INTEGRATED LOCAL ENERGY DECAY FOR DAMPED MAGNETIC WAVE
EQUATIONS ON STATIONARY SPACE-TIMES

COLLIN KOFROTH

ABSTRACT. We establish local energy decay for damped magnetic wave equations on stationary, asymp-
totically flat space-times subject to the geometric control condition. More specifically, we allow for the
addition of time-independent magnetic and scalar potentials, which negatively affect energy coercivity and
may add in unwieldy spectral effects. By asserting the non-existence of eigenvalues in the lower half-plane
and resonances on the real line, we are able to apply spectral theory from the work of Metcalfe, Sterbenz,
and Tataru and combine with a generalization of prior work by the present author to extend the latter work
and establish local energy decay, under one additional symmetry hypothesis. Namely, we assume that the
damping term is the dominant principal term in the skew-adjoint part of the damped wave operator within
the region where the metric perturbation from that of Minkowski space is permitted to be large. We also
obtain an energy dichotomy if we do not prohibit non-zero real resonances. In order to make the structure
of the argument more cohesive, we contextualize the present work within the requisite existing theory.
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1. INTRODUCTION

1.1. Background and Problem Set-Up. In this work, we will establish (integrated) local energy decay
for a broad class of damped wave equations on stationary, asymptotically flat space-times, including those
which possess magnetic and scalar potential terms. This generalizes the result of [Kof23], which lacked
potential terms and assumed that the damping was compactly-supported. The presence of the potentials
allow for interaction with the damping and the existence of both complex eigenvalues and real resonances
embedded in the continuous spectrum, all of which stand to inhibit local energy decay. We will discuss each
of these obstructions carefully. Along the way, we also establish an energy dichotomy when non-zero real
resonances are permissible.

To set up the problem which we will study, let (R%, g) be a Lorentzian manifold with coordinates (t,z) €
R x R3 and metric signature (— + ++). We will consider damped wave operators of the form

P =04, +iaD; +V, Oag = (Do + Aa)g®? (Ds + Ap)
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where a,V, and the components of A are smooth and complex-valued; here, we are utilizing the notation
D, = —id,, which should be interpreted as an operator. We will call A the magnetic potential, V the scalar
potential, and a the damping. If a = 0, then we will simply refer to P as a wave operator. We will require
that P is asymptotically flat. More precisely, we first define the family of norms

lell = 3 |[@)'* oh

o<k

b
1L ([0,T]x A;)

where A; = {(x) &~ 27} for j > 0 denote inhomogeneous dyadic annuli, d = (8, V,) denotes the space-time
gradient, and (z) = (1 4 |2|>)*/? denotes the Japanese bracket of z. The notation A < B indicates that
A < CB for some C > 0, and the notation A ~ B means that B $ A < B. In the definition of the A;’s, we
require that these implicit constants are compatible to cover R®. We may now define the AF norm topology
via

15, A0, V)lLag = el + 1) Ally + 14z all, + [| @2 V).

Definition 1.1. We say that P is asymptotically flat if ||(g —m, A, a, V)| 4p < 00, and

la] 9 < 1 >3

H<x> g oo ([0,1)x Ay lo 23,

i+ o0 i1+ o Sl 22
£1L°°([0,T]x A;) 5L ([0,T]x A;)

H@""“ oV Sal, ol
10> ([0,T]x A;)

where m denotes the Minkowski metric.

The latter conditions are placed to work in standard symbol classes, as opposed to those with limited
regularity. They extend the flavor of the estimate present in the definition of asymptotic flatness, but one
does not require summability over the differentiation indices.

We will primarily be interested in when P is stationary, which occurs when (g, A, a, V') are independent
of t. In particular, 9; is a Killing field for ¢ when P is stationary. When P is a damped wave operator,
we will always assume that a is independent of ¢, a is non-negative for |z| < 2Ry, and «a is positive on an
open subset of {|z| < Ro}. For |z| < 2Ry, the damping term in P behaves as typical viscous damping, and
we consider it as a general time-independent first-order perturbation term for |z| > 2Ry. Further, we will
assume throughout that 9; is uniformly time-like while the constant time slices are uniformly space-like (i.e.
dt is uniformly time-like). The former condition implies an ellipticity condition on the terms in P which are
independent of D; (see Section 1.2 for more), while the latter guarantees that ¢°° > —1, allowing P to be
reduced to a normal form of g% = —1.

Next, we introduce parameters that quantify various aspects of asymptotic flatness. Namely, we instantiate

e the parameters My, Ry and ¢, which are such that
I(g = m, 4,0, V) 4 < My, lg—m,A,a V) ap., <c<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 a suitable Ry for which the above holds.
e the sequence (c;);>10g, R, Of positive real numbers satisfying that

||(g_m7A7aa V)HAF(AJ) Scjv ch Sca
J

where ||-[| 4 4,) 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““*3", o< 1.

The integers 0 < j < log, Ry index finitely many dyadic regions. Since the union of such regions is
compact, we can extend (c;) to such indices in an arbitrary manner, although we will assume that
the appended terms in the sequence are positive and allow (¢;) to remain slowly-varying.
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Remark 1.2. The implicit constants in our inequalities throughout this work are permitted to (and often
will) depend on ¢ (which is universal), My (also universal), and Ry (only depends on c¢). However, they cannot
depend on T'; the negation would be problematic and not allow one to e.g. take the limit as T — oc. |

Next, we introduce definitions regarding the skewness of P — iaD; and the size of the damping relative
to the magnetic potential. We will generically refer to these as symmetry conditions.

Definition 1.3. We say that P is

o of symmetric wave type if A and V are real-valued.
o strongly e-damping dominant if

a(x) > 871|IH1A(.’,E)|, ‘I| < 2R0

o weakly e-damping dominant if
676, 1/ (6%9E)° + g 3
0j ¢ )2 ij 0j¢ )2 ij
£24/(g%&;)" + g &i&; 24/ (g% &5)" + g9 &i&;

Remark 1.4. The parameter ¢ in the definition of the strongly e-damping dominant condition should be
viewed as being fixed after Ry, My. The same will not be true for the weakly e-damping dominant condition,
which we will assume holds for some ¢ > 0 independent of the previously-discussed parameters. Additionally,
the first two listed conditions are stated for |z| < 2Ry, since the condition is already true in the exterior
region due to the growth conditions present in the AF topology. |

(a4 ¢g°“Im A,) £ g™ Im A, > ea, |x] <2Rgy, & #0.

Remark 1.5. The weakly e-damping dominant condition, while seemingly esoteric, will arise naturally in
our high frequency analysis and constitutes a sharpening of the more concrete and directly-verifiable strongly
e-damping dominant condition. First, we remark that we will need the latter to hold for sufficiently small
€ > 0 in order to obtain our results, whereas we only need the former to hold for some € > 0. The range
of € which are sufficient for our results to hold for strongly e-damping dominant P will guarantee that the
weaker condition holds (for a different £). We will now discuss their relationship more explicitly.

In the language of Section 2.1, the weakly e-damping dominant condition may be written as

bE k

ﬁ(a +90a Im A,) + mglm Im A, > ea, lz| < 2Ry, §#0,

where
b (2,6) >0>b"(2,8), bE(x. &) ~xlE], E£#£0.

Hence, the weakly e-damping dominant condition may be recast (up to a fixed constant coefficient on the
lower-bound side) in more simple terms as

a+ g Im A, i|§§k| ko Im A, > ea, |z| < 2Ry, E#0

If P is strongly e-damping dominant, then

a+¢"Im A, :I:EC| o Im A, >a— (2||Q—MHL?RO+1)|ImA|

> (1-c2lg—mllz, +1))a, |o| <2Ro, E#0.
Ife <(2]lg - WLHL?RO + 1)1, then the weakly £’-damping dominant condition holds with
/ _— J— J—
=1y mlys, +1)>0

In particular, 0 < ¢’ < 1.
On the other hand, if ¢ = m, then the simplified weakly e-damping dominant condition from above
stipulates that
(a —Tm Ag) + |Z§kImAk>ga |z| < 2Ry,  £#0.

3

I3



We are working with the simplified form for consistency with the strong-to-weak implication, although
bt (z,€) = £|¢| in the flat case, so one could be more precise if desired. Written differently, we have that

3
a(l—s)ZIoniZ%ImAk, |z| < 2Ry, £EF£0.
k=1

Considering £ = (Im A;,Im A2, Im A3) and taking the positive sign in the inequality gives
a(l—¢e)>ImAg+ ¢ > |Im A

if Im Ay > 0, which shows that P is strongly ¢’-damping dominant, with ¢/ =1 —¢ > 0 for ¢ < 1 (which
is consistent with the prior strong-to-weak implication established earlier). Hence, the conditions are equiv-
alent in the flat case for non-negative Im Ay and appropriate (and different) €. Once one considers more
complicated metrics, even asymptotically Euclidean metrics, the presence of potentially large metric pertur-
bations in the interior make the establishment of a positive ¢’ difficult and the weak-to-strong implication
less clear. |

The e-damping dominant conditions are, to our knowledge, original and seemingly more natural in the
context of damped waves; we will only discuss the strong version for now since it is simpler to parse and
easier to verify (as well as stronger). It stipulates that the damping must be the dominant skew-adjoint term
(at the principal level) for |x| < 2Rg. Thus, the magnetic potential is permitted to have large imaginary
components for |z| < 2Ry, so long as the damping is more significant, in the sense stated above. Moreover,
the € in the strongly e-damping dominant condition must satisfy that ¢ < (2]|g — mHLZORO + 1)~ for our

results to hold in this work under this more strict condition (in which case the weakly e-damping dominant
condition holds with a different ¢, as discussed in the previous remark). This indicates that if the metric
perturbation is sufficiently large within {|z| < Rg}, then |Im A| must be sufficiently smaller than a. If the
perturbation is small, then |Im A| and a are permitted to be close in size for |z| < 2Ry.

