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GLOBAL STRICHARTZ ESTIMATES FOR THE
SCHRODINGER EQUATION WITH NON ZERO
BOUNDARY CONDITIONS AND APPLICATIONS

by Corentin AUDIARD (*)

ABSTRACT. — We consider the Schrédinger equation on a half space in any
dimension with a class of nonhomogeneous boundary conditions including Dirichlet,
Neuman and the so-called transparent boundary conditions. Building upon recent
local in time Strichartz estimates (for Dirichlet boundary conditions), we obtain
global Strichartz estimates for initial data in H®,0 < s < 2 and boundary data in
a natural space HS. For s > 1/2, the issue of compatibility conditions requires a
thorough analysis of the H?° space. As an application we solve nonlinear Schrédinger
equations and construct global asymptotically linear solutions for small data. A
discussion is included on the appropriate notion of scattering in this framework,
and the optimality of the H° space.

RESUME. —  On considére I’équation de Schrédinger sur le demi espace en
dimension arbitraire pour une classe de conditions au bord non homogenes, incluant
les conditions de Dirichlet, Neumann, et « transparentes ». Le principal résultat
consiste en des estimations de Strichartz globales pour des données initiales H*,
0 < s < 2 et des données au bord dans un espace naturel H*, il améliore les
estimées de Strichartz locales en temps obtenues récemment par d’autres auteurs
dans le cas des conditions de Dirichlet. Pour s > 1/2, la définition des conditions de
compatibilité requiert une étude précise des espaces H®. En application, on résout
des équations de Schrodinger non linéaires, et on construit des solutions dispersives
globales si les données sont petites. On discute également le sens précis donné a
« solution dispersive », ainsi que la question de 'optimalité de ’espace H?®.
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32 Corentin AUDIARD

1. Introduction

We consider the initial boundary value problem (IBVP) for the Schrod-
inger equation on a half space

1O+ Au = f,
(1.1) uli—o = uo, (z,y,t) € R x RT x R,
B(uly=o, 5yu\y:0) =9,
where the notation R; emphasizes the time variable. B is defined as follows:
we denote £ the Fourier-Laplace transform on R4~! x R}

g— Lg&, )= / / e T g (g, t)dardt,
0 Jri-1
(¢,7) € R x {2 € C: Re(z) > 0},
and B satisfies

£(B((l, b)) = bl (57 T)C(a‘) + b2(§7 T)E(b)v
with by, by smooth on Re(7) > 0 and
VY A>0, bi(AEN2T) = b1(6,7), ba(NE,N2T) = A thy(€, 7).

This kind of boundary conditions was considered by the author [3] for
a large class of dispersive equations on the half space. They are natural
considering the homogeneity of the equation, they include Dirichlet (b = 1,
by = 0) and Neuman boundary conditions (b = 0, by = (|¢|? —iT) /2,
Section 3 for the choice of the square root), but also the important case
of transparent boundary conditions (b; = 1, by = —(|¢|?> — i7)~/?). The
label transparent comes from the fact that the solution of the homogeneous
IBVP with transparent boundary conditions coincides on y > 0 with the
solution of the Cauchy problem that has for initial value the function wug
extended by 0 for y < 0 (for motivation and more details see [1]).

Our aim here is to prove the well-posedness of the IBVP under natural
assumptions on B detailed in Section 3, and prove that the solutions satisfy
Strichartz estimates.

Let us recall that the linear, pure Cauchy problem on R¢ can be solved
by elementary Semi—%roup arguments, and its fundamental solution is ex-
plicitly given by %, an immediate consequence being the dispersion
itA

see

estimate ||e”®ug||p~ < |luol|z1/t%2. A more delicate, but essential conse-
quence are Strichartz estimates:

d

2 d )
(1.2) for p > 2, v + P e A uol| Lo (g, aray S [luoll L2 @a)-

|
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GLOBAL STRICHARTZ ESTIMATES 33

Such estimates are a key tool for the analysis of nonlinear Schrédinger
equations (NLS) (see the reference book [13]). Any pair (p, ¢) that satisfies
the identity above is called admissible. In the limit case p* = 2,q¢* =
2d/(d — 2), in view of the critical Sobolev embedding H* < L%* such
estimates correspond (scaling wise) to a gain of one derivative. It is easily
seen that (1.2) remains true if R; is replaced by [0,7], and by Holder’s
inequality, the estimate is true on [0, 7] for ¢ > 2,2/p+d/q > d/2. For such
indices it is usually called a Strichartz estimate with “loss of derivatives”.

The study of the IBVP is significantly more difficult even for homoge-
neous Dirichlet boundary conditions: the existence of dispersion estimates
remained essentially open until very recently (see the announcement [19]),
and it is now well understood that Strichartz estimates strongly depend on
the geometry of the domain. One of the first breakthroughs on the analysis
of Strichartz estimates for the homogeneous BVP was due to Burq, Gérard
and Tzvetkov [11], who proved that if the domain is non trapping™™ and
Ap is the Dirichlet Laplacian

1, d_d

forp>2, —+-= HeitAD
p q 2

uollzrre S Jluollzz,

this corresponds to Strichartz estimates with loss of 1/2 derivative. Nu-
merous improvements have been obtained since [2, 7], up to Strichartz es-
timates without loss of derivatives [7, 18], and their usual consequences for
semilinear problems. Very recently, Killip, Visan and Zhang [21] shrinked
even more the gap between the IVP and the IBVP by proving the global
well-posedness of the quintic defocusing Schrédinger equation posed on the
exterior of a convex compact set, while the same result for the Cauchy
problem (see [14]) was a major achievement.

Less results are available for nonhomogeneous boundary value problems,
although the theory in dimension 1 made very significant progresses. Ac-
tually, even in the simplest settings of a half space the two following fun-
damental questions have not received completely satisfying answers yet

(1) Given smooth boundary data, what algebraic condition should sat-
isfy B for the BVP to be well-posed ?

(2) For such B, given s > 0 what is the optimal regularity of the bound-
ary data to ensure u € C; H®?

In dimension one, with Dirichlet boundary conditions, question 2 is now
well understood (see [17]): for a solution u € CH*(R™), the natural space
for the boundary data is H*/2*1/4(R/). An easy way to understand this

M a typical example is the exterior of a compact star shaped domain.
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34 Corentin AUDIARD

regularity assumption is that it is precisely the regularity of the trace of
solutions of the Cauchy problem, as can be seen from the celebrated sharp
Kato smoothing. Let us recall here the classical argument of [20]

eitAuO_/e—it|£|26i$§ﬂBd£
R
1 i i
=5 e” M (e Vg + 'V dé
R+

= ||eitAuO‘x:0HHs/2+1/4

~ [ T + Gyl
~ [ PP
R

< ol

Sharp Strichartz estimates without loss of derivatives were also derived, so
that local well-posedness can be deduced for various nonlinear problems.
The Cauchy theory has been recently significantly improved by Bona, Sun
and Zhang [9], where the authors study the IBVPs with spatial domain
R* and [0, L]. An interesting feature is that (contrary to the IBVP for the
KdV equation) the natural space for the boundary data must be replaced
by H®/?*1/2(R;) when the domain is [0, L], and this space is optimal. The
dispersive estimates on [0, L] are obtained by technics of harmonic analysis,
in the spirit of the fundamental results of Bourgain [10] for the Schrodinger
equation on the torus.

Moreover the authors obtain the global well-posednes in H! under var-
ious assumptions on the nonlinearity. The global well-posedness is based
on intricate energy estimates. Finally let us mention that A. S. Fokkas
developed the so-called unified transform method (in the spirit of inverse
scattering), a method for computing explicitly solutions to boundary value
problems in dimension 1. Since the seminal paper [15], the theory received
numerous improvements, with the most recent contribution [16] dealing also
with the nonlinear Schrédinger equation on the half-line. To our knowledge,
Strichartz estimates have not yet been obtained through this approach.

The BVP in dimension > 2 poses new difficulties, because the geome-
try can be more complex, and waves propagating along the boundary are
harder to control (this issue appears even with the trivial geometry of the
half space). We expect that the answer to question 2 strongly depends on
the domain. Due to its role for control problems, the Schréodinger equation
in bounded domain has received significant attention, see [12, 27, 29] and
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GLOBAL STRICHARTZ ESTIMATES 35

references therein. In unbounded domains with non trivial geometry, the
regularity of the boundary data is different and Strichartz estimates with
loss can be derived (see the author’s contribution [4]).

In this article we only consider the case where the domain is the half
space. The Schrodinger equation shares some (limited) similarities with
hyperbolic equations, for which question 1 has been clarified in the semi-
nal work of Kreiss [22]: there is a purely algebraic condition, the so-called
Kreiss—Lopatinskii condition, which leads to Hadamard type instability if
it is violated (see the book [5, Section 4 and references therein]). This
condition was extended by the author in [3] for a class of linear disper-
sive equations posed on the half space. A consequence of the main result
was that if this condition is satisfied then (1.1) is well posed in C,H? for
boundary data in L?(R;, H5+t1/2(R4=1)) 0 H*/?1/4(R,, L?), a space that,
scaling wise, is a natural higher dimensional version of H*/2T1/4(R;). We
point out however that the Kreiss—Lopatinskii condition derived in [3] was
quite restrictive, and in particular forbid the Neuman boundary condition,
a limitation which is lifted here.

On the issue of Strichartz estimates, Y. Ran, S. M. Sun and B. Y. Zhang
considered in [28] the IBVP (1.1) on a half space with nonhomogeneous
Dirichlet boundary conditions. They derived explicit solution formulas in
the spirit of their work on the Korteweg de Vries equation with J. Bona [§],
and managed to use them to obtain local in time Strichartz estimates with-
out loss of derivatives. A very interesting feature was that the existence of
solutions in Cr H*® only required boundary data in some space H*® which has
the same scaling as LstH/2 OH:/Q'H/AIL2 but is slightly weaker. We refer
to Section 2.3 for a precise definition of H*®. The space H?® is in some way
optimal, as it is exactly the space where traces of solutions of the Cauchy
problem belong, see Proposition 3.9. Note however that in the appendix
we provide a construction showing that it is less accurate for evanescent
waves (solutions that exist only for BVPs and remain localized near the
boundary).

Although not stated explicitly in [28], we might roughly summarize their
linear results as follows:

THEOREM 1.1 ([28]). — For s > 0, s # 1/2 [2Z], (uo, f,g) € H*(R4™1 x
R*) x L1([0,T], H®) x H*([0,T)). If (ug, f, g) satisfy appropriate compati-
blity conditions, the IBVP (1.1) with Dirichlet boundary conditions has
a unique solution u € C([0,T], H®), moreover for any (p,q) such that

p> 2, % + g = % and T > 0 it satisfies the a priori estimate

ullre o,z weay S lluollzs + 1l o,,me) + 19l o, 17)-
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36 Corentin AUDIARD

In Theorems 1.3,1.4, we provide two improvements to this result: we
allow more general boundary conditions, and our Strichartz estimates are
global in time with a larger range of integrability indices for f (any dual
admissible pair). Some consequences for nonlinear problems are then drawn
in Section 4.

