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Abstract We prove a Nekhoroshev type theorem for the fractional nonlinear
Schrédinger equation under Dirichlet boundary conditions. More precisely,
our findings show that the solutions with e-small initial data in the Gevrey
space remain in their small magnitude over time intervals of order g lnel”
with 0 < v < 1/10. The result can be proved by using Birkhoff normal form
method and the so-called tame property of the nonlinearity in Gevrey space.
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1. Introduction and main result

We focus on the fractional nonlinear Schrédinger (FNLS) equation
iuy = (—A)° u+ |u|*u (1.1)
on the finite z-interval [0, ] with Dirichlet boundary conditions
u(t,0) =0=u(t,m), —oo<t<+00,

where (—A)” denotes the Riesz fractional differentiation defined in [29] with 1/2 <
s < 1.

The fractional Schrédinger equation introduced by Laskin [30,31] derives a frac-
tional version of classical quantum mechanics. By introducing fractional derivatives,
it provides a better description of the non-local and non-Markovian behavior of
particles in some special systems. Furthermore, the fractional Schrodinger equation
provides a new mathematical tool for us to understand the behavior of particles in
the microscopic world and some of the exotic phenomena and properties in quan-
tum mechanics. Up to now, there has been a lot of excellent work on the FNLS
equation, such as [22,24, 28,29, 34].
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In this paper, we consider the equation (1.1) with Hamiltonian tools. It is well
known that equation (1.1) can be written as a Hamiltonian system

=iV H (u)

with the Hamiltonian function
s L7
H= (=) w,u)+ 5 [ |u]"dz,
2 Jo
where (-, -) is the inner product
(u,v) = Re/ uvdz.
0
The operator (—A)® under Dirichlet boundary condition has a family of orthonormal

eigenfunctions
2
¢j(z) =1/ —sinjz (1.2)
0

and the corresponding eigenvalues are

w; =7, ] >1
Consider the Gevrey space
L6
Moo= u=>_ ;¢ |ullpo=2lallp0 =2 e |g;| < oo, (1.3)
i>1 i>1

where p > 0, 0 < 6 < 1. The following is our main result:

Theorem 1.1. For any given p > 0, 0 < 6 < 1 and 0 < v < 1/10, there exists
an almost full measure set F C (1/2,1) and a sufficiently small positive number e,
such that for any s € F and 0 < € < &, if the initial value to equation (1.1) fulfills

[u(0)]lp,0 < €/6,
then the solution with the initial value u(0) satisfies
H’Uz(t)”pﬁ < 5/2, \% |t‘ < E—|1n5|'v.

Remark 1.1. The length of the stability time hinges on the regularity of the initial
value, which means that the different topological spaces would yield distinguishing
dynamical behavior. Bambusi-Sire [4] showed a polynomial-type stability time for
equation (1.1) on the Sobolev space. Explicitly, it was proved in [4] that the solution
was stable for arbitrary polynomial times e~ (r > 1) w.r.t. e-small initial data in
the Sobolev norm. In this paper, we engage in the Gevrey space (1.3) and enhance
the stability time to a subexponential result for equation (1.1).

Remark 1.2. The proof of Theorem 1.1 can be achieved by using the Birkhoff
normal form method and the so-called tame property of the nonlinearity in Gevrey
space (1.3). We mention that the tame property in Gevrey space, initially intro-
duced by Cong-Liu-Wang [17], is applied to the nonlinear wave (NLW) equation, in
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which the indicator 6 of space takes a special value 1/2. Motivated by [17], in this
paper, we are concerned about the FNLS equation (1.1) and extend the range of
indicator 0 to 0 < 6 < 1. It is worth noting that the discrepancies in the choice of
parameters and the rate of frequency growth arising from different equations will
contribute to some essential distinctions in the construction of non-resonant con-
ditions. Moreover, the space changes also make some of the conclusions related to
tame property slightly different from those of [17] (see Section 2 for more details).

Remark 1.3. We can likewise present the stability estimation for FNLS equation
(1.1) by establishing similar tame properties in the following two Hilbert spaces.

(1) In the Gevrey space

oln?|j
Ho = u=>q;¢; : lulls =2llglls =2 7™ 1 g5] < o0

Jjz1 jz1

with o > 0, |j] := max{e®,|j|}, we can prove that for almost s € (1/2,1),
the solutions to (1.1) starting with e-small initial data maintain stable over
time-intervals of length e~ with 0 < v < 1/10.

(2) In the modified Sobolev space

Hp = qu= D a;0;: lully = 2lally =2 |5]7lg] < o0 (1.4)

Jj=1 Jj=1

with p > 1/2, |j] := max{2, |j|}, it can be shown that for almost s € (1/2,1),
if the initial data of equation (1.1) is e-small, then their evolution remains in a
1

ball of radius 2¢ for time intervals of order e© ¢ with C' > 0.

Remark 1.4. The result of Theorem 1.1 also holds for the following FNLS equation
with a more general nonlinearity

iuy = (—A)° u+ F(|ul*)u,

where F(z) is a real-valued polynomial function in z satisfying F'(0) = 0. For the
sake of simplicity in this paper we take F(|u|?)u = |u|?u.

The use of the Birkhoff normal form method to study the long time stability
of solutions of Hamiltonian PDEs is a fundamental problem and has been exten-
sively investigated by many authors over the years. The first result was shown
by Bourgain in [12], who researched the long time stability for the nonlinear wave
(NLW) equation and nonlinear Schrédinger (NLS) equation. Another significant
work in this area was given by Bambusi-Grébert in [1], they proved an abstract
Birkhoff normal form theorem suited to a large class of PDEs with tame property
including d-dimensional NLS equations (d > 1) and 1-dimensional NLW equations
and discussed dynamical consequences on the polynomial long time behavior of the
solutions with small initial data in the standard Sobolev space H* = H*(T%; C)

d .
H = g = (g))jeze € C¥ a2 = Y lg;PliP* < o0 ¢,
Jjezd
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where j = (j1,...,jq4) and |j] = \/2?21 j2. More precisely, it was shown that for
any 7 > 1 and s large enough (depending on ), there exist 5 and some positive
constant C such that if the initial datum ¢(0) fulfills € = ||g(0)|s < €5, it holds
that

lg@®)|ls < 2e, forall |t|] < Cse™".

