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We deal with the initial-boundary value problem of the biharmonic cubic
nonlinear Schrodinger equation in a quarter plane with inhomogeneous
Dirichlet-Neumann boundary data. We prove local well-posedness in the
low regularity Sobolev spaces by introducing Duhamel boundary forcing
operator associated to the linear equation in order to construct solutions in
the whole line. With this in hand, the energy and nonlinear estimates allow
us to apply the Fourier restriction method, introduced by J. Bourgain, to ob-
tain our main result. Additionally, we discuss adaptations of this approach
for the biharmonic cubic nonlinear Schrodinger equation on star graphs.

1. Introduction

1A. Presentation of the model. The fourth-order nonlinear Schrodinger (4NLS)
equation or biharmonic cubic nonlinear Schrédinger equation

(1-1) i0pu + 3%2u — 3%u = Aul’u,

was introduced in [Karpman 1996; Karpman and Shagalov 2000] to take into
account the role of small fourth-order dispersion terms in the propagation of intense
laser beams in a bulk medium with Kerr nonlinearity. Equation (1-1) arises in many
scientific fields such as quantum mechanics, nonlinear optics and plasma physics,
and has been intensively studied with fruitful references (see [Ben-Artzi et al. 2000;
Cui and Guo 2007; Karpman 1996; Pausader 2007; 2009a]).

The past twenty years such 4NLS equations have been deeply studied from
different mathematical viewpoints. For example, Fibich et al. [2002] worked on
various properties of the equation in the subcritical regime, with part of their
analysis relying on very interesting numerical developments. The well-posedness
and existence of solutions for different domains have been shown (see, for instance,
[Capistrano-Filho et al. 2019; Kwak 2018; Ozsar1 and Yolcu 2019; Pausader 2007;
MSC2010: 35A07, 35C15, 35G15, 35G30, 35Q55.
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2009a; Tsutsumi 2014; Oh and Tzvetkov 2017; Wen et al. 2014]) by means of the
Fourier restriction method, energy method, forcing boundary operators, Laplace
transform, harmonic analysis, Fokas method, etc.

It is interesting to point out that there are many works related to (1-1) not
only dealing with well-posedness theory. For example, Natali and Pastor [2015]
considered the fourth-order dispersive cubic nonlinear Schrédinger equation on the
line with mixed dispersion. They proved the orbital stability, in the H?(R)-energy
space, by constructing a suitable Lyapunov function. Considering (1-1) on the
circle, Oh and Tzvetkov [2017] showed that the mean-zero Gaussian measures on
Sobolev spaces H*(T), for s > %, are quasi-invariant under the flow. There has
been significant progress over recent years; see for instance [Burq et al. 2002; 2013]
for the nonlinear Schrodinger equation.

In addition to these works, two of us worked recently with the intent of proving
controllability results for the 4NLS equation. More precisely, we proved that the
solutions of the associated linear system (1-1) is globally exponentially stable in
a periodic domain T, by using certain properties of propagation of compactness
and regularity in Bourgain spaces. Theses properties together with the local exact
controllability ensure that fourth order nonlinear Schrédinger is globally exactly
controllable; for details, see [Capistrano-Filho and Cavalcante 2019].

Ozsar1 and Yolcu [2019] proposed (1-1) without the term Bfu. This system has
an interesting physical point of view, precisely, the model corresponds to a situation
in which wave is generated from a fixed source such that it moves into the medium
in one specific direction.

1B. Setting of the problem. We mainly consider the biharmonic Schrédinger equa-
tion on the right half-line

idu — d%u+ Aul®u =0, (t,x) € (0, T) x (0, 00),
(1-2) u(0, x) = ug(x), x € (0, 00),
u(t,0) = f(t), ux(t,0)=g(@), te(,T).

With suitable choices of f(¢) and g(¢) in (1-2), we are interested on the following
initial-boundary value problem (IBVP):

Is the IBVP (1-2) local well-posed in the low regularity Sobolev space, more pre-
cisely, in H(RY) for0<s < %?

Before presenting the answer for this question, let us present some brief comments
on the techniques to solve IBVPs on the half-line.

1C. Comments about the techniques to solve IBVPs on the half-line. Ditferent
techniques have been developed in the last years in order to solve IBVPs associated
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to some dispersive models on the half-line. Fokas [2008] introduced an approach
to solve IBVPs associated to integrable nonlinear evolution equations, which is
known as the unified transform method (UTM) or as Fokas transform method.
The UTM provides a generalization of the inverse scattering transform method
from initial value problems (IVP) to IBVPs. The classical method based on the
Laplace transform was used successfully in [Bona et al. 2006; 2018; Erdogan and
Tzirakis 2017; Compaan and Tzirakis 2017]. A new approach was introduced by
Colliander and Kenig [2002] by recasting the IBVP on the half-line by a forced IVP
defined in the line R. To see other applications of this technique, we refer the
results established in [Cavalcante 2017; Cavalcante and Corcho 2019; Holmer
2005; 2006]. On the other hand, Faminskii [2019] used an approach based on
the investigation of special solutions of a “boundary potential” type for solution
of linearized Korteweg—de Vries (KdV) equation in order to obtain global results
for the IBVP associated to the KdV equation on the half-line with more general
boundary conditions. Fokas et al. [2016] introduced a method which combines
the UTM with a contraction mapping principle. We caution that this is only a small
sample of the extant works on these techniques.

1D. Biharmonic NLS equation. As mentioned in the beginning of this introduc-
tion, the 4NLS equation or biharmonic NLS equation

(1-3) i3,u+8§u—8§u:k|u|2u,

was introduced in [Karpman 1996; Karpman and Shagalov 2000]. Huo and Jia
[2005] studied the Cauchy problem of one-dimensional fourth-order nonlinear
Schrodinger equation related to the vortex filament. They proved the local well-
posedness for initial data in H*(R) for s > % by using the Fourier restriction norm
method under certain coefficient condition. Concerning local well-posedness of
the nonlinear fourth order Schrédinger equations, we cite [Hao et al. 2006; Segata
2004]. With respect of the global well-posedness, in the one-dimensional case with
some restriction in the initial data for various nonlinearities, we refer to [Hayashi
and Naumkin 2015a; 2015b; 2015¢; 2015d] and, finally, for the study n-dimensional
case the reader can see [Pausader 2009b; Pausader and Shao 2010].

Lastly, in a recent work of IBVP for biharmonic Schrédinger equation on the
half-line

(1-4) i0u + 3%u = Alul’u,

Ozsar1 and Yolcu [2019], proved local well-posedness on the high regularity function
spaces H*(R™), for % <s< %, with s # % The authors used the Fokas method
[1997; 2008] combined with contraction arguments to achieve the result.
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1E. Main result. Now, let us present the main result of this article. Consider the
biharmonic Schrodinger equation on the right half-line

idu+ydtu+rul’u=0, (t,x) € (0, T) x (0, 00),
(1-5) u(0, x) = up(x), x € (0, 00),
u(t70):f(t)’ ux(tvo):g(t)v tE(O’ T)a

for y, A € R. We say that system (1-5) is focusing if YA < 0 and defocusing
when yA > 0. In this paper we will study the case when y = —1, however the
approach used here can be applied when y € R\ {0}.

The presence of two boundary conditions in (1-5) can be motivated by integral
identities on smooth decaying solutions for the linear equation

(1-6) iou —9*u=0.

Indeed, for a smooth decaying solution u# of (1-6) and T > 0, we have

(] o0 T
(1-7) f |u(T,x)|2dx=/ |u(0,x)|2dx—/ Im(d2u(t, 0)i(z, 0)) dt
0 0 0
T
+/ Im(82u(t, 0)d,ii(t, 0)) dr.
0

Thus, from (1-7) we can conclude that if we assume u (0, x) =u(t,0) =u,(t,0)=0
the linear solution for (1-6) is the trivial one.

