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On the Asymptotic Behavior of Large Radial Data for a
Focusing Non-Linear Schrodinger Equation
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ABSTRACT. We study the asymptotic behavior of large data radial solutions to
the focusing Schrédinger equation jus +Au = —|u|?u in R?, assuming globally
bounded H'(R?) norm (i.e. no blowup in the energy space). We show that as
t — +oo, these solutions split into the sum of three terms: a radiation term
that evolves according to the linear Schrédinger equation, a smooth function
localized near the origin, and an error that goes to zero in the Hl(R3) norm.
Furthermore, the smooth function near the origin is either zero (in which case
one has scattering to a free solution), or has mass and energy bounded strictly
away from zero, and obeys an asymptotic Pohozaev identity. These results are
consistent with the conjecture of soliton resolution.

CONTENTS

Introduction

Notation

Preliminary estimates

Proof of Theorem 1.1

Proof of Theorem 1.2
Decomposition into incoming and outgoing waves
Exterior energy decay of uyy,
Improving the smoothness of uy,

. A digression on viriel-type identities
10. Proof of Theorem 1.4

References

©0ND O WD

1991 Mathematics Subject Classification. 35Q55.

11
13
15
18
21
31
33
41
41
45

This work was conducted at Australian National University. The author is a Clay Prize

Fellow and is supported by a grant from the Packard foundation.

(©2004 International Press
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1. Introduction

In this paper we consider the (forward-in-time) asymptotic behavior of global
energy-class solutions u : [0, +00) x R® — C to the focusing cubic! non-linear
Schrodinger equation

(1) iug + Au = F(u)

in three dimensions, where F(u) := —|u|?u is the focusing cubic non-linearity.

Non-linear Schrédinger equations such as (1) have been intensively studied and
we review? some of the results here. The equation (1) is locally well-posed in the
energy class H'(R?) (see e.g. [10], [45], [41]; in fact it is locally well-posed in
H*(R?) for all s > 1/2 [12]). Tt also enjoys the conservation of mass

MASS(u(t)) :== /R3 lu(t, z)|? du
and conservation of the Hamiltonian
1 1
ENERGY (u(t)) := /R* 5|vu(t,:c)|2 — Z|u(1t,gc)|4 dz,

however these two conservation laws are unfortunately not enough to control the
H'(R?) norm; the Gagliardo Nirenberg inequality

(2) /|u|4 < O(/ |Vu|2)3/2(/ |u|2)1/2

is not sufficient unless the mass® is sufficiently small. Indeed, if the Hamiltonian is

negative then one has blowup in finite time from the viriel identity [21], [31] (see
[10], [45] for further discussion; see also Corollary 1.5 below).

In this paper we will consider the asymptotic behavior (as* t — +00) of solu-
tions which do not blow up in the energy class; more precisely we consider solutions
where we assume a priori the uniform H' bound

3) o 0l ey < B

for some 0 < E' < +00 (note we do not assume any smallness assumption on E; we
also allow the possibility that solution could blow up at some finite negative time).

1t is likely that at least some of the results here also extend to other dimensions and ex-
ponents. However, we need to be in three and higher dimensions in order for the fundamental
solution e®*2 to be “short range” (decaying faster than t~1), and the algebraic nature of the cubic
non-linearity is also somewhat convenient. Also much of the asymptotic analysis is restricted to
the L2-supercritical regime p > 1 + % in order for global Strichartz estimates to be useful.

2As this is a vast field, we cannot hope to come close to an exhaustive description of results
here, and the references given are not intended to be complete. We refer the reader to the books
[10], [45], [6], [41] for a more detailed survey.

More precisely, one needs a scale invariant quantity such as ([ |u|?)(J|Vu|?) to be small
at time zero, and then it will be small for all time by combining the above argument with the
continuity method.

“The behavior as t — —oo is completely identical, thanks to the time reversal symmetry
u(t, z) — u(—t,z) of (1), and will not be discussed here. It is however an interesting question
as to whether the solutions which scatter to a free solution as ¢ — +oo match at all with the
solutions which scatter to a free solution as t — —oo; this is true in the completely integrable one-
dimensional situation, as well as for small data, but may well be false for the three-dimensional
large data case.
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This condition has appeared in other work on this equation, see in particular [5].
In particular (by (2)) we assume that the mass and energy of w is finite.

Bounded energy solutions will occur for instance when the product of the mass
and energy of u (which is a scale-invariant quantity) is sufficiently small, thanks
to the Gagliardo-Nirenberg inequality (2); another option is to modify the non-
linearity F'(u) for large u by replacing it smoothly with a non-linearity which
behaves like O([ufP) for some p < 1+ %, as this allows the Gagliardi-Nirenberg
inequality argument to derive (3) even when the energy and mass are large (as we
shall see, it is the low values of u which will dominate our discussion, the high
values being irrelevant except in order to establish a local existence theory).

With the a priori assumption (3) we know that u is globally well-posed in
H 1(R3) by iterating the local well-posedness argument. But this standard global
existence result does not reveal very much about the asymptotic behavior of u. For
data whose energy E is small it is possible to show that the solution u(t) eventually
scatters to approach a free solution e”#®u. in the energy norm H'(R?) as t — +o0,
see e.g. [10], [41] (see also Theorem 1.1 below); note that the potential |u|? in F(u)
is a “long-range” potential (it decays integrably in time if ||u(¢)|| o has the expected
decay of t~3/2) and thus does not cause any non-linear corrections (see [31] for more
discussion). Furthermore, the map u(0) — wu4 is a local homeomorphism in the
energy space near the origin (see e.g. [41]).

For large data we do not expect this scattering behavior® to the focusing equa-
tion (1), even assuming the energy bound (3), because of the existence of soliton
solutions (both ground states and excited states). These soliton solutions are gen-
erated by finite-energy solutions u(x) to the non-linear eigenfunction equation

(4) —wu + Au = F(u)

for some w > 0 (which is related to, but not quite the same, quantity as the energy £
in (3)). Such solutions are known to be smooth and exponentially rapidly decreasing
(see e.g. [10]), and if one makes the further assumption that u is non-negative and
spherically symmetric then there is a unique solution to (4) for each w > 0 [14],
[41], [3]; we refer to this u as the ground state. There also exist radial solutions
which change sign, see [2]; we refer to these as excited states. Note that if u is either
a ground state or excited state then u(t, r) := e“!u(z) is a solution to (1); we refer
to these solutions as the ground soliton and excited soliton solutions respectively.
These special solutions can be of course modified by the various symmetries of the
Schrédinger equation such as scaling, translations, Gallilean transformations, and
phase rotation to produce solitons of various velocities, energies, widths, etc.

The analysis of solutions close to a soliton state is by now well understood;
the ground state soliton for the cubic NLS (1) is unstable due to the existence

50One can show however that given any large scattering data ui € H'(R3), one can find a
time interval (T}, +00) and an energy class solution u : (Tk, +00) x R3 such that lim;— oo ||u(t) —
e”AquHHl(Ra) = 0, basically by solving the Cauchy problem backwards in time from infinity;

see [10]. But these scattering solutions do not capture all the large data solutions, for instance the
soliton solutions are clearly not in this class. On the other hand, in the defocusing case every large
energy (and even certain infinite energy) data scatters to a free solution, while conversely every
free solution is the asymptotic limit of a nonlinear solution; see [20], [4], [15]. The arguments in
the defocusing case rely on Morawetz inequalities, which have an unfavorable sign in the focusing
case; it seems that Morawetz inequalities should still have some value for the focusing case but
we were unable to obtain any natural application of them in this setting.
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of nearby blowup solutions [1], [37], although if one mollifies the growth of the
nonlinearity F(u) = |u|?u near infinity enough then one can regain orbital stability
[50], [51], [11], [22], [23] and asymptotic stability [7], [8], [9], [18], [19] for the
ground state given appropriate conditions on the nonlinearity; see [10] or [34] for
further discussion. For perturbations of excited solitons there seems to be far less
known; one possible conjecture is that generic perturbations of the excited soliton
should lead either to blowup, or to collapse to a less energetic soliton (or to the
vacuum state), plus radiation. More recently there has been some results on the
analysis of perturbations of multisoliton solutions, i.e. superpositions of widely
separated and receding solitons (see [34], [32]; a similar result for the generalized
KdV equation is in [26]); while these results do not apply directly to the L2-
supercritical cubic equation (1), they do apply to certain mollified versions of the
equation (see [34] for further discussion). We should also mention the work in
[46], [47] on non-linear perturbations of ground and excited states of a Schrédinger
equation with time-independent potential. These results however rely either on the
variational characterization of the soliton one is perturbing, or on the fact that the
time-dependent Hamiltonian —A — |u|? is well approximated by an explicit linear
Hamiltonian (e.g. the charge transfer model, or the linearization of (1) around a
soliton) for which the spectral structure is well understood. In the general case we
do not have good spectral control on this time-dependent Hamiltonian and so these
techniques do not seem to extend to general large data.

However, in the special® case of the cubic focusing NLS equation ius + e =
—2|u|?u in one dimension, which is completely integrable, one can use the methods
of inverse scattering theory to analyze large data. For instance, if the initial data
is smooth and rapidly decreasing, then it is known (see e.g. [52], [36]) that the
solution eventually resolves into a finite number of solitons” receding from each
other, plus some dispersive radiation which goes to zero (although this radiation
does not quite converge to a linear solution because in one dimension the cubic
power is on the borderline between long-range and short-range; see [31]).

Thus one might conjecture that one has similar behavior (resolution into a mul-
tisoliton, plus dispersive radiation, for generic large data (with perhaps some excep-
tional channels such as breathers or slowly divergent solitons for a small unstable
set of data), or else blowup in H*(R?)) for other non-linear Schrédinger equations

6We should caution however that the one-dimensional cubic NLS is L2-subcritical, as opposed
to the three-dimensional NLS which is L2-supercritical; this seems to play a decisive role in the
analysis. For L2-subcritical equations one has excellent short-time control (in particular, there
is no blowup), but very poor long-time control even in the defocusing case, whereas for L2-
supercritical focusing equations the situation is reversed. The L? critical equation (such as the
2D cubic NLS) is of course delicate at both short times and long times; see [50], [27], [28], [44]
for some typical results regarding this equation.

"This is an oversimplification. In the case when two or more solitons have equal speeds, it
is possible for “breather” solutions which are periodic or even quasiperiodic, and localized for all
time to appear. It is even possible to have two solitons of equal speeds and equal heights to recede
from each other at a logarithmic rate log ¢ in one dimension, although this latter phenomenon may
be also due to the slow decay of the fundamental solution in one dimension and we do not know if
it occurs in three dimensions. Nevertheless the generic behavior is that of resolution into receding
solitons of different speeds, plus radiation, and even in the exceptional cases the non-radiation part
of the solution is still very well localized and smooth, and has asymptotically constant velocity.
We thank Jim Colliander for pointing out this subtlety.
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such as the ones studied in this paper; we shall refer to this rather informal state-
ment as the soliton resolution conjecture. Apart from the results mentioned above
when the data is close to a soliton or multi-soliton, there are only a few results
known to support this conjecture. For instance, some progress has been made on
controlling the growth of higher Sobolev norms for such equations, see [5], [4], [39].
In particular for H® solutions to (1) with the bounded energy assumption (3), it is
known that the H® norms grow at most polynomially in time and that the local H*®
norm stays bounded; these results are consistent with the phenomenon of resolution
into solitons. The growth of norms between L? and H' in the infinite defocusing
energy case have also been studied, see [16], [17], again with polynomial type upper
bounds on the growth. But to obtain control on asymptotic behavior uniformly in
time (as opposed to polynomial growth bounds) seems quite difficult. In particular,
the soliton resolution conjecture for non-integrable equations and generic large data
seems well out of reach of current techniques.

The case of general large data seems too difficult to analyze at present, so we
now restrict our attention to the much simpler spherically symmetric case, where
u(0,2) = u(0, |z|) (and hence u(t,x) = u(t,|z|), by the rotational symmetry of (1)
and the uniqueness theory). In this case the radial Sobolev inequality®

(5) |||x|u||Loo(R3) S ||u||H1(R3)

combined with (3) tells us that u(t) decays away from the origin? for all times ¢,
and thus we only expect at most a single stationary spherically symmetric soliton
at the origin, and no other soliton behavior anywhere else.

Unfortunately even in the spherically symmetric case we were still unable to
settle the soliton resolution conjecture. However, we have a number of partial results
which may be of interest. We begin with two rather standard results (perhaps
already known, though we could not find them in the explicitly in the literature).
First, we show that if the solution ever has sufficiently small mass near the origin
at a sufficiently late time, then one in fact has scattering and no soliton will ever
form:

THEOREM 1.1. There exist constants €, R > 0 depending only on the energy E
such that the following statement is true: if u is any spherically symmetric solution
to (1) obeying (3), and

t——+o0

lim inf / lu(t, z)|? dr < e,
B(0,R)
then there exists a function uy € H'(R®) such that
: itA _
t—lg-noo [u(t) —e ui(t)||H1(R3) =0.
Here B(0, R) is the ball B(0,R) := {z € R® : |z| < R}.

We prove this easy result (a variant of the small data scattering theory, com-
bined with (5)) in Section 4.

8This inequality can be easily deduced by applying the one-dimensional Sobolev inequal-
ity ”U”LOO(R) N ”U”Hl(R) to the function v(|z|) := |z|u(]z|) and using Hardy’s inequality
<
ul/l2lll 2 m2y S VUl Ry
This explains our previous remark that the large values of u are not particularly relevant
for our purposes; indeed, we see from (5) that they only make a difference near the spatial origin.
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From Theorem 1.1, we see that in order to have non-trivial asymptotic behavior
(such as the presence of solitons), we must permanently station some mass near the
spatial origin as t — 4o00. It is then natural to ask what the asymptotic behavior of
this mass is. One can show without too much difficulty, even without any assump-
tion of spherical symmetry, that the solution decouples into a free solution (which
thus decays near the origin, thanks to local smoothing estimates) and a remainder
which is “weakly bound” in the sense that it is asymptotically orthogonal® to all
free solutions:

THEOREM 1.2. Let u be any solution to (1) obeying (3) (not necessarily spher-

ically symmetric). Then there exists a unique decomposition'!

