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NORMAL FORM APPROACH TO THE ONE-DIMENSIONAL
PERIODIC CUBIC NONLINEAR SCHRODINGER EQUATION IN
ALMOST CRITICAL FOURIER-LEBESGUE SPACES

TADAHIRO OH AND YUZHAO WANG

ABSTRACT. In this paper, we study the one-dimensional cubic nonlinear Schrédinger equa-
tion (NLS) on the circle. In particular, we develop a normal form approach to study NLS
in almost critical Fourier-Lebesgue spaces. By applying an infinite iteration of normal
form reductions introduced by the first author with Z. Guo and S. Kwon (2013), we derive
a normal form equation which is equivalent to the renormalized cubic NLS for regular
solutions. For rough functions, the normal form equation behaves better than the renor-
malized cubic NLS, thus providing a further renormalization of the cubic NLS. We then
prove that this normal form equation is unconditionally globally well-posed in the Fourier-
Lebesgue spaces FLP(T), 1 < p < co. By inverting the transformation, we conclude global
well-posedness of the renormalized cubic NLS in almost critical Fourier-Lebesgue spaces
in a suitable sense. This approach also allows us to prove unconditional uniqueness of the
(renormalized) cubic NLS in FL?(T) for 1 < p < 2.

1. INTRODUCTION

1.1. Nonlinear Schrodinger equation. We consider the following cubic nonlinear
Schrodinger equation (NLS) on the circle T = R/Z:

i0pu + 02u =+ Ju?u =0

uli—o = up,

(z,1) € T x R. (1.1)

The equation arises from various physical settings such as nonlinear optics and quan-
tum physics. See [37] for the references therein. It is also known to be one of the simplest
completely integrable PDEs [38] [1}, 21 [17, 27].

The Cauchy problem has been studied extensively both on the real line and on the
circle. See [33 21] for the references therein. In this paper, we study the periodic cubic
NLS in the Fourier-Lebesgue spaces FLP(T) defined via the norm:

e = (3 |f<n>|P>’l’

nez

with a usual modification when p = co. For any 2 < p < g < oo, we have the following
continuous embeddings:

FL'(T) < FLY(T) — FL” (T) < FL*(T)
= L*(T) — FLP(T) — FLY(T) — FL>(T).
2010 Mathematics Subject Classification. 35Q55.
Key words and phrases. nonlinear Schrodinger equation; normal form reduction; unconditional unique-

ness; Fourier Lebesgue space.
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2 T. OH AND Y. WANG

The space FL'(T) is the Wiener algebra. The space FL>®(T) is the space of pseudo-
measures, which contains all finite Borel measures on T but also more singular distributions.
See [25]. Our main interest is to study in FLP(T) for p > 1.

On the one hand, the cubic NLS is known to be globally well-posed in FL?(T) =
L?(T) [6]. On the other hand, combining the known results [19, 21|, [34], we can easily
show that it is ill-posed in the Fourier-Lebesgue space FLP(T) for p > 2 in a very strong
sense. See Proposition below. This necessitates us to renormalize the nonlinearity and
consider the following renormalized cubic NLS:

{z’@tu + 02u+ (Ju]® — 2 [ |u[*dz)u=0

(1.2)
u‘tzo = Uup.

Note that the renormalized cubic NLS (1.2)) is “equivalent” to the original cubic NLS (1.1
for smooth solutions in the following sense. For u € C(R; L?(T)), we define the following
invertible gauge transformation G by

g(u) (t) = 6:':2“ Jr lu(t)‘deu(t)

with its inverse

G (w)(t) = 2t JoluPdey 4y (1.3)
Then, thanks to the L2-conservation, it is easy to see that u € C(R;L*(T)) is a solu-
tion to if and only if G(u) is a solution to the renormalized cubic NLS (L.2). This
renormalization removes a certain singular component from the nonlinearity and, as a re-
sult, the renormalized cubic NLS behaves better than the cubic NLS outside
L?(T). The study of outside L?(T) has attracted much attention in recent years
[8, 9, 19] B3], 12 211, 34, 31, 36].

In [19], Griinrock-Herr adapted the Fourier restriction norm method to the Fourier-
Lebesgue space setting and proved local well-posedness of the renormalized cubic NLS
in FLP(T) for 1 < p < oo by a standard contraction argument. See also the work by
Christ [9]. In [36], by using the completely integrable structure of the equation, we estab-
lished the following global-in-time a priori bound:

sup [[u(t)l|FLr < C(|luollFLr) (1.4)
teR

for any smooth solution u to the renormalized cubic NLS (1.2)) and 2 < p < oo, which
implied global well-posedness of in FLP(T) for 1 <p <

As a corollary to the local well-posedness of the renormalized cubic NLS in [I9], one
easily obtains the following non-existence result for the original cubic NLS outside
L*(T).

Proposition 1.1. Let 2 < p < co and ug € FLP(T) \ L*(T). Then, for any T > 0, there
exists no distributional solution u € C([-T,T]; FLP(T)) to the cubic NLS (1.1|) such that
(i) ult=o = uo,
(ii) There exist smooth global solutions {up}nen to (1.1) such that w, — u in
C([-T,T);D'(T)) as n — oo.

Iror 1 < p < 2, one needs to use the L2-conservation and a persistence-of-regularity argument. See

Appendix
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In [21], the first author (with Z. Guo) proved an analogous non-existence result for (|1.1J)
in negative Sobolev spaces. The argument was based on an a priori bound for smooth
solutions to the renormalized cubic NLS in negative Sobolev spaces and exploiting
a fast oscillation in (L.3). The proof of the local well-posedness in [19] yields an a priori
bound for smooth solutions to the renormalized cubic NLS in FLP(T). Then, we can
prove Proposition u by proceeding as in [21], 35]. We omit details.

In the following, we only consider the focusing case (i.e. with the + sign in (|1.1)) and (1.2] .
for simplicity. Our main results equally apply to the defocusing case.

1.2. Main results. In the following, we introduce two notions of weak solutions. Let NV(u)
denote the renormalized nonlinearity in nﬂ

Nu): = <\u]2 —2/ | dx)

= > d(m)u(ng)i(ng)e M ET N [G(n)[2a(n) e

na#ni,ng nez

(1.5)

We first recall the following notion of weak solutions in the extended sense.

Definition 1.2. Let 1 <p < oo and T > 0.

(i) We define a sequence of Fourier cutoff operators to be a sequence of Fourier multiplier
operators {Tn}nen on D'(T) with multipliers my : Z — C such that

e my has a compact support on Z for each N € N,

e my is uniformly bounded,

e my converges pointwise to 1, i.e. imy_oo my(n) =1 for any n € Z.

(ii) Let w € C([-T,T); FLP(T)). We say that N (u) exists and is equal to a distribution
v € D'(T x (-=T,T)) if for every sequence {Tn}nen of (spatial) Fourier cutoff operators,
we have
lim NM(Tyu) =v
N—o00

in the sense of distributions on T x (=7, T).
(iii) (weak solutions in the extended sense) We say that u € C([—T,T]; FLP(T)) is a weak
solution of the renormalized cubic NLS in the extended sense if

® uli=0 = uo,

e the nonlinearity N (u) exists in the sense of (ii) above,

e v satisfies (1.2]) in the distributional sense on T x (—7,T), where the nonlinearity
N (u) is interpreted as above.

In [8, @], Christ introduced this notion in studying the renormalized cubic NLS in
the low regularity setting. See also [20] for a similar notion of weak solutions, where the
nonlinearity is defined as a distributional limit of smoothed nonlinearities.

Next, we introduce the following notion of sensible weak solutions. See also [36), [14].

Definition 1.3 (sensible weak solutions). Let 1 < p < oo and T > 0. Given ug € FLP(T),
we say that u 6 C([-T,T]; FLP(T)) is a sensible weak solution to the renormalized cubic
NLS ( . on [-T,T) 1f for any sequence {ugm }men of smooth functions tending to ug

2Hereaf‘cer7 we drop the factor of 2 when it plays no role.
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in FLP(T), the corresponding (classical) solutions w,, with w,,|i—o = uo,m converge to u
in C([-T,T]; FLP(T)). Moreover, we impose that there exists a distribution v such that
N (uy,) converges to v in the space-time distributional sense, independent of the choice of
the approximating sequence.

Note that, by using the equation, the convergence of u,, to w in C([-T,T]; FLP(T))
implies that N (u,,) converges to some v in the space-time distributional sense; see
below. Hence, the last part of Definition [1.3] is not quite necessary. We, however, keep it
for clarity.

We point out that these notions of weak solutions in Definitions and are rather
weak. The cubic nonlinearity A (u) for a weak solution u in the sense of Definitions
or does not directly make sense as a distribution in general and we need to interpret
it as a (unique) limit of smoothed nonlinearities N'(Tyu) or the nonlinearities N (uy,) of
smooth approximating solutions u,,. This in particular implies that weak solutions in the
sense of Definitions [I.2] or do not have to satisfy the equation even in the distributional
sense.

