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Abstract: We review the proof of energy boundeness and decay for solu-
tions of the Teukolsky equation on the Schwarzschild geometry. This result
was first shown by Dafermos, Holzegel and Rodniasnki (Acta. Math. 22(1):1-
214, 2019). The proof here is based on an analysis of a transformed system
of wave equations obtained by appropriately differentiating the Teukolsky
equation. This approach was developed in collaboration with Shlapentokh-
Rothman in a series of joint works (arXiv: 2007.07211, 2302.08916) con-
cerning the Teukolsky equation on the more general Kerr family of rotating
black holes.
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1 Introduction

The stability of the Schwarzschild black hole,

2M oM\ !
gM:—(1—>dt2+<1—> dr? +r2do, M >0,
T T

as a solution to the Einstein vacuum equations, has been a subject of great
interest to the Mathematics and Physics communities since the pioneering

work of Regge and Wheeler [RW57]. In this survey article, we review the
proof of boundedness and decay estimates for the Teukolsky equation [BP73,

Teu73]
2 M 2 M

r r r

with s = 42, which is one of the fundamental equations governing linearized
perturbations of the Schwarzschild geometry. Here, O [;;]M is the spin-weighted
d’Alembertian associated to the Schwarzschild metric gjs, see already Sec-
tion 2.1.2 for a definition. Though we defer to Theorems 3.1 and 4.1 for the

precise statements, a rough version of our main result is:

Theorem 1.1. Fiz s € {+1,£2} and M > 0. On the Schwarzschild man-
ifold, general solutions to the Teukolsky equation (1.1) arising from suffi-
ciently regular initial data on a Cauchy surface ({7 =0})

(i) satisfy a suitable version of “energy boundedness” without derivative
loss: schematically,

E(TQ)SB(M,S)E(Tl), VTQZleO;

(ii) satisfy a suitable version of “integrated local energy decay” with loss of
one derivative at trapping (r = 3M ): schematically,

198 (7, ) < B(M, s)E(r1),  Vr >m >0;

(iii) satisfy suitable, inverse-polynomial, energy and pointwise decay esti-
mates with derivative loss.

The approach presented in this article is largely based on the approach in
recent joint work with Shlapentokh-Rothman [SRTAC20, SRTAC23], where
Theorem 1.1 is established in the more general class of Kerr black holes
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RITA TEIXEIRA DA COSTA 13

rotating at any speed below the maximal threshold!'. In the Schwarzschild
class considered in this work, boundedness and decay for (1.1) was first
shown by Dafermos, Holzegel and Rodnianski [DHR19b] for s = +2. Their
analysis was later extended to the s = +1 case, where (1.1) is an impor-
tant component of the Maxwell system on Schwarzschild, by Pasqualotto
[Pas19]. The case s = 0, the scalar wave equation on Schwarzschild, is by
now classical, and the reader may find a proof and references to the original
works in the lecture notes [DR13]. For sharp decay results, we direct the
reader to [AAG23, MZ22] and the references therein.

The proof of boundedness and decay for (1.1) in [DHR19b] was a corner-
stone result in the understanding of the stability properties of Schwarzschild
spacetimes. Not long after its original proof [DHR19b] appeared, it was
used by Klainerman and Szeftel [KS20] to establish nonlinear stability of
Schwarzschild under polarized axisymmetric perturbations. The definitive
result on stability of Schwarzschild, which makes no symmetry assumptions?,
was very recently obtained by Dafermos, Holzegel, Rodnianski and Taylor
[DHRT21] again building on the (proof of) [DHR19b].

Having motivated the study of (1.1) and Theorem 1.1, let us turn to a
discussion of its proof. As in [DHR19b, Pas19], our approach is to consider
specific differential transformations of «*, introduced in [DHR19b] and in-
spired by Chandrasekhar’s transformations [Cha75]. This allows one to, in
particular, replace the Teukolsky equation (1.1) with a spin-weighted wave
equation

ol ol =0 (1.2)

for a new variable ®%; for s = +2, this equation is sometimes called Regge—
Wheeler equation after [RW57]. Equation (1.2) can be treated using scalar
wave methods which, as we mentioned, are by now classical (see e.g. the
aforementioned lecture notes [DR13]). Thus, one can obtain energy bound-
edness, integrated local energy decay, and then decay for its solutions. To
conclude the proof of Theorem 1.1, one must then upgrade these estimates
for ®[! to suitable estimates for alsl.

'We direct the reader to these works for further details and references concerning the
stability problem for rotating Kerr black holes, and for a more exaustive account of the
literature on perturbations of Schwarzschild.

2As Schwarzschild is a member of the larger Kerr family of black holes, stability can
only hold up to a co-dimension 3 “submanifold” of the moduli space of initial data for the
Einstein vacuum equations, corresponding to perturbations which eventually radiate away
all angular momentum. In this work, the authors teleologically identify this set of data
and thus show the nonlinear stability of the Schwarzschild subfamily in full codimension.
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It is in this recovery procedure that the proof of Theorem 1.1 differs from
the boundedness and decay results of [DHR19b] for (1.1). In the former,
estimates for «[*! are obtained by integrating the transport equations which
define ®!; indeed,

ol =il @f) = k(o) (i) with k € {0, [s]},

for some appropriate choices of weights j; = ji(r), i = —1,...,|s|, and with
L a particular null vector field. In the present article, as in [SRTAC20,
SRTdAC23], we instead rely primarily on the system of wave equations for

the new variables (1)[‘;] that can be derived from (1.1). For instance, in the
case s = 12, this system takes the form

2] 4l£2) _2MY )
Ogu Py — (1 )P =0

9 o [+2] 2MY\ L rg) | 2(r —3M) (49 [+2]
[gz]wd’(l) (1—T> boy =F—— 3 b FOMby,
4(r —3M)

r2

[+2] 2M\ | x2)
D534‘1’(0) -2 (1 + r> =

(+2]
d)(l) 9
see already Remark 2.6 for more examples. With this approach, our The-
orem 1.1 obtains slight improvements over [DHR19b, Theorem 2, Proposi-
tions 12.3.1-12.3.2]:

e In Theorem 4.1, we close energy boundedness estimates without
derivative loss, and integrated estimates with 1 derivative loss only
at trapping, for all derivatives of al®l at or below a certain level.
In [DHR19b], derivatives in certain directions are not explicitly con-
trolled.

o In Theorem 4.1, the estimates are at the level of |s| + 1 derivatives
and below, while in [DHR19b] the authors require |s| 4+ 3 derivatives
in their energy boundedness statement to avoid derivative loss.

e There is an € loss in the r-weights of the energy norms used in
[DHR19b] compared to those in Theorem 1.1.

Finally, let us note that both the approach of this article, and that of
the aforementioned [DHR19b, Pas19] to the Teukolsky equation (1.1) can,
in principle, be extended to other s € Z not contained in the statement of
Theorem 1.1, see Remark 3.3 below. However, since only s € {0,+1, +2}
are expected to be physically meaningful, we have chosen to exclude other
values of s from our main result.

We conclude the introduction with an outline of the rest of the paper:

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 11-55
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e Section 2 is a preliminary section introducing the Schwarzschild man-
ifold, the relevant PDE, the spin-weighted function space on which
they live, and the norms we will employ in our analysis.

o Section 3 considers the decoupled equation (1.2), and establishes en-
ergy boundedness, integrated local energy decay, energy decay and
pointwise decay for its solutions.

e Section 4 then establishes similar results for all transformed variables
c[)[(“;j) with k& < |s|, thus concluding the proof of Theorem 1.1.

Acknowledgments. The main ideas in this survey are the result of col-
laboration with Y. Shlapentokh-Rothman, whom the author gratefully ac-
knowledges.

2 Preliminaries

2.1 Geometric preliminaries
2.1.1 The Schwarzschild family

As is usual, we introduce the manifold structure of Schwarzschild indepen-
dently of the black hole parameter M. To this end, consider a manifold-
with-boundary M = R x RJ x S?. Coordinates t* € R, y* € R} and (0, ¢)
the usual polar coordinates on S? induce a global (modulo the usual degen-
eration of polar coordinates) differentiable structure on M. The boundary,
OM = {y* = 0}, is called the event horizon, H™ = OM. The interior,
int(M), is called the domain of outer communications. We can also intro-
duce the smooth vector fields T' = 0y« and Z = 0.

Let » = r(y) be a new coordinate, smoothly depending on y, whose range
is r € [2M,00). For M > 0, the Schwarzschild family is the (1-parameter)
family of Lorenztian manifolds (M, gas) with

gu = — [1— par (P (d8%)? + 2pa7 (r)dt*dr + (1 + par(r)) dr® + gy,
. 2M
pnr (r) = 0

where 5382 = d#? + sin? 0d¢? is the usual metric on the round sphere with
volume form do = sin §dfd¢. The coordinates (t*,r, 0, ¢) are called ingoing
Eddington—Finkelstein coordinates. We can use these to define a hyper-
boloidal folliation of interest for M: following [SRTdC23], we take

x, = {i* =1},
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2
=t +Ci(r) <r - ]\2/[10gr> —Co(r) <r+2M10gr - Mf) ,

with §1 and ¢y smooth cutoff functions satisfying: G=1forry <r< 3M/2
and (1 =0 for r > 3M; (o =0 for r <3M and {3 =1 for r > 4 M.

In the domain of outer communications alone, instead of Eddinton—
Finkelstein coordinates, we can consider other coordinates t and r, as well
as t and r*, which are induced by the transformations

dr* 1

dr 1 —py(r)’
In coordinates (t,r,0, ¢) or (t,7*,0, ¢), called Schwarzschild coordinates, the
induced metric on int(M) is given by

g = = [1— par ()] [ — (dr*)?] + g,

= — 1= ()] +

r*(3M) = 0; t=t"—r"+r—3M+2M log M.

7(12 2° )
L () e

Schwarzschild coordinates are used predominantly in this work. We also
note the often-used function

1—
w - Méw(?”).
.

