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Exposé n° XVI, 1-11

GROWING SOBOLEV NORMS FOR THE CUBIC DEFOCUSING
SCHRODINGER EQUATION

ZAHER HANI, BENOIT PAUSADER, NIKOLAY TZVETKOV AND NICOLA VISCIGLIA

1. STATEMENT OF THE RESULT

1.1.  This text is based on a talk given by the third author on February 11, 2014 at the seminar
Laurent Schwartz, Ecole Polytechnique, Paris. It aims to describe results of the authors on the
long time behavior of NLS on product spaces with a particular emphasis on the existence of
solutions with growing higher Sobolev norms.

1.2.  We start by presenting a classical result of Bourgain. Consider the Cauchy problem asso-
ciated with the defocusing NLS

(10 + A — [uHu =0, uljmo =uo(z), tER, z€RxT. (1.1)

The following quantity (energy) is conserved by the flow of (1.1)

1
E(u) = HUqul(RxW) + 5”“”%%}1@@%'

Therefore there is a global control on the H! norm of the solutions of (1.1). The following result
is a consequence of the analysis of [2].

Theorem 1.1. Let s > 1. For every ug € H*(R x T?) there is a unique solution of (1.1) in
C(R; H5(R x T?)). In addition there is a positive constant A (independent of s, t and ug) such
that

()l o2y S (14 [¢]) A7 (1.2)

(the implicit constant is independent of t but depends on uy and s).

The global existence part of Theorem 1.1 is a consequence of the fact that for every ug € H?
there is a time 7 depending only on E(ug) (this is the key point) such that (1.1) has a unique
solution on [0, 7]. Thanks to the conservation of E, one then can iterate this local statement to
get a global solution u(t). The control of the H® norm then comes from the following bound on
u(t),

lu(t + )3 < Nu@)ll + Cllu(®)|7:7, R, (1.3)
for some positive v. The above estimate with v = 0 is a consequence of the so called tame
estimates in Sobolev spaces. The refinement with v > 0 follows from a smoothing property in
the Bourgain spaces, where the solutions of (1.1) belong. Once we get (1.3), we readily get
(1.2) by observing that the sequence o, = ||u(n7)||%, satisfy an1 < oy + Cay,” " which in turn
implies oy, < nl/7.
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1.3. In [3], the author asks whether one can find, for some s > 1, an H® global solution of the
cubic defocusing NLS such that the H® norm of this solution does not remain bounded as ¢ goes
to infinity ? If yes can we quantify the growth ? In [9], we present a partial solution of the
problem. More precisely, we have the following statement.

Theorem 1.2. Let us fit s > 30 and ¢ > 0. Then there exists ug € H*(R x T?) such that
lluol| s < € and such that the corresponding solution of

(10 + A — [ufHu =0, wulimg=ug(z), teR, zeRxT?
obtained in Theorem 1.1 satisfies

lim sup ||u(t)|| gs = +00.
t—00

The proof of the above result is a combination of a modified scattering on a product space
with an analysis of a resonant system initiated in a work by Colliander-Keel-Staffilani-Takaoka-
Tao [7]. By using a refinement by Guardia-Kaloshin [11], we can give some quantification of the
growth (for instance faster than any power of Inln(t)). The limitation s > 30 is only technical
in order to use simple exponents in the proof and could be lowered by simple modifications.

2. MODIFIED SCATTERING FOR NLS ON PRODUCT SPACES

2.1.  We first present a general result. Consider the Cauchy problem
(10 + A — [u*)u =0, uli=o = uo, (2.1)

where now u(t) : R" x M — C, M being a compact riemannian manifold.

Let n > 2. Using a vector valued Strichartz estimate (i.e. exploiting only the x dispersion)
we can obtain that for every ug which is small in a suitable Sobolev space, there is a unique
global solution u(¢) (in a suitable class) of (2.1) and a function vy in the initial data class such
that

u(t) = e (vg) + o(1), t>1,
in the initial data norm.

For n = 1 one expects a modified scattering (take data independent of the M variable), i.e.
the free evolution should be replaced by a dynamics with a more involved asymptotic behavior.

