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INTEGRATED LOCAL ENERGY DECAY FOR THE DAMPED WAVE EQUATION
ON STATIONARY SPACE-TIMES

COLLIN KOFROTH

ABSTRACT. We prove integrated local energy decay for the damped wave equation on stationary, asymptot-
ically flat space-times in (1 4 3) dimensions. Local energy decay constitutes a powerful tool in the study of
dispersive partial differential equations on such geometric backgrounds. By utilizing the geometric control
condition to handle trapped trajectories, we are able to recover high frequency estimates without any loss.
We may then apply known estimates from the work of Metcalfe, Sterbenz, and Tataru in the medium and
low frequency regimes in order to establish local energy decay. This generalizes the integrated version of
results established by Bouclet and Royer from the setting of asymptotically Euclidean manifolds to the full
Lorentzian case.
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1. INTRODUCTION

1.1. Background. The goal of this paper is to establish local energy decay for the damped wave equation on
asymptotically flat space-times with time-independent metrics (in the sense that 9; is a Killing field) subject
to the geometric control condition. The primary advance in this work is recovering the high frequency local
energy estimate present in [MST20] for waves on non-trapping space-times. Since the aforementioned work
only utilized the non-trapping assumption at high frequencies, this establishes the key step in extending
time-integrated versions of previously-known results for damped waves on product manifolds (see [BR14]) to
the full Lorentzian case. From the proven high frequency estimate, we may apply known results in [MST20]
to conclude local energy decay to complete this extension.

Local energy estimates are a collection of rich and well-studied quantities within the field of dispersive
partial differential equations, originally introduced on Minkowski space in classical works such as [Mor66,
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Mor68, Mor75], [MRS77]. A particularly important class of local energy estimates are the integrated local
energy estimates; if u solves the homogeneous flat wave equation

@ —Au=0, A=)
j=1

in spatial dimension n > 3, then the integrated local energy estimate which we are interested in takes the
form

(1.1) sup <H<x>_1/28u‘

Jj=20

ol

where 0 = (9;, V) denotes the space-time gradient, and (z) = (1 + |z|?)!/? denotes the Japanese bracket
of x. This estimate is known to hold in the flat setting through a positive commutator argument using the
multiplier introduced in the appendix of [Ste05]. In such a case, we will say that (integrated) local energy
decay holds. This is a quantitative statement on dispersion, and it heuristically expresses that the energy of
the wave must decay quickly enough within compact spatial sets to be integrable in time. Estimates of this
form have significant utility, as they have been used to prove other important measures of dispersion such
as Strichartz estimates (see [BT07, BT08], [JSS90, JSS91], [MMTO08], [MMTT10], [MT09, MT12], [Tat08],
[Toh12], and the references therein) and pointwise decay estimates (see [Hin22], [Loo22], [MTT12], [Mor20],
[MW21], [Tat13], and references in these works). Additionally, local energy estimates have applications to
nonlinear wave equations where one can develop estimates on an appropriate linearization of the problem,
viewing the nonlinearity as a perturbation. These techniques have been applied in many works; see e.g.
[BH10], [KSS02, KSS04], [MS06, MS07], [SW10], and the citations contained in them. We will be focused
on establishing local energy decay rather than demonstrating its utility via applications.

In [MST20], the authors proved that local energy decay holds for a broad class of stationary wave operators
if and only if

)) < 0u(0)]l5

£212 (Ry x {(z)m27} 2202 (Ry x {(z)~27}

(1) The space-time is non-trapping: There are no null bicharacteristic rays which stay within a compact
set for all time.

(2) The operator satisfies certain spectral assumptions: Upon replacing time derivatives in the wave
operator with a complex parameter, one requires that this family of operators have no eigenvalues
in the lower half-plane nor real resonances/embedded eigenvalues (see [MST20] for more precise
definitions); equivalently, one requires analytic continuation of the inverse (resolvent) of this family
of operators to the entire lower half plane and continuous extension to the real line.

They also established results for almost stationary operators, though that is not the context of the work
presented here. While the authors employed a non-trapping hypothesis, their work did not require product
structure on their space-times, which makes their work highly influential in our own.

Although the absence of trapping is known to be necessary for waves to experience local energy decay (see
[Ral69], [Sbil5]), one can recover weak local energy decay estimates with a prescribed loss at high frequencies
for certain types of trapping (see [Bur98], [Chr08], [Tka82, Ika88], [MMTT10], [NZ09], [Toh12], [WZ11], and
the contained references). When the trapping is sufficiently weak/unstable, then this loss is nominal (in
fact, logarithmic); this is the case for both the Schwarzschild ((MMTT10]) and Kerr ([Toh12]) space-times.
Both space-times possess non-trivial trapped sets, which constitute regions where light remains for all time.
Although one can extract weak local energy decay estimates, the trapping still generates an immutable
barrier to full local energy decay. We will not be working in a scenario that generates loss, although we
would be remiss if we did not briefly mention weak local energy decay and essential space-times that enjoy
it.

The study of damped waves also possesses a deep history, especially on compact manifolds. The seminal
work [RT74] introduced the geometric control condition, which required that all null bicharacteristic rays
intersect the damping region, and they used it to show that the energy of solutions to damped hyperbolic
equations on compact product manifolds enjoys exponential decay in time. The uniform exponential bound
is equivalent to so-called strong stabilization, whereby one can bound the energy at an arbitrary time by
the initial energy multiplied by a monotone-decreasing, non-negative function tending to zero as t — oo.
This established the sufficiency of geometric control for strong stabilization in such settings, while [Ral69]
demonstrated necessity (also, see [Leb96]). The work [BLR92] showed sufficiency for observability and
control on compact manifolds with boundary where the observability /control region is contained within the
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boundary. While there is notably less literature in the non-compact setting, it was proven in [BR14] that
local energy decay holds for the damped wave equation on asymptotically Fuclidean space-times with time-
independent metrics under the assumption of geometric control on trapped geodesics. The authors proved
dissipative Mourre estimates to obtain uniform resolvent bounds in different frequency regimes in order to
apply a limiting absorption argument. This approach is highly dependent on the metric coefficients being
independent of time and the product structure (asymptotically Euclidean metrics contain no metric cross
terms). This result was improved in [Roy18] to estimates in the (weighted) energy space.

In this article, we combine the approaches of [BR14] and [MST20] to establish high frequency local energy
estimates for damped waves on stationary, asymptotically flat space-times and explain how such a result can
be readily combined with the existing work in [MST20] to prove local energy decay. We underscore that
we are not requiring the product structure evident in [BR14] nor [Roy18] but, instead, allow for the full
Lorentzian formulation. Non-product metrics possess non-trivial cross terms and are called non-static, of
which the Kerr metric constitutes an important example. We most closely keep to the framework present
in [MST20], which does not assume product structure and has results for even more general asymptotically
flat non-trapping space-times (such as non-stationary ones). We again stress their use of a non-trapping
hypothesis, which we replace by imposing geometric control. Trapping is an intrinsically high-frequency
phenomenon, so only their high frequency work is affected by the trapping. Hence, this is the portion of the
argument that needs modification to ensure local energy decay, and this is where the influence of [BR14]
comes into play. Since the medium and low frequency analyses (as well as the procedure of combining the
different frequency regime estimates into the full local energy decay estimate) do not depend on the non-
trapping hypothesis nor use the damping themselves, the corresponding results in [MST20] readily apply
(i.e. our problem essentially becomes a special case here). We omit the details of such results in this work,
but we will explain why they apply in our context.

1.2. Problem Setup and Main Results. Let (R*, g) be a Lorentzian manifold with coordinates (¢, z) €
R x R3, where g has signature (— + ++). We will consider damped wave operators of the form

P=0,+iaD;, Oy = D,g*Dpg,

where a € C2°(R?) is non-negative and positive on an open set, and D,, = %80“ a=0,1,2,3. Greek indices
will generally range over such values, whereas Latin indices will run over the integers 1,2, and 3. Notice that
we are using the standard Einstein summation convention, which we will do throughout this work. We will
also subject g to an asymptotic flatness condition. More precisely, we first define the norm

bllar = > || @)™ on

| <2

)
Lo ([0,T]x Aj)

where A; = {(z) ~ 27} for j > 0 denote inhomogeneous dyadic regions, and E} denotes the ¢! norm over the
j index. The notation A < B means that A < CB for some C' > 0, and the notation A ~ B means that
B < A S B. In the definition of the A;’s, we require that these implicit constants are compatible to cover
R3. This allows us to define the AF topology.

Definition 1.1. We say that P is asymptotically flat if ||g — m|| 4 < 00, where m denotes the Minkowski
metric, and

Sal

H<x>|a| 9% o
1L ([0,T] x A;)

for all o € N3 with |a| > 3.

The latter condition will be necessary for certain functions appearing in this work to be symbolic in the
Kohn-Nirenberg sense. We remark that the dyadic summability assumptions on our metric are weaker than
the long-range perturbation condition present in [BR14] (which provides a symbolic-type decay estimate for
derivatives of the metric in z in terms of (x)*, with p > 0 fixed). In [BR14], the damping is not assumed
to be compactly-supported, but rather non-negative everywhere and subject to a similar symbolic estimate
to the metric (with an additional power of decay). Since the damping is a helpful term which will only be
necessary within a compact spatial set (this is made explicit with the introduction of the parameter Ry on
the next page), it is unnecessarily beneficial for us to assume that is it non-negative everywhere.

We will primarily be interested in when 0 is a Killing field for g, in which case we say that P is stationary.
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Definition 1.2. We say that P is stationary if g is independent of t.

Next, we introduce
e the parameters Ry and c, which are such that

lg — m||AF>RO Se<l,

where the subscript denotes the restriction of the norm to {|z| > Rp}. The parameter ¢ should be
viewed as being fixed first, after which we find an Ry for which the above holds. Without loss of
generality, we will assume that suppa C {|z| < Ro} (as it is unnecessarily beneficial outside of this
set).

e the sequence (c;);>log, R, Satisfying

Hg_m”AF(Aj) NEOT ch Sec,
J

where ||| 4 F(A,) denotes the restriction of the AF norm to the dyadic region A;. We may assume,
without any loss of generality, that the sequence is slowly-varying, i.e.
cifer < 25‘k7j|, o< 1.

This sequence will be utilized when working in spatial weights within dyadic regions.
These parameters tell us that, outside of a large enough spatial ball, the operator P is a uniformly small
perturbation of the flat wave operator O,, = 97 — A (which we simply denote as 0). The sequence (c;)
provides a quantitative measure on the size of the AF norm throughout each spatial dyadic region outside
of this ball.

We will also assume throughout that the vector field 0; is uniformly time-like, which essentially constitutes

a choice of coordinates. This condition, coupled with the signature of the metric, ensures that D;g" D; is
uniformly elliptic, i.e.

(1.2) gulG& =€ €40,
where |-| denotes the standard Euclidean norm. This follows from the positive-definiteness of the momentum-

energy tensor when applied to time-like vector fields.
Next, we define the local energy norms

71/2u’

U = su T
lull, g 3218H< ) 22 (Ryx4;)

lull L = 10ull s + [[ (@)~ ull -
A predual-type norm to the LE norm is the LE* norm, which is defined as
1l = D || (@2
j=0

Here, L?L% denotes the Bochner space LP(R,, L(R3)). In the particular case of p,q = 2, then this is a
Hilbert space; we will use (-,-) to denote the inner product on L?L2. Lastly, we define the sum-space norm

212 (Ryx4;)

1 leemsnize = it (Ifallpse + 1 felloiss)-

If we wish for the time interval to be e.g. [0,7] in the above norms, then we will use the notation
HU”LE[O,T] ) ||UHLE1[0,T] ) ||UHLE*[0,T] ) ||UHLE*+Lng[o,T] (although we will write LE*[0,T] + Ly L7[0, T] when
referring to this space outside of norm subscripts), etc. A subscript of ¢ on any of these spaces denotes
compact spatial support.

