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Scattering for the defocusing, cubic nonlinear wave
equation
By

Dodson BENJAMIN®

Abstract

The defocusing, nonlinear wave equation is globally well - posed and scattering for radial
initial data lying close to the critical Sobolev space. We also prove scattering for data lying in
a scale - invariant Besov space. This talk was an introduction to the papers [6], [7], and [8].

§1. Introduction

The defocusing, nonlinear wave equation

(1.1) uy —Au+u> =0, u:RxR3>=R, u0,z)=uy, u0,2)=mu,

has the scaling symmetry

(1.2) u(t,z) = Au(M, Ax), A >0.
The H'/? x H=/2? norm of the initial data is preserved under (1.2). It is conjectured

Conjecture 1.1.  (1.1) is globally well - posed and scattering for initial data
(Uo,ul) c HY?2 x H-1/2,

[12] proved that (1.1) is locally well - posed for initial data lying in H/2 x H—1/2. This
fact, combined with the fact that there are no known explicit soliton solutions or blowup

solutions, motivates conjecture 1.1.
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Also, [11] proved that (1.1) is globally well - posed for u : R x R* — R. [2] proved
space - time estimates for this solution, and then [1] proved scattering. In that case, the
H*' x L? norm is the critical norm. This quantity is controlled by the conserved energy

(1.3) E(u(t)) = %/|Vu(t,x)]2dx+%/\ut(t,x)lzdx+}l/\u(t,x)ﬁdfv.

This fact represents the key difficulty in moving from dimension four to dimension three.
Indeed,

Theorem 1.1.  There ezists a function f : [0,00) — [0,00) such that, if (1.1)
has a solution on interval I C R, then for any compact J C I,

(1.4) HuHLf’z(JxR?’) < f(||UHL§°H1/2(JxR3) + ||ut”L§OH*1/2(J><R3))'

Thus if one can prove a uniform bound on [|ull pec gr1/2(sxr2) + [[Utll oo 1727 xm2) then
scattering would follow by the results of [10] and [16].

Remark.  Observe that the analogous result for d = 4 combined with (1.3) imme-
diately implies scattering.

Here we obtain the following estimates on the growth of the critical Sobolev norm.

Theorem 1.2.  For any ¢ > 0, if ug and uy are radial functions and ug €
HY2(R?) N HY?T¢(R3) and uy € H-Y?3(R3) N H-Y/?2+(R3), then (1.1) is globally
well - posed.

Theorem 1.3.  Suppose u is radial and there exists a positive constant € > 0

such that

(1.5) HU0||H1/2+e(R3) + H|$|26U0||H1/2+6(R3) < A <o,
and

(1.6) HU1HH—1/2+6(R3) + H’x|2€U1HH—1/2+e(R3) <A <oo.

Then (1.1) has a global solution and there ezists some C(A,€) < oo such that

(1.7) /R/(u(t,x))‘ldacdt < C(Ae).
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Theorem 1.4.  The initial value problem (1.1) is globally well - posed and scat-
tering for ug € Bf;(R?), radial, and uy € Bf (R?), radial. Moreover, there ezists a
function f :[0,00) — [0,00) which gives a uniform bound

(1.8) ullLs , mxmrs) < f(lluollsz, + uallsr)-

§2. Proof of theorem 1.2

Theorem 1.2 is proved using the I - method. The I - method was introduced to the
cubic nonlinear Schrédinger equation in [3]. On the wave equation side, [13] used the I
- method to prove global well - posedness for (1.1) when s > % and to s > % if u has

radial symmetry.

The I - operator is the Fourier multiplier

2.1) Lf(&) = m(€) (&),
where

1 if [§] <N
(2.2) m(§) = {(%)1—5 if €] > 2N.

Then I : H¥ — H' and I : H5! — L2, Set s = % + €. By the Sobolev embedding
theorem,

(2.3) E(Iu(0)) N2(1=s)

<
Slluoll gaszslluoll gssllunll gs—1

where E(Iu(t)) is the energy (1.3). If E(Iu(t)) was conserved by a solution to (1.1)
then the local well - posedness result of [12] would imply theorem 1.2. E(Iu(t)) is called
the modified energy.

By direct computation,

(2.4) %E(Iu(t)) = /(Iut(t,x))((lu)?’ — Iu®)(t, x)dx.

This term is identically zero unless at least two terms in the quadrilinear expression
(2.4) are supported at frequency > %. This fact implies that
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(2.5) /0 %E(Iu(t))dt

may be well controlled by the long time Strichartz estimates. Such estimates were first

introduced in [4].

The long time Strichartz estimates were created to study almost periodic solutions to
the mass - critical nonlinear Schrédinger equation. Suppose for example that the set

(2.6) {u(t) : t € R}

is precompact in L2(R?). Then at higher and higher frequencies the solution to the
mass - critical problem is dominated by a linear solution for longer and longer periods
of time. The proof of theorem 1.2 follows the argument of [5], proving a similar result
for the nonlinear Schrédinger equation.