For the full IBVP the smoothness of solutions does not only depend on
the smoothness of the data, but also on some compatibility conditions,
the simplest one being ug|y=o = g|t=o in the case of Dirichlet boundary
conditions. This compatibility condition is trivially satisfied if wo|y=o =
gli=o = 0 (that is, ug € H}), but the non trivial case is mathematically
relevant and important for nonlinear problems. It is delicate to describe
compatibility conditions for a general boundary operator B, therefore we
shall split the analysis in the following two simpler problems:

e General boundary conditions, “trivial” compatibility conditions in
Theorem 1.3,
e Dirichlet boundary conditions, general compatibility conditions in
Theorem 1.4.
As H? is not embedded into continuous functions, g|;—¢ does not have an
immediate meaning. Therefore we thoroughly study the functional spaces
H?® in Section 2.3, including trace properties which allow us to rigorously
define the compatibility conditions, including the intricate case s = 1/2
where g|;—o has no sense, but a new global compatiblity condition is re-
quired. The main new consequence for nonlinear problems is a scattering
result in H! for (ug,g) small in H* x H!. To our knowledge, all previous
global well-posedness results required more smoothness on g.

1.1. Statement of the main results

Let us begin with a word on the first order compatiblity condition: if
up € HS(RI x RY), s > 1/2, ugly—o is well defined and belongs to
H* 1/2(R41). We will prove in Proposition 2.1 the embedding H* C
CyH~1/2(R4=1), therefore if u € C; H® solves (1.1), necessarily

(1.3) for s > 1/2, gli=o0 = uol|y=o0-

(1.3) is the first order compatibility condition. If s = 1/2, (1.3) does not
makes sense, but a subtler condition is required: let A’ the laplacian on
R=1 then

oo | —it?A’ 2\ _ 2
(14)  ifs= 1/2,/ / o™ % gl ) = uol@ DI 4y < o
Rd—1 0 t
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GLOBAL STRICHARTZ ESTIMATES 37

This is reminiscent of the famous Lions—-Magenes global compatibility con-
dition for traces on domains with corners, with a twist due to the Schréd-
inger evolution, see Definition (2.5) and Section 3.3 for more details. When
we say “the compatibility condition is satisfied”, we implicitly mean the
strongest compatiblity condition that makes sense, so that for s < 1/2
nothing is required. It is not difficult to define recursively higher order
compatibility conditions (see e.g. [4, Section 2]). Note however that higher
order compatibility conditions involve also the trace f|y=;=o, which makes
sense only if f has some time regularity. We do not treat this issue in the
paper.

For nonlinear applications we are only interested by the H! regularity,
so we choose to consider indices of regularity s € [0,2]. Our main result
requires a few notions: see Section 2 for the definition of the functional
spaces H°, H and ’H(l)é2 and Section 3 for the definition of the Kreiss—
Lopatinskii condition.

We use the following definition of solution:

DEFINITION 1.2. — A function u € C(R;, L?) is a solution of (1.1) if
there exists a sequence (u?, f*,g") € H?(R¥~! x RT) x LP(R;, W24) x
(LX(RY, H?) N HY(RY, L2)), with

||(u0afa g) - (U’g’fn’gn)H —n 0’

L2 L7 L x 30
such that there exists a solution u™ € CyH? N C}L? to the corresponding
IBVP and u,, converges to u in C;,L?. A CLH* solution is a solution in the
C;L? sense with additional regularity.

In our statements we shall use the following convention for any (p,q) €
[1, 00]?
L5) BY (R x RY) = L9, BZ,(R"! x RY) := W™,
32,2(R;r) = LP, B;;,Z(R;r) =W

These equalities are not true for the usual definition of Besov spaces, but
they allow us to give shorter statements for a regularity parameter s € [0, 2].

THEOREM 1.3. — If B satisfies the Kreiss—Lopatinskii condition (3.4),
for s € [0,2], (p1,q1) an admissible pair,
(uo, f,9) € Hi(RY™ x RT) x (LPL(R], By 5) N By, H(RY, L)) x H3(RY),
(it s = 1/2, (ug,g) € H&f X 7-[(%2), then the IBVP (1.1) has a unique

solution u € C(RT, H®), and for any (p,q) such that p > 2, % + g = %, it

TOME 69 (2019), FASCICULE 1



38 Corentin AUDIARD

satisfies the a priori estimate

||U||Lp(Rj,B;‘z)mB;/;(Rf,Lq)

< |wol|lms + . . + . .
S Wollare + ot oy e, s, oty F 19wt

Moreover, solutions are causal, in the sense that if (u;);=1,2 are solutions
corresponding to initial data (uo, fi, 9:), such that uo1 = uoz2, filp,m =
Falio.1), 91lj0,7) = 920,77, then ui|jo,r) = uzljo,1)-

For the Dirichlet BVP, well-posedness with non trivial compatibility con-
ditions holds:

THEOREM 1.4. — In the case of Dirichlet boundary conditions, for s €
[0,2], (p1,q1) an admissible pair,

(w0, f.9) € H* (R x RY) x (LPA(RY, By, ,) N By o(Ry, L)) x H(RY),

that satisfy the compatiblity condition, then (1.1) has a unique solution
u € C(R}, H?), moreover for any (p,q) such that p > 2,% + g = % it
satisfies the a priori estimate

||u||LP(RT,B;Q)HB;;’(R:“,L")

S Mol as + Hf”LP’l(Rj—’BSI )NBs, (R;",Lqi) + HgHHS(Rj)'
a7:2 P2
Note that we have the usual range of indices for the integrability of f
but some time regularity is required. Such requirements are common for
hyperbolic BVP (e.g. [26, Proposition 4.3.1]), and the regularity required
here is sharp in term of scaling, so that we are able to deduce the usual
nonlinear well-posedness results from our linear estimates in Section 4.

1.2. Plan of the article

In Section 2 we recall a number of standard results on Sobolev spaces,
and describe the H* spaces (completeness, duality, density properties ... ).
Section 3 starts with the definition of the Kreiss—Lopatinskii condition, and
is then devoted to the proof of Theorems 1.3 and 1.4. In Section 4, under
classical restrictions on the nonlinearity we prove the local well-posedness
in H' of the Dirichlet IBVP, and global well-posedness for small data.
Finally Section 5 is devoted to the description of the long time behaviour
of the global small solutions: we prove that in some sense they behave as
the restriction to y > 0 of solutions of the linear Cauchy problem. The
appendix A is a small discussion on the optimality of the space H*.

ANNALES DE L’INSTITUT FOURIER
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2. Notations and functional background
2.1. Notations

The Fourier transform of a function u is denoted @. As we will use Fourier
transform in the (x,y) variable, x variable or (z,t) variable, we use when
necessary the less ambiguous notation F, ,u, Fru, Fy 1u, for example

U= Fypu:= / / u(z, t)efiz'gﬂ'&dzdt.
R Rd*l

The notation R; emphasizes the time variable.

Lebesgue spaces on a set € are denoted LP(2). For X a Banach space
I’X := LP(Ry, X) or depending on the context LP(R),X), similarly
LEX := LP([0,T],X). Similarly, L? refers to functions defined on R4~
When dealing with nonlinear problems, we shall use the convenient but
unusual notation LP = L/?,

We write a < b if a < Cb with C a positive constant. Similarly, a ~ b if
there exists C1,Cy > 0 such that Cia < b < Csb.

2.2. Functional spaces

S’(R?) is the set of tempered distributions, dual of S(R?). LP(1) is the
Lebesgue space, we follow the usual notation p’ := p/(p — 1). For s € R,

oY = {ue SR [ (141677 aPde < oo},

H* is the homogeneous Sobolev space. For Q open, H* (Q) is defined as
the set of restrictions to  of distributions in H®(R™), with the restriction
norm

HUHHS(Q) - v exteilrslifc‘)n of u HU”HS(Rd).

Similarly, for X a Banach space, H*(Q2, X) denotes the Sobolev space of X
valued distributions. We recall a few facts (see e.g. [24, 25]):
(1) For n integer,  smooth simply connected, H™({, X) coincides
topologically with {u : fﬂz\aKn |0%ul?dz}, that is ||ullgno) ~
(Jo > lal<n |0%v|2dz)'/2, with constants that depend on Q,s. If
Q = I is an interval the constants only depend on 1/|I] and s,
in particular if I is unbounded they only depend on s. The same is
true if Q is a half space.

TOME 69 (2019), FASCICULE 1



40 Corentin AUDIARD

(2) For any s > 0, there exists a continuous extension operator Ty :
HY(Q,X) — H'(R?, X) for t < s, moreover Ty can be chosen such
that it is valued into functions supported in {z : d(z,Q) < 1}. If
s < 1/2, the zero extension is such an operator and in this case the
operator’s norm does not depend on §2.

(3) H{(Q) is the closure in 2 of C2°. The extension by zero outside §2 is
continuous H§(Q) — H*(RY) if s # 1/2 [Z], but not if s = 1/2 [Z].
However it is continuous on the Lions-Magenes space Hééz with
norm

u®(z)

1/2
2.1 1/2 =— 1/2 YR
(2.) follye =l + [ GtEsae)

and Hy)? = (L2, H{l1/2 (see [32, Section 33]).
For n € N, W™P(R?) is the Sobolev space with norm (Zla‘gnﬂﬁo‘u\pdz)l/p.

The Besov spaces on R? are denoted B;q(Rd), they are defined by real in-
terpolation [6]

VO0<s<2, By (RY) = [LPRY), WP(RY)] /a4

As for Sobolev spaces B (€2) is defined by restriction. Due to the
existence of extension operators, it is equivalent to define By (2) =
p(Q),Wzvp(Q)]s/Q’q, the norm equivalence depends on 2. For n € N, the
following inclusions stand ([6, Theorem 6.4.4])

Y p=2, BI,(Q) C WP(Q), W' (Q) C BY ,(Q).

The extension by zero outside some set (which depend on the context) is
generically denoted Py, the restriction operator is denoted R.

2.3. The H*® spaces
2.3.1. Structure and traces

PROPOSITION 2.1. — For s > 0, we define the space H*(R4™1 x R;) as
the set of tempered distributions g such that g € L}, . and

191134 (gt iy = (L + €] +[81)* VIIE[* + 6l[g]*ddd€ < oo
He Rz +) RI—1 xR

When d is unambiguous, we write for conciseness H®(R;).

ANNALES DE L’INSTITUT FOURIER
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It is a complete Hilbert space, in which C2° (R4~ x R;) is dense, and has
equivalent norm

1/2
lotbes = ([l 16D VIEFF llgiasac

. <//Rd1 R(1—|—|£‘25+||§|2—|—5|5) |§|2+5||§2d5d{>

1/2

The space H° is denoted H. The map v — V u is continuous H® — H*~!
for s > 1, and v — Oyu is continuous H® — H*~2 for s > 2.

For s > 1/2, H® — C’(Rt,HS_l/Q(]Rg_l)), in particular for any t € R,
the trace operator g — g(-,t) is continuous H* — H*~1/2,

Proof. — Obviously, H* c H* for s > §'. Let g € H, from Cauchy—
Schwarz’s inequality

[ o +ie + ) tagas
RI-1 xR

1/2
"g"”<//1+|s|+|6 W 3" )

<ol [, o5 dﬂdsdé)

< llglla

thus the embedding H — &’ is continuous. We define the measure p by
du = (1 + €% +16))*/1|€]2 + §]dddE. If g, is a Cauchy sequence in H?,
gn is a Cauchy sequence in L?(du). By completeness of Lebesgue spaces,
there exists v € L?(du) such that [[g, — v — 0. From the previous
computations, f;tl (v) € 8" and limg g, = Ftv € H°.

The density of C2° in ‘H?® is obtained through the usual procedure. The
equivalence of norms is a consequence of the elementary inequality |a+b|® >
(1 =27Y%)*(lal* — 2[o]*).

