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A VECTOR FIELD METHOD FOR RADIATING BLACK HOLE SPACETIMES
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We develop a commuting vector field method for a general class of radiating spacetimes. The metrics we
consider are modeled on those constructed from global nonlinear stability problems in general relativity,
and our method provides sharp peeling estimates for solutions to both linear and (null form) nonlinear
scalar fields.
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1. Introduction

In this paper we develop a sharp variant of Klainerman’s vector field method for solutions to scalar wave
equations on a generic class of asymptotically flat spacetimes. These are taken to be certain long-range
perturbations of Minkowski space which enjoy a standard local energy decay assumption.

The first main consideration here is to place the minimal conditions on our metrics at null infinity which
are compatible with gravitational radiation, but at the same time are also strong enough to provide full
peeling estimates for scalar waves. Our conditions turn out to be natural even if one is only interested in
stationary long-range perturbations of Minkowski space, because they highlight certain peeling properties
of Lorentzian metrics at null infinity which appear to be necessary in order to produce estimates on the
order of the classical Morawetz conformal energy.

The second main consideration here is to produce a collection of norms which are natural for studying
nonlinear stability problems, at least when the quadratic part of nonlinearity enjoys a certain generalized
null condition. In fact, we will produce a range of norms with weights that are also capable of handling
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systems satisfying weaker “null conditions”, so our setup should also be useful for a class of quasilinear
stability problems where one assumes certain bounds on Ricci curvature; but we leave this to a subsequent
work.

First we discuss the basic assumptions and results which are contained in this paper. Additional remarks
and references with then follow.

1A. Basic notation and metric assumptions. When stating inequalities we will use A < B to mean
A < CB for some fixed C > 0 independent of A, B. We also employ the index notation A <; B when
C = C(k) depends on some auxiliary parameter k (although we will not always use such notation when a
dependency exists).

The setting for the paper is the following: We fix some compact K C R® with smooth boundary such
that R\ K is connected. On the manifold M = [0, c0) x (R3\ K) we suppose there is given a smooth
Lorentzian metric go5. We write (¢, x) for rectangular coordinates 0 <7 < oo and x € R3 \ K. Note that we
may assume K = &. In the sequel we will also assume that the level sets = const are uniformly spacelike
in the sense that —C < g% < —c¢. In this paper r = |x| with the Euclidean norm and (x) = (1 + |x|2)%.

With respect to the coordinates (¢, x) and Euclidean measure dt dx we have L? norms restricted to
time slabs in M of the form [0, 7] x (R3 \ K). These will be denoted by L”[0, T]. On the time slice
t = const we denote by L% the corresponding restricted norm, and we denote by L’ LZ[0, T] the mixed
norms. It will also be useful to employ various inhomogeneous Besov versions of these spaces. For
h =250 ||Xj¢||lzq[0ﬂ, where x; is a spatial cutoff on scale (x) ~ 2/.

2P La[0,T]
Similar notation is used for dyadic summations with respect to the time variable ¢, and other auxiliary

example we define ||¢||

variables as well (such as the optical functions described below). We define fixed-time and spacetime
Sobolev spaces which will be denoted by H; and H*[0, T'], with the convention that in both cases we
consider all (¢, x)-derivatives 8/ for multiindex |I| <.

In this work we make two basic assumptions about our spacetimes (M, g). The first is an asymptotic
condition on the metric:

Definition 1.1 (asymptotically flat radiating spacetimes). Suppose (M, g) is given as above. Then we
say gqp 1s “outgoing radiating” if the following hold:

(I) (weak “optical function””) On M there is defined a smooth u = u(z, x) such that (u, x) forms a
uniform set of coordinates in the sense that C~! < u;, < C, and u has the symbol bounds

(T3 (txT0dx)” (B — 1, But + @) | g1 pop0,00) < 00 forall (i, J) € N x N?, (1)

where 7, = (x), T_ = (u), 74 =((t, x)), To=1_7; ', and where ' = x"t". Henceforth we let 3 = (3;, 9,)
b ab
0

denote the (¢, x)-coordinate derivatives, and likewise 8° = (9,, 97) will denote the (u, x)-coordinate

derivatives.
(II) (outgoing radiation condition) First define symbol classes ZK in terms of the seminorms (restricted to

t €0, 00))

gl =D g @) @aD dlgrs+ Y N7 @3 @dD allggrim(tizr<ar): @
i+|J|<N i+|J|<N
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Then for the inverse metric g*? in (u, x)-coordinates one has the symbol bounds

gotﬁ _ha,B c ZO, |g|giu _|_a)i c Z%, gui _wiwjguj c Zl, guu c 22’ (3)
where
huu — 0’ hui — —C()i, hl] — 81] (4)

A number of further remarks are in order concerning the previous definition. Proofs are provided in
Appendix A.

Remark 1.2. An immediate consequence of (1) is that one has a uniformly bounded change of frame
between (9;, d,) and (85, ajg). Specifically

=clog. Y 10efI il da=rloh DY 1N ISkl (5)
[I<k 1<k

In particular one may use either (9,, d,) or (85 , Bf) to define the Sobolev spaces H*[0, T'] and H_, and
for this purpose we will use these frames interchangeably in the sequel. Note however that the frames

(0, 0y) and (85 , 85 ) are not interchangeable in all contexts. See for instance Remark 1.12 below.

Remark 1.3. The condition (I) implies that r;l (u + 1t —t) = 0,(1), and together with (II) we have
1(T-8)" (tx7092) 7 (€ = Ml g1 o0,00) < 00 forall (i, J) € N x N,

where n = diag(—1, 1, 1, 1) is the Minkowski metric in (¢, x)-coordinates. In particular g is weakly
asymptotically flat in the sense that 3/ (g — 1) = o,(1) for all J € N*, and away from the region
(t —r) < (t +r) this can be strengthened to (13;)' (7,3)” (g — ) = o0,(1) for all (i, J) € N x N*,

Remark 1.4. Definition 1.1 allows us to replace u by u = xu + (1 — x)(t — ty), where yx is a cutoff
supported where (f —r) < (¢t +r) with bounds |(t40) x| < 1. Thus, in the sequel we shall always assume
that u =t — 7, away from the “wave zone” (t —r) < (t +r).

Remark 1.5. For metrics which are quasistationary and quasispherical in the sense that g = go + g1,
where gy is spherical in (¢, x)-coordinates and

0 (1+7) (130 (1:8)” (80—l 1 £10,00) + 1T (13) (1) 81111 £ 10,00) <00 for all (i, J) € Nx N*,

it can be shown the conditions of Definition 1.1 hold. In particular this guarantees that our conditions
hold for certain stationary long-range perturbations of the Kerr family of spacetimes. In general we leave
as an open question to find natural (e.g., geometric) conditions on metrics which satisfy only

2 (18,)" (2:8)” (8 = Mllg1 Lovg0,00) < 00
for some 0 < a < 1, which would guarantee the existence of an optical function such as in Definition 1.1.

Remark 1.6. The peeling conditions (3) represent sharp streamlined versions of the asymptotic estimates
obtained for geometric quantities in the nonlinear stability of Minkowski space (see [Christodoulou and
Klainerman 1993; Bieri 2010]), as well as asymptotically flat dynamical black hole spacetimes (see
[Dafermos et al. 2013]). While it would take a bit of work to translate the connection/curvature bounds of
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[Christodoulou and Klainerman 1993; Bieri 2010; Dafermos et al. 2013] into coordinate conditions such
as (3), we expect that the latter are in fact far more general. We leave this aspect of our work to further
investigations.

1B. The local energy decay assumption. The second main assumption of this paper concerns the behav-
ior of solutions to the inhomogeneous scalar wave equation on (M, g). Following [Marzuola et al. 2010;
Tataru and Tohaneanu 2011; Tataru 2013] we define the local energy decay norms.

Definition 1.7 (“classical” local energy decay norms). First set

1 1
lolLe, 1 = ITx *@ller2o ) I F ILEr0.71 = 175 Fllerz210,77-

Next, for a fixed Ry > 1 sufficiently large (r < Ry may be assumed to contain k), and integer s > 0, we
define

Ile:, o= > Ity '8’ dllLeo.r) + 1007 ¢llLero. 1), (6a)
[J|<s

¢ lwees, o.r1= Y (lt;'07 ¢llLew.r + 11997 @llLee= ryro.71): (6b)
[J]<s

IF e, = Y 187 FllLeo.71. (6¢)
[J]<s

IF lwigssio.r1 = Y (187 FllLgso,71 + 1997 Fll 26 < ropjo.1)- (6d)
[J|<s

In terms of these spaces the second main assumption of the paper is:

Assumption 1.8 (weak and stationary energy boundedness/decay estimates). For Ry as in Definition 1.7
above and any s > 0 there hold the estimates

sup [10¢ D la; + Idlwees, j0.71 Ss 100 Oy + 10 @ wipss 10 10,71 (7a)
0<t<T
Sup 106 O Nl s+ 1D llLes,, 10,71 Ss 109 (O rs+11(Ds 0: D) L2 115 (r < Ry 10,71 H 1B P lILE=s10,77. (7b)
<t<T

In practice it is useful to have a bound which does not include the low-frequency error on the right-hand
side of (7b). This is found by concatenating (7a)—(7b), which gives
sup [0 (®)lms +11DllLes, 1071 Ss 100 O) | ms + 10: 0l 55 <roy0.71 + 1T lwLessp0,77- (8)

0<t<T class
Before continuing we make a number of remarks about these assumptions.

Remark 1.9. Estimates of the form (7a) have a long history for both asymptotically flat nontrapping
spacetimes, and for the Kerr family of metrics. For the case of black holes we refer the reader to [Blue
and Sterbenz 2006; Dafermos and Rodnianski 2009; Marzuola et al. 2010; Tataru and Tohaneanu 2011;
Dafermos et al. 2016] for more detailed discussions. In the sharp form needed for the present paper
the estimate (7a) was proved by Marzuola, Metcalfe, Tataru, and Tohaneanu [Marzuola et al. 2010]
for Schwarzschild space and Tataru and Tohaneanu [2011] for Kerr with |a| < M. More recently a
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slightly less precise version of (7a) was established for the full subextremal range of Kerr by Dafermos,
Rodnianski, and Shlapentokh-Rothman [Dafermos et al. 2016]. It is expected that (7a) holds for a wide
class of asymptotically flat spacetimes which satisfy certain natural structural conditions similar to those
of the Kerr metric, as well as certain natural spectral assumptions. We refer the reader to [Metcalfe et al.
2017] for a definitive account in the case of nontrapping spacetimes.

Remark 1.10. The second estimate (7b) is essentially the “stationary local energy decay” estimate of
[Metcalfe et al. 2012]. It can be shown that (7b) follows from estimates similar to (7a) when 9, is timelike
on a set 7 where one loses regularity in the local energy decay norms (6). See Appendix B for a proof.
We remark that such timelike conditions hold for the Kerr family of metrics when the angular momentum
satisfies 0 < |a| < ag for some 0 < @y < M. On the other hand one should still expect (7b) to hold for the
full subextremal range 0 < |a| < M of Kerr thanks to the (microlocal) nonvanishing of the symbol of 9,
on the trapped set.

1C. Norms and vector fields. We now introduce the weighted local energy decay norms that will play a
leading role in the remainder of the paper.

Definition 1.11 (null energy decay norms). First we define a null energy seminorm with the same scaling
as LE:

_1 1
||¢I|NLE[0,T] = ||T— 2¢||K$OL2(%I<F<ZZ)[O,T]’ ”F”NLE*[O,T] = ”T—zF”[;L2(%l<r<2t)[0’7']-

Next, we have the generalization of LE’ and WLE’, _ which include the seminorms

class class

PllLesio0.71 = llllLes, [0.71 + Z 102" ¢. 7, '0” §) INLEG> Ro)10.71- (%a)
[JI<s
I¢lwieo.r = lollwies, 0.7+ Y 10207 ¢, 7,197 §) INLEer= Ry10.71. (9b)
[J|<s

Remark 1.12. Notice we have specifically used Bondi coordinate derivatives (32, 3°) inside the gradient
portion of the right-hand side of (9). This appears to be necessary because condition (1) does not guarantee
a good peeling estimate for (afg ) du. In particular we don’t assume improved control of the commutators

[32, 8,] beyond the bounds (5).

Remark 1.13. We remark that our definition of NLE is essentially a sharp (dyadic) version of Alinhac’s
“ghost weight” energy [2001]. The authors wish to thank the anonymous referee for pointing out this
connection. Note also that the NLE terms in (9a) and (9b) simply represent a weaker (averaged) version
of the natural outgoing null energy on the hypersurfaces u = const.

Next, we define LE-type norms with uniform weights in time. These will play a central role in
establishing peeling estimates for solutions to the wave equation.
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Definition 1.14 (weighted LE and conformal energy norms). For functions ¢ which solve the wave
equation and 0 <a < 1 we set

max {a,%}

lp @)l e = lITé T, Il 2 + 5@ (1). T p ()l 12 (10a)

1
Iplsero.rs = 170 r™ H ag i mom + 179026, 7 @) luspor) + 17475192 (52 ) ez, (10b)
1l 51000, 71 = N1l gze 510,71 + 17475 ' 97 (T ) INLEL0. 71- (10c)

For source terms we fix a parameter Ry as in Definition 1.7 and set
1
| Fllvao, 11 = IT5 7y FllLeso,71 + ITLF Il L2¢-< roy10.71 + 1 T4 FIINLE*[0, 775 (11a)

1
I Flintio,ry = ||T+T02F||et1LE*[0,T] + ||T+8F||5}L2(r<R0)[0,T] + 74 FlINLE*[0.7]- (11b)
Finally, we construct higher-order versions of all the above norms.
Definition 1.15 (modified vector fields). First define the approximate Lie algebras

Lo=1{0}.9) —w'0)}, L={S.Q}ULy, whereS=ud,+rd}, Q;=x0"—x3".  (12)

u’ i

Note that all members of L commute modulo L with the exception of

[0 — '8P, S1=0" — w8t + 1208}, (13)

i u’
For a function ¢ we write

o™ = (9, T"¢, TRy, ...,

where the right-hand side is an array of all products I'! of vector fields in L up to length |7| <k.If ||-| is
any norm we write

lp®1 =" Ir'gll. Tel

|T|<k

We use a similar notation for pointwise identities; for example [9p®)| = ZI I1<k |aT'¢| etc. In the case
of norms we use a subscript notation to denote higher-order derivatives by vector fields:

k k k
lp@ s =16 Ollee,  Ndlse0.r1 = 16 NIse0.71. N1 Fllnero.ry = 1F I vego.

and similarly for LE-type norms. In addition we set |||z = l¢® || s and ¢, = lp® @) as-

1D. Main results, I: Linear estimates. The main result of the paper can now be stated as follows.

Theorem 1.16 (weighted local energy decay estimates). Assuming estimates (7a) and (7b), for0 <a <1
and fixed s, k > O there exist parameters B, = B, (s, k) such that:
(I) In the case a = 0 one has

sup [[0¢ (Ol m:, + lIPllwLg0,71

0<t<T
IqJ
Sek 2 D @30 890 O 2 + 181+ -0y + 10eb N weerssrias oy (14)
<k |J|<s

where in the case k = 0 we define ||¢”Hj3(r<Bo)[0,T] =0.



A VECTOR FIELD METHOD FOR RADIATING BLACK HOLE SPACETIMES 35

(I) For 0 < a < 1 one has
sup @)l e + 1@l ser0.7)

0<t<T
Ska ) 15 @) 80Oz + 125" Dl gy <popio.r) + 10ebllngrory. (15)
[J]<k

(IIT) Corresponding to a =1 one has the endpoint bound

sup 119 ()1l g3+l g0, Sk D 17(1280)” 9Ol 2+l gt < opo. 1115l 11,7y (16)
0<t<T
- = [J|<k

Remark 1.17. In the proof of Theorem 1.16 we find that for a # 0, 1 one has B, — oo asa — 0, 1.
In addition to the estimates above we shall also prove the following analog of Klainerman’s estimate:

Theorem 1.18 (global Sobolev estimate). For k > 1 one has the estimate

31 .
Z 172 7 (T30) (:82) @l Loojo, 71
i+J]|<k

Sk sup leOg,, +”¢”s,§f§[o,T]

0<t<T
+ Y Tt @) DOz + Y 190 (100 Dedpliyipory. (A7)
IJ1<k i+]J|<k+1

One can combine the above two results in a straightforward way, which produces the first main
conclusion of our paper:

Theorem 1.19 (peeling estimates for the inhomogeneous wave equation). Given any k > 1 there exists
an integer N = N (k) depending (linearly) on k such that

31 .
Z T2 7 (T30) (2:02) @l 110,71
i+J|<k

Sk Y 1te(mdn) 9Ol 2+ Y ITH ) Tep ()2

[JI=N [JISN .
+ Y @) (100 Dgliygory. (18)
i+|J|<N

Proof that Theorems 1.16 and 1.18 imply estimate (18). We will in fact prove this for the explicit value
N = N (k) = 3k + 13. Expanding the vector fields L from (12) we easily see

byi b
10l a0y Sk D 1E=9 (@) Oellnrago 7.
i+|J|<k

Therefore given a value of k = 1, by combining (17) and (16), it suffices to control ||$]|,1 5 LA <BDI0.T]"
Note that for any 0 < @ < 1 one has .

IDlet 11! yir<Byi0.71 Sa D¢ 10,71
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In particular applying this for a = % (say), and then using estimate (15) and N[0, T] C N%[O, T], it
suffices to bound the right-hand side of

1
1 -
Iz ¢||H,j+4(r<31/2>[0,r] ~> ||¢||WLE;+4[0,T]-

We now inductively use (14) in the form

1Blg0,ry ot D 2 NCEd) 8700 @llz + 181, sy, 1+ 0y,
J j J
H1<lj |J]<s; /
where [y =k+4, b =k+3,...,kya=1ands; =1, so =4, ..., sgr4 = 3k + 13. This leaves us with
finally having to bound the quantity ||¢|IWLE(3)I<+13[O’T], which can be handled by an additional application
of (14) with only initial and source data bounds on the right-hand side (or what amounts to the same thing
by directly using our base assumption (7a)). This concludes our demonstration of (18) for the explicit
value N = N (k) = 3k 4+ 13 chosen above. O

1E. Main results, II: Nonlinear estimates. The estimates of Theorems 1.16 and 1.18 naturally lend
themselves bounding solutions to semilinear wave equations of the form [l,¢p = F (¢, x, ¢, 9¢). Rather
than develop a comprehensive theory we concentrate on the equations [g¢p =N Bt x, )0, 0pp, where
the quadratic form A% is sufficiently tame.

Definition 1.20 (generalized null forms). A 2-tensor N'*? is called a “generalized null form” with respect
to a (weak) optical function u if its Bondi coordinate components satisfy

(- 92) (2:02) NP | Sivy crloD. 1(1-0)) (x:02) pN™| Sy ek (1)) 70 (19)

Remark 1.21. Natural examples of N\ satisfying Definition 1.20 include multiples of the inverse metric
g% by factors N (¢, x, ¢) which satisfy derivative estimates consistent with (19). This would include the
case of wave-maps from ¢ : (M, g) — (M’, g’) into Riemannian or Lorentzian targets where ¢ is close
to a constant map, in either an intrinsic or extrinsic formulation.

Another example of such A/ would be skew symmetric forms N = —A#% which obey the first
condition in (19).

