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BOUNDS ON THE GROWTH OF HIGH SOBOLEV NORMS OF SOLUTIONS
TO NONLINEAR SCHRODINGER EQUATIONS ON R

VEDRAN SOHINGER

ABSTRACT. In this paper, we consider the cubic nonlinear Schrodinger equation, and the Hartree
equation, with sufficiently regular convolution potential, both on the real line. We are interested
in bounding the growth of high Sobolev norms of solutions to these equations. Since the cubic NLS
is completely integrable, it makes sense to bound only the fractional Sobolev norms of solutions,
whose initial data is of restricted smoothness. For the Hartree equation, we consider all Sobolev
norms. For both equations, we derive our results by using an appropriate frequency decomposition.
In the case of the cubic NLS, this method allows us to recover uniform bounds on the integral
Sobolev norms, up to a factor of 9. For the Hartree equation, we use the same method as in
our previous paper [44], and the improved Strichartz estimate to obtain a better bound than the
one that was obtained in the periodic setting in the mentioned work.

1. INTRODUCTION.

1.1. Statement of the problem and of the main results: Given s > 1 real, we study the
defocusing cubic nonlinear Schrédinger initial value problem on R:

1) iug + Au = |ul*u, z € R, t € R
ult—o = ® € H*(R).

The equation () arises in the Gross-Pitaevski scaling limit of large systems of bosons, and in

geometric optics [43] [48] [40]. The one-dimensional cubic NLS on R has a specific physical meaning,

and it is used to describe a Bose gas in elongated traps and the so-called cigar-shaped Bose-Einstein

condensates [39]. For a rigorous mathematical derivation of the equation from many-body quantum

dynamics, the reader should consult [I]. A rigorous derivation of the two-dimensional version can
be found in [38].

Furthermore, we study the Hartree initial value problem on R
@) iug + Au = (V* [ul*)u,z € R,t €R
uli=o = ® € H*(R).

The assumptions that we have on V' are the following;:
(i) V e LY(R)

(i) V>0

(iii) V is even.

The Hartree equation appears in the mean-field limit of large systems of bosons [43] 25].

Since the problem () is energy-subcritical and defocusing, for fixed s > 1, () has a unique
global solution in H® [50]. In this paper, we are interested in estimating ||u(t)|gs from above.
We recall from [24] 40] that () is completely integrable. Therefore, if s = k is a positive integer,
one can deduce, by using a fixed finite number of conserved quantities that there exists a function
By, : H* — R such that for all t € R:
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(3) (@)l e < Br(®).

From the preceding observation, it makes sense to consider only the case when s is not an integer.
One notes that the uniform bounds for H® norms when s is not an integer don’t follow from the
uniform bounds on the integer Sobolev norms if we are assuming only that ® € H*(R).

Given a real number z, we denote by x4+ and z— expressions of the form = + ¢ and = — €
respectively, where 0 < € < 1. With this notation, the result that we prove for () is:

Theorem 1.1. (Bound for the Cubic NLS) Suppose s > 1 is not an integer. Let o := s — |s]
denote the fractional part of s. Suppose ® € H*(R), and let u denote the global solution to the
corresponding problem (). Then, there exists a continuous function Fs : H® — R such that for all
teR:

lu@®)llme < Fo(@)(1+ [t))*

Theorem [T.1] gives a solution to an open problem that was mentioned on the Dispersive Wiki
Website [21].

Unlike the one-dimensional cubic NLS, the Hartree equation doesn’t have infinitely many con-
served quantities. The following quantities are conserved under the evolution of (2):

M (u(t)) :/|u(:17,t)|2d:17 (Mass)
and
E(u(t)) = %/|Vu(x,t)|2dx+i/(‘/*|u|2)(x,t)|u(;v,t)|2dx (Energy)

We hence deduce that ||u(t)||g: is uniformly bounded whenever w is a solution of (2. The bound
that we prove is:

Theorem 1.2. (Bound for the Hartree equation) Let s > 1, and let u be the global solution of ().
Then, there erists a function Cs, continuous on H' such that for allt € R :

(4) [u(t) | zre < Co (@)L [t]) 35 (|| -

The bound in Theorem [ is better than the bound C(1 + [¢])2°F||®| -, which we obtained in
the periodic setting in [44].

Remark 1.3. As in [44], we can see that the focusing-type analogues of Theorem [Tl and Theorem
hold, if we suppose that the initial data is sufficiently small in L?. Namely, if we take ||®|| 12
sufficiently small, Theorem [l holds for the focusing NLS on R. The continuity of the higher
conserved quantities is the same [24]. Furthermore, under the same smallness assumption, Theorem
still holds for ([B) when the convolution potential is not necessarily non-negative, but is still
real-valued.

1.2. Motivation for the problem and previously known results: The growth of Sobolev
norms has a physical interpretation in the context of the Low-to-High frequency cascade. Namely,
we see that ||u(t)|| - weighs the higher frequencies more as s becomes larger, and hence its growth
gives us a quantitative estimate for how much of the support of |@i|? has transferred from the low
to the high frequenciesEl. This sort of problem also goes under the name weak turbulence 2] 3 52].

1We observe that, from conservation of energy, not all of the support of & can move to the high frequencies. If a
low-to-high frequency cascade occurs, then a part of & must concentrate near the low frequencies, to counterbalance
a movement of u towards the high frequencies. The growth of high Sobolev norms quantitatively describes the latter
part of the process.
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From local well-posedness theory [T, 14, [50], we know that there exist C, 19 > 0, depending only
on the initial data ® such that for all ¢:

(5) l[u(t +70) ||z < Cllu(t)]| e
Iterating (&) yields the exponential bound:
(6) [u(t)[l e < Cre®".

Here, C1,C5 > 0 again depend only on ®.

For a wide class of nonlinear dispersive equations, the bound(]) can be improved to a polynomial
bound, as long as we take s to be an integer, or if we consider sufficiently smooth initial datafl.
This observation was first made in the work of Bourgain [5], and continued in the work of Staffilani
[46], [47].

The crucial step in the mentioned works was to improve the iteration bound (&) to:

(7) lu(t +70)llze < lu(®)]|ms + Cllul®)l|3"-

As before, C, 19 > 0 depend only on ®. In this bound, r € (0, 1) satisfies r ~ % One can show
that (7)) implies that for all ¢ € R:

8) u(®) = < C(@)(1+ [t])7.

In [5], (@) was obtained by using the Fourier multiplier method. In [46, [47], the iteration bound
was obtained by using multilinear estimates in X *’-spaces. Similar estimates were used in [37] in
the study of well-posedness theory. The key was to use a multilinear estimate in an X *°-space with
negative first index s. Such a bound was then used as a smoothing estimate. A slightly different
approach, based on the analysis of Burq, Gérard, and Tzvetkov [I] is used to obtain (@) in the
context of compact Riemannian manifolds in [13], 53].

An alternative iteration bound, based on the use of the upside-down I-method, was used in [44],
and it gave better polynomial bounds for solutions of nonlinear Schrédinger equations on S'. The
main idea was to consider the operator D, related to D* such that ||Dul|3. is slowly varying. A
similar technique can be applied to the Hartree equation on T? and on R2. The latter results will
be presented in our forthcoming paper [453].

In the paper [10], improved polynomial bounds were obtained for the defocusing quintic NLS
on S'. The techniques used in this work were based on dynamical systems and Birkhoff normal
forms, by which the nonlinearity was reduced to its “essential part”. The bound given in [I0] for
the quintic equation is stronger than the one we obtained in [44], but the proof for the stronger
bound doesn’t seem to work for higher nonlinearities. However, the method given in [44] works for
all nonlinearities.

All the polynomial bounds mentioned so far involve powers which are essentially a multiple of s.
On the other hand, let us consider the linear Schrédinger equation on S' with a real time-dependent
potential, i.e.

9) iug + Au = Vu.

Here, V : 81 xR — R. If V is taken to be smooth in = and ¢, and we assume that it satisfies the
bounds:

2%ic. if we take @ € HTsT; This of course only makes sense for the equations which are not completely integrable.
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(10) 1020P V| < C(a, B), for all non-negative integers o, f.

Under the assumption (I0)), it is shown in [§] that, for every e > 0, the global solution u of ()
with initial data ® € H* satisfies for all ¢ € R:

(11) [u()||z: < C(@,€)(1 + [£])°

The same bound is also proved on T¢, for d > 2. The proof of the latter result relies on more
sophisticated number theoretic arguments. Furthermore, it was noted in [9, [51] that one obtains
an improved logarithmic bound if further regularity assumptions on V are added. Finally, let us
note that recently, a new proof of (1) was given in [22]. The argument given in this paper is based
on an iterative change of variable. In addition to recovering the result (IIJ) on any d-dimensional
torus, the same bound is proved for the linear Schrédinger equation on any Zoll manifold, i.e. on
any compact manifold whose geodesic flow is periodic. It is still an open problem to adapt any of
these techniques to obtain improved bounds for nonlinear equations in the periodic case.