On the one hand, sensible weak solutions are unique by definition. On the other hand,
weak solutions in the extended sense are not unique in general. In fact, Christ [8] proved
non-uniqueness of weak solutions in the extended sense for the renormalized cubic NLS
in negative Sobolev spaces.

Our main goal in this paper is (i) to develop further the normal form approach to study
the (renormalized) cubic NLS, introduced in [22], and provide the solution theory for
in almost critical Fourier-Lebesgue spaces (Theorem in the sense of Definitions
and without using any auxiliary function spaces, in particular, without using the Fourier
restriction norm method as in [6, 19] and (ii) to prove unconditional uniqueness of the
(renormalized) cubic NLS in FLP(T) for 1 < p < 3 (Theorem. In proving these results,
we apply an infinite iteration of normal form reductions and transform the (renormalized)
cubic NLS into the so-called normal form equation. We then prove unconditional well-
posedness of the normal form equation in FLP(T) for any 1 < p < oo; see Theorem
below.

We now state our main results.

Theorem 1.4. Let 1 < p < oo. Then, the renormalized cubic NLS on T s globally
well-posed in FLP(T)

e in the sense of weak solutions in the extended sense and

e in the sense of sensible weak solutions.

When 1 < p < 2, the same global well-posedness result applies to the (unrenormalized)
cubic NLS ({1.1]).

This theorem follows from the local well-posedness by Griinrock-Herr [19], combined
with the a priori bound from [36]. As pointed out above, however, our main goal is
to present an argument independent of the Fourier restriction norm method. We instead
employ the normal form approach developed in [22]. Our approach does not involve any
auxiliary function spaces and consequently allows us to prove unconditional uniqueness
of the (renormalized) cubic NLS in .FL%(']I‘) (Theorem . We point out that the local
well-posedness in [19] only yields conditional uniqueness, namely in the class below.
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In [22], the first author (with Z. Guo and S. Kwon) proved an analogous result in L?(T)
by implementing an infinite iteration of normal form reductionsﬂ yielding unconditional
uniqueness of the cubic NLS in H %(T) The proof of Theorem is also based on
the same normal form approach. See the next subsection. Note that when p is very large,
Theorem is significantly harder to prove than the L2-result in [22] due to a much weaker
F LP-topology.

Given ug € FLP(T), let u be the global solution to with u|i—g = ug constructed
in Theorem Then, by the uniqueness of sensible solutions mentioned above, u must
coincide with the global solution constructed in [0, 19, B6]. In particular, the solution u
belongs to the class

C([-T,T); FLP(T)) ﬂXS’b([—T, T)) (1.6)

for some b > 1%’ where X]?’b([—T ,T|) denotes the local-in-time version of the Fourier re-

striction space Xg’b adapted to the Fourier-Lebesgue setting. See (A.1]) and (A.3)) below.
As mentioned above, Theorem does not allow us to directly| conclude that weak
solutions constructed in Theorem are distributional solutions to (1.2). For 1 < p < %,

however, Hausdorff-Young’s inequality: FLP(T) C FL%(’]I‘) C L3(T) allows us to make
sense of the cubic nonlinearity in a direct manner. In this case, we have the following
uniqueness statement.

Theorem 1.5. Let 1 < p < % Then, given any ug € FLP(T), the solution u to ([1.1)
or (1.2) with uli=o = up constructed in Theorem is unique in C'(R; FLP(T)).

Namely, unconditional uniqueness holds for both the cubic NLS (|1.1) and the renor-
malized cubic NLS (1.2) in FLP(T), provided that 1 < p < % In [22], the first author

(with Z. Guo and S.Kwon) proved unconditional uniqueness in H %(’H‘) and Theorem
extends this result to the Fourier-Lebesgue setting. We also mention a recent work by
Herr-Sohinger [24] where they proved unconditional uniqueness of the cubic NLS in
LP([-T,T] x T) for p > 3. The main difference between unconditional uniqueness and
uniqueness for sensible weak solutions is that the former does not assume that a solution
comes with a sequence of smooth approximating solutions, while, by definition, sensible
weak solutions are equipped with smooth approximating solutions.

Remark 1.6. When p = oo, the Fourier-Lebesgue space FL>(T) does not admit smooth
approximations and hence is not suitable for well-posedness study. Given s € R and
1 <p < o0, define FL*P(T) by the norm:

1z = (n)* F)l ). (1.7)

Note that FLP(T) = FLYP(T). For s < —%, we have FL>®(T) c FL*P(T) and thus

we may wish to study well-posedness in FL*P(T) for finite p with s < —% since this

space admits smooth approximations. On the other hand, the scaling critical regularity

3In [22], we only proved well-posedness of the cubic NLS in the sense of weak solutions in the
extended sense. A small modification of the argument yields well-posedness in the sense of sensible weak
solutions. See Section

4That is, unless we use the uniqueness property of sensible solutions and conclude that they belong to
the class by comparing with the solutions constructed in [6l [19] [36].
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for the cubic NLS with respect to the Fourier-Lebesgue spaces FL*P(T) is given by
Serit = — %. In particular, the cubic NLS and the renormalized cubic NLS are
known to be ill-posed in the (super)critical regimeﬂ When s < 0, it is easy to modify the
argument in [7, [10, 12] and show that the solution map is not locally uniformly continuous
in FL*P(T). Furthermore, when s < scit = —%, the cubic NLS and the renormalized
cubic NLS admit norm inflation; given any ¢ > 0, there exist a solution u to (|1.1))

or (1.2) and t € (0,¢) such that
HU(O)H]—‘Ls,p <e€ and ||u(t)”]:Ls,p > et

See [28]. The norm inflation in particular implies discontinuity of the solution map at the
trivial functionlﬂ u = 0. Lastly, a typical function in FL*>(T) is the Dirac delta function
and and on T are known to be ill-posed with the Dirac delta function as initial
data; see [14]. See also Kenig-Ponce-Vega [26] and Banica-Vega [4, 5] for the works on the
cubic NLS on the real line with the Dirac delta function as initial data.

Remark 1.7. Following the argument in [22], we can easily extend Theoremto FL*>P(T)
for s >0 and 1 < p < co. Similarly, the unconditional uniqueness result in Theorem [I.5]
can be extended to FL*P(T) for (i) s > 0 and 1 < p < 3 and (ii) p > 3 and s > %. Note

that in these ranges of (s,p), we have FL*P(T) — ]—“L2 (T) — L3(T).

1.3. Normal form equation. The main idea for proving Theorems[T.4] and [1.5]is to apply
an infinite iteration of normal form reductions to |Z| and transform the equation into
a normal form equation (see below), which may look more complicated from the
algebraic viewpoint but exhibits better analytical properties than the original equation.

Let S(t) = €% denote the linear Schrodinger propagator. We introduce the interaction
representation:

u(t) = S(—t)u(t) = e *%u(t). (1.8)
On the Fourier side, we have u(n,t) = em%ﬂ(n, t). Then, (1.2) can be written a
Ot =i Y ™0y )T(ny)ti(ns) — i[t(n) | *t(n)

s 9
— Ni(w)(n) + R(w)(n).
Here, the phase function ®(n) is defined by

®(7) : = ®(n,n1,n2,n3) = n? — nf +nj — nj

= 2(n2 —n1)(n2 —n3) = 2(n — n1)(n — n3), (1.10)

SIn fact, it is shown in [28] that the cubic NLS (L.I) and the renormalized cubic NLS (L.2) are ill-posed
even in the logarithmically subcritical regime.
60ne can easily combine the argument in [28] [31] to prove norm inflation at general initial data, concluding

discontinuity of the solution map at every function FL*P(T), provided that s < Serit = ,1

"In the following, we restrict our attention to the renormalized cublc NLS . See Subsectlon 4] for
required modifications to handle the cubic NLS in Theorem |1

8Due to the presence of the time-dependent phase factor eiq)(ﬁ)t, the non-resonant part A (u), viewed as
a trilinear operator is non-autonomous. For notational simplicity, however, we suppress such t-dependence
when there is no confusion. We apply this convention to all the multilinear operators appearing in this

paper.
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where the last two equalities hold under n = ny; — ny + ng. From ((1.10]), we see that Nj
corresponds to the non-resonant part (i.e. ®(n) # 0) of the nonlinearity and R corresponds
to the resonant part. Note that the Duhamel formulation for (1.2):

u(t) = S(t)uo + 4 /Ot St —t" )N (u)(t')dt

is now expressed as a system of integral equations:

t
(. t) = do(n) + | {M()(m) + Rew) )} () (111)
0
for n € Z. In the following, the space F L3 (T) plays an important role and thus we introduce
the following definition of regular solutions.

Definition 1.8. We say that u and u are regular solutions to (1.2)) and ([1.9)), respectively,
if u and u are solutions to to (1.2]) and ([1.9)), respectively, such that u € C'(R; F L3 (T)) and
u € O(R; .FL%(’]I‘)), respectively.