We often drop the subscript on the function s for readability.
Finally, of interest to us are the M-dependent vector fields

L=0x+T, L=-0~+T, g(L,L) = -2,

defining two principal null directions on int(M). Note that L and (1 —
par) 'L can be extended to M using the coordinate transformations above.

2.1.2 The spin-weighted structure

In this section, we introduce a spin-weighted structure on M.

To start with, let us define spin-weighted functions and operators on the
round sphere S2. Letting (6, ¢) denote standard spherical coordinates in S?,
consider the operators?

7y = —sin ¢dp + cos ¢ (—is cscd — cot 00,)
Zy = —cos ¢p0p — sin ¢ (—iscsc O — cot 09y) ,  Zz = .

3The operators 7z 1, Zg and Z3 arise from the action of the canonical orthonormal frame
on S3, viewed as the Hopf bundle over S%, on complex-valued functions with a particular
s-dependence along the S' fibers, see for instance [?] for more details.

(2.1)
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Definition 2.1 (Smooth spin-weighted functions on S?). Fix some s € 1Z.
Let f be a complex-valued function of (6, ¢) € S2. We say f is a smooth

s-spin-weighted function on S?, and write f € 5”0[3}, if for any ki, k2, ks € Ny,
(20)"(Z2)"2(Z3)" f
is a function of (6, ¢) which is smooth for 6 # 0,7 and such that
(21 (Z2)"2 (Z3)" f and ™ (Z0)M (Z0)" (Z3)" f
extend continuously to, respectively, § = 0 and 6 = 7.

For any s € %Z, the spin-weighted laplacian

§_ 1 0 < 6) 1 cos ) 2,
% sin 0 90 Smeag Sin2 98 213 0(‘) s+ 5% cot’0 — s (2.2)
:_Z%_ZQQ_Zg_S—SQIi—Q COSH@O¢+S Cote

where Z1, 75 and Z3 are defined in (2.1) and /A is the usual laplacian on
]

the round sphere is a example of a smooth differential operator on 5”0[0
Another example is provided by the spinorial gradient

VI = 9y, 0, +iscosh), (2.3)

which arises naturally in connection with the spin-weighted laplacian: for
=, Me 78

/S2 (ZA[S]E) Ildo = /SZ {Y}[S]E . Yﬂs]ﬂ} o do. (2.4)

Let us state two useful results concerning these important operators:

Lemma 2.2 (Spin-weighted spherical harmonics). Fiz s € %Z. On yo[i],
the operator ZAM has a countable set of eigenfunctions referred to as spin-
weighted spherical harmonics, forming a complete orthogonal basis of yo[i].

As is standard, we index the spin-weighted spherical harmonics and their
etgenvalues by parameters m and £ chosen to satisfy m —s € Z and { >
max{|s|,|m|} such that:

o the (m, ) spin-weighted spherical harmonic is denoted by S[ sl 0(0,0);

e the corresponding eigenvalue is >\£n]€ ={l+1)—
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Lemma 2.3 (Spinorial gradient). Let s € Z and Yo7[s} be as defined in (2.3).
Then, for any = € %@, one has the Poincaré inequality

ols =
L1

As the Schwarzschild manifold M is spherically symmetric, it inherits
the spin-weighted structure over S?:

2 =2
do > |s|/ 22 do. (2.5)
SQ

Definition 2.4 (Smooth spin-weighted functions on M). Fix some s €
%Z. We say f is a smooth s-spin-weighted function on M, and write f €
7L (M), if f is smooth in the Eddington—Finkelstein ¢* and r, and its
restriction to constant (¢*,r) yields a smooth s-spin-weighted function on
S2.

For some s € %Z, the spin-weighted d’Alembertian

2is cos 5 o
D.[QSJ]M = Oon + 5 5799 772(8—3 cot? 6)
is an example of a smooth differential operator on yo[j]( M). In

Schwarzschild coordinates it is given by

1
L= pnr

S 1 ; °
ol = ﬁar (7“2(1 - uM)&«) - 07 — 724& 2

2.2 Analytical preliminaries

2.2.1 The Teukolsky equation

We say that a function «l®l such that (1 — p)*«l¥ € 1l (M) satisfies the
Teukolsky equation if

alsl ol _ 28 <1 - 35}4) Tols 4 % (1 - Af) dralsl =0, (2.6)

r

or, in Schwarzschild coordinates,

1 2(s+1) s+1 (5]
T2(1+5)(1 — MM)SGT (T (1 - ,LLM) 87") 0.4

1 2s 3SM o
S (1222 [s] _ plslylsl —
20— )<T+r <1 " ))Toc Ao 0.
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2.2.2 The DHR transformed system

In this section, inspired by the transformations of Dafermos, Holzegel and
Rodnianski in [DHR19b, DHR19a] and of Pasqualotto [Pas19], we introduce
a system of equations derived from the Teukolsky equation (2.6) which was
obtained with Shlapentokh-Rothman [SRTdC20, SRTdC23].

Fix s € Z, and consider the following rescaling of the Teukolsky variable

le%]) _ w 1+Sgns)/2 1—s|(1— sgns)cx[s}‘ (27)
For k=1,...,]|s|, we then define 11)5{]) by the system of transport equations
wgij) - w—lcxpg’;‘jfl), k=1,..]s|, (2.8)

with £ = L if s < 0, L = L if s > 0 and £ being the identity if s = 0.
We will sometimes use the notation Wl = 1])5]9‘). It will also be useful to
introduce a further rescaling
[s] - —1yl8] s] = 4 5] —1yls
G = by, =0 =Tl

Proposition 2.5 (DHR transformed system). Fiz s € Z and let «l*! solve
the Teukolsky equation (2.6). Then, for k = 0,...,|s|, 1])53) given in (2.7)-
(2.8) satisfy the following system of wave equations

ol — U () = —sens(|s| - [‘ZL Zs e (2.9)
where
o - 2M
U([k]) = |s| + k(2ls| —k—1) — — (3| | — 262 4 3k(2]s| — 1)) , (2.10)
35{]) (])[II’ES})] = ClsC}k,j(T)ij])a (2.11)

and c ki J = 0,....k =1, denote functions of r which can be explicitly
computed for through a recursive relation (2.16) initialized by (2.17), and
which have the following properties:

o if0<k<|s|andj=Fk—1, csk - is a nonzero constant;

5J
id

sk vanishes;

o otherwise, c
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Equivalently, 1])%2) satisfy the equations

%[S)II) () = sgns(|s| — [2]+1) +w 23%;] (2.12)

where

s 2Mw o T s
R = (LL +LL)+ = w4+ Ul (2.13)

In particular, for k = |s|, Pls] (equivalently \I/[S]) solves a decoupled wave
equation
oblold = yldryold, iyl =g, (2.14)

with R = %ETLD and Ul = U([IS}I) = s2u(r). For k < |s|, using (2.8), we
can recast (2.12) as the constraint equation

L, —sgns(ls| —k—1)— w&ijﬂ)

— gl — { B +2M} +Z~[s1 WL @)

Proof. This proof was given in [SRTdC20] for general rotating Kerr black
holes; here we repeat the main points for Schwarzschild black holes.

The result follows by recursion in k. To obtain the wave equation (2.12)
at kth level, we start from the (k — 1)th wave equation (2.12). Noting

LL+ LL = 2LL, we use the definition of ll)[(“;j) in (2.8); we thus obtain the
(k — 1)th transport relation (2.15). Then, we divide by w and apply £. We
once again simplify terms using the definitions of 1|)E§.]), 7 =0,...,k, except
for the term £§11)5€]).

With our choice of weights, the PDEs for the transformed quantities take
the form

LLY() — sgn s(|s] - cw[s] +3 chkj

XeXx =0

where X = {40&[5], id} and coefficients cﬁfh ; satisfy the recursive relation

X
X Csk—1,0\
Coro = —sgns(—
X , (2.16)
c N}
k=1, .
cf,w- = —sgns(%) + cfk_Lj_l for j=1,..,k—1
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initialized by the relations, for j = k =0, ..., |s|,
A
Cokk = W,
. 2M (1 — 3|s| + 25%) E@2ls| —k—1) fw"'
id
= — 2.17
e <|s|+ . 2 (w) (2.17)
2Mw
= w/(|s| + k(2]s| — k —1)] + =——[1 — 3|s| + 25 — 3k(2|s| — k —1)].
Since (1/r)" = —w, we can deduce the properties of cf;}k’j, forj=0,...,k—1,
claimed in the statement. O

Remark 2.6 (Full computation of the wave systems in particular cases). We
carry out the computations of (the proof of) Proposition 2.5 for particular

cases s € Z. For |s| =1, (2.9) become
[+1] [+1] _
D[gl]d)(l <1 o > d)(l) -

2M 2(r —3M
D[;]d%)u B (1 3 T) ol — 1 ( . )d)[il]'

For |s| =2, (2.9) become

ol -1 (177 o =0
0Pl - (1 _ 254”) oiA = 2(r ;23M)¢E 2 5 Mgl
ol — (1 n 21\4) B2 = A(r ;23M)¢E11_L)}
For |s| = 3, (2.9) become
A o157 o =0
e 9 (1 - 27“) ofy! =+ ;ng) by F 1M
DL3}¢Eﬂ1:)3} B (7 B 6M> q’£j1E)3] _ 4 (r ;23M)¢5)3] 20Md>[§)3],
ol - 3 (1 + 65}4) pied = L 2= 30 ;f’M) Py

Notice that there is no smallness parameter in the coupling of the kth

equa-

tion to any of the j =0,...,k — 1 equations nor to the (k + 1)th equation.
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Remark 2.7 (Rescaling the transformed variables). In what follows, it
will be useful to consider rescalings of the unknowns in (2.8). If we let

11’53) = Ck(T)li)[(ij), then (2.8) becomes

0 = T + sgnsfw[s] , (2.18)

and the PDEs (2.12) become

!/
s (% i
[%(k) (%) sgnka ]11) (2.19)
/ /
. ‘L WCE41 5 [s] Cj ~[s] + [s]
——sgns( (s = k)~ ) o Ve T 3m.0) VG

2.2.3 Energy norms

In this section, we introduce the definitions of the energy norms we will use
throughout the rest of the paper. Fix s € Z, —oc0o <11 < 7 < 70 < 00 and
recall the definitions (2.7) and (2.8). Then, set

W2l am= {0
=c (r . c(r) = :
( ) k (k) k (1 _H)|S|—k7 s < 0
First order energy norms. For k € {0,...,|s|}, p € (—1,2], and ¢ €

[0, 1], we define energy fluxes

-2
[s] - 7 [s] r
E(k),p,q(T) - /ET (TP|L1|)(1€)|2 + WHAI) |2> drdo
+/ _Q\Wll)[s] 1drdo,

5] - [s] 12 o (s 2
]E(k)ﬂ-ﬁ,q(Tl?T?) = /H+ (|L¢(k)| + ﬂ{q:1}|Y71|)(k)\ )dUdT’,
(t1,72)
EEIJ) Z+.p (7_177—2) = vll)né.lo S( )(U) (’]"p|LlI)E‘2)’2 4 l{p:2}|v¢5€])’2) dUdT/,
71,72
where if p = ¢ = 0 we drop these superscripts, and 1,y is 1if z =y
and 0 otherwise. Here, S(rl 72)(1}) denote null hypersurfaces which approach

as v — 0o, and H =HTN (UTIG[TMQ]ZT).

