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Abstract

This paper is concerned with initial-boundary-value problems (IBVPs) for a class of
nonlinear Schrodinger equations posed either on a half line RT or on a bounded interval
(0, L) with nonhomogeneous boundary conditions. For any s with 0 < s < 5/2 and s # 3/2,
it is shown that the relevant IBVPs are locally well-posed if the initial data lie in the L?-
based Sobolev spaces H*(R™) in the case of the half line and in H*(0,L) on a bounded

interval, provided the boundary data are selected from H, l(OQCs 1/ “(R*) and H l((f: /2 (RT),
respectively. (For s > %, compatibility between the initial and boundary conditions is also
needed.) Global well-posedness is also discussed when s > 1. From the point of view of the
well-posedness theory, the results obtained reveal a significant difference between the IBVP
posed on RT and the IBVP posed on (0,L). The former is reminiscent of the theory for
the pure initial-value problem (IVP) for these Schrédinger equations posed on the whole line
R while the theory on a bounded interval looks more like that of the pure IVP posed on a
periodic domain. In particular, the regularity demanded of the boundary data for the IBVP

on RT is consistent with the temporal trace results that obtain for solutions of the pure IVP
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on R, while the slightly higher regularity of boundary data for the IBVP on (0, L) resembles
what is found for temporal traces of spatially periodic solutions.
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1 Introduction

Studied here are initial-boundary-value problems for nonlinear Schrodinger equations posed
either on a half line RT, viz.

g + Uge + A|ulP2u = 0, r € RT, teR,
(1.1)
u(z,0) = ¢(x), u(0,t) = h(t),

or on a finite interval (0, L),

g + Ugy + NulP~2u =0, ze€(0,L), teR,
(1.2)
u(z,0) = ¢(x), u(0,t) = hy(t), u(L,t) = ha(t).

Here, the parameter A is a non-zero real number and p > 3 Note that, due to the symmetry
of the equation with respect to the change of variables © — —ux, results established for (LT
carry over mutatis muntandis to the quarter-plane problem where RT is replaced by R™. (The
situation regarding the quarter-plane problems posed on R and R~ for the Korteweg-de Vries
equation are significantly different on the other hand.) In all cases where (1)) and (L2 arise in
practice, the second-order derivative models dispersive effects, which is to say the tendency of
waves to spread out due to the fact that different wavelengths propagate with different speeds,
while the |u[P~2u-term accounts for a variety of nonlinear effects.

Nonlinear Schrodinger equations are derived as models for a considerable range of applica-
tions. This includes propagation of light in fiber optics cables, certain types of shallow and
deep surface water waves, Langmuir waves in a hot plasma and in more general forms in Bose-
Einstein condensate theory. In the case of gravity waves on the surface of an inviscid liquid,
the parameter A depends upon the undisturbed depth of the water, becoming negative in water
deep with respect to the wavelength of the wavetrain. A particularly interesting application of
nonlinear Schrodinger (NLS henceforth) equations has been their use in attempting to explain
the somewhat mysterious formation of rogue waves in the ocean and in optical propagation (see
[6], [7] , [31] and [62]).

In many of the physical applications mentioned above, the independent variable = is a co-
ordinate representing position in the medium of propagation, ¢ is proportional to elapsed time
and u(z,t) is a velocity or an amplitude at the point z at time t. One configuration that arises
naturally in making predictions of waves in water is to take z € Rt = {z |z > 0} and specify
u(0,t) for t > 0. This corresponds to a given wave-train generated at one end by a wave-maker
and propagating into a region of the medium of propagation (see [I] for an example of this situa-
tion). The domain is natural since solutions of this wavemaker problem for the NLS-equation are
an approximation of waves moving in the direction of increasing values of x. The semi-infinite

'Only the case p > 3 is considered here, but a substantial part of the theory goes through under the weaker
hypothesis p > 2.



aspect of the domain is convenient in that no lateral boundary need be considered downstream
of the wavemaker.

However, real domains are bounded, and in some cases it may be necessary to impose bound-
ary conditions at both ends of the medium of propagation. Especially if one is interested in
implementing a numerical scheme to calculate solutions of the half-line problem or localized
solutions of the pure initial-value problem on the whole line, there arises the need to truncate
the spatial domain. In such situations, the problem posed on a finite domain comes to the
fore, and one must impose boundary conditions at both ends to specify solutions. Of course,
when approximating localized solutions of the problem on all of R, it is reasonable to take
u(0,t) = u(L,t) = 0 for 0 <t < T and L > 0 large enough that essentially no disturbance
reaches the boundary during the time interval [0,7]. However, the wavemaker problem and its
finite domain counterpart demand non-homogeneous boundary conditions. Neumann conditions
may also be appropriate in some circumstances.

In this paper, the discussion will center around the fundamental questions of existence and
uniqueness of solutions corresponding to specified initial and boundary data. The issue of the
solutions’ dependence upon the auxiliary data is also examined, thereby completing Hadamard’s
basic idea of well posedness. The theory developed here will be for initial data in the L% based
Sobolev spaces H*(R*) and H*(0, L). The spaces from which the boundary data will be drawn
are dictated by these choices of initial data, as will become apparent presently. Theory will be
developed wherein the time for existence depends upon the size of the auxiliary data. With
more restrictive hypotheses, global well-posedness results will also be provided. Here and below,
the notation is that which is current in the theory of partial differential equations.

Theory for the nonlinear Schréodinger equation in the form depicted in (1) and (T.2]) has seen
a lot of development in the last four decades, beginning with the pioneering work of Zakharov
and his collaborators [74] [75]. For the most part, the mathematical theory for this equation has
been concerned with either the pure initial-value problem posed on the entire real line R or the
periodic initial-value problem posed on the one-dimensional torus T. A large body of literature
has been concerned with the fundamental questions of existence, uniqueness and continuous
dependence of solutions corresponding to initial data drawn from Sobolev classes (again, well
posedness a la Hadamard [41), [42]). Some highlights of the developments are [16l, 18], 27] 29] 39,
40, 531, 541 [69) [72], for example. We caution that this is only a small sample of the extant work
on these problems. The monograph of Cazenave [26] provides a good entry into the literature.

The study of the initial-boundary-value problems (IBVP henceforth) (II)) and ((L2)) with
nonhomogeneous boundary conditions has not progressed to the same extent (see [30, [19, 20, 2T,
22), 23], [45], [46], (521, [68], [69], [70] [71] and more recent work on the boundary-value problems of some
other dispersive equations [55], and the references therein). In this paper, the goal is to advance
the study of the IBVP’s (II]) and (2] to the same level as that obtaining for the relevant
pure initial-value problems posed on all of R. The local well-posedness theory constructed in
the body of the paper is summarized in the following three theorems. In all of these results, we
assume that the lowest order compatibility conditions

h0) = ¢(0) for @I) or hi(0) = ¢(0), h2(0) = ¢(L) for [L.2) (1.3)

are valid when s > % These derive simply from the requirement that the solution be continuous
at the corners of the relevant space-time domain, which are (0,0) for the half-line problem and
(0,0) and (L,0) for the finite interval problem. This point will be elaborated at the end of the



next section. If s > 0 is large, we need to assume that |u[P~2u is differentiable, a requirement
that imposes a relationship between s and p, viz.

if p is even, s is arbitrary; if p is odd, s < p —1; otherwise, |s|] <p—2, (1.4)

where |s] is the largest integer less than s. Furthermore, for the convenience of our discussion
of the traces of functions in H*(R), it is always assumed that

1
s#n—l—i for n=0,1,2,---. (1.5)

This aspect is not always recalled in the body of the paper.
For a given s € R and ) being R or a finite interval (0, L), the space H*(Q2) is defined as
the restriction of the space H*(R) to €2, viz.

H(Q) = {flo | f € H*(R)}

endowed with the quotient norm

1 lle@) = inf {1 Fllecey | f € BE(R), fl = /1.

Other equivalent definitions of H*(2) can be found in Chapter 1 of [59].

Theorem 1.1 (i) Suppose % < s < % with 3 < p < oo. Then, for ¢ € H*(R") and h €

2541
H, © (R"), the IBVP (11) is locally well-posed in H*(R™).

loc

(i) If 0 < s < 3 with 3 < p < 835, the IBVP (1) is (conditionally) locally well-posed in
H5(RY).

In both (i) and (i1), what is meant precisely is that for any given T > 0 and v > 0, there
erists a T* with 0 < T* < T depending only on s, v and T such that if ¢ € H*(R™) and

2s+1

he H 1 (0,T) satisfy

1ol ey + IRl s ) <7,

then the IBVP (11) admits a solution u € C([0,T*]; H*(R")). In case (i), the solution
uw e C([0,T*]; H*(R™)) is unique, while in (ii), the solution satisfies the auziliary condition

wllLa(o,r;r(m+)) < +00, (1.6)

where (q,r) is an admissible pair, and it is the only C([0,T*]; H*(R™T))-solution with this
property. Here, a pair (q,r) is admissible when %4— % = . In both cases (i) and (ii), the
corresponding solution map is Lipschitz continuous.

Theorem 1.2 (i) If 3 < s < 2 with 3 < p < oo, the IBVP (L2) is locally well-posed in
s+1
H*(0,L) for ¢ € H*(0,L) and hy, hy € H, 2 (RT).

oc

(i) If 0 < s < 3 with 3 < p < 4, then the IBVP (L3) is (conditionally) locally well-posed in
H*(0,L) for ¢, hi,hs in the same spaces.



For both cases, this means that for any T > 0 and v > 0, there exists a T*\uiz'th 0<T*<T
depending only on s, v and T such that if ¢ € H*(0,L) and hy, hg € H%(O,T) satisfy
M.y + Mol gt gy + el 0 <
the IBVP (1.2) admits a solution u € C([0,T*]; H5(0,L)). In case (i) this solution u €

C([0,T*]; H*(0, L)) is unique, while in case (it), the solution also satisfies

[ullLa (0,7 % (0,0)) < +00 (1.7)

and is the unique C([0,T*]; H*(0, L))—solution with this property. In both cases, the cor-
responding solution map is Lipschitz continuous.

The issue of uniqueness could use some elaboration. In (i) of both Theorems [[1] and 2]
the uniqueness means that if there are two solutions u,v € C([0,T*]; H®), then u = v. However,
for (ii) of both Theorems [LI] and [[.2 the uniqueness means that if there are two solutions
u,v € C([0,T*]); H®) satisfying either (I6) or (L7), then u = v. Therefore, when 0 < s < 1,
the local well-posedness results presented in both Theorem [L. Tl and Theorem are conditional
(see Kato [53] where this distinction was made in the context of general classes of equations)
since (6] or (L7) is needed to ensure the uniqueness. It is naturally of interest to know
whether these conditions can be removed. If these auxiliary conditions can be removed, the
corresponding results are called unconditional well-posedness, or simply well-posedness. In fact,
a further argument allows the results for smaller values of s to be extended, so obtaining the
following additional wrinkle appertaining to Theorems [[.T] and

Theorem 1.3 (unconditional well-posedness) Let 0 < s < 1 be given. Then, both (L.0)
and ({1.7) can be removed, so the corresponding well-posedness is unconditional.

As mentioned, the preceding results are all local, which is to say the time interval (0,7™) over
which the solution is guaranteed to exist depends on the size of initial and boundary data. If
T* can be chosen independently of the size of the initial and boundary data, then the result is
termed global well-posedness. The following global well-posedness results for (I1]) and (I.2)) are
proved here.

Theorem 1.4

(i) Assume that either p > 3 if A < 0 or 3 < p < 4 if X\ > 0. The IBVP (1.1) is globally
well-posed in H*(R) for any 1 < s < 3 with auziliary date (¢, h) drawn from H*(R*) x

s+1
H2 (RY).

loc

(ii) Assume that either p > 3 if A <0 or 3 < p < X if X > 0. The IBVP ({I3) is globally
s+1

well-posed in H*(0, L) for any 1 < s < 2 with ¢ € H*(0,L) and h1, hy € H, 2 (RY).

loc

The rest of the paper is organized as follows. A general overview of the problems together
with an outline of the strategy for analyzing them is provided in Section 2. The IBVP (L))
takes center stage in Section 3 which consists of three subsections. In Subsection 3.1, explicit
solution formulas are derived for associated linear problems. In Subsection 3.2, various Strichartz



estimates are established using these solution formulas. The local well-posedness of the IBVP
(CI) on R* is established in Subsection 3.3. In Section 4, local well-posedness for the IBVP
(C2) on the finite interval (0, L) is studied. The global well-posedness of (1)) and (2] will
be investigated in Section 5. The paper concludes with an Appendix where a technical lemma
needed in establishing Proposition is proved and a telling counterexample, which concerns
the optimality of the assumption hq, hy € H11)/2 (0,7) in Theorem [I[.2] is presented.

2 Overview

We begin by reviewing the state of the art for the pure initial-value problems
ity + gy + NulP2u =0, u(z,0) = é(z), for z€R, (2.8)

for the Schrodinger equations considered here. First discussed is the case of initial data ¢ that
is localized on an unbounded domain, which is to say it evanesces at infinity in at least a weak
sense.

Theorem A

(i) For s > % with3<p<ooor0<s< % with 3 < p < (13:‘212, the initial-value problem (2.8)

is locally well-posed in H*(R). That is, for any r > 0, there exists a T > 0 depending on
r such that if ||| gsw) < 7, then (2.8) admits a unique solution u € C([0,T]; H*(R)) and
the corresponding solution map is Lipschitz continuous.

Moreover, for 0 < s < %, the solution also satisfies

[l g

loc

(0.T;B3 5 (R)) < 100, (2.9)

where By ,(R) is the Besov space and 1/q + 1/(2r) = 1/4. Uniqueness when 0 < s < 3
requires that (29)) holds.

(ii) If, in addition, 3 < p < 6, then the above local well-posedness results are global, i.e., T is
independent of v and can be chosen arbitrarily large.

Next, the existing results obtained when ¢ is periodic are recalled.

Theorem B

(i) For s > % with 3 <p < oo or0<s< % with3 <p< 52 the IVP (238) is locally

well-posed in H*(T), i.e., for any r > 0, there exists a T > 0 depending only on r such that
if o € H3(T) with ||@|gs (1) < 7, then (2.8) admits a unique solution u € C([0,T]; H*(T))
and the corresponding solution map is Lipschitz continuous. Moreover, for 0 < s < %, the
solution u satisfies

HUHBTl < 400, (2.10)

5,7

where IB%;F 1 is the restricted Bourgain space associated to the Schridinger equation (see
2

[16]). As in Theorem A, uniqueness when 0 < s < % is conditional and relies upon (ZI0).

2For many years since the pioneering work in [54} [29], the solution map was only known to be continuous from
H°(R) to C(]0,T]; H*~°(R)). It was proved recently by Cazenave, et al. [27] to be continuous from H°®(R) to
C([0,T]; H*(R)).



(i) If, in addition, 3 < p < 6, then the above local well-posedness results are global, i.e., T is
independent of v and can be chosen arbitrarily large.

These results may be found in the previously cited references. We emphasize that at present,
the uniqueness part of the well-posedness results in the parts (i) of Theorem A and Theorem B
requires the extra conditions (2.9) and (ZI0) when s < % As mentioned, such well posedness
was termed conditional by Kato [53]. If the auxiliary conditions can be removed, which is to say
the solution is shown to be unique only assuming it lies in C([0,7]; H*(R)), then the problem
([2.8)) is said to be unconditionally well-posed. According to the general discussion presented in
[11], if 3 < p < 6, the conditional well-posedness results stated in parts (i) of Theorems A and
B are, in fact, unconditional

The overall goal of the present essay is to bring the well-posedness theory for the IBVP’s
(CI) and (T2) into line with what is known for the pure initial-value problem (2.8]).