2.2. From now on, we will only consider the case n =1 and M a torus. Consider therefore the
Cauchy problem

(10 + A = [ul*)u =0,  ult=o = uo, (2.2)
where u(t) : R x T — C, d = 1,2,3,4 and A = Ag, qa. Consider the “resonant part” of (2.2)
i0,G(t) = R[G(t), G(t), G(1)], (2.3)
where the nonlinearity is given by
FamRIG.GGED = Y, CGEaGEnGE ), (24)
P+r=q+s

Ip|2+Ir|2=|q]?+|s|?

where G(¢,p) = @p(é) = Fry1aG(£,p) is the Fourier transform of G at (¢,p) € R x Z4. The
dependence on ¢ is merely parametric, the system (2.4) is none other than the resonant system
for the cubic NLS equation on T?. The summation constraint in the right hand-side of (2.4) can
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be seen as follows : for a fixed p € Z% one sums over all (¢, r,s) € Z3¢ such that (p, ¢, r, s) forms
a (possibly degenerate) rectangle. Let also notice that it makes no sense to talk about focusing
or defocusing case at the level of the resonant system (2.3) since a complex conjugation changes
the sign in front of the nonlinearity.

We next introduce several function spaces relevant for our analysis and needed to state the
modified scattering results. We define a weak norm

IFI = sup [1+ [€2]* S [+ I [F (€)1
CER pEZL

It is of crucial importance that Z is a conserved quantity for the resonant system. It is expected
that if u is a solution of (2.2) then e~*~u(t) remains bounded in Z.
Fix N > 30. We define a strong norm

IFlls = I Fllay, + Pz
and an even stronger one (but only in x !)
1Fl|s+ = 1Flls + (1 = 0e) Flls + 2 F s

For data in ST, the solution is expected to grow slowly in ST. The difference between the true
solution and the solution of the resonant system is supposed to decay in S (after factorizing the
free evolution).

An important feature dictating the choice of the S and S norms is the following property
they should satisfy. If F' is supported in {z : |z| > t*}, a > 0 then there exists § > 0 such that

IFlls S ¢ I F s+

A similar property should hold if F' contains only = frequencies 2 t“.
We have the hierarchy ST ¢ S C Z C H;y and we have a useful Gagliardo-Nirenberg type
bound

1 3
1z S IENz 11 -
We also have the basic dispersive bound
; _1 _5
le™3xm Fl| ooy S (L4 [¢) 72| Fllz + (1 + [t) 7| Fls - (2.5)

The proof of (2.5) follows by “summing-up with respect to the transverse variable” the classical
1d dispersive bound

ito2 _1.~ -3
€% fllzze S (L4 1) 72| Fllzoe + (1 + [¢) Tl fl 2 -
A bound similar to (2.5) holds if we replace L;OH; by L3°H,, where Z should be replaced by
7% defined by
1F)1Zs = sup Y [1+ [pl}** | F (&, )
gERJDEZCI
and S is replaced by S* defined by || F||ss := HFHHN+S + ||CCFHL2

Unfortunately, for solutions of the resonant systern the Z°¢ norms s > 1 are not bounded
uniformly in time. This forces us to work with the low regularity (1n y) space Z, where we
put the contributions with a critical decay in ¢. This essentially explains the appearance of
Strichartz estimates on T? in our analysis.
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2.3.  We are now in position to state our modified scattering results.

Theorem 2.1 (modified scattering). Let 1 < d < 4. There exists € > 0 such that if Uy € ST
satisfies

||U0||S+ <e,

and if U(t) solves the cubic defocusing NLS posed on R x T with initial data Uy, then U €
C((0,+00);S) exists globally and exhibits modified scattering to its resonant dynamics in the
following sense: there exists Gy € S such that if G(t) is the solution of the resonant system with
initial data G(0) = Go, then

e Arxrd U(t) — G(r Int)| g — 0 as  t — +oo.

Moreover
_1
U@ zgemy S (14 [t]) 2.