It is well-known by [Kenig et al. 1991] that the local smoothing effect for the
fourth-order linear group operator e'’ CH

(1-8) 3l <clgllm@ forj=0,1andseR,

.1 o
Lgng(Z.H—} 21)(R;)

which motivates the relation of regularities among initial and boundary data.
Thus, we are able to present the main goal in the paper: to answer the problem

cited in the beginning of this introduction, that is, to show the local well-posedness

of (1-5) in the low regularity Sobolev space H*(R™), for 0 <s < %

We state the main theorem for IBVP (1-5) as follows.

Theorem 1.1. Let s € [0, %) For given initial-boundary data
(o, £, g) € H*(R) x HI®TD(®RE) x Hi@FD(R™),
there exist a positive time

T =T (luoll s 111 tan oy 181 pecn g )
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and unique solution u(t, x) € C((0, T); H*(R")) of the IBVP (1-5), when y = —1,
satisfying

ueC(R*; Hs®(0, T))NX**((0, T)xR*Y) and d,ueC(R*; Hs®TD(0,T)),

for some b(s) < % Moreover, the map (uo, f, g) — u is analytic from H®(RT) x
Hs BT RY) x Hs®HD(®RT) 10 C((0, T); HS(RY)).

Remarks. Finally, the following comments are now in order:

1. The proof of Theorem 1.1 is based on the Fourier restriction method for a suitable
extension of solutions. We first convert the IBVP of (1-5) posed in R x R to
the initial value problem (IVP) of (1-5) (integral equation formula) in the whole
space R x R (see Section 3) by using the Duhamel boundary forcing operator. The
energy and nonlinear estimates (established in Section 4) allow us to apply the
Picard iteration method for IVP of (1-5), and hence we can complete the proof. The
new tools used here are the Duhamel boundary forcing operator for the fourth-order
linear equation and its analysis.

2. Note that Theorem 1.1 give us the local well-posedness in low regularity for the
biharmonic nonlinear Schrodinger equation. However, in [Ozsar1 and Yolcu 2019],
the authors showed the local well-posedness in the Sobolev spaces, by using Fokas
approach. We point out that the low regularity in our main result is obtained using
the boundary forcing operator, proposed by Holmer, which has been obtained in an
independent way and with a different approach to that of [Ozsar1 and Yolcu 2019].

3. The approach used in our result, together with some extension as it was done in
[Cavalcante 2017; Cavalcante and Kwak 2019; Holmer 2005; 2006] also guarantee
the local well-posedness result in high regularity.

1F. Notations. In all this paper, we will consider R™ as (0, c0). Moreover, for
positive real numbers x, y € R*, we mean x < y by x < Cy for some C > 0. Also,
denote x ~ y by x < y and y < x. Similarly, <; and ~ can be defined, where the
implicit constants depend on s.

Our work is outlined in the following way: In Section 2, we introduce some
function spaces defined on the half-line and construct the solution spaces. Section 3
is devoted to the introduction of the boundary forcing operator for the biharmonic
Schrédinger equation. In Section 4, we show the energy estimates and present the
trilinear estimates, respectively. The main result of this article, Theorem 1.1, is
proved in Section 5. Finally, in Section 6, we present some open problems which
seem to be of interest from the mathematical point of view.
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2. Preliminaries
Throughout the paper, we fix a cut-off function ¥ (¢) := ¥,
(2-1) Y €Cy°(R) suchthat 0<y <1, v¥=1on][0,1], ¥ =0 for|t|>2,
and for T > 0 we denote Y7 (1) = 7/ (%).

2A. Sobolev spaces on the half-line. For s > 0, we define the homogeneous
L?-based Sobolev spaces H® = H*(R) by the norm Pl s = || ISI‘YIﬂ(";‘)HLz and
3

the L?-based inhomogeneous Sobolev spaces H® = H*(R) by the norm ||¢ || gs =
I(1+ €)%/ 21}(5 )|l ;2, where d3 denotes the Fourier transform of ¢. Moreover, we
say that f € H*(R") if there exists F € H*(R) such that f(x) = F(x) for x > 0,
in this case we set

| fll sty = iII}fHF”HS(R)-

On the other hand for s € R, we have f € H (R™) provided that there exists
F € H*(R) such that F is the extension of f on R and F(x) =0 for x < 0. In this
case, we set ||f||H3(R+) = infr || F|| gsw). For s <0, we define H*(R™) as the dual
space of Hy " (R™).

Let us also define the sets Cgo([R{+) = {f € C®°(R); suppf C [0, 00)} and
C(‘)’f’c([R{Jr) as the subset of C° (RT), whose members have a compact support
on (0, 00). We remark that C(C)’i,(RJF) is dense in H( (R1) for all s € R.

We finish this subsection with some elementary properties of the Sobolev spaces.

Lemma 2.1 [Jerison and Kenig 1995, Lemma 3.5]. For —% <s< % and f € H*(R),

(2-2) 1% 0,00 flEs®) < cll fllasw)-

Lemma 2.2 [Colliander and Kenig 2002, Lemma 2.8]. I[f0 <s < %, then, for the
cut-off function  defined in (2-1), |V flps@®) < c||f||HS(R) and IIWfIIHf.V(R) <
cll f 1l H-sw), where the constant ¢ depends only on s and .

Remark. Lemma 2.2 is equivalent to

”f”H‘(R) ~ ”f”[-']s(R),

for —1 <s < 1, where f € H*(R) with suppf C [0, 1].

The following two auxiliaries lemmas can be found in [Colliander and Kenig
2002] and their proofs will be omitted.

Lemma 2.3 [Colliander and Kenig 2002, Proposition 2.4]. If % <s < %, the
following statements are valid:

(@) Hj(RY) ={f € H*(R"); f(0) =0}.
(b) If f € H*(R™) with f(0) =0, then || x(0.00) f | g ®+) < ¢l f | s ety
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Lemma 2.4 [Colliander and Kenig 2002, Proposition 2.5]. Let —oo0 < s < 00 and
fe H(‘)Y([RQJF). For the cut-off function  defined in (2-1), we have || f || g5 w+) <
cll f Il g @)

2B. Solution spaces. For f € S(R?), we denote by f or F(f) the Fourier trans-
form of f with respect to both spatial and time variables

fe.6)= / =T £ (1 ) dx i,
RZ

Moreover, we use F; and F; to denote the Fourier transform with respect to space
and time variable respectively (also we use ~ for both cases).

Bourgain [1993a; 1993b] established a way to prove the well-posedness of a
classes of dispersive systems. More precisely, on the Sobolev spaces H*, for smaller
values of s, Bourgain found a yet more suitable smoothing property for solutions
of the Korteweg—de Vries equation.

In this spirit, for s, b € R, we introduce the classical Bourgain spaces xsb
associated to (1-2) as the completion of &’ (R?) under the norm

1130 = fR 2<s>23<r +&M2 | f (1, )17 d& dx,

where ()= (1 +]|-]»)V2
One basic property of X*** can be read as follows:

Lemma 2.5 [Tao 2006, Lemma 2.11]. Ler ¥ (t) be a Schwartz function in time.
Then, we have

I @ fllixss Sy 1L xse

Ginibre et al. [1997], while establishing local well-posedness results for the
Zakharov system, showed the following important estimate:

Lemma 2.6. Let —1 <b' <b<0 or 0<b' <b <%, we X**(¢) and s € R. Then

b—b'
||1//TU)||X.v,b/(¢) <cT ||U)||va(¢)

As is well-known, the space X*? with b > % is well-adapted to study the IVP of
dispersive equations. However, in the study of IBVP, the standard argument cannot
be applied directly. This is due to the lack of hidden regularity, more precisely, the
control of (derivatives) time trace norms of the Duhamel boundary operator requires
to work in X*?-type spaces for b < 1, since the full regularity range cannot be
covered (see Lemma 4.2 inequality (4-5)).
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Therefore, to treat the solution of our problem, set the solution space denoted
by Z*? with the norm

HECs+3-2)) ®) 1 N xsb

1
1/ Nzeoaey = supILf (1. )y +Zsu£||3){f(-,x)ll
te

j:O xXe
The spatial and time restricted space of Z*?(R?) is defined in the standard way:

Z9((0, T) x RN = Z%| (1 e

equipped with the norm

I F 1l zsb 0,7y xR+) = g}fb{”g”zs-b :g(t,x) = f(t,x) on (0,T) x RT}.
gezZ>

2C. Riemann-Liouville fractional integral. Before we begin our study of the

IBVP for (1-2), we give a brief summary of the Riemann—Liouville fractional

integral operator; see [Colliander and Kenig 2002; Holmer 2006] for more details.
Let us define the function ¢, as follows:

t iftr>0,
Iy = .
0 ifr<0.