The main idea is to apply a normal form reduction to , namely integration by parts
in (L.11)), to exploit the oscillatory nature of the non-resonant contribution. As in [22} 29],
we implement an infinite iteration of normal form reductions and derive the following normal
form equation:

u(t) = u(0) + NG (W) = Y- AT (w)(0)
=2 '

j=2
t o0 (])u ) e%] ()u , .
- {ZN () + 3RO )t b

where {J\/O(] )};-";2 are time-dependent (2j—1)-linear operators while { 1(] )};-";1 and {RV) 24
are time-dependent (2j + 1)-linear operators. As we see in Section [3| multilinear dispersion
effects are already embedded in these multilinear terms, which allows us to prove that these
multilinear operators are bounded in C([—T,T]; FLP(T)) for any 1 < p < co. Moreover, we
show that the normal form equation is equivalent to and the renormalized cubic
NLS in C(R;]:L%('JI‘)). See Proposition As a consequence, we can easily prove
local well-posedness of the normal form equation in FLP(T) by a simple contraction

argument without any auxiliary function spaces.

Theorem 1.9. Let 1 < p < oo. Then, the normal form equation (1.12]) is unconditionally
globally well-posed in FLP(T).

(1.12)

In [22], an analogous result was shown in L?(T). When p > 2, the FLP-norm is weaker
than the L?-norm. In particular, when p > 1, this fact makes it much harder to show
convergence of the series in the normal form equation ([1.12]) with respect to the FLP-
topology.

Once we establish the relevant multilinear estimates (Proposition , the proof of un-
conditional local well-posedness for the normal form equation follows from a simple
contraction argument. Moreover, we show that the local existence time T depends only
on the size of the initial data ||ug||rr» and consequently, we conclude that solutions exist
globally in time in view of the global-in-time bound from [36]. See also Appendix
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Finally, note that Theorem follows easily thanks to the equivalence of (1.2]) and
the normal form equation (1.12) for regular solutions belonging to C(R;}'L%(T)). The
contraction argument in proving Theorem [1.9] yields the following Lipschitz bound:

sup [[u(t) = v(t)||Frr < C(T, R)[[u(0) — v(0)[| 7L (1.13)
te[-T,T)

for any T' > 0, where R > 0 satisfies |[u(0)||zz», |[v(0)||rz» < R. Furthermore, from (1.2),

(11.9), and (|1.12)) with (L.5) and (1.8, we obtain

/N’ ﬁ_@%zwwwmm—zw%m)
Jj=2 j=2
. N (1.14)
@D (g(— Yt D (S(— ) (¢ 2y
o [t s e + s ))(t)]dt}

Then, (1.13)) and (|1.14]) together with the multilinearity of the summands in (1.14)) and the
unitarity of the linear operator S(¢) in FLP(T) allow us to conclude convergence of smoothed

nonlinearities N (Tyu) or the nonlinearities N (uy,) of smooth approximating solutions .,
required in Definitions [I.2] and [I.3] This is a sketch of the proof of Theorem [I.4]

In Section [2| we present the proofs of the main results, assuming the bounds on the
multilinear operators {N 20y N G) 221, and {RG) 1324 (Prop031t10n . In Sectlon

we implement an infinite iteration of normal form reductlons as in [22] and prove Proposi-

tion 211

Remark 1.10. Let p > % Given u € C([-T,T); FLP(T)), we can not, in general, make
sense of the cubic nonlinearity A/(u) as a distribution since FLP(T) ¢ L3(T). In other
words, we can not estimate the cubic nonlinearity without relying on some auxiliary function
space. In , we re-expressed the cubic nonlinearity into series of the multilinear terms
of increasing degrees. On the one hand, this transformation brings algebraic complexity.
On the other hand, the right-hand side of is convergent for u € C([-T,T]; FLP(T)),
allowing us to make sense of the right-hand side of as a distribution. Namely, while
the left-hand side of and the right-hand side of coincide for regular solutions
ue C([-T,T); F L3 (T)), the right-hand side of provides a better formulation of the
nonlinearity for rougher functions v € C([-T,T]; FLP(T)), % < p < oo. In this sense,
we can view the right-hand side of as a further renormalization of the renormalized

nonlinearity A (u) in (1.5]).
By expressing the normal form equation ((1.12)) in terms of the original function u(t) =
S(t)u(t), we obtain

u(t) = Stu(0) + St) SN (W) (1) - St) S NG (w)(0)
=2 =2
¢ oy - (')u / - (j)u / /
v [[sie-nf LSO, (W)(t) b

J=1

(1.15)
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where
NG (u)(t) = NG (S(=)u) (1),
N (u)(t) = oN” (S(=Ju) (), (1.16)
RO (u) (1) = SRV (S(— Ju) (1)

As we see in Section |3 the multilinear operators S (t)Néj ) (1), Ngj ), and RY) are autonomous.
The discussion above shows that the normal form equation expressed in terms of
u(t) = S(t)u(t) is a better model to study than the renormalized cubic NLS (and the
cubic NLS ) in the low regularity setting, which can be viewed as a further renormal-
ization to the (renormalized) cubic NLS.

Lastly, we point out that the terms on the left-hand side of are indeed autonomous

(unlike the non-autonomous multilinear terms in ((1.14))). See Section

Remark 1.11. A precursor to this normal form approach first appeared in the work of
Babin-Ilyin-Titi [3] in the study of KdV on T, establishing unconditional well-posedness
of the KAV in L?(T). See also [30]. In [22], the first author with Z.Guo and S.Kwon
further developed this normal form approach and introduced an infinite iteration scheme
of normal form reductions in the context of the cubic NLS on the circle. In this series
of work, the viewpoint of unconditional well-posedness was first introduced in [30], while
the viewpoint of the (Poincaré-Dulac) normal form reductions was first introduced in [22].
This normal form approach has also been used to prove nonlinear smoothing [13], improved
energy estimates [32 [35], and construct an infinite sequence of invariant quantities under
the dynamics [11].

Remark 1.12. In a recent paper [14], the first author with Forlano studied the cubic NLS
on R. In particular, by implemented an infinite iteration of normal form reductions, they
proved analogues of Theorems and in almost critical Fourier-Lebesgue spaces
FLP(R), 2 < p < 0o, and almost critical modulation spaces M2P(R), 2 < p < co. Relevant
multilinear estimates were studied based on the idea introduced in [29], namely, successive
applications of basic trilinear estimates (called localized modulation estimates).

2. PROOF OF THE MAIN RESULTS

In this section, we present the proofs of the main results (Theorems and ,
assuming the validity of the transformation of the equation (1.11) to the normal form

equation (|1.12)) and the boundedness of the multilinear operators in ((1.12)) (Proposition.

2.1. Series expansion of regular solutions. In Section [3], we implement an infinite
iteration of normal form reductions and transform the equation into the normal form
equation for regular solutions. The following proposition summarizes the properties
of the multilinear operators in . Given R > 0, we use Bp to denote the ball of radius
R centered at the origin in various function spaces.

Proposition 2.1. Let 1 < p < oo andT > 0. Then, there exist time-dependent multilinear

operators {N()(j 2o {N 721, and {R(j)};’il, depending on the parameter K = K(R) > 1
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such that any regular solution u € C([-T, T];]—'L%(T)) to (1.9) with u(0) € B C FLP(T)
satisfies the following normal form equation:

u(t) - u(0) = Y NP )6) - SN (u)(0)
=2 j

j=2
t oo (J) " , [e] () " . ,
- {ZN () + 3R ) fa

in C([-T, T];]—"L%(T)). Moreover, {N[)(j) 324 are (2§ —1)-linear operators, while {Nl(j) )
and {72(3‘)}]0-';1 are (2j + 1)-linear operators (depending on t € [—T,T]), satisfying the
following bounds on pr(T)ﬂ

(2.1)

‘ 2j—1
sup (ING () (Fis Fore e s Fog) |y < Cog [T 1fill 7oy, (2:2)
te[-T,T) i=1
‘ 241
sup [INO@ . for - Sy oy < Cus [L Wil (23)
te|-T,T) i=1
2j+1
sup  [|[RY(#)(f1, far  foi+ ) || pogry < Cog 11 £l zzecr), (2.4)
te[-T,T) i=1
for any f; € FLP(T), where
K4(1—j) Kp/lfl+4(1_j)
Coj(K)=Cp—— and Cij(K)=Cp———— (2.5)

7! J!

or some absolute constan > epending only on p.
bsolut tant Cp, >0 d di l

In Proposition we imposed a strong regularity assumption: u € C([-T,T]; F L3 (T)).
This regularity assumption can be easily relaxed.

Corollary 2.2. Let1 < p < oo and T > 0. Suppose that a solutionu € C([-T,T]; FLP(T))
to admits a sequence of smooth approzimating solutions {Uy, }men in the sense that
(i) upy, is a smooth solution to and (ii) w,, converges to u in C([-T,T]; FLP(T)).
Then, u satisfies the normal form equation in C([-T,T); FLP(T)).

