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We consider the Cauchy problem for the defocusing power-type nonlinear wave equation in (1+3)-dimensions
for energy subcritical powers p in the superconformal range 3 < p < 5. We prove that any solution is
global-in-time and scatters to free waves in both time directions as long as its critical Sobolev norm stays
bounded on the maximal interval of existence.
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1. Introduction

We study the Cauchy problem for the power-type nonlinear wave equation in R!*3,

Ou = fulu|P~1,
@(0) = (wo.ur). u=u(t.x). (1.x)eR.

(1-1)

Here 00 = —3% + A so the “+” above yields the defocusing equation and the “—” yields the focusing
equation. The equation has the following scaling symmetry: if #(z, x) = (u, 9,u)(z, x) is a solution, then

SO is
= (L X ity (LY _
u;L(l,x)—()& ] lu(k,/\),/\ p—1 8tu()t’)t))' (1-2)

The conserved energy, or Hamiltonian, is

EGw) = |

{t}xR

1 2 2 1 Pl 4 e
gl 1VuP) P = EG(0).
which scales like "

- —pptl
E(iiy) = A3 20T E(il).
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The energy is invariant under the scaling of the equation only when p =5, which is referred to as the energy-

critical exponent. The range p <5 is called energy subcritical, since concentration of a solution by rescaling

requires divergent energy; i.e., A — 0 implies E (u;) — oo. Conversely, the range p > 5 is called energy

supercritical, and here E(ii;) — 0 as A — 0; i.e., concentration by rescaling is energetically favorable.
3 2

Fixing p, the critical Sobolev exponent s, := 5 — =7 is defined to be the unique s, € R so that

H*» x H»~1(R?) is invariant under the scaling (1-2). We will often use the shorthand notation
HS = H* x HS"L(R?).

The power-type wave equation on [F\R}jx_3 has been extensively studied. In the defocusing setting, the

positivity of the conserved energy can be used to extend a local existence result to a global one for
sufficiently regular initial data. Jorgens [1961] showed global existence for the defocusing equation
for smooth compactly supported data. Strauss [1968] proved global existence for smooth solutions and
moreover that these solutions decay in time and scatter to free waves — this remarkable paper was the
first work that proved scattering for any nonlinear wave equation. There are many works extending the
local well-posedness theorem of Lindblad and Sogge [1995] in 7* for s > sp to an unconditional global
well-posedness statement and we refer the reader to [Kenig et al. 2000; Gallagher and Planchon 2003;
Bahouri and Chemin 2006; Roy 2009]. These works do not address global dynamics of the solution, in
particular scattering. In the radial setting the first author has made significant advances in this direction,
proving in [Dodson 2018b; 2019] an unconditional global well-posedness and scattering result for the
defocusing cubic equation for data in a Besov space with the same scaling as #H1/2. In very recent work
Dodson [2018a] has proved unconditional scattering for the defocusing equation for radial data in the
critical Sobolev space in the entire range 3 < p < 5.

The goal of this paper is to address global dynamics for (1-1) in the nonradial setting. Our main result
is the following theorem.

Theorem 1.1 (main theorem). Consider (1-1) for energy subcritical exponents 3 < p <5 and with the
defocusing sign. Let 1i(t) € H? (R3) be a solution to (1-1) on its maximal interval of existence Inmay.
Suppose that

sup (1) 50 o) < o0 (1-3)
te]mi\x

Then, u(t) is defined globally in time, i.e., In.x = R. In addition, we have
el 20— @143y < 00,

which implies that u(t) scatters to a free wave in both time directions; i.e., there exist solutions 1725 (t) e
57 (R3) to the free wave equation, I:IvLj: =0, so that

[l (z) — T)it(t)H?;lsp(Rg) —0 ast— Foo.

A version of Theorem 1.1 restricted to radially symmetric data was established in [Shen 2013]; see also
[Dodson and Lawrie 2015b] for the cubic power. This type of conditional scattering result first appeared
in [Kenig and Merle 2010] in the setting of the 3-dimensional cubic NLS and has since attracted a great



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 1997

deal of research activity; see, e.g., [Kenig and Merle 2011a; 2011b; Killip and Visan 2011a; 2011b; Bulut
2012a; 2012b; Dodson and Lawrie 2015a; Rodriguez 2017; Duyckaerts et al. 2014; Duyckaerts and Roy
2017] for this type of result for the nonlinear wave equation.

In the energy-critical regime, the bound (1-3) is guaranteed by energy conservation, and the analogue
of Theorem 1.1 was proved in the seminal works [Shatah and Struwe 1993; 1994; Bahouri and Shatah
1998; Bahouri and Gérard 1999]. In the energy-supercritical regime, the analogue of Theorem 1.1 was
obtained in [Killip and Visan 2011a].

The regime treated in this work, namely energy-subcritical with nonradial data, necessitates several
new technical developments, which may prove useful in contexts beyond the scope of Theorem 1.1.

Remark 1.2. It is conjectured that for the defocusing equation all solutions with data in #* scatter in
both time directions as in the energy-critical case p = 5. Theorem 1.1 is a conditional result; specifically
we do not determine a priori which data satisfy (1-3). It is perhaps useful to think of the theorem in its
contrapositive formulation: if initial data in the critical space H*» were to lead to an evolution that does
not scatter in forward time, then the 7% norm of the solution must diverge along at least one sequence of
times tending to the maximal forward time of existence.

Remark 1.3. The dynamics are much different in the case of the energy subcritical focusing equation.
In remarkable works, Merle and Zaag [2003; 2005] classified the blow up dynamics by showing that
all blow-up solutions must develop the singularity at the self-similar rate. In the radial case, an infinite
family of smooth self-similar solutions is constructed in [Bizon et al. 2010]. Donninger and Schoérkhuber
[2012; 2017] address the stability of the self-similar blow up.

1A. Comments about the proof. The proof of Theorem 1.1 follows the fundamental concentration
compactness/rigidity method which first appeared in [Kenig and Merle 2006; 2008]. The proof is by
contradiction — if Theorem 1.1 were to fail, the profile decomposition of [Bahouri and Gérard 1999] would
yield a minimal nontrivial solution to (1-1), referred to as a critical element and denoted by i, that does
not scatter. Here “minimal” refers to the size of the norm in (1-3). This standard construction is outlined
in Section 3. The key feature of a critical element is that its trajectory is precompact modulo symmetries
in the space %7 ; see Proposition 3.3. The proof is completed by showing that this compactness property
is too rigid for a nontrivial solution and thus the critical element cannot exist.

The major obstacle to rule out a critical element 1. (¢) in this energy subcritical setting is the fact
that #i.(t) is a priori at best an H*» solution, while all known global monotonicity formulae, e.g., the
conserved energy, virial and Morawetz-type inequalities require more regularity. In general, solutions to
a semilinear wave equation are only as regular as their initial data because of the free propagator S(¢) in
the Duhamel representation of a solution

uc(to) = S(to—uc(t) + /‘to S(to—1)(0, £|u|?tu(r)) dr. (1-4)
t

However, for a critical element the precompactness of its trajectory is at odds with the dispersion of the
free part, S(¢9 — ¢)u (), which means the first term on the right-hand-side above must vanish weakly
as t — sup Iax or as ¢ — inf Iy, where I, is as in Theorem 1.1. Thus, the Duhamel integral on
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the right-hand-side of (1-4) encodes the regularity of a critical element and additional regularity can be
expected due to the nonlinearity. As in [Dodson and Lawrie 2015b] the gain in regularity at a fixed time #¢
is observed via the so-called “double Duhamel trick”, which refers to the analysis of the pairing

140) T,
<[ S(to—t)(O,j:|u|p_1u)dt,/ S(to—r)(O,j:|u|p_1u)dr>, (1-5)

T] to

where we take T < tg and T, > tg. The basic outline of this technique was introduced in [Tao 2007] and
was used within the Kenig—Merle framework for nonlinear Schrédinger equations in [Killip and Visan
2010a; 2010b; 2013], and for nonlinear wave equations in, e.g., [Killip and Visan 2011a; Shen 2013].
This method is also closely related to the in/out decomposition used by Killip, Tao, and Visan [Killip
et al. 2009, Section 6].

Here we employ several novel interpretations of the double Duhamel trick, substantially building on
the simple implementation developed by the first two authors in the radial setting in [Dodson and Lawrie
2015a; 2015b] for p = 3, which exploited the sharp Huygens principle to overcome the difficulties arising
from the both the slow (¢)~! decay of S(¢) in dimension 3 and the small power p = 3 that precluded
this case from being treated by techniques introduced in earlier works. The general case (nonradial data)
considered here requires several new ideas.

We briefly describe the set-up and several key components of the proof. A critical element has compact
trajectory up to action by one-parameter families (indexed by ¢ € Ijax(#¢)) of translations x () that mark
the spatial center of the bulk of 1. (¢), and rescalings N(¢) that record the frequency scale at which . (t)
is concentrated. In Section 3 we perform a reduction to four distinct behaviors of the parameters x(¢)
and N(z). First, following the language of [Killip and Visan 2011a] we distinguish between x (¢) that are
subluminal, roughly that |x(t) —x(t)| < (1—=§)|t — t| for some § > 0, and those that fail to be subluminal,
i.e., if x(¢) forever moves at the speed of light, or more precisely, |x(¢)| >~ |¢| (in a certain sense) for all .
The latter case is quite delicate in this energy-subcritical setting and we introduce several new ideas to
treat it; see Section 7. We elaborate further on these two cases.

Subluminal critical elements. When x (¢) is subluminal, we distinguish between what we call a soliton-like
critical element where N(t) = 1, a self-similar-like critical element where N(t) = t71 ¢t>0,and a
global concentrating critical element where limsup,_, ., N(t) = oco. These distinct cases are treated in
Sections 4, 5, and 6 respectively.

In Section 4, we set out to show as in [Dodson and Lawrie 2015b] that soliton-like critical elements
must be uniformly bounded in #'7€ N %> and hence the trajectory is precompact in . Once this
is accomplished we can access nonlinear monotonicity formulae to show that such critical elements
cannot exist. In this latter step we employ a version of a standard argument based on virial identity, after
shifting the spatial center of the solution to x = 0 by the Lorentz group, which is compactified by the
bound in H!. The heart of the argument in Section 4 is thus establishing the additional regularity of
a soliton-like critical element. The goal, roughly, is to show that the pairing (1-5) can be estimated in
#H!. In [Dodson and Lawrie 2015b] the proof relied crucially on radial Sobolev embedding. As this is
no longer at our disposal in the current, nonradial setting, we have introduced a substantial reworking
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of the argument from [Dodson and Lawrie 2015b] that both simplifies it and removes the reliance on
radial Sobolev embedding. Examining the pairing (1-5) at time ¢y = 0 we divide space-time into three
types of regions; see Figure 1. The first region is a fixed time interval of the form [t9 — R, tp + R], where
R > 0 is chosen so that the bulk of . (¢) is captured by the light cone emanating from (g, 0) in both
time directions. In this region (1-5) is estimated using an argument based on Strichartz estimates, using
crucially that R > 0 is finite and can be chosen independently of zg by compactness. The second region is
the region of space-time exterior to this time interval and exterior to the cone. Here the 7(*» norm of the
solution is small on any fixed time slice and hence an argument based on the small-data theory can be
used to absorb the time integrations in (1-5). Lastly, the heart of the double Duhamel trick is employed to
note the interaction between the two regions in the interior of the light cone, one for times t < —R and
the other for times # > R is identically = O by the sharp Huygens principle!

In Section 5 we show that a self-similar-like critical element cannot exist. Here we again use a double
Duhamel argument centered at ¢y € (0, 00), but with 77 = inf I;n,x = 0 and T = sup Inax = o0 in (1-5).
The argument-exploiting Huygens principle given in Section 4 no longer applies since the forward and
backwards cones emanating from time, say, 7o = 1 can never capture the bulk of the solution since
N(T) = T~ is an expression of the fact that the solution is localized to the physical scale T at time T';
see Remark 3.6. However, here we use a different argument based on a version of the long-time Strichartz
estimates introduced in [Dodson 2012; 2016], which allow us to control Strichartz norms of the projection
of ii. to high frequencies k >> 1 on time intervals J which are long in the sense that |J| ~ 2% for o > 1.

In Section 6, N(¢) is no longer a given fixed function. We establish a dichotomy which we refer
to colloquially as the sword or the shield: either additional regularity for the critical element can be
established using essentially the same argument used in Section 4A, or a self-similar-like critical element
can be extracted by passing to a suitable limit. To apply the argument from Section 4 the following must be
true — fixing any time f¢, the amount of time (but where now time is measured relative to the scale N(t))
that one has to wait until the bulk of the solution is absorbed by the cone emanating from time ¢ must be
uniform in 9. We define functions C(¢9) whose boundedness (or unboundedness) measures whether or
not this criteria is satisfied; see the introduction to Section 6. The rest of the section is devoted to showing
how to apply the arguments from Section 4 in the case where C(fg) are uniformly bounded, and how
to extract a self-similar solution-like critical element in the case that one of C4 (#y) are not bounded.

Critical elements that are not subluminal. In Section 7 we show that critical elements with spatial center
x(¢) traveling at the speed of light cannot exist. The technique in this section is novel and may be useful
in other settings. First we note that such critical elements are easily ruled out for solutions with finite
energy, as is shown in [Kenig and Merle 2008; Tao 2008a; 2008b; 2008c; 2009a; 2009b; Nakanishi and
Schlag 2011] using an argument based on the conserved momentum, and even in the energy-supercritical
setting; see [Killip and Visan 2011a] using the energy/flux identity. None of these techniques (which
provide an a priori limit on the speed of x(¢)) apply in our setting so we must rule out this critical element
by other means, namely, by first showing that such critical elements have additional regularity.

In Section 3A we lay the necessary groundwork and show, using finite speed of propagation, that
any such critical element must have a fixed scale; i.e., N(¢) = 1 and x(¢) must choose a fixed preferred
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direction up to deviation in angle by 1/+/f. The model case one should consider is x(¢) = (¢, 0, 0) for
all € R, which means that the bulk of 1. (¢) travels along the x;-axis at speed . We are able to show
that such critical elements have up to 1 — v derivatives in the x»- and x3-directions for any v > 0. This is
enough to show that such critical elements cannot exist via a Morawetz estimate adapted to the direction
of x(¢) — this is the only place in the paper where the arguments are limited to the defocusing equation.

The technical heart of this section is the proof of extra regularity (1 — v derivatives) in the x,- and
x3-directions. We again divide space-time into three regions. For a solution projected to a fixed frequency
N > 1, we call region A the strip [0, N 17€] x R3 for € > 0 sufficiently small relative to v. On this region
we can control the solution by a version of the long-time Strichartz estimates proved in Section 7A. At time
t = N'17¢ we then divide the remaining part of space-time for positive times into two regions. Region B
is the set including all times ¢ > N ! 7€ exterior to the light cone of initial width R(79) emanating from the
point (t, x) = (N17¢, x (N 17¢)) where R(19) is chosen large enough so that i, (N =€) has #*» norm less
than g exterior to the ball of radius R(7¢) centered at x (N 1=¢). The solution is then controlled on region
B using small-data theory. Estimating the interaction of the two terms in the pair (1-5) on the remaining
region C (the region {|x —x(N17€)| < R(no) +t — N'7¢,t > N17€}) and the analogous region C’
for negative times 7 < —N 7€ provides the most delicate challenge. Any naive implementation of the
double Duhamel trick based on Huygens principle is doomed to fail here since the left- and right-hand
components of the pair (1-5) restricted to C, C’ interact in the wave zone |x| >~ |t|. Furthermore, since
we are in dimension d = 3, the (t)~! decay from the wave propagator S(¢) in (1-5) is not sufficient
for integration in time. For this reason we introduce an auxiliary frequency localization to frequencies
|(§2, E3)| = M in the &>- and £3-directions after first localizing in all directions to frequencies || >~ N.
We call this angular frequency localization ﬁN, M- The key observation is that the intersection of the
wave zone {|x| > |¢|} with region C requires the spatial variable x = (x1, x2,3) to satisfy

lx23] M

|x| N

for all M > NS»/(1=v) g5 long as € > 0 is chosen small enough relative to v, whereas application of
ﬁN, M restricts to frequencies £ = (£1, §2,3) with

23] =M
& N

This yields angular separation in the kernel of I3N, M S(t) and allows us to deduce arbitrary time decay
for the worst interactions in (1-5); see Lemma 7.11. The remaining interactions in (1-5) are dealt with
using an argument based on the sharp Huygens principle, which is complicated due to the blurring of
supports caused by 131\7, M-

Remark 1.4. The proof of Theorem 1.1 serves as the foundation for the more complicated case of the
cubic equation, p = 3, as well as for the analogous result for the focusing equation; see for example
[Dodson and Lawrie 2015b], where the focusing and defocusing equations are treated in the same
framework in the radial setting.
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Much of the argument given here carries over to the defocusing equation when p = 3. However,
in this case we have s, = % and the critical space /2 is the unique Sobolev space that is invariant
under Lorentz transforms. This introduces several additional difficulties, described more in detail in
Remark 3.14. Additionally, certain estimates in Section 7 fail at the p = 3 endpoint and would require
modification.

Similarly the argument in Sections 4—6 applies equally well to the focusing equation. However the
argument in Section 7 used to rule out the traveling-wave critical element is specific to the defocusing
equation as it relies on a Morawetz-type estimate only valid in that setting.

2. Preliminaries

2A. Notation, definitions, inequalities. We write A < B or B 2 A to denote A < CB for some C > 0.
Dependence of implicit constants will be denoted with subscripts. If A < B < A, we write A >~ B. We
will use the notation a=+ to denote the quantity a =+ € for some sufficiently small € > 0.

We will denote by Py the Littlewood—Paley projections onto frequencies of size |§| ~ N and by P<y
the projections onto frequencies of size |&| < N. Often we will consider the case when N = 2K, k € Z, is
a dyadic number and in this case we will employ the following notation: when write Pj with a lowercase
subscript k this will mean projection onto frequencies |&| ~ 2K. We will often write uy for Pyu, and
similarly for P<y, P>y, P, and so on.

These projections satisfy Bernstein’s inequalities, which we state here.

Lemma 2.1 (Bernstein’s inequalities [Tao 2006, Appendix A]). Let 1 < p < g <ocoand s > 0. Let
f:R% > R. Then

IP>n fllLr S NTPHIVE Pan fliLe,
IP<NIVI flliLe S N°IP<n fliLr,  IPNIVIF fllLr = N=* [Py fllLr,

d_d

d_d
|P<y fllLa SN? a||P<n fllLr, |PnfllLa SN?2 4| PynflLr.
We will write either

Il rxmsy or lullLer,orms

(/1 (/m lu(t, x)|2" dx);l dz)bl’,

with the usual modifications if g or r equals infinity.
Given s € R we define the space H* by

to denote the space-time norm

H* = HS(R3) x H1(R3).

For example, we work with initial data in *7.
We also require the notion of a frequency envelope.
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Definition 2.2 [Tao 2001, Definition 1]. A frequency envelope is a sequence B = {B.} of positive numbers
with B € €2 satisfying the local constancy condition

27k gy < py 5271

where o > 0 is a small, fixed constant. If B is a frequency envelope and ( f, g) € H® x HS~! then we say
that ( f, g) lies underneath B if

I(Pr f. Peg)l sy gps— < Brx forallk € Z.

Note that if ( f, g) lies underneath § then we have

IS M s s s—1 S 1Ble2@)-

In practice, we will need to choose the parameter o in the definition of frequency envelope sufficiently
small depending on the power p of the nonlinearity.
We next record a commutator estimate.

Lemma 2.3. Let y g be a smooth cutoffto |x| > R. For0 <s <land N > 1,

1Py xRS = xrPN [l SN NRTE) £ g

IPw xRS = xRPN fll> S R WNR)™O £l 4o
Proof. We write the commutator as an integral operator in the form

[Px xRS — XRPN f1(x) = N* / K(N(x = y)Dxr(x) = xr(W1f () dy.
Thus, using the pointwise bound
XRG) =X RIS N|x—y|-NT'R7!
and Schur’s test, we first find
IPv xRS = XRPN [l SN TR S 2

Next, a crude estimate via the triangle inequality, Bernstein’s inequality, Holder’s inequality, and Sobolev
embedding gives

1PN xRS = XRPN SN2 SNTHVORNDI2 + NV F 2 SN Tl
The first bound now follows from interpolation. For the second bound, we write
[PN xRS — xR PN f1(x) = N¢ f K(N(x =) xr(x) = xrWMIV-VAT f(y) dy
and integrate by parts. Estimating as above via Schur’s test, we deduce

1PN xRS = XRPN [z S RTUIVIT L2,

so that the second bound also follows from interpolation. O



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 2003

2B. Strichartz estimates. The main ingredients for the small-data theory are Strichartz estimates for the
linear wave equation in R!*3,
Ov =F,

v(0) = (vo, v1). (2-1)

A free wave means a solution to (2-1) with F' = 0 and will be often denoted using the propagator notation
v(t) = S(¢)v(0). We define a pair (r, g) to be wave-admissible in three dimensions if

<3 @n#@oo.

~N | =

q,r>2, +

1
q
The Strichartz estimates stated below are standard and we refer to [Keel and Tao 1998; Lindblad and
Sogge 1995; Sogge 2008].

Proposition 2.4 (Strichartz estimates [Keel and Tao 1998; Lindblad and Sogge 1995; Sogge 2008]). Let
() solve (2-1) with data v(0) € H* x H~Y(R3), with s > 0. Let (q,r), and (a, b) be admissible pairs
satisfying the gap condition

—4 ==+ -2=13-5,

1,3 _1, 3 3
q r a b 2

where (a’, b') are the conjugate exponents of (a, b). Then, for any time interval I 5 0 we have the bounds
”v”Ltq(I;Lf;) < ”6(0)”[-'”)([.'15—1 + ”F”L’,?/(I;Lf,’c/)'

2C. Small data theory: global existence, scattering, perturbative theory. A standard argument based
on Proposition 2.4 yields the scaling-critical small-data well-posedness and scattering theory. We define
the following notation for a collection of function spaces that we will make extensive use of. In this
subsection we fix p € [3, 5] (later we will fix p € (3,5)) and let / C R be a time interval. We define

S(I) = L2~V (1, L20-D(R3Y).

4

For example, when p = 3, we have § = L7 ,,

while for p =5 we have S = L?,x'
Remark 2.5. There are a few other function spaces related to
HS? = H* x H» " (R?)

that will appear repeatedly in our analysis. First note the Sobolev embedding H*» (R3) — LG/ (R3),
which means

1 zmio-ny < 1 o @)
Proposition 2.6 (small-data theory). Let 3 < p <5 and suppose that ii(0) = (ug, u1) € H*» x H»~1(R3).

Then there is a unique solution ii(t) € H with maximal interval of existence Iax (i) = (T—(ii), Ty (i1)).
Moreover, for any compact interval J C I,

lullscry < oo.
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Additionally, a globally defined solution ui(t) on t € [0, 00) scatters as t — o0 to a free wave if and only if
ulls([0,00)) < 00. In particular, there exists a constant o > 0 so that

1O gspgrso—1 <80 = lulls@ S MO gspygrsp—1 < o

and thus (1) scatters to free waves as t — +oo. Finally, we have the standard finite time blow-up
criterion:

Ti() <oo = |lullgqo,r, iy = +00-
An analogous statement holds if —oo < T—(u).

The concentration compactness procedure in Section 3 requires the following nonlinear perturbation
lemma for approximate solutions to (1-1).

Lemma 2.7 (perturbation lemma [Kenig and Merle 2006; 2008]). There exist continuous functions
€0, Co : (0,00) = (0,00) so that the following holds true. Let I C R be an open interval (possibly
unbounded) and i, v € C(I; H x HS»~Y) satisfy for some A > 0

||6||LOO(];HS,DXHSD—1) +vlsuy < A,
_1 _1
VI =2eqllars . a3 + IVIP 7 Zeq@)lIgar3 g, a3 + [wollsa) < € < €o(A),

where eq(u) := Du = |u|?~Yu in the sense of distributions, and Wo(t) := S(t —to) (i — V) (to) with tg € I
fixed, but arbitrary. Then

||77l —0— u_))OHLOO(I;HSPXHSp—I) + ||u - v”S(I) =< CO(A)G'

In particular, ||u|| sy < oo.