If in addition we assume that the number N involved in the definition of S is large enough
(for instance N = s + 30) then we also have the bound

U)o S L+ )24, >0, 5> 1.

Theorem 2.2 (existence of modified wave operator). Let 1 < d < 4. There exists € > 0 such
that if Go € ST satisfies

|Golls+ <,

and G(t) solves the resonant system with initial data Go, then there exists U € C((0,00);5) a
solution of the cubic defocusing NLS, posed on R x T¢ such that

—itA

le™™Pexnd U (1) — G(rInt)|ls — 0 as t — +oo.

In particular
U (t) — "ot G Int) || g @oa) = 0 as t — +oc.

It is worth mentioning that a slight modification of the proof of Theorems 1.1 and 1.2 shows
that similar statements hold if T¢ is replaced by the sphere S%, d = 2,3 (with a suitably modified
resonant system).

Our analysis combines techniques from high regularity small data theory for quasilinear dis-
persive equations on R and tools from the theory of large data low regularity dispersive equations
on the Torus. The former helps us propagate smoothness in Fourier space and the latter to con-
trol the remaining resonant term in an economical fashion once we have spent all the leverage
provided by our tools to peel off the non resonant terms.

We decided to present our results in the case of a defocusing nonlinearity since in this case
there are no results on blowup in finite time. However, it is worth mentioning that results similar
to Theorems 2.1, 2.2, 1.2 hold in the focusing case as well, where “small” finite energy solutions
are also global (at least for d < 3).

Let us also mention that in Theorem 2.1 the modification with respect to the free evolution is
more involved than a “phase correction” which typically occurs in previous works on modified
scattering.
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2.4.  We now show how Theorem 2.2 implies the existence of solutions with growing Sobolev
norms. We take initial data of the cubic defocusing NLS on R x T¢ of the form

Go(z,y) =eFz ' (p)(x)g(y), z€R, yeT?,

with ¢ € C§°(R) real valued. The solution G(t) to the resonant system with initial data Go(x,y)
as above is given in the Fourier space by

Gy(1,€) = (©)ap((&)*1),  ap(0) = Fralg)(p),
where the vector a = (ap),eza solves the resonant equation
iapt) = Y, ag(t)ar(B)as(t).

p+r=q+s
P> +Ir[*=lql*+s|?

In particular, if ¢ = 1 on an open interval I, then @p(t,ﬁ) = ap(t) for all t € R and & € 1.
We can therefore deduce Theorem 1.2 from Theorem 2.2 by applying the following result which
follows from some elaborations on the works [7, 8, 11].

Theorem 2.3 (growth for the resonant equation). Define

ap)liy = D [1+1pP]" lapl*.

peZd

Let d > 2 and s > 1. There exists global solutions to the resonant equation in C(R;hs) such
that

sup (1) = ox.

t>0

More precisely, for any e > 0, there exists a solution a(t) € C(R; hy) such that for some sequence
of times ti, — oo we have that

la@llg <& lla(te)lng Z exp(c(log tx)?)
for some ¢ > 0.
It is worth mentioning that the solutions we construct also satisfy the upper bound
la(®)la; S explelog)?).
Unfortunately they do not belong to hls,/ for s’ > s.
3. ON THE PROOF OF THE MAIN RESULTS

3.1. Our first purpose is to explain where the resonant system comes from. Let U(t) be a
solution of the cubic defocusing NLS, posed on R x T?. Then F(t) = e *AU(t) solves

10, F(t) = NU[F(t), F(t), F(1)],
where the trilinear form A/? is defined by
/\/‘t[F’ G,H] := ¢ HtOrx1d (eitARdeF e tPrx1d G . eitARdeH).
Now, we can compute the Fourier transform of the last expression which leads to the identity

FN'EG H(gp)= 3 Ptz g G ),
p—q+r—s=0
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where
T'[f,g,h) o= U(=t) (U FUDUMR),  UE) = exp(itd?).