TOME 69 (2019), FASCICULE 1
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Let us now consider the trace problem. We start with the existence of a
trace at t = 0:

o(2.0) = / ¢ EG (¢, 5)ddde,
RA—1 xR
2

= g Ol = [ 10+ 1] [ gas] ae
Rd—1 R

i/ </|§2\/II€|2+5I(1+£|2+|5)5d5
Ri-1 \ JR

2s—1 1 )
do |d€.
x (1+1¢]) /}R €12 +8](14|€]2+1d])° ‘

1 .
Now clearly [ IR 1+\E\2+|5|)*d5 is bounded for |¢] < 1, and for |£] > 1
setting 6 = [¢|%u

2s—1
< / \|£|2+6 (1€l + Jo))* /mmm

Therefore the trace at t = 0 maps continuously H*(R,) to H*~/2(R*~1). It
is easily checked that the map T, : g — g(-,-+r) is an isometry H*® — H?
and for any g € H*®, limg ||T,g — g||x= = 0. Combining this observation
with the existence of the trace at t = 0 implies the embedding H® —
C,H3~1/2, O

Finally, we identify (H*)" in a natural way:

PROPOSITION 2.2 (Duality of H?® spaces). — For s > 0, the topological
dual (H*)" is the set of tempered distributions ¢’ such that g’ € L} . and

e L+ + 1)~ =)
g ysy = // g'|7déd¢é < oo,
L e ]

S(R™) is dense in (H*)', and (H*)" acts on H* with the L* duality bracket
(g2 e oy = [ [ a7 asae

2.3.2. Restrictions, extensions

DEFINITION 2.3. — For s > 0, I an interval the space H*(I) is the set of
restrictions to R x I of distributions in H*(R¢), with norm ||g|l#= (1) :=

lIlfg extension HgH'Hb .
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For s # 1/2 [Z], we define H§ = H*® if s < 1/2, and for s > 1/2

Hi((a,b)) = {g € H*((a, b)) :
¥ 0< 2k <[s—1/2],lim 10Fg (-, t)| gra—2n—1/2 = 0}.
Obviously, if a (or b) is finite, the definition above simply amounts to
OFg(-,a)=0.
A very convenient observation is that #® is a kind of Bourgain space: let
A’ be the laplacian on R?~!, we have using the change of variable § —¢2 = p

—itA" 112

g”Ht““SWLiﬂHfMHS

- // 012 (14 [61° + [€]2) | Fu e ™2 g|*dods

- / 61172 (14 [81° + €2)[3(€. 5 — €2)*dbde

e

~ / €2 4 2L+ [l + [€12%)[G (€. ) Pdpud.

so that ||gllas ~ [le”™* gl gaseaazenp/ag.- The following results are
elementary consequences of this remark and the classical theory of Sobolev

spaces.

COROLLARY 2.4. — Let I an interval, g € H*(I). We define the zero
extension Py : g — FPog

g(-,t) iftel,

0 else.

POg('vt):{

We have the following assertions:
(1) With constants only depending on s

—itA’

gllaes(ry ~ 11e7 gl gessnrar,L2yn s me)-

(2) For any s > 0, there exists an extension operator T4 such that for
k < s, Te : HE(I) — H*(R) is continuous and for any g € H*(I),
Tsg(t) =0 fort ¢ (infI —1,supl+1). If s < 1/2, Py is such an
operator.

(3) For s >0, g € H*(R), then limy o0 [|g]l3= ([7,00]) = O-

(4) For s > 0, H{(R) = H*, moreover if s # 1/2 [Z] P, is continuous
H(I) — HE(R).

(5) The restriction operator (H(R)) — (H(I))', g — Pg(g) is a contin-
uous surjection.
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Proof. — (1) is a direct consequence of the definition of Sobolev spaces
by restriction.

(2) According to Section 2.2, there exists an extension operator T such
that

—1 A’
1T (e~ 9)||H(1+2s>/4(R,Lg)mylﬂ(mﬂs)
—q A’
Slle™ 9||H<1+2s>/4(1,L§)mH1/4(1,Hs) S Mgl -

It is then clear that 7 = e®2'T(e~#A") defines a continuous extension
operator.

(3) If r is an integer, lim7 o0 || fl| - ([7,00) = O is clear, then we can
conclude by a density argument and the inequality

||€7itAg”H(1+23>/4(1,L§)0H1/4(I,HS) S ||ejmgHHk(I,L%mHl(I,Hs),
k> (14 2s)/4.

(4) Let g € H*(R). By continuity of the trace and point (3)
lim [[0F g (-, )| pro-2t-172. < Hm [lg e (7,000

the limit at —oo follows from a symmetry argument.

Now fix a € R. If for 0 < 2k < s—1/2, 9Fg(-,a) = 0, this implies clearly
OF(e7"2g)(-,a) = 0, so that we can apply the continuity of the extension
by 0 for e*”A/g in the usual Sobolev spaces.

(5) Continuity follows from point (4), the surjectivity from the definition
of H(I). O

Similarly to the Sobolev space H'/2(R*), the zero extension is not con-
tinuous H1/2(RT) — H!/2(R). Nevertheless, we observe that Pyg € H'/?(R)
if e Pyg = Pye= 18 g € HY2L2N HY4HY2, which is true if e~ 'g €
HY?(R*,L?) n HY4(R*, H'/?) and (according to (2.1))

(2.2) o= [

Or more compactly e i8¢ € HééQ(]RJr,LQ) N HY4R*, H'/?), endowed
with the norm

—itA 2
t
[ 9@, 1 i < oo

—7 / —1 !
e itA g||Héé2L2ﬂH1/4Hl/2 = |le itA g“H1/2L20H1/4H1/2 Jrf(g)l/?.

These observations lead to the following definition:
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DEFINITION 2.5. — We denote HééQ(Rﬂ = {g € H'2(RT) : Pyg €
HY/2(R)}, it coincides with {g : e~ € Hy*> N HY*HY?}, and is a
Banach space for the norm

—itA’

(2.3) ||9||H[1)62 = [le 9llgrrr2p2nisagse + I(g)2

Remark 2.6. — Of course we could also define 7—[(%2(] ), but it is not
useful for this paper.

2.3.3. Interpolation

For basic definitions of interpolation, we refer to [6, Sections 3.1 and 4.1].
We denote [-,-]g the complex interpolation functor and [-,-]g2 the real
interpolation functor with parameter 2.

PROPOSITION 2.7. — For sg,s1 = 0,0 < 0 <1 we have
[H2o, Ho g = HI=Os040s1 (complex interpolation),
[Hoo H5 g = HI=O%04950 (real interpolation).

Proof. — By Fourier transform we are reduced to the interpolation of
weighted L? spaces. For real interpolation, this is Theorem 5.4.1 of [6], for
complex interpolation this is Theorem 5.5.3. g

The interpolation of H{ spaces is a bit more delicate.
PROPOSITION 2.8. — For 0 < 0 <1, 0 # 1/4, I an interval we have
[Ho(I), H2(I)]g = HZ’(I) (complex interpolation),
[Ho(I), H3(I)]e.2 = HE(I) (real interpolation).
If so = 0,81 = 2,0 =1/4, then
[Ho(RT), HG(RT)]1 /4 = 7—[(1)(/)2 (R") (complex interpolation),
[H(R™), H2 R /a0 = HééZ (R*) (real interpolation).

Proof. — We only detail the case I = R™T, the case of a general inter-
val is similar. According to Corollary 2.4, for s € [0,2] \ {1/2} the zero
extension Py, resp. the restriction R to RT, is a continuous operators
HE(RY) — H*(R), resp. H*(R) — H*(RT), with R o Py = Id. Therefore by
interpolation

Py([H(RY), HE (R )]s 2) € HP(R),
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and from the existence of traces, if s > 1/4, for g € [H,HE]s2, g(0) =
limg- Pog(t) = 0, thus [H,H3]s2 C HZ*(RT). Conversely, for g € H*(R),
we define
Sg:te(0,00) = g(t) — 3g(—t) + 2g9(—2t).

Clearly, it is continuous H*(R) — H*(R™) for 0 < s < 2, and when it makes
sense Sg(0) = 0, 9;Sg(0) = 0 thus it is H5(R™) valued. By interpolation
S is continuous H?*(R) — [H(RT),HZ(RT)]s2. Now for s # 1/2 we can
observe that S o Py = Id on H§(R™), therefore H2*(RT) C [H,H3]s2 and
the identification is complete.

If s = 1/2, we observe that the same argument can be applied provided
Py acts continuously H0*(R*) — H/2(R), but this is true according to
Definition 2.5. O

2.4. Interpolation spaces and composition estimates

In order to treat nonlinear problems, estimates in B, ,L? require some
composition estimates.

ProrPOSITION 2.9. — Let A be a Banach space. For 0 < 6 < 1,
[LP(R, A), WP (R, A)]g2 = B 5(R, A) the fractional Besov space endowed
with the norm

© Mlu(- +h) —ul-)|a\>dh
full, o= [ (PO S g,

= ||U||2322A +lullZs a-

For completeness we include a short proof in the spirit of [32] of this
well-known result.

Proof. — We wuse the K-method for interpolation. Let K(h) =
infyu—ugtu ||l Lra+hlurllwiea. fu € [LP(R, A), WLP(R, A)]g.2, then for
any h > 0 there exists (ug,u1) with w = ug + uy, [|ugl|ea + hljur||wira <
2K (h) and |ullizrawiray,, == (fy (K(h)/h?)?dh/h)'/? < co. The stan-
dard estimate ||u1(-+h) — ui(-)||Lr < h||u1||W1 » implies

/Ooo <||u(.+h)wu(-)llLvA>2d]f < 4/000 <K;f:)>2(1ffl'

Conversely, assume the left hand side of the equation above is finite and
uw € LPA. For h > 0, p, = p(-/h)/h with p € CZ,p > 0, [p = 1,
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supp(p) C [—1, 1], we set ug = u—pp*xu, u; = pp*u. Minkowski’s inequality
gives

h
o= pn s ulina < [ (@) = u(- = 5)lisads
1 h
S5 [ T s) = u)anads,
0

h

l(on)' * ullzoa < / -~ 9) = u() s ads

1 h
Sqm | ) = uC)llmads,
therefore
K(h) < u—pu = ulloa + Bl < ullwra
1 h
Shlullract 5 [+ 5) = u()] o ads
0

Also, it is obvious that for h > 1, K(h) < ||u||». By integration

> (K(h)\*dh ) L > dh

We set f(h) = |lu(- + h) — u(-)|Lra, F(R) = [y fds. An integration by
parts and Cauchy—Schwarz’s inequality gives

o , dh o [ dh
/0 (F(h)))mzm/o FNE(h) 55

< ([ (M KUARS [ roe v
S240\ ), ht h 0 h3+20 ’
from which we deduce

/ooo <Kzfeh)>2d,f S ||u||%pA+/0°o <u<'+h>h—9u<~>|LpA>2? _

PROPOSITION 2.10. — Let F : C — C such that |F(u)| < |ul®, |F'(u)| <
|u|*~t, a > 1. Then

for0<s<1, [[F(w)lsy, Lo S lullfm e, pollullss, Lo,
with
1 a—1 1 1 a—1 1
P1,q1,02,q2 2 1, — = +—, —= +—.
q q1 q2 P D1 D2
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Proof. — The LY L7 part of the norm is simply estimated with Holder’s
inequality on |u|*~! x |u|. For the B;Q part, let 1/p = 1/ps + 1/pa,
1/q=1/q3+1/q:

/‘X’(|F(u)( 4 h) = F()() 2o >2dh

hs h

B /m (- + ) + Ju( )" u(- + k) = u(-)lllzyze \ 2 dh
~ 0 h‘s h
. /w (l(uﬂ—l||Lstq3||u(-+h> —u(-)| gz pos >2dh
~Jo hs h
Cvetamny [0 (MG h) = ul )] e e \ 2 dR
- Hu”Lfqul hs 7

2(a—
<l Iullds e O

Finally, as the nonlinear problems require to construct local solutions,
we shall use the following extension lemma.

