N

HAL

open science

On semi-classical limit of nonlinear quantum scattering

Rémi Carles

» To cite this version:

Rémi Carles. On semi-classical limit of nonlinear quantum scattering. Annales Scientifiques de 'Ecole

Normale Supérieure, 2016, 49 (3), pp.711-756. 10.24033/asens.2294 . hal-01117475

HAL Id: hal-01117475
https://hal.science/hal-01117475
Submitted on 17 Feb 2015

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépot et a la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche francais ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License


https://hal.science/hal-01117475
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr

ON SEMI-CLASSICAL LIMIT OF NONLINEAR QUANTUM SCATTERING

REMI CARLES

ABSTRACT. We consider the nonlinear Schrodinger equation with a short-range external
potential, in a semi-classical scaling. We show that for fixed Planck constant, a com-
plete scattering theory is available, showing that both the potential and the nonlinearity
are asymptotically negligible for large time. Then, for data under the form of coherent
state, we show that a scattering theory is also available for the approximate envelope of the
propagated coherent state, which is given by a nonlinear equation. In the semi-classical
limit, these two scattering operators can be compared in terms of classical scattering the-
ory, thanks to a uniform in time error estimate. Finally, we infer a large time decoupling
phenomenon in the case of finitely many initial coherent states.

1. INTRODUCTION

We consider the equation

2
(1.1) i + %Aw = V(@)e + [0°20°, (t,z) € R x R?,

and both semi-classical (¢ — 0) and large time (¢ — d-00) limits. Of course these limits
must not be expected to commute, and one of the goals of this paper is to analyze this lack
of commutation on specific asymptotic data, under the form of coherent states as described
below. Even though our main result (Theorem[1.6) is proven specifically for the above case
of a cubic three-dimensional equation, two important intermediate results (Theorems [T.4]
and are established in a more general setting. Unless specified otherwise, we shall
from now on consider ¢ : Ry x Rg —C,d > 1.

1.1. Propagation of initial coherent states. In this subsection, we consider the initial
value problem, as opposed to the scattering problem treated throughout this paper. More
precisely, we assume here that the wave function is, at time ¢ = 0, given by the coherent
state

1 T —qo ipg-(z—

(1.2) vH(0,2) = 0 (%) eiPo-(@=q0)/¢
where g, po € R? denote the initial position and velocity, respectively. The function a
belongs to the Schwartz class, typically. In the case where a is a (complex) Gaussian,
many explicit computations are available in the linear case (see [33]]). Note that the L2-
norm of )¢ is independent of ¢, || (¢, -)|| L2(ra) = [|a| L2 (ra)-

Throughout this subsection, we assume that the external potential V' is smooth and real-
valued, V € C°(R%;R), and at most quadratic, in the sense that

0V € L*(RY), V|a| > 2.

This assumption will be strengthened when large time behavior is analyzed.

This work was supported by the French ANR projects SchEq (ANR-12-JS01-0005-01) and BECASIM (ANR-
12-MONU-0007-04).
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1.1.1. Linear case. Resume (I.I)) in the absence of nonlinear term:
2
(1.3) ieOp)® + 7Aw€ =V(z)y®, zeRY,

associated with the initial datum (I.2). To derive an approximate solution, and to describe
the propagation of the initial wave packet, introduce the Hamiltonian flow

(1.4) q(t) = p(t), p(t) =-=VV(q(1)),

and prescribe the initial data ¢(0) = go, p(0) = po. Since the potential V' is smooth and at
most quadratic, the solution (¢(t), p(t)) is smooth, defined for all time, and grows at most
exponentially. The classical action is given by

t
1
(1.5 5= [ (bR - Vi) as
0
We observe that if we change the unknown function ¥° to u® by
(1.6) VS (tz) = ey (t, z \/‘é( )> SO+ —a®))e

then, in terms of u® = u®(¢,y), the Cauchy problem (L3)-(L2) is equivalent to
1

(17) 0w+ LA = VELghE 3wt (0,y) = aly),

where the external time-dependent potential V'© is given by

(1.8) VE(ty) =

™ | =

(V(@(t) + vVey) = V(x(t) — VE(VV(x(1)),y)

This potential corresponds to the first term of a Taylor expansion of V' about the point ¢(¢),
and we naturally introduce u = u(t, y) solution to

1 1
(1.9) Opu+ 5Au =3 Wy yyu ;5 u(0,y)=aly),

where
Q) = V?V (g(1)), o that  (Q(1)y.y) = lim V*(t,y).

The obvious candidate to approximate the initial wave function ¢/° is then:
— ot .
110 e =t (1 E) i,

Indeed, it can be proven (see e.g. [2} 41171331351 [36]) that there exists C' > 0 independent
of & such that

195 (¢, ) = ¢° (¢, )| L2mey < Cv/Ee™.

Therefore, ¢° is a good approximation of ¥)¢ at least up to time of order ¢In % (Ehrenfest
time).
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1.1.2. Nonlinear case. When adding a nonlinear term to (I3), one has to be cautious about
the size of the solution, which rules the importance of the nonlinear term. To simplify the
discussions, we restrict our analysis to the case of a gauge invariant, defocusing, power
nonlinearity, |¢°|>?¢°. We choose to measure the importance of nonlinear effects not
directly through the size of the initial data, but through an e-dependent coupling factor: we
keep the initial datum (I.2) (with an L?-norm independent of ), and consider

2
i€0° + 5 AU = V(@) + | P

Since the nonlinearity is homogeneous, this approach is equivalent to considering o = 0,
up to multiplying the initial datum by £*/(2?) We assume o > 0, with ¢ < 2/(d — 2) if
d > 3: for a € X, defined by

S ={feH'RY, =z (2)f(x)e 2R}, ()= (1+]z?)">,

we have, for fixed ¢ > 0, 1/)]220 € Y, and the Cauchy problem is globally well-posed,
Y& € C(Ry; ) (see e.g. [9]). It was established in that the value

1+d0
o —
2

is critical in terms of the effect of the nonlinearity in the semi-classical limit ¢ — 0. If
a > a, then ¢f,, given by (L9)-(LI0), is still a good approximation of )¢ at least up to
time of order c¢In é On the other hand, if @ = «., nonlinear effects alter the behavior of
1) at leading order, through its envelope only. Replacing (I.9) by

1 1
(1.11) i+ 5 Au = = Q)Y y) u + |ul*"u,

and keeping the relation (I.I0), ¢° is now a good approximation of 1¢. In though,
the time of validity of the approximation is not always proven to be of order at least ¢ In %,
sometimes shorter time scales (of the order ¢1nIn %) have to be considered, most likely for
technical reasons only. Some of these restrictions have been removed in [37], by consider-
ing decaying external potentials V.

1.2. Linear scattering theory and coherent states. We now consider the aspect of large
time, and instead of prescribing ©)* at ¢ = 0 (or more generally at some finite time),
we impose its behavior at t = —oo. In the linear case (I.3), there are several results
addressing the question mentioned above, considering different forms of asymptotic states
at t = —oo. Before describing them, we recall important facts concerning quantum and
classical scattering.

1.2.1. Quantum scattering. Throughout this paper, we assume that the external potential
is short-range, and satisfies the following properties:

Assumption 1.1. We suppose that V is smooth and real-valued, V- € C>(R%;R). In
addition, it is short range in the following sense: there exists (1 > 1 such that

Ca

d
(e TS

(1.12) 0°V ()] <

Our final result is established under the stronger condition ;2 > 2 (a condition which
is needed in several steps of the proof), but some results are established under the mere
assumption p > 1. Essentially, the analysis of the approximate solution is valid for p > 1
(see Section[d)), while the rest of the analysis requires 1 > 2.
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Denote by
g2 g2
the underlying Hamiltonians. For fixed € > 0, the (linear) wave operators are given by

ot .
Ws = lim e'#f 1o,
t—Foo

and the (quantum) scattering operator is defined by

Sin = (W5) W=,

See for instance [20].

1.2.2. Classical scattering. Let V satisfying Assumption[[.Il For (¢—,p~) € RY x R9,
we consider the classical trajectories (g(t), p(t)) defined by (L4), along with the prescribed
asymptotic behavior as t — —oc:

(1.13) lim [q(t) —p t—q |= lim |p(t) —p~|=0.

t——o0

The existence and uniqueness of such a trajectory can be found in e.g. [20, 31}, provided
that p~ # 0. Moreover, there exists a closed set Ay of Lebesgue measure zero in R?? such
that for all (¢=,p~) € R?\ N, there exists (¢, p") € R? x (R?\ {0}) such that

: o e ol N H _ | =
lim fg(t) = pTt—q"| = lm |p(t) —p"|=0.

t——+o0

The classical scattering operator is S : (¢~,p~) = (¢*,pT). Choosing (¢~,p~) €
R24\ A implies that the following assumption is satisfied:

Assumption 1.2. The asymptotic center in phase space, (q~,p~) € R? x (R?\ {0}) is
such that the classical scattering operator is well-defined,

SUq ,p7) =(¢".p"), pT#0,
and the classical action has limits as t — +o00:

+12
= lim 'S(t)—t%

_S+ :Ov

t——o00 2 t——+o00

—12
lim ‘S(t)—t'p |

for some S; € R.

1.2.3. Some previous results. It seems that the first mathematical result involving both
the semi-classical and large time limits appears in [27], where the classical field limit of
non-relativistic many-boson theories is studied in space dimension d > 3.

In [56], the case of a short range potential (Assumption[I.T)) is considered, with asymp-
totic states under the form of semi-classically concentrated functions,

EN (W) e o = 5] (“"” = ) . FeLP®Y),
where f denotes the standard Fourier transform (whose definition is independent of ¢).
The main result from shows that the semi-classical limit for S}, can be expressed in
terms of the classical scattering operator, of the classical action, and of the Maslov index
associated to each classical trajectory. We refer to [56]] for a precise statement, and to [57]]
for the case of long range potentials, requiring modifications of the dynamics.
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In [33]], coherent states are considered,

et 1 —q - _ P
(114) e F89 (O oo = - (xﬁq >ew (om0 = e (),

More precisely, in [33], the asymptotic state u_ is assumed to be a complex Gaussian
function. Introduce the notation

5(t) = S(t) - q(t) -p(t)2— q p-

Then Assumption[I.2limplies that there exists 6™ € R such that

§(t) — 0 and 6(t) — 6.
t——o0 t—+o0
In [17.33]], we find the following general result (an asymptotic expansion in powers of /2
is actually given, but we stick to the first term to ease the presentation):

Theorem 1.3. Let Assumptions[[ 1] and[[ 2 be satisfied, and let

wt) =a-exp (5 (Twn)).

where a_ € C and I'_ is a complex symmetric d X d matrix whose imaginary part is
positive and non-degenerate. Consider 1)¢ solution to (I3), with (IL14). Then the following
asymptotic expansion holds in L*(R%):

1 +

Sleinz/’i _ d_/4€7;6+/Eeip+,(;p—q+)/8+iq+,p+/(25)R(G+)u_ (CE —q
€

NG

- + ot
where R(G.) is the metaplectic transformation associated to G4 = %.

