
mé& = {z: 0<Rez<ez= sz: k>1,z2 € Wléao},
j=1

and it is then clear that m1&y = &1 for all N > 1. Since &) is a positive index
set, there exists § > 0 such that Rez > ¢ for all z € &; hence m &y = w87 is
finite.

To finish the proof, we need to show that for all z € C, the number wg, (2)
stabilizes. Defining p(z) = ws(2)+1 for z € m & and p(z) = 0 otherwise, we have
a recursion relation

k
wey (2) = p(2) + max{wg(z), . max {Z ng_l(zj)}}, N>1. (247
kz;,ijEﬂ'lé’:Q j=1

For each z; appearing in the sum, we have Imz; < Imz — §. Thus, we can use
(2.47) with z replaced by such z; and N replaced by N — 1 to express wg, (%) in
terms of a finite number of p(z,) and wg(24), Im 2z, < Im z, and a finite number
of wey ,(23), 23 < Imz —26. Continuing in this way, after No = [(Imz)/6] + 1
steps we have expressed wg, () in terms of a finite number of p(z,) and wz(z,),
Im z, < Imz, only, and this expression is independent of IV as long as N > Ny. [

Definition 2.36. Let £7,.% be positive index sets, and let € > 0 be such that
there is no (z,0) € (2, .7, €) with Rez = €, with &5 (Z, %, €) as defined in the
statement of Lemma 2.35. Then for s,r € R, define the Banach spaces

S,I€ . qs8,T,E
Xp 7 =X (2.7

0 ys,me S,T,€

X35 = X (2.7 0000}

Note that the spaces (VX355 are Banach algebras for s > n/2 in the sense

that there is a constant C' > 0 such that |juv| < C|lul|||v] for all u,v € QX5

5,8,€ 2

Moreover, X'z interacts well with the forward solution operator Ska of Uy —m

in the sense that u € X°;, k > 2, with & being related to the poles of Plo) L,
where P = g — m?, as will be made precise in the statement of Theorem 2.37
below, implies Ska (u¥) € X575

We can now state the result giving an asymptotic expansion of the solution of
(0, — m?)u = f + q(u,Pdu) for polynomial non-linearities g.
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Theorem 2.37. Lete > 0,s > max(3/2+¢€,n/2+1), and q as in (2.43). Moreover,
if o; € C are the poles of the inverse family 73(0)’1, where P = O,—m?, and m;+1
is the order of the pole of P(0)~" at oj, let ZZ ={(io;+k,0): 0 <l <mj, ke Np}.
Assume that € # Re(io;) for all j, and that moreover m > 0, which implies that &
8 a positive index set; see Lemma 2.23. Finally, let F be a positive index set.

Then for small enough R > 0, there exists C > 0 such that for all f € ?{;_1’5_1’6
with norm < C, the equation

Oy — m2)u = f + g(u, "du)
has a unique solution uw € X35, with norm < R, that depends continuously on f;
in particular, w has an asymptotic expansion with remainder term in H_(Q)*~
Further, if the polynomial non-linearity is of the form q(Pdu), then for small
R > 0, there exists C > 0 such that for all f € X;_l’s_l’e with norm < C, the
equation
Ogu = f + q("du)

has a unique solution u € OX;—;,‘T‘;}, with norm < R, that depends continuously on f.

Proof. By Theorem 2.21 and the definition of the space X = X}’ we have a
forward solution operator Skg: X — X of O, — m?2. Thus, we can apply the
Banach fixed point theorem to the operator T: X — X, Tu = Sxa(f + q(u, Pdu)),
where we note that ¢: X — X', which follows from the definition of X and the
fact that g is a polynomial only involving terms of the form u/ Hk§|a\ Xq ru for
j+|a| > 2. This condition on ¢ also ensures that 7" is a contraction on a sufficiently
small ball in X .

For the second part, writing ' = %X % 7> we have a forward solution operator
S: X — 9%, But ¢(Pdu): °X — X, since Pd annihilates constants, and we can thus
finish the proof as above.

The continuous dependence of the solution on the right hand side is proved as
in the proof of Theorem 2.25. O

Note that € > 0 is (almost) unrestricted here, and thus we can get arbitrarily
many terms in the asymptotic expansion if we work with arbitrarily high Sobolev
spaces.

The condition that the polynomial q(u,Pdu) does not involve a linear term is
very important as it prevents logarithmic terms from stacking up in the iterative
process used to solve the equation. Also, adding a term vu to q(u, °du) effectively
changes the Klein-Gordon parameter from —m? to v — m?, which will change the
location of the poles of ]3(0)’1; in the worst case, if ¥ > m?, this would even
cause a pole to move to Imo > 0, corresponding to a resonant state that blows up
exponentially in time. Lastly, let us remark that the form (2.45) of the non-linearity
is not sufficient to obtain an expansion beyond leading order, since in the iterative
procedure, logarithmic terms would stack up in the next-to-leading order term of
the expansion.

Remark 2.38. Instead of working with the spaces (O)Xk;i’;, which have the expan-
sion built in, one could alternatively first prove the existence of a solution u in a
(slightly) decaying b-Sobolev space, which then allows one to regard the polynomial
non-linearity as a perturbation of the linear operator [J, — m?; then an iterative
application of the dilation-invariant result [45, Lemma 3.1] gives an expansion of
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the solution to the non-linear equation. We will follow this idea in the discussion
of polynomial non-linearities on asymptotically Kerr-de Sitter spaces in the next
section.

3. KERR-DE SITTER SPACE

In this section we analyze semilinear waves on Kerr-de Sitter space, and more
generally on spaces with normally hyperbolic trapping, discussed below. The effect
of the latter is a loss of derivatives for the linear estimates in general, but we show
that at least derivatives with principal symbol vanishing on the trapped set are
well-behaved. We then use these results to solve semilinear equations in the rest of
the section.

3.1. Linear Fredholm theory. The linear theorem in the case of normally hy-
perbolic trapping for dilation-invariant operators P = [, — A is the following:

Theorem 3.1. (See [45, Theorem 1.4].) Let M be a manifold with a b-metric g
as above, with boundary X, and let T be the boundary defining function, P as in
(2.15). If g has normally hyperbolic trapping, t1,Q are as above, ¢ € C°(R) as in
Theorem 2.21, then there exist C' > 0, s > 0, § € R such that for 0 < £ < C’
and s > 1/2 4 L, s > 0, solutions u € Hy " (Q)*~ of (Qy — Nu = f with
fe H{TH”’Z(Q)"’ satisfy that for some a;,, € C*°(QNX) (which are the resonant
states) and oj € C (which are the resonances),

u =u— Z Z 7% (log )" (¢ o t1)a, € Hﬁ’g(Q)"_. (3.1)

j k<mgy

Here the (semi)norms of both a;., in C*(QNX) and v’ in Hﬁ’Z(Q)'*’ are bounded
by a constant times that of f in H§71+%’Z(Q)"*. The same conclusion holds for

sufficiently small perturbations of the metric as a symmetric bilinear form on T M
provided the trapping is normally hyperbolic.

In order to state the analogue of Theorems 2.18-2.21 when one has normally
hyperbolic trapping at I' C bS}}M , we will employ non-trapping estimates in cer-
tain so-called normally isotropic functions spaces, established in [21]. To put our
problem into the context of [21], we need some notation in addition to that in §2: In
the setting of §2, as leading up to Theorem 2.18, see the discussion above Figure 3,
we define

(1) the forward trapped set in 34 as the set of points in Xg N (X4 \ L) the
bicharacteristics through which do not flow (within Xq) to *S3; M UL, in
the forward direction (i.e. they do not reach bS}ZIlM in finite time and they
do not tend to L4 ),

(2) the backward trapped set in Xy as the set of points in X N (X4 \ Ly) the
bicharacteristics through which do not flow to ijEbM UL in the backward
direction,

(3) the forward trapped set in ¥_ as the set of points in g N (X_ \ L_) the
bicharacteristics through which do not flow to ®S; M U L_ in the forward
direction,

(4) the backward trapped set in X_ as the set of points in X N (X_ \ L_) the
bicharacteristics through which do not flow to bS}}l MUL_ in the backward
direction.
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The forward trapped set I'_ is the union of the forward trapped sets in ¥, and
analogously for the backward trapped set I' . The trapped set T' is the intersection
of the forward and backward trapped sets. We say that P is normally hyperbol-
ically trapping, or has normally hyperbolic trapping, if I' C bS}}M is b-normally
hyperbolic in the sense discussed in [21, §3.2].

Following [21], we introduce replacements for the b-Sobolev spaces used in §2
which are called normally isotropic at T'; these spaces Hj p, see also (3.2), and
dual spaces ’H;:;S are just the standard b-Sobolev spaces H (M), resp. Hy *(M),
microlocally away from I'.

Concretely, suppose T' is locally (in a neighborhood Uy of T') defined by 7 = 0,
¢y =¢_ =0,p=0inPS*M, with dr,dp,,dp_,dp, p = p"p, linearly independent
at T'. Here one should think of ¢_ as being a defining function of 'y N Xy (with
the either the top or the bottom choice of sign in both £) within PS*M, and ¢,
of 'y N X% within PS% M. Then taking any Q4 € ¥ (M) with principal symbol
by, P € VP (M) with principal symbol p, and Qo € V(M) elliptic on U§ with
WF{(Qo) NT = 0, we define the (global) b-normally isotropic spaces at I' of order
s, Hy r = Hi, p(M), by the norm

Il = Qo + Qe + 1@l + 2l + 1Pl +
(3.2)
and let H,'1° be the dual space relative to L? which is

QuHy* + Qi Hy* + Q_Hy* + 72 Hy* + PH® + H * T2,
In particular,
HE(M) € M, p(M) € Hy™2 () 0y 2 (),
Hy RO + H (M) € H (M) € H (M),
Microlocally away from I', Hj (M) is indeed just the standard Hj space while

(3.3)

’H;;b is H® since at least one of Qo, Q+, T, Pis elliptic; the space is independent
of the choice of Qg satisfying the criteria since at least one of Q4, 7, Pis elliptic on
Uo \ T. Moreover, every operator in WF(M) defines a continuous map Hy p(M) —
My F(M) as for A€ UF(M), QrAu= AQiu+ [Q4, Alu and [Q4, A] € Uy~ (M);
the analogous statement also holds for the dual spaces.

The non-trapping estimates then are:

Proposition 3.2. (See [21, Theorem 3].) With P, H} 1, H{'[. as above, for any
neighborhood U of T' and for any N there exist By € \Il%(M) elliptic at T’ and
B1,By € WY (M) with WFy(B;) C U, j =0,1,2, WF{(B2)NT'y =0 and C > 0
such that

1Boullag . < [1BiPullygee-mes + | Boullg + Cllull (3.4)

i.e. if all the functions on the right hand side are in the indicated spaces: By Pu €
H;:‘P_mﬂ, etc., then Bou € Hy 1, and the inequality holds.

The same conclusion also holds if we assume WFL(By) NT_ = ) instead of

WF{D(BQ) N F+ = (Z)
Finally, if r <0, then, with WFy (Bg) NTy =0, (3.4) becomes

[Boull g < | ByPull gg=msr + | Baull g + Cllul| y-ver, (3.5)
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while if 7 > 0, then, with WFL(B2) NT_ =0,
[1Boullggr < | BiPul| go=msrr + | Baul g r + Clluf| gn-r, (3.6)

Remark 3.3. Note that the weighted versions (3.5)-(3.6) use standard weighted
b-Sobolev spaces.

Next, if Q@ C M, as in §2, is such that bS;IjQ NT =0, j =1,2, then spaces such
as

Hyr (@)

are not only well-defined, but are standard H{-spaces near the H;. The inclusions
analogous to (3.3) also hold for the corresponding spaces over §.

Notice that elements of W} (M) only map Hj (M) to Hz:;_p_l(M), with the
issues being at I' corresponding to (3.3) (thus there is no distinction between the
behavior on the Q2 vs. the M-based spaces). However, if A € WP (M) has principal
symbol vanishing on I' then

A M (M) = HYP(M), A: Hy(M) = 3 P (M), (3.7)

as A can be expressed as A, Q +A_Q_ + AT +E]3+A0Q0 +R, Ay, Ag, Ap, Ac
VO(M), R € ¥, Y(M), with the second mapping property following by dual-
ity as W (M) is closed under adjoints, and the principal symbol of the adjoint
vanishes wherever that of the original operator does. Correspondingly, if A4; €
W (M), j = 1,2, have principal symbol vanishing at I then A; Aou : Hy p (M) —
T (M),

We consider P as a map

P My ()0 = Hy 2()°,
and let
Ve =Hyr ()%, A ={ue My (D" : Puedi '}

While X is complete,'! it is a slightly exotic space, unlike X'* in Theorem 2.18
which is a coisotropic space depending on ¥ (and thus the principal symbol of P)
only, since elements of W (M) only map Hj (M) to szi_p_l(M) as remarked
earlier. Correspondingly, X} actually depends on P modulo WY (M) plus first order
pseudodifferential operators of the form A;As, A; € (M), Ay € WU} (M), both
with principal symbol vanishing at I' — here the operators should have Schwartz
kernels supported away from the H;; near H; (but away from I'), one should say
P matters modulo Diff{ (M), i.e. only the principal symbol of P matters.
We then have:

11 Also, elements of C°°(£2) vanishing to infinite order at H; and X N € are dense in XE.
Indeed, in view of [34, Lemma A.3] the only possible issue is at I', thus the distinction between
Q) and M may be dropped. To complete the argument, one proceeds as in the quoted lemma,
using the ellipticity of o at T', letting A, € ¥, °°(M), n € N, be a quantization of ¢(o/n)a,
a € C®°(*PS*M) supported in a neighborhood of T', identically 1 near T, ¢ € CZ°(R), noting
that [An,P] € ¥ (M) is uniformly bounded in W0 (M) 4+ 7¥] (M) in view of (2.2), and thus
for u € AE, PAnu = ApPu + [P,An]u — Pu in H;‘)’}_l since [P, Ay] is uniformly bounded

HTV 2 aas Y2 5 52 A EETY 2 and thus My p — My by (3.3).
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Theorem 3.4. Suppose s > 3/2, and that the inverse of the Mellin transformed
normal operator P(o)~1 has no poles with Imo > 0. Then

P X — Vit
is invertible, giving the forward solution operator.

Proof. First, with » < —1/2, thus with dual spaces having weight ¥ > 1/2, The-
orem 2.18 holds without changes as Proposition 3.2 gives non-trapping estimates
in this case on the standard b-Sobolev spaces. In particular, if r < 0, Ker P

is trivial even on H§71/2’T(Q)"_, hence certainly on its subspace H; ()

Similarly, Ker P* is trivial on HE’F(Q)”', 7 > 0, and thus with r < —1/2, for
f e H, V" (Q)* there exists u € Hy' (Q)*~ with Pu = f. Further, making use of
the non-trapping estimates in Proposition 3.2, if r < 0 and f € HS_M(Q)"_, then
the argument of Theorem 2.21 improves this statement to w € Hy'"(Q)* .
In particular, if f € HZ:?I(Q)"_ c H7YQ)*, then w € HY'(Q)*~ for
r < 0. This can be improved using the argument of Theorem 2.21. Indeed, with
—1 < r < 0 arbitrary, P — N(P) € 7Difff (M) implies as in (2.37) that
NPw=f~f, f=(P-NP)uecH > Q). (3.8)
But f € ’HZ:‘;_l(Q)”_ c H7H(Q)*~, hence the right hand side is in H;~>°(Q)*~;
thus the dilation-invariant result, [45, Lemma 3.1], gives u € Hg_l’O(Q)'v‘. This
can then be improved further since in view of Pu = f € 7—[;}_1(9)"_, propaga-
tion of singularities, most crucially Proposition 3.2, yields u € Hg’F(Q)”’. This
completes the proof of the theorem. ([

o, —

This result shows the importance of controlling the resonances in Imo > 0.
For the wave operator on exact Kerr-de Sitter space, Dyatlov’s analysis [14, 13]
shows that the zero resonance of [, is the only one in Imo > 0, the residue at 0
having constant functions as its range. For the Klein-Gordon operator [, — m2,
the statement is even better from our perspective as there are no resonances in
Imo > 0 for m > 0 small. This is pointed out in [14]; we give a direct proof based
on perturbation theory.