The tempered distribution ti_l /T (@) is defined like a locally integrable function
for Rea > 0 by

a—1

t+ _L OO a—1
<F(a)’f>_r‘(a)/0 =1 £ (1) dt.

It follows that

l_(:[_il . t_(;l_+k71
) r@ (m)

for all k € N. Expression (2-3) can be used to extend the definition of t_‘fl /T (@)
for all o € C in the sense of distributions. In fact, a change of contour shows that
the Fourier transform of tﬂ‘__l /T (@) is

-~

ta—l L
(2-4) (FQO[)) (1) = e 2"t —i0)7°,
where
(2-5) (T —i0) ™ = 7|7 x(0.00) + € 1T ™ X(=00.0)

is the distributional limit. For o ¢ Z, by using (2-5), we rewrite (2-4) in the
following way:

9! Clamii Yo 1—
(2-6) (lf(a))(f)=€ 29T 7Y X (0,000 F €2 T T X (—00,0)-
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For f € C{°(RY), define Z, f as

1

&
Iof = r@) * f.

Thus, for Rea > 0, we have

1 t
2-7) an>=fa5ﬂ<r—wmﬁﬂﬂd&

The following properties easily hold:

t
Lf=f Tf0=[ fOds. Tif=f ad LIj=T.
0
Moreover, the lemmas below can be found in [Holmer 2006], and we will omit the
proofs.

Lemma 2.7 [Holmer 2006, Lemma 2.1]. If f € C°(RT), then I, f € Cg°(R™),
forall x € C.

Lemma 2.8 [Holmer 2006, Lemma 5.3]. If 0 < Re @ < 00 and s € R, then
||I_ah||H3(R+) < C||h||H3+a(R+), where ¢ = c().

Lemma 2.9 [Holmer 2006, Lemma 5.4]. If 0 <Re a < 00,5 € Rand n € C°(R),

then ||/LIah||H3([R+) < C”h”Hg—“(Rﬂ’ where ¢ = c(u, @).

2D. Oscillatory integral. In this subsection, we will define the oscillatory integral
which is the key to defining, in the next section, the Duhamel boundary forcing
operator. Let

1 . .
(2-8) B(x)= — / s emiE! g
2 R
We first calculate B(0). A change of variable (n =& 4, gives us the following:

1 —ig* 1 oo —in, —3/4
BO)=— [ ' dé =— e 'y dn.
2w R 4 0

Now, a change of contour yields

(DA Tt (—D)YA (l)__ﬂ <§)
BO) == e dr=""2—r(3)=—"—1(3).

Let us obtain the Mellin transform of B(x).
Lemma 2.10. For Re A > 0 we have

00 1_ 2
(2-9) / A UB(x) dx = F(A)F8(4 4)(e—i%(l-i-’jk)_i_e—i%(l—ﬂ)).
0 T



44 R. CAPISTRANO-FILHO, M. CAVALCANTE AND F. GALLEGO

Proof. By analytic argument, we can assume that A is a real number in the set (0, %)
Consider

1 oo 4
Bl(x)z—/ e eI g
2 0
and

1 0 th —154 1 > —ixk —ig*
By(x) = —— d§ = e e dE,
21 J_ oo 2

then we have B(x) = Bi(x) + B»(x). Define

1 +oo a
Bi(x) = E/ eI e .
0

By using the dominated convergence theorem and Fubini’s theorem we have

o0 o0
(2-10) 7 'Bi(x)dx =1lim lim | e **x*7'B; (x)dx
0 e—~>08—0 J ’

1 +oo 4 00
= lim lim —f e s e_ES/ el dx de.
0 0

e—08—027

Using a change of contour, we get that

+00 . x 8
2-11) / el %€ =0 i g =5—Ael*7r(x, _§>’
0

where I'(A, 2) = [;"> r*~!e/"2¢™" dr. Again, thanks to the dominated convergence
theorem it follows that

+00

(2-12) lim e A gy = 77T ().
—VJo

Once more applying the dominated convergence theorem and changing the contour
we conclude that

+o00 oo
2-13) f VB () dx = F(“ "3 tim | eiE e~k gt
0 €—>
+
F()\) zA 1 lim > 1nefen1/4(n)*()n+3)/4 dn
2 e—0
F()\.) )J’l _ﬂ((l k)/4)r(1 )»)
2 4 4 4
1 A
_ F()‘)F(Z _ Z)e—i%(l—Sk)‘

8



IBVP FOR THE BIHARMONIC NLS IN A QUARTER PLANE 45

In a similar way, by using the identity

+oo . 5
(2-14) / eI gy =R A1, 5)’
0

we obtain

—+00 )
f P By dr = L3 ] g (1)
0

(2-15) 2 4 4 4
B 1 X
_ F()‘)F(Z - Z)e—i%(l-i-SA)
8 '
Finally, as we can split by B(x) = Bj(x) 4+ B»(x), equation (2-9) holds. O

3. Duhamel boundary forcing operator

In this section, we study the Duhamel boundary forcing operator, which was
introduced by Colliander and Kenig [2002], in order to construct the solution
to (1-2) forced by boundary conditions. We refer to [Cavalcante 2017; Cavalcante
and Corcho 2019; Holmer 2005] for further exposition about this topic.

3A. Duhamel boundary forcing operator class. Let us introduce the Duhamel
boundary forcing operator associated to the linearized biharmonic Schrédinger
equation. Consider

1

(3-1) M=——.
ONE)

For f € C{°(R"), define the boundary forcing operator £ (of order 0) as

t
(3-2) £f 0= m [ SISO f .
0

where ¢/!% denotes the group associated to (1-6) given by

) = 5 [ P e,

Note that the property of convolution operator (0 (f * g) = (0x f) * g = f * (0, 8))
and the integration by parts in ¢’ of (3-2) yield that

(3-3) iL23 ), x) =iMSo(x)T_3/af (1) + 0L f (1, x).
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By a change of variable and using (2-8), we get that

t
(3-4) LOf,x)=M / TS ()T a4 f (1) dI’
0

_ ! x Tauf)
_M/o B((t—t’)”“) (t—1)l/4 ar.

We are now in a position to make it precise when the boundary forcing term is
continuous or discontinuous. More precisely, the following lemma holds.

Lemma 3.1. Let f € C3%.(R™).

(a) For fixed 0 <t < 1, we have that a)lfﬁof(t, x), k=0,1,2, is continuous in
x € R and has the decay property in terms of the spatial variable as follows:

(3-5) 195 L0 £ (t, )| S L f Il gwss ()™, N > 0.

(b) For fixed 0 <t <1, we have that 8S£Of(t, X) is continuous in x for x # 0 and
it is discontinuous at x = 0 satisfying

lim 83L0F (%) = —i DT 35 f(r),  lim 83L0f (. x) =i LT 3uf(0).
x—0- ~ 2 x>0t ¥ 2

Also, Bi LY f(t, x) has the decay property in terms of the spatial variable
(3-6) 82L°f (.01 Sy 1 f v ()7, N 20,

Proof. In fact, the continuity of 8;‘ 0 f(t, x) follows from (3-4), for k =0, 1, 2, and
the proof of (3-5) exactly follows the idea introduced by Holmer [2005, Lemma 12].
Moreover, (3-5) and (3-3) yield that 8;‘[,0 f(t, x) is discontinuous only at x =0 of
size MZ 34 f (1) (Where M is defined as (3-1)), and the decay bound (3-6) holds. [

Remark. Lemma 3.1 ensures that £° f(,0)= f().

