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H' Scattering for Mass-Subcritical NLS
with Short-Range Nonlinearity and Initial
Data in X

N. Burq, V. Georgiev, N. Tzvetkov and N. Visciglia

Abstract. We consider short-range mass-subcritical nonlinear Schrodinger
equations, and we show that the corresponding solutions with initial data
in ¥ scatter in H'. Hence we up-grade the classical scattering result
proved by Yajima and Tsutsumi from L? to H'. We also provide some
partial results concerning the scattering of the first order moments, as well
as a short proof via lens transform of a classical result due to Tsutsumi
and Cazenave—Weissler on the scattering in X.

1. Introduction

In this paper, we are interested in the long-time behavior of solutions to the fol-
lowing Cauchy problems associated with the defocusing nonlinear Schrodinger
equations (NLS):

iOu+ Au—ululP =0, (t,z) e R xR
u(0,.) = .
It is well known, by combining Strichartz estimates and a contraction argu-
ment, that the Cauchy problems above are locally well posed for every initial

datum ¢ € H!(R™) with time of existence which depends only on the size

of the initial datum in H'(R"), provided that 0 < p < —%5 if n > 3 and
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0 < p < oo if n=1,2. Then the conservation of mass and conservation of the
energy:

1 1
E(u(tw)):Q/R \Vu(t,x)|2dx+m/R lu(t, 2)|P+2de,

(the energy is positive since we consider the defocusing NLS) imply that the
H(R™) norm of the solution is uniformly bounded and hence the local theory
can be iterated in order to provide a global well-posedness result. There is a
huge literature around this topic; for simplicity we quote the very complete
book [7] and all the references therein. We also recall that the much more
difficult critical nonlinearity p = ﬁ for n > 3 has been extensively studied
more recently starting from the pioneering paper [3] in the radial case and its
extension in the non-radial setting in [11]. In the sequel, in order to emphasize
the dependence of the nonlinear solution from the initial datum, we shall write
u,(t, ) to denote the unique global solution to (1.1) where ¢ € H*(R") and
p is assumed to be given.

Once the existence of global solutions is established, it is natural to
look at the long-time behavior. In the range of mass-supercritical and energy-
subcritical nonlinearities, namely % <p< ﬁ for n > 3 and % < p < oo for
n = 1,2, it has been proved that nonlinear solutions to NLS behave as free
waves as t — Fo00. More precisely, we have the following property:

n n i —+oco
Vo € HY(R™) 3pi € H'(R™) s.t. lug(t,z) — e op || gigny  —0 0,

4 4
provided that — < p < forn>3, —<p<ooforn=1,2
n n

n—2
(1.2)

We point out that the scattering property (1.2) can be stated in the following
equivalent form

—q t—=Foo
e " Auy(t,2) — @l rgny — 0 (1.3)

by using the fact that the group e*? is an isometry in H'(R™). The property
(1.2) is known in the literature as the asymptotic completeness of the wave op-
erator in H'(R™), or more quickly H'(R") scattering. Roughly speaking, (1.2)
implies that for large times (both positive and negative) the nonlinear evolution
can be approximated in H!(R") by a linear one with a suitably modified ini-
tial data which represents the nonlinear effect. The literature around H'(R™)
scattering in the mass-supercritical and energy-subcritical case is huge. Beside
the already quoted reference [7] and the bibliography therein, we mention at
least [17] in the case n > 3 and [22] for n = 1,2. More recently shorter proof
of scattering in the energy space H!(R™) for mass-supercritical and energy-
subcritical NLS has been achieved by using the interaction Morawetz esti-
mates, first introduced in [11]. We mention in this direction [9,10,24,31] and
all the references therein. We recall that the scattering of nonlinear solutions
to free waves in the energy space has been extended to the energy critical case,
namely p = ﬁ when n > 3, in a series of papers starting from the pioneering
articles [3] and [11] for n = 3. Its extension in higher dimension is provided
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in [26,30]. In the mass critical case p = %, the H'(R"™) scattering property
follows from [13-15].

Notice that the mass-subcritical nonlinearities, namely 0 < p < %, do
not enter in the analysis above. In fact, we can introduce the intermediate
nonlinearity p = 2 which is a discriminant between short-range (2 < p < 2)
and long-range nonlinearity (0 < p < %) More specifically, one can prove that
in the long-range mass-subcritical setting nonlinear solutions do not behave as
free waves. In this direction, we mention [1] and [7], where it is proved that the
scattering property fails in the L?(R™) topology for every nontrivial solution
to NLS, even for initial datum which is very smooth. The precise statement
can be given in the following form:

limsup [Jug(t, ©) — €29 2y > 0,
t— oo

2
Y(p, 1) € O (R™) x LA(R™), (p,%) # (0,0), provided that 0 < p < -

On the contrary in the short-range mass-subcritical case, following [28],
one can show the following version of scattering:

Vo €Y%, 3Jpi € L*(R™) s.t.
lup(t, ) — e’mcpiHLz(Rn) s 0, provided that — <p< —  (1.4)
n n

where the space X, is the following one:

znz{weH%R”n |x|2|¢|2dx<oo},

R™

endowed with the norm
lell%, :/R (IVel® + [el* + 2 |*)dz.