)+,

As a corollary, our main result yields another interpretation of the above statement. It
turns out that a complete scattering theory is available for (I.9). As a particular case of
Theorem (which addresses the nonlinear case), given u_ € 3, there exist a unique
u € C(R;X) solution to (L9) and a unique u4 € X such that

—GEA _
lle" 2% u(t) ui||2t;)m0'

Then in the above theorem (where u_ is restricted to be a Gaussian), we have
uy = R(Gy)u_.

Finally, we mention in passing the paper [48]], where similar issues and results are obtained
for

2
ieO° + %Aw -V (g) W+ U(z)yr,

for V' a short-range potential, and U is bounded as well as its derivatives. The special
scaling in V' implies that initially concentrated waves (at scaled ¢) first undergo the effects
of V, then exit a time layer of order ¢, through which the main action of V' corresponds
to the above quantum scattering operator (but with ¢ = 1 due to the new scaling in the
equation). Then, the action of V' becomes negligible, and the propagation of the wave is
dictated by the classical dynamics associated to U.
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1.3. Main results. We now consider the nonlinear equation

2
(1.15) 07 + S AF = V(@) + |27y,

along with asymptotic data (TT4). We first prove that for fixed € > 0, a scattering theory is
available for (I.13): at this stage, the value of « is naturally irrelevant, as well as the form
(I14). To establish a large data scattering theory for (3.1}, we assume that the attractive
part of the potential,

@V = (5 vV
|| +
is not too large, where f; = max(0, f) for any real number f.

Theorem 1.4. Letd > 3, % <o < ﬁ, and V satisfying Assumption[LI|for some p > 2.
There exists M = M (u, d) such that if the attractive part of the potential (0, V') . satisfies
M
(14 fa])ett’
one can define a scattering operator for 3.1) in H'(R?): for all ¢ € H'(R?), there
exist a unique ¢ € C(R; H'(R?)) solution to (3.1) and a unique ¢5. € H*(R?) such that

(0:V(x))+ < vz € RY,

et A
167 (2) — €% 24 s ey, —2_0.
The (quantum) scattering operator is the map S€ : 1< s 7.

We emphasize the fact that several recent results address the same issue, under various
assumptions on the external potential V: [58] treats the case where V' is an inverse square
(a framework which is ruled out in our contribution), while in [12]], the potential is more
general than merely inverse square. In [12], a magnetic field is also included, and the
Laplacian is perturbed with variable coefficients. We make more comparisons with in
Section[3

The second result of this paper concerns the scattering theory for the envelope equation:

Theorem 1.5. Lerd > 1, 2 < 0 < ﬁ, and V satisfying Assumption [ for some
1 > 1. One can define a scattering operator for (L11) in X: for all u_ € 3, there exist a

unique v € C(R;X) solution to (L11) and a unique uy € 3 such that

—itA _
[le™"22u(t) ui||gt_z>000.

As mentioned above, the proof includes the construction of a linear scattering operator,
comparing the dynamics associated to (I.9) to the free dynamics ¢22 In the above for-
mula, we have incorporated the information that FELST unitary on H'(R%), but not on ¥
(see e.g. [13]).

We can now state the nonlinear analogue to Theorem[[3l Since Theorem [[ 4] requires
d > 3, we naturally have to make this assumption. On the other hand, we will need the
approximate envelope u to be rather smooth, which requires a smooth nonlinearity, o € N.
Intersecting this property with the assumptions of Theorem[I.4lleaves only one case: d = 3
and o = 1, that is (I, up to the scaling. We will see in Section Bl that considering d = 3
is also crucial, since the argument uses dispersive estimates which are known only in the
three-dimensional case for V' satisfying Assumption [T with 1 > 2 (larger values for
could be considered in higher dimensions, though). Introduce the notation

SP={fe H'RY), x> |z[*f(z) € L*(RT)}.
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Theorem 1.6. Let Assumptions[L 1] and[[2 be satisfied, with > 2 and V as in Theo-
rem[L4l Consider )¢ solution to

2
i€0° + 5 AU = V(@ + 0t Pus, (tLe) € R xR,

and such that (LI4) holds, with u_ € X7. Then the following asymptotic expansion holds
in L*(R3):

1 . . ) — gt
(L16)  S° = el /e (e a)/ehiamwt /Gy <x \/Eq > +0(V2),

where S¢ is given by Theorem[L 4 and u . stems from Theorem[[.3

Remark 1.7. In the subcritical case, that is if we consider
2
ie0® + S AYF = V(@)yt + Y27, (ta) € Rx R,

along with (LI4), for some o > 5/2, the argument of the proof shows that (I6) remains
true, but with u given by the scattering operator associated to (I.9) (as opposed to (LII)),
that is, the same conclusion as in Theorem[I.3| when v _ is a Gaussian.

As a corollary of the proof of the above result, and of the analysis from [11]], we infer:

Corollary 1.8 (Asymptotic decoupling). Let Assumption[l 1] be satisfied, with u > 2 and
V as in Theorem[[. 4l Consider 1)° solution to

2
ied° + %Aw = V(@)y© + 210 P¢°,  (t,z) € R x R?,

with initial datum

N
1 T — qoj D0 (L —a0;
V0.2 = S (70) efror(emionl® = yf(a),
j=1

NG

where N > 2, qoj,p0; € R3, poj # 0 so that scattering is available as t — +oo for
(q;(t),p;(t)), in the sense of Assumption[[2 and a; € S(R?). We suppose (qo;, poj) #
(qok, por) for j # k. Then we have the uniform estimate:

N
swlvs()) =S w5w| =0,
teR = Lo

where 5 is the approximate solution with the j-th wave packet as an initial datum. As a
consequence, the asymptotic expansion holds in L?(R3), as e — 0:

1 A + T T —qF
(Wg) v = ey ei05 /iy (@ —a5)/e+ias p; /(Qs)uji < \/E] ) +o(1),

J=1

) -1 )
where the inverse wave operators (W5)  stem from Theorem[L3 the u;+’s are the as-
ymptotic states emanating from a;, and

. o @) pi(t) — qoj - poj
J; —t_l)lgloo (Sj(t) 5 eR.
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Remark 1.9. In the case V' = 0, the approximation by wave packets is actually exact, since
then Q(t) = 0, hence u¢ = u. For one wave packet, Theorem [LLfl becomes empty, since
it is merely a rescaling. On the other hand, for two initial wave packets, even in the case
V = 0, Corollary[1.8]brings some information, reminiscent of profile decomposition. More
precisely, define u° by (L6), and choose (arbitrarily) to privilege the trajectory (q1,p1).
The Cauchy problem is then equivalent to

1
i0u® + §Au5 = |uf|?u’,

00) = m(0) + (4 RLZIE ) cmesnemiimune

NG
where we have set dpg = po1 — po2 and dqo = o1 — qo2. Note however that the initial
datum is uniformly bounded in L?(IR?), but in no H*(R?) for s > 0 (if po1 # po2), while
the equation is HY 2_critical, Therefore, even in the case V = 0, Corollary [[.8] does not
seem to be a consequence of profile decompositions like in e.g. [21 [42] 43]. In view of
(L4), the approximation provided by Corollary [[.§]reads, in that case:

t s AhE
) = un(t.9) + v 1oy PRI O o) i £ (R L2(R))

where the phase shift is given by

1 1 t
(£, ) = ~poz - (£5p0 + 6q0) — —=6po - 4 + — (|poa|® = [poa?
5(t,y) —Po2 (tépo + 0qo) NG Do - Y + % (Ipoz|® = |po1|?)

1 1 t
= - 20qo — —=0po -y — —|dpo 3.
5P02 qo \/g Po-Y 25' p0|

Notation. We write a° (t) < b°(¢) whenever there exists C' independent of ¢ € (0, 1] and ¢
such that a®(t) < Cb°(t).

2. SPECTRAL PROPERTIES AND CONSEQUENCES

In this section, we derive some useful properties for the Hamiltonian
1

Since the dependence upon ¢ is not addressed in this section, we assume € = 1.

First, it follows for instance from that Assumption[T.Ilimplies that H has no singu-
lar spectrum. Based on Morawetz estimates, we show that [ has no eigenvalue, provided
that the attractive part of V' is sufficiently small. Therefore, the spectrum of H is purely
absolutely continuous. Finally, again if the attractive part of V' is sufficiently small, zero is
not a resonance of H, so Strichartz estimates are available for e ~#H .

2.1. Morawetz estimates and a first consequence. In this section, we want to treat both
linear and nonlinear equations, so we consider

2.1) 104 + %Aw =V + A7y, AER.

Morawetz estimate in the linear case A = 0 will show the absence of eigenvalues. In
the nonlinear case A > 0, these estimates will be a crucial tool for prove scattering in
the quantum case. The following lemma and its proof are essentially a rewriting of the
presentation from [3]].
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Proposition 2.1 (Morawetz inequality). Let d > 3, and V satisfying Assumption [l for
some 11 > 2. There exists M = M (u, d) > 0 such that if the attractive part of the potential
satisfies

M
OV @)+ < e

then any solution 1) € L (R; H'(R?)) to @) satisfies

P(t, ) IQC’” Y (t, z)[? 2
(2 2) /\//RXRd (E dtdI—F//RXRd 1 +| | H+1 ————dtdx 5 ||1/)HLQQ(R;H1).

In other words, the main obstruction to global dispersion for V' comes from (0, V'),
which is the attractive contribution of V' in classical trajectories, while (9, V')_ is the re-
pulsive part, which does not ruin the dispersion associated to —A (it may reinforce it, see
e.g. [8]l, but repulsive potentials do not necessarily improve the dispersion, see [32])).

Vz € RY,

Proof. The proof follows standard arguments, based on virial identities with a suitable
weight. We resume the main steps of the computations, and give more details on the
choice of the weight in our context. For a real-valued function h(x), we compute, for v

solution to (3.1)),

d

o7 h(2)|(t, z)|*dx = Im/d;(t, x)Vh(z) - Vip(t, x)dx

%Im/d;(t,:zr)Vh(x) -V(t,x)dx = /Vd;(t,:zr) -V2h(z)Vap(t, z)dx
2.3) —i/|1/)(t,:c)|2A2h(:1:)d:1:—/|1/)(t,:c)|2VV-Vh(x)dx

|20+2Ah( )

In the case V' = 0, the standard choice is h(z) = |:C|, for which
T 9 ;T d—1 9
Vh=—, Vjh= Ojk — 705 | » Ah>——, and Ah <Oford > 3.
|| [a] | ] h
This readily yields Proposition[2.1]in the repulsive case 9,V < 0, since Vh € L.