We are now in position to generalize the boundary forcing operator (3-2). For
Re ) > —4 and given g € C°(RT), we define

A—1

(3-7) Lrg(t,x) = [iﬂm % LO(T_;,40)(t, -)}(x),

where * denotes the convolution operator and xﬁfl/ ra = (—x)fl/ '(A). In
particular, for Re A > 0, we have

1 o0
(3-8) £t = s / (=)L, ag)(t, ) dy.
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A property of the convolution operator (8;‘( fxg)= (8;1 fIxg=fx (8;‘g)) and (3-3)
give us

(3-9) Ligt,x)= [F(A+4) *0, L (I,\/4g)(t,')}(x)
A+4)—1
= iMmI—wx—x/ztg(f)

OO(y_x)(A+4)—1 o
H/ wc (3 Z-2/48)(t, y)dy,

for Re A > —4, where M is defined as in (3-1). From (3-3) and (3-7), we have

A—1
X
10— INL g(t, x) =iM——T _3/4-348(1),
(0, — 0 )L g(t,x) =i Foy L4 2/48(1)
in the distributional sense.
To finish this subsection, we will give two lemmas concerning the spatial conti-
nuity and decay properties of the £*g(z, x) and the explicit values for £* f (¢, 0),
respectively.

Lemma 3.2, Let g € C(‘)’O(R+) and M be as in (3-1). Then, we have
(3-10) Lre =0T g, k=0,1,2,3.

Moreover, L™3g(t, x) is continuous in x € R\ {0} and has a step discontinuity
at x = 0. For real )\ satisfying » > —3, L g(t, x) is continuous in x € R. For
—3<A<land0<rt<l, Ekg(t, x) satisfies the following decay bounds:

1Lrg(t, x)| < crgx) ™1 forallx >0,

|£Ag(t, X <cmpglx)™ forallx >0andm > 0.

Proof. We give a sketch of the proof. The detailed argument can be found in
[Holmer 2006]. By using (3-9), we have that (3-10) follows. Moreover, Lemma 3.1
together with (3-10) guarantee the continuity (except for x =0 when A = —3) and
discontinuity at x = 0 of £*g for A > —3 and A = —3, respectively. The proof of
decay bounds can be obtained by using (3-9), (3-3) and Lemma 3.1. Ol

Lemma 3.3. For Rei > —4 and [ € C°(RY), we have the following value of
LY f(t,0):

—i T(14+32) +e—i’§(1—5,\))

(3-11) c*f(r,0>=%f<t)(e —
8 s1n(z(1 - A)n)
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Proof. By using (3-9) we get
00 y(k+4)—l

A .
Ef(t’o)_lfo FO-+4)

This show that £* (¢, 0) is analytic, in A, for Re A > —4.

By analytic argument, it suffices to consider the case when X is a positive real
number and (3-4), where M is defined as in (3-1). In fact, in order to use (2-9), we
take A € (O, %) in (3-8). Thus, in the calculations, we use the representation (3-8)
for A > 0. Fubini’s theorem, the change of variable, (2-10) and (2-7), yield that

A Mo y L-3af )
er0.0 =g [T [ () e

1/ N N B /
=—— | (t—=t) T T L3yuf) Y B(y)dydt
'(A) Jo 0

M _(» 3 rori-=2)y . L
F(_+Z>f(t) ( ) (4 4)(e—l§(1+3)»)+e—l§(1—5)\.))

LI /af)(t,y)dy.

Ty \4 87
M e i FUH3M) | p=iF(1-50)
= 8_f(t)< R 1 )7
sm(z(l — )L)n)

where in the last equality we used the fact that

rEr(—z) =—

sin wz

Thus, the proof is complete. U

3B. Construction of the solution. Let us describe how we can construct the solu-
tion for the linear fourth order Schrédinger equation

(3-12) iou —u=0.

3B1. Linear version. First, we define the unitary group associated to (3-12) as
ird} 1 ixg —it&* 2
e p(x) = - Re e " (&) dE,
which allows

313) {(iat:aﬁ)eifai‘cﬁ(x) =0, (t,x)eRxR,
P =0 =p(x), xeR.
Recall £* in (3-9) for the right half-line problem. Let
u(t, x) = L1, x) + L2 (1, x),
Oxu(t, x) = LY Ty, 0) + L2 Ty g a1, ),

where y; (j =1, 2) will be chosen later in terms of the given boundary data f and g.
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Let a; and b; be constants depending on 4, j =1, 2, given by

M<e—ig(1+3x_,~) _,_e—i’g(l—sxj))

a =
78 sin(1(1 —2,)m)

3-14

(3-14) . M<e_ig(—2+3,\)+e—i§(6—5/\)>
78 sin(22—1,)7)

By Lemmas 3.2 and 3.3, we get

(3-15) @) =u(t,0) =ayy(t) +axy (1),
(3-16) gt)=0xu(t,0) =b1Z_1,4y1(t) +b2Z_1,4y2(2).

Thanks to (3-15) and (3-16), we can write a matrix in the form
[ f® ] _ A[ yi(t) }
Ty/48(1) ya(t) |’

A(dy, A) = [Zi Zi }

where

Choosing appropriate A ;, j = 1, 2, such that A is invertible, we have that u solves

a—1
({0, — IHu(t, x) = iM%I—3/4—A/4 y1(1)

Ap—1

—I—iMxli(—A)I—3/4—x/4 n@), (t,x)eRt xR,

u(0,x)=0, x €R,
u(t,0)= f(t), o.u(t,0)=g@), teRT.

(3-17)

By restriction of the function u on the set RT x R, we can construct a solution for
the linear fourth order dispersive equation (3-12) posed on the right half-line.

3B2. Nonlinear version. Now, we define the classical Duhamel inhomogeneous
solution operator D by

t
Dw(t, x) = —i/ et wﬁw(r’,x) dt'.
0

It follows that

({0, — IHDw(t, x) = w(t, x), (t,x) e RxR,
Dw(x,0) =0, x €R.

Let
w(t, x) = LAy (t, X) + LP2p(t, x) + 1% p (x) + Dw.
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Similar to what was done in Section 3B, taking y; and y, appropriately, depending
o4

on f, g, ¢'"%¢(x) and Dw, we see that u solves

({0, — dHu(t, x) = w(t, x), (t,x) e RT x R,
(3-18) u(0, x) = ¢ (x), x € RT,
u(t,0) = f(t), du(t,0)=g(), teRT.

The discussion about the structure of the system (3-18) can be found in Section 5

4. Energy estimates

The main purpose of this section is to prove the energy estimate of the solutions of
the fourth order nonlinear Schrédinger equation in the Bourgain spaces X**°.

Lemma4.1. Lets e Rand b € R. If ¢ € H*(R), then the following estimates hold:

L4
@-1) Iy "¢ @lle,@: @) Sy 1011,
.4 .
(4_2) ||1ﬂ(t)8){e”8*¢(x)||CX(R;Ht(zs+3_z_,-)/g(R)) Sl/l,s,j ||¢||HY(|R)7 J € {Oa 1}9
-4
(4-3) 19 @€ ¢ @)l xer Syp 161l @)-

Estimates (4-1), (4-2) and (4-3) are so-called space traces, derivative time traces
and Bourgain spaces estimates, respectively.