One verifies that

o —

TTg hlE) = [ e e = mia(e — n = 0R(E - r)aud

Thus one may also write

FN'F.G H|Ep)= Y,  etloirlair?=isr]
p—q+r—s=0

[, € B € = mGils = 1= )L € = .
A formal stationary phase argument (¢ > 1) suggests to define R as

FRIF,G, H|(,p) = Y E(OG(OH).
pr=q+s
Ip|2+|r12=|q|%+]s|?

Therefore one expects that the nonlinearity can be decomposed as follows
NF,G, H] = %R[F, G, H] + better term

Recall that the resonant system is precisely i0,F' = RI[F, F, F|. Observe that one can eliminate
the 1/t factor by introducing the slow time In(¢). This explains the appearance of the In(¢) in
the statements of Theorems 2.1, 2.2. This slow time of the resonant system allows us to convert
rough Gronwall type bounds for the resolvent system to slow polynomial growth bounds in the
context of the original equation.

We have a remarkable Leibniz rule for Z¢[f, g, h], namely

ZT'f, 9,0 = T'[Zf,g,h) + T'[f, Zg, h] + T'[f, 9, Zh], Z € {iz,d,}. (3.1)

A similar property holds for the whole nonlinearity N*[F, G, H|, where Z can also be 0y,. This
property is related to the idea of Klainerman vector fields, used in similar problems for the wave
equation. Thanks to (3.1), we can treat the multiplication by z as a derivation and therefore
reduce the estimates in S to L? bounds via some standard Littlewood-Paley analysis.

The basic strategy in estimating the nonlinearity is to use 1d dispersive estimates for fixed
frequencies of the periodic variable and then sum-up the pieces. In many cases (when we have
S norms as outputs), we use the simple but useful bound

123
| 5 e

p—q+r—s=0

; S min 1"l l1e”® i 1”@y (3:2)

In the remaining cases (with the low regularity Z norm as an output), we use multi-linear
Strichartz estimates on the torus, in order to sum-up the pieces.
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3.2.  We next present a basic bound. Using the inequality (3.2), the energy bound

IZ° 0, 2 Felle S min L7 g "= f7O o€ P £7 e

and the dispersive bound
. 1 1
et fllzee < 1112 e 112,
we get the following basic bound
IV, G, H]lls < (L+ [E)HIFIsIGlslH s (3.3)

Therefore, being optimistic we may hope to apply modified scattering techniques. The bound
(3.3) is not very useful alone but it may become sufficient if one of the functions F, G, H has a
better decay, for instance if it is localized at high frequencies (in terms of ¢ > 1) or away of the

origin in the physical space (again in terms of ¢, e.g the region |z| > tﬁ)
3.3.  We next present two propositions allowing to estimate the nonlinearity. Set

IFllx, = sup (IF@)]z + &) IFO)]s + O 18FB)]s),
0<t<T
1l =[Fllxy + sup (0P| FOlls+ + (&) 10:F1)]5+),
0<t<T

where 6 € (0,1073) is fixed. We have the following statements.
Proposition 3.1. For T > 1, we can decompose the nonlinearity as
NYF(1).G(0), H()] = (7R + EF (1), (1), H(1),

with the bounds
T
ENF(t),G(t), H(t)]dt
T/2

§
S TP F x| Gl [1H ||y
S

H TEt[F(t),G(t),H(t)]dt
T/2

and

=
S TONFlxr Gl [ H | xr
Z

uniformly in T > 1.

The statement of Proposition 3.1 says that if the remainder £ has inputs bounded in Z and
slightly growing in S then £ reproduces the same growth in S and even decays in Z (the effect
of the stationary phase).

In order to estimate the source term in the fixed point argument allowing to construct a
modified wave operator, we also need the following statement.

then we also have

Proposition 3.2. In the context of the previous proposition, if we assume in addition
T
< T72§ '

HFHX; + ”GHX; + ”HHX;: <1,
| S

Proposition 3.2 has the spirit of Proposition 3.1 where the couple (Z, S) is “lifted” to (S, ST).