Lemma 3.5. Let P = U, on exact Kerr-de Sitter space. Then for small m > 0,
all poles of (P(c) —m?2)™! have strictly negative imaginary part.

Proof. By perturbation theory, the inverse family of 73(0) — X has a simple pole at
o(A) coming with a single resonant state ¢(A) and a dual state (), with analytic
dependence on A, where o(0) = 0,¢(0) = 1,9(0) = 1;,50}, where we use the

notation of [45, §6]. Differentiating P(c(A))$(A) = Ap(A) with respect to A and
evaluating at A = 0 gives
o' (0)P'(0)6(0) + P(0)¢/(0) = 6(0).
Pairing this with ¢(0), which is orthogonal to Ran ﬁ(O), yields
(0) - ((0).0(0)
(1(0), P'(0)(0))
Since ¢(0) = 1 and ¥(0) = 17,~0}, this implies

sgnIm o’ (0) = — sgnIm((0), P’ (0)¢(0)). (3.9)

)
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To find the latter quantity, we note that the only terms in the general form of
the d’Alembertian that could possibly yield a non-zero contribution here are terms
involving 7D, and either D,, D4 or Dg. Concretely, using the explicit form of the
dual metric G, see Equation (6.1) in [45], in the new coordinates t =t + h(r), ¢ =
¢+ P(r),7 = e, with h(r), P(r) as in [45, Equation (6.5)],

1 2
G=-p? (ﬁ(@r — W (r)T0; + P'(1)04)* + %(—a sin® 070, + 04)? + 203
2 sin” 6
1 2
- (y)(—(r2 +a?)7d, + a6¢)2> :

and its determinant | det G|'/2 = (1++)2p~2(sin ) !, we see that the only non-zero
contribution to the right hand side of (3.9) comes from the term

(L+7)%p2(sin€) ' D, ((1 + ) 2p*sinfp 2k’ (r)) 7D,
= —ip 20.(uh' (r))TD;
of the d’Alembertian. Mellin transforming this amounts to replacing 7D, by o;
then differentiating the result with respect to o gives

(6(0), P (0)$(0)) = —i / =20, (k! (r)) dvol

n>0

T r2m pry

:—i/// (14 7) 2 sin 0.0, (il (r)) dr de> d
0 JO r_
4

= — o (@ ()l — (R ()] 3.10

Tl O, = G ), (3.10)

Since the singular part of '(r) at r1 (which are the roots of f1) is h'(r) = :Flj%(r%r
a?), the right hand side of (3.10) is positive up to a factor of i; thus Imo’(0) < 0
as claimed. g

In other words, for small mass m > 0, there are no resonances o of the Klein-
Gordon operator with Imo > —eg for some ¢y > 0. Therefore, the expansion of
w as in (3.1) no longer has a constant term. Correspondingly, for € € R, € < ¢,
Theorem 3.1 gives the forward solution operator

Skar: HE799Q)™ = HO ()~ (3.11)

in the dilation-invariant case.
Further, Theorem 3.4 is applicable and gives the forward solution operator

Ska: My i Q)T = M ()0 (3.12)

on the normally isotropic spaces.

For the semilinear application, for non-linearities without derivatives, it is im-
portant that the loss of derivatives s in the space H§_1+”’E is < 1. This is not
explicitly specified in the paper of Wunsch and Zworski [50], though their proof
directly (see especially the part before Section 4.4 of [50]) gives that, for small
e > 0, s can be taken proportional to €, and there is € > 0 such that s € (0, 1] for
e < €. We reduce ¢y > 0 above if needed so that €y < €); then (3.11) holds with
» = ce € (0,1] if € < €y, where ¢ > 0.

In fact, one does not need to go through the proof of [50], for the Phragmén-
Lindel6f theorem allows one to obtain the same conclusion from their final result:
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Lemma 3.6. Suppose h: U — E is a holomorphic function on the half strip U =
{z€C:0<Imz < c¢,Rez > 1} which is continuous on U, with values in a Banach
space E, and suppose moreover that there are constants A,C > 0 such that

1)) < Clal™, Tmz =0,
|h(2)|| < Clz*, Imz=c,
|h(2)|| < Cexp(Alz]), ze€U.
Then there is a constant C' > 0 such that

||h(Z)|| < C/|Z‘k1(1_1n22)+k2 Irzz

forall zcU.

Proof. Consider the function f (2) = it % which is holomorphic on a neigh-

borhood of U. Writing z € U as z = = + iy with x,y € R, one has

F(2)] = |2 exp <Im (’f 51 10g ))

—k ko — k
= \z|k1|z|kzck1 Im=exp ( 2 1xarctan(y/x)) .
c

Noting that [z arctan(y/x)| = y[(z/y) arctan(y/x)| is bounded by c for all z + iy €
U, we conclude that

e kel 1 (1= 22) Hha B2 £ (2)] < elbehljp i (1m0 ) ke

Therefore, f(z)~*h(z) is bounded by a constant C’ on dU, and satisfies an expo-
nential bound for z € U. By the Phragmén-Lindeldf theorem, ||f(2)1h(z)||r < C’,
and the claim follows. O

Since for any § > 0, we can bound |log z| < Cs|z|° for | Re z| > 1, we obtain that
the inverse family R(c) = P(c)~! of the normal operator of [J, on (asymptotically)
Kerr-de Sitter spaces as in [45], here in the setting of artificial boundaries as opposed
to complex absorption, satisfies a bound

—143446
”R(U)H\a\—(s—”Hf“il(XmQ)—>|a\—sHs (xng) < Cslo| 717 (3.13)

lo|—1

for any § > 0, Imo > —cs' and | Re o| large. Therefore, as mentioned above, by the
proof of Theorem 3.1, i.e. [45, Theorem 1.4], in particular using [45, Lemma 3.1],
we can assume » € (0,1] in the dilation-invariant result, Theorem 3.1, if we take
C’ > 0 small enough, i.e. if we do not go too far into the lower half plane Im o < 0,
which amounts to only taking terms in the expansion (3.1) which decay to at most
some fixed order, which we may assume to be less than —Imo; for all resonances
O'j.

3.2. A class of semilinear equations; equations with polynomial non-
linearity. In the following semilinear applications, let us fix » € (0,1] and €, as
explained before Lemma 3.6, so that we have the forward solution operator Sk 1
as in (3.11).

We then have statements paralleling Theorems 2.25, 2.37 and Corollary 2.28,
namely Theorems 3.7, 3.11 and Corollary 3.10, respectively.
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Theorem 3.7. Suppose (M, g) is dilation-invariant. Let —0o < € < €p,8 > 1/2 +
Be, s > 1, and let q: Hy(Q)*~ — H{;_H”’E(Q)"_ be a continuous function with
q(0) = 0 such that there exists a continuous non-decreasing function L: R>g — R
satisfying
la(w) = @)l < LRllu —oll,  Ilull o]l < R.
Then there is a constant Cp, > 0 so that the following holds: If L(0) < CL,, then for
small R > 0, there exists C > 0 such that for all f € HS_H'%’E(Q)"’ with norm
< C, the equation
Oy — m2)u = f + g(u)

has a unique solution w € H°(Q)*~, with norm < R, that depends continuously

on f.
More generally, suppose
q: HYC(Q)®™ x H79 Q)™ — B9 ()
satisfies ¢(0,0) = 0 and
lla(u, w) — q(u, w')l| < LR)(lu — u'[| + w — w'[])
provided ||ul| + ||w]|, [|[v]| + ||w'|| < R, where we use the norms corresponding to
the map q, for a continuous non-decreasing function L: R>g — R. Then there
is a constant Cp, > 0 so that the following holds: If L(0) < Cp, then for small

R > 0, there exists C > 0 such that for all f € HS™'"79(Q)*~ with norm < C,
the equation

(g —m*)u = f + q(u, Ogu)
has a unique solution uw € Hy“(2)*~, with ||ul|gs=< + |Ogul ge-14>e < R, that
b b

depends continuously on f.
Proof. We use the proof of the first part of Theorem 2.25, where in the current
setting the solution operator Sxg1 maps HY '7(Q)*~ — HP(Q)*~, and the
contraction map is T: Hy ()~ — Hy(Q)* ™, Tu = Ska.1(f + q(u)).

For the general statement, we follow the proof of the second part of Theorem 2.25,
where we now instead use the Banach space

X ={ue H(V)* : Oyue H ")}

with norm

lullxe = llull g + 1Ogull e e

which is a Banach space by the same argument as in the proof of Theorem 2.25. [

We have a weaker statement in the general, non dilation-invariant case, where
we work in unweighted spaces.

Theorem 3.8. Let s > 1, and suppose q: HE ()~ — HE(Q)*~ is a continuous
function with q(0) = 0 such that there exists a continuous non-decreasing function
L: R>g — R satisfying

lg(u) = q(v)| < L(R)|lu =l [[ull, o] < R.

Then there is a constant Cp, > 0 so that the following holds: If L(0) < Cp,, then
for small R > 0, there exists C > 0 such that for all f € HS(Q)*~ with norm < C,
the equation

(g —m*)u = f + q(u)
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has a unique solution u € H{(2)*~, with norm < R, that depends continuously on

f-

An analogous statement holds for non-linearities ¢ = q(u,dgu) which are con-
tinuous maps q: HS(Q)*~ x HS(Q)*~ — H(Q)*~, vanish at (0,0) and have a
small Lipschitz constant near 0.

Proof. Since
Sxa: HY(OQ)™ CHyw 2@ 5 # i 2@ < my(@),
by (3.3) and (3.12), this follows again from the Banach fixed point theorem. O

Remark 3.9. The proof of Theorem 3.4 shows that equations on function spaces
with negative weights (i.e. growing near infinity) behave as nicely as equations
on the static part of asymptotically de Sitter spaces, discussed in §2. However,
naturally occurring non-linearities (e.g., polynomials) will not be continuous non-
linear operators on such growing spaces.

Corollary 3.10. If s > n/2, the hypotheses of Theorem 3.8 hold for non-linearities
q(u) = cu®, p > 2 integer, c € C, as well as g(u) = qou?, qo € H(M).

Thus for small m > 0 and R > 0, there exists C > 0 such that for all f €
H(Q)*~ with norm < C, the equation

(g —m*)u = f + q(u)

has a unique solution u € H{(2)*~, with norm < R, that depends continuously on

1.

If f satisfies stronger decay assumptions, then u does as well. More precisely,
denoting the inverse family of the normal operator of the Klein-Gordon operator
with (small) mass m by Ry, (c) = (P(c) —m?2)~!, which has poles only in Imo < 0
(cf. Lemma 3.5 and [14, 45]), and moreover defining the spaces X" and X35
analogously to the corresponding spaces in §2.3, we have the following result:

Theorem 3.11. Fiz 0 < e < min{C’,1/2} and let s > s’ > max(1/2+ Be,n/2,1+
x). (A concrete bound for s will be given in the course of the proof, see equa-
tion 3.15.) Let

d
q(u) = quup, qp € Hy(M).
p=2

Moreover, if o; € C are the poles of the inverse family Ry,(0), and mj + 1 is the
order of the pole of Ry, (o) at 0j, let & = {(ic; + k,£): 0 < ¢ < mj,k € Ny}
Assume that € # Re(ioj) for all j, and that m > 0 is so small that & is a positive
index set. Finally, let & be a positive index set.

Then for small enough R > 0, there exists C > 0 such that for all f € X3¢
with norm < C, the equation

(g — m*)u = f + q(u) (3.14)

has a unique solution u € X;,’}/’E, with norm < R, that depends continuously on f;

in particular, w has an asymptotic expansion with remainder in Hy *“(Q)*~.
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Proof. Let us write P = O, — m?. Let 6 < 1/2 be such that 0 < 2§ < Rez
for all (2,0) € #, then f € HE’%(Q)”_. Now, for u € H]‘;"S(Q)"_, consider
Tu = Sxa(f + q(u)). First of all, f + q(u) € HZ*(Q)*~ C HE(Q2)*~, thus the
proof of Theorem 3.4 shows that we have Tu € HtH"(Q)*~, r

Therefore,

N(Pyu = f+q(u)+(N(P)=P)u € Hy* ()"~ +Hy " (@) ¢ Hy™ (@),

and thus if ¢ > 0 is sufficiently small, namely, § < inf{—Imo;}/2, Theorem 3.1

implies u € Hg_”’%(ﬂ)"*. Since we can choose » = ¢d for some constant ¢ > 0,
we obtain

Tu € ﬂ H§+1’T(Q).’7 mHgfcé,Qﬁ(Q).,f c ﬂ H;,25—2(152/(1+c<5)—7“/(Q)o,,
r>0 >0

< 0 arbitrary.

by interpolation. In particular, choosing § > 0 even smaller if necessary, we obtain
Tu € Hg"S(Q)"_. Applying the Banach fixed point theorem to the map 7T thus
gives a solution u € Hg"s(Q)'*_ to the equation (3.14).

For this solution u, we obtain

N(P)u = Pu+ (N(P) — P)u € H>? + HI 2T c g%

since ¢ only has quadratic and higher terms. Hence Theorem 3.1 implies that
u = u1 +u', where u; is an expansion with terms coming from poles of P~1 whose
decay order lies between § and 24, and v’ € H§717%’26(Q)"*. This in turn implies
that f 4 g(u) has an expansion with remainder term in Hg_l_"’min{46’€}(9)"’,
thus
N(P)u € Hgfg*ﬂ’min{zw’e}(ﬁ)"_ plus an expansion,

and we proceed iteratively, until, after k more steps, we have 4 - 2¥§ > ¢, and
then u has an expansion with remainder term HS_B_%_"’E(Q)'V’ provided we can

apply Theorem 3.1 in the iterative procedure, i.e. provided s —3 — 2k — s =: s’ >
max(1/2 + Be,n/2,1 + ). This is satisfied if

s>max(1/2+ fe,n/2,1+ 3) + 2[logy(e/d)] + 2 — 1. (3.15)
O
3.3. Semilinear equations with derivatives in the non-linearities. Theo-
rem 3.4 allows one to solve even semilinear equations with derivatives in some
cases. For instance, in the case of de Sitter-Schwarzschild space, within ¥ N"S% M,
T is given by r = 7., 01(D,) = 0, where r, = %7“5 is the radius of the photon
sphere, see e.g. [45, §6.4]. Thus, non-linear terms such as (r —r.)(d,u)? are allowed
for s > 5 + 1 since 0, : Hj p(M) — H~' (M), with the latter space being an
algebra, while multiplication by r — r. maps this space to ’H;’ffl by (3.7). Thus, a
straightforward modification of Theorem 3.8, applying the fixed point theorem on
the normally isotropic spaces directly, gives well-posedness.

4. ASYMPTOTICALLY DE SITTER SPACES: GLOBAL APPROACH

We can approach the problem of solving non-linear wave equations on global
asymptotically de Sitter spaces in two ways: Either, we proceed as in the previous
two sections, first showing invertibility of the linear operator on suitable spaces and
then applying the contraction mapping principle to solve the non-linear problem;
or we use the solvability results from §2 for backward light cones from points at
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future conformal infinity and glue the solutions on all these ‘static’ parts together
to obtain a global solution. The first approach, which we will follow in §§4.1-4.4,
has the disadvantage that the conditions on the non-linearity that guarantee the
existence of solutions are quite restrictive, however in case the conditions are met,
one has good decay estimates for solutions. The second approach on the other
hand, detailed in §4.5, allows many of the non-linearities, suitably reinterpreted,
that work on ‘static parts’ of asymptotically de Sitter spaces (i.e. backward light
cones), but the decay estimates for solutions are quite weak relative to the decay
of the forcing term because of the gluing process.

4.1. The linear framework. Let g be the metric on an n-dimensional asymp-
totically de Sitter space X with global time function ¢ [47]. Then, following [45,
Section 4], the operator'?