LEMMA 2.11. — Let p > 1,0 < s < 1 with sp > 1, A a Banach space.
Forany 0 < T < 1, there exists an extension operator Pr : B, 5([0,T], A) —
By 5(Ry, A) such that Pru(-,t) = 0 ift ¢ [T, 2T] and (with constants un-
bounded as sp — 1)

P » < i ’
(2.4) {” rul| e, a) S llullLeo,r),4)

|| Prul

By ) S TPl

B;,Z([OVTLA)'

Proof. — We fix x € C°([0,1[), x(0) = 1, and define the operator

2-t)x(t—1), 0<t<2,
Py B2y (0,1], A) = B2 y(R, Ayurs 4 2~ X1
| | u(=tx(=1), ~1<t<0,
0, else.

It is not difficult to check that P; is bounded LP([0,1],4) — LVA,
WhP([0,1],L9) — W}PLI, with bounds independent of p, thus it is also
bounded B ,([0,1],A) — B, (R, A). Let Dy be the dilation operator
Dy:ur—u(-,\), we set

PT = DI/TOPI ODT.

From a direct computation, |[Prufzra < 3l|x|loollullzz 4, thus we are left
to prove the second inequality in (2.4).
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As sp > 1, by Sobolev’s embedding || DrullF o o.1),4) S 1l s ,0,7,4)
thus

[PrDrullprre S 1PLD7ul|pea S [[Drull e oy,4) S llullBs ,(0,77,29)-
On the other hand for v € By 5 an extension of u, basic computations give

o [(Drv)(t + k) = (Drv)()7s g
2 _ t 25—2 2
”DT’UHBS’ZL‘? - /O hi+2s dh <T /p”v”B;Qa

thus for 7' < 1, [Py Drullp; @, 00y S lullB; ,(0,1),29), from which we get
with the same scaling argument

IDvrPLDrul B3 (R0 \10) S Tl/s_l/pHu”B;Q([O,l])' 0

3. Linear estimates

The plan to solve (1.1) is based on a superposition principle: let us denote
abusively ug an extension of ug to RZ. If we can solve the Cauchy problem

0, Av=f,
i+ Av = f (z,y,t) € RY x R.
v|t:0 = Uy,

and the boundary value problem

10yw + Aw = 0,
(3.1) wli=o =0,
B(wly=0, Oywl|y=0) = g — B(v|y=0, Oyv[y=0),
(z,y,t) e R x Rt x RT.

then v|y>0 + w is the solution to (1.1). For this strategy to be fruitful
we need a number of results: Strichartz estimates for v, trace estimates
for v|y=o, Oyv|y=0, existence and Strichartz estimates for w. This is the
program that we follow through Section 3.

3.1. The pure boundary value problem

Consider the linear boundary value problem

10yu + Au =0,
(32) B(u|y:0, ayu‘y:0> =9,
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We use the following notion of solution (slightly stronger than Defini-
tion 1.2):

DEFINITION 3.1. — Let g € H§(R™). We say that u is a solution of the
BVP (3.2) ifu € C(R*, H®), there exists a sequence g, € Ng>oHE (R x
R;") with ||g — gull3s —n 0 and smooth solutions u, € C*°(RT,NgsoH")
of (3.2) with boundary data g, such that ||u — up||Lec s —n 0.

3.1.1. The Kreiss—Lopatinskii condition

We recall the notation of the introduction
L(B(a,b))(&, 1) = biLa(§, ) + baL(E, T),

with by,by anisotropically homogeneous: by (A, \27) = b1(&,7), ba(AE,
A27) = A71be(&, 7). Of course, the operator B must satisfy some condi-
tions. First of all, it should be defined independently of Re(7) := v > 0,
so according to Paley—Wiener’s theorem we assume that by, by are holo-
morphic in 7 on {(7,&) € C x R¥~! Re(7) > 0}. Moreover we assume that
by extends continuously on {(i6,€) € (R x R¥=1)\ {0}}, and a.e. in (6, &),
lim, 0 b2 (&, vy + 16) exists.

The Kreiss—Lopatinskii condition is an algebraic condition that we intro-
duce with the following heuristic: assume that (3.2) has a solution
u € Cp(RS,S(R¥™! x RY)), and consider its Fourier-Laplace transform
Lu(€,y,7) = [[e T4y (x,y,t)dz dt. Then Lu satisfies

02 Lu = (¢ — iT) Lu.
The condition limy_, . Lu(y) = 0 requires
(3.3) Lu = e VIEP=IT Ly (y = 0).

Here, /- is the square root defined on C \ i{R* such that /=1 = —i.
From (3.3), the condition B(u|y=q, Oyu|y=0) = g rewrites

(b1 — V/|&[? —iTby) Lu(0) = Ly,

so that Lu(0) is uniquely determined from Lg with uniform bounds if

(34) Fa,B>0:V (7,6, € RT x R x R,

a< ’(z;) (1= R —ir)| < 8.

DEFINITION 3.2. — B satisfies the (generalized) Kreiss—Lopatinskii con-
dition if (3.4) is true.
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By homogeneity b; is uniformly bounded, thus (3.4) implies that
bay/|€|? — i1 is uniformly bounded for Re(r) > 0, although by may be
infinite at some points (&,40). The vector V_ := (1 —VIEPP = iT) is the
so-called stable eigenvector, and algebraically (3.4) means that the symbol
of B, as a linear operator C? — C, defines an isomorphism span(V_) — C.

Obviously, the Dirichlet boundary condition bp := (1, 0) satisfies the uni-
form Kreiss Lopatinskii condition. It is also possible to include the Neuman
boundary condition as well as the transparent boundary condition into this
framework by setting

(3.5) LBn(a,b) = M (Neuman),
VP —ir
(3.6) LBr(a,b) = La(§,T) — \/£|I§)|(§777) (Transparent).
—aT
With this convention, by -V_ = —1 and by-V_ = 2, so that both satisfy the

Kreiss—Lopatinskii condition. Let us point out that in the case of Neuman
boundary conditions, By (u, 0yu) € H is equivalent to dyul,—o € H', indeed

L(0yu|,—0)|?
1) Ioslle = [ E2=IE TEP T Bl = 1Pyl ol

3.1.2. The Kreiss—Lopatinskii condition and the backward BVP

For general boundary conditions, the boundary value problem is not
always reversible. Indeed if we solve (3.2) for ¢ < 0, g supported in R;", the
parameter - in the Laplace transform is negative therefore the appropriate
square root in formula (3.3) is defined on C\iR~, and maps —1 to i. Let us
denote it sq. Even if we dismiss analyticity issues, there is no reason that
“backward (3.4)” stands

(3.8) I a,B>0:V (7,6,6) eR™ x Rx R,

(bab2) - (1 — sq([€]? — ir) ] <8

For example, take the forward transparent boundary condition (b1, bs) =
(1, —=—), then

VIEIP+6

a <

1 1
V (&,6) such that [£]2 + 8 <0, —i : ( , ) =0,
Ve ARSI
and therefore the backward Kreiss—Lopatinskii condition fails in the re-
gion {|¢|? + & < 0}. Note however that the Kreiss—Lopatinskii condition
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is true for the backward Dirichlet boundary value problem. It is also true
for the Neuman boundary value problem provided we choose (b1, bs) =

(0,1/sq(|¢]? —i7)) instead of (b1, b2) = (0,1/4/]£|? — iT). The fact that the
BVP with transparent boundary condition is not reversible is rather nat-
ural: the dissipation due to waves going out of the domain prevents to go
back in time.

3.1.3. Well-posedness

The main result of this section states that Theorem 1.3 is true in the
case of the pure BVP.

ProrosiTiION 3.3. — If B satisfies the Kreiss—Lopatinskii cond-
ition (3.4), and g € H§(R'), 0 < s <2 (HééQ if s = 1/2), the problem (3.2)
has a unique solution. Moreover it satisfies(?)

2 d d
(39) for0<s<2, —4+—-=—-,p>2,
poq 2

”UHLP(R+,Bg72)mB;’/22(R+,Lq) S ||9||H3(R+)-
Proof.

Existence. — We first justify the existence of g, as in Definition 3.1.
For any M > 0, according to Corollary 2.4 there exists gy € H*(R) that
coincides with ¢ for ¢ € [0, M], and vanishes if ¢ < 0 or t > M + 1. Next
we shift ¢3,(v,t) = ga(w,t — 6), and recall limg ||}, — gar|lns = 0. Let
p € CX(RY™! x R,) with supp(p) C {|t| < 1}, [ pdadt = 1. Then setting
pe = p(-/e)/€?,

9= * 5 — 95|13,
- / / 11— At 26) Plgly (1 + € + 181)° V/ITERE + dldade —. 0,
RI-1xR
supp(pe * g5;) C {(z,t): 6 —e <t < M +1+6 +¢}.

Now we remark ¢}, € H® = e g ¢ HY*R,L?) C L*R,L?), thus
pe * g% € N0 H". Moreover lim /oo 19125 ((a1,00p) = O thus if Pyg is the
extension by zero for ¢t < 0

i lgar = Pogllse gz, = 0.

(2) We recall our unusual notation B; 9 = whp, Bg 9 = W24
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We also remark that for e < &, supp(p: * g5;,) C {t > 0}, so that an
appropriate choice of €, < d,, M,,, provides a smooth sequence (g,,) as in
Definition 3.1.

For such g,, we postpone the existence of a smooth solution u,, and a
priori estimate (3.9) to the next paragraphs. Now if (3.9) is true for smooth
solutions, the case (p,q) = (00, 2) implies that (u,) converges to a solution
win L H?, and the estimate on w,, for general (p, ¢) provides the estimate
on u.

Uniqueness. — It is again a consequence of the a priori estimate applied
to the smooth solutions.

The main issue is thus to prove estimate (3.9): it was obtained very
recently in [28] with |lu|/prweq in the left hand side for bounded time
intervals. While the core of the LY L? estimate does not require significant
modifications we include a full proof for comfort of the reader.

Proof of estimate (3.9).

The case s = 0. — We assume that the Kreiss—Lopatinskii cond-
ition (3.4) is satisfied, and that g € NpsoHE(RY™! x R)). Let us look
back at the formal computation leading to (3.3), which makes sense for
smooth functions and reads

Lu=¢eV eP=iry___£9__ .
b-V_ (5’ T)
According to the Kreiss—Lopatinskii condition (3.4), |Lg/(b-V_)| ~ |Lg|,
uniformly in (7, ), so that using Paley—Wiener’s theorem Lg/(b-V_) is the
Fourier-Laplace transform of some g; supported in ¢ > 0.