Some properties of the data-to-scattering-states map have been considered in
[21] in the mass-subcritical case. As an outcome, one can deduce a mild ill-
posedness of this operator in the L? topology.

Notice that the result in [28] is very general, in the sense that the full
set of short-range mass-subcritical nonlinearities % <p< % is covered, and
is sharp in view of the aforementioned result in [1]. However, the weakness of
(1.4) is that although the initial datum is assumed to belong to the space %,
the convergence to free waves is proved only in the L?(R") sense.

The main aim of this paper is to overcome, at least partially, this fact
and to up-grade the convergence from L?(R"™) to H!'(R"™) by assuming that
the initial datum belongs to the space ¥,,. We can now state the main result

of this paper

Theorem 1.1. Assume % <p< %, then for every ¢ € X, there exist py €
HY(R™) such that

i —+
Jug(t, ) —e tASD:I:”Hl(]R") ==20. (1.5)
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We remark that by the conservation of mass and energy we get
stzp lug (t, 2) || g1 ey < 00. (1.6)

By using this fact, along with an interpolation argument and (1.4), it is easy
to deduce that one can conclude
i t—+
[ug (t, ) — €2 ps |l ga@ny  — 0, s€0,1) (1.7)
for 2 < p < 2. However, the convergence in H'(R") stated in Theorem 1.1 is
more delicate and is the main contribution of the paper.

We point out that Theorem 1.1 covers the full set of short-range mass-
subcritical nonlinearities % <p< %, despite previous results where only a
subset of short-range nonlinearities was treated. We quote in this direction
[8] and [27], where the following property (which is stronger than H!(R")

scattering) is proved:

Yo € 3, dpi €3, s.t.

o0 . 4
Zn g 0, provided that p, <p < — (1.8)
n

le™ B ug(t, ) — x|
where

n =

2—n++vn2+12n+4

2n ’
i.e., p,, is the larger root of the polynomial nz?+(n—2)z—4 = 0 (see Appendix
for a short proof of (1.8) via the lens transform). One can check that p, > 2
for every n > 1, and hence the results in [8] and [27] do not cover the full set of
short-range mass-subcritical nonlinearities. Notice also that, despite the fact
that (1.2) and (1.3) are equivalent, it is not clear whether or not (1.8) implies

(1.9)

5, 0. (1.10)

In fact it is well known that, due to the dispersion, the 3,, norm grows quadrat-
ically in time along free waves and hence the group e'*# is not uniformly
bounded w.r.t. the 3, topology. Only in some very few special cases, it is
proved that (1.8) implies (1.10) (see [2]). Summarizing the main point in The-
orem 1.1 is that we cover the full range of nonlinearities % <p< %; however,
our conclusion is weaker than (1.8) which on the other hand is available for a
more restricted set of nonlinearities.

We point out that our approach to prove Theorem 1.1 is based only on
Hilbert space considerations and we don’t rely on Strichartz estimates. In fact,
Strichartz estimates in collaboration with boundedness of a family of space-
time Lebesgue norms that arise from the pseudoconformal energy are the key
tools in [8] and [27]. However, in order to close the estimates, following this
approach, some restrictions appear on the nonlinearity and hence the lower
bound p > p,, is needed.

We also underline that in order to prove Theorem 1.1 we take the result
in [28] (see (1.4)) as a black-box and we prove how to go from L?(R") to
HY(R™) convergence. The proof of Theorem 1.1 is obtained as a combination
of [28] and the following result.

||u¥,(t, 33) - 6itA<Pi|
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Theorem 1.2. Let ¢ € ¥,, 0 < p < % and assume that there exist o1 €

HY(R"™) such that

it t—+oo
H|uv(tax)|_|€fA90i|HL2(1Rn) — 0, (1.11)
then
t—+oo
[Vug(t, o)l L2mny  — IVetll2@ny (1.12)

Notice that in Theorem 1.2 on the one hand we allow the nonlinearity p
to be mass-subcritical (both short-range and long-range); on the other hand,
we assume (1.11) which is granted in the short-range setting by the stronger
condition (1.4).

Next we do some considerations about the convergence of the second-
order moments of solutions to (1.1) to free waves, if the initial datum belongs
to X,,. We recall that the classical definition of scattering in ¥,, (see [7] and all
the references therein) is provided by (1.8), which unfortunately we are not able
to show in the full set of short-range mass-subcritical nonlinearities. Moreover,
as already mentioned above it is unclear how, even if (1.8) is established, one
can compare the nonlinear solutions to free waves as described in (1.10). On
the other hand, notice that (1.10) is a very strong request since it requires to
compare asymptotically quantities which diverge for large times. In fact, it is
well known that for free waves the second-order moments grow quadratically
and hence the request (1.10) seems to be very hard to prove (in fact it is known
in very few cases, see [2]). On the other hand, for free waves with initial datum

in ¥, we have that the renormalized second-order moments [, %Iz letA?|2dx
are bounded and we have a precise limit as ¢ — oo (see for instance [29]).
As a consequence, it seems quite natural to understand whether or not we can
compare the renormalized second-order moment of the nonlinear solution with
the renormalized second-order moment of the free wave. The aim of next result
is to show that scattering of renormalized second-order moments is equivalent
to the regularity of the scattering state .