The precise terminology used in the paper is now provided and motivation is developed for
the choice of appropriate function spaces for the initial and boundary conditions. The main
ideas and methodology for proving the results stated in the Introduction are also set forth.

The notion of well-posedness used for the problems (LI]) and (L.2]) is detailed first.

Definition 2.1 Let s, s € R and T > 0 be given.

(i) The IBVP ({I1) is said to be (locally) well-posed in H*(RY) x H* (0,T) if for ¢ € H*(RT)
and h € H S/(O,T) satisfying certain natural compatibility conditions, there exists a T' €
(0,T] depending only on ||¢||gsg+) + bl g (o ) such that (L1) admits a unique solu-
tion u € C([0,T']; H*(R")). Moreover, the solution depends continuously on (¢, h) in the
corresponding spaces.

(ii) The IBVP (I.2) is said to be (locally) well-posed in H*(0, L) x H* (0,T) if for ¢ € H*(0, L)
and hy, ho € H Sl(O,T ) satisfying certain natural compatibility conditions, there ezists a
T' € (0,T] depending only on ||¢|lm=o,r)) + 1Pl g o) + Ih2ll g o) such that (L.2)
admits a unique solution u € C([0,T"]; H*(0,L)). Moreover, the solution depends contin-
uously on (¢, hq, he) in the corresponding spaces.

In either case, if T' can be chosen independently of r, the relevant IBVP is said to be
globally well posed.

Completing this definition of well-posedness requires making precise what it means for u to be
a solution of (ILT]) or (I2]). The issue is important for small values of s, where the meaning of
the derivatives and nonlinear term has to be addressed. The usual approach in the literature is
to say that u solves the equation in the sense of Schwartz distributions. This, however, leads to
a further question about how the nonlinear term A|u|[P~2u makes sense as a distribution, as well
as how the solution u takes on the given initial and boundary values. In this paper, we will use
the following definitions (see [11] for a general discussion) for the solutions of (ILI]) and (L.2I),
respectively.

Definition 2.2 Let s <2, s’ < s and T > 0 be given.

3The reader is referred to [73] [43] and the references therein for recent progress on the issue of unconditional
well-posedness of nonlinear Schrédinger equations.



(a) For ¢ € H*(RT) and h € H* (0,T), we say that u € C([0,T]; H*(R")) is a solution of
(I1) if there exists a sequence

up € C([0,T); H*(RT)) N C'([0,T]; L*(RT)), n=1,2,3,---
such that

1) uy, satisfies the equation in (L) in L*(RT) for 0 <t < T,

2) uy, converges to u in C([0,T]; H*(RT)) as n — oo,

3) ¢n(x) = un(z,0) converges to ¢(x) in H5(RT) as n — oo,

4) hn(t) = uy(0,t) is in H¥(0,T) and converges to h(t) in H* (0,T) as n — co.

(b) For ¢ € H*(0,L) and hy, ho € H* (0,T), we say that u € C([0,T]; H*(0, L)) is a solution
of (1.2) if there exists a sequence

u, € C([0,T]; H*(0, L)) N C'([0,T]; L*(0, L)), n=1,2,3,---
such that

1) uy, satisfies the equation of (I.2) in L?*(0,L) for 0 <t <T,

2) u, converges to u in C([0,T]; H*(0,L)) as n — oo,

3) ¢n(x) = up(z,0) converges to ¢(x) in H%(0,L) as n — oo,

4) hin(t) = un(0,), hon(t) = un(L,t) are in H¥(0,T) and converge to hy(t) and ha(t),
respectively, in H* (0,T) as n — co.

Of course, if s > 2, then a solution in the above sense, sometimes called a mild solution, is
a solution in the ordinary L% sense.

Attention is now turned to the relation between s’ and s in the definition of well posedness.
It is well known that the linear Schodinger equation

10t + Vg = 0, U(:E,O) = ¢($),

posed on the whole line R has the Kato smoothing property, which is to say ¢ € H*(R) implies
1
velL (RH SJr2(]1%)). In addition, the Schrodinger equation itself entails that 0 ~ 0y, so

loc loc
suggesting that
1 1 2s+1
S _) = 2.11
s <s + 2> 1 (2.11)

(see [45] for a more detailed discussion and [2, [3] for recent studies of this issue for Schrodinger
equations). We are thus led to complete the definition of well posedness for the IBVP (I.1)) with
the stipulation (Z.IT).

For the IBVP (L.2)), one might imagine that the correct value should also be s’ = %.
However, as will be seen presently, this is not the case. Instead, the optimal relation between s
and s’ for the IBVP (.2 is

1
s = S; . (2.12)

Thus, a significant, albeit technical difference, emerges between the IBVP (II]) (posed on an
unbounded domain) and the IBVP (I2]) (posed on a finite domain).




To put our main theorems into context, we sketch previous work on such IBVP’s. Carrolle
and Bu in [30] studied (L)) with p = 4 and showed that if ¢ € H*(RT) and h € C*(RT) with
#»(0) = h(0), then the problem admits a unique global solution

u e CYRT; L*(RT)) N C(RT; HX(RT)).

This result was extended to the case p > 3 by Bu in [20] for the defocusing case (A < 0). In
[68], Strauss and Bu considered the problem

ug — Au A+ Nu|P~2u =0, ze, telR,
(2.13)
’LL(QZ‘,O) = ¢(l‘), WS 97 u($7t) = Q(x7t)7 T e aQa

for the NLS equations posed on a smooth (bounded or unbounded) domain 2 C R™. Assuming
that A < 0 and p > 3, they showed that for any ¢ € H'(Q) and ¢ € C3(R" x (—00,00)) with
compact support satisfying the natural compatibility condition, the IBVP (2.I3]) admits a global
solution

w € Lig (00, 00); H(Q) N LP(Q).

Bu, Tsutaya and Zhang [23] extended the above result to the case of A > 0 assuming 3 < p <
2+ 5 and n > 2. In all this work, the third leg of Hadamard’s conception, namely continuous
dependence of solutions on the initial and boundary data, was not discussed. For small s > 0,
Holmer [45] obtained the following result for the half-line problem (I]).

Theorem 2.3 (Holmer) Let % < s < % with 3 <p<ooorl<s< % with 3 < p < ?:45 be

2s
2541
given. For any r > 0, there exists T > 0 such that if ¢ € H*(RT) and h € H,,} (R™T) satisfy
h < h(0) = ¢(0 L
0lleery + Il s o oy <7 (AO) = 6(0) for 5> 3),

then the IBVP (I.1) admits a solution u € C([0,T]; H*(R™)) which depends continuously upon
the auzxiliary data in the relevant function classes. Moreover, for % <s< %, the solution wu is
UNIQUE.

This result is very similar to that obtained here for the quarter-plane problem (LI). Our
result, which is obtained by a different approach to be described presently, improves Theorem
2.3l in small ways (the issue of uniqueness for s in the range 0 < s < % is clarified and the range
of values of s is extended). The boundary integral method used in this paper and in our earlier
work [I2] on the KdV equation, has other points to recommend it, however. First, one can
read off from our representation of solutions a significant difference between the IBVPs for the
KdV equation and the nonlinear Schrédinger equation. For the KdV equation, the imposition
of a boundary condition at the left-hand end of R* produces a strong dissipative smoothing
mechanism, whereas no such dissipative smoothing appears from solving the same boundary-
value problem for the nonlinear Schrédinger equation. This distinction is not so clearly seen
using the earlier methods. (More detail concerning this distinction will be presented elsewhere.)
Another point in favor of the boundary-integral method is that it generalizes immediately to
higher space dimensions. This, also, is a project for future investigation.
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The discussion is now turned in a slightly more technical direction. The first point we want
to make is that at least for relatively small values of s, the case where the boundary data is
homogeneous (i.e. h =0 or hy = hy = 0) can be reduced to the situation described in Theorem
A or Theorem B, respectively. (This is no longer true for larger values of s, however.) Thus,
with essentially no effort, the following results obtain.

Theorem 2.4 Assume that h =0 in (I1).

(i) If 1 <s <3 with3 <p<ooor0<s<iwith3<p< 3=, the IBVP (1) is locally
well-posed in H*(RT).

(ii) If 3 < p < 6, then the IBVP (I1) is (unconditionally) globally well-posed in H*(R™) for
any s with0§s<%.

Theorem 2.5 Assume that hy =0 and ho =0 in {1.2).

(i) If% < 85 < % with p >3 or0 < s < % with 3 < p < ?:‘212, the IBVP (1.2) is locally
well-posed in H*(0, L).

(ii) If 3 < p < 6, then the IBVP (1.2) is (unconditionally) globally well-posed in H*(0,L) for
any s wz’th0§3<%.

For Theorem 4] the result follows by choosing as initial data the odd extension (5 of ¢,
solving the equation on R with ¢ as initial data and then restricting the resulting solution to the
half line. For Theorem 28] extend ¢ to [—L, L] by taking the odd extension and then extend to
all of R by 2L—periodicity. Solve the resulting periodic initial-value problem and then restrict
to [0, L].

For the nonhomogeneous boundary-value problems that are the focus of attention here,
such simple methods do not appear to give results. To deal with nonhomogeneous boundary
data, a standard approach is to homogenize the boundary data by a change of the dependent
variables. Define a new dependent variable by subtracting from the original dependent variable
a known function that takes on the given boundary values. This new variable will satisfy a
related equation, but with zero boundary conditions. While this works well in some cases,
e.g. BBM-type equations (see [4] and the references therein), in the present context it requires
that the boundary data must have stronger regularity than should be needed according to the
heuristic analysis leading to the relation (2.I1]) between the function classes of the initial and the
boundary data. For instance, this method, applied in a straightforward way for p = 4, say, ends
up requiring for the quarter-plane problem (IT)) that h € H*([0, T]) to obtain the well-posedness
of the IBVP (1)) in L?(R*) rather than h € H i ([0,77]) as advertised in Theorem [[T] part (7).

The initial-boundary-value problem

g + Py + Uppy =0, x € RT, £ €(0,T),
(2.14)
u(z,0) = p(x), u(0,t) = h(t),

for the generalized Korteweg-de Vries (KdV) equation posed on a half line RT, is instructive.
Colliander and Kenig [33] introduced a new method to analyze this problem by solving the pure
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VP
wi + WEwy + Wepe = 6(2) f(t), x €R, t € (0,T),
(2.15)

’LU($, 0) = ¢(3;‘)7
of a forced, generalized KdV equation with an appropriate forcing function f(¢). Here, §(z) de-

notes the Dirac mass at z = 0 and () is an extension of ¢(z) from R to R. It is demonstrated
that an appropriate forcing function f(¢) can be chosen so that the corresponding solution w of

(Z15) satisfies
w(0,t) = h(t), for 0<t<T.

Consequently, the restriction of w(z,t) to the half line RT is a solution of the IBVP (2.14]).
The IVP (2.I5) is solved using the contraction mapping principle in a carefully constructed,
Bourgain-type space X, 7. The key step of this approach is to study the associated linear
problem,
U+ Vpge = 0(2) f(2), z € R, t €(0,T),
(2.16)
v(x,0) =(z),

and show that there exists a real number s’ (depending only on s) such that for any given

Y € H5(R),
(i) if f =0, the solution v of (2.16) satisfies

SEE [o(z, ')HHS’(O,T) < CorllYll sy (2.17)

(ii) if h € H*(0,T), one can find a forcing function f such that the IVP (2I8) admits a
solution v € X, 7 and

lollx . < Cor (Il + IRl 0.1 ) (2.18)

It turns out that for the IBVP (2.14]),

5:3;1. (2.19)

The estimate (ZI7) is, in fact, the sharp Kato smoothing property possessed by the solutions
of the linearized KdV equation. The Riemann-Liouville fractional integral is the main tool used

to establish the estimate (2.I8]).
There is another approach to deal with the IBVP (2.14]) put forward by the present authors
in [§]. A major constituent of this latter approach is the explicit solution formula

q(x,t) = [Up(t)h](x) + [Up(t)h](x) (2.20)

where

0 _m+mm e’} L
[wmmz—zemw%(z )mtnAeWWm@wm
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of the linear, nonhomogeneous boundary-value problem,

Gt + @z + Quzz = 0, $€R+a tE(O,T),
(2.21)

q(x,0) =0, q(0,t) = h(t).

This explicit formula, which is obtained by formally taking the Laplace transform in time,
solving the resulting third-order problem and taking the inverse Laplace transform, enables one
to establish directly various estimates needed for proving the well-posedness of the IBVP (Z14)).
Moreover, it clearly demonstrates that the solution g(z,t) of (2.2I]) becomes infinitely smooth
when x > 0 and ¢ > 0. It has been further shown in [12] that

the solution q(z,t) is the restriction to R* x RT of a function w(x,t) defined on R x R which is
such that

S 1/2
([ [aviarasi-enoenpdsr)  <Clbl s

where b is any value in [0, % - 3) if—% <s< %, b is any value in |0, % - 3] if—% <s<1and

C is a constant depending only on s and b.
It then follows that the IBVP (2.21]) possesses the following strong dissipative smoothing
property: ,
he HEPVBRY) = ¢ L20,T; H* 3 (R)).

loc

In [45], Holmer applied the Colliander—Kenig approach to study the IBVP (ILT]) and obtained
the results described in Theorem 23] However, as we will show in this paper, this approach
may fail for the IBVP (L2). More precisely, we show that for the solution u of the IBVP

iy + Uz =0, x € (0,L), te(0,T),

(2.22)
’LL(QZ‘,O) = 07 ’LL(O,t) = hl (t)v ’LL(L,t) = h2(t)7
for the linear Schrodinger equation posed on (0, L), the estimate
lull2¢0,0)x 0,1 < C (1Bl 0.1y + 12l meo,r)) (2.23)

holds if a > %, but fails if o < % (Indeed, Example A2 in the Appendix shows the optimality
of the assumption hy,he € HY 2(0,T) for this estimate to hold). By contrast, for solutions of

the IBVP
v+, =0, xERT te(0,T),

(2.24)
v(z,0) =0, v(0,t) =h(t),
for the linear Schrodinger equation posed on R™, it is indeed the case that
vl 22 @+ x (0,7)) < CHhHH%(O’T)- (2.25)

And, solutions of the pure IVP

iwg + wee =0, w(z,0) =¢(x), zeR, te(0,T) (2.26)



13

for the linear Schrodinger equation posed on R, comply with the inequality

CliollL2w) (2.27)

sup [[w(z

sup [0z, )4, <

Thus, while it is possible to solve the nonhomogeneous IBVP (I.1) by solving a forced IVP of
the form
iug + )\|u|P—2u + Ugy = 5(3))f(7f), ’LL(J),O) = ¢(3;‘)7 reR, te (OvT)7

with an appropriate forcing function f(¢), it may not be feasible to apply the same approach to
the two-point IBVP (L.2)).

In this paper, the approach developed earlier in [§] for studying nonhomogeneous boundary-
value problems of the KdV equation will be used to establish local well-posedness results for
(L) and ([2]). Analogous to the solution formula ([2.20]) in the KdV case, the nonhomogeneous,
linear IBVP (2.24]) has the explicit solution

1 [ o 0o 1 [ . o
v(x,t) = —/0 e‘lﬁztelgxﬂ/o elﬁzTh(T)deB—i—%/ elﬁzte_ﬁxﬂ/o e‘lﬁzTh(T)deB. (2.28)

™ 0

Similarly, the solution formula for the nonhomogeneous, linear IBVP (2.22)) is

00 t
t) = Z Zinwe_i(m)2t/0 e'(nm)’T <h1(7') - (—1)"h2(7))d7 sinnmx. (2.29)
n=1

As in the case of the KAV equation, these formulas are derived by taking the Laplace transform
of u in the temporal variable, solving the resulting, second-order, ordinary differential equation
and taking the inverse Laplace transform of the result. The inequalities needed to advance
the local well-posedness theory obtain directly from these explicit solution formulas. Moreover,
from these formulas, one ascertains that, unlike the KdV equation, the imposition of boundary
conditions brings no smoothing effect. For example, consider the IBVP (2.24]). The second term

L[ g2t —pap [T —ig2r

B(x,t) = — e et e h(T)drdp
T Jo 0

on the right-hand side of the solution formula (2.:28]) becomes infinitely smooth as soon as x > 0

and t > 0. On the other hand, the first term on the right-hand side of (Z28]) can be written as

A1) = = /_ e (E)ds,

where 9 is the function whose Fourier transform is

) B[ e Th(r)dr  if B> 0,
B(B) =
0 if B<O0.

