SUBCRITICAL SCATTERING FOR DEFOCUSING NONLINEAR
SCHRODINGER EQUATIONS

JASON MURPHY

ABSTRACT. We survey some known results concerning the asymptotic behavior
of solutions to defocusing nonlinear Schrédinger equations. In particular, we
discuss the H'! scattering theory for intercritical NLS, as well as the scattering
theory in weighted spaces for the mass-subcritical case. We also discuss an
instance of modified scattering in the long-range case.

1. INTRODUCTION

In this note, we survey some results concerning the asymptotic behavior of solu-
tions to nonlinear Schrodinger equations (NLS). In particular, we study the initial-
value problem for power-type equations of the form

{(i@t + Ayu = plulPu, (1.1)
u(0) = ug.
Here u : Ry x RZ — C is a complex-valued function of space-time with d > 1. The
coefficient € {41} corresponds to the defocusing and focusing cases, respectively;
we will be concerned primarily with the defocusing case. Restrictions on the power
of the nonlinearity p > 0 and conditions on the initial data uy will be discussed
below.

The equation enjoys several symmetries and conservation laws. The fol-
lowing non-exhaustive list, which we will return to in Section [5], will be relevant in
the sequel.

e The time translation symmetry u(t, x) — u(t+tg, z) for tg € R corresponds
to the conservation of the energy (or Hamiltonian), defined by the sum of
the kinetic and potential energy:

Elu(t)] = /R L ult, 2)[2 + S5 [ult, )2 da. (1.2)

e The space translation symmetry u(t, ) +— u(t,z + x¢) for 29 € R? corre-
sponds to the conservation of the momentum, defined by

Plu(t)] :==2Im [ a(t,z)Vu(t,z)dx. (1.3)
R4
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e The gauge symmetry u(t,z) — e“u(t,z) for # € R corresponds to the
conservation of the mass, defined by

Mu(t)] ::/ lu(t, z)|? d. (1.4)
R4
e The scaling symmetry
u(t, ) = u(t, x) = )\%u()\Qt,)\m) for A>0 (1.5)

leads to a notion of criticality for (1.1)) in the following sense. If one selects
initial data uy from a homogeneous Sobolev space H*(R?) for some s € R,
then

s_(d_2
Hu(/)\”HS(Rd) =\ ”)”UO”Hs(]Rd)-
Defining the critical regularity for (1.1f) by
se=48-2 (1.6)

2 p’

one verifies that the H s¢(R%)-norm is invariant under scaling. Choosing
s = 8. gives the critical initial-value problem for (1.1}), while choosing
§ > 8. or s < S gives subcritical and supercritical problems, respectively.

Special cases of (1.1) arise when one of the conserved quantities is invariant
under the scaling (1.5)).

e The mass-critical case is given by p = %. In this case, one has s, = 0 and
M{u}] = M(ul.
e The energy-critical case is given by p = d% in dimensions d > 3. In this
case, one has s, = 1 and E[u*] = E[u].
We typically do not speak of the ‘momentum-critical’ case, which would correspond
top = ﬁ, due to the fact that the momentum is not a coercive quantity. Nonethe-
less, as we will see below, identities related to the conservation of momentum play
an important role in the analysis of solutions to the nonlinear equation.

The critical initial-value problem for , especially in the mass- and energy-
critical cases, has been the catalyst for a great deal of mathematical development
in the field of dispersive equations. Such problems are well beyond the scope of
this note; we refer the reader to [I5] for exposition on these more advanced topics.
We will consider only subcritical problems in the energy-subcritical regime (i.e.
S < 1), which greatly simplifies the well-posedness theory (see Section . We will
also primarily consider the defocusing case, which corresponds to choosing ¢ =1 in
and guarantees that the energy controls both of its constituent pieces.
In particular, we will only consider problems for which we are guaranteed to have
global (in time) solutions (see Theorem [4.2)); our primary interest will then be to
study the behavior of solutions as t — 400 (say).

Specifically, we will consider the question of scattering: given a global solution
u(t) to (L.I)), does there exist a solution v(t) to the linear Schrodinger equation

(i0y+ A)yv=0
such that
Jm {lu(t) = v(8)]| =0

in a suitable norm? Scattering is essentially the simplest possible long-time behav-
ior: the nonlinear effects simply become negligible as t — oo.
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As we will see, scattering will typically follow from appropriate decay estimates
for solutions to the nonlinear equation. This may refer either to pointwise-in-time
decay estimates for L} -norms of the solution, or to global space-time bounds in
mixed Lebesgue spaces of the form LIL” (see Section [2| for this notation). In
either case, the heuristic is as follows: if the solution ever becomes small, then
the nonlinearity |u|Pu will be even smaller. In particular, one may be able to get
so much control over the nonlinearity that it can be shown to become negligible.
However, as we will see, this heuristic may break down if the power p becomes too
small.

The primary tools available for establishing decay to nonlinear solutions are a
collection of estimates known as virial or Morawetz estimates, which follow from
identities related to the conservation of momentum. It is in proving these estimates
that the defocusing nature of the nonlinearity plays the largest role. We discuss
Morawetz and virial estimates in Section Bl

We now briefly describe the main results we will cover in this note.

1.1. Intercritical NLS. We first consider the defocusing intercritical NLS in di-
mensions d > 3; this corresponds to critical regularities s. € (0,1), or equivalently

tap< L (1.7)

We consider initial data ug € H'(R?), which guarantees the existence of a unique,
global solution u(t) with finite mass and energy (see Section [4)).

We present a result due originally to Ginibre and Velo [10], namely, that scat-
tering holds in H! (see Theorem . We present a proof closer in spirit to that of
Tao, Visan, and Zhang [19], which relies on the interaction Morawetz estimate (see

Section .

1.2. Mass-subcritical NLS. We next study the mass-subcritical NLS, which cor-
responds to critical regularities s. < 0, or equivalently

0<p<i. (1.8)

In this case, initial data ug € L?(R%) leads to a unique, global solution u(t) of finite
mass, even in the focusing case (cf. Section. To study the question of scattering,
however, it is natural to restrict to the defocusing problem and to prescribe initial
data in the weighted Sobolev space 3, defined by the norm

lull% o= llulfeme) + 1VulZe gy + o] Zaga- (1.9)

In particular, these assumptions suffice to access the so-called pseudoconformal
energy estimate (see Section .

e We will first prove a result of Tsutsumi and Yajima [20], which states that
for % <p< %, scattering holds in L? (see Theorem . This is called the
short-range case.

e We will next prove a result of Cazenave and Weissler [5], which states that
scattering holds in a stronger topology for a restricted range of p in the
short-range case (see Theorem [7.5)).

e We will then prove a result of Strauss and Barab [1], [21], which states that
for0 <p< %, scattering cannot hold in L? unless the solution is identically
zero (see Theorem . This is called the long-range case.
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1.3. Modified scattering. Finally, we will consider the borderline case p = % In
light of Theorem [7.7} scattering does not hold; however, in this case it is possible to
identify a suitable correction to linear scattering and to prove a form of ‘modified’
scattering.

Currently, results are only available in low dimensions d € {1, 2,3} and for small
solutions in suitable weighted Sobolev spaces. The exception to this is dimension
d = 1, in which case the equation is completely integrable; one can then establish
a large data result via inverse scattering techniques.