Theorem 1.3. Let p, ¢, p+ as in Theorem 1.1, then we have the following equiv-
alence:
t—=too

0 <= €,
L2(Rn) - P+

| Bt ) — )

Unfortunately, we can prove the property ¢4 € 3, only for a subset of
short-range mass-subcritical NLS, namely the ones treated in the references
[8,27]. Indeed once (1.8) is established, we get for free 1 € ¥, provided that
p € X,,. We believe that the property ¢4 € ¥,,, which appears in Theorem 1.3,
is an interesting question of intermediate difficulty compared with the proof of
scattering in X, as described in (1.8). We think it deserves to be investigated
in the full set of short-range mass-subcritical nonlinearities.

Next we make a further comment about the condition ¢ € ¥,; in par-
ticular, we show its connection with a question of regularity for a family of
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Cauchy problems. First we introduce the pesudo-conformal transformation of
Uy (t, ), which will play a crucial role in the sequel:

1 1 L
wolt, ) = -, (t, ?) el (1.13)

We recall that the key point in [28] is the proof of the existence of the functions
wjf € L?(R") such that
~>O:t
lwe(t,2) — wE||p2@ny = 0. (1.14)
The following connection is well known (see (3.1) in [27], (14) in [28]) for
2 4.
P (8) = (20)% wi; (26). (1.15)

As a consequence, we get, based on elementary Fourier analysis, the following
equivalence:

/Rn 22|+ [Pd < 00 <= wfo: € H'(R™). (1.16)

By using (1.16) and writing the partial differential equation solved by wy(t, x)
(see Sect. 2), we get that the property ¢4+ € ¥, (appearing in Theorem 1.3) is
equivalent to study up to the time ¢t = 0 the H'(R") regularity of solutions to
the following Cauchy problem:

0w + Aw — =M Ply|wP =0, (t,2) € (0,00) x R", a(n,p) =2— L.
w(l,.) € .

We believe that the analysis of the Cauchy problem above, up to time ¢t = 0
and for % <p< %, has its own independent interest.

We conclude the introduction by quoting the papers [18] and [19] where
the question of scattering theory is studied in negative Sobolev spaces for a
family of long-range mass-subcritical nonlinearities. In particular, a series of
conditional scattering results are achieved in the aforementioned papers. We
finally mention [4] where the authors prove in dimension n = 1 new proba-
bilistic results about scattering and smoothing effect of the scattering states in
weighted negative Sobolev spaces in the mass-subcritical short-range regime.
The result has been extended in higher dimensions under the radiality condi-
tion in [20].

2. The Pseudo-Conformal Transformation

Let u,(t, x) be the unique global solution to (1.1) with initial condition ¢ € %,
then following [28] we introduce the pseudo-conformal transformation w,(t, x)
defined by (1.13). Notice that w (¢, z) is well defined for (¢,z) € (0,00) x R"
and (t,z) € (—o0,0) x R™. We shall focus mainly on the restriction of wy(t, x)
on the strip (¢,z) € (0,00) x R™, which is of importance in order to prove
Theorem 1.1 as t — o0, by a similar argument we can treat the case t — —o0
by using the restriction of wy(t, ) on the strip (¢t,2) € (—o00,0) x R™. One can
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check by direct computation that w,(t,x) is solution to the following partial
differential equation:

iBwy + Awy — t =Py jwe|P =0,  (t,z) € (0,00) x R™,  a(n,p) =2 — %

(2.1)

Notice that in the regime of short-range nonlinearity we have that t~*("?) ¢
L*(0,1) and in the regime of long-range nonlinearity we have that t~*("») ¢
L'(0,1). Hence the nonlinearity p = % is borderline to guarantee local inte-
grability in a neighborhood of the origin of the weight ¢t~*("?) which appears
in front of the nonlinearity in (2.1). As already mentioned in the introduction,
the key idea in [28] is to deduce the L?(R™) scattering property for the solution

uy(t,x) as t — oo by showing that the following limit exists
: : 2 n
t£%1+ wy(t, x) in L*(R™).

Notice that even if w,(t,2) € £, for t # 0, it is not well defined at ¢ = 0 and
hence to show the existence of the limit above as ¢ — 0% is not obvious. In
order to achieve this property in [28], it is first proved that the limit above
exists in L?(R™) in the weak sense, and then in a second step the convergence
is up-graded to strong convergence in L?(R").

We collect in the next proposition the key properties of w, (¢, z) that will
be useful in the sequel.