To the best of our knowledge, there are no polynomial bounds not involving powers of s in the
non-periodic case except Theorem [[LI1 As we will see, the proof of Theorem [I1] also works for
integer s. Hence, the obtained bounds allow us to recover the uniform bounds @] for integer s, up
to a t°F loss.

Let us finally mention that the problem of Sobolev norm growth was also studied in a recent
paper by Colliander, Keel, Staffilani, Takaoka, and Tao [20], but in the sense of bounding the
growth from below. In this paper, the authors exhibit the existence of smooth solutions of the cubic
defocusing nonlinear Schrédinger equation on T2, whose H® norm is arbitrarily small at time zero,
and is arbitrarily large at some large finite time. One should note that behavior at infinity is still
an open problem.

1.3. Main ideas of the proofs:

1.3.1. Main ideas of the proof of Theorem [l The main idea of the proof of Theorem [I1] is to
look at the high and low-frequency part of the solution w as in [8], and to use the bound (B]), which
gives us uniform bounds on integral Sobolev norms of w. In particular, we let N be a parameter,
which will be the threshold dividing the “low” and “high” frequencies, and we define @) to be the
projection operator onto the high frequencies. From (3)), i.e. from the uniform boundedness of the
HLsl of a solution, we can derive that for all times ¢:

(12) 1T = Qu®)lI- < B

Here B = C(®)N?*, where a := s—|s|€ [0,1) is the fractional part of s. We note that the
exponent is then in [0,2) and is not a multiple of s. We use the estimate (I2) to bound the
low-frequency part of the solution.

One then has to bound [|Qu(t)||g=. For t; > 0, we look at the quantity:

t1 d
1Qut) I — lQulto)lI3- :/ Zl1Qu®)|7-dt.
to
Since we are working on the real line, we can use an appropriate dyadic decomposition and the
improved Strichartz estimate (Proposition[Z2)) to obtain a decay factor of = in the above integral
in time. The exact bounds we obtain are the content of Proposition [3.4] At the end, we deduce
that there exists an increment d > 0, and C' > 0, both depending only on the initial data such that

for all tg € R, one has:
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O )Quito)l%. + Br.

(13) 1Qu(to + 0)[I7 < (1+ N

Here, B; < Nll, B.

The idea now is to iterate ([I3)) for times tg = 0,4,...,nd, where n € N is an integer such that
n<NI-.

Multiplying the obtained inequalities by appropriate powers of 1+ %, and telescoping, we show
that:

C \n
(14) 1Qumd)7: S (14 77=)" 1Qu(O)7- + B
Since n < N1~ we know:
(1+ Ni= ) =0(1).

Using the previous bound, (I2)) and (), we can show that for all ¢ € [0, nd]:

u®)||3: < C||®|%- + B.

Optimizing N in terms of the length of time interval [0,7] on which we are considering the
solution, and noting that then B becomes the leading term, Theorem [Tl follows.

1.3.2. Main ideas of the proof of Theorem [[.4: The main argument is similar to the one given in
[44]. Given a parameter N > 1, we will use the method of an upside down I-operator, followed by
the method of higher modified energies to define a quantity E?(u(t)), which is linked to |lu(t)]|%..

As in [44], our goal is to prove an iteration bound of the type:

C
(15) E?(u(to +9)) < (1+ 55 E* (uto)).
for all ty € R, with J,« > 0, and the implied constant all independent of ;.

Due to the presence of the decay factor %, ([I35) can be iterated ~ N® times to obtain that
E? <1 on a time interval of size ~ N®. One then uses the relation between E?(u(t)) and ||u(t)|| g
to get polynomial bounds for ||u(t)|| g-.

The bound (&) is proved in a similar way as the corresponding estimate in [44]. In order to
construct E2, we need to consider the multiplier ¢ which is defined by:

(B(61)% = (6(62))* + (0(63))> — (0(60))*V (& + &)

G-G+86 -
when the denominator doesn’t vanish, and v := 0 otherwise. Here, 6 is an appropriately smoothed
out and rescaled version of the operator D*. For details, see (63]), (77), and ([8). The key is then
to obtain pointwise bounds on such a . This is done in Proposition [4.2]

b=

We observe that the bound we obtain in Theorem is better than the corresponding bound
in the periodic setting. This is a manifestation of stronger dispersion, which is present on the real
line. In this paper, we will prove that on R, ([IH) holds for a = 3—. We recall from [44] that the
analogous estimate on S' holds for & = 2—. Heuristically, the improvement is obtained by using
the improved Strichartz estimate, which holds on the real line.

Let us note that Theorem would follow trivially if we knew that (2) scattered in H?, since
then all the Sobolev norms of solutions would be uniformly bounded in time. The currently known
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techniques to prove scattering don’t seem to apply in this context though. Namely, the techniques
from [26] [30] require for us to the have additional assumption that our solutions lie in weighted
Sobolev spaces, and the obtained bounds depend on these weighted Sobolev norms. Hence we can’t
argue by density here. The methods from [27] require the initial data to belong to an appropriate
subset of the Gevrey class. Finally, the techniques used in [41], 42] apply only in dimensions greater
than or equal to 5.

Remark 1.4. The techniques of proof of Theorem[L.2 apply to the derivative nonlinear Schrédinger
equation:

. . 2
(16) {zut+Au—28m(|u| u),

u(z,0) = ®(z),z € R, t €R.

The equation ({I8) occurs as a model for the propagation of circularly polarized Alfvén waves in
magnetized plasma with a constant magnetic field [48]. In order to obtain global well-posedness in
H?, we need to have the smallness assumption:

(17) @] 12 < V2T,

From [33], we know that ([I8) is completely integrable. Hence, as for the cubic NLS, it makes
sense to bound only the non-integral Sobolev norms of a solution.

Bound for the Derivative NLS. For s > 1, not an integer, and ® € H*(R), satisfying the
smallness assumption (I7), there exists C(s,|®| g1) such that the solution w of (I8) satisfies:

(18) lu®)||lgs < CA+ [t)*T|®| m-, for allt € R.

The proof of I8) is quite involved. Unlike Theorem [, we are not able to recover uniform
bounds on the integral Sobolev norms of a solution. The techniques that we applied to the cubic NLS
don’t seem to work for the derivative NLS due to the derivative in the nonlinearity. A sketch of the
proof of (I8) is given in Appendiz C.

Organization of the paper:

In Section 2, we give some notation and recall some known facts from Harmonic Analysis. In
Section 3, we Prove Theorem [[.LT1 Theorem is proved in Section 4. Appendix A contains the
proofs of auxiliary results for the cubic NLS, whereas Appendix B contains proofs of auxiliary results
for the Hartree equation. In Appendix C, we sketch the proof of the bound for the derivative NLS.
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2. NOTATION AND KNOWN FACTS.

In our paper, we denote by A < B an estimate of the form A < CB. for some constant C' > 0.
If C' depends on d, we also write A <g B and C' = C(d). Let us denote by || f||z» the LP(R) norm,

and we denote by || f[|zsz, the mixed norm:

1flloss = (/(/|f(x,t)|rdx)%dt)%.

with the usual modifications when ¢ = co. We define the spatial Fourier transform of a function
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f € L*(R) by:
f/(—f\) = /Rf(x)efmgda:.

The spacetime Fourier transform of a function u € L7 (R x R) we define by:

u(&,T) = / / u(xvt)e—i(mﬁ-i-h')dxdt'
R JR
Let us take the convention for the Japanese bracket to be:

(€)= V1+I[P

Given s € R, we define the operator D? by:

— —

Do f(§) = (§)°F (&)

Furthermore, we define the operator D* by:
Dsf(€) = [E]°F(€).
Also, we define the Sobolev norm of f = f(z):

£ ez = [14€)° Fll 2
and the corresponding Sobolev space:
HAR) :=A{f : [|fle :=< o0}

Let us also define:
H®(R) == (| H*(R).

seR
Furthermore, given s,b € R, we define the X*° norm of u = u(x, t):
lull e == [14€)° (T — €)%l 2.,

and the corresponding X ** space
X5 R x R) := {u: ||ul x=p < 00}
We shall usually write the above spaces just as H® and X*?. On R, we recall the following Strichartz
estimate (c.f. [7, B0)).
(19) Ifllze, S NFIgog+-
Interpolating between (I9]) and ||f||L?z = ||fllx0.0, it follows that:

(20) 1£ls, S IFI o
From Sobolev embedding, we deduce that:

(21) 1 lszrz S 171 ot
and:
(22) ”f”L?oLi" < ||f||X%+,%+'

Interpolating between (I9) and (ZI]), we obtain:

(23) Ifllzsrs SN o3+

From [44], we recall the following localization bound for X*° spaces.
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Lemma 2.1. Ifb € (0,3) and s € R, then, for c < d:
(24) X,y () fllxen S MFllxe+

where the implicit constant doesn’t depend on u,c,d.