— ic/2—(n n—1\2 —1i0 n -
P, — V2 io/2—(n41)/4 (Dg_( ) —02)u [N/ (g

2

extends non-degenerately to an operator on a closed manifold X which contains
the compactification X of the asymptotically de Sitter space as a submanifold with
boundary Y, where Y = Y_ U Y, has two connected components, which we call
the boundary of X at past, resp. future, infinity. The expression ‘non-degenerately’
here means that near Yy, P, fits into the framework of [45]. Here, u = 0 is the
defining function of Y, and p > 0 is the interior of the asymptotically de Sitter
space. Moreover, null-bicharacteristics of P, tend to Y4 as t — doo.

Following Vasy [44], let us in fact assume that X = C_ UX UCy is the union of
the compactifications of asymptotically de Sitter space X and two asymptotically
hyperbolic caps Cy; one might need to take two copies of X to construct X as
explained in [44]. For the purposes of the next statement we recall that variable

order Sobolev spaces H*(X) were discussed in [2, Section 1, Appendix]. Then P,
is the restriction to X of an operator P, € Diff*(X), which is Fredholm as a map

P X* Yl X*={ueH*: Pue H '}, Y '=H"",

where s € C°°(5* X ), monotone along the bicharacteristic flow, is such that s|y«y_ >
1/2—Imo, s|ny+y, <1/2—Imo, and s is constant near S*Y... Note that the choice
of signs here is opposite to the one in [44], since here we are going to construct the
forward solution operator on X.

Restricting our attention to X, we define the space H*(X)*~ to be the comple-
tion in H?(X) of the space of C* functions that vanish to infinite order at Y_; thus
the superscripts indicate that distributions in H*(X)®~ are supported distributions
near Y_ and extendible distributions near Y, . Then, define the spaces

X ={ue H*(X)* : Pbue H"{(X)*"}, Y l'=H"YX)"".
Theorem 4.1. Fiz 0 € C and s € C*°(5*X) as above. Then P,: X* — Y*~1 is

invertible, and P;t: H*=Y(X)®~ — H*(X)®~ is the forward solution operator of
P,.

Proof. First, let us assume Re o > 0 so semiclassical/large parameter estimates are
applicable to P,, and let Ty € R be such that s is constant in {¢t < Tp}. Then for

12p, in our notation corresponds to PZ in [45], the latter operator being the one for which
one solves the forward problem.
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any 71 < Ty, we can paste together microlocal energy estimates for P, near C_
and standard energy estimates for the wave equation in {¢t < T;} away from Y_ as
in the derivation of Equation (3.29) of [45], and thereby obtain

lullarusny) S 1Poullaoe<niy; (4.2)

thus, for f € COO()N(), supp f C {t > T1} implies suppﬁa_lf C {t > T1}. Choosing
¢ € C°(X) with support in {t > T} and ¢ € C°°(X) with support in {t < T} }, we
therefore obtain wﬁg_ ¢ = 0. Since ﬁg_ ! is meromorphic, this continues to hold for
all 0 € C such that Imo > 1/2 — s. Since T} < T} is arbitrary, this, together with
standard energy estimates on the asymptotically de Sitter space X, proves that
P; ! propagates supports forward, provided P, is invertible. Moreover, elements of
ker 135 are supported in C.

The invertibility of P, is a consequence of [2, Lemma 8.3], also see Footnote 15
there: Let E: H*}(X)*~ — H*(X) be a continuous extension operator that
extends by 0 in C_ and R: H*(X) — H*(X) ™~ the restriction, then Ro P;! o E
does not have poles; and since

U B {t>T})> c H (X)*~
T1<Ty

(where (o) denotes supported distributions at {t = 11}, resp. Y_) is dense, R o
P70 E in fact maps into H*(X)®~, thus P;! = Ro P;! o E indeed exists and
has the claimed properties. (]

In our quest for finding forward solutions of semilinear equations, we restrict
ourselves to a submanifold with boundary Q@ C X containing and localized near
future infinity, so that we can work in fixed order Sobolev spaces; moreover, it will
be useful to measure the conormal regularity of solutions to the linear equation
at the conormal bundle of the boundary of X at future infinity more precisely.
So let Hs’k(f(,)@) be the subspace of H® ()}) with k-fold regularity with respect
to the ¥O(X)-module M of first order ¥DOs with principal symbol vanishing on
N*Y,. A result of Haber and Vasy, [19, Theorem 6.3], with so = 1/2 — Imo
in our case, shows that f € H‘g_lvk()?,Y+), Pou = f, u a distribution, in fact
imply that w € H%¥(X,Y,). So if we let H*(Q)*~ denote the space of all u €
H?*(X)®*~ which are restrictions to 2 of functions in H‘g’k()z,Y+), supported in
QU Cy, the argument of Theorem 4.1 shows that we have a forward solution
operator S, : H5~Lk(Q)*~ — H*k(Q)*~, provided

s<1/2—-Imo. (4.3)

4.1.1. The backward problem. Another problem that we will briefly consider below
is the backward problem, i.e. where one solves the equation on X backward from Y, ,
which is the same, up to relabelling, as solving the equation forward from Y_. Thus,
we have a backward solution operator S, : H*~1F(Q)~* — H**(Q)™* (where
is chosen as above so that we can use constant order Sobolev spaces), provided
s > 1/2 —Imo. Similarly to the above, (—) denotes extendible distributions at
00N X° and (e) supported distributions at Y5 ; the module regularity is measured
at Y+.
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4.2. Algebra properties of H**(2)*~. Let us call a polynomially bounded mea-
surable function w: R™ — (0,00) a weight function. For such a weight function w,
we define

H®(R™) = {u e §'(R"): wi € L*(R")}.
The following lemma is similar in spirit to, but different from, Strichartz’ result on
Sobolev algebras [40]; it is the basis for the multiplicative properties of the more
delicate spaces considered below.

Lemma 4.2. Let wi,ws,w be weight functions such that one of the quantities
2
w(§)
M, = sup / () dn
gern ) \wi(nwa(§ —n)

vo= s f (W) “

is finite. Then H()(R™) . H®2)(R") ¢ HW)(R™).

(4.4)

Proof. For u,v € S(R™), we use Cauchy-Schwarz to estimate

vl = [ wl€?lawe)? de
— [ uter ( [ wnniaemlwa(e ~ n)io(e - nfs () was - n)‘1d77>2 e
</ (/ <mfff<)s—m>2 d”)

. ( [ st Puste ~ it - 77)|2d77> e

< M [|ul3cn) 101 30

as well as
ol < [ ([ wate - wPlate - an)
w(§) )2 PRIV
" (/ (rsie=ay) o) d") *
2
= ||U||f{<w2>/w1(77)2|ﬂ(77)|2 (/ <1th07;1}111(2§()£—77)) d§> dn
< M_[ull3cup) 0] ) -
Since S(R™) is dense in H™1)(R™) and H(2)(R"), the lemma follows. O
In particular, if
w(© i
= pors 49

then H") is an algebra.

For example, the weight function w(§) = (£)® for s > n/2 satisfies (4.5) as we will
check below, which implies that H*(R™) is an algebra for s > n/2; this is the special
case k = 0 of Lemma 4.4 below, and is well-known, see e.g. [41, Chapter 13.3]. Also,
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product-type weight functions wg (&) = (€/)%(¢"”)F (where € = (¢/,¢") € Rt (=)
for s > d/2,k > (n — d)/2 satisy (4.5).

The following lemma, together with the triangle inequality (£)* < (n)® -+ (£ —n)®
for a > 0, will often be used to check conditions like (4.4).

Lemma 4.3. Suppose o, 5 > 0 are such that o+ 8 > n. Then

dn
————— € L¥(RY).
/]R" (my(& —m)? ¢
Proof. Splitting the domain of integration into the two regions {(n) < (¢ —n)} and
{{n) > (£ —n)}, we obtain the bound

dn dn
/ TP S 2/ e

which is finite in view of oo + 8 > n. O

Another important consequence of Lemma 4.2 is that H* (R") is an H*(R")-
module provided |s'| < s, s > n/2, which follows for s’ > 0 from M, < oo, and
for ' < 0 either by duality or from M_ < co (with ML as in the statement of the
lemma, with the corresponding weight functions).

Lemma 4.4. Write x € R" as v = (2/,2") € R*T"=4 For s € R,k € Ny, let
ViFRY) = {u € H*(R"): D¥,u € H*(R")}.

Then for s > d/2,s+k >n/2, y;’k(R”) is an algebra.

Proof. Using the Leibniz rule, we see that it suffices to show: If u,v € y;”“, then

Dg‘,,qu,,v € H*, provided |a| + |B] < k. Since D% u € y;’“"“' and Dfuv €
yj”““ﬁ', this amounts to showing that

Vor- Yt Cc Ho ifa+b> k. (4.6)

Using the characterization Y7 = H™) for w(¢) = (£)*(¢”)*, Lemma 4.2 in turn
reduces this to the estimate

(&
| e

dn dn
S, / <77//>2a<§ _ 77>23 <§// _ 77”>2b + / <,,7>23 <77H>2a<£// _ ,,7//>2b

_ dn/ dn//
— <§/ _ ,,7/>25’ <77//>2a <£// _ n//>2b+2(873/)

<77I>2s’ <n/l>2a+2(s—s’) <€// _ ,'7//>2b ’

where we choose d/2 < s’ < s such that a + b+ s — s’ > (n — d)/2, which holds if
k+s > (n—d)/2+s’, which is possible by our assumptions on s and k. The integrals
are uniformly bounded in &: For the 7'-integrals, this follows from s’ > d/2; for the
n’-integrals, we use Lemma, 4.3. O

We shall now use this (non-invariant) result to prove algebra properties of spaces
with iterated module regularity: Consider a compact manifold without boundary
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X and a submanifold Y. Let M D ¥Y(X) be the ¥°(X)-module of first order
WDOs whose principal symbol vanishes on N*Y. For s € R, k € Ny, define

HM(X,Y) = {u e H*(X): M"u e H*(X)}.

Proposition 4.5. Suppose dim(X) = n and codim(Y) = d. Assume that s > d/2
and s +k >n/2. Then H**(X,Y) is an algebra.

Proof. Away from Y, H**(X,Y) is just H*+t*(X), which is an algebra since s+& >
dim(X)/2. Thus, since the statement is local, we may assume that we have a
product decomposition near Y, namely X = RY, x RZ,Td, Y = {2/ = 0}, and
that we are given arbitrary u,v € H**(X,Y’) with compact support close to (0,0)
for which we have to show uv € H®**(X,Y). Notice that for f € H*(X) with
such small support, f € H**(X,Y) is equivalent to M’*f ¢ H*(X), where M’
is the C°°(M)-module of differential operators generated by Id, 0./, 0, , where
1<i<n—d1<jk<d

Thus the proposition follows from the following statement: For s,k as in the
statement of the proposition,

H*R™R™Y) = {u € H(R"): («/)*Dg Dyu € HY(R™), || = |al, [a|+|8] < k}
is an algebra. Using the Leibniz rule, we thus have to show that

(()*Dg DYu)((+') D, D3v) € HY, (4.7)
provided |a] = |a|,|3] = |v],|a] + 18] + |7| + 16| < k. Since the two factors in
(4.7) lie in Hek=lal=18l and H* k==l respectively, this amounts to showing that
H%%. H%* C H* for a + b > k. This however is easy to see, since H*° C Yi¢ for
all ¢ € Np, and Y - yj’b C H* was proved in (4.6). O

In order to be able to obtain sharper results for particular non-linear equations
in §4.3, we will now prove further results in the case codim(Y’) = 1, which we will
assume to hold from now on; also, we fix n = dim(X).

Proposition 4.6. Assume that s > 1/2 and k > (n — 1)/2. Then H**(X,Y) -
Hs=1(X|Y) C HVF(X,Y).

Proof. Using the Leibniz rule, this follows from ;" - yf*”’ CcH Yfora+b>k.
This, as before, can be reduced to the local statement on R" = R,, x R” with
Y = {z; = 0}. We write £ = (£1,£) € R (=Y and n = (ny,7) € R1*T(»~1, By
Lemma 4.2, the case s > 1 follows from the estimate

(T
/(77>25<77’>2“<§ — )2 — )2

dn

dn dn
: / 20720 —mpPe g — ) / () (/)2 (8" — ')

dm dn/
2 L
< /<771>23 / <nl>2a<€/ _77/>2b € Le¢

by Lemma 4.3.

If 1/2 < s < 1, then & and ¢ play different roles. Indeed, the background
regularity to be proved is H5~!, s — 1 < 0, thus the continuity of multiplication
in the conormal direction to Y is proved by ‘duality’ (i.e. using Lemma 4.2 with
M_ < o0), whereas the continuity in the tangential (to Y') directions, where both
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factors have k > (n—1)/2 derivatives, is proved directly (i.e. using Lemma 4.2 with
M, < o0). Solet ue Y& ve Y and put

uo(€) = (€)*(€)*u(€) € L*(R™), wo(€) = (6)° &) w(€) € L*(R™).

Then
> 1-s

s—1-—~ _ <77
@6 = | e e

hence by Cauchy-Schwarz and Lemma 4.3

/ (€26~ @ ()2 de

S/(/( >2b§/_77 ></‘/ 1s§817 (577)U0(77)d7712d77/>df
2(1—s)
</ ( [ 1ot - n)zdm) ( / <€>2<§7z>8)<€_77>25|vo(77)|2d771> i d
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since 1/2 < s < 1, thus 1 —s > 0 and 2s — 1 > 0, and the & -integral is thus
bounded from above by

! 1
+ dé, € L
/ (&1 —m)?  (€)20=9) (& —mp)22s—D) 1 €Ly,
The proof is complete. O

For semilinear equations whose non-linearity does not involve any derivatives,
one can afford to lose derivatives in multiplication statements. We give two useful
results in this context, the first being a consequence of Proposition 4.6.

Corollary 4.7. Let u € C*°(X) be a defining function for'Y, i.e. ply =0, du #0
on'Y, and p vanishes on' Y only. Suppose s > 1/2 and ¢ € C are such that
Rel+3/2 > s. Then multiplication by ,uﬁ_ defines a continuous map H**(X,Y) —
H*~VkE(X,Y) for all k € Ny.

Proof. By the Leibniz rule, it suffices to prove the statement for k = 0. We have
py € HReH1/2=620(X V) for all € > 0: Indeed, the Fourier transform of x(z)z%.
on R, with x € C2°(R), is bounded by a constant multiple of (¢)~ B¢¢~1 which is an
element of (§)~"LZ if and only if 7 —Re/ —1 < —1/2, i.e. if Re/+1/2 > r. Hence,
the corollary follows from Proposition 4.6, since one has Ref +1/2 —e¢ > s — 1 for
some € > 0 provided Re ¢+ 3/2 > s. O

Proposition 4.8. Let 0 < s, 51,82 < 1/2 be such that s’ < s1 + so — 1/2, and let
k> (n—1)/2. Then H*v5(X,Y) H***(X,Y) C H *(X,Y).
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Proof. Using the Leibniz rule, this reduces to the statement that Y- Y5> ¢ H¢'
if a+b > k. Splitting variables £ = (£1,¢'), n = (n1,71’), Lemma 4.2 in turn reduces
this to the observation that

<£>25'
/<n>231 WP E — (e — iy
dny dm
5 (/ <n1>2(s1fs/)<§1 — 771>232 +/ <771>281<£1 _ 771>2(525/))

x / B —

<n/>2a<§/ _ ,,7/>2b
is uniformly bounded in £ by Lemma 4.3 in view of s’ < s14+$2—1/2 < min{s1, s2},
thus s1—s > 0and so—s" > 0, and s;+s2—s" > 1/2, aswellas a+b > (n—1)/2. O

Corollary 4.9. Letp e Nands=1/2—e with0 <e < 1/2p, and let k > (n—1)/2.
Then v € H¥*(X,Y) = u? € HO*(X,Y).