Proposition 2.1. Let ¢ € ¥, 0 < p < ﬁ forn >3 and 0 < p < oo for
n = 1,2. Let wy,(t,x) be the pseudoconformal transformation associated with
uy(t,x) as in (1.13), then we have the following properties:

wy(t, ) € C((0,00);5y) (2.2)

and

i 2 2
t ( ’p)||Vw@(t7m)||%z(Rn) —+ m”w@(hi)”ﬁfw(mn)

d a(n
= ||qu,(t,x)||%2£t (n.p) > . (2.3)
In particular for 0 < p < % we have

2
s (ta(n,p)||Vw¢(t,x)||2L2(Rn) + ||w¢(t,x)||§t+2(w)) <o (2.4)

The estimate (2.4) plays a fundamental role in [28] and will be of crucial
importance in the sequel along the proof of Theorem 1.2. The basic idea to
establish (2.4) is to multiply first the equation (2.1) by t*(™?) and then in a
second step the corresponding equation is tested with the function 0w, (t, x).
Then the proof follows by integration by parts and by considering the real
part of the identity obtained. Concerning the property (2.2), it follows from
the definition of w, (¢, ) and from the fact that ¢ € 3, implies u,(t,z) €
C((0,00);3,,) (see [7] for a proof of this fact).
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3. Proof of Theorem 1.1

We shall treat in detail the case t — oo (by a similar argument one can treat
t — —o0). Let ¢ € L*(R™) be given in (1.4), then we shall prove ¢, € H!(R™)
and also

e~y (tz) == oy in HY(R™). (3.1)
This will complete the proof of (1.5) since e~™* are isometries in H'(R™).
Notice also that by (1.6) in conjunction with the fact that e**® are isometries
in L?(R") commuting with the operator V we get:

—itA

sup le™ P uy(t, )| g1 (rny < 00. (3.2)

On the other hand, (1.4) implies

—itA

i t—o0
le™ P ug(t,2) = pillre@n) = lup(t,2) — €| L2@ny = 0,

namely we have convergence of e~ "“u,(t,z) to ¢4 in L*(R™). By combining
this fact with (3.2), we conclude on the one hand ¢, € H'(R"), on the other
hand we get the weak convergence

e B, (t, x) 22 o, in HY(R™). (3.3)
We claim that (3.1) follows provided that we show

—i t—o0
19 gt @)l 2n) = [V ll2can. (3.4
In fact by combining (3.4) with the following convergence

—itA t—o0

le™" P uy(t, 2)|L2@ny — lle+ll2@n)

(which in turn follows from (1.4)), we get

—itA

t—o0
le™ P up(t, o)l mr @y — ot o @) (3-5)

Then we have weak convergence in H!(R™) by (3.3) and convergence of the
norms by (3.5); hence, we get strong convergence in H'(R™). We conclude
since (3.4) follows by (1.12) in Theorem 1.2 in conjunction with the fact that
e? are isometries in L?(R™) commuting with the operator V. Notice that the
assumptions of Theorem 1.2 are satisfied, in fact (1.11) is weaker than (1.4)
and ¢, € H'(R™) has been established above.

4. Proof of Theorem 1.2

The proof of Theorem 1.2 follows from two lemma in conjunction with an
argument that we borrow from [29], where the precise long-time behavior of
moments is considered for a family of mass-supercritical NLS.

Lemma 4.1. Forp € (0, %), we have the following property:

IV (t,2) = it () |y = 0.
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Proof. By using (1.13), we get

1 _ (1 z\ L= 1 (1 z\ =
Vwy(t,z) = Wvuw <t7 t) eI + on/a+1 e (t’ t> et

and hence

1_ 1 T 1
[Vwe(t, )| L2 @ny = HtVug, (t,x> +z§u¢ (t,x)

Then we get

1 tx 1
HVuw (t,x) — l;uw <t,x>

and by (2.4) we have

1 tx 1
HV% (t,x> — zgucf, (t,x>
1

We conclude by considering the limit as ¢ — 0 (and hence 7 — 00) and by

noticing the 7@ +1>0. 0

=t|[Vw, (t,2) || 2@y, YVt € (0,1]
L2(Rn)

= Ot "5,
L2(Rn)

Lemma 4.2. For p € (0, %), we have:

2
Ve >0 3t.,R. >0 s.t. tsgtp/| o %\udt,x)ﬁd:ﬂ <e. (4.1)
e T|>R:t
Proof. We have the identity
2
1 1 =z
2 P — p— —
5, )P = e (52
and hence
1 *d
[ aPlutsap= [l (5.2) ] %
|z|>R |z|>R s 8 s
1 2
= 32/ 22 |uy <,x> dzx.
slz|>R 8
If we denote s = %, we get the following identity:
jz? 2 2 1 ’
—5|u(t,z)|[*dx = |z|*|w, ( =,z | | de, VYR >0.
jol>Re o> R t

Hence in order to get the conclusion (4.1) we are reduced to prove:

Ve >0 Ji., R.st. sup / |z we(t,2)Pde < e. (4.2)
te(0,t] / |z[>Re

More precisely showing smallness of the contribution to the renormalized

second-order moment of u,(t,x) for large times in the exterior of a cone is

equivalent to showing smallness of the contribution to the second-order mo-

ment of w,, (¢, z) for small times in the exterior of a cylinder. In order to prove

(4.2), first we introduce a non-negative function ¢» € C*°(R") such that:
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(1) ¥(z) =(|z|);
(2) ¥(z) =|z], V|z[>1;
(3) ¥(z)=0, V]z|< %

Along with v, we introduce the rescaled functions ¢r(z) = Ri(
notice that there exists C' > 0 such that:

%) . First

sup (/ (1/}3(9:))2|w4,(t, x)\zdaz) < C sup |zwe(t, )| 2@
te(0,1) R te(0,1)
R>0
< C sup |lzwy(t, x) 4 2itVwe(t, )| L2 @)

te(0,1)