In view of the estimates (2.2)), (2.3]), and (2.4]), we see that the right-hand side of (2.1))
is convergent for u € C([-T,T]; FLP(T)). See also the proof of Theorem below. By

using the multilinearity of the operators, we only need to estimate the difference such as
./\fo(j )(u) — Néj ) (u,,). Note that such a difference contains O(j)-many terms since |a?/~! —
v < (227:_11 a?~1=Fpk=1)|q — b| has O(j) many terms. This, however, does not cause
any issue thanks to the fast decay of the coefficients Cp ; and C ;. Since the proof of
Corollary is straightforward computation with , , and , we omit details.

We postpone the proof of Proposition to Section In the remaining part of this
section, we present the proofs of Theorems and assuming Proposition In
Subsection we discuss the case of the (unrenormalized) NLS (L.IJ).

YHere, we view N = N (1), N = N9 (1), and RY = RU)(¢) as multilinear operators acting on
FLP(T) with a parameter ¢t € [-T,T]. The same comment applies to Ré]) in (2.13).
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We first present the proof of Theorem

Proof of Theorem[1.9 Given 1 < p < oo, let ug € FLP(T). With K = K(|juo||rrr) > 1
(to be chosen later), define the map I'y, by

[e.e]

Lup(W)(t) = ug + >N (w)(t) — 3" NG (u)(0)
=2 i=2

e (j)u ’ (‘)u / /
- (z_j/v @(t) + 3R ><t>)dt,

where the multilinear terms on the right-hand side (depending on the choice of K > 1) are
as in Proposition Let T' > 0. Then, by Proposition [2.1, we have

e o]
25—1 25—1
1o (@) llcrrer <luollzzr + > Co () (uolZz + Il e
=2

+ T3 (CLi(K) + Coy(K)|[ullZE .,
j=1

where OpFLP = C([-T, T]; FL?(T)).
Let R =1+ ||ug|/zrr. Then from (2.2), (2.3), and (2.4]), we have

0 K4(1—j)R2j—1 > Kg41-7) 2R)2i—2
IPao@lorrer < RS KB o KCRT
= '~ ) 2.6
[e’s) KI)}%JI_ZL(]-_j) (QR)ZJ 0 K4(17j) (2R)2] ( ) )
+CT{Z 4! +Z 4! }HUHCTJ-‘LP

j=1 j=1
for any u € Bop C C([-T,T); FLP(T)). The series in (2.6 are obviously convergent for
any K > 1 thanks to the fast decay in j but by choosing K = K(R,p) > 1 sufficiently

large, we can guarantee that

o, jgi(1-j) g1 X, K00 (2R)% 2

and C Z
j=2

1
<
I =10

<

1
= 4! 10°

Note that the third series in (2.6) has non-negative powers of K for 1 < j < ﬁ, while a

power of K does not appear in the fourth series when j = 1. These terms can be controlled
by choosing T' = T'(K, R) = T(R) > 0 sufficiently small. As a result, we obtain

11 1
ITao(Wllerrrr < 75B + ¢ llullerrrr < 2R
for any u € Bor C C([-T.,T); FLP(T)). A similar argument also yields the following
difference estimate:

1
Mo (@) = Tuo(WllerFre < gllu = vilerzLe. (2.7)

In establishing the difference estimate (2.7]), we need to estimate the differences such as

./\/O(j )(u) - ./\/O(j )(v) which contains O(j)-many terms as mentioned above. This does not
cause any issue thanks to the fast decay (2.5)) in j of the coefficients Cy ; and Ci ;.
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Therefore, by a standard contraction argument and a continuity argumentm we
conclude that the normal form equation is unconditionally locally well-posed
in C([-T,T); FLP(T)). Global well-posedness follows from the a priori bounds
and on the FLP-norm of smooth solutions to implying the same bound for
smooth solutions to and .

Lastly, by taking the difference of two solutions u,v € C([-T,T]; FLP(T)) with different
initial data ug and vg, we have

11 1
e =vllerrir < 5llwo = vollrze + llu = vlerrre,
which implies the Lipschitz bound for T = T(||uo|lxLe, ||Vo|lrre) > 0 sufficiently
small. By iterating the Lipschitz bound @ on short intervals with the global-in-time
bounds and , we conclude that (]1__1—3[) for any T > 0. O

2.2. Sensible weak solutions: Proof of Theorem In the following, we only show
global well-posedness of the renormalized cubic NLS (1.2) in the sense of sensible weak
solutions according to Definition As for well-posedness in the sense of weak solutions
in the extended sense according to Definition [1.2] one can simply use Proposition [2.1] and

repeat the argument in [22].

Given ug € FLP(T), let {uom}men be a sequence of smooth functions converging to ug
in FLP(T). Let u,, be the smooth solution to (1.2]) with w;,|(—0 = u,, and set w,(t) =
S(—t)um(t). Then, it follows from Proposition [2.1] that u,, is a solution to the normal form

equation (2.1)). From the Lipschitz bound (|1.13]), we have
|um — unllcrrrr = Um — wnllopFre
< C(T)|lum(0) = un(0)||7Lr = C(T)||um (0) — un(0)|| L

for all m,n > 1 and any 7" > 0. This shows that {u;,}men is a Cauchy sequence in
C(R; FLP(T)) endowed with the compact-open topology (in time) and hence converges to
some Uqo in C(R; FLP(T)).

Now, we prove uniqueness of the limit u.,, independent of smooth approximating solu-
tions. Given ug € FLP(T), let {tm }men and {v, }nen be two sequences of smooth solutions
such that wu,,(0),v,(0) — wo in FLP(T) as m,n — oo. Then, by the argument above,
there exist Uso, Voo € C'(R; FLP(T)) such that u,, — us and v, — v in C(R; FLP(T)) as
m,n — oo. Then, by the triangle inequality with and , we obtain

(2.8)

|t — Voollcprrr < ||l — umllcprrr + |Um — vnllcrrre + |lon — vllcprLe
< lu—umllerrre + Cllum(0) — v (0) | 7Lr + lvn — vcpFLe
— 0,

as m,n — o0o. Therefore, we have s = Voo.
Lastly, combining this convergence with (|1.2]), we obtain

. 2
N (um) — N (up) = —i0(um — upn) — 05 (Um — upn) — 0 (2.9)
10The contraction argument yields uniqueness only in Bar C C([—T,T]; FL?(T)) and a continuity ar-

gument is needed to extend the uniqueness to the entire C'([-T,T]; FL?(T)). This part of the argument is
standard and thus we omit detail. See for example [I1].
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in the distributional sense as m,n — oo. Therefore, we conclude that (1.2 is globally
well-posed in the sense of sensible weak solutions.

2.3. Unconditional well-posedness of the renormalized cubic NLS. We briefly dis-
cuss the proof of Theorem for the renormalized cubic NLS (L.2). Given up € F L%(']I‘),
let v and v be two solutions to with ult=¢ = v|t=0 = uo in C([-T,T; FL2 (T)) for some
T > 0. By Proposition we see that their interaction representations u(t) = S(—t)u(t)

and v(t) = S(—t)v(t) satisfy the normal form equation (|1.12)). Then, from the uncondi-
tional uniqueness for (1.12) in C([-T,T]; F L%(']I‘)) (Theorem ) and the unitarity of the

linear operator in FLP(T), we conclude that u = v in C([-T, T];]-"L%(']I‘)). This proves
Theorem [L.5

2.4. On the cubic NLS. We conclude this section by discussing the situation for the
cubic NLS (1.1). By writing

lu|?u = (!u\Q —2/ ]u\de>u+2</ \u|2daﬁ>u

= Y am)amama)e ™ 3 () Fa(n)e

na#ni,n3 neL (210)

we see that the third term III is the only difference from the case for the renormalized cubic
NLS (1.2)). By taking an interaction representation, we can write (1.1]) as

oy, = Ni(u)(n) + R(u)(n) + Ra(u)(n), (2.11)
where Ra(u)(n) is given by

Ra(u)(n) = 2¢< /T |u\2dx>ﬁ(n).

As compared to (|1.9)), R2(u) is the only difference. Note that this extra term R2(u) imposes
the restriction p < 2. As in the case of the renormalized NLS (|1.2)), we prove the following
proposition in Section

Proposition 2.3. Let 1 < p <2 and T > 0. Then, there exist time-dependent multilinear
operators {N(j X AM ])}J 1 {R(j)};“;l, and {jo 221 depending on the parameter
K = K(R) > 1 such that the interaction representation u(t) = S(—t)u(t) of any regular
solution v € C([-T, T];}'L%(T)) to with u(0) € Bp C FLP(T) satisfies the following
normal form equation:

= >N @) () = YN (w)(0)

=2

+ / { SN )+ ST RO @) + Y RY (u)(#) }dt’
0 j=1 J=1

(2.12)
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in C([-T, T];}"L%(’]I‘)). Here, {./\/'O(j)};’ozw {ij)}?ip and {R(j)};-";l are as in Proposi-
tion satisfying the bounds ([2.2)), , and (2.4]), while {jo) 72 are (2j + 1)-linear
operators (depending on t € [T, T)), satisfying the following bound:

2j+1

2 IR @) (1, fas-- s Fose) | ppgry < Cog T M ill proey, (2.13)
S =1

for any f; € FLP(T), where Cy; = Co;(K) > 0 is as in (2.5)).