Proof. Proposition 4.8 gives u? € HY/272¢=%F for all €, > 0, thus u3 € H/2-3¢—<.k
for all €5 > 0, since €5, > 0 is arbitrary; continuing in this way gives u? €
HY/2peepk for all €, > 0, and the claim follows. O
4.3. A class of semilinear equations. Recall that we have a forward solution
operator S,: H*~LF(Q)*~ — H*F(Q)*~ of P,, defined in (4.1), provided s <
1/2 —Imo. Let us fix such s € R and o € C. Undoing the conjugation, we obtain
a forward solution operator

S = 'uf1/2quia/2+(n+1)/4sauia/27(n+1)/4'u71/2

S N(n+3)/4+lm U/2Hs_1’k(Q).7_ N M(n—l)/4+lm 0/2H5’k(ﬂ).’_
of (Og — (n — 1)?/4 — 0?). Since g is a O-metric, the natural vector fields to
appear in a non-linear equation are 0-vector fields; see §4.5 for a brief discussion
of these concepts. However, since the analysis is based on ordinary Sobolev spaces
relative to which one has b-regularity (regularity with respect to the module M),

we consider b-vector fields in the non-linearities. In case one does use 0-vector
fields, the solvability conditions can be relaxed; see §4.4.

Theorem 4.10. Suppose s < 1/2 —Imo. Let
q: M(n—l)/4+1mo’/2Hs,k:(Q) % ,Lt(n_l)/4+1mU/QHS’k_l(Q;bT*Q).’_
N #(n+3)/4+1m0/2H571,k(9)o,7
be a continuous function with q(0,0) = 0 such that there exists a continuous non-
decreasing function L: R>g — R satisfying
lg(u, Pdu) — q(v,"dv)|| < L(R)|[u =, [ull,[lo]| < R.

Then there is a constant Cr, > 0 so that the following holds: If L(0) < Cr, then for
small R > 0, there exists C > 0 such that for all f € p("+3)/4+me/2 rs=1k(Q)e.~
with norm < C, the equation

<Dg - (";1)2 —02>u: £+ q(u,Pdu)

has a unique solution u € p(»—V/4Hma/2 frs.k Q)= with norm < R, that depends
continuously on f.
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Proof. Use the Banach fixed point theorem as in the proof of Theorem 2.25. O

Remark 4.11. As in Theorem 2.25, we can also allow non-linearities q(u, du, O,u),
provided

g: p(nm /AT 2 rsk(ye= o (n=1)/A+Tm o /2 prs—Lk (. bp(yye—
x p(n/4+Ima/2 prs—Lk yye.—-
N 'u(n+3)/4+1m0/2Hsfl,k(Q)o,7
is continuous, ¢(0,0,0) = 0 and ¢ has a small Lipschitz constant near 0.

4.4. Semilinear equations with polynomial non-linearity. Next, we want to
find a forward solution of the semilinear PDE

(Dg - (” - 1)2 - 02>u = f+ ep P X (u) (4.8)

2

where ¢ € C*°(X), and X (u) = ngl Xju is a g-fold product of derivatives of u
along vector fields X; € M. The purpose of the following computations is to obtain
conditions on A, p,q which guarantee that the map u + cuuP X (u) satisfies the
conditions of the map ¢ in Theorem 4.10. Note that the derivatives in the non-
linearity lie in the module M (in coordinates: ud,, 0,), whereas, as mentioned
above, the natural vector fields are O-derivatives (in coordinates: x0, = 240,
and 20, = p'/29,), but since it does not make the computation more difficult,
we consider module instead of 0-derivatives and compensate this by allowing any
weight g in front of the non-linearity.

Rephrasing the PDE in terms of P, using a4 = p'@/2-(+D/441/2y and f =
M71/2+ia/27(n+1)/4f’ we obtain

q
Pyii = J + epp /2o 2= e /4 ko) io /24 =0 e T ( f; + X52)
j=1

= f+ep'ar [](f + X50),

where f; € C>=(X) and
(=A+(p+qg—1)(—ic/2+ (n—1)/4) — 1. (4.9)

Therefore, if & € H**¥(Q)*~, we obtain that the right hand side of the equation
lies in H**=1(Q)*~ if f € HS*1(Q)*~, s > 1/2,k > (n+ 1)/2, which by Propo-
sition 4.5 implies that H**~1(Q)*~ is an algebra, and if

Rel+1/2=A+ (p+q—1)(Imo/2+ (n—1)/4) —1/2> s, (4.10)

since this condition ensures that u* € H*°°(X), which implies that multiplication
by p¢ is a bounded map H**~1(Q)*~ — H**¥1(Q)*~.'% Given the restriction

131f one works in higher regularity spaces, s > 3/2, we in fact only need Ref + 3/2 > s, since
then multiplication by uf is a bounded map H*F~1(Q)*~ C Hs~LF(Q)*~ — HS~LF(Q)* .
However, the solvability criterion (4.11) would be weaker, namely the role of the dimension n
shifts by 2, since in order to use s > 3/2, we need Imo < —1.
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(4.3) on s and Im o, we see that by choosing s > 1/2 close to 1/2, Imo < 0 close
to 0, we obtain the condition
4(1 - A)
n—1"
If these conditions are satisfied, the right hand side of the re-written PDE lies in
HsE=1 Q)%= c H*~Y*(Q)*~, so Theorem 4.10 is applicable, and thus (4.8) is
well-posed in these spaces.
From (4.11) with A = 0, we see that quadratic non-linearities are fine for n > 6,
cubic ones for n > 4. B
To sum this up, we revert back to u = p(*~V/4=10/2 and f = pnt+3)/4-io/2 .

p+qg>1+ (4.11)

Theorem 4.12. Let s > 1/2,k > (n+1)/2, and assume A € R and p,q € Ny,
p+ q > 2 satisfy condition (4.10). Moreover, suppose o € C satisfies (4.3), i.e.
Imo < 1/2 —s. Finally, let ¢ € COO(]TIJ) and X (u) = ?:1 X,u, where X; are
vector fields in M. Then for small enough R > 0, there exists a constant C' > 0
such that for all f € p(n+3)/4+Imo/2 sk ()= with norm < C, the PDE

(Dg - (n;l)Q 02>u [+ cpuP X (u)

has a unique solution u € p("—1/4+m "/QHS”“(Q)"*, with norm < R, that depends
continuously on f.

The same conclusion holds if the non-linearity is a finite sum of terms of the
form cuuP X (u), provided each such term separately satisfies (4.3).

Proof. Reformulating the PDE in terms of @ and f as above, this follows from an
application of the Banach fixed point theorem to the map
q

HSF Q) 52U+ S, <f+ par T + Xﬂ)) € HoF(Q)*~

j=1
with ¢ given by (4.9) and f; € COO()?). Here, p + ¢ > 2 and the smallness of R
ensure that this map is a contraction on the ball of radius R in H*(Q)*~. g

Remark 4.13. Even though the above conditions force Imo < 0, let us remark
that the conditions of the theorem, most importantly (4.10), can be satisfied if
m? = (n—1)?/4+ 02 > 0 is real, which thus means that we are in fact considering
a non-linear equation involving the Klein-Gordon operator O, — m?. Indeed, let
o = 40 with & < 0, then condition (4.10) with A = 0,p + ¢ = 2, becomes 7 >
2 — (n —1)/2 (where we accordingly have to choose s > 1/2 close, depending on
7, to 1/2), and the requirement & < 0 forces n > 6. On the other hand, we want
(n —1)2/4 — 52 = m? > 0; we thus obtain the condition

2 2
9 n—1 n—1
Z ) (92—
0<m <( 2 > ( > >

for masses m that Theorem 4.12 can handle, which does give a non-trivial range of
allowed m for n > 6.

Remark 4.14. Let us compare the numerology in Theorem 4.12 with the numerology
for the static model of an asymptotically de Sitter space in §2: First, we can solve
fewer equations globally on asymptotically de Sitter spaces, and second, we need
stronger regularity assumptions in order to make an iterative argument work: In
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the static model, we needed to be in a b-Sobolev space of order > (n+2)/2, which in
the non-blown-up picture corresponds to O-regularity of order > (n+2)/2, whereas
in the global version, we need a background Sobolev regularity > 1/2, relative to
which we have ‘b-regularity’ (i.e. regularity with respect to the module M) of order
> (n+1)/2. This comparison is of course only a qualitative one, though, since the
underlying geometries in the two cases are different.

Using Proposition 4.6 and Corollary 4.7, one can often improve this result. Thus,
let us consider the most natural case of equation (4.8) in which we use 0-derivatives
X, corresponding to the O-structure on the not even-ified manifold X, and no addi-
tional weight. The only difference this makes is if there are tangential O-derivatives
(in coordinates: u'/28,). For simplicity of notation, let us therefore assume that
X; = u1/2)?j, 1<j<a and X; = )Zp a < j < q, where the )Z'j are vector fields
in M. Then the PDE (4.8), rewritten in terms of P,, % and f, becomes

P, = [+ cu'u” f[(fj + X,70) (4.12)
j=1
with f; € C°°(X), where
{=a/24+(p+q—1)(—ic/2+ (n—1)/4) — 1.
First, suppose that there are no derivatives in the non-linearity so that p > 2, ¢ =

a = 0. Then p‘u? € H*=1*(Q)*~ provided Re¢+3/2 > s > 1/2 by Corollary 4.7;
choosing s arbitrarily close to 1/2, this is equivalent to

Imo/2+ (n—1)/4 > 0. (4.13)

This is a very natural condition: The solution operator for the linear wave equation
produces solutions with asymptotics p("—1/4+i7/2. gee (2.38), and recall that we
are working with the even-ified manifold with boundary defining function p = x2.
The non-linear equation (4.8) should therefore only be well-behaved if solutions to
the linear equation decay at infinity, i.e. if +Imo + (n — 1)/4 > 0. Since we need
Imo < 0 to be allowed to take s > 1/2, condition (4.13) is equivalent to the (small)
decay of solutions to the linear equation at infinity (where p = 0).

Next, let us assume that ¢ > 0. Then the non-linear term in equation (4.12) is
an element of

MEHs,k(Q)o,— -Hs7k_1(Q)'7_ C Hs,k—l(Q)o,—
by Proposition 4.6, provided Ref 4+ 1/2 > s > 1/2, which gives the condition
Imo/2+(n—-1)/4>1—a/2

where we again choose s > 1/2 arbitrarily close to 1/2, i.e. for o = 2, we again get
condition (4.13), and for a > 2, we get an even weaker one.

Finally, let us discuss a non-linear term of the form cu”uP, p > 2, in the setting
of even lower regularity 0 < s < 1/2, the technical tool here being Corollary 4.9:
Rewriting the PDE (4.8) with this non-linearity in terms of P,, w and f, we get

Pai=f+cp', (=A+(p—1)(—ic/2+ (n—1)/4)—1.

Let s = 1/2 — ¢ with 0 < e < 1/2p. Then if u € HY/?2~5F(Q)*~ with k > (n—1)/2,
Corollary 4.9 yields u? € H%*(Q)*~, thus

u(ﬁp c HO,k(Q)o,f C Hsfl,k(Q)o,f
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provided Re/ > 0, i.e.

4(1 - A)
p—1
where we still require Imo < 1/2 — s = €, which in particular allows o to be real if

e > 0.
In summary:

Theorem 4.15. Let p > 2 be an integer, 1/2 —1/2p < s < 1/2,k > (n —1)/2,
and suppose o € C is such that Imo < 1/2 — s. Moreover, assume A € R and the
dimension n satisfy condition (4.14). Then for small enough R > 0, there exists
a constant C' > 0 such that for all f € p(+3)/4+Ime/2 sk(Q)e.~ with norm < C,

the PDE N
(Dg—(n; ) —02>u=f—|—c,uAup

has a unique solution u € u(”_l)/4+1m"/2Hs’k(Q)"_, with norm < R, that depends
continuously on f.

n>1+ —2Imo, (4.14)

In particular, if 1/4 < s < 1/2, 0 < Imo < 1/2 — s and A = 0, then quadratic
non-linearities are fine for n > 5; if Imo = 0 and A = 0, then they work for n > 6.

4.4.1. Backward solutions to semilinear equations with polynomial non-linearity.
Recalling the setting of §4.1.1, let us briefly turn to the backward problem for (4.8),
which we rephrase in terms of P, as above. For simplicity, let us only consider the
‘least sophisticated’” conditions, namely s > 1/2,k > (n+1)/2,

A+ (p+qg—1)(Imo/24+ (n—1)/4) —1/2 > s, (4.15)
and, this is the important change compared to the forward problem, s > 1/2—Imo,
where the latter guarantees the existence of the backward solution operator S; .
Thus, if Imo > 0 is large enough and s > 1/2 satisfies (4.15), then (4.8) is solvable
in any dimension.

In the special case that we only consider O-derivatives and no extra weight, which
corresponds to putting A = ¢ + /2, we obtain the condition

4l1-g-a/2)—(p+q-1(n—-1)

2(p+q+1)
if we choose s > 1/2 —Imo close to 1/2, which in particular allows Imo > 0, and
thus o2 arbitrary, if p > 1+ ﬁ (so p > 2 is acceptable if n > 6) or ¢ + /2 > 1.

Imo >

4.5. From static parts to global asymptotically de Sitter spaces. Let us
consider the equation

(g — m?*u = f + q(u,°du), (4.16)
where the reason for using the 0-differential °d, see below, will be given momentarily.
The idea is that every point in X lies in the interior of the backward light cone
from some point p at future infinity Y, denoted S,; that is, the blow-up of X
at p contains the static part S, of an asymptotically de Sitter space where the
solvability statements have been explained in §2. Consider a suitable neighborhood
Q, C [X;p] of the static patch as in §2, so the boundary of €, is the union of 95,
and an ‘artificial’ spacelike boundary, which on the non-blown-up space X all meet
at the point p, and a Cauchy surface. In fact, we may choose the 2, in a fashion
that is uniform in p. We then solve equation (4.16) on ,, thereby obtaining a
forward solution u,, and by local uniqueness for [, — m? in X, all such solutions



60 PETER HINTZ AND ANDRAS VASY

agree on their overlap, i.e. u, = uq on Q, NQ,. Therefore, we can define a function
u by setting u = u, on €, p € Y, which then is a solution of (4.16) on X. To
make this precise, we need to analyze the relationships between the function spaces
on the Q,, p € Y, and X. As we will see in Lemma 4.16 below, b-Sobolev spaces
on the blow-ups 2, of X at boundary points are closely related to 0-Sobolev spaces
on X.

Recall the definition of 0-Sobolev spaces on a manifold with boundary M (for us,
M = X) with a O-metric, i.e. a metric of the form 272§ with 2 a boundary defining
function, where g extends non-degenerately to the boundary: If Vo(M) = 2V (M)
denotes the Lie algebra of 0-vector fields, where V(M) are smooth vector fields on
M, and Diff§(M) the enveloping algebra of O-differential operators, then

HE(M) = {u € L*(M, dvol): Pu € L*(M,dvol), P € Diffk (M)},

and HY'(M) = z'HE(M). For clarity, we shall write L2(M) = L2(M, dvol). We
also recall the definition of the 0-(co)tangent spaces: If Z, denotes the ideal of
C° (M) functions vanishing at p € M, then the O-tangent space at p is defined as
0T, M = Vo(M)/Z, - Vo(M), and the O-cotangent space at p, °T* M, as the dual of
T, M. In local coordinates (z,y) € R, x R~ near the boundary of M, we have

dvol = f(z,y) % Iff?il with f smooth and non-vanishing, and Vo (M) is spanned by
20, and x0dy; also 20, and xd,,, j = 2,...,n, form a basis of YT,M (for p € OM,
which is the only place where O-spaces differ from the standard spaces), and df,
%, j=2,...,n, form a basis of 0T];‘M . The exterior derivative d induces the first

order O-differential operator °d on sections of A°TM; this follows from
dx dy
& = (0.)dz + (0, ) dy = (20,) L + (20, ) 2.