3. Concentration compactness and the reduction of Theorem 1.1

We begin the proof of Theorem 1.1 using the concentration compactness and rigidity method of [Kenig
and Merle 2006; 2008]. The concentration compactness aspect of the argument is by now standard and
we follow the scheme from [Kenig and Merle 2010], which is a refinement of the scheme in [Kenig and
Merle 2006; 2008]. The main conclusion of this section is the following: if Theorem 1.1 fails, there exists
a minimal, nontrivial, nonscattering solution to (1-1), which we call a critical element.

We follow the notation from [Kenig and Merle 2010] for convenience. Given initial data (ug, u1) €
H® x H~1 we letii(t) € H» x H*~! be the unique solution to (1-1) with data 1 (0) = (ug,u1) and
maximal interval of existence Iy (1) := (T—(u), T+ (1)).

Given A > 0, set

B(A) == {(ug,uy) € H» x H*»"!: ||ﬁ(t)||L?O(Imax(ﬁ);HspXHS,,—l) < A}.

Definition 3.1. We say that SC(A;1i(0)) holds if 11 (0) € B(A), Imax (1) =R and ||u| sy < oc. In addition,
we will say that SC(A) holds if, for every (1o, u1) € B(A), one has I (i) = R and [Jul| sy < oo.
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Remark 3.2. Recall from Proposition 2.6 that ||u|| sy < oo if and only if 1(¢) scatters to a free waves
as t — o00. Thus, Theorem 1.1 is equivalent to the statement that SC(A) holds for all A > 0.

Now suppose that Theorem 1.1 fails to be true. By Proposition 2.6, there exists an Ag > 0 small
enough so that SC(Ap) holds. Since we are assuming that Theorem 1.1 fails, we can find a threshold
value A¢ so that for A < Ac, SC(A) holds, and for A > Ac, SC(A) fails. Note that we must have
0 < Ag < Ac. The Kenig—Merle concentration compactness argument is now used to produce a critical
element, namely a minimal nonscattering solution 1.(¢) to (1-1) so that SC(Ac , i) fails, and which
enjoys certain compactness properties.

We state a refined version of this result below, and we refer the reader to [Kenig and Merle 2010;
Shen 2013; Tao et al. 2007; 2008] for the details. As usual, the deep foundations of the concentration
compactness part of the Kenig—Merle framework are profile decompositions of [Bahouri and Gérard
1999] used in conjunction with the nonlinear perturbation theory in Lemma 2.7.

Proposition 3.3. Suppose Theorem 1.1 fails to be true. Then, there exists a solution u(t) such that
SC(Ac ;1) fails, which we call a critical element. We can assume that 1i(t) does not scatter in either time
direction, i.e.,

lullsr_aiy,on = lllsqo,7. @y = o0

and moreover, there exist continuous functions

Nt Inax (i) = (0,00), X : Imax (i1) — R3

so that the set

{(;u(t x(1) + — ) L, (t x(t)+;))-ze1 } (3-1)
N7~ \ NO) yeyrtt U No)) ™

is precompact in H5.

We make a few observations and reductions concerning the critical element found in Proposition 3.3.
It will be convenient to proceed slightly more generally, starting by giving a name to the compactness
property (3-1) satisfied by a critical element.

Definition 3.4. Let / > 0 be an interval and let (¢) be a nonzero solution to (1-1) on 1. We will say #(t)
has the compactness property on I if there are continuous functions N : I — (0, 00) and x : I — R3 so
that the set

1 . 1 .
Kr=| (N,fl(t)”(”x(’) *5) N,flﬂg)“’(t’x(” + 7)) €1

is precompact in H5».

We make the following standard remarks about solutions with the compactness property. We begin
with a local constancy property for the modulation parameters.
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Lemma 3.5 [Killip and Visan 2013, Lemma 5.18]. Let 1i(t) have the compactness property on a time
interval I C R with parameters N(t) and x(t). Then there exist constants €g > 0 and Co > 0 so that for
every to € I we have

€0 0
["’ "Nyt N(m)]

1 _N@
= Wy = Tl gy
%)~ X(to)ISN( o Tl =y

Remark 3.6. For a solution with the compactness property on an interval I, we can, after modulation,
control the 7% tails uniformly in z € I. Indeed, for any 1 > 0 there exists R(7) < oo such that

| 9GP [ £ £)P g <.
lx—x(@®)|=N [E|=Rm)N (@)

N (1)

[ I e £ Dl (1. 5) 0 <
[x—x()|> N(th) |E|=R(MN (@)

for all £ € 1. We call R(-) the compactness modulus.

We also remark that any Strichartz norm of the linear part of the evolution of a solution with the
compactness property on Iax vanishes as t — 7_ and as t — 7. A concentration compactness argument
then implies that the linear part of the evolution vanishes weakly in 715, that is, for each to € Imax,

S(to—Hu(@) —0

weakly in P as ¢ 'sup [ and ¢ N\ inf I; see [Tao et al. 2008, Section 6; Shen 2013, Proposition 3.6].
This implies the following lemma, which we use crucially in the proof of Theorem 1.1.

Lemma 3.7 [Tao et al. 2008, Section 6; Shen 2013, Proposition 3.6]. Let ii(t) be a solution to (1-1) with
the compactness property on its maximal interval of existence I = (T—, Ty). Then for any to € I we can
write

T
/ S(to— )0, [u|P " u)ds —ii(tg) asT / Tyweakly in H°7,
1

0

to .
—/ S(to— )0, [u|P" u)ds —ii(ty) as T\, T_weakly in H° .
T

Remark 3.6 indicates that solutions 1 () with the compactness property have uniformly small tails
in H*7, where “tails” are taken to be centered at x (¢), and relative to the frequency scale N(¢) at which
the solutions are concentrating. We would like to use this fact to obtain lower bounds for norms of the
solution u(¢). The immediate issue that arises is that the object that obeys compactness properties is
the pair u(t, x) = (u(t, x),u(t, x)) and, a priori, the solution could satisfy u (¢, x) = 0 a fixed time 7.
Nonetheless, by averaging in time, such a lower bound still holds for the solution itself, u(z). We can
quantify this bound in several ways, starting with a result proved in [Killip and Visan 2011a].
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Lemma 3.8 [Killip and Visan 2011a, Lemma 3.4]. Let 1i(t) be a solution with the compactness property
on Imax = R. Then, for any A > 0, there exists n = n(A) such that

A
%l‘ S |:l0,l() + m] ||u(l)||L3/2(p n = 77} il

~ N(to)

forallty € R.

Lemma 3.8 means that the L§C3/ 2)(p—1)

norm of u(¢) is nontrivial when averaged over intervals around 7
of length comparable to N(t9)~! uniformly in #9. By combining this lemma with Remark 3.6 and Sobolev

embedding we obtain the following as an immediate consequence.

Corollary 3.9 (averaged concentration around x(¢)). Fix any 8¢ > 0. Let 1i(t) be a solution with the
compactness property on In.,x = R. There exists a constant C > 0 so that

to+
N | N"O’/ (e ) 3P D dydr > 1
(0= 55

N(t

forall ty € R.

One can also deduce the following corollary, also proved in [Killip and Visan 2011a], which gives a
lower bound on the localized S norm of u(t).

Corollary 3.10 (S -norm concentration around x (¢)). Let i (t) be a solution with the compactness property
on In.x = R. Then there exist constants ¢, C > 0 so that

1%
// |u(t,x)|2(p_1)dxdtzc/ N(t)dt
Ix—x ()< ¥ A

N(t

for any t1,tp such that
1
_ > __ -
270 Ny
Proof. The proof runs completely parallel to the argument in [Killip and Visan 201 1a, proof of Corollary 3.5]
given for the averaged potential energy. O

The fact that we have only averaged lower bounds on, e.g., the LG/2(P=1) norm of a critical element
will not be too much trouble. We will often pair the above with the fact that the compactness parameters
N(t), x(t) are approximately locally constant; see Lemma 3.5.

Lastly, we also need the following estimate proved in [Dodson and Lawrie 2015b, Lemma 4.5].

Lemma 3.11 [Dodson and Lawrie 2015b, Lemma 4.5]. Let 1u(t) have the compactness property on a
time interval I C R with scaling parameter N(t). Let n > 0. Then there exists § > 0 such that

u _ <
[ “L?,(f ”([to—thO),to+%,o>]XR3)—n

uniformly in ty € 1.
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3A. Analysis of solutions with the compactness property. In the next subsection, we will prove a clas-
sification result for solutions with the compactness property. Our goal is to gather together a list of
possibilities for the compactness parameters N(z) and x (¢) that is exhaustive in the sense that if we rule
out the existence of all members of the list, then Theorem 1.1 is true. Before stating these cases, we need
to distinguish between two scenarios based on how fast x (¢) is moving relative to the speed of light. To
make this distinction precise, we have the following definition.

Definition 3.12. Let 1(z) be a solution to (1-1) with the compactness property on I = R with parameters
x(t) and N(t) > 1. We will say that x(¢) is subluminal if there exists a constant A > 1 so that for all
to € R there exists ¢ € [tg, to + A/ N(tp)] such that

xX()—xo)| = |t —to| — .
|x(#) = x(t0)| < |t —to] AN (o)
Proposition 3.13. Suppose (1) is a solution to (1-1) with the compactness property on its maximal
interval of existence In,x with compactness parameters N(t) and x(t). We can assume without loss
of generality in the arguments that follow that Iy, N(t) and x(t) fall into one of the following four

scenarios.

(D) Soliton-like critical element: I.x =R, N(t) =1 forallt € R and x(t) is subluminal in the sense
of Definition 3.12.

(II) Two-sided concentrating critical element: Inax =R, N(t)>1 forallt €R, limsup,_, 4, N(t) =00,
and x(t) is subluminal.

(1) Self-similar-like critical element: In,x = (0,00), N(t) = % and x(t) = 0.

(IV) Traveling-wave critical element: I, =R, N(t) =1 forallt € Rand |x(¢t) — (¢,0,0)| < \/m for
allt e R.

Remark 3.14. In the case p = 3, one must take into account the action of the Lorentz group, which will
introduce additional cases to the list of critical elements in Proposition 3.13. For p # 3, the hypothesis (1-3)
compactifies the action of the Lorentz group in the Bahouri—Gérard profile decomposition at regularity 7*7,
which is why only a translation x(¢) and scaling N(z) appear in the descriptions of critical elements.
However, because 7£!/2 is invariant under action of the Lorentz group, one must confront critical elements
with velocity £(¢) that approaches the speed of light. See [Ramos 2012; 2018] for Bahouri—Gérard-type
profile decompositions in this setting.

Before proving Proposition 3.13, we note that ruling out cases (I)-(I'V) in the statement of the proposition
will prove our main result, Theorem 1.1. Hence we will now focus on establishing Proposition 3.13 and
proving that such critical elements cannot exist.

We will prove this proposition in several steps. First, we will reduce the frequency parameter N ()
to one of three possible cases. We state these reductions for N(¢), but we omit the proof as it follows
readily from arguments similar to those in [Killip and Visan 2013, Theorem 5.25].
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Proposition 3.15. Let (1) denote the critical element found in Proposition 3.3. Passing to subsequences,
taking limits, using scaling considerations and time reversal, we can assume, without loss of generality,
that T+ () = +00, and that the frequency scale N(t) and maximal interval of existence I'nax = Imax (1)
satisfy one of the following three possibilities:

e Soliton-like scale: In,x = R and

N()=1 forallt eR.

e Doubly concentrating scale: I,x = (—00, 00) and

limsup N(¢) = oo, limsupN(t) =00, and N(t)>1 forallt eR.

t—>T— t—o00

o Self-similar scale: I = (0,00) and N(t) =t~ L.

We will now make a few further reductions, mostly concerning the spatial center x (¢) of a critical
element that is global in time.

We will show that in all cases where we have a solution with the compactness property with translation
parameter x (¢) that fails to be subluminal, we may extract a traveling-wave solution. To prove this, we
will need to analyze the properties of solutions with the compactness property and more specifically,
properties of their spatial centers, x (¢). We turn to this analysis now. First, we note that in the case that
x(t) is subluminal (see Definition 3.12) we can derive the following consequence.

Lemma 3.16 [Killip and Visan 2011a, Proposition 4.3]. Let 1i(t) be a solution to (1-1) with the compact-
ness property on I = R with parameters x(t) and N(t) > 1. Suppose x(0) = 0 and that x (t) is subluminal
in the sense of Definition 3.12. Then there exists a §g > 0 so that

|x() —x(®)| = (1 =do)|r —7

forallt, T with

t—1[>

o SONI,‘L' '
where N r := infgeps ;] N(s).

Proof. See the proof of Proposition 4.3 in [Killip and Visan 2011a]. O

Using Lemma 3.5 together with Lemma 3.8 and a domain-of-dependence argument based on the finite
speed of propagation, we obtain a preliminary bound on how fast x (¢) can grow. (See, e.g., [Killip and
Visan 2011a, Proposition 4.1].)

Lemma 3.17. Let u(t) have the compactness property on a time interval I C R with parameters N(t)
and x(t). Then there exists a constant C > 0 so that for any t1,t, € I we have

C C
() —x(@)] < In—tal + s+ 0.

(3-2)
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In fact, if u(t) is global in time, we have N(t)|t| — oo as |t| — oo and we normalize so that x(0) = 0,
Sfrom which the above yields
|x ()]

t—+oo |t|

<1. (3-3)

Remark 3.18. We remark that by finite speed of propagation and compactness, we can assume that

liminf |¢|N(t) €[1, o0].
t—>T4 (%)

Note that according to the definition of the compactness property, the function x (¢) is not uniquely
defined; indeed, one can always modify x(¢) up to a radius of O(N(z)~1), provided one also modifies
the compactness modulus appropriately. Note, however, that the compactness property, together with
monotone convergence, prevents ¥ from concentrating on very narrow strips, as measured in units
of N(¢)~L. See [Killip and Visan 2011a, Lemma 4.2].

Lemma 3.19. Let ii be a solution to (1-1) with the compactness property on an interval I. Then for any

n > 0, there exists c¢(n) > 0 so that

sup VI u + [V~ e P dx <.

weS2 /Iw-[x—X(t)]|5c(n)N(t)_1

To deal with ambiguity in the definition of x(¢), we use the notion of a “centered” spatial center as in
[Killip and Visan 2011a], that is, a choice of x(¢) such that each plane through x(¢) partitions () into
two nontrivial pieces.

Definition 3.20. Let 1 be a solution to (1-1) with the compactness property on an interval / with spatial
center x(t). We call x(t) centered if there exists C(u) > 0 such that, for all w € S? and ¢ € I,

/[ o IVEPHE DR 490, 0 d 2 Cln,
w:|x—x(1)|>

Proposition 3.21. Let u be a global solution to (1-1) with the compactness property. Then there exists a

centered spatial center for .

Proof. The argument is similar to the proof of [Killip and Visan 201 1a, Proposition 4.1]. Let x(¢) be any
spatial center for 1. To shorten formulas, we introduce the notation

(2,) = [|[VIPu(e, )12 + [V ug (1,0) .

By compactness, there exists C = C(u) large enough that

inf/ @(t,x)dx =, 1, where B(t) :={x:|x —x(t)] <CN()"'}.
B(t)

teR

Now set
Sy [x —x®)]p(, x) dx

fB(t) @(t,x)dx

(1) = x(1) +
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By definition, |x(¢) — X(¢)| < CN(¢)~!, and hence X(¢) is a valid spatial center for 1 (one only needs
to add C to the compactness modulus). We now claim that X(¢) is centered. To see this, first note that by
construction one has

/ w-[x—Xx(t)]p(, x)dx =0.
B(t)
On the other hand, combining nontriviality on B(¢) together with Lemma 3.19, we have

/ (p(tv X) dx Zu 1
B@®)N|w-[x—x@)]|>cN@)~!

for some ¢ = ¢(u) > 0. Thus

/ - [x — £Ollp(t, %) dx 20 N,
B(t)

and so

/ (- [v — 5Ol 10t x) dx 20 N,
B(t)

where “+4” denotes the positive part. As |x —%(¢)| <2CN(t)~! for x € B(t), we finally deduce

{o-[x—X(O)]}+
2 /B(t) 2CN(1)~!

for all w € S2, as needed. O

@(t, x)dx <y / o(t, x)dx

w-[x—x(t)]>0

Proposition 3.22. Suppose that ui(t) is a solution with the compactness property on R with parameters
N(t) and x(t). Suppose in addition that N(t) = 1 for all t € R, and that x(t) fails to be subluminal
in the sense of Definition 3.12. Then there exists a (possibly different) solution w(s) to (1-1) with the
compactness property on R with parameters N(s) and x (s) satisfying

Nis)=1, |x(s)—(s.0,0)| <+/|s| forallseR.

Proof. Let 1i(t) be a solution to (1-1) with the compactness property on R with parameters N(¢) = 1 and
x(¢) failing to be subluminal. This means we can find a sequence ¢, and intervals

Iy = [tm, tm + m]
such that
|x(tm) — x(2)| > |tm_t|_nl¢ forall t € I,,. (3-4)

We construct a sequence as follows. Set
Um(0) :=1(tm, - — X (tm)).

Using the precompactness of the trajectory of # modulo the translations by x () we can (passing to a
subsequence) extract a strong limit

Um(0) = 1ioo(0) € 12  as m — oo.
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Let 1o (7) be the solution to (1-1) with initial data i (0). One can show that we must have [0, 00) C
I'max (Moo) and that 1o, satisfies the following compactness property on [0, 00): the set

Koo 1= {lico(T,  —X00(7)) : T €[0,00)}
is precompact in 7% (R3), where for each v > 0 the function xo0(7) is defined by
Xoo(T) := lim (x(ty + ) — X (tm)).
m—00

Note that for each € > 0 and for all T € [0, co) we can choose M > 0 large enough so that for all m > M
we have

1
X (tm +7) = x(tm)| = |7| — m’
where the last inequality follows from (3-4). Letting m — oo above, we conclude that in fact
|Xoo ()| >t forall T €0, 00).
By finite speed of propagation (see (3-3)) we can conclude that in fact

L el _
m =
T—>00 T

1.

We now refine our solution again, this time constructing a suitable limit from (7). First choose a
sequence 0 < g, — oo such that, for T > oy, we have

| X0 (7)]
T

<1427

and set 7, = 0y, + m. Then by the previous two lines, it holds that
T < |xeo(®)|<t(14+27™) forall T € Jpy, := [ty — M, Ty + m].
From (3-4) and the definition of xo, we have
[X0o(T) —Xoo(t)| = |t —t| forallt,t € Jy. (3-5)
As before we extract a limit from the sequence
Uoo,m(0) :=too(Tm, * — Xoo(tm)) — V(0) € H°?

and we note that the solution ¥(s) to (1-1) with data v(0) has the compactness property on R with
parameters N (s) = 1 and x(s) defined by

X(s) = lim (xoo(tm +5) — Xoo(Tm))-
m—00
Using (3-5) along with (3-2) we see that for all 51, 52 € R we have

|51 — 52| < [%(51) = %(52)] < |51 — 52| + C
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for some absolute constant C > 0 and consequently

o FO

s—+oo |§]

1. (3-6)

Now we express X (s) in polar coordinates, finding r(s) > 0 and w(s) € S? so that

X(s) =r(s)w(s) foralls e ][0,00).
Note that by (3-6) we have
r(s)

—~= —>1 ass— oo.
Ky

Since w(s) € S? we can find a sequence s, — oo and we can (up to passing to a subsequence) find a
limit wg so that

w($m) = wo  as m — oo.
To prove the claim, it suffices to verify that
|%(5) — swo| < C /s,
since then we obtain the desired result applying a fixed spatial rotation. Note that
s20(s2) = s10(51)* = |s1 — 521 + s182]@(s2) — w(51) |
By finite speed of propagation
|s20(s2) —s10(s1)|* < (|51 — 52| + C)* = [s1 — 2|> + 2Cs1 — 52| + C?,

and hence substituting this bound into the above equations we solve to obtain

2C|S1 —S2| +C?2
5152 '

lw(s2) —w(s1)| < \/
Then

|(sn + $)w(sp +5) = Spw(sp) —swo| < |sn + 5| |w(sn +5) —w(sn)| + s|w(sn) — wo

< \/(2Cs +C2)(1 + si) + s|lw(sy) — wol,

|X(s) —swo| < V2Cs + C2,

as required. O

which implies

In the case that N(¢) > 1 and x(¢) is not subluminal, we will now show that we can also reduce to the
case when N(¢) =1 forall € R and x(¢) = (¢,0,0) + O(+/|t]). We will need the following lemma.

Lemma 3.23. Let 1(t) have the compactness property on I C R with parameters N(t) and x(t). Then
there exists a constant ¢ € (0, 1) such that for any t1,t; € I with N(t1) < N(t2) it holds that

IX(ll)—X(fz)lzlll—tzl—ﬁ = N(zz)gclzzv(m.
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Proof of Lemma 3.23. The argument adapts readily from [Killip and Visan 2011a, Lemma 4.4], using the
arguments from Section 3A. Exploiting time-reversal symmetry, space-translation symmetry, and rotation
symmetry, we may assume 71 <, x(t;) =0, and x(z3) = (x1(¢2), 0, 0) with x1(¢2) > 0. Further, we
may choose x(¢) to be centered by Proposition 3.21.

Suppose for contradiction that for times #1, ¢, as in the statement of the lemma,

(1) = x(t2)| = |t1 — 12| — N(Cm

but cN(t1)"! > ¢ N(t2) ™!, where ¢ = c¢(u) will be chosen sufficiently small below.
Let ¢ : R — [0, 00) be a cutoff so that = 1 for x < —1 and ¢ = 0 for x > —%. Set

x1—X1(I2))‘

Ya(x1) = W( NG

Then, given 1 > 0 and choosing ¢ = c¢(7n) sufficiently small, we have

| (Y2u(t2), Yous (t2)l3se <.

Choosing n small enough, the small-data theory and finite speed of propagation for (1-1) imply

VRt P 41V 0P e 5 P,
Q
where

Q={x:x1 <x1(t2) —(t2—11) —cN(t1)"'}.

Using the assumption on |x(#2) — x(¢1)| and the normalizations above, one finds

QD {x:—e;-[x—x(t1)] = 2cN(t) "},
so that

/ [ (t)]=2eN () 1||V|sl)u([1,x)|2+||V|Sp_lut(t1’x)|2dxan.
—er[x—x@1)]=2c¢N(t1)~

On the other hand, choosing ¢ = c¢(7) sufficiently small, Lemma 3.19 implies

<—ep-lx—x(1)I<2cN(t1)™

We now choose 12 < C(u), where C (1) is as in Definition 3.20, to reach a contradiction to Proposition 3.21.
O

We are now in a position to prove that we can extract a traveling-wave solution from any solution with
compactness property with translation parameter x (¢) that fails to be subluminal.

Proposition 3.24. Suppose that 1(t) is a solution with the compactness property on R with parame-
ters N(t) and x(t). Suppose that either N(t) is soliton-like or doubly concentrating in the sense of
Proposition 3.15 and that x (t) fails to be subluminal in the sense of Definition 3.12. Then there exists a
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(possibly different) solution w(s) to (1-1) with the compactness property on R with parameters N(s) and
x(s) satisfying
N(s)=1, |x(s)—(s5,0,0)| <+/s forallseR.

Proof of Proposition 3.24. Note that by Proposition 3.22 it suffices to show that we can extract a solution
with the compactness property on R with parameters N(¢) = 1 and x(¢) failing to be subluminal. By our
assumption that x (¢) fails to be subluminal, for each m € N there exists #;; € R so that

[x(tn) —x(@)| = |t —tm]| — forallt € I, := [zm,tm + ] (3-7)

mN (ty,) N(tm)
We will show that N(¢) >~ N(t,,) for all ¢ € I,,, with constants independent of m. First assume that
N(tn) < N(2).
Then by Lemma 3.23 we can find a constant ¢ > 0 so that
¢2N(t) < N(tm) < N(t) forallt € I,.

