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LINEAR STABILITY OF HIGHER DIMENSIONAL
SCHWARZSCHILD SPACETIMES: DECAY OF MASTER
QUANTITIES

PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

Abstract. In this paper, we study solutions to the linearized vacuum
FEinstein equations centered at higher-dimensional Schwarzschild met-
rics. We employ Hodge decomposition to split solutions into scalar,
co-vector, and two-tensor pieces; the first two portions respectively cor-
respond to the closed and co-closed, or polar and axial, solutions in the
case of four spacetime dimensions, while the two-tensor portion is a new
feature in the higher-dimensional setting. Rephrasing earlier work of
Kodama-Ishibashi-Seto in the language of our Hodge decomposition, we
produce decoupled gauge-invariant master quantities satisfying Regge-
Wheeler type wave equations in each of the three portions. The scalar
and co-vector quantities respectively generalize the Moncrief-Zerilli and
Regge-Wheeler quantities found in the setting of four spacetime dimen-
sions; beyond these quantities, we discover a higher-dimensional analog
of the Cunningham-Moncrief-Price quantity in the co-vector portion. In
addition, our work provides the first verification that the scalar master
quantity satisfies its putative Regge-Wheeler equation. In the analy-
sis of the master quantities, we strengthen the mode stability result of
Kodama-Ishibashi to a uniform boundedness estimate in all dimensions;
further, we prove decay estimates in the case of six or fewer spacetime
dimensions. In the case of more than six spacetime dimensions, we dis-
cover an obstruction to Morawetz type estimates arising from negative
potential terms growing quadratically in spacetime dimension. Finally,
we provide a rigorous argument that linearized solutions of low angular
frequency are decomposable as a sum of pure gauge solution and lin-
earized Myers-Perry solution, the latter solutions generalizing the lin-
earized Kerr solutions in four spacetime dimensions.

1. INTRODUCTION

The Schwarzschild-Tangherlini black holes are higher-dimensional gener-
alizations of the Schwarzschild spacetimes, comprising a static, spherically
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2 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

symmetric family of black hole solutions to higher-dimensional vacuum grav-
ity:
Ric(g) = 0. (1)

Non-linear stability of the Schwarzschild-Tangherlini black holes as so-
lutions of (1) is a matter of considerable mathematical interest, owing to
the developments in geometric analysis necessary in the problem’s resolu-
tion. Such work would add to non-linear stability results in four space-
time dimensions, in particular that of Christodoulou-Klainerman [7] for the
Minkowski spacetime, in addition to the more recent non-linear stability re-
sults of Hintz-Vasy [14] for the slowly rotating Kerr-de Sitter spacetimes and
Klainerman-Szeftel [20] for the Schwarzschild spacetime subject to polarized
axisymmetric perturbations.

In this paper, we consider the simpler matter of linear stability of the
Schwarzschild-Tangherlini solutions, concerning solutions d¢g of the lineariza-
tion of the vacuum Einstein equations about a member of the Schwarzschild-
Tangherlini family (M, gps), with mass M > 0:

§Ricy, (69) = 0. (2)

Owing to diffeomorphism-invariance of the Einstein equation, infinitesimal
deformations of the background spacetime via smooth co-vector fields X

nx =Lxgm, (3)

referred to as pure gauge solutions, are solutions to the linearized equation
(2). Moreover, the Schwarzschild-Tangherlini family is contained within the
larger family of Myers-Perry solutions, yielding solutions to (2) correspond-
ing to infinitesimal changes in mass and angular velocity. To demonstrate
linear stability it suffices to show that, with a choice of well-posed pure
gauge solution 7y, the normalized solution

8g = b9 — mx

decays through a suitable foliation to a Myers-Perry perturbation under
appropriate initial conditions.

In both the physics and mathematics literature, the identification and
analysis of gauge-invariant quantities satisfying decoupled wave equations
forms the basis of linear stability. Building upon our earlier work [16] in
four spacetime dimensions, we utilize the spherical symmetry of the back-
ground Schwarzschild-Tangherlini spacetimes to split linearized solutions
into scalar, co-vector, and two-tensor portions in a spacetime Hodge de-
composition. Identification of gauge-invariant master quantities satisfying
decoupled Regge-Wheeler type wave equations for each of the three portions
appears in the work of Kodama-Ishibashi-Seto [22] and Kodama-Ishibashi
[21], with the scalar and co-vector quantities respectively generalizing the
Moncrief-Zerilli [26, 32] and Regge-Wheeler [29] quantities in four space-
time dimensions. Beyond recasting the quantities of Kodama-Ishibashi-Seto,
we identify a higher-dimensional analog of the Cunningham-Moncrief-Price
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 3

quantity [8] in the co-vector portion. In addition, we verify that the scalar
quantity is indeed a solution of its putative Regge-Wheeler equation, such
an argument being absent in [21]. Our work is the first of numerous recent
results on linear stability [16, 9, 24, 2, 18, 15] to consider higher-dimensional
gravity. We remark that a generalization of the four dimensional approach
of Dafermos-Holzegel-Rodnianski [9], involving decoupled Weyl curvature
components satisfying the Bardeen-Press equation [3], could provide another
avenue towards higher-dimensional linear stability.

The analysis of the Regge-Wheeler type equations (129, 144, 148; 169) sat-
isfied by the master quantities is informed by the study of the scalar wave
equation, regarding as a “poor man’s” linearization of the vacuum Einstein
equations. We draw upon the pioneering efforts and later refinements of
many authors in four spacetime dimensions for the Schwarzschild and Kerr
spacetimes [19, 4, 10, 11, 23, 25, 13, 31, 1, 12], in addition to the higher-
dimensional generalization of Schlue [30], utilizing the red-shift, Morawetz,
and 7P estimates described in these works. The equations we consider differ
from the scalar case owing to their tensorial nature, the associated solutions
being symmetric traceless two-tensors on the unit n-sphere, and owing to
the presence of potentials. Roughly speaking, we benefit from the tensorial
nature of the equations, as we are able to borrow from angular derivatives
to control base terms upon integrating over orbit spheres, with the benefi-
cial terms scaling linearly in the spacetime dimension. On the other hand,
all but one of the potentials we consider contains negative terms scaling
quadratically with spacetime dimension. Taken together, the equations we
consider are more challenging to analyze than the standard wave equation.
We overcome the difficulties presented by the potentials with respect to uni-
form boundedness, using Hardy estimates in the spirit of Kodama-Ishibashi
[17] to strengthen their mode stability result to a uniform boundedness es-
timate in all dimensions. Turning to uniform decay, we find an obstruction
in proving Morawetz estimates as spacetime dimension grows large. See the
end of subsection 9.3.2 for details. For the lower spacetime dimensions, six
or fewer, we succeed in establishing uniform decay estimates.

Spherical symmetry of the background Schwarzschild-Tangherlini space-
time allows for an additional decomposition of the metric perturbation into
tensor spherical harmonics. In particular, we decompose a linearized solu-
tion into portions of lower and higher angular frequency:

69 = 6g"<% + 6¢"=2, (4)

per Proposition 6. The master quantities discussed above are central to
controlling the higher angular frequency portion §¢‘=2, but have no control
over the lower angular frequency portion §¢'<2. Generalizing the situation
in four spacetime dimensions, we prove that §¢“<? splits as the sum of a
pure gauge solution and a linearized Myers-Perry solution. We provide the
first rigorous treatment of these lower angular modes in higher dimensions,
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4 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

formalizing the same claim in Kodama-Ishibashi [21], which the authors base
upon an enumeration of degrees of freedom.

We summarize our results in the two main theorems below. First, we
have the analysis of the lower angular frequency portion §g*<?:

Theorem 1. Let 6g be a smooth, symmetric two-tensor on a Schwarzschild-
Tangherlini spacetime, satisfying the linearized Einstein equation (2). For
the lower frequency portion 6g*<? of 8g, there exists a smooth co-vector Xt<?
on the Schwarzschild-Tangherlini background, unique modulo Killing fields,
and constants c,d,, such that

%n(n+1)
89" =myecr + K+ Y dmKp, (5)
m=1

where K, K, are the basis solutions of the linearized Myers-Perry family in
Definition 8.

Next, we have the analysis of the gauge-invariant master quantities for
the higher angular frequency portion §¢‘=?:

Theorem 2. Making the same assumption on 6g as in Theorem 1, there
exist gauge-invariant master quantities satisfying decoupled Regge- Wheeler
type equations (129, 144, 148, 169) forthe scalar, co-vector, and two-tensor
portions of §g'=2. With further specification of an initial data slice X which
extends to null infinity and a decay foliation X := ¢-(Xg) formed by flow-
ing along the static Killing vector field, a symmetric traceless two-tensor W
solving any one of the equations (129, 144, 148, 169) satisfies the uniform
boundedness estimate

and, in spacetime dimension six and below, the uniform decay estimate

2
-
with By and Iy(Xg) representing Sobolev data for ¥ on members of the
decay foliation ¥ and C(n, M) being a universal constant depending upon
the orbit sphere dimension n and the background mass M.

Ey(2,) < C(n, M)

We remark that further pointwise uniform boundedness and uniform de-
cay estimates can be derived from those above by means of commutation
with the angular Killing fields and application of Sobolev estimates on the
orbit spheres.

It is expected that, after estimating the master quantities and making a
suitable choice of linearized gauge, the remaining linearized metric compo-
nents can be controlled by the gauge-invariant master quantities to ensure
their uniform boundedness and decay, yielding a complete proof of linear
stability. We do not treat this matter in the current paper, deferring it
to later work. We remark that such efforts have borne fruit in the case of
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 5

four spacetime dimensions. In particular, our earlier work [16] controls the
linearized metric via a rather irregular combination of the Regge-Wheeler
and Chandrasekhar gauges, while Johnson [18] controls the linearized met-
ric uniformly in the Regge-Wheeler gauge, after an intermediate passage
through the wave-coordinate gauge. Inasmuch as these results depend upon
corresponding gauge choices, each approach has drawbacks in extending to
the non-linear regime. In this direction, there is also work of the first au-
thor [15], wherein control of the odd portion of the linearized metric in the
wave-map gauge is accomplished.

The paper is organized as follows. In Section 2, we present the Schwarzschild-
Tangherlini black holes. In Section 3, we discuss the more general class of
spherically symmetric spacetimes; in particular, we present Hodge decompo-
sition and tensor spherical harmonic decomposition. In Section 4 we discuss
gravitational perturbations of spherically symmetric spacetimes, identify-
ing pure gauge solutions and linearized Myers-Perry solutions in Section 5.
We prove Theorem 1, decomposing 6g°<? as a sum of a pure gauge and
linearized Myers-Perry solution, in Section 6. In Section 7, we discuss gen-
eral estimates for Regge-Wheeler type equations sufficient to prove uniform
boundedness and uniform decay. In Section 8, we identify and analyze the
master quantity for the two-tensor portion, proving uniform boundedness
and decay in all spacetime dimensions. Similar analyses for the co-vector
and scalar portions are carried out in Sections 9 and 10, respectively; in
each case, we prove uniform boundedness estimates in all spacetime dimen-
sions and uniform decay estimates in spacetime dimension six and fewer.
We summarize our results on the master quantities of 6g/Z2 in Section 11,
wherein we prove Theorem 2.

2. HIGHER DIMENSIONAL SCHWARZSCHILD SPACETIMES

The higher dimensional Schwarzschild-Tangherlini black holes (M2, g/)
generalize the well-known four-dimensional spacetimes, with the (2 4+ n)-
dimensional family comprised of static, spherically-symmetric (i.e., SO(n +
1)-invariant) members, parametrized by mass M > 0. Each such member is
a solution of vacuum gravity; i.e., each metric gys satisfies Ric(gps) = 0.

In standard Schwarzschild coordinates (¢,r,2%), = coordinates on S™,
the Schwarzschild metric takes the form

gar =~ (L= p)dt* + (L= )~ dr® + 250 5dsda’, (8)
with
2M
pim 24 )
and
&agdxadxﬁ (10)

understood to be the standard round metric of the unit n-sphere.
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6 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

Defining the Regge-Wheeler coordinate via

v oM\
r*:/ (1_3n—1) ds, (1)

gv = —(1 — p)dt® + (1 — p)dr? + r264pdz®da”. (12)
Using the Regge-Wheeler coordinates, we specify the Eddington-Finkelstein
double-null coordinates by

we find

1
u = §(t - ’I“*),
: (13)
v = E(t + T*)v
such that
g = —4(1 — p)dudv + 126, gdzdaP. (14)

We remark that r, is defined up to normalization. All three of the coor-
dinate systems cover the exterior region of the spacetime and degenerate at
the event horizon.

We also make use of the ingoing Eddington-Finkelstein coordinate system

U =4t 14,
R=r (15)
with
gu = —(1 — w)dv® + 2dvdR + R*6o5dx®da”. (16)
Finally, a variant of the Regge-Wheeler coordinates takes
ey =1 — 1+ 7y, (17)
such that

gar == (1 — p)de? + 2pdt.dr + (1 + p)dr? + r?6,5dade®.  (18)

These two coordinate systems remain regular up to and on the future event
horizon.
The event horizon appears in this coordinate system as the null hyper-
surface
r=ry = (2M)Y/0D, (19)
Along the event horizon, the Schwarzschild-Tangherlini solution has positive
surface gravity
(n—1)

= 2
Rn 2 ) ( 0)
in addition to simple trapping at the timelike hypersurface
r=rp:=((n+1)M)Y"D, (21)

This hypersurface is referred to as the photon sphere. With it, we normalize
the Regge-Wheeler coordinate by

r(rp) = 0. (22)
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 7

For a detailed discussion of these and other issues related to the geometry
of higher dimensional Schwarzschild spacetimes, we refer the reader to Schlue
[30].

3. SPHERICALLY SYMMETRIC SPACETIMES

3.1. General Considerations. Let (Q, g) be a two-dimensional Lorentzian
manifold with local coordinates =, A = 0,1, and let (S™, ) be the unit n-
sphere with the standard round metric in local coordinates z%, o =2,...,n+
1. Each point on Q represents an orbit sphere, with r a positive function
which represents the areal radius of each orbit sphere. We consider a general

spherically symmetric spacetime in local coordinates z°, z!, 2, ... 2"t

Japdz®dz® = Gapdrtda® + r?6,5dz*da”. (23)
The index notations above are adopted throughout the paper: A, B,C,--- =
0,1 for quotient indices, «a, 3,7, -- = 2,...,n + 1 for spherical indices, and
a,byc,---=0,1,2,...,n+ 1 for spacetime indices.

The Christoffel symbols I';; of a spherically symmetric spacetime are
s =g,
r’ of = =17 af’
05 =r~104r(62),
Faﬂ = —r@DT(&ag),
where Fg g and I‘l 5 are the Christoffel symbols of gap and 7,3, respectively.
Using the Christoffel symbols, it is possible to calculate the curvature of

the quotient Q and the n-sphere S™ directly. On the other hand, as Q is a
two-manifold, we have immediately

Rapep = K (§acisp — §apdsc) ,
Rap = Kjap, (24)
R =2K,
relating the Riemannian curvature tensor, the Ricci tensor, and the scalar
curvature of the quotient to its sectional curvature K. Loikewise, as the
n-sphere is a space form with constant sectional curvature K = 1, we find
éaﬁvn = (GayOpy — Ganbpy) ,
Rap = (n = 1)oag, (25)
R=n(n—-1).