For the proof of Lemma[2T], we refer the reader to the proof of Lemma 2.1. in Appendix A of [44].
We remark that the proof of the Lemma given in the periodic case carries over to the non-periodic
case. Let us also note that a similar localization result was also proved in [18], and was stated
without proof in [12].

From [6] [15], we recall that on R, the following improved Strichartz estimate holds:
Proposition 2.2. Suppose N > 0 and suppose f,g € Xo’%"’(R x R) are such that for all t € R:
supp f(t) C{[¢] ~ N}, suppi(t) € {|¢] < N},
Then, the following bound holds:
1
1allzz. S N7 oy llgllo s+
We observe the following consequence of Proposition
Corollary 2.3. For f,g as in Proposition[2.3, one has:
1
Vfollzss S NODHILL oyl oy
Let us prove Corollary 23]
Proof. Let f,g be as in the assumptions of the Lemma. We observe that by Hélder’s inequality:
If9llzere < N Fllpsrallglisce S U o.s+ gl oz

The last inequality follows from (23]).
Given € > 0 small, we take:

2—¢€
0:= =1-
2+¢€
Then 6 € [0, 1] satisfies:
1 1 1
0-—+(1-0)--= .
2+( ) 4 2+4e€

By using interpolation and Proposition 2.2 we deduce that:
Vgl greers < (fallza 001 Follara)t = <

_1 _ _e
(N2l o 191 o3 UF I o 90 03 2 S N2 o N9l o3
Since # = 1—, Corollary 2.3] follows. O

In our analysis, we will have to work with x = X, +,+5](t), the characteristic function of the time
interval [to,to + d]. It is difficult to deal with y directly, since this function is not smooth, and since
its Fourier transform doesn’t have a sign. Instead, we will decompose x as a sum of two functions
which are easier to deal with. This goal will be achieved by using an appropriate approximation to
the identity. We will use the following decomposition, which is originally found in [15]:

Given ¢ € C§°(R), such that: 0 < ¢ <1, fR o(t)dt =1, and A > 0, we recall that the rescaling
¢ of ¢ is defined by:
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ox(0) = 5 0(5)

We observe that such a rescaling preserves the L' norm:

oAl = lI4llL;-

Having defined the rescaling, we write, for the scale N > 1:

(25) x(t) = a(t) + b(t), for a:= x * py-1.

In Lemma 8.2. of [15], the authors note the following estimate:

(26) Ja®) ) ogs S NS oy
(The implied constant here is independent of N.)
On the other hand, for any M € (1,+0c0), one obtains:
[0l Lar = [Ix = x * dn-1 Ly < lIxllpa + X * dn-1 L
which is by Young’s inequality:
< Ixllzar 4+ lIxllpallon—11lny = 2llxl Lo = C(M, X).

If we now define:

(27) bu(t) = /R b(r) |t dr.

Then the previous bound on [|b[| 2 and the Littlewood-Paley inequality [23] imply:

(28) 1]y < C(M,x) = C(M, ®).

To explain the fact that C'(M,x) = C(M,®), we note that x is defined as the characteristic
function of an interval of size §, and 4, in turn, depends only on ®.

We will frequently use the following modification of Proposition

Proposition 2.4. (Improved Strichartz Estimate with rough cut-off in time) Let u,v € XO’%*‘(R X
R) satisfy the assumptions of Proposition [ZZ2 Suppose also that Ny 2, N. Let uy, vy be given by:

@ = ()T = [T

Then one has:

1
(29) Jovalliz, £ =l vl o 4.
1
The same bound holds if:
ur = [ul, o1 = [(xo) .
Proof. Let’s consider the case when u; = |(xu)],01 = [v]. With notation as earlier, let Fy, Fy be

given by:

Fy = |(au), B == |(bu)].
Then, by the triangle inequality, one has:
i <P+ By
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Since w1, 07 > 0, Plancherel’s Theorem and duality imply that:

lurvnllgz. ~  sup / / T (€0, 7)1 (€2, ) e, 73) | dE
' Il T1+72+73=0 J {1 4+£24+£3=0

c
”L?_Y§:1

< sup / / Fi(&1,71)01 (€2, ) |c(€s, 75) |d€;dry +
1 /11472 +73=0 JE1+§2+€3=0

C
lell 2 -

sup / / Fa(&1,70)01 (62, 72)|c(Es, 75)|d€; dr;
HCHI_?gzl T1+72+73=0 J {1 +82+€3=0
Since Fy, Fy, 07 > 0, it follows that the latter expression is ~ [Fivillzz  + [[Fovillpz - Hence, it
follows that:
lurvillrz S 1Fvllze | + [[Foollpe
By Proposition 2.2] by the frequency assumptions on Fj and vy, and by the fact that taking
absolute values in the spacetime Fourier transform doesn’t change the X*° norms, we know that:

1Frvllez, S —llawll oy M1Vl og+
1

We now use (26) to deduce that this expression is:

1
< —(NO ||u|| 1 )||v|| 1
~ 1 X0 5+ x5+
N12 2 2
Since N1 2 N, this expression is:

1
(30) IS Nl ||u||X0’%+||v||X0,%+

1

On the other hand, let us consider ¢ € Li,g- With notation as before, one has:

‘ / / (Fov1) (&1, 11)e(6a, m2)dE;dry |
T1+72=0 J &1 +€2=0
= ‘/ / |(bu) (&1, 1) |01 (2, 2)c(Es, 73)dE s |
T1+72+73=0 J &1 +E2+£3=0
S/ / b(70)[[u(§1, 71)l|v1 (&2, T2)|e(€s, 73)|dE;dr; =1
To+T1+72+73=0 J &1 +€2+E€3=0
We then define the functions G;,j =1,...,3 by:
Gy := ||, Gs = |1], G5 = |c]
Recalling (27)), and using Parseval’s identity, it follows that:

I< / b1 (1)1 (2, )G (2, )G ()t

RxR

We choose M € (1,00), and 2+ such that: 37 + 5= = 1. By an L}, L7T L2, L}, Holder inequality,
we deduce that:

15 ol 1G1Gall 2o Gl
We use (28)), Corollary 223 and Plancherel’s theorem to deduce that:

1S Sl lolynge el
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By duality and by Plancherel’s theorem, it follows that:

1
(31) I1Fsunllag, S —= Il ool o 0

1
The case when uy := |u|, v1 := |(xv)| is treated analogously. The Proposition now follows from

(B0) and (3TI).
|

Furthermore, given a function v € Lf@, and a dyadic integer NV, we define the function vy as the

function obtained from v by restricting its spacetime Fourier Transform to the region [¢] ~ N. We
refer to this procedure as a dyadic decomposition or Littlewood-Paley decomposition. In particular,
we can write each function as a sum of such dyadically localized components:

v~ E UN -

dyadic N

Let us give some useful notation for multilinear expressions, which can also be found in [I5] [19].
For n > 2, an even integer, we define the hyperplane:

Iy = {(5177571) 6Rn€1++§n :O}v
endowed with the measure §(&1 + - -+ + &,). Given a function M,, = M, (&1,...,&,) on Ty, ie. an
n-multiplier, one defines the n-linear functional A, (My; f1,..., fn) by:

MM 1oy fr) = /F Mo, &) T F5(6):
n j=1
As in [15], we adopt the notation:

(32) Ma(Mps f) = M (Mus o fo o fo )

We will also sometimes write &;; for & + §;,£—; for & — &, etc.

Finally, let us recall the following Calculus fact, which is often referred to as the Double Mean
Value Theorem:

Proposition 2.5. Let f € C?(R). Suppose that z,n,u € R are such that ||, |u| < |z|. Then, one
has:

(33) [f(@+n+p) = fl@+n) = fl@t+p)+ f@)] S Wil @)
The proof of Proposition follows from the standard Mean Value Theorem.