Based on the method introduced by Bambusi-Grébert [1], Bambusi-Sire [4] per-
formed the existence of almost global solutions to the FNLS equation (1.1). Ex-
plicitly, for almost s > 1/2, if the Sobolev norm of the initial value is smaller than
€ (0 < e < 1), then the corresponding solution is bounded by 2¢ over time-intervals
of length e=2 (B arbitrary). A large number of similar results have been actual-
ized for water waves equations, Klein-Gordon equations and derivative nonlinear
Schrodinger (DNLS) equations, see [9,10,18-21,42,43] and references therein.

A natural step forward is to consider whether the solutions can be stable in a
longer time such as the exponential long time. In the context of finite dimensional
Hamiltonian systems of this field, a pioneering work was from Nekhoroshev [35],
who exhibited that the evolution of all orbits remained stable over exponentially
long time intervals. Since then, a great deal of analogous results have been presented
for finite dimensional Hamiltonian systems, see [5,6,36], just to mention a few.

Recently, regarding applications to Hamiltonian PDEs, a remarkable work given
by Faou-Grébert in [23] was to prove a subexponential long stability time result
for d-dimensional NLS equations with analytic initial data. Afterward, Biasco-
Massetti-Procesi [11] explored the dynamical behavior for NLS equations in different
phase spaces, such as Sobolev space and Gevrey space. Subsequently, Cong-Liu-
Wang [17] proved a subexponential result for the NLW equation

Ut = Ugy — mu — f(u)

under Dirichlet boundary conditions in the following Gevrey space

Hyo=Qu= g5 ul, =2lall, =2 eVilg| <oop. (1)

Jj=1 Jj=1

Moreover, we mention that there have been many results in studying the long
time stability of solutions of Hamiltonian PDEs by constructing tame property in
different spaces, which can refer to [14,16,37,38] for more details.

Lastly, we noticed that there are many results about an accurate description
of the long time dynamics of the solutions for Hamiltonian PDEs without external
parameters. See [7,8,13,33,41] for more details. Conversely, an opposite point
of view is to establish special orbits for which the Sobolev norms grow as fast as
possible, we refer the reader to [2,3,15,25-27].

As far as we know, the periodic or quasi-periodic solutions of the FNLS equation
have been obtained by using KAM theory with the following results. Li [32] demon-
strated the existence of numerous quasi-periodic solutions for a class of space frac-
tional nonlinear Schrédinger equations using the Riesz fractional derivative. Xu [40]
established an infinite dimensional KAM theorem adapted to the FNLS equation
with dense normal frequency and obtained a class of small amplitude quasi-periodic
solutions with linear stability. Wu-Yuan [39] proved the existence of full dimensional
KAM torus for the FNLS equation in the Gevrey space.
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Inspired by Bambusi-Sire [4] and Cong-Liu-Wang [17], in the present paper, we
would like to study the subexponential long time behavior of the FNLS equation
(1.1) in Gevrey space (1.3) by using the Birkhoff normal form method and the
so-called tame property.

2. Preliminary

As a preparatory step, we give some basic definitions and introduce the tame prop-
erty of vector fields.

2.1. The phase space

Given p > 0, 0 < 8 < 1, we define the Banach space ¢, 4(C) of all complex-valued
sequences ¢ = (g;);>1 with

10
lgllp,o := Zlqﬂe”“' <00
j>1

and the scale of phase spaces
(¢:7) € Ppo(C) :=£,6(C) ® £,,6(C).
We identify a couple (¢, q) € Pp6(C) with z = (z;) ¢z (Z := Z\ {0}) via the formula
2-j =Gy 2 =4q, j=z1

and define

lzllp0 = 3 lzsle" < co.
JEZ
Given a large N > 0, define z = (Z;),cz by Z; = z; when |j| < N and otherwise
Zj=0. Alsolet 2 =2 —Z.
Moreover, we denote by Bc ,¢(R) the open ball centered at the origin and of
radius R in P, ¢(C). Often, we simply write

Poo =Ppo(C),  Bpo(R) = Be,po(R).

Definition 2.1. Let H : P, 9 — C be a homogeneous polynomial of degree r by

H(z) = Z Hpz", k= (kj)ez € NZ, k= H z;-cj,
|k|=r JEZ

where Hj, is the coefficient of the monomial z* and |k| := > jez kj is the degree of
H(z). Then, we define its modulus | H] by

|H(z) ==Y [Hylz".

|k|=r

For convenience, we keep fidelity with the notation and terminology from Bam-
busi - Grébert [1]. Let H : P, ¢ — C be a homogeneous polynomial of degree . We
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recall that H is continuous and also analytic if and only if it is bounded, namely if
there exists a positive constant C' such that

|H(2)| < C|lz|l, 9, forany z € P, y.

To the polynomial H it is naturally associated a symmetric r-linear form H such
that B
H(z,...,z) = H(2).

The r-linear form H is bounded; that is,
[H(D, 2 < W 11270

(and analytic) if and only if H is bounded.
Given a polynomial vector field X : P, 9 — P, ¢ homogeneous of degree r, we

write it as
X(2) =Y X;(2)e;,
JEL
where e; € P, ¢ is the vector with all components equal to zero but the j-th one,
which is equal to 1. Thus X,(z) is a homogeneous polynomial of degree r. We
recall that X is analytic if and only if it is bounded, namely if there exists a positive
constant C' such that

1X(2)llp.0 < Cllzll7 e, for any z € Ppyp.