With respect to the 2+n decomposition into quotient and spherical parts,
we consider two types of differential operators, V4 and Va. When applied
to functions, V4 and V, are just differentiation with respect to coordinate

© 2020 Springer Nature Switzerland AG.



8 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG
variables 4, A = 0,1 and 2%, o = 2,...,n+ 1, respectively. For co-vectors,
we define
= B mB g C
VAdiU = _FACd'T s
Vadz® =0,
Vadz? =0,
Vada’ = -1 da7,

(26)

with an obvious extension of the operators to more elaborate tensor bundles.
We use the notation [ahd A for the quotient d’Alembertian and the
spherical Laplacian operators. Furthermore, we denote the volume form for
the quotient space by e4p.
Later in the work, we will make use of the commutation identities

d
VoVyve — ViVaue = Rype g,

. . (27)
VaVyveq = VVaveq = Rape Ved + Rapd Vee,
which apply to either the quotient or the orbit spheres.
Specializing to the Schwarzschild spacetime, we note the formulae
- - M(n—1)._ n—1) _
VaVpr = ¥9AB = ( )MQAB,
T 2r
VaVpt = —(1 = ,u)*l ( @(ArB)?
2 (28)

A T2 _
rra =|Vr| —1—7“”71—1—/1,

nn—1)M n(n— 1),u

K= —
rntl 272

3.2. Tensors on S™. Specializing to the n-sphere, with the curvature cal-
culations and commutation relations above taken into account, we find

%aﬁg’uy — 6/36(11)7 = OayV3 — 03yVas (20)
6046@175 — %g%avw = oo'omvgg — 5’57va5 + &aévwg — 5‘551)7@.

3.2.1. Tensor Spherical Harmonics. In this subsection we outline tensor
spherical harmonics on S™, following closely the discussion in Chodos-Myers
[6].

The scalar spherical harmonics Y ("% form an L?(S?) basis of eigen-
functions of the spherical Laplacian, satisfying

Ayéms(n,f) _ —E(E +n— 1)y€Ms(n,z)’ (30)

with indices ¢ > 0 and ms(n,?) € {1,...,ds(n, )}, where

dy(n, 0) = (”ZS _ (” 2652) (31)

© 2020 Springer Nature Switzerland AG.



STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 9

Note that the formula gives
ds(n,0) =1,

ds(n,1) =n+1 (32)

1
ds(n,2) = §(n +2)(n+1)—1.
Using the scalar spherical harmonics, we obtain L?(S?) bases of eigensec-

tions for the sub-bundles of co-vectors and symmetric traceless two-tensors
given by scalar potentials. Namely, we have eigensections

Yofms(n,g) = Vayzms(nﬂé)’ (33)
satisfying
and eigensections
ms(n vk v 1 5 A
Yofﬁ S( ’Z) = vavﬁyfms(n,f) - Eo-aﬁAyzmS(nl); (35)
such that )
Ayofgms(n,f) _ (271 . f(f ® ., 1)) chgis(n,é)’ (36)

with ¢ > 2. For a detailed derivation of these spectra, see Chodos-Myers [6].

In addition, the spherical Laplacian acts as an endomorphism on the sub-
bundles of divergence-free co-vectors and divergence-free symmetric traceless
two-tensors. Regarding such co-vectors, we have an L?(S?) basis of eigen-

sections Xﬁm” (n,6) satisfying
AXE00 = (1 — (0 +n — 1)) XEmo (D), (37)

for ¢ > 1 and m,(n,£) € {1,...,dy(n, )}, where
dy(n,0) = (n+1)ds(n,0) —ds(n, ¢ + 1) —ds(n, £ — 1)

(1) <<n+£> B <n+£2>>
1 -2 (38)
B <n+€+1> N (n+£—3>
(+1 (-3 )
Note that the formula above together with (32) gives
dy(n, 1) = %n(n 1), (39)

Again, we refer the reader to Chodos-Myers [6] for further discussion of this
spectrum.

For those symmetric traceless two-tensors given by divergence-free co-
vector potentials, we have an L?(S?) basis of eigensections

Xﬁzgv(nl) — @aXémv(n,l) + @ﬁxému (n,ﬁ), (40)
with

© 2020 Springer Nature Switzerland AG.



10 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

for ¢ > 2, per Chodos-Myers [6].
On the sub-bundle of divergence-free symmetric traceless two-tensors, we
find

R 7 rfme(n,l Imy(n,l
AU = (2 — 00 +n - 1) U™, (42)
for eigensections Uﬁgt(n’l) forming an L?(S?) basis, with £ > 2 and my(n, ¢) €
{1,...,d¢(n,0)}, where
dt(nvg) = (7’L + 1)(” + 2)d8(n7€> - (dv(n,é + 1) + d’U(n7€ - 1))
(n, £ +2) —2ds(n,l) —dg(n,l — 2)

(n+1)(n +2) ((”'lff) _ <”‘£f;2)) (43)
—een () ()

per Chodos-Myers [6].
We remark that the ¢ = 1 scalar co-vectors correspond to conformal
Killing vectors,

|
O = & o

ﬁayﬁlms(n,l) + %ﬁYO}ms(n,l) g —2Y1ms(n’1)00'ag, (44)
and the ¢ = 1 divergence-free co-vectors correspond to Killing vectors
Vo Xyttt v xImn) = o, (45)

Concretely, the conformal Killing vector fields can be realized by consid-
ering a Cartesian coordinate system (X', ..., X"™!) on R"*!. Denoting the
restriction of the coordinate functions to the unit sphere S™ by X4, A =
1---n 4+ 1, the set of Killing vector fields {Xclym”(n’l)}mv(n,l)zl’._’dv(n’l) is
given by

XAV X8 - XPv, X4, (46)
where 1 < A < B < n+ 1, and the set of conformal Killing vector fields
{Yo}mS(nJ)}ms(n,l):l,..‘,ds(n,l) is given by

%QXA9 (47)
with 1 < A<n-+1.

3.2.2. Tensor Decomposition. The following decomposition lemmae, gener-
alizing the situation for the two-sphere, are fundamental to the remainder
of the work.

Lemma 3. Given any co-vector v, on S™, there exist a scalar function V
and a divergence-free co-vector Uy (i.e. V*0, = 0) such that

Vo = %QV + Vg

The decomposition is unique modulo the £ =0 mode of V.

© 2020 Springer Nature Switzerland AG.



STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 11

Proof. Let V be a solution of Poisson’s equation
AV = V. (48)
The difference 0, := vo — %aV is manifestly divergence-free, and we have
Vo = @aV + V-

Assuming that v, has such a decomposition, it must be that the scalar
function satisfies Poisson’s equation above, so that V is determined up to
its constant £ = 0 mode and 7, is uniquely determined. 1

Lemma 4. Given any symmetric traceless (0,2)-tensor tog on S™, there
exists a co-vector v, and a divergence-free symmetric traceless (0,2)-tensor
faﬁ such that

. . 2 . .
tag = Vav[-; + Vﬂva — angV"’% +tap-
Combined with the previous lemma, we have
tog = (vavﬂv - EAVaa[g) + (Vabp + Vi) +ap. (49)
The decomposition is unique modulo the £ < 2 modes of V' and the { =1
mode of V.
Proof. The divergence of t,3 has co-vector decomposition
6ata,3 = dﬁ = %gD + CZg,
per the previous lemma. Note that dg is supported in £ > 2, as

/ VYT = /S AR /S tape™ =0

o . seaotm e i
/S VetapXy" =~ /S RAGCLES / VX =0,

using the conformal Killing and Killing equations (44, 45) and the symmetry
and tracelessness of £,3.
We solve for V and 0, such that

—1. /. . -
n A<A+n)V:AD:vavﬁta5,

n
(A +(n— 1)) g = dig.

Each of the elliptic operators in the left-hand side is self-adjoint, with kernels

being the ¢ < 2 scalar modes and the £ = 1 co-vector modes, respectively.

Owing to support of dg and its constituents in £ > 2, we have orthogonality

of the right-hand side and the kernel, from which existence of solutions to

the equations follows.
The quantity

~ o o 1o ° o
fup = tag — (vavﬁv - EAv&aﬁ> ~ (Vaig + Vgia) |

© 2020 Springer Nature Switzerland AG.



12 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

satisfies the divergence-free property owing to the choices of V' and 7,, and
we have

o o 1 o o ° ~
tos = <VQV5V — EAV&aﬂ) + (Vq@g + V[ﬁa) +tap

by definition.
Given such a decomposition, the constituents V' and 9, necessarily satisfy

the equations above; hence they are uniquely determined up to the £ < 2
modes of V and the ¢ = 1 mode of 7,. 1

In the first lemma, the divergence-free co-vector v, generalizes the co-
closed potentials in our earlier work [16].

As outlined in the second lemma, the situation for symmetric traceless
two-tensors is more interesting. Subtracting off the piece involving the scalar
potential V', the remainder of the tensor satisfies the double-divergence free
property, analogous to the co-closed potential in our earlier work. However,
this remainder admits a further decomposition, amounting to the term fag
with the stronger divergence-free property. The term fag is a novel feature
in this higher dimensional setting.

3.3. The Projected Covariant Derivative. In what follows, we consider
quantities which are scalars, co-vectors, or symmetric traceless two-tensors
on the spheres of symmetry. The associated sphere bundles, respectively
referred to as £(0),£(=1), and £(—2), come equipped with projected co-
variant derivative operators Y, defined for scalars by ordinary differentiation
and for co-vectors by

YV dz® = —Ig,dx?, fora=0,1,2,--- ,n+1,

extending to symmetric traceless two-tensors via the product rule. We de-
note the associated d’Alembertian operators by

Leds = YV'Va, (50)

with s = 0, 1,2 and the appropriate covariant derivative operator. Note that
@) = [slthe standard d’Alembertian operator on M.

The projected connection, as well as the associated d’Alembertian and
Laplacian operators, are related to the quotient and spherical operators of
the first subsection in a straightforward fashion. We illustrate the procedure
on the bundle £(—2):

Y atap = Oatap — Thotys — Dhptan
= @Ataﬁ — 27“_17’Ato¢[3,
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 13

V5V atas = 05 (Vatap) —T5aVctap
- I%AW’YtOLB - F%QWAtvﬁ - FYBQVMM
=Vp (WAtag) —2rlrp (WAtQB)
= ﬁB@Ath — 27“_1734@3150& — 27"_17“3@,4750{5

+ 6T_27'A7’Btaﬂ —op~t <@A@BT> tag,
W«/taﬂ = 6'ytazﬁa

WAW’Yt&ﬂ = Ox (thaﬁ) - F%W(gt(w
— T80 Yates — T35V tas — Doy Yiatas
= %Aﬁytaﬂ + TrAc‘}M (VY atas)
= %,\ﬁvtag + TTA&M (@Atag - 27“717“,415,15) )

Contracting the above, we deduce the relation

@2)75@5 = @ + (n— 4)7“_11”‘4@,4%5 + ’I“_QAtaﬁ

- 51
+ (6 — 2n)r_2rArAtag T () ¥qp. (51)
Likewise, we calculate
@1)% =, i_u—&l—k (n— 2)7’_1TA@AUQ + r_QAva (52)
+(2- n)r_27’ArAva — ! (TI)};C“
[2d)V = 0= 70 e 'rAV 4V + 0 2AV. (53)

4. GRAVITATIONAL PERTURBATIONS
4.1. Decomposition of the Linearized Metric. Asa (0,2)-tensor on the
background, a linear perturbation hqp, = 8¢, admits the (2-+n)-decomposition
69 = hapdz?da®? + 2h godz?tda® + hopdzda”, (54)

with each component of hap,haa, has depending upon all spacetime vari-
ables.
Applying the above lemmae, we have:

Proposition 5. Any symmetric two-tensor 6g of the form (54) can be de-
composed as 6g = hy + hg + hg, with

hy = hapda?de® 4 2(V o Ha)de®dz? + Héopdz®da®

.o 1. - aip (55)
+ | VoVgHy — —6,3AHs | dz®dx”,
n
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14 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

hy = 2haada®da + (Vahs + V ghe)da®da?, (56)

h3 = hagdz®da®, (57)
where the following equations are satisfied:

Vehae =0,V = 0,V = 0.

When n = 2, both iLAa and iLa have potentials (H 4 and H,) and ilag
must vanish, recovering the Hodge type decomposition in our earlier work
[16].

To summarize, in general dimension, we have a splitting of 6¢g into three
pieces, scalar, co-vector, and two-tensor, as objects on the orbit spheres.

It is also possible to subdivide the linearized metric with respect to the
spherical harmonic decomposition outlined in the previous section. Namely,
we split the linearized metric as

1<2

g = 69"~ + 62, (58)

according to the following proposition.
Proposition 6. Any symmetric two-tensor 6g on a spherically symmetric

spacetime can be split into &g = 8g°=2 + 6¢g'=2, in which the components of
8g'22, further decomposed according to Proposition 5, satisfy

hAByéms(n,E) -0
52 7
HYZmS(n7Z) -0
52 ’
with respect to the scalar harmonics Y8 having € < 2, and

HAYImS(n’l) -0
S2 ’

2 Imy(n,1) oaf _
/52 hAaXﬁ o™’ =0,

with respect to the £ =1 scalar harmonics Y1) and the £ =1 co-vector
. 1my(n,1)

harmonics X, . . .

We remark the components Ha, hy, and hog are necessarily supported in

{>2.

4.2. Decomposition of the Linearized Ricci Tensor. We recall that a
perturbation of the Ricci curvature 6 Ry, satisfies

20Rpq = §*“(VaVahes + VaVihea — VaVihea — Vo Vehpa). (59)

Perturbing about a spherically symmetric spacetime, with radial function
r, we record the calculations in Appendix B of Kodama-Ishibashi-Seto [22].
We remark that verification of these expressions amounts to relating the
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 15

spacetime covariant derivative in (59) with those on the quotient space and
unit n-sphere; in this direction, we refer the reader to the connection and
curvature calculations presented in Subsection 3.1.

20Rap = — Lhdp — VaVp (9°Phen) + VaVZhep + VBV hea
+ RghCB + R%hCA — QRACBDhCD — r_zﬁhAB

+ anlT'C (@BhC’A + 6AhCB — @ChAB>
_L _. (60)
2 (VAV%B@ n vaahAa)
— nr_3rB?AH — m"_grA@BH

+ dnr~4rqrpH — n@A@B (T‘_QH) ,

26Ra0 = VaVPhap + (n— 2)r PV ahap — rVaVia (rilgBChBC)
—-r E(ErlhAa) —nr PV ghag — 12 Ahag
+ [(n+ Dr=2rBrp 4+ (n —1)r=2 (1— ’I“BT‘B) — (Eﬂ haa
—raVE (r_lhBa) + (n+ 1)1"_17“B@Ah3a +r2rarBhp,
+7VaVZ (r'hpa) + REhpa
+ (n+ 1)T@A (7“_27"3) hpa — (n+ 2)r~1 (@A@BO hBa

(61)

+ T726a©ﬁh,¢w -+ T@A (Tﬁgéﬂhaﬁ) + TﬁgTA%ﬂhag
— m"_gfrA%aH - m’%a@A (r_3H) ,

26 Rap = [27«#‘@3@3 4 2(n — V) Phag + 2r (@A@Br) h AB} Gas
— @aﬁg (hABgAB) — iV, (hBogBD) Tap
+rvA (7“71 (@ah,qﬂ + @MLAQ))
+(n—1)r 1A (@ah,qg + %ﬂhAa) + 27“717“’467&%&&5
—r? E\T_T2haﬂ) — nr_er@Aha/g — r_zﬁhag
772 (VaV7hys + VaVho)
+2[(n—1)r 2+ 22y, — ! (TII] hag
—2r2(1 — rfry) (nHoag — hap) — 2nr72rArAH&ag
- nr72©a65H — nrriVy (riZH) Tag-

In the remainder of the subsection, we rewrite the above expressions, with
the dual aims of expanding in the scalar, co-vector, and two-tensor metric
perturbation components of Proposition 5 and of writing the linearized Ricci

(62)
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16 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

tensor in such a form, with scalar, co-vector, and two-tensor portions. As
we shall see, the scalar, co-vector, and two-tensor portions of the linearized
Ricci tensor are determined entirely by their respective metric portions.
This correspondence first appeared in the work of Regge-Wheeler [29] in
four spacetime dimensions and was later generalized to higher dimensions
by Kodama-Ishibashi-Seto [22].