(6) u(t) = wyp(t) + etBu

into the weakly bound component u,,, and the linear radiation component etBuy,

obeying the energy bounds

<
(7) ”u+”H1(R3),te[S01,lfoo) ||uwb(t)HH1(R3) <1
and the asymptotic orthogonality conditions
® I ()1 =0

for all f € H-Y(R3), or equivalently that
9) lim (u,,, By =0

t——+o0

for all f € HY(R?), where
(Foghis = (Fa)ie+ (V£ Va)se = [ F+ V1 V5 da

is the inmer product for the Hilbert space H'(R®). Furthermore, Uyyp 18 @ (local-in-
time) approximate solution to (1) in the sense that

(10) Tlir}rlm (20 + Ay — F(uwb)|‘LgH;([T,T+T]xR3) =0
for all T > 0. Finally, we have the mass decoupling identity
(11) MASS(uy) +TETOO MASS(uyy(T)) = MASS(u(0))

and the energy decoupling identity

2

in particular the above two limits exist. Finally, if u is spherically symmetric then
Uyyp and uy are also spherically symmetric.

1 .
(12) = /Ra Vil + lim ENERGY (u,y(T)) = ENERGY (u(0));

OMore precisely, this is an asymptotically bound state at ¢t = +o00. There is also of course a
notion of an asymptotically bound state at ¢ = —oco, and it is an interesting question (which we
were unable to address) as to whether these two notions are at all related.

HThis is perhaps not the optimal decomposition of the solution u, as it only isolates the
linear evolution component of the radiation term, and places everything else (including non-linear
self-interactions of the radiation term) into the “bound state” term. However, modulo errors which
go to zero in the energy norm as ¢ — 400, this seems to be the correct splitting into radiating
and non-radiating states; this is confirmed in the radial case by Theorem 1.3 below.
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We prove this theorem (which is another variant of the small data scatter-
ing theory) in Section 5. We remark that (11), when combined with Theorem
1.1, shows that in the spherically symmetric case the asymptotically bound mass
lim7 0o M ASS(uyy, (T)) is either equal to zero, or is bounded from below'? by
some ¢ = ¢(F) > 0. As for the asymptotically bound energy, see Corollary 1.5
below.

Theorem 1.2 is consistent with the idea of global solutions to (1) decoupling into
a bound state plus radiation, but the control on the weakly bound state u,;}, given
by the above Theorem is very unsatisfactory; for instance, we do not know whether
Uy}, approaches a global solution to (1) in any reasonable sense (the above result
only shows that for any fixed length of time 7 > 0, the solution wuy;, approaches a
solution to (1) on intervals [T',T + 7] for T sufficiently large depending on 7). In
particular we do not know whether wuy () converges asymptotically to a soliton,
even if we restrict the time ¢ to a subsequence of times. However, in the spherically
symmetric case we can prove that uyy, becomes asymptotically smooth and has
some decay:

THEOREM 1.3. Let u be any spherically symmetric global solution to (1) obeying
the energy bound (3). Then for any J > 1 and 6 > 0, we can decompose the weakly
bound component u,y, of (6) further as

(13) wp(t) = up(t) + 0 gy (1)

for allt > 0, where OHI(RS)(I) is a time-dependent error whose H'(R®) norm goes

to zero as t — oo, and uy(t) is a spherically symmetric function (depending on K,
d) obeying the symbol-type estimates

(14) Vit )| < (&) 379+

forallz € R®*, t > T, and 0 < j < J, where (z) := (14 |x|?)"/? and the implicit
constants can depend on the exponents d,J. Also, we have

(15) S eyl rey < 1

This theorem is considerably more technical than the previous two, and is the
main result of this paper. It is proven in Sections 6, 7, 8. As mentioned earlier, the
assumption (3) can be dropped if we mollify the non-linearity smoothly at infinity
to decay like O(|u[P) for p < 1+ 3, although this requires a number of technical
changes to the argument (e.g. the introduction of the fractional chain rule) which
we omit.

Note that the error term in (13) is only controlled in the homogeneous space’
H! (R?) instead of the more natural energy space H'(R?); our arguments have the
defect of not being able to control the very low frequency portion of the solution u in
a satisfactory manner (in particular, we could not prevent the very low frequencies
of uy, from absorbing a non-trivial amount of mass in the asymptotic limit). This is

3

128trictly speaking, this argument also requires Lemma 3.3 to dispose of the possible effect of
the radiation term e?*2u_ . The above remark can also be derived in the non-spherically symmetric
case by a standard perturbation analysis of the free solution e?*®u at large times, similar to the
construction of wave operators for this equation; we omit the details.

13of course, since H' controls L° by Sobolev embedding, we do get convergence in H*! (R3)
on any fixed compact set in space, though again this would be more useful if we could improve
the bounds on wy, in (14) from O({z)=3/21) to the square-integrable O({z)~3/27).
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also related to why the bounds in (14) only give decay of O((z)~3/?%) instead of the
exponential decay which is to be expected by comparison with the soliton solutions.
If one could improve the error control to H', and also improve the bounds in (14)
from O((x)~3/2%) to O((x)~3/27) or better, then the above theorem would say that
the evolution of (1) in the bounded energy case (3) has a compact attractor in H*
(once one projects out the linear radiation e®u. ), namely the set generated by
(14). In principle this makes the evolution of u}, almost periodic, and reduces the
asymptotic study of (1) to the dynamical systems problem of understanding the
flow on or near this compact attractor. It also raises the possibility that one could
analyze the asymptotic behavior of the bound portion of the solution by passing
to a weak limit at infinity. We caution however that the above theorem does not
establish that wy, is in any way a global solution to (1); the best we could do was
choose uy, so that it obeyed bounds of the form (10) (see also Lemma 80 below).

Thus Theorem 1.3 is still far from satisfactory in a number of ways, though it
does represent some progress towards the soliton resolution conjecture. We specu-
late that the use of such identities as the viriel identity, pseudoconformal conser-
vation law, or the Morawetz inequalities (none of which are used in the proof of
Theorem 1.3, which relies almost entirely on an analysis of the high frequencies
only) may be useful tools to analyze this problem further; we give one example of
this in Theorem 1.4 below, when we use viriel-type identities to prove an asymptotic
Pohozaev identity.

To put Theorem 1.3 in some context, we may compare it with the elliptic ana-
logue, which is as follows. Consider a solution u(z) to the nonlinear eigenfunction
equation (4) for some w > 0, where u is assumed to be spherically symmetric and
finite energy, but not assumed to be non-negative (since that would force u to be
the unique ground state [14]). To put it another way, we assume that u is a criti-
cal point of the Lagrangian associated to (4) but is not necessarily the minimizer.
The analogue of Theorem 1.3 would be then that u is smooth and rapidly decreas-
ing. In the elliptic case, both facts follow easily from rewriting the equation (4)
as u = (w — A)7!(|Ju?u) and then iterating this equation to bootstrap the finite
energy and spherical symmetry assumptions to obtain arbitrary smoothness and
decay; see e.g. [10].

In the dispersive case, where we have (1) instead of (4), we do not have the
luxury of a smoothing operator such as (w—A)~!. However, we do have dispersion,
which in principle achieves a similar effect (locally in space, at least) given sufficient
amounts of time. The heuristic justification for the asymptotic regularity of w is
that any high frequency component of u near the origin should quickly radiate to
spatial infinity as ¢ — +o0, but because u(t) has bounded energy as ¢t — +oo this
radiation should eventually decay in time on each fixed compact region of space
(cf. the local smoothing effect [38], [48] for the Schrodinger equation). Thus if
we restrict to ¢ > T for T sufficiently large, the total energy of high frequencies
that pass near the origin for times ¢ > T" should be small. The main difficulty here
is to ensure that the high frequency radiation does not interact significantly with
the “bound states” of the time-dependent Hamiltonian —A — |u|?. This gets easier
to accomplish if one already has some preliminary regularity result on u, which
suggests that we can prove the regularity part of Theorem 1.3 by an iteration
argument starting from (3), similar to how one proceeds in the elliptic case. It also
transpires that the further one gets away from the origin, the larger the range of
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frequencies one can classify as “high frequency” (roughly speaking, any frequency
higher than (z)~'*° can escape to either ¢ — +o00 or t — —o0). This explains the
decay factors in (14). Unfortunately we do not get infinite decay, because we could
not find a dispersive analogue'# of the elliptic fact that the smoothing operator
(w — A)~1 is highly local.

As indicated above, the methods used to prove Theorem 1.3 are fairly elemen-
tary, relying principally on the Duhamel formula, the Strichartz estimates and the
dispersive inequality. There is one somewhat exotic ingredient however, which is
a microlocal decomposition of free spherically symmetric solutions into incoming
waves (waves moving towards the origin) and outgoing waves (waves moving away
from the origin). This decomposition is useful because we have a freedom when
applying the Duhamel formula to evolve either forwards in time (controlling the
present from the past) or backwards in time (controlling the present from the fu-
ture, taking advantage of the bounded energy hypothesis (3) on the future). To
analyze outgoing waves it is easier if one evolves forwards in time (as the wave be-
comes incerasingly dispersed), but for incoming waves it is easier to go backwards
in time (in order to avoid the wave concentrating at origin, where the non-linear
effects are strongest). To exploit this decomposition we will rely heavily on duality
(and in particular of the unitarity of the free evolution operators e**2). This decom-
position may be of independent interest (for instance, a similar decomposition is
utilized in [35] to establish global-in-time local smoothing and Strichartz estimates
on compact non-trapping perturbations of Euclidean space).

One of the main drawbacks of Theorem 1.3 is the poor control of the decay of
uy,, which is only shown to be O({z)~%/?%). In particular, we were not able to place
Tup, in L?, which seems a natural objective as one may then apply the viriel identity
or pseudoconformal conservation law directly to obtain further information on uy,.
We were however able to exploit the weaker decay in Theorem 1.3, combined with
a modified viriel identity, to prove the following statement:

THEOREM 1.4 (Asymptotic Pohozaev identity). Let u is any spherically sym-
metric solution to (1) obeying (3), and let up be as in Theorem 1.3. Then we
have

lim (1 E /T+T/ 4[Vup | = 3uyl* dudt]) = 0
im (lim sup |- upl® — 3|u x =0.
oo IR T R? b b

As the name of the Theorem suggests, this theorem is the dispersive analogue

of the Pohozaev identity

/R3 4[Vuf? = 3Jul* dz = 0

for solutions to the non-linear eigenfunction equation (4), which is proven by mul-
tiplying (4) against z - Vu and then integrating by parts. The above theorem is
a (rather weak) generalization to the dispersive case, saying that the Pohozaev

14The difficulty is that, unlike the elliptic case, the portion of u near the origin can eventually
influence even the very low frequencies u far away from the origin by Duhamel’s formula (26). To
control this influence it seems that we need to control the spacetime integral of the non-linearity
|u|?u on large regions of spacetime. Using the equation (1) one can get some reasonable control on
such spacetime integrals, but not infinite decay. Interestingly, in the case of a soliton u = Qe *?
one can get infinite decay on the spacetime integral of |u|?u thanks to the time oscillation; if such
a phenomenon held for general solutions then we would also get infinite decay of wy,.
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identity is asymptotically verified in an average sense for the bound portion of the
solution (a similar estimate holds for u.,, by (13), Sobolev embedding, and the fact
that both u}, and .}, are bounded in H 1). The standard dispersive generalization
of the Pohozaev identity is Glassey’s viriel identity!®

(16) 8t/233 Im(Vua) de = /4|Vu|2 — 3|ul* dz,

which, unsurprisingly, is obtained by multiplying (1) by z- Vu and then integrating
by parts. Unfortunately the finite energy assumption on w is not enough to ensure
that the integral on the left-hand side of (16) is finite (even with the spherical
symmetry assumption), however if we replace u by u}, and we add a slight damping
weight of (z)~% then (14) will suffice to make the integral finite. We carry out
this (standard) procedure and prove Theorem 1.4 rigorously in Section 10, after a
review of viriel identities in Section 9.

Combining Theorem 1.4 with Theorem 1.1 yields the following lower bound on
the asymptotically bound energy:

COROLLARY 1.5. Let u is any spherically symmetric solution to (1) obeying
(3), and such that the asymptotically bound mass limy—. oo MASS(uyy) is non-
zero. Then there exists o = o(E) > 0 such that the asymptotically bound energy is
also bounded from zero:

Jim ENERGY (u) = lim ENERGY (uyy) > 0 > 0.

PROOF. Let u be as above. By Theorem 1.1, there exists ¢g > 0 and R > 0
(depending only on the energy FE) such that

lim inf / lu(t, z)|* dz > .
B(0,R)

t——+o0

By (6), (13), and Lemma 3.3 below, we thus have
lim inf lup, (t, 2)|* dz > eo.
t—=+% JB(0,R)
In particular, from Hélder we have

. . 4
llmtiIfm/|ub(t,x)| dx > ¢
for some ¢ = ¢(g9, R) > 0. As a consequence, we have
. . 2 4 . .
lim inf /RS 4[Vup, () = 3lup, ()] dz <lim inf SENERGY (up) —c.
By Theorem 1.4 we thus obtain
lim tinf SENERGY (up) —c > 0.

