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Abstract We provide a proof of global existence of solutions to quasilinear wave
equations satisfying the null condition in certain exterior domains. In particular, our
proof does not require estimation of the fundamental solution for the free wave equa-
tion. We instead rely upon a class of Keel-Smith-Sogge estimates for the perturbed
wave equation. Using this, a notable simplification is made as compared to previ-
ous works concerning wave equations in exterior domains: one no longer needs to
distinguish the scaling vector field from the other admissible vector fields.

1 Introduction

Inspired by the approach of Sideris and Tu [26] in the boundaryless case and the
application of such techniques in Sideris [25], we prove global existence for multi-
speed systems of quasilinear wave equations satisfying the null condition in certain
exterior domains without using estimation of the fundamental solution for the free
wave equation. To do so, we use a Keel-Smith—Sogge estimate for the perturbed
equation established previously by the authors in [23]. In the previous works on non-
linear wave equations in exterior domains, [12], [21,22], and [19,20], it was necessary
to use estimates that involved relatively few occurrences of the scaling vector field
L = t3; + rd,. A notable innovation in the new approach allows us to no longer
distinguish between the scaling vector field L and the other “admissible” invariant
vector fields Z = {Q;; = x;0; — x;0;, 0 : 1 <i,j < 3,0 < k < 3}. This is accomplished
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522 J. Metcalfe, C. D. Sogge

by introducing modified vector fields that preserve the boundary condition, as was in
part done in [21].

The main existence result is an analog of the classic results of Christodoulou [3]
and Klainerman [14] in the boundaryless case. In the multiple speed boundaryless
case, related results were established, e.g., by Sideris and Tu [26], Sogge [28], Agemi
and Yokoyama [1], Kubota and Yokoyama [16], Hidano [4], Yokoyama [31], and
Katayama [7-9]. In exterior domains, null form quasilinear wave equations were pre-
viously studied by Keel et al. [10], the authors [21], and Metcalfe et al. [19,20]. We
note that the main theorem of this paper was previously established (in a more general
context) in [19]. We, however, believe that the new techniques are of independent
interest, and we are hopeful about their potential use in applications.

Our proof uses Klainerman’s method of commuting vector fields [14] as was
adapted to exterior domains by Keel et al. [12]. In particular, we restrict to the class
of “admissible” vector fields that was mentioned above. Notably absent in this set are
the hyperbolic rotations o; = t3; + x;0; which do not seem appropriate for problems
in exterior domains as they have unbounded normal component on the boundary.
Moreover, in the multiple speed setting, these vector fields have an associated speed
and only commute with the d’Alembertian of the same speed.

This approach relies upon a weighted space-time L? estimate, which will be referred
to as the Keel-Smith-Sogge estimate or KSS estimate. Such estimates were estab-
lished in [11] where they were first used to show long-time existence of solutions to
nonlinear equations. With this estimate, existence is established using O(1/|x|) decay
rather than the more standard, but quite difficult to prove when there is boundary,
O(1/t) decay. An earlier, related estimate is due to Strauss [30] (Lemma 3). The proof
in [11] is easily modified to establish these bounds in all dimensions n > 3 as is done in
Metcalfe [18] and Hidano and Yokoyama [5] and has been used in, e.g., [5], [18], and
[22] to study nonlinear equations. Recently, using techniques of Rodnianski [29], the
authors [23] have established an analogous estimate for the perturbed equation. This
inequality is essential to the approach presented in this article. It is worth noting that
Alinhac [2] simultaneously obtained a related KSS-type estimate for the perturbed
equation and for wave equations on curved backgrounds. The assumptions made on
the perturbation in [2] are, however, not as favorable in the current setting.

The KSS estimate and energy estimates will be coupled with some well-known
decay estimates in order to get global existence. These decay estimates are variants of
those of Klainerman and Sideris [15] and are known to be rather widely applicable,
including e.g. to the equations of elasticity. This will, of course, be used in combination
with the extra decay afforded to us by the null condition.

The major innovations of this paper regard the variable-coefficient KSS estimate.
First, we expand upon the proof in [23] and carefully prove the KSS estimates for the
perturbed wave equation in the multiple speed setting. Having such estimates for the
perturbed equation allows us to apply the KSS estimates even for terms of the highest
order. This was not previously possible for quasilinear equations as there was a loss of
regularity resulting from the occurrence of second derivatives. As such, we may now
prove global existence using only energy methods. In particular, the decay estimates
that we shall employ do not require direct estimation of the fundamental solution of
the linear wave equation, and in particular, such estimates are known to hold for some
related applications. We note, e.g., that the only obstacle to using similar techniques to
study the equations of isotropic elasticity in exterior domains is deriving the existence
of a KSS-type estimate for the perturbed linearized equations. This, however, is more
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Global existence of null-form wave equations in exterior domains 523

delicate than in the current setting due to the off-diagonal terms and is currently an
open problem of interest.

A key obstacle to using only energy methods in previous studies was the boundary
terms that arise in the Klainerman-Sideris estimates. In particular, there is a term
localized near the boundary which has significantly less decay in ¢. To alleviate this,
we shall use the additional decay in x, which was largely ignored in previous works,
from the Klainerman-Sideris estimates. When combined with the KSS estimates, this
decay permits us the necessary control over the boundary term.

As the coefficients of the scaling vector field can be large in an arbitrarily small
neighborhood of the obstacle, previous works in exterior domains using the adapted
method of commuting vector fields use estimates that required relatively few occur-
rences of L, and during the proofs of long-time existences, the scaling vector fields
must be carefully tracked. This, at best, complicated these arguments. Using the vari-
able coefficient KSS estimates, we show that it is not strictly necessary to differentiate
L from the other admissible vector fields. In particular, we use a modified scaling
vector field which preserves the Dirichlet boundary conditions as in [21], but instead
of proving boundary term estimates, such as [21, Lemma 2.9], we are now able to
control the resulting commutators using the variable coefficient KSS estimates.

Finally, we mention that our proof, unlike many of the previous works in exte-
rior domains, does not directly use the decay of local energy, such as that of Lax,
Morawetz, and Phillips [17]. Our hypotheses on the obstacle are, however, sufficient
to guarantee said decay. It is conceivable that the techniques contained herein could
be important in other applications where the rate of decay of local energy is slower,
say e.g. in even dimensions.

We now more precisely describe the main result of this article. We begin by fixing
a bounded obstacle K ¢ R? with smooth boundary. Moreover, we shall assume that
K is star-shaped with respect to the origin. As we shall see, scaling will allow us to
assume without loss that IC C {|x| < 1}, and this assumption is made throughout. The
star-shapedness assumption is used to see that certain boundary terms in our energy
estimates and KSS estimates have a favorable sign. This is reminiscent of arguments
from Morawetz [24].