In the same spirit as in [3]], we proceed by perturbation to construct a suitable weight
when the attractive part of the potential is not too large. We seek a priori a radial weight,
h = h(]z]) = 0, so we have

d—1
Ah=h"+ ——h,
r
A2 — b 4 g1, n (d—1)(d— 3)hu ~d-1)(d- 3)h’
r r2 r3

v2kh — (6]k Ijxk) h/ 'rjxk h//
’I° ’f‘

)

We construct a function h such that ', h” > 0, so the condition V2h > 0 will remain.
The goal is then to construct a radial function 4 such that the second line in (2.3)) is non-
negative, along with Ah > n/|x| for some 1 > 0.
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Case d = 3. In this case, the expression for A2h is simpler, and the above conditions read
1 1
Zh<4> +-h® + VYV (z)-Vh <0,
r

2
h1/+_h/> ﬁ7 h/,h”>0.
r r
Since we do not suppose a priori that V' is a radial potential, the first condition is not
rigorous. We actually use the fact that for 2’ > 0, Assumption [[Tlimplies

M

V(@) VI < @V (@) W () < e (0,

To achieve our goal, it is therefore sufficient to require:

1 1 M
24 N OB G ) B Y V)
24 4 + r + (14 rrtt ’
P
2.5) oS = W e Loy, LR > 0.
T T

In view of (2.3), we seek
W(r)=mn+ / ' (p)dp.
0

Therefore, if A" > 0 with A" € L'(R), 3) will be automatically fulfilled. We now
turn to (2.4). Since we want ' € L°°, we may even replace h’ by a constant in (2.4), and
solve, for C' > 0, the ODE

1 1 C
i N CO Rl N C) I — ||
4 + r + (14 r)ptl
We readily have
4 " 4
Wy = —2C¢ P

— | ——d
o T
along with the properties h(*) (0) = 0,
k
3) ~ — _
h(r) T ) for some £ > 0.

It is now natural to set -
W == [ W)

so we have " € C([0,00); R4 ) and
" K
' (r) o (1) for some x > 0.

This function is indeed in L' if and only if s > 2. We define h by h(r) = [ W (p)dp,

K [" ot
1| g aeade

rtJo (14 p)et
for some K > 0, h” and I/ being given by the above relations: (2.3) is satisfied for any
value of K > 0, and (2.4) boils down to an inequality of the form

(2.6) 3 (r) =

2.7) —§+M(n+C(M)K) <0,

where C(1) is proportional to

L —/m/wi/pidsd dr
K Loo = g g ol 0 (1+s)l‘+1 par.
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We infer that (2.6) is satisfied for K >> 7, provided that M < ﬁ(u)' Note then that by
construction, we may also require

1 2 —Cp
ZA h+VV .Vh < W,
for ¢y > 0 morally very small.
Case d > 4. Resume the above reductions, pretending that the last two terms in A%k are
not present: (2.6) just becomes
B 2{1(_2 T p2d 2 dp7
r o (1+p)rtt

and we see that with h'" and 1’ defined like before, we have

RO (r) =

rh”—h':—n—/ R +rh".
0

Since this term is negative at » = 0 and has a non-positive derivative, we have rh’’ —h' < 0,
so finally A%h < 0. O

We infer that H has no eigenvalue. Indeed, if there were an L? solution 1) = v (x)
to H = Ev, E € R, then ¢» € H?(R?), and 1 (x)e~"F* would be an H' solution to
@) for A = 0. This is contradiction with the global integrability in time from (2.2)), so
opp(H) = 0.

2.2. Strichartz estimates. In [3, Proposition 3.1], it is proved that zero is not a resonance
of H, but with a definition of resonance which is not quite the definition in [52], which
contains a result that we want to use. So we shall resume the argument.

By definition (as in [52]]), zero is a resonance of H, if there is a distributional solution
¢ & L?, such that (z) *t € L*(R?) forall s > 3, to Hip = 0.

Corollary 2.2. Under the assumptions of Proposition2_1] zero is not a resonance of H.

Proof. Suppose that zero is a resonance of 1. Then by definition, we obtain a stationary
distributional solution of @) (case A = 0), 1 = (), and we may assume that it is
real-valued. Since At = 2V1), Assumption[LTlimplies

()" 7° Ay € LA(RY), Vs > %

This implies that Vi € L2, by taking for instance s = 1 in

J1ver == [0 v @ av.

By definition, for all test function ¢,

1
(2.8) —/ Vo(z) - Vip(z)dx —|—/ V(z)e(x)y(z)de = 0.

2 R4 Rd
Let h be the weight constructed in the proof of Proposition 2.1} and consider

@ =1yPAh+2Vy - Vh.

Since Vi € L™, V2h(z) = O((z) "), and V3h(z) = O((z) ), we see that o € H?,
and that this choice is allowed in (2.8). Integration by parts then yields (2.3) (where the
left hand side is now zero):

oz/vw-v%wp—i/w%%-/zﬁvv-vn
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By construction of A, this implies

U(z)?
‘/Rd (1 T |:17|):“‘+1 dx § Oa

hence ¢ = 0. (]

Therefore, [52, Theorem 1.4] implies non-endpoint global in time Strichartz estimates.
In the case d = 3, we know from [31]] that (in view of the above spectral properties)

le || 110 < Clt]7Y2, Yt #£0,

a property which is stronger than Strichartz estimates, and yields the endpoint Strichartz
estimate missing in [52]], from [41]. On the other hand, this dispersive estimate does not
seem to be known under Assumption [LIlwith g > 2 when d > 4: stronger assumptions
are always present so far (see e.g. 22]). However, endpoint Strichartz estimates for
d > 4 are a consequence of Theorem 1.1], under the assumptions of Proposition 211

Proposition 2.3. Let d > 3. Under the assumptions of Proposition[21] for all (q,r) such
that

2 1 1

2.9) —:d<———), 2 < q < oo,
q 2 r

there exists C' = C(q, d) such that

”e_itHfHLq(R;LT(Rd)) <O\ fll2ay, Vfe€ L*(RY).

It is classical that this homogeneous Strichartz estimate, a duality argument and Christ-
Kiselev’s Theorem imply the inhomogeneous counterpart. For two admissible pairs (¢1,71)
and (go, 72) (that is, satisfying (2.9)), there exists Cy, ,, independent of the time interval I
such that if we denote by

R(F)(t,z) = / e I P (s 1) ds,
IN{s<t}

we have
IR Lo (1o @)y < CavaaIF N oy 175 mayy, VE € L%(I; L"2(RY)).

Note that the assumption ;o > 2 seems essentially sharp in order to have global in time
Strichartz estimates. The result remains true for g = 2 ([3, [6]]), but in [32], the authors
prove that for repulsive potentials which are homogeneous of degree smaller than 2, global
Strichartz estimates fail to exist.

3. QUANTUM SCATTERING

In this section, we prove Theorem[L4l Since the dependence upon ¢ is not measured in
Theorem[T.4] we shall consider the case € = 1, corresponding to

. 1 o
3.1) 0 + S A% =V + [p*7.
We split the proof of Theorem[I.4]into two steps. First, we solve the Cauchy problem with
data prescribed at t = —oo, that is, we show the existence of wave operators. Then, given

an initial datum at ¢ = 0, we show that the (global) solution to (3.1)) behaves asymptotically
like a free solution, which corresponds to asymptotic completeness.



SEMI-CLASSICAL NONLINEAR QUANTUM SCATTERING 13

For each of these two steps, we first show that the nonlinearity is negligible for large
time, and then recall that the potential is negligible for large time (linear scattering). This
means that for any 1) € H'(R?), there exists a unique v € C(R; H'(R?)) solution to

(31D such that

llo(t) — eﬂtH#)fHHl(Rd) t:>000,
and for any ¢ € H'(R?), there exist a unique ¢» € C(R; H'(R?)) solution to (3.I) and a
unique ¢ € H'(R?) such that

—itH T

1) = G 1 sy, 0.
Then, we recall that the potential V' is negligible for large time. We will adopt the following
notations for the propagators,

Ut) = €22, Uy(t) =e ",

In order to construct wave operators which show that the nonlinearity can be neglected
for large time, we shall work with an H' regularity, on the Duhamel’s formula associated
to (31D in terms of Uy, with a prescribed asymptotic behavior as ¢ — —oo:

(3.2) O(t) = Uy (t)h_ — z/ Uy (t—s) (J0]*79(s)) ds.

Applying the gradient to this formulation brings up the problem of non-commutativity with
Uy . The worst term is actually the linear one, Uy (¢)9)_, since

v (Uv(t)z;_) = Uy (t)Vip_ —i /Ot Uy (t — s) ((Uv(sw_)vv) ds.

Since the construction of wave operators relies on the use of Strichartz estimates, it would
be necessary to have an estimate of

v (vvi-)
in terms of v)_, for admissible pairs (g, 7). Proposition 23] yields
[V (i) S IV lze + 1Oy () TV Il o

for any admissible pair (¢, 7). In the last factor, time is present only in the term Uy (£)¢)_,
so to be able to use Strichartz estimates again, we need to consider ¢ = 2, in which case

S~ ox . 2d .
T=2%" = 25

IOy (©)-)VV | pagaer < UV ()22

where Assumption [[I]implies VV' € L%/?(R?) as soon as p > 1. Using the endpoint
Strichartz estimate from Proposition[2.3] we have

1Oy ()9l 22 S 9= 22,

LaL™

HL‘?LT

VV||Ld/2,

and we have:
Lemma 3.1. Let d > 3. Under the assumptions of Proposition[2_1) for all admissible pair
(g,7), _

le™ ™ fll La@owror gayy S I1f 11 g (ra)-

We shall rather use a vector-field, for we believe this approach may be interesting in
other contexts.
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3.1. Vector-field. We introduce a vector-field which naturally commutes with Uy, and is
comparable with the gradient.

From Assumption[I.1] V is bounded, so there exists cg > 0 such that V + cg > 0. We
shall consider the operator

[ 1
A:\/H+COZ —§A—|—V—|—Co.

Lemma 3.2. Let d > 3, and V satisfying Assumption[[ Ll with V + co > 0. For every
1 < r < oo, there exists C,., K, such that for all f € W (R?),

3.3) [Aflzr < Cr (Ifllr + IV Fller) < K (Ifller + [1AS][2r) -

Proof. The first inequality is very close to Theorem 1.2], and the proof can readily
be adapted. On the other hand, the second inequality would require the restriction 4/3 <
r < 4 if we followed the same approach, based on Stein’s interpolation theorem (a similar
approach for followed in e.g. [43]). We actually take advantage of the smoothness of the
potential V' to rather apply Calderén—Zygmund result on the action of pseudo-differential
operators.

We readily check that the two functions

EE 4 v(z)+ £
a(z,§) = \/ngcov b(z,§) = \/572+le|)+60+17

are symbols of order zero, in the sense that they satisfy

0200 a(w, )| + |029L b(x,€)| < Cap (€),

for all o, 3 € N, This implies that the pseudo-differential operators of symbol a and b,
respectively, are bounded on L” (Rd), forall 1 < r < oo; see e.g. Theorem 5.2]. In
the case of a, this yields the first inequality in (3.3, and in the case of b, this yields the
second inequality. O

3.2. Wave operators. With the tools presented in the previous section, we can prove the
following result by adapting the standard proof of the case V' = 0, as established in [29].