There are two additional function spaces that will be utilized extensively in this work. The first is the class
of Schwartz functions S(R*), which will be useful for approximation arguments. The second is a particular
collection of functions which is often the natural class to study wave equations.

Definition 1.3. Let T > 0. We define the class Wy to be the space of all functions u € C*([0,T] x R?) for
which there exists R > 0 so that u(t,xz) =0 for all t € [0,T] and |x| > R. That is,

Wr = {u € C?([0,T] x R?) : (3R > 0)(V|z| > R)(Vt € [0,T]) wu(t,z) = 0}.
4



We are interested in Cauchy problems of the form
Pu= f e LE*[0,T]+ L} L2[0,T],
u[0] = (u(0), du(0)) € H e L2

Remark 1.4. The decay conditions on u € Wy are not as restrictive as they might initially appear. If the
Cauchy data is compactly-supported, then the condition is free by finite speed of propagation. If it is not,
then one can approximate the data (which generically lives in the energy space) by compactly-supported
data. The regularity conditions on u are also not restrictive, as one can perform density arguments to reduce
to the case of increased regularity. |

Now, we state the pertinent local energy estimates for such problems.

Definition 1.5. We say that (integrated) local energy decay holds for an asymptotically flat wave operator
if the following estimate holds for all T > 0:

(1.3) ”u”LEl[O,T] + ||au||L§°L§[O,T] S [[0u(0)][ 12 + ||PU||LE*+L}L§[0,T]
for all w € Wy such that u[0] € H' & L2, with the implicit constant being independent of T.

The notion of an asymptotically flat wave operator is more broad than an asymptotically flat damped
wave operator. They need not feature a damping term, and they are allowed to possess general lower-order
terms which are asymptotically flat in an appropriate sense (see Definition 1.1 in [MST20] for a precise
definition).

Note that, due to global energy conservation for the flat wave problem, the general definition of local energy
decay that we have given here is consistent with the integrated local energy estimate for the flat wave equation
in (1.1) (in the inhomogeneous case, one applies Holder’s inequality to the forcing). This estimate is known
to hold whenever P is a small asymptotically flat perturbation of O (see [Ali06], [MS06, MS07], [MT12]).
In [MST20], the authors considered large AF perturbations and proved that, for stationary problems, the
local energy decay estimate (1.3) is equivalent to assuming that the wave operator P is non-trapping and
has no negative eigenfunctions (L? eigenfuctions with corresponding eigenvalues in the lower half-plane) nor
real resonant states (outgoing non-L? eigenfunctions with real “eigenvalues,” which are called resonances);
see Definitions 2.2, 2.4, and 2.8 in [MST20] for more precise statements. The non-trapping hypothesis only
arose during their proof of a high frequency estimate (Theorem 2.11 in [MST20]), which took the form

2
(1.4) ullrpo,ry + 110Ul Lo 210,77 S 10w(0) [l > + H<$> UH + 1Pull gy L2101 -

LE[0,T)

The implicit constant in the above estimate is crucially independent of T'. This estimate does not require u
to be truncated to large time frequencies, but this is the context in which it is used in proving local energy
decay.

The added spatial weight in the error term does not play a particular role in making this high frequency.
Rather, it is the weight that naturally arises when performing a bootstrapping argument in the proof of the
estimate; it is largely unimportant since this estimate can be reduced to studying solutions with compact
spatial support (see Section 2.5).

Remark 1.6. To see this as an estimate on the high frequencies, let u € S(R*) be frequency-supported in
time for 7 in the range 1 < 71 < |7| < 0o ((1.4) is only applied for such u in the proof of local energy decay).
Then, we can use Plancherel’s theorem in ¢ to obtain that

_ o o . 1
(L.5) ) 2“HLE ~ @) zu(T,x)HLEm S [ 2m(r,x)HLEm S Nl

For large enough 71, this term can be absorbed into the left-hand side of (1.4), providing local energy decay
for solutions restricted to high frequencies.

In fact, we may apply the high frequency estimate (1.4) to u(t — T/2) to get (after dropping the uniform
energy piece) that

ull oz S 100(=T/2)] 2 + | (@) 2
5

LE[-T/2T/2] + 1 Pullp g (72,772 -



Since the implicit constant is independent of T', we may take the limit as 7' — oo and apply the prior work
in (1.5) to obtain that

HU”LEI S ”PUHLE* :

This is the context that we will apply the estimate to establish local energy decay. |

Our first main theorem is the following, which states that we recover the high frequency estimate (1.4) of
[MST20] when working with damped waves and replacing the non-trapping hypothesis with the geometric
control condition.

Theorem 1.7. Let P be a stationary, asymptotically flat damped wave operator satisfying the geometric
control condition, and suppose that Oy is uniformly time-like. Then, the high frequency local energy estimate
(1.4) holds for all for all w € Wy such that u[0] € H* & L%. The implicit constant is independent of T

The geometric control condition, initially introduced in [RT74] for dissipative hyperbolic equations on
compact product manifolds, requires that every trapped null bicharacteristic ray intersects the damping
region. We will make this more precise in Section 2.2.

Remark 1.8. The implicit constant in the bound depends on Ry. In fact, much of our work will implicitly
depend on Ry due to our applications of asymptotic flatness. It is essential to note that this parameter is
fixed second (with ¢ being fixed first), after which our other parameters (such as the scaling parameter
and the high-frequency parameter A which will both be introduced in Chapter 3) will be chosen (and hence
depend on it). We will not track the dependence on Ry within our implicit constants any longer. Our
constants throughout will not depend on T, however. |

Our second main theorem is local energy decay.

Theorem 1.9. Let P be a stationary, asymptotically flat damped wave operator satisfying the geometric
control condition, and suppose that 0; is uniformly time-like. Then, local energy decay holds, with the
implicit constant in (1.3) independent of T.

Remark 1.10. Unlike [MST20], we do not require any spectral hypotheses. The damping eliminates the
possibility of non-zero real resonances, and a zero resonance cannot occur since P|p,—¢ is elliptic, which is
independent of the damping. The latter is discussed further in Section 3.2. |

This follows rather directly from our high frequency estimate and the existing work in [MST20]. We will
cite the necessary result from [MST20] and explain why they apply here.

The structure of the paper is as follows. In Section 2.2, we will introduce the Hamiltonian formalism
required to define trapping and geometric control, then we will state a key lemma (Lemma 2.4) for the proof
of Theorem 1.7; namely, we construct an appropriate escape function and lower-order correction to allow for
a positive commutator argument proof of the theorem. In Section 2.3, we establish various results on the
bicharacteristic flow that are vital for proving Lemma 2.4, which we establish in Section 2.4. In Section 2.5,
we will establish and cite supplemental energy estimates and provide multiple case reductions to simplify
the proof of Theorem 1.7. In Section 2.6, we will prove Theorem 1.7. Finally, Section 3 will present the
applicable theorems from [MST20] which are required to establish local energy decay for our problem and
discuss why they apply in our setting. Sections 3.1 and 3.2 introduce the relevant medium and low frequency
estimates, respectively, and Section 3.3 provides a discussion on the proof of Theorem 1.9.

1.3. Cutoff Notation. For the remainder of paper, we will fix the cutoffs

X € C2° non-increasing, x =1 for |z| <1, x =0 for |z] > 2,

T
x<r(|z]) = x (|R|> ) X>r =1 — Xx<r,

and

Xr €0, 0< xr <1, suppxr C {|z| = R}.
We will choose x such that its square root is smooth (otherwise, we replace y with x?; we only use x
for notational convenience). When working in frequency variables, we will often add the variable into the

subscript to make the dependence clear (e.g. xj¢j>x). We will also occasionally write r = |z|.
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2. HiGH FREQUENCY ANALYSIS

2.1. Introduction. In this section, we will establish Theorem 1.7. The notions of trapping and geometric
control are intrinsically dynamical, so we will provide a thorough discussion of the relevant theory. Namely,
we must introduce the bicharacteristic flow generated by the principal symbol of the damped wave operator
and the properties that it satisfies. From here, we will construct an escape function and correction term in
order to apply a utilize commutator argument and prove the theorem. The constructed symbols will satisfy
an appropriate positivity bound, which will allow us to apply the sharp Garding inequality upon swapping to
the framework of pseudodifferential operators. The symbols will also be supported in an unbounded range of
frequencies [\, 00) with A > 1. This will be fundamentally important for bootstrapping error terms resulting
from employment of pseudodifferential calculus.

2.2. Dynamical Framework. In order to state the geometric control condition more precisely, we must first
outline our dynamical framework, which is rooted in the Hamiltonian dynamics pertaining to the principal
symbol of the operator P. Since we assumed that 9, is uniformly time-like, the signature of the metric and
the cofactor expansion for the inverse metric tell us that ¢g°° < —1, as well. This allows us to divide through
by —g"0 and preserve the assumptions on the operator coefficients (see [MT12]). Hence, we may assume
(without loss of generality) that g% = —1.

After these modifications, the principal symbol of P is

p(r2,€) = —(r* = 219" (2)&; — 9" (2)8i€;)-
This is considered as a smooth function on T*R*\ o, where o denotes the zero section. This symbol generates
a bicharacteristic/Hamiltonian flow on R x T*R* given by ¢4 (w) = (ts(w), 7s(w), xs(w), £s(w)) which solves

{ t.s = 87—p(§05('lU))7 7'—5 = —8tp(§05('lU)),

is = Vep(ps(w)), &= =Vap(ps(w)),
with initial data w € T*R*. Explicitly, one can write the system as
ts = =275 + 29% (2,) (&), 75 =0,
{ (&)k = 27ag% (ws) + 20" (2) €]y, (€)k = —27000, 9% (w0)[Es); — O 97 () [Es)ilEs) -

Since g is smooth and asymptotically flat, and 9; is uniformly time-like, we have a unique, smooth, globally-
defined flow with smooth dependence on the data. We will have particular interest in null bicharacteristics,
i.e. those with initial data lying in the zero set of p (also called the characteristic set of P and denoted
Char(P)). Using the flow @5, we define the forward and backward trapped and non-trapped sets with respect
to s, respectively, as

Iy = {w € T*R*\ 0 : sup |z, (w)| < oo} N Char(P),
s>0

Ay = {w € T*R*\ o : sup|z_,(w)| < oo} N Char(P),

5>0
I = {w e T*R*\ o: |zs(w)| — oo as s — oo} N Char(P),
Ao = {w e T*R*\ 0 : |z_4(w)| = 00 as s — oo} N Char(P).
The trapped and non-trapped sets are defined as
P =Ty NAy and Q8 =T NA,
respectively.

Definition 2.1. The flow is said to be non-trapping if O, =0.
7



Now, we may state the geometric control condition precisely. Recall that our damping function was
denoted a.

Definition 2.2. We say that geometric control holds if
(2.1) (Vw € QY )(3s € R) a(zs(w)) > 0.

In contrast to the definition in [RT74] (given in Assumption (A)), we apply this condition specifically to
the trapped null bicharacteristic rays (since all null bicharacteristic rays are trapped when the manifold is
compact, such a specification was unnecessary in [RT74]). We will assume that (2.1) holds. Note that if
(2.1) holds and a = 0, then QF. must be empty, meaning that the flow is non-trapping. In this case, we are
back in the setting of [MSST20]. For this reason, we will assume that @ > 0 on an open set.

