Electronic Journal of Differential Equations, Vol. 2016 (2016), No. 222, pp. 1-20.
ISSN: 1072-6691. URL: http://ejde.math.txstate.edu or http://ejde.math.unt.edu

NONLINEAR SCHRODINGER EQUATIONS ON THE HALF-LINE
WITH NONLINEAR BOUNDARY CONDITIONS

AHMET BATAL, TURKER OZSARI

ABSTRACT. In this article, we study the initial boundary value problem for
nonlinear Schrodinger equations on the half-line with nonlinear boundary con-
ditions
uz(0,t) + Alu(0,¢)|"u(0,t) =0, Xe€R-—{0}, »>0.

We discuss the local well-posedness when the initial data ugp = u(z,0) belongs
to an L2-based inhomogeneous Sobolev space H*(R4.) with s € (%, % - {%}
We deal with the nonlinear boundary condition by first studying the linear
Schroédinger equation with a time-dependent inhomogeneous Neumann bound-

ary condition uz(0,t) = h(t) where h € HET (0, 7).

1. INTRODUCTION AND STATEMENT OF MAIN RESULT

The nonlinear Schrodinger equation (NLS) is a fundamental dispersive partial
differential equation. NLS can be used in many physical nonlinear systems such as
quantum many body systems, optics, hydrodynamics, acoustics, quantum conden-
sates, and heat pulses in solids.

In this article, we consider the nonlinear Schréodinger equation with nonlinear
boundary condition on the (right) half-line.

i0pu + 0%u + klufPu =0, x€Ry, te(0,7),
u(z,0) = up(z), (1.1)
0,u(0,t) + Mu(0,t)|"u(0,t) = 0,

where u(x,t) is a complex valued function, the real variables = and ¢ are space and
time coordinates, and 0, d, denote partial derivatives with respect to time and
space. The constant parameters satisfy k, A € R — {0}, and p,r > 0. When A =0,
the boundary condition reduces to the classical homogeneous Neumann boundary
condition. When r = 0, the boundary condition is the classical homogeneous
Robin boundary condition. When A and r are both non-zero as in the present case,
the boundary condition can be considered as a nonlinear variation of the Robin
boundary condition.

Our main goal is to solve the classical local well-posedness problem for .
More precisely, we will prove the local existence and uniqueness for together
with the continuous dependence of solutions on the initial data wug, which is taken
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from an L?—based inhomogeneous Sobolev space H*(Ry) with s € (3,2) — {2}.
We will also deduce a blow-up alternative for the solutions of (1.1]) in the H?®-sense.
The well-posedness problem will be considered in the function space X7, which

is the set of those elements in
2s

C([0,T); H*(R4)) N C(RE; H™% (0,T))

that are bounded with respect to the norm || - [ xs. This norm is defined by

st

[fllxz == sup [FCOlae @) + sup [If(z,-) (1.2)
t€[0,T] zER4

It is well-known that the trace operators 7o : ug — uo(0) and 1 : up — ug(0) are
well-defined on H*(R) when s > 1/2 and s > 3/2, respectively. Therefore, both
u0(0) and u((0) make sense if s > 3/2. Hence, we will assume the compatibility
condition u({(0) = —A|ug(0)|"uo(0) when s > 3/2 on the initial data to comply with
the desire that the solution be continuous at (z,t) = (0,0). Now we can state our
main result.

Theorem 1.1 (Local well-posedness). Let T > 0 be arbitrary, s € (%, %) — {%},
p,r > 0, k,A € R— {0}, ug € H*(Ry) together with uy(0) = —Alug(0)|"ug(0)
whenever s > 3/2. In addition we assume the following restrictions on p and r:
(A1) If s is integer, then p > s if p is an odd integer and [p] > s — 1 if p is
non-integer.
(A2) If s is non-integer, then p > s if p is an odd integer and [p] > [s] if p is
non-integer.
(A3) 7> 221 if r is an odd integer and [r] > [2521] if T is non-integer.
Then the following hold:

(i) Local Existence and Uniqueness: There exists a unique local solution u €
X7, of for some Ty = To(||uoll = )) € (0,71

(ii) Continuous Dependence: If B is a bounded subset of H*(R,), then there
is To > 0 (depends on the diameter of B) such that the flow ug — u is
Lipschitz continuous from B into X7, .

(iii) Blow-up Alternative: If S is the set of all Ty € (0,T] such that there exists
a unique local solution in X7, , then whenever Tiax 1= supp,ecgTo < T, it
must be true that limgyr,,,, [u(t)|| s @, ) = oo.

Remark 1.2. If s = 1 or p is even, then the assumptions on p given in (A1) and
(A2) in Theorem [1.1]are redundant. The same remark applies to r when s = 5/2—¢
or r is even.

Remark 1.3. In the above theorem, when s > 2, the equation is understood in the
L?-sense. However, if s < 2, the equation should be understood in the distributional
sense, namely in the sense of H¥~2?(R. ). For low values of s, the boundary and the
initial condition can be understood in the sense of [3, Definition 2.2].
Literature Overview. Schrédinger models similar to have been studied in
[1l 22| [11], and most recently by [15].

Ackleh-Deng [I] studied the case k = 0, A = 1, and » > 0. In [I], the main
equation was only linear. More precisely, the authors studied the equation

i0u+02u=0, xzcRy, tc(0,7T),
u(z,0) = up(x), (1.3)
0,u(0,t) + |u(0,¢)|"u(0,t) = 0.
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Ackleh-Deng [I] proved that if uy € H?(R,), then there is Ty > 0 such that
possesses a unique local solution u € C([0,Tp); H'(R4)). In [I] it was shown that
(large) solutions with negative initial energy blow-up if » > 2, and are global oth-
erwise. Therefore, r = 2 was considered the critical exponent for . Obtaining
local existence and uniqueness consisted of two steps. First, the authors studied the
linear Schrodinger equation with an inhomogeneous Neumann boundary condition
on the half-line. Secondly, they used a contraction argument once the representa-
tion formula for solutions was restricted to the boundary point z = 0. In other
words, the contraction argument was used on a function space which included only
time dependent elements. Unfortunately, the same technique cannot be applied in
the presence of the nonlinear source term f(u) = k|u[Pu in the main equation. The
reason is that even if the representation formula can still be restricted to the point
x = 0, the sought after fixed point in the representation formula would also depend
on the space variable. Therefore, one can no longer use a simple contraction ar-
gument on a function space which includes only time dependent elements. We are
thus motivated to use a contraction argument on a function space which includes
elements that depend on both time and space variables. Of course, this requires
nice linear and nonlinear space-time estimates.