In the exterior of K, we shall study systems of quasilinear wave equations of the
form

opul — 3aul = B o, uK 007, (t.x) e Ry x ROK, I=12.....D,
1/[(0, ') =f7 atu(oa ') =g

Here and throughout we use the Einstein summation convention. Repeated Greek
indices «, B, y, and § are implicitly summed from O to 3. Repeated lowercase Latin
indices a, b are summed from 1 to 3, and repeated uppercase Latin indices /,J, K are
summed from 1 to D. In the sequel, we will use O = (O, ...,O,) to denote the
vector-valued d’Alembertian, where O, = 8,2 — C%A. For simplicity, we shall study
the nonrelativistic case where

cg>--->cp>0.

Straightforward modifications will allow for repeated wave speeds.
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524 J. Metcalfe, C. D. Sogge

The BZ:;"S in (1.1) are real constants satisfying the symmetry conditions

I _ pllap _ pll pa
BY = B = B (12)

In order to get global existence, we shall also need to assume that (1.1) satisfies the
null condition. In the nonrelativistic case, this says that the self-interactions among
the quasilinear terms satisfy the standard null condition. That is,
2
B e,gpk, =0, whenever i% —E -8 & =0, J=1,..,D. (13)
J
To solve (1.1), the data must be assumed to satisfy the relevant compatibility
conditions. Letting Jru = {0¢u : 0 < |a| < k}, we know that for a fixed m and
formal H™ solution u of (1.1), we can write Btku(O, ) = YrUif, Jk-18), 0 < k < m,
for compatibility functions v, depending on the nonlinearity, Jif, and J;_1g. For
(f.g) € H™ x H™!, the compatibility condition simply requires that the v vanish
on dK for 0 < k < m — 1. For smooth (f, g), we say that the compatibility condition
is satisfied to infinite order if this vanishing condition holds for all m. We refer the
reader to [10] for a more thorough exposition on these compatibility conditions.
We are now prepared to state our main theorem.

Theorem 1.1 Let K be a fixed compact obstacle with smooth boundary that is star-

shaped with respect to the origin. Assume that the BII!’;‘B are as above. Then, there is a

constant g > 0 and an integer constant N > 0 so that if the data (f,g) € C®([R3\K)
satisfy the compatibility condition to infinite order and the smallness condition

Dol + D Il aggll < eo, (14)

le|<N le|<N
then (1.1) has a unique global solution u € C* ([0, 00) x R3\K).

This paper is organized as follows. In the next section, we provide derivations of the
energy estimates and KSS estimates for the perturbed wave equations. We also show
that an appropriate variant of these holds when u is replaced by I'*u. Here I' = {L, Z}
is the set of admissible vector fields. As mentioned previously, the fact that we no
longer need to distinguish between L and Z is a significant innovation in this paper.
In the third section, we present the decay estimates that we will require. These are
fairly well-known, but in the interest of making this paper somewhat self-contained,
the proofs are sketched. In the last section, we prove the main result, Theorem 1.1.

2 Energy estimates and Keel-Smith-Sogge estimates

In this section, we establish the energy and KSS estimates for the perturbed wave
equation that we shall require in the sequel. We must take care to insure that our
estimates will not destroy the null structure.

We will be concerned with solutions u! € C® Ry x R3\K) of the Dirichlet-wave
equation

I _ rl
I(D””) =F, 2.1)

ulpe =0
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Global existence of null-form wave equations in exterior domains 525

where

D 3
@nw)' = @ —ciau’ +>° > WP, x)d, 050 . (22)
J=10a,8=0

We shall assume that the #”% satisfy the symmetry conditions

h[],(xﬂ — h./[,otﬁ — h]],ﬂol, (23)
as well as the size condition
D 3
|h| = Z Z WP (t,x)| <8 < 1. (2.4)
IJ=1a,=0
We denote u = (u!,...,uP). Here, we are working in the Euclidean metric, and

indices are raised with this metric.
We will need to define the full energy-momentum tensor associated to (2.1). To
begin, let

Quplu = tou dpu — Sog[1aou? — 19, ]
+ 80, WYY dsu’ dgul — %aoﬁh”wayu’ dsul, (2.5)
and
Quplu] = —Rdqul dpu! — %aaﬁ[wom? - c§|vxu’|2]
+ 8y H V3 950 gul — %aaﬂh’f’ﬂayuf sul, «=1,2,3. (26)
An elementary calculation yields

1
D*Quplul = dpu’ @)’ + (8, h"%)osu’ dgu’ — E(a,gh”’yfs)ayu’ dsul.  (2.7)

2.1 Energy estimate

From (2.7), we are quickly able to obtain the well-known energy estimate for the
perturbed wave equation.

Proposition 2.1 Assume that K is a bounded obstacle with C'-boundary. Assume also
that the perturbation terms are as above. Suppose that u € C* solves (2.1) and for
every t, u(t,x) = 0 for large x. Then,

t

(2, 115 < 1l 0, I3 + / / |(Op)! o | dx ds

0 RA\K
t

+ / / [|(ayh”»V5)a,;ufaou1| + |(80hU’V‘S)8Vu]85uI|] deds.  (2.8)
0 RI\K
Here v/ = (8;u, Vyu) is used to denote the full space-time gradient.
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526 J. Metcalfe, C. D. Sogge

Indeed, we need only examine the 8 = 0 components of (2.5) and (2.6). Integrating
(2.7) over S; = [0,1] x R3\K, it immediately follows that

t
/ Ooolul(t, -) dx = / Ooolul 0, ) dx + / / doud! (Can)! e ds

R3I\K RI\K 0 RI\K
t 1 t
+ / / (@, 7%y o5u’ dou! dx ds — 3 / / (" 7%)d, u’ dsul . (2.9)
0 RA\K 0 R3O\

Here, we have used the fact that 9; preserves the Dirichlet boundary condition. Thus,
the integrand of the boundary term that results in the application of the divergence
theorem vanishes identically. If § in (2.4) is sufficiently small, it follows that

<2m;1x{c%,c;2})—1|u’(t,x>|2 < Qoolul(t,x) < 2m;1x{c%,c;2}|u’<r,x)|2. (2.10)

And, thus, (2.9) immediately yields (2.8).

2.2 Keel-Smith-Sogge estimates

As mentioned previously, a key estimate that allows long time existence to be deduced
from decay in the spatial variables is a weighted mixed norm estimate of Keel et al.
[11]. In a different context, Rodnianski [29] proved a variant of the KSS estimate using
energy methods, and as was shown in [23], these methods are stable under small per-
turbations. The following proposition is essentially from [23]. Here, additional care is
required to preserve the null structure of the equation, and we also explicitly examine
the multiple speed system.