Now, let © C X be a domain as in §4.1. Moreover, let Bp: Q) — X be the
blow-down map. We then have:

Lemma 4.16. Let k € Ny, £ € R. Then there are constants C > 0 and Cs > 0
such that for all § > 0,

Hf”H§’47(7L71)/27’5(52)0 <Cs pseusg ||B;f||HL’jvf(Qp)-,— < CC&HfHHgJ(Q)v (4.17)

Here, (o) indicates supported distributions at the ‘artificial’ boundary and (—) ex-
tendible distributions at all other boundary hypersurfaces.

Proof. Let us work locally near a point p € Y, ; since Y, = S"~! is compact, all

constructions below can be made uniformly in p. The only possible issues are near
the boundary Y, = {x = 0}, with & a boundary defining function; hence, let us
work in a product neighborhood Y4 x [0, 2€),, € > 0, of Y, and let us assume u is
supported is Y, X [0, €].

We use coordinates x,¥2,...,y, such that y; = 0 at p. Coordinates on 5,
are then z, 29,..., 2, with z; = y,/z, i.e. By(x,2) = (x,xz), with the restriction
> i—o |zj[* < 1. Therefore,

. N dz dz
15718~ [ 1P Tai= [ (rwanP s
s, T Bp(Sp) v

dx dy
< [ 1wl T 25 ~ 1113

X
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Adding weights to this estimate is straightforward. Next, we observe
20 (B, )@, 2) = 20, f(x, x2) + 220y f (2, 22)
0:(By f)(x,2) = 20, f (2, 22),

and since [z < 1, we conclude that 3, f € H(S,) is equivalent to f,z0,f,z0,f €
L3(B,(Sp)), which proves the second inequality in (4.17) in the case k = 1; the
general case is similar.

For the first inequality in (4.17), we first note that the additional weight comes
from the number of static parts, i.e. interiors of backward light cones from points in
Y., that one needs to cover any fixed half space {x > z¢}: Namely, for 0 < zg <e,
let #(x0) C Yy be a set of points such that every point in {x > x¢} lies in S, for

some p € B(xp); then we can choose H(xg) such that |HB(xg)| < C’zg(n_l), where
| - | denotes the number of elements in a set. This follows from the observation
that the area of the slice z = x¢ of S, within Y, = S"~! (keeping in mind that
we are working in a product neighborhood of Y. ) is bounded from below by car:g_1
for some p-independent constant ¢ > 0. Indeed, note that null-geodesics of the 0-
metric g are, up to reparametrization, the same as null-geodesics of the conformally
related metric 22g, which is a non-degenerate Lorentzian metric up to Y. See also
Figure 5 below.

Thus, putting « = (n —1)/2 + 4§, 6 > 0, we estimate

dr dy °°/ o, dr  dy
flz,y)| — —— = z f(z,y)|” — =
/;c§e| ( ) v ogn—l j;) Q*j*16<a:§2*je| ( )| r znl

o0 oo
SDIERID DI 21 D DE R C I g o2y =
Jj=0 j=0 pEY4

pEB(2771e)

(4.18)

< —j(2a—n+1) * p1(2
<302 sup 1155 122,
j=0 PEYL
with the sum converging since 2o — n + 1 = 2§ > 0. Weights and higher order
Sobolev spaces are handled similarly, using (4.18). O

In particular, this explains why in equation (4.16) we take d = 9d: H¥*(X) —
HéC 71’Z(X :07*X), namely this is necessary in order to make the global equation
interact well with the static patches.

Since we want to consider local problems to solve the global one, the non-linearity
g must be local in the sense that q(u,%du)(p) for p € X only depends on p and its
arguments evaluated at p; let us for simplicity assume that ¢ is in fact a polynomial
as in (2.43).

Using Corollary 2.28, we then obtain:

Theorem 4.17. Let 0 < € < ¢y with €y as in §2.2, and s > max(3/2+¢,n/2+ 1),

s €N. Let
q(u,’du) = Z qjat! H Xa, kU,
2<j+lal<d k<lal

Gja € C+ HJ(X), Xax € Vo(M). Then there exists C > 0 such that for all
f € Hy Q) with norm < C, the equation

(g —m*)u= £+ q(u, du)
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has a unique solution u € (N5-, HS’E_(n_l)/Q_é(Qr that depends continuously on
f. Here, we allow m = 0 if every summand of q contains at least one 0-derivative,
and require m > 0 if this is not the case, e.g. if ¢ = q(u) is simply the sum of
(multiple of ) powers of u.

The analogous conclusion also holds for Oyu = f + q(°du) provided e > 0, with
the solution u being in (s, Hg’f(nfl)/zfé (Q)*. Moreover, for allp € Y., the limit
up(p) = limy 5, ex u(p') ezists, up € CO<(Yy), and u — up(dpoty) € xC°(X),
where ¢ oty is identically 1 near Yy and vanishes near the ‘artificial’ boundary of

Q.

Proof. We start by proving the first part: If f € Hg_l’G(Q)', then f, = B,f €
Hgfl’E(Sp) is a uniformly bounded family in the respective norms by Lemma 4.16.
We can then use Corollary 2.28 to solve
By —m*)up = fp + q(uy, bd“p)

in the static part S, where we use that ¢ is a polynomial and the fact that bT;‘, Sp
naturally injects into OTEP(p')Q for p’ € S, to make sense of the non-linearity;
we thus obtain a uniformly bounded family u, = w,|s, € H(S,)*~. By local
uniqueness and since f vanishes near Y_, we see that the function w, defined by
u(Bp(p")) = up(p') for p € Yo, p’ € S,, is well-defined, and by Lemma 4.16, we
indeed have u € Hy"""/27°(Q)* for all § > 0.

For the second part, we follow the same strategy, obtaining solutions u, = c,(¢o
t1) + uj, of

Ogup = fp +a(*duy),

where ¢, € C and u; € H(Sp)*~ are uniformly bounded, thus u, is uniformly
bounded in H{j’_‘s(Q)' for every fixed 0 > 0, and therefore the existence of a unique
solution u follows as before. Put us(p) := ¢, then ug(p) = limy _p pes, u(p’),
since u;, € z°CY(S,) by the Sobolev embedding theorem. We first prove that ug so
defined is e-Holder continuous. Let us work in local coordinates (z,y) near a point
(0,90) in Y;. Now, u, is uniformly bounded in z¢C%(S,), and since for zo > 0
arbitrary, we have cp, +uy, (0, yx) = Cp, + Uy, (%0, y«) for all p1,ps € Y, provided
Ip1 — p2| < cxg for some constant ¢ > 0, which ensures that S,, NS, N{z =z} is
non-empty and thus contains a point (g, y.) (see Figure 5), we obtain

|CP1 - CP2| = |u;1 (x07y*) - U;Q(‘TOvy*” < O‘T(E)v |p1 *pQ‘ < cxg
for all zg, thus
lua(p1) — ua(p2)|
lp1 — P2

SC, P1,P2 €Y+'

This in particular implies that

\u(x,y) - ua(O,yo)\ < ‘U(Z’,y) - Ua(oay)\ + |u8(07y) - u8(07y0>‘

z—0,y—yo

(4.19)
< C(ly = ol +2) ———0,

hence we in fact have uy(p) = limy e x u(p’). Finally, putting y = yo in (4.19)
proves that u — ug(¢ o t;) € z°CY(X). O

The major lossy part of the argument is the conversion from f to the family j3; f:
Even though the second inequality in Lemma 4.16 is optimal (e.g., for functions
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Yy

FIGURE 5. Setup for the proof of usg € C%¢(Y,}): Shown are the
backward light cones from two nearby points p1,p2 € Y, that
intersect within the slice {x = x¢} at a point (zq, y«).

which are supported in a single static patch), one loses (n — 1)/2 orders of decay
relative to the gluing estimate, i.e. the first inequality in Lemma 4.16, which is used
to pass from the family u, to u.

Observe on the other hand that the decay properties of u, without regard to those
of f, in the first part of the theorem are very natural, since the constant function

—(n—l)/2—6(X)

1 is an element of (s, Hy™ , thus u has an additional decay of €

relative to constants.

Remark 4.18. Notice that for the proof of Theorem 4.17 it is irrelevant whether
certain 0-Sobolev spaces are algebras, since the main analysis, Corollary 2.28, is
carried out on b-Sobolev spaces.

5. LORENTZIAN SCATTERING SPACES

5.1. The linear Fredholm framework. We now consider n-dimensional non-
trapping asymptotically Minkowski spacetimes (M, ¢), a notion which includes the
radial compactification of Minkowski spacetime. This notion was briefly recalled in
the introduction; here we restate this in the notation of [2, §3] where this notion
was introduced.

Thus, M is compact with smooth boundary, with a boundary defining function
p (we switch the notation from 7 mainly to emphasize that p is not everywhere
timelike), and scattering vector fields V' € Vio(M), introduced by Melrose [32], are
smooth vector fields of the form pV’, V' € V,(M). Hence, if the z; are local coor-
dinates on OM extended to a neighborhood in M, then a local basis of these vector
fields over C*°(M) is pzﬁp,pazj. Correspondingly, Vs.(M) is the set of smooth
sections of a vector bundle 7'M, which is therefore, roughly speaking, p?TM.
The vector field p?9, is well-defined up to a positive factor at p = 0, and is called
the scattering normal vector field of OM. The dual bundle of *°T'M, called the
scattering cotangent bundle, is denoted by ST*M. If M is the radial compacti-
fication of R™, by gluing a sphere at infinity via the reciprocal polar coordinate
map (r,w) — (r~1w) € (0,1), x S&, i.e. adding p = 0 to the right hand side
(corresponding to ‘r = 00’), then V(M) is spanned by (the lifts of) the translation
invariant vector fields over C*°(M).

A Lorentzian scattering metric g is a Lorentzian signature, taken to be (1,n—1),
metric on °T'M, i.e. a smooth symmetric section of *°T*M ® S°T* M with this
signature with the following additional properties:
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(1) There is areal C* function v defined on M with dv, dp linearly independent
at ‘the light cone at infinity’, S = {v =0, p =0},

(2) 9(p?9,,p0,) has the same sign as v at p = 0, i.e. p20, is timelike in v > 0,
spacelike in v < 0,

(3) near S,

2
P P2 p pop

where « is a smooth one-form on M,

h
-~

1
o = dv+0(v) +O(p),

h is a smooth 2-cotensor on M , which is positive definite on the (codimen-
sion two) annihilator of dp and dv.

A Lorentzian scattering metric is non-trapping if

(1) S =5+US_ (each a disjoint union of connected components), in X = oM
the open set {v > 0} N X decomposes as Cy U C_ (disjoint union), with
0Cy =S4, 0C_ = S_; we write Cp = {v < 0} N X,

(2) the projections of all null-bicharacteristics in **7*M \ o to M tend to Sy
as their parameter tends to oo or vice versa.

Since a conformal factor only reparameterizes bicharacteristics, this means that
with § = p?g, which is a b-metric on M, the projections of all null-bicharacteristics
of g in PT*M \ o tend to Si. As already pointed out in the introduction, the
difference between the de Sitter-type and Minkowski settings is that at the spherical
conormal bundle PSN*S of S the nature of the radial points is source/sink rather
than a saddle point of the flow at L4 discussed in §2.1.

We first state solvability properties, namely we show that under the assumptions
of [2, §3], the problem of finding a tempered solution to d,w = f is a Fredholm
problem in suitable weighted Sobolev spaces. In particular, there is only a finite di-
mensional obstruction to existence. Then we strengthen the assumptions somewhat
and show actual solvability in the strong sense that in these spaces the solution w
satisfies that if f is vanishing to infinite order near C_, then so does w.

Let

I = p—(n—2)/2p—2|:’gp(n—2)/2 c Dlﬂzb(M)

be the ‘conjugated’ b-wave operator (as in [2, §4]), which is formally self-adjoint
with respect to the density of the Lorentzian b-metric g = p?g, further L = Oy — 1,
where v € C*°(M) is real valued. Let

m € C°>°(PS* M) a variable (Sobolev) order function, decreasing along -

the direction of the Hamilton flow oriented to the future, i.e. towards 5. (5.1)
Remark 5.1. In the actual application of asymptotically Minkowski spaces, one can
take m to be a function on M rather than PS* M by making it take constant values
near C, resp. C_, corresponding to the requirements at R, resp. R_ below,
and transitioning in between using a time function as in the discussion preceding
Theorem 5.3, i.e. making m of the form F ot for appropriate F. Since this simplifies
some arguments below, we assume this whenever it is convenient.

With
R, =PSN*S,, resp. R_ =PSN*S_,
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the future, resp. past, radial sets in PS* M, see [2, §3.6], and with
m+l<l/2at Ry, m+1>1/2at R_,
m constant near Ry UR_, one has an estimate

||’U/||Hl7)n,l S C”LuHlenfl,l + C”UH

H;"/’l’
provided one assumes m’ < m,
m +1>1/2at R_, ue Hg”/’l.
To see this, we recall and record a slight improvement of [2, Proposition 4.4]:

Proposition 5.2. Suppose L is as above.

Ifm+1<1/2, and if u € Hb_oo’l(M) then Ry (and thus a neighborhood of
R ) is disjoint from WE (u) provided Ry N WEP " (Lu) = 0 and a punctured
neighborhood of R+, with R4 removed, in X NP°S*M is disjoint from WFTbn’l(u).

On the other hand, if m' +1>1/2, m >m’, u € H, *'(M) and ifWFLn/’l(u) N
Ry = 0 then Ry (and thus a neighborhood of Ry) is disjoint from WF{)"’l(u)
provided R NWEP " (Lu) = 0.

Proof. The first statement is proved in [2, Proposition 4.4]. The second statement
follows the same way, but in that case the product of the required powers of the
boundary defining functions, p~2p~2m*1  with p the defining function of fiber in-
finity'* as in §2.1, in the commutant of [2, Proposition 4.4] provides a favorable
sign, thus [2, Equation (4.1)] holds without the E term. However, when regular-
izing, the regularizer contributes a term with the opposite sign, exactly as in [45,
Proof of Propositions 2.3-2.4]; this forces the requirement on the a priori regularity,
namely WF;n/’l(u) N Ry = 0, exactly as in the referred results of [45]; see also
Proposition 2.1 above. O

Indeed, due to the closed graph theorem, (5.2) follows immediately from the
b-radial point regularity statements of Proposition 5.2 for sources/sinks, and the
propagation of b-singularities for variable order Sobolev spaces, which is not proved
in [2], but whose analogue in standard Sobolev spaces is proved there in [2, Propo-
sition A.1] (with additional references given to related results in the literature),
and as it is a purely symbolic argument, the extension to the b-setting is straight-
forward. (We refer to Proposition 2.1 here and [2, Proposition 4.4] extending the
radial point results, Propositions 2.3-2.4, of [45], from the boundaryless setting to
the b-setting.)

One also has a similar estimate for L when one replaces m by a weight m which
is increasing along the direction of the Hamilton flow oriented towards the past,

mA4+1>1/2at Ry, m+1<1/2at R_,
provided one assumes m’ < m,
mH1>1/2at Ry, ue H?/’l.
Further L can be replaced by L*. Thus,
|l i < O|‘L*U||H;‘n—1,f+OHUHH?',Z- (5.3)

.l
Hy

14This defining function is denoted by v in [2].
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Just as in the asymptotically de Sitter/Kerr-de Sitter settings, one wants to im-

prove these estimates so that the space H,Z"’l, resp. H,Z"’l, on the left hand side
includes compactly into the error term on the right hand side. This argument is
completely analogous to §2.1 using the Mellin transformed normal operator esti-
mates obtained in [2, §5]. We thus further assume that there are no poles of the
Mellin conjugate Z(U) on the line Im o = —[. Then using the Mellin transform and
the estimates for Z(U) (including the high energy estimates, which imply that for
all but a discrete set of | the aforementioned lines do not contain such poles), as in
§2.1, we obtain that on R} x M

ol e < CIN(LYo | e (5.4)

when m € C*°(S*9M) is a variable order function decreasing along the direction
of the Hamilton flow oriented to the future, A;, resp. A_, the future, resp. past,
radial sets in S*OM, and with

m+l<1l/2at Ay, m+1>1/2at A_.