It is well-known from the theory of the linear Schrédinger equation that solutions
are of the same class as the initial state. From this point of view, the generation
of H' solutions with H?® data seems is not optimal in [I]. Therefore, one of the
novelties in this paper is to show that H? initial data generates H® solutions.

Regarding nonlinear boundary conditions, we are aware of very few other re-
sults for Schrédinger equations, e.g., [22] 1l [15]. In [22], the authors study the
Schrodinger equation with nonlinear, attractive, and dissipative boundary condi-
tions of type % = ig(u) where g is a monotone function with the property that
the corresponding evolution operator generates a strongly continuous contraction
semigroup on the L2-level. The more recent paper [11] studies Schrédinger equation
with Wentzell boundary conditions. This work also uses the fact that the Wentzell
boundary condition provide a semigroup in an appropriate topology. In the present
case, due to the fact that A is not a purely imaginary number, the problem does
not have a monotone structure, and the method of [22] [TT] cannot be applied here.
Most recently, [15] studied the blow-up properties of the 1D Schrédinger equation
with a point nonlinearity, which was interpreted as a linear Schrédinger equation
with nonlinear boundary conditions similar to given in .

A common strategy for proving well-posedness of solutions to PDEs with non-
linear terms relies on two classical steps: (1) obtain a good linear theory with
non-homogeneous terms; (2) establish local well-posedness for the nonlinear model
by a fixed point argument.

Obtaining a good linear theory with non-homogeneous terms is a subtle point
for boundary value problems, especially those with low-regularity boundary data.
One might attempt to extend the boundary data into the domain and homoge-
nize the boundary condition. However, this approach in general requires a high
regularity boundary data [4, [0], as opposed to the rough boundary situation as in
the present paper for low values of s. There are different approaches one can fol-
low to study a linear PDE with an inhomogeneous boundary data on the half-line
without employing an extension-homogenization approach, though. For example,
Colliander-Kenig [13] used a technique on the KdV equation by replacing the given
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initial-boundary value problem with a forced initial value problem where the forc-
ing is chosen in such a way that the boundary condition is satisfied by inverting a
Riemann-Liouville fractional integral. Holmer [I4] applied this technique on non-
linear Schrodinger equations with inhomogeneous Dirichlet boundary conditions on
the half line. A second approach is to obtain norm estimates on solutions by using
a representation formula, which can be easily obtained through a Laplace/Fourier
transform. This technique has been used for example by Kaikina in [I6] for nonlin-
ear Schrodinger equations with inhomogeneous Neumann boundary conditions and
by Bona-Sun-Zhang in [3] for inhomogeneous Dirichlet boundary conditions. In
[16], the well-posedness result assumes the smallness of the given initial-boundary
data while the results of [3] have global character in this sense.

Although nonlinear Schrédinger equations with inhomogeneous boundary con-
ditions have been studied to some extent, most of these papers were devoted to
inhomogeneous Dirichlet boundary conditions; see [3| 4 [5] @] [7], [8, 10, 14, 17, 24
25, 27, [28]. There are relatively less results on inhomogeneous Neumann boundary
conditions; see [4 O 16l 26, 27]. In [] and [9], well-posedness is obtained under
smooth boundary data. Relatively less smooth boundary data was treated in [27]
using Strichartz estimates, but the regularity results were not optimal. In [16], the
smallness of initial and boundary data was crucial. In [26], the focus was on the
existence of weak solutions, and questions concerning continuity in time, unique-
ness, and continuous dependence on data were not studied. In the present paper,
we draw a more complete and optimal well-posedness picture where the spatial
domain is half-line.

Orientation. In this paper, we will follow a step-by-step approach to prove The-
orem [T}

Step 1: We will first study the linear Schrodinger equation with inhomogeneous
terms both in the main equation and in the boundary condition. This problem
is written in . Our aim in this step is to derive optimal norm estimates with
respect to regularities of the initial state ug, boundary data h, and nonhomogeneous
source term f. This linear theory is constructed in Section[2]by adapting the method
of [3] to nonhomogeneous Neumann boundary conditions.

Step 2: In the second step, we will replace the nonhomogeneous source term
f=f(z,t) in with f = f(u) = klu|Pu as in (3.I). We will use a contraction
mapping argument to prove the existence and uniqueness of local solutions together
with continuous dependence on data. The blow-up alternative will be obtained via
a classical extension-contradiction argument. This step is treated in Sections -
B4

Step 3: In this step, we will replace the boundary data h = h(x,t) in with
h = h(u) = =Alu(0,t)|"u(0,t), and f with k|u[Pu. Arguments similar to those in
Step 2 will eventually give the well-posedness in the presence of nonlinear boundary
conditions. The only difference is that the contraction argument must be adapted
to deal with the nonlinear effects due to the nonlinear boundary source. This is

given in Section

Remark 1.4. Step 2 is indeed optional. One can directly run the contraction and
blow-up arguments with nonlinear boundary conditions. However, it is useful to
include the general theory of nonlinear Schrodinger equations with inhomogeneous
Neumann boundary conditions to study other related problems in the future.



EJDE-2016/222 NONLINEAR SCHRODINGER EQUATIONS ON THE HALF-LINE 5

2. LINEAR NONHOMOGENEOUS MODEL

In this section, we study the nonhomogeneous linear Schrédinger equation with
nonhomogeneous Neumann boundary condition. We will later apply this linear the-
ory to obtain the local well-posedness for nonlinear Schrédinger equations first with
inhomogeneous Neumann boundary conditions and then with nonlinear boundary
conditions. To obtain a sufficiently nice linear theory, we adapt the method pre-
sented for nonhomogeneous Dirichlet boundary conditions in [3] to the case with
nonhomogeneous Neumann boundary conditions.