For technical simplicity, we will consider the problem in dimension d = 1 for small
data in 3. At least four published proofs exist to treat this case (due to Hayashi
and Naumkin [I1], Kato and Pusateri [13], Lindblad and Soffer [I6], and Ifrim and
Tataru [12]), but all have a similar flavor: one proceeds by a bootstrap argument,

where the estimates only close if one incorporates an appropriate correction term.
See Theorem [R11

1.4. Outline of the paper.

e In Section[2] we set up notation to be used throughout the rest of the paper.

e In Section[3] we collect some useful information about the underlying linear
Schrédinger equation.

e In Section [4] we discuss the well-posedness theory for .

e In Section[5] we discuss conservation laws and their relatives, the Morawetz
and virial identites.

e In Section [6] we consider the defocusing intercritical problem.

e In Section[7} we consider the mass-subcritical problem.

e In Section [§] we discuss modified scattering.

Throughout the note, we also point out some extensions of results, as well as
open problems.

All of the results we present in this paper have appeared previously in the lit-
erature. Some of the proofs we present are new, while others remain fairly faithful
to the original proofs. We hope that this survey will succeed in presenting clear
and streamlined proofs of several interesting results from a modern and unified
perspective.

2. NOTATION

We write A < B or B 2 A to denote A < C'B for some C' > 0 that may depend
on the dimension, the power p of the nonlinearity, or implicit constants in various
functional inequalities. If A < B < A, we write A ~ B.

For a function f : R? — C, we write [ fllzr ey or [[fllr: for the L™-norm of f,
1 <r < oo. For a function u : I x R* — C for some interval I C R, we write

lullLapr (rxrey = H ||U(t)“L;(Rd)HL§(I)

where 1 < ¢,r < 0.
For r € [1,00], we let 1/ € [1, 00] denote the Holder dual of r, that is, the solution
to % + % =1

We denote by Fu = u the Fourier transform of a function u, defined by

Fu(€) =a(¢) = (2m)" 2 /R ) e~y (z) du,



SCATTERING FOR NLS 5

and we let F~'f = f denote the inverse Fourier transform. For a given function
m : R? — R, we may define the Fourier multiplier operator m(iV) = F~tm(¢)F.
In particular, m(iV)f = m * f.

Special cases include the fractional derivatives |V|* corresponding to m(§) = |¢|*
for s € R, along with the free Schrédinger propagator 2 corresponding to m(¢) =
eitlel? (see Section . We also define (V)® to be the Fourier multiplier operator
with symbol m(€&) = (1 + |¢]?)2.

These derivative operators define the homogeneous and inhomogeneous Sobolev
spaces H* and H* via the norms

£l e may = MV fllzzgay, N fllms ey = 1KV)° Fll L2 ma).-
3. THE LINEAR SCHRODINGER EQUATION

Solutions to the linear Schrodinger equation

(23,5 + A)’U = 07
v(0) = ¢

are given by v(t) = e2¢, where ¢i*® = F-le=€" F is the linear Schrédinger

propagator. More generally, variation of parameters implies that the solution to

the inhomogeneous Schrodinger equation

(3.1)

j Ay =F
(i0: + Ajv = F, (3.2)
v(0) = ¢
is given by
t
v(t) = e'Bp — z/ A (s) ds.
0
Using the definition of e**2 and Plancherel’s theorem, it is clear that
HeitA¢||Lg(Rd) = ||¢||L§(]Rd)- (3.3)
In physical space, one can derive the formula
[eA ) (x) = (47rit)7% / eilx*yﬁ/“qﬁ(y) dy forall t#0. (3.4)
Rd
From this identity, one can read off the dispersive estimate
; _d
62l 1ze ey < 1174 [0l 2 ey Tor all £ £0. (35)

Interpolating with (3.3)) yields a more general class of dispersive estimates, namely
it A —(d_4d
"2l 1y may S 16172 @l 1y may forall ¢ #0, (3.6)
where 2 < r < oo.

These estimates may also be used to establish global space-time bounds for solu-
tions to the linear Schrodinger equation, as well as for solutions to inhomogeneous
Schrédinger equations. Such estimates are known as Strichartz estimates; they play
a key role in the well-posedness theory for ([1.1]).

To properly state the estimates, we introduce the following terminology: we call
a pair of exponents (g,r) admissible if

2<qr<oco, 24+9=4 (dgr)#(220).
!

We call a pair (a, 3) dual admissible if (o/, 8") is admissible.
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Theorem 3.1 (Strichartz estimates, [9], [14], [22]). Let (¢,7) be an admissible pair
and («, B8) a dual admissible pair. Then

||eitA¢)HLgL;(IXRd) 5 H(ZS”L%(Rd)?
t

<IFI,
o :
for any interval I C R.

LB (IxR4)
LILT (IXR4)

From (3.4)), we can also read off a very useful factorization of ¢”*®, namely,

¢S = M(t)D(t)FM(t), (3.7)
where o .
M) = 1/ and (D)) = (2it)F £(2).
In particular, (3.7) and the dominated convergence theorem imply the following
lemma, which describes the asymptotics of solutions to (3.1)):

Lemma 3.2 (Fraunhofer formula). For any ¢ € L2(R%),
Jim |2 p — M(t)D(t)Fl|> = 0.
—»00 x
Finally, we introduce the operator
J(t) =z + 2itV, (3.8)
which will play an important role in the scattering theory in weighted spaces. By
direct computation and (3.7, we have
J(t) = M(£)2it VM (—t) = e xe "8, (3.9)
In particular, ‘ ‘
J(t)eltA¢ — eltA.’E(i),
which suggests some physical interpretation for J(t), namely, it measures how the
center of mass evolves for linear solutions.

Control over J(t) in L2 implies decay as |t| — oo; we leave this fact as an exercise
to the reader.

Ezercise. Let d > 3. Show that
-1
A1, o S 70 s e

4. WELL-POSEDNESS

In this section, we briefly discuss the basic questions of existence and uniqueness
of solutions to . As discussed in the introduction, we will restrict our discussion
to energy-subcritical nonlinearities (i.e. s, < 1) and we will select initial data from
the space H!(R?). This makes a subcritical problem and results in a simple
well-posedness theory. Much more detail can be found, for example, in the book of
Cazenave [3].

By a solution to on an interval I 3 0, we mean a function u : I x R?
satisfying the Duhamel formula

t
u(t) = e*Pug — iu/ DA (luPu)(s) ds, tel, (4.1)
0

such that v € C;HL(K x R?) and (V)u € L{L"(K x R%) for all admissible (g,r)
and all compact K C I. We call u global if I = R.



SCATTERING FOR NLS 7

Theorem 4.1 (Local well-posedness). Let p > 0 satisfy

4 >
pP<gz 123 (4.2)
p<oo de{l,2},

so that in particular s, < 1. For any ug € HX(R?), there exists a unique solution u
to (L.1) on some interval I > 0, where the length of I depends only on |luo|| g1 (ga)-

The proof relies on a fixed point argument using Strichartz estimates, treating
the nonlinearity as a perturbation of the linear equation. In particular, one can
prove the desired estimates by choosing the time interval sufficiently small. In the
subcritical case, the length of the interval depends only on the norm of the initial
data; this is in contrast to the critical case (i.e. ug € H**), where the length of the
interval actually depends on the profile of the initial data.