It will be beneficial to utilize a scaling property of P. Given a solution u to Pu = f, consider

o(t, ) =y 2u(yt, yz), v > 0.
If we call
P =D.3*Dg+inaD;,  §*7(x) = ¢*’(yx),  a(x) = a(yx),
then v solves

Po=f,  f(t,x) = f(yt,yx)
if and only if u solves Pu = f (we can similarly undo the scaling to move between the frameworks). Notice
that the scaled problem allows for an arbitrarily large constant v in front of the damping.
Analogous Hamiltonian systems and trapped sets exist for the principal symbol p of P, and this amounts
to simply replacing g by g. If we assume that geometric control holds for the flow generated by p, then we
must check that it holds for the scaled problem.

Proposition 2.3. Assume that (2.1) holds. Then, for any v > 0, (2.1) holds for the flow generated by p,
with a replaced by a.

Note that since ¢°° = —1, it follows that §°° = —1.

Proof. The flow generated by p solves the system

d - B 0 ~
%ts =27, + 290] (Zs)[€s] 55
d .
%TS = 07
d . ~ 0k Ski(m \[E
%(xs)k = 2759 (IS) +2g (IS>[£S]j7
d -

%(é‘?)k = _27:saﬂck§()j(1~73)[gs}j - lckg”('f?)[g‘?]l[gs]j)

(Es) Tor Fs,60)] g = (7,3, 6).
Applying the chain rule and multiplying through by « provides us with the system

%(755) = —2(77,) + 29" (&) [Vl

d .

%(77—5) = Oa

d _ i
- (78)k = 20v7)9% (vE.) + 208 (v Ea);,

%(758)’47 = _2(7728)[(8wkgoj)(7-%s)][7£s]j - [(awkgij)(fyjs)]b/és]ih/és}j’

(70, (F7)s5 (V2) s, (V) s) | .y = (vt 7T, v, 7E).

This is the same system that is solved by the Hamiltonian flow generated by p with initial data (v, y7, vz, v§).
By uniqueness, we can conclude that

{ Vst 2, ) =t (vt ym @, vE), ATs(t T @, €) = (vt T v, o)

VIs(t, 7,2, &) = x5 (vt T, Y2, YE), VEes(t, 7,2, &) = &5 (vt yT, v, 7E).
8




Now, let w = er. From the above, we have that
Zs(w) =77 las(0), W =~w.
Since

sup |zs(w)| = ysup |Zs(w)| < oo,
sER seR

it follows that @ € QF.. By (2.1), there exists s’ € R so that a(zs(@)) > 0, and so
Ty (w)) = a(yZy (w)) = a(zy (w)) >0,
which completes the proof. ]

Now that we have shown that geometric control is invariant under scaling, we will fix a large v > 0 and
study the problem from the scaled perspective (where our damping is now multiplied by ~) while reverting
back to our original notation (x and £, no tildes, etc.). More precise conditions on the size of v will come in
Section 2.4. It is readily seen that it is equivalent to prove Theorem 1.7 for the scaled problem, where we
now have a large constant in front of the damping term.

Our proof of Theorem 1.7 is a positive commutator argument. At the symbolic level, this requires the
construction of an escape function (as well as a lower-order correction). We must consider the skew-adjoint
contribution of P, which will be a purely beneficial term due to the presence of the damping. Let p and
Sskew Tepresent the principal symbols of the self and skew-adjoint parts of P, respectively. Namely,

p(1,2,6) = —(r% = 279" (2)¢; — g" (2)&:;)
Sskew (7—7 x, 5) = Z’YTG((E)
The multiplication by 7 in Sgkew Will prove advantageous for a bootstrapping argument, which is precisely

why we implement the y-scaling. Now, we are ready to state our escape function result, which we will prove
in Section 2.4.

Lemma 2.4. For all A\ > 1, there exist symbols q; € S7(T*R3) and m € S°(T*R3), all supported in |£] > A,
so that
Hyq—2i +pm 2 Ligsa (@) 72 (12 + 1¢?)
pd Sskewd T PM T Lig>A T T &),
where ¢ = Tqo + q1-
Here, S™(T*R™) denotes the m'"-order Kohn-Nirenberg symbol class. To each ¢ € S™(T*R"), we will

associate the pseudodifferential operator ¢%(z, D) : S(R®) — S(R™), namely the Weyl quantization of p,
which is defined via the action

(e Duta) = (2n) " [ [ e (T ) i) apa
Rn Rn

In the proof of Lemma 2.4, it will be useful to work with the half-wave decomposition, which allows us to
avoid the cross terms in the principal symbol. To that end, we factor p as

p(r,2,8) = —(1 = b"(2,)) (1 — b (,9)),

where

bE(2,€) = g€, £/ (6%7€)° + gEiE;.
Observe that b* are both homogeneous of degree 1 in ¢. Additionally, they are both signed.
Proposition 2.5. For any (z,¢) € T*R3\ o, we have that b*(z,£) > 0> b~ (x,§).
Proof. Let € # 0. First, we show that b™ > b~. Indeed, observe that

bt —b" = 2\/(90%')2 +996i& >0
using the ellipticity (see 1.2). Using ellipticity again, we have that

\/(QOjﬁj)z +9165 > 19V¢;1.

Thus, 4 4 . ‘
bt > g% +19%¢1 >0, b < gYE — (g <.



We will call p* = 7 — b%, so that p = —p*p~. In particular, p = 0 if and only if p™ = 0 or p~ = 0; due
to Proposition 2.5, it cannot be the case that p(w) = p~(w) = 0 for any w € T*R*\ 0. The Hamiltonians
pT also generate flows ¢F(w)= (tF(w),7F(w),zF(w),(F(w)) on R x T*R* which solve the Hamiltonian
systems

ty = 0rp™ (¢ (w)), 5= —0p* (g5 (w)),
iy = Vept(p3(w)), & = —Vap™ (o5 (w)),

with initial data w € T*R*. Note that

=1, =0,
iy = —Veb* (o (w)), &5 = Vab™(¢7 ().
There is a direct correspondence between null bicharacteristics for ¢ and null bicharacteristics for .

Proposition 2.6. Every null bicharacteristic for the flow generated by p is a null bicharacteristic for the
flow generated by either p™ or p~. The converse is also true.

Proof. Recall that for any (¢, 7/,2',&") =:w € T*R*\ 0, we have that p(w) = 0 if and only if either p*(w) =0
or p~ (w) =0. Without loss of generality, suppose that p™(w)=0. The Hamiltonians p and p* generate the
systems

(2.2) { ts=—pT(ps) = (¥s), =0,
(Es)k = =0T (9s)pg, (95) = D™ ()P, (9s)s (€)= P T (0s)pz, (9s) + D™ (0s)P, (05),

and

' @ =p (01), (€= —pd (¢D),

respectively. We will take both systems to have initial data w.

We claim that since p™(w) =0, we must have that p*(¢s(w)) =0 for all s. If not, then there would exist
s" so that p~ (g (w)) =0, ie. 7, (w) = b (zy(w),& (w)) <0. However, 7~ is constant and p*(w) = 0,
which implies that 7, (w) = 7/ > 0 for all s.

Thus, we can re-write (2.2) as

(2 4) t-s =—-p (QDS), 75 =0,
(@)= =P~ (0)Pg (0s), (&)= (0s)P, (),
with initial data (s, 7s, Zs, &s) ‘5:0: w. Notice that t* =t + s, and so we may re-parameterize (2.3) in terms
of tT:
d . d |
ar e = @ e =

d + + + d + +
(dt"'xﬁ— —t’> . = pﬁk (Sﬁt+_t/)7 dti_‘_gt-%— —¢/ . = 7p;rk (Qat-%—_t/)a

Shoinit + + + + _
with initial data (tt+7t,,rt+7t,,xt+7t,,ft+7t,) ’ﬁ:t,— w.

Next, we re-parameterize (2.4) to change the flow variable from s to ¢ (which can be done since ¢ is
strictly increasing and hence invertible), generating the system

d d

%ts(t) =1, prEEORs 0,

d . d

(dtfﬂs(t)) = e, (#s(t))s (dtfs(t)> = —pa, (Ps))

which has initial data (ts(t), Ts(t)s Ts(t)» 55(,5)) ‘t:t,: w. An application of uniqueness theory yields that

osty(w) = ¢/ _, (w). The converse is similar by reversing the above process. O
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When working with the factored flow, the decoupling of (¢, 7) and (z, £) allows us to project onto the (z, &)
components of the flow without worrying about loss of information. For this reason, we will write II, ¢ o T
as simply ¢=, where I, ¢(t,7,2,£) = (x,£). Notice that when we project, we are no longer looking at null
bicharacteristics but, rather, bicharacteristics with initial data having non-zero ¢ component.

Now, we may define all of the corresponding forward and backward trapped and non-trapped sets for the
half-wave flows as

1"?; = {w e T*R3 \o: sup|x§t(w)| < oo}7
s>0

AL = {w e T*R®\ o : sup |z, (w)| < oo} ,
s>0
'L ={weTR¥\o: |zF(w)| = 00 as s — o0},
AL ={weT'R*\o: |z, (w)| » oo as s — oo} .
The trapped and non-trapped sets are
Qf =TEnAL and Qf =TZ nAZ,
Q= QL UQ, and Q. =QL UQL.
Note that the identities
Q= () and Q= 1,22,

hold as an immediate consequence of the factoring. Additionally, the factoring allows us to re-state the
geometric control condition as

(weQf = (3seR) (a(zf(w)) >0)) and (weQ;, = (Fs€R) (a(z; (w))>0)).

If w € Q4, then it is either trapped with respect the flow generated by p* or p~ by Proposition 2.6. If it
is trapped with respect to pT, then there is a time so that w is flowed along a p*-bicharacteristic ray to a
place where the damping is positive, and similarly if it is trapped with respect to p~—.

2.3. Results on the Flow. Here, we establish results regarding the trapped/non-trapped sets and scalings

for the flows, culminating in an extension of geometric control to bicharacteristic rays bounded either forward

or backward in time. These results largely follow the path outlined in [BR14], although we require certain

scaling results in order to utilize homogeneity arguments in later proofs (which were unnecessary in [BR14]

due to their use of semiclassical rescaling). In particular, Lemma 2.10 and Propositions 2.11 and 2.12 are

analogous to results in Chapter 8 of [BR14] (namely, Lemma 8.2 and Propositions 8.3 and 8.4, respectively).
We will start with a scaling result on the flow.

Proposition 2.7. The flows generated by p* satisfy the scalings
i (@,6) = a3 (2, M),
AT (,€) = &5 (2, A8)

for any A > 0.

Proof. Label the functions on the right-hand side as xf 5 and fét/\, respectively. Using the homogeneity of
b*, the left-hand side (zF, A\¢F) solves the system

d

—oTs = Vet (57, 65) = Ver™ (a7, 065),

d

T &) = “AVep™ (a7, €5) = = Vap™ (25, 065),

(xsiv)‘gsi”s:o = (z,A9),
11



while the right-hand side solves
d
d sk_vﬁp ( @A’gi)\)’

+ +
%(537)\) = —Vzpi(xs7>\,§s,>\),
+ +
(xs,)d gS,A) ‘s:O = (‘T7 )\f)
Applying uniqueness theory completes the proof. O

This scaling implies that the trapped/non-trapped sets, and hence geometric control, are entirely de-
termined by unit speed null bicharacteristics, i.e. by what happens on the unit cosphere bundle S*R3 =
{(x,€) € T*R3 : |¢] = 1}. Indeed, observe that

a3 (2,€) = 27 (2, £/I€])-

The forward/backward trapped sets are defined in terms of supremums of the above over s, while the
forward /backward non-trapped sets are defined via limits in s, and the prior equation shows that all of these
are unaffected by the scaling in the £ component of the initial data. A more pertinent scaling is given by

the function
n B I3
o) = <x |bi<x,£>|) '

The utility of this scaling comes from the fact that b* is a constant of motion under the corresponding
projected Hamiltonian flows and that

L ~ ]_
bz, 8|
which we now prove.
Proposition 2.8. For any (v,£) € T*R3\ o,
€ |o
b*(z, €)

Proof. By homogeneity,
1

3 ’:
diare]

2
O R o P
mie) | = 1 V) e T e |

Since ||g — m||AF(|a;\>Ro) < 1, asymptotic flatness guarantees that g% and ¢* —m% are small in the exterior

b:l: ( § )‘ gz 57
1€l " el
when |z| > Ry.