+2C sup |[[tVwy(t, z)|r2@n) < 0o, (4.3)

te(0,1)
where at the last step we have used (2.4) to control the term |[tVw, (£, 2)|| 12 &),

and the following identity (in turn coming from the definition of w,,)

sup [|zwy(t, ) + 2itVwy, (t, )| 2 mn)

te(0,1)
1
\% )

along with (1.6) to control |[zw,(t,x) 4 2itVw,(t, )| 12 &n). Next by elemen-
tary computations we get:

= sup
te(0,1)

L2(R")

& | wr@ ool <¢ [ wn@IVin@lle, 60| Vuot.o)lds

1

< O\ Vwe (t, )| L2 ) (/Rn(sz(a;))Q\w@(t,x)|2dx> : <Ct™z, Vie(0,1), VR>0,
(4.4)

where we have used at the last step (2.4) along with the bound (4.3). Notice
that in order to conclude (4.2) it is sufficient to show that for every & > 0 there
exist t., R. > 0 such that

sup / (V. (2))?|w, (t,)|?dr < e. (4.5)

te(0,te]

In order to select ., R. > 0 with this property, notice that by (4.4) we get

swp | (n@)Pluwg(0)Pde < [ (nla) Pl (E o) do

te(0,f] JR n

t
+C/ T %dr, Vte (0,1), VR>0

0
and hence it is sufficient to choose ¢ = f. such that C fogi 772dr < § and
R = R. in such a way that Jen (Wi (2 ) wy (te, x)[Pdz < £ (notice that this
choice of R, is possible by (2.2)). O
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Proof of Theorem 1.2. By Lemma 4.1, we have that (1.12) is equivalent to

t—>oo

Uy (t, )

X
H% ||V<P+||L2 R™) (4.6)
L2(Rn)

Next we show that (4.6) is almost satisfied if we compute the L? norm in the
more restricted region inside the cone |z| < Rt, for R > 0 that will be chosen
larger and larger. More precisely, we shall prove the following fact:

x|? oo
[ e nfa =4 [ pPle @ @)
x| <Rt

lz|<F

By combining this property with (4.1) and by noticing that
~ R— ~
[ aPlos@Pds =% [ (oP ey @)Pde = Vsl
|o|< & Rn

we conclude (4.6).
In order to prove (4.7), we shall use the following asymptotic formula to
describe free waves (see [16] and [25]):
lo|?

eitAhf et ;L (E)
(2it)z \2t
where iL(f ) denotes the Fourier transform of h, which in turn implies

wan ()
H'e " s

=0, Vhe L*R"), (4.8)

L2(Rm)

t—o0
—

0, VheL*R"). (4.9)

L2(R™)

Next for every R > 0 fixed we get by the Minkowski inequality

|z| ( ¢+(57)| |=| A
[up(t, )| — < lup (t, )| — " |

0\ (2t) > L2(|z|<Rt) t ’ L2(|z|<Rt)
\36|< N ¢+(2$t)’>

e el - 5 : (4.10)
¢ (2t)2 L2(|z|<Rt)

Next notice that for any fixed R > 0 inside the cone |z| < Rt we have that the
weight % is uniformly bounded and hence by combining (4.9) with (1.11) we
conclude that both terms on the r.h.s. in (4.10) converge to zero as t — oo,
and hence:

t2>o 0’

L2(|z|<Rt)

which in turn implies

j/? 2| sz |? dr e
/|:r|<Rt a2 [elt o)l do wl<rt 12 o <7> @ o

By a change of variable, we get (4.7).
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5. Proof of Theorem 1.3

We show separately the two implications.
Proof of =. Recall that we have the property u,(t,z) € 3, for every
t > 0, since ¢ € 3, (see [7]). Moreover, by assumption we have

X i t—o0o
[t - =0
L2(R")
and in particular there exists ¢ such that
(1 (B, ) — €701 2y < o0 (5.1)

Since we know that wu,(f,z) € X, necessarily we have by (5.1) and the
Minkowski inequality that e**¢, € 3, and hence, by the invariance of the
space ¥, under the linear flow ¢?, we deduce

o 67ifA(6ifASO+) cy,.
Proof of <. We use the following well-known identity:

x . 1 ) 1 .
7 (e = o) = 7 (@ +2itV)u, — 2iV(u, — o) - ;eltA(xQD-F)'

Notice that by Lemma 4.1 the L? norm of the first term on the r.h.s. converges
to zero as t — oo. The same property holds for the second term on the r.h.s.
due to Theorem 1.1. The conclusion follows since e*? is an isometry in L? and

hence also the third term on the r.h.s. converges to zero as t — oc.