Consider the r-linear symmetric form X and define X := diez X je; with

Analogously, the r-linear form X is bounded i.e.
IXY, 2 e < CllzWllp 12750

(and analytic) if and only if X is bounded. Moreover, the modulus of a vector field
X is defined by
1X1(2) =) _1X;1(2)e;.

JEZ

2.2. The tame norm of Hamiltonian vector field

Motivated by Cong-Liu-Wang [17], we will define the tame norm of vector fields
and exhibit that the tame property is stable under the Poisson brackets. It is worth
noting that in this paper we extend the spatial indicator 6 from 1/2 in [17] to
0 < 0 < 1, which will give rise to some slight differences about the tame property.

Definition 2.2. Let H be a homogeneous polynomial of degree r + 1, assume that
H satisfies the following two conditions:
1. Tame property, i.e.!

X k] ()]0

A :=su
[w][Ty

< o0,

1The Hamiltonin vector field X is defined in (3.7) and Xy is the r-linear symmetric form of
Xy
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where
r 11 (1-1)
e =~ 3= (1=0leo 100+ 124 leo -1)00
=1
<||20] 012 201y p0 - ||Z(T)H(29—1)p79)
and the sup is taken over all the multivectors w = (2, ..., 2(") #£0;

2. Bounded property, i.e.

||LXH1 (U’)H(W—l)p,e

B := < 00,
||w||(29—1)p,9
where
||wH(2971)p,9 = ||Z(1)||(2971)p,0 T HZ(T)||(2971)p,9
and the sup is taken over all the multivectors w = (2(1), ... 2(") 5 0;

Then the tame norm of the vector field Xy can be defined by
|H|£9 := max{A, B}.
Remark 2.1. Let f(z) = 3,5, ajz’ with x € R and a; > 0, then we have

sup f(z) = sup f(x).

lz|<R 0<wz<R
In view of Remark 2.1, without loss of generality, we can always assume z =
(25)jez with z; > 0 below.

Definition 2.3. Let H be a non-homogeneous polynomial. Consider its Taylor

expansion
H= § Hra
r>1

where H, is homogeneous polynomial of degree r. For R > 0, we denote

H por =D |Hilyy R (2.1)

r>1

Such a definition can be naturally extended to the set of analytic functions, i.e.,
(2.1) is finite. The set of the functions with a finite \H|£91R—norm is denoted by
Tpﬂ’R.

Next, we aim to show that the tame property can be maintained under Poisson
brackets. Given two functions f(z) and g(z), we define the Poisson bracket by

. af g of 9g
{9y =13 ((9%‘ 0z-j 0z (%j) '

Jj=1

Lemma 2.1. Let f and g be homogeneous polynomials of degree n +1 and m + 1,
respectively, then one has

[{£, 9} 50 < (n+m)I 17 6lgl;0-
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The proof of this lemma is similar to Lemma 2.6 in [17]. So we omit its proof
here. By repeatedly exploiting the lemma 2.1, we obtain the following conclusion.

Corollary 2.1. Let f(z) and g(z) be homogeneous polynomials of degree ¥ and r,
respectively, satisfying |f|T |g|£9 < oo. Then for any v > 1, v € N, it follows
that

p,0°

v

1 . v
|f(u,g)|,:)r,a < o H(T +i(r —2)) - |f|f,0 (\9|£0) ;

i=1
where

1
f(O,g) = fa f(u,g) = ;{f(ufl,g)ag}'

Lastly, we are devoted to discussing the relationship between vector fields and
their tame norms. Let us denote

IXnllse == sup [ Xu(2)lpe-

lzllp.0<R
Lemma 2.2. For a given Hamiltonian function H, the following holds:
R
Xz l5e < [H|Gg g
The proof of this lemma is similar to Lemma 4.2 in [17]. So we omit its proof
here.

Lemma 2.3. Assume that H has a zero of order three in the variables Z, then one
has

4‘H|£9,2R
[Xullpe < 2(2—27)pNO *

Proof. Introduce the projector ﬁ on the modes with an index smaller than N

and the projector ﬁ on the modes with a large index. Expand H in the Taylor
series (in all the variables); namely, write

H=> H,
i>1

with H; homogeneous polynomial of degree j. Consider the vector field of Hj,
decompose it into the component on zZ and the component on 2. One has

T Xs, = J=V-H;, (2.2)
[[xu, = J:V:H;, (2.3)

where we denote by J; and J; the two components of the Poisson tensor. From
(2.2) and (2.3) one immediately realizes that [[ Xy, has a zero of order three as a

function of Z and HX H; has a zero of order two as a function of 2. Consider HX H;
and write z = 7z + 2; one has

ﬁXH]. (z+ %) (2.4)
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I—times (j—1—1)—times

where the sum starts from 2 since [ Xy, has a zero of order two as a function of 2.

We estimate now a single term of the sum. By the tame property, we have

| IXH Z,. z )
\W_/ \W_/
[—times (j—I—1)—times 0,0

1 j—1—1
<1150 =7 (1 12l el o115,

—nji—1—2
20 550)

+(7 = 1= D2l {01,002l .6
By applying the inequality

12l o 1ypp < A
’ e(2—2%)pN

(2.5) can be bounded by

j—1
. 11150
1Hjlp.0 - a=amyi—nyne -

By inserting into (2.4), one gets, for z € B, g(R),

T Ri—t 21H;1] 92
HHXHJ(Z) <2]|H |p0 o(2—20)pN?o = (2,255;]\;9'
p,0
Similarly, it holds that
T 2|Hj|;{9 2R
)HXHj(@ S 2N
In view of (2.6) and (2.7), one has
A\ H;|T o or

||XHJ||p79 — 6(2_26)pN6 :

Summing over j, one gets the thesis.