One may desire consideration of a so-called e-weakly magnetic, which stipulates that ||(0,Im A4, 0,0)|| , <
€. This is a slight weakening of the more traditional e-almost symmetric condition which includes Im V'
(present in, e.g. [MST20]), since we will primarily be concerned with the interplay between Im A and a.
Although the condition appears similar to the strongly e-damping dominant condition, neither is necessarily
stronger. With this being said, these conditions arise in the high frequency analysis in our work, and the
particular choice of € in the e-weakly magnetic condition necessary for the results to hold directly implies
the e-damping dominant condition with ¢ < (2|g — m|| L%, +1)~! (which then implies the weak condition,

as well).

1.2. Local Energy Spaces and Estimates. The study of localized energy estimates dates back to the
work of [Mor66, Mor68, Mor75], [MRS77] on Minkowski space-time. Local energy estimates constitute
a powerful measure of dispersion, implying Strichartz estimates ([BT07, BT08], [JSS90, JSS91], [MMTO0g],
[MMTT10], [MT09, MT12], [Tat08], [Toh12]) and pointwise decay estimates (e.g. [MTT12], [Tat13], [Mor24],
[MW21], [Loo23], [Hin23]). The latter has been used to tackle various generalizations of Price’s law which,
in its simplest form, conjectured a t~3 pointwise decay rate of waves on non-rotating black hole space-times;
see the listed references on pointwise decay and [Hin22] (which settles the conjecture affirmatively in full
generality) for more. The particular local energy estimate of interest in this work, integrated local energy
decay, is a powerful quantitative statement given in the form of an inequality which may be qualitatively
interpreted as expressing that the energy of a wave must disperse quickly enough to be time-integrable within
any compact region of space.
In order to define the relevant energy inequalities explicitly, we will first define the local energy norms

B ol = 100l + -

=s
[ullp g ;;%H<I> 122 (Ryx4;)

The predual norm to the LE norm is the LE* norm, which is defined as

s = 3 [(w24]
j=0
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If we wish for the time interval to be e.g. [0,7] in the above norms, then we will use the notation e.g.
[lull Bl0,7]" A subscript of ¢ on any of these spaces denotes compact spatial support, whereas a subscript of
0 denotes the closure of C¢° in the relevant norm.

Analogous to the local energy spaces, we define the spatial local energy spaces £&, LE', LE* when the
time variable is fixed (and there is no time derivative nor integral involved in the norms,; either). We will
also require spaces which allow us to track dependence on a spectral parameter w, namely

LEL = £ Nw| ™ LE, H. = H'N|w|"tL2
These spaces are equipped with the norms

[ull zer, = llull cen + |l e » lull o = llullgr + ] lull 2,
respectively. They will become relevant in this work when we introduce the resolvent formalism in Section

3. Now, we will define local energy decay.

Definition 1.6. We say that (integrated) local energy decay holds for an asymptotically flat damped wave
operator if

(1.1) lull Lprjo, 7y + 10Ul o 20,7y S NOU(O) 2 + [[Pull g pap2p0,7) »

with the implicit constant being independent of T'.

The next estimate is a weaker variant of local energy decay which does not see complex eigenvalues nor
non-zero real resonances (to be defined in Section 3).

Definition 1.7. We say that two-point local energy decay holds for an asymptotically flat damped wave
operator if

(1.2) HU”LEl[o,T] + ||8UHL°°L2[O,T] S 10u(0)][ 2 + 10w(T) || 2 + ||Pu||LE*+L1L2[0,T] )
with the implicit constant being independent of T'.

The last estimate is a standard uniform energy bound, which embodies the behavior that one observes
when the energy of the system is non-increasing.

Definition 1.8. We say that uniform energy bounds hold for an asymptotically flat damped wave operator
if

(1.3) [0ull e 210,77 S 10w(0)[| 2 + [[Pull L1 210 7y »

with the implicit constant being independent of T'.

Notice that the uniform energy bounds provide a link between the two-point local energy decay estimate
and the local energy decay estimate. In order to discuss the uniform estimate further, let Pu = f, and
assume that P is stationary, asymptotically flat, and of symmetric wave type. Consider the sesquilinear map
E on the energy space € := H' x L? defined by

E[u,v|(t) = /Poqu — ¢"0,udv dr, Py = P|Dt=0, w = (w,dw) € &.
R3
This induces a quadratic energy functional, i.e. an energy form
Efu)(t) = Elu, u](t).

When 9; is a uniformly time-like vector field (which we will assume throughout), Py is guaranteed to be
elliptic (in the principal sense). Direct integration by parts gives that

d _

aE[u](t) = 2Re/8tuf dx — 2Re/a|8tu|2 dx.

R3 R3
If @ is real-valued and non-negative, then it follows that
T

Blul(t) £ El0) + [ [170wldsat,  0<t<T.
0 R3
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If A,V =0, then Py is uniformly elliptic (in the sense of the full symbol), which implies that the energy is
coercive, i.e.

Blul(t) ~ [|ou(t)|]?- .

Energy coercivity applied to the above now provides the uniform energy bound (1.3).

When A and V are non-zero, one is not guaranteed energy coercivity (and thus not guaranteed uniform
energy bounds), even if a is non-negative. However, one does get an almost-coercive energy statement from
the ellipticity of Py and the asymptotic flatness assumption:

(1.4) Jou(®) 122 S () + [u()]2

When P is not of symmetric wave type, then one redefines the energy by replacing Py with its symmetric
part (see Section 2.3); the estimate (1.4) still holds for the energy associated to Py by ellipticity regardless of
the symmetry. The uniform bound (1.3) still need not hold when P, is replaced by its symmetric part. Thus,
it is not straightforward to transition from (1.2) to (1.1) when A,V # 0, even for well-signed dampings; this
is true even in the symmetric wave type case.

1.3. Past Results. In [MST20], the authors proved (amongst other results) that local energy decay for
stationary AF' wave operators is equivalent to an absence of geodesic trapping, negative eigenfunctions, and
real resonances. We will describe trapping in Section 2.1 and the spectral objects in Section 3. In short,
trapping occurs when there exist bicharacteristic rays which live within a compact set for all time. The
spectral obstructions correspond to singular behavior of the resolvent - negative eigenfunctions live in L2
and have corresponding eigenvalue in the lower half-plane, whereas real resonances lie on the real line and
have a corresponding resonant state which lives in a local energy space (one must distinguish between zero
and non-zero resonances). In [MST20], the authors also did not necessarily possess a coercive energy; they
proved local energy decay by establishing (1.2) using local energy estimates in different frequency regimes,
then they utilized resolvent estimates.

The work [BR14] utilized dissipative Mourre commutator methods to establish that if the space-time is
stationary and asymptotically Fuclidean (i.e. (R?*, g) is a product manifold and hence possesses no non-trivial
metric cross terms dt ® dx?), then one has local energy decay for AF stationary damped wave operators with
A,V =0 and a being a non-negative short-range potential, provided that a satisfied a dynamical hypothesis
called geometric control. This condition requires that all trapped null bicharacteristic rays intersect where
a > 0 (see Definition 2.1 for a precise definition), although the authors of [BR14] only required this for
trapped geodesics due to the product manifold structure. Geometric control dates back to [RT74], which
utilized it to obtain exponential energy decay (i.e. uniform stabilization) for dissipative problems on compact
manifolds. In [Kof23], we generalized the work of [BR14] to the asymptotically flat case (i.e. allowed the
metric to possess cross terms). To be precise, we will record this result, which is Theorem 1.9 in [Kof23]
(adding in the missing assumption of uniformly space-like time slices).

Theorem 1.9. Let P be a stationary, asymptotically flat damped wave operator satisfying the geometric
control condition with A,V =0 and suppa C {|z| < Ro}, and suppose that 0y is uniformly time-like while
the constant time slices are uniformly space-like. Then, local energy decay holds, with the implicit constant
in (1.1) independent of T.

In [Kof23], uniform energy bounds held as a result of the conditions on the damping and lack of potentials,
which made it sufficient to prove the two-point bound in order to establish local energy decay. In order to
establish the former estimate, [Kof23] followed the strategy set forth in [MST20]:

(1) Establish local energy estimates that imply local energy decay for Schwartz functions, whose cor-
responding function space we denote as S, which are cut off to high, medium, and low frequency
regimes.

(2) Utilize a time frequency partition of unity to prove the estimate

lullppr S N1Pullppe.  uweS.

(3) Apply an extension procedure to add back in the energy at times 0 and T
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1.4. Statement of Present Results. We will generalize the work of [Kof23] to include the lower-order
magnetic and scalar potentials, along with more general damping functions. Our first result is an extension
of the high frequency estimate [Kof23] to our setting. This high frequency estimate first arose in [MST20]
for non-damped waves.

Theorem 1.10. Let P be a stationary, asymptotically flat damped wave operator which satisfies the geometric
control and weakly e-damping dominant conditions for some € > 0. Additionally, assume that 0y uniformly
time-like while the constant time slices are uniformly space-like. Then, the high frequency estimate

(1.5) ull Lo,y + 10Ul Lo 2707y S 10u(0)]] L2 + H<$>_2“||LE[07T] + [1Pull g1 24 o,y
holds with an implicit constant which is independent of T .

Notice that if we are in the setting of [Kof23] then A, V, ax|s>r, = 0, which implies the weakly e-damping
dominant condition holds. Hence, this theorem is a strengthening of the corresponding result in [Kof23].