We consider the linear model

i0u+0%*u+f=0 xcRy, te(0,T),

u(z,0) =uo, Jpu(0,t) = hit), (2.1)

where f and h lie in appropriate function spaces.

2s5—1

2.1. Compatibility conditions. Suppose ug € H*(Ry),h € H™7 (0,7 in (2.1).
It is well-known from the trace theory that both wu((0) and h(0) make sense when
s > 3/2. Therefore, one needs to assume the zeroth order compatibility condition

up(0) = h(0)

when s € (3/2,7/2) in order to get continuous solutions at (z,t) = (0,0). As the
value of s gets higher, one needs to consider more compatibility conditions. For
example, if s € (2k + 3,2(k + 1) + 2) (k > 1), then the k-th order compatibility
condition is defined inductively:

Yo = Uo, Pnt+1 = i(@fﬂt:o + ai‘ﬂn)a
8fh|t:0 = 3x80k|x:0

provided that f is also smooth enough for traces to make sense. If one wants
to add the end point cases s = 2k + % to the analysis, then global compatibility
conditions must be assumed (see for example [2] for a discussion of local and global
compatibility conditions in the case of Dirichlet boundary conditions).

2.2. Boundary operator. We will first deduce a representation formula for solu-
tions of the following linear model with an inhomogeneity on the boundary.

i0u+ 0%u=0, xRy, tec(0,T),

w(z,0) =0, d,u(0,t) = h(t). (2.2)

We study the above model by constructing an evolution operator which acts on the
boundary data. We will start by taking a Laplace (in time) - Fourier (in space)
transform of the given model. In order to do that, we will first extend the boundary
data to the whole line utilizing the following lemma.

2s—1

Lemma 2.1 (Extension). Let s € (3,2) — {2}, h € H © (0,T) with h(0) = 0 if
s > 3/2. Then there exists he € H*T with compact support in [0,2T + 1) which
extends h so that H(t) := fioo he(s)ds also has compact support in [0,2T + 1) and

”HHH%?# <C(1 +T)||hHst4;1(O$T) for some C > 0 which is independent of T

Proof. If%<s<%,wehave0<%<

onto R, say we get hg. Then we set h.(t) :

Now we take the zero extension of h

l-
2 ho(t) — ho(t — T).
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If s e (%, %), then % < 284’1 < % In this case, we first take an extension h, of

h onto R so that ||ha| 2s-1 <2||h||  2s-1 by using the fact that
H 4 H 4 (0,T)

Hh||H254—1 0.7 = 1nf{H<b||st4—1 e H 1 ,¢|(0,T) = h} (23)

Secondly, the restriction hp := hal(o,00) € H* (0, 00) will satisfy the inequality

Ihgll  2s—1 < |lhall  2s-1. Now we can take the zero extension, say h¢, of hp

H 4 (0,00 H 1

onto R so that ||ha|| 2:-1 < C|lhpl|  2s-1 with C independent of T. By the
1 HE Ry

previous inequalities, we get [[hcl 2a-1 < Cl|A] 2000 ©.1) with C' independent of
T. Then we pick a function n € C(R) so that n = 1 on (0,T) and n = 0 on

2s—1

[T+1/2,00). Now we consider hy = nh¢, which is of course in H*T | since H™7
is a Banach algebra when s > 3/2. Finally, we set h¢(t) = hi(t) — hi(t — T — 1/2).

Note that ||he|\st4_1 < C||h||st4_1 ©.1) where the positive constant C' does not
depend on T, since all the extensions in the above paragraph and the multiplication

by n are continuous operators between corresponding Sobolev spaces whose norms
do not depend on the initial domain (0,7"). Moreover, we set up h,. in such a way

that its average is zero. Hence, its antiderivative H(t) := ffoo he(s)ds is compactly

supported and therefore belongs to the space H 2
Since H is compactly supported with support in [0,27 + 1) by the Poincaré

inequality we have ||[H|/z2 < (2T + 1)||he||z2. Hence
2543 2s—1
[, 2ops = |D7 3 H][ 2 + [[H]|2 < Cl[D™T hellrz + (2T + 1) he| 2

<O+ D)k 2 < CA+DIA =

T (0,1)
for some C' > 0. O

Now we consider the following model, which is an extended-in-time version of

&2).

i0te + 0%ue =0, z€R,, t>0,

2.4
te(2,0) =0, Opue(0,t) = he(t) (24)
where h. is the extension of h, as in Lemma [2.1
We first take the Laplace transform of (2.4) in ¢ to get
iXie (2, \) + 021 (x, \) = 0,
(2.5)

Gie(+00,A) =0,  piic(0, ) = he(N)
with Re A > 0, where @, denotes the Laplace transform of u.. The solution of (2.5
is

. 1 =
Ue(z, A) = =) exp(r(A)z)he ()

where Rer()) solves i\ + 1% = 0 together with Rer < 0. Then

+ooity -
ue(z,t) = %/_ . exp()\t)Ti\) exp(r(A)z)he(N)dA,

where v > 0 (fixed), solves (2.5). By passing to the limit in v as v — 0 and applying
change of variables, we can rewrite u(x,t) as follows:

ue(x,t) = ;T/OOO exp(—if%t + iBx)h.(—iB%)d3



EJDE-2016/222 NONLINEAR SCHRODINGER EQUATIONS ON THE HALF-LINE 7

- % /0 exp(i3*t — Bx)h(i3?)dg.