Jr
I(Tl,TQ) (r1,72) —
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We also define bulk energies as follows. For p € [0,2] and ¢ € [0, 1],

1 R e o 1y 159, 2drdods’
s.p.g(T1> T2) P2 =p+ )V [FdrdodT

T2 S]
+/ / P p 7| Lb Gy [Pdrdodr’

r1- é
2
/ / 1Jrq|Lll) |*drdodr,

]I([;sp(;eg (71, 72) / / PR —p4rh <1— ) |W1|) |2drd0d7"
M = s
+/ / P (p 4 )(1_3> |L1|)[k] ?drdodr’
13
3M s
+/ / Tzt Ha—m) (1 - > LG () [Pdrdods’
[ r-l-ﬂ(L—L)xpﬁij)\?drdadf’,
1 JXr

where if § = 1, p = ¢ = 0 we may drop the subscripts. Note that these two
definitions differ by the fact that in the second one the r-weights on some
of the derivative degenerates (hence the notation “deg”) at r = 3M.

Now take k € {0,...,|s| —1}. For s >0, p € [0,2) and ¢ € [0, 1], define

HE‘;] pq (0,7) / / ) 1 (rp]Lll)[s] |2 ( ) |L1b \2> drdodr’

- / / P2V Pdrdodr.

We can may also denote this same norm by H[(s]) 5pq(0,7') for convenience,

even though it does not depend on the parameter . For s < 0, ¢ € [0, 1],
d € (0,1] and p € [0, 2], define

1)
+ / / Tmax{p,l}—2(2 —p+ T_l)‘vw(ﬁ) ’2d7“d0d7'/-
0 -

S max s 7171 J ~ g
HEk)apq 0,7) / / ) ( {p’1}|L¢ ] 2+ = T (Ll - u))\m%?) drdodr’

Higher order energy norms. If X is a vector field on M or int(M),
adding a superscript X to any of the previous norms denotes the same
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quantity with ﬂ)gj) replaced by X 11)22]) We also set
[s], J - [s], /-1, X
E(’f)m,q(ﬂ - Z IE(’f),nq (),
Xe{id, -1yl

with E[s]’o = E[S] defined above. We take definitions for the fluxes

(k):p,q (k).p.a
EE‘Z}) L7]-L+ q(O,T) and EE‘;]) ‘é+ p(O,T), as well as for the non-degenerate bulk

term ]IE‘Z])"gpq(O,T). Finally, for k < |s| and J = |s|, we define

[s], deg, [s|—k o ols]y |s|—k—1 [s], deg, |s|—k—1, X
H(k)v(;:iq (0’ T) - H(k‘),p,q (0’ 7—) + Z H(k‘),p,? (0, 7-)

xe{rr-1yld}

2.3 Notational conventions

In our estimates throughout this article, we use B to denote possibly large
positive constants and b to denote possibly small positive constants depend-
ing only on M > 0 and s € Z. Whenever the constant depends, additionally,
on another parameter that has not (yet) been fixed, say x, we write B(z)
or b(x). We rarely keep track of changes in such constants, and thus by
convention we have

B+ B=BB=05, b+ b=10bb=0, B+ b= B,
Bb = B, b~! = B, etc.

3 Estimates for the top level wave equation

In this section, we prove Theorem 1.1 for the transformed wave equation
(2.14). To be precise, we will show:

Theorem 3.1 (EB and ILED for k = |s|). Fiz M > 0, and s € Z with
|s| < 4. For anyp € [0,2], ¢ € {0,1}, and 6 € (0,1], and all 7 > 0, we have
the following uniform-in-t estimates:

o energy boundedness without derivative loss:

[s] [s] )
E s pa(™) < BE(1g)) 5,4 (0); (3.1)

e integrated local energy decay with loss of one derivative at trapping:

[s], deg [s]
Iihoma(0:7) < BOE(, , ,(0). (3.2)
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Corollary 3.2 (Decay for k = |s|). Fiz M >0, and s € Z with |s| < 4. We
have the following uniform-in-t estimates:

o energy decay with derivative loss:
[s] 2 pmols]; 2
E(jsp,01(T) < (L+7)°BE() 5, (0); (3.3)
o pointwise decay with derivative loss: for any 6 > 0,

sup |\Il[5}|2 <(1+7)" 2BE[(T}|) 2 1(0). (3.4)
Remark 3.3 (Restrictions on s). While the restriction to s € Z is impor-
tant to obtain the DHR transformed equation (2.14) in Proposition 2.5, we
expect the restriction to |s| < 4 to be merely technical. This restriction is
introduced so that a particular choice of s-independent multiplier estimate
goes through, see the proof of Proposition 3.4 below. It seems plausible that
a more refined, possibly s-dependent, choice of multiplier would allows us to
obtain the same statement for all s € Z. However, in view of the fact that,
among integer s, only the cases s € {0,+1, £2} are of physical significance,
we have chosen not to attempt this optimization.

3.1 Energy boundedness and integrated local energy decay

In this section, we prove Theorem 3.1. We note that the proof given here is
by no means novel: Theorem 3.1 is a classical result that can be obtained
by following the methods of the lecture notes [DR13] or the more recent
[DHR19b, Section 11]. We start with a slightly less sharp version:

Proposition 3.4 (Basic EB and ILED). Fiz s € Z with |s| < 4. The
following estimates hold:

[s] [s] [s] [

E(l |)( T)+ IE| |H+<O,T) E(l |)I+(0 7) < BE

1(0), (3.5)
[s], deg ]
s (0,7) < BE SD(O) (3.6)
Proof. Estimate (3.5) is obtained by using 7" as a multiplier for (2.14): i.e
we multiply (2.14) by T®, take the real part, and integrate by parts over
int(M)N{0 < t* < 7}. Estimate (3.6) requires more work, and we will split
its proof into several steps.

Step 0: decomposition in angular modes. To simplify the proof of (3.6), we
start by expanding ¥ in spin-weighted spherical harmonics using Lemma, 2.2:

\I/[S]tr /\P[S]tTHQS ZS[S do, £>]s,

m</t
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satisfy the PDE
(@) =12 vy =0, (37)

vy =58 (e p+ 2R - ).

In what follows, we drop the superscript [s]| for readability, both from the
transformed variable and its norms. We will add a superscript ¢ to the energy
norms of Section 2.2.3 to indicate norms where W[l has been replaced by
\I/ES], and we will drop the subscript (]s|).

Step 1: Morawetz estimate. Now we apply multiplier estimates to the /-
dependent PDE (3.7). We set

fr) = (1 - 35%) <1+ Af) if £ > max{1,|s|}
1 ifs=¢=0 ,
y(r) = (1 - W>3.

r

For the first multiplier estimate, we multiply (3.7) by /W, + 2fW}, take
the real part, and integrate by parts in {0 < ¢t* < 7} to obtain

T 1— 1_ o
0 JE 2 73 .

r

T 1
S / / |:2f/’\11/[|2 o fvé‘\:[,AQ o 2f/,/‘\:[’€|2:| dr*dT/
0 JX

_ < / - /E ) (Rel(f/ ¥, + 2/ ¥)TT,)) dr*do
+/OT/Z [r1o - pirw] artar’
< BE'(r) + BE'(0) + BES,+ (0,7) + BEL. (0,7),

as long as? |s| < 4. Then, we multiply (3.7) by 2yV/, take the real part,
and integrate by parts in {0 < ¢* < 7} to obtain, in an entirely analogous
manner,

T - M
b/ / ( 2“) <1 - 3> 70, [2dr*dr’
0o Js, T r

4The restriction here arises from our choice of factor (1 4+ M/r) in the definition of f.
It is conceivable that other choices, perhaps depending on |s|, would allow us to drop this
requirement. See Remark 3.3.
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< [ [, [ e yire] e

/ / (Vo) | 2dr*dr’ + </ / > 2y Re \IIKT\IIK]) dr*do

—l—/ / y|\112]2—y\T\Ilg]2} dr*dr’
0 P

i (1—p) -1 24
gB/O /Z 2 (e 1)+ 071 [ Partar
+ BEY(1) + BE‘(0) + BE%,+ (0, 7) + BES. (0, 7).

By combining the two previous estimates, we have

Hdeg’é(O,T) < BEZ(T) + BEK(O) + BE?—H (0, 7') + B]EéJr (0, 7').

Step 2: sum over angular modes. Making use of Lemma 2.2, we can use
the L? orthogonality of the angular modes to conclude to sum the previous
estimate for all £ > |s|: we have

19°¢(0, 7) < BE(7) + BE(0) + BEy+(0,7) + BE7+ (0, 7),
and thus (3.6) follows after applying (3.5). O

Having obtained an energy boundedness statement and an integrated
energy decay statement, we can now improve their r weights in the two
limits r — oo and r — 2M:

Proof of Theorem 3.1. In Proposition 3.4, we have already shown a ver-
sion of the statement with p = ¢ = 0 and § = 1. To conclude the proof, we
just need to show that the large r weights can be improved using parame-
ters p € (0,2] and 0 € (0,1] and that the r weights close to r = 2M can be
improved using a parameter g € (0, 1].

