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Abstract

The topic of this paper is a semi-linear, energy sub-critical, defocusing wave equation
97u — Au = —|u|P" u in the 3-dimensional space (3 < p < 5) whose initial data are radial
and come with a finite energy. We split the energy into inward and outward energies, then
apply energy flux formula to obtain the following asymptotic distribution of energy: Unless
the solution scatters, its energy can be divided into two parts: “scattering energy” which
concentrates around the light cone |z| = |¢| and moves to infinity at the light speed and
“retarded energy” which is at a distance of at least |t|® behind when [t| is large. Here j
is an arbitrary constant smaller than Bo(p) = 2(;:_12). A combination of this property with
a more detailed version of the classic Morawetz estimate gives a scattering result under a
weaker assumption on initial data (uo,u1) than previously known results. More precisely,

we assume
z|"+1) | =|Vu =lu ——|ul? dr < 4o0.
[ el + 0 (317uF + Gl + ¥
Here k > ko(p) =1 — Bo(p) = 2% is a constant. This condition is so weak that the initial

data may be outside the critical Sobolev space of this equation. This phenomenon is not
covered by previously known scattering theory, as far as the author knows.

1 Introduction

1.1 Background

In this work we consider the Cauchy problem of the defocusing semi-linear wave equation
Pu— Au= —|ulP~lu, (x,t) € R3 x R;
u(+,0) = up; (CcP1)

ug(+,0) = uy.

If u is a solution as above and \ is a positive constant, then the function uy = A=/ =Dy (x/X t/))
is another solution to (CP1) with initial data

ur(-,0) = A7 Tug(-/A); Byun(-,0) = A"5T Ly (+/A).
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Both pairs of initial data share the same H® x H*»~(R3) norm if we choose s, = 3/2—2/(p—1).
As a result, this Sobolev space is called the critical Sobolev space of this equation. We may
combine Strichartz estimates, as given in Ginibre-Velo [11], with a fixed-point argument to
prove the local well-posedness of this problem for any initial data in the critical Sobolev space.
Readers may see Kapitanski [15] and Lindblad-Sogge [23], for instance, for more details of local
theory. There is also an energy conservation law for suitable solutions:

1 1
E(u,u) = / (2|Vu(-,t)|2 + §|ut(-,t)|2 + |u(-,t)|p+1) dz = Const.
]R3

p+1
The question about global behaviour of solutions is more difficult. In early 1990’s M. Grillakis
[12, 13] gave a satisfying answer in the energy critical case p = 5: Any solution with initial data
in the critical space H' x L?(R3) must scatter in both two time directions. In other words, the
asymptotic behaviour of any solution mentioned above resembles that of a free wave. We expect
that a similar result holds for other exponent p as well.

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 we do have progress in many different aspects:

Scattering with radial data Dodson in his recent works [1, 2] gives a proof for the radial
case of this conjecture when 3 < p < 5. More precisely, any solution with radial initial data in
the critical Soblev space H®» x H*»~! must exist globally for all time ¢ € R and scatter in both
two time directions. The radial assumption is essential, because the argument uses not only
radial Strichartz estimates but also a conformal transformation for 3D wave equation, which
works only for radial solutions.

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

stlelll) H(u(v t)? ut(" t)) ”HSP x Hp~1(R3) < 400, (1)
then w is defined for all time ¢ and scatters. The proof uses a compactness-rigidity argument,
which was first introduced by Kenig-Merle in the works [18,; 19] for the study of energy critical
wave and Schédinger equations. The compactness part is nowadays a standard procedure in
the study of dispersive equations; while the rigidity part does depend on specific situations. To
learn more about the energy supercritical case p > 5, one may look at Duyckaerts et al. [9],
Kenig-Merle [20], Killip-Visan [22] for the radial case and Killip-Visan [21] for the non-radial
case. While in the energy subcritical case, please refer to Dodson-Lawrie [3] for 14++v/2 < p <3
and Shen [25] for 3 < p < 5, both in the radial case, as well as Dodson et al. [4] for 3 <p <5
in the nonracial case. One advantage of these results is that their methods work in the focusing
case as well. Finally the author would like to mention that (1) is automatically true in the
defocusing, energy critical case p = 5, as long as initial data are contained in the critical Sobolev
space H' x L2, thanks to the energy conservation law.

Remark 1.2. There are also works regarding the global behaviour of type II solutions, i.e.
solutions satisfying (1) in its mazimal lifespan I, to energy critical, focusing wave equations.
Please see Duyckaerts-Kenig-Merle [7, 8] in the radial case, and Duychaerts-Jia-Kenig [5] in the
non-radial case, for example.

Strong Assumptions on Initial Data There is also multiple scattering results if we assume
that the initial data satisfy stronger regularity and/or decay conditions. These results are usually
proved via a suitable global space-time integral estimate.



e In the energy sub-critical case 3 < p < 5, the solutions always scatter if initial data satisfy
an additional regularity-decay condition

/RB [(2* + 1)(|Vuo (@) * + [ur (2)[*) + |uo (2)[*] dz < 0. (2)
The main tool is the following conformal conservation law
d 4(3 —p)t p+1
—Q(t = —— t dx.
gt = TP [ pt ao

Here Q(t, p,v) = Qo(t, v, ¥) + Q1(t, ) is called the conformal charge with

2
X
Qo(t, o, ¥) = [lz¢ +tV<PHi2(]R3) + H(W’ + 2<P)m +[z|Ve

)

L2(R3)

Qu(t, ¥) (Jzl* + )lp(z, 1)+ da

S p+ 1 Jps
The assumption (2) guarantees the finiteness of conformal charge Q(t, u,u;) when t = 0. It
immediately gives a global space-time integral estimate since we have assumed 3 < p < 5:

t,u(-,t
/ / [z, )P+ dedt <, wdt <p sup Qi (t, ul- 1))
[t|>1 JR3 [t]>1 teR

< sup Q(ta u, ut) = Q(Oa Uo, Ul) < +o00,
teR

which then implies the scattering of solutions. For more details please see Ginibre-Velo
[10] and Hidano [14].

e The author’s previous work [26] proved the scattering result for 3 < p < 5 if initial data
(ug,u1) € H' x L? are radial and satisfy

/ (2] + 1) (|Vuol + Jur ) dz < 00
RS

for an arbitrary constant € > 0, by introducing a conformal transformation: If u is a
solution as assumed, then for any ¢, € R, the function

sinh sinh
v(y,T) = = |y|eTu (eTbm vl
|yl [yl
solves another wave equation

ly| r 3 1
Urr — Dyv = — (sinh y|) e~ (P37 P 1y,

y,to+e” cosh|y> , (y,7) eR3*xR

We then apply a Morawetz-type estimate on the solutions v of the second equation and
rewrite it in the form of original solutions w. This helps to give a global space-time integral
|l L2-1) L26o-1) (RxR3) < +00 and finishes the proof.

e In the author’s recent work [27] we proved the same scattering result for radial solutions
under a weaker assumption on initial data

1 1
[ ol 1) (G190l + Sl +
R3

Here k > ki(p) = 3(;:;)

Morawetz estimate (see Section 2.3 below) to give a decay rate of the space-time integral

o e
/ / drdt < R .
—oo J|z|>R |$|

This then gives the same estimate ||u| p2:-1) 20-1) (rxrs) < +00 and implies the scattering.

is a constant. The proof uses a detailed version of the classic




1.2 Main Results

In this paper we always consider radial solutions to (CP1) with a finite energy. Energy-
subcriticality guarantees the global existence of the solutions.The goal of this work is two-fold.

e We want to understand the spatial distribution of the energy as ¢ goes to infinity. This
gives plentiful information about the global behaviour of solutions.

e If the energy of initial data satisfies an additional decay assumption, we prove the scattering
results.