One can take
m = m|r-om,
for instance, under the identification of T*0M as a subspace of P7T, Ay M, taking into
account that homogeneous degree zero functions on T*9M \ o are exactly functions
on S*OM, and analogously on ngMM . However, in the limit ¢ — oo, one should
use norms depending on ¢ reflecting the dependence of the semiclassical norm on h.
We recall from Remark 5.1 that in the main case of interest one can take m to be a
pullback from M, and thus the Mellin transformed operator norms are independent
of o. In either case, we simply write m in place of m.
Again, we have an analogous estimate for N(L*):

ol < CIN(E ol e (5.5)

provided —1 is not the imaginary part of a pole of I , and provided m satisfies the
requirements above. As L* (6) = (L)*(7), the requirement on —I is the same as [
not being the imaginary part of a pole of L.

At this point the argument of the paragraph of (2.10) in §2.1 can be repeated
verbatim to yield that for m with m+1 > 3/2 at R_ (with the stronger restriction
coming from the requirements on m’ at R_, m’ at Ry, and m’ <m—1,m' < m—1;
recall that one needs to estimate the normal operator on these primed spaces), and
m+1<1/2at Ry,

el g < CllEulygnera + Clullgaies, (5.6)

where now the inclusion H{)n’l — Hg“/ﬂ’l*l is compact (as we choose m’ < m —1);
this argument required m, [, m’ satisfied the requirements preceding (5.2), and that
—[ is not the imaginary part of any pole of L.

Analogous estimates hold for L*:

lull g < CIL ull iz + Cllull gour 1,71 (5.7)

7,1
Hb

provided m, 2: m’ satisfy the requirements stated before (5.3), m’ < m — 1, and
provided —I is not the imaginary part of a pole of L* (i.e. [ of L).



SEMILINEAR WAVE EQUATIONS 67

Via the same functional analytic argument as in §2.1 we thus obtain Fredholm
properties of L, in particular solvability, modulo a (possible) finite dimensional
obstruction, in H{)n’l if

m+1>3/2at R, m+1<—1/2at Ry.

More precisely, we take m = 1 — m, | = —l, so m+1 < —1/2 at R4 means
m+1=1—(m+1) > 3/2, so the space on the left hand side of (5.6) is dual to that
in the first term on the right hand side of (5.7), and the same for the equations
interchanged. Then the Fredholm statement is for

L:xmt— ymth
with
VI =HYT, XS ={u€ HS": Lue H™ V).
Note that, by propagation of singularities, i.e. most importantly using Proposi-
tion 5.2, with Ker L C H{)n’l, Ker L* C Héfm’fl a priori,

b b
Ker L ¢ H" ', Ker L* ¢ H.™™ 7! if

(5.8)
m’+1>1/2at R, m° +1<1/2at R,.

We can improve this further using the propagation of singularities. Namely,
suppose one merely has

m+1>3/2at R_, m+1<1/2at Ry, (5.9)

so the requirement at R, is weakened. Then let m* = m — 1 near Ry, mf < m
everywhere, but still satisfying the requirements for the order function along the
Hamilton flow, so the Fredholm result is applicable with m! in place of m. Now,
ifue Xmﬁvl, Lu=f, feYym bl c ym"—lvl, then Proposition 5.2 gives u € X™!.
Further, if Ker L and Ker L* are trivial, this gives that for m, [ as in (5.9), satisfying
also the conditions along the Hamilton flow, L : X m,l _y ym—Ll ig invertible.

Now, as invertibility (the absence of kernel and cokernel) is preserved under suffi-
ciently small perturbations, it holds in particular for perturbations of the Minkowski
metric which are Lorentzian scattering metrics in our sense, with closeness mea-
sured in smooth sections of the second symmetric power of PT*M. (Note that
non-trapping is also preserved under such perturbations.)

For more general asymptotically Minkowski metrics we note that, due to The-
orem 2.21 (which does not have any requirements for the timelike nature of the
boundary defining function, and which works locally near C_ either by working
on (extendible) function spaces or by using the localization given by wave prop-
agation as in §3.3 of [45] or §4.1 here) elements of Ker L on H,Z"’l, with m,[ as
above, lie in O™ (M) locally near C_ provided all resonances, i.e. poles of E(O’),
in Imo < —I have polar parts (coefficients of the Laurent series) that map into
distributions supported on C. As shown in [44, Remark 4.17] when E(a) arises
from a Lorentzian conic metric as in'® [44, Equation (3.5)], but with the arguments

applicable without significant changes in our more general case, see also [2, §7] for

151 [44], the boundary defining function used to define the Mellin transform is replaced by
its reciprocal, which effectively switches the sign of o in the operator, but also the backward
propagator is considered (propagating toward the past light cone), which reverses the role of o and
—o again, so in fact, the signs in [44] and [2] agree for the formulae connecting the asymptotically
hyperbolic resolvents and the global operator, Z(a’).
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our general setting, and [45, Remark 4.6] for a related discussion with complex
absorption, the resonances of E(o’) consist of the resonances of the asymptotically
hyperbolic resolvents on the caps, namely R, (o), Re_(—0), as well as possibly
imaginary integers, o € iZ \ {0}, with resonant states when Im o < 0 being differ-
entiated delta distributions at S, = 0C, while the dual states are differentiated
delta distributions at S_ = dC_ when Im o > 0; the latter arise, e.g. as poles on
even dimensional Minkowski space. More generally, when composed with extension
of C2°(C_UCy) by zero to C*°(X) from the right and with restriction to C_ U Cy
from the left, the only poles of L(c) are those of Re_ (—o) as well as the possible
o € iNy. Thus, fixing I > —1, one can conclude that elements of Ker L are in
C>°(M) locally near C_ provided R¢_ () has no poles in Im& > I. (The only
change for [ < —1 is that one needs to exclude the potential pure imaginary integer
poles as well.) The analogous statement for Ker L* on H{)n’l is that fixing 1> -1,
elements are in C*°(M) near Cy provided Rc, (&) has no poles in Im > I As
| = —1 for our duality arguments, the weakest symmetric assumption (in terms of
strength at Cy and C_) is that R¢, do not have any poles in the closed upper half
plane; here the closure is added to make sure L is actually Fredholm on H" ! with
I = 0. In general, if one wants to use other values of [, one needs to assume the
absence of poles in Im o > —|[I| (if one wants to keep the hypotheses symmetric).

Note that assuming dp is timelike (with respect to §) near C_, one automatically
has the absence of poles of R¢_ in an upper half plane, and the finiteness (with
multiplicity) of the number of poles in any upper half plane, by the semiclassical
estimates of [45], see §3.2 and 7.2 (one can ignore the complex absorption discussion
there), so in this case the issue is that of a possible finite number of resonances.
There is an analogous statement if %” is timelike near C for R¢ "

Now, assuming still that %p is timelike at, hence near C_, it is easy to construct
a function t which has a timelike differential near C_, and appropriate sublevel sets
are small neighborhoods of C_. Once one has such a function t, energy estimates
can be used to conclude that rapidly vanishing, in such a neighborhood, solutions
of Lu = 0 actually vanish in this neighborhood, so elements of Ker L have support
disjoint from C_; blmllarly elements of Ker L* have support disjoint from C .

Concretely, with G the dual b-metric of § g, let U_ be a neighborhood of C_, and
let 0 < €9 < €1, € >0, d > 0 be such that {p <€ v > —e;} NU_ is a compact
subset of U_, and on U_

p <&, v>—61:G<dpp dpp)>5,

p <, —€1<’U<—€0=>G(Ci)p dv) <0, G(dv,dv) >

Such U_ and constants indeed exist. First, there is U_ and € > 0, €] > 0 such
that {p <€, v > —€} NU_ is a compact subset of U_ since C_ is defined by
{p = 0, v > 0} in a neighborhood of C_ with dp # 0 there and dv # 0 near
v = 0; we then consider € < €, €; < €] below. Next, since G(d” ‘i}p) is positive
on a neighborhood of C_ by assumption (thus for any sufﬁmently small €1, € there

is a desired ¢ so that the first inequality is satisfied) and G( ,dv)|s_ = —2, any
sufficiently small ¢; and € give G( ,dv) < 0 in the desured region, and finally
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G(dv,dv) > 0 on Cy near S_ (as G(dv, dv) = —4v + O(v?) there), so choosing €;
sufficiently small, ¢y < €1, and then € sufficiently small satisfies all criteria.

Now let e_, e, be such that 0 < e_ < ey <€, and let ¢ € C*°(R) have ¢’ < 0,
¢ = 0 near [—¢p, 00), ¢ > € near (—o0, —€1], @ < 0 when ¢ takes values in [e_, ey].
Then t = p + ¢(v) has the property that on U_

t<er=po(v)<er=p<Ev>—e,

and

v 2 —€0 = t= p-
Thus, on U_ if v > —¢p and t < €4 then dt is timelike as dp is such, while if v < —e¢o,
t < e then

G(dt, dt) = p2@(i;, dT)p) + 2¢/(v)p@(d—pp, dv) + (¢! (v))2C(dv, dv)
and all terms are > 0 in view of —e; < v < —¢g, p < €, with the inequality being
strict when t € [e_, €] (as well asin M°Nt~1((—o0, €4])). Thus, near t~1([e_, e ])N
U_, tis a timelike function; the same is true on M° Nt~!((—oo,e4]) NU-_. Let
x € C®(R) with x' < 0, x = 1 near (—oo0,e_], x = 0 near [e;,00), and let
x o t, defined by this formula in U_, be extended to M as 0 outside U_; since
t71((—00,€4]) NU_ is a compact subset of U_, this gives a C°° function. Further,
p is also timelike, with % and dt in the same component of the timelike cone;
see Figure 6. Correspondingly, one can apply energy estimates using the timelike
vector field V = (x o t)p‘éé(%”, .), cf. [45, §3.3] leading up to Equation (3.24) and
the subsequent discussion, which in turn is based on [48, §§3-4]. Here one needs to
make both —x' large relative to x and £ > 0 large (making the b-derivative of p—*
large relative to p—*), as discussed in the Mellin transformed setting in [45, §3.3], in
[48, §§3-4], as well as §2.1 here (with 7 in place of p, but with the sign of ¢ reversed
due to the difference between b-saddle points and b-sinks/sources). Notice that
taking ¢ large is exactly where the rapid decay near C_ is used.

FIGURE 6. Setup for energy estimates near C_: The shaded region
is the support of x’ ot, where —x’ is used to dominate x to give
positivity in the energy estimate; near p = 0 and on supp(xot), i.e.
in the region between p = 0 and the shaded region, a sufficiently
large weight p~¢ gives positivity.

We have seen that the existence of appropriate timelike functions, such as t, in
a neighborhood of Cy and C_ is automatic (in a slightly degenerate sense at Cy
themselves) when de; is timelike in these regions; indeed these functions could be
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extended to a neighborhood of Cj if v is appropriately chosen. In order to conclude
that elements of Ker I and Ker L* vanish globally, however, we need to control all
of the interior of M. This can be accomplished by showing global hyperbolicity'°
of M°, which in turn can be seen by applying a result due to Geroch [16]. Namely,
by [16, Theorem 11] it suffices to show that a suitable S is a Cauchy surface, which
by [16, Property 6] follows if we show that S is achronal, closed, and every null-
geodesic intersects and then re-emerges from S. In order to define S, it is useful to
define t = ¢ ot in U_, where ¢ € C(R), ¢/ >0, ¢(t) = t near t < e_, ¢'(t) > 0
for t < ey, ¢'(t) =0 for t > e;; let T = 1b(e;) > e_. Further, extend t to M as
=T outside U_; since U_ Nt~1((—o0, e4]) is compact, this gives a C°° function on
M. Thus, t € C°(M) is a globally weakly time-like function in that G(dt, dt) >0,
and it is strictly time-like in M° N t=((—o0,€)). In particular, it is monotone
along all null-geodesics. Further, t=0atS_andt=T > 0 at Sy, indeed near
S.. Then we claim that S =t 1(e_) N M?° is a Cauchy surface.

Now, S is closed in M° since S is closed in M; indeed it is a closed embedded
submanifold. By our non-trapping assumption, every null-geodesic in M° tends
to Sy in one direction and S_ in the other direction, so on future oriented null-
geodesics (ones tending to S;), t is monotone increasing, attaining all values in
(0,T). Since at the e_ level set of t, hence of t, dt is strictly time-like, the value
€_ is attained exactly once for t along null-geodesics. Thus, every null-geodesic
intersects S and then re-emerges from it. Finally, S is achronal, i.e. there exist no
time-like curves connecting two points on S: any future oriented time-like curve
(meaning with tangent vector in the time-like cone whose boundary is the future
light cone) in M° Nt !((—o0,€e;)) has t monotone increasing, with the increase
being strict near S, so again the value e_ can be attained at most once on such a
curve. In summary, this proves that M° is globally hyperbolic, so every solution
of Lu = 0 with vanishing Cauchy data on S vanishes identically, in particular by
what we have observed, Ker L and Ker L* are trivial on the indicated spaces.

In summary:

Theorem 5.3. If (M, g) is a non-trapping Lorentzian scattering metric in the sense
of [2], lI] < 1, and
(1) The induced asymptotically hyperbolic resolvents Re, have no poles in
Imo > —|l,
(2) % is timelike near C U C_,
then for order functions m € C°°(*S*M) satisfying (5.1) and (5.9), the forward
problem for the conjugated wave operator L, i.e. with L considered as a map
L Xm,l N ymfl,l
* K
is tnvertible.

Extending the notation of [2], especially §4, we denote by H{)n’l’k(M), where
m,l € R,k € Ny, the space of all u € H{)n’l(M) (ie. u € p'H™(M), where
p is the boundary defining function of M) such that Miu € Hg"’l(M) for all
0 < j < k. Here, M C ¥L(M) is the UY(M)-module of pseudodifferential
operators with principal symbol vanishing on the radial set R4 of the operator
L =p=(n=2/2p=20 p(n=2)/2; in the coordinates p, v,y as in [2] (p being as above,

161n Geroch’s notation, our M° is M.
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v a defining function of the light cone at infinity within OM, y coordinates within
in the light cone at infinity), M has local generators pd,, pd,,vd,,0,. Then the
results of [2], concretely Proposition 4.4, extend our theorem to the spaces with
module regularity.

Namely the reference, [2, Proposition 4.4], guarantees the module regularity
u € Hgn’l’k(M) of a solution uw of Lu = f if f has matching module regularity
fe H{)"*U’k(M) and if u is in Hg””c’l(M) near C_. To be precise, this Proposition
in [2] is stated making the stronger assumption, f € Hﬁn71+k’l(M). However, the
proof goes through for just f € H;" _1’l’k(M ) in a completely analogous manner to
the result of Haber and Vasy [19, Theorem 6.3], where (in the boundaryless setting,
for a Lagrangian radial set) the result is stated in this generality.

If fe H]:%l’l’k(M), then in particular f is locally in H]:kal’l near C_, thus,
taking into account that m + [ > 1/2 already there, u is in H{)’H'k’l in that region
by Proposition 5.2 (by the first case there, i.e. in the high regularity regime). Thus,
an application of the closed graph theorem gives the following boundedness result:

Theorem 5.4. Under the assumptions of Theorem 5.3, L~ has the property that
it restricts to

IR A A )
as a bounded map.

In particular, letting Q = {t > 0}, where t = t— e_ so that it attains the value
0 within M \ (Cy U C_), we have a forward solution operator S of L which maps
H R Q) into HVYF(Q)*, given that m + 1 < 1/2; let us assume that m is
constant in 2. Here, H;" ’l’k(Q)' consists of supported distributions at Q2 N C§ =
{t=0}.
Remark 5.5. Using the arguments leading to Theorem 5.3 in the current, forward
problem, setting, but now also using standard energy estimates near the artificial
boundary t = 0 of 2, we see that if suffices to control the resonances of the asymp-
totically hyperbolic resolvent in the upper cap C;. in order to ensure the invertibility
of the forward problem.