Note, that u := uc|jo,1) is a solution of (2.2). We define v1(3) := #ﬁe(—iﬁ2)
for § > 0 and zero otherwise. Let ¢, be the inverse Fourier transform of vy,
that is ¢y, (8) = v1(B) for B € R. Similarly, we define v5(8) := —1h.(i3%) for

0 > 0 and zero otherwise. Let 15, be the inverse Fourier transform of vs, that is
¥, (B) = v2(B) for § € R. Now, for x € R, we can write

ue(w,t) = Wy (t)he](x) := Wy 1 (t)hel(2) + [Wh,a(t)he] ()

where
oo

(Wit (t)he] () = / exp(—iB% + i82)dn. (5)dB,,

— 00

Wia(0hl(a) = [ " expi8t — Ba)dn, (8)d5.

Note that we can extend W 1(t)h. to R without changing its definition. For
such an extension we have the following lemma.

Lemma 2.2. u(x,t) = [Wy1(t)he](x) solves the initial value problem
i0pu + 02u = 0,u(x,0) = ¢p_(z), x€R, tER,.
Proof. By direct calculation, we have
iOyu+ Oqu = [i(=iB?) + (iB)*|[Wh1 (D he] () = 0,
and u(z,0) = F~1(¢n,)(x) = ¢n, (x). u

From the above lemma, we can get space time estimates on W; 1 (t)h, by using
the well-known linear theory of Schréodinger equations on R. These estimates are
given in Section We extend [Wp,2(t)he](x) to R by setting

o0
Wha(®hel(o)i= [ exp(itt = Blal)in, (3)d5.
— 00

However, if s > 3/2, then this extension would not be differentiable at @ = 0.
Therefore, if s > 3/2, we cannot directly use the linear theory of Schrodinger equa-
tions on R to estimate various norms of the term W, o(¢)h.. This makes it necessary
to obtain space-time estimates for W o(t)h. directly by using its definition.

The relationship between regularities of ¢y, , ¥, and the regularity of the bound-
ary data h is given by the following lemma.

2s5—1

Lemma 2.3. Let s > 1/2, h € H™ 1
(bhev’(/}he € H*.

Proof. Note that

(0,T) such that h(0) = 0 if s > 3/2. Then

| on.

o= [ B @)= % [+ R iR 20

Upon changing variables, the last term in (2.6) can be rewritten and estimated as
follows.

1o a+p)e
2772 0 ﬁ%

2543

~ 1 o0 N
he(ig)Pas 5 =5 [ 0+ B DRSS IR g
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where we use the relationships, he(—i3) = he(8) and he(3) = ifH(3) in the first
inequality. The last estimate combined with Lemma implies that ¢,, € H*.
We can repeat the same argument for ¢y, too. O

A given pair (g, r) is said to be admissible if % + 5= =1 for q,r > 2.
Now, we present several space-time estimates for the second part of the evolution
operator Wp(t).

Lemma 2.4 (Space Traces). Let s > 1/2 and T > 0. Then there exists C > 0
(independent of T') such that

sup |[Wa,o(-)hellms < C(1+T)|R]|, -
te[0,T]

2.7)

251 (0, T) with h(0) = 0 if s > 3/2.

Proof. We can rewrite [W; 2(t)h](x) as

(Wha(t) / Ko, ) on, (y)dy = K(t)n,

where K;(x,y) = fo exp(if3*t — B|z| — iyB)dB. It is proven in [3, Proposition 3.8]
that

() en
for an admissible (g, r). Similarly, taking one derivative in x variable, one gets
10=[K(E)¢n N Lago,rinry S 1102 [¥n. ]l L2
Now, one can interpolate and use the proof of Lemma [2.3] to obtain

Wo2(VhellLao,rswery S IH 250 (2.8)

(0,T;L7) S

for s € [§,1]. For larger s, one can differentiate and interpolate again. Finally,

. follows by taking r = 2,¢q = oo in Now, ) follows from and
Lemma 211 O

Lemma 2.5 (Time traces). Let s > 1/2 and T > 0. Then there exists C > 0
(independent of T') such that

ZSEUDQ Woa(hell 2epr 0 S CA+ TR 200 (2.9)

(0,1)

for any h € H*7 (O T) with h(0) =0 if s > 3/2.
Proof. This result is an application of [20, Theorem 4.1]. For k& > 0 (integer)

10F Wa o (Yhel2 = / e lon (O SO as

(2.10)
S [k PRGBS [ ey
Ry
Upon interpolation, the result follows in the case that h, h., and H are smooth,
then a density argument finishes the proof. Now, (2.9) follows from (2.10) and
Lemma 211 O



EJDE-2016/222 NONLINEAR SCHRODINGER EQUATIONS ON THE HALF-LINE 9

2.3. Representation Formula. We take an extension of ug to R, say uj € H?
such that [|ugllms S |luolls®+). Therefore, u = Wg(t)ug solves the problem

i0pu + 02u = 0,u(0,t) = uj(z),r,t € R

where Wr(t) is the evolution operator for the linear Schrodinger equation. Similarly,
if f* is an extension of f, then the solution of the non-homogeneous Cauchy problem

Wy + Uz = [ (2,t),u(z,0) =0,2,t € R
can be written as .
u(z,t) = —i/ Wgr(t — 1) f*(7)dr.
0

Therefore, if we define

ue(z,t) = Wr(t)ug —i/o We(t — 1) f*(T)dr + Wy([h — g — ple(t)) (2.11)
with

9(t) = 9 Wr(t)ugla=o,
= —i0, / Wr(t — 7)f*(7)d7|s=0,
then u = uc|j,r) will solve
i0u+0%u=f, tc(0,T), z€Ry, (2.12)
u(z,0) = ug, Oyu(0,t) = h(t).

In the formula we have given, g(t) and p(t) make sense only if s > 3/2. In other
cases, we take those boundary traces equal to zero in the representation formula
@217).

2.4. Space-time estimates on R. We will utilize the following space and time
estimates on R for the evolution operator of the linear Schrédinger equation [12].
Note that these estimates can be directly applied to the first part W; of the
boundary evolution operator.