Weights at r — oco. For the improvement in the bulk term only, related
to the new J constant, we employ a large » Morawetz multiplier: in the
language of the proof of Proposition 3.4, we choose y(r) = (1 — r~%)x for x
supported at sufficiently large r, so that the error is contained in a bounded
|r| region where Proposition 3.4 can be used. For the improvement in the
bulk term and energy fluxes related to the p constant, we rely on the rP-
weighted estimates of [DR10]: we multiply (2.14) by rP(1 + 4Mr—1)xLV¥
for x supported at sufficiently large r, take the real part and integrate by
parts. It is clear from, for instance, the identities in [DHR19a, Page 46]
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or [SRTdAC23, Section 4.1.4] that the errors produced can be controlled by
Proposition 3.4.

Weights at v ~ 2M. This improvement can be done through the redshift
multiplier introduced in [DR09]: we multiply (2.14) by (1 — u)~%r*xL¥ for
x supported at sufficiently small r — 2M, take the real part and integrate
by parts. It is clear from, for instance, the identities in [DHR19a, Page 92]
or [SRTAC23, Section 4.1.4] that the cost to obtain the improvement can be
controlled by Proposition 3.4. O

We conclude the section with a trivial corollary of the previous results
that will be useful in the next section:

Lemma 3.5 (Nondegenerate ILED). Fiz s € Z with |s| < 4. For any
p € [0,2] and q € [0,1], the following estimate holds:

8 B8 (.7
s 10,00 7) = BE[ 4 (0) + BE| g 4(0).

3.2 Decay of the energy and the solution

In this section, we prove Corollary 3.2. The proof given here is, again, not
novel: it is based on Dafermos and Rodnianski’s 77 method [DR10].

Proof of Corollary 3.2. In this proof, we will lighten the notation as fol-
lows: we drop the superscript [s] and the subscript (|s|) from our definition
of norms; we take 6 = 1 and drop this subscript.

Take p € [1,2],0 < 74 < 7 < c0. By direct inspection of the definitions
of the norms,

B
/ E,—1,1(7)dr < B, 1(74,TB)
TA
and thus, by Lemma 3.5, we have

B
/ Ep—11(7)dr < BE,1(74) + BE{ o(74).
TA

Step 1: decay along dyadic sequences. Fix some 0 < 19 < oo. Taking p =1
in the above, we have

/ [ET(r) + 3, (r)] dr < BEy () + BEL, (m) + BESS ()

0
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B
Ef (7) < = (Eza(ro) + E31(r0) + EG§ (7)),
n

B
Ei(ma) < — (Ea1(r0) + B3 1 (70) + ES (70))
n

along a dyadic sequence such as 7, = 2" 7.
We now state two estimates for p = 0. Firstly, we note

Tn4+1
/ EL\(r)dr < BET, (r) + BELL ()

B
< — (Baa(m0) + B3 (v0)) + EG (7o)

n

_ B

= E1(7n) < — (E2a(r0) + B3 (70) + E§§ (7))
n

along another dyadic sequence 7, € [%Tn, ng]. The last inequality in the

first line follows by the first estimate in this step, which is used to control

IElT,l (7n), and energy boundedness (Proposition 3.4), which is used to control

E§1 (). Secondly, we have

?nJﬁl
/ Eo,1(7)dr < BE11(Ty) + BE{o(7n) < BE1,1(7y) + BE{(Tn)

Tn

B
< — (E21(r0) + B3 (r0) +EG (70))

n

— B
— E[)’l(?n) < —; (EQJ(TO) +Eg’1(7’0) +Ea€(TQ>) ,
Tn

along another dyadic sequence 7, € [%?n, %?n]. In the first line, we have
used energy boundedness (Theorem 3.1) to control Ei 1(7,) and then the
previous estimates.

Step 2: decay along foliation. By combining the decay of Eq ; along a dyadic
sequence established in Step 1 with the energy boundedness of Proposi-
tion 3.4, we deduce that Eg;(7) decays in 7. Sobolev estimates using com-
mutation with angular symmetries then imply pointwise decay for the field
U away from r = 2M. O

4 Estimates for the lower level wave equations

In this section, we prove Theorem 1.1 for the transformed wave equation
(2.14). To be precise, we will show:
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Theorem 4.1 (EB and ILED for k < |s|). Fiz M >0, s € Z with |s| < 4,
and k € {0,...,|s|—1}. For anyp € [0,2), ¢ € [0,1], and § € (0,1], and all
T > 0, we have the following uniform-in-t estimates:

e energy boundedness without derivative loss:

[s],]s]— B [s], Is|— 50
ZE S <BZE g (0); (4.1)

o integrated local energy decay with loss of one derivative at trapping:

|s|

[s], deg, |s|—k [s], s|—k
Z]I Vspg  (0,7) < B(8) ;;)E(k)’p’q (0). (4.2)
Corollary 4.2 (Decay for k < |s|). Fiz M >0, and s € Z with |s| < 4. We
have the following uniform-in-t estimates:

o energy decay with derivative loss: for any n € (0, 1),

s k s |s|—k+
ZE ]H <(1+47)" 2+UB [(}5|)|72| ,772(0); (4.3)

o pointwise decay with derivative loss: for any § >0 and n € (0,1),

Is|

ksgﬂols;pw D<@ +n) B0 Y BN 0). (44)
S k=0

If s <0, the above holds with n =0 as well.

In these statements, as in those of Section 3, we expect the condition
that |s| <4 to be suboptimal, see Remark 3.3 for details.

4.1 First order energy boundedness and integrated local en-
ergy decay

In this section, we obtain a weak form of Theorem 4.1. Namely, we will
show that all first order energy norms of 1])&2]) are controlled up to zeroth

order energy norms involving lb(k: 1y

Proposition 4.3 (First order EB and ILED). Take s € £Z<4. If s < 0,
for all 6 € (0,1], p € [0,2] and ¢ € [0,1], we have

E[S]

D (0,7) + b(5)I1¥

[s]
0,7) +E (k),0:p,q

( ) E[S} (k) T+.,p

(k) H T .q (0,7)

Boletim da SPM 83, Dezembro 2025, Mateméticos Portugueses pelo Mundo, pp. 11-55



RITA TEIXEIRA DA COSTA 31

!  [5 \
<BZE<J ) pal +B(/E +/E) Wil drdo
* B/o / ?(1 T rﬂ{P:Q})hLE?c]H) |2d7"*dad7-’,

If s >0, for all p € [0,2) and q € [0, 1], we have

[s] [s] [s] [s]
E(k%pq( )+E(k),H+,q(0’7)+E(k),I+, (0, T)-I-H(k)pq(O,T)

k
[s] Pl *
gBZE " (/ /) Pl ldrdo
+B/ / wrP™ 1]1]) k+1)\2dr*dod7/.

The proof of Proposition 4.3 follows by combining the results of the
subsections below: Lemma 4.4 with either Lemmas 4.7 and 4.8 (if s < 0)
or Lemmas 4.6 and 4.9 (if s > 0). The last four lemmas, though nontrivial,
can be viewed as mostly technical. It is Lemma 4.4 which is the heart of
the proof of Proposition 4.3 and, indeed, Theorem 4.1.

4.1.1 Estimates with suboptimal weights

We begin by closing estimates for the transformed variables with weaker
weights as » — oo and r — 2M than those in Proposition 4.3. This will be
loosely based on the insights and, to large extent, approach of [SRTdC20],
though see Remark 4.5 for a comparison. Our result of the section is:

Lemma 4.4 (EB and ILED with suboptimal weights). Fiz s € Z with
1 <|s| <4. Then, for all k € {0,...,|s| — 1}, we have the estimate

// [10:-0) 2 4 Tld 2 4 e Ll 2y ) 2] i dard
[ PR + (= ) TR + 0l $ ] drdo

<B/ [ 1|¢k+1|dr*dadT+B/ whply,  Pdr*do

+ B/ wipl] (| dr*do + BZEj(o)
j=0

Let us start with the easier case k = 0. Note that, for |s| = 1, this is the
only case we need to study.

Boletim da SPM 83, Dezembro 2025, Matematicos Portugueses pelo Mundo, pp. 11-55



FROM THE TEUKOLSKY EQUATION TO A SYSTEM OF WAVE EQUATIONS
32 ON SCHWARZSCHILD

Proof of Lemma 4.4 if k = 0. Consider the wave equation (2.12) with
k = 0; in particular notice that, in this case, 3[‘2 5 = 0. The proof fol-
lows in two steps. First, in Step 1, we repeat the Isroof of Proposition 3.4,
now applied to (2.12) with £ = 0, to obtain a (conditional) energy bound-
edness statement and a degenerate integrated local energy decay statement.
Then, in Step 2, we will remove the degeneracy, thus recovering integrated
(conditional) control over all derivatives of the k = 0 transformed variable.

In this proof, and all other proofs of Section 4 from this point onwards,
we will drop the superscripts [s] and the parenthesis in the subscripts for
readibility.

Step 1: energy estimate and degenerate bulk estimate. One can check easily
that the same choices of multiplier currents from the proof of Proposition 3.4
lead, for (2.12) with k& = 0, to the estimate

v 3M 1 1 .
/ / w [\%F + (1 - ) <|T¢0|2 + IWOIZ) + |woﬂ dr*dr’
0 Js, r r r
< BEy(0) + B/o /E w (T_l\ll)lll)m + rw|pipo| + Tw|1b1|2) dr*dodr
< BEy(0) + B / / w21 drdodr,
o Js,
at least for |s| < 6, and

2o+ (1= o + wl S ] drdo

T

< BEy(0) + B / / wr ™2y |*dr*dodr.
0 Jx,

We have used here that (2.8) < Ty = wip; + sgn s, to simplify the error
terms arising from application of the 7" multiplier.