3. THE CUBIC NONLINEAR SCHRODINGER EQUATION.

3.1. Basic facts about the equation: The equation () has the following conserved quantities:
(34) M (u(t)) := / |u(z,t)|>dz (Mass)
R

(35) E(u(t)) :== %/R|Vu(a:,t)|2d:17+ %A|u(z,t)|4dx (Energy)

We observe that ||u(t)||g: can be bounded by a continuous function of energy and mass. Energy
and mass are in turn continuous on H' by Sobolev embedding.
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The following local-in-time bound will be useful:

Proposition 3.1. Suppose that u is a global solution of (). Then, there exist § = (s, Energy, Mass),C =
C(s, Energy, Mass) such that, for all ty € R, there exists v € Xt satisfying the following prop-
erties:

(36) Olfto,t0+8) = Ul [to,t0+6]
(37) [oll o3+ < Cllulto)ll e
(38) HU||X1,%+ <C

Furthermore, § and C can be chosen to depend continuously on energy and mass.

The proof of Proposition B.1] proceeds by an appropriate fixed-point method and is analogous to
the proof of Proposition 3.1 in [44]. Furthermore, from the mentioned proof, it follows that ¢ and
C depend continuously on energy and mass. For the details, we refer the reader to Appendix A in
[44].

In the proof of the fact that F, as in the statement of Theorem [[.1l depends continuously on
the initial data, w.r.t. the H® topology, we will use the following:

Proposition 3.2. (Continuity of conserved quantities) Suppose n is a positive integer. Let E,
denote the conserved quantity of (), which, together with lower-order conserved quantities, we use
to bound the H™ norm of a solution. Then FE,, is continuous on H™. Moreover, one can construct
a function B, : H" — R that satisfies {3) and is continuous on H™.

The proof of Proposition is given in Appendix A.

Although we are starting with initial data ®, which we are only assuming belongs to H®, and
hence with solutions of (I), which we only know belong to H*®, our calculations will require us to
work with solutions which have more regularity. Hence, we will have to approximate our solutions to
(@) with smooth ones, and argue by density. The density argument is made precise by the following
result:

Proposition 3.3. Suppose u satisfies {Il) with initial data ® € H*®, and suppose each element of
(u™) satisfies () with initial data ®,,, where ®, € S(R) and ®,, 25 . Then, one has for all t:

u™ () 5 ().

The proof of Proposition is analogous to the proof of Proposition 3.4. from [44], given in
Appendix B of the mentioned paper. The proof is very similar, so it will be omitted. We refer the
reader to [44] for details.

Proposition 3.3 allows us to work with smooth solutions and pass to the limit in the end. Namely,
we note that if we take initial data ®,, as earlier, then, by persistence of regularity, u(" (t) will belong
to H*°(R) for all ¢t. If we knew that Theorem [I.T] were true for smooth solutions, we would obtain,
for all n € N, and for all t € R:

1™ (Ol < Fo(@n) (L +[8])*F

By letting n — oo, and using Proposition and the continuity of Fs on H?, it would follow
that for all t € R:
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u()]| s < Fo(®)(1 + [¢])*F.

We may henceforth work with ® € S(R), which implies that u(t) € H*(R) for all ¢. The claimed
result is then deduced from this special case by the approximation procedure given earlier. We will
make the same assumption in our study of the Hartree equation.

3.2. An Iteration bound and Proof of Theorem [I.1t Let u denote the unique global solution
to ([@). From the previous arguments, we know that we can assume WLOG that for all t € R, u(t) €
H®°(R). Our aim now is to use uniform bounds on ||u(¢)|| g+ coming from ([B]) to deduce bounds on
|lw(®)||z=. The key is to perform a frequency decomposition, similarly as in [g].

Let N > 1 be a parameter which we will determine later. We define the operator @ by:

(39) QF(©) = x1g1=nF (©)-
We write s = k + a, for k € N, « € (0,1). Using the definition (89) and (@), it follows that:

(I = Qu)|ze S NI = Qu®) |+ S

(40) S N u(@)]lgx < N Bi(®).

We will use (0] to estimate the low-frequency part of the solution.

The key now is to estimate the high-frequency part of the solution. This is done by the following
iteration bound:

Proposition 3.4. Let § = 6(®) > 0 be as in Proposition [31. Then, there exists a continuous
function C : H* — R such that for all to € R, one has:

Cc(d
IQutto +8) e — 1 Quito)ly. < S u(to) ..

Before we prove Proposition 3.4] let us note how it implies Theorem [I.1]

Proof. (of Theorem [[] assuming Proposition 7))
Let us fix tg € R. It follows that:

c(®)
Ni-

C(®)

| Quito + )3 < (1+ =

By ({@Q), it follows that:

I(Z = Q)ulto) 7

)Qu(to) I +

O 1 - Quutto) . < S

If we multiply K by an appropriate constant, we can write, for all ¢; € R:

(41)

N?*Bi(®) =: K(N, ®).

(42) IQuito + ). < (1+ S lQuito)l + K (N, @),

Given n € N, we take tg = 0,0,20,...,n0 and apply [{@2) to deduce the inequalities:
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c(®)
Ni-
c(®)
Ni-

1Qu(d)17-
1Qu(26) %

IN

(1+ NQu(0)[|%: + K (N, ®)

IN

(1+

NQu(d)|Z- + K (N, ®)

C(®)
Ni-
C(®)
NiI-

1Qu((n — 1)6)|%-

IN

(1+ NQu((n —2)0) |- + K(N, )

IQuind)l3. < (1+

NQu((n = 1)8)[I + K(N, @)

Let v :=1+ %. Let us multiply the first inequality by "1, the second inequality by v"~2, ...,

and the (n — 1)-st inequality by . We then sum to obtain:

(43) 1Qund) . < (1 4+ S5

Let us now consider n such that n < N'~. For such an n, we have:

)" 1Qu(0) |3 + K (N, ®)(1+7+ -+ +~"1).

C(®),,
N

(44) (1+ = O(R1(D)).

and hence:

o1 1+ SN
I gl Ll -
! ! -1 1+ 521

NIi=
(R
(45) = @
NI-

We can take the functions Ry, Ry : H' — R to be continuous. If we then combine (@), (@), [d5)

= O(N'~Ry(®)).

with (@3], it follows that:
1Qu(nd)||F- S Ri(®)|Q®||3« + Ra(@)N**Bi(2).
Hence, by continuity properties of By coming from from Proposition 3.2] and by the construction

of R1, Ry, we can find a continuous function Rz : H® — R such that for all n < N1~

(46) 1Qu(nd)|| - < Rs(®)(1 + N°).
Combining ([40) and (6], we deduce that there exists a continuous function Ry : H® — R, such

that for all n < N, one has:
[u(nd)| s < Ra(®)(1 4 N®).

Finally, by using appropriate local-in-time bounds on each of the n intervals of size d, it follows
that there exists a continuous function R : H* — R such that, for all T < N'~§, one has:

(47) [u(T) || e < R(®)(1 + N)*.

Let us now take:
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T~ N'76.
Then:

T
N~ (3)+.
5 +
(This is the step in which we choose the parameter N.)

Consequently, since § = §(®) > 0 is a continuous function on H!, it follows that there exists a
continuous function Fy on H*® such that for T' > 1:

(48) [u(T) e < Fo(@)(1+T)*.

From local well-posedness, we get the same bound for times in [0,1]. By time reversibility, we

also get the bound for negative times. Theorem [Tl now follows.
O

Let us now prove Proposition [3.4]

Proof. We know that: u; = iAu — i|u|?u. Hence, we compute:

L 1Qui 3. = (D" Qu(t), D Qu(t) = 2Re{D*Qu, D*Quy) =

= 2Re(D*Qu, D*u;) = 2Re(D*Qu,iD* Au) — 2Re(D*Qu, iD* (|u|?u)) =

(49) = —2Im(D*Qu, D*(Jul*u)).

We note that in the third equality, we used Parseval’s identity and the definition of @ to omit
the operator @ in the second factor, and in the fifth equality, we argued similarly and used the fact
that

(D°Qu, D°Au) = (D*Qu, D°AQu) € R.

It is important to remark that this quantity is indeed finite since u(t) € H*°. This is what allows
us to differentiate in time and use the previous formulae.