Observe from (7), (15) that the error oHl(Ra)(l) in (13) is bounded in H'(R?)
norm, and in particular by (2) will be decaying in L*(R®) norm. From this it is
easy to see that

lim ENERGY (uy,) — ENERGY (uyy,) = 0,

t——+o0

15 The left hand side is also equal to g J |z|?|u|? dz, however in our applications we have
nowhere near enough decay to make sense of this quantity and so we will rely instead on the
left-hand side as stated in (16).
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and the claim then follows from the above estimates (and (12), to establish existence
of the limits). O

Corollary 1.5 is a variant of the results in [21], [30], which state that initial
data (which is either localized or spherically symmetric) with negative energy will
lead to blowup in finite time. It is also consistent with soliton resolution, since
solitons have strictly positive energy in the L? supercritical case (see e.g. [10]).

Remark. Except for Theorem 1.2, our results are restricted to the spherically
symmetric case (although it seems Theorem 1.1 generalizes fairly easily, see the
remarks at the end of Section 4), mainly because (5) gives us excellent control on
where the solution is large (at the origin) and small (everywhere else). The general
case is of course far more difficult, but one could speculate that similar results ob-
tain for general bounded energy solutions to (1). At any given time there should be
a bounded number of “points of concentration”, and the weakly bound component
Uy}, Should be asymptotically smooth and concentrated near these points, and de-
cay away from these points. Furthermore these points should move at bounded
speeds, though it is not clear to the author whether these speeds will eventually
stabilize to be asymptotically constant. If these points of concentration end up
receding from each other, then the behavior of the bound state near each concen-
tration point should behave much like the analysis given here for the spherically
symmetric case (after a Gallilean transform), in analogy with the analysis in [34].
Thus ideally one should be able to reduce the problem of soliton resolution to the
case where the only concentration point is the origin, though as with the results
here, to proceed further seems to require some analysis of the dynamical system
of the compact attractor associated to this concentration point, which the author
does not know how to pursue.

2. Notation

We use the notation X <Y or X = O(Y) to denote the estimate X < CY,
where C > 0 is a constant that can depend on exponents (such as regularity expo-
nents j or «), as well as the energy E in (3), but not on other parameters such as
time parameters ¢ or functions u.

We shall abuse notation and write f(|z|) = f(x) for spherically symmetric
functions f, i.e. we think of such functions as living on [0, +00) as well as living on
R®.

We fix 1 to denote a smooth spherically symmetric function on R? adapted
to the ball B(0,1) which equals 1 on B(0,1/2). For any R > 0 use ng to denote
the rescaling ngr(z) := n(z/R) of z, thus ng is adapted to B(0, R) and equals 1 on
B(0, R/2). We shall frequently use differences such as ng — 7, or 1 —ng to localize
space smoothly to various annular regions.

We define the Fourier transform f(¢) on R® by

J©) = [, fa)e T de.
We then define the Littlewood-Paley operators P; for all integers j by
(17) P f(€) = (n241(§) = ms ()£ (€).

We record Bernstein’s inequality

3 _3ys
11l re) = 20 q)]HfHLP(RS)
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whenever j € Z, 1 < p < ¢ < oo, and the Fourier transform of f is supported on

the ball B(0,C27) (e.g. f could equal P;g for some g). This can be proven by

applying Littlewood-Paley type operators and using Young’s inequality, as well as

the standard bounds for the convolution kernel of the Littlewood-Paley operators.
We also define the ordinary Sobolev spaces H*(R?) via the norm

1 ey = 6 Pl e,
and the homogeneous spaces H? (R3) by the norm
1l sy 2= NP A o

We shall unify these two spaces by defining the scaled Sobolev space HI‘%(R?’) for
any spatial scale R > 0 by

g = o (6 + AP

Thus H{*(R?) is the inhomogeneous space H*(R?), while H*(R?) is in some sense
the limit of HI‘%(R3) as R — oo. There is also the easily verified scaling relationship

_ 3/2—«
||fR||Hg(R3) =R / HfHHa(R?’)

for all R, where fr(x) := f(x/R). We remark that H§ is the dual of H,*, and
that we have the estimates

||f||ch(R3) < ”f”H%(RS) N HfHHa(R?’) = Ra”f”H%(R?’)
when R 2 1 and o > 0, and dually that
||f||ch(R3) 2 ”f”H%(RS) 2 HfHHa(R?’) 2 Ra”f”H%(R?’)

when R 2 1 and a < 0.
We also have the following handy stability lemma with respect to cutoffs.

LEMMA 2.1. Suppose that a(z) is a function on R® obeying the estimates

sup |Via(z)| < AR
z€R3

for some A >0 and R >0, and all 0 < j < J. Then we have the estimate
0Pl ey S Ao

for all —J < a < J, where the implicit constants may depend on the exponents a

and J.

PROOF. We may rescale A =1 and R = 1. By duality we may take a > 0; by
interpolation we may assume that 0 < o < J is an integer. But then the claim is
clear from the Leibnitz rule and Holder’s inequality. ([l
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3. Preliminary estimates

Fix u solving (1) and obeying (3); to begin with we do not assume spherical
symmetry.

Let e*2 be the propagator for the free Schrodinger equation iu; + Au = 0; this
is of course a unitary operator on L? (and indeed on every Sobolev space H*(R?)).
From the explicit formula'®

i c ilz—yl|?
(18) AP @) = g [ G) dy
we obtain the standard dispersive inequality
itA -3/2
(19) 1 Fll e, S 2050 e

and as a consequence the global Strichartz inequality (see [24] and the references
therein)!”

(20) 16 ll o oty < 1oy

A

and hence (since €"*® commutes with derivatives)

(21) 16 £l oo @Ry 1 s
In particular we observe from Sobolev embedding that
(22) HeitAfHLngo(RXR?’) N ||f||H1(R3)
We also need the following variant of these estimates:

LEMMA 3.1. We have
(23) 1€ Fll s e RR?) S 11l R

PRrROOF. This almost follows by interpolating (21) with the energy estimate
€2 fllLeern = || £l but the presence of the L3® means that endpoint Sobolev
embedding cannot be applied directly, and we must proceed with a bit more care,
using interpolation theory instead. We shall use the Littlewood-Paley operators P;
defined earlier. Observe from (20) and Bernstein’s inequality that

(24) ||eitAij||L%L;o(RXR3) < 2j/2HijHL2(R3) ~ 2_j/2||ij||H1(R3)v

for any j, while from the unitarity of e’ and another application of Bernstein’s
inequality we have

(25) ”eitAijHLgoL;o(RXR?’) = 23j/2||ij||L2(R3) ~ 2J/2HPJfHH1(R3)
By Marcinkeiwicz interpolation we thus obtain the Lorentz space estimate

HeimpijL;hngo(RxR% N ||ijHH1(R3)7

16ye ignore the issue as to which branch of the square root of ¢ to take when ¢ is negative
by hiding this issue under the undisclosed constant C.

17In this radial setting there are in fact some extra smoothing estimates available, see [49],
although for our argument we will not need any such refinements of Strichartz inequalities (nor
will we need more complicated versions involving for instance X spaces. The main difficulty
in this work is not so much the recovery of local regularity, which is fairly easy since we are in
a sub-critical setting with no derivatives in the nonlinearity, but rather in obtaining sufficient
long-term control (e.g. decay) of various components of the solution in time, and the relatively
basic Strichartz and dispersive estimates already seem adequate for this task, at least in the
three-dimensional case.
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and thus by the triangle inequality we have the Besov space estimate
HeitAfHL‘tlvlL;o(RXR?’) = Z HP]fHHl(R?’)
jel
On the other hand, from (24) and (25) we have the estimate

J 1Pl e e £ min 2B 2P BN
for any measurable set E. Summing this in j, we obtain
SISy 5 VB s P e
and hence (since E was arbitrary) the weak-type estimate
I g ) 8 5500 1P s
Interpolating this with the previous Besov space estimate we obtain the result. [J

We can extend these estimates from the linear evolution to the non-linear evolu-
tion (1), provided we localize in time. The key tool here is the well-known Duhamel
formula

ty
(26) u(ty) = el 0By () — 4 / e =DM Py (t)) di
to
for solutions to (1) and all times to,¢; € [0, +00), where we adopt the convention
that ﬁ: =— ttlo if t1 < to. Of course, it is the time integral in (26) which poses the
most problems, especially as [t1 — tg| gets large. Generally speaking, our strategy
in this paper will be to apply Strichartz estimates or local smoothing estimates in
the short term (when [¢t; — t| is small) and to use the dispersive inequality (19) in
the long term (when [t; — t| is large).
We now give the (standard) non-linear local-in-time analogue of the Strichartz
estimates.

LEMMA 3.2. Let u be a solution to (1) obeying (3). Then we have

(27) swp et g, S 1
+€[0,400) LR

forall2 <p <6, and

(28) [l v

L2WhS (T T4 xR & {m)
for all T >0 and 7 > 0. In particular we have

1/2
(29) ||u||L?L§°([T,T+T]><R3) rf.z <T>

for all T >0 and 7 > 0. Similarly, we have

(30) < ().

HUHL;%L;o([T,TJrT]xRa) ~
PROOF. The bound (27) follows immediately from (3) and Sobolev. To prove
(28), (29), (30), it suffices to do so for 7 > 0 sufficiently small depending on E,
since the claim for larger time spans 7 then follows by decomposition of the time
interval into smaller pieces. We now fix T', 7, and let X denote the quantity

X = H“”L%Wi"*([T,TwaR% + ||“”L%L;°([T.,T+T]XR3> * ||“”L;%L;°<[T.,T+T]XR3>'
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By (21), (22), (23), (26) and Minkowski’s inequality we have

XS D) g, [ PO g,

By (3) the first term on the right-hand side is O(1). For the second term we use
Leibnitz and Holder to bound

T+t

T+
e Y AV 1 )
and so by (3) and definition of X we have
X 31+712x3

and the claim follows by standard continuity arguments (e.g. letting 7 increase
continuously from 0) if 7 is sufficiently small. O

Finally, we record a Riemann-Lebesgue type lemma for the free Schrodinger
propagator e”?, which while preserving the H*(R®) norms, sends many other
norms to zero:

LEMMA 3.3. For any uo € H'(R*) we have
. —e (|, itA 2 itA 2 _
im0 a0 + Ve up(o)) do =0
for all € > 0, and similarly
lim / , leBug(z)P de =0

t——+o0

for all2 < p <6.

PRrROOF. Observe that the expressions in the limits are certainly bounded by
some quantity depending only on the H 1(R3) norm of ug, thanks to Sobolev em-
bedding and the fact that e’ preserves the H' norm. Thus by the usual lim-
iting argument it suffices to verify this lemma for test functions wg, which are
dense in H*(R*). But in that case we see from (19) that |e"*®ug(z)| decays like
O(t=3/?) (with the implicit constants here depending on ug). Since |e**“ug(x)] is
also bounded in L?, the claim follows. O

4. Proof of Theorem 1.1

We now prove Theorem 1.1, which will be an easy consequence of Strichartz
estimates and the dispersive inequality. Let € > 0 be a small constant to be chosen
later, and let R > 1 be a large number depending on ¢ to be chosen later. From
(22) we have

||e*”H0u(0)||L?L;O(RXR3) <1

Thus (by monotone convergence) we may find a time Ty > ¢~2 > 0 (depending on
u) such that

(31) €A u(0) €.

||L$L;o([T0,+oo)xR3) S
By hypothesis, we may then find a time 77 > Ty such that

/ |u(Ty,z)|* de 5 e.
B(0,R)
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Then of course we have
(32) /nR|u(T1,3:)|2 dx < e,

where nr was defined in the notation section. We now bootstrap this control of the
local mass at a fixed time 77 to control of the local mass at nearby times. From
(1) we observe the mass flux identity

Oul* = =2V - Im(Vua)
and hence by integration by parts'®
5t/77R|u|2 dr = 2/V17R -Im(Vua).

Since || VgL = O(1/R), we thus obtain from (3) the crude estimate

|6t/773|u(t)|2 de| < 1/R

for all times ¢ (far better estimates are available, but this is already sufficient for
our purposes). Thus by (32) we see that

sup /nR|u(t,:C)|2 dr S e
te[Ty—e—1/4,Ty]

if R is large enough depending on e. In particular we see that for any ¢ € [T} —
=14 1] we have

le@llzamio.m/2) < 1022 gs 1605 50,72 < 2
(using (27)), while
< 2/3 1/3 < p—2/3.1/3
||u(t)HLS(I:{S\B’(O,R/Z)) S [lul )||L°°(R3\B 0R/2))|| u(t )||L2(R3 SR c
using (5). Thus if R is large enough depending on € we have
1/2
(33) sup ||u||L3(R3) Se / .

tE[T1—€71/4,T1]
‘We now claim the estimate

(34) le" =2 u(Ty)| v,

L2Lo([Th,+00)xR%) ~ ]e

To prove this, we first apply Duhamel’s formula (26) to obtain

T
u(Ty) = e 2u(0) — i / =R R (y(t') dt’
0

and hence
ei(thl)Au(Tl) :eitAu(O)
" (t—tA
—1 A By () at’
(35) ‘/’1"1_51/4 ( ( ))

_ . —1/4

T1 € . ,
— z/ AR (u(t') dt’.
0

180ne can justify this step by starting with smooth solutions u and then taking limits using
the H! local well posedness theory. We will justify similar formal manipulations later in this
paper without further comment.
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From (31) we see that the contribution of the first term (the linear component) to
(34) is acceptable. Now consider the second term (the “recent past” contribution).
By Strichartz estimates (and Minkowski’s inequality) we see that the contribution
of this term is bounded by

T
S IO g o

T1—€71/4

But by the Leibnitz rule and Holder we can bound this by
= ||U||L;?°L3HUHL§L30||U||L3W;v6

where all norms are over [T} — e~ '/4, 7] x R*. But by Lemma 3.2 we see that
ullzrees IVullLzre < e71/8
and so by combining this with (33) we see that this contribution is acceptable.
Finally, we consider the third term (distant past) of (35). For this term we use
the dispersive inequality (19)

T17€7
1/
0

But by (27) we see that ||F(u(t’))||L1(R3

which is acceptable.