Lemma 2.6. Let s ¢ R, T > 0, ¢ € H*, and u := Wgre. Then there exists
C = C(s) such that

su u(-,t)||gs + sup ||u(zx, - 2541 <C s. 2.13
2 e Ol +0p e, g ) <l (2.13)

Lemma 2.7. Let T > 0, f € L'(0,T; H*), and u := [, W(t — 7)f(r)dr. Then,
for any s € R, there exists a constant C = C(s) > 0 such that

2 < Cllfllero,msme)- (2.14)

sup ||u(-, t)|[m+ + sup [lu(z
te[0,T] z€R

2.5. Regularity. Combining Lemmas we have the following regularity
theorems for the linear model.

Theorem 2.8. Let T > 0, and s > 1/2. Then there exists C > 0 (independent of
T) such that for any h € H* (O T) with h(0) =0 if s > 3/2, u = Wy(t)h satisfies

< CU+D)h] 2

sup Ju(, O)llme @y + sup [lulz, Il
] rER

te[o,T 0,7)
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25—1

Theorem 2.9. LetT >0, s € (3, 2)—{3/2}, he H T (0,T), f € L'(0,T; H*(R,)),

ug € H*(Ry), and if s € (2, 1), we assume the zeroth order compatibility condition
up(0) = h(0). Then there exists C > 0 (independent of T) such that the solution u
of (2.12)) satisfies

sup ||ulx,-)||gs®.) + sup |ulz,- 2541
20 (e, Moy + 99p @ M2 .

< Ol ey + (0 + DA, =

Loy T £l 1m0 R ))-

Remark 2.10. The optimal local smoothing estimate for the Schrodinger evolution

operator is ||[Wguol| RIS luoll g7+; see for instance [20]. This is why we
L H,

consider the space X7 defined in Section |I| as our solution space. It is shown in

2541
[14] and [3] that the natural space for the boundary data h is H, * (0,T), when
one considers Dirichlet boundary conditions. Since one can formally think that one
derivative in the space variable is equivalent to 1/2 derivatives in the time variable,

251
we are inclined to consider H, * (0,T) as the natural space for the boundary data
h when we consider Neumann boundary conditions.

3. NONLINEAR SCHRODINGER EQUATION

In this section, we study nonlinear Schrédinger equations with nonhomogeneous
Neumann type boundary data. More precisely, we consider the model

i@tu+8§u+f(u) =0, zeR4, te(0,7),

u(z,0) = uo, (3.1)
0,u(0,t) = h,
where f(u) = klu|Pu, p> 0, k € R — {0}, ug € H*(R), and s € (3, %) — {2}.

Here, we consider two problems. The first one is the open-loop well-posedness
problem when h is taken as a time dependent function in the Sobolev space H 2 (0, 7).

The second one is the closed-loop well-posedness problem when h is taken as a func-
tion of w(0,¢) in the form h(u(0,t)) = —A|u(0,t)|"u(0,t) with A € R — {0}.

3.1. Local existence. To prove the existence of local solutions we use the con-
traction mapping argument. For the contraction mapping argument, we will use
the following operator on a closed ball Br(0) in the function space X7, for appro-
priately chosen R > 0 and Ty € (0,7T].

(W (w)](t) := Wr(t)ug — Z/O Wr(t — 1) f(u*(7))dr + Wy (8)([h — g — p(u7)]e) (3.2)

)f(u*(7))d7|2=0-

), we take these

with g(t) = 9, Wi(t)uyls—o and [p(u®)](t) = —id, [} Wi(t —
Here, g(t) and p(t) make sense only if s > 3/2. For s € (3,
boundary traces equal to zero in .

To use the Banach fixed point theorem, we have to show that ¥ maps Bgr(0)
onto itself, and moreover that it is a contraction on the same set. Therefore, we will
estimate each term in with respect to the norm defined in . By Lemma

2.6,
We)ugllxs < lluollas S luollms ) (3.3)
To estimate the second term at the right hand side of , we 1 first prove the
following lemma.
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Lemma 3.1 (Nonlinearity). Let f(u) = |[u[Pu and s > 1. Moreover, let (p,s)
satisfy one of the following assumptions:
(al) If s is integer, then assume that p > s if p is an odd integer and [p] > s —1
if p is non-integer.
(a2) If s is non-integer, then assume that p > s if p is an odd integer and [p] > [s]
if p is non-integer.
If u,v € H®, then

L ()l S N5 (3-4)
1f () = f) e < (lullrs + Tollg)llu = vl (3.5)

Proof. See [12, Lemma 4.10.2] for s being an integer and Lemma 3.10(2) [21] for p
being an even number. Therefore, we will only consider the cases with s being a
non-integer, and p being an odd integer or non-integer.

Let us first consider the case 1/2 < s < 1. By the chain rule [19, Theorem A.7]),
1D° f (u )||L2 1/l L= D*ull 2. Since |f'(uw)| S [uf?, we have |[f'(u)llz= <
flull} < < ||uH Yrs where the last inequality follows by the Sobolev embedding H*
L for s > 1/2. Also, ||D%ul|p2 < |Ju|lgs. It follows that ||D®f(u)||rz < Hu||p+1.
On the other hand, || f(u)||r2 = ||u||’£'§pl+2 < ||u||Hs , where the inequality follows by
the Sobolev’s embedding H* < L?’*2 for s > 5. Hence, we have just shown that
£ ) lzs S Nullf

Now, consider the case s = o +m > 1 for some positive integer m and o € (0,1).
Then ||D? f(u)||r2 < || D (D™ f(u))||r2z where D™ f(u) is a sum of the terms of type
T () H?:r DBy where k ranges from k = 1 up to k = m and Z?:r B =m.

