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ABSTRACT. In this paper, we consider the six-dimensional focusing mass criti-
cal NLS: tus+Au = —|u| 3w with splitting-spherical initial data ug(z1, - - z¢) =
uo(\/m% + x% + w%, \/xi + mg + m%) We prove that any finite mass solution
which is almost periodic modulo scaling in both time directions must have
Sobolev regularity HiT. Moreover, the kinetic energy of the solution is local-
ized around the spatial origin uniformly in time. As important applications of
the results, we prove the scattering conjecture for solutions with mass smaller
than that of the ground state. We also prove that any two-way non-scattering
solution must be global and coincides with the solitary wave up to symmetries.
Here the ground state is the unique positive, radial solution of the nonlinear

5
elliptic equation AQ — Q + @3 = 0. To prove the smoothness of the solution,
we use a new local iteration scheme which first appears in [19].
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1. Introduction

1.1. Background and main results. The d-dimensional focusing mass-critical
nonlinear Schrédinger equation takes the form

(1.1) iug + Au = —|u|du.

)

Here u(t,r) is a complex-valued function on R x R?. The name "mass critical”

refers to the fact that the scaling symmetry
(1.2) u(t,z) — A2u(A%t A\x), VA >0

leaves both the equation and the mass invariant. Here the mass is defined as
Mass: M (u(t)) = / lu(t, z)|*de = M (uo).
Rd

For the initial value problem of ([l), the local theory was established by

Cazenave and Weissler in [B]. To summarize, for any initial data ug € L2(R?), they
2(d+2)

constructed the unique local solution u(t,z) € Cy([-T,T|;L2) N L, * ([-T,T] x

Rd). Moreover, when the mass of the initial data is small enough, the solution is

global and satisfies the global spacetime estimate

lull 2+ < C(lluollzz)-
Li.?  (RxR)
This estimate implies that the solution scatters in both time directions asymptoti-
cally: more precisely, there exist uy € L2(R%) such that

lim |lu(t) — e®®uy|lp2 =0 and  lim ||Ju(t) — e u_||,> = 0.
t——+o0 x t——o0 x

When the solution has large mass, blowup may occur at finite time. The
existence of finite blowup solutions was proved by Glassey [8], based on a virial
argument. On the other hand, the equation ([]) also admits solitary wave solutions
of the form e R(z), where R = R(x) solves the elliptic equation

(1.3) AR—R+|R|iR=0.

There are infinitely many solutions to this equation, but only one positive solution
which is spherically symmetric (up to translation) and has minimal mass among all
these R’s. This solution is usually called the

DEFINITION 1.1 (Ground state). The ground state @ refers to the unique,
radial, Schwartz solution to the equation (L3J).

It is believed that the mass of () serves as the minimal mass among all the non-
scattering solutions. The precise statement of this general belief is the following
scattering conjecture:

CONJECTURE 1.2 (Scattering conjecture). Let ug € L2(R%) be such that M (ug) <
M(Q). Then the corresponding solution exists globally and scatters.

So far, this conjecture has been proved in dimensions d > 2 when the initial
data ug is spherically symmetric, see [I5), [16]. In the proof of all these results, the
spherical symmetry is used in an essential way. First of all, the spherical symmetry
forces to freeze the center of mass at the origin in both physical and frequency
spaces. Secondly, a few crucial technical tools like weighted Strichartz estimates
are no longer available in the nonradial setting.
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At the level of minimal mass, there are two explicit examples of non-scattering
solutions: [I the solitary wave SW and the pseudo-conformal ground state Pc(Q).

SW = e Q(x),
uzf;z; T

Q).

It is conjectured that these are the only two threshold solutions for scattering at
the level of minimal mass. Associated with this is the following rigidity conjecture
which identifies all solutions with ground state mass as either SW or Pc(Q) if they
do not scatter. Since both mass and the equation are invariant under a couple of
symmetries, the coincidence of the solutions with the examples only hold modulo
these symmetries. Specifically, the symmetries are: translation, phase rotation,
scaling and the Galilean boost.

Pe(Q) = |t|"2e

CoNJECTURE 1.3 (Rigidity conjecture at the ground state mass). Let ug €
L2(R?) satisfy M (uo) = M(Q). Then only the following cases can occur

1. The solution u blows up at finite time, then in this case u must coincide
with Pc(Q) up to symmetries of the equation.

2. The solution u is a global solution. Then in this case, u either scatters in
both time directions or u must coincide with SW up to symmetries of the equation.

In [20], Merle considered the first part of the conjecture, where he identified
all finite time blowup solutions as Pc(Q) under an additional H} assumption on
the initial data. See also [32] for the preliminary result due to Weinstein and [9]
for a simplified proof of Merle’s argument due to Hmidi-Keraani. By Merle’s re-
sult and pseudoconformal transformation, the second part of the conjecture, which
characterizes all global solutions with ground state mass, still holds if we make the
strong assumption that the initial data ug € ¥ = {f € H},zf € L2}. Finally it is
worthwhile to notice that Merle’s argument works for all dimensions without any
symmetry assumption on the initial data.

Without the ¥ assumption on the initial data, it is not clear at all how to deal
with the case when wug is merely in L2 and the corresponding solution is global.
Recently in [I4] and [I8], we proved the second part of the conjecture when the
initial data ug € HL(R?), d > 2 and is spherically symmetric. In dimension d > 4,
the results hold even under a weaker symmetry assumption, namely, the initial data
is only required to be splitting-spherical symmetric (see [I8] for more details).

As stated, all the results concerning the rigidity conjecture require the H}
regularity on the initial data since it is the minimal regularity to define the energy
and to carry out the spectral analysis. Here the energy refers to

1 9 d 2(dd+2)
Energy: E(u(t)) = §|\Vu(t)||Lg - ml\u(t)ll 2ary = E(uo).
L,

The purpose of this paper is two-folded. First of all, we lower down the sym-
metry assumption on the initial data in the scattering conjecture. Secondly, we
prove certain rigidity results for all finite mass solutions under this weak symmetry

2(d+2)
Here by ”non-scattering”, we mean that the Lt)xd norm is infinite. Obviously, the "non-

scattering” solution may blow up at finite time, or can exist globally.
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assumption. The weak symmetry we refer to here is the ”"splitting spherical sym-
metry”. For the notational simplicities, we choose to work in 6-dimensions and we
require the initial data ug satisfy

(1.4) uo(z1, -+ ,26) = uo(\/x% + a2 + 22, \/xi + a2 + 22).
The extension to arbitrary higher dimensions is also expected after some technical
changes. Our main results are the following

THEOREM 1.4 (scattering in 6-dimensions with symmetry (). Let ug €
L2(RS) satisfying M (uo) < M(Q) and symmetry [LA). Then the solution to ()
with this initial data exists globally and satisfies

lull < C([luollz2)-

8
EI(RXRG)

In particular, this implies scattering: there exist ux € L? such that

lim ||u(t) — e uy| 2 = 0.
+oo o

t—
The following theorem proves the rigidity conjecture for merely L2 solutions under
certain assumptions.