Thus, A(z,t) solves the pure initial-value problem for the linear Schrédinger equation, posed
on the whole line R, with the initial value ¢ (x). It follows that ¢» € H*(R) if and only if

2541

h e H, , 4 (RT). Consequently, in contrast to the KdV equation, there is no boundary smoothing
for the Schrédinger equation.



14

This section is concluded with remarks on higher-order regularity and global well-posedness.
The theory outlined above, and which is developed in detail in the remainder of the essay, has
upper limits on the regularity of the auxiliary data. As we will see momentarily, these restrictions
are necessary. They can be relaxed only by asking for additional properties of the auxiliary data.

When equations like the Schrédinger equation are derived to describe physical phenomena,
they often come as a simplification of a more complete model. Justifying the simpler model as
an approximation of a more elaborate model typically requires smoothness of the solutions of
both the full and the approximate models (see [5] [34] [66] for justification of the KAV equation
as an approximation of the full water-wave problem, for instance). Without smoothness, the
comparisons are not in fact valid. Thus, it is not only of academic interest to understand higher
regularity solutions.

An example will illustrate the problem that arises when smoother solutions are in question.
Take the classical case p = 4 so that the nonlinearity is cubic and smooth. Suppose that the
quarter-plane problem (II)) is locally well posed in H3(R*), say. Then, there is a T > 0 and a
solution u € C(0,T; H3(RT)). Because ug, € C(0,T; H'(R')) and u satisfies the equation, it
must be the case that u € C*(0,T; H(R™)). Tt follows that each term in the evolution equation
is a continuous function of both space and time in R* x [0,T]. Evaluating the equation at the
point (0,0) and using the initial and boundary conditions then yields

il (0) + ¢"(0) + A¢(0)]*6(0) = 0. (2.30)

Thus, the auxiliary data necessarily satisfies a higher-order compatibility condition in addi-
tion to the lower-order condition (L.3]) that has been assumed throughout the discussion. It is
straightforward to calculate yet higher-order conditions on the auxiliary data that must obtain
for well-posedness to hold in smaller Sobolev spaces. This issue also arises for the KdV equation
posed on the half-line or on a bounded interval. In that case, higher-order regularity theory has
been developed in the presence of higher-order compatibility conditions (see [13] [15]).

When the nonlinearity is smooth, e.g. when p = 4,6,8,---, local well posedness in the
presence of higher regularity and the associated compatibility conditions can be established by
the methods put forward here. However, we eschew this task in the present script.

Finally, we come to the issue of global well-posedness. As is standard in the theory of
evolution equations, local well-posedness coupled with suitable a priori bounds on solutions is
the path to global well posedness. For the pure initial-value problem (2.8]), the bounds provided
by the conserved quantities

() = / T e t)Pde and  TI(E) = / h (!ux(x,t)]2— %yu(x,t)yp> de (231)

— 00 — 00

suffice for the global results mentioned earlier. However, corresponding to the quarter-plane
problem (LI]), one has (cf. [30])

I'(t) = % /0 " (e, ) Pdz = —2Im<ux(0,t)ﬁ(t)> (2.32)

and
() = % /0 <\ux(x,t)]2 - %\u(w,t)\p> dr = —2Re(u,(0.OR'()  (233)
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while the two-point IBVP (L.2)) has

() =4

L
:EAhMﬁWmﬂm@Mﬁ%w—%@MMD (2.34)

and

L
() = % /0 <|ux(:1:,t)|2 _ 2]7)\|u(x,t)|p> dr = 2Re (s (L, OB (1) — u, 0,054 (1)). (2.35)
for all £ € R for which the solutions exist. In case the boundary conditions are homogeneous,
viz. h = 0 or hy = hy = 0, both I(¢) and II(t) are formally conserved just as in the case of
the pure initial-value problem (2.8]). At least for small values of the Sobolev index s, global
well-posedness results for the homogeneous IBVP’s (ILI) and (L.2]) then follow readily. For the
nonhomogeneous cases, both I(t) and I1(t) are no longer conserved and the task of obtaining
global a priori estimates becomes interesting (see Section 5).

We turn now to the body of the paper where detailed analysis is given leading to the conclu-
sions recounted in the Introduction. The explicit solution formulas ([228]) and (Z29) will play a
central role in our development.

3 The Schrodinger equation posed on the half line R™

Considered first is the IBVP (L1

g + Ugy + AuulP2 =0, z€RT, teER,
(3.1)
u(x,0) = ¢(z), u(0,t)=0.

with a homogeneous boundary condition. It transpires that this can be reduced to the pure IVP

W + Weg + Aw|w[P~2 =0, zeR, teR,
(3.2)
w(z,0) = ¢(z)

of the NLS equation posed on the whole line R. Indeed, observe that if w = w(z,t) is a solution
of (8:2)) which is an odd function with respect to x, then its restriction

u(z,t) = w(z,t), = €RT,

to the half-line is a solution of (BJ]) with ¢(z) = ¢(z),z € RT. On the other hand, the IVP
([B2) possesses the following invariance property.

Lemma 3.1 If1 is an odd and smooth function, then for any t € R, the corresponding solution
w of (33) is odd with respect to x.

Proof: Consider first the associated linear problem

wy + Wee = f, reR, teR,
(3.3)
w(z,0) = P(z).
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Using the Fourier transform, its solution w(x,t) is

w(z,t) :/Reiszteisxzﬁ(f)df—i-/Ot/Reiﬁz(t_T)einf(f,T)dazde.

It then follows directly that the solution w(xz,t) of (B3] is odd with respect to x if ¢ and f
are odd in x. For the IBVP (B.2)), suppose v is odd and consider the map I' : v — w, where
v =v(x,t) is an odd function in z and w is the solution of

iwg + Wee = —A|v[P20, ze€R, teR,
(3.4)
w(z,0) = ¢().

It follows from the previous remark about (B.3]) that I'(v) is odd in z if v is odd in z. The
classical contraction mapping principle provides the solution w of the nonlinear IVP (3:2]). This
solution is necessarily odd as a function of z if its initial value 1 is odd, as one determines by
iterating I' starting at v =0. O

Thus, the following well-posedness result for the IBVP (3.1]) follows from the well-posedness
of the IVP (3.2).

Theorem 3.2 For any s satisfying either % <s< % for3<p<oo, |s|]<p—2ifs#1,2, or
0<s< % for3<p< (13:‘212, the IBVP (31) is locally well-posed in H*(R™) (for % <s< %, it
is required that ¢(0) =0).

Now, (L)) is considered with nonhomogeneous boundary data. The analysis of this problem
is carried out in several subsections.
3.1 Solution formulas for linear problems

Consideration is first given to the linear, nonhomogeneous, boundary-value problem

1y + Ugy = 0, r€RT, teRT,
(3.5)
u(z,0) =0, u(0,t) = h(t).

By taking the Laplace transform with respect to ¢ of both sides of ([8.5]), the IBVP is converted
to a one-parameter family of second-order boundary-value problems, viz.

ING(2, A) 4 (e (2, ) = 0,
(3.6)
@(0,)) = h(\),  d(+o0,\) =0,

where @ = @(z, \) is the Laplace transform of u = u(x,t) with respect to ¢t and Re A > 0 is the
dual variable. The solution of (B.6]) is given by

a(x, \) = " VTR(N)
where () is the solution of the quadratic equation

iN+1r2=0
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for which Rer < 0. In consequence, the solution of (8.6]) is given formally by

1 +o0i4y ~
u(z,t) = —/ M MTR(N)dA
27 —00%+7y
for z, t > 0, where v > 0 is fixed. Letting v — 0, one arrives at
1 [ . o~
u(z,t) = — elﬁter(lﬁ)xh(zﬂ)dﬁ ( —B+7r2=0, Rer < O>

2 J_
I T L[ gt —vBei;

= — ete h(ip)dB + — ee h(iB)ds
27 J_ o 2 Jo
1 [ - 1 [ . -

= — [ eTPHWVERR(_iB)dB + — / PV (iB)dB
2 0 2 0
1

_ L [T ierigagy g2 L (% ig2—pu g7 02
_ w/o e Bh(—ip )dﬁ+7r/0 17157 1 (i82)dB

= I(z,t)+I1(z,t).

For I(x,t), define
18h(—iB?)  for B >0,
v (8) = (3.7)
0 for <0

and
on = ¢n(z) (3.8)

to be the inverse Fourier transform of v, so that the Fourier transform (b}L of ¢y is

on(B) =wn(B), BER.
Then, I(x,t) can be rewritten as
I(ot) = / T s (848,

which is exactly the solution formula of the Cauchy problem for the linear Schrédinger equation
on R. Similarly, for I1(x,t), define

1Bh(iB%)  for B >0,
va(B) = (3.9)
0 for <0
and
Y = ¥n(z) (3.10)

to be the inverse Fourier transform of v», i.e.,

Un(B) = w(B),  BER.
Thus, [I(z,t) can be written as

II(z,t) = / h PP, (8)dB

—00

for x > 0.
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Proposition 3.3 The solution of (3.2) may be written as
u(z,t) = [Wy(t)h)(x) := [We1(t)h](z) + [Wh2(t)h](z)

where for x, t > 0,

[Wy,1(t)h] (z) = / i riseg, (8)dp,

Wha(t)h] (z) = / R, ()48

and ¢p, Yy, are defined by (377)-(3.8) and (3:9)-(310), respectively.
Remark 3.4

(i) It follows from their definitions that for any s € R, ¢y, and 1y, belong to the space H*(R)
2541
if and only if h € Hy * (RT).

(1t) The function v(z,t) = [Wy1(t)h|(z) is, in fact, defined for x, t € R and solves the IVP
i+ v =0, v(x,0) = Pp(x), z, teR

for the linear Schrédinger equation posed on R. As for [W,o(t)h](z), it is defined only for
x > 0. However, it may be extended for x < 0 by setting

[Wha(th](z) = [~ #0210, (5)ds. (3.11)
Note that this extension is not necessarily differentiable at x = 0. Therefore, this small
trick is not applicable when s > 3/2.

Next, consider the same linear equation

1y + Ugy = 0, z € RT, t e RT,
(3.12)
u($70) = ¢($)7 ’LL(O,t) =0

with zero boundary condition, but non-trivial initial data. By semigroup theory, its solution u
may be obtained in the form

u(t) = Wo(t)o

where the spatial variable is suppressed and Wy(t) is the Cp-group in L?(R™T) generated by the
operator A defined by
Av =1

with domain
D(A) = {v e H*R") | v(0) = 0}.

By Duhamel’s principle, one may use the semi-group Wy(¢) to formally write the solution of the
forced linear problem
1 + Vg = f, z € RT, t e RT,
(3.13)
v(z,0) =0, v(0,t) =0
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in the form .
v(x,t) = —z'/ Wo(t —7)f(-,7)dr.
0

Let a function ¢ be defined on the half line R™ and let ¢* be an extension to the whole
line R. The mapping ¢ — ¢* can be organized so that it defines a bounded linear operator B
from H*(RT) to H*(R). Henceforth ¢* = B¢ will refer to such an extension operator applied
to ¢ € H¥(R™). Assume that v = v(z,t) = Wg(t)¢* is the solution of

1t + Vg = 0, U(:E,O) = gb*(:p),

for z, t € R. If g(t) = v(0,t), then vy = vy(x,t) = Wj(t)g is the corresponding solution of the
nonhomogeneous boundary-value problem (3.3]) with boundary condition h(t) = g(t), for ¢t > 0.
Similarly, the function

t
w = w(z,t) = / Wit — 7)f*(r)dr
0
with f*(x,t) = Bf(x,t) solves
wy + wee = f*(x,t), w(z,0) =0,

for x, t € R. If p(t) = w(0,t), then w, = wy(z,t) = Wy(t)p = Wyar(t)p is the corresponding
solution of the non-homogeneous boundary-value problem (B.5]) with boundary condition h(t) =
p(t), for t > 0. The following integral representation thus obtains for solutions of the fully
non-homogeneous linear initial-boundary-value problem

WUy + Uge = f, l‘,tER+,

(3.14)
’LL(QZ‘,O) = ¢(l‘), U(O,t) = h(t) .
Proposition 3.5 The solution u of (3.14) can be expressed as
t
u(t) = Wr(t)o" + / Wr(t —7)f*(7)d7 + Wiar (t) (h(t) — g(t) — p(t)) (3.15)
0
where
¢*($7t) = [B¢]($,t), f*($7t) = [Bf](ﬂj‘,t)
and .
o) = Wel)s'lomg. 2(0)= [ Walte=r)f ()|
z=0
3.2 Linear estimates
As before, for any ¢ > 2 and r > 2, the pair (¢,) is called admissible if
1 1 1
4= =, 1
q * 2r 4 (3.16)

For any ¢ with 1 < ¢ < oo, ¢’ will denote the Lebesgue index conjugate to ¢, which is to say,
1 1 _
st =1

The following estimates for solutions of the linear Schrodinger equation posed on the whole
line R are well known in the subject and will find use here.
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Proposition 3.6 Let s € R and T > 0 be given. For any ¢ € H*(R), let u = Wg(t)¢p. Then,
there exists a constant C' depending only on s such that

sup [lu(, )|l gs@) < Cldl gs(m)s

te(0,7)
Sup flu(@, ) 2epr 7y < ClIS e @y

and
[wll oo, rwsr )y < Clldl s () »

for any given admissible pair (q,r).
This proposition is same as Lemma 4.1 in [45].

Proposition 3.7 Let (q,r) be admissible and T > 0 be given. Suppose f € Lq/(O,T; W' (R))
and define

u= /Ot Wgr(t —7)f(7)dT.
(i) For any s € R, there exists a constant C' > 0 depending only on s such that
lullego,ry; s ) + 1wl Larwsr@)) < CUFf Nl oW (m))- (3.17)
(ii) For any s € (—32,1), there exists a constant C' > 0 depending only on s such that

1
sup |Ju(z, ')”Hz;ﬁrl 0T <CQA+T)> ”f”Lq’(o,T;Wsw’(R))- (3.18)

TER (0,1)

(i1i) For any s € R, there exists a constant C' > 0 such that

sup [Ju(z, )H 2541 C”f”Ll(o,T;HS(R))- (3.19)

z€R 1 (0,T) —

Proof: The proof of (8.I7) can be found in [26]. A proof of (BI8]) is provided in [45]. For (3.19),
note that

T
5" s < W t_ s d
suplfute )l o1 ) <[ sup W T)f(T)Hthﬁp(O’T) -

c / 1) ey

Next, consider the boundary integral operator Wy, (t).