This theorem is one of the primary results whose proof must be adapted from [Kof23] to account for the
lower-order terms. It is also where one requires the most substantial deviation from [MST20], since trapping
is high frequency. We utilize the symmetry-based assumptions in the theorem so that we may deal with
the additional lower-order terms. In particular, this is where the conditions on the interaction between the
damping and magnetic potentials come into play. In order to leverage the sign of the damping to mitigate
the harmful effects of the trapping, we must limit the magnetic potential appropriately.

The medium and low frequencies are not affected by the damping (which may simply be viewed as a
general sub-principal AF' term, as opposed to being leveraged like in the high frequency setting) and follow
directly from the work in [MST20]. This allows us to establish the two-point local energy estimate under
the hypothesis that zero is not a resonance, which is needed in the low frequency regime.

Theorem 1.11. Let P be a stationary, asymptotically flat damped wave operator which satisfies the zero
non-resonance, geometric control, and weakly e-damping dominant conditions for some € > 0. Additionally,
assume that 0y is uniformly time-like while the constant time slices are uniformly space-like. Then, two-point
local energy decay holds, with the implicit constant in (1.2) independent of T'.

We will define the zero non-resonance condition in Section 2.2 and its relation to zero resonant states in
Section 3. If we additionally impose that P satisfies the e-damping dominant condition with | Im A| replaced
by |A|,|VA|, and |V|, then we obtain a straightforward energy dichotomy (just as in [MST20], where it
is Theorem 2.16) as a consequence of the two-point local energy estimate and a uniform energy relation.
The given symmetry conditions fulfill a similar role to a condition on the absence of non-zero embedded
resonances, and it is needed to obtain the aforementioned uniform energy relation (i.e. an almost-conserved
energy property if Pu = 0) which will appear in the proof. Recall the definition of £ given in Section 1.2.

Theorem 1.12. Let P be a stationary, asymptotically flat damped wave operator which is strongly e-damping
dominant with respect to the magnetic potential, the gradient of the magnetic potential, and the scalar po-
tential for sufficiently small € <, M, 1, equivalently

a(z) > e (|A(@)| + [VA@) + [V(@)]), 2] < 2R,

and satisfies the zero non-resonance and geometric control conditions. Additionally, assume that Oy is uni-
formly time-like while the constant time slices are uniformly space-like. Then, there exists an o > 0 so that
any solution to

Pu=f, 0] €€, feLE*+L;L?
satisfies one of the following two properties:

(1) Ezponential growth asymptotics in terms of the data and forcing:
1Du(t)]| 2 Z e (Ilau(O)lle + \\fIILE*+L1L2[O,OO>) ;o t> 1
(2) Local energy decay:

el Lg110,00) F 10Ull Loe 270,00y S NOu(O)I L2 + Il L 421 £2(0,00) -
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Remark 1.13. The condition on the damping can be readily weakened to assuming that P is weakly e-
damping dominant (in order for Theorem 1.11 to apply) and that, for € small enough and all ¢ > 0, the
estimate

t t
//&qumdxds = C(E)/ / aldsul® dzds + O(max(e”, c)) Hu||iE1

0 R3 0 BQRO(O)

holds for some C(g) > 0 and k € (0,1), where P? is the the skew-adjoint part of P. The assumption given
in the dichotomy was stated as such merely for tractability, as it will both satisfy the relevant hypothesis in
Theorem 1.11 and allows the above bound to hold as a consequence of Holder’s inequality, Young’s inequality
for products, and asymptotic flatness. |

At least at a heuristic level, the solutions which exhibit case (1) behavior stem from eigenvalues in the lower
half-plane of the corresponding stationary problem (see Section 3), which represent poles of the resolvent.
The resolvent has meromorphic continuation to the entire lower half-plane, and the poles must occur within
a relatively compact subset of frequencies. In particular, there are only finitely many such eigenvalues,
and each generalized eigenspace has finite dimension by Fredholm theory. We also remark that we do not
obtain improvements from the corresponding result in [MST20] here, nor do we obtain versions of their
non-stationary results since our high frequency work exploits the stationarity. While more refined energy
space decompositions are likely (and are also present in [MST20] within the non-damped setting), the proper
statements and results in the context of damped waves are not clear to us at this time.

Finally, we have local energy decay. Here, we must further assume that P satisfies various spectral
hypotheses, which are defined in Section 3.

Theorem 1.14. Let P be a stationary, asymptotically flat damped wave operator which satisfies the zero
non-resonance, geometric control, and weakly e-damping dominant conditions for some ¢ > 0. Suppose
further that P has no negative eigenfunctions nor real resonances and that 0y is uniformly time-like while
the constant time slices are uniformly space-like. Then, local energy decay holds, with the implicit constant
in (1.1) independent of T'.

In order to prove this result, we cannot necessarily rely on uniform energy bounds to pass from the
two-point local energy estimate to local energy decay like in [Kof23] and instead rely on spectral theory as
in [MST20]. The structure of proving Theorem 1.14, and hence of the overall paper, is as follows and is
motivated by [MST20]:

(1) Section 2.1: Extend the high frequency analysis from [Kof23] to the present context. One must take
care to consider how the damping interacts with the remaining principal skew-adjoint terms; this is
the purpose of the e-damping dominant conditions. We will explain the results that we borrow and
why they apply here.

(2) Section 2.2: Provide an overview of the low and medium frequency analysis; these do not require
change from [MST20], since the damping is simply treated as a first-order AF perturbation term.
From here, Theorem 1.11 follows readily from the work in [MST20], [Kof23]. As an immediate
consequence, we will establish Theorem 1.12 in Section 2.3, although this has no bearing on the
proof of Theorem 1.14.

(3) Section 3: Summarize the necessary resolvent theory in [MST20] required to prove Theorem 1.14.
This will require Theorem 1.10 and Theorem 1.11. Once one is armed with the relevant frequency
estimates, the work in [MST20] applies rather directly. We will summarize and/or provide many
(but not all) of their arguments for the required results, especially where we believe that further
elucidation would be beneficial for the sake of exposition. We require little deviation from their
theory in our present work.

Remark 1.15. As a consequence of Remark 1.5, Theorems 1.10, 1.11, and 1.14 hold if the weakly e-damping
dominant condition is replaced by the strongly e-damping dominant condition with ¢ < (2|g — m|| ~ +
1)~% |

Remark 1.16. As opposed to writing the d’Alembertian in divergence form (i.e. O, = D,g*’Dg) and
utilizing the volume form dV = dzdt for our analysis, one could work with the geometric d’Alembertian
8



(that is, the Laplace-Beltrami form)
Oy = |9l ~"/*Dalg?g*" Dy, |g] = |det g°”|

with the volume form dV = |g|'/2dzdt. Each d’Alembertian is symmetric with respect to the associated
volume form on L?(dV). One can transition from the latter framework to the former by conjugating the
operator by |g|'/* (see e.g. [Tat13], [Mor24]); lower-order terms arise, but they are permissible in view of
the magnetic and scalar potential terms already allowable in P. For this reason, we are working with the
former case. ]
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2. FREQUENCY ANALYSES AND TwO-POINT LocAL ENERGY DECAY

In this section, we will prove Theorem 1.11 using high, low, and medium frequency analyses. The low and
medium frequency work follows directly from that in [MST20], while the high frequency work is a variation
on [Kof23] and requires the symmetry assumptions as described in Section 1.1.

To start, we will define cutoff notation which we will use throughout the duration of the paper. Namely,
we will fix x € C2° non-increasing, x = 1 for x| < 1, x = 0 for |z| > 2 and define x<r(|z]) = x(|z|/R),
X>r = 1 — xX<gr- We will assume further that x is the square of a smooth function for notational convenience
(as otherwise, we could work with y?). We will occasionally add the variable into the subscript to make
the specific dependence clear (e.g. write x|¢|<x when working truncating the spatial frequencies £ below a
threshold \).

2.1. High Frequency Analysis. We will recall the relevant framework and results from [Kof23] needed to
prove the high frequency estimate. When deviation occurs, we will proceed carefully and explicitly. The need
for the e-damping dominant condition only comes up in one place, in the proof of Lemma 2.3. Throughout
this section, we will assume that P is stationary. This work is motivated by [Kof23], [MST20], and [BR14].

The high frequency analysis is rooted in the behavior of the bicharacteristic flow generated by the principal
symbol of P. First, we make a minor simplification. Since the constant time slices are assumed uniformly
space-like, it follows that ¢°° < —1. Dividing through by —g¢"0 preserves the assumptions on the operator
coefficients (see e.g. [MT12]); hence, we may assume that g% = —1.

After these modifications, the principal symbol of P is the smooth function

p(xa T, 5) = 7(7_2 - QTgoj(m)gj - glj(x)gzgj)v (ta X, T, 5) € T*R4 \ 0.
Notice that since P is stationary, p is independent of ¢t. This symbol generates a bicharacteristic flow on
R x T*R* given by p,(w) = (ts(w), zs(w), 7s(w), &s(w)) which solves

{ 75s = 8Tp(§os(w)>7 Ts = —815])((,05(111))7

Ty = pr(<ps (UJ)), gs = _Va:p(<ps (’LU)),

with initial data w € T*R*. 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, denoted Char(P).
We remark that there is no distinguishing between £p on Char(P), hence the minus sign in front of p is
somewhat inconsequential on it.