Step 2: removing the degeneration. Now take the constraint equation (2.15)
with & = 0, multiply by 1y and integrate by parts to obtain

/S2 % (‘%ﬂ)op + (\s\ + g(l —3s| + 232)> ’11’0‘2) do

= | % [w|1])1]2 + 2sgn s Re[1 Py ] + sgn s <|S|TU — i) Re[ll)llbo]] do

~ /S2 L (I: Re[lbolbl]) do.
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Thus, we have the estimate
/0 /E wr ™ [|Y71|)0|2 + |l])o|2] dr*dodr
< B/ / y¢g\2dr*dadr+3/ / w2 s Pdr*dodr
0 JX 0 JX
+ B/ wr [Py |2dr*do + B/ wr ™ [Py [*dr*do + BEy(0).
it o

Using Step 1, and the fact that (2.8) < Ty = wy + sgn sip; (which
allows us to directly estimate the bulk term in Thpg), we obtain

[ L w [+ 1Twol? + v ol + 7 ol i’
0o Jo,
[ [l + (L= I Lbol? + w2 dr*dor
gB// wr—2\¢1|2dr*dadr+3/ Y 2dr*do
0 ET/ Y- T
+B/ Y1 [2dr*do + BEo(0).
o T

This concludes the proof of Lemma 4.4 in the case k = 0. O

Studying the k = 0 case has us provided a strategy to try to address the
k < |s| wave equations (2.12). However, in the more involved k > 1 case, as
we will see shortly, this must be supplemented with new insights:

Proof of Lemma 4.4 if k£ > 1. Consider the wave equation (2.12), now
with & # 0. We start by trying to follow the strategy of the proof of
Lemma 4.4 with k£ = 0. Applying the same steps as in that case, is not hard
to see that such multiplier currents and use of the constraint equation (2.15)
will yield the estimate

L[R2 4 [ 2]
gB// wr_2|ll)k+1|2dr*dad7"+B/ Yl |2dr*do
0 X >, T

+B / 41 fdrdo + BE4(0) (4.5)
Yo
k=1 .,

+BZ/ / whp;|*dr*dodr’,
=0 0 X
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for |s] <4 and all 1 <k < |s|, and for |s| = 5,6 only if 1 < k < |3], as well
as the estimate

/ (P21 Labk 2 + (1 = ) [ L[ + w|Vy[?] dr*do
T k—1
< B/ / w(r i ? + 3 ;) drdods’ + BEL(0),
0 Y :
T =0

Notice that, since Ji; # 0 for k # 0, we now have coupling errors
involving {; with j < k. In order to conclude the proof we must control
these errors. By separately examining the s < 0 and s > 0 cases below, we
will see that on Schwarzschild this can be achieved by supplementing the
wave estimate (4.5) with appropriate transport estimates for (2.8).

The case s < 0. Let us consider the transport equation (2.8) with s < 0.
By multiplying it by c(r){g, and taking the real part, we can derive the
identity

— (1)Wx[? = =L (e(r) e [?) + 2¢(r)w Refwby11b4).
Now choose ¢(r) = r~! to obtain
/ / whp2dr*dodr’ < B/ r 3 2drdo
0 Jx, o
+B / / wr 2Py 2dridedr’ (4.6)
0 P

< BE(0) +B/ / wr 2 [ Yg 1 [2dr*dodr’.
0 JX

Notice that we have used the additional decay of 1), compared to P to
estimate the integrals over ¥ by our data norms.

Using the transport estimate (4.6), we deduce that the coupling errors
in the last line of (4.5) satisfy

k—1

Z/ / whp;[2dr*dodr’ < B/ / Y g 2dr*dods’ +BZIE

Therefore, if the derivative terms dominate the left hand side of (4.5), i.e. if

// (ITwil? + Vi) dr*dodr’ > - // wr g 2drtdodr,
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for sufficiently small €, the coupling errors in (4.5) can be absorbed by the
left hand side; we can fix € so that this is the case. Then, (4.5) holds without
the last line as long as we add B Z?;& E;(0) to the right hand side.

If, on the contrary, we have

// (170wl + 1 [Fbef?) dr*dods’ < - // wr i 2drtdodr,

then, since we have already fixed e,
J) e [0 T Y e
< B/ / whpy |2dr*dr’ SB/ / wr Py [Pdrrdr,
0 Jx,, 0 Jx,

by noting that ) = w\pry; — TPy and then using the transport estimate
(4.6) directly.

The case s > 0. If we repeat the procedure from the previous case now for
transport equation (2.8) with s > 0, we can derive the identity

¢ )il = L (e(r) i) + 2e(r)w Reltpy 1],

A natural choice (analogous to that in the previous case) is ¢(r) = 1 — p,
which leads to

/ / whpy 2 dr*dodr’ < B/ (1 — p)? [y |*dr*do
0 JX
—l—B/ / )W y1)?dr*dodr’

< BE,(0) + B / / 1) st [2dr*dodr,

where we have again used the additional decay of {; compared to Vi to
estimate the integrals over >y by our data norms. In this estimate, the bulk
term in g1 on the right hand side has too weak decay as r — oo for us
to carry on emulating the argument of the previous case case. However, it
is enough to show that the coupling errors in the last line of (4.5) satisfy

k—1 T T k—2
> / / wl;|*dr*dodr’ < B/ / whpi_1|*dr*dodr’ + B> E;(0)
=0 0 JX 0 JX j=0
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If we seek to change the r-weights in our transport estimate, a first
obvious attempt is to modify the choice of ¢(r). For instance, consider

C(T) = _(r*)_ll{T*ZR*} — (7"* — R* + 1)/R*]1{R*—1§7’*§R*}

for some arbitrary, but fixed, R* > 1. Then, we have

// w\xpkder*dadr’gBEk(o)JrB// wr | Pppq [2drdodr’
0 X 0 X

i
+B// [y 2dr*dedr’,
0 JEX ,N{R*—1<r*<R*}

where the r-weight in the {41 bulk term has enough decay as r — oo; this
comes at the cost of having to control a bounded r term bulk term in V.
The coupling terms in (4.5) therefore are controlled by

, k2
B/ / w1 Pdrtdedr’ + B S E;(0)
0o JX :
T ]:0

< B/ / E|1|)k|2dr*dad7"+B/ / | 2dr*dods’
o Je, 7 0 Jx_n{o<|r—R*|<1}
k—1
+ B E;0).
=0

As in the case s < 0, if the terms involving 7 and Y derivatives dominate
the left hand side of (4.5), we can now conclude using their comparative
largeness. .

In contrast, if the terms involving 7" and Y derivatives on the left hand
side of (4.5) are not dominant, the above approach will not help us. Let us
instead consider the modified transport equation (2.18). Multiplying (2.18)

by c(r)@ yields for s > 0
(¢ (r) + 2rw(]s| = k)e(r)) [~y [
= —L (e(P)lbil?) + 297201~ Refipy .

Now notice that choosing ¢(r) = =2, we find that
T
(Is| =k — 1)/ / wr el 2dr*dod s’
0 JX

< BE.(0) + B / / wr Py |2dr*dodr’.
0 P
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Unless (s, k) = (+1,0), this transport estimate represents the desired gain
in r-weights as r — oo, and it is enough to conclude, arguing similarly to

the s < 0 case, when neither 7' nor Y derivatives are dominant. ]

As required, we have obtained energy boundedness and integrated local
energy decay estimates for 1])%;]) conditional on lower order statements hold-

ing for 11)5;] L1y However, as we have mentioned, these estimates have subop-
timal r-weights, and this is easy to see: for instance, we expect IJ)E‘Z]) — 0 as

r* — (sgn s)oo, that is, we expect that 11’5@]) are not radiation fields. In the
next two sections, accordingly, we will improve the r-weights of Lemma 4.4
as r* — (sgn s)oo and beyond.

Before doing so, and because Lemma 4.4 is the heart of the proof of
Theorem 4.1, let us wrap up the section with a reflection on its proof and
outlook to the rotating Kerr case in [SRTAC20]:

Remark 4.5 (From k = 0 to k > 1 to rotating Kerr). In the above proofs
of Lemma 4.4, we saw that in turning from the case of kK = 0 to k > 1 the
significant difficulty we encounter is the fact that, in the latter case, the
wave equation (2.12) is coupled not only to the (k + 1)th equation but also
to the jth wave equations, with 0 < j < k. Since the coupling constant is
not small, for us to close any wave-type estimates, we must find smallness
elsewhere.

For the Schwarzschild case considered here, we easily find smallness of
this backward coupling (coupling to j < k equations) in the time/angular
derivative-dominated regime by making use of the constraint equation
(2.15), obtained by combining the wave equation (2.12) and the transport
equation (2.8). In the complementary regime, we avoid wave-type estimates
altogether, using transport estimates for (2.8) instead. Crucially, we use the
fact that we never need to gain any smallness in the forward coupling, i.e.
the coupling to the (k + 1)th equation; because we control the top, k = |s|,
transformed variable unconditionally by the results of Section 3, our task
for k < |s| is simply to convert the k < |s| errors into (zeroth order) bulk
terms involving k = |s|.

Turning to the rotating Kerr case analyzed in [SRTAC20] presents a
further layer of difficulties. First of all, the coupling to the j < k wave equa-
tions occurs through angular derivatives as well, making the gain of small-
ness in the time/angular derivative-dominated regime significantly harder
to achieve. Secondly, in the complementary regime, we cannot hope to rely
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on transport estimates alone, as the top, k = |s|, wave equation is coupled
(with an O(M) coupling constant) to all the k < |s| equations.

4.1.2 Improving weights near 7+

To improve the r-weights in the estimates of Lemma 4.4, we start with the
asymptotically flat region, » — oco. We emphasize that the statements and
proofs contained in this section are not new: they have appeared, in a more
condensed form, in [SRTdC23]. For simplicity, we will state them (and prove
them) with a simplified notation, where we drop the superscript [s] and the
parenthesis in the subscript in the transformed variables and their norms.