Proposition 2.2 Suppose that K is a C', bounded, star-shaped obstacle as above. Sup-
pose, further, that the perturbation terms h'*F are as above. Then, if u € C* solves
(2.1) and for every t, u(t,x) = 0 for large x,

100270 0T o g+ Gog@ 4 )T T2 1T, 5
t i
, u
S 3+ [ [ (19l + ) (@ dr s
0 RO\K
; I
+/ / ‘(ayh’fﬂ)agz/‘(|at,,u’| + M) dx ds
r
0 R3\K
t
+ / / |0, ul gyl | dx ds
0 R\K
Ik
+/ / U|Vu|(|vl4| n M) dx ds 2.11)
) r
0 RA\K

foranyt > 0.
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Global existence of null-form wave equations in exterior domains 527

In the proposition, we are using the notation (x) = (r) = /1 + |x|2. We are also
using the notation (x) ~1/2~ to indicate that the estnnate holds with this weight replaced
by (x)~1/27% for any § > 0. The implicit constant depends on this 8, and in practice,
we will only require the estimate for a fixed, positive 3.

Here, we contract the energy momentum tensor, (2.5) and (2.6), with a radial vector
field X = f(r)0, which allows us to define the momentum density

Pylu, X] = Quplul X’
Computing the divergence, we have
—D*Polu, X1 = —@u")(Onw)f(r) — 0y 72350’ 0,0 £ (1)
+ 1(a,h” ¥0Yayu! dsu' f (r)

2f()

1
+ 3 (D @uh? + Al |2 - Etm[—|aou|2+c§|vxu’|2]

hU”‘Sa ujarulf (r) + hIJ“58 w9, ulf( )

]f()

—hU’“‘SBaula u + = (t 7r)hU V‘Sa w dsul .

Here 7 denotes the deformation tensor of X and, as can be checked,
=f'(r+ 2f( L (2.12)
At this point, we define the modified momentum density

Polu, X1 = Polu, X1+ 1® dou! + 10 08,1 dpu’, (2.13)
r r

2
[DO, [u, X] = Pylu, X] — C%f—(r) ulaaul + C—’aa (f—(r) ) (ul)2 + f—(r) Rt b ulalguj,
r 2 r r
a=1,23
(2.14)

A tedious but elementary calculation yields

— DP[u, X] = (au + )(Dhu)’f(r) (0, W) asu’ (au 4 )f(r)

+5 (arh’f”)ay ! dsul f(r)

zf()

8 oY + LDl 25 o[ tooul + v 2]

—%"h”’““au (' + )f()+ ey (au + )f(r)

— h v, f()+ SF R0, gl — = (f(r))< )
(2.15)
@Springer



528 J. Metcalfe, C. D. Sogge

Integrating both sides of (2.14) in a time strip S; gives

t
/ Polu, X1(0) dx — / Polu, X1(r) dx + / / P,lu, Xn® do ds
R3\K R3\K 0 K
t
:_/ / D*P,[u, X] dx ds. (2.16)
0 RI\K

Here 7 = (n!,n%,n3) is the outward unit normal to K, and do is the surface measure
on JK.
At this point, as in [29] and [23], we choose

r
r) =
0=
for a positive constant p. Notice, in particular, that we have |f(r)| < 1 and |f'(r)| S %
Thus, it follows that
| [ Biwxiovas] = | [ (0800070
R3I\KC R3I\K
=R 0.085u’ (0,x)8u (0.2) + @u’(o,xwtu’(o,x)
+ @h” 80, 0u' 0, x)31 (0,)) d|
< 10, )13 (2.17)

For the last inequality, we are applying the Schwarz inequality and a Hardy inequality.
We are also using (2.4). y
A similar bound holds for Py[u, X](f), and thus, using the energy inequality (2.8),

| / Polu, X1(0) dx| < [l (2, )13
R3O\K
t
pS IIu’(O,-)II§+/ / |(@pu)! dou’ | dx ds
0 RAI\K
t
+/ / [I(ayhﬂ’y‘s)agujaoull—i-|(8ohlj'7’5)8yu]85u1|]dxds.
0 RI\K
(2.18)

Since the Dirichlet boundary conditions allow us to write d,u! = 3;u'n, on
dK and since (x,7n) > 0 on K for star-shaped K, for the spatial boundary terms,
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Global existence of null-form wave equations in exterior domains 529

we have

'
/i’a[u,X]n“ do ds < —
0 9K

2[
%’//f(’) W27y do ds <0, (2.19)
00

Here, we have also used the smallness of the perturbation, (2.4).
If we use that A(f(r)/r) < 0 and (2.17)—(2.19) in (2.16), we see that

t
| | rocaut?+ IO 1wl = 25 o[ ool + 19 ] deds
0 R3I\K
t o
, u
S+ [ [ (a1 + ) i@ deas
0 RI\K
; 1
+/ / ‘(ayhlf,)/S)aauJ‘(|at’ru1|+?) dx ds
0 RO\K
t t
+/ / ](a,,,h”ﬂ)ayufagu"dxds+/ / Hw |(|v 4 ') dx ds.
0 R3\K 0 RI\K

Since f'(r) < @, this implies

f()z

/ / ol + f (e @ul)? + 7 ¥ul? dx ds

0 R3\K

/ 2 \ 1 e I
S+ [ [ (19l + ) (@ ar s

0 R3\K

+/ / @783 | (101,241 + @) dx ds

0 RI\K
t t

+/ / ’(af’f’ll]’y‘”avu’aﬁul\dxds+/ / Hlv G2 |+U) dx ds.

0 RO\K 0 RI\K
(2.20)

By choosing p = 1 and p = 2 for an integer k > 1 respectively, we see that

t

/ / |/ |? dx ds

0 |x|<1
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530 J. Metcalfe, C. D. Sogge

and

/ lu'|?
r

0 2k=1<|x|<2k

are bounded by the right side of (2.20). If we sum these resulting estimates over k > 1,
we see immediately that the bound for the first term in (2.11) holds. The same argu-
ment yields the bound for the second term in the left of (2.11). Indeed, the estimate
follows trivially from (2.8) when the spatial norm is over |x| > t. Thus, we need only
sum over the O(log(2 + ¢)) choices of k with 2k-1 <t

2.3 Main L? estimate

In this section, we show that higher order energy estimates also hold. In particular,
we show that versions of (2.8) and (2.11) hold when u is replaced by I'*u. In order to
do so, we introduce modified vector fields that preserve the boundary condition. This
extends an idea initiated in [21].