4.2.1. Pure Quotient Term. The pure quotient portion (60) needs little mod-
ification. Expanding, we find

20Rap = — Lhdp — VaVg (¢9Phep) + VaV©hep + VVEhaa
+ RShep + RGhoa — 2Racpph® — 172 Ahap
+nr ¢ (@BhCA + Vahep — @ChAB>
+172 (VaAHp + VpAH,)
—nr3rgVaH — nr3ryVpH
+Anr~YrargH — nVaVp (T‘_QH) ,

involving only the scalar piece of dg.

4.2.2. Cross Term. Writing the eross-term of the linearized Ricci tensor (61)
in terms of a scalar potential and a divergence-free co-vector, we find

26RAq = Va [@BhAB + m—=2)r rPhap +r7'ra (g% hpe) — Va (6% hec)
— [H} + (2= n)r_er@BHA + VBV Hp — 277! (@A@BO Hp
+2(1 - n)rferrBHB — 2 Y VEBHE + nr \rBV A Hp
+ (1 =n)V4 (7’72H) +(n—1)V4 (7“2 (Hg + %AHg)) }
+ [ — Ty — r2Ahag + (2 — n)r_er@BiLAa
+(n— 1)r72iLAa + VBV ahpy — 207t <@A63r> hBa
+2(1 - 7’&)7“_2TA7‘BiLBa — 27“_17‘,4@315304 + nr_er@AlAlBa
+(n—1)V, (r”ﬁa) + V4 (r”ﬁfm) }
(64)

where we have likewise expanded the metric perturbation in terms of the
decomposition of Proposition 5. Note that the scalar potential of 6R 4,
involves only the scalar piece of 6¢g, with the co-vector pieces being similarly
related.

We remark that, although the reduction seems quite complex, much of
the work in obtaining (64) from (61) is straightforward. Namely, the only
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STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 17
terms in (61) which are difficult to rewrite in terms of a scalar potential and
a divergence-free co-vector constitute

—rfzﬁhAa + 7’72@(1@5@15 + T@A (rigﬁﬁh(w) + r*3rA@ﬂhag.

To deal with such terms, we use the angular commutation relations (29); in
particular, we rely upon the identity

Ahpo = VoAHA+ (n — 1)VoHa + Ahga,

n—1. -

Va(ﬁ+n>H2—l—(A+(n—1))ha

V'hoy = Vo H +

4.2.3. Pure Angular Term. The decomposition of the angular term (62) is
lengthiest of all. We begin by calculating the trace

25Ra5&aﬁ = n(ZTTAﬁBhAB +2(n — 1)rArBhAB + 2r (@A@BT) hap
— 11V 4 (hpog”©) ) — A(hapg™P)
+4(n — l)r_erAHA + 2@AAHA
— nr? E(EI—QH) +2(1 —n)r2AH — 20%r AV H
—onr! (EﬂH +2n(n + 1)T72TA7"AH

4 2(n —1)r2 (AH2 + %AA}@) .

(65)
In calculating the traceless portion, we introduce the notation
ilag = ha/g — H&a[g,
; 1 6 (66)
20R.p:=20Rag — — (25R7507 > Gag-
n
Concretely,
. o 1. . . . .
hag = (vavﬁﬂg - EAHQJW> + (Vahs + Vgha) +hag.— (67)
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18 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

A preliminary calculation yields
%8Rs = V¥ (hasg™) + - A(hang*)o0s
+2v4 (ﬁoﬁgHA - %AHA&m)
+2(n —2)r 4 <6Q€QHA - %AHACOTaﬂ>

+ vA (%aiLAg + %IgiLAO)

+ (n—2)r 1A (%aiLAB + %ﬂﬁAa) (68)
—r? E(Ir2ha5) - nrier@Aﬁag — 7“72&5&5

+2[(n—1)r 2+ 2 2pAry — (=1 o

. o o 1.
+2r72(1 — 7 A)hop — nr 2 (VaVﬁH - EAH&W>
B . . 2 . )
tr2 [(vavmw + VeVl ) - (V'Vhs) aaﬁ} .

It remains to expand the traceless part of the metric perturbation, and
to collect the terms of the linearized Ricci quantity with respect to such a
decomposition. We emphasize that this amounts to expressing the symmet-
ric traceless two-tensor 6Ra5 as the sum of the traceless Hessian of a scalar
function, the symmetrized gradient of a divergence-free co-vector, and a
divergence-free two-tensor. As with the cross-term, there are few trouble-
some terms, not admitting a straightforward expansion and collection. Such
terms constitute

2 {(6(1671175 + 656’%7&) _ % (@7@{%75) &aﬁ] — T72A}Vza5.

Again, these troublesome terms can be expanded and collected by careful
application of the angular commutation relations (29). In particular, it is
useful to note

n—1-. ~

%VEM = Tva (A + n) Hy + (A +(n— 1)) N

”*%(AM)HQ,

GO
o o o 1- 3
A (VanHQ — EAH2U&B>
o o o 1. . o o 1- .
= <VQV5AH2 — EAAHQO_Oﬂ) + 2n (VanHQ — EAH2O'Q6> ,

A (%ah,@ + %giLa) = (%aﬁhﬁ + %gﬁiLa) +(n+1) (ﬁofLﬁ + %gﬁa) .
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In the end, we find
. . 1. -
26Rop = (vavﬁ — EAaaﬁ> [(—hABgAB) +2VAH,
+ 2(n — Z)TferHA — 72 E@2H2) — nrier@AHz
+ 27°_27'A7"AH2 — o1t (NL_r_pHQ + Q(n — 1)7°_2H2

+ <n — 2) T_ZAHQ +(2- n)r_QH]

n
+ [6,1 (@ABA@ + (n — 2)T_1TA]A7,A5 — 2 t@_QiLg)
—nr AN ghg + 2(n — 1) 2hg + 20 2 A rahp
27! (T )
+ @5 (@AEAQ +(n— 2)r_1TAﬁAa —r? E@I_Qﬁa>
—nr AN 4hg + 2(n — 1)7‘_271,1 +2r 204 4 by
27! (T ) |
+ [ —r? E@_Zﬁ(w) N nr_er@Afcag — 7‘_2513045
+2r—2 (n + TAT‘A > riI\jlag} .
As mentioned prior to its decomposition, the scalar, co-vector, and two-
tensor portions of the linearized Ricci tensor are determined by the corre-
sponding portions of the metric perturbation. Assuming the linearized vac-
uum Einstein equations are satisfied, so that each of the scalar, co-vector,
and two-tensor portions of the linearized Ricci tensor vanish, we obtain sep-
arate linear subsystems for the scalar, co-vector, and two-tensor portions of

the linearized metric. This simplification allows us to study these portions
of the linearized metric separately in the remainder of our work.

(69)

5. SPECIAL SOLUTIONS OF LINEARIZED GRAVITY

5.1. Pure Gauge Solutions. Diffeomorphism invariance of the Einstein
equations reduces in the linear theory to invariance under infinitesimal defor-
mations of the underlying spacetime metric. That is, with X a co-vector and
g a metric perturbation, satisfying the linearized vacuum Einstein equa-
tions, the concatenation 6g + Lx g yields a new solution of the same. In this
subsection, we record how these gauge transformations affect the various
components of 6g with respect to the decomposition outlined in the first
subsection. Such solutions feature in the analysis of the lower angular mode
solution 6¢*<? in the next section and in the definition of gauge-invariant
quantities, used to control the higher angular mode solution §g‘=2.
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20 PEL-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG
We decompose X as
X = Xodz® = Xada* + Xodz® = X adz? + (%XQ) dz® + Xoda®, (70)

with X a divergence-free co-vector on the orbit spheres.
Calculating the deformation tensor mx, and splitting according to the
decomposition of Proposition 5, we have mx = m; + w9 with

T = [6 AXp + %XA} da?dzB

+2v, [XA VX, — 2y AXQ} da A da®

1. 71
+2 |rrt X, + _AX2:| Gapdr®dz’ (7)
n
. 1.
+2 {vangz — —AXz&aﬁ} dz®dz?,
n
Ty = 2 [614)2@ — 27‘_17“,4)24 dedz®
(72)

+ [%aX,@ + 6/3)2@} dmadarﬁ.
Gauge-invariant quantities are defined in terms of pure-gauge solutions
as follows:

Definition 7. A quantity P[h], which depends linearly on a symmetric
two-tensor h is gauge-invariant if P[rx| = 0 for any co-vector X.

In particular, we observe the divergence-free portion ﬁa@ in the decompo-

sition of Proposition 5 remains unchanged; that is, h.s is a gauge-invariant
quantity.

5.2. Linearized Myers-Perry Solutions. We briefly describe the stan-
dard presentation of the Myers-Perry solutions, generalizing the Kerr solu-
tion to higher dimensions, following [28]. These solutions likewise feature in
the analysis of the lower angular mode solution 6¢“<? in the next section.
Assuming an odd number of spacetime dimensions d = 2¢+1, the Minkowski
metric can be written as

q
g=—dt*+_ (dz} + dy})
i=1

q
= —dt’ +dr’ + 12y (dp? + pidg?) .
i=1
Here, we have expressed the even number of spatial coordinates as paired
Cartesian coordinates (z;,y;) for ¢ mutually orthogonal planes. Rewritten
in generalized polar coordinates, we have the relations
T = T COS Pj,

Yi = Tj4i SN @y, (73)
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with the constraint
q
St
i

With even spacetime dimension d = 2¢+2, there is an extra unpaired spatial
coordinate, also regarded as an azimuthal polar coordinate,

z=ra,

with « € [—1,1], such that the Minkowski metric has the polar form

q
g=—dt* +dr® +r* Z (dp? + pide?) + rida?,
i=1

with the constraint

q
> i +a’=1.
%

Likewise, the Myers-Perry solutions have Boyer-Lindquist type coordi-
nates featuring the generalized polar coordinates above. Defining

q

2,2
F:=1- —t
Zr2+a2’
i=1 ?
q

II:= H(r2 +a?),

=1

in even spacetime dimension d = 2¢q 4 2 the metric takes the form

2
2Mr 1 1A
a = — dt? dt pu2do; —dr?
9, +HF< +Zi_1‘”“¢> Yo oan®

q
+ ) (7 + al)(dp + pide) + rPda’,
=1

whereas in odd spacetime dimension d = 2¢q + 1,

2
2Mr E Inr
w=—dt* + =—— | dt iuldo; - dr?
M a: +HF( +Zi_1““1¢> Yo oan®

q

+ ) (4 a})(dpd + pidey).
=1

Note that both metrics are parametrized by the mass M > 0 and the q
angular velocity parameters a;, with parameter increases occurring only in
odd dimension.
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In each case, the metric can be rewritten in a manner suggestive of our
perturbative framework:

2M oM \ !
IMoa, = — (1 — ) dt* + (1 — ) dr? 4+ 126 4pda® da”

rn—l Tn—l

Y (74)
+) mu%mm@ +0(a;)?,
1=1

where n = 2¢ in even dimension and n = 2¢ — 1 in odd dimension as given
above. Note that we have rewritten the top-order polar terms using our
earlier concise notation for the round metric on the unit sphere.

We treat separately the linearized change in mass and change in angular
velocity arising from (74) below.

5.3. Linearized Change in Mass. Linearized mass solutions are gener-
ated by constant multiples of

Loy T e
(r=l=2M)2"

By direct calculation, one can verify that (75) satisfies the linearized vacuum
Einstein equations. With respect to the aforementioned Hodge and spherical
harmonic decompositions, such solutions are scalar with support at £ = 0.

hopdz®dx’ =

(75)

rn—l

5.4. Linearized Change in Angular Velocity. Each pair (x;,y;) in the
construction of the Myers-Perry solution gives a rotation Killing vector field
Za (D) - La (%) = e,

r r r r
in the background Schwarzschild spacetime, where we have used the coor-
dinate relation (73). In view of this, the Myers-Perry expansion (74) gives
rise to linearized solutions

hapdz®da® =

oyt i =1+ q

Since Zid (L) — %4 (L) is dual to a rotation Killing field and the duals of

X (n’l)dmo‘, 1 < my(n,1) < in(n+1) form a basis of the space of rotation
Killing fields per (39). For each i = 1---¢, there exist ¢, (n,1),M0(n,1) =
1---4n(n+ 1) such that
$n(n+1)
b= S XA,
my(n,1)=1

On the other hand, we claim that each Xém”(n’l)dxo‘ on S™ can be ex-
pressed as a linear combination of ,u?dcbi,z' = 1---¢q by choosing a suitable
coordinate system. We assume that n = 2¢ — 1 and take an arbitrary
Cartesian coordinate system X4, A =1---2¢ on R??. Recall from (39) that
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XAdXP — XBdX4,1 < A < B < 2q form a basis of the space of rotation
Killing fields. In particular, there exists an alternating constant 2q x 2q
matrix Pap, Pap = —Ppa such that Xclym“("’l)dma = ,24qu1 PABXAdXB.
Applying the spectral theorem to P4p, we deduce that there exist a new
coordinate system x;,;,4 = 1---q of R% and constants \;,i = 1---¢ such
that

Xl ga — i)\i[%d <&> - %4 (ﬂﬁ’
i=1

r T r

The coordinate change (73) turns the last expression into Y7 ; Nip2de;.
The case of n = 2¢ can be derived similarly.
Infinitesimal change in angular velocity is encoded in the basis solutions

1

aj..b__
hopdx®dx’ = oY

X o)) g g (76)

with the Xém”(n’l) spanning the ¢ = 1 eigenspace of divergence-free co-

vectors, 1 < my(n,1) < $n(n+1) (39). These basis two-tensors are co-vector
solutions supported at ¢ = 1, satisfying the linearized vacuum Einstein equa-
tions.

Together, linear combinations of the above linear perturbations of the
Schwarzschild metric form the family of linearized Myers-Perry solutions.

Definition 8. The linearized Myers-Perry solutions of the linearized vac-
uum Einstein equation on the Schwarzschild spacetime in n + 2 dimensions
are linear combinations of the basis solutions

1 9 rnl 9
K= dt* + ———————dr”,
Tnl—l (T‘"_l _ 2M)2 (77)
Ky = =g X" dtdz®,

where X} = X2 Gith eigenvalue given by (37), and

1 <m=myn,1) < -n(n+1).