(2.5)

(2.6)

(2.7)

O

3. The results for infinite dimensional Hamiltonian

systems

In this section, our task is to perform a Birkhoff normal form theorem for a class of
infinite dimensional Hamiltonian systems. The starting point is to introduce some

notions and notations. Given I > 2 and j = (jy, jo2,- -+ ,J1) € Z', we define

e the monomial associated with j

Zj = Zj1Rga " R
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e the third largest positive integer associated with j

1@,
i.e. p(j) is the third largest integer in {|j1], -+ , |7}
e the degree associated with j
dj) =1,
e the divisor associated with j
Q(j) = sgn(jr) - wyjy| + -+ +sgn(i1) - wjy); (3.1)

where w;,| = [Ji]**.

We denote the set of indices with zero momentum by
T=1{i= (G, jorit) €2 1t jot--- £, =0}.
Moreover, for any [ > 3 and N > 1, we set
J(N):={jeZ:u(j) >N}
We say that j = (j1, 42, - ,j1) € Zﬁ is resonant and write j € N, if [ is even
and j = iU (-i) for some choice of i € Z!/2. Furthermore, when j is resonant, the
monomial zj associated with j only depends on the actions (I;),cz with I; = 22 ;.

Next, our aim is to state Birkhoff normal form theorem for infinite dimensional
Hamiltonian systems. Let us consider the Hamiltonian systems

. i@H
Zj =i—,
0z
i > .
o 1=t (3.2)
=g
J

with respect to symplectic structure i) i>1 dz; N dz_;. The corresponding Hamil-
tonian function is -

H(z) = Ho(z) + P(2), (3.3)
where
Hy = ijzjz_j, (3.4)

the real numbers w; are frequencies and P(z) has a zero of order at least three at
the origin. Here we make some assumptions as follows.

(a) Given two positive numbers r, N, the frequencies w; are (r, N)-nonresonant, if
w; satisfies the following condition

. 1
‘Q(J)| > N16(d()° (3.5)

with j & Nag), #(§) < N and d(j) <.
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(b) The nonlinearity P(z) is of the following form

P(2) =Y Pu(z),  Pul2)=)_ az

n>3 JEL,

Moreover, there exists a constant C' > 1 such that for any n > 3,

|Pa|ly <2 (3.6)
Let us denote by
H H
Xy = (i 0 , —ia> (3.7)
az_j 62’]‘ i>1

the Hamiltonian vector field of H(z).

Theorem 3.1. (Birkhoff normal form theorem) Consider the Hamiltonian
system (3.2) and suppose that the Hamiltonian (3.3) satisfies (a) and (b). For any
p>0,0<6<1and0 <~y < 1/10, there exists a sufficiently small positive
number €, such that for any 0 < € < g,, there exists a canonical transformation
T : Bpo(e/2) = B, g(e) changing the Hamiltonian H in (3.3) into

H:=HoT = Hy+ Z(2) + W(2) + R(2),
where
(1) The canonical transformation T fulfills
3
2

sup ||T—ide0 < ez,
2€B, 0(e/2) '

(3.8)

Ezxactly the same estimate is also true to the inverse of canonical transformation

T.
(2) Z(2) is a polynomial only depending on actions (I;);>1. W(z) and R(z) fulfill

the following estimations:

sup [ Xw (2,4 sup | Xr(2)],0 < glmel™+3 (3.9)
z€EB, 0(e/2) zE€B, 9(e/2)

The proof of Theorem 3.1 is postponed in Section 4. Subsequently, we get an
important corollary from Theorem 3.1.

Corollary 3.1. Consider the Hamiltonian system (3.2) and suppose that the Hamil-
tonian (3.3) satisfies (a) and (b). For any p > 0,0 <6 <1 and 0 <y < 1/10,
there exists a sufficiently small positive number €., such that for any 0 < € < e, if
the initial value to equation (3.2) fulfills

12(0)llp0 < /6,
then the solution with the initial value z(0) satisfies

lz(t)|lp0 <&, V|t < c—nel”
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Proof. By applying Theorem 3.1, there exists a canonical transformation 7 with
T (2) = z, which changes the Hamiltonian system (3.2) into

. laﬁ
Zj =1,
97
S | (3.10)
. iaH
;o 98
J 0z,

with
H(Z):=HoT(2) = Ho+ Z(2) + W(Z) + R(3).

In view of (3.8), one has that the solution z(t) to (3.2) with initial value
12(0)]|p,0 < €/6 is transformed into Z(t) to (3.10) with initial value ||Z(0)|[,,6 < /3.
Moreover, for any Z(0) € B, g(¢/3), there exists a time T such that

12T, = €/2

and
Z(t) € Boo(/2), VY |t|I<T.

By taking advantage of (3.9), we get

/T d |25,

/ BERECIAY:

T s |{HE), 122
Z€B,9(e/2)

I — 120)]2, | =

IA

< T.2.¢mel"+3,
Accordingly, for any [t| <T (T > 5"1“5“), one has

~ 2 = 2 5 4
1220 = 120)12, | < 5=

and
Z(t) € By (€/2).

Consequently, the solution z(¢) to (3.2) with 2(0) € B, ¢ (¢/6) will satisfy
2(t) € Boole), V|t] <e el

We complete the proof of Corollary 3.1. O

4. The proof of Birkhoff normal form theorem

To perform the proof of Birkhoff normal form theorem, we would like to intro-
duce some related tools. Let us consider an auxiliary Hamiltonian function X'(z)
associated with the Hamiltonian equations

5= Xx(2). (4.1)

Denote ¢% as the flow of equation (4.1) and ¢% |t—o is an identity mapping.
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Definition 4.1. The transformation ¢}, = ¢%|;—1 is called a Lie-transformation
generated by Hamiltonian X'(z).