6. Appendix: Scattering in X,, Via Lens Transform,
Pn<p<2

The aim of this appendix is to provide alternative proof of the results estab-
lished in [8] and [27] by using the lens transform (instead of the pseudocon-
formal energy which is the key tool in [8] and [27]). We introduce, following

[4-6], for every time t € (—7, 7) the lens transform acting as follows on time

independent function G : R" — R:

n xT . |z|2 tan(2t)
 feos20)FG (D)o g
L:G(x) = (cos(2t)) 2G cos(2) 2 S

By direct computation, we have that if we denote
H=—-A+|z (6.1)

then we get the following identity:

. . 2
N H Lys) 0 e*2 | where t(s) = w. (6.2)

2

Moreover, we have that if the function u,(t,«) is solution to (1.1), then the
function v, (¢, z) defined as follows:

0a(1(s), 2) = Lagoy (g (5.)) () (6.3)
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solves the following Cauchy problem

100, — Hug + cos(2t)"¢MPy o [P =0,  (t,z) € (-5, %) x R,
a(n,p) =2—- " (6.4)
vcp(oax) =€ Xp,

where H is defined in (6.1). Notice that the main advantage of the lens trans-
form compared with the pseudoconformal transform is that the full norm 3,
is involved in the energy associated with (6.4), and not only the H!(R™) norm.
Therefore, the lens transform seems to be a suitable tool to study the scattering
in >,

We recall that the Cauchy problem (6.4) admits one unique solution

vplt,@) € (10,7) %) 0 Liye (10,7 ) W (R™) (6.5)

where (r, s) is an admissible Strichartz couple (namely 242 = % and r > 2 for
n>3,r>2forn=2r>4forn=1)and WH*(R") denotes the harmonic
Sobolev spaces associated, namely

WU (R?) = {w € L¥(R") s.t. H?w € L¥(R™)}

endowed with the norm ||w |1« (gn) = [Jw]|zs + [|H 2w]||+. Following [12], one
can show that for 1 < s < oo there exists C' > 0 such that
1
a(Hvu\ Loy T [{2)ullps @ny) < llullwrs@ny < C(|VullLs @n)
H{z)ull s ®n))- (6.6)

Moreover, it is well known that Strichartz estimates are available (locally in
time) for the group e~ under the same numerology for which they are sat-
isfied (globally in time) for e~*4 (they can be obtained simply by applying
the lens transform). Hence we have all the tools necessary to construct local
solutions to (6.4) by repeating mutatis mutandis the same computations nec-
essary to construct local solutions for the usual NLS. Notice that the chain
rule in the framework of the harmonic Sobolev spaces is essentially reduced to
the classical chain rule in the usual Sobolev spaces by (6.6). In order to show
s

that the solution can be extended on the full interval [0, 7] with regularity
(6.5) we can rely on the following conservation law:

d a(n 2 +2
gt (cos@) Do (), + ot D )

- ||v¢(t,x)||22n%cos(2t)a(”’p) <0, Vte [o%) (6.7)
whose proof follows the same argument to get (2.4) in the context of the
pseudoconformal transformation. Since the weight cos(2t)*("?) has no zero in
the interval [0, 7 ), we have a control of the ¥,, norm of the solution up to time
t = 7 and hence we can globalize in [0, 7]. A similar discussion holds in the
interval [—m/4,0].
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We have the following result that reduces the question of scattering in
¥, for u,(t,z) solution to (1.1) (see (1.8)) to the extendibility (by continuity)
of the function v, (t,2) up to time ¢ = § in the space ¥,.

Proposition 6.1. Let ¢ € ¥, 0 < p < ﬁ forn >3 and 0 < p < oo for
n =1,2. Then we have the following equivalence:

7ZSA( §— 00

Jpp € Xy, st |le up(5,y)) —o4lls, — 0 <= Fvy € Xy, s.t. ||vp(t, x)

s, —> 0.

— v
Proof. The identity (6.2) is equivalent to
R CO
and hence
e g (5,9) = e T (L (up(5,)) = O (v, (8(s), )
where we have used at the last step (6.3). We conclude since e~ *(t(sDH
isometries in ¥, and lims_, o t(s) =

are

O

T
6.1. The Case p, < p < ﬁ

In this subsection, we provide an alternative proof of the following result first
established in [27] (see also [7]).

Theorem 6.1 ([27]). Assume p, < p < ﬁ forn >3 and p, < p < oo for
n = 1,2 (here p, is defined in (1.9)). Then for every ¢ € X, there exists
w4+ € X, such that

—itA( t—o0

le™ (up(t, %)) — @4 lln, — 0.

Proof. By Proposition 6.1, we have to prove [|v,(t, z) — v4 |5, 25 0, where
v4 € Xy, In the rest of the proof, we shall denote v = v,,. Next we denote by
(r,p+ 2), the couple of exponents such that
2 n n

r + p+2 2 (6:8)
and we shall first prove v € L™((0, ); WHPH2(R™)). It is easy to check that
the couple (r,p + 2) is Strichartz admissible in any dimension n > 1. In view
of (6.5), it is sufficient to prove the existence of ¢y € (0,7) such that v €
L"((to, ); WHPT2(R™)), and in turn it is sufficient to show that SUD ¢ (10, 7)
V]| L ((t0,)sw1-p+2(rm)) < 00. Notice that the main advantage of working with
7 < 7 is that in the following computation we deal with finite quantities. By
Strichartz estimates available for the propagator e**f

, we get:

[VllLr (1o myswr 42 (@m))