By the fractional version of the Leibniz rule [19], we can write

| D7 (£ ( HD% |2

k (3.6)
SND7(F® ()| o | H DP5ul|pos + || f® (u) | o< | D7 (] [ D) 2
j=1 j=1
=I1-1I+1II-1V.

together with % = p% + p%’ p1,p2 > 2. By using the chain rule, the ﬁrst term is

estimated as I < || f*Y (u)| par || D7ul a2 together with pll = q1 + 5 a2 >

p1 > 2. Here, we choose ¢ sufﬁciently large so that ¢i1(p — k) > 2. Therefore,
1P @) S (2o S lullfn” and [D7ufpe < [D7ullgm < ullme-
Ifk=1 (therefore 01 = m), then the second term can be estimated as II =
ID™u| pre S [|1D™ul|ge < ||ullgs. In the last estimate, if o < 1/2, then we choose
po as + = % — 0, otherwise we can use any ps > 2. If kK > 1, then using Holder’s

D2
inequality

k k k
ITI D% ulleee < [T 1D ullies < TTID%ullmiee < lullfy

j=1 j=1 j=1
where p% = Zf 1 q— and g; > 2. Hence, it follows that we always have [ - [T <
[ul[2E'. The third term can be easily estimated as ITI < [lul|?-5*". Regard-

ing the fourth term, the case k = 1 is trivial. So let us con81der the case k >
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1. In this case, applying the Leibniz formula, we have HD"(H?Z1 D) <
Zle | D7 B1u)| Lo H?ZM# |DPiul|pa; for some {q; > 2,j = 1,...,k} such that

Zle qi_,» = % But the right hand side of the last inequality is dominated by

k k

; k
DD s [T 1D ullos; S Il
=1 =11

Hence, it follows that IT7- IV < [jul[%5". By the above estimates, we deduce (3.4).
Regarding the differences, let us first consider the case 1/2 < s < 1 again. Then,
by using the fractional chain rule and the fact that H® < L°° we obtain
ID*f(u) = D*f(0)llL2 < I (w) — f/(0)llL= [ D*w — D[ 2
S (lullfee + WIE o) e = vz (3.7)
S (lullfye + llollfs)

u—vlla.

Now, we consider the case s = o+m > 1 for some positive integer m and o € (0,1).
Then

1D f(u) = D f(0)[[2 S [ID7(D™(f (u) = f(v)))] L2
where D™ (f(u) — f(v)) is a sum of the terms of type

k k
f(k)(u) H DBy — f(k)(v) H DBy
j=1

k k
= (19w ~ ) [ PP~ O ) [ DV

j=1 j=1

where k ranges from kK = 1 up to k = m, Zleﬁj = m, and w;’s are equal
to u or v, except one, which is equal to w — v. Now the L?-norm of the term
D7 (£ (v) H§:1 DPiwj) can be estimated in a manner similar to (3.6) using the
fractional Leibniz rule, except we also use several applications of Young’s inequality
to separate the products involving v and v. It remains is to estimate the term

D | (f®) (u) — R (v)) Hle Dﬁfu}, which can also be done as in (3.6 using the
fractional Leibniz rule. To do this, we also use the observation
—k —k
1F9 (@) = F O ()l S (" + lolF") llu — ollzze,

which easily follows from the fact that

F B () = FP )] S (P~ + o) fu — ]
and the Sobolev embedding H® < L* for s > 1/2. O
Remark 3.2. The assumption (al) and (a2) are needed to guarantee that f is
sufficiently smooth. The assumption (al) guarantees that f is at least C"™(C,C),
which is what one needs in the case s is an integer (see [12] Remark 4.10.3]). Since
f is C°°(C,C) when p is even, no assumption was necessary in this case. If s is

fractional, the proof uses the m+1-th derivative, which forces us to make the second
assumption (a2).
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It follows from Lemmas and B.1] that
t T
=i [ Wale=nr @arl < [ 17 )i
T
< / () 155
0

T
+1 +1
S [ Il < Tl

Similarly,

= / Wa(t — 7)f (u* (7)) = f* (D) .,
T
< [ 1) = £* e

(r) = o (D)l e dr

5/(MWHVwWWﬁNK)

T
< / (e sy + gyt = 0o

ST(lullks + llolis)

\u—v||X%.

For s € (2, 2) since g = p = 0, the last term in (3.2)) is estimated as follows by
using Theorem

(3.8)

kuyqu;gcu+meHnﬁ@m-

For s € (2,1), we have the assumption h(0) = u{(0), and therefore h — g — p
vanishes at x = 0. Moreover, the following estimate holds,

IWo()([h =g = ple)llx; < CA+T)[[h—g—p)] 2

< CO+T) (Il 2 o, + Dl )+||p<u>nHz41
Note that,
loll 2001 ey = 10 W () ulool e
< s 10 WOl 2
(3.10)

d

< |- uplle
< e S Nollme e, -

In (3.10), the second inequality follows from Lemmal[2.6|and the fact that 9, W (t)u

is a solution of the linear Schrédinger equation on R with initial condition %ug.
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Similarly,

P2

t
= l=i0 [ Walt=)fu (el

(0,7)

(3.11)

< sup | —i@x/o Walt = 1)f(u* (1)dr] 2o

T€RY (0,1)
<102 f () zro,m5ms-1) < I @) pro,mmre) S TlullRs
The last term in (3.9)) satisfies
*\ * . < P P
lp(u™) = ()l 2t 7y S T + o)
Combining above estimates, we obtain
1
19 llxcs < Ol + 0+ TR e o+ TllE):
Similarly, regarding the differences, again by the above estimates, we have
1@ () = ¥ (0)llxs < CT(lu(r)ll, + lv(T)I%s ) lul(r) — o(7)lxs.-
Now, let

Mu(r) = v(r)llx;.

s
T

A 1= CBig(|ull e, + (1 + D)[h]] 2o (m),

R =2A and T be small enough that A+ CTRP! < 2A. Now, if necessary we can
choose T even smaller so that ¥ becomes a contraction on Bg(0) C X3, which is a
complete space. Hence, ¥ must have a unique fixed point in Br(0) when we look
for a solution whose lifespan is sufficiently small.

We conclude this section with the proposition below.

Proposition 3.3. Let T > 0, s € (3,2) = {3}, p,r > 0, up € H*(R), h €
H%(O,T), and uj(0) = h(0) whenever s > 3/2. We in addition assume (al)-(a2)

given in Lemma . Then (3.1) has a local solution u € Xg, for some Ty € (0,T].