Given an analytic function f(z). For any n € N, it follows that

a

—_—

n times
According to the Taylor expansion, we deduce that
o0
fodk = > fux,
v=0
where

1
f(O,X) = f7 f(u,X) = ;{f(u—l,)(% X}, v>1

Lemma 4.1. (Homological equation) Let Q(2) = > ;.7 Qjz; be a homogeneous
polynomial of degree n and suppose that the (r, N)-nonresonance condition (3.5) is
satisfied. Then there exists a unique solution X(z) such that

{HOaX}+Q:Z+R7

where Hy is defined in (3.4) and

Z(z)= > Qi R = Y. Qp

:g;"g;\, JEITn(N)
Moreover, one has
6
X7y < N'™IQIT, and |Z]],, |R[], < 1QI7,. (4.2)

Proof. Observing the fact that
{Ho, 2} = —iQ()%;,

where (j) is defined in (3.1), we get X(z), Z(z) and R(z) are all homogeneous
polynomials of degree n with the following forms

X = Zz’\,’jzj, Z = ZZij, R = ZRjzj
€T, JET, JET,

and
—iQ(3)X+Q;=Z;+ Ry, jeI,.

Moreover, the coeflicients satisfy

e if pu(j) > N,

o if u(j) < N and j € Ny,
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o if u(j) < N and j ¢ N,

@
X = 7 = =0. 4.
J iQ(j)ﬂ J 03 RJ 0 ( 5)
In view of (r, N)-nonresonance condition (3.5) and (4.3)-(4.5), we obtain (4.2).

O

Subsequently, we are devoted to presenting the iterative lemma, which is the

most important component of proving Theorem 3.1. In the statement of the forth-

coming iterative lemma, we use the following notation. Given an integer r > 1 and
a sufficiently small positive number &, set

5n::£(1—£), neN, 0<n<nr.
2r

Lemma 4.2. (Iterative lemma) Consider the Hamiltonian systems (3.2) and
suppose that the Hamiltonian (3.3) satisfies (a) and (b). Given an integer r > 1,
0<e<landp>0,0<6<1. Forany0<m <r and any integer N > 0, there
erists an analytic canonical transformation T™) : B, g(em) — B,.a(€) changing the
Hamiltonian H in (3.3) into

H™ .= HoT™ = Hy 4+ 2™ (2) + RV (2) + RTM)(2) (4.6)
and the following properties are satisfied:

(1) the transformation T™) satisfies

m+2 n—
sup HT(m) —id < Z N16n° (2571715]\716(77,71)6) 3 on—2 . gn—1
z€By 9(em) p,0 n=3
(4.7)
(2) Z"™)(2) is a polynomial of degree m + 2 with the following form
m—42
Z0M() = 3 Z0(z), 2 = Y (A7)
n=3 JENR, J
BHN
Moreover, for any 3 <n < m+ 2, it holds that
‘ZT(Lm) T9 < (25n—15N16(n—1)6)n73 on—2. (4.8)
o,

(3) RNU™)(2) is a polynomial of degree m + 2 with the following form

m—+2

RVO(z) = 3 RNV(), RYIGE) = Y (RYOV)
n=3 JETn(N) !

Moreover, for any 3 <n < m+ 2, it follows that

’ery(m)‘Ta < (25n—15N16(n_1)6)”*3 o2, (4.9)
ps
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(4) The remainder term RT (™) (2) has a zero of order m + 3 as follows

RTM(z)= > RIM(2).

n>m+3

Moreover, for any n > m + 3, one has
7y | T 5m Ar16(m+2)\ "% ~n—2
‘Rn (p@ < (2N ) o (4.10)

The proof of Lemma 4.2 is postponed in Appendix A.

Lastly, our task is to show the proof of Theorem 3.1 by using the iterative lemma.
Proof. Given p>0,0<6<1,0<+v<1/10and 0 < e < 1. Then we are going
to take

m=r
in Lemma 4.2. Let us set
1
[lne[+! )9
r=|lng|”, N = ( . 4.11
e 5 (411)
If £ is small enough, one has
r+3
(25TN16(”2>GC) e < 1. (4.12)

By applying (1) in Lemma 4.2 and (4.12), the canonical transformation 7(") :
B,¢(e/2) = B, ¢(c) satisfies

r+2

sup HT(” —id ‘ < Z len’ (257L—15N15(n_1)6)”*3 on-2 . n-1
z€B),0(¢/2) PO =
< r- NIG(T+2)6 (257‘N16(T+1)6)r cr. 52
< ((25*N16<T+2>60) ™ gé) et
3
=& (4.13)

which implies that we complete the proof of (3.8).

In view of (2) in Lemma 4.2, it can be seen that Z(")(z) is a polynomial only
depending on the actions.

According to (3) in Lemma 4.2, Lemma 2.2, Lemma 2.3, (4.9), (4.11) and (4.12),
it follows that

r+2

swp [ Xpver (D)0 < S sup HXRN(T)(Z)
2€B, 9(e/2) n—32€B, 0(c/2) "

42 4. (25n—15N16(n—1)6)n73 cn—2.gn-1

c(2—2%)pN?

p,0

IN

n=3
Ar - (25TN16(T+1)6)T o g2

o(2-20)pN?

IN
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< m A ((257‘N16(7‘+2)6C) i Eé) . 5%
els— P
< L3
= 29Nt
= glmel™+3, (4.14)

Moreover, by taking advantage of (4) in Lemma 4.2, Lemma 2.2, (4.10)-(4.12), we
deduce

sup [ Xrrm (2)]], 4 < sup HX () (z)”
2€B,.0(¢/2) P n;}-?) 2€B,.0(¢/2) R 2

Z (257"N16(7"+2)6)n73 cn—2 . on-1
n>r+3

9 (257"N16(7"+2)6 Ca) T2
((25T’N16(T+2)GC> s 6;) e

< ghmel+3, (4.15)

In view of (4.14) and (4.15), we finish the proof of (3.9).
Consequently, we complete the proof of Theorem 3.1. O

IN

IN

IN

5. The proof of Theorem 1.1

Firstly, our task is to change the equation (1.1) under Dirichlet boundary conditions
into an infinite dimensional Hamiltonian system by using Fourier transformation.