In the interior region, we are considering b* on the compact set {|z| < Ry} x {|¢| = 1}. Since we know
that |b*| > 0 for all & # 0 from Proposition 2.5, continuity guarantees the desired boundedness here. O

Write

region {|z| > Ry}. Hence,

In view of Proposition 2.8, it follows that

& 0 3 ’
€S 'R =1,2,3
bi(l‘,f) hom( \0)7 J [t ]
where S (T*R?\ 0) denotes the 0*'-order homogeneous symbol class.

12



Remark 2.9. As a consequence of the scaling, the sets
IE =TENeH(T"R3\ 0) and A = AL NOE(T*R?\ 0)

are invariant under the flow. Indeed, it is readily seen that the (semi) trapped nature is preserved. Further,

since b* is constant along the flow, it follows from Proposition 2.7 that

1

Fla 3 * = E(x, ).
= < ’|bi<x,f>|) FeaE 9= e Ee s @9

Now, we prove a key result on non-trapped trajectories.
Lemma 2.10. If R > Ry and
|xis, (z,€)| > max{2R, |z| + 0}
for some (x,£) € T*R3\ 0, § > 0, and s’ > 0, then it holds for all s > s', and
|22, (,€)| — o0
as s — oo.
That is, if we can get sufficiently far away from the origin and move radially outward from the initial

position, then the trajectories are necessarily non-trapped. This can be proven directly, but the computations
are simpler if one uses the correspondence between null bicharacteristics for p and p®.

Proof. Without loss of generality, we will work with the ™ bicharacteristic ray. By Proposition 2.6, it
suffices to prove the result for the null bicharacteristic ray x4¢ with initial data w, where w is the lift of w
to T*R*\ o which is consistent with the comment immediately following the aforementioned proposition (in
particular, the 7 component is strictly positive). For any z € T*R*\ o, we explicitly calculate that

ol = | an(a) +e) sala)
where
P 2 3 2 3 .
’aswis(@ = 473 ,(2) <Zg°k($is(2))> +43 (0" (w25(2) (E2(2)l (97 (224(2)) (E5(2))]
k=1 k=1
3
+8 ) 7a(2)g™ (w4(2))9™ (226 (2)) (§5(2)) s,
k=1
and
82

Tas(2) - @mis(z)
= 471 (2) (@5 (2)) 1 [00g”" (225 (2))] (s (2) 9% (w5 (2 ))+9Ej(xis(z))(£:l:9( );5)
+ 4(245(2))1 (009" (125(2))] (Ta5(2) 9% (246(2)) + 97 (246(2)) (€x5(2));) (Ex5(2));
= 2(@5(2))1g" (245(2)) (2725 (2)0; 9 (w6 (2 ))(Sis( 2))i + 0;9" (245(2)) (€6 (2))i (6(2))e) -

Since 7 is constant for stationary P, it follows that

Tis(2) = 10 = bF (o g(2)) = bF (21, (g (2)), €L, (e (2)) =~ [€2, (Mo g ()]

and so )

9 2
b () 2 €L ()P (1= llg =l )
provided that |r45(2)| > R. In such a case, we have that |lg — m| 45, <1, and thus

0? 9

Using the condition that |25, (x,€)| > max{2R, |z|+ 4} in a typical mean value theorem argument (elemen-
tary and, thus, omitted) establishes the existence of an s” € [0, s] such that
13



> 0.

s=s'!

- 0 -
|$is//(w)|2>R2 and (83|xis(w)|2>

All together, we have that |x4()|? has positive derivative at s = s”, and its derivative is increasing for all

s > s”. In particular, |x4(@)|? is increasing for all s > s”, which implies the result. O

As a consequence, we can use the trapped and non-trapped sets to partition phase space.

Proposition 2.11.
(a) We can partition T*R3\ o as
T*R*\o=TE UTE = AL UAE,
T*R3\o=TEUAEUOQE.
(b) TE, AL, QL are open in T*R®\ o, and T'E, AL, QF are closed.
(c) If K C QL is compact, then for every R > Ry, there exists T' > 0 so that

o (v)] > R

for every |s| > T" and v € K. Also,

U e (K)

seR
is closed in T*R? \ o.

We omit the proof of this result, as it follows directly from using Lemma 2.10 and continuity of the flow in
both the evolution parameter and the data, as in [BR14] (see Proposition 8.3 in the aforementioned work).

Finally, we show that if one assumes geometric control for bounded bicharacteristic rays, then it holds
for semi-bounded bicharacteristic rays (that is, those which are bounded forward or backward in time).
Although the proof is similar to that given in [BR14], we include in here due to its importance in our work
and the seemingly increased complexity of our sets (at least notationally).

Proposition 2.12. Assume that the geometric control condition (2.1) holds. If w € I"tir, then there exists
s+ >0 so that a (xgci (w)) > 0. The same is true for w € Atji, but with s+ <0.

+

trs

Proof. We will only demonstrate this for r
w € T'f ., then

try

as the work to establish the remaining cases is similar. If

a = sup |z} (w)| < 0.
s>0

According to Remark 2.9, |¢F(w)] & 1 for all s € R. Thus,

sup | (w)| < oo.
s>0

Then, there exists a point w’ € T*R3 and a sequence (s,) of non-negative real numbers such that
¢ (w) - w' as s, — oo. For any s € R, the group law for the flow tells us that ¢, (w) = ¢ (¢f (w)),
and so

vl (w) =T 0 o7 (] (w)) = 2]

Since s + s, > 0 for large enough n, it follows that |z (w’)] < « for all s € R. By (2.1), there exists s’ € R
for which a(z7, (w')) > 0. Recall that 27, (w) — z,(w) as n — co. Since a is continuous and s’ + s, > 0
for n large enough, we conclude that a (x;HN (w)) > 0 for some large N. (|

(w') as s, — oo.

2.4. Escape Function Construction. We will construct our symbols in multiple steps:

(1) On the characteristic set. Since we are utilizing the half-wave decomposition, working on the
characteristic set amounts to working on each individual light cone, then combining together. There
are three regions of interest, two sub-regions of the interior region {|z| < R} and the exterior region
{|z| > R}. Here, R > Ry.

14



(a) Interior, semi-bounded null bicharacteristics. As opposed to working with the trapped
and non-trapped sets, we will first work with the semi-bounded null bicharacteristics with initial
data living in the interior region {|z| < R}. Working with the trapped and non-trapped sets can
be difficult, since one can have non-trapped trajectories which are bounded forward or backward
in time (but not both). Heuristically, these trajectories constitute the boundary of the non-
trapped set. Instead, we will explicitly work with trajectories which are bounded forward or
backward in time. This is where geometric control is used. This step is inspired by the work in
[BR14].

(b) The remainder of the interior region. Since there is no trapping here, we construct a
symbol similar to the one constructed in [BR14], [Doi96], and [MST20]. We will need to make
an appropriate modification to avoid trapped trajectories while working with the half-wave
symbols.

(c) The exterior region. As a consequence of asymptotic flatness, there are no trapped trajec-
tories here. Hence, this follows from a similar multiplier to that used to prove local energy
decay for the flat wave equation, although the multiplier must be appropriately adapted to the
geometry. Here, we are motivated by prior work in [MMTO8] and [MST20].

(2) On the elliptic set. Here, we construct a correction term. That is, we will construct a lower-order
symbol which provides no contribution on the characteristic set and provides positivity off of it. This
is based on the work in [MST20].

We will break this construction up into a sequence of lemmas, starting with (1a). While our construction
follows that of [BR14], we reason differently. Their argument utilizes semiclassical rescaling, which provides
compactness for their interior, semi-trapped set. Since we are sticking with the microlocal framework, we
instead utilize homogeneity arguments to obtain this compactness. This is one of the reasons to work with
the half-wave decomposition (the other being related to step (1b), which we will outline once we get there).

With this in mind, we will utilize the sets

0F == (T UAE) n{jz| < R},
Of = 0L noH (TR \ o).
As a consequence of Proposition 2.8 and Proposition 2.11(b), the latter set is compact.

Lemma 2.13 (Semi-bounded Escape Function Construction). There ezist ¢© € C>°(T*R?\ 0), an open set
VE D QL and C* € R,y so that
Hyeq™ +C¥aZp 1y

Further, ¢ = qli o ®* where qf[ € CX(T*R3\ o).

Here, ®* € SP (T*R®\ o) is the scaling function introduced in Section 2.3. The fact that we omit
the zero section is unavoidable, but it is non-problematic; we will introduce high-frequency cutoffs to our
symbols later on which allow for smooth extensions to all of phase space.

Proof. We will first construct a symbol qf[ and an open set VRi D Qﬁ such that

Hp:tqit +Cia zR ]]‘Vét‘

To that end, let w* € Qli% By Proposition 2.12, there exists s,+ € R for which a(zF i(wi)) > 0. Say

that 20+ = a(a:;twi (w*)). By the continuity of the flow in the initial data, there exists a neighborhood

Uy= of w® so that a(zF L (2)) > ayx for all z € Uy+. Select a smooth cutoff x,,+ € C°(T*R?) so that
SUPP Xuwt C Uyz and x,+ = 1 on a smaller neighborhood V,,= of w*. Now, we define a symbol on T*R3\ o
given by

St

Qu+t (:’E7£) = / (X'wi © @fs) (:7/'75) ds.
0
Such a symbol is readily seen to be well-defined, and it is smooth by the aforementioned smooth flow

dependence on data. Next, we demonstrate its symbolic nature. By continuity of the flow,
cp["f) s i](Uwi) = 0%([0, 5+ ] X Upz) is compact. If (z,€) ¢ o (Uy+), then (z,¢) ¢ o (U,+) for any

[Ovswi]
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5 €[0,5,]. Then, o= (z,€) ¢ U,z for any s € [0, s,,=], implying that g,=(z,&) = 0. Hence,
qut € CX(T*R3\ o).
Applying the Hamiltonian vector field Hy+ gives us

Swt Swt

I{piQwi = / ]{pi (Xwi o @fs)ds == / s (Xwi ° prs) ds = Xw* — Xuw* © @fswi'
0 0

Notice that the term —y,,+ o @fs , is non-positive and that

supp (Xwi onpfswi) C {v : gojfswi (v) € Uwi} = {v RS @Siwi (Uwi)} CH{x:alx) > aut}.

Using this support property, we can use the damping to absorb the poorly-signed term and obtain non-
negativity of H,:q,+. Indeed, if we call Cp,+ = 2(q,,+) "', then we have

Xw* © @—swi + Cwi a(x) Z 0.

Thus,

Hpxqp+ + Cypra 2 1y .

. 4. . .
Since €7 is compact, we can reduce the open cover {V,+ }wieﬂﬁ to a finite subcover {iji }7Ly, with

+ - OHE
each wj € Q. Call
St + _ + _
Vg = L{iji, 4 = Elqwji, and C* = E C,+-
j= j=

This provides us with a symbol ¢i= € C°(T*R? \ 0) so that
Hy:qf +C%a > Ly, VE DS OL.