In order to prove a priori estimates we define the norms

k+4
@l se0,71 = Z()(Oi‘tlET ||8¢(t)”H;i.+3<k_".) + ||¢||WLE}3+3““”[0,T]) + ”‘bHSk‘ﬁ[OJ]
Jj=0 ==
3 1
2.2 byi b\J
+ sup lpWlgr +llgrop p+ Y 7776 (19 (1202) Pllego,ry, (20)
0<i<T k+2 2 [0:T1
=t= i+|J|<k
k+4
IFE Il 0.7 =ZO HE N gz 300 g g gisoa=io o+ 1F iz 7y
]:

+ Y @ FOl+ Y 1@ (wd) Flliyug,r- 1)
|J <k i+ |J|<k+2

With this notation the main nonlinear theorem of our paper is the following:
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Theorem 1.22. Let ¢ be a smooth vector-valued function and let N (¢, d¢) denote a quadratic form
obeying (19), where we are using the notation N (¢, 0¢) = NB(t, x, @) 04 0gp. Then one has the
bounds

Ipllsaor Se D NITe(zede) 86 )l 22 + 1Dl vero.71- (22)
[J]<3k+13

NV (@, 9l vjo.71 < C @l sero, 7D M@l ser0, 71 (NPl se0,71 + D@l vgo, 7). k= 18. (23)

The functions Cy(-) are locally bounded functions determined by k as well as the functions c; on
right-hand side of (19).

From this and a standard continuity argument one has the nonlinear analog of Theorem 1.19:

Theorem 1.23 (peeling estimates for solutions to null-form systems). Suppose quadratic forms N are
given which satisfy (19). Let ¢ be a sufficiently smooth and well-localized solution to the system of

semilinear equations

Oep = NP (1, x, ¢) dup Dpb, (24)

which is assumed to hold on a time interval [0, T]. Then given any k > 18 there exists an €y = €g(k) > 0
such that one has the a priori estimate

Y In@d)’ O =c<e = lillsor ke
|J]<3k+13

In particular for sufficiently smooth, small, and well-localized initial data the solution to (24) exists
globally and enjoys the peeling estimates

31 .
DMzt (-9 (102 pllio.r) Sk e
i+|J|<k

for the same k as above.

1F. Some remarks and references. The vector field method for the wave equation on asymptotically
flat spacetimes has a long and well-developed history. In the case of small perturbations of Minkowski
space there are Klainerman’s original works [1985; 1986], followed by the proof in [Christodoulou and
Klainerman 1993] of the nonlinear stability of Minkowski space itself. In the latter work a vector field
method is developed for radiating spacetimes where control is ultimately provided through certain peeling
estimates for the curvature tensor of g. In a related vein there is [Bieri 2010] concerning nonlinear stability
under the much less restrictive decay assumptions on the initial data. In this case the peeling properties of
the metric end up being closer to the thresholds (3).

Going in a different direction there is the proof of stability of Minkowski space and its asymptotics in
wave coordinates in [Lindblad and Rodnianski 2010; Lindblad 2017]. Here one proceeds more directly
via Minkowski and Schwarzschild vector fields. For scalar wave equations this produces estimates with a
small loss due to the divergence of radiating null hypersurfaces compared to their stationary counterparts
(at least at the level of energy estimates). On the other hand strong peeling estimates such as (18) cannot
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hold for the (Minkowski difference of the) metric in wave coordinates due to obstructions at the level of
semilinear terms. More specifically, condition (19) seems to fail when writing the Einstein equations in
any reasonable way as a system of second-order equations for the metric.

Next, we turn to vector field methods on spacetimes which are locally large perturbations of Minkowski
space. There are mainly two innovations here, and we make a heavy use of both in the sequel. The first
innovation, due to Klainerman and Sideris [1996], allows one to replace Lorentz boosts with certain
weighted identities involving the wave operator [, (specifically see Lemma 4.13 below). The second
innovation, due initially to Keel, Smith, and Sogge [Keel et al. 2002] and used by many authors, concerns
the use of local energy decay estimates such as (7) in order to control localized errors generated by
commutations with vector fields. For further background and developments concerning the combination
of local energy decay and vector fields on various large perturbations of Minkowski space, we refer the
reader to [Metcalfe and Sogge 2005; 2007; Bony and Héfner 2010; Wang and Yu 2014; Yang 2013].

Concerning the application of vector fields to the class of black hole spacetimes there has recently
been a great deal of progress. The works most closely related to the present paper are [Blue and Sterbenz
2006; Dafermos et al. 2016; Luk 2012; 2013], which proceed by way of conformal energy estimates and
time-dependent weights. We also mention [Lindblad and Tohaneanu 2018] concerning certain quasilinear
wave equations (in this case the vector field approach is similar to [Lindblad and Rodnianski 2010]). We
remark that all of these works are written specifically to cover the case of Schwarzschild or Kerr with
small angular momentum.

For more general “black hole” backgrounds there is [Moschidis 2016] building on ideas of [Dafermos
and Rodnianski 2010] (see also Proposition 6.1 of [Rodnianski and Sterbenz 2010], where weighted
estimates based on outgoing null vector fields were introduced). Here one produces a vector field method
with time-independent weights. This shares a number of similarities with the present paper, in particular
the production of a family of weighted spacetime energy estimates depending on a parameter 0 < a <1
which interpolates between the standard local energy decay estimates and the conformal energy. On
the other hand our approach and the one of Dafermos and Rodnianski and Moschidis appear to diverge
in many ways, especially regarding the issue of time-dependent weights. Our method also appears to
be more directly applicable to studying nonlinear problems. Indeed, with the machinery of estimates
(14)—(16) our proof of Theorem 1.22 occupies only a few additional pages.

Finally, one should also mention the works on Price’s law for scalar waves [Tataru 2013; Metcalfe
et al. 2012] which use vector fields as a launching point for much sharper estimates. An interesting open
question in this regard is to find an appropriate collection of norms capable of producing interior decay
rates better than t_%, but which are still compatible with semilinear problems such as in Theorem 1.23.

We close with a few additional comments on the specific methods we employ in this work. These are
a natural outgrowth of [Blue and Sterbenz 2006; Lindblad and Sterbenz 2006; Rodnianski and Sterbenz
2010; Oliver 2013; Dafermos and Rodnianski 2010]. In [Lindblad and Sterbenz 2006] we developed a
conformal multiplier technique that works well for perturbations of the wave equation, and then used
it to produce a collection of conformal energies with weights depending on a parameter. These ideas
will again play a central role in the present work. In [Rodnianski and Sterbenz 2010] we introduced
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a Morawetz-type estimate based on the multiplier f(r)(9; + 9,) and used it to control null tangential
derivatives for solutions to a certain wave equation with a potential (Proposition 6.1 of that paper). This
idea was expanded in [Dafermos and Rodnianski 2010] to prove global decay estimates. We will use
similar multipliers in this paper to produce a key portion of our estimates.! In [Blue and Sterbenz 2006]
we produced a weighted-in-time local energy decay bound, and then used this to control the multiplier
error from the conformal vector field. This technique is used again here for a wider range of weights,
albeit assuming the local energy decay bound as a black box. Finally, the first author’s thesis [Oliver
2013] and [Oliver 2016] developed vector fields on radiating nontrapping spacetimes with even weaker
local bounds on d;g. We will use much of the setup from [Oliver 2016] in the present work.

1G. Outline of the paper. In Section 2 we record a number of algebraic identities for energy momentum
and deformation tensors. These form the basis for all the multiplier and commutator identities needed in
the sequel.

In Section 3 we specialize the formulas of Section 2 to the case of Bondi coordinates satisfying
Definition 1.1 and vector fields from Definition 1.15.

Section 4 is the technical heart of the paper. We begin by producing symbol bounds for the Lie
derivatives of 2-tensors which satisfy certain natural asymptotic estimates. Building on this we construct
a generic multiplier estimate for vector fields satisfying certain structural properties. This estimate covers
all of the multiplier bounds needed in the sequel, and may be useful for other applications as well, which
is one of our motivations for introducing an axiomatic setup. Following this we move on to estimates for
commutators. This is done in a way that allows us to perform some delicate integration by parts later in
Section 6, and is also convenient for proving pointwise bounds. We end by proving several generalized
Klainerman-Sideris-type identities, and then use these to conclude the discussion of pointwise bounds for
commutators.

In Section 5 we apply the abstract multiplier bound from Section 4 to produce the three main estimates
of Theorem 1.16 at level k = 0. For the bounds (14) and (16) this is done in such a way that the source
error term can be integrated by parts; this form is needed later to establish bounds for commutators.

In Section 6 we apply the formulas of the previous two sections to prove the estimates of Theorem 1.16
for an arbitrary number of vector fields. For the bound (15) this is more or less straightforward. However,
for the bounds (14) and (16) the argument is more involved because one cannot proceed directly via
Holder’s inequality, and several additional integrations seem necessary to close the argument.

In Section 7 we prove some sharp L decay estimates for functions in terms of the conformal energy
norms (10a), (10c), and (11b). This establishes Theorem 1.18.

In Section 8 we prove Theorem 1.22, which concludes the main nonlinear application of the paper.

In Appendix A we provide proofs of a number of the remarks following Definition 1.1. In particular
for large class of stationary metrics which are also spherically symmetric to highest order, we construct
optical functions satisfying bounds (3). Such metrics include radial long-range perturbations of the Kerr
family of metrics.

For a complete the list of multipliers we use here, see Lemma 5.4 and the proofs immediately following.
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In Appendix B we show that estimate (7a) implies estimate (7b), at least when the metric satisfies
structural assumptions similar to the Kerr family with angular momentum in a certain range.

Finally, in Appendix C we record a number of elementary Hardy- and trace-type estimates. These will
be used throughout the body of the paper.

2. Formulas for commutators and multipliers

In this section we recall some basic formulas which underlie the energy method for the wave equation
on curved backgrounds. We do this first with respect to the original metric g. We then generalize such
formulas cover the case of metric conformal to g. The latter will form the basis for most of the multiplier
estimates in the sequel.

2A. Identities involving g. We begin with a basic definition:

Definition 2.1 (normalized deformation tensor). Let X be a vector field, and set 7 = Lxg. Then we
define ¥7 = X7 — Lo trace(¥) to be the “normalized deformation tensor” of X.

The quantity )7 underlies all of our formulas for multipliers and commutators as the following result
shows:

Lemma 2.2 (formulas involving X)%). Let ¢ be a scalar field and X a vector field. As usual set
Top = 0aPigp — %gaﬂg“/ﬂ/aa/wﬂ«p to be the energy momentum tensor of ¢. Then one has the identities

1
Ol = ———X(/1818*") — g0, X7 + g7 0, (XP) + g7 3, (X*), (25a)
|g| Y 14 14
[, X1 = Vo O 2%V, — L trace(M7) 0, (25b)
VU (TopXP) = 102 5,005¢ + D9 X . (25¢)

Finally, if q is a smooth function then one has the commutator formula
@Xpeb Mz = x*vPg 4+ xXPveg — g Xq. (26)
We’ll prove each of these formulas separately.
Proof of (25a) and (26). We have
(O 0f — g o (£ 0) g = —Xg + 5273, (XP) + ¢P7 0., (X).
On the other hand
Lrace(Mm) = V, X = ﬁaa(\/@X”‘) = ﬁ){(\/@) + 0, X°.

Subtracting the last two identities gives (25a). A direct application of (25a) shows (26). O

Proof of (25b). We begin with a formula that will also be useful in the sequel. Let R*# be any contravariant
2-tensor; then we claim

[X, VoR¥Vy] =V, RV + 87V, where R =LxR and & =RV, (V,X7). (27
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To prove it, first note that a straightforward calculation using the coordinate-based formula for V, X
above shows X (Vy,Y%) — Y (Vo X%) = Vu[X, Y]* for any pair of vector fields X and Y. Applying this
last formula to the vector field Y% = R% Vg and using the Leibniz rule for Lie derivatives followed by
[Lx, d] = 0 for the exterior derivative d gives (27).

Now apply (27) to R = g~ 1. Using (LxR)* = — X7 and V,X* = —1 trace(X)7) gives (25b). O
Proof of (25¢). A standard calculation shows V¥ (T, X By = %(X)n“ﬂ Top +Uep X ¢ and (25¢) follows
easily. O

2B. Conformal changes for scalar fields. In this section we recall a standard formula from geometry.
Let g be a Lorentzian metric on a (3+1)-dimensional spacetime. We consider a conformally equivalent
metric g,p, Where Q2% = g for some weight function €2 > 0. Let V denote the Levi-Civita connection of
gand [z = V@V, the corresponding wave operator. Then we have:

Lemma 2.3 (identity for the conformal wave operator). Let U,¢p = F. Then one has the formula
Oz + VY =Q°F, where ¢y =Q¢ and V = Q0,7 (28)

Proof. Start with

1 .
Og = 94maa(sz *V0glg*dp) = Q1[0 — 28" 3 In(2)3p).

To eliminate the second term on the right-hand side we rescale ¢ via i\ = Q¢, which gives us
Q7 0y = T — 2878, In(Q) gy = Q09 — W,
where
W = —,(Q) + 228, In(Q)9* In(Q) = Q*0, Q.
A straightforward manipulation of the last two equations gives (28). O
2C. Conformal multipliers. We now combine the identities of the last two sections to produce conjugated

weighted L? identities. Our main result here is:

Lemma 2.4 (the conformal divergence identity). Let [l,¢p = F. Let X be a vector field supported in
the exterior region R*> \ K. Let x(t,x) be a smooth function and Q > 0 a smooth weight. Then in
(t, x)-coordinates one has the divergence identity

T t=T
/ Q(X,x,sz,@\/@dxdt:/ P(X, x, 2, ¢)lgldx| (29)
0 [R3\IC R3\IC t=0
where
P(X, %, 2, ¢) =22g"3,(Q0) X () — 177 X2 9, (2035 () — x V), (30)

with V = Q3Dg§2_l, and where

OX, x,Q,¢)=F-Q'X(Q¢p) + Q2A%8,(Qp)35(Qp) + BXp* + C* ¢, Q7' X(Q¢), (31
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with
A=1Pa +2XIn(@Q)g ", BY=1Q2(X(xV)—trace(A)xV), C*=Q*(x —DV. (32)
On the right-hand sides of the last two equations above all contractions are computed with respect to g.
Proof. First define the tensors
TX = 00 dpy — 38up (@0, Y05y — x V), PX=TH5XP, where y = Q.

Then by Stokes’ theorem and the support property of X we have

=T

T
// Va<x>P03<\/|§|dxd[:/ aOTXXﬂ\/de ,
0 JRO\K RAK

=0

and right-hand side of (29) follows by substituting 2~2g = g into the volume forms and the right-hand
side contractions.

It remains to compute the g-contraction VeX)PX and show this produces the terms on left-hand side
of (29). To this end suppose (Llz + V) = G. Then one has

VOTE = ((x = DV + G)agy + 595(x V)Y
Using formula (25¢) we have
VeOPK = L(Lx @) opy — Lrace(Lx ) x VY2 + (X — DV + GO XY + X (x V)2, (33)

where all the contractions are computed with respect to g. To compute the first two terms on the right-hand
side we use

Lx8=Q2(Lxg —2XIn(Q)g), andso Lxg = 2(Lxg+2XIn(Q)g).

Substituting the last equation into right-hand side of (33) and using G = Q3 F we have (31) and (32). OJ

3. Algebraic formulas involving Bondi coordinates
In this section we compute the key quantities from Lemmas 2.2 and 2.4 in Bondi coordinates (u, x).

Lemma 3.1 (formulas for deformation tensors). Let d = |g| be the determinant g.p in rectangular Bondi
coordinates (u, x*), and set Q@ = t.. Then if X = X 83 is any vector field in Bondi coordinates we have
the formula for contravariant tensors

p 42X In(Q)g ™ = —d 3 (Lxh+ @ X" + 32X + 32 X))h) + R, (34)

where X' = X' — r_zxiijj denotes the angular portion of X and X" = r~'x; X' the radial portion, and
where h is given in (4). The remainder tensor R is given by the covariant formula

R=—d 1Lx(d2g™ —h)—d 2P X" + "X + 8P X)) d21g™ —h)—2r 't 2X"g"'.  (35)
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Proof of formula (34). Starting with formula (25a) in Bondi coordinates and then using the identity
X7 =2X1In(ry) + 9y X" + 0/ X"+ ) X' +2r ' 77X
and setting €2 = 7, we have the formula for raised indices
@z 42X In(Q)g = —d 1 Lx(d? g™y — X"+ "X + 0P X +2r 12X )g .
Writing g~ =d -3 (cl%g_l —h)+d ~2j and inserting into this last equation gives (34) and (35). U

Lemma 3.2 (formulas for commutators). The following commutator formulas hold where d = |g| is
computed in Bondi coordinates:

(I) For X € {85 , Bl-b — o' 85 , ;;} one has the formula

[Og, X1= VoR¥ Vs + L (X In(@)0y,  where R=—d "2 Lx(d?g™" —h) + Ry, (36)

where Ry =0 for X € {3, ), and R‘fﬂ = 2d_%wit;38,‘j‘65 when X = 87 — ' 85. Again h is as defined
in (4).

(I) For X = S one has
[Og, S1=Va R Vg+1 (4+SIn(d)T,,  where R=—d 2Ls(d?g ' ~h)—2d 2 (d?g ') +Ry, (37)
and where R‘fﬂ —d tx_z(Bf‘Sg + 5;383).
Proof of formulas (36) and (37). First note that formula (25a) above can be rewritten as
®p = —d~1Lx(d2g™ —h)—d 2 Lyxh— 00X, trace(P7) = —20LX* — X In(d).  (38)

Next, for each X € {85, Qij, a,.b—wiaf;} we have 83X°‘ =0, and for X € {85, Q2;;} we also have Lxh =0.
On the other hand for X = a;’ — o 85 one computes Lxh*¥ = 0 for all but the uu-component, and for
this one has (Lxh)"* = —2w' ‘L'x_S. Combining this information with (38) above and (25b) gives (36).

Finally, in the case when X = S we compute Lgh +2h = —w' 1';2(8;?‘85 + 8?6;‘). This allows us to

write for X = §
d 3 Lxh+00 X% =2d72(d? g —h)— R +2g", where R =d 20/t 2(578F +675%).
Using trace(¥)7) = —8 — SIn(d) and combining everything with (38) above and (25b) gives (37). U

4. Asymptotic estimates involving Bondi coordinates

We now move on to the main technical calculations of the paper. We record these here in a general form
that will be used throughout the sequel.
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4A. Basic estimates for derivatives.

Lemma 4.1 (estimates for the determinant). Let d = |g| = |det(g)| be the absolute determinant of g

computed in Bondi coordinates (u, x'). Then for any i € R one has the symbol bounds
d"—1ez2° (39)
where the symbol spaces Z* are defined in (2).

Proof of (39). We can write d* —1=¢,, (d~'—1), where qu.(s) is smooth for s > —1 and g (0) = 0. Thus,
by Taylor expansion and the Leibniz and chain rules it suffices to consider the case u = —1. From (3) we
know that

d™'— 14172 =det(h) —det(g™") € 2°,
where / is given in (4). Since 72 € 29, this completes the proof. O
A useful corollary of this last lemma and the assumptions (3) is the following:

Corollary 4.2. Let d = |g| = |det(g)| be the absolute determinant of g computed in Bondi coordinates

(u, x%), and g~ the inverse metric of g in Bondi coordinates. Then if h is as in (4) and one sets

R = (d%g_1 — )8 there holds the bounds
Riiez0 RUez) RY-wwRYez, RYez (40)

Building on the last two results we have the following collection of symbol bounds which will underlie
many of the error estimates in the sequel.