IN

thereby completing the analysis. O

Proposition 3.8 Let 0 < s < 1 and T > 0 be given and suppose (q,r) is an admissible pair.
There exists a constant C > 0 such that

[Woar ()Rl Lago,rywsr )y < CllA|l H2E gy (3.20)
Woar (|| 175 <C h s 3.21
S [Wear ()Pl s = [ g2 (3.21)
and
sup HWbdr(‘)hHHf_s;_l(O’T) < Cllrl pasgs g1y (3.22)

2s+1

for any h € Hy * (RT).
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Proof: It is sufficient to prove that

IWo2()hllzsozwsr@) < ClIbM 2eps (3.23)
since
[We,1(-)bl Lao,0;wsrm)) < CHh”Hép(Rﬂ (3.24)

can be obtained from the result for the whole real line given in [26] and Remark 3.4l To show

(3:23)), note that

[Wb,Q(t)h] (33) = % /0 elﬁ2t_ﬁ|m|ﬁﬁ(2ﬁ2)dﬁ
1 oo 2 o0 ) 1 . o . '
= ;/0 8% t—Blz| /_OO e~ Wy (y)dydp = — /_OO 1/1h(y)/0 B2 t=Blel—iyB g3y,

— /_ " ) Ko, y)dy

where -
}q$w:l/ (i8*t=Blel - g3
) T 0
Claim: There exists a constant C' > 0 independent of t,x,y such that for any t # 0,
z, y€eR,

| Ki(z,y (3.25)

)\SL.
VIt

Proof of the Claim: Note that although the Van Der Corput lemma (Corollary 1.1 in [58])
can be used to shorten the proof of the claim, we present a self-contained argument in favor of
(3:25) here. Our approach is the following:

Kt(x y) = l/OO eiﬁzt_ﬁ|m|_iyﬁd5 — L/w eiﬁz—ﬁ\x\f%—iyﬁt*%dﬂ
7 TJo T/t Jo
oo . 2 Blz| a2 e’} . || P
= [Tl et = P AP+ 57) gpei%
* 2 oo o
e _1 e 2ty_7'4t/ 6262_Wﬁd5
v t Yy
2Vt
Ity <0,
; |z| VB
| Ki(2,y)] L -5 /OO i52—¥d5 1 e | [PV a3
t\T,Y = —F=€ 2t e t = e 2t - .
i /it |Jg TV

||

VB
But e~ "¢ /4/B is monotone decreasing as 3 — oco. Standard results about oscillatory integrals,
then imply that

1 ey =iyl ]y )‘1 _1/2
K(z, < e e 2 | 2L <otV
| Kz, y)| < i <2\/E =




1 —lzly
Ky(z, < e 2
Kiey) € (

o o bl g1
/ e’ ﬁ\/ﬁ—dﬁ'+
1

IN

—lz| lyl
_laly [ =l Leviavi 1 1 dﬂ C

Hence, if y <0,

On the other hand, if y > 0,

1 || 0 g2 _lz|B o0 g |z|8 1 ||
| K (x,y)] < e / e’ Vi dp —l—/ e’ Vidp| | = —=e 2t (I1 + 1),
TV _ZL\/E 0 W\/f
where
;32— lzlB
I = / & ﬁdﬂ‘ <0,
0
gy lz|VB 2 |=|vB 2 lz|vB

1] [0 P 1| (% cos fe Vi 1| (% sin fe Vi
Ilz—/idﬁg—/ ——dB| + = ———dp]|.

2|2 VB 2 1Jo VB 2 Jo VB

||
If % < 2m, then |[;| < Ceavi. If & > 27, let ko = B’—J and obtain
| < 1 sz):_l/%k“)“ cosﬁe‘z‘“\z/g dp| + 1 k:ko_l/z(’”l)” sinﬂez\/\{gdﬁ
o< = cos fe Vi 1 sin fe Vi
2 k=0 2k \/B 2 k=0 2km \/B
1 i 3 ‘””\‘}/E 1 TR 3 ‘”\‘/ﬁ
it cos Be Vi 4t SIn pe Vvt
—I——/ ——dB| + = / ————dp
2 2kom \/B 2 2kom \/B

= IIl —l—IIQ —I—Ilg —|—II4
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It is clear that |II3| + [I14] < CeZ\f The integral 11 is now analyzed; II; can be treated

similarly. First, notice that

ko—1  co(k+1)r
1 j21y/B
m o= 5|Y [ S s
2 E—0 2km \/B
1 k(i:l sin 3 m\/2k7r+5d/8
-3 / Vo=

ko—1

1 T osinf 2l oprTa
= = Sl DAY dg —
2 Z(/O 2k7r+5€ t P

k=0

™

sin e‘%\/mdﬁ '
0 2]€7T+7T+,8
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Since
lz|v@
9 ( 1 ff) I R S (‘x\%a—l)
- —e t — t f— e t e
ou \ u 2un/t 2vu3 o’
>0, if '1"){5 > 1,
<0, if 'm'f <1,

if ay, is defined by
T sin lz]
ap :/ B e\/z\/lwr-‘rﬁdﬂ’
0 km + ,8
then there is an N > 0 such that ay is increasing in k if k& > N and decreasing if £ < N. In
consequence, it transpires that

1 N 1 2ko—1
k k
L < 3 > a(-1) +35 > (—DFay
k=0 k=N+1
1 1
< 5 (a0l + lan) + 5 (Jan] + lazke—11)
Tsing =l ‘ /’T sin =l /NaTB
< C / —evt¥Vds| + ———eVt dg
( o VB o VNT+p
. n sin 3 e%\/(%o—l)mrﬁdﬂ
0 (2ko — )7 + 8
< Ce%‘\/mgCe%.

The integral Il; has a similar bound, whence

T Vi
for any x, y € R and ¢ > 0. Similar remarks apply to K_;(x,y) so that for all ¢t € R\{0},
|K¢(x,y)| < -5=. This completes the proof of the Claim. O

Vi’
To prove inequality (3.23), let ()¢, = fj';o Yn(y)Ke(z,y)dy. The result of the Claim
yields

C e e C
|Ki (2, y)| < 76_2_? (6% + 1) <
7'('

_1
K@)Vl Lo @) < ClT2 (19nll o m)-
Also, Proposition 2.2.3 in [26] provides the inequality

K@) nllL2®) < CllvnllL2w)-

The Riesz-Thorin interpolation theorem then implies that

_(1_1
I enllry < CIH™Z el o gy
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where p’ is the index conjugate to p as before. From this, there follows the inequality

T
< c/ it — |-G
L7 (R) 0

T _2
<c /0 =178 () oy 7

[

l
T

(t =) f(r)dr

m

N ydr

valid for any f(-,t) = f(t) € LY((0,T),L"” (R)). The Riesz potential inequalities (see [67],
Theorem 1, p. 119) then imply that

/ Kt —7)f(r)dr
0

A similar estimate holds for fOTIC(t —7)f(T)dr.
Now, compute the L?(R)-norm of the function

< C”f”qu((O7T)7L7‘I(R))' (326)
La((0,1),L7(R))

T +o0o
Ki(y) = /0 R(@y)f (x, )dudt

—0o0

ViZ.

+o0 T pT ptoo +oo _
e = [ ([ [ ] Rt s) Kot o) dedudsdo ) dy

Note that

—+00 00 [e%]
/_ /_ fz,8)Kg(z,y)dx 3 fw,0)Ky(w,y) dw dy

“+oo
/ f(z,s) / f(w,0) K(z,y)Ky(w,y) dy dw dz

—00

/ / f(x,8)f(w,0) K, q(x,w)dwdz.

The inequality ([3:25) implies that

+oo
Ks,a(xaw) = Ks(x7y)K0(w7y)dy

— 0o
1 0 +oo 0 .30 = ATy . ~
_ P/ / / e~ B s—Plx|+iyp if U_B‘M_Zygdﬂdydﬂ
0 —00 0

_ 2/ e-i82(s=0)=Bllal+lul) gg < C
0

i Vs —al

for s # o, where the constant C' is independent of z,w € R. . Rewrite HICl(y)H%Z(R) as

T T +00 +00
e = [ [ [ [ e T Ko dw dedo ds
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+o0o +oo
// :ES// VK o(z,w) dwdo dz ds .

Then, using the procedure described for proving ([B.:26]), it is inferred that

+oo

Ko (z, w)dwdo < Clfll e (o.1), 17 ®)) -

La((0,7),L" (R))

which in turns gives

oo _
flw,0)Ks o (x, w)dwdo

K@)z < ClF Nl o1y, ))(‘ L ((OT)L'(R)))

< CHfHLq ( (]T L”" (R))
Finally, consider the integral
| (cownotn) = [ (] Kz 9)0n )y 00, B ) .

where ¢(z,t) € C.([0,T],D(R)),¢, € L*(R). Applying the just obtained estimates yields

+oo +oo

+00 +oo
| wwmotpma = [ow [ [ Kt odsrdy

—00 —00 —00

T +oo
< lnllz2 /0 Ky (x,y)p(x, t)dudt

—00

L2(R)

< CHT/’h”L%R)H¢”Lq’((o7T)7Lr’(R)) :
By duality, [[K(t)¥nllLe0,1),07®)) < Cll¥nllL2w) , which gives (B.20) with s = 0. Since

1 [ . 2
OWhalthl(o) = = [ signa) L htie)as,
the same argument suffices to show that ([3.:20) holds for s = 1. When 0 < s < 1, the relevant
estimate follows by interpolation. The inequality ([B.2I]) is a special case of ([B:20) and ([B3.22]) is

straightforwardly obtained using a classical trace argument and the Fourier transform. O

The following estimates of the temporal regularity of Wyg,. will also be helpful.

Proposition 3.9 Let (q,r) be a given admissible pair, T > 0 and s > 0. For any h €

H%‘FS(RJF), the correspondence t +> %{?(t)h belongs to the space

L0, T; L™ (R*)) nC([0,T], L>*(R"))

and there exists a constant C' such that

‘85Wbdr(')

h
ots

< Clhl|
La(0,T; L7 (R+))

homs) (3.27)
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In particular, for h € Hi+s(R+),

sup wh < Clh . 3.28
+s(R+
0<t<T ots L2(RF) HTHS (R)
and
sp | Z | <l (3.29)
0<z<oo ot thxf (0,7) H (R )

Proof: As above, we only have to study W oh. It is straightforward to calculate that

Woa(bh _ & / ¢9152 g3, (362 = / (P08 (3)dB — i / b () Ko ) dy.

at ™ Jo m™Jo

It follows immediately that

b < Cllnl o < ClA

La(0,T;; L7 (Rt))

8Wb72(7f
HIT (RY)

A similar proof holds for all integers s > 0. The general case then follows by interpolation. Since
there are no boundadry conditions involved in the argument, we do not run into trouble when
the interpolation index is equal to % In particular, the Sobolev space H 3 (R*) is the mid-point
interpolation space between L?(R*) and H'(R") in this case. O

Note that from the equation iu; + uz; = 0, one t-derivative of u is equivalent to two x-
derivatives of u. The following proposition holds as a corollary of this observation.

Proposition 3.10 Let (q,r) be a given admissible pair, T > 0 and s > 0. There exists a
1
constant C > 0 such that for any h € HiT5(RT), u = Wya.(t)h satisfies

5,7 s J . s+1—-2j5 < s
lullzgomwer@ey + sup lluC,Ollme@e) + sup [10zul@, )l sz oS ClIR 2

®R*)
for j=0,1and 2s+1—25 > 0.

Finally, we consider the IBVP (B.14]). The next proposition follows readily from Propositions
0.0H3. 10

Proposition 3.11 Let T > 0 and 0 < s < % be gz’ven Assume f € LY(0,T; H*(RY)), ¢ €

H*(R"), h e i (0,7) and ¢(0) = h(0) if L < s < 5. Then there exists a constant C' > 0
depending only on s such that the solution u of the IBVP (3.1j) respects the inequality

Supu s(R+) + sup ||u 241 + ||u WS (R
i (s )l s e+ <KOOH( Mzt o gy F el mswer @)

(Il + 18l 251 + I o)

(0,7)

where (q,r) is any admissible pair.
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3.3 Local well-posedness

In this subsection, the local well-posedness of the full nonlinear problem

iUy + Ugy + MufulP~2 =0, reRT, te(0,7),
(3.30)
u(z,0) = ¢(x), u(0,t) = h(t),

is the topic of conversation. Let ¢* = B¢ be an extension of ¢ from R to R as before, with

9% | s (r) < Cslldll s m+)-

Suppose 0 < s < 5/2 and let the operator Wyg, be as introduced in Section 2. Rewrite (3.30)
as an integral equation on the domain (z,t) € R x R, viz.

u(t) = W(t)¢* + Waar(t) (h(t) — go(t)) — M/O W (t =) |ulP"?u(r)dr — Wha, (8) fu(t)  (3.31)

where W (t) = Wg(t) and g4(t), fu(t) are the trace of W (t)¢* and —iX fg W (t — 7)|ulP~2u(r)dr
at z = 0. That is to say,

t
9o = WOS|_ . 1) = =i [ Wit=nlup~u(r)ar
= 0 =0

Proposition 3.12 Assume

6 —4s
1—2s"

1
0§s<§ and 3<p<

Let (v, p) be the admissible pair defined by

__r o __ W
T+s(p-2 '~ (p-2)(1-2s)

2s+1

For any given ¢ € H*(R") and h € H™ 1 (0,T), there exists a Tynae with 0 < Trpae < T such
that the integral equation (3.31) admits a unique solution u € C([0, Tmax); H*(R)) satisfying

P

=N

loc

([07 Tmax); Ws’p(R))' (332)
Moreover, this solution possesses the following additional properties:

(i) The solution u € L] ([0, Timax); W*"(R)) for every admissible pair (q,r).

loc

(i1) The solution u depends continuously on ¢ and h in the sense that if ¢, — ¢ in H*(R') and
2s+1
hp, = hin H i (RT), then, for any T with 0 < T < Tyax, the corresponding solutions
up, tend to w in C([0,T]; H*(R)) as n — oo.

(iii) If 3<p< ?:gi and Typae < +00, then

tim AJu(, 8| s ) = +o0.

max
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Proposition 3.13 Let 3 < s < 2 and [s] < p—2 be given. For any ¢ € H*(RY) and h €
H 2ST+1(IR+) satisfying the compatibility condition

¢(0) = h(0),
there exists a Tiar > 0 such that the integral equation (3.31) admits a unique solution
u € C([0, Thnae); H*(RT)).

Moreover, the solution u possesses the following properties:
2s+1

(i) The solution u belongs to the space L (RT; H, * (R)).

(ii) The solution u depends on ¢ and h continuously in the sense that if ¢, — ¢ in H¥(RT) and
2s+1
hp, = hin H i (RT), then, for any T with 0 < T < Tyaz, the corresponding solutions

2541
up, tends to w in C([0,T); H*(RT))NLP(RT; H, * (RY)) as n — oc.

(i4i) If Tinae < +00, then

t_g{}nlw l[u(s )| zrs m+y = +o0.

The proofs of Propositions[B.12]and B.13]follow just as does the local existence theory laid out
in Holmer [45]. The chain rule and product rule for fractional derivatives and the propositions

in the last subsection provide the necessary estimates for applying the contraction mapping
theorem to the right-hand side of (8.31I]). The details are omitted.

Remark 3.14 Proposition[313 also holds for s € (%, %) if the following compatibility conditions
are satisfied;

$(0) = h(0),  he(0) = ihuu (0) +iX[G(0)[P2$(0).

The only difference from the proof of the local existence in Holmer [45] is to use the function
space -
C((0,7); Hy(RT) NCRE, H 5 (0,T)) NCL((0,T); Hy *(RT)).

Note again that one t-derivative of u corresponds to two z-derivatives of u.

Remark 3.15 In case of s =1 or s = 2, the assumption |s| < p—2 < 400 is not needed. The
result of Proposition [3.13 holds for any p with p > 2 in these situations.