Proof. The proofs of (4-1) and (4-3) are standard and the proof of (4-2) follows
from the smoothness of ¢ and the local smoothing estimate (1-8), thus we will
omit the details. O

Lemma 4.2. Let 0 < b < % and j =0, 1, we have the following inequalities

(4-4) Iy (ODw(E, X)llem,: 1@y S llwllxss,
fors e R;
(4-5) 1 () Dw(t, X) |l e, es+-20@,y) S lwllxs—s,

for—%—l—j<s<%+j;
(4-6) 1 ()] Dw(t, ©)llxes S lwllxs-s,

fors e R
Estimates (4-4), (4-5) and (4-6) are so-called space traces, derivative time traces
and Bourgain spaces estimates, respectively.

Proof. The idea to prove this lemma follows a variation of the proof due to [Kenig
et al. 1991]. Here, we will give the sketch of the proof for sake of completeness.
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Estimate (4-4): By using 2x(.,(t') = sgnt’ + sgn(t —t'), sgn(r) = p.V.% and
¢ £(1) = f(r + &%) we have

it(r'+£%) _

4-7) w(t)Dw(t,x):c/eixge_i’§4i/f(t)/ﬁ(‘c/,é)e dt’ dk.

(T +£%)
We denote by w = w; + wy, where
W1(t, £) = no(r + &M (z, &),
Wa(t,8) = (1 —no(xr +E)W(x, £).

Here, 1o : R — [0, 1] is a smooth bump function supported in [—2, 2] and equal
to 1 in [—1, 1]. For w;, we use the Taylor expansion of ¢* at x = 0. Then, we can
rewrite (4-7) for w; as

ixé —itg* ~ et T+ /
W(t)Dw(t,x)che e W(I)/wl(r ,S)Wdr dé&
O k-1 , L ed o
- c; ’ka(t) e o118 Bk (&) dg
e T PN T
=c27¢ (1)e''% FF(x),
k=1
where ¥*(¢) = t*y(¢) and
(4-8) Ffe) = / W1z, &) (r +EH dr.
Since

N
(49) uanHs:(/ (&) ds) S lwlles,

we have from (4-1) that

f W1z, &)z +eHdr

| —

k
IFY ay S wllxes.

Iy ODw(, Dl Sy
k=1

=

!

For w;, a direct calculation gives

pa-t)-Ja+Eh
(t'+&% '

Since [|[YyDwllc,ms S (€)Y Fly Dwl(r, S)lngLl , it suffices to bound the term

I N 4 2 %
(4-11) (/<s>2“ /|wz<r’,s>|/ Ve —vE+ED ds) ,

@4-10)  FlyDwl(r.&)=c / Bt &)

|7/ + &4
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due to (4-10). We use the L' integrability of fﬁ, to bound (4-11) by

~ / 2
c(/@)% / [wa (T, O
|

viet=1 T HEY
Estimate (4-5): We only consider the case j = 0, since the estimate for j =1 is
a direct consequence of the case j = 0. Initially, take 6(7) € C*°(R) such that
6(t) =1for || < % and supp 6 C [—%, %] A standard calculation gives

fx(wm / e<’—f’>3?w<x,r/>><s>
0

—tt.§4
- cwm/ e s

1
2
dé‘) S lwllxs-.

eftt(r+§ ) 1

—cyr ()™’ / +—§49(r—|—54)w(§, 7)dt

1—-0 4 N
+cw<t>/ i;g) €. 1) dr
—cy(t)e'’® /r+—$4 WE, 1) dr

= Frwy + Frwy — Frws.

. . i 4
By the power series expansion for e 7/("+§")  we have

e =3 PO gt )

k!
k=1

Here, ¥ (t) = i*%6(r) and
P (£) = / (t+&H o +EHTE, ) dr.

By using (4-2), it suffices to show that |||l msw) < c||lullxs.-», for b < 5 ! Using the
definition of ¢ and the Cauchy—Schwarz inequality, it follows that

2
||¢k||%mx>=cfé<s>28(f{| n Z(r+§)" 'o(r + &Y, r)) 3
T+ 4<

< / (£)> / (v + £, D dr de.
3 T
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This completes the estimate of w;. Now we treat w;. By using the change of
variable 1 = £* and the Cauchy—Schwarz inequality we obtain

lw2llZ g, gesiovs,y <€ / () > G () / (T + 177 Wa(E, DI dk dr,
T §

where G(t) =c¢ fn(r + 1) 7226 1| 73/4(9) 75/% dn. To conclude the estimate of wo,
we need to prove the following estimate:

(4-12) G(1) < c(r)~@+I/4,

We split it in two cases. In the first case, we consider |t| < 1. For this, we use
(T +mn) ~ (n) to get

G =c [P an,

The above integral is bounded in the case s > —% +4b, since —b > —%. Also, this
estimate is valid for s > —%.

Now, the second case |t| > 1 can be estimated by separating the integral into
three regions || <1, 2|n| <|t|, |t| < 2|n| and using that —% <5< %, so (4-12)
follows.

Finally, to bound w3, let us rewrite w3 like w3 = ¥ (¢)e!% ¢ (x), where

o [ 1—6(+EY
¢($)—/T§4w(§',‘t)dr.

Thanks to (4-2) and Cauchy—Schwarz inequality, we obtain

2 i3} 2 2
llws ||C(RX;H(2S+3)/8(Rt)) =clly@)e"” qu(x)”C(RX;H(ZSH)/S([RE,)) = C||¢||HX(R)

~ d
y/g@zs (wa(s,r>|2<r+54>‘”’drfm> dt.

Since b < %, we have

1
[ wramar=e

By using (4-12), estimate (4-5) for w3 follows and, consequently, (4-5) holds true
for w = w; + wy + ws.

Estimate (4-6): Finally, again we split w = w; 4+ w;, similar to what was done in
the proof of (4-4). For w, estimates (4-3) and (4-9) yield that
1
I ODwi (1)l S Y S IF g S s,
k=1

where F lk is defined as in (4-8).
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For w,, note that

V! Dw(r, x)—c/ ixg p—itgt (zg)fw(ﬂf( W, §) (e ”<f’+f4>—1)dr’d5

+EY)
lx —it I,U(T E) lt‘[ 4 /
:c/ & (@)hp()/( +$4) ( +§)d.[ dg
lx —it ( ' E)
—c/ S(lswf()/( +€4)dr dt
=1-1I
= T(r. )
~ _ wo (T,
VO=] T

Therefore, we use (4-3) in II to obtain

oad
e W llxsn SUW as S llwll o »

for b < %
Now, it remains to show the following estimate:
2 1
wo (T, 2
(4-13) (f ISIZS/<r+$4>2” 2(, i)w(z v)dt’ drdé) Slwll s
§1>1 i(r'+§%)

This follows by using the same argument as we used to prove (4-5). In fact, the
proof of (4-13) is easier than proof of (4-5), since the L? integral with respect to &
is negligible and hence it is enough to consider the relation between 7 4 £* and
v/ + £* Thus, as a consequence, we have

Iy Dwlixss S Nwllxs—s.
Therefore, Lemma 4.2 is proved. ([
Lemma 4.3. Lets € R.
(a) For %(2s - <Ai< %(1 +2s) and ) < % the following inequality holds:

(4-14) I ()L £, ) ey ms @y < s +ors gy
(b) For =4+ j <A <1+4j,j=0,1,we have
(4-15) ||lﬁ(l)8){£)‘f(t, x)”C(RX; HE32D8 iy = C||f||H(23+3)/8(R+)

(c) If s <4 —4b, b< 5, —S<A< 2anals—i—4b—2<k<s—|—§yieldsthat
(4-16) IIw(t)ﬁf(t, lxss < ell fllysson g

Estimates (4-14), (4-15) and (4-16) are so-called space traces, derivative time
traces and Bourgain spaces estimates, respectively.
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Proof. Let us first prove (4-14). By density, we may assume that f € C&OC(R*).
Moreover, from definition of £, it suffices to consider £* f (¢, x) (removing ) for
suppf C [0, 1], thanks to Lemma 2.4.

