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LARGE TIME BEHAVIOR IN NONLINEAR SCHRODINGER EQUATION
WITH TIME DEPENDENT POTENTIAL

REMI CARLES AND JORGE DRUMOND SILVA

ABSTRACT. We consider the large time behavior of solutions to defocusing nonlinear
Schrodinger equation in the presence of a time dependent external potential. The main
assumption on the potential is that it grows at most quadratically in space, uniformly with
respect to the time variable. We show a general exponential control of first order derivatives
and momenta, which yields a double exponential bound for higher Sobolev norms and mo-
menta. On the other hand, we show that if the potential is an isotropic harmonic potential
with a time dependent frequency which decays sufficiently fast, then Sobolev norms are
bounded, and momenta grow at most polynomially in time, because the potential becomes
negligible for large time: there is scattering, even though the potential is unbounded in
space for fixed time.

1. INTRODUCTION

1.1. Motivation. For z € R9, we consider the nonlinear Schrodinger equation with a
defocusing nonlinearity and a time dependent external potential:

1
(1.1 iOpu + §AU =Vt x)u+ |[ul*7u; Ujt=0 = Uo-
Throughout this paper, we make the following assumption on the potential V':

Assumption 1.1. V € L& (R; x RY) is real-valued, and smooth with respect to the
space variable: for (almost) all t € R, x — V(t,x) is a C°° map. Moreover, it is at most

quadratic in space, uniformly with respect to time:
Va € N |a| =2, 92V € L™(R; x RY).
In addition, t — sup|, <, |V (¢, )| belongs to L*°(R).

Observe that in this assumption — a global in time version of the one originally imposed
in — the final condition is required to ensure the boundedness in time of " and its first
order derivatives at points within the unit ball to yield, after two integrations, the estimates
IVV (t,z)| < (z) and |V (¢, )| < (), uniformly for (almost) all . This condition could,
of course, be equivalently substituted by demanding uniform boundedness in time for V'
and VV at fixed points in R%. It should also be pointed out that no spectral properties of
V' are imposed in this assumption.

A typical example that we have in mind is the time dependent harmonic potential:

1

(1.2) V(tv I) - 5 <Q(t)1?, I> )
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where the matrix Q(t) € R%*4 is real-valued, bounded and symmetric. In this case, (1)
appears for instance as an envelope equation in the propagation of coherent states; see [9].
The model (I.I) with (T.2) also appears in Bose—Einstein condensation, typically for o = 1
(or 0 = 2 sometimes in the one-dimensional case d = 1), with Q(¢) a diagonal matrix; see
e.g. 24].

Throughout this paper, for & € IN, we will denote by

= fe PRY Iflse = Y 000 | pamay <00 ¢
lol+[B|<k

and X' = X. The main result in [9]] relies on the property that the ¥ norm of u solution
to (LI)—(L2) grows at most exponentially in time. This property has been established in
some cases (see next subsection), and we present here several extensions.

Since, except possibly for the potential V, the equation is invariant under the transform
u(t, z) — u(—t, ), from now on we consider (LI) for ¢ > 0 only.

1.2. Known results. It has been proved in [8] that under Assumption [[1l with ¢ > 0
and if the nonlinearity is energy-subcritical (¢ < 2/(d — 2) if d > 3), then for all

up € ¥, (LI) has a unique, local solution, such that u, vu, Vu € C((=T,T);L?) N
L(4U+4)/(da’)

o (R; L?9%2). Moreover, its L?-norm is independent of time,

lu(®)llz> = lluollz>, Ve (=T,T).

It is also shown in [8]] that the only obstruction to global existence is the unboundedness
of ||[Vu(t)| L2 in finite time, a possibility which is ruled out either if o < 2/d or (when
the nonlinearity is defocusing, which is the case in (1)) if V is C in t and 0;V satisfies
Assumption [I.1} one can then let 7' = oo in the above statements. We will prove in this
paper that actually, V need not be C"! in ¢: Assumption [T seems to be the only relevant
hypothesis.

Note that requiring symmetric properties in terms of regularity for zu and Vu is natural,
at least in the case of the linear harmonic potential, since the harmonic oscillator rotates
the phase space. More generally, unless V'V is bounded, (L) can be solved in 3, but not
merely in H*, no matter how large s is; see [6]].

In the energy critical case o = 2/(d—2) with V(x) = ¢|x|? a time independent isotropic
quadratic potential (¢ = —1 or +1), it was proved in that (T.I) has a unique global
solution in ¥, like in the case V' = 0 proved in (see also 22).

Concerning the large time behavior and norm growth of the solutions, few results are
available, and only for particular cases of harmonic potentials (I2)). If the nonlinearity is
L?2-subcritical and smooth (an assumption which boils down to the one-dimensional cubic
case d = o = 1), and Q(¢) (a real valued scalar function in d = 1) is locally Lipschitz
and remains bounded, then the Sobolev norms and the momenta of u in L? grow at most
exponentially in time under Assumption [[1] ([8]]): if ug € ¥k, there exists C' > 0 such
that

u(t)||se < Ce®t, ¥t > 0.
If the nonlinearity is L2-critical or supercritical (o > 2/d) and the case of a time dependent
isotropic repulsive quadratic potential is considered,

V(t,z) = %Q(t)|:c|2, with Q(t) < 0,

(Q(t) also locally Lipschitz) then the same exponential control is available ([8]]).