In this subsection we give two main theorems.

Theorem 1.3. Assume 3 < p < 5. Let u be a radial solution to (CP1) with a finite energy E.
Then there exist a three-dimensional free wave v~ (z,t), with an energy E_ < E, so that

e We have scattering outside any backward light cone (R € R)

tLHPOO ||(vu('7t)aut('7t)) - (vvi('at)vvt_('at))HL2({wGR3:‘$|>R+‘t|}) =0.

o If we have E_ = E, then the scattering happens in the whole space in the negative time
direction.

m [, 8),ue( 1) = (v (o), 08 ()| oy = O-

o If E_ < E, the remaining energy (also called “retarded energy”) can be located: for any

constants ¢ € (0,1) and f < 2(;;12) we have
, 1 , 1 , 1 o _
lim “|Vu(z, t)]* + < |ue(z, )" + lu(z, )P |de=FE — FE_.
t=>=00 Jolt|<|a|<|t|-|¢]8 \ 2 2 p+1

The asymptotic behaviour in the positive time direction is similar.

Remark 1.4. If E_ < E, then the energy distribution is illustrated in figure 1. The “gap”
between scattering energy, which concentrates around the light cone and travels at the light speed,
and “retarded energy”, which travels slightly slower, becomes wider and wider as time goes to
infinity.

Theorem 1.5. Assume 3 <p < 5. Let k > ko(p) = i%’l’ be a constant. If u is a radial solution
to (CP1) with initial data (ug,u1) so that
1 1
F1) [ = Vuol? + =|u|? L) dr < ,
[ el 1) (51900 + Sl + o) do < oo

then u must scatter in both two time directions. More precisely, there exists (v(jf,vf:) € H! x

L?(R?), so that
lim —Sp(t =0
t=Foo0 H <5tu(~,t) 2Ot H'x L2(R?)

Here S(t) is the linear wave propagation operator.

Remark 1.6. The assumptions in our main theorems are too weak to guarantee (ug,u;) €
Hsr x Hs»=Y(R3). For ezample, we can choose a radial function ug € C°°(R3) with decay

_ 244
uo(x) ~ |q;| (p+1)2

2(p+4) 1—e

[Vuo(a)| = ||~ 50 1% 2] > 1.

€
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Figure 1: Illustration of travelling energy

Here ¢ is an sufficiently small positive constant. One can check that (ug,0) satisfies all the
assumptions on initial data in two main theorems but ug ¢ L3P~D/2(R3). The latter implies
that ug ¢ H*» (R3) since we have the Sobolev embedding H*» (R3) — L3P~D/2(R3). As a result
we have (u(-,t),us(-,t)) ¢ H x H*» Y(R3) for any time t. This is the reason why in Theorem
1.5 we measure the distance of u and free waves by H' x L? norm instead. This is a phenomenon
of scattering which has not been covered by previously known results mentioned above. All the
solutions discussed in those results come with initial data (ug,u1) € H® x H*~1(R?).

1.3 The idea

In this subsection we give the main idea of this paper and outline the proof of main theorems.
The details can be found in later sections.

Transformation to 1D In order to take full advantage of our radial assumption, we use the
following transformation: if u is a radial solution to (CP1), then w(r,t) = ru(z,t), where |z| = r,
is a solution to one-dimensional wave equation

o wPw
Wit — Wep = _7'1’7*1'
A basic calculation shows that!
b
QW/ (wp(r, )2 + [ (r, £)[2)dr
a
b
. / (2l (r, ) + r2Jua(r,£)[2) dr + bluu(b, O] — alu(a, )] - 3)
a

Since for any radial H'(R?) function f(r), we have

lim r|f(r)]> = lim »|f(r)]* =0.

r—0+ r—+o0

1By convention we use notation u(r,t) for the value of a radial function u(z,t) when |z| = r



It immediately follows that

o [ (e + (o Par = [ (20 4 Luf? ) e (1)
0 R3

The new solution w also satisfies an energy conservation law

2 Jw(r )Pt
p+1 pr—1

E(w,w) = 271'/ (w,.(r, )2 + |we(r, t)]* + ) dr = E(u,u;) = Const.
0

The main tool to understand spatial energy distribution is the energy flux formula for inward
and outward energies, whose details are given in Section 3. This idea partially coincides with
the channel of energy method. Readers may see Duyckaerts et al. [6], Kenig et al. [16, 17] for
more details about the channel of energy method for wave equations.

Inward and Outward Energies Let us first define

Definition 1.7. Let w be a solution as above. We define the inward and outward energy

E_(#) :w/ooo <|wr(r,t)+wt(r,t)|2+ 2 'w(r’t)W) dr

p+1  ppl
- b2 Pt
o) =7 [ (junr0) - w4 2 U Y ar

We also need to consider their truncated versions

p+1 ) rp—1

2 p+1
Pty
p+1 rp—1

" 2 £+
E_(tir1,r2) = 77/ (|wr(7"7 t) 4+ wi(r, t))* + [(r,t)] ) dr

ro
Byt = mewm@wf+

T1
Remark 1.8. Roughly speaking, the inward energy travels toward the origin as time t increases;

the outward energy travels in the opposite direction, as indicated by their names.

Energy Flux We consider fluxes of inward and outward energies through either characteristic
lines ¢t + r = Const, t — r = Const or the t-axis. This helps to give the following results

(a) Almost all energy is outward energy as t — +oo.

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

t—+oo t—+oo

(b) Almost all energy is inward energy as t — —o0.

tilinoo E.(t)=0; lim E_(t)=EFE.

t——+oo

(c) The energy fluxes through characteristic lines are bounded from the above. In particular,
the following inequalities hold for any s, 7 € R.

s _ p+1 00 _ p+1
(s =t it = O
(s —t)yp—T v ;o (=t ’

— 00



Asymptotic Behaviour The characteristic line method gives

2t (s .0y = P s = 1),

ot (s—typ=t 7
P JwlPrw(t -7, 0)
gr [(wr —w)t =7 )] = —F—

Combining these two identities with boundedness of energy fluxes, we have the following con-
vergence holds uniformly in any bounded interval of s or 7.

Jim (w, - w)(s — £,1) = g (s); lim (w, — wy)(t = 7,8) = g4 (7).

t——+oo

We also have the following L? convergence for any sg, 79 € R.

we(t —7,t) + 1ng(T)

5 — 0, ast— 4o0;

L2((—o0,70])

)

L2((=00,70])

Jurte = .8) = G0

— 0, ast — —o0.
L2([s0,00))

wi(s — 1,1) ~ 59-(5)

)

2 L2([s0,00))

was —t1)- L (s)

This gives us the free waves v~ (z,t) and v+ (z,t) in the conclusion part (a) of theorem 1.3.

1 t+|z| 1 t+|x|

v (z,t) = —(s)ds; vt(z,t) = g+ (7)dT.

2|z] Jo—|a 2|z Sy

We can then prove Part (b) and (c) by considering the energy located in different regions via
the energy flux formula. More details are given in Section 4.

Morawetz Estimates Another important ingredient of Theorem 1.5’s proof is a more detailed
version of the classic Morawetz estimate as given below, which plays an key role in the author’s
recent work [27] as well. This is a little different from the original inequality given by Perthame
and Vega in the work [24], but can be deduced from the original one without difficulty. Please
see Subsection 2.3 for more details.