THEOREM 1.5 (the only two-way non-scattering solution is solitary wave). Let
up € L2(R®) satisfy M(uo) = M(Q) and symmetry [} Suppose the mazimal-
lifespan solution u(t,x) on time interval (—=Ty,T*) does not scatter in the sense
that

il = [Jull

Then T, = T* = 0o and u = Q) up to scaling and phase rotation.

s s
L} .([0,T+)) LP . (=T.,00)

1.2. Outline of the proof. The proof of the above two theorems follows
roughly the same general strategy as in previous works [14), 18, M5, [M6]. The
main part of the proof, as we shall see soon, is devoted to upgrading the regularity
of the solutions. However to lower the regularity assumption on initial data we
have to adopt a new local iteration scheme which is developed in our very recent
work [T9]. The main advantage of this new scheme is that we only need to use the
local in time information of the solution. Therefore it works for all solutions with
certain compactness. This sets free the procedure of picking up three candidates (or
referred to as “three enemies” in [TI5, 6] in the proof of scattering conjecture).
At the same time it enables us to deal with the rigidity conjecture in the critical
L? space.

In what follows we outline the proof of Theorem [l in three steps. The proof
of Theorem [[A is only slightly different at the first step and therefore we shall give
the necessary modifications (see Remark [C8 below).

Step 1. Reduction to almost periodic modulo scaling solutions.

This is by now a standard step. We argue by contradiction and suppose the
scattering result Theorem [CAl does not hold. Then the failure of the theorem
implies the existence of solutions with certain compactness. More precisely, the
argument in [25, T3}, [] establishes the following

2In other words, we will eliminate all enemies without performing the reduction procedure
to three enemies
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ProrosITION 1.6. [25l I3, O] Suppose Theorem fails, then there exists
minimal mass M. < M(Q) and mazimal-lifespan solution u(t,z) : I x R® — C such
that u satisfies (L) and
e u has the minimal mass: M(u) = M,;

e 1 is almost periodic modulo scaling in the following sense: for any t € I, there
exists N(t) > 0 such that {N(t)3u(t, ﬁ)} is precompact in L2.

Here N(t) is the frequency scale. In the physical space, it also measures the
concentration size of the solution. Basically we do not have any a priori control
on N (t)E which is the heart of the problem. The explicit control on N (t) provides
the control of Strichartz norm of the solution on certain time intervals which is
crucial to upgrading the regularity of the solution. However, as we shall show in
the second step, to gain additional regularity of the solution we will use a local
iteration scheme in which we do not need any a priori control on N(¢). This is
different from the works [15], [16].

REMARK 1.7. In more detail, the argument in the proof of scattering conjecture
for radial solutions in d > 2 (see [15], [T6]) relies on performing yet another limiting
procedure to pick up the candidates for which we have good control on N (¢). This
is a crucial step in the proof in [I5l, I6], namely to prove the existence of three
enemies and then kill the three enemies by proving additional regularities. The
three enemies are: soliton like solution with N(¢) = 1; high-to-low cascade with
N(t) <1 and liminf, 1. N(t) = 0; self similar solution N(¢) = t~2. However in
the present proof, we shall not reduce to three enemies and we will directly kill all
enemies.

REMARK 1.8. The proof of Theorem [T is based on Theorem [CA Namely,
knowing that Theorem [ holds true, then M (Q) is the minimal mass for solution
to not scatter. As a consequence of this minimality and the compactness argument
in [25] for example, all the solutions with symmetry () and ground state mass
must be almost periodic modulo scaling. Since by the assumption, the solution
does not scatter on both time directions, the almost periodicity holds on both time
directions as well. Therefore, similar to Theorem [[4 all the work is reduced to
proving additional regularity of the almost periodic modulo scaling solution and
localization of kinetic energy. Finally, to exclude all possibilities when the solution
does not coincide with SW and Pc(Q), we will use the truncated virial argument.
See Step 2 and Step 3 below.

To conclude, after establishing the compactness property of the solution, the
proofs of both Theorem [C4] and Theorem [CH are both hinged on showing that the
almost periodic modulo scaling solution on both time directions must have Sobolev
regularity H'*%. This is the main content in the

Step 2. Additional regularity for almost periodic modulo scaling solutions.
More precisely we prove the following
THEOREM 1.9 (Additional regularity for almost periodic modulo scaling solu-

tions). Let u be a mazimal-lifespan solution of [I)) on I in siz dimensions obeying

30ne can keep in mind the two examples of almost periodic modulo scaling solutions: SW

and Pc(Q). For SW, N(t) = 1; for Pc(Q), N(t) = 1.
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symmetry [C). Let u be almost periodic modulo scaling on I. Then there exists
€ > 0 such that Vt € 1,

u(t) € Hyte.

Moreover, the kinetic energy of u is uniformly localized: for any n > 0, there exists
C(n) > 0 such that

(1.5) SUp (|90 Vult)lzz < n-
€

We will give the proof in Section Bl Section H and Section @l Here we describe
the main idea of the proof. We will work with each single dyadic frequency of u:

| Pnu(t)] 2z -
First by using in/out decomposition and weighted Strichartz inequalities, we prove
(1.6) =1 Pyu(t)z S NT'F

with a uniform in time bound, where ¢~ is a smooth cut-off function supported in
the region |z| > 1. This then reduces matters to considering the part of the solution
near the spatial origin, i.e. [[¢<1Pyu(t)|[z2. This piece is trivially bounded by

An = HPNUHS([t,H\%ﬁ]),

i.e. the Strichartz norm of Pyu on a local time interval [¢, ¢+ \/LN] It turns out, after
some technical manipulations, that this latter quantity is better suited for iteration
and bootstrapping. Indeed we shall establish recurrent relation for Ay and we will
iterate our estimates only finitely many (but sufficiently many) steps. The crucial
point is that during the iteration process, we only need to use the information of
the solution on a unit time interval [t,¢ + 1]. Therefore we do not need to use the
full control on N(t). We remark that although as a sacrifice the H1T¢ norm of u(t)
depends on t, the analysis here combined with ([CH) and a further spatial decay
estimate (see Section ) give rise to the uniform localization of kinetic energy ([CH).
This property is enough for us to use the truncated virial argument in Step 3.

Step 3. Truncated virial argument.

The contradiction for the scattering result Theorem [ and final coincidence
with the examples in the rigidity result Theorem [[H follows quickly from the kinetic
localization by using a virial type argument. This part of the proof is standard and
will be given in Section @

We have explained all three steps of the proofs of Theorem [ and Theorem [T
A few remarks are in order. First of all, as we will see later in the detailed proof, the
additional regularity comes from the compactness in both time directions. In other
words, only knowing the solution is almost periodic modulo scaling in one time
direction is not enough to prove the additional regularity. This fact is not fatal in
the proof of scattering result [C4] since we have the freedom to choose the two-way
non-scattering solution to work with (see Proposition [CH). However, concerning
the rigidity result Theorem [CH two-way non-scattering has to come in as our
assumption. As a matter of fact, it is an interesting problem to deal with the case
when the solution does not scatter in one time direction but scatters on the other.
Secondly, we want to point out that, due to the anisotropicity of the function, the
proof here is more involved than in [T9] especially in getting the uniform regularity
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away from the origin. Finally, the extension to higher dimensions is also expected
where we need to use the tools developed in [1§].
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up funding from Mathematics Department of University of lowa and the NSF grant
No. 090832. The work of X. Zhang was supported by the start-up funding from
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Fellowship.