N =

6. ANALYSIS OF THE LOWER ANGULAR MODES AND PROOF OF
THEOREM 1

In this section we analyze the lower angular mode solution 6¢‘<? and
prove its decomposition into a pure gauge solution and a linearized Myers-
Perry solution, the content of Theorem 1. In doing so, we provide the
first rigorous treatment of the lower angular modes in higher dimensions,
formalizing the same claim in Kodama-Ishibashi [21], which the authors
base upon an enumeration of degrees of freedom.
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6.1. The ¢ = 0 Scalar Mode. In this case the scalar portion h; has the
form

hy = hapdedda? + Hé,pda®da®,
and the linearized Ricci tensor reduces to
20RAB = gaB (@C@DhCD> +2Khap — KSgap — (ES)gas
+ nr ¢ (@thA + Vahep — @chAB)
— m’_SrB@AH — m“_3rA@BH

+ 4mﬂ74rArBH — n@A@B (riQH) ,

26Ra5<°70‘ﬁ = n(QTTA@BhAB +2(n — l)rArBhAB +r (TE;IS
- TTA@AS) — nr? NI:(II—QH) - 2n27"_1rA@AH
—2nr ™t (TH + 2n(n + 1)r2rfr 4 H,
where we have used S := g4Bh,p and the identity
— A + VOV ahes + VEVhea
— gaB (@C?DhCD) +2Khap — KSgap +VaVgS — (ESgas. (78)

Given a co-vector X = Xadz?, the associated pure gauge solution 7x
modifies hy as

hy= hy —7x,
hap — hap —VaXp— VpXa, (79)
H— H—2rrX,.
We choose X to eliminate S and H; that is, X satisfies
2VAX A =05,
N (80)
2rr° X4 = H.
Rewriting the first equation as
—2TA@A (TBXB) + 27“‘4@,4 (T’BXB) = T’BTBS,
we observe that 74X 4 is determined by the second equation, while T4X 4 is
determined by the first equation only up to specification on an initial slice,

say the hypersurface ¥y appearing in the decay foliation of Subsection 7.3
to follow. We utilize this additional gauge freedom to set

748 (hAB —VaXp — 6BXA)
= TArBhAB - TA@A (TBXB) (81)
— (1= wriVa (1 —p) 'TBXE) =0
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on Yo. Note that there is still residual gauge freedom of the form T8 Xp =
¢(1 — p); these gauge transformations correspond to scalar multiples of the
static Killing vector field T'. To summarize, we have performed a change of
gauge eliminating S and H globally and T472h4p on an initial slice X.

The Einstein equations for the gauge-normalized solution h} = hy — 7x
amount to

9ap (VOVPREp) + 2K Wp + nr v (Vphia + Vahip - Vokig) =0,
2rr VPR g 4+ 2(n — 1)rrBRY g = 0.

Taking the trace of the first equation and comparing with the second
equation, we can rewrite the first equation as

= 1C (6 Bhiy + Vg — %h;B) + 2K WY )
+n(n—1)r2 (rPhip) gas = 0.

Contracting (82) with r4r5 and noting the identity

. . . ) o0 -
rr B¢ (VBh*CA +Vahtp — Vchfw) =1V (TBTCh*Bc)—%K (rPrhie)

we deduce
V4 (7’”_1 (rBrch}}C)) =0,

such that

B = c(t)yr— Y,
with ¢(t) an arbitrary function of time. Contracting (82) with 7475 instead,
we find

TAV 4 (rPrChie) =0,
so that c(t) is constant. We add a linearized Schwarzschild solution of the
form (75) to eliminate 7475 h% ; note that this addition preserves the global
vanishing of S* and H*, as well as that of TArBhZB on Y. In particular,
owing to the vanishing of S*, this addition will also eliminate TAT5 R -
The solution h}* = hi—cK = hy—mx—cK has only the cross-term T4rBh*,

to be accounted for. The solution still satisfies (82), the contraction of which
with TATE leads to

TAV 4 (TPrCh3) = 0.

Together with the vanishing of 7475 hs on the initial slice ¥, the above
gives vanishing of 7475 Iy globally. In summary, we have hy = mx + cK.

6.2. The ¢ =1 Scalar Mode. The scalar portion h; has the form
hy = hapdz?de® + 2V HadzAdz® + Héopda®da”,

and the linearized Ricci tensor appears as
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20RAB = gAB (@C@Dhcz)) +2Khap — KSgap — (B:)]QAB
+nr2hag +nr~1r¢ (@thA + Vahen — 6ChAB)
—nr2 <@AHB + @BHA> —nr3rgVaH — nr3raVgH
+ 4dnr~YrargH — nV4Vp (T_QH) ,

2R 40 = Va [@BhAB +(n—=2)r 'rPhap +1r7raS — VS
— [H1 + (2 - n)rier@BHA + VBV Hp — 277! (6‘4@37”) Hp
+2(1 - n)r_QrATBHB — 2 Y, VPHE + nr PV Hp
+ (1 —n)Vy (T_QH) },

25Ra5&0‘ﬂ = n(QTTA@BhAB +2(n— 1)rArBhAB +r (mlq — TTA@AS) +nS
—4n(n —1)r A Hy — 2nVAH,
—nr? ~I:(EFQH) +2n(n —D)r2H — 2n*r YAV 4 H
—2nr~ ' (CH + 2n(n + Dr2r4r 4 H,
where we have used the notation S := g*Phap and (78).
Given a co-vector X = X dz? + V,Xodz®, the associated pure gauge
solution 7wx modifies k1 as
hi— hy —7x,
hag — hap —VaXp —VpXa,
Hy— Hp— X4 -1V, (r2Xy),
H— H—2rr4X 4 +2X,.
We choose X’ to eliminate the quantities H — 2rrAH 4 and Hy. This
reduction amounts to solving
—2r3r4V 4 (T_QXQ) — 92Xy =H —2rrHy

(83)

for X5, then solving
Xa+72Vy (7"_2X2) = Hy
for X 4. Note that there is residual freedom in the form
Xo = c(t)r(l —p)~ /0D,
X4 =—1*Vy4 (c(t)r_l(l - u)_l/(”_1)> )
In particular, we note the transformation

A Bhap — 4P hapg + 2¢(t)pr (1 — p) Y/
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of the component 747Bh 45 under this residual gauge freedom.
The linearized Einstein equations for the gauge-normalized solution hj =
hi1 — wx/ amount to

9ap (VOVPHED ) + 2K Ry — KSgan — (TS gap
+nr 20N g 4+ nr ¢ (@Bh*CA + Vahip — @chj‘B) =0,
VB g+ (n—2)r 1P g + 771 aS* — VaS* =0,
2rr AV PR g 4 2(n — V)rrBPhi g + (Czps* — rrAVAS* + 8% = 0.

Replacing the first term in the third equation by means of the second equa-
tion, we find

ANV 4 8* — 20 4 S* + (L8 4 S* + 2 (rArthZlB) =0.
Taking the divergence of the second equation, we deduce the relation
VAVERY g = T8I+ (1 — n)r 1AV 485 4 (n — 1)r2rPrps*
- gr_l( 8" + (n = 2)(n—1)r2 (rArBh*AB) )

Rewriting the double divergence term in the first equation in this way, con-
tracting with »4r?, and applying the previous relation between S* and
rArB h* g, we find an autonomous equation for rArB Y

Ve (rArthZB) 42 (1+(n— 1)7“07“0) (TArBhZB) =0,
with general solution
1By g = d(t)pr (1 — p) Y0,
Contracting the first equation with 7477 instead, we find
nr TV (rArBhqu) + nr? (TArBhqu) =0.

Finally, contracting the second equation with r#, we have
vE (rAhZB) — 7%* +(n—2)r! (rArthZ‘B) +r rAr 48 — AV 487 = 0.

Exercising our residual freedom by the choice ¢(t) = —3d(t) above, with
associated co-vector field X, and letting X = X'+ X, the normalized solution
hi* = h; — mx has vanishing rArBh*A*B component. The equations above
immediately imply vanishing of the component 7475 hg. It remains to
consider the component S**, which satisfies

rrAN 48 — 2r A A ST 4 (TE)8™ + S* =0,
—TLT—_S'** +r A 87 — AV 48 = 0.

Taken together, the two equations imply S** = 0. In this way, we have
shown that h* = 0; that is, h; = mx is a pure gauge solution.
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6.3. The ¢ =1 Co-Vector Mode. The co-vector portion amounts to
hy = 2h andz’dz®,
and the linearized Ricci tensor takes the form
25Ran = —1r "espVP (r"”eCD@D (7'_2?10&)) )
Given a co-vector X = X, dz®, with X, satisfying the divergence-free
condition V*X, = 0, the associated pure gauge solution mx modifies ho as
hy — hy —mx,

) ) N . 84
hote — hae — 12V 4 (r_QXa) . (84)

We choose X' to eliminate rh Aa, Such that
AV X, — 2r A a X, = 1 g (85)
In accordance with the homogeneous solutions of the equation above, there

remains residual gauge freedom in the form X, = Crny (n,1) (t)erém“ (m,1),

We consider the normalized h3 = hg—7x/ and decompose ﬁza = . (n,1) ; 21077 v(ml),

Contracting the linearized Einstein equation
—r eag VB (Tn+2€CD@D (r‘zﬁ’gf”(n’l))) —0
with 4 and T4, we deduce
2D <r’2ﬁz}$”(”’l)) = oy (1),

with d,;,,(n,1) @ constant. As rAizzlotn” (1) _ 0, the above reduces to

r2rAY 4 (r_QTBiAz*Blglv ("’1)> = dp, ()8,
with general solution

dmv (n,1)

7 x1my (n,1 v (1,
TAh (1) = Cmu(n71)(t)T2Xém (1) + yn—1

Aa

Taking X —= *mv(ml)(t)TQXolému(n,l)

X = X' + X, we have shown

with é;m(n’l) (t) = Cmy(n,1)(t) and letting

%n(n—i—l)
hQ =7x + Z dem’

m=1

with K, being the Myers-Perry solutions of Definition 8 and dy, = dyp, (n,1)-
Note that there remains gauge freedom in the form ¢(¢) = ¢; such transfor-
mations correspond to scalar multiples of the angular Killing fields €2;.
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6.4. Proof of Theorem 1. Combining the results of the subsections above,
we have a proof of Theorem 1. In particular, adding the various linearized so-
lutions, we obtain a smooth co-vector X*<2 on the Schwarzschild-Tangherlini
background, unique modulo Killing fields, and constants ¢, d,, such that

Ln(n+1)
2
89" =myica + K+ Y dmKom, (86)

m=1

where K, K, are the basis solutions for the linearized Myers-Perry family
of Definition 8.

The remainder of the paper concerns the identification and analysis of the
gazlge—invariant master quantities of the higher angular frequency portion
5gt22.

7. ANALYSIS OF REGGE-WHEELER TYPE EQUATIONS

The remainder of this work is concerned with the higher angular modes,
encoded by §¢g'Z2. For each portion of §¢'=2, we decouple gauge-invariant
quantities satisfying Regge-Wheeler type equations, the analysis of which is
expected to provide an avenue towards proving decay of the solution.

To eliminate redundancy, we present in this section a general theory for
the analysis of such equations, specialized as necessary in subsequent sec-
tions. We consider solutions within the sub-bundle £(—2) of symmetric
traceless two-tensors on the spheres of symmetry, with such solutions either
being divergence-free or possessing scalar potentials or divergence-free co-
vector potentials. In this language, we define a solution of a Regge-Wheeler
type equation as follows.

Definition 9. Let ¥ be a symmetric traceless two-tensor, regarded as a
section of £(—2). We say that ¥ is a solution of a Regge-Wheeler type
equation with potential V' if U satisfies

[V = V. (87)

We further assume that V is a radial function with the form

ag boM M? n? —2n
V:r—2+rn+1+01<m ,CLO>—T. (88)

We remark that V' needs not be non-negative; indeed, this will be the
case for two of the potentials derived subsequently.

The argument in this section goes as follows. For a solution ¥ of equa-
tion (87) with potential V' of the form (88), we further assume the T-energy
comparison (112) and the Morawetz estimate in Assumption 14 and derive
various estimates based on these assumptions. Whether these assumptions
hold or not would depend on the more refined structure of V. We then
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verify these assumptions for each case in subsequent sections. For exam-
ple, the potential for the two-tensor portion is given in (130), the T-energy
comparison is verified in 8.3.1 and the Morawetz estimate is verified in 8.3.2.

7.1. Stress-Energy Tensors. We consider the natural stress-energy tensor

Tal¥) = Vol - V¥~ S0u(VV)? +VI9P) (59)

where we emphasize that

Vol - Vol = g9 (Vo) ar (V5 ) g6,

(W = g™ g7 o W s,
and

(YO)? = 99" g7 (Yo ¥ ) oy (V52 ) 35

= (YO)? + 1 2P0
(Y0)2 = g P g2 08 (V4 W) (V5 0) 35,
V[ = 6" g8 8 (P )y (V0 s

In addition, we will use the virtual stress-energy tensor
. 1
Top[¥] == Wa‘l’ VU — §9ab(Y7C‘IJ : WC‘I’) (90)

Estimates are obtained by contracting with a vector-field multiplier X
and applying the spacetime Stokes’ theorem

/ T [W]nty X? — / VO (T [ W] X), (91)
oD D

over a spacetime region D with boundary dD. A similar identity holds for
the virtual stress tensor (90).

We remark that the natural stress-energy tensor (89) has non-trivial di-
vergence

VT[¥] = — VRV IO+ VUIT ), (92)

with the commutator [V, ¥;] vanishing when contracted with a multiplier
invariant under the angular Killing fields. In particular, all such multipliers
considered in the analysis below have this property.

Although the virtual stress-energy tensor satisfies a positive energy condi-
tion, this is not necessarily true for the natural stress-energy tensor. Indeed,
in what follows it will be the case that the stress-energy tensor fails to sat-
isfy a pointwise positivity condition, owing to lack of non-negativity of the
potential V', at which point it becomes necessary to incorporate integral
estimates.
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7.2. Comparisons. Given A and B, we use the notation
A~ B

if the two quantities are comparable up to constants depending upon the
orbit sphere dimension n and the mass M. That is, there exists C(n, M)

such that
1
— A< BK< M)A.
Cln, M) =7= Cn, M)

Likewise, we use

A Bl

for one-sided comparisons up to constants with such dependence.

7.3. Decay Foliation. Recalling the Eddington-Finkelstein double null co-
ordinates

1
U = E(t —Ty),
1
v= §(t + 7"*),
we further define
0 0 0
L= =a o -
R
=" Ou Ot Or,

Fixing radii 71 and Rj satisfying r;, < r1 < rp < R1, we choose a Lipschitz
hypersurface ¥y with the following properties:

e Y intersects the future horizon H ™' transversely and X is spacelike
inr, <r< Ry,
° Eoﬂ{’rl STSRl}:{tZO}ﬂ{’Fl §T§R1}7
e XN {Rl < T‘} = {u = —% (Rl)*} N {Rl < 7’},
where (R)). is given by (11) with normalization (22).

Flowing along the static Killing vector field T, we construct our decay
foliation X, := ¢,(X0). We define ny_ as the unit timelike normal vector
for ¥; for » < R; and ny, := L for r > R;. Further, we denote the volume
form on 3; corresponding to ny, by dVoly_, and the volume form on the
unit round n-sphere S™ by dV olgn.