Now we let v — 0: since g € NgsoHE (R x RY), its zero extension
belongs to N0 H*(RI~! x R;), and we can (abusively) identify Lg(¢,6) =
Pog(€,6), with

v k>0, / (14 JE[2 + 161%)*| Pog 2dbde < oc.
RA—1 xR

Since |g1| ~ |}/7(;J|, g1 € NisoHR(RI™! x R;) and for any s > 0, ||g1zs ~
llgll#=, moreover it is supported in ¢ > 0 thus its restriction belongs to
Nk>oM§(R;). Since by construction u|,—o = g1, we are reduced to solve
the IBVP (3.2) with smooth Dirichlet boundary condition g;. We abusively
denote u(¢,0) for Lu(,19), drop the index 1 of g; and simply assume

ﬂ(€76) =e l€]?+ yg(g’ 5)79 € m16201'{(])6'

If § + €2 = 0, /6 + |€]2 € Rtis the usual square root, else /8 + [£]2 =
—iy/]6 + [£|?|. The solution wu(z,y,t) is then obtained by inverse Fourier
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transform. We split the integral depending on the sign of § + [£|?, the
change of variables 6 + |£]|? = +n? gives

1 iy /OHIER] i )~
— iy |6+[€]2] pi(dt+a-€)
et = gy o [ e (¢, 5)dddg
+ ! / / e YV 5-*-\€|2ei((?t+z~£)§(§7 8)déde
2m)® Jra-1 Jss_jgp2

1 R &) i 2, 2 N
o)’ /Rd_l/o e/t 8) e IS ong(¢, —n® — €[*)dn d€

1 N yntizE it(— € o
g e g e ) anag
(310) = U1 + Us.

From the smoothness of g the integrals are absolutely convergent, infinitely
differentiable in z,y,t, and give a solution to (3.2), so that the formal
computation is justified for smooth solutions. Moreover, the formula is
well defined for ¢t € R (and actually cancels for ¢ < 0 by Paley—Wiener’s
theorem), therefore we will focus on proving the seemingly stronger, but
more natural estimate

(3.11) lull o, Lay S N9l @+)-

Control of u;. — Let ngS(g,?y) = 2ng(&,—n? — [€]*)1,50, we observe
u1(z,y,t) = ¢, so that the classical Strichartz estimate (1.2) gives

sl e+, Lara—1 xrty < Ut pe(r,Lara))
< 6lze
(3.12) ~ 1Bz
(3.13) ~ / / P IG(€, —|E[? — 1) Pdnde
—léP? o
(314) ~ [ VIRt o) Pasas

(3.15) < llgll3.

Control of us. — As mentioned before, it is more convenient to let ¢
vary in R rather than R*, obviously bounds in LP(R, LI(R4~! x R*)) imply
bounds in LP(R*, LI(R4~1 x RT)).
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The idea in [28] is to use a TT* argument similar to the classical one
for the Schrodinger equation, namely if we set 1) = 2ng(&, —|¢]? 4+ %) 1,0
then (3.10) reads

w= g [ [N g = T(),
with [|9]]|z2 < |lgll%. Consider T as an operator
LR x R) — LP(R;, LY(RY™! x RT)),
the TT* argument consists in proving
ITT*|| Lo o’ s o 10 < 00

If such a bound holds true, then ||T*f||7, = (TT*f, f) S |IfI1%, ., thus
T* is continuous L? LY — L2, and by duality T : L? — LPL4 is continuous,
which gives the expected bound ||us|/rrre < ||g]l%- Now let us write

1 . . . .
wa(@ 1) = g //Rd //Rd o ylnl—it(€]—n?)Fia-€ g iz E—iyan

X (w1, y1)drdy;dndg

—ylnl—it(€]7 —n?) +iz-E g—izr-E—ivin geq
(2n) // (// ‘ ¢ ”)

X Y(x1,y1)dz1dy;.

We denote® X = (z,y) € R x RT, Xy = (z1,y1) € R, observe that
T can be seen as the action of a kernel with parameter K:(X, X;) on

Y(X1):

uz(z,y,t) = ﬁOp(Kt) 1.

According to the TT* argument, it suffices to bound Op(K;) o Op(K)* :

LP' (R, LY (R xRT)) — LP(R, LY(R% 1 x RT)). After a few computations
one may check

Op(K2) 0 Op(I,)" f = Ki(X, Xl)f(s(XQ,XnXm)

Rd—1 xRt xR, < R4
f( X2, s)dXods

(3.16) - /R S ( /]R o NslXX) f(X2,s)dX2)ds
(317) - / (OP(Nos) - £(+,5)) (X)ds

s

(3) While X corresponds to the space variable (z,y) that we use throughout the paper,
the variable X is purely artificial.
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LEMMA 3.4. — We have for (X, X3) € (R¥~! x R*)?

Nis(X, Xo) = (27T>d/ e €17 =0 (s=0) i (w=22) o= (yu2)Inl g e
: o
Proof. — According to identity (3.16)

Nis = ) Ki(X, X1)Ks(X2, X1)d X
R

:/ it =) iz —yln|—i(€-a14+mu1)
R3d
x 62’5(\51\zfnf)*im-ﬁryzlm|+i(§1-r1+n1y1)dnd§dmd£1dxl

— (2m)¢ /Rd emiteP =il

— —ixo-§1— is 2_p?
X]:(Ell,m)ﬁXl(e 2-&1—y2|m|+is(|&1] "1))d£dn

= (zﬁ)d/ e it(1&1*=n*)+iz-E—yln| e—ifﬂzﬁ—yz\ﬁ\+is(|§|2—n2)d€dn’
Rd

which is the expected result. O

The estimate of Ny s requires a (classical) substitute to Plancherel’s for-
mula:

LEMMA 3.5. — Themap L: f— [;° e~ f(y)dy is continuous L*(R*) —
L2(RT).

Proof. — We have
L3 = (Lf,Lf) = / AW £y, F () dyadyr dA

(RT)3
_ / f(y1>f(y2)dy1dy2.
®H)?2 Y1+ Y2

Splitting (R*)2 = {yo < 31} U {y1 < y2}, we remark

s [T 1 flye)
e = [t [ g

o 1 [ fln)
+/o f(yz)yj/o 71+y1/y2dy1dyz.

One easily concludes using |f(y2)/(1 + y2/y1)| < |f(y2)| and Hardy’s in-

equality. O
PROPOSITION 3.6. — The operator Op(N, ) satisfies for 2 < p < 0o
HUHLP’(Rd*l xR+)
(3.18) HOP(Nt,s)U”LP(]Rd*l xR+) < m-
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Proof. — The case p = oo: according to Proposition 3.4

Nio(X, Xa) :/ ISP =) (=) i (o=2) o= 400l 4 g
Rd

:/ €i|§|2(5*t)eif'(1*r2)d§/einz(tfs)ef(wyfz)\?ﬂdn
Rd—1 R

jlz—=a)?
e’ 4(t—s)

_ in(t—s) ,—(y+y2)|n|
" (4in(t — )07 / ‘ N

The Van Der Corput lemma implies

||e—(y+y2)|77| HLﬁc + || (e—(y+y2)\77\)"

VIt =l

1
L3

/eiUQ(ts)e(yJ”ﬂ)"dn’ <
R
1

S
~ = s/

Therefore |N; ;| < 1/|t — s|%? uniformly in X, X5, this implies the case
p = 00.
For the case p = 2 we use Plancherel’s formula and Lemma 3.5:

|OD(Ne ool 2

= / €i|£|2(s—t)ei£-m/ e—iﬁ-mz—inz(s—t)—(y+y2)nv(X2)dndX2d£
Rd~1 RxR+RI-1 L2,
. s 2
~ / eﬂéa’z/ e (5= e~ (wHv2)Inlyy( X)) dndygda,
Rd-1 RxR+ Lg L2
~ /e—lnly/ eI (=) e =v2nlyy (X, ) dyndn
R R+ L;‘; L§2
< efinQ(sft)/ e~ 2y (Xo)dys
R+ L2llr2
n T
<
< o(Xa)llze, -
The general case follows from an interpolation argument. 0

The estimate on Op(K;) o Op(K;)* now follows from the Hardy—

Littlewood-Sobolev lemma (e.g. [23, Theorem 2.6)): for p > 2, % + g =4,
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1 _ 1 1 1
we have 1+ o = 5 +d(5 — ), thus

p/

10B(K) 0 Op(K)* 121, = H [ one s 5)as

1FC )l e WG9y
\t_s|d 1/2-1/q) *°

~ ||f||Lf/L§(/'

LYL%

LY

Using the TT* argument this ends estimate (3.9) for the case s = 0.

The case s = 2. — By differentiation of formula (3.10), for |a|+ 5427y <
2, and using the case s =0

1/2
102007 ull prra S (/ 1135 +5|(1+’8)/2|§|°‘|6|7§|2d6d§>
S il e

Remark 3.7. — We recall that in the inequality above, g abusively de-
notes Fo\g. Since Pyg must belong to H? we can not simply take g € H2(R™").

Obviously, the same argument applies as soon as s is an even integer,
but since the non-integer case is slightly more delicate, we chose to consider
only s < 2 for simplicity.

The case 0 < s < 2. — This is an interpolation argument. For p > 2,
2/p+d/q = d/2, the solution map is continuous

H(RY) — LP(Ry, L), HG(RT) — LP (R, W) N WP (Ry, L),
thus by interpolation it is continuous
[H7 Hg]S,Q - Lp(Rtv B(?,SZ) n B;,Q(Rtv Lq)v

this gives the result by using the interpolation identities of Proposition 2.8
and by restriction on ¢ > 0. a

3.1.4. The boundary value problems on [—T, o[ and R;

A natural question (and actually useful in the rest of the paper) is the
solvability of the BVP on other time intervals than [0,00[. As we men-
tioned before, the backward BVP can be ill-posed. However translations
have a better behaviour: first, we extend the operator (a,b) — B(a,b) to
distributions in H(R) x ’H'(R) with the formula

B(a"b) (bl(galé) (€ §)+b2(€v7’6) (675»
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Under the Kreiss—Lopatinskii condition, this extension maps H x H' —
H(R). For g € H(R) smooth, supported in ¢ > 0 and u a smooth solution
to the pure BVP (3.2), we define up = u(t+7T) for some T' € R. Then from
the explicit formula (3.3), up satisfies
-FB(UT|y:O7 ayuT|y:0) = eiiT(;’Cg(ga 25) = ‘F(g( -+ T))v

so that ur is a solution of the BVP

100+ Av = 0, (2,y,t) € R x RY x [T, 0],

B(vly=0, 9yvly=0) = g(- + 1),

v(-,=T)=0.
Therefore up to the appropriate translation of g, to solve a BVP on [T, 00|

is equivalent to solve a BVP on [0, co[. A useful consequence of this remark
is the well-posedness of the BVP posed on R4~! x Rt x R;.

COROLLARY 3.8. — Consider the boundary value problem
10+ Au = 0,
(3.19) B(uly=0, yuly=0) = g, (2,y,t) € R xRY x R,.

limg, oo u(-,t) =0.

If B satisfies the Kreiss—Lopatinskii condition (3.4) and g € H*(R), 0 <
s < 2, there exists a unique solution u € C(R, H®), moreover it satisfies
estimate (3.9) with R; replaced by R;.

If g vanishes on R?~1x]—o0, T, then so does u on (R4t xR*)x]—o0, T.

Proof. — Fix g € H*(R). By density there exists g, € C (R4 x R;)
such that

19 = gnll2s®,) —n 0.

We can assume that g, is supported in [—T},, oo[, and T;, is increasing. By
translation invariance in time, there exists a smooth solution u,, to

10y, + Au, =0,
(3.20) < B(unly=0, Oytinly=0) = gn, (z,y,t) € R x RT x [-T,, 00].
Up (-, —T) =0.
As was pointed out in the proof of estimate (3.9), setting uy|)—oo,—7,[ = 0
defines a smooth extension of u,,, which solves the boundary value problem
with gn‘]—oc,—Tn] =0.
Let n > p, then supp(u, — up) C [—T),,00[ and a priori estimate (3.9)
implies

1un = upllLoe &, 1o ®)) S 190 — Ipllres (=T 00D S 190 — gpllaes ®)-
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This implies that (u,) converges to some v € CH?®. Moreover
YV n € N, lim ||u,(t)]| gs = 0= lim ||u(t)|| g = 0.