We can now pass from the bound (34) on the linear solution to the corre-
sponding bound for the non-linear solution in the usual manner. Indeed, from the
Duhamel formula (26) we have

1/4

) , ’111*571/4
SO W ey S [ IO g

) = O(1). Thus this integral is O(¢'/®)

t
u(t) = Ty (Ty) — / AR () dt,
T

and upon taking L?L2°([T1,+00) x R?) norms, we see from (34) and Strichartz
that
HuHLgL;O([Tl,JFOO)XRS) = 51/8 + ||F(u)
But by Leibnitz and Hélder we have
[[F'(w)

”L%H;([Tl,m)xRS)'

sz oo R?) S 1 2 7y ooy RN e a7, 4o R
Thus from (3) and a standard continuity argument (e.g. replacing [T}, +00) by
[Ty, T) and then letting T — 400) we thus see that

1/8
ull L2 1 oo 17y 400) xR < €

if € was chosen sufficiently small. Finally, we set u as
+oo
uy = e Ty (Ty) — z/ e WA (u(t)) dt';
T
note that the integral converges absolutely in H' since we have just shown F(u) to
lie in L} HL([T1, +o0) x R?). Then from the Duhamel formula again we see that

—+oo
u(t) — e "By, = z/ e AR (ut') dt’
t
for all t > T4, and thus (by the absolutely convergence of the integral) we have

. itA _
tl}IJPoo Hu(ﬂ —-¢ u+||H1(R") =0
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as desired. |

Remark. This argument can mostly be extended to the non-radial case, and
shows in fact that one has scattering to a free solution whenever

lim inf sup / lu(t,z)|* do < ¢
oo zoeR? Y B(zo0,R)

for some specific £, R > 0 depending on the energy F; in other words, one must
always have some concentration of the L? mass in time in order to prevent the
solution from scattering to a free solution, although in the non-radial case one does
not have much control on the location zy = xo(t) of this concentration (though
the sub-critical nature of this equation, combined with finite speed of propagation
heuristics, suggest that we can make x depend in a Lipschitz manner in time). We
leave the details of this generalization to the reader (similar results also occur in
e.g. [29], [6]).

5. Proof of Theorem 1.2

We now prove Theorem 1.2, which is another application of Strichartz and
dispersive inequalities. We begin with a standard preliminary estimate, which in
some sense asserts the existence of an adjoint wave operator.

LEMMA 5.1. Let u be any solution to (1) obeying (3) (not necessarily spherically
symmetric), and let f € H-*(R*). Then the limit

(36) Jim (u(t), " f) e
exists and is bounded in magnitude by O(Hf||H*1(R3))'

PROOF. It is clear that

sup [(u(t), "2 f) 2 < Ifll o g
te[0,400) H (R

just from (3) and duality of H'(R?®) and H~'(R?®). Thus by the linearity of
(u(t), e f)r> in f and a standard limiting argument, it will suffice to prove the
convergence of the limit (36) when f is a test function, i.e. a smooth, compactly

supported function. In particular f now lies in L' and so from (19) we have the
bound

37 eitAf Lo < C 't73/2
f

for all ¢ > 0, where C/ is a constant depending on f.
It will suffice to show that (36) is a Cauchy sequence. Accordingly, we pick an
€ > 0 and seek to find a large time 7" > 0 such that

(38) [(ult), €™ flrz — (W(T), e f)rz] S e

for all ¢ > T'. To show this we use Duhamel’s formula (26) to write

¢
u(t) = =12y (T) — 2/ A R(u(t)) dt!
T

and hence the left-hand side of (38) can be rewritten as

t ’
|<A <ei(t—t )AF(u(tl)),eitAf>L2 dt/|.
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Thus it will suffice to show that
+o0 .,
[ 1w, et el dt <
T
But from (27) we see that ”F(U)HLI(R3) < 1, while from (19) we have ||eit/AfHLm(R3) S
(tl)_3/2HfHL1(R3)' The claim thus follows from the decay of (t')~3/2 if T is taken
sufficiently large. (|

The expression (36) is thus a bounded linear functional (of f) on H~'(R?),
and hence by duality there exists a unique u; € H'(R?) such that

Hm (u(t),e”® f)re = (uy, f)re

t——+oo

for all f € H~!, and we have the bound ||u+||H1(R3) < 1. If we then define uyy,
by

Uy, (t) = u(t) — e Puy
then we clearly have (6) and (8) (and hence (9)), thanks to the unitarity of e*4.
Also we obtain (7) from (3). Note that this argument also shows that uy (and
hence uy;},) are unique. Also it is clear from construction that if u is spherically
symmetric then u and wuy,, are also.

Now we prove (10). Fix 7. Since
(10 + A)u = F(u)
and _
(10 + A)eBuy =0
then we have
(i@t + A)uwb - F(U’Wb> = F(’U,) — F(U’Wb>
Thus it will suffice to show that
A 1) = FCusb)l 2y y rem <Ry = 0

Let us just show this for the homogeneous norm H;, the contribution of the L2
norm being similar. We observe the pointwise estimate

(B0 =F gy )] (Wit Tl gy =t 4+l gy D2V (=)
and hence by Holder
1 () = P gy SNVl + Vull e llul + g sl = g 22

+ lul + lugplllz2rs [l + lugp g re IV (= ugp)ll 2L
where all norms are in [T, T 4 7] x R®. From (21) we have

19— )l o R S !
and hence

A IV =)l s 224 m<R?) = O

A similar argument using (22) gives

A e = tab e gy cmey = 0
Meanwhile from (21), (22) and Lemma 3.2 we have
|||u| + |qu|||LfL§([T,T+T]><R3) < <T>1/2
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for p = 6, 00. Combining all these bounds together with (7) and Sobolev embedding
we thus obtain

A IE ) = Flugg)l 1y i xRy =0

as desired. The analogous argument for the L2 norm is similar (because every
bound that we have on derivatives of u and u we also have on u and wuyy,
themselves) and is omitted. This proves (10).

We now prove (11). Observe that

wh>

itA 2

||u(t)||i2(R3) = ||uwb(t)||iz(R3) + ||€ u+||L2(R3) + 2Re<uwb(t)7 eitAu+>L2(R3)'

The left-hand side is M ASS(u(0)) by conservation of mass. The second term on
the right-hand side is M ASS(u ) since e™® is unitary. The third term on the right
goes to zero as t — 400 by (8), and the claim follows.

Now we prove (12), which is in the same spirit but a little trickier. We begin
with the H' version of the above identity,

HVu(t)H;(Rg) = ||Vuwb(t)||i2(R3)+||Ve”Au+||i2(R3)+2Re<Vqu(t), VeitAu+>L2(R3).

Observe that the third term on the right still goes to zero by (8) (moving both
derivatives over to e*®uy). The left-hand side is equal to 2ENERGY (u(t)) +
3 [ lu(t,z)|* dz, while the first term on the right is equal to 2EN ERGY (uy,},(t)) +
1 [ luyp(t, 2)|* dz. Finally, the second term on the right-hand side is just [ |Vu (z)[? dz.
Putting all this together we see that (12) will follow if we can show
. 4 4 g

t—1}+moo R® |u(t,a:)| - |uwb(t7'r)| dzx = 0.
From (3), (7) we see that ||u(t)||L4(Rs), ||“Wb||L4(R3) < 1. Thus the claim follows
from the pointwise bound

(39) [fu(t, 2)* = g, ()| < ([t 2)] + [ugp (8 2)])? (Ju = ugp (¢ 2))
(40) = (Ju(t, @)] + [uggp (8, ) )€™ us (2)]
and Lemma 3.3 (applied with p = 4). [ ]

Remark. One can obtain more explicit Duhamel-tyle formulae for u.,, and
U4, namely

+oo
Uy, (t) =i / AR (u(t)) dt’

t
and

+oo
ugr = u(0) — i/o e AR (u(t)) dt

although these integrals do not converge in the energy class, but only in weaker
senses such as in the distributional sense (which is what is essentially done above).
Note that the Duhamel-type formula for u;, consists entirely of a forcing term
(from the future) and no linear term; we thus expect uy}, to be smoother and

more localized than w itself, although the infinite time integral f;roo and the lack of
time decay of F'(u) does cause some difficulty in making this heuristic precise. As
indicated in Theorem 1.3, we will throw away a small energy error from wu} (which
is basically caused by the coupling of the bound state with either the initial data
e®u(0) or the data at infinity e?“uy, as well as the non-linear self-interactions
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of the radiation term e®4

estimates.

u4) before establishing our final smoothness and decay

6. Decomposition into incoming and outgoing waves

We now introduce a fundamental concept in our analysis of the free Schrodinger
propagator e*?, namely the decomposition of a spherically symmetric function into
incoming and outgoing components (plus a smooth error); these basically corre-
spond to superpositions of radial waves e*!*l with w < 0 and w > 0 respectively.
A similar decomposition (constructed using pseudo-differential operators) is also
available for non-spherically-symmetric functions, see for instance [35].

ProOPOSITION 6.1. Let & > 0, and let R > 0 be such that either R = 0 or
R 2 1. Let f be a spherically symmetric test function supported on the exterior
region {x : |x| > R} (so if R = 0 then [ is just any spherically symmetric test
function). Then there exists a decomposition

(41) f:f++f—+fsmooth
with the following properties:
e (L?-boundedness) We have

(42) ||f+HL2(R3)7 ”f—”Lz(RS)v ||fsmooth||L2(R3) S ||f||L2(R3)'
e (Smooth error) The function fsmootn 0beys the estimates
(6-1)(1+w)
(43) ||vfsmoothHL2(R3) S <R> ”f”H(*Ré;(R?’)
for all o > 0.

o (Asymptotic decay of incoming waves) For any ug € LQ(Rg) and any
e > 0, there exists a time T = T (ug,&,0, R) > 0 such that

(44) (e a0, 1| £ llFll g,

for allt > T and all test functions f on {x : |x| > R}. (Informally, this
means that as t — +o0o, the free wave e ug consists asymptotically of
purely outgoing radiation).

e (Exponential decay near origin in the favorable time direction) We have

+oo
i(t—to)A -
(45) /to Vet =12 f | 2 (po,r/8)) dt £ (R) B||f||H7a(R3)
and
to )
(46) /_OO Ve =2 f || L2(po,rys)) dt < <R>_ﬁ|\f|\Hw(R3)

for any o, 8 > 0. (Thus, outgoing waves radiate away from the origin as
t — 400, while incoming waves radiate away from the origin ast — —o0.)
e (Local smoothing in the favorable time direction) We have

+oo
—2 _i(t—to)A —1+6
(@ [ Ry sy S B e

to

and similarly

to
—2 i(t—to)A < —1+6
@) [ e RNy s de S B e

— 0o
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for any o > 0. Here HIO‘%(RB) is the scaled Sobolev space defined in the
notation section.

In the above estimates we allow implicit constants to depend on the exponents
0, a, B but not on R.

PRrROOF. In what follows the reader may find it helpful to keep in mind the
following heuristics: firstly, that the Littlewood-Paley projection operators P; only
introduce a spatial uncertainty of O(277), by the uncertainty principle; and sec-
ondly, the dispersion relation indicates that the Schrédinger propagator e*(f—t0)4&
when acting on functions of frequency ~ 27 (such as P;f), will move this function
by speeds comparable to 27. Because all functions here will be spherically sym-
metric, there are only two directions for propagation: inwards toward the origin,
and outwards away from the origin. To separate these two modes'® we will use
(truncated) radial Riesz projections.

In the argument that follows we assume some familiarity with the heuristics of
stationary phase, and in particular the ability to get arbitrary decay?® of oscillatory
integrals [ ei¢(w)¢($) dzx via repeated integration by parts when the oscillation V¢
of the phase exceeds the amount one loses when differentiating 1; we refer to [42]
for more precise formulations of this heuristic.

Let us first consider the case when R = 0, and f is supported on B(0,2). In
this case we set f_ := fomootn := 0 and fi := f. The bounds (42), (44), (43), (48)
are then trivial, while (45), (46) are vacuously true (since B(0, R/8) is empty). It
thus remains only to verify the outgoing local smoothing estimate (47). We have
to show that

+o0 )
/t ) 2 TRy At SNy aiis R
0

We use Littlewood-Paley operators to split f = P<of + Zj>0 P;f, where P<of :=
> j<o L f. Consider first the contribution of the low frequencies P<of. Observe

from (19) that
1= 2 Peg flloo £ [t = to| ™ ?| P<of | L1 (B(0.1))
S|t = to] =% Po f| e
SNt =tol 2l fllr-a-res,
and also by Bernstein’s inequality
=12 P flloo < (€72 Peo fllp2 = 1P<ofllz2 £ |1 fll-e-1vs

and hence '
e 2 Peo flloo < (t = to) >/ fllzr-o-14s.

91 is possible instead to proceed using the full machinery of Fourier integral operators and
semi-classical analysis; for instance, f4 is basically the projection of f to the phase space region
|€] 2 (z)~ 10 £ .2 > 0, while fomooth is basically the projection to the region |&] < (x) =119,
However, to keep the paper reasonably self-contained, we have proceeded more explicitly (though
perhaps at the cost of brevity), relying mostly on integration by parts, stationary phase heuristics,
and the Fourier inversion formula. The reader who is content to accept this Proposition may in
fact skip the technicalities and move on to the proof of Theorem 1.3 in the next section.