2s+1

Remark 3.16 According to Proposition [312, for ¢ € H*(R'), h € H,,} (RT) with 0 <
5 < %, there exists a Thar depending only on s such that the corresponding solution uw &€
C ([0, Thhaz); H*(R)) blows up at Tpyaz, i-e€.,
li - s (ry =
i lu(- )| s (ry = +00

5
if Tnaw < 00. However, if (¢, h) also belongs to the space H*(RY)x H (R™), then by Proposition
(213, there exists a T}, > 0 such that u € C([0,T},.); H*(R)) and

max max

Aim a2 @y = oo

max

if T} e < 00. It is obviously the case that T, ... < Tyaz- Is it true that T, .. = Tazx? This
is a well-known regularity issue (see [26]). For the pure Cauchy problem (32), the answer is

positive. The same proof can be applied to the IBVP considered here to show that T}, ... = Tmaz-

axr
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A solution of the integral equation (3.31I]) on R as given in Propositions and B.13] when
restricted to RT, is a distributional solution of the IBVP (3:30) with strong traces. However,
as the IBVP (3:30) can be converted to other integral equations similar to (3.31]) on R, whose
solutions, when restricted to R, yield distributional solutions to the IBVP (B.30), the following
question arises naturally.

Are solutions of the various integral equations on R equal to each other when restricted to
R 2 In other words, Propositions and B.I3lead to the existence of distributional solutions
with strong traces for the IBVP ([B.30). As for its uniqueness, in the case of s > %, since
the space H*(R™) is continuously imbedded into the space L*°(R™), it is straightforward to
ascertain that the IBVP (3.30) admits at most one distributional solution with strong traces in
the space C([0,T]; H*(R™)). The following well-posedness theory for the IBVP (3.30) results as
a corollary of Proposition [3.13]

Corollary 3.17 Let % < s < % and 3 < p < 400 be given. For any ¢ € H*(RT) and h €

2s+1

H™1 (R™T) satisfying the compatibility condition
¢(0) = h(0),
there exists a Tyar > 0 such that (3.31) admits a unique solution u € C([0, Thnae); H¥(RT)).

2s+1

Additionally, the solution uw € L (R; H, * (RY)) and if Thnax < +00, then

(s )]s ey = +oo.

Moreover, the solution u depends continuously on ¢ and h in the sense that if ¢, — ¢ in H*(RT)
2s+1
and h, — h in H T (RT), then, for any 0 < T < Tz, the corresponding solutions u, tend to

w in C([0,T); H*(R")) as n — co.

The uniqueness of the IBVP (B3.30) in the space C([0,7]; H*(RT)) remains open in case
0<s< % To resolve this issue, we first show that the solution given in Proposition B.12], when
restricted on R is a mild solution of the IBVP (3.30).

Proposition 3.18 Let (2)5 s < % be given and assume that 3 < p < ?:‘212. For any given
¢ € H5(RT) and h € H,,} (R"), there exists a Traz > 0 such that the IBVP ([3.30) admits a

mild solution u € C([0, Tmax); H*(R)).

Proof: It suffices to show that for 0 < s < 1/2 the solution u € C([0, Tinaz); H*(R)) of (331
given by Proposition B.12, when restricted to RT, is a mild solution of the IBVP (B3.30). To this
end, let (¢, hn) € H2(RY) x H! (RY) with ¢,(0) = h,(0) and

loc

1. 7L7hn - 7h s :0
Jim [[(¢n, hn) = (¢ )”Hs(RﬂleﬁP(Rﬂ

Then by Proposition B.12, there exists u, € C([0, Tynaz); H2(RT)) solving the integral equation
B3T) with (¢, h) replaced by (¢p, hy). Moreover, u,, tends to u in the space C([0,T]; H*(R™))
as n — oo for any T < Tyez. According to Remarks and B.16] when restricted to R,
uy lies in C([0, Trnaz ); H2(R™)) and it solves the IBVP (330). In particular, u, tends to u in
the space C([0,T]; H*(R™")) as n — oo for any T' < Tpqe- Thus, the solution u of ([B.3I]) when
restricted to R™ is a mild solution of the IBVP (3.30). O

Next, we show that the IBVP (3.30) admits at most one mild solution.
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Proposition 3.19 Assume that s and p are such that
6 —4s
1—2s

1
O§s<§ and 3<p<
2541
For any ¢ € H*(RY), h e H,,} (R"), the IBVP (3.30) admits at most one mild solution.

2541
Proof: Suppose that for a given ¢ € H*(R") and h € H,,} (R'), the IBVP .30) admits
two mild solutions uw and v which lie in in the space C([0,7"]; H*(R™)) for some 77 > 0. By
definition, there exist two sequences {u,} and {v,} in the space C([0,T"]; H*(RT)) such that

both w, and v, solve the equation in (B30) for n =1,2,--- , and if
un(2,0) = ¢n(z), vn(2,0) = Yn(2), un(0,) = hn(t), va(0,t) = gn(t),
then as n — oo,
up, > u, v, —v in C0,T;H*(RY)), ¢én—0, n—¢ in H(RY)

and
2s+1

gn —> h, h,—h in H 1 (0,7).
Let w), v} and w be the solutions of the integral equation (B.31]) corresponding to (¢y, hy),
(¥n, gn) and (¢, h), respectively, given by Proposition (restricted to RT). It follows that
wh, v and w lie in C([0,T; H*(RT))NLI(0, T; W*"(R™)) for some T > 0. Then, by Proposition
B.I3and Remarks and B16] v} and v}, are in C([0,T); H?>(RT)). Note that the time interval
over which u* and v¥ exist in the space H?(RT) is (0,T) for any n, as guaranteed by Remark
By the uniqueness result in Corollary [B.17] it must be the case that

— * —_ ES
Up, = Uy, Uy =0, n=1,2---.

2s+1

Since (¢, hyn) and (Y, gn) are both convergent to (¢, h) in H¥(RT) x H 4 (0,7), it follows
from Proposition that both w,, and v, converge to w in C([0,T]; H*(R™)). Consequently,
u = v. The proof is complete. O

The last result of the section summarizes the previous ruminations.

Theorem 3.20 Assume either

6 —4s 1
< = =1,2
3_p<1_28, 0_s<27 ] ,
or
1 5
3 <s<3 ls] <p—2< .

2541
For any ¢ € H*(RY) and H,,} (R") satisfying $(0) = h(0) if s > 3, there ezists a Tyax > 0

such that the IBVP (3.30) admits a unique mild solution u € C([0, Trnaz); H¥(R)). Moreover,

the solution u has the following properties:
2s+1

(i) The solution v € L°(RT; H, * (RT)).

loc

(ii) The solution u depends on ¢ and h continuously in the sense that if ¢, — ¢ in H¥(R™T)
2s5+1
and h, — h in H i _IOC(RJF), then, for any T with 0 < T < Thaz, the corresponding
solutions u, tend to u in C([0,T]; H*(RT)) as n — oo.
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4 The Schrodinger equation posed on a finite interval
In this section, consideration is given to the well-posedness in H*(0, L) of the IBVP

g + Ugy + AulP2u = 0, ze(0,L), teR,
(4.1)
’LL(J),O) = ¢(l‘), U(O,t) =Mh (t)v U(L,t) = h2(t)7

for the NLS equation posed on a finite interval (0, L). Without loss of generality, take L = 1.
First, the homogeneous boundary-value problem

g + Uy + AululP72 =0, r€(0,1), teR,
(4.2)
u(z,0) = (x), u(0,t) =0, wu(l,t) =0,

is discussed. The well-posedness of (4.2]) in H*(0,1) can be reduced to a special case of the IVP

g + Ugy + AululP72 =0, —l<zxz<l1, teR,
(4.3)
U(JE,O) = 711)(!17), u(_17t) = ’LL(l,t), uw(_lvt) = uw(lvt)a

of the NLS equation posed on the interval (—1,1) with periodic boundary conditions. Observe
that solutions of the IVP (43]) are even (odd) in z if ¢ is even (odd). On the other hand, if w is
an odd function with respect to x and solves the IVP (4.3]), then its restriction to the interval
(0,1) solves the IBVP (4.2)) since the boundary conditions u(0,t) = u(1,t) = 0 are automatically
satisfied. Thus, the following well-posedness result follows immediately from the known results

for (£3)).

Theorem 4.1 Assume that 3 < p < 00 if A < 0 and 3 < p < 6 if A\ > 0. Then, for any
s €[0,5) (s not equal to & or 3, see (LH)), the IBVP ({-2) is unconditionally locally well-posed
in H*(0,1) under the conditions that |s| < p — 2 if p is not an integer and ¥(0) = (1) =0 if
1 5
) < s < 5-

Now, consider (4.1]) with nonhomogeneous boundary data. This is analyzed in several stages.

4.1 Linear problem

First, consider the IBVP

Uy + Uy = 0, x € (0,1), teR,
(4.4)
u(z,0) = ¢(x), u(0,t) = u(1,t) =0,

for the linear Schrodinger equation posed on the finite interval (0,1). According to standard
semigroup theory, for any ¢ € L?(0,1), the IBVP admits a unique solution v € C(R*; L2(0,1))
given by

u(t) = Wo(t)é
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where Wy(t) is the Cop-group in L?(0,1) generated by the operator Av = iv” with domain
D(A) = H*(0,1) N H(0,1). Moreover, the solution of the following nonhomogeneous problem

g + Upe = f, z € (0,1), t eR,
(4.5)
u(z,0) =0, u(0,t) = u(1,t) =0

can be expressed, via Duhamel’s principle, as

u(t) = —i/o Wo(t —7)f(-,7)dr.

Proposition 4.2 Let 0 < s <2 and T > 0 be given. Let

t
u(®) = Wo()o. vlt) = [ Wit~ 7)f(c r)der

0

and .
= | Wo(t—1)g(-,7)d
wit) = [ Walt =gl r)ar
with ¢ € H*(0,1), f € L*(0,T; H*(0,1)) and g € W2-1(0,T; L*(0,1)) satisfying
¢(0) = ¢(1) =0, f(07t) = f(lvt) =0

if s> %. Then, u, v, we C([0,T]; H*(0,1)) and

lulleqorme0,1)) < Crslldll a5 0,1)5

vllcqory;ms 0,)) < Crsll fllLr o585 0,1)
and
HwHC([O,T];HS(O,l)) < CT,SHg”wé,l(QT;LZ(OJ))7

where the constant Cr s depends only on s and T

Proof: The cases s = 0 and s = 2 follow from standard semigroup theory. When 0 < s < 2,
these inequalities are follow from standard interpolation theory. O

In terms of Fourier sine series, the solution u is given explicitly by

00 ) ) 1
u(z,t) = [Wo(t)¢](z) = Z cne " tsin(nrz)  where ¢, = 2/0 o(x) sin(nmzx)dx.

n=1

This can be written in the complex form

0o
u(:z:,t): Z 6ne—i(n7r)2t+in7rx

n=—oo
where
Cn if n>1,
Cp = 0 if n=0,

—c, if n<-—1.
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In this form, it is clear that u may be viewed as the solution u(z,t) of the Cauchy problem

iug + ugy = 0, u(x,0) = ¢*(x), z € (—1,1),
(4.6)
u(—=1,t) = u(l,t), uy(—1,t) = uy(1,t),

where ¢* is the odd extension of ¢ from (0,1) to (—1,1). On the other hand, if u is a solution
of ([A6]) and is also an odd function, then its restriction to (0,1) solves (Z£3]). Thus

[Wr(t)¢*] (z) = [Wo(D)¢](x), = € (0,1).

Here, Wr(t) is the Co-group in L?(T) generated by the operator At in L?(T) with domain
D(Ar) = H*(T). Consequently, the following proposition follows from the theory developed in
[16].

Proposition 4.3 Let 0 < s < 3 and T > 0 be given and let Qp = (0,1) x (0,T). For any
¢ € H5(0,1), u=Wy(t)p € L) N C([0,T); H*(0,1)) has

lull L4 @myneqo,mas0,1)) < Clloll s,y
where C' > 0 depends only on s and T.

Next is discussed the IBVP of the associated linear problem with nonhomogeneous Dirichlet
boundary data, namely,

iUy + Uy = 0, z € (0,1), t eR,

(4.7)
u($7 0) =0, U(O,t) =h (t)v u(lvt) = h2(t)7
with the compatibility conditions hq(0) = ha(0) = 0 if necessary.
Proposition 4.4 The solution of ([{.7) can be expressed as
+m . 2 t . 2
u(z,t) = Z 2inme ") t/ ') T(hl(T) - (—1)"h2(7))d7' sin nmwx
n=1 0
= Wph1 + (Whha) (4.8)
z—1l—xa

Proof: Consider first the special case where hg = 0 and h;(0) = 0. Define v by
u(z,t) = v(z,t) + (1 —x)hi ().
Then v(z,t) solves
i 4 Ve = —1(1 — )R (F), z e (0,1), t eR,
v(z,0) =0, v(0,t) =0, wo(1,t)=0,

if u solves ([4.7). As above, write v(z,t) as

v(x,t) = Z ag(t) sin kmz.
k=1
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Then, for k=1,2,---,

San(t) + ilhman(t) = GO, ar(0) =0,

where

1
=2 [ (1-a)sinkrede = ——.
Bk /0( x) sin kraxdx pm

It follows that
t t
an(t) = B /0 eI W=) it ()i = B (8) — i (k)2 /0 ORI

Substituting the latter into the original Fourier series representation yields
v(x,t) = —(1 —x)hy(t Zzﬁk k) / )Q(t_T)hl(T)dT,
which in turn implies that

o0 t
=3 2irk /0 e~k =) . (2 sin k.

Next, consider the case of hy = 0 and hg(0) = 0. If we let 2’ = 1 — z, this situation can be
reduced to the case just studied. Thus, if hy = 0 and hs(0) = 0,

oo

t
u(x,t) = Z(—l)k+12z’7rk/ e_i(k“)2(t_T)h2(T)dT sin kmz.
k=1 0

The full representation (£.8]) now follows. O

Remark 4.5 One may view the solution u in ({.8) of {{.7) as being written in the form

(1) = /0 Wo(t — 7)g(-, 7)dr (4.9)
where

q(:n,t)z(hl(t) (—1)"ho(t >Z2zmrsmmm

n=1

Of course, q belongs to the space H® (O,T; H_(3/2)_6(0, 1)) for any € > 0 if hy,he € H*(0,T).
By semigroup theory, if hy, ho € WH1(0,T), then u € C ([O,T]; H/2)=¢ (0, 1))

Attention is now turned to the boundary integral

o0 t
up, = Wph = Z2inﬂe_’("“)2t/ e’(m)zTh(T)deinnﬂx

0
= —i(nm)?t ! i(nm)?T nTx
= Z nme e h(T)dre™™™. (4.10)
n=—00 0

In the following, we will use the Lions-Magenes space HO/ 2 (0,7) [59], which is the interpolation
space [HE(0,T),L?(0,T)]y with 6 = 1/2.
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1
Proposition 4.6 For a given T > 0, let Qp = (0,1) x (0,T). If h € Hy(0,T), then
up, = Wi()h € L*Qr) 0 C ([0, T); L*(0,1))

and there is a constant Cp depending only on T such that

ot 4.11
lunllLa@r) < Ol HHO%O(O,T) o

and
sup ||up(-,t < Crlial, 4 o
osé)TH (502 01) Qg %o(OT) o

Proof: These results follow from analysis provided in Bourgain’s paper [16]. In more detail, let
h(r) = [ e ™M Rh(A)dX. Write uy, as follows:

N (3] t
u, = Z e—i(nﬂ)Qteinﬂ:cnﬂ_/ h()\)/ ei(nT()QT—WQ’i)\Tde)\
n=—o0 —© 0
> ) ) 0o i(nm)2t—m2iNt _ 1
—i(nm)?t jinmx e
= Z e~ inm)%t nﬂ/_ h(\) (2 = )2 dA
i z(n7r t—m2iXt -1
— —i(nm)?t zmr:c
P2 (Lo ) o

= I (x,t) + 1" (a,t).
Note that It (xz,t) also takes the form

oo ei(rwr)2t—7r2i)\t -1

I (z,t) = Z2e‘i("“)2tn7r sin mrx/o h(\) CEESNE dX.