With Proposition we can proceed as in the proof of Theorem and prove the
following unconditional well-posedness of the normal form equation (2.12)) for the cubic

NLS (1)

Theorem 2.4. Let 1 < p < 2. Then, the normal form equation (2.12) is unconditionally
globally well-posed in FLP(T).

Then, Theorem for 1 < p < 2 and Theorem for the cubic NLS (1.1]) follow from
arguments analogous to those presented above. We omit details.

3. NORMAL FORM REDUCTION: PROOF OF PROPOSITION [2.1]

In this section, we implement an infinite iteration of normal form reductions in the
Fourier-Lebesgue space FLP(T), 1 < p < oo, and prove Proposition The argument is
presented in an inductive manner. More precisely, we start with the formulation and
refer to this case as the first step (J = 1). Define

Ni(u) :=> NM(u)(n)e™  and  R(u):=> R(u)(n)e™, (3.1)
neL neZ
where N (u)(n) and R(u)(n) are as in (1.9). In what follows, we view A; and R as trilinear
operators.

For notational convenience, we set RV := R and N := Aj. While we keep the
resonant part R as it is, we divide the non-resonant part NV into a “good” part Nl(l)
(nearly resonant part) and a “bad” part N2(1) (highly non-resonant part), depending on the
size of the phase function ®(n). On the one hand, the restriction on the phase function
®(7n) allows us to establish an effective estimate on the good part N, 1(1). On the other hand,
the bad part does not allow for any good estimate. To exploit fast time oscillation, we then
apply a normal form reduction to the bad part /\/2(1) and turn it into the terms ./\/’(52), R,
and N® in the second generation (J = 2). We can easily estimate the terms ./\/'(52) and
R3). As in the first step, we divide N into a good part N1(2) and a bad part N2(2), where
the threshold is now given by the phase function for the quintilinear term N 3. While
the good part /\/1(2) allows for an effective quintilinear estimate, we apply a normal form
reduction to the bad part /\/'2(2) and turn it into three terms NO(S), RG), and N in the
third generation (J = 3). We proceed in an inductive manner.

After applying normal form reductions J — 1 times, we arrive at the three terms N()(J),
R, and NV, The main difficulty appears in the last term A/). As in the previous
steps, we divide N'/) into a good part Nl(J) (with an effective (2J + 1)-linear estimate)
and a bad part NZ(J). We then apply a normal form reduction to the bad part NQ(J) and
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iterate this procedure indefinitely. Under some regularity assumption, we show that the
error term /\/'2(‘]) tends to 0 as J — oc.

In order to carry out the strategy described above, we need to address the following four
issues:

e How do we separate N'/) into “good” and “bad” parts?
e How do we estimate these good terms in the FLP(T) when p > 17 As we see below,
NO(J) is (2J — 1)-linear, while R/) and N'/) are (2J 4 1)-linear.
e Under what condition, does the remainder term N2(J) tends to 0 as J — oo, and if
so, in which sense?
e We need to show convergence of the series representation .
We address these issues in the remaining part of this section. In the following, we fix
1 < p < oo. The major part of this section is devoted to studying the renormalized cubic

NLS (1.2). As for the (unrenormalized) cubic NLS (|1.1)), see Subsection

3.1. Base case: J = 1. Define the trilinear operators N and R by
NO(ay,ug,ug) =i ™ Y ey (ng)Ta(ng)lis(n3),

nez n=ni—ngz+ns
ng;énl,ng (32)
RW (a1, up,u3) = —i Y €™y (n)hz(n)ds(n),
nez

where ®(7) is as in (1.10). For notational simplicity, we set N (u) = N (u,u,u), etc.
when all the three arguments coincide. Note that this notation is consistent with (1.9) and

(3.1). Then, we can write ((1.9) as
du =N (u) + RW (u). (3.3)
The resonant part satisfies the following trivial estimate.

Lemma 3.1. Let 1 < p < oco. Then, we have

3

IRM (a1, uz, us)|| 2o < [T lwill 7re- (3.4)
=1

Proof. This is clear from ¢, C f%p . O

Remark 3.2. (i) In the following, we establish various multilinear estimates. To simply
notations, we only state and prove estimates when all arguments agree with the understand-
ing that they can be easily extended to multilinear estimates. Under this convention,
is written as

IRV )|z < [l
We also use u,, = u,(t) to denote u(n,t). Moreover, given a multilinear operator M, we
simply use M(u)(n) to denote the Fourier coefficients of M(u).

(ii) The multilinear operators that appear below are non-autonomous, i.e. they depend on
a parameter ¢ € R. They, however, satisfy estimates uniformly in time and hence we simply
suppress their time dependence. See (3.10) for example.
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Next, we consider the non-resonant part N’ in (3.2). As it is, we can not establish an
effective estimate and hence we divide it into two parts. Given K > 1 (to be chosen later)
and 1 <p < o0, let € = &(p) > 0 be a small positive number such that

p—1—¢>0. (3.5)
In the following, we simply set

V-1
= >0 (3.6)

such that (3.5) is satisfied. Furthermore, we set

4p’
We write N in (3.2) as

ND = NV 4 A, (3.8)

where ./\fl(l) is the restriction of N onto A; (on the Fourier side), where A; = |, A1(n)
wit
Ai(n) = {(n,nl,ng,ng) :m=n1—ng+n3, ni,ng #n,
|2(71)] = [2(n — n1)(n — n3)| < (3K)°} (3.9)

and MY = N — A Then, the “good” part A" satisfies the following trilinear
estimate.

Lemma 3.3. Let Nl(l) be as in (3.8]). Then, we have

N(l) < Q 3
N () Fre S K7 (a7, (3.10)

~

where 0 is as in (3.7)).

As in the p = 2 case studied in [22], the following divisor estimate [23] plays an important
role in the following. Given an integer n, let d(n) denote the number of divisors of m. Then,
we have

logn
d(n) < “Toglogn (= o(n‘s) for any 6 > 0). (3.11)

Remark 3.4. With (3.6) and (3.7)), we have

20 16

Ko = Ko -1 ,
which appears in (2.5 of Proposition

Proof. Fix n,u € Z with |u| < (3K)?. Then, it follows from the divisor estimate (3.11)) that
there are at most (3K )°" many choices for n; and n3 (and hence for ny from n = ny —ng+ns3)

satisfying
w=2(n—mny)(n—ng). (3.12)

11Clearly, the number 3% in (13.9) does not make any difference at this point. However, we insert it to
match with (3.25)). See also (3.18).



NORMAL FORM APPROACH TO NLS IN FOURIER-LEBESGUE SPACES 17

Hence, we have

sm)( > > 1)55 > BE)™ < (3K)*

|u|<(3K)P n=n1—natn3 lu|<(3K)0
na#ni,ng
p=2(n)
1
p> P

Then, by Holder’s inequality, we have

HNl(l)(u)HfLP = (Z Z Z ﬁnlﬁmﬁn:’,

n | u|<(3K)0 n=n1—na+n3

na#ni,ng
p==o(n)
1
z ;
< Z( > X 1) ( > rum|pum+n3_n|p\unsrp)
n |u|<(BK)? n=n1—nz2+ng n1,n3€Z
na#ni,ng
n=>o(n)
23
S KV ul|FL.
This proves (|3.10]). U

Now, we apply a normal form reduction to the remaining highly non-resonant part NQ(I)

More precisely, we differentiate N2(1) by parts (i.e. the product rule on differentiation in a
reversed order) and write

) ei®(n)t _
N2 ()(n) = Z at( >un1un2un3

Al(n)c (b(n)
ei‘b(ﬁ)tA - ei®(n)t =
= Z Oy [@(n)umunzum] — Z ( ) (unlunzung)
1(n)e Aq(
Qi et
= 8{ Z (I)(ﬁ)umumum] — Z () at(unlun2un3)
Ai(n)e Ai(n)e
= NP (u)(n) + N® (u)(n). (3.13)

The boundary term Néz) can be estimated in a straightforward manner. Using the
equation (T.9), we can express N (u)(n) as a quintilinear form:

N SRt _
M%WF—ZQ@@@W%%
Al (n)C

Ty R(W) (128 + Ty Ty R (W) () }

et (3.14)

¥ 5

Ai(n)e

Gy N ()0

T, N () (72 + T, T, N () )
= R (u)(n) + NP (u)(n)
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In view of (3.2), we regard R (u)(n) and N (u)(n) on the right-hand side as quintilinear
forms. As in the first step, we will need to divide N'® into good and bad parts and apply
another normal form reduction to the bad part. Before proceeding further, we first recall
the notion of ordered trees introduced in [22]. This allows us to express multilinear terms
in a concise manner.

Remark 3.5. We formally exchanged the order of the sum and the time differentiation
in the first term at the third equality. This can be easily justified in the distributional
sense (see Lemma 5.1 in [22]) and also in the classical sense if u € C([-T, T];}"L%(T)) C
C([=T,T]; L3(T)). See [22].

3.2. Notations: index by trees. In this subsection, we recall the notion of ordered trees
and relevant definitions from [22].