20We shall refer to this as the principle of non-stationary phase. We also need a Van der
Corput lemma, which asserts that fRs eid’(z)w(x) = O(A3/2) if ¢ has exactly one stationary
point with V2¢ > X at that stationary point, ¢ is a rescaled bump function, and ¢ obeys the
usual smoothness bounds on the domain of ¥. See [42].
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By Holder we thus see that
[(z) 2’2 Peg fllpe £ (= t0) "2 fllir-amrss

and the claim follows by integrating in ¢ (noting that L? controls H ). To control
the high frequencies, it will suffice to show that

+oo
[
to

for all 7 > 0, since the claim then follows by summing in j. Fix j; we define

7 = 7; := 2(71%9/2)7 and divide the above integral into the immediate future LZ°+T

and the later future f tjj_i For the immediate future, we use Lemma 2.1 to discard

<$>72€i(t7t0)AijHH7a(R?’) dt < 2(*a+1+5/2)j||ij‘||L2(R3) < 275j/2”fHH—a+1—6(R3)

(x)~2, and thus bound this contribution by

fot T i(t—to)A
,S/ Hel( o) ij”Hfa(RS) dt,

to

t—to)

which is then acceptable by definition of 7 since e*( A preserves the H~® norm.

Now consider the later future f tjj_oT For this contribution we write P; = Pj P; where

Pj is a slight enlargment of the Fourier projection operator P;. Now observe that
using stationary phase that the convolution kernel K(z) of ei(t_tO)A)Pj is mostly
concentrated in the region |z| > 27|t — to| 2 2%/2 (the latter bound following
definition of 7); indeed from the principle of non-stationary phase we can obtain
bounds of the form |K (x)| < (27|t —to|)™™ in the region |z| < 27|t —to|. Thus the
contribution of the region of space |z| < 27|t — to] is easily seen to be manageable.
Thus by applying a smooth cutoff we may restrict to the region |z| 2 27|t — to|.
But then we may invoke Lemma 2.1 again to replace (z)~2 by (27|t — to|)~2. Thus
we can bound this contribution by

+oo )
~ / 2]t = to) 2 [ TOBP |y ey dEs
to+71

which by the boundedness of ¢/(*~*0)2 is bounded by
27271 ||ij||H—a(R3)

which is acceptable by definition of 7. This concludes the treatment when f is
supported on B(0, 2).

It thus remains to consider the case R 2 1, since the case R = (0 then follows
from the R 2, 1 case and the localized case just considered. We can then replace
(R) by the comparable quantity R throughout. We then define fqmootn as

fsmooth = Z PJf"'TIR Z ij7
2i < RS-1 29> Ro-1

where 7g is defined in the notation section, and now proceed to verify the bounds
(43) on femootn. The contribution of o, - ps—1 Pjf is clear just from taking Fourier
transforms, so it will suffice to verify that

Z ||V77RpijL2(R3) 5R(é—l)(l-i-oz)”f”HEa(Rs).
29 <RI~
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But f is supported on R*\B(0, R), which is a distance R/2 from the support of
nr, while the convolution kernel of P; decays rapidly outside of B(0,277), as does
all of its derivatives, so it is easy to verify the pointwise estimate

IVnRP; fllso < (27 R)MIf | ;o m)

for any M > 0. Summing over all j with 27 > R°~! we obtain the result (if M
is sufficiently large depending on §, o we may absorb all powers of R that arise on
the right-hand side). This proves (43).

It then remains to decompose

(I—mmr) Y. Pif=f+f
2J>R5-1

with the desired properties. We shall do this by decomposing each (1 — ng)P; f
separately for each 27 > R°~!,

(49) (L=nr)Pif = f-j+ f+;j

and then defining fi := > o0 ps1 fij.
We begin by taking the radial Fourier transform g; of the odd extension of

—+00 )
(50) 5i0) = [ e su(r) (= e D)P (1r)

— 0o

so that g; is an odd function on R, and observing the Fourier inversion formula
o0
(=mPif = [ ai(o)e, do
—o0

on R?, where e, is the radial function
. p2mip|z]
ep(z) ==e .

We can thus define
(51) fegi= [ a0 e, dp
+[0,400)

and we thus obtain the decomposition (49) (and hence (41)); note that the factor
(1 —ng/2) does not affect (49) since it equals 1 on the support of (1 —nr).

Now we verify the L? bounds (42). It suffices to show the claim for fi. By
(51), it suffices to show that

(52) 1 oo mades doll gy 1

where g := ZQjZRg,l gj. We discard the (1 —7pg/2) and use polar co-ordinates to
write the left-hand side as

<r / 9(p) dpl| 2
[0,00)

Since g is odd, we can integrate by parts to estimate this as

SU[ g0 ol
+[0 oo)
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which by Plancherel is bounded by
< W o),
R

Expanding out ¢’ using (50), this is

+oo
N (/RI/_OO e sgn(r)(1—nr(lrl) Y Pif(Ir]) rdrl* dp)'’?,

27 >R56-1

which by Plancherel again is bounded by

+oo
é(/ (@ =nr(rD) D Pif(rDI® r2dr)t2.

- 2/ >RS-1

But if we discard the cutoff (1 —ngr) and undo the polar co-ordinates, this can be
estimated as

2i>R6-1
as desired.

Now we prove the asymptotic decay estimate (44) for the incoming wave. From
(42) we already have

itA
igg [(e" P uo, f*>L2(R3)| N |‘fHL2(R3)Hu0HL2(R3)a

so by the usual Riemann-Lebesgue type limiting argument (as in Lemma 3.3) it will
suffice to prove (44) assuming that wg is a (spherically symmetric) test function.
But in that case e*®ug has the asymptotics

3 - i|z|?
e Bug(z) = t73/2e1 Mg (2 /) + 0L2(R3)(1)

where a is a spherically symmetric Schwartz function (it is essentially the Fourier
transform of wug) and 0L2(R3)(1) is an error whose L?(R*) norm goes to 1 as t —

+00; see e.g. [43] (or one can work directly from (18)). Using (42) again, it thus
suffices to show that

- ilz|?
t 3/2|<€ ] /4ta(x/t)7f—>L2(R3)| S EHfHLz(RS)

for all f € L?*(R®) supported on R*\B(0,R), and all t > T = T(a,s, R). We
expand out f_ using (51) and estimate the left-hand side by

0
— ilz|?
St 3/2/ l9(p) e /1), (1= nr2)ep) o mes)| do-

We can write this in polar co-ordinates as

0
.9 .
<2 / 9ol / ¢ 410201 1)(1 — o (r)) dr| dp,

and then break this up dyadically as

00 0
— ir? —ipr
(53) <>t 3/2/ Ig(p)Il/e =020 (r [£) (nax g — max—1r(r)) dr| dp,
k=0 o
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But the phase ir?/4t — ipr oscillates in 7 with frequency at least |p| + 2¥R/t on
the support of nyrg — mox-1p (because p is negative), and so by the principle of
non-stationary phase we have the bounds

ir2 —1ipr —
| / A2 00 /) (e — e (1) dr| S (28 pl R+ 22K R2 /)M (2" R)?

for any M > 0 by repeated integration by parts (the function a(r/t) obeys symbol
estimates in r regardless of what ¢ is, because a is Schwartz). This decays rapidly
for |p| > R™127%. Hence we can estimate (53) as

D AR )M R (R 12 2 g5
k=0
This decays rapidly for 2% > t'/2R~!, so we may sum in k to obtain the bound
SRR (RTTYPR)Y | glle =t gl 2.
But by (50) and (one-dimensional) Plancherel we have the somewhat crude estimate
(54) losllzz 11 = nm)Pillzz 5 1Pl o,

and more generally

lolez S 10 -n) Y Piflez 21l Y Bifllage < 10 ame
2i>RS-1 29>RS-1
and the claim follows for ¢ sufficiently large.
Now we prove (45), which is basically an application of the principle of non-
stationary phase. It suffices to show that

+oo
/ IVe 2 Ll e mo.rssy dt < (27R) MNP fll . g2
to
for every 27 > R°~! and every M > 0, since the claim then follows by taking M
large enough depending on «, 3,§ and summing in j.

Fix j. By time translation invariance we may take to = 0. We expand the
left-hand side using (51) and use Minkowski’s inequality to estimate by

+00 +oo ‘
ri /0 /0 |gj(p)|||veltﬁ(1 - nR/Q)ePHL2(B(O,R/8)) dpdt

It will suffice to prove the estimate when (1 —np/2) is replaced by (nr —7r/2), since
the claim will then follow by replacing R by 2*R for k = 0, 1,... and summing the
telescoping series. By (18), we have

i ¢ ilz—y|? i
etA(nR—nR/g)ep(x) = W/ 36\ yl /4t(77R_77R/2(y))62 plyl dy;

using polar co-ordinates in y this becomes

o0 ™
—tgz ei‘m‘2/4t / / e—i\w\r cos /2t (nR — NR)2 (T,))eir2/4te27ripr sin 6dOr2dr.
o Jo
Substituting s = cos 8, this becomes

c ilz|? ' > ir? —i|x|rs TipT
t37€| | /4t/ / i /At milzlns/2t 2mipr () — nrya(r)) ridrds.
—-1J0
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If z € B(0, R/8), then the phase ¢ /4te=ilzlrs/2te2mipr ogcillates in r at a rate
of at least 2, p+ R/t on the support of nr — /2 (note that this uses the positivity
of p, i.e. the fact that we are only considering outgoing waves). Meanwhile, every
derivative applied to (ng — ng/2(r))r? lowers this quantity by a factor of about R.
Thus one can integrate by parts repeatedly to obtain a bound of O(t_3/ 2R3(pR +
R2/t)=M") for any M’. Applying V, introduces factors of the order of at worst
R/t and thus we obtain a bound of the form

Ve (nr — nrya)en(x)| S t°2RYpR + R*/t) M.

Thus it remains to show that

—+o0 —+o0 )
[ R R B ) o)) dpdt 5 2 R) P
0 0

We can evaluate the ¢ integral to estimate the left-hand side as
e R /2 p4 M
(75 ) "R (pR)™™ |g;(p)l dp.
/0 (Rp) ’

If p was much larger than 1/R, e.g. p > (27/R)'/2, then the claim is now easily
proven from (54), since 27 > R®~'. So we may restrict our attention to the region
p < (27/R)Y?2. But then we may use (50) to write

+oo
50 = [ sgu(r) (= na(lr) Py (1)

which by collapsing the integral to fooo and then undoing the polar co-ordinates
becomes

() = C [ sinC2alel) =5 )

We now integrate by parts repeatedly, integrating P; f to effectively gain a factor

of 277 (by the frequency localization) while differentiating sin(27|z|p) or 17(;"?’2@),

at worst losing a factor of (2//R)Y/2. This will eventually gain us an arbitrary
power of (2/R)™™  and then if we estimate everything else crudely (e.g. using
Cauchy-Schwarz and Plancherel to handle the p integral) we will eventually show
this contribution is acceptable (recall that 2/ R > R’ and so we can eventually
overcome any polynomial losses in R). This proves (45). The proof of (46) is very
similar and is left to the reader (it is essentially the conjugate of (45)), so we now
turn to (47) and (48). Actually it will suffice to prove (47) since (48) is essen-
tially the conjugate of (47) (recall that conjugation turns the forward Schrédinger
evolution into the backward Schrédinger evolution).

We now prove (47). Again we may use time translation invariance to set tg = 0.
First observe that the portion in the ball B(0, R/8) can be easily treated by the
estimate (45) just proven, so we may freely insert a cutoff (1 —ng/s). By dyadic
decomposition in j it will suffice to show that

+o0 )
/0 (11— 77R/8)<‘T>72eZtAf+,j|

for all 29 > RO-1.

Fix j. The intuition here is that at time ¢, the wave f ; will have propagated
away from the origin by a distance of ~ 27¢, and will hence the weight (x)~2 will
have size O((2t + R)~2). Integrating this in time gives us R~1277, which explains

—1+46
e @) A RTNE ]y gy
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both the gain of the power of R and the smoothing of one derivative. This should
be contrasted with the standard Kato local smoothing result [38], [48], which works
both forward and backwards in time (for both incoming and outgoing waves) and
gives square-integrable bounds in time, but gains only half a derivative and no gain
in R.

We turn to the details. We first split the time integral f0+oo into the near future
Jy and the distant future [, where

(55) T =92 IRIT/2

(this can be interpreted as the time it takes for the wave to leave the region |z| ~ R
times a safety margin of R%/2). We first consider the near future. For this region we
estimate (1 —ng/s)(z)~2 by R~? (using Lemma 2.1) and estimate this contribution
by

T oy ita
| R e e
Since €4 preserves the Hz® norm, it will thus suffice by (55) to show that
(56) sl e sy S 1P e et

(this estimate will also be useful for the treatment of the distant future, below).
We expand this using (51) as

: [0,450) 9;(P) (1 =nrp2)ep dpll o gy 27N 2 o)

By an easy modification of the proof of (42) we already have that

” (0.4 00) gj (p)(l - nR/2)ep dp||L2(R3) N ||PJf||L2(R3)
so by Littlewood-Paley decomposition (and the hypothesis 27 > R'~%) it will suffice
to prove the estimates

1 —-M
(57) Py [ o0 = megzlen doley £ R MIES e,

’<_] 10

for all M; here of course the implicit constant is allowed to depend on M.