L +OO/ (1|v \2+1| 12 + L | |p+1)d dt + L +OO/ |u|?do gdt
— —|Vu —|U¢ —\u X — u|“dopr
2R —oo J|z|<R 2 2 p+1 4R? —oco J|z|=R

_ +oo -1 +oo p+1
+ A/ / [P+ dedt + pi/ / M et < B
20+ VR J_ Jizi<r 20+1) Jouo Jigisr |7

If we pick up the last term in the left hand side and make R — 0™, we obtain the most frequently

used Morawetz estimate:
oo urt
/ / dxdt < CE.
—oco JR3 |.13|

In this work, however, we choose large radius R in the long inequality above and observe an
important fact: The first term in the left hand side itself is almost equal to E. This is because
for almost all time ¢t € [—R, R], as long as t is not too closed to R or —R, almost all energy
concentrates in the ball of radius R, thanks to finite speed of propagation. As a result, we discard
all other terms in the left hand and focus on the first term:

+o0 1oy 1, 5 1
/ / <2VU + §|Ut| + +1|Up+1) drdt < 2RE.
—o0 J|z|<R p

We can substitute the right hand side by ff’R Jrs (%|Vu|2 + 3lue)® + ﬁIU\p“) dxdt, split the
left hand side integral into two parts, with ¢ € [—R, R] and |t| > R, respectively, combine the




first part integral with the right hand side and finally rewrite the inequality in another form

1 1 1
/ / <|Vu|2 + = ug)? + |u|p+1> dxdt
[t|>R J|z|<R 2 2 p+1

R 1 on 1., 1 1
< —|Vul|* 4+ = |u)* + |ulPT ) dedt.
~R Jjz|>R 2 2 p+1

This means that the total contribution of “retarded energy” when ¢ > |R| is always smaller or
equal to the total contribution of energy which escapes from the ball of radius R in the time
interval [—R, R]. This enables us to prove Theorem 1.5 by a contradiction. On one hand, our
theory on energy distribution of solutions gives a lower bound of the contribution of “retarded
energy”, unless the solution scatters. On the other hand, if we assume that the initial data
satisfy a suitable decay condition, we can find an upper bound of the escaping energy. Thus we
can simply make R — +o00 and compare the upper and lower bounds to finish the proof.

1.4 The Structure of This Paper

This paper is organized as follows. In section 2 we collect notations, recall the classic Morawetz
estimates and give a few preliminary results. Next in Section 3 we give a general formula of
inward and outward energy fluxes. This helps to prove the energy distribution properties of the
solutions in Section 4. Finally we prove the scattering of the solution v under an additional
decay assumption in the last section.

2 Preliminary Results

2.1 Notations

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 c is
determined by the parameter(s) mentioned in the subscript but nothing else. In particular, <,
means that the constant c¢ is an absolute constant.

Radial functions Let u(z,t) be a spatially radial function. By convention u(r,t) represents
the value of u(x,t) when |z| = r.

2.2 Uniform Pointwise Estimates

In this subsection we first recall

Lemma 2.1 (Please see Lemma 3.2 of Kenig and Merle’s work [20]). If u is a radial H'(R?)
function, then
[u(r)| 12 ul 1 sy

Therefore we always have |w(r,t)| <; E'/2r'/2. Because u is not only a H'(R®) function but
also an LPTY(R3) function, this can be further improved if r is large.

Lemma 2.2. Ifw:[0,00) = R satisfies

o /OOO <|w,.(7")2 + 2W> dr < E,

p+1 rp-1

then we have |w(r)| <, E2/(p43) . (p—1)/(p+3)



Proof. First of all, we observe

/T wn(s)ds

Thus w(r) converges as r — 07. Since the singular integral of [w(r)|[P™!/rP~! near zero converges,
it is clear that w(0) = 0. Plugging ro = 0 in the estimate above, we re-discover the pointwise
estimate |w(r)| < (Er)'/2. Let us use the notation S = |w(rg)| for convenience. By the inequality
above we have |w(r) —w(rg)| < S/2 thus |w(r)| > S/2 for r € [rg, 70 + S?/E]. The length of the
interval here satisfies

r 1/2
w(r) —w(ro)| = < fr = rof'/? (/ “’7-(5)|2d5> < (B/2m)M 2| — o] V2.
To

S?/E = |w(ro)|*/E < [(Ero)'/?]*/E = rq.

As a result we have

ESE () (s/2*! (8/2)*!
> > S?/E > . S?/E.
E*/ e o N o) T A o e S

This means E >, 57+3/(rE~ E). Thus we have § <, E2/®+3)pP~/#T3) 41,4 finish the proof.
O

To

2.3 Morawetz Estimates

Theorem 2.3 (Please see Perthame and Vega’s work [24], we use the 3-dimensional case). 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| =

7, T/ 2 S
1 (Vul? + ug]? dmdt—s——// e // ([P dadt
R |lz|<R ' 2R? |z|=R (P+1DR Jo Jioj<r

|ulP+! / 5
ddt—&—— w(x, T)|*dr < 2F. 5)
P+ 1/ /ac|>R 2| R? |3:|<R| (= T)l (

Remark 2.4. The notations p and E represent slightly different constants in the original paper
[24] and this current paper. Here we rewrite the inequality in the setling of the current work.

The coefficient before the integral fB(O R) |u(T)|?dx was ‘L;Ql (in the 3-dimensional case RQ) mn

the original paper. But the author believes that this is a minor typing mistake. It should have

2 .
% instead.

been

Remark 2.5. The upper bound of time interval T does not appear in any of the coefficients
above. We also have an energy conservation law. As a result, we can substitute the time interval
[0,T] by any bounded time interval [Ty, T3] or even (—oo,T]. If we ignore the final term on the
left hand side, we can also use the time interval (—o0, 00).

1 * 2 2 1 > 2
— Vul” + |u dxdt—i——/ / u|“do rdt
| /Mu Pt + g [ o
p+1
/ / |ulP T dzdt + 7/ / ful dxdt < 2F. (6)
p+1 lz|<R >k 17

This Morawetz estimate plays two different roles in this work. On one hand, it gives a few global
integral estimates, which our theory of energy distribution depends on. One of the most popular
ones is f ng Md dt < E. On the other hand, this Morawetz estimate also gives direct
1nf0rmat10n on energy distribution, as we mentioned in the introduction part. Let us discuss
these aspects one-by-one.




Global Estimates If we pick the second term in the left hand side of (6) and use the radial
assumption, we obtain

+o0 E
sup/ lu(r,t)|?dt < =.
r>0.J -0 s

We recall w = ru, use the Morawetz estimate (6) again and obtain

“+o0 R
[ /0 (wn (r, )2 + [wy(r, £)|2) drdt

+o00 R +oo RE
:/ / P2 (Jup (r, )2 + Ju(r, ) P)drdt + [ Rlu(R,)]%dt < —
oo 0 T

We can also pick the third term in the left hand of (6) and rewrite it in term of w

/+00/Rw|p+1ddt< E ))RE

Finally we pick the forth term, make R — 0" and rewrite it in term of w

+oo p+1 1) too  poo p+1 1
/ / [ et < p+ )= / / Wl g < 2L
oo Jr3 |7 2(p—1)m

In summary, we have (The second line immediately follows the first line)

Corollary 2.6. Let u be a radial solution to (CP1) with a finite energy E. Then u and w = ru

satisfy
“+oo p+1
wy(r, )7 + |we(r, t 24 |w( )| drdt <, RE;
\ )P+ Jwe(r, 1) * + Sp
t p+1
lim 1nf/ (|wr(r, t)|2 + |we(r, t)|2 |w(rp_)) dt <, E;
o r

r—0t
—+o0 oo 41
£)|P
/ / e O g <, B
rpP
—00 0

+oo
sup/ lu(r,t)2dt <, E.

