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Abstract
The topic of this paper is a semi-linear, energy sub-critical, defocusing wave equation
0?u — Au = —|u[’""u in the 3-dimensional space with 3 < p < 5. We generalize in-
ward /outward energy theory and weighted Morawetz estimates for radial solutions to the
non-radial case. As an application we show that if 3 < p < 5 and k > 577”, then the solution
scatters as long as the initial data (uo,u1) satisfy

K 1 1 1
/S(‘m| +1) (ilv'LL[)lQ+§|U1|2+m|uo|p+l) d$< —+00.
R

If p = 3, we can also prove the scattering result if initial data (uo,u1) are contained in the
critical Sobolev space and satisfy the inequality

1 1 1
/ || <7|Vuo|2+f|U1|2+f|uo|p+1) dr < 4o0.

These assumptions on the decay rate of initial data as |z| — oo are weaker than previously
known scattering results in the non-radial case.

1 Introduction

1.1 Background

We consider the Cauchy problem of the defocusing semi-linear wave equation in 3-dimensional

case
0?u — Au= —|ulP~lu, (x,t) € R3 xR;
u(:,0) = uo; (CP1)
ug(+,0) = ug.

Critical Sobolev spaces We define s, = 3/2—2/(p—1) and call H*» x H*»~(R?) the critical
Sobolev space of (CP1). This is because the H x H®~! norm is preserved if we apply the
following natural rescaling transformation on a solution u to (CP1). Given a solution u and
a positive constant ), one can check that the function uy = A=/(P~Vy(z/\,t/\) is another
solution to (CP1) with

”(u)\('a/\tl)vatu)\('vAtl))HHsp xHsp—1 — ”(u('atl)7atu('7t/))”f'[5p x Hsp—1 -
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Local theory The main tool is the Strichartz estimate. An almost complete version of
Strichartz estimates for 3D wave equation can be found in Ginibre-Velo [16]. A combination of
suitable Strichartz estimates with a regular fixed-point argument gives the local well-posedness of
this problem for initial data in the critical Sobolev space or energy space. Please see Kapitanski
[21] and Lindblad-Sogge [30], for example, for more details of local theory.

Energy conservation law The energy is the most important conserved quantity of this equa-
tion. Throughout this work we use the notation F for the energy.

_ 1 2 L 2, 1 P gy —
E(u,u) = /R3 (2|Vu(x,t)| + 2|ut(x,t)| + Py 1|u(oc,t)| dx = Const.

In the energy sub-critical case 3 < p < 5, any solution with a finite energy must exist for all
time ¢t € R.

Global behaviour The global behaviour of solutions to (CP1) in the energy critical case p = 5
has been well understood. Generally speaking, all solution with initial data in the critical space
H' x L*(R®) must be global defined for all #+ € R and scatter in both two time directions. By
scattering we mean that a solution of nonlinear equation gets closer and closer to a solution of
linear equation as t goes to infinity. To learn more about this topic, please see, for instance,
Pecher [34] for small data scattering, Ginibre-Soffer-Velo [13], Grillakis [17, 18], Kapitanski [20],
Shatah-Struwe [36], Struwe [42] for global existence, regularity and continuous dependence on
initial data, Bahouri-Gérard [1], Bahouri-Shatah [2], Nakanishi [32, 33| for large data scatter-
ing. We expect that a similar scattering result also holds in the energy subcritical (p < 5) or
supercritical (p > 5) case.

Conjecture 1.1. Any solution to (CP1) with initial data (ug,u1) € H* x H** ' must exist for
all time t € R and scatter in both two time directions.

This is still an open problem. Although there are many related results by different methods.

Scattering with a priori estimates There are many works proving that if a solution u with
a maximal lifespan [ satisfies an a priori estimate

Stlé? (1), ue(+¢)) ||H5p X Hop—1(R3) < +00, (1)
then uw must exist globally in time and scatter. All these works use a compact-rigidity argument,
which was introduced by Kenig-Merle in [24, 25] for the study of energy critical wave and
Schédinger equations. In the energy supercritical case p > 5, one may refer to Duyckaerts et al.
[12], Kenig-Merle [26], Killip-Visan [29] for radial solutions and Killip-Visan [28] for non-radial
solutions. In the energy subcritical case p < 5, please see Dodson-Lawrie [6] for 1 + V2<p<3
and Shen [37] for 3 < p < 5, both in the radial case, as well as Dodson et al. [7] for 3 <p <5
in the non-radial case. Please note that the argument in the papers mentioned above works not
only in the defocusing case but also in the focusing case (with nonlinear term |u|P~!u instead of
—|ulP~tu). In the energy critical case p = 5, however, we have

e In the defocusing case, the assumption (1) automatically holds by the energy conservation
law.

e In the focusing case, there exist solutions to (CP1) which satisfy the assumption (1) but fail
to scatter. We call these kind of solutions type II blow-up solutions. One specific example
of type IT blow-up solutions is the ground state W (z) = (1 + |z|/3)~*/2. To learn more
about global behaviour of type II blow-up solutions, please refer to Duyckaerts-Kenig-Merle
[10, 11] in the radial case, and Duychaerts-Jia-Kenig [8] in the non-radial case.



Non-radial initial data The scattering of solutions can also be proved if the initial data satisfy
stronger regularity and/or decay conditions. We start by results without a radial assumption.

e Let 3 < p < 5. We may use the conformal conservation law method to prove the scattering
of solutions if initial data satisfy

[ e+ 10F00@ P + e ) + (o) ] de < o

Please see Ginibre-Velo [15] and Hidano [19] for more details.

e Yang in his recent work [45] considers energy momentum tensor and its associated current
in order to obtain a uniform weighted energy bound and inverse polynomial decay of the
energy flux through certain hyper surfaces. As an application scattering of solutions are
proved under the assumption

1 1
[0 ) (AT + s+ ) e < 400

Here the exponent p and coefficient «y satisfy

14+V17 5 —
% <p<b; max{llj,l} < v < min{p — 1, 2}.
p—

Radial initial data Radial assumption enables us to obtain the scattering of solutions under
much weaker regularity /decay assumptions.

e Dodson gives a proof of Conjecture 1.1 in the radial case for 3 < p < 5 in his recent
works [4, 5]. The radial assumption is essential, because the argument uses not only radial
Strichartz estimates but also a conformal transformation for 3D wave equation, which was
introduced in [38] and works only for radial solutions.

e The author introduces an inward/outward energy method in a recent work [39]. As an
application we may prove the scattering of solutions if the energy of initial data decays at
a certain rate as |z| — +o0o0. More precisely, we assume

L1 (59 + gl @l + @)l ) do < 4.

p+1

Here x > % is a constant. In a more recent work [40] the author proves the scattering
in the positive time direction by assuming that the inward energy of initial data decays at
the same rate as above, regardless of the size and decay rate of outward energy. Please
note that the decay assumption here is so weak that it can not guarantee (ug,u;) €
Hs» x H% ' As a result this inward /outward energy method discovers a scattering
phenomenon which has not been covered by previously known scattering theory. The
author would like to mention that the idea of inward/outward energy method partially
coincides with the channel of energy method. To learn more about the channel of energy

method, please refer to Duyckaerts et al. [9], Kenig et al. [22, 23].

1.2 Motivation and Idea

Since the method of inward/outward energy seems to be a powerful tool to understand the
asymptotic behaviour of radial solutions to 3D defocusing wave equation, as shown in the author’s
recent works [39, 40], we generalize this method to non-radial solutions in this work.



Inward and outward energies Before we define inward/outward energy of non-radial solu-
tions, we first introduce a few notations.

Definition 1.2. For convenience we first define a few differential operators

1
(Lu)(z,t) = 20,(ru) = Vu(a, 1) - = + 20,
r \ Y
1 x  u(z,t)
(Lyu)(z,t) = =(0, £ 0¢)(ru) = Vu(z,t) - — + + w(x, t).
r | |zl
When we consider initial data to (CP1), we also use the notation
_ ~x u(x) _ oz u(z)

Now we can define

Definition 1.3. Given any t we define inward energy E_ and outward enerqy E.

)= [ |3 eute0f + {¥us 0P + e do

1
2(p+1)

Ep(t) = /R [i|L_u(x,t)|2 - i|Wu(x,t)|2 + |u(x7t)|p+1} d.

2(p+1)

Here Y means the covariant derivative on the sphere centred at the origin with a fized radius |z|.
We have |V ul? = |u,|? +|Vul?. Given a radial symmetric region ¥ C R3, we can also consider
the inward/outward energy in the region

Ei(t; ¥) = /E |:111|L:Fu(x7t>|2 + i|vu(x7t>|2 + 2(p1+1)u(1:,t)|p+1] dx

In particular, we define Ex(t;r1,72) = Ex(t;{r € R3 :ry < |2| < 1ra2}).
Remark 1.4. By Lemma 2.1, we have

1 1
B+ B0 = [ 5 ILul + Glul + 590l + |u|p+1] dz
R3
Lo 1 2y 2 p+1
= 5\“r| + 2|Ut| |77 |+ \u| dr =E.
]RS

But in general we have

1 1
Ei(t;ri,re) + E_(t;r1,7m0) # {2|Vu(x, )2 + §|ut(q:, t)? +

r1<|z|<ra

P lu(z, t)|p+1] dx.

Energy flux formula As in the radial case, we then give an energy flux formula for in-
ward/outward energy of non-radial solutions. Again the Morawetz estimates are essential to
the proof. The major challenge in the non-radial case is to deal with the last two terms in the
spherical coordinate version of the equation

(00 = 0,) (01 + 0,) (ru) = —rful” u+ ——p(ugsin) + —£5

rsin®6’

These two terms simply vanish in the radial case. We may deal with these terms containing
second derivatives about 6, ¢ via integration by parts. In order to avoid the trouble of boundary
terms we always consider spatially radial symmetric regions in the energy flux formula. The
energy flux formula of inward/outward energy plays two important roles in our argument

e It helps to give information about space-time distribution of the inward/outward energy,
which gives plentiful information about the asymptotic behaviour of w.

e It provides a framework that we can work on to obtain the weighted Morawetz estimates.