Finally, we will extend the above estimate from an indicator on VRi to an indicator on a neighborhood
VRi D Qﬁ. Consider the function ¢* : T*R3\ 0 — R given by

¢ =qi 0 ®*.
Since geometric control is invariant under ®*, we can see that ¢* # 0. By definition,

d
Hpiqi|(w)€) = % (q:l:(x:::’g‘;t)) |s:0'

Since bT is a constant of motion for the Hamiltonian system generated by p*, it follows that
(Vab®) (27,6537 + (Veb™) (@, 65)65 = 0

for all s. Using this, we calculate that

d +/, .+ ¢t _ d + + gsi

= (Vaqi) (Ii 5?)) - (@7)

ST bE(eT, &

. i)<i e ) (b (@, €0)IEF — € ((Vab) (0F, €5)iF + (Veb*) (o, €5)EF)
1)\~ )

* bt (e, €0 [ (25, &) 2
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+
- (Vo) (ot ey ) (Ve e)

— 1 + + 6;& > . + + ¢+
‘bi(xél:’é-;t)‘ (ngl ) <ms ’ |bi($§t,§§t)| (va )(.'lfs 765 )

~ (9. (o2 g)) (V) (o ;’fi)

Tt (aF, & Ut €5

— (Veqi) (évi gt)|> - (Vap™) (fvi g;t>

NS ot (e, €9))

_ +

= piql’(mi ef )7
i S
U bE @ )1

where we have used homogeneity to obtain that

+
Vert) (o2.65) = (Var) (o ey
and
1

[bE (7, 65))

+
(Vo) (a£,65) = (Vop) (xi f) |

N CENE]

If we define Vi = (&F) ! (Vg) , then we have an open neighborhood of Q% such that

Hyeq*|, o +CFalx) = Hpiqﬂ(z’lb )t C*a(z) Z (llvRi o cpi) (2,6) > Ly,

since ®F (Vi) C Vi O

Now that we have completed step (1a), we move on to parts (1b) and (1c). Step (1b) pertains to non-
trapped null bicharacteristics in the interior region. The symbol that we produce follows the construction
appearing in [Doi96] and utilized in many other works, such as [BR14] and [MST20]. Like in [MST20], we
perform a factoring argument. The reason for studying the half-wave decomposition is due to the presence of
a cutoff needed to make our constructed “symbol” genuinely symbolic. In the unfactored setting, cross terms
in the metric arise when differentiating the cutoff in the computation of the Poisson bracket, generating an
error term that is difficult to control. In the factored setting, this error can be handled straightforwardly.

Step (1lc) takes place in the exterior region. This is of little concern, as we possess robust exterior
estimates. We utilize this symbol as a means of bootstrapping the aforementioned error term, which will be
compactly-supported in the region where the exterior symbol has strictly positive Poisson bracket with p*.

To these ends, we will analyze both half-waves simultaneously (as in Lemma 2.13). While this portion
of the argument follows the one given in [MST20], it does require a modification; the escape function on
interior, non-trapped null bicharacteristics needs an appropriate adjustment to ensure that it avoids trapped
trajectories. We start with a proposition where we construct a function that will be used for the previously-
described error absorption. The construction of this function comes from e.g. [MST20], [Tat08].

Proposition 2.14. Let o > 0. Then, there exists f € C* satisfying f(r) =, 1 when r > Ry and f'(r) =
0c;27I f(r) when r ~ 27 > Ry.

Here, (c;) is the slow-varying sequence introduced in Section 1.2.

Remark 2.15. Although the sequence (c¢;) is not defined for all natural numbers, the indices where it is not
defined index finitely many dyadic regions (in particular, they omit where the operator P need not be a small
AF perturbation). Since this region is compact, we can extend the sequence to such indices in an arbitrary
manner. The typical way that this sequence is extended is by choosing ¢; so that ||g — m|| 4 F(4;) S ¢ for
the previously-undefined indices j.

Proof. As in [Tat08], we can construct a smooth function ¢(s) from the sequence (¢;) such that ¢(s) € (¢j,2¢;)
for each s € (27,2771) and |¢/(s)| < ds~'c(s). Since (¢;) is a positive sequence which converges to zero, it
17



has a positive maximum, say cy. Then, we observe that

cSeny <2V 42V = / d(s)ds
2N+2N—1

and
0o () oo 2j+12 oo
c(s Ci
1 =0 5; Jj=0
That is,
/@ds%c
s
1
Now, set

=

for r > Ry, and

for r ~ 27, (]
Now, we complete steps (1b) and (1c).

Lemma 2.16 (Non-trapped Escape Function Construction). Let R > Rg. Then, there exist
gt € O=(T*R3\ 0) and W* C QX so that Vi UW* = T*R?\ 0 and
Hpiqi pe cj2*j]lwi, || ~ 27,
Further, ¢& = eqt + ¢, where ¢&, = G o ®F with ¢t € C™(T*R3\ o) is supported in {|z| < 4R},
qt, €80 (T*R*\ o), and ¢ > 0 is sufficiently small.
The inclusion of the sequence (c;) is necessitated by the prior proposition, which is used for bootstrapping
purposes in the exterior region. Its slowly varying nature allows one to work in the weight <z>_2 from the

powers |z| ~ 279 which will arise in the exterior (there is no trouble working in the weight (z) 2 in the
interior region by compactness).

Proof. Recall from Proposition 2.8 that |¢| ~ |[b*(z,&)| on T*R3 \ o; let ¢*,C* > 0 denote the respective
lower and upper bound implicit constants in the inequalities and take 6% such that ¢* —§% > 0. Now, choose
Y € OX(T*R? \ o) such that
supp* C QL N{le| < R} {c™ =0 < ¢ < CF + 1},
v =1on Uy = (Q% N {[z| < R} NOE(T R\ 0)) \ Vg,

where R > Ry. Now, we define the function
4 (2. = ~xeanlla) [V opt@ds, (0.6 TR \o
0

Since non-trapped null bicharacteristic rays must exit any compact set after a finite amount of time, this
integral is well-defined for each (z,€£) € T*R® \ o, which establishes ¢ as a well-defined function. It takes
more work to show that g is smooth. Similar to [BR14], we will begin by establishing a maximal amount of
time that bicharacteristic rays can remain in the support of the integrand. We already know that supp ¥+ is
compact. Let V* be an open neighborhood of supp 1+ such that VE C Qoio Take V* = K in Proposition
2.11(c), and let T” be as given in the proposition. We claim that every point w* € T*R3\o has a neighborhood
U+ of w® and a time s,,+ > 0 such that (1 0 pF)(2) = 0 for every z € U,+ and s € Ry \ [s,+, 5% + T"].
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That is, all bicharacteristics (with speed ~ 1) can spend no more than time 7" within supp¢*. The time
Sw+ bears no similarity to the variable of the same name in the proof of Proposition 2.13. As a direct
consequence of Proposition 2.11, we may take U, = V* and s,= = 0 whenever w® € suppy®* c V*. If
w® ¢ ) ¢*, (suppy®) = &%,
seR

then the fact that X* is closed provides an open neighborhood U, + of w* such that X* N U,+ = (). For
each z € Uy+, we have that pF(2) ¢ suppy™ for all s € R, i.e. (1v* o ¢F)(2) = 0 for s € R. Hence, this
case holds with U,+ as defined and s,+ = 0. Finally, let w™ € X* \ supp¢*. Then, gagt, (wt) € suppy®
for some s’ € R\ {0}. If s > 0, then we can combine this with the fact that ¢ (w) ¢ suppt* and the
continuity of the flow to obtain s, > 0 such that ¢F  (w) € VE and ¢F(w) ¢ supp ¢* for all s € [0, 5,,=].
By continuity of the flow in the data, we can extend the above to a neighborhood U,,+. That is, there exists
a neighborhood U+ of w* so that for all z € U+, we have that gosiwi (2) € VE and (¢F o ¢F)(2) = 0 for
all s € [0, s,+]. Applying Proposition 2.11 to K = V* implies that (* o ¢F)(2) = 0 for all z € U,+ and
$ € [0, Spt] U [syp+ + T',00). It remains to consider if we cannot assume that s’ > 0. In this case,

w* ¢ | e (suppy™) = A
seR4

Note that XF is closed by the same logic which showed that X+ is closed (see the proof in Proposition
2.11(c)). From here, one can simply proceed as in the case where w® ¢ X'+,

Using this result, we know that the integral present in iji is always over an interval of maximal length
T’. Hence, differentiation under the integral sign is non-problematic and in view of the regularity of the flow
map, we conclude that cﬁ; € C=(T*R?\ 0). Additionally, it is supported in {|z| < 4R}. In particular, it is
smooth and bounded in all derivatives on the compact set

{|z| < 4R} N®E(T*R3\ o).
Now, consider the smooth function
G, = @i 0 ©F
defined on T*R? \ 0. As in the proof of Lemma 2.13, we get that

+ ~+
Hpi Qin ’ (2,8) = Hpi Qin ’@i(az,g) .

Now, we calculate that

) 3
Hys Qi g2 0,y = X<2r (@] )™ (x bi($5)|>

<o (= ) /(M)/wi o (o )

The first term is non-negative, supported in Q% N{|z| < R}, and equal to 1 on U* := &1 (UZ). The second
term is an error term which is supported in {2R < |z| < 4R}. The primary purpose of the exterior multiplier
is to absorb this error term. To that end, let

+ + Tk
Qout = _X>R(|x|)f(‘x|)b§k I |
where f is the function constructed in Proposition 2.14. It is easy to see that ¢Z,, € SP (T*R3\ 0), as it is

smooth, bounded in all z derivatives due to asymptotic flatness, homogeneous of degree 0, and satisfies the
appropriate symbol estimate. One can readily compute that

+ + Tk + Ty + LiTk f(=]) TiTL N, +
Hys G =V ool G0 4 <6jk =T Y ol T (6 ) ot
- Ed Ty _
+R7NY (R §k| | ()b, | | O((z) 19g)x>r(|2]) |z~
We remark that the last term is small for |x| > R by asymptotic flatness (and it is localized to this
region due to the cutoff), while the remaining terms are all non-negative. The third term is non-negative
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and supported in the annulus {R < |z| < 2R} due to the support of x’. Making o large enough and using
asymptotic flatness provides that, for any |z| ~ 27,

et > G2 1ol n(e) =T e LD (v - o FOTE)
2 ;27 x> r(J2])[Veb™ |2
2 27 x> r(|z]).
Thus, H,+qx,, is non-negative, strictly positive for |z| > R, and
Hyrtou 2 62 x5r, Jal = 2.

Recall that the error term in H+ q?; is bounded and supported in {2R < |z| < 4R}, and H = qfﬁtt is strictly
positive on the support of this error (with a uniform bound from below on this set).
Define
¢ = eqjy, + Qo € C(T'R?\ 0),
where 0 < € < 1. By choosing ¢ sufficiently small, we may absorb the aforementioned error due to our prior
discussion, obtaining that H,+ g% is non-negative everywhere and positive on

WE =UrU{(z,8) e T*R3\ o: |z| > R}.
By Proposition 2.11(a),
Vi WU =V U (9% n{lz] < RN\ V)
> (2% U Q) N {la] < R}
— (T*R*\ 0) N {Ja| < R},
and so
Vi UU* = (T*R*\ o) N {|z| < R},
VEUWE =T"R?*\ o.
We have already shown that
Hpiqi ~1 (z,6) e U*

and
Hyrq® 2 ¢27xop,  Jo| =2,
The latter estimate readily extends to
HpiqjE > cj2*j]lwi, || ~ 27
by the compactness of the interior region {|z| < R}. O

Now, we combine on the light cones to get our desired symbol ¢, as well as obtain positivity on the elliptic
set (step (2)). This largely follows the steps present in [MST20], although we have additional technicalities
resulting from the damping.