Lemma 4.3 (basic Lie derivative estimates). Let X = X*0, be a vector field. Then the following hold:

(D Suppose that in Bondi coordinates X satisfies the symbol-type bounds for a, b, c € R
T min{|J|,1}
|(T-9,)' (7)) X“|<m“rbr‘+1( ) e @) X Syt @D
T+

and obeys the conditions
X" =92(x") =alr (X' —r2x'x; X7) = 0. (42)

Let R*? be any contravariant 2-tensor which satisfies (40) with similar estimates for R™ (if it is nonsym-
metric). Then its Lie derivative by X, denoted by LxR = Ry, satisfies

1
R er“ti ©.2% RYerithi.zr, RY —o'wjRY etir bre. 2l RYerithic. 22, 43)
with similar bounds for R’)?

(I) Alternatively, if one drops the condition aj’ X" = 0 but keeps the rest of (41) and (42), then the
previous conclusion holds with the last bound in (43) replaced by

RY' € r“ri ¢.z3, (44)
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(IIT) Alternatively, if one drops the condition 85 (X") = 0 but retains Bf(Xi — r_zxiijj) = 0 and the
rest of (41) and (42), then the result of part (1) holds with the first bound in (43) replaced by the pair
R a.b_c -4 ij i kl o parboc 20
€T, 1,1 -2 2, Ry—wo'oroRy et t,1°-2". 45)
(IV) Likewise, if S* satisfies
Stersl.zr, S'erl.z3, (46)
then LxS = Sx satisfies

Skerilthee . 27 2, Sk et thze .21, (47)

when X satisfies the symbol bounds (41) (in this case we do not need the extra conditions (42)).
(V) Finally, let X € Lo = {d? 3P — o 85 }, and let R and S satisfy (40) and (46) respectively. Then LxR

u’ i

and LxS satisfy (43) and (47) witha=c=—1and b = 1.

Remark 4.4. As will become apparent in the proof, if one is only interested in the norms (2) at level
N = 0 for R‘;f and S% (i.e., no derivatives), then one can replace the full symbol bounds (41) with
first-order conditions

Do 1@ @) X S rfdeet Y T ) () X S it el

I+J1<1 I+J]=1

In this case the various implications above are true with the inclusion R € ¢ ‘[_l:_ ¢ - Z* replaced by the
bound ||t T, r_‘RHlk 0 < 00.

Proof of Lemma 4.3. We prove the various portions separately. First note that the conditions (40) are
invariant with respect to dyadic cutoffs in the r-, u-, and (¢+r)-variables. Therefore by utilizing such
cutoffs and the Leibniz rule we may assume a = b = ¢ = 0. As a second preliminary note the identity

- :wir_l(r+rx)_l, where &' = r~1x'. (48)

This allows us to trade X for @' in the region r > 1 as long as errors on the order of »~2 are acceptable.

Part 1: (the R bounds involving condition (41)) We begin with the proof of estimates (40) for LxR
assuming conditions (41) and (42) or one of the alternatives listed in items (II) and (III) above. The
formula for the Lie derivative is £Lx R = X (R*)— 0y (X YRYE— 0y (X PYR®Y . We check each component
separately:

Case la: (the uu-component assuming 3 X* = 0) By assumption we have o' Bl.b X* =0; thus
LxR™ = X (R"™) — 292 (X")R"™ — 97 (X")(R" — o' &, R") — 37 (X")(R™ — o' w; R™).
Then the estimate in (43) for Ry’ is immediate from the estimates (41) and (40).

Case 1b: (the uu-component when 3” X* # 0) By the previous case we have the desired estimate modulo
the additional expression rZT; 2Eif’(X YR +R™), which adds a Z 3 _term.
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Case 2: (the ui- and iu-components) By symmetry it suffices to treat the ui case. We have
,CXRm — X(Rm) _ 85(XM)RL” _ 85(X1)Ruu _ 8/1)(Xbl)le B 8Jb(le)f/?/Mj

Using estimates (41) and (40) we geta Z 3 symbol bound for this term. In addition one sees that for all parts
of the formula above, save for the expression B’ = X(wi@/R”j) — 85 (X”)wia)jR”j — wka,f (Xi)ij”j,
the bound is on the order of Z!. To show improved bounds we only need to consider the region r > 1.
Using (48) we see that B= B mod r—2- 27, where B' = X (' R"") — (X RIRY — P (XTYR"". Again
using (48), we see that in order to show B — wiijj e Z! it suffices to prove x,-1 (Ei — )?igr) ezl
This would follow immediately if Bisa radially directed vector field. Using X (*') = r X —RTXT)
we compute

B =2(X(R) = ab(X*YRY — 3" (X")YR") — rdl[r~ (X' — 2 X")IR™
which is manifestly radial thanks to the last condition in (42).

Case 3a: (the i j-components assuming af(X )y = 0) Here we have
LxRY = X(R7) =P (XHRN — 8P (X)) R*.
Then the estimate in (43) for Rl,{ is immediate from the estimates (41) and (40).

Case 3b: (the ij-components assuming 85 (X") #0) In this case we are still assuming 85 (XI—3'X")=0.
Therefore we have

LxRY = X(R) = $0L(X)RY — 9L (X" )R — 8 (XYRY — 9 (X/)R'™.

AZ3 symbol bound for this expression in r > 1 is again immediate from (41) and (40). On the other hand
all but the second and third terms above yield an improved Z° bound. Thus, using (48) we have for r > 1

RS{, — a)’.a)".wkwlR’;l =—o 85 (X"VRY — &) o R*) — ! BS(X’)(Ri” — &' RM) mod r 2. z2 +2°.
By (40) and (41) we have a Z9 bound for this last term as well.

Part 2: (the S bounds involving condition (41)) Again we can reduce to a = b = ¢ = 0. Componentwise
we have LxS* = X (S8%) — dp(X*)SP.

Case 1: (the u-component) Here we have
LxS" = X(S") —db (xS — P (xS,

so the second estimate in (46) follows directly by multiplying together the bounds in (41) and (46).

Case 2: (the i-components) Here we have
LxS =X (S -9 (X)S" — a7 (X")S/,

and so the first estimate in (46) follows directly from (41) and (46).
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Part 3: (estimates involving Ly) This is largely a corollary of Parts 1 and 2 above. For any X € L one has
both conditions in (41), with a = ¢ = —1 and b = 1. In this case one also has to deal with the fact that
3P X" #£ 0 and 3°r 1 (X' — £'%;X7) # 0, save for when X = 32. Recall that these two special conditions
were only used in Case 1b and Case 2 of Part 1 above. So we review those cases here when X = 31.1’ —a'db.

Case 1: (the uu-component of Rx) Recall from Case 1b of Part 1 above we only need to handle an
expression of the form 3 (X*)(R"" +R") in the region r > 1, where X" = w'. Using 8! (o’) =r ' 20
we getan > - 2 > Cr ez '7, 22 bound for this expression, which suffices.

Ai/\

Case 2: (the ui-component of Rx) Recall that the condition Brb ri X - % XX /) =0 is only used to
establish the improved bound R’X” - w;j R';(j € Z!. Recall further that this improved bound automatically
holds modulo an expression of the form rd?[r =1 (X’ — w'w; X/)]R*. When X' = 0, 1 we see this
expression has symbol bounds on the order of 77! 2 > Cr ez 7, 2!, which suffices. O

4B. A general exterior multiplier estimate. Next, we prove some general multiplier bounds which will
be used a number of times in the sequel. To state them we first define the form of an acceptable error.

Definition 4.5 (general form of multiplier estimate errors). For a pair of parameters 0 <a < 1 and R > 0,
and a quantity og(1) = 0 as R — oo, we set

E(a, R)

=170 O, 15y +or(D: (OE?ET 16O am 1y F 1050 1 )10.77)

-1 b b -1
P llga(r> 1 R)0.77° (R72|(z%8, 9., 1079, T P2t rar<r)po.r) + ”Dg¢|lN“(r>%R)[O,T])' (49)
Corresponding to the cases a = 0, 1, for parameter R > 0, quantity og(1), and vector field X, we set

EO, R, X) =3¢ O3, 1 5y +0r(D)- (Ong 106 12210y + 1010 1 )10.77)

-1 -1 2
+ R ”(8¢’ Tx ¢)|IL2(%R<}’<R)[0,T] +

T
// Og¢p- 7. X (1u) dV,|,  (50)
0 JR\K
and

EC, R, X) =T O 1 gy + R (59 IS5 gy + 185002 1 )10.7)

0<t<T

_1
1l ry0,r1 " R NT-070. ©dlb, D)1 12(1 R <) 10,71

T
// O¢t- 77 ' X (re9) dV,
0 JRI\K

In the notation above the rate of og (1) may change from line to line, but is fixed for any line on which

N . 51)

an error of the form £ appears. Also we define dV, = /|g|dx dt, where |g| = |det g| is computed in
(t, x)-coordinates.

With this notation in mind we have:
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Proposition 4.6 (abstract multiplier estimate). Fix R > 0 sufficiently large so that K C { r< %R}, and
let Y be a vector field such that Y = Yuafj + Y 8rb, with both Y* > 0 and Y" > 0 depending only on the
(u, r)-variables. Then the following hold.:

(D) Assume for some 0 < a < 1 there holds the symbol-type bounds

Il @) v S o™ Y @) mah) Y S e . (52)
i+|J]<1 i+|J|<1

Then one has the multiplier estimate

T
/ f x>k (A BLP) 2+ A 30T L (te )+ A (27100 (2e)) AV B |?) dix dit
0 JR3\K
it (VY)Y () (D2 gy SE@. R),  (53)

where |Y?$|? denotes the (Euclidean) angular gradient of ¢ with respect to the spheres u = const and
r = const, and where the components of A are given by

A= =9by", A =4abyr —Laly —aly”, (54a)

AT =03y, A=rly = Labyr — Loty (54b)
Here x-p = )(>1(R_1 -) is a radial bump function with x-g =1onr > Rand x-rg=0o0nr < %R. The
implicit constant in (53) depends only on the bounds from (52), and the metric g.

(D) In the case a = 1, still assuming (52), we have (53)—(54) with the right-hand side of (53) replaced by
E(,R)=E(1, R, xr~rY), where xR is as above.

(II) Alternatively, in the case a = 0 replace assumption (52) with

D@y S Y @ (nad) Yy <1, akyr =0, (55)
i+J1<1 i+J1<1

Then (53)—(54) hold with the right-hand side of (53) replaced by £(0, R) = £(0, R, x,-rY), where x,>r
is as above.

In order to prove this proposition we need a few additional supporting lemmas.

Lemma 4.7 (asymptotics of the conformal potential). Let Q = t, and define the quantity V = Q30 g(Q_1 ).
Then in Bondi coordinates (u, x') one has the symbol bounds

Vez i, (56)

Proof. First write the wave operator in Bondi coordinates as [, =d _%Dh +d 2 E)”R"‘*3 8” where d lg|
is the Bondi coordinate metric determinant, [ 1, = 81’ hep Bb where £ is glven in (4), and where R=d? g—h
satisfies the estimate (40). A quick calculation shows [, (rx = 3rx and a little further work reveals

V=—d 2(rdiR* + 1721 = 3r)R” +37,2).

By (39) we have d1—1le¢ 20, s0 estimate (56) follows from (40). O
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Lemma 4.8 (formulas for boundary terms). Let X", X" be nonnegative and set X = X" 85 + X" 8f . Then
if Q = 1, one has the following pointwise estimate involving the quantity P(X, x, 2, ¢) defined in (30):

Xt () + X ol (reg) )
_1
S—P(X, x,Q2,0)+0,(D)- (X" + 15 X)), '3 () P+ x (X" + X7y 21297, (57)
To prove estimate (57) we need the following elementary result:

Lemma 4.9 (approximate null frame). Let X and Y4, A = 1, 2, be approximately unit-length vectors in
the Minkowski space in the sense that sup, |X*| ~ 1 and sup,, |Y{| ~ 1. Suppose that there exists € > 0
such that (X, X) = 0(€?), (X, Ya) = O(¢), and in addition |(Ya, Yg) — 84| <K 1. Then there exists an
exact null frame {L, L, e} with (L, L) =(L,es)=(L,L)=0, (L,L)=—1,and (es, ep) =4p, and
coefficients y, cg‘} and cﬁ for A, B =1, 2, such that

X = L+C)A}eA +yL, Yai= cffeg, where y = 0(62) and c?} = 0(¢) and |c§ —53| < 1.

Proof. Let e4 form an orthonormal basis for the space-like 2-plane spanned by Y4, with the first e
in the direction of one of the Y4. Let cﬁ be the corresponding change of basis. Then |c§ — 8§| < 1.

Let L, L generate the two null directions over the span of e4 and Y4, chosen so that (L, L) = —1 and
X=L +c§eA + y L for some set of coefficients c?}, y. From (X, Y4) = O(¢e) we have (X, e4) = O(e)
and so ¢§ = O(e€). Then (X, X) = —2y + O(€?), so y = O(e?) follows from (X, X) = O(e?). O

Proof of (57). Note that it suffices to prove this bound in the region r >> 1. Consider the vector fields
{ E)f , Y4}, where Y4, is a (local) Euclidean orthonormal basis on the spheres r = const, u = const. Because
the metric g is asymptotically Minkowskian, (Y4, Yg) —845| < 1. On the other hand a quick application
of the asymptotic formulas (3) and Cramer’s rule shows that (90, 3%y = 0,(1) - 702 and (8;’, Ya)=o0,(1) 19.

r*°r
Thus, an application of the previous lemma shows that

¥ =L+o.(1) 18" +o,(1) 730,

where L is null, 3§ denotes derivatives tangent to u = const, » = const which are also orthogonal to L,
and 0 is arbitrary.

Next, let T = T[¢] denote the energy momentum tensor of ¢ with respect to the metric g. Because
t = const are uniformly spacelike when r > 1 we have

T(L,=VORILYPHVy P T VOISV 0y +18 0.y dswl,  1T@, —VnI<I0y .
A quick application of (3) and the middle bound above shows that uniformly for C > 0

w|T(#7, VDI S CHy P + Crg oy .
Combining the last three displays gives the pointwise estimate

291> ST @7, V1) +o.(1) - 1599 |.
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In addition to this we also have by the asymptotic flatness of g and standard properties of T
0y ST@]. —V) +o0,(1) - 9y,
Finally, let P(X, x, €2, ¢) denote the quantity defined in (30). Then
—P(X, x,Q,¢)=Q T[Q '¢I(X, —V1) — QX x V¢?, where V = Q0 (Q7),

and where X° denotes the time component of X in (¢, x)-coordinates. By (1) we have |X°| < X* + X"
Therefore estimate (57) follows from the last three displays above and estimate (56). O

We now return to the proof of the main result of this subsection. Because of the split form of the error
terms (49) and (51) there are essentially two cases.

Proof of Proposition 4.6 for 0 < a < 1. We use the formalism of Section 2, in particular Lemma 2.4. Let
X = Xg = x>rY, where x- is as in the statement of the proposition. We choose 2 = 7, and set the
auxiliary cutoff to x = 0. Using the divergence identity (29) we need to estimate each spacetime term
given by formulas (31) and (32), as well as the boundary term on the right-hand side of (29).

Step 1: (output of the A*P-contraction) We’ll do this calculation by switching over to polar Bondi
coordinates (u, r, x4), where locally we can choose x* to be two members of £/ = r~!x. From (34) and
(35), and expansion of Lxh, we may write A%f = X>Rd_%Agﬂ +d 1R, where

245" = 9L (Y)h'P + 85 (YPYnY — Y (h*P) — (0¥ + 90 Y )heP, (58)
and R = R+ x-gR1. Here 2Ry = X0 — x_ p M7, which according to formula (26) is
R =1 (g Y 4¢P Y — v %), (59)
and where xg = 7,0, x>r 1S a smooth bump function adapted to r &~ R. The second remainder term is
DRy =—Ly(d2g™" —h)— @Y“+ 8Py )d1g™" —h) —2r e 22 X g (60)
A little further computation shows the coefficients of the quadratic form Agﬁ from (58) are

A= A+t )T 0YY, A=A )by (61a)
2A8r — Aur + TX_BYr, AAB — r_25AB.,4, (61b)

while A(’)A = AgA = (. Here the terms A are given in (54). Recalling the definitions of the norms (10b)
and using the conditions (52) we have

T
/ / x=r(A“@EP) + A0 - T 00 (1ep) + AT (1,00 (1)) + AV @17) dx dt
0 JRO\K

T
-2 -1 qaBab b 5
<[ S AT DR ) Vet 0RO oy 6
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To estimate the remainder terms from (59), note that a straightforward calculation involving the
conditions (52) and (3) gives in rectangular Bondi coordinates

ij 2a—1 2a—1 j —1_2 —1_2aq_max{l,2a
RIS @2 220 Yr,  IRE) St e Xk, IREY) S o e 2 2y (63)

~ X

where xg is supported in %R < r < R. This yields the estimate

T
/ / 1072 R B (1) (1) v di
0
_1 _
SR 2||¢”S"(%R<r<R)[O,T]”(rzatl:(p’T)?ad)’t)? 1¢)”L2(%R<r<R)[O,T]' (64)

To estimate the remainder terms from (60) we split the range into 0 < a < % and % <a < 1. When
O<a< % the conditions (52) imply

Dol @y S e, Y 1@ ) Y S
i+J]<1 i+1J]<1
In addition we must assume af Y*#0and 8,’; Y" #£0, although we do have 85 (Y —x'Y") =0. Therefore by
simultaneously combining cases (II) and (III) of Lemma 4.3 and Remark 4.4, using |85 Y4+ 8f Y'| < rxz“_l
(again for0<a < %) and (40), and directly using (3) for the last term on the right-hand side of (60) we

have for0 <a < 1

2
llwg RNy < 00 Ilwg 'R lmax(1 2a5.0 < 00, llwg "Ry ll11 o < 00, (65a)
lwg 'rR Ao < 00, lllw, R, FPREP) o0 < 00, where wy = (r7* ' +737").  (65b)
On the other hand in the range % < a <1 the conditions (52) imply
Yool (v S, Y @l (@dd) Y S

i+|J]=1 i+J]=1

Therefore by separately applying cases (II) and (III) of Lemma 4.3 and Remark 4.4 to the vector fields

Y “85 and Y d? respectively, and this time using |8,’4J Y4 10277 < ri“_l, we again have (65). Finally,

after several rounds of Holder’s inequality and a straightforward check of definitions (2) and (10b), the
error bounds (65) yield the asymptotic estimate

T
/O /R3\IC X>R|Tx Rl aa(fx¢)aﬂ(fx¢)|dx dt N0R(1)||¢||5“(r>%R)[O,T]' (66)

As a last step we combine estimates (62), (64), and (66), while recalling that d A — A> RAgﬁ +
Ro + x>rR1. This gives us

T
/ / X>r(A“ @)+ AT 0Lp 110! (te) + A (171 9) (1290))* + AV @) dx dt
0 JR\K

T
5// T2 A 9y (1) dp (1) AV + E(a, R),  (67)
0 JRI\K

where the coefficients A4 are given by (54).
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Step 2: (estimating the C*-term) Using (56) we have C* € 7~ 22_%, while (52) give the pointwise
estimate |7, ' Xr(7:9)| S x=r73 (1, maxtl.2a) 5b | 4 |77192 (1,¢) ). Thus Holder’s inequality and (10b)
give

CXpt ' Xp(1.) dV,

Sor(Dlpl? :

Step 3: (output of the boundary terms) Using the bound from (57) we directly have
7 (VY 9(0), VYT () (T 2 )

=T
Sty 3¢(0)||Lz+0R(1) sup ||<I>(I)IIE,,(,> R) / PX, x.Q2,¢)VIgldx| . (69)
0<r<T 3 =0
Step 4: (output of the source term) Finally, another application of Holder’s inequality shows
Do Xk (2ed) d V| S 10l nero. 11110l se - 1m0, 71 (70)
R3\K
Adding together formulas (67)—(70) and using (29), (31), and (32) gives (53). Il

For the proof of Proposition 4.6 with a = 1 it will help to have the following lemma:

Lemma 4.10. Let ® be a bounded function supported on [0, T1, and let |||p2|||0,0 < 00. Then for R > 0
one has the estimate

1
IVt /T p- @l 2= p) Sor(D (N1 Xy <r<a) Pllepoeer2 T X1 <pcor Pllegoeoeper2+ 11T Dl p2). (1)

Proof of (71). We split the right-hand side into regions r < %t, %t <r <2t,and r > 2t, all restricted to
r > R (we will largely suppress this last condition in the following notation).
In the first region we use

”\/ Tx/f-i-p : ®I|L2(r<%t) 5 ”\/ Tx/T+P||[t2£%Loc(,<%t) ||q)||g;>0£'qoL2(,<%t)
followed by Young’s inequality, which gives ||«/rx/r+p||€[z€2Lw(r<1) S lpllercesr =or(1).
In the region lt <r <2t we use
IVT/Tsp- q>||L2(lt<r<21) |Ip”Z2£2L°°(1t<r<2[) ”(D”Z"CIZOCZOCLZ(%I<}’<2I)’
followed by [ Pll 2200 (1) <r <20 (r> 5y = OR(D)-
Finally, in the region r > 2t we use

1 1
IVte/t+p - Pllr2gsa) S Sl 2P||L2L00(r>2;)||7—'x2 CDHL?OL%,

l
followed by [|7x * Pl 2100152 S X <1, T P”eZLZLoo S Ipllezreesr) = or(D). u

Proof of Proposition 4.6 for a = 1. The demonstration is largely similar to the previous proof, with a
few key differences. We again choose 2 = t,, but this time set the auxiliary cutoff in Lemma 2.4 to be
X = X<%(r/t) which vanishes in r > %t with x =1 when r < %t.
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Step 1: (output of the A%P-contraction) We again have formulas (58)—(61).