Next assume that
N(t) < N(tm).

This means that . .

_ > _
N(tm) = N(1)

and thus from (3-7) we see that

€)= 5O 2 =l =~ 2 =t = s
Another application of Lemma 3.23 then gives
N(E) = Niom) < 5 NG,
As we can assume in Lemma 3.23 that ¢ < 1, we deduce that
ﬁngnggéNm for all € I,,. (3-8)

We can then extract, in the usual manner a new solution w(s) with the compactness property on [0, 00)
with
- N(tm + 55
<M@:1m-Jﬁ—ﬁ%&
m—00 N ([m)

- . s
Note that by (3-8) we must have

c1<N(s)<C; forallse [0, 00).
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Moreover, using (3-7), for each € > 0 we can find M > 0 large enough so that for each m > M we have

) (s + 5,5 ) )

s 1 1
= Nltm) ‘ N(im) N (i) ’ =

1X(s)[ + €=

Letting m — oo we obtain
|X(s)|>s forallse][0,00).

Noting that X(0) = 0 and combining the above with (3-3), we conclude that
1< M —1 ass— oo.
s

From here it is straightforward to obtain a new solution w(s) with the compactness property on all of R
with parameters N(s) = 1 and x(s) failing to be subluminal in the sense of Definition 3.12, and we apply
Proposition 3.22 to conclude. O

Finally, we now have the ingredients necessary to prove Proposition 3.13.

Proof of Proposition 3.13. Suppose u(t) is a solution to (1-1) with the compactness property on its
maximal interval of existence In,x with compactness parameters N(¢) and x(¢). By Proposition 3.15, if
the solution has the compactness property with N(z) = ¢t~!, then we may also assume without loss of
generality that it has the compactness property with translation parameter x () = 0: by finite speed of
propagation, x (¢) must remain bounded, and hence we may, up to passing to a subsequence, obtain a
precompact solution with x (t) = 0 by applying a fixed translation. Thus, in the case that N(r) =t~ we
obtain a self-similar solution; i.e., we have reduced to case (III).

In the remaining cases we must address different scenarios depending on whether or not x(¢) is
subluminal in the sense of Definition 3.12. If x(¢) is subluminal, then we have reduced ourselves to
cases (I) and (II). If x(¢) fails to be subluminal, then by Proposition 3.24 we can find a critical element as
in the traveling-wave scenario, i.e., case (IV). O

4. The soliton-like critical element

In this section we show that the soliton-like critical element, that is, case (I) from Proposition 3.13, cannot
exist. The main result is the following proposition:

Proposition 4.1. There are no soliton-like critical elements for (1-1), in the sense of case (1) of
Proposition 3.13.

We recall that soliton-like means that 2 (¢) is a global solution to (1-1) with the compactness property
on R as defined in Definition 3.4 with parameters N(¢) = 1, and x(¢) subluminal in the sense of
Definition 3.12. We will show that any such solution with the compactness property is necessarily = 0.

The proof will be accomplished in two main steps. We are ultimately aiming to employ a rigidity
argument based on a virial identity, which will show that any such critical element must then be identically 0.
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The key point here is that in order to access the virial identity, which is at 7! regularity, and to use it to
prove Proposition 4.1, we first must prove that our critical element actually lies in a precompact subset
of H!. Thus, we must first show that a soliton-like critical element must be more regular than expected.
In fact, we will prove that the trajectory K of any soliton-like critical element (see Definition 3.4) must
be precompact in H! N F57.

Throughout this section, we assume towards a contradiction that #(7) is a critical element with x ()
subluminal in the sense of Definition 3.12 and N(¢) = 1. In particular, by Lemma 3.16 there exists §o > 0
so that

|x(#)—x(7)| < (1 =68p)|t — 7| forall |t —1|> SL
0

4A. Additional regularity. We first prove that if the soliton-like critical element % has some additional
regularity to begin with, then we can achieve #{! regularity. The key ingredient in our proof will be a
double Duhamel argument, which will enable us to gain the requisite regularity for critical elements,
while our main technical tool will be the use of a frequency envelope which controls the 7! norm (see
Definition 2.2). In order to exploit the sharp Huygens principle, we will use the following modified
frequency projection operators: let ¥ > 0 be a smooth function supported on |x| < 2 satisfying ¥ = 1 on
|x] < 1. For k >0, let

0 = [ 2FWC = (). @1
These satisfy the same estimates as the usual Littlewood—Paley projections (which instead use sharp
cutoffs in frequency space), e.g., the Bernstein estimates in Lemma 2.1.

We summarize the main ingredient in Proposition 4.1, the aforementioned additional regularity result,
in the following proposition.

Proposition 4.2. Suppose u is a soliton-like critical element. Then
UeLPH? = ueLlPH’
for some s > 1. In particular, the set
K :={ii(t, - —x(t)):t € Ry C H» NFL!
is precompact in Hsr NHL
We will prove Proposition 4.2 in several steps. To make this precise, we define the parameter

5—p 3 5

—sy P22 42
Yt - 2 2p 2

S0

This exponent is chosen so that 7% has the same scaling as L? L,ch , and we note that crucially s, <s¢ < 1.

4B. The jump from H50 (R3) regularity to H1(R3) regularity. We begin with the first, easier gain in
regularity, namely passing from 7% (R3) to 7! (R3).

Proposition 4.3. Suppose u is a soliton-like critical element. Let so > sp, be defined as in (4-2). Then

e LPHY = ueLlPH.
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Proof. By time-translation symmetry, it suffices to estimate the #!-norm at time ¢ = 0. We complexify
the solution, letting

w=u-+ Ug.

i
VA
Then

lwOll g1 = 1O g1y z25

and if #(¢) solves (1-1), then w(t) is a solution to

:—z«/zwj:\/_A

Jul?~tu

By Duhamel’s principle, for any 7', we have
: 0
. — i Yy
w(0) = e TY=Au(T) + — / e "VTAF(u)(v) dr,
v=AJT

where F(u) = |u|?~'u. By compactness (see Lemma 3.7),

Jim Qe lTﬂw(T)leim 01! TV=Ay(=T) =0 (4-3)
— —00

as weak limits in H! for any k > 0. We next write
0w (0) = VB u(T)F—— / eYTRQ () di

FTVBQ (T F e f VB L Fu(t) dr.

Using (4-3), and arguing as in [Dodson and Lawrie 2015b, Section 4] we can deduce

(Q<kw(0), O <kw(0)) 71 T o
— lim </ e—”ﬂQ<kF(u(z))dt,f e_i’HQ<kF(u(s))dt> (44
0 L2

T—o0 T

We fix a large parameter R > 0 to be determined below. Let §p be as in the statement of Lemma 3.16
and take 7 = 2R861. We define

region A :=={(t,x):0<t <T},
region B :={(t,x): |x —x(T)|> R+t —T|}, (4-5)
region C :={(¢t,x) : |[x—x(T)|< R+t =T|}.
See Figure 1.
We will treat these regions separately. Our goal is to bound u on region A using that we are estimating
the solution on a compact time interval, and on region B using the small-data theory and finite speed of

propagation. We will then use the double Duhamel trick, together with the sharp Huygens principle on
region C, to conclude the proof.
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t

Figure 1. A depiction of the space-time regions 4, A’, B, B’ and C, C’ in the

case x(t) =0.

Let y g denote a smooth cutoff to the set

{lx=x(T)| > Ry S R.

2019

Now fix a small parameter n > 0. By compactness of i, if R = R(n) is sufficiently large then we have

X RU(T) [l < 1.
We let v = (v, vy) be the solution to (1-1) with initial data
u(T) = yru(T).
By finite speed of propagation, we have
u=v for|x—x(T)|=R+|t-T]|.

We now rewrite (4-4), and abusing notation slightly, we define

/ e_itHQ<kF(u(t))dt=A+B+C,
0

T
A:/ eIV L F(u(t)) dr,

0

B= / T iR L Fo() dr.
T

C= fT VB Q L [Fu(t)) — F(u(t))] dr.

(4-6)

(4-7)

Note that the notation in (4-7) is such that each term relates to an estimate for the solution on the

correspondingly named region from (4-5).
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We can carry out a similar construction at time —7, yielding a small solution v that agrees with u
whenever |x —x(=T)| > R+ |t + T|, and we obtain three terms in the negative time direction

0 .
/ eV L F(u(t))dr = A"+ B' +C',

—00

0
A = / eI TV=R 0 F(u(n)) d,
-7 (4-8)

-T
B= [ o) dr

' = / YR L [Fu(t)) — F(3(0))] dr.

—00

Using the elementary Hilbert space estimate
(A+B+C, A+ B +C)| S|AP+|A'?+|B>+|B'|>+(C.C")|

whenever A 4+ B + C = A’ + B’ + C’, where the | - |? denotes the square of the norm induced by the
inner product, we may estimate

(Q<kw(0), O <w(0)) g1
by obtaining bounds for 4, A" and B, B’ and (C, C").

Region A. To estimate the A and A’ terms, first we establish the bound

1
T\2>-D

for some suitably small € > 0. To prove this, we rely on the fact that # is a soliton-like critical element.
Fix > 0. Since N(¢) = 1, there exists € > 0 small enough that the Li(f_l)-norm is bounded by 7 on any
interval of length €; see Lemma 3.11. Thus to obtain the desired bound, we divide [T, T'] into ~ [T /€]

intervals Jg of length €, and

[T/€l

2,0 ~ 3 P <
k=1

T
L7PV(-T,TIxR3) — L2270 (JxR3) Y €

Using a similar argument together with Strichartz estimates and the hypothesis
<1,

[l Loezss0 <
we obtain

N =

T
Il 2o ey = (¢ ) Iilieree @10

Thus, using (4-9), (4-10) and Strichartz estimates, we can estimate

T
2 N2 < D < p ,
AP+ AP S 00 20y S () 0o
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Region B. For the estimates of B and B’, we use the small-data theory to bound the solutions v and .
We argue only for v as the estimates for v are identical. By the small-data theory, for 7 chosen sufficiently
small in (4-6), we have

||U ”L%’(_,f_”(ﬂ%l""'j) S n.

Using Strichartz estimates, we bound

3(p—3) 3(p—3) =1
V1270l o 2po-2 S 0D g0 +MIVE 22 (WIT0) 290042  preo-

p—1 3(p—3)
S M) llrso + 101 20 V270l o 20r00-2,
t.x

with all space-time norms over R! ™3, Note that ( D, %) is wave-admissible. Thus, for 5 sufficiently

small, we deduce
3(p=3)
2p U”LtpL)2cp/(p72) < ||u||L§>oHSO(R1+3)’

VI

and hence it follows from Sobolev embedding that
1ol p 120 gray S Nullzgorso.
Thus, we have shown that
|BI>+|B'1” < ||v]l?

< D
fL)ch (R1+3) ~ ||u ||L;>O'H$() .

Region C. Finally, we claim that
(c,c’y=o. 4-11)

To see this, write

oo =T V&
.= [ VB Q P @) - FOO)L. Qi Flu(e) ~ FG(e)]) dr i
—00
and note that by subluminality and the fact that x(0) = 0, we have for T = 2R, ! the inclusion
{lx —x(£T)| < R} C{|x| < (1-27"80)T}.

We recall that the operator O - defined in (4-1) is given by convolution with the function 23k 1//(2k X)
for a fixed function ¢ € C§*° (R3). Hence, for k > kg, a sufficiently large, fixed constant depending on
the support of V¥, 89 and T, we can ensure

supp(Q <k [F (u(z)) = F(5(0))]) € {Ix| < |¢| 47180}

Similarly, using the properties of the Q . and the sharp Huygens principle, we can ensure that for k
sufficiently large,

supp(e’ TIV=AQ L [F(u(t) — F(o(1))]) € {|x] > [t — 7| — 47 80T}.

Since t > 0 and 7 < 0, we have |t — 7| > ||, this yields (4-11), as required.
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Collecting these estimates, we obtain that

10 <kw(0)[%, = (Q<kw(0), Q4w (0)) g1 <1

uniformly in k > 0. The desired result then follows. O

4C. The jump from H*? (R3) regularity to H°(R3) regularity. Now we turn to the more difficult
estimates. Here, we will need a finer analysis based on frequency envelope machinery. We prove the
following.

Proposition 4.4. Suppose u is a soliton-like critical element. Then
UeLPH? = ueLlPH’
forany s, <s <1.
Proof. Once again, we define
region A = {(t,x):|t| < T},
region B :={(t,x): |x—x(T)|> R+t —T|},
region C :={(t,x): |x —x(T)|< R+t —-T|},

with corresponding regions A’, B/, C’ in the negative time direction. We further introduce

Ok =0k — Q< fork>0, Qo = O <o.

By Schur’s test, we can conclude that these frequency projections are a good partition of frequency space,
in the sense that

1£12, ~ 100 f 1%, + 3 25110 £ 112

k>0
We will also need to introduce an exponent ¢ satisfying
2<g< 2
Sp
Region A. We begin by defining suitable frequency envelopes with a parameter o > 0 to be determined
shortly. We set

Vi(to) =y 277V KI[2% 7110 u(t0) [ 12 +27 2~V Q;0:u(t0) I 2],
J

o (2
Olk(-]):zz alj k|[2 i(G Sp)“qu||L,t,L)2€q/(q—2)(JxR3)

- i(2—1+
+27G s")||Qj“”L?"/“"Z)LZ(JxW)]

(4-12)

J

for k > 0. Note (q, quqz) is s‘harp admissible and that each of the quantities appearing in the definition of
B has the same scaling as H*». We will choose

2
O<o<=—s5,.
q D
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Our goal is to prove that
o ([=T.T]) < 72 (0) + Co2 ¥, (4-13)

where Co = Co(T).
We begin by recording the some space-time estimates for # that are consequences of the precompactness

of the set K; see Definition 3.4. We fix n > 0. Since N(¢) = 1, there exists € > 0 small enough that the
2(p—1)
L

t,x
such that, for any k > ko,

norm is < 7 on any interval of length €; see Lemma 3.11. Furthermore, we can find ko = ko (1)

1
” O>ru ”L?,(f_l)([—T,T]xR3) <nT?2»-D,

With these bounds in hand, we turn to the proof of (4-13). In the following, all space-time norms will be
taken over [—7, T] x R3. For any j, we decompose the nonlinearity as follows. Writing u < j=0<ju
(and similarly for u- ;), we write

F(u) = F(uspy) + F(u) = F(usg,).
where ko (n) is as above. By Taylor’s theorem, we have
1
Fu) = F(usg,) +u<g, / F,(Qufko +Usk,) deo,
0
and hence to estimate the nonlinearity, it suffices to estimate three types of terms

p—1 . p—1 )
UskoU>j» Usp U<j» Ucsko

uP=1,
Using the inhomogeneous Strichartz estimates, we obtain

21 (Gsy) / LI Eu(s) ds
0

2 -2
L?qu/(q )

. t ]
40/ (G=1+sp) /0 e IV=RQ; F(u(s)) ds

L?q/(q_z)LZ
. i(2— —_i(2—
<min{2/ (7 1+s”)||F(“)||L;1/<q—1>L§q/(q+z),2 iG S”)||F(u)||L?q/(q+2)LZ/(q—1)}- (4-14)

Now let J be an interval with |J| < €, and let #y = inf J. In the next estimates, all norms will be taken
over J x R3. Using Strichartz estimates, we estimate

—i(2— i(2—-1+
2105l g i +2 0T Qg e gy
. o (2 -1
szjs,g||uj(t0)||L)26 +2/6p 1)||3tuj(fo)||LgC +2/(q l+sp)||u1>’k0u>j ”L;’/“’_”L%"/("“)
(2 i(2
—Jj(5—s r—1 . —Jj(5—s -1
+277G ”)||u>k0u51 ”Lf"”"“’L}’”"‘”""z @ ”)””sko”p ”Lf"“"“)LZ/("_”

<277 ||uj(t0) | 2 + 2777 V9,1 (t0) | 2 + 1 + 1T + 111
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We first estimate term I. We obtain

2/ (G=1+50) ||u>;0 Ul para=p20/0+2

2 14
<2]( Sp)||u>k0|| 2(p 1)||u>J ”qu/(q 2)Lq

n(p D 71/25i (3 —1+SP)Z2_Z( _1+s")[2€( _1+s”)||QW||L
{>j

20/=2) -

Similarly, for term II we obtain

27 (G=57) ||u>; usjllp2ara+ pgra—n

<27/ ‘Sp)nu>k0||"2(p o)l g 20002

_ 02— —L
276 g 123 ”Zz( G g 202

Finally, for term III, using smallness of the interval and we obtain
(2 (2
WA ) p—1 A r-1
AL !’)||u§k0u ”qu/(““)L?/‘q_” <2 @ p)||“||L%(f—n ||”§ko||L?L§q/<q—2)
< 2=i(Z=sp)yko(Z—sp) pP~1 T3

Multiplying by 271/ =k| and summing in the above bounds, recalling that o < % — §p in our definition of

the frequency envelopes in (4-12), it follows that (for o = inf J) we have
yie(tn) +a () S vilto) + T2~ ag () + Co(T)27*.
For n = n(T) small enough so that
of/ L T? < %
with C the implicit constant in Strichartz estimates, this implies
o (J) < yx (o) + Co2 %7
Tterating this procedure [T /€] times on [—T, T'], we may also conclude that

Yk (t0) < vk (0),

from which (4-13) follows by summing up these estimates.

Region B. To implement the double Duhamel argument, we will again consider the solution v to (1-1)
with data v(T') = y gu(T'). To control this solution, we define the frequency envelopes

Yk(to) and By
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analogously to (4-12), but with space-time norms over R! ™3, We will prove

Br < v (0) + Co2 k7. (4-15)
First observe that
”v”L%’(;_l)(Rl""j) < n.

Thus

—(2_— 2_
IVI7E™ 0] g 2aria— + V17201 2002

2_ —
SN le + V172 @D gr6-0 200042

p—1 Z_1+s
<n+ IIUIIL%_UIIIVIQ pU”L%q/(q—z)Lg/C

2
- 21
Sn+nP7YIV]E +s”v||L%q/<q—2>LZ,
which implies in particular that

o< ”L;’Li"”"_Z)(RIH) <. (4-16)

We now estimate B in essentially the same manner as «. The main difference is that we split at
frequency 1 instead of at frequency k¢ as above. Estimating as above, but using (4-16), we deduce

Br < 7 (T) + 0P~ B + Co27%,
which implies
Bi < 7 (T) + o270 (4-17)

In order to prove (4-15), we need to relate yi (T') to Y (0). Similar arguments as in (4-15) yield
7k (T) < 7k (0) + 077" i+ Co2 757 < yx(0) + Co27%,

so it therefore suffices to relate 7 (T') to y (T'). Using that v(T') = y gu(T), we apply the commutator
estimate Lemma 2.3 to deduce

20| Qv ()2 5 27 Qpu(T) 22 + X RY™ ) || o gy
2K D104 3, 0(T) 2 < 267D Qudeu(T) L2 + 275 R 190l oo o1

In particular, since o < 2 _g,<l—s , we deduce that
p g °p )4

7i(T) S vi(T) + Co2 7.
Putting this together with (4-17) above, we conclude

Br < vi(0) + Co27%°,
which completes the proof of (4-15).
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We will now carry out the double Duhamel argument with the complexified solutions w. We write

K ) 0 .
<Q,-w<0>,Q,-w<0>>H1=Sgrgo</o B P ar, [ e‘”HQjF(u(r))dr> @18)

H!
and (as before) take the decomposition

/ e VA F(u(t))dt = A+ B+ C
0 0 .
:A’+B’+C’=/ e TVTAQ F(u(n)) d

—0o0
for components as in (4-7) and (4-8). Once again, we rely on the algebraic inequality
(Qjw(0). Q;w(0) 1 S AP + |4 +[B|* + B2 + [(C.C") (4-19)
and we note that by construction and the argument above relying on the sharp Huygens principle,
(C, C/)'f-ll =0.
To treat the other terms, we recall the definition of the frequency envelope o in (4-12), and we use
(4-13) and (4-15). To this end, we multiply the left-hand side of (4-18) by 2=°l/=kI and we sum over

J =0 to obtain
vk (0) < P71y (0) + Co27F7,

which, choosing 1 sufficiently small depending only on the implicit constant, implies
7k (0) £ Co27%,
which yields i € H* for any Sp '5 s < $p + 0. Since that we may choose any o < % —sp and g arbitrarily
close to 2, we deduce 1 € L$°H* for any s, < s < 1. This completes the proof of Proposition 4.4.  [J
Propositions 4.3 and 4.4 immediately yield the following corollary.

Corollary 4.5. Suppose i is a soliton-like critical element. Then
UeLPH? = ueLlP®H.

4D. The jump from H(R3) regularity to H* (R3) regularity. As mentioned above, in order to employ
the rigidity argument based on a certain virial identity, we also need to prove that the trajectory of a
critical element in fact lies in a precompact subset of 7{!. We will achieve this by proving that in fact we
can gain a bit more regularity; specifically we can place the solution in #* for some s > 1. The key idea
here is that we actually have a bit of room in the previous estimates given the additional assumption of 7!
regularity, and this will provide some extra decay which we can use to establish the additional regularity.

Proposition 4.6. Suppose u is a soliton-like critical element. Then i € L‘tx’?:[s for some s > 1.

Proof. Let v and v be the solutions to the small-data Cauchy problems defined above. By small-data
arguments v(7T) € H!(R?) and |v(T')|l 45, small implies that

|1—s

Vil 2012 g oy + VIV L2000 gy ST 1

~ 1—s, ~
191l 20102 g oy T VIOl L2001 gy ST 1
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Furthermore, arguing as above and partitioning [—7, T'] into sufficiently small intervals, we obtain

1-s
”u”L%q/(q_Z)Lg]C([—T,T]XDW) + 11V pu“L?_(f_l)([—T,T]xR% <rl

These inequalities, together with the argument used to prove Proposition 4.4, as well as (4-19) and (4-14),

establish that
10ku()|2, 727 ko2 K (G=1+s0),

Since we may choose any

o< 2_ s
q 7
and g arbitrarily close to 2, we have then shown that

> 22K 0u(0)[12, < o0
k

for any o < % which concludes the proof. O

4E. Rigidity for the soliton-like critical element. Now we may prove that the soliton-like critical element
is identically zero. We summarize this in the following proposition.

Proposition 4.7. Let (1) € H' be a global-in-time solution to (1-1) such that for subluminal x (t) the set
K ={u(t, - —x(@)),0:u(t, - —x(t)):t e Ry C H NFP
is a precompact subset of H' N H?. Then ii(t) = 0.

As mentioned in the Introduction, we include a proof of rigidity for the soliton-like critical element in
the focusing setting as well. The arguments that we use are similar to the ones given in [Cote et al. 2015,
Section 3; Dodson and Lawrie 2015b; Rodriguez 2017] but with a modification. The key new ingredient
here is that the subluminality of x(¢) compactifies the subset of the Lorentz group taking (z, x(¢)) to
(', 0); see also [Kenig and Merle 2006; Nakanishi and Schlag 2011] for a somewhat different approach
that uses the Lorentz transform to show that critical elements must have zero momentum. The main
ingredients in the proof are the following virial identities.

In what follows we let » = |x| and set 0,u = Vu - (x/|x]).

Lemma 4.8 (virial identities). Let y € C§° be a smooth radial function such that y(r) = 1 ifr <1 and
supp x € {r <2}. For any R > 0 we define yr(r) = X(%) and let u(t) be a solution to (1-1). Defining

2
u
Qu()(R) :=/ [Vul® +[8:ul? + % +[ulP dx, (4-20)
x|>R x|
we have
d " -3
gy e xR+ w) = ~E@ £ (D3 ) b1 + 0@uio (R), (4-21)

“«

where the “+ " above corresponds to the focusing equation and the “—" corresponds to the defocusing

equation.
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If u(t) solves the focusing equation, we have

(oo s xr(rore+ Ju) _——/|a,u|2 )/|u|”+1+0(§2u(t)(R)). 4-22)

p+1

Proof of Proposition 4.7 for the focusing equation. We may assume that x (0) = 0. Since x (¢) is subluminal
we can find § > 0 so that

Ix(@)—x(@|=A=8lr—z|, [x()]=A=5)t] (4-23)
forall,7 € R.
For convenience, we consider only the special case where
x(t) = (x1(2),0,0) forallt >0,
as this contains the essential difficulties and the general argument is an easy modification of the one
presented below. Recall that for each v € (—1, 1) we have a Lorentz transform L, defined by

t—vxy Xx1—Vvt

VI—vZ V102

Ly(t,x1,x1,x3) = ( ,Xz,x3) =:(t',x").