This estimate is based on two observations; firstly, that the Fourier transform
((1 = ngy2)ep) is concentrated near the sphere [{| ~ p (and in particular P ((1 —
NR/2)€p) is very small if p > 2j,), and secondly that g;(p) decays very quickly if
p/27 is small. We begin by quantifying the first observation. We write the Fourier
transform (1 —ng/2)e,)" (§) out as a telescoping sum

Z/ , (2R (Y) — noi- 1r(y)emPImED) gy,

If p > €| + %, then the phase oscillates by at least p — ||, and so by the principle
of non-stationary phase we can bound this expression by

< Yo Ry (sl = o 2Kl
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for any large M. In particular we see from Plancherel that

IS (= mm)e)l ey S (27 + p)R) ™
Jj'<j—10

when p > 2975 for any M (note that this decay can absorb any bounded powers
of 27 or R). This easily allows us to control the portion of (57) arising from the
region p > 277° using (54).

Now we consider the contribution where p < 277°. For this contribution we
discard the projector >_ . J1<i-10 Pj: and instead establish decay of g;(p). By (50),
(17) and the Fourier inversion formula we have

+oo
9;(p) = /R3 (M1 (§) — mas (5))f(€)/ e Psgn(r) (1 — nr(|r|))e*™ IS drdg
— 00
where e; = (1,0,0) (say). We can divide the r integral into positive and negative
axes, and then decompose further dyadically (note there is no singularity at the
origin because of the cutoff 1 — ng(|r|). If p < 2777 then the phase oscillates at
a rate of at least > 27, because of the support of the Littlewood-Paley multiplier
79i+1 — 7os. Thus by integrating by parts as before, we may bound this expression
by

95(0)] < /RS s+ (€) — ms (I F(E) RETR) ™ de

for any M > 0. Using Holder and Plancherel, and using the (2/R)~M factor to
absorb any powers of R and 27 which appear, we thus obtain the bound

(58) 9 (0)| £ R MIP ] oy

for all p < 2775, In fact a similar argument also gives similar bounds for arbitrarily
many derivatives of g;(p) in this region. By another application of Plancherel (in
the radial direction) we thus have

295
1] a0 =nmpzlen dol ey < PR MIP ey

(again absorbing any powers of 2/ or R which appear into the (2/R)~™ factor, and
so this portion of the p integral is also acceptable. This proves (57), and concludes
the treatment of the near future.

Now we consider the distant future ffo; we have to show that

+oo )
/ (11— 773/8)<$>_26”Af+,j|

We divide the time integral further into dyadic blocks; it will suffice to show that

—1+3 )| p.
e @®) WS RIE  e me)

okt1,

L o e e e S LT Py

kr

for each k > 0.

Fix k. Recalling the heuristic that the wave fy ; propagates outward at speed
27, we expect the function f, ; to be concentrated in the region |¢| 2 277%7 > 2FR.
Accordingly, we split the cutoff (1 — ng/s) into the near component norp — Ng/s
and the far component 1 — 7ok g.
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Let us deal with the far component first. We can estimate (1 — nyrg)(x) =2 by
28 R)~2 (using Lemma 2.1), and so we can control this contribution b
g y

okt1lL

< k -2 it A i
S [ RTEEA re, d

Using the boundedness of e on H;* and (56) (and then (55)) we can bound this
by

S 272 R) 22 By fl| ey ~ 2 FRTPIR o e

which is acceptable.

Now consider the near component, which will turn out to be very small. We
expand out fi ; using (51) to estimate this contribution (using Minkowski’s in-
equality) by

2k+1

</
~Y
2k T

We crudely estimate the H;® norm by the L?(R?) norm, and use Cauchy Schwarz,
combined with the observation that (1oxg — 7g/s)(x) 2 has bounded L? norm on
B(0,2*R), to estimate the previous by

/[O_M) 195 (| = 175) ()2 (1 = nmyle) o e,

2k+1

NN

we shall be able to get away with these very inefficient estimates because we will
shortly gain a large power of (2/R)™™ which can absorb these losses. Let us
first deal with those p for which p > 277°; as we saw in the treatment of the
immediate future, this is the dominant case. We now compute e™2((1—ng/2)e,)(z)
for x € L?(B(0,2*R)), using (18), as

] — T, ilz—y|?
(1= a)e,) (@) = Ct 2 /R3<1—nR/z<x>>e2 plulile—yl*/at gy,

we may decompose this dyadically as

/[O I (0 = nag2)ep oy
,+oo

> ; . 2
(60) O3 [ = ) 2O gy
m=0
Observe that the gradient of the phase 2mp|y| + |z — y|?/4t in y is
61 2 —y|?/4t) = lylyy x
(61) Vy@rplyl + e =yl /40 = (p+ 5p)7 0 = 5

Since p > 277° x € B(0,2FR), |y| ~ 2™R, and t ~ 2F7 > 2KR /27, we thus see
that (61) has magnitude 2, p + 2™ R; the point is that =/2¢ has magnitude at most
O(R/7) < O(p) and thus does not significantly affect the magnitude of the (61).
Thus by repeated integration by parts we may estimate
8 ((1 = )e,) (@) S 1752 S0 @P R Rp) M
m=0

for any M; in particular we have

€2 ((1 = nry2)e,) (@) < (pR)~M2734/2



ASYMPTOTIC BEHAVIOR OF FOCUSING NLS 31

(using the the fact that p > 277% and 27 2 R%~! to absorb all other factors using
the (pR)™™ term). Combining this with (54) we see that this contribution to (59)
is

< 2*k/2R*M||ij||HEa,1(R3)

for any M > 0, as desired (note that the factor of (pR)™* can absorb any losses
of 27 or R which appear).

Finally we consider the portion of the low frequencies where p < 2975, Here we
will enjoy unlimited decay in the 27 and R parameters (because of (58)) so the only
issue is to obtain the required decay in the 2¥ parameter, which basically amounts
to ensuring that one obtains the expected t~3/2 decay in the L> norm. Again we
expand "2 ((1 —npg/2)e,)(z) as (60), but divide now into two cases, depending on
whether m < k410 or m > k+10. First suppose m > k+10; then the gradient (61)
has magnitude at least > |y|/t ~ 2™ %2/ R=%/2 (using (55)), because the x/2t term
is much smaller than the other terms. Thus we may integrate by parts repeatedly
and estimate this portion of (60) in magnitude by

< t_3/2 Z (2mR)3(2mR2m—k2jR—6/2)—M
m>k+10

for arbitrary M. Discarding the 2™~ factor we thus see this expression is O(t~3/22=Mk (21 R)~M)
for any M inserting this bound back into (59) and using (58) we see that this con-
tribution is acceptable.

Now suppose that m < k+ 10. Here the gradient (61) might vanish, but it can
only do so at one point (when y is parallel to  and p+|y|/2t = |z|/2t). Furthermore
we have the double derivative estimate

2 2
vy @rplyl + |o — y[7/4t) > 1/2¢

where we use A > B to denote the statement that A — B is positive definite; this is
basically due to the fact that the function 27p|y| is (non-strictly) convex, because

p is positive. Hence by Van der Corput’s lemma (see e.g. [42]) we obtain a bound
of
|| (e — tigm 1 g ()2 Pllefla=ul®/at gy | < 4372,
R

summing this over m < k + 10 we thus see that this contribution to (60) is at most
O((k)t=3/2). (Actually we may easily get rid of the (k), but it will not be important
in our argument in any event). If we combine this with (58) we obtain the desired
result.

This proves (47). As mentioned earlier, the proof of (48) is similar, so the proof
of Proposition 6.1 is now complete. O

7. Exterior energy decay of uy,

We now begin the proof of Theorem 1.3, which will be done in a number of
stages. In this section we will establish the following preliminary decay property of
Uy, away from the origin:

PROPOSITION 7.1. Let the notation and assumptions be as in Theorem 1.3, and
let 6 > 0 be arbitrary. Then for every R > 0 we have

lim sup / [Vt o) do < R,
R*\B(0,R)

t——+oo
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Note that this Proposition only gives decay of the energy of uy,}, away from the
origin; we suspect that the mass of uy;, also decays away from the origin (which
would allow us to upgrade the oy, (1) error in (13) to the more natural oy (1)),
but we do not know how to do this. This Proposition is significantly weaker than
Theorem 1.3 but is also somewhat easier to prove, and the basic strategy used in
this argument will be used again when we prove the rest of Theorem 1.3.

PROOF. Fix ¢, R. The claim is trivial from (7) if R < 1, so we may take R > 1.
Let Th > 0 be a large time depending on R, § to be chosen later. We need to show
that

/ Vgt 2)|? do < R72H2°.
R*\B(0,R)
By duality, it suffices to show that

(62) |<vuwb(t0)7 f>L2(R3)| < R_1+6

for all tg > Tp, and all test functions f supported outside of B(0, R) with bounded
norm in LQ(Rg). Since u,}, is spherically symmetric we may take f to be also.

Fix f, top. We use Proposition 6.1 to decompose f = f_ + fi + femooth, and
deal with the contribution of each term separately. The term fqmootn iS easy, in
fact we just use integration by parts and (7) to bound

|<qub (tO)a fsmooth>L2 (R3)| rs vasmoothHLg(R3)

which is acceptable by (43).

Now we consider the contribution of the outgoing wave f,; here the strategy
will be to compare u with the asymptotic solution e*“u,. By (6) it suffices to
show that

|(Vu(to), f+>L2(R3) - <V€it°AU+7f+>Lz(R3)| <R
To prove this we first apply (26) to obtain

T
u(to) = e'o=T)Ay(T) —l—i/ eCo=DA P (y(t)) dt

to

for any 7" > 0. Taking inner products with f;, we thus obtain

T
(Vulto), f1)pe = (Vu(T), T3 f ) 1o 4 / / Flu()), 05 f) o .

As T — 400, we have

i (Vu(T), e T8y o = (Vuy, e 08 fi) e = (Ve Buy, fr) e

—+oo

thanks to (6), (8). Thus it will suffice to show that

/ | / VF(u(t), e f1) o] dt S RTHO
to

We now observe that
| @2V E @) e, < 1
on the ball B(0, 1) this just comes from (3), (27) and Leibnitz, while outside of this

ball this comes from (5) and (3). The claim then follows from Cauchy-Schwarz and
(47) (with o = 0).
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Finally, we consider the incoming wave f_; which is similar except that we

compare u to the initial data e’*“u instead of the asymptotic data. From (44) we
have
ito A 144
|<ve1t0 U, f7>L2(R3)| SR T
and

|<V6it0Au(0>a f7>L2(R3)| = RO

for all ty > T, if T is chosen sufficiently large. Thus by (6) it will suffice to show
that

[(Vulto), f-) o m2) = (Ve 2u(0), f-) o gey| S BTH°
Applying (26) we thus reduce to showing that

to
[ 1 Rt ) s
0

But this follows from (48) (with a = 0) by arguing as in the f case. This concludes
the proof of (62) and hence of the Proposition. O

8. Improving the smoothness of uy,,

We now use an iteration argument to bootstrap the asymptotic regularity of
Uy, from H 1 to H't® for arbitrary values of o, and also to gain some symbol-
type decay estimates on uy;}, away from the origin. For inductive purposes it is
convenient to phrase this regularity in a dual formulation.

THEOREM 8.1. Let the notation and assumptions be as in Theorem 1.3, and
let 0 > 0 and « > 0 be arbitrary. Then for every € > 0 there exists a time
T =T(u,d,a,e) >0 such that one has

(63) (Vg (1), fez] < <R>’(1+“)(1"”|\f|\H(Rc§ +ellflle

for allt > T, all R > 0 and all test functions f supported on R3\B(O,R). Here

H(leo‘ 1s the scaled Sobolev space defined in the notation section.

At the end of this section we will use this Theorem to construct uy, and thus
prove Theorem 1.3.

PROOF. We fix § > 0 and induct on « (keeping ¢, R free to vary). It suffices by
interpolation to prove the claim when « is a non-negative multiple of 6. When o = 0
the claim follows immediately from (7) (just using the first term on the right-hand
side of (63). Now suppose inductively that o > §, and the claim (63) has already
been proven for « replaced by a — J, and all €, R (assuming T sufficiently large
of course). The idea is to use local smoothing and dispersive type estimates and
Duhamel’s identity (26) to boost the regularity of uyy, by at least § of a derivative
(the point being that uy, does not contain the linear part of the solution etBuy
as t — +o00, which of course has no gain in regularity except in the local sense of
Lemma 3.3).

Now fix €, and let T' > 0 be a large time (depending on all the above parameters)
to be chosen later. We first obtain some bounds on the non-linearity F'(u) away
from the origin.
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LEMMA 8.2. Let R > 1. Then there exists a Ty > 0 such that
(64) V(L= ngys)F(u(t), frzl £ BT DE (@) 72 fll yavs + %1 f ) 12
for alle >0, t > Ty, and all test functions f on R>.

PROOF. We first verify this in the case where f vanishes on the ball B(0,~2%).
In this region we have u = O(¢71%°) by (5), and hence by (3) we have

V(1 = g ) o sy <&

and the claim follows. Hence we may assume without loss of generality that f is
supported in B(0,e72%). Indeed by dyadic decomposition it then suffices to show
that

(65) YV ((nrya—nmss) F(u(t)), f)rz| & RT2RUFmIOI f]| s +620) £ 2

for all 1 < R < £72%0 equal to a power of 2, and all test functions f, as the claim
then follows by summing using the triangle inequality (and taking Ty to be the
supremum of all the individual values of T;y obtained from each of the finite values
of R).