2. Preliminaries

2.1. Some notations. We write X <Y or Y 2 X to indicate X < CY for
some constant C' > 0. We use O(Y") to denote any quantity X such that |X| < Y.
We use the notation X ~ Y whenever X <Y < X.

We use the ‘Japanese bracket’ convention (z) := (1 4 |x[?)'/2.

We write LIL" to denote the Banach space with norm

sy = ([ ([ ol az)"" ar) ™,

with the usual modifications when ¢ or r are equal to infinity, or when the domain
R x R? is replaced by a smaller region of spacetime such as I x R, When ¢ = r we
abbreviate L{ L% as L{ ,. For notational consistence, in this section, d is understood
to > 3.

Throughout this paper, we will use ¢ € C>(R?) be a radial bump function
supported in the ball {z € R? : |z| < 22} and equal to one on the ball {z € R :
|z] < 1}. We also denote 1(x) = ¢(z) — ¢(2x). For any constant C' > 0, we denote
p<c(x) == ¢(&), d>c :=1—d<c and Yo(z) = V().

In this paper, we use x! to denote the vector (x1,x2,73) and z? to denote
(74,25,76). Same explanation applies to y',y?. We use A;, V; to denote the
Laplacian and gradient operators restricted in 27 direction. For any two functions
f,g: RS — R, we use * to denote the usual convolution, i.e.

[rg(z) = f(w —y)g(y)dy.

We use *,1 to denote the convolutlon in (z1,z2,x3) variable, for example

FCoa?) e g(-, /fx—y c2)g(yt y?)dy*
Similar convention also applies to *,z2.

2.2. Basic harmonic analysis. For each number N > 0, we define the
Fourier multipliers

P () == on(©)f(©)

and similarly P<x and P>py. We also define

Pyc<ni=P<y —P<py = g P
M<N'<N
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whenever M < N. We will usually use these multipliers when M and N are dyadic
numbers (that is, of the form 2™ for some integer n); in particular, all summations
over N or M are understood to be over dyadic numbers. Nevertheless, it will
occasionally be convenient to allow M and N to not be a power of 2. As Py is not
truly a projection, P # Py, we will occasionally need to use fattened Littlewood-
Paley operators:

(2.1) PN = PN/2+PN—|—P2N.

These obey Py Py = Py Py = Px.

Like all Fourier multipliers, the Littlewood-Paley operators commute with the
propagator e**2, as well as with differential operators such as i9; + A. We will use
basic properties of these operators many times, including

LEMMA 2.1 (Bernstein estimates). For 1 < p < g < oo,
IV Paf || o ~ N=*[ Px £l 2

d_d
|P<nfllrs S N7~ a||[P<nfl 2,

d_d
IPnflle S N? || Pnfllre-

While it is true that spatial cutoffs do not commute with Littlewood-Paley
operators, we still have the following:

LEMMA 2.2 (Mismatch estimates in real space). Let R, N > 0. Then

|6>rVP<ndnflly S N'TRT™ f L
H¢>RP§N¢g§fHL5 Son NTTRT| fll e

forany 1 <p<oo and m > 0.

ProoF. We will only prove the first inequality; the second follows similarly.
It is not hard to obtain kernel estimates for the operator ¢>RVP§N¢§§- In-
deed, an exercise in non-stationary phase shows

|¢9>RVP<non(z,y)| S N2 — y|_2k¢\m_y\>§

for any k£ > 0. An application of Young’s inequality yields the claim. O

Similar estimates hold when the roles of the frequency and physical spaces are
interchanged. More generally we have the following

LEMMA 2.3 (Mismatch estimates in frequency space). Let 1 < p < 2, then for
any m > 1,

|Pvé<nPosn S|l 2 Sm No 72 (RN) ™| f] s

d__da —-m
[Pvo<rPey flliza S Nv~2 (RN)™™(|fl| 2
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PROOF. We first prove the second inequality, the treatment for the first one is
similar. By Plancherel, we write

HPN¢<RP<N/8f - Hw%md [ e —mehiwma
< muco)( flome - moRh pdn); Ay
< m? i ( f]ocree - Smo) pdnf Il

< RINZTE(RN) ™| f| 2
< (RN)Z" N2 (| £ 2.
[l

Before finishing this subsection, we remark that in this paper, we will use P}
to denote _the frequency projection in subspace Ri 1. Same convention applies to
P% and PLy fori=1,2.

2.3. Some analysis tools. We will need the following fractional chain rule

lemma.

LEMMA 2.4 (Fractional chain rule for a C! function, [B][22][27]). Let F €
CY(C), 0 € (0,1), and 1 < r,r1,73 < 00 such that = % + % Then we have

IVITF@)ly S I @)l VIl 7
PRrOOF. See [B], [22] and [27]. O

We also need the following lemma from [16].

LEMMA 2.5. Let 0 < s < 1+ 3, then

4
NVIPF@ 2wen S NIVl 2w [lu]®
I, 4 L, @

2(d+2) *
L, ¢

We will need the following sharp Gagliardo-Nirenberg inequality

LEMMA 2.6. Let Q be the ground state in the Definition L. Then for any
f € HY{(RY), we have

s A2 M)\ o
(2.2 I < 2 (575 ) vt

The equality holds only and if only
(2.3) f=ce®X2Q(\(z — mp)).
for (c,0,)\) € (RT,R,RT).

We will need the following radial Sobolev embedding
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LEMMA 2.7 (Radial Sobolev embedding, [24]). Let dimension d > 3. Let s > 0,

a > 0,1 < p,q < oo obeys the scaling restriction: o+ s = d(% — %) Then the

following holds:
2* flle@aey S VI fllLe@ay,
where the implicit constant depends on s, o, p, q.
2.4. Strichartz estimates. The free Schrodinger flow has the explicit expres-

sion:

eitAf(x) _ (47T2)d/2 ‘/Rd ei\w—y\2/4tf(y)dy7

from which we can derive the kernel estimate of the frequency localized propagator.
We record the following

LEMMA 2.8 (Kernel estimate[I5), I6]). For any m > 0, we have

) t|=/2, s —y| ~ Nt
|(PN€ltA(I,y)| ,Sm {| | - | y|
[N?t[™(N]z—y[)™

: otherwise
for [t| > N2 and
|(Pne™)(z,y)] Sm NUN|z —yl)™™
for |t < N2,
We will frequently use the standard Strichartz estimate. Let I be a time inter-
val. We define the Strichartz space on I:
S(I) = LELA(I xRY) N Lng% (I x RY).

We also define N(I) to be the dual space of S(I). Then the standard Strichartz
estimate reads

LEMMA 2.9 (Strichartz estimate). Let d > 3. Let I be an interval, to € I, and
let ugp € L2(R?) and F € N(I). Then, the function u defined by

t
u(t) — ei(iiftg)AuO _ Z/ ei(tft/)AF(t/) dt’

to
obeys the estimate
lullscry S lluollzz + [1F vy,

where all spacetime norms are over I x R%.
PROOF. See, for example, [T, [23]. For the endpoint see [10]. O

We will also need a weighted Strichartz estimate for splitting spherically sym-
metric functions in 6 dimensions.