The other estimates can be obtained as for Proposition 3.3.

In the case where g is supported in R?~! x [T, 00|, it suffices to observe
that we can assume that g, is supported in R?~! x [T'+ 1/n, co[, and use
the previous observation on the support of smooth solutions. O

3.2. Estimates for the Cauchy problem
3.2.1. Pure Cauchy problem

We recall (see (3.4)) that the Kreiss—Lopatinskii condition reads o <
|b1 — /|€]? + dba| < S, therefore we define A the Fourier multiplier of
symbol +/||€]2 4 §] that acts on functions defined on R4~! x R;. In or-
der to control ||B(u|y=0, Oyuly=0)||x- it suffices to control ||u|y—o|/#: and
A8y uly—ol |3

PROPOSITION 3.9. — The solution e***uq of the Cauchy problem
10+ Au = 0,
uli=0 = uo,

satisfies the following estimates for 0 < s < 2:

2 d d
2,22 < s
(3.21) Vop>2, » + "2 Hu||Lp(Rt,B;2)ﬁBf,,/§(Rt,Lq) S llwollass

(3.22) luly=olles ) + A7 (Oyuly=0)ll2es &, < lluol e

Proof. — The LPBj , estimate in (3.21) is the classical Strichartz esti-
mate, see e.g. [13, Corollary 2.3.9]. Since Oyu = iAu, ||u|lwirre S [Juol w2,
and the B;,/;Lq bound follows by interpolation. For the trace estimate, we
observe that the solution of the Cauchy problem satisfies

V (z,y,t) € R

(e“Auo)(x y // —i(|€]%+n )t ix- £+wnuO(§ n)dgdn,
= (eitAuo)(:r,O) _ W//e—i(lf\ +n?)t et 5/\(5’ )dgdn
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We consider the integral over n > 0, and use the change of variables § =

—(n* + 1¢)

/ / —1(|£\ +n? )t giw: 6’\(5 n)dnde
Rd*l ]R+

/ / |€|2 15t zm&uo( V ||£|2+6|)d(5d
Rd-1 VIIER + 9]

3
= (2m)F, ().

Then for s > 0, reversing the change of variable

1 F e @) 305 (my)
= [ VIETEPI -+ 161+ €R) ot o) Pasds

e [ @& VIIEP + ) *
= + [EPI+10] + [¢]?)° dsd
o VIR gy e

S [ P (€ ) Pdnde ~ ol
Ri-1xR+

Symmetric computations can be carried for n € R™, we conclude
e uoly=ollrs o) S lluwoll e

The estimate for ||A_1(8 uly=0)||n= is done similarly by writing

Oyulym) = gz [ [ eI e i, nhagan,

and using the fact that after the change of variable, the 7 factor becomes
V|2 + 6|, so that it balances precisely the symbol of A~1. a

Remark 3.10. — Inequality (3.22) is a multi-dimensional variant (not
new) of the sharp Kato-smoothing property that we already mentioned in
the introduction. It is clear that the argument also works for s > 2.

3.2.2. Pure forcing problem

We consider u = fg e (t=9)A f(s)ds solution of

’L@{LL‘FAU = Zf, (x’t) c RdJrl.
u(-,0) =0.
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Our aim is to obtain an estimate of the kind |luly=oll%s®,) < Ifllz1ms- If

the integral fot was replaced by fooo, we might simply apply Proposition 3.9

u|y:0 — eitA(/oo e—isAf(S)dS>
0

)

y=0

= eim</ e_iSAf(s)ds>
0 y=0 Hs
oo .
<\ | e eas| Sl
0 Hs

Combined with Proposition 3.9, this implies || f;* et=9)A f(s)ds|y=oll2s <
[ fllz2 g+ - Unfortunately, due to the intricate nature of H*, which measures
both time and space regularity, we can not apply the celebrated Christ—
Kiselev lemma to deduce bounds for fot et=3)A f(s)ds|,—o (see also Re-
mark 3.12 for a discussion on this issue). Nevertheless, we have the following

proposition.

PROPOSITION 3.11. — For 0 < s < 2, (p,q), and (p1,q1) admissible
pairs, we have

(3.23) H /t e =92 f(5)ds
0

LP1(Ry, B, ,)NB;

p1.2(Re, L)

< Hf”LP’(]Rf,,BZ, 2)nB;,/ZQ(Rt,L‘?')’

(3.24) H /t ei(tiT)Af(T)dT

0

S ”fHLp’(Rt,B;,Q)ﬂB;,/.Z(Rqu,)’

y=011H=(R¢)

(3.25) HAl(ay /t e“tT)Af(r)dT)

0

y=01lHs(R¢)

S|

s/2

f“LP’(]Rt,B;,,Q)ﬂB;,’Z

(Rtan/).

Proof. — We start with (3.23) and (3.24). As a first reduction, we point
out that according to the usual Strichartz estimates (see [13, Theorem 2.3.3
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to Corollary 2.3.9]) and Proposition 3.9

0 0
eitA / efisAf(s)dsLy:O 5 / eiiSAf(S)dS
—o0 He(Re) —oo Hs (RI=1xRT)
Sl s,
t g2
) 0 ) 0 )
eztA / 6728Af(3)d8 S / €7ZSAf(S)dS
—00 LfB;Q —00 Hs
< Hf“Lf’BS, )
0o 0o
and ‘ 8t/ =B f(5)ds = / AN (s)ds
—00 LrLa —00 Li’Lq

Sy e

So, by interpolation

0
eitA / e—isAf(s)dS

< s .
g S Wl

Therefore, it suffices to estimate ffoo e!t=9)A f(s)ds, which is the solution
of i0iu+ Au=if, lim_., u = 0. In this case, the analog of (3.23) is also a
consequence of the classical results in [13], and the analog of (3.24) relies
on the following duality argument.

The case s = 0. — We fix g € H'(R) and denote v the solution of the
backward Neuman boundary value problem

10pv + Av = 0,
limysv(t) =0 (z,9,t) € R xRT x R,

ay”‘yzo =9

According to the discussion in Section 3.1.2 and Corollary 3.8, this problem
is well-posed and the solution is in N, ) admissible L7 LY. We extend v on
R? x R; by reflection

o v(xv _yat)v y < 0.
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In particular, v|,—o- = v|y—o+ and dyv|,—o- = —0yv|y—o+ = —g. Using a
density argument, the following integration by part is justified:

// ifﬁdxdydtz/ / uidyv + Avdadydt
R, JRd R, JRd

+/ / 7U‘y:08y’vly:0— +U|y:08y?)|y:()+d1'dt
R; JR4—1

+/ / 6yu|y:0“|y?* ayu|y:OU|yT0+dIdt
]Rt Rd—1

:2// uly=ogdzdt.
R, JRA-1

Taking the supremum over ||g|/ = 1, by duality we deduce

1
(3.26) ||u|y:0||H(Rt) < §||f||LP'(]Rt7L‘1’) | sup ||U||Lqu S ||f|\Lf’Lq/-

‘g »Hlil

Higher order estimates. — We recall that A’ is the Laplacian in the x
variable. If f € LY W24, then A’u is the solution of

i0,A'v + AAw = A'f,  lim A'u(t) =0,

therefore the estimate for s = 0 implies ||A'uly=o|ln < HA’fHLp/Lq, <
t
[ £1l .+ 2.0 - By interpolation we get for 0 < s < 2
P e,

(3:27) /Rd VIIER + 011+ €% [uly=o[*dode S IFI3, . -
t Do
Similarly, if f € W' L?'| then d,u satisfies
i@tatu + A@tu = 3tf, 1}111 3tu(t) = O,

the estimate for s = 0 gives || Ouly=olln < 10¢ £l ,» and by interpolation
. t
again

g2 [ VIEPOI ST, oPdsde <[
Combining (3.27) and (3.28) implies for 0 < s < 2

[uly=oll#s S 111

2
/.
B;’,QLQ

s/2 ’ ' ps .
B2 LY'NLY B,

Estimate (3.25). — For s = 0, we only sketch the similar duality argu-
ment: consider v solution of the backward BVP with Dirichlet boundary
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condition g, and extend it on R? x R, as an odd function in the y variable.
The same computations as for (3.24) lead to

sup [ Oyulyogdndt S o Mol
gEH(Ry) JRy xRI—1L

= ||ayu|y:0||yr(Rt) Sl e (parys

according to (3.7), this estimate is precisely (3.25) for s = 0. The case 0 <
s < 2 follows from the same differentiation/interpolation argument. O

Remark 3.12. — The space L’ BS/QQB;,/?QL‘?' seems natural at least scal-
ing wise. In the case of dimension 1, Holmer [17] managed to prove (3.24)
with only ||f|| L»' s« in the right hand side under the condition s < 1/2.
For s > 1/2, it is convenient to add some time regularity.

A (very formal) argument is as follows: suppose that u is a smooth solu-
tion of i0u + Au = f,ul—o = 0. If u|,—o € H?, then f|,—o = 0 (uly—0) +
(Au)|y=0, where i0,g € H and w = Au satisfies iQ;w+Aw = Af, w|i=o = 0,
so that the a priori estimate for s = 0 gives (Au)|,—¢ € H. Therefore f|,—o
should belong to H, which can not be deduced from f € L} H2.

Now if f € Vth’lL2 N L} H?, from the numerology of Sobolev embeddings
one expects

Few) M HY? = “almost” f|,—o € WM L% < H}/ML?,
FeW > HY = “almost” fl,—o € W/ HY? — L2H'?,

in particular, f|,—o almost belongs to HYAL2 N L2HY? < H.

3.3. Proof of Theorems 1.3 and 1.4

Up to using regularized data u} € H3, f, € Wol’p/Lq/ NLY WOZ’q/,gn € H3
all quantities are well-defined, so we mainly focus on the issue of a priori
estimates in this paragraph.

Proof of Theorem 1.3. — First we point out a confusion to avoid for the
operator B: if By is the Fourier multiplier with same symbol as B, Py the
zero extension to ¢t < 0, and R the restriction to t > 0, we have

B=RoBgroPF,.

We recall that Py (resp. R) is continuous H§(RT) — H*(R), s # 1/2 (resp.
2°(R) — Hg(RY)), and by duality Py : H'(RY) — H'(R),R : H'(R) —
H'(RT) are continuous.
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The case s = 0. — We follow the method and notations from the begin-
ning of Section 3: let v the solution of the Cauchy problem, w the solution
of (3.1), that is

10w+ Av = f,

w|t:0 = 07
U|t:0 = Uy,

{ 10w + Aw = 0,
B(w|y=0, 9ywly=0) = g — B(v|y=0, Oyv|y=0)-
Since ||v||Lrre S |luollLz + ||f||Lp/1Lq, (Propositions 3.9 and 3.11), it suffices
1
to check that w exists and [lw|[zrra < [luollz2 + ||f||Lp/1Lq, + |lgll%- Let us
t 1

write Br(a,b) = By r(a) + Bar(b). According to the Kreiss-Lopatinskii
condition the symbols b; and +/]6 + |£]?|b2 are bounded uniformly in (§, ).
From the estimates of Section 3.2, ||v],=o |2 (®,) +110yv|y=oll &) S lluollLz,
this implies

[ B1r o Poo R(uly=o)ll#r,) S [1Po o Ruly=oll#®,) S lluollz2-
and
|Ba ke © Py © R(Dyuly=0) 13,
N / [b2(€, )PV 1I€1? + 8] [Fi e (Po © R(Byuly=o)) [*dEdd

S [ + 60721700 (By 0 Ryl -0))Pagas
= 1Py © R(Oyuly=) e,y < ol

We can now apply Proposition 3.3 which gives the existence of w with the
expected Strichartz estimate, then v + w solves (1.1).