Fix R. By the inductive hypothesis, we can ensure that

(Vg (), f) 22 £ R™OFTDCD| f s + 5] £ 2

for all ¢ > Ty and all test functions f on the annulus B(0, R)\B(0, R/64), if Ty is
chosen large enough. By duality this implies that

(MR — Nr/32)Vigy = One (R~ (H+a=0(=0)y L 0, (£7%)
By Lemma 3.3 and (6) we thus have
(nr — 77R/32)Vu = OHgfa(R‘(lJFa—@(l—é)) 1+ 0y2 (5500),

if Ty is chosen sufficiently large. By a Poincare inequality argument (adapted to
the scale R), this implies that

(nr/2 = nryie) (U =) = Oprra—s (R™UHa=9020) L Oy (£79),

where
_— fB(o,R/z)\B(O,R/sz) u
- [B(0,R/2)\B(0, R/32)]
is the mean of u on the annulus B(0, R/2)\B(0, R/32). Since R = O(e=2%), we
may replace the Op (e599) error by Op(e%%?). Since u has bounded mass we

see that @ = O(R™3/2), and it is then easy to check that (Mr/2 — MRr/16)T can be
absorbed into the OH};M(; (R~(+2=0)(1=9)) term. Thus we have

(NR/2 — MR/16)U = OH};Q*S (R™(He=00=0)y 4 O (£200).

The contribution of the Oy (¢2°?) term to V((nr/4 —nrys)|ul?u) can easily be seen
to be Op2(e2%), since u is bounded in this region thanks to (5). Thus by Cauchy-
Schwarz the net contribution of this error term is O(2°°|| f||2), which is acceptable,
and so we may ignore this error and pretend in fact that

|(nRr/2 — 77R/16)u||H11%+‘1*5 < R~(Ham9)i=0),
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On the other hand, from (5) we also have
(Mr/2 — nrye)ullL~ < R
From an application of the fractional Leibnitz rule (see e.g. [13], [25]) we thus have
_ 2 < p—2p—(1+a—6)(1-05)
|(Mr/a — nrys)|ul U”Hll;a*é SRR ;
and the claim (65) follows by duality. O

We can now verify (63) near the origin. This region has to be treated separately
because the radial Sobolev bound (5) is too singular to be useful here, but the basic
structure of the argument here will also be used later to prove (63) away from the
origin.

ProprosITION 8.3. If T is sufficiently large, then we have

[(Vup®), 2l S lla-o + el fll
for all test functions f supported on B(0,1).

PROOF. From the splitting (6) and Duhamel’s formula (26) we have

-
(Vg (), [z = (Vg (T7), @798 f) 2 i / (VE(u(t)), e D28 1o gt

Letting 77 — 400 and using (8), it thus suffices to show that

+oo .,
(66) /t (VE(t)), e =% f) g2 dt’ S| flla-o + el fl2-

10 We split this integral into the near future ftHT and the distant
future |, tO:T. To treat the distant future, we observe from (3), Leibnitz, Sobolev and

Holder that

Let 7 := ¢~

and hence by (19) we have
(VE(u(t'), "% f) 2 S 1= 1722 fllos S 1 = 61721 f e

by the compact support of f. Thus this contribution is bounded by 7=Y2||f|| .2,
which is acceptable by the choice of 7.

It then remains to control the near future f:JrT. We split F'(u) into the portion
1 F(u) near the origin, and the portion (1 — 1) F(u) away from the origin. Let us
first consider the portion away from the origin. By (64) with R =1 we can bound
this contribution to (66) by

t+7
< / ) 260 =08 Fl s + 100 DD £ Lo d.
t

The second term here is just 7e!%9|| f|| 2 which is acceptable by choice of 7. The
first term can be controlled using (47) as O(||f||g-«) (recall from the proof of
Proposition 6.1 that when f is supported on B(0,1) then we can take fi = f)
which is also acceptable. This concludes the treatment of the portion away from
the origin.

It remains to show that

t+7 .
/t (Vo F (), €D fy o] dt’ < oo + el Lz
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From the inductive hypothesis (63), with «a replaced by o — 6, € replaced by &'°9,
and R replaced by 1, we have by duality that

Vuwb(t) = Opga-s(1)+ Op2 (8100)
if T is large enough. From this and (7) we obtain in particular the local estimate
nguwb(t) = Opgita-s (1) 4+ Op1 (6100)

where 75 is a spherically symmetric cutoff to B(0,1) which equals 1 on B(0,1/2).
From (6) and Lemma 3.3 we thus see that

n2qu(t) = Opita—s(1)+ O (8100)

if T is chosen large enough.

Let us use uerror to denote the second term Og ( . This error term con-
tributes a number of terms to V(11 F(u)), which roughly look like either u?Vticpor
or UV Ulerror (there is also a term |u|2uermT arising from when the derivative hits
the cutoff). In all cases we see from (3) and Sobolev that these expressions are all
Oy6/5('99). On the other hand, by (20) e/t =04 f — Opzps ([ fll2). Thus by Holder
1001 /2)

8100)

the total contribution of the error is at most O(e , which is acceptable by
choice of 7. Thus we shall ignore the error term and pretend that

(67) [m2u()|| fre-s < 1.

Let us now split up the integral | :+T again, into the immediate future f:“ and the

medium-term future ftt_:_lT. For the medium-term future we use duality to rewrite
this contribution as

t+1 ) ,
/ (2 F(u(t')), V f) 2] dF.
t+1

t—t")A —3/2

Because the kernel of e is smooth and decays like (¢t — ')

verify that

, it is easy to

e’ 2 mgllere < (8 =) (|9l

for any K > 0. In particular we may control this expression in H®. Since
Ilul?u(®)|l1 £ 1 by (27), we thus see that this portion of the integral is bounded
by ||f||z-« as desired.

Finally, we consider the immediate future. For this term we use the well-known
Kato local smoothing estimate [38], [48]

i(t'—t)A
e’ fHLf,H;"‘“”([t,tH]xRS) S HJPHH*@(RS‘);
this allows us to estimate the contribution of the immediate future by
(68) SNV OF@EN g o2 ROy
We may freely replace F'(u) by F(nou). Heuristically, the fractional Leibnitz rule
allows us to write
VY (1 Ingul*nau) & m1 (n2u)* V2 (u),

which heuristically allows us to estimate (68) by

2
s ”nzu”LgL;o([t,tJrl]st)anu”LgOH;"“/z([t,tJrl]xRe')’

which is then acceptable by (30) and (67), if ¢ is sufficiently small. This heuristic can
then be justified by a rigorous application of the fractional Leibnitz rule, for instance
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by decomposing everything into Littlewood-Paley pieces, or by using the Coifman-
Meyer theory of paraproducts; we omit the details. (Note that the presence of the
L norm here is not dangerous, and in any event we have some surplus regularity
to waste in the H**'/2 component if one is concerned about endpoints). O

In light of the above proposition, it will suffice to verify (63) for R > 1. Ac-
cordingly, let us set R > 1, ¢t > T, and let f be supported on RS\B(O7 R). Observe
from Proposition 7.1 that

(Vg (1), Hrzl £ R f]l 22

and so we may assume
(69) 1< RS et

since the claim (63) follows automatically otherwise from the above discussion.
Indeed the above argument (combined with a smooth partition of unity) also shows
that we may now assume that f is supported on the annular region {R < |z| <
e~1/(=91 "and we will now do so. We also observe that it suffices to verify (63)
when R is either equal to zero or an integer power of two, since the intermediate
cases then follow automatically. In particular, by (69) there are only a finite number
of values of R to consider. Thus in order to prove (63) it suffices to do so for a fixed
value of R, since one can then let T' be the supremum of all such times T obtained
for individual values of R.

We thus fix R, ¢, f and now apply Proposition 6.1 to decompose f = f_ + f. +
fsmootn- The contribution of femeotn can be estimated by (7), (43) as

|(Vttgety (1), Femootn) 2] £ NIV Femootn | o gey € B™HFDE| £l e

which is acceptable.
We now consider the contribution of f_, arguing as in the proof of Proposition
7.1. From (44) we may assume that

itA
|<V€ ’U,(O),f_>| SJEHfHLQ(RS)
and
itA
|<V€ U+,f_>| SJEanLz(R?’)
if T is chosen sufficiently large. Thus by (6) it suffices to show that

[(Vu(t), f-) e — (Ve 2u(0), f-) 2| £ RTOFICI| f]| oo+ fll 2.

But by Duhamel’s formula (26) (as in the proof of Proposition 7.1) we may estimate
the left-hand side here by

< / (VE(u(t')), el D2 £ ) 4] dt'
0

Let 7 := ¢!, We shall split this time integral fot into the distant past fotiT

and the recent past ftth. Note that t — 7 is positive if T' is chosen sufficiently
large depending on . The contribution of the distant past is treated similarly
to the corresponding contribution of the distant future in (66); we pick up an
additional factor of O(e=3/2(179)) because f is now supported on the ball of radius
O(e=1/(1=9)) instead of O(1), but this still does not affect the argument significantly
because T is so large.
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It remains to consider the recent past. We have to show that

t
(70) / |<VF(u(t/)), ei(t’*t)Af7>L2| dt/ s R*(lJra)(lfts)HfHHga + 5||f||L2

t—1 )
Let ngr/s be a smooth cutoff to B(0, R/8) which equals 1 on B(0, R/16). We split
F(u(t')) into the part ng/g F'(u(t')) near the origin and the part (1 —ng/s)F(u(t'))
away from the origin. Let us first deal with the part near the origin. For this part
we use Cauchy-Schwarz, observing from (3) and Sobolev that F(u(t')) is in L?(R?),
to bound this portion by

t
/t Vel D2 F || r2(p(o,rys) At

But this component is acceptable by the exponential decay bound (46) near the
origin (choosing «, 3 in (46) sufficiently large).

It remains to deal with contribution of (1 — ng/s)F (u(t')) to (70). By Lemma
8.2 we see that this contribution

t
< R—(l+a—6)(1—5)/ ||(<I>—2€z(t _t)Af*HHng“s +5100H6(t _t)AffHLz) dt'.

t—1
The contribution of the £1°0 term is at most
100
et =g

which is acceptable by (42) and the definition of 7. Now consider the main term.
Applying (48) we may bound this by

< R7(1+a76)(176)R71+6||f7”HEOL

which is acceptable. This proves (70) and concludes the treatment of f_. The
treatment of f, is very similar, and involves evolving forward in time instead of
backward in time (cf. the proof of Proposition 8.3), and so uses u, instead of u(0)
but is otherwise almost identical. (Note also that the integration parameter ¢’ is
now greater than ¢ and hence also greater than 7', so there is no difficulty ensuring
that ¢’ is large). This proves (63), which closes the induction and completes the
proof of the Theorem. O

We now wrap up by using (63) to prove Theorem 1.3. We first undo the
duality in (63). Let a > 0, 6 > 0 and £ > 0 be chosen later, and suppose that ¢
is sufficiently large depending on «;, d, £; our implicit constants can depend on «, J.
For the portion of w4, near the origin, we observe from (63) (replacing e by %)
that

{12V gy, (), Frzl S Lo + &% fl 22

for all test functions f and for any a > 0, € > 0. By duality, this means that we
may decompose

ngVqu(t) = OHW(RB)(l) + OLZ(RS)(EIOO).
On the other hand, from (7) we have that nouyy, () = OHI(Ra)(l). A Poincare
inequality argument (writing 7, /2ty () as a localized fractional integration oper-
ator of 12V, (t) of order -1, plus an infinitely smoothing operator of nauy,(t))
then easily yields that

nl/Qqu(t) = OHQ+1(R3)(1) + OHI(RS)(Eloo).
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In particular, we can find a function uy, () for all sufficiently large times ¢ such
that

(71) 1121 (£) — ub70”H1(R3) < 100

and

|‘ub,OHHQ+1(R3) S L
By applying 72 if necessary we may ensure that uy, , is supported on B(0,2). From
Sobolev embedding we see that

(72) [ ()] S 1

forall0 <j<a+1/2.

This is enough to construct uy, near the origin. We now start working in dyadic
shells outside of the origin. We first observe from Proposition 7.1 that it will suffice
to construct up, on, say, the ball B(0,e719), since the energy of Uy, outside this
ball is asymptotically zero. Accordingly, we let 1/4 < R < e719 be a power of 2.
From (63) we have that

{(s2r = 12R) Vi, (1), Fz2] S R™FDEDf o 4+ 1| £ 2

for all test functions f, if ¢ is large enough (note that there are only a finite number
of R involved, so we can use a single time threshold ¢t > T = T'(¢, u, o, §) for all of
them). By duality again, this implies

(73) (m32r — M2R) Vugp, = Ome (R—(1+a)(1—5)) + Op2(19).
We now claim that a Poincare inequality argument gives
(74) (N8R — MaR) Uy}, = ()H;+1 (R~(+e)(1-0)y 4 O, (£100),

This time we shall perform this argument in detail, taking note of the scaling factor
of R. We begin by observing from integration by parts that for any function f on
R? and any unit vector w, we have

£@) == [ nrlrhw Tf )+ 1)+ )
0
Averaging this over all w € S? and then removing the polar co-ordinates, we obtain

Applying this to f = uy}, when z lies in the support of nsr — nar, we see in
particular that

(msm — ey (2) =Cnsm (&) — nan(@)) /R

+ C(nsr(x) — mr(z)) /R3 Mr W)Y ((s2r — n2r)ugp) (@ +y) dy.

, nR(y)ﬁ “V((n32r — m2Rr)ugp) (T +y) dy

We now substitute (73) into the first term, and (7) into the second term. Observe
that convolution with nR(y)# is a smoothing operator of order -1 and maps H§
to Ha™ with constant O(1) (the factor of R can be easily scaled out) and L? to
Hp, again with a bound of O(1). Meanwhile, convolution with 7% (y)|y|=2 is a
smoothing operator which maps L? to Hy™" with constant O(1). The claim (74)
follows.
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From (74) we may find a function uy, ,(t) for each 1/4 < R < 7' and all
sufficiently large times ¢t such that

(75) 108 = mam)uggt, = up gl m2) S €

and

Hub,R”H;‘fl f_, R7(1+0¢)(175).