LARGE TIME IN NLS WITH POTENTIAL 3

We note that if V (¢,z) = —|z|?, the nonlinearity in (L) is negligible for large time
as there is scattering in ¥ (see [3]] for the energy-subcritical case, and for the energy-
critical case),

it (A+|z|?
Juy € %, Hu(t) — e'z(Ata] )u+"2t:>m 0,
and the solutions to the linear equation (with potential) grow exponentially in time in the
space X, since

-t 2 1 2 X -cosh ¢ 2|2
ezz(AJr\ﬂ )U+ ~ . ]_‘(u_’_e‘ ‘ /2) (—) elsinht 2 ,
t—-+oo sinh ¢ sinh ¢

where we normalize the Fourier transform as

FD© = F€) = s [ )

Scattering (in the L? topology) also holds for more general time dependent isotropic repul-
sive quadratic potentials, in the L?-critical or supercritical (¢ > 2/d) cases ([8])). There-
fore, exponential growth of Sobolev norms for solutions of (I.1)) does occur in the presence
of these repulsive quadratic potentials, for the underlying reason that the corresponding lin-
ear solution has that property.

On the other hand, if V' = 0 and o > 2/d is an integer, there is scattering in 3 to the free
linear case, thus leading to bounded Sobolev norms and momenta that grow polynomially
([311): if uo € XF, there exists C' such that

lu(ll e < Cs w2 < C ()", vEzo0.

Finally, for confining harmonic potentials, one should start by noticing that in the time
independent case

d
(1.3) V(z) = % > Qa?, withQ; >0,
j=1

the conservation of energy (see (Z.I)—(2.2) below) immediately implies boundedness of
the ¥ norm, u € L*°(R;X). Moreover, the existence of periodic solutions of the form
u(t,z) = e~*“%)(x) to the nonlinear problem, with isotropic confining harmonic poten-
tial Q; = Q > 0 (see [7] for details), as well as the linear dynamics (which is time-
periodic), naturally lead to the conjecture that we may also have u € L>(R; XF), at least
for localized and smooth enough data. In the case of the one-dimensional harmonic time
independent oscillator V (¢,7) = 2, standard techniques yield an exponential control.
Such bounds have been improved in [18] for small perturbations of 2, by adapting meth-
ods from finite dimensional dynamical systems, to prove that at least for small initial data,
the ¥*-norm may be bounded, because the solution is quasi-periodic in time ([I8])). Such
a conclusion is therefore expected to remain valid in a rather general setting for confining
potentials. See also [3]] for results in this direction.

A different perspective consists in considering the case where the potential decays
rapidly in time. Such a case has been considered for potentials which are exactly qua-
dratic in space:

Proposition 1.2 (From Proposition 1.9 and Lemma 4.3 in [19]). Let1 < d < 3,0 € N
with o = 1ifd = 3. Suppose that V is of the form (1.2)), with

iQ(zﬁ)' < ol Sfor some y > 2.

(1.4) QI+ (1) |3 Ok
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Ifug € % (k € N, k > 1), then there exist n, C > 0 such that
lu@®llm < C, Jlzu®)r2 < CO, Jut)|ge < Ce™, vt > 0.

As a matter of fact, only the cubic nonlinearity case (o = 1), in dimensions d = 2 or 3,
is considered in [[19], but the proof remains valid under the above assumptions.

1.3. New results.

Theorem 1.3. Letd > 1,0 > 0, witho < 2/(d—2) if d > 3. If V satisfies Assumption[[]]
and ug € 3, then the solution u to (1) is global in time:

u, Vu, zu € C(R; L*(R%)).
Moreover, it grows at most exponentially in time: there exists C' > 0 such that
lu(®)lls: < Ce®*, vt > 0.

Note that in general, this bound is (qualitatively) sharp, as shown by the repulsive har-
monic potential case V (¢,2) = —|x|? mentioned above. Unlike the previously known
results, this norm growth conclusion is not restricted to harmonic potentials only. Using
Strichartz estimates, we infer the following corollary, concerning the growth rate of the
higher order ¥* norms:

Corollary 1.4 (Double exponential bound). Letd > 1, k > 2, 0 > Owitho < 2/(d — 2)
if d = 3. Suppose that the map z +— |z|**z is C*. If ug € X, then there exists C > 0
such that
sup  ||z@0Pu(t)|re < Ce ", Wt > 0.
2<al+|BI<k
Remark 1.5. For time independent confining harmonic potentials (L3)) we have bound-
edness of the ¥ norm of the global solutions u € L°°(R;X), rather than the general
exponential growth of Theorem [[.3l Given this better starting point for the lower order
derivatives and momenta, and using exactly the same method of proof by induction as in
this corollary, we obtain then an exponential bound for the higher order norms rather than
the double exponential
sup  ||z®0Pu(t)||2 < Cet, Wt >0.
2<al+|BI<k

See Remark [3.4] for details.