Using the flow @5, we define the forward and backward trapped and non-trapped sets with respect to @s,
respectively, as

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

s>0
Aip = {w € T*R*\ o : sup |z_4(w)| < oo} N Char(P),
s>0
I = {we T*R*\ 0: [z,(w)| = coass — oo} N Char(P),

As = {w e T*R*\ 0 : |z_4(w)| = coass — oo} N Char(P).
9



The trapped and non-trapped sets are defined as
er = Ft’r‘ n At,,« and ng = Foo N Aooa

respectively. The flow is said to be non-trapping if 2, =0. Otherwise, the flow is said to possess trapping.
Now, we may precisely state the geometric control condition.

Definition 2.1. We say that the geometric control condition holds if
(2.1) (Vw € QY )(Is € R) a(zs(w)) > 0.

In order to leverage the sign of the damping, [Kof23] utilized a scaling argument which we will also exploit.
Namely, if u solves Pu = f, we consider

u(t,x) == u(yt,yx), v >0.

For this discussion, a tilde over a function will denote dilation by 7 in each coordinate, as done to define .
If we call
P = (Do +7A0)§**(Dg +~Ag) + ivaD, +4°V,
then
P(y~%a) = f if and only if Pu=f.
The benefit of this scaling is that we obtain an arbitrarily large constant in front of the damping function.
However, we underscore that such a large constant is also inherited by the magnetic potential.

Analogous Hamiltonian systems and trapped/non-trapped sets exist for the principal symbol p of 15,
which amounts to simply dilating the coordinates of g. If we assume that geometric control holds for the
flow generated by p, then it is proven in [Kof23] that it holds for the flow generated by p. Since the proof is
straightforward, we will omit it here and only record the result, which is Proposition 2.6 in [Kof23].

Proposition 2.2. Assume that the geometric control condition (2.1) holds. Then, for any v > 0, (2.1)
holds for the flow generated by p, with a replaced by a.

Since the lower-order terms A and V are not at the principal level, they do not affect p nor p. Henceforth,
we will fix a large v > 0 and study the problem from the scaled perspective while reverting back to our
original notation (e.g. no tildes). It is readily seen that it is equivalent to prove Theorem 1.10 for the scaled
problem, where we now have a large constant in front of the damping term.

The proof of the version of Theorem 1.10 present in [Kof23] (i.e. A,V =0, suppa C {|z| < Rp}) is a
positive commutator argument. At the symbolic level, this requires the construction of an escape function
and a lower-order correction term. Let p and Ssgeqw represent the principal symbols of the self and skew-
adjoint parts of P, respectively. Namely,

p(d?, 7, E) = _(T2 - 27-ng (.I)f] - gij (I)flfj)
Sskew (T, T, &) = 17y (Im A (2)(9°° ()T + g**(2)&) + T Re a(z)) )
The multiplication by 7 in Sgge Will prove advantageous for a bootstrapping argument, which is precisely
why we implement the y-scaling. However, the imaginary part of A has interaction with the damping and also
features multiplication by 7. The e-damping dominant condition is applied in order to retain the positivity

effects of the damping.
The precise escape function construction is as follows.

Lemma 2.3. For all A > 1, there exist symbols q; € S7(T*R?) and m € S°(T*R3), all supported in || > A,
so that
Hpq — 208skewq + PM Z X[g|>A <l‘>_2 (72 + |§|2) y
where ¢ = Tqo + q1-
Here, H, is the Hamiltonian vector field induced by p, and S™(T*R™) denotes the standard Kohn-

Nirenberg symbol class of order m. To each symbol b € S™(T*R"™), we have the associated Weyl quantization
of b, denoted b%, which is a pseudodifferential operator of order m defined by the action

b (z, D)u(z) = (QW)BHJR[ ei=v)€ <x;ry ) uy)dyds,  ue S(RM).
10



We will use U (R"™) to denote the space of pseudodifferential operators on R™ of order m, and write
TR = ] ¥R
meR
for the space of smoothing operators on R".

Lemma 2.3 was proven in [Kof23] in the special case of A,V =0 and suppa C {|z] < Ry}, leading to a
simplified Sggeq,- As in the aforementioned work, we will work with the half-wave decomposition; it is proven
in [Kof23] that the null bicharacterstics are equivalent through a reparameterization argument, and this fact
continues to hold here without any change (lower-order terms do not affect p and hence will not affect its
induced bicharacteristic flow). That is, we factor p as

p(T,x,f) = _(T - b+(x’£))(7_ - bi(wvf)),

where

b (,€) = 0% (@) = /[0 (@12 + g ()&t
Using that 0, is uniformly time-like, it is readily seen that b* are both positively homogeneous of degree 1
in £, and
b*(2,€) > 0> b (2,€)

whenever ¢ # 0. The Hamiltonians p* := 7 — b* also generate bicharacteristic flows
90;& (w) = (tgt (w)7 xit (’LU)7 Tsi (w)7 fsi (w))

on R x T*R* which solve the Hamiltonian systems

t;t = 17 Tsi = Oa
if = —VebT(pF(w),  &F = Vbt (pf(w)),

with initial data w € T*R*. Observe that the (t,7) and (x, ) systems are decoupled, allowing us to project
onto the (z,£) components of the flow without losing information. Notice that, after we project, we are
no longer looking at null bicharacteristics but, rather, bicharacteristics with initial data having non-zero &
component.

Now, we may define the forward and backward (denoted by the 4 notation) trapped and non-trapped
sets for the half-wave flows as

rf = {w € T*R®\ o : sup |zF (w)| < oo}7
s>0

Afﬁ = {w e T'R? \ 0:sup |xfs(w)| < oo} ,
s>0

I‘Oio:{weT*R3\o:|xf(w)|—>oo as s — oo},

Aoio:{weT"‘R?’\o:|:1:jE (w)] — 00 as s — 0o} .

—s
The trapped and non-trapped sets are

Qf =TEnAL and Qf =T nAZ,

Q=0 UQ, and Q. =QL UQL.
As a consequence of the factoring, we have the identities

Y =1L, (Q) and Qo =11, (Q5),

where II, ¢(t,z,7,£) = (x,€). Additionally, we may re-state geometric control in terms of the factored flow.
If w € Q4 then it is either trapped with respect the flow generated by p* or p~. 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 point where the damping
is positive, and similarly if it is trapped with respect to p~.

Since A and V' do not occur at the principal level for P, they will not affect the individual components of
the escape function construction. Hence, the construction in [Kof23] applies directly. The methodology in
[Kof23], motivated by a combination of [BR14], [MST20], and [MMTO08], is performed in the following steps:

(1) On the characteristic set. We will refer to {|z| < Ry} as the interior and {|x| > Ro} as the
exterior.
11



(a) Interior, semi-bounded null bicharacteristics. Here, one considers semi-bounded null
bicharacteristics with initial data living in the interior region. Working with semi-bounded
trajectories is favorable since they include both trajectories that are trapped and those which
escape slowly. Additionally, geometric control extends to such trajectories. This is where
geometric control is used.

(b) The remainder of the interior region. In this region, all of the trajectories escape both
forward and backward in time. This region is more classical, but care must be taken both to
avoid the trapping and incorporate the half-wave structure.

(¢c) The exterior region. As a consequence of asymptotic flatness, there are no trapped trajecto-
ries in this region. Here, one appeals to geometrically-adapted flat wave theory. The multiplier
also allows for the absorption of an error term which arises in the prior region.

(2) On the elliptic set. Here, one requires a lower-order symbol which provides no contribution on
the characteristic set and provides positivity off of it. This essentially follows from the minimization
of an appropriate quadratic in the dual time variable 7.

Now, we cite the specific results from [Kof23] (namely, Lemmas 2.13 and 2.16, respectively). First, we
define the interior, semi-trapped set

0%, = (T UAL) n{lz] < Ro}-
This is related to step (1a). Next, we define the function

OF (2,¢) = <x |bi(£x£)|) '

i (@,6) = ay (2, M),

AT (,€) = €5 (2, A8)
for any A > 0 due to the homogeneity of b*. Since |¢/b%(z,€)| = 1 for £ # 0 and b* is a constant of motion
for the flow generated by p* (which explicitly utilizes that g is stationary), the function ®* provides a lifting
which is useful to pair with scaling arguments. The first portion of the construction (la) is contained in

the following lemma, which was motivated by [BR14]. This is where geometric control is utilized. (More
precisely, geometric control also applies to semi-trapped trajectories; see [Kof23].)

It can be shown directly that

Lemma 2.4 (Semi-bounded Escape Function Construction). There ezist ¢f € C*(T*R3 \ 0), an open set
Vfg D Qﬁo, and C* € Ry so that
Hpiqit + CEax<ry, Zro ]].VRiO.
Further, ¢f = G o ®%, where ¢ € C°(T*R3 \ o).
Next, we complete steps (1b) and (1c).

Lemma 2.5 (Non-trapped Escape Function Construction). There exist q2jE € C®(T*R?*\ 0) and W+ C QF
so that Vi, UW* =T*R*\ o, W% > {|z| > Ro} and

Hy

qf 22y, x|~ 20
Further, qzi = qiin +qZ,,, where qiin = cjiin o ®F | with cjij; € C°(T*R3\ o) being supported in {|z| < 4R} and

Gout € Som (T"R*\ 0).

We remark that the behavior of (¢;) does not matter so much for 0 < j < log, Ry, as long as each
corresponding c¢; is positive by compactness

To complete the remaining steps and prove Lemma 2.3, we proceed similarly to the work in [Kof23], with
special attention paid to the new contributions of Ssrew. The presence of Im A in sgpeq, did not occur in
[Kof23] and must be dealt with here. The symmetry conditions arise when one must balance the ability to
leverage the sign on the damping for |z| < 2Ry with the necessity to absorb the unsigned magnetic terms.