5.2. Algebra properties of H]:l’foo’k. In order to discuss non-linear wave equa-
tions on an asymptotically Minkowski space, we need to discuss the algebra prop-
erties of H;n’foo’k =Uer Hg“’l’k. Even though we are only interested in the space
H™ ™ (Q)*, we consider H,™ " (M), where m is constant on M for notational
simplicity, and the results we prove below are valid for H" ’7°°’k(Q)' by the same
proofs.

We start with the following lemma:

Lemma 5.6. Let 1,1y € R, k > n/2. Then HY'* . gllzk o glhth=1/2k,

Proof. The generators pd,, p0,,v0,, 0y of M take on a simpler form if we blow up

the point (p,v) = (0,0). It is most convenient to use projective coordinates on the

blown-up space, namely:

(1) Near the interior of the front face, we use the coordinates p = p > 0 and
s =v/p € R. We compute pd, = pds — s0s, v0, = s0s, p0, = Os; and since
% dv dy = dpds dy (this is the b-density from Hg’l’k), the space Hg’l’k becomes

Ab* =y e P (dpds dy): AMu e pPLA(dpdsdy),0 < j <k},
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where A is the C°°-module of differential operators generated by 0, p05, 0y.
Now, observe that p'L?(dpdsdy) = b{’l/QLQ(% ds dy); therefore, we can
rewrite

AR = {u e pPLA (L dsdy): Au € p LA (L dsdy),0 < j < k)
= P72 HE (92 ds dy).

In particular, by the Sobolev algebra property, Lemma 2.26, and the locality
of the multiplication, choosing k > n/2 ensures that ph—Y/2H}F . pl2=1/2Hf
Pl Hk which is to say ALk . Alzk ¢ Ahtl=1/2k,

(2) Near either corner of the blown-up space, we use v = v and t = p/v (say,
v >0,t > 0). We compute pd, = t0;, v0, = 00y — t04, p0, = t005 — t20,; and
since % dvdy = % dv dy, the space Hg’l’k becomes

B = {ue (00)'L* (L dvdy): Blu e () L*(% dvdy),0 < j < k},

where B is the C°°-module of differential operators generated by t0t,v0%, 0.
Again, we can rewrite this as

Bl,k _ tl§l71/2H§(% %’ﬁ dy),
which implies that for £ > n/2,
Bll,k . Blz,k} C tl1+l2vl1+1271H§(% dT*}? dy) C Bl1+1271/2,k}'

To relate these two statements to the statement of the lemma, we use cutoff func-
tions x4, xB to localize within the two coordinate systems. More precisely, choose
a cutoff function y € C°(R,) such that x(s) =1 near s =0, x(s) = 0 for |s| > 2,
and x'/? € C%°(R,). Then multiplication with ya(p,v) := x(v/p) is a continuous
map Hg’l’k — AL Indeed, to check this, one simply observes that M7y 4 € L>®
for all j € Ny. Similarly, letting x5(p,v) := 1 — xa(p, v), multiplication with xp is
a continuous map Hg’l’k — BY%. Finally, note that we have AL* BLF ¢ Hg’l’k.
To put everything together, take u; € Hg’lj’k (j =1,2), then
urug = (xau1)(xauz) + (xsu1)(xBu2) + (xau1)(xsuz) + (xBu1)(xaus).

The first two terms then lie in Hg’ll+l2_1/2’k. To deal with the third term, write

li4+la—1/2.k
(XAU1)(XBU2) = (X,14/2u1)(X,14/2XBU2) € Ak Al HS’ 1Hal/2, )

likewise for the fourth term. Thus, ujus € Hg’lﬁlrl/z’k, as claimed. O

Remark 5.7. The proof actually shows more, namely that
Hgvlkagvl/vk C pgl/zHS,lJt—l/,k’ (510)

where pg is the defining function of the front face p = v = 0, e.g. pg = (p> +v?)1/2.
The reason for (5.10) to be a natural statement is that module- and b-derivatives
are the same away from p = v = 0, hence regularity with respect to the module M
is, up to a weight, which is a power of pg, the same as b-regularity.

More abstractly speaking, the above proof shows the following: If p, denotes
a boundary defining function of the other boundary hypersurface of [M;Sy], i.e.
O|M; S:]\ I, then

HYE o o2 (pgpy) HE (M S4)).
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Note that one can also show this in one step, introducing the coordinates pg > 0
and s =v/(p+pa) € [-1,1] on [M; S4] in a neighborhood of ff, and mimicking the
above proof, which however is computationally less convenient.

Remark 5.8. We can extend the lemma to H{)n’l’kH{)n’l/’k c HIT’HI V2K form e
Ny using the Leibniz rule to distribute the m b-derivatives among the two factors,
and then using the lemma for the case m = 0.

The following corollary, which will play an important role in §5.5, improves
Lemma 5.6 if we have higher b-regularity.

Corollary 5.9. Let k >n/2,0<6 <1/n andl,l' € R. Then
(1) H&,l,ngJ',k c H[()J,l+l’71/2+6,k.
1,0,k 771Uk 1,141 —1/2438,k
(2) HY""H," " C Hy .
Proof. Take s =1/(2d) > n/2, then
Hy R EYE ¢ g (5.11)

indeed, using the Leibniz rule to distribute the £ module derivatives among the two
factors and cancelling the weights, this amounts to showing that H]‘;’O’leg’o’kQ C
HS’O’O for k1 + ko > k; but this is true even for ky = ko = 0, since H is a multiplier
on HY provided s > n/2.

The lemma on the other hand gives

HOLR Ok o 12 Ok (5.12)

Interpolating in the first factor between (5.11) and (5.12) thus gives the first state-
ment.

For the second statement, use the Leibniz rule to distribute the one b-derivative
to either factor; then, one has to show Hé’l’ng’ll’k C Hg’lﬂlfl/%é’k, and the same

inclusion with [ and I’ switched, which is what we just proved. O

Lemma 5.6 and the remark following it imply that for u € H];"’l’k, p > 1, with

m > 0,k > n/2, we have uP € H]T’pl*(pfl)/z’k; in fact, uP € p;f(pfl)mH];”’pl’k, see
Remark 5.7. Using Corollary 5.9, we can improve this to the statement u € H}T’l’k
=uP e Hgl’plf(pfl)ﬂﬂpfl)&’k for m > 1.

For non-linearities that only involve powers uP, we can afford to lose differen-
tiability, as at the end of §4.2, and gain decay in return, as the following lemma

shows.
Lemma 5.10. Let « > 1/2, 1l € R, k € Ny. Then pf}o‘Hg’l’k C pl/Q_“Hb_l’l’k,
where pg = (p* + v*)1/2.

Proof. We may assume | = 0, and that u is supported in |v] < 1, p < 1. First,
consider the case k = 0. Let u € pz“Hy, and put

u(p,v,y) = / u(p, w,y) dw,

—0o0
so 0,u = u. We have to prove xu € pl/zf‘ng if ¥ = 1 near supp u, which implies
u € Hb_l, as 0, : HY) — Hb_l, and the b-Sobolev space are local spaces. But

[a(p, v, y)* < (/11 pff(p,w)mlu(pvw,y)lmw) /11 pia(p,w) > dw;  (5.13)
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now,
1 e dz
—2a 1-2a 1-2a
g [
[1 f _1/p (L [2[2)
for @ > 1/2, therefore, with the v integral considered on a fixed interval, say |v| < 2
(notice that the right hand side in (5.13) is independent of v!),

. d d
///pm 1IU(p7v,y)I2?pdvdy5///p?ralu(mw,y)IQ?pdwdy,

proving the claim for £ = 0. Now, pd, and 0, just commute with this calculation,
so the corresponding derivatives are certainly well-behaved. On the other hand,
Oy = u, so the estimates involving at least one v-derivative are just those for u
itself. O

Corollary 5.11. Let k,p € N be such that k >n/2, p>2. Let l € R, u € Hg’l’k.
Then uP € H;l’lp_(p_l)/2+1/2_6’k withd =04fp>3 and § >0 if p=2.

Proof. This follows from u” € pg (p=1)/ 2_6H8’lp * and the previous lemma, using
that (p—1)/2+ 6 > 1/2 with ¢ as stated. O

1/2-6

In other words, we gain the decay p if we give up one derivative.

5.3. A class of semilinear equations. We are now set to discuss solutions to non-
linear wave equations on an asymptotically Minkowski space. Under the assump-
tions of Theorem 5.3, we obtain a forward solution operator S': H{)nfl’l’k(ﬂ)’ —
HMF(Q)® of P = p=(m=2/2)p=200 p(n=2)/2 provided |I] < 1,m+1 < 1/2 and k > 0.
Undoing the conjugation, we obtain a forward solution operator
S = pn=2/28,=2 )= (n=2)/2

S,': Ht:n—l,l+(n—2)/2+2,k(Q). N H[:n’l+(n_2)/2’k(9).

of Oy.

Since g is a Lorentzian scattering metric, the natural vector fields to appear in a
non-linear equation are scattering vector fields; more generally, since the analysis is
carried out on b-spaces, we indeed allow b-vector fields in the following statement:

Theorem 5.12. Let
q: H£n7l+(n72)/2,k(ﬂ). % le)nfl,l+(n72)/2,k(Q;bT*Q). N ngfl,l+(n72)/2+2,k(ﬂ).

be a continuous function with q(0,0) = 0 such that there exists a continuous non-
decreasing function L: R>g — R satisfying
lg(u, *du) — q(v,"dv)|| < L(R)[u—vll, [ull, [lv]l < R.

Then there is a constant Cp, > 0 so that the following holds: If L(0) < Cf,, then
for small R > 0, there exists C > 0 such that for all f € ngfl’l+("72)/2+2’k(ﬂ)°
with norm < C, the equation

Dgu = f + Q(ua bdu)

Hgn,l+(n72)/2,k(Q).

has a unique solution u € , with norm < R, that depends con-

tinuously on f.

Proof. Use the Banach fixed point theorem as in the proof of Theorem 2.25. (]
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Remark 5.13. Here, just as in Theorem 4.10, we can also allow ¢ to depend on [gu
as well.

5.4. Semilinear equations with polynomial non-linearity. Next, we want to
find a forward solution of the semilinear PDE

Ogu = f+ cuP X (u),

where ¢ € C*°(M), p € No, and X (u) = [[7_, pVj(u) is a g-fold product of deriva-
tives of u along scattering vector fields; here, V; are b-vector fields. Let us assume
p—+¢q > 2 in order for the equation to be genuinely non-linear. We rewrite the PDE
as

Lo (m2/2) = p=(=2/2=2 ¢ 4 )2 (1) (n=2)/2( ;= (n=2) /2,y
q
x [T pvi(pln=2/2p= (=2 20,
j=1

Introducing @ = p~("=2/2y and f = p~=2)/2-2f yields the equation

q
Lii = f+ epP= D220 TT o (£ + Vi)
j=1

q
— F4 epr 022422 T] (fi1 + Vi), (5.14)

Jj=1

where the f; are smooth functions. Now suppose that u € H{)"’l’k(Q)’ with m+1 <
1/2,m > 1,k > n/2 (so that Hf)"_l’_oo’k(Q)' is an algebra), then the second
summand of the right hand side of (5.14) lies in Hgn_l’é’k(Q)ﬂ where

l=(p-1)(n—-2)/2+qn/2—2+pl—(p—1)/2+q — (¢g—1)/2 - 1/2.

For this space to lie in H{)"_l’l’k(ﬂy (which we want in order to be able to apply

the solution operator S and land in H}" ’l’k(Q)' so that a fixed point argument as
in §2 can be applied), we thus need ¢ > [, which can be rewritten as

(p— 1)1+ (n—3)/2) +q(l + (n—1)/2) > 2. (5.15)
For m =1 and I < 1/2 — m less than, but close to —1/2, we thus get the condition
p—1)(n—4)+qn—2) > 4.

If there are only non-linearities involving derivatives of u, i.e. p = 0, we get the
condition g > 1+ 2/(n — 2), i.e. quadratic non-linearities are fine for n > 5, cubic
ones for n > 4.

Note that if ¢ = 0, we can actually choose m = 0 and I < 1/2 close to 1/2, and we
have Corollary 5.11 at hand. Thus we can improve (5.15) to (p—1)(1/24+(n—3)/2) >
2—-1/2,i.e. p>1+43/(n— 2), hence quadratic non-linearities can be dealt with if
n > 6, whereas cubic non-linearities are fine as long as n > 4. Observe that this
condition on p always implies p > 1, which is a natural condition, since p = 1 would
amount to changing [, into Ly — m? (if one chooses the sign appropriately). But
the Klein-Gordon operator naturally fits into a scattering framework, as mentioned
in the Introduction, i.e. requires a different analysis; we will not pursue this further
in this paper.
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To summarize the general case, note that u € H)" LR (Q)* is equivalent to u €
HPH2EE Q) and fe HTVE(Q)® to f e H U TR O)e: thus:

Theorem 5.14. Let |l] < 1,m+1 < 1/2,k > n/2, and assume that p,q € Ny,
p+q > 2, satisfy condition (5.15) or the weaker conditions given above in the
cases where p = 0 or q = 0; let m > 0 if ¢ = 0, otherwise let m > 1. Moreover,
let c € C*(M) and X (u) = H?Zl Xju, where X; is a scattering vector field on
M. Then for small enough R > 0, there exists a constant C > 0 such that for all
fe Hgn_l’l+("_2)/2+2’k(9)' with norm < C, the equation

Ogu = f+ cuP X (u)

H{?’H(nﬁ)/z’k(ﬁ)', with norm < R, that depends con-

has a unique solution u €
tinuously on f.
The same conclusion holds if the non-linearity is a finite sum of terms of the

form cuP X (u), provided each such term separately satisfies (5.15).

Proof. Reformulating the PDE in terms of u and ]""V as above, this follows from an
application of the Banach fixed point theorem to the map

q
ngL,l,k(Q)o S U S(f + cp(p—l)(n—Q)/Z—Q—qn/Q—Qap H(f]a + V]ﬂ)) c Hgn,,l,k(Q)o
j=1
with m, [, k as in the statement of the theorem. Here, p+¢ > 2 and the smallness of

R ensure that this map is a contraction on the ball of radius R in H;" ().

Remark 5.15. If the derivatives in the non-linearity only involve module derivatives,
we get a slightly better result since we can work with u € Hg’l’k(Q)‘: Indeed, a
module derivative falling on u gives an element of Hg‘l’kfl(Q)‘, applied to which
the forward solution operator produces an element of Hé’l’kfl(Q)’ C Hg’l’k(Q)’.
The numerology works out as follows: In condition (5.15), we now take [ < 1/2

close to 1/2, thus obtaining
(p—1)(n—2)4+qn > 4.

Thus, in the case that there are only derivatives in the non-linearity, i.e. p = 0, we
get ¢ > 1+ 2/n, which allows for quadratic non-linearities provided n > 3.

Remark 5.16. Observe that we can improve (5.15) in the case p>1,¢>1,m > 1
by using the J-improvement from Corollary 5.9, namely, the right hand side of
(5.14) actually lies in H{)nfl’e’k(Q)’, where now

L=(p—1)(n—2)/2+qn/2—2+pl—(p—1)/2+(p—1)0+ql—(g—1)/2—1/2+,
which satisfies ¢ > [ if
(p—D(+(n—-3)/2+0)+q(l+(n—1)/2)+d >2,

which for [ < —1/2 close to —1/2 means: (p — 1)(n — 4+ 20) + q(n — 2) + 2§ > 4,
where 0 < < 1/n.