Definition 3.6. (i) Given a partially ordered set 7 with partial order <, we say that b € T
with b < a and b # a is a child of a € T, if b < ¢ < a implies either ¢ = a or ¢ = b. If the
latter condition holds, we also say that a is the parent of b.

(ii) A tree T is a finite partially ordered set satisfying the following properties.

o Let aj,a0,as,a4 € T. If ag < as < a1 and a4 < ag < ay, then we have as < a3 or
az < ag,

e A node a € T is called terminal, if it has no child. A non-terminal node a € T is a
node with exactly three children denoted by a1, a2, and as,

o There exists a maximal element r € T (called the root node) such that a < r for
all a € T. We assume that the root node is non-terminal,

e 7 consists of the disjoint union of 7° and 7°°, where 7° and 7> denote the
collections of non-terminal nodes and terminal nodes, respectively.

The number |T| of nodes in a tree 7 is 3j + 1 for some j € N, where |T7°| = j and
|7°°| = 2j + 1. Let us denote the collection of trees in the jth generation by T'(j):

T(j):={T : T is a tree with |T| =35 + 1}.
Note that T € T'(j) contains j parental nodes.
(iii) (ordered tree) We say that a sequence {7;}3]:1 is a chronicle of J generations, if
e 7, €T(j)foreach j=1,...,J,
e 7,41 is obtained by changing one of the terminal nodes in 7; into a non-terminal
node (with three children), j =1,...,J — 1.
Given a chronicle {7}}3]:1 of J generations, we refer to 7; as an ordered tree of the Jth

generation. We denote the collection of the ordered trees of the Jth generation by T(J).
Note that the cardinality of T(J) is given by

1T(J)| =1-3-5----- (2] — 1) = (2J — D)l =: ¢;. (3.15)

The notion of ordered trees comes with associated chronicles; it encodes not only the
shape of a tree but also how it “grew”. This property will be convenient in encoding
successive applications of the product rule for differentiation. In the following, we simply
refer to an ordered tree T; of the Jth generation but it is understood that there is an
underlying chronicle {7}}37:1
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Given a tree 7, we associate each terminal node a € 7°° with the Fourier coefficient
(or its complex conjugate) of the interaction representation u and sum over all possible
frequency assignments. In order to do this, we introduce the index function n assigning
frequencies to all the nodes in 7 in a consistent manner.

Definition 3.7 (index function). Given an ordered tree 7 (of the Jth generation for some
J € N), we define an index function n : 7 — Z such that,

(i) ng = Nay — Nay + Ny for a € TO, where ay,az, and as denote the children of a,

(ii) {na, 14y} N {Nay,nas} =0 for a € TO,

(i) |pa] := 12(ny — npy) (Ne — 1y )| > (BK QH where r is the root node,

where we identified n : 7 — Z with {n,}eer € Z7. We use M(7T) C Z7 to denote the
collection of such index functions n

Remark 3.8. Note that n = {n,}.e7 is completely determined once we specify the values
n, for a € T°°.

Given an ordered tree 7T of the Jth generation with the chronicle {T} _, and associated
index functions n € 9(7;), we use superscripts to denote “generations” of frequencies.

Fix n € 9M(7;). Consider 7; of the first generation. Its nodes consist of the root node r
and its children 71,72, and r3. We define the first generation of frequencies by

(n(l) ng ),nél),né )) = My My s Mgy Mg ).

The ordered tree Ty of the second generation is obtained from 7; by changing one of its
terminal nodes a = r € 7,°° for some k € {1,2,3} into a non-terminal node. Then, we
define the second generation of frequencies by

(n(2), n§2), ng) , ngz)) = (NayMay s Nags Nag)-

Note that we have n(?) = n](gl) = n,, for some k € {1,2,3}. As we see later, this corresponds
to introducing a new set of frequencies after the first differentiation by parts.

After j — 1 steps, the ordered tree 7; of the jth generation is obtained from 7;_; by
changing one of its terminal nodes a € 7% into a non-terminal node. Then, we define the
jth generation of frequencies by

(n(j)’ ngj)’ néj), ngj)) = (na, Nayy Nagy na3)'

Note that these frequencies satisfies (i) and (ii) in Definition
Lastly, we use u; to denote the corresponding phase factor introduced at the jth gener-
ation. Namely, we have

5= ) = (1) = (19 + ()" — (o)
= Q(ngj) - ngj)) (ngj) - ngj)) = 2(n(j) - ngj)) (n(j) - ngj)), (3.16)
where the last two equalities hold thanks to (i) in Definition

Remark 3.9. For simplicity of notation, we may drop the minus signs, the complex number
1, and the complex conjugate sign in the following when they do not play an important
role.

12Recall that we are on A;(n)°. See (3.9).
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3.3. Second generation: J = 2. With the ordered tree notion introduced in the previous
subsection, we now rewrite (3.14) as

z,ult

NO@)my= > 3 3 14 ) R()(u)(nb) IT Gt
Ti€T(1) bET® neN(Th) a€T\{b}
z(ul—i—m
+ 3 Y L 11 .
T26%(2) ne‘ﬁi(Tz) a€Ty®
= R@(u)(n) + N (u)(n). (3.17)

In the first equality, we used and replace 9y, by RW(u)(ny) and N (u)(ny).
Strictly speaking, the new phase factor may be p; — po when the time derivative falls on
the complex conjugate. However, for our analysis, it makes no difference and hence we
simply write it as p1 + po. We apply the same convention for subsequent steps.

Putting and together, we have
N (w)(n) = ONG? (w) () + R (@) (n) + N () (n).

The boundary term NéQ)(u) and the “resonant” term R(?) can be bounded in a straight-
forward manner.

Lemma 3.10. Let 1 < p < o0. Then, we have

2 _
ING )l < K4 ulf%p0,

\\R(z)(u)llm < KMl Lo

~

For the proof of Lemma [3.10] see Lemma [3.12] and [3.13] with J = 2.
With 6 > 0 as in (3.7]), we decompose the frequency spac. of N@ for fixed T; € T(2)

into
Ay = {n € N(T5) : [ + ] < GE)’), (3.18)
and its complement AS. Then we decompose N ) as
N® =N L AP, (3.19)

where Nl(z) =N |4, is defined as the restriction of N®@ on Ay and /\/'2(2) =N@ — Nl(Z).
Thanks to the restriction (3.18) on the frequencies, we can estimate the first term ./\/'1(2)

Lemma 3.11. Let 1 < p < oo. Then, we have

20_4y
INP ()| 7re < K7 ual|5p.

~

For the proof of Lemma [3.11] see Lemma with J = 2.

L31f we fix T € %(2), then the frequency space of N® for this fixed T3 in (B.17) is given by
{(na,a € T5°) :n={natacr, € MT2)}.
In view of Remark we can then identify the frequency space of N for this fixed T3 with N(T2).
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As we do not have a good control on the operator NQ(Q), we apply another normal form

reduction to NQ(Q). On the support of NQ(Q), we have
lper| > (3K)6 and |1 + po| > (5K)9. (3.20)

By applying differentiation by parts once again, we have

N wm=o] 3 ¥ 1

T2€%(2) neN(T2)

n,=n

+ > > 1 7(“1+“2) )at< 1T ana>

1
T3€3(2) nen(Ts) - ATy (py + pio

n,=n

[Z > o1 WHﬁn}

1
T2€(2) neN(T3) M- A7 g (1 + p2) aET

ROWm) [[ G

D IRDIRD B

etlptpz)t }

- H U,
(=145 1y (1 + o) S

et(prtp2)t

Mi=1 45 1 (1 + 2)

T2€%(2) beT® nefn(Tz a€T32\{b}
eilpitpatps)t
+ Z Z 1 N2_, A (i 10) H Uy,
To€X(3) neN(T3) pa(p + p2) aeTee
= NP () (n) + RO (0)(n) + N (u), (3.21)

where the summations are restricted to (3.20). As for the last term N (u), we need to
decompose it into Nl(g)(u) and /\/'2(3)(u)7 according to the further restriction

As = {n e N(T3) : | + p2 + ps| < (TK)?}. (3.22)
On the one hand, the modulation restrictions (3.9), (3.18]), and (3.22)) allow us to estimate

operators N(g), RG), and N(g); see Lemmas [3.10] and [3.11] below. On the other hand,
0 1

we apply another normal form reduction to N23 . In this way, we iterate normal form
reductions in an indefinite manner.

3.4. General step: Jth generation. In this subsection, we consider the general Jth step
of normal form reductions. Before doing so, let us first go over the first two steps studied

in Subsections and Write (3.3)) as
ou = RO (u) + NV (u) + MV ().