For any T > 0, set

W(T) = XI;T).
Then
—(1-8) <w(T)<1-§ (4-24)

and the Lorentz transform L, (7 gives

Ly (T.x1(T),0,0) =(T",0,0,0),

T'=VT?—x(T)2. (4-25)

Since x (¢) satisfies (4-23), we have the bounds

where

csT<T' <T
for cg := /1 — (1 —48)% > 0, which means that T’ is comparable to 7. For each T' > 0 define
Uy(T) (l‘/, x/) =uo Lv(T) (t, x).

Then, since K above is precompact for x (z) subluminal and since v,,(r)(t") as above is a fixed Lorentz
transform of (¢, x), we can explicitly obtain a subluminal translation parameter x’(z") with

x'(T")=0
by the choice of v(T') above, such that the trajectory

K = {BV(T)([/,X —)C,(I,)) it e R} (4-26)
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is precompact in H NP see for example [Duyckaerts et al. 2016, Section 6] or [Nakanishi and Schlag
2011, Chapter 2] where such claims are carefully justified. We will now establish the following.

Claim 4.9. Consider a critical element for the focusing equation with 3 < p < 5. For each n there exists
a time Ty, > 0 such that for T, as in (4-25) we have

T/
1 n 1
T_A/o /R3|3rvu(Tn)(l,X)|2+ vy, @ x) [P dx de < e

Proof of Claim 4.9. Let T > 0. Since U,y solves the focusing equation we average (4-22) with R = CsT
over the time interval [0, 7] for some constant Cy to be specified below, yielding

T/
1
2 [ [ ey 0P+ 0 ax
0 JR3
< 000y (0) | 72770 4L 0wy e I CsT)de, (427
S 77l0evuy (O] x21rdrvu(ry)lo HF‘( Vo O | X2 V0o HW | vy @ (CsT)dt,  (4-27)

where Qy, - (CsT) is defined as in (4-20). Given n > 0, by (4-26), the subluminality of x'(t"), and the
fact that
x'(0)=0, x(T")=0,
we can choose Cg and T = T, large enough so that
1
Ty Jo

1
QUU(Tn)(t) (CsT)dt < ;
Note that Cs can be chosen independently of n. Next we estimate the first term on the right-hand side
of (4-27). We treat only the case where the inner product is evaluated at = T’, as the case when it is
evaluated at r = 0 is similar. We have

1

1 T2
Fl(atvv(T)(T/) | x2r -7 3r vy (1) (TH)] < F”atvv(T)(T/)”Lz”VUV(T)(T/)“L2(|x|§T1/2)

Cs
+ g“atvv(T)(T,)”LZ Voo (Tl L2(71/2<)x|<C5T) -

Since T’ ~¢ T, the first term on the right-hand side above can be made as small as we like by choosing

T, large enough so that
1

T2 1
T <

Similarly, for the second term on the right, we rely on the precompactness of K’ in H! NH*» and the
fact that x"(7,)) = 0, which yields
1
”VUV(TH)(T';)”L2(|x|zT,}/2) < n

for T}, large enough. The second term on the right-hand-side of (4-27) is estimated in a similar fashion.
This completes the proof of Claim 4.9. O
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Now, given this sequence of times 7, guaranteed by Claim 4.9 consider the sequence v(7,) :=
x1(Ty)/ T,. By (4-24) we can, passing to subsequence that we still denote by v(7}), find a fixed
ve[-1-46,1-—46] with

v(Ty) > vo asn — 0. (4-28)
Define

U\)() (t/’ x/) ‘=uo LV() (ta x)
and note that this is a fixed Lorentz transform of u. It follows from Claim 4.9, (4-28), and a continuity
argument that in fact

T,
%/ / 107 Vvg (, X) 2 4 [0y (2, x) [P T dx dr < 21
nJo JR3

2n
after passing to a further subsequence. Using yet another continuity argument we can assume without
loss of generality that 7, = M, € N; i.e.,

M
Y 2 p+1 1 _
M, /0 fst,vvo(z,xn + vy (2, x)| dx dr < . (4-29)

for some sequence {M,} C N with M, — co. Now we claim that there exists a sequence of positive
integers m, — oo such that

mu+1
/ /3|8,vv0(t,x)|2+|v1,0(t,)c)|p+1 dxdt -0 asn— oo. (4-30)
R

mn

If not, we could find € > 0 such that for all n € Z we have

m+1
/ /%|8,vv0(t,x)|2+|vv0(t,x)|p+1dxdtzeo.
R\

m

However, summing up from 0 to M,, — 1 we would then have

Mﬂ
/ /3|8tvv0(t,x)|2+|va(t,x)|p+1dxdtZGOM,,,
o JR

which contradicts (4-29). Now, by (4-30) we have
1
/ / |07 vy (My + t,x)l2 + vy (my + t,x)lerl dxdr —0 (4-31)
0 JR3

as n — oo. On the other hand, passing to a further subsequence, we can find (Vo, V1) € #! N 7% such
that

Vyo My, - —x'(mp)) — (Vo, V1) € H NP asn — oo.
Let 17(t) be the solution to (1-1) with data (Vy, V7). Then for some 79 > 0 sufficiently small we have

lim  sup [ Bug (mn +1, - — X' (M) = VOl i ripsr = 0. (4-32)

noo IG[OJO]
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However, from (4-31) we can then conclude that

-

V=0,
from which we conclude from (4-32) and small-data arguments that
Uy, = 0.
This means # = 0 as well, which finishes the proof. O

Proof of Proposition 4.7 for the defocusing equation. The argument is much easier if either p = 3 or if
the equation is defocusing since (4-21) gives us coercive control over the energy. Indeed, arguing as in
the proof of Claim 4.9, but using (4-21) instead of (4-22) we see that

T/
- 1 -
E(y(T)) = F/o E(,))dt =0(1) asT — oo

since, for each fixed 7, the energy of v, (7)(7) is constant in time. However, since

vyry(t', x") = uo L), x),

we must have either limsupy_, o, |v(T)| = 1, or E(u) = 0. The former is impossible by (4-24). Hence
E(u) = 0. Therefore u = 0. O

Remark 4.10. Note the argument given above for the defocusing equation also works for the cubic
focusing equation since (4-21) yields control of the full energy for p = 3. Arguing as above one can
conclude that E (1) = 0. Since the only nonzero solutions with zero energy must blow up in both time
directions [Killip et al. 2014] we conclude that the global-in-time solution satisfies # = 0; see [Dodson
and Lawrie 2015b], where a version of this argument was carried out in detail.

5. The self-similar critical element

In this section, we assume towards a contradiction that u is a self-similar-like critical element as in
Proposition 3.13, case (III). We will prove that any such % has finite energy, and in fact that E (1) = 0.
Since we are treating the defocusing equation, this implies # = 0. The arguments in this section can be
readily adapted to the focusing setting as well.

More precisely, we will prove the following result.

Proposition 5.1. There are no self-similar-like critical elements in the sense of case (11) of Proposition 3.13.

As in Section 4, we will prove this proposition via two additional regularity arguments. We fix the

following notation: let
PRy S S (5-1)
=9 —_—— -
Ph2pp-1 2 2p

Proposition 5.2. Let u be a self-similar-like critical element as in Proposition 3.13. Then,

S0

13 (T) |50 S T G075
uniformly in T > 0.
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Proposition 5.3. Let ii be a self-similar-like critical element as in Proposition 3.13. Let s be as in (5-1)
and suppose that

I (T) 350 < T07) (5-2)
uniformly in T > 0. Then

|5 (T) | z0 < T—PL0~5»)

uniformly in T > 0.

Proposition 5.3 will immediately imply Proposition 5.1.
Proof of Proposition 5.1 assuming Proposition 5.3. Note that the nonlinear component of the energy is
controlled by the H 3/2=3/(p Jrl)([R?3) norm by Sobolev embedding, and by interpolation we have

~3_.3_ . .
H2 p+1(R®)C H» nH'.

Thus the conserved energy E () must be zero by sending 7 — oo in Proposition 5.3. Then E[u] = 0,
which implies that # = 0, which is impossible. a

Proposition 5.3 is the easier of the two additional regularity arguments, so we turn to this first.
5A. The jump from H*0 (R3) to H1(R3) regularity. We first prove that if # has some additional regu-
larity, then we can achieve 7{! regularity, and hence reach the desired contradiction.

Proof of Proposition 5.3. Using N(t) =t~!, we have
”u”L?.(xﬂ—l)([zk’zk-i-l]X”QS) S 1
uniformly in k. Thus for any 0 < 1 < 1, we can partition [2K, 2K+1] into C(n) intervals I ' so that

||u ”L?,(xp_l)(lj xR3) <.

On each such interval, we may argue using Strichartz estimates and a continuity argument together with

(5-2) to deduce that

—k(so—sp)
”u”Lf’L)ch(Ijx[}@) <2 ’

for each j. This implies
—k(so—
”u”LfLﬁ”([zk,zkH]ng) < 27 K(so=sp)

uniformly in k. We once again complexify the solution. We let

w=u-+ Ug.

i
vV =A
Once again, if () solves (1-1), then w(z) is a solution to

i
w; = —iv—Aw + ——|u|?"tu.
' VA
By compactness,
lim Poe!TY=2u(-T)=0

T—o0
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as weak limits in H%0 for any k > 0. By Strichartz estimates, we have

IP<kw(T) | g1 < Il P~ 1 12 (17,000 xm3)

-1 —k — — —
< Z ke ||L}L§([2k,2k+1]xR3) < Z 7—kp(so—sp) <T p(so=sp)
%>% 2k>%
which completes the proof. O

The jump from H*? to H* regularity. It remains to prove Proposition 5.2. The main technical ingredient
in the proof of Proposition 5.2 is a long-time Strichartz estimate.

Proposition 5.4 (long-time Strichartz estimate). Let @ > 1 and
2<g< 2
Sp
Suppose U is a self-similar-like critical element as in Proposition 3.13 with compactness modulus function
R(-). For any no > 0, there exists ko = ko(R(no), &) so that, for every k > ko,

3(p=3) —(2-
|| |V| 2=D U~ ||L?(P_1)L§(P—1)/(P—2) ([1,2a(k_k0)]XR3)+ || |V| (q sp)u>k||L;lLi€1/(q—2) ([1’2a(k—ko)]XR3)< no-

Proof. We proceed by induction on k > kg. Let 9 > 0. Using compactness and the fact that N(¢) =7,
we may find ko large enough that

3(p—=3) 2
=3 —(2- 1
|||V|2(1’_”u>ko||Lf(p—l)ﬁ((p—l)/(p—z)([l,zga]xﬂs) + VI @ Sp)“>ko||L;1L§‘f/(‘1—2)([1,23w]xR3) < 270

This implies the result for kg < k < 8ky.
To establish the induction step, by Taylor’s theorem, we may take the decomposition

1
F(u) = Flusps) + ti<ts f F/(Ouc—s + g3
0

1,1
= F(usg—3) +ug—3F (Uusp_3) + u2<k_3 / / F"(0102u <g—3 + usx_3)d6; db.
= 0 Jo
Hence, we can write the nonlinearity F(u) as a sum of terms

Pop F(u) = | Pog—3ul? ' Pogsu + Pog(uag—3F (usg—3)) + P>k(uék_3P>k_3F2),

where

1,1
= / / F"(01602u <p—3 4 usr—3) dOy b2,
0Jo
and we have used in the last term that
P>k(u25k_3F2) = P>k(M25k_3P>k—3F2)-

Note that | F/(usg—3)| < |usk—3/P"1 and | Fa| < |u<g—3]P"2 + |u=k—3|? "2, and since the frequency
projections are bounded on L?, we will replace these terms with |u|?~! and |u|?~2 respectively once we
have a chosen a dual space in order to simplify the exposition of our estimates.
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Fix exponents
_ 6(=q +rq)
12—12p—21q +13pq’

and note that y € (1,2) for ¢ € (2, 4), while for ¢ = 2, we have

6(p—1
p:Me §,2 .
7p—15 \5

In particular, by choosing ¢ close to 2 we can guarantee that y, p € (1, 2). Furthermore,
L1 3 2(p-3) -

y p 2 3(p-1)~""

which guarantees that the conjugate exponent pair (y’, p’) is wave-admissible.

J/=g o
2’

By Strichartz estimates,

=y v~ (Z—s»)
VI skl 20-0 p20-0/0-2 +[||V] Uskllpgp20/a@2

3(p=3)

< sk (W llpgse + [[|V]20=D [“>k—3]p||L§(p—1>/pL%<p—1)/(2p—3)

(2 —1
+ NV g usiau )l 2arias gran
—243 2 -2
V04 Py gy Pog P2 1y 0
=1+11+ 111,
where all space-time norms are over [1, 2**—%0)] x R3, We estimate term I as follows:

3-3)
HVI2E=D us g 317l 20000 20—/

p—1 3(p=3)
= ||“>k—3||L2(p—1) |||V|2(”_1)u>k—3||L%(pfl)L)26(pfl)/(p72)
fox

< 3(p=3) p
N |||V|2(”’””>k—3||L2(p—1)L2<p—1)/<p—2)'
t X
By induction, we have
=
= _ 1)/ (o ! <
V] u>k_3||L$(p D 2=/ =2) ([ patk—ko) /g]xR3) = 110

Thus, using N(¢) = ¢~ ! and that
za(k—ko)
/ t~ldr =log23* ~ 1,
2

O{(k—ko)/g

and the fact that N(¢) < 1 on [2¢&—k0) /8 2a(k=ko)] for k > k¢ > 1, we can deduce

3(p=3)
V12D k3l 2001  26-10/=2) (pate—ko) 5, pth—ko) 3y = T0-

In particular, using (5-3), we obtain that

3(p—3)
[[IV]z>=D [M>k_3]p”L?(pfl)/pL)%(p*l)/(217*3)([l,za(k—ko)]xR3) <.
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For term II, we estimate

—k(2- =1k (2

_1 —
) N <e—sll 200 =3 | Py < 0 ) u<—sll o 201002
¢ Lx Li's t Lx
Fix Cp > 1 to be determined below. We write

”ufk—?) ”Lth)ch/(q_z) ([1,2a(k_k0)]XR3) 5 ”uSC() ||quL)ch/(q_z)([l,2a(k_k0)]X|R3)

+ ||uC0< - <ko ||L;]L)2€fl/(q_2)([1’21x(k7k0)]XR3) (5'3)
T Z e ”L;’Li"/“’—”([1,2a<k—ko>]xR3)- 5-4)
ko<j<k-3

For (5-3), we have

2
q 5 k—k
”uC0< . Sko||L?L§q/(q—2)([l,za(k—ko)]XR:;) 5 COq 10g(2 O).

On the other hand, for Cy = Cy(19) large enough, we can estimate (5-4) by

ko(2— k—k
Z ”u] ”L?L)ch/(q_z)([1,2a(k—k0)]xR3) < 102 O(q ) log(2 %).
ko<j<k—-3

Finally, for kg < j <k — 3 we first use the inductive hypothesis to write
i(2—
” Pju ||L?L)Zcq/(q_2)([l,Za(j_ko)]XR3) S 2J (q SI)) no.
Arguing as we did for the high-frequency piece,
| Paru ||L;IL)ZCQ/(4—2)([za(j—ko)’zoz(k—ko)]XRs) <2 (G=s») no log(2k 7).

Thus

i(2_ _; k(22—
> il 2 i sopan S D0 1027 G 1+ 10g(2k )] 5 g2 ),
ko<j<k-3 ko<j<k-3

where we have used

S LG 10g(L) < 1.

L>1

Collecting these estimates, we find
2_ _ 2_
||u5k_3”L?L)zc‘”(q_”([l,za(k*ko)]x[}@) < [Co+ 7102ko(q Sp)] log(Zk ko) 4+ 7702k(q Sp)’ (5-5)
which yields
(2 _
V1T Pog imau 2 ) 20 gria
>k—3/11L7 L%
2_
<2 G (g T 4 pg200 G o) log (2K Koy gt
Choosing kg possibly even larger, we deduce

—(2— —1
V] & s”)P>k(u§k_3ul>)k_3)||L%q/(q+2)LJqC/<q71) <nd.
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Finally, we estimate term III. Since —% + s, < 0, we use the fractional chain rule and Bernstein
estimates to obtain

—4.3 2 -2
V7™ P g3 Pox P )y o
—k+42 2 —2
S22 w302y a0 V7 P72 o prrrrcin-t)

< 272G =0) 52 P73

LIL 24/(a— 2)” |LOOL3(p 1)/2|||V|s u||L0°L2

Using (5-5) (and the conditions on kg, Cy given above), we conclude

—4.43 2 -2 2
H9174%3% Pog 02y Po WP ) 7 1 < 3.

Combining our estimates for terms I, II and III and choosing 1o small, we conclude that
3(p=3) _(;_S )
HVI12ZP=Dus |l 2000 200-0760-2 + IV VP us k|l a 20/~ < 1o
t X t+x

n [1,2¢%*=k0)] x R3, thus closing the induction and completing the proof. a
Finally, we arrive at the proof of the additional regularity Proposition 5.2.

Proof of Proposition 5.2. We compute

I = loMIP,, < 3 22550 (Pew(1), Pew().
k>1

We use the double Duhamel argument based at ¢ = 1. For some k > 1, we write
1 poo
(Prw(1), Prw(l)) = / / (e A=DV=A P F(u(r)), e TIV=2 P F(u(7))) dr dr.
0J1
We fix o > 1, to be determined below, and split

w .
/ S U=DV=Ap Fu(t))dt = Ay + By,
1
where
2k0(

. w [
¢! =OV=8 P F(u(1)) dr, Bk=/ OOV F () d.
2 o

a= |
1

We also write .
/ ! A=OV=Ap F(u(s))ds = Zy.
0

We will use the estimate
(Ag + Bk, Zi)| < |Ax|* + 2|(Bk. Zi)|,

which follows from the fact that Ay + By = Zj.
We first estimate the (By, Z;) term. We expand

|(Bk- Zi) |<ZZ/

£<0j>ka

26+1 oJj+1

/ —i(t—r)ﬂpkp(u(t)), P F(u(s)))| drdr.



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 2037

We claim that
1 —ks
| P (u|u|P~ )||L2L L([2¢,20+1]xR3) S 2 v
uniformly in £ > 0. Indeed, arguing as above, we can decompose the nonlinearity into two types of terms
usp—u?~' and  uPop_ (P,

since if both u and |u|?~! are projected to low frequencies, the product vanishes when projected to high
frequencies.
We thus have by Bernstein’s inequality, Holder’s inequality, and the fractional chain rule that

1 -1
|| Py (ue|u| P~ )||L2L1 <||u||p2(p b l[U>p— 1||L<><=L2+||u||L2(p O [[Psg—1 (u? )||Lf“’—”/(1’—2)L§(l’—1>/(2P—3)

—k —k
<2 sﬂ”“”pz(p 1)|||V|Spu”L;>OL§§2 v,
Lix

where all space-time norms are over [2¢, 26+1] x R3,

J.

Using dispersive estimates, we have, for any j > ko and £ <0,

241 pJ+1

/ (e C=DV=A P F(u(t)), Py F(u(s)))| dr dt

<J,

< 2507% ”Pk(u|u|p_1)”L%L}C([zf,zl-f-l]x[@)”Pk(u|u|p_1)||L?L}C([2k,2k+1]><R3)

241 nj+1

[ (12K Pl (0l | Pl (0)ll . de de

S 2%2—%2]{(1—25‘];).
Summing over £ <0 and j > k«a, we deduce that
(Bie. Zi) oo | 528079, (5-6)

We now turn to estimating the | Az |? term. We will use a frequency envelope argument to establish the
required bounds. Once again, we fix an exponent g satisfying

s
2<qg<2.
=5
Let
. 2 4
0<mm{s,——s,——1—s } (5-7)
D q D q D
and define

— —olj—k ) )
Vi = D 2V will oo o 11,00y xm3):
J

We will establish the following: Let 9 > 0 and let R(-) denote the compactness modulus function of u.
Then there exists ko = ko (10, R(10)) sufficiently large that

—k
”Ak”H”’ < C(ko)2 ( )+ + 1o Zz olj =kl Huj ||L°°pr([1 00)xR3) (5-8)
J
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for all k > ko. For p > 3, we write the nonlinearity as F(u) = |u|?~3u3 and then decompose u3 by
writing u = U <j + u>g. By further decomposing u<x = u<g, + ug,< . <k, we are led to terms of the

form
Fu) = ulP"ul, (5-9)
+ 30l u pu < (5-10)
+3[ul P u pugy< - <k (5-11)
+ [ulP U g, F3 (5-12)
+ P (5-13)
+ 3|ulPPus pu<pu<p, (5-14)
+ 3JulP U g <y < - <k (5-15)

where we have written

F3 = uzsko + 2uU<plky< - <k + ui0< - <k
By Proposition 5.4, for any 8 > 1 there exists ko = ko(R(70), B) so that for every k > k¢ we have

»)

3(p—3) —(2_—
V12Dl 200-0 2001/ 0-2) (14 80—k g3y T V] (G-s Uskll 9120162 [y 2800 g3y <TI0-
Fix B > «a and k1 = k1(R(no), «, B) > kg, which satisfies

ki (B—a) > 2koB

Then 28k—ko) > oke for f > k1, and hence, for every k > k, we have

»)

3(p=3) —(2—
|||V|2<P*”M>k||L3(p71)szcmfl)/(pfz)([l’zak]xR_g)+ [11V] G ”>k”L?Liq/‘q*z’([1,zak]xR3) <To-

We will use this estimate repeatedly below. Furthermore, we may also establish identical long-time
Strichartz estimates for

_2
[ |V|SP "Usk “L?L)zcl'/(rfz) ,

where 2/s, <1 < 4.
To estimate (5-9), we use the dual Strichartz pair

r 6r(p—1)
2 12— 12p—21r +13pr )’

with 2/s, < r < 4. We note that this pair is dual admissible: writing the pair as (4, B), we have
1 1 13p —21
1.1 _13p-2
A B 6p—06

for p > 3. Note that 4 € (1,2) since r € (2,4) and B > 1 for

12(p—1)
Tp—15 "~

3
> _
-2
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This is compatible with r > siwhen p €[3,5). We can thus bound
P

k(3sp—2 p—3 2 .
O 223 syl a2 3 Wi lzers

k<j
-2 2 k—j
S |\ T e D e ] PP
k<j
e i
S 110 Y 207D s o o
j>k
For (5-10), we use the dual Strichartz pair

(2q(p— 1) 6g(p—1) )
2p+q—2"6—15¢+2p(5¢—3))°

(5-16)

We bound the contribution of this term by

k(2s,—2 p—3
2( ? q)||”||L§>OL)3€(p—1)/z||”>k||L%(f*1)||M5k0||L?L)2€q/(q72)||M>k||L<[>°L)2€

< o2 ¥ k0G5 ) 0g 0¥ | oo oo
< noz—k(g—sp)zko(%—sp) log 2k
For (5-11), we use the same dual pair as in (5-16), and we obtain

k(2sp—2 -3
ok (2sp ‘1)||u||iooL3<p*”/2Hu>k”Lf(§"“ S lpap20r@2lupllLeor2
Lo . ko<j1<k=<j>
<no Y 2 G log @2 gy | e o
t X
ko<j1=k=j2
o
< 1o Z 2 ])s’”””j”L;’OFI;”'
k<j

To estimate (5-12), we use the admissible dual pair (% %—l—). We choose p so that

3 2 4 3

pq p-1 2

We bound the contribution of this term by

—k(2—s p—3 .
T N P D S T Iy Y LI e

J1=j2=k
< 2"‘(%—511)2"0(%—517) log 7k Z 2/1(5—517)212(31:—%‘*‘) log(2k_j1)