>0

Energy Distribution Information We can combine part of the third term of (6) with the
first term, divide both sides by 2 and obtain

1 +OO/ < 2y 2 +1 I 2
|Vul|* + |ut| |u|P )dwdt—l— / |u|do rdt
2R o|<R AR? o=

+oo | | 1 +oo | |p+1 ( )
+ 7/ / u|PT dzdt + / / dzdt < E. 7
2(p+ 1R 2| <R lzl>r |7

+1
jal> R %d dt < R™" in the author’s recent work [27].
In this work, we only need a Weaker version of thls inequality. Since every term in the left hand
side is nonnegative, we can focus on the first term and obtain

+o0 1oy 1, 5 1
/ / <2VU + §|Ut| + +1|up+1) drdt < 2RE.
—co Jiz|<R p

We substitute the right hand side by f_RR Jzs <%|Vu\2 + lue]? + p%|u|p+1) dxdt, split the inte-

gral in the left hand side into two parts, with time ¢ € [-R, R] and |t| > R respectively, combine
the first part with the right hand side and finally obtain

This helps to give a decay rate [ f

10



Proposition 2.7. For any R > 0, we have

/ / <|Vu|2 Ll + |u|p+1) dudt
[t|>R J|z|<R
R 2 2 1 —+1
< —|Vul|* + =|us|* + ulP )dmdt.
Lo [ 2' 4 gl

The following will not be used in the argument of this paper, instead it is a corollary of our
theory on energy distribution.

Remark 2.8. A careful review of Perthame and Vega’s calculation shows that for a radial
solution u, we actually have an identity for any R > 0 and Ty < Ts

~|Vul|* + |ut|2 u|p+1> dzdt + — / / |u|?do pdt
/|x|<R< 4R? |z|=R
pt+l
/ / Ju[PH dedt + —— / / ful dxdt
P+1 lz| <R P+1 z>r  |T]

oo

/iwt(r,Tl)wr(r,Tl)dr—&—/ we(r, Ty )w,.(r, Th )dr
o R R

=27

R o
—2r [/ %wt(r, To)w,(r, Ty)dr +/ we(r, To)w,.(r, Ty )dr
0 R

By the identity wyw, = i [(wr +wy)? — (w, — wt)Z] , Proposition 4.3, Corollary 4.4 and Lemma
4.9, we know that if we make Ty — —oo, Ty — +oo, then the limit of the right hand side
is exactly E. Therefore the inequality (7) is actually an identity. Please note that the radial
assumption is essential because we discard a term in the form of fTTI" flr\>RDu -D2d - Dudzdt
in the left hand side, where D?>®(x) is a positive semidefinite matriz whose eigenvalue 0 has a
single eigenvector x. This term vanishes only for radial solutions.

3 Energy Flux for Inward and Outward Energies

In this section we consider the inward and outward energies given in Definition 1.7 and give
energy flux formula of them.

3.1 General Energy Flux Formula
We start by introducing the statement of energy flux formula and giving a few remarks. The
proof is put in later subsections.

Proposition 3.1 (General Energy Flux). Let Q C RT x R be a closed region in the right half
of the r — t space. Its boundary I" is a simple curve consisting of finite line segments, which are
paralleled to either t-axis, r-axis or characteristic lines t£r = 0, and s oriented counterclockwise.
Then we have

2 |w|p+1 2 |w|p+1
2 2
7r/F <|wr+wt —i—]m e dr + ( |wr +w|” — +1 1 dt

p+1
// [ rat = 0. (8)
p+1
2 |w|p+1 2 |w|p+1
2 2
7T/F<|wrwt +m =1 dr + —|wr7wt| +? =1 dt

p+1
p+1 //|w| drdt = 0. 9)

11



Furthermore, there exists a function & with ”5”%2(]1@) Sp E, which is solely determined by u and
independent of Q, so that the identities above also hold for regions Q with part of its boundary
lying on the t-axis. In this case the line integral from the point (0,t3) downward to (0,t1) along

t-aris is understood as either —m f:f |€(t)|2 dt in identity (8) or Wfttf |E(t)|? dt in identity (9).

Line integrals We first have a look at what the line integrals look like for different types of
boundary line segments. In table 1 we always assume r; < 79, t; < t3. For example, when we
say a line segment r = ry goes downward, it starts at time ¢35 and ends at time ¢;.

Table 1: Line integrals in energy flux formula

Boundary type Inward Energy Case Outward Energy Case
|w‘p+1 |w\p+1

Horizontally — | [ (|wr +wl?+ S ) dr iy (|wr —w? + 2 e ) dr
) dr

‘w|p+1

. (T2 2 2 |wPHt _[" —wel? 4+ 2.
Horizontally <+ " (|wr+wt| + o5 e ) dr " |wy — w] + 55 T

|w‘p+1 |w‘p+1

T T
r=rg>0,1 f2 (|wr+wt|2—p—3_1~ =T )dt ftf (—|wr—wt|2—|—p%. - )dt
t p+1 t p+1
r=mry>0,| ft2 (—|wr + wt|2 pil . |1ﬂ)71 > dt ftf (|wr —wy|? — Ti1 . |7:1‘771 ) dt

r=0,1 - tl *E(t)|dt +f t)|%dt
thr=s\ A [ LA gy 2 [/ Jw, (s—t t) wt(s—t,t)|2dt
t4r =35 —4 7 %dt =2 [ [w(s—t,1) — wy(s—t,1)|dt
t—r=1, 1 f |w,-(t—7,t) + we(t—7,t)|?dt ﬁ ff %dt

t t—T,t pFTI
t—r=7,0 | —2[" [w(t—7,1) +w,(t—7,0)dt — A [ el gy

Physical Meaning The physical meaning of the fluxes across characteristic lines, which cor-
respond to light cones in R3, and other related terms, is given as

e A term in the form of fttf |w, £ wy|?dt is the amount of energy which moves across char-
acteristic lines due to liner wave propagation.

e A term in the form of f b2 \w|P —dt is the amount of energy which moves across characteristic
lines due to nonlinear effect.

e A term in the form of f t)|?dt is the amount of inward energy which moves through
the origin and becomes outward energy during the given period of time.

e The double integral in the identities is the amount of inward energy transformed to outward
energy by nonlinear effect in the given space-time region.

Notation for Fluxes For convenience we write the energy flux across a characteristic line
t +r = Const, which corresponds to a light cone in R3 in the following way.

12



Definition 3.2 (Notations of Energy fluxes). Given s,7 € R, we define energy fluzes

oy Am 0 |w(s =ttt
Q_(S)izﬂrl/foo (s —t)p—t at

Q5 (s) :27r/( lwy (5 —t,1) — we(s — t,t)|*dt;
_+OO
QT (1) = 27r/ |w, (t — 7, t) + wy(t — 7,1)|%dt;
4 +oo _ p+1
iy TN
T (t - T)pil

+
T) =
Qi =
A negative sign upper index means that this is energy fluz across the characteristic line t+r = s;
otherwise this is energy flux across the characteristic line t —r = 7. The lower index indicates
whether this is energy flux of inward energy (—) or outward energy (+). We can also consider
their truncated version, which is the energy fluz across a line segment of a characteristic line.