(Proof of Lemma 2.4). Let qf denote the symbol ¢* constructed in Lemma 2.13 (not the symbol qli from the
same lemma) and (]2i denote the symbol ¢& constructed in Lemma 2.16. We remark that, as a consequence
of the chain rule, both symbols satisfy the standard S° bounds for |¢| > 1. First, we truncate to the high-
frequency regime via the symbols

_ogE .
gFon =70 (b)), j=1,2,

where o is the parameter in Proposition 2.14. We assume that A > 1. The exponentiation is implemented for
bootstrapping: taking derivatives of the exponential will provide multiplication by o > 1. Since [b*| ~ |¢],
these cutoffs genuinely truncate to high frequencies when A is large. Further, the truncation to |{] 2 1
eliminates the singularities of qji, ie. qjix>>\(|bi|) smoothly extends to an element of S°(T*R3).

We claim that exponentiation preserves the symbol class, so that qi> S SO(T*R3). We can immediately
see that qjj-[> , is smooth. Note that for |{| > A, the exponentials e”?% are bounded since qji are bounded,
and for |¢] < A, we immediately have that qf> y» = 0. When checking the symbolic nature of q;-*; \» We only
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need to study the boundedness of the & derivatives since our symbols qji are bounded in all derivatives in x.
Taking a partial derivative in £ provides that

+
e 7%

b:l:
afkq]‘i,>)\ = _U(aﬁkqj'i)qj'i,>)\ + ) (8£kbi)X/ <|>\|> .

The first term is (9((5)71), and the second term is compactly-supported in £. Due to the aforementioned
compact support, we only need consider further ¢ differentiation of o(0¢, qji)quF> - If the & derivative lands

on the exponential, then the result is O(<§>72) by the prior argument. If the derivative lands on 8§qjj»:, then
the same asymptotics hold since agqu € S~Y(T*R?3). If the derivative lands on the cutoff, then the result is

compactly-supported in €. Inducting establishes that qj-t> \ € SO(T*R3).
Now, we combine the symbols constructed on each light cones together as

q(T,l’,f) = (T - b+)(£]1_7>)\ + q2_,>)\) + (T - bi)(qi>k + Q;>,\)'
Calling
g = (T =b")g; o5+ (7= b7)gj s,
we can see that
(Hyq + 2y7aq)|__,. = (Hyq1 +2y7aq1)|__,. + (Hpgz + 2y7ag2)| _,.
= 11pq1 |-r:bi + 27bi(b+ - bi)QQi>A
+ Hpga| _pu 2905 (b" — b7 )ag; .
We will work with each term in the last equality separately. First, we compute that
Hygj|, o = —(0" =07 Hypeqis
+ + + +
= (07 = 0)g5 .\ (b bF, — b, b7)
=o(b" =)o \Hprq;
_ (bt — pF\oE tpF _pE T
(b b )qj7>/\(b§j by, — by, bgj)~
By making o sufficiently large, we get that
1 2,k ot
Hqu‘T:bi > §a(b+ —b )qu?)\Hpiqj +Ej ,

where E]jE are error terms which are supported in a neighborhood of the region where H,+ q]i = 0. These
terms are non-problematic, as they are readily absorbed into the above estimate with differing 7 when we
combine the estimates together. Hence, we will drop the Eji’s for ease of notation.
Observe that
b:l:

— = 1.

bt — bF
By choosing « large enough, we may apply Lemma 2.13 to obtain that

1 _ _

(2.5) (Hpq1 + 2v7aq1)|__,. > 5a(zﬁ — b )2q; oy Hpr g £ 2905 (07 — b7 )agy
30T =07 ar s (Hpiql + <J) bE_pr "
2 lelPats s (Hyeaf + 2a)

2 Lgoalyzlel*.

Notice that v depends on ¢ (and o). For the j = 2 term, we use the prior computation, the fact that the
damping term has positive sign, and Lemma 2.16:

1 _ _
(2.6) (Hpg2 + 277(zq2)|T:bi > §U(b+ —b )2q§%>/\Hpi qu + 290 (0T — b )aq;}x
2 Ligsalwec;2771€)7, || ~ 27
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Recall that VZ UW* = T*R? \ 0. Combining (2.5) and (2.6) together, we conclude that
(Hpq + 2v7aq)|__,x 2 Ligi=alz) 2P,

where we have used the slowly-varying, summable nature of (c;).
This provides the desired bound over the characteristic set. To extend it to all of phase space, we must
construct a lower-order correction term. Explicitly, we seek an m € SY so that

Hyq+2y1aqg +mp 2 Ljgj>a (x) "2 g%
If we write
Hpq+ 2varq = a072 + a1 + aqg,
where a; € S7, then we have already established that
(2.7) ao(z, &) (b= (2,€))? + ar (2, )65 (,€) + az(x,€) 2 Ljgj>a ()72 ¢
So, we must analyze the quantity
aoT? + a1 + as + pm = (ag — m)72 +(a; + (T +b7)m)T + (a2 — bTb m).

If we choose m so that

(2.8) ap—m>0, [§]=A
and
(2.9) (ay + (b 4+07)m)? — 4(ag — m)(az — bTb"m) <0, 1] > A,

then we will have that ag7? + a17 + az + mp is positive for |£] > X (the first condition on m guarantees that
this polynomial in 7 is concave up, and the second guarantees that there are no real zeros).
Let us begin by focusing on (2.9). The function

P(m) = (a1 + (b% + b_)m)2 —4(ag —m)(az —bTb"m)
= (b" —b7)2m2 + (2a1 (b 4+ b7) + 4aghTb™ 4 4az)m + (a? — dagas)

is a quadratic polynomial in m with a positive coefficient on the quadratic term, so it will achieve a minimal

value at

m— 70,1(b+ —+ bi) =+ 2(a0b+b’ —+ ag)

(bt —b7)?

It is readily seen that m € S° and that m is supported where |¢| > . This minimal value is

ai(bt - anbt b=+ as)\ 2
P(m) = <a1_(b+—b_) (b +b(b)++21()0)l; b+ 2))

R b~ N - 4
—4<a0+‘“(b +b7) +2(agh™b +a2)> <a2+b+b_a1(b +b7) + 2(agh™b +a2))

(ot —b7)? b+ —b7)?
_ 4 (ao(b%)? + arb™ + as)(ap(b™)? + ar1b™ + az)
(bt —b7)?
= —4(b* —b7) 7 ((Hpq + 2vraq)| _,.) (Hpq + 2v7aq)| _, )

<0,
where we have used (2.7). So, (2.9) is satisfied. To establish (2.8), one can readily check that
al(b+ + b_) + 2(a0b+b_ + (12)
(bt — b )2
= (bJr - b7)72 ((Hpq + 2’77—GQ)|T:17+ + (Hpq + 2W7—aq)|7—:b—)
>0

ag —m = ag +

for |&] > A.
This gives us that
H,q+ 2yTtaq +mp >0
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for |§] > A. In fact, we can check that the minimal value of the above in 7 for [§] > X is

(ao(b%)? + ar1b™ + ag)(ao(b™)? + a1b™ + ap) ((Hpq + 2y7aq)| _,.) (Hpq + 2y7aq)| _,_)

(ao(bT)? + arbt + az) + (ao(b™)2 4+ a1b~ +a2)  (Hpq+ 2Py7-aq)’T:bJr + (Hpq + 277'(1(])’

T=b"

The numerator is bounded below by <x>74 |€[%. In view of the support and symbolic properties of ¢, the
denominator satisfies the bounds

(Hpq + 2y7aq)| _,, + (Hyq + 2y7aq)|__, =~ ()7 ¢
Since |b* (x,€)| ~ €] and |7| = [bT(,&)| in the above, we conclude the desired result. O
2.5. Starting Energy Estimates and Case Reductions. In this section, we will establish various useful

energy estimates, then reduce the proof of Theorem 1.7 to a simpler problem. Our starting point is a
standard uniform energy inequality.

Proposition 2.17. Let P be a stationary damped wave operator, 0y be uniformly time-like, and T" > 0.
Then, we have the estimate

T
(2.10) lou(t)]|72 < [l0u(0)]72 +// |Pu Oyu| dzdt, 0<t<T
0 R3

for all u € Wr.
Proof. Call Pu = f, and define the energy functional

Elu)(t) = /Digiijuﬂ — g%|0pul|? d.
R3
After integrating the first term by parts, this functional is readily seen to be coercive due to the uniformly
time-like nature of 0, i.e.

2
Elu](t) ~ [|0u(®)]|z- -
Differentiating in ¢ and integrating by parts, gives that
d g g
@E[u] (t)=— /goo(afuatﬂ + Opud?t) da + /Dig”Djatuﬂ + D;g" Djudiudx
R3

R3

= /(gOODt2 + Digiij)uatﬂ + 0yu(g®D? + D; g% Dj)udx
R3
- / (—(9” DDy + D;g™ Dy + iaDy)u + f) 9y
]R?)
—|— ﬁtu(—(ngDth —|— ngOth + iaDt)u + f) dl‘
= 2Re/f6tu dx — 2/a|8tu|2 dx.
Rf}

R3

Dropping the damping term and integrating the resulting estimate in time yields the inequality

T
Bl () §E[u](0)+//|f8tu|da:dt, 0<t<T.
0 R3

Applying the coercivity allows us to conclude. ]

Remark 2.18. Note that when Pu = 0, we have the energy dissipation statement

%E[u](t) = —2/@\6tu\2da: <0.
R3
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Applying the Schwarz inequality to Proposition 2.17 provides us with estimates which will prove useful
throughout this work.

Corollary 2.19. Under the same assumptions as Proposition 2.17, the uniform energy estimates

10ull 2 S 10Ol 2 + [Pl e

1/2 1/2
10ull s g2 S 10Ol + [ Pull Y2 Tl
and
10wl e 2 S N0u(O)l] 2 + e IPull ey a2 + el o s Ve >0

hold.
Proof. By Proposition 2.17, we have the estimate

T

o)1 < Nou)2 + [ [ 1Pudeuldode,  0<e<1.
0 R3

To obtain the first estimate that we claimed, one applies the Schwarz inequality, takes a supremum in time
of dyu, and uses Young’s inequality for products. To obtain the second estimate, write

(Pu gl = ()2 Pul) (@) "2 |0yl

in (2.10) and apply the Schwarz inequality and Holder’s inequality applied to ¢! with conjugate exponents
(p,q) = (1,00). O

Next, we cite an exterior estimate from [MST20] (see [MMTO8] for a similar result for the Schrédinger
equation). Outside of a large enough compact spatial set, the operator P is a small AF perturbation of O,
in which case we obtain good energy estimates with a necessary truncation error (here, we must measure
the energy at time T, which is non-problematic in view of Corollary 2.19).

Proposition 2.20 (Proposition 3.2 in [MST20]). If P is asymptotically flat and R > Rg, then
(2.11) lull e, S 10u()lg, + [0uT)y2, + B [l s, + |1Pullp. -

Since the damping is identically zero in this region, the result holds without any modification to the proof
given in [MST20]. For this reason, we will omit the details here, although we will provide the overarching
idea: Their proof is a positive commutator argument using the multiplier @1 + @2, where

Q1= X>2R(|x‘)f(|x‘)ﬁgjka + DkX>2R(|$Df(|x|)ﬁgjk

is the principal term, and
Q2 = x>2r(lz]) f(|2])
is the lower-order correction term. Here, f(|z|) = |x||i| 57 and j is chosen so that 27 > R.