5 J1=5j2<k



2040 BENJAMIN DODSON, ANDREW LAWRIE, DANA MENDELSON AND JASON MURPHY

Now we estimate (5-13) as follows: we apply Strichartz estimates with the dual (sharp) admissible
pair (%, %). Then we obtain

k(1—2+s p—3
2 ( q ») ||u||L;>oLi(p—1)/2 Z ||”j1 ”Lj’Li"/("_Z’ ||uj2||L;/L§q/(q—2> ||Mj3 ”L(tx:L)ﬁC(p—l)/(‘)—])),

where the sum is over kg < j1 < j» < j3 <k.
Now, for kg < j <k, we can estimate

”u] ”L?L)ch/(q_z)([l,Zak]XR?’) 5 ”uj ”L?L)ch/(q_m([1,2“1]XR3) + ||uj ”Ll[ILgcq/(q—Z)([zak’Zak]XR3)
; i(2—
<o log(Zk_j)Zj (2 Sp),

using the long-time Strichartz estimate of Proposition 5.4 and we note the log comes from the second
term. We also have

14l oo pso—1270-m < 27707 | oo gy
This yields
no2k0=a+er) 3 2 G jog(ak iy (Gr) jog(ak sy sn)

ko<j1<j2<j3<k

i i—k)(42—1—
S0y log@ UG s
ko<j<k

Note that for this estimate, we need

__ 4 _8-D
l+s, 5p—9°

q

which is compatible with ¢ > 2 for p € [3,5).
For (5-14), we use the dual Strichartz pair

q 6(pq —q) (5-17)
2°12—12p—21¢g+13pq )

We bound the contribution of this term by

2k(3s,,—§) ” . .
U<k ||L;1L§q/(q—2) Z lluj, ”L?Li"/("_” [ ”L;’OL%C

J1<k=<j>
< 2kCor=3)okoGmsr)  S™ 221 G90) 10g (K122 | o gy
t X
J1<k<j>

< 2—"(%—5;7)2](0(%—517).
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Finally, for (5-15), using the same dual pair as in (5-17), and we estimate the contribution of this
term by

k(3sp—2 -3
2k Gsr=3) ||u||iooL3(p—1>/z S lpap2ara2 gl pap2ara—2llujslipeer2
X
! J1,k0<j2<k<j3
< nozk(“p—g) Z 7k (2—sp) log(22k_jl_j2)2j2(%_s13)2_j3sp [l s ||L°°I-'I‘Y”
t x
J1=5j25k<j3

<o Z 2 (k=J)sp [l ||L?0H;p,
k<j

Putting together all the estimates, we establish (5-8), which, together with (5-6) and the conditions
on o from (5-7), yields

1 o —k(2— —oli—
”wk(l)”H;I’ < 2k(2 4) 42 (q Sp)+ + 10 Z 2 ol|j—k| ||wJ ”L?OHEP ([1,00)xR3)
J
for all k > 1. For « large enough, we can guarantee that the second term dominates the first, and hence
—k(2— —olj—
le ()l gsr 279G 10 3 27V M o o 1oy
J

for all kK > 1. We now rescale the solution u# and use the fact that the rescaled solution Tu(T't, T x) is
also a self-similar solution for any 7 > 1 (with the same compactness modulus function as ). This yields

—k(2— —oli—
”wk”L‘;OHSﬂ([l,oo)xW)sz (Z Sp)++n022 olj k|”wj||L§>°H;"([1,oo)xR3)' (5-18)
J

Let 0 < n < 0. Then (5-18) implies that for k > ko,
Vi S 2757 + noay.
and hence, we may conclude that
[wD| gsp+n <1 forany 0 <n<o.
Using the same rescaling argument as above, and the relation between w and u, we ultimately deduce that
lu(T)llyysp+s ST,
which yields (5-2) provided we can choose

__°-p
2p(p—1)

Combining with the constraint n < % — §p, this requires that we choose

n

4p

2<qg< ,
1 3p—>5
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which is possible whenever p € [3,5). For the other term appearing in the definition of o, we find that
we can choose

S—p
=57
2p(p—1)
provided we take
8p
9<——1
5(p—1)

which is similarly allowable by the requirement that g > 2 for p € [3,5). This completes the proof of
Proposition 5.2 and hence completes our treatment of the self-similar scenario. O

6. Doubly concentrating critical element: the sword and shield
We now consider the case of the doubly concentrating critical element, that is, N(¢) > 1 on R = I, and

limsup N(¢) = oo.

t—+o00

By Proposition 3.13 we may assume in this case that x(¢) is subluminal in the sense of Definition 3.12.
By Lemma 3.16 there exists §o > 0 so that

|x(#) = x(7)| = (1 =do)|t — 7| (6-1)

for all ¢, T with
1

8o infsefr, ;] N(s)

|t —7| >

The goal of this section is to prove the following proposition:

Proposition 6.1. There are no doubly concentrating critical elements in the sense of case (III) of
Proposition 3.13.

To prove this proposition, we establish the following dichotomy: either additional regularity for the
critical element can be established using essentially the same arguments used in Section 4, or a self-
similar-like critical element can be extracted by passing to a suitable limit. To this end we define function
7:R— Rby

t
(t) = / N(s)ds.
0
Since N(¢) > 0 and lim;_, o T(¢) = £00, the function 7 : [0, c0) — [0, 00) is bijective. Hence for any
to > 0 and any Cy > 0, there exists a unique K+ = k4 (¢9, C+) > 0 such that

ky(to,Cy) 4
W =T (‘E([O) + C+)

Similarly, for o < 0 and any C_ > 0, we can define

K—(to, C-) o .
— Tl‘o) =T (’[(lo) C_)

to +

0
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Fix n > 0 as in the small-data theory of Proposition 2.6, and let R = R(7) be such that, for all ¢ € R,

/I (0)|> B ”Vlspu([’x)lzder/ IV~ g (1, x)|* dx < p; (6-2)
x—x()|>

R(n)
N(1) |x x(t)|>N(t)

see Remark 3.6. Now let y(t) = yr,n(f) be a smooth cutoff to the set

(m)
§|x— (’)'EW}

By our choice of R(n) we have
Since N(¢) > 1 and by (6-1), for any ¢y, there exists C+(t9) > 1 sufficiently large so that

‘x(tOJrK+(¢0,C+(f0)))_x(to) _ |*+ (0, C+(10) | _ R(n)
N (o) - N(to) N(to + k4 (to, C+(t0)) N (o)1)’

and similarly for C_(#p). By continuity we may assume that C1 (o) are minimal with this property.

Furthermore, for every ?¢ there exists C(#g) such that, for some #; € R satisfying

t(t1) —t(to) = C(to),
there exist 1— < t; < t4 with

T(t1) — (=) <2C(to), t(ty)—1t(t1) <2C(to),
which satisfies

R(n)
N(ty)

We note that we define C(#p) instead of working directly with C4 (#9) so as to split the t integral evenly
forward and backward in time. Moreover, if one tries to work directly with #¢ instead of ¢, one runs into

|x(t-) —x@)| <[t-—t1]— = and |x(t4)—x(1)| <|t4 —t1| -

issues with Case 2 below.

It is clear from the definition that C(¢9) < sup(C+ (), C—(t0)), and thus is finite. However, C1 (¢o)
need not be uniformly bounded for 79 € R, and hence neither does C(¢p). We will now analyze several
cases based on whether C(#y) are uniformly bounded for 7y € R.

6A. Case 1: C(tg) are uniformly bounded. Here we work under the assumption that there exists a
constant C > 0 such that C(z9) < C for all #g € R.

We show that essentially the same argument used in Section 4A can be used to show that such a critical
element necessarily has the compactness property in H*» N 7.

Proposition 6.2 (additional regularity). Let ii(t) € H? be a solution with the compactness property that
is subluminal and doubly concentrating, as in case (IIl) of Proposition 3.13. Assume in addition that C(t)
is uniformly bounded as a function of t € R. Then 1i(t) € H' and satisfies the bound

5_
i)l S N()7D (6-3)
uniformly int € R.
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For the moment, we will assume Proposition 6.2, and we will use it to prove the following corollary.
Corollary 6.3. Let 1i(t) satisfy the hypotheses of Proposition 6.2. Then 1 (t) = 0.

Proof of Corollary 6.3 assuming Proposition 6.2. We begin by extracting from 1(z) another solution with
the compactness property on a half-infinite time interval [0, co) but with new scaling parameter N (s)—0
as s — 00. Let 7, be any sequence of times with

Im — —00, N(ty)—> 00 asm — oo.
Next choose another sequence ¢, — —oc by choosing 7, such that
N(ty) := max N(t).

t€[f,0]
Now define a sequence as follows: set

1 S R

1 s Y
0 y) = ————0wu|t Voo U '
) i+ Sy )+ o)

and set
W := (Wm (0, y), 0 wm (0, y)).

Then by the precompactness in 77, there exists (after passing to a subsequence) Weo () # 0 so that
W — Woo € HP.

It is standard to show that w (s) (the evolution of Weo = w(0)) has the compactness property on I = [0, 00)
with frequency parameter N (s) defined by

and moreover that

N(s)<1 forallse [0, 00),
liminf N (s) = 0.
s—to00
By the uniform bounds of (6-3), we see that
~ 5—
()i < N(s)2<ﬁ—p1> for all s € [0, 00),
and hence there exists a sequence of times s, — oo along which
~ 5—
[0 (sn) [l < N(sn)Z(ﬂ—pl) —0 asn— oo.

Using the above, Sobolev embedding, and interpolation, along the same sequence of times we have

lwsn)llzr+1 < lwsn)ll ga-v/@epry =0 asn — oo.
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t

Al

B/

C/

Figure 2. A depiction of the regions A, B and C.

But then, since the energy of w(s) is well-defined and conserved, we must have

E(w)=0.
For the defocusing equation we may immediately conclude that w(s) = 0. O
Remark 6.4. As in Section 4, these arguments readily adapt to the focusing setting.

Sketch of the proof of Proposition 6.2. The argument is nearly identical to the proof of Proposition 4.2 in
Section 4; hence rather than repeat the entire proof, we instead summarize how the uniform boundedness
of the numbers C(zp) allow us to proceed as in Section 4A. The main idea is that the boundedness of these
constants means that for each 79 € R we only have to wait a uniformly bounded amount of time, where
time is measured relative to the scale N (¢), for the forward and backwards light cones based at (¢g, x (¢9))
to capture the bulk of the solution. Consequently, we can apply the same techniques that were developed
in Section 4A directly and implement a double Duhamel argument. In order to estimate the norm at a
time ¢ = fo, we recall the definitions of #1, 74+ above and decompose space-time into three regions:

(A) Region A: [t—, 4] x R3.
(B) Region B: the forward (resp. backward) light-cones from
{trhx{x|x—x(@)] = |t — 1]},
and
{t_yx{x:|x=x(1)| > |t—- —t1]}.
(C) Region C: Rx R*\ (region A U region B).

On region A, we control the solution by dividing the time interval [¢_, 74 ] into finitely many sufficiently
small time strips on which we can use Lemma 3.11.
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The main difficulty is that we need to ensure that we can uniformly control the number of small strips
we will need to accomplish this (this type of uniform control was guaranteed in the Section 4 because we
had N(¢) = 1 there). Here, the boundedness of the constants C is used to achieve this uniformity.

From Lemma 3.11 we know that for each n > 0 there exists § > 0 such that for all € R

“M||Lf,(f71)([t—%,t+%]xﬂ%3) <n forallt e R.

Fix this § > 0. Examining the proof of the estimates used to control the solution on region A in Section 4,
see (4-5), we need to show that there exists a uniformly (in z9) bounded number M > 0 of times #,,,

—M <m <M with t_ <t,, <t4, and such that the corresponding intervals /_pz, ..., Ipf with
Iy = |t 2 tm + 5
M -= |lm N(lm)’ m N(tm)
satisfy

M
(.tilc | Im
—M

m

In this case we obtain

M It
2(p—-1) < 2(p—-1) <
RN 2; RHEITS /t Mo
1=
and, since
I+
N@)dt =t(ty)—t(t-) <4C (6-4)

r—

by construction, this would yield the desired upper bound.

2(;’_1) will exhaust

Hence, we now turn to the argument that intervals on which we can control the L},
the time interval [r_, 7] after finitely many steps. Since |[N’(t)| < N(t)? on an interval of length §/N(¢),
for any t1, 5 € [t—, t+], which satisfy |t} — 2| < §/N(t1), we have

N(t1) —8N(t1) < N(t2) S N(t1) +IN(11).

Consequently, for any #; € [t—, 74] we must have

tH1+8/N(t1)
/ N(t)dr > (28 —25?),
tH—8/N(t1)

which for any 0 < § < % yields

11+8/N (1)
/ N(t)dt =4. (6-5)
t1—8/N(t1)
By (6-4) and (6-5),
t4+ t—+68/N(t-) ty t+—38/N(t4)
4Cz/ N(z)dz:/ N(z)dz—i—/ N(t)dt:/ N(t)dt +6;
r— [ t—+G8/N(@-) —+G6/N(-)
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hence the positivity of N(¢) implies that by iterating this procedure, we will be able to cover the whole
interval [f_, ¢4] in at most 4C /8 many intervals of length §/N(¢), where we can control the Li(f_l)
norm of the critical element.

On region B, we use (6-2) to apply the small-data theory at times 74, which, together with finite speed
of propagation, yields a uniform bound on the solution. Finally, on region C, we may use the sharp
Huygens principle exactly as in Section 4A.

All together, using arguments from Section 4, this will yield that

5—p
lu(t)ll 0 < N(t1)2P=D.

For more details, we refer the reader to [Dodson and Lawrie 2015a]. By continuation of regularity and
(6-5), this implies

5—p
lu(to)ll;n < N(t1)2=D,

where the implicit constant again depends on C. Finally, since |[N'(t)| < N(t)?,

N(l()) ~C N(ll),
which completes the proof. O

6B. Case 2: C(t) is not uniformly bounded. In this case we will show how to extract a self-similar-like
critical element by taking an appropriate limit. The arguments from Section 5, specifically Proposition 5.3,
then allow us to conclude that any such solution must be = 0, which is a contradiction.

By assumption, there exist sequences {#,} such that

C(ty) = 2n.
Now define
In = [tn —k—(tn.))N(tn) " tn + k4 (ta. 1) N (1) 7.

Borrowing language from [Tao et al. 2007], since C(¢,) > 2n, we show that all sufficiently late times
t € I are future-focusing, that is,

R
forall t € I, such that t > ¢, |x(v)—x(t)| > |t —t|— ﬁ
N(7)
or all sufficiently early times ¢ € I, are past-focusing, that is,
R
forall t € I, suchthat T <¢, |x(¢)—x(7)| > |t —71|— ﬂ
N(z)

Indeed, suppose that there exist t”, ! € I, such that (¢} ) — 7 (¢2) > C, for some C,, /oo asn /' oo,
12 is future-focusing, ¢!/ is past-focusing, and #” <. In that case,

N(t) ~N(r) forallt,ze[t”, }],

with constant independent of n. For n sufficiently large this violates subluminality.
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Therefore, suppose without loss of generality that for n sufficiently large, all sufficiently late times,
say all

te [tn + Ky (zn, %)N(zn)‘l, In +/<+(t,,,n)N(t,,)‘1] =1,

are future-focusing. First, we note that if ¢ € [}, is future-focusing, then for any 7 € I,, T > ¢,

RO ot N o). (6-6)

C 1<s<t

N(7) <

Indeed, for any 7 € I, 7 > 1t,

R
7@ = (O] = e 1] - 2.
Then if N(t) <cN(t)/R(n),
c
lx(2) —x(7)| = Il—fl——N(Z),
and therefore, we conclude that . NG
T
N(7) < C—ZN(I) = —CR(n)’

which is a contradiction for R(n)sufficiently large. Note that in the case of past-focusing times, a similar
argument yields a lower bound in place of (6-6).
Consequently, for any ¢ € I,
N(t) < inf N(1).
t<t:tel),

In particular, modifying by a constant, N(¢) may be replaced by N (¢) on I, where

N@):=N,(t) = inf N(7).
tn+iy (tn, B)N(ty) 1 <t<t

Clearly, N (¢) is monotone decreasing. Furthermore, extracting appropriate limits, we may assume that
N (¢) must converge to ! as n — oo. The main idea is that forward in time, on longer and longer time
intervals, the precompact solution expands to fill the light cone. This observation will enable us to extract
a solution which “looks self-similar” on [1, co) and we can then rescale that solution to extract a true
self-similar solution on [0, c0). We proceed with this argument now.
We begin by simplifying our notation, setting
" =ty + k4 (ta, n)N(tn) "

By definition of subluminality (see Definition 3.12), it holds that uniformly for all 7 € I},

Noye-m <1,
independent of n. We further have that

NO@E—t") =1

is also uniformly bounded for all ¢ € I, such that  —¢” > §/N(¢") by finite propagation speed.
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Now set
Ko 1= |4 nm) = 4 (1, 3) [N @) 7 VG2,
Since
o
N(r)dt ~ ’% — 00, (6-7)
n

and N (1) < N(¢") for all ¢ € I}, we see that if K,, < C for all n € N, then

o
N() <1,
tn
which contradicts (6-7). Hence we may conclude that K, is unbounded. We can then define a rescaled
sequence as follows: set

1 X
n(0,x) = ———u(tZ,x(2) + = ;
(0 ﬁ(tﬁ)p—lu( *) N(tﬁ))

1 X
#u(ﬂ,x(lf)—k ~ )
N(@r)p=1t! N (")

J)n(l) = (“n (O? X), 8tul’l (O’ X))

By precompactness of the trajectory of i in 4*» (modulo symmetries), the rescaled initial data converges;
that is, Wy, (1) = Woo in H%7. We let W (s) be the evolution of Wee =: W(1); then Weo has the compactness

8tun (0? X) =

and let

property with a new scaling parameter N (s), given by

N tﬁ—i_ ~Sn
N(s)= lim <~—N(’—))

Hence we have

<s foralls>1.

cs <

N(s)

We may also assume without loss of generality that W, has the compactness property with translation
parameter X (s) = O: by finite speed of propagation, X (s) must remain bounded, and hence we may, up to
passing to a subsequence, obtain a precompact solution with X(s) = 0 by applying a fixed translation.
Finally, we consider one last sequence of times {s, } with s,, — oo and we define

1 x 1 x
( )iw S ) 8tun(1’x)=UTHw Sn> |-
Sp) P21 n Sy ) 71 n

Un(1) = (wn (1, x), drwa(l, x)),

wn (1, x) =
We set
which gives rise to a corresponding solution v, (5) with N (5) =51 on [1/s5, 00). We then can take the

limit n — oo, which yields convergence U, — U in %57, and a solution ¥ with initial data Uso Which is
self-similar on [0, 00).
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7. The traveling-wave critical element

In this section we preclude the possibility of the existence of a “traveling-wave” critical element.
Recall the definition of a traveling-wave critical element.

Definition 7.1 (traveling wave). We say u(t) # 0 is a traveling-wave critical element if 1i(t) is a global-
in-time solution to (1-1) such that the set

K:={u( x@)+-),0ul,x@)+ ) :t eR}

is precompact in H? x H*»~1(R3), where the function x : R — R? satisfies

x(0) =0,
lt| = C1 < |x ()| < |t| + Cq, (7-1)
x(t) = (1,0,0)| < Cyt|2 (7-2)

for some uniform constant C; > 0.
The main result of this section is the following theorem.
Proposition 7.2. There are no traveling-wave critical elements in the sense of case (IV) of Proposition 3.13.

To prove Proposition 7.2, we will show that any traveling-wave critical element would enjoy additional
regularity in the x»- and x3-directions. This will allow us to utilize a direction-specific Morawetz-type
estimate to reach a contradiction. We will require an additional technical ingredient, namely, a long-time
Strichartz estimate in the spirit of [Dodson 2012; 2016].

7.1. Main ingredients in the proof. The long-time Strichartz estimates take the following form:
Suppose 1(f) is a traveling-wave critical element for (1-1). Lete > 0and 0 < 6 < %e. For any 19 > 0,
there exists Nog = No(no) large enough such that for all N > Ny and for all 7y € R, we have:

Proposition 7.3 (long-time Strichartz estimate). Suppose i (t) is a traveling-wave critical element for
(1-1). Let € € (0, 1) be arbitrary. Then,

lu>N s, c04+N1—<)) = 0N (1) as N — oo,

where S(I') denotes any admissible, non-endpoint Strichartz norm at Soboley regularity s = s, on the
time interval I.

With the help of Proposition 7.3, we will also prove the following additional regularity result.

Proposition 7.4 (additional regularity). Suppose 1(t) is a traveling-wave critical element for (1-1). For
any () <v < %,

1— 1—
(1102 Vu”LtOOL%(RX[m) + [|03] vu”L;x:L%(RXR3) < Q.

Using Propositions 7.3 and 7.4, we can then prove the following Morawetz-type estimate. In the sequel,
we use the notation

X =(x1,x2,3).
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Proposition 7.5 (Morawetz-type estimate). Suppose 1(t) is a traveling-wave critical element for (1-1).
Then there exists 6 > 0 and € > 0 such that

1—e
: /T /

lim u<r(t,x)|PTdxdr =0.

T—oo T17¢ Jo |3€2,3|ST5| st #)

Combining Proposition 7.5 with the nontriviality of critical elements will yield a contradiction and

complete the proof of Proposition 7.2.
We turn to the proofs of the three preceding propositions. In Section 7B we also give the proof of
Proposition 7.2.

7A. Long-time Strichartz estimates. In this subsection we prove the long-time Strichartz estimate,
Proposition 7.3, and then deduce a few technical corollaries.

Proof of Proposition 7.3. For technical reasons we fix a small parameter 0 < 6§ < 1 and introduce the
following norm: given a time interval /,

__2-30
[l syry = ”M”L?,(f_“ VI 2P=Dull pry200-170
_1=06 _
+ ||V 7T u”L%(p—l)/(Z—@)Li(p—l)/Q + ||V]|*? 0u||L%/9L§/(1—9)

25p 1 3__3
+ VI3 73ull 6/a+sp) , 6/a—spy + [IV[4 7 20=Dul|, 2p-1) ;4. (7-3)
L, X Ly Ls

L

where all space-time norms are over I x R3, Restrictions will be put on & below. One can check that each
of these norms correspond to wave-admissible exponent pairs at Hs» regularity; this already requires
0 < 6 < p—3. We will prove Proposition 7.3 for the space Sy and note here that the same estimates then
easily follow for the whole family of admissible Strichartz norms. We also note that a nearly identical
(but simpler) argument works in the case p = 3, with the caveat that we need to perturb away from the
inadmissible (2, co) endpoint.

Let no > 0 and € > 0. We will actually prove that there exists Ng > 1 such that for N > Ny, we have

e <
lusn ”SQ(["OJO"‘(NLO)I ) 1o

for any tp € R and 6 < %e. This implies the estimate appearing in the statement of Proposition 7.3 upon

1—
NI—E/ < ﬁ ¢
=%
provided N > N7/,

By compactness and N(¢) = 1, there exists Ny sufficiently large such that

enlarging € and Np; indeed,

1
||u>N() || So([to,to+91—¢€]) < 5770

for any 79 € R. This implies the desired estimate for No < N < 9Ny. We will prove the result for larger N
by induction.
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Note that by choosing Ny possibly even larger, we can guarantee

I P> N1ill 200 mxr3) < 210 (7-4)
for any N > Nj.
Before completing the inductive step, we make a few simplifications. First, by time-translation
invariance, it suffices to consider #9p = 0. Next, to keep formulas within the margins, we will assume all
space-time norms are over [O, (Nlo)l_e] x R3 unless otherwise stated.