Weighted Morawetz If the energy of initial data decays at a certain rate when |z| — 400,
i.e. we have

1 1 1
1 K 7V 2 - 2
[ +1a) [5190P + Gl + —

lup[Pt | do < +00, 0< K < 1;

then we may obtain the following weighted Morawetz

/“/ (] +8)* (lu(@, P + [Vulz, 1))
—00 R3

||

dxdt < +o00.

As an application we have the decay estimates F_(t) < Ct~" when ¢t > 0 is large.

Application on Scattering Theory If k > 55—}’, then the decay estimate E_(t) < Ct™"
implies ||u||Larrt1(r+ xrs) < 400 for ¢ slightly smaller than 2(p 4 1)/(5 — p). We then combine
this global estimate with the local theory and the energy conservation law to prove the scattering
result.

1.3 Main Results

In this subsection we give three main theorems. Theorem 1.5 gives the spatial energy distri-
bution property of finite-energy solutions to (CP1) as ¢ — Zo0o. This theorem is proved by
an inward /outward energy method. As an application we may prove a scattering theory about
solutions to (CP1) as given in Theorem 1.7 and Theorem 1.10. Our assumptions are weaker
than previously known scattering theory of non-radial solutions mentioned above.

Theorem 1.5. Assume 3 < p < 5. Let u be a solution to (CP1) with a finite energy E. Then
we have the following asymptotic behaviour regarding the energy of u

1 1 1
lim (2 ILu(z,t)]* + E\Wu(x,t)ﬁ + |u(x,t)|p+1) dx = 0;
p

t—=+oco R3 + 1
lim 1|Vu(x )2 + 1|u (z,t)]* + ! lu(z,t)|P™ ) de =0, ce(0,1)
t—too |z|<clt| 2 ’ 2 B p+ 1 ’ ’ ’ ’

Remark 1.6. The first limit in the theorem above is equivalent to saying . ligl E-(t)=0.
—> 00

Theorem 1.7. Assume 3 <p <5 and kK > 5%17. If initial data (ug,wy1) satisfy

1 1
Btuos) = [ (1 Jaf) (2|w02+2|u1|2+ |uo|p+1)d:c<+oo,
R3

p+1

then the corresponding solution u to (CP1) with initial data (uo,u1) must scatter in both two
time directions. More precisely, there exists (v, vi) € (H' N H*») x (L> N H*~'), so that

| (ilh) -5 ()

Here Sp,(t) is the linear wave propagation operator.

=0, Vs € [sp, 1].

‘HSXHsl(]W)

Remark 1.8. Initial data (ug,u;) in Theorem 1.7 also satisfy (ug,u1) € H® x H*»~1(R3) by
the Sobolev embedding. We put the details in Lemma 2.3.

Remark 1.9. Let p and k be as in Theorem 1.7. We can prove the scattering of solution in the
space H' x L? as t — 400 as long as the total energy is finite and the inward energy satisfies

1 , 1 ,
1 =L -
[0+ 1a1) (G, u) + 19l + 5

(p+1>'“°'p“> d < +oo,



regardless of the size and decay rate of the outward energy. The idea comes form the author’s
work [40]: the weighted Morawetz estimates for positive times depend on the inward energy of
initial data only. This scattering result is in fact the major and key step to prove Theorem 1.7.
Please see Section 5.1.

Theorem 1.10. Let p = 3. If initial data (ug,u1) € HY? x H='/2(R?) satisfy

. 1 1 1
By o(uo, u1) = / |z <2|VUO(=’F/)|2 + §|U1($)|2 + 4|U0(=’E)|4) dx < 00,
R3

then the corresponding solution u to (CP1) with initial data (uo,u1) must exist globally in time
and scatter in both two time directions. More precisely, there exists (viE,vi) € HY/? x H=1/2,

so that () .
u(-,t v
e () 20 (D
t=roo H <8tu("t)) w(f) (Ui‘: H1/2x H-1/2(R3)

Remark 1.11. Both HY/2 x H~1/2 (R®) norm and the weighted energy Eo 1 defined in Theorem
1.10 are invariant under the natural rescaling of (CP1) when p = 3.

Remark 1.12. These results for possibly non-radial initial data are weaker than our results for
radial solutions, i.e. we have to make stronger assumptions on the decay rate of energy. This is
because we lose many tools to investigate the asymptotic behaviour of solutions in the non-radial
case. For example, we may rewrite the equation in the radial case in the form of

0y — 0,) (0 + 0,) (ru) = —r|u|P u.

This immediately gives explicit estimates on variance of (0 £+ 0, )(ru) along characteristic lines
t Fr = Const. In the non-raidal case, however, we have

g (ugsinf) + Yoo

(01— 0,00 + 0)(ru) = —rlufP~r + — g
rsin® 0

rsin 6
We are no longer able to analyze the variance and asymptotic behaviour of (9, + 0¢)(ru) con-
veniently due to the presence of the derivatives about 6,p. For another erxample, we do not
have the pointwise estimate |u(r,t)| < v~/ ®+3) for radial solutions with a finite energy. This
significantly undermines the effectiveness of (weighted) Morawetz estimates.

1.4 The Structure of This Paper

This paper is organized as follows. In section 2 we recall the Strichartz estimates, local theory
and the Morawetz estimates, then give a few preliminary results. Next in Section 3 we give a
general formula of inward and outward energy fluxes in the nonraidal case. Section 4 is divided to
two parts. In the first part we give a few energy distribution properties of solutions by the energy
flux formula. In the second part we prove the weighted Morawetz estimate. Finally in Section
5 we prove Theorem 1.7 and Theorem 1.10 by combining the weighted Morawetz estimate with
the local theory.

2 Preliminary Results

We start by reminding the readers about the < notation.

The < symbol We use the notation A < B if there exists a constant ¢, so that the inequality
A < ¢B always holds. In addition, a subscript of the symbol < indicates that the constant ¢ is
determined by the parameter(s) mentioned in the subscript but nothing else. In particular, <,
means that the constant c is an absolute constant.



2.1 Technical Lemmata

In this subsection we give and prove a few technical lemmata. Many of them may have been
known for a long time.

Lemma 2.1. Let u € H'(R?). Then/ |Lu|® dazz/ |, |?dz.
R3 R3

Proof. We first consider the integral over annulus {x € R3 : a < |z| < b}:

2 e b
/ |Lu|? do = / / /
a<|z|<b
2
/ / / (72w, > + 0, (ru?)] sin 6 drdfdep

1 1
f/ |u,|?da + b/ lu|?doy(x) — 7/ |u|?dog (). (2)
a<|z|<b |z|=b a J\z|=a

Here o, represents regular measure on sphere of radius . Next we use Hardy’s inequality and

obtain
> (1 u(z)|?
/ 3/‘MMWM@)W=/‘(ym§M%<
0 r |z|=r R3 |(E|

As a result we have

1 1
Jim inf & / () [2do (z) = O; Jim inf - / () [2dors () = 0; 3)
|z|=r |z|=r

wl? 5 .
ur—i—f‘ r< sin 6 drdfdp

r—0t 7 r—+oo 1

Finally we may make a — 07 and b — +oo in identity (2) with these two limits in mind to finish
the proof. O

Remark 2.2. If we use one limit at a time in identity (2), we obtain two identities for any
HY(R3) function u and any radius R > 0

1
/|QM@WM/JWWM}{ ju(e) Pdo ()
z|< x| <

lz|=R

/ |Lu(x)|2dx=/ lun[2da — = / )2don(z).
|z|>R |z|>R |z|=R

This implies for any k> 0 and (ug,u;) € H' x L?,

1 1
|| Z|L+(U0,U1)\2 + Z|L7(U0,U1)|2 +3 \WU0|2 |U0|p+1] dx

[ |ua|? Uop“} /Oo 1 / 2
= z|” + + dx + kR" — |Lu dr | dR
R3| ‘ L 2 2 erl 0 \x|>R2‘ O( )|

[[Vuol® | [usf? Uop“} / 1 / 2
< z|® + + dr + kR" Ortt dr | dR
R3| | 2 2 p+1 o ‘$|>R2| o(@)]

(1 1
:/RS ol |50l + G+ 1u0|p+1] da.
Lemma 2.3. Let 3<p <5 and k > 252, If (up,u1) € H' x L*(R®) satisfies

E:(UQ7U1) = / (|:l?|N + 1) (|VUO|2 + |U1|2) dx < 4o00.
R3

then we also have (ug,u1) € H x H~1(R3).



. 3(p—1) 3(p—1) . .

Proof. By the Sobolev embedding W P x Lo < H x Her—1 it suffices to show
. 4 3(p—1) 3(p—1)

(up,u1) € W5 x L »71 . This immediately follows Holder’s inequality

3(p—1) 3(p—1)
/ (1Vu0] 55" + fur| 55" ) da
R3

H 9 9 28:—3 _3(p—Dsr 2(5;-%—?1)
S (lz] + 1" (IVuol? + [ua|*) dz (Jz|+1)" 75> dz
R3 R3
3(p—1)
S (B (ug, up)) 26D < 4o0.
Here we have 3(%11))“ > @ > 3. O

Lemma 2.4. Fiz s € [-1,1]. Let ¢ : R — [0,1] be a fived radial, smooth cut-off function
satisfying
_ L iflel > 1
o(x) —{ 0, if|x| < 1/2
Then the operators {P,},cr+ defined by (P, f)(x) = ¢(z/r) - f(x) are uniformly bounded from
H*(R3) to itself
IPrfll s ray Ss 1l rs ey

In addition, given any f € H*(R3), we have

7-1_13# 1P f = Fll e sy = 0; lim [Py f[| e (gsy = 0.

r—+00

Proof. First of all, we can verify that ||P, f|| ;1 <1 ||f]lz: by a direct calculation

2
HEl) o 071

[ vwamsente s [ (wiwr

Here we apply Hardy’s inequality. It is trivial that | P, f||z < ||f|lzz. Therefore an interpolation
immediately gives the uniform boundedness of P, from H* to itself for any s € [0,1]. By duality
this uniform boundedness is true for s € [—1,0] as well. Next let us prove the two limits as
r — 07 and r — co. If f is in the Schwartz class, then it is clear that these limits hold. In
the general case we recall the fact that the Schwartz class is dense in the space H* and apply
the standard approximation techniques. Here we need to use the uniform boundedness of the
operators P,.. O

2.2 Strichartz estimates and Local Theory

Strichartz estimates The following Strichartz estimates on solutions to the linear wave equa-
tion play a key role in the local well-posedness theory of nonlinear wave equations. Please see
Proposition 3.1 in Ginibre-Velo [16]. Here we use the Sobolev version in dimension 3.