Remark 1.6. In the case of the nonlinear Schrodinger equation without potential (V' =
0), one can infer similarly that the H* (k > 2) norm of solutions which are globally
bounded in H'(R?) grows at most exponentially in time. The use of Bourgain spaces
(as initiated in [2} 27]]) makes it possible to soften this exponential bound to a polynomial
bound. However, adapting these spaces to the present framework (which, in addition, is
not Hamiltonian if 9,V # 0) seems to be a rather challenging issue.

Remark 1.7. Another strategy might consist in resuming the pseudo-energy used in [23].
Note however that the pseudo-energy introduced in [23] turns out to be helpful in the
context of the analysis of blowing-up solutions. Even in the absence of an external potential
(V' = 0), we have not been able to adjust this pseudo-energy to prove the boundedness of
the H2-norm of u (nor even an exponential control), a property which is known by other
arguments.

Using a (global) lens transform, we prove the following result, to be compared with
Proposition[T.2l
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Theorem 1.8. Ler d < 3, and o € N, witho > 2/d and o = 1 if d = 3. Suppose that V'
is of the form
<

(1.5) Vit,z) = %Q(t)|:c|2, with Q)| < Y for some v > 2.

Ifug € Yk then there exists C > 0 such that
(1.6) lu@®le <, NH@) u@®lz: <C@0)°, >0
Finally, if ug € %, then there exists uy € X such that

Hu(t) — ei%Aqu’

Remark 1.9. A consequence of the proof of this result is that if the potential satisfies (L),
the Strichartz estimates associated to the linear evolution are global in time (while, as
recalled above, this is not the case if V (¢, x) = |z|?).

— 0.
L2 t—+o0

Compared to Proposition our assumptions seem to be more stringent on two as-
pects:

e The matrix @ is of the form Q(t) = Q(t)14, i.e. we consider isotropic potentials
only.
e The nonlinearity is L?-critical or L2-supercritical (o > 2/d).
However, it turns out that the second point rules out only one case compared to Proposi-
tion[L.2] and that is when d = ¢ = 1, for which exponential bounds in >k for all k were
already known under the mere assumption that € is bounded ([8]]).

On the other hand, our assumptions demand only a certain minimum decay in time for €2
and impose no restriction on its time derivative (which, in our case, might not even exist).
So a rapidly oscillatory potential for large time as, for instance, is the case with

cos (e?)

)=y

is eligible for Theorem[I.8] while it is not for Proposition[I.2l In fact, it does seem more
natural to require a decay exclusively on the function €2, rather than also adding conditions
for its time derivative, as we will see from the proof of Theorem[L.8 in the linear case

1 1
i0yu + §Au = iQ(t)|:c|2u,

if [Q(¢)] < (¢)~7 fory > 2, then u satisfies (L6). As suggested by the last statement of the
proposition, the potential is negligible for large time, even though for fixed ¢, the harmonic
potential cannot be treated as a perturbation. Heuristically, this can be seen through the
standard asymptotics (in L?)

- ¢ 1 ~/X 12
it A ~ - i|x]*/(2t)
(1.7) e't fHJrootd/Qf(t)e .
Asymptotically, the right variable is x /¢, and since by assumption
21
Y
22 5|3 5

it is sensible to expect the external potential to be negligible for large time. The proof
of Theorem will make this intuition more precise. Also, note that compared to the
conclusion of Proposition the control of the momenta (even in the case of ||zu||r2)
and higher Sobolev norms is improved. The sharpness of the decay assumption on €2 is
discussed in Remark [£3]
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1.4. Outline of the paper. Theorem[I3lis proved in Section] and we infer Corollary [[.4]
in Section 3l The case where V is an isotropic harmonic potential (L3) is treated in Sec-
tion[d] where Theorem[T_8lis established.

2. PROOF OF THEOREM [ 3|

First, we recall that from [8]], under the assumptions of Theorem[1.3] (I.I) has a unique,
local solution. The obstruction to global existence is the unboundedness of ||Vu(t)|| 2 in
finite time. Thus, we simply have to prove a suitable a priori estimate.

A natural candidate for an energy in the case of (L) is
1 1 .
2.1 E(t) = §||Vu(t)|\%2 + ——[lu(®) 75 +/ V(t,z)lult, z)]*dz.
o+ 1 Rd

It was established in [8] that if V is C'* with respect to ¢, and 9,V satisfies Assumption[L.1]
then E € C*((—T,T); R), and its evolution is given by

(2.2) dE :/ oLV (t, ) |u(t, z)*d.
dt Rd

In the same spirit as in [1]], introduce the pseudo-energy

1 . 1
E(t) = SIIVu(®)Z: + (17557 + —/ ] |u(t, z)|*d.
2 2 Rd

oc+1 |
From the relation

1

Et)=E({t)+ 3 /Rd (|a:|2 - 2V(t,:c)) lu(t, z)|?dz,

we infer, at least formally,
a1 , ,
T /Rd (|=|* =2V (t, x)) O¢|u(t, z)|*dx
= Re/ (|o* = 2V (t,2)) a(t, z)du(t, x)dx
Rd
= Im/ (Jz[* = 2V (t, @) u(t, 2)idpu(t, v)dx
Rd
S Im/ (J2]? — 2V (¢, ) a(t, ) Au(t, 2)dz
2 M
= Im/ a(t,z) (x — VV(t,x)) - Vu(t, z)dz.
Rd