Lemma 4.6 (Improving weights for s > 0). Fiz s > 0. Let p € [0,2) and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

Etp,0(7) + Ep 2+ 5(0,7) + Tk p,0(0,7)

k
<BY Bjpol0)+ B [ wlbnfdrdo
J7=0 0

—|—B/ w\ﬂ)kH]er*do—i-B/ / wrP gy |dr*dodr’

27— 0 Z_,./
T ~ o k -

+B(R*)/ / (1Z0el? + (YDl + 3 [y ?) dr*dods”
0 Jen{jr|<R*} =

T 1 _ _ o .
w8 [0 0= ) (L L o+ (V) drtdods!
0 JE, n{r*<—R*} 1—p

1 ~ - o .
+B (1= ) (= [LDx[? + | L * + YDk [?) dr*do.
S, {r*<—R*} I—p

Lemma 4.7 (Improving weights for s < 0). Fiz s < 0. Let p € [0,2] and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

/ P2 (rpH]lek]z + !Lll)k|2 + W°71|)k|2 + lll)k|2) dr*do
S-n{r*>R*}
+Ez+ ,(0,7) + / / (rp_1|L1,bk\2 + 5T_1_§\Lll)k|2) dr*dodr’
0 ET/Q{T*ER*}

o /foﬂ{r*zfe*} P (2= p ) (V0] + ) dr*dods’
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T . k
R* / / L% + i 2, 2\ drtdods’
) 0 ZT’Q{R*_IST*SR*} (’—lpk| ’ lpk‘ JZ:E)N)” )
+B/ / P71+ Y gy [Pdr*dods
Y n{r*>R*—1}

—|—BZEJP7 —I—B/ wPpr [2dr*do.
7=0

Proof of Lemma 4.6. We consider the rescaled equation (2.19) for s >
0, focusing especially on the case r > 1 where the rescaling weight cy(r)
becomes prominent.

In the proof, we will consider the cases & = 0 (Step 1) and & > 0
(Step 2) separately in the basic setting p = 0, 6 = 1. In both instances,
and for all the lemmas in Sections 4.1.2 and 4.1.3, the proof follows by
considering multipliers z(r)L and z(r)L for some function z: that is, by

considering the identities generated by multiplying (2.19) by z(r)L;, and

Z(T)Ll])k, respectively, taking the real part, and integrating by parts. The
precise choices in integration by parts depend on the situation; thus, it will
be useful to keep in mind the notation

(L= L) oy sty = ) arao

/ vs(r)FX dodr’ + / va(r) X dodr’ (4.7)
H+

(0,7) (0 T)

/ / IXdr*deT =0,

for the identity induced by a given multiplier X, not just in this proof but
in the following three proofs; here b < v;(r) < B only depending on M. In
Step 3, we sketch the proof for general p € [0,2), § € (0, 1]. For readability,
we have kept the discussion in these steps at the level of the r > 1 region
only; in Step 4 we explain how to make these estimates become the stated
almost global estimates.

Step 1: k= 0. Since (2.19) with k£ = 0 couples only to Py, our estimates in
this case are slightly easier. First, we apply the multiplier z(r)L to obtain
an identity of the form of (4.7) with

Fil = 2| L2,

Fi* *ZwthboF 21— |s] + 25) [bol?,
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- I M ! -
P = (slrws + ) 1ol = S50 o — (M2 (1= 3] + 26 ol
aM —
+ 2|s|w (1 - T) Re [ Lo | -

AU
Here, we have treated the terms (Up + %)w - (i—g) in (2.19) together.

Choosing z to be a cutoff function which equals 1 for »* > R* 41 and equals
0 for r* < R*, we have

/ (ILli)o!Q + r_4W071~b0|2 + 7"_4]11)0\2) dr*do
Sr{r*>R*+1}

- / / (r 1 Lbol? + =¥V bol? + r~*[bo? ) dr*dodr’
0 JS_n{r<>R*+1}

<B / / Y b1 [2dr*dodr’ + BEo(0)
0 JX n{r*>R*} r

+BR) [ (1Zbof? + [¥bo? + ol?) dr*dods,
0 JS_n{R*<r*<R*+1}

as long as R* is chosen to be sufficiently large.
To improve the weights on X, in this estimate, we then consider an
identity generated by using the z(r)L multiplier, specifically taking the form

L - 1 ~
Fz* = Z|L1])0|2 — 552w2r22\1l)0|2,

M zw ~
—— (1= |s| + 25" )o?,

1 o
FiE= iszlbo\Q +
L = — /| Lo |? + |s|r?w? Re[y L]
1 o 1 2M "
+ 3Gy 90+ 1 [ (24 2151+ 2] ol

+ |s|z(r — AM)r?w3 [Py | — s2(r — AM)r?w3z Re[P1g),

in the notation of (4.7). To obtain these expressions, we have treated the
r N/
terms (Up + 2 )w — (C—O) in (2.19) together again. We also used the fact

co

that Ly = wr (fbl — ]s]fpg) to treat the other new terms in (2.19) which are

absent from (2.12), and integrated by parts any terms involving Re [ELIT)O].
With z(r) the cutoff function from before, we deduce
/I+ |Lipo|dodr’ + 72| Lpo® +7“_2|Y711’0|2+7"_2|1~P0|2)

0,7) S.n{r*>R*+1}
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<s[ [ v (Lol + Vol + [Bol? + [B1[?) dr*dods’
0 ET/ﬂ{T*ZR*}
+ BE(0),
for sufficiently large R*. Adding a small multiple of this second estimate
with the previous one, and then using the identity Ly = rw (ﬂ)l — |s|1])0)

to directly estimate the Lo bulk terms, we obtain suitable flux and bulk
estimates for large r:

/ (\L1L0|2 + 2 Vo ? + 7"_2|fb0|2) dr*do
S {r*>R*+1}
T 1 ~ ~ 1 o -
+/ / - <|Ll|)0|2 + | Lo |* + 2|Y71b0|2> dr*dodr’
0 Ju n{r>Re 41} T r
< B/ / g\\T)1|2d7“*d0d7" + BE((0)
0 Jo n{r<>R*} T

v [ f (1Zbol? + [Fbol? + [bo[?) drdods”.
0 JS_n{R*<r*<R*4+1}

Step 2: k > 0 and |s| > 1. Our strategy will be similar to that in the previous
step; however, because (2.19) with 0 < k < |s| is coupled to the (k + 1)th
equation and all the jth equations with j < k, the implementation will be
much more involved. The main difference is that we will need to work harder
to obtain multiplier identities generated by the z(r)L and z(r)L multipliers
which are suitable for our intended estimates. We will use the notation

etr) = % — (o] -y = ELEREZID ) gy - B 15 - ).

It will be useful to note that for 0 < k < |s| and |s| > 2,

oM '\
w (Uk + ) - ()
r Cl

2M
= k(2ls| — K)w + = —w (1= [s] + 257 + k(1 + 3k — 6]s])| > 2w,

oM AN / / /
w (Uk + > - <Ck> +2 (Ck> - C—k(|s| - k)rw]
r Ck 2c Ck

2M
= w[2s(|s| — k) +|s| — k + k%] + Tw[l —2k(2|s| — k —3) — 3s] > 3w.

Let us first state and explain the the relevant multiplier identities.
Firstly, the zL multiplier applied to (2.12) yields an identity of the form
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(4.7) with

z T, ‘) Tyoah, L (4
FLL — Z\Lﬂ)k|2 — iz Re[Lbrpy] + B (k) |1|) |2

z 1 o~ 1 2M C/ ~
- 2] (8]

# (G4 = Fara - )|

M
fﬁ<%wwﬁﬁﬂuwﬂmmm]

Ck
+mﬁ"m (ﬂ%¥@C§NMF
A28 4)ar
+2 z e (% Re [Br] - Re [EDid] ).

In deriving this identity, in addition to the obvious integration by parts

/

/
argument for the wave operator Ry — (Z—’;) , we have used the fact that

WCkL41
Ck

AL — ok 1% T
= 2| L[ — ek Re WLy 2Re Ly Ly

——¢czRe {Ij)kﬂm — Z:ZRG LII’kaPk}

where the second term (or a subset thereof) can be integrated in L and the
third term can be integrated in L; one then uses (2.12) to simplify LIy,
and integrates by parts the resulting expression. Let us remark that, as

r — 00,
e " % ! % 2 1/c, 2\’
S\ _k Sk Sk _[2(%
(2Ck> (Is )(T’ka) +c(0k> 2 <Ck)
c
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k(2 (s = )~ 1) + O(Y)

Ck

which is either positive, since 0 < k < |s| and |s| > 1 by assumption, or
O(r=*). Secondly, the zL multiplier applied to (2.12) yields an identity of
the form (4.7) where we have

. 1 1y LICIR}
FiP = 2Lyl = S (Js| = k) (zr ™) [l + 52 i,
1 o ~ 1 2M c
FiP = gVl + 52 ( (- 55) - (2) ) e

we 2M c -
+ ez Refbuya] - 5 (Is] - ) o

Ck

L= ( - :) Ll — 3 () (9

+2M(|s] — k) K;)/Re[Llqu)k] +

r,ck
—;K (e 25) - ()—)] Dl

o~ 2M g\ ¢ ~
+ czw|YPg|? + cz ( (Uk + r) (k> — C:c> D)?