Proposition 2.5 (Generalized Strichartz estimates). Let 2 < ¢1,¢2 < 00, 2 < ry,79 < 00 and
p1,p2,5 € R be constants with

1/qi+1/r; <1/2,i=1,2; 1/q1+3/r1 =3/2—5s+p1; 1/q2+3/ra=1/24 s+ pa.
Assume that u is the solution to the linear wave equation

Ou— Au=F(x,t), (a,t) € R3 x [0,T);

u|t:0 =ug € HS.;
8tu\t:0 =u1 € Hs L



Then we have
1w, T), Oeuls T e fre—1 + 1 D2l Lar a0, 1y xR2)
sC¢ (ll(uoaul)Hmﬁs—l + HDZ’”F(%ﬂ”mﬁz([o,T]st)) '

Here the coefficients o and 7o satisfy 1/qa +1/Ga = 1, 1/ra + 1/F2 = 1. The constant C does
not depend on T or u.

Chain rule We also need the following “chain rule” for fractional derivatives. Please refer to
Christ-Weinstein [3], Kenig et al. [27], Staffilani [41] and Taylor [44] for more details.

Lemma 2.6. Assume a function F satisfies F(0) = F'(0) =0 and
[F'(a+b)] < C(IF'(a)| + [F'(b)]), [F"(a+b)| < C(IF"(a)| +|F" (b)),
for all a,b € R. Then we have
IDF(u)l| Lo rsy < ClIDu|| Lor o) [|F () | o2 o)
forO<a<landl/p=1/p1+1/ps, 1 < p1,p2 < 0.

Local theory The local theory is a consequence of the Strichartz estimates and a fixed-point
argument. Here we only give a few results that will be used later in this work. Please see
Kapitanski [21] and Lindblad-Sogge [30], for instance, for more results and details about the
local theory. We start by a few results with initial data in the critical Sobolev spaces.

Proposition 2.7 (Existence and scattering criterion). For any initial data (uo,u1) € Hs» x
H®»=', there exists a unique solution u_to (CP1) with a mazimal lifespan (=T_,T}) so that
(u(-,t), Qpu(-,t)) € C((=T-,Ty); H» x H»~1) and

||/U/||L2(p—1)L2(p—1)([a7b]XR3) < +4oo, T _<a<b< T+.

In particular, if |[ul| p2e-1) p20-1 (0,1, ) xR3) < +00, then Ty = 0o and the solution u scatters' in
the positive time direction.

Proposition 2.8 (Scattering with small initial data). There exists a constant 6 = d(p) > 0,
so that if the initial data satisfy ||(uwo, 1)l grep s gen—1 < 0, then the corresponding solution u to
(CP1) exists globally in time and scatters with ||ul| L2-1) 201 (mxR3) < +00.

Corollary 2.9. If u is a solution to (CP1) defined in the time interval (—=T_,Ty) with initial
data (ug,u1) € H® x H®* =1 then there exists a large radius R, so that

T+
/ / lu(z, t))?P~Vdzdt < +oo.
—T_ J|z|>R+|t]|

Proof. Let us sketch out the proof. We recall the smooth cut-off operator P,. defined in Lemma
2.4. When R is sufficiently large, we always have

H(PRUO7PRU1)HHSP><HSP*1 < 4.

Here § is the constant in Proposition 2.8. We fix such a large radius R and apply Proposition
2.8 to obtain that the corresponding solution v to (CP1) with initial data (P grug, P ruy) satisfies

/ / lo(z,t)|?P~Vdzdt < +oc.
— oo JR3

Since the initial data of u and v are exactly the same in the region {x € R3 : |z| > R}, we
immediately finishes the proof by finite speed of propagation of wave equation. O

IWhen we mention scattering, we always assume the scattering happens in the critical Sobolev space Hsp x
H#r»~1 unless other space is specified.



We also have continuous dependence of solutions on initial data. The following result is a direct
consequence of the long time perturbation theory. Please see Lemma 2.5 of [6] and Theorem
2.12 of [37], for example.

Proposition 2.10 (Continuous dependence on initial data). Let u be a solution to (CP1) with
initial data (ug,u1) € H x H*~' and a mazimal lifespan 1. If (uon,u1,) is a sequence of
initial data satisfying

Jum [ (w0, wiin) = (o, wa) |l rep x grep—1 = 0,

then the corresponding solutions uy, to (CP1) with initial data (ugn,u1.,) satisfy

EIJP sup H(un(’,t), atun('vt)) - (u('at)a 8tu('7t))||HSp xHsp—1 — Oa
n OOtEJ

for any fixed compact subinterval J C 1.

We can also consider local theory of energy subcritical wave equation with initial data in the
energy space. The following result has been known for a long time. Please see, for example, [40]
for a proof.

Lemma 2.11. Assume 3 < p < 5. Let (ug,u1) € H' x L>(R3) be initial data. Then the Cauchy
problem (CP1) has a unique solution u in the time interval [0, T] with

(u,us) € C(0,T); H* x L2(R%)); we L3 L2 ([0,T] x R3).
o , . —esl
Here the minimal time length of existence T = Cp||(uo, w1l 5.7, -

Now let us consider a solution u to (CP1) with a finite energy. The energy conservation law
implies that the norm [|(u(-, ), ut(,1))|| 1w 2 < EY/? is uniformly bounded for all time ¢ in the

~

maximal lifespan of u. According to Lemma 2.11, there exists a constant T' = T'(p, E), so that if
w is still defined at time ¢, then u is also defined for all time in [¢, ¢ + 7. It immediately follows
that any solution to (CP1) with a finite energy exists globally in time.

Proposition 2.12. Let 3 < p < 5. If u is a solution to (CP1) with a finite energy, then u is
defined for all time t € R.

The global well-posedness result of this kind has been known for many years. Please see, for
example, Ginibre-Velo [14] and citations therein.

Scattering in different spaces Finally we give a technical lemma about scattering in different
spaces.

Lemma 2.13. Assume that a solution to (CP1) scatters in two different levels of Sobolev spaces

(1/2§81 < 59 < 1)
ne e
(i) ~ 520 (U)

Then we always have (vél),vgl)) = (v(()Q),v?)) and

u(-,t) e
(i th) 5+ (vf”)
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lim
t——+o0

Hsi XHS’L'*I(RS)

t_1>i+moo =0, s € [s1, 9]

Hsx Hs—1(R3)




Proof. Since the operator Sy, (t) preserves H* x H*~! norms, we have

u(- o)
Sr(—t) (@15(7.2)) - (&))

This means that both (vél),vgl)) and (v(()Q),v§2)) are the limit of Sg(—t)(u(-,t), dpu(-,t)) as t —
+00 in the sense of tempered distribution. Thus (vél), vgl)) (v((f), (2)). The scattering of u in

the space HS x H*~! with s € (s1,82) then follows an interpolation between s; and s. O

lim
t—+4oo

Hsi XHsi—l(RS)

2.3 Morawetz Estimates

Morawetz estimate was first introduced by Morawetz [31]. The following version of Morawetz
estimate comes from Perthame and Vega’s work [35]. Here we use the 3-dimensional case.

Theorem 2.14. Let u be a solution to (CP1) defined in a time interval [0, T| with a finite energy
E. Then we have the following inequality for any R > 0. Here og is the reqular surface measure
of the sphere |x| =

(|Vu|* + |ue|?)dadt + — / / ul? dURdt—l— / / u|P dadt
2R/ /|x|<R o 2R? |z|= R‘ DR |gg|<1%:|

JufP* Vul?
/ / dxdtJr/ / dx dt+—2 |u(x, T)|*dx < 2E. (4)
p + p+1 o>k |T] o Jig>r 17l R? Jiz1<r

Remark 2.15. The notations p and E represent slightly different constants in the original paper
[35] and this current paper. Here we rewrite the inequality in the setting of the current work.

The coefficient of the integral fB(O,R) |u(z, T)|?dz was % (in the 3-dimensional case $5) in
the original paper. But the author believes that this is a minor typing mistake. It should have

2
been L=

% R2 instead.