Now from Assumption[T.T] and the observations that follow it, there exists C' independent
of ¢ such that

[VV(t,x)| < C(x).
Therefore, using the conservation of mass and Cauchy—Schwarz inequality, we infer

d&

7 S Co (L4 lzu®)ll 2l Vu)lz2) -
From Young’s inequality, £ satisfies an inequality of the form & < Co(1+ &), with Cy
independent of ¢ (but depending on the conserved mass ||ug||2): Gronwall lemma yields

an exponential bound.
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Under the assumptions of Theorem[T.3|though, V need not be differentiable with respect
to time, so the above computations cannot be followed step by step. To overcome this issue,
simply note that the evolution of E was merely used as a shortcut in the above presentation,
and that by using standard arguments (see e.g. [11]]), one directly proves

d€
T Im a(t,z) (x — VV(t,x)) - Vu(t,z)dz, Vte (-T,T),
Rd
and Theorem [[.3]| follows.

3. DOUBLE EXPONENTIAL CONTROL: PROOF OF COROLLARY [I.4]

Corollary[T4lis proved by induction on &, applying the following lemma to the inequal-
ities that result from the use of Strichartz estimates for the evolution equations of z®9%u.
In this lemma, thus, ||w|| must be thought of as a placeholder for all the combinations of
norms of 2%9%u of order k = |a| + |B].

Lemma 3.1. For 0 < s < t,denoteby T =t —sand I = [s,s + 7| = [s,t]. Let w satisfy
the following property: there exist Lebesgue exponents p,q > 1, parameters o, 79 > 0, a
non-decreasing function f and a constant C' such that, given any s > 0, T € [0, 19|,

G Nwllpersronnerir2) < Clw(s)| 2 + O |lwll po(ryaynrer;22) + f(1).

Then there exists C, depending only on C, o and Ty, but independent of t > 0, such that
Cyt
lwllzoo.pnnze=qomz2) < Cre® " (lw(0)z2 + f(1), ¥t >0.

Proof. Let us consider the interval [0,¢] and fix this ¢ as an upper bound for the time
variable.
Then, for this value of ¢, we take 7 satisfying

1 1 e

2 a Ct [ — I -5

(3.2) Ct% 10 T <ClO> e o,
(without loss of generality, the total time ¢ can be chosen initially to be large enough to

have 7 < 79 as well as 7 < ¢) such that the corresponding term in (3.I) gets absorbed by
the left hand side of the inequality, as

10
33) lwller(rpnnr=se2) < 5 (CHUJ(t’)IILz + f(t' + 7')),

for any interval I = [t/,¢' 4+ 7] C [0, ¢].

Now, breaking up the full interval [0,¢] into N ~ t/7 small intervals of length 7,
I = [tj,tj41] = [tj,t; + 7). = 0,..., N — 1, such that [0,¢] = U,I;, we have, for
1<p<oo,

N-1

p ! p / = T p / p
”wHLP([o t];L9) = ||’UJHqut = Z H’LUHqut = Z ||wHLp([..Lq)
PG K] 0 ts J
=0 7t j=0

N—-1 20 p N—-1
< X lismmmigan < () 3 @G+ 160),
Jj= 7=0

We now use the fact that the ||wl|pe(z,_,;r2) norm, from the previous time step j — 1,
bounds the ||w(¢;)|| 2 norm at the initial time of the following one, to obtain from (3.3)

20\”
s < 10l v onimir, v < () (CPholsonls + £(67).

J
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Applying this estimate repeatedly and bounding all the terms f(¢;) uniformly by their
maximum f(¢) over the whole interval [0, ¢], we infer

el < (20)” o + (1 (Be) s (Be) Mp) (3) s

<G (50) ()2, + £(£)?),
so that

20\? X~ /20 \'P 20\?
llwlip<[o,w><(g) ZC”C(;C) (Iw(0)||’£2+f(t)p)+(§) NF(t),
j=0

thus yielding

20 \V
lwllzeqo.nipn < €| 5C ) (w(0)llz= + f(2)),
for a new C constant. Finally, using the fact that N ~ ¢/7 and (3-2), one obtains

Ccit
lwllzro.gize) < Cre® " (w(0)llz: + (1),

with (', a final constant, as in the statement of the lemma.
Of course the case p = oo is even simpler, as

10
lwllz=qo.gize = _max el < 3(0‘#0{{1’%_1 lw(t;)llz2 + f(f)),
and, as above, each ||w(t;)|| L> norm can be controlled by the previous time step ||w|| o (1, _,;12)
norm. So that, repeated application again of (3.3) yields

- (10 \V
lulo=oasin < (5C) (lolzs +1(9)

from which the double exponential bound for p = oo now follows as before.
To conclude, we only need to note that the |[wl| e ([o,+;z2) norm falls into this latter
case. O

Remark 3.2. Observe that, if some rate of growth in time is already known for the ||w(¢)| 1.2
norm — as in the case of the conservation of the mass or the exponential growth of the X
norm in Theorem [[3] for example — then the previous proof can be greatly simplified,
bounding all of the ||w(t;)]| 2 uniformly by ||w(t)|| 12, to yield the following exponential
control of the [|w/| 1»([0,; 14 Norm from its corresponding ||w(t)|| .> norm growth, as well

as f(1),
leolloqosne < Cre® (Jw(®llzz + £(1)).