Proof of Lemma 2.3. First, we truncate the symbols to stay away from & = 0:

+  _  —ogiqF .
q]',>)\ =e U Xpt|>xs J = 1,2,
12



where o1, 09 > 1. Unlike [Kof23], we need two parameters o1 and o9, as opposed to just one parameter; the
additional parameter is needed to deal with unsigned first-order errors. The exponentiation is implemented
for bootstrapping: Taking derivatives of the exponentials will provide multiplication by o; and os. It is
readily seen that qji_> \ € S°(T*R?) via the chain rule.
We combine the symbols constructed on the individual light cones together as
q(l’,’r,f) = (T - b+)(‘]1_7>)\ + q2_,>)\) + (T - bi)(qi>k + QJ>,\)'
Calling
q; = (- b+)Q;>A + (7 - b_)Q;>A7
we can see that
(Hpq + 2~ (T Rea +Im Aa(gaoT + g"kfk)) q) ’szi
= (HpQ1 + 2y (T Rea + Im Aa(gO‘OT + gak§k)) ql) ‘T:bi + (Hpqg + 2 (T Rea + Im Aa(gO‘OT + gak§k)) qg) ‘T:bi
= 1pq1 |‘r:bi + 27(b+ - b_) (bi (Rea + Im Aotgao) + Im Aagak§k|7=bi> Qilf>)\
+ H,,q2|T:bi +2y(bT —b7) (bi(Rea +Im Aqg®°) + Im Aag"kfk\T:bi) qu,M.

We will work with each term in the last equality separately. First, we compute that

— + + +

Hygj| _pe = =07 =07 )2 Hyeqi o — (b — b7)g; o (b 0F, — by bf)
— + + +
=0 (0" = b7)2q o \Hpay — (b = bT)agy o\ (0507, — by bl ).

By making o1, 09 sufficiently large, we may absorb error terms into the leading term with differing j to

obtain that

1 _ 1 _
Hyt|, e + Hyto|_ye > 501 (07 = b7) 200 o\ Hye i + 50a2(b" = 07) a5 Hyeai

and so
(2.2) (Hpq + 2 (7' Rea + Im A, (g1 + gakfk)) q) “r:bi
2 o107 = b7 )2 ql  Hyr gy £2y(07 —b7) (07 (Rea +Im Aqg®®) + Im Aa g™ |rps ) 4
+oa(bT —b7) gy o\ Hyr gy £29(b7 —b7) (b5 (Rea+Im Aqg®) + Im Aag™ |yt ) g5 5.
We will consider each line in the above lower bound of (2.2) separately. First, observe that
bi
bt — bF

~ 1.

We first consider the terms in (2.2) featuring qf> - Here, we want to leverage the damping via Lemma 2.4.

Splitting R3 into interior and exterior regions permits one to use the weakly e-damping dominant condition

in the former and asymptotic flatness conditions in the latter. By choosing ~ sufficiently larger than ¢ ~loy,

we are able to apply Lemma 2.4. Explicitly, for |z| ~ 2¢,
(2.3)

o1 (bt — b7)2qf>)\Hpi @ +2y(bt —b7) (bi(Rea +1Im Ayg®®) + Im Aagak€k|7-:bi) qf>>\
_ 2y bt N &k o
= (71([)7L —b )2qit,>>\ <Hp:tqit + (0_1) (X|w|<Ro + X\w\>Ro) <bi—b:': (Rea + gO ImAa) =+ m Ionzg k
_ 2 _
2 o1 (bt — b7 ) gy (Hpiqli + 0%(5 Reax|z|<r, — ce2 ZXz|>R0))

2y 5
R o1Xjg1>x ¢ (ﬂvgo — 52 Xz|>no> :

For the terms in (2.2) involving q2i> »» we may similarly split the physical space into an interior and
exterior. In the former, the weakly e-damping dominant applies once again (after which we merely use that
the damping is non-negative for |z| < 2Ry to drop the term altogether), and in the latter, (¢;) provides
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quantitative control on the size of the perturbative terms. Using these strategies, applying Lemma 2.5 to
both resulting pieces, and choosing o9 sufficiently larger than v gives that, for |z| ~ 2¢,

(2.4)

02(b+ - b_)2qu>>\HpiQ2 + 2’7(b+ - _) (bi(Rea’ + ImAagao) + ImAagak€k|T=bi) Qi>)\

b* 27 &k
= 02X |al<ro (b7 — b7 )2 g5y ( Hpray + ( ) yE—— (Rea+¢"* ImA,) + ( ) s mA gak)
2y bt 2y &k
2 + Oc ak
+ 02X(a> ko (0T — D7) 245 oy (H +¢5 +( )bi—lﬁ (Rea+g Ioné)—&-(g2 e mAag

_ _ 2y __
2 02 X|al< ko (T = b7 )20 s\ Hyt G5 + 02X|aj> ko (b7 — b7 )05 < <Hpiq§ - ol f)

2
) "y 2
2 02X|¢1> A X|al<Ro €62 Il L= + 02X |15 A X(al> RoCe2 ™ €] <]1Wi - o—2>
2 TaX|¢|>AX 2| < Ro Ce2 1€ L+ + 0o X g5 A X |a|> RoCe2 |E P Tyt

Recall that Vgo UWE =T*R3\ 0 and W* D {|z| > Ro}. We may readily combine (2.3) and (2.4) to directly
get the estimate

(2.5) (Hpq + 2y (rRea+Im Aq(9°°7 + g*%&)) q) | _x 2 Ligmace2 )17, ||~ 2°

holds. All together, we require that 1 < oy, o167 ! < 7 < 09.
From (2.5), we use that (c) is a slowly-varying, summable sequence to conclude that

(Hpq + 27 (TRea+Im Ag (971 4+ g%%&k)) q) | _ye 2 Xjeoa (@) 2I€°
The work on the elliptic set in e.g. [MST20], [Kof23] applies without modification. Summarily, if we write
(2.6) Hpq+2y (T Rea+Im A (g0 + gakfk)) q+pm = (ag—m)T>+ (a1 + (T +b7)m) 74 (a2 —b b m),
where a; € S7(T*R?), then we choose
m=—0b"—b")"2(a1(bT +b7) +2(aghTb” +a2)).

Such an m ensures that the quadratic polynomial (2.6) in 7 is concave up and has no real zeros. O

The proof of Theorem 1.10 is highly similar to the proof in [Kof23] for the analogous result. There are
a few additional terms to deal with, but the aforementioned work demonstrates how to deal with them, as
they are lower-order. We will briefly summarize the argument in [Kof23] and add in additional details for
the new terms. First, we remark that one can readily reduce the theorem to a simplified estimate, which we
state as a proposition.

Proposition 2.6. In order to prove Theorem 1.10, it suffices to prove that

1/2 1/2
(2.7) losallzss,, S CO) (1Pl vl

ol + lollgage) + A2 oll g

for all v supported in {|x| < 2R}, where vsx = Xj¢j>x(Daz)v.

This reduction was shown in [MST20] and [Kof23]. We will not reproduce the proof here, but the idea is
as follows:

(1) Use asymptotic flatness to reduce to the case of Pu and u[0] compactly-supported in {|z| < 2Ry}.
(2) Utilize a unit time interval and Duhamel’s theorem to reduce to u[0] = 0 and Pu € LE?.
(3) Remove the upper bound on the time integrals using a cutoff argument, making it sufficient to
integrate in ¢t from —oo to co.
(4) Reduce to solutions supported in {|z| < 2Ry} via standard exterior wave estimates.
(5) Add back in the low frequencies, then take A >> v and apply Young’s inequality for products in order
to bootstrap the LE! terms on the right into the left.
14



Now, we will prove Theorem 1.10. During the proof, we will use (-,-) to denote the L?L2 inner product.
We also recall the v-scaling that was introduced after Definition 2.1. The proof is a modified positive
commutator argument. Analyzing 2Im <Pv7 (qw — %mw) U> will provide, up to lower-order error terms,
precisely ((Hpq — 2iSsgewq + mp)“v,v), which features the quantization of the upper bound term in the
symbol estimate of Lemma 2.3. Through a partition of unity argument in the frequency space, we may
utilize the sharp Garding inequality in view of Lemma 2.3 to establish a lower bound in the first-order
local energy space. The original inner product involving Pv may be dealt with using Cauchy-Schwarz and
similar frequency analysis to partially compose the upper-bound of Theorem 1.10, while lower-order error
terms provide lower-order obstructions that may either be absorbed on the lower-bound side via frequency
localization arguments or are located on the upper-bound side (depending on the order of the error).

Proof of Theorem 1.10. First, decompose P its principal self-adjoint and skew-adjoint parts, plus an error,
as

P =0y + Psgew + P,
where P represent all remaining lower-order terms. Integrating by parts gives us that
(2.8)
2Im <Pv, (qw — ;mw) v> = (i[0g, ¢"]v,v) + ¥ ((Pskewq” + ¢" Psgew)v,v) + % (@gm™ +m™Og)v,v)
+ lower-order terms.

Notice that the non-lower-order-terms on the right-hand side may be written, as a result of the Weyl calculus,
as

((Hpq — 2iSskewq + mp)Tv,v) + (Rov,v) , where Ry € \IIO(R4).

We will analyze each side separately. First, we record the full, explicit calculation for posterity, keeping the
lower-order terms in (2.8) on the left-hand side of the equality:

(2.9)
ot (P (0% = G ) o) 4 5 (0 409D + Dag® in A, m¥10,0) + (D m¥]ov0)
— iy ([(Re Aag® Dg + Dag®® Re Ag), ¢ v, v)

i

- L

72<ImA g°PIm Ag — Re A,g™? Re Ag, ¢% v, v)

— 242 <( (Im Ang®? Re Ag) + + (Im Aqg°” Re Ap)q” ) v,v>
(m
(m

v? ([Re Ao g™’ Tm Ag, m™]v,v) +i7* ([¢¥,Re V]v,v) + % (ImV, m™ v, v)

~.