Remark 2.16. The left hand side of the original inequality given in Perthame and Vega’s work

does not contain the term fOT flw\>R Wf;f‘l dxdt. Instead this term is simply discarded since it
must be nonnegative. In fact this term vanishes if u is a radial solution. But a careful review of
the proof given in [35] clearly shows that we may put this term in the left hand of the inequality

as well. A similar inequality is also proved in Yang [45].

p+1 2
/ / [ +|W|ddt§CE.
]RB

||

Global Integral Estimates Let us recall that any finite-energy solution to (CP1) is defined
for all time ¢t € R. Since none of the coefficients in the Morawetz estimate (4) depend on the
time T. We may substitute the upper limit 7" of the integrals by 400, as long as we ignore the
last term in the left hand side. We may also substitute the lower limit 0 of the integrals by
—00, thanks to the energy conservation law. For convenience we combine integral over the same
region together and write

1 /Oo / <1 o, Lo P2 2
= —|Vul® + = |ug| + ——|ul? dedt + — |u|*do g (x)dt
R J_ o Jie|<r \2 2 p+1 232 |z|=R

0 — p+1 2
+/ / (p L JuP* | [Vl )dxdt < 2E. (5)
—oo J|z|>R p+1 |$| |Z‘|

This immediately gives the following results. (In order to obtain the third inequality we let
R—0%)

11



Corollary 2.17. Let u be a solution to (CP1) with a finite energy E. Then u satisfies (R > 0)

/ / (Wl + [wr]? + uP*) dedt <, RE:
|z|<R

/ / lu(x,t)|*dog(x)dt < 2R*E
—oo J|z|=R

+oo p+1 2
R3

||

3 Energy Flux for Inward and Outward Energies

In this section we consider the inward and outward energies given in Definition 1.3 and give
energy flux formula of them. We first give the statement of energy flux formula in the first
subsection. The proof is put in the second subsection.

3.1 General Energy Flux Formula

Region involved in this work Throughout this work, when we apply energy flux formula
we always consider a spatially radial symmetric region Q C R? x R, so that it can be expressed
by

Q = {(rsinfcosp,rsinfsing,rcosfd,t) € R* x R: (r,t) € ®,0 € [0,7],¢ € [0,27]},

if we use spherical coordinates (r,6,¢) in R3. Here ® is a bounded, closed region in R} x Ry,
whose boundary 0® is a simple curve consisting of finite number of line segments paralleled to
either ¢t + r = 0 or coordinate axes. Thus the boundary surface 9 consists of finite pieces of
annulus, circular cylinders and cones. When necessary we also allow a line segment of t-axis to
be part of the boundary 0®. In this case part of boundary surface 02 is degenerate and shrinks
to a line segment.

Proposition 3.1 (General Energy Flux). Assume that 3 < p <5. Let u be a solution to (CP1)
with a finite energy E. We define

1 2 1 2 |u\p+1 ] 2 {1 “+ |u|p+1 } °
V_=|--L - ——— | =+ |2 L — &
{ Lul” + 7 [Vul” + 3 ey Lyul” + |y7\ ik
IUI” } z [ IUI“ }4

Vi = |+ [Lou -2 S L u :
+ [ | ° W| 20+ 1) |2 | F+3 W‘ (p+1) c

Here ¥,¢€ represent vectors (x1,%2,73,0),(0,0,0,1) € R3 x R, respectively. If Q is a region in
R3 x R as described above, then we have

-1 p+1 1 2
V. -dS = i// ( [l LIVul )d:cdt.
29 2(p+1) |z 2 |z

In addition, there exist a nonnegative, finite and continuous® Borel measure p on R with u(R) <,
E, which is determined by u and independent to ), so that if 0P contains a line segment [t,ts]
of the t-axis, then the identity above still holds if we add Fru([ti,ta]) to the left hand side
accordingly.

Surface integrals We first have a look at what the surface integrals look like for different
types of boundary hyper-surfaces ¥, as shown in table 1. Please note that the arrows in the first
column indicates the orientation of the surface.

2By continuity we mean pu((—o0,t]) is a continuous function of .
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Table 1: Surface integrals in energy flux formula

Boundary type Inward Energy Case Outward Energy Case
2 1 2 1
Horizontally 1 Js (|L+4u‘ + WE‘Q + ‘UZLI:U) ds Is (lLlu‘ + WZLI? + 2‘u1|::1)) ds
Horizontally | - J5 <|L_Zu|2 + Wff‘z + 2'7{;?11)) s | = J5 <‘L_4u|2 + IVU\ + 2@1?)) ds
Loul? YVul? w|PTT L_ul? Wu w|Pt!
|x| =709, Outward fz (7\ +4‘ + 4| +2‘(]|7+1))d5 fz(l 4‘ - 4| f‘(zli_‘_l))dS
Lul? ul? u|PT! L_ul? ul? u|PT!
ol =ro, Ioward | [y (Bl L P ag | f (“Eh o el BT ds
[z[ =0 —mp([t1, t2]) mp([t1, t2])
2
Backward Cone? L Jy (‘W +‘“;'_’: ) as s i [L_ul?ds
Backward Conel —% Js ( ‘ﬂ: )dS —# Js IL_u|?dS
. . w w|PTI
Light Cone 1 2z Iy Lyuf?ds T ('W - +'p‘+1 )ds
. Miaz!
Light Cone | —ﬁ Js Lyul?dS —% Js ( |p‘+1 ) as
t
()
X

Figure 1: Illustration of the region €2

Physical Interpretation Now let us show how to use this energy flux formula. We show this

by an example. The region 2 is defined by
Q={(z,t): =1 <t <1 |z|+t <2t — || > —2}.

The boundary surface consists of five parts, X1, 37, 3o, X and ¥, as shown in figure 1. The
last one is degenerate. We then write down the energy flux formula for inward energy.

V_.-dS+ V_
2+ 31

-dS + V -dS + V_

G

We move the surface integrals over ¥, Yo, the term 7pu([—1, 1]) to the right hand side and then
calculate the integrals in details.
2 p+1
TP L)

V2 21( 2 p+1 2\[ R

p—1 p+1
o [ (5"
¢
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-dS 4+ mu([-1,1])

-1 1 2
+ — |WU| ) dxdt.
2(p+1) |z 2 |z

IUII”+1

L u|?dS

1 |Vu2>
+ = dxdt.
2p+1) x| 2 |z

E_(1;0,1) — B(~1;0,1) = —




The left hand side is the difference of inward energy in the region ¥ and inward energy in the
region ¥ _. This change is a sum of four terms, as shown in the right hand side. The first term
is the surface integral over 31. This is a loss term. The integral of |u[P*!/(p+ 1) represents the
amount of energy loss on ¥; due to non-linear effect. While the integral of |Yu|?/2 represents
the amount of energy loss on ¥; by linear propagation. The second term is a gain. It represents
the amount of energy moving into the region € through the surface 3o by linear propagation.
The third term is again a loss. It represents the amount energy carried by inward waves which go
through the origin thus change to outward waves during the time period [—1, 1]. The last term
is a double integral in space-time region 2. This is the amount of inward energy transformed to
outward energy by both linear (|Yu|?) or nonlinear (Ju|P*!) wave propagation.

Remark 3.2. The gain or loss represented by surface integral looks as if it happens on the
boundary surface. However, they actually contain contributions from both boundary effect and
wave propagation. For example, if we consider the change rate of inward energy contained inside
the back forward light cone ¥1 = {(z,t) : x|+t = 2,0 < ¢t < 1} with respect to t, we may
calculate the derivative

d 1 5 1 9 s >
dt T Lul” + 2 |Vu|" 4+ o——s | do = I + I5.
dt Jizj<a—t <4| wul+ 717l 2(p+1) L
Here we have
1 9 1 2 |ufpt >
I —— LTI PR TAAR W
1 /|:1:—2t <4 |Ljul 1 |Vul 20 £ 1) oa—i(z)
d (1 s 1 s ufrt?

The term Iy is the contribution by the change of integral region as t increases. While I is the
contribution by monlinear wave propagation inside the cone. If we integrate Iy to obtain the
contribution of the boundary effect on the surface X1, we have

! 1 1 s 1 2 |uptt
L(t)dt = ——— —|Liu|”+ = |Yu|” + ——— | dS.
/0 1®) V2 s, (4' sul + 7 [Vl 2(p+1)>

This is a half of the energy flux in our formula, plus an extra term regarding |Lu|?>. The other
half will come form the integral of I, i.e. the contribution of nonlinear wave propagation. The
integral of Iy will also come with a term regarding |Lyu|? thus kill the extra term mentioned
above.

Notation of Energy Fluxes on Cones For convenience we define

Definition 3.3 (Notations of Light Cones). Given s, 7 € R, we use the following notations for
backward(—) and forward(+) light cones

C™(s) ={(z,1) : |z| + t = s}; CH(r) ={(z,t) : t —|a| = 7}.
We also need to consider their truncated version, i.e. the cones between two given times tq,ts.

C(str,t0) = {(z,t) : o] +t = 5,01 <t <o)
CH(ritr, te) = {(x,t) : t — 2| = 7,01 <t < to}.

Definition 3.4 (Notations of Energy fluxes). Given s,7 € R, we define energy fluzes through

14



light cones

_ 1 1 1 2
= L 7] s
=) ="75 /..., (p+1“' +2|Wu|)

1
Qi (s) = —= L_u|?dS;
+( ) 2\/5 C—(s)| |
1
Qt(r) = —/ L. u|%dsS;
)= g . B
1 1
+ _ p+1
Q+(T) V2 Cc+(r) <p+1 ul |Y7U| )

The upper index tells us whether this is energy flux through backward light cone(—), or forward
light cone(+). The lower index indicates whether this is energy fluz of inward energy (—) or
outward energy (+). We can also consider their truncated version, which is the energy flux
through the given light cone during the given time period.

_ 1 1 1 2
Q-(sit1,12) = \@/C( bt (p—i—l' [P+ T3 |Vul )dS, ty <ty <'s;
Sit1,l2

1

Qi (s5t1,t2) = 27\/5/ IL_ul?dS, t1 <tg <55

s;t1,t2

1

QE(rit1,tr) = - Ly ul?ds, T <t <ty

2\/7 C+(T't1,t2)

1
QL (71, t2) = [P+ 2|y7u\2) ds, T <ty <to.

\f C+ (13t ta) (p+ 1

Remark 3.5. The sums Q~(s) + Q7 (s) and QF (1) + Qi(’l’) are exactly fluzes of full energy
across the light cones C~(s) and CT (1), respectively. In face, we have

1 1 1 1
Q')+ Q1) = C+()<| WP+ 3 V0l + 5 Ll ) a5

p+1
2
)dx

1 1 2 111
- 1y Yigal? e L e g
/ <p+1| P+ g vl +2‘rar(”‘)
1 ! +1 2 2
NG |ul? +§|Y7u| +§|(a,-+8t)u| dS < E.