From (2-4), (3-2) and (3-7), we see that

t
Fol L), &) = Me™ ™2 (& —i0)™* f e T_y suf (.
0

By using the following change of variable n = £%, (2-5) and the definition of the
Fourier transform we have that

t 2
1L F (I sy < € f | M2 ()72 f e =ML, s f(e))dr'| dn
n 0

_ _ . =~ 2
=c f Il =234 ) 2 (X ooty T-sja—3sa £ ()| d,
n

for a fixed 7. Note that, by Lemma 2.2, we can replace || ~*/?>73/4 by (n)~*/>73/4,
since

A3 1
—1<—§—Z<:>)x<§.
Moreover, Lemma 2.1 (under the condition —1 < —% -3 5 < 1 for removing

X(—o0,r)) and Lemma 2.8 (under the condition —5 < 1) yield that
A/ ~ 2
f |20 2 (Koo T-rja—sa ) )| dn
1

/0 _ = 2
SC/(H)“/Z A2 3/4}(X(foo,t)l;)»/473/4f)(77)} dn
n
< c||I—X/4—3/4f”%.15/47)\/4—3/8 =< C”f”il(gzsﬁ)/s,

which proves (4-14) thanks to the definition of H (R™)-norm.
Now we prove (4-15). A direct calculation gives

LM f =L Tjya f).

With the previous equality in hand and Lemma 2.8, it suffices to show (4-15) for
Jj = 0. Lemma 2.4 ensures us to ignore the cut-off function . The change of
variable t — t — 1’ gives

A—1
(z—af)@””/lﬁ(—x— x / t ei<ff’>3?a(x)h</)dz')
) Jso

A—1
_ (x—_ * /t ei(t—t')aﬁg(x)(l _ 812/)(2s+3)/16h(l,)dl/).
') J-w
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So, we just need to prove that

(4-17) H / e (E—i0) / eI T L Y dt dE
£ 50 177

=cllfll 2@y
LEL}(R)

thanks to 07 (Zy f) = Zy (97 f). We use X(—oco.r) = % sgn(t —t') + % to obtain

. t . Ned
/ e —i0) / TN (T amapa () di' dE
& —00

1 . o0 S
=3 / e (E—i0)* / sgn(r — e T (T 1y 3 (1) di’ dE
& —00

1 . ©
by [t [N @ ar ds
& —00

=1, x)+1(t, x).

We will treat 1(¢, x) := I and Il (¢, x) := II separately. To estimate /, we can
rewrite it as

1en=1 /g e (6 — i0) (e sgn(+)) T ja—ssa £ (1) dE.

A direct calculation gives

(t —i0)iC+ f(r)
i(T+E%)

Fi((e™ sgn(-) % T_yja—zpaf) (1) =

Fubini’s theorem and the dominated converge theorem imply that

. ix§(r —i0)3* ) (E — o)t .
1(t,x)=/e”f lim e —ils 4(5 O r)de dr.
T €=0 Jjr4£4)>¢ i(t+§&%)
Thus, once we show that the function
ixt (r _j0)i0I(E — i0)*
g(7) := lim e (i3 - E-i0"
€0 J 1484 >¢ (t+&%)

is bounded independently of t variable, the Plancherel’s theorem enables us to
obtain (4-17). The change of variable & — |t| %S and the fact that

(T|4& —i0) ™ = || 5 (ET* + ™)
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gives
4 EThp i
) = etx|r|4§ + -~ d
g(1) X{r>0}/§ TirE &
1 —A imThe—A
; ixlzld +ers
_e—i(m(x+3))x{r<0}/emmg 2 : 545 dt
A _

. e—g(m(,\ﬁ))

=481 82.

We only consider gj, since g; is uniformly bounded in 7 for —3 < X < 1. Let us
define the following cut-off function ¢ € C*°(R) such that

_ {1 in[3. 3],
¢:= 0 outside (%,%)

Then, we obtain

£
1—¢g*

£ el e
1—£4

2= X(r<0) /g I ) gy o) /s T (1 g (£)) d

=g2n+g20.

It is clear that g5, is bounded independently of T when A > —3, and hence it remains
to deal with g;;. Consider the functions

-2
S - SOk

= Trerere M4 YO=

1
iE=1

We remark that © is a Schwartz function, and hence ® € S(R). Moreover, we
immediately know that

W(x) = %eix sgn(x),
since Fy[sgn(x)](§) = V.p.%. Then, g,; can be written as
£21(7) = =i X{z <o) fg DB (E) d = —2im 1100/ @+ W)([x),
which implies

e (] < ‘/@(y)wqﬂix—y) dy' < / ©()|dy < 1.
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Now, we bound /1. By using the definition of Fourier transform and (2-5) we
have, after the change of variable 7 = £* and contour, that

nex) =1 / ¢TI —i0) 0 f(eh & —i0) de
§

+00
:%/ eitne=ien® (n i) 50 (ki =3 Ay diy = ef (1),
0

for some ¢ € C, implying || 1] (-, x) ”L? < ||f||L,2- This completes the proof of (4-15).
Lastly, let us show (4-16). A direct calculation ensures that

Fe(W L )2, &)

iy G - et [ €T
= Me 2([7{)»)610(171()»4-4))(5_10) Aw(t)e it¢

which can be divided into the following quantities:

(r'—i0)i 3 f () dT,

f1(t, &) = Me 3709 (£ —i0)Fy (1)

ellt’_e—ll€4 , Ut e Ead Ay ’
< | e 00 HENE S0 R

folt, ) = Me 3 e 09 (£ —i0)~Hy (1)

el[‘l,’ B . %+%A , )
X/l(t +$4)(1 0(c' +EH) (7' —i0)3 T3 f (') dr

f3(t.6) = Me™2 ™70+ 6 — 10) Ty (1)

—itg?

€ _ CNE+E Ao ’

@ +$4)(1 Ot +EH) (' —i0)iT1 f(r)dr.
Here 6 € S(R) is defined by

(4-18) 0(1) = {1 for |zl <1,

0 for|t|=>2.

It follows that ¥ (1)L f = fi1 + fo» — f5.
For fi, we use the same argument as was done for wy, in the proof of inequal-
ity (4-6). By the Taylor series expansion for e’ (' +5% at t(tr' + &%) =0, we write

ookl

YOL fi,x) =c Z V0 F ),

for some constant ¢ € C, where ¥*(r) = t*y(¢) and

FrE) =€ —i0)™* / 0t + &M (T +EH i f(r) dr,
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By using (2-5), (4-6) and (4-18), it is enough to show that

2
41k—1) 1} ; 2
T+ RO f (@) dT | dE SIS I s
[T +41<1 Ho

(4-19) /E (&) 1E 2

Let us split |£] into two regions: |£] < 1 and |£] > 1. For the region [£] < 1
and |7'| <1 (J&] <1 and |t/ 4+ &% < 1 imply |7/| < 1) we have that both |&|~2*
and |r/|%(“3) are integrable, for —5 < A < %, respectively. So, we obtain (4-19)
by using the Cauchy—Schwarz inequality in 7’.

Assume that |£| > 1, which in addition with |t/ + &% < 1 implies |t/| ~ |E1* > 1.
Let f*(7)) = (t’)é(z““)f(t’). Then the change of variable £* — 5 gives that the
left-hand side of (4-19) is bounded by

f|s EPMAEOPAE S [ PR S L = 1 o,
> n|>

where M f * is the Hardy-Littlewood maximal function of f * and f7 is controlled.
For f,, from (2-5), the definition of inverse Fourier transform and Lemma 2.5,
it follows that

1—-6 )2 1 ~
||f2||§v.b5//($>2SI$|_2'\<T+$4)2}’( tf;ﬁ D 2136049 (o) deds

2s 21
/ B |z<“3>( / <§>+ s|§>|2 - §)|f(f)|2dt.