E'F(t),G(t), H(t))dt
T/2
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3.4. We now present several reductions used in the proof of Propositions 3.1, 3.2.
In order to make a first reduction, we perform a decomposition of the nonlinearity

S NIQAF().QsC(). QeH(),

A,B,C—dyadic

where Qa, @p, Q¢ are Littlewood-Paley projectors in the x variable. If we look for decay
estimates for t ~ T, T' > 1, then in the regime max(A, B,C) > T% we can exchange frequency
localization to decay. In the case when two inputs have high frequencies, we can simply conclude
by using energy estimates while in the case when the highest frequency is much higher than the
others, we invoke the bilinear refinements of the Strichartz estimate on R (see [4, 6]). The
summation in the y frequencies is done via the rough bound (3.2). Thus we may suppose that
the z frequencies of F', G, H are < Ts.

A second reduction next allows to eliminate the fast time oscillations. For that purpose, we
split the nonlinearity as

NYF, G, H] = II'[F, G, H) + N'|F, G, H],

with
FNUF, G, H|(¢,p) = Z eit[|P\2—|4|2+\T|2—\8|2]It[Fq/,-G\r, H,)(€). (3.4)

pF+r=q+s
IpI?+Ir[*#lql?+]s|?

Recall that

—

TFg 1) = [ " F(€ = mi(€ ~n— (€ - r)dndn,

In order to bound N'[F,G, H], we distinguish two cases in the (x,7) integration :

1. If nk| < T4 then we integrate by parts in ¢ thanks to the oscillation eit(Ipl*—lal*+Ir*—|s|*)
(normal form reduction). More precisely for any expression E(t) one can write

eitw E(t) ) eitw

ww

e B(t) = at( QE(t), (3.5)

iw
where w = |p|? —|q|?>+ |r|> — |s|%. Here it is crucial that the denominator does not approach zero,
namely |w| > 1 because w is an integer different from zero. We substitute (3.5) applied with

E(t) = I'[F,, Gy, H](€) in (3.4). The first term of (3.5) gives decaying contributions to (3.4)
(with respect to time integration) thanks to the basic bound presented above. The contribu-
tions of the second term in (3.5) decay too. Indeed, if the time derivative hits one of the inputs
F, G, H then we can again conclude by the basic bound. If the time derivative hits the os-

#4215 then one also gets an additional decay thanks to the restriction |nx| < T-1.

cillating factor e

2. If |nk| 2 T~1 then we reduce matters to integrations by parts in x (or in n or in k + 7)
thanks the oscillation e®?7%. These integrations by parts are efficient since on the support of
the integration |n| 2 T 1 (recall that thanks to the first reduction |k| < T %) Of course before
performing the integration by parts one should also localize the inputs in the physical space.
This is possible because the contributions having at least one input supported away from the
origin in the physical space are estimated once again by the basic bound (3.3) presented above.

XVI-8



Exp. n® XVI— Growing Sobolev norms for the cubic defocusing Schrédinger equation

3.5.  We now present the analysis on the resonant set which is the main novelty in our analysis.
We use the following bound :

IRla" 0%, o]z S i o™ glla™ g 0”@ (3.6)

where R is R liberated from the & dependence, namely

Rla',a?,a%] = g agatal .
pF+r=q+s
Ipl?+|r[>=lq|*+s|?

The proof of (3.6) for d = 2,3 uses the multi-linear Strichartz estimates on the torus of Bour-
gain [1] (the case d = 4 is particularly hard and one needs to invoke the more recent works
[5, 10]). It is worth comparing (3.6) with the rough bound (3.2). In estimate (3.2) we have
an output in l1 which (for d > 1) is a stronger norm compared to h1 which is the output of
(3.6). This 1mprovement is possible thanks to the additional constralnt Ip|2 + |r|? = |q|* + |s|?
in the summation defining R[a!,a?,a®] (compare to (3.2), where one only has the constraint
p+r=q+s).

We next state the key proposition allowing to estimate the contributions of the resonant level
set.