1
L Gt e
_\/i Ct(r) p+1

Here we have (z) = u(z, |z| +7) € H' 0 LPTY(R3) by the well-know energy fluz formula of full
energy. We also need to appy Lemma 2.1 in the calculation. The situation of Q_(s) + QL (s) is
similar. As a result all the energy fluxes defined above are dominated by the full energy E.

Notation of double integral For convenience we also use the following notation for the
double integral in the energy flux formula

Definition 3.6 (Morawetz integral). Given any region Q in R3 x R, we define the Morawetz

integral
p+1 2
0= [f (ks e L PR
2(p+ 1 || 2 |z
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3.2 Proof of Energy Flux Formula

Now let us give a proof of Proposition 3.1. Without loss of generality let us prove the energy
flux formula of inward energy. Then we may obtain the energy flux formula of outward energy
by either of the following two ways

e We may follow the same argument as in the inward energy case.

e We may consider the difference of the energy flux formula for full energy and inward energy.
Please note that in general the sum of energy fluxes of inward and outward energies through
a hypersurface is NOT the energy flux of the full energy through the same hypersurface.
Similarly in general the sum of inward and outward energies in an annulus ¥ = {z € R :
Ry < |z| < Ra} is NOT the energy contained in 3, as shown in Remark 1.4. In fact error
terms as below may appear

1

+—— t)[?
2R Jyn lu(z,t)[*dor(x),

as we found in the proof of Lemma 2.1. We have to keep track of them and show that all
these terms are finally canceled out.

The case away from t-axis If the region ® is away from the t-axis, then we may apply
Guass’ formula on the surface integral. For convenience we define w(zx,t) = |z|u(x,t). We will
also use spherical coordinates in order to simplify the calculation and take advantage of the
spatial symmetric assumption on 2. Our argument below involves second derivatives. We may
apply smooth approximation techniques if the solution is not sufficiently smooth. We start by
recalling

ug|? |upl® 2 1 2, lugl
Val? = u 2 4 2" _TUe = |Yul?= ugl? + el | 6
IVul” = lur "+ =5-+ 5 7 Vul” =5 {luel"+ - 5 (6)

We may plug this in V_ and calculate its divergence

2 1 2 p+tl 2
4 divV_ (8T+7“> |: < . |w|_1 N \wr+wt|2+|ua|2+ |U<p| ):|

r2\p+1 P sin® 0
1 2 |w]P* 2 2, luel®
+0 |5 | —=- + Jwp + we|* + ugl® + —5—
' [7"2 (p—l—l rp—l o d fuel sin? 0

We observe the fact (9, +2/r) (X/r?) = (1/r?)0,X and obtain

. 2 1 2wt 2, lupl?
4divV_ = = (w, —wn) + = (B 4+ 8y) | —— 2
v 72 (wr + wp) (wee = wrr) + 7”2( ) L} +1 grp1 + uol™+ sin? 0
2 [wpP~tw  2(p—1)  |wPtt
= ﬁ(wr + wt) (wtt — Wy + Tpfl — » n 1 . T-p+2

1 o, Jupl?
+ 72 (0r +-0) [U0| - sin?6 |

We recall the expression of Laplace operator in spherical coordinates

g (ugsin ) + _Uew

A + 2 +
U= ~u .
BT r2gin? 6

r2sin @

This enables us to write down the equation w satisfies

wi = rug = —r|ulP u + rAu
|w|P~ 1w . w
= — 9, 0) + —£2 .
v + Wy + Tand g (wg sin 6) + 2 ainZg
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Plugging this in the expression of divV_ we have

2(p — 1) [ufP*!
p+1 |z

4divV_ = %(wr + wy) (rgslineag(wg sinf) + TQUS)iwer 9) _
+ i(ar +0,) (|u9|2 + |u¢|2)
r2 sin? 0
= Ji(r,0,p0,t) + Ja(z,t) + J5(r, 0, 0, t).

Now we apply Guess’ formula on the surface integral in the left hand of energy flux formula and
obtain

4 V_-dS:4// divV_dzdt =1, + I> + I3
a0 Q

The integrals I;, Is and I3 are defined by

T 27
Ik:// Jkdxdt:/// / Jp -2 sin0dpddrdt,  k=1,2,3.
Q oJo Jo

IIl paI tlcula‘l e lla‘ €
P 1

Now we deal with the most difficult term I7.

T 27
11:/// / Ji(r, 0,0, t)r* sin O dpdfdrdt
27 w
/// / 2(wy + wy) ( Op(wp sin ) + 7%?1?9) dpdfdrdt
WAL
/L. /U [
_ " 2 |Uso|2 .
(Or + O4) lug|” + —5 sin 0 dedfdrdt
oJo Jo T2 sin” 6
T 27 |2
—//// { ( *" >+T2J3(r,9,gp,t)] sin 0 dpdfdrdt
®Jo Jo sin? 0
2
_// 2Vl ot — 1,
o |7l

In the final step we use the expression of |Yu|? in spherical coordinates (6). Collecting all the
terms Iy, I and I3 we have

_ p+1 2
2 v_o.gs= 2=V // [ da:dt—// 2Vl e,
0 p+1 o |z o |z

This proves the energy flux formula when & is away from the t-axis.

Wor + Wor) (We sin 0) + (Wer + Wt ) - } dpdfdrdt

no

2
(0 + ) (|w I+ [w *;' )]sm@ dpdfdrdt
sin” 0

The case with boundary on t-axis Now let us consider the case when part of the boundary
is on the t-axis. In this case a limit process 7 — 0% is required. More precisely we first apply
energy flux formula away from t-axis on the region Q, = QN {(x,t) € R¥ xR : |z| > r} and
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then make r — 0T. In order to complete the proof we only need to show that there exists a
positive, nonnegative, continuous measure so that the following identity holds for all t; < t9 and
C1,C2 € {—1,0, 1}.

lim V_.-dS = —‘rﬂ'p&([tl,tg]).

r—0+ S(t1+cirtatcar,r)
Here S(t1,ta,7) = {(x,t) : |x] = r,t1 <t < t2} is a circular cylinder oriented inward. Please
see figure 2 for an illustration of this limit process in three different cases with co = —1,0,1,
respectively. The geometric meaning of ¢; is similar. We may plug in the definition of V_ and
write the surface integral above in details.

. 1 5 1 2 u|Ptl

s ) 48 = ([t t2)). (7)
r—0F S(ti+cirtatcar,r) (p+1)> b

Figure 2: Illustration of the limit process r — 0

We first define

. 1 5 Ll o |upt )
P(t) = lim —|Lyul” — = |Yu|” — —— | dS.
) =0+ J5(0,t,r) (4 L.+ 4 [ 2(p+1)

If t < 0, we integrate on the surface S(t,0,r) but multiply the integral by —1. The proof consists
of four steps.

(1) The limit in the left hand side of (7) always converges. Thus the function P(t) is well
defined. It is clear we then have

|U|P+1

1 1
lim ( ILyu)® — = |Y7u|2 — ) dS = P(t3) — P(t1).
S(tl,tz,’r‘) 4 4 2

r—0+ (p —+ 1)

(2) The function P(t) is continuous and nondecreasing. In addition® P(+o00) — P(—00) <, E.

(3) The function P(t) defines a nonnegative, continuous, finite measure by wu([ti,t2]) =
P(t3) — P(t1). Thus identity (7) holds for ¢; = ¢z = 0.

(4) We prove that identity (7) also holds for other choices of ¢y, ca.

3Since P(t) is nondecreasing, P(+00) represents its limits at infinity
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Step 1 We consider the region Q. = {(z,t) : r < |z| < ro,t1 + c1]z| < ¢ < ta + co|x|} with
0 < r < rg, which is away from t-axis. Thus we may apply energy flux formula on this region.

1
LTk —7y7 )dS+ V_.ds
/S(tlJrclr totcar,r) < * } | + ]') 31(r)

-1 p+1 1 2
+ V_-dS+ [ V_.dS= // ( ™ | 1[¥ul ) dadt.
Sa(r) S5 2p+1) |z 2 |z

Here £;(r) = {(z,t) 1t =t +cjlz|,r < |z| <ro}, j=1,2and B3 = {(,1) : |2| = ro,t1 +ciro <
t < tg + corp}. The first term is the integral we are interested in. All the other terms in the
identity above converge as r — 0F. Because

e The integral on ¥;, j = 1,2 converges as r — 0 by either Remark 3.5, if ¢; = £1, or
finiteness of energy, if ¢; = 0.

e The integral on Y3 is independent to r.
e The double integral in the right hand side converges by Morawetz estimates.

As a result the first term above converges as r — 07.