Proposition 3.3~. Letd > 3, 2 < 0 < %5, and V satisfying Assumption [ for some
p > 2. Forallvy_ € HY(R?), there exists a unique

¥ € C((—00,0); HY(R?) N L% ((—00,0); L**2(R7))
solution to 3.1 such that
llo(t) — 67itH1/~)7|\H1(Rd) tjmo'

Proof. The main part of the proof is to prove that (3.2) has a fixed point. Let

4o +4
do
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The pair (q, 20 + 2) is admissible, in the sense that it satisfies (2.9). With the notation
LEY = LP(] — o0, —=T1; Y), we introduce:

Xr = {w € C(| = 00, =TL; H') 5 1] g parse < K9l 12,
||V1/’HL‘?TL,2U+2 < KWL—HH% H¢||L;9L2 < 2||1/~’—||L2=

196l 10 < KN llas 10l pare < 2[00 (- |

L& L20+2 }’
where K will be chosen sufficiently large in terms of the constants present in Strichartz
estimates presented in Proposition2.3l Setr = s = 20 + 2: we have

1 1 20 1 1 20

F ; s’ q o q ?’
where ¢ < k < oo since 2/d < 0 < 2/(d — 2). Denote by ®(¢) the right hand side
of 32). For ¢ € X7, Strichartz estimates and Holder inequality yield, for all admissible

pairs (q1,71):
W) pa1 e < Cop -l +C H|1/)|2"1/)HLqT'U/
< Co Il + O . Il

" 20(1—6
< Colldllee + Clo I35 IR - 1 g s

forsome 0 < 6 < 1, where we have used the property » = s = 20+42. Sobolev embedding
and the definition of X7 then imply:

H(I)(w)”Lg}LTl <Oy ||"/~J—||L2 +C HU{/()’JJ_‘

200
20(1-0
S el T PP

We now apply the operator A. Since A commutes with H, we have
142l g 1 S IAD-Ilz2 + A (W179) || Ly -
In view of Lemma[3.2] we have successively,
1AG_ 22 S 9,
1A P9y o S NP7 g e + IV (WF79) g
S 1125 e (1ellag e + 19¢llss, 1)
S 112 e (1ellagoe + 1A6] gL ) -

We infer along the same lines as above,

LT

V2 g1 S W=l + [0 (i

206 20(1-6)

I (Il o + 14 g e )
T

We have also

~ 200
1@l g o < [ ()|

+CHUV(')1/~J—’

20(1-6
el i Il g

LLLr LLrLr

From Strichartz estimates, Uy (-)1_ € L9(R; L"), so
’UV('W)—‘

—0 asT — +oo.
LirLr

Since 6 > 0, we infer that ® sends X to itself, for T" sufficiently large.
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We have also, for 1o, 11 € Xp:

19(42) = @W)llg - S max 4517 ..

o — 1#1”1:;”

T T 20(1—-6
Sloved-| 113 s = vl g
Up to choosing T larger, ® is a contraction on X7, equipped with the distance

d(¥2,91) = Y2 = ¥allpg pr + b2 = Yl pee 2

which makes it a Banach space (see [[13]). Therefore, ® has a unique fixed point in X,
solution to (3.2). It follows from (3.3) that this solution has indeed an H'! regularity with

lo(t) — e_itHJ)fHHl(Rd) tjmo'

In view of the global well-posedness results for the Cauchy problem associated to (3.1)
(see e.g. [13]), the proposition follows. O

200
LiL

3.3. Asymptotic completeness. There are mainly three approaches to prove asymptotic
completeness for nonlinear Schrodinger equations (without potential). The initial approach
([28]]) consists in working with a 3 regularity. This makes it possible to use the operator
x+1tV, which enjoys several nice properties, and to which an important evolution law (the
pseudo-conformal conservation law) is associated; see Section @l for more details. This law
provides important a priori estimates, from which asymptotic completeness follows very
easily the the case o > 2/d, and less easily for some range of o below 2/d; see e.g. [13].

The second historical approach relaxes the localization assumption, and allows to work
in H'(R%), provided that ¢ > 2/d. It is based on Morawetz inequalities: asymptotic
completeness is then established in for the case d > 3, and in for the low
dimension cases d = 1,2, by introducing more intricate Morawetz estimates. Note that
the case d < 2 is already left out in our case, since we have assumed d > 3 to prove
Proposition[3.3

The most recent approach to prove asymptotic completeness in H'! relies on the intro-
duction of interaction Morawetz estimates in [16], an approach which has been revisited
since, in particular in and [30]]. See also for a very nice alternative approach of
the use of interaction Morawetz estimates. In the presence of an external potential, this
approach was used in [12]], by working with Morrey-Campanato type norms.

An analogue for the pseudo-conformal evolution law is available (see e.g. [13]]), but it
seems that in the presence of V satisfying Assumption [I.1] it cannot be exploited to get
satisfactory estimates. We shall rather consider Morawetz estimates as in [29]], and thus
give an alternative proof of the corresponding result from [12]]: note that for A = 1, the
first part of (2.2)) provides exactly the same a priori estimate as in [29]].

Proposition 3.4. Letd > 3, 2 < 0 < %5, and V satisfying Assumption L1 for some
1> 2. There exists M = M (u, d) such that if the attractive part of the potential satisfies

M
0,V (2))+ < Wu

then for all o € H*(R?), there exist a unique 1 € C(R; H'(R?)) solution to (3.1) with
Y=o = ¥, and a unique P € HY(RY) such that

—itH 7,
16(8) = € Ny, — 0.

Va e RY,

In addition, 1), V1 € LY(R ., L"(R%)) for all admissible pairs (q,).
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Proof. The proof follows that argument presented in (and resumed in [26])), so we
shall only described the main steps and the modifications needed in the present context.
The key property in the proof consists in showing that there exists 2 < r < d2—f2 such that

(3.4) 6@, — 0.
Since ¢ € L*°(R; H') (see e.g. [13]), we infer that the above property is true for all
2 <r< dQ—fIQ. This aspect is the only one that requires some adaptation in our case.

Indeed, once this property is at hand, the end of the proof relies on Strichartz estimates
applied to Duhamel’s formula. In our framework, since we first want to get rid of the
nonlinearity only (and not the potential V' yet), we consider

O(t) = Uy (t)p — i / Uy (t - 5) (107 9(s)) ds.

0
and thanks to Proposition[2.3] it is possible to follow exactly the same lines as in (see
also [34]]) in order to infer Proposition[3.4l
2d

Therefore, the only delicate point is to show that (3.4) holds for some 2 < r < 2%.
This corresponds to Corollary 5.1 in (Lemme 12.6 in [26]]). The main technical re-
mark is that once Morawetz estimate is available (the one given in Proposition 2.1l whose
final conclusion does not depend on V'), one uses dispersive properties of the group U (¢).
As mentioned above, we do not want to use dispersive properties of Uy (t), since they are
known only in the case d = 3 (on the other hand, this means that the result is straightfor-
ward in the case d = 3, from and [31]]). So instead, we consider Duhamel’s formula
for BI) in terms of U (t), which reads

t

(.5)  b(t)=Ult)p—i / Ut — s) ([9P0(s)) ds — i / Ut — ) (Vip(s)) ds.

0
The new term compared to [29] is of course the last term in (33), and so the nonlinearity
is now

F@) = [11*7¢ + V.
Following the argument from (or [26])), it suffices to prove the following two proper-
ties:

1. There exist r; > 2* = d2—f2 and « > 0 such that

(3.6) < O Y| poorymy,

Lr1(R4)

t—e
/ Ut —s)(Vi(s)) ds

to

Consider a Lebesgue index r slightly larger than 2%,

1 1

—=—-7n, 0<np<«Kl.
1 2%

Let ¢ > 0, and consider

t—t
/ Ut —s)(Vip(s)) ds

to

L) =

Lr1(R4)

Standard dispersive estimates for U yield

t—£
BOS [ (=) Vo)l qds

to
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where 47 is given by

1
Now we apply Holder inequality in space, in view of the identity

U S SR B N
R I A
— Y=

1/k 1/q
For n > 0 sufficiently small, V' € L4(R%) since y > 2, and so
V() o < IV IIzallb()lze S Nl oo ®im),
where we have used Sobolev embedding, since 2 < k < 2*. We infer

t—¢ o
L(t) S / (t— 5)751d3|‘¢||L°°(R;H1) 5/ SiéldSHw”Lm(R;Hl)
¢

to
< 51761||7/1HL°°(R;H1) = é*nde}HLoo(]R;Hl).

2. Now for fixed ¢ > 0, let
t
() = ‘ / Ut — 5) (Vip(s)) ds
t—¢

We show that for any ¢ > 0, I5(t) — 0 as t — oo. Dispersive estimates for U (t) yield

K 1 1 do
L(t) S t—s)0|V cr2ds, d=d|z— = 1.
(05 [ (- IOl gz ds 5=d(5- 555 ) = oy <

L20+2(Rd)

For (a small) « to be fixed later, Holder inequality yields

Vo g3 = | olmv 2

||

L% X |||J:|O[VvHL"T+1 |
Note that for 0 < a < 1, H|:C|O‘VHLU_+1 is finite, since 22 > 4 and p > 2. For

g
0 <60 <1, write

¥(s)
B

L20+2

0

(%
(e I = T O = N e
0
S e Py

To use Morawetz estimate, we impose «/0 = 1/(20 + 2), so that we have

0/(20+2)
v(s) $(s, )72
i L € e ) R

|| x|
We conclude by applying Holder inequality in time: since 6 < 1, the map s — (¢t — s)~
belongs to L forl < ¢ <1 —|— v and v > O sufficiently small. Let ¢ = 1 4 v with
0<vy< lsothats— (t—s)"% € L1 : wehaveq < oo, and we can choose 0 < § < 1
(or equivalently 0 < 7 < 1) so that

0

loc*

0q =20 + 2.
We end up with

1/(20+2)q’
20+2
L(t) < 09 // [ots, o) e :
[t—€,t] xR |z
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for some 3 > 0. The last factor goes to zero as ¢t — oo from Proposition 2.1l O

3.4. Scattering. Under Assumption [Tl a linear scattering theory is available, provided
that > 1; see e.g. [20, Section 4.6]. This means that the following strong limits exist in
L*(RY),

lim Uy (=t)U(t), and lim U(=t)Uy(¢),

t——o0 t——+o0

where the second limit usually requires to project on the continuous spectrum. Recall that
this projection is the identity in our framework.