Proposition 3.3. Set
IFllz, = Fllz+ (1 +1t)°|IFls-
Then we have
I[P, FP F s S L+ )70 D IFT @D 5, - [FTOl 5, - |1 F7C)s
ceBG3

and
ITI'[F, G, H] — *R[F G Hlls S 1+ [t) 2P Fllg+ |Gl s+ | H ||+

Let us give the proof of the first part of the above proposition. By a soft argument, we
estimate

I [Fe, B, e (o),
by
of Xl e e @) - e Fa)] |

ptr=q+s
Ip|*+[r[>=lq|*+s|>

and by the Strichartz bound (3.6), we can continue as follows

2
LT,P

S min ("= B (@)llgz, [ [sup Y [1+ Ipl*] €% Ey ()]

™~ je{ab,c} i | © et

Applying an abstract transfer principle, we deduce the claimed estimates in S thanks to our
dispersive bound

_ _1
sup 3 [1+ [pl?] [e"% Fy()? 5 () (IFII% + (6% 1 FI3)
z€eR pezd
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(recall (2.5)). The transfer principle is in the same spirit as the one allowing to passe from
[f1f2fsllr2 < min (| foy |22 fos || oe || fos || Lo
0€B3

to

fifofallms S Y Ifosllae | folloe | fos 2o -
€G3
Observe that in the proof of the basic bound (3.3), we already need such a transfer principle.
For the second estimate of Proposition 3.3, in addition to the previous analysis we use a soft
stationary phase argument.
The Strichartz bound (3.6) also gives the estimate

IRIF®, F*, Fellz S IIF® 2| F°|| 21| F|| z- (3.7)
Estimate (3.7) is very useful in the local and global study of the resonant system.

3.6. The existence of a modified wave operator now follows by a fix point argument for
Ft) > —i / [N7IF 4+ G.F + G.F +G) - "RIG(0).G(0).G(0)| }do.  (35)
; o

where F' is such that
Sup ((1 + D F @) s + A+ E)ZIF @)z + 1+ Itl)l_‘sllatF(t)lls> < 0.

Thanks to our estimates in ST (Proposition 3.2), we have that
| €160).60). 6o, G e s,
t

decays like (1 + [¢)70 in S and like (1 +¢)72° in Z.

Thanks to our estimates we can reproduce this information and construct F. As usual in
such perturbative arguments, the main point is to evaluate the contributions to (3.8) linear in
F. Let us explain how we estimate the linear term N*[F(t), G(t),G(t)]. Using Proposition 3.1
and (3.7) we can write

L+ OINF (), G(t), GOz S IGO)ZIF (1)l 2 + better
and
(L+OINE®), G(1), GW)]lls S NGOIF,IF@s + [F®N 2 IGOlz1G®)]s + better.
One can conclude. This essentially explains how we proceed in the proof of Theorem 2.2

3.7. The proof of Theorem 2.1 follows similar lines. Roughly speaking one gets bounds in
the strong norm S+ and convergence in the weaker norm S. There is however an important
additional ingredient concerning the estimates of the solutions of

OF (1) = N'[F(t), F(t), F(D)] = (R + ENF (1), F(t), F(2)] (3.9)

in the norm Z. For that purpose one multiplies (3.9) with the multiplier giving the Z conser-
vation of the resonant system. This allows to get rid of the singular term in the right hand-side
of (3.9). Consequently, even if Theorem 2.1 is a small data result its proof is not perturbative
since it uses the conservation law of the resonant system.
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3.8.  'We make several concluding remarks. A very nice reference concerning the modified scat-
tering for the cubic NLS on R is the work by Kato-Pusateri [12], where one finds a new proof of
the classical result by Ozawa [13]. One may wish to see the result of Theorem 2.1 as a sort of
transverse stability of the resonant dynamics. There are certainly other non explored issues as
for instance considering more general manifolds as a spatial domain or the NLS with a partial
harmonic confinement. One may also try to prove Theorem 1.2 for lower values of s. In this
context it can be mentioned that Theorem 1.2 would hold for any s > 1 if one finds a solution
of the resonant equation growing in 5 (s € (1,30)) and belonging to C(R; A3"). Unfortunately,
as already mentioned, the solutions constructed in Theorem 2.3 do not have this property.
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