We denote by D(11,72) the spacetime region between the hypersurfaces
3, and ¥,,, with 7 < 7. To be more precise, we define

D(r1,72) = J ()N J (Zr), (94)

with volume form dVol. We denote the null hypersurface bounding D(7, 72)
at the future event horizon by

HY (11, 7) = D(11, ) " HT, (95)
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with null tangential chosen to be ny+ := 7 and the associated volume form
denoted dVoly+. In addition, we define the null hypersurfaces

Coo(ur,uz) == {v =vp,u1 <u < us}, (96)

with the choice of null tangential L and the associated volume form r"dudV olgn.

Intersecting the constant v-hypersurface with the spacetime region D(7y, 72),
we find

1 1
Cy(—00,00) N D(71,72) = Cy(11 — 3 (R1),,72 — . (R1),);

and define the limit of such hypersurfaces

1 1
IH(r,m) = lim Cy(m = 5 (Ba), .72 — 5 (Ra).)- (97)

Often we write boundary integrals of the form
/ JX[W]L (r*dudVoolgn ) ,
IH(71,72)

where it is understood that we are evaluating the limit as v approaches
infinity of the boundary integrals

/ JXWIL® (r"dudV olgn) .
Co(ri—5(R1),,m2—5(R1),)

7.4. Poincaré Inequalities. The spherical Laplacian operator acts as an
endomorphism on each of the aforementioned sub-bundles of £(—2), with
spectra described in (36, 41, 42).

We assume that, in acting on the sub-bundle associated with ¥, the spher-
ical Laplacian A has least eigenvalue A. The identity

AlW[? = 240 - U 4 2/ 02 (98)

yields the Poincaré inequality

[owueza ] o (%9)

For those sections of £(—2) with scalar potential, we have A = 2, whereas
those with divergence-free co-vector potential have A = n. Finally, on the
sub-bundle of divergence-free symmetric traceless two-tensors we have \ =
2n.

7.5. Hardy Inequalities. We adapt the Hardy inequalities found in the
work of Andersson-Blue [1] and the earlier work of Blue-Soffer [5], utilizing
them to prove Morawetz estimates as in these earlier works. In addition,
owing to the non-positivity of our potentials in higher dimensions, we rely
upon such inequalities in proving uniform boundedness estimates.
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Lemma 10. Suppose A and W are smooth functions on [sg, s1], with A
non-negative. Further, assume that the ODE

ds ds

has a smooth, positive solution g on [sg,s1]. Given any smooth function f,
as long as

d <Ad—g> +FWg=0 (100)

d
2A—(1
fra-(logg)
vanishes at sy and s1, we have the estimate
s1 2
/ A (ﬁ) +Wf2|ds > 0. (101)
so ds

Proof. Let h = f/g. Then

s1 df 2
[ ) e

ds

L1

Often we will assume that sg = 2M and s; = oo, with A vanishing at
this boundary and f compactly supported. In applying the estimate, the
primary difficulty lies in finding a positive solution to the associated ODE.
To this end, we transform the ODE into a hypergeometric form, from which
a well-known positive solution can be constructed.

7.6. Hypergeometric Differential Equations. We consider the hyper-
geometric ODE

&3 dg
(1fz)zd—zg + (c—(aerJrl)z)d—Z —abj =0, (102)

© 2020 Springer Nature Switzerland AG.



34 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

with 2z < 1 and 0 < b < ¢. With such constraints, the hypergeometric
function F'(a,b;c; z), defined by

c 1
Fla,bic;2) = F(%F)(b) /O P11 — 011 = ), (103)

is a solution of (102). We can easily divide out the terms involving the
Gamma function to obtain a positive solution of (102).

7.7. The T-Energy.

7.7.1. Definition and Monotonicity. We define the T-current
T2 (W) = Top[ W] T, (104)
and the T-energy
EL(2,) = / JEWng dvols:
T (105)
— / Top[]n% TPdV ols;, .
2]7'
Applying the static Killing multiplier 7" over the spacetime region bounded

by the decay foliation hypersurfaces X, and 3., , where 0 < 7 < 79, we
have

EL (=) + / JEWIng . dVoly+

Ht (71,72)

+/ Jg[\I/]La(r"dudVolSn) = E?I;(En),
It (11,72)

with the terms of the density
div T[] = (VT[T + T[]V T
vanishing according to (92) and Killing condition on 7,
(Tr)® .= Lypgih = 2v(eT? = 0.

Non-negativity of the boundary integral along the event horizon follows
from T being null tangential, which makes the V' term have no contribution
in JI [V]ng,,. Non-negativity of the boundary integral along future null
infinity follows from the asymptotic property of the potential V and the
spectral property (see 7.4) in each portion, which can be verified individually.
Hence we have

/ JIWIng, dVoly+ >0,
H(71,72)

(106)
/ Jo (W)L (r"dudV olgn) > 0.
Z+(71,m2)
Together, the two imply monotonicity of the T-energy:
Ey(2r,) < By (Sr). (107)

© 2020 Springer Nature Switzerland AG.



STABILITY OF HIGHER DIMENSIONAL SCHWARZSCHILD 35

Before proceeding, we define the virtual T-energy:

EY(S) = [ Tulvng 1" (108)

7.7.2. The Adapted Hardy Estimate. The natural stress-energy tensors un-
der consideration often fail to satisfy pointwise positive energy conditions; as
a consequence, the T-energies above are not obviously positive-definite. To
address this issue, we rely upon the Poincaré inequality (99) and an adapted
Hardy estimate, in the spirit of Lemma 10.

To begin, we regard R = r as a function on the hypersurface ¥, and con-
sider the coordinate system (7, R, :I?A). Written in this form; the integrand
of the virtual T-energy (108) takes the form

Top[¥]ng TdVols,,
1

> ((1 — ) Veosh 2 2|V, U2 + (1 — )|V RPJ2 + R—2|§7\I/|2) R"dRdV olgn,

where z(r) is specified by
(1 —p)~ Y2 cosha =— (ny,,T).

In particular, the coefficients of |V z¥|? and |Y7\IJ|2 don’t depend on the
defining function of ¥,. Incorporating the potential V', the T-energy (105)
has the form

1 )
By () = 5/ / [(L= W)V RY + V|¥[*] R*dRAV ol
1 R )
+ 5/ / {Cosh—2 z(1— M)—lwyT\mZ + R_Z\W\Pﬂ RARAV olgn.
mJry

With the change of variable s = R"!, the radial coefficient naturally
takes the form A = s(s — 2M), in the notation of Lemma 10. Further
choosing sg = 2M and s; = oo, the following Hardy estimate holds for a
large class of potentials V':

Lemma 11. Let f(s) be a function defined on [2M,00) and E,F > 0 be
two nonnegative numbers with |2F — E| <1 and E > 1. Then

MNCAY 2
Al— | +V(E,F)f*|ds>0, (109)
oM dS
where
A=s(s—2M),
2
V(E,F) = i(EQ —1)— QJ\iF .
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Proof. We first assume f(s) has compact support in [2M, c0). From Lemma
10, the estimate follows from the existence a positive function g(s) defined
on [2M, c0) and satisfying the equation

d ( .d
~ 2 (A2 1 v(E, F)g =0. (110)
ds ds

One can obtain an explicit positive solution of (110) by using hypergeometric
functions. Letting « = £F and § = s~ g, the equation (110) becomes

N dj 1 ) o)
—s(s—2M)2 5 + (—2(s—2M)a — (25 - 2M)>£ - (o +1)? - B?)g(2) =0,
Performing the change of variable z = 1 — 537, we have

g dg 1 2 2\
(1-2)a 5+ (1 ~ (20 + 2)2) - Z((QO‘ Y12 B )g(z) —0. (111)

Comparing (111) to hypergeometric ODE (102), we have a hypergeometric
equation with z < 0, ¢ = 1, and {a, b} = %(1+20¢E) - %(HEQFiE). The

associated hypergeometric function F'(a,b;c; z) has integral representation
(103) assuming

1 1
O<§(1+2F+E) <1or0<§(1—2F+E> <1
orO<%(1+2F—E) <1or0<%(1—2F—E> <1

In particular, when E, F' > 0, the above condition is equivalent to [2F — E| <
1.

For general f(s) assume without loss of generality that

0o df 2
L [ (&) +

as the left hand side of (109) is infinity otherwise. Then approximating such
f(s) with compactly supported functions yields the result.

ds < o0,

L1

7.7.3. The T-Energy Comparison. We briefly describe a typical application
of the Hardy estimate above. First, we borrow from the angular term using
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the Poincaré inequality (99), and find the underestimate

1 oo
El(=,) = 5/ / (1= )| YrY? + V|¥|*] R"drdVolgn
n Th
1 o0 .
+ 5/ / [coshf2 (1 —p) YU + R72\Y7\Il|2} R"drdV olgn
n T}’L
1 oo
25 [ 10— YR (VA= R (9] RdrdVlse
" Th

1 o0 )
+ 5 / / |:COSh_2 $(1 o M)_l ‘WT‘IIF + 6R_2‘W‘II|2:| Rnd?"dVOlSn,
nJry,

where 6 > 0 is a small residual angular coefficient.
Isolating the term

/OO (1= w|YrYP” + (V + A1 —8)R™ %) | V] R"dr,

we perform the change of variables s = R""! and determine a V(E, F)
in Lemma 11 underestimating the s-dependent potential associated with
(V + (A= 6)R™?) pointwise on the exterior region. The lemma then implies

/oo (1= W VRV + (V+(X—8)R?) V)] R"dr > 0,

Th

and we can choose €(6) > 0 such that

Ey(Er)

1 oo
> / / (1= w)|YrY[”+ (V+ A1 —8)R?)|¥|*] R"drdVolsn
o,
+ % / / [cos,}r2 (1 —p) Y%+ 6R*2|Y07\I'|2} R™drdV olgn
Sn Th
> % / / e[ =W VRrY?+ (V+ A1 —8)R?)|¥*| R"drdVolgn
S" Th

+ %/ / [cosh—%(l — )Y+ 6R_2|Y07\IJ|2} R"drdV ol gn
Sm Th

CEE (2,),

with €(6) chosen small enough to absorb possible negative contributions
from (V + A(1 —6)R™?) into the é-small residual angular term, again via
application of (99).

We remark that, owing to the characteristics of the potential V' and the
Poincaré inequality (99), we have the other direction in the comparison

EL(x,) CEL(Z,).
In what follows, we assume the T-energy comparison

ER(S,) ~ ER(S,). (112)
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We remark that the comparison is trivial in the event that V is non-
negative, as in four spacetime dimensions. On the other hand, if V' lacks
non-negativity, the inequality is not obvious.

Owing to the spacetime Stokes’ theorem, the comparison (112) implies

/ JEWIng, dVolys CEE(Z,),
e (rLm2) (113)

/ JEW) LA (" dudV olgn) TEE (S4,).
IH(11,72)

7.8. The N-Energy. We describe the red-shift vector field, introduced in
Dafermos-Rodnianski [10] in four spacetime dimensions and generalized to
the higher-dimensional setting by Schlue [30].
For convenience, we calculate in the ingoing Eddington-Finkelstein coor-
dinates
V=147,
R=n.

Let Y be a smooth vector field, specified by

0
Y=, = T ap
| h 8R
LY =0,
Ls.Y =0,
(VyY),,, = —o(Y +T),

where o is a positive number to be determined. At the event horizon R = ry,
we compute

LafU1VYY = oW + koY p ¥ + TV o0 - ¥
+L<U—R+E—1> Vw2

R3\ 2 2
o -
(V2 + [V 02 + 25 V)
Here k,, = (";?M is the surface gravity. Hence

VH(Tp[]Y?) = (VT [ W)Y + Ty, V@YY
, -
C{@ VU + V¥ + V) VY0 (1)
LY 2 + [V 0 + 25 |V 9P

using the Cauchy-Schwarz and Poincaré inequalities and a choice of large o.
Note that such a choice can be made for any bounded radial potential V.
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We extend Y to the exterior region such that Y is causal and Y = 0 for
r > ri. By continuity, the coercive estimate (114) is satisfied in r, <r <rg
for some rg < 71.

We define the strictly timelike red-shift multiplier N := T+Y, in addition
to the current

JLJLV[\I/] = ab[\Ij]Tb+Tab[\Ij]Yba (115)
and energies
EY(2,) = / JN[WIng dVols,,

(116)
EY(%;) = /E Top[P]ng NbdVols, .

Lemma 12. Assume the T-energy comparison (112) holds. Defining the
red-shift multiplier N as above, we have the pointwise density estimate

divJN[¥] = ve (Tab[\p]w) CT,[U]ng N? in r < rg
IZIf’ab[\I/]n%TNb inr € [ro,r1],
in addition to the energy comparison
By (%) ~ B3 (%)

and the boundary estimates

/ IN W)y dVoly+ >0,
H*(0,7)
/ JNIWILA (r*dudV olgn) > 0.
Z*(0m)
With Lemma 12 we can follow the argument in Dafermos-Rodnianski [10]

to obtain uniform boundedness of the non-degenerate N-energy.

Theorem 13. Suppose V is a solution of the Regge- Wheeler type equation
(87) as in Definition 9. Further, assume that VU satisfies the T-energy com-
parison (112). Then U satisfies the uniform boundedness estimate

EY(S,) CE (Z), (117)

with 0 < 7. In addition, we have the boundary estimates

/ Top[ WG T dVolyr TER (X)),

") (118)
/ Top[P)LOTY (rdudVolgn) TEE (30).
Z+(0,7)
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7.9. The Morawetz Estimate. We assume the existence of a Morawetz
estimate, first adapted to curved four-dimensional spacetime backgrounds
by Blue-Soffer [4] and Dafermos-Rodnianski [10] and later to the higher-
dimensional setting by Schlue [30]. The requirements of such a multiplier
are described in the following assumption:

Assumption 14. There exists a current JM[¥], with density KM[¥] =
divJM[¥], satisfying the bulk estimates

in r > rg,
1 +1)M\? ;
KM[W]dVolgn qﬁ — ((1 - %) (|y7t\11\2 + W\I}P) + \WT\IJ\Z’) dVolgn,
Sn Sn T T
inr <r,

o KM[W]dVolgn qﬁ Top [P NN AV olgn,
and the boundary estimates
/S T [W]ns;_|dV olgn I%lﬂ Top[W]ng NdVolgn,
/n (J;VI [‘I’]”?ﬁ)id‘/dS" #n Top[¥]nG,+ TP AV 0l gn,
/S | TN W] L% dV ol g I%é T [O] LT dV olgn,

where (JM[W]ng,.) _ is the negative part of (JM[¥]ng,, ).
Applying the divergence theorem and Theorem 13, we have the following
result, essential in proving uniform decay:

Theorem 15. Assuming the estimates of Assumption 14, along with the
conclusions of Theorem 13 following from the T-energy comparison (112),
we have the further density estimate

/OO / KM[W]dVols,_dr CEER (). (119)
0 ~N{r<Ri}

Proof. By the divergence theorem

/ JMWng dVols, +/ JMWIng, dV oly+
po H*(0,7)

+ / T WIL® (7" dudV olgn) + / KM[W]dvol
7+(0,7) D(0,7)

= / JMWIng dVols,
ZT

The boundary terms are controlled by the right hand side of (119) by As-
sumption 14 and Theorem 13. The result follows from the volume compar-
ison dVol ~ dVols,_dr. 1
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Briefly we discuss the construction of candidate Morawetz currents and
the calculation of their densities, deferring details on the verification of the
estimates of Assumption 14 to the cases at hand. We denote g—i by f’, and
consider the vector field X = f(r)0,,. Letting w™ = f' + Mf and ((r)
be a radial function. We introduce the currents

T (W) = T [W] X7,

1 1
JXN W] = JX (0] + 7" Val ¥ = 2V, (120)
T O] = TN (] + B P,
and calculate the density:
div (5" [0]) =
! DM
- Y, U+ 502 + i3 (1— @) Vo ? (121)
1—pn r G
+W (f,8)| P,

where

. (1 1., 1 B ) ' onp B
W(f,ﬁ)(—Zlﬁ—§Vf+§uer>+<1_u+f (—1—M+7_1—u)>'

7.10. The rP-Hierarchy. We adapt the rP-hierarchy appearing in the work
of Schlue [30], generalizing the earlier ideas of Dafermos-Rodnianski [11]. See
also the work of Moschidis [27] on the rP-hierarchy in general asymptotically
flat spacetimes.