< Cllulto) s, + C1l cos(2E) TP uofP s oy pwnosar gy (6.9)
where £ is an arbitrary point in the interval [0, §) that we shall fix later, 7', p’
denote conjugate exponents and 7 is arbitrary in (o, 7). Notice that by the
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chain rule and Holder inequality w.r.t. space and time we can continue the
estimate as follows:

.o < Ov(to)ls,
+C| cos(2t) ™ eln, p)” 73 (1, ,ﬂ)” HLT ((to,T); WL (p+2) (R) )HUHLm((tO ) LP2 (R

(6.10)

Due to (6.7) (which implies sup,¢ (o, =) [|v(Z, 30)||Lp+2 < 00), we can absorb the
second term on the r.h.s. in (6.10) in the Lh.s. in (6.9) provided we have
cos(2t)~*(mP) € L7 (0, T) and to is close enough to Z. This integrability con-
dition is equivalent to < ( L )T < 1 which in turn, thanks to (6.8), is equivalent
tonp? +(n—2)p—4> 0 (recall that a(n,p) =2 - 2F). We conclude since we
recall p,, is the larger root of the algebraic equation na? + (n — 2)z — 4 = 0.
To deduce the existence of the limit v, by the Duhamel formulation and dual
of Strichartz estimates we have for any couple 0 <7 < o < 7:

o) = wle)ls, = | [ cos(z) 0P uts)fu(o) ]

n

n

= H/ H cos(2s)~ O‘(”’p)v(s)\v(s)\pds‘ .

< OH cos(28) Py (5)[u(s) P

L™ ((1,0));WL (p+2)’ (]R"))'

Arguing as above and by using v € L"((to, T); W'PT2(R™)), we can continue
as follows:

T,o—4 "

+ < Clleos@) ™| ey Wl (oo @) — 0.

6.2. The Case p, < p < ﬁ,n >3

Next result includes the one in [27] with the extra bonus that it covers the
limit case p = p,. We shall give the proof for n > 3; however, the result is true
also for n = 1,2. We recall that compared with the original proof in [8] we deal
with the equation obtained after the lens transform, which is adapted to work
in the X, space, rather than the pseudoconformal transformation that seems
to perform better in the H!(R™) setting. Another point is that we give a proof
of the key alternative (6.11) or (6.12) below, based on a continuity argument.
This is different of the proof given in [8] based on a fixed point. We restrict
below to the case n > 3; however, following [8] the proof can be adapted to
the case n = 1, and the case n = 2 has been treated in [23].

Theorem 6.2 ([8]). Assume n >3 and p, < p < =5 (p, is defined in (1.9)),
then for every ¢ € 3, there exists ¢y € X, such that

—i t—
le™ (up (£, 2)) = ]|z, == 0.
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t—IT
Proof. By Proposition 6.1, we are reduced to prove ||v,(t,2) —vi|s, —> 0,

where vy € 3. In the rest of the proof, we shall denote v = vw
We clalm that we have the following alternative for every —5 <p < —=5

(notice n+2 < pp): - either there exists vy € ¥, such that

t—Z 7
[o(t,z) —vills, — O; (6.11)
- or we have the lower bound
4—p(n—2)
us 4
. 4 _ _4a(n.p)
inf o(t, )% / | cos(27)|~ T dr >0, (6.12)
te[O,%) " ¢

We shall prove first how the alternative (6.11) or (6.12) implies the result. We
need to exclude the scenario (6.12) under the extra condition p, < p < %.
Indeed if by the absurd (6.12) is true, then we get by (6.7)

2
QZ,L + Jr2””(75 $)||Lp+2(Rn)>

d
- 9p)(n.p)
o (cos( t) lo(t, x)]

—4+p(n—2)

us

2
< —2¢f a(n, p) sin(2t) cos(2t) (P71 </4
t

T
¢ (0, 7) ,
<\"3

where €9 > 0 is the infimum in (6.12). Notice that cos(2t) behaves as (§ —t)

™

when ¢ — 77 and hence we get by elementary computations

d aln 2
%<cos(2t) PNt D)5, + ol DI )

1— np?4p(n—2)—4

T\ - 2p s
S*CO(’fﬁ) ’ te(%)

for a suitable ¢y > 0. Notice that the function at the r.h.s. fails to be integrable
on (0, 7) as long as p > p,, and hence by integration on the interval (0, §) we
easily get a contradiction.

2p

4a(n,p)
| cos(27)|—wd7>

)’ 4

Next we give a proof of the alternative (6.11) or (6.12) which is based on
the following remark.

Lemma 6.1. Given two sequences ak,by > 0 for k € N and p > 0, define
1

fr i RY — R as follows fi(s) = s — ax — bps' ™. Assume that ayb} hoop 0,
then there exists k such that for every k > k there exist 0 < ¢ < dp < 00 such
that

{s € R s.t. fx(s) <0} = [0, cx] U [dg, ).

Proof. One can check that the function f; has one unique maximum at the
point 5, > 0 given by the condition f} (5x) = 0, namely 5} = m. Moreover,
fx is increasing for s < §, decreasing for s > 3j, lims_ fx(s) = —o0 and

fx(0) < 0. We conclude provided that we show that for k large enough we have
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fx(8k) > 0. By direct computation, we get fi(3;) = ——+ —ap—————

(p+1)P b} +1)' T rop

1

and hence the condition f,(5;) > 0 is equivalent to —1— — 11+; > apbp
p+D)P (A1) e

which is satisfied for k£ large enough due to the assumption akb,f gt .