An inspection of the remainder terms on the right-hand side of (61) using condition (52) shows that
2

stee(r>LR)0,T]
Next, the estimates (63) are again valid except this time we use Holder’s inequality to replace (64)

with

we also have estimate (62) with the last term on the right-hand side replaced by oz (1)||¢||

T
/ / |72 RG 0 (1) 05 (1, $) | dx dt
0 1
S Rl s100 (1 per < )07 1 (T-00 8. 7200, Dl 2L g s )0, (72)

To estimate the remainder term involving R’fﬁ note that (65) is still valid with a = 1. This allows us to
replace (66) in the case a = 1 with the slight improvement

T
/ /3 X>R|Tx72RTﬂaa(fx¢)aﬂ(fx¢)| dx dt
0 JRI\K
_1 _1
SIVT/tep o T (wde, 00, 7 "0 (1), T B sy (TP

where ||| p2|||0,0 < 00. Then an application of Lemma 4.10 produces

LHS (73) < ok (1) - (o?fé’r IO o 1y H IS (o1 py0,11)- (74)
Combining (72), (74), and the analog of (62), we have estimate (67) for the case a = 1.

Step 2: (estimating the BX-term) Inspection of (32) and estimate (56) shows the main thing is to compute

trace(A). By definition trace XRg = -2V, X %» so trace(A) =4rt_ 2x » — VaX%. Using the conditions

(52) and the support of x, we conclude |||rfr;lBX lllo.o < oc. Thus

r _1
fo /[m\zc BX¢2dvg' SIWE/mp ZT+(TJC_1¢)||iZ(r>%R)[0,T]’ (75)

where |||p2|||0,0 < 00. From this Lemma 4.10 produces

LHS (75) S 0r UGN - 1 gyj0.71 F 1810 (1 1 g0,

Step 3: (estimating the C*-term) Using (56) and the support property of x we have r_%C XeZ *%, while
(52) give the pointwise bound |rx_1XR(rx¢))| < X>Rr_2|r(r02|85¢| + |rx_18,b(rx¢)|). Thus

T _1 _1
/ / Cr ot Xp(tep) AV | S IV T /T4 p - T 214 (1009, 7y 27, 0] (22 h), rx_]¢)”i2(r>11e)[o )’
0 JrO\K 28,

where again p? € 2° so we conclude via Lemma 4.10.
Step 4: (output of the boundary terms) Here we simply note that (69) is also valid for a = 1.
Step 5: (output of the source term) This term is included directly in the definition of £(1, R, X). Il

Proof of Proposition 4.6 for a = 0. This follows the pattern of the previous two proofs. We set Q = 1,
and choose y = 0.
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Step 1: (output of the AP -contraction) We again have formulas (58)—(61). This time one replaces (63)
with |R0’S | < 77 'xr, in which case the right-hand side of (64) becomes

—z |(d¢, T ¢)||L2(1R<r<R)[0 T

The analog of (62) is also valid with the second term on the right-hand side replaced by
2

The main difference is that this time the conditions (55) give |8£’X " an "< r_l Together with
the condition af;Y " =0 and an application of Lemma 4.3, this means we need to replace (65) with

ij
xRy lll-1,0 < 00, ||Itx73'f’|||_1 0 <00, TR < oo

This is enough to show the analog of (66) with right-hand side replaced by og(1) ||¢||2E0 (= LR)0.TT

Step 2: (estimating the C*-term) Using (56) gives CX € 1, —2z- 2 while (55) gives |t~ lXR(wcx<z>)| <

Xr>r| (00, r_1¢)| Thus (68) is valid with right-hand side replaced by 0R(1)”¢”LE°(r LR)0.71
Step 4: (output of the boundary terms) Here we note that (69) is also valid for a = 0.

Step 5: (output of the source term) This term is included directly in the definition of £(0, R, X). U

4C. Abstract bounds for commutators. We now turn to some further consequences of Lemma 4.3.
Lemma 4.11 (abstract bounds for commutators). Let R and S be a contravariant 2-tensor and vector

eld respectively. From them define the operator Q = Vo R*P Vg + S*V,. Then the following results hold:
B

(I) Suppose that R and S satisfy (40) and (46) respectively. Then if X is any vector field which satisfies
41) and (42) witha =b =c¢ =0, one has [ X, Q] = Vo,ﬁaﬂ Vg + gaVa, where R and S satisfy (40) and
(46) respectively as well.
() Alternatively suppose X € Ly = {85 , 8lb —o 85 } with the same conditions on R and S as above. Then
the previous result holds with bound (43) for R and bound (47) for Switha=c=—1andb=1.
(IIT) For any Q as defined above with R and S satisfying (40) and (46) we have the pointwise bound
1061 <Sq 172 Y 1(wewod) (1)) ¢l where g € 272 (76)
I=<l+|J]|=2
Alternatively, suppose R and S satisfy (43) and (47) witha =c=—1and b = 1. Then
1
1901 Sq 7" Y (rg |90 gl + 1920/ gl),  whereq e 271, (77)
[11<1
and where T" € Lo = {0}, 07 — ' 0}).

(IV) Finally, let R satisfy any combination of conditions (43), (44), and (45), and let S satisfy (47). Let
w be a smooth weight function with

[(r-85) (2,02) w| <y 8l 2 (78)
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Then with Q as defined above we have wQ = Vaﬁa’s Vs + SV, where R satisfies the appropriate
combination of conditions (43), (44), and (45), and S” satisfies (47), in each case with coefficients a + d/,
b+b,andc+

Proof. We’ll show each part separately.

Part 1: (the commutator property for X satisfying (41) and (42)) By formula (27) and parts (I) and (IV)
of Lemma 4.3, it suffices to show that R*#V,, (V, X7) satisfies (46). We’ll do this in a bit more generality
here for use in the sequel.

Let w be any weight function which satisfies (78), and let R be any contravariant 2-tensor which
satisfies the weaker conditions (44) and (45), and the remaining conditions in (43). Then we claim (47)
holds for S% = R**V,(w) with weights a +a’, b+ b’, ¢ + ¢’. To see this note

St =RUbw + R (w),  S*=R"™sbw + R (w),

so the desired estimates follow easily by multiplying together bounds (78) and the appropriate combination
of (43), (44), and (45).

To show part (I) of the lemma note that if X is as stated, then (39) shows w = V,, X7 satisfies (78)
with @’ = b’ = ¢/ = 0. The desired result now follows from the discussion of the previous paragraph.

Part 2: (the commutator property for X € Ly) This follows at once from part (V) of Lemma 4.3 and the
main calculation of Part 1 above. Note that if X € L then w = V, X7 satisfies (78) witha' = ¢’ = —1
and b’ = 1.

Part 3: (the pointwise estimates (76) and (77)) The bound for the S potion of Q¢ follows at once from (47).
For the R-contraction we write in Bondi coordinates

Vo R Vs =R 9. (In /18D + (SR*P)dfp + RP 3,05 = S*95u + R*P9.05¢.

We only need to show that S satisfies (47) with a = b = ¢ =0 in the case of estimate (76), and a =c = —1,
b =1 in the case of estimate (76); then study R% 83 8/13?(1).

For the first term of S we use the fact that w = In \/|g] satisfies (78) with a’ = b’ = ¢/ = 0, which
follows from (39). Then by the main calculation of Part 1 above we have (47) for R 85 (In/Ig).

For the expression 8573"”3 the appropriate version of (47) follows at once from (43).

For the final term note that if R satisfies (43) then one has the pointwise estimate

5 1
IR 8L059| < q - 02l te (15 1(80) 2] + 10l 0292 6] + 73 1(82)°@l).  where g € Z72.
This is bounded by the right-hand side of (76) when a = b = ¢ = 0, and the right-hand side of (77) when
a=c=—landb=1.

Part 4: (proof of the algebra property (IV)) It is immediate that bound (47) for S is stable under multipli-
cation by w satisfying (78) with the appropriate change of weights. For the quadratic term of Q we write
wV,RYP Vg =Vqu wR*P Vg — R Vo (w)Vg. For the first term we use bounds (43) which are also stable
under multiplication by w. For the second term we use the main calculation of Part 1 above. O



56 JESUS OLIVER AND JACOB STERBENZ

Parts (I) and (II) of the last lemma imply the following:

Corollary 4.12 (estimates for multicommutators). Let g be a metric which satisfies (3), and as usual set
Lo = {82, 8” — '8t} and L = {S, Q:;} U Ly. Then the following hold:

u’ i
(D If I is any multiindex then for products of vector fields in L one has the identity
(O T/ 1= (VR Vg + S VT +wp T Oy, (79)
el

where the sum is taken over the collection of all multiindices I’ strictly contained in I; in particular
each I’ satisfies |I'| < |I| — 1. Here Ry and Sy satisfy (40) and (46) respectively, while there exist
constants w(,), € R such that

wyp — w(,), e 20, (80)

(I) If the product in the previous part is restricted to vector fields in Lo, then one has identity (79) with
estimates (43) and (47) for Ry and Sp with a = ¢ = —1 and b = 1. In addition (80) in this case is
replaced by wy € rx_l -
(IT1) Let T'! be a product of vector fields in | and I a product of vector fields in L. Then one has the
identity
MO T1= Y (VeRY Ve + 88 Vel T +wp T/ Dy), (81)
I'C1, J'CJ

where Ry j, Sy yr, and wy  j satisfy respectively (40), (46), and (80).
Proof. We’ll show the different parts separately.

Part 1: (proof of (79) for L and Ly) Here we will focus only on the case of products of vector fields in L,
as the case of Ly is completely analogous. Using the algebra property of Part (IV) of Lemma 4.11 and an
induction, it suffices to show

(O T'1= D [VaR Vg + S8V +wpO M, where I = Id. (82)
el
We shall prove this last bound itself by induction on the length |7| of the product I'’.

Case 1: (|[I| = 1) When I'! consists of a single vector field in L, formula (82) follows from a combination
of formulas (36) and (37), followed by estimates (39), (40), and part (I) of Lemma 4.3.

Case 2: (]I] > 2) Assume formula (82) holds for all multiindices || < k and choose some |/| = k, and
write [/ =TT for some |I| = 1. By the Leibniz rule we have [Lg, r1= (L, rhojrh +F’°[Dg, rh.
By the same calculations as in the previous step we have

[0, PPNt = VRV + wO, TN,
where R, w are of the desired form. On the other hand by induction we have

MO0, T =Y (VaR Vg + 85 Ve + w0 DT + 3 [M0, (VRS Vg + 85 Vo + wp O IT
I'cl I'cl
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By formula (27) and Part (I) of Lemma 4.11 the commutator [T/, (V, R Vﬁ + S/ V)] again yields
an operator of the form Qp = V,R ,fg Vg + S ,,V Using (39), the same calculations of the previous
step, and part (IV) of Lemma 4.11, we see the commutator [Th, w re] yields another such operator.
Combining all this yields (82).

Part 2: (proof of (81)) Applying IV to formula (79) and then computing [F (Vg R Vﬁ + 87 Va)]
through a repeated use of part (II) of Lemma 4.11 yields the desired result. O
4D. Klainerman—Sideris inequalities. We now prove an analog of the Klainerman—Sideris identity [1996].

Lemma 4.13 (Klainerman—Sideris-type identity). One has the pointwise estimates

Y I@nd) @) 91 S Y (mwd) (1)) T gl + tlwl T, (83)
I=l+|J|=2 I+]J]=1
I11=1
Y@ @) ol S Y 1@ @) T+ Y wlnl(-a) (1) Tedl, (84)
I=<l+|J|=k I+|J|=1 1+]J|<k—2
[T<k—1

where in the second bound the implicit constant depends on k > 2. Here all " € L.
Proof of estimates (83) and (84). Both estimates follow from essentially the same computation.

Step 1: (a preliminary reduction) First, note that in either case it suffices to restrict to r > R > 1, as
estimates (83) and (84) with some implicit constant C = C(R, k) are automatic in r < R by choosing all
'elopU{S}.
Next, let [J,, be the Minkowski wave operator in Bondi coordinates which satisfies
O, = =289, + (") —2r 182 +2r 719" 4172 Z(Qij)z,
i<j
1 _ -

O, =d?0, — )R 95+ 0 (™300, + 0(r—)3],
where d = |g| is the metric determinant in Bondi coordinates, and R = d: g —h, where h is given in (4)
and R satisfies (40). Thanks to (76) one has

2270|0p¢l S TitolTgl +or(D) - > [(1rmod)) (1:d0) ¢l inr > R.
1<i+]J]|<2
Therefore it suffices to replace [1, by [, in (83), and also in (84) when proving it for k = 2.
Step 2: (proof of (83) and (84) for k = 2 and U replaced by L)) Start with the two identities
r2et0lS = rfutS9lol + e s (D) + ity
érzurJrlD,, =—r ur+18b8h+ 1,2 ut, (8 ) —rur+18h+rur+18h+ ur+1 Z(QU) .

l<]

Adding the two operators on the left-hand sides above and applying to ¢ yields
@GS D [(mwd)) (zd) T ¢+ i ol Dy
I+|J1=1, [1|<1
Note that by Remark 1.4 we can assume u +2r ~ v, inr > R.



58 JESUS OLIVER AND JACOB STERBENZ

Next, the vector fields S and 85 alone give the pair of inequalities

(1 00))° | + (1 100)) (T )P] SI(TdD’pl+ Y [(memod)) (190 T g,
I+1J|=1, 11|=1

(-9l + (- 0)) (w NPl S 1@ ’pl+ Y () (ma)) T ).
I+|J|=1, [I|<1

Finally, note that all other combinations of derivatives on the left-hand side of (83) (respectively (84)
when k = 2) are automatically controlled by the first sums on right-hand side of (83) (respectively (84)
when k& = 2) thanks to the rotation vector fields.

Step 3: (estimate (84) when k > 2) It suffices to show (84) assuming it’s true for k — 1. Applying (84)
with k — 1 to X¢, where X € {7_ 85 , Ty 8;’ }, and then feeding the results back into (84) with k =2 applied
to '’ ¢ where I" € L and |I| < k — 2, we need to show the commutator estimates

doox'rlxMgl s Y 1x'gl,

['],11"=1 1<|I|<k—1
[1]<k—

> tinllD. Mgl S D 1XTel,

|T|<k—2 1<|I|<k—1

Y X0, X0l S DY XM gL,
[1|<k—3 1<|I|1<k—1
|[1'|=1

where each X/, X, and X!" is a product of members of {r_3?, 7,8”}. The validity of these last three
bounds is easily checked by using (79) and (76) to evaluate [[g, I'!1¢, and by referring to the following
lemma. O

Lemma 4.14 (products of “standard” vector fields). Let X! and Y’ be products of vector fields whose
Bondi coordinate coefficients satisfy

(-0 (@d) X Sy oo @8 (@) X1 S1o T
with the convention a product of length zero is a scalar satisfying bounds of the form (78) witha=b=c =0.
Then the following hold:
(I) The vector field [ X', Y7 is a sum of products of similar vector fields each with word length |I|+|J|—1.
(I) For any nonzero multiindex I we have
XIS Do 1o (md) el.
L=<+ |JI=|1]
(M) If X! is any product of such vector fields then
tfroXIrxfzto_l —-x'= Z Y’
[J=1]-1

for some other collection of products of similar vector fields Y.
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(V) One has t2vo0, = Y, <2 X I for some collection of such vector fields X'.

Proof. The proof of the first three parts boils down to more or less elementary calculations. The last part
follows from a direct calculation involving the conditions (3) and (39) is also left to the reader. O

4E. A pointwise bound for multicommutators. To conclude this section, we record a combined conse-
quence of Lemma 4.11, Corollary 4.12, and Lemma 4.13. This will be our main tool for controlling
commutators in the sequel.

Lemma 4.15 (pointwise bound for commutators). For pair of multiindices 1, J with |1| > 1 one has

IO, T191 S > ( > q-r;1|<roaf)l<af>’<Ff’r’/+’”¢|+|“r’f’r”mg¢|>, where g € 272,
I'cl Cl+K|=1
PR IS (85)

where T (etc.) denotes a product of vector fields in L = (S, Q; iz 85 , al.b —w 85 }, and r/ (etc.) denotes a
b ab iab
07 — ', }.

u’ i

Proof. Using (81) followed by (76) and then (83) we have

product of vector fields in Lo = {0

LHS (85 SRHS(85)+ > [O,(FY'T9)).
I'Cl U

Thus, modulo induction on |/| we have reduced matters to estimating the commutator |[[, I/ g
Applying part (IT) of Corollary 4.12, again followed by (76) and then (83), and inducting on |/| we have

[0, T/ U ¢)| SRHS(85) + Y [T, T )],

J//g]/
so the proof concludes with an additional round of induction, this time with respect to |J|. O
5. Proof of the weighted L? estimates for k = 0

Theorem 5.1 (generalized local energy decay estimates). Assume estimates (7a) and (7b) for s = 0; then

the following are true:

(I) For R sufficiently large there exists Cr > 0 and vector fields X; such that one has the uniform bound

T 7
ff Oed- X;0dVe| ,  (86)
0 JRI\K

with q; = q;(u) obeying the uniform bounds |(r_85)kqj| <t 1. In addition

¢ llwLeero. 1 S sup ||8¢([)||L§ =+ CR||¢||WLE91, 0,77 Sup
OSIST class I

b

u°’

where X; = x-rq;0
=k = x=1(R™"-) is a radial bump function with xo-g =1lonr > Rand xog=0o0nr < %Rfor some R
sufficiently large so that KL C {r < %R}
(Il) For each O < a < 1 there exists an R, sufficiently large so that
sup ¢ (D)llga + P llsajo,71 Sa 75 0@ OV 22 + ||Ti_l¢||H1'(r<R,,>[o,T] + 1UgPlInapo.ry, - (87)
0<t<T

where the implicit constant depends continuously on a € (0, 1).
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() For R sufficiently large there exists Cr > 0 and vector fields X; such that one has uniformly
sup [l + 1Bl s100p0,77 S NTx0P (0)ll 2 + CR||¢||£}H11(r<R)[o,T]

0<t<T T |
2
ff Og¢p- 7' Xj(Tep)d V|, (88)
0 JR3\K

+ 10Nl gm0, 77 + sup
j

where X; = x~r,q; Ko, with Ko given by the formula Ko = (1 + u2)8fj +2(u + r)raf, where q; = q;(u)
has the uniform bounds |(t— Bg)kq,-l <k 1, and where x- g is the same as in (86) above.