We now return to the main proof of Corollary[[.4]by observing that, although Lemma[3.1]
imposes no restrictions on the pair (p, ¢) of Lebesgue exponents, the Strichartz estimates
require only admissible pairs suited to each particular equation which, for the Schrédinger
equation (with or without potential), are the following.

Definition 3.3. A pair (p,q) is admissible if 2 < q < d2_—dz 2 <q< xifd=1,
2<g<ooifd=2)and
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Strichartz estimates for the Schrodinger equation with potential satisfying Assump-
tion [[ Tl are a consequence of the results in [[13]], [16]]. Indeed, the existence of a strongly
continuous propagator, unitary on L2, for the linear Schrodinger equation with potential
satisfying Assumption [[1]is proved in [13]]. In it is proved that, for bounded time
intervals, this propagator exhibits an L' — L>° decay in time. As is now well known, these
two properties are the crucial ingredients that lead to Strichartz estimates for the linear
propagator (see e.g. [21]]). A precise statement of these estimates, in our context, can be
found in [8] Section 2].

Two points need careful attention at this point, though. The first one is that these
Strichartz estimates are just local in time. Unlike the case of the Schrédinger equation with-
out potential, whose estimates are global, only Strichartz estimates for finite time intervals
can be expected when general potentials are considered. The typical counter-example is
the linear Schrodinger equation with a confining harmonic potential (I3)), which exhibits
time periodic solutions and thus cannot possibly satisfy global dispersive estimates in time.
The second point requiring a careful observation has to do with the fact that the potentials
being considered here also depend on time. The equation is therefore not autonomous and
the propagator depends now on the initial time of the flow. In particular, the maximum size
of the finite time interval [s, s + 7] for the Strichartz estimates to hold (i.e. the parameter
7o of the previous lemma) should thus depend generally on the overall time interval [0, ¢]
being considered. It can be shown, however, that for potentials whose spatial derivatives
are uniformly bounded in time — which is the case we are imposing in Assumption [T.1]
unlike the more frequent condition of just local boundedness in time found in the literature,
as in [13]], [16] or [[8] — one can indeed pick a uniform value of 7y that holds globally on
[0, 00). See again [8 Section 2] for a careful discussion of these two issues.

We now have all the properties needed to go ahead with the induction procedure. For
the sake of clarity, we will start with the cases k = 0 and £ = 1, for which an exponential
growth is already known from Theorem [[.3l However, the point is that we can easily
write all the complete formulas and estimates for these simpler cases, which illustrate
the essential features that remain for general higher values of k£, whose computations and
formulas then become much more cumbersome .

The cases k£ = 0 and k = 1 correspond to the same estimates used to prove local well
posedness in X. The solution u, whose global existence has been established in Theo-
rem [L.3] is thus a fixed point of the Duhamel formulation for any initial time to = s. It
satisfies, therefore,

(3.4) u(t) = U(t, s)u(s) — z/ Ut ") (Jul*u)(t)dt’,

where U (¢, s) represents the linear propagator of (L) from time s to time ¢. We then pick
the usual Lebesgue exponents

4o+ 4 20(20 +2)
g=20+5 b do '’ 2—(d—2)o
This choice of the pair (p, ¢) is admissible and we also have

1720 1 1720 1

P Py P R

q q q p p
so that applying Strichartz estimates on (3.4)), as long as the finite time interval is smaller
than the uniform bound |t — s| < 79, we obtain

lull Lo (15,05 L9y Lo ([s,3522) < Cllu(s)|z2 + CH|u|2au||LP/([s,t];Lq/)7
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and then using Holder to handle the nonlinear term,
lull Lo (s, paynpee (s,:02)y < Cllu(s)|lze + OHUHLB( (.4 [l Lo ((s,4352.0)
< Cllu(s)llzz + Clt = 8|7 Jull 3% go.g;z0) 1]l oo, 50
Finally, the H' subcritical condition o < 2/(d — 2) permits the use of the Sobolev embed-
ding, from which we get
[all Lo g, Lynz e ((s,81:22) < Cllu(s)llze + Clt — s|F 17 % (5,17, 20y Nll Lo (s, 8152.0)-

Now, for k = 1, one needs to develop similar estimates for Vu and zu. Therefore, we
start by differentiating (L) to obtain the evolution equation for Vu and its corresponding
Duhamel formula

Vu(t) = U(t, S)Vu(s)—i/ U(t,t’)V(|u|2"u)(t’)dt’—i/ Ut ) (VV(E)u(t))d.