LEMMA 2.10. (Weighted Strichartz estimate in splitting-spherical symmetric
case).

8
Let I be a time interval, to € I. Let ug € L2(R®), F € L7 (I xR%) be splitting-
spherically symmetric. Then the function u(t,z) defined by

t
u(t) == ety — z/ IR P(5)ds

to
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is also splitting-spherically symmetric and obeys the estimate

14—
e 1wl sy S Molzzom + 1903

The same conclusion holds true if we replace x* by x2.

PROOF. See [18] for the proof. O

2.5. The in-out decomposition. We will need an incoming/outgoing de-
composition which was developed in [T, 16]. As there, we define operators P+
by

[PE£](r) = 5f(r) +

)

i /°° r2 1 f(p) p*tdp
0

™ r2 — p?

where the radial function f : R — C is written as a function of radius only. We
will refer to P is the projection onto outgoing spherical waves; however, it is not
a true projection as it is neither idempotent nor self-adjoint. Similarly, P~ plays
the role of a projection onto incoming spherical waves; its kernel is the complex
conjugate of the kernel of PT as required by time-reversal symmetry.

For N > 0 let Pﬁ denote the product P* Py where Py is the Littlewood-Paley
projection. We record the following properties of P* from [15}, [T6]:

PROPOSITION 2.11 (Properties of P*, [T5], [T6]).
(1) PT + P~ represents the projection from L* onto L? .
(1) Fiz N > 0. Then

ez Pon Sl oguay S 141l auey

with an N -independent constant.
(iii) For |x| 2 N~1 and t > N=2, the integral kernel obeys

_d=1, 1
(lzllyl)= ="t~ flyl = = ~ Nt

B (N%*t+ Nl|z| = Nly|)™™ : otherwise
(Nlz[)"Z (Nly)) 2~

[PEeT ) (z,y)| S

for all m > 0.
(iv) For|z| 2 N~! and |[t| < N~2, the integral kernel obeys

Nd -m
= (Nlz| = Nly|)

P:teiFitA , S —
RN S ey vy

for any m > 0.

3. Proofs of Theorem [[L4] and

As was already explained in the introduction, proofs of Theorem [C4 and Theo-
rem [[H are reduced to obtaining the additional regularity for the solutions which is
almost periodic modulo scaling in both time directions. In this section, we explain
in more details the proof of both theorems.

The only property of the almost periodic modulo scaling solution we rely on is
the following improved Duhamel formula. We record the following result from [25]:
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PRrROPOSITION 3.1 (Improved Duhamel formula). Let u(t,z), t € I be the
mazimal-lifespan solution of [LIl) and is almost periodic modulo scaling on I, then
we have the following

¢
— o — : i W(t—7)A
u(t) =w Tllg}lfl z/in” e F(u(r))dr

sup I )
—w— lim / = P (y(r))dr
t

T—sup I
T2
weakly in LZ.

Comparing with the usual Duhamel formula, the linear flow, which is not
smoothed out with time, vanishes in this improved Duhamel formula. This is
where the additional smoothness comes from.

The key step in proving both theorems is to establish the following

THEOREM 3.2 (Additional regularity for solutions obeying Proposition BI).
Let u be a mazimal-lifespan solution of ([l) in siz dimensions on time interval I.
Let u obey the Duhamel formula Proposition [Z1l and symmetry (CAl). Then there
exists € > 0 such that Vit € I,

u(t) € Hite.

Moreover, the kinetic energy of u is uniformly localized: for any n > 0, there exists
C(n) > 0 such that

(3.1) SUp (|90 Vult)lzz <.
€

The proof of this theorem is the main part of the paper and will be presented in
the remaining sections. Here we assume this theorem hold momentarily and finish
the proof of Theorem [C4 and Theorem [CA

Proof of Theorem [ 4k

PROOF. Suppose by contradiction that Theorem [l does not hold, then the
same argument as in [15], [T6] yields that: there exists minimal mass M. < M(Q)
and maximal-lifespan solution u(t,z) on I = (=T, T*) such that u obeys the
symmetry (L)) and

1. M(u) = Mg;

2. u(t) is almost periodic modulo scaling on T;

Applying Proposition Bl and Theorem B we know that u € H!*¢. This
combined with sharp Gagliardo-Nirenberg inequality and the fact that M (u) <
M(Q) yields that

(a2 Sarw) 1-

From this and the standard H}! local theory, we know that u exists globally, i.e.:
T. = T* = co. In this situation, the contradiction will come from the truncated
virial and the kinetic energy localization as we now explain. Let ¢<g be the smooth
cutoff function, we define truncated virial as

Vi(t) = [ 6<n(aallu(t, o) de.
Obviously
(3.2) Vr(t) S R?, Vt€R.
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On the other hand, we compute the second derivative of virial with respect to ¢,
this gives

(3.3) O Vr(t) = 8E(u)+

1
(3.4) O(/ (|Vu(t,x)|2 + Ju(t, x)|%) dzr + —5 |u(t,x)|2d:c).
lz|>R R2 Jiz>r
Since M (u) < M(Q) and u € H}, from sharp Gagliardo-Nirenberg inequality (2

we have
E(u) > 0.

Now we can use the kinetic energy localization BIl) and Gagliardo-Nirenberg in-
equality to control the error term (Bl and finally arrives at

&gtVR(t) > 4E(u) > 0.
This obvious contradicts [B2). The proof of Theorem [l is finished. O
Proof of Theorem

PROOF. Let u be the solution of ([l) in six dimensions obeying the symmetry
@) and

1. M(u) = M(Q),

2. u does not scatter in both time directions.

Since by Theorem[[ ], M (Q) is the minimal mass, the compactness argument in
[25, T3], @] shows that u is almost periodic modulo scaling in both time directions.
Now we can apply Theorem to deduce that u € H}. Since from Merle’s result,
the only finite time blowup solution must be Pc(Q) up to symmetries and Pe(Q)
scatters in one time direction, we know from condition 2 that « must be a global
solution.

From (32, this global solution u satisfies F(u) > 0. Moreover, the same virial
argument as in the proof of Theorem [ allows us to preclude the case F(u) > 0,
therefore we obtain E(u) = 0. From this the coincidence of the solution with solitary
wave follows immediately, again by the sharp Gagliardo-Nirenberg inequality. The
proof is completed.

O

The remaining part of the paper is devoted to proving Theorem This is
done in several steps: In section Bl we prove additional smoothness away from the
origin with uniform in time bound through finite steps of iteration; In Section B
we prove u(t) € H ¢ by using a new local iteration scheme. In Section B, we prove
the uniform localization property for kinetic energy.

4. Smoothness away from the origin with uniform in time bound

In this section, we show that for any L2 solution which obeys the improved
Duhamel formula Proposition Bl the H'T norm away from the origin is well
defined and has the uniform in time control. This property will be used crucially
in the local iteration scheme in the next Section. In the radial case, this result was
proved in [T4] by a two-step iteration. However, in this 3 4+ 3 case, the proof is
much more complicated due to the anisotropicity of the function.