Dbl

Ck
+ (|s| — k) [(izrw>/ - ;(zrl)”l [P |?
58 (e ) e i)
j=

Here, in addition to the obvious integration by parts argument for the wave
RN
operator R — (c—k> , we have used the fact that

%’:‘1@2 Re {ﬂ)kﬂrﬂ)k] = zcRe [(Llj)k - Z;ﬁd%) lek]

can be integrated by parts in L (first term) and L (second term), that we
can use (2.12) to simplify LIy, and that the resulting expression can also
be integrated by parts. Let us remark that

(o0 2)- (3]
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Ch 2 < "1 NI TRV R AT
+ ==z 4+ (Is] — k) (| Fzrw ) — =(|s| = k)(zr )" + =(c“2)"| [ W]
Ck Ck 2 2

= cw|VPr[* + cw(s® — 2(|s| — k) = Dbpf* + O ™) [/
as r — oo; thus, in view of the properties of the spin-weighted laplacian,
this expression is either positive for 0 < k& < |s| — 1 and s > 1, or it is
O~ i 2

We now apply the above identities in an identical fashion to Step 1. We
choose z(r*) = x(r*) to be a cutoff function equal to 1 for r* > R* and

equal to zero for r* < R* — 1 in both the multiplier estimates above. We
add a small multiple of the zL identity to the zL identity. We deduce that:

|L )y |2dodr’

(0,7)

+ (1Al + v Labi? + v Vil + v i) dr*do
S.0{r*>R*}

1 e o )
JF/E - <|L1|)k|2 + [Lg|* + 72V + 2|1|)k|2> dr*dedr’

AN{r*>R*} T

< BE(0) + B/ whppy1|?dr*de + B w1 [2dr*de
o z.N{r*>R*—1}

B k-1 T 5 9
4+ —= / / w [, [*dr*dedr’
(R*)? ;:%) 0 Jengre>R—1} ;]
k41

+BR) [ (1B 19 3 ) o,
0 JYLn{o<R*—r*<1} 20

as long as R* is chosen to be sufficiently large.

Notice that there is a small parameter multiplying the large r error
involving ﬂ)j for 5 < k. Thus, making R* even larger and then fixing it,
we can iterate the estimates for j = 0,...k (thus making use of Step 1) to
obtain:

/ N | L)y |2dodr’
7

0,7)

+ (1R + = Lk + 2| Wb + 172 f?) dr*do
S n{r*>R*}

1 EPRAp. o~ N
+/ - (\kaﬁﬂmww 2V |? + 2\1pk|2) dr*dodr’
S 0{r*>R*}T

k
< BY E;(0)+ B/ whpgyr[*dr*de + B w1 |2dr*do
0 2o S N{r*>R*—1}
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k+1

+B/T/ L~ 2+ %’V 2+ N'QdT*dO_dT/'
0 ’TQ{OSR*—r*g}(’ Vil + [Vl ;)]xp]] )

Step 3: p-weighted norms. To improve the weights further using the param-
eter p € (0,2), we repeat the two previous steps but now choosing z = Py,
with x the cutoff function from the previous step, for the z(r)L multiplier
only. Notice that, for kK = 0, the term

4M o =
z|s|w (1 - r) Re[Lpo1], z=rPy,

prevents us from closing estimates with p = 2.

Step 4: almost-global flures on ¥.. By combining the previous steps, we
have closed estimates for 1, in the large r region in terms of q)k+1 errors
(and data). It is not hard to see that the energy flux estimates can be made
almost global in r: indeed, if we choose z(r) in the z(r)L multiplier and
z(r)L multipliers to be supported not just at large r but for all  away from
r = 2M, then we can control the derivatives of \, on ¥, N {r* > —R*}
as long as we control ﬂ)kﬂ and 1])]-, j =0,...k — 1, spacetime errors away
from r =~ 2M. This final version of our estimates is the one given in the
statement. O

Proof of Lemma 4.7. Consider the wave equation (2.12) for s < 0. As
announced above, this proof will also rely on using z(r)L and z(r)L multi-
pliers for appropriate choices of functions z(r).

We start by stating the forms of the multiplier identities we will consider,
modeled on the notation in (4.7). For the z(r)L multiplier, we have

Fil = 2| Ly %,

FiL

1 5 o, 1 2M 9 g o
52wVl + Szw (U + == ) Wel® = 2w D0 el s Re [Di]
=0
1 o 1 2M !

IPL = 2| L2 — §(zw)/|W1|)k|2 —3 [w <Uk + r) Z} b’
+ (|s| = k)w' zwpry]?

k-1
+ 2 by (FwRe [Dr;] + z0” Re [Py )

=0

which is obtained by the usual integration by parts procedure for terms
generated by Ry, together with integration by parts of the terms Re[Lp;;].
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For the z(r)L multiplier, we have
1 - 1 OM
Fit =Ly, Ft= 20|Vl + 2w (Uk + T) Wi,
1 . 1 2MN
L= — | Ly + 5(210)/\?711%!2 t3 [w (Uk + T) Z] [

k—1
+ (Is| = k)w'z Re[ 1 Lby] — = 3 weldy ; Re [Lbgby |
j=0
Let x be a smooth cutoff function such that y = 1 for »* > R* and x =0
forr* < R* — 1. Apply the z(r)L identity with z = (1 + 4M/r)x, and add
a small multiple of the z(r)L identity with z = . Since cx = 1+ O(r~!) as
r — 00, we have

/I+ {‘leklz + Lp—oy (‘WQ’MZ + Tp72\1])k\2)] dodr’

(0,7)

+ P2 L+ | Lbe [ + Ve + [yf?) dr*do

r2 (
S-n{r*>R*}

+/ / (rp_1|L1|)k|2 —|—7’_2|L1|)k|2> dr*dedr’

0 ET/O{T‘*ZR*}

+ / / b3 (2 —-p+ 7"71) (\Wﬂ)k\Q + \1ka2> dr*dodr’

0 JEX_n{r*>R*}

<) [ [ (1L 190+ ) dr*dod”

0 JE_ /N{R*—1<r*<R*}
+ B/ / P41+ r Y gy [Pdr*dodr’

0 JY /n{r*>R*—1}

+B PPy |*dr*do + BE(0)
Son{r*>R*—1}

k=1 .,
+ B / / P83 ((2 = p) 41 2dr*deds’
sz(:J 0 JEn{r>R-1} <( p) )|¢a|
1

k—
+B> ( / + / ) r2P=3) 2 dr* do.
=0 S.{r*>R*—1} Son{r*>R*—1}

Clearly, for any choice of p € [0,2], we can use the improvement in the -
weights associated to k + 1 and iterate the above estimate for j = 0,..., k:
thus, for R* sufficiently large, the above estimate holds without the last two
lines and with E(0) replaced by Z?:o E;(0).

Finally, we can improve our weights on L bulk terms by using the
2(r)L identity with z = (1 + %)y instead of z = x. O
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4.1.3 Improving weights near H™

Finally, in this we turn to the task of improving Lemma 4.4 in the near hori-
zon region. We again emphasize that the statements and proofs contained
in this section are not new, as they have appeared already in [SRTdC23].
As in the previous section, we will state our results (and prove them) with
a simplified notation, where we drop the superscript [s] and the parenthesis
in the subscript in the transformed variables and their norms.

Lemma 4.8 (Improving weights for s < 0). Fiz s < 0. Let g € [0,1] and
R* > 0 be sufficiently large. Then, for all k € {0,...,|s| — 1}, we have the
estimate

Er,0,4(T) + Eg 3+ 4(0,7) + 11 1,0,4(0,7)

T N ~ . k i
<5}, (1L + | Ebwf + [Fef? + D 3] dr*dordr
0 Jen{jr|<R}

Jj=0

SO SR} T

k - )
+BY B0 +8 [ [ Y e [2dr*dodr’
=0 0

+ B/ / [P Lhk 2 + | Ll + 2|V ] dr dodr
0 Je n{r>R*}

+B {r_2|L1~bk\2 + Iy |2 +r_2|¢ﬂ)k|2} dr*dodr’.
Y.{r*>R*}

Lemma 4.9 (Improving weights for s > 0). Fiz s > 0. Let ¢ € [0,1] and
R* < 0 be sufficiently negative. Then, for all k € {0,...,|s| — 1}, we have
the estimate

Eg g0+ ,4(0,7) + / (1 — )~ Y Ly |*dr*do
S A{r <R}

/ N{r ( ) |:‘ Ibk| ’ Ibk'| ’¢k| :|d7“*d0'
S n{r*<R*}
/0 / {2( 'U’) ’—I‘LLIC’ (1 ,U)’LLPH }dT*deT/
ZTIQ{T*<R*}

L A= =)+ (1 ) [Pl + ] dirdodr
0 JE n{r*<R*}

k+1

<B@) [ [ (1L + [Fnf? + 3 s 2] dr*dord”
0 JS_n{r—R*€0,1]}

J=0

+ B/ / (1 — p)[ppr [2dr*dodr’
0 Jo_n{r<r}
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k
+B 1 — W) |[Ppa1Pdrido + BS E;,(0).
ETO{T*SR*}< M)N’lﬁrl’ Jz:;) ],O,q( )

In view of the positive surface gravity of Schwarzschild black holes, and
associated redshift effect [DR09], one can expect this region to be signifi-
cantly easier to handle than the asymptotically flat r — oo region. Indeed,
this section is much less technically involved than the previous. Neverthe-
less, the main conceptual ideas are the same.