Thus, by the change of variable 1 = £* and Lemma 2.2, for —5 < A (we may assume
supp f C [0, 1], thanks to Lemma 2.4), it suffices to show

3_ A
1732

I(t)=

=3 ()3 RPN
Tt ® dn S(T)+— 474,

Here, we split |t| into two regions: |7| <2 and |7| > 2. When |7| < 2, we have
(t+n)~{(n). Fors <4—4bands+4b—%<k< %,weget

i dn
1<r>5/ |n|4<—3—2“+/ ————— 5L
lnI<1 (77)2—211—‘74—%—0-%

Now, working in the region |t| > 2, we d1v1de the integral reg1on in n into |n| < 5
and |n| > ITI . In the first region, for b < 5 Land A < mm(z, s+ ) we bound in the
following Way

_ _3_2x 1o _3_ 1 _3_
(‘E)Zb 2(/ |77| 17 d’]"i‘/ . |77|4( 3 2A+2s)d77) S (‘E)4( 3 2)»—&-25)‘
Inl<1 I<|n|<'F
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On the other hand, in the second region, we have that |t + n| > %lrl > 1. Then,
for s —2 < 1 and b < 1, it holds that

13- d” L_3_ ds 1, 2
](-[)5(-”4( 3 2A+2s)/ms<r>4( 3 2A+2s)/ |S|2—2b5<t>4( 3 2A+2s)’
|s]>1

SO
1 f2llxsr SLF W yesss.

This completes the estimate for f5.

Finally, let us show that f3 can be controlled. Similarly as for fi, it suffices to
show
2

f<1 — 0 +EY) T+ 1O f (o) de| dE
S s

Again, we split the region |£| as follows: || < 1 and |£| > 1. Considering |£| < 1,
since |&|72* is integrable, for A < %, and we may ignore the integration in £. Let
us work in the region |t’| < 1. In this region |r’|%(H3) is integrable, for A > —35,
and hence we get (4-20).

On the region |t/| > 1, since |t/ + &% ~|7/| and |t/|%(’”’\’3) are L? integrable,
for A < s+ % we also get (4-20) by using the Cauchy—Schwarz inequality in t’.
Still looking on the region |t’| > 1, since |t/ +£*| ~ |7/| we have that the left-hand
side of (4-20) is bounded by

(4-20) f (&)

_ R 2 /*4;1 . . 2
(4-21) c</ |r/|ﬁ'|f|2dr’) ~(/ SN <r’>2‘é”|f|2dr’)
[T']>1 IT’|>1 (T/) "3
a1

(/)2 2 2
< / o T AT U e S LA,

where we have used that A < s + % and the result follows on |£| < 1. On the other
hand, in the region |&| > 1 and |7/| < 1, since |t/ +&*| ~ |€|* ~ (£)* and (&)> 28
are integrable for A > —% + s, we also get (4-20).

Consider the region |&]| > 1 and || > 1. There are two possibilities:

M |7 < 31€1*
an slgl* <),
In view of the proof of [Holmer 2006, Lemma 5.8(d)] (see also [Holmer 2005]),
one can replace
1-6(c'+&%
T/ 4 &4
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by B(t’ +&%) for some B € S(R). Hence, the left-hand side of (4-20) is dominated by
2

@y e P e e faa de.
IE|>1 [7/|>1

for N > 0. By the Cauchy—Schwarz inequality and choosing N = N(s, A) > 1, we
have (4-20) for both cases. Indeed, for the case I (in this case |t/ + §4| ~ |§|4),
(4-22) can be controlled by

2 25—21—4N L(—25—3+42)+6-4N 2
AFIP 1o / &> f |7/ [§ B HRAIN G AE S FIP 4 s
i [{E I<|t|<5lE1* HY

For case II (in this case |t/ +£*| ~ |7’]), (4-22) is bounded by

§1>1

thus

2
1 1 A
[ ) |_L_/|Z(2}L+67257374N)|_E/|§(25+3)|f(_c/)| df/ d%’
S lE1* <]’

< 2
S o

1f3lxse SN 1o
Hy

finishing the estimate for f3.
Remembering that ¥ (t)C* f = fi + f» — f3, and using the estimates of f;,
i =1,2,3, equation (4-16) follows and the proof is complete. (|

To close this section, let us enunciate the trilinear estimates associated to the
fourth order nonlinear Schrédinger equation (1-2). The proof of this estimate can
be found in [Oh and Tzvetkov 2017] (see also [Capistrano-Filho and Cavalcante
2019]), thus we will omit it.

Proposition 4.4. For s > 0, there exists b = b(s) < % such that we have

(4-23) lluyuzus]l xs.—» < cllugll s lluall b llusllxso.

5. Proof of Theorem 1.1
Initially, we pick an extension itg € H*(R) of ug such that

ol as wy < 2lluoll ms m+)-

Let b =b(s) < % such that the estimates given in Proposition 4.4 are valid.
By using similar arguments to those in Section 3B, let

(5-1) u(t, x) = LYy (t, x) + L2 (t, x) + F (1, x),

where y; (i = 1, 2) will be chosen in terms of initial and boundary data ug, f, g
and F(t, x) = ¢"%iig + 2D(Ju[?u).
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Remember that a; and b; are defined by

M<eig(1+3x,-) _|_eig(15x,)>

aj = —
78 sin(§(1 —A;))
5-2
(5-2) , M<ej§(2+3kj)+ei§(65)hj)>
78 sin($(2 — A;))

By Lemmas 3.2 and 3.3, we get
(5-3) F@)=u,0)=ayi(t) +ay(t) + F(z,0)
(5-4) g() =0xu(t,0) =bi1Z_1/ay1(t) +b2Z 174 y2(t) + 0. F (2, 0).
Putting together (5-3) and (5-4), we can write a matrix in the form
[ f(@®) = F(,0) ] _ A[m(t)}
T1/48(t) — 1140, F (2, 0) Y2 ]

where

A(h, ho) = [Zi Zj]

By using a mathematical software, the determinant of matrix A(A1, A,) is given by

det A = 2(—1) F e §OHM+HIIT (| 4 pihimy | 4 phitom) sec<(1+i”1)”>
4 4(_1)%e—§i(k1+)~2)7r (_1 + e%ik]ﬂ)(l _ ie%i?xzﬂ).
Note that the following graphics, with real and imaginary parts, of the determinant
function A (X1, A7), help us to see when the matrix A is invertible.
Thus, matrix A(A1, Ap) is invertible if we get

(5-5)

—2(= e T 2= 1)ie T (M4 1) see (107 )

2
A #E— | 2mn—ilog
b4

—2(—1)26%—1—2(—1)263”%—%(6"”'—i—l) sec ((1+4')”)
and
(5-6) WA l—dn, Aj£2—4n, j=1,2,

foralln € Z.

Figure 1 helps us to see that there are an infinite set of parameters which satisfy
the relations (5-5) and (5-6). In fact, for example, pick A; & 0 and A, ~ % Thus,
forO0<s < %, the choice of parameters A and A; satisfying the conditions

—3<AJ-<%, s+4b—2<kj<s+%, j=1,2,
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ensures that Lemma 4.3 holds. Thus, for fixed s € [0, %), we can choose A1 and A, as

before and define the forcing functions y (¢) and y»(¢) forany A, j =1, 2, given by

i i | _ 41 f@)—F(,0)
©-7) [Vz(f)} =4 |:Il/4g(l) — T4 0x F (1, O)}’

which shows that formula (5-1) restricted on the set (0, +00) x (0, 400) satisfies
(i — 3Hu = Mul?u,

in the sense of distributions.
Thus, we define the solution operator by

(5-8) Au(t, x) =YL Y1t x) + YO L2 Yt x) + Y (O F (2, x),

where

[)/1(1)} :A—l[ f@)—F(,0) }
y2(t) T1/48(t) —T1/40: F(t,0) |’

F(t, x) = €"%iig + AD(Y7|u|*u) and ¥ is defined by (2-1).
Recall the solution space Z*, defined in Section 2B, under the norm

1
101l 700 = supllv(e, i + Y suplldf v, ) 1aaay + 10l
teR =0 xeR

The estimates obtained in Section 2 together with estimates of Section 4 and (4-23)
yield that

3
I Aullzso < c(lluoll s @y + 1L f 18l tecner) + CiT NullZ,

H % (254+3) (R+)
for € adequately small. Similarly,

2 2
|Auy — Auzl zso < C2T(lurll7on + lluallZeo) lur — uallzss,

for u1(0, x) = u>(0, x).
Consider in Z the ball defined by B = {u € AR lu|l 7 < M}, where

M = 2e(luoll i@ 11 i gy, + 181 gerinen)-
Lastly, choosing T = T (M) sufficiently small, such that
IAullzes <M and | Auy — Auzllzes < Slluy — uz| 7o,

it follows that A is a contraction map on B, finishing the proof of Theorem 1.1. [J
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Figure 1. Real (top) and imaginary (bottom) parts of det A.