(Re Ang® 5DB + Dog®® Re Ag) + (Re Aago‘ﬁDﬁ + Dag®® Re Ag)mw) v, v)
+

~.

{(m™(Re Aag®® Re Ag) + (Re Ang™” Re Ag)m™) v, v)
( Y(Im Aag®? Tm Ag) + (Im A,g*° Im Ag)m™) v,v)

_|_

1\7 [\3‘\%\: w‘\%w

2
+ v (ImaDym™v,v) + v {[Ima, ¢"|Dv, v)

{(m™ReV +ReVm™)v,v) —v* (¢ ImV +Im Vg™ )v,v)

N 1
= (il "o, ) + 5 ¢
+7((¢"(ReaD; +Im Aag®®Dg + Dag®® Tm Ag) + (ReaD; +1Im Ang®? D + Dog®’ Tm Ap)

= <(Hpq - QiSSkewq + mp)WU, U> + <R0’U7 ’U> .

(Ogm™ +m™0g)v,v)

Split v as

V= Ussa Vo 1= X|el 4l >A(0)V + Xe 417 <a (D),
15
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and recall that ¢, m are both supported at frequencies |{] > A. By plugging in the frequency decomposition,
choosing 7 large enough, and applying the sharp Garding inequality to v~s) (justified by Lemma 2.3), we
obtain that

((Hpq — 2i85pewq +mp)“v,v) 2 <(X\§\>A<$>_2(\§|2 + 72))WU>>A, U>>>\> - |\U>>>\||§{1}/352 + (Sv,v),

where S € U~°(R*) arises from the terms including ve<y (since x¢j+jrj<x € S™°°)). Integrating by parts
one time gives that

<(X|§|>>\<x>_2(|f|2 + 7'2))WU>>A7U>>>\> 2 Hav>>\HiE<2Rg + <R1U>>>\7’U>>A>7 where Ry € ‘Ill(R4)~
All together, the right-hand side of (2.9) is bounded below by a multiple of
1005312 sy~ |(Ba055, 05| = 05501372 = [{Row, o)

Bounding the errors is performed using Plancherel’s theorem. With more specificity, one may utilize the
standard Sobolev mapping properties of pseudodifferential operators, the frequency localization, and the
compact spatial support of v to obtain that

2 _ 2
[(R1vssx, vs>a)| + HU>>)‘”H¢1Q2 SA ol g -

One shows that
[(Rov, )| S CN) [|ol[72 2
in a similar manner, except that one cannot leverage frequency localization and may incur an implicit
constant which depends on A. Such a term will appear on the upper bound side of (2.7), so having such an
implicit constant is permissible.
Summarizing, we have shown that the right-hand side of (2.9) is bounded below by a multiple of

2 2 - 2
(2.10) 1005 M LB gy = CN) I0llz22 = AT [0l -

Next, we consider the left-hand side of (2.9). By the Cauchy-Schwarz and Plancherel’s theorem,

<Pv7 (qw - ;mw) v> = <Pv7 (qw - ;mw) U>>,\> + (Sv,v), S € U—>(R?)
S CO) (1Pl ol s + o032

By once again applying frequency splitting, the remaining inner products on the left-hand side of (2.9) are
of the form

(v +’72) (<§0Uav> + <R1U>>/\7”>>>\>) ) Ej € ‘I’j(R4)~
We have discussed how to bound both of these terms; namely,
|(Fov,0)| + |(Brvssa,vssa)| S CO) olfage + A7 ol

Factoring in the scalar coefficients of these inner products, we have demonstrated that the left-hand side of
(2.9) is bounded above by a multiple of

(2.11) C(\ ) (IIPUHLE;

Combining (2.10)-(2.11) in application to (2.9) and completing the LE! norm on the lower-bound side
provides (2.7). O

2 — 2
Ollzg + [olFage) + 2207 o)} g

2.2. Remaining Frequency Analyses and Two-Point Local Energy Decay. In order to establish
Theorem 1.11, we require similar estimates in the low and medium frequency regimes. The damping does
not play a meaningful role in either regime, as it may be treated as a lower-order perturbation term. Like
in [Kof23], the relevant estimates from [MST20] carry through. We will briefly summarize why this is the
case, in lieu of full proofs.

At low frequencies, the obstruction to local energy decay arises when P has a resonance at frequency
zero (see Section 3 for a precise definition and further discussion on spectral obstructions to local energy
decay). A quantitative condition on the existence of corresponding zero resonant states is the following zero
non-resonance condition.
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Definition 2.7. P is said to satisfy a zero non-resonance condition if there exists some Kg, independent of
t, such that

(2.12) lull g < Ko | Poull g Vue H.
The elliptic operator
Py=P|,,_o = (Dj + A))¢""(Dy, + Ax) + Aog™ (D; + Aj) + (Dj + A;)¢" Ao + (A0)*g” +V

represents P at time frequency zero, and we underscore that the damping does not appear. Hence, the
damping has no bearing on whether or not the zero non-resonance condition holds. For example, if P is
stationary and asymptotically flat with Im A, =0, V > 0, and Ay = 0, then P satisfies the zero non-resonance
condition. This follows from Lemma 6.2iii in [MST20], which also features a more general condition. The
relevant low frequency estimate is the following, and the corresponding theorem in [MST20] is Theorem 6.1.

Theorem 2.8. Let P be an asymptotically flat damped wave operator which satisfies the zero non-resonance
condition, and suppose that 0y is uniformly time-like while the constant time slices are uniformly space-like.
Then, the bound

(2.13) lull g S HatuHLEg + [[Pull g
holds for all u € S(RY).

The proof of Theorem 2.8 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 meaningful role. At
frequency zero, it provides no contribution, and near frequency zero, it is absorbed by the error term in
(2.13); the damping arises when estimating Pyu by Pu within a compact spatial set.

At medium frequencies, we require 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
Carleman estimates. The Carleman weights which we need are constructed in e.g. [Bool8], [KT01]. The
main medium frequency estimate is the following, and the corresponding theorem in [MST20] is Theorem
5.4. We remark that the theorem does not imply an absence of embedded eigenvalues/resonances on the real
line.

Theorem 2.9. Let P be an asymptotically flat damped wave operator, and suppose that 0y is uniformly
time-like while the constant time slices are uniformly space-like. Then, for any 0 > 0, there exists a bounded,
non-decreasing radial weight ¢ = o(In(1 + 1)) so that for all u € S(R*), we have the bound

(2.14) H(l + @) 2e? (Vu, (ry 1+ w')u) HLE + H(l + @’)1/26“’8tuHLE

SleePully g+ (|| + &) 2eu] 4|7 A+ D20+ Dero| )
with the implicit constant independent of §.

The proof of this theorem utilizes two intermediate Carleman estimates within two different regions of
space, which may be combined using a cutoff argument in order to prove Theorem 2.9.

(1) Within a large compact set: The damping term is well-signed and readily absorbable as a
perturbation due to the conditions on the weight ¢, which will be convex.

(2) Outside of a large compact set: Here, the damping is a small AF perturbation, so the proof
in [MST20] follows through without any modification. Within this region, the authors of [MST20]
bend the weight to be constant near infinity in order to apply exterior wave estimates. This leads
to breaking this case into three sub-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.

The proofs of the Carleman estimates in the above regions are based on positive commutator arguments
utilizing the self- and skew-adjoint parts of the conjugated operator P, = e¥Pe™%.

The high, low, and medium frequency estimates are the key ingredients needed to establish Theorem
1.11. As in [MST20], [Kof23], it sufficient to remove the Cauchy data at times 0 and T in order to prove
Theorem 1.11; we will elaborate on this momentarily. This makes it significantly easier to perform frequency
localization. The pertinent result in [MST20] is Theorem 7.1.
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Theorem 2.10. Let P be a stationary, asymptotically flat damped wave operator which satisfies the zero
non-resonance, geometric, and weakly e-damping dominant conditions for some € > 0. Additionally, assume
that 0y uniformly time-like while the constant time slices are uniformly space-like. Then, the estimate

(2.15) ullpgr S [1Pull g
holds for all u € S(R%).

Proof. We will utilize a time-frequency partition of unity. Let 0 < 79 < 1 and 71 > 1, which will be chosen
with more precision shortly. Then, we can write

U = X|r|<70o (Dt)u =+ Xro<|7|<71 (Dt)u + X|r|>71 (Dt)u =: Q1u+ Qou + Q3u.
Since P is stationary, it commutes with each @;, and so it suffices to show that
(2.16) 1Qsull g S IPullpper 5 =1,2,3.
First, we apply Theorem 2.8 to Q;u and appeal to Plancherel’s theorem in order to obtain that

[Quull g S 10:(Quu)ll gy + [P(Quu)ll g S 7o |Quull L + [[Pull - -

If 79 is sufficiently small, then we may absorb the error term on the upper-hand side into lower-bound side,
which provides (2.16) for j = 1.
We proceed similarly with Qsu via Theorem 2.9:

|+ )26 (VQuu, () (L4 ¢)Quu) |+ |1+ ¢ 2 0rQuu|
SN Pl + 6 ([[(1+0) 22 Qau| + ||t L4+ )20+ e 01Quu| )
Sl Pullpe + 5 [+ 2e0Qu] |+ om [0 @+ )20+ e Qanl|

By choosing 4 sufficiently small, last two terms absorb into the left-hand side. Since ¢ is bounded and ¢’ > 0,
we obtain (2.16) for j = 2.
Finally, we apply Theorem 1.10 to Qsu(t — T/2):

1Qsull g 1222y S 10(@3)(~T/D)| iz + |[(@) + 1PQs)l -2,

LE[-T/2,T/2]

Taking the limit as T' — oo and then applying Plancherel’s theorem give that

1Qsull S 71" 1Qsull o + [[Pull - -

If 71 is large enough, then the error term on the right absorbs into the left, giving (2.16) for j = 3. (Il

We underscore how important it is that 6 may be chosen arbitrarily in Theorem 2.9: It allowed for com-
patibility with the high and low frequency estimates regardless of how high or low the frequency thresholds
became, respectively (so long as they were away from zero and infinity).