Hence, if we fix g € R, we obtain:

to+06 d

1Quto + 8) 17+ — 1Qu(to)[I7 :/ ZlQut)lz =

to
to+0
= —/ 2Im{D*Qu, D*(Ju|?v))dt.

to
Thus, it suffices to estimate:

to+o
| / (D*Qu, D* (Julu))dt |.
to

Let v be the function we obtain by Proposition Bl if we are considering the time ty we fixed
earlier. For the § > 0, which we obtain by Proposition Bl we denote:

X(t) = Xto,to+6](t)-
Then:



16 VEDRAN SOHINGER

to+9d to+o
[ QD Pyt = [ (0°Qu Do)t~
t() t()
= / / X (t)D?QuD? (vvv)dxdt.
RJR

With notation as in Section 2 for dyadic integers Ny, No, N3, Ny, we define:

‘[]\]171\[2)]\]371\[4 Z://X(t)DSQ’UNlDS(’U_NQ’UNSW)dJJdt.
R JR

By definition of @ and the fact that > &; = 0,¢;| ~ N;, we deduce that In, n, N, N, IS zero
unless the following conditions hold:

(50) Ny > N.
(51) ma${N2,N3,N4} ZNl

By Parseval’s identity, the expression In, n, N, N, 1S

~ / / (D Quy, Y (1, 71) (€2)* (TuN,TNL) (62, 72) €y =
S 1=0J3¢;=0

- / / (X(D)D* Quy, Y (1, 71) (€2 +E3+E0)° (T7) (62, 72) T, (65, 75) (7)™ (60, 70) d i,
E"'Jf ZEJZO

So, by the triangle inequality:

|IN1,N2;N37N4| S

/ / DD*Qur, Y (€1, )| (€t Es-€0)° |(TR7) (€2, 72)] | (€3, 73)] | (O7) (6. 7)) .
ZT] ZfJ—O

We now use a “Fractional Leibniz Rule”, i.e. we note that:

(€2 + & +84)° S (&) + (63)° + (&a)°.

Hence, by symmetry E, it suffices to estimate:

JIN1,No N3, Ny 1=

/ / (0D Qo)™ (€1, )| (€2)° (O3 (0, 72)) [0 (€, 75) | [(OF7) ™ (€0, 7a) | iy ~
Z 7;=0 ZfJ—O

~f / (0D Quw, ) (€1, )| (D70 (€ 7a) 103, €. 72| [09) (€0, )| .
> m=0J32¢; —0
Let us define:

3From the argument that follows, we see that the two other terms are estimated analogously. The fact that the
D# falls on a term with or without a complex conjugate doesn’t matter in the argument.
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(52) A= [ [ 100D Quy, )€ 7l g

(53) Fy(x,t) := /R /R |(D%vn, )~ (&, 7)|e @) dedr.

(54) Fj(x,1) :=//|Evj(§,7)|ei<w5+”>d§d7, for j = 3,4.
RJR

Hence, by Parseval’s identity, since all the E are real-valued, we obtain:

(55) JN\, N2, N3, Ny N//F1F2F3Ed$dt.
R JR

We consider the following Cases:

Case 1: max {Na, N3, Ny} = N3 or maz { N2, N3, Ny} = Ny.
Let us WLOG suppose that maxz { N, N3, Ny} = N3, since the case max {Na, N3, Ny} = Ny is

analogous. Here:

|INy,No N3, Na| = JINy,No Ny, Ny, Which is by (B3]) and by an Lf})m, Lf})m, Lf})m, Lf})m Holder’s inequality:
<1 os WBsll s 1Fsllgs Tl =

= [1Fulles N2 llzs 1Fslcs Fallzs
which by using (20) is:

< ||F1||X0%+||F2||X0%+ ||F3||Xo,%+||F4||X0%+
By definition of the functions Fj, and by the fact that taking absolute values in the spacetime

Fourier transform doesn’t change the X*® norm, it follows that the previous expression is:

~ IXOD Qurs | o3 1D 0w | oz oms | oz lomal o3

From Lemma [Z.I] and the fact that %—I— < %, this expression is:
S 1D*Qun, ||X0,%++ Do, ||X0%+ [N ||X0%+ ||UN4||X0%+ IS

1
< [1D*Qun, ||X0,%++||DSUN2 ||X0’%+F3||UN3HX1%+ ||UN4||X0%+ S

2

1 2
S ol gl .

From Proposition B, we bound this by:

(50 < S ugeo 13-

Let us observe that in this case, we have:

NgZNQ,N4 and NgZNl zN
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Hence, we have obtained a favorable decay factor of Nis

Case 2: ma${N2,N3,N4} = NQ.
Subcase 1: Ny > N3, Ny.

Since Y &; = 0 and |§;| ~ Ny, it follows that N7 ~ Na. Hence:

(57) Ny~ Ny 2 N and Ny ~ Ny > N3, Ny.

In this subcase, we will have to argue a little bit harder. The main tools that we will use will be
the improved Strichartz estimate Proposition 2.2] and its modification, Proposition 2.4
We use (B5) and an L7, L7 , Holder inequality to deduce that:

| Ny N Na N | S 1FLES 2 ([ F2Fullzz |

By the assumption on the frequencies, (52)), (B3], (B4), Proposition 2.4 and Proposition 2.2] this
expression is:

1 1
S ( - [ D*Qun, ”XO’%* ||UN3||X0,%+) (—%”DS’UNQ ”XD’%*HUN“”XO’%*)
Ny Ny

By (&), this expression is:

2
Xl,%+

2
S NI [0l %05 12l

We now use Proposition 3] to deduce that in Subcase 1, one has:
C(®)

(58) | JNy, Na Ns Ns | < NI- l[u(to)l| % -
2

By (E7)), we notice that in this Subcase Nll, is again a favorable decay factor
2

Subcase 2: Ny ~ N3 > Ny or Ny ~ Ny 2 Nj3.

Let us consider WLOG the case when Ny ~ N3 2 Ny, since the case Ny ~ Ny 2 N3 is analogous.
By the same argument as in Case 1, it follows that:

1
|JN1>N2>N37N4\ S _3||v||§(s,%+||v”2

XLt
Since N3 ~ Ns, it follows that:
< 1 2 2
| INy No Na N | S E||U||Xs,%+||v||xl,%+ <
C(P)
(59) < THU(to)H%{s-
2

In this Subcase, Ni is an acceptable decay factor.
2

Combining (B8) and (B9), it follows that in Case 2, one has the bound:
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C(®)
(60) | INy Na, Ns Ns | < = l[u(to)l| % -
2

We now combine (B6), ([@0) and sum in the dyadic integers N;, keeping in mind the assumptions

(E0), (&10), and the assumptions of each case. It follows that:

Cc(®)

|Z‘]N1,N2,N37N4| < FHu(tO)”%{S
N;
Hence, by construction of Jn, N, ns, N, We deduce:
c(@)
>INy Vo Na N < FHU(tO)H%{w

N;

The fact that C(®) depends continuously on ® w.r.t the H! topology follows from Proposition B.1]

as well as the same continuous dependence of §, energy, mass, and the uniform bound on the H'
norm of u. Proposition [3.4] now follows. O

4. THE HARTREE EQUATION.

4.1. Basic facts about the equation and definition of the D operator. As in the case of the
cubic NLS, we will take ® € S(R) in order to rigorously justify all of our calculations. The general
claim follows by density and the Approximation Lemma, i.e. Proposition applied to ([@).

The same iteration argument that we used for the cubic equation doesn’t work for ([2)), since the
only conserved quantities that we have at our disposal are mass and energy. We now adapt to the
non-periodic setting the upside-down I-method approach that we used on S* in [44].

We first define 6y : R — R by:
g1, if €] > 2
61 0 =

We extend 6 for 1 < [¢] < 2 such that 6 is even, smooth on R, and such that it is non-decreasing

on [0, +00). By construction, we then obtain:

(62) o36)| < 1208
€
(63) 0(0)] < %)
T
(64) Oo(z +y) < Oo(z) + 00(y).

Suppose now that N > 1 is given. Then, we define:

() = ol

Hence:
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D i g > 2N
(65) 0(¢) = {fif <N,

From (62),([G3]), and (64]), we obtain:

(66) o)) 5 )
€]
(67) 0(0)) 5 L]
€]2
(68) 0(z +y) < 0(x) +0(y).
Having defined 6, we define the D-operator by:
(69) DF(€) = 0(€) F(9)-
One then has the bound:
(70) IDfllz S fllzs S NIDSfI 2z

Let u denote the global solution of [2). We then have the following result:

Proposition 4.1. Given tg € R, there exists a globally defined function v : R x R — C satisfying
the properties:

(71) (to,to+8] = U[to,to-+6]-
(72) [vll 1.3+ < C(s, E(®), M(®))
(73) D]l (o.3+ < Cls, E(®), M(®))|[Dulto)| 2

Moreover, § and C' can be chosen to depend continuously on the energy and mass.

The proof of Proposition ] is analogous to the proof of Proposition 3.1. and Proposition 4.1.
in [44]. The point is that all the intermediate estimates that hold in the periodic setting carry over
to the non-periodic setting. Since V € LY(R), we know that V € L*°(R), so one can directly modify
the proof for the cubic NLS to the Hartree equation as in [44]. We omit the details.