3.2. Uniqueness. In the previous section, we have proved uniqueness in a fixed
ball in the space X 7. This does not immediately tell us that the solution must also
be unique in the entire space. Fortunately, this latter statement is also true. To
show this, let u1,us € X7, be two solutions of . Then

t

uy (t) — up(t) = —i ; We(t = s)[f(u1(s)) — f(uz(s))lds + W (t)([p(uz) — p(ur)le)

for a.a. t € [0,Tp]. Since s > 1/2,
[l () — ua(t) || -

To
S/O 1f (ui(s)) = fluz(s))llme + C(L+ To)llp(uz) — p(ui)l 251

H™ T (0,T)
(3.12)

To
<O+ [ fur(s) = )l (sl + fua(s) . s

To
< O+ Ty, + Nuao)B) [ r(s) = vl

By Gronwall’s inequality, ||uq(t) — ua(t)||gs = 0, which implies u1 = us.
Now, we can state the uniqueness statement as follows.
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Proposition 3.4. Ifuy,us are two local solutions of (3.1)) in X7, as in Proposition
then w1 = us.

3.3. Continuous dependence. Regarding continuous dependence on data, let B
2s—1

be a bounded subset of H*(R;) x H™ 7 (0,T). Let (ug,h1) € B and (v, he) € B.
Let u, v be two solutions on a common time interval (0, Tp) corresponding to (ug, h1)
and (vg, he), respectively. Then w = u — v satisfies

0w + Dow = F(x,t) = f(v) = f(u), z€Ry, te(0,T),
w(z,0) = wo(x) = (ug — vo)(x), (3.13)
aw’LU(O,t) = h(t) = (h1 — hg)(t)

Now, using the linear theory together with the nonlinear H® estimates on the
differences, we have

lwllxz, < O (lwollay) + (0 To)lAll 2 o o+ 1F ozt )

where

1l 0.msmes oy < CTo(llulls, + Nollis Ml — vl

7o
Choosing R, which depends on wuy and h (i.e., on the bounded set B), as in the
proof of the local existence, and Tj accordingly small enough, we obtain

= vllxz, < Clluo = voll oy + b = hall 2o - (3.14)

Hence, we have the following result.

2s5—1

Proposition 3.5. If B is a bounded subset of H*(Ry) x H 1 (0,T), then there
is Ty > 0 such that the flow (ug, h) — u is Lipschitz continuous from B into X7

3.4. Blow-up alternative. In this section, we want to obtain a condition which
guarantees that a given local solution on [0, Tp] can be extended globally. Let us
consider the set S of all Ty € (0, 7] such that there exists a unique local solution in
X7,- We claim that if Tiax := supg cg To < T, then limyyr,, . [|u(®)]| s, ) = 0.
To prove the claim, assume to the contrary that limyy,,, [[u(t)||gs®, ) # 0o. Then
M and t, € S such that ¢, — Tiax and |lu(t,)| gsr,) < M. For a fixed n, we
know that there is a unique local solution u; on [0,t,]. Now, we consider the model

i0wu+ 0iu+ f(u) =0, x€Ry, te(t,T),
u(z, ty) = ui(x,ty,), (3.15)
0,u(0,t) = h(t).

We know from the local existence theory that the above model has a unique local

solution ug on some interval [t,,,t, + d] for some 6 = §(M, ||h||H%(0 T)) €(0,T—
t,]. Now, choose n sufficiently large that t,, + § > Tinax. If we set 7

v uy, te€e [Oat'rl)7 (3.16)
Uz, te [tn,tn+5]7

then u is a solution of (3.1) on [0,¢, + d] where t,, + 6 > Tinax, which is a contra-
diction.

Proposition 3.6. Let S be the set of all Ty € (0, T such that there exists a unique
local solution in X5, . If Timax 1= supges To < T, then limyyr, . ||u(t)||gs ) = oo
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3.5. Nonlinear boundary data. In this section, we study the most general non-
linear model given in . We define the operator ¥ as in , except that we
take h(t) = h(u(0,t)) = —Au(0,t)|"uw(0,t). Therefore, the solution operator we
have to use for the contraction argument takes the form

() =W (t)u —i/o Walt — ) f(u*(r))dr
+ Wy () ([P(u(0,-)) — g — p(u”)]e)

The proofs of local well-posedness and blow-up alternative now follows similar to
the proofs in Sections The only additional work in this part would be to get
nonlinear H® estimates on the boundary trace —A|u(0, t)|u(0,t), which is of course
possible with assumptions on r, which are almost equivalent to the assumptions
we made on p. Indeed, we will assume that r > M if r is an odd integer and
[r] > [2271] if r is non-integer.

We will need the following lemma to get useful estimates on the boundary oper-
ator for the contraction argument.

(3.17)

Lemma 3.7. Leth € H'+<(0,T), 0,¢ > 0. Then ||h| o (0.1) < T T

P\l go+eo,1) -

Proof. Let H(t) := fot h(s)ds. Applying the Cauchy-Schwartz inequality,

T T
10 < [ ([ Ibldsdt < TR,
On the other hand H’ = h, which implies |2 g-1(0,7) < [[H||12(0,7), hence
PNl 10,7y < TlRlL20,1)-

By interpolation theorem [23, Theorem 12.4, Proposition 2.3], ||k x- < ||h[|%-
||h||Ha+5, in which ¢ = 75+ Hence we obtain |||z < T9|\h||L2 0.7) ||h||H(,+E
TO||h| go e O

Let us first consider the case r being an odd integer. In this case, we assume
r > 254_1. Now, if 251 <« %, then we can choose € = % so that % 25 Liec
1<r. If 25;1 > %, then we can choose € sufficiently small so that we agam have
%< 254_1—1—6§r.