n=1
The quantity I*(z,t) is studied first. Write

o0

e o] o0 2 2. k
I+(a:,t) _ Z e—i(nﬂ)%einwmnﬂ_/ il()\)w(n2 B )‘)Z ((n A)tm z)‘ D\
0 !

n=—oo

+ Z e"mmr/ h(A)(l —p(n? — A))md)\

n=—oo

_ = —i(nm)?t inmTx Ooil)\ 1 — 2 _ 1 d\
SRy N

n=—oo
= I+ I +13,

where 1 is a suitable C*° cut-off function (see [16]). For I}, consider the individual summand

o0

Ify= Y emimmiteinmay, /0 h(\)h(n? — X)((n? — N)FdA,

n=—oo



for k =1,2,---. By Proposition 2.1 in [16],

_l’_
I

N

Q
T~
|M8

3[\)

LA(Qr)NL*>(0,T;L2(0,1))

IA
a
%
=
P
M8
3l\’)

< CBkt! n2/ h(N\)|2d\
(n;m M_n2|SB\ ()]

< (OBkFt! / AN [2d)
(n;m \A—n2|s3| [ (N)]

< CBM' [ NR(N)[*dX < CBMR)
0 H2

Bounds on Il+ follow. Rewrite Ij as

SSI A2t
If(z,t) = ;::02sin nmc/o h()\)mr(l —1p(n? — )\)) (7;—7)\)7126»\
_ - 1 s —Am2g 1 1 :
= ;;/0 h(N)e t(l—q/}(n?_)\)) <n—\/X+n—|—\/X> sinnmwx dA

- Z / 2ph (1 —l”flt( —1/1(”2—#2)>< 1 +nj— )sinnmcd,u.

n—p I

Applying Lemma A-1 in the Appendix leads to

1 1 2
s 15Dz < %0—¢m?—f0(n_u+n+u)w
< Ofasinh2he) |, , < IR,
To estimate the L*(Q27)-norm, rewrite I, (z,t) as
—AmZit
I (z,t) = Z e (/ / ) h(A) (1 —(n? — )\))Wd}\
= I+ 155,

Proposition 2.6 in [16] implies

36

155740, <C (Z/ i) )(!A 2\+1>%X[n;700)()\)(1—¢(n2—)\)>2d)\>

n=-—oo |)\—’I’L2|—|-1
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> 1

<c/ NI T
n=—00 n

Rewrite I} as

‘1;1‘ - 2/000 <Z X[O,%}(/\)(l —(n® - A))%) e AER(N) dX

— A< C/ IA|R(A))2dA < C|h)? .
0 H?2(R)

n=

1 [ 2 = < 1 1 )
= |= h(A 2 (A + dA
/0 e (N ( Z smmeX[O’Tz}( ) Y s LY

" n=[VN
1/00 . s 1 1 _

< = |h(N)] Z < + )smmrx dA.
T Jo e N VA n+vVA

To estimate the last sum, let

Sy = Z sinnwx = sin((k + 18)12(337:3:2}25311(157733/2) (So=0).

n=1

For any o € [0,1] and 0 < = < 1, | S| < Ck®/|z|'~®. Consequently,

k 1 k 1 k 1
Y ol sesa- Y sy L
n—LFJ”_\/X n:L\/ﬁJn_\/X n:WﬁJ"_‘FA

B ki ( 1 >S+ 1 1L
n— n+1- - 2\ — '
s W=V VTR VA - VAT

Choose 3/4 < o < 1 and let k — oo to come to the inequality

i 1 Sin’I’L’]T:E < C|$|a—1 (( i ’I’La )+ )\06/2 )
— - _ 2
R e ) VA

IN

Ol ( MG S S )
VA+1 o (n+ V)2
C
2=+ V)

Using a similar argument for the other term gives

o] < clart [ ) %0
dA (122 6>a/2)

a—1 > ap
Clz| /0 (141]A]) ‘h()\)’(1—|—\/X)1_O‘(1+\)\D&

IN



IN

IN

Cl|* A ga gy
Combining the foregoing result leads to the desired bound,

+ 2
1510 < ClBIE

To study I3 (z,t), use again Proposition 2.1 in [16] to write

/ h()\)wd)\
0

A —n?

0o 2
151 La@pynre o201y < C <Z n? )

n=1

1 1

2

< C (1 —¢(n® — p*))dp
n=1 p—n
[e'e} o 1 2
+ / ph(p? 1—(n?—u?)du
S| b v )
= (1= b))
A puh (g
§Cuhu22+/ /7du dy
b+ [ [
7 2
< Clluh() [z < Iy .
In summary, it appears that
+ < 2
17710 < CIIR,y
Now consider I~ (z,t) and express it in the form
o 0o i(nm)2t+iAm3t _ 1
_ o —i(nm)?t inmx € hi_
I~(z,t) = n;ooe e mr/o PR h(=\)dA
oo idm?t _ —i(nm)%t
e e -
_ inmTx h(—
n_z_:ooe mr/ Ot )i (=N\)dA
= Iy — 1.
For I, Proposition 2.1 of [16] implies
N 2
1257113 40020y + 15 I 07 220,17) CH_Z_OO n'r? mw

2

d)\ dy

< CZ <C/ / yd)\

Clarfo (/000(1 n |A|)2d|h()‘)|2d)‘>% </0°° q +\/X)2ii(1+ IA)

A A)<\/X—n_\/X+n> (1= v(n”

1
2
2a

- A))dAf)

38



fe'e) [e'e) ) 2
< ¢ / / (14 A R(-N)P d / |y <cnp?,
1 0 0 (y2+N)2(1+|A2)? Hz(R*

The formula

. nsinnz  wsinha(r — )

g 5 5 =5 - , for 0<x < 2m,
1nSta 2  sinham

n=

which holds for all a, allows us to write

[eS) 0o | . 1
- : h(—\ 2)\7r2t7d)\
I ;2R7TSIHR7TIL'/O (=N)e 212
0 97 iam2t ;
_ / 2h(—N\)ert ns;nﬂnajd)\:/ il( Ne Z)\ﬂ_ZtSlnh\/_(’]T—J;)d)\.
0 T —n + A 0 sinh vV Am

Consequently, it is seen that

|17 (2,t)] < C/ h(=\) e~V ™ d)
0

1
2

00 =2V A7z
| )
which implies
00 =2V ma
OiltlET/ |let‘da:<C/ </ \(1+)\)d)\/0 T d)\)da:
e—2V ATz
<Cn?, / / € dedr < Ol

H3 [®T) (1+N) - H3 ®R+)
T 1
/ / 1] (z, )| dadt <
0 0

1
2
<

/0 T RN+ A

and

e~ VA ”d)\‘ dz

2 00 e—2ﬁ7rx 2
< 1 Ad\ ——d\
< B+ | [

1 2
4 o0 —4\/_7rx 2
= Clh —_— d\
1Al e /o /o (e ik
o0 1 d\
< ), / LB oyt
HE®RY) \Jo 14|\ A HE®T)

Hence, we arrive at ||up| 140 0,1:22(0,1)) < C’||hH #i @)

If the regularity of h(t) is higher, W}, (¢)h is smoother.

dx

and the proof is complete. O

y
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1+s
Proposition 4.7 Let s > 0 be given. For any h € Hy* (0,T) (here for s an even integer, h
m
should be in Hy? (0,T)), let w = Wyh. Then, 03u belongs to L*((0,1)x [0, T))NC([0, T); L*(0,1))
and satisfies

HﬁiuHm(QT) < CHhHHl—JQr—S(O’T)

and

sup I v < Olh||, 1ss
OStETH * HL2((071)— [ ”Hl%(

0,7)

where C > 0 is a constant independent of h.

Proof: We only need to prove it for s = 2. The cases where s € (0,2) can then be obtained
by interpolation, where we note that Hj(0,T) is an interpolation space for s # integer + 1/2
while for s = integer + 1/2, the corresponding interpolation space is the Lions-Magenes space
H$o(0,T) [59]. The proof for s > 2 is same as for s = 2.

Notice that the t-derivative of Wy(-)h satisfies the system (A7) with boundary condition
B'(t) and zero initial condition. Hence, by Proposition 6] there obtains

< C|W@)| .4 ) < Cla@l

3 .
H2(0,T HZ(0,T)

OWn(-)h
ot

L4((0,1)x[0,17)
But, bounds on one t-derivative of W (t)h give bounds on two x-derivatives of Wj,(¢)h. Thus,

the case for s = 2 is established. O

Remark 4.8 Notice that

[Wo )9l La(0,1)x0,1)) < Cll@llL2(0,1)

for any ¢ € L?(0,1) and, in addition, for the linear Schrédinger equation posed on the half-line,

We( )Pl pa@+:or®+)) < C||h\|Hi(R+)

for any h € Hi (RT), where (q,r) is an admissible pair satisfying %4— % = i. One thus wonders
whether the estimate (4.11) or ({{-13) can be improved. Example A-2 in the Appendiz shows that
if IWo(ORllz2q0,11x 10,1 < Cllbll s 0,77y for all h(t) € H*([0,T]), then it must be the case that
5> % Thus, the estimates in ({.11) and ({.13) are optimal.

4.2 The nonlinear problem

In this subsection, the full nonlinear IBVP

g + Uy + AululP72 =0, z € (0,1), t e RT,

(4.13)
u(x70) = (;5(1'), U(O,t) = hl(t)a u(lvt) = h2(t)
s+1
with ¢ € H®(0,1) and hy, hy € H,}
formulated and proved.

o2 (RT) is studied. A local well-posedness theorem is
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Theorem 4.9 Let3§p<oo,%<s<%and |s] <p—2,T>Oandr>Obegz'ven

There ezists a T* > 0 such that if (¢,h1,ha) € Xs7 = H®(0,1) X Jisn (0 T) x H (0 T)
satisfies h1(0) = ¢(0), h2(0) = ¢(1) and ||(¢, h1,ha)||x, < 7, the IBVP ({.13) admits a unique
solution u € C([0,T*]; H*(0,1)). Moreover, the solution u depends on (¢, hq, he) continuously in
the corresponding spaces.

Proof: We only consider the cases where % < s < 2. In addition, without loss of generality,
we assume that ¢(0) = h1(0) = 0 and ¢(1) = h2(0) = 0. For if not, we can homogenize the
boundary conditions by writing v = v + h1(0)(1 — x) + he(0)x = v + y(z). Then v satisfies
homogeneous compatibility conditions and the equation

s + Vgz + Mv + P2 (v +7) = 0.

As v is smooth and the direct estimates made of the nonlinear term, e.g. (4.I4]), are very simple,
theory for either u or v follows exactly the same lines.
For s > %, H?(0,1) is a Banach algebra. It follows that there is a constant C' = C; such that

10|10,y < Cllolegony: (4.14)

when s = 1, 2. Indeed, for any s with |s| < p—2, the chain rule for fractional derivatives implies
the same result.

For any 6§ with 0 < # < T and v € C([0,0]; H*(0,1)), Propositions and [A.7] imply that
the linear IBVP

g + Uge + A0|0[P72 =0, re€(0,1), t€R,
(4.15)
u(x,O) = ¢(l‘), U(O,t) = hl (t)v u(lvt) = h2(t) )

admits a unique solution u € C([0,0]; H*(0,1)). Moreover, there exists a constant C' > 0
independent of 6 such that

HUHC ([0,6];H4(0,1)) < C||(¢a h‘la h2)||/\2 rt CQH”HQ( 0,0];H5(0,1))"

Thus, for any given (¢, hi,hs) € X5 7, the IBVP ([@I5) defines a nonlinear map I" from Y; g :=
{w € C([0,0]; H*(0,1))} to Y5 9. A well understood argument, similar to the contraction map-
ping argument in Section 7 of [45] using the chain rule, now reveals that if # > 0 is chosen small
enough, there exists an M > 0 such that

T (vo)lleqo,01;15(0,1)) < M

and

1
IT (1) = L) leqoonms o) < 5llor = v2lloqos:ms o)
for any vg, v1, vy € C([0,6]; H*(0,1)) with
lvilleqo.esmsny <M,  j=0,1,2.

Hence, the map I' is a contraction whose unique fixed point is the desired solution u of (AI3]).
The proof is complete. O
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Next, we aim to show the well-posedness of the IBVP (@I3) in H*(0,1) for 0 < s < 3. To
this end, consider the integral equation

u(-,t) = Wo(t)d + Wiphy + (Wiyha)

t
+ i)\/ Wo(t — 1) <u(, 7)|u(-, 7')|p_2)d7', (4.16)
r—l-x 0

associated with the IBVP (&I3]).

Proposition 4.10 Let 0 < s < % and T > 0. Suppose r > 0 to be given and 3 < p < 4. There
exists a T* = T*(r) > 0 such that for any

(¢,h1,h2) € Xy 1
with ||[(¢, b1, h2)llx, » <7, ({-16) admits a unique solution
u € Y- := LY(0,1) x (0,7%)) N C([0, T"]; H*(0, 1))
which depends continuously on (¢, hq,hy) in the corresponding spaces.

Proof: Solving (4I6]) can be viewed as a problem of finding a fixed point of a nonlinear operator.
Consequently, the proposition follows using the argument that appears already in [16] along with
our Proposition for the boundary integrals. O

The solution u of (4.16]) given by Proposition [4.10is a mild solution of the IBVP ([d.13]). By
the same arguments as put forward already in the proofs of Propositions B.I8] and B.19] it is
deduced that the IBVP (£13]) admits at most one mild solution, thereby settling the validity of
the following theorem:.

Theorem 4.11 Under the conditions in Proposition [{.10, the IBVP (4.13) is unconditionally
locally well-posed in H*(0,1) for 0 < s < %

5 Global Well-Posedness

In this section, consideration is given to the issue of global well-posedness for both the problems,

g + Ugy + AululP72 =0, r € RT, teR,
(5.1)
u($7 0) = ¢($)7 U(O,t) = h(t)
and
g + Uy + AululP72 =0, r € (0,1), teR,
(5.2)

u(x70) = (;5(1'), u(07t) = hl(t)a u(lvt) = h2(t)

in H¥(R1) and H*(0, 1), respectively. Since the local well-posedness of both problems has been
established, global well-posedness will follow from suitable a-priori estimates.

First, recall that if u(x,t) is a smooth solution of the NLS equation

g + Ugy + )\u|u|p_2 =0,
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then the following identities

0

a(|u|2) = —2Im(uy(z, t)u(z,t))s, (5.3)
% <|ugc|2 - 2?)\|u|p> = 2Re (uz(z, t)ue(x, 1)), , (5.4)
<\ux(a:,t)\2 + %]u(m,t) ]p>m = —1 <%(uux) — (u(m,t)ut(x,t))x> (5.5)

were obtained in [30]. Multiply both sides of (5.5)) by a smooth, time-independent function n(x)
and write
ully = u(—itigy — iNG|u|P?) = —i((ulig )y — Upliy + NulP)

to derive the formula

o) (ol + Dpute ) = =i (Grn(a)un)) + i),

By choosing appropriate functions 7(x), one can obtain various pointwise estimates of u(x,t).
In particular, for any given interval [a, b], choose n(z) € C*°(R) such that n = 1 for x < a and
n =0 for x > b with |n(z)] < 1 for all z. Integrating (5.6]) from a to b with respect to z and
integrating by parts yields

b
s = Zuta, P = [ @ (|ux<:c,t>|2 T %uu,mp) dn

0

=i ([ e ) =i (starutou0.0) + [ (o) + el = nful)

If v = uy, then v satisfies the equation
iy + vae + (Ap/2)|ulP"?0 + (Ap - 2)/2)|ufP " u?s =0, (5.7)

which is linear in terms of v. Similar identities as (5.3])-(5.6) hold for v;

%(\0\2) = —2Im(vx(m,t)17(a;,t))x —Ap — 2)]u\p_4 Im(u2®2) , (5.8)
%’%\2 = 2Re (vy (2, )T (2, 1)), + Im(Aplu[P~2v0,,) + Im(A(p — 2)[u[P~*u?00,,),  (5.9)
(\Ux(a;,t)ﬁ)x =—iq (%(’U'Ux) - (U(x,t)vt(x,t))x>

= Ap/2)[ulP"?(j0]*)e — Ap — 2)[ulP~* Re(u’v7;,) . (5.10)

These identities will play a role in our study of global well-posedness. The quarter-plane
IBVP (51) will be considered next while the IBVP (5.2]) will be dealt with in Subsection 5.2.
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5.1 Global well-posedness on R™

Proposition 5.1 Assume thatp > 2 if A <0 and 2 < p <4 if X\ > 0. Let T > 0 be given.
Then there exists a nondecreasing, continuous function o : Rt — RT with a(0) = 0 such that
any smooth solution u of [G.1l) satisfies

sup ||u(-,t <« + ||h . 5.11
5 4 Ollm sy < @19l e+ IRllmom) (5.11)

Here o also depends upon T and other constants and is bounded for any T > 0.