5A. Splitting into interior and exterior estimates. To control the solution in the interior we use:
Proposition 5.2 (weighted LE bounds in time-like regions). Let Ro > 1 be as in Definition 1.7. Then for

anya > 0and 1 < p < oo one has the uniform bound

Sup 173 (8. T DDl 2 <ty HITL@S, T D i< yjo,7)
<t<T

1
—3 -1 -1
St ? (¢, T ¢)”Z,pL2(r<%t)[O,T] +II§ ¢||£{'H11 (r<R[0,7] T ”TiTOngb”K{’WLE*’O[O,T]' (89)
Here the £' sum is taken over a collection of dyadic regions (t) ~ 2/ > 1.

In the exterior we use multipliers to show that:

Proposition 5.3 (weighted exterior LE bounds). One has the following estimates uniformly for R suffi-
ciently large that K C {r < %R}:

(I) The following null energy bounds hold.:

_ 1
1626, 7 ®) Itk 0.7 S R 1D lwies, 0.7+ VEO, R), (90)
where £(0, R) = sup; £(0, R, X;) is given by formula (50) with X; as in Theorem 5.1.
(I) For fixed 0 < a < 1 there holds
O?ZJET ||qs(t)”E“ (r>max {R,%t}) B
+||¢”Sa(r>max{R,%t})[O,T] + ”T;T—‘r : (a¢’ Tx_l¢)||L2(R<r<%[)[0’T] Sa Vv S(av R)! (91)

where E(a, R) is given by formula (49).
(IIT) Corresponding to a = 1 there holds the estimate

1
-3 -1
sup ”¢(I)”El(r>max{R,%t}) + ||¢||Sl=°°(r>max{R,%t})[O,T] +lltery ? (09, 71 ¢)”£§’°L2(R<r<%t)[0,T]

0<t<T

S swp RY 122 0. 7 OO 12 (1o + VEW R)L (92)
where E(1, R) = sup; E(1, R, X;) is given in terms of formula (51) with X; as in Theorem 5.1.
Proof that Propositions 5.2 and 5.3 imply Theorem 5.1. We do this separately for each estimate.
Case 1: (a =0) Here we need to show (86) follows directly from (90) and the assumed bounds (7). From in-
spection of /£(0, R) and taking R sufficiently large, we only need to bound [|(3°¢, 7' @) [INLE(Ry <r < R)[0.T]
in terms of Cg times ||¢ly g0 (o 77- This follows by taking Cg ~ R2.

class
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Case 2: (0 < a < 1) Adding together a suitable linear combination of estimates (89) with p =2 and (91),
and using the inclusions EfLE CLE and LE* C EIZLE* (from Minkowski’s inequality), we have uniformly

sup [[¢ ()l e« + [l sato, 7

0<t<T 1
-3 -
Sa sup @Ol ear<r) + 1Pllsar<ry0,2r) + It T4 2 (09, T4 ¢)||L2(,<min{R,%,})[o,T]

0<t<2R
== 1
+ ||l ¢||Hl](r<R )[O,T] |||:|g¢||Na[0’[] v 5(61, R),

Next, uniformly for 7o > 2R > 1 there hold the pair of bounds

_1 _ 1
1782, 06, 77 O 2 eming 210,71 S MBSl se <0, 151 + (R T)2 1 1 se175, 71,
and

E(a, R) S 1790172 + (0 (D) +(R/To)") - ( sup 1)l ze +1115ej0,77)

0<t<T
3
30 a1
+ llpliseto.r1- (1D llser<ryi0.701 + R2NTE Dl o <yo, 77 + 1Bl vago, 1)

In addition for 7Ty > 2R there is the simple bound

-1
sup (@Dl ear<r) + RPNl ser<ryto. 701 SR TS Al g1 (< Ry 0,70
0<t<2R

Therefore combining the last four inequalities with R = R, > Ry sufficiently large depending on a, and
for some Ty = T, > R, which depends on both the size of R, and a, we have estimate (87).

Case 3: (a = 1) Here we apply (89) with a = 1 and p = oo, and add to this a suitable linear combination
of (92). Note that an application of the weighted trace estimate (188c) followed by (184) with a =1 gives

Lo 5 _ 3
Osup R2|72(3¢, T, 1¢)(t)||L%(%R<r<R) S lltcde (0)] 2 + R ”¢”€}H11(r<R)[O,T]'
<t<T :

The rest of the proof follows a similar pattern to Case 2 above. g
5B. Proof of the interior estimate. Before moving on to the proof of the exterior estimates, which are
more involved, we first demonstrate Proposition 5.2.

Proof of estimate (89). Without loss of generality we work with the time interval [1, T']. We apply estimate
(8) t0 2% %o (27 1) x <1 (r/t)¢ for k > 0, where xo(s) is a smooth bump function adapted to 1 <s <2, and
X <1(s) is a smooth function =1 for s < % and =0 for s > %. Using the Hardy estimate (184) this yields

sup (740, T @) (Ol 221y +ITLOS, T D) g 1yoe 2oy

2k§t§2k+l
b —1 -1 -1
S It80, 0, T O a1 (r<roy2t-1 202 H ITE (09, T, PUIWLE0(r <3) (251 2542
+”T—T-TOng)||WLE*‘0[2k_I,2k+2]'

For a fixed value of k, dyadic summation in » gives the uniform estimate

1
—1 -1 a—j3 -1 -1
||Ti (00, T, ®) ||WLE*-°(r<%)[2k*1,2k+2] S ||T+ 2(a¢a Ty ®) ”L2(r<%)[2k*1,2k+2]+”-[i ¢”H2(r<R0)[2k*1,2k+2]-
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By splitting into regions » < yt and r > yt we have the following uniform estimate for 0 < y < %:

1
a—3 —1
||T+ 2(3¢,TX ¢)||L2(r<%)[2k—1’2k+2]

L _a -1 —a—1.a -3 -1
,S v? ||‘L'+(8¢, Ty ¢)||LE(r<%)[2k_',2k+2] +vy ”fx T+ : (09, Ty ¢)”L2(r<%)[2k—',2k+2]‘

On the one hand with the help of the scaling vector field we have

b
T4 @0, T ) i1 < royp2t-1.2002 S MITET ¢||H (r< Ro)[2~1 ,2k+2]

Thus (89) follows by summing the last four displays in £/ and taking y < 1

g

SC. Proof of the exterior estimates. At the level of multipliers there are essentially four cases here:

a=0,0<a<i 1

s 5 <a <1,and a = 1. Collectively these are stated in the following lemma.

Lemma 5.4 (core multiplier bounds). One has the following collection of estimates uniformly for R large

enough that KK C {r < %R}:
(D) Corresponding to the case a = 0 one has
2 —1 ab

lT_ SE(Q0, R).

(Tx(b) ||gooL2(r>R)[0 T] ~

(I) In the range 0 < a < % one has

sup (1% (290, T @)D 72w gy
0<t<T

1
a=3 b 2 a=% _20b 412
aall (P72 = rypo. 77 T 17+ ' 3 Pl72~ ry0.77

1 1 1
—32_a—1qb 2 4=3_34b 112 -1
+lr 2o (TPl 25 pyj0,77 T 17+ ZT()28u¢||€;°L2(r>R)[O,TJ Sa &, R).

Here we have set u = u + 2r.

(IIT) When % <a < 1 one has

sup |74 (2 9. 7 07 () (D172, gy
0<t<T 1
a=3 b 2 a=3 _2ab 12
+||tx 28 (rx¢)||L2(r>R)[O,T]+”‘E+ 2r08’4¢”L2(r>R)[0,T]

1

1
—1 b 2 —2 b2 —1
+ ||T 2 a 8r (T)C¢)||ZSCL2(,A>R)[O,T] + ||T+ 2Tfau¢”[z°L2(r>R)[O,T] 5 (1 - a) g(a’ R)'

Here again we have set u = u + 2r.

(IV) Finally, corresponding to the case a = 1 we have

Sup s (203, 7 ' () (D172 m ) + 17- T r 1700 (e e 2 ooy S ECLL R).
<t<T u )

We’ll prove each of these estimates separately. In each case we invoke Proposition 4.6.

Proof of estimate (93). Fix a j € N and define the multiplier

YU = yej@), YT =0,

(93)

(94)

(95)

(96)
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where 5 x;(s) = _2—ij (s), with x;(s) ~ 1 when (s) ~ 2/ and vanishing away from this region. It
can also be arranged that x_;(s) =0 for s 2 2/ by addition of a suitable constant. It is immediate these
coefficients satisfy (55), so we may use case (III) of Proposition 4.6. A short calculation then shows

AMZAIHZO, Ar:A:2_J_1XJ(u)

for the coefficients in (54). Repeatedly applying estimate (53) for different j € N, then taking sup; of the
result concludes the proof. O

Proof of estimate (94). First freeze j, k € N and define the multiplier
yu :a(2(2a—1)k_[7x<k(kt)+T3_ar(4)l-)’ Y" =Cr2“(1+X<j(M)), u=u+2r, T = 14+u,

where x ., x<; is as above and C > 0 will be chosen shortly. It is easy to check that these coefficients
satisfy the conditions on (52) (in » > R). Computing the formulas from (54) and choosing C > 1 we
have the following uniform estimates for 0 < a < % in the region r > 1:

A2 a(t roxe@) + 1), AT Z e i w) +ati
|A | &V ALAT, Az e

Repeatedly applying estimate (53) for different j, k € N and on time intervals [0, ] € [0, T'] and then
taking sup; ; , concludes the proof. O

Proof of estimate (95). In this case we set
Y= =)@ xa@ + i), ¥ =Cr(1+ xe )+ CA -yl

These satisfy the conditions in (52), and the formulas from (54) yield when C > 1 the following estimates
uniformly in % <a<l:

A2 A=) ) + 137 ), A 2t ) + (1 —a)
|AY | < VAR AT, A> (1 —a)r? !
These suffice to give (95) through an application of (53). O
Proof of estimate (96). For this estimate we use the multiplier
Y= (14 x<j@)e2, Y =1+ x<j)2+rr.
This satisfies the conditions in (52) with a = 1. The formulas from (54) yield
A =0, A" Z 7'y,
AT =0, A=>0.
This suffices to give (96) through an application of case (II) of Proposition 4.6. U

It remains to close the gap between Proposition 5.3 and Lemma 5.4.
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Proof of (90). Applying the Hardy estimate (187) with a = % to the function 272 xj ()@, followed by
the Hardy estimate (184) with a = O for the term on the right-hand side of (187) at t = 0, one has

-1
T Pllexr2e=rypo,r S 7=

D=

- i 1
Iz T @D e p.r) RIS Iwie, 0.1+ 196 Oz, O7)

_1 _1
where the extra factor of R2 results from replacing 7_ * with 7, * in the spacetime region %R <r <R.
Combining this with estimate (93) and using the definition (50) we have (90). O

Proof of (91). Estimate (187) of Appendix C and the definition of £(a, R) from (49) imply

_3 _3
I S D 2oy + 1T D72 o) Sa 170 207 @2 gy, +E @, R
Adding this to (94) and (95) we have (91). O

Proof of (92). Adding estimate (186) to (96) gives

1
-2 -1 —1qb
OiltlgT ”¢(t)||E'(r>max{R,%t}) + ||TxT+ (09, T, ¢)||Z;’°L2(R<r<%t)[0,T] + ||T+Tx ar (Tx¢)||NLE(r>R)[O,T]

S sup R2 (2206, 7' O) Ol 21 gy + VEW B

0<t<T

On the other hand a straightforward integration of fixed-time norms in the region r > %t also gives
@1l poc g1 1 S sup o)l g iy
€S (r>max{R,$1})[0,T] Omret E'(r>max(R, 1))
Combining the previous two equations with the definition of §':* finishes the proof. O

6. Estimates for commutators

In this section we complete the proofs of estimates (14), (15), and (16).

6A. Splitting into interior and exterior estimates. In the interior we use:

Proposition 6.1 (general interior estimates for commutators). Fix a multiindex |I| =k > 1 and let T'!
denote a product in L = {S, Q;;, 85, 81.[’ —o 85}. Then for R sufficiently large and any R’ > R one has the

following estimates:
I
110, T 1@ lwLe s (-<r)0,71 SR 181l 043¢ < Ry10. 77> (98)

I -1
0. M@l nar<ryi0.11 Skp 1T Dl (r<rryo.ry + 1@1se 0,71+ 1He @l vgro.71 99)

+

I
I8, TNl et (r<pyf0.7) SRR NP1l g 1

k+1

r=<rri0,71 F 1l g1 o0 7y + 10 bllgeenpio - (100)
The bound (99) is uniformin 0 <a < 1.

For the exterior we use:
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Proposition 6.2 (general exterior bounds for commutators). Fix multiindices |I| =k > 1 and |J| =5 >0,
and let T'! denote a product of vector fields in L = {S, Q; iz 85 , 81-}’ — o 85 }, while T denotes a product of
vector fields in Lo = {d°, 3" — ' d"}. Let Ry be as in the definition of the norms (6). Then for R > 2Ry > 0
sufficiently large one has the following:

u’ i

(I) Corresponding to a =0 one has

I
I, T ]¢”(WLE**‘+L,1H)§)(r>R)[0,TJ

,S ogr(1)- ||¢||WLEi(r>R)[O,T] + ||Dg¢||(WLE,’:f]+L} H ,_)r>R)[0,T] (101)

In addition let X = X>Rq85, where q = q(u) has the uniform bounds |(t_85)lq| <; 1, where y-p is
supported inr > %R with the usual derivative bounds. Then one has the integral estimate

T
f / (O, T/ 16 XT 6 dV, | S or () (10 Wngepo. 1+ sup 106O1,)
0 JRM\K 0<t<T

+( sup_ 106 @)1 Hld Ilweesio.r1) 106 bl et oo - (102)

0<t<T

() For 0 < a < 1 one has uniformly the collection of estimates
0. T 1@ llveer>ryi0.11 S 0k (D) - @l se0.71 + 10l ve 0.7)- (103)
(IIl) Finally, corresponding to the case a = 1 we have
10 T10 e n 1 myto.1 S 0R(D - 1051010 79 + 1T @leny 0,71 (104)

In addition let X = x-rq Ko, where Ko = (1 +u2)85+2(u +r)r8f, and where q and - g are as previously
stated. Then one has

T
f/ (Op, ¢ - 7' X (T ) dV,
0 JRA\K

S or (D) (1815geego py + 590 19OIE) + 100511077 1560l i oy (105)

<t<T
We will also need the following initial data bound.

Lemma 6.3 (initial data bound). Assume that the level sets t = const are uniformly spacelike. Then one
has the uniform estimate for 0 < a < 1

20 O)llm, S > D I (@d) 8] 96 Ol + 12 Cedll 14 10,17 (106)
[I<k|J|<s
Before giving the proofs of these individual components we use them to establish Theorem 1.16.
Proof of estimate (14). We need to treat separately the cases k =0 and k > 0.
Case 1: (k = 0) In light of assumption (7a) and the data bound (106) we need to show
Z ||(ab)J¢||WLE0[0,T] ,S ||8¢(0)||HkY + “Dg¢”(WLE*’S-i-L}Hg)[O,T]'

[J]<s
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It suffices to show this bound for (3”)” ¢ replaced by r/ ¢, where the product is taken over vector fields
inly= {85 , 81.}’ — ' 85 }. Applying estimate (86) to T/ ¢, then using assumption (7a) and (102), we find

that for |J| <s

160 DIy oj0, 7y < CRUBD O gy + 10 @Iy e 11 oo, + R - 1S 1RyLps 10,77

Summing this in |J| < s and taking R sufficiently large finishes the proof.

Case 2: (k > 0) This is a straightforward application of estimate (14) with k = 0 applied to I'/ ¢, where
I'! denotes a product in L = {§, €;;, 85 , 81.1’ — 85 }. Using estimates (98) and (101) for sufficiently large

R to control the commutator, followed by the data bound (106), completes the proof. Note that the value
R becomes the definition of By (s, k) on (14). O

Proof of estimate (15). This follows by combining estimate (87) with (99), (103), and (106), and then
using an induction on k. Note that the value R becomes the definition of B, (s, k) in (15). O

Proof of estimate (16). This follows from estimates (88), (100), (104), (105), and (106) in a similar pattern
as the previous proof. U

6B. Proof of the initial data bound and the interior estimates.

Proof of (106). By Remark 1.4 we can assume u =t — t, when ¢ € [0, 1]. Therefore without loss of
generality we may replace I'/ with products of vector fields in Lvinkowski = {£0; +79,, X' 3; — x79;, 34}
Notice that for products in Lysinkowski W€ have the following equivalence at ¢ = 0:

Izep®@Olm ~ Y 78 () 3 ()l (107)
[1]+j<k

for a similarity constant that depends only on k. In addition to this, from the uniform spacelike condition
of t = 0 we have the identity

3?2 =" '@, - P, x; D)), (108)

where P(t, x; D) is second-order with uniformly (rd)’ homogeneous coefficients, is at most first-order
in d;, and contains no zero-order term.

First we repeatedly use the < direction of (107) for ¢ (0), followed by the substitution (108) for terms
containing more than one copy of ;. We then use the 2> direction of (107) for any terms which are
produced which contain [J,¢ (0). From this sequence of steps we have the bound

T80 O)lla:, S D 18 (red) 8 (0) g + 78 O ) " (0) | 1.
[1|<k

After a local L'(dr) trace estimate, the second term on the right-hand side above matches the right-hand
side of (106).

For the first term on the right-hand side on the previous inequality we again use identity (108) to
successively get rid of all additional 0;-derivatives from the H; norm, followed by another application of
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the 2 direction of (107) for terms produced containing [,¢ (0). This gives
D T e Olay S DY It (rdn)’ 9] 9¢ Ol 2 + 178 (D)) ® (O] -1
<k <k |J|<s

The proof now concludes with a final local L'(dt) trace estimate the second term on the right-hand side
above. g

We now move on to the proof of Proposition 6.1. Note that estimate (98) follows more or less
immediately from (79). Therefore we focus attention on the last two estimates.