Notice that, by combining the main results [(2.8) and (2.11)] of the preceding
sections, we have

10027 072 g Qog@ 4 )2 I o o 2 )
o )||2+/ / |8yl | + |)|F’|dxds
0 RI\K

! i

+/ / ‘(ayhlf’yé)aauf‘(|at,,u1|+?)dxds
0 RA\K
t t

+/ / ‘(a,,,h”»vs)ayufa,;u"dxds+/ / Hw |(|v |+U) dx ds
0 RI\K 0 RI\K

(2.21)

when u solves (2.1). Notice, in particular, that if F vanishes for |x| > 2, then we can
bound the second term in the right side by

1/2—

|17 +C|F|?

||M ||L2L2(S[n{|x‘<2})”F”Lsz(S) =< 8”( ) LZLZ(S) LzLZ(S)’
and, in this case, the first term on the right of this inequality can be bootstrapped.
Here, we have used the fact that the Dirichlet boundary condition allows us to
control u locally by u/. We have also used that 0 € K, and hence, 1/r is bounded
on R3\K.
Thus, it immediately follows that if « is a solution to
Ow=F+G
[ Bt =7t (2.22)

ulpx =0,
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Global existence of null-form wave equations in exterior domains 531

and G vanishes unless |x| < 2, then

10027 0T ) Qog@ 4 )T 2U I o o 2 )

|
< (0, >||2+// | + ) F e ds 41612, )

0 RI\K
! ul
Uysya J ]
n ‘(ayh SZIT ‘(|8”u |+—) dx ds
0 R3\K
t t
+/ / ’(B,Jhll’y‘s)é)yu]agul‘dxds—l—/ / H|w|(|vm+| |)dxds.
0 R3\K 0 R3I\KC

(2.23)

We will use this as a base case for an induction argument to construct higher order
energy estimates.

Since 8/ preserves the Dirichlet boundary condition, the estimate (2.23) holds with

u replaced by 3/u. Moreover, if we apply elliptic regularity (see, e.g., [21] Lemma 2.3),
it follows that

2 o 2
Z 10" ”L?L,%<Sm{\x|52}> S Z 130, -)1l2

lul=N J=N
t
|9ful|
+ > / (10 0’| + =) 0] FT e ds + DT 101G 12 o g,
J.k=N7 R3\K J<N
ok
> // 90, + | ”')|[h%>a 05, 9/ u| dx ds
k<N RIK r
; ak 1
i u
+ Z/ / ’(ayhlj’ya)aiaauj‘(lazkaz,rull+¥)dxds
j,ngO ]R3\IC
t
+ Z/ / | @0 7000, 0 o 5u! | dx ds
/k<N0 R3\IC
|9ful
" Z// oful (j0ful) + L2 ) dvds £ DT 10" Dul 25,
Jk=NQ 3\ x Inl<N-1

(2.24)

It should be noted that we now require additional smoothness of the boundary of IC,
rather than C! as in Propositions 2.1 and 2.2.

We will need a similar estimate involving the scaling vector field as well as deriv-
atives. In order to obtain this, we employ a technique from [21] which introduces a
modified scaling vector field L = t3; + n(x)rd, where 5 is a smooth function with
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532 J. Metcalfe, C. D. Sogge

n(x) = 0 for x € K and n(x) = 1 for x| > 1. Here, of course, we are relying on the
assumption that £ C {|x| < 1}.
We will look to bound

k
2 IR0 2 250101 (225)
|| +k<N
k<K

By elliptic regularity, this is
kol k
S Z L7 0;u ||L[2L,%(S[ﬂ{|x\<3/2})+ Z L aMD””L,ZL)%(S,)
j+k<N [ul4+-k=N—-1
k<K k<K

7kal k
< 20 I 9w 2z + 2 19" 2205000 <372

j+k<N lul+k<N
k<K k<K-1
kaon
+ > ke Oull 2725, (2.26)
|u|+k<N-1
k<K

If P = P(t,x, Dy, Dy) is a differential operator, we fix the notation (as in [21]):
[P,h70, slu="D_ > [P,A"7%0, 050’
1<IJ<D0<y, <3
Since
(O, L0 = [0, LX0/Ju + [h7%8,, 95, L* 3/ u
= [0, LX)0)u + [0, (LX — L*)10Ju + [h7°9, 05, L¥0]lu

and since L¥ 8{ u satisfies the Dirichlet boundary condition, in order to bound the first
term in the right side of (2.26) we can apply (2.23) with F replaced by

IR0 F + (0729, 05, LX) 1u + [0, LF18/u
and G by
LF0/G + 10, LK — LM3/u,
which is supported in |x| < 2. Thus, it follows that

kaw, /2 kaw,,/ 112
D IR0 gy S 2 ILF8M 0, )11

[u|+k<N || +k<N
k<K k<K

t .
+ D> > /(ILfB"au’|+W)mkawﬂdxds

[U|+/<N [V|+k<N ) 13
i<k k=K O R\K

t .
; Ligtu! g
+ D D /(|L’8"8u1|+%)I[hlj’yaayag,Lkaf]ujldxds

|| +j<N I+k<N
j<K k<K 0 RH\K
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t .
. Ligru!
+ >y / (|L’3“3u1|+¢)|Lk8f(ﬂu)l|dxds
IkIHEN Hk=N-10 g3 r

j<K k<K \K

t
k
+ >y /’(ayh’f’yf‘)aa(ifaﬂu’)’(|Lka“a,,,u’|+M:L‘I')dxds

\M|+J<val+k<N 0 R3

j<K \K

+ > > //’(8,,,hU’V5)8y(Zja"u])aa(ikavul)‘dxds

\M|+]<N|vl+k<N
j<K 0 RAK

+ > > // 2 (2R kavu')dxds

‘H|+]<N|V|+k<N0 R’%\K:

j<K
k k
2 MG, 2L I DUl o
[ul+k<N || +k<N—-1
k<K k<K
kaw, /2
T2 I oy (2.27)
[ul+k<N
k<K-1

for solutions u to (2.22). If we argue recursively, the same bound holds with the last
term replaced by

w2
HZN N7 2 25,1 <2y
<

Thus, in order to control this last term, we may apply (2.24). A similar argument can
be used to bound

k
> IR ey
|l +k=<N

Moreover, since K < N is arbitrary, we have shown

Lemma 2.3 Suppose that K is a smooth, bounded, star-shaped obstacle as above. Sup-
pose further that the perturbation terms h*-*F are as above. Then, if u € C* solves
(2.22) and vanishes for large x for every t and G is supported in |x| < 2,