The causality follows by taking the difference of two solutions and using
the property on support of solutions in Corollary 3.8.

The case s = 2. — Here we assume f € Lf/W2’q/ N th’p/Lq/, ug €
HZ(RI¥! x RY), g € HE(RT). According to Proposition 3.3, we can use
again a superposition principle provided

B(vly=0, 9yvly=0) € HE(RT)
or equivalently Bg o Py o R(v|y—0,9yv|y=0) € H*(R),

since for any g, Bg o Pyg is supported in ¢t > 0. Now ug € Hg, thus
V|y=t=0 = Ug|y=0 = 0, therefore estimate (3.22) and Corollary 2.4 imply

[B1 © Po o R(vly=0)llaz) S lluollaz + £l Lo wew awiwr o
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Moreover, estimate (3.22) also implies

180y vly=0ll3e (g, + 100y 0]y=0) 30 (e

e
~ [, G+ 1 agas

< NuollFr26 + 170 wer s o o
But since up € HZ(R4™! x RY), 9,v|y—t—0 = Oyug|y=o = 0 thus
9¢ Py o R(9yvly=0) = Py o R(0:0yv[y=0),
A'Py o R(9yv]y=0) = Py o R(A'dyv]y—0).
By continuity of PyoR : H' — H', (Pyo R(0;0yv|y=0), Poo R(A'dyv|y—0)) €
(H')?. Finally, using the boundedness of by+/[|€[2 + §] we get
B2,k 0 Po 0 R(9yv]y=0) [
S0Py 0 R(9yvly=o0) 2 + [|A"Po o R(dyvly=o)||w/
S llwollz> + £l o waar awsr o
which implies as expected Ba g o Py o R(9,v|y—0) € H2(R).
The case 0 < s < 2. — After fixing an extension operator, since (ug, f) —
B(v|y=0, 0yv|y—0) is continuous L2 x Lf/Lq/ — H(R') and HE x (th’p/Lq'ﬁ
P / W24y — HZ(R'), the general case follows by interpolation. O

Proof of Theorem 1.4. — Let s € [0,2]. We fix extensions of ug, f to
y < 0 and solve

{i@tv—l—Av:f, (z,y,t) € R x R.

U|t=0 = Uy,

From the estimates for the Cauchy problem, v|,—o € H*(R). Consider the
BVP

10yw + Aw = 0,
(3.29) wl—g = 0, (z,y,t) € R x RT x RT.

w|y:0 = g - U|y:07
If s > 1/2, the trace v|,—4—o = ug|,—o is well defined and belong to H*~1/2.
Moreover the compatibility condition gives (g—v|y=0)|t=0 = glt=0—uo|y=0 =
0 so that for s € [0,2] \ {1/2}, g — v|y=0 € H§(RT). From Proposition 3.3
there exists a unique solution w € C(R}, H*) to (3.29). Now u := v|y>0+w

is a solution of (1.1), it satisfies the expected estimate because according
to Propositions 3.3, 3.9 and 3.11, v and w do.
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In the case s = 1/2, we first note that
t t
Vit 0,/ =9 f(5)ds = / =32 Py o R(f(s))ds,
0 0
and since p] < 2, Pyo R(f) € 1/4 o (Ry, L9) N LP (R, B ) From Propo-
sition 3.11 f t=s)APyo Rf(s )ds\y 0 € HY/?(R), and Clearly vanishes for
< 0, therefore R(f e t=3)A f(s)ds|,=0) € 7{1/2(R+) (by Definition 2.5
of ’HOO ) In order to solve (3.29), we are left to prove that if the compat-
ibility condition is satisfied, then (e™®ug)|,—o — g € Hh>(RT). From the
previous estimates, we know (e“ug)|,—0 — g € Hl/z(RJr), and we must
check condition (2.2), that is:

thyu _ e*’LtA/ Tt 2
// |(e 0)ly=0 g(z,t)] dtde < co.
R+ xRd—1 t

Using the change of variable t — /¢, the compatibility condition (1.4)

ensures )
ug(z, V1) — e g(z,t
// |uo(z, V1) 9@ i - oo
R+ xRd—1

t

Therefore we only need to estimate ug(z, vt) — (e itd; ug)|y=0. We use the
following interpolation argument: if ug € H'(RY), the identity ug(z, v/t) —
(e’tayu0)|y 0 = uo(z, V) — up(x,0) + ug(z,0) — (e ltauu0)|y o makes sense,
and thanks to Hardy’s inequality

[[ Dot
R+ xRd-1 t3/2

|U0(.’E,y) —UO(IE,O)P
:2//R+ . - dydz S (10,02
X

itd?

Similarly, the sharp Kato smoothing (3.22) implies || (e**“vug)|y= 0HH3/4L2 <

|luol|g: so that the (fractional) Hardy’s inequality gives

itd> 2
] 0
/] |( u0)|y 30 (1'7 )‘ dtdl‘
R+ xRd—1 3 /2

. 62
S I u0)y=olps/a, S o3

On the other hand, we have by a similar simpler argument

. a2
/ / Juo (2, VO * + [(" % o) |y=ol?
R+ xRd~1 t1/2

S NuoliFz + 110 ly=0l 31 a s S lluolZ2-
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We deduce by interpolation

02
e \/E _ eztayuo 202
/\/RJr s ‘ ( ’ ) ( )|y | dts ||’LL0||?{1/2.
«Rd—

t

This implies (e®*®ug)|,—0 — g € Hé(/)Q. We can then end the proof® as for
the case s # 1/2. O

4. Local and global existence

For simplicity, we only consider nonlinearities of the type e|u|*~tu, a >
1,e € {—1,1} Dirichlet boundary conditions, ug € H'. More general non-
linearities and indices of regularity can be treated with similar methods,
see from [13, Chapter 4].

Since so far we have always considered global solution, some clarifications
for local solutions of nonlinear problems are required. For Py an extension
operator as in Lemma 2.11, consider the map ® : v € L®(R;}, H') s ®(v)
the solution of

i0u + Au = | Pro|*~ 1 Pro,
(4.1) ult=0 = uo,
u|y:0 =4dg.
Ifl <a<1+4/(d—2),2 < a+1 < 2d/(d—2) thus by Sobolev’s embedding
v € LPLATL If (p,a + 1) is admissible, we deduce |Prv|*1Prv € LY N
L+’ and according to Theorem 1.4 @ is well-defined L H' — C,L2.
We say that u is a local solution on [0, 7] of
i0pu + Au = glu|*u,
(4.2) ult=o = uo,
U|y:0 =d.
if u is the restriction on [0, T of a fixed point of .
THEOREM 4.1. — Let (up,g9) € H (R4 x RY) x HY(R}") such that
Uoly=0 = gli=0, 1 < a < 1+ 4/(d —2). The IBVP (4.2) has a unique
maximal solution in C ([0, Tiax), H'). If Tiax < 00, limg,_|[u(t)|| g = oo.

For any T such that u exists on [0,T] and (p,q) an admissible pair, then
w e LP(0, 7], Wh9) 1 B,/ (0, 7], LY).

(4) Note that uo was extended to R", but the argument clearly independent of the choice
of the extension operator.
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If moreover 1+4/d < a, there exists e > 0 such that if ||ug|| g1 +]|g]l3r < €
then the solution is global and for (p,q) admissible, u € LP(R}, W) N
By (R, L9).

Proof. — We use the convenient notation L'/? = LP. Let us recall shortly
the classical Kato’s argument, with some modifications to handle time reg-
ularity.

Local existence. — For M to fix later, we set S the closed ball of ra-
dius M in L®(R*, H') 0 LP(RY,Wh9) 0 BYS (RY, L9), ¢ = a + 1, (p,q)
admissible. We use on S the following distance

d(u, 1}) = ||u — ’U”LOO(R#»_’Lz)qu(R#»’LT).

(S,d) is a complete set (see e.g. [13, Section 4.4]). We fix an extension
operator Pr as in Lemma 2.11: such that for any v € S,

(4.3) supp(Prv) C R x RT x [T, 277,

1/p—1/2
1Prollg e, S T2 10012, 0y

and we construct a fixed point to @, with ® defined at (4.1).
Combining the inclusions B}, ¢ W4, B;,’Q > Whe' (see [6, Theo-
rem 6.4.4]), with the linear estimates of Theorem 1.4 we get

12 (v)

HL?"HlﬂLfWL‘IOB;/; (R+,La)

S llwollmr + llgllw + ||\PTU\“’lpTv\ILp/Wl,q/QB;,/;L«-

Using aq¢’ = q, 1;_2{"" = 1/q, the embedding H! < L4 and assumption (4.3),
we have
(4.4)  |[[Pro]*~" Prol| o @ wia
S ||PTU||aL?p'Lq + ||PT”HQL§°1Lq HVPTUHLqu ||1||L1—2/P([—T,2T],L°O)
STee) [0l 7o i + T 22| Prol| gt IVProlle pa
< (Ta—l/p/ + T1—2/p)Ma_

Similarly for the time regularity, we have using Proposition 2.10 and Lem-
ma 2.11

|||PTU|a71PT’U||Bl,/22(]R’Lq’) S/ ||(PTU)G71||L1T*2/PL1—2/(1 ||PTUHB;/22LQ
', .
_ 1 _
STl T 1/2\\U||B;{22Lq

< T1/2—1/pMa.
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Therefore for 0 < T < 1,
19 sipowranstizge S ol + lglhpes + (T2 + T2 g,

Choosing M > |jug||gr + ||g]ln1, T small enough, ® maps S into S. Then
from similar computations

(4.5) [[®(u) = @(v)llLge 2Ly Lo
ST 2P (|l oo + o)l oo ) Hlu — vllzrpa-

Up to decreasing T, the usual fixed point argument gives the existence of
a unique fixed point in S for 7' small enough. Estimate (4.5) also implies
uniqueness in L2 H', and by causality the solution does not depend on the
choice of the extension operator.

Thanks to the local well-posedness in H', and the fact that the com-

and

patibility condition is clearly propagated by the flow, the existence and
uniqueness of a maximal solution follows.
Global existence. — Let us go back to (4.4), assuming @ > 14+4/d. Then
1 _ d(a—1)
p  4(at1)
1 2 1 1 1 1 -1
1-2)->= P - del) <0,
a—1 p p a-—1 P a—1 4
1 1 1 1 1 1 —1
(1_) _:<1_a+ ) :(1—d(a )) < 0.
a P P a p a 4
Therefore L% N LT (17%) C L* N LP. As we work with small data, we
can assume that the solution exists on [0, Ty], Ty = 1, and for any T > Ty,
using H! — L¢

[uf*~!

ull e S lullpapp, + IIU|:‘;1 (17%>Lq||VUI|L;m

S ”uH%%OHlﬂprl,q'
The same computations can be applied to estimate time regularity, so that
setting m(T) = ||u‘|Lq°?H1ﬂL§’,W1vqﬂB;{22 0.7],ay W€ have with C indepen-

dent of T > T
m(T) < C(l[uollrr + llgllar +m(T)*).