Remark 5.17. Let us compare the above result with Christodoulou’s [7]. A spe-
cial case of his theorem states that the Cauchy problem for the wave equation on
Minkowski space with small initial data in'” H k.k—1(R™"™1) admits a global solution

L7Note that n is the dimension of Minkowski space here, whereas Christodoulou uses n + 1.
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u € HE (R™) with decay |u(z)| < (1+ (v/p)?)~("=2)/2; here, k = n/2+2, and n is
assumed to > 4 and even; in case n = 4, the non-linearity is moreover assumed to
satisfy the null condition. The only polynomial non-linearity that we cannot deal
with using the above argument is thus the null-form non-linearity in 4 dimensions.
To make a further comparison possible, we express Hy 5(R"~!) as a b-Sobolev
space on the radial compactification of R"~!: Note that u € Hy s(R"™1) is equiv-
alent to ({(z)D,)%u € (z)°L2(R"!), |a| < k. In terms of the boundary defining
function p of OR"~! and the standard measure dw on the unit sphere S*~2 C R* !,
we have L*(R"™1) = L*(% —85) = p("=D/2[2(92 dy), and thus Hy 5(R""!) =
pn=1/ 2+5H§ (I = 0). Therefore, converting the Cauchy problem into a forward
problem, the forcing lies in H{f’("fl)/ﬂk*l’o(Q)' = H{;/%Q’”H/Q’O(Q)'. Compar-
ing this with the space Hg’l+(n72)/2+2’n/2+1 (with I < 1/2) needed for our argument,
we see that Christodoulou’s result applies to a regime of fast decay which is disjoint
from our slow decay (or even mild growth) regime.

Remark 5.18. In the case of non-linearities u?, the result of Christodoulou [7] im-
plies the existence of global solutions to Lyu = f 4 u? if the spacetime dimension n
is even and n > 4 if p > 3; in even dimensions n > 6, p > 2 suffices; the above result
extends this to all dimensions satisfying the respective inequalities. In a somewhat
similar context, see the work of Chrusciel and Leski [9], it has been proved that
p > 2 in fact works in all dimensions n > 5.

5.5. Semilinear equations with null condition. With g the Lorentzian scat-
tering metric on an asymptotically Minkowski space satisfying the assumptions of
Theorem 5.3 as before, define the null form Q(*du,*dv) = ¢?*0;ud,v, and write
Q(*°du) for Q(*°du,*°du). We are interested in solving the PDE

Oyt = Q( du) + f.

The previous discussion solves this for n > 5; thus, let us from now on assume
n = 4. To make the computations more transparent, we will keep the n in the
notation and only substitute n = 4 when needed. Rewriting the PDE in terms of
the operator L = p_2p_(”_2)/2Dgp(”_2)/2 as above, we get

LU= f~+ p—(71—2)/2—2Q(scd(p(n—2)/2ﬂ))7
where @ = p~("=2/2y and f = p~("=2/2-2f  We can write Q(*°du) = 10,(u?) —
uldgu, thus the PDE becomes
L = J?_’_ p—(n—2)/2—2(%mg(pn—2a2) _ p('rL—Q)/QaDg(p(n—Q)/Q;J))
= F4 LL(p" 2232 — =24 L.
Since the results of §5.2 give small improvements on the decay of products of Hé o

functions with H; ™" functions (m > 0), one wants to solve this PDE on a function
space that keeps track of these small improvements.

Definition 5.19. For [ € R,k € Ny and o > 0, define the space X% := {v €
H&’Ha’k(Q)': Lv e Hg’l’k(Q)°} with norm

||U||Xl.k,a = HU”HS’,HQJC(Q), + HLU”HS’”“(Q)" (5.16)
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By an argument similar to the one used in the proof of Theorem 2.25, we see
that X% is a Banach space.
On X% which o > 0 chosen below, we want to run an iteration argument:
Start by defining the operator T': X4% — HL ™% (Q)* by
T:aw S(f — p"=/2aLa) + L2722,
Note that % € X% implies, using Corollary 5.9 with § < 1/n,
p(”_Q)/2ﬁQ c p(n_g)/QH&,2(1+04)—1/2+5,1€(Q). _ Hé,21+a+(n—3)/2+6+a,k(Q).

)

p(n_Q)/QaLa c HS72Z+O‘+(”73)/2+57]€(Q).7 (517)

S(p(n_2)/2ﬁLﬂ) c I_Ié,21+o¢+(nfB)/QJré,k(Q).7

where in the last inclusion, we need to require 1+ (2l + a+ (n — 3)/2 +J) < 1/2,
which for n = 4 means

l<-1/2—(a+19)/2; (5.18)
let us assume from now on that this condition holds. Furthermore, (5.17) implies
Tu € Hé72l+a+(n_3)/2+5’k(ﬂ)'. Finally, we analyze

_ 1
L(Tﬂ) c HE,QH-CH'(” 3)/2+57k(9)0 + §L(p(n72)/2ﬁ2)'

Using that L is a second-order b-differential operator, we have
pTI2L@2) € 20 D2 La + p D2 YTk () gk ()
C Hg,21+&+(n*3)/2+5,k(ﬂ)o +Hg,2(l+a)+(n73)/2,k(9)o

_ H8,2l+o¢+(n73)/2+min{a,6},k(Q).

which gives
L(p(n—Q)/QaQ) c L(p(n—2)/2)a2 +p(n—2)/2L(a2)
+ p(n72)/2Hg,l+a,k(Q).Hl()),l-‘roé,k(ﬂ)o
- Hkl),2l+a+(n—3)/2+6+a,k(Q)o _|_HS72l+o¢+(n—3)/2+min{a,6},k(Q)o
+ H8,2l+a+(n—3)/2+§+a(9)o
0,2l4+a+(n—3)/24+min{«,0},k °
:Hb"r"r( )/2+ {}(Q)'
Hence, putting everything together,
~ 0,2l+a+(n—3)/24+min{a,d },k °
L(T) € H (n=8)/2tminfedb.k ye
Therefore, we have Tu € X“%* provided
204+a+n—3)/2+5> 1+«
204+ a+ (n—3)/2 + min{a, 6} > 1,
which for 0 < o < ¢ and n = 4 is equivalent to
1>-1/2-6,1>-1/2 - 2a. (5.19)

This is consistent with condition (5.18) if —1/2 — (a +§)/2 > —1/2 — 2q, i.e. if
a>4d/3.

Finally, for the map T to be well-defined, we need Sf € XbRa ) hence f €
Ranyi k.« L, which is in particular satisfied if ]7 € Hg’Ha’k(Q)'. Indeed, since
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14+l4+a<1-1/2—(5—a)/2 < 1/2 by condition (5.18), the element Sf €
HTR(Q)* s well-defined.
We have proved:

Theorem 5.20. Let c € C, 0 < d < 1/4, §/3 < a < 6, and let —1/2 —2a <1 <
—1/2 — (o + 8)/2. Then for small enough R > 0, there exists a constant C > 0
such that for all f € Hg’l+3+a’k(9)’ with norm < C, the equation

Ogu = f+ cQ(*du)

has a unique solution u € X'TH% with norm < R, that depends continuously on

f-

REFERENCES

[1] Dean Baskin. A Strichartz estimate for de Sitter space. Annales Henri Poincare,
arXiv:0909.2696, 14:221-252, 2013.
[2] Dean Baskin, Andrds Vasy, and Jared Wunsch. Asymptotics of radiation fields in asymptot-
ically Minkowski space. Am. J. Math., to appear; arXiv:1212.5141.
[3] 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.
[4] Lydia Bieri. Part I: Solutions of the Einstein vacuum equations. In Eztensions 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.
[5] 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.
[6] Jean-Frangois Bony and Dietrich Hafner. 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.
[7] Demetrios Christodoulou. Global solutions of nonlinear hyperbolic equations for small initial
data. Comm. Pure Appl. Math., 39(2):267-282, 1986.
[8] 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.
Piotr T. Chrusciel and Szymon Leski. Polyhomogeneous solutions of nonlinear wave equations
without corner conditions. J. Hyperbolic Differ. Equ., 3(1):81-141, 2006.
[10] Mihalis Dafermos and Igor Rodnianski. The wave equation on Schwarzschild-de Sitter space
times. Preprint, arXiv:07092766, 2007.

[11] Mihalis Dafermos and Igor Rodnianski. Lectures on black holes and linear waves. CMI/AMS
Publications, 2013.

[12] Kiril Datchev and Andrds Vasy. Gluing semiclassical resolvent estimates via propagation of
singularities. Int. Math. Res. Notices, 2012(23):5409-5443, 2012.

[13] Semyon Dyatlov. Exponential energy decay for Kerr—de Sitter black holes beyond event hori-
zons. Math. Res. Lett., 18(5):1023-1035, 2011.

[14] Semyon Dyatlov. Quasi-normal modes and exponential energy decay for the Kerr-de Sitter
black hole. Comm. Math. Phys., 306(1):119-163, 2011.

[15] Semyon Dyatlov. Resonance projectors and asymptotics for r-normally hyperbolic trapped
sets. J. Amer. Math. Soc, 28:311-381, 2015.

[16] Robert Geroch. Domain of dependence. J. Mathematical Phys., 11:437-449, 1970.

[17] C. Robin Graham and John M. Lee. Einstein metrics with prescribed conformal infinity on
the ball. Adv. Math., 87(2):186-225, 1991.

[18] Colin Guillarmou. Meromorphic properties of the resolvent on asymptotically hyperbolic
manifolds. Duke Math. J., 129(1):1-37, 2005.

[19] Nick Haber and Andrés Vasy. Propagation of singularities around a Lagrangian submanifold

of radial points. Bulletin de la SMF, to appear, arXiv:1110.1419.

[20] Peter Hintz. Global well-posedness for quasilinear wave equations on asymptotically de Sitter

spaces. Preprint, arXiv:1311.6859, 2013.

=



80

(21]
(22]
23]

[24]

[25]

[26]
27)
(28]
29]

(30]

(31]
(32]
33]
(34]
(35]
(36]
37]
(38]
(39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]

[47)

PETER HINTZ AND ANDRAS VASY

Peter Hintz and Andras Vasy. Non-trapping estimates at normally hyperbolic trapping. Math.
Res. Letters, 21(6):1277-1304, 2014.

Peter Hintz and Andras Vasy. Global analysis of quasilinear wave equations on asymptotically
Kerr-de Sitter spaces. Preprint, arXiv:1404.1348, 2014.

Lars Hormander. The analysis of linear partial differential operators, vol. 1-4. Springer-
Verlag, 1983.

Lars Hormander. Lectures on nonlinear hyperbolic differential equations, volume 26 of
Mathématiques & Applications (Berlin) [Mathematics & Applications]. Springer-Verlag,
Berlin, 1997.

Sergiu Klainerman. The null condition and global existence to nonlinear wave equations. In
Nonlinear systems of partial differential equations in applied mathematics, Part 1 (Santa
Fe, N.M., 1984), volume 23 of Lectures in Appl. Math., pages 293-326. Amer. Math. Soc.,
Providence, RI, 1986.

Sergiu Klainerman. Uniform decay estimates and the Lorentz invariance of the classical wave
equation. Comm. Pure Appl. Math., 38(3):321-332, 1985.

Hans Lindblad. Global solutions of quasilinear wave equations. Amer. J. Math., 130(1):115—
157, 2008.

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.

Jonathan Luk. The null condition and global existence for nonlinear wave equations on slowly
rotating Kerr spacetimes. Journal of the European Mathematical Society, 15(5):1629-1700,
2013.

Rafe R. Mazzeo and Richard B. Melrose. Meromorphic extension of the resolvent on complete
spaces with asymptotically constant negative curvature. J. Funct. Anal., 75(2):260-310, 1987.
Richard B. Melrose. Spectral and scattering theory for the Laplacian on asymptotically Eu-
clidian spaces. Marcel Dekker, 1994.

Richard B. Melrose, Antonio S4 Barreto, and Andras Vasy. Asymptotics of solutions of the
wave equation on de Sitter-Schwarzschild space. Comm. in PDE, to appear.

Richard B. Melrose, Andrés Vasy, and Jared Wunsch. Diffraction of singularities for the wave
equation on manifolds with corners. Astérisque, 351, vi+136pp, 2013.

Richard B. Melrose. The Atiyah-Patodi-Singer index theorem, volume 4 of Research Notes
in Mathematics. A K Peters Ltd., Wellesley, MA, 1993.

Jason Metcalfe and Daniel Tataru. Global parametrices and dispersive estimates for variable
coefficient wave equations. Math. Ann., 353(4):1183-1237, 2012.

Stéphane Nonnenmacher and Maciej Zworski. Quantum decay rates in chaotic scattering.
Acta Math., 203(2):149-233, 2009.

David Polarski. On the Hawking effect in de Sitter space. Classical Quantum Gravity,
6(5):717-722, 1989.

Antonio Sa Barreto and Maciej Zworski. Distribution of resonances for spherical black holes.
Math. Res. Lett., 4(1):103-121, 1997.

Robert S. Strichartz. A note on Sobolev algebras. Proc. Amer. Math. Soc., 29:205-207, 1971.
Michael E. Taylor. Partial differential equations. III, volume 117 of Applied Mathematical
Sciences. Springer-Verlag, New York, 1997. Nonlinear equations, Corrected reprint of the
1996 original.

Mihai Tohaneanu. Strichartz estimates on Kerr black hole backgrounds. Trans. Amer. Math.
Soc., 364(2):689-702, 2012.

Andrés Vasy. Microlocal analysis of asymptotically hyperbolic spaces and high energy resol-
vent estimates, volume 60 of MSRI Publications. Cambridge University Press, 2012.

Andrés Vasy. Resolvents, Poisson operators and scattering matrices on asymptotically hyper-
bolic and de Sitter spaces. J. Spectral Theory, to appear, arXiv:1303.5653.

Andrés Vasy. Microlocal analysis of asymptotically hyperbolic and Kerr-de Sitter spaces.
With an appendix by S. Dyatlov. Inventiones Math., 194:381-513, 2013.

Andras Vasy. Propagation of singularities for the wave equation on manifolds with corners.
Ann. of Math. (2), 168(3):749-812, 2008.

Andrds Vasy. The wave equation on asymptotically de Sitter-like spaces. Adv. Math.,
223(1):49-97, 2010.



SEMILINEAR WAVE EQUATIONS 81

[48] Andras Vasy. The wave equation on asymptotically anti de Sitter spaces. Anal. PDFE, 5(1):81—
144, 2012.

[49] Fang Wang. Radiation field for vacuum FEinstein equation. PhD thesis, Massachusetts Insti-
tute of Technology, 2010.

[50] Jared Wunsch and Maciej Zworski. Resolvent estimates for normally hyperbolic trapped sets.
Ann. Henri Poincaré, 12(7):1349-1385, 2011.

[61] Karen Yagdjian. The semilinear Klein-Gordon equation in de Sitter spacetime. Discrete Con-
tin. Dyn. Syst. Ser. S, 2(3):679-696, 2009.

[52] Karen Yagdjian. Global existence of the scalar field in de Sitter spacetime. J. Math. Anal.
Appl., 396(1):323-344, 2012.

(53] Karen Yagdjian and Anahit Galstian. Fundamental solutions for the Klein-Gordon equation
in de Sitter spacetime. Comm. Math. Phys., 285(1):293-344, 2009.

DEPARTMENT OF MATHEMATICS, STANFORD UNIVERSITY, CA 94305-2125, USA
E-mail address: phintz@math.stanford.edu
E-mail address: andras@math.stanford.edu



	1. Introduction
	2. Asymptotically de Sitter spaces: generalized static model
	2.1. The linear Fredholm framework
	2.2. A class of semilinear equations
	2.3. Semilinear equations with polynomial non-linearity

	3. Kerr-de Sitter space
	3.1. Linear Fredholm theory
	3.2. A class of semilinear equations; equations with polynomial non-linearity
	3.3. Semilinear equations with derivatives in the non-linearities

	4. Asymptotically de Sitter spaces: global approach
	4.1. The linear framework
	4.2. Algebra properties of Hs,k(),-
	4.3. A class of semilinear equations
	4.4. Semilinear equations with polynomial non-linearity
	4.5. From static parts to global asymptotically de Sitter spaces

	5. Lorentzian scattering spaces
	5.1. The linear Fredholm framework
	5.2. Algebra properties of Hbm,-,k
	5.3. A class of semilinear equations
	5.4. Semilinear equations with polynomial non-linearity
	5.5. Semilinear equations with null condition

	References