4.2. An Iteration bound and proof of Theorem As in the periodic case, let:
B (u(t)) = || Du(t)]|2--
Then, arguing as in [44], we obtain, that for some ¢ € R:

d

GE ) =i | ((6(60))” - (6(&2))? + (6(&))” — (6(60))")
§1+€2+83+8€4=0

(74) V(& + &a)(&) (&) (s ) (8a) ;.
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Recalling the notation from the Introduction, as in [44], we consider the following higher modified
energy

(75) E%(u) := B (u) + Mg (My; ).
The quantity My will be determined soon.

The modified energy E? is obtained by adding a “multilinear correction” to the modified energy
E' considered earlier. In order to find % E?(u), we need to find £ A\s(My;u). Thus, if we fix a
multiplier My, we obtain:

d
E)\4(M4,u) =

= —iM(Ma(E] - & + €3 — 1))

_i/ [M4(§123=§4=§57§6)‘7(§1 + &)
E1+E&2+E3+84+E5+E86=0

—My(€1, €234, &5, £6)V (€2 + &) + Mu(E1, €0, €345, &6) V (€3 + £4)

(76) — Mu(€1, &2, &, Eas6) V (€4 + &) U(EL)U(E2)T(Es)T(Ea)T(Es V() dE;

With the setup (7)) and (7€), we can use higher modified energies as in in the periodic setting.
Namely, it follows that if we take:

(77) M4 =W,
where ¥ is defined by:

v:T'y - R

& -&3+E65-¢7

(78) _— {C(9(51))2—(9(52))2-‘1-(‘9(53))2—(‘9(54))2‘7(534-&1)7 if 5% _ gg + gg _ gz £0

0, otherwise.

for an appropriate real constant ¢. One then has:

(79) %E?(U) — —ixe(Ms; ).

where:

Mo (€1, 2, €3, €4, E5,E6) = My(E123, €4, E5,E6)V (€1 + £2)

—My(&1, 6234, &5, 56)‘7(52 +&3) + My(&1, &2, Eaas, 56)‘7(53 +&4)

(80) — My(&1,62,63, 5456)‘7(54 +&5)
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The key to continue our study of E?(u) is to deduce pointwise bounds on ¥. We dyadically localize

the frequencies as [{;| ~ N;. We then order the N7 in decreasing order to obtain: N7 > N3 >
N3 > Nj. Let us show that the following result holds:

Proposition 4.2. (Pointwise bound on the multiplier) Under the previous assumptions, one has:

(81) If N3 > Nj, W = O(—=— 6(ND)O(NS)).
)
1

(82) I N5 ~ N, % = Ol NDBN] NS N,

In the proof of Proposition 4.2 the following bound will be useful:
Lemma 4.3. Suppose that |z| > |y|. Then, one has:

|(0(2))* = (0))*] < (=] = Iy])

We prove Proposition and Lemma [£.3] in Appendix B.

(6(=))>
|z

Using Proposition and arguing as in [44], we deduce that, whenever u is a global solution of
@), one has:

(83) E?(u) ~ E'(u).
Arguing as in [44], the key is to deduce the following bound:

Lemma 4.4. For all ty € R, one has:

B (ulto +8)) ~ B (u(to))| S 5= B o).

We see that Theorem follows from Lemma [4.4}

Proof. (of Theorem assuming Lemma (7))
By Lemma 4] there exists C' > 0 such that for all ¢ty € R, one has:

C

(84) E?(u(to +9)) < (1+ 35=) B2 (u(to))
Using (84) iteratively, we obtain that Avr >1:

F2(u(T)) < (1 + ~—) 51 E2(®

(W) < (1 + 5757) (®)

Let us take:
(85) T ~ N3~
For such a choice of T', one has:
(86) B*(u(T)) < E*(®)

Using (f0), and (83), it follows that:

4 Strictly speaking, we are using (T3] to deduce that we can get the bound for all such times, and not just those
which are a multiple of §.
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(T S N"E*(u(T)) S N*E*(®) < N*||®| e

~

(87) ST @lae S A +T)5H(|2 e

Since for times ¢ € [0, 1], we get the bound of Theorem [[.2] just by iterating the local well-posedness
construction, the claim for these times follows immediately. Combining this observation, (87,
recalling the approximation result, and using time-reversibility, Theorem follows. O

We now prove Lemma [£.4

Proof. Let us WLOG consider ¢ty = 0. The general case follows analogously. By ([73]), we write:

5 )
B2 () - B*u(0) = [ ZEA )it =i [ Az

We recall [B0), and we use symmetry to deduce that it suffices to bound:

é ~ . ~ ~
/ / Ma(E12s, €0, 65, 66) V(60 + E2)(E0 U(Ea)A(E Vi (E4) (S5 iU(Es) e dt
0 JE&i+4-+E€6=0

Let v be as in Proposition i1} and let x = x(t) = x[0,5](t). The above expression is then equal to:

6 -~ o~ o~
/ / My (€123,84, 85, 86)V (€1 + §2)V(61)0(62)0(£3)0(E4)V(E5) (X V) (€6)dEdt =
0 Jer+tes=0

:/ / My(&1,82,83,84)
i+ +7a=0 J &+ +€4=0

(V  [o)o) (€1, 71)0(E2, 72)0(E3, 73) (XO) (4, Ta)dEjdr
Let N;j,j =1,...4, be dyadic integers. We define:

IN, N2 N3 Ny ZZ/ / My(&1,82,83,84)
T14+74=0 J &1+ +€4=0

(Vs [o]*)o) Ny (1, 1) 0N, (€25 T2)0N, (3, 73) (XO) Ny (€, Ta)dE;dT.
We want to bound In, v, NN, Let us define by N the appropriate reordering of the N;. We

know:

(88) Ni ~Nj, Ni 2 N.

We have to consider two Big Cases:
Big Case 1: Ny > Nj.
Big Case 2: Nj ~ Nj.

Big Case 1:
From Proposition [£2] in this Big Case, we have the bound:
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1
89 My = O(——=0(N;)0(NS
( ) 4 ((Nik)2 ( 1) ( 2))
We consider several Cases:
Case 1: Nf ~ Nj (and hence Nj ~ Ny).

Let us assume WLOG that:

N3 ~ Ny, Ni ~ N3, Nj ~ Ny.
The other cases are analogous.

By using ([I02)), we deduce:

Ty oo | < / 06 + 60 + E)O(NG)

71+ +76=0 /§1+"'+§6—0>|51+§2+E3|NN1 (Nl*)z

[5(&1, 70)I[0(&2, 72) I[85, 73) [0, (64, 7a) [0, (€5, 7)1 (XD) v (865 76) A€ -
From (68)), we know that:

0(&1 + & +&3) S 0(61) +0(&2) +0(83)-

By symmetry, we need to bound:

1

111\717N2,N37N4 ::/ / (N*)ze(fl)e(]\];)
Ti++76=0 J &1+ +E€6=0,|§1+E2+E€3 |~ N1 1

[0(&1, 7o) [0(82, 72)|[0(85, 73) [0, (€4, 7a) 1B (€, 7)1 (XT) v, (€6, 76) | dE s S

1 -
[ el (DT (€ m)
Ti++76=0 J &1+ +E6=0,|§1+E2+E3 |~ N1 ( 1)

[0(&2, 72)[[0(&3, 73)|[(DO) N, (€4, Ta)[|0n5 (65, 75) | (X0) N, (6,5 76)|dEj .
Now, &1 4 & + &3] ~ N1, hence:

max{[&1], [§2], [€3]} 2 N1
‘We have to consider several subcases:

Subcase 1: || 2 N;.

. . 1 . . L
The contribution to Iy, n, y, n, I this subcase is:

1
< . ~
~ /Tl+"'+7'6_0 ‘/£1+"'+£6_0 (Nik)z (l(DU) R~ (5177-1)””]\]3 (557 T5)|)

(l (ID’D)NNQ (547 T4) | | (X’D)NNAL (567 Tﬁ) |) |5(§27 7—2) | |5(§37 T3)|d§jd7—j =

1 N
—//WF1F2F3F4F5F6dIdt
R JR 1

For the last equality, we used Parseval’s identity for the functions F};, which are chosen to satisfy:
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Fy = [(Dv)on, |, B = [ng], Fs = (Do |, Fa = [(xo) il Fs = (7], Fs = [7].
We now use an L7 ., L7 ., Lg%, LS, Holder inequality, Proposition 22, Proposition 24} and [22) to
see that this expression is:

1 1 1
N (NT)Q(N; ||DU||X0 1+||U||X0 1 )(F”’DUHXO%JWHXO L )”UHX 141+

2

1
S Pl
1 2
(90) S = B ul0)

1

Subcase 2: |&] = Ny.