Proof of estimates (99) and (100). We will only focus here in showing (99). The proof of (100) follows
from identical calculations by replacing all L? norms with £>°L? norms.
Step 1: (inductive setup) It suffices to show that for multiindex |/| = k and R sufficiently large, for R’ > R
we have
IT410g, T i1 < o071 SeR NTE OE N 1< ryiory + 1740Vl 2 < ryt0.1
+ 175 O Nl <rppio.r1 + 175 O Nl 2 <riygo, - (109)
This boils down to an induction. Indeed, for fixed nontrivial / and integer s > 1 it suffices to show that
under the same assumptions one has
17410, T s <ryi0.71 Srop 1T 0N 1 < ryjo. 7y + 1220V L2 < riyjo. 77
F 12 @D MV s <y + 1TE OVl <y

+ ) 1740 T 1 s <m0, 71- (110)
el
By repeatedly applying this last estimate for |/| +s = k + 1, where s = 1,..., k, and a sequence

R < R{ < R, | < R we have (109).

s

Step 2: (elliptic estimate in %Ro < r < R) To prove (110) start with (79), which implies that

i r
I3[0, T s r<p)10.77 S E ITET bl s < R)10,77- (IT1)
rcl

Without loss of generality we may assume Ry is chosen large enough that in the region r > %RO the
operator P(x, D) = U, — Qo(x, D) is uniformly elliptic, where Q¢ contains all terms with a g% -factor.
Standard elliptic estimates then give

I I I
TS0 @l s (3 Ry <r <1077 SRR NTEP G, DIT llas r<rryto.71 + 1TETT Bl L2 <ryj0,7-

On the other hand due to the fact that any term in Qg(x, D) contains at least one time derivative, and
using the metric conditions (3), we have for I’ C I

I —1 1
174 Qo(x, DYT @l s r<rio. 1) S 178 0 1 < ryjo. 71
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Thus, combining the last two inequalities we have

apl’
Z I T @l e (1 Ry <r <m)10.7)

I'Cl

1 (s -1
SRR TS O i ropo. 1 HITE TP L2 <Ry j0. 7

HIT @) "l s rernt D N0 T 1l s r<rrpor). (112)
el
Step 3: (LE estimate inr < %Ro) It remains to bound the portion of the right-hand side of (111) which is
contained in r < %Ro. Note that we only need to focus on the region ¢ > 1 as the right-hand side of (111)
restricted to the time slab [0, 1] is automatically bounded by [[7$ "¢+ || 41 . _rrj0.77-

We begin by applying the stationary LE bound (7b) at regularity s +1 to x;~1x, _ 1%, 74 I’ ¢, where
Xr<iRy = lonr < %Ro and Xr<lRy = 0 on r > Ry, and with similar properties for ;.. This results in
the estimate

Z [ Ol s <L Ro)1.7] Ser T+ L+ T3+ T1a,

rcl
where
r r r
T = Z 177 @1l frs+2(- < Ry10,215 = Z 13, TiT" @, TLTY @)l rs1 %12 <Ro)[0.7]5
rel I'cl
r r
Ts=) W0 o1, 00 Bllsipory, To= Y IEOT Gl <rppo.ry-
el I'cl

The term 77 results from differentiation of x;~;. The terms 7 and 7; are already compatible with the
right-hand side of (110). It is also easy to see that

—1 1 -1
T S1eE oV i ropio.r1 + 175 ™Vl 2 < Royio,71-

It remains to bound 73. Expanding the commutator gives

—1 4 (1 1+ r
T3 S e ¢V g < rpyio.r + Z TS @l g4 (1 Ry<r <ro)I0.T1°
rcl

The first term above is of the correct form. The second term is handled by estimate (112). O

6C. Proof of the exterior estimates. We first list some general calculations which take care of a large
portion of the desired estimates.

Lemma 6.4. For integers s, k > 0 define
_1 _1 1
O = 37 1 (10987 9%, 307 90, 1 @) ). P =1 Ty [ 9 (™).
[J|=<s

We also use the shorthand ®©% = ®®), With this notation we have

1
k 2 .k
190D N2 mypo. 1y + 17 * @° )||(3°€,‘?°L2(%f<r<21)ﬂ(r>R)[O,T]’S IPllLE; -~ R0.71, (113)

k k
1L @l gzo 210,71 + 17£ PO e 211 <r 2o 7y S N0l s210.714 (114)
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||T+(D( ||Z°°E°°L2[O T] + ||T+¢ )llﬁmL2(1t<r<21)[0 T] ~ ||¢||S] [0, T]° (115)
12, @ Nierzior S sup @1z (116)
0<t<T

In addition if T is a product of vector fields in L = {S, Q;;, 87, 3" —w 8b} and T/ a product of vector

ij» Ous O
fields in Ly = {32,9" —w 8h }, where |I| =k and |J| = s, then we have the pointwise estimates

u’ i
_1 1
T/ [0, T¢I S g1 21 200+ > 107 @) * "1, where g € 2°. (117)
[J]1<s
Proof of Lemma 6.4. The proof of (113)—(116) is a straightforward application of the definition of the
various spaces involved. On the other hand (117) is immediate from (85). O

Note that a direct combination of (117) with either (113), (114), or (115) shows (101), (103), or (104)
respectively. Thus, the remainder of the subsection is devoted to showing the integral estimates (102)
and (105). In both cases the key step is to integrate by parts the bilinear operator resulting from the
commutator with [J,. The relevant result here is:

Lemma 6.5. Let R be sufficiently large so that I C {|x| < %R}, and let x= g be a cutoff supported
inr > %R, constant for r > R, with the usual derivative bounds. Then one has the following integral
estimates:

(D) Let g = q(u) be a smooth function such that |(t_85)lq| <; 1. Furthermore let |J| = s > 1 and
|J'| <s—1and let T and TV denote products of vector fields in Lo = {85, Blb o' 85}. Then if R obeys
the conditions (43) witha = c = —1 and b = 1 one has

x>k Va RV ¢ qot T p dV,

SR (1915 yjo.ry TS9P 190 OI7). (118)

R3 0<t<T

(II) Alternatively, suppose that g = q(u) satisfies |(t— 85 Vgl <it_. Let ! and T'! " be products of vector
fields in L= {S, Qi;, 8", 3" — ' 8"} for multiindices |I| =k > 1 and |I'| <k — 1. Then if R obeys the

lj s Yus Yg
conditions (40) one has

x>rVa RV ¢ . qST 9 dV,

Sor(): (185 + S0P IROIG). (119

R3 0<t<T

(II) Finally, with the same setup of estimate (119) let S obey the conditions (46). Then one has

X>rS%9 ¢ -qST $pdV,
3

Sor(): (1915 1y + S0P 1RO (120)

0<t<T

R

Proof of estimate (118). For functions F and G, a vector field X, and quadratic operator V,R% Vg, we
have the pointwise identity

VoR¥PVEF - XG = Vo [R¥VgF - XG — X“RPY 94 F - 3, G)
+ (VX )YRPO,F - 05G + R 0, F - 05G + R, X F - 04G,
=V IV + L+ T3+ T, (121)
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where Rx = LxR. Setting F =T7'¢, G =T7¢, and X = ¢} in the above formula we estimate the
integral of each term separately.

Case 1: (the T)-term) Using the divergence theorem gives

T T
// x>k Vo T dV, // xrTi dVg
0 JR3 0 JR3

where |x| < 1 and is supported where %R < r < R. Based on the fact that all components of X are

; (122)

< supf |Vat| - |T? | dx + R
0=<t<T J|x|>1R

uniformly bounded, and all components of R are og (1) (in either Bondi or (¢, x)-coordinates), we directly
have the pointwise estimate

Vat| - 1T Ssup [T Sor(l) Y 1007 ¢,
o
17| <s

which in turn produces a bound for the right-hand side of (122) in terms of

or() - (191 e (1 gy 0.1 + sup 196 (1) 1745)-

Case 2: (the T,-term) Notice that estimate (39) gives |V, X7 | < 1 for X = qallj . On the other hand for R
satisfying conditions (43) with a = c = —1 and b = 1 we have the pointwise estimate

IR0, T 90T gl Sp- > 7711997 9> + 1519207 ¢|®),  where p € 2°. (123)

|J"|<s

T
// X>RT2dVg
0 JR3

Case 3: (the Tz-term) This is similar to the previous step. Notice that X = qafj obeys the symbol bounds
(41) with a = b = 0 and ¢ = —1, and satisfies all conditions in (42). Therefore, thanks to case (I) of
Lemma 4.3 we have that Rx satisfies the bounds in (43) with a = ¢ = —1 and b = 1. This is enough to
show (123) holds for R replaced by Ry.

This suffices to give

2
Sogr(l)- ||¢||LEs(,>%R)[O,T]'

Case 4: (the T4-term) Modulo another bound similar to (123) it suffices to show
|(32q)R*PET 90T p| < RHS (123).
This follows from direct inspection of various terms involved. g

Proof of estimate (119). We again use the identity (121) and estimate each term separately. As a
preliminary note that with the assumptions of (119) and notation of Lemma 6.4 one has the pointwise
estimate

T |R%8,TT - 95T 9| < p-tor | P2, where p € 2°. (124)

A similar bound holds if we replace I'/'¢ by ST''¢.
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Likewise, when X = ¢S with ¢ = g(u) and bounds |(r—3?)/q| <; 7_ we have condition (41) with
a=>b=0and c =1, and also the conditions in (42) save for the second identity. Therefore by (III) of
Lemma 4.3 the tensor Ry = Lx R satisfies (in Bondi coordinates)

Rier,-2° Rier, -2, RYer, 2%
In particular we have the pointwise estimate
IR 05T ¢ 05T 9| < p- 1ty [P, where p € 2°. (125)

Case 1: (the T;-term) Here we again use (122). For the first term on the right-hand side of (122) estimate
(116) shows it suffices to prove

sup | 7| S or(1) - T T3 [@ P2, (126)
o
For the first term in TI“ we use

sup T_ R8T ¢ - ST 9| S or(1) 7,72 |0P 2,
o

which follows from |R*#| < 1 and expanding S into 85 - and Bf -derivatives. For the second term in T}
we have (126) thanks to (124) and | X%| < ty1_.

For the second term on the right-hand side of (122) the pointwise bound (126) is not sufficient to
recover the £7° structure needed on the right-hand side of (119). However, similar calculations to those
above show T| =T}, + T},, where

R™RT! = xpS%0.T ¢ qST e,  R7VxpTh| Sor() - xr(N)Tt, | @02,

Here x is a cutoff on a dyadic region ~ R, and S% = R~ xg(r)R’® is a smooth vector field satisfying
the assumptions of estimate (120) (which will be proved independently). Therefore we only need bound
the second term in the display above. Using (116) in the region t < R, and (115) in the region t > R, we
have

T
- it < : 2 2
R /O/RS|XRT12|dxdtN0R(1) (10 ey + 500 IOO1E,)

<t<T

Case 2: (the Tp-term) For the remaining three terms in (121) we will set things up so as to appeal to
Lemma 4.10. For i =2, 3, 4 we will show

T
| erlTaV S IWeTesp w0 gy gy where 7 < 2° (127)
0 JR?

which by a combination of estimate (71) and estimates (115) and (116) produces
T
] < . 2 2
fO/R oI Ve S 0D (1015mig )+ 582 19OI).
For the specific case of the 7>-term note that (39) shows |V, X7 | < 7_. Then (124) immediately gives (127).
Case 3: (the Tz-term) In this case (127) follows at once from (125).
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Case 4: (the Ty-term) Modulo an application of (124) with I'’ /¢> replaced by ST/ /¢, to produce (127) for
this case it suffices to prove the pointwise estimate

|(0u)RPST ¢ 85T ¢ < p- 174 |@P2, where p € 2°,
which follows from expanding S to get
IRUST" ¢ 957" 9| < p- 71 (r710¢P 1> + 1929 © %), where p e 2°.
This completes the proof of (119). g
Proof of (120). For functions F' and G, and vector fields S and X, we have the pointwise identity
S0, F - XG = V(X SPOsF - G) — (Vo X)SPOpF -G —SEopF -G —SPogXF - G. (128)

Here Sy = LxS =[X, §]. We again need to estimate each term separately.
As a general first step note if S satisfies (46), |I’'| <k —1, and |I| < k then

1_18%9, T ¢ -T'¢| < p 1ot |®®)%,  where p € 2°. (129)

A similar bound holds if we replace I'''¢ by ST .
Likewise, when X = ¢S, where ¢ = ¢ (u) with bounds |(7_ af)lql <; 7, we have from part (IV) of
Lemma 4.3 the estimates
S;.(GT;IT_F'Z%, 8§€T;1T+'Z%.
This gives the pointwise estimate
15%3, 7" - T1 | < p- 17, |OP )2, where p € 2°. (130)

Finally,
10.)S*ST ¢ - T 9| < p -7t | @D, where p € 2°, (131)

which follows from (3,q)S® € 127, - 22 and 127, |ST! ¢ - T1¢p| < 7721, |¢p® 2. With (128)~(131) in
hand, the remainder of the proof of (120) is essentially identical to the proof of (119) above. O

Proof of estimate (102). Using part (II) of Corollary 4.12 we may write

T T
// xorT1dV, +f/ sor|Tol dx di
0 JR3 0 JR3

+(sup 0@l + 1DlILe > mio.11) - 10Dl wres 1) msy o= my10.715
0<t<T

LHS (102) <

where
Ti=Y VoRYVI'¢-qolT0, T= 850,17 ¢-qolT .
) ST
and where R and Sy satisfy estimates (43) and (47) respectively witha =c = —1 and b = 1. We are
assuming the weight ¢ = ¢ (u) satisfies |(t— 85 Y'q| <; 1. The term Tj is therefore handled by estimate



A VECTOR FIELD METHOD FOR RADIATING BLACK HOLE SPACETIMES 73

(118). On the other hand the conditions on Sy and inspection give the pointwise bound

BI<p- > (1097 ¢ + 151020 9P, where p € Z°.

|J"|<s

This suffices to produce fonR3 x=rIT2| Sog(l)- ||¢||iEs O

(r>R)[0,T)’
Proof of estimate (105). Note that the definition of X and the notation of Lemma 6.4 give the pointwise
bound

1 1
It X (@) S wétitg - (0% + ).

Next, we take the decomposition rx_lX‘L'x =uS+ X', where X' = q(af; + (u+ 2r)rtx_18,btx + ur2tx_2).
This leads to the following improvement of the previous inequality

3 1
X' (T p) S ity - (0% + d®),

Therefore combining (79), (117), the previous two inequalities, and (115) gives

T
// X>RTidvg
0 JR3

/ k k)N 12
+lvVt/t4+p- T—F(q)( ) + q)( ))||L2[0,T](r>R) + ||¢||Sl\!v°°[0’7‘] : “Dg¢”Nkl;11[0’T]»

LHS (102) < Z
i=1,2

where p2 € 2% where
Ti=Y VoRYVsT'¢-GST! 9, T=> St T"¢-GsT'9, (132)
el el

and where ¢ = uq (1) satisfies the assumptions of Lemma 6.5. The proof of (105) is concluded by an
application of estimate (119) to handle the contribution of 77, estimate (120) to handle the contribution
of T,, and Lemma 4.10 followed by (115) and (116), which together show

I/t p - (@ + D)1 Ta0g 112 gy S ORMD) - (11310 7+ sUP_ ISOIT,1)- O
’ k ’ 0 k

<t<T
7. L estimates

The purpose of this section is to prove Theorem 1.18. In fact we will prove the slightly stronger bound:

Proposition 7.1 (fixed-time global Sobolev inequality). Let R) > 1 be large enough so that K C {r < Ry}.
Then there exists R > R\ sufficiently large such that given any k > 1 one has the following fixed-time
estimate uniform int > Q:

3 1 . 3
D Iriw a) @D ¢ Ole SIT2 6P Ollnze<r) + 16O 51

i+|J|<k 31 .
+ >0 Iriri 9D (1) O Ol r20<nnrz- (133)
i+|J|<k

In the estimate above the implicit constant depends on R.



74 JESUS OLIVER AND JACOB STERBENZ

We first give a quick demonstration of how Proposition 7.1 produces Theorem 1.18.
Proof that (133) implies (17). By an application of 7 < 1 and (188a) (when T > 1), and using the identity

T_ Bb S + g for some smooth ¢ with [37¢| < z,, we have uniformly for 0 <t < T the bound

1226® Olizo-r Sk sup o @llg;,, + 115200, 7

0<t<T

Likewise, by an appropriate combination of (188a)—(188c) we have

3 1 .
sup > lti e to(r-90) () Dep (Dllg 126 <on

0=t=T; 1)<k ,
SR @D Ted Oz + Y 1@ (@) Ogpllyipory. O
|JI1<k i+|J|<k+1

7A. Reduction of Proposition 7.1. The proof of (133) will rest on previous material and the following
three lemmas. In each of these 7 is a fixed parameter and ¢ = ¢ () only depends on x. We also assume
R > 0 is chosen as in Proposition 7.1.

Lemma 7.2 (basic L estimates). Let ¢ be a test function supported in r < 4( ). Then one has

1
I(redcd, d )l S N7 @70, 77 0™, 7720 ™M) [lgoo 2 (134)

On the other hand, without any support conditions imposed on ¢ we have

It llis < D 00 (r D) ¢l 2. (135)

I+]J1<2

Lemma 7.3 (global elliptic estimate). Let ¢ be a function supported inr < 3 ( ). Then for R sufficiently
large one has the fixed-time estimate

1 1 1
122 07, 7y ' 0c. T2 lezer2 Sl 2 <y HIT2 Q05 b, 7 90, 71 9 112+ 122 Dgpllrz2. (136)
where the implicit constant depends on R.

Lemma 7.4 (fixed-time commutator estimate). Let ¢ be a function which is supported in the region
r< %(t), and let T denote a product of vector fields in L = {S, Q;;, 8” 3’ —w ab} with |[I| =k > 1.

lj s Yuo Y
Then for R as in Lemma 7.3 one has the fixed-time estimate

1 3 i -
122 [0, T 22 S 1OE Vlli2grry + (072N 51 + 178 O d) gy 12, (137)
where the implicit constant again depends on R.
We postpone the proofs of these in order to first establish Proposition 7.1.

Proof of (133). We estimate the timelike and null/spacelike regions separately.
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Step 1: (proof of (133) inr > 1(t)) Applying estimate (135) to Xy 1y (- 30) (,0%)7 ¢ followed by (84)
we have

3 1
Yo Ini g ) @A) Gl S D @30 (1d) bz,

1+|J|<k 1+|J|<k+2
byl b\J
Slelg, + D it no(r_ 0% (20" Oyl 2.
I+|J1<k

Step 2: (reduction of (133) inr < 5 (t) to truncated functions) To prove (133) in the region r < é(t) we

claim it suffices to show the fixed-time estimate
ol (@dd) vl e
[+J <k s 1
S Olizar +O W g  + Y el (3 (@) O llgz, (138)
I+|J <k

for functions supported in the region r < 3 ( ). Indeed, applying (138) to ¢ = X<l »¢ and multiplying
the result by (¢ )2 we have shown (133) in r < 2( ) after using || x,_1 ;¢||E1 < ”¢”Ekl+1 as well as

Yo e w @A) @A) (Ot lgz S D 1@ @dd) ll.2,

I+1J1<k I+4|J|<k+1
Slelg+ Y leir to(r-00) (1,00 Dl 12
I+1J|<k—1
On the last line we have again used (84).
Step 3: (reduction of (138) to the case k = 1) Using (84) we have
LHS(138) S > -3 (@d)/ v Pl + D It2 -0 (0D Ol ee.
I+1J1<1 I+|J|<k=2

3

On the other hand for functions v supported in r < 3(z) estimate (135) gives

3 2 @ Ol S Y el (-0 () vl .
[+J|<k=2 I+1J1<k
Therefore, with the help of (137) we have reduced (138) to showing
_3 3
=) (@) Ve SN Plmeary + O 2 W lp + 1By Pllgz (139)
X 2 r=x
+]J1<1
for functions ¥ supported in r < %(t).

Step 4: (proof of (139)) As a first step we have for ¢ supported in r < i(t)

D@D @) Ylie S ey, v )l

141711

which follows from Remark 1.4 and by writing S = (u —ru,)d? +rd, and 8° = 8; — u; 3.
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Next, concatenating (134) and (136) we have
1

1 1
I@edr, ¥ iz STV DNz <ry+ 0~ e @ualy®, o udf v D, 9y D)l gz +1122 O Pl 2.