4 b2 —t, )Pt
Q”(s5t1,t2) = T / wls ~4,7) dt, t1 <ty < s

p+1J, (s —t)p-1
ta
Q7 (sit1,t2) = 27r/ lw, (5 —t,t) —w(s — t,t)|dt, t1 <ty < s;
t1
ta
Qf(T;tl,tg) = 27r/ |wy-(t —7,t) + we(t — 7, t)|2dt, T <t < to;
t1

QY (1it1,12) = dt, <t <t

4 /t2 lw(t — 1,t)PH!

p+1),  (E—rp

Remark 3.3. The sums Q~(s)+Q7(s) and QT (1) +Qi(7) are exactly full energy fluzes across
the linest+r = s and t — r = 7, respectively. The values of these sums can never exceed the
total energy E, because of the already known energy fluz formula of full energy. As a result all
the energy fluxes defined above are dominated by the full energy E.

3.2 Variance of w, + w; along characteristic lines

In this subsection we give a few estimates on the variance of w, + w; along characteristic lines.
They are useful not only in the proof of energy flux formula of inward/outward energy, but also
in later sections when we consider the asymptotic behaviour of w as t — £oo. We start by

-1

rewriting the equation wy; — w,, = — ‘wrl:,lw in the form of
w|P~ w
(0y — 0r) (O + Or)w = — T

Therefore we have

Proposition 3.4. Let 7 <t; <ty <s

b2 lw|P~tw(s — t,t
(wr—i—wt)(s—tg,tg)—(wr—|—wt)(s—t1,t1):—/ [wlP~Twls — )

t1 (S - t)p71

(wy —wy)(ty — T, to) — (wr — wy)(ty — 7, 1) = +/ 2 Jw|P~tw(t — 7,t)

dt.
W -

Upper bounds of Variance We first give a few upper bounds of the right side integral
above. The first one involving energy flux () is essential to giving the asymptotic behaviour of
the solution u as t — oco. Other bounds are used to show the L? convergence of w, &+ w; as
r — 07. For convenience we first give a definition.

13



Definition 3.5. Given s,7 € R, we define
° —t, 1P+t < w(t — 7, )P+
—o0 (S - t)p T (t - T)p

We claim M~,M* € L'(R). Let us take M ' as an example. We apply the change of variable
T =1t —r, recall the classic Morawetz estimate and obtain

oS} _ p+1 00 p+1
/M+ dT—/ / ‘wttT” dtdr / / |w”| YT grdt <, E.
—T)P

Now we give details about upper bounds of the right hand integrals in Proposition 3.4.
Lemma 3.6. We have the following estimates for 7 <t; <ty <s
|P

/t2 |w(s —t,t)
no (s—tp!

to
t—r1,t)P p— £ P
/ |l€t( T)T]’?_)J dt <p min {(t1 ) EE (QE(r5t1,t2)) ™, (ta — T)ﬁM*(T)m} .
tl -

dt S min{(s N tQ)_% (Q:(Sﬁl,fz))”%l (s — tl)ﬁM’(s)ﬁ} :

In particular we have (1,5 € R)

* o w(s =t )P 2 0 () B
/ﬁd Sp Q- (s)P T M~ (s) 7

oo (s—1)P

© P p—
[ MR s, arm v ()

(t —7)p—1

Proof. Let us prove the inequalities involving integral along the characteristic line r+¢ = s. The
integral along the line ¢ — r = 7 can be dealt with in the same way. The first inequality comes
from a straightforward calculation.

2tl Go +1 o
/tz (s =0 _ / ws—toP\ " / A
G W e 0 \(s—t)Fe

(M=) ()

1

51” (Q:(Sa t17t2))p}% [(S - tQ)Z*P _ (S _ t1)27p] T
S.:p (5 — t2)7$7ﬁ (Q:(Sytl,fé))ﬁ .

[\ <M> dt) i (f (=)™ dt>pll
- (/tt W‘”) (/:<s—t)dt)p 1

1

Sp M7 (s)77 [(s — t1)? — (s — t2)?] 77
<p (s — )7 M~ (s) 75T

In order to prove the last inequality, we split the integral into two parts (—oco < T < s)

s —t, )P T —t, )P s —t, )P
/ |w(s ,)ll dt:/ lw(s —t,1)] dt+/ lw(s ,)ll dt.

—0o0 (S - t)p —o0 (S - t)p_l T (S - t)p—

14



We then plug in already known upper bounds of these two integrals

/ “gi & t)tz’)t)1|pdt <, (s — T) 53Q ()75 + (s — T) 7t M~ (5) 751,

Finally we choose the best time T'= s — QZ(s)/M ~(s) and finish the proof. O

3.3 Proof of Energy Flux Formula

Now let us give a proof of Proposition 3.1. Without loss of generality let us prove the first
identity (8), i.e. the energy flux formula of inward energy. Then we may obtain the energy flux
formula of outward energy (9) by either following the same proof as in the inward energy case
or writing £y = E — E_ then applying the energy flux formula of full energy.

The case away from t-axis If the region €2 is away from the t-axis, then we only need to apply
Green’s formula on the line integral of the given vector fields and conduct a basic calculation.

2 ptl 2 Pl
/(|wr+wt|2++ el )dr+(|wr+wt|2—-|w >dt

1 rp-1 p+1 rp-1

2wttt 10} 2 |wptt
2 2,
—w// [ (|wr +we|® — e ) " w |wy + we|” + o drdt
wP™twy | 2 =1) |t
—w// [ Wy + we) (U}rr — Wyt — o b1 i drdt

\wl”“
p + 1 /
wl?~'w

Here we use the equation wy — wy, = —=5=—. In the process of calculation the second
derivatives are involved, thus we apply smooth approximation techniques when necessary.

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 r — 0% is required. We first apply energy flux
formula away from t-axis on the region 2, = QN ([r,00) x R) and then make » — 07, as shown
in figure 2. In order to complete the proof we only need to show that there exists £ € L?(R) so
that the following identity holds for all ¢; < ¢z and ¢1,¢2 € {—1,0,1}.

totcor

w(r, t)|PT! b2
lim (|wr(r,t)+wt(r,t)|2— 2| (’i)| )dt:/t £(t) 2 dt. (10)

1
=0t Ji bepr p+1 TP

The integral above consists of two parts, the integrals of |w,. +w;|? and |w[P*!/rP~1, respectively.
We consider their limits one by one. We start with the easier one.

The limit of integral |w|?™!/rP~!  We combine the inequality w(r,t) <g r'/? with Corollary
2.6 and obtain

oo t p+1 e <] t p—1,.2 t 2 5 [e%e) 5
/ |w(r, )| dt:/ |w(r, )| T \u('r, )| dt S,p,E er/ |U(T,t)|2dt ,Sp,E' TTP.

-1 —1
o TP oo rP

o0

This vanishes as r — 0%. Thus we may completely ignore this term in the limit process.
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t2 - t2
r
- Q. =& Q
r—0"
tl r=-- tl

Figure 2: Ilustration of the limit process

The limit of integral |w, + w;[> We recall Proposition 3.4 and Lemma 3.6 to obtain the
following estimates for 0 < r; < ry, s € R. Please note that we also apply change of variable
r=s—t here. Thus? ro = s —t;.

2
|(w, +we)(r1, s = 11) = (wr + w)(ra,s = 2)| Sp 5 M (5)757;

p—2

|(wy + we) (11,5 = 1) = (wr + wp)(ra, 5 = 12)| Sp QZ(5) 77 M~ (s) 51
We have already known M~ € L}(R) and Q~(s) < E. As a result we have
M~(s) < 400, ae. s €R; Q= (s)FT M~ (s)7 € L2 (R).