. . 1 . . (R
The contribution to IN17N27N3,N4 in this subcase is:

1
< _ .
~ /n+~»+m—o /£1+---+5s—0 (Ny)? Doy e @) 2 (2, m2)l

(Do) N, (&as )l (X0 s (6, 76)1) [0(Es, T3) |0, (65, 75) € d

We argue similarly as in the previous Subcase, but we now use an L} o Lfm, Lf o Loy Lo, Holder
inequality and Proposition 2.4 to deduce that the previous expression is:

1 1 ,
< (Nl*)2 ||DU||X0,%+||UZN1||X0,%+(EHDU”X05+||U||X0,%+)||U”X%+,%+
S D)2, o]l
S vpE T e d e
<1 2
(91) S WE (u(0)).
1

(We note that we used the fact that ||’UZN1||X0 3 S N1 ||U||X1 1,.)
Subcase 3: |¢3] = N;.
Subcase 3 is analogous to Subcase 2, and we get the same bound on the wanted contribution.

Case 2: Nj ~ N or Nf ~ Nj. Let us WLOG consider the case Ni ~ Nj. (the case Nj ~ N,
is analogous) Let us also WLOG suppose:

Ny ~ Ng, Ny ~ N3, Nj ~ Ny.

Arguing similarly as earlier, we want to estimate:

1

/7'1+"'+TG_0 /51+'”+56_0,51+52+53|~N1 (Nl )2
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[0(&, 7)1 [0(E2, T2)|[0(E3, 73) [O N, (Eas Ta) [[ON (€5, 75) | (XD N, (65 76)|dEd;

We write:

Vet Tt

We consider the following subcases:

Subcase 1: |&1],[&, [&5] < (N7)3.

We have to estimate:

1
/n+---+m—0 /£1+~~~+5a—0,51+52+53|~1v1 (N7)?

0(N2)0(Ns)

52772)”” (&3, 73)|[0v, (€, Ta)|[Ons (&5, T5) || (XD Ny (€6, T6)|dEjdT;

1
2

1

</ /
it re=0 Je et éa=0 |1 +ea kol ony (NT)?

~

(17 ey €6 NPT e (€0, 7))

(1(Pv) s (&5, 75)[[(0) s (€6, T)DIT )3 (&3, T [0 3 (62, 72) |8

We apply an Lt . Lf o L§S, LS, Holder inequality, Proposition[2.2] and Proposition2.4lto deduce
that the above expression is:
1 1 1
S g (g o 4+ 1P o Pl g ol .
3
< 1
~ (N ) ||Dv||X01+||U||X1 1
1
1 2
(92) o )
1

Subcase 2: max{|¢1], |6, [&]} = (N])?.

We consider WLOG when 1] 2 (N7)=.
estimate:

The other two cases are analogous. Hence, we have to

1

/ / 0NN
71+ +76=0 JE1 4 +E6=0,|E1+E2+E3 |~ N1 (Nl )

[0, (o3 G T [0(&, ) [[0(Es, 7o) [0 (€0, ) [0 (&5, 75) 100 s (86 76) € b

< 1

~ * |~ * (617T1)||(DU) N: (547T4)|
‘/7'1+"'+TG_O /51+"'+56_0>51+52+£3NN1 (Nl) R(N7 )2 ’

(I(Dv) N, (&5, ) 11X D) s (6, 76)1) [0(E2, 72)|[0(85, 73)1d€
We use an Lf»m,Lfm,Lfm,L,?om,L% Holder inequality, and Proposition [Z4] to deduce that this

expression is:
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1 1

S ooyt Dot 12 (s 1PVl gl 00

1
S WHDUW
1

4

||U||X1,%+

x0.5+

1
Here we used the fact that HUZ(N{‘)% ||X0%+ < W||UHX1’%+'

Hence, the contribution from this Subcase is:

1

(93) < e B2 (u(0))

(NV7)?
Combining ([@0), @1)), @2), (@3)), it follows that the contribution to In, n, N, N, coming from Big
Case 1 is:
(9) O = F2(u(0))

———FE*(u .

(N2~

Big Case 2: We recall that in this Big Case Ny ~ N3.

From Proposition [£.2] we observe that in Big Case 2, one has:

1 * * * NTk
(95) My(&1,62,63,8) = O(WG(Nﬁe(Nz)Ng Ny)
1
In Big Case 2, we argue in the same way as we did for the Hartree equation on S* in [44].
The same argument as in Section 4.1. of the mentioned paper implies that the contribution to
IN, ,N,,Ns,N, coming from Big Case 2 is:

1

) MAE

E2(u(0))).

We refer the reader to the proof in [44]. Let us note that in the periodic setting, we could only
get a decay factor of ﬁ
1

We use (@4),([@6),(B8)), and sum in the N to deduce Lemma @4l for ¢y = 0. By time-translation,
the general claim follows. 0

Remark 4.5. If we use the method of proof of Theorem[I1l for the Hartree equation (here we just
use mass and energy as conserved quantities), we can obtain the bound ||u(t)|| s < C(1+ [t])=DT,
which is a weaker result than Theorem [L.2 when s is large.

5. APPENDIX A: AUXILIARY RESULTS FOR THE CUBIC NONLINEAR SCHRODINGER EQUATION.
In Appendix A, we prove Proposition 3.2]

Proof. By continuity of Energy and Mass on H', both of the claims clearly hold for n = 1. For
higher n, we will need to work directly with the higher conserved quantities of (). One can explicitly
compute these quantities by means of a recursive formula. The formula that we use comes from
[24, 40]. Let u be a solution of (). Let us define a sequence of polynomials (Py)i>1 by:
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(97) Py = |u
Pii1 = —itZ(Z)+ S BP Ly, fork > 1.

ox\ u

Then, for all k > 1, [ Py dz is a conserved quantity for ().

For the details, we refer the reader to [24], more precisely to Page 53, where it is noted that
formulas (4.19),(4.20),(4.34) in the textbook still remain valid for our equation. Let us now explicitly
compute:

0

Py, = —zu%u
62
P3 = a 2’U, + = |’LL|4
3
P, = zuaa SU— z|u|2ﬁaﬂxu

The conserved quantity corresponding to P is:

/P1 dx:/|u|2d:v = Mass.

For the conserved quantities corresponding to Ps, P53, we integrate by parts to obtain:

i 0 0 _
/P2 dr = ——/( (996 u%u)dx ~ Momentum.

/P3 dw-/’a—u’ dx + = /|u|4dx ~ Energy.

So, we recover the well-known conserved quantities this way.
We argue by induction to deduce that:

n—1

P—cua u+lot

Again, by induction, we obtain that each lower-order term contains in total at most n—3 derivatives.
It follows that the conserved quantity we want to study is:

/P2n+1d:v—:|:c/‘ u’ dr +l.o0.t.
Here, each lower-order term is the integral of a polynomial in z-derivatives of u, & containing in total

at most 2n — 2 derivatives. If we integrate by parts, we can arrange so that at most n derivatives
fall on one factor, and that at most n — 2 derivatives fall on all the other factors combined. By using
Holder’s mequahtyﬁ and by Sobolev embedding, there exists a polynomial @Q,, = @, (z) s.t.

(98) Ey(u) > C(llullf, — Qulllull gn-s)ull )
Similarly, if we also use multilinearity, it follows that there exists a polynomial R,, in (z,y) s.t

[En(u) = En(0)] S (lullam + ol am)llw = vl n+

(99) R ([[ull s [0l 1) llw = vl zn-

Swe estimate the factor with the most derivatives, and an arbitrary other factor in L?; the rest of the factors we

estimate in L°°
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The fact that E,, is continuous on H™ follows immediately from (@9)). This proves the first part of
the claim.

Furthermore, if we define:

B (u) = By (u) + ||ullZs,
then, by (@8]), it follows that:

En(u) = Colllul 3 — Qu(l[tl gra—1) 1l 110)-

This bound in turn implies:

3 (@l + [ @ululir )P + 5Bt

n

(100) [l e

IN

We finally define:

(101) Bu(®) = 5 (Qu(Bas (@) +[@u(Baa (@) + 5 Fu®) ).

n

We combine the fact that E, is continuous on H™, conservation of mass, (I00), and argue by
induction to deduce the second part of the claim if we define B,, as in (I0T)).
a

6. APPENDIX B: AUXILIARY RESULTS FOR THE HARTREE EQUATION.
We first prove Proposition assuming Lemma

Proof. Let us first recall that:

(102) VelrL®

As before, we consider |£;| ~ N; for dyadic integers Ny, Na, N3, Ny. We order the N; to obtain
Ni, forj=1,...,4,st. Nf > Ny > Nj > Nj. Let’s recall the localization (88)). By symmetry, let
us also consider WLOG Ny ~ Nj.

We consider the following cases:

Case 1: Ny > N3.

We must consider several subcases:
Subcase 1: Nj ~ Na.