358 DONG LI AND XTAOYI ZHANG

PROPOSITION 4.1. Let ug € L2(R%) and obey symmetry (CA). Let u(t,x) be
the mazimal-lifespan solution on I = (=T, T™*) satisfying the improved Duhamel
formula Proposition [l Then for any N > 1,

(4.1) I¢1 Pyu(t)|r2 S N7'7w0,  Vie (=T, T7)
In particular,

(4.2) sup )||¢>1Vu(t)|\L§ S L

te(—T.,T
In both of the two estimates, the implicit constant depends only on M (u).

PRrROOF. We only give the proof of #Il), since ) follows from ) and sim-
ple manipulation involving dyadic decomposition and mismatch estimate Lemma

We prove [ in two steps. In the first step, we get a little decay in N, say
N~3. Then in the next step, we improve this decay via finitely many iterations.
For the notational convenience and without loss of generality, we assume T, = T =
00.

Step 1. In this step, we prove

(4.3) sup |1 Pyvu(t)|rz S N7, YN > 1.
teR

By time translation invariance, it is enough to prove
(4.4) lp>1Pnuollzz < N735, VN > 1.
where the implicit bound depends only on M (u).

Since Py ~ PY P2, + P3P, we use triangle inequality to bound

|p>1Pnuollzz S ||¢>1151{7P%NU0||L§ + ||¢>1PJ%/P%NUOHL§-
By symmetry and without loss of generality, we only need to estimate
(4.5) [¢>1 Py P2 yuol 2

here and afterwards, we write P) instead of P}, for notational convenience. This
can be trivially bounded by

(4.6) ||¢>1¢\11\§%P]{7P%NUOHL§ + ||¢>1¢|m1\>%PJ{/P§NUOHL§~

We first estimate the term with cutoff ¢, 1, for which we use in/out decom-
position to get

H¢>1¢\zl\>%P]{IP§NUJ0”L§ < H¢>1¢\zl\>%P]{I+P§NUOHL§
+ H¢>1¢\11\>%P§_P§NUOHL§-

For the outgoing piece, we use Duhamel formula forward in time; for the incoming
piece, we use Duhamel formula backward in time. Since the two give the same
contributions, we only estimate the outgoing piece. Let 0 < o < 1 whose value will
be chosen later. We use Duhamel formula, cut the time integral into short, long
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time pieces, and then introduce spatial cutoff to get

(4.7)

(4.8)

(4.9)

(4.10)

||¢>1¢\zl|>%P]{I+P§NUOHL§

< 01010, P P2y [ R (ur)ar
0 2

S ¢>1¢\11\>%P$+P§N/ ) e 2o NrjaF (u(T))dr
Nlto L

+ ¢>1¢|m1\>%P]{[+P§N/ eiiTA¢SNT/4F(u(T))dT

N11+a L2

1
1+ p2 NI _irA

+||¢>10101 > 2 Py Py € ¢1/4F (u(T))dr

0 Lﬁ

1

P1+P2 Nite —iTA F d

+ |[#>10p2115 1 Py P2y e " g<ijaF (u(r))dr

0 L2

We first estimate the tail terms (E¥) and EI0). For ), we use the kernel
estimate

‘@511>}VPJ{7+€_Z'TA1¢y1<NT/4)($1791)'§ N3(N?*7) "N |z" — ')~

Using this estimate in the x! direction and Bernstein in the other, @3X) can be
estimated as follows:

oo
1

ED) < / e 22 (B1a1 15 1 Py e T3 bpyt < g ja P2 N <7 ja F (u(T)) | 2 dr

Nl+o

< / ) ||(;5‘11|>%P]{[Jre_iTAl¢|y1|§NT/4P%N¢§NT/4F(U(T))||Lid7'

Nifo
S [ NN ) ks Pydene Pz, sz, dr
Nifo
SN2 [ arsup [N Dy P2 bene s @) g sz,
T 1 5

Nl+o

< NTYONWOOTINT2N sup ||F(u(r))|

Buloy

L
—10+4+100
<N .

For (EETN), we further split the cutoff in 2! to estimate

(4.11)

(4.12)

We first estimate ([ELII)). Since ¢>16),1 <

1
< P1+P2 Nite —iTA F d
O < 60163 ey PE P2 [ e 720y Fu(r)dr
0

L2

1
Nl+o .
n H¢11>%P}v+ [T ey Pt
0 Lﬁ

= 051051 <1Ppa2)> 1 and

1
2

P\ P2y = Py P2\ Py,
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we first throw away the bounded operator ¢ 1 <|w1|§%P]{,+P% n then use kernel es-
timate Lemma to get

1
~ 1+o .
EID < \ b Py [T o Flum)ar
0 B L2

SNTTswp 6y Prem 0y Flu(m))]lz

TG[O,W]
S NN TN ) P e
S NN g 1w

8uloy

LeL,
< N5,
For (EETJ), we use Proposition Il in the x! variable and Bernstein in the other to
obtain
EI2) SN e 20 s Pyt e TR0 < P2 G F(u) | ooz
SN sup ||(¢\11\>%PJ{[+6_WA1¢\1;1|§%)PéN(bSiF(u(T))HLi
T
SNTTTsup NEANTON]- )T g IPEnd<s F(u)
TER L,jl - -

SNTTINTE sup [E(u(m)] ¢
TE

I s 2
L3 22
21

L2
< N2,
So the contribution from the tail terms is negligible if we take 0 < o < %:

E3) + @ < N

Now we look at the main term ), for which we use Strichartz to bound as

E&ED < HPN/ ) e_iTA¢>NT/4F(¢>NT/8u)(T)dT

Nl+o

12

< HPN/ ) e TR Ny /a(Prys<.<sn + Posn + Penys) F(¢snrsu) (7)dr
~Nito

L3
(4.13)
S IPNGsNrja(Posn + Panys) F (¢ Nr/s)llL1r2 (1 o0))

Nito

(4.14)
+H/ , @005 e PNF (¢ szu)(r)dr

Nl+o

We use mismatch estimate Lemma B3 to deal with EI3):
@) < N?|[(N?7) " F (fsnr/su)

SN2 b (it 00

Nito:

L2

[
LLL2 ([ 57 »00) XRY)

< N10(e—1)
For (@), without loss of generality, we assume

PNz = Py Nr Pp1ps Nr
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Then using weighted Strichartz Lemma EZI0, radial Sobolev embedding in the !
variable and Bernstein, we have

1 5
EDD < Nzt 2F parjs Nrs PN E (bsnrysu)l| L a0
L7 L3 ([gr5720))

_1 _1 ~
SN 2-’_”T 2+¢|m1\>NT/8PNF(¢>N7-/8U)||L2,L%+([ i )
T £ Nito , 00

SNTEHrEt(NT) s |||$1|§15NF(¢>NT/su)|IL%+||sz(

[is 00)

SN r  H(NT) TS|V T Py F (65 7 s)

I8 1 llnz e oo

SNTH T () I NTT N PY P (o nr )] gl

Nito ,00))