Remark 5.2 The calculations to follow can easily be justified for solutions that are in H?(RT)
in space with boundary traces that are continuous functions of time. Note that this result does
not depend upon how the solution is obtained, but simply asserts a priori information that it
must obey.

Proof: First, integrate (5.6)) with 7 = 1 from 0 to ¢ to obtain
oot
— —/ |u(0, s)[Pds + z/ u(0, s)ut (0, s)ds
0 P Jo

t 0o t
/ |uz (0, 5)2ds =i </ uuxdx>
0 0 0

i ( /O u(m,t)ux(x,t)da:> i ( /0 h u(x,O)ux(x,O)da;> +Cu(t)

i ( /O " )iz, t)d:v) Vet Cit)

< </0°O yu(x,t),zdg;> v (/Ooo \ux(a;,t)\2dx> P aran. (12

where ¢; is dependent on the initial data and C7(t) is dependent on the boundary data with
C1(0) = 0. It follows from (5.3)) that

oou:z: 2dz = oou:z: 2dx m tu s)u(0,s))as
| e = [ u0Pde + 21m [ (0,50,

<crv2( [ hal0Pds [ o)) "

—er+20i0) [ w0900 ) "

<o 20,0 (( [t pae) ([Tt opar) o 01@))
<o+ 20101 (( [ tuta ) " ([ ustotya) . cl<t>>1/2>

<ep + 201 (8) (e + CL(#)Y? + i/ lu(z,t)|>dx
0

4 Z <2C1(t) ( /O h \ux(x,t)Ide>l/4>

1/2

4/3
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A direct consequence is the inequality

1/3

/OOO lu(z, £)2dz < %(cl 1201 () (er + CL (1)) + (201 (1) </OOO Ium(x,t)|2dx>

00 1/3
=Dy + (20 (t))¥? < /O ]ux(x,t)]2dx> (5.13)

where D; is a constant depending on both the initial and boundary data.
If A\ < 0, integrating both sides of (5.4]) in = over R* and ¢ over [0, ] yields

o0 2\ [° o0 2\
[P =2 [T uopae+ [ <|um<$,o>|2_?|u<$,o)|p> dz
0 0

0
t

—2Re/ U, (0, s)us(0, s)ds .
0

The right-hand side of this equation may be bounded thusly (note that the first term is negative
and the second term only depends on initial data):

t ¢ t
rhs <c¢; + / |uz (0, 5)|ds +/ |us(0, 5)|*ds = Dy + / uz (0, 5)|ds
0 0 0

<D+ (/OOO |u(m,t)|2d:1:> v </0°O |ux(:n,t)|2dx>l/2 bt Cilt)
<Dy +c+Ci(t) + <D1 + (20y()"? (/OOO \ux(w,t)\zd»”ﬂ)l/g) " </OOO !ux(%t)!Qdm) 1/2

<Dyt Gilt) + <Di/2 +ar0) ([ usto ) 1/6) ([ |ux<x,t>|2dx>l/2

<Dy + 1+ CL(t) + DY fug () 12 + (201 (1) fua (- )25,

where ¢; again depends only on the initial data and D; depends on initial and boundary data.
Here, 2ab < a® 4 b? is used for the first inequality, (5.12)) is applied for the second inequality,
the third inequality is from (5.13), and the fourth inequality uses the inequality (a + b)'/? <
a'/24b'/2. Hence, over any finite time interval, ||uy (-, t)]| 2 (r+) is uniformly bounded. Appealing
to (B.13]) again reveals that [lu(-,)[|z2(r+) is also bounded for any bounded time interval.

If A > 0, equation (B.4]) implies
& 20\ [ o0 2\
[ ateopas =2 [T opds s [7 (e - o)) do
0 P Jo 0 p

t
—2Re/ U, (0, s)us(0, s)ds
0
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+ (/Ooo IU(x,t)Pda:) v </OOO \Ux(l’at)\zdx)m +c1 4+ Ci(t)

s 4\ _ 00 1/3
<D+a+Cilt) + (0l " (Dl+(2cl<t>)4/3(/ \um,t)\?dx) )
0
1/2

+ <D1 + (2C4 (t))4/3 </OOO |Um(l‘,t)|2d$> 1/3) </Ooo |ux($’t)|2d$> 1/2

(p+6)/4
u”%(, )22 <D<p+2>/
0 (p+2)/12
T (20, ()3 ( / |ux<a:,t>|2dx) )
0

+ (D}/Z + (201(1))** (/OOO \ux(a:,t)\de>l/6> </0°° ]ux(x,t)]2da:> v

9(p+6)/4 (2C1 (t))(P+2)/3

(p+2)/4

<D+ +COy(t) +

=D+e+Ci()+ g (-, )29~/

p
2(p+6)/4 ) D§p+2)/4

e (1% 272 4 DY g ()| 2 + (2C1 ()% |Jua (- 1)35

b

where the first inequality is derived from the fact that H'(R) is embedded in L>(R). The second
and third steps in the last chain of inequalities follow from (5.12]) and (5.13]) whilst the last step
is a consequence of the elementary fact that if a,b > 0, then (a + b)™ < 2™~1(a™ + ™) when

m > 1. When p < 4, 2(p — 1)/3 < 2, so, for any finite time interval, ||uy(-,t)|z2 is uniformly

bounded. It follows again from (5.I3]) that ||u(-, )|z is likewise bounded on bounded time
intervals.

Suppose p = 4 and let § > 0 be given, to be specified presently. Then it follows that
(1= 2722C3®)) s, )12 < o+ 1 + Cu(e) + 272007 fua (- 1) 2
1/2 4/3
+ Dyl (-, 8) |12 + (2Co () ua (-, 1) 15
4/3
= D1+ Daflus (- )22 + Dl )11

1 Ds 2
<Dyt Bl 0l + 208+ 5 (22) + 28 a0,

Determine § by demanding 253/ 2 = L 50 that

\ D
(3- 25/2Acg<t>> ol O < D1+ 208+ 3 53> |

where the right-hand side only depends on the initial and boundary data. Since C’g(t) =

fot [u(0, s)|?ds, choose t; small so that 2%/2AC2(t;) < 1/4. With such a choice, if 0 < t < t#,
then

D
o013 <200+ 403+ 2 (25)

Use the solution at t = ¢; as the initial data and apply the same argument to extend the solution
to ta > t;. Since s > 1 here, the boundary values lie at least in H. (R'). Hence, given any
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T > 0, there are positive values p = pu(T), say, such that [} " 1u(0, 5)[2ds can be made uniformly
small for all ¢ € [0,T]. Hence, the argument just presented can be iterated at least out to time
T. As T was arbitrary, the proof is complete. O

Theorem 5.3 Let1 <s < g be given and assume that

p>2 if A<0 or 2<p<4 if A>0.

s+3

Then, the IBVP (51) is globally well-posed in H*(RT) for ¢ € H*(R™) with h € H, * (R™) if

loc
2s5+1

1<s<2andheH, (R")if2<s<3.

Proof: In (51, assume that ¢(z) € H2(R") and h(t) € H%(O,T) satisfy the compatibility
condition ¢(0) = h(0). Proposition 5.1l implies the global existence of the solution u which lies
in C([0,T], HY(RT)), for any T > 0. Let T > 0 be fixed, but arbitrary. To prove the existence
in C([0,T], H?(R™T)), take the derivative of (5.I]) with respect to ¢ to obtain (5.7]) where v = u;.
The initial and boundary conditions for v are

0(2,0) = i(¢rr + MBS ) = $1(2), v(0,8) = W (t) = I (t).
Note that (5.7) is linear in terms of v. Let v = w + z be such that z satisfies
izt + 202 =0, 2(z,0) =0, 2(0,t) = hy(t)
and w solves

Wt weg + (Ap/2)ulP 2 (w + 2) + (A(p — 2)/2)Julf " uP(w +2) = 0,
w(z,0) = ¢1(x),  w(0,t) =0.

From B.2I]), for s = 0 and any T > 0,

su z = su Wear ()R <C h
0<thll 22 (r) O<£T|| br ()P | L2 (m) (D) 1||H4(R+

A similar identity as appears in (B.8]) applied to w gives

§t(|w| ) = —2Im(wy(z,t)w(z, t)) — MplulP2 Im(2@) — M(p — 2)|ulP~™? Im(u2(w + 2)w) .

Integrating this over the half line yields

d
i ), " wlda <IApllullf g 121 2@y 1wl L2 ey
+ N = Dllulfn e (ol ey + lzll2 @ lloll @),

or, what is the same,

d
2 lwlz2@ey </2IMPlulfnes) 2l 2@y
+ (1/2)|A(p = 2)|Jullf ) (lwllz@s) + 12l 2es))-
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This in turn implies by way of Gronwall’s Lemma that [|w(-,t)[|c(o,r);z2(r+) is bounded. The
inequality (B.IT) in BT implies that [Jul|c(po, 7} z1@+)) is bounded by ag (6]l g1 (r+) + 12l a2 0.1))
for some function ay. By combining the foregoing inequalities, there obtains

sup [[o(-, )]l r2(r+) < a0 (0l r+) + 12l 0.1)) <||¢1HL2(R+) + thHH%(o T)) ,

0<t<T
where o : Rt — R* with a(0) = 0 is a nondecreasing, continuous function which may depend
upon 7" as well. Thus, (5.1]) implies

TT ’7t S h h )
5 e, Ollzesy < 00 (10l ey + Il o) (Wl + 3. )

or

-t < h h .
5 [l Ollzasy < 0o (Iollmcesy + lan o:m) (I0lmecasy + 1l )

By the local existence theory presented in Section 4 subject to the compatibility condition
#(0) = h(0) (see Proposition B3] and Remark B.14]), nonlinear interpolation theory applied for
s in the range 1 < s < 2 yields the desired result for this range of s Ep(for details, see [13] in the
context of the Korteweg-de Vries equation). As T' > 0 was arbitrary, this in turn implies that
the theorem holds for 1 < s < 2.

Now suppose that 2 < s < 4. First, assume ¢(z) € H*(R') and h € H%(O,T). Take the
derivative of (5.7]) with respect to t and let v; = v = uy. Then, the equation for vy is linear in
v1 with nonhomogeneous terms that are globally defined. The initial and boundary conditions
for v; are

vi(x,0) = i} +i(Ap/2)|¢lp1 + i(A(p — 2)/2) |9l d*d1 = ¢a(x) € L*(RY),
01(0,8) = W'(t) = Ky (t) = ho(t) € H1(0,T).

A similar argument as that applied to v(x,t) = w(z,t) shows that supgr [[v1(- 1) L2 m+)
is bounded for any 7" > 0. Therefore, supycicr [[v(-,t)[| g2+ is bounded. Now, consider
u in (57) as a fixed function in C([0,7]; H'(R")) and ¢;(x), hi(t) as functions unrelated to
#(x), h(x). Then, by the above argument, if ¢1(x) € L2(R*), hi(t) € H%(RJF), then v(z,t) €
C([0,T]; L*(R*)), while if ¢y (z) € H2(RT), hy(t) € H1(RT), then v(z,t) € C([0,T]; H*(RY)).
This uses only the simple compatibility condition ¢1(0) = h1(0). The usual nonlinear interpo-
lation theory applied to v with s in the range 0 < s < 2 gives the desired result for v with
0 < s < 2. This immediately implies the advertised result for v with 2 < s < 4. If p is an even
integer or p is large, this argument can be continued for higher values of s (see a similar and
detailed argument for the KdV equation in a quarter plane [§]). O

4 Here, the following interpolation result has been used. Its proof is presented in Appendix 2. Let
Xo={(0.h) e H' &) x HI®); 90=h(0)}, YV i={(6,n) € H*®") x HI®Y); 6(0=h(0)}.
Then, for any 6 with 0 <0 <1,

2043

X, Yo = {(6,h) € H**/(R) x BT (0,T); ¢(0) = h(0) }
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5.2 Global well-posedness on (0,1)

Proposition 5.4 Assume that p > 2 if A <0 and 2 < p < % if A > 0. Let T > 0 be given.
Then there exists a nondecreasing continuous function B : RT™ — RT with 3(0) = 0 such that
any smooth solution u of [5.3) satisfies

sup |ju(-,t < + ||k + 1R .
Ogth”( )HHl(O,l) /8<”¢HH1(0,1) I 1HH1(07T) I 2HH1(O,T))

Proof: Let n(xz) =z — (1/2) in (5.6]) and integrate with respect to = from 0 to 1 to obtain

1 2\ 2\
L (|um<1,t>|2 + 2Ll + (0.0 + ;|u<o,t>|f°)

2
(Y (d _ . _ _
= —Z/O (E((x — (1/2))uuw)> dzx +i(1/2)(u(1,t)u (1,t) + u(0,t)u(0,t))

1
— (u(1,t)uy(1,t) — u(0,t)u,(0,1)) +/0 (2|ugc(:13,75)|2 — A1 — (2/p))|u(z,t)P) dz. (5.14)

In the following, we again use D as a constant dependent on the initial and boundary data, ¢
as a constant only dependent on the initial data and C(¢) as a constant only dependent on the
boundary data, while C'is just a fixed constant, independent of the initial and boundary data.
Integrate (5.14) with respect to ¢t from 0 to ¢ to derive

t t 1
/ (lua (1, 8)[* + [u(0, 5)[*) ds = Do + 2/ / (2fus (2, 5)[% = A(1 = (2/p))[u(x, s)[P) deds
0 0 Jo
1 t
- 22/0 ((x — (1/2))u(z, t)ty (2, t))dx — 2/0 <u(1, $)tg (1, s) — u(0, s)uy (0, s))ds. (5.15)

Consider the cases A > 0 and A < 0 separately.
(a) A<0
For this case, (5.10]) gives
t t ol
/ (luz(1,8)[* + uz (0, 5)|*) ds < Do + C/ / (Jug(z, 8)[* + |u(w, 8)|P) deds
0 0o Jo

+ /01 |u(z, t)a,(x,t))| de + 2 /Ot ‘u(l, $)tg (1, 8) — u(0, s)u, (0, s)‘ds

<D, +0/0t/01 (Jualz, ) + u(z, )|?) deds
+ </01 |u(:n,t)|2dx> v </01 |um(:17,t)|2d:1:>

which implies

1/2

1 ! 2 2
3 | (e19)P + ue(0.9)) .

t t 1
2 2 2 P duds
/0 (o (L, 9)? + g 0, 9) )ds§2D1+20/0 /0 (Jualz, ) + uz, )PP) dzd