Since &1 + &2 + &3 + €4 = 0, we obtain:

(103) |67 — &3 + &8 — &l = 2/(& + &)(& + &)

In this Subcase, this expression is:

~ N7l& + &
By Lemma [£3] we know:
0 2 O(NFO(Nx
0€0))? — (B2 < llea] — ol LEDE < e, | g FVIOWNS)
131 Ny
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o . (0(63))? < (8(62))°
Similarly, assuming WLOG that €3] > |&4], we use Lemma [£3] and the fact that

if [&3] > N, and (0(&3))% — (0(&4))? = 0, if |&5] < N to deduce that:

O(NT7)O(NS O(NT)O(NS
0€))? — (01€))?] o + & DN e g, L OING)
1 1
Combining the last three bounds and (I02]), we obtain:
1
(104) U = O(———50(N7)O(N3)).

(N7)?

Subcase 2: N5 ~ Ns.

€3]

~

[&1] 7

In this subcase, we don’t expect any cancelation in neither the numerator nor the denominator.
So, we just estimate the numerator as O(0(N7)0(N3)), and we estimate the denominator as ~ (N7)2.

Consequently:

(105) v = O(ﬁe(zvf)e(zv;)).
Case 2: N ~ Nj.
As before, we consider two subcases:
Subcase 1: N3 > Nj.
It suffices to WLOG consider when Ny ~ Ny, N3 ~ N3, Nj ~ Njy.
We have:

l6F — & + &5 — &5 = 2[(6 + &) (&1 + &) | ~ N[ + &l
We argue now as in Subcase 1 of Case 1 to obtain:

1
v=0 O(NTYO(NS)).
((Nf)2 ( 1) ( 2))
Since N3 ~ N, in this subcase, we obtain:
1 * * *
(106) V= O(We(Nl)e(Nz)N3)'
1

Subcase 2: N ~ NJ ~ Nj ~ Nj.
‘We know:

-G+ -Gl ~ G +&)(& +&)

We must consider several sub-subcases.
Sub-subcase 1: |{ + & < 1, € + & < 1.
Since &1 + &2 + &3+ &4 = 0, we get:

3+ (61 +&) =&
§3+ (61 +&) =&
E+ (G +86)+ (& + &) =&
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From the previous identities, the Double Mean Value Theorem (33)), and (67]), we obtain that:

[(0(61))* — (0(£2))% + (0(83))* — (0(€4))?| =

= 1(0(€s + (61 + &2) + (€1 +64)))* = (0(& + (&1 + &)))” + (0(&s + (61 + €2)))* — (0(64))°]

0 2
Sl +alle + &l ) S+ alle + 6 T

O(NT)O(N3)
< OLNT)JOLNS )

S 161+ &lé + &l (N7)2

So, in this sub-subcase, we obtain that:
1 * *\\
= 0((N1*)29(N1 JO(N3)) =
1

(107) = O(WWNT)@(N;)N;NI)

Sub-subcase 2: |§ +&4] = 1.

Here:

& — €3 + & — & = 2l& + &6 + &l 2 6 + & = (6 + &l
Hence, by Lemma [£3}

o - O(|(9(§1))2 — (0(&2))* | 1(6(&))* — (9(54))2|) _

|61+ &2 €3 + &4l
1 2\ L * * o
= O(@(Q(&)) )= O(Nl* O(NT)O(N3)) =
1 * * k NT*
(108) O(wo(]vlw(]vz)]vs]\@)

Sub-subcase 3: |{ + & = 1.

We group the terms in the numerator as:

((0(£1))* = (6(64))%) + ((6(43))* — (6(&2))%)

Then, we argue as in the previous sub-subcase to obtain:

(109 o

(VDI NN

Let us now prove Lemma (4.3

Proof. We have to consider five cases:
(1) N <[y], 2N < |z|
(2) N <yl < |z[ <2N
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(3) [yl <zl <N
(4) |yl <N, 2N < |z|
(5) lyl < N <|[z[ <2N

We consider each case separately:

(1) 1(0(2)* = (0))?] < (2] = lyl) suppy) 21 1(6%) ()] < (2] = [y]) suppy 2 [(6%)'(2)]
By using (G6]), this expression is:

< (ol =l sup (L) < a) — 1yl sup (4O
CAEIRNEL N fzl] |2l
= (|| — S RN . e R IO
= (|z| Iyl)p;ﬁ” vz = el = lyl) == = (2l = lyl) Eh

(2) 1(0(2))> — (0(9))2] < (2] = ly]) subgyp s 162) ()] < (] = [y]) suppyp o (KE5)
For z € [|y|, |=]], one has:

OE)2 )2 (0@)

|| [N ||
Hence, we get the wanted bound in this case.

(3) In this case: (A(z))? — (0(y))? = 0.

(4) [(6(x))2 — (0(y))?] = |'Ze — (B(N))?|, and we argue as in the first case.

(5) 1(0(x))* — (0(y))?| = |(8(x))? — (B(N))?], and we argue as in the second case.

Lemma now follows.

7. APPENDIX C: THE DERIVATIVE NONLINEAR SCHRODINGER EQUATION:

In this Appendix, we give a brief sketch of the proof of (I8].

We don’t consider derivative nonlinear Schrodinger equation directly. Rather, we argue as in
[29] [3T], 32], and we apply to (I6]) the following gauge transform:

(110) Gf(z) = e 2 FWIPdy £ ().

For w a solution of (If),we take w := Gu. Then, it can be shown that w solves:

(111) {iwt—l—Aw— —iw?w, — %|w|4w

w(z,0) = wo(z) = GO(x),xz € R,t € R.

The equation (11 has as a corresponding Hamiltonian:

_ 1 o
(112) E(f) ::/(%Cfamfda:—ifm/fffamfdaj.
Although the problem is not defocusing a priori, in [I5],[I9], it is noted that the smallness condition
([IT) guarantees that the energy F(w(t)) is positive and that it gives us a priori bounds on ||w(t)|| g .



BOUNDS ON SOBOLEV NORMS FOR NLS ON R 33

It can be shown that the gauge transform satisfies the following boundedness property:

Gauge transform bound. For s > 1, there exists a polynomial Ps = Ps(xz) such that:

1GF s < P(Lf L)l S Nl e

I1G= fllze < Po(lf )1 F 1L
From the bi-continuity of gauge transform, and the uniform bounds on ||w(t)| g1, it suffices to
prove for solutions of (IT1]) the bounds that we want to hold for solutions of the derivative NLS.

One can show that a local-in-time estimate, analogous to Proposition 1] holds for (IT1). The
key is to use the following:

Trilinear Estimate. Let s > 1,b € (%, %],b’ > %, then for vi,ve,v3 : R x R — C, the following
estimate holds:

[v1v2(vs), [l xcan-1 S Hlvll x o lvallx oo f[vs] o0
(113) + vl x e o2l s losllxner + lvall o 12l x e [[os]l xoe-
This estimate is the analogue of Proposition 2.4. in [49], where the identical statement is proved
in the context of low regularities. The proof for s > 1 is similar, with minor modifications.

We now argue as in Theorem [[L2] by using the technique of higher modified energies. We define
E! as before. We consider the higher modified energy E? given by:

(114) E?(w) := EY(w) + Ay (My; w).
Using the equation ([IIT), it follows that a good choice for the multiplier My on the set T'y is:

(0(61))%& + (0(€2))%86 + (0(&3))*E1 + (0(64))?E2
) e g-gra-g

We define the ordered dyadic localizations N as before. With this notation, one can show the
following:

Multiplier bound. On I'y, one has the pointwise bound:

1 * *
(116) |Ma| S N—ft?(Nl)@(Nz)-
By construction of My, we obtain:
d o d d _
%E (w(t)) = %E (w) + %)\4(M4,w)
(117) :)\6(0'6;11))+/\6(M6;’w)+/\8(M8;’LU).
Here:
(118) o6 = (0(61))” = (0(€2))” + (0(&))° — (0(&4))* + (8(85))* — (6(%6))*.

Mg ~ My(&123, 84,85, 86) &2 + Ma(&1, 6234, 65, 86)E3
(119) + My (&1, 82,8345, 86)64 + Ma(&1, &2, €3, Ea56) 5.
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(120)
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Mg ~ My (&12345, 6, &7, E8) — Ma(&r, €356, 7, €8)
+ My(&1, &2, E3a567, &8) — Mu(&1, &2, &3, Eusers)-

Using (II7) and (II6), we can argue similarly as in the proof of Theorem to deduce that:

(121)

|E?(w(to +0)) — E*(w(to))| < E?(w(to)).

1_
2

The bound for the derivative NLS follows from (IZI)). O

(1]

=

=

=
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