As in Section 7 of [MST20], one proves that Theorem 2.10 implies Theorem 1.11 by fixing v and con-
structing 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 (2.15) to w — 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| < 2Ry} and an
exterior region {|z| > Ro}. The damping is non-problematic in the interior and is small in the exterior (as
with the other lower-order terms). The latter fact is important since a time reversal argument is used in the
exterior alone, avoids turning the damping into a driving force.

In the interior, one utilizes a unit time interval partition of unity {x;} and analyzes the equations
Pv; = x;f, matching the data at times 0 and 7T with the first and last of elements in the partition,
respectively. One then generates the desired approximate of w via ) x;v;. In the exterior region, one
chooses an appropriate small AF' perturbation of O which matches P in the exterior. If one considers the
same differential equation (same data and forcing) but replaces P by the perturbation, one obtains good
bounds via local energy decay. By truncating the solution appropriately to |x| > Ry and ¢ < T, one obtains
the desired approximate in the exterior.
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2.3. An Energy Dichotomy. Here, we apply Theorem 1.11 in order to prove the energy dichotomy present
in Theorem 1.12. Very little deviation is needed from the strategy given in [MST20], although we provide a
proof to make this self-contained. One deviation is that we must take advantage of the damping condition.
In particular, we must use the damping to absorb time derivative error terms for |z| < 2Ry, outside of which
we may use asymptotic flatness (for space derivative terms, one can use Young’s inequality for products, at
the expense of shrinking ¢).

Proof. As mentioned in Section 1.2, the energy associated to Py is not coercive, so we will instead symmetrize.
To that end, split P and P, into self- and skew-adjoint parts
P =P+ P Py=PF; + Fy,

respectively, and define the energy of the symmetric part of P as

Eul(t) = / Pjutt — g|0,ul® d.
R3

The explicit expressions for these operator splittings are not so important, but their symmetric/skew-
symmetry properties will be convenient.

Due to the symmetry of Fj, integration by parts yields that

t
(2.17) E°lu](t) = E°[u](0) + 2Re//8suP5u dxds.
0 R3

We must analyze the last term. As has been the theme, one may split space into an interior region (where
damping is positively signed and the damping-dominance holds) and an exterior region (where we may
apply asymptotic flatness). It follows from the operator splitting; Holder’s inequality; Young’s inequality for
products (with constant € for any k € (0,1)); the assumed e-damping dominance with respect to A, VA,
and V; and asymptotic flatness that

t t t

(2.18) //85uP‘79udxds://(%u?dxds—//@supaudmds
0 R3 0 R3 0 R3

t t
= //agu?dxds — C(E)/ / aldsu|? dzds + D(e, c) Hu||2LE1 )
0 R3 0 Bar, (0)

In the above, C(g) = 1 — ce!™* > 0 for fixed ¢ (shrinking ¢ if necessary guarantees the positivity) and
D(g,c) = O(max(e*, c)).
Pairing this with (1.4) and dropping the damping term gives that
T
2 2 <1 2 2
||au||LooL2[o,T] < 1ou(0)]] 72 + Ha_ U(T)HLE + D(e, c) ”u”LEl[O,T] + // |Opul| f| dzdt.
0 R3
The Schwarz inequality and Hoélder’s inequality imply that
(2.19) Hau||L°°L2[O,T} S [0uw(0)| 2 + ||8§1U(T)HL§ + (0 + D(e; c)) ||UHLE1[0,T] +ot ||f||LE*+L1L2[0,T] )

where § > 0 is arbitrary. Now, we will make use of the two-point local energy estimate (1.2), valid as
the conditions to apply Theorem 1.11 hold by assumption. By combining (2.19) with (1.2) and choosing §
sufficiently small, we obtain that

2 2 2 2
ou(T)IIZ2 < 10u()72 + 0= a(T)|| s + 11T gy 21 2200.00) -
On the other hand, (1.2) directly gives that
2
105 )22 a0y S I g0 2y S 10(0) 2 + [9u(T)Za + 1F12 ey 12120 -
and so

(2.20) 103 oo,y S 1OU(TF2 + (T + 1) (10u(O)F2 + 17113 51 21 210,00 ) -
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Notice that if we call E(T) = HBuHisz 0,77 » then (2.20) gives that

(2.21) E/(T) = [0u(T)|[}2 = aB(T) = (T +1) (|0u0): + 111} -1 11 220,00y )

where @ > 0 is a constant.
We will consider two cases. First, we assume that

E(T) < 2071(T + 1) (10u(O)[32 + 11} -1 20.00))

for all T" > 0. In such a case, we have that, in particular,

_ 2 2 2
T-! HauHLQLQ[QT] S ”aU(O)HLZ + Hf“LE*-l—LlLQ[Opo) :

By the mean-value theorem for integrals, there exists a sequence (T}) so that T; — co as j — 0o, and

2 2 2
10u(Ti) 2 S N0u(O) 2 + 1L e 111 2270,00) -

We may use (1.2) and let T; — oo to conclude that local energy decay holds.
Next, we consider if

(2.22) E(T") 2 207 (T +1) (110u(0) 12 + 171} 5411 120,

for some T" > 0. Then, E(T) must bound (2.22) from above for all T > T”, since (2.21) implies that E(T)
is increasing for all T > T’. By applying an integrating factor argument to the differential inequality (2.21)
and using (2.22), we get that

E(T) Zq T (Hau(O)HiQ + ||inE*+L1L2[O,OO)) ; T>T, T > 1.
Combining this with (2.20) gives the exponential growth for large enough T. ]

3. RESOLVENT THEORY AND LOCAL ENERGY DECAY

In this section, we will introduce the spectral theory required to prove Theorem 1.14. This follows from
the resolvent formalism introduced in [MST20] and the corresponding scattering theory. We will summarize
the relevant parts of their work here and provide details that were either omitted or are instructive to repeat.
In particular, the results necessary to prove Theorem 1.14 are based on the same frequency estimates present
in both [MST20] and here, so our work requires little deviation. Throughout this section, we assume that P
is stationary.

Consider Pu = 0. One arrives at the stationary problem by studying “mode solutions” of the form
u(t,z) = u,(x)e!, where w € C (equivalently, one replaces D; by w). Plugging such u into the given
homogeneous equation generates the stationary equation

P,u, =0, where P, =AMy 4+ W(x,D,) +wB(x, D) + ¢"w?,
and
Aga=(Dj+ Aj)g"(Dy + Ay),
W (x, Dy) = Aog™ (Dj + A;j) + (D; + A;)g"° Ao + (A0)?g” + V,
B(.’L‘, Do:) = ng(Dj + AJ) + (Dj + Aj)gjo + 2140900 + 7a.

The resolvent R, is defined as the inverse of P,, when such an inverse exists. More explicitly, if we consider
the homogeneous Cauchy problem

Pu=0, u(0)=0, —g%0,u(0) = f,

then we may formally define R, via the Fourier-Laplace transform of u, i.e.
R,f = /efi‘”tu(t) dt =: Fi 0 (10,00) (t)u), weC.
0

One may check via formal integration by parts that both definitions of R, are consistent. In this section,
we will take f to be in either L? or £E£*, and it will be clear from context which is the case. It remains to
make rigorous sense of R, as a well-defined bounded operator.
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From the global energy bounds and Gronwall’s inequality, it follows that u satisfies the crude estimate

(3.1) [u®)l e S e I fllp2y  c=0.

Using (3.1) and the Minkowski integral inequality, we obtain that

3:2) 1Rfllin < [ [9ut )l dt S [ e f e S e+ fe, T +e <o
0 0

Meanwhile, integrating by parts once provides that wR,, f = —iF; w(L{o,00)0¢u). Taking the L? norm of the
above and performing the same work as in (3.2) yields an identical upper bound. Combining these estimates
together gives the inequality

(3-3) 1R fllgpy S 1Tmw+e| ™ [fllpe,  Imw+e<0.

Hence, we may validly define the resolvent as a bounded operator from L? to Hj), provided that w is in the
range given in (3.3). Notice that if the uniform energy bound (1.3) holds, then the resolvent is holomorphic
in the lower half-plane H := {w € C: Imw < 0} and satisfies the bound

(34) HRUJ||L2~>H&) S |11’nw|717 w € H.

If the uniform energy bound does not hold, then one is only guaranteed meromorphic continuation to H. Due
to this tie-in with uniform energy bounds, we will refer to (3.4) as the uniform energy resolvent bound. There
is also an analogous resolvent bound to local energy decay, which we state as a theorem and will not prove
here; see the proof of Theorem 2.3 in [MST20] for more. It is largely a consequence of Plancherel’s theorem,
along with utilization of facts which we will discuss after the statement of the theorem. The damping plays
no meaningful role here.

Theorem 3.1. Local energy decay holds for a stationary damped wave operator P if and only if R, satisfies
the local energy resolvent bound

(3.5) [Bolles ey ST, weH.