We define
$ = 2w (122)
and the current
1 1 on2M
Pl =—— T, @ ———— ((n?—2 2L
S Tl ~ sz (02 =20+ 5 ) e
(123)

from which we obtain the following rP density estimate:

Proposition 16. Suppose the potential V' has the form (88)

ag  boM M? n? —2n
V:T_2+T”+1+Ol<m , ag > — .

Then for 1 < p <2, Ry large, and an appropriate choice of k,

v <%) LY ,L0P + 2= p)r " HVOP) as 1> Ri.

Proof. Except for the presence of the potential V', the construction is the
same as the one in [30]. By direct calculation
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viee) = (S I psap (1 ) e

(1—p)*\2
1
—5r " <TVL(V +W) — —(v + W)) D)2,
where
1 [n2—-2n n2M
W= r2 [ 4 + 27“"1]

From the assumption on V,

aop (_)0M M?
V+W=r—2+m+01 (TW ,

where Gy = ag + ”QTTQ” > 0 and by = by + "72, the coefficient of |®|? has the

form
-3 ( = D bo M?
rP (ao <1—§)+E( p) = 1+O( 2))

The leading positive term ag (1 — g) vanishes as p = 2. In order to make
the coefficient positive, we consider

™ (=)

__ ", [1_’(1 —p) - M] VL@

(1= L2

+ % [ao (1-2)+ (%“(m L= p) + gk —1)(n 1)) iy +0 (T%Z)} 2.

By taking k large such that % (n+1—p)+ag(k—1)(n—1) > 0, the coefficient
of |®|? above is non-negative for r > Ry sufficiently large. Rechoosing Ry
as necessary, comparison of the coefficient of |¥®|? above with that of the
right-hand side in the proposition holds, and the proposition follows. 1

We remark that this lemma will be applied to the Regge-Wheeler type
equations (129), (144), and (169). Since the potentials Vé(+) in (169) satisfy

Véﬂ — V) as £ — o0, we can choose R; and k large which hold for all
the equations (129), (144), and (169).
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Defining

p—n |W <I)|2
EP (2., ::/ ! L
W)= ey G F (0 p)

AR () = / P YD 2 dudV olgn,
SoN{r>Ri}

r*dvdV olgn,

(124)

with ® specified in terms of ¥ by (122), the Morawetz estimate of Assump-
tion 14 and the rP density estimate of Proposition 16 give the rP-estimate:

Theorem 17. Suppose V is a solution of the Regge- Wheeler type equation
(87) as in Definition 9 with potential of the form (88). Further, assume
that U satisfies the T-energy comparison (112) and the Morawetz estimate
of Assumption 14, with choices of R1 made such that Proposition 16 holds.
For1 <p<2and 1 < 7o, we have the rP-estimate:

B+ g [ (B )+ 0 n Ay (2 )ar

< ER (%) + CEY(Zn).

(125)

Proof. Let JE[®] = n(r)?ii‘i;i], where 7 is a radial cut-off function with

x =1forr > Ry and x =0 for » < Ry — 1, with k£ and Ry chosen to ensure
that Proposition 16 holds. Let JM[¥] be a current satisfying the Morawetz
estimates in Assumption 14. Using Proposition 16 and the coercivity of
KMW] .= divJM[¥] in B; — 1 <r < Ry , we have for C >> 1

div(JP[®] + CIM[W]) > 0 as r < Ry,
div(JP[®] & CIM[T]) CE W, U2 + (2 — p)rP " 3|V U[? as r > R,.

Owing to the T-energy comparison (112), implying Theorem 13, we have
estimates on many of the boundary terms in terms of the initial N-energy.
The result then follows from the divergence theorem.

L1

In addition, we have the lemma:

Lemma 18.
EY (%) + AY(Z,) qﬁ Top[P]NnE, dVols,
S-n{r>R1}
Proof. The integrand of Ey is |V (#r"/2W)|? ~ |r™/2Y ¥ + %7’”/2_1\142. Bor-

rowing some of the |¥|? term from Ay by applying a Poincaré inequality
yields the estimate. L1
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7.11. Uniform Decay Estimates. We introduce the notation

EY £ow(Sr) = Ey(30) + EZ,g(30) + Bz e (5),

(126)
E\JIY,LK\IJ(ZT) = EQ(ET) + EéVT\I,(ET) + EéVQ\P(ET)7

with K := {T,;} ranging over the background Killing fields and Q := {€;}
ranging over the angular Killing fields.

Assuming the T-energy comparison (112) and the Morawetz estimate of
Assumption 14, we have the following theorem on uniform decay.

Theorem 19. Suppose V is a solution of the Regge- Wheeler type equation
(87) as in Definition 9. Further, assume that VU satisfies the T'-enerqy com-
parison (112) and the Morawetz estimate of Assumption 14, with choices of
k and Rq made such that Proposition 16 holds. Then WV satisfies the uniform

decay estimate
. by
EY (=) ﬂ@ (127)

72
where

Ty (%) = E\QI/,EK\IJ(EO) S E\JI\I];L:K\IJ’L%(\I,I(EO)' (128)

Proof. The proof follows the argument in Dafermos-Rodnianski [11], so we
only describe main steps and refer readers to [11] for more detail.

By applying Theorem 17 with p = 2 and using the mean value theorem,
there exists a sequence ok < e < 2k+1 guch that

By(8n) < < (B (%) + B (50)).

Through Theorem 17 with p = 1, Lemma 18, and the Morawetz estimate
(119), we have for any 79 > 79,

T2

1
BY(Sn)+ 75 [ BY(Edr < B4(Sn) + CEY cu,coun(En)

1

Apply this inequality with 71 = 7 and 75 = T2 and the mean value
theorem, we obtain another sequence 7, ~ 2¥ such that

EY(S:) I:Tf—kuEi(sz) +EY g 0w (S5)).

Combining with the 771 decay of Ej, discussed above yields the desired
772 decay of E\]I,V
1
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8. THE Two-TENSOR PORTION

8.1. The Linearized Einstein Equations. There is just a single wave-
type equation involving the two-tensor portion h, a gauge-invariant quantity
as remarked following Definition 7. Namely, from (69) we have

—r? E@%ﬁaﬁ) — nrier@AfAzafg - 7*255&5
+ 2772 (n =+ TATA - Tmaﬁ =0.

8.2. Master Equation for the Two-Tensor Portion. Expanding the
first term in the equation above and noting

—r? E(J_:I—Z) =or 3 67“_27“’41",4,

we deduce
@g)ﬁ(w =22 (n +(1- n)rArA — rw(w,
or X X
Ledoyhap = Uhgg, (129)
with
U:=2r2 (130)

In deriving (129), we have made use of (28) and (51). The equation is
analogous to that first discovered in Kodama-Ishibashi-Seto [22].

8.3. Analysis of the Master Equation. In contrast with the Regge-
Wheeler type equations to be considered later in this work, the potential
in (129) is non-negative throughout the exterior region. As a consequence,
the natural stress-energy: tensor (89) satisfies a positive energy condition,
dramatically simplifying the analysis.

8.3.1. The T-Energy Comparison. Owing to the positive energy condition,
the T-energy comparison (112) is easily satisfied. This, in turn, implies the
uniform boundedness result of Theorem 13.

8.3.2. The Morawetz Estimate. The calculation of the weighted density of

X A~
the current J; [h] (121) with 8 = 0 agrees with that of the two-tensor
wave equation, up to the presence of the potential terms

1 1 -
[gar/ifU -5 /- u)arU} |?

2f n+1 -
=2 (1= )

3

r
with coefficient proportional to that of the angular gradient. Choosing a
function f increasing on the exterior and vanishing at the photon sphere, the

extra terms above are manifestly non-negative. Such a choice of f appears

in the work of Schlue [30]. Then we can define JM[h] as
1

. . . 1 . ..
IV = TE )+ 3 (Vag)lh? = {VaglhP + Ty, (131)

© 2020 Springer Nature Switzerland AG.



46 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

with suitable choices of g(r) and e3 > 0 to obtain the density estimate in
Assumption 14. See subsection 9.3.2 for details. In addition, the function
f constructed in [30] is uniformly bounded on the exterior region, ensuring
that the boundary terms associated with the M-current are dominated by
those of the N-current as required in Assumption 14.

8.4. Uniform Boundedness and Decay of the Master Quantity. With
the T-comparison and the Morawetz estimates in place, we have uniform
boundedness and decay of solutions to the Regge-Wheeler equation (129) in
all spacetime dimensions:

Theorem 20. Let 6g be a smooth, symmetric two-tensor on a Schwarzschild-
Tangherlini spacetime, satisfying the linearized Einstein equation (2). There
exists a gauge-invariant master quantity izag in the two-tensor portion hs of
8g satisfying the Regge- Wheeler type equation (129). As a solution of (129),
iLaﬂ satisfies the uniform boundedness estimate

EY(,) TEF (%), (132)

and the uniform decay estimate

. I (%)
EY(S,) |;*|TQ— (133)
where
I,(0) = Ef p i (So) + B, o 24 (%0) (134)
and T > 0.

We emphasize that the relevant constants in the comparisons depend only
upon the orbit sphere dimension n and the mass M > 0.

9. THE CO-VECTOR PORTION

9.1. The Linearized Einstein Equations. The cross-term and the trace-
less portion of the pure angular term of the linearized Ricci tensor above
yield the co-vector equations

— Ty — 7 2Ahpa + (2 — n)rier@BiLAa

+(n— 1)r_2izAa + @B@Aﬁga — o~ (@A@Br> sza
. - e - . (135)
+2(1 - n)r_errBhBa —2r Y aVPhpe + nr PV A B

+(n— 1)@14 <r_2ﬁa> +Va <r_25iza) =0,

@AiLA,g + (n — 2)7”_1TABA5 —r? t@_QiLB)
—nr AN 4hg + 2(n — 1) 2hg + 20 2 A b (136)

—or~t (Eﬂ%g =0.
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We define the connection-level co-vector quantities
Py = 3BV (T*Qima> , (137)
Qapa = ﬁﬁilAa + ﬁaiLAg — 7“2@,4 (7"72 (%gila + 604]%5)) . (138)

The two quantities are gauge-invariant in view of (72) and Definition 7.
The quantity (Qng4 is the higher-dimensional analog of a gauge-invariant
quantity appearing in the authors’ earlier work [16]; contraction with rA
yields the gauge-invariant quantity appearing in Kodama-Ishibashi-Seto [22],
generalizing the quantity of Regge-Wheeler [29] in four spacetime dimen-
sions. The quantity P, is a higher dimensional generalization of the Cunningham-
Moncrief-Price quantity [8] in four spacetime dimensions, which we introduce

in this paper. The co-vector equations above can be rewritten in terms of
these gauge-invariant quantities as

—reapVE (1M TIP,) — 172V Qa4 = 0, (139)
r27VA (12 Qap4) = 0. (140)
In addition, the two are related by
EAB@B (7’72@@[3,4) — 3 <%apﬂ + %[BPQ> =0. (141)
9.2. Master Equations for the Co-Vector Portion.

9.2.1. Decoupling of Py. The decoupling of F, proceeds as follows. Applying
the operator €48V to (139) and rewriting the result with (141), we find

APV 5 (7*”6,40@0 (r"flPa)) + 2BV (T*Z@ﬁQa/gA) =0,

e (@B (r*"@C (r”flPa))> +r3AP, + (n—1)r 3P, =0.
Expanding the first term and multiplying through by r, we have

[P+ (n — 2)7"717“36313@ +7r2AP,

+ ((n — Dr=2 —2r2(n — 1)rBrp 4+ (n — 1)r! (Eﬂ P, =0.

Noting the formula for the spin-1 d’Alembertian (52), along with the
background formulae (28), the equation reduces to

Ly P = WP, (142)
where
1 2Mn?

We remark that P, is the higher-dimensional analog of the Cunningham-
Moncrief-Price quantity [8] in four spacetime dimensions.

© 2020 Springer Nature Switzerland AG.



48 PEL-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG
9.2.2. Decoupling of QaﬂATA. Multiplying (141) by r"*2, and applying the
operator e4pV? to the result, we find

eapVP (T"*QECD@D (T72Qa50))

— EAB@B (Tnflﬁapg) — EAB@B (Tnil%gpog =0,
or, applying (139),

e 4l DB (Tn+2@D ("“72@&60))

+ T_Qﬁa%WngA + T_Qﬁgﬁ'yQafyA =0.
The first term above can be expanded by appealing to the relation
eape’P Pho = PRy — Plg,

valid for tensors on the two-dimensional quotient space. Applying this result,
and contracting the equation with r; we find

(TZQQQA) rd— 2T_1TATB@BQ04@A —rt ( @QQQATA
+ 21“_1(7”37“3)@362@[13 — A <@B@AQaﬁB)
+ 72V, V7 (Qg,yAT‘A) + 7’_26567 (QCWATA) =0.

Commuting the covariant derivative, and applying (140), we rewrite the
term

r (63@,4@04,33)
=(n— 2)T_2TBTBQQ5ATA —(n— 2)7‘_17"‘4 <@A@C7“) Qasc

— (n — 2)7’717“'4?“0@0@&5,4 + KQaﬁATA.

With this, and application of (140) to the preceding divergence term, our
equation takes the form

(CQdga) 1 + (n — r PV EQuss — r ' (I Wagar”
—2(n = 2)r *rPrpQagar® — KQapar” — (n = 2)r *rPrpQqpar”
+ (n—2)r 1p4 (@A@Br) QapB

+ 2 <%Q%WQ@YATA) +r2 (%ﬁ%an,yATA) =0.
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Comparing this expression with the spin-2 d’Alembertian (51) applied to
Qa,BATAa
Leds) (Qapar™) = (TQdga) 1 + (T2 Qupa
+ 2 (@A@Ar> @BQQQA +(n— 4)7”*17"‘4 (@A@Br) QasB
+(n— 4)7"_1TATB@BQQBB +r2A (QaﬁArA)
+ (6 — 2n)r72rBrBQa5ArA —or~1 (iI):QagArA,

a lengthy reduction, using also the background calculations (28) and the
commutation relation

VaV'Quya + VsV Qara — AQupa = —2Qufaa
yields the equation

) (Qapar™) = VI (Qagar?) , (144)
with )
) Y2 oM

The quantity and associated equation are analogous to those first discovered
in Kodama-Ishibashi-Seto [22], although their derivation is quite different in
that work.