Step 2 We first show that P(¢) is continuous. Without loss of generality, let us assume ¢ > 0.
If we choose the region Q(r,t) = {(z,t) : r < |z| < 1,0 < ¢ < t}, apply energy flux formula and
let 7 — 0T, we obtain

P(t)+E(t;o,l)—E(0;0,1)+/S(O“) <—|L+“| 1 W [+ +1)) ds

-1 p+1 1 2
// ( ™ 1 W"' ) dadt.
ow \2(p+1) |z 2 |z
Here Q(t) = {(,t') : |z] < 1,0 <#' < t}. The inward energy E_(t;0,1) is continuous in ¢ by the
fact (u,u;) € C(R; H' x L?), the Hardy’s inequality and the embedding H*(R?) < L¢(R3) —
LPTY(B(0,1)). Tt is clear that two integrals involved in the identity above are also continuous

functions of t. Because all other terms are continuous in ¢, we obtain the continuity of P(t). In
order to show the monotonicity, we only need to show

ufP+t
P(ty) — P(t;) = lim <|L+ 2 ,,W > - +1)> s >0

r—0+ S(t1,ta,r)

for all t5 > t1. We first observe

) p+1
/ [1/ (lutt + |Vul*) d ] // —'“' AT it <, E.
0 T JS(—o0,00,r) R3 xR .Z'

Thus there exists a sequence r, — 07 so that
lim (|u|p+1 + Wu|2) dS = 0.
o S(—OO,OO,TH)

As a result, we have the monotonicity

n—o0

1
P(ty) — P(t;) = lim 7/ L ul*dS > 0.
S(tlat27Tn)
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Similarly we observe

R
/ / (|u|1”+1 + vl + |L+u\2) dSdr
0 S(—o00,00,T)

o0
<1 / / (|u|erl + ’Wu|2 + |Lul® + |ut|2) dxdt
—oo J|z|<R

o0 1 %)
§1/ / (Iul”“+|Vu|2+\ut\2)d:cdt+—/ / |u|2do g (z)dt
—oo J|z|<R R J_ Jiz|=r
<,RE.

Here we use Remark 2.2 and Corollary 2.17. The inequality above immediately gives

liminf/ (|u\P+1 + |Vl + |L+u|2) ds <, E.
S(—o00,00,r)

r—0t

This implies P(4+00) — P(—o0) <, E.

Step 3 Now we collect all information about P(t) obtained in step 2. According to measure
theory, there exists a nonnegative, continuous, finite Borel measure p, so that u([t1,t2]) =
P(t3) — P(t1). Readers may refer to Tao [43] for related measure theory.

Step 4 Let us recall the sequence r,, introduced in Step 2. The integral of |Vu|? + [u[PT! over
cylinder {(z,t) : |z| = r,} can be ignored if we consider the limit as n — +oco. Thus for any
constant € > 0 we have

1 1 prl
lim < ILyul® — 5 |Vul* - |“> ds
r—0+ S(t1+cirtatcar,r) 4 4 2(p + 1)
1

= lim 7/ L ul®dS

n—oo 4 S(ti4ci1rn,ta+carn,mn)
< lim = L ul®dS

N0 & JS(t—e,tate,rn)

1 1 prl

= lim ( |L+U,2—|Wu‘2—|u> dS

n—0o0 S(t1—e+0-ry, ,ta+e+0-1y,70) 4 4 2(p + 1)

=mp([ty —e,ta + £]).

In the same way we can find a lower bound wu([t; + €,t2 — £]) for the limit above. Finally we
make ¢ — 07 and obtain the desired identity (7) by the continuity of the measure p.

Remark 3.7. If we follow a similar limit process for the energy flux of outward energy, we will
obtain the same measure |1 as in the case of inward energy. There are two different ways to show
this.

e We may apply smooth approximation techniques and use the following fact: If the solution
u(z,t) is sufficiently smooth near the origin, then we obtain du(t) = |u(0,t)|?dt in both
limit processes by the following calculation

2
lim Vo +uy| do(x) = 4m|u(0,t)?
r—0+

u
+ -
||
o Let us temporarily use notations u_ (inward case) and p (outward case) for measures we
obtained in the limit process above. Following the same argument as in Section 4, we have

E_(ts) — E_(t1) = —mp_([t1, ta]) — M(R® x [t1, ta]);
E(t2) = By (t1) = +mp ([t ta]) + M(R? x [t1, ta]).

|z|=r |SC‘
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A combination of these identities with the fact EL(t) + E_(t) = E shows p—_([t1,t2]) =
o ([t1,t2]) for all ty < to.

3.3 Energy Flux Formula for Cones

We can apply our general energy flux formula on a cone region. This will be frequently used in
Section 4.

Proposition 3.8 (Cone Law). Given any so > to, we can define Q = {(x,t) : t > to, |z|+t < s}
to be a cone region and obtain the following identity from energy flux formula

E_(t0;0,s0 — to) = m([to, so]) + QZ(s0; to, S0) + M().
We can substitute sg by to + ro with ro > 0 and rewrite this in the form

E_ (to; O,To) = ﬂﬂ([to,to + To]) + Q: (to + To;to,to + 7’0) + M(Q)

4 Energy Distribution of Solutions

In this section we apply the inward/outward energy method to prove Theorem 1.5 and then
proves the weighted Morawetz estimates. Throughout this section we assume that 3 < p <5
and w is a solution to (CP1) with a finite energy E.

4.1 Asymptotic Behaviour of Inward and Outward Energies

An upper bound on p(R) All inward and outward energies are clearly bounded above by
the full energy FE, since E = E_(t) + E4(t). We also know that all the energy fluxes Q’s are
smaller or equal to E, according to Remark 3.5. Let us give a similar upper bound of u(R).

Lemma 4.1 (Measure bound). Let u be a solution to (CP1) with an energy E. Then the measure
w in the energy flux formula satisfies Tu(R) < E.

Proof. We apply cone law on the region (s, tg) = {(x,t) : |z|+t < s,t > to} for any ¢y < s and
obtain
E_(to;0,s —to) = mu([to, s]) + Q= (s;to, s) + M((s, to)),

as shown in figure 3. Making t; — —oc we have
mu((—00, s]) + Q7 (s) + M({(z, ) : [z] +t < s}) < E.

Finally we let s — 400 in the inequality above to obtain mu(R) < E. O

ty—>-00

Q(s:to,8)

E—(t05055't0)

Figure 3: Hlustration for proof of Lemma 4.1
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Monotonicity and asymptotic behaviour Next we consider the monotonicity and asymp-
totic behaviour of inward and outward energies as t — +o00. Let us first give a technical lemma.

Lemma 4.2. Given any tg € R and 0 < r1 < ry, we have
T2
| @ o+ ritosto + 1) < raM(@to, 1. 72).
T1

Here Q(tg,r1,7m2) = {(x,t) : t > to,to+r1 < t+|x| <to+r2} is a cone shell region. In particular
we have the following lower limit for any fixed ty € R,

liminf Q (to + r;to, to + 1) = 0.

r——400

t0+1'2

C(totrasto,tyrr,)

Q(tODrlarZ)

C(totrstostotry)

Figure 4: Illustration of integral region

Proof. We may recall the definition of Q— and conduct a straightforward calculation

T2 1 T2 1 1 9
Q—(to +r;to,to +1)dr = —/ / < lulPT™ + = |Yu ) dSdr
/m V2 ey Jo(totritostotr) \P+1 2 | |

:// L|U\P+1+}|Y7u|2 dadt
Q(to,r1,72) p+ 1 2

-1 p+1 1 2
STQ// Lo ful + - ‘Vu’ dzxdt
Q(to,’r’l,rg) 2(p+ 1) ‘xl 2 |‘/'E‘

= TzM(Q(to,Tth)).

Here we use the fact Q(tg,r1,72) C B(0,72) xR, as shown in figure 4. In order to prove the lower
limit, we choose ry = 2r; in the integral estimate above and apply the mean value theorem. We
obtain

2’)"1
[infz ]Q:(to +rito, to+ 1) < - Q—(to + 73t to + 7)dr < 2M(Q(to,71,271)).
re(ry,2ry 1 Jry
Finally we observe the fact M((tg,71,2r1)) — 0 as 71 — +o00 to finish the proof. O

Now we are ready to prove the monotonicity and limits of inward/outward energies. This gives
Part (a) of Theorem 1.5.
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Proposition 4.3 (Monotonicity and limits). The inward energy E_(t) is a decreasing function
of t, while the outward energy E(t) is an increasing function of t. In addition

lim E_(t) =0; lim E,(t)=0.

t—4o00 t——o0

Proof. Let us prove the monotonicity and limit of inward energy. The outward energy can be
dealt with in the same way. First of all, we apply inward energy flux formula on the truncated
cone region Q(t1,t2,8) = {(z,t) : t1 <t < to,|z| +t < s} for s > ta > t1, as shown in the left
upper corner of figure 5.

E_(tQ;O,S — tg) — E_(tl;O,s - tl) = 77T[L([t17t2]) — Q:(S;tl,tz) - M(Q(tl,tg, S)) (8)
By Lemma 4.2, we have

liminf Q~ (s;t1,t2) < liminf Q~(s;t1,s) = 0.
s——+00

s——+00
Therefore we can make s — oo in the identity above and obtain the monotonicity
E_(ty) — E_(t1) = —mu([t1, t2]) — M(R? x [t1,t2]) < 0.

This identity can be understood as the energy flux formula on the unbounded region R3 x [t1, to],
as shown in the right upper corner of figure 5. Please note that the rectangular boxes in this
figure (and subsequent figures) represent unbounded regions. The hollow arrows besides the
rectangular boxes indicate the directions in which the region may extend infinitely. Next we
apply cone law on Q(tg,79) = {(z,t) : |z|+t < tg+170,t > to} with tg € R and rg > 0, as shown
in the lower part of figure 5

E_(to;0,70) = mu([to, to + ro]) + Q— (to + 705 to, to + 70) + M(Q(to, 70))-

According to Lemma 4.2, we can take a limit ro — +oo and give an expression of E_(tp) in
terms of p and Morawetz integral.

E_(to) = mu([to, 00)) + M(R? x [to, 00)). (9)

Finally we can make tg — 400 and finish the proof. O

Corollary 4.4. We have the limits

Jim B (t) = E; Jim By (1) = E;
lim (|u(m O + |Yu(e t)]2) dz = 0.
t—+oo R3 ’ ’

Remark 4.5. Making t — —oo in identity (9) we have
mu(R) + M(R?* x R) = E.

This means that all the energy eventually changes from inward energy to outward energy in either
of the following ways

e Inward waves travel through the origin and become outward waves. The amount of energy
carried by these inward waves is wu(R).

e Inward energy is transformed to outward energy by the effect of wave propagation at all
times and places. The total amount of energy transformed in this way is exactly the integral
M(R3 x R).
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E (t;,0;5-t)

QX(tTrosto, ot o)

(e o

E.(ty:0.5)

Figure 5: Illustration for proof of Proposition 4.3

We also have asymptotic behaviour of energy flux.