Remarks. Concerning our main result, Theorem 1.1, the following remarks are
now in order:

1. Animportant point to treat in dispersive systems is the analysis of the scaling. For
our case, that is, for the biharmonic Schrodinger equation on the half-line, we have
the following: if u(z, x) is solution for IBVP (1-2) on [0, T') x (0, 00), then, for A > 0,
the function u; (t, x) = A2u(A*t, Ax) is solution for (1-2) on [0, T /A%*) x (0, c0) with
initial-boundary conditions u; (0, x) = A2ug(Ax) 1= uoy, u;.(t, 0) = A2 f(A*1) := fi,
and uy ;. (¢,0) = 23 g()»“t) := g,. A straightforward calculation gives

(5-9)  MNuorllzs ey I 2 +llgall

1
HE®D (Rt

FALFEHD g

1
HE®) (Rt

3 1
SAT luollgs o+ A2 E V| £

1o, 1 .
HECH) (Rt HE®HD Rty
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2. In order to make the norms of our initial data ug, f and g small, we rescale
the data uy and g by choosing A adequately small, by using (5-9). However, we
can not rescale the function f since a positive power of A does not appear in (5-9).
To overcome this difficulty in our context, we introduce the cut-off function ¥r,
defined by (2-1), in the operator A (see (5-8)) to prove that A is thus a contraction,
proving the main result of the article.

3. It is important to note that the scaling argument was successful in the cases of
the quadratic NLS equation [Cavalcante 2017], KdV equation [Holmer 2006] and
Kawahara equation [Cavalcante and Kwak 2019] posed on the half-line.

4. Finally, in view of (5-3), (5-4) and (5-7), it is necessary to check y;(¢),i =1, 2
to be well-defined in Héz‘v%)/ 8([|3£+). However, it follows from Lemmas 4.1, 4.2
and 4.3, Propositions 4.4 and Lemmas 2.1 and 2.3.

6. Further comments and open problems

In this section, our plan is to present four problems that can be treated with the
approach used in this article.

6A. Biharmonic NLS on star graphs. The authors [Capistrano-Filho et al. 2019]
considered the biharmonic Schrodinger equation on star graphs, given by N edges

(0, 00) connected with a common vertex (0, 0, ..., 0) (see Figure 2), namely

6-1) i0uj —dfu;+Mul*u; =0, (t,x)€(0,T)x (0,00), j=1,2,...,N,
u;j(0,x)=ujo(x), x € (0, 00),

with initial conditions (u1(0, x), u2(0, x), ..., uy(0, x)) € H*(R™).

For a better understanding, we are interested in solving (6-1) with the following
three classes boundary conditions:

6.2) *uy(t,0) = *us(t,0)=---=un(,0), k=0,1, t€(0,T),
>y du(t,0) =0, k=2,3, te(0,T);
(6 3) 3i‘u](t,0)=8fu2(t,0)=...=uN(t,0), k=2’ 3’ IE(O, T)’
Z?:] 3;];“]‘0’0):0, k=0,1, te(0,7T);
(6 4) aful(t,O):Bfuz(l‘,O)::uN(t,O), k:0,3, [e(o, T)’
> Ou(t,0) =0, k=1,2, t€(0,T).

The motivation of these boundary conditions and how we can choose it, follows
the ideas contained in [Cavalcante 2018], and are detailed in [Capistrano-Filho et al.
2019].
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Figure 2. Star graphs connected with a common vertex (0, O, ..., 0).

6B. Control theory. We split this section in two parts: control theory for the
biharmonic NLS on star graphs and on an unbounded domain, respectively.

6B1. Control theory of biharmonic NLS on star graphs. First, let us consider the
controllability problem associated to (6-1) with three possibilities of boundary
conditions, namely, (6-2), (6-3) and (6-4). Due of the recent development of graph
theory for the Korteweg—de Vries equation, in the following paragraph we present
a few comments about this study.

In three interesting papers Ammari and Crépeau [2018], Cavalcante [2018] and
Mugnolo et al. [2018] dealt with the study of the KdV and Airy equations in graphs.
In summary, in the first work, the authors proposed a model using the Korteweg—de
Vries equation on a finite star-shaped network and proved the well-posedness of the
system. Also, as the main result of the work, by using properties of the energy, they
showed that the solutions of the system decays exponentially to zero (as t — 00)
and they studied an exact boundary controllability problem. In the second work,
Cavalcante showed local well-posedness for the Cauchy problem associated with
Korteweg—de Vries equation on a metric star graph. More precisely, he used the
Duhamel boundary forcing operator, in the context of half-line, introduced by
Colliander and Kenig [2002] and Holmer [2006] to achieve his result. Finally,
Mugnolo et al. obtained a characterization of all boundary conditions under which
the Airy-type evolution equation u; = au,yx + Bu,, fora € R\ {0} and 8 € R on
star graphs, generates contraction semigroups.

In this spirit, looking for the energy identity of the system (6-1), namely the
L?-energy, which satisfies an equality given by

(6-5) E(T,x),u(T,x),...,un(T,x))
N T N T
=_Z/ Im(aﬁuj(r,O)ﬁj(z,()))dz+2f Im(dZu j(t,0)dit;(,0)) dt
i=170 i=170

—Ew1(0,x),u2(0,x),...,un(0,x)),
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where
N oo
Bt st i) i= 3 [ Gt vP a,
i=1 70

the following natural questions arise.

Problem A: Which are the boundary conditions that we can impose in (6-2), (6-3)
and (6-4) such that the energy is a nonincreasing function of the time variable ¢?

Problem B: If we can impose some boundary conditions such that the energy (6-5) is
a nonincreasing function of the time variable ¢, is the system (6-1), with appropriate
boundary conditions, asymptotically stable when the time tends to infinity?

Problem C: Can we find appropriate boundary controls such that the system (6-1)
is controllable in some sense?

6B2. Control theory of biharmonic NLS in unbounded domain. In the context of
control in unbounded domain Faminskii [2019] considered the initial-boundary value
problem posed on infinite domain for the Korteweg—de Vries equation. Precisely, he
elected a function fj on the right-hand side of the equation as an unknown function,
regarded as a control. Thus he proved that this function must be chosen such that
the corresponding solution should satisfy certain additional integral condition.
These techniques probably work well for the following biharmonic NLS system:

idu+ydtu+AulPu= fo(t)v(x, 1), (t,x)e€0,T)x(0,00),
(6-6) u(0, x) = ug(x), x € (0, 00),
u(t,0) =h(1), u,(t,0) =gt te(0,T),

for y, A € R, where v is a given function and fy is an unknown control function.
Therefore, the issue here is:

Problem D: Is (6-6) controllable in the sense of Faminskii’s work? Namely, can we
find a pair { foy, u}, satisfying appropriate additional integral conditions (for details
see [Faminskii 2019])?
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