_1 -3
SN 2t ooy
< N%(O’—l)"{‘-

Finally, we estimate the other main term (). We have

W < HPN [ e, P i

L2
1
- Nite .
5 HPN/O 6717A¢>%(P%<,§8N + PSN/S + P>8N)F(¢)>%u)(7')dr

S ||P%<-§8NF(¢>lu)”

8

L3
12 L3 (0, )

+ ||PN¢>§(P3% + Posn)F (¢ 1wl Lizz o
< N=F | Py F(¢s1u)

1
syite))

-5
| LeL §+ +N
_lfo 1 _5

SNTEHH PG ) s+ N

<SNFF
Collecting all the pieces together and taking o = %, we get the desired NV ~50 bound
for the second term in [H). We still have to estimate the first term involving the
spatial cutoff (b‘z”g%. The estimate will be similar, so here we only sketch the
proof. We first use improved Duhamel formula to bound it by

¢>1¢\11\S%P]{;P%N /0 e AR (u(r))dr

L3

Then we split the integral into long time piece from ﬁ to oo and short time
piece from 0 t0 w1+

For the long time piece, we insert the spatial cutoff ¢ /4 and ¢ /4 in front
of F(u). The term with cutoff ¢ /4 can be treated in exact the same way as
ED). The term with the cutoff ¢< /4 is still a tail term, since the desired decay
in N comes from the decay of kernel

1 _—itA 1 1
Platj< 2 Pne” T b ianryal@t, )

in the 2! variable and Bernstein in the other.
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For the short time piece, we insert the cutoff ¢>% + (bS%. Again the term with
cutoff ¢>i can be treated in the way as ™). The term with cutoff ¢§i is a tail

term and will give us the bound, say N ~°.
Therefore finally we establish

(4.15) [ ¢>1Prullpwre S N5

Moreover, it is not hard to find that after minor notational change, the above
proof also gives that for any 0 < ¢ <1

(4.16) e Pru(t)]|rz Se N5

Step 2. This step we prove the following: Let 0 < s <1l and 0 < ¢ < 1. If

(4.17) sup || ¢sc/sPyu(t)| 2 Se N7°.
teR
Then
(4.18) sup [|¢scPru(t)|| g2 So N=5mn(5:15),
teR

Without loss of generality, we assume ¢ = 1. By time translation invariance, it
suffices to prove

(4.19) [¢>1PNuollrz < N7sTmin(5,55)

under the assumption EID). Similar to the estimate ), it is reduced to esti-
mating the following two terms:

(4.20) |‘¢>1¢\11\>%P]{7P§NUOHL§7
(4.21) |‘¢>1¢\11\§%P]{7P§NUOHL§'

To estimate ([LZ0) we use the in-out decomposition and improved Duhamel formula
thus reduce to obtaining the following
o0
¢>1¢‘zl‘>%P}V+P2N/ e AR (u(T))dr|| < NS ),
- Jo

(4.22) ’
L3

Now we adopt a slightly different strategy to treat the LHS of ([E2Z). This time

we split the time integral into [0, ] and [+, 00), thus reduce matters to proving

(4.23) ‘¢>1¢11>%P]§+P2N/ e AR (u(r))dr|| < NTSTmInG),
< 1 12
4
(424) ‘¢>1¢|I1|>%P]{[+P2N/ eiiTAF(u(T))dT S Nfsfmin(%ﬁflg)_
—Jo L2

To obtain ([EZJ), we still insert the spatial cutoff ¢<n- /44 ¢~ nr /4 in front of F'(u).
The term with cutoff ¢< /4 is a tail term, the same calculation as in estimating
ER) gives us the bound N5,

Now we turn to the term with cutoff ¢~ /4. This is the main regime where
we need to use weighted Strichartz. After certain mismatch estimates and throwing
away the bounded operator, it suffices to consider the piece

/1 e TR Ny aPNF (¢s nrjsu) (T)dT

N

(4.25)

L2



RIGIDITY FOR ROUGH SOLUTIONS 363

Without loss of generality, we may assume

¢>NT/4 = ¢>NT/4¢|;E1\>NT/8'
The other case ¢ n7/40|22|> N+ /8 is similar. By weighted Strichartz, radial Sobolev
embedding, Bernstein inequality and the inductive assumption (1), we compute

1 1 >
EZD) S N = r7 2 b s N s PN F (P nrs)l| Lo 4
L7 L2 ([,00))

< N_%+||T_%+(NT)_§||L37([%7OO)) - sup |||£U1|%PNF(¢>NT/8U)(T)HL%+
T> % ’

V3~ Py F (65 e su) (7))

1

_1 _1 _1
SN N g g oy S0 n
T ~ x

_1 _1_ 1 ~
SN T2 7 2 1 o) sup ||PNF(¢>NT/8U)(T)||Lg
T>W i

1 s o
SNTET sup N[V F (65 neysu)l g

5
T> 5 L
1
P
< N—s1o.

Adding the two pieces together, we establish ([EZ3).

Now we establish [EZ). Again we split the term on the RHS into two terms
by inserting spatial cutoffs ¢-,,4 and ¢<; /4 in front of F'(u). The term with cutoff
¢<1/4 gives us the contribution N ~5 which is negligible. Applying the mismatch
estimate and throwing away the bounded operator, the estimate of the term with
cutoff ¢/, is essentially reduced to estimating the following

(4.26) H/OW €_iTA¢>1/4PNF(¢>1/8U)(T)dT

L3
We estimate ([20) by using the weighted Strichartz Lemma BT radial Sobolev

embedding, Bernstein and the inductive assumption®@Id). Without loss of gener-
ality, assume ¢~1/4 = ¢51/40|z1|>1/5. Let so = min(%, %s), we have

< ||tz t PyF
EZD) <zt 2  Blary> 18Py (¢>1/su)IIL$,L§+([O%D

_1_ ~
SN sup | P F (s sy

TE
_1_ 15—-2s9 _ 3 _ _
SNT2NSTT T DN T sup (|| V[T F (51 /su)(7)]| s
TER L, 0
112 _ 2 _
SNTETNZTEOENTF sup [ gsq sull® o (VI (951780 L2
TER L3=s0

— 25— — 2
SNTEe sup [V (05180 221V (951/5w)ll 22
TE
< N-3o-st,
Collecting the estimates, we obtain

(m) < N—s—min(%,%)'

The contribution due to ZI) can be estimated similarly, so we have

(m) < N—s—min(%,%).

B ol

+
2
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Therefore we obtain LT9) and finish the discussion of step 2. The proof of Propo-
sition EE1lis then completed.