Before moving on to proving Theorem 1.7, we will simplify its proof through case reductions. As in
Section 4 of [MST20], one can readily reduce to the case of u having zero Cauchy data at times 0 and T', as
well as f € LE*. To do this, one constructs an approximate solution to a problem with the same data and
forcing with a wave operator which is a small AF perturbation of O and agrees with P for |z| > Ry, then
considers approximations using a unit time interval partition of unity and matching the initial (respectively
final time) Cauchy data on the first (respectively last) solution granted by the partition. In view of these
reductions, it is enough to establish

(2.12) lull o,y | (@) 7

for all u € Wy satisfying that u[0] = «[T] = 0 in order to prove Theorem 1.7. The implicit constant in (2.12)
is still independent of T'.

We will explicitly establish an additional reduction, namely to solutions with compact spatial support,
using Proposition 2.20.

LE[0.T] +1Pull g0,y

Claim. It suffices to prove (2.12), and hence Theorem 1.7, for u supported in {|z| < 2Ry}.
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Proof. Write u = x<pr,u + X>Rr,u. On the exterior piece xspr,u, we apply Proposition 2.20 and Corollary
2.19 to get that

||X>R0“HLE1[0,T] S Ral ||X>Rou||LE‘RO 0,7] T HP(X>R0U)||LE;RO [0,T] -

The first term on the right is directly bounded by ||ul| L 0,7 - For the second term, we write
.o,

P(X>Rou) = (X>R0)Pu + [P?X>Ro]ua
and one can calculate that
|z

P rults) = O 1 (1) outt.a) + 0 (o)) utto)

In LE*, this term bounded by Hu||LE]1%O<H<2R0 [0,7)> and so we have

> roull L1j0,m) < Wull Ly, 0,77

Suppose that (2.12) holds for x<pg,u. From this, we get the estimate

I Pull gz o,y + 1P x<rolull Lo,z

-2
Ix<rotll L prjo,r) S H<$> X<Rotl ‘LE[O,T]

and so
||u||LE1[0,T] < ||X<Rou||LE1[0,T] + ||X>R0UHLE1[07T]
< —2
|2 gy T 1P B0y + Ml e 0m
The last term is readily estimated via Proposition 2.20, which establishes (2.12). |

We record the results of these case reductions in the following proposition.
Proposition 2.21. In order to establish Theorem 1.7, it is sufficient to prove the estimate
(2.13) ||U||LE1[0,T] S HUHLng[o,T] + ”PU”LE*[O,T]
for v supported in {|z| < 2Ry} with v][0] = v[T] = 0.

Again, this implicit constant is independent of T but will depend on Ry. Using the compact support of v
to transition between the weighted and unweighted spaces will inherently generate multiplication by powers
of Ry, but this does not matter since the constant in the above may depend on such a parameter.

2.6. Proof of the High Frequency Estimate. Armed with the established case reductions, we will
proceed with a proof of Theorem 1.7. Recall that it is equivalent to analyze the scaled problem.

Proof of Theorem 1.7. We will break this proof into a sequence of steps.

Step 1: Setting up the Positive Commutator and the Frequency Decomposition. First, we
remark that in view of Proposition 2.21, it will suffice to prove (2.13) for v supported in {|z| < 2Ry} with
v[0] = v[T] = 0. We can extend v by zero to be defined for ¢ € R and vanish for ¢ ¢ (0,7'). Then,

1 )
(2.14) 2Im <Pv7 (qw - 2mw> v> + % ([aDy,mYv,v) = (i[04, ¢V v, v) + v (¢ aD; + aDyg" )v,v)

(@gmY +m¥0O,)v,v) .

| —

+
The right-hand side of (2.14) can be written as

o W w W 1 w w
(i[0g, ¢V v, v) + v {(¢¥aDy + aDyg™ )v,v) + 3 (@gm™ +m™Og)v,v)

= ((Hpq + 2y7aq + mp)“v,v) + (Aov, v) ,
where Ag € U0, Recall that 2y7a = —2i5,xew. By choosing v > 0 large enough, we can apply Lemma 2.4 to
get
(2.15) Hypq — 2iSgpewq +mp — CLigsa(z) “2(|€]* +72) > 0,

where C' > 0 is the implicit constant in Lemma 2.4. We can readily replace 1j¢>x with x|¢>a-
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We will split v into frequency components via v = vss ) + V<<, where

Us>x = X|§|+|r\>/\(a)1)7
Ve<h = X|g|+|f\<x(a)v'
Since the desired estimate is a high frequency estimate, we will first analyze the high frequency components

of v.

Step 2a: High Frequencies - Applying the Garding inequality. By (2.15), we may apply the sharp
Garding inequality to obtain that

. w _ 2
<(Hpq — 2i8skewq + MP) VS5 N, UsSA) 2 <(X\§|>>\<9U> 2(|§|2 + 7'2))W U>>>\aU>>>\> - ||U>>/\||Ht1/w2 .

We remark that the implicit constant may be chosen independently of A since there is a x|¢>x cutoff
embedded into ¢ and m, and hence differentiation occurring in asymptotic expansion calculations possess
coefficients which are either independent of A or feature inverse powers of A (one can also entirely ignore the
potential A dependence and argue via Cauchy-Schwarz and Young’s inequality for products, although this
introduces more parameters to track).

Since x¢|4|r|<x € ST, it follows that

<(Hpq — 2i85kewq + mp)wvv 1)> = <(Hpq — 218 skewq + mp)wv>>)\a 'U>>/\> + <S()'U, 'U> y

where Sy € U~°°. In particular,
(2.16) <(Hpq — 2i85pewq + mp)v,v) 2 <(X|£|>A<x>72(|f‘2 + 7'2))W U>>A»U>>>\> - ”v>>)‘H§J§/f + (Sov,v) .

Using the pseudodifferential composition formula, we compute that

(2.17) (Xje>a () 2 (EP +72))" = (Xej>a (D)) > Dal@) > Da(xjej>a(Da))/? + Ay,

where A; € ! arises from non-principal terms in the asymptotic expansion of the Moyal product (and the
expansion features terms which are either independent of A or involve inverse powers of \). Integrating by
parts once gives that
2
_ w -1
(2.18) {(e>r(m) 2081 + 7)) vsmr, v550) = (@) 7" 00|

L2L2

2
R NOvsAlLp_yp, + (A1550,v552),

+ <A1U>>>\7U>>>\>

where vsx = Xj¢j>a(De)v and Ay € Ul is now a modification of the previous version of the same variable
in (2.17) (to-be-explained momentarily). One might expect the term 0 ((x|¢/>x(Dz))*/?)vs>1) to appear
instead of dus, but it is readily seen that

(e (ED) 2 Xier 11715 (1T D) & X1es A (€D X e 11752 (1 (1 O = Xje1>a(1€D)-

In particular, the 7 has no effect on the resulting cutoff, and y, x'/? are both smooth, non-decreasing, and
have the same support properties (and only differ on a compact set). The only effect in exchanging these
terms is modifying A; in order the errors resulting from this switch; hence, the Ay in (2.18) is different than
in (2.17). For this reason, none of our analysis changes by working with vs ), and we will stick with this for
notational convenience.

After incorporating (2.18) into (2.16), we have that

. w 2 2
(219)  {(Hya — 2isaheucd +mp)"0,0) + (Ag0,0) 2 1003, — 05250
— [(A1vssx, v550)| = [(Aov, v)| = [(Sov, )]
Step 2b: High Frequencies - Handling the Error Terms in (2.19). We will first analyze the term
(A1vs5x,Us52) . Since A} € Ul it is bounded from Htlx to L?L2 (and the operator norm will yield no

positive-power A contributions due to the previous comment on the asymptotic expansion of the symbol).
By using the Schwarz inequality and this mapping property, we have that

(2:20) [(A1vs 5, 05500 S ||U>>/\HH311 ||U>>/\||L3Lg :
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Using Plancherel’s theorem in (¢, x), the frequency localization, and the compact support of v, we obtain the
bounds

(2.21) o>l S H((T»ﬁ))X|£\+|T\>A@HL3L§ ST oll ez = Wy, S vllzps
and
X 7| + 1€l X - -
(222)  lvssallpzre = ||X|£|+\T|>XU||L3L§ ST XAt S A 10wl 22 S AT IV g -
L2L
TE

Applying (2.21) and (2.22) to (2.20) yields that
— 2
(4105520, v550) | S A0l gr -
For the term H’U>>)\||§{1/2, note that
t,x

2 2

H<(T, N2 (7, 8)) X\£\+|T\>A@)

2 1/2 ~
ool 5 [ 0 xrrrmiond] L, =

_ ~12 _ 2
SATHH(,9) X|f|+|ﬂ>w||L3L§ SA vl g -
For the (Agv,v) term, we can use L?-boundedness and the compact support of v to get
2
(2:23) [(Aov,v)] < Aol a 0] 215 S OO lloll2s s -

While this bound is A-dependent, such terms appear on the upper bound side of the desired inequality, and
hence can depend on ) in an arbitrary manner (as opposed to the LE! terms which need an inverse power
of A for bootstrapping). The meaning of C(\) will change fluidly, just as one continuously re-notates a
potentially-changing constant by C when calculating successive inequalities.

The smoothing term (Sov, v) can be bounded in the same way as (Agv,v) (in particular, So € ¥°). Thus,
we have the lower bound

. w 2 2 — 2
(2.24) ((Hpq = 2isshewq +mp)™v,v) + (Aov, v) 2 N10vsA L p_yp, = CN I0llzz02 = A 0l 50 -
Next, we look at the left-hand side of (2.14).

Step 3: Bounding the Left-Hand Side of (2.14). Since [aD;, m"] € ¥°, performing the same work as
in (2.23) provides that
ol

(2.25) 5 ([aDg, m™]v,v)

S CO ol Facz

For remaining term on the left-hand side of (2.14), we split v into high and low frequency components once

again to get that
2Im <Pv, <qw — ;mw> v> = 2Im <Pv, (qw — ;mw> v>>)\> + (Syv,v),

where S; € U~°°. We have already demonstrated how to bound smoothing operator terms. For the other
(primary) piece, we apply the Schwarz inequality, use the ¥DO mapping properties of ¢* € W' and m" € WO,
and leverage the compact support of v (just as performed previously) to get

(2.26) 'QIm <Pv, <qw - ;mw> v>>>\>

Step 4: Combining the Established Bounds Into a High Frequency Bound. Putting (2.14), (2.24),
(2.25), and (2.26) together, we obtain that
1/2

1/2 _
10957l 50y S CO) (IPOILG- 0l 30 + 0l 2z ) + A2 ol
Completing the LE;2 R, orm on the left-hand side of the above,

1/2
losallig,,, S CO) (1Pl

SCN Pl ez vl e S C) Pl gy [0l g -

1/2 _ 1
o+ ollzgg) + A2 ol + (@)™ v
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We note that
-1
H<95> U>>\HLE S ||UHL$L§ )
once again using Plancherel’s theorem. Thus,
1/2

1/2 _
(2.27) lsallzes,, S CO) (IPoZE ol e + ol zss ) + A2 1ol -

This establishes an estimate on the high frequencies. We must add in the lower frequencies to the left-hand
side. That is, we must add [[v<x||, g ., o both sides of (2.27).
<2Rg

Step 5a: Lower Frequencies - Further Frequency Splitting and Bounding the Low-Low Term.
First, we get the bound

-1
@ ven]| S ol e
via Plancherel’s theorem. For the term ||0v<y||, g, We write
Vx = V<>ol T V<o,
where
Vesor = X|e|<r(Da)X|r>on(Dt)v,
Vecor = X|e|<r(De)X|r|<or(Dt)v,

and ¢ > 1 will be chosen later (and does not denote the same o as used in the construction of the escape
function). Applying Plancherel’s theorem, frequency localization, and the compact support of v again yields

H8U<<m\HLE N ||(|7" + |§|)X|£|<AX\T|<U>\@||L3L§ S oA HU”Lng .