Therefore

(I) The first estimate above shows that there exists a measurable function £ so that

lim (w, +w)(r,s —r) =£&(s), for a.e. s €R.
r—0t

(I1) By dominated convergence theorem we also have the local L? convergence, i.e. We have
¢ € L? (R) and the following limit for any given s; < so

loc

T (e w7, = 1) = €O 1.0 = O
Thus we also have

to—1 ta

lim lwy (7, t) + wy (r, t)[2dt = lim lw, (1,8 — 1) 4+ we(r, s — 1)|*ds
r—0+ t1—r r—0+ t1

-/ Y et

t1

Completion of the proof Finally we are able to prove (10) by considering lower and upper
limits separately. Given any small constant € > 0, we have

totcor 2 #)|p+1
limsup/ (|wr(7", t) + wy(r,t)]* — : ot —)1| > dt
r—0t Jti4ecir P+ 1 e

t2 +E—’I'

t2+8
< lim |w, (7, 1) + wy (r, t)|>dt :/ () dt.

r—0+ ti—r t1

2We assume r1 < r2 and t; < to here. Thus s = 71 + to = 72 + t1.
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and

tatcor 2 )Pt
lim inf <|wr(7“, t) 4wy (r, t)|2 - ) ol —)1| ) dt
r—0+ ti+err p +1 rP
to—1r t2
> lim ) + (e = [ Je(o)Pae
r—0+t ti4+e—r t1+e

Since ¢ is an arbitrarily small constant, we may make e — 0" and obtain the identity (10). Finally
we combine the second inequality of Corollary 2.6 with identity (10) to deduce ”5”%2@&) Sp B

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

e We may write Ey = E — E_ and apply the energy flux formula of full energy.

e We may apply smooth approzimation techniques and use the following fact: If the radial
solution u(x,t) is sufficiently smooth near the origin, then a simple calculation shows that
&(t) = u(0,t). In fact, we have

lm |w,(r,t) + w(r, t)|2 = lm |w,(r,t) —we(r, t)|2 = |u(0,t)|2 (11)

r—0+ r—0+

This also explains why we prefer |£(t)|? to a single L' function in the energy flux formula.

3.4 Enmergy Flux Formula for Triangle

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

Proposition 3.8 (Triangle Law). Given any so > to, we can define Q = {(r,t) : t > tg,r >
0,7+t < so} and write

50 B 27(p — 1) // |w(r,t)[PF1
E_(to;:0 —tg) = t)|2dt + ot + drdt.
( 0;Y, S0 0) 7T/ |§( )| Qi(SO, O’SO) D 1 Q rp "

to

We can substitute sg by tg + ro with ro > 0 and rewrite this in the form

to+ro 2 —1 t p+1
B-tui0m) = [ IE0OPdt+ Qo +rostosto +ro) + ZL L) [ DT g
p+1 Q rP

to

4 Energy Distribution of Solutions

4.1 Limits of Inward and Outward Energies

All inward and outward energies are clearly bounded above by the full energy F, since F =
E_ + E,. We also know that all the energy fluxes ()’s are smaller or equal to E, according to
Remark 3.3. Let us give an L? bound of ¢:

Lemma 4.1 (L? bound of £). Let u be a radial solution to (CP1) with an energy E. Then the
function £(t) in the energy flux formula satisfies

w/m |€(t)|dt < E.
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Proof. We apply triangle law (Proposition 3.8) on the region Q(s,to) = {(r,t) : r+t < s,r >

0,t > to} for any ¢y < s and obtain
° - 2(p—Dm Jw(r, )P+
E_(ty;0,5 —t :77/ E)|?dt + Q (s to, s +7/ L drdt,
(00,5~ t0) =7 [ G0+ Q (s, ) 4 2037 [ B

as shown in figure 3. Making ¢ty — —oc we have

° r,t) [P
T dt + // ————drdt < FE.
/— ‘ ( )| Q ( p+1 >0,r+t<s Tp

o0
Finally we let s — +o0 in the inequality above to obtain 7 [~ _[£(¢)[*dt < E. O

Q(sstoss) I:>

2
to—y-oo &-’

aZ

t,
*| E(t5:0,5-t)

Figure 3: Hlustration for proof of Lemma 4.1

Before we consider the monotonicity and asymptotic behaviour of inward and outward energies
as t — Fo00, let us first give a technical lemma.

Lemma 4.2. Given any tg € R, we have

hmlan (to +7,to,to +1) = 0.

r——400

Proof. Fix rg > 0. We consider the following integral and apply the change of variable ¥ =
t() +r—t

2ro o ploFT lp(te + 1 — t, )P
~(to + 7 to, to + r)dr = ’ dtd
o Q=(to + 7o, to + r)dr = (to +7 — t)p—1 "
[ P ey
p—|—1 Q(To) Fp—1 "

_8 )P+t
o / / [ D™ g
p + ]' ’I“Q) /r

Here Q(rg) = {(7,t) : 7 > 0,t > to,to+10 < t+T < to+2ro} C [0,2r¢] X R, as shown in figure 4.
Now we are able to apply the mean value theorem to conclude there exists a number r € [rg, 2r¢]

so that
oliah
Q_(to+r,to, to+1) < // — T drdt.
p + ]‘ Q(T’o r

If we make ryp — 400 in the argument above and observe the fact

Dl
lim // — > drdt = 0,
T09—>+00 Q(TO) rp

we obtain the lower limit as desired.
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to+2rg

to+r

tot+ro

Q_(tytrste,tp™

Figure 4: Illustration of integral region

Now we have

Proposition 4.3 (Monotonicity of Inward and Outward Energies). 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——+oo 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 region
Q={(r,t):r>0,t; <t <ty,r+1t<s}for s>ty >ty as shown in the upper half of figure 5.

E_(tg; O, S — tz) — E_(tl; 0, S — tl)
" L 2n(p—1) [[ lw(r,t)P*!
- 4/ E()2dt — Q= (s;t1, t2) — o //Q o ——drdt. (12)

t1

Now let us recall the inequality |w(r,t)| Sp E r(P=1/(P+3) given by Lemma 2.2. This implies
Q_(s;t1,t2) — 0 as s — co. Therefore we can make s — oo in the identity above and obtain

ta o to 0 +1
E_(ty) — E_(t;) = fﬂ/ |€())%dt — %]Eill)/t /0 %drdt < 0.

t1

This gives the monotonicity. Next we apply triangle law with ty5 € R and rg > 0, as shown in
the lower part of figure 5

to+ro
E_(t0;0,70) =7T/ ()2 dt + Q= (to + ro; to, to + 7o)
to
9 -1 to+ro to+ro—t t p+1
p+1 to 0 TP
According to Lemma 4.2, we can take a limit ry — +o0o and write
o] 2 -1 +o0 +oo t p+1
E_(ty) = w/ e(t)2ae + FP =Y / / [wr O ) (13)
to p+1 Ji, o P
Finally we can make t; — 400 and finish the proof. O
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r+r=s

¢ |_E(t:0.5-1) E.(t,;0,0)
2 t
(s5t,t
u o Q(s5t1,th) u o
t t,
E_(t;;0,s-t)) E (t;;0,0)
r r
t t
tyTTo
m ﬂQ:(toJrro;to,toJrro) m Q
Q
r
E-(t;0,r)  ° r to_ E (t9;0,0) r

Figure 5: Illustration for proof of Proposition 4.3

Proposition 4.3 immediately gives

Corollary 4.4. We have the limits

til{noo E_(t)=F; t—lggloo E,(t)=E.
o0 #)|p+1
lim M =0 & lim |u(x,t)|PT dx = 0.
t—+o0 J rp—1 t—+oo [p3

Remark 4.5. Making t — —oo in identity (13) we have
o0 2m(p—1) [T [+ t)ptt
77/ €(1)2dt + M/ / Mdrdt - E.
—0o0 D+ 1 —0o0 0 TP

This means that all the energy eventually changes from inward energy to outward energy by either
passing through the origin or nonlinear effect when t moves from —oo to +o0.