Subsequently, we employ the shorthand

Q&}) = Qapar’. (146)

9.2.3. Spin-Raising of P,. We denote by D the symmetrized gradient oper-
ation, and consider the quantity

Sap =1 (DP)oy =7 (VaPs + VsFa) (147)

Expanding with definition (51), we find

Feo)Sap = LSk + (n = 4)r~ 1V 484
+ 7“7255@5 + (6 — 2n)r72rArASa5 —ort (iIﬁSag
= (D@DP)M +772(n+1)Sas
=W+ (n+1)r?) Sus,
where we have used
ADP = DAP + (n+1)DP,

applied the definition (52), and used the wave equation (142). That is, the
spin-raised quantity S,z satisfies

L) Sap = V) Sy, (148)
with V() defined by (145).
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9.3. Analysis of the Master Equation. We analyze solutions ¥ of the
Regge-Wheeler type equation (144), including both S,z and Qg_ﬁ)

9.3.1. The T-Energy Comparison. The T-energy has the form
1 oo
EL (=) = 3 / / [(1 —w)|Yr¥*+ V<—)|\1/|2} R™drdV olgn
Sn Th
1 > :
+ 5/ / {cosh_2 (1 —p) Y. @) + R_2|Y7<I>|2} R"drdVolgn.
s Jry,
Performing the change of variables s = R"~!, we evaluate the quantity
o df\? n+2 2Mn? 2\
—2M) | — — ds.
/m [8(8 )(ds) i ((n—l)? n—aps) |

Choosing F' = -~ and E = 2F — 1 = 21 and noting % > 1L(E?2 1),
Lemma 11 implies positivity of the expression above.

Choosing €(n) > 0 small, we find the lower bound

1 o0
EL () > 2/ / e(n) [(1 — )|V RYP + V(_)|\I!\2} R"drdV olgn
1 o o
+ 5/ / [cosh_2 (1 =) Y. ®)? + R_2|Y7<I>|2} R™drdVolgn
CEE (),
with the reversed comparison in (112) following trivially. We conclude that

U satisfies the uniform boundedness estimate of Theorem 13 in all spacetime
dimensions.

9.3.2. The Morawetz Estimate. Borrowing from the angular term via the
Poincaré inequality (99), with least eigenvalue A = n, and applying (121),
we find

: X,wX f! 2 f! 2 2
/ndw <J (U] + 1_Mﬂ|\1f| 8m> Z/Sn (1_MIWT*\I'+ﬂ\I/| + W|y| >

where

Ws,6) = (~3 G - 3V F+ vy )

— i 1—p r 1—pn
n
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For n = 3, choosing

(n+1)M M 4M*?
f= (1 Tt 1= PR R o
(A (M A
B 72 r2 = 5rd )7
1
Ty - ﬁ = 57

gives f/ >0 and W (f,3) > 0. For n = 4, choices of

(n+1)M> (1_ 2M  8M? >

rnfl 57-2n72

) 5M ) 2M+8M2
r3 5r6o )7

—3 near infinity.

For any ¢y > 0 we have

do the same. Furthermore, W ~ r

Let J[W] = JYX<[W] + L

0
ors”

+ Tig (1 - 7(”: 2 > TP 4 W)

divJ[¥] =

f!

L—p ™"
’ /

= 160_f |Wr*\IJ|2 + fflﬂ(l - 60)1/2W7~*\Ij + (1 - 60)71/26\142

2 r/
(1 - S i v - 2 e
— €0 ]

/
s “of Y M|<1—e@ﬂmwu—eo>—1/2mv\2

( (1— ”“) )|W|2+W|\If|2)
1
W

60 52.]8/ ‘\I/|2
—el—p ’

1
1
2
For r > ro, W [ and % ~ r~"; by choosing ¢y small enough, the last
term is positive in this region. To control the angular derivative, notice that

/ (1—7(”j1) )|Y7\I/|2+W|\I/|2

7.3

>ad (1- PR pep e wiep - a2 (1- PR e

r
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Again, W 13 for r > ro/2 and Z—f (1 — %) ~ r~3. By choosing €;

small, we have as r > r¢/2

f <1 _ M) |y°7q;‘2 W)

r3 pn—l
f n+1)MY & o 1 9
Hence for r > rg,

> — (1 - “Wlw |2
divJ[¥] > 1—u|%*\l’| +57 (1 o ) YU W

To obtain a |V, ¥|? term, let x be a cut-off function with ¥ = 0 as 7 < g
and x =1 as r > (r9 + 71)/2. Define

where €5 > 0 is a constant to be determined. Denoting

- 1 1

Jo[ ] := Ja[ V] + 3 (Vag)[¥]* = 19Va| VP,
we calculate

] 1 1 1
div.J[¥] = div[¥] + L [g|” = Sg(V¥)? — 2oV |uf?

1 1 1 1
= divJ[¥] + 29 ( —— |V, U2 — —— |V, T2 — — |V T2
ivJ| ]+29<1_Ml% | 1_MIY7T* A

1 1
[ —aV ) ) w2,
+ (4 g+ 59 ) | W]
Together with previous estimate, for r > rq

. 7 g 2 of g 2
leJ[\I/]zm|Wt\Ij| +<1—u 2<1_u)>l%*‘1f|

(-2 o

rn—l 2r2

1 1 1
- - gV ) ) w2
+<4W—|—4Lg—_—¥2gV >|

For large radii, f' ~ g ~ r~". By choosing €5 small, the coefficient

of |V, U|? is greater than 2(5101”’#). Both ?—Qf (1 - %) and ¢ vanish
3

quadratically at the photon sphere, and the former, comparable to r~°,
deca&ys no slower than the latter, comparable to r~". Hence the coefficient
of [Y¥|? can also be made positive with es small. The term 7 CgF %gV(’)
behaves like "2 toward infinity; yet again, positivity of the coefficient
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for |¥|? is ensured by a choice of small e3. With such a choice, we have for
T 2T

div.J[¥] Ii—lnl ((1 - (”:71>M>2 <|%\p|2 + |Y07\p|2) + |Y7r\1;|2> .

r n—1

In r < rg, divJ[¥] = divJ[¥] > 0. By adding e3T,,[¥]Y? into J,[¥], we
obtain a Morawetz current

IMW] i= J,[0] + €37 [ W]V
1 1
= T [W]X" = SVOUPX, + 2 (@Y — g)Va| ¥ (149)
1 )
- Zva(wx — 9P + f'BY[PdR, + e3Top[ W]V

By choosing e3 small enough, KM[¥] := divJM[¥] has the desired posi-
tivity. To estimate JM [W]ng, , note that X and ¥ are regular vector fields,
such that

1 _ - a a
|(Tap[ W)X = SVENOPX, + e T WY | ET [0, N,

From w¥ — g ~ r~! for large radii; the third and the fourth terms are
controlled. The estimate for the fifth term follows from regularity of % =
% at the horizon in addition to its comparability with »~" for large radii.
The estimate for JM[W]L* is similar. For JM[W]ng, ,, we note that on the
hOJEizon air* and ng, , are provportional to T and that w™ — g = 0. Except for
63Tab[\I/]Ybn’ﬁ+, satisfying T, [¥]YPng,,. > 0, the terms in JM[W]ng,, are
bounded by To,[¥]TPng, ., , from which Assumption 14 follows.

We remark that the construction of a current J,[¥] with positivity in
r < rg, an essential feature in the construction above, is impossible for n > 5,

i.e. in spacetime dimension seven and above. From direct computation,

n—1

n — n2 _
AWAF, B)lo=ry = —( - (n—)(n? - 1)

2
~20()) L+ P g,

T+

Under the requirement that % > 0 and f(rp) = 0, one must have
f(ry) < 0. Therefore as n > 5, W(f,3)|,—r, is non-positive and equals
zero only if f = 0 in r € [ry,rp]. In this situation, the Morawetz current
cannot be used to absorb error in the red-shift estimate. In this regime, a
more refined analysis is needed to form a Morawetz current satisfying the
necessary density estimate. This difficulty is the reason for our restriction
to dimensions six and below in our decay estimates.

9.4. Uniform Boundedness and Decay of the Master Quantities.
With the T-comparison, we have uniform boundedness of solutions to the
Regge-Wheeler equation (142) in all spacetime dimensions; in addition, the

© 2020 Springer Nature Switzerland AG.



54 PEI-KEN HUNG, JORDAN KELLER, AND MU-TAO WANG

Morawetz estimate for n < 4 gives uniform decay of solutions in six and
fewer spacetime dimensions.

Theorem 21. Let g be a smooth, symmetric two-tensor on a Schwarzschild-
Tangherlini spacetime, satisfying the linearized Einstein equation (2). There
exists a gauge-invariant master quantities Q&Zﬁ) and Sag in the co-vector por-
tion hy of g satisfying the Regge- Wheeler type equation (142). As solutions
of (142), Qéﬂ and Sag satisfy the uniform boundedness estimate

EN () CER (S >0
EJ (E ) D—%V(Eo)a 1)

i all spacetime dimensions. In six and fewer spacetime dimensions, Qg;)
and Sog satisfy the uniform decay estimate

BYL () ij H(Eo)’

2

T (151)
£y (z) 450,
where
Ig-(20) = B £, 0000\ F EYC) 2,00 0 2 o) (Xo), (152)

and similarly for S. Here we assume T > 0.

We emphasize that the relevant constants in the comparisons depend only
upon the orbit sphere dimension n and the mass M > 0.

10. THE SCALAR PORTION

10.1. The Linearized Einstein Equations. In this subsection we reduce
the linearized vacuum Einstein equations for the scalar solution, following
Kodama-Ishibashi [21]. Subsequently, we modify the gauge-invariant master
quantity appearing in their work, generalizing the Moncrief-Zerilli quantity
[26, 32], and argue that our modified quantity satisfies a Regge-Wheeler
equation. We remark that such an argument is absent in [21].

The authors consider the linearized Einstein tensor

§ Eqpdz®dz® = §Eapdada® + 26 Eagdada® + §E,pdx®dz®,  (153)

admitting the same Hodge decomposition as the linearized Ricci tensor
above. Define

1 .-
ea=Hy— §r2vA (r?H,), (154)
hap = hap — Vaep — Vpea, (155)
1
=52 (H - —AHz —2rr eA> (156)
,
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gauge-invariant quantities per (71) and Definition 7. The linearized vacuum
Einstein equations for the scalar portion can be expressed in terms of hap
and H. Following [21], we further rescale the quantities as
8E,p = 1" 25Ey,
hap :==1""2hap, (157)
H:=r""2H.

As noted in the same work, owing to the Bianchi identities, it suffices to
consider the rescaled linearized Einstein tensor components

. . 1 . . .
§E e, §Fas — — (5—755@5) Gags 6Fu, 6By,
n
With the aim of rewriting these remaining linearized equations, we define

the further gauge-invariants from hap and H

X = hl - 2H,
Y =h =2H, (158)
Z = hj.

Using the algebraic relation provided by the traceless equation
- 1/ 60 .
0Eag— — (a“’ 6E75> Gap =0,
n

we can invert these relations and find

ﬁiz (n—l)X—Y’

n
2 —X+(n-1)Y
h, = ,

n (159)
by = Z,
i— _X+Y.

2n

We rewrite the linearized Einstein equations using scalar spherical har-
monic expansion with indices ¢ > 2 and ms(n,t) € {1,...,ds(n,£)}, with
the dimension of the eigenspaces dg(n,f) given by (31), and the inversion

(159). First, the cross-term equations 6 E4, = 0 imply
67‘mes(n,€) = _atXéms(n,Z)a

o f

| (160)
s(nd) — 57 ms(n,t) — Lidms(n, ry) ms(n,l)>
NY g (n,0) of (Xems(n0) = Yema(n,0) + 7 Nty (n,0)

where we adopt the notation f :=1— p of [21].
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Substituting (160), the quotient equation §E” = 0 can be rewritten as

2 (n—1 n+2)0,f 02
arXéms(n,Z) = 8—f< (f_l)+%+7f

o.f nf\ o.f 2 (1—f (Bn-2)
_< 9 +T> 2f>X€ms(n,f)+$f< -2 - o arf

_(nT—Ll)aTQf_'_E(E—FnT;l)—n (8f nf) f)Hmsm,e) (161)

r ) 2f
2 (2 1
(b ()

(8 Xﬂms(n £) + a Yvém (n, E))

f 5 rf
Finally, the quotient equation 6E{ = 0 has the form

(w _Bff nif) Zﬁms(nl)

2

+f (8tarXst(n £) + 6tarnm5(n,€)) (162)
n—2 O 2 O

- (%f f) O X omy(my0y + ( I f) oYty (n0) = 0.

10.2. Master Equation for the Scalar Portion. Let us define the fur-
ther gauge-invariant quantity

- 1
Zéms(n,é) = (€(€+n 1) an n@r ) <f (arXémS(”:Z) + a’"Yf’nS(nvé))
r (163)
(=2, of of  0f
< (T’f + 9 Xéms(n o+ r 9 Yéms(n £)
in addition to
nZZmS nl) — T(XZmS n,l + Y:?ms n,l )
(I)Ems(n,é) = () (o f) (.8 (164)

/21l +n—1) —n+ sn(n+ p)’
modifying those definitions provided in [21]. Substituting (161) and (160)
Ito Zym,(n,e), we regard Py, () as an expression in Xy (n.0); Yom,(n,0),

atZst(n,Z)) at?Xst(n,f)a aznms(n,l)'
As described below, @, (5 ¢) satisfies the following scalar wave equation:

iE’n.s(nl) = X7€(+)<I>£ms(n7£)7 (165)

where

Qr

v .
14 . 2 27
16r2 (¢ +n(n+ 1)u/2)

(166)
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with
qg=Ll+n—-1)—n
and

Qu:=n'tn+ 1% +nn+1) [4(2712 —3n+4)q
+n(n - 2)(n — 4)(n + 1)} p?—12n [(n — 4)q (167)

+n(n+1)(n — 2)} qu + 16¢° + dn(n + 2)¢%.

Note that the equation reduces to the well-known Zerilli equationin the case
n=2.

Suppressing the angular harmonic dependence where possible, the equa-
tion in standard Schwarzschild coordinates is tantamount to

B, (f0,8) = VDb, + %afcpg.

Again, we regard ®, as an expression in X,Y,9Z,0?X,0?Y, and apply the
linearized Einstein equations (160, 161, 162) to the left-hand side of the
equation above as follows. Differentiating in 7, we replace radial derivatives
on X,Y, 0,7 using (161) and (160), respectively. Differentiation of the terms
0?X and 0?Y results in mixed partials, with the same coefficient on each
quantity; we replace these terms using (162). After this first differentiation
and substitution, we are again left with an expression in X,Y, 0,7, 0? X, 0}Y .
Multiplying by f and differentiating the product in r, we again replace
radial derivatives on X,Y; 0,7 using (161) and (160). The situation for the
mixed partial terms is more subtle. Regarding the mixed term obtained
via radial derivatives on 07X, we first substitute (161) for an appropriate
portion in order to match the 9 X + 9Y term in the right-hand side of
the equation above. For the remainder of the term, we add and subtract
appropriate radial derivatives on 9?Y and apply (162) to the matching mixed
partial terms in X and Y. Finally, the residual radial derivatives on ﬁfY are
handled via substitution with (160). The resulting quantity, an expression in
X, Y, 07,0} X,0?Y and their second time derivatives, is equal to the right-
hand side of the equation above, as can be verified by direct calculation. We
remark that verification of the Regge-Wheeler equation for ®, is absent in
[21].