For up € H} and s. < 1, solutions have finite mass and energy. Indeed, in this
range the potential energy is controlled via the Gagliardo—Nirenberg inequality
by the mass and the kinetic energy. In the defocusing case, the conservation of
mass and energy then implies that the solution w(t) remains uniformly bounded
in H! throughout its existence. In particular, one can iterate the subcritical local
existence result to deduce the following global-in-time result.

Theorem 4.2 (Global well-posedness in the defocusing case). Let p > 0 satisfy
(@2) and p = 1. For any ug € HX(RY), there exists a unique global solution u to
(1.1). Purthermore, u(t) remains uniformly bounded in H}.

Remark 4.3. In the mass-subcritical case p < %, the length of the local interval
of existence depends only on [[ug[/zz. In particular, by the conservation of mass,
initial data in L2 lead to global solutions even in the focusing case. In contrast,
solutions to in the focusing case with s, € (0,1) may blow up in finite time
(see the exercise after Lemma .

Remark 4.4. If one chooses ug € X (see ), then the corresponding solution u
belongs to CyX. One can prove this by commuting the vector field J (cf. (3.8)) with
the equation and applying standard persistence of regularity arguments. Note that
one should not expect zu(t) to remain bounded in L2 (as we expect the solution

to spread out); however, one can sometimes prove that J(¢)u(t) remains bounded
in L2.

5. CONSERVATION LAWS AND MORAWETZ/VIRIAL IDENTITIES

In this section, we give (formal) proofs of the conservation laws mentioned in
Section [II We then discuss the related Morawetz and virial identities, and deduce
some estimates for solutions to the defocusing equation.

Throughout the section, we assume that the solutions under consideration are
smooth and decaying enough to justify all the formal computations we carry out.
Such assumptions may be removed by standard limiting arguments. See, for in-
stance, the book of Cazenave [3].

Throughout this section, subscripts denote derivatives and repeated indices are
summed. Thus Au = u;;, |Vul|*> = uyy, and so on.

Lemma 5.1 (Conservation laws). The energy, momentum, and mass of solutions

to (L.1) defined in (1.2)—(1.4]) are conserved in time.
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Proof. We compute using (|1.1). First,
Bul3|Vul? + Sg luP*?] = 9; Tm[—up iy, + plulPuiy],

which implies the conservation of energy. Next,

0¢[2Im auy) = ;ipz“ Ok |ulP? + 0k |ul® — 4 Re 9 (w;ug), (5.1)

which implies the conservation of momentum. Finally,
O|ul? = =20y Im(auy,), (5.2)
which implies the conservation of mass. O

We now turn to a discussion of Morawetz/virial identities. The idea is to pair the
momentum with a well-chosen vector field (typically of the form Va for some weight
function a) and to attempt to demonstrate some monotonicity in time. We begin
by considering the classical picture and making a few motivating computations.

Example 5.1. Consider the following simple model for a particle in R under the
influence of a potential V : R¢ — R:

T =p,
{ p=-VV(x), (53)

where " denotes % and z,p : R — R%. Suppose that the potential is repulsive, in
the sense that

VV(g)-q<0 forall qeR%

Simple computations then show
gGlp-al=pf —z-VV(z) >0,

and
gl 5= mllelP = 5)?] -2 VV(z) 2 0.
In the case of (1.1]) with a defocusing nonlinearity, we will also be able to demon-
strate monotonicity when we pair the momentum with the vector fields x and I%I
We begin by proving a Morawetz identity with a general weight function.

Lemma 5.2 (Morawetz identity). Let a : R? — R and let u : [ x R? — C be a
solution to (L.1)). Define the Morawetz quantity

M?(t) = 2Tm / aVu - Vadz. (5.4)
Then
M2(t) = %/\uﬁadx (5.5)
and
LN2(t) = /%W’“Aa + |ul*(—=AAa) + 4 Re ajxi,uy dz. (5.6)
Proof. First note (5.5)) follows from (5.2). Next, (5.6) follows from (5.1)) and inte-
gration by parts. O

For specific choices of the weight a, (5.6) implies some useful identities. The
first, known as the virial identity, results from taking a(x) = |z|?.
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Lemma 5.3 (Virial identity). Let u: I x R — C solve (1.1). Then
& /|;v| lu|? do = t2Im/ﬁVu- (2x)dx = /%\UPH +8|Vul|?dz.  (5.7)

Proof. This follows from (5.5) and (5.6)), using the weight a(z) = |z|>. Indeed, in
this case we have

Va =2z, ajix=20, Aa=2d, AAa=0,
from which the identity follows. [l

Ezercise. Suppose p = —1 and s, € [0,1]. Suppose ug € ¥ satisfies E[ug] < 0. Use
the virial identity to prove that the solution to (|1.1)) with initial data ug blows up
in finite time in both time directions.

5.1. Pseudoconformal energy estimate. We can also use the virial identity to
derive the so-called pseudoconformal energy estimate, which is related to controlling
the L2norm of the quantity J(t)u(t) = (z + 2itV)u(t), which was introduced in
Section This estimate will play an important role in the scattering theory for
the mass-subcritical NLS, and thus we restrict attention to the case p < %

Lemma 5.4 (Pseudoconformal energy estimate). Suppose up = 1, p < %, and
ug € 2. Let u € CyX(R x RY) be the unique, global solution to (T.1) with u(0) = ug
given in Section[f] Then

1T u®lzz +Elu®l]5F < 27 forall t>1,
where the implicit constant depends on ||u(1)]s.

Remark 5.5. Note that this estimate does not prove that J(¢)u(t) remains bounded
in L2. Tt does, however, give a decay rate for the potential energy of the solution
that matches the rate for linear solutions (cf. (3.6])).

Proof. We first recall J = x 4 2itV and write
/ |Jul? dex = / |2[2|u? — 2t Im(aVu - 2z) + 4t%|Vu|? dx.
By the virial identity ,
p+2

%/\x|2|u|2—2tlm(aVu-2x) do = —/M|u|1>+2+8t\vu\2.

Thus, noting that conservation of energy gives

/\Vu|2 = —8t*4 /p_ﬂ|u|7”+2 de,
we deduce

%/|Ju|2dx: _/%WH do — 824 /p+2|u|p+2 da.

Hence, if we define
t) z/Uu|2 8“" |u\er2 dx,

then

dp
e'(t) = 4Mt;i—2dp) /\u|p+2 dr = 217 % / [u[P2 da. (5.8)
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Now note that Gronwall’s inequality implies

2 _dp
a7tz < £ %,

where the implicit constant depends on e(1) < ||u(1)||s. Inserting this estimate
back into (5.8)) yields

e(t) S %,
which implies the result. ([

5.2. The Lin—Strauss Morawetz estimate. Next we prove an estimate (known
as the Lin—Strauss Morawetz estimate, the radial Morawetz estimate, or the clas-
sical Morawetz estimate [I7]) that results from using Lemma with the weight

a(r) = |z|.
Lemma 5.6 (Lin- Strauss Morawetz). Letd >3 and u=1. Letu: I x R? — C
be a solution to . Then

// d dt < Hu||L°°H1(I><Rd) (5.9)
Rd

Remark 5.7. In fact, one can replace the right-hand side by
|||V‘1/QUH%§°L§(I><R‘1)’
although we will not need this refinement.