By Taylor’s theorem, we can write

F(u) = Fluzn) +u=n / F'luen + 0u=y)
—F(U<N)+M>NF (u<N)+U>N// F'(u<y + 0162usn)
=Fu<y) +usyF'(uey) +uZ y F"(uey) +ul y /// F"(u<n + 010203u=p)

for any N. Thus (ignoring absolute values and constants) we need to estimate four types of terms

U_NU +u3 NF2—1+II+III+IV

pP—
> <

o2

p— 2
< +u>%u

1
= /// Fw(u<ﬂ +910293u>ﬂ).
0 8 8

We will estimate the contribution of each term using Strichartz estimates.

p
T

00\2 o
00\2 o
o2

where

Term 1. Welet 0 <6 < p—3 as in (7-3) and further impose 6 < %e. We estimate
-1 -1
VI oy e s )l 12 S N e 12,2 200ty g 2o
1 _30
SN +3 2 ”u<N ||L[) 1L)2€(p71)/9|||v|s1) 2 u>%”L}’°L§/“_0)
_2-36 p—1
SV eyl s ool 70 g e
Recalling (7-4), it remains to prove
. 2-3p
N 2G-D ||us% ||L;7—IL§(p—l)/H < no.
We let Cp > 1, to be determined shortly, and begin by splitting
_2—30_ _2-30_
N72=D flu x| o1 p2io-nre SN 72070 lusco llp-1 20-170
_2-36
+ N 20 lucys - <Nolly p—1 201170

_2-36_
+ N~ 2-D Z lunelly p-1 g 200-176-

No<M <%
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By Bernstein’s inequality and N(¢) = 1, we can estimate
()

=30 552 (N ) 7T
N~ZD ||u<C0”Lp 17200 SN e 2=D C, Mo

on [0, (Nio) 1_6] x R3. To guarantee that the overall power of N is negative, we need

ELp
3 .

Thus, for Ny sufficiently large depending on Cp, we may guarantee that
= <
N 20 ”“SCo”Lf—‘Li("_”/e < No-

Next, choosing Cy = Co(79) large enough and using N(¢) = 1, we estimate

.30
N ||MC0<'<N0||L17 1p2(0=1/8 N e 1)N2(p DIV 2 1)7/l>Co||L” 172(p=1)/0

N ~ 2+ 51
S TIO(VO) < 1No.

For the final term, we begin by estimating

2—36
- < L
NS el s X () IO e
NosM <+ No<M=<<g

We now apply the inductive hypothesis to the last term. To do so, we divide the interval [0, (Nlo) 1_6]
N

. 1=e . 1- _— .
into ~ (H) ¢ intervals of length (NMO) ‘. Continuing from above, this leads to
d—e)

2—360 _
_2-30 M\2—D~ p=I
N 20=D Z sl p=120-1r0 < Z N 10 < 7o-

No=M <% No=M <%

where we have used that the exponent appearing is, in this case, positive. This completes the estimation
of term 1.

Term II. We estimate

1 -1 2
(I P>N(M<NM>N)||L 12 SN s 20— vpa i<yl

LP lLOO
1+1—
< NSP~ p= 1||M N||L2(p 1)L4N = l)”” N”Lp 170
3__ 3 2
<[N? 2("_””“>%”L?(1’_”Li] N~= l)||“<N||Lp Ipeo"

We can argue as above (now with 6 = 0) for the low-frequency term, and we note that 2(p —1),4) is a
wave-admissible pair at regularity
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and we conclude using the inductive hypothesis on

3__3
19177y Dz

Term IIl1. Next using the fractional chain rule we estimate
-1 -2 -1
V] P>N(“2%)”L}L§ SN ||u§%”Z?(p—l)/Q—G)Li(p—l)/e |||V|“5%”L%/9L)2€/(1*9)

146 p—1 —0+sp—1
SN ||u5%||L?(p—1)/(2—9)L)2((p—1)/9N r |||V|u§%||L?/9L§/(1_9),

To complete the estimation of term III, we need to prove

—0+sp

_1-6 _
N1 ””s% ||L%(P—1)/(2—0)L)2C(p—l)/9 +N 1|||V|”5N||L§/9L)2C/<1—e) < No-

For this, we argue as in term I; that is, we split ¥ _ ~ into

=3

U N =U<Cy T UCo<- <No T+ Z UM-
No<M <%

and estimate each term separately, relying on the inductive hypothesis (and a splitting of the time interval)
for the final sum. Comparing with those estimates, we see that this requires

1-6 1—¢
_ >0
p—1 p—1
to deal with the first term and
0(1—¢)
9+1_SP_T>O

to deal with the second term. These conditions are satisfied provided 0 < 6 < e.

Term IV. We estimate

2/(2—=sp) -

3
u F .
” >% 2||L?/(1+Yp) %

2/G-sp) S ||u’>’% ||L?/(1+sp>

3 -3
% 2/@-sp) + ||u>%u2% ||L?/(1+Sp)

Lx

For the first expression we estimate

p
2p/G—sp) < Mo >

p _ p
||u>% ||L?/(1+SD)L§/(2—SP> = ||u>% ||L?p/(l+sl;)Lx

while for the second expression we have

3 p—3 3 p
||u>%u5% ||Lf/(1+sl’)L,2/(2_‘P) < ||U>%||L?/(1+5p) 6/(2—SP>||“5%||L??X-

Ly
Now,
2(p=3)

<N T

||M<N||Loo NN =) ||u N||LOOL3(p /2 ~

For the first term, we see that (1 T5, 2_6S ) is an admissible Strichartz pair at regularity
P
I 25
Sp + 5 — T < Sp,
and hence
2s 1 2(p— 3)
3 ,p3 1-2s, Zp_1 3
||u>%u5% ”Lf/”“”)Lf/(z_s")sN VI3 3“>%||L?/(1+SD)L§/(z—sp)N P=T lu N”LOOLS(]) n/2-
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Finally, note that

2(p—3 4 2p—6
YRS ) N S G S L B}
p—1 p—1 p—1

Hence, by the inductive hypothesis, putting all the pieces of the argument together, we obtain

1 Cn3
u —en <570+ ,
[ >N”S(9([0,(1{/Vo)l D= 310 No
which suffices to complete the induction for ng sufficiently small. O

We will need the following corollary of Proposition 7.3, which provides some control over the low
frequencies as well.

Corollary 7.6 (control of low frequencies). Suppose i is a traveling-wave critical element for (1-1). Let
€>0and0 <6 < %e. For any ng there exists N sufficiently large such that

2—36
< noN 73D, (7-5)

1—-6
_ _ _ < p—1
||u5N||L%(p D/@=0) 1 20=1/0 ([ 4 N1—e]xg3) < TON 77T,

lu<n ||L;7—1L§<P—1>/9([zo,m+Nl—el)xﬂ@)

0— 1
Vb 270 20000 1=y S TON 77

uniformly over tg € R.

Proof. We let 19 and choose No = No(n9) > 1 as in Proposition 7.3. By time-translation invariance, it
suffices to consider o = 0. We focus our attention on (7-5), as the other estimates follow similarly. For
N > Ny, we estimate

||u§N ”Ll{)—lL)ZC(P—I)/Q([O’NI—G]XR3) 5 ||u§N() ”Ll{’—lL)ZC(I?—l)/@ ([O,NI_G]XR3)

+ Z HMM ”Lf’_lLi(p_l)/e([O,Ml—f]x[F@)
No<M <N

+ Z ”MSN”Lf*lszc(pfl)/e([M1—€,N‘—€]X[R3)’
No<M <N

For the first term, we use Bernstein’s inequality and N(¢) = 1 to get

2-30
57— 1—e
2(p—1) —
”quO”L{’_lL)zc(”_”/e([o,Nl—f]xW) <Ny N =T,

Recalling that
l—e¢ 2-36

< 9
p—1 2(p-1
we see that this term is acceptable provided we choose N sufficiently large.

Next, we use Proposition 7.3 to estimate

2-36 2—36
E _ _ < E 2(p—D) < 2(p—1)
||uM||L‘tD 1L)2((P 1)/6([0,M1—E]XR3) = 7o M2 ~ UON P s
No<M <N No<M <N

which is also acceptable.
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For the remaining term, we split [M 7€, N17¢] into ~ (%) '€ intervals of length M 7€, Applying
Proposition 7.3 once more, we have

1—e

2-30_( N \r-1 2-30
> ledallp=1 p200-170 qag1-e w1-exmz) S 0 >, M o S noN =D,
No<M<N No<M <N

where we recall 0 < 6 < %6 in order to sum. This term is also acceptable, and so we complete the proof
of (7-5) and Corollary 7.6. O

Finally, we will need certain long-time Strichartz estimates with regularity in the x- and x3-directions.

Corollary 7.7 (long-time Strichartz estimates for Vi, xiu). Suppose that Proposition 7.4 holds with
v > 0. Then, for any vo > v,

1—vo < 1—sp
”lvx2’3| MN”L?/(I_SP)L)ZC/SP([IOJO+N1_6]) ~ N .

Proof. We only sketch this argument as it follows in the same manner as the standard long-time Strichartz

2 2
I=sp’ sp
pair at regularity 1 —s,. By compactness, it suffices to argue with 7o = 0. Let S(/) denote any collection

of Strichartz pairs at regularity s = 0. We will show that

estimate with some additional technical details. First we note that ( ) is an admissible Strichartz

”|Vx2,3|1_vOuN||S([z0,to+N1—€]) <1 (7-6)

for vg > v, from which the result follows.
Let % be a solution with the compactness property on R with N(z) = 1. By the Gagliardo—Nirenberg

inequality
1—vo 1—-v, @ 11—« _
11V2,3] “”L}%X3 = Cll[V23] u||L§2,x3 ||u||L)2€£(zrp) (7-7)
for
1—sp—v
o=—2"29
l—sp—v

Next, we observe the Sobolev embedding

2

Hy” — L2 L7 (7-8)

X2.3

which follows from Sobolev embedding in R? and Plancherel:

2 1-s5p
/ ( / (x1,x2.5)| =7 dx2,3) dx1 S / 1V 72 di~ / l1e2317 28 de < / e a@) | de.

Thus we may take the L?C , norm of both sides of (7-7) and use Holder’s inequality on the right to conclude
that the trajectory | V2 3|1 ™"°u has the compactness property in 2, and hence there exists No = No(70)
such that, for all N > Nj,

| P>n1V23

which proves the base case, that is, (7-6) holds for N9 < N < 9Nj.

1_v0u||s([0,91—€]) <mno forall N > No(no),
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We now proceed to the inductive step. Suppose that (7-6) holds up to frequency Ny for N1 > 9Ny. We
will show that (7-6) holds for N = 2N;. The argument we employ is similar to a persistence of regularity
argument. Note that | V5 3|17"0u solves the equation

3|V 3" 70U — AV 3| 70U = |V, 31O F (u).
By the Strichartz estimates we have

1PN V2,51 ™ 0ull st0,(v7 Moy 1 —<))
S NP IV2,31" ™" Leoi0 qo.ovy Noy1 -1y T 1PN V2,31 0 F )l o, v/ oy~

where N is the dual space to S. Let ﬁM denote a Fourier projection in the &5, &3 variables. The first term
can be bounded using compactness, so we focus on the second term. We again write

1
F(u) = F(u<n) +M>N/ F'(u<y +0usy)
0

1

= F(MSN)+M>NF/(M<N)+MZ>N // F//(u<N +010u=n)
0

1
= Fluzn) +ttmy Fluay) +u2 g F'(uoy) +uly /// F"(uey + 6162635 ).
0

We will estimate the first term as an example, since the other terms will be similar generalizations of the
proof of Proposition 7.3. We have

VI~ V2,5 70 P Fu )l 12
< N_1|||V2 3|1_VOP>NF(M ﬂ)“LlLJZC
SN 2|||V2 3" v0“<N||L2(p 1D/@=6) 1 2(p= 1)/9|||V|”5%||L§/9L)2€/<1—9)
+N— 2||M5%||L2(p—1)/(2_9)L)2c<p—1)/9|||V||V2,3|1_v07«l§%||L%/0L)2€/(1—9)
SN_H_Q_SP |||V2, |1 "ou N||L2(p 1)/@2— 9)L2(p 1)/9N_1_9+Sp I||V|MS%HL$/(’L§/“_9)
+N_1+6||u5%||L?(p_l)/(2_9)Li(p_l)/9N_1_0|||V||V2,3|1_”°u5%||L%/9L)zc/(1_9),

and all four terms can be treated analogously to the low-frequency component in term I in Proposition 7.3.
|

7B. Proof of Propositions 7.5 and 7.2, assuming Proposition 7.4. As mentioned above, the long-
time Strichartz estimate (Proposition 7.3) will be a key ingredient to proving additional regularity
(Proposition 7.4). Before turning to the rather technical proof, let us use Proposition 7.4 (together with
Proposition 7.3 and Corollary 7.6) to prove the Morawetz estimate, Proposition 7.5. With the Morawetz
estimate in hand, we can then quickly rule out the possibility of traveling waves and hence complete the
proof of the main result, Proposition 7.2.

We recall the notation x = (x1, x2,3) and similarly write § = (&1, £2,3).
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Proof of Proposition 7.5. Let ¥ : [0, 00) — R be a smooth cutoff satisfying

vip) =1, p=1,
v(p) =0, r>2.
We fix R > 0 to be determined below and let ¥z (p) = ¥ (%&). Next, let

1 r
) =1 [Cyryas
rJo
We collect a few useful identities,

X xRl= xR+ VR TOrXR=—XR+ VR (7-9)

and we recall the Sobolev embedding (7-8).
In the following, we consider y g as a function of |x3 3|. For 7 > 0 and

I := PsT,
we define the Morawetz quantity

M(t)=/ )(Rlutxki)kludx—i—l[ (xR +vVYRrR) usludx,
R3 2 R3

where repeated indices are summed over k € {2, 3}.
We first compute the derivative of M(¢):

M= [ artuF o+ [ v+ [ el ettty [ Gt vm

By (7-9) and integration by parts, we have

[k aaivey e == [ G+ v
so we are left to estimate
[ arikscnanu+ [ we+vmtutu, (7-10
Using the equation for u yields
Tug = AlTu—F(Iu)+ [F(Tu)—IF(u)], where F(z) = |z|?7!z.
We first consider the contribution of AJu to (7-10). We claim
/kaR[akIu]Alu + %(XR +Yr)[uATudx < %/ A(xr + ¥r)(Tu)?dx. (7-11)

In the proof of (7-11) we will simplify notation by suppressing the operator I, suppressing the dependence
on R, and writing u; = dju. We turn to the proof.
We begin by considering the first term on the left-hand side of (7-11). Integrating by parts yields

1
/xk)(uk”jj =—/3j[xk)(]ukuj +§xk)(3k(uf~),
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where k € {2,3} and j € {1,2,3}. Writing r = |x2 3| and using (7-9), we have

kyJj
x*x
/aj[xk)(]ukuj =/8jk)(ujuk+ ;e rxujug

xkx/ xkx/

= /Sjk)(ujuk + r—zW”f“k — r—z)(ujuk,

where we may now restrict to j € {2, 3}. Using the other identity in (7-9), we also have

3 [ e ==3 [ e,

As for the second term on the left-hand side of (7-11), we have

%/(Xﬂﬁ)uu/‘j =%/3jj(x+1/f)u2—%(x+‘/’)“?'

Collecting the computations above, we find
/(kaR[akIM]AIu + %(){R +yr)uATu)dx

1 x/ xk X2,3 2
= 5/A()(+W)u2—/|:8j — 2 }Xujuk—/w[—r -meu] dx,
which yields (7-11).

We next consider the contribution of —F (/u) to (7-10). Using (7-9) and integration by parts,
1 1 1
— [ [ty i | Pt s == [ () ol 1?1 S G g+

= [ (525-3) vl ulr* a. (-12)

Hence, by (7-10), (7-11), and (7-12) and the fundamental theorem of calculus, we deduce
// |[TuPT dx dr < sup |M(2)| + /f A(xR + ¥R)|Tu|?dx d
|x2.3]<R teJ

+ ‘//[xk)(RakIu + (xr+ VYR U][F(Iu)—IF(u)]dxdt

for any interval J. In the following, we choose J = [0, 717¢], where € > 0 will be chosen below and T
is large enough that Proposition 7.3 and Corollary 7.6 hold.

We need to estimate the terms on the right-hand side of this inequality. We first bound |M(¢)|. By
Bernstein’s inequality, the Sobolev embedding (7-8), and Proposition 7.4, we have

sup (MO < 1 utllpeop2 (R Vx5 Tull ooz + 17ull oz 205w lXR+ WR”L%“SHN)
5 Tl—Sp(RTU +R1+SP||u||LOOHSp)
! X
ST'™7(RTY 4+ R'Tr), (7-13)

for v > 0 to be chosen sufficiently small below.
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For the next term, we have
2 1- 2
AGrr+ ¥R ul”dxdr ST 7 Tull” ) o/ AR+ VR 270450
Lt LXILXZ’:; Lx2,3

< Tl—€ 2 —(2—-2sp)

< T1€R=(2sp) (7-14)
Now we turn to the final term. Arguing as in the long-time Strichartz estimates, we need to estimate

terms of the form

P r—1 2 . p2 3
ulr tustu_p +ulpuy +ulp ks,

where F; involves both high and low frequencies. Thus we estimate

/ [xk)(RakIu + (xr+ VYR u][F(Iu)—1F(u)]dxdt

5// kaRakuSTP>T[u2T]dxdt (7-15)
+//kaRakusTP>T[|M>T||M5T|p_l]dde (7-16)
+//XkXRakusTP>T[|M>T|2|”§T|p_2] dxdr (7-17)
+// x* yrOgu<r Por[|usT|> Fo] dxdr (7-18)
+//(XR +1pR)u§TP>T[uI§)T]dx dr (7-19)
+//()(R +YRu<r Por(lust|lusr|? N dx dr (7-20)

+/ (XR+ VR)u<T Pt (jusTlu<r|P ] dx dr (7-21)

+ // ((& + VU<t Porllus P Fa) dx dr. (7-22)

where all the integrals are taken over [0, T17¢] x R3. We treat each of these terms separately.
We first consider (7-15). Estimating as in the long-time Strichartz estimates and using Corollary 7.6,
we obtain

‘ // X xru<r Por [l 1dxdt | SRT' 7 [V qu<rll oo 2 T2 2NV Por (u<r)?llp 12

1— -2 -1
<RTY=Sp+vTsp ||M§T”Zz(p—1)/(2—9)L2(p—1)/9”v“ST”L2/9L2/“—9)
t X 4 X

5RT1_SD+V.
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We next consider (7-16). We let 0 < 6 < %e. By Bernstein’s inequality, Proposition 7.4, and
Corollary 7.6, we obtain

‘ ||+ xrinaer el hezrir - axa

< R vxz sU<T ||L°°L2 ||”<T || 2(p—1)/8 ||“>T ”L,"OL?/(I_G)

LP~ 1L

<RT'- 5P| Vs 3M<T||L<>0L2T S~ luor |2, ||u>T||L?°L§/(1_9)

LP~ 1L§( -1)/6
s RTI_SP-H).

For (7-17) we again argue as in the proof of the long-time Strichartz estimates, and using Corollary 7.6,
we obtain

‘ // oy rigu<r st 2 < |2 dx di

S RV st llpgealusr 12,2 szl 200 0

L[’ lLoo
+sp—1 1— 1— p—2
SRTYT Vi 5| st lpge pa N7 lusr I o5 o =Tl 2000 14
< RT!=SPHY,
For (7-18), we once again use the bounds from the proof of the long-time Strichartz estimates as well
as Corollary 7.7, and we obtain

//XkXRakusTP>T[|u>T|3F2] dxdt| SRV, su<rll, 2/0-5p) 2/5p ||P>T[|u>T|3F2]||L2/(1+Sp) 2/@—sp)
t X t

L
d—=e)—sp)
<R NYo r 2 \V/ 1—vo
~ ~ 1V, 5l MN||L2/<1—Sp>Lz/Sp
N ' t x
N<T
T a=e)d—-sp)
2
<RT" Z (_ N1=sp
~ N
NST (1—€e)(1—=sp)
N I—Sp—f
SRTI—SP+U0 Z - SRTI—S[,+VO

N<T
for any vg > v, where v > 0 is as in Proposition 7.4.
Arguing analogously for the remaining terms, the estimates are almost identical, up to noting that by
Holder’s inequality in the x»- and x3-variables we have

< RSr )
(xR +VR)u<Tp2or2 S R ||M5T||L?L§1Liég?p>,

which is controlled by the H*? norm by the Sobolev embedding (7-8). Thus we obtain for (7-19)—(7-21) the
estimates

(7-19) S RP T2 Jur | 2=y T2 |VIP>r gl 2 S R

cor?2
L&LY LY

— — -1
(7-20) < R T! Plusrllpeopa g20-m T HNPsrlusrulp T2 S R,

— — -2
(7-21) S R°PT! S”||M5T||L?OL§1L%(gsst” NPsrhrugr g < RY.
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For the last term (7-22), we note that 5 5

— ’

and we use Holder’s inequality in the x5 3-variables to estimate

(7-22) < | (xr + WR)”ST”L?/(I—SI;)Li/Sp | P>ru Fz]IIL?/qu)Li/(H,,)

A—aU=sp) 1=sp o
ST 2 T2 R 1||(XR+¢R)“ST”L;>0L% L2/ 0=sp)
A177X2.3

ST R (R A VRUST | ooy o p 270500
t X1=Xx2.3

Now, using (7-13), (7-14), and our estimates for (7-15)—(7-22), we have established that

// lu<r|Ptldxdt < RT' VS0 4 RS» 4 RZSp=1T 1750,
|x2.3|<R

We now choose R = T'(1/2+ 1o obtain that the right-hand side is o(7'1=€). This can be achieved provided
V+e<sp— %, and hence we complete the proof. O

As mentioned above, with the Morawetz estimate Proposition 7.5 in hand, we can quickly rule out
traveling waves. The final ingredient we will need is the nontriviality for compact solutions appearing in
Corollary 3.9. Combining this corollary with Proposition 7.5, we can now prove Proposition 7.2.

Proof of Proposition 7.2. Suppose toward a contradiction that # is a traveling-wave critical element for
(1-1). It suffices to prove that

Tlfe
/ [ lu<r(t,x)|PT dxdr > T17€ (7-23)
0 JixaslsT/2+

for T sufficiently large, as this contradicts Proposition 7.5. By Corollary 3.9, the definition of the critical
element, and the fact that N(¢) = 1, there exists C >> 1 and T > 1 large enough that

fot+1 3(p=1)
/ [ lu<r(t,x)| 2 dxdt z, 1 (7-24)
to |x—x()|<C
for all ty € R. Recalling |x(¢) — (¢,0,0)| < +/f we see that for T > C? we have
{x—x()] = C} C{lxzs = T2}

for all ¢t € [0, T17¢]. Thus (7-24) implies (7-23), as desired. O

7C. Additional regularity: proof of Proposition 7.4. Our final task is to prove Proposition 7.4, namely,
additional regularity for traveling waves. More precisely, we can establish additional regularity in the
directions orthogonal to the direction of travel.

Recall the notation x = (x1, x2,3). We similarly use £ = (£1, &2,3) for the frequency variable. We also
introduce the following modified Littlewood—Paley operators:

For N, M € 2%, we let 13N,> M be the Fourier multiplier operator that is equal to 1 where

€[~ N and [|6&3]|2 M.

We let ﬁN,M = ﬁN’>2M — ﬁN,>M7 and we let Py = I3N,5M + ﬁN,>M.



SCATTERING FOR DEFOCUSING ENERGY SUBCRITICAL NONLINEAR WAVE EQUATIONS 2063

We will occasionally abuse notation slightly and apply these multipliers to a vector, where this should
be taken to mean applying these multipliers componentwise. We note that this notation differs from that
of the previous sections; however, we would like to make explicit that N corresponds to &-frequencies,
while M corresponds to those of & 3.

We fix v > 0. We begin with the observation that

I1P<Notll oo g1 Sho 1. (7-25)
We will choose the precise value of Nog >> 1 in the course of the proof. On the other hand, we have

—v A 3P (1—y)—
> Vsl “PN,SNSP/(I_.,)u(z)||i%5 > N2l a-v) s”]|||V|SPuN(t)||i§
N>Ny N>Ng

S VI U@z, (7-26)
Therefore, we are left to show that
> > MU Py s pu@)))7, <1
N>No CoNsr/0=V)<M<N

for some fixed Cop > 0 (uniformly in ¢).