Joly/ (1. . Tty 112
| |+Z<N||La u'(t, >||Lz<”x|<m+‘ |+Z_<N||La @172 26,0x1<1)
Hlt]= KT =

< D0 MO, )3

|nl+i<N
t .
. Ligrul
+ > > / / (|L18“8u1|+M)|Lk8“FI| dx ds
‘M‘+j§N|V‘+kSN() ]R3\IC !
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: Ligru! .
+ > > /(|L/aﬂau’|+%)uh”*ﬁayaa,ﬁa;]uﬂdxds

Iul+i<N I+k<N, RI\K

+ Z Z // |L18“8u|+| /9"u |)|Lka(mu)|dxds

It +<N I+k<N—-17, R\

|kv1|

+ > > //’(a h 3y a5 (L g+ 1)‘(|Lk8 dul| + )dxds
ILIHEN VRSN B3\ i
+ 2 2 / / | @070, (Lo o5 (L0 uh)| dx ds
ll+j<N |v[+k<N | R;\K
kv, IL59"ul
+ > > |L!aﬂu||Lau|+7)dxds
Iul+/=N [v|+k<N Rz\lC
Jaqum Y
+ 2 WG+ 2. I8 0ulg,
lul+j<N |pul+i<N-1
+ > Lo Ou, )13 (2.28)
[u|+j<N-1

for any N > 0 and for every t > 0.

We use this to show that a version of (2.23) holds when u is replaced by I'*u where
' = {L,Q,0} is the set of “admissible” vector fields. With n as in the definition of
I: we set Q,] =n®)Q;, 1 <i<j<3and 3 = n(x)d;, i = 1,2,3. Similarly, we set

= {L, Q,9;, d;} to be the set of boundary-preserving vector fields.

Theorem 2.4 Suppose K is a smooth, bounded, star-shaped obstacle as above. Suppose
further that the perturbation terms h"*F are as above. Then, if u € C*® solves (2.22)
and vanishes for large x for every t and G is supported in |x| < 2,

2 ™2 o+ og@ o 0) T D I TV o
[wl=N |ul<N
+ D@ 2 S D T, )3
[ul=N [u|<N
1
wa 1y ITPW N g
+ > (|r ou| + —— )lFF|dxds

|l V=N T RIK

1o TN s vy,
+ > (10 oul |+ =—==)Ita"7%, 05, 1 ') dx ds
KLVISN G i '
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t

T“u
+ > (ira W) - I)|r @w!| dx ds
[|<N,|v|<N-1 0 ]R?’\’C
Uys wJ TVl |
+ > 13, )95 (D )|(|r aul| + )dxds

|, IvI=N T R3\K

t

+ > / ‘(3”};“ 783, (F“uj)ag(I‘"u’)’ dx ds
[ul, |V|<N0 ]R%\)C

+ Z/ / 7 Rl T4 (7| +
TN 0 kil <1)

ru
+ > // l D) |r”u’|+| |)dxd + 2 IMGI s,

| v

y)dxds

ILVISNG g\ ko lul<N
+ D IOl + D DO, I3 (2.29)
ul<N—1 * lul<N—1

for any fixed N > 0 and any t > 0.

To show this, we argue inductively in N, and the case N = 0 clearly follows from
(2.23). Let us show the bound for the first term on the left side. Similar arguments will
yield the full estimate.

We begin by observing that

2T sy S0 2 I T 2 2,
[ul=N [u|=N-1

+ D M s ey (230)
lul+i<N

The bound for the last term clearly follows from (2.28).
To estimate the first term in the right side of (2.30), we begin by noticing that

th‘u = f'[lhu + [Op, l:‘]u
= PO + [0, Clu 4 [h7%8, 95, Tlu
= TOpu + [0, Tlu 4 [0, T — Tlu + [A7°8,, 85, Tlu. (2.31)

Thus, we will apply the inductive hypothesis to I'u with F replaced by
TF + [0, lu + [h7%8, 85, T1u
and G by the compactly supported function

IG+[0,T —Tu.
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536 J. Metcalfe, C. D. Sogge

It follows that the first term in the right side of (2.30) is dominated by the right side
of (2.29) plus

Lo |2
| |ZN” W22 2350101 <1p
Mltj=

since the coefficients of Z are O(1) in {|x| < 1}. Thus, another application of (2.28)
yields the desired estimate.

3 Decay estimates

Classically, the necessary decay to prove long-time existence is afforded to us by the
Klainerman-Sobolev inequalities (see [13]; see also [6],[27]). These inequalities, how-
ever, require the use of the Lorentz rotations which does not seem permissible in
the current setting. In order to get around this, we will rely on decay in |x| (which
meshes well with the KSS estimates from the previous section) obtained by a weighted
Sobolev inequality and decay in ¢ — |x| that follows from (variants of) estimates of
Klainerman and Sideris [15].

3.1 Null form estimates

We begin by providing the well-known decay that is obtained when employing the
null condition. The proof that we present is essentially from [26].

Lemma 3.1 Assume that the null condition, (1.3), is satisfied. Let co = min{c;/2 : [ =
1,...,D}. Then, for |x| > cot/2,

By 0, uk 9,005

<
e+ 1x))

|B§§’°"3 00 XK K|

[|FuK||82vK| + 19uX)aTVE | + (et — r)|8uK||82vK|], (3.1)

< [|FVK||32uK| +10vE||aT k] + (cxt — r)|3vK||82uK|], (32)
(t+ |x])
and
|BRK @By 1 KaavKa wK| < [T avE 1awX| + 00X TvE awK|
Ky S OB )
+|8uK||8VK||l"wK|—I—(cKt—r)|8uK||8vK||8wK|].
(3.3)

While (3.2) did not appear explicitly in [26], it is used there. It is easily seen to
follow from the same argument as the other bounds. We will show (3.1). The other
estimates result from similar arguments.
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Global existence of null-form wave equations in exterior domains 537

It suffices to consider the case [(¢,x)| > 1 as the bounds are otherwise trivial. We
first decompose the spatial gradient into radial and angular parts:

where 2 = x A 9, and A denotes the usual vector cross product. Introducing the
operators D* = 1(3, £ cxd,) and the null vectors Y* = (1,=£x/ckr), we can further
decompose

(0, Vy) = (Y D~ +Y*D%) - (o, A Q)
r

or alternately

- +p- + x
dx=Y D cKt+rY D™+ KWY L— (o,rZ/\sz)
—Y D™ +R,
where
Rl < ()~ Tu] + KL= . (3.4)
< e

Thus, we have
Bis P o, uk 0,050 = B PV Yy Y, DTuK(DT)2K + Ry uK 0, 0505
+Y, D™ uKRaaﬂv +Y, D ufY,; D" RpvX].
Since (YO*)Z/C%( — (Yf)2 — (YZ*)2 — (Y3’)2 = 0, by (1.3), the first term must vanish.