Let us set
u(z,t) = qu(t)¢j(x)ﬂ
j>1

where ¢;(x) is defined in (1.2). Equation (1.1) can be transformed as

.OH
QJ 1—,
8qj .
>
N
g =—iz—,
J aqj

with respect to symplectic structure i) i>1 dg; N dg;. The corresponding Hamilto-
nian function is -

H = Hy + P(q, ), (5.1)
where
Hy = ij%"?jv wj = j*° (5.2)
j=>1
and Lo .
P(qu_) = 5/ |u|4dx = 5 Z Pj1j2j3j4qjlqj2qj3qj4’ (5'3)
0 j1£d2+js£5a=0
with

Pj, s :/O ¢j1¢j2¢j3¢j4dx'
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Now it suffices to show that the Hamiltonian (5.1) satisfies the assumptions (a)
and (b) in Theorem 3.1, then Theorem 1.1 follows from Corollary 3.1.

For almost s € (1/2,1), the frequencies w = (w;);>1 in (5.2) fulfill the (r, N)-
nonresonance condition (3.5), which will be proved in Appendix B. Next, our aim is
to show that the nonlinearity P in (5.3) fulfills (3.6), namely, there exists a constant
C > 1 such that

|P|Ty < C2 (5.4)

Firstly, we will give a technical lemma.

Lemma 5.1. Let0< 0 <1 anday > as > --->ayn > 0. Then one has
N
(a1+a2+~--+aN)9§a‘f+(2 —1)2? (5.5)
i=2

The proof of (5.5) is very similar with Lemma 5.1 in [17], we omit it here.
Lastly, we present that the nonlinearity P in (5.3) satisfies the tame property.
Namely, there exists a constant A > 0 such that

|LZR1GO, @20 < A0, 2@, )7, (5.6)

a

In view of (5.3), there exists a constant C' > 0 such that

|LZR10, 20,20 <& XEm, 2@, (5.7)

p,0 p,0

where

Xz, 2@ ,0)) = ()}j(Zu),Z@),Z@))) .
Jje

PAEOIRC IO o S DRI

T Ji1tjetiz=j
J1.J2,43€Z

with

and 7 are all the permutations of the first 3 integers. Moreover, by applying Lemma
5.1, it follows that

H;?(Za) 4(2) Z<3>)H
9 9 0

SIS S O e

T jeZjrEjatiz=j

<> (||ZT(1)||p,9||ZT(2)||(29—1)p,9HZT(3)H(29—1)p,9 + 1127V @0 -1)0l27 1,0
<= @100 + 177 Plles-1p0l12™ l2o-1pollz™ l100)
<18z, 2@, 2|7, (5.8)
By using (5.7) and (5.8), we get (5.6).
Similarly, we obtain that there exists a constant B > 0 such that
|1ZR10, 2@, )| < B0, 22,2 o 1y (59)

(20-1)p,0

In view of (5.6) and (5.9), we complete the proof of (5.4).
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Appendix

Appendix A: The proof of Lemma 4.2

Proof. We will prove the thesis inductively. Let us start by rewriting the Hamil-
tonian H in (3.3) defined on B, 4(¢) as follows

HO = H=Hy+ ZOz) + RNO(2) + RTO)(2), (A1)

where Hy is defined in (3.4), Z((z) = 0, RV (2) = 0 and RT©)(z) = P(2).

Next, our idea is to search for a Lie-transformation to eliminate the nonnormal-
ized terms of 3-degree polynomials of RT(9)(z). More precisely, we are devoted to
producing a homogeneous polynomial Xy(2) of degree 3 and denote the time 1 flow
To := ¢4, li=1 : Bpo(e1) = B,o(e), which changes the Hamiltonian H© in (A1)
into the following form

HY .= HO o175
(Ho+RT©) 0Ty

+{Ho, Xo} + P3 (A.2)
+ > (Ho) gy + O (P + 2 [ D Pn . (A.3)
v>2 v>1 v>0 \n>4

(v,Xo)
Recalling that (3.6) and Lemma 4.1, we get

(A.2) = Zy(2) + Ro(2),

where
Zo(z)= Y (Ps)yz,  Ro(2)= Y. (Py);%
uj(f)j\gf%v JET3(N)
and
sup ([ X (2)l], < |X0[Ty €2 < N30 e2,

(@:0)€By,0()

Furthermore, the transformation 7y satisfies

. 26
sup [T~ idll,p < sup (X ()0 < N1V C -2

z€B, a(e1) zE€B, 0(g)
Let us set 7 := Ty : B,g(e1) — B, g(e), then write
HY = O o 7MW = [, + Z(l)(z) + RN(l)(z) + RT(l)(z)
defined in B, ¢(e1), where
ZW(2) =20 4+ 7, = 2,

and
RVYW(z) .= RN 4 Ry = Ry.
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In view of Lemma 4.1 and (3.6), it follows that

|Z(1)|Z,e <, |RN(1)|£9 <C.

Moreover, one has RT((z) = (A.3) with RTM(2) = 3", REW (). More pre-
cisely, for any n > 4, we get B
n—4

'Rz;(l) = (HO)(nf27Xo) + (P3)(n737Xo) + Z (P"_k)(k’XO) ’
k=0

By applying Corollary 2.1 and (3.6), it holds that

n—4 T

> (Pak) o)

k=0

T

‘RT(D) |(Ho) (n—2,2) ’ o TP 3,20,

+

p,0

= (n—12)! [[B+i)-C- (N16.36 _C>n

< (o) orn

Now assume that these statements in Lemma 4.2 are trivially true for m < r,
then our task is to perform that these propositions which are also valid at rank
m+ 1.