Step 5b: Lower Frequencies - Bounding the Low-High Term. For v.~,), we compute that
(2.28) l0v<sorlle S (71 + EDXIe <xXir>02 Pl 12 2 S M0llpzrz + (@) T [(FFv)<sonlla s -

For the last term on the right, we utilize the expression for Pv to write

(2.20) 1020 <>oll a1 S 1PV <sollgz s + || (9% Ds + Dig®) D)

LIL2
+ ||(Dz‘ngjU)<>a>\HL%Lg + ||(aDtU)<>o/\HL§Lg :
One can readily check that

(2.30) H(PU)<>0/\HL$L§ S Pollppe s
and
(2.31) |(@D1v) <sonll 212 < 1005

For the other terms, we note that as functions, one has that g*/, D;g* € S° for all « € {0,1,2,3} and
j€{1,2,3}, and so
[X|§|<)\(DZE)X|T\>U>\(D75)’gaj] € \P_la [X\£\<)\(Dw)X\T|>0')\(Dt)>ngaj] € \Ij_l'

In particular, the above two operators are bounded on LZL2. Pairing this with the fact that Fourier multipliers
commute, we have that

(2.32) H ((QOij + Dj90j)Dtv)<>aA 1212 S H(ngOj) (Dt”)<>cr>\HL§Lg + Hng (Dthv)<>a/\HL§L§
+ [[X1g1<x (D)X 502 (Dr), (D g ) D[ 12
+ [ D11 <2 (D) X7 502 (D2), §%1D; Dsv | 1,0
S A0l g+ CN) ol Lz Lz
and
(2.33) H(Digiijv)<>(,/\HL%L% S H(Digij)(DjU)<>a>\HLtgL§ + Hgij(DiDjv)<>(,/\HL%Lg

i r (D)X 1503 (De), (Dig (Do) csn | 2.
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+ H([X|§|<A(DI)B|T\ZJA(D75)7gij](DiDjv)<>a)\HL?Li
< CO) ol s -
Applying (2.30)-(2.33) to (2.29) gives that
||(at2”)<>aAHL§Lg SO HU”Lng +Aov]| g + [Pl - -
Plugging the resulting estimate into (2.28) implies that
190<sorlls S OO ol 2 + (N 1Pul e+ 80l

Step 5c: Lower-Frequency - Combining All Lower Frequency Contributions. Thus, the full low
frequency contribution yields

(2.34) lovaxll,p S max{C(A), oA} vl 22 + (@) T 1PV] e + 07 [|0v]]
< max{C(\), oA} [vllpz e + (@X) TPl p. + 07 o]l -

Step 6: Combining the High and Lower-Frequency Bounds. Now, we can combine the high frequency
work (2.27) with the low frequency work (2.34) and apply Young’s inequality for products with parameter
0 > 0 to obtain that

1/2 1/2 - _ _
loll,, SCOIPUILE vl +max{CN), oA} vl g2z + (@N) " [Pullge + (07 +A72) ol g

<2Rq
< max{CO), oA} [l 2z + ([CONZ + (0N [1Poll e + (54071 +AY2) [oll

Due to the support of v in x, we know that [[v||, s I l|v]|,g:- Picking ¢ sufficiently small and A, o
<2Rg

sufficiently large (all of which will depend on Ry) allows us to absorb the ||v||; 71 term on the right-hand
side into the left-hand side, providing (2.13) and completing the proof. O

3. LocAL ENERGY DECAY

In this section, we explain how recovering the high frequency estimate in [MST20] allows us establish
local energy decay by appealing to existing estimates in their work (which makes it easier to perform time
frequency localization). By an extension argument outlined in Section 3.3, it is sufficient to prove to reduce
to the case of Schwartz functions, which allows for the removal of data terms. The simplified version of
local energy decay for Schwartz functions can be readily proven by combining the proven high frequency
estimates with appropriate medium and low frequency estimates then utilizing a time-frequency partition
of unity. The medium and low frequency estimates that we require come from the work in [MST20] and do
not depend on the trapping nor the damping. We remark that such analyses are also independent of the
stationarity of P.

3.1. Medium Frequencies. The goal of the medium frequency estimate is to establish a weighted estimate
which implies local energy decay for solutions supported at any range of time frequencies bounded away
from both zero and infinity. This is rooted in the notion of a Carleman estimate, which is weighted L?L2
estimates where the weight is pseudoconvex. The constants in our inequalities will depend on the parameter
c introduced in Section 1.2, but they will (and must) be independent of the parameters in p; the Carleman
weights for our estimates are radial. The Carleman weights which we use here are constructed in e.g. [Bool8],
[KTO01].

The main medium frequency estimate is the following, and the corresponding theorem in [MST20] is
Theorem 5.4.

Theorem 3.1. Let P be an asymptotically flat damped wave operator, and suppose that Oy is uniformly
time-like. Then, for any § > 0, there exists a bounded, non-decreasing radial weight o = ¢(In(1 +r)) so that
for all u € S(RY), we have the bound

(31 1+ e (Vu ) |+ e 0]

Sl Pull e +0 (|| +@)2e9u] +]|i)" 1+ 620+ @)e O
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Remark 3.2. We will justify why this is an appropriate estimate on the medium frequencies. To that
end, suppose that u is supported at time frequencies 7 such that 0 < 79 < |7| < 7y, where 79 < 71. For
compatibility with the other frequency regimes, we will want 79 < 1 < 7. Plancherel’s theorem yields that

)
et 5 3o entecand
A+ e S |+ 2eron|

while

S s sl <m0 iy s i,

By choosing ¢ sufficiently small, both terms absorb into the left-hand side of (3.1) in a direct fashion. We
can translate our work immediately into a local energy decay estimate for u, with an implicit constant which
depends on ¢. Notice that since 6 can be chosen arbitrarily, (3.1) allows for any interval of frequencies
bounded away from both zero and infinity. |

The proof of this theorem is broken up into two Carleman estimates, one which applies within a large
compact set and one which applies outside of this compact set. Within the compact set, the damping term
is well-signed and readily absorbable as a perturbation due to the conditions on the weight ¢. Here, the
weight will be convex. Outside of the compact set, the damping is zero, so the proof in [MST20] follows
through without any modification. In this region, one desires to use Proposition 2.20, which requires a
constant weight. To that end, one breaks up the exterior into three regions: one where the Carleman weight
is convex, a transition region where the conditions break in order to bend the weight to be constant near
infinity, and a region near infinity where the weight is constant.

In both regions (the compact set and its exterior), the work in [MST20] allows for more general (e.g.
unsigned) lower-order terms than a damping term. The proofs of these estimates within the aforemen-
tioned regions are based on positive commutator arguments utilizing the self- and skew-adjoint parts of the
conjugated operator P, = e#Pe~¥. The work is then combined using a cutoff argument.

3.2. Low Frequencies. We will set
Py = P|Dt:0 = D;g" D;.

This represents P at time frequency zero, and one can utilize it to obtain information in a neighborhood of
this frequency. Since 0; is uniformly time-like, Py is uniformly elliptic. The operator P, is a special case of
that found in [MST20], so all of the results in their work apply here with almost no modification. Notice
that the damping does not arise in F.

At low frequencies, the obstruction to local energy decay arises when P has a resonance at frequency zero.

Definition 3.3. A function u is called a zero resonant state for P if u € LEy is non-zero and Pyu = 0. If,
in addition, u € L?, then we call u a zero eigenfunction.

Here, the space LE is a variant of the LE space where there is no time dependence (i.e. the time is fixed,
and there is no time derivative arising in the norm), and L& is the closure of C2° in the £E norm.

For a general wave operator P, such resonant states are annihilated by P while having finite energy.
However, they also possess an infinite LE! norm when integrating in ¢ over [0, 00), which violates local
energy decay. Such states are ruled out in the context of this paper due to the uniform ellipticity of Py. A
quantitative condition on the existence of such resonant states is as follows.

Definition 3.4. P is said to satisfy a zero resolvent bound/zero non-resonance condition if there exists some
Ky, independent of t, such that

(3:2) lull o < Ko [[Poull g1 Vue H.

Proposition 2.10 of [MST20] demonstrates that a stationary wave operator P has no zero resonant
states/zero eigenfunctions if and only if the zero non-resonance condition holds. In our problem, this condi-
tion is satisfied due to the uniform ellipticity of FPy.

The relevant low frequency estimate is the following, and the corresponding theorem in [MST20] is The-
orem 6.1.
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Theorem 3.5. Let P be an asymptotically flat damped wave operator, and suppose that Oy is uniformly
time-like. Then,

(3.3) lullppr < ||8tu||LEg + |1 Pull -
for all u € S(R*).

Remark 3.6. The error term ||0sul|; 5 has the unfortunate effect of requiring information on the size of
first-order derivatives of 9;u. Hovvever,cthis estimate will only be used when the time frequency is close
to zero, in which case this term will be absorbable into the left-hand side of the inequality. Indeed, if we
consider u € S(R*) with frequency support 0 < |7| < 79 < 1, then we may apply Plancherel’s theorem to
obtain that
||8tu||LEg S o ||UHLEg :

If 7¢ is sufficiently small, then we may absorb this term into the lower-bound side of (3.3) to obtain local
energy decay for such wu. |

The proof leverages weighted elliptic estimates for the flat Laplacian A in order to get similar estimates
for AF perturbations. Once again, the damping does not play a harmful (or even meaningful) role. At
frequency zero, it provides no contribution, and near frequency zero, it can be readily absorbed by the error
term in (3.3).

3.3. Establishing Local Energy Decay. Now, we discuss the second main theorem, local energy decay.
First, the authors in [MST20] show that it is sufficient to remove the Cauchy data at times 0 and 7. This
makes it significantly easier to perform frequency localization. The corresponding theorem in [MST20] is
Theorem 7.1.

Theorem 3.7. Let P be a stationary, asymptotically flat damped wave operator satisfying the geometric
control condition (2.1), and suppose that Oy is uniformly time-like. Then, the estimate

(3.4) lull g S 1Pull -
holds for all u € S(R?).

In order to prove Theorem 3.7, one splits u into its low, medium, and high frequency parts using a time-
frequency partition of unity. In each relevant frequency regime, one applies the corresponding frequency
estimate (as in Remarks 1.6, 3.2, and 3.6), and then sums them together. For the medium frequency
estimate to be compatible with the low and high frequency regimes, one needs that it apply to any range
of time frequencies bounded away from both zero (compatibility with low) and infinity (compatibility with
high), which is the utility of the § parameter in Theorem 3.1. The commutators of the time-frequency cutoffs
and P are zero since P is stationary.

As in Section 7 of [MST20], one proves that Theorem 3.7 implies Theorem 1.9 by fixing u and constructing
a function v which matches the Cauchy data of u at times 0 and T (and satisfies an appropriate bound) which
allows one to apply (3.4) to u — v. This construction is performed using a partition of unity on the support
of u[0], u[T], and Pu. In particular, one splits into an interior region {|z| < 4Ry} and an exterior region
{Jz| > 2Rp}. The damping is non-problematic in the interior (here, one uses the uniform energy bounds)
and is zero in the exterior. It is important to highlight the latter fact since the authors use a time reversal
symmetry argument in the exterior region, and time reversal turns the damping into a driving force (and
hence a harmful term). However, our damping is zero in the exterior region, rendering such an argument
non-problematic by choosing an appropriate small AF perturbation of O which matches P in the exterior
(where the damping is zero). In the context of [MST20], this provides the “two point” local energy estimate

||UHLE1[0,T] + HaUHL;ng[o,T] S N0u(0)]] 2 + (10u(T) | 2 + ||Pu||LE*+L}L§[0,T] :

In view of Corollary 2.19, this implies local energy decay.
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