Secondly, let us consider the situation for r > 0 being a non-integer. In this case,

we assume [r] > [2272]. If 2571 < I then we choose € = £ so that § < 251 €. If
2s5—1 2s—1
1

, then we choose e sufﬁ(nently small so that [25=1 + ¢] = [22-1],
25 1

If r is even and , then again we choose € = %

s 1

Now, given u € X%, we know that u(0,-) belongs to H = T(0,T) for any
€ € (0,3]. So, let us take an extension of (0, -) € H*T 1Jre(O, T),

so that

(3.18)

00 2. < 2000,
see (2.3). Now, |U|"U is an extension of |u(0,-)|"u(0, ), and therefore
0,0, V2 gy < NOTO s S IO

by Lemma By using the inequality m, we have

U™, o Sl 1 .
017 ST

2s
H
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Combining the above estimates, we arrive at
I1w(0,)["u(0, )l 2 S N0, I rom S [[u (0, )Il”iﬂ
Finally, we deduce that
IWo () hGa(0, Vellxg < O+ T, )6,z
(0, -)["u(0, )]

. r+1
U(O, )| H29+1( 0.7) (319)

< C(1+T)T=775 sup [lu(z, )",
zeR L H 1

0,1 o)

< C(1+ Tz

2s—1
H™ 7 T°0,T)
< O(1 + T)T 75

(0,7)

< O(1+ T)T 75

ulli
We can estimate the differences similarly. Namely, for any given u,v € X7, we
have

W () [R(u(0, ) = A(v(0, -)]ellxs

4c (3.20)
< C(l + T)T23+3+4e (

r T s
Julls, + ol ) e — vl xs.-

Local existence. Following the arguments in Section and using the estimate

(3.19), we have

4e
19 ()l x5 < Cluollms @y + (1+T)T =555 |lul 4+ Tlul5L).-

On the other hand, using the estimate (3.20) and the arguments in Section for
differences, we obtain

V() = ¥(v)|x; < C<T(||U(T)H€<; + ()5 lu(r) = v(7)l x5
+ (1+ T)T=757w (

T T
ey, + ol )l = vllxs. )
Now, let A := C(||luol|gr+(r,)), R =2A and T small enough that
A+ C(1+ T)T757% R 4+ CTRPH! < 2A.

Now, if necessary we can choose T even smaller so that ¥ becomes a contraction
on B R(O)_C X4, which is a complete space. Hence, ¥ must have a unique fixed
point in Br(0) when we look for a solution whose lifespan is sufficiently small.

Uniqueness. To prove uniqueness, we proceed as in Section[3.2] taking into account
that the boundary forcing now depends on the solution itself. So, let uy,us € X7,
be two solutions of (L.1)). Then

i (t) — us(t) =—z/ Wia(t — $)[f(ui(s)) — f(uj(s))]ds

+ Wi () ([h(u1(0,-)) = h(uz(0,-)) + p(u3) — p(uy)le)
for a.a. t € [0,7p]. Then

[[ur () — ua(t)]| 1
To
< /0 1 (ui(s)) = f(uz(s)llme + C(1+To)llp(uz) — p(ui)l 2:-s

H~ 7 (0,7)

de
+ O+ To) T (

Jua s, + luzll )llun = wallae-
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Now, choosing Ty sufficiently small, we can subtract the last term above from the
left hand side, estimate the rest of terms at the right hand side as in Section (3.2
and then use the Gronwall’s inequality to obtain |luj(t) — ua(¢)||zs = 0.

Continuous Dependence. The proof can be done as in Section by taking into
account that h is now a function of w(0,¢). For this closed loop problem, the
estimate ((3.14) takes the form

HU*UHX;O < Clluo — voll = (r,) (3.21)

for sufficiently small Ty. Of course, for the closed loop problem B is taken as a
subset of H*(R,) with finite diameter.

Blow-up Alternative. The proof is almost identical to the proof given in Section
and is therefore omitted here. The only modification is that the parameter §
in the proof given in Section [3.4] now depends only on M.

4. CONCLUDING REMARKS

4.1. Blow-up and global well-posedness. The long time character of energy
solutions of a more general model than has been considered by the second
author in a recent paper [I§] assuming that the local well-posedness holds. It has
been found in [I8] with (A > 0,k > 0) that the relationship between p and r plays
an important role on whether solutions blow-up in finite time or not. The results
of [I8] were based on a careful analysis of the energy functional given by

2\ 2k
E(t) = [Jug (t)|? - — e
0= iz )l32r) ~ 7 =
The most interesting case is when A and k£ have competing signs, say A > 0 and k <
0. This corresponds to the situation where an interior defocusing source competing
with a focusing boundary source. An application of the results obtained in [I8] to
our model gives the following theorems in this competing situation.

(0, )" = = @), t20. (A1)

Theorem 4.1 (Blow-up,[I8]). Suppose r > max{2,p — 2}, E(0) <0, and
Im/ zuo(z) up(z)dz > 0.
0

Then there exists T > 0 such that the corresponding local H' solution u satisfies
limy - [Juz(t)[|p2(r) = oo.

Theorem 4.2 (Global-wellposedness, [18]). Suppose u is a local H* solution and
one of the following assumptions is satisfied:
(i) r < 2,
(i) 2<r < p/2,
(iii) r = 2,p < 4, and ug is sufficiently small in L* sense,
(iv) 7> 2,7 > p/2, and ug is sufficiently small in H' N LPT2 sense,
then u s global.

Remark 4.3. Based on the above theorem, it is an open problem whether local
large solutions turn out to be also global for the two cases: r = 2,p < 4 and
r > 2,7 > 5. An affirmative answer to this question will determine the critical
exponent for our model.
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4.2. Range of s: Dirichlet vs. Neumann Problem. Regarding the theory
with linear Dirichlet boundary data, the best results as far as we know have chosen
the range of s usually as s > 0 with h € H* (0,T), see for example [I4] and
[3]. This assumption guarantees that the boundary data is in particular an element
of the L?(0,T) space. On the other hand, our analysis was carried out under the
assumption that the Neumann data h belongs to the H 7 (0,T) with s > 1/2. If
5 < %7 then h is no longer an element of L?(0,7") and the problem is much more
difficult since we used the assumption h € L?(0,T) in our estimates. Note that,
one space derivative should be formally considered to be equivalent to one-half
time derivative for the Schrodinger equation. From this point of view, obtaining a
regularity theory with s > 1/2 for the Neumann problem formally corresponds to
obtaining a regularity theory with s > 0 for the Dirichlet problem.
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