We will use a double Duhamel argument together with a frequency envelope to estimate this expression.
We will estimate
1PN =01 (0) |2 ay 2 N 727 | Py zaa (o) I, oy = N 77 (PN zar(t0). PN.=mau(t0)) grsp gy
We will show that there exists a frequency envelope yps, y such that

| PN,ZM”(IO)”HSP (R3) S YN.M (to)
and such that

> >, M= N2 J/N,M(lo)z) <L

N=No "CoNsr/0-VI<M <N
Consequently, this will show that

> > MU Py s pu(to) 17>

N>=No CoNsr/0=V<M<N

s Y > MPUINT20 | Py s ppu(to) [sp S 1.
N=No CoNsr/0=V<M<N )

Together with (7-25) and (7-26) (and time-translation invariance), this will imply
|||82|1_Vu||L;>oL)26 + |||83|1_vu||L$OL}C < 00,
and hence prove Proposition 7.4. Thus, we let

LM (to) = N*7 || ﬁN,zMU(tO)”LZ(R—‘)v
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and we fix some o > 0 to be specified later. We define the frequency envelope
N N\ [(M'\°
fo) = i _—, — A — ) T'nr mr(20).
ymMN(t) =Y Y mln{N, N} (M) N7,m(10)
N M'<sM

By time-translation symmetry, it suffices to consider the case o = 0. Once again, we complexify the
solution, letting

w=u-+ Ug.

I
v =A
Then

lwOl g1 = U@ g1y 2

and if 1(¢) solves (1-1), then w(t) is a solution to
—iv—Aw =+ ulP~ 1y
vard
By Duhamel’s principle, for any 7', we have

~ 0
ﬁ /T ¢ V=B E(u)(1) d,

where F(u) = |u|?~'u. To estimate yy, as, We write

w(0) = eime(T) +

T
—ITN=A (T — e VAP Sy F(u)dr

~ ~ 1
Pn>mw(0) = Pn>me ﬁ/

=ﬁNsze ITV=Ay(— T)——/ T PN>MF(u)dr
When we pair these expressions and take 7" — 0o, we use the facts that

e_iT‘_AﬁN,zMw(T)—\O and eiT'_AP\N,ZMw(—T)—\O,

and ultimately we are left to estimate
o) . 0 .
< [ seopvaurwa [ seobyauFo dr> .
0 - —00 N HP
where we have introduced the notation

S(1) i= —eitV=B

I

above.

As we have done in previous sections, we will estimate this expression by dividing space-time into
three regions: a compact time interval, an outer region, and a region inside the light-cone. We note,
however, that the arguments on the compact time interval and the region inside the light cone will be
considerably different than in previous sections.
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Thus, we let nop > 0 and € > 0 be sufficiently small parameters and define the smooth cut-off

X0(t. %) = L{jxx (N 1-0)2 R(n0) +(t—N 1), 12N 1 =<}

where R(79) is such that
XN =5, ) u(N ¢, ) || o + 120N 7€, )9 (N 7, 0) | grsp—1 < 0.

By the small-data theory, we may solve the Cauchy problem

Vit —Av+ F(v) =0 onRxR3,
(U’ atv)|t=0 = (XO(NI_G’X)M(NI_E"X)7 XO(Nl_va)ut(Nl_évx)) € HSD(R?’)'

Note that by finite propagation speed, v = u on the set
{(t,x)  ]x =x(N'7)| = R(no) + (¢t = N'7%), 1 = N'7¢}.
We now write
w ~
/ S(—t)PN>mFu)dt =A+B+C,
0
where

o0
A:/ S(—t) Py >p F(v)dr,
N1l—e€

Nl—e
B = / S(—t) Py >pm F(u)dt, (7-27)
0

C= [ SE0PusnlFa) - Fo)a
lee

and perform a similar decomposition in the negative time direction, yielding quantities A", B, C’. We
will use the estimate

A+ B+C.A+B +C) s Al + 14155 + 1Bl + 1B I3 +1(C.C") | (7-28)
whenever A+ B+C =A"+ B +C".

Term A. We first estimate (4, A) gs» and (A", A" v Where

00 —N1-¢€
A=/ S(—Z)PN,ZMF(v)dZ and A/=/ S(—T)PNﬁzMF(v)d‘[.
Nl—e —00
We introduce two parameters g and r satisfying
2 5p-9 2 -1
2<q<min{p—1,—,p—} and —§r§min{M,4+},
sp 3p—1 Sp 2p—3

and let / = [N17¢, 00). We fix 0 > 0 to be specified later, and we define

—(2— ~ 2_ -~
anr = (V)G S")IIPN/,szllL?Li"“H)+(N')’ TN PN =m0l 22 ],
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and let

M\’ (N N°
OlN,M:Z Z (ﬁ) mln{ﬁ,ﬁ} an’,.M’-

N’ M'<M
All space-time norms are taken over / x R3. Our goal is to prove the following result.
Lemma 7.8. Let A, A’ and yn m be as above, then
> % (3) mind Rk g 14100 508 e,
N’ M'<M
and we also have
anm S YN (N7 + 00 an . (7-29)

Proof. On this region, we will use the small-data theory, which implies, in particular, that
Il 20— @3y < Mo-
By Strichartz estimates, we may write
N=(G=s») I ﬁN,ZM v ”L;’Li"/“’_” L N7+ I ﬁN,ZM v “L%r/(r—Z)L;
SN PN2m W )N ™) g + 1PNz FO) vy, (7-30)
and recall that, by definition, we have
I PNz bt @0 (N sy S T (N179). (7-31)

Here, we let the norm || F'[| y(r) denote any finite combination ;|| Fj || v, ), with F =} ; F; and each
N; (R) being a dual admissible Strichartz space with the appropriate scaling and number of derivatives.
It will be useful to introduce the quantities

Vo = Z Pn<mv  and vy = Z PN'>mv,
N’ N’

where “lo” and “hi” are meant to refer to the &> 3-frequency component. We decompose the nonlinearity via

1
F(v) = F(vo) + vy / F/(Ulo + Bvy;) d6,
0

which we write schematically as
F(v) = F(vio) + vpiv? "

For the high-frequency (in M) component, we write
vhiv? ! = (P<yun)v? !+ (Poyon)v? 7,

and to estimate these terms we may use the dual Strichartz spaces

(G—s0)-atx

2_1+sp, 2_[2

29, _ r .2
LI**H, and L[ "H) g
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respectively. This yields
1 =
| Pn, >MUh1Up ”N(R) <(N) ( ) Z ||PN” >MU||Lq 24/(a— 2)(1x[R{3)||v” 2(p 1)
N//<N/
NZ—1+4s ) p—1
+(N)r ? Z “PN”’ZMU”L%r/(r_z)Lfc(Ix[R?')”U“L%F;’_I)
= Ny A NN
= JV1 25

hence we conclude that
/

(N N')° » (N N')°
;mm{ﬁ’ﬁ} | Pn7,>p vniv? ||N(R)5;mln{ﬁ,ﬁs N1 +NMN2).

Thus, we argue in order to bound the N; and N> terms. We only treat the first term as an example since
the other term follows analogously. We obtain

Z Z (N) (N')~ (7_SP)||PN” >MU||Lq 24/(a=2)

N’/<N N”<N'
N/ o N// e ~
Z Z ( ) ( ) (N//) (q sp) || PN”,ZMU ”L?L}Zc"/(’f_z)

N/<NN//<N/
N\ ( —s,,)—f—o
< & () oww ¥ .
N//SN N N/_N// N

Hence this term can be bounded by oy, ps provided o < % —Sp.

We also have

N\ ., _(2_ ~
Z (W) (N/) (q sl)) Z ”PN”,ZMU”L;’L)ZC‘I/("_Z)(IXW)

N’ZN N”EN’

N\ N2 9/ N’ —(%—s,,)
e 3 ()
N"<N N N"<N’,N<N’ N'NT N N'"\° / N’ —(2-sp)
775p
e 5 T
N">N N”<N’ N N
N2 N _(2Y _(N'Y
(N/N//) S(N/N”) :(W) ’

we can bound this expression by yy, s provided
2 G ;
— ) (= <l & o<--s
1% " ~ D>
N//SN/ N N q

/

MY ind 2N p P! <npd! 7-32
» o7 ) ™ ey 1PV o livey S o e (7-32)

N M'sM

Using that in the first term

and so we obtain



2068 BENJAMIN DODSON, ANDREW LAWRIE, DANA MENDELSON AND JASON MURPHY

Next we estimate the contribution of the low-frequency piece. We can write

1PN, M F(0o)llv@w < M2 P2 M Axs xs F(010) | vw)-
Applying the chain rule and taking the decomposition v = P>pyv + P<yv, we obtain for j = 2, 3 that
dx; F(v10) = 0x; vio F' (Vo)
= 0x; P<n V1o F'(V10) + 3x; P> N V1o F' (V10),

and hence

2
| PN bt By F@ NGy < 3 195, Pr, vt B, v10) F (0io) vy
j=1

2
=< Z M”PN,ZM(a.Xj Ulo)F/(vlo)HN(IR)-
j=1
Estimating as above, using the dual Strichartz spaces

~(3-sp) 5%

Lr lHr 1—i_sf”’r+2

L"Jr2 H, and

’

we conclude that

1
| PN,>m F(vio)lInw) SN~ (G=s») oY M ”szstN’M’Um”Lc/LZq/(q 2)(IX[R{3)||U|| z(p b
N'<N M'<M

—1 1
NPT NN M Vg P vl 2 z>Lr(,XR3)||v||”2(p 1
N'>NM'<M

<N~ —(F-s») Z Z ( )||PN/ M/vlolqu 20/t~ 2)(IXR3)|| ||L2<p 1

N'<NM’'sM

21
4+ Nr—Hsp Z Z ( )”PN’ M/v10||L2r/(r 2)LV(I><R3)||UI|L2(” n:
N'>NM'<M

To establish a bound for this expression, it is useful to introduce the notation

. . (N N°
aN,M/=Zm1n{—/,—} aN/,M/.
& N'" N

Thus summing over N and M’ < M, we can again argue exactly as above to bound this expression by

M/O' M// M//U M// M/ ag
p—1 p—1 ~
0 Y (5) Z (G )=t 3 (55) X (5 ) (5rr) aware

M/fM M//SM/ M”SM M//SM/
/A4 " I\NO
-1 M\ M"\ (M
57)0 Z (M) anN,m” Z (M/)(M//
M//SM M”EM’

-1
<ng anm
provided o < 1. Thus, we obtain

M\ N N\° - 1
2 2 ) mind i ( IPvem Fo)lve S5 anm (7-33)

N M'sM
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By Strichartz estimates, we have

1A | o + 14N 32 < I PNzm F )|y
Hence, putting these bounds together with (7-32) and (7-33) we obtain
M\ (N N)° 1
Yo |57 ) mind =t Ul + 14 g0) S16 " anm
M N’ N x x
N M'<M
Together with (7-30) and (7-31), we also have

1— -1
anm SYNmM(N' ") +n5 anm,
as required. O

Term B. We next estimate the terms (B, B) and (B’, B') from (7-27). On this region, we use the long-time
Strichartz estimates (Proposition 7.3) and another frequency envelope argument for this contribution. In
the following we suppose, unless otherwise specified, that norms be taken over

I:=[0,N'"¢]xR3.
We define

’ —(;—sp) ~ ’ 7;(”_?)
bnm = [(N') "\ 1PN = mtll pap 2@ + (N)2OTD Py putll 200 p 20000002
1436 _36
+ (NPT Pyl ot 2o + (V)2 1Py zagl oo 2/
t X t X

_ ¢
+ (N2 | Py s gl 200 200-00 + (N')2 1PN =mull, 20704500 20/2=sp)
t X t X

L
n2e 1
+(N) 373 ”PN/,ZM||Lf/(]+511)L§/(2—Sp)],

where £ > 0 will be determined more precisely below and 6 is as in Proposition 7.3. These are just a
collection of admissible Strichartz pairs at regularity s,. We then define the frequency envelope

= M Umin{ﬁ,ﬂ}c ' M
BN.m ;MZS:M(M) NN ( Ovm
Our goal in this section is to prove the following result.
Lemma 7.9. Let B, B’ and B, u be as above. Then
I\NO /1O

> 3 (G ) mind e N OBl + 18 o) < 08" B

N’ M'<M
and we also have

YN (N7 + B S vum (0) + 15 By (7-34)

Proof. Fix to = 0. Throughout, we will assume that N > Ny as in the statement of the long-time
Strichartz estimates. By Strichartz estimates

1PN =m0 (s )| poogysn o, w1y + ON/ .M SN PN/ =m (uu)(O)lggse + | PN =M Fll vy
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Once again, it will be useful to introduce the quantities

Ulo = Z Py<mu and  upi = Z PN/ >mu,
N’ N’
where “lo” and “hi” are meant to refer to the &> 3-frequency component. We decompose the nonlinearity via

1
Fu) = Flun) s [ F' G+ ) 6.
0
which we write schematically as

F(u) = F(up) + upu? L.

These two expressions will be estimated almost identically, up to requiring additional exponential gains
for the low frequency (in M) term, F(u;,). We will only estimate this term since the other is easier.
Arguing as above via the chain rule with the Laplacian in the x, 3-directions, we have

| PN,>m F o)l vy < M7 PN, m (Va,3u10) F (o) || v (1)
We write

(V2,3110) F'(u10) = (V2,3 P N1t10) F' (1) + (V2,3 P<nttio) F' (ugo) := 142 (7-35)
and we begin with term 1. We set

PZN”]O = Ulo,>N>» PsNulo ‘= Ulo,<N>»
and take the decomposition

(V231102 8) F'(V10) = (V230102 N) F (10, <n) + (V2,310 >N )10, > N /01 F" (u10,<N + Ott10,>N)
= (V2,3U10,>N) F'(tt10,<N) + V23010, >N 10, >N F”(lulo,gN)
+ (Vz,sulo,zN)Mﬁ,,ZN // F" (1o, <N + 01621105 N)
=1.1+1.11+1.111. ’
Term 1.1. We estimate using Corollary 7.6 to get
! ||IVIS”_lPNV2,3ulo,zNF/(Mlo,sN)IIL,‘Li
<MIN*7Va 5u >NF,(ulo,§N)||L}L§

=M ISPl ”“10 <N|| 2(p—1)/6 ”VZ 3UJo >N”L?°L§/“_9)

LP~ ‘L
< NS~ 1||ulo <N||Lp 112 (p—1)/8 Z Z (M)HPN/ M/u||Lc>oL2/(l —0)
(P M’'<M N’>N

<Ns” 1N S”+2 ||Mlo <N||Lp 1720— /6

N/ _Sp+f
x Z Z( )( ) (N')»~ 2||PN/M/M||LooL2/(1 —0)

M’'<M N'>N

1 M/ N/ —Sp+%
< P —_— —_— b / 7.
X X)) e
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Term 1.1I1. We estimate

-1 || |V|Sp_1 PNV2,3u10,ZNulo,ZN F”(ulo,SN)”LlLZ
rEXx

<M INTYV, 3u, 2N 200 palltio =Nl 20-0 4 [, ~IZ,

LP~ 1L°°
—17sp—1
<M NP ||V2,3M10,2N||L%(p—1)L§||u10,zN||L?(p—1)L§ 2416, <N”L” oo
3_ 3
4 2(p—1) , 3 3
Z Z N/ (N4 2= ||PN/,M’M||L%(p—1)L§
M’'<M N'>N
3_ 3
4 2(p—1)
BN ( (6
M’'<M N'>N

Term 1.I11. As in the proof of term IV in the long-time Strichartz estimates, there are two terms. For the
first we estimate

-1 2 -3
M|V 3u10,> NUip > N Ui > ¥ ||L?/(I+SP)L)2C/(2*Sp)

2/(2—sp)

—1x7% 2 p—3
SM™ N2 ||Vz,3ulo,zNulo,2Nulo,ZN||L3/<l+sp—e>Lx

1
SM- Nz [l X || 2p/(1+3p) 2p/(2—sP)||”10,2N”pr/(1+SP*PE>L%P/<2*SN

Ly
L
Z Z ( )( ) (N)2||PN’ Mol 20/ tsp=pl) 1 20/ C=5p)
M'<M N'>N
L
> 5 b
)
M/<MN/>N( )(N

where we have used that for p > 3 and £ > 0, the pair

2p 2p
l+s,—pl 2—sp
is wave-admissible at regularity

3 1+4sp,—pl 6-3sp E 14
2p 2p P2

For the second term, we have

—1 2 -3
M ||V2,3ulo,zNU10,>N“1po <N||L2/(1+Sp)L2/(2—Sp)
el ' = t X
, 2sp 1
M NY)3 3 N2p_ 1
Z Z (ﬁ) (ﬁ) (N3 3||PN/,M/M||Lf/(l+.§'p)L§/(2—Sp)

M’'<M N'>N
251)

2, X )(v) v

M’'<M N'>N
This completes the estimation of term 1 in (7-35).
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Now we turn to term 2 in (7-35), namely

V2,3 P<ntio F' (u1o).
We take the decomposition

1

/ / 1
V2 3uio,<N F'(Vio) = Va2 3110, <N F' (Ui0,<N) + V2, 3U1o, <N UIo,>N / F" (uy0,<N + Ouio,>nN)
0

/ 1
= Vo 3ujo,<N F' (Uio,<N) + V2,310, >NUI0,>N F" (U10,<N)

+ V2,3M10,5Nuﬁ),21v // F" (u1o,<N + 0162u10,>N)
=21 +2.11 +2.111.

We omit the estimates for the first two terms since they follow as above, and we focus on

1
2 " . 2
Va2,3Ui0,<NUjo > N // F7 (ui0,<N + 0102u10,>N) =: V2,310, <N U, > F3.
0

Here, we will need to introduce some new exponent pairs compared to the proof of the long-time Strichartz
estimates. We divide this expression into two parts:

__pr=3
V] 2(p—l)+sl’PN(V2’3M10’5Nuﬁ)’zNF)||L§p—l)/(p—2)L)1C
__pr=3 -1
<N z(p—l)ﬂl’||V2,3u10,5Nu11;’2NIILgp—w/(p—z)L;c

p—3
—5E ==t 2 p—3
4+ N 2G-D 15 ||V2,3u1°9SNu10,zNulo,§N”L‘,”_W(”_Z)L}C‘

Note that (ﬁ—:;, 1) is dual wave-admissible for p > 3.
For the first term, we have a bound of

—P=3__ 2 p—3 ’
NT2 D= VPN oo 2 usn 7,2 o D MIPMunllppet o

L7t
! M'<M 1
N =1
—1 N\ P—1 _ 1
§ T]g E E M,(W) (N/) p—1 ||PN/’M/M”L;D—1L?CO.
M’'<M N'<N

For the second term we estimate

p—3
—52 = +s p—1
N 2(-D ﬁ||V2,3u10,5Nu10’ZN||L£p—1)/(p—2)L)1c

-3

»—3
< ~3(p=D _1)+Sp P 2
SN 2 lusn ”Lf,‘f‘” HMEN”L?Lj‘C(P*”/‘”*”

2

NPT, 2
x D D M) NI PN e

M’<M N’<N
Now we note that the pair
4(p—1
( 4, 4 ))
p+1
is wave-admissible at regularity
31 3p+3 2 1 3p+3

274 Mp—1) P, 4 ap—1)
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Noting that
3p+3 _3(p+1)> 3

4p-1  4p-1 " (p-1)
we see that this is number strictly less than s,. Thus we obtain a bound of

p—1 / N’ % N— 2
gt Y, Y. M ~ ) O TIPN Ml Lo

M’'<M N’'<N

Arguing as in the estimates for term A, we may determine the restrictions on o. First, we need to
assume that o < 1 so that we can perform the summation in M, and we further require that o be bounded
above by the power appearing on the N’/N factor when N’ < N and the N/N’ factor when N < N’
Examining the exponents in the definition of Sy, a7, this amounts to requiring o smaller than the smallest
(in absolute values) exponent in that expression, and hence we may assume the most restrictive of these
will be taking o < £/2 in term 1.I11.

Provided this is the case, we obtain

M\ (N N\° -
D3 (ﬁ) mm{ﬁ,ﬁ} 1Py s Fo)lveny S 1" B,
N M'=M

and since, by Strichartz estimates

1Bl g + 1B g S 1 P Fllveny-

M/ o ) N N, o .

N M'<M

we have

as well as the estimate

YN (N + By S ynam (0) + 08~ By
as required. O

Term C. We turn to the (C, C’) term (see (7-27) and (7-28)). In this section we prove the following
lemma.

Lemma 7.10. Let C, C’ be defined as in (7-27), and let M > CONSP/(I_"). Then, for any L € N we have

1
(C.CV | SL o7
where the implicit constant above depends only on L.

Proof of Lemma 7.10. We introduce the notation

Gu,v)() = F(u(r)) — F(v()),
which we may abbreviate as G(¢) or even G. We are faced with estimating

(C,C")gsr = N¥7(C,C") 2,
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where

_ 1

(.c’y —/ !
) L)2€_

—Q

_Nl—
»/—OO

Since M > CONSP/(I_"), it suffices to show that

/Nl_e(S(—f)ﬁN,MG(u, v)(1), S(—1) Py G(u, v)(7))2 dr de

€

/Oo (G(u,v)(1), St — t)ﬁK,M%G(u, v)(1)) 2 dt dr. (7-36)
Nl—e > x

1
(C.C izl St 77
and all inner products in this proof will be L2 inner products.
For each fixed ¢, T as above we estimate the pairing,

(G v)(1). S(t =) PR s G, v)(1)) 2.
Recall that by the definition of ¥(t), G(u, v)(t) is supported in the region
G+ (t):i={x:|x —x(£N'€)| < R(no) + |t| = N'"€forall +7> N'"€}. (7-37)

This points to an immediate problem in any naive implementation of the double Duhamel trick by way of
the Huygens principle as performed in previous sections. Namely, the support of the S(# — t) evolution
of G(u, v)(7) intersects with the support of G (u, v)(¢) in the “wave zone”, i.e., near the boundary of the
light cone where the kernel of S(¢ — ) only yields (¢ —t)~! decay, which is not sufficient for integration
in time. However, we are saved here by a gain in angular separation in the wave zone guaranteed
by our directional frequency localization ﬁN, M- Indeed, application of ﬁN’ M restricts to frequencies
€ = (61,62,3) with

52,31 =M

§l N

whereas for any x = (x1,x2,3) € G(t) N {(¢,x) : |x| > ¢ — R(no)} we claim that

lx23] M
L —
|x] N

for all M > N*»/(1=) We establish this fact in Lemma 7.11 below.
We introduce some additional notation. Let R(-) be the compactness modulus function. For given
teRlet
Cext(?) := {x : [x| = [t] = R(10)},

(7-38)
Cint(7) 2= {x 2 |x] < [t] = R(1o)}-

We decompose (C, C’) as follows. First, we write

G(u,v)(t) = Gu,v)(t)c, 1) + G, v)(O) ey, -
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Using this decomposition in (7-36) leads to four terms:

f / <S(t - r)%ﬁN, mle, (1)G(), 1Cm(t)G(t)> dr dr, (7-39)
/ / <S(t - r)|17|ﬁ1v, mle, (1)G(T), 1cim(t)G(t)> dr dz, (7-40)
/ / <S(t - r)%ﬁN, mle, (D)G(1), 1Cm(t)G(t)> dr dr, (7-41)
/ / <S(t - r)%ﬁN, mle, (1)G(), lcim(t)G(t)> dr dz, (7-42)

where the integrals are over [—0o, —N 17€] x [N 17¢, 0o]. We will refer to these terms as Cex; — ext> Cext —int»
Cint—ext and Cip—inc respectively, and we will handle these terms separately below. Were it not for the
frequency localization Py, ps all but the first term above would vanish using the support properties of
and 1¢

ext?

G(u, v), together with the particular pairing of the cutoffs 1¢ and the sharp Huygens principle.

int
On the other hand, whereas in previous scenarios (e.g., the subluminal soliton) the first term would vanish,
in the present setting there truly is an interaction between these two terms. This is the origin of the
essential technical difficulty faced in the present scenario, and indeed we will find that the first term (7-39)
requires the most careful analysis. The crucial observation is that in this setting we can rely on angular

separation to exhibit decay.