The remaining bounds follow from (3.4).

3.2 Weighted Sobolev estimates

The first estimate is a now standard weighted Sobolev inequality. See [13]. The reader
is also encouraged to see [11] for the first example of how this decay can be paired
with KSS estimates to yield long time existence for nonlinear equations.

Lemma 3.2 Suppose h € C>®(R?). Then, forR >1

Il o Rp2<xi<r) S R Z I1Z%Rll 2R ja <) <2R)- (35)

] <2

For |x| € (R/2,R), we apply Sobolev’s estimate for R x S? to see that

lx|+1/4 "
hets Y ( /|a£s2“h(rw)|2drdw)
=2 13 ~1/4 52

Since the volume element in R? is a constant times 72 dr dw, this is dominated by the
right side of (3.5) as desired.

The second of the necessary Sobolev type estimates follows essentially from that
in [25] (Lemma 3.3).
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538 J. Metcalfe, C. D. Sogge

Lemma 3.3 Let u € C®°(R3\K) and suppose that u vanishes on 3K and for large x for
every t. Then,

PPl S D124 @ o (3.6)
[nl=<1
Moreover,
AR M0l S > IT @ Dl (3.7
[v[<N [V[<N+1
forany N > Q.

We first note that the Dirichlet boundary condition allows us to control u locally by
u'. Thus, over |x| < 1, the result follows trivially from the standard Sobolev estimates.

In the remaining region, |x| > 1, (3.6) is a consequence of the arguments in [25]. We
write x = rw where o € §? (and dw denotes the surface measure of this unit sphere).
We begin by noting that

2 4 2 4
Plu@0l 5 D0 PAIUur ),
lul=1

follows from a basic Sobolev estimate. By the fundamental theorem of calculus,
Holder’s inequality, and the standard Sobolev estimate ||A|lg < |[VA|2, it follows
that

o0

r / vt ro)* do < 1 / / 19, (o) |[v(pw)|* dp dw
52 ros2

S8, Hl2lvee, HIE S IVeve, I3

which yields (3.6) when v is replaced by Q*u.
When |x| > 1, (3.7) follows from the same argument as that for (3.6). Since the
coefficients of Z are O(1) for |x| < 1, it only remains to show that

DL @0l S D M@ e, Ik < 1 (38)
V=N [V|<N+1
By Sobolev’s lemma, we have that for |x| <1,
D L ue IS 30 T )2+ D IL w2 <2y
[v|<N [V[<N+1 [v|<N
The last term in the right side is
< DM@ Ul Mg + D 1L W 2 <2y
[vIsN [v|<sN-1

Since 9, preserves the Dirichlet boundary conditions, it follows from the Fundamental
Theorem of Calculus that the former term is

S DM@ <oy S DL LT84 (W 2 ug<ay
[v|<N v[+|ul=N

which completes the proof of (3.7).
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Global existence of null-form wave equations in exterior domains 539

3.3 Klainerman-Sideris estimates

We finally present some estimates from [15] and some consequences of these esti-
mates. These estimates are the ones that provide any required decay in the time
variable ¢.

We begin with the following basic estimate from [15],

<cKt—r)(|a,auK|+|AuK|) < 37 I+ G+ ) Dl (3.9)
[ul<1

Moreover, using integration by parts, it was shown that

ekt —ra*vE@, )l S D ITHY @ Dl + e+ 00vE, Dl (3.10)
lul=<1

when there is no boundary. Moreover, if one applies the boundaryless analog of (3.6)
to (cxt — r)dvK and uses (3.10), the following is obtained,

P2 ekt —navEE L S DT @ Dl + DD e+ AT OvE, iz, (311)
lnl<2 [ul=<1

which first appeared in Hidano and Yokoyama [5].

When there is a boundary, the integration by parts argument in [15] does not yield
(3.10). We will, however, require analogous estimates. The first three are from [19].
The first follows from applying (3.10) to n(x)u(t,x) where 5 is a smooth cutoff that
vanishes for |x| < 1 and is identically one when |x| > 3/2.

D Mkt =nTHo%uX @, Hla S D ITH @ )l

[ul=N [u|<N+1
+ D M+ AT Du, Hlla+1 D IT @ ety (312)
[wI=N [u|<N

Moreover, by combining (3.5), (3.12), and elliptic regularity (cf. [19]), one obtains

rlext—r) » L ITFAN IS >0 0@ )l
|u|<N |u|<N+3
+ D e Ou D+ D0 T @ i<y (13)
|| <N+2 || <N

Finally, by applying (3.6) to the cutoff solution and using (3.12), we can obtain the
following analog of the estimate from [5].

et —r) DMK < DT MM @ )+ D I+ AT Ou, )l

[ul=N |ul=N+2 [u|<N+1
+1 Z T (t, M2 <1)- (3.14)
|ul=N
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Asin [21], in a region |x| > (co/2)t, the boundary terms are no longer required. In
particular, we have

D ekt = NTHuRE lzgezarn S D, T @ Dl

|ul=N [u|=N+1
+ D0 I+ ATHOu, )2
[ul<N
(3.15)
rlext—r) 10T K@l 0D ITM @ )
[ul=N [n|<N+3
+ Z t+r F"I:Iu(t )”L2(|x|>c01/4)’
|wI=N+2
(3.16)
and
Megt—r) D artuR el s D MM )l
[ul<N || <N+2
—+ Z t+r FMDM(I )||L2(\x|>cot/4)
[u|<=N+1
(3.17)

Indeed, we now fix n € C®(R3) satisfying n(x) = 1, |x| > 1/2 and n(x) = 0 for
|x| < 1/4. We then set v(t,x) = n(x/(co(t))u(t,x) and apply (3.10) and (3.11).

4 Global existence
In this section, we prove our main result, Theorem 1.1. Here, we shall choose N = 30,

but this is far from optimal. As in [26], the proof proceeds by examining a coupling
between a low-order energy and a higher-order energy.

> (I Ol + 107 s, ) < Ae (4.1)
[1]=20
> (0 e + 10T s ) < B+ 0 (42)
[1]=30

Here, A is chosen to be 10 times greater than the square root of the implicit constant

in (2.29). The exponent 5/8 was chosen to make the argument explicit. The same

argument would hold for sufficiently small ¢ for any exponent p with 1/2 < p < 3/4.
There are two steps required in order to complete the continuity argument:

(i.) Show (4.1) holds with A replaced by A/2,
(ii.) Show that (4.2) follows from (4.1).