First observe that by small data theory and finite propagation speed there exists R < oo
such that if u solves (1.1),

(2.7) lulls R {azlz)> R0 S 1-

Next, a solution to (1.1) satisfies the Duhamel formula

(2.8) (u(t),ue(t)) = S(t)(uo, ur) — /0 S(t —7)(0,u*)dr,

where S(t) is the operator

(2.9) S(t) = ( cos(tv/—A) Sin(jg) ) |

—v/—=Asin(ty/—A) cos(tv/—A)

The proof of the long time Strichartz estimate combines the local energy decay,

(2.10) sup RV S() (o, w12 (R farfal<ry) S luoll e + [l re.
. ,

Since u is radially symmetric, (2.10) may be combined with the radial Sobolev embed-
ding theorem
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(2.11) |l Lo o) S Null g sy
the Strichartz estimate, and (2.7), to prove that for any M,
(IS%UI()) RV VoI Psprtllze (omx(alej<r))) S E(Tuo, Tuy)
N :

In(7') —1/2 2
(2.12) +7(}S%1i%3 /Hvt,xlp>%uHLix([O,T]X{x:\m|§R}))HIUHL?ogl([O’T]XR:a)

1
+|||V|QP>%IUHL§I [0,T}><R3)||(1 - I)u”%;{x([o’ﬂst)-

P- s is the Littlewood - Paley cutoff that restricts to frequencies |£] > M.

(2.13) Poyy= Y P
j:29>M

P; is the usual Littlewood - Paley multiplier that restricts to frequencies |£] ~ 27. Then
assume that [0,77] is an interval on which

(2.14) sup E(Iu(t)) < CN?1-9),
t€[0,T
Therefore,
In(T) _
Vi (}S;i%R 1/2HV75,CCIP>%UHL§@ [O,T]X{x:|x|§R}))HIUH2L§>0H1([0,T]XR3)
(2.15) C?In(T)N?(1=9)
< (sup R_1/2||Vt,:1?IP>%uHLf’m([O,T]><{:c:|ac|§R}))'

o M R>0

Then since s > + there exists § > 0 such that 2(1 — s) < 1 — §. Choosing M > N1-3,

_3s _
(216) (215) 5 02 ln(T)N Z(ZU%R 1/2‘|Vtv$IP>%uHL%z([O,T]X{JC:|$|§R}))'
> ,

Then arguing by induction, starting with the base case (which follows from (2.14)),

(2.17) (}S%UI% R™2|\ViaTullrz (o.1)x {wslej<ry) < CTVZN'™2,
5 ,

by (2.12), for N(T') sufficiently large there exists ¢(d) > 0 such that
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(2.18) (]S__il;% Rz Vel Pexull iz (oq)x{asfel<ry) S N' 75+ CNTCRIINI=sT1/2,

Therefore,

_1 —s
(2.19) ;1;]%3 2| Vel Povullzz 0,1 (el <RY) S N,

Then plugging (2.19) into (2.4), by Bernstein’s inequality and the fact that at least two
terms of (2.4) are at frequency > %, and making a computation similar to (2.12),

T
d 1
(2.20) / —E(Tu(t))|dt < — N4(1-s) In(T) << N2(-s)
o dt N
Then by (2.3), the bootstrap is closed. Therefore, for any T there exists N(T") such that

(2.21) sup E(Tu(t)) < N?(1=9),
te[0,T]

where N is implicit in the I - operator (2.2). This proves global well - posedness.

§3. Proof of theorem 1.3

The proof of theorem 1.3 uses a conformal change of coordinates. See [15] and [17]
for prior work on the wave equation using a conformal change of coordinates. Shift the
time coordinates of t = 0 to t = 1. Also, after rescaling suppose

(3.1) 15(8) (o, ui)lla | ([1,00)x {arla|> [t~ 1)) < €-

Then by finite propagation speed and small data arguments

(3.2) [ullzs | (1,00)x a:lal> 11— 1) S €
If u(t,z) is a radial solution to (1.1) then
e’ sinh s

(3.3) v(T,s) = Tu(eT cosh s, e” sinh s)
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)20 = 0.

2
4 TV T UssU ™ —Us .
(3.4) 07V — Oss¥ 88 v+(smhs

(3.4) has the conserved energy

(3.5)
E(v(r)) = %/|3SU(T,S)|282d8+%/|87-’U(7',S)|252d8+i/|’0(7’,5)|4(

2 9
_ ds.
sinhs) 5 as

A solution to (3.4) also has the Morawetz estimate

(36) [ etrot o s £ (o),

sinh s

Since % > 1, by a change of variables

. 4 < 478 \2,C€08 2 ‘
(3.7) /1 /|x|§|t u(t, x)*dxdt < //o v(T,s) (sinhs) (sinhs)s dsdr

The proof of theorem 1.3 may then be split into four steps:

1. Prove that the initial data (v(0),v,(0)) lies in H* x H*~! for some s > 1.
2. Prove a long time Strichartz estimate on a solution to (3.4).
3. Prove an almost Morawetz estimate for Iv based on (3.6).