The first two terms on the right-hand side admit good estimates; see Lemmas [3.1] and
We then applied the first step of normal form reductions to the troublesome term NQ(I)(u)
and obtained

2 2
o = AN (W) + 3RO () + SN () + N2 ().
j=1 J=1
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See (3.13)), (3.17), and (3.19). Note that only the last term ./\/2(2)(u) can not be estimated
in a direct manner. By applying a normal form reduction once again, we obtained

3 3 3
gu=Y oN () + S RO W) + 3 N (w) + NP (). (3.23)
=1 i=1

=2

See . Once again, all the terms in , except for the last term N2(3)(u), admit
good estimates; see Lemmas [3.12] [3.13] and [3.14] below. We then apply the third step of
normal form reductions to N2(3)(u). We can formally iterate this process. In particularly,
after applying normal form reductions J — 1 times, we would arrive at

J J
ou =Y ON (w) + S R (u) + ZN u) + N7 (). (3.24)
j=1

j=2
In the following, we define each term on the right-hand side of (3.24) properly. With p;
as in (3.16)), define 11; by

We then set
Ay = {7 < (2] + DK, (3.25)
where § > 0 is as in (3.7)). Given j € N, we define NQ(j)(u)(n) by
iﬁjt

= > > 1 Uy, - (3.26)

et kHJ 1~
T;€2(5) neN(T;) a€7;°°

n,=n

Note that this definition is consistent with N N, (2) and /\/ that we saw in the previous
subsections. By applying a normal form reduct1on to with (3.3]), we obtain

N (u)( [Z 213616.%11_[%&}

J
T;€Z(j) neN(T; szl Kk a€T®
nr—n
SRt o
DD IS 1ni:1A;ﬁR (W) J]
7}€T(j)ne‘ﬁ(7})be7;°° k=1 Mk a€7;.°°\{b}
n,=n
et .
DI IS 1ni:1A;ﬁN (W) [ U
EET(j)nG‘ﬂ('E)bG'E‘X’ k=1 Mk (167;90\{()}
n,.=n
eiﬁjt R
ol XYy T
T;€3(5) neN(T;) k=1 Mk a€T®
n,= n
eltist

2 Xl RV [T w,

T,€T(j) nEN(T;) bET® =1 aeT°\{b}
n,=n
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i1t
+ Z Z 1 J ] ~ H una
T €T(+1) nEN(T 1) i i a€TFy
= NGV (@) (n) + RUED () () + NV () (n). (3.27)

Here, we formally exchanged the order of the sum and the time differentiation, which can
be justified. See Remark As in Subsections and we divide NUTY into

NUHD = MY pfIHY, (3.28)

where Nl(j+1)(u) is the restriction of AU+ (u) onto A;11 and ./\f2(j+1)(u) = NUHD(u) —
N 1(j +1) (u). This allows us to define all the terms appearing in in an inductive manner
by applying a normal form reduction to NQ(j ),

In the remaining part of this subsection, we estimate the multilinear operators ./\/'O(j ),

R, and N
Lemma 3.12. Let 1 <p < oo. Then, there exists C}, > 0 such that

() KA0-0) 2j-1
[NG” (0)]| 7 SCPWH | 7Le (3.29)

for any integer 7 > 2 and K > 1.

Proof. From ([3.27) (with j + 1 replaced by j), we have

N wmy = 3 3 1mj ST T, .
Ti—1€%(j—1) neN(Tj—1 H k qeTeo

n.-=n

Then, by Hoélder’s inequality with (3.15]), we have

n] IAC Y
> (> SO T |un|>
T;i—1€2(—-1) "neN(T;-1) H ’ |p neEN(T; 1) aCTe,

nr =n nr =n

IV (@) | 2w <

1
v

m] 1 Ac P
T )
Ti—1€X(j—1) Z )Hk 1| k‘p

S I )

ne nr—n

<D

T-1€2(j—1) nemTj 1) a€T2, Vid
nr - N
< ﬂ AL NP 25—
< (25 =31 sup < Z ) [ (3.30)
Ti1€5G-1) \ ey = i
nez nr_n

In the last step, we used

% 25—1
oo > I ) =lhlZs-
n ne‘ﬁ(ﬂ 1)a€T

n,=n
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We claim that

1

J—1 jpc o . .
sup. < § ﬂA>p < BIT'RATI((25 — 1)), (3.31)
T-1€56-1 \ pemer_ ) Llimt [k ”
ne”L nr_n

where B, > 0 is a constant depending only on p. Then, by setting

B!
C, = [ S
v §3€(<2j—1>'!> =00

we see that (| - follows from and (| -

It remains to prove . Flrst note that given any small € > 0, there exists C' =
C(g) > 0 such that

7—1
sup  {neN(Tj—1) :np=n, |kl =apk=1,....5 -1} <[] lwl*, (3.32)
Tj—letzg—l) k=1
ne

See Lemma 8.16 in [35] for an analogous statement. It follows from the divisor esti-

mate (3.11) that for fixed n*) and py, there are at most O(|ux|°) many choices for ngk),

ngk), and ngk). Noting that |px| < |og| + |ak—1|, we can iterate this argument from k =1

to j — 1 and obtain (3.32).
From (3.25)) and (3.32) with (3.7), we have

j—=1 %
LHsofgcj—1H< > _L )

_ Mg [P 8
k=1 7| i |>((2k+1) K)® il
L :

717 7]_1

1 £
< I~ H(/%+1 )tp 5dt>

1 4(1— —4
= BYTV KA ((25 — 1))

Recalling that ¢ in (3.6) depends only on p, we see that B, and hence C), depend only on
1 < p < 0o. This completes the proof of Lemma |3.12 ]

==

As a consequence of Lemma with Lemma we obtain the following estimate
on R,

Lemma 3.13. Let 1 < p < 0o. Then, there exists Cp, > 0 such that
(24 — DK™

IRY (w)||71r < Cp (CEDE

) .
[l Z, (3.33)
for any j € N and K > 1.

Proof. When j = 1, this is precisely Lemma Let j > 2. Note that R(j)(u) is nothing
but /\/O(j) (u) by replacing @, with R™M (u)(ny) for b € 7;7° and summing over b € 7.
Then, follows from Lemma with Lemma and noting that given 7; € T(j —1),
we have #{b: b € T} = 2j — 1. This extra factor 2j — 1 does not cause a problem thanks
to the fast decaying constant in (3.33]). ]

Lastly, we estimate Nl(j )(u), namely, the restriction of A'U) onto A;.
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Lemma 3.14. Let 1 <p < oo. Then, there exists C, > 0 such that

Ko 20 +4(1—j) -
J

VD ()70 < C,
for any j € N and K > 1.

Proof. From ([3.27) (with j + 1 replaced by j), we have

Mwm= > 3 1 I
NIZ) AnA; H] 1~ Na
T;€3(j) nEN(T;) k aeTee
n,=n
Proceeding as in (3.30) with Holder’s inequality, we have
11 o
i NI ASNA;
”Nf])(u)HfLPS SUP.< Z M)
Tncz) ey L=t UK
1
p
< S (X T )
T;€3() 1| N nen(7;) aeT &
n,=n
1
g AcnA; \ P i
<2 =11 sup. ( > r?u> %, (3.35)
€ ik
JnG nﬁ?’t n
We claim that there exists B, > 0 such that
1
Ji—1 Ac . 20 20 :
sup ( “"”"“) < BIT2j+ )Y Ky O (g5 — 1yt (3.36)
TEQ(J) neN(7;) Hk 1|:U’k’p
n,=n

Then, the desired estimate (3.34)) follows from (3.35)) and (3.36) by setting
. 260
By 2+ 1)V
Cp::sup( P (,j+) p).
j>2 (2] — 1)”

It remains to prove (3.36]). As compared to in the proof of Lemma |3.12] u the main
difference is that the summation in is over n € ‘J”((T) rather than n € M(7;_). Note

that
Yo=Y > . (3.37)

nIGI?t:(ZIZ) negian 1) 67;71 nb:ngj)fngjtkné])

With ny, = n\9), let 11; be as in (3.16)). Then, thanks to the restriction A; in (3.25), we see
that for fixed 1;_; there are at most ((2j + 1)K)? many choices of ;. Moreover, we have
l1j] < |fj—1] + (27 + 1)K)?. Then, by the divisor estimate (3.11), we conclude that

S Y 1y, 0@ DR (@ DY ) (339)

DET) py=n _n$) yn )

Thus (3.36)) follows from (3.31)) together with (3.37) and (3.38)). O
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3.5. On the error term NQ(‘]) and the proof of Proposition We first prove that

the remainder term J\/’Q(J)(u) in (3.24]) tends to zero as J — oo under some regularity
assumption on u.

Lemma 3.15. Let N2(J) be as in (3.26) with j = J and T > 0. Then, given u €
C([-T, T];]—"L%(T)), we have

sup  [INS” ()| Free — 0, (3.39)
te[-T,T)

as J — oo.