Proposition 4.6. We have the limits

lim Q- (s) =0; lim QI(r)=0.

s—+o00 T——00

Proof. Again we only give a proof for inward energy flux. An application of inward energy flux
on the region Q(tg, s, s’) = {(z,t) 1 to <t < s,5 < x|+t < &'} with tg < s < ¢ gives (Please see
left upper part of figure 6)

E_ (80,8 —5s)— E_(tg;s —to, s’ —to) = Q_(s;t0,s) — Q_(s";to, s) — M(Q(to,s,5")). (10)

Making s’ — oo we can discard the term Q_(s';¢g, s) as in the proof of Proposition 4.3 and
rewrite the identity above into

E_(s) + M{(z,t) : |x| +t > s,t0 <t < s}) = E_(to; s — to,0) + Q_(s; o, 5),
as shown in left lower part of figure 6. Next we can take a limit as tg — —oo.

E_(s)+ M({(,0) : la] +£ 2> 5,6 <s}) = lim E_(t55— t,00) + Q(s).

Please see right half of figure 6. Finally we observe that both terms in left hand converges to
zero as s — +o0o and finish the proof. O

Asymptotic travel speed of energy Finally we prove that the energy eventually travels to
the infinity at a speed at least close to the light speed as ¢ — +o0.

Proposition 4.7. For any constant ¢ € (0,1), we have

t_lgtnoO EL(t;0,c)t]) =0.
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Qe DIH/2)
= All grey region

Q(t,clt))

Figure 7: Illustration for proof of Proposition 4.7

Proof. Without loss of generality we prove the limit of inward energy. Figure 7 gives an illus-
tration of the proof and may be helpful for readers. We start by

1
e

(I =)t] Jep

We then apply the cone law on Q(t,7) = {(z,t') : ' > t,t'+|z| < t+r} with r € [c|t], (c+1)[t]/2].

E_(t;0,c|t]) < E_(t;0,7), Vr > c|t|; = E_(t;0,c|t]) < E_(t;0,7)dr. (11)

E_(;0,r) =mu([t,t +7]) + Q- (t +r;t,t +r) + M(Q(t,r))
< swp a4 ) M@)o+ QT(t it )

re(clt], <f2 [¢)
=7u(t,(1—c)t/2]) + M(Qt, (c+1)[t]/2)) + QZ(t +r5t, t + 1)
=Pt)+Q_(t+r;t, t+r).

Here the function P(t) = wu([t, (1 — ¢)t/2]) + M(Q(t, (¢ + 1)[t|/2)) — 0 as t - —oo. We may
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plug this upper bound of E_(¢;0,r) in the inequality (11) and obtain

c+1
2 =1t
E_(t;0,clt]) < P(t) + a—an " QZ(t+rit,t +r)dr
1 1-
< P(t)+ lsz ({(m,t') >t (=)t <t'+ 2| < 5 ct}) . (12)

Here we apply Lemma 4.2. Because both terms in the right hand side of inequality (12) converge
to zero as t — —oo, we finally finish the proof. O

Before we conclude this subsection, we verify Part (b) of Theorem 1.5.

Corollary 4.8. Given any constant ¢ € (0,1), we have

1 1 1
li (57u 0 + o) + -

|u(x,t)|p+1) dx = 0.
t—+oo | <clt] +1

Proof. By the definition of £y and Remark 2.2 we have
/ <1|Vu|2 + L2 + 1|u|p+1> de < B_ (10, clt]) + B (£:0, clt]).
‘x‘<C|t‘ 2 2 L p + 1 [— b ) ) )
The right hand converges to zero as t — +o00o, thanks to Proposition 4.3 and Proposition 4.7. [

4.2 Weighted Morawetz Estimates

Proposition 4.9 (General Weighted Morawetz). Let 3 < p <5 and 0 < v < 1. Assume that
the function a(r) € C([0,00)) satisfies

e a(r) is absolutely continuous in [0, R] for any R € R*;
o [ts derivative satisfies 0 < a'(r) < ya(r)/r almost everywhere r > 0.

If u is a solution to (CP1) with a finite energy so that

o= [ alish [ 1Lt )@ + T + 5ol de <

then we have

= p—1-2y [uft! 1-v |Vu
T a(t)d t—|—// a:r;—|—t< . + . dxdt < Ky,
|, et [ atel o (Pt o !

where p is the measure in the energy flux formula.

Proof. According to Proposition 2.12, the solution u is defined for all time ¢ € R. We apply the
energy flux formula of inward energy on the region Q(s,s’) = {(z,t) : s < |z|+t < §',t > 0}, as
shown in figure 8, and obtain (s < s)

E _(0,s,8) —Q=(s,0,8") —mu([s, s']) + Q~(s;0,8) — M(2(s,5")) = 0.

Next we recall lirJIrl Q~(s") = 0 by Proposition 4.6, make s’ — +o0o and obtain the energy flux
s’ ——+o0
formula for unbounded region Q(s) = {(x,t) : t > 0, || + ¢ > s}.

E_(0,s,00) — mu([s,0)) + QZ(s;0,s) — M(2(s)) = 0.
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Figure 8: Ilustration of regions in the proof of Proposition 4.9

We move the terms with a negative sign to the other side of the identity, then write down the
details about energy flux @), inward energy E_ and Morawetz integral M.

—1 pHl 2
([s,00) // ( |u\ + = |Y7u| > dzdt
ae) \2(p+1) [z 2 |zl
1 1 1 2
= _(x,0)dz + ( [ulPt + = |Yu )dS. (13)
/|3:|>a \/> C—(s;0,s) p+1 2 | |

Here we use the following notation for convenience.

|uo () [P

e~ (@.0) = 7 (L (oo, ) @) + §1Vuo(e) + 5

We then multiply both sides by a’(s) and integrate for s from 0 to R > 1

> p—1  |ur+!
[ TTan()-anldut) + [ lantel +0-an)] (s -

= [ antle) = anOle—(o0pda+ [ (ol +0) [l 4 5 9 doat. 10

2
1Yl >dmdt

||

DN =

Here ap is a truncated version of the function a(r) defined by

(r) = a(r), if0<r<R;
R\ = a(R), ifr >R

Next we recall the expression of E_(0) in term of p and the Morawetz integral, as given in (9)
and rewrite it in the form of

-1 JupPtt 1 IWUI2>
([0, 00)) // ( . + = dmdt:/e,x,Odaj.
o 205D o] T2 ] o = (@0)

We then multiply both sides of this identity by ar(0), add it to (14) and obtain

00 -1 p+1 1 2
7r/ // ap(|z] +t)( A o 0 )d;cdt
0 R3 xR+ 2(p+1) |zl 2 |z

1 1 2
— ar(|z])e_(z,0 dx—i—// a(|x] +t [ ulPt + = |Vu ]dmdt.
/Rs e (@ 0ds+ [ alel ) |t [
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Now we have the key observation by the assumption on the function a

1 1 2
a (lx| + ¢ {u”“—i— Yu }dxdt
S 0 gl S [
t 1 1
// ~ya( |l'|+ )|: |U|p+1+‘Y7u‘2] dudi

1 Pl ’
S// ~vagr (x| + 1) qul - V4l dxdt.
Q(0,R)

This immediately gives us

p+1 |z 2 |z
00 —9 Pl 2
w/ // |:c|+t)( £ A Sk R AT )dmdt
0 R3><R+ 2(p+1) |z| 2 ||

g/ an(lz])e_(z,0)dz < Ki.
R3

Finally we can make R — +o00 and finish our proof. O

Remark 4.10. Let p = 3 andy = 1. If a weight function a(r) and a solution u satisfy conditions
in Proposition 4.9, then we can follow the same argument as above and obtain

aljz] + 1)t (1 L1 )
T “ult + = | Yul? ) dedt < K.
/0 o+ f[ el (] + &y a2V !

Corollary 4.11 (Weighted Morawetz). Assume that 3 < p <5 and 0 < K < 1. Let u be a
solution to (CP1) with a finite energy so that

uo<x>P+1) dz < 5,

K 1 2 1 2 1
KZ/RS || (4(L+(UO7U1)>($>| +Z|V“0($)| +m

then we have the following weighted Morawetz estimates

oo oo t)F t p+1 t 2
/ thdp(t) <p K / / 0 (et O 2 W) g <,
0 0 R3

||

Here p is the measure in the energy fluxz formula. In addition we have the decay estimate
E_(t) Spe Kt7F, t>0.

Proof. We apply Proposition 4.9 with a(r) = r*, v = k and K; = K. This immediately gives us
the weighted Morawetz estimates. In order to obtain the decay estimate we use the expression
of inward energy (9)

E_(t) = nu([t, ) / /R3( p_—i—ll |“|;+1 +;|Y|7;2>dxdt’
< / ey eooe [ [ O OP R B )

|]

Kt™".

Np)
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5 Application on Scattering Theory

In this section we give a scattering theory as an application of our inward/outward energy theory
and weighted Morawetz estimates. The idea is to combine the decay estimates obtained above
with the local theory. We first give an abstract scattering theory.

Lemma 5.1. Let 3 < p < 5. Assume that the constants 1 < q1,71,q2,72 < 00 and ki,ko > 0
satisfy

1/qz +3/r2 =1/2; ki+ky=p—1;
kl/ql+k2/q2:1/2, k1/7"1+]€2/7"2:1/2.

If w is a finite-energy solution to (CP1) with ||u| e pri (m+xr3) < 400, then we also have
||u||L2(P*1)L2(P71)(]R+ xR3) < +o00.