Here we have used that |(t)~'u| ~ 1 on the support of v, as well as |[d, u]] < 1.
Ifinally, we use the expansion uafj =S +4qd, where |87¢| < txl Monr < %(t), as well as the estimate

7, % x (83) for terms involving 8%, which altogether gives
1 1
72 @uoly ™.t udly D, 9y D) lure S 07Nl gy + (017 O V2. (140)
This completes the proof of (139), and hence our demonstration of (133). O

7B. Proof of the supporting lemmas. We now prove Lemmas 7.2, 7.3, and 7.4.

Proof of estimate (134). First note that a rescaled version of the usual H> — L Sobolev estimates gives

1
Tea2y -1 -2
@l S T (0,9, T 9x, Ty “P)llgor2s

which applied to ¢1 proves half of (134).
It remains to prove (134) for 7,0, ¢, and this is really only an issue where r > 1. In this case the result
follows from Remark 1.4 and applying the following global Sobolev estimate to d,¢ for R > 1:

1 _ . .
1001 (1rar<2r) S D RN, RGN 2 (15, cgr)y:  Where Q € (x'9; —x73,).
I/]=1
Note that this bound is scale-invariant so it suffices to prove it for R = 1. After using a set of angular
cutoffs and a local chart on S2, it becomes the mixed Sobolev embedding

Il S D 1970) 12w, (141)
[I1<1,|J]=1

where the coordinates are written as x = (x!, x2, x3) = (x!, x’) € R* = R x R?. Estimate (141) follows
in the usual way by combining the Fourier inversion formula, the Cauchy—Schwarz inequality, and
Plancherel’s theorem, and using the fact that the multiplier (£)~'(£')~! is in L?(R?). O

Proof of estimate (135). It suffices to consider the region %(t) <r< %(t) and r > 1, as the complementary

bound follows by rescaling the H> — L> Sobolev embedding. Using dyadic cutoffs we may further
assume ¢ is supported where 7_ & 2% and 7, &~ 2/, and by using angular sector cutoffs in the x-variable

T
4

Next, we introduce the following variables on ¢ = const, r >> 1, and the 7 wedge about the x!-axis:

we may further restrict this support to a = wedge about the x'-axis.

y1 = 2_ku, y2 = 2_jx2, y3 =273,

Changing variables we have the formulas on ¢ = const

1 . , .
8y1=2"(35+—8fl>, 8y=2f(8f/—”—"3fl), 2427 dy = |uyi| dx,
Uyl Uyl
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where the derivatives u,: are also with respect to r = const, and y’ = (y2, y?). In particular by condition (1)
there exist coefficients ¢, which are uniformly bounded where 7_ ~ 2, 7, ~ 2/, and within the 7 wedge
about the x!-axis, such that Ayi =D ¢ ¢l eq, where e, € {T_9?, 7,87}.

By the change of measures formula in the previous display we have

l .
25N e Bllaay & Y 1(Tmod)) (1)) Bl 2

171<2 a+|BI<2

To finish the proof it suffices to establish H> — L Sobolev estimates in the y-coordinates in terms of
the e, vector fields. Since the coefficients ¢!, are possibly very rough with respect to the y-variable we do
this by concatenating H' Sobolev embeddings in the following way:

1 1 1
Iplow@y S D 185D lroan S Y Ne'bllrowy S D D 18] e dlla@y S D le'dll2ay)-

<1 =1 [J|=1|I1=1 712
This completes the proof of (135). (|
Proof of estimate (136). Following Remark 1.4 we see that the metric in (¢, x’)-coordinates satisfies
108" (22907 (8°% =)l g1 oo <30y St 1.
where n = diag(—1, 1, 1, 1) is the standard Minkowski metric. This gives the pointwise estimate
1AG] S q - 1376, 77 0xp)| +109,¢1 + 7' 19,01 + 71190 + [Tl where g € €, L%,

and where A is the standard 3-dimensional Laplacian. Therefore, by choosing R sufficiently large we see
that to prove (136) it suffices to show

1 1
172 (03¢, 77 ' 0c. T2 12 S Nl 2 <)) + 172 ABllgr 12 (142)

where A is the standard 3-dimensional Laplacian and R; > 1 is chosen so that I C {r < R;}.
Next, using the endpoint Hardy estimate (185) and truncating ¢ smoothly so it is supported away
from K, we can reduce (142) to the following global estimate on R>:

1 1 1
-5 -1 292 A—1 2
lze 20AT Fllgrzmy + 11t 0° AT Fllg 2@y S It Flle 2w

This last inequality follows by taking the decomposition T ATVF =37 5 xj0 AT i F, where ; is a
partition of unity adapted to dyadic regions r ~ 2%, 2/ > 1, and using Young’s inequality to sum over

_1 1 . . 1
e 230 A Xk Fll ey + 172 07 A7 s Fll 2y S 2725272 ™08 122 i F | 2 oy
for j, k > 0. This final estimate follows from standard L? fractional/singular integral bounds. O

Finally we prove the commutator estimate:

Proof of estimate (137). Using (79) inr < %(t), we have for ¢ supported in that region

1 1 1
172 [0 T2 S N2 (020%™ 170" ) g2 + 172 @) Pl 2.
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It remains to estimate the first term on right-hand side above. First, note that by the same reasoning used
to establish (140) we have

1 _ _ _ _ _3 i _
le2 @300 * D, 770k, 799"l S (7218l g + 17200 “ V2

for functions ¢ supported in » < 2(¢). In addition we have by applying (136) to ¢*~1 and then using the
previous bound to handle the resulting middle term on the right-hand side of (136) the bound

i _ _ _ _ _3 i _

1?0360, r 180 N2 S 1Y Vlm2grery + (02191 gy + 1770 Vll 2
Combining the last three inequalities and using (1) to handle [85, d] we see that estimate (137) follows
via induction on k. O

8. Estimates for nonlinear problems

This section is devoted to the proof of Theorem 1.22.

8A. Proof of the N, — Sy mapping property. This section is devoted to the first half of Theorem 1.22.

Proof of (22). We treat each component of the norm separately.

Case 1: (L*°H®- and WLE-components) These are handled via an induction on the index j. For j =0
use (14). For j > 1 we again use (14) and estimate the middle term on the right-hand side via

ol HIED < yi0.7) Sle ||WLE;_37+13<1<—/'+1>[07T].

Case 2: (S %-components) This term is handled by (15) with a = %
of (15) is bounded by the output of the previous step at level j = k 4 4 as follows:

The middle term on right-hand side

1
-2
Iz ¢”Hk]+4(r<31/2)[0,T] S ||¢||WLE;+4[0,T]-

Case 3: (§"°°- and E'-components) This follows from (16). The middle term on right-hand side of (16)
is bounded by the output of the previous step as follows:

1Pler 2 <1t S NN 512 0.7
Note also that expanding vector fields via the basis 3” shows

byi b
1Fllyior S D 1@ @)’ Fllyuio -
i+|J|<k+2

Case 4: (L°°-components) The bound for this term follows at once from (17). O

8B. Proof of the null form estimate. Here we prove the estimate (23). This may be broken up into a
number of pieces according the constituent parts of (20) and (21).
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Proposition 8.1 (constituent null form estimates). Let N' = NP (t, x, $)0,0dp¢ denote a quadratic form
satisfying the conditions of Definition 1.20. Then there exist locally bounded functions Cy, depending on
the cy from (19), such that for k > 18 one has

k+4
§ 2
”N”(WLE#’]3+3(1(_',.)+L,]H134+3(k_'/))[0 T] 5 Ck(”|¢|”Sk[0,T])|||¢”|Sk[0,T]’ (143)
J x,J ’
j=0

INVlyr2j0.71 S CrUligllsio D 91 .71 (144)

3 1@ @ Ny, S Cell@lso.rp el seio.r1 (N ls,io.r1HIDe bl vgo. 7). (145)
i+|J|<k+2

Y Nti @) N O 2 S Cellldllsio.rp il 0.1l sio.r1+ Dbl wgo.r1). (146)
|J1<k

Remark 8.2. In the sequel we will prove Proposition 8.1 assuming N = N*# (¢, x)3,¢d5¢. In the more
general case when VV*? depends on ¢ as well, repeated application of the Leibniz rule leads to higher-order
products of the form [/, d* 3 3p™). Such cubic and higher-order expressions are much easier
to handle via the uniform norms employed in this paper (e.g., they do not require a null structure), and
treating them explicitly only serves to clutter notation.

We will prove (143)—(146) with the help of the following lemma:

Lemma 8.3 (Leibniz rules). One has:

(I) Let N be a quadratic satisfying the conditions of Definition 1.20 but not depending on ¢, and use the no-
tation N (¢, V) = NP (t, x)04¢0p . Then ifXI denotes a product in {85, Bib—a)i 85, S, Qij, LBS, Ty 8};},
we have the identity

X'N@. )= Y Npo(xX'g. X"y, (147)

I'+1'cl
where each Ny j» satisfies the conditions of Definition 1.20 as well.

(Il) Let f, g be smooth functions compactly supported in both time and in the exterior region {r > Ry},
where Ry is given in Definition 1.7. Let w, be a weight satisfying |3’ w,| <, 7y. Then one has the
balanced product estimates

1 _1 1

lwo fgllwress S 1T T2 fllererzoo T gllegoege s + 1Tx * flleo s | Txgllgr oo (148)
_1 1

lwa f8llwiess SNTetq fllerroellTe *gllesens + llTx * fllesers 1 Tx 75 8 ller oo (149)

In addition there are also hold the unbalanced versions

1l 1
lwo fgllwLess S T T20° fllgrerpoo IT— > gllezeece s (150)

1
lwa f8llwLess S ITxtg 0’ fllgiroollTe *gllex s, (151)

where we are using the shorthand |0° f| = Z\Jlsv 197 1.
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Proof of (147). By induction it suffices to prove this identity for a single vector field X. Using the notation
Nx (@, ) =XN(p. ¥)—N (X, ¥)—N (b, Xv), we have Ny =X (NP)—ab (X NP —3b (XP)N Y.,
The first bound in (19) for Ny follows at once from this identity and the assumption of (19) for N. To
prove the second bound in (19) for Ny, it suffices to study the contractions 8]13 (X*")N™ and B}Ij (XN,
For y = u the bound is again immediate from assuming (19). On the other hand for y =i we need
|(z—85) (z,82)7 32 (X")| <.y 7o for each X € {3%, 97 — '8, S, Q;j, 782, 7,8%}. This follows from
inspection. g
Proof of estimates (148)—(149). First let both f, g be not only (spacetime) compactly supported in the

exterior region R*\ R x /C, but also supported in dyadic regions 7, ~ 2/ and 7_ ~ 2X. Then one has the
Moser estimate

Ifghas S Ne=liglas + 1 f s liglee.

Multiplying this through by the appropriate combination of 2/ and 2 and then summing in £!(¢2), we
have both (148) and (149). [

Proof of estimates (150)—(151). This follows from distributing the derivatives and Holder’s inequality. [

Proof of estimate (143). Let x¢ be a smooth cutoff which is =1 on the cylinder C=[1, T —1] x {r > Ro+1}
and which vanishes for » < Ry and ¢ € [0, 3] U [T — 3, T]. Our plan is to show

> 2

k4
2= XNl rasasigg 7y S MBI g0, (152)
Jj=0 '

k+4

2
D IxeN lhygsesan SNl (153)
j=0

These bounds are further broken down into a number of cases.

Case 1: (L! H; j bounds inr < Ro+ 1) Expanding all derivatives into the product and discarding NP it
suffices to prove for j <k + 4 that

19990”0211 12 ro 0.1 S MBS0, When jitja=j, |41 <1343k j). (154)
There are now two subcases:

Case la: (evenly split derivatives) If both |I| + j; < 10+ 3k —2j and |I'| + j, < 10+ 3k — 2, then
each factor can absorb at least two more derivatives and still go in L?(r < Ry + 1)[0, T']. Thus, after an
L2 — L% Sobolev embedding on one factor we may use a product of

1 j I j
1870 120 < ro 10,71 S M llso.71, 197909 Ml 12 <rps 110,71 S Nl sit0.77-

Case 1b: (uneven split) The alternative to the previous case is that one factor, say the first, is such that
|I|+ ji = 11+ 3k —2j. But this forces |I'| + j» < 2. In particular for k > 3 we may use a product of

S
1970 oo 12 <Ryt S M lllsero. 71,

3
o s L
19" 9 | 1 oo < rys1y S 17307 80 oo <ror1y S Nbllsero,77-

This completes the proof of (154).
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Case 2: (L,1 H)f’j bounds in [0, 1]JU[T —1, T]) In this case we show the analog of (154) where the integral
is restricted to ([0, 1JU[T — 1, T]) x (R3 \ K). This follows by taking a product of two L;’OH)‘E’J. bounds
after an L2 — L% embedding for the factor with the least number of derivatives.

Case 3: (WLE®* bounds in C) Using (147) it suffices to show for j <k+4ando,B=u,1,2,3

17N 9509 [y pranen S @l 0.7y, Where ji+ jo = J, (155)

where x¢ is also supported in the exterior region (0, T') x {r > Ry}. This estimate is further broken down
based on the values of ji, j» and «, .

Case 3a: (max{jj, jo} < k — 1) In this case we plan to use (148) and (149) to cleanly distribute the
8! -derivatives. To facilitate this freeze the values of ji, j, and define

fa =70, gp=xcpp. (156)

From (5) and the definition of S; from (20) and we have

1ol 1 _1
Il7e 72 fullerer oo + 1Tx o full gt oo + 1 Ta filler oo + 1722 fillezoeso s + 1 * falleens SN llseo. 71, (157)
where s = 13 4 3(k — j), with an identical set of estimates for the components of g.

Case 3a.1: (uu-components) Using (19) it suffices to show

2
w1 fugullwrgs13+36-5 S ”|¢|||Sk[0,TJv (158)

where |37 w;| < 1. This follows from (149) with @ = 1 and (157).

Case 3a.2: (ui- and iu-components) Here we need the analog of (158) with w; replaced by weight wg
with [87wg| < 1. This follows from (148) and (157).

Case 3a.3: (i j-components) In this case the analog of (158) follows from (149) with a =0 and (157).

Case 3b: (max{j;, jo} > k) In this case from the constraint j; + j, = j < k 4+ 4 we must have both
min{j;, jo} <4 and 134 3(k — j) < 13. Without loss of generality assume min{j;, j>} = ji;. Then with
the notation from (156) and setting s = 13 4+ 3(k — j), we have if kK > 18 the bounds

1

11 , _1
72 720" fullerer oo + 1T 700° fallerpoe + 170° fill oo + 17— 2 Gilleceese s + 1Tx > gallee s S Nl syp0,71-
In particular (155) for this case follows from the bound above, (150), and (151). Il

The proof of (144) and (145) largely boils down to (147) and the following lemma:

Lemma 8.4. Let N be any quadratic form which satisfies (19), and define N (¢, ) = NP 0 POp Y.
Suppose X' is a product of vector fields in {3” 81.[’ — wiaf, S, Qij, 1_85, IXHf}. Thenif |I| <k —1 we

u’

have the pointwise bound on [0, T ]

1 _3 .
G N X 6, I S llsior - o't 2ty Y 1)) @D v (159)

i+]J]=1
A similar bound holds with the roles of ¢ and | reversed.
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Proof. Expanding the A/ using condition (19) we have
1 3 1 1
G N X6, W S5 13, X 1 10, + 75 19X o1 - 197¥ ] + 75 187X ¢l - 9.
On the other hand inspection of the L°°-term from the S; norm defined in (20) shows for |I| <k — 1

3 1 _3
7 18X 91+ 151X o1 S 7' T 7 Il sigo. -
Taking the product of the last two inequalities yields (159). O

Proof of estimate (144). Using (147) to distribute derivatives, and splitting into interior and exterior
bounds, it suffices to show that when j; + jo =k +3

i i 2

1T NG 1o @9, YD) gt 11 < rpy10.77 S M NIS, 0.7 (160)
T ;

NG 52 @Y7, YD) 2= royio.r) S NI, 0.7- (161)

Note that (160) is stronger than what we need here, and for this bound we can even assume all vector
b s, Q s T 85, Ty a}g }. We will use this greater generality in a

fields are in the collection { 85 , a}’ — ' a,,

moment.
Case 1: (interior estimate) From the conditions k > 18 and j; + jo» = k+ 3 we have min{jj, jo} <k —2.

Then (160) follows by taking the product of

1T+l ot oo < rpyi0.71 S M llsiorrs 16% g <rpro.ry S llsero.r-
Case 2: (exterior estimate) Using only min{j;, jo} < k — 1 estimate (161) follows from (159) and
_1 . _1 1
D Mt 2@ @) ¢ T e 20,71 S N 12 (10004, 920 | 200,71 Sl spr0.73- O
i+]J]=1
Proof of estimate (145). Combining (147), (159), and the Klainerman—Sideris identity (84) we have

It (o) N

i+|J|<k+2

3. -3 -3 NN 3 byig abyJ
§|||¢|||Sk[0,T]'< ottt tl@dd) @D e P+ DT g 1(1-9)) (1d)) Dg¢|). (162)

i+|J|=1 i+|J|<k+2

The proof of (145) then follows by splitting into interior and exterior estimates as in the proof of (144)
above. Note that (160) already handles the interior contribution. For the exterior contribution we use

1
byi rab\J 4 (k+2 ) b 4 (k+2 b 4 (k+2
> 1@ @D ¢ P N0 S 1Te 2T (1000 ), 02 ) | geo 200,71 S Nbllspro.r- O
i+|J|=1

Proof of (146). This follows by applying (162) at t = 0 with index restriction i + |J| < k. Il
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Appendix A: Coordinates

In this appendix we discuss some basic consequences of Definition 1.1, as well as some simple conditions
which guarantee the assumptions of Definition 1.1 hold.

Bounds between (t, x)- and (u, x)-coordinates.

Lemma A.1. Let u(t, x) be a function satisfying condition (1) of Definition 1.1. Then for any smooth
function q and integer N > 0 one has the following equivalence of symbol-type bounds:

D) () gl Svg 1 = Y @30 (11000 gl Sng 1. (163)
i+|JI=N i+|J|<N

In addition the change of frame bounds (5) also hold.

Proof. Thanks to the change of variables formula
=9, =9 ——a, (164)

the implication “9;, d, bounds” = “85 , 81.” bounds” follows easily from (assuming i + |J| < N)

u>c, (T8 (tet0dx)” (ur, ui)) Sy 1,

where the inequality above itself holds thanks to part (I) of Definition 1.1. Applying this to g = du we
have

[(7—82) (12 7092) (g, ui)| Sy 1.

Finally, using this last inequality and formula (164) the implication “85 , 81.” bounds” = “9;, d, bounds”
becomes clear.
As a last step notice that (5) follows from the formulas (164) and estimate (163) applied to ¢ = du. [

Lemma A.2. Let u(t, x) be a function satisfying part (1) of Definition 1.1; then r;l (u+t,.—1t)e E}LOO.