If |lugl| g1 + ||lgll2r < € small enough, then from the fixed point argument
m(1) < Ae for some A > 0. Choosing B > max(A, C) and e small enough
such that C' + CB%*"! < B, for any T € [0, Tiax[, m(T) < Be thus
Tiax = 00. Since u € L H N LP(Rf, W) ﬂB;f;(Rf, L) for some (p, q)
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admissible, it is also true for arbitrary admissible (p, ¢) by using the same
computations. O

Remark 4.2. — For the Schrédinger equation on R?, global well-posed-
ness for small data is known provided ag < a, where ag = (vVd? + 12d + 4+
d+2)/(2d) < 1+4/d is the so-called Strauss exponent, see [30]. Strichartz
estimates for “non admissible pairs” ([13, Section 2.4]) are the missing tool
for reaching this range.

5. Asymptotic behaviour

The aim of this section is to show that the global small solution con-
structed in Section 4 scatters in the sense that it is asymptotically linear.
For the Cauchy problem, the classical definition® is

(5.1) JpeH: li

—itA _ _
Jim e " u(t) - gl = 0.

We propose a natural extension for the Dirichlet boundary value prob-
lem: we define the resolvent operator ®(g, s, t,ug) = v(t,-) where v is the
solution of

i0pv + Av =0,
V]y=s = uo,
Vlzy=0 = g
Note that by reversibility of the boundary value problem with Dirichlet

boundary conditions, ®(g, s, t,up) is well defined if g is defined on [s, t], in
particular we do not require s < ¢, and we have the usual formulas

@(g,s,t,@(g,sl,s,uo)) = (p(gvslat7u0),
(I>(g + ha57t7u0 + UO) = (I)(g785t7u0) + (I’(h,S,t,Uo),

and we will freely use the fact that linear estimates directly give estimates
on o.
In view of (5.1), the natural definition for scattering is then:

DEFINITION 5.1. — If w is a global solution to (4.2), we say that it
scatters in H' if

1. ] — 1 =
SeeH : lim [[(g.¢,0,u(t)) = pllm =0.

®) up to some flexibility for the functional settings.
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Remark 5.2. — Since the flow acts continuously on H', this is equivalent
to the more “forward” definition

JpecH: li{nH@g(O,t,(p) —u(t)|| g =0,

which has the advantage of making sense for non reversible BVP (but is
not as easily checked).

PRrOPOSITION 5.3. — The global solution constructed in Section 4 scat-
ters in H'.

Proof. — Tt suffices to check that ®(g,t,0,u(t)) is a Cauchy sequence.
We keep the same notation as in the previous section. For ¢ > s, we have
®(g,t,0,u(t)) — B(g,5,0,u(s)) = 2(0,£,0,u(t) — B(g, s,t, u(s)))

On the other hand, u(t) —®(g, s, t, u(s)) is the value at time ¢ of the solution
of

10,2 + Az = |u|* tul, >,

Z|r=s = u(s) —u(s) =0,

z|y=0 = 0.

We deduce

”(I)(gvta O,U(t)) - @(g, S5, O,u(s))HHl

-1
S Iuf® u”Lp’([5700[7[/{/1,11,)QB;I/;([5700[7L11/) —s 0,
therefore by Cauchy’s criterion ®(g,t,0,u(t)) converges in H!. |

Due to the presence of boundary conditions, there is some “room” for
other definitions of scattering. The purpose of the next proposition is to
show that the asymptotic behaviour is actually trivial, in the sense that the
solution converges to the restriction on y > 0 of e®*? ¢ for some ¢ € H*(R?).
We denote Ap the Dirichlet laplacian.

PROPOSITION 5.4. — There exists p € H} such that
u(t) — 2P o g1 — 0.

Equivalently, u converges as t — oo to the restriction on y > 0 of the
solution of

zeR?
U|t:0 = A(QD),

where A(y) is the antisymetric extension on y < 0 of ¢.

{i@tv + Av =0,
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Proof. — Let us fix R a lifting operator H'/2(R4~1) — H' (R~ x R*),
P an extension operator H(R;") — H!(R,). We define

Py HY([t, 00[xR¥™Y) = HYR x RY), g — Plg(-+1))(- — 1),
so that for r > t, Prg(r) = g(r). We now consider the backward operator:
@(Ptg,t,O,u).

For t > s, fI)(Ptg,t,O,u(t)) — ‘I>(’Psg,s,0,u(s)) = <I>('Ptg — Psg,t,0,u(t) —
D(g,s,t, u(s))) We already know (see the previous proof) that

llu(t) — ®(g, s, t,u(s)) || —s 0,

moreover lim; oo [|g]l21(jt,00p) = 0 (Corollary 2.4(3)), thus [|P:(g) |1 — oo
0. We deduce [|®(Pyg,t,0,u(t)) — ®(Psg,s,0,u(s))| —s 0, thus from
Cauchy’s criterion

We remark now that ®(P,g,t, 7, u(t)) — e("=DAD (y(t) — Rg(t)) is the so-
lution of

10w + Aw = 0,
w|‘r:t = Rg(t)7
wly=o0 = Pig.

Since [|g]l#1([t,00]) —Foo0 0, We have [|Pig[l31 —o0 0 and from the embedding
H' — C([t, 00|, H'/?), we have |Rg(t)|| g1 —oo 0, this implies

T [|8(Pug, 7, u(t)) — 7052 (u(t) — Rg(t)) |1 — O,
in particular for 7 = 0,

Jim [9(Prg.£.0.u(t) = =47 (u(t) = Rg(t) i =0,

As ®(Pug,t,0,u(t)) —¢ ¢ € H', we deduce e~ 20 (u(t) — Rg(t))) —+ ¢
too. Furthermore for any t, e ~#*22 (u(t) — Rg(t)) € H} which is closed so
¢ € Hi. Finally from ||Rg(t)||gr —+ 0 we conclude ||u(t) —e®**P | g1 — 0.

The equivalent statement simply comes from the fact that A(e?*2pp) =
e'tA A, O
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Appendix A. Remarks on the optimality of H

A natural question is wether H is the weakest space for which the solution
to (1.1) is CyL%. We consider the BVP

10su + Au = 0,
lim_ o u(t) =0,
uly=0 = g.

We formulate our problem as follows

(A.1) Is there a weight p > 0 such that

fulle. 5 ( [ a2 5)d5d§)1/2 S L
Ul|lcy L2 g p\&, an m = V!
VIIER + 4]

The aim of this section is to show that the answer to this question is
positive, even under the stronger assumptions that p < +/[[€]? + d] and for
any A > 0, p(A&, \20) = Ap(&, 0). However we will see that region where the
inf is realized is a bit peculiar.

We recall that the solution is given by Lu = e ¥VIEI*+95 and that we
can split u as

1 < z-€) —it(|€]*+n%) 9, ~
w@,yt) = G /R - / eltrmte eI 2mg (¢, — — |¢[*)dn d
-1J0

(27
1 * iz _it(—|€)12+n%) o,
g [ e e e 4 P)anag
-1Jo
= u1 + us.

This splits the frequencies in two regions {§ < —[¢[?} := Ry, and {0 >
—1€|?} := Re. In the usual terminology of boundary value problems these
are the hyperbolic and elliptic regions (see [31] in the context of the Schrod-
inger equation). According to Plancherel’s formula,

lur(t = 0) 122 ~ [lg(€, =1 = €)lpz ~ I1g(€, &) 1> + 6]/ 2,

therefore the weight /||¢]? 4 d| can not be modified in Ryp,.

In Re, we set J(&,n) = /n/p(& € +1?), v(&,n) = 24(&, —I¢l* +
n|?)/np. We remark that (A.1) is equivalent to sup J = +o0, and

2(¢,m)dn = 2 TG 5 P0(E. 6)ds,
Jrereman=2 [ [ e orses
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Now without loss of generality we can assume that for any (£,7),¢(&,n) €
R+, and we bound

(A2)  ua(- 02z,

o0
~ / e Y2ng(&, —[¢1* + n*)dn
0

2
LE,y

- /O e Vp(&,m)J(€,n)dn

2
L&y

1/2
= (/ 6y("1+"2)30(£,771)s0(£,nz)J(S,nl)J(f,nz)dmdnzdy>

(0,00

J(Em)J (€ m2) >1/2
dnidnod
(/]Rd 1 /[O o2 m + 12 (677]1)90(57772) mansz 5

Using the decomposition (R*)2 = {n; < m2} U{n2 < m}, we see that (A.2)
is bounded by |[|¢]|2, if

. J (5 ) 771) " . 2 2
(A3) T:p— T/o J(&,m2)p(€,n2)dns is bounded L* — L*.
Due to scaling invariances, it seems natural to add some homogeneity as-
sumptions: if u is a solution of the BVP with boundary data g, then for
any A > 0, A¥2u(A\z, Ay, \?t) is a solution with boundary data g(Az, A%t)
and same C;L? norm. The norm of the boundary data is scale invariant if

A, N2
[ 1ate P22 Dacas = [ fgie.0) e, praeas

which is true provided p is anisotropically homogeneous: p(\¢, A\28) =
Ap(&,6). This is equivalent to the J(AE, An) = J(£,n). Somewhat surpris-
ingly, even with these strong assumptions it is possible to construct J
satisfying (A.1).

2
Li

PROPOSITION A.1. — There exists p(§,0) such that (A.1) is true, more-
over we can choose p such that

YV (A,E0) e RT xR X R, p(AE, M%) = Mp(&, 0),

and  p(§,0) < V|[€]> + 4.

Proof. — We keep the notations of the discussion above. For simplicity,
we assume d = 2, and define:

j if29 —279 <212, jEN,
r( n):{o else o
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Obviously, J := 1+ r > 1 is 0-homogeneous and unbounded, thus
=6+ TPV +E2) <V +E2, infp=0
and  p(AE, A28) = Ap(&, 6).

Developping in (A.3) J(&,m1)J (&, n2) = 147(&,m)+7(8, n2)+7 (& m)r (€, 72)
it suffices to estimate each term separately. By symmetry, we can simply
consider the integral over 77 > 12. The term with 1 is bounded thanks to
Hardy’s inequality, for the term with r(&,72) we write

S 1 Uit 2
/ 2< / T(E,nz)w(f,nz)dm) dns
o ™ 0
g2k 2k¢ 2
/ (/ 7“@(5,772)61772) dm
£2k—1 771
9 k k §2J 2
> o)
3 <]ZO/E(ZJZJ)

o) 27 2
Z <Z||<P & L2 (e2i—2-4y,e20)3 V2™ jf)

k=0 §=0

S le(€s zze@i—2-a).e2mlliz < ||80(§,')H2Lg-

A

A

0

N

Similarly for the term with r(&,7;)

/OOM< (&, m2)dny
0 7]%

k

d771

£2 2k¢ 2
d d
/52k = (/ (& m2) 772) m

k23k

A
Mg

0

Mg

lo (€, )11722°¢ < lle(€, )12

E
I

0

The last term (&, n1)r(€,n2) is easier to estimate, we conclude by integra-
tion in ¢

J (&, 771 (f 72)
) , dnodn;d
/ / (6 )€ m)dmadimd

Sl a1 xmry ~ 18122 (pasae)

despite the fact that J is larger than 1 and unbounded. (|
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Remark A.2. — Let us point out that the contribution of the elliptic re-
gion R, to the solution corresponds to a superposition of so-called evanes-

cent waves, that do not propagate like solutions of the Cauchy problem:
for (6,€) such that & + |€]? > 0, the wave e YV IIEPH0l¢i0t+2-8) g 5 solution
of the Schrodinger equation on R4™! x Rt remaining localized near the
boundary.

As mentionned before, for frequencies that correspond to propagating

waves, the weight /4 + |£|? is optimal.
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