Lemma 3.5. Let d > 3, V satisfying Assumption[[L\with p > 1. Then the strong limit
im_ Uy (—OU()

exists in H'(R?).
Proof. Following Cook’s method ([51, Theorem XI.4]), it suffices to prove that for all
¢ € S(RY),
t= |U (=) VU ()| 1 € L' ((—o00, —1]).
For the L? norm, we have
[Uv(=)VU@)ellp2 = IVUR)¢] 12 -
Assumption[TT]implies that V € L(R9) for all ¢ > d/p. For p1 > 1, let g be given by

1 1 d
—=—-+4mn, withn>0andqg > —.
g d Iz

We apply Holder inequality with the identity

11,1
2 ¢ 2 g "
—

1/r

Using dispersive estimates for U(t), we have

—d(i-1 11—
VOBl STl S ™ E ol = [H7 gl e
hence the existence of the strong limit in 2.
For the H' limit, recall that from Lemmal[3.2]

IVUv (=)VU @)l 2 S AUV (=)VU ()¢l .2
Since A commutes with Uy which is unitary on L?, the right hand side is equal to
[AVU ()¢l SIVU @)@l a
where we have used Lemma[3.2]again. Now
IVU®ellar < VUB)@lL2 + IVV x U@)pllz2 + VU )Vl L2,
and each term is integrable, like for the L2 limit, from Assumption[T.1] O

In the case d = 3, the dispersive estimates established by Goldberg make it possible
to prove asymptotic completeness in H! by Cook’s method as well: for all ¢ € S(R?),

t= U=V Uy (¢lla € LN (R),
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a property which can be proven by the same computations as above, up to changing the
order of the arguments. To complete the proof of Theorem [[4] it therefore remains to
prove that for d > 4, v, € H'(R?) and

(3.7) be) — U)o 3 ety = 0.
It follows from the above results that
+oo +oo
WO =UOv+i [ UG- (wFme)ds i [ U= s (V) ds

and that ¢, Vi) € LI(R; L" (R?)) for all admissible pairs (g, 7). Since we have

+o0 +oo
by = U(—ty(t) — i / U(—s) (1024 (s)) ds — i / U(—s) (V((s)) ds,

the previous estimates show that ¢, € H'(R?), along with (3.7).

4. SCATTERING FOR THE ASYMPTOTIC ENVELOPE

In this section, we prove Theorem[I.3l The general argument is similar to the quantum
case: we first prove that the nonlinear term can be neglected to large time, and then rely on
previous results to neglect the potential. Recall that in view of Assumption [I.]] the time
dependent harmonic potential  (Q(t)y, y) satisfies

- p—2—a
@) Hﬁ—aQ@H < aeN,
where || - || denotes any matricial norm. We denote by
1 1
Ho = —5A+ 5 (Q)y,y)

the time-dependent Hamiltonian present in (I1). Like in the quantum case, we show that
the nonlinearity is negligible for large time by working on Duhamel’s formula associated to
(LII) in terms of H. Since H¢ depends on time, we recall that the propagator Ug (¢, s)
is the operator which maps ug to uyi, (t), where uy;y, solves

. 1 1
Opurin + 5 Atin = 5 (@)Y, y) wiin;  win(s,y) = uo(y).

It is a unitary dynamics, in the sense that Ug (s, s) = 1, and Ug (¢, 7)Uq (T, s) = Uq(t, s);
see e.g. [20]. Then to prove the existence of wave operators, we consider the integral
formulation

t
4.2) u(t) = Ug(t,0)a— —i / Uq(t, s) (Jul*u(s)) ds.

A convenient tool is given by Strichartz estimates associated to Ug. Local in time Strichartz
estimates follow from general results given in [23]], where local dispersive estimates are
proven for more general potential. To address large time, we take advantage of the fact that
the potential is exactly quadratic with respect to the space variable, so an explicit formula
is available for Uy, entering the general family of Mehler’s formulas (see e.g. [39]).
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4.1. Mehler’s formula. Consider, for ¢ty < —1,

i0u + %Au = % QM)y, y)u ;  ulto,y) = uo(y)-

We seek a solution of the form

1 i
4.3) u(t.) = 1 /R AR OU M2 PO ),

with symmetric matrices M7, Ma, P € S4(R). Experience shows that no linear term is
needed in this formula, since the potential is exactly quadratic (see e.g. [18]]).

We compute:

hence
. 1 ho 1.
z@tu + §A’U/ = —lﬁu + 5 ter - 5 <M1(t)y7 y> U
1 i
+ 5 65(<M1(t)y7y>+(Mz(t)27Z>+2(P(t)yvz>)uO(z)x

X (— <M2(t)z, z> _9 <P(t)y, z> My (D2 — |P(t)2]2 — 2 (Mi(1)y, P(t)z)) dz.
Identifying the quadratic forms (recall that the matrices M; and P are symmetric), we find:
% = %tr My,
My + M} +Q =0,
My + P? =0,
P+ PM; =0.

Dispersion is given by

h(t) = h(t:) exp (% /t ter(s)ds> ,

ty

where M solves the matrix Riccati equation
. 1
(4.4) M+ M7 +Q=0; Mlto) = —la.
0

Note that in general, solutions to Riccati equations develop singularities in finite time.
What saves the day here is that (£.4) is not translation invariant, and can be considered, for

t < tp < —1, as a perturbation of the Cauchy problem
. 1
M+ M?*=0; Mty = t—Id,
0

whose solution is given by
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Lemma 4.1. Let Q be a symmetric matrix satisfying @1) for ;. > 1. There exists ty < 0
such that @34 has a unique solution M, € C((—o0,to]; Sa(R)). In addition, it satisfies

M (t) = %Id +0 (%2) ast — —oo.

Proof. Seek a solution of the form M (t) = 14 + R(t), where R is s symmetric matrix
solution of

.2
R+;R+R2+Q=O; R(tp) = 0.
Equivalently, the new unknown R = t2R must satisfy
x 1 -~ ~
(4.5) R+ t_2R2 +t2Q =0; R(ty) =0.

Cauchy-Lipschitz Theorem yields a local solution: we show that it is defined on (—o0, to],
along with the announced decay. Integrating between ¢y and ¢, we find

A(t) = - / SR | 2Q(s)ds.

Note that s — s2Q) is integrable as s — —oo from (@.I) (we assume p > 1). Setting
p(t) = sup [|R(s)],

<s<to
where || - || denotes any matricial norm, we have
c 5 C
) < Zp(t)? + —,
P < -p(t) e

for some constant C'. Choosing {5 < —1, global existence follows from the following
bootstrap argument (see [1]]): Let f = f(¢) be a nonnegative continuous function on [0, T']
such that, for every ¢ € [0, 7],

ft) Ser+eaf(t)’,
where 1,2 > 0 and 6 > 1 are constants such that
1 1 1
o< (1-5) o+ 10 < e

Then, for every ¢ € [0, T, we have

0
t) < .
ft)< g=y &
This shows that for |¢¢| sufficiently large, the matrix R (hence M) is defined on (—o0, to].
Moreover, since R is bounded, R(t) = O(t~2) as t — —oo, hence the result. O

We infer
h(t) t—)—ooc|t| ’

which is the same dispersion as in the case without potential. Putting this result together
with local dispersive estimates from [25], we have:

Lemma 4.2. Let ) be a symmetric matrix satisfying @) for i > 1. Then for all admis-
sible pairs (q,r), there exists C = C(q,d) such that for all s € R,

1UQC, ) flLae;iray) < Clflre@ay, Vf € L*(RY).
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For two admissible pairs (q1,71) and (q2,72), there exists Cy, 4, such that for all time
interval I, if we denote by

RF)(t9) = [ oy Ualt)F G s

we have
HR(F)”L‘H(I;LTl(Rd)) < Cq17q2||FHL41§(I;L7‘§(R«1))7 VE € qu(I;LTZ(Rd))'

Remark 4.3. Since we have dispersive estimates, end-point Strichartz estimates (¢ = 2
when d > 3) are also available from [41]].

4.2. Wave operators. In this section, we prove:

Proposition4.4. Letd > 1, 2 <o < ﬁ, and V satisfying Assumption[L 1l for some
w> 1. Forallu_ € %, there exists a unique u € C(R; %) solution to (LTI such that

1Ua(0, tyu(t) — -]l ,— 0.
Remark 4.5. The assumption o > % could easily be relaxed, following the classical argu-

ment (see e.g. [13]]). We do not present the argument, since Theorem [[.4]is proven only
foro > %.

Proof. The proof follows closely the approach without potential () = 0). From this
perspective, a key tool is the vector field

J(t) =y +itV.
It satisfies three important properties:

o [t commutes with the free Schrodinger dynamics,
) 1
|:’Lat + iA, J:| =0.

e It acts like a derivative on gauge invariant nonlinearities. If F'(z) is of the form
F(z2) = G(|z]?)z, then
J(t) (F(u)) = 0, F(u)J(t)u — 0z F (u)J (t)u.

o It provides weighted Gagliardo-Nirenberg inequalities:

1 1-6(r) o(r) 1 1
R — [
HfHL N|t|5(r) H.fHL2 ||J(t)f||L2 s 5(7’) d 2 r )

2<r<ifd=1,
. 2<r<cifd=2,
with 0
2<r< if d > 3.
r d—21

. o L ilwl? ;
The last two properties stem from the factorization J(¢)f = ite! 5V (e’lT f ) Note
that the commutation property does not incorporate the quadratic potential:

[i0, — Hg, J] = itQ(t)y = itQ(t)J (t) + *Q(t)V.

Now the important remark is that ¢ — t2Q(t) is integrable, from @) since p > 1.
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To prove Proposition [£.4] we apply a fixed point argument to the Duhamel’s formula
(@2). As in the case of the quantum scattering operator, we have to deal with the fact that
the gradient does not commute with Ug, leading to the problem described in Section 3.1}
Above, we have sketched how to deal with the inhomogeneous term in (4.2), while in Sec-
tion 3.1} we had underscored the difficulty related to the homogeneous term. We therefore
start by showing that for any admissible pair (g1, 1), there exists K, such that

46 IVUQ(t0) s @) + TV 0)f |l iy < Kool
To prove this, denote
w(t) = Ug(t,0)f, vi(t) = VUq(t,0)f, va(t) = J())Uq(t,0)/.
Since yvy = vy — itv1, we have:
i1 = Houi + Q(t)yvo = Huy + Q(t)va — itQ(t)vr;  v1(0,y) = Vf(y),
i0yvs = Hqua + itQ(t)va + *Q(t)vr;  v2(0,y) = yf (y).

Lemmal4.2]yields
o1l par iz + 02l Loy oy S M1f [l +/ | (£) Q(t)va(t)]| 2t

+ [0 Qon e

where we have chosen (g2,72) = (00,2). The fact that Ug is unitary on L? and @I)
imply
1 Qv (D)2 S O Hyfllzzs 1D QEvi(Dlzz S ()" IV fllz,
hence (£.6). We then apply a fixed point argument in
X(T) ={u € L=((~o0, ~T]; HY),
> (IBullp(sorrya) + IBull oo, -11:17)) < Klli- 5},
Be{1d,V,J}

where the admissible pair (¢, ) is given by

4o + 4
= 2 2
(q?r) ( do_ ) U+ ) )

and the constant K is related to the constants C, from Strichartz inequalities (Lemmal[4.2),
and K, from (4.6), whose value we do not try to optimize. The fixed point argument is
applied to the Duhamel’s formula (£2): we denote by ®(u) the left hand side, and let
u € X(T'). We have

1@ ()| e (o0, ~77:22) < N2 + C [[ul*7 ] Ly 0

where L. stands for L®((—oo, —T']). Holder inequality yields

[ul7ul Ly o < NullZ oo el g s

where k is given by

L 12 arisk = 2o+ D)

¢ q k 2—(d—2)0’
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Weighted Gagliardo-Nirenberg inequality and the definition of X (T") yield

Ju@)|lr S —llu-|=
|t|2a+2
We check that for o > %,
do 2do?

k - > 2,
212 2-(d—2)0

and so
1
k _
HuHL?U =0 (T) as T — .
By using Strichartz estimates again,

1®()llzgz- < Colla-||zz + C [[[ul*ul| Ly v

which shows, like above, that if 7" is sufficiently large, ||®(u)| L1 1r < 2Cq[[t—|| 2.