We also have asymptotic behaviour of energy flux

Proposition 4.6. We have the limits

lim QZ(s)=0; lim QI(r)=0.

s—+o0 T——00

Proof. Again we only give the proof for inward energy flux. An application of inward energy
flux on the parallelogram Q = {(r,t) : tg <t < s,s <7+t < s} with tg < s < s’ gives (Please
see figure 6)

E_(50,8 —s) — E_(tg;s — to,s —to)

_ _ 27(p — 1) /s /s/_t |w(r,t)[PTT
= Q_(s;t0,8) — Q_(s";t0,5) P - " r

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

2r(p—1) [* [* lw( O : ~(s;
E_(S) + pT [sO /S,t Tdrdt = E_(t(),S - to,OO) +Q_(S,t0,3).

Next we can take a limit as tg — —oo.

2a(p—1) [ [T Jw(r )P : -
E_(S) + pT /_OO /S_t Td?‘dt = t—lgr—noo E_(t, S — t, OO) + Qf(s)

Finally we observe that both terms in left hand converges to zero as s — 400 and finish the
proof. O

§'—o0

Figure 6: Illustration for proof of Proposition 4.6

4.2 Asymptotic Behaviour of w, + w;,

Let us recall that we can write the equation of w in the form of

w|P~ w
-

(0, — 0,)(0) + O )w =

rp

This gives the variance of w, + w; along characteristic lines ¢t + r = Const.
The limit of w, +w; We combine Proposition 3.4 and Lemma 3.6 to obtain (7 < t; < t3 < s)

(w4 w;) (5 — ta, ta) — (wy +we)(s — t1,t1)] Sp (5 — t2) 7570 (QZ (851, ) PF
Sp.E (S—tz)_f?%;

p—2 _p_

(W, — wy)(t2 — T t2) — (0 — wy)(t1 — 7, t1)| Sp (1 — 7) 7270 (QE (T34, t2)) 7F

p—2

< E (tl —T)iPT.

~D,

Here we use the uniform upper bounds Q_, Qi < FE. This immediately gives the existence of
the following pointwise limits as ¢t — oo

lm (w, +w)(s —t,t) = g_(s); lim (w, —w)(t —7,t) = g4 (7).

t——o0 t——+o0

21



By Fatou’s Lemma, we have ||g,||%2(R), ||g+||%2(R) < E/7. Let us define
Bo=r [ lg-(o)ds Be=r [ g,

Energy flux of full energy gives us

E(t;s —t,+00) < E(0;8,00),t < 0,8 >0 = lim sup/ [w, (7, t) 4wy (r, t)|2dt = 0;
§—+00 0

E(t;t —71,+00) < E(0; —7,00),t >0, 7<0 = lim sup/ lw,(r, t) — w;(r, t)|?dt = 0.
T=0 >0 Jt—r
As a result, we have

Proposition 4.7. There exist functions g—(s), g+(7) with Hg,||%2(R)7 ||9+||2L2(R) < E/m. so that
—2
[(wr +we)(s = t,1) = g (5)] Spop (s — 1) 771, t<s;
[y = w)(t = 71) = g (7)] S (¢ = 7)1, t>.
Furthermore we have the following L? convergence for any sg, 7o € R

im (w4 wi)(s = £1) = - (5| 22((s0,00)) = 03

lim || (wy —we)(t = 7,8) = g4 (7)l| L2 ((~00,7)) = 0

t——+o0

The scattering target Now we can define

1 t+r 1 t+r

Vi =g [ o(eds Vi =5 [ g
2 t—r 2 t—r

One can check V* are one-dimensional free wave with V+(0,%) = 0 and (V.F, V;%) € C(Ry; L? x

L?). We can also define

v (2, t) = V(|2 1)/ ||

as three-dimensional free waves with energy E-. By Proposition 4.7 and the fact . hrin E-(t)=0
— o0

(given by Corollary 4.4) we can conduct a simple calculation and conclude for sg, 79 € R

i | Crte) - Gt =0 "
o () - (ECOL, o

If we rewrite this in term of the original solution u and v* via identity (3), we immediately
obtain Part (a) of Theorem 1.3, as long as we can show

dim (so — 1) [v™ (50 — t,t) — u(so —t,t)|2 =0
2
t_lg_noo(t—To lot(t = 70,t) — u(t — 70,1)|” =0.

But these limits are clearly true because

e Proposition 2.2 implies r|u(r, t)|? <, g r(r=4 ®+3))2 = pp=5)/(p+3),
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e The definition of v* implies the uniform convergence r|v*(r,t)|> = 0 as r — +oc.

Next we prove Part (b), i.e. an equivalent condition for scattering.

Proposition 4.8. If E_ = E, then the solution u scatters in the negative time direction
o (209) = G0 i =
t——oc || \ut (") Ut (s1) H1xL2(R3)

Proof. Given € > 0, there exists a number sg € R, so that wfjio lg_(s)|?ds < e. According to
Proposition 4.7, for sufficiently large negative time ¢ < ¢1, we have

E(t; 50 — t,00) 27r/ |(wy +w)(r, )| dr > E —e = E(t;0,s9 — t) < e. (15)

so—t

By the definition of V'~ and our assumption on sy we also have

so—t1 S0

7r/ ’(Vr_-f—Vt_)(r,t)|2dr:7r/ lg_(s)|%ds < e, for t < so;
0 t
so—t 9 t

7T/ (V.7 = Vi) (r,t)] dT:7r/ lg_(s)|?ds — 0, ast — —o0.
0 2t—sg

Therefore we have 2 f;o_t (V7|2 + |V, |?) dr < € for sufficiently small ¢ < t;. Combining this

with (15) we have the following inequality for any ¢ < min{ty,t2}:
so—t
27r/ (V7 —we > + Vi —we]?) dr < 4e.
0

Combining this with scattering property outside a backward light cone (14), we know for suffi-
ciently large negative ¢

+oo
27r/ (V7 —w 2+ |V, —w?) dr < 4e.
0
We can rewrite this in terms of u and v~ by (4) and finish the proof. O

4.3 Location of Remaining Energy

Remaining Energy Proposition 4.8 implies that if we did not have the scattering in the
negative time direction, then the difference E — E_ would be positive. Let us try to locate the
remaining energy E — E_. Proposition 4.7 tells us that the location is inside the ball B(0,s0—1)
for any given sg when ¢ is negative and sufficiently large. In other words, this part of energy
eventually enters and stays in any backward light cone as t — —oo. It travels slower than the

light. The following lemma, however, shows that its out-going speed is close to the light speed.

Lemma 4.9. Given c € (0,1), we have the limit

tilrinoo E.(t;0,clt]) = 0.