4. Prove that E(Iv(t)) < E(Iv(0)) for all t.

The estimates on the initial data rely on the fact that

inh
(3.8) (7, 8)|r=0 = S 5

u(cosh s, sinh s),

combined with the fact that when |sins — coshs + 1] < 3, (3.2) implies that the linear
solution dominates u. Therefore, by the formula for a free wave equation in three
dimensions, s - v(T, s)|,=o is dominated by

39 5 =D~ 1)+ 50—l -e )+ T wrrdr

The appropriate norms may be explicitly calculated from (3.9).
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The I - method arguments are quite similar to the argument in the proof of theorem 1.2.
There are only two differences. The first is that the base case (2.17) does not depend
on T', due to a bootstrap assumption on the Morawetz estimate.

The second difference is that the multiplier (Sinshg)2 in the nonlinearity gives some

additional decay as s — oo, which removes the In(7") that appears in (2.15).

§4. Proof of theorem 1.4

The proof of theorem 1.4 also uses conformal coordinates. Suppose ug € Bil and
uy € Bll’l, where Bj  is the Besov space given by

(4.1) 1f 1135, rey = Q2| P £ 7)1
j

P; is the Littlewood - Paley partition of unity. This norm is invariant under the scaling
symmetry (1.2). For a radial function ug lying in B} |,

1
(4.2) (/ Vuo(@)Pde S lluolZs -
|z|>R 7

Moreover, by the dispersive estimate

(4.3) 15@) (uo; ur)l[e < Zllluollpz , + llurllsy, -

~ | =

(4.2) and (4.3) combine to imply

t
(4.4 I [ 8= )02 )0 <

0
for x € C§°(R*) supported away from ¢t = 0 and * = 0 and with support in time
contained in the interval on which u is well - posed. More heuristically, this means that
u is at its most singular at the origin in space and time.
After rescaling, assume that [12] implies that (1.1) has a local solution on the interval

[0, 1]. Moreover, by the radial Sobolev embedding theorem

(4.5) Hu3HL;{Lg([o,1]x{x:|z|>R}) SRV
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and by (4.3),

(4.6) 6l 21 p2 ((raxme) S B2

Again thinking heuristically, having weathered this initial “singularity storm” at the
origin, there is good reason to think the solution should be global.

By the sharp Huygens principle combined with the radial Sobolev embedding theorem,
for t > 10R,

t
1
(4.7 I 8- 0. )drl £ 7,
0

where x is a smooth function supported on |x| < R. This implies that u(1) = v(1)+w(1),
where
(4.8) [l + e (W22 S 1,
and

< 1
(4.9 15t~ 1)V, we(1) 1 £+
Meanwhile v solves
(4.10) v — Av + (v +w)? =0,
so then

d < 2 3

(4.11) 5 20) S lvellr2llvlizallwllze + ol ez wllze.

This implies that E(v(t)) is bounded on any compact time interval, implying global well
- posedness. Scattering may be proved using (3.3). Once again shift the time ¢ = 0 to
t = 1. Take

T o3 h
(4.12) (T, s) = mv(eT cosh s, e” sinh s),
s

and
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T o h
(4.13) w(T,s) = ww(eT cosh s, e” cosh s).
s

Recalling the conformal energy (3.5) and computing %E (o(7)),

[+ (r,5) (=) (7, )0 (7, )|

s . ~ - )
(4.14) Sl (m)l/%(ﬂ $) |34 ]|07 (7, 8) || L2||e W (e cosh s, €7 sinh )| 1
S E(0(7))||leTw(e” cosh s, €T sinh s)|| o

By the radial Sobolev embedding theorem,

1
sinh s’

(4.15) leTw(e cosh s, e” sinh s)| <

Observe that by the sharp Huygens principle, w is supported on ||t — 1| — |z|| < R,
where R is small. Then

(4.16) e" coshs —e"sinhs =e"7° ~ 1,
which then implies ——— ~ e~ " on the support of w. Therefore,
(4.17) 157 (7, 8)( )20 (7, 8)2W(T, 8)|| 2 S e TE(D(T)).

sinh s

Then by Gronwall’s inequality, E(?(7)) is uniformly bounded. The error terms arising
in the Morawetz estimate (3.6) from

(4.18) 3v*w + 3vw? + w?

may be handled in a similar manner, proving scattering. A profile decomposition argu-

ment then gives a uniform bound.
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