Proof. We have tjl(u +1,—1) = r;l fo(l‘x) ou+t,—1t)-ds—+ O(tJ:l), where ds denotes the line
integral along a straight ray from the origin to (¢, x). Bounding the integral in absolute value gives

sup 77w+ =0 277+ > 28 sup [9(u + 7, — 1))

ra2 k< Fack
The assumption d(u + 7, — ) € £!L> and Young’s convolution inequality finishes the proof. 0

Lemma A.3. Let u(t, x) be a function satisfying condition (1) of Definition 1.1, and suppose that g is a
metric satisfying condition (I1). Then g is weakly asymptotically flat in (t, x)-coordinates in the sense that

1(t-8,)' (2 700x)” (g =M [l < 00 forall (i, J) € N x N*, (165)

where n = diag(—1, 1, 1, 1) is the Minkowski metric.
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Proof. By Lemma A.1 is suffices to prove the bound
I(r=37) (t+7092)” (g = )P 110 < 00 forall (i, J) € N x N*, (166)

where (g — 1) still denotes the components in (¢, x)-coordinates. Such estimates for (g — )"/ follow at
once from the first inclusion in (3) because g*/ is the same in either (¢, x)- or (u, x)-coordinates.
For remaining components we compute

g" = (8" + o) +o;(g” —87) — g0 (u+ 1 — 1),
g +1=g"" +2(g" + 0 )i + wjw; (g7 —87) —2(g"* + wig"*)oy(u+1, —1)
+8P P+t — DO+ T — 1) 1,7,

where all metric components on the right-hand side are now computed in (u, x)-coordinates, and where
we are using the notation ©' = w; = x't ! In addition to these formulas we also have the estimate

I(r-07) (2 7092)” 0 (u 4 T — 1) | 1150 < 00,

which itself is a consequence of (1), (164), and Lemma A.1. The remaining portion of estimate (166)
follows from the last three displays above combined with assumption (3). U

Lemma A.4. Fix§ > 0. Let uy be an approximate optical function satisfying the conditions of Definition 1.1
in the region (t —r) > §(t +r), and let u, be an approximate optical function satisfying the conditions
of Definition 1.1 in the region (t —r) < 26{t +r). Then if x is any cutoff function with x = 1 on
(t—r)>28(t+r), x=0o0n(t —r) <8{t+r), and |(1,0) x| <1, the function u = yuy + (1 — x)us
satisfies the conditions of Definition 1.1 globally. In particular, in Definition 1.1 we may always assume
u =1t — 1, away from the region (t —r) <K (t +r).

Proof. Using Lemma A.2 we have both

1()3) (zede) Ty + 70 — Dllerroos<(i4+r)-11—ry<28) < OO,

()3 (1x8:) T a + 7 — Dlletroo(s<(i4r)-11—ry<28) < OO

Thus r_:l(ul — uy) satisfies the same bound in § < (r +r)~"'(r —r) <28, and so u = yu; + (1 — x)u>
satisfies (1) globally. Note that 7, ' (u1) ~ v (u) ~ 1in (t —r) > 8(r +r) and 7} "(u2) ~ t7" () ~ 1 in
(t —r) < 6(t +r) thanks to Lemma A.2, so the definition of 7g is not affected by splicing u, u5.

It remains to show the bounds (3) hold in (u#, x)-coordinates. Because u = u, when (t —r) <&(t+r), we
concentrate on the complementary region. Here it suffices to show that if u is any function satisfying (1),
and g is any metric satisfying (165), then one has automatically has the first inclusion in (3) restricted to
the region (t —r) > §(t 4+ r). Notice that by combining (165) and (1), we see that (165) also holds for all
Bondi coordinate components of (g% — n*#). Therefore, adding and subtracting the tensor 2*# defined
in (4), our task boils down to showing

1((2)0) (1x0)” "™, 0" 4+ @)l o1 Lo (1)1 (r—ry=5) < OO
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This last inequality follows from a few simple calculations and the estimate

103 (2:)7 3w + T = Dl g1 poer 1 oy ) < OO

which is an immediate consequence of (1). Il

Constructions for nearly stationary/spherically symmetric metrics. In this section we discuss a simple
situation where one can construct an approximate “optical function” u(¢, x) satisfying conditions (3).
This is given by the following definitions.

Definition A.S. Let g,p be a Lorentzian metric on [0, 00) x (R3 \ K), where K is a compact set. Then:

(1) g is called “weakly asymptotically flat and quasistationary” if
(1 + 1) (19,) (29)” (8up — Nap)lle1px < 00 for all (i, J) € N x N*. (167)

Here n = diag(—1, 1, 1, 1) is the Minkowski metric in (¢, x) € R x R3-coordinates.

(ii) g is called “quasispherical” if one can write g = go + g1, Where g is a spherically symmetric in
(t, x)-coordinates, and the remainder g, satisfies

17 (1:8)” (§1)apll 1o < 00 forall J € N, (168)

Proposition A.6. Let go4 be a Lorentzian metric on [0, 00) X (R3\ K), where K is a compact set. Suppose
that g is weakly asymptotically flat and quasistationary/spherical in the sense that (167) and (168) both
hold. Then g satisfies the assumptions of Definition 1.1 (after a possible redefinition of the x' -coordinates).
Proof. We’ll prove this in a series of steps.
Step 1: (preliminary reduction) By Lemma A.4 above it suffices to construct an approximate optical
function u(z, x) satisfying conditions (1) and (3) in the region (t —r) < (¢t +r). Using a partition of unity
we may extend g to be the Minkowski metric in the exterior (¢t — r) = (t +r). This extension will still
satisfy (167) and (168).

Next, after a possible radial change of variables which preserves both (167) and (168), we may assume
that the area of # = const and r = const with respect to the restriction of g is 472 In other words we
may assume the spherically symmetric part go can be written in polar coordinates as

20 = (80)ir dt> 4 2(g0)sr dt dr + (g0),r dr* +r* do?, (169)

where do? is the standard round metric on S?.

The goal now is to construct u# in two pieces u = ug + u1, where ug = ug(t, r) is radially symmetric
and corresponds to gg, while the remainder u, takes into account g; = g — go. The requirements for these
two functions will be

() (r8)” (o + 7 = Dllgt o=y + IIr(rd) dur gt o= r) S 1 (170)
for sufficiently large R, and in addition

go(duo, duo) =2go(dug, duy) + gi(duo, dug) =0. 71
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Notice that (170) and formulas (164) allow us to freely change (rd)” to (rd”)’ in any estimate we
consider.

First suppose that we have achieved both (170) and (171). By the assumption (167) and (170), we
have

() (r)? (8% = ")l g1 1=y + 1 I O) 0", 0" + @)l g1 2 7y < 00,

where all components of (g*F — n*P) are computed in (u, x)-coordinates. This suffices to give the first
inclusion in (3) (note we only need this for (t —r) < (t +r)). We remark that the convergence factor
In(r) is sufficient to sum in £} when r ~ 1 ~2/.

Next, from the explicit form (169) and the identities in (171), we have both

Vgolgd” +r7 %" =0,  g" = g(duy, duy) + 2g1(duo, duy),

where +/|go| is computed in (ug, x)-coordinates. Using (168) and (170) we have

Ir3)’ /180l = /18Dl e r= vy < 00

where /|g| is computed in (u, x)-coordinates. Combining the last two displays and (170) again gives

Ir2(ra)? g Il perzpy + Irrd) (1818" + @', 8" — o' ;8" llg1 1= 7y < 00,

which are sufficient to produce the remaining bounds in (3) (again for (t —r) < (t +r)).
It remains to construct uo and u; such that (170) and (171) hold.

Step 2: (construction of ug) For go we have the expression (169), where
10 (r)(rd)’ (84 +1. 86" — 1. 8¢ =1y <00 forall J € N2,

For the remainder of the construction we only need to work in the (¢, r)-coordinates.

Let v = v(¢, r) be any function which solves the radial eikonal equation ggﬁ 0y vdgv = 0. From this we
define the quantity ¢ = dv — (1, —1), where d denotes (, r)-derivatives. As long as |¢| < 1 the coordinate
change (¢, r) — (u, r) is well-defined and we have

0’ =G@t,r, ), 8" =q(0)o, (172)

where both G and ¢ are smooth universally defined functions depending only on the (¢, r)-components
of go and not on v. Moreover g = g + ¢g1(¢) with go a constant invertible matrix and g; = O (¢) when
7] < % Finally we have the uniform symbol bounds

Ilr () (r3) (3 G ll oo r2py Sk 0rR(1)  for |¢] < 5. (173)

Now let 2 = v in the previous construction with initial normalization 0,i < 0 and #|,—g =t — R
for sufficiently large R, and set { = dii — (1, —1). Then i is globally defined and smooth in r > R
because (1+ 1) Lorentzian metrics have no caustics. We also have || < 1 at least initially close to r = R.
Commuting (172) with vector fields 3° = ¢(¢)d, and applying a straightforward bootstrapping argument,
we may extend this to uniform bounds 1] < 1 and [37¢] <,y 1 forall r > R.
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Next, define the outgoing limit

o0

f@) = lim 8,&:14—[ G, (t(i,r),r, ¢)dr,
F—>00 R

where G, denotes the r-component of G. By the previous paragraph we have both |f — 1| < 1 and
|8L{f| < 1. Let F solve F' =1/, and finally set ug = F (it). Again we let { = duo— (1, —1), which we
remind the reader solves (172) with conditions (173).

By construction we immediately have g’ d,u0dguo =0, [¢| < 1, and [37¢| <, 1. In addition to this
and the fact that d,ug = (1/f)ii;, we have lim,_, », d;u9 = 1. Combining this last piece of information
with the r — oo limits gj' — —1, g{" — 1, g — 0, as well as 9,uo < 0, we have the normalization
¢ — 0 as r — oco. In particular we may write

f(”o,”)=—/ G(t(uo,s),s,¢)ds.

Differentiating this identity any number of times with respect to 3” = ¢(¢)d, and using the weighted
estimate (173) and a straightforward bootstrapping argument, gives the first bound in (170).

Step 3: (construction of uy) Using the second identity from (171), we have that the correction u; solves
the linear equation

ggﬂf)auoaﬁul = —%g‘fﬂaauoaﬂuo, u;y — 0asr — oo.

Integrating this in (¢, x)-coordinates we find that

1 [~ ugu ru
ui(uo, x) = 3 (8/°"°/80 ) (uo, sx/|x]) ds.
x|

By the first estimate in (170) and assumptions (167)—-(168) we have

I7(ra”)” (1" /86" Mg oo ) < OO,

where 3% are computed in (i, x)-coordinates. An application of Young’s convolution inequality to the
integral above gives (170) for u;. Il

Appendix B: Local energy decay

In this appendix we discuss how assumption (7b) relates to assumption (7a) when the metric g enjoys
structural properties similar to the Kerr family of metrics with angular momentum in a moderate range.

Let 7 € R? be a compact region contained in the exterior R \ . We first redefine the norms (6b) and
(6d) so the regularity loss occurs only on 7T:

I¢lwie, o.r1= Y (l; 07 ¢llLeo.r + 1097 $llLecroo.r). (174)
[J|<s

IF lweesso.r1 = Y _ (187 FllLeso,71 + 189” Fll s2empo.7))- (175)
[J|<s

With respect to these modified norms we have:
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Proposition B.1. Let the norms WLES, .. and WLE":® be defined as in (174) and (175). Suppose in

class class
addition that 0, is uniformly timelike on [0, 00) x T. Then estimate
sup 196 las + Iplwie, 071 S 100 O + 1 Tgllwies+i0,7] (176)
0<t<T

implies estimate

sup (10 (O)llus + 1 PllLe, (0.7

0<i<T class

S ||3¢(0)||H; + ||¢||HA'(7~')[0,T] + ||at¢||Hx(7~j[o,T] + U@ lILe=s0,77,  (177)

where T is any compact neighborhood of T (here the implicit constant depends on 7).

Remark B.2. We do not need to make other assumptions on the metric g aside from boundedness of its
derivatives and 9, being uniformly timelike on [0, o) x 7. In particular the size of the time variation of
g plays no role in establishing (177) from (176).

Note that (177) implies (7b) when s = 0. For s > 0 a simple induction allows us to reduce the second
term in the right-hand side of (177) to (¢l 12(7)0.77-

Proof. Let T ET' € T, where 7 is an intermediate compact neighborhood. Without loss of generality
we may assume T is a small enough that 9; is still uniformly timelike on it. Estimate (177) will be shown

by adding together the pair of bounds
sup 3¢ (D)l ms 7o) + 1@ lILEs, (7)on0.71 S 109 (O) I as + 11l s+1 (70,71 + 1@ lliLE=s 10,77, (178)

0<t<T
OSUP 190 DNl as 7y + 1D 51 (70,71 S 10D O | 15 + 1D s (Fyp0.7)
<t<T

+ 10Dl s (710,771 T 1@l s (Fy10,77- (179)

The first estimate (178) follows directly by applying (176) to (1 — x7)¢, where x7 =1 on T and
x7 =0 on (77)¢ and then using the Hardy estimate (184) with @ = 0 for the boundary term where all
derivatives fall on the cutoff.

The second estimate (179) is slightly more involved so we do it in a series of steps. For the demonstration
it will be convenient to fix an additional pair of intermediate spatial regions 7' € 7" € 7" € T, and an
€ > 0 sufficiently small that the domain of dependence of 7" is contained in T for each fixed time in the
slab [0, €], and the domain of dependence of 7" is contained in 7" for each fixed time in the slab [T —¢, T'].

Step 1: (elliptic bound in [e, T — €] x T"") Our assumption is that the spatial part of [J,, i.e., the
operator (1/4/g)3:+/1glg"/d; for i, j = 1,2, 3, is uniformly elliptic in 7. In particular the operator
P(t,x, D) =13+ ¢ 1s uniformly elliptic in T for sufficiently large A € R. It follows that for any s > 0
one has the spacetime elliptic bound

Ix @l gt S Ux@llas +10: (X as + 10 (X P 51

where x =1 on[e, T —e] x 7" and x = 0 outside of [0, T] x 7. Writing g (x¢) =2V*(@Vex) —
¢, x + xUg¢ and removing the cutoff, the previous inequality implies

DIl prs+1 (7). 7—e) S ||¢||1-1s(7‘)[0,T] + ||3t¢||Hs(7~')[o,T] + ||Dg¢||H~v(7~’)[0,T]- (180)
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Step 2: (filling in the bottom time slab) Fixed time local energy estimates based on the domain of
dependence of 7" in the slab [0, €] give us

sup 109Nl ayery S 109 Oy + 1@ Ml s (7yj0,77-

0<t<e

Integrating these with respect to L? and adding them to (180) yields the improvement

181 zs+1 7m0, 7—e1 S N9 O g + 1PNl 12 (10,71 + 101D N 115 (yj0,71 + 1P Nl 115 (710,71 - (181)

Step 3: (fixed-time energies on the slab [0, T — €] x T"") Next, we let x be a spatial cutoff with y = 1
on 7" and yx = 0 outside 7"”. Using the multiplier xd; and the left-hand side of (181) to control the
spacetime error we have

sup [10¢ ()Nl sy SN0 O)l g + 1Dl s (Fypo.71 + 19PN s Ppo.ry + 10PNl s (pypo.ry- - (182)

0<t<T—¢

Step 4: (fixed-time energies on the slab [T — €, T] x T') Using the domain of dependence of 7' in
[T — €, T] and the left-hand side of (182) at time T — €, we have

sup [0 ()|l s (77 S 190 O &g + 11 s (710,71 + 10D Nl 15 (Fyj0,77 + ||Dg¢||Hx(7“j[o,T]- (183)

T—e<t<T

Finally, adding together (181), (182), (183), and the L,2 integral of the left-hand side of (183), we have
(179). O

Appendix C: Hardy and trace inequalities

Lemma C.1 (Hardy inequalities). Let K € R3 be compact with connected complement, and for any other
0 C R3 define L)ZC(Q) where the domain of integration is Q \ K, and L*(Q)[0, T] where the domain of
integration is [0, T x (Q \ K) € R* Then for test functions ¢ one has the following:

(D For all R > 0 there hold uniformly
||T)?71¢||L%(r>R) Sa ||T)?8x¢||L§(r>R)a when — % <a<oo, (184)
_3 _3 _1
||Tx 2¢||L’;’°L%(r>R) 5 ”Tx 2¢”L§(%R<r<R) + ”Tx 28x¢||g}L§(r>%R)- (185)
(II) When R > 1 is large enough that KK C {r < %R} there is the fixed-time estimate
_ _1 1 1 1
I@N2 0y S N7 0@ 2y + RTNTZDN 21 ki) + RENT200 121 kv ey (186)
(IIT) Again for R > 1 large enough that K C {r < %R} there is the spacetime estimate

3
-1 a—3
ey "o (Dll2e=rytlTe *Sllr2e> 0,17

_3 _3
Sa ||T;l : af(fx‘,b) ||L2(r>%R)[O,T]+”T; 2¢||L2(%R<r<R)[o,T]+||Txaa¢(0)”L)Z[ (r>1R) whena<1. (187)
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Lemma C.2 (weighted trace inequalities). For T > 0 and any R > 1 one has the uniform bound
||T%¢(T)||Lg(%R<r<R) Sll(z-dke, Ol 2(Lr<r<R)[i7.7]> RST, (188a)
12 6T 21 ey S N800 D 21y + IO O 2 (1) R>T. (188D)

1 1
IT2¢ (Dl 2¢<r) S I(z—85¢, Ol 2¢r<ryj0.77 + T2 @Ol L2¢-<r)- (188c)
We note that estimate (188a) also holds with the restriction %R <r < Rreplaced by r < R.

Proof of (184). Let Ry > 1 be chosen so that IC C {r < R,}. First we prove the bound assuming R > R;.
We have I = f;;ofgz 3, (r? ¢ dwdr <0, and also

Qa+DIr ™ Gl 72 m gy < 1 +20r 7 Sl 2 ) 1780 125 )

which concludes the proof in this case because 2a+1>0and r* ~ 1t} inr > 1.
Now suppose 0 < R < Rj, where R; is as above. A standard compactness argument shows

||¢||L§(R<r<R1) S ||¢||L)2((R1<r<2R1) + ”a¢”L2(R<r<2R1)v (139)

where the implicit constant is uniform in R. Combining this bound with estimate (184) in r > R
completes the proof. O

Proof of (185). Using estimates of the form (189) it suffices to show for R > R;, where R; is as above,
that

3 3 1
B _3 _1
1T * Pl 220my S 1T “Pllee 20> m) 17 * 3Bl e1 120> R)-

To prove it choose /(r) so that iy (R) =0 and h) = 2 %y, where xx = 1 when R2F < r < R2K*!
for k > 1, and x; = O when either r < R2¥=1 or r > R2¥*2 Then computing the integral I =
/ ;;O sz 8, (hx¢?) dw dr = 0 and taking sup;~ of the result yields the estimate in the display above. [

Proof of (186). Thanks to Remark 1.3 and the conditions (1) we can assume the coordinate u is chosen so
that —C < 9,u < —1/C for some fixed C > 0. Then (186) follows from integration of 9, (= ru(T:0)?)
with respect to dr dw. U

Proof of (187). This boils down to integration of the quantity Bf Otr= R 2 (10)?) with respect to the
measure du dr dw over the slab 0 < ¢ < 7. By Remark 1.3 and the conditions (1) we have the pair of
bounds 1/C < 8f t, o;u < C. In particular

T

T poo [ee)
/ / / 0 (o P2 (1))t deo i di = f / Yok o2 dwdr|  (190)
0J0 JS? 0 JS?

0
for some pair of smooth functions «, 8 & 1. This yields (187) using the condition a < 1. O
Proof of (188). To prove (188a) let x7(t) = x (t/T), where x (s) € C5° (s > %) with x (1) = 1. Then (188a)
follows from integration of 82 (t_ x7¢?) with respect to du dx on the cylinder 0 < ¢ < T and %R <r <R.
In the case of (188b) and (188c) we use a similar procedure but simply drop the cutoff yr. O
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