Throughout the remainder of the argument, we will be applying (2.29) with
Jaf _ 1 ap K
hVef — _B K,;j opu

and F = G =0.
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4.1 Preliminaries
Before beginning the proofs of (i.) and (ii.), we establish some preliminary estimates.
These are shown assuming (4.1), and both are used to control terms that appear after

applications of the decay estimates.
The first is a lower order version. We will establish:

D e+ nTHOu, Dl S & +te D ITH (W )l p2gy <1 (4.3)
[u]<19 [ul=11

The left side of (4.3) is clearly controlled by

D e+ AT @ T, .

]=11,]v]<20

When the norm is taken over |x| > ¢ot/2, we can apply (3.5) and (4.1) to see that this
is O(¢%). When the norm is over |x| < cot/2, we apply (3.14) to see that this is

> (X I @ e+ Y e+ AT OuG, s

[v|<20 |ul<14 [ul=13
DI Dl pageen) S & e D I+ AT O, Dl
[ul=11 |nl<13
et DT W )2 <1)-
[ul=11

The last inequality follows from (4.1). Since the second term on the right can be
bootstrapped if ¢ is sufficiently small, we see that this yields (4.3).
From this proof, it is easy to see that we also have

D+ AT 00U )2ty S & (4.4)
[nl=19

We will additionally require the related higher order estimate

>0l ATOu 2 S (e D IT U l2gean) D 1T 2,

[1]=29 [ul=<15 [v]|=30
4.5)

Plugging in our nonlinearity in the left, this is

S DL M+ T .
[p]=<30,v|<15
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542 J. Metcalfe, C. D. Sogge

If |x| > cot/2, applying (3.5) and (4.1) results in the bound

Se > @, Dl

lul=30

If |x| < cot/2, we apply (3.14) to see that this is

S D TH @ O DT @ D+ D e+ )T Dud, Dl D ITd @ )l

[ul=17 [v]<30 lul<16 [v]<30
+ I Dl DD T )2 <1y
[n1=<30 [v|<15

By applying (4.1) and (4.3), we indeed see that (4.5) follows.
Again, the same proof also yields

D AT Ou Hllr2gyseyn S & D, ITH @ 2. (4.6)
[1]=29 [1]<30

4.2 Low order energy

Here, while assuming (4.1) and (4.2), we must show that (4.1) holds with A replaced
by A/2. Using (1.4) and (2.29), the square of the left side of (4.1) is easily seen to be

t
< (A8/10)2—|—C Z Z / |1“M3u1||BZ:;Y/3ay(rauK)aaaﬁ(Fuuj)ldxds
|141=20 |v]<19,|0|<10 ) R\
t
+C > > DY au! || B 9, (00 uK) 0,05 (0u))] dx ds
11Io1=20 p|<107 i o

t
+c > T 9u! | BP0,k 0 (M0’ )| dx ds
V=207 3\

t
+c > B2, 0, 0% 0 (D) (D)) dx dis
W\s|V|§2UO R3\K

T
SIS Z// e ro | d ds

=20 |v|<191o|<117) g3\

t
T u|
r
\K

+C
V<20 ]o|<11) p3

ITYu/ |07 4| dx ds

t
u
+c > > / |F”u/||1"“u’|(|1"”u’|+u)dxds
r
[],Iv|<20 |o| <11 0 R3\Kﬁ{\x|<1}
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t

1 W,/ v/ [TV ul
+c > //a|u||Fu|(|Fu - )dxds

[i],v|<20 0 ]R3\IC

v/ w2 v,/ Wyl 2
+C D D MW W T g +C D0 D0 NP @ T @ 3.

[n]=<20 |v|<11 |n<20 v|<11

4.7)

Due to constants that are intrpduced when I'* commutes with 9, the coefficients
BZ’aﬁ become new constants BH’;‘ﬁ By, e.g., Lemma 4.1 of [26], it is known that T’
preserves the null forms. Thus, if B O‘ﬂ satisfies (1.3), then so do the BKK b

In order to complete the proof, we W111 show that every term in (4.7) except for the
first is O(&?) if ¢ is sufficiently small. By (3.5), a Hardy inequality, and the Schwarz
inequality, the eighth and ninth terms above are dominated by

cy (sup 106, ) l2) 3 107 T I

|u<20 0S5t Iv|<20

which is O(g%) by (4.1). We may similarly apply (3.5) to see that the last two terms are
< >0 (o irats DB (X 10T g+ D T 1B)
[v]<20

ul<20 0=5=t [v]<20
which is O(*) by (4.1).
It thus suffices to show that the second through the seventh terms in (4.7) are O(e?).
We shall examine the regions |x| < cps/2 and |x| > cos/2 separately. Here, cg is as in
Lemma 3.1.

4.2.1 In the region |x| < cos/2

This is the easier case. We look at the remaining terms in (4.7) when the spatial inte-
grals are restricted to [x| < cps/2. By the Schwarz inequality and a Hardy inequality,
these terms are
t
(20 sw s o) 3 ITTW TS gz 9
|u|<200=5=¢ 0 II=200]<10
t

+/ z ”r‘o—u/1—‘])1/[//(5'7 .)”L2(|x‘§(303/2) dS:I
0 IvI=1901<10

58[/ D 780 WA CRR | FERNESRAR
o IvI<20]01<10

t
+/ “Fau/ u ”(S, ')”L2(|x\§CoS/2) ds]
0 IvI=19,o|<10

(4.8)

The second inequality follows from (4.1).
@ Springer



544 J. Metcalfe, C. D. Sogge

For the first term on the right of (4.8), we apply (3.13) and (4.3) to see that this
term is

t
1
se? > /@H(xrlr“u’(s,-)nzds

lul=207

t

+e > T8 (5, Y 2qge <1y 106) T T4/ (s, )l dis.
|nl=<20,lv]<117

Here, we have also applied the bound (4.1). By the Schwarz inequality and (4.1), this
is indeed O(e?). For the second term on the right of (4.8), we apply (3.5) and (3.12)
to the two factors respectively, yielding the same bound as above for the first term in
the right of (4.8), but with the weights (x) ! replaced by (x)~'*. Thus, this term is also
O(&3) as desired.

4.2.2 In the region |x| > cos/2

We first show that the sixth and seventh terms in (4.7) are O(¢?) when the spatial inte-
gral is taken over |x| > cps/2. Indeed, we can apply (3.7) to see that these terms are

t
: ' =5/8pvy/
PP /m“r“ws«)imm Brvi(s, )12 ds.
0

|1 <21 |v]<20

Thus, by (4.1) and (4.2), this is indeed O(e?) for ¢ sufficiently small.