Proof. By Young’s inequality, we have

INO @) Free + [RY (w) | 2 S ”“”?}L%' (3.40)
From (3.28)) (with j + 1 replace by J), we have
N ) = ND () = N (u). (3.41)
Then, by rewriting (3.27) (with j + 1 replace by J), we have
th R
N Z Z lni HJ 1~ Ung
Tre2(J )ne‘)’l T7) QETJOO
z,u,Jt
- Z Z Z 1nJ L Ag J I~
Ty €X(J-1) neN(Ty 1) bETS, k=1 Hk
x WO+ R @)(ny)  [] G-
aeTJoil\{b}

Proceeding as in the proof of Lemma with (3.15)), (3.31)), and (3.40)), we have
5 1~7-1 Ac ﬁ
WOl ST Y s (D )
k

o0 p
TI—IET(Jfl)bGnEIZfI neN(7;y) Hlk=1 ||
r=n

< Y WO s RO @@ ] |ana\p)”}

neN(7Tr-1) acT2 \{b}
n,=n

|=

< By U (@7 = )m 7 jal?

<sp (311 \ana)

T neM(Ty 1) a€Tj<, \ (b}
< By KD (27 - )T *lall gl (3.42)
for any 1 < p < co. Therefore, (3.39) follows from with Lemma and (3.42) with
p:%bytakingJ%oo. g

We briefly discuss the proof of Proposition
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Proof of Proposition[2.1 In view of Lemmas [3.12] 3.13] and [3.14] it suffices to verify that
3

any solution u € C([-T,T]; FL2(T)) to (1.9)) satisfies the normal form equation (2.1). By

integrating (3.24)) in time, we have

u(t) —u(0) = SN )(t) - SN (u)(0)
j=2 j=2

t o J J :
) () (t O () (t') b O () () dt
+f {gN W)+ 3R )+ [N e

By letting J — 0o, we deduce from Lemma that the normal form equation (2.1)) holds
in C([-T,T); FL*>(T)).
Given J > 2, set

Xy =u(t) - u(0) - [ZNO(”(u)(t) 3" N (uo)
=2 =2
t J J
(7) w) (' () w) (¥ a8
+/0 {ZN ( ><t>+;w< ><t>}dt]

On the one hand, it follows from Lemmas [3.12] [3.13], and [3.74] that X ; converges to some
Xoo in C([-T, T];]—'L%(T)) as J — oo. See (2.6). On the other hand, we know that
X converges to 0 in C([—T,T]; FL*°(T)). Therefore, by the uniqueness of the limit, we
conclude that Xy tends to 0 in C([-T,T}; FL? (T)) as J — oo. This shows that the normal
form equation holds in C([-T, T];]—"L%(T)). O

3.6. On the cubic NLS. We conclude this section by briefly discussing the case of the
(unrenormalized) cubic NLS ({.1). The only difference appears from the extra term R
in (2.11). When j = 1, we simply set R;l)(u)(n) = Rz(u)(n). When we apply a normal
form reduction and substitute d;u by the equation , there is an extra term due to Rs.
By repeating the computation in , we have

NP ()(n) = 3N (w)(n) + RUFD () (n) + MO (u)(n)
st

Y > Dy ey Re(w(m) ] ua
B Hk:l

T,€3(j) neN(T;) beT® Hik a€To\{b}

= ANV (W)(n) + R (w)(n) + N () (n) + RIT (u) ().

Proposition follows exactly as for Proposition [2.1| once we note the following bound
()
on Ry’ .

Lemma 3.16. Let 1 < p < 2. Then, there exists C, > 0 such that

(2j — K= oy
(2 -z Ml

IRS ()| 710 < Cp

for any j € N and K > 1.
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Proof. This lemma follows from Lemma [3.12] as in the proof of Lemma [3.13] once we note
that

IR2 ()| 7zr < [ull%Ls
when 1 < p < 2. OJ

APPENDIX A. ON THE PERSISTENCE OF REGULARITY IN FLP(T), 1 <p <2

We first recall the basic definitions and properties of the Fourier restriction norm spaces
X;’b(T x R) adapted to the Fourier-Lebesgue spaces. Let S(T x R) be the vector space of
C*-functions u : R? — C such that

u(z,t) =u(z+1,1t) and sup ]taé)f@;u(a;,t)] < 00
(w,t)ER?
for any «, 5,7 € NU{0}.

Definition A.1. Let s,b € R, 1 < p < oco. We define the space X;’b(T x R) as the
completion of S(T x R) with respect to the norm

el st ey = 1047+ 02)2(n, Tl L2 ey (A1)

For brevity, we simply denote X;’b(T x R) by X;’b. Recall the following characterization
of the Xﬁ’b—norm in terms of the interaction representation u(t) = S(—t)u(¢):

Ny Y F—
where the iterated norm is to be understood in the following sense:
b ~
Il 2 powzpow o= )" ()00, D)l = [[10)* G )] 2o -
Here, FLy"(T) is as in (1.7) and F Lf’p (R) is defined by the norm:

”fome(R) = ”(T>bf(7—)HL§(R)‘

Note that these spaces are separable when p < oco.

For any 1 < p < o0 and s € R, we have

1 1
X3P — C(R; FL*P(T)), ifb> 5= 1— > (A.2)

This is a consequence of the dominated convergence theorem along with the following
embedding relation: F Li”p — FL} < Cy, where the second embedding is the Riemann-
Lebesgue lemma.

Given an interval I C R, we also define the local-in-time version Xg’b(l ) of the X;’b—space
as the collection of functions u such that

||u||X;,b(1) := inf {H’UHX;,IJ : vl =u} (A.3)

is finite.
Lastly, we recall the following linear estimates. See [15] for the proof.

Lemma A.2. (i) (Homogeneous linear estimate). Given 1 < p < oo and s,b € R, we have

HS(t)fH)(;vb([QT]) S Hf”}'LS’P
for any 0 <T < 1.
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(ii) (Nonhomogeneous linear estimate). Let s € R, 1 < p < oo, and —% <V <0<b<
1+ V. Then, we have

‘ /Ot St —tF(tdt

forany 0 <T < 1.

The nonhomogeneous linear estimate (A.4]) is based on (2.21) in [I8]. While p > 1 is
assumed in [I8], the estimate also holds true when p = 1.

The following trilinear estimate is the key ingredient for establishing the persistence of
regularity in FLP(T), 1 <p < 2.

< T1+b bHFH
X3 ([0,77)

x3Y([0,1]) (A-4)

Lemma A.3. Let 1 < p < 2. Then, there ezists small € > 0 (independent of p) such that

2 < 2 A5
ul u 1, 1 u 1., .
ol gomgoae gy S 100 00 19000 (A5)
for any 0 <T < 1.
Proof. By a standard argument, it suffices to prove (A.5)) without a time restriction:
[[Jul*u xode S H’UII2 2+EHUIIX Lie- (A.6)

2

We first estimate the non-resonant contribution from I in (2.10). We follow the argument
in [19]. Let 09 =7 +n? and 0; = 7; + njz, j=1,2,3. Then, lb follows once we prove

2
1 Filns. )
o = Hf S| 5 (116l ) sl
‘7:

<00 n=ni—nas+ns J)
n#ni,ng
By Cauchy-Schwarz and Young’s inequalities, it suffices to prove

wrr
T=T1— 7'2+T3J 1 T

3

1 1
W Z / H W dridmy

n=ni—nztng " o j=1

< 0. (A7)
oL

n#ni,ng
From (|1.10)), we have
T 1
555 -
ig (05)° T (n =) (n = n3))e

Then, by estimating the convolutions in 7; (see Lemma 4.2 in [I6]) and applying (1.10)), we
have

LS of () 5 | e

P> 1 :
e S (n—n1)s(n —n3)s (T +n? —2(n —n1)(n — ng))l+e
n#ny,n3

(L

N < o0,

(5oL

1 1
Z <k>£ <7- + n2 — 2k>1+5d(k)

keZ)\ {0}
where we used the divisor estimate (3.11]) in the last step.
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Next, we estimate the contribution from the resonant parts II and II in (2.10). By
Young’s inequality followed by Cauchy-Schwarz inequality, we have

I oy H [ )i it r)dndr,
Xp wre
T=T1—T2+73
S Nalle po 1@l 2
S
2
With (A.2)), we have
T o3 2e S [ull7oc 2 l@(n, 7)o 2
P
< 2
Sl gy ol g
This completes the proof of Lemma [A.3] O

When p = 2, Lemmas and allow us to prove local well-posedness of (1.1 in
L?(T), where the local existence time is given by

T =T(|luollz2) ~ (1 + lluoll2)~* > 0 (A.8)

for some 6 > 0. For 1 < p < 2, by applying Lemmas and we can easily prove local
well-posedness of ([I.1)) in FLP(T), where the local existence time 7T is given as in (A.8§)),
namely, it depends only on the L?-norm of initial data ug. In this case, a contraction
argument yields
sup [[u(t)||Frr < ClluollFrr (A.9)
te[0,7
for some absolute constant C' > 0. Then, by iterating the local argument with (A.8) and
the L2-conservation, we conclude from (A.8)) and (A.9) that

sup [|u(t)|zzo < COTI1L"7 || 2 (A.10)
te(0,7]
for any 7 > 0. This proves global well-posedness of (1.1 in FLP(T), 1 < p < 2, with
the growth bound (A.10)) on the FLP-norm of solutions. A similar argument yields global
well-posedness of the renormalized cubic NLS (1.2)) in FLP(T), 1 <p < 2.
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