We now apply V and J(t) to @, and get a closed system of estimates:

V& (u) = VUqg(t,0)a— — z/_ Ug(t,s)V (Ju[*u(s)) ds

t

—i/ Uq(t,s) (Q(S)J(S)‘I’(U))ds—/ Uq(t,s) (sQ(s)V®(u)) ds,

—o00 —o00
t

J(@)®(u) = J(t)Ug(t,0)u— — z/ Uqg(t, s)J(s) (Jul*"u(s)) ds

t

+ / Ug(t,s) (sQ(s)J(s)®(u))ds — z/ Ug(t,s) (SQQ(S)V‘I)(U)) ds,

— 00 — 00

where we have used the same algebraic properties as in the proof of (£.6). Set

MT) = > (IBOSWIlzre + 1BOW) g ) -
Be{V,J}

Lemmal4.2]and (4.6) yield

M(T) < lla-lls+ Y [l Buly .
Be{V,J}

+ 146 Q)T (W)ll s 2 + | {8)” QEUOVE(W) | £y 12,

where we have also used the fact that J () acts like a derivative on gauge invariant nonlin-
earities. The same Holder inequalities as above yield

1
H|U|2UBUHLqT'Lw < HUH%U’;LT||BUHL§LT S WHBUHHTU-

On the other hand, from (@.1),

146 QTP g 22 + 11 0)* QW) 1y 12 S g M(T),
and so . .
M(T) < ||ﬂ—|\2+m Z HBUHL‘?TLT'FWM(T)-

Be{V,J}
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By choosing T sufficiently large, we infer

N 1
M(T) S lla-llz + 77w > IBuler
Be{V,J}

and we conclude that ® maps X (T) to X (T') for T sufficiently large. Up to choosing T
even larger, ® is a contraction on X (7) with respect to the weaker norm L%Lr, since for
u,v € X(T), we have

18() = B()llzgr S 0w — 0Py o S (1l + 1012550 ) e = vlgr

S WHU - U||L;Lm

where we have used the previous estimate. Therefore, there exists 7" > 0 such that ®
has a unique fixed point in X (7"). This solution actually belongs to C(R; X) from [10].
Unconditional uniqueness (in X, without referring to mixed space-time norms) stems from
the approach in [54]. O

4.3. Vector field. It is possible to construct a vector field adapted to the presence of @),
even though it is not needed to prove Proposition .4l Such a vector field will be useful
in Section 3 and since its construction is very much in the continuity of Section 4.1} we
present it now. Set, for a scalar function f,

Af = iW (@0 (90D ) =W (L) (/Y6 +iV ),

where W is a matrix and the phase ¢ solves the eikonal equation

06+ 3IVoP + 3 (@(1)y.9) =0.

Since the underlying Hamiltonian is quadratic, ¢ has the form
1

where K (t) is a symmetric matrix. For A to commute with i9, — Hg, we come up with
the conditions

K+K*+Q=0, W=WV% =WK.
We see that we can take K = M as in the proof of Lemmal4.I] and A will then satisfy
the same three properties as .J, up to the fact that the commutation property now includes
the quadratic potential.

Since the construction of this vector field boils down to solving a matricial Riccati
equation with initial data prescribed at large time (see (4.4)), we naturally construct two
vector fields Ay, associated to ¢ — 4oo. In view of Lemma .1l A_ is defined on
(—o0, =T, while A4 is defined on [T, 00), for a common 7' >> 1, with

. 1
A =Wa(t) (Vor +iV), o+(t,y) = 5 (K+()y,y),
where K and W satisfy
Ki—l—Ki-l-Q:O, Wi:Wﬂ:Ki,

so that Lemmal.1]also yields

1
“4.7) Ki(t) ~ ?Id’ Wy (t) ~tly ast— foo.
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We construct commuting vector fields for large time only, essentially because on finite time
intervals, the absence of commutation is not a problem, so we can use V, y or J.

4.4. Asymptotic completeness. In this section we prove:

Proposition 4.6. Letd > 1, 2 <o < ﬁ, and V satisfying Assumption[L 1] for some
w > 1. For all uy € 3, there exists a unique 4y € X such that the solution u € C(R; X))
to (LTI with uj;—o = uo satisfies
S D) - DOU(t 02— 0.
re{ld,v,J}

Proof. In the case () = 0, such a result is a rather direct consequence of the pseudo-
conformal conservation law, established in [28]]. Recalling that J(¢) = y + itV, this law
reads

d t2 " t "
& (SO + IR ) = 2 - do) a2

A way to derive this relation is to apply J to (I.11). The operator J commutes with
the linear part (Q = 0), and the standard L? estimate, which consists in multiplying the
outcome by Ju, integrating in space, and taking the imaginary part, yields:

2muJ<ymLz—whi/JuJ|uF”)

. g i lvl?
Since we have J = zteZT \V4 (-e_lsz),
J (|u|2"u) = (o + D|ul* Ju + ou" a7 Ju.
The first term is real, and the rest of the computation consists in expanding the remaining
term.
In the case where () # 0, we resume the above approach: the new contribution is due

to the fact that J does not commute with the external potential, so we find:

thHJ( Jul|32 = like before+Re/tQ(t)xu-E

= like before + ¢ Re / Q) (t)u, J(t)u) +t*Tm | (Q(t)Vu, Ju).
R R
On the other hand, we still have

%H 2552, = 2(0 + 1)/|u|2" Re (u0yu) = 2(o + 1)/|u|2" Re (u X %Au) ,

and so,

d (1 +2 . i
2 (310t + oz ) = —e - doluelis

+tRe/}Rd Q) (t)u, J(t)u) +t*Tm [ (Q(t)Vu, Ju).

Rd
Thus for t > 0 and o > 2, @I) implies
d (1 t2 20+2 —p—1 2 —p
2 L5l ||L2+ Tllu@lzzs ) < (0 [J@)ullz2+E) " [Vaul[ L2l Jul 2.

Even though there is no conservation of the energy for (LTI} since the potential depends
on time, we know from thatu € L>=(R; H'(R?)). As a matter of fact, the proof given
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in [37, Section 4] concerns the case o = 1 in d = 2 or 3, but the argument, based on energy
estimates, remains valid ford > 1, o < ﬁ, since we then know that u € C(R;X).
Since p > 1, we infer

(4.8) Ju € L¥(R,; L?).

Writing Duhamel’s formula for (LTI with initial datum w, in terms of Ug, we have

u(t) = Ug(t,0)up — i/o Uqg(t,s) (Jul*"u(s)) ds.

Resuming the computations presented in the proof of Proposition 4] (£8) and (weighted)
Gagliardo-Nirenberg inequalities make it possible to prove that

Bu e L% (R4; L™), Y(q1,71) admissible, VB € {Id, V, J}.

Duhamel’s formula then yields, for 0 < ¢; < to,

U (0, ta)u(ts) — Ug(0, tr)u(ty) = —i / Uq(0,5) (a7 u(s)) ds.

ty
From Strichartz estimates,
U0, t2)u(tz) — Ug(0,t1)u(t)]l2 < H|“|26“HLq’([t1_’t2];u’) )
and the right hand side goes to zero as t1,t2 — -+o00. Therefore, there exists (a unique)

iy € L? such that
U0, tu(t) = i 12— 0.

and we have

u(t) = Ug(t,0)us —l—i/oo Uqg(t,s) (Jul*u(s)) ds.
Using the same estimates as in the proof of tPropositionM we infer
[Vu(t) = VUq(t, 0) it > + [T (t)u(t) = J(#)Uq(t, 0) i | 2

S H|u|2oquLq/(t,oo;L7‘/) + H'ul%‘]uHLq/(t,oo;L“)

1) ™ I ()ullzreonzs) + 1 (8) 7 Valligooie).

The right hand side goes to zero as ¢ — oo, hence the proposition. O

Remark 4.7. As pointed out in the previous section, it would be possible to prove the
existence of wave operators by using an adapted vector field .A. On the other hand, if Q(¢)
is not proportional to the identity matrix, it seems that no (exploitable) analogue of the
pseudo-conformal conservation law is available in terms of 4 rather than in terms of .J.

4.5. Conclusion. Like in the case of quantum scattering, we use a stronger version of the
linear scattering theory:

Proposition 4.8. Let d > 1, V satisfying Assumption [[ ] with u > 1. Then the strong
limits
lim Ug(0,t)U(t) and tilrin U(—t)Uqg(t,0) and

t—+oo

exist in .
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Proof. For the first limit (existence of wave operators), again in view of Cook’s method,
we prove that for all p € S(R?),

t e |Uq(0,4) (Qt)y,») Ut)¢lls € L' (R).

For the L? norm, we have, in view of (&),

d
—p—2
U0, 6) (Q)y, ») Ul o S (07" U (1)l -
j=1
Write
2 (0 a0N2 14292 o9s 9 (0 1 N2 _ 1292 _ 9silo 1 19\ 4.

y; = (y; +it0;)" + 1705 — 2ity;0; = (y; +it0;)" — t20; — 2it(y; + it9;)0;,

to take advantage of the commutation
(y; +itd;)U(t) = U(t)y;,

and infer

1UG(0,) (Q()y, 9) Ut)ell 2 < 6) " (IyPelle + 1 A¢llL2) S (67"
The right hand side is integrable since ;1 > 1, so the strong limits

t_l}gm Ug(0,6)U(t)

exist in L2. To infer that these strong limits actually exist in X, we simply invoke (£.6) in

the case (g1,71) = (00, 2), so the above computation are easily adapted.