10.3. The Spin-Raised Equation. We spin-raise the equation by associ-
ating @y, (n,¢) With a symmetric traceless two-tensor Qé:l)s (n.0),03" specified
by

(+)  (k tms(n,0) 5 o
Qfms(n,é),aﬁ T (T (I)fms(n,é)) Ya,@ dx d.’,UB7 (168)

where

and Y(fﬂms(n’e) are the tensor spherical harmonics (35).
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We calculate

@2)@;;)8(n74)7a5 = [Tk iE’ns(n,é) + Eﬂ>q)ém5(n,€)

+(n— 4)kr_2rArArk<I)£ms(nvz)} ycfgls(n,lf)

_ Ims(n,l
2R Dy () (20— L0+ — 1)) Yo

2 A ) -1 ()
+ (6 — 2n)r Zr TAngS(nvg)@[} —2r7! ( EIQEmS(n,Z),aﬁ

= [V 4 ke = 1)rPrpr= 4 b=t T

(0= B+ 2= (e = 1)

+ (6 —2n)r~2rBrg — 2r~1 (TI\;I Qéjn)s(n,ﬂmﬂ’
where we have used

) = k(k — 1)7”“*27"47’14 + krF=t 0

Simplifying, we obtain the master equation

@2)622;1(71,@,045 = WH)QE;)S(n,z),aﬂ’
where
V) = Vi + Vane + Ve
is given by

Vi = —(£(l4 n=1) — 2n),

9 n?2—10n+16 3n? —12n+ 16 [ 2M
r ‘/2 nt = - )
’ 4 4 rn—1

= — [(f —12(n+0)*n(n+2) +4( —1)3(n +£)*

- (6@ —D(n+0)(n—2n*n+1)M
+6(¢—1)%(n+0)*(n — 4)nM)r—”+1

+ (4(«’5 —1)(n+ On(n+1)(2n* — 3n + 4) M?
+(n—4)(n —2)n*(n + 1)2M2>r*2n+2
+2nt(n+ 1)2M37~_3”+3} ,

with
Dyy=n(n+1D)Mr—"™ 4 (0 = 1)(n +£).
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Note that the potentials converge as

R T B B A (502 2M
elggové ARESE 5.2 ((n 2n+8) — (5n 1071—1—8)7’”71 . (173)

10.4. Analysis of the Master Equation. In this subsection we show for
any dimension n > 3, the T-energy comparison (112) holds for the scalar
portion. In dimensions five and six, we further obtain Morawetz estimates.

Lemma 22. For anyn > 3 and and ¢ > 2, Qé;)s(ng) satisfies the T'-energy

comparison (112). Forn =5,6 and any { > 2, Qﬁ;)g(nf) satisfies a Morawetz
estimate as in Assumption 14.

This will be proved in the following two subsubsections.

10.4.1. The T-Energy Comparison. The T-energy comparison for the Zer-
illi potential is more involved than the earlier equations. The argument
naturally splits into two regimes, n > 4 and n < 3.

Turning to the higher dimensional analysis, with n > 4, we make use of
the following inequalities:

For a, 8, we have

(a+0)* = dap,

and for z,y and Ay, Ao >0,

)\133‘2 + )\ng > )\1)\2
(x+y)? — M+

Moreover, we let s = 1.

Grouping terms in Vsz,

4r2V3, = oA {Sﬁ —1)?(n+0n(n+2)+4(£ — 1)3(n + £)3 420t (n + 1)2 M3 7373
Y I I
+ (=D = 200+ 1M+ 4 = )+ On(n +1)(20% = 3n + M2 )20+

I II

= (8= D+ O = 2n(n+ DM 60— 17 (n+0(n 4>nM)r"+l}

111

we estimate each of the pieces as follows.
For I and II, we apply the second inequality to deduce

P M y? A2

—_—T— —N—
(=12 +0*nn+2)+n*(n+1)2M?*s2(n—4)(n - 2)
(6 —1)(n+€) +n(n+1)Ms1)2
n(n+2)(n—4)(n-2) _nn+2)[n-4)n-2)

“nn+2)+n—-4)(n-2) 2(n? —2n +4)

I/ D?w =
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and

(n+02(£ = 1)2(4(n + £)(£ — 1)) + n2(n + 1)2M2s~2(AEOENE 1))

11/D7y =

n(n+1)
(l=1(n+L)+nn+1)Ms1)?2
2n? —3n+4

For III, we apply the second inequality:
6(¢ —1)(n+£)(n —2)n?(n + 1)Ms~1
2
(n(n +1)Ms '+ (£ —1)(n+ E))

6 —=1)(n+O(n— 2)n?(n + 1)Ms=!
- 40 —=1)(n+On(n+ 1)Ms=!

~II/D?, = —

3
= —§n(n —2).

After this first round of estimates, we have

2
9 3>n(n+2)(n—2)(n—4) B 2n*—=3n+4 3
P iy R oA ey oy RS )
+ 102 [2n(n + 1)°M?s™ —6(¢ — 1)*(n+ £)*(n — 9)nMs™].
nl

Defining the quadratic polynomial
P(n) = an® +bn + ¢,
with a, b, ¢ as yet unchosen, we rewrite the estimate above as

nn+2)(n—2)(n—4) 2n2 —3n+4 3

S —omtay Do+l Sn(n —2)

27,3
V3> e
" Vne = 3n2—-2n+4 8

2nt(n +1)°M3s73 + P(n)(£ — 1)*(n — £)*Ms™*

v
—Pn)(t =1} (n+0)>Ms™t —6(0 —1)*(n+£)*(n — 4)nMs].
A%

_|_

4D72L ’

Using the second inequality, we estimate

1 (=1)%(n—0)2P(n) + n*(n + 1)2M?s72(2n?)
(6 =1)(n+0) +n(n+1)Ms™1)?

1 2n2P(n) _ ( n?P(n) > 2M
- 2n? + P(n) 2n’+P(n)) s’

IV/D2, = Ms

where we have assumed that P(n) is non-negative.
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Next, we control V with the first inequality:

(=1} (n+0)*(—6n +24n — P(n))Ms™*

B (t=1)(n+£) +n(n+1)Ms1)2
—6n? +24n — P

> (0= 1)(n+ 0) 6n° + 24n (n)

V/DZ,

dn(n +1)
After this second round of estimates, we have
v 2 MR o =20+ 1 (et )
e (g )
- o ;(j;(il 2_n2—)}—(2)_ - gn(n —2+ : < (IZ()n)> %
red (G )

assuming that
2n? —3n +4 N —6n2 4 24n — P(n) >0.
3n? —2n +4 16n(n + 1)

As an£ can be accounted for by borrowing from the angular gradient, it
remains to consider

|:T'2Vn2€ + 7"2V,,?£:|

1
(n—1)?
n? —10n+16 nn+2)(n—2)(n—4) 3

~nn—2
1 8(nZ — 2n + 4) 5(n=2)

2 —_En2 _
+(n+2)<2n 3n+4  —6n2+24n P(n)ﬂ 1

3n? —2n+4 16n(n+1) (n—1)2

32 —-12n+16 1 n2P(n)
4 42n? + P(n)

1 2M

(n—1)2 s °

. 2_ 2P
Setting F2 = |32 142n+16 - i 2:2_5_1(371(21)} (n—1)2 and F,, = 2F, —1, we must
check that

n?—10n+16 n(n+2)(n—-2)(n—4) 3
— n(n—2
1 R ey gnn=2)

>1
n—1)2 "4

(B —1).

2n? —3n+4  —6n% 4 24n — P(n) 1
+(n—|—2)< )}(

3n? —2n +4 16n(n+1)

Choosing P(n) = 2n? — 5n + 5, fulfilling both of the conditions on P(n)
above, we obtain positivity for n > 7 and n = 4. We remark that we can
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always perturb the estimate slightly and retain e(n+¢)3(¢—1)3 in II; phrased
another way, we can keep a small piece of the angular gradient, as necessary
to demonstrating positivity of the T-energy.

To extend the estimate to all n > 4, we need a refinement of the second
inequality above. Namely, given A1, Ao > 0 and z,y > 0, with some o > 0
such that 0 <y < a < 11: we have

)\1332 + )\2y2 > )\1)\2
(z +y)?

where
. ()\1$ — )\2&)2
 AMa(r 4+ )?

Specializing to I, with z = (¢ — 1)(n + £),y = n(n + 1)Ms~ 1, A\ = n(n +
2),A2 = (n —4)(n — 2), we note that Ms~1 < I, such that 0 < y <
tn(n+1) < in(n+ £)(¢ — 1). The relation

)\1
/\2

n(n +2)
(= 2(n—2)

holds for 5 < n < 7, and we obtain the improvement

y<a:%n(n+€)(€—l)< (n+0)(l—1) =

7"2V7?£ > (1+e)

nn+2)(n—2)(n—4) 3 n?P(n) \ 2M
sm2=anta gt 2F (M) s

1
4 s
2n%2 —3n+4  —6n? + 24n — P(n) >

2
T+t )<3n2—2n—|—4+ 16n(n+1)

with
n(n? — 8n + 4)2
(n—4)(n—2)(n+2)3"
Using the same choices of P(n), F,, and E, as above, the result extends to

include n = 5 and n = 6.
Finally, we consider the low dimensions n = 2 and n = 3. Here we group

€ =

42V l(f 1)2(n + £)*n(n +2) + 4(¢ — 1)3(n + €)> +2n% (n + 1)2M3p—3+3
II
+ ( (n—4)(n — 2)n?(n + 1)2M> + 4(¢ — 1)(n + O)n(n + 1)(2n® — 3n + 4)M> )f2n+2

I II

Z_D—z

- (6(6 — D)+ ) (n—2)n%(n+1)M +6(¢ — 1)*(n + £)*(n — 4)nM)r_"+1} :
IIT I
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The terms II and III are handled just as before. The terms in I change
sign for these low dimensions, and we estimate

I=6(0—-1)>*n+0)*4—-n)nMs ' —(n—2)n*(n+1)%(4 —n)M?*s2
> 12(n +2)%(4 — n)nM?*s? — (n — 2)n*(n +1)*(4 — n)M?*s 2
> n(4—n) (12(n +2)2 — n(n — 2)(n + 1)?) M?s™2,

In this way, we obtain

2n? —3n+4 3
23, > (1 —1 - Ipn-2
Vae 2 (E= 1)+ O30 =7 5" =2

+ ﬁ (¢ —1)*(n+0)n(n+2) +n(4—n) (12(n+ 2)> — n(n — 2)(n + 1)) M?s™?
nt

v

Applying the second inequality, we find

IV/D%E > n(n + 2)(4 — n)(48 + 50n + 15n2 — n4)
2(n® = 518+ 6n2 + 76n + 96)

With this new lower bound, and the usual choices of F;, and E,,, the result
extends to n = 2 and n = 3.

10.4.2. The Morawetz Estimate. Borrowing from the angular term using
(99), we have

[ (JX“’ Q) )+ mQ;;LW)PaT*)
f! (+)
- / [1 Ve Qe noy + 6Qm )+ W1 Q)| -
with

Wis,8) = (~3 i - 3 7+ g )

+<1fiﬁu+f,<1€/u v 1ﬁ2 ))
+(€(€—|—n—1)—2n)f<1 <n+1 )

,r.3 rn—
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For n = 3, we make the same choice as for the Regge-Wheeler equation
(142):
(n+1)M M 4M?
f= (1 ! 1- -1 + 5y-2n—2

_ (MY M+4M2
- r2 r2 5rd )7’

- (n+1)M 2M  6M?
f(l_ yn—1 1_,r.n—1+57-2n—2
_ (1M (4 2M+6M2
a r3 r3 576 )7
For n =4 and ¢ = 2, we take
(n+1)M M 2M?
f_<1_T 1_5T”_1+5T2n_2
(1M () AL o
a r3 5r3 . 5r6 )7
1 M\? M3
7’+.g:2(2+53> /(2—1—%) for r < rp,
L (1, 2 (2M 1/6 12 (2M 1/6 o o
N — 4+ - = orr >rp.
2{2 "5\ 2 5\ r3 =

Note that (2M)1/3ﬁ on the photon sphere r = rp, so that the divergence
theorem still applies. Wlth these choices, f/ > 0 and W(f,3) > 0, and
Assumption 14 can be proved in the same way as in Regge-Wheeler case.

10.5. Uniform Boundedness and Decay of the Master Quantity.
The estimates for the Qé;)s (n.0),08
the angular mode numbers ¢ and m, owing to convergence of the potentials
V}f“ to the limiting potential V() (173). As the relevant energies involve

L?(S™)-terms integrated over the orbit spheres, there is no difficulty in sum-

in the previous subsection are uniform in

ming the estimates on the angular modes Qé;)s(n 0,08 to obtain estimates
on a total object QSB)’ defined as the L?(S™)-sum

ds(n,f)

QW =3 > Qs (174)

22 mgs(n,l)=1
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Following this reasoning, we have the following estimates for the gauge-
().

invariant master quantity ¢ af

Theorem 23. Let 6g be a smooth, symmetric two-tensor on a Schwarzschild-
Tangherlini spacetime, satisfying the linearized Einstein equation (2). There

exists a gauge-invariant master quantity QEXE) in the scalar portion hi of
bg with harmonics Qg;)s(n,ﬁ),aﬂ satisfying the Regge- Wheeler type equations
(169). Summing estimates for the QE;)‘(n 0 terms, Q') satisfies the uniform

EJ(Sr) CERG (Zo), (175)

in all spacetime dimensions. In siz and fewer spacetime dimensions, Q)
satisfies the uniform decay estimate

BN (50) ﬁ@ (176)

boundedness estimate

where

Igw (Do) = Epi £, o (o) = BYo o o2 2 gen (o) (177)
and T > 0.

We emphasize that the relevant constants in the comparisons depend only
upon the orbit sphere dimension n and the mass M > 0.

11. PROOF OF MAIN THEOREM

Theorem 24. Let 6g be a smooth, symmetric two-tensor on a Schwarzschild-
Tangherlini spacetime, satisfying the linearized Einstein equation (2). Per-
forming a spacetime Hodge decomposition of dg, each of the portions of
0g contains gauge-invariant master quantities satisfying decoupled Regge-
Wheeler type wave equations. In particular, the two-tensor portion hsy = iLa/g
satisfies the equation (129), the co-vector portion ho has quantities Q((;B)
(146) and Sap (147) satisfying the equation (144), and the scalar portion hy
has quantities Qé:_n)s(n,f),aﬁ (174) satisfying the equations (169).

As solutions of Regge- Wheeler type equations, the master quantities satisfy
the uniform boundedness estimates

EN(E ) CE (),
Q( ) (E7) E& ) (20),

178
BY (2,) TR (%), (178)
ENG ) CEY,  (So),
tmg(n,L) Lmgs(n,L)
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i all spacetime dimensions. In siz and fewer spacetime dimensions, the
master quantities satisfy the uniform decay estimate
. L (X
EN(z,) Z4(>0)

72

Eg<_)(27) ij - (X0)

7—2

179

(o) A% N
I (¥o)

EN(+) (27) Iﬁ@ms(n,ﬁ)

b)
Qimg (n.0) 72

)

i

where
14/(%0) = B3 £, (50) + B 1o 2 (%) (180)
and 7 > 0 for the decay foliation X, of Subsection 7.3.
Owing to uniformity of the estimates for the Qg;)s(n,l),aﬂ
mode numbers £ and mg(n,£), we can concisely encode these estimates by

considering their L*(S™)-sum ijﬁ) (174), which satisfies

EJe (Z0) (EER G (Zo),
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i the angular

We remark that further pointwise uniform boundedness and uniform de-
cay estimates can be derived from those above by means of commutation
with the angular Killing fields and application of Sobolev estimates on the
orbit spheres.
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