The only novelty now is the second integral, with the term V'V (), because all the remain-

ing terms are estimated exactly as in the previous k = 0 case. Assumption[LT]limplies that
|[VV] < (x) uniformly for all time, and noting that (1, 2) are conjugate exponents to the
admissible pair (0o, 2), we then get

IVull oo znnre sz < ClIVUS) L2 + Clullzl gy 00 | Vel rsn0)

+ ClluV V| ys,0;22)

ClIVu(s)l| 2 + Ol = | ¥ ull 3% (o oy | Vatll oo,
+ Clt = slllull Lo ((s,g;02) + Clt = slllwul| oo ((s,15;12) -

N

Analogously, for the momentum zu,

t t
zu(t) =U(t, s)(zu)(s) — z/ Ut ) (Ju)?? zu)(t)dt’ — z/ U(t, ") (Vu(t"))dt',
where the first order derivative Vu in the second integral now appeared from writing
1 1
xQAu = iA(:zru) — Vu,

when multiplying the whole equation (LI} by z, to obtain the evolution equation for the
momentum. And following the same procedure as above

lwullLo(siznnr=(siizyy < Cllouls)lze + Clt — s|F ull 3% (oo |20l Lo s, 20)
+ Clt = s[[[Vul Lo ([s,4;22)-
So that, summing up the estimates for the first derivative and momentum,
[ (zu, Vu)llLe(s,g;papnne=(s,m;22) < Cll(zu, Vu)(s)l| 2
+ CJt — s F |lull3% %o (15,010 |1 @0, V) [ Lo (5,05 .0)
+ CJt = sll|(zu, V)| Lo ((s,:L2)
+ Clt = slllull oo (s, i;22)-

For k = 2, the first order of momenta and spatial derivatives for which we are really
getting new information about its norm growth, let us denote by ||ws|| the sum of all cor-
responding norms of terms of order 2

lwal = > [0l

loo]+[B]=2
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Then, after estimating the corresponding Duhamel formulations as we have done above,
we get
lwallLe (s, ;L)L ((s,:22) < Cllwa(s)]lp2
+ Clt = 8| F Nl 3% (o g0y 12| Lo s,
+ C|t — S|Hw2HL°°( [s,t];L2)
+ C|t_5 St];Hl)”qu%P([s,t];Lq)
+ C|t — s||\(xu, vu)||Loo([s7t];L2)
+ Clt = slllull Lo (s, 12)

20—1

201 20—1

Lo ([s,t];H*
the nonlinear powers |u|?u twice, in (Djl) for the evolution equations of the second order
derivatives of u.

Generally, then, for k£ > 2, if we write

loel = > a*0Pul,

lo]+[B|=F

where the new term [t —s| 77 ||ul| ) [Vl Lo ([s.1]; o) Occurs from differentiating

after writing evolution equations for each of these k£ order momenta and spatial deriva-
toves, obtained by differentiating and multiplying (T.I)) by enough powers of x, and finally
estimating the corresponding Duhamel formulations, we finally obtain

llwr]| Lo ([s,4); Lq)mLOO([st .22) < Cllwg(s)| 22

(3.5) + Clt — |7 ([l 3% (o o) 10 | o 15,81 20)
(3.6) +C|t—8|||wk||L°° [st ;L2 )
(3.7) +C > Jt—s o (s ;L0 - - - Wi | Lo ((s,0529)
0<y<k
1<l1,...,l]‘+1§k}—1
it tljr1=k

(3.8) +C Y = sllwjll oo gs,:2)

0<j<k—1

This completely generalizes the k = 2 case and no qualitatively new terms appear anymore.
To conclude the proof, we only need to argue that for (3.3) and (3.6) we can do

Ot — 5|7 17 % 5,7, 10y Nkl Lo s 85520) + Clt = sllwill oo (1s,:02) <
O [wi || Lo(fs ;L) Lo (s, 22)

by making [t —s| =7 < 79, a = 27" and using the exponential growth of the > norm, from
Theorem [[3] to bound the ||u| 1o ([s,4);71) norm (the H* subcritical condition o < 25
guarantees that 0 < « < 1). Whereas, for (3.7) and (3.8), these involve exclusively the
norms of the previous induction steps < k— 1, whose growth is known by the induction hy-
pothesis, and which can thus be bounded by a non-decreasing double exponential function
ft) = Ccee”’

Therefore, we have finally established that this general Strichartz type inequality for the
norm of the derivatives and momenta of order k, ||wg || L» ([s,4; .91 (]s,;1.2) SUits exactly
the hypotheses of Lemma [3.1] from which we infer its double exponential growth, ending
the proof.
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Remark 3.4. This resultis a corollary of the exponential growth rate of the > norm, coming
from Theorem[L.3] because that rate controls the norm ||| ;s (s 1) in (33) and conse-
quently the estimate (3.I) in the hypotheses of Lemma 3.1l If the norm ||| ;e (5,411
however, is known to grow at a different rate, then a different final result is obtained for
the growth rate of the norms of the higher order derivatives and momenta. In particular, for
confining time independent harmonic potentials of the type (1.3), the conservation (2.2)) of
the energy (2.I) implies that u € L°°(R,Y) and thus that this crucial term is uniformly
bounded in time

||u||L°°([s,t];H1) < Ca vOésgt-
Then, if one were to follow the exact same steps of the previous corollary’s proof, the only
difference would occur in that, instead of an exponential term in (3.I) in the hypotheses of
Lemmal[3.1] we would now have
lwll Lo (1;L0)nne (1;02) < Cllw(s)|lpz + CT[|wll Lo(r;paynnee 1;2) + f (D),

that yields a single exponential growth

[wl| Lo 0,4 LoynLoe ((0,522) < Cre* (w(0)] L2 + f(t), Vit > 0.