For asymptotic completeness, we can adopt the same strategy. Indeed, it suffices to
prove that for all ¢ € S(R?),

t= [U(=t) (Q(t)y,y) Ug(t,0)¢ll € L' (R).
For the L? norm, we have

1U(=t) (Q@)y,y) Uq(t,0)ell 2 = I{Q()y, y) Ug(t, 0)¢l| 12

d
S <t>7#72 Z ||yj2'UQ(t7 O)‘/)HLQ .
j=1

We first proceed like above, and write

Y = (y; + itd;)* — 207 — 2it(y; + itd;)0;.
The operator .J does not commute with Ug, but this lack of commutation is harmless for
our present goal, from (£.6). By considering the system satisfied by

(y; +it0;)*Uq(t,0), 03 Uq (t,0), d;(y; + itd; ) Uq(t, 0)e,

we obtain
d
> (l(y; +it0;)*Uq(t, 00l 2 + 107 Uq(t, 0)¢ll 2 + 1105 (y; + itd;)Uq(t, 0)¢l| 2)
Jj=1

< Cllgllsz,

where 2¥ is the space of H* functions with & momenta in L2, and C does not depend
on time. Finally, we also have a similar estimate by considering one more derivative or
momentum. The key remark in the computation is that the external potential (Q(¢)y, y)
is exactly quadratic in space, and so differentiating it three times with any space variables
yields zero. O
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5. PROOF OF THEOREMI[L.6
The main result of this section is:

Theorem 5.1. Letd = 3, 0 = 1, V as in Theorem[[4) and u_ € X7. Suppose that
Assumption[[2is satisfied. Let 1° be given by Theorem[L4 u be given by Theorem[[3]
©° defined by (LIQ). We have the uniform error estimate:

sup [9°(8) = ¢ (D)l 2@s) = O (VE) -

Theorem is a direct consequence of the above result, whose proof is the core of
Section[8l From now on, we assume d = 3 and o = 1.

5.1. Extra properties for the approximate solution. Further regularity and localization
properties on u will be needed.

Proposition 5.2. Letro = 1,1 < d < 3, k > 2 and V satisfying Assumption[L 1] for some
w > 1. Ifu_ € XF, then the solution v € C(R;X) provided by Theorem [L3 satisfies
u € C(R; X¥). The momenta of u satisfy

Iyl u(t, vl L2geay < Ce (), 0< <k,
where Cy is independent of t € R.
Proof. We know from the proof of Theorem [L.3]that since u_ € X,
u, Vu, Ju € L= (R; L*(RY)).
The natural approach is then to proceed by induction on k, to prove that
VFu, J¥u € L®(R; L*(R?)).
We have, as we have seen in the proof of Proposition[4.4]
i0,Vu=HoVu+ Q(t)yu+ V (Ju[*u)
+ HoVu+ Q(t)J (t)u — itQ(t)Vu + V (|u*u)
10y Ju = HoJu + itQ(t)yu + J (|u|2u)
= HoJu+itQ(t)J (t)u + ? Q) Vu + J (Jul*u) .
Applying the operators V and J again, we find
i0,V?u = HoV?u+2Q(t)yVu+ Q(t)u + V7 (Jul*u)
+ HoVu +2Q(t)J (t)Vu — 2itQ(t)Vu + Q(t)u + V7 (Jul*u)
0y J%u = HgJ?u — 262Q(t)yVu — ?*Q(t)u + J* (Jul*u)
= HqoJ?u —26°Q(t)JVu + 2it°Q(t) J*u + itQ(t)u + J* (|u*u) .

In view of (@.1), we see that t — t3Q(t) need not be integrable (unless we make stronger
and stronger assumptions of 1, as k increases), so the commutator seems to be fatal to this
approach. To overcome this issue, we use the vector field mentioned in Section 4.3l For
bounded time ¢ € [—T,T], the above mentioned lack of commutation is not a problem,
and we can use the operator .J, which is defined for all time. We note that either of the
operators A or J satisfies more generally the pointwise identity

B (ulﬂgllg) = (B’U,l)ﬂg’u,g —|— ul (B'LLQ) us + ulﬂg (BU3) )

for all differentiable functions w1, us, us.
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Now we have all the tools to proceed by induction, and mimic the proof from [9, Appen-
dix]. The main idea is that the proof is similar to the propagation of higher regularity for
energy-subcritical problems, with the difference that large time is handled thanks to vector
fields. We leave out the details, which are not difficult but rather cumbersome: considering

A_(t) fort < =T,
B(t) = J(t) fort € [-T,T],

Ay (t) fort > T,

we can then prove that
Vku, BFu € L=(R; L*(RY)).
Back to the definition of A,
AL(t) = We(t) KL (t)y +iWL(t)V,

(@]) then yields the result. O

5.2. Strichartz estimates. Introduce the following notations, taking the dependence upon
€ into account:

2
HE = —%A +V(z), US(t)=e itH".

Since we now work only in space dimension d = 3, we can use the result from [31].
Resuming the proof from (a mere scaling argument is not sufficient), we have, along
with the preliminary analysis from Section2] the global dispersive estimate

1
(5.1) 1OV (D)l L2 r2)— oo (r2) S G2 t#0.

For [t| < 6, 6 > 0 independent of ¢, the above relation stems initially from [23]. As a
consequence, we can measure the dependence upon ¢ in Strichartz estimates. We recall the
definition of admissible pairs related to Sobolev regularity.

Definition 5.3. Let d = 3 and s € R. A pair (q,7) is called H*-admissible if
2 3 3
-4+ - == —s.
q r 2
For ty € RU {—o0}, we denote by
t
e (F)(t) = / UG (t — 5)F(s)ds
to
the retarded term related to Duhamel’s formula. Since the dispersive estimate (5.1)) is the

same as the one for et2 | we get the same scaled Strichartz estimates as for this operator,
which can in turn be obtained by scaling arguments from the case ¢ = 1.

Lemma 5.4 (Scaled L?-Strichartz estimates). Let ty € R U {—oo}, and let (q1,r1) and
(q2,72) be L*-admissible pairs, 2 < r; < 6. We have

a1
e |UG () flloo o @sy) S I fllz2cs),
SRS
g @ [ Re, (F) |l Lar (1,071 (r2)) < C‘Zh‘l2”FHLqé(I;LTé(RS))’
where Cy, 4, is independent of ¢, to, and of I such that t, € I

We will also use Strichartz estimates for non-admissible pairs, as established in [40Q]

(see also [[13] 24]).
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Lemma 5.5 (Scaled inhomogeneous Strichartz estimates). Let tg € R U {—oc}, and let
(q1,71) be an H'/?-admissible pair, and (qz,72) be an H~/?-admissible pair, with
3<ry,re <6.
We have L
_Jr_
g9 92 HR;) (F)”qu (I;L"1(R3)) < Cth,qz ”FHLqé(I;Lr'Q (R3))
where Cy, 4, is independent of e, to, and of I such that ty € L

5.3. Preparing the proof. Subtracting the equations satisfied by 1° and ¢°, respectively,
we obtain as in D w® = p® — ° satisfies

2
(5.2) 1edyw® + %AwE =Vuw® — L5 +°2 (|1/)E|21/}€ — |tpa|2tp8) ,
along with the initial condition
eil?ﬁAw‘ft__OO =0,

where the source term is given by
£o(t) = (V@) =V (alt) = VE(TV (a(t) )
Duhamel’s formula for w* reads

w@:—w“/ US(t — 5) (WP — |o° %) (s)ds

t
+ie7! / Uy (t — s)L5(s)ds.
Denoting L%(] — oo, t]; LP(R3)) by L¢ L, Strichartz estimates yield, for any L?-admissible
pair (q1,71),

- 1
53 Vol e S VWY — | Pty e + I Lz

where (g, 7) is the admissible pair chosen in the proof of Proposition[3.3] thatis r = 20+-2.
Since we now have d = 3 and o = 1, this means:
8

S, k=38
37 b

q =
and (3.3) yields
1
) g S 2 (0 B + 10 2ap ) Il e+ 217 o

The strategy is then to first obtain an a priori estimate for w® in L{L*, and then to use it
in the above estimate. In order to do so, we begin by estimating the source term £¢, in the
next subsection.

5.4. Estimating the source term.

Proposition 5.6. Letd = 3, o = 1, V satisfying Assumption[[Qlwith ju > 2, and u_ € %F
for some k > 7. Suppose that Assumption[[ 2 is satisfied. Let u € C(R;%*) given by
Theorem[L3 and Proposition[3.21 The source term LF satisfies

VE
(1)

1 1
EH‘CE(t)HLZ(R?‘) S and g||£€(t)||L3/2(R3) S
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Proof. To ease notation, we note that

1 1
gﬁs(t, x) = —=8%(t,y)

374 ei(S(t)Jrip(t)'(ﬂﬂftz(t)))/ﬁ7
€

z—q(t)
€

y=
where

§°(t) = = (V (at) + 5v2) — V (a(t)) — VE(VV (a(t)) ) — 5 Q1)) ) ult. )

In particular,

1 1

Z 1£°(E) | 2rs) = IS ()] 2R3y Z 1£5(0) | Lsr2 sy = 51/4||86(t)”L3/2(R3)'
Taylor’s formula and Assumption[T.I]yield the pointwise estimate

|$@ms¢mh4@@+éﬁwm

To simplify notations, we consider only positive times. Recall that from Assumption[.2]
pt # 0. Introduce, for 0 < n < |p*]/2,

t
QO =<y ecR?, >n—>p.
{y lyl =n \/g}
Since q(t) ~ p*t ast — oo, on the complement of 2, we can use the decay of V, (L12),
to infer the pointwise estimate

dou(t, y)|.

1
3 c
(5.5) |S°(t,y)| < Velyl WW(@ZM on Q°.
Taking the L?-norm, we have
NG NG
[SHOIIEGEES CGE Iy Pult, y)ll L2 < o

where we have used Proposition[3.2] On 2 however, the argument of the potential in Tay-
lor’s formula is not necessarily going to infinity, so the decay of the potential is apparently
useless. Back to the definition of £¢, that is leaving out Taylor’s formula, we see that all
the terms but the first one can be easily estimated on (2. Indeed, the definition of €2 implies

k
1 L |yve
Vi(g(t))u(t S —lu(t S = |— t
IV (aO)utt )| £ gyt )] £ e |7 el
where k will be chosen shortly. Taking the L? norm, we find
k/2—-1 ck/2—1

1 3
=V (a®)u®)lz2) S — Iyl*ult, v) | L2@s) S ;
2V (a@)u®)ll 2 0 Hyl"u(t, y)ll L2 @) G
where we have used Proposition[5.2]again. Choosing k = 3 yields the expected estimate.
The last two terms in £° can be estimated accordingly. For the first term in £° however,
we face the same problem as above: the argument of V' has to be considered as bounded.
A heuristic argument goes as follows. In view of Theorem[1.3]
¢ 1 o2
~ @3~ ——ay (Y el
’U,(t,y) t~>ooe ’ Ut t—o00 t3/2u+ (t) ¢

where the last behavior stems from standard analysis of the Schrodinger group (see e.g.
[3Q]). In view of the definition of 2, we have, formally for y € €,

el

)

1
|u(tay)| 5 —75 Sup
32 1>y
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Then the idea is to keep the linear dispersion measured by the factor t~3/2 (which is in-
tegrable since d = 3), and use decay properties for @4 to gain powers of €. To make this
argument rigorous, we keep the idea that u must be assessed in L>° rather than in L2, and
write

1 1
v (¢(t) + yvE) ult, y)llL2(q) < el @IV (¢(t) + yve) 2o
For the last factor, we have

IV (a(t) + yvE) 20y < eIV |2y,

where the last norm is finite since 4 > 2. For the L* norm of u, we use Gagliardo-
Nirenberg inequality and the previous vector-fields. To take advantage of the localization
in space, introduce a non-negative cut-off function y € C'°°(R?), such that:

1if|z| = n

zZ) =
x(2) 0if |2 < 2

In view of the definition of €2,

fu@ll~e < [ (L) ute

L= (R3)
Now with B as defined in the proof of Proposition Gagliardo-Nirenberg inequality
yields, for any smooth function f (recall that y € R3),

1 1/4 3/4
1) S g7 I oy 1B () e
We use this inequality with
yVeE
st =x (25 ) )
and note that

B0 = x (1) Bouten) + w0 v (L5 < uten),

where W (t) stands for W or t. Recall that t — W (t)/t is bounded, so the last term is
actually “nice”. Proceeding in the same way as above, we obtain

k
yVe
Ol < |95 | s
L2(Q)
provided that u_ € . Similarly,
IB2(t)ull L2y S 271,

and so

1 1 3 Ek/2_5/2

IV (ale) +yVE) ulty)llney S gage I = =g

Therefore, the L? estimate follows as soon as k > 6. For the 13/2 -estimate, we resume
the same computations, and use the extra estimate: for all s > 1/2,

1-1/2s 1/2s
(5.6) £ zsrarey S NI pa gy Ml £ s
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This estimate can easily be proven by writing

)

L¥/2(|z|>R)

1 S
I fll Lar2may < N fllLarzqyi<r) + me f

so Holder inequality yields, provided that s > 1/2 (so that y +— |y|=* € L%(|y| > R))

1 S
£l or2asy < VRISfllz2 + iz 2l flle,

and by optimizing in R. Now from (3.3)), we have

NG

1S5l Ls/2(0e) < WHWP“(@ZJ)HLS/?(W)
\/g 1/2 1/2
S qu(f,y>||Lé(Rd)|||y|4u<t,y>||Lé(Rd)
VE  _ R

T T

where we have used (3.6) with s = 1, Proposition[3.2] and the fact that u > 2.
On €, we can repeat the computations from the L?-estimate (up to incorporating (5.6)):
for the last term, we note that

1 1
EHV (q(t) + yve) ult,y)l ps/2(a) < g”u(t)”Lm(Q)HV (a(t) + yve) Il Lar2(qy
and that
IV (a(t) + yve) llrsr2) < e IVl psr2 sy,

where the last norm is finite since ;> 2. Up to taking u in X7, we conclude

VE
W

and the proposition follows. (]

IS5 Lar2may S

5.5. A priori estimate for the error in the critical norm. In this subsection, we prove:

Proposition 5.7. Under the assumptions of Theorem[5.1) the error w® = ¢ — ©° satisfies
the a priori estimate, for any H'/?-admissible pair (q,7),

7|0 || Loy S €V
Proof. The reason for considering H*'/2_admissible pairs is that the cubic three-dimensional
Schrodinger equation is H'/?critical; see e. g. [14]. The proof of Proposition[3.7]is then
very similar to the proof of [38] Proposition 2.3].

An important tool is the known estimate for the approximate solution ¢°: we have, in
view of the fact that v, Bu € L>L2,

1 \3G-%)
(5.7) 1= Ol < (W)  g<r<e.

Note that for an H'/2 admissible pair, we infer

1_1

-3 1 11
Ol La@;Lr ) S € 23 T)zs a7,
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so Proposition[5.7]shows a /2 gain for w® compared to ¢, which is the order of magnitude
we eventually prove in L>°L?, and stated in Theorem[5.1] Let 0 < 1 < 1, and set

1
[0 Iy = sup e l|w || Locr;Lre)-
(g,r) H1/2 _admissible
3<r<6—nm

:O’

— 00

Duhamel’s formula for (3.2)) reads, given wi_

t

we(t) = —i53/2/ U (t—s) ([0 ? — [0 [P¢°) (S)d8+i571/ Uy (t—s)L5(s)ds.

— 00 — 00

Since we have the point-wise estimate
720 = 171 | S (Jw® ] + [¢°[) Jw?l,
Lemmal[5.3lyields, with (g2, 72) = (12, 5) for the first term of the right hand side, and with
(g2,72) = (2, 3) for the second term,
0% ([ are(—ooy S €227 (JF? + 10 2) @ pross osn + 2 2NLE 202

S /s (HwEHQL?OLlo/S + ||906||2Lf0[,10/3) ||wEHL§:’L5 + EiB/QHJCEHLfLS/Q’

where we have used Holder inequality. Note that the pairs (20, 12) and (5,5) are H'/2-
admissible. Denote by

1
°
This function obviously belongs to L2°(R). The estimate (5.7) and the definition of the
norm A€ yield

—3/2

W[ Are (—o0,) S \/EHMEH,:/))\/E(foo,t) + HWH%QU(foo,t)HwaHNa(foo,t) +e |\£8||L$L3/2-

Taking t < —1, we infer

0% e (—oo,t) S VEIW R (—o0,t) + €7 2IL N L2ror2 S VEIIWE Ree oo,y + 1%,

where we have use Proposition We can now use a standard bootstrap argument, as
recalled in Sectiond We infer that for ¢; < —1,

([ || Are (—o0,t0) S €4

Using Duhamel’s formula again, we have

t

ULt — t)u () = —ie®? / " UE(— s) (102 — |6 PeF) (s)ds

— 00

ty
+ie7! / Uy (t — s)L5(s)ds,

—00
so we infer
10 (t = t1)w® (t1) | ave ) S VeI R (—ootn) T 160117200, 107 e (—00.t0)
+ 2L | L2 oota):1572)
< 0051/4.
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We now rewrite Duhamel’s formula with some initial time ¢;:

w(t) = Uy (t — tj)w(t;) — i€3/2/ Uy (t = 5) (J0°[P0? = |9°2¢%) (s)ds

tj

t
+ie7! / Uy (t — s)L5(s)ds

tj
Fort > t; and I = [t;, ], the same estimates as above yield
[w® llavery < NUT (- = t5)w ()]l ave (1) + CVENw 3= (1) + CllwllZ20 1y 10 llave ()
+ 05_3/2||£€HL2(I;L3/2)7

where the above constant C' is independent of €,¢; and ¢. We split R, into finitely many
intervals

2

N+1

R: — 00 tl U J+1 tN, U Ijv

=1
on which
1
2
Cllwllz20(1,) < >
so that we have
[ | ae (1) < 20U5(- = t)w" (t5) |l wve 1) + 20VEIw® IRre (1) + 2Ce 22 1L5N L2y 072

~ —3/2
< 20T (- = ) (45) a1y + 20VEw [y + G4 (1)

L2(1;)
where we have used Proposition [5.6lagain. Since we have

U5 (t = t1)w® (t2) || wve ) < Coe™/*
the bootstrap argument shows that at least for e < €1 (g1 > 0),

o ey < BITE - = b0 ()l + 3G 6y~

L2 (n)
On the other hand, Duhamel’s formula implies
L+t
Ut = tsa)u(tysn) = Vst — t)u(e) i [ Ufle = s)C5(s)ds
tj

tj+1
—ie2 [ Up (- 9) (7P - ) (o).

)

Therefore, we infer
U3t = 1) () llvciy < UG8 — )0 (8) ey + +OVET0 e

+ OllwlFao0z,) 1w v z;) + Ce™32|| L%  parysLor2) -
By induction (carrying over finitely many steps), we conclude

JUG(t = t3)us () Iav=) = © (%), 0<j <N +1,

and [|w® || s (r) = O (¢*/*) as announced. O
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5.6. End of the argument. Resume the estimate (5.4) with the L?-admissible pair (q1,71) =
(5,4):

1
8w v S € (0 g+ 1671200 ) €Sl v+ 2167 g o

From Proposition5.7] (the pair (8,4) is H'/2-admissible),

||U’EHL8(R;L4) < 51/8,

and we have seen in the course of the proof that

ol Lo riney S e73/8,

Therefore, we can split R, into finitely many intervals, in a way which is independent of ¢,
so that
3/4 2 2
&4 (o s ooy + 19 s rizey ) <
on each of these intervals, with 1 so small that we infer

1
53/8||w8||L8/3(R;L4) N EHDS”LI(R;N) S Ve,

where we have used Proposition Plugging this estimate into (3.4) and now taking
(g1, 71), Theorem[3dlfollows.

6. SUPERPOSITION

In this section, we sketch the proof of Corollary [[L8] This result heavily relies on the
(finite time) superposition principle established in [11], in the case of two initial coherent
states with different centers in phase space. We present the argument in the case of two
initial wave packets, and explain why it can be generalized to any finite number of initial
coherent states.

Following the proof of [11}, Proposition 1.14], we introduce the approximate evolution
of each individual initial wave packet:

_ x—q;(t)\ s, (1) (2—qs
e T (t, 7;> SO +py (0 a0y (O) e

where u; solves (LTI) with initial datum a;. In the proof of Proposition 1.14], the
main remark is that all that is needed is the control of a new source term, corresponding to
the interactions of the approximate solutions. Set

w® = P° — ] — 5.
It solves 5
€
iedyw® + ?Aw‘E =Vuw® =L+ N7+ NS 5wy =0,
where the linear source term is the same as in Section [3] (except than now we consider the
sums of two such terms), N = is the semilinear term
NE =2 (Jw® + @ + @52 (w0 + 95 +05) — 9T + o517 (95 +93))
and N7 is precisely the new interaction term,
Ni =72 (i + 952 (¢5 + 05) = |91 PPef — 65175) -
In [[T1]], it is proven that if (qo1,po1) # (qo2, Po2), then the possible interactions between

©§ and 5 are negligible on every finite time interval, in the sense that

1
g”NfHLl(o,T;L?) < C(T,v)e,
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for every v < 1/2. We infer that ||w®|| o (0,7;2) = O(g7) forevery T' > 0. For t > T,

we have
¢ q(t) —qa(t)\
uy' (t,y Y- uy* (t,y)
1

1
SIVIOIPEIED'S
S OY IOl @l Ol S 5

l1,8221, £1+€2=3
+3
£1,8221, £1+£2=3

L2

Similarly, resuming the same estimates as in the proof of Proposition[3.6
1 51/4
ZINF Ol S o7
By resuming the proof of Theorem[3.1]on the time interval [T, 00), we infer
c
||wEHL°°(O,oo;L2) < C(Tv FY)E’Y + ﬁ
Therefore,

liriljélp lwE || Loo (0,00;22) S T2

for all 7' > 0, hence the result by letting 7" — oc.

In the case of more than two initial coherent states, the idea is that the nonlinear interac-
tion term, /¥, always contains the product of two approximate solutions corresponding to
different trajectories in phase space. This is enough for the proof of Proposition 1.14]
to go through: we always have

1
ZIVF (Ol

S X

Gk, £, 021
Cj+0pHem=3

S Y Mm@z

JFk, L5621
£l Fem =3

u <t,y B Qj(t)\;ng(t)) Wl (b, )l <t,y B qm(t)\/—qu(t))

L2

)

L2

uﬁj (t,y _ qi(t)\;g%(t)) uik (t,y)

so the last factor is exactly the one considered in [11] and above.
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