0
5. Local iteration to prove u(t) € H1+2°°
LEMMA 5.1. For any N > 1 we have
(5.1) |Psnuollzz S N 71710 + ”PZNF(H)HL?I([O,%W])'

PRroOF. Since by Proposition BT} [[¢~1P>nuolz2 S N~1-75, we only need to
estimate the near-origin piece [|¢<1 P>nuol[z2. By the improved Duhamel formula
Proposition Bl we get

¢§1PZN /Oo €_iTAF(’U,(T))dT
0

[¢<1P>nuol[zz =

L
1
Mo
(5.2) < ‘ ¢§1P2N/ e A (u(r))dr
0 L2
(5.3) + ‘ ¢§1PZN/ e TGNy F (u(r))dr
(5.4) + ‘ ¢§1P2N/ e TR Ny F (u(r))dr||
7 13
For (&2), we use Strichartz to bound it by
P>nF .
P> (u)HLi([o,ﬁ])
For (&3)), using kernel estimate Lemma ¥ with m = 20, we have
BB < Y [osiPu / 86 P (u(r))dr
M>N Lz
S S e [ B ) Fu(r) sz
M>N o
S DY MTEM || F ()| L g MDDy
M>N Ll
<>
M>N
<SN7O.

The estimate of (&) follows the same way as the estimate of ) or ZH). We
have

63 <N T sup ||PNF(¢>NT/8U)H g+ N7
relkeo0) B
< N6t gup IVE(¢snrsu)l| g N7
TE[#»OO) ke
SN

Here in the last line, we have used the uniform boundedness estimate [2).
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This finishes the proof of Lemma Bl
O

LEMMA 5.2 (Dual Strichartz norm control). Let 5 > 0, Ny > 1, N > %NO.

Then for any 0 < s <1+ %, we have

PsyF

PO

2 M\?
oy X () 1Pl
(0,0 VTN N VN
PR 1 1

63+ lusanlisio g (NI 4 Tl sl nallh e )

PROOF. By splitting u into low, medium and high frequencies:
U = U<SN, T UNy<-<BN T U>BN,
we write
(5.6) F(u) = F(uzpn) + O(uspnluzn|¥) + Olus g s | ).

The contribution due to the first term can be estimated as follows. By using Lemma
3 and Bernstein, we have

P F
|| >N (USBN)HLEI([O, L)
SN7EIVIPPsnEF(u 8
V" P>nF( <EN)||L,§$([O, L))
SNV u 8
||| | SBN”LE’,I([O» 1N])H SBN”L?J([O) IN])

2 M\°
< HUHE([O’V_%DM;N<W) [Parulls o,y

For the contribution due to the second part of (&fl), we use Bernstein to get

2
USAN|USN |3 ]| 8
lusanlusl il 0

2
S lussnl llusno |l

L300, 5D L, (0. 55))

1 2
S ||U>BN||S([o,ﬁ})No2N Sllusnoll 7o 2
3 Ar—1
§||u>ﬁN||S([0,\/Lﬁ])N02N 5.
To estimate the third term in (), we have

2
luspn|usnol 3| s
ZONTE=NO LS (10,2

2
l[usno 5
3. (0. 7))

S sl
t,x VN

8
2.0, %D

1 1
S ||u>ﬁN||S([0,ﬁ]) ||U>No Hlﬁ/f"Li([O»\/—lﬁ]) ||U>No H;([O’\/;N])-

Collecting the three pieces together, we get ().
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Now we use the above two lemmas to establish the recurrent relation for the
local Strichartz norm. The precise quantity we consider is

Ay = [[P>nvull 5o,
Our purpose is to prove that
(5.7) An < C(|lulls(oa))N ™17, YN > 1.

Here the constant depends on the Strichartz norm of u on unit time interval [0, 1]
which is certainly bounded. This automatically gives

(5.8) | Pyuollpz S N710,
In particular,

(5.9) ol 14235 S Cllullso.an):
Now we establish the recurrent relation for Ay through which the bound (&)
can be deduced. Let
A = |ullg(o,17) +1 < oo.

We use Strichartz inequality, LemmaBdl Lemma B to estimate Ay. Fixing s = %,
we obtain

AN S IP>Nuollzz + [ P> E(u)]|
SN 4 ||Poy F(u)

<N iy
4
2 MY\:3
(5.10) As Y (W) 1Parull o, 1 py+
M<BN
1 1 1 1
(5.11) ”PZﬁNUHS([O,ﬁ])(NOZN s+ A2 |‘u2NontooL§([07\/%]))'

For (1), we make a little modification. Noting Prs = PasP>py/2, we have

4
, M\
Em<at Y (F) IPaeilso )
M<BN
4
2 MY\:@
<As Y (ﬁ) P> a5 o, -1 1)-
M<28N

Now we absorb (BI1) into (&) through taking suitable parameters. First we
take Ny = Ny(8, A) such that

. 1 1 4
Az [JusNollFoe r2 j0,1) < mﬁ“

This is certainly possible since u is almost periodic modula scaling and [0,1] is a
compact interval. Then we assume N > My where M, satisfies

1
B

1 1 4
(5.12) Mo FN§ < 35567
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Under these conditions we have

1 4
(5.13) GID) < ;6% [1Pepvullsio. 4o

Therefore we get for all N > M that

4
1 2 M3
Apn SN 0+ A3 Z (W) HPZMUHS([O,\/%])'
M<28N

By taking g sufficiently small then taking M, large enough, we can kill the implicit
constant above and get

7
—1-—L M\ S

M<2BN

Now, we split the summation into M < My and M > M. For large M, we
trivially bound the summand by

7

(3

Then we sum all the pieces for small M, this gives that

7
M\F*© 7
Z (N) HPEMUHS([O,%N])SCAMOGN ‘.
M< M,

Here the constant C' is produced in dyadic summation. Finally we establish the
following recurrent relation for Ax: There exists an absolute constant C' > 0 such
that for all N > My,

7
7 M\ ¢
(5.15) Ay SN 4 CAMIN T+ %) (—) A
Mo<N<28N
We need the following lemma to get the final bound for Ax. We have

LEMMA 5.3 (recursive control). Let s > 1, v >0 and s—~ > 1. Let C; > 0 be
such that for all N > My,
(5.16) AN SOIMEN~+ > (%) A,
Mo<N<B'N N
(5.17) Ay < A

Then there exists a constant c(s,v, A) > 0 such that for all 0 < 3’ < c(s,7,A), we
have

(5.18) An <2C,MEN ™7 YN > M.
Proor. We will inductively prove
(5.19) An <201 MEN ™t + (B').
First, plugging the bound (2I) into (Id), we get
Ay <C1MoN~* + C(s)A(B')® <201 MogN—*t7 + 3.
by requiring (/)51 < m. This establishes (&I9) for j = 1.



368 DONG LI AND XIAOYI ZHANG
Now assume ([EI9) hold for j-th step, we plug this bound into (EI8) to compute

Ay < CIMGN™ +20(s)(8')7 - CLMgGN ="t + C(s)(8)* " - (8')
<20, MEN St 4 (B/)I 1,

by requiring (3')Y < m. This establishes (&219) for j + 1.
Finally, (I8 follows by taking j — oo in (&Id). O

Now we apply this lemma with s = %, v = %. By taking ( sufficiently small
depending on A which is certainly possible, we obtain

(5.20) Ay < 4CAMZP N~'~1bo,

for all sufficiently large frequencies. This together with the estimate on finite fre-
1
quencies establishes (&)-(E3). The H, " tegularity for ug is then established.

_1
This implies that u(t) € H;JFZOO for any ¢ in the maximal lifespan, although the
bound for this Sobolev norm bound may not be uniform in time.