We can now complete the proof of the alternative (6.11) or (6.12) in the

general setting 7%-2 <p< ﬁ. Since now on we shall use that under this
fus _ _4a(n,p)
condition on p we have [ |cos(27)| oD dr < oo. We shall prove that
if (6.12) is false then (6.11) is satisfied. If (6.12) is false, then there exists a
sequence t € (0, 7) and &5 > 0 such that
1-p(n=2)

k—oo T i — talnp) ! k— o0
ty — 1 and  |lo(ty, z)|%, / | cos(27)|” =ri-2 dr =g, — 0.

ty

(6.13)

In the sequel, we denote v(ty, x) = vj. Next we choose the Strichartz admissible
couple (r,q) such that
L2 _pn=2)
q 2n

and by Strichartz estimates and Holder inequalities (in space and time)
” . nyy < —a(n,p) D .
ol ey eyt ey < Cllve s, + Cll cos(2t) Pl o et )

< Cllvklls,

4—p(n—2)

T da(n.p) 4
+C /A cos(27)| A-rn-2) dr v||P on vl WL (R
< . | ( )‘ H ”L”((tk,t);L"fz*? (Rn))” ||L ((tg,t);Wha(R™))

(6.14)

and by the Sobolev embedding and elementary inequalities, we can continue
the estimate as follows

< < Olloklls,
- 4—11(7172)
T __da(n,p) 4 v
‘C / | cos(2r)| " T dr 19012 ey ers o 121 2 (Gt ey wra ey
Tk
< Cllvklls,
- 4—p(n—2)
T _ 4da(n,p) 4 »
+C / |cos(27)|” == dr [0 = 0kl L (10,0 1 Lr () v 0 )
Jtg
4—p(n—2)

T _ 4a(n,p) 4
_|_C(/ |COS(2T)| 1—p(n—2) dT) HU’C”;;,}HU' L7 ((tg,t);Wha(Rn))-
ty
Due to (6.13), we have that if we choose k large enough, then the last term on

the r.h.s. can be estimated by [|v]| 1+ ((,,)1a(rn))- Hence we can absorb it
on the L.h.s. and we get



1372 N. Burq et al. Ann. Henri Poincaré

ol L (e, 0y wra@nyy < Cllvklls,

4—p(n—2)

+C</t4 |cos(27)| vt dT) v = Vel (e, e)im) 10l (s rs 00 ) -
k

(6.15)
Again by Strichartz estimates and triangular inequality, we get

v — Uk||Loo((tk,t);E”) < lvklls, + ||U||L°°((tk,t);2n)
< Clloklls, + C|l cos(2t)~Py|l?||

2
LY (g, )" TR ()

and hence we can estimate the r.h.s. as above and we get for k large enough

llv = vkl Lo (b0, 0)52) < Clloklls,

4—p(n—2)
4

H ot
+C(/tk | cos(27)| H(n_z)dT) 10 = 0k l1B e (e eyim [P 2 (Gt tymwna ey

1
+§||U||Lr((tk”t);wl,q(Rn)). (616)

Next we introduce the functions Xy, : (tx, §) — RT defined as follows: X (t) =
v = vkl oo ((tr,0:50) F (10l L7 (1 0120 )y - Notice that by (6.15) and (6.16)
we get

4-p(n—2)
— i

Xk(t) < CHUk”En + C</4 |COS(27’)‘_4‘1(;((7;%2> d7'> (Xk(t))P+1

tr
and hence Xy (t) belongs to the sublevel {fx(s) < 0} where fi(s) is as in

s _da(n,p) —p(n—
Lemma 6.1, with a, = C||vg||s, and by = C(ft: |cos(27)|_4—p("f2) dT)i4 =t

— 00

1

Notice that aib? == 0 by (6.13) and hence if we choose k = k + 1 (following
the notations of the Lemma 6.1) we get, since X, ; () are continuous functions
and Xy, (tg11) = 0, that Xz, (t) leaves for every ¢t € (tz,4, %) in the cor-
responding bounded connected component [0, ¢z, ] provided by Lemma 6.1.
Summarizing, we get v(t,z) € L"((0, §); Wh4(R™)) N L>=((0, F); £,). Going
back to the Duhamel formulation, using Strichartz estimates and Hélder in-
equality in space and time (in the same spirit as in (6.14)) we get for every
0<7T<o<T:

[o(7) = v(o)]

/ e = H cog(25) =Py (5)|u(s) [Pds

Zn = ‘
Zn

/ e cos(25) TPy () v (s) [Pds

Zn

< —a(n,p) p n
< C|| cos(2s) v(s)|v(s)] HLW((T,U);WLﬁm(R"))
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4—p(n—2)

B __ta(np) !
<C / |cos(27)|” T2 dr
0

o]l 2n
L=((r,0);L =2 (R"))
where at the last step we have used the property v(t,z) € L"((0, ); Wh4(R™))N

L>((0, 7); X,,) established above and the Sobolev embedding ¥, C L#. O

o
T,0—7

[ollLr((r.oywra@ny)  — 0.
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