Proof of Lemma[5.6. We will apply (5.6) with a(z) = |z|. In this case,

87mé d=3

Vo= an=qlie— i), Aa=G —Ada= {(dl)(dS) 7
al al Elg E O S
(5.10)

In particular,
Sup MG ()] S Mull < 1 (1 ¢y

which will give rise to the right-hand of .
To get the left-hand side of 1.] we will establish a lower bound for M U and
integrate over I. In fact, using (5.6)) and ( -

2up(d—1) |ul[P*?
M0 = [ 2D P (- M) + 4 Youl? do

where

You = Vu— Vu- FRE]

is the angular component of Vu. In particular,

p+2
%Mgdtz// R g at,
I rJre |z

giving the left-hand side of (5.9)). a

The presence of the weight |z|~! in means that this estimate is best-suited
for preventing concentration at the origin. In particular, this result suffices to estab-
lish some global space-time bounds for radial solutions to the defocusing equation,
which can only concentrate at the origin. These estimates will in turn will imply
scattering in the intercritical regime (cf. Proposition .
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Corollary 5.8 (Space-time bounds for radial solutions). Let d > 3, u = 1, and
€ (0,1). Let up € H' be radial and let u be the corresponding global solution
given by Theorem[[.4 Then
242
Hu||(i§1m(R><Rd) /S ”uHLocdHll(RXRd) S1, where g=p+2+ %

Proof. First note that by uniqueness and the invariance of A under rotations, radial
initial data lead to radial solutions; in particular, u(t) is radial for each t € R.

The key to deducing a space-time bound from is the following radial Sobolev
embedding estimate:

|||x\d2;1f|\Loo(]Rd) S f ez gay  for all radial — f. (5.11)
With ( in hand, we now use (5.9) to estimate

//|u|p+2+d 1dxdt<//||x| 5 u‘d 1|u\p+ &t

2433
S llal = UHLOJ elZpe rs S Nl ot

Lo Hy
where all norms are over R x R?. The result now follows by recalling that the global
solutions given by Theorem are bounded in H'. ([l

FEzercise. Prove (5.11)).

5.3. The interaction Morawetz estimate. Asmentioned above, the Lin—Strauss
Morawetz estimate is best-suited for preventing concentration at the origin. To
treat non-radial solutions, it would be better to use an estimate that prevents
concentration anywhere in R?. Such an estimate exists: it is the interaction
Morawetz inequality, discovered originally by the ‘I-team’ of Colliander, Keel, Staffi-
lani, Takaoka, and Tao [6].

To prove this estimate, one centers the classical Morawetz action at an arbitrary
point in R% and averages against the mass density. In particular, we fix d > 3 and
a(z) = |z|. For y € R, we define

MY(t) == QIm/aVu -Va(zr — y) dz,
and we define the interaction Morawetz action by
Mn(t) = [ MUOIult, ) d

Lemma 5.9 (Interaction Morawetz). Let d > 3, u =1, and a(z) = |z|. Suppose
u:IxRY— C is a solution to (1.1)). Then

J[[ Wit -200) @~ plutt )P dodyde S Jull e mygrasey (512)

Remark 5.10. In fact, one can replace the right-hand side by

|1/2U||L;?°Lg(lde),

2
||u||L§°L?E(I><Rd)|||V

but we will not need this refinement.

Proof of Lemma[5.9 We first note that

ig?\Mint(t)\ S ||UH4£;>OH;(1de)>
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which will give the right-hand side of (5.12)).
As in the proof of Lemma to get the left-hand side we will compute a lower

bound for %Mim We compute, using (5.10)), (5.2]), and (5.6]):
it = [ 2R AL 1 Ju(y) (- Db ) ule) P e dy

Uu U 2
+//dedy (5.13)

— // 2 Im auy(z)ag(x — y)2Im oy, (au;(y)) dx dy, (5.14)

where

V,u(z) = Vu(z) — Vu(z) - o= =Y

le—yl |lz—yl|*
We now claim that ((5.13]) + (5.14]) > 0. To see this, we integrate by parts, and use
(5.10) and Cauchy—Schwarz to compute

-FE14) =4 // Im(tug)(x)ajk(z — y) Im(tu;) (y) de dt
— 1 [ [ @Y ) (o) - (@Y u) )] didy

2 2
< 4//%|u<y>|‘gzr<z>| LTl gy gy

Thus,
Minelt) 2 [ [ 1) P(-20) (& = pluo)] dady,

The result follows. (]

Using Lemma we can deduce global space-time bounds for arbitrarily solu-
tions to the defocusing equation. In particular, we have the following.

Corollary 5.11 (Space-time bounds for arbitrary solutions). Let d > 3, p = 1,
and s. € (0,1). Let ug € H' and let u be the corresponding global solution to (1.1)
giwen by Theorem[].9 Then

HUHLHIL%(Rde) S HUHL;"’H;(RXH@) SL
¢ Lo

Proof. To begin, we recall that Theorem [4.2|guarantees that solutions are uniformly
bounded in H', which is the second part of the statement.

First, using (5.10), we note that when d = 3 the estimate immediately
yields

lullrs  rxre) S llullLe mi@xrs),

which is the desired result.

For d > 4, we note that

“1(g]7@=3)) = ¢|z|= for some constant ¢ > 0. (5.15)

Using this and Plancherel’s theorem, we find

LHS(5.12) = //|u‘2‘ 73 uf? da dt ~ //|u|2‘v|7(d—3)|u|2 da di

_(d=3
~ I3
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We now appeal to a technical result (Lemma [A.3) and use the interaction
Morawetz estimate (5.12)) to get the bound
d—3

—(4z3 _(d=3
IVI-Culy SNVl < ol .

Thus, in dimensions d > 4, the interaction Morawetz estimate implies control over
negative order derivatives of the solution. On the other hand, in the present setting,
one can also control Vu in L2. Using interpolation (see Lemma [A.4)), one finds

_(d=3y Ao d—3
full . s S NV ulFTIvul .
t x
from which the result follows. |

Exercise. Prove (5.15]).

Remark 5.12. Interaction Morawetz estimates are available in dimensions d €
{1,2}, as well (see e.g. [7], [18]).

6. INTERCRITICAL NLS

In this section, we prove that scattering holds in H' for the defocusing inter-
critical NLS in dimensions d > 3; recall that intercritical refers to the restriction
0 < s < 1, or equivalently % <p< ﬁ. Before stating the result, we give the
precise definition of H! scattering.

Definition 6.1. A global solution u to (L.1]) scatters in H' (forward in time) if
there exists a unique vy € H! such that

- itA _
Jm {|u(t) = Py [ gy ray = 0.

Remark 6.2. Recall from Section [3| that e”*®u, is the solution to the linear
Schrodinger equation (3.1]) with initial data w..

Remark 6.3. Of course, one can consider scattering in the backward time direc-
tion, as well, but we focus on the forward time direction for simplicity.

Theorem 6.4 (Scattering for intercritical NLS). Let d > 3, u =1, and % <p<
ﬁ, Fiz ug € H' and let u be the corresponding global solution to (1.1)) given by
Theorem [4.3. Then u scatters in H'.

Remark 6.5. Theorem is originally due to Ginibre and Velo [10]; a simplified
proof (similar in spirit to the one given here) appears in [19].

As mentioned in the introduction, the key to proving scattering is to establish
decay for the solution. The following proposition will make this idea precise. We
first introduce a bit of notation: for a pair of exponents (g, ), we define the scaling

d d
s(gr) =4 —(2+9). (6.1)
In particular, the L] L"-norm of a function scales the same way as the L?H;(q’r)—
norm under the rescaling (1.5). Note that admissible pairs (q,r) (as defined in
Section [3|) satisfy s(g,r) = 0.
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Proposition 6.6 (Space-time bounds imply scattering). Let u be as in Theo-

rem[6.4 Suppose
we LILT(R xRY)  with max{p,1} <g<oo and s(qgr)e(0,1). (6.2)
Then u scatters in H".

Proof. First, suppose s(g,7) = s.. That is, the solution obeys critical spacetime
bounds, in the sense that the L{L"-norm is invariant under the rescaling (1.5]).
We first establish that

(V)u € LYLE (R x RY) (6.3)
for an appropriate admissible pair (a,b). In particular, we choose a satisfying
max{%—%O}g 1 Smin{l—%,% . (6.4)

This only requires p < ¢ and in particular implies 2 < a < oco. We can therefore
choose b so that (a,b) is admissible, i.e. s(a,b) = 0.
We next define the exponent pair («, 8) via the scaling relations

1_p 1 1_p 1
a_q+a’ B_T+b'

The scaling conditions s(¢,7) = s. and s(a,b) = 0 guarantee that s(a/,5") =
0. Furthermore, guarantees that 1 < o < 2, so that (o, ) is in fact an
admissible pair.

Thus, on any interval I C R, we may apply Strichartz estimates (Theorem [3.1))
and the chain rule to estimate

V) ullngre (1xray S V)l e 2 (rxray + KV (ulPu)ll Lo 18 (1 4ra)
S KV ull g2 rxmay + [l o, (1 xmay V) ull g Lo (rxre)-
Now fix € > 0. Recalling (6.2) (and in particular that ¢ < co), we can break R
into finitely many intervals I such that
H“”igL;(Ide) <e
on each interval. Choosing ¢ sufficiently small, the above estimate implies
(M ullze s (1xray S IKV)ullLgerz (rxray S 1

on each interval, which in turn implies (6.3)).
We can now establish scattering by showing that {e~"*“u(t) : t € R} is Cauchy
in H' as t — oco. Indeed, estimating via Strichartz as above,

He—itAu(t) —_ e_iSAU(S)‘IH;(Rd) 5 ||u||igL2((S7t)XRd)||<v>uHL§L2((S,t)><Rd) —0

as s,t — 0o. Again, we rely on the fact that ¢ < oc.
We now turn to the general case s(q,r) € (0,1). We recall that by uniform
H'-boundedness, we have

_2d_

uwe€ LPL? and we€ LPLI?;
indeed, the second bound follows from Sobolev embedding. Noting that s(c0,2) =0
and s(0o, 2%4) = 1, we deduce by interpolation with u € L{L, that u € L{L"¢(R x
R?) for some (gc,7.) satisfying s(q.,7.) = s. (see the exercise below). Moreover,

the interpolation guarantees that p < ¢ < g. < co. Thus we have reduced to the
first case described above, so that scattering follows. [
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Ezercise. Suppose that u € L{ Ly, with 1 < ¢;,7; < oo, for j € {1,2}. Denote

sj = s(g;,7;) and suppose without loss of generality that s; < so. Prove that for

any s € (s1,82), there exists 1 < ¢,7 < oo with s(q,7) = s such that uw € L{L”.
We can now quickly dispense with the proof of Theorem [6.4]

Proof of Theorem[6.4. By the interaction Morawetz inequality, specifically Corol-

2(d+1)

lary [5.11} we have v € L& L, (R x R%). Noting that

d _
s(d+ 1,280 = d=2 ¢ (0,1)

and p < d+1 for all p under consideration, Proposition[6.6]implies that the solution
scatters in H'. (]

Remark 6.7. Note that the Lin—Strauss Morawetz estimate (specifically, Corol-
lary implies scattering in the radial case. Indeed, one gets u € Lf)x(]R x R9)
withg=p+2+ %. Clearly p < ¢, while a bit of computation shows that

s(q,q) €(0,1) <= 4 - 2 <p< A (1+575).

In our presentation of the proof of scattering, it is not clear that the radial case
is any ‘easier’. To see where the radial assumption actually simplifies matters,
compare the proofs of Corollary [5.8] and Corollary [5.11]

7. MASS-SUBCRITICAL NLS

In this section we discuss the mass-subcritical case, which refers to s, < 0 or
equivalently p < %. As discussed in Section |4} solutions to are global (even
in the focusing case) for any initial data in L2. However, we will consider only
the defocusing problem and data in the weighted space X defined in , as this
assumption gives us access to the pseudoconformal energy estimate (Lemma .

We will consider scattering in two different topologies.

Definition 7.1. A global solution u to (L.1]) scatters in L? (forward in time) if
there exists a unique uy € L? such that

li _JitA -0.
i flu(t) = e™Pug |z =0
The solution scatters in ¥ (forward in time) if there exists unique uy € ¥ such that

. —itA _ _
Jim [l "B u(t) — s =0,

Remark 7.2. It is not clear whether scattering in ¥ is equivalent to the statement
that
. _itA _
Jm {lu(t) = e Puyfls = 0.

For this question, we refer the reader to papers of Bégout [2], who has some positive
results under restrictions on d and p.

The main nonlinear tool we have for studying the scattering theory in weighted
spaces is the pseudoconformal energy estimate, Lemma [5.4] In particular, this
estimate gives a decay rate of t=% for the potential energy. This power of ¢ is
integrable as t — oo precisely when p > %. Thus, one is led to suspect that if
p > %, the nonlinear effects become negligible as ¢t — oo, while if 0 < p < % the
nonlinearity has some net effect as t — oco. In particular, p = % becomes a natural

candidate for the threshold for whether or not scattering occurs.
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In fact, we will prove positive scattering results in the range % <p< % (known
as the short range case); we will prove that no (linear) scattering is possible when
0<p< % (known as the long range case).

7.1. The short-range case. We first present a result of Tsutsumi and Yajima
[20], which establishes scattering in L2 in the short range case.

Theorem 7.3 (L?-scattering). Let 2 < p < 5 and p = 1. Let ug € ¥ and take
u to be the corresponding global solution to (L.1) given by Theorem|4.2 Then u
scatters in L2.

The drawback of this result is that while initial data is taken from wg € X,
scattering is only shown to hold in L?. The strength of this result is that it treats
all possible p for which linear scattering is possible (cf. Theorem below).

Proof of Theorem[7.3 We take advantage of the fact that the asymptotics of the
linear Schrédinger equation in the L2-topology are slightly simplified. In particular,
using Lemma we see that to prove scattering in L2, it suffices to show that
there exists unique W € L? such that

Jim [[u(t) = M(ODEW 13 =0 (7.)

where we recall the notation from (3.7). Indeed, then scattering in L? holds with
Uy = ./_'.71W.
To this end, we define the function w(t) via

ult) == M(£)D(t)w(t) (7.2)

and endeavor to show that w has a limit in L? as t — oo.
For this, we first note that as u solves (|1.1)), the function w solves the equation

(10 + 25 A)w = (26) % |w|Pw. (7.3)

22
We can also translate the result of the pseudoconformal energy estimate (Lemmal5.4)
into information about w, namely:

Vo) S8=F and [w(t)]| e S1 for ¢> 1. (7.4)

To see this, one can use (for example). Note also that by conservation of mass,
w(t) is uniformly bounded in L2

We first show that w(t) converges weakly in L? as t — co. By L2?-boundedness,
it suffices to test against a Schwartz function ¢ (say). Using Holder’s inequality,
integration by parts, , , and the condition p > %, we estimate

t
[(w(t) —w(s), ¥)| < / T2 (Aw(r), @) + 772 [((lwPw)(7), )| dr
t
dp
5/ T2V 2 [Vellze + 7% w(n)lf el e dr

K _1-—dr _dp
< T T 4+7 2dr—0 as s,t— o0
S

In particular, there exists a unique W in L? so that w(t) converges to W weakly in
L? as t — oo.
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We now upgrade to strong convergence. To begin, we use weak convergence to
note

lim (w(t) — W,w(t) — W) = lim lim (w(t) — w(s), w(t)).

t—o0 t—00 s— 00

We now estimate similarly to the above:

[(w(t) —w(s), w(t)| < /tsT‘QIIVw(T)IILf-;IIVw(t)IILg

d
+77 ||w(7)] Pl Hw(t)”Li“ dr

et
¢ dp 1 _dp dp
5/ TTUTAE T 47 2dr >0 as st — oo
S
In particular w(t) — W strongly in L?, which completes the proof. ([l

Remark 7.4. The original proof in [20] uses the pseudoconformal transformation,
which is not discussed in this note but is closely related to the transformation
U — w in . The author has never been able to find a proof of Theorem
that proceeds directly by showing {e~*®u(t)} has a strong limit in L2 as t — oc.

One curious feature of the proof of Theorem [7.3] is that one does not rely on
critically-scaling global space-time bounds for the solutions. This is in contrast to
the ‘modern’ approach to scattering; see, for example, the proofs in Section [G]

In fact, it is a bit remarkable that one can address the full range p > 2, which

a’
corresponds to s, > —%, in light of the fact that the lowest ‘regularity’ associated
with the space ¥ is s, = —1. Of course, scattering is only shown to hold in the

L%-topology.

If one did have critical space-time bounds, one could expect scattering to hold
in the ¥ topology (at least for s, > —1,i.e. p > %ﬁ)' In fact, the pseudoconformal
energy estimate (Lemma does imply some space-time bounds for the solution:

d
lu(t)l| e St 205 = w € L{LEF? for all 2t < g < .

(Strictly speaking, we use H' bounds and the Gagliardo-Nirenberg inequality to
control the LPT2-norm near ¢t = 0.) Note that the scaling associated to these spaces
is given by

—d d 2(p+2
8(q,p—|—2)€<2(p7+p2)72(p75i2)) fOI' %<q§m,

where we recall the notation from (6.1). Thus, the pseudoconformal energy estimate
implies critical space-time bounds for the solution whenever

dp _ 2 d : . 2—d+Vd?*412d+4
2(p+2) < Se = _(5 - 5), 1L.e. p > Oé(d) T

The exponent a(d) is known as the Strauss ezponent. As the preceding discussion
suggests, scattering in ¥ holds above the exponent. In particular, we have the
following result due to Cazenave and Weissler [5].

Theorem 7.5 (Scattering in weighted spaces). Let d > 3, a(d) < p < %, and
w = 1. Let ug € ¥ and let u be the corresponding solution to (1.1 given by
Theorem[{.2 Then u scatters in X.



18 JASON MURPHY

Proof. We argue as in Proposition [6.2] By the discussion preceding the statement
of Theorem the assumption p > a(d) and pseudoconformal energy estimate
(Lemma imply the following critical space-time bounds for the solution wu:

u € L?LTQ(R X Rd), q:= 742_’;5?;_2%).

Arguing as in Proposition we may find an admissible pair (a,b) and a dual
admissible pair («, 3) satisfying the scaling relations

1 1 1 _ 1
*—%‘Fg, B—ppﬁ-f—g. (7.5)

(63

This only requires p < ¢, which is equivalent to dp > 0. We now claim that
Ju, (V)u € LELE(R x RY),

where we recall J is as in (3.8). Indeed, the proof that (V)u € L{LY is exactly like
the proof of . The proof that Ju € L¢LY will be similar, once we observe that
J essentially obeys a chain rule and that we can establish uniform bounds for Ju
in L2. We turn to the details.

First, to shorten formulas we introduce the notation

lullxry = llullpee 2 (rxray + lull Lo Lo (1 xmay-

Now fix £ > 0 and (noting ¢ < oo) divide R into finitely many intervals I = [to, t1]
such that

Hu||izL§+2(I><Rd) <e.
Using (3.9) and Strichartz estimates (Theorem [3.1]), we first note
[T (t)e = % uto) | x 1y S 1 (to)ulto)]| 2 (7.6)

For the nonlinearity, we use (3.9), the gauge-invariance of |u|Pu, and (7.5)) to
estimate

17 (Pl s = 12itV (|M(=t)ul” M(=t)u) || o < llull] e Tul s (7.7)
Thus, using J(¢)e!(t=*)2 = ¢it=3)A J(s), (7.6), Strichartz estimates (Theorem ,
and , we can estimate

[ Jullx 1y S I (o)u(to) Lz + ||/ (|uPu)]
S Itz + 101y e

S 1 (o)ulto)llzz + el Jullx ).

L& LE(IxRY)

Thus
[Tl Loe 12 (t0,61)xre) + [ TUl| Lo L ((t0,61)xme) S 1 (o)ulto) |2
Starting at tg = 0, say, this allows us to deduce that
lJullpare (1xrey S 1

uniformly on each interval. This implies Ju € L¢LE (R x RY).
We can now deduce scattering in ¥. Indeed, scattering in H! follows as in the
proof of Proposition |6.2] For the weighted term, we estimate as above to find
—itA —isA
||a:e " u(t) —xe " U(S)HLﬁ 5 ||J(|u‘pu)HLgLﬁ((S’t)de)
< ”uHL;’Lg*z((s,t)x]Rd)HJUHL’;L‘;((S,t)de) =0

as s,t — oo. [l
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Remark 7.6. It is possible to prove scattering in ¥ down to p > di+2 for sufficiently
small initial data. In this case, one can use Strichartz estimates and a bootstrap
argument as in the preceding argument to prove control over a certain critically-
scaling Lorentz-space modified space-time norm, which in turn implies scattering.
The question of scattering in ¥ below the Strauss exponent for arbitrary data is
still open.

7.2. The long-range case. We next turn to the case 0 < p < % and prove that
scattering in L? only occurs for the trivial zero solution. As in the proof of The-
orem key ingredients include the estimates for nonlinear solutions given by
the pseudoconformal energy estimate (Lemma and the Fraunhofer formula
describing the asymptotics of the linear Schrodinger equation (Lemma .

The following result is due to Strauss and Barab [, [21].

Theorem 7.7 (No L?-scattering in the long-range case). Let 0 < p < % and
uw=1. Let ug € ¥ and take u to be the corresponding global solution to (1.1) given
by Theorem[{.4 If u scatters in L2, then u = 0.

Proof. Suppose u scatters to some function u, in L?, i.e.
lim [u(t) — e uy |2 = 0. (7.8)
t—o00 T
Suppose towards a contradiction that ug # 0. Note that
l[uollzz = [lut|[zz > 0.
Fix € > 0. By density, we can find a Schwartz function ¢ such that
s - 6llzz <e.

In particular, choosing € sufficiently small, we can guarantee that ¢ # 0.
Using (7.8)), we find that for T' = T'(¢) sufficiently large, we have

l|lu(t) — €itA¢||Lg <2 forall t>T. (7.9)
Set v(t) = €2 ¢; in particular v solves (i0; + A)v = 0. Note that
sup | (u(t), v(t))| < 2l|uolZ-, (7.10)
t>T

where (-, -) denotes the L? inner product.
Using (1.1)), we can compute

10¢(u, v) :/\u|puz7dx:/|v|p+2 dm+/(|u|puf [v|Pv) v da.

for each ¢t > T. We will establish a lower bound for the first integral and an upper
bound for the second integral that will lead to a contradiction to (7.10)).
To begin, we fix k£ > 0 and use Holder’s inequality to deduce the lower bound

1 1
P2 b >
(fropa)™ 2 ([ wora) =
x| <kt

We now note that as ¢ # 0, for k = k(¢) sufficiently large, we can guarantee that

/ BOPde 21,
[€1<k
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so that by the Fraunhofer formula (Lemma and a change of variables, we can
choose T possibly even larger to guarantee that

/|v(t)|er2 dzx 2 =% forall t>T.

On the other hand, using Holder’s inequality, the dispersive estimate (3.6)), the
pseudoconformal energy estimate (Lemma [5.4]), and (7.9)), we have

‘/(|upu — |v|Pv)o dx

S Iw? 4+ 07)(u = v)ol Ly

S =il e+ Pl sgin
< et=F
forallt > T.
In particular, choosing ¢ sufficiently small, we can combine the estimates above

to deduce
t

() v(0) ~ D)o 2 [ ¥ ar

T

for all t > T. However, as p < %, the integral on the right-hand diverges as t — o0;
this contradicts (7.10) and completes the proof. O

8. MODIFIED SCATTERING

It is an interesting question to describe the long-time asymptotics of solutions
to in the long range case 0 < p < %. So far, the only results available are
in the borderline case p = % in dimensions d € {1,2,3}. In the special case p = 2
in d = 1, the equation is completely integrable and can be treated via inverse
scattering techniques, even for large data in the defocusing case [§]. Otherwise,
results are restricted to the small data regime. The restriction on dimension is easy
to explain: the critical regularity associated to p = % is s, = —%, and the analysis
generally requires one to take |s.| derivatives of the nonlinearity |u|4w. Thus, the
analysis breaks down if g > 1+ %, i.e. d > 3. (See, however, the recent work of
Cazenave and Naumkin [4].)

We focus on the particular case d = 1 and p = 2 for the sake of simplicity, but
the arguments generalize easily to d € {2,3}. We consider initial data in ¥; in
general, the sharpest results available consider initial data in the space X7 defined
via the norm

1£1I% = IKV) FlIZ2 + 2 fllzz - for v > 4.

The original proof of Hayashi and Naumkin [I1] is based on studying the dy-
namics of Fe~®Au(t), which approximately solves an ODE. One can show that
solutions to the ODE remain bounded by using an appropriate integrating factor;
it is the presence of this integrating factor that leads to the modification to linear
asymptotics. To prove that the ODE accurately models the PDE requires good
bounds on the solution, including L3°-bounds decaying like t=%2. Note that this
rate matches that of solutions to the linear equation; cf. . One also proves
control over Ju in L2, showing in particular that this quantity grows like a very
small power of t. In the general case, one controls a power of J, namely J7 for
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v > £; note that the identities suggest how to define powers of J. In prac-
tice, the requisite bounds are proven via a bootstrap argument, where a small data
assumption allows for the estimates to close.

We turn to the details. The following theorem is originally due to Hayashi and
Naumkin [I1], but alternate proofs (ultimately of a similar spirit) have been given
by Kato and Pusateri [I3], Lindblad and Soffer [I6], and Ifrim and Tataru [12].
We give an alternate proof that employs the variables we used in the proof of
Theorem While our proof is closest in spirit to [I], it is also related to the
proof in [12] (see Remark [8.3| below).

Theorem 8.1 (Modified scattering). Letd =1, p=2 and p € {£1}. Let up € X,
and let u be the corresponding global solution to (1.1)). If ||uol|s is sufficiently small,
then there exists W € L™ so that

Jlim [Ju(t) = M(5)D(t)e 5B 1 = 0,
where M (t) and D(t) are as in (3.7).

Remark 8.2. Comparing with Lemma 3.2 we see that there is only a modification
in the phase compared to linear scattering. We also note that the convergence also
holds in L2, which we leave as an exercise to the motivated reader.

Proof. Denote € = ||ug||s and let § > 0 to be determined below.
The proof is based off of a bootstrap argument controlling two norms of the
solution, namely,

[u(®)llx := Zlﬁ)pt]{IIU(S)HL5+<8>"5||J(S)u(S)IILg}, [u()lls := Sl[lopt]<3>%||u(3)”Lg°a

se

where J is as in (3.8). Note that by conservation of mass, the L2-component of
the X-norm is clearly under control. Furthermore, by local theory and the Sobolev
embedding L° C H], one has

sup {[Ju(t)[|x + [lu(t)||s} < e (8.1)
te[0,1]

Applying the ‘chain rule’ for J as in (7.7)), we can estimate

t
[ Tu(®) 22 58+/ sllu(s) |2 | Tu(s)ll 2 <
1
and hence by Gronwall’s inequality, we can deduce
lu(®)llx S ()OI (8:2)

for some absolute constant C' > 0 and for all ¢t > 1. This shows that control over
the S-norm gives control over the X-norm. To close a bootstrap argument, we will
prove a converse to this.

To this end, we proceed as in the proof of Theorem and define w(t) via

u(t) = M(t)D(t)w(t),
which then solves

(10 + = A)w = £ |w|?w

and satisfies

1
IVwllez = [Jullzz,  [w®lre ~ 2 lu@®)lle,  [w®)lez = [u@)]Lz-
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We need to prove uniform bounds for w in L3° for ¢ > 1. To this end, we will
perform a frequency decomposition of w. For the relevant background, see the
appendix.

We begin with the following frequency localized estimate, which is a consequence
of Bernstein estimates (Lemma [A.T):

IPvw(t)lie SN2 Vw(t)lz SENFu@)lx for t21  (83)
This (along with another application of Bernstein estimates) firstly implies that

lw®) g S I1P<rw(®)ze + ) I1Pxw(t)]|ce
N>1

_1
S w2+t u@)lx Y N2
N>1

<Bllu®)lx for ¢> 1.

This bound will be convenient below, but it is not good enough on its own.
Let ¢t > 1. Using (8.3]) above and summing over high frequencies, we first have

145
1P, gw(®)llzee S ¢75 Ju(t)]x.
We now consider the equation satisfied by
wio(t) :== P fw(t).
Frequency projections commute with spatial derivatives (all Fourier multiplier op-
erators commute); however, since the projection is time-dependent, the time deriv-
ative may land on the projection. We find that w;, solves
Y:at'IUlo — %|wlo|2wlo = —ﬁAwlo -+ #pﬂv’w + % [PS\/E(‘wa) — |wlo|2wlo]
= — g Awg, + th,%p\/sz
+ 2P, s(lwPw) + [w]Pw — [wio*wio)

where the Fourier multiplier of Pj is ¢, which is supported near |¢| ~ 1 (see the
appendix).
Now introduce the integrating factor
t
B(t) = exp{iu/ lwio(s)|*%}  and define  v(t) = B(t)wi,(t).
1
Then
iO(t) = B(t){— 50z Awio + M%P\/;Vw—k o [—P>ﬁ(|w\2w) + [w[Pw — |wio [*wio] }-

We now estimate the right-hand side in L>. Note that |B(¢)| = 1.
Using Bernstein estimates (Lemma |A.1)),

2 Awl|z + 172 |1P sVl < ¢ HIVw@)lze T u()]x-
Next, arguing via Bernstein as above and using the chain rule, we have
1 1 1
1. z(jwlPw) e St 1V(wPw)lrz St T wlFe [Vollz ST ul%.

In the remaining term, there is always a copy of P, sw (or its complex conjugate);
thus this term is controlled by

—_1l.435
lwllZe 1Py gl <t ullk.
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Thus
t
_5 _5
[w®llLee < Nlw(D)lLee + 1P 7w )] e +/1 570 u(s)llx + 573 u(s)[|% ds

Se+t 0 u(t)||x + T lu ()% (8.4)
Now recall that )
£3 [u(t)]| Lo ~ [Jw(t)]| pz=-

Thus, choosing § suﬁi(nently small (say § = —) and ¢ sufficiently small, a continuity
argument using and . now implies
sup {[Jlu(t)|x +llu®)lls} Se. (8.5)
€[0,00

Remark 8.3. The functions P \/gw(t) are the same as the ‘wave-packets’ appearing
n [12].

With (8.5)) in hand (along with the estimates proved above), we can now establish
the asymptotics. Recalling the notation and the estimates from above, we have

18wt Le ST, follpe S 1, w(t) — wio(t)||p= St 75 (8.6)

tx

Thus {v(¢) : t > 0} is Cauchy in LS° as t — oo, which implies that there exists
Wy € L™ so that

i — oo — i - -1 oo
Jim fJo(t) = Wollpee = i [jwio(t) = B(£)™ Woll e,

and hence
Jim () = B() " Wollz = 0. (8.7)
—00 x
In fact, we have quantitative rates of convergence as t — oco.
We now take a closer look at B(t)~!. We first recall |v| = |wy,|, and we define
U(t) via
/ |wio(s) 2% =: %|v(t)|2logt+ U(t). (8.8)

We claim that {¥(¢) : ¢ > 0} is Cauchy in L ast — co. In fact, a bit of rearranging
shows

W(0) - 8 = [ (0 - o) + S0P - o) logs,
and as implies

_1
[lo(t2)]> = Jo(t)P| S, for ty >t > 1,
the claim follows. In particular, there exists ® € L°° so that
tlggo U(t) = 0.
This implies
thm ||B( ) 1WO _ e—i%|Wo‘2logt—i%'iPVVOHL?C — 07
—00 x
and hence continuing from (8.7)), we finally deduce
Jim Jlu(t) — M(t)D(t)e~ 5 Wol log =iy, o —
—00 x
The result now follows with W = e~ 22 W, O

Ezxercise. Show that the convergence in Theorem holds in L2, as well.



24 JASON MURPHY

APPENDIX A. A FEW TECHNICAL RESULTS

We record here a few technical harmonic analysis results. We will need the
standard Littlewood-Paley projections Py, where N € 2%. These are defined as
Fourier multiplier operators Py = F _190(%)]: , where ¢ is a smooth cutoff to an
annulus || ~ 1. One can also define projections P<y and Ps .

These operators are bounded on Sobolev spaces and obey the following standard
Bernstein estimates:

Lemma A.1. For 1 <p<q¢< andf:Rd—>(C:
1Pnflle S NEIVIPPN fll e,
d_d
HPNfHLg SN ||PNf||L§~

The primary technical tool we will use in this section is the Littlewood—Paley
square function estimate.

Lemma A.2 (Square function estimate). For any 1 < r < oo,

1 le @ty ~ 15 le ey, SF(@) = (Z |PNf<x>2) "

Ne2z
More generally, for 1 <r < oo and s € R,

N9 L ey ~ H (Z N25|PNf<x>|2)
N

LQ(Rd).

The following technical lemma helps deduce a suitable lower bound for the left-
hand side of the interaction Morawetz inequality (5.12)). This lemma appears orig-
inally in the thesis of Visan [23]

Lemma A.3. The following estimate holds:
_(4=3 _(d=3
VIRl SV P12,
Proof. As these operators correspond to convolution with positive kernels (cf. ((5.15)

and (A.1)), it suffices to consider positive Schwartz functions f. The estimate will
follow from the pointwise inequality

1S(VI=S @) S (VI P) (@),

We work at an individual frequency, writing

3 ~

Pa(VI ) = [ el §) (e de
= N / e EH(£)F€) de.
Thus, we have
Pa (V|5 f) () ~ N2 / f(x— 9) F 13 (Ny) dy.

Using the rapid decay of F~13, we can estimate

3(d+1)

PRV SN [ ey
Jen



SCATTERING FOR NLS 25

Thus, by Cauchy—Schwarz,

_(d=3 3(d+1)
S(VITCTIN@P LY NTE
N

2

/ f(o—y)dy
y|SN!
ZN‘”S/ ey dy
N

<N

AN

/|y|-< B @ -y dy S (97T |f2) (@),

where in the last step we use
L1 F)) = c|2| T for some ¢ > 0, (A.1)
which (like (5.15))) we leave as an exercise to the reader. The result follows. O

The following interpolation lemma also plays a role in deducing useful bounds
in the interaction Morawetz inequality.

Lemma A.4. Let 1 < r,rq,13 < 00, 81,82 > 0, and 0 € (0,1) satisfy
l:i—Fd, —810+(1—0)82=O.

r 1 To
Then
£z S WV FUG 1152 1l -

Proof. This follows, for example, by complex interpolation. However, we can also
give a direct proof using the square function estimate and Holder’s inequality:
writing fn := Pnf and using

[ l? = (N2 fn P)P (NP2 v )

we have
1
2
||f||L; ~ (Z(N—Qsl |fN|2)0(N252 |fN2)1—9>
N Ly
< (Same) (i)
N N LT
106 11120
<f(vme) | (S err)
N Lyt N L;?
The result follows. |
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