6. Uniform localization of kinetic energy

In this section, we prove the uniform localization for kinetic energy (BII) in
Theorem 22 To this end, we will use Proposition Bl the fact u € H* which was
proved in Section H and the following spatial decay estimate

PROPOSITION 6.1. Let u be the mazimal-lifespan solution of ([l on I and
obey Duhamel formula Proposition Bl and symmetry [Ld). Let Ny < Ny be two
arbitrary dyadic numbers. Then there exists Ry = Ro(No, N1) such that for all
N € [No, N1] and R > Ry, we have

(6.1) Su?||¢>RPNUJ(t)HL§ <R .
te

PROOF. The proof follows the same argument as Proposition 4.2 in our previous
paper [18]. Here we give a self-contained proof for the sake of completeness.

Without loss of generality we assume ¢ = 0 and u is a global solution. The
general case can be treated after minor notational changes. Now by symmetry and
without loss of generality, it suffices to estimate

(6-2) ||¢>RP]{IP§NUOHL§-

This can be controlled by

(6.3) 6> RG|41 (<1 Pr P2 nuoll 2
(6.4) + H¢>R¢\zl\>%P]{7+P%NUOHL§

(6.5) + H¢>R¢\zl\>%Pz{fP§NUO||L§
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To estimate (B3)), we first use Duhamel forward in time (or backward in time),
then put spatial cutoffs in front of F'(u) to get the bound

06) @D < 6ndcy APy [ o F(ur)dr
0 Lﬁ
R
1 p2 ON A
(6.7) < || 65 R0y 1<2 PLPLy / A gy F(u(r))dr
0 Lﬁ
R
1 p2 WO _irA
(6.8) + ¢>R¢|m1\§%PNP§N/ e ¢ ryal'(u(T))dr
0 Li
(69) + ¢>R¢|m1\§%P]{TP§N/ e_iTA¢SNT/4F(U(T))dT
IOISN L%
(6.10) + ¢>R¢|m1\§%PJbP%N/R eiiTA¢>NT/4F(u(T))dT :
00N L

Since we will take R large enough depending on Ny, N1 and N varies on the interval
[No, N1], we will not keep track of the precise power of N. We first deal with the
tail terms (B7) and ([@3). By using the kernel estimate, we have

TN 1 p2  —irA
B S [ lésnPhP2ye ™ bcnaF(u(r) |z dr
0
Toow
SN [T RO ) Pl sz
SNORsup|[F(n)] ¢
< RS,

Here N¢ denotes a power of N whose precise value is not important. Similarly

oo

(EIQI),S/R |65 R j< 1 PN PEne” T2 b<nrjaPesn F(u(7))| 2 dr

TOON

+/R ¢ RO i< L PN PEne T2 b<nr jaPosn F(u(7))| L2 dr-

100N

The second term has arbitrary decay in R by using the mismatch estimate of the
operator

PN P2y¢<nr-jaPssn.
Therefore

B S [ [6eq Phe ™ b jaPesnFlu(r))|padr + R

100N

Now the desired decay comes from the decay estimate of the kernel
¢\11\S%Pz{767”A1¢§N7/4

in 2! variable and Bernstein in the other. So finally we obtain for Ry = Ro(Ng, N1)
sufficiently large and R > Ry,

ED <R
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We now estimate ([EF) by weighted Strichartz estimate Lemma EZT0. Without loss
of generality assume ¢ gr/y = ¢~ R/4P|21|>R/8, We have

_R __
6 < / DG F (9 ) (1) 1z
0

1
S bt o rysF@orys)ll oo av 0 o
T x * 100N

_1 R 1
SR 2+(m)2+||F(¢>R/SU)||L§L§+
SROUNTE R R F(dsrpso)l s

_1 1
SRV Fsrmll g0 g
T 2 zl

_1 1_ 1
S RNV FGsmswll

1 2
S R0 ¢spysullien|6srysull oo s
<R9.
The estimate of {EI0) follows the same way as this. So finally we obtain

(6.11) B3) <R

for all R > Ry(Noy, Ny).
To obtain (&), we still have to deal with (@), (EH). Since these two terms can
be estimated similarly as before, we omit the details. The proof of the Proposition

is then completed.
O

We have collected enough material to deduce the following uniform localization
for the kinetic energy. We write as

PROPOSITION 6.2. Let u be an H} mazimal-lifespan solution on I. Assume
there exist € > 0,9 > 0 such that

(6.12) l¢s1Pyvu(t)|lpz SNT'7°, Viel, N>1.
(613)  [ésaPyu(t)lzz S R, Yte [N € [N, N{], R > R(N, NY).

Then the kinetic energy of u is uniformly localized in the following sense: for any
n > 0, there exists C(n) > 0 such that

(6.14) sup [¢>cimVu)llz <.
S

PROOF. The proof of this proposition is essentially contained in [I8]. Here we
sketch the proof for the sake of completeness.

Let Ni(n), N2(n) be dyadic numbers and C(n) a large constant to be specified
later. We estimate the LHS of ([@Id) by splitting it into low, medium and high
frequencies:

lpscmVut)llr: < lléscm VP, mu(t)l 2
+ |é>cm) VPN, ()<< No(myu(t) || 2
+ H¢>C(7})VP>N2(77)U(t)”L§
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For the low frequencies, we simply discard the cutoff and use Bernstein,

(6.15) > VP<nymu®)llz S Ni(m)|lu)|lz S Ni(n).

To estimate the medium frequencies, we use Bernstein, mismatch estimate Lemma

and (EI3) to obtain
1650V Py m << syl 2

< Z p>cm VPNu(t) 2
N1(n)<N<N2(n)

< C(N1(n), Na(n)) o o o> cm VPNu(t)| L2

< C(Ni(n), N2(n)) o T (||¢>c<n)VPN¢<@PNU(f)||L§

+ 050 VPN, con Pyu(t) ||Lg)

< C(N1(n), N2(n)) (Nl(n)gljggvz(n) N~'C(m) % + NC(n)‘5>

< C(N1(n), N2(n)) (C(”)_2 + C(n)_é)

< C(N1(n), Na(n))C(m)~°.
For the high frequencies, we use mismatch estimate Lemma B2, Lemma and
ETD) to get
||¢>C(n)VP>N2(n)u(t)||L§
< > NésomVPuu(®)|

M>N2(n)

< Z o> VPMub<cm)2ut)llLz + Z M| Prr s ¢y 2u(t)| 2
M2>N2(n) M >Nz (n)

< > MPC)T+ Y M|PuéscmyePuu(t)|z
M>N2(n) M2>N2(n)
+ > MM
M2>N2(n)
<N2(n) 7% + C() O Na (1) ™"
Therefore, the high frequencies give
650 VPsnamyut)z2 S Na(n) ==+ C(n) "

Adding the estimates of three pieces together we obtain

1¢sc0mVu®llzz S Ni(n) + C(Ni(n), N2(n)C(m)~°

+ Na(n) =+ C(n) "

Now first taking Ni(n) sufficiently small, Ny(n) sufficiently large depending on 7,
then choosing C(n) sufficiently large depending on (7, N1(n), Na(n)), we obtain

¢>cmVu)llz <n,
as desired.
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