For the remaining terms (the second, third, fourth, and fifth terms in (4.7)), there
are two cases: (1) when all three wave speeds are the same, (I,J,K) = (I,1,1), and (2)
when there is a wave speed that is distinct from the other two.

In case (1), the null form bounds (3.1), (3.2), and (3.3) apply. In the region |x| >
cos/2, these terms are

t

1 / o,/
S/ / m(z D] ST Il > I07u]) deds
0 |x|>cos/2 lul=<11 [v|<20 o ]<20
t
M " K 2 v K
+/ / (s +7) (X o))" 3 Irtou®dxds. (4.9)
0 |x|=cos/2 lnl=11 [v]<20

Applying (3.7), it follows as above that the first term is

t
1
5/ / R D MMl D 1) P s, )3 ds

0 |x|=cos/2 Inl=<21 =20

which is easily seen to be O(e?) using (4.1) and (4.2). For the second term in (4.9), we
apply (3.17), (4.1), and (4.4) to see that it is

t

58/ / m%/z > I (5,0 dx ds,

0 |x|=cos/2 |20

which is O(e?) by (4.1). This concludes the proof of the same speed case (1).
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We next examine case (2), the multiple speed case. Here, we must bound

t

> rtadl| D7 reu’| DT 07 ouf| dx ds (4.10)

0 |x|>cos/2 [nl=<20 [v[<20 lo|<20

with (I,K) # (K,J). For simplicity of exposition, we assume I # K, I = J. The
other cases follow from symmetric arguments. We fix § < |¢; — ck|/3. Thus, {|x| €
[(c; — 8)s, (c; + 8)s1} N {|x| € [(cx — 8)s, (cx + 8)s]} = @, and it suffices to show that
(4.10) is O(e?) when the spatial integral is taken over the complements of these sets
separately. We will show the bound over {|x| & [(cx — d)s, (cx + 8)s1} N {|x| = cos/2}.
Again, the remainder of the necessary argument follows symmetrically.

If we apply (3.17) and (4.6), we have

t
2
/ / (Z |F“8u1|) > rrouX] deds
0 {IxIgl(ck—8)s,(ck+8)sTIN{x|=cos/2) 1120 Iv1=20

t

1 2
S/W S ok [ (07 3 o) drds

0 [v|<30 RIK [11=20

since (cxs — r) = (1 +s) on the domain of integration in the left. Thus, by (4.1) and
(4.2), this is also O(e?) for sufficiently small &, which completes the proof of (i.).

4.3 High order energy

Here, we shall show that (4.2) follows from (4.1). By (1.4) and (2.29), the square of
the left side of (4.2) is

t

5824-/ / Z [THu| Z TV Z IT%u'| dx ds

0 pivg IKISIS V=29 0130

t

—I—/ / Z [T | Z |rvuu|2‘g|§:|ri‘| dx ds
0 R3\K |n|<15 [v]<29
t

+/ / > IF“u//I(z |Fvu/|>2dxds
0 Ri\ IHI=15 [v|<30
t

+/ / >y |m/|72“"53’r°'rgu| dv ds
0 pic K15 V=30
t

+/ / 0> |F“u/|(z |F”u’|>2dxds
0w <15 V=30

@ Springer



546 J. Metcalfe, C. D. Sogge

t

-1 / Vo Z\U|§30 [T ul
r# r — dxd
R LD W

0 R3\K: || <15 [v|=30
+ D 2 NPT )+ 20 D0 ITMITY | I3, (411)
|u|<15 [v|=30 |l <15 |v|<30

The last eight terms in (4.11) will be referred to as 1,11, . . ., VIII respectively. Terms /
and /11 are the key terms; the others are technical terms that result from our analysis
of the perturbed KSS estimates.

We start by bounding the terms / and /I. When the spatial integrals are over
|x| > cos/2, it follows from (3.5), the Schwarz inequality, and a Hardy inequality that
these terms are

/ S, Ol S I G, I3 d.

0 ¥ =17 IvI<30

When the spatial integrals are instead over |x| < cps/2, we have that (cxgs—r) = (1+5)
forany K = 1,...,D. Thus, by (3.5), (3.12), and (4.5), these terms are

/l-l—s S s, (X I s DI gy

|u|<17 v|<30 |v|<30
s DT M2y D, 1T G, ~)II2) > AIT7u (s, )2 ds
[v|<16 [v]<30 lo|<30
t
<eg T u/ (s ds
S / o 2 I ol
0 [1]<30
e D I 2 o<y S0P D IT7W (s )l
[v]<30 0=s=t |5 1<30

+e” sup DTV Gs, 3.

O=s<t|7 30

Here, we have applied the Schwarz inequality and (4.1). Thus, it follows that

I+11 < / DT s, Hl5ds+e sup DI (s, )3

$ =30 O=s=1,1<30

te D 0T T o (4.12)
[]=30

The last two terms can be bootstrapped and absorbed into the left side of (4.11)
The bound for the next two terms in (4.11) is similar. Again, in |x| > ¢ps/2, by an
application of (3.5) and (4.1), we have that these terms are

t

<o [ 3w B s

0 [1]<30
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When the inner integrals are over |x| < cgs/2, we may apply (3.13) and (4.3) to see
that these terms are

t

/ ST, e S I G, I ds

0 \MI<18 |v|<30
+ 20 M sty 2 10T T W N2 2, sup D W (s, Dl
lul<15 v|<30 0=5=|5<30

Here, we have also applied the Schwarz inequality and a Hardy inequality. Thus, it
follows from (4.1) that

t

III—{-IVSe/ Z ITHu/ (s, )||2dS+8 sup z (IT 4 (s, )||2

AR O=5=1,41 <30
-5/8
e D I T T o (4.13)
14]=30

and again, the last two terms will be bootstrapped.
By the Schwarz inequality, a Hardy inequality, (3.5), and (4.1), we easily obtain

V+VISe > 17T 2, sup > ATV (s, Dl (4.14)
nl<30 0=s=t),<30

which will also be bootstrapped. Using (3.5), the last two terms are also easily handled,
resulting in

2 -1 m2 ’ 2
VII+ VI < ¢ ( ‘Z;O 1) T I o ) + | lZ‘gO TR (1, -)||2). (4.15)
wl< ul<

If we use the estimates (4.12)—(4.15) in (4.11) and bootstrap the appropriate terms,
it follows that

D It @ I+ 30 1@ BT,

[1]<30 [1]=30
<&’ +s/1+ DT (s, )5 ds. (4.16)
|u|=<30

The desired bound, (4.2), then follows from Gronwall’s inequality, which completes
the proof.
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