Proof of Lemma 4.8. Fix some s < 0, and consider the rescaled equation
(2.19) with k£ <|s| — 1. This proof will follow a similar strategy to that of
Lemma 4.6. To obtain the estimates, we derive suitable identities generated
by multipliers z(r)L and z(r)L. Using the notation of (4.7), these can be
stated as

Fir = z\m\?
1 2M
FE* zw[Wl])klz + zw (Uk + ) |ll)k\2

P = (%) el + g oy el + 5 [ (0 20) 2]

— zRe {Lll)~k KZ: —(|s] = k)f}) wcclzﬂfl’kﬂ + (ZZ) ﬁ)k] }

-z Z 765 k,J Re Lll’kll)g]

for the z(r) Ly, multiplier, and for the z(r) Ly,
Fib = 2| L - 3 (k) 2
Fit = 1»’«”wly}fl)le + %Zw (Uk + 2M> [
1= Ll = o)l — 5 [ (0 20) =]
1 (%) - (“”jj) o) B

_ wckJrl Re {ﬂ’k—&—l [(Zi) Py — %}:Lﬁ’k - C(T)z:q)k] }

Ck
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Here, we have used the notation

)

)z;;}' _ 2(]s| — k)w

r

. ¢
c(r) = i—(|3| —k

and obtained the latter identity by, after the usual integration by parts
procedure for the YRy operator, noticing
WCL4-1 2 s 2
+— ) il
Ck

— Re {Lﬂ)k [ch +

_ Wkt g {lkarl K%) Oy — %Lﬂ)k — C(T)sz’lwrl] }

Ck Ck

L[(d ) 1 (k>2 -
- — (2] L :
+2[( ”le 5 () i
Similarly to Lemma 4.6, let x(r*) be a smooth cutoff function localized
tor ~ 2M: x =1for r* < R*and x =0 for v > R*+1, R* < —
Then, summing the z(r)L identity together with a small multiple of the
z(r)L identity, choosing z = x for both, yields an estimate of the form:

/T/ e <R?) ['L‘Wz +(1—p) (\Lfbk\Q + Vi) + H)ky?)] dr*dodr’
_.I_

(1Ll + (1= ) (1Ll + [Vl + )] drdo

a\ ~ o~
(k> Vi — £ Ly,
Cl Cl

Sr{r*<R*}
+ Ej 2+ (0,7)

< BE,(0) + B / / (1 = ) [y |*dr*dods’
0 N{r*<R*}

+B// [lmk12+mk|2+\wk|2+yq)k|2]dr*dad7f
. n{r*—R*€[0,1]}

+B // = 02| 2dr dodr,
Z /ﬂ{r*<R* 1) ;| *drdodr

for sufficiently negative R*. By making |R*| even larger, we can use the
additional factor of (1 — u) in the coupling to ILj as a smallness parameter;
then, iterating the estimate above for j = 0,..., k, we deduce that it holds
without the last line as long as E(0) is replaced by E?:o E;(0).
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Similarly to Lemma 4.6, we can now refine the estimate even further.
Adding the z(r)L identity now with z(r) = (1 —u)~%*x, we obtain improve
the left hand side of the estimate above to

i (1= 7L+ (1= ) (1 + [T+ )] drdo
Srn{r*<R*}

T 1 ) i
0 ET/F]{T*SR*}( ) (1- M)1+q| Ul | Ly | roacar

+f /2{ (L' =)+ (1 ) (VP + [ i’

*< R*
+ Ek,?—[+,q(07 7').

(The above estimate corresponds to ¢ = 0). Thus, this new estimate can
again be iterated as before for j = 0, ... k if R* is chosen sufficiently negative.

Finally, to obtain the estimates in the form of the statement, we simply
note that we can extend the support of x to large, but finite, r*. ]

Proof of Lemma 4.9. Fix some s > 0, and consider the wave equation
(2.12) with k <|s| — 1. Our strategy will be similar to that of Lemma 4.6
and Lemma 4.8 above: we will make use of multiplier identities for the
multipliers z(r)L and z(r)L acting on (2.12). With the notation from (4.7),

the identities we will use are:
I 1 2 1 2M
Fi= = 2| Ly, Fr== 52w|W¢kl2+52w (Uk+r> |2,

1 . 1 2MN 1

k—1
— (|| = kyw'zwlppsr? = 2 weldy ; Re L]

=0
for z(r)L, and for z(r)L
FiF = 2| Ly,
FfL = %zw[?ehbk]z + %zw (Uk + 2;70\4) [Wr|?,

1 ° 1 2M !
I = L + () [l + {w (Uk + T) Z] g 2

k—1
— (I8 = k)w'z Refwby 1 Tby] — 2 > weldy, ; Re | Ty -
j=0
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Let x be a smooth cutoff function with x = 1 for 7* < R* and x = 0
for r* > R* + 1, for R* < —1. Then, we apply the zL identity with z =
(1 — )~ %y and add a small multiple of the the zL identity with z = y. We
will obtain, for ¢ € [0, 1],

Eg 204,000, 7) +Ep g4+ 4(0,7) + (1 — )~ Ly |*dr*do
Yn{r*<R*}

- (1= 1) [[L0x[? + [V ? + [ ] dr*do

SeN{r*<R*}

] (1= ) Lu + (1 — )| Eabef?] dr*dods’
0 T/Q{T*SR*}

i /0 /sz{r*g(zlz*_} W (1= g) + (1= ) [[Vx[? + [0e ] dr*dodr

k+1

R*/T/ Lgl? + 2 4 dr*dodr’
)/, M{T*_R*G[Ovu}[\ Wil + (Vi + 3 [ 2] dr*dodr

7=0

+ B/ / (1 = ) [y [dr*dodr’
0 N{r*<R*}

+B (1 — p)[Wpy1/2dr*do + BEg(0)
S.n{r*<R*}

1—q ~'2d *d d/
’R*|qz///ﬂ{T*<R* — W) b drdodr,

for sufficiently negative R*. In particular, choosing some g € (0, 1) to start
with, we can iterate the estimate in j = 0, ..., k. Making |R*| even larger so
that the terms in the last line are small, we deduce that the estimate holds
without the last line, for all ¢ € [0, 1], if Ex(0) is replaced by Z?:o E;(0). O

4.2 Higher order energy boundedness and integrated local
energy decay

In the previous section, we have shown that all first derivatives of the kth
transformed variable can be controlled in terms of zeroth order quantities
in the (k4 1)th transformed variable, see Proposition 4.3. In view of Theo-
rem 3.1, which is closed at the level of first order derivatives of |s|th trans-
formed variable (possibly with degeneration at r = 3M), we should be able
to upgrade Proposition 4.3 to higher order control for the k < |s| variables.
This is precisely the goal of the present section.

When trying to control higher order derivatives, it is common to com-
mute with Killing fields, such as T', as we have done already in Section 3.2
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to obtain Corollary 3.2. However, for the goal of obtaining Theorem 4.1,
that would not be adequate: due to trapping, we cannot expect to control

T@tb[s] or Y°7611)E‘2]) bulk terms without a degeneration. Instead, we will com-

mute Wlth the vector field which does not “see” trapping (cf. Theorem 3.1),
that is, 9,

Lemma 4.10 (Commutation with 0,+). Fiz s € Z and k € {0,...,|s|}. We
have the identity

S S / S /
o [(00) ] =0l + o st =) o)

w/ / w/ 2 s
+sgns ((ysy o (5 + ) )wﬁ,jﬂ)
[s] [s] - Y
o (04 22) ol + o ()

is the differential operator defined in (2.13).

[s]
where 9%( k)

Proof. An easy computation shows that

o 2M !
(e, 0] = —u' B | (Vi 25 ) w] o
To conclude, we make use of the constraint equation (2.15). O

With this lemma, we are now ready to conclude the proof of our main
result for the lower level wave equations:

Proof of Theorem 4.1. Take s € Z and k € {0,...,|s| — 1} We have
already shown that the estimates of Theorem 4.1 holds for first order energies
in the k£ transformed variables; thus, the we only have to show that we can
bootstrap from first to second order energies.

Let us start by using Lemma 4.10. The fact that 0, is not a symmetry
of the equation is manifest from the commutator terms of Lemma 4.10. If
one repeats the arguments of the previous section, these additional terms
will generate additional bulk errors. For all but the first such error, we can
treat them using Cauchy—Schwarz: e.g. for the choices p=0=¢ and § =1
(and dropping those subscripts from the norms), the errors produced by all
but the first term in Lemma 4.10 are controlled by

EBZ( (0,7) + B2 (7))
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k
+e !By (Hj,l(O, 7) +Ej(7) + Ej3+(0,7) + E; 7+ (0, T)>
j=0
— d
LB (ij_gl(o, )+ Bp1 (1) + Epgr g4 (0,7) + By 740, 7))
k+1

k
+ > E;(0)+ Y ES(0), (4.8)
j=0 j=0

for small € > 0. Here, the 0} superscript represents 9;-commuted norms.
For the first term in Lemma 4.10, we need extra work: repeating the steps
of the previous section for the wave equation (2.12) will cause it to produce
an error of the form

' Re[Tr 11 X
= (w' Re[TWrpr Xti]) — T Re[(w/ 1) X0i] + Rel(w' i ) KT
= (w' Re[T i Xhx] ) — TRe[(w' b 1) Xy
+ wRe[(w'p1) Xrra) +sgn s Rel(w dis1) X,

where X denotes either zL or zL for some choice of z(r) function (specified in
the the relevant lemmas). After the integration by parts procedure carried
out in this identity, each term can be treated using Cauchy—-Schwarz and
controlled by (4.8). Notice that the same reasoning holds for (2.19). Thus,
making e sufficiently small yields control over all appropriately r-weighted
second order derivatives of |, where one of the derivatives is dy«.

To conclude, we need only show that we can estimate second order terms
involving appropriately r-weighted angular and time derivatives:

T*Vr, TYVr, Ay
For the first two, we use the fact that Ty = w1 + sgn s), to reduce it
to terms that we already understand. For the last one, a similar reduction
can be attained from the constraint equation (2.15).
In the above sketch, we have overlooked details regarding the precise
computation of r-weights involved. In view of the level of detail of the

preceding sections, the reader should be able to fill in the missing details to
obtain Theorem 4.1 at last. O

4.3 Decay of the energy and the solution

In this section, we prove Corollary 4.2. The proof strategy is very similar to
the that of Corollary 3.2: it is based on the 7” method introduced in [DR10].
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However, because we Theorem 4.1 does not yield estimates for p = 2, we
require an additional interpolation lemma as in [SRTdC23, Theorem 9.3].

Proof of Corollary 4.2. To lighten the notation, let us denote simply
E, 4(7) the sum ZLS':O ]E‘(‘z)_;q for any ¢ € [0,1]. Repeating Step 1 from
the proof of Corollary 3.2 with p replaced by p — n for n € (0, 1), we have

B
Epi(ma) = — (B2,1(70) + B34 (70) + 35 (7)) ,
n
on a dyadic sequence {7,}5%, satisfying 7, 1 oo.
We have not shown uniform boundedness of the E_, ; energy. However,
with the interpolation inequality

Eo1(7n) < (B_py1 ()" (By_yy1 (7))

B
5 (Baon () + ES, (o) + B ()
n

)1—7]/2

< (Eg_pn1(10))"? ,

we can now easily conclude in the same fashion as Step 2 of Corollary 3.2. [
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