Indeed, in the proof of Lemma[3.1] the size of the small time intervals 7 < 7o would now be
just a uniform constant and not depend on ¢. So that, the number of these intervals N ~ ¢ /7
would merely be proportional to ¢, and not exponential. As everything else follows exactly
the same way as in the general case, proved above, this then implies the final result, of
the single exponential growth of norms of the higher derivatives and momenta, in the time
independent confining potential case.

4. ASYMPTOTICALLY VANISHING POTENTIAL: PROOF OF THEOREM [I.§]

The proof is based on a lens transform as in [8]. The main idea is that the decay of §2 as
t — oo allows us to avoid the compactification of time, which is one of the features of the
lens transform in the case 2 = 1 (see e.g. [4] 28]).

4.1. Lens transform. Since some adaptations will be needed, we resume the approach
presented in [8 Section 4]. Suppose that v solves a non-autonomous equation

4.1 10 + %Av = H(t)|v|*"v.

We want v and u (solution of (ILT)) to be related by the formula

1 T i 2
_ ) asa(d)|x
(42) ’Lb(t,ilf) - b(t)d/Qv (C(t)v b(t)) €2 I
with a, b,  real-valued, and for some time £y > 0,
4.3) b(to) > 0; C(to) > 0.

Apply the Schrédinger differential operator to the formula (4.2)), and identify the terms
so that u solves (L I). We find:

(4.4) b=ab ; a+d>+Q=0 ; (== ; O IH((t)=1.
Introduce a solution to

4.5) i+ Qtu=0; v+Qt)r=0,
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such that the (constant) Wronskian is W := vji — v = 1. The solutions to (&4) can be
expressed as

Note that ¢ is locally invertible, since {(to) > 0 and
T 1 .
¢ = 7o hence ((t9) > 0.

Therefore, the lens transform is locally invertible. Moreover, we can write, as long as

v >0, )
H@)_b(C1@D2ﬂw__u<(ﬁ)4(ﬂ>

v

4.2. A particular fundamental solution. The idea is then to construct a suitable solution
(1, v), so that ¢ is invertible in a neighborhood of ¢ = 4o00. This scattering problem is
solved by adapting Lemma A.1.2]:

Lemma 4.1. Suppose that there exists iy > 2 such that |Q(t)| < (t)” . Then there exist
oo, Voo SOlVINg

floo + Q(t)MOO =0; Voot Q(t)yoo =0,
With Voo (T) = 1, pioo(T) = T for some T > 0, and such that, as t — oo,

1 ) 1
_ . 1
47 oo (t) = 1] = O (77, liteo(t) = 1] = O (m) '
The Wronskian of Voo and [ise is W = Voo flco — Voolboo = 1.
Proof. For T' > 0, consider the problem
E4+Q)z+g(t)=0; =2(T)=0; lim 2z(t)=0.

t— o0

The integral formulation of this problem reads
(4.8) z =17+ Prz,
with

()= [ (5= Tglo)s +a-1) | " g(s)ds,

T

t
t o)
Prz(t) = / (s =T)s)z(s)ds + (t — T)/ Q(s)z(s)ds.
T t
Consider the two Banach spaces
Zy ={z € C([T,00);R) | [|zllo := sup|z(t)| < oo},

=

t
Zy = {z € O([T,00);R) | ||2]|1 := sup |2(t)] _ OO}'
i>7t =T

We readily check that Py is bounded on Z% and Z1., respectively, and that its norm on
either of these spaces equals

/m@—ﬂg@a.

T
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By assumption, it is estimated by

o > dt > dt
t—TQtdt§/ —7+T/ — <77 — 0.
/T e-mewus [ g | g =

Fixing T sufficiently large, this norm is smaller than one, and (4.8)) has a unique solution,
given by

z = (1 — PT)_l rp € Z%,
with j = 0 or 1, according to the case considered, provided that rp € ng

In view of the statement of the proposition, we start by constructing voo: 2 = Voo — 1
must solve

Z4+Q(t)z +Q(t) =0.
Therefore, we use the above general result with g = €): the function rr belongs to Z{.,

hence a function v, € Z9 (since 1 € Z2). Since ro(t) = O(t*77) as t — oo, we readily
get

= 1
(0] = omlt) =11 = 3 Phra( = 0 ()
j:
Differentiating (4.8), we infer

0= [ os+ [ axds = [ s+ [ aw:ss

Since z € Z9, we obtain, fort > T,
. . 1

0= 1m0 =0 (55 ).