In addition, the solution scatters in the space H' x L? (R3) in the positive time direction. More
precisely, there exists (vl ,v)) € H x L2 (R3), so that

) u(-,t) B ’U(—)‘_ =
t—lg-noo H (atu('at)> Si(f) (’Uf) HHlXLQ -

Proof. In this proof we will use the notation F(u) = —|u[P~tu. First of all, we can apply
Strichartz estimates and conclude that for any 7" > 0

Hu||Lq2L"2([O,T]><]R3)+||Dglc/2UHL4L4([O,T]><]R3)
S Mo, ut) |l g 2 rsy + [1F/ (@) 120, yxre) < +00.
As a result, if we fix a time ty > 0, then the function defined by
9t0(T) = |[ull Loz Lra (110,11 x 3y + |1 DY *ull Laza o 1yxre)

is always a continuous real-valued function of T' € [tg, 00). Furthermore, we can apply Strichartz
estimates and obtain

9t (1) S 1wl o), B, t0)) | fra p2 + D3/ 2F () pars pass gt e
We may apply the energy conservation law and the “chain rule” Lemma 2.6 here:
9o (T) S EY? + || DY 2w papa (o 11 xr) | F (W) || 22 L2 (10, 7] x B2 -

The assumptions on the constants pi,r1,p2, T2, k1, ko guarantee that the following Holder in-
equality holds
1" ()l z2re Sa P Hlzere < NullFo ol Fe e (15)
Thus we obtain an inequality about gy,
gto(T) S E1/2 + ||D1/2UHL4L4( [to,T]xR3) HUHLm L71([to,T]xR3) ||u||ererz([t07 T]xR3)

ka1
S EYZ |l Py o g 17 m) (92 (T
In other words, there exists a constant C' independent of tg, T, so that
ka+1
910 (T) < CEY2 4 ClullSh 1o o sy (910 (1)1 (16)

We may choose a small constant € > 0, so that

ko+1

20EY? > CEY? 4 Ot (20E1/2) . (17)
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Since [|ul| a1 r1 (r+ xr3) < +00 and ¢; < +00, we can always find a time #y so that
||u||L‘11LT1([t0,oo)><R3) <é&.

Now we can simply compare the inequalities (16) and (17) to verify that g, (T) # 2CE'Y/?
for all T > tg. Next we observe g (to) = 0, apply an argument of continuity and conclude
g1, (T) < 2CFE/? for all T > to. This uniform upper bound implies

Jull o 22 ey D2l 58 iy < 2CE?
= |[ull Loz Lr2 R+ xR3) + ||Di/2u||L4L4(R+ xR3) < +00.
Next we recall the inequality (15) to conclude
1 _
||UHIL)/2(I7—1)L2([J—1)(]R+XR3) = |||u‘p 1||L2L2(]R+><]R3)
k k
< ||uHL1‘11L7‘1 (R+><]R3)Hu||L2Q2LT2(R+ xR3) < +o0.

Thus |l L2-1) p20-1) (r+ xr3) < +00. The inequalities above also imply
IDY2F(u)l| parspass s xrsy S DL 2 aza@s xrey | F' ()l p2p2 @+ xrsy < +00.

Finally we recall the fact that Sy, (t) preserves the H' x L? norm, apply the Strichartz estimate
and obtain

. 1) ul-, ta)
o 355) - (250
tll,gljlj—go‘ L( 1) (atu('atl) L( 2) atu('7t2) H1xL2(R3)
— 1 _ u('vtl) _ u('th)
= timswp [0t =) (50 )) = (i)

< limsup [|DY2F(u)ll pass pass (1 00)xE9)
t1,t2—>+00

=0.

Since H' x L? is a complete space, there exists (vg,v;) € H' x L? so that
u(" t) U(T
’ Sr(-1) (3,5%&(-,75)) (U;r

Remark 5.2. Lemma 5.1 also holds for qg = 400 as long as we substitute the assumption
lull Lar L1 (m+ xr3) < +o00 by . li? lull Loo L1 ([t,00) x®3) = 0. We may combine the inward/outward
—+o0o

+

ion) =50 ()|
-0 = —Sr(t — 0.
’H1XL2 H(atu(’t) L( ) Ul+ H1xL2

O

energy method and this abstract scattering theory to give a new proof of the following already
known result: Any global-in-time solution u to defocusing, energy critical 3D wave equation with
a finite energy must scatter in both two time directions. The proof consists of two major steps
o We apply inward/outward energy method to show . liin E+(t) = 0. This implies that
—4oco
lim ||u(-,t)HL6(]R3) =0.

t—+oo

o We apply Lemma 5.1 with p =5, (q1,71) = (00,6), (g2,72) = (4,12) and (k1,k2) = (2,2).
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5.1 Proof of Theorem 1.7

Since the wave equation is time-reversible, we only need to prove the scattering in the positive
time direction. Let w and its initial data (ug,u;) be as in Theorem 1.7. According to Remark
2.2, we also have

1 1 1
K — K - L 2 - 2 p+1 d . 1
[ el (G (i) 4 §1V00P 4 5l ™ o < o0 (19
Now we may apply Corollary 4.11 and obtain
E_(t) Sp K77 6> 0; = |l )75 sy Spis Kt £>0.

This means u € LILPTL([1,00) x R?) for any ¢ > (p+ 1)/k. We also have u € L= LPT1(R x R3)
by the energy conservation law. As a result we have

u € LIPTHRT x R3), Vg> (p+1)/xk. (19)

Let us choose a constant 3 so that

5 _
max{p,4—p} < p <1,
2K

and then choose q1,71, g2, 72, k1, ko accordingly

L1_ _5-p . r__r.

o 2p+1)p o op+1

1 —4 1 1-—

1_s+l=d) 1 RN

¢ 2(p-—1)—4p ro  2(p—1)—4p

(p+1)B (p—1)—28
k1 = ——5— > 0; kg = ———— > 0.
1 1+ 5 2 1+ 8
One can check that the following identities hold

1 3 1 k k 1 k k 1
—+—=3 ki+ky=p—1; 2=y S 4+2=c
q2 T9 2 q1 q2 2 T1 T2 2

Our assumption on 3 guarantees q; = W > (p+1)/k. Thus we have u € L® L™ (Rt x R3)

by (19). Now we can apply Lemma 5.1 with these constants g1, 71, g2, 72, k1, k2 and the solution
u to conclude

(a) ue L2P=D 2e-D)(RY x R3).

(b) The solution u scatters in the space H' x L? as t — +0c0.

According to Proposition 2.7, conclusion (a) implies that the scattering also happens in the space
Hé®r x H*»~1. This then gives the scattering of solution u in the spaces H® x H*~}(R3) for all
s € [sp, 1] by Lamma 2.13.

5.2 Proof of Theorem 1.10

There is a technical difficulty in the proof. We do not assume that the initial data come with a
finite energy. This can be solved by approximation techniques. Let us assume v has a maximal
lifespan (—T_, T, ). We recall the following smooth cut-off operator introduced in Lemma 2.4

P.f=¢:f, ¢E(x) = ¢($/E),
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where ¢ : R? — [0, 1] is a radial, smooth cut-off function satisfying

1, if|z > 1,
(@) _{ 0, if|z|<1/2;

and define (uf, u5) = (Peug, Pouy). A straightforward calculation shows
[ el (9usPde = [ a1 16:0)Vuo + w0 P
R3

1
<d) [ lol-o:Vular+ (14 3) [ ol juvoPas
R3 R3

1
< (1+6)/ |$'|Vu02dx+C(l+>/ e Jug () Pde.
R3 o 5<|z|<e

Here § > 0 is an arbitrary constant. By Cauchy-Schwartz inequality we have

1/2 L, 1/2
[ tmwres ([ pwwre) ([
£ <lal<e £ <lal<e s <lzj<e |2l

1/2
<1 / || - Jug(z)|*dx —0, ase—0%.
s<lz|<e

limsup/ 2| - [Vug|Pdr < / ] - |Vuo|*da.
R3 R3

e—=0t

Thus we have

This implies
1 1 1 1 1 1
li v/ €12 T 1.,E12 T 1,,E14 d </ - 2 - 2 - 4 d
moup [ ol (51766 + 3l + 31l ) do < [ el (Gl + Gl + ) do
= El’o(uO,Ul) < +o0.

Since the support of (u§,uj) is contained in {x : |z| > &/2}, the inequality above means
E(uf,uj) < +00. By Remark 2.2, we also have

e—0t

1 1 1
insup [ o] (51T + 196G + 5labl*) de < Buafuns ),
R3

Now we are able to apply Remark 4.10 with a(r) = r and conclude that the corresponding
solution u¢ to (CP1) with initial data (uf, u§) satisfies the weighted Morawetz estimate

1
i | ( (o, ) + |W(aat>|2) dedt < By 1 (o, ur).
e—0+ R3 xR+ ‘95| 2

Now let us consider the limit process ¢ — 07. According to Lemma 2.4, we have ||(uf, uj) —
(w0, 1)l /2 fr—1/2 — 0. This implies that u®(z,t) converges to u(x,t) almost everywhere in
R3 x [0, T ), possibly up to a subsequence, by the continuous dependence of solutions on initial
data, as given in Proposition 2.10. By Fatou’s lemma we have

Ty t 4
| el tdedt < 4By oo, ).

In addition, Corollary 2.9 guarantees that for sufficiently large radius R, we always have

Ty
/ / lu(z, t)| dedt < 4oc0.
0 |z| >R+t
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We may fix such a radius R and an arbitrary time 7' € (0,77 ), use both two estimates above,
then obtain

/ lu(a, t)|*dzdt = / / (1) Pt + / / (1) dadt
T JR3 T || >R+t T |z| <R+t

< / / lwo(a, ) [Adwdt + T / / -
T J)z|>R+t T Jr |z|< R+t 7|

< +00.

This immediately gives us the scattering in the positive time direction by the scattering criterion
given in Proposition 2.7. The negative time direction can be dealt with in the same manner
since the wave equation is time-reversible.
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