Proceeding as before, we are going to create a homogeneous polynomial A, (2)
of degree m+3 and denote the time 1 flow 7T, := qStXm lt=1: Bpo(em+1) = Bpo(em),
which changes the Hamiltonian H(™ in (4.6) into the following form

HmH . = g o7
= (Ho +Zm) 4 RN 4 RT(m)) o Tom
=Hy + 2™ + RN

+{Ho, X} + RITY (A.4)
+ > (Ho)pay + D (Z(m)) - +Z (RN(””)(M : (A.5)
v>2 v>1 m) v>1 e
T TS o ) Y
v>1 (v m v>0 \n>m+4 (V,Xm)
From Lemma 4.1 and (4.10), we get
(Ad) = Zm(2) + Rm(2),
where
Zu= 3 (R) s R = Y (RE)s a9

JENm 13 JETm+3(N)
n@<N
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and

sup [ X, (2)|],0 < N16:(m43)° (25mN16(m+2)6)mC7ﬂ+1 g2,
ZEBPYQ(EM)

Moreover, the transformation 7, satisfies

sup [T —idl], 4

2€B,.0(em+1)

< sup ([ X, (2,
2€B, 0(em)

< ]\/vlﬁ-(m—i-B)6 . (25mN16(m+2)6)m gm+l, om+2 (AS)

Let us set 70+ .= 7(m) o 7. . By o(em+1) = Bpe(e), which transforms the
Hamiltonian H in (3.3) into the following form
gm+l) — g o gm+1)
= HM™ o7,
= Ho + ZmHD (2) 4 RNVMHD () 4 RT(MAD (),
where
ZmHD(2) = 20 (2) + Z,,(2) (A.9)

and
RN () .= RN () 4+ R, (2). (A.10)

More explicitly, recalling that (2) in Lemma 4.2, (4.10), (A.7) and (A.9), one has

m+3
Zm+) (4 Z Zm+D (), ZimtD () = Z (ZT(LmH))jzj_
IG<n

For any 3 <n < m + 3, one has

‘Z'SLerl) ‘T < (25n715N16(n71)6>n73 on2.

Similarly, in view of (3) in Lemma 4.2, (4.10), (A.7) and (A.10), it holds that

m—+3
RN(erl Z RN(m+1 (), RN m+1) Z (RN m+1)> 5.
JETn(N)

For any 3 <n < m + 3, it holds that
|R712/(m+1)|£0 < (25n715N16(n71)6)n73 on—2,
Moreover, RT(m+1)(2) = (A.5) + (A.6) is of the following form

RT(m+1)(Z): Z RZ(erl)(Z).

n>m-+4
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More precisely, for any n > m + 4, we get
RT(m+1)

n

n—3
m+1

= (HO)(;’;";,XM) + Z ((Zfzm)(mﬂ-l)k)(k’xm) + (Rg—(r(nn)wl)k)(kﬂm))

k= max{" 711 71}

T(m) T(m)
+<Rm+3>(" m=3 X, Jr Z ( n—(m+1)k )(k,Xm)'

By taking advantage of (4.8)-(4.10) and Corollary 2.1, for any n > m + 4, we get

T
’RTTL(W-H)‘
n=—2_1q
1 m—+1

<

(L—Q)l . 1_[1 (m+3+i(m+1))- (25m : Nlﬁ(m+2)5)m ok
mil) =

n—2
X (N16(m+3)6 . (25m . N16(m+2)6)m ) cm+1)W*

n—3
m—+1
+2 i kl' (25m.Nlﬁ(m+1)6>"_(m+l)k_3.cn—(m+1)k—2
k=max{ 2=m=2 1}
k m k
x [T = m+ Dk +i(m 4+ 1)) (NS08 (g0m . p16Gme2)®) 2 gt )
=1
n—m-—3

ki n—(m+1)k—3

4 (25m N16(m+2)° ) . on—(m+1)k—2

k!
k=0
« H(n N (m + l)k + z(m + 1)) (N16(m+3)6 . (25m . N16(m+2)6)m ) Cm+1)k
=1

< (25m+5 ] N16(m+3)6)n_3 o2,

Lastly, in view of (1) in Lemma 4.2 and (A.8), the transformation

T+ 2 B, g(ems1) — B,o(e)

‘p,@

fulfills

sup
ZGBP,Q(Em,+1)

‘T(m“) —id

<  sup ’T(m) 0 Ton — 'TmH +  sup [T —1d][, 4
2€B, 9(em+1) P8 2€B, 0(emt1)
m—+2

< Z N16n° (25n715N16(n71)6)n_3 on=2 . o1
n=3

4 N16(mt3)° (25mN16(m+2)6)m oL L gmt?
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m—+3 . o\ n—3
_ Z Nlon® (25n715N16(n71) ) on=2 . gn-1
n=3

Consequently, we complete the proof of Lemma 4.2. O

Appendix B: The proof of the nonresonance hypothesis

In this section, our task is to show the proof of non-resonant conditions with the
help of Bambusi-Grébert [1].

Lemma B.1. For any K < r, consider K indexes j1 < --- < jx < N; consider
the determinant

Wiy Wiy o Wik

d(Jle dCUj2 o dij
D= ds ds ds

dK_lel dK_lez . dK_leK
dSK71 dstl dSK71
One has
C
|D| Z N2K27 (Bl)

where 0 < C < 1 is a constant.