The term Cex —ext- We will rely crucially on the following two lemmas, which together make precise
the gain in decay from angular separation.

Lemma 7.11 (angular separation in the wave zone). For any ¢ > 0 there exists No = No(c) > 0 with the
following property. Fix v € (0, 1) and let € > 0 be any number with

2s
€< P

1—v
Let (¢, x) satisfy
1| = N7 x = (x1.x2,3) € G(1) N Ceui(1),
where G(t) are defined in (7-37), (7-38). Then,
X235 _ 1
Xl TN

M (7-43)
C— -
-N

=
(M)

forall N > No and M > Nsp/(A=v),

See Figure 3 for a depiction of Lemma 7.11.
Next, we show that if we restrict to those x € R3 satisfying (7-43) then we get strong pointwise decay
for the kernel of the operator S (I)ﬁﬁ 1%, M

To state the result, we define
[x2,3] < 1

Sy = xeR3: T
x| 7 Nz2—5

(7-44)
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X2, X3

X1

Figure 3. The dark gray region above represents the region G4 (¢) N Cex; in space at fixed
time t > N17¢,

Lemma 7.12 (kernel estimates via angular separation). Let Ky, p(Z, x) denote the kernel of the operator
S(t)ﬁﬁf] p- Let N = No where Ny is as in the hypothesis of Lemma 7.11. Then, for any L,

NE 1 e
|18N (X)KN,M (1, x)| <L NWW forallt > N , (7-45)
where Sy is the set defined in (7-44) and where we have used the notation (z) = (1 + |z|*)Y/2 above.

Proof of Lemma 7.11. We assume that ¢ > 0. Since we are assuming

2sp
—V

O<ex

and that M > N sp/ (1_"), it suffices to show the first inequality in (7-43), i.e., that

|x2,3] < 1
Xl — N
for all x € G(¢) N Cex¢(¢) for some uniform constant.

First, we claim that (7-46) holds at time ¢ = N '~¢. Suppose

(7-46)

=
I

X €GL(NITT)NCo(N179).
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By the definition of traveling wave (i.e., (7-1) and (7-2)) we have

1
x|~ N'7¢, |xo3|SN273

and thus,
|x2,3]
x|

(ST
(Sl

<N

as desired.

Now suppose ¢ > N 7€, We introduce some notation. Let O (v 1-<) denote the angle between the unit
vector ¢; (the unit vector in the positive x-direction) and the vector x (N ! 7€), where we recall that x (¢)
denotes the spatial center of #i. Above, we have just shown that

. €_1
[sin(O, (n1-ey))| = [0y (yi—e)| < AIN272

for some uniform constant A; > 0. To finish the proof it will suffice to show that for any x € G(¢) N Cex(?),
the angle 6, (ny1-<)) formed between the vectors x and x (N 1=€) satisfies

e_1
Oeexvizepl = A2N>72

for some other uniform constant A, > 0, as then the sine of the total angle between x and the x-axis,
ie., |x2,3]/|x| would satisfy (7-46). To get a hold of 6, ,(n1-<)) we square both sides of the inequality
defining the set G4 (¢). For x € G(¢) we have

6 =22 X (N7 + [x (V) 74P < (R(mo) +1 = N' 7).
Using that x - x (N 17€) = |x]||x (N 7¢)| cos O(x.x(nv1—<)) the above yields the inequality
—20x] X (N7 | cos Oy (v1—e)) < (R(0) +1 — N'7€)> — |x|> = [x (N 7).
Bootstrapping, we may assume that 6, ,(y1-<)) is small enough to use the estimate

02 .
cos Q(X,x(]vl—é)) <1- M

4
Plugging the above in we arrive at the inequality

62 . 1

(x,x(N'7€)) 1—€\2 2 1—€y|2

—_——= <24+ —— ((R t—N — —|x(N

y =2 e (RO + P = lxf = [ (NTP)

_ 2 XN+ (R(no) +1 = N7 — [x 2 — [x (N) <2
- x| |x (N1=9)] '

The requirement that x € Cex(?), finite speed of propagation, and (7-1) imply that we have

t—R(no) <|x| <t+R(no) and N'"¢—R(no) <|x(N'"¢)| < N'~¢ + R(1o).
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Plugging the above into the previous line gives

00 x(w1-o)) - 2(t4+R(170)) (N '~ 4+R(10)) +(R(110) +1=N"'")>  (t=R(10))*~(N'~*=R(10))*
2 B (t—=R(10))(N1=¢—=R(no)) (t—=R(10))(N'=¢=R(no))
_ 61R(10)+2N "¢ R(10)+R(n0)?
~ (t—R(10))(N'=¢=R(no))

< ! +l_
T N1me g
Taking the square root and noting that ¢ > N !~¢ we arrive at
|0(x,x(N1—€))| < 11 s
N2~2
as desired. a

Next, we prove Lemma 7.12.

Proof of Lemma 7.12. The kernel Ky s of the operator S (I)ﬁﬁf] ) 18 given by

KN,M(t,x)::/eix.é|$|—2eit$|¢2(|]i_|)¢2(|(§2ﬁf3)|)d5’

where ¢ € C5°(R) is satisfies ¢(r) = 1if 1 <r <2 and supp¢ € (%, 4). Now, recall that we are restricting
to only those x € Sy, as defined in (7-44). We express any such x in spherical coordinates

x = |x|(cos Oy, sin Ox cos w, sin Oy sin w),

where 0, denotes the angle formed by x and the unit vector in the e;-direction. And recall that any
x € Sy satisfies

X
2l _ sin 0y ~ |0y] <

o i (7-47)

Similarly, we change to the spherical variables
& = |&|(cos 0, sin O cos a, sin O sin o)

in the integral defining K, ps and note that because of the frequency localization ISN, M we have

=sinfg >~ —. (7-48)
This yields

2 pm 4N ) ind
KN,M(I,X)=/ / / ezlxIélf(Oxﬂssw,a)|§|—261t|5|¢2(@)qsl(m)|§|2SmQE d|&| dbg da,
o Jo J& N M

where the angular phase function f(6x, g, ®, @) is given by

S (Ox,0g, w,a) = cos O cos O + sin Oy sin O (cos w cos @ + sinw sin ).
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The idea is that the angular separation between x and £ given by (7-47) and (7-48) allows us to integrate
by parts in 0¢. Indeed, using (7-47) and (7-48) we have the lower bound

£[|x||§|f(9x,9§,w,a)]‘ = |x| || }—cos@x sin 0 + sin 0 cos ¢ (cos w cos o + sinw sina)|
3

i (4-o{ ;1)

Z |x|M.

Moreover, note that forany L e Nand M < N

dt sin 6 NL
p2 (1500 0 )| < —.
dof M ML
Thus, integration by parts L-times in 0 yields the estimate
,NE 1 e
|Kn,m (1, %) SL N ML (MIx)E forallz > N"7%,  x €G(t) NCex(?),
as desired. |

We can now estimate (7-39). Here will rely crucially on Lemmas 7.11 and 7.12. First we write,

<S(f —f)l—élﬁN,Mlcexl(f)G(u,v)(f), le, ()G (u, v)(t)>
= (Kn.m (1 —7) % 1, (1) G (1, )(7), Le, ()G (u, 0)(1)).
We claim that in fact the above can be expressed as
(Kn,m (1 = 1) * 1 (1) G (1), 1, (1) G (1))
= {(Lsy (D5 1oy (D ENM (= D) % 1 (DG (D). 1e, (VG(D)).  (7-49)
where the set Sy is defined in (7-44). Indeed, note that above we have
X €G4+(t)NCexi(t) and y € G_(7)NCexi(), (7-50)
where G are as in (7-37) and Cey; is as in (7-38). Thus,
|x—y| = |t —7| —2R(no) = 3|t — 7|

as long as N is chosen large enough. Similarly by (7-50) we have |x — y| > |x| and |x — y| > |y| and
thus,
|X2,3 — y2,3| < X231 | |y2,3l < 11
|x =yl |x| Iy~ N27%

where in the last inequality above we used Lemma 7.11. This proves the equality in (7-49).

’

Now, let g, denote the Sobolev embedding exponent for H*  ie., qp = 3(177_1). Note that g, > p
for p >3 and (q,/p)’ = 2 for p > 0 (where x" denotes the Holder dual of x). By Holder’s and Young’s
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inequalities we then have
(s (D15 1oy (D KN (6= 1)) % 10, (DG (D), T ()G D))
= s (g gy O KN =Dl s 21 Gt DO 000 |Gt 0 -

Using (7-45) we see that

™

NL+1 1 Y
”ISN(')1{|.|>l\t—r\}(')KN,M(f =, @provr2 < oL (/ ﬁdx)(qpp)
. Ly M w2 dle—el [x[2L(F)
NL+1 1

S M2L |f — L1 (7-51)

Since G(u,v) = F(u) — F(v) we have
1G GOl gr0 S Oy + 10O S O, + VOI,

Putting this all together we arrive at the estimate

_N1I=
‘/—oo

—N1=¢ 00 NL+1 1 » » » »
<
s L S O + O, ), + 1901, dr b

L+14+(1—€)(2—L —2L 2p 2p
Sp NEFHOZODM 2B (2, + 0172 )

sp*

€

/N OIO_E(S(z — 1) Pyt 1o ()G, v) (), 1. (6)G(u, v) (1)) dr dr

<y ML,

where to obtain the last line we ensure that € > 0 is small enough so that when M > N sp/(1=v) we also
have ML > N4+€L We have proved that

(7-39) S M~F,
as desired. This completes the treatment of the Cey;—ext term.
The term Cipt—int. Here we will use a combination of arguments based on sharp Huygens principle and

the techniques developed to deal with the previous term Cext— ext-
First we record an estimate for the kernel of the modified frequency projection.

Lemma 7.13. Let plz\, g denote the kernel of the operator P ]%, - Then,
N3 N3
L + L’
(Nlx[)= — (M]x])

Next, consider the following decomposition of the forward cone centered at (¢, x) = (N17¢, x (N 17))
of width R(ng), i.e., the set

P (O] S (7-52)

G4 = U G+(1),

tle—e

where G(¢) is defined as in (7-37). This decomposition is depicted in Figure 4.
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t

Ca,+
G2+ =8N
v
.i“
Ca,+
G1 4 1—e
I+ t =4N
Cr+
Go,+ t=2N'"¢
B
t=N1"¢
A
X1

Figure 4. A depiction of the first few regions C; + and G ; within the region C.

We write

g+ =JC+,ul G+

Jj=1 Jj=0
We define C4 j, G4 ; as follows. First, set
Ca1:=1{(t,x):|x—x2N"€)| > R(no) +t —2N'"¢, t >2N1"€1 ng,
and for j > 1
Cr = x) [y =x@ N7 = ROo) +1 =2/ N7 1 22/ NTZH NG\ Ch ot
For j > 0, define sets §+, ;j to be the regions
Gy ={(t, ) |x—x (2 N7 < R(po) +1 —2/ N17€, 2/ N17¢ <1 <2/ FIN1=6 0 g,

Then we define
Ciji=Cq it x): x| <t =2/ N'€ ¢t >2/ NI},

Gt.j =G4, U[C+ j+1 \Cq j+1]-

The regions C+ ; and G4 ; are depicted in Figure 4.
Now, split the integrand of (7-42) in the four pieces,

_N1=
(7-42) = /

€

o0
/ (I+11+1I11+1V)dtdr,
N1l—e€
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where
I =§< A§M|V|S(t—r)[lc_ le, G1(0), [ley 1y G (z)>, (7-53)
11 =§< A,%,’M%S(z Dlle_, 1¢, Gl(v), [1g+k1cmG](z)>, (7-54)
11 = §< P M% —1)[lg_, l¢, Gl(x), [lc+klcmG](t)> (7-55)
IV = <A§M|V|S(z—f)[1g__ 1, G1(7), [1g4 . e, G ](t)>. (7-56)

First we estimate the term (7-53) above. The key points are the following. First, by the support
properties of 1¢, , ¢, (7, ), lc_; 1, (¢, y) and the sharp Huygens principle, we must have

=y 2 7 +25)N17¢ for all x €supp(le, 1y, G, 0))(1). y €supp[S(—)le_ 16, G, v)](2).
(7-57)
Second, by the definitions of the space-time cutoffs 1¢c_ . and 1¢__, , the functions 1¢_ ;u(7) and ¢, u(?)
are restricted to the exterior small-data regime and we thus have
e ;1w G, V)| n((—00,~27 N1—€]) < ||u||L°°wp <1 (7-58)
ey i lew G V) | n2i N1=¢ 00)) S il poogesp <1
where N denote suitable dual spaces.
We argue as follows. For any g > 2, and up to fattening the projection ISN, M, we have

‘<ﬁ]%,M%S(t —Olle_ ;16 G, )](0). [ley i 1e, G (1, v)](f)>‘

—1— 2
< ”1{‘ |22/ +2k)N1—€} PN, M ”L1 ||PN|V| 1=srty S(Z - T)[IC—,j lcimG(u’ U)](T)“L%
_2
<1V~ ey 4 1e, G, 0Ol Lo

We estimate last line above as follows. Note that by (7-52) and (7-57) (and the lower bound on M), we

have
N3
2J + 2k)N1—e]L—1 ’

I l{l-lz(zf +2k)N1-€}PN.M I <L T

By the dispersive estimate for the wave equation and noting that |t — 7| > 2N 7€ we have

11— 2
IPNIVIT 2T aS (=) [le_ 1, G, v)](7) ] Lo

A

Nl“nPNwrl el e, G, IG]9
T e—r|”
1 . _2
< ———5 N2 Py |V 4 [1e_ 1, Gu, 0)](D)]

2 a’-
It —z|'"a Ex
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Thus, using the above, Bernstein’s inequality, the Hardy-Littlewood—Sobolev inequality, and (7-58) in
the last line below we have

00 —N1—¢
/ / (7-53)dr dt
N1=¢J—oc0

N3N—25 —N'"€ .
2
st Z 1@ + 2R N e L- 1/N1 / (|t—r|1_2 V1774 e 16, G, Dy
_2
IV e e Gl 0] ) o oo

N3N—2% 52
= 'k2>:1 [(27 +2k)N1—€]L-1 VI lley i 1ew G VI 207w 42 o
Jike=

_2
X ” |V|Sp 4 [IC—,j ICmG(“v U)]”L%q/(q+2)L§16’

N3N—2Sp L
<, N~L/2
SL Z [(21 —|—2k)N1 e]L INLN ’

where in the second-to-last line we have fixed ¢ > 2 above and note that the norms above are dual sharp
admissible Strichartz pairs (e.g., one can take g = 4).

Next, consider the term (7-56). Here we cannot rely exclusively on separation of supports because the
S(t—7) evolution of the term localized to G ; has some of its support within 2R (1¢) of the term localized
to Gy x for all j, k. The saving grace is that the pieces of the supports of S(z —7)[1g_ ; 1¢,, G(u, v)](7)
and [lg, , ¢, G(u,v)](?) that are close to each other (say within 29 4 2%k for some small parameter
o > 0) come along with angular separation in the sense of Lemma 7.12. To make this precise we must
further subdivide G4 x as follows.

Let a > 0 be a small parameter to be fixed below. Let

G kini= G N{(t,x) 1 |x] < ¢ — 29k (=0,
G keout = Gk N{(1,x) 1 |x| > ¢ =20k yoa(1=e)y

We decompose (7-56) as follows, noting symmetry in j, k means it suffices to consider only the sum for
Jj > k. We write (7-56) in the form

Z<ﬁ1%l,M |iﬁ|5(l —Ollg_,ulen Gl Moy s 1cimG]> (7-59)
+ Z<ﬁfv,M|17|S(r ~Dlg_ . 1e, G, [1g+_k,(,m1cimG]> (7-60)
+ X Ph S0 = 0l1c1uG. e len ) a-61)

+ Z<ﬁfv,MﬁS(r ~Dllg__; . 1enGl. [1g+,k,mlcimcl>, (7-62)

where the sums are over j, k > 0 with j > k, G = G(u, v), and the pairings are evaluated at , 7.
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The key point will be that on the outer regions G ; out, G+ k,oue WE can recover the same angular
separation used to treat the term Cex¢— ex¢ and on the inner regions G ; i, and G x i, we obtain sufficient
separation in support between the two factors after evolution by S(z — t) to get enough decay in j, k after
the application of ﬁ]%’ M ﬁ.

Lemma 7.14 (angular separation in G+ ; ou). Let @ > 0 and let Sy o be the set

[x2,3] _ 1
|)C| NN(I—a)Z(l—s)

Snai=]xeR3: (7-63)

Then, there exists a > 0 small enough and No > 0 large enough so that for all x € G4 ou we have

1 M

xes d —— <K —
N, an N(l_a)z(l_e) < N

forall N > No and M > N*»/0=) and for all j > 0.

Proof. Tt suffices to consider x € G4 ; ou. The proof is nearly identical to the proof of Lemma 7.11,
but here we have allowed the region G4 ; ou to deviate farther from the boundary of the cone as j (and
hence ¢) gets larger. As in Lemma 7.12 we have

1

[sin(0 (27 N1-e))| = |Ox2i N1y = AN 272
independently of j > 0. To finish the proof it suffices to show that for any x € G4 ;jou, the angle
8(x,x (27 N1—¢)) Tormed between the vectors x and x(2/ N17¢) satisfies

1
10, x 27 N1y < AZ—N(l—a)z(l—e)

for some other uniform constant A, > 0, as then the sine of the total angle between x and the x1-axis,
i.e., |x2,3|/|x| would satisfy (7-63). Note that for any (¢, x) € G4 ; out

szl—e _2ocho¢(1—e) < |x| < 2j+1N1—€ _}_20th&(1—6)‘
Arguing as in the proof of Lemma 7.11 we see that for any (¢, x) € G4 j out

) 2429 No(1=9) 1
, < <
(x,x(2/ N1=€)) ~ (t — 20/ Ne(1=€)) (2] N1—€) ~ 2(1-a)j y (1—a)(1=€)’
as desired. O

0

With Lemma 7.14 in hand, we can estimate the term (7-62) in an identical fashion as the term (7-39),
noting that applications of Lemma 7.12 are still valid in this new setting because for x € G o, and
Yy € G j out We have

|X2,3 = 2,3 < Ix2,3] | [y2.3l < 1 < ﬂ
x— X —a)(1-
i.e., sufficient angular separation since the Fourier variable £ satisfies

23] =M
& N
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Moreover we have
—y|~ @2/ +2NIE ifxeG G_;
|X y| —( + ) xelykou ¥ EG— jout
This means that we are free to write,
A~ 1
2
<PN,M mS(l —O[lg_; oulen G, V)](0), gy 4 oulcn G, v)](l)>

= (Isyo Ly |~/ 420N - KN ] (Mg_ 0 10 G, 0)](0). Mgy g o L0 G, 0)](1)).  (7-64)
Mimicking the estimates of (7-62) we see that as in (7-51) we have
L+1 1
M?2L [(2j + 2k)N1—e]L

sn .o (g 2@ 420 )N 1=y KN M E =D @rror 2 SL

This allows us to sum in j, k, and we obtain

_N1— 1
7-62)dtdt <p —
/ /Nlé( ) TSL T

To handle the term (7-59) we rely on the following observation: by the support properties of 1¢,, , 1¢,, (7. ),
le_ ;1¢, (¢, y) and the sharp Huygens principle, we must have

Ix—y| =z 2/ +2F)N1—e

for all
x €supp(lg, ;.. 1c, G, v))(2)
and
y €supp St —1)[lg_ ;; 1e, G(u, v)](7).
Hence,

Kﬁ]%/,M%S(Z —Ollg_ ;len G, v)](), [lgy 45 1o Gu, v)](l)>'

< L. 2@/ 42k )N1-€} PN M ||L§C¢Ip/P)//2N_1 [PnS(t—1)[lc_ ;1¢, G (u, U)](T)”L)qcp/z’ |

><[IC+,k le, G (u, v)](7) ”Li”/p

L i o igr e s + 102 )

—_N1— 1
7-59)drdtr <
/ [\]1 5( ) t~ NL

Next, for the term (7-60) we note that the same argument used to treat (7-59) applies. However, we note

Hence,

that here we only obtain spatial separation of 2/ N 1~¢. Nonetheless, since j > k we have

2INT=€ ~ 2/ 42k N1E
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and hence we are able to sum in j, k, obtaining

_N1—-
[oo

Lastly, consider the term (7-61). Here we use a mix of the arguments used to control (7-59) and (7-62).

€

e 1
7-60)dt dt <7 —.
/N @60 drdr L

In particular we split the sum into two pieces noting that if j ~ k then the same argument used to
estimate (7-59) applies since the spatial supports are separated by ~ 2K N17€ ~ (27 4 2Ky N1=€ If j >k,
we obtain enough angular separation argument to use the same argument used to bound (7-62), since in

this case we have
1X2,3 =23 _ |y2.3] _ 1 <M
x—yl |y T NO-0U-9 TN

forall x € G4 xinand y € G j ou as long as j > k. We obtain

_Nl—
\/—OO

This completes the estimation of (7-56).

€

/oo (7-59)dr dr <p —— + —
- T — 4+ —.
e ~ENLD T ML

At this point, the mixed terms (7-54) and (7-55) (i.e., the remaining contributions to the Cip—in¢ term),
as well as the Cjpt—ext and Cex¢—int terms ((7-40) and (7-41)) can be handled with a combination of the
techniques developed above. For example, after further subdividing G in the regions C— ; and G_ ;
consider the term of the form,

—2/ N1—€ o)
/ / <ﬁfV,M%SU COllo ey Gl (). L, G, v)](r)> d dr.

>0 —2Jjt2N1—€ JN1—€

Fixing a large constant K1 > 0, we can divide the above into two further pieces, namely

—2/N'=¢ K 2/N1=¢; 1
/ / <P§,Mm5(r g 1enGt WD), Ten G, v)1<z)> i de

>0 —2J+t2N1—€ JN1—€

—2J N1—€ 00 R 1
+y / . / , <P§,’M—S(z —O)[lg_, 1y G, )](2), 16, G (u, v)](t)> dr dr.
Sol-2eni—e Jx2i N V]

For the first term on the right-hand-side above we can copy the argument used to estimate (7-59). Indeed
by the sharp Huygens principle the spatial supports (before the application of Py, ) are separated for
each fixed ¢, T by a distance of at least ~ 2/ N17¢ ~g |t —t|. For the second term above we can choose
K1 > 1 large enough to guarantee enough angular separation between the spatial and Fourier variables
to mimic a combination of the arguments used to estimate (7-39) (where one integrates in ¢) and (7-62)
(where one sums in j). The remaining interactions are handled similarly. We omit the details.

We have thus proved that
, 1 1 1

which finally completes the proof of Lemma 7.10. O
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We are now prepared to conclude the frequency envelope argument and the proof of Proposition 7.4.

Proof of Proposition 7.4. Recall that we are trying to prove that

> > MO P2, S 1,

N=No CoNsp/0-V<M<N

for some fixed Cp > 0, for which it suffices to prove that

> > MPEINT20 | Py s (1) [0 S 1
N=No CoNsr/0—V)<M<N )

Once again, by time-translation invariance, we argue for t = 0. Recall that

(Praau(©). Pysau(®) gor| S 141, + 1412, + 1B, + 1812, +1(C.C") o,
and hence by Lemmas 7.8, 7.9 and 7.10, we obtain
N N )M\ ~ 5
@ = ¥ mind £ CE (TE) 1w a1,
N'.M'>M
<0 lan + b By + MR, (7-65)

Furthermore by (7-29) and (7-34),

anm SN (N + 08 an
and
yNm (N + Brnr S ynm(0) + 08 B
Hence
Bym Synm (), anm SYNmM(N'T) S ynm(0),
and we conclude from (7-65) that
yNm(0) S 08y (0) + ML,
which implies
ynm(0) <ML

for any L > 1. Consequently, we have established that

> Yoo MPUTINTEryy (0 S,
N=No M>CyNsp/(0—)

which concludes the proof. |
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