~

We observe that if the uniform energy resolvent bound holds, then the local energy resolvent bound holds
for Imw < —1, since

(3.6) IR fllcer, S IRl + Il 1B fllze = 1Bl S TTme] ™ [1£llze S 1] e

On the other hand (3.5) implies (3.4); Fredholm theory implies that R, is bounded and holomorphic from
L? to H}, and the precise operator norm bound can by obtained by splitting f € L? as

f = X<|Imw\*1f + X>\Imw|*1f7

then using (3.5) and (3.3). Hence, the uniform energy and local energy resolvent bounds have close relation.
We previously alluded to two spectral obstructions to local energy decay (and hence local energy resolvent
bounds), which we outline more precisely now.

Elements in the kernel of P,, living in L? correspond to finite rank poles w of R,,. Given that P, is an
elliptic operator, such eigenfunctions live in H*® for all s € R, yet the corresponding mode solution to Pu = 0
must possess exponential growth in time since w € H. In particular, the initial energy is finite, yet both
terms on the lower-bound side of the local energy decay estimate (1.1) are unbounded as T — oo. This
behavior violates both uniform energy bounds and local energy decay. Since the eigenvalues have negative
imaginary part, we will call these negative eigenfunctions.

Definition 3.2. A negative eigenfunction for P is a non-zero u, € L? such that P,u, = 0, with w € H.

The corresponding eigenvalues are isolated and contained within a relatively compact set in H, which
follows due to (3.3) and the high frequency estimate (1.5).

Next, we notice that the local energy resolvent bound must hold uniformly up to the real line in order to
obtain local energy decay, per Theorem 3.1. To that end, we have another potential obstruction - a failure
to obtain the continuous extension of R, to R. First, we consider when one takes the limit as the spectral
parameter approaches a non-zero real value.
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Definition 3.3. An embedded resonant state for P is a non-zero u, € LEL, with w € R\ {0} being the

corresponding embedded resonance, satisfying the outgoing/Sommerfeld radiation condition
(3.7) H<x>_1/2(8»—%iw)uleﬂ(Aj)—% 0 asj— oo
such that

P,u, =0.

The outgoing radiation condition as stated here is a variant of the standard one, adapted to the dyadic
structure of our spaces. It acts as a boundary condition at infinity to ensure unique solutions to the above
problem for a fixed w. Such states are subtle obstructions, since the corresponding mode solution does not
generally have finite energy (as u,, is only guaranteed to live in £E!). However, as explained in [MST20], one
may perform a truncation procedure and utilize normalized/Regge-Wheeler-type coordinates (see [Tat13])
to produce functions x1(t — 7)e™*u,, whose energy exhibits a growth rate of t'/? yet whose image under
P lives in L'L?. Hence, they represent an explicit obstruction to uniform and local energy bounds. The
non-existence of embedded resonant states is equivalent to (3.5) near the punctured real line and to a limiting
absorption principle. In our context, the corresponding result is as follows.

Theorem 3.4. Let P be a stationary, asymptotically flat damped wave operator which satisfies the geometric
control condition and is weakly e-damping dominant for some ¢ > 0. Additionally, assume that Oy is uniformly
time-like while the constant time slices are uniformly space-like. For any wy € R\ {0}, the following are
equivalent:

(1) wo is not a resonance.

(2) The bound
||u||ﬁgguo S [Pl ze-
holds for all u € [Zé’oljo satisfying the outgoing radiation condition (3.7).
(8) The local energy resolvent bound (3.5) holds uniformly for w € H near wy, and the limit
R, f= lim R,f, fecLe

HOIw—wo

converges strongly on compact sets and satisfies the outgoing radiation condition (3.7).

We sketch the proof, as it is similar to that given in [MST20] for their version of the result (which is
Proposition 2.5 in their work); only minor alterations are necessary to account for the damping and the
lack of the non-trapping hypothesis. The result is perturbative of the work in [Kof23], just as the version in
[MST20] was perturbative of the case where P = O,.

Proof. First, consider when A,V = 0 and a = 0 for |z| > 2Ry. In this scenario, we are in the setting of
[Kof23] and obtain full local energy decay. By Theorem 3.1, we have the local energy resolvent bound (3.5),
in which case all three statements in Theorem 3.4 hold.

In general, let P denote the principal part of P, and consider @ - P+ X|z|<RotaDy. Note that our
starting case applies to @, hence it satisfies local energy decay. Let R., denote the resolvent of @w, which is
holomorphic in H and continuous up to the real line. We seek a solution to P,u = f of the form u = Ewg
for some ¢ (that is, w is in the range of the resolvent and hence outgoing). If Q,, = P, — @w, then

Pau=f ifandonlyif  (I+QuR.)g= 1.

The family of operators Qwﬁw is compact from L£E* to LE*, holomorphic in the lower-half plane, and
continuous up to the real line. Further, I + Qwéw is invertible for —Imw > 1 by a Neumann series
argument; to see this, note that @, is first-order, then use a similar estimate to (3.6). Thus, I + Qwéw isa
family of zero-index Fredholm operators. The conclusion of the theorem follows from the analytic Fredholm
theorem and its consequences. O

Next, we consider when the spectral parameter approaches 0. In this case, we must replace the outgoing
radiation condition (which is not meaningful when w = 0) with a new condition which still limits the
asymptotics of the functions.

Definition 3.5. A zero resonant state for P is a mon-zero u € LEy such that Pou = 0. If, in addition,
u € L2, then we call u a zero eigenfunction.
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Such resonant states are annihilated by P while having finite energy. However, they also possess an
unbounded LE! norm as T — oo, which violates local energy decay, as well as two-point local energy decay.
As shown in [MST20] (see Proposition 2.10 in their work), one also has an analogous characterization of a
resonance at zero to that of the non-zero real resonances in Theorem 3.4. We record their result without
proof, for reasons which immediately follow the statement of the theorem.

Theorem 3.6. Let P be an asymptotically flat damped wave operator satisfying the geometric control con-
dition and O be uniformly time-like. Then, the following are equivalent:

(1) 0 is not a resonance.
(2) The zero resolvent bound

(3.8) ull zer < [[Poull ge-

holds for all u € LE].
(8) The zero non-resonance condition (2.12) holds.
(4) The local energy resolvent bound (3.5) holds uniformly for w € H near 0, and the limit

Rof = lim R.f, felLe

converges strongly on compact sets.
(5) The stationary local energy decay estimate

||UHLE1[07T] + ||8u||LooL2[0,T] S 10u(0)][ 2 + [ 0w(T) | 12 + ”atu”LE[O,T] + ||PUHLE*+L1L2[O,T] )
with the implicit constant being independent of T'.

The damping does not arise in Py and simply acts as an absorbable lower-order term when transitioning
back to P, so the added context of this paper has absolutely no effect on the work present in [MST20]. In
particular, we recover all of the same low frequency work, which is what is utilized for this theorem. Again,
we refer the reader to the aforementioned work for more.

Theorem 2.8 gives the implication (3) = (5), whereas repeating the proof of Theorem 2.8 on the
resolvent side produces (3) => (4). Next, we remark that the bound present in (3.8) is more directly related
to zero not constituting a resonance than the zero non-resonance condition (2.12). However, their equivalence
can be seen from the fact that Py is an elliptic AF' perturbation of the Laplacian.

Now that we have outlined the obstructions to local energy decay, we proceed with a proof of Theorem
1.14. By Theorem 3.1, it suffices to establish (3.5). Once again, we may follow [MST20], as the proof only
requires the resolvent theory and frequency estimates.

Proof of Theorem 1.14. Since there are no negative eigenfunctions, the resolvent is bounded and holomorphic
in H, which implies that
[Rofll gy < Cmw) (| flleee, weH,

for some constant C(Im w) depending on Im w which is bounded away from the real line. This is not a uniform
bound and a priori may become unbounded as Imw — 0, but it does holds up to any neighborhood of R.
Similar to the work in (3.6), this implies the local energy resolvent bound (3.5) away from any neighborhood
of the real line. It remains to establish (3.5) within a strip in the lower half-plane sufficiently close to R. We
break this strip into three exhaustive cases.

Case I: |w| > 1

This is in the high frequency regime, motivating us to use the high frequency estimate (1.5), which is
applicable by hypothesis. Let u solve P,u = f, and call v = e**u. Then, v solves Pv = ¢, where g = e’ f.
We will apply the high frequency estimate to the interval [-T', 0]. More precisely, if we call 0(¢, x) = v(t—T, ),
then this solves Po = g, where §(t,x) = g(t — T, x). Applying Theorem 1.10 to ¥ provides that

~ ~ ~ —2 ~
190 v10.2) + 19 e 20,27 S 1050 + || ¢2) 2]

We immediately calculate that

_ eQTImw_l 1/2
ol eom = (ot ) lullzer

2Imw

LB 19l Lt L1 L2017 -

Haf}” L>>L2[0,T] — ||u||H1
[ ] w
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19500)2 = € lul
B 2T Imw __ 1 1/2 B
i e L
LE[0,T] 2Imw LE
||§||LE*+L1L2[O,T] = ||f||(W)*l/2ﬁg*+(W)—lL2 .

Plugging these calculations into the high frequency bound for v and taking the limit as T — oo yields

1/2 -2
lull e, + 1 mel™2 ffull S [[@) 7 w||  + 17 cee s 1mupirase

For sufficiently large w, the first term on the right absorbs into the first term on the left, which implies (3.5).
Case II: |w| <1

Since zero is not a resonance, Theorem 3.6 implies that (3.5) holds for all w sufficiently close to 0.

Case III: |w| =~ 1

Since there are no real resonances, Theorem 3.4 implies that (3.5) holds for all w in this region.

Hence, (3.5) holds. O
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