Proof. Again we only need to give a proof for inward energy. First of all, we can apply the
triangle law on the triangle region {(r', ') : ¢/ > t,7/ > 0,¢' + 7' <t +r} with c[t| <r < <H|¢].

t+r
E_(t:0,r) = / ()Pt + Q(t+ 736yt +1)
t

+27r(p—1) /t+r/t+r—t ‘w(rl7t/)|p+1dr/dt/.
p+1 t 0 r'p
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By the upper bound of r we have E_(t;0,r) < P(t) + QZ(t +r;t,t +r) where

e 2n(p—1) [T T e, )Pt
P(t) = ) |2dt’ 7/ / ——dr'dt’
0= [T lewypar TR [T S dr

p

satisfies . lim P(t) = 0. We can integrate the inequality above for r € (clt[, <t[¢|) and obtain

——00
e

E_(t;0,c|t]) < / E_(t;0,r)dr

clt]

1—c¢

1_ et1

< Tc|t|P(t) +/ Q=(t +rit,t+r)dr. (16)
c|t]

Following the same argument in Lemma 4.2, as shown in figure 7, we have

c+1 |t‘

’ t4 it t [l P
/ct| Q-(t+mit,t+r)d P+1//sz(t Pl i

2(1+o)ft| // w(r',t) |P+1d,dt,.
p+1 Q(t) r'p

Here Q(t) = {(r',t') : ' > t,7/ > 0,(1 — )t <t + 71’ < Ct} c {(r, t) ' < <ELt]}. Plugging
this upper bound in (16) and dividing both sides b

1 t p+1
E_(t;0,clt]) < P(t) + + <) // (2] ———dr'dt’.
Q(t)

p+1)(1 -0 r'p
Now we can take the limit ¢ — —oo on both sides and finish the proof. O
At'
¥ >I.V
(1-c)t/2

(I-co)t
t'+1'=( 1&);/2

cfth.t (ctD)[t]/2

F=ct| e

Figure 7: Illustration for proof of Proposition 4.9

This shows that the remaining energy is in the sphere shell {z : c|t| < |z| < |t|} as || is large.
The upper bound of |z| can be further improved, so that we can locate the remaining energy
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in a region further and further away from the light cone |z| = |t| as t goes to —oo. This is the
reason why we give this remaining energy another name “retarded energy”.

2(p—2)

T We have the limit

Lemma 4.10. Given any g <

lim E_(t;]t| - |t|®, +o0) = E_.
t——o0

Proof. Our conclusion is a combination of the following two limits. Here we can choose sy = 0
in identity (18).

0

lim Ef@ﬂﬂ-HWJﬂ)=7ﬂ/ lg—(s)ds; (17)
t——o0 o
tl}l}l E_(t;s0 —t,+00) = 7r/ lg_(s)?ds, so €R. (18)
S0

1/2
We start by proving the first one. Let I = (fi)oo |g_(s)|2ds> . By Corollary 4.4 we only need

to show

im |(wr + we) (7 Ol L2 ey pego ey =, B [H(wr +we)(s = 68| 22 jgyo,0p) = -

t——o0 t——o0

Since we have lim ||g_||z2(j—j¢s,0)) = I, it suffices to show
t——o0 ?

tliljloo [[(wr +wi)(s —t,1) — 9—(5)||L§([_\t|ff,o]) =0.

This immediately follows the pointwise estimate given in Proposition 4.7. The same argument as
above with the L? convergence part of Proposition 4.7 instead proves the second limit (18). [

Retarded energy location Observing the identity
E_(t) = B_(t;0,clt]) + E_(t: clt], [t] — [t|”) + E_(t; |t — [t|°, 00),

we are able to combine Lemma 4.9, Lemma 4.10, Proposition 4.3 and Corollary 4.4 to prove part

(c) of Theorem 1.3, i.e. we have the following limits for any ¢ € (0,1) and 0 < 8 < %:

: . 418 = 1 . _ 4By = F — E
Jlim_ Bl ]~ [17) = lm_ E_ (el [t] — 1)) = B~ B_.
Remark 4.11. A combination of identity (18) and Corollary 4.4 gives a limit (sg € R)

(oo}
lim E_(¢0,80 —t) =FE — 77/ lg_(s)|ds.
t——o0 s0
If we apply the triangle law on the triangle region Q(s,to) = {(r,t) : r > 0,t > to,r +t < s},
then make to — —oo with the limit above in mind and finally consider the limit as s — —o0, we
obtain another expression of the retarded energy
E—E_= lim Q(s).

5——00

5 Scattering with Additional Decay on Initial Data

In this section we prove Theorem 1.5, i.e. the solution to (CP1) scatters in both time directions
if the initial data satisfy additional decay assumptions. Without loss of generality, let us assume
k € (ko(p),1). Otherwise we can always substitute x by a slightly smaller &’ € (ko(p),1). The
proof is by a contradiction argument. If the solution failed to scatter in the negative direction,
we would have E_ < E.
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5.1 Additional Contribution by Retarded Energy

According to Part (¢) of Theorem 1.3, given any 8 < 2=2) there exists a negative time t;, so

; . p+1 7’
that the inequality

1 1 1 .
~|Vu(z, t) + 12+ BPH ) de >
/m|<|tt5 <2| u(x,t)] 2|ut(a: )| erlIu(ar: )| " .

holds for any time ¢t < ¢;. If R is a large number R > [t;| and t € (—R — R?, —R), we have
R<|t| < R+ RP = |t|’ > RP. Thus |t| — |t|® < (R+ R®) — R? = R. This means
E—-E_

TR

1 1
/| o (2|Vu(x,t)|2 + §|ut(x,t)|2 + |u(x,t)|p+1> dxr >
z|<

p+1
As a result we have the following inequality for sufficiently large R:

-R i
1 1 1 E-E_
—|Vu(z, t)|? + =|u(z, ) + u(x,t p“) dxdt > - RP. 19
\/7R7R/3 /I<R <2| ( )| 2| t( )| p 1| ( )l D) ( )

This gives a lower bound of the left hand side of the inequality in Proposition 2.7.

5.2 Upper Bound on Energy Leak

Now let us give an upper bound on the amount of energy escaping the ball B(0, R) = {x € R?:
|x] < R} for time ¢t € [—R, R] under our decay assumption on the energy. In fact we have

Proposition 5.1. Let u be a solution to (CP1) with a finite energy and satisfy

1 1
I = K *V 2 - 2
[ el (51900 + gluaf? +

P |u0|"+1) dx < oo.

Then we have the function
1= [ (el = )" (G190 + gl + —lolt ) e <1, teR
| >¢] 2 2 p+1 - '

Proof. Since the wave equation is time-reversible, it suffices to prove this inequality for ¢ > 0. A
basic calculation then shows I’(t) < 0 for t > 0. Please see [27] for more details. O

Escaping Energy Given any t € (—R, R), we have

1 1 1
/ <2VU|2 + §|Ut|2 + p_|_1|u|p+1> dz
x| >R

1 1 1
<(R—t))~" — 1t ( 2 |Vul* + = |we]® + —— P+1)d
< (R—[t]) /wbR(lx t) (2 ul” + 5l pHIw\ z

< (R—[t)7"I(t) < (R —[t])~"1.

We integrate ¢t from —R to R and obtain

/R / 1|Vu|2 + l\u 2+ LW“ dedt < —2— R'AT (20)
~R Jia>r \2 27 T+ T1-k '

This is an upper bound of the right hand side of the inequality in Proposition 2.7.

26



5.3 Completion of the Proof

Plugging both the lower bound (19) and the upper bound (20) in the inequality given by Propo-
2(p—2)

=) and sufficiently large

sition 2.7, we obtain the following inequality for any given 8 <
R > R(u, B). )
E-EB poo 2 pisp
2 “1—-k
If kK > ko(p) =1— 2(;:12)7 we can always choose < % so that 5 > 1 — k. This immediately
gives a contradiction for sufficiently large R’s thus finishes the proof.
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