12 </01 \u(az,t)\2dx>l/2 </01 \ux(a:,t)\2dx>l/2
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We use techniques that are by now familiar to obtain from (5.3) that
1 1 t
/ lu(z, t)Pdz = / lu(z, 0)[2dz — 21m/ (s (1, 8)0(1, 8) — 11z (0, $)(0, 5))ds
0 0 0
1 t 1/2 t
< [utwopas 2 ([ (uf + 0P ds) ([ (007 fu0.9R) ds)
0 0 0

t e
< ¢o +2Co(?) <2D1 + 20/ / (Juz(z, 8)[* + |u(z, 5)|P) dxds
0 Jo

12 </01 \u(a:,t)\zdx>l/2 </01 \ux(a:,t)\2da:> 1/2>1/2

<o+ 2030 (D4 ( [ [ (o + e ) s )

4 </01 yu(x,t)y2dx> . </01 ]ux(x,t)lzda:> 1/4>

1 1 1/4
< Dy + (1/4)/O lu(z,t)|>dz + (3/4) <2\/§C’o(t) (/0 |um(:17,t)|2d:17> )

1/2

4/3

+ 2V/2C)(t) (C /Ot/ol (Jug(z, 8)[* + |u(z, 5)|P) dmds) 1/2,

or

1 1 1/3
/0 ]u(m,t)]zda: < D3 + 4C81/3(t) </0 \ux(a;,t)\2da;>

+4Cy(t) <C /Ot /01 (Jug(z, 8)[* + |u(=, s)|P) dmds) v :

To obtain an estimate for u, for the case A < 0, integrate (5.4]) with respect to x and ¢ to
reach

/o1 <‘“x(“’=t)‘2 + %wu,w) dx < /01 (!ux(sc,o)!2 + %M@O)’p) dx

/
0

t t
gm+/ﬁ%m$&u+/hmmw%s
0 0

uz (1, 8)us(1,s) — ug (0, s)us(0, s)‘ds

t ol
< Dy+2D; + 2C/ / (Juz(z, 8)[* + |u(w, 8)|P) dxds
0 Jo

42 </01 |u(:17,t)|2dx> v </01 |ux(:17,t)|2d:1:> v

t ol
< Dy+2D; + 20/ / (Juz(z, 8)[* + |u(z, )|P) dzds
o Jo

1 1/3
+2 <D3 +4C3 () (/ g (2, t)\2da:>
0
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+4CH(#) <c /Ot/o1 (Jualz, )2 + Julz, 5)|P) da:ds) 1/2>1/2 </01 ]ux(x,t)]2da:> v

t 1
< D5+ 20/ / (Jug(z, 8)[* + |u(, 8)|P) dzds
0 Jo

1 1/2 1
42Dl (/ |ux(:n,t)|2dx> +4c2B ) (/ |um(x,t)|2d:v>
0 0

c2c0) (¢ [ [ Quate -+ ) asis) ([ o oPas)

1 1 t 1
< D¢ + 3 / lug (z,t)|*dx + 30/ / (Jug (2, )2 + u(, s)|P) dxds
0 0o Jo

where use has been made of Young’s inequality. It follows that

/01 <|um(x,t)|2 + |u(m,t)|p>dx < D7+ c/ot /01 <|ux(:17,s)|2 + |u(x,s)|p)d:ﬂds.

for suitable constants. Gronwall’s lemma then provides a global bound on the solution « in
HY(0,1).

(b) A>0
From (5.15]) with p > 2, it happens that
t t rl
U $)|? + |uz (0, 5)|%) ds — u(x, s)|Pdxds
[ et 0. ds [ [ 00 = /o) fute.s) P
t pl 1
= ug(z, s)|*deds — 2i T — w(x,t)uy (T T
= Do+t [ [ huste ) Pdads =2 [ (@ (1/2)u(e. 00 )
- 2/0 <u(1,s)ﬂx(1,s) —u(0, s)u, (0, s))ds

t pl 1 1/2 1 1/2
§D1+C’// |ux(:1:,s)|2dxds+</ |u(:n,t)|2dx> (/ |ux(:1:,t)|2dx>
0 JO 0 0

1 ! 2 2
5 [ (0P + a0, 907 .

2/3

which implies

t t 1
/ (Juz(1,8)]* + |ux(0,8)[?) ds < 2Dy + 2C/ / ug (2, 8)|*deds
0 0 Jo

2 </01 ]u(m,t)]Qda;> v </01 ]ux(x,t)]2dx> "

By the same argument as in the case with A < 0, it is seen that

/Ol\u(a;,t)\zdx < Dy + 403 </01\ux(x,t)]2dx> +4CH(t) <c/0t/01 ]ux(x,s)deds) v

The estimate for [[uz||1(0,1) can be obtained from (5.4)) as follows:

1 9 1 1 9
/ ]ux(x,t)lzda: = —/\/ |u(z, t)[Pdx +/ <]ux(x,0)]2 — —)\]u(x,O)]p> dx
0 P Jo 0 p

1/3
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t
+2Re/ (ug(1,s)us(1,s) — uy (0, 8)us(0,s)) ds
0
4\ (r-2)/2 1 t t
<2 (e Dllaelhs - 0lzz) [ e Pz it [t Pas+ [ puego.s) s

AN 1 1/3
§D4—|—?Hux(, )% [D3+4C§/3(t) (/0 ]ux(x,t)]2da:>

1/2 7 (p+2)/4 t rl
+4C)(t ( // |uml‘8|d$d8> ] +2D1+20// lug (z, 5)|2dxds
0o Jo
1/2 1/2
+2</ |u(m,t)|2d:1:> (/ |ux(x,t)|2dx>
0 0

AN 1 1/3
§D4—|—?Hux(, )% [D3+4C§/3(t) (/0 ]ux(x,t)]2da:>

1/29 (p+2)/4
+4Cy(t ( // |uml‘8|d$d8> ]

1 1/3
+2D1+20// |u$(:n,s)|2dxds+2[D3—1—4061/3(15) (/ |um(:17,t)|2d:1:>
0

1/291/2 1 1/2
+4Cy(t < // |uz (2, s)] da:ds) ] </ ]ux(a:,t)\zda:>
0

1 1/3 (p+2)/4
gD4+0||ux<,>\|<“/2[D<p+2’/ (405*/3@) (/ |uz<x,t>|2dx) )
0

1/2\ (P+2)/4
(400 (//|umxs|dxds> > }

1 1/6
+ 2D, +2C/ / lug(z, 5)| dxds+2[Dl/2+2C02/3(t) </ \ux(x,t)]2dx>
0

1/4 1 1/2
4—201/2 < / / lug(x, s)| dxds) } (/ |ux(x,t)|2dx>
0

2 2 2)/3 2 1
< Dy + Dgllug (- 1)| %272 + COF (8 |fug (-, )29
+2C// |ug (2, 5)|?dxds

+Ca(t)Jua (- )] (/ / (2, )| dxds)

1/4
+ Dallua(, )l 2 + Col®) (- ) [ + C(8) (- ) 12 < /0 /0 '“Z“’S)'zdw) '
(5.16)

(p+2)/

For 2 < p < 2% Young’s inequality ab < (1/m)a™ + (1/n)b"™ with m~" + n~! = 1 leads from

(E16) to
1 t ol
/\ux(a;,t)\2da;§Dg+Dg// |z (2, 8)|*dxds
0 0 Jo

which, by Gronwall’s lemma, gives a uniform bound for fol |ug (z,t)|*dz on the interval 0 < t < T
As the time T is arbitrary, the proof is complete. O
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Using the same argument as that for proving Theorem [£.3] leads to the following global
well-posedness result.

Theorem 5.5 Assume that
p>3 if A<0 or 3§p§13—0 if A>0

and let 1 < s < 5/2 be given. Then the IBVP (5.2) is globally well-posed in H*(0,1) with

s+1

¢ € H%(0,1) and hy, hy € le (RT) subject to the compatibility conditions on ¢,hy and hs.

6 Appendices

6.1 Appendix 1

The following Lemma is used to obtain an estimate in the proof of Proposition Lemma

A-1: Let 9 be an even, non-negative, C* cut-off function with supp(¢) C [—1,1] and with
P(z) =1 for |z| < 1. Suppose also that 1) is strictly decreasing on [$, 1]. There exists a constant

1
C > 0 such that for any g € HZ(R™),

2 0o
2
gc/o (i + DI () Py

— Y(n? = pi?))dp

where f is the Fourier transform of the extension by zero of g to all of R.

Proof: Write

0o 2

— (1= 9(n® = p?))dp

1 </0 _ +/:1+ /:) Fw3 in(l—wnz—ﬁ))dﬂ

2

Sll—l—IQ—l—Ig.

Since the estimates for I1 and I3 are similar, we only study I3. Let a;, 8 > 0 so the Cauchy-
Schwartz inequality implies that

Ig—

P(n® — p?) du

|2 2a 00 1
< du / .
Z /+1 I —n|?= [ —n|228 1 [ — n|P e

If 2ac 4+ 25 > 1, then

_ _d
/n+1 I — nPB/ﬂ“ ' '( /sm > I — nPB/ﬂ“ '

1 > 1
<C </ ———dpu +/ —du> < Cnp'20728 <
n+1 |:u - n|25n2a 3n :u2a+2ﬁ
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where C is independent of n. It thus transpires that if 2 — 28 > 1, then

I<Ci/°° ke C/ 1 ]
s n+1<|u—n|+1“ﬂ“ (Iu n|+ 1228

< C/ 22 dp.

Choosing a = % and, say, 8 = % yields the advertised bound.

To study I3, note that in the integrals, the integrand vanishes unless y > /n? +1/2 or
0 < u < y/n?—1/2. Consequently, it must be the case that

(L YR )
ne S ([ L)

n=1
0 n+1 n+1
24 —n|7%d
é;(/mlf(u)l u/mlu n|"“du
ATy o !u—n!‘2du>
0 n+1 ) n ) )
<cy ( [ sl [ aloPan
0 n+1 ) n ) >
éC;Un ] f ()] du+/n_l(u+1)\f(u)! du
<C i (p+ D)If () Pdpe

The lemma is proved. O

The following example shows the optimality of the assumption h € H'/2(0,T) in @II) and
(£I12). This result then implies that the assumptions on (hy, hs) in Theorem [[2 are optimal.
Example A-2: Notice that if (4I1]) or (4.I2) holds, then

lurllzz @y = lurll2(o,0x ©0,1) < CT||hHH7 1)’

where we recall for the reader’s convenience that

o0 t
up = Z2inﬂe_i(”“)2t/ ei(”“)zTh(T)deinnﬂx
0

o t
_ Z nﬂ_e—i(nw)zt—l—inwx/ ei(rwr)zTh(T)dT

0

n=—oo

(see (AI0Q)). Assume that h(t) has the Fourier series expansion

o0 27

. ) )
h(t) = Z e ™ Mgy with ak:/o ekt (t)dt .

k=—o00
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It follows that

§ : nie —i(nm) t+m7rm/ § :ez(n —k)m ade

n=—oo

ei(n2—k)7r2t -1 o ) 0.
_ Z nﬂ_e—z(nw) t+inmz Z T ar | + Z nﬂ.e—i(nw) t+zn7r:ctan2
n p—

n=-—oo k#n? n=-—oo

0 ] e—ki7r2t _ e—in27r2t 0 ) .
— § : nreinTe § : ap | + § : nﬂ_e—z(nw) t+inTey,
n?—k "

n=—oo

0 ] e—ki7r2t i~ ()2 ag
_ mmnx —i1(nm mnmnTT _
(e s ) (8 e .
n=-00 k#n? n=-00 k#n?
Choose h(t) so that
2

Then, the last formula condenses to

—kz7r t

0o
: _ )2

Z nrenTe § : ak+ Z g i(nm)*t+inmx § : .

k‘—n

n=-00 k;énQ n=-00 k#n?

inmtx—ikn?t and ei(mrm—(mr)z)t

As k # n?, the exponentials e are orthogonal, whence

H“hHi2((o,1)x(o,§)) = Z Z n*n’ )2 + Z (nm)? kiknz

Nn=—00 k=#£n?2
o0
2_2 2
> E ne Ty,
n=—oo

the latter inequality obtained by only considering the terms where k = n? + 1.
If there were a constant C' such that for all h € H* (0, 2) , ”Uh”i 2((0,1)%(0,2)) < CHhH 1o (0,2)’

then it would follow that a > % Suppose instead that there is a constant C' such that

||Uh||L2(01)( ))<C'Hh||2 o(0,.2) for some o with 0 < @ < 3.

Define the function h by its Fourier series, viz.

Z —7r i(n2+1)t
\n\ﬁ '

n#0
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For h to lie in H® (0 ) we need

(n?2 + 1) 2
n|#

D

n#0

< 400,

or 28 —4a > 1 which implies that 8 > 2a + 3 1 But, for this h,

”uhHL2((01 Z nn? |n|25 Z n[28-2 "
n=-—00 n=—00, n#0

Since a < %, [ can be chosen so that 2« + % < B < % For such a value of 3, it is clear that

1
Z |n|25—2 = Too.

The partial sums

lie in C'*° and therefore, according to our hypothesis,
”uhk”LQ((O 1)%(0,2)) < C”hk”Ha .

But, as k — oo, the right side of the last inequality is bounded while the left side tends to oo,
which is a contradiction. Hence, we must have a > %

6.2 Appendix 2

Let
X ={(¢.h) € H'®R") x HI®?): 6(0) = h(0) },

= {(o,n) e F*®*) x HIR); 6(0) = h(0) },
and , ]
X*=H'R"Y) x Hi(RT), Y*=H?*R")x Hi(R").
While it is well-known (cf. [59]) that for any 6 with 0 < 6 <1,

0
(X", Y]y = H'O(RY) x HYS (RY),

however, as pointed out by an anonymous referee, it seems that no rigorous proof can be found

in literature for the interpolation result
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X, Y]y = {(6,h) € H¥/RY) x HS(RY); 6(0) = h(0)} (6.1)

used in our analysis. It is mentioned (in a much more general setting) as “most likely” true
in the book of Lions-Magenes [60] (Chapter 4, Section 14, remark after Theorem 14.1). The
following short proof of (6.I) was suggested by the referee.
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First, it is claimed that there exists a bounded linear “lifting” operator L from the space

2s+3

Zy = {(¢, h) € H'(RT) x HST (RT);  6(0) = h(o)}

s s+2
to HV2 5 (RT x RT) := L2(RT; HST2(RT) N H,? (RT;L2(R*)) for 0 < s < 1 such that

w=L(¢p,h) € Ho+255 (RT x R™) for any (¢, h) € Zs and

w(z,0) = ¢(x), w(0,t) = h(t).

Then
ToL=1

where I denotes the identity operator and T is the trace operator defined by
T: HP2°2 (RT x RY) — Z,, Tw = (w(z,0),w(0,t)).
One has ([60] Proposition 2.1, Chapter 4)

H2L(R* x R+),H3’%(R+ % RJF)L _ H2+9,1+3(R+ x RT)

for 0 < 6 < 1. Consequently, [X,Y]y can be identified with T <H2+9’1+g(R+ X R+)) which is
exactly Zy.
It remains to prove the existence of the lifting operator

L:Zs— HP21F3(RT x RY)

for 0 < s < 1. To this end, consider the following IBVP

{ut = Upp, «€RT, tcRT, (6.2)

uw(z,0) = ¢(z), u(0,t)=h(t), zeRT teRt,
for the heat equation, where ¢ € HS*L(R*), h(t) € H 1 (R*) with 0 < s < 1 and $(0) = h(0).
The existence of the solution u(z,t) € H*t>'+3 (R x RY) for (6.2) is established in Theorems
6.1 and 6.2 in Chapter 4 of [60]. Therefore, given s with 0 < s < 1 and (¢, h) € Z,, we may
define the lifting operator L by
L(g,h) =1,

where u is the solution of the IBVP (6.2]).
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