In the case of {100, we work in Z1. instead: z(t) = oo (t) — ¢ must satisfy
24 Q(t)2 + (1) = 0,

that is, g(¢) = t€2(t). Since we now have the pointwise estimate

ro(t) =0 (T?77) + 0 (£°77),
we have rp € Z}., and for T’ sufficiently large,

z=0—=Pr) rp e Zh

Proceeding like for v, we infer

1
_ 3— : _
) =1 = O (F7) . lielt) =11 =0 55 ).
Finally, the Wronskian W does not depend on time, and goes to one as ¢ goes to infinity,
soW =1. (]

4.3. End of the proof. In the pseudo-conformal invariant case o = 2/d, we see that
(@1 is the standard autonomous equation, for which there is scattering. In addition, the
Sobolev norms are bounded in time, and the momenta grow polynomially in time as in the
statement of Theorem[L.8] as established in (see also the appendix in [8]). In view of
the asymptotic properties of (i~ and v, u satisfies the same properties. We will be more
precise concerning these statement by considering more generally the case o > 2/d, where
(@.1) must be thought of as a non-autonomous equation. We readily check the analogue of
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the conservation of energy and the pseudo-conformal conservation law in the present case.
Let J(t) = x + itV. The solution to @) satisfies

d (1 H(t) . H(t) .
49) 3 (310 + 2oz ) = ol
d /1 t2H (t) " tH(t) "
@10 5 (3100 + o) = 2l - apop
t“H(t -
22,
where we recall that
1 2—do
Moo
H(l) = v — t
0= ((m) ( >>
is well-defined for ¢ > t sufficiently large:
1
[Voo(t) — 1| < 5 fort > to

In addition,

(1) = (2 do)une ((%’:) (t))g_da e ((%’:) <t>> ,

hence H(t) =0 (ﬂ 1) as t — oo. We infer from [[12, Lemma 3.1] (see also [} The-
orem 4.11.1]) that (4.1 has a unique, global solution v € C(R.;X). Therefore, the lens

transform (4.2) is well-defined and bijective in a neighborhood of ¢ = +o0.
Set, for ¢ sufficiently large,

t*H(t

y(t) = £H)

2042
el

L20+2"

The relation (£.10) yields
H t ds
y(t) < C (oto)lls) + /' s s 1+ [ w25
to

and we infer from Gronwall lemma that y € L”([to, 00)). Using @.10) again, we deduce
that J(t)v € L>([tg,00); L?). Since

. ilzl? _lel?
J(t) =ite' 2V (e "2 ]|

Gagliardo—Nirenberg inequality yields, for2 < r < 2/(d —2) (r < 0 ifd = 1,7 < 00 if
d=2),

1 1
@y Ol S 1Ol wheres = (5-1).

hence a decay rate (in time) for Lebesgue norms (in space). Mimicking the proof of [8]
Proposition A.4], we conclude:

Proposition 4.2. Let o > 2/d be an integer, with o < 2/(d — 2) if d > 3. Suppose
V=0 € Y* for some k € N, k > 1. Then v € C(R; X¥). In addition, for all admissible
pair (p,q), v € LP(R; Wk 4(R?)), and

Yo e N Jal <k, (20 pogogpney S 8
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Since
s (8 o
we have
@)l < |1/001(t)| H” (ZZZE;))HH + [Poo (0)]* ||| o (’;zg;) R
ettt < et 1ot (2|

Gathering (4.6), (@.7) and Proposition[4.2]together, we obtain Theorem[L.8] up to the scat-
tering result.

In view of (4.11), scattering for (1)) follows from the standard approach: from Duhamel’s
formula,

e BB y(t) — e I Ay(7) = —z’/ e 128 (H(s)|v(s)[*v(s)) ds,

we infer that (e_i%Av(t)) is a Cauchy sequence in X as ¢ — oo, hence converges
>0

=

to some vy € X. Taking into account @8), @7), @I2) and the asymptotics for e‘z4
recalled in (I7), the last point of Theorem[I.8| follows.

Remark 4.3 (Sharpness of the decay assumption on €2). The key property that we have used
to define a lens transform in the neighborhood of ¢ = +o0 is that the function ¢ = p/v is
bijective from [T, o) to [((T'), c0) for T sufficiently large, where (p, v) solves (@.3) with
a Wronskian equal to one. Note that if we had, instead of the above property, ((T") < 0
and ¢ bijective from [T, 00) to (—o0, {(T")], it would be straightforward to adapt the above
analysis (simply replace v with —v). The point is that unlike, in the case {2 = 1, the lens
transform does not compactify time, because v only has a finite number of zeroes, and
¢ =1/v% (v(t) = cost in the case © = 1). This property would remain under the mere
assumption (see for instance Chapter XI, Theorem 7.1])

1
—00 < limsup £2Q(t) < —.
t—+oc0 4
In the opposite case, v has infinitely many oscillations, and even if it may sound sensible
to expect most of Theorem[I.8]to remain valid, the last conclusion (scattering) should fail:
the dynamics has a different nature.
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