Proof. Let us denote

Aj =7,
then one has N
d®w k
dSkJ = (ln )\J) wj
Therefore
1 1 1
Tj  Xjy ot Tjk A
D:wjl~~~ij =Wy, Wi H lnf’
1<I<k<K g
K-1 K-1 K—1
Ty Ly Lk
where z; :=In \;. By applying the fact that
As 1 1 1 C
ln”Zln(l—i—) > == > —,
)‘jz )‘jz 2 ]l2 Nz

it follows that

A C c
Dl =wj,-wje [ M ijz 11 I > e
1<I<k<K 1<I<k<K

We complete the proof of (B.1). O
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Lemma B.2. ([1]) Let u™V,--- a5 be K independent vectors with ||u®|; < 1.
Let w € RE be an arbitrary vector, then there exists i € {1,--- , K} such that
) 1) ... )
’u(z) . w‘ > ||Iw||l1 det(u 33 , U )
K2

Lemma B.3. ([1]) Let w € Z* be a vector with K component different from zero,
namely those with index ji, - ,ji; assume that K <1 and j; < -+ < jx < N.
Then for any s € (1/2,1), there exists an index j € {0,--- , K — 1} such that

dlw |w]l
PRI

‘w’ = Y N2E2

where w is the frequency vector.

Lemma B.4. ( [1]) Suppose that g(s) is m times differentiable on an interval
JCR. Let Jy :={s € J:|g(s)| <h}, h>0. If |g"™)(s)] > d >0 on J, then
|Jn| < Mhw, where M :=2(2+3+---+m+d~"). Here |-| denotes the Lebesgue
measure of set.

Next, our aim is to prove the following proposition by taking advantage of
Lemma B.3 and Lemma B.4. Let us denote w®™) = (wy,wa, -+ ,wy).

Proposition 5.1. For a given positive number N, there exists a set J satisfying
[(1/2, 1)\ J| — 0 as N — 400, such that for any s € J,

1

‘<k,w(N)> +€1Wj1 +€2wj2 > W,

where |k| <r 42, e1,e0 € {—1,0,1} and |j1],|j2] > N.
Proof. Let us define the resonant set R by

~ 1 1
R = U Rk7j17j2 = {S S <2,1) : ’<k,w(N)> +€1Ldj1 +€2(.Uj2 < W},
k,j1,j2
where |k| <r 42, e1,62 € {—1,0,1} and |71}, |j2| > N. Then our task is to prove
Rl < (5.2
<5 .

Therefore, from (B.2), one has |[R| — 0, as N — oco. Next, we set

J=<;,1>\R,

which implies that we complete the proof of Proposition 5.1.
We will discuss (B.2) in four cases.

Case 1. When €; = 5 = 0. Let us denote

Ry = U R
k| <2

1 1
- Z . (N) _
Rk {86(2,1>.‘<k,w >‘<N4”3}'

where
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In view of Lemma B.3 and Lemma B.4, it holds that

1
R <2 (2434 4741+ CTINNHDH2)
Nr:—l
r248r 1
< 3N2 +8r+11 | W
3
ST oS
N r+1 —2r2—-8r—11
Therefore, one has
Ril< Y (Rl
[k <r+2
= % - NTH?
N T —2r?=8r—11
3
T N -2rr-or-13
1
< N (r is large enough). (B.3)

Case 2. When 1 = +1, e, =0o0r g1 =0, g5 = 1. Without loss of generality, we
take €1 = 1, e5 = 0. Let us denote

Ro = U R s
[k|<r+2,51

where

1
Rijy = {S © <2’1) : ’<k’”(m> + Wy,

< N‘lh"“} . (B.4)

We claim
lj1] < 2(r +2)N2.

Otherwise, one has

‘<k7w(N)> + wj, 2 |wj1| - (7“ + 2)N2 >1,

which contradicts (B.4). Let us set (I;,w(m) = (k,w™) + w;, in place of (k,w®™))
and N = 2(r + 2)N? in place of N. Using the same strategy as Case 1, we get

3 2(r43)242
Rin| < e (2(r +2)N2)*
r+2
3

T N5 -2r8-18r2—56r—60

Therefore, one has

Rol < ) Y Rl

[k|<r+2 |51 <2(r+2)N?
3

<— -N™T2.2(r + 2)N?
NTJ'Q —2r3—-1872—-56r—60
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3
TN A5 -2rs—-18r2—58r—68
1
< N (r is large enough). (B.5)

Case 3. When 165 = 1. Let us denote

R3 = U Rijijas
[k|<r+2,51,52
where
Rijrj, =98 € 5,1 : ‘(k,w Y wj, Fwi| < N[
By applying the same startegy as Case 2, it follows that
~ 1
Rs| < = (B.6)

~ 4N’

Case 4. When 165 = —1. Without loss of generality, we take 1 = 1, e5 = —1 and
J1 > j2 > 0. Let us denote

73’4 = U Rkjle’

[k|<r+2,51,52

where

1
Rkjljz = {S c <2,1> : ‘(k,w(N)> +w]—1 — Wy,

In view of mean value theorem, we obtain

1
< ]\[167‘6} . (B.7)

wj, — wjy| > 28(j1 — ja) - 72>,

thus )
Ji—j2 SA(r+2)N?, jo 2N,

otherwise, it holds that
<k’w(N)> Fwj, —wjp| 21,
which contradicts with (B.7). Let us set <l~§7w(N)> = (k,w™) + w;, — wj, in place

of (k,w(N)> and N = 2N4°+1 in place of N. Using the same strategy as Case 1,
we get

3 -3 rtd)2
|Rkj1j2| < N16"6 '(2N4 +1)2( +4)°+3
r+3
3

T NS 8056474 —140r3 —4r2—32r—70

Therefore, one has

‘75'4| < Z Z Z ‘RkjljZ‘

[k|<r+2 |5, |<2N4r3+1 |jy|<2N4r3
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3

- N% — 875 —64r4—14073 — 472 —32r—70
3

- Nm —8r5—64r*—148r3—4r2—33r—75

. N’r’+2 . 2N4’I“3+1 . 2N4T3

r+3

< N (r is large enough). (B.8)

In view of (B.3), (B.5), (B.6) and (B.8), it holds that

S |
IR| < [R1l +[Re| + [R3| + R4l < N

We finish the proof of (B.2). O
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