By applying mier — m2r to uy, p if necessary we may assume that uy, , is supported

in the annulus B(0,16R)\B(0, R). From Sobolev embedding (rescaled by R) we
thus see that

(76) \Viuy, gt )| < B39 RO+

for all integers 0 < j < o+ 1/2. If we now define?!

up=upet Y, upg
1/4<R<e—10
where R ranges over powers of 2, we thus see by adding up (72), (76) that wuy,
obeys the symbol bounds (14), if « is chosen sufficiently large depending on J, and
0 chosen sufficiently small depending on «. Furthermore, by telescoping (71) and
(75) we see that

HnSRouwb (t) — Uy (t)”Hl (RS) = 5100 10g 1/57
where Ry is the largest power of two less than or equal to e 71°. But from Proposition
7.1 and Hardy’s inequality we see that
H(l - nSRo)uwb(t)Hgl(R?’) Se
if ¢ is sufficiently large. Thus we obtain

uwb(t) = ub(t) + 0H1 (E)

which will imply (13) since & can be arbitrarily small (though of course this forces
t to be increasingly large; see previous footnote). Finally, from (75) we see that

|(Msr — Nar) Uty — ub,R”Hl(RS) < Ret00

which telescopes (together with (71)) to obtain that

100
|‘778R0uwb - ub”Hl(R3) < Roe™™.
Since Ry < €719, the claim (42) then follows from (7). Finally, we can easily ensure
that uy, is spherically symmetric (either by making sure each step of the argument
preserves spherical symmetry, or else averaging uy, over rotations at the end of the
argument. This concludes the proof of Theorem 1.3. [ ]

21Strictly speaking, this only defines uy, for sufficiently large times. But for bounded times
we can set uy, arbitrarily to (say) 0. In practice we will actually need to take a sequence of values
of € tending to zero, with corresponding time thresholds T: > 0 tending to infinity, and redefine
up, according to a new value of € every time we cross one of the time thresholds, in order to make
the error in (13) 01 (1) rather than merely O (¢) for any given €. We omit the details.
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9. A digression on viriel-type identities

Before we begin the proof of Theorem 1.4, we pause to review the derivation
of viriel identities such as (16). First observe that if u is any solution to (1), then
we have the momentum flux identity

1 1
(77) 8tIm(ujH) = —28kRe(u_juk) + 5(%A(|U|2> + 5(9]|u|4

where j,k range over 1,2,3 with u; := d;u = 0,;u and the usual summation
conventions; this can be verified by direct calculation (or see [45]). Integrating this
against a suitable gradient a; = 0;a for some explicit weight a(z) to be chosen
later, we (formally) obtain after some integration by parts

1 1
8t/aj1m(ujﬂ) dx = /—2aj8kRe(u_juk) + §aj8jA(|u|2) + §aj8j|u|4 dx
— 1 2 1 4
= [ 2asRe(Tug) — 5(AAa)|u| - 5(Aa)|u| dx.

Thus for instance if a(x) := |x|?, then we obtain Glassey’s viriel identity (16).
Unfortunately we do not have quite enough decay on wu}, to make the left-hand
side of (16) finite, and so we will instead use a slightly different weight a, namely
a(x) := |z|*(x)~%nr, where § > 0 is a small exponent and R > 1 is a large radius,
and ng is a cutoff to B(0, R) which equals 1 on B(0, R/2). Observe that

AAa = O0(8){(z) 270 + O(R™279)
and
Aa=(6+0(0)) ()"’ +O(R™)
on the ball B(0, R), while
ajeRe(@ux) = (14 0(8))(x)~° + O(R™°))|Vul*.
We thus have

8t/2aj1m(ujﬂ) dx :/ 4<x>75|Vu|2—3<:17>76|u|4 d:c—l—O(((S—I—R*‘S)||u||§{1+||u||%4).
B(0,R)

We of course can estimate ||u||s by ||u|| g1 by Sobolev embedding. Integrating this
in time, and using the fact that |Va| = O({z)! %, we obtain

1 T+T
|—/ / 1z) 0 |Vuf2 — 3(z) " |ul* dwdt]| <
TJr B(0,R)

1

(78) oswp [ @) )| Va() de
T +=T,T+7 J B(0,R)
+ (6+R_5)<||u”L;?°H;([T,T+T]><R3)>4'

This will be our main tool in proving Theorem 1.4, which we do next.

10. Proof of Theorem 1.4

We now prove Theorem 1.4. Let u be as in the theorem, and let € be arbitrary.
We need to show that for 7 > 0 sufficiently large depending on ¢, and T > 0
sufficiently large depending on ¢, 7, that

1 T+7
(79) |; /T /R3 4| Vup > = 3lup|* dzdt| < e.
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Fix e. We now choose a number of parameters; it will be important the order
in which these parameters are selected. For reasons which will be apparent later
we will need a large radius Ry > 0 depending on € > 0 to be chosen later. To apply
(78) we shall need a small exponent § > 0 depending on &, Ry to be chosen later, as
well as an even larger radius R > Ry depending on 4, ¢, Ry to be chosen later, and
then we will choose 7 sufficiently large depending on ¢, d, Ry, R. Finally we let T" be
a sufficiently large time (depending on w and all previous parameters) again to be
chosen later. Let u, . be the solution to (1) with initial data uy, (1) = gy, (T)-
Similarly define Up p- "We now show that these solutions will approfcimate the actual

functions w1, up, on the time interval [T',T 4 7] if T' is large enough.
LEMMA 10.1. If T is sufficiently large (depending on T), then we have
[y () = 1 ()|l < R
and
(80) [up(t) = up ()] g £ R

for allt € [T, T + 7]. In particular, from the H' local well-posedness theory we see
that up, . and wy - are well-defined for all t € [T, T + 7] (note that the L? norm

of up o stays bounded by mass conservation).

PROOF. Fix T, 7; all spacetime norms will be on the slab [T, T + 7] x R*. We
will assume a priori that uy, and uy,}, exist and are in H ! on the entire time interval
[T, T + 7], this a priori assumption can then be removed by the usual continuity
argument, e.g. letting 7 increase continuously from zero.

We begin with wuyp. Write v = g}, — Uy, p, then v(T') = 0 and we have the
equation

vy + Av = Flugyy) — Flugp —v) + (00 + A)ugp — F(ug,)-
However, from (10) we have that
100 + A)ugy, — Flugp)lim <€
for an ¢’ > 0 (much smaller than ¢) which we will choose later, if T is sufficiently
large depending on &', 7, u. We can thus write the above equation as

vy + Av = Flugy,) — Flugp —v) + Opig ().
Let X denote the norm
[vllx = [[vllzgem + [0l Lapee-

From the Strichartz inequality (23) (and energy estimates and Duhamel’s formula)
we have

ollx S lo(T)llm + 1 F(ugy) = Fugy, — o)l +€5
we will refrain for the moment from using the fact that v(T) = 0. However, from
Leibnitz and Holder one easily checks that

1F () = F (g, = )z S [ollx (ol x + lugpllx)?
(basically, one applies the derivative in the H* norm to the cubic expression F (Ugh)—

F(uy1, —v), and whatever the derivative hits is placed in L°L2, and the other two
factors in L}L2°). Thus by Holder we have
!

lollx < (D) llas + 72 (lollx ([l x + llugpllx)? + .
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Now observe that Lemma 3.2 gives bounds on the X norm of u, which are also
obeyed by the free solution e**“u . Hence by (6) we have |Juyy,|lx < (7)1/*, thus

lollx < (D) llas + 72 lollx (lollx + (7)*)? + €',

This estimate does not help us directly when 7 is large. However, if we decompose
the interval [T, T + 7] into O(r) intervals [t1,t; + 7] of small length 7" < 1, and
apply this estimate on each interval, we may show (using continuity arguments in
the usual manner) a bound of the form

/
Hv”X([tl,tl*‘rT/]XRs) Sv)le +e

assuming that ||v(t1)||g1 was sufficiently small. In particular we can control the
H' norm of v(t; +7') in terms of that of v(t1), plus an error of ’. Iterating this
we see that (if ¢’ is sufficiently small depending on 7/, €, R) we have

swp o)l S OB
te|T, T+7]

as desired.
Now we handle uy,. From (13) and the bounds just proven, it will suffice to
show that

sup Hub)T(t) — qu,T(t)”Hl < egl0p—10
te[T,T+7]

for T' sufficiently large. Write w := uy, (t) — Uy, £(t). By (13) we may ensure
that

lw(T)l g < €

for any €’ > 0 to be chosen later, if T' is sufficiently large depending on &', u. Since
up, p and ugp - both obey (1), we see that w obeys the equation

iwy + Aw = Flugy, p+w) = Flugy, )
We now perform a homogeneous version of the previous analysis. Let X denote the
norm
ol = wll g gy + ol zsze.
then by Strichartz again (in particular (23)) we have
el BT + 1 (gt 3 +10) = Flusgy o)

By Leibnitz and Hélder we have

| F gy g+ ) = F gy Dl < 77210l (g 1l + ol )2

But from the previous discussion we already have bounds of the form |Juypllx <1
when 7 is small enough. Thus if we subdivide [T, T + 7] into small intervals and

choose ¢’ sufficiently small as before, we may obtain
10 p—10
sup  [Jwllp SR
te|T, T+t

as desired. O
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We now apply (78) to uy, ;. to obtain

T+ s 5
E / /| Vg2 = 3(2) | dodt
B(0 R)

1 _

S osw [ @y O]V )] do
T +=T,T+7 JB(0,R)

+ (6 + R_5)<||ub1T||L?OH;([T1T+T] ><R3)>4'

We now estimate the various terms in this expression.
First of all, from (15) we have

luty (D)l = lJup (D)l <1
and in particular by mass conservation

||“b,THLg°L§([T,T+T}xR3) <L

Also from (80) we have

H“b,T”LgoH;([T,TJrT]xRa) <L

Thus we have

4
<||“b,THLg<>H;([T,T+T]xR3)> <1

and thus (if we choose ¢ small enough depending on ¢, and R large enough depend-
ing on §)

(6+R° ‘<.

)<||ub,T||Lt°°H;([T,T+T]XR3)>
We now consider the first term in the right-hand side of (81). Crudely bounding
(z)!=% by R and using the above H' bounds on uy, ,, we see that this term is

bounded by (R/ 7). Thus if we choose 7 large enough depending on R then this
term is also O(g). We have thus obtained

T+t
(82) |—/ / 2)~3Vup, 17 — 3(z) Olup |t dudt] 5 e.
OR) ’

We now divide the spatial region of integration B(0, R) on the left into the part
B(0, Ro) near the origin, and the part B(0,R)\B(0,Ry) away from the origin.
First consider the part away from the origin. From the bounds in (14) (or from
Proposition 7.1), applied for instance with 6 = 0.1, we have that

(83) | |Vuy, |2 + |up |* de| < Ry 202
R*\B(0,Ro) b b 0

if T' is sufficiently large. Using (80) and Sobolev and Holder, we thus have

| / Vg, o + fup, o[ da| £ Ry 2+02
B(0,R)\B(0,Ro) ’ ’

if T is sufficiently large. In particular, if Ry is chosen sufficiently large depending
on € we have

(84) |V“b,T|2 + |ub7T|4 dr Se.

/B(O,R)\B(O,Ro)
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On the other hand, inside the ball B(0, Ry) we have (z)™° = 14 O(JRy) (for
instance), and so again by the H! bounds on uy, p we have

/ 4<3:>_5|VubT|2—3<:17>_6|ubT|4 dx = / 4| Vuy, p*=3luy, ,|* dz+O(5Ry).
B(0,Ro) ' ’ B(0,Ro) ’ '

Again, if we choose ¢ sufficiently small depending on Ry then O(6Ry) can be made
less than e. Combining this with (83), (84) we thus have

/ 4<x)_6|Vub1T|2 — 3<:v>_6|ub1T|4 dx = / \ 4|Vuy | = 3luy|* dz + O(e).
B(0,R) R

Combining this with (82) we obtain (79) as desired. [ |
Remark. The above argument can be refined slightly to show that

T+1
lim sup |/ / 4|Vub|2 — 3|ub|4 dxdt] < (1)
T—+oo JT R?

for any ¢ > 0, with the implicit constant depending on ¢. This can be done by
setting Ry, R to be large powers of 7, and § to be a small power of 7, and using
(14) to improve the crude bound of O(R/7) obtained above for the first term of
(81) to O(R%* /7). We omit the details.

Remark. By choosing different multipliers a (not just perturbations of |z|?),
it is likely one can prove other asymptotic identities of this type. For instance, it
seems likely that one has the asymptotic Morawetz identity

o 1 [T+ , Jup |
lim lim sup |- (47|, (t,0)[* — dx)| =0,
T Tfoo T JT ¢ |l

which (formally at least) is associated to the multiplier a = |z|, although the singu-
larity at 0 has to be treated here with some care. More generally, it seems that the
momentum flux (77), when applied to uy,, should converge asymptotically to zero
in some weak sense when averaged over increasingly large intervals of time. If one
could get stronger control on the decay of the momentum flux, e.g. if it converged
in a suitably strong sense to zero without any averaging in time, this would be
substantial progress towards the soliton resolution conjecture (solitions have zero
momentum current, and are probably the only spherically symmetric solutions to
(1) with this property). However, to do this it seems one would first have to dis-
cover a technique that would eliminate the possibility of breather solutions (smooth
localized periodic solutions to (1) which are not of the form u(t,z) = Q(x)e!*?).
We do not know of a way to rule out such solutions; the monotonicity formulae aris-
ing from viriel-type identities do not appear appropriate for this task. Note that
the completely integrable 1D equation supports some breather solutions (see [52]),
but this may be a phenomenon caused by complete integrability and we do not
know if there is a similar phenomenon